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Abstract. Traditional mean shift method has the limitation that could not effec-
tively adjust kernel bandwidth to represent object accurately. To address this
problem, in this paper, we propose a novel contour tracking algorithm using a
determined binary level set model (DBLSM) based on mean shift procedure. In
contrast with other previous work, the computational efficiency is greatly im-
proved due to the simple form of the level set function and the efficient mean
shift search. The DBLSM add prior knowledge of the target model to the im-
plementation of curve evolution and ensure a more accurate convergence to the
target. Then we use the energy function to measure weight for samples in mean
shift framework. Experiment results on several challenging video sequences
have verified the proposed algorithm is efficient and effective in many compli-
cated scenes.
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1 Introduction

Visual tracking, which refers to the task of generating the trajectories of the moving
objects in a sequence of images, is a challenging research topic in the field of com-
puter vision. In previous literature, most object trackers search for the target in new
frames with several key components: the first is object representation, such as using
color histogram to model the appearance [1], active contours to model the shape [2];
the second is a similarity measure between the reference model and candidate targets;
the third is a local mode-seeking method for finding the most similar location in new
frames, such as mean shift [1] or particle filter [3].

The mean shift hill climbing method as one of the most common methods has been
popular for years. After its introduction in the literature [4], it has been adopted to
solve various computer vision problems, such as segmentation [5] and object tracking
[1]. The popularity of the mean shift method is due its ease of implementation, real
time response and robust tracking performance. The original mean shift tracker [1]
uses color histograms as an object representation and Bhattacharya coefficient as a
similarity measure. An isotropic kernel is used as a spatial mask to smooth a histo-
gram-based appearance similarity function between model and target candidate re-
gions. The mean shift tracker climbs to a local mode of this smooth similarity surface
to compute the translational offset of the target blob in each frame.
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Despite its promising performance, the traditional mean shift method suffers from
two main limitations: the constancy of the kernel bandwidth and the use of isotropic
symmetric kernel. Both of them can result in inaccurate representation. In mean shift
framework, many efforts have considered tracking an object with changing scale and
orientation. An intuitive approach is to search for the best scale by testing different
kernel bandwidths and selecting the bandwidth which maximizes the appearance
similarity [1]. In [6], after the object center is estimated, a mean shift procedure can
compute the bandwidth of the kernel in the scale space, which is formed by convolv-
ing the image with a set of Gaussian kernels at various scales. In [7], the authors
evaluates the second order moments from the object silhouette to compute the scale
and orientation of a kernel representing an object. Yilmaz [8] presents an asymmetric
kernel mean shift algorithm to estimate object orientation and scale which is achieved
by introducing a level set kernel to represent a complex object shape.

In order to further accurately represent objects, some attempts in literature have
been made to use silhouette or contour, segmenting technique for dynamic tracking
[9, 10, 11]. A prior dynamical model on the deformation and on the similarity group
parameters is defined in [9], within a particle filter framework. Snake models [12] are
also taken into account for tracking [13, 14]. Since these approaches only track the
affine parameters, they cannot handle local deformations of the object. In contrast
with parametric active contour model, level set technique [15, 16, 17, 18] is an im-
plicit representation of contours and able to deal with changes in topology. Implicit
representation defines the silhouette by means of a function defined on a grid as op-
posed to a set of control points in explicit representation. In level set technique, the
contour, which is formulated in a parameterization independent manner, is repre-
sented as the zero level set of the graph of a higher dimensional function and de-
formed until it minimizes an image-based energy function.

Some closely previous work on tracking using level set methods is given in [19,
20, 21, 22, 23]. In [19], the authors put dynamics into the geodesic active contour
framework for tracking. In [20], the authors describe a unified approach for the detec-
tion and tracking of moving objects by the propagation of curves. Yilmaz et al. model
the object shape and its changes by means of a level set based shape model in [21],
where the grid points of the level set hold the means and the standard deviations of
the distances of points from the object boundary. In [22], the authors propose a
nonlinear model for tracking a slowly deforming and moving contour despite signifi-
cant occlusions. In [23], the authors add Mumford-Shah model into the particle filter
framework. The level set function need to be re-initialized to the signed distance func-
tion of the curve after each iteration, which takes very expensive calculation. The
curve evolution is included in the prediction step which depends on the previous state
and observation, and the current observation is not exploited effectively. The only
factor they considered is the energy function of the curves, which is not enough to
determine the target.

In this paper, we propose a novel contour tracking algorithm using a determined
binary level set model (DBLSM) based on mean shift procedure. The proposed
DBLSM maintains the advantage of using a two-valued level set function to replace
the signed distance function used in traditional level set models. It avoids the re-
initialized process of the level set function in each iteration as well as the cumber-
some numerical realization, so the computational efficiency is greatly improved while
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maintaining the capability of processing topology changes. In addition, the target
information is introduced into the energy function of the DBLSM as one of curve
acting force, which improve the convergence principle of traditional level set model.
Namely, in contrast with the traditional level set model whose performance is inclined
to the unicolored target segmentation, the DBLSM add prior knowledge of the target
model to the implementation of curve evolution and ensure a more accurate conver-
gence for the multicolored target. Finally, we use the mean shift framework for mode
searching.

The rest of this paper is organized as follows: We briefly go over the mean shift
framework in Section 2. In Section 3, the proposed active contour tracking algorithm
is described in detail. Experiment results on different video sequences are shown in
Section 4, and Section 5 is devoted to conclusion.

2 The Basic Mean Shift

The mean shift method iteratively computes the closest mode of a sample distribution
starting from a hypothesized mode. In specifically, considering a probability density
function f(x), given n sample points X;, i=1,---,n, in 4 -dimensional space, the
kernel density estimation (also known as Parzen window estimate) of function f(x)
can be written as

DY e
fo="= ()

K z w(X,)

where w(x;) =0 is the weight of the sample x;, and K(x) is a radially symmetric

kernel satisfying J‘ k(x)dx =1. The bandwidth % defines the scale in which the sam-

ples are considered for the probability density estimation.
Then the point with the highest probability density in current scale # can be calcu-
lated by mean shift method as follow:

z”:G(X';X)w(x,, X,
m, () =" @)

> 6% ux)

where the kernel profile k(x) and g(x) have the relationship of g(x)=—k'(x).

The kernel is recursively moved from the current location x to the new location
m, (x) according to mean shift vector, and finally converge to the nearest mode.

In the context of tracking, a sample corresponds to a pixel x and has an associated
sample weight w(x), which defines how likely the pixel x belongs to an object.
Given the initial object position, the traditional mean shift tracking method evaluates
the new object position by computing the mean shift vector iteratively according to
the equation (2). The bandwidth 4 defines the scale of the target candidate, i.e., the
number of pixels considered in the localization process.
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3 The Proposed Active Contour Tracking Method

In the proposed method, we search for the new target location X, in the current frame
employing the mean shift procedure and start at the location X, of the target in the

previous frame. We compute weighs for the samples in scale of bandwidth & cen-
tered at X,. In contrast with the traditional mean shift trackers, which use the color
distribution functions generated from the target model and candidate regions to
weight each pixel, we measure the weights for the samples by the energy function
derived from the proposed determined binary level set method. In particular, we set
up an initial curve for each sample and include the curve evolution equation on it, the
energy function used in the DBLSM is refined by the prior knowledge of the target
model which make the convergence to the target more accurate. The whole proposed
active contour tracking algorithm is described in detail as follow.

3.1 The Level Set Framework

Level set methods, first proposed by Osher and Sethian in [15, 16], offer a very effec-
tive implementation of curve evolution. The basic idea of the level set approach is to
embed the contour C as the zero level set of the graph of a higher dimensional func-
tion ¢(x, y, k), thatis

C, ={(x, »)19(x, y,k) =0} (3)

where k is an artificial time-marching parameter, and then evolve the graph so that
this level set moves according to the prescribed flow. In this manner, the level set may
develop singularities and change topology while ¢ itself remains smooth and main-

tains the form of a graph.
Without loss of generality, the curve evolution equation can be defined as
9 _wN )
ok
where V represent the speed of curve evolution while N represent the inward unit
normal vector. From the relationship of ¢[C,,k]=0, we can get the following equation:

9 vpe%C g 5)
ok ok

Based on the definition of the level set function ¢(x, y,k) described above, the vector

N can be written asN=-V¢ /||V¢||. Then we can get the level set implementation

corresponding to the curve evolution equation (4):
0
9 _y|ve ©6)
ok

Given an initial curve, one must generate an initial level set function. Further more,

level set function also needs to be re-initialize continually during its update process
which usually takes a lot of computing time.
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3.2 The Determined Binary Level Set Model

In response to the low efficiency of the traditional level set models, the proposed
DBLSM maintains the advantage of using two-valued level set function ¢ to replace

the traditional signed distance function:
L, if(x,y) inside C,
-1, if (x,y) outside C,

P(x, y,k) ={ Q)

Using this simple form can avoid the re-initialized process of the level set function in
each iteration as well as the cumbersome numerical realization.

A piecewise constant-valued function y is used to approximate the image intensity
distribution /. The image is divided into two regions ¢ and @ , in region g, ¢ =1
and y =¢ while in region Q. ¢=-1 and y =c,- So the piecewise constant-valued

function can be defined as
¢ [P
=—@+D)+—=(o0-1 (®)
== (p+1) ) (-1

where ¢, and ¢, are positive constants.

Then the energy function of the level set active contour model can be defined as
follow:

1
E, e = Er(c,¢,,0) =5”Q |u(c,,c2,(/’))—1|2 dxdy
9
+ 1], |V g|dxdy ©)

+%I [ W (@)dxdy

where g and 7 are the proportional coefficients. The first item is used to measure the

similarity of the two-valued function » with the image 7, and make the function u
more close to the image intensity distribution [ . The second item is used to measure

the length of the curve C, playing the role of smoothing region boundaries. The last
item is for constraint of ¢> =1, and W can be defined as (¢2 + 1)2 .

In traditional binary level set method, there is no any prior knowledge taken into
account and the positive constants ¢,, ¢, can be got directly as follow by minimizing

the energy function:
- Iy 101+ ¢)dxdy o []y 11— p)dxdy (10)
oA+ gyaxday T P ] (- @)dxdy
Obviously, ¢, and ¢, are the average intensity of image / inregion @ and g .
So when we minimize the energy function e WE want the function i more close

to the image [ , that is, the region with average intensity is close to the original image.
As a result, this definition of y make the level set mode more inclined to segment out
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the region with consistent intensity (see fig.1), which is similar to the thresholding seg-
mentation method. However, the object may consist of inconsistent intensity which
occurs most often in practice. Additionally, the prior knowledge of the target model
usually can be got first in tracking applications, which can be explored to refine the
evolution of the curve.

0 40 60 80
(@)

() (e)

Fig. 1. [llustration of the role of function y used in level set energy function. (a) is the original
image in size of 84x84; (b) represents the inaccurate contour and (c) represents the correspond-
ing piecewise constant-valued function u , where we can see it has a great difference compared
to the original image; (d) represents the accurate contour and (e) represent its function y re-
spectively, which is more close to the original image.

Assuming ¢ is the average intensity of the target region identified in the first

target

frame, then we can redefine s c, as follow:

€ = Crarger > CQZM (11)
* ”Q (1—9¢)dxdy

After that, the energy function Epoe contains both the contour and the appearance

information of the target. The Euler-Lagrange equation for this functional can be
implemented by the following gradient descent:

99 _ du Vg | 1 (12)
ak [M(CI’C2’¢) I]a +;Ud {|V¢|j W(¢)

Note that, we use the average intensity of the target here is for the consideration of
computational simplicity. One can further improve it by modeling the target as well as
the background using GMM, and updating them after each time step.
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3.3 Curve Evolution for Each Sample

For each sample x| in mean shift framework, we initialize a curve for it with a rec-
tangle r; centered at x| and with the scale of 4. Then we evolve the curve using the
DBLSM depended on the observation at time k, [, , and the target model g, which

can be realized by doing a gradient descent on the image energy E.

image *

C=evo(s , 1, , q)=s" (13)

where s, denote the contour at time k , and go through M iterations in the direction

which reduces the energy Eppe 8 fast as possible:

SO =5 g OV E, (" Lg), ©=1,2,M and 5" =5 (14)

s~ image

Note that, the contour s is represented as the zero level set of ¢, and the evolution is
carried out in form of equation (12). So samples which are closer to the true target
will have smaller energy than other samples after evolution.

3.4 Compute the Mean Shift Vector

Given the samples being weighted by w(x,), we can evaluate the translation of the
object centroid by computing the mean shift vector Ax, such that X, =X, +Ax . The
mean shift vector is computed using the following:

(15)
Z g [ %o jw(xi)
where the weight at pixel x, is specified by:
e_Einmgp(CiJ,q)
. (16)
e*Emmgp (C’.1.q)

Jj=1

3.5 The Proposed Algorithm

Based on the description above, the completed proposed algorithm can be presented
as follows:
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Algorithm 1. The proposed active contour tracking algorithm

Given: the target model ¢ and its location X, in the previous frame.

Output: the new contour of the target and its corresponding location X, in the

current frame.

For each new frame 1, :

1. Initialize the location of the target in the current frame with X,,.

2. Perform M iterations of curve evolution for each sample in the scale of /4,
centered by X, using the DBLSM depended on the observation /, and the
target model g

C,=evo(s, , 1, , g)=s5.""
3. Compute weights for the samples according to
~Eipage (C.11 )

w(x;) =

n,
e
J=1

4. Find the next location of the target candidate X, =X, +Ax according to
& X, —X
> 8{ :

i=1 h

11y,

2.

i=1

Cﬁl ’ Ik ’ q) > E[mage (C’?O ’ Ik ’ q)

~Ejage (€10

]w(x[)(xi -X,)

}W(X[)

X, —X,
h

5. While E

image(
5 L. .

Do x, PE(X0+X,)

6. If |% —%

Stop. Regard the contour derived from X, as the result.

ofl<€

Otherwise
Set X, < X, and go to Step 1.

4 Experiment Result

In this part, we test the proposed method on several challenging video sequences
taken from moving cameras outdoors. We use the kernel with Epanechnikov profile
[24] and set g =0.04.

First, we test the computational efficiency of the proposed algorithm on a ship se-
quence. The sequence consists of 350 frames and describes a ship, with similar color
distribution to the water, navigating on the river with moving waves behind and illu-
mination changes. In order to show the improvement of our method, we run multiple
algorithms under the same condition. The first algorithm we tested is the traditional
mean shift (TMS), proposed in [1]. The second one is the proposed method and the
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third one is the particle filter with tradition Mumford-Shah method (PFMS), more
detail in [23]. We set M =20 in the proposed method and use 35 particles in the
PEMS method. Fig.2 shows the specific CPU time of each frame (from the 10™ frame
to the 350" frame, sampled every 10 frames; obtained by Vc 6.0, CPU Pentium (R)
Dual E2160 1.8GHz 1.8GHz), and Table 1 shows the average CPU time of these
algorithms. We can see that the proposed method has a much lower computational
cost while the tracking performance is good as shown in Fig.3.

» 0.8 —e— TS
- 0.6 —&— the proposed method
= O
—e—Priis
S
0.4
0.2

0 50 100 150 200 250 300 350
Frame index
CPU time/frame of the three algorithms on ship sequence

Fig. 2. CPU time per frame of the three algorithms on ship sequence

Table 1. Average CPU time per frame of the three algorithms on ship sequence

Algorithm TMS The proposed method PFMS
CPU time 0.0933 s 0.7415 s 1.1085 s

]ii]i‘i‘ii“““““\\l“““““““‘\““‘\]}I““““\““““““““““

Fig. 3. Tracking results of the proposed algorithm on ship sequence for frame 2, 60, 130, 260
and 320

In the ship sequence tested above, the third algorithm PFMS performs the similar
good results as the proposed method and the same phenomenon can be observed on
other single-color target sequences. And here, further more, we test them on a colorful
target to show the advantages of the proposed method. This sequence shows a man in
colorful clothes walking on the balcony in the directions of toward or deviating from the
camera. So the scale of the target region varies greatly due to his distance from the cam-
era and it is a challenge for traditional mean shift method to represent the person accu-
rately. We use 20 particles in PFMS algorithm and set M =50 in the proposed method.
As we can see in Fig.4, the accuracy of the results using PEMS algorithm, which uses
only energy function to weight particles and evolves the curve in prediction step, are not
satisfactory while our proposed algorithm can improve the tracking quality dramatically.
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(a) The PFMS method

(b) The proposed method

Fig. 4. Tracking results on man sequence for frame 10, 28, 54, 69 and 88

In order to further evaluate the performance of the proposed algorithm, it is tested
on another two video sequences with objects undergoing scale changes, shape defor-
mation and unpredictable motion. The first video sequence contains a student walking
fast and randomly in a lab with littered background, the shape of his head deforms as
he moves which can not be well described by simple geometric shapes. We set
M =30. As can be seen in the images, Figure 5, the proposed algorithm can effec-
tively track nonrigid deformations in the shape of the head.

Fig. 5. Tracking results of the proposed algorithm on lab-student sequence for frame 1, 46, 67,
179 and 284

The second video sequence shows a distance view of a parking, which contains a
car driving through the square and then turn around. The background is very cluster
and has lots of other stuff. The car is occluded as it passes through the lamp post.
Figure 6 shows the tracking result of the second video sequences, which demonstrates
our algorithm is very robust to bypass the obstacles.

Fig. 6. Tracking results of the proposed algorithm on car sequence for frame 5476, 5546, 5744,
5579 and 5690
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5 Conclusion

In this paper, we propose a novel contour tracking algorithm using a determined bi-
nary level set model (DBLSM) based on mean shift procedure. This method greatly
improves the computational efficiency in contrast with other previous work due to the
simple form of the level set function and the efficient mean shift search. The imple-
mentation of curve evolution in the DBLSM is refined by the prior knowledge of the
target model, which ensures a more accurate convergence to the target. Finally, the
energy function derived from the DBLSM is used to measure weights for samples in
mean shift framework. Experiment results on several challenging video sequences
have verified the proposed algorithm is efficient and robust in many complex scenes.
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