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ABSTRACT

This paper presents a set of real-time tracking system based on mean-shift and Kalman filter. The proposed system is
composed of two major modules. The host computer adopts tracking algorithm combining mean-shift with Kalman filter
to achieve the implementation of object tracking. The improvement of the proposed algorithm is that when the moving
vessels are largely occluded, the Kalman filter is updated by velocity vector which is estimated according to target
locations in the prior frames, and then the filter is exploited to implement tracking alone. The algorithm achieves good
tracking effect. The lower computer is a set of motion control system, consisting of high-performance camera and
numerical control PTZ (Pan/Tilt/Zoom). It could manipulate PTZ to track motive object simultaneously according to the
results from PC real-time tracking. Experimental results show that the system can implement marine moving object
tracking with good real-time performance and robustness.
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1. INTRODUCTION

Real-time object tracking is required by many vision applications such as surveillance and monitoring, perceptual user
interfaces, and video compression. Real-time applications have a great economic value and a wide range of development
prospects. Mean-shift is an efficient pattern-matching algorithm in the field of computer vision. Through thorough
research over the past few years, it has been successfully exploited in object tracking. As a nonparametric estimator of
density gradient, the algorithm has good real-time performance and can be well combinated with other algorithms; In
virtue of the kernel histogram modeling, mean-shift is robust to partial occlusion, rotation and scale invariant and
computationally efficient, but fast-moving objects or cluttered environment could induce failure of tracking. Kalman
filter is an effective recursive filter, which can estimate linearly the minimum variance for the state sequence of dynamic
system from a series of noise measurement. The filter featured with a small amount of computational cost could
accurately predict the position and velocity of target. In recent years researchers have used the method combining mean-
shift and Kalman filter to track non-rigid moving target *°, it can ensure the consistency and continuity of target motion,
and achieve the effect of real-time tracking. However, it would fail to track in the presence of severe failure or adverse
illumination. In this paper, the method has been improved in anti-occlusion in virtue of the target’s movement
information, and the accuracy of similarity matching between target model and target candidates has also been enhanced.

The main objective of the present work is to propose and describe a design to provide support for the implementation of
marine moving object tracking system.

The paper is organized as follows. Section 2 presents the property of the mean shift. Section 3 introduces how to
constitute the tracking model from Kalman filter. The tracking algorithm is developed and analyzed in Section 4. Section
5 describes the main parts of the proposed framework. Experiments and result analysis are given in Section 6. Section 7
presents conclusions and directions for future work.

2. MEAN-SHIFT ALGORITHM

Mean-shift is a semi-automatic tracking algorithm. After we select search window in the initial frame, it calculates the
color distribution of the search window as the target model by using kernel function weighing, estimate the similarity
between the target model (initial color histogram) and the target candidates(present color histogram), and search the
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target candidate that is the most similar to a target model. So the procedure makes the search window move toward
towards the maximum increase in the density until achieving the true position of the target. '

2.1 Target model and target candidates

Firstly the RGB space of target area is converted to HSV space. Secondly we extracted the component H and divided it
into m shares with each corresponding to a sub-characteristic value. Lastly the whole target region can be characterized
by these values. For each sub-feature, kernel-based density distribution function is exploited to calculate the probability
distribution, and then the u-th characteristic probability can be denoted as

q, = cz 1{ Jg[b(x,) —u] (1)

where x, is the center of search window, X; is the position of i-th pixels, k( [E1ls ) is kernel function, h is window radius

Xy = X;

( half of the width ) , b and & function determine whether the pixel in point X; accord with the u-th characteristic value.

The normalization constant C is derived by imposing the conditionz g, =1, from where
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since the summation of delta functions for u=1...m is equal to one.

Like formula (1), assume ), as the center of the target candidate region in current frame, then the probability of u-th

characteristic value. is

2

p.(v)= Ci}k [b(x;)—u]- 3)
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2.2 Similarity function and Target Localization ’

Similarity function characterizes the similarity between the initial target model and target candidates, Similarity measure
methods commonly used include Bhattacharyya coefficient, Fisher measure of information, and histogram intersection
technique °. Here we use Bhattacharyya coefficient, the sample estimate is given by

pr)=p(p(r).4.)=2p.(V)a, - “@
u=l1
Using now (4) the distance between two distributions can be defined as

d(y)=+1-p(y) (5)

The statistical measure (5) is well suited for the task of target localization. If d (y) was smaller, the similarity between
the two color distribution histogram would be higher.

In the search process we employ mean-shift iterations to achieve the maximization of o ( y ) , the steps list below *:

1. Derive the weights of points in present search area according to (5)

w; = 3 \J=50[b(x)—u] (6)

i=1
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2.  calculate the next new position of target candidates
Yo = X;

ixiwig( h 2]
Yi= 2 (7)
Zm:w[g[yo}:xi ]

i=1
3. If “ Y= Yo || < ¢ orreach the maximum of iteration counts, stop. Otherwise, set ), <— y, and return to Step 1,

continue to search the eligible target candidate position.

3. KALMAN FILTER ANALYSIS
3.1 The idea of Kalman filtering

The main idea of Kalman filtering algorithm is that predict the most probable object location in the current frame
according to the results of targets tracking in the previous frame, then search target location in the neighbor area of the
location. If there is a target existing in the search area, continue to process the next frame. Otherwise, expand the search
area and search the target over again in the current frame, or discard the prior frame directly to process the next frame.
The point rests with predicting the location of the search region.

3.2 Kalman Filter Modeling *
Kalman Filter includes two model:
Motion equation: X, =4-X, [ +W, ®
Observation equation: Z, =H-X +V, 9)
where X, =[x, y,dx,dy| is state of the system at the moment k, Z, = [x, y]T is measurement value of system state at the

moment k. X and dX are the horizontal position and velocity respectively, y and dy are the vertical position and
velocity respectively, W, and y, are movement and measurement noise vectors which obey Gaussian distribution

p(w)~ N(0,0), p(v)~ N (0, R) . The values of state transition matrix 4, measurement matrix H, process noise
covariance matrix O and measurement noise covariance matrix R list as follow:

1010 1000

1000 10
A:0101’Q20100,H{ },R:{ }
0010 0010 0100 0 1
00 0 1 000 I

4. TRACKING ALGORITHM

In [4],[5],[6] a new kind of algorithm combining mean-shift with Kalman filter is described. In [4] the application is that
Kalman filter is exploited firstly to predict the initial point of object, and then use mean-shift to locate the target, in the
process determining whether the object is occluded through the Kalman filter remains and accounting for the occlusion
problem with the linear prediction. In [5] the final target location is gained through applying linear weighted method to
the tracking results of the two algorithms respectively according to the degree of interference, and the method achieves
good effect. The approach described in [6] figure out the problem of updating target model excessively, but the above
algorithms haven’t exploited the target’s motion direction and speed information in process of target tracking.
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As the research object of this paper aimed at marine moving ships, we can make use of the relative stableness of marine
target speed. In the experiment, assume a threshold « . If Bhattacharyya distance d (y) > a , it is inferred that the object
has been occluded, and mean-shift could not be utilized to search the target location. So the position of the center of
target in previous continuous frames should be exploited to estimate the velocity vector V of the moving object, and it is
used to update measurement noise vector J, . Afterward apply Kalman filter to tracking, and compute d (y)
simultaneously until d (y)< a , then mean-shift would be used to implement the tracking again. The flow char of
tracking algorithm combining mean-shift with Kalman filter is shown in figure 1.
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Fig. 1. Flow char of tracking algorithm
The detailed steps of the algorithm are listed as follow:
1. Predict the position of the target at moment k by Kalman filter, and compute the priori error estimate covariance.
X, =A% +W,, B =AB_ A" +0 (10)
2. Centered with predicted position )AC,L , acquire the observation value z, according to (9).

3. Correct the measurement with Kalman filter, compute the revision matrix and renew poster state estimation as well
as posteriori error estimate covariance.

K,=PH"(HP.H" +R)",
%, =X, +K,(z, — Hx,
F=(0-KH)F an

4, Ifd (y) <a,itis regarded that the target hasn’t been partially occluded. Otherwise, go to Step 7.
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5. Refer to estimated filtering value )2,{ as the starting point, and exploit the mean-shift algorithm in the neighborhood

to search optimal value. Convergence point locates target point in current frame.

6. Replace a posteriori state estimation for convergence point and go to Step 9.

7. Estimate the velocity vector V of the moving object through the target location of previous continuous frames.

8. Update measurement noise vector v, in Kalman filter.

9. Get the next frame at moment k+1 and go to Step 1.

o X,

Y

v

Fig. 2. Estimate velocity vector V' through previous continuous frames

In figure 2, the rectangle denotes the target model area. The center of the rectangle is estimation of the actual target
location. In Step 7, the horizontal component VX and vertical component I}y could be estimated respectively through the
two formulas below.

n+f

Vo=a, Y (x,=x.)/f> (12)
i=n+1

n n+f

Vo=a, > (v,=y.)! [ (13)

i=n+1

In both formulas, Xx; and y; are the horizontal and vertical coordinate of target center respectively, ¢ and , are

proportional coefficients, £ is the number of continuous frames.

5. FRAMEWORK FOR TRACKING SYSTEM

The tracking system based on the algorithm combining mean-shift with Kalman filter is composed of 2 modules which
are depicted in figure 2. The host computer adopts the above tracking algorithm to implement object tracking. The
method not only ensures consistency and coherence of motive object, but also gains the effect of real-time tracking. The
inferior machine is a set of motion control system, consisting of high-performance camera and numerical control
PTZ(Pan/Tilt/Zoom). It could manipulate PTZ to track motive object simultaneously according to the results from PC
real-time tracking.
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Fig. 3. Framework for the set of tracking system
5.1 Host computer

The host is an Intel PentiumlV2.83 GHz Dual Core PC with 2GB memory, and the 100moons video capture card is set

inside it; The software of the tracking system is developed on the basis of DirectShow SDK by Visual C++6.0 and
OpenCV. The system utilizes the above algorithm based on mean-shift and Kalman filter to implement tracking.

5.2 Lower computer

The lower computer consists of SU-450 numerical control PTZ and a monocular high-performance camera fixed on PTZ.
The pixel resolution of camera is 320%240 and the capture frame rate is 25f/s. The role of the PTZ is to actuate the
camera's rotation, and the superior machine may send instruction to PTZ and camera through the serial port to control
camera’s rotation and zoom. This method can change camera's field of vision to achieve the effect of real-time tracing.

5.3 Communication system

This system uses serial communication mode and RS485 is supported by the communication interface of numeric control
PTZ. Through the RS232/RS485 conversion interface host computer could communicate with lower computer under the
condition that the baudrate of serial port communication is 9600 b/s. The operations of sending and receiving data are
carried out between superior machine and serial port through the API functions supplied by Windows CE, and actuate
the SU-450 numerical control PTZ.

6. EXPERIMENTS & ANALYSIS

In the IDE VC6.0, We finish the video capture program based on DirectShow and use C++ and OpenCV to develop the
tracking algorithm. In the experiments we use the system to track moving ships on sea surface. The tracking system
could execute real-time detection for the selected motive objects in the camera’s field of vision and calculate centroid of
the selected object. When the moving target is partly occluded, it can predict the direction and velocity of the movement,
and implement reliable tracking according to the above information. However, if the target is about to move out of range,
it will control PTZ to rotate or zoom to ensure target in the camera’s field of vision. In the experiments, the
Bhattacharyya distance a= 0.4, speed of PTZ is 0.047rad/s. The results are shown in figure 5, 6 where the red rectangle is
tracking window and the green cross denote the centroid of target.
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[a] Frame #97 [b] Frame #206 [c] Frame #279 [d] Frame #308
Fig. 4. Tracking the ship with mean-shift algorithm

[a] Frame #60 [b] Frame #259 [c] Frame #411 [d] Frame #699
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[e] Bhattacharyya distance during the tracking procedure
Fig.5. Tracking the ship in occlusion situation with the proposed algorithm

Figure 4 shows the effect of tracking the ship with mean-shift, it can be observed that it failed to track object in the frame
308 because of the large occlusion. Figure 5 shows the effect of tracking the ship in occlusion situation with the proposed
algorithm. In Fig. 5[b] the target position could be detected when the ship was partly occluded. It can be observed in Fig.
5[c] that tracking system still traced the ship under the condition of severe occlusion. Fig. 5[d] shows the ship was
tracked stably after it drove out of the occlusion. From fig. 5[e] it could be manifested that Bhattacharyya distance
mainly concentrates between 0.2 and 0.3. The accuracy of model similarity matching is enhanced to a certain extent.

[a] Frame #937 [b] Frame #942 [c] Frame #947 [d] Frame #954

Fig.6. Tracking the ship under the condition of camera rotating

From fig. 6 we can see that PTZ actuated camera’s movement to trace the target when it was about to move out of range.
At that moment, the tracking window deviated from the actual target location just as the fig.6 [a, c] shows. This is
because camera’s movement produced local disturbance to the tracking region. However, the object was tracked stably
over again at once, which is shown in fig. 6[d]. It is manifested that the proposed algorithm has good robustness.
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Experimental results show that the system can detect the specified object and implement real-time object tracking under
the simple circumstance such as moving ships tracking on sea surface when both of distance and the rate of target’s
movement are in a certain range.

7. CONCLUSIONS & FUTURE WORK

In this paper, we proposed a tracking system framework based on mean-shift and Kalman filter to perform real-time
tracking in live video. The mean-shift combined with Kalman filter, which is more effective than mean-shift in target
location, has also been successfully applied to object tracking. Through exploiting the estimated value for target’s
velocity to update Kalman filter's observational equation, the resistance of the resulting filter to the partial occlusion
enables the accurate detection and handling of more severe occlusion. The method also improves accuracy of the
similarity matching to a certain extent. It has been verified that this tracking system can track object stably in a long time,
even in an occlusion situation. Future works include robustness improvement of target location under the lighting
condition of abrupt changes and relocation in camera zooming. Fine-tuning and enhancements to the system integration
to facilitate an integrated system functioning in a seamless manner in real-time will be further explored in future work.
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