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Abstract

In this paper, a real-time visua tracking system
based on our proposed motion estimation agorithms is
devel oped. The proposed mation estimation algorithmis
used to predict the location of target and then generate a
control input so as to keep the target stationary in the
center of image. The work differs from previous onesin
that it is capable to decouple the estimation of motion
from the estimation of structure. The major contribution
of thiswork is that simple, none computation intensive,
correspondence-free, and numerically stable 3D motion
estimation algorithms are developed. The robust target
detection method in simple environment and a time
reduction of SSD method in complex environment are
minor contributions. The visua tracking system can
achieve at arate of 30 Hz. The robustness of the visual
tracking system is validated by a number of
experiments.

1. INTRODUCTION

Recently, research on motion estimation has been
widely conducted [16, 26, 20, 21, 18, 1, 2, 13, 12].
However, one cannot estimate the target motion without
knowledge of its structure or of the camera motion. In
light of this observation, an adaptive method [23, 25, 11,
14, 15] or fuzzy controller is used to overcome this
problem. On the other hand, the Interacting Multiple
Modd (IMM) algorithm is another famous target
tracking framework [9, 28, 27, 4, 8].

The methods described above however are either
too complicated in form or have their own drawbacks,
which in turn increase the computational burden or
deteriorates the tracking performance. Therefore, this
paper proposes another close form solution for
estimating the object motion during the tracking phase.
This yields better performance than the previous
methods.

Target detection algorithms such as Sum of Squared
Difference (SSD) [23, 24, 26], and Normalized
Cross-Correlation (NCC) [3, 5] are primitive methods.
A small area of the image is used as template, which is
later searched throughout the interested region in the
next frame for finding the target location. However,
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these methods are computationally expensive and the
SSD method is sensitive to the changes of the
illumination. Sawasaki [5] used a specific hardware to
speed up the computation. Hager and Belhumeur [19]
also used the SSD method, but they provided an
illumination-insendtive tracking algorithm. However,
they need the images under various lighting conditions
as the illumination basis. Ancther template matching
method called contour matching [17, 6, 22] uses a
non-rigid contour as model and is more robust to
cluttered background.

Another well-known algorithm is motion-based
recognition [10]. Motion-based tracking systems have
the advantage of tracking a moving object regardless of
its shape [29] [30]. This method is suitable for real-time
implementation. However, they are easily corrupted in
outdoor environment when the background contains
other moving objects such as waving tree | eaves.

Several exigting target detection algorithms have
already demonstrated appealing performance [17, 6, 22,
7, 29]. However, capahility of real-time implementation
is our main consideration. Therefore, we will design a
simple, efficient, real-time monocular visua tracking
system in this paper.

The remainder of this paper is organized as follows.
Section 2 describes the target detection methods which
are operated in simple and complex environment. The
trajectory tracking algorithm is illustrated in Section 3.
The implementation of these methods and the
experimental results are presented in Section 4. Finaly,
conclusions are drawn in Section 5.

2. TARGET DETECTION METHODS

2.1 Target Detection in Simple Environment

Detecting the target by finding the centroid of edges
isproneto fail asshown in Fig. 1. To solve this problem,
we calculate the centroid of edges in a small attention
window ingead of the whole image as shown in Fig. 2.
But at first we have to determine the location and the
size of the attention window.

To determine the location of the attention window
is critical for containing the target. Therefore, we use
the direction of optical flow to provide the location of



the attention window, which isthe so-called optical flow
based attention window as shown in Fig. 3. In particular,
for fast sampling rate systems, the current centroid of
the target can be used as the center location of the
attention window in the next frame. Then we determine
the size of the attention window. Assume the size of the
attention window is mxn , and the target has a
maximum velocity v,,. Then the size of attention
window can be determined as follow:

o and n> |y )

where [u, v,]" is the optical flow induced by v, .
The concept of appropriately determining the size of the
attention window not only reduces the computation time
but also makes this method more robust.

m 2 |y

-
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Fig. 1. Finding centroid of edgesin whole image.

Fig. 2. Finding centroid of edgesin attention window.

Fig. 3. Optical flow based attention window.

2.2 Target Detection in Complex Environment

The SSD measure having the moving edges as
candidate is used to detect the target in complex
environment. The method of finding the moving edges
is based on motion energy detection [29] except for the
background compensation algorithm. The background
compensation agorithm used in [29] is based on
Kanatani's relationship which is vaid only when the
pan/tilt angles between successive frames are not larger
than 3.

We propose another background compensation
algorithm that can compensate for arbitrary panftilt
angles if the object is dill visible in the current frame
after pan/tiit motion. Denote Ax and Ay be the
displacement in x and vy direction respectively.
From [25], Ax and Ay are

Ax = f tan(g) @
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Ay =[-Ixsin(g) - f cos(¢)] tan(6) ©)
where @ and @ arethe pan and tilt angles. By using
the actual coordinate system {F in Fig. 4, the
relationship between pixel position in the previous and
the current frameis:

%q =% X 4

Yia =Y — Ly )
where [x, Y,.,]" and [x Y]' ae the pixel
position in the previous and the current frame. Figure 5
and Fig. 6 show image subtraction with and without the
proposed  background compensation  agorithms.
Executing a logical AND operation between subtracted
image and edge image can detect the moving edges as

shown in Fig. 7.
| | -
Ya

Fig. 5. Image subtraction

image plane
with compensation.

Fig. 4. Image coordinate

system.
Fig. 6. Image subtraction Fig. 7. Moving edges in
without compensation. 3.5 pan and tilt angles.

In the SSD agorithm, assume the attention window
sizeis mxn and the template sizeis T, xT, , then the
template is shifted (m-T,) x(n—T,) times. Obviousy
the computation is redundant if we have knowledge
about the location of the target in the attention window.
In light of this observation, moving edges are chosen as
the candidates for the SSD measure. Let set O of the
candidates be the set of points:

F D= x| Loy O (6)
where | _(X,y) is the brightness value of the result of
motion energy detection. Thus any x[O is a
candidate for the SSD measure. Obviously, the number
of elements which belong to the set O is less than
(m-T,)x(n-T,) Accordingly, not only the
computation time is reduced significantly, but aso the
noise is reduced and thus the confidence of SSD
measure is increased.

If the object is datic, then this concept can be
extended by using the edges as the candidates for the
SSD measure. Similarly, define the set



07 {= [x ' | GxyP O (7)
where G(x,y) is the gradient magnitude at the
location x in the attention window. Thus, any xD
is a candidate for the SSD measure.

Table 1 shows the comparison of the processing
time among these methods.

Table 1. The processing time among the different target
detection methods.

Different

SSrer]of:/?r\]/mg SSD having
SsD edges a?s edges as
candidate candidate
In simple
environment >0 ™S 30 ms 58 ms
In complex
environment 220 ™S 30 ms 228 ms

3. DESIGN OF TRAJECTORY TRACKING
ALGORITHM

We will make clear our main concept and notion for
designing the trgjectory tracking agorithm in this
section. Our goal here is to design a smple, none

computation intensive, and numerically stable algorithm.

Our main ideaisthat if the target motion is known, then
the camera motion which will eliminate the relative
motion of the target may be generated such that the
tracking is achieved. In particular, if the motion of target
is known well, then the “perfect tracking” may be
achieved, i.e., image position of the target can always be
kept at the center of image.

It is apparent that the estimation of the target
mation is the first sep in our proposed agorithm. In
general, the motion of target is not known a priori.
However, it can be estimated through the change of the
image position which is caled “optical flow” or image
displacement. Using the observation of image
displacement or optical flow which induced by target
motion, one can estimate the motion of target if the
camera is stationary. However it is not the case for the
tracking phase since both the camera and target are
moving during the tracking phase and therefore the
optical flow is subject to both camera and target motion.
In light of this observation, we must modify the optical
flow equation such that the optical flow is induced only
by the target motion and irrdlevant to the camera
motion.

We can then estimate the target motion by using the
modified optical flow. Motion estimation task becomes
peculiarly difficult in tragjectory tracking since neither
the structure (depth) nor the target motion is known.
Accordingly, we proposed a motion estimation

algorithm which is independent of the estimation of
structure. In other words, our algorithm is capable to
decouple the estimation of motion from the estimation
of structure. Thus, the sructure (depth) need not be
known or estimated before solving the motion
estimation task. To this end, the weak perspective
projection which is used to aleviate this problem, gives
a good approximation when the size and the depth
variation of the object are small compared with the
distance between the object and the camera.

The second step in our proposed algorithm is
prediction. The prediction task is to predict where the
target image location in the current frame will ‘move to’
in the next frame. The last step is tracking. Using the
predicted target position, we can then caculate a
feasible camera motion in order to track the moving
target. The whole process of these algorithms makes up
of three steps and the flow chart is shown in Fig. 10. At
any time ingant k, the target image position at this
time ingant k and at the previous time ingant k-1
are asthe input of the motion estimation module. Then,
it output the motion parameters to the prediction and
filtering module. After that, the prediction and filtering
module will calculate the predicted target image
position in the next frame and eventually the tracking
module generate the desired camera motion which will
achieve tracking.

target image

position (k-1) motion (;éj“;t:e desired

targetimage parameters Predicti position (k+1) canera

position () Mot ICction mation

[— Eg.o ;’.” :> and | Tracking :>
imation Filtering

Fig. 8. Flow chart of our proposed a gorithm.

For the lack of the space, the equation of this
algorithm is summarized in Fig. 11 and the details can
be found in [31].

Trajectory Tracking Algorithm
1.The target induced optica flow is calculated as
follow:

U (k =1) = X(k) =X(K =1) +( Xz (K =1) =X, )
Vo(k=1) = y(K) = Y(k 1) +( Ve (k ~1) -,
where [x, y,J] ae the image center and
[ (k=1 Ypesa(k-D]" are the predicted target
image position.
2. Select three different edge points [x, y,]" ,
[, V,]" . [x, y;]* which lie around the

centroid of target and use the following eguation
to estimate the target motion parameters.

v=GTc

where
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3.Evaluate the predicted target centroid coordinate by
assuming T(k) =T(k-1), o(k)=eo(k-1) , ad
Z(k) = Z(k —1) for short sampling time as follow:

T
200 | [ X000 K
{uuaon 0 —&(k)} T | T T :EB
utol7lo ¢ -yl 209 _[Hycf(k)] YA
Z(K)

%, (k +1) = x, (k) + U, (K)

Yo (k +1) =y, (k) +v, (k)
where [x, y,]” isthetarget centroid coordinatein
image plane.
4. Use the following equations to compute the
accommodated tracking command:

[ %Xk
¢J-tan[ f j

H - tan—l yo B yc(k +1)
~(%yy ~X.(k+1))sing - f cosg |’
where @ isthepanangleand ¢ isthetilt angle.

Fig. 9. Trajectory Tracking Algorithm

4. IMPLEMENTATION AND EXPERIMENTS

This section illustrates the performance of the
trajectory tracking agorithms under a variety of
circumstances. All experiments were performed on live
image seguences which were grabbed by a JAl
MCL-1500 DSP color camera and then processed by the
MATROX CORONA image processing card in the
Pentium [11-450 PC. The control command is then sent
to the ADVANTECH stepping motor control card so as
to generate an appropriate pan/tilt motion that achieves
the goal of tracking.
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4.1 Validation of the Trajectory Tracking Algorithm

To vaidate the performance of the proposed
trgjectory tracking algorithm, we will use the target
detection method in simple environment as described in
Section 2. Timing of the control cycle indicates that the
proposed visual tracking system can perform frame rate
(30 Hz) tracking of image regions with size 640x 480
pixes.

®  Indoor Experiment

An aircraft model is used as our target. At any time
instant, the location of the target in the image plane is
fed to the trajectory tracking agorithm to predict the
future position as shown in Fig. 10(a) and 10(b). The
tracking error is shown in Fig. 10(c). Note that the
center of the image planeis [320 240]" . Itis clear that
the predicted target position is close to the true target
position. This implies that our proposed agorithm
provides accurate prediction of the maneuvering target
trajectory.

®  Outdoor Experiment

We use aremote controlled helicopter as our target.
The helicopter is firs near the camera. Then, it flies
away, turns around and flies back toward the camera
as shown in Fig. 11. The data of these image sequences
are shown in Fig. 12. It demonstrates that the algorithm
is robust againgt fast varying target size. Finaly, it is
interesting to notice Fig. 12(a) and 12(b), which show
that the predicted target position well matches the
motion of target.

Targetlocation in xdirecton:predited (s0id) vs. ¥ (doted) Targetlocation in ydirecton: predicted (s0kd) vs. ¥ (doted)
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Fig. 10. Experimental results of indoor experiment.
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Fig. 11. Image sequence.
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Fig. 12. Experimental results of outdoor experiment.
4.2 Target Tracking in Complicated Scene

Image sequences in Fig. 13 demondtrate that we can
successfully track an aircraft model which passes
through highly cluttered scenes.

-

Fig. 13. Complicated environment scene image
sequence.
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5. CONCLUSION

In this paper, we have proposed a real-time visua
tracking system. The whole system consists of a target
detection method and a trajectory tracking algorithm.

We have proposed two different target detection
methods which operate in simple and complex
environment, respectively. In smple environment, the
centroid of edges in the attention window is recognized
as the location of target. The proposed method has been
proved robust in generd conditions if the target is not
occluded by other objects. On the other hand, the SSD
measure which has the moving edges as candidate is
used to detect the target in the complex environment.
The capability of tracking in highly cluttered scenes has
been validated by the experiment. The computational
burden of both agorithms is modest such that our
system can be implemented real-time.

The centroid of target which is detected by the
proposed target detection method is used as the tracking
information which is needed by the trgjectory tracking
algorithm. The trajectory tracking algorithm based on
proposed motion estimation algorithm  provides
accuracy of the prediction of the trgjectory of the
maneuvering target. The robustness of proposed visual
tracking system is vaidated by a number of
experiments.
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