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Tracking Moving Objects in Image Sequences
Using 1-D Trajectory Filter

Soo-Chang Pei, Wen-Yi Kuo, and Wan-Ting Huang

Abstract—The three-dimensional (3-D) Fourier transform of
the nonaccelerating object in an image sequence lies on a plane
passing through the origin of the 3-D frequency domain. Instead
of using a 3-D frequency planar filter, we propose a new filter
design technique for object tracking using a one-dimensional
trajectory filter—in the spatiotemporal domain. This filter can
track a moving object with linear or nonlinear trajectory without
prior knowledge of the target trajectory. Also, it is easy to design
and has a very low computational complexity. More importantly,
it can be implemented in real time.

Index Terms—Object tracking, spatiotemporal filtering, trajec-
tory filter.

I. INTRODUCTION

THERE are several filter design techniques for detecting
and tracking moving objects in digital image sequences.

The conventional discrete Fourier transform (DFT) method [5]
involves the three-dimensional (3-D) fast Fourier transform
(FFT) of the input image sequence. The disadvantages of this
method are that the input sequence must be stored in memory
in order for the DFT to be calculated, and the complexity is
rather high.

The linear difference equation (LDE) method is proposed in
[1]. The continuous 3-D Laplace transform transfer function is
designed according to the trajectory of the target. The corre-
sponding discrete 3-D planar-resonant filter is obtained by triple
bilinear transformation of the continuous filter. This method has
the significant advantage that memory requirements are far less
than in the DFT case. However, it is not generally known how
to select the coefficients of the LDE to obtain a required stable
input–output transfer function. Furthermore, as a result of the
triple bilinear transform, the shape of the resonant plane suffers
from higher frequency distortion. Thus, the 3-D planar-resonant
recursive filter is difficult to design and realize.

Combined DFT and LDE (DFT/LDE), multidimensional fil-
ters have been proposed [2], [3]. For the case of 3-D signals
in image sequences, the idea of DFT/LDE is only employing
DFT filtering over the two-dimensional (2-D) spatial domain
and LDE filter on the remaining temporal dimension. They are
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Fig. 1. Fourier transform pair of a line in 3-D space.

easier to design than DFT and LDE methods and have advan-
tages in terms of computational efficiency.

In this letter, we propose a new method of filtering moving
objects by a one-dimensional (1-D) filter in the spatiotemporal
domain. This new method is not involved with Fourier trans-
form and only implemented in one specific direction. It is a
simply implemented method and also has very low computa-
tional complexity.

II. OBJECTS MOVING IN SPATIOTEMPORAL DOMAIN

A moving object with constant velocity in an image sequence
can be viewed as a line signal in the spatiotemporal domain [5].
Define as the linear trajectory vector of the target.
The magnitude of the Fourier transform of the trajectory lies in
a plane passing through the origin of the 3-D frequency domain
with a normal vector , as shown in Fig. 1.

Thus, in order to extract the moving object, we need a 3-D
planar-resonant filter with a passband enclosing this plane.

III. 3-D FILTERING USING 1-D INFINITE IMPULSE

RESPONSE (IIR) FILTER

In Section I, it is mentioned that the LDE filters have higher
frequency distortion because of the triple bilinear transforma-
tion from -domain to -domain. In order to avoid the distortion
brought by bilinear transformation, we seek a way to design the
desired 3-D planar-resonant filter directly in the -domain.

Before discussing the 3-D case, we will look at the 2-D case
[4]. We begin with a 2-D low-pass filter that varies in one di-
mension only as

(1)

Let and represent original and rotated axes, re-
spectively. Then, consider the transformation

(2)
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Fig. 2. Frequency responses of low-pass filters of (1) and (5).

Fig. 3. Recursive direction of transformed filter with �=� = 1=2.

where and are integers. The corresponding frequency trans-
formation is

(3)

or

(4)

where and are sample intervals, and the angle of rotation
is .

Now, we have a rotated filter

(5)

which varies in both frequency directions. The responses before
and after transformation are shown in Fig. 2. In this figure,
and are assumed to be unity.

In the frequency domain, the effect of the transformation is
a rotation of the frequency response with a contraction of the
bandwidth as seen in Fig. 2. In the spatial domain, it is equiva-
lent to the rotation of the recursion direction of the digital filter
with a new sample interval. The transformed recursion direction
scheme of the filter in (1) with is shown in Fig. 3.
Thus, we can use , which is a 1-D filter to implement
2-D filtering.

Now, let us consider the 3-D case. Following the same pro-
cedure in the 2-D case, first we have a 3-D low-pass filter that
varies only in one dimension as

(6)

Fig. 4. Rotated 3-D planar-resonant filter in the (z ; z ; z ) plane.

Fig. 5. Set of parallel directional 1-D sequences in the spatiotemporal domain.

If we want to track an object moving in the direction
, the desired filter can be obtained by rotating the

axes of the plane. Here, we first rotate the filter
counterclockwise on the plane with an angle and
then in the direction of with an angle , as indicated in Fig. 4,
where P is the projection of on plane,

, and . The
transformation is shown in the following:

(7)

Equivalently

(8)

is a frequency planar-resonant filter with
normal vector , which matches the frequency re-
sponse of the moving target. Assuming that the size of the
input image is , the filtering can be done by using the
original low-pass 1-D filter (6) and by sampling the signal in
the direction of , i.e., a set of parallel directional 1-D
sequences with the same size of the input frame are collected
as the parallel input of 1-D low-pass filters.

As illustrated in Fig. 5, if we want to track the movement
of the rectangle, let the recursive direction of the 1-D filter be
the trajectory of the rectangle. Thus, after the parallel filtering
of every point in the image 1-D low-pass filters, the
filtered output will contain only the rectangle. The circle and
the background will be rejected.

How do we design the low-pass 1-D filter we want? It is ob-
vious that the one with sharp cutoff frequency response and low
computational complexity will be our choice. The main advan-
tage of an IIR filter [compared to an finite impulse response
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Fig. 6. Proposed 1-D system for object tracking.

(FIR) filter] is a much steeper cutoff frequency response with
fewer stages. Thus, with an IIR filter, we can have both sharp
cutoff frequency and fewer recursive frames.

The formula of a third-order 1-D IIR filter is

(9)

With the directional filtering according to the constant trajec-
tory vector, we can write a more compact 1-D difference equa-
tion with the input–output as the frame images as follows:

(10)

where is the input frame, and is the output
frame with the desired filtered moving object only. The trajec-
tory is constant here. With the above equation, every
point in a frame can be filtered at the same time.

IV. IMPLEMENTATION OF 1-D TRAJECTORY FILTER

IN THE SPATIOTEMPORAL DOMAIN

The proposed system for object tracking in image sequences
is shown in Fig. 6. Note that it is a 1-D system where every point
at the output is independent of adjacent points and the whole
frame can be parallel filtered. This is an advantage for real-time
implementation.

The current output is obtained by filtering the current input
frame by the trajectory filter proposed above with feedbacks
being inputs and outputs of previous frames. A problem arises
when there is no previous output, i.e., when is de-
sired, what are , , and ?
The experimental results show that using frame differences as
the initial outputs turns out to be a good choice, for example,
when it comes to , let

(11)

In the above, we have assumed that the targets are moving
linearly. Now, we want to extend the system to deal with ob-
jects moving with nonlinear trajectories. The main idea is that
whether the trajectory is linear or nonlinear, the target between
two adjacent frames can be viewed as moving in a piecewise
linear trajectory as long as the frame rate is fast enough. Thus,
we can simply adapt the trajectory vector by esti-

Fig. 7. Filtered inputs and outputs of a sequence with multiple vehicles.

mating the optical flow of the centroid of the object at every
output. Thus, the difference function (10) for our trajectory filter
is modified in the following:

(12)

In Fig. 6, a block of frame difference is added parallelly to
the trajectory filter. Frame difference can be thought of as a
high-pass filter that removes the background and the stationary
signals of the input frame.

The overall system can be thought of as a low-pass filter in
the direction of the target trajectory that operates in
parallel with a high-pass filter in the direction (0, 0, 1).

A logical AND is performed after the results of the two blocks.
We want the regions that survive through these two filters; if the
target stops moving, it will not survive through the high-pass
filter and the system will lose the track of the target. Thus, before
the AND element, a condition should be added. If the target stops
moving, the AND will be neglected.

At the end of the system, the output is obtained by mapping
the positions of the output of the two blocks to the original input
frame.

V. EXPERIMENTAL RESULTS

In this section, we test the system we proposed with real
videos taken from the fifth floor of National Taiwan University’s
electrical engineering building. All the videos used in this sec-
tion have frames of size 240 320 and frame rate of 15 f/s.
A 1-D third-order IIR digital low-pass Butterworth filter with
cutoff frequency 0.05 is used as the trajectory filter to track
the moving object.

Example 1: The Linear Trajectory Case: We use a real se-
quence with two cars moving with constant velocities in dif-
ferent directions. In Fig. 7, one is moving from bottom-left to
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Fig. 8. Filtered inputs and outputs of the object with nonlinear trajectory.

top-right of the frame, and the other is in the opposite direction.
Images in the middle column of Fig. 7 are the outputs of filtering
along the trajectory of the bottom-left vehicle, and those in the
right column are results of the top-left vehicle. It is obvious that
the proposed system can successfully track the target and reject
the unwanted signals. The edge of the target is a little bit wider,
but the overall performance of the system is satisfactory.

Example 2: The Nonlinear Trajectory Case: Another se-
quence of a vehicle moving with curved trajectory is also tested,
and the 9th, 10th, 18th, and 19th frames are shown in Fig. 8 for
the reader to observe its curved trajectory; the moving vehicle
can still be extracted easily.

VI. CONCLUSION

In this letter, an effective 1-D trajectory filter for object
tracking is proposed. Different from other MD filters, this new
method is easy to design and implemented in real time with
very low computational complexity. It can be used to track
objects moving in linear or nonlinear trajectory without prior
knowledge of trajectories. Although the passband of the trajec-
tory filter is only coarsely designed, the frame differences help
to improve the accuracy of the system. The experimental results
have shown that its performance is satisfactory and useful for
real-time practical applications. It is worth mentioning that the
space–time approaches recently have been used in computer
vision for action recognition [8].
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