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ABSTRACT

To estimate the velocity of moving objects with arbi-
trary trajectory is useful in many applications. This
paper aims at the velocity estimation for image se-
quence with two motion vectors, the problem is ad-
dressed by the transform /spatiotemporal mixed do-
main (MixeD) method which simplifies the 3-D signal
processing problem into 1-D signal processing problem.
In the appropriate spatial frequency points selected by
the proposed spatial frequency selection method, the
signals are not sensitive to the background and noise,
therefore the corresponding spectral estimation can be
addressed by FFT. The simulation results show that
the proposed method is effective on the velocity esti-
mation for arbitrary motion.

1. INTRODUCTION

In dynamic image processing, an object moving with
constant velocity without changing its shape is treated
as Linear Trajectory Signal (LTS), while the object
with its velocity changing with time is regarded as Ar-
bitrary Trajectory Signal (ATS). It is well known that
the spectral energy of LTS is concentrated on a plane
in the 3-D frequency space, and the normal vector of
this plane is consistent with moving object’s trajectory
vector[1], therefore, the velocity of LTS can be esti-
mated by searching this energy plane with 3-D filtering
method. In the energy method, the 3-D (space-time)
Gabor filters are used to sample the power spectrum of
moving objects and by combining the outputs of sev-
eral such filters, the slope of the energy plane (i.e., the
velocity of moving objects) can be estimated[2]. But
it is complicated to approach this problem in 3-D do-
main directly due to the multidimensionality such as
the number of data.

An effective way to estimate the trajectory of LTS
in the transform /spatiotemporal mixed domain (MixeD)
was proposed by K.S.Knudsen et al[3]. The nonlin-
ear trajectory estimation in the MixeD was reported

in Ref.[4], it uses the chirp signal estimation technique
to find the trajectory coefficients. The trajectory es-
timation of ATS using the adaptive trajectory estima-
tion of LTS in the MixeD was also reported[5]. In the
MixeD method, by applying the 2-D DFT to the spatial
variables of 3-D signal, the problem is transformed to
the problem of processing 1-D complex sinusoid signals
acquired, this makes the estimation easier and faster.
Usually, several spatial frequency points are selected by
experience in the 2-D spatial frequency domain[3], then
the spectrum of the 1-D signal is estimated by high
resolution spectral estimation method. The spectral
energy plane in the 3-D frequency space is determined
by spatial frequency points selected and temporal fre-
quency estimated, and moving object velocity vector
can be estimated.

The track of moving objects in noisy environments
based on the application of the one-dimensional Fourier
transform was reported by S.A.Rajala et al[6]. In this
method, all sets of pixels having the same velocity i.e.
LTS is considered, and two components of the moving
object velocity vector are estimated separately. It is
accomplished by performing a transformation, that is
by setting a weighting function, the 1-D signal can be
obtained through the integration of the product of the
initial signal with this weighting function, and then the
1-D DFT is used to estimate the corresponding spec-
trum which is in proportion to the component of veloc-
ity vector. When the weighting function is set in the
form of Fourier transform, it is similar to the MixeD
method.

In our study, the velocity estimation of moving ob-
jects with smoothly changing trajectories is considered.
In this case, since the velocity vector changes smoothly,
this kind of ATS can be treated as LTS within a short
time interval, and the velocity estimation method of
LTS can be used in every short time interval. In our ap-
proach, only two appropriate spatial frequency points
are selected by the established evaluation function in
combining with a threshold value[7]. In addition to



that the 1-D signals in selected points are not sensitive
to the noise and background in the image sequence,
the period of the 1-D signal is also limited to more
than one period in the selection process, therefore the
corresponding 1-D spectral estimation can be done by
DFT using FFT algorithm.

This paper is organized as follows. The general
moving object velocity estimation method of LTS and
ATS in the MixeD is analyzed in Sect.2, then, the pro-
posed method is described in Sect.3. Finally, simula-
tion results and conclusions are presented in Sect.4 and
Sect.5 respectively.

2. VELOCITY ESTIMATION IN THE
MIXED

2.1. Representation of 3-D signal

Let n = (n,ny,n:) be a point in the discrete 3-D space
N3, then the 3-D discrete signal is defined at R,

R = {n|n,,ny=0,1,---,L—1, n;=0,1,--- Ty —1}

where n, and n, are spatial variables with total number
L, n; is the temporal variable with total frames T7.
Let D,,,, be the partial 3-D domain occupied by the
signal of moving objects s,0(n), b(n) be the signal of
the background, then the composed image of moving
objects and background can be expressed as follows,

2(n) = 5mo(n) + b(n) (1)
where
b ={ by ngDs @

represents the background signal of a zero graylevel
area changing along with time.
The actual observed 3-D signal is given by Eq.(3),

y(n) = z(n) + w(n) 3)

where w(n) is the 3-D white noise.
The problem is to estimate the velocity (vs,vy) of
moving object from y(n) (n € R).

2.2. Velocity Estimation Theory

To simplify the analysis, the image without background
b(n) and noise w(n) is used. In this case, the linear
trajectory signal (LTS) of moving object in an image
sequence is defined as Eq.(4),

srrs(n) =82p (Mg —Va Mty Ny — Uy -10t) (4)

where sa2p(ng,ny) = sprs(Ne,ny,0) is the signal of
moving object at the initial frame (n; = 0), and (v, vy)
is the velocity vector of LTS.

For image sequence with two moving objects, the
signal of moving objects can be written as the sum of
two LTSs.

Smo(n) = sprg(n) + 53 75(n) (5)

In the MixeD, 2-D DFT is first applied to spatial vari-
ables n, and n, in Eq.(5), by using of Eq.(4), the signal
is given as follows,

Smo (wza Wy, 'I'Lt) = DFTQD{ng(n)}
2
= Z SI’iTs(wz, wy)e—j(v’;uzwjuy)m 6)
k=1

where the upper index k indicates two moving objects,
and S¥;g(ws,wy) is the corresponding 2-D DFT over
spatial variables at ny; = 0.

For the object moving with a varying velocity vector
in an image sequence without background, it can be
defined as Eq.(7) similar to the LTS,

Smo(n) = SATS(n)
= Sap(Ng—vg(ng) Ny, ny—vy (ng) -ng)  (7)
where (vg(nt),vy(ny)) is the velocity vector of ATS.
Suppose the velocity vector changes smoothly, then
in the short time interval, it can be treated as LTS.

Similar to Eq.(6), the signal of two ATSs in the MixeD
is given by

S’mo(ww Jwy7nt)
2
%ZSﬁTs(wz7wy)efj(’l):(’ﬂt)wz-i-’v: (nt)wy)n: (8)
k=1

The varying temporal angular-frequencies wr. (n;)
(k = 1,2) contained in Spmo(ws,wy,ns) at the spatial
frequency (wags,wy;) is then given by

wi, (ne) = = (Vs (ne)wa, + vy (newy,)  (k=1,2) (9)

Therefore, the velocity estimation can be accomplished
by solving the coupled equations of Eq.(9).

3. PROPOSED METHOD

In the MixeD, the temporal signals at spatial frequency
point (was,wy:)(i =1,2,---, M) are given by

Yi(n:) = DFTop{y(0) H(w, wy)=(weirwyi) (10)

where M is the total number of spatial frequency points.



The proposition is to determine two spatial fre-
quency points (Wg;, Wy;)(i =1,2) through the evalu-
ation of the 1-D spectrum |DFT{Y(n:)}|, and esti-
mate the corresponding two peak frequencies Wk (k =
1,2). Then substitute wf, and (wgi,wy;) with W} and
(Wi, Wy;) respectively in Eq.(9).

3.1. Spatial Frequency Selection Method

The goal of spatial frequency selection is to search for
the spatial frequency point where the 1-D complex sig-
nal is less influenced by the background and noise.
For the image sequence with objects having two mo-
tion vectors, the 1-D power spectrum |DFT{Y(n:)}|
should have two main peaks theoretically, then the
selection can be accomplished by evaluating the 1-D
power spectrum[7]. The evaluation function correspond-
ing to the image sequence with two motion vectors is
established as

(le + Hp?)
|Hp1 - Hp2|
where X, is the weighting factor, Pp1, Pp2 and Hp1, Hpo
are the peak frequencies and the peak heights of the
power spectrum as shown in Fig.1.

Joa = Ao + [Pp1 — Ppal (11)
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Fig. 1: Evaluation of 1-D power spectrum

For a given number of frames Ny used in spectral
estimations, the signals should be with at least more
than one period in order to achieve a precise spectral
estimation, it is guaranteed by the following inequality

27 Jwe(ng) < Ny (12)

To determine the first appropriate spatial frequency
point (Wa1,Wy1), we seek the point with maximum
evaluation function value J» under the limitation of
Eq.(12). To select the second point (Wye, Wys), in ad-
dition to the same selection as (Wy1, Wy1), a thresh-
old Th given by Eq.(13) should also be satisfied to
guarantee the independence of the coupled equations
of Eq.(9).

Th < |WZ1Wy2 - Wy1 WE2| (13)

3.2. Background Pre-Processing

To make the velocity estimation more precisely, it is
better to process the background in advance, this is ac-
complished by two kinds of background pre-processing
methods. The first background pre-processing method
(BPM1) is the image thresholding based on image seg-
mentation technique. It is accomplished by selecting a
graylevel threshold value according to the histogram of
the image, and subtracting the image with this thresh-
old value. This method can attenuate the influence of
the static background in some extent.

The second pre-processing method (BPM2) is the
removal of the DC component from the 1-D signal.
This is accomplished by subtracting the average com-
ponent from the 1-D signal.

3.3. Velocity Estimation

Since the moving objects have varying velocity vectors,
it is better to select the appropriate spatial frequency
points adaptively. This is achieved by using the spatial
frequency selection method in each estimation interval
(ne—(Ny—1)/2,n:4+(Ny—1)/2) respectively. Let fp(n:)
be the processed 1-D complex signal in the MixeD, the
spatial frequency points selection is carried every Ny
frames as shown in Fig.2.

In practice, the image sequence is pre-processed by
the BPM1 firstly, then the problem is transformed into
the mixed domain, and the obtained 1-D complex sig-
nal is processed by the BPM2. The velocity estimation
is then carried over the adaptively selected spatial fre-
quency points. The velocity estimation process in each
estimation interval is shown in Fig.3.
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Fig. 2: Velocity estimation interval
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Fig. 3: Velocity estimation process

4. SIMULATION RESULTS

In the simulation, the image sequence is with back-
ground and the white noise of zero mean and stan-
dard deviation ¢ = 0.05 is added. The image size is
128 x 128, the total frames are 200 frames, the inten-
sity is [0, 1], and the interval used in velocity estimation
is Ny = 31 frames.

The first moving object I is with uniform intensity
1, and has a complicate shape as shown in Fig.4. The
second moving object II is a disc (radius = 8) of non-
uniform intensity with the highest intensity 1 in the
center. The image at the initial frame and the sketch
of its central trajectory is shown in Fig.4(a) and (b)
respectively. The ideal velocity vectors in pixels/frame
(ppf) for both objects are as follows,

t—1 t—1
(va1,050) = (5 sin(55m); =

Fig. 4: Initial image and the trajectory sketch

The velocity vector estimated every 5 frame for mov-
ing object I is given in Fig.5, while the velocity vector
estimated every 5frame for moving object II is shown
in Fig.6. It is obvious that both motion vectors have
been correctly estimated.

5. CONCLUSION

In this paper, the motion vectors of two moving ob-
jects with arbitrary trajectory have been correctly es-
timated in the MixeD. Since the velocity estimation is
carried over two appropriate spatial frequency points
(Wa1,Wy1) and (Wye, Wys) selected in the 2-D spa-
tial frequency domain, a good result has been acquired
even though the image sequence is with background
and noise. Additionally, the spectra over the selected
points are estimated by FFT spectral estimation, this
makes the computation time shorter.
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Fig. 5: Velocity estimated for object I

50 100 150 200
Frame

Fig. 6: Velocity estimated for object II



