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Abstract: Many motion detection algorithms have been developed for various applications such as machine vision, face
recognition and content based video indexing and retrieval techniques. In this paper, motion estimation based on Gabor-
wavelets transform is reviewed, which can be used to detect the motion information in image sequences accurately. In order
to overcome the high computation load involved in Gabor transform for different orientations and scales, a parallel structure
is developed to speed up the calculation. System level approach to the design of FPGA (Field Programmable Gate Array)

for the computation of Gabor wavelets transform is described.
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1. INTRODUCTION

Motion detection and estimation in image sequencesisvery
useful in many machine vision applications including
automatic surveillance, traffic monitoring and object
segmentation based on movement [1, 3, 6, 11]. Accordingly,
alargenumber of mation detection and estimation al gorithms
have been developed [2, 4, 5].These algorithms can be
divided into two broad classes, filter-based method and
matching-based method.

A typical example of a filter-based method is the
gradient method, whereamotion constraint analysisisused
to estimate the image flow. The well-known optical flow
constraint (OFC) equationis[2]:

ﬂg+ﬂg+ﬂ=0 (1)
Xot oyot ot

wherel(x, y, t) isthepixel located at x =(x ,y) and at timet
in the image sequences. This method estimates motion
locally in a small region of image to achieve low
computation, with the risk of suffering from the aperture
problem. It provides the velocity in the direction of the
gradient only. To obtain full velocity fields, larger space-
time support is required.

Thematching technique, on the other hand, suffersfrom
the correspondence problem, i.e. the ambiguity asto which
feature point in one frame is to be matched with the one
from the previous frame.

The motion estimation method studied hereisbased on
complex Gabor wavelets transform of image sequences.
Gabor wavelets have a large support and are sensitive to

texture components of different orientations[1, 5, 7, 8], and
can overcome the aperture problem. However, with many
different scales and orientations, the computation load of
the Gabor wavel etstransform isvery high. In this paper, we
develop a parallel structure to accelerate the computation
of the Gabor transform. A system level design of FPGA
(Fidld Programmable Gate Array) for the computation of
Gabor wavelets transform is described. Implementing the
algorithm in FPGA alows optimal parallelism, which is
needed to handl e the high computation load. Although FPGA
doesnat offer an optimized hardware implementation when
compared to ASIC (Application Specific Integrated Circuit),
it allows short development time and enables verification
of algorithmsin hardware at |ow cost.

The paper isorganized asfollows. Thefollowing section
reviews the motion estimation method based on Gabor-
wave ets transform which is introduced in [1]. Section 3
develops aparalld structure to accel erate the computation
of the Gabor-wavelets transform and describes its fast
prototyping on FPGA. Section 4 demonstrates the motion
detection results and conclusionsare given in section 5.

2. GABOR-WAVELETSTRANSFORM FOR MOTION
DETECTION

The system studied here is a phase-based motion detection,
or digparity calculation, which has attracted attention recently
due to itsrobustness. The main concept of thisapproach is
based on the Fourier shifting property. For a given signal,
s(x), and its Fourier transform, Sk), thefollowing relation
holds:

S(x+d) > S(k)e" )
The phase shift in the spectrum, kd, can beused to cal culate
the gpatial translation, d. However, Fourier transform
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operation is global on the entire signal, thus it can detect
only the uniform global translation. Generally in a video
sequences, only some parts of the image are moving while
therest isnot. Therefore, local detection of motion ismore
practical.

The concept of local motion detection introduced here
is based on the phase information in alocal representation
of the image sequence that can be produced by a family of
Gabor wavel ets. The complex Gabor filter implemented on
images with spatial trandations leads to local phase shifts
that can be used to compute the displacement of each image
point. The algorithm for image flow estimation based on
Gabor wavel etstransform will be explained in more details
in thefollowing.

2.1 Gabor-wavelets Transform

Thefirst stepisto compute theimage flow field. The method
used here is based on a convolution with Gabor wavel ets.
Gabor wavelets have the shape of localized plane waves,
bounded by aGaussian envelopefunction [5, 8, 9]. It isused
in many early vision related tasks such as texture
discrimination and feature extraction. A family of Gabor
wavelet kernelsare defined as:
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wh erek is the wave vector of the kernel’s main frequency
and « indicates dot product of two vectors, and k and x
indicate the norm of vectors k and x respectively. Hence
the Gabor waveletsarein the shape of plane waves, whose
magnitudes are modulated by a Gaussian envel opefunction,
changing with wave vector kj defined as:

K, k, cosg, vz,
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wherej = u + v. In this paper, a discrete set of 5 different
frequencies, v = 0to 4, and 8 orientations, u = 0to 7, are
implemented. Thewidth of the Gaussian envelopeischosen
asd = 2m.

The Gabor wavd ets transformation of an input image
I(x) is defined as a convolution:

3;(0) = [ 1), (x=x)dx’ )
Gabor wavelets transform of a sample image is shown in
Fig. 1.

After the transformation using Gabor wavelet with
different orientation and scales, each image point
corresponds to 40 complex coefficients, which isdefined as
ajet J. They can bewritten as:

J,(x) =2, (x) exp(ig; () ()
with amplitudes &; (X) , which variesslowly with position,
and phases, @;(X) . Thephased, (X) rotateswith arate set
by the spatial frequency or wave vector of the kernels.
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Figure 1: Gabor Wavdets Transform of an Image: (a) the Origina
Image, (b) and (c) the Gabor Wavelets with Orientation
of 0 and 45 Degree Respectively, (d) and (e) the
Corresponding Real Parts of the Transform.

2.2 Displacement Estimation

In order to estimate the flow vectorsfrom successive frames
of a video sequence, we consider the method used for
disparity estimation in [1]. The filter output J is most

sensitive to trandations of 1(x) in directionsg, and least

sensitive in direction ¢, = /2. If one region in the
sequential frameisaversion of the previousframe, (1’ (x) =
I(x+d)), a phase shift of the complex filter output results by
the convolution theory:

P91 (x+d)=FH{Gw)Iwe"} ()

where* denotes the convol ution operation and F(:) isthe
inverse Fourier transform. A space shift d in the successive
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frames can be recogni zed as a space phase shift of the Gabor
transform since each single Gabor transform isonly affected
by the spatial support of the kernel. Therefore, proportion
between the local phase shift kd and the disparity d is
established. The computation of this disparity between pairs
of successiveimagesissimilar to thetask of estimating the
small positional displacementsin amatching procedure. The
idea here isto maximizethe smilarity function with respect
tod:

S :Zjaja}- cos(Ag; —d-k; )

SN 5 ®
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By setting a_dx = 6Ty in itsTaylor expansion, we have

B dx _ 1 Fyy _Fyx ¢><
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#,, I'y.T'y, . I'\x can be defined similarly. Using this
equation, the displacement vectors can be estimated from
two jets taken from the same pixel position in two successve
frames. The motion vectors estimated here are used for
motion detection.

=0

3. FPGA PROTOTYPING FOR GABOR WAVELETS
TRANSFORM

3.1 Parallel Gabor Wavelets Transfor ms

Thedrawback of the above motion estimation method isthat,
with many different scalesand orientati ons, the computation
load of the Gabor wavelets transform is very high. Hence,
acceleration of thetransform processis necessary to achieve
areal-time motion estimation system using Gabor wavelet
transform. It is noticed from the analysis of the Gabor
wavel et transform that thetransform for different orientations
and scales are independent of each other. Therefore, a
hardware implementation structure can be developed to
accelerate the calculation of the whole transform by
parallelizing the transforms for different orientations and
scales. Theblock diagram of our parallel hardware structure
for the computation of Gabor waveletsis shown in Fig. 2.
The Gabor filter masks at different orientations and scales
are stored in ROM. The input image is acquired (from a
prerecorded video or real-time camera) and passed through
the parallel system of convolution masksto produce all the
wavelets transforms. Thus, the computation of Gabor-
waveletsis greatly accel erated.

A similar system has been proposed in [12] but the
architecture is based on using multiple DSPs. We propose
the implementation using FPGA aswill bedescribed in the
next sub-section. Using an advanced system level design

NICGHion
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Figure 2: Top-level Block Diagram of the FPGA Hardware for
the Computation of Gabor Wavelets Transform

called System Generator from Xilinx, the process of FPGA
design becomes much easier.

3.2 Hardware Architecture for Gabor Wavelets
M otion Detection

As can be seen in the block diagram in Fig. 2, the parallél
FPGA architecture is made up of three main parts, image
acquisition, paralld Gabor transform, and mation estimation.
In our experimentation, the video sequence is stored as a
sequence of bitmap imagesin computer hard disk. The size
of each gray scale image is 256x256 and each pixel is
represented by 8 bits. For FPGA simulation, each imagefile
isread into MATLAB workspace, raster scanned, and the
image dataisfed into the FPGA circuit onepixel at atime.

In our simulation, the FPGA design tools used were
Xilinx™ System Generator version 3.1[10], Simulink™, and
MATLABTM verson 6.5. The FPGA synthesistool used was
Xilinx™ | SE 5.2i. System Generator from Xilinx providesa
bit-true and cycdle-true smulation of the Simulink™ models
under MATLAB environment. Note that the FPGA design
using System Generator is different from the more typical
approach of using HDL (Hardware Description Language)
or schematics. Usng System Generator, the FPGA isdesigned
by means of Smulink models. Thus, the FPGA functional
simulation can be carried out easily right insde Simulink
environment. After thesuccessful smulation, thesynthesizable
VHDL (VHSIC HDL where VHSIC is Very High Speed
Integrated Circuit) code isautomatically generated from the
modds. Asaresult, one can definean abstract representation
of a system-level desgn and easily transform it into a gate-
level representationin FPGA.

Using System Generator for FPGA implementation
might not give the optimized performance/gate count result
as compared to more conventional approachessuch asusing
hardware description language or schematic entry. However,
this system level approach allows simple design flow,
verification, and implementation of the algorithms.
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Thetop-level design of Gabor wavel etstransform using
System Generator under MATLAB Simulink isshownin Fig.
3. Thedesign ismade up of many sub-systems. More detailed
information for one sub-system that performsthe convolution
isshowninFig. 4.

Table 1
Gate Requirement of the FPGA Design for Gabor Wavelets
M otion Detection

Number of Slice for Logic 650
Number of Slice for Flip Flops 305
Number of 4 input LUTs 3002
-used as LUTs 2030
-used as a route-thru 450
-used as Shift registers 522
Total equivalent gate count 100213
Table 2
Maximum Combinational Path Delay and Oper ating
Frequency of the FPGA Design
Maximum path delay from/to any node 15.8 nsec
Maximum operating frequency 71.2 MHz

Table 1 detail sthe gate requirement of the FPGA design.
The total gate requirement reported by the ISE is
approximately 100 Kgates. The price of the device in this
gate sizerange (for example 300 Kgates) isvery low which
confirms the advantage of using FPGA. Table 2 shows the
reported maximum path delay and the highest FPGA cl ock
frequency of 71.2 MHz.

After successful smulation, the VHDL codes were
automatically generated from the design using System
Generator special block set. The VHDL codes were then
used to synthesize the FPGA using Xilinx I1SE 5.2i
development tool. Xilinx Virtex-E family of FPGA was
chosen for synthesis with optimization set for speed. The
testing of the FPGA was done using a prototype board
equipped with a 600,000 gates Virtex-E FPGA. A digital
input/output interfacing adapter was used for transferring
data between the computer and the prototype board.

In this experiment, no analog-to-digital conversion was
implemented. MATLAB SimulinkTM program was used to
control the operation of the FPGA and toread the data stream
of the Gabor wavelets transform from the prototype board
using digital input/output adapter. Therate of the data stream
isthuslessthan real -time operating frequency. Thismeans
that thetestingwasnat in real-time but with real functioning
of the FPGA. Theestimated achievable maximum processing
speed of 20 frames/second isreported by | SE 5.2i after the
FPGA routing. The motion detection results achieved are
shown in next section.

4. MOTION DETECTION RESULTS

Fig. 5 illustrates some of the simulation results. The first
two columns are two consecutive images in tested image
sequences. Thethird column isthemotion detection result.
Thebrightnessof the motion detection resultsrepresentsthe
magnitude of the estimated motion vector, that is, the brighter
pixel in the result image denotes large movement. For ease
of evaluation, it is normalized to O to 255 for display.
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Figure 3: Top-level Design of Gabor Wavelets Transform using System Generator.
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Figure 4: Detail Design of Convolution Sub-system.

Figure 5: The Implemented Motion Estimation Result for three Image Sequences. (a) Hamburg Taxi Sequence, (b) Newswoman
Sequence, (c) Hamburg Taxi with Contrast Change.
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Fig. 5(a) shows the motion detection results of two
frames in a video sequence “Hamburg Taxi” which is
commonly used for eval uating motion detection algorithms.
Therearefour moving objects, theturning taxi, ablack car
in theleft, atruck in theright and a pedestrian in upper-left
corner. From the estimated movement in the sequence shown
inthethird column, it can be seen that thethreelarge moving
vehicles are detected while the pedestrian’s motion is
ambiguous due to the relatively small size and the obscure
motion.

The newswoman segquence, shown in Fig. 5(b), is
captured from TV news broadcasting. In thisvideo sequence,
the newswoman is reporting while moving her head with
small mation in front of the camera. In themotion estimation
results, the unconstrained problem is very obvious. In the
moving regionswithout distinct texture, such asthe cheek,
only the moving edges are prominently detected.

Fig. 5(c) illustrates the robustness of theimplemented
motion estimation method. In thistest, the brightness of the
first image has been increased. Themotion estimation result
in thethird column showsthat the motion of vehiclesisstill
detected, which demonstrates that the method is robust
against brightness changes.

5. CONCLUSIONS

In thispaper, we have presented aparalle schemeto compute
the Gabor-wavelets transform with different scales and
orientations. It has been used in a phase-based motion
estimation for successive frames from avideo sequence. The
system level FPGA design for parallel computation of the
Gabor transform has been presented.

The design requires only a small size FPGA (100 K
gates) and so is low in device cost. This FPGA
implementation scheme may find applications involving
Gabor-wavelets for real-time face recognition and object
tracking.
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