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Abstract—Color video images degraded in a
deterministic way by motion-blurring can be
restored by the new algorithm in real-time by using
color components combination to fit to the limited
transmission bandwidth. The image motion PSF of
each surface of YUV422 image can be obtained
based on the color space conversion model. The Y, U,
V planes are packed to construct a 2 dimensional
complex array. Through the decomposition of
frequency domain, the Y, U, V frequency can be had
respectively by performing Fourier transform a time
on the specific complex array. The resulting
frequencies will be filtered by Wiener filter to
generate the final restored images. The proposed
algorithm can restore 1024x1024 24-bit motion-
blurred color video images at 18 ms/frame speed on
GPU, and the PSNR of the restored frame is 31.45.
The experiment results show that the proposed
algorithm is 3X speed compared to the traditional
algorithm, and it reduces the bandwidth of video
data stream 1/3.

Index Terms—motion-blurred; color image; image
restoration; real-time computing; graphic processing
unit

1. INTRODUCTION

Color is described by color space, a mathematical
representation of a set of colors. Several color spaces
is in wide use, including Hue Saturation Intensity (HSI),
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YUV and RGB!, For computer applications it is most
natural to describe colors in terms of RGB color
spacel?). In RGB space, color is considered to be an
additive mixture of three primary colors: red, green, and
blue. RGB space corresponds well to the actual physical
devices used to produce colors with computers, such as
TV monitors, with red, green, and blue phosphors.
Obviously, color image contains more information
compared to gray level image and is widely applied in
the area of aerial imaging.

Aerial color image is inevitably confused by aerial
motion blurred. The restoration of aerial blurred images
has been widely studied, and many approaches
[3.4.5]hased on variation or stochastic formulations tried
ill-posed problem. However,

approaches are mostly designed for gray level images.

to solve this such
Generally, the color image should be separated into red,
green, and blue images, and then each image is handled
separately as a black and white image by those
approaches. The obvious defect of this method is that
the computational cost is 3X than the gray level image.
There are few approaches, such as vector image
restoration!®, exist for multichannel color images. But
the computational requirements of them are still huge
and do not obviously decrease.
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42 Combination Restoration for Motion-blurred Color Videos under Limited Transmission Bandwidth

In the family of television transmission color spaces,
we notice that YUV color space becomes a widely used
model in digital video processing for the reduction of
storage and computation! ’!. The YUV color space
separates RGB into
informationt®. It encodes a color image or video taking

luminance and chrominance

human perception into account to reduce bandwidth for
chrominance components. In section 2 we propose the
method of using YUV to restore the RGB motion blur.
In section 3 we introduce the necessity of using YUV
color space to replace RGB color space under limited
transmission bandwidth. In section 4 and 5 we derive
the specific combination of Y,U,V signal which ensures
a very efficient fast Fourier transform. Finally, some
examples are shown.

2. MOTION BLURRED OF YUV IMAGES

The image degradation caused by image motion is
often represented in terms of a matrix-vector formation
of (1)!. This is given by

g=f-H (L
where g, f are the blurred, original images, and H
represent the blur operator. The solutions of (1) were
talked about in many books and paperst®*.. Here, let’s
put the focus on fast restoration using traditional Wiener
filtert.

When the matrices of g and f are unwrapped,

equation (1) can be rewritten as
[9(0)g(@)---g(N -1)]
=[fOf@D---f(N-D]-H (2

Generally, the original signal from the color image
sensor is RGB format. If g and f are the color images
with RGB format, the degradation of the image can be
represented by

gR(O)gR(l)'”gR(N _1)
ge(o)ge(l)"'gG(N _1)
gB(O)gB(l)"'gB(N _1)
fR(O)fR(l)"'fR(N _1)
=| @ @ f(N-D|[-H (3
3 (0) fo )+ o (N 1)

Equation (2) is considered as the expression of the
degradation of the gray level images. According to (2)
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and (3), if the size of the RGB image and the gray
image is the same, it is obviously that the calculated
amount of the restoration of RGB images will be 3X
larger than the gray level images.

YUV uses RGB information, but it creates a black
and white image from the full color image and then
subtracts three primary colors resulting in two
additional signals to describe color. The three signals
can be combined back together to generate the full color
image. Equation (4) reveals the relationship between

RGB and YUV.

9r(0)9r (D)~ ga(N -1)
9 (0)9(3 (1) gG(N _1)
95(0)9s (@)~ gs(N -1)
9y (O)QY (1)"'gY(N _l)
=C-1 9,09, @9y (N-1) 4)
Ov (O)gv (1)“'gv(N _1)

Where C is the conversion coefficient matrix of color
space. Based on (4), the images can be converted from
RGB color space to YUV color space or YUV color
space to RGB color space. Using the color conversion
and removing C matrix from both sides of the equation,
the degradation of the color image in YUV color space
can be given by

gY(O)gY (1)"'gY(N _1)
9y (O)QU (1)”‘gu(N _1)
9y (O)gv(l)"'gv(N _l)
fy (0, @)--- f, (N -1)
=[O f, Q- (N=-D|-H ()
f, (0 f, @), (N-1)

3. NECESSITY OF USING YUV

There are two basic kinds of cameras: interlaced
scan and progressive scan. Interlaced scan cameras
records only half of the horizontal lines at a time (the
first field, containing the odd-numbered lines, followed
by the second field, containing the even-numbered
lines). Hence, an image has to be divided into two fields
to be recorded at different time by interlaced scan
cameras, and there exists some time delay between two
fields that make interfield twitter. That means the
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interlaced scan makes the image motion
difficult to be restored.

Progressive scan cameras record all the horizontal lines

more
complicate, and more
of a picture at one time as a single frame. Frame format
(progressive) is familiar to our image knowledge. To
grab color video in way of progressive scan, we find the
3-CCD camera is our best choice.

For easier analysis, we assume that the camera can
capture 25 frames (1024x1024x24bit) in 1 second, and
the data flow velocity is 75 MB/s. The bandwidth
description of current Personal Computer is shown in
Fig.1. As can be seen that the bandwidths around north
bridge chip are big enough for our data throughput, but
the bandwidths of PCI bus and SATA will be the
bottleneck of the data flow to block the data throughput.

CPU

b
6.4Gh/s
A

DI Express 16 i i
GPU ey, N orth Bridge Chip |« »
3 GB/s 6.4GB/s

Memory

Y
1 2 GB/s
4

PCIBus
132 MB/s

SATA
150 MBfs

Frame
Grabber

South Bridge Clup Hard Disk

v
v

Fig.1 the bandwidth description of currently Personal Computer

We know that image processing program reads next
video frame only if the current frame has been totally
processed. The Pal format video’s frame rate is 25 fps.
Therefore, the image processing of every frame should
be finished in 40 ms to receive the real-time processing.
Fig.2 shows the certain time interval between two
frames. During the video processing, we assume the
time cost in frame transfer and feedback is equal, we
can get the expression of frame transfer time (T2):

40ms-T3-T1-T5

T2= (6)
2
T T2 | o1 | T4 [T
Frame | Frame Frame Frame Frame
capture | transfer | restoration | feedback wemre |
40ms |

Fig.2 time chart of image processing
To be simplification, we avoid the frame capture time
(T1) and cushion time (T5), and let T1 and T5 be zero.
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Then, we get the maximum function of frame transfer

time (T2):

o 4Oms2 T3 )
That means the time cost in transfer can’t larger than

T2max for the real time processing. When the size of the

frame data is S, the transfer bandwidth f can be

T2

expressed as following:

S>S 2S

f:—_ p—
T2 T2, 40ms-T3

(8)
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Fig.3 bandwidth requirement analysis of 1024x1024 24bit images
According to (8), the relation ship between data
transfer bandwidth f and the frame restoration time T3
can be plotted as Fig.3. It is easy to find that even if the
single frame, 1024x1024 24bit, can be processed in 10
ms, the transfer bandwidth need to be 200MB/s, which
is far larger than 133MB}/s, the theoretical bandwidth of
PCI bus, to realize the real time process. Hence, using
YUV color space to reduce the bandwidth is meaningful.

4. YUV CHANNELS COMBINATION

YUV has an important advantage over RGB, that is
the U and V components can be represented with a
lower resolution than Y, because the human visual
system (HVS) is less sensitive to color than to
luminance (brightness). There are YUV
sampling formats, such as 4:4:4, 4:2:2, 4:2:0 sampling.
Here, we would like to employ YUV 4:2:2 sampling to
realize the approach optimization.

several

4.1 Motion blurred in YUV 4:2:2 sampling
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Y Plane U Plane ¥ Plane

(a) ) (e
Fig.4 Illustration of YUV 4:2:2 sampling plane

The image data are archived as planar format, and
the YUV 4:2:2 sampling is illustrated in Fig.4. Fig.4-a
is Y plane, and the Fig.4-b, c are U, V plane with lower
resolution respectively. In Fig.4-b (and c), the blank
pixels are not actually present on the plane, the
existence of the blank pixels is just for assistant
illustration. Here, make an assumption that all the blank
pixels have the same value as their adjacent left pixels
respectively. Then, the image motion on the Y, U, V
plane will be the same. However, half pixels are over
lap in the horizontal component of the image motion on
U (and V) plane for the existence of blank pixels.
Sample the U, V plane by removing the blank pixels
back to the original YUV 4:2:2 format, we can find that
the horizontal component of the image motion on U
(and V) plane is half of the one on the Y plane and the
vertical component of the image motion on U (and V)
plane is equal to the one on the Y plane. The specific
point spread function (PSF) of the image motion is
given by

(= R0 = 2h(9

ix ,x=0,1---L,*/2-1
=1L, (9-a)
0, else

h/(¥)=h’(x)= h’(x)
1 ,
N X=0,1---L,Y -1 0-b)

0, else

where the superscript x , y denote the horizontal and

vertical component respectively, and the subscript Y, U,
V indicate the corresponding plane. L, * and L ¥ stand

for the horizontal and vertical component of the image
motion on the Y plane respectively.
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4.2 Combination of U, V plane

A part of chrominance components which is not
necessary is reduced by sampling, but there still have
three separated image planes, one big and two smalls,
needed to be filtered. Equation (9) reveals that U, V
plane have the same PSF. And both the two small
separated planes, U and V plane, in YUV 4:2:2 format
have the half size of Y plane. For more efficiency, the U,
V plane can be combined to form a new plane, UV
plane, which has the same size as Y plane. Of course,
the PSF of the UV plane is the same as the single U (or
V) plane.

In order to explain the combination more intuitively,
the resulted images combination are shown in Fig.5 and
Fig.6. Fig.5-a, b are the Y, UV plane of the blurred
“Lena” image respectively. The PSF of image motion of
them are described in (9). According to the blurred
PSFs, the blurred Y, UV plane can be restored by
Wiener filter®*®! respectively. The restored Y, UV
plane are shown in Fig.6. Both the two groups’ planes
can be combined back together to
corresponding full color image.

result their

(@) Y plane (b) UV plan
Fig.5 Y, UV plane of blurred image

(b) UV plan

@Y prlane
Fig.6 Y,UV plane of restored image

5. ADVANCED COMBINATION

When the PSF is acquired from the deterministic
blur, it will be a good choice to choose the algorithm
based on frequency filtering, such as Wiener filter, to
finish the
between Y and UV plane is based on the Fourier

restoration. The advanced combination
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frequency processing, and it will be introduced in the
following.

5.1 Symmetry property of FFT

The fast Fourier transformation is very important
algorithm that transforms the image into frequency
domain. It is known that the two dimensional Fourier
transform can be calculated by applying the transform
in one direction and then in the other direction. So the
property of two dimensional Fourier transformation can
be obtained from the discussion of one dimensional
Fourier transform.

F) =3 oW (10)

From (10) it can be seen that if f(x) is a real
sequence, the Fourier transform has much symmetry:

F(u)=F (N -u) 11)

Two dimensional Fourier transform has the same
symmetry property too which can be found in [9,10]. It
is clear that the frequency spectrum of image is
symmetry.

5.2 Advanced combination

Computing both parts of these conjugates as (11) is
inefficient. Some efficient methods are given in.[9, 11]
for the compression of Fourier frequency. Based on
them, an improved approach for frequency compression
is proposed in this paper. First, the yi(x), ux(x) are
assumed as the kth row in Y and UV plane respectively.
A new, complex sequence, t(x) is defined by:

tk (X) =Y (X) + iuk (X) (12)

tk(x) can be easily defined without any data movement
by pointing to one row of Y plane as the real values and
one row of UV plane as the imaginary values. t,(x) can
be calculated in half the time it would take to calculate
yk(x) and uk(x)
transform is linear, we get

individually. Because the Fourier
T () =Y, (U)+iU, (u) 13)

But the Ty(u) is not useful to us. We need to
extract the Y, (u) and Uy(u) from Ty(u). We know that
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Yi(u) and Ug(u) display the conjugate symmetry
discussed above because yi(x) and u(x) are real. Hence,

T(N-u)=Y, (N -u)+iU, (N -u)
= Y, () +iU, () (14)

Combining (13) and (14), we find that

Y, (0)e = 2T (@) +T(N -u),]

Y, (), =107 ), ~T(N-u),]
2 (15)

1
Uk(u)R :E[T(u)l +T(N —U),]
1
Uk(u)l :E[T(N _U)R _T(U)R]
where the R and | subscripts stand, respectively, for the
real and imaginary components of a complex number.
From (15) it can be seen that the extract procedure of
Y(u) and Uy(u) is just concerned about some simple
arithmetical operations, such as addition, subtraction
and bitwise.

5.3 The data configuration and 2D FFT

The discussion in section 5.2 is the Fourier
transform for one dimensional sequence, but the images
are two dimensional, so we move the focus from one
dimensional Fourier transform to two dimensional
Fourier transform in this section.

There are two special cases that when u=0 or
u=N/2, Ti(u)= Tk(N-u). It falls out from (15) that
Y«(0)r= Tk(0)r/2, Yi(0)i= 0, Uk(0)r= Tk(0)1,/2, Uk(0)=0.
Likewise for values of Y, (N/2) and Ug(N/2). In the
Fourier spectra with N complex points, N/2-1 complex
values are conjugates of values, and the imaginary part
of values at indices 0 and N/2 are always zero. This
leaves us with only N/2 complex values we need to
store in our array. Hence, Y(u) and Uc(u) can be
efficiently stored in an array the same size as t(X)
sequence. Fig.7-a is the storage of t,(x), Fig.7-b shows
how we efficiently packed the values for Y(u) and

Uk(U).
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Fig.7 Organization of YUV data during FFT

After performing the 1D FFT on the rows of Y and
UV plane and packing them as show in Fig.7-c, we need
to perform the FFT on the columns. Four of the columns
marked as special part in Fig.7-c contain real numbers
that are real part of values at indices 0 and N/2 of each
rows of Y and UV plane. We can pair them up and
perform the FFT on them together with the method
described above. The rest of the columns are properly
paired as sequences of complex numbers. We perform a
traditional complex to complex FFT on these sequences.
Fig.7-d shows how the final result is packed.

Computing the two dimensional FFT by combining
Y and UV plane together as described above takes about
half the time as computing the FFT on them directly and
separately.
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6. EXPERIMENTS AND RESULTS

In the experiment, the motion blurred color image
is converted into YUV color space, and the Y, U and V
plane are combined as described above. Under the
described FFT performing, the frequency spectrum of Y,
UV plane and their PSF are generated. The Wiener filter
is applied to restore the motion blurred color image
based on the frequency spectrums. With the technology
of general purpose GPU!*?] the proposed algorithm is
parallelly executed on GPU. The GPU we used in the
experiment is nVidia GeForce8800GTS (512M).

Fig.9 blurred image

Fig.10 restored image
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The lab test image is color Lena (512x512) shown
in Fig.8. Fig.9 is the motion blurred image of Fig.8, and
Fig.10 is the filtered image of Fig.9 by Wiener filter
based on the PSF expression (9). Fig. 5, 6 shown in
section 4.2 are the Y, U, V plane of Fig. 9, 10
respectively. The estimation of Y, U, and V plane of
Fig.10 is shown in Tab.1.

Tab.1 MSE and PSNR of Y, U, V value of Lena

Image | MSE/PSNR | Y U v Ave.
MSE 29.29 | 16.00 | 16.58 | 20. 62
Lena
PSNR 33.46 | 36.09 | 35.94 | 35.16

The TV monitors are working in RGB color space,
so the estimation results of R, G, and B of Fig.10 are
more important to HVS, and they are shown in Tab.2.
We also use the traditional algorithm, filter the R, G, B
plan directly by wiener, to restore the color Lena and
the contrast estimation results are shown in Tab.2 too.
The estimation data in Tab.land Tab.2 indicate that
there is a little image degradation when color converted
between YUV422 and RGB888, but the restored result
is acceptable.

Tab.2 PSNR of R, G, B value of Lena by different restored algorithms

Parameter Algorithm R G B Ave.
proposed | 31.35 | 32.91 | 30.08 | 31.45
PSNR —
Traditional. | 30.90 | 31.57 | 34.90 | 32. 46

The purpose of Y, U, and V combination is for fast
restoration of motion blurred color video. We test the
restoration efficiency of proposed algorithm and
traditional algorithm separately. The test content
includes the restoration with different image sizes and
the restoration with different pixel depth. The both
algorithm are optimized by GPGPU!*! and all the tests
are operated on nVidia GeForce8800GTS. The test
results are listed in Tab.3. The data in Tab.3 show that
the proposed algorithm can restore the blurred color
images in the same time as it is needed to restore the
same size gray level images by the traditional algorithm,
and the results also reveal that the proposed algorithm is
about 3X speed of the traditional algorithm.

Tab.3 result of time test (unit: ms)

Algorithm | PIX€l 1 ooq 056 | 5124512 | 1024x1024
depth
Proposed. 24bit 0.475 2.08 7.95
Traditional. 8bit 0. 467 2.05 7.93
Traditional. | 24bit | 1.378 | 6.16 23.71

Copyright © 2009 MECS
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Fig.11 real motion blurred image (1024x1024 24 bit)
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Fig.12 restored |mage (1024x1024 24 bit)

To make the experiment more complete, we
capture the real motion blurred color video and try to
use the proposed algorithm to restore the blurred frames
in real time. Before the proposed algorithm operates, we
apply the windowing technique!****! to preprocess the
edge error of the real blurred frame. The real motion
blurred color image is shown in Fig.11. Fig.12 is the
restored image of Fig.11 using the proposed algorithm.
Notice that the image sharpness is greatly enhanced.
Considered the image transfer time, the average
restoration time for one frame, 1024x1024 24bit, is 18
ms on GPU.

7. CONCLUSIONS

In this paper a fast restoration algorithm for color
images is described which shows a good performance
for real time processing. The transform of image format
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from RGB888 to YUV422 can reduce about 1/3
computational requirement, and the procedure of Y, U,
V plane combination, spectra
production and composed Fourier spectra separation can
cut half calculated amount again. Taking advantage of
these procedures, the proposed algorithm attains about
3X the efficiency of the traditional algorithm. The

composed Fourier

experiment results show that the proposed algorithm can
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