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Superresolution in color videos acquired through
turbulent media
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Color videos acquired with a single CCD through turbulent media can be enhanced in their resolution be-
yond the limit defined by the image sampling rate. We provide a mathematical justification for this claim,
present an efficient superresolution algorithm and its experimental verification on a real-life video, and fi-
nally, discuss its potentials and limitations. © 2009 Optical Society of America
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Videos acquired through turbulent media, or, for
brevity, turbulent videos suffer from local image in-
stabilities due to random fluctuations of the refrac-
tion index of the medium. In [1–3] the idea of making
a profit from atmospheric turbulence-induced image
geometrical spatial–temporal degradations to com-
pensate image sampling artifacts and generate stabi-
lized images of the stable scene with higher reso-
lution than that defined by the camera sampling grid
was advanced. This idea has been implemented to
enhance the resolution of a single-channel (mono-
chromatic) image. In this Letter, we extend this su-
perresolution method to turbulent color videos and
show that, while superresolution in color images is
somehow limited, due to the color video acquisition
mechanism, when compared to grayscale images, im-
age resolution enhancement is achievable as well.

A color image can be represented by combining
three separate monochromatic images. Ideally, each
image pixel contains three data measurements, one
for each of the three color bands, R, G, and B. In prac-
tice, commonly used digital camera with a single
CCD array provides only one color measurement
(red, green, or blue) per pixel. The detector array, in
such cameras, is a grid of CCDs, each made sensitive
to one color by placing a color filter array (CFA) in
front of the CCD. The Bayer pattern, shown in Fig. 1,
is a very common example of such a color filter ar-
rangement. The values of missing color bands at ev-
ery pixel are synthesized using some form of interpo-
lation from neighboring pixel values. This process is
referred to as color demosaicing.

Linear demosaicing methods can be represented by
three sets of weights for neighborhoods with a R, G,
or B pixel in the center. For the �x ,y�-th pixel it is
given by
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the corresponding interpolation R, G, and B weights
normalized so as
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Applying the Fourier transform to Eq. (1) gives the
modulation transfer function (MTF) of the interpola-
tion procedure:

H�r,s�
R,G,B = H�r,s� �
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where r and s are the image spatial frequencies and
H�r,s� is the MTF of a, full cell, 2D rectangular pixel
[1,4,5].

For the monochrome case, it has been shown, that
the larger fill factor is, the heavier unrecoverable res-
olution losses are, and, therefore, superresolution
methods are potentially more efficient for images ac-
quired with cameras with a small fill factor [1,5].
Equation (3) shows that the color MTF for R, G, or B
pixels is a weighted average of monochrome MTFs.
This implies that, like in monochrome videos, larger
fill factors limit the achievable superresolution re-
sults in color images.

In commonly used color video cameras, the Moving
Picture Experts Group and JPEG image compression
standard is used in which color images are first
transformed from raw red-green-blue-representation
to the YCbCr representation [6]. In this representa-
tion, most of the energy is concentrated in the lumi-
nance (Y) component, with little energy in the
chrominance (Cb,Cr) components [7]. Therefore, for
processing color turbulent videos one can apply a
Fig. 1. (Color online) Bayer CFA.
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monochrome superresolution algorithm to only the Y
component and use simpler processing of the Cb and
Cr components. In this way computational efficiency
is achieved, and color artifacts, which may appear
when superresolving each of the R, G, B channels
separately, are avoided. In our proposed method, the
Y component is superresolved through elastic regis-
tration, with subpixel accuracy, followed by resam-
pling of the frames according to the registration re-
sults [1]. The Cb and Cr components are computed
using a pixelwise temporal (framewise) median filter-
ing, which was shown to be a good estimation of the
stable scene, [2,8]. For JPEG encoded images, the Y
component is given by [9]

Y = 0.299 R + 0.587 G + 0.114 B. �4�

The Y component’s MTF depends on the interpolation
method. In JPEG encoding standard, the bilinear in-
terpolation is used, and each color channel is interpo-
lated independently. Substitution of Eq. (4) into Eq.
(3) yields the Y components’ MTFs for the cases when
the central pixel is red, green, and blue, respectively,
�5�

�6�

�7�

�8�
where for each equation the corresponding Bayer
scheme setup is shown and N and M are the image
dimensions on each axis.

One important conclusion derived from Eqs. (5)–(8)
is that the MTF of the interpolation process is shift
variant. The Y MTFs are depicted in Fig. 2, where
the Y MTFs for neighborhoods centered in red, green,
and blue pixels are given in solid, dotted, and dashed
curves, respectively, and correspond to Eqs. (5)–(8).
As one can see, for neighborhoods centered in blue or
red pixels, some frequencies of the Y component
(marked with arrows) are completely lost. For the
sake of clear presentation, the elementwise square-
root of the MTFs are presented. In the case at hand,
the acquisition is held under turbulent conditions;
therefore the same information is likely to be ac-
quired by adjacent, but different, pixels in subse-
quent frames. This means that frequencies totally
suppressed in a certain pixel, are likely to be recov-
ered when the same information is acquired by a
neighboring pixel with different color filter (red,
green, or blue), in a subsequent frame [10].

The entire processing was experimentally tested on
real-life turbulent degraded color videos acquired in
a setup that simulates turbulence. The experimental
setup is illustrated in Fig. 3. Colored tiles are laid on
the bottom of a water tub, filled with water to the
height of 30 cm, while the random motion of the wa-
ter medium is caused by the filling water. The light
propagates through the water and is acquired by the
single-CCD camera, which has a Bayer filter on its
sensor. The results are shown for a sequence where
each frame is 200�200 pixels. The test sequence’s
average turbulent interframe motion magnitude is
2.5, and standard deviation is 1.3 pixels.

Figure 4 illustrates, through images’ spectra, the
efficiency of the superresolution process with aper-
ture correction. Figure 4(a) presents the estimation
of the stable scene of a turbulent degraded frame, in-

terpolated to twice its original size and filtered for
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aperture correction through unsharp masking. The
corresponding superresolved image, after aperture
correction, is depicted in Fig. 4(b). Figures 4(c) and
4(d) show corresponding image spectra intensities. It
is evident that information in higher frequencies out-
side the base band of the original images is recon-
structed in the process.

For quantitative evaluation of the resolution im-
provement we used a method for numerical evalua-
tion of image effective bandwidth (IEBW) suggested
in [11]. The IEBW measure ranges from 0 to 1, where
higher values correspond to the presence of larger

Fig. 2. (Color online) Sensor frequency response for fill
factor of 1—cross section views. (a), (b), and (c) are, corre-
spondingly, the diagonal, R, and the S cross sections of the
2D Y frequency response of a single sensor. The dotted,
solid, and dashed curves represent the Y component fre-
quency response for the green, red, and blue pixels in the
Bayer scheme. The two greens, as defined in Eqs. (6) and
(7), are marked by red horizontal (R.H) and red vertical
(R.V). The arrows mark frequencies where for the blue or
red channel all luminance information is lost.
Fig. 3. (Color online) Acquisitioning setup.
amounts of energy in the higher frequencies of the
image. The IEBW factors for the images shown in
Fig. 4 are 0.1459 and 0.1814 for the interpolated [Fig.
4(a)] and superresolved [Fig. 4(b)] images, respec-
tively. This suggests that the superresolved image
does have higher effective bandwidths, hence more
information in higher frequencies.

In conclusion, one can state that the presented re-
sults confirm that color sequences subjected to turbu-
lence and acquired by a commonly used camera with
a single CCD array can be considerably enhanced in
their resolution using the superresolution process de-
scribed in [1].
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