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1
METHOD AND SYSTEM FOR
SPATTAL-TEMPORAL DENOISING AND
DEMOSAICKING FOR NOISY COLOR
FILTER ARRAY VIDEOS

TECHNICAL FIELD

The invention concerns a method and system for spatial-
temporal denoising and demosaicking for noisy color filler
array videos.

BACKGROUND OF THE INVENTION

The majority of cost-effective digital video cameras use a
single sensor with a color filler array (CFA) to capture visual
scenes in color. At each pixel, only one of the three primary
colors is sampled and the missing color components need to
be interpolated. The color interpolation process is usually
referred to as color demosaicking (CDM). For video
sequences, the temporal correlation in adjacent frames can
also be exploited to improve the performance of CDM. The
majority of CDM algorithms assume that the CFA data is
noise-free. This assumption, however, is unrealistic and the
presence of noise in the CFA data will cause serious CDM
artifacts that are difficult to be removed by a subsequent
denoising process. Many available denoising algorithms are
designed for monochromatic/full-color images/videos and
they are not directly applicable to the CFA data. Therefore, it
is highly desirable to provide new algorithms for full-color
video reconstruction from noisy CFA sequences.

A commonly used strategy is to demosaick the CFA video
first and then later denoise the demosaicked video. However,
the noise-caused color artifacts generated in the CDM pro-
cess can be difficult to remove in the following denoising
process. Some joint demosaicking and denoising approaches
have been proposed. In a joint demosaicking-denoising algo-
rithm, both demosaicking and denoising are treated as an
estimation problem and solved by the total least square tech-
nique. One computationally more efficient joint demosaick-
ing-denoising scheme first performs demosaicking-denois-
ing on the green channel, and then uses the restored green
channel to estimate the noise statistics to restore the red and
blue channels. Inspired by the directional linear minimum
mean square-error estimation based CDM scheme, a nonlin-
ear and spatially adaptive filler has been proposed by using
local polynomial approximation for CDM. This scheme is
adapted to noisy CFA inputs for joint demosaicking-denois-
ing.

In addition to the two abovementioned strategies, another
approach to reproduce full-color images from noisy CFA data
is to perform denoising before demosaicking. However, due
to the mosaic structure of CFA, existing monochromatic
image/video denoising methods cannot be directly applied to
the CFA data. The CFA image can be divided into several
monochromatic sub-images using the approaches known
from the CFA image compression literature. However, such
approaches do not exploit the inter-channel correlation which
is useful to reduce noise. A wavelet based CFA image denois-
ing method has been proposed. A principal component analy-
sis (PCA) is proposed based CFA image denoising scheme. A
CFA block, which contains color samples from different
channels, is used to analyze the local CFA image structure. By
transforming the noisy signal into the PCA domain, the signal
energy can be better clustered and the noise can be more
effectively removed. The PCA-based CFA image denoising
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algorithm effectively exploits the spatial and spectral corre-
lation in each frame. This method was later extended to gray
level images.

SUMMARY OF THE INVENTION

In a first preferred aspect, there is provided a method for
spatial-temporal denoising and demosaicking for noisy color
filter array (CFA) video, the method including applying spa-
tial-temporal CFA video denoising to the CFA video in order
to generate a denoised CFA, applying initial color demosa-
icking (CDM) to the denoised CFA video in order to generate
a demosaicked video, and applying spatial-temporal post-
processing to the demosaicked video in order to reduce CDM
artifacts and CDM errors and enhance the quality of the
video.

The spatial-temporal CFA video denoising may include
partitioning each CFA frame in the CFA video to be denoised
into multiple CFA blocks, stretching the CFA blocks to a
variable vector, removing a noise vector from the variable
vector, constructing a spatial-temporal sample dataset, and
fast block matching (BM) to find similar CFA blocks to a
reference CFA block in the current and adjacent CFA frames
of the CFA video.

The CDM may include calculating horizontal and vertical
gradients of each pixel of a CFA block, performing CDM in a
horizontal or vertical direction depending on the calculated
gradients, fusing filtering outputs at horizontal and vertical
directions, interpolating missing green color components at
red and blue positions, interpolating missing blue color com-
ponents at red positions and missing red color components at
blue positions, and interpolating missing red and blue color
components at green positions.

The spatial-temporal post-processing may include measur-
ing similarity between a triplet of a current pixel to be
enhanced with a spatial-temporal neighborhood triplet, and
calculating a weighted average of the most similar pixels to a
reference pixel to determine the enhanced pixel of the refer-
ence pixel.

In a second aspect, there is provided a system for spatial-
temporal denoising and demosaicking for noisy color filter
array (CFA) video, the system including a spatial-temporal
CFA video denoising module to apply spatial-temporal CFA
video denoising to the CFA video in order to generate a
denoised CFA, an initial color demosaicking (CDM) module
to apply initial color demosaicking (CDM) to the denoised
CFA video in order to generate a demosaicked video, and a
spatial-temporal post-processing module to apply spatial-
temporal post-processing to the demosaicked video in order
to reduce CDM artifacts and CDM errors and enhance the
quality of the video.

The system may further include a single-chip video sensor
to provide the CFA video to the spatial-temporal CFA video
denoising module.

The system may further include a video storage to store the
full color video sequence output by the spatial-temporal post-
processing module.

The spatial-temporal CFA video denoising module, the
initial color demosaicking (CDM) module and the spatial-
temporal post-processing module may be software modules.

Single-sensor digital video cameras use a color filler array
(CFA) to capture video and a color demosaicking (CDM)
procedure to reproduce the full color sequence. The repro-
duced video frames suffer from the inevitable sensor noise
introduced in the video acquisition process. The spatial-tem-
poral denoising and demosaicking scheme of the present
invention performs without explicit motion estimation. Block
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based denoising is first performed on the mosaic CFA video.
For each CFA block to be denoised, similar CFA blocks are
selected within a local spatial-temporal neighborhood. The
principal component analysis is performed on the selected
CFA blocks to remove noise. Then, an initial single-frame
CDM is applied to the denoised CFA data. Subsequently the
demosaicked frames are post-processed by exploiting the
spatial-temporal redundancy to reduce the color artifacts. The
experimental results on simulated and real noisy CFA
sequences demonstrate that the spatial-temporal CFA video
denoising and demosaicking scheme can significantly reduce
the noise-caused color artifacts and effectively preserve the
image edge structures.

BRIEF DESCRIPTION OF THE DRAWINGS

An example of the invention will now be described with
reference to the accompanying drawings, in which:

FIG.11s a process flow diagram of three stages of a method
for spatial-temporal denoising and demosaicking for noisy
CFA videos in accordance with an embodiment of the present
invention;

FIG. 2 is a schematic diagram of a CFA block to be
denoised in a CFA frame of the CFA video;

FIG. 3 is a schematic diagram of a CFA block centered on
a red pixel;

FIG. 41s a screenshot of scenes of the two video sequences:
(a) The Car sequence; and (b) the Skater sequence;

FIG. 5 is a reconstructed full color frame of the Car
sequence: (a) Original full-color image; (b) noisy CFA image
(0,70,=0,=15); reconstructed images by methods (c) [19];
(d) 120]: &) [S+KSVD [151; (B [4]+KSVD; (g) [25]+9]: (1)
[5]1+VBM3D [17]; (1) [4]+VBM3D [17]; and (j) present
invention;

FIG. 6 is a reconstructed full color frame of the Skater
sequence. (a) Original full-color image; (b) noisy CFA image
(0,70,=0,=15); reconstructed images by methods (c) [19];
(d) 120]: &) [S+KSVD [151; (B [4]+KSVD; (g) [25]+9]: (1)
[5]1+VBM3D [17]; (1) [4]+VBM3D [17]; and (j) present
invention;

FIG. 7 is a series of screenshots of CFA frames: left column
is one frame of a reconstructed Bear sequence from the raw
CFA sequence (estimated noise level: 0,=13, 0,=12, 0,=26);
right column is one frame of the reconstructed Notebook
sequence from the raw CFA sequence (estimated noise level:
0,715, 0,=12,0,=26); and from top to bottom: original noisy
CFA image, reconstructed full color image by [4]+VBM3D
[17] and the present invention; and

FIG. 8 s a system diagram of a system for spatial-temporal
denoising and demosaicking for noisy color filter array (CFA)
video.

DETAILED DESCRIPTION OF THE DRAWINGS

Referring to FIG. 1, a spatial-temporal denoising and
demosaicking method for noisy CFA videos is provided. The
method generally has three main stages: denoise the CFA
video (11); apply an initial CDM to the denoised CFA video
(19); and apply spatial-temporal post-processing to the demo-
saicked video (26).

In the first stage, the CFA video is denoised. A Principal
Component Analysis (PCA)-based CFA image denoising
method is adapted to become a spatial-temporal method. The
spatial-temporal method is applied to CFA videos. Since the
CFA video frames are red, green and blue color interlaced
mosaic images, each CFA block is considered. Each CFA
block contains pixels from all the three channels, as the basic
unit in the denoising. By performing CFA block matching in
the current CFA frame and adjacent CFA frames, the similar
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CFA block to the given CFA block can be located. By viewing
the elements in the CFA block as variables and viewing the
pixels in the sampled matched CFA blocks, the PCA trans-
formation matrix is computed and the denoising is then per-
formed in the PCA domain.

A CFA video sequence is represented as a three dimen-
sional (3D) cube. Denote by F°(i,j,k) a pixel located at spatial
position (i,j) and in CFA frame k of the CFA video sequence.
The superscript ce{r,g,b} represents the color channel of the
current pixel and ¢ depends on the spatial position (i,j). The
Bayer CFA pattern is used. There is:

roi=2g+l; j=2-z Equation (2-1)
c=q9b i=2-z5 j=2-7;+1
g other positions

where 7, and 7, are non-negative integers. In the Bayer
pattern, the R (red), G (green) and B (blue) samples are
interlaced, with the double sampling frequency of G com-
pared to the R and B channels.

Noise is inevitably introduced in the CFA video sequence
(10). This makes digital video visually unpleasing. The cor-
rupted noise in CCD and CMOS sensors is signal-dependent.
The raw sensor output is modeled as y=x+(ky+k,x)v

where x is the desired noiseless signal, veN(0,1) is unit
Gaussian white noise and k, and k, are sensor dependent
parameters. Although this noise model is quite realistic, the
design of denoising algorithms is very complex and compu-
tationally expensive. One simple and widely used noise
model is the additive noise model y=x+v. A channel-depen-
dent noise model is used. The noisy video can be represented
as:

F o7 0)=F(i j,k)+v,(,7k), ce{rgb} Equation (2-2)

where v,, v, and v, are the noise signals in the red, green
and blue channels. v,, v, and v, are assumed to be zero-mean
white and mutually uncorrelated in the spatial-temporal
domain. The standard deviations of v,, v, and v, are denoted
by o,, 0, and g, respectively.

If denoising is performed after CDM of the CFA sequence,
the noise-caused color artifacts generated in the CDM pro-
cess can be difficult to remove during denoising. Therefore
denoising (11) is performed before CDM of the CFA
sequence.

To fully exploit the spectral correlation in the red, green
and blue channels, the CFA block in the CFA frame that
contains pixels from all the three channels is taken as the basic
denoising unit. The elements in the CFA block are modeled as
a vector variable. Then, principal component analysis (PCA)
is used to remove noise from the CFA block. This denoising
strategy is used and extended to CFA videos.

Referring to FIG. 2, a current CFA frame 50 to be denoised
is partitioned (12) into many CFA blocks 51, for example, 4x4
or 6x6 blocks. Denote by W the CFA block and suppose its
size is wxw. By taking each element in the CFA block 51 as a
variable, the CFA block 51 is stretched (13) to a vector vari-
able X =[x,%%,°, . . . x,,°]” where m=w?>

Since the real data is noise corrupted, with the channel-
dependent noise model in Equation (2-2), we have:

L =
X FX,5%,,5 - meU‘]T:x+U Equation (2-3)

. . . g
where X;,,°=x,°+v, is the noisy variable and v [U1 ,
v, ... C]T 1s the noise vector. Denote by W, the noisy

block ofW ie., W, =W+V, where V is the noise block The

-
aim is to remove (14) the noise v from ?U to obtain a good

estimation of X, denoted by X .
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In order to use PCA for denoising, a sample dataset is
needed so that the covariance matrix of the vector variable X

(or ?U) can be estimated. Clearly, the dataset can be con-
structed by searching for similar CFA blocks to the given CFA
block W, in its spatial-temporal neighborhood. Suppose n
such blocks are found. With the condition that n>>m, the
PCA-based denoising can effectively remove the noise from
the noisy CFA data.

The spatial-temporal sample dataset is constructed (15).
The simple and fast block matching (BM) technique is used
(16) to find similar CFA blocks to the given CFA block W,,.
Although BM is limited in terms of motion estimation (ME)
accuracy, it is efficient enough for the application of denois-
ing, and the PCA-based denoising technique is robust to small
BM bias (or the ME errors) because it calculates the statistics
of'the matched samples and a certain amount of BM bias will
not significantly affect the final denoising result. To exploit
both the spatial and temporal redundancy in denoising, simi-
lar blocks to the given CFA block W, are searched in the
current CFA frame and adjacent CFA frames. For a given
CFA block W,, and a reference block WU,(AZ.,A].)”/C where
(Ai,Aj) means the spatial displacement between the given
CFA block W, and the reference block W,, ;. Aj)’ef their L,
distance is calculated as

dpiny = ||WU - W;f’(fA‘.ij)” Equation (2-4)

w

1
- WZ S (Walh, D= Wil by

w
h=1 {=1

where ||@|| is the L, norm operator. Due to the mosaic CFA
pattern (the Bayer pattern is used here), the displacement (Ai,
Aj) should satisfy the constraint (Ai,Aj)=(27,,27,), where z,
and z, are integers. In practice, (Ai, Aj) will be in a suitable
search range: {-Z,=Ai=Z, -Z,=Aj=Z,}, where z, and z, are
even integers. To robustly construct the sample dataset, the
first n most similar blocks is selected (i.e., the ones who have
the smallest distances d,, 4,) to the given block W, in con-
secutive CFA frames and within the search range. In the
following PCA-based denoising process, these n sample
blocks are used to calculate the co-variance matrix of the
variable vector.

In PCA-based denoising (17), by using BM, n blocks can
be found including the given block and n-1 reference blocks
similar to it. These n blocks are viewed as the sample blocks

for the vector variable ?U (referring to Equation (2-3)). In

other words, for each element of the vector variable ?U, there
are n samples of it. These data are formatted into an mxn
matrix

XU X3 XD (Equation (2-5)
X3y X3% .. Xiw

Xo=| . :
Xal X35 o X

where each column of the matrix X, is the vector stretched
by the sample block. The superscript “v” means that the
samples are noise corrupted and the superscript “c” belongs
to {r, g, b}, indicating the spectral channel of the sample. The
first column corresponds to the sample vector to be denoised.
Denote by X the denoised dataset of X, the denoised CFA

6

block can then be extracted (18) from the first column of X.
The noise in the CFA video sequence has been reduced after
denoising.
In the second stage, an initial CDM is applied (19) to the
5 denoised CFA video. This results in a full-color video
sequence. CDM is performed to reproduce the full color
video sequence using spatial-temporal color demosaicking.
An initial CDM is first applied to each CFA frame in the CFA
video sequence. Then, the spatial-temporal redundancy is
exploited to reduce the CDM errors.

An initial color demosaicking is performed. Second order
Laplacian correction (SOLC) is a filtering algorithm for
CDM. In second order Laplacian correction (SOLC), the
horizontal and vertical gradients of each pixel are first calcu-
5 lated (20). If the horizontal gradient is less than that in the
vertical direction, then CDM is performed (21) along the
horizontal direction by using the SOLC filter, vice versa.
Such a strategy avoids interpolating across edges. The SOLC
scheme is improved by fusing (22) the filtering outputs at
horizontal and vertical directions, instead of keeping only one
of them.

The missing green color components are first interpolated
(23). Referring to FIG. 3, considering a CFA block centered
onared pixel R, where the green color is to be estimated. The
missing green colors on blue pixels can be similarly interpo-
lated. By using the SOLC filter, the missing green color G, is
interpolated along horizontal direction as

—_
<

—

25

30 k1 1
Gy = E(Gl +G3)+ Z(Z'Ro =Ry = Ryp).

Similarly, G, can be interpolated along vertical direction as

35

v 1 1
Gy = E(Gz +Gy)+ Z(Z'Ro = Rio = Ri2).

The two estimates of the horizontal direction Goh and vertical
direction G," can be fused for a more accurate estimation of
G, as follows:

Go=w, G+ W, Gy
where w, +w =1. To determine the weights w, and w, the

gradients along horizontal and vertical directions within the
CFA block are first calculated as follows:

50 4y =|G, —Gs|+|2-R, — Ry — Rj1| + Equation (3-2)
1 1
—|Bs — Bg| + =|B7 — Bg| +
2| s — Bl 2| 7 — Bl
1 1
§|2'G2—G13—G16|+§|2'G4—G17—Gzol
55
dy =Gy — Gal +12- R, = Ryo — Ria| + Equation (3-3)
1 1
§|35—38|+§|36—B7|+
1 1
312:G1 = Gig = Grgl + 512 G5 = Gis = G|
60

Generally, a bigger gradient in one direction means more
variations in that direction. Therefore, if the horizontal gra-
dient is bigger than the vertical gradient, it should contribute

65 less to the final estimate; vice versa. The weights are set to be

wy=d./(d +dy); w,=d,/(d +d,) Equation (3-4)
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After all the missing green colors are estimated, the miss-
ing blue (red) colors can be further interpolated (24) at red
(blue) positions. For example, at position R, the missing blue
color can be estimated as

1 8
Bo= 1> (B -G+ G

@

Finally, the missing red and blue colors at green positions can
be interpolated (25). For example, the missing red color at G,
can be interpolated as:

PO Lo s A A A
(R0+R9+R5+R8)——( 0+G9+G5+G8)+G1.

k —
0 1

1
T2
Then the initial CDM is completed.

Afterinitial CDM is completed, a full color video sequence
is obtained. However, there can be many CDM errors in high
variation areas due to the lack of spatial redundancy. There-
fore, a post-processing is necessary to reduce the CDM errors
and enhance the video quality.

In the third stage, spatial-temporal post-processing is
applied (26) to the demosaicked video to reduce CDM arti-
facts. The CDM artifacts are caused by either the limited color
sampling frequency in the CFA mosaic pattern or the residual
noise in the denoising stage. For a given pixel to be enhanced,
the similar pixels to it are searched within the spatial-tempo-
ral neighborhood and the enhanced pixel is the weighted
average of them.

Denote by (R,,G,,B,) the triplet of the current pixel to be
enhanced. Denote by W, a local 3D window (e.g. 5x5x3)
centered on (R,,G,,B,). For a spatial-temporal neighborhood
triplet of (R,,G,,B,), denoted by (R,,G,,B,), its local 3D win-
dow is denoted by W,. The similarity between (R, G,,B,) and
(R,,G,,B;) can be measured (27) by the distance between the
two blocks W, and W;: d,=|W,—W,||. Let W,° and W°, ce{r,
g,b}, be the red, green or blue channels of W, and W, we can
readily have:

A=W =W | Wos= T | WP~ W= d +dE+d

where d,"=W,°-W ||, ce{r,g,b}.

Generally, the smaller the distance d, is, the higher the
similarity between (R,,G,.B,) and (R,,G,,B,) is. The first 1
most similar pixels to (R,,G,,B,), are chosen including itself,
in the enhancement of it. Suppose (R,,G,,B,),1=0,1,...,1-1,
are the selected most similar pixels to (R,,Gg,B,). The
enhanced pixel is the weighted average (28) of them:

Equation (3-5)

[l Equation (3-6)

Ro= ) wiR,
Py
1

Go = Z Wi G,
w0
-1

Bo=> wB;

i
)

where the weights w,”, w2 and w,” are set as

1 . )
We = Fexp(—df//l), celr g b) Equation (3-7)

A is a parameter to control the decay speed of weights w.r.t d,°
and constant

-
C, =

i

exp(—df /A)

I
=3

is to normalize the weights. Clearly, the higher the distance d,°
is, the lower the weight w,“ is.
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Similar to the spatial-temporal denoising process, in the
spatial-temporal post-processing of CDM there is an implicit
motion estimation (ME) process. The ME is replaced by a
similar CFA block matching process in both current CFA
frame and adjacent CFA frames. It is different from the tra-
ditional ME that usually outputs a best matched reference
block (per reference frame 60, 61) to the given block, the
spatial-temporal CFA video denoising and demosaicking
scheme find many similar blocks to the given one for noise
reduction and image enhancement. Such an implicit ME
effectively exploits more spatial-temporal redundancies
together with the subsequent denoising and post-processing
procedures. One advantage of the implicit ME is that it is
robust to CFA block matching errors. Even if some of the
matched blocks are inaccurately found, they would not
degrade the final results that much. After spatial-temporal
post-processing is completed, a full color video is output (29).

The spatial-temporal denoising and CDM method for
noisy CFA videos is tested by using both simulated CFA
sequences and real CFA sequences. The spatial-temporal
denoising and CDM method is compared with the following
state-of-the-art schemes:

(1) The single frame joint denoising and color demosaick-

ing (JDC) schemes.

(2) Demosaicking first and denoising later schemes. The
advanced CDM algorithms is first used to demosaick the
noisy CFA video and then the KSVD and benchmark
VBM3D algorithms are used to denoise the demosa-
icked video.

(3) Denoising first and demosaicking later scheme. The
CFA denoising scheme is first used to denoise each CFA
frame and then the temporal CDM scheme is used to
demosaick the video.

Among the above schemes, the proposed invention has the
highest complexity. This is mainly because it involves a PCA
transformation stage, which needs to calculate the covariance
matrix of the dataset and apply singular value decomposition
(SVD). Apart from the part of PCA transformation, the spa-
tial-temporal denoising method has similar complexity to the
VBM3D scheme.

Two simulated CFA sequences and two real CFA
sequences are used in the following experiments. The param-
eters in the spatial-temporal denoising and CDM method are
set as follows. Nine adjacent CFA frames are used in the
spatial-temporal denoising and demosaicking. In the denois-
ing stage, the size of the variable CFA block is m=6x6=36 and
n=150 sample blocks are used for PCA training. In the spa-
tial-temporal post-processing, 1 (refer to Equation (3-6)) is 10
and A is 4 (refer to Equation (3-7)). Due to the limitation of
space, only partial experimental results are shown here.

Two full color video sequences, which were first captured
by a film video camera and then scanned by a scanner, are
used in this experiment. These sequences were down-
sampled according to the Bayer pattern to simulate the CFA
sequences. The original spatial resolution of the videos is
1024x768. The most difficult 256x256 portion of them are
cropped and used 24 CFA frames in the experiment. FIG. 4
shows the scenes of the two cropped sequences. To simulate
noisy CFA sequence, Gaussian white noise is added to each
color channel For a fair comparison with other methods, two
cases were considered. In the first case, the noise levels in the
three channels are set to be the same: 0,=0,=0,=15. In the
second case, the noise levels are channel-dependent, and
0,519, 0,=14, 0,=15 are set for the car sequence and 0,=18,
0,=19, 0,=14 for the skater sequence. Since the denoising
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methods KSVD and VBM3D do not use a channel-dependent
noise model, an equivalent noise level

1 -
o= z\/o'§+20'§+o'§

is applied to each channel when using them in the second
case.

TABLE I

PSNR (dB) results on the Car sequence.

O, =0_,=

= 0,=19,0,=14,

Demosaicking & o,=15 o,=15
denoising methods R G B R G B
IDC [19] 26.6 26.4 237 26.2 264 23.6
IDC [20] 28.3 289 259 27.8 29.0 25.9

[5] + KSVD [15] 29.1 29.7 261 28.3 29.8 26.3

[4] + KSVD [15] 29.8 29.7 265 28.2 29.7 25.9
[25]+ [9] 30.1 299 267 29.4 300 26.7

[5]+ VBM3D [17] 29.2 308 27.1 28.8 31.1 27.2

[4] + VBM3D [17] 30.2 3.2 277 29.3 314 276
Present Invention 30.5 30.9 274 302 30.9 274
(before stage 3)
Present Invention 31.9 31.2 28.2 31.3 31.3 28.1
(after stage 3)

TABLE II
PSNR (dB) results on the Skater sequence.
0,=0,= 0,=18,0,=19,

Demosaicking & o,=15 o,=14
denoising methods R G B R G B
IDC [19] 30.6 31.6 323 30.1 31.0 32.1
IDC [20] 31.5 326 327 30.6 31.3 32.5

[5] + KSVD [15] 31.8 33.6 337 29.9 31.3 31.7

[4] + KSVD [15] 32.6 33.6 341 31.0 32.0 33.5
[25]+ [9] 32.6 329 334 31.7 31.6 32.8

[5]+ VBM3D [17] 32.1 34.3 33.8 31.3 33.0 33.6

[4] + VBM3D [17] 33.1 34.5 345 32.2 33.2 34.6
Present Invention 33.0 343 34.3 322 32.9 343
(before stage 3)
Present Invention 342 34.6 35.7 33.3 33.3 354
(after stage 3)

Tables I and 11 list the average PSNR results of the recon-
structed color video sequences by different schemes. The
spatial-temporal denoising and CDM method achieves the
best PSNR results. Particularly, the spatial-temporal denois-
ing and CDM method reconstructs much better the R and B
channels than the other schemes. This is because the sampling
frequency of R and B channels is half of that of G, and hence
they are more difficult to reproduce than the G channel If
CDM is first applied, there will be more noise-caused CDM
errors in R and B channels than in G, and even the benchmark
VBM3D scheme may not denoise R and B very well By using
PCA-based denoising on the CFA video, which is an adaptive
and multivariate filtering technique, the spatial-temporal
denoising and CDM method reduces many noise-caused
CDM artifacts, and hence it can reproduce R and B much
better than other schemes. It can also be found that the scheme
“LMMSE_CDM+VBM3D_Denoising” (i.e., “[4]+VBM3D
[17]”) works the second best. This also validates that VBM3D
is powerful in denoising and it can suppress many noise-
caused CDM artifacts.
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FIGS. 5 and 6 show one frame of the reproduced full color
sequences by different schemes. It can be seen that the result
by the spatial-temporal denoising and CDM method has the
best visual perception, producing the fewest color artifacts
and preserving the edge structures well The “LMMS-
E_CDM+VBM3D_Denoising” scheme also yields reason-
ably good results but shows more color artifacts, which are
mostly generated in the CDM process due to the corruptive
noise.

The experimental results on two real CFA sequences (Bear
and Notebook) are described. The CFA sequences were cap-
tured by a single CCD video camera (model: Flea2 by Point
Grey Research, Inc.) at a frame rate of 30 frames per second
(fps). The original spatial size of the two CFA videos is
1280x960 and a 360x360 portion of them is cropped in the
experiment. 60 frames of the Bear sequence and 45 frames of
the Notebook sequence were used. The noise levels in the
sequences are estimated as follows. The NxM CFA frame is
divided into four N/2xM/2 sub-images (two green sub-im-
ages, one red sub-image and one blue sub-image). Then,
one-stage orthogonal wavelet transform is applied to each
sub-image. The noise level is estimated as o=Median(w)/
0.6475[11], where w is the diagonal sub-band at the first
stage. For the green channel, the noise level is the average of
the values of o from the two green sub-images. The estimated
average noise levels for the Bear and Notebook sequences are
0,713, 0,=12, 0,726, and 0,=15, 0,=12, 0,=26, respec-
tively.

To save space, only the results by the spatial-temporal
denoising and CDM method and the “LMMSE_CDM+
VBM3D_Denoising” method are presented in FIG. 7. The
spatial-temporal denoising and CDM method achieves better
color reproduction by reducing much the noise-caused color
artifacts and preserving the image edge details well.

A spatial-temporal color video reproduction method from
the noisy color filler array (CFA) sequence is provided. The
spatial-temporal denoising and CDM method has three steps:
principal component analysis based spatial-temporal CFA
denoising; initial spatial color demosaicking (CDM); and
spatial-temporal enhancement. The spatial-temporal redun-
dancies existing in the CFA sequence are effectively
exploited to reproduce and enhance the color videos. Two
simulated and two real noisy CFA sequences were used to
evaluate the spatial-temporal denoising and CDM method in
comparison with state-of-the-art denoising and CDM
schemes, including the benchmark VBM3D algorithm. The
experimental results showed that the spatial-temporal denois-
ing and CDM method achieves the best color video reproduc-
tion in terms of both PSNR and subjective quality, preserving
well the image edge structures and suppressing effectively the
color artifacts.

Referring to FIG. 8, a system 80 for spatial-temporal
denoising and demosaicking for noisy color filler array (CFA)
video is provided. The system 80 may be embodied as a
computer system having three main software modules: a spa-
tial-temporal CFA video denoising module 83, an initial color
demosaicking (CDM) module 84 and a spatial-temporal post-
processing module 85. The spatial-temporal CFA video
denoising module 83 applies spatial-temporal CFA video
denoising to the noisy CFA video 82 in order to generate a
denoised CFA. The initial color demosaicking (CDM) mod-
ule 84 applies initial color demosaicking (CDM) to the
denoised CFA video in order to generate a demosaicked
video. The spatial-temporal post-processing module 85 to
apply spatial-temporal post-processing to the demosaicked
video in order to reduce CDM artifacts and CDM errors and
enhance the quality of the video.
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A single-chip video sensor 81 provides the noisy CFA
video 82 to the spatial-temporal CFA video denoising module
83. Also, a video storage 87 stores the full color video
sequence 86 output by the spatial-temporal post-processing
module 85.

It will be appreciated by persons skilled in the art that
numerous variations and/or modifications may be made to the
invention as shown in the specific embodiments without
departing from the scope or spirit of the invention as broadly
described. The present embodiments are, therefore, to be
considered in all respects illustrative and not restrictive.

We claim:

1. A method for spatial-temporal denoising and demosa-
icking for noisy color filter array (CFA) video, the method
comprising:

applying spatial-temporal CFA video denoising to the CFA

video in order to generate a denoised CFA using a video
processing device;

applying initial color demosaicking (CDM) to the denoised

CFA video in order to generate a demosaicked video
using the video processing device; and

applying spatial-temporal post-processing to the demosa-

icked video in order to reduce CDM artifacts and CDM
errors and enhance the quality of the video using the
video processing device;
wherein spatial-temporal CFA video denoising comprises:
partitioning each CFA frame in the CFA video to be
denoised into a plurality of CFA blocks using the
video processing device;
stretching the CFA blocks to a variable vector, where the
variable vector contains a plurality of vector elements
and the number of vector elements in the plurality of
vector elements is equal to or exceeds the number of
CFA blocks in the plurality of CFA blocks using the
video processing device;
removing a noise vector from the variable vector, where
the vector elements in the plurality of vector elements
comprise a real data component and a noise compo-
nent, the noise vector comprises the noise component
from each vector element in the plurality of vector
elements, and removing the noise vector includes
removing the noise element from each vector ele-
ment;
constructing a spatial-temporal sample dataset using the
video processing device; and
fast block matching to find similar CFA blocks to a
reference CFA block in the current and adjacent CFA
frames of the CFA video using the video processing
device.
2. The method according to claim 1, wherein CDM com-
prises:
calculating horizontal and vertical gradients of each pixel
of'a CFA block using the video processing device;

performing CDM in a horizontal or vertical direction
depending on the calculated gradients using the video
processing device;

fusing filtering outputs at horizontal and vertical directions

using the video processing device;
interpolating missing green color components at red and
blue positions using the video processing device;

interpolating missing blue color components at red posi-
tions and missing red color components at blue positions
using the video processing device; and
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interpolating missing red and blue color components at

green positions using the video processing device.

3. The method according to claim 1, wherein spatial-tem-
poral post-processing comprises:

measuring similarity between a triplet of a current pixel to

be enhanced with a spatial-temporal neighborhood trip-
let using the video processing device; and

calculating a weighted average of the most similar pixels to

a reference pixel to determine the enhanced pixel of the
reference pixel using the video processing device.

4. A system for spatial-temporal denoising and demosaick-
ing for noisy color filter array (CFA) video, the system com-
prising:

CFA video data storage configured to store CFA video

data;

module data storage configured to store module data; and

a processor;

wherein the module data storage contains a spatial-tempo-

ral CFA video denoising module, where the spatial-

temporal CFA video denoising module configures the

processor to:

partition each CFA frame in the CFA video to be
denoised into a plurality of CFA blocks;

stretch the CFA blocks to a variable vector, where the
variable vector contains a plurality of vector elements
and the number of vector elements in the plurality of
vector elements is equal to or exceeds the number of
CFA blocks in the plurality of CFA blocks;

remove a noise vector from the variable vector, where
the vector elements in the plurality of vector elements
comprise a real data component and a noise compo-
nent, the noise vector comprises the noise component
from each vector element in the plurality of vector
elements, and removing the noise vector includes
removing the noise element from each vector ele-
ment;

construct a spatial-temporal sample dataset;

fast block match to find similar CFA blocks to a refer-
ence CFA block in the current and adjacent CFA
frames of the CFA video; and

generate a denoised CFA using the CFA blocks;

wherein the module data storage contains an initial color

demosaicking module, where the CDM module config-

ures the processor to apply initial color demosaicking to

the denoised CFA video in order to generate a demosa-

icked video; and

wherein the module data storage contains a spatial-tempo-

ral post-processing module, where the spatial-temporal
post-processing module configures the processor to
apply spatial-temporal post-processing to the demosa-
icked video in order to reduce CDM artifacts and CDM
errors and enhance the quality of the video.

5. The system according to claim 4, further comprising
video sensor, where the processor is configured to receive the
CFA video using the video sensor.

6. The system according to claim 4, further comprising a
video storage configured to store full color video sequences;
wherein the processor is configured to output full color video
sequences using the post-processed demosaicked video.

7. The system according to claim 4, wherein the spatial-
temporal CFA video denoising module, the initial color
demosaicking module and the spatial-temporal post-process-
ing module are hardware modules.

#* #* #* #* #*
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