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Abstract— In this paper, we present a block-matching and
3-D filtering (BM3D) algorithm dedicated to the division-of-
focal-plane (DoFP) polarization images. This algorithm based
on a non-local collaborative filtering method is capable of
exploiting all the different polarization channels simultaneously.
Compared with the previously reported implementations for
DoFP sensors, the proposed algorithm attenuates Gaussian noise
in the transform domain by stacking similar 2-D image patches
to form a 3-D block. According to our extensive experimental
results, the proposed algorithm outperforms all the existing
denoising algorithms for DoFP images including the state-of-the-
art principle component analysis in terms of peak-signal-to-noise-
ratio and structural similarity index. Moreover, the comparison
is further extended to visual comparison, it is indicated that
the image details are well-preserved by the proposed BM3D
algorithm.

Index Terms— Polarization image, division of focal plane,
image denoising, collaborative filtering, 3-D block grouping.

I. INTRODUCTION

L IGHT has four main physical characteristics: intensity,
wavelength, coherence, and polarization [1]. The human

visual system is able to capture intensity and wavelength as
brightness and color, respectively. However, it is oblivious to
the polarization property of light. As a result, the mainstream
image sensing systems are designed to mimic the human
visual system by capturing only the intensity and wavelength
property of light. It is known that the polarization property
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Fig. 1. Mainstream micro-polarizer array pattern of DoFP polarization image
sensor.

of light provides a lot of valuable information which is
not available with the intensity/color imaging [2]. And the
corresponding polarization image sensing systems have been
demonstrated in various applications including biomedical
imaging [3], [4], 3D shape reconstruction [5] and material
classification [6], [7]. The recent advancements in the field of
nanotechnology and nanofabrication have also made possible
the capture of light’s polarization information, using a spe-
cific type of polarization sensor known as division of focal
plane (DoFP) polarization image sensors. These sensors are
highly compact by integrating metal nanowires offset by 45°
as polarization grating, which is also named as micro-polarizer
array [8]–[14]. These polarization sensors are arranged in a
2 × 2 periodic pattern, namely a super-pixel, which despite
having one more polarization channel, very well mimics the
Bayer color filter array (CFA) with three wavelength channels
(i.e. RGB) [15], as shown in Fig. 1.

DoFP polarization sensors have the distinct advantage of
being able to record all the polarization information of a
target object in a single frame. This is however at the
expense of spatial resolution, as each filter is only capable
of recording one polarization information of the target and
hence, the image is as a result sub-sampled [16]. In order to
remedy this limitation, interpolation algorithms have been put
forward to restore the missing polarization information at each
pixel. These interpolation algorithms include non-adaptive
techniques like bilinear interpolation, bicubic interpolation,
and bicubic-spline interpolation [16], [17]. Some adaptive
techniques also exist such as the gradient-based interpolation
method [18], correlation-based interpolation method [19],
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and the smoothness-based interpolation method [20] that are
advanced and yield even better results. These methods did not
however take image noise into account before implementation
of the respective interpolation algorithms. Image noise was
first considered in [21], where a statistical image interpolation
method based on Gaussian process regression was introduced
and it showed that the reconstructed polarization image can
be severely degraded if image noise is not taken into account.
It is worth noting that the main aim of the algorithm in [21]
is interpolation but not denoising, which ultimately hinders its
capability as a denoising algorithm.

It is imperative to denoise images taken by DoFP polarime-
ters before the following interpolation as the presence of noise
can severely degrade the images’ quality as well as lead
to the reconstruction of false polarization information [1].
Some conventional denoising methods in the grayscale and
color domain can be extended and applied to DoFP imagers.
These traditional methods include the average filter, median
filter, Wiener filter, and wavelet threshold denoising [22], [23].
However, direct application of grayscale denoising strategies
to images taken by DoFP polarization image sensors will
not be practical due to the intrinsic physical property of
DoFP polarimeters. This is why it is important to develop
denoising algorithms that are dedicated to DoFP polarimeters.
Zhang et al. proposed a PCA-based denoising method for divi-
sion of focal plane polarimeters that utilizes the dimensionality
reduction property in the PCA domain [1]. This algorithm
yields good results in terms of PSNR and SSIM index albeit
at the expense of image details at the edges.

In this paper, we propose a denoising algorithm dedicated to
DoFP polarimeters based on Block-Matching and 3D filtering
(BM3D) [24]. With hard-thresholding and Wiener filtering in a
collaborative filtering process, the main idea involves grouping
of similar 2D patches into a 3D block before denoising the
block. The proposed algorithm is capable of exploiting the
interrelationship among the four polarization channels and can
therefore be implemented directly on the super-pixel (Fig. 1).
With this implementation, the image denoising performance is
significantly improved visually, and in terms of peak-signal-
to-noise-ratio (PSNR) and Structural Similarity (SSIM) Index.
The rest of this paper is organized as follows: Section II
presents the key principles of the proposed BM3D algorithm
as applied to DoFP polarization image sensors. Experiments
results are discussed in Section III. The conclusions are drawn
in Section IV.

II. BM3D DENOISING ALGORITHM FOR DOFP IMAGERS

For an image corrupted by Gaussian noise, the filtered image
is given by

I F = F{I n} (1)

where F represents the applied denoising algorithm and
I F represents the generated DoFP image by the denoising
algorithm.

The BM3D denoising method basically combines two
denoising methods, namely Wavelet hard-thresholding and
Wiener filtering – taking from each method in moderation [24].

Fig. 2. Flow chart of the proposed BM3D algorithm.

By operating in the transform domain as illustrated in Fig. 2,
the proposed method can be implemented to DoFP polarization
images as follows:

1) Selecting a reference patch (PX R) of size M × M from
the noisy image with “XR” being the position of the
pixel at the top-left corner of the patch. Patches should
include all the four intensity measurements equally in
order to fully exploit the interrelationship among the
four different polarization channels. While a patch of
size 2 × 2 is an ideal choice, in practice, patches are
much larger to reduce the computation complexity and
increase the speed of execution. For example, the super-
pixel in Fig. 1 can be treated as a reference patch
with “XR” being the reference pixel covered with a
polarization filter oriented at 90°.

2) Finding patches (PXi ) within a neighborhood that are
similar to the reference patch. For a patch to be consid-
ered similar, its distance from the reference patch should
be less than a certain threshold. This distance can be
mathematically computed using l2 − norm as follows:

d = ||PX R − PXi ||22
(M)2 (2)

The set of obtained similar patches to the reference patch
is defined by:

Sthr (PX R) = {PXi : d(PX R, PXi ) ≤ τ thr (3)



ABUBAKAR et al.: BM3D ALGORITHM FOR GAUSSIAN NOISE IN DoFP POLARIZATION IMAGES 7431

where τ thr is the distance threshold under which patches
are considered similar.

3) A 3D group of similar patches Gthr(PX R) is then built by
stacking up the similar patches. Restriction on grouping
is placed to ensure that only patches with similar struc-
tural arrangements of polarization filters are grouped
together. For simplicity, only the closest Nthr patches
to the reference patch are stacked in the 3D group, with
the first patch being the reference patch as its distance
to itself is zero.

4) 3D transform (τ thr
3D ) of the stacked group is carried

out, followed by shrinkage (or hard-thresholding) of
coefficients in the transform spectrum, which is denoted
as Collaborative Filtering.

5) Inverse 3D transformation is done to return filtered
patches to their original positions as follows:

Gthr (PXi ) = τ thr−1

3D (ϒ
(
τ thr

3D

(
Gthr (PXi )

))
) (4)

where ϒ expressed below is a hard-thresholding opera-
tor with threshold λthr

3D :

ϒ (w) =
{

0, i f |w| ≤ λthr
3D

w, otherwi se
(5)

6) For practicality, 3D transformation is achieved by a
2D transformation along each patch then a 1D trans-
formation across the stacked group.

7) Since pixels are likely to be involved in multiple patches,
we might have different values for pixels after every
operation. Therefore aggregation is required to obtain
the initial estimation of the filtered pixel.

8) Aggregation is done by a weighted average of pixel
estimation obtained after collaborative filtering. The
estimation of each pixel after the first denoising process
is given by:

I thr (x)

=
∑

PX R
wthr

PX R

∑
PXi ∈Sthr (PX R) χPXi (x) I thr

PXi ,PX R
(x)

∑
PX R

wthr
PX R

∑
PXi ∈Sthr (PX R) χPXi (x)

(6)

where:

• wthr
PX R

=
{

(Nthr
PX R

)
−1

, i f Nthr
PX R

≥ 1

1, otherwi se; (7)

• Nthr
PX R

is the number of retained coefficients in

the 3D block after hard-thresholding operation
ϒ

(
τ thr

3D

(
Gthr (PXi )

))
• I thr

PXi ,PX R
(x) is the estimated value of the pixel x

belonging to patch PXi during collaborative
filtering of the reference patch PX R

• χPXi (x) =
{

1, i f x ∈ PXi

0, otherwi se.
(8)

9) At this stage, an initial estimation I thr of the denoised
image is available. This estimation will be used as a
guide to perform Wiener filtering on the original noisy

image I n . This stage helps to restore more details as
well as improve the overall denoising performance. The
parameters for the subsequent stages are denoted by
the exponent ‘final’. Grouping of similar patches within
the estimated image is done. The set of similar patches
obtained are expressed as follows:

S f inal (PX R) = {Pxi : d(PX R, Pxi ) ≤ τ f inal } (9)

10) Two 3D groups are formed – one from the denoised
image and another from the noisy image in exactly the
same order. The closest N f inal patches to the reference
patch are kept in each of the 3D group.

11) Collaborative filtering in this instance is achieved by
Wiener filtering.

12) The final estimation of the 3D group is obtained as

G f inal (PXi ) = τ
f inal−1

3D

(
ωP · τ f inal

3D

(
G f inal (PXi)

))

(10)

where ωP represents the empirical Wiener coefficients
and is expressed as

ωP (ε) =
∣∣∣τ f inal

3D (G (PXi ))(ε)
∣∣∣
2

∣∣∣τ f inal
3D (G (PXi ))(ε)

∣∣∣
2 + σ 2

(11)

13) A final aggregation is required to obtain the final esti-
mation of the filtered image as below:

I f inal (x)

=
∑

PX R
w

f inal
PX R

∑
PXi∈S(PX R) χPXi (x) I f inal

PXi ,PX R
(x)

∑
PX R

w
f inal
PX R

∑
PXi∈S(PX R) χPXi (x)

(12)

where

• w
f inal
PX R

=
∥∥∥w

f inal
PX R

∥∥∥
−2

2
; (13)

• I f inal
PXi ,PX R

(x) is the estimated value of the pixel x

belonging to patch PXi during collaborative
filtering of reference patch PX R

• χPXi (x) =
{

1, i f x ∈ PXi

0, otherwi se.
(14)

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

To analyze the effectiveness of the proposed denoising
algorithm, 6 DoFP still images were captured with a spatial
resolution of 1280 × 960 and a grey-level of 8-bit. By rotating
a linear polarizer from 0° to 135° in front of a CCD grey
camera, four sub-images were captured (I0°, I45°, I90°, I135°)
to form the whole DoFP image set. Each sub-image was
sampled 20 times, then averaged to minimize the influence
of random noise, which are adopted as the ground truth
images for performance evaluation of the proposed denoising
algorithm. 3D transform is realized by combining 2-D discrete
cosine transform (DCT) and 1-D Haar transform. The captured
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TABLE I

DIFFERENT TEST IMAGES’ PSNR VALUES IN dB WITH GAUSSIAN NOISE ADDED (σ = 1)

Fig. 3. DoFP polarization images: (a) tellurion; (b) totoro toy; (c) souvenir;
(d) sheep puppet; (e) brush pot; and (f) rooster toy.

DoFP images are shown in Fig. 3. In order to reduce the
computational complexity, not all the image pixels become
reference pixels during implementation. Rather, a fixed value
of Nstep = 2 is used to denote sliding operation in both hori-
zontal and vertical directions to the next reference pixel ‘XR.’
This improves the speed of execution by reducing the number
of reference patches in the image by a factor of 4. To maintain
fidelity to the structural organization of the polarization filter
array, the size of the reference patch is set to 4 × 4. We also
choose the closest 64 patches to the reference patch for
grouping.

A. PSNR Comparison

With the additive white Gaussian noise (AWGN) assumed
to be independent and identically distributed, we compare the
performance of the proposed BM3D algorithm to the tradi-
tional denoising methods, which include the average filtering,
median filtering, Wiener filtering, wavelet threshold filter-
ing [22], [23] and the PCA-Based denoising [1]. Peak-signal-
to-noise-ratio (PSNR) in decibels (dB), defined below, is used
to quantitatively asses the performance of each algorithm
across the test images under the influence of AWGN (σ = 1).

PSN R = 10 log10
255 × 255

M SE
(15)

Fig. 4. PSNR results of “Sheep Puppet” for different standard variances of
noise.

Here the mean square error (MSE) is equivalent to:

M SE = 1

m × n

i=m∑
i=1

j=n∑
j=1

[
I F (i, j) − I (i, j)

]2
(16)

where m × n is the size of DoFP image, I F (i, j) and I (i, j)
represent the denoised image and the ground truth image,
respectively.

In Table I, we calculate the PSNR results of each algorithm
for the test images under the influence of AWGN (σ = 1).
It can be observed that the proposed algorithm outperforms
the other five methods across all test images. We can further
extend the results in Table I to evaluate performance under
the influence of increasing noise power using the test image of
“Sheep Puppet” as shown in Fig. 4. Even though the respective
PSNR values decrease as noise power increases, the proposed
algorithm consistently outperforms the other algorithms in
comparison.

Important details in a polarization image are often shown in
the interpolated images i.e. Intensity, S1, S2, DoLP, and AoP.
It is therefore equally important to evaluate the performance
of the aforementioned algorithms on these images. It can
be clearly seen from Table II that our proposed work still
outperforms the PCA based denoising as well as the traditional
methods, which yet again points to the superiority of our
proposed algorithm.
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TABLE II

PSNR COMPARISON OF “SHEEP PUPPET” INTERPOLATED IMAGE

TABLE III

DIFFERENT TEST IMAGES’ SSIM INDEX VALUES WITH GAUSSIAN NOISE ADDED (σ = 1)

TABLE IV

SSIM INDEX COMPARISON OF “SHEEP PUPPET” INTERPOLATED IMAGE

B. SSIM Index Comparison

The Structural Similarity is a quantitative metric used to
objectively analyze the quality of an image in comparison
with the ground truth image. It takes advantage of known
characteristics of the human visual system (HVS) [25].

The SSIM Index of a filtered image X when compared to
the ground truth image Y is defined as:

SSI M (X, Y ) = (2μXμY + C1) (2σXY + C2)(
μ2

X + μ2
Y + C1

)
(σ 2

X + σ 2
Y + C2)

(17)

where μX and μY are estimated as the respective mean
intensity of filtered image X and ground truth image Y .
σXY is the covariance of the two images while σX and σY

are the standard deviations of filtered image X and ground
truth image Y .

In Table III, we present the SSIM Index scores of each
of the aforementioned algorithms across all test images under
the influence of AWGN (σ = 1). It can be observed that

the proposed algorithm outperforms the other five methods.
To further verify our results, we calculated the SSIM Index
scores in Table IV for interpolated images of “sheep puppet”
test image. The results in Table IV are in agreement with
the results in Table III and further indicate the superiority in
denoising performance of the proposed algorithm.

C. Visual Comparison

Highest PSNR and SSIM index do not necessarily corre-
spond to the best visual quality. This is why it is equally
important to compare the denoising algorithms in term of
visual quality. For the “Sheep Puppet” test image, the intensity
and DoLP images are analyzed. Details within the images are
zoomed to further visualize the performance of the denoising
algorithms. This visual comparison is conducted in Fig. 5:
Fig. 5 (a) shows the ground truth DoFP image; Fig. 5 (b)
shows the DoFP image corrupted by Gaussian noise (σ = 1);
Fig. 5 (c) - (f) show the denoised images obtained by the
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Fig. 5. Visual comparison of “Sheep Puppet” image: (a) the ground truth image; (b) the original image corrupted by noise; (c) the denoised image by
average filtering; (d) the denoised image by median filtering; (e) the denoised image by Wiener filtering; (f) the denoised image by wavelet thresholding;
(g) the denoised image by PCA; and (h) the proposed BM3D on the integrated DoFP sub-images.

application of the traditional methods; Fig. 5 (g) is obtained
by the state-of-the-art PCA-based denoising method; and
Fig. 5 (h) shows the denoised image using proposed BM3D
algorithm.

It is observed that the wavelet thresholding performs better
among the traditional denoising methods. The PCA-Based
denoising methods drastically performs better in terms of noise
suppression. However, image details are lost after denoising.
This is improved by the proposed BM3D algorithm, which
well-exploits the interrelationship among different polarization
components and yields even better results visually. The results
in Fig.5 are therefore in conformity with the reported PSNR
and SSIM index results.

D. Computation Complexity Comparison

The computational complexity of the BM3D algorithm is
O(mn) where m and n represent image size. This is indicative
of a linear dependency on the size of the input image. This
makes sense as operation is done by taking turns in making
each pixel as a reference pixel. This is why in practical terms
we slide to the next reference pixel in both horizontal and
vertical direction by a constant value of Nstep . This will
in effect reduce complexity by a factor of (Nstep)2. Similar
to the proposed algorithm, the computational complexity of
the average filter, median filter and Wiener filter is also
O(mn), while the wavelet and the PCA respectively have
computational complexities of O(m2n2) and O(m2n + n3).

IV. CONCLUSION

In this paper, we have proposed the BM3D denoising
method tailored for the DoFP polarization images. By placing
restriction on grouping, Gaussian noise can be well sup-
pressed in DoFP images. This enables us to fully exploit the
interrelationship of different polarization channels during the
application of the proposed algorithm. The proposed algorithm
is shown to outperform a vast range of existing algorithms both
visually and in terms of PSNR and SSIM index. More details
are also preserved after denoising using the proposed method.
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