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Abstract

BM3D is a recent denoising method based on the fact that an image has a locally sparse
representation in transform domain. This sparsity is enhanced by grouping similar 2D image
patches into 3D groups. In this paper we propose an open-source implementation of the method.
We discuss the choice of all parameter methods and confirm their actual optimality. The
description of the method is rewritten with a new notation. We hope this new notation is
more transparent than in the original paper. A final index gives nonetheless the correspondence
between the new notation and the original notation.
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1 Introduction

Collaborative filtering is the name of the BM3D grouping and filtering procedure. It is realized in
four steps: 1) finding the image patches similar to a given image patch and grouping them in a 3D
block 2) 3D linear transform of the 3D block; 3) shrinkage of the transform spectrum coefficients; 4)
inverse 3D transformation. This 3D filter therefore filters out simultaneously all 2D image patches
in the 3D block.

By attenuating the noise, collaborative filtering reveals even the finest details shared by the
grouped patches. The filtered patches are then returned to their original positions. Since these
patches overlap, many estimates are obtained which need to be combined for each pixel. Aggregation
is a particular averaging procedure used to take advantage of this redundancy.

The first collaborative filtering step is much improved by a a second step using Wiener filtering.
This second step mimics the first step, with two differences. The first difference is that it compares
the filtered patches instead of the original patches. The second difference is that the new 3D group
(built with the unprocessed image samples, but using the patch distances of the filtered image) is
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processed by Wiener filtering instead of a mere threshold. The final aggregation step is identical to
those of the first step.

The proposed method improved on the NL-means [2] method which denoises jointly similar
patches, but only by performing a patch average, which amounts to a 1D filter in the 3D block.
The 3D filter in BM3D is performed on the three dimensions simultaneously.

The BM3D algorithm detailed here directly comes from the original article [4]. It is generally
considered to achieve the best performance bounds in color image denoising. Nevertheless, the au-
thors have pointed out to us more recent and sophisticated versions. Like for NL-means, there is a
variant with shape-adaptive patches [5]. In this algorithm denominated BM3D-SAPCA the sparsity
of image representation is improved in two aspects. First, it employs image patches (neighborhoods)
which can have data-adaptive shape. Second, the PCA bases are obtained by eigenvalue decomposi-
tion of empirical second-moment matrices that are estimated from a group of similar adaptive-shape
neighborhoods. This method improves BM3D especially in preserving image details and introducing
very few artifacts. The anisotropic shape-adaptive patches are obtained using the 8-directional LPA-
ICI techniques [12]. In the very recent developments of BM3D [11, 6], it is generalized to become a
generic image restoration tool, including deblurring.

A previous analysis on BM3D [9] studies the sharp drop of the denoising performance when noise
standard deviation reaches 40. On the contrary of this present study, only few parameters have been
studied, and only for large value of noise. Moreover, this previous study [9] presents a less detailed
study of BM3D than the one of the present article. For large value of noise, we reach the same
conclusions: the threshold value during the first step needs to be increased, and the best results are
achieved by using a 2D bi-orthogonal spline wavelet (denoted by 2D-Biorl.5 in the following) during
the second step and by keeping a 8x8 size for patches in both steps.

It is furthermore interesting to notice that recent papers [3, 14] which try to evaluate the inherent
bounds of patch-based denoising methods claim that BM3D is really close to those optimality bounds.

2 The Algorithm Step by Step

2.1 Architecture of the Algorithm

We shall first describe how to process gray level images. The extension to color images will be
explained later on. In all the following we work in the case of white Gaussian noise where the
variance is denoted by o2

The algorithm is divided in two major steps:

1. The first step estimates the denoised image using hard thresholding during the collaborative
filtering. Parameters in this step are denoted by the exponent hard;

2. The second step is based both on the original noisy image, and on the basic estimate obtained
in the first step. It uses Wiener filtering. The second step is therefore denoted by the exponent
wiener.

The algorithm is summarized in the two next figures 1 and 2.
The figure 3 shows the patches, a search window centered on reference patch P, and illustrates
the patch overlapping leading to multiple estimates.

2.2 The First Denoising Step

% khard

We denote by P the reference current patch whose size is kbard of the image loop.
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Figure 1: Scheme of the BM3D algorithm.
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Grouping
The first sub-step is grouping. The original noisy image u is searched in a P-centered nhard x
nhard peighborhood for patches @ similar to the reference patch P. The set of similar patches
is simply defined by
P(P)={Q:d(P,Q) < "} (1)

where:

o 7hard ig the distance threshold for d under which two patches are assumed similar;

"(P) =~ 2
e d(P,Q) = 17 (P) = (@) Il is the normalized quadratic distance between patches;

( khard>2
e 7/ is a hard thresholding operator with threshold \}&"s. For o < 40 one has \f&rdg = 0.
It simply puts to zero the coefficients of the patch with an absolute value below the
threshold Abardg. The other coefficients are unchanged. For o < 40 all coefficients are
unchanged;

e o2 is the variance of the zero-mean Gaussian noise.

The 3D group, denoted P (P), is then built by stacking up the matched patches P (P). In order
to speed up the process, only the NPad patches in P (P) that are closest to the reference patch
are kept in the 3D group’. Patches in P (P) will be sorted according to their distance to P,
in order to take the best NP4 similar patches easily. Thus naturally the first patch will be P
because its distance to itself is zero. The order of the patches in the 3D group is not important:
the results are similar no matter whether they are ordered according to their distance to the
reference patch, or just randomly.

Collaborative Filtering
Once the 3D-block P (P) is built the collaborative filtering is applied. A 3D isometric linear
transform is applied to the group, followed by a shrinkage of the transform spectrum. Finally
the inverse linear transform is applied to estimate for each patch

ar ar -1 ar
P(P)"d = m3r (v (55" (P(P)))) (2)
where v is a hard thresholding operator with threshold \2ardg:
0 if |z| < \hardg
(@) = { x otherwise
For practical purposes, the 3D transform 778 of the 3D group P(P) is made up of two
transforms: a 2D transform denoted by 78 applied on each patch of P(P), and a 1D transform

denoted by 7P8*d applied along the third dimension of the 3D group. The choice of these

transforms will be carefully discussed later.

Aggregation
When the collaborative filtering is done, we get an estimate for each used patch and then a
variable number of estimates for every pixel. These estimates are saved in a buffer:

where:

Moreover, when the applied 1D transform T{‘B’d is a Walsh-Hadamard transform it is necessary to have a power

of 2 for the number of similar patches. Then NP2 is always chosen as a power of 2, and if there are less similar
patches than NPard for a given reference patch, only a power of 2 inferior or equal to this number of similar patches
will be kept.
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v (resp. d) designates the numerator (resp. denominator) part of the basic estimate of the
image obtained at the end of the grouping step;

o ugp(x) is the estimate of the value of the pixel  belonging to the patch @ obtained

during collaborative filtering of the reference patch P;

whard _ (N]}Dnard)_l if N]I)lard Z 1
P 1 otherwise

e Nhard s the number of retained (non-zero) coefficients in the 3D block after hard-thresholding:

v (T (P(P)))-

The interest of this weighting is that it gives a priority to homogeneous patches (where there
are many canceled coefficients). Patches containing an edge will be less taken into account than
homogeneous ones on the border of the edge. The next figure illustrates this fact: priority is
given to the green patches during the aggregation.

Green patches will have a weight superior to the red patch, because they are more sparse (have less nonzero

transform coefficients).

The result is an artifact reduction around the edges and it avoids the classic ringing effects
observable with transform threshold methods. In order to reduce more the border effects which
can appear, a kPard x ghard Kajser window is used as part of the weights. It is simply done as
a element-by-element multiplication between the Kaiser window and the estimated patch after
the inverse 3D transformation. How the Kaiser window can be obtained will be discussed in
the section 4.4.

The basic estimate after this first step is given by

D_wE™ D Xaln)ugH (@)
P QeP(P)

> wpErd 3" xol)
P )

QeP(P

ubasic ( 23) —

(4)

which is simply obtained by dividing the two buffers (numerator and denominator) element-
by-element, with xg(z) =1 if and only if x € @, 0 otherwise.
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2.3 The Second Denoising Step

In this second part of the algorithm a basic estimate 1uP2%1¢ of the denoised image is available. The
second step performs a Wiener filter of the original image u, but uses as oracle the basic estimate
uPasic Tt is observed in the experiments that this second step restores more details and improves the
denoising performance, as will be clear in the experiments and tables below.

Grouping
The patch-matching is only processed on the basic estimate. When a set of similar patches
Pbasic(P> — {Q . d(P, Q) S 7_Wien} (5)
has been obtained two 3D groups are formed:

basic

e PPasic(P) by stacking up patches together from the basic estimation u and;

e P(P) by stacking up patches in the same order together from the original noisy image u.

Once again, for optimization a maximum number of N¥ie® patches is kept in the two 3D groups.
They have been chosen exactly as described in the first denoising step.

Collaborative Filtering
When the two 3D groups are obtained the collaborative filtering can be launched. To do so
empirical Wiener coefficients are defined by

‘Tg};en (]P)basw P)) (5)‘2

|T§\l/)1en ]P)baslc 5) |2 + o2 '

wp (§) = (6)
The Wiener collaborative filtering of P(P) is realized as the element-by-element multiplication
(denoted with a dot) of the 3D transform of the noisy image 739" (P(P)) with the Wiener
coefficients wp. Through this sub-step an estimate of the 3D group is obtained as

prien(P) = ren! (o . r3ven (B(P))) (7)
Aggregation
When collaborative filtering is achieved, the estimates for every pixel are stored in a buffer:
() = v(x) + wprugE (o)
VQ € P(P),Vl‘ S Qv { (5(37) _ 5( ) +ww1en (8)
where:

e v (resp. d) designates the numerator (resp. denominator) part of the final estimation of
the image obtained at the end of the previous step;

. u‘é‘“f;“( x) is the estimation of the value of the pixel x belonging to the patch @ obtained
during the collaborative filtering of the reference patch P;

o Wi = Jlwpl,”.

As for the first step, a k™€ x kVien Kaiser window is applied to reduce border effects.

The final estimate obtained after the second step is given by

U 3 o)
uﬁnal (LC) _ QEP(P) (9)

Wt Y Xol@)

P QEP(P)
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which is simply obtained by dividing both buffers (numerator and denominator) element-by-
element. Here yo(z) =1 if and only if x € @, 0 otherwise.

In the original article, during the patch aggregation sub-step, a Kaiser window is applied to each
patch in order to slightly attenuate the patch borders. Nevertheless, experimental results show that
the Kaiser windows do not improve the PSNR, and are visually less efficient than the weighting. For
the sake of simplicity, these windows are not mentioned in this algorithmic description. By fidelity
to the original article, they are nevertheless implemented in the code published with this article.

3 A Study of the Optimal Parameters

3.1 Comparison Criteria and Parameters Under Study

The results shown hereafter are obtained from the previously described algorithm applied to noiseless
images with a simulated white noise added. Many images have been tested, but for the sake of
simplicity only one result by ¢ will be shown. All shown results has been obtained on the noise-free
image shown in figure 4.

To describe quantitatively denoising results, two classic measures will be used:

The Root Mean Square Error (RMSE) between the reference image (noiseless) ug and the de-
noised image up is computed as:

> (ur(x) = up(x))?

RMSE = | =X . (10)
| X]

The smaller the RMSE, the better the denoising.

The Peak Signal to Noise Ratio (PSNR) is evaluated in decibels (dB):

The larger the PSNR, the better the denoising.

Choosing the right values for the different parameters in the algorithm and their influence has to
be discussed. The set of the parameters is:

o Lhard and kwien: gize of patches;

o Nhard and NWien: maximum number of similar patches kept;

o phard and pWier: In order to speed up the processing, the loop over the pixels of the image

is done with a step p (integer) in row and column. For example if p = 3 the algorithm is
accelerated by a 9 factor;

e nhard and n

wien.

: search window size;

wien.

rhard : maximum thresholds for the distance between two similar patches;

and 7

o \bard and \bard,
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Figure 4: Valldemossa noiseless image.
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Several of these parameters have actually little influence on the final result, namely n
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n¥ien  Therefore the following values will be fixed and used throughout the study:

° nhard

wien
o N

= 39;

= 39.

hard and

Moreover, when parameters values are not explicitly given, we use the default values shown in

section 3.7.

3.2 Influence of Nhard gnd NWien

Parameters used for this study:

o 7hard — 9500 if ¢ < 40, and 5000 otherwise. Moreover, if NPard > 32 this threshold is

multiplied by a factor 5;

hard

o 7,57 is a Biorl.5 transform whatever the value of o;
e 7yiem is a 2D DCT transform, whatever the value of o.
Nhard =8
NWien — g8 NWen — 16 NWien — 32 NWien — 64
o PSNR RMSE PSNR RMSE PSNR RMSE PSNR RMSE
2 45.54 1.35 45.56 1.34 45.56 1.34 45.55 1.35
5 39.41 2.73 39.44 2.72 39.45 2.72 39.44 2.72
10 35.03 4.52 35.07 4.50 35.08 4.49 35.07 4.50
20 30.90 7.27 30.94 7.24 30.96 7.22 30.95 7.23
30 28.70 9.37 28.76 9.30 28.78 9.28 28.78 9.28
40 27.18 11.16 27.22 11.11 27.25 11.07 27.26 11.05
60 25.28 13.88 25.35 13.77 25.39 13.71 25.42 13.66
80 24.05 16.00 24.14 15.83 24.22 15.69 24.24 15.65
100 22.90 18.26 23.04 17.97 23.14 17.76 23.20 17.64
Nhard =16
NWien — g8 NWien — 16 Nwien — 39 NWien — 64

o PSNR RMSE PSNR RMSE PSNR RMSE PSNR RMSE
2 45.53 1.35 45.55 1.35 45.55 1.35 45.54 1.35
5 39.41 2.73 39.44 2.72 39.44 2.72 39.42 2.73
10 35.04 4.51 35.07 4.50 35.07 4.50 35.06 4.50
20 30.92 7.25 30.96 7.22 30.96 7.22 30.95 7.23
30 28.72 9.34 28.76 9.30 28.78 9.28 28.77 9.29
40 27.20 11.13 27.23 11.09 27.24 11.08 27.24 11.08
60 23.30 17.44 25.35 13.77 25.39 13.71 25.41 13.68
80 24.06 15.98 24.15 15.81 24.21 15.71 24.23 15.67
100 22.93 18.20 23.07 17.91 23.17 17.70 23.22 17.60
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Nhard —32

Nwien — g Nwien — 16 Nwien — 39 NWien — 64
g PSNR RMSE PSNR RMSE PSNR RMSE PSNR RMSE
2 45.50 1.35 45.51 1.35 45.51 1.35 45.50 1.35
) 39.37 2.7 39.39 2.74 39.39 2.74 39.37 2.74
10 35.01 4.53 35.03 4.52 35.01 4.53 35.01 4.53
20 30.91 7.26 30.93 7.25 30.92 7.25 30.90 7.27
30 28.72 9.34 28.75 9.31 28.75 9.31 28.73 9.33
40 27.19 11.14 27.21 11.12 27.22 11.11 27.20 11.13
60 25.34 13.79 25.39 13.71 25.41 13.68 25.42 13.66
80 24.07 15.96 24.13 15.85 24.17 15.78 24.16 15.80
100 23.14 17.76 23.21 17.62 23.27 17.50 23.28 17.48
Nhard — 64
NWien — g NWien — 16 Nwien — 39 NWien — g4

g PSNR RMSE PSNR RMSE PSNR RMSE PSNR RMSE
2 45.47 1.36 45.48 1.36 45.47 1.36 45.46 1.36
) 39.33 2.75 39.35 2.75 39.34 2.75 39.32 2.76
10 34.97 4.55 34.99 4.54 34.98 4.55 34.95 4.56
20 30.88 7.29 30.90 7.27 30.88 7.29 30.85 7.31
30 28.70 9.37 28.73 9.33 28.72 9.34 28.69 9.38
40 27.15 11.20 27.18 11.16 27.17 11.17 27.15 11.20
60 25.32 13.82 25.36 13.76 25.38 13.73 25.38 13.73
80 24.06 15.98 24.11 15.89 24.13 15.85 24.12 15.87

100 23.12 17.80 23.19 17.66 23.23 17.58 23.23 17.58

In bold: best result for a given o.

One can see that those parameters have a very small influence on the result, and values given
in the original paper (N"ad = 16 and NVie® = 32) are very close to the best result, whatever the
value of the noise. Then, according to this study, the final algorithm will kept original parameters,
i.e. Nhard — 16 and NVien = 32

3.3 Influence of \ard

This parameter is important because it defines the coefficient thresholding level of the 3D group in
the transform domain during the first filtering sub-step. The chosen value in the original article is
2.7 and it turns out to be the best choice. Here is a table evaluating its influence, in the case where
mrerd — Biorl.5 and 733 = DCT whatever the value of the noise. The error results are given after
application of the entire algorithm.
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Abard 2.5 2.7 3.0 3.2
(o PSNR RMSE PSNR RMSE PSNR RMSE PSNR RMSE
2 45.51 1.35 45.55 1.34 45.55 1.34 45.55 1.34
5 39.39 2.73 39.45 2.72 39.45 2.72 39.41 2.73
10 34.96 4.55 35.04 4.51 35.02 4.52 34.96 4.55
20 30.88 7.29 30.97 7.21 30.93 7.25 30.82 7.34
30 28.63 9.44 28.74 9.32 28.65 9.41 28.52 9.56
40 27.12 11.23 27.26 11.06 27.19 11.14 27.07 11.30
60 25.15 14.10 25.33 13.80 25.26 13.92 25.07 14.23
80 24.00 16.09 24.26 15.61 24.24 15.64 24.08 15.95

100 23.00 18.05 23.21 17.62 23.00 18.05 22.77 18.53

In bold the best result for a given o.

One can see that small variations on this parameter have strong influence on the result. Then
this parameter needs to be carefully chosen, and according to the original article, the final algorithm

will kept original parameter, i.e. A\bard =2.7.

3.4 Influence of the Thresholds 7?4 and 7Vien

The thresholds 798 and 7%ie® are highly dependent on ¢ and very influential. One can lose many
dBs in PSNR by choosing wrong values for these thresholds. Their correct evaluation is crucial.

However, by picking them large enough, it is possible to keep a constant value for these thresholds
for a wide range of o’s. In the original article a value of (2500, 400) is proposed for the thresholds
pair (rhard rwien) for 5 € [0,40]. These values give good results.

TVien — 90 rhard — 60

rhard PSNR RMSE pwien PSNR RMSE
100 37.02 3.59 5 37.31 3.47
200 37.43 3.43 10 37.50 3.40
300 37.59 3.36 15 37.58 3.37
400 37.61 3.35 20 37.63 3.35
600 37.63 3.3 30 37.68 3.33
1200 37.63 3.35 45 37.71 3.32
2500 37.63 3.35 60 37.73 3.31

Taking low values for the thresholds allows us to keep a limited number of similar patches during
the patch-matching. But if this number is too limited, not enough denoising is being done. As it
is preferable to work with few similar patches, for some values of the threshold this limit on the
number of similar patches is reached for many reference patches. This explains the PSNR stagnation
when the thresholds are increased. On the other hand, if these values increase too much, patches
significantly different from the reference patch will bring spurious details to the final result. Then,
there will be a fall in the PSNR. A good balance must be found. Yet, the breathing space is quite
substantial, and it is possible to get generic thresholds for a wide range of o’s.

In the original article, a distinction is done for high value of noise, i.e. ¢ > 40. For high noise,
rhard ig increased to a value of 5000. Here is a study of this parameter for high value of noise, with
rrerd — Biorl.5 and mype® = 2D DCT:
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rhard 2500 2000 10000 25000
o PSNR RMSE PSNR RMSE PSNR RMSE PSNR RMSE
40 27.27 11.03 27.27 11.03 27.27 11.03 27.27 11.03
50 26.27 12.38 26.30 12.35 26.30 12.35 26.29 12.35
60 25.40 13.69 25.43 13.64 25.44 13.63 25.44 13.63
70 24.61 15.00 24.74 14.77 24.73 14.79 24.73 14.79
80 23.77 16.52 24.21 15.70 24.19 15.73 24.19 15.73
90 23.18 17.67 23.68 16.69 23.71 16.64 23.72 16.62
100 22.81 18.45 23.26 17.51 23.34 17.35 23.35 17.34

In bold: best results for a given o.

One can see that an increasing of 782" is necessary for a very high noise. But increasing a lot

is useless because there is a stagnation of the result, due to the maximum number NPad of similar
patches kept. Then once again the value of the original article will be kept for high noise.

3.5 Influence of the Size of the Patches: kP2rd and kwier

The window size of the patches influences the result and must be adapted to o. Indeed, for low
values of o the window size must be relatively small to be well adapted to the details, whereas for
large values of o larger window sizes are better, because most of the details of the image are anyway
lost in noise. Since much of the noise is canceled in the first step, we can work with smaller patches
in the second step.

In the original article, a patch size of kPard = gwien — 8 (yegp. ghard — pwien — 12 but only if
the 2D DCT is chosen as Typ) is proposed for o < 40 (resp. o > 40).

As Biorl.5 can not be applied if the patch size is not a power of 2, 7op is always chosen equal to
2D DCT for this study.

k,hard =4
kwien =4 kwien =6 k.wien —8 kwien =10 kwien =12
g PSNR RMSE PSNR RMSE PSNR RMSE PSNR RMSE PSNR RMSE

2 45.58 1.34 45.59 1.34  45.59 1.34 45.54 1.35 45.51 1.35
) 39.42 2.73 39.46 2.71 39.45 2.72 39.40 2.73 39.36 2.74
10 34.97 4.55 35.05 4.51 35.05 4.51 35.00 4.53 34.96 4.56
20 30.65 7.48 30.83 7.33 30.86 7.30 30.82 7.34 30.80 7.35
30 28.25 9.86 28.52 9.56 28.58 9.50 28.55 9.53 28.54 9.54
40 26.67 11.83 27.05 11.33 27.13 11.22 2712 1123 2710 11.26
60 24.32 15.51 24.81 14.66 24.96 1441 2497 1439 2497  14.39
80 22.79  18.49 23.47 17.10 23.60 16.85  23.61 16.83 23.59  16.87
100 21.51 2143 22.31 19.55 22.51 19.10 2252  19.08 22.53  19.06
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k,hard =8
k,wien =4 kwien =6 k,wien =8 kwien =10 kwien =12
g PSNR RMSE PSNR RMSE PSNR RMSE PSNR RMSE PSNR RMSE

2 45.54 1.35  45.56 1.34 45.55 1.35 45.51 1.35 45.48 1.36

) 39.47 271 3945 2.72 39.43 2.72 39.39 2.74 39.35 2.75

10 35.10 4.48 35.09 4.49 35.06 4.50 35.01 4.53 34.98 4.55

20 31.01 7.18 31.00 7.19 30.96 7.22 30.93 7.25 30.89 7.28

30 2878  9.28 28.79  9.27 28.77 9.29 28.74 9.32 28.72 9.34

40 2732 1098 27.36 10.93 2734 1095 2734 1095 2731  10.99
60 25.19 14.03 2531 13.84 2536 13.76 25.38 13.73 2537 13.74
80  24.11 15.89 24.27 15.60 24.27 15.60 24.27 15.60 2424  15.65
100  22.67 1875 23.06 1793 2317 17.71  23.21 17.62  23.23 17.58

k,hard =192
kwien =4 kwien -6 k,wien =8 k,wien =10 k.wien =12
o PSNR RMSE PSNR RMSE PSNR RMSE PSNR RMSE PSNR RMSE

2 45.45 1.36 45.50 1.35 45.50 1.35 45.46 1.36 45.43 1.36
) 39.38 2.74 39.39 2.74 39.36 2.74 39.31 2.76 39.28 2.77
10 35.01 4.53 35.00 4.53 34.97 4.55 34.91 4.58 34.87 4.60
20 30.90 7.27 30.87 7.30 30.83 7.33 30.78 7.37 30.74 7.41
30 28.65 9.42 28.64 9.43 28.60 9.47 28.56 9.52 28.52 9.56
40 2r.14 1121 2716 11.18  2v.11  11.25 27.09  11.27  27.04 11.34
60 25.05 1426  25.19 14.03 2524 1395 2524 1395 2522  13.98
80 23.92 16.24  24.07 1596  24.05 16.00 24.01 16.07 2395 17.93
100 2251  19.10 2292 1822  23.02 18.01 23.05 1795 23.06 17.93

In bold: best results for a given o.

An other influence of the size of the patch is on the processing time. Indeed smaller patches give
faster algorithm. Then, as results for ¢ > 40 for k%e® = 8 or kV€® = 12 are really close, we will
prefer to kept k%€ = 8 because of the processing time.

hard

wien

3.6 Influence of p and p

In order to speed up the algorithm, it is possible to use a step p in both rows and columns to go from
one reference patch to the next. For example, a step of 3 theoretically divides by 9 the processing
time. In the original article a step of 3 is proposed. The PSNR loss due to this step use is negligible
for large values of noise. Nevertheless, for low noise, it is better to keep a step of 1 or 2. Moreover,
since the second step works on a first basic estimate assumed to be noiseless, or at least with lower
noise, a bigger step for the first step than for the second can be used.
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hard _ 1

b
pwien =1 pwien =3 pwien =5
g PSNR RMSE PSNR RMSE PSNR RMSE
2 45.59 1.34 45.56 1.34 45.50 1.35
) 39.53 2.69 39.49 2.70 39.41 2.73
10 35.10 4.48 35.07 4.50 34.89 4.59
20 31.01 7.18 30.97 7.21 30.88 7.29
30 28.79 9.27 28.76 9.30 28.66 9.41
40 27.32 10.98 27.31 10.99 27.26 11.05
60 25.37 13.74 25.35 13.77 25.31 13.84
80 24.23 15.67 24.23 15.67 24.21 15.71
100 22.87 18.32 22.87 18.32 22.86 18.35
phard =3
pwien =1 pwien —3 pwien =5
g PSNR RMSE PSNR RMSE PSNR RMSE
2 45.58 1.34 45.55 1.35 45.49 1.36
) 39.51 2.70 39.47 2.71 39.39 2.74
10 35.09 4.49 35.05 4.51 34.96 4.56
20 30.99 7.20 30.92 7.25 30.85 7.31
30 28.76 9.30 28.73 9.33 28.64 9.43
40 27.31 10.99 28.29 9.82 27.24 11.08
60 25.44 13.63 25.42 13.66 25.36 13.76
80 24.19 15.74 24.19 15.74 24.17 15.78
100 23.20 17.64 23.19 17.66 23.19 17.66
phard =5
pwien =1 pwien =3 pwien =5
g PSNR RMSE PSNR RMSE PSNR RMSE
2 45.54 1.35 45.51 1.35 45.44 1.36
) 39.47 2.71 39.43 2.72 39.34 2.75
10 35.04 4.51 35.00 4.53 34.90 4.59
20 30.93 7.25 30.89 7.28 30.78 7.37
30 28.70 9.37 28.67 9.40 28.55 9.53
40 27.22 11.11 27.20 11.13 27.15 11.20
60 25.31 13.84 25.29 13.87 25.22 13.98
80 24.09 15.92 24.08 15.94 24.07 15.96
100 23.03 17.99 23.02 18.01 23.01 18.03

In bold: best results for a given o.

As the loss in PSNR is negligible compared to the gain in speed, and for the sake of fidelity to
the original article, we keep p = 3 for both steps in the provided code.

3.7 Summary Table

Here is the summary table with the final chosen values for all parameters, depending on the value of
the noise:
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c<40 o >40

hard 16 16
Nwien 32 32
Abard 2.7 2.7
rhard 2500 5000
7Wien 400 3500
khard 8 8
k,wien 8 8
phard 3 3
pw1en 3 3

4 A Detailed Study of Possible Variants

This part examines some ambiguous choices of the original method and experimentally decides for
the best choice in terms of PSNR. Unless otherwise specified, in the following 7584 = ryvien refer
to transform thresholds with the 2D DCT, and 78" = 7™ to the 1D DCT. Moreover shown
results have been obtained on the image shown on figure 4, and when it is not explicitly said, default

parameter values shown in section 3.7 have been used.

4.1 Variants of the First Denoising Step

Grouping
Distance: To calculate the distance, we can choose between doing it on the patches obtained
after 73p or directly on the patches of the image. If the 3D transform is an isometry, the
distances are equal, so the distance will be calculated directly on the image.

Normalization: Several classic DCT definitions do not normalize the first coefficient. For
the 1D case, the first coefficient is for example not divided by v/2. If we do not take into
account this fact during the hard-thresholding, the same threshold will be applied, whatever
the coefficient. The table below shows that this makes a significant difference. Thus, some care
must be taken to use a normalized DCT.

non-normalized DCT normalized DCT
o PSNR RMSE PSNR RMSE
2 41.70 2.10 41.53 2.14
5 38.02 3.20 38.00 3.21
10 35.10 4.48 35.21 4.42
20 31.65 6.67 32.36 6.14
30 29.13 8.91 30.29 7.80
40 27.21 11.11 28.70 9.36

Fized parameters:

distance: image, aggregation: with weighting, step: 3, patches: 8 X 8, collaborative Filtering: DCT.

Thresholding 783™: In the original article, this threshold only appears from o > 40 since we
initialized A\op = 0 for o < 40. Applying a threshold to the 2D transform coefficients for low
values of o is useless since there is no improvement after the second step. Moreover for a noise
lower than 5 the results are degraded.

Collaborative Filtering
For the 3D group, a choice must be done between:
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e Simply averaging image patches along the third dimension, which would be a primitive
version of NL-means. In NL-means there also is a weighting of the patches according to
their distance. This simple average solution is denoted by basic NL-means;

e Applying a hard-thresholding on a 1D transform along the third dimension, or in other
terms apply 73p as described before, which is denoted Hard Thresholding.

The next table shows the considerable amelioration obtained by adding a thresholded 3D

transform along patches compared to a simple average of the patches in the case where T1ard =
Tyden — DCT:
Collaborative Filtering
basic NL-means Hard Thresholding
o PSNR RMSE PSNR RMSE
2 40.96 2.28 41.36 2.18
5 36.40 3.86 37.80 3.28
10 33.54 5.36 34.72 4.68
20 29.54 8.50 31.41 6.86
30 27.01 11.36 28.96 9.09
40 25.04 14.26 27.14 11.21

Fixed parameters:

distance: image, aggregation: with weighting, step: 3, normalized DCT, patches: 8 x 8.

Aggregation
During the aggregation the weighting is based on the number of coefficients canceled during
the hard thresholding. However, as shown by the next table, this weighting works, but does
not play such an important part in the PSNR improvement. Nevertheless, artifacts on edges
are visually attenuated by using a weighted aggregation (see figure 2.2).

Without weighting With weighting
o PSNR RMSE PSNR RMSE
2 41.26 2.20 41.53 2.14
5 37.83 3.27 38.00 3.21
10 34.83 4.62 35.21 4.42
20 32.09 6.33 32.36 6.14
30 30.04 8.02 30.29 7.80
40 28.60 9.47 28.70 9.36

Fized Parameters:

distance: image, normalized DCT, step: 3, collaborative filtering: DCT, patches: 8 x 8.

Because they have many coefficients that are thresholded, the aggregation weighting enforces
the role of homogeneous patches compared to patches containing edges. The issue with this
weighting is: how to choose the right homogeneity indicator?

Another natural indicator would be the standard deviation of the patches. Indeed, for homo-
geneous patches, the standard deviation would be very small, whereas for patches containing
edges, the standard deviation would be much bigger. Then the weighting would be the inverse
of the standard deviation, which would mean for a 3D group

e (ﬁ > <P<P><xi,k>>2) (12)

k=1 i=1

D=
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where:

e N is the number of similar patches to P;
o M = khard % khard or M = kwien % kwien‘
Then homogeneous patches would have more weights than patches containing edges.

One can also wonder if it would not be better to calculate this standard deviation on the 3D
group rather than on its estimate. In the following we denote:

e H.T. the original weighting in step 1 (i.e., the inverse of the number of coefficients different
from zero during the hard thresholding);

e STD the weighting using the standard deviation processed on the original image;

e STD C.F. the weighting using the standard deviation processed on the estimate of the 3D
group.

The following table compares the new weighting results and shows that H.T. wins:

Without weighting HT. STD STD C.F.
o PSNR RMSE PSNR RMSE PSNR RMSE PSNR RMSE
2 45.13 1.41 45.13 1.41 45.14 1.41 45.13 1.41
5 40.68 2.36 40.71 2.35 40.71 2.35 40.69 2.35
10 37.26 3.50 37.31 3.47 37.29 3.48 37.27 3.49
20 33.58 5.34 33.65 5.30 33.58 5.34 33.57 5.35
30 31.10 7.10 31.17 7.04 31.10 7.11 31.08 7.12
40 29.35 8.68 29.41 8.62 29.35 8.69 29.32 8.71

In bold: best result for a given o.

Another question is: why is the weight computed for the whole 3D group when a priori every 2D
patch of the 3D group could be given a different weight? This would yield more differentiated
estimates for each pixel.

The answer is experimental. The next table shows that giving a single weight to the whole 3D
group is better than giving a weight to each patch:

2D weighting 3D weighting
o PSNR RMSE PSNR RMSE
2 45.08 1.42 45.13 1.41
5 40.44 2.42 40.71 2.35
10 36.94 3.63 37.31 3.47
20 33.16 5.61 33.65 5.30
30 30.64 7.49 31.17 7.04
40 28.86 9.19 29.41 8.62

4.2 Variants of the Second Denoising Step

Wiener Filtering
The second step adds details for large o values, as illustrated in the experiments below. Using
a Wiener filter in this second step rather than a hard thresholding avoids losing details. Nev-
ertheless the weighting does not visually improve much the image near edges, and the gain in
PSNR is negligible.

191



MARC LEBRUN

Step 1 only Step 1 (fixed) + Step 2 (collaborative filtering)
H. T. + weight. Wiener Filtering W. F. + weighting
c PSNR RMSE PSNR RMSE PSNR RMSE PSNR RMSE

2 45.13 1.41 43.18 1.77 45.21 1.40 45.22 1.40
5 40.70 2.35 39.12 2.82 40.86 2.31 40.90 2.29
10 37.31 3.47 35.97 4.06 37.61 3.36 37.66 3.34
20 33.65 5.30 32.75 5.87 34.23 4.96 34.27 4.92
30 31.17 7.04 30.64 7.49 32.01 6.40 32.03 6.38
40 29.41 8.62 29.08 8.96 30.44 7.66 30.47 7.64

Fized parameters for:
step 1 — distance: image, aggregation: with weighting, collaborative filtering: DCT, patches: 8 X 8, step: 3,

step 2 — distance: image, patches: 8 x 8, step: 3.

This table shows that the second step is worthwhile and important, especially for large noise
values. However, the weighting in the second step is much less useful than the weighting in
the first step. Using a Wiener filter during the second step and not having to repeat the hard
thresholding shows the importance of this improvement. The gain is important both in PSNR
and visually since it attenuates the noise again and improves/adds details at the same time.

Ideal Wiener Filtering
It is also possible to compare the ordinary Wiener filter with an ideal Wiener filter, which is
obtained when the original noise-free image is taken as oracle reference. This ideal Wiener filter
is the best possible estimate for the second step of this algorithm. It is therefore interesting to
see how far we stand from this ideal estimate with the current one.

Step 1 + Step 2 Ideal Wiener
o PSNR RMSE PSNR RMSE
2 45.24 1.39 47.81 1.04
) 40.87 2.31 43.19 1.77
10 37.64 3.34 39.98 2.56
20 34.25 4.94 36.99 3.60
30 32.07 6.35 35.21 4.43
40 30.40 7.70 33.71 5.26

Fized parameters:
step 1 — distance: image, aggregation: with weighting, collaborative filtering: DCT, patches: 8 x 8, step: 3,

step 2 — distance: image, patches: 8 x 8, step: 3.

As expected, the ideal Wiener filter gives a better result. A Wiener filter in the second step
seems to be some 3 dB away from the ideal result.

Aggregation
Wien denotes the original weighting in the second step (i.e., the inverse of the empirical Wiener
coefficients norm). As for the first step, would it be possible to improve the weighting by using
the standard deviation instead of the norm of the empirical Wiener coefficients?
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H.T. | Wien STD | STD STD C.F. | STD C.F.
o PSNR RMSE PSNR RMSE PSNR RMSE
2 45.22 1.40 45.12 1.41 45.22 1.40
5 40.89 2.30 40.71 2.35 40.88 2.30
10 37.66 3.34 37.45 3.42 37.64 3.35
20 34.27 4.93 34.10 5.03 34.26 4.94
30 32.03 6.38 31.92 6.46 32.03 6.38
40 30.47 7.64 30.36 7.73 30.48 7.63
In bold: best result for a given o.
Moreover, it is possible to switch the weightings?

H.T.| STD H.T.| STD C.F. STD | Wien STD C.F. | Wien
o PSNR RMSE PSNR RMSE PSNR RMSE PSNR RMSE
2 45.18 1.40 45.23 1.40 45.18 1.40 45.22 1.40
5 40.82 2.32 40.89 2.30 40.81 2.32 40.88 2.30
10 37.57 3.37 37.66 3.34 37.55 3.38 37.64 3.44
20 34.20 4.97 34.28 4.93 34.18 4.98 34.26 4.94
30 32.00 6.40 32.06 6.36 31.96 6.43 32.02 6.39
40 30.43 7.67 30.50 7.61 30.42 7.68 30.47 7.64

Even though the improvement is minor, it is still possible to improve the result a little bit by
working on the aggregation weighting. The weighting in this second step seems useless. Yet,
better results are obtained by modifying the weighting in the second step. Thus, this study
underlines that it is still possible to gain a bit by working on the weighting in the aggregation
sub-step.

In bold: best result for a given o.

4.3 Influence of the 3D Transform

The choice of the 3D transform (7op and 7ip) is crucial. Here are some choices:

e 7op: This 2D transform is applied on each patch of the 3D group. We have the choice between
a normalized 2D DCT and a bi-orthogonal spline wavelet, where the vanishing moments of the
decomposing and reconstructing wavelet functions are 1 and 5 respectively. We shall denote

by Biorl.5 this bi-orthogonal spline wavelet;

e 71p: This 1D transform is applied along the third dimension of the 3D group, after the 2D
transform has been applied. We have the choice between a normalized 1D DCT and a Walsh-

Hadamard transform.

In order to clarify the use of those transforms, here is a brief explanation of the practical implemen-
tation of the Biorl.5 and the Walsh-Hadamard transforms, as they are used in this implementation

of BM3D.

4.3.1 Walsh-Hadamard Transform

This 1D transform is very simple. Since it recursively processes the sums and differences between
pair of values of the vector it is applied to, the size of this vector must be a power of 2. This forces
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the number of similar patches in a 3D group to be a power of 2 itself. Let us denote for instance the
first four coordinates of the processed vector by Vy = [a b ¢ d]|. The first step computes the sums and
the differences of the pairs of values and regroups them, which leads to

Vi=[(a+b) (c+d) (a—10) (c—d)]

The process is iterated on each pair: V" = [(a + b) (¢ + d)] and V| = [(a — b) (c — d)], which yields
the final vector

Vi=[la+b+c+d) (a+b—c—d) (a—b+c—d) (a—b—c+d).

Moreover, in order to keep the norm of the initial vector, it is necessary to normalize V; by v N,
where N is the vector dimension. In that case, the inverse Walsh-Hadamard transform is exactly the
same as the forward transform.

4.3.2 Biorl.5

To obtain this transform, it is necessary to have four filters, which values were taken from a previous
article by David Donoho [7]:

e low frequency filter for the forward transform:

2
Ipd = %[3; —3; —22; 22; 128; 128; 22; —22; —3; 3]

e high frequency filter for the forward transform:

V2

hpd = ==[0; 0; 0; 0; —1; 15 0; 0; 0; 0]

e low frequency filter for the backward transform:

2
lpr = g[O; 0; 0; 0; 1; 1; 0; 05 0; 0]

e high frequency filter for the backward transform:

2
hpr = £[3; 3; —22; —22; 128; —128; 22; 22; —3; —3]
256
The 2D transform is separable, first done in column, then in row (or vice versa). Thus it is enough
to explain the 1D transform only. Let us denote by Vj a vector of size N = 2". Then V| and V}* —
which sizes are 2"~! — are obtained by the following steps.

e First of all, V' is periodically extended beyond its boundaries. Denote for instance Vj =
[abcde fgh], of size N =8. Then the extension is

%:[defghabcdefghabcde]

The periodization is done symmetrically in order to have at any position from M /2 to M /2+ N
all values of V) and only those values for the discrete convolution of V with Ipd or hpd. Here
M is the size of the transform, Ipd or hpd. For example, at the first position M /2, the vector
with which the discrete convolution is done has for values: [d e f g h a b ¢]. If the periodization
was done anti-symmetrically, this same vector would be [f e d ¢ b a b ¢] and then the value g
would not be represented and the values b and ¢ would be over-represented.
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e The discrete convolution of Vy with Ipd and hpd is computed:

Vo[2i + K]lpd[k]

NE

Vi€ 0,27t — 1], Vi[i] =

B
Il

0

9
Vi e 0,2t — = Vol2i + k]hpd[k]
k=0

Then we get V; = [V} V]]. The process is only iterated on high frequencies part of the sub-vector
Vi: Vi, which size is 2!, The backward transform is done in a similar way:

e Let it be started for instance from V, = [V VIV]]. For a sake of clarity, we remind that the
size of VJ* and Vi is 2772 and the size of V/ is 2771 if the size of V, = 2",

e V' and VJ are periodically extended;

e V" is obtained by the following convolutions:

4
Vi€ [0,2" % — = > (hpr[2k]V3 [k + ] + hpr[2k + 1V3[k + ]
k=0

4
Vi€ 0,277 = 1, Vi + 2772 =) (Ipr[2k] VS [k + 4] + Ipr[2k + 1)V [k +4))
k=0

e The iteration is done on V; = [V/* V/].

In order to show the importance of the choice of the transforms mp and 71p, the table 1 contains
the the result of a comparative study led on the different possible choices.

In all cases the size of patches is 8 x 8, except when we use a 2D DCT for o > 40: in this case
the size is 12 x 12. One reason which could explain the utility of not using the same 2D transform
for both steps is that the artifacts created by the chosen transform in the first step are not enhanced
during the second step, which is the case if the same transform is used twice.

According to those results, the best combination of transforms is 798* = Biorl.5 and 7574 =
Hadamard for the step 1, and 739" = 2D DCT and 77*® = Hadamard for the step 2.

4.4 Influence of the Kaiser Window

According to the original article, a Kaiser window (with parameter o = 2.0) is applied during the
weighting aggregation in order to reduce border effects which can appear when certain 2D transforms
(typically 2D DCT) are used. Then an element-by-element multiplication is done between the Kaiser
window and the estimated patch during the aggregation of block-wise estimates. Of course, the weight
of each coefficient of the Kaiser window is taken into account.

The Kaiser window of length k is defined in 1-D by the formula:

<7Ta\/1— S )
K, = if0<n<k-1

IO (7TOé)
0 otherwise
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hard hard wien wien
n - | mp e | p™ | Tp
DCT|DCT|DCT|DCT DCT|Hadamard|DCT|Hadamard DCT|Hadamard|Bior|Hadamard Bior|Hadamard| DCT|Hadamard Bior|Hadamard|Bior|Hadamard
o PSNR RMSE PSNR RMSE PSNR RMSE PSNR RMSE PSNR RMSE
2 4511 1.41 45.49 1.35 38.76 2.94 45.59 1.33 38.58 3.00
5  38.79 2.93 39.29 2.77 36.68 3.74 39.35 2.75 36.48 3.82
10 34.21 4.97 34.83 4.62 33.94 5.12 35.00 4.53 33.80 5.21
20 29.89 8.17 30.69 7.44 30.59 7.53 30.94 7.24 30.51 7.61
30 27.78 10.41 28.44 9.65 28.57 9.51 28.73 9.34 28.50 9.58
40 26.27 12.39 26.57 11.96 26.96 11.45 27.23 11.10 27.06 11.31
60 24.52 15.15 24.75 14.75 25.09 14.19 25.28 13.88 24.91 14.49
80  23.46 17.12 23.67 16.71 24.03 16.02 24.21 15.70 24.20 15.71
100 22.45 19.22  22.61 18.88 22.74 18.60 23.11 17.83 22.96 18.14

In bold: best PSNR for a given o.

Table 1: Comparative study on mp and 7p.
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where I is the zero™ order modified Bessel function of the first kind:

[e.e]

@) =Y o (3)

m=0

where I' is the gamma function, a generalization of the factorial function to non-integer values.

Practically k& x k Kaiser windows are hard-coded for £k = 8 and k = 12. If the size of patches is
different from those values, Kaiser windows are not used (i.e. they are set to 1). Here an example of
a 2-D Kaiser window for k£ = 8 and o = 2.0 used in our algorithm:

0.1924 0.2989 0.3846 0.4325 0.4325 0.3846 0.2989 0.1924
0.2989 0.4642 0.5974 0.6717 0.6717 0.5974 0.4642 0.2989
0.3846 0.5974 0.7688 0.8644 0.8644 0.7688 0.5974 0.3846
0.4325 0.6717 0.8644 0.9718 0.9718 0.8644 0.6717 0.4325
0.4325 0.6717 0.8644 0.9718 0.9718 0.8644 0.6717 0.4325
0.3846 0.5974 0.7688 0.8644 0.8644 0.7688 0.5974 0.3846
0.2989 0.4642 0.5974 0.6717 0.6717 0.5974 0.4642 0.2989
0.1924 0.2989 0.3846 0.4325 0.4325 0.3846 0.2989 0.1924

One can see that borders of the patch are smoothly decreased and then allow to reduce border
effects during the aggregation part.
Here is a study of the influence of the use of a Kaiser window, by using 8 x 8 patches and

phard — pwien =3
With Without

g PSNR RMSE PSNR RMSE
2 45.61 1.34 45.59 1.34
) 39.44 2.72 39.42 2.72
10 35.05 4.51 35.04 4.52
20 30.97 7.21 30.96 7.22
30 28.76 9.30 28.75 9.32
40 27.27 11.04 27.28 11.03
60 25.43 13.65 25.43 13.64
80 24.23 15.66 24.24 15.64
100 23.13 17.78 23.14 17.77

One can see that the use of the Kaiser window has no influence of the PSNR result. Visually,
there is no difference between using the Kaiser window or not for all values of noise, even near edges.
However, according to the authors of the original BM3D article [4], the use of the Kaiser window is
useful for large values of p@*d and p™e®. But as we are working with patches of size 8 x 8, this step
between two references patches can not be greater than 4. Then a step greater than 3 has not been
tested for studying the influence of the Kaiser window.

However, for the sake of fidelity with the original method, we keep the use of a Kaiser window in
the provided code.

5 Extending BM3D to Color Images

Adapting the algorithm to color images is easy and can be done in the following steps:

1. First a transformation to a luminance-chrominance space from the RGB noisy image is applied.
Y denotes the luminance channel and by U and V' the chrominance channels;
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2. For each step:

e Grouping is only performed with the Y channel,

e The 3D block built on Y is used for all three channels;

e (Collaborative filtering is applied to each channel separately as well as the weighted aggre-
gation.

3. Return to the RGB space by applying the inverse transformation.

Three classic transformations were tested: the YUV transform denoted by the matrix Ayyy,
the YCbCr space transform denoted by Aycpor and, last but not least, a more intuitive transform
introduced in the original article, A,,:

030 059 0.1 030  0.59 0.1 R
—0.15 —029 0.44 —0.17 —0.33  0.50 5 0 —3
0.61 —0.51 —0.10 0.50 —0.42 —0.08 -1

As those matrix are not normalized, the value of ¢ in each channel must be carefully adapted
according to these transforms. The compared denoising performance with these different color trans-
forms is shown in the table below:

AYUV AYCbCr Aopp
o PSNR RMSE PSNR RMSE PSNR RMSE
2 43.43 1.72 43.58 1.69 43.73 1.66
5 36.63 3.76 36.84 3.67 37.14 3.54
10 31.81 6.54 32.03 6.38 32.44 6.09

The choice of the color space transform is therefore important and causes important variations.
In conclusion, also verified on the experiments below, for JPEG images the A,,, transform is the
best choice.

6 Image Denoising Experiments

This experimental study was conducted on noiseless images on which a white Gaussian noise was
added. Overall, they show the excellent performance of the denoising algorithm, giving back definitely
a better image. The results shown below constitute a qualitative study of the influence of each
parameter and of each step on the final result. They demonstrate the very slight improvement
obtained by weighting, the definite visual gain obtained by the second step, and prove that for JPEG
images the A,,, transform is the best choice.

6.1 Grey Level Images

The images hereafter show the result of the weighting for each step of the algorithm:
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Step 1, without weighting Step 1 with weighting

Step 2, without weighting Step 2 with weighting
Difference between with and without weighting in both steps.

On the next set of images one can see the results for different values of o for each step of the
algorithm:

Noisy image o = 2 Basic estimate Final estimate

H. W W

Noisy image o = 5 Basic estimate Final estimate
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Noisy image o = 10 Basic estimate Final estimate

Noisy image o = 20 Basic estimate Final estimate

Final estimate

Basic estimate Final estimate

6.2 Color Images

The next image has been used to show the importance of the choice of the color space transform:
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The following set of sub-images shows the results for different choices of the color space transform
and different values of the noise:

0 = 57 AYCbC’r

o =15, Aypy o =15, Aycpor
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g = 30, Aopp g = 30, AYUV g = 30, AYCbCr

This new set of sub-images shows the results for the same choice of color space transform and
values of the noise, but on a different detail of the image:

g =25, Aoy o =95, Ayuv o =25, Aycuor

g = 15, Aopp g = 15, AYUV g = 15, AYC’bCr
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o= 30, AYUV 0 = 307 AYCbCr

The images hereafter show for different values of o the result for each step of the algorithm:

= = e = =

Noisy image o = 5 Basic estimate Final estimate
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Basic estimate Final estimate
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7 Comparison with Several Classic and Recent Methods

In order to evaluate the real capacity of this state-of-the-art denoising method, a fair and precise
comparison with other classic and recent methods needs to be done. The other considered methods
are: DCT denoising [15], NL-means [1], TV denoising [8], KSVD [13], and BLS-GSM.

More than a dozen of images have been processed for six values of noise between 2 and 40.
Moreover, an average on every image for each value of sigma is given to help readers make up their
own idea on the relative performance of all methods.

7.1 Images,

These images can be found on the demonstration part of this article on IPOL [10]. They can be
considered noise-free, since their real noise is significantly below 1. They have been obtained by
applying a drastic zoom out on already good quality outdoor images. Indeed, apply a zoom out by
a n factor reduces the noise by a /n factor.

Computer Dice Flowers

Valldemossa

Girl

7.2 Results

The results of the algorithm as described in this article applied on the six images shown in section 7.1
are summarized in the following tables 7.2, 7.2 and 7.2. One can see that the BM3D algorithm gives
the best results for all values of noise on all tested images.

8 Conclusion

This detailed study carried out on BM3D, has led us to the following conclusions:

e This method delivers excellent results.

e The main elements explaining this improvement with respect to former methods are:
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o=2

BM3D BLS-GSM K-SVD NL-means  DCT denoising TV denoising

Image PSNR RMSE PSNR RMSE PSNR RMSE PSNR RMSE PSNR  RMSE ~ PSNR  RMSE
Computer 45.22 1.40 44.69 149 44.52 152 44.03 1.60 44.56 1.51  41.68 2.10
Dice 48.86 0.92 4859 0.95 47.79 1.04 4851 096 4849 096 4545 1.36
Flowers 47.31 1.10 47.12 1.12 47.09 1.13 46.36 1.23 4714 1.12 4333 1.74
Girl 47.40 1.09 47.14 1.12 4728 1.10 46.96 1.14 46.95 1.15 43.13 1.78
Traffic 44.56 1.51 44.15 1.58 43.80 1.65 43.55 1.69 44.20 1.57 4146 2.16
Valldemossa 44.68 1.49 44.41 1.53 40.08 2.53 4333 1.74 4440 154 4132 219
Mean 46.34 1.25 46.02 1.30 45.09 149 4546 1.39 4596 7.85 4273 1.89

o=235

BM3D BLS-GSM K-SVD NL-means  DCT denoising TV denoising

Image PSNR  RMSE PSNR RMSE PSNR RMSE PSNR RMSE PSNR  RMSE  PSNR  RMSE
Computer 39.98 2.56 39.30 2.76 39.58 2.68 3886 291 3898 287 36.35 3.88
Dice 45.80 1.31 4521 1.40 4527 139 45.12 141 4503 143 4381 1.64
Flowers 42.99 1.81 4276 1.86 43.09 1.79 42.05 2.01 4257 190 40.21 2.49
Girl 44.03 1.60 43.70 1.67 43.59 1.69 43.44 1.72 4334 1.74 4121 222
Traffic 38.67 2.97 38.10 3.17 38.75 294 3750 340 38.09 3.18 3556 4.25
Valldemossa 38.33 3.09 38.02 3.20 37.87 3.26 3594 4.07 3787 326 3466 4.72
Mean 41.63 2.22 41.18 234 41.36 229 4048 2.59 4098 240  38.63 3.20

Table 2: Comparisons for o = 2 and 5.

206



AN ANALYSIS AND IMPLEMENTATION OF THE BM3D IMAGE DENOISING METHOD

‘0z pue 0] = 0 10} suostredwo) :¢ 9[qR],

889 FFEe  IT9  S0€E 009 LTE€E LLG €FEE 709 T9EE TT'S 09'FE  URN
€8'TT 1992  OF6  L9SC €46 LESE 968 8067 E€FIT L69C LP'S LG'6T W©SSOUDP[[RA
FG6 TGS 988 6L6C G6'L GT0E FPL 0L0E €6 FI0E €€°L €8°08 ORIl
65°¢  €0LE  FLE  89°9% 89°C IS9E 88'E 9£98 €0E  6V'SE 96'C TL'SE E69)
GV TFPE 88T LEFE LLT 99FE TFT FoGe 9¢F  pese TTF 98°¢E swomol]
0T'¢ TE€8e GT'e 68L¢ GT'€ LTSE T9€ €3LE 98 0068 LS'C €6°68 001
668 9962 TTL  60TE TL9 69TE €F9 96TE 6F9 68T¢ 06'S T.'ge  windmop
HSINY HUNSd HSINY HUNSd HSINY UNSd HSINY HUNSd HSINY HUNSd HSINY HUNSd @&@EH
Suistousp AJ, Suisioudp 1D SUBLW-IN AASM NSD-STd asng
0g = 0

897  0LGE g€  TT'LE 6%°€ GOLE G9C ST'SE ST'E IE'SE L0'E G8'8E  UBNY
UL 6€08  09G  LTEE 6€9 0T IS¢ TE€€e FFG TFEE TT'G 6L'EE ©SSOWOP[RA
269 G8TE FTC GLEE CT'C 68°€E OLF 69FE €I'C G6EE 8LV PYHE ORIl
99z €968 9FC Te0F €FE oHOV Lve 650V ¥eT VI 91T SV D
GE'e €948 00°C  8G'8E €0E GFSE 9L TL6E €8C O0T6E OL'T 6F'6E  SWMO[]
60C FLIF  L0C @8TF T0C 90 60 TLTF 86T T1¢eh 081 TO'Eh 001
PLG  S6TE €97 00GE  TE€T  FRGE FIT 6LCE 087 L¥Ge 16°'€ 8g9g  wmduwo)
HSINY UNSd HSINY UNSd HSINY HUNSd HSINY UNSd HSINY HUNSd HSINY HUNSd @MGEH
ursiousp AJ, Suisiousp 1D SUBLW-IN AASM NSD-STd asng

Oor=2o

207



MARC LEBRUN

oc=30

BM3D BLS-GSM K-SVD NL-means  DCT denoising TV denoising

Image PSNR RMSE PSNR RMSE PSNR RMSE PSNR RMSE PSNR  RMSE  PSNR  RMSE
Computer  30.67 7.47 2990 8.16 29.84 821 2898 9.07 2875 931 27.89 10.28
Dice 37.88 3.25 37.05 3.58 36.52 381 37.18 3.53 3474 467 36.23 3.94
Flowers 33.73 5.25 33.19 559 3354 536 3266 594 3195 644 3249 6.05
Girl 36.97 3.61 3691 3.64 3538 4.34 3554 426 33.65 530 3528 4.39
Traffic 28.87 9.18 28.20 9.92 28.60 947 2740 10.88 27.65 10.57 26.84 11.60
Valldemossa 27.30 11.00 26.97 11.43 26.80 11.66 25.55 13.46 26.34 12.29 24.79 14.69
Mean 32.57 6.63 32.04 7.05 3178 7.14 3122 786 30.51 810  30.59 8.50

o =140

BM3D BLS-GSM K-SVD NL-means  DCT denoising TV denoising

Image PSNR  RMSE PSNR RMSE PSNR RMSE PSNR RMSE PSNR  RMSE  PSNR  RMSE
Computer 29.15 8.89 28.52 9.56 2825 986 2731 1099 26.94 1147 26.68 11.82
Dice 36.28 3.91 3550 4.28 3449 4.81 3531 438 3237 6.14 3466 4.72
Flowers 32.10 6.33 31.68 6.6 3190 6.48 30.99 7.20 30.23 7.8  31.08 7.12
Girl 35.62 4.22 3561 4.23 33.73 525 34.03 5.07 3122 7.01 3394 512
Traffic 27.50 10.75 26.93 11.48 27.19 11.14 26.01 12.77 26.17 12,53 25.76 13.14
Valldemossa 25.78 13.11 25,50 13.54 25.28 13.88 24.10 1591 24.84 14.61 23.60 16.85
Mean 31.07 7.87 30.62 829 30.14 857 29.62 939 28.63 993 2929 9.79

Table 4: Comparisons for o = 30 and 40.
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— 3D group processing is not only done along the third dimension (this would simply average
similar patches) but also includes the spatial dimensions. This is the main difference with
NL-means.

— The second step retrieves details lost in the first step and improves edge contrast.

— Keeping only a relatively low maximum number of similar patches during the patch-
matching permits to be flexible concerning the choice of values for the parameters (7hard
in particular).

— Denoising all the 2D patches included in P(P) during the collaborative filtering is a
considerable gain for the aggregation, since it gives to each pixel a large number of good
estimates.

e On the other hand the weighting of these estimates makes little contribution in the end. Visually
useful in the first step, it does not modify the results of the second step in PSNR or even visually
(except in rare cases with special pictorial details).

e As shown in the study, even though the algorithm is a set of very judicious choices, it is still
possible to improve it, particularly the following sub-steps:

— In spite of the fact that theoretically the weighting would be significant, practically it is
not, as shown in our study on the influence of parameters. However, it is still possible to
make it more efficient by using a weighting contingent on the standard deviation of the
3D group estimated in the second step.

— The ideal Wiener filter study proves that it would be possible to get even better results
by taking a more judicious first step, which is even good for the second step treatment.
Any other denoising result could be seen as a basic estimate.

e Despite excellent results this method has several drawbacks worth mentioning:

— There are still many artifacts with high noise (¢ > 30).

— This method is more complex, less flexible, and slower than basic methods such the DCT
threshold denoising. It is nonetheless easy to parallelize it.
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— Visually the method often flattens out micro-textured zones and therefore may give poor
visual results, in particular for skin textures. A visual gain would be obtained in that case
by adding back a slight noise after the denoising to recover the grain. For such artifacts
see for example the staircase effects in the Barbara skin:

L iy
|J“” |

9 Glossary

Subscripts of variables in bold are semantic subscripts. For clarity the notation has been changed
from the original article. A correspondence table confronting the original notation with the one used
in the present article is provided below.

- hard: designates the first step where collaborative filtering is performed by hard thresholding;

- wien: designates the second step where collaborative filtering is performed by Wiener filtering;

- P(P) (resp. PP2si¢(P)): set of patches from the original image (resp. the basic estimate) similar
to patch P;

- P(P): 3D group associated to P(P);

- Phard(P) (vesp. PVier(P)): estimate of P(P) due to collaborative filtering in the step 1 (resp.
step 2);

- Top: 2D transform applied on each patch of the 3D group P(P). 7hard (resp. m¥ien) denotes
this 2D transform for the first (resp. second) step of the algorithm;

- 7ip: 1D transform applied along the third dimension of the 3D group P(P). 7hard (resp. rvien)
denotes this 1D transform for the first (resp. second) step of the algorithm;

- whard (yegp. wPen): weighting obtained during the aggregation of step 1 (resp. step 2). It only
depends on the reference patch P;

- P: reference patch;

- () any other patch;

- uhard (resp. u™ieM): estimate of u(z) after collaborative filtering during step 1 (resp. step 2);
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- uP3sic (resp. u

step);

- 4': hard thresholding operator with threshold oAbard;

- v: hard thresholding operator with threshold oAbard.

- kbard (vegp. kWien): size of the patches used during step 1 (resp. step 2);

- Nhard (pegp. NWien): maximum number of similar patches retained during the grouping part
of step 1 (resp. step 2);

final). estimate of the denoised image at the end of the first step (resp. second

- nbard (resp. nWien): size of the search window of step 1 (resp. step 2) centered on reference
patch P;

- phard (resp. p™en): step in both rows and columns between two reference patches of step 1
(resp. step 2);

. phard (yegp 7wien). threshold of the maximum distance below which two patches are similar

during step 1 (resp. step 2).

Our notations Original notations

P(P) Za
asic asic
Pphbasic( p) ybos
TR
hard ht
phard ( p) vh
. R
wien wie
Pien(P) Yaue
hard ht
Wwp wxﬁ;
wwien wWie
TR
P T
Q 7
uhard y($)
ubasic ybasic
uﬁnal yﬁnal
khard Nht
1
kwien Nwie
1
Nhard Nht
2
Nwien Nwie
2
nhard Ngt
nwien Ngyie
phard Ns}?ép
wien wie
! ara Nt
ar
T X qutch
wien wie
T Tmatch

Correspondence with the original BM3D article

Image Credits

M
L7 by M. Lebrun and N. Limare, CC-BY, adapted from the original BM3D article [4]

O
__® I] by M. Lebrun and N. Limare, CC-BY
& by H. Bry, Flickr, CC-BY-NC-SA
™ by A. Buades, CC-BY
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