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IEEE TRANSACTIONS ON IMAGE PROCESSING

Low-Rankness Transfer for Realistic Denoising

Hicham Badri, Hussein Yahia and Driss Aboutajdine

Abstract—Current state-of-the-art denoising methods such as
non-local low-rank approaches have shown to give impressive
results. They are however mainly tuned to work with uniform
Gaussian noise corruption and known variance, which is far
from the real noise scenario. In fact, noise level estimation
is already a challenging problem and denoising methods are
quite sensitive to this parameter. Moreover, these methods are
based on shrinkage models that are too simple to reflect reality,
which results in over-smoothing of important structures such
as small-scale text and textures. We propose in this paper a
new approach for more realistic image restoration based on
the concept of low-rankness transfer (LRT). Given a training
clean/noisy image pair, our method learns a mapping between
the non-local noisy singular values and the optimal values for
denoising to be transfered to a new noisy input. One single image
is enough for training the model and can be adapted to the noisy
input by taking a correlated image. Experiments conducted on
synthetic and real camera noise show that the proposed method
leads to an important improvement both visually and in terms
of PSNR/SSIM.

Index Terms—Denoising, low-rank, learning.

I. INTRODUCTION

Image denoising is one of the most challenging problems
in imaging science. It is also one of the most important
long-standing problems because of its big commercial im-
pact. Even-though camera devices become every year more
powerful, noise is still present in pictures even using high-
end devices. The ISO settings in each camera device permit
to control the sensitivity of the sensor. Increasing the ISO
leads to a better representation of the scene but produces
more noise. High-end devices tend to capture less noise at
higher ISO settings, which permits to capture better pictures
but this comes at a much higher cost. The most simple way
to model image corruption is by supposing that the noise
is Gaussian uniform with known variance (AWGN model).
This model is adopted to tune most of the current denoising
methods. It is well known however that real camera noise
is far from being Gaussian and uniform due to the complex
camera imaging pipeline. For instance, the popular Charge-
Couple Device (CCD) image sensors pipeline includes various
perturbations such as atmospheric attenuation, lens/geometric
distortion, CCD imaging/Bayer pattern, interpolation, white
balancing and Gamma correction [26], [27]. In addition, at
least five noise sources are added in the process including fixed
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pattern noise, dark current noise, short noise, amlifier noise
and quantization noise. Due the complexity and non-linearity
of the pipeline, one popular approach consists in simplifying
the model to two noise corruptions of the irradiance where
one is uniform and the other is signal-dependent [26]. The
noisy image is then converted back with the camera response
function (CRF) of the corrupted irradiance. From this model,
a noise level function (NLF) can be calculated that maps the
brightness to standard deviation and clearly reflects the non-
uniformity of noise corruption. While this model is much
richer than the standard AWGN model, it is still a simpli-
fication of a complex pipeline. Moreover, even if the NLF is
well estimated, which is already a hard problem especially
when fine textures are present in the picture, it is not clear
how non-local methods can fully take advantage of it. As non-
local methods manipulate non-local matrices, even if the noise
levels of all the pixels are exactly known, the transformation
from the non-local patch matrices to the clean ones so far
takes into account only one noise level that controls the way
the non-local patch matrices are processed in an appropriate
domain.

On the other hand, working on the singular values of the
non-local patches has various interesting properties in the
context of non-local denoising. Using this approach, denoising
each non-local patch matrix reduces to manipulating its singu-
lar values. Suppose that the patch size is 8 x 8, and we consider
70 similar patches, which results in a non-local patch matrix
of size 64 x 70 and corresponds to 4480 unknown clean pixels
to recover. The number of singular values to manipulate is 64
in this case. However, as the energy is concentrated in the first
singular values, one can consider for example only the first 30
values, the rest can be set to zero. As a result, denoising all the
70 (8 x 8) patches reduces to estimating about 30 unknowns or
less. This is a powerful property that makes learning denoising
in this domain interesting due to the low dimensionality of the
domain transformation instead of simply shrinking the values
with sparse models [2], [4]. Based on this observation, we
propose a method that efficiently learns the low-rankness for
denoising based on a pair of clean/training image. Efficient
training and transfer is however not straightforward in this
domain as it is not clear what are the best singular values
to map to. For that, we need first to derive a formulation of
the optimal denoising singular values. This is achieved via an
inverse problem that takes into account both the clean and
noisy training non-local matrices. Secondly, we propose a fast
and efficient method to learn the correspondence between the
noisy and derived optimal denoising values. As the derived
optimal values do not correspond to “true” singular values
because they are not necessary in decreasing order, learning
a shrinkage function is not suitable in this domain. We rather
propose to learn various full mapping functions between the
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values via robust optimization of multiple singular values
clusters for a richer model. Our training model is simple
and fast while being efficient compared to more advanced
function mapping learning techniques such as neural networks.
Finally, we evaluate our technique on synthetic and real noise
corruptions. First, we use uniform and non-uniform Gaussian
noise via the CCD-CRF model for synthetic evaluation. Sec-
ondly, we use real-world camera noise samples extracted with
the help of professional photographers for a more realistic
noise evaluation. Finally, we evaluate the proposed method on
real noisy images with unknown camera settings. Experiments
show that the proposed approach leads to better denoising
results even in the presence of challenging small-scale textures
and text structures.

The paper is organized as follows. Sec. II gives an overview
of related work on image restoration and noise modeling. Sec.
III shows how and why we derive a closed-form of the optimal
denoising singular values. Sec. IV presents the proposed
learning model and solver of the optimization problem. The
proposed denoising method is evaluated in Sec. V against
some state-of-the-art methods in the case of synthetic noise,
real noise samples and real noisy images. A conclusion and
discussion are presented in the final section.

II. RELATED WORK

In this section, we give an overview of the most recent
existing denoising methods in the literature. There are mainly
three approaches to image denoising that are classified in the
literature as follows : 1) internal-based, where only the image
structures within the noisy image are used to perform restora-
tion, 2) learning-based, where learning is used to improve the
recovery of the latent clean image, 3) external-based, where
external information from correlated images is directly used
to improve recovery.

A. Internal-Based Denoising

Internal-based denoising is solely based on using infor-
mation within the noisy image itself. Early methods per-
form pixelwise operations by exploring neighboring pixels
via Gaussian filtering, bilateral filtering [6], total variation [7]
or wavelet thresholding [8]. Preliminary work on non-local
processing [9] has shown to lead to a dramatic improvement.
The standard Non-Local Means (NLM) means approach [9],
[10] consists in simply perfoming weighted averaging. The
idea has been generalized by gathering similar patches in
a matrix (a.k.a. non-local matrix), process this matrix in a
domain and reconstruct the patches back. Various domains
of processing have been proposed such as 3D collaborative
filtering transform (BM3D) [12] and singular values [14], [2],
[4]. Other internal-based methods have been proposed such as
denoising by exploring patch recurrence accross scales [15],
matching gradient histograms [16] or exploiting marginal
histograms [5].

B. Learning-Based Denoising

Learning has significantly improved image restoration qual-
ity. Methods [17], [18] permit to learn a dictionary to perform

denoising via Orthogonal Matching Pursuit (OMP) locally [18]
or non-locally [19], [20]. Learning priors via high-order MRF
models [22], Gaussian mixture models [3], [11] or shrinkage
functions [23], [24] has shown to give interesting results in
image denoising. Plain learning via neural networks has shown
to give interesting results as well [25].

However, as these methods try to learn one single model
based on various clean sources, performance compared to
BM3D is not impressive and challenging structures such as
textures (grass, trees, grainy wall,...) and small-scale texts are
still not well restored. Moreover, both internal and external-
based methods suppose that the noise level is known and most
of the time, the noise is supposed to be uniform (AWGN),
which is far from the real case senario. As a result, even
if these methods can be tuned to perform well in this case,
they lose their potential on real noise corruption when exact
noise estimation is almost impossible and does not reflect the
complex camera pipeline.

C. External-Based Denoising

External-based denosing is a relatively new approach that
consists in exploiting directly external information using a set
of correlated images. The approach by Burger et al. propose to
use learning to combining denoising results from internal and
external results [28]. The method in [31] uses web images to
recover correlated images and use external patches in BM3D.
Similarly, methods in [29], [30] combine internal and external
patches extracted from correlated images in the BM3D frame-
work. While these methods improve considerably restoration
quality, they require that the external correlated images should
be too similar to the input noisy image containing the same
patterns, which is only possible in specific scenarios.

We propose a powerful learning-based method that manip-
ulates only the infernal patch correlations of the noisy image.
Our method performs processing on the non-local singular val-
ues similar to internal-based denoising methods SAIST [2] and
WNNM [4]. However, unlike these methods that use simple
shrinkage operators via sparse priors, we learn a mapping
between the noisy singular values and the derived optimal
denoising values. Learning in our method does not consist
in learning dictionaries [17], [19] or shrinkage functions [23].
We rather learn a mapping similar to neural networks [25],
but in the singular values domain, which reduces considerably
the number of latent variables to infer. Contrary to previous
learning-based methods such as [17], [19], [3], [25], our
method does not need a very large amount of patches to
learn a model that can take a lot of time, sometimes days
to train one single model ; the proposed approach uses only
one single image pair for training. Moreover, training is fast
as it consists in solving few linear systems. This transfer
approach that consists in learning a denoising model on a pair
of clean/noisy pair has many advantages. First of all, we do
not consider the Gaussian noise assumption ; a model can
be trained easily for various types of corruption. Secondly,
the denoising quality can be improved by choosing a pair
that is somehow similar to the noisy instance. Thirdly, as
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various camera devices respond differently, our method can
use noise samples from the camera device at hand and adapt
the learned model to the device. To demonstrate the potential
of the proposed approach, we evaluate it against some leading
methods on various types of noise : uniform Gaussian noise,
non-uniform noise, Poisson noise, speckle noise, salt & pepper
noise and real noise sampled from a camera. Moreover, by
learning a model based on a Nikon D-600, we show how
our method produces high-quality results even if the noise
corruption is not the same as that of the training pair.

III. PROBLEM FORMULATION

Let . be a clean image and =z, its corrupted version.
Non-local image restoration exploits the self-similarities in
natural images. The approach consists in gathering similar
patches of z,,, stack them in a matrix X,, where the columns
correspond to the vectorized versions of the patches, applying
a transformation, reconstruct the estimated clean matrices X o
and finally reconstruct the clean image 2. by aggregating
all the transformed matrices. Methods such as SAIST [2]
and WNNM [4] use low-rank estimation as a transformation
by imposing sparsity models on the singular values. More
precisely, the problem can be posed in the following general
formulation

~ o1
X, = ar%(mm §\|Xc — XI5+ Mp (X0, (D

where 1, models the sparsity of the singular values of the
clean matrix X.. ¢, can take the form of the nuclear norm [2]
or the reweighted-nuclear norm [4]. While these methods tend
to model the singular values of the clean matrices X, it turns
out that the singular values of the matrices X. in the clean
natural image do not correspond to the optimal denoising
singular values. This is because we do not have the true
orthogonal matrices of X, for the complete decomposition.
The values that need to be modeled should rather depend on
the whole decomposition of the noisy patches. In fact, the
actual optimal values do not even correspond necessary to
a true low-rank transformation. As a result, a sparsity-based
model that leads to a shrinkage operator cannot take fully
advantage of this observation.

Optimal Singular Values Denoising

Given a pair of clean/noisy non-local patch matrices X./X,,,
we would like to derive the best denoising singular values that
we denote by X,. In other words, X, are the optimal singular
values that permit to reconstruct X, from X,,. Suppose the
Singular Value Decomposition (SVD) of both X. and X,

X, = U.diag(X.)V.E |, X, = U,diag(%,)V.”, (2)

where diag is the diagonal matrix operator that extracts the
diagonal from a matrix or builds a diagonal matrix from
a vector. Typically, sparsity-based methods [2], [4] try to
denoise X, by applying a shrinkage operator (shrink(X,,)). By
supposing that the corruption is dense, the best singular values

Y, to estimate X, from X, can be recovered by minimizing
the error between X . and its reconstruction

argmin ||U,,diag(3,)V,] — X.||%. 3)
P3N

By rewriting the diagonal operator as a linear operation :
diag(A) = A1, 4)

where 1 is an all-ones vector. The solution of the problem is
given as follows

¥, = Ur XV, 1 = diag(UL X.V},). (5)

As there is no particular prior on the solution, >, do not
necessarily correspond to “true” singular values. In fact, they
can be even negative and in a non-decreasing order. As the
energy is concentrated in the first values, we consider only
around half of the values for training, the rest is set to zero.
First, we would like to verify denoising results given by the
optimal values ¥, and compare with previous shrinkage-based
methods SAIST and WNNM to see how far are these methods
from the optimal bound. We compare also denoising results
given by using the clean values .. The results are conducted
on the popular house and barbara images with Gaussian noise
of standard deviation 50. As can be clearly seen in Fig. 1,
the derived optimal denoising values X, lead to much better
denoising results. One can clearly see that the clean values X,
do not correspond to the right singular values for denoising.

IV. LEARNING THE LOW-RANK MAPPING

Given a pair of noisy/optimal singular values ¥,/%,, we
would like to learn a mapping function F' such that F(3,) ~
>,. The good thing about the proposed approach is that
denoising each set of similar patches is reduced to estimat-
ing few singular values, which makes learning easier. One
approach would be to learn a shrinkage function as adopted
in some techniques such as [23]. However, as explained before,
the mapping F(X,,) = X, does not correspond to a shrinkage
as the optimal singular values X, do not correspond to real
singular values : they are not necessarily in decreasing order,
are hard to fit and they can be even negative. A general model
for a shrinkage shrink(.) can be formulated as follows

¥, ~ shrink(%,,) = maz(0,%, — fw(X,)), (6)

where [ is a postive regularization term and w is a weight
function. This shrinkage function is the solution (or first-order
solution) of the proximal operator of the form

argmin 515, — ol + 5U(S) a)
where 1) is a prior. Learning a shrinkage function S is reduced
to learning the weight function w(.) > 0. However, as can be
clearly seen in Eq. (6), a shrinkage function is by definition
monotonic. As a result, learning a shrinkage function is not
appropriate in our case because of the nature of X,. Instead,
we learn an actual point-by-point mapping.
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(b) Noisy (14.17 dB)

(h) Noisy (14.15 dB)

(g) Ground-truth (i) SAIST (27.30 dB)

(c) SAIST (29.87 dB)

(G) WNNM (27.78 dB) (k) Xc-den. (25.90 dB) (1) ¥,-den. (29.21 dB)

Fig. 1: Non-local low-rank denoising comparison (¢ = 50). As can be seen, the derived optimal denoising singular values X,
lead to better results compared to shrinkage-based methods SAIST and WNNM. The singular values of the clean non-local
patches Y. clearly do not correspond to the best values to reconstruct X, from X,,.

A. Transfer Problem Formulation

A straightforward way to estimate this mapping F' is to
use a neural network (function fitting neural network). While
this approach works well in practice, it is time consuming
especially if the training image is large. The method that we
propose is a simple yet efficient learning approach that is fast
as it requires solving few linear systems and can benefit from
sparsity for robust estimation. We formulate the mapping as a
linear model with a latent matrix W that minimizes the fitting
error in a high-dimensional space. The problem is formulated
as follows

M
1
argmin —— WTH(2, ) — Do |2+ N|W|?
g 37 2 V7 0(0) = S+ I
F(%,) = WT(b(En),

®)

where A = 0.001 is a small regularization term to prevent
numerical problems, p < 1 represents the [,,-norm for robust
fitting and ¢(.) is a non-linear mapping to a high-dimensional
space. X, ; and X, ; correspond to the singular values of the
matrices X,, ; and X, ; extracted from the training pair. The
total number of such matrices is M. Typically, ¢(.) is a basis
function that can take any form as long as it is independent of
the weights. In our case, we use a polynomial basis function
of the following form

o) =[1 S0, )P G )

)

Optimization

To estimate a solution to the problem (8), we use a
Majorization-Minimization (MM) approach [1]. Training con-
sists in estimating the weights W minimized over all the
singular values pairs X, /%, in the training image. Due to
the use of the /,<1-norm to prevent the influence of outliers,
the energy cannot be minimized directly via Euler-Lagrange

equations. The MM method consists in majorizing the non-
convex term leading to a more tractable energy

s 1 M N y,p/2
arl%/n}]/m Mp Zj:l dim1 Yy

i 2
st (WTH(Sn ) = %o;); <Yi,
i=1,..,N, ||W||§~" <&,

(10)

where N is the number of optimal singular values per non-
local matrix. The relaxation (10) is in the following general
form

argmin h(v) s.t.v € C, (11)
v

where C is a convex set and h(v) = vP/2 is a concave function
that admits the following linearization

oY = argmin h(v®) + VA(WD) (v — vW).

v

12)

The estimated solution thus corresponds to a reweighted-least
squares problem (IRLS) [33], [34]

WO 2 40=1 52 (¢(gn!j)zj(_l)20,j:r>
A = 5 (950,525 6(Sn,5) ) +AT

ZJGH) = diag

(13)

1
16 NTWO ST [2=pe |

where € = 0.001 is set for stability. However, this is a slow
estimate as the weights Z should be evaluated for each patch
matrix. Instead, we use the following estimation that computes
directly one least-squares solution instead of performing M
estimation of the weights Z;

WD o (¢(jn)z(l)¢(jn)T+/\I> - (gb(E_n)Z(l)foT)

ASRE diag | —=37 ' T T ) (1
bvd Ej=1<|¢(2n,j)Tw( )7Eo’j)|27p+6
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where ¥, and 3, correspond to the matrices containing all
the singular values for all the M patch matrices along the
columns

En = [ En.,l En,M ] 5 zTo = [ E0,1 Eo,I\/[ ]
(15)
This estimation is based on the observation that (8) aims at
minimizing the mean error over all the M patch matrices. We
thus take the re-weighting that corresponds to the mean over

all the M weights Z;.

B. Fitting a Richer Model

Problem (8) attempts to learn a mapping between a pair
of noisy singular values and their corresponding optimal
denoising values over all the patch matrices of the training im-
age pairs, which corresponds to only one denoising pass. Non-
local low-rank denoising methods [2], [4] are implemented in
an iterative framework that adds the filtered noise back to the
denoised image as follows

et =2 + (e, - 2l), (16)
where k denotes the current iteration and ~ is a positive
regularization term. The initial image is simply the noisy input
x%o) = x,. This iterative regularization technique used in
previous works has shown to significantly improve restoration
quality. We use the same approach where a new model W is
learned at each iteration k.

Additionally, in order to fit a more flexible model, we gather
the singular values in clusters and train a separate model for
each cluster and for each iteration. The number of clusters R
that we use in the experiments is typically around 3, not too
high to prevent over-fitting. The proposed training method is
summarized in Algorithm 1 and an overview of the training
approach is given in Fig. 2.

Inference consists in a similar workflow, with a difference
that the singular values E( ; are first used to determine the
right cluster » by minimizing the [ distance, then the optimal

singular values X, j( are estimated as follows

~ (k,’l‘)

Eo,j (k r )

wEnT g5, (17)

where W (%) denotes the trained model for cluster number
during iteration k.

C. Extension to Full Color Denoising

Color images contain important correlations along the chan-
nels that need to be taken into account. Our method is easily
extended to full color image denoising. Instead of processing
the non-local matrices of each channel separately, we simply
concatenate the color patches in one vector. As a result, we
only need to learn LRT for few singular values per non-local
color matrix, which is faster both for training and denoising.
We call this full color denoising approach C-LRT and the
grayscale version G-LRT.

Algorithm 1: Proposed LRT training method.

Data: Pair of clean/corrupted image(s).
Result: Training model

{Wert,r=1,..,R k=1,...K).
Init : Compute the location of similar patches;
Main processing :
for k=1 to K do
- Compute the current image with Eq. (16);

- Gather the non-local matrices X, ( j) and X (k).

n,j?
- Calculate the SVD decomposition of X ( ]) and ZE)’?
via Eq. (2) and Eq. (5);
- Cluster the singular values into R clusters and
estimate W (") for each one via Eq. (14);

- Reconstruct the estimated clean matrices X j(k) via
Eq. (17) and Eq. (2);
- Aggregate all the estimated matrices to form the

restored image and store it in zF).

D. Processing Time

The main bottleneck in both non-local and learning-based
denoising methods is the processing time. Our training model
is fast compared to previous learning-based methods that can
take hours or even days for large data [25], [3], [23]. For an
image from the Kodak dataset (500 x 750), learning the model
(Eq. (8)) at each iteration for 3 clusters takes only 1.50 seconds
for full color filtering and 0.70 seconds for the grayscale
version. Predicting the denoising singular values takes 0.13
seconds for the full color filtering and 0.08 for the grayscale
version. We have implemented both training and denoising in
parallel using the Matlab Parallel Computing Toolbox on an
Intel Xeon E5-2609 CPU (8 cores). It takes a total of 378
seconds to denoise the full color version and 136 seconds to
denoise the grayscale version for 8 iterations (the total training
time is similar). Compared to WNNM [4], our implementation
is more than 11 times faster.

V. EXPERIMENTAL RESULTS

In this section, we perform extensive experiments to show
the potential of the proposed method. Experiments are first
conducted on the standard Kodak dataset. For test images,
we select 10 images of the dataset. For training, half of the
training images are selected from the dataset itself, and the
other half consists of external images recovered by choosing
one single result from Google Image Search. It turns out that
Google Image Search is quite robust to noise, able to give a
good correlated image even if the input is noisy. These images
are presented in Fig. 3.

A. Synthetic Noise Experiments

The first experiments consist in evaluating the proposed
denoising against previous methods using the standard Gaus-
sian noise setup with fixed standard deviation. While this
model is far from more realistic noise models that we use in
the next subsections, it gives us an idea about the potential of
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Regularization

Xnj
Non-Local
Matrices

Clean

Xejlbimgd
. Non-Local
Training

Matrices

Denoised

Fig. 2: Overview of the proposed training approach. First, the SVD decomposition of the noisy non-local matrices is used
together with the clean non-local matrices to calculate the optimal singular values 3, ; for denoising. The pair of noisy/optimal
singular values is then used for training after clustering. Afterward, the denoised instance is used to regularize the noisy image

and the process is repeated for several iterations.

the proposed method. In this case, the noisy image is generated
as follows

Tp = T+ 01, (18)

where n is here a Gaussian noise of zero mean and unit
standard deviation. The noisy images are then truncated to
fit values between 0 and 255 and the optimal noise level is
re-estimated by calculating the standard deviation between
the clean and noisy image. We compare with four leading
methods : BM3D [12], EPLL [3], SAIST [2] and WNNM [4]
for the grayscale case. For full color denoising, we compare
with CBM3D [13]. The results are given in Table I. As
can be seen, the proposed method leads to better empirical
restoration in terms of both PSNR and SSIM [32] for higher
noise level. It is worth noting that the proposed method
successfully transfers denoising even if the training image is
not correlated with the test image, which is not possible with
external-based methods. Visual results are given in Fig. 5
that demonstrate the ability of the proposed method to better
denoise textured regions such as grass, trees and water.

To demonstrate the effectiveness of the proposed learning-
based method, we run experiments using 3 types of noise :
Poisson, Speckle (with multiplicative factor 0.05) and Salt
& Pepper (10% corruption). The results presented in Fig. 7
demonstrate the performance of the approach .

B. Synthetic Signal-Dependent Noise Experiments

The second set of experiments consists in evaluating the
proposed method using a synthetic realistic noise level. In
order to perform experiments with more realistic noise, we
propose to use the CCD-CRF model that reflects better the
non-uniformity of the corruption. This model is a simplifica-
tion of the non-linear complicated imaging pipeline that in-
cludes various perturbations and noise corruptions. Following
previous work [26], [27], the noise model is given as follows

xn:f(L+ns+nc)+nqa (19)

where L is the clean irradiance, x,, is the resulting corrupted
image and f(.) = CRF denotes the camera response function
(CRF). This model considers mainly two types of noise : n.
that is independent of the signal before gamma correction and
ng represents all the noise components that depend on the
irradiance L. n, is the minimum camera noise that is ignored.
As previous methods are tuned to work with Gaussian noise,
the noises ns and n. are generated based on Gaussian noise as
well. The noise 7 is zero-mean with variance Var(n,) = Lo?
and n, is zero-mean with variance Var(n.) = 2. This model
is further simplified to take the signal-dependent variance
model

Tp = T+ O-n(mc)na (20)

where 7 is supposed a zero-mean independent random noise
with unit standard deviation and the noise level o, depends
on the intensity level z., described by the noise level function
(NLF). For noise simulation, we use a simple noise synthesis
technique proposed in previous works [26]. The CRF function
is downloaded from the popular camera response database
http://www.cs.columbia.edu/CAVE/databases/. Various meth-
ods to estimate the NLF are available [26], [27]. In this
experiment however, we have access to the true CRF and
the noise levels o5 and 0., so we can recover the exact NLF
using the technique in [26]. The CRFs and the corresponding
NLFs (normalized to [0,1]) for two noise setups are given in
Fig. 4. The empirical denoising results are given in Table I.
As can be seen again, the proposed method leads to better
denoising results, even in the case of non-uniform corruption.
This demonstrates the ability of the proposed method to
automatically adapt to internal structures of the image.

C. Real Noise Experiments

This experiment uses real noise samples directly instead of
a synthetic noise model. We extract real camera noise sampled
from a Canon 5D MK3, corrupt a ground-truth and denoise it.
To perform this task, we first need a noise model to simulate
the corrupted images. The sampled noise at a fixed ISO setting
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()

Fig. 3: Kodak dataset images used for the experiments. Top row are the test images and the bottom row are the training images.

Uniform Gaussian 0 = 25 Uniform Gaussian 0 = 50
Tmages C-LRT CBM3D G-LRT BM3D SAIST WNNM EPLL C-LRT CBM3D G-LRT 3D SAIST WNNM EPLL
3356 dB 33.72 dB 3033 dB 31.66 dB 31,72 dB 3192dB_| 31.34dB | 30.13dB 2992 dB 7834 dB 7814 dB 78.00 dB 7830 dB 7780 dB_|
(@) 0.8859 0.839TF 0.8459 0.85T 0.8507 0.8570 0.8406 0.8T8T 0.8T95 0. 0.765 0.76T 0.77T5 0.7392
31.77 dB 31.66 dB 30.02 dB 29.99 dB 29.94 dB 3020dB_| 29.65 dB_| 28.60 dB 2827dB_| 2733 dB 27.19 dB 27.15 dB 2735 dB 7649 dB_|
() U85ZT U85TS U.3064 U.3016 0.7964 U.8069 U.8042 0.7786 07623 U.7384 07214 07229 07230 U6990 |
33.76 dB 3.55d8 31,74 dB 31,71 dB 3190 dB 3211dB_| 3139dB | 2965dB | 29.20dB 7811 dB_| 28.03 dB 77.96 dB 7822 dB 2754 dB_|
(© 0.9286 09272 0.9023 0.8998 0.9049 0.908% 0.8913 0.870: 0.8619 0.3 0.8T8T 0.8255 0.8266 0.7890
30.93 dB 30.75dB_| 29.38 dB 2930 dB 2931 dB 2945dB_| 29.44dB_| 27.85 dB 27.56 dB 26.90 dB 26.78 dB_| 2655 dB 26.85 dB 26.72 dB_|
@ U261 UST9Z U.7558 0.7503 0.7469 0.7561 0.7610 0.7136 U.7029 06558 U.649T U.6369 U.6536 0.6450
2074 dB_| 2953 dB 2751 dB 2743 dB 7753 dB 2781 dB_| 2679 dB_| 26,01 dB 7520dB_| 2391 dB 7338 dB 7354 dB_| 23.72dB 22
(e) 0.892% 0.895 0.8465 0.834% 0.8480 0.858%F 0.83T 0.8075 0.8070 0.738T 0.725 0.7296 0.7366 0.700:
32.36 dB 3224 dB_| 3028 dB 30.14 dB 30.15 dB 3036 dB_| 30.10dB_| 29.19 dB 28.79 dB 27.71 dB 2745 dB 27.19dB_| 2749 dB 2712 dB_|
[N 0 U.8597 U799 U.7895 0.7835 0.7960 0,785 0751 0.7449 06789 U.6699 U659T 06706 0.6490
2978 dB_| 2954 dB 2745 dB 2731 dB 7748dB_| 2757dB | 2727dB | 25.74dB 75.00 dB 7399 dB_| 2341 dB 7345 dB 7352 dB 7346 dB_|
(2 0.884T 0.883 0.8T5F 0.8T5T 0.8T69 0.82730 0.8T98s 0.757% 0.7399 0.6685 0.646 0.6406 0.64806 0.65TF
3357 dB 33.36 dB 31.60 dB 31.88 dB 31.69 dB 32.02dB_| 31.64dB_| 3051 dB 29.68 dB_| 29.62 dB 2877 dB 2874 dB 2308 dB 2833 dB_|
[ 0.8600 0.8623 U.3043 U871 U105 U.8773 USTZT 0.7835 U.7899 U.7564 07575 07504 07516 0.7319
N 7757 dB 2747 dB 75.13 dB 2491 dB 7512dB_| 2524 dB 7528 dB_| 23.67dB 7355 dB 72.03 dB 2171dB_| 2197 dB 22.02 dB 22.12dB_|
(@ 0.828T 0.8T0F 0.7295 0.6919 0.6937 0.7T48 0.7323 0.6463 0.6138 0.5314 0.500° 0.5055 0.5287 0.5360
- 30.11dB_| 29.88 dB 2822dB_| 28.05 dB 28.10 dB 2825 dB 2824 dB_|_ 2668 dB_| 2596 dB 2534 dB 2499 dB_| 24.93 dB 25.07 dB 25.08 dB_|
) U.8339 U8273 U.7536 0.7466 0,747 0.7553 0.7605 0.7052 U.690T 06253 UGI7T U.6068 U.6231 0.6250
3131d8 | 31.07dB_ [ 29.17dB_ | 2924dB | 2929dB | 29.49dB_ | 29.11dB | 2781 dB 2732 dB 26.33 dB 7599 dB 7595 dB 76.15 dB 7576 dB_|
Mean 0.8657 0.8628 0.8059 0.80T 0.799% 0.8099 0.8039 0.7632 0.75 0.6989 0.68606 0.6839 0.694. 0.6766
Uniform Gaussian ¢ = 70 Uniform Gaussian & = 100
[ Tmages CLRT CBM3D G-LRT BM3D SAIST WNNM EPLL C-LRT CBM3D G-LRT BM3D SAIST WNNM EPLLC
2831 dB 27.73 dB 26.87 dB 26.41 dB 26.28 dB 26.54 dB 26.00 dB 2647 dB 25.04 dB 2499 dB 2422 dB 23.79 dB 2416 dB 2370 dB_|
@ 07731 07710 07311 07113 U.7196 07267 U.6885 07216 0.7204 06755 06550 U670T 06807 06366
76.94dB__| 26.11dB 7582 dB 7545dB_| 2538dB_| 2555dB | 24384dB 7511dB_| 2331dB_| 2397dB 7322 dB 22.99 dB 7332dB_| 2201 dB_|
() 0.7361 0.7165 0.6989 06756 06795 0679 0.6398 0.6865 0,671 0.6413 06198 0.6346 0.6450 0.5758
2728 dB_|_26.62 dB 26.17 dB 2609dB_| 26.13dB_| 2615dB_| 2538 dB 2486 dB_| 23.75dB_| 2409 dB 23.86 dB 23.40 dB 23.73dB_| 23.02dB_|
© UST60 08104 0,763 U.7606 U.7690 0773 07196 0,745 0751 06746 06819 U569 07105 06374
2647dB__| 25.75dB 75.62 dB 7552dB_| _2525dB_| 2551dB | 25234dB 2477dB_| _2322dB_| 2426dB 73.66 dB 23.19 dB 7335dB_| 2321 dB_|
@ 06594 06512 U.6039 06028 0,599 0.6096 0.5935 0.5995 0,597 0.5580 05573 0.5526 0.5637 05427
2401 dB 2297 dB 22.13 dB 21.42 dB 21.40 dB 21.50 dB 20.96 dB 21.79 dB 20.28 dB 20.11 dB 19.24 dB 10.07 dB 1930 dB 1867dB_|
(© U.738T U.7386 0.660T 06475 U645 660 06138 0.6393 06331 U551 U540 05394 U.554% 04993
7810dB_| 2741 dB 76.64 dB 76.06 dB_|_2588dB_| 2608dB_| 2553 4dB 7632dB_| 23.77dB_| 2556 dB 7394 dB 73.78 dB 2395 dB_| 23.24dB_|
® 0,707 0.6985 0.631 06176 06140 06216 0.5992 0.6232 0.6205 0.5952 U571T 05815 U.5888 0.5606
23.84 dB 22.65 dB 2232 dB 21.57 dB 21.40 dB 21.53 dB 21.43 dB 21.78 dB 19.95 dB 20.76 dB 19.54 dB 10.27 dB 10.44 dB 1021 dB_|
(® U6738 06477 05797 U557 U.539. 05505 0550 05574 05374 U85S 04619 U407 04557 U386 |
2922 dB__| 27.09 dB 7837 dB 76.77dB_|_26./1dB_| 2696dB_| 2603 dB 7762 dB_| _23.65dB_| 2684 dB 7396 dB 7398 dB 2427dB_| 2298dB_|
() 07541 07515 0.7305 07202 07215 0.7238 0.6950 0.7300 0.7T88 0.7008 0.6843 07016 0.7095 0.6618__|
- 2221dB_| 21.68 dB 20.76 dB 2047dB_| 20.62dB_| 2065dB_| 20.63 dB 2049 dB_| 19.60dB_| 19.73 dB 1915 dB 19.05 dB 19.14 dB 1898 dB_|
® U555 05155 04483 UA2TS V4383 04447 UA375 04796 UATTY 03590 03479 03372 U347, 03388 |
- 7506 dB__| 23.74 dB 27.10 dB 7337dB_| 2320dB_| 2335dB | 23234dB 73.00dB_| 21.00dB_| 22.76 dB 2136 dB 21.08 dB 21.29 dB ;
G 0.6361 0.6135 05611 0.5483 05381 0.5498 0.5488 05472 05245 0.5020 04781 0.2661 04789 04728
26.15 dB 25.18 dB_ | 24.88 dB 2431 dB 2423 dB 2439 dB 23.88 dB 2423 dB 2236 dB 2331 dB 2221 dB 21.96 dB 2222 dB 21.60 dB_ |
Mean 0.7043 06914 0.6409 06758 06265 06339 U.6086 06275 06185 05738 U.5588 U.5616 05734 05374
Non-Uniform Gaussian (0 = 0.02, o5 = 0.06) Non-Uniform Gaussian (0 = 0.04, 05 = 0.10)
[ Tmages C-LRT CBM3D G-LRT BM3D SAIST WNNM EPLL CLRT CBM3D G-LRT BM3D SAIST WNNM EPLL
35.87 dB 3530dB_| 34.21 dB 33.66dB_| 3200dB_| 33.56dB | 32.65dB | 33.15dB 32.67 dB 31.19dB_| 31.08 dB 30.78 dB 30.73dB_| _30.17dB_|
@ 09753 UIT0T U103 U397 U.8782 U.8866 U731 0U.894% U776 U.8658 U.8503 U378 0.849T 08753
3364 dB_ | 33.24dB_| 3151 dB 3141 dB_| 3096 dB 122dB 064 dB | 3098dB | 3085dB | 29.20dB_ | 2931dB_| 29.15dB 2009dB_| 2842 dB_|
(b) 0.8845 0.8905 0.843T 0.8455 0.83477 0.3%. 0.84T0 0.8265 0.824% 0.7908 0.7793 0.787 0.7745 0.76T2
35.66 dB 35.10 dB 3360dB_| 33.16dB_| 3281dB_| 3345dB | 32.18dB | 32./2dB 32.27 dB 30.66 dB_| 3038 dB 30.44 dB 3048 dB 29.76 dB_|
© U997 09417 0929 U.9204 09176 09195 09078 09192 09079 U.8839 08732 U 08761 U560 |
32.40 dB 32.23 dB 3108 dB 30.69 dB_| 3050 dB 30.6 044 dB_| 29.87 dB 2971 dB 7864 dB 7851dB_| 2840dB_| 28.46dB 7827dB_|
() .80 0.855 0.837 0.800 0.7933 0.79 0.798 0.786T 0. 3 0.7260 0.7T65 0.7TTZ 0.7T6! 0.7T3
32.07 dB 3150dB__| 29.06dB_| 2945dB_| 2935dB 2952 2843 dB_| 2897 dB 2840 dB 2699 dB_| 2657 dB__| 26.56 dB 2649 dB_|_ 25.50dB_|
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(® 09173 09175 0.8623 U.8568 U.8568 U618 U85T U.3988 U347 0.7753 0.76 07778 07731 07687 |
35.87 dB 3414dB__| 3458 dB 3323dB_| 3198 dB 2.53 dB T83dB | 33384dB 2,034 dB 32.13 dB 30.78dB_| 28./8dB | 28.75dB 2875 dB_|
(h) 0.9055 08713 0.887F 0.8468 0.8T59 0.8248 0.8T45 0.8540 0.8T8T 0.876 0. 3 0.7345 0.7453 07289 |
N 29.62 dB 7958 dB_|_26.99 dB 7693 dB_| 27.08dB__| 2707dB | 2698dB | 2657 dB 7637 dB 2778 dB_| 2403 dB 2477dB_| 2420 dB 2479 dB_|
[N k4 08735 U.8022 0.7830 07916 07910 U.3030 U.7766 0.758T 0675 06446 U.6520 U.6640 06777
- 31.62 dB 3139dB | 29.77dB_| 2939dB | 2931dB | 2945dB | 2920dB | 28.95dB 78.69 dB 7725dB_| 2708dB | 2698 dB 2701dB_| 27.04dB_|
(U] 0.877 0.864T 0813 0.793 0. 0 0.7872 0.790T 0.790 0.784T 0.7T28 0.7035 0.6929 0.704% 0.7083
3318 dB 327TdB_| 31.27dB__| 3082dB_| 3050dB | 30.79dB | 3016dB | 30.43dB_| 3002dB_| 2861dB | 2831dB | 28.08dB 7808 dB 2770dB_|
Mean o006 U891 U.3608 U845T U371 U313 U.3340 U.3398 U276 U.7852 U.7686 0.7646 0.7677 U.7563

CRF NLF for {7, = 006, 7, = 0.02} NLF for {a, = 0.10.7, = 0.04}
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(a) Pattern (b) CRFs (c) NLFs (mid level) (d) NLFs (high level)

Fig. 4: CRFs and simulated NLFs on the pattern (a) used in the non-uniform Gaussian noise experiments for mid and high
noise setups.
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(a) Ground-truth

(b) Noisy

(¢) BM3D/CBM3D

(d) WNNM (e) Proposed

Fig. 5: Image denoising with high amount of uniform Gaussian noise (¢ = 70). Note how the proposed method is able to

recover challenging structures such as textures.

corresponds to blank frames with known unique background
color (typically black) that we note 7. We first zero-mean 7
to remove the background color and normalize the standard
deviation to control the amount of corruption with a parameter
oy Given a clean color image ., we generate the noisy output
x,, based on the noise level function (NLF) as follows

Zp = T + oyNLF(z./255, 7). (21)

Following previous works, the NLF can be estimated from the
CRF and the variances Var(n.), Var(ns). As we do not have
access to the CRF of the Canon 5D MK3 device, we use a
simple NLF that gives less weights to brighter pixels and more
weights to darker pixels similar to standard NLFs. For each
image, we fine-tune the noise level to get the best denoising
result with methods BM3D, EPLL, SAIST and WNNM as
the noise in this case is not uniform. In fact, each method
required a different optimal noise level and standard methods

for noise estimation failed to give an accurate estimation. To
demonstrate the ability of our method to recover structures
such as text and textures, we use two challenging images : one
of a tiger with a fur and another one of books with various
text sizes. The results are presented in Fig. 6. Note how the
proposed method is able to recover the fur of the tiger and the
text of the books. The other methods, even-though fine-tuned,
result in over-smoothing. It is worth noting that, in the second
example, the training image is not even visually close to the
ground-truth, but contains text. Our training model is able to
capture such structures and successfully transfer it to another
noisy image.

Furthermore, to demonstrate the flexibility of the proposed
method, we present denoising results using three different
training images in Fig. 8. As can be seen, the results are
of high-quality even-though the training image pair is not
necessarily correlated with the latent image.
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(a) Noisy Input

el il e N |
(m) CBM3D [13] (28.92 dB|0.782) (n) EPLL [3] (28.90 dB |0.786)

Fig. 6: Synthetic realistic image denoising experiments with
other types of noise (best viewed in full resolution).

D. Real Noisy Images Experiments

We evaluate in this section the proposed method on true
real noisy images with unknown camera model and ISO
settings. The images used in these experiments were taken with
different devices. For training, we use one model trained on a
Nikon D-600 device for a high ISO setting (see Fig. 10). To
get the best results with previous methods, we generate various
denoised outputs for various noise levels and choose the best
result. We compare as well with the popular software NeatIm-
age that is one of the best denoising softwares available. As
can be seen in Fig. 9, our model trained on the real clean/noisy
pair is able to produce high-quality results, preserving details
such as text (see close-up). The other methods need noise
estimation that is very hard when no uniform regions are
available in the image (in which case Neatlmage fails at
automatically settings parameters). We run another experiment
on a popular real noisy image instance cave. This image
contains both rich textures and smooth regions, which is very
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(1) Proposed (30.30 dB | 0.838)

(0) SAIST [2] (28.62 dB|0.775) (p) WNNM [4] (28.27 dB|0.770)

(PSNR | SSIM). The proposed approach is able to to adapt to

challenging. Unfortunately, the clean/noisy training pair that
we have (Fig. 10) does not contain enough rich textures to be
transfered to this image. In this case, we sample directly the
noise from the input, duplicate the noise pattern, and add it to
a training image. The (cropped) results are given in Fig. 11.
Note how the proposed method is able to recover the texture
of the wall, which is very challenging in this case. The full
resolution results are given in the supplementary material.

VI. CONCLUSION

We present in this paper a new approach to image denoising
based on the principle of non-local low-rankness transfer
(LRT). Instead of using shrinkage operators to apply on
the non-local singular values, we learn a mapping using a
simple but efficient training model. This approach can support
various types of corruption. Experiments on uniform and non-
uniform noise as well as real camera noise show the ability
of the proposed method to successfully recover challenging
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(i) Ground-truth (j) Proposed (35.42 dB | 0.9264) (k) Proposed (30.03 dB | 0.8270) (1) Proposed (27.72 dB | 0.7434)

Fig. 7: Denoising results with different types of noise. The first line presents noisy results, the second and third lines represent
respectively denoising results produced with CBM3D and the proposed method with PSNR and SSIM. As can be seen, the
proposed approach produces high-quality restoration results.

7 v & v E -y - 7

(e) Oracle (30.70 dB | 0.8551) (f) Result using (b) (30.53 dB | 0.8506) (g) Result using (c) (30.47 dB | 0.8475) (h) Result using (d) (30.49 dB | 0.8493)

Fig. 8: Image denoising results with various training images. The oracle image is produced by using the clean ground-truth
image as the training image (optimal). The proposed method produces fairly good results even using one single training pair
that is not necessarily correlated with the latent image.
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(a) Noisy input (b) CBM3D

(c) SAIST

(d) NeatImage (e) Proposed

Fig. 9: Real Image denoising using one single training model based on Nikon D-600 device (see Fig. 10). Without estimating
the noise level, our method is able to produce high-quality denoising results.

oy
(a) Clean (ISO-100)

TALL TALES

(b) Noisy (ISO-25600)

Fig. 10: Real clean/noisy training pair based on a Nikon D-
600.

details and textures that are over-smoothed with previous
methods even when fine-tuned. Note that in this paper, we use
only one single training image and we do not fine-tune the
training parameters. Our approach can be greatly improved
by using better training images, automatically selecting the
best training parameters via cross-validation and/or designing
a new learning method such as neural networks. We believe
the LRT approach can be useful not just for image restoration
but for other low-rank based approaches as well that require
low-rank estimation.
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