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Abstract

This paper proposes a high-precision algorithm for noise level estimation. Differ-
ent from existing algorithms, we present a new noise level estimation algorithm by
linearly combining the overestimated and underestimated results using combinatorial
coefficients that can be tailored to the problem at hand. The algorithm has two dis-
tinct features: it avoids the underestimation of noise level estimation algorithms that
employ the minimum eigenvalue and demonstrates higher accuracy and robustness
for a large range of visual content and noise conditions. The experimental results
that are obtained in this study demonstrate that the proposed algorithm is effective
for various scenes with various noise levels. The software release of the proposed
algorithm is available online at https://ww2.mathworks.cn/matlabcentral/fileexchange/
64519-natural-image-noise-level-estimation-based-on-flat-patches-and-local-statistics.

Keywords Noise level estimation - Flat patches - Gaussian noise - Eigenvalue - Covariance
matrix

1 Introduction

The noise level is a crucial parameter for many image processing algorithms and applica-
tions, such as image denoising [2, 6, 11, 33], segmentation [1, 28, 31], superresolution [8,
20] and image quality assessment [14]. The noise level is not always available in practice;
however, it is often assumed to be known in many algorithms [2, 7, 9, 30, 32]. Thus, accurate
and reliable noise level estimation for image processing is currently in high demand.
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The model of a noisy image is often expressed as y = x+v. Here, y € R™*" is a mea-
surement image, x € R™*” is a noise-free image, and v € R™*" is added white Gaussian
noise with zero mean and variance 2. The main objective of noise level estimation is to
estimate the unknown variance 2. Over the past decades, many noise level estimation algo-
rithms have been proposed. These algorithms can be broadly divided into filter- [10, 13, 21,
22, 29] and path-based approaches [5, 12, 15, 16, 18, 19, 24, 34].

In filter-based methods, the noisy image is initially filtered by a low-pass filter. Then,
the variance is estimated from the difference between the measurement image and its fil-
tered image. The main challenge in these methods is to design suitable filters. Filter-based
methods can also be applied in a transform domain, such as the discrete wavelet transform
(DWT). Donoho [10] has proposed a method for estimating o that depends only on the
median absolute deviation of the wavelet coefficients at the finest scale. However, it is diffi-
cult to prove theoretically whether the result that is estimated via wavelet-based techniques
is overestimated or not because the wavelet transformation has difficulty completely sepa-
rating the image signal from a noisy image that contains complicated structures, edges, and
high-frequency components. Oyet et al. [22] and Hashemi et al. [13] pointed out that the
algorithm proposed in [10] may be inconsistent with the actual noise variance. Therefore,
this estimation result is often used as an initial noise variance to improve the accuracy of
noise level estimation [12, 17].

Patch-based methods play an important role in noise level estimation. In these methods,
a noisy image is initially decomposed into a group of patches. Then, the flat patches are
selected via various statistical techniques [5, 15, 16, 18]. Typically, patch-based methods
estimate the noise level based on the minimal eigenvalue of the covariance matrix of the flat
patches [15, 19, 24]. Based on the results that were obtained by Blom et al. [25, 26], Chen
et al. [5] proved that both WT [19] and PCA [24] may underestimate the noise level. Hence,
they proposed a new nonparametric algorithm for efficient noise level estimation. Unlike
WT and PCA, wherein the noise level is estimated directly by the minimal eigenvalue, Jiang
et al. [15] proposed an algorithm for estimating the noise level by the ratio of the minimal
eigenvalue to a constant that is less than one. However, they did not determine whether the
estimation results that were obtained by their algorithm were overestimated or not. Addi-
tionally, the algorithms [15, 19, 24] did not analyze the effect of the total number of flat
patches on the estimation result. This study mainly focuses on solving the above-mentioned
problems. Using Blom’s theory, we establish the relationship between the eigenvalues of
the covariance matrix of flat patches and the true noise variance. Based on this relation-
ship, an overestimated result is obtained. Then, by combining the two noise level estimation
results, namely, the underestimated and overestimated results, we propose a new noise level
estimation algorithm.

The main contributions of this paper are as follows. First, based on Blom’s theorem,
the effects of the eigenvalues on the final estimation result were analyzed. The conditions
for assessing whether an estimate was overestimated or not were presented. Second, a new
noise level estimation algorithm was proposed. Moreover, we proved that the estimate that
was obtained via the proposed algorithm is a linear combination of the overestimated and
underestimated results and that the combinatorial coefficients are related to the number of
flat patches. The results of extensive tests demonstrated that our algorithm can realize high
performance in most cases, particularly for images that have high noise levels.

The remainder of this paper is organized as follows: Section 2 introduces the principles
of that are used to select the weak textured patches and flat patches. An analysis of the
basic theory is presented, and the proposed noise level estimation algorithm is described in
Section 3. Section 4 specifies the parameter settings, presents the experimental results of
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a computer simulation that utilized the proposed algorithm, and compares the results with
those that were obtained via various other algorithms. The conclusions and a future research
direction are discussed in Section 5.

2 Related studies

In this section, we review the weak textured patch selection and flat patch selection methods,
which are foundational to this study.

2.1 Weak textured patch selection method

Image structure can be measured effectively by the gradient covariance matrix [33]. Accord-
ingly, Liu et al. [19] developed a weak textured patch selection method. In their study, a
noisy image was initially filtered by the horizontal derivative operators, which are denoted
by Dy, and the vertical derivative operators, which are denoted by D,. Then, the fil-
tered image was decomposed into overlapping patches, which are denoted as y; that are
of size w x w. The top-left corner positions of all patches were obtained from the set
{,2,--- ,m—w+ 1} x{1,2,--- ,n — w + 1}. Subsequently, they were rearranged into
vectors of N = w? elements. The total number of patches is denoted by s, and expressed as
s = (m—w+1) x (n—w+1). Finally, an iterative weak textured patch selection algorithm
and a noise level estimation algorithm were proposed. In the k" iteration, the threshold,
which is denoted as 7, is updated with a significance level § and noise level o} as follows:

T=02F (s N 3zr(DTD +DID,) (1)
= O s Z’N hVYh vVYv),

where F~1(8, «, B) is the inverse gamma cumulative distribution function.
The weak textured patches that are extracted from the noisy images are denoted by p;.
The covariance matrix Zp of the selected weak textured pathes is defined as follows:

1 s
D=2 @ —we; - )
Jj=1
S/
where p = % >p j» and s’ is the total number of selected patches. According to the
j=1
algorithm reported in [19], the noise level can be estimated as follows:
o2 = min (¢), (3)
1<i<N

where e; represents the eigenvalues of Zp.
2.2 Flat patch selection method

In the flat patch selection algorithm, the noisy image is decomposed into overlapping
patches. Let P = {y;;/ = 1,2, .-, s} be the set of all patches from the noisy image y,
where y; is the observed patch, which has a patch size of w x w. The average pixel intensity
in patch y, is denoted by . Then, the local variance is defined by

of =Y (v —w?*/(w>—1. “)

YEY!
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For all flat patches, it follows that (w? — 1)o/0% ~ x2(r)(r = w? — 1), where x2(r) is
a chi-square distribution with r degrees of freedom. Thus, 012 ~ y(r/2,20%/r) with the
following probability density function (PDF):

L 5=l r 5 e 502"
rem? ()7 2, x 20,

fx) = ®)

, otherwise.
The mean of 012 is as follows:
r 202
E(o}) == x —. 6
(o) 7 X (6)
For the flat patches, the following theorem applies:

Theorem 1 [15] There must exist a unique 52(G > 0) such that the following equations
hold:

52 = E(oflof < A5, @)
and
5% = po?, (8)
with
—lg. L 2
fOF ©3P xz(x)dx
p="r , ©)
Jo P z(x)dx
1.1 2
2 r

where z7(x) = sz(azx) represents the PDF of y(%, %), F~Y() is the inverse Gamma
cumulative distribution function with 5 shape parameter and % scale parameter, and §,
which is a specified significance level, denotes the probability that the local variance is does
not exceed \&2, i.e.,P((rl2 < A62) = 8(P (") represents the probability).

By employing Theorem 1, Jiang et al. developed an algorithm [15] for selecting flat
patches. The main parameters and their interrelations are presented in Table 1. More
details regarding the parameter settings and the experiment can be found in [15]. Next, the
covariance matrix Y, that is generated from those flat patches is defined by

T - =t (= 1)U = 1) numy, > w?, an
1 r]j(l —12YUI = 12T, num, < w?,
where I ={y; ,¥1,, ", ¥, }isan N xnum, matrix and I} and I? are the column aver-
Vv

ages of I and I7, respectively, where I7 is the transpose of I. According to the algorithm
that is presented in [15], the noise level of the image is estimated as follows:

. Of
6 =—, (12)
P
where o satisfies the following equation:
67 = min (e;), (13)
1<i<N

in which ¢; denotes the i’ eigenvalue of 3.
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3 Main results and algorithm

In this section, the theoretical foundation of the algorithm is discussed and the relationship
between the eigenvalues and the noise level is analyzed. Then, we propose a new noise level
estimation algorithm that is based on the flat patches and local statistics.

3.1 Eigenvalue analysis

To compute 01% in (3) and afz. in (13), we need the eigenvalues of the covariance matrix.
Regarding the distribution of the covariance matrix eigenvalues, Chen et al. [5] proved the
following theorem, which is crucial to this study.

Theorem 2 Given a set of random variables {y,[i1};_,, with each element following Gaus-
2

sian distribution N (0, 6%) independently, the distribution of the noise estimates 67 =

220

1 Zt 1Y [i1* converges to the distribution N (o2, +) as s becomes sufficiently large.

2 . e .
e~""/2dt denote the cumulative distribution function of a standard

-1
Let ®(x) = mf—oo
Gaussian distribution. Blom [25, 26] proved the following theorem.

Theorem 3 Given n independent random variables, namely, x1, x3, - - - , Xy, that are gen-
erated from the normal distribution N (o2, v2) with order x; > x2 > --- > xy, then,
the expected value of x; can be approximated by E(x;) ~ o2 + @’1(%)1) with

o = 0.375.
Corollary 3.1 Ifi > NT“ then E(x;) < o2 Ifi < N—“ then E(x;) > o2

Proof 1fi > NT‘H, then N + 1 — 2i < 0. By adding N — 2« + 1 to both sides, we obtain
2N —2a+2—2i < N—2a+1, that is, X=tl-i _ %.Then,wehave <I>_1(N atl— ’)

* N—2a+1 N—Z2a+1
. . _ — . 4
Leti = N. We obtain 02 + &~ (5154 1)v < 0%, with v = /2% O
The same method can be used to analyze the case of i < NTH

Corollary 3.2 The estimate of 03) in (3) satisfies the following equation:

_ -«
03):(72+d) l(m)l}<02. (14)

Proof In (3), the minimum eigenvalue is selected as the noise level. From Theorem 3, it
follows that i = N. Then, the following relationship holds:

l -«
~ 2 2 -1 2
The smallest eigenvalue is smaller than the noise level when the number of redundant
dimensions is larger than one. This completes the proof. O

Lemma 3.1 Suppose the following relationship holds:

2 204 37—1,N—a+1—i
02+ /2 @l (Netli )
2 s N—=2a+1 (16)
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Ifi < N—H thenog > o2

Proof Using the second mean value theorem for integrals we prove that 0 < p < 1,

for all §,r € R. Then, for i < N“, p < 1 and o = %, we obtain 03 =
2, 20t -1 (N—atl=i
e 251) S 42 from Corollary 3.1. O

)

Lemma32 [fY <i<N—a+1-d((p— 1)\/5)(1\1 — 20 + 1), then 02 > o2,

Proof First, we prove that X < N —a+1— @ ((p — 1)\/5)(1\/ — 2« + 1). Moreover, let

_ (p=D?2s?
3

H(s)=N—a+1-®d((p— 1)[)(N 2a+1). Then, we obtain H'(s) = >

4f
0. Therefore, H(s) > H(0) = Y ifi < N —a+1—®((p — 1)\/;)(N —2a+ D). 1t
follows that N —ar+1—i > ((p—1),/5)(N—2a+1), thatis, 5=5E15E > o((p—1),/%).

Because @ is a monotonic function, we can obtain CI>’1(1\1/v "‘2311’) > (p — 1)[ Then

1(1\1/\, O‘ZELI’ )\/g > p — 1. Finally, we multiply both sides of the above equation by o2
2+ g 2¢—](N—u+l—i)
and simplify it to obtain ag =2 Vs° 5 Ntedl” 5 o2, O

From Lemmas 3.1 and 3.2, we obtain the following corollary.

Corollary 3.3 Suppose the following condition is satisfied:

io:N—a+l—<I>((p—1)\/§)(N—2a+1). a7
Ifi <o, then the following relationship holds:
o) >0’ (18)

We set i = |iog| and denote the corresponding result by crfz» as follows:

20 1/ N—a+1—lip]
o+ O (e )
N—2a+1 (19)

2
Or =
f p

From this, we obtain 0]% > ol

Using Corollaries 3.2 and 3.3, we establish the following theorem.

Theorem 4 [f the conditions of Corollary 3.3 are satisfied, the noise level can be estimated
as follows:
d]U.)zc + d20uz}

di+do

dy = - - \/2 @21
N —2u0+1

(- p)+ o R 2
o

62 = (20

where

dy = (22)
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Proof From (14) and (19), we obtain the following equation:

~1 2 2
o2 — g2 (75220
2 2 = N—a+1-lig) (23)
ez e N
)
(1_ )+¢' I(N —a+1— UOJ)
Letd) = —®~ l(N 2O[H)\/Eandd P pN 2ot \/> . Then (23) becomes
2_ 2
0% —o0 d
g T% _ 4 (24)

262 dy
Uf o 2
2 d](r%—&-dzrr,%

Therefore, the precise noise level can be estimated by solving (24), that is, IEA

3.2 Proposed algorithm

Once the initial flat patches have been selected, the eigenvalues of the covariance matrix of
these patches can be obtained. In (3), ou% is the minimum eigenvalue. According to Theorem
3, o% in (19) is the [ig )™ eigenvalue divided by p. Thus, the noise level can be calculated
via (20). The selection of the initial flat patches depends on the actual noise level. Therefore,
the flat patches and the noise level estimation result are constantly updated via an iterative
process, which increases the accuracy of the final calculation. Based on the analysis that
is described above, the proposed algorithm for noise level estimation can be described as
follows.

Algorithm 1 Selecting the flat patches and estimating the noise variance

Require: Noisy image

Ensure: Noise level o

1: Estimate the initial noise level o¢ with k = 0

While the flat patches are unstable do

2: Calculate t41 using (1) and select the weak textured patches V
3: For V, use Algorithm 1 in [23] to select the flat patches /
4: Calculate Zp using (2), where p; € I

5: Calculate 01% using (3)

6: For all patches in 7, calculate O‘]% using (19)

7: Calculate 6,? 1 using (20)

8 k=k+1

End while

return Noise level 6,? -

In the proposed algorithm, the three parameters, og, §, and w are configured. In the
method that is suggested in [19], the initial noise level oy is initially estimated from the min-
imum eigenvalue of the covariance matrix of all patches. Then, we only need to consider the
remaining parameters, namely, § and w. The value of parameter §, which is a significance
level, ranges from O to 1. Parameter w represents the patch size. To partition an image in a
meaningful manner, the value of w should by neither too big nor too small. The selection
of these two parameter values is important for the proposed algorithm. In Section 4.1, the
parameter design procedure is described in detail.
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4 Experimental analysis

In this section, the optimal parameters are determined by testing the proposed algo-
rithm using the parameters in the training set, and the experimental results regarding the
accuracy and robustness of the proposed algorithm are presented. We use the follow-
ing four well-known image datasets, which are typically used to evaluate image noise
level estimation methods: The first image dataset is comprised of 10 standard image
processing test images from the IVC databases [4]: Avion, Barbara, Boats, Clown, Fruit,
House, Isabe, Lena, Mandr, and Peppers. The resolution of these images is 512 x 512.
The second image dataset was obtained from the Tampere image dataset(TID2008)
[23] and contains 25 images that of size 512 x 384. The third image dataset is LIVE
[27], which contains 29 images with various resolutions. The last image dataset is
BSDS500 [3], which contains three image folders: BSDS500-test (200 images), BSDS500-
train (200 images), and BSDS500-val (200 images); the resolution of these images is
481 x 321. In our experiments, zero-mean Gaussian noise with the standard deviations of
o = 5,10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, and 100 is added to all the images in the
datasets. Finally, state-of-the-art algorithms [5, 15, 19, 24, 34], whose source codes are
available online' 234, are compared with the proposed algorithm. The code of the proposed
algorithm can be found online at https://ww?2.mathworks.cn/matlabcentral/fileexchange/
64519-natural-image-noise-level-estimation-based-on-flat-patches-and-local-statistics.
All the methods are implemented in MATLAB (24 GB RAM, 2.66 GHz CPU, and an
Intel(R) Xeon(R) processor).

4.1 Parameter configuration

Parameters § and w are configured via trial and error. First, we determine the optimal value
of w. In the interval (0, 1), we use insertion points with a step-size of 0.1 as candidate values
for § and consider limiting w to a reasonable range. In [19], Liu et al. selected w = 7 as the
patch size. In [24], the value of w was selected as w = 5 and w increased with the image
size. In [15], Jiang et al. selected w = 5 and 6 = 0.9 as the optimal values and reported that
their algorithm is more suitable for high-frequency images if § is small. In most algorithms,
the optimal patch size is set to a value that is between 5 and 9. Thus, we consider these values
as candidate values. To enhance the adaptability of the algorithm to high-frequency images,
we consider values that are smaller than 0.9; specifically, the values of 0.7, 0.8, and 0.9 are
considered. Then, we introduce these parameters into the proposed algorithm and apply the
proposed algorithm to noisy data that are simulated from 200 natural images in BSDS500-
train [3]. Additionally, large-range synthetic Gaussian noise with the standard deviations of
o =5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, and 100 is added to each clean image. To
improve the accuracy of parameter selection, 50 simulations are conducted in each case and
the average value is considered. Subsequently, we evaluate the accuracy and robustness of
the proposed algorithm under various parameter values by using the evaluation matrix that is
defined in Section 4.2. Figure 1 presents the results for various parameter values. According
to Fig. 1a and b, among the values of § that are considered in the experiments, the estimation

Uhttp://physics.medma.uni- heidelberg.de/cms/projects/132-pcanle
Zhttp://www.ok.sc.e.titech.ac jp/res/NLE/AWGNestimation.html
3http://people.csail. mit.edu/danielzoran/
“http://appsrv.cse.cuhk.edu.hk/gychen/
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Fig. 1 Results of proposed algorithm with various values of parameters § and w for DSDS500-train (200
images). a Bias, b MAE, ¢ RMSE, and d Std

result is most accurate when w = 8 because the Bias value and the maximum absolute
error (MAE) value are smaller in most cases. Next, we consider the overall performance. As
shown in Fig. lc, the root mean square error (RMSE) values that correspond to w = 5, 6, 7,
and 9 are larger than the RMSE value that corresponds to w = 8 with the same noise level.
As shown in Fig. 1d, for all values of § and w, the difference between the Std values is very
small. However, a larger value of o may lead to a larger Std value. Therefore, we determine
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Evaluation results

Fig.2 Evaluation results of the proposed algorithm with respect to §

8 to be the optimal value for parameter w. Next, optimal value of parameter § is determined.
We consider the initial value of § to be 0.1 and increment it to the final value of 0.9 using
a step-size of 0.1. The final result is obtained by utilized these values of § and w in the
proposed algorithm. The results are presented in Fig. 2. According to this figure, the Bias,
Std, and RMSE values are smaller when § = 0.8. Therefore, we select § = 0.8 and w = 8
as the optimal parameter values.

4.2 Evaluation metrics

To evaluate the noise estimation performance, we use three well-established criteria,
namely, accuracy, reliability and overall performance, which have been considered in most
studies in the literature. Accuracy and reliability are typically represented by the aver-
age estimation error and the variance of the estimation errors, respectively. Thus, in this
study, we employ the following four indictors to evaluate the performance of the proposed
algorithm.

Estimation Bias is defined as follows:

Bias(6) = |E(oc — E(5))|. (25)
The robustness of an estimator is defined as follows:
Std(6) = VE[o —E(6)]2. (26)

The RM SE is defined as follows:

RMSE(6) = v/ Bias2(6) + Std2(5). 27
The M AE is defined as follows:

MAE(G) = max{|6) — o, |62 —ol,--- oy —ol}. (28)
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4.3 Results
4.3.1 Patch selection

According to (20), the estimation results are closely related to the number of flat patches.
Therefore, accurate flat patch selection leads to accurate estimation results. Here, we com-
pare the patch selection results of Algorithm 1 with those of various other algorithms. We
chose four images from DSDS500-test, namely, #130066, #77062, #107072, and #108004,
which are shown in the first row of Fig. 3. The second row presents the results that were
obtained by the weak textured patch selection method that was reported in [19]. The third
row presents the results that was obtained via the flat patch selection method that was
reported in [15]. The last row presents the results that were obtained by the proposed algo-
rithm. All selected patches are shown in white. In the first two images, the total number of
patches that were selected by the algorithm that was reported in [15] exceeds the number
of patches that were selected by the algorithm that was reported in [19]. For the last two
images, the opposite is true. However, for all images, the flat patches that were selected by
the proposed algorithm were closest to the actual flat area. According to Fig. 3, the patches
that were used in the proposed algorithm approximated the actual flat area; hence, improved
accuracy in flat patch selection was realized.

Fig.3 Comparison of patch selection results, where the white regions represent the patches that were selected
using various patch selection methods. The first row shows images #130066, #77062, #107072, and #108004
from BSDS500-test. The second row presents the results that were obtained by the weak textured patch
selection method that was reported in [19]. The third row presents the results that were obtained by the flat
patch selection method that was reported in [15]. The last row presents the results that were obtained by the
proposed algorithm
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Table 5 Results of the compared methods for all datasets, where bold font indicates the best result

Method RMSE Std Bias MAE
Ref. [34] 1.5866 1.4378 0.6711 8.6720
Ref. [19] 0.6843 0.5258 0.4380 3.0462
Ref. [24] 1.7460 1.4180 1.0190 5.4100
Ref. [15] 0.9105 0.5541 0.7224 3.2398
Ref. [5] 0.3448 0.2933 0.1812 3.22962
Ours 0.2577 0.2498 0.0634 2.7288

4.3.2 Noise level estimation results

Using the parameter values that were selected in Section 4.1, we compar the proposed algo-
rithm with state-of-the-art algorithms [5, 15, 19, 24, 34] on various scenes under various
noise levels. For the algorithms that were reported in [5, 15, 19, 24], the parameter values
that were reported in the original studies are used. For the algorithm that was reported in
[34], the result is sensitive to the initial value. To ensure a fair comparison, we select the
initial value of 0.5 and increment with a step-size of 0.5 until we obtain the optimal result.
In the comparative experiments, the final noise level estimation result is obtained by aver-
aging the noise level estimates of each channel when handling a color image in each image
dataset.

First, we present the results that were obtained for the challenging BSDS500-test dataset.
This dataset contains 200 images that depict scenes that closely resemble real-world envi-
ronments. Most of the images in the dataset contain small homogenous areas and rich
features. The proposed algorithm yields more accurate noise level estimation results, par-
ticularly when the added true noise level is high. According to Table 2, on low noise levels,
the algorithm that was proposed in [5] and [19] outperforms the other methods. In con-
trast, the RMSE and Bias values of the proposed algorithm are smaller than those of the
other schemes when the noise level exceeds 30. Hence, for the BSDS500-test dataset, the
proposed algorithm is more accurate and scene-independent under higher noise levels.

Moreover, according to Table 3 on the IVC [4] dataset, the proposed algorithm outper-
forms the other algorithms. The RMSE demonstrates significant comparative advantages
for almost all noise levels; hence, the proposed algorithm is more accurate and robust on the
IVC dataset.

Next, we consider the estimation results that were obtained for the TID2008 dataset,
which contains 25 RGB images without any compression and wherein one image is artificial
while the other images depict real-world scenes. Although the images in this dataset are
considered to be noise-free, they still contain low levels of noise, with the exception of the
artificial image. By following the methodology that was proposed in [19, 24], we correct
each estimation result by calculating 62 ,, = 02, — afe r» Where orze represents the inherent
noise that is contained in each reference image. These values are available online at http://
physics.medma.uni-heidelberg.de/cms/projects/132-pcanle. Moreover, 062” represents the
estimation results. According to Table 4, the RMSE, Bias, and MAE values of the proposed
algorithm are smaller than those of the other schemes when the noise level is high. There
is no significant difference between the Std value that is obtained by the algorithm and
the minimum Std value; thus, the accuracy of the proposed algorithm is higher when the
reliability is the same.
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Finally, we apply the proposed algorithm to all images in the IVC, TID2008, LIVE,
BSDS500-test, and BSDS500-val datasets. According to the results, which are presented in
Table 5, the proposed approach yields the highest accuracy among all compared methods
[5, 15, 19, 24, 34].

5 Conclusions and future work

In this paper, we have proposed a new patch-based algorithm that linearly combines
overestimated and underestimated results to evaluate the noise levels in images that are con-
taminated by Gaussian noise. Moreover, we have discussed the relationship between the
eigenvalues and the true noise level, which forms the theoretical foundation of the proposed
algorithm. Our algorithm can overcome the underestimation of noise level estimation algo-
rithms that employ the minimum eigenvalue. In comparison with five state-of-the-art noise
level estimation algorithms, the proposed algorithm yields higher accuracy and robustness
for a large range of visual content and noise conditions. The parameters were determined
according to the experimental results that were obtained by the algorithm for the dataset.
The selected parameters render the algorithm widely applicable, and the results obtained
by the algorithm have excellent accuracy. However, the selected parameters may not be the
optimal values. The optimal configuration of the algorithm’s parameters will be the subject
of future work.
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