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Abstract

The images captured with CMOS sensor in γ radiation scene mainly

affected by single-shot noise, induced noise and ionized air glow noise.

In this paper, we propose a two-stage image denoising method based

on speckle splitting to improve the clarity of the image originated

from the γ radiation scene. Concretely, we first losslessly split the

noisy image into multiple sub-images by dilated down-sampling, mak-

ing the speckle noise in the original image decomposed into isolated

point noise in the sub-images. Secondly, the median filtering is uti-

lized to remove salient noise in sub-images. Lastly, aiming at the

problem of incomplete denoising due to subtle differences between

non-salient noises and background pixels. The gradient-guided NLM

filtering in YUV color space is presented for second-stage denois-

ing. Extensive experiments are carried out on the images captured

from Co60 γ radiation scene. Compared with the original image, our

method improves the PSNR by 8.17dB and SSIM by 0.32. Experimental
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results demonstrate that the proposed method enjoys the state-of-

the-art performance in improving the clarity of γ radiation image.

Keywords: γ radiation, speckle noise, image denoising, speckle splitting, NLM

1 Introduction

With the deepening exploration of human society in nuclear energy develop-
ment, space exploration and artificial irradiation, the need for clear visual-
ization of γ radiation scenes has become more and more urgent[1]. However,
affected by the gamma photons, the image in gamma radiation environment
becomes blurred due to the influence of speckle noise, which seriously inter-
feres with the visual quality of the scene image, making denoising methods
based on image processing has attracted a large amount of researchers[2, 3].

The noise in the γ radiation scene image mainly contain single-shot noise,
induced noise and ionized air glow noise. As shown in Figure 1, the single-shot
noise is shown as irregular white speckle in the elliptical region, the induced
noise is shown as irregular black areas in the trapezoidal region, and the ionized
air glow noise is shown as colored pixels in the rectangular region. Compton
scattering between gamma photons and COMS sensors is the main cause of
single-shot noise [4, 5]. The induced noise mainly caused by the Compton
secondary electrons in conjunction with the image sensor Wide Dynamic Range
(WDR). High-energy photons transfer a large amount energy to air molecules
and make the air glowing, which is captured by COMS sensor and produce
ionized air glow noise[6]. The aforementioned generation mechanisms of kinds
of noise are the significant cues to remove them. There are three categories
characteristics of noise.

Fig. 1 Noise in the γ radiation image

The first is the geometric characteristic of noise. Due to the isotropic char-
acteristic of radioactive source decay process, the incident angle and motion
trajectory of high-energy photons acting on the CMOS sensor are independent
of each other, which leads to the characteristic of noise with different shapes,
random locations. Moreover, the density of speckle noise becomes denser with
the increase of irradiation dose[1, 5, 7–10]. The geometric characteristics of



Springer Nature 2021 LATEX template

γ Radiation Image Denoising Based on Speckle Splitting 3

gamma radiation noise are applied to denoise the gamma radiation image from
the perspective of local information association [11–13].

The second is the color characteristic of noise. To the best of our knowl-
edge, the single-shot noise is mainly white patches and the induced noise is
mostly black patches. The ionized air glow noise is mainly blue and reddish
brown, and its appearance is closely related to the characteristic electromag-
netic wave released by air molecules. In RGB color space, there is one channel
of noise image which is much larger than the normal image at least. In [14–16],
researchers utilize the median filter and its variants to improve the clarity of
radiation image based on the color characteristics of gamma noise.

The last one is the temporal impulse characteristics of noise. Considering
the transmission time of gamma photons in CMOS sensor is very short. Com-
pared with the exposure time of CMOS, the influence of single photon does not
have continuous characteristic for imaging result. That is, gamma radiation
noise enjoys transient characteristics. In [17–19], motivated by the transient
characteristics of gamma, Researchers exploit the sequence information to
improve image quality.

In this paper, we mainly investigate how to improve the visual qual-
ity of radiation image from the perspective of noise generation mechanism.
To this end, we propose a novel gamma radiation image denoising method
based on speckle splitting. At first, speckle noise is decomposed into iso-
lated point noise through dilated down-sampling. And then, a median filtering
based on noise detection is proposed to repair the salient noisy pixels. Lastly,
we apply gradient-guided non-local means (gradient-guided NLM) to reduce
non-significant noise.

To summary, the main contributions of this paper can be concluded as
follows:

• We present a novel two-stage gamma radiation image denoising method
based on speckle splitting.

• We construct a non-salient noise reduction method by applying gradient-
guided NLM filtering in YUV color space.

• Extensive experiments conducted on the true gamma radiation dataset show
that the proposed method outperforms the state-of-the-art radiation image
denoising approaches.

The rest of this paper is organized as follows: Section 2 introduces a brief
review on recent work. Section 3 elaborates the implementation details of our
proposed method. Extensive comparison experiments are carried out on the
true gamma radiation dataset in Section 4. Last, a conclusion is drew in Section
5.

2 Related Works

In this section, we briefly review relevant works including temporal correlation
denoising and spatial structure denoising.
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2.1 Temporal Correlation Denoising

In the artificial irradiation facilities, nuclear power plant, etc., due to the imag-
ing stationary, the scene images has the characteristics of background temporal
correlation, while the γ radiation noise has transient characteristics. Many
researchers have conducted a series of exploration of γ radiation noise removal
based on the different characteristics between background pixels and noisy pix-
els. [19] performed noise detection and removal by subtraction and addition of
adjacent images, which is effective for small isolated noise and unsatisfactory
for dense speckle. [18] utilized temporal mean filtering to remove speckle noise
in the nuclear reactor monitoring images. This way has the problem of detail
blurring. [16] proposed a gradient difference denoising method based on the
discrete characteristics of clean image and noisy image in time-domain and
space-domain. This approach cannot remove subtle residuals. [17] constructed
an average time-sequence method to remove gamma radiation noise by using
the time sequence impulse characteristics of gamma noise. This method have
a certain effect on single-shot noise and induced noise, but the performance
on the ionized air glow noise is not desirable.

2.2 Spatial Structure Denoising

The premise of background fixation limits the application and development
of temporal denoising methods, making spatial structure denoising methods
that find the difference between noisy pixels and non-noisy pixels in an image
attract more interest. [11] utilized the correlation degree of local details of
image to detect and remove gamma noise, which has a good effect on the
salient single-shot noise, but it cannot deal with air glow noise and induced
noise. [13] applied NLM to denoise the nuclear medical images, which ignored
the effects of the induced noise and airglow noise. [20] proposed a denoising
method for nuclear medical noise image, called Bitonic filtering, which had
a serious impact on the image details. [21] utilized the improved BM3D to
remove the speckle noise in CT image. [22] applied the anisotropy filtering
to denoise the DTI image. [12] treated the gamma noise as additive speckle
noise and exploited the block difference minimization constraint to detect and
remove noise. This type of methods had a good performance on small-scale
speckle noise, but it cannot work well on the large-scale noise. [23] proposed a
gamma noise detection and denoising scheme based on total variation, which
is effective for single-shot noise and air glow noise, but the performance on
the induced noise is not desirable. The median filter[15], Wiener filter[24] and
wavelet transformer[14] are also used to remove the speckle noise in radiation
image. However, these methods can only effectively deal with single-shot noise
and induced noise, and cannot work well in the removal of ionized air glow
noise.

In this paper, we apply dilated down-sampling strategy to divide speckle
noise into isolated noise. Then, the detection based median filtering is used to
remove the salient noise, including single-shot noise center and induced noise.
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What’s more, the gradient-guided NLM filtering in YUV color space is built to
alleviate the problem of ionized air glow noise and the fine edge of single-shot
noise.

3 Methodology

In this section, we elaborate the proposed gamma radiation image denoising
method. As shown in Figure 2, there are three main parts in the denoising
scheme, including speckle splitting, detection based median filtering, gradient-
guided NLM filtering. Sec.3.1 depicts how to decompose the speckle noise
to point noise through dilated down-sampling. Sec.3.2 describes the median
filtering of salient noise in split sub-images. Last, the Laplace gradient-guided
NLM filtering is designed for second-stage denoising, repairing the noisy pixels
of speckle edge and non-significant ionized air glow noise.

Source image (620x400) Split sub-images (4x310x200) First-stage denoised sub-images (4x310x200)

First-stage denoised result (620x400)Two-stage denoised result (620x400)

Dilated down-sampling

Detection based median filtering

Sub-images’ Merging

Gradient-guided NLM filtering

Fig. 2 An overview of the proposed γ radiation image denoising method

3.1 Speckle Noise Splitting

According to the geometric characteristics of γ noise, speckle noise has the
characteristics of various geometric forms, random locations, and various size,
resulting in it is difficult to accurately separate them from the background
pixels with a suitable mathematical model. However, for whole scene image,
the background pixels have a wide-range similarity property, that is, the pixel
are similar in a larger range, while the γ noise has similarity only within the
speckle and has strong differences with other pixels. So as shown in Figure 3,
we use neighborhood dilation method for speckle splitting.

As shown in Figure 3(a), the γ radiation noise is distributed in patchy
aggregates, and it is difficult to obtain the difference between the noise and the
background pixels when performing spatial structure denoising, so the image
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3 4
1 2

(a) (b)

1 2

3 4

Fig. 3 The process of dilated down-sampling

is losslessly down-sampled into a set of sub-images as shown in Figure 3(b)
by dilating the neighborhood of each pixel with radius r, and then sliding
sampling in the original image. In the split sub-images, the speckle noise is
easily isolated as point noise, and other pixels achieve a good preservation of
image details.

For the input γ radiation image I, after the dilated down-sampling with
radius r, the correspondence of pixels Si(x, y) between sub-images and original
can be described as Eq.1.

Si(x, y) = I ((x · r + i/r), (y · r + i\r)) (1)

where i denotes the index of sub-images, and \ is the modular operation.

3.2 Detection-based Median Filtering

Dilated down-sampling divide speckle noise into isolated point noise, and
median filtering has excellent adaptability to this type of noise. However, con-
ventional median filtering performs median substitution for each pixel, causing
the background pixels to be blurred. In this paper, detection-based median
filtering is used to remove point noise after splitting and preserve image details.

For the pixel Si(x, y) in sub-images, its 8-neighborhood pixels set N can
be obtained by Eq.2.

Si(x2, y2) ∈ N if (‖x2 − x‖ = 1 or ‖y2 − y‖ = 1) (2)

Then the difference of pixel Si(x, y) and each pixel in N can be expressed
as Eq.3.

C(x, y) =
∑

c∈{R,G,B}
sgn

(

‖Nc
k − Sc

i
(x, y)‖ − t1

)

(3)

where C(x, y) denotes the difference between pixel Si(x, y) and neighborhood

pixels, k ∈ {1, 2, . . . , ‖N‖}, sgn(x) =

{

1 if(x ≥ 0)
0 otherwise

is the sign function. Since

the pixel in each neighborhood are not identical, the difference between the
current pixel and other pixels is considered different only when the difference
is greater than the threshold t1.

According to the color characteristics of γ noise, noisy pixels are quite
different from background pixels. However, due to the problem of incomplete
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splitting during dilated down-sampling, some noisy pixels may still exist in the
neighborhood, so the collective consistency principle shown in Eq.4 is adopted
to judge the current pixel as noise when most of the neighborhood pixels are
different from the current pixel.

R(x, y) = sgn (C(x, y)− λ · ‖N‖) (4)

where ‖N‖ denotes the number of neighborhood pixels. And λ is the scale
factor, which determines the number of dissimilar pixels needed for the current
pixel to be judged as noise.

After the current pixel is judged as a noisy pixel, in order to eliminate
the interference of other noisy pixels on the median selection, the pixel points
different from the current pixel are selected to the set of valid pixels, and the
filtering method is shown in Eq.5.

Nk ∈ NV if
(

‖Nc
k − Sc

i
(x, y)‖ > t1

)

(5)

where NV is the set of the valid pixels, its median value is used to repair
the noisy pixel in the sub-images. Then the denoised sub-images are inverse
processed according to the down-sampling method to realize the first-stage
denoising of γ radiation image.

3.3 Gradient-guided NLM Filtering

Although the detection based median filtering method effectively removes the
salient noise, the problems of weak noise with little difference between speckle
edges and background pixels, non-significant ionized air glow noise, and uneven
local structure of the image after inverse down-sampling caused by the differ-
ence in the median selection of each sub-images are not well resolved. In this
paper, after first-stage denoising, non-salient noise are detected and repaired
using the Laplace gradient-guided NLM filtering in the YUV color space.

For the noisy block vi in the input image I, NLM filtering[25] method
globally finds multiple similar blocks vj and then weights theses blocks to
recovery vi. Its mathematical description is shown as Eq.6.

NL(vi) =
∑

j∈I

ω(i, j) · vj (6)

where ω(i, j) = 1
Z(i)e

−‖v(Ni)−v(Nj)‖2
2
,σ

h2 denotes the similarity weight coefficient

between blocks vi and vj , and Z(i) =
∑

j

e−
‖v(Ni)−v(Nj)‖2

2
,σ

h2 is the normalization

factor, σ is the standard deviation of Gaussian kernel, and h is the smoothing
factor.

NLM method smooth fine noisy texture through non-local Gaussian filter-
ing. However, the γ radiation image has a large number of background pixels
in addition to the noisy pixels, and all pixels filtered by NLM will cause serious
damage to the image details. Then the detection based denoising strategy is



Springer Nature 2021 LATEX template

8 γ Radiation Image Denoising Based on Speckle Splitting

still used in this section. According to the geometric characteristics of γ radi-
ation noise, the distribution of speckle edge is messy, while the background
pixels have certain structural characteristics, resulting in the Laplace gradi-
ent of noisy pixels in YUV color space more significant. Therefore, this paper
detects and removes the non-salient noise in the YUV color space guided by
Laplace gradient.

For the input γ radiation image I, the Laplace gradient Dc c ∈ {Y, U, V }
in the YUV color space can be obtained by Eq.7.

Dc =
∂2Ic

∂x2
+

∂2Ic

∂y2
(7)

then the Laplace gradient-guided NLM filtering method can be described by
Eq.8.

NL(vi) =

{ ∑

j∈I

ω(i, j) · vj if(Dc > t2)

vi otherwise
(8)

where t2 is the gradient threshold for the noisy pixels, and it is set to 80 by
experiments on a large amount of γ radiation image.

4 Experiments

In this section, the proposed method is evaluated and compared with the state-
of-the-art radiation image denoising approaches. The comparative experiments
are conducted on the gamma radiation images which are collected by right
camera of ZED 2 in the Co60 radiation chamber with a radiation dose of
110Gy/h, and all images are acquired when the camera was exposed to a Total
Ionized Dose (TID) about 73.35Gy.

4.1 Experimental Configuration

To validate the effectiveness of the proposed method, we select state-of-the-art
gamma-denoising methods Chen[23], Park[13], Treece[20] and Zhao[21] as the
comparison methods. The parameters of each comparison method are config-
ured with reference to the original configuration and carried out on the same
platform (Laptop with Intel Core i5-7500@3.4GHz, 8G memory. IDE is Visual
Studio 2015 @ OpenCV 4.2).

4.2 Metrics

Conventionally, we exploit two widely used metrics, Peak Signal to Noise Ratio
(PSNR) and Structural Similarity (SSIM)[17], to measure the performance of
our proposed method. As shown in Eq.9, PSNR represents the power ratio
between signal and noise in the image. As depicted in Eq.10, SSIM synthesizes
the brightness, contrast and structural similarity between the denoised image
and non-noise image. The larger the values of above two metrics, the better
the quality of the image.
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MSE = 1
M ·N

M−1
∑

i=0

N−1
∑

j=0

[Id(i, j)− T (i, j)]
2

PSNR = 10 · log10

(

[max(Id)]
2

MSE

)

= 20 · log10

(

max(Id)√
MSE

)

(9)

{

l(Id, T ) =
2µIdµT+c1
µ2
Id

+µ2
T
+c1

c(Id, T ) =
2σIdT+c2

σ2
Id

+σ2
T
+c2

, s(Id, T ) =
σIdT+c3
σIdσT+c3

SSIM(Id, T ) = [l(Id, T )]
α
· [c(Id, T )]

β
· [s(Id, T )]

γ
(10)

4.3 Experimental Results

In order to clearly demonstrate the denoising effect of our method, several
comparison experiments are conducted in real γ radiation images. The typical
results are shown as Figure 4, and the quantitative evaluations are shown as
Table 1.

(a) Source image (b) Ours (c) Chen

(d) Park (e) Treece (f) Zhao

Fig. 4 Visual comparison of denoised image

Table 1 Quantitative comparisons of different denoising methods

Methods Source Ours Chen Park et al Treece Zhao et al

PSNR(dB) 19.80 27.97 26.21 20.27 25.70 19.87
SSIM 0.43 0.75 0.70 0.48 0.69 0.43

As shown in Figure 4 and Table 1, our proposed method achieves the best
performance.

4.4 Ablation Studies

In order to verify the effectiveness of the denoising strategies, we conduct
several ablation experiments on the radius r of dilated down-sampling, the
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difference threshold t1 and scale factor λ of the median filtering, the block
scale c and smoothing factor h of the NLM filtering, as well as the first-stage
denoising and second-stage denoising.

4.4.1 Effects of the dilation radius

Dilated down-sampling as the cornerstone of the denoising, the larger the dila-
tion radius r, the more thorough the speckle splitting is, but at the same time,
the greater the detail damage is. The denoising effects at different dilation
radius is given in Figure 5, and the quantitative comparison is shown in Figure
6.

(a) r = 2 (b) r = 3 (c) r = 5 (d) r = 7 (e) r = 15 

Fig. 5 Noise removal effects of dilation radius under different values
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 SSIM
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0.68

0.69

0.70

0.71

0.72

0.73

0.74

0.75

0.76
 S

SI
M

Fig. 6 Quantitative evaluation of dilation radius under different values

As shown in Figure 5 and Figure 6, the denoising method will obtain
the best performance when r=2. In the case of images with more structured
background pixels and fewer fine texture features, the dilation radius can be
appropriately increased, but for applications with rich texture, a small dilation
radius is better for retaining details.

4.4.2 Effects of the difference threshold and scale factor

The difference threshold t1 is used as a baseline for the difference between
noisy pixels and background pixels. A larger value requires a greater degree of
difference between noise and background, and a smaller value can easily lead
to the image edges being misclassified as noise pixels. And the scale factor λ is
used to determine the outlier characteristic of center pixel and the neighboring
pixels. The larger its value is, the more isolated the noise needs to be, and the
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smaller its value is, the easier it is for the image edges to be misclassified as
noise. The quantitative comparison at different difference threshold and scale
factor is shown as Figure 7.

25 35 45 55 65

25.0

25.5

26.0

26.5

27.0

27.5

28.0  PSNR

 SSIM

Threshold

P
S

N
R

 (
d
B

)

0.69

0.70

0.71

0.72

0.73

0.74

0.75

0.76

 S
S

IM
0.45 0.55 0.65 0.75 0.85

25.0

25.5

26.0

26.5

27.0

27.5

28.0  PSNR

 SSIM
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P

S
N

R
 (

d
B

)

0.725

0.730

0.735

0.740

0.745

0.750

0.755

 S
S

IM

(a) Quantitative comparison of different 1t (b) Quantitative comparison of different l

Fig. 7 Quantitative comparison of difference threshold and scale factor under different
values

As shown in Figure 7, proposed method achieved the best performance
when t1=45 and λ=0.65. The speckle center of γ radiation noise has strong
impulse characteristics, so the difference threshold at 45 can well remove such
salient noise and effectively retain the image details. Since the fixed dilation
radius is difficult to adapt to the various size of the speckle noise, the scale
factor is designed to detect the noise in the case of incomplete speckle splitting.

4.4.3 Effects of the block size and smoothing factor

NLM filtering finds and weights multiple similar blocks in original image for
noise removal. It is difficult to find similar blocks if the block size is too large,
and the noise cannot be completely removed if the block size bs is too small.
The smoothing factor h determines the weights of multiple similar blocks, the
larger the value the better the denoising effect and the more likely to damage
the image details, the smaller the value the better it is to retain the image
details, but the effects of noise removal is insufficient. As shown in Figure 8,
our method gets best results when bs=7 and h=5.

4.4.4 Effects of the first-stage denoising and the second-stage

denoising

The first-stage denoising includes speckle splitting and median filtering, while
the second-stage denoising is NLM filtering. The dilation splitting divides the
speckle noise into isolated point noise, and the salient noise are removed by
median filtering, then the NLM filtering repairs non-significant noisy pixels. We
compare the image denoising scheme without first-stage denoising, the image
denoising scheme without second-stage denoising and ours, as shown in Figure
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Fig. 8 Quantitative comparison of block scale and smoothing factor under different values

9 and Table 2, the image denoising method combining first-stage denoising
and second-stage denoising can achieve the best denoising performance.

(a) Source image (b) Splitting & Median (c) NLM (d) Splitting & Median & NLM

Fig. 9 Comparisons of visual effect with different denoising methods

Table 2 Quantitative Comparison of Ablation Studies

Splitting Median NLM PSNR(dB) SSIM

X X 20.77 0.48
X 22.67 0.54

X X X 27.97 0.75

5 Conclusion

In this paper, we propose an image denoising method based on speckle splitting
to improve the clarity of the raw image originated from the γ radiation scene.
We first decompose the speckle noise into isolated point noise by dilated down-
sampling. And then, the detection based median filtering is used to detect
and remove salient noise. Meanwhile, we utilize gradient-based NLM filtering
to repair non-significantly noisy pixels. Extensive experimental results demon-
strate the effectiveness of our method. Specifically, compared with the original
image, the PSNR of the proposed method is improved by 8.17dB and the SSIM
is boosted by 0.32. In the future work, we will further investigate the temporal
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characteristics of the noise and the background, and study the combination of
temporal features and spatial structure for γ radiation image denoising.
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