|

Check for
updates

Research Article

Optics EXPRESS

Superior techniques for eliminating ring
artifacts in X-ray micro-tomography

NGHIA T. Vo,* ROBERT C. ATWOO0OD, AND MICHAEL DRAKOPOULOS

Diamond Light Source, Harwell Science and Innovation Campus, Didcot, Oxfordshire OX11 0DE, UK
*nghia.vo@diamond.ac.uk

Abstract: Synchrotron-based X-ray micro-tomography systems often suffer severe ring
artifacts in reconstructed images. In sinograms the artifacts appear as straight lines or stripe
artifacts. These artifacts are caused by the irregular response of a detecting system giving rise
to a variety of observed types of stripes: full stripes, partial stripes, fluctuating stripes, and
unresponsive stripes. The use of pre-processing techniques such as distortion correction or
phase retrieval blurs and enlarges these stripes. It is impossible for a single approach to
remove all types of stripe artifacts. Here, we propose three techniques for tackling all of them.
The proposed techniques are easy to implement; do not generate extra stripe artifacts and
void-center artifacts; and give superior quality on challenging data sets and in comparison
with other techniques. Implementations in Python and a challenging data set are available for
download.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In a parallel-beam tomography system, 2D projections (images) of a sample, formed by the
penetration of parallel X-rays, are recorded at different angles over 180° using a 2D detector.
Combining all projections in sequence for a single row forms a sinogram. Applying a
reconstruction method [1] on this sinogram yields a reconstructed 2D slice of the sample. Any
defects in the recording system which cannot be removed by the flat-field correction
technique [2] result in stripe artifacts in the sinogram (Fig. 1(a)) which appear as ring artifacts
in the reconstructed image (Fig. 1(b)). A detector usually consists of an X-ray fluorescent
scintillator, a visible light optics system, and a digital camera chip. Defects can come from
different parts of the detector including the non-linear response of the sensor chip, dust on the
optics components (lens, mirrors...), and especially the scintillator, which is the major
contributor. It is very challenging to fabricate scintillators with high quality, high resolution,
and radiation tolerant for using at synchrotron facilities. High flux of X-rays in a long period
can damage micro-structures of the scintillator, release particles from the surface of optics
components (mirror, anodized layers...) which can be deposited on the surface of the
scintillator and degrade its quality over time, as shown in Fig. 2. Although frequent
replacement and effective cleaning is feasible, damage can still occur during a time-resolved
experiment that cannot be interrupted.

A number of methods for removing stripe artifacts have been proposed. However, large
data volume collected in the limited availability of beam time at synchrotron facilities dictates
that only a few approaches having low computational cost are used in tomographic software
packages [3—8]. These approaches can be classified into two categories: real space methods
and Fourier space methods. The normalization-based methods [9] and regularization-based
methods [10] both working in real space are easy to use, but only suitable for suppressing a
certain type of stripe. The FFT-based methods [11] and wavelet-FFT-based methods [12] can
work with more types of stripes, but are difficult to use with many parameters to adjust.
Besides, they can significantly impact the quality of the image if the parameters are chosen
incorrectly. All of the mentioned methods have two common disadvantages: they produce
extra stripe artifacts if there are high-frequency edges in the sinogram image; and increasing
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their strength may erase the center area of the reconstructed images (void-center artifacts).
Other post-processing methods [13], working on the reconstruction space, are not considered
here because they belong to different class of methods. They may not be suitable for cleaning
ring artifacts producing streak artifacts (Fig. 1(b)).

Fig. 1. Impact of defects in a detector system: (a) Stripe artifacts in the sinogram; (b) Ring
artifacts in the reconstructed image.

Fig. 2. Degradation of a scintillator during an experiment: (a) At the beginning of the
experiment; (b) After few days of use.

It is impossible for a single approach to remove all types of stripe artifacts. By
investigating the brightness profiles of stripes we classify them into four types: partial stripes,
full stripes, fluctuating stripes, and unresponsive stripes. They require different ways of
cleaning in which large stripes need a separate treatment to reduce the side effect of cleaning
methods. In this report, we propose three techniques to work on distinctively different types
of stripe artifacts: one is to tackle the small-to-medium partial and full stripes; one is to
remove large stripes; and one is to remove unresponsive stripes and fluctuating stripes. In the
first approach, stripe artifacts are removed based on the idea of equalizing the intensity
profiles of neighboring pixels. We introduce different versions of this approach depending on
the way of retrieving the underlying response curves. In the second approach, large stripes are
located first, then a strong removal tool is applied. However, only information in the stripes is
replaced by the corrected sinogram. This helps to reduce the side effects of the strong removal
tool. In this approach we introduce a reliable method of detecting stripes which is based on
the combination of four basic processing tools: normalizing, sorting, fitting, and thresholding.
In the last approach, unresponsive and fluctuating stripes are detected by a similar way used
in the second approach. Then the correction is done by interpolation. Details of each approach
are presented in section 2 with the subsection of classifying different types of stripe artifacts.
Section 3 shows the performance of our proposal methods on challenging data and in
comparison with other methods. All data were collected over time at the I12-JEEP beamline,
Diamond Light Source using the settings of 53keV X-rays, 1800 projections, 3.2 um pixel
size, and 1000 m sample-detector distance [14]. They were processed using 112 in-house
python codes [15—17] where the flat-field correction was applied before stripe artifacts were
removed. The filtered-back projection (FBP) method [18,19] was used for reconstruction.
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2. Method
2.1 Classifying types of stripe artifacts

By comparing the intensity profile of a defective pixel with its adjacent good pixel, we
classify stripe artifacts into different types, as described in Table 1; where the intensity profile
refers to the plot of the measured intensities against the angles or the grayscale profile of a
column of a sinogram. Figure 3 shows the characteristic intensity profiles of different types of
stripes which are extracted from the sinograms in Fig. 1(a) and Fig. 4.

Table 1. Classification of stripes

Abbreviation Type Description
S1 Unresponsive stripe | Intensities are independent of the angles (Fig. 3(a)) and
completely different compared with an adjacent good pixel.
S2 Full stripe Intensities are offset at all angles as compared with a
neighboring good pixel (Fig. 3(b)).
S3 Partial stripe Intensities are different at certain ranges of the angles but not all
angles (Fig. 3(¢)).
S4 Fluctuating stripe Intensities fluctuate significantly between the angles (Fig. 3(d)).
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Fig. 3. Characteristic intensity profile of a defective pixel (red color) in comparison with an
adjacent good pixel (blue color) for distinguishing the type of a stripe: (a) Unresponsive stripe;
(b) Full stripe; (c¢) Partial stripe; (d) Fluctuating stripe.
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Fig. 4. (a) Visual demonstration of the S2, S3, and S4 stripe. (b) Magnified view from the blue
frame in (a) shows the fluctuating stripe. (c), (d), and (e) Ring artifacts caused by the S2, S3,
S4 stripes, respectively.

The S1 stripes may come from dead pixels of the sensor chip, light-blocking dusts (dark
blobs in Fig. 2(a)) or damaged scintillator (bright blobs in Figs. 2(a) and (b)). They do not
respond to the variation of incoming X-ray intensity, giving rise to stripes of constant
brightness in the sinogram, as clearly visible in Fig. 1(a). Missing information in these stripes
impacts the reconstructed image; the constant intensity gives rise to a prominent half-ring (in
180-degree tomography), and high-frequency edges of the stripes are enhanced by the ramp
filter in the reconstruction process [19] and cause severe streak artifacts (Fig. 1(b)).

The S2, S3 and S4 stripes (Figs. 4(a) and (b)) originate from partially defective regions of
the detector and are difficult to detect in the radiographs. Still, they yield ring artefacts in the
reconstruction (Figs. 4(c)-4(e)) that hamper the analysis of the images. Figures 5(a) and (d)
show a flat-field image obtained using a scintillator that has been significantly degraded after
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a long period of use. Defective regions, called blobs, are clearly visible. The flat-field
correction of a single projection of a high-contrast object appears visually to be free of these
blobs as seen in Figs. 5(b) and (e). However, a deeper analysis shows that this correction,
which assumes a simple linear relationship between images with and without the sample, is
insufficient. Here we implemented a simple technique to analyze the response of each pixel
which helps to reveal a hidden map of defective regions of the detector. We acquired
projections of an X-ray absorber at different thicknesses by using a glass plate rotated in the
range of [0; 90°], then applied a linear fit to the logarithm of measured intensities against
thicknesses for all pixels (from the Beer-Lambert’s law [20]). Analyzing the deviation from
the linear fit of each pixel provides us a map of defective pixels as shown in Figs. 5(c) and (f).
For a good detector, one expects to get a uniform map.

Fig. 5. Demonstration of the difference between the flat-field image and the defective pixel
map. (a) Flat-field image; (b) Flat-field correction of a sample projection; (c) Defective map
showing the intercept values of the linear fit; (d) Magnified view from the rectangular box in
(a); (e) Magnified view from the rectangular box in (b); (f) Magnified view from the
rectangular box in (c¢) showing defective regions not visible in (d).

This simple technique is useful to characterize a detector system. Unfortunately, the
obtained defective map cannot be used directly for correcting the irregular response of each
pixel. In practice, the responses of defective pixels depend on the dynamic range of received
intensities and the impact of adjacent areas (i.e. light scattering of the scintillator) which are
dictated by the shape and absorption characteristics of a sample. Figure 6 shows the
tomographic slices of two samples, scanned under identical conditions, at the same row of the
detector where the first sample (Fig. 6(a)) produces a much lower dynamic range of
transmitted intensities than the second sample (Fig. 6(b)). As can be seen, there are ring
artifacts in the second sample which do not occur in the first one. The presence of the
extremely high-absorption object in the second sample creates very dark areas in the
scintillator. At certain angles, the dark X-ray shadow lies over the scintillator defects, and the
difference between the defective response and normal response becomes significant. Thus the
ring artifacts are enhanced over that range of angles, giving rise to partial rings.

Fig. 6. Occurrence of the ring artifacts depends on the dynamic range of the incoming
intensities. (a) Reconstructed image from the sample giving a low dynamic range of
transmitted intensities; (b) Reconstructed image of the same detector row from the sample
giving a high dynamic range of transmitted intensities, which shows the partial rings
(arrowed).
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2.2 Removing small-to-medium partial stripes and full stripes

From the characteristic intensity profiles of the S2 and S3 stripes, we found that the difference
of the low-frequency component of the intensity profile between adjacent pixels is the main
cause of the stripe artifacts of type S2 and S3. Exploiting this difference for removing stripes
is the key idea of our approaches. To equalize the responses of adjacent pixels we can apply
some types of smoothing filters along the horizontal direction of the sinogram. This approach,
however, introduces void-center artifacts and blurs the reconstructed images. To avoid this
problem, we need to extract the underlying response curve of each pixel which reveals the
map of differences, then a smooth filter or a correction method can be applied. Table 2
presents three different approaches based on three different ways of retrieving the underlying
response curves of the sinogram.

Table 2. Algorithms for removing stripes of type S2 and S3

Algorithm 1 Algorithm 2 Algorithm 3

Step 1 Apply a polynomial fit on Separate the high and low Sort each column of the
each column using the same frequency component of each sinogram by its grayscale
order to get a fitted sinogram. | column using the same window. values.

Step 2 Apply a smoothing filter Apply a smoothing filter on the Apply a smoothing filter on the
along the horizontal direction | low-pass components along the sorted image along each row.
to remove vertical stripes. horizontal direction.

Step 3 Multiply the result of step 2 Recombine the components to Re-sort the smoothed image
by the sinogram, then divide obtain the corrected sinogram columns to the original rows to
by the fitted sinogram. get the corrected sinogram.

Although the implementation is different, the underlying ideas of algorithm 1 and 2 are
similar. They both equalize the low-pass components of the intensity profiles of the adjacent
pixels. The choice of the polynomial order in step 1 of algorithm1 and the size and type of a
window in step 1 of algorithm 2 is flexible and depends on the complexity of sinogram
features. We found that algorithm 1 should be used for a sinogram having a low dynamic
range of intensities, i.e. its low-pass components can be represented by low order polynomial
fits (1-5). The strength of the smooth filter in step 2 is controlled as a tradeoff between
removing stripe artifacts and reducing extra artifacts. There are a number of choices for
parameters and filters used in algorithm 1 and 2. Therefore, we do not go into details of these
choices. Readers can refer to our implementation using the link provided in section 4.

To our surprise, algorithm 3 is the simplest approach but very efficient. It works
particularly well on partial stripes which other published methods mentioned struggle to deal
with. Figure 7 illustrates the use of algorithm 3 on a sinogram which results a clean
reconstructed image as shown in Fig. 8. The effectiveness of algorithm 3 can be understood
by considering the following approximating assumptions: Adjacent areas of the detector
system are sampling the same range of incoming flux because the sample has continuous
variation in intensity; the irregular areas are small compared to the representative level of
details in the sample. If the detector system is ideal, the total range of brightness observed at
neighboring pixels should be the same. This means that if the measured intensities are sorted
in order of brightness, we should expect the same distribution in neighboring pixels. Under
the assumption of small irregular areas, we can use the brightness sorted values to identify,
compare and correct the irregular areas. Applying a smoothing filter is the easiest way of
correction, but the presence of sharp edges in the sample may yield artifacts (bright partial
stripes in Fig. 7(e)). These extra artifacts cause streak artifacts in the reconstructed image.
However, they are much less problematic for further processing than artifacts generated by
other ring suppression methods as will be shown in section 3.
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Fig. 7. Demonstration of algorithm 3 in which the image contrast is inverted to improve the
visibility of stripes. (a) Original sinogram; (b) Sorted sinogram; (c) Smoothed sorted sinogram
using the median filter; (d) Corrected sinogram; (e) Difference between (a) and (d).

Fig. 8. Comparison of reconstructed images before and after using algorithm 3: (a)
Reconstructed image from the sinogram in Fig. 7(a); (b) Reconstructed image from the
corrected sinogram in Fig. 7(d); (c) Magnified view from the red frame in (a); (d) Magnified
view from the red frame in (b).

Algorithm 3 is interesting not only for correcting stripe artifacts itself but also for being
used by other algorithms. For example, it can replace step 2 in algorithm 1 or algorithm 2.
Due to the risk of introducing extra artifacts caused by the smoothing filter, algorithms in
Table 2 should be used for removing the small-to-medium stripes. Treatment for large stripes
is presented in the next section where algorithm 3 also plays a crucial role.

2.3 Removing the large stripes

The above algorithms are able to correct the small or medium defects without significantly
affecting other areas. In principle it could be selectively applied only on defective pixels but
in practice the benefit is not detectable when a low strength smoothing filter is used.
However, for large defects (width larger than 20 pixels), applying a stronger filter everywhere
will degrade the final image. Furthermore, the large defects are few in number. In this case,
selective application is beneficial but requires an extra step of defect detection. Large defects
which cause type S2 and S3 stripes are not always visible in the radiograph and may come
from the adjacent areas of the damaged scintillator which receive extra scattering light, i.e.
the so-called halo effect, as shown in Fig. 9. To detect them efficiently from the sinogram, we
introduce a segmentation algorithm working on a 1D array to separate positive defects
(brighter than the background) and negative defects (darker than the background) from the
background as presented in Table 3 and as shown in Fig. 10.
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Table 3. Steps of the algorithm for detecting defects (called algorithm 4)

Step 1 Sort the values of the 1D array (Fig. 10(b)).

Step 2 Apply a linear fit to values around the middle of the sorted array, i.e. haft of the array size, respect to
the array indexes.

Step 3 Calculate the upper threshold (7)) and the lower threshold (7}) using Eq. (1) and Eq. (2).

Step 4 Binarize the array by replacing all values between 7}, and 7y with 0 and others with 1.

Fig. 9. Causes and impact of large stripes. (a) Large defects (vertical arrow) and the areas
around the over-exposed blob (horizontal arrows) cause large stripes in the sinogram; (b)
Large stripes in the sinogram (arrowed); (c) Large ring artifacts in the reconstructed image

come from the large stripes in (b).
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Fig. 10. Demonstration of algorithm 4. (a) Normalized 1D array, i.e. non-uniform background
is corrected. (b) Sorted array and fitted array using the middle part of the sorted array.

From step 1 and 2 of algorithm 4 the following values are known: I, and /; are the
minimum and maximum value of the sorted array; Fy and F; are the fitted value at the first
and last index of the array as shown in Fig. 10(b). Combining these values with a user-input
value, R, the lower threshold (7;) and upper threshold (7y) value are calculated as follows

If (Fo-Ip)/(F-Fp)>R,

T, =F,=(F-F)xR/2 o)
If (I,-F )((F1-F5)>R,

T, =F+(F -F)xR/2 2
R can be understood as a ratio between the defective value and the background value
which users can modify to adjust the sensitivity of the algorithm. A reasonable choice of R is
around 3.0 or above. Algorithm 4 can be used as a binarization method for other applications.
It is convenient for users because one does not need to know the absolute values of the array.
Using above supplementary method, the algorithm for removing large stripes is proposed
as described in Table 4.
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Table 4. Algorithm for removing large stripes (called algorithm 5)

Step 1 Apply step 1 and step 2 of algorithm 3 on a sinogram using a strong edge-preserving smoothing filter

Step 2 Divide the average along the columns of the sorted sinogram by the one of the filtered sinogram,

where a small percentage of pixels at the top and bottom of these sinograms are not included in the

calculation, to get the normalized 1D array.

Step 3 Apply pre-correction by dividing each row of the original sinogram by the result of step 2.

Step 4 Apply algorithm 3 on the result of step 3.

Step 5 Apply algorithm 4 on the result of step 2 to get a 1D binary mask.

Step 6 Replace the result of step 3 with the result of step 4 at columns corresponding to the mask from step 5.
In step 2 of algorithm 5, dropping a small percentage of pixels at the top and bottom of the

processed sinograms helps to reduce the possibility of the false detection of stripes which is

caused by high-frequency edges, as can be seen in Fig. 11. Step 1, 2, and 3 help to suppress

part of large stripes and some small full stripes (Fig. 12(a)). In principle, it is a different

approach to the normalization-based methods. Partial stripes left are removed by the last three

steps of algorithm 5 as shown in Fig. 12(b).

(a) \ \ (b)

Fig. 11. Explanation of step 2 in Table 4. (a) Sorted sinogram where high-frequency edges
(indicated by the arrows) can cause false detection of stripes; (b) Horizontal median filter of
sinogram (a);

Fig. 12. Results of removing large ring artifacts in the reconstructed image shown in Fig. 9(c).
(a) Corrected image after using step 1, 2, and 3 where some partial rings still remain (arrows);
(b) Corrected image at the end; (c) Difference between the image in (b) and the image in Fig.
9(c).

2.4 Removing unresponsive stripes and fluctuating stripes

Stripes of type S1 and S4 give rise to both ring artifacts and streak artifacts in the
reconstructed image (Fig. 13). Unfortunately, they cannot be removed using the sorting
approach as in the above algorithms because the rankings of the grayscales are significantly
different between pixels inside the stripes and outside the stripes. The characteristic intensity
profile of type S1 and S4 are different. One shows very little variation (Fig. 3(a)) while the
other shows excessive variation (Fig. 3(d)) compared with their low-pass components. Using
these features can help us detect them by: averaging the absolute difference between the
intensity profiles and their low-pass components (Fig. 14(a)); normalizing the result (Fig.
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14(b)); and using algorithm 4 to locate stripe positions. After detected, stripe S1 and S4 is
removed by interpolation. Table 5 shows the steps of the algorithm for removing stripes of
type S1 and S4 which is called algorithm 6.

Table 5. Steps of algorithm 6 for removing unresponsive stripes and fluctuating stripes.

Step 1 Average the absolute difference between the intensity profiles and their low-pass components for each
column of a sinogram.

Step 2 | Normalize by dividing the result of step 1 with itself filtered by an edge-preserving smoothing filter.

Step 3 Apply algorithm 4 on the result of step 2 to get 1D binary mask.

Step 4 Interpolate values inside the stripes from neighboring pixels using the mask from step 3.

Fig. 13. Impact of unresponsive stripes and fluctuating stripes. (a) Sinogram having both type
of stripes, S1 (arrow) and S4 (red frame); (b) Ring artifacts in the reconstructed image caused
by the stripes in sinogram (a); (c) Over-exposed blob on the detector resulting the S1 stripe in
(a); (d) Magnified view of the red frame in image (a) showing the S4 stripe; (e) Magnified
view of the red frame in (b) showing the streak artifacts (arrows) caused by the S4 stripes.
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Fig. 14. Explanation of steps 1 and 2 of algorithm 6. (a) Averaging the absolute difference
between the intensity profiles and their low-pass components (blue profile); and after filtered
by the median filter (red profile); (b) Division of two profiles in (a).

Figure 15 shows the results of applying algorithm 6 on the sinogram in Fig. 13(a). As
stated in section 2.3, the bright blobs may cause exponential edge effects around them which
results in large stripes as shown in Fig. 15(a). Therefore, algorithm 5 need to be applied after
algorithm 6 (Fig. 15(c)). Besides, detection steps of algorithm 6 may not work well on
sinograms of samples giving intensity profiles similar to type S1 stripe, e.g. single material
samples in the cylindrical shape. In this case, algorithm 5 is certainly needed.
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Fig. 15. Results of correcting type S1 and S4 stripes. (a) Corrected sinogram after using
algorithm 6 showing a large stripe left; (b) Reconstructed image from the sinogram in (a); (c)

Reconstructed image after algorithm 5 is used; (d) Difference between the image in (c¢) and the
image in Fig. 13(b).

3. Results

3.1 Comparison of methods for removing partial stripes and full stripes

Algorithm 1, 2, 3 are comparable with other methods for removing the small-to-medium
partial and full stripes, so we compare the quality of our algorithm with other four well-
known methods: the normalization-based method [9], the regularization-based method [10],
the FFT-based method [11], and the wavelet-FFT-based method [12]. For notational
simplicity, we call them M1, M2, M3, and M4 respectively.

In the first comparison, we apply method M1, M2, M3, M4 and algorithm 3 on the
sinograms of two samples scanned under identical conditions. They have similar structures
and materials (limestone rocks with embedded fossils) but different in shapes at the same row
of the detector. The different shapes of the samples result in different dynamic ranges of
transmitted intensities (Fig. 16) which helps to reveal the existence of partial stripes. In
addition, the high-frequency edges in the sinograms (arrows in Fig. 16), caused by X-ray
refraction [21], help to reveal the side effects of each method.

Fig. 16. (a) Sinogram of sample 1 having low dynamic range of transmitted intensities with
high-frequency edges (arrows); (b) Sinogram of sample 2 having higher dynamic range of
intensities than the sinogram in (a) with a high-absorption area (oval) and some high-frequency
edges (arrows).

On sample 1, which has a quite round shape, all methods perform equally well (Fig. 17
and Fig. 18). List of parameters used for each method are: 1) Gaussian filter, c = 11 (method
M1); 2) o = 0.005 (method M2); 3) u = 30, v =0, n = 10 (method M3); 4) Daubechies
wavelet, order = 10, level = 5, 6 = 1 (method M4); 5) Median filter, size = 31 (algorithm 3).
There are extra partial ring artifacts produced by other methods as indicated by the red arrows
in Figs. 17(b)-17(e). Our approach does not give extra ring artifacts but gives some
insignificant streak artifacts as shown in Fig. 17(f).
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Fig. 17. Reconstructed images of sinogram in Fig. 16(a) where the red arrows indicate extra
artifacts: (a) After flat-field correction; (b) using method M1; (c) using method M2; (d) using
method M3; (e) using method M4; (f) using algorithm 3.

Fig. 18. Magnified views of the center part of the reconstructed images in Fig. 17: (a) from
Fig. 17(a); (b) from Fig. 17(b); (c) from Fig. 17(c); (d) from Fig. 17(d); (e) from Fig. 17(e); (f)
from Fig. 17(f).

On sample 2, which has a higher aspect ratio shape, method M1-M4 do not perform well
(Figs. 19(b) —19(e)) using the same parameters as for sample 1. They not only cannot clean all
rings, particularly lots of partial rings left (Fig. 20), but also give raise to extra strong ring
artifacts (indicated by the red arrows in Fig. 19). The results may be improved using different
set of parameters. However, this is inefficient for processing a large number of data sets at
synchrotron facilities. As can be seen by comparing Fig. 19(f) and Fig. 17(f), our approach
performs equally well for both sample with the same parameters. However, streak artifacts
caused by fluctuating stripes still remain in reconstructed images (Fig. 18 and Fig. 20).
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Fig. 19. Reconstructed images of sinogram in Fig. 16(b) where the red arrows indicate extra
artifacts: (a) After flat-field correction; (b) using method M1; (c) using method M2; (d) using
method M3; (e) using method M4; (f) using algorithm 3.

Results of the first test show that for the M1-M4 methods it is impossible to use the same
parameters for different samples or even for different slices of the same sample to suppress
stripe artifacts efficiently. Our approach uses the same parameter for each sample, enabling
efficient processing of a large number of data sets.

Fig. 20. Magnified views of the center part of the reconstructed images in Fig. 19: (a) From
Fig. 19(a); (b) from Fig. 19(b); (c) from Fig. 19(c); (d) from Fig. 19(d); (e) from Fig. 19(e); ()
from Fig. 19(f).

In the second comparison, we particularly test the capability of removing partial stripes.
The sample used has a rectangular shape extending beyond the field of view [22]; which
results a strong absorption at the angles nearly parallel to the long axis of the sample. This
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condition reveals partial stripes in the sinogram (Figs. 21(a)-21(c)) causing partial ring
artifacts in the reconstructed image (Figs. 21(d) and (e)). For the M1-M4 methods, using the
same parameters as in the first test has no impact on partial ring artifacts (Figs. 22(a.1)-
22(d.1)). We increased the strength of these methods by changing parameters to: 1) 6 =17, ¢
=30 (M1); 2) a=0.001, c =30 (M2); 3) u=30, v=10, n = 10 (M3); 4) order = 10, level = 5,
o = 10 (M4); in which the ¢ (chunk) parameter is used to increase the strength of method M1
and method M2 by dividing the sinogram into many chunks of rows [23]. These settings clean
the partial rings artifacts but also erase the details in the center area of the reconstructed
image, called void-center artifacts, as shown in the second row of Figs. 22(a.2)-22(d.2). Our
approach, however, returns a clean image without extra artifacts in both cases of using the
median filter with the window sizes of 31 and 51 (Figs. 22(e.1) and (e.2), respectively).

- ..
—

Fig. 21. Partial stripes caused by the high dynamic range of the incoming intensities. (a)
Sinogram of a sample in rectangular shape; (b)-(c) Magnified view of the red frames at the top
and bottom in image (a) showing partial stripes; (d) Reconstructed image from sinogram (a);
(e) Magnified view of the red frame in image (d).

In the last comparison, we test the methods on a very challenging data where stripe
artifacts are produced, blurred and enlarged due to the use of a pre-processing method. Figure
23(a) shows a sinogram of a sample has a very low contrast and contains features outside the
field of view [24]. A strong low-pass filter [25] is applied to 2D projections to improve the
contrast. It enlarges and blurs detector defects which introduce stripe artifacts to the adjacent
sinogram as shown in Fig. 23(b). Here, we found that algorithm 1 provide the best result
compared with algorithm 2, algorithm 3 in removing blurry stripes. The processing technique
used in step 1 of algorithm 1 may reduce the side effects of a strong smoothing filter used in
step 2. Unfortunately, algorithm 1 can only be used for processing sinograms having low
dynamic range of intensities. As can be seen from Figs. 23(c) and (f), algorithm 1 using a
polynomial order of 3 and a strong Gaussian-Fourier filter (ox = 2, o, = 30) returns a clean
image without extra artifacts. The M1-M4 methods give extra ring artifacts and non-uniform
background in the reconstructed image (indicated by the arrows in Fig. 24).

(a. 1) (b. 1 (.l (d.1
. .

Fig. 22. Magnified views of the reconstructed images from method M1-M4 and algorithm 3
using different parameters. The first row shows the results of method M1 (a.1), method M2
(b.1), method M3 (c.1), method M4 (d.1), and algorithm 3 (e.1) in which the same parameters
as in the first test are used. The second row shows the results of method M1 (a.2), method M2
(b.2), method M3 (c.2), method M4 (d.2), and algorithm 3 (e.2) using different parameters.
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Fig. 23. Blurry stripes caused by using a pre-processing method on the 2D projections and
results of removing them using algorithm 1. (a)-(b) Sinogram at the same row of the detector
before and after the pre-processing method was used; (¢) Reconstructed image from sinogram
in (b); (d) Result of step 1 of algorithm 1 using the polynomial order of 3; (e) Corrected
sinogram after a strong 2D low-pass filter is used; (f) Reconstructed image from sinogram in

(e).

Fig. 24. Reconstructed images using method M1-M4 showing extra artifacts indicated by the
arrows. (a) Method M1 (6 = 121); (b) method M2 (a = 0.00001); (¢) method M3 (u=2,v=1,
n = 10); (d) method M4 (order = 11, level = 3, 6 = 10).

3.2 Combination of methods for removing all types of stripes

In the previous examples, only a few sinograms with certain types of stripes were used for
demonstration. In practice, one needs to process all sinograms of a 3D sample where different
types of stripes can appear at different locations or all together in one place. It is impossible
for a single method to remove all of them. For example, algorithm 3 and methods M1-M4
cannot remove fluctuating stripes as shown in Fig. 18 and Fig. 20. They also cannot be used
to remove unresponsive stripes which require an interpolation method for filling missing
values. Algorithm 6 cannot be used alone, it needs algorithm 5 to clean residual stripes. In
general, we need to combine algorithm 6, algorithm 5, and one of algorithms in Table 2 for
not only removing all types of stripes but also reducing the risk of introducing extra artifacts.

The order of presenting our algorithms in this report is based on their order of dependency
on each other, however, in practice they should be used in reverse order (6 51,6 52,0r 6 5
3). Algorithm 5 needs to be used after algorithm 6 as explained above. Algorithm 1, 2, or 3
should be used after algorithm 5, otherwise they may enlarge large stripes.

Figure 25 shows the results of combining algorithm 6, algorithm 5, and algorithm 3 for
processing a full tomographic data set where we used the same set of parameters for all slices.
The reconstruction results of not using a ring removal method and using a very popular
method, the wavelet-FFT-based approach, are also shown for comparison (see Visualization 1
and Visualization 2). As can be seen in Fig. 25(c) (see Visualization 3) ring artifacts are
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removed from nearly all reconstructed slices. Few of very large but low-contrast ring artifacts
still remain which come from the detector areas impacted by the halo effect. It is very hard to
detect them in this instance. For algorithm 6, low-pass components are retrieved in step 1
using a mean filter with a radius of 30, a median filter with a size of 81 was used in step 2, R
of 3 was used in step 3, and a linear interpolation method was used in step 4. For algorithm 5,
the size of the median filter and the value of R are the same as used in algorithm 6; and 5% of
pixels was dropped in step 2. A median filter with a size of 31 was used for algorithm 3.

The combination of three algorithms appears to have many parameters. However, the
parameters are largely determined in a straightforward way by the size and the brightness of
detector defects which relate to the size of the smoothing filter and the value of R,
respectively. These are features of the detector systems at the beamline and we found that
these set of parameters works for most of tomographic data collected over time at [12-JEEP
[26]. Other parameters such as the size of the mean filter in step 1 of algorithm 6 or the
percentage of dropped pixels in step 2 of algorithm 5 is insensitive and can be fixed.
Algorithm 5 and algorithm 6 can use the same some parameters. At the end, only three crucial
parameters need to be adjusted: the size of the smooth filter and the value of R used for both
algorithm 5 and 6; and the size of the smooth filter used for algorithm 3.

Fig. 25. (a) Reconstructed slices with ring artifacts (see Visualization 1). (b) Reconstructed
slices after using the wavelet-FFT-based method where the parameters are the same as used in
Fig. 17(e) (see Visualization 2). (c) Reconstructed slices after using algorithm 6, algorithm 5,
and algorithm 3 (see Visualization 3).

4. Conclusion

Basing on the characteristic intensity profiles of defective pixels of the detector systems, we
classify stripe artifacts into four types: partial stripes, full stripes, fluctuating stripes, and
unresponsive. They require different ways of treatment, here we propose the combination of
three approaches for not only eliminating all types of stripes but also reducing the residual
artifacts they may cause. These approaches are developed from our two main contributions: a
class of correction methods based on equalizing or smoothing the response curves of adjacent
pixels (equalization-based methods) and a method of defect detection based on the
combination of sorting, fitting, and thresholding techniques.

The proposed techniques are easy to use and to implement. Their superior quality of
performance compared with other methods is demonstrated on challenging data having
different dynamic ranges, partial stripes, and blurry stripes. The comparison results shown
that the parameters of our methods are consistent between different samples which make
them easy to use; our approaches work particularly well on partial stripes; and they can
handle a very challenging type of stripe which is blurred and enlarged by the pre-processing
method. The ability to eliminate nearly all ring artifacts of a 3D data set by combining three
approaches in which their parameters are the same for all slices are shown. Implementations
in Python of our algorithms and the MI1-M4 methods are available at:
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https://github.com/nghia-vo/sarepy. The data sets used in this report and our reconstruction
results can be downloaded from Zenodo https://doi.org/10.5281/zenodo.1443568.

Processing techniques we used can also improve the quality performance of other stripe
removal methods such as sorting before filtering to avoid void-center artifacts, or limiting the
range of sorted values at the top and bottom to avoid the false detection of stripes. The
method of detecting stripes can be used as a binarization method in other applications. We
also show a different implementation to the normalization-based methods which is the
combination of sorting, smoothing, and normalizing the intensity profiles.
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