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Abstract

Beam hardening (BH) is one of the major artifacts that severely reduces the quality of computed tomography (CT) imaging.
This BH artifact arises due to the polychromatic nature of the X-ray source and causes cupping and streak artifacts. This work
aims to propose a fast and accurate BH correction method that requires no prior knowledge of the materials and corrects
first and higher-order BH artifacts. This is achieved by performing a wide sweep of the material based on an experimentally
measured look-up table to obtain the closest estimate of the material. Then, the non-linearity effect of the BH is corrected by
adding the difference between the estimated monochromatic and the polychromatic simulated projections of the segmented
image. The estimated polychromatic projection is accurately derived using the least square estimation (LSE) method by
minimizing the difference between the experimental projection and the linear combination of simulated polychromatic pro-
jections. As a result, an accurate non-linearity correction term is derived that leads to an accurate BH correction result. The
simulated projections in this work are performed using a multi-GPU-accelerated forward projection model which ensures a
fast BH correction in near real-time. To evaluate the proposed BH correction method, we have conducted extensive experi-
ments on real-world CT data. It is shown that the proposed method results in images with improved contrast-to-noise ratio
(CNR) in comparison to the images corrected from only the scatter artifacts and the BH-corrected images using the state-

of-the-art empirical BH correction method.
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1 Introduction

Computed tomography (CT) is an imaging technique that has
been widely applied in medical and industrial applications
such as for medical diagnosis and non-destructive testing.
However, CT usually suffers from undesirable artifacts such
as scattering, and beam hardening (BH) due to the physical
nature of the X-rays [1]. One of the major artifacts that influ-
ence image quality is the BH artifact, which results from the
polychromatic nature of the X-ray source. When photons of
different energies penetrate through the object, low-energy
photons are more easily absorbed than high-energy photons.
This shifts the mean of the spectrum to a higher value and
results in the hardening of the beam. Since the attenuation
value of the material is energy-dependent, it decreases as the
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beam is hardened. This results in a non-linearity between
the attenuation of the beam and the length of the propaga-
tion path. Using a linear reconstruction method such as the
filtered back projection (FBP), which assumes that the object
attenuates the X-ray linearly with the path length, results in
cupping and streak artifacts which degrade the quality of the
reconstructed image.

Several methods have been implemented to correct the
BH artifact, such of these methods are filtration, dual-energy,
linearization, post-reconstruction, statistical polychromatic
reconstruction, and iterative reconstruction methods [2,
3]. Although the filtration method is simple and widely
applied, it is only able to reduce the BH artifacts and does
not perform well in multi-material applications [4, 5]. The
dual-energy method requires two scans, this is in general
expensive. In addition, it is limited to certain applications
[2]. The linearization and the post-reconstruction methods
require the material to be known which is not always the
case. Although some linearization methods do not require
material knowledge [6—8], they have some limitations. These
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methods are either limited to a certain class of objects or a
specific geometry [2]. Moreover, the main burden of the
statistical and iterative reconstruction methods is the long
computation time required, which makes them not suitable
for industrial applications [9].

In this work, a multi-material BH correction algorithm
is proposed. This method does not require prior knowledge
of the materials, which is denoted blind, and can correct
first-order (cupping) and high-order (streak) BH artifacts
by accurately mapping the polychromatic projection to an
equivalent monochromatic one through a correction term
that is added to the projections from the scanner. The simula-
tion of the projections, which are needed for the calculation
of the correction term, is performed using two implemented
fast multi-GPUaccelerated forward projection models. As a
consequence, the BH correction can be performed in near
real-time using the proposed method on four GPUs. Even
a real-time BH correction can be achieved by the use of
more GPUs, i.e, a shorter processing time is required in
comparison to the acquisition time of the complete number
of projections from the real-world scanner [13]. The first
forward projection model used is a fast and sufficiently accu-
rate GPU-based Monte Carlo (MC) photon transport model
(FPM) which can simulate the scatter projection accurately
in addition to the primary projection, this model is intro-
duced in [10]. However, the forward projections that are
involved in the proposed BH correction method are only
primary projections without scatter. The second forward pro-
jection model (FPLS) is based on the line-simple method
[11]. The FPLS model is only used to provide a reference for
the proposed material estimation method. The experimental
projections are first corrected from the scatter artifacts prior
to the correction of the BH artifacts. The scatter estimation
and correction were performed using the GPU-based MC
model (FPM) and an iterative scatter correction algorithm
in near real-time following the work in [10]. The scatter
correction results from this method match the experimental
reference near scatter-free results from the collimator. After
the correction of the scatter artifacts, the scatter-corrected
projections are imported to the BH correction method and
used by the implemented materials estimation method, the
polychromatic and monochromatic projections estimation
methods.

The motivation of this work is to introduce a fast BH
correction algorithm that can correct higher-order BH arti-
facts in near real-time and at the same time does not require
the materials’ knowledge. This algorithm suits the indus-
trial applications as in industry the materials are not always
known, especially for compound materials, and fast artifact
correction is necessary. Existing BH correction methods
which do not require the materials’ knowledge either work
iteratively, which requires a long execution time, or their
applications are limited to a specific geometry or objects.
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In the proposed algorithm, novel methods to estimate the
materials and the BH-corrupted projection from the scan-
ner are implemented. The materials are estimated using a
look-up table, while the polychromatic projection is derived
using least square estimation (LSE) fitting from eight simu-
lated polychromatic projections using spectra of different
filtration. The introduction of these methods facilitates the
derivation of an accurate non-linearity correction term that
can accurately correct higher-order BH artifacts.

Our approach represents a time-efficient alternative in
near real-time to the iterative BH correction algorithms in
industrial computed tomography. Moreover, the proposed
work is more efficient than the linearization methods, as
these methods require the materials’ knowledge and they
follow an iterative approach in the case of multi-material
objects. In comparison to the post-reconstruction methods,
the proposed BH correction method, supported by the LSE
fitting approach, has the potential to derive an accurate BH
correction term. As the proposed fitting approach overcomes
the possible mismatch between the simulated polychromatic
projection using any forward projection simulator and the
BH-corrupted projection from the scanner. Such a mismatch
is possible due to the inaccuracy of the attenuation tables
and the spectrum used in such simulators. Finally, the sta-
tistical approaches are very slow and also require additional
system information. Using the proposed BH correction
method, the BH artifacts were corrected in near real-time
and the correction results have been evaluated by several
experimental examples from real-world data. It is shown
that this algorithm can accurately correct the BH artifacts
without prior knowledge of the materials.

This paper is organized as follows. The rest of Sect. 1
presents the contribution of this work and the related works.
Section 1.1 describes the BH problem, the proposed meth-
ods to estimate the materials, the BH-corrupted projection
from the scanner, and the monochromatic projection. Sec-
tion 3 shows the experimental results on real-world data.
In the same section, discussions about the robustness of
the proposed methods to estimate the material and the BH-
corrupted projection are also provided. Finally, the discus-
sion and the conclusion are presented in Sects. 4 and 3,
respectively.

1.1 Contributions

1.1.1 Fast and robust material estimation based on look-up
table

To overcome the limitation of many other BH correction
methods, which require the knowledge of the materials used,
we have created a look-up table that contains experimentally
measured polychromatic linear attenuation values of a wide
range of well-known materials versus the polychromatic
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energy. Based on the look-up table and the measured lin-
ear attenuation value of each material in the uncorrected
volume, the proposed algorithm can iteratively find the
best-matched material by means of minimum mean square
error (MMSE). Experimental results show that the proposed
material estimation is robust to strong BH effects and a small
amount of deviation of the estimated material has a negligi-
ble impact on the BH-corrected results.

1.1.2 Accurate regression of the measured projections
by aggregation of weighted MC simulations

To correct the non-linearity of the acquired projections, a
correction term is required. One determinant part of the
correction term is the estimated polychromatic projection.
Estimation of such a projection using forward projection
simulators leads to an inaccurate result since the linear atten-
uation tables of the materials used in such simulators are not
very precise, the same is also applied to the polychromatic
spectrum used. To enable an accurate fitting to the meas-
ured data, the estimated projection is constructed by a linear
combination of eight simulated polychromatic projections
of different spectra using diverse filtration. It is shown that
the constructed projection very well matches the raw data.

1.2 Related work

In the literature, the methods of BH correction can be clas-
sified into six categories which are based on hardware fil-
tration, dual-energy, linearization, post-reconstruction,
statistical polychromatic reconstruction, and iterative recon-
struction [2, 3]. Some other methods combined two classes
to produce an effective correction method.

The first approach implies the use of filters [12, 14] in
which a thin plate of metal, aluminum, copper, or other
material is placed between the source and the object to fil-
ter out the low-energy photons in the spectrum before their
penetration through the object. This method has been widely
used in the CT field due to its simplicity and the limited
requirement of this method. However, it is not completely
able to eliminate this artifact, especially in the case of multi-
material objects with different high attenuation characteris-
tics [4, 5]. Besides, the use of these kinds of filters results in
a lower detected signal-to-noise ratio and reduces the con-
trast between the materials [15].

In the dual-energy methods [4, 16], two images from the
low and high energies are acquired. Then, a material decom-
position is performed by representing the linear attenuation
coefficient by two bases functions, i.e., Compton scattering
and photoelectric absorption [6, 16, 17]. The contributions
from these two bases functions are calculated which enables
the reconstruction of a monochromatic image. Similar to the
approach in [16], the authors in [18] introduced a method to

decompose the linear attenuation value of a material y into
density and atomic number basis. Then the determination
of both at every point in the sample is achieved by the use
of two energies. The coefficients are first estimated by the
use of a known materials phantom, then this method can be
used with a phantom of unknown materials. The main flaw
of this method is the need to acquire two separate distinct
measurements which is in general expensive.

In the linearization methods [4, 6, 19, 20], the non-linear
relationship of the experimental polychromatic attenuation
values and the object thickness is fitted with a polynomial.
In which they are mapped to a linear line to eliminate the
BH artifacts. For small BH artifacts, the fit of a second-order
polynomial is enough [6, 20]. However, for large BH arti-
facts, the fit of a higher-order polynomial is required [6]. For
multi-material objects, the first reconstructed data is used
to provide prior information about the intersection of the
materials in the object with each ray path. The linearization
can be then performed using the iterative post reconstruc-
tion (IPR) approach. The main limitation of the lineariza-
tion methods is that the materials should be known, only
a few methods have been proposed that do not require the
materials’ knowledge [6—8]. The method proposed in [6]
assumes that the tissues have energy dependence similar to
that of the water, such an assumption performs badly in the
presence of high-Z materials [34]. On the other hand, the
authors in [7] proposed a method that is limited to objects
made from cylinders with a high-Z material outside and a
low-Z material inside. In [3], the authors proposed a BH
correction method that is iterative in nature and similar to
the IPR methods. The proposed method does not require the
materials’ knowledge nor the spectrum and uses a hypersur-
face and a hyperplane to represent the polychromatic and the
monochromatic attenuation values plotted with respect to the
ray path through each material. The difference between the
hypersurface and the hyperplane is calculated which is then
added to the original projection from the scanner to correct
the BH artifact. This method works well in case a proper
segmentation can be performed on the original uncorrected
volume [2].

In the post-reconstruction methods, monochromatic
and polychromatic projections are simulated relaying on
the reconstructed image, the spectrum used, and material
characteristics such as the attenuation coefficient, mass den-
sity, and atomic number. The difference between the two
projections is added to the original corrupted projection
to eliminate the BH artifacts [21, 22]. In [23], the authors
have proposed a method to correct the CT artifacts includ-
ing the scatter and the beam hardening artifacts. The BH is
corrected by deriving a non-linearity correction term with
the assumption that the materials are known. The scatter is
estimated using a hybrid approach, i.e., using MC simulation
and an analytic scatter convolution model. The proposed BH
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correction method in this work belongs to this category of
BH correction methods, however, in contrast to these meth-
ods, our approach does not require material knowledge, and
the scatter artifact is estimated using full MC simulation uti-
lizing the fast multi-GPU model in [10]. The scatter artifact
is then corrected using an iterative scatter correction method
[10]. Moreover, we propose the use of the LSE method to
derive an estimation of the polychromatic projection which
has the potential to provide an accurate estimate of the
experimental polychromatic projection.

Statistical correction methods [24-30, 33] exploit mul-
tiple information to correct the BH artifacts in the X-ray
images. Such information includes the polychromatic nature
of the source, the detector model, the noise distribution, the
measurement non-linearity, and the scatter effect are all used
in the statistical methods in which they are all incorporated
into the maximum likelihood (ML) algorithm [2]. In [24], an
objective function is formulated from the Poisson likelihood,
then a quadratic approximation to this likelihood is derived,
this quadratic approximation leads to a penalized weighted
least square (PWLS) estimate, and as a consequence, a
simpler objective function is derived. By minimizing this
simplified objective function, an updating step for this algo-
rithm is obtained which can estimate the unknown densities
in each voxel with reduced beam hardening artifacts. The
same authors proposed an algorithm in [25] that follows the
same approach of [24]. In addition to the formulation of the
penalized-likelihood function, as in the former method, they
developed an ordered-subsets iterative algorithm for the esti-
mation of the unknown densities in each voxel. The methods
in [24, 25] assume that the object contains non-overlapping
materials and the segmentation is possible. These works are
then extended further in [26] to allow for overlapping mate-
rials in the same voxel. A statistical method to reduce the
BH artifact has been introduced in [34]. This method uses
the same physical model proposed in [33] and they use a
reconstruction algorithm that ensures a fast monotonic con-
vergence using the non-linear conjugate gradient method.
The major limitation of the statistical approaches is the long
computational time required.

On the other hand, iterative algorithms improve the
images iteratively by minimizing the cost function formed
from the difference between the measured polychromatic
images from the scanner and the simulated one. The spec-
trum, which is already involved in the minimization method
along with the materials attenuation values, is approximated
by a small number of energy bins [2]. In [31] the authors
proposed a new reconstruction algorithm that corrects the
BH artifacts by involving the polychromatic characteristic
of the X-ray beam. The algorithm in [32] corrects the BH
effect by considering a polychromatic acquisition model and
taking into account the energy dependency of the materials.
In this method, the linear attenuation value of the material is
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decomposed into photoelectric and a Compton scatter com-
ponents which are weighted based on a prior assumption. A
model-based BH correction algorithm has been introduced
in [35]. This algorithm neither requires the knowledge of the
X-ray spectrum nor the attenuation values of the materials. A
polynomial function of both low- and high-density materials
is first formulated which represents a poly-energetic X-ray
forward projection model. Then, an alternating minimiza-
tion algorithm is then developed which is used to estimate
the reconstructed image, the material segmentation, and the
two coefficients of the polynomial function which models
the BH function.

Recently, the energy-sensitive detector, also known as
a photon-counting detector, is introduced. These kinds of
detectors provide multiple information about each detected
photon including the energy of this photon. In [36], it is
shown that simple energy thresholding applied in such a
detector allows the reduction of the BH effect and enhances
the quality of the CT images.

2 Materials and methods
2.1 Description of the beam hardening problem

Multiple material specifications influence the attenuation
of the source intensity I,. Such specifications include the
material atomic number, the density of the material, the
energy of the photon, and the source—detector propagation
path. According to the Beer—Lambert law, the intensity on
the detector from a monochromatic source is given by Eq. 1
(22],

L
o = Nn@exp( = [ 5. pra). M
0

N is the number of incident photons, n(E) is the energy
response of the detector at energy E, u(E, X, p), where X is
spatial position, and p is the density of the material, is the
energy-dependent linear attenuation coefficient, and L is the
propagation path length. For a monochromatic source, the
intensity of the rays has the same amount of attenuation for
every slice of thickness dx as in Eq. 2,

dl /1 = —pdkx. )

This is because there is no change in the energy in such a
source and the attenuation value u(E, X, p), which is energy
dependent, does not change. However, the source used by
the real-world scanners is a polychromatic source in which
the energy of the photons emitted by such a source varies
over several energies. When the rays from such a source pass
through an object, the ratio of the high to the low energy
of the photons increases. This is because the low-energy
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photons easily got absorbed during their penetration and
the mean of the beam is then shifted. The attenuation of
the materials inside the object, as its energy-dependent, will
have then a lower value due to the increase in the mean
energy. Thus, the expression of the intensity from Eq. 1 is
no longer valid. The intensity scored on the detector from
such sources can be expressed by Eq. 3 [22],

E, L
Loy=N / n(E)S(E)dEexp( - / u(E.%, p)dfc). 3)
0 0

Here, E,, and S(E) are the maximum energy and the spec-
trum of the source, respectively. In the absence of the object,
the monochromatic and the polychromatic intensities are
given by Egs. 4 and 5, respectively,

Imono,O = N'?(E) (4)

Em
I/mly,O = N/ n(E)S(E)dE. (5)
0

The non-linear relation between the intensity and the dis-
tance described in Eq. 3, causes the BH artifacts. Such a
non-linear relation could be compensated by finding a proper
correction term that can map this non-linear relation to a
linear one. A certain class of correction methods derives a
correction term by calculating the difference between esti-
mated monochromatic and polychromatic projections. This
term is then added to the original projections to correct the
BH artifacts. If Egs. 6 and 7 represent the logarithm of the
monochromatic and the polychromatic projections, i.€., ¥,om0
and Xpoly> respectively,

Lyonoo
Tnono = In( 2222, (©)
mono
I
poly,0
}(pnly = ln( Ji ) (7)
poly
The correction term is then calculated as in Eq. 8.
q)CT = Xmono — Xpoly 8

where @ is the correction term. The correction of the BH-
corrupted projections is then performed according to Eq. 9.

Xe = Xut+ Qcr, )

where y, is the corrected attenuation projection, and y,, is
the BH-corrupted attenuation projection.

2.2 The proposed BH correction method

The flowchart of the proposed BH correction algorithm is
shown in Fig. 1. This algorithm is divided into four parts.

The first part is to estimate the materials of the BH-corrupted
volume. The estimated materials are then used in the follow-
ing two parts of the algorithm to estimate the polychromatic
projection described in Sect. 2.2.2 and the monochromatic
projection in Sect. 2.2.3, based on which we can yield the
BH-corrected volume as formulated in Egs. 8 and 9.

2.2.1 Materials estimation

Most of the available BH correction methods require prior
knowledge of the materials. However, such information in
many practical cases is not available [2]. The existing meth-
ods which do not require material information either follow
an iterative correction approach, which is computationally
expensive [9], or perform a linearization with some restric-
tions [2], which limits the performance of BH correction. To
circumvent these issues, the proposed multi-material blind
BH correction method first performs a simple but effective
estimation of the materials and based on which, we can
obtain the BH correction term using the GPU-accelerated
forward projection model FPM. Before we explain the
method in detail, we first present a look-up table as shown
in Table 1, containing polychromatic linear attenuation val-
ues of a wide range of well-known materials such as cop-
per, and aluminum are measured experimentally for different
energies. These linear attenuation values are derived from
cylindrical objects with fixed diameters and different materi-
als. The look-up table is measured using our in-house Nikon
XT H 225 CT scanner equipped with the PaxScan 4030E
detector from Varian. A collimator was used to suppress
the scatter artifact in all the experiments. The experimental
setups used to acquire the attenuation values of the table
were with a current of 150 uA, a tungsten source target, and
1 mm Cu filtration. Since CT systems with different sources,
materials of source target, beam spectra, and filtration would
give a different response, a new look-up table should be con-
structed for individual CT systems.

The material estimation starts from the scatter-corrected
raw data as shown in the upper part of Fig. 1. A volume
is reconstructed from these scatter-free projections using
the FBP reconstruction method. Different materials in the
reconstructed volume can be separated by the segmentation
method Otsu [37]. These materials are assigned individu-
ally into volumes of the same size as the original input, i.e.,
each volume contains a single material. Since the recon-
structed volumes are almost scatter-free, they are generally
of adequate quality to perform the segmentation by Otsu.
For each volume, a single attenuation value is initialized by
comparing with the linear attenuation values of all the col-
lected materials in the look-up table by Eq. 10.

mse=E | lu=ql ), (10)
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1
Fig. 1 The flowchart of the proposed BH correction algorithm
Table1 A Look-uptableofthe v o1,00 (kev) Si Cement Al Ti Fe Cu
materials attenuation values
(m~1) versus the energy in keV 100 54 59 90 150 260 450
125 46 50 80 133 240 400
150 44 48 75 125 220 320
175 41 45 69 115 186 307
200 35 45 67 110 160 300

where y represents the linear attenuation value of the mate-
rial in the individual volume, and f represents the linear
attenuation values of all the materials in the table for the
selected energy. The best fit according to the MMSE is then
selected as an initial guess of the material for each volume.
To iteratively refine the estimation, an L2-norm minimi-
zation between the forward projection of the volume with
assigned material using FPM [10] and the forward projection
of the reconstructed volume by FPLS [11] is carried out. The
first projection (y) is derived by the Monte Carlo based FPM
which is simulated using the primary photons only and based
on the initial guess of the material. The linear attenuation

@ Springer

values of the estimated material are converted to the density
since FPM supports only density-based simulation according
to Egs. 3, 5, and 7 [38]. The second projection (7) is derived
using the volume which has the separated material. This
projection is acquired using the forward projection model
FPLS by simulating rays from the source to each pixel of the
detector. The pixel value of the detector is approximated by
summing the voxels’ linear attenuation values at equidistant
points along the ray as formulated in Eq. 11.

X, = Zf“vdw (11)
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where j; is the value recorded in the /, pixel of the detector
from the volume which contains the separated material j, y,,
is the linear attenuation value of the voxel v, and d, is the
distance that the ray travels in voxel v. The simulation of (7)
is performed without converting the linear attenuation values
into densities. The projection (7) is closer to reality as it is
unlike the projection (y), it neither relies on the tables of the
attenuation values nor on the spectrum. Thus, it overcomes
the possible mismatch between the simulated projection ()
and the experimental projection (,).

The method used to calculate the projection (¥) can
provide an exact match with the BH-corrupted projec-
tion of the scanner (the scatter-corrected projection) if
the volume used in the simulation is the reconstructed
volume that contains all the materials. Therefore, the pro-
jection of FPLS is used as the reference to determine the
accuracy of the estimated material. Although FPLS has
the potential to generate an exact match with the BH-cor-
rupted projection of the scanner, it cannot be used to gen-
erate the polychromatic projection for the correction term
in Eq. 8. This is to ensure that the algorithm does not end
up simply replacing the measured projections with the
monochromatic projections, which are highly dependent
on the accuracy of the segmentation. Thus, we propose
the material estimation and the polychromatic regression
to get rid of the influence of inaccurate segmentation.
To determine the optimal estimation of the material, the
simulation and minimization are iteratively performed
until a best fit is found. The same process is repeated to
estimate the rest of the materials. Section 3.2.2 discusses
the robustness of the material estimation and the effect
of the incorrect material estimation on the result of the
BH correction.

2.2.2 Simulation of the polychromatic projections

As the materials in the BH-corrupted volume are deter-
mined using the proposed materials estimation method,
the linear attenuation values of the segmented volume are
replaced by the density value of the materials. To derive
a correction term for the BH-corrupted projections, an
accurate estimation of the simulated polychromatic projec-
tion is required. The use of forward projection simulators
can provide inaccurate estimations which do not match the
BH-corrupted projection. This is mainly because the linear
attenuation tables of the materials and the polychromatic
spectrum used in such simulators are not very precise. In
addition, some effects in the actual scanners are ignored in
these simulators. Thus, there is always a noticeable mis-
match between these simulated polychromatic projections
and the experimental ones.

To construct an accurate match with the raw projec-
tion, we propose to perform a regression from eight

polychromatic projections simulated by FPM as presented
in the middle part of Fig. 1. These eight projections are
simulated using primary photons only and with different
filtration under spectra of the same energy. Figure 2 shows
the spectra used to acquire the different projections. These
spectra are all simulated using SpekCalc software [39].
Then, the LSE algorithm is used to minimize the difference
between the BH-corrupted projection and the weighted sum
of the eight simulated projections. This is achieved accord-
ing to Eqgs. 12 and 13.

c=argmin, | z,— x, |5 (12)

where c are the coefficients to be estimated, y, is the BH-
corrupted attenuation projection, and y,, is the weighted sum
given by Eq. 13,

k

Xp = Z Cip,;>

i=1

13)

where k denotes the amount of the basis polychromatic pro-
jections for the regression and y, is the individual poly-
chromatic projection simulated by FPM. From Egs. 12 and
13 we get:

e = 2, 15 =112, 15 =220 ) + L 2 15,
k k k

Z Ci(Xp, Xp)Cj =2 Z(;{pi, Xu)Ci
=1 i=1

J=1

i
+ ” /Yu ”%3 = CTG)(I)C - 2r§plz4c + ” /Yu ”5’
(14)

where the cross-correlation vector r, and the matrix of
pAu

Xi
inner product G, are given by;
P

le7
W/O filter

g 4- 1 mm Al filter
5 2 mm Al filter
S 3 3 mm Al filter
2 0.5 mm Cu filter
-*é 1 mm Cu filter
T 21 1.5 mm Cu filter
bS]
]
£ 14
(@]
o

0_

50 100 150 200
Energy (keV)

Fig. 2 Different spectra simulated using different filtration
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X Xp,)

_ N 2p,)
XpXu :

X Xp,)

Xp,> Xp) oy Zp,) =+ Clpys 2p,)
G, = Xpy» X)) Gy 2p,) =+ Uy 2|
P . . . .

Hppr 2p) ps Xp,) =+ U Xp,)

To obtain the coefficients ¢, the gradient of the distance
function with respect to ¢ in Eq. 14 is calculated and we get
the solution in the following equation:
|

c=G, (15)
The optimized coefficients are used to weight the eight simu-
lated projections and construct the best estimation of the
acquired projections. Further discussion about the robust-

ness of the polychromatic projection estimation can be found
in Sect. 3.2.3.

2.2.3 Simulation of the monochromatic projections

To complete the correction term, an estimation of the mono-
chromatic projection is required as formulated in Eq. 8. The
energy of the monochromatic projections is determined by
minimizing the difference between the simulated projections
using FPM following Eqs. 1, 4, and 6 and the BH-corrupted
projection from the scanner in terms of MSE. The energy
that results in the lowest MSE is selected. The simulated
monochromatic and polychromatic projections are then used
to correct the BH artifacts by Eq. 9. The monochromatic
estimation method and the correction part can be seen in the
lower part of Fig. 1. It should be noted that the aforemen-
tioned correction procedure can be repeated iteratively to
achieve superior performance.

3 Experiments and results

In this section, comparisons between the results of the BH
correction from the proposed method and the state-of-the-art
empirical BH correction method [9, 40] are first presented
using real-world datasets. These datasets were acquired using
an in-house Nikon XT H 225 scanner for different test objects.
Moreover, analyses of the BH correction results were also
performed.

3.1 Evaluation of the proposed BH correction
method

To evaluate the proposed BH correction method, a com-
parison has been conducted between the BH correction

@ Springer

results of the proposed method and the BH correction results
using the state-of-the-art empirical BH correction method.
The empirical method is very robust and one of the widely
used methods as it does not require prior knowledge of the
materials nor the spectrum [22]. The parameters of the
empirical method were derived according to [9, 41]. The
BH correction results of six experimental objects using the
two methods and the scatter correction results are shown in
Fig. 3. The measurement parameters used in these examples
are shown in Table 2. All the experimental datasets were
acquired using a detector resolution of 2304 x 3200 pixels
with a pixel size of 0.127 mm. Before the application of the
BH correction method, these datasets were downsampled
to 576 x 800 pixels resolution. The first object in this figure
is a water pipe distributor of 7 cm in length. The material
of this object is unknown. The second object is an electrical
wire connector strip of 11.5 cmXx 2 cm X 1.5 cm. The exact
materials of this object are also unknown. The third object is
a motorcycle cylinder head made from aluminum and iron.
The dimension of this object is 12 cmx11 cmXx 5.5 cm. In
the fourth row, the object is a cement cylinder with an 11 cm
outer diameter and a 5 cm inner diameter with eight iron
rods inserted in this cylinder. The object in the fifth row is
a 7 cm diameter cement cylinder with eight iron rods. The
last object represents three aluminum cylinders positioned
away from each other in space. The biggest cylinder has a
2 cm diameter, while the two small cylinders have a 1 cm
diameter each. The volumes from the scanner, shown in the
first column of this figure, were reconstructed using 1500
projections for the object in the first row, 2000 projections
for the object in the second row, and 3000 projections for
the rest of the objects.

The volumes from the scanner were first corrected
from the scatter artifacts before the application of the
proposed BH correction and the empirical BH correction
algorithms. Although the scatter estimation is performed
using the MC method which requires the knowledge of
the materials, the results of the scatter correction of the
first two rows in Fig. 3 were corrected from the scatter
artifacts without the exact knowledge of the materials.
The same method to estimate the materials for the BH
correction method was used to estimate the materials
for the scatter simulation. Thus, our assumption of the
blindness of the proposed BH correction method does not
contradict the approach we propose for the correction of
the scatter artifacts. The scatter correction results and the
results of the proposed BH correction method are shown
in the second and third columns of this figure, respec-
tively. While the BH correction results using the empirical
method are shown in the fourth column. The correction of
the scatter artifacts results in improved images in which
the cupping and streak artifacts in the corrected images
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Uncorrected Scatter corrected

====\ol|-Scatter and BH corrupted
Vol-Scatter and BH corrected proposed

Fig.3 Experimental results of the proposed BH correction method.
The first column shows the slices from the scatter and BH-corrupted
volumes. The second column shows the slices from the scatter-cor-
rected volumes. The third and fourth columns show the slices from
the BH-corrected volumes using the proposed method and the empiri-
cal method, respectively. The last column shows the profile lines of

were highly suppressed. However, these images still suffer
from noticeable cupping and streak artifacts. The appli-
cation of the proposed BH correction method results in

Scatt. & BH corr. proposed

Scatt. & BH corr. Empir.

Vol-Scatter corrected
Vol-Scatter and BH corrected Empirical

the slices in columns one—four. The profiles are marked by white
dashed lines in these sub-figures. The profile lines were averaged
over multiple lines to suppress the noise. The red squares represent
the ROI and the background used in the calculation of the contrast-to-
noise ratio (CNR)

much-improved image quality in which the BH-corrected
images are now better visualized and they are almost arti-
facts-free images. From the same figure, it is also shown
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Table 2 Measurements parameters for the objects shown in Fig. 3,
the exposure time is 1 s for all the examples

Objects SDD SOD  V(keV) I(uA) Filter(mm)
Obj.row1 1281.8 6327 200 50 2.5 Al
Obj.row?2 12819 4376 200 27 2.5 Al
Obj.row3 12818 8622 200 36 2.5 Al
Obj.row4 12818 9072 200 50 1.5 Cu
Obj.row5  1281.8 9072 200 50 1.5 Cu
Obj.row6  1281.8 6469 200 50 2.5 Al

Table 3 Time required for the scatter and the BH correction methods
using four GPUs and the acquisition time required by the scanner

Objects Scat. corre. BH corre. Scanner time
Obj. row 1 5.0h 1.3h 04h
Obj. row 2 1.1h 1.3h 05h
Obj. row 3 6.0 h 2.0h 0.8h
Obj. row 4 5.4h 1.7h 0.8h
Obj. row 5 6.3 h 1.7h 0.8h
Obj. row 6 - 1.6h 0.8h

that the proposed BH correction method produces better
BH correction results in comparison to the results derived
using the empirical method. As the corrected images using
the empirical method still suffer from cupping and streak
artifacts. The results in Fig. 3 were further analyzed in
Sect. 3.2.1 in which the images are quantitatively evalu-
ated in terms of CNR.

Table 3 shows the execution time required for the scatter
and the proposed BH correction methods. With respect to
the acquisition time from the scanner, i.e., 0.8 h for 3000
projections, the time required for the BH correction is near
real-time using four GPUs. Since the number of projec-
tions, that are needed to be simulated, are distributed among
multi-GPU. This scale the simulation time almost linearly
with the number of GPUs. As a result, the simulation time
for the full set of projections is divided by the number of
GPUs. Real-time BH correction can be achieved with a
higher number of GPUs used. Scatter correction was not
performed for the last example, as it has only a minor con-
tribution. Alternatively, we attached the near scatter-free
image from the collimator for this example which is shown
in the second column.

3.2 Analysis of the proposed BH correction method
3.2.1 Quantitative evaluation of the results

To quantitatively evaluate the results of the proposed BH
correction and the empirical methods, the CNR is used,
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which is calculated by Eq. 16. The CNR was measured in a
region-of-interest (ROI) of 16 X 16 pixels within the target
images. The ROIs of the six examples are labeled with red
squares in Fig. 3.

IMROI ~ HBack rmmdl
CNR = =, (16)

O-Background

where pgor and pg,cerounq are the mean values of the ROI
and the background, respectively, while og,.10umq 15 the
standard deviation of the background.

Table 4 shows the CNR results of the volumes shown in
Fig. 3. For all the experimental examples, it is shown that the
CNR values are improved after the application of the pro-
posed BH correction method in comparison to the CNR val-
ues of the volumes in the case without any artifact correction
or the case with only scatter artifact correction. Moreover, it
can be noticed that the CNR results of most of the volumes
corrected using the proposed BH correction method are
higher than the CNR values derived from the volumes cor-
rected using the empirical BH correction method. Therefore,
better image visualization and quality have been achieved
using the proposed BH correction method in comparison to
the empirical method.

3.2.2 Effect of inaccurate estimation of materials on BH
correction

The proposed materials estimation method depends on the
polychromatic linear attenuation values of the different mate-
rials in the uncorrected volume and the polychromatic linear
attenuation values of the relevant materials in the look-up
table. If the volume, that is needed to be corrected, is derived
from the same object and geometry setup which were used
to fill the look-up table, the estimation of the material will
be accurate. Otherwise, the linear attenuation values of the
different materials in the uncorrected volume will deviate
from the ones assumed in the table. This deviation could be a
consequence of a stronger BH and scatter artifacts. Thus, the
proposed materials estimation method would wrongly esti-
mate these materials. Due to the proposed estimation scheme
of the polychromatic projection, even when the materials are
wrongly estimated, the proposed approach can estimate the
polychromatic projection in a way that will be close to the
BH-corrupted polychromatic projection. However, this is
only possible when the materials estimated are not far away
from their original types.

Figure 4 shows the effect of the wrong estimation of
the materials on the BH correction results for two different
objects. In this figure, three cases of materials estimation
were tested. In the first case, the materials were assumed to
be known. The results of the BH correction, in this case, are
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VolI-BH corrupted
Vol-BH corrected with higher p

Fig.4 Results of the BH correction using the proposed method for
different cases of materials estimation. The first column shows the
slices from the BH-corrupted volumes. The second column shows
the BH-corrected result when the materials are known. The third and
fourth columns show the results when the materials are estimated

Table 4 Quantitative evaluation of the scatter and the BH correction
results shown in Fig. 3 using the CNR

Objects Corrup. Scat. corre. BH corre. Emp.
Obj. row 1 4 6.6 12.1 12.3
Obj. row 2 21.3 21.3 319 27.4
Obj. row 3 17.8 22.4 23.4 20.1
Obj. row 4 54 134 21.1 21.5
Obj. row 5 20.1 30.1 377 33.6
Obj. row 6 34.3 101.5 119.4 105.2

shown in the second column of this figure. In the second case,
the materials from the uncorrected volume were assumed to
have lower linear attenuation values than the values of the
same materials on the look-up table. The deviation is assumed
to be 20% between the two values. For the first object, the
material was estimated as titanium instead of the assumed
material, i.e., iron. For the second object, the materials were
estimated as cement and titanium instead of aluminum and
iron, respectively. The BH correction results of this case are
shown in the third column of Fig. 4. In the last case, the mate-
rials were assumed to have higher attenuation values, i.e., 20%
deviation was assumed again. For the first object, the material
was selected as copper, while for the second object the materi-
als were estimated as titanium and copper. The results of the
BH correction, in this case, are shown in the fourth column
of this figure. It is shown that the results of the BH correction
for all the cases are almost the same and the wrong estimation

um=]

—-100

0 100 200

Vol-BH corrected known materials
Vol-BH corrected with lower u

with 20% lower and higher attenuation values than the values on the
look-up table, respectively. The last column shows the comparisons
between the profile lines of the slices in columns one to four. The pro-
file lines were averaged over multiple lines to suppress the noise

Table 5 Materials estimation results

Objects Actual Estimated
Obj. row 1 Unknown Fe

Obj. row 2 Unknown Fe

Obj. row 3 Al, Fe Cement, Fe
Obj. row 4 Cement, Fe Si, Fe

Obj. row 5 Cement, Fe Si, Fe

Obj. row 6 Al Al

of the materials has almost no effect on the quality of the cor-
rection using the proposed BH correction method. Table 5
shows the actual estimation of the materials by the proposed
materials estimation method for the six experimental objects
shown in Fig. 3.

3.2.3 Robustness of the polychromatic projection
estimation

As stated before, to derive an accurate correction term that can
correct the BH artifact of the experimental scatter-corrected
projections, the estimation of the polychromatic projections
should be as close as possible to these projections. Figure 5
shows a comparison between the experimental scatter-cor-
rected projections and the estimated polychromatic projec-
tions using the LSE method for the objects in rows 2-5 of
Fig. 3. It is shown that the proposed LSE method can estimate
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- Proj-BH corrupted scanner

Fig.5 Comparison of the BH-corrupted projections from the scanner
and the projections estimated using the proposed polychromatic pro-
jection estimation method. The first column shows the BH-corrupted
projections from the scanner. The second column shows the estimated

a polychromatic projection which is very close to the experi-
mental scatter-corrected projection in these examples.

4 Discussion

The application of the proposed BH correction algorithm

improves the CNR ratio of the corrected images. The detect-
ability of low-contrast materials in the corrected images is
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projections. The last column shows the profile lines of the projections
in the first two columns. The profiles are marked by white dashed
lines in these sub-figures

also improved which facilitates an accurate geometry extrac-
tion. The BH-corrected results, using the method in this
work, were derived in near real-time based on limited
available information from each scan. Based on the afore-
mentioned, the method proposed provides a time-efficient
alternative in near real-time to the classic iterative BH
correction algorithms in industrial computed tomography.
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5 Conclusion

In this work, a blind and robust BH correction method with
unknown materials is proposed. The materials within the
uncorrected volume are first estimated based on a look-up
table of the measured polychromatic linear attenuation val-
ues. A BH artifacts correction term is then obtained by simu-
lating the polychromatic and the monochromatic projections
using an implemented GPU-based forward projection model.
The polychromatic projection is estimated accurately utiliz-
ing the LSE method, while the monochromatic projection
is estimated by selecting the energy bin which produces the
lowest MSE with the acquired projection. Unlike most of
the available BH correction methods, the proposed one cor-
rects the BH artifacts in near real-time and does not require
prior knowledge of the materials. Moreover, as the accu-
racy of the BH correction highly depends on the estimation
accuracy of the polychromatic projection, it is shown that
the proposed estimation method can predict a precise poly-
chromatic projection that is very close to the used scatter-
corrected projection from the scanner. Thus, a successful
non-linearity adjustment of the BH-corrupted projections
has been achieved which allows significant suppression of
BH artifacts. We have validated the proposed BH correction
method and compared with the representative empirical BH
correction method. Experimental results show that the pro-
posed method outperforms the empirical method with a sig-
nificantly suppressed streak and cupping artifacts. This work
shows that the proposed method is very effective and robust
for the removal of the BH artifacts without prior knowledge
of the materials which makes it very promising and practical
for industrial applications.
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