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Abstract
X-ray imaging of long, pipe-like structures often lead to limited-angle tomography problems because of geometric restrictions and high attenuation of the
pipe material (for example steel). Tomographic reconstructions from such
data are typically inaccurate in the direction perpendicular to the cylindrical
axis. For example, small but significant voids in weldings may go unnoticed
due to their erroneous elongation in the reconstruction. This inaccuracy may
be compensated by prior information on the target being imaged. The reconstruction scheme proposed in this work makes use of the following prior
information: (1) the target consists of a small number of known materials,
(2) the structure of the target is homogeneous within each material, and (3)
the shape of the target is roughly known. Numerical results presented for
simulated and real X-ray data demonstrate a significant increase in depth
resolution compared to standard tomosynthesis reconstructions.
Keywords: limited-data X-ray tomography, pipes, welding defects, depth
resolution, discrete tomography

∗

Corresponding author
Email addresses: esa.niemi@eniram.fi (Esa Niemi), aaro.salosensaari@iki.fi
(Aaro Salosensaari), alexander.meaney@helsinki.fi (Alexander Meaney),
henrik.lohman@directconversion.com (Henrik Lohman),
samuli.siltanen@helsinki.fi (Samuli Siltanen)

Preprint submitted to NDT & E International

December 2, 2018

1. Introduction
Non-destructive testing (NDT) is crucial for ensuring the integrity of pipework
and welded joints in safety-critical applications such as nuclear power plants.
One of the frequently used NDT techniques is X-ray imaging. Due to geometric limitations as well as restrictions in imaging time, X-ray NDT of
pipelines often leads to a limited-angle X-ray tomography problem, which is
a severely ill-posed inverse problem. Ill-posedness means extreme sensitivity
to modelling errors and measurement noise, and regularized reconstruction
methods are needed for robust and reliable imaging.
Limitations in measurement geometry may also come from the X-ray
sensor technology. One of the motivations of this work is the use of CdTebased direct conversion X-ray detectors in NDT. These detectors typically
are tall but narrow in shape, which needs to be taken into account in the
design of the measurement setup. A natural way of using these detectors
in pipe examinations is to use them in a tomosynthesis type setup such as
that used in [1], leading to a limited-angle X-ray tomography problem. See
Figure 1 for an illustration.
Limited-angle X-ray tomography problems are known to be severely illposed [2, 3, 4, 5, 6]. Regularized reconstruction algorithms for them have been
considered extensively in the fields of computational and medical imaging
during the last few decades [7, 8, 9, 10, 11, 12, 13, 14, 15]. There are also
many recent works studying their application specifically to NDT [16, 17, 18,
19, 20]. The ill-posedness of the limited-angle problems are due to the lack of
information in the measurement data. This deficiency can be fixed by using
a priori information about the target [6].
In this work we aim to improve the results obtained in [1] for the NDT
of welded pipe joints by replacing the standard tomosynthesis reconstruction
algorithm by a reconstruction scheme that employs three different types of
a priori information about the pipe and/or weld being studied:
(C1) The target consists of a few (say, two or three) different materials.
(C2) The materials are homogeneous and the interfaces between them are
sharp.
(C3) The (exterior) shape of the target is known with moderate accuracy.
We enforce (C1) and (C2) by using a slightly modified version of the TVRDART algorithm introduced in [21] for reconstruction. The main novelty is
imposing the condition (C3), which makes a crucial difference in the welding
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inspection application. We model the wall of the pipe closer to the X-ray
source as uniform material (metal), and choose as degrees of freedom in the
optimization problem only pixels in the pipe wall closer to the X-ray detector
as free variables.
A similar type of idea of using structural prior information was applied
in [22]; however, there the structural prior information was obtained with
an additional surface scan, whereas we assume here that the pipe and its
dimensions are known rather accurately without additional scans. This assumption is valid in many cases where pipelines or welded pipe joints are
being evaluated.
We present numerical results for the proposed computational algorithm
using a simulated and a real data test case. The results are compared to
standard tomosynthesis reconstructions.
2. Methods and materials
2.1. X-ray measurement setup
In addition to the geometric limitations imposed by the structure of a
long pipe, we also assume that the X-ray detector used in the measurements
is tall but narrow in shape. This kind of shape is typical to direct conversion
X-ray detectors based on CdTe technology. For example, 10 cm × 1 cm is a
typical detector size.
A natural way to use this type of detectors in pipework NDT is a tomosynthesis type measurement setup analogous to the one used e.g. in [1],
see Figure 1.
In this article we consider the reconstruction problem only in 2D, but the
proposed setup can easily be extended to 3D by rotating the X-ray source
and detector around the pipe for each source position. In fact, the resulting
3D reconstruction problem is even easier (more stable) to be solved computationally, since the third dimension brings in more information about the
defects.
We shall employ the above kind of measurement setup both in our simulated and real data test cases.
2.2. Reconstruction algorithm
We model the X-ray tomography problem with the matrix equation
Ax = m,
3

(1)

Figure 1: A tomosyntesis type measurement setup using a 10 cm × 1 cm X-ray detector
for the NDT of a 20 mm thick pipe with 150 mm diameter. The pipe has a welded joint
in the region of interest close to the detector. The detector is plotted as a thick black line
and the source positions are denoted by the black dots. The number of X-ray projections
is five, and the total movement of the source is 400 mm.

where A ∈ RM ×N is a matrix modeling the measurement process, x ∈ RN
denotes the unknown pipe object to be reconstructed and m ∈ RM is the
X-ray data. As an important remark we note, that here x contains only the
pixels that are known (recall (C3) from Introduction) to belong to the pipe
wall that is closer to the detector and that m is the measured X-ray data
subtrated by the X-ray attenuation data caused by the pipe wall closer to
the X-ray source. Note also that if the object being imaged is a welded pipe
joint, then the a priori knowledge of the shape of the weld area might not be
very accurate; however, our numerical tests suggest that minor inaccuracies
related to the shape of the target do not affect the numerical results too
much.
As mentioned in Introduction, we assume that the target consists of a
few different homogeneous materials (C1) and the materials are uniform
(C2). These pieces of information are taken into account by employing a
slightly modified version of the TVR-DART reconstruction algorithm [21].
The modified algorithm finds the reconstruction x ∈ RN as (a) minimizer
arg min{kAS(x) − mk22 + αTVβ (x)},
x∈RN
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where S : RN → RN is a soft segmentation function given by
S(x) =

G
X

(ρg − ρg−1 )u(x − τg , kg ),

g=2

with
u(x, kg ) =

1
,
1 + e−2kg x

kg =

K
.
ρg − ρg−1

Here α > 0 is a regularization parameter, G is the number of materials and
K is called a transition constant; our numerical tests indicate that K values
ranging approximately from 3 to 6 seem to work well in computations. In this
work we only consider the case G = 2, i.e. materials present in the unknown
are gas and metal. The parameters ρg are the pre-known attenuation values
of the materials in the unknown object (e.g. metal and gas) and τg are the
threshold levels between the different attenuations with τ1 = 0. Above TVβ
denotes a smooth approximation for 2D total variation penalty given by
Xp
(xi+1 − xi )2 + (xi+n − xi )2 + β, β > 0,
TVβ =
i

where n is the number of rows in the image. We use β = 1e − 4 in numerical
computations and find the minimizer with Barzilai-Borwein method [23].
Similarly to [21], standard TV reconstruction is used as the starting point
of the iterative minimization. On the edges of the pipe wall we apply zero
boundary condition.
There are four differences between this algorithm and the original TVRDART introduced in [21]. In [21] the (smoothened) TV penalty was applied
to S(x) as we apply it to x. We chose the latter option since our computational tests suggested that it leads to more stable numerical results. An
additional difference is that in [21] the TV penalty was smoothened using a
Huber approximation while we use here the β-smoothing as described above.
We expect this does not make essential difference in the results. Thirdly, the
minimization method used in [21] was different than ours but essentially both
of them are gradient-based methods. Finally, in [21] the attenuation values
ρg and thresholds τg were automatically estimated from the data while we
assume they are known a priori.
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2.3. Simulated X-ray data
In order to test the proposed reconstruction algorithm we simulate X-ray
data for a welded pipe joint phantom with a void of 3 mm diameter, see
the top image in Figure 2. The diameter and wall thickness of the pipe are
150 mm and 20 mm, respectively. The measurement setup is the same as
that shown in Figure 1. In particular, the total source movement is 400 mm
with 80 mm translational step, i.e. the number of projection images is five.
The distance between the pipe and the detector is 20 mm and the distance
from the source to the axis of the pipe is 175 mm. To simulate measurement
errors, we add 2% additive Gaussian noise to the data.
2.4. Real X-ray data for an alumimium pipe
For a real-data test case, we measured X-ray data for an aluminium pipe
with 200 mm length, 50 mm outer diameter and 2 mm wall thickness. To
create a void inside the pipe, we first cut the pipe into two 100 mm long
pieces, made the cutting surfaces perfectly flat by machining and drilled a
hole with 0.5 mm diameter to the other flat surface. Finally, the two 100 mm
pieces were put together with an aluminium tape so that the flat surfaces
were against each other and the 0.5 mm hole was located inside the pipe.
The X-ray data was measured with a custom-built µCT device nanotom supplied by Phoenix—Xray Systems + Services GmbH (Wunstorf, Germany), making use of a CMOS flat panel detector with 2304 × 2284 pixels
of 50 µm size (Hamamatsu Photonics, Japan). For each X-ray image, the
detector was translated in horizontal direction 12 cm to both right and left,
leading essentially to 36 cm × 12 cm detector area. The pipe was positioned
in front of the detector to five different locations with roughly 3 cm translational step. For each of the locations a 36 cm × 12 cm projection image was
composed as an average of ten 1000 ms exposures. The X-ray tube was stationary during all the measurements and its acceleration voltage was 70 kV
and tube current 150 µA. Since we consider here the reconstruction problem
in 2D, we only make use of each projection image’s middle row corresponding
to the central 2D cross-section of the pipe.
3. Computational results
In this section we present numerical results obtained by applying the
proposed reconstruction algorithm to the simulated and real X-ray data sets
described in the previous section. The results are compared to standard
6

tomosynthesis reconstructions. X-ray projections and backprojections were
computed using Astra Tomography Toolbox [24, 25].
Reconstructions for the simulated data of a welded pipe joint with 3 mm
void are shown in Figures 2 and 3. Results for the real X-ray data of an
aluminium pipe with 0.5 mm void can be found in Figure 4.
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Figure 2: Original phantom (top), tomosynthesis (middle) and the proposed TVR-DART
reconstruction (bottom) for simulated data. The areas enclosed by red rectangles are
shown in detail in Figure 3. Note that the reconstruction by the proposed method does
not precisely follow the shape of the weld; this is due to the fact we assume no accurate a
priori knowledge the shape of the weld but use a simple straight-wall approximation.
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Figure 3: Left column: The regions of interest (ROI) indicated by the red rectangles in
Figure 2. On the right of each ROI, profiles corresponding to the red dashed lines in the
ROIs. The lines lie 1 mm above, in the middle of, and 1 mm below the void, respectively.
Note: As can be seen in the profiles on the top row, the attenuation coefficient of the weld is
10% smaller than that of the pipe. This difference is so small that it is difficult to see in the
grayscale image, but it serves a realistic violation of our assumption of only two different
materials and hence tests the robustness of the proposed reconstruction algorithm.
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Figure 4: Real data results for an aluminium pipe with a void of 0.5 mm diameter. Top:
Reconstructions by tomosynthesis and the proposed TVR-DART variant. Middle row:
the region of interest enclosed be the red rectangle in the tomosynthesis reconstruction
and the reconstruction profiles on lines indicated by the red dashed lines. Bottom: Same
results as in the middle row but for the reconstruction computed by the proposed method.
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4. Discussion and conclusion
The numerical results shown demonstrate that the proposed TVR-DART
variant is able to significantly improve the accuracy of depth information
when compared to standard tomosynthesis. This is highlighted by the reconstruction profiles shown above, below and in the middle of the void in
Figures 3 and 4.
The difference between the proposed method and tomosynthesis is not as
clear in the real-data case as in the simulated data test case. However, in
the real data test case the void was really small with only 0.5 mm diameter.
In many practical applications, such as weld evaluation, defects smaller than
1 mm in diameter are of no interest.
The results with the simulated data illustrate that the a priori information
of the shape of the pipe and/or weld need not be perfect. As can be seen
from Figures 2 and 3, minor inaccuracies in the shape of the weld seem not
to significantly affect the image quality in the region of interest.
The choice of the parameters K, τg and α is critical to the reconstruction
quality, so they should be chosen carefully for the application in question.
In addition to voids (pores), there are many other types of welding defects
such as slag inclusions. They could also be found with the proposed method
by including them as the third material in the model. Further studies using
real X-ray data of welds with actual defects would be valuable.
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