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Abstract. Computed tomography (CT) is a very powerful tool in medicine and non-
destructive testing but is unsuitable for planar objects. A solution can be found in the 
use of computed laminography (CL), a technique in which the object is irradiated by 
an oblique angle thereby circumventing the problems arising in CT. Due to the 
limited amount of angular coverage and the special geometric set-up, filtered 
backprojection methods cannot be employed for the reconstruction in this case. 
More flexible iterative algorithms like SART (simultaneous reconstruction 
technique) provide an answer to this challenge. One of their important advantages 
when compared to filtered backprojection methods is their ability to incorporate a-
priori information about the object into the reconstruction process. Often the object's 
geometry is known from CAD files or other technical specifications. Especially in 
the case of limited-angle data, where only a part of the object can be measured, and 
laminographic geometries, additional information is of great importance. This 
geometrical a-priori knowledge can be exploited to restrict the reconstructed volume 
to areas where material is definitely present, resulting in correct object contours 
even in the limited-angle case. This reduces artefacts and increases contrast thereby 
allowing for a better defect detectability and thus an easier and more reliable 
inspection of the object. To use a-priori information correctly, a registration step 
between CAD file and measured projections is necessary. We have devised a 
registration algorithm which is able to compute the required 2D-3D-registration 
automatically. The concept of exploiting a-priori information to improve 
reconstruction quality can also be used in standard CT settings to reduce the amount 
of necessary projections or to solve limited angle problems. 
 
 

1. Computed laminography 

Computed tomography (CT) has long become a very powerful technique for non-
destructive testing of various objects as it produces high-resolution 3-D reconstructions of a 
specimen’s inner structures. Hereby, the object is irradiated by X-rays from different angles 
and reconstructed using mathematical algorithms. Still, the technique is not suitable for 
some applications as difficulties due to the object’s geometry may arise. For instance, if 
longitudinal and transversal diameters differ substantially, it is not possible to produce 
high-contrasted irradiation images from perpendicular directions. This is due to the fact that 
a much greater amount of energy is required to pass through the object in longitudinal 
directions. Similarly, there even is a risk of collision between object and X-ray source in 
case such planar objects are to be measured with an appropriate resolution. 
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Fig. 1. CT scanner 

Such problems do not arise for an innovative technique of non-destructive testing using X-
rays called computed laminography (CL). There are different approaches to acquire 
laminographic data that can be based on rotational or translational motion of the object. The 
technique of CL considered in this paper, is called CLARA (Computed Laminography and 
Radiography) [1]. The CLARA setup differs from traditional CT mainly in the angle 
between the rotation axis and the optical axis connecting X-ray source and detector. For 
CT, these axes are perpendicular, i.e. their included angle is 90°, whereas the angle might 
be significantly smaller in CL, commonly 30° or 45°. The CLARA setup scheme, which is 
illustrated in figure 2, allows for the object to have an arbitrarily large extend in the 
horizontal plane as it is not irradiated in any horizontal direction. Further, arbitrarily high 
resolutions are applicable, as the distance between X-ray source and test object is not 
restrained by any lower bound. 

 

 
Fig. 2. CL Scanner 

2. Registration 

The introduction of computed laminography also causes some drawbacks that need to be 
given attention to. First of all, analytic reconstruction strategies like filtered backprojection 
algorithms cannot be applied to CL. As a remedy, iterative methods as for example (S)ART 
[2], which are able to work with arbitrary trajectories and generate results of similar quality, 
can be used. A more critical drawback is the reduced quality of CL reconstruction volumes 
compared to CT reconstructions, which can be explained by the configuration of irradiation 
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angles. As every irradiation image provides data in directions orthogonal to but not in the 
direction of projection, the information content in a set of CT data is higher than in CL 
data, i.e. CL suffers from limited data. As a consequence, the reconstructed volumes are 
severely degraded by blurring artefacts. 
To overcome this problem, an additional source of information, so-called a-priori-data can 
be included in the reconstruction process of CL data [3]. In practice, geometrical 
information about the specimen’s surface is often given as CAD- or STL-data or can be 
obtained using other means of non-destructive testing (e.g. optical laser scanner). The 
inclusion of such data can significantly increase reconstruction quality by restricting the 
reconstruction area to actual object areas - but only if applied consistently. This means, the 
positioning and size of the a-priori-information has to coincide with the measured CL data. 
As the specimen is mostly placed on the rotary table by hand, its position is generally not 
exactly known. Thus, an accurate placement of a-priori-information has to be performed as 
preprocessing step to the actual reconstruction process. 
As mentioned above, it is not possible to compute high quality 3D reconstructions of CL 
measured data offhandedly due to blurring artefacts. Hence, a naïve strategy of performing 

a straightforward 3D-3D registration of 
measured and a-priori data cannot succeed. 
Instead, the measured 2D projections need to 
be registered directly with the a-priori data, 
i.e. a 2D-3D registration task is to be solved. 
A flow diagram for such an algorithm is 
illustrated in figure 3. Basically, the output of 
the 2D-3D registration process is a 
transformation consisting of rotation, 
translation and scaling, whose application to 
the data causes the 3D object reconstructed 
from measured data to exactly match the 3D 
priori model. As often already consistent in 
practice or to be easily computed as a 
preprocessing step, the scaling of the data will 
not be discussed in the following. The more 
interesting components rotation and 
translation are considered individually but 
refined alternately by the registration 
algorithm. 

While a similar registration algorithm for CT geometries has already been introduced by 
Franz [5], the one described in the following is suitable for arbitrary geometrical setups. A 
more detailed discussion of the approach can be found in [7]. 

2.1 Rotation 

For the determination of the transformation’s rotational component, a heuristic strategy is 
pursued. The essential component of this approach is the evaluation of arbitrary rotations. 
In order to find such an evaluation, the rotation is applied to the given a-priori volume 
before a set of projections through the modified volume is simulated using the original CL 
scanner’s geometrical setup. These projections are compared to the original irradiation 
images and an evaluation value is found by a function giving a measure for the similarity of 
the object’s orientations. As the images to be compared were acquired by different imaging 
methods, their grey values are not equivalent. As a remedy, the evaluation function 
computes segmentation images of the projections which can be compared 

Fig. 3. 2D-3D registration algorithm: flow diagram 
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straightforwardly. Hereby, a first binarization is performed using a modified Otsu method 
[6] which is able to deal with low contrast between fore- and background, i.e. areas of air 
and material. This is necessary as, especially for thin, planar objects, the absorption is very 
low in one direction and the energy of X-rays having transversally passed through thin parts 
of the object hardly differs from rays not having met any material. Let 𝑇 ∈ ℕ be a threshold 
value dividing an image with mean 𝜇 into two classes, according to whether their grey 
values are smaller than 𝑇, with means 𝜇0(𝑇) and 𝜇1(𝑇) and probabilities 𝜔(𝑇) and 
�1 −𝜔(𝑇)� respectively. Then, this threshold 𝑇 is computed by the modified Otsu 
algorithm as the minimizer of 

𝜎2(𝑇) =  𝜔(𝑇)(𝜇0(𝑇) − 𝜇)2 + �1 − 𝜔(𝑇)�(𝜇1(𝑇) − 𝜇)𝑐 
where 𝑐 ∈ ℝ regulates the contrast requirements and 𝑐 = 2 corresponds to the traditional 
Otsu method for which 𝜎2(𝑇) is the between class variance. 
The overall process of determining the rotation pursues a simple iterative scheme: First of 
all, an equidistant sample of rotations on the whole space of 3D rotations or around a given 
initial value is found. Each member of this set is evaluated as described above enabling the 
selection of the set’s best rotation which is then used as initial value for the following 
iterations. As the problem of finding the optimal rotation on the whole space of rotations is 
not convex, it often is very helpful to apply a roughly estimated rotation as start value or to 
pursue different branches of good rotation candidates, i.e. to keep multiple rotations with 
good evaluation values in one rotation and evaluate a rotation sample for each of these 
candidates in the following iteration. 

2.2 Translation 

The approach of finding the suitable translation is more straightforward and does not rely 
on heuristic strategies. The translation’s estimation is based on image barycenters which are 
computed by summing all border pixels’ coordinates in the binarization projections and 
dividing by the number of such pixels. If object orientations and segmentations are identical 
in two projections, these barycenters will correspond to matching object elements. By each 
pair of such corresponding pixels a 2D translation on the detector is given. As the detector 
placement is known from geometrical data, a 3D translation within the detector plane 
𝑡𝑖 ∈ ℝ3 can be computed from this. This 3D translation is the projection of the desired 
translation 𝑥 ∈ ℝ3 onto the detector plane. Thus, an equation for 𝑥 can be derived: 

𝑥 =   
1
𝑓

 ∙  𝑡𝑖  + 𝜆𝑖  ∙  𝑠𝑖 

Here, 𝑓 ∈ ℝ is the magnification factor and 𝑠𝑖 ∈ ℝ3 is the direction of projection for the 
irradiation image with index 𝑖 ∈ ℕ, both given by the geometrical setting. Further, 𝜆𝑖 ∈ ℝ 
is an unknown constant corresponding to the projection length, i.e. the distance between 
object and detector. 
Given such an equation for at least three different projections 𝑖 = 1,2,3 one can formulate a 
well-dimensioned optimization problem for the unknown translation vector 

argmin
𝑥  min

𝜆 ∈ ℝ3  ��  ��
1
𝑓

 ∙  𝑡𝑖  +  𝜆𝑖  ∙  𝑠𝑖�  −  𝑥�
23

𝐼=1

� 

The solution can be found by setting the objective function’s determinant to zero and 
solving the resulting linear system of equations. 
However, the results can only be expected to be nearly exact if the object orientations and 
segmentations in both projections sets are completely consistent. Nevertheless, a reasonable 
approximation is obtained in case of sufficiently small deviations in these criteria. 
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3. AP-ROI 

In computed tomography and computed laminography truncated projections occur if the 
inspected object cannot be completely projected onto the detector. Especially in the case of 
big objects with high absorption which are commonplace in computed laminography, 
truncated data is unavoidable. Since only a part of the entire object may be reconstructed 
from this data, the problem is called a  region-of-interest (ROI) reconstruction. The parts of 
the object which are not contained in the reconstruction volume nonetheless contribute to 
the measured absorption on the detector, but without being modelled correctly by standard 
reconstruction algorithms. This leads to strong edge artefacts inside the reconstruction 
volume, which cause decreased gray values in the centre of the volume, thus significantly 
reducing contrast. 
If the geometry of the object is known such a-priori information can also be used to reduce 
ROI artefacts.  For the case of sheetlike objects of a single material, a ROI correction 
algorithm has been proposed in [4]. In this work, we improve upon this ROI correction 
algorithm by loosening the restriction from sheetlike objects and allowing arbitrarily 
formed objects. Instead of the enclosing surfaces given by two planes we use an STL model 
of the entire object as a-priori information. A binary a-priori voxel volume with coarse 
resolution is computed from the STL data and allows to reduce the ROI artefacts of the 
embedded high resolution reconstruction volume. To this end a multiplicative correction 
factor for each ray is computed and applied to the projections during the reconstruction. 
This factor depends on the length LR of the ray inside the reconstruction volume itself and 
on the length LAP of the ray inside the material area of the entire object given by the a-priori 
volume (fig. 1).  

 
 

Fig. 1: ROI problem and correction coefficient computation, the absorption measured on the detector 
corresponds to the ray-length LAP running through the entire object, given by the a-priori volume, but the 
reconstruction volume only contains part of the material and therefore only part of the measured absorption. 
Standard reconstruction algorithms do not take this into account and use the ray-length through the entire 
reconstruction volume LR instead of LAP, resulting in ROI artefacts. 

 
If LR is small compared to LAP, meaning that most of the detected absorption is generated 
by the part of the object not inside the reconstruction volume, standard reconstruction 
algorithms will use this false absorption value to generate artefacts. Correcting the 
measured absorption value by the quotient of LR and LAP results in a lower value and 
reduces the ensuing ROI artefacts accordingly. If there is no portion of the object outside 
the reconstruction volume for a given ray, then LAP equals LR and the corresponding 
correction factor becomes one, thus changing nothing. This ensures that only such areas of 
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the volume are corrected in which the absorption is not completely modeled by the volume 
itself. 
 
In the case of objects consisting of different materials, this purely ray-length based 
approach has to be modified to incorporate the additional material information into the a-
priori volume by using the absorption coefficients as additional voxel weights, resulting in 
a polynary a-priori volume. The correction factor is then computed not only by the ray-
lengths but by the product of ray-length and absorption coefficient. 

 
Combining our ROI-SART approach with the AP-SART algorithm leads to the AP-ROI-
SART method which reweights the measured projection data using the ROI-correction 
factor while simultaneously restricting the reconstruction to material areas. This is 
performed by multiplying each voxel with a factor gj representing either material or air. To 
ensure a correct handling of the absorption, an additional reweighting according to the ratio 
of the number of material voxels to the number of all voxels along a ray has to be used. 
 
Let 𝑣𝑗𝑘 denote voxel j of the reconstruction volume after k iterations and 𝑝𝑖 ∈ 𝑃𝜑 the 
measured projection value in pixel i and projection 𝜑. 𝑤𝑖𝑖 symbolizes the length of the ray 
from source to detector pixel i in voxel n. 𝜆 is a relaxation factor and 𝑘𝑖𝑅𝑅𝐼 the proposed 
ROI-correction factor for pixel i. The reconstruction algorithm can then be formulated as: 
 

𝑣𝑗𝑘+1 = 𝑣𝑗𝑘 + 𝜆

∑ �
𝑘𝑖𝑅𝑅𝐼𝑝𝑖 − ∑ 𝑤𝑖𝑖𝑣𝑖𝑘𝑁

𝑖=1
𝑤𝑖𝑖≠0

∑ 𝑤𝑖𝑖
𝑁
𝑖=1
𝑤𝑖𝑖≠0

�𝑤𝑖𝑗 �
∑ 𝑤𝑖𝑖
𝑁
𝑖=1
𝑤𝑖𝑖≠0
∑ 𝑤𝑖𝑖
𝑁
𝑖=1
𝑔𝑖=1

�𝑔𝑗𝑖
𝑝𝑖∈𝑃𝜑

∑ 𝑤𝑖𝑗
 
𝑖

𝑝𝑖∈𝑃𝜑

 

4. Experimental results 

4.1 Registration 

Experimental results on real measured data for the registration algorithm discussed in 2.1 
are presented in the following. The test object examined is a longitudinal fibre reinforced 
object with a T-profile whose surface is illustrated by figure 2. 

 
Fig. 5. T-profiled test object 3D-view (surface data, stl) 
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The test object was measured using a CLARA scanner. Using the algorithm described in 
section 2, the CL projections were registered with the binary a-priori volume constructed 
from the surface data. Two volumes were reconstructed from CLARA measured data using 
the SART algorithm, one without use of any additional information and one using the 
registered a-priori volume. Vertical cuts through these three volumes are shown in figure 3. 
Considering the traditional SART reconstruction the actual shape of the object, the 
horizontal borders of the object are strongly blurred and the t-shape cannot even be clearly 
recognized due to laminographic degradations. Using the registered a-priori information 
(extended by a few voxels of decreasing intensity for reconstruction issues) which is 
illustrated in the center image of fig. 3, better reconstruction results can be achieved. This is 
substantiated by the right-most image showing the SART reconstruction optimized by 
exploitation of given a-priori information. Here, the t-shape is clearly visible leading to 
stronger contrast within the object. So the structured interior of the object is more clearly 
visible and even single rovings  can be identified.  

 

   
Fig. 6. Cuts through the t-profiled test object. Left: SART reconstruction, center: a-priori volume, 

right: AP-SART reconstruction. 
 

4.2 AP-ROI 

The developed AP-ROI-SART algorithm was tested on a simulated plastics T-profile with 
a fibre mesh (fig right) in both the base plate and the bar. The contours were used as an a-
priori volume without any information about the interior structure (fig. 2 left). A region of 
interest scan of 100 projections was computed and reconstructed using standard SART and 
AP-ROI-SART. The aim was to analyze the fibre structure in the base plate right under the 
bar. Due to the ROI projections, a standard SART reconstruction exhibits very strong 
artefacts, rendering a meaningful inspection impossible (fig. 2 left). The AP-ROI-SART 
algorithm takes the object's contours into account and delivers a clear reconstruction, where 
all fibres are visible (fig. 2 left). Without incorporating a-priori information the 
laminographic inspection of such a T-profile would not be possible. With our AP-ROI-
SART algorithm a new range of difficult to inspect objects can be properly analyzed for 
structure and defects. 
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Fig 7. left: 3D rendering of the a-priori volume consisting of the object's contours, right: 3D 

rendering of the fibre mesh 
 
 

        
 

Fig 8. Slice through the reconstruction of the base plate of the T-profile: left: SART, right: AP-ROI-SART 

5. Conclusion 

The work has shown that the use of a-priori knowledge about the test object in the 
SART reconstruction of CLARA data can significantly reduce laminographic blurring 
artefacts. An algorithm performing the necessary 2D-3D registration with the a-priori data 
was proposed and substantiated by test results for real data. The algorithm provides the 
necessary geometric adaptions by the determining rotational and translational components 
of the transformation which registers the volume to be reconstructed using projections and 
geometric information with the given a-priori volume of identical size. If a ROI 
measurement is necessary, using the proposed AP-ROI-SART algorithm greatly reduces 
ROI artefacts and increases the detectability of fine structures. 

 
The work was partially funded by the BMBF project # 20H1309B. 
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