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Abstract 
For most real-world applications of computed tomography (CT) the quality of image reconstruction 
from measured projections is reduced by artifacts from a number of sources. Especially for large sized 
objects, such as turbine blades, it is often not possible to fully penetrate the object in specific 
directions. The corresponding measured projections are additionally affected by secondary radiation 
caused by scattering. This manifests itself as smearing and blurring artifacts in the reconstructed image 
and is specifically perceivable at concave edges in the case of turbine blades. By means of data fusion 
we are able to supplement and correct the missing data from the CT scan and improve the 
reconstructed image quality.  As additional modalities a 3-D scanner as well as ultrasonic testing are 
available. A 3-D scanner can provide the complete surface information of the object simultaneously 
with the CT acquisition. A specific ultrasonic imaging technique called synthetic aperture focusing 
technique is used to obtain further data of the interior structure. In this contribution we present a 
general framework, how this additional data can be embedded in the CT reconstruction. This 
framework consists of a superiorized version of the simultaneous algebraic reconstruction technique 
(SART). The concept of superiorization is a new technique for constrained optimization and steers the 
algorithm to additionally fulfill the a priori given information from ultrasonic testing and 3-D 
scanning. Furthermore, our algorithm is able to handle additional data from the same modality but with 
different acquisition parameters. This means it is possible to incorporate another CT projection data set 
into our reconstruction as it is relevant in dual energy measurements for example. Applying this 
framework on a turbine blade model, the apparent smearing and blurring artifacts can be reduced 
significantly. 
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1  Introduction 
Turbine blades are heavily stressed components and play a key role for efficient operation modes in 
turbine machineries, e.g. in gas turbines. A powerful tool for quantitative and qualitative three-
dimensional testing of such turbine blades is X-ray computed tomography (CT) [1-2]. However, in 
most instances, a full angular coverage of the object is not possible since the X-ray absorption in 
specific directions is too intense so that certain artifacts arise in the reconstructed image. Due to a lack 
of access to more powerful X-ray tubes, the missing information may be acquired by a priori 
knowledge resulting from further imaging modalities. These a priori data can be based on simulations 
[3-4] or CAD models [5], however it is more elaborate to use information from real measurements 
which clearly reflect the present object geometry [6-7]. For sake of convenience it is an auspicious 
approach in non-destructive testing to use complementary information from ultrasonic imaging [8-9] 
and 3D surface scanning setups. Due to the fact that each of the three available modalities is operating 
in different coordinate systems, a definite calibration routine is essential. The subsequent inclusion of 
data from additional modalities into the CT reconstruction workflow is most efficiently done by using  
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Figure 1: Ultrasonic testing acquisition setup (left) using the synthetic aperture focusing technique (SAFT). The 
resulting image is shown on the right. This image together with a slice of the 3-D surface will be used as a priori 
data for the CT reconstruction process.  

 
iterative reconstruction algorithms [8]. In contrast to analytical approaches, such as the filtered 
backprojection (FBP), iterative algorithms are favourableby handling inaccurate or missing data. And 
indeed, iterative reconstruction methods gain more and more interest in the CT community essentially 
driven by a significant improvement of computing power in the last years. For the data fusion process, 
we use a newly developed optimization strategy known as superiorization. In superiorization, a 
standard algorithm, e.g. the algebraic reconstruction technique, is modified in order to additionally 
fulfil the a priori given data from further modalities by simultaneously guaranteeing  a constraints-
compatible solution.  
In the following we first describe a simple test specimen, which serves later as validation of our 
reconstruction approach. Based on this test object, the acquisition and registration processes with 
ultrasonic testing and 3-D surface scanning will be explained. The main part of this contribution 
consists of the superiorization approach applied during the reconstruction step. The universal validity 
of this method will be demonstrated, too.   

2  Acquisition of optical and ultrasonic data and calibration with CT 
In many instances, a 3-D surface model from an optical scanner [10] can provide complementary 
information compared to CT, especially for objects with concave regions and limited penetration or 
limited angular view. In such regions a corresponding CT reconstruction shows strong smearing 
artifacts, due to a low signal-to-noise ratio (SNR) based on long X-ray absorption lengths. These 
artifacts are also prominent in the inner part of the object. To correct such affected structures, we use a 
method from ultrasonic testing known as synthetic aperture focusing technique (SAFT). Figure 1 
shows a brief sketch of the applied SAFT setup and the corresponding output image. A detailed 
description of SAFT is given in [8]. Our test specimen used in this contribution is depicted in Fig. 1 
(left) and serves as a simple model of a turbine blade. Figure 1 (right) depicts the sought after 3-D 
model of our specimen acquired by the optical scanner. Since all of our imaging modalities, i.e. CT, 
optical scanning and ultrasonic testing, are not located at one spot and thus data is provided in different 
coordinate systems, a calibration routine is mandatory. The registration of the distinctive coordinate 
systems is carried out by means of a gauged dumbbell-shaped calibration specimen. The specimen is 
fixed on a plate which can be mounted on each of the three imaging modalities. This ensures a high 
degree of repeatability up to 30 µm by transforming the specimen from one to another modality. The 
optical scanning setup and the calibration object are shown in Fig. 3. 
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Figure 2: Left: Definition of our specimen representing a simple model of a turbine blade. Right: 3-D model 
produced by the optical 3-D scanner. 

3  Reconstruction algorithm using additional surface information  
This section describes in what way the knowledge of the additional object contour can be utilized for 
image improvement during reconstruction. To do so, the simultaneous algebraic reconstruction 
technique (SART) serves as our basic reconstruction algorithm.  In CT we always have to solve an 
inverse problem, i.e. to determine an image out of measured projections. This problem can be 
formulated as a linear system of equations: 
 

																																																									 ,																																																																								 1  
 
with ∈ 	  being the vector that contains the pixels we want to reconstruct and 	 ∈ 		is the 
vector of all measured projections. The system matrix   is independent of  and depends only on the 
geometric parameters of the setup. Our measurement consists of 720 projections with 2048 x 2048 
detector pixels. For sake of simplicity we show subsequently only the midplane reconstruction, so, for 
size  of the projection vector  we obtain: 2048 720 1474560. The reconstructed image 
has the user-defined size 600 600 360000 [11].  
 
In addition to Eq. 1 the sought after image  should also fulfil the exact contour information acquired 
by the optical scanner. To use this data, we define a map  with 0 for all pixels 	outside of the 
object and 1inside the object. To avoid edge overshoots, pixels outside the object but close to the 
object surface are assigned to 0 1. Based on SART and with the help of this map, a new 
reconstruction algorithm can be defined as: 

∑
∑

∑
		 		 0

0																																																																																 		 0

																															 2 	 

4  Reconstruction algorithm using additional surface and ultrasonic information  
with superiorization 
In this chapter we want to include additionally the ultrasonic data into the reconstruction process. To 
do so, the “edge” map of Fig. 5 (top right) is taken into account in order to modify Eq. 1 with the 
concept of superiorization. In the superiorization framework the reconstruction of Eq. 1 is changed 
after each iteration step k so that the final reconstruction result fulfills a second criterion. A schematic 
representation of superiorization is given in Fig. 4. This criterion can be described by a merit function  
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Figure 3: 3-D Surface acquisition setup (top). The calibration procedure between CT and optical scanner was 
carried out by a dumbbell-shaped calibration specimen, whose 3-D model is shown in the lower image.  

 
 so that a smaller value of  is considerd to be desirable, thus 	will decrease after each iteration.  

The merit function  is defined via [12]:  
 

² ²,																															 3 	 

 

with the predefined image  and the current image estimate ≡ . The predefined image is 
previously calculated using the a priori data and contains the following two features due to a chosen 
filter:  
 
nearly homogeneous regions 
sharp edges at locations indicated by the edge map of Fig. 5 (top right). 
 
For sake of convenience the filtering procedure is not outlined in detail here, for more information see 
[13]. 
 
In Eq. 3 the merit function  reaches a smaller value if the gradient of  is similar to the gradient of 

. This means minimizing  steers the image estimate  to have a similar gradient as   and 

thus contains the a priori information since the image 	was constructed by integration of 
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ultrasonic testing and surface scanning. The superiorization approach assures that the aforementioned 
modifications on  after each iteration are not too “strong” in order to guarantee the convergence of the 
underlying reconstruction algorithm. The result of our superiorized algorithm is given in Fig. 5 
(bottom). 
 

 
Figure 4: Basic scheme of our proposed reconstruction algorithm. The structure inside the dashed box describes 
the standard SART algorithm. The a priori data is incorporated into the algorithm via the superiorization (symbols 
outside of the dashed box).  

5  Summary 
In this contribution we demonstrated a data fusion procedure between X-ray CT, optical scanning and 
ultrasonic testing via superiorization.  The surface contour from optical scanning and the localization 
of edges inside the object acquired by ultrasonic testing (SAFT) provide complementary information 
compared to CT and was considered as a priori knowledge in the reconstruction process [14]. A 
superiorized version of SART provides an elegant way to improve the entire image quality of 
reconstructions suffering from limited penetration or limited angular view artifacts by providing a 
higher SNR and a improved perceptibility of edges. 
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Figure 5: Results of the fusion process. The top left image shows a standard reconstruction without any additional 
information. On the top right the a priori used data, coming from the optical scanner and ultrasonic testing, is 
visualized. Bottom: Final reconstruction with our proposed algorithm. The concave structure as well as specific 
edges inside the specimen are now clearly visible.  
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