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Abstract. Non-destructive testing (NDT) of fibre reinforced plastics (FRP) is a 
challenge due to their complex inner structures. Different NDT technologies like 
ultrasound, thermography or computer tomography (CT) are currently used for the 
inspection of FRP. Each of these testing methods has its pros and cons. CT offers 
detailed 3D information about the inner structures of the materials, but is quite time-
consuming. Ultrasound and thermography are fast testing technologies and therefore 
could be also used for inline inspection. However they have the disadvantage of less 
detailed information compared to CT. 
 In order to combine the advantages and overcome the disadvantages, CT is 
used as reference technology for the inline testing methods. This means that 
ultrasonic or thermography systems are qualified by the referencing process to 
detect defects so that they can deliver reliable inspection results within the 
production process. For this purpose it is absolutely necessary to easily compare the 
different kind of NDT methods. This has been achieved by developing a NDT 
software platform for loading, visualising and analysing ultrasonic, thermographic 
and CT data. This platform enables the user to analyse data sets of the different 
technologies in one single software package and to easily compare and also combine 
the results. 
 For CT data evaluation advanced and adapted algorithms have been developed 
and integrated in the software platform, which allow automated defect detection and 
porosity analysis. In addition the fibre orientation can be determined based on a new 
3D texture analysis algorithm. For 2D evaluation of ultrasound and thermography 
data advanced and automated defect detection algorithms have been implemented 
and included into the software platform. As some defects are only visible in one of 
the two testing technologies, a data fusion algorithm has been developed which 
combines the two analysis results. Through this procedure extensive failure 
detection is achieved. 
 The new machine vision platform for NDT has been tested on selected data 
sets generated from real as well as special test parts. The evaluation results are 
promising and show clearly the possibilities offered for visualisation, analysis and 
data fusion for CT, thermography and ultrasound inspection. 
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1 Introduction 

Fibre-reinforced plastics (FRP) are increasingly used in industrial branches with a strong 
need of lightweight and in addition highly stable and robust materials. Beside the aerospace 
industry and the energy sector also the automotive industry deploys more and more FRP 
especially in the field of e-mobility. However the production of FRP parts is still expensive 
and makes high demands on quality control in particular as inner structures and defects are 
concerned which have to be detected and analysed. For the inspection of FRP parts 
different kinds of non-destructive testing technologies are suitable like computer 
tomography (CT), thermography or ultrasound. Nowadays the evaluation of the acquired 
measurement data (e.g. 3D data sets of a CT scan) is performed in software packages which 
are adapted to the used sensor or specific for the type of acquired data. In order to establish 
and also to combine these testing technologies for lightweight construction a NDT machine 
vision software platform has been developed (within the scope of the European research 
project QualiFibre: “Qualification and Diagnosis of Carbon and Glass Fibre-Reinforced 
Composites with Non-Destructive Measurement Technologies”). By its modular structure 
this software platform enables handling and visualising different measurement data sets 
generated with thermography, ultrasound or CT. Its integrated defect detection software 
comprises new data processing and evaluation algorithms for the acquired 2D and 3D data 
sets. Moreover thermography and ultrasonic data sets and accordingly testing results can be 
fused in order to achieve more comprehensive and reliable inspection results.  

2 Software architecture of the NDT machine vision platform 

The goal of the underling framework of the NDT machine vision platform is to combine 
various data sources of composite materials (carbon fibre and glass fibre reinforced 
plastics) to allow the implementation of improved error detection algorithms. The challenge 
is to combine all the different data formats within one interface to allow one algorithm to 
work on several sources. Furthermore the algorithm part is designed to be highly extensible 
to enable integration of further developments. Since speed is crucial in this context and 
integration into different software applications already developed in C++ is intended, the 
software was implemented in the same programming language utilizing low-level code 
optimization. To meet the criteria of an extensible design, object-orientated principles and 
design patterns are used which have proven their flexibility in real-world software for 
years [1]. 
The initial data sources for the framework to deal with are computer-tomography (CT), 
ultrasonic and thermography data. The obvious difference between these data is the 
dimensionality. The framework must be able to handle both: two dimensional and three 
dimensional (volumetric) data. Hence a stable interface to access these data as easy as 
possible was designed with great care.  
The program itself is usable as library ready for integration in existing software as well as 
stand-alone software with a graphical user interface (GUI).  

2.1 Overview framework components 

The framework is split into three main components, named data (data handling and 
processing), report (generation of reports) and core (utility and configuration). Inside of the 
application’s core part a builder pattern [2] is used for defining commands and processing 
steps.  This allows the API to be kept small and simple. It is even possible to extend the 
functionality of the library without changing the external API. So recompiling of 3rd party 
programs, including the library, is avoided. 
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2.2 Data component 

Its main responsibility is loading and management of all kind of used data which is by far 
the biggest and most complex part of the framework. Especially for volumetric 3D data 
(usually high density voxel images) a lot of memory is needed. To solve this problem a 
trade-off between performance (loading everything into memory at once) and robustness 
(utilizing caching strategies to read and write data from hard disc into memory or vice versa 
on demand) has to be made. By using intelligent memory management it is possible to 
choose the best strategy according to the available hardware. Since most already existing 
algorithms work with raw pointers as input some memory management strategies could not 
be used because of this direct memory access. The best way to access the data is to use the 
given API methods of the developed framework. By doing so only a fraction of the whole 
data which is currently used in the algorithm will be loaded and cached into memory. The 
rest remains on the hard disc. If a raw pointer is requested by the application then it is 
decided if either a memory mapped file should be used (which is basically the mapping of 
hard disc memory into program memory allowing to access bigger files more efficiently 
and preventing out of memory conditions) or if the whole file is loaded into a memory 
buffer. This depends on the file size and the available system memory. To make memory 
mapped file handling easier and at the same time keeping independence from the operating 
system the C++ utility library boost is used. 

2.3 Processing component 

As already mentioned reusability, modularity and extensibility were the design goals for the 
data processing part of the framework. In the best case a given algorithm should be able to 
operate on all dimensional data from various sources (even though the use of one 
dimensional data is really very limited). To achieve this goal a decoupling between 
algorithms and data sources is needed as well as a smart way to make new implementations 
of commands or filter algorithms. Abstract classes were created to provide basic and shared 
functionality. They can be easily extended to implement new operations. 
Two classes are distinguished: commands and filters. Commands are doing basic work like 
loading data into the data manager, deleting data, printing out information and so on. The 
filter commands on the other hand are designed in order to do some transforming or 
algorithmic work on the loaded data. Prior before doing their work they validate the source 
data (for example if the data is loaded and if so, if its dimensionality is correct). Then they 
perform their operations and write new output data in the process. 
Not only are the different dimensions a challenge, also the differences between the data 
formats themselves are not easy to handle (e.g. PNG images vs. bitmap images or binary 
vs. text headers for volume data). In order to work around these problems usually an 
intermediate format is defined on which operations can be executed. Since this format 
shouldn’t be hold in memory all the time, a data access abstraction layer is defined instead. 
It provides access for the 1D, 2D or 3D data classes. So, if an algorithm wants to access a 
certain area e.g. in a 2D image, the call is directed to the data abstraction layer which in 
turn will translate this request to a read and/or decode operation of the actual data from disc 
(or it will return the already decoded data from a memory cache if this strategy was feasible 
on the used computer). The mechanism is depicted in Fig. 1. 
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Fig. 1. The DataBitmapIO creates the Data2D object and is used to manage the read and write operations of 
the concrete data model. 

2.4 Reporting component 

The reporting part of the application is rather simple. It contains data classes to represent 
the report in a tree-like data structure, which can be fed into a formatting component, which 
will walk through the tree and render the information in a human-readable format for 
displaying it. For basic information a text formatter was implemented, returning simple text 
files. If desired more complex formatters could be used as for example for PDF or XML 
rendering. 

3 2D evaluation algorithms and achieved results 

Thermography and ultrasound are two well-established NDT technologies. Typical 
thermographic and ultrasonic outputs consist of 2-dimensional data sets. In order to 
evaluate these data, the developed NDT machine vision platform integrates capabilities of 
loading, visualising and analysing data sets acquired by these two technologies. The defect 
detection algorithms, as main components of 2D data sets analysis, are presented in the 
following section. 

3.1 Implemented algorithms for ultrasonic and thermographic data 

In the investigated data sets the defect areas and the faultless areas show a significant step 
in the signal level. This signal level step is used to detect the defects within the material. In 
case of the data sets presented, the signal level of defect areas is significant lower than the 
one of faultless areas of the probes. Therefore in the remainder of this section it is assumed 
that the signal level of the defect areas is lower than the one of the surrounding sound areas. 
Nevertheless the developed software is capable to handle the contrary contrast as well.  

Data sets acquired with thermography or ultrasound suffer from considerable noise. 
(see Fig. 2, 1st col.) Therefore one of the challenges developing an algorithm for defect 
detection in 2D NDT data sets is the reduction of noise. Several established noise reduction 
techniques were tested as mean filtering [3], median filtering [3], morphologic filtering [4], 
anisotropic diffusion [5], and bilateral filtering [6]. It turned out that anisotropic diffusion, 
or in some cases morphological anisotropic diffusion, were the most promising methods. 
The anisotropic diffusion reduces the noise within region with moderate changes of the 
signal level while rapid changes in the signal level or steps are preserved. So the anisotropic 
diffusion removes the noise while preserving the differentiation between the signal levels of 
the defects and sound areas (see Fig. 2, 2nd col.).  
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Especially in data sets acquired with thermography a reasonable salt and pepper 
noise can occur. As mentioned before the strength of anisotropic diffusion is the 
preservation of rapid changes of the signal level. Because rapid changes are typical for salt 
and pepper noise anisotropic diffusion is hardly capable to remove this kind of noise. 
Morphological anisotropic diffusion [7] is an extension of anisotropic diffusion that was 
developed to overcome this weakness of the standard algorithm. Within our framework 
both noise reduction techniques are available.  

As mentioned before the defects are separated from the faultless areas by a 
reasonable step in the signal level. Unfortunately the signal levels of the sound as well as of 
the defects areas are not uniform over the entire data set. Therefore a global threshold [3] 
between defects and sound areas cannot be determined. Local adaptive thresholding [3] 
techniques are not feasible because of the unpredictable size of the possible defects. The 
NDT machine vision platform uses the h-basins transformation [8] and h-domes [8] 
transformation in order to remove the impact of the non-uniform signal level. The results of 
the h-basins transformation are the local minima, represented by the difference of their 
signal level to the signal level of the surrounding faultless areas (see Fig. 2, 3rd col.). 

The final step is the defects segmentation by global thresholding and object 
generation [3]. The attained defect objects are described by several geometrical features, 
particularly position of the centre of mass, minimum and maximum extension, area and 
perimeter (see Fig. 2, 4th col.). 

 
Fig. 2. Image processing chain  

Upper row: Analysis of thermography data; lower row: Analysis of ultrasound data; 
From left to right: Acquired data, result of anisotropic diffusion, h-basins, defect objects. 

3.2 Fusion of ultrasonic and thermographic data 

Thermography can generate more detailed data than ultrasound but thermography is limited 
to defects near the probes surface while ultrasound is not. Therefore to detect as many 
defects as possible without a precision trade-off, a combination of both NDT technologies 
would be very advantageous. Within the NDT machine vision platform a fusion of the 
results of the analysis of the thermography data with the ones of the ultrasound data 
analysis is implemented. The fusion is performed on the feature level [9], combining the 
results of the h-basins transformation and h-domes transformation respectively of 
thermography and ultrasound data.  

In order to fuse the data sets, the differences in position, orientation and scaling 
must be corrected. Therefore in both data sets at least three markers are detected and 
matched. After that the two input signals are fused on pixel level, adding both signal levels 
and a weighted product of the signal levels. The added weighted product offers the 
opportunity to adjust between a high detection probability on one hand and a high detection 
reliability on the other hand. 
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3.3 Achieved 2D evaluation results 

The presented algorithm for defect detection in 2D data sets has been tested with special 
designed test parts. The defect detection results of a test parts containing multiple 
inclusions are indicated in Fig. 2 and Fig. 3. Obviously the implemented algorithm is able 
to detect inclusions within FRP parts. Depending of the defect depth, due to the different 
sensitivities of thermography and ultrasound, the data fusion of the two NDT technologies  
enhances the probability as well as the reliability of the detection. 

 
Fig. 3. Fusion of thermography and ultrasound data 

Upper row: h-basins; lower row: defect objects; 
From left to right: thermography data, ultrasound data, fused data. 

The comparison of the results presented in Fig. 3 reveals that defects detected in the fused 
data contain defects that are detected by thermography and ultrasound, by thermography 
only, by ultrasound only, and finally defects that are neither detected in thermography data 
nor in ultrasound data (see Table 1 for details). These results illustrate the benefit of data 
fusion for the defect detection in FRP. 

 

Table 1 Number of detected defects by data source 

Detected in No. defects 

Thermography as well as Ultrasound 8  

Thermography only 2  

Ultrasound only 2  

Fusion 14  

Fusion only 2  

4 3D evaluation algorithms and achieved results 

Besides the 2D techniques mentioned above, 3D evaluation algorithms have been 
integrated into the NDT machine vision platform. This is necessary because beyond the 
technologies ultrasound and thermography, Computer Tomography (CT) is a common used 
technology for inspection of FRP parts [10]. 

Compared to ultrasound and thermography the whole CT scan of a FRP part takes 
rather long, but enables are more detailed view in the inner parts. The inner structures and 
defects can be visualised and even determined in size. 
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4.1 3D evaluation algorithms for Computer Tomography data 

One common error of FRP parts are pores. These pores are generated during the production 
process. For analysing this special defect type a former developed algorithm has been 
integrated in the NDT platform. This algorithm is able to detect porosity even in parts with 
bigger contrast changes, which are typical for FRP, by using local thresholds. 
Some defects like cracks cannot be detected by the integrated porosity analysis. Other 
algorithms for defect detection have to be added. For the NDT machine vision platform a 
3D texture analysis algorithm has been chosen. This algorithm is able to detect structural 
deviations from its surrounding. So every defect which is big enough and is a local 
deviation of its neighbourhood can be detected. This means also that it’s not recommended 
to use the 3D texture analyses for detecting pores, because, if these pores are quasi equally 
distributed in the FRP part, the become part of the underlying structure. 
But besides the defect detection the same algorithm can be used to determine the fibre 
orientation of the examined FRP part. Here the homogeneous texture along the fibre and 
the heterogeneous texture between the rovings are used [11]. 
The NDT machine vision platform has been also equipped with a visualisation module for 
the 3D data itself and also for the 3D analysis results. 

4.2 Achieved 3D evaluation results 

The integrated 3D analysis algorithms have been tested on real and on special designed test 
parts. In the following some examples of the achieved results are presented. For verifying 
the porosity analysis resin, typically used for FRP parts, has been produced with many air 
bubbles in it. These air bubbles are the pores which should be detected. As shown in 
figure 4 the NDT machine vision platform is able to detect and visualise them. Furthermore 
the platform can also give statistical information about the pore distribution to the user. 

 

Fig. 4. Porosity analysis result for typical FRP resin with air bubbles 

Figure 5 presents a result of the integrated 3D texture analysis algorithm. In this case the 
fibre orientation has been detected. As mentioned above it’s also possible to detect defects 
with the same algorithm. The analysis of fibre orientation requires a very high resolution of 
the CT scan, in this case 0.7 µm. The fibres are automatically coloured corresponding to 
their orientation by the NDT machine vision platform. 
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Fig. 5. FRP cube with detected and visualised fibre orientation 

4.3 CT as reference for inline testing methods 

Using CT as reference for the inline techniques ultrasound and thermography is another 
important aspect of the integrated 3D module. In many cases on one hand CT is too 
expensive and too time consuming to be used. On the other hand ultrasonic and 
thermographic results are not easy to interpret. In this situation the NDT platform can 
enable the design of a testing strategy. The CT data helps at the development state to 
understand what’s and what’s not visible in these 2D techniques. By visualising 2D and 3D 
data sets in the same software, the NDT platform enables the user to compare both kinds of 
data types very easily. 

5 Summary 

In this paper a new NDT machine vision platform with its software architecture, graphic 
user interface and integrated software tools for data evaluation has been presented. This 
software platform enables not only the evaluation of single 2D and 3D measurement data 
sets generated with thermography, ultrasound or CT but also the combined evaluation by 
data fusion. In order to achieve this, different kinds of automated algorithms for defect 
detection, fibre orientation, porosity analysis and data fusion were developed and tested on 
various data sets of test parts as well as of real FRP parts. Due to the modular structure of 
the NDT machine vision platform it can be further expanded and adapted to future FRP 
quality standards. 
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