
 

 

 

  

Object reconstruction from image series 

PhD thesis 

Academic supervisor: 

Dr. Árpád Barsi (BME) 

 

Budapest, 2015 

Kristóf Kapitány 
Department of Photogrammetry and Geoinformatics 

Budapest University of Technology and Economics 

Faculty of Civil Engineering 



 
2 

1. Introducing the research area 

The main motivation of my research is to support the analysis of high amount, 
tomographic image series, first of all to automatize the processing. The images taken by 
different imaging techniques (modalities) used by doctors, biologists, engineers and 
researchers – despite the contained information – could be useless, if the image processing 
can’t be carried out, or it needs extraordinary efforts. The aims of this research is to develop 
engineering solutions that enable the evaluation of high amount images, to acquire relevant 
information in an automated way. This could create the basis of numerical models, and also 
enables three-dimensional visualization. 

In this research large amount (1000-1500) of high definition (submicrometer scale) 
synchrotron images of mammal’s brain material and (100-300) CT images of construction 
materials (asphalt and concrete) were analyzed. In the field of biology the automatic 
processing of such images is not common, and among the engineering methods the use of 
tomographic slices is quite a novel approach. In my dissertation the principles of the applied 
imaging techniques are also presented beside the developed methods. 

Although the samples were created by biologists and engineers with different 
approaches in mind, the base of the developed methods are common. If series of cross-
sections are created using any kind of modalities, the 3D visualization and analysis of the 
captured object (or objects) is possible by using image processing techniques. With 
appropriate parameterization the imaged phenomenon could be analyzed automatically, 
objectively and fast to acquire accurate numerical characterization, even if it is a vessel 
network, or the system of components inside construction materials. 

2. Imaging techniques 

For the research a third-generation CT application of the Institute of Diagnostic 
Imaging and Radiation Oncology (Siemens SOMATOM Sensation 16), and the synchrotron of 
the Swiss Light Source (SLS) at the Paul Sherrer Institute was used. 

Computed Tomography (CT) 

The principle of CT is to x-ray the examined object through multiple directions, and 
reconstruct the cross-sections of the object using the acquired absorption profiles. If the 
object is moved perpendicular to the plane of imaging, all cross-sections could be imaged into 
tomographic slices along the object. 

Synchrotron 

An electron deflected by magnets emits synchrotron radiation. To generate sufficiently 
intense synchrotron radiation a particle accelerator is necessary that can create high energy 
electrons. The synchrotron radiation created by SLS is not only high energy, it also behaves 
like a less diverging beam (similar to laser beams), and by using optical elements, mirrors and 
slits the beam could be directed to the research area. For the research the TOMCAT 
(TOmographic Microscopy and Coherent rAdiology experimenTs) X02DA beamline was used, 
that is designed for fast, non-destructive, high definition imaging of various materials in 
microscopic scale.  
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3. Analysis of construction materials 

Multiple non-destructive, direct structure analysis methods were developed to analyze 
construction materials. In this research core samples of asphalt road pavements, and fire-
damaged concrete tunnel lining elements were analyzed, to segment its components based 
on CT images. In addition, this enables the determination of the asphalt courses borders and 
supports determining the level of damage in case of fire-damaged concrete cores. 

3.1. Methodology  

The developed method is able to determine the presence of dense objects (e.g. gravel) 
inside a composite material (e.g. concrete) using CT images. The task is quite difficult, because 
the X-ray beam is attenuated while passing through massive, homogenous materials; this 
phenomenon is called as beam hardening. This phenomenon is more intense in materials 
which tend to absorb more x-rays (e.g. construction materials), than the tissues with the same 
thickness, therefore corrections are necessary. The presented method is not a new beam 
hardening correction method, but a solution that can detect and segment dense structures on 
the images despite the effects of beam hardening. If the boundaries of the components could 
be detected, the characteristics of particles could be determined (Masad, et al., 2005).  

Fig. 1 presents the analysis procedure of construction materials. 

 
Figure 1 – Analysis of construction materials, the whole procedure 

After sampling, series of tomographic slices are obtained about the samples via CT. The 
images are processed with various filters, of which a part is applied in the frequency space. 
The images are converted into frequency domain using Fast Fourier Transformation, where a 
second order Butterworth low pass filter is applied to acquire the illumination image of the 
slices. Using the illumination images, the regions with higher intensities (therefore the more 
dense objects inside the homogenous material) could be segmented. The segmentation of air 
voids does not require complicated preprocessing; thresholding and noise filtering is sufficient 
for detection. Hence images could be classified into aggregate, air void and binding material 
categories using the developed method. Fig. 2 and Fig. 3 present the results of the aggregate 
segmentation on the whole CT image sequence if the presented method is applied (a), and 
without any pre-processing, just simply applying thresholding (b) (Kapitány & Barsi, 2015). 
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a) 

 
b) 

Figure 2 - Three dimensional view of the aggregate's segmentation for the concrete core sample a) with the developed 
correction applied and b) without the correction before segmentation  

 
a) 

 
b) 

Figure 3 - Three dimensional view of the aggregate's segmentation for the asphalt core sample a) with the developed 
correction applied and b) without the correction before segmentation  

 

3.2. Analysis of asphalt samples 

The developed method was performed on several asphalt core samples taken from 
road pavements. The analyzed samples contained the wearing, binding and base course of the 
pavement. The aim of the research is to segment the different components of these core 
samples based on the CT images that enables determining the location and the characteristics 
of the courses’ borders. The imperfections of the pavement result the worsening of the road. 
The main cause of the imperfections are the improper compaction in the construction period, 
therefore its analysis has high priority.  

In case of asphalt cores it is possible to locate the borders of more dense aggregates, 
because there is a significant difference between the densities of aggregates and binding 
material, hence the attenuation of x-rays is remarkably different. The aggregates could be 

Thesis 1: The developed method based on Fast Fourier Transformation (FFT) enables to 

use CT image sequences that are affected by beam hardening for non-destructive 
analysis of heterogeneous construction materials (asphalt and concrete) without further 
corrections. 
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properly segmented, though the smaller, hardly detectable aggregate particles could be 
blurred into the binding material. The result of the segmentation is presented on a CT image 
(Fig. 4), where the aggregates are outlined with white, while the air voids are outlined with 
black. 

 
a) 

 
b) 

Figure 4 – The aggregates outlined with white (a), and the air voids outlined with black (b) on a CT image of an 
asphalt sample 

The components could be segmented on each tomographic slice, therefore they could 
be analyzed along the whole specimen. The results could be studied numerically, in tabular or 
in graph format. Fig. 5 presents the air void content in the specimen along the vertical axis. 
The border of courses could be located easily by studying the air void content that has low 
standard deviation, but significant changes along a couple of slices locate precisely the borders 
of the courses. 

 
Figure 5 – Distribution of air void content along the vertical axis of an asphalt sample (Black lines represent the 

borders between courses) 
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Thesis 2: The Fast Fourier Transformation based method developed for analysis of 

asphalt cores enables determining the three-dimensional distribution of component 
particles – that are comparable with the resolution of CT images – and by analyzing the 
changes of air void content along the vertical axis of cores, it can locate the borders of 
courses and characterize its contact surface (imperfections). 
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3.3. Analysis of concrete cores 

During the research drill cores were also analyzed which were taken from 
tunnel lining elements of Budapest Metro 4 after fire loading. The difficulty in the 
process in case of concrete specimens is that the densities of the aggregates do not 
differ significantly from the concrete mortar. Therefore the segmentation is more 
difficult, and the chance of error is increased, still the developed method supports 
separating the components. 

Fig. 6 presents the volume percentage of pores along the specimen toward the 
fire loaded side. There are some larger blisters between slice 42-48, and also beam 
hardening artifacts cause the increase in the porosity at slices 52-53. Despite these, it 
is clearly visible that the pore content – with narrow spreading – is constant and after 
slice 100 it is gradually increasing. Based on that the top 100 mm of the concrete 
surface could be considered as damaged that indicates decrease of compression 
strength.  

 
 Figure 6 – Porosity along the vertical axis of a fire-damaged concrete sample (Fire loaded side: Right) 

Fig. 7 shows the differently sized pores and their distribution. The darker lines 
indicate the slices affected by the fire load, while the lighter lines are for the slices 
without fire load. It can be clearly seen that the density of the small pores are higher 
in the section marked by dark lines that means there are more small pores. 

 
Figure 7 – Size and density of the pores inside a concrete sample (dark colour represent the fire loaded side; envelopes 

are marked with dashed line) 
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4. Analysis of brain materials via synchrotron 

The knowledge of brain blood circulation is essential to understand the functioning and 
diseases of the brain. This is especially true in case of the cerebral cortex, which is the most 
complex structural and functional organization in the brain. Measuring unusual distances 
between vessels would be a powerful tool to objectively discriminate sane and tumor tissue 
in the brain (Risser, et al., 2007), (Descombes, et al., 2011) (Descombes, et al., 2012). Other 
parameters (e.g. vessel length and diameter, branching pattern, tortuosity (Dorr, et al., 2012)) 
could be considered in association with vessel density- and distance maps to characterize and 
analyse pathological tissues. Quantitative aspects of abnormalities in the microvascular 
system are still poorly documented and novel quantitative analysis tools are needed. 

4.1. Methodology  

X-ray micro-tomography images were obtained from previously treated 
samples of mammalian (rodent, carnivore and primate) cerebral. Blocks including the 
region of interest were removed from 60-90 μm thick tangential slice series which were 
stained using different methods and infiltrated with resin. The prepared samples were 
imaged at the Paul Scherrer Institute using X-ray Synchrotron Tomography (XRST). Fig. 
8 presents the analysis of brain materials. 

 
Figure 8 – Analysis of brain materials using synchrotron, the whole procedure 

The goal of the present study was twofold:  
1. To step forward in the exploration of the cortical circulation by investigating 

the very fine details of the cerebral cortex vascular system of different 
species, for which samples of rat, cat and non-human primate were 
processed by different histological techniques. 

2. To develop software based reconstruction tools, which automatically 
provides quantitative data. Automation is a crucial point in the application 
of high throughput techniques. 

4.2. Introduction and segmentation of tomographic slices  

The cross-sections of vessels are clearly visible on the tomographic slices. If 
these are segmented, the vascular network inside the samples could be reconstructed. 
According to the stance, the position and size of the specimens, each examined sample 
was represented on numerous cross-sections. The image data of a sample which 

Thesis 3: The Fast Fourier Transformation based algorithm developed for CT image 

analysis of fire-damaged concrete tunnel lining element core samples supports to 
determine the level of damage by investigating the three-dimensional size distribution 
of pores – that are comparable with the resolution of CT images (not microscale) – and 
the changing of pore volume. 
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should be processed could consist even up to 1500 high definition tomographic slices. 
This amount of image data could be processed manually, but it needs enormous time 
and effort, therefore automated solutions are essential.  The procedure has several 
steps:  

1. Segmenting vessel cross-sections. 
2. Filtering noise and sample’s imperfections. 
3. Creating the topology of the vessels (linking the independent vessel 

sections into a coherent, connected vessel). 
4. Deriving statistical data. 
5. Further analysis. 
Segmentation of vessel cross-sections depends on the staining method, 

because they differ significantly. Table 1 presents the analyzed samples, describing the 
staining methods, and Fig. 9 shows the samples stained differently to demonstrate 
their characteristics.  

Sample’s name A4 A9 A12 A14 A16 A1 

Staining method PTA NiDAB, OsO4, Barium NiDAB, Barium  NiDAB, Barium Golgi, Barium Golgi 

Description 
Adult 

rat 
Adult marmoset 

Adult 
marmoset 

Adult 
marmoset 

Adult 
marmoset 

Young 
adult cat 

Sample size 
(cylindrical shape, 

diameter × 
thickness) [µm] 

500 × 
60 

500 × 60 500 × 90 300 × 90 500 × 60 500 × 60 

Table 1 – Data of the analyzed samples 

a) 

c) 

b) 

d) 
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Figure 9 – Tomographic slices in detail a) Sample A4; b) Sample A9; c) Sample A1; d) Sample A12. Arrows point to 
vessel cross-sections. 

The developed method classifies staining methods into two groups, whether 
the vessels were labeled previously with barium or not. It could be stated that labeling 
vessels by infusing contrast agents is unnecessary, because the vessels are stained non-
homogenously, the imperfections of labeling makes the processing difficult. 
Eliminating the labeling procedure simplifies the methodology. The results of the 
image processing is presented on Fig. 10. 

 
a) 

c) 

 
b) 

 
d) 

Figure 10 – Tomographic slices in detail (Fig. 9) indicating the boundaries of detected vessel cross-sections (white 
outlines) a) Sample A4; b) Sample A9; c) Sample A1; d) Sample A12. 

 
4.3. Creating vascular topology 

To determine the connections between the separated cross-sections resulted 
by the segmentation procedure, a topology model is required. In our case this means 
that the skeleton of vessels could be described with the centroids of detected cross-
sections and the edges which connects them together. Topology consists of 
geometrical characteristics that are invariant of distortions and transformations 
(Detrekői & Szabó, 2002). 

Thesis 4: The developed procedure based on binary segmenting can process high 

amount synchrotron image series of vascular network in brain tissue samples of animals 
stained with different methods (Golgi, NiDAB and PTA). 
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If the boundaries of vessels are determined on two-dimensional images, the 
three-dimensional structure and surface of vessels could be reconstructed. (Yim, et al., 
2001). To establish connection between regions, statistics were derived from the cross-
sections that consist the centroid, the area, and the boundary pixel coordinates of the 
cross-section, and the major and minor axis length of the ellipse that has the same 
normalized second central moments as the region. The shape of cross-sections differs 
because the images are usually not perpendicular to the vessel axis, and deformations 
and branching along the vessel also result in distortions on the cross-section. The minor 
axis length of the detected cross-section determine the vessel’s diameter. 

To determine the topology of the vessels, the developed method projects each 
element to the previous and to the next image layers and searches connecting cross-
sections. Each examined element gets a unique identification number, and if there is 
connection between different cross-sections, both get the same ID number, and 
consequently, continuous vessel branches could be located.  

While determining the topology of the vessel network, there are several cases 
the algorithm should handle. Fig. 11 shows the schematic figure of the previously 
mentioned analysis, where the rectangles represent the image layers, and the ellipses 
are the projected cross-sections. The yellow point is the examined element, the black, 
green and red points are the connecting elements in the projected area. According to 
the level of generalization the connecting elements could be the centroids of the cross-
sections in which case the connections are established if another centroid is in an 
adequate distance from the projected centroid. The examined buffer zone is derived 
from the diameter of the analyzed cross-section and from the image angle. If 
generalization is not an option, the cross-sections could be projected, and if the 
projected element overlaps with another cross-section, connection is stated (Kapitány, 
et al., 2013a). 

The [r,s,t] vector is a measured connectivity triad where: 

 r shows the number of connections on the next image layer  

 s shows the number of connections on the previous image layer  

 t shows the number of connections on the examined image layer  

The mentioned variables could take three values: 

�, � = �

0, ��	�ℎ���	��	0	����������	������	�ℎ�	��������	����
1, ��	�ℎ���	��	1	����������	������	�ℎ�	��������	����
2, ��	�ℎ���	�� > 1	����������	������	�ℎ�	��������	����

 

� = �

0, ��	�ℎ���	��	0	����������	���ℎ��	�ℎ�	��������	����	������	�ℎ�	��������	��������
1, ��	�ℎ���	��	1	����������	���ℎ��	�ℎ�	��������	����	������	�ℎ�	��������	��������

2, ��	�ℎ���	��	 > 1	����������	���ℎ��	�ℎ�	��������	����	������	�ℎ�	��������	��������
 

Fig. 11 shows the 27 cases, although not all cases occurred in the samples. This 
analysis could be expanded easily, e.g. if wider range of layers should be considered. 
This could be useful if a cross-section is captured with errors, or it couldn’t be detected 
because of the labelling imperfections. Using this method every case could be handled 
separately, hence continuous vessels, bifurcation points, discrete points, or noises 
could be filtered and located (Kapitány, 2013), (Kapitány & Barsi, 2015). 
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Figure 11 – Connectivity triads, and the relevant schematic figures 

 
4.4. Data Modell of the acquired information 

The applied method produces mass data that requires effective storage method. The 
data was rearranged in a multilevel hierarchical storage system that supports data analysis. 
This model stores the acquired data in a structured format, which could be easily extended by 
newly derived information, or by data of additional samples (Fig. 12). It stores the data in 
object oriented way, to handle vessels or even an examined element of the vessels separately. 
This structure organizes the collected data to a simple, comprehensible form, and let the user 
compare multiple tissue samples. This form enables the analysis and the visualization of the 
stored objects (Cross-sections, Vessels, or Tissue Samples).  

Thesis 5: The developed method based on connectivity triads that describes adjacency 

properties to create the topology of continuous brain microvascular network, which can 
reconstruct the 3D structure of the vascular network in an automatic way using high 
amount of tomographic image sequences. Besides visualization this method also 
provides basis for measurable 3D models. 
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Figure 12 – Hierarchical storage model 

Procedures also belong to the presented objects that can visualize and analyze the 
elements. Fig. 13 presents the procedures of a) vertex.ungulaplot() and b) vertex.sphereplot(). 
The vertex.ungulaplot() visualizes detected vessels using the derived minor-axis length of the 
cross-sections to reconstruct vessels with ungulas. This means that an ungula is placed to the 
centroid of detected cross-section where the bottom and top side of the ungula is determined 
by the cross-section on the appropriate layer.  The vertex.sphereplot() procedure puts spheres 
to the centroids of detected cross-sections with the matching vessel diameter (this could also 
mean the mean vessel diameter, not just the diameter of the examined cross-sections) 
(Kapitány, et al., 2013b). 

 
a) 

 
b) 

Figure 13 – Visualization procedures. (Sample A4), a) vertex.ungulaplot(); b) vertex.sphereplot() 
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Tissue.supply() is a vascularity analysis procedure that examines tissues in a previously 
defined voxel resolution and calculates the distance from each voxel to the closest vessel. 
Figure 14 shows this analysis, where the boundaries of the tissue are presented with the 
detected vessel boundaries, while demonstrating the result of vascularity analysis of a 
200×200×200 voxel section where arbitrary volume slices could be studied. 

 

Figure 14 – Vascularity analysis of sample A12 with highlighted vessels (black) and an analyzed part in detail. The 
coordinates and the color bar are in µm (voxel size 0.38µm×0.38µm×0.38µm, and 200×200×200 voxels are 

represented)  

This analysis method enables the comparison of different samples. By processing 
further specimens it is possible to study the differences between various organs, different 
parts of organs or even the tissues of different species. 

In addition, the whole three-dimensional micro-vascular network of the tissues could 
be reconstructed if a surface is fitted to the boundary pixels for every cross-sections. In this 
research the Geomagic Studio software was applied (Fig. 15) (Kapitány, et al., 2015). 

  
Figure 15 – A detected branching vessel in detail. a) Surface model; b) TIN model (considering overlay) 

 

Thesis 6: The developed object-oriented, hierarchical storage model is suitable for 

morphometric analysis of brain materials taken from animals, and also inhere procedure 
package was implemented in Matlab environment.  The capabilities of the storage model 
was also demonstrated on several samples of mammals. 
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5. Summary 

In this research procedures were developed to process high amount of image 
sequences about different samples used for biological and engineering purposes. The image 
sequences consisted of high definition synchrotron and CT image series. In this dissertation 
the principles of the used modalities were presented beside the analyzed samples and their 
treating procedures. 

The main purpose of the research was to develop the methodology for high throughput 
image processing. To develop these methods the algorithms processing the image sequences 
of different imaging devices had to be created, while taking care of the distorting phenomena, 
especially beam hardening effects. The general methodology also resulted a storage model 
with procedure package which was implemented in practice. 

The developed methods were tested on two kinds of sample set. The first sample set 
consisted of biological samples, i.e. specimens of animal tissues. The image series of these 
samples were taken by synchrotron, and the methods resulted in complete reconstruction of 
the vascular network, including vascularity analysis of the tissue. The other sample set was 
chosen from construction materials: concrete samples taken from tunnel lining elements and 
drill cores from asphalt road pavements. As result the components’ three-dimensional 
distribution of these samples of engineering structures were determined, and also 
information about the level of damage were derived from fire loaded concrete samples. 

6. New scientific results 

1. The developed method based on Fast Fourier Transformation (FFT) enables to use CT 
image sequences that are affected by beam hardening for non-destructive analysis 
of heterogeneous construction materials (asphalt and concrete) without further 
corrections. 

Related publications: (Kapitány & Barsi, 2015) 

2. The Fast Fourier Transformation based method developed for analysis of asphalt 
cores enables determining the three-dimensional distribution of component 
particles – that are comparable with the resolution of CT images – and by analyzing 
the changes of air void content along the vertical axis of cores, it can locate the 
borders of courses and characterize its contact surface (imperfections). 

Related publications: (Kapitány & Barsi, 2015), (Lublóy, et al., 2014a), (Lublóy, et al., 2014c), 

(Lublóy, et al., 2016) 

3. The Fast Fourier Transformation based algorithm developed for CT image analysis of 
fire-damaged concrete tunnel lining element core samples supports to determine 
the level of damage by investigating the three-dimensional size distribution of pores 
– that are comparable with the resolution of CT images (not microscale) – and the 
changing of pore volume. 

Related publications: (Kapitány & Barsi, 2015) , (Lublóy, et al., 2014b) 
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4. The developed procedure based on binary segmenting can process high amount 
synchrotron image series of vascular network in brain tissue samples of animals 
stained with different methods (Golgi, NiDAB and PTA). 

Related publications: (Kapitány, 2012), (Kapitány, 2013), (Kapitány, et al., 2013a) , (Kapitány, 

et al., 2013b), (Kapitány & Barsi, 2015), (Kapitány, et al., 2015) 

5. The developed method based on connectivity triads that describes adjacency 
properties to create the topology of continuous brain microvascular network, which 
can reconstruct the 3D structure of the vascular network in an automatic way using 
high amount of tomographic image sequences. Besides visualization this method 
also provides basis for measurable 3D models. 

Related publications: (Kapitány, 2013), (Kapitány, et al., 2013a) 

6. The developed object-oriented, hierarchical storage model is suitable for 
morphometric analysis of brain materials taken from animals, and also inhere 
procedure package was implemented in Matlab environment.  The capabilities of the 
storage model was also demonstrated on several samples of mammals. 

Related publications: (Kapitány, 2013), (Kapitány, et al., 2013b), (Kapitány & Barsi, 2015), 

(Kapitány, et al., 2015) 
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