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ABSTRACT 

X-ray Computed Tomography (CT) is a well known diagnostic technique. However, it could be very 

complex if one wants to use it in fields other than medicine. When CT is applied to large objects, as in 

cultural heritage, several thousand digital images have to be elaborated, operation that takes a long time. 

As it is not possible to leave the measurement stage near a monument or in a museum for a long time, it is 

necessary to develop fast image reconstruction software to allow the experimenters to “look inside” the 

objects quickly in order to repeat the measurements, if necessary, in a more suitable condition before 

dismantling the equipment. The X-Ray Imaging Group (University of Bologna) has developed several 

systems for CT of large objects and, recently, a software, for fast image elaboration, that operates on a 

network of computers. For illustrating the power of our computing system, this presentation will discuss 

the CT (done in 2008) of a large Japanese wooden statue (over 200cm of height) of the XIII century, 

located at the royal palace “La Venaria Reale” (Turin). To investigate the entire statue volume, up to 36 

scans were necessary and for each of them 720 radiographs were acquired. To reconstruct all the slices of 

the complete volume of the object (120 GB) it took 20 days of computing on a good standard PC. The 

parallelization work was done using the Microsoft (Redmond) HPC cluster and thereafter on a new, 

transportable, 32 cores cluster at the INFN of Bologna. The HPC environment has proven to be 

dramatically powerful and easy to use allowing to have the results very quickly. A superlinear speedup of 

75 was reached with a 32 cores cluster (the speed up factor, 75, is higher than the number of cores, 32). 

 

INTRODUCTION 

The Kongo Rikishi, “the Temple Guardian”, is a Japanese polychrome wooden statue of the Kamamura 

period (1185 - 1333). The statue is made up of cypress wood (hinoki) and it is built by the yosegi-zukuri 

technique for which several different blocks were firstly emptied and then separately carved to be joined 

by means of bamboo nails and animal glue. This technique, typical of the Japan at the end of the X 

century, allowed to create stable sculptures of big dimensions, able to sustain frequent climatic changes, 

since the statues were placed outside [1]. The restoration of the Kongo Rikishi has been carried out by the 

Conservation and Restoration Centre “La Venaria Reale” in Turin, Italy. The statue is now exhibited at 

the Museum of Oriental Art (MAO) of Turin. Several different diagnostic techniques were applied to 

estimate the conservation condition of the statue. In particular a high resolution Computed Tomography 

(CT) has been realized by the X-Ray Imaging Group of the Physics Department of Bologna University, 

Italy.  

X-ray Computed Tomography can be applied successfully to cultural heritage to obtain morphological 

and physical information on the inner structure of archaeological samples and works of art [2] . 

Information can be retrieved as 2D cross section images or 3D full-volume images allowing the 

inspection and the classification of the object; moreover, by processing tomographic data [3], a 3D 

numerical model of the sample can be obtained for virtual reality applications or digital archives storage. 

Computed Tomography is well known, especially in the medical field. However, it is a complex 

technique and as soon as one wants to use it in a different way than in medicine (that means different 

scale, different energy range, different material composition and so on) a lot of problems suddenly arise.  

For these reasons the CT systems must be studied and developed expressly for the considered application. 

 

MATERIALS AND METHODS 

The dimensions of the Kongo Rikishi are 205 cm of height, 100 cm of length and 42 cm of depth; the 

basement is 36 cm of height, 118 cm of length, and 76 cm of depth. The tomographic system realized to 
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investigate the statue is very different from a standard and commercial tomographic system. The scheme 

of our instrumentation and a picture of the Kongo Rikishi during the measurements are shown in Fig. 1. 

 

   
Fig. 1. Scheme of the tomographic system (left), picture (centre) ant scheme (left) of the detector. 

 

The tomographic system realized for Kongo Rikishi analysis is composed by an X-ray source (200 KVp), 

a detector with a Field Of View of 450×450 mm
2
, a mechanical structure able to translate the tube and the 

detector and a rotating platform on which the statue is positioned. The detector is placed in front of the X-

ray source and it measures the local intensity changes that are due to the attenuation of the X-ray beam 

crossing the object.  

The X-ray tube is a transportable monoblock, model MHF 200D, produced by Gilardoni S.p.a. (Italy) [4]. 

This tube has a voltage range from 30 to 200 kV and an anode current from 0 to 8.0 mA, with a maximum 

power of 900 Watt. The focal spot is 3 mm large, the X-ray window is composed by beryllium with a 

thickness of 1 mm and a beam angle of 60° (horizontal axis) and 40° (vertical axis). The anode is made 

out of tungsten, cooled by an oil system.  

As shown in Figure 1, the detector is composed by a scintillating screen of structured Cesium Iodide (CsI) 

of 450×450 mm
2
, optically coupled to a CCD camera by means of a lens and a 45° mirror. The interaction 

between the X-ray beam and the scintillator produces visible light, whose intensity is directly 

proportional to X-ray intensity, and which is read by the camera sensor of 2184×1472 pixels (Apogee 

Alta U32) [5]. In this way a gray levels image is obtained for which each pixel represents the intensity of 

the radiation that crossed the object in that point.  

Thanks to the 45° mirror, the CCD camera can be placed out of the beam direction and the camera 

irradiation, that is a very important cause of noise, is avoided. The camera and the mirror are placed in a 

lightproof box, mounted on a x-y translation system, composed by two motorized tracks with a ride of 3 

m and 4 m for the vertical and the horizontal axis respectively. In fact, as the detector dimensions are 

450×450 mm
2
 it is necessary to virtually divide the whole statue in 12 horizontal sections. The detector 

has been placed at fixed height and for each section it has been horizontally translated to acquire the 

radiographies at different frames. Also the X-ray tube is placed on a vertical axis in order to position it at 

the same height of the detector. For each frame the statue has been rotated by a step of 0.5° over the 360° 

angle. Then 720 images have been acquired for each frame. The total number of radiographs acquired is 

25920. Each radiograph is a digital image of 1092×736 pixels at 12 bit. The scheme of the analysis and all 

data related to the acquisition system are shown in Figure 2.  

  

 
Fig. 2. Scheme of the sections and the frames. 



The statue has been positioned on a rotary axis, actuated by a Newport controller (Universal Motion 

Controller/Driver-Model ESP300), connected to the computer where both the acquisition software and the 

rotary axis controller software are installed. The two software are synchronized in order to acquire one 

radiography and then to rotate the axis for the next acquisition. In addition the program is able to set the 

angular step, the offset position from the reference point of the axis system and the waiting time between 

two subsequent acquisitions. A steel platform for the object positioning has been screwed on the rotary 

axis. This platform is able to support objects heavy and of big dimensions. All data related to the 

tomographic system is shown in Table 1. 

 

Technical characteristic 
Parameter 

value 
Technical characteristic 

Parameter 

value 

Tube voltage 160 kV Hardware binning 2×2 

Tube current 4 mA Pixels per image 1092×736 

Filtering None Source-detector distance 2890 mm 

Time exposition / radiography 2.2 s Object-detector distance 912 mm 

Angular range 360° Magnification (inverse of) 0.684 

Number of projections 720 Voxel size 0.427 mm 

Table 1. Technical characteristics of the tomographic system. 

 

 

TOMOGRAPHIC RECONSTRUCTION 

The tomographic reconstruction is a very complex problem for which from several different projections 

of the object, acquired at different angles, the inner structure of the object can be retrieved. Even if the 

tomographic software is well consolidated for medical applications, when the tomographic system is not 

of a standard type, as it is in this case, the reconstruction procedure becomes more elaborate. The 

mathematical process can be summarized into six steps: cropping, collating, normalization, making 

sinograms, reconstruction. 

The projections are the radiographs of the object acquired at different angles. Because of the limited 

detector size, often big objects are scanned in sections and each section is composed by several frames. 

The frames must be cropped to eliminate empty pixels without information, for example image areas 

corresponding to a zone out of the scintillating screen. An example of a radiograph acquired and cropped 

is shown in Figure 3.  

 

 
Fig. 3. The acquired radiograph (left) and the cropped radiograph (right) 

 

The cropped frames must be collated to obtain the whole section stored in a single image. When the 

frames are acquired at different horizontal positions, a superimposed zone between two adjacent frames is 

reserved in order to allow the accurate assembling setting down. In Figure 4 a sequence of frames is 

shown. The relative collated section is shown in Figure 5. 

 

    
Fig. 4. Four positions cropped. 



 
Fig. 5. The same projections of Figure 3 after the collating step. 

 

The next step is the calculation of attenuated radiograph, usually named normalization. This is the first 

tomographic operation: the projections must be subtracted by "dark field" and corrected by "X-ray field". 

The dark field is an image D[x,y] acquired with the shutter closed and with the same exposure time 

chosen for the acquisition. Dark image is an estimation of the dark current noise (electronic noise). The 

X-ray field I0[x,y] is an image obtained with the X-ray tube turned on and no object between source and 

detector. I0 is then the x-ray source field estimation. The X-ray absorption law is: 
d

eII
µ−

= 0     (1) 

where: d is the thickness, µ  is the linear attenuation coefficient, I is the transmitted X-ray intensity and I0 

is the X-ray beam intensity from the source. 

If Q(s)n[x,y] are the cropped and collated projections for the s section, acquired for the n step angle, 

applying the logarithm and inverting the (1), the attenuated radiographs can be calculated as follows: 
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It should be noted that it is necessary to acquire one I0 image for each frame and that the crop and 

collating steps must be applied also on all I0 images, with the same formulas and set of coordinates used 

for projections. On the contrary, if the acquisition features don't change (exposition time, CCD 

temperature, etc.), the dark image must only be cropped to fit the projections dimensions. After this step 

the data are in floating point (double precision). In Fig. 6 an example of an image after the normalization 

is shown. 

Sinograms are images for which each row is the 1-dimensional projection of the object on the detector at 

different angles and at fixed height. In practice, sinogram is an image realized, line by line, with the rows 

of all attenuated radiographs-projections at fixed height on the detector and changing only the angular 

step. In each sinogram there are all information needed to reconstruct one slice at fixed height on the 

detector. Each sinogram has a number of rows equals to the angular steps established and a number of 

columns equals to the X size of the section. For each section there is a number of sinograms equal to the 

Y size of the section. An example of sinogram can be seen in Figure 7. 

 

 
Fig. 6. The same projection of Figure 5 after the normalization step. 

 

 
Fig. 7. The sinogram of one row of the projection normalized in Figure 6. 

 

The latest step is the tomographic reconstruction. The CT is a non-destructive technique for which by 

rotating the object by steps and making a radiation shot for each angular step, it is possible, after proper 



mathematical treatment, to reconstruct a “slice” of the sample. A slice is a bi-dimensional image 

corresponding to the internal section of the investigated object at fixed vertical position. The sample 

volume is obtained superimposing many slices. The reconstruction algorithm is very complex but it can 

be summarized into five steps: 1D-Fast-Fourier transform of each line of the sinogram in the frequency 

domain, filling the 2D-Fourier-space (basing on the Fourier slice theorem) with all filtered lines of the 

sinogram, filtering of the 2D-Fourier-space, 2D-Fourier anti-transform, Back-Projection of the anti-

transformed into the normal space (known the centre). The Filtered Back-Projection algorithm is 

frequently discussed in literature, for example see [3]. 

At the end of the reconstruction step a series of slices are obtained. An example of a reconstructed slice is 

in Figure 8 (left). Grouping a set of reconstructed slices a tri-dimensional volume of a section can be 

obtained, for example in Figure 8 (right) the head volume of the Kongo Rikishi, that highlights as the 

volume is obtained superimposing many slices, is shown.  

 

  
Fig. 8. Example of a single slice (left) and of a reconstructed volume (right). 

 

 

PARALLELIZATION OF TOMOGRAPHIC PROCESS 

During the year 2009 Microsoft gave us the free access at its HPC cluster located in Redmond, WA, USA 

for 7 months. This privilege has granted to only 5 research groups in the world and we are the alone in 

Europe. HPC-Cluster is placed at Redmond, WA, USA. We accessed to it by means of “Remote Desktop 

Connection”. The whole data set of the Kongo has been reconstructed with a dual core PC located at 

Physics Department of Bologna University using a single task program. From now on this system will be 

denoted by "Unibo-PC". The same operations have been carried out on HPC Cluster, courtesy of 

Microsoft. From now on the test carried out on this system will be denoted by "Redmond-HPC". In the 

year 2010 the INFN (National Institute for Nuclear Physics) section of Bologna bought a new generation 

cluster of 32 cores, produced by an Italian Firm. From now on we will refer to it as "Unibo-HPC". The 

specifications of the three systems are in Table 2.  

 

Characteristic Unibo-PC Redmond-HPC Unibo-HPC 

Operative system 
Windows Professional 

XP 2002 with SP2 

Windows Server HPC 

Edition 2008 with SP1 

Windows Server HPC 

Edition 2008 

Number and type of CPU Intel Core™ 2 CPU Intel Xeon 4 CPU Intel Xeon 4 CPU 

CPU, Frequency, cores 6300 @ 1.86 GHz, 2 E5335 @ 2GHz, 4 E5520 @ 2.27 GHz, 4 

Bit word 32-bit 64-bit 64-bit 

Number of core per PC 2 4 8 

Gbyte of RAM per core 1 2 2/4 

Number of nodes 1 5 4 

Table 2. Characteristics of the used systems. 

 

The software used to reconstruct the Kongo Rikishi volume has been compiled on all systems both at 32-

bit and at 64-bit. Now for each step of the reconstruction algorithm the times spent are presented. In order 

to introduce a parameter able to compare the performance of two calculation systems, a speedup factor SF 

is defined as follows: 

SFspeedup of system A versus system B =  VA/ VB  =  TB/ TA    (3) 



where VA and VB are the rates and TA and TB are the times spent by the two systems to complete a fixed 

step of the algorithm. The speedup factor is then a measure of the speed increase of the algorithm running 

on a system in comparison with the same algorithm running on the Unibo machine. From now on we 

refer to speedup factor as SF. 

The first step is to crop and to collate frames of the 12 sections. To perform the crop step, the Redmond-

HPC cluster took more time than the Unibo-PC, and the resulting SF was 0.69. But this result does not 

surprise us because this step is the only one running with user interface in both systems. In particular, 

because of the desktop remote connection environment, the visualization on HPC plays on the network 

from Italy to USA and come back. This obviously decreases the performance of the program.  

To perform the collating step a program compiled at 32 bit was used both at Unibo-PC and at Redmond-

HPC. The program was tested running at 1, 12, 24, 48 tasks. The results are in table 3. The results 

presented seem unexpected: the total time employed to elaborate all sections on Redmond-HPC is greater 

then the time necessary on Unibo-PC even if a parallelization in 24 tasks is applied. This unexpected 

result can be explained with the massive use of the disk access by the collating step. In fact, when the 

time spent by a job to read and write is much greater than the time spent by the job to elaborate data, the 

tasks are in competition to access the disk I/O resources. Moreover when the tasks number increases there 

is an improvement. The time taken by a job divided in more tasks is lower because the tasks are more 

balanced. In fact the long time necessary to complete the job in 12 tasks is given mainly by the very long 

elaboration of the sections from 6 to 10 (see Figure 2). These five sections are composed by 4 or 5 

frames. For these reasons the jobs with 24 and 46 tasks are introduced and in this way more tasks are 

dedicated to the sections with more frames.  

The times spent for the calculation of the attenuated radiographs are shown in Table 4. The trend of times 

shows that after approximately 300 tasks no further improvements are gained increasing the number of 

tasks. This happens because 300 tasks is the number necessary to make homogeneous the tasks 

distribution. The maximum value of SF results 3.0, even if the calculations are distributed among the 20 

core of the Cluster. But for attenuated radiographs step, as for the collating step, the time spent by a job to 

write to and to read from the disk is greater than the time spent in calculations. Moreover in this step a SF 

of 3 can be achieved because there is an amount of calculation greater than that of the collating step. 

 

System Tasks Time (s) SF  

Unibo-PC Single task 1727 1.0 

1 2839 0.6 

12 4124 0.4 

24 2166 ± 360 0.8 

Redmond-HPC   

Program compiled at 32 bit 

46 1650 ± 74 1.0 

1 2881 0.6 

12 4165 0.4 

24 2035 ± 254 0.8 

Redmond-HPC   

Program compiled at 64 bit 

46 1748 ±120 1.0 

Table 3. Collating step results. 

 

System Bit Tasks Average (s) Dev. St. (s) SF 

Unibo-PC / Imgrec-UI 32 1 3664 --- 1 

Unibo-PC / Imgrec-C 32 1 2976 --- 1.23 

27 1527 71 2.40 

65 1370 50 2.67 

203 1219 48 3.00 
32 

393 1197 23 3.06 

27 1483 24 2.45 

65 1310 57 2.80 

203 1191 34 3.08 

Redmond-HPC   

64 

393 1188 22 3.09 

Table 4. Times for Attenuated radiographs, all sections. 



The sinogram step has not been elaborated because it is very similar to crop and collating and no speed 

improvements are expected because there are not calculation but only massive I/O access.  

The latest step is the reconstruction. This step implies a very large amount of calculations, thus this is the 

step for which the parallelization would obtain the best results. The elaborations of data in a single task 

show how the HPC processors are approximately 10% faster than the one at Unibo. Moreover when the 

program is compiled at 64 bit there is an improvement of approximately 50% in the reconstruction step. 

The parallelization of this step is very easy: if there are N CPU available and the slice reconstruction is an 

independent problem, for each section the number of slices has been divided by N and this number of 

slices, to be reconstructed, has been assigned to each task. 

At the end, in table 5 the times resulted for different number of tasks and to reconstruct all sections for the 

three systems with the software compiled at 32 or 64 bit are presented. 

 

System Bit Cores Tasks 
Total time 

(dd:hh:mm:ss) 

Sec/ 

slice 

SF 

Unibo 

SF 

HPC 

Unibo-PC 32 1 1 20:15:24:18 226.98 1 - - - 

Redmond-HPC 64 20 800 00:17:15:43 7.89 28.8 1 

Unibo-HPC 64 20 240 00:10:47:55 4.94 45.9 1.6 

Unibo-HPC 64 24 800 00:08:45:00 4.00 56.8 1.9 

Unibo-HPC 64 32 800 00:06:36:37 3.02 75.1 2.6 

Table 5. Times and seconds total and per slice for the three systems. 

 

 

RESULTS 

The reconstructed slices of the Kongo Rikishi have been used to realize the tri-dimensional rendering to 

make possible a good reading from restorers in order to choose the best restoration technique. 

In particular, observing the images corresponding to the shoulders (Figure 8, left), the solid woods that 

compose the statue are very visible with relative detachments and fillings. Moreover, within the blocks all 

details of the rings growth of the wood are clearly showed, providing other ideas for the study of the 

Yosegi-Zukuri technique. The head reconstruction (Fig.8, right), because of its homogeneity and 

symmetry, has given the best results in terms of resolution and visibility of the CT images obtained. Also 

this element is hollow and there is a very interesting joint carpentry feathered at the top for the fixing of 

the plume. The wood rings and the bamboo nails are clearly visible, providing important information on 

the original manufacturing technique. Moreover the eyes method of construction is shown by the CT 

images. 

Analyzing the entire reconstructed volume, the inner empty structure of the statue is clearly 

understandable. A central support, with a squared section, appears only at the height of the waist and 

proceeds until to the basis of left foot (Fig. 9, left). Also in this element (Fig. 9, right), at the height of 

waist, the grooves and joints of the solid woods are visible, in some zones rich in repairs, fillings and 

fastening nails. 

 

  
Fig. 9 - Rendering (left) and slice (right) of the waist of the Kongo Rikishi. 



 

The CT analysis of the dress element shows as the legs are not present in the inner structure of the statue 

(Fig. 10, left) and the support is provided by the central bloc that is broader at this height.  The extent of 

the structure in this zone is given by the expansion movement of the dress. The CT reconstruction of foots 

(see figure 10, right) shows very well the joints of the pins with which the statue is fixed on its base. 

These pins are crucial for the entire statue stability. They are observable also from the external surface. 

The foots structure is composed of many solid woods and the study, available with CT images, is very 

important for diagnostics considerations. 

 

  
Fig. 10 - Slice of the dress (left), slice of the foots (right). 

 

 

CONCLUSIONS 

The X-Ray Imaging Group at the Department of Physics of Bologna University has developed innovative 

tools and methods for high-resolution tomographic analysis of large works of art and is currently the only 

research group in the world capable of carrying out on-site tomographic analyses of large objects [5].  

These new 3-D analysis techniques require considerable data processing. In fact, the university recently 

conducted tomographic analysis in collaboration with the Conservation and Restoration Centre in Turin, 

Italy. The team studied a two-meter, thirteenth-century Japanese statue known as Kongo Rikishi and 

generated 24,000 radiographs and 120 gigabytes of data. The process took two months of work. 

Now at the Department of Physics a 32 core cluster is available and  provides significantly faster 

tomographic analysis than the previous one, thus making it possible to conduct new, innovative studies. 

The researchers have experienced a significant increase in speed since their move to Windows HPC 

Server 2008. The results on the cluster are faster than the previous setup by a factor of up to 75, and for 

the analysis of the Kongo Rikishi statue, for instance, the calculation times were reduced from 20 days to 

just 6 hours and 30 minutes.  

Because the X-Ray Imaging Group can carry out calculations quickly, it will be able to conduct real-time 

analysis, which is particularly important in cultural heritage and in medical research. 
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