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    Abstract: A tomographic measurement technique for nuclear fuel assemblies has been 
developed at the Department of Radiation Sciences at Uppsala University [1]. The technique 
requires highly accurate information about the position of the measured nuclear fuel assembly 
relative to the measurement equipment. In experimental campaigns performed earlier, 
separate positioning measurements have therefore been performed in connection to the 
tomographic measurements. 
 In this work, another positioning approach has been investigated, which requires only 
the collection of tomographic data. Here, a simplified tomographic reconstruction is 
performed, whereby an image is obtained. By performing image analysis on this image, the 
lateral and angular position of the fuel assembly can be determined. The position information 
can then be used to perform a more accurate tomographic reconstruction involving detailed 
physical modeling. 
 Two image analysis techniques have been developed in this work. The stability of the 
two techniques with respect to some central parameters has been studied. The agreement 
between these image analysis techniques and the previously used positioning technique was 
found to meet the desired requirements. Furthermore, it has been shown that the image 
analysis techniques offer more detailed information than the previous technique. In addition, 
its off-line analysis properties reduce the need for valuable measurement time. 
 When utilizing the positions obtained from the image analysis techniques in 
tomographic reconstructions of the rod-by-rod power distribution, the repeatability of the 
reconstructed values was improved. Furthermore, the reconstructions resulted in better 
agreement to theoretical data. 
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Sammanfattning på svenska 

Positionering av kärnbränsleknippen med hjälp av bildanalys av 
tomografiska data 

Bakgrund 
Det kärnbränsle som används i svenska kärnkraftverk är urandioxid, som pressas till centimeterstora pellets och 
förpackas i runt fyra meter långa stavar. Dessa bränslestavar sätts samman så att de bildar ett bränsleknippe 
(figur 1 och 2), som kan bestå av 100-300 stavar. En kärnkraftsreaktor innehåller runt 600 bränsleknippen. Ett 
använt bränsleknippe avger stark radioaktiv strålning och måste därför förvaras under strängt kontrollerade 
former. 
 
En doktorsavhandling framlagd vid institutionen för strålningsvetenskap vid Uppsala universitet (referens [1]) 
beskriver en tomografisk mätteknik för använda kärnbränsleknippen. Tomografi är en teknik som kan återskapa 
det inre i ett objekt genom att utföra yttre mätningar. En attraktiv egenskap hos tekniken är att den är icke-
förstörande; mätningar kan utföras utan att objektet, som i detta fall är ett bränsleknippe, behöver plockas isär. I 
praktiken används en mätutrustning där detektorer registrerar strålningen i ett stort antal mätpunkter runt hela 
bränsleknippet. Utifrån dessa mätdata kan man rekonstruera dels tvärsnittsbilder av ett bränsleknippes 
radioaktivitet (figur 3), dels ett bränsleknippes radioaktivitet stav för stav. Ju fler mätpunkter som används, desto 
högre blir rekonstruktionskvaliteten.  
 
Den tomografiska mättekniken har hittills tillämpats inom två områden: 
 

1. Validering av beräkningskoder. Dessa koder är simuleringsprogram som tar hänsyn till de fysikaliska 
processerna i reaktorhärden. Information från beräkningskoder används i syfte att köra reaktorn på ett 
säkert och effektivt sätt. För att säkerställa och på sikt förbättra de resultat beräkningskoderna ger krävs 
att man experimentellt kan verifiera dessa resultat. Den tomografiska mättekniken har visat sig erbjuda 
en attraktiv möjlighet att utföra sådana verifikationer. 

 
2. Kontroll av bränsleknippens integritet. Eftersom det är tekniskt möjligt att utvinna material till 

kärnvapen från kärnbränsle sker en omfattande kontroll av kärnbränsle från uranmalmsbrytning till 
slutförvar, under ledning av det internationella atomenergiorganet IAEA. Denna verksamhet går under 
benämningen kärnämneskontroll eller safeguards. Genom att studera resultat erhållna med den 
tomografiska mättekniken kan man säkerställa att integriteten är bevarad, vilket innebär att 
bränslestavar inte tagits bort, bytts ut eller på annat sätt manipulerats. 

Positionsbestämning i tomografiska bilder 
Den tomografiska mätteknik som beskrivs i referens [1] förutsätter att det uppmätta bränsleknippets position i 
förhållande till mätutrusningen är känd med mycket god noggrannhet. Hittills har detta skett med separata 
positionsmätningar som utförts med den tomografiska mätutrustningen. En nackdel med detta tillvägagångssätt 
är att sådana mätningar är relativt tidskrävande. Syftet med detta arbete har varit att ta fram alternativa tekniker 
för positionsbestämning av bränsleknippen i efterhand genom att analysera rekonstruerade tomografiska bilder. 
Två sådana bildanalystekniker har utvecklats med målsättningen att uppnå en noggrannhet i positioneringen på 
0,1 mm i bredd- och höjdled samt 0,1° i rotationsled. 
 
Det nyutvecklade teknikerna bygger båda på principen om matchning. Inom bildanalys innebär matchning att 
man identifierar objekt i en bild genom att utnyttja objektens kända egenskaper. Här motsvaras objekten av de 
bränslestavar som ingår i ett kärnbränsleknippe. Information om stavarnas storlek och positioner i förhållande till 
varandra, den så kallade geometrin, är väl känd. Därför är matchning en passande teknik i detta fall. I båda de 
framtagna teknikerna förbättras upplösningen på de tomografiska bilderna genom interpolation för att möjliggöra 
noggrann positionering. En fördel med de nyutvecklade teknikerna i jämförelse med den gamla tekniken är att 
även de i bränslet ingående delknippena (se figur 1-3), som kan vara något dislokerade i förhållande till 
varandra, kan positionsbestämmas. 

Matchning av bränsleknippemask 
I den första bildanalystekniken som utvecklats, matchning av bränsleknippemask, skapas en mask baserat på 
bränsleknippets geometri. Denna mask kan ses som ett pappersark med ett antal hål som motsvarar 



bränslestavarna. Syftet är att anpassa maken till den tomografiska bilden på bästa sätt. Masken förs över den 
tomografiska bilden i olika lägen och rotationer, och för varje sådan position bokförs summan av aktiviteten i 
maskens hål. Den position som ger upphov till den högsta aktivitetssumman motsvarar den bästa anpassningen, 
och därmed har bränsleknippet positionsbestämts. 

Matchning av stavmask 
Den andra bildanalystekniken som utvecklats, matchning av stavmask, har ett liknande angreppssätt som den 
första. Här är dock den mask som används baserad på geometrin hos en enda stav. Inledningsvis förs masken, 
som alltså bara har ett hål, över positionerna för samtliga bildpunkter i den tomografiska bilden. För varje 
position bokförs aktivteten i maskhålet. I nästa steg väljs ett antal positioner, motsvarande antalet stavar i 
bränsleknippet, med högst aktivtet ut. En viktig begränsning är att positionerna inte får överlappa varandra. 
Slutligen anpassas bränsleknippets geometri till de erhållna maxaktivitetspositionerna så att summan av 
avståndet mellan stavarna och respektive maxaktivitetspositioner minimeras. Den bästa anpassningen som då 
erhålls är bränsleknippets position. 

 
Figur 1. Bränsleknippe av typ 
SVEA-96S. Knippet är 
omkring fyra meter långt. 

 
Figur 2. Tvärsnittsbild av bränsleknippet i 
figur 1. Tvärsnittet är i verkligheten ca 
15x15 cm stort. Grå färg motsvarar själva 
bränslet i form av urandioxid. 

 
Figur 3. En tomografisk bild som 
rekonstruerats baserat på data från 10 200 
mätpunkter.  

Resultat och slutsatser 
Positionering med de beskrivna bildanalysteknikerna har utförts på fyra tomografiska bilder av ett och samma 
kärnbränsleknippe, vilket inte har flyttats under mätningarna. Bild 1 som presenteras i figur 3 är rekonstruerad 
utifrån data från 10 200 mätpunkter, medan bild 2, 3 och 4 var och en är baserad på data från 3 400 mätpunkter. 
Känsligheten för några betydelsefulla parametrar för bildanalysteknikerna undersöktes. Det visade sig att viss 
känslighet fanns för valet av radie på maskhålen. Detta utreddes mer i detalj, varvid en radie kunde väljas för 
positionsbestämning av bränsleknippet i de fyra bilderna. 
 
De positioneringsresultat som erhållits för bild 1 och 4 överensstämmer med den tidigare använda separata 
positioneringstekniken inom den önskade noggrannheten. För bild 2 och 3 avviker rotationsläget något mer än 
önskat. I allmänhet ger matchning av bränsleknippemask en bättre överensstämmelse än matchning av stavmask. 
Överensstämmelsen mellan resultaten på knippenivå för de fyra bilderna var god i sid- och höjdled, men inte lika 
god i rotationsled. Anledningen till avvikelserna tycktes vara att kvaliteten på främst bild 2 och 3 är för dålig, 
troligtvis på grund av att för få mätpunkter har använts i bildrekonstruktionen av bild 2, 3 och 4. På 
delknippenivå blir noggrannheten något sämre, men tydliga avvikelser från nominella lägen kunde ändå påvisas. 
 
Positioner erhållna med bildanalysteknikerna har använts vid tomografiska rekonstruktioner av den stavvisa 
effektfördelningen. Överensstämmelsen mellan rekonstruktionsresultat för data från de fyra bilderna ökar när de 
nyutvecklade bildanalysteknikerna har tillämpas. Slutligen överensstämmer rekonstruktionsresultaten bättre med 
de simuleringsresultat som beräkningskoden POLCA-7 ger. Anledningen till dessa båda förbättringar är troligen 
att man med bildanalysteknikerna har möjlighet att bestämma positioner på delknippenivå, vilket inte varit 
möjligt tidigare. 
 
Sammanfattningsvis kan konstateras att de nyutvecklade bildanalysteknikerna för bestämning av 
bränsleknippepositioner i tomografiska bilder är fördelaktiga ur flera aspekter, och att de förväntas utnyttjas i 
vidare arbete inom området. 
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1 Introduction 
Nuclear power is one of the main sources of energy in Sweden. The principle for nuclear power production is 
nuclear fission. Nuclear energy is transformed into friction energy by splitting the uranium atoms of the nuclear 
fuel. The friction energy heats water into steam, which operates a turbine that generates electrical energy. A 
relative large amount of energy is released in the fission reaction. If all atoms in one gram of uranium would 
undergo fission, an energy of 24 000 kWh would be released. This is enough to heat a typical Swedish house 
during one year.  
 
The fission process gives rise to fission products with varying stability, which undergo decay with various half-
lives. Hence, the composition and the radioactivity of the fuel changes with time, even after the fuel has been 
removed from the reactor core. In Sweden, the radioactive waste is to be long-term stored several hundred 
meters down in the bedrock to ensure that radioactive material does not reach the biosphere. 
 
Radioactivity distribution measurements can give valuable information of the nuclear fuel. Such information 
helps to maximize the efficiency and thereby minimize the waste of the fuel. Additionally, the information could 
be used to verify that the fuel integrity is intact, i.e. that the fuel has not been manipulated, removed or replaced. 
Such verification is one of the important issues in the international efforts for non-proliferation of nuclear 
material. 
 
An attractive measurement technique in this context is tomography, where cross-sectional images of an object 
are acquired by measuring the radiation field at several positions around the object and the internal source 
distribution is reconstructed in computer-aided calculations. The tomographic technique described in [1] requires 
exact knowledge of the position of the nuclear fuel relative to the measurement equipment. Exact positioning 
during the measurements is time consuming, and hence it is desirable to determine the position afterwards.  
 
Such positioning could be accomplished by performing image analysis of tomographic images. Image analysis 
and processing is a dynamic and rapidly growing part of computer science. Images could originate from various 
sources. The human eye captures images as well as an ordinary camera. Intuitively, an image depicts brightness 
and colours, but other physical quantities (temperature, pressure, distance, etc) can also be expressed in images. 
In this work, the images are obtained by using data from radiation detectors, and the image brightness 
corresponds to the concentration of a radioactive isotope. Image analysis techniques have been developed for 
determining the position of the fuel. Properties of the techniques are discussed and the accuracy has been 
investigated. In addition, the consequence of using positions obtained with these techniques in contrast to other 
positioning techniques has been studied. 



2 Nuclear fuel and tomographic measurements 

2.1 Nuclear fuel assemblies 
The fuel in nuclear power plants consists of uranium dioxide in the form of cylindrical uranium dioxide pellets, 
having a height and a diameter of approximately 10 mm, which are stacked in zircaloy tubes with a length of 
about four meters. These fuel rods are arranged to form fuel assemblies. Depending on the reactor type, the 
number of rods in a fuel assembly varies from about 100 to 300. A typical reactor contains about 450 to 700 fuel 
assemblies. 
 
In this work, the fuel assembly type SVEA-96S has been studied. It contains 96 fuel rods, organised in four sub-
bundles surrounded by a so-called fuel channel, as shown in Figure 2.1 and Figure 2.2. All fuel rods have equal 
radius. The rod-to-rod distances in a sub-bundle are defined by so-called spacers that keep each rod in its 
nominal position. However, because there is a nominal gap between the spacers and the fuel channel, the sub-
bundle interspacing and rotation might change slightly when the fuel assembly is taken out of the reactor core. 

 
Figure 2.1. Illustration of a nuclear fuel assembly 
of the SVEA-96S type. 
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Figure 2.2. Cross-sectional illustration of a SVEA-96S fuel assembly. 
The fuel rods containing uranium dioxide pellets are shown in gray. 

2.2 The tomographic measurement technique 
A tomographic measurement technique and equipment have been developed at the Department of Radiation 
Sciences at Uppsala University for measurements on irradiated nuclear fuel assemblies [1]. The images analysed 
analysed and the reconstructions described in this work have been obtained using this technique and equipment. 
When applying the technique, gamma-ray intensities are measured around the assembly by using gamma-ray 
detectors of the bismuth germanate crystal type. These are mounted on a fixture placed around the fuel assembly, 
as illustrated in Figure 2.3. The gamma radiation emitted in the decay of radioactive fission products is measured 
in 1 000-10 000 positions relative to the assembly. This measurement data can then be used to reconstruct the 
internal gamma-source distribution of the assembly.  



 
Figure 2.3. A schematic cross-sectional illustration of the measurement equipment described in [1], with which the data 
analysed in this work has been obtained. A collimator package (C) including four gamma-ray detectors (D) is translated (T) 
and rotated (R) relative to the fuel assembly (A) to record the radiation field. As a result, a gamma-ray intensity profile (P) is 
obtained for each angular position of the equipment. Two angular positions of the collimator package and its corresponding 
intensity profiles are illustrated in this figure. 

A detailed description of the tomographic reconstruction technique is found in [1]. Here, only a brief summary is 
presented. The cross-section of the assembly is divided into a virtual pixel grid. Knowledge of the assembly 
geometry enables calculation of the radiation attenuation along the path from each pixel to each detector 
position. Eq. 2.1 states that the summation of the contribution from all  pixels in the image gives the intensity 
at a certain detector position. 
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where 
 

mnw  is the calculated fraction of gamma quanta emitted from pixel  that theoretically reaches the 
detector in position , 

n
m

nA  is the gamma-source concentration in pixel n , and 

mI  is the gamma-ray intensity measured at detector position m . 
 

Using measurements from all M  detector positions, the equation system in Eq. 2.2 is obtained. The 
reconstructed tomographic image is acquired by solving the system for the pixel gamma source concentrations 
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Eq. 2.2 

The gamma-rays are attenuated when travelling through matter. The attenuation is stronger in fuel material than 
in the surrounding water. Accordingly, the matrix W  in Eq. 2.2 depends on the fuel assembly geometry and the 
position of the fuel assembly relative to the measurement equipment. When calculating the matrix W , the 
accurate position as well as the precise geometry of the fuel assembly is required to achieve high-quality results. 
 
Two modes of operation of the technique have been described in [1]: 
 

1. Image reconstruction: The attenuation is taken into account in a simplified manner, and an image is 
obtained. 

2. Rod-activity reconstruction: The attenuation is taken into account in detail, and highly accurate 
information of the rod-by-rod activity is obtained. 

 
The former reconstruction mode has been applied to obtain the images analysed in this work. The information 
obtained from the image analysis has then been used to perform the latter type of reconstructions. 

2.3 Applications of the tomographic measurement technique 

2.3.1 Fuel integrity verification 
Nuclear fuel may be used in nuclear weapons. To prevent this, international efforts are made to ensure that the 
nuclear fuel is used in accordance with international agreements. These activities are called safeguards, and are 
supervised by the International Atomic Energy Agency, IAEA. An important safeguards activity is verification 
of the fuel integrity, i.e. that the fuel rods have not been replaced, removed or manipulated. Activity distributions 
originating from tomographic measurements provide an opportunity to verify the integrity of a fuel assembly on 
rod level, without the need to dismantle the assembly. In this case, the fission product that is measured may e.g. 
be Cesium-137. The tomographic technique thus offers a means for verifying the presence of irradiated fuel 
material in each rod position. 

2.3.2 Validation of production codes for core simulation 
Safe and efficient operation of nuclear power reactors relies to a large extent on simulations where the complete 
reactor physics are taken into consideration. These calculations are performed on rod level using so-called 
production codes. By increasing the knowledge of the performance of the codes, the fuel may be used more 
efficiently. It is therefore desirable to validate the production codes against experimental data, e.g. with respect 
to the power distribution in the core. Experimental data may in this context be the rod-by-rod activity 
distribution based on tomographic reconstructions. In this case, the radiation emitted from Barium-140, which is 
a fission product produced nearly proportionally to the thermal power, is measured. In section 4.3.2, results 
obtained from the production code POLCA-7 are compared to results obtained from tomographic power 
reconstructions.  

2.4 Scope of this work – assembly positioning 
As described in section 2.2, accurate information about the position of the fuel assembly is required in the 
tomographic reconstruction procedure. Two approaches to obtain the exact position of the fuel assembly have 
been identified. 
 

(A) Separate measurements of the lateral position of the fuel assembly in connection to the tomographic      
measurements 

(B) Image analysis on a tomographic image 
 



Approach (A) was used in the measurements described in [1]. However, the separate positioning measurements 
technique requires valuable time. Furthermore, in fuel assemblies with sub-bundles, such as the SVEA-96S 
assembly described in Figure 2.2, the sub-bundles may be slightly dislocated, and no positioning at sub-bundle 
level could be carried out using this technique. Approach (B), which has been studied in this work, provides an 
off-line alternative. Positions are obtained by analysing an image acquired from tomographic image 
reconstructions as described in the end of section 2.2. This approach enables identification of positions on both 
assembly and sub-bundle level. 
 
The purpose of this work has been to develop image analysis techniques for this application and to investigate 
their potential. This report presents two image analysis techniques developed to determine the fuel assembly 
position using tomographic images. The properties of these techniques are discussed, and their stabilities with 
respect to some of the inherent parameters have been investigated. The fuel assembly positions obtained when 
applying these two techniques on a number of tomographic images have been compared to the positions obtained 
by the separate positioning measurements technique (A). Finally, the impact of using positions obtained by 
image analysis techniques rather than the separate positioning measurements technique in the analysis of 
measurement data has been investigated. The data analysed had been collected in measurements of the power 
distribution, as discussed in section 2.3.2. Both the repeatability of the reconstructed rod-by-rod power 
distributions and the agreement with the production code POLCA-7 have been investigated. 
 
 
 



3 Image analysis techniques for fuel assembly 
positioning 

3.1 Basic considerations 
Mathematically, an image can be described as a function. The domain and range sets of the function depend on 
the properties of the image. Planar images (e g photos) are described using two-dimensional functions, while 
volumetric images are three-dimensional. The function value at a certain set of coordinates gives the brightness 
at that position. For color images, the brightness is typically given as a three-element vector where each element 
corresponds to a base color, e.g. red, green and blue, respectively. The images analysed in this work are two-
dimensional and monochromatic. Accordingly, they are represented by functions of the type presented in Eq. 
3.1. 

iyxf =),(  Eq. 3.1 

Here, i  is the intensity at the image position .  ),( yx
 
Computerized image analysis deals with digital images. The fact that an image is digital implies that both the 
function values (the brightness) and the coordinates (the spatial locations) are discrete quantities. Accordingly, a 
digital image is built up of picture elements, or pixels, which are laterally located at discrete coordinates and are 
assigned discrete brightness values. There exist a number of techniques to extract information from digital 
images, including Fourier transformation, morphology, object recognition and segmentation [3, 4]. Which 
technique to use is highly application-dependent.  
 
Here, two matching techniques have been used in order to determine the position of a nuclear fuel assembly 
using tomographic images. In image analysis, matching denotes searching an image for objects or patterns with 
known properties. The reason for choosing the matching approach is that the geometric properties of a fuel 
assembly are well-known. The fission products, being the source of the gamma radiation depicted in the images, 
are contained in the fuel rods, and hence the matching approach is feasible in this context. 
 
The objective of this work has been to determine the angular and lateral position of a fuel assembly in a 
tomographic image with a lateral precision of 0.1 mm and an angular precision of 0.1°. Two different techniques 
have been developed to meet these requirements. 
 

1. Assembly mask matching 
2. Rod mask matching 

 
Both techniques are thus based on matching. They are described in sections 3.4 and 3.5, respectively. Some 
positioning results are presented in chapter 4. Further on, the term ‘position’ refers to the three-dimensional 
position, i.e. both lateral  and angular ),( yx )(α  position, of an entire fuel assembly or a sub-bundle. 
‘Positioning’ refers to the process of determining such a position in an image. 
 

3.2 Analysed images 
The techniques developed in this work have been tested on four 55x55-pixel-sized tomographic images, 
presented in Table 3.1 and Figure 3.1. Image 1 was tomographically reconstructed using data collected in 10 200 
detector positions around a SVEA-96S fuel assembly, distributed on 120 angular and 85 lateral positions. The 
angular interspacing was 3°. Images 2 to 4 were reconstructed using three different subsets of the data, where 
each subset contained 40 angular positions with 9° interspacing and different start angles. As image 1 was 
reconstructed from a larger set of data, it can be considered having a higher quality than images 2 to 4. The fuel 
assembly was not repositioned during the measurement series, which implies that the fuel assembly position 
should be the same in all images. 



Table 3.1. The four input images that have been investigated. 
Image Total number of data points Number of angular positions Start angle Angular interspacing 
1 10 200 120 0° 3° 
2 3 400 40 3° 9° 
3 3 400 40 -3° 9° 
4 3 400 40 0° 9° 
 

  

  
Figure 3.1. Tomographic images of a SVEA-96S fuel assembly studied in this work, called image 1 (upper-left), image 2 
(upper-right), image 3 (lower-left) and image 4 (lower-right). Dark color corresponds to high gamma-ray source 
concentration. Image 1 was obtained from a data set including measurements from 120 angular positions with 3° 
interspacing. Images 2 to 4 were obtained from different data sets including measurements from 40 angular positions with 9° 
interspacing. The start angles for image 2, 3 and 4 were 3°, -3° and 0°, respectively. 

3.3 Image interpolation 
The images presented above are quadratic with a side of about 143 mm distributed on 55 pixels. This 
corresponds to a pixel side length of about 2.5 mm. As the aim is to determine rod positions with a lateral 
accuracy of 0.1 mm, it is desirable to enhance the resolution of the image. As a consequence, the number of 
pixels is increased. This process is known as interpolation, and involves calculation of brightness values at 
closer-spaced pixel locations in the image. The process takes the following into consideration: 
 



1. Input image  with pixel grid spacing ),( yxf Δ  (given). 
2. Interpolation algorithm used (given). 
3. Output image ),( yxg ′′  with pixel grid spacing Δ′  (to be calculated). 

 
The interpolation process can be divided into two sub-processes: 
 

1. A continuous function is created by applying an interpolation algorithm to the discrete input image data. 
2. The output image is created by sampling of the continuous function at the output image pixel locations. 

 
In this work, so-called convolution-based interpolation algorithms [2] have been applied. Such an interpolation is 
based on the summation of weighted pixel values in the input image. The weights are assigned by twofold usage 
of a one-dimensional function Xϕ . This weighting function, known as convolution kernel, takes into account the 
distance (in x  and  direction, respectively) between the centres of the input and the output pixels, according to y
Eq. 3.2. 
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Here, four convolution-based interpolation algorithms have been used; one nearest neighbour, one bilinear and 
two bicubic algorithms. These are described in detail in sections 3.3.1 to 3.3.3. Illustrations of interpolation using 
these four algorithms as well as illustrations of the convolution kernels are found in section 3.3.4. 

3.3.1 Nearest neighbour interpolation 
Nearest neighbour interpolation is also known as zero-order interpolation. Here, each pixel  in the output 
image 

),( yx ′′
g  is mapped to the closest pixel  in the input image , and the corresponding pixel value  

is assigned to . This corresponds to the convolution kernel 
),( yx f ),( yxf

),( yxg ′′ NNϕ  in Eq. 3.3.  
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Nearest neighbour interpolation is computationally fast, but it has the undesirable feature of preserving the 
checkerboard feature of a low-resolution input image. An example of nearest neighbour interpolation is 
illustrated in Figure 3.9. 

3.3.2 Bilinear interpolation 
When performing bilinear interpolation, the convolution kernel Xϕ  of Eq. 3.2 is a linear polynomial. In this 
work, a 2-by-2 pixels neighbourhood in the input image is taken into account, as the convolution kernel Lϕ  
states in Eq. 3.4. Accordingly, the output pixel value is practically a weighted average of the four closest pixels 
in the input image. Bilinear interpolation gives a smoother result than nearest neighbour interpolation, but 
requires more computational resources. An illustration of bilinear interpolation is found in Figure 3.10. 
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3.3.3 Bicubic interpolation 
Cubic convolution kernels consist of piecewise third-degree polynomials. Here, two such kernels, 4Cϕ  and 6Cϕ , 
have been used, presented in Eq. 3.5 and Eq. 3.6, respectively. When applied in two dimensions as in Eq. 3.2, 
they have a neighbourhood of 4-by-4 pixels and 6-by-6 pixels, respectively. These are more time-consuming 



than the previously stated algorithms, but yield smoother output pictures. Bicubic interpolation using a 4-by-4 
pixels neighbourhood is illustrated in Figure 3.11, and the 6-by-6 pixels version is found in Figure 3.12. 
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3.3.4 Illustrations of the interpolation algorithms used 
The convolution kernels of the interpolation algorithms used are shown in Figure 3.2. As Eq. 3.2 states, the 
product of two convolution kernels is used when interpolating a two-dimensional function. These product 
surfaces are plotted in Figure 3.3 to Figure 3.6. Figure 3.7 to Figure 3.12 illustrate the application of the four 
interpolation algorithms presented above to an example input image of 4-by-4 pixels (Figure 3.7). This image is 
here interpolated to 25-by-25 pixels, thus increasing the number of pixels by a factor of about 39. The pixel grids 
before and after interpolation are shown in Figure 3.8. Figure 3.9 to Figure 3.12 show the interpolated images 
with the pixel grids on top for reference. 
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Figure 3.2. The four one-dimensional convolution kernels that have been used in this work. 
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Figure 3.3. Two-dimensional nearest neighbour convolution 
kernel. The neighbourhood is 1x1 unit. 
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Figure 3.4. Two-dimensional linear convolution kernel. The 
neighbourhood is 2x2 units. 
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Figure 3.5. Two-dimensional cubic convolution kernel, 
having a neighbourhood of 4x4 units. 
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Figure 3.6. Two-dimensional cubic convolution kernel, 
having a neighbourhood of 6x6 units. 

 
Figure 3.7. Example input image, 4x4 pixels. 

 
Figure 3.8. Pixel grids for 4x4 (black) and 25x25 (gray) pixel 
images. As 25 is not a multiplier of 4, the two grids do not 
coincide. 



 
Figure 3.9. A 25x25 pixel output image obtained using 
nearest neighbour interpolation. Pixel grids from Figure 3.8 
are included in the image. 

 
Figure 3.10. A 25x25 pixel output image obtained using 
bilinear interpolation. Pixel grids from Figure 3.8 are included 
in the image. 

 
Figure 3.11. A 25x25 pixel output image obtained using 
bicubic interpolation with a convolution kernel of 4x4 pixels. 
Pixel grids from Figure 3.8 are included in the image. 

 
Figure 3.12. A 25x25 pixel output image obtained using 
bicubic interpolation with a convolution kernel of 6x6 pixels. 
Pixel grids from Figure 3.8 are included in the image. 

3.4 Fuel assembly positioning by assembly mask matching 
The assembly mask matching technique relies on the precisely stated nominal geometry of the fuel assemblies. 
Accordingly, the input parameters are a tomographic image (interpolated to a selectable resolution) and the 
nominal geometry of the fuel assembly. In brief, the technique is performed according to the following steps: 
 
 
 
 
 



1. A mask is created based on the nominal geometry of the fuel assembly. 
2. The gamma-ray source concentration is sampled for a number of mask positions. 
3. A polynomial is adapted to the sample data. 
4. The coordinates of the maximum value of the polynomial is the best fit of the mask. 

 
Each step is explained in more detail below. 

3.4.1 Creating a mask 
The nominal geometry of the fuel assembly is used to create a mask. This mask might intuitively be seen as a 
sheet of paper with a number of holes, corresponding to the fuel rods (Figure 3.13). In image analysis terms, the 
mask is a binary image where each pixel either has a value of 0 (no rod) or 1 (rod).  

3.4.2 Sampling gamma-ray source concentrations 
The mask is moved over the tomographic image in various lateral and angular positions around the supposed 
position of the fuel assembly (Figure 3.14), i.e. the lateral coordinates x  and  and the angular coordinate y α  
are altered. For each combination of x ,  and y α , the sum of the tomographic image activity (i.e. the gamma-
ray source concentration) in the mask holes, , is sampled. That is, the two images are pixel-wise 
multiplied, and the sum of the resulting image’s pixel values gives the activity in the mask holes. It can be 
argued that the higher the activity sum is, the better the fit is. The activity sums are recorded and stored in a 
three-dimensional matrix 

α,,yxA

A  of size αNNN yx ×× , where  is the number of computed positions in 
dimension d . 

dN

 
Figure 3.13. The fuel assembly mask depicts the geometry 
of the fuel assembly, in this case the SVEA-96S fuel 
assembly. White areas represent the fuel rods. 

 
Figure 3.14. The fuel assembly mask is rotated and 
translated over the tomographic image, searching for the 
maximum gamma-ray source concentration inside the mask 
holes. 

3.4.3 Adapting a polynomial to the sample data 
One way to estimate the position of the fuel assembly is simply to consider the coordinates of the maximum 
value of A . However, the input image data is generally rather noisy. It is, for that reason, desirable to perform 
some kind of data regression to achieve robustness in the fuel assembly positioning process. Besides reducing 
the influence of noise, the regression coordinates are not bound to the sample coordinates, which enables sub-
pixel coordinate resolution.  
 
Here, the second-order polynomial hypersurface  of ),,(ˆ αyxA Eq. 3.7 has been chosen to fit the matrix data. A 
least-squares approach has been adopted, where the error ε  according to Eq. 3.8 is minimized. 
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The best fit of the polynomial is obtained when ε  of Eq. 3.8 reaches a minimum. Mathematically, this 
corresponds to a choice of the polynomial coefficients  of the hypersurface such that all partial derivatives ic

ic∂∂ /ε  are equal to zero. This gives rise to a linear equation system, which is solved for the coefficients . ic
 
Hypersurfaces are difficult to illustrate graphically. Instead, Figure 3.15 illustrates the one-dimensional case of 
data regression. However, the principle is the same for multiple dimensions. To obtain a good estimate of the 
best fit, sampling coordinates should be numerous enough, and the maximum sampled value should preferably 
have a relatively central position in the data set. It has been found that the hypersurfaces obtained using this 
technique adapts well to the data.  
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Figure 3.15. Least-squares fitting of vector elements to a second-order polynomial . The maximum 

value of  is found where . This technique has in this work been extended to fit a hypersurface to a 
three-dimensional matrix. 
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3.4.4 Finding the best fit of the mask 
Once the coefficients  in ic Eq. 3.7 are determined, the coordinate triple ),,( αyx  of the maximum value of the 
hypersurface can be calculated. Hence, this coordinate triple is the best fit of the mask. The hypersurface reaches 
an extreme value where ,  and  all equal zero, as described in xA ∂∂ /ˆ yA ∂∂ /ˆ α∂∂ /Â Eq. 3.9. 
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By solving this linear equation system, the coordinate triple ),,( αyx  of the best fit of the mask is obtained. 

3.5 Fuel assembly positioning by rod mask matching 
When using the rod mask matching technique, initially no assumptions are made about the fuel rod 
configuration. Instead, the tomographic image is searched for rod-sized areas having a high intensity sum. It is 
assumed that all fuel rods have the same radius. The positions of the  highest-activity areas, where  is the 
number of fuel rods, are determined under the constraint that the areas are not overlapping in the image. It is 
assumed that these areas correspond to the fuel rods.  

n n

 
The assembly position is then computed by a least-squares method, attempting to fit the rods to the nominal 
geometry of the fuel assembly. Input parameters are the tomographic image (interpolated to a selectable 
resolution), the nominal geometry of the fuel assembly, and the fuel rod radius. 

3.5.1 Finding positions of maximum activity 
In the search for maximum-activity positions, each pixel of the tomographic image is taken into consideration. 
The activity of all pixels in a rod-sized mask hole is summed. The position of the pixel having the highest 
activity sum is considered to be the centre of a rod, and its position is recorded. This procedure is repeated n  
times, where  is equal to the number of fuel rods. No new rod positions are allowed within the rod diameter 
from an already recorded position. A tomographic image including indications of maximum activity positions is 
presented in 

n

Figure 3.16. 

3.5.2 Connecting maximum activity positions to rods 
Once the maximum activity positions in the image are obtained, they should be identified with the rods of the 
nominal fuel assembly geometry. The objective is to connect each fuel rod to a maximum activity position. The 
following approach is used:  
 

1. The centre of gravity of the maximum activity positions in the image is calculated.  
2. The upper left maximum activity position is identified (i.e. the position in the upper-left quadrant which 

is farthest away from the centre of gravity), and its angle of the position relative to the centre of gravity 
is calculated. 

3. The upper left rod of the nominal fuel assembly geometry is identified, and the angle relative to the 
nominal fuel assembly centre is calculated. 

4. The fuel assembly geometry is rotated according to the angle difference and translated according to the 
centre of gravity of the maximum activity positions, giving an approximate position of the assembly in 
the image. 

5. Each maximum activity position in the image is connected to the closest rod of the approximately 
aligned fuel assembly geometry. 

3.5.3 Making a least squares adaptation of the fuel assembly 
Once the maximum activity positions  in the image have been connected to rod centre positions 

 of the nominal assembly geometry, the objective is to determine the lateral  and angular 

),(
ii mm yx

),(
ii rr yx ),( yx )(α  

position where the image adapts best to the nominal geometry. Using a least-squares approach, the best 
adaptation is obtained when the sum of the squared distances (presented in Eq. 3.10) between each rod and its 
corresponding maximum activity position reaches a minimum. This adaptation approach is illustrated in Figure 
3.17. 
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However, the minimization of Eq. 3.10 should be performed with respect to the translation  and the 
rotation 

),( yx
)(α  of the nominal geometry of the fuel assembly. Therefore, the coordinates of the rod centre 

positions are rewritten to be dependent on these variables according to Eq. 3.11. 
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where 
 

id  is the distance from the ith rod centre to the fuel assembly centre, and 

iθ  is the angle of the ith rod centre relative to the fuel assembly centre. 
 
Eq. 3.11 reaches its minimum where x∂∂ /ε , y∂∂ /ε  and αε ∂∂ /  all equal zero, which gives rise to the 
equation system in Eq. 3.12. 
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Because this equation system is non-linear, it has to be solved using an iterative method. Here, the Newton-
Raphson method has been applied. The solution is an estimate of the best fit of the fuel assembly relative to the 
maximum activity positions. 



 
Figure 3.16. A tomographic image of a SVEA-96S fuel 
assembly which has been searched for maximum activity 
positions. These positions are represented by black dots in 
the image. 

 
Figure 3.17. An enlarged part of the tomographic image of 
Figure 3.16. The sum of the distances (the white lines) 
between the maximum activity positions (black dots) and the 
corresponding centres (red dots) of the rods (red circles) in a 
nominal fuel assembly geometry is a measure of the fit. For 
clarity, the adaptation of the rods is quite poor in this figure. 

3.6 Sub-bundle positioning 
When positioning the entire fuel assembly using the matching techniques in sections 3.4 and 3.5, a rigid fuel 
assembly is assumed, where the sub-bundles are nonflexible with regard to translation and rotation. However, 
both techniques can be extended to handle lateral and angular dislocations of each individual sub-bundle. This 
can be taken into account by performing the positioning procedure in two steps:  
 

1. The best match for the whole fuel assembly is obtained according to sections 3.4 or 3.5. 
2. Each of the sub-bundles is positioned relative to the whole fuel assembly.  

 
The latter operation is analogous to positioning of the whole assembly, with the exception that only the rods of a 
certain sub-bundle are considered. 



4 Results 
The positioning properties of the image analysis techniques described in chapter 3 have been investigated. There 
are a number of questions that arise when applying these techniques: 
 

• What is the accuracy in the position determination on the assembly level? 
• What is the accuracy in the position determination on the sub-bundle level? 
• Do the assembly positions obtained using these techniques agree with the separate positioning 

measurements technique (A) described in section 2.4? 
• Will the accuracy of the tomographic reconstructions be improved when utilizing the positions obtained 

by applying these techniques? 
 
The positioning results depend on a number of parameters that are set in the analysis software. It can be expected 
that the choice of some of these parameter values affects the obtained positioning results. Here, investigations 
are presented covering the three parameters considered being the most significant. 
 

• The resolution to which the input tomographic image is interpolated 
• The image interpolation algorithm 
• The radius of the holes in the mask, corresponding to the radius of the fuel rods in the image 

 
Image analysis positioning on assembly and sub-bundle level has been performed for the four images in section 
3.2 using the two techniques described in sections 3.4 and 3.5. The system of coordinates used in the positioning 
procedure is illustrated in Figure 4.1. The sensibility to the three parameters considered being important is 
discussed in section 4.1. 

 
Figure 4.1. The system of coordinates that was used when positioning the fuel assembly using the tomographic images. 
Note that positive  is downwards in the image. y

Based on the investigations, a feasible parameter set was chosen, and the positions obtained were compared to 
the position obtained by the separate positioning measurements technique. The positions were also used in 
tomographic rod-by-rod power reconstructions, allowing for investigations of the repeatability and the agreement 
with the POLCA-7 production code. 
 

4.1 Sensibility to parameter values in the analysis 
The parameter values that have been used when applying the image analysis techniques are presented in Table 
4.1. To investigate the sensibility of the techniques with respect to a certain parameter, the parameter in question 
was altered while the remaining two parameters were fixed at default values. These default parameter values 
were chosen according to the following discussion: 
 

• For computational reasons, the size of a digital image is commonly a power of 2. The resolution of 71.6 
pixels/cm corresponds to an image size of 1024x1024 pixels, or 210 x 210 pixels. This resolution was 



chosen because it gives rise to a pixel size close to the desired lateral precision of 0.1 mm, at the same 
time as it requires much shorter computation time than the double resolution. 

• Bicubic interpolation algorithms generate smooth images and are frequently used in digital imaging. Of 
the two bicubic algorithms presented in section 3.3.3, the less computationally demanding 4x4-pixels 
convolution kernel was chosen as default. 

• The default mask hole radius was set to the nominal outer radius of a SVEA-96S fuel rod, which is 4.81 
mm. The choice of the outer rod radius was made in order to adapt to the observed blurriness of the 
images. 

Table 4.1. Parameter values used when investigating the sensibility of the image analysis techniques. Chosen default values 
are presented in bold font. 
Parameter 
Image resolution [pixels/cm] Interpolation algorithm Mask hole radius [mm] 
35.8 Nearest neighbour 3.61 
71.6 Bilinear 4.21 
143.2 Bicubic 4x4 4.81 
 Bicubic 6x6 5.41 
  6.01 

4.1.1 Image resolution sensibility 
Fuel assembly positioning results for three values of image resolution have been computed, keeping the 
interpolation algorithm (bicubic 4x4) and mask hole radius (4.81 mm) fixed. Positioning has been performed 
using both the assembly mask matching and the rod mask matching techniques as described in sections 3.4 and 
3.5. The positions obtained in image 1 are presented in Table 4.2. These may be compared to the positions 
obtained by the separate positioning measurements technique, as presented in Table 4.8. 

Table 4.2. The sensibility in the fuel assembly positioning to the image resolution when using the assembly mask matching 
and the rod mask matching techniques on image 1. The sensibility was similar when considering images 2 to 4. 

Assembly mask matching Rod mask matching 
x  y  α  x  y  α  Image resolution 

[pixels/cm] 
[mm] [mm] [°] [mm] [mm] [°] 

35.8 -3.48 1.17 -0.07 -3.63 1.03 -0.10 
71.6 -3.48 1.18 -0.07 -3.55 1.09 -0.10 
143.2 -3.48 1.18 -0.07 -3.51 1.13 -0.10 
Maximum difference 0.00 0.00 0.00 0.13 0.10 0.00 
 
As discussed in section 3.2, the desired accuracy in the positioning procedure is 0.1 mm laterally and 0.1° 
angularly. For the assembly mask matching technique, it can be observed that the positions obtained do not 
depend on the image resolution to a large extent. However, it can be observed from Table 4.2 that the rod mask 
matching technique is more sensible with regard to lateral position. The lowest resolution (35.8 pixels/cm) gives 
rise to the most significant deviations from the assembly mask matching positions. Using 71.6 pixels/cm, the 
results agree within the desired accuracy. The sensibility for image resolution is similar when considering 
images 2 to 4. 
 
The data in Table 4.2 refer to entire fuel assembly positions. However, the positioning sensibility has also been 
studied on the sub-bundle level. It has been shown that the sensibility to the image resolution is in accordance 
with the results obtained on the assembly level. 

4.1.2 Interpolation algorithm sensibility 
For each of the four interpolation algorithms described in section 3.3, the fuel assembly position has been 
computed while keeping the image resolution (71.6 pixels/cm) and mask hole radius (4.81 mm) fixed. The 
results for image 1 are presented in Table 4.3. Similar results were obtained for images 2 to 4.  



Table 4.3. The sensibility to the interpolation algorithm when performing fuel assembly positioning using the assembly mask 
matching and the rod mask matching techniques on image 1. The sensibility was similar when considering images 2 to 4. 

Assembly mask matching Rod mask matching 
x  y  α  x  y  α  Interpolation algorithm 

[mm] [mm] [°] [mm] [mm] [°] 
Nearest neighbour -3.48 1.20 -0.07 -3.52 1.11 -0.11 
Bilinear -3.48 1.18 -0.07 -3.55 1.09 -0.10 
Bicubic, 4x4 -3.48 1.18 -0.07 -3.55 1.09 -0.10 
Bicubic, 6x6 -3.48 1.18 -0.07 -3.54 1.09 -0.11 
Maximum difference 0.00 0.02 0.01 0.02 0.02 0.01 
 
The differences are smaller than the accuracy requirements of 0.1 mm and 0.1°, which means that the choice of 
interpolation algorithm does not have any significant effect on the positioning results. The rod mask matching 
technique is somewhat more sensible than the assembly mask matching technique.  
 
Table 4.3 presents assembly-level positions. Sub-bundle positioning results for each of the four interpolation 
algorithms have also been investigated. According to these investigations, the choice of interpolation algorithm 
does not have any significant effect on sub-bundle positioning. 

4.1.3 Mask hole radius sensibility on the assembly level 
Positioning results for the fuel assembly when varying the mask hole radius have been computed, keeping the 
image resolution (71.6 pixels/cm) and the interpolation algorithm (bicubic 4x4) fixed. Five mask hole radii have 
been investigated; the nominal outer rod radius of 4.81 mm, and two smaller and two larger radii. 
 
Results using the assembly mask matching technique are presented in Table 4.4. Within the selected range of 
radii, the results from images 1 and 4 comply with the desired accuracy. The lateral sensibility of images 2 and 3 
is slightly larger than the desired accuracy, while the angular sensibility is much larger. 
 
The positions obtained by using the rod mask matching technique are presented in Table 4.5. In accordance with 
the former technique, images 1 and 4 are less sensible to the mask hole radius radii than images 2 and 3. For the 
latter images, the deviations increase substantially for mask hole radii larger than the nominal outer rod radius of 
4.81 mm. This statement is valid for both techniques, as illustrated in Figure 4.2 and Figure 4.3. 
 
It can be noted that images 1 and 4 were obtained using data sets involving angles perpendicular to the assembly. 
The more stable positioning results when analysing these two images indicate that such data is valuable for 
improving the image quality. 

Table 4.4. The sensibility to the mask hole radius when performing fuel assembly positioning using the assembly mask 
matching technique. 

Image 1 Image 2 Image 3 Image 4 
x  y  α  x  y  α  x  y  α  x  y  α  Mask hole radius 

[mm] 
[mm] [mm] [°] [mm] [mm] [°] [mm] [mm] [°] [mm] [mm] [°] 

3.61 -3.46 1.18 -0.05 -3.44 1.24 -0.13 -3.45 1.15 0.02 -3.45 1.20 0.00 
4.21 -3.48 1.18 -0.06 -3.45 1.25 -0.19 -3.48 1.15 0.03 -3.46 1.18 -0.01 
4.81 -3.48 1.18 -0.07 -3.45 1.24 -0.29 -3.50 1.15 0.09 -3.45 1.16 -0.02 
5.41 -3.45 1.17 -0.09 -3.44 1.22 -0.49 -3.49 1.13 0.26 -3.44 1.16 -0.01 
6.01 -3.43 1.17 -0.08 -3.32 1.14 -1.33 -3.51 0.99 0.95 -3.49 1.19 0.04 
Maximum difference 0.06 0.01 0.04 0.13 0.11 1.20 0.06 0.16 0.92 0.05 0.04 0.06 
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Figure 4.2. Horizontal , vertical  and angular )(x )( y )(α  fuel assembly positions obtained in the four images using five 
different mask hole radii. The assembly mask matching technique was used. For images 2 and 3, deviations increase for 
radii larger than the nominal outer fuel rod radius of 4.81 mm. 

Table 4.5. The sensibility to the mask hole radius when performing fuel assembly positioning using the rod mask matching 
technique. 

Image 1 Image 2 Image 3 Image 4 
x  y  α  x  y  α  x  y  α  x  y  α  Mask hole radius 

[mm] 
[mm] [mm] [°] [mm] [mm] [°] [mm] [mm] [°] [mm] [mm] [°] 

3.61 -3.56 1.09 -0.06 -3.49 1.14 -0.12 -3.47 1.09 0.02 -3.56 1.11 -0.03 
4.21 -3.56 1.08 -0.09 -3.51 1.13 -0.19 -3.56 1.08 0.02 -3.55 1.08 -0.02 
4.81 -3.55 1.09 -0.10 -3.50 1.12 -0.31 -3.56 1.10 0.09 -3.51 1.08 -0.01 
5.41 -3.50 1.09 -0.12 -3.50 1.13 -0.51 -3.63 1.05 0.18 -3.48 1.09 0.00 
6.01 -3.51 1.13 -0.16 -3.08 1.14 -0.59 -3.21 0.74 0.36 -3.49 1.13 -0.01 
Maximum difference 0.07 0.05 0.09 0.43 0.02 0.47 0.42 0.36 0.34 0.08 0.05 0.02 
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Figure 4.3. Horizontal , vertical  and angular )(x )( y )(α  fuel assembly positions obtained in the four images using five 
different mask hole radii. The rod mask matching technique was used. Deviations increase for images 2 and 3 when the 
radius is larger than the nominal outer fuel rod radius of 4.81 mm. 

4.1.4 Mask hole radius sensibility on sub-bundle level 
Positioning results for the upper-right sub-bundle, which turned out to be the sub-bundle having the largest 
deviations, are presented below. Table 4.6 and Table 4.7 present positioning results based on five different rod 
radii for the assembly mask matching and the rod mask matching techniques, respectively. Nearly all maximum 
deviations are larger than 0.1 mm and 0.1°, even in image 1, which is the image of the highest quality. However, 
it can be noted that the results clearly indicate a deviation from the nominal position of the sub-bundle, which is 
most obvious for the angular position. Figure 4.4 and Figure 4.5 display determined positions as functions of the 
mask hole radius.  
 
In conclusion, it can be noted that the agreement between the four images is fairly good for a mask hole radius 
smaller than 4.81 mm, while larger radii give rise to relatively large differences. It can be observed that there is a 



systematic trend in the determined positions with respect to the mask hole radius. Still, clear indications have 
been obtained that there is a deviation from the nominal sub-bundle position. 

Table 4.6. Upper-right sub-bundle positioning results for various mask hole radii when using the assembly mask matching 
technique. 

Image 1 Image 2 Image 3 Image 4 
x  y  α  x  y  α  x  y  α  x  y  α  Mask hole radius 

[mm] 
[mm] [mm] [°] [mm] [mm] [°] [mm] [mm] [°] [mm] [mm] [°] 

3.61 31.88 -34.73 -1.28 31.89 -34.70 -1.60 31.85 -34.86 -1.36 31.91 -34.59 -0.75 
4.21 31.87 -34.61 -1.15 31.87 -34.61 -1.72 31.85 -34.74 -1.11 31.89 -34.54 -0.68 
4.81 31.91 -34.55 -0.99 31.97 -34.48 -1.60 31.84 -34.76 -0.87 31.94 -34.53 -0.63 
5.41 32.03 -34.49 -0.80 32.20 -34.25 -1.51 31.77 -34.87 -0.51 32.04 -34.52 -0.54 
6.01 32.34 -34.37 -0.41 32.87 -33.90 -1.86 31.55 -35.20 0.30 32.21 -34.41 -0.27 
Maximum difference 0.47 0.35 0.88 1.00 0.80 0.35 0.31 0.46 1.66 0.32 0.18 0.48 
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Figure 4.4. Horizontal , vertical  and angular )(x )( y )(α  positions of the upper-right sub-bundle obtained in the four 
images using five different mask hole radii. The assembly mask matching technique was used. Deviations from the average 
increase when considering radii larger than the nominal outer fuel rod radius of 4.81 mm. 

Table 4.7. Upper-right sub-bundle positioning results for various mask hole radii when using the rod mask matching 
technique. 

Image 1 Image 2 Image 3 Image 4 
x  y  α  x  y  α  x  y  α  x  y  α  Mask hole radius 

[mm] 
[mm] [mm] [°] [mm] [mm] [°] [mm] [mm] [°] [mm] [mm] [°] 

3.61 31.81 -34.63 -1.07 31.88 -34.60 -1.48 31.77 -34.77 -1.10 31.79 -34.55 -0.69 
4.21 31.83 -34.59 -1.01 31.92 -34.56 -1.51 31.79 -34.76 -1.03 31.80 -34.54 -0.63 
4.81 31.87 -34.55 -0.98 31.97 -34.43 -1.55 31.78 -34.73 -0.88 31.89 -34.57 -0.58 
5.41 31.96 -34.55 -0.84 32.07 -34.26 -1.57 31.67 -34.77 -0.61 32.00 -34.60 -0.62 
6.01 32.10 -34.43 -0.62 32.32 -33.55 -0.47 31.54 -34.79 0.12 32.08 -34.59 -0.54 
Maximum difference 0.29 0.20 0.45 0.44 1.05 1.10 0.25 0.07 1.22 0.29 0.05 0.15 
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Figure 4.5. Horizontal , vertical  and angular )(x )( y )(α  positions of the upper-right sub-bundle obtained in the four 
images using five different mask hole radii. The rod mask matching technique was used. Deviations increase when the radii 
are larger than the nominal outer fuel rod radius of 4.81 mm. The largest radius inspected (6.01 mm) deviate significantly 
from the others. 

4.2 Choice of parameter values and resulting positioning accuracy 

4.2.1 Chosen set of parameter values for the image analysis 
The choice of default values for the parameters used in the image analysis was discussed in the beginning of this 
chapter. The results presented in section 4.1 give information about the techniques’ sensibility for parameter 
value variation. Based on these results, parameter values for positioning in later sections have been chosen. The 
image resolution and interpolation algorithm used were shown to have insignificant effect on the results. Thus, 
there is no need to abandon the default image resolution and interpolation algorithm values of 71.6 pixels/cm and 
bicubic 4x4, respectively. 
 
According to sections 4.1.3 and 4.1.4, the mask hole radius has a significant impact on the positioning results. 
The larger the mask hole radius, the more the results from the four images generally deviate from each other. 
Accordingly, for further studies the inner radius of the tubes that enclose the fuel of 4.18 mm has been chosen, 
rather than the outer radius of 4.81 mm which was previously used. This choice is based on the fact that the fuel 
pellets are certainly limited by the inner tube radius, and that the position deviations increase for larger radii. 
 
The positions that are obtained using these parameter values are presented in Table 4.8. 

4.2.2 Agreement with separate positioning measurements  
The separate positioning measurements approach described in section 2.4 was used in [1] to determine the 
positions of the entire fuel assembly. Table 4.8 presents the position obtained by using this approach, and 
compares it to the assembly-level positions obtained by using the two image analysis techniques applying the 
parameter value set chosen in section 4.2.1. It should be recalled that the separate positioning measurements 
approach cannot take any sub-bundle dislocations into account. 
 
When considering image 1, it can be concluded that the agreement of the positions determined using these two 
approaches is within the required 0.1 mm and 0.1°. The same conclusion can be drawn for image 4. However, 
some angular positions obtained when analysing images 2 and 3 differ more than 0.1° from the separate 
positioning measurements. These results indicate that the larger data set used to obtain image 1 may be required 
to achieve an image quality appropriate for the desired positioning accuracy using image analysis. 



Table 4.8. Comparison between fuel assembly positions obtained by using separate positioning measurements and image 
analysis techniques. 

Obtained position Difference to position obtained at 
separate positioning measurements 

x  y  α  x  y  α  

 

[mm] [mm] [°] [mm] [mm] [°] 
Separate positioning measurements -3.46 1.16 -0.07    
Image 1 (assembly mask matching) -3.49 1.18 -0.06 -0.03 0.02 -0.01 
Image 2 (assembly mask matching) -3.46 1.25 -0.20 0.00 0.09 -0.13 
Image 3 (assembly mask matching) -3.49 1.15 0.04 -0.03 -0.01 0.11 
Image 4 (assembly mask matching) -3.46 1.17 -0.01 0.00 0.01 0.06 
Image 1 (rod mask matching) -3.56 1.08 -0.08 -0.10 -0.08 -0.01 
Image 2 (rod mask matching) -3.51 1.13 -0.19 -0.05 -0.03 -0.12 
Image 3 (rod mask matching) -3.55 1.08 0.02 -0.09 -0.08 0.09 
Image 4 (rod mask matching) -3.55 1.08 -0.02 -0.09 -0.08 0.05 
 
The agreement is in general better for the assembly mask matching technique than the rod mask matching 
technique. Therefore, results from the mask matching technique are used in the tomographic reconstructions 
accounted for in sections 4.3.1 and 4.3.2. 

4.2.3 Agreement among the analysed images 
Ideally, the positions obtained when analysing the four images should all be identical, as the fuel assembly was 
not repositioned during the measurements. However, Table 4.8 states that the obtained positions differ among 
the images on assembly level. In addition, even larger differences are observed on the sub-bundle level. This is 
presented in Table 4.9, which also states that the angular positions are the most fluctuating. The reason for the 
position differences in images 2 to 4 might be that data was recorded at too few angular positions in these 
images. This implies a more significant influence of noise in the images, which adds uncertainty to the position 
determination. However, from a measurement point-of-view, it is desirable to keep the number of recorded 
positions small to reduce the required measurement time. 
 
It can be noted that the position deviations caused by the interpolation algorithm and image resolution used are 
less significant than the position deviations among images. Thus, one can conclude that the image analysis 
techniques are less sensible to variation of these parameters than to the quality of the images, which depends e.g. 
on the amount of measurement data. 

Table 4.9. Maximum position differences between images 2, 3 and 4, which all are based on measured data from 40 angular 
positions. 

Maximum difference 
Positioning technique Fuel geometry level x  [mm] y  [mm] α  [°] 

Assembly mask matching Assembly 0.03 0.10 0.24 
Rod mask matching Assembly 0.04 0.05 0.21 
Assembly mask matching Sub-bundle 0.17 0.20 1.02 
Rod mask matching Sub-bundle 0.14 0.23 0.97 

4.3 Impact on the tomographic reconstructions by using image 
analysis positioning 

Tomographic reconstructions have been performed based on both the positions obtained from image analysis and 
the positions obtained from separate measurements. The assembly mask matching technique was in section 4.1 
shown to be somewhat more stable than the rod mask matching technique. Hence, the assembly mask matching 
technique was chosen for the image-analysis-based positioning of the assembly and the sub-bundles. The 
analysis parameters were set to the values presented in section 4.2.1. The results of the reconstructions are 
discussed in the following sections. 

4.3.1 Repeatability of the rod-by-rod power reconstructions 
Tomographic reconstructions of the rod-by-rod power distribution were performed based on positions obtained 
from image analysis on each of the images 2, 3 and 4. The repeatability of the power on the individual rod level 
was investigated. According to Table 4.10, the repeatability was improved when utilizing results obtained by 
image analysis rather than the separate positioning measurements technique. 



Table 4.10. Relative standard deviations obtained for images 2 to 4 when reconstructing rod-by-rod power distributions 
based on positions obtained from image analysis and the separate positioning measurements techniques, respectively. 

Relative rod-by-rod standard deviations Positioning technique Average Maximum 
Image analysis 1.25 % 4.10 % 
Separate positioning measurements 1.49 % 4.68 % 
 
For the SVEA-96S fuel assembly type, it has been shown that tomographic rod-by-rod reconstructions 
performed using measurement series where some data is collected perpendicular to the assembly tend to be of 
lower quality [5]. Here, image 4 involves such data. Accordingly, the rod-by-rod power reconstruction 
repeatability is improved when only images 2 and 3 are considered. In this case, power reconstructions based on 
image-analysis-obtained positions give an average rod-by-rod standard deviation of 0.97 % and a maximum 
standard deviation of 4.96 % for a single rod. The corresponding values for reconstructions based on separate 
positioning measurements are 1.29 % and 6.60 %.  
 
In conclusion, it has been shown that the repeatability is improved when using image analysis techniques for 
position determination rather than the separate positioning measurements technique. 

4.3.2 Agreement with the POLCA-7 production code 
The resulting rod-by-rod power distributions originating from tomographic reconstruction of the four images was 
compared to that calculated by the POLCA-7 production code, which is briefly described in section 2.3. The 
relative standard deviations between the measured and calculated distributions are presented in Table 4.11.  

Table 4.11. Relative standard deviations between the reconstructed rod-by-rod power distributions and data from the 
POLCA-7 production code. 

Relative standard deviations 
Image Assembly mask matching Separate positioning 

measurements 
1 2.96 % 3.01 % 
2 3.06 % 3.40 % 
3 3.00 % 3.05 % 
4 3.44 % 3.58 % 
 
It can be argued that the better agreement to the POLCA-7 data is an indication of an improvement of the 
tomographic data. Accordingly, the reason for the demonstrated improvement in the agreement is most likely 
that the ability to involve analysis of the positions of the sub-bundles results in improved quality of the 
tomographic reconstructions. 



5 Conclusions 
The results presented in chapter 4 are the basis for a number of conclusions: 
 

• The impact of altering image resolution, interpolation algorithm and mask hole radius was studied. The 
image resolution and interpolation algorithm proved to be of minor importance for the stability of the 
techniques, while the choice of the mask hole radius was found to be more important.  

• Determined positions on both assembly and sub-bundle level differ among the four studied images, 
even though the fuel assembly was not repositioned during the measurements. This is most likely a 
result of noisy images. However, clear indications were obtained that the sub-bundles were slightly 
dislocated from their nominal positions. This could not be accounted for using the previously used 
separate positioning measurements technique. 

• The positions obtained in the high-quality image 1 agreed with the positions obtained with the 
previously used separate positioning measurements technique within the desired accuracy of 0.1 mm 
and 0.1°. However, the results for images 2 and 3 did not agree with the angular accuracy requirement, 
caused by an insufficient number of measured angular positions for images 2 to 4. 

• The repeatability of the reconstructed rod-by-rod power distribution was enhanced when applying the 
image analysis positioning techniques instead of the separate positioning measurement technique. The 
probable reason is that the image analysis techniques enable positioning on the sub-bundle level. 

• The agreement between reconstructed and POLCA-7-calculated rod-by-rod power distributions was 
slightly improved when using positions determined with the assembly mask matching technique rather 
than the separate positioning measurements technique. The improvement is again likely to originate 
from the ability to determine sub-bundle positions. 

 
From these conclusions, it seems reasonable that positioning by using image-analysis techniques is more 
advantageous than the separate positioning measurements technique, provided that a sufficient-quality image is 
used. Finding out what sufficient quality means in practice (e.g. in terms of number of measured angular 
positions) will be a subject for further studies. The time used for the separate positioning measurements can be 
spent on collecting more measurement data, thus allowing for images of higher quality. 
 
To conclude, the image analysis positioning techniques provide two advantages over the separate positioning 
measurements technique. First, positions of the individual sub-bundles can be determined. Second, the 
positioning is performed off-line, thus saving valuable measurement time. 

6 Discussion and outlook 
The outer radius of the tube that encloses the fuel material in the SVEA-96S fuel assembly type is 4.81 mm, 
while the inner radius of the tube is 4.18 mm. The inner rod radius is the logical choice for the mask hole radius, 
as the radiation originates from the fuel material only. On the other hand, the interpolation process brings a 
blurring effect to the images. A slightly larger radius compensates for the blur, as more of the rod activity is 
contained in the mask holes. However, a larger radius also increases the amount of noise in the mask holes. 
Finding the most favourable radius is a balancing between the blurring and the noise effects. 
 
The rod mask matching technique was shown to be somewhat less stable than the assembly mask matching 
technique. However, there exist interesting applications for the rod mask matching technique from a safeguards 
point of view. By finding maximum activity positions corresponding to fuel rods in an image acquired from 
tomographic measurements, it might be possible to automatically identify the fuel assembly type. The rod 
positions found might be matched against a database of fuel assembly geometries. Based on the activity 
distribution of the fuel rods and the assembly type identified, safeguards inspectors might be able to validate 
information declared by nuclear power plant operators with respect to the declared fuel type and the possible 
occurrence of replaced or removed fuel rods. 
 
The fuel assembly and sub-bundle positions obtained when applying image analysis techniques on images 2 to 4 
differ significantly. Especially the positions of images 2 and 3 deviate from the positions obtained in the high-
quality image 1. This is probably mostly a consequence of that too few data points have been used in the image 
reconstruction, and that the start angles differ as presented in Table 3.1. It is reasonable to suppose that image 4, 
where the start angle is perpendicular to the fuel assembly, gives a more accurate position of the fuel assembly 
due to less inter-rod noise in the image. As shown in [5], measurement data in angles perpendicular to the fuel 



assembly may reduce the quality of rod-by-rod power distribution reconstructions. A start angle perpendicular to 
the fuel thus increases the accuracy when determining positioning results in reconstructed images, but introduces 
a larger deviation between the rod-by-rod power reconstructions and POLCA-7. It is proposed that the impact of 
using angles perpendicular to the fuel assembly can be examined to a larger extent in future work. 
 
The tomographic measurement data has so far been recorded at equally spaced angular positions a full 360° span 
around the fuel assembly. However, the design of the measurement equipment can be more flexible if the 
angular span can be limited. A question to be answered in future studies is if measurement data from a limited 
angular span gives rise to tomographic images of sufficient quality, and what the angular interspacing in that 
case should be. 
 
The tomographic images analysed in this work were reconstructed to a size of 55x55 pixels, corresponding to a 
resolution of about 3.8 pixels/cm. They were then interpolated to a higher resolution. The effect of using 
reconstructed images having other pixel sizes than 55x55 has not been studied in this work, but can be subject 
for further investigations. 
 
To sum up, the image analysis positioning techniques developed in this work have been confirmed to have some 
attractive properties, and their use is already planned in future efforts in the field of tomographic measurements 
of nuclear fuel assemblies. 
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