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Abstract 
 

 

The J-PET project at the Jagiellonian University, Kraków aims to construct a TOF-PET prototype 

based on polymer scintillator detectors along with the development of the whole software 

architecture necessary for efficient data processing and image reconstruction. One of its important 

elements is the analysis framework, which provides the environment for the implementation of 

different calibrations and low-level reconstruction procedures and algorithms.  

During the data processing the parameters describing the measurement conditions, necessary for the 

image reconstruction must be provided. This information is stored in the PostgreSQL database, 

which contains information such as positions and dimensions of the detectors, voltage levels, 

software etc. As a result, it is possible to reproduce the exact configuration of the measurement at 

any time. 

The aim of this work was to create a connector module between the database and the analysis 

framework. The connector handles the whole communication process with the database, and 

provides necessary information for analysis and reconstruction modules in form of collections of 

parametric objects describing geometry, scintillators, photomultipliers, voltage etc. For each class a 

set of methods is provided, defining a user-friendly interface to data access. Also, the analysis 

framework has been extended by adding special input/output modules which handle the 

management of the object parameters. Those modules permit to read or write parameters data at 

each level of reconstruction process to different file formats, e.g. plain ASCII or ROOT trees. 

Application has been developed with c++ language using the object-oriented approach. Thesis has 

been written using new c++11 standard and Boost Libraries. Software is based on the Open Source 

ROOT package. 
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Chapter 1  

Introduction 
 

The J-PET project aims to construct the prototype of a tomography scanner based on an innovative 

concept using polymers instead of inorganic scintillators as detection modules [1-3]. Polymer 

gamma radiation detectors reduce production costs by several orders of magnitude. With a much 

better time measurement properties, polymers allow to increase the accuracy of the reconstructed 

image using the Time of Flight method (TOF). That precision is not available in currently used PET 

scanners.  The innovative solution for recording gamma-ray emitted from inside the patient’s body 

with significantly longer polymer block allows to obtain much larger field-of-view (FOV), and by 

consequence, to  reconstruct truly three-dimensional image. In addition, new methods are being 

developed to determine the precise place and hit time of a gamma quantum in the scintillators [4]. 

 

The final J-PET prototype will consist of several hundred modules scintillators to measure the 

energy and time of recorded gamma quanta, which will generate a large stream of data necessary to 

process.  In order to achieve this challenge, a flexible environment for the implementation of 

different calibrations and low-level reconstruction procedures and algorithms is being developed. 

The framework is the core architecture for algorithms to reconstruct data and calibration 

procedures. It also standardizes the basic input/output operations [5]. 

 

During the data processing the parameters describing the measurement conditions, necessary for the 

image reconstruction must be provided. This information is stored in the PostgreSQL database, 

which contains information such as positions and dimensions of the detectors, voltage levels, 

software etc. As a result, it is possible to reproduce the exact configuration of the measurement at 

any time. 

  

The aim of this work was to create a connector module between the database and the analysis 

framework. The connector handles the whole communication process with the database, and 

provides necessary information for analysis and reconstruction modules in form of collections of 

parametric objects describing geometry, scintillators, photomultipliers, voltage etc. 

Parametric objects are generated based on the information received from the database. They are 

divided into several classes representing different physical objects, e.g. JpetScin is a class 

describing a scintillator bar. For each class a set of methods is provided, defining a user-friendly 

interface to data access. Some of the parameter classes are connected which reflexes the logical or 

physical connection between the objects they represent. The simplest example would be a two 

photomultipliers are assigned to a given scintillator modules. The information about the relations is 

available in the database and it is restored while generating parameter objects.  

In order to handle the management of the object parameters the analysis framework has been 

extended by adding special input/output modules, which permit to read or write parameters data at 

each level of reconstruction process to different file formats, e.g. plain ASCII or ROOT trees. 

 

J-PET analysis framework and database handler has been developed with c++ language in object-

oriented design. Boost framework allowed testing source code and simplify certain tasks. Library 

which allowed me to connect to J-PET database was libpqxx. Libconfig++ library enabled to parse 

the configuration file which contains necessary data to connect to the J-Pet database. 

 

This thesis is divided into six chapters. Chapter 2 presents practical application of PETs, 

radiopharmaceuticals, describe principle of operation and explain Time Of Flight method.  
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Chapter 3 presents general overview of the J-Pet project and differences between traditional and 

Jagiellonian PETs. 

Software system architecture for J-PET prototype is described in Chapter 4. Main architecture and 

data flow, low-level reconstruction framework, parametric and data objects, parametric database are 

also describe in Chapter 4. 

Chapter 5 include objective of the work, language and tools used in framework development and 

connection to database. In Chapter 5 there is also presents database handler architecture, 

DBHandler and Parameter Manager in the analysis framework. This chapter includes advance and 

simplified use case of J-PET analysis module. 

Last chapter contains summary and conclusions of the work. 

Additionally, the thesis includes four appendices which present basic information about database 

management system, most useful command available in PostgreSQL, construction of main tables 

from the J-PET database and the basic example code using libpqxx library.  

Small dictionary explaining special terms used in the thesis are added at the end.  
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Chapter 2  

Positron emission tomography (PET) 

 

2.1 Traditional PET - practical applications of PETs 

 

Positron emission tomography (PET) is one of the most precise, non-invasive imaging methods for 

medical research and diagnosis. Each PET scanner is built from many scintillators detectors which 

are placed around the barrel forming rings as shown in figure 3.2. Crystal detectors are used in most 

current PET scanners to detect gamma rays [6]. Examination is quite short, complicated and consist 

of many steps. This technique is applied in many medical domains e.g.  in clinical neurology, where 

it is considered as an effective tool for early diagnosis of dementia, epilepsy, brain tumors and 

neuropharmacology [7]. Also, PET imaging technique is widely used in cardiology and oncology, 

especially in the cancer and micro damages diagnosis [8]. 

2.2 Radiopharmaceuticals 

 

Before the PET examination, the radioactive tracer in form of a radiopharmaceutical is injected into 

the patient’s body. Radiopharmaceutical is a chemical substance which is formed by the 

combination of a chemical compound and radioactive isotope. Radiopharmaceutical is used by body 

in metabolic process. Most commonly used radiopharmaceutical is . Other isotopes which are 

used during the experiment are , and [6]. These isotopes are used because of fact that 

they have relatively short disintegration time (from a few minutes to two hours) which allows 

achieving the high concentration of the tracer during the examination without exposing the body to 

radiation for a long time [9]. More information about those isotopes is presented below in the table 

2.1. 

 

Tab. 2.1 Table the most popular radioisotopes used in PET examinations [6]. 
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2.3 Principle of operation 

 

The radioisotopes emit positrons by decaying via process which is presents in figure 2.1. Next, 

the emitted positrons annihilate with electrons from the patient’s body and its masses are converted 

into gamma quanta pairs, which are then registered by the two opposite detection modules in the 

PET scanner (for more details please see [10]). 

 

Fig. 2.1 The figure presents how radioisotopes emit positrons by decaying via process and the 

source of annihilation of positrons and electrons. The figure shows the energy of photons which are 

going in opposite directions. The figure adopted from [11]. 
 

The trajectory of two photons originating from the annihilation point form the so called Line of 

response (LOR – see Fig. 2.2). The angle between two quanta of gamma is in most cases 180˚. The 

collected LORs are used to determine the density map of the annihilation points. It should be also 

mentioned that about 80% of gamma quanta pairs emitted from the center of human body will be 

lost, because they are not in the acceptance of detectors. 

 

 

Fig. 2.2 Cross-section of a PET scanner.  The red lines (line of response) show trajectories of 

gamma pairs registered by opposite detector modules (grey sections). Figure adopted from [12]. 
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Photomultipliers are converting scintillation light from both sides of each strip into electric signal. 

One uses events from photoelectric effect inside detector for reconstruction in crystal detectors. In 

plastics it is almost impossible.  

Photocathode window are striking by photons from scintillator material where they produce 

electrons, via photoelectric effect. Group of dynodes are places behind the window and each is 

connected to higher voltage. To release electrons, single electron will acquire more energy from the 

dynode while moving from the first to the second dynode. This event will be repeated on the next 

dynodes while collision. At the output of photomultiplier from one electron will form electric signal 

which later will be processed. For more details see [6]. 

 

2.4 Time of Flight method 

 

Time Of Flight Emission Tomography (TOF PET) is the new concept detection system opens 

unique possibilities. This mechanism is very accurate. TOF PET is the mechanism checking the 

differences between the times of flight of two quantum of gamma which belong to the same 

annihilation source. The time is measured from the annihilation point to detector. For instance if the 

annihilation source was situated in the center of the ring, the difference of TOFs for detectors A and 

B should be equal to zero. When the annihilation source is not in the center of the ring, is situated 

closer to the ring, as it is presented in figure 2.3, the difference in position may be taken from 

equation TOFA - TOFB. Accuracy in TOF PET is limited by time resolution in the detectors. 

TOFA and TOFB can be calculated by the formulas: 

 TOFA = x/c + (L/2)/c         (2.1) 

 TOFB = (L/2)/c – x/c         (2.2) 

L is the distance between A and B detectors. Constant variable c is speed of light. Variable x define 

the distance between the center of the line which connecting detectors A, B and center of 

annihilation. 

For two detectors difference between TOFs is equal: 

 TOFA - TOFB = 2x/c         (2.3) 
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Fig. 2.3 Figure shows TOF PET geometrical model. Segment x presents distance between the 

annihilation takes place and the center of the line connecting detectors A and B. TOFB is the 

distance between the annihilation point and the detector B. TOFA is the distance between the 

annihilation point and the detector A. 
 
 

2.4.1 Advantages of TOF PET 

 

One of the main advantages of using TOF PET is that it gives in very fast way the whole, true 

image. Secondarily the noise whit TOF PET examines is lower than in examinations without TOF 

PET method. TOF PET is not taking into account whole lines in reconstruction, only part of them. 

This presents that contribution is much lower from background. Type of photomultiplier, 

electronics, shape and material of scintillation has the greatest impact on time resolution which is 

the most important parameter that characterizes a TOF PET scanner. Nowadays, TOF PET scanners 

are built of crystals scintillators which are responsible to detect annihilation quanta. Better time 

resolution in crystals results from the decay times and shorter rise of scintillators. A lot of work 

devoted to manufacture crystals with as fast signals as it could be. 

Light output of a material is the property for improving time resolution. Light output is measuring 

as a number of photons per unit of the deposited energy manufactured in a scintillator [6]. 
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Chapter 3  

J-Pet Project 

 

3.1 General overview 

 
The J-PET project at the Jagiellonian University, Kraków aims to construct a TOF-PET prototype 

based on polymer scintillator detectors [13].  It started two years ago in the frame of INNOTECH 

grant.  The J-PET team is a multidisciplinary group which includes physicists, chemists and 

computer scientists. The founder and the leader of the team is Professor Paweł Moskal. The project 

is developed in the cooperation with Centrum Informatyczne Świerk, Warszawa and the private 

company Silvermedia. 
The main goal of the project is to build, test and optimize a fully-operational prototype of PET 

scanner based on a new approach, which consists on the application of detectors based on organic 

scintillation materials instead of the traditionally used inorganic crystals [13]. 

3.2 Differences between traditional and Jagiellonian PETs 

 

Organic gamma radiation detectors reduce the cost of manufacturing and significantly increase the 

precision of the time measurement, allowing taking advantage of the TOF method. This innovative 

solution rely on recording gamma rays emitted from inside the patient`s body using large blocks of 

polymer, in which the space and time impact of gamma quanta is determined on basis of the 

distribution of the time of arrival of the light signals to photomultiplier tubes. Those facilities allow 

for truly 3D image reconstruction contrasted with tradition approach in which the limited size of the 

detector modules (~several cm) permits to obtain only 2-D slice images which are then combined 

together. This is presented in figure 4.4. In addition, methods are being developed to determine the 

precise place and time of gamma quantum in the scintillator [4]. 

Beside many advantages of crystal scintillators such as superior energy resolution, high 

probabilities of photon interaction those scintillators are much more expensive in producing then 

plastic detectors. Crystal scintillators have limited size of detectors and it is impossible to cover 

whole human body [6]. 

The main properties of the new J-PET scanner, contrasted with the traditional approach are 

presented in the table 3.1. 
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Tab. 3.1 Comparison of J-PET and traditional detectors. Properties of J-PET detectors are presented 

on the right side in the table. Traditional PET scanner`s properties are presented on the left side 

[14]. 

 
Currently, two distinct PET scanner solutions are considered. Matrix-PET is a novel detector 

solution which is developed at present at the Jagiellonian University. Large and thick organic 

scintillators blocks are using as a detector of gamma quanta in the novel concept instead of using 

commercial crystal PET scintillators. PET detectors are consist of organic scintillators plates which 

could be set in many ways cover the patient`s body [15]. One of the examples could be set detectors 

in the box as a matrix which is presented below in figure 3.1. 

 

Fig. 3.1 Figure presents one of the way how to arrangement scintillators plates for diagnostic. This 

is Matrix-PET solution [13]. 

Another possible to arrangement scintillators plates is to set detectors in the form of barrel as it is 

presented in figure 3.2. 

 

Fig. 3.2 Prototype tomography in the shape of barrel. Long tubes which are situated outside the 

scanner are the detectors that intercepting hits. Figure adopted from [13]. 
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At the end of this year the first prototype of barrel type will be constructed. It will consist of several 

hundred modules scintillators to measure the energy and time of recorded gamma quanta. New 

detectors will be much longer than the standard which is present in figure 3.3. 

 

 

Fig. 3.3 Scintillators on the left side are very short and low acceptance. This is the traditional 

solution. On the right side scintillators shows high acceptance because of fact they are long [14]. 
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Chapter 4  

Software system architecture for the J-PET prototype 

 

4.1 Main architecture and data flow 

 

One of the important tasks of the J-PET project is the development of the software architecture 

system which will be able to steer the whole PET scanner and especially it will be able to process 

the data stream starting from the “raw” information collected in the measurement, up to the final 

image reconstruction. Such a system must include not only reconstruction procedures but also 

calibration and monitoring modules. The typical data flow is presented in Fig. 4.1. 

 

 
Fig. 4.1 Image shows the basic use case capturing events from the detectors, data acquisition 

system, low-level reconstruction, image reconstruction, up to the image viewer tool [16]. 

 

 

The collected data are processed in several steps of low- and high-level reconstructions leading to a 

strong data volume reduction and preserving at the same time the information important to obtain 

the final image of the human body that can be displayed and used in the medical analysis.  

The process starts with the measurement of the time and amplitudes by Front-End Electronics 

(FEE), which together with steering boards and event builder form the Data Acquisition System 

(DAQ). The FEE and the steering boards are based on the Trigger Board version 3 (TRBv3) 

hardware modules [17]. TRBv3 solution uses Field Programmable Gate Array (FPGA) [18] chips 

programmed in Very High Speed Integrated Circuits Hardware Description Language (VHDL) 

[19]. The peculiarity of the J-PET DAQ is the usage of the so-called trigger-less mode [5], which 

means that all incoming events are stored by the FEE without any trigger conditions applied. 

 

The raw data provided by FFE is in the next step processed in the low-level reconstruction 

framework which serves as a backbone system for the algorithms, calibration procedures and 

standardize the common operations (see Figure 4.5), e.g. input/output process, access to the detector 

geometry parameters and more [20]. 

 

In the reconstruction process the raw data is combined into signals and translated to hit positions in 

the individual scintillator modules. Finally, hits in individual detector bars are combined to form the 

LORs. The set of LORs is then used as an input for the image reconstruction procedure. 
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The image reconstruction is one of the most time-consuming parts of the whole process. In order to 

reduce the processing time, parallelization techniques are applied. Currently, one solution is 

implemented using a multi-core CPU architecture [21]. In parallel efforts are made to exploit the 

processing capability of Graphical Processing Units (GPU). The efficient image reconstruction 

using list mode MLEM algorithm with approximation kernels was implemented on GPU [22, 23]. 

 

The final image can be visualized by using the dedicated program called Image Viewer, which main 

goal is to present results on the desktop screen. 

 

More information about the development of the J-PET system software can be found in [20, 24, 16]. 

In the next paragraphs we will give some more details concerning the reconstruction framework and 

the parameter database, which are the most relevant parts for the software modules developed in the 

frame of this thesis. 

 

4.2 Low-level reconstruction framework 

 

The analysis framework has been developed as an environment to implement low-level 

reconstruction algorithms (e.g. hit position reconstruction in a given scintillator), calibration 

procedures and more. It provides the basic architecture (see Fig. 4.2) and standardizes the input and 

output operations at every stage of the data reconstruction. On one hand the framework serves for 

the offline data analysis, on the other hand it can be working in the online mode as the low-level 

reconstruction module which performs the data processing for monitoring purposes.  

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Fig. 4.2 Image presents main components of the framework. Diagram presents relationships 

between the major components for image reconstruction. Containers which store the data objects 
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are included in JpetAnalysisModule class. Beside this JpetAnalysisModule store writer and reader 

objects to operate on root files. The main controller is JpetManager class [24]. 

 

JpetManager is the main controller class. It registers a set of computing tasks. Every task is a class 

inherited form the JpetAnalysisModule and filled its methods with an appropriate code. E.g. to add 

the procedure of hit position reconstruction in the scintillator module, one needs to write a class 

which inherits from JpetAnalysisModule, and then to fill the methods CreateInput, defining input 

files, CreateOutput, defining output files, and finally to add the code to Exec method which is 

executed for every data unit (event, hit, signal) read from the input file. The last thing is to register 

the task in the JpetManager task list. The framework permits to register a multiple tasks in one 

analysis and to create a hierarchy of tasks. 

At every stage of the data processing the classes JpetReader and JpetWriter are used to write or read 

objects to or from files. In addition, to already mentioned features, the framework contains also 

such functionalities as command line parsing (performed by JpetCmdParser) which handles the 

arguments provided by the user or three-level logging (performed JpetLogger). 

 

 

4.3 Parametric and data objects 

 

Besides of the basis architecture described in the previous section, the JPET framework contains a 

set of classes that represent the physical elements of the detector, but also more abstract concepts 

appearing in the reconstruction process such as LOR, hit, signal etc. For every class a list of handful 

methods defines an interface that makes it easy to access the data. We can divide the objects of 

these classes into two categories: data objects and parameter objects. 

There are significant differences between them. One of the main difference between parametric and 

data objects are that parametric objects are generated based on the information which is stored in 

the database. Parametric objects represent things such as Scintillator, Photomultiplier, Konradboard, 

TRB and TOMB boards. Parameter objects are connected in relations that reflect some logical and 

physical connection between objects they represent e.g. one scintillator is connected two 

photomultipliers.  Typically, the set of parameter objects describe some hardware configuration e.g. 

a geometry of the mounted scintillators or a given front-end electronics setup. 

The second type is data objects which represent things such LOR, hit, signal etc. The data objects 

are also interconnected e.g. a given LOR corresponds to two hits in the scintillator modules. 

The main difference between data and parametric objects is the typical size of both types. In one 

measurement they are many data objects representing signals, hits (many millions) etc., stored in 

big files of several GB in the binary or root format. In contrast, the set of parameter objects is 

relatively small (up to several hundred objects), because they correspond to one given geometry 

setup, connection between electronics boards etc. 

The relation between data objects and parameter objects are of type n-to-m, where n >>m. e.g. there 

are many hits that belong to the same scintillator. 
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4.4 Parametric database  

 

 During the PET examination all information about detector setup and measurement 

conditions must be stored. In the J-PET project the dedicated parametric database is used for this 

purpose. It was designed and developed in cooperation with Silvermedia Corporation [25]. It uses 

PostgreSQL object-relational database management system [26]. The database contains records 

about hardware settings, calibration constants, initial setup parameters, alignment of the detectors 

and software configurations. For each single measurement all these settings must be saved and 

available at any time for analysis and data processing. 

 

The parametric database is divided into five main categories: 

• hardware 

• calibration 

• connections 

• configuration 

• experiment run history 

 

 Major properties which are used and available for the project device are stored in the 

hardware part. The Hardware part contains information about high and low voltage suppliers 

(number of output and channels), scintillator strips (dimension), photomultipliers (maximum value 

of high voltage for safety purposes), FEE (number of input, output channels), types of radiations 

sources and phantoms. For easy identification of each hardware elements a unique number is used.  

Each of hardware devices can have one of the statuses: broken, terminated, available and in use. 

Each of the setup is connected with pet user [20]. 

 The calibration constants for photomultipliers and scintillators can be found in the 

calibration category. 

 The configuration category includes configuration settings for high voltage and front-end 

boards (Konrad's board and TRB). It contains the following tables:  HVConfigEntry, 

TRBConfigEntry, TOMBConfigEntry and KBConfigEntry. 

 The connection category contains connections between different hardware parts. It contains 

five tables. Each of the connection is represented by a database type, e.g. when Photomultiplier is 

put into the KondradBoardInput is named PMKBConnection. All of the connections have got a 

reference to the Setup table. Each of the hardware is allowed to have only one connection in 

separate setup (except photomultipliers). The list of connections is presented below: 

 

a) Slot – Scintilator 

b) HighVoltageChannel – Photomultiplier 

c) Photomultiplier – KonradBoardInput 

d) KonradBoardOutput – TRBInput 

e) TRBOutput – TOMBInput 

 

 Next categories contain detector alignment, parameters like threshold set on the front-end-

electronics and actual configuration of the setup. The final category includes settings for the each 

single measurement. Those settings are readable log for the purpose of later analysis of the data 

from experiment. 

 For each of experiments a unique identifier called a run number is assigned. A separate, 

special table called „Run” contains all the important details of each single measurement. It stores 

information when experiment has been started, a file path, where the data acquired, date and time, 

and additional information stored in the information field. It permits to recreate all measurement 

conditions (see Fig. 4.3). 
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Fig. 4.3 “Run” table comprises data about start, stop date and time when the experiment occurred. 

“Run” table has also reference to setup table, configuration and calibration table for each of the 

parametric objects [27]. 

 

 

The following parameter objects can be defined in the database. Those objects are presented in 

figure 4.4. Connections between each of them are marked in figure 4.5. 

 

 
Fig. 4.4 Parametric objects in J-PET database. Scintillator consists of pair of Photomultiplier (PM). 

Each of the PM include a high voltage (HV) and is connected to Konrad Board (KB). Each of KB is 

connected to Transportation Research Board (TRB) [27]. 
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Fig. 4.5 Image presents connection between most important modules which are filling based on data 

from the database. Scintillator consists of pair of photomultiplier which is shown on the green 

rectangle on the image. For each Photomultiplier is attached High Voltage (HV). Each 

Photomultiplier is connected at least to one Konrad Board (KB). Each KB is connected at least to 

one Transportation Research Board (TRB) and then to TRB Offset Mapping Board (TOMB) which 

is presented in above figure. 

 

 

More information about relation databases can be found in the appendix A. 
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Chapter 5  

Database handler and Parameter Manager 

 

5.1 Objective of the work 
 

The database handler (DBHandler) is a software module which serves as an interconnector between 

the parameter database and the environment for data analysis and reconstruction (see Fig. 5.1). 

 

 
Fig. 5.1 Image presents main elements of project to reconstruct image. On the top there is a barrel 

which consists of detectors. The data from detectors are transmitted to framework which is 

responsible for reconstructing the image and writing the result into the ROOT and ASCII files. The 

image shows connection between each of main elements in project and language which was used to 

connect between them. 

 

 

 

It works as an interface handling all connection operations and hiding the details of the database 

structure from users. The Parameter Manager (implemented as JPetParamManager class) is a 

dedicated object in the analysis environment which manages all operations related to parameter 

objects. Based on the data provided by the DBHandler it generates the set of parameter objects with 

all the relations between them and sends it to analysis modules which typically implement data 
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reconstruction algorithms. The Parameter Manager is also responsible for saving and reading the 

subsets of parameter objects in format of ASCII and ROOT files. The information retrieved from 

the database is based on the run number which uniquely determine the given measurement 

condition set.    

 

 

5.2 Languages and tools used in the development 

 

J-PET analysis framework and database handler have been developed in c++ language applying the 

object-oriented approach. The c++11 standard and Boost Libraries have been used. Boost Unit Test 

Framework [28] has been chosen to test the source code. 

Software is based on the Open Source package ROOT which is using in a lot of other projects, 

mainly physics. 

The documentation of the code is created using dedicated Doxygen Library [29]. Besides, the 

libconfig++ library [29] was used to parse the configuration file which contains necessary data to 

connect to the J-Pet database. Scripts that allow modifying the configuration file have been 

developed in Python. 

As it was mentioned in the previous chapters as a database managements system has been chosen 

PostgresSQL engine. SQL language was the primary language to get data from J-PET database. 

Queries have been closed in sql functions which are calling from framework`s code. This is more 

secure and readable solution than traditional queries approach. 

As the PostgreSQL API the library has been used [26]. 

In addition, during the development phase, a set of scripts for different small tasks has been written 

in Perl. 

 

 

5.3 Connection to database 

 

The primary task for the handler is the management of the connection to the database. Analogous 

task for handler is to disconnect from the server. DBHandler has the ability to test the connection, to 

send query to the database, obtain and check the results.  

All of the functionalities are enclosed in postgreSQL methods which store the SQL queries. These 

methods are invoked in the DBHandler class.    

Libpqxx open-source C++ client API is used to connect to the database. Source code for libpqxx is 

available under the BSD license (Berkeley Software Distribution License) and it is free to download 

[30]. Correct connection to the database requires a database name, username, password, host name 

and port number. All information is enclosed in a separate configuration file configDB.cfg. 

The sample content of configuration file is presented below: 

 

# Database handler configuration file 

 

# File name 

configFileName = "configDB.cfg"; 

 

DBHandler =  

{ 

  Configuration =   

  ( 

    { 
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      db_name = "jpetdatabase"; 

      db_username = "john"; 

      db_password = "john123";       

      db_hostname = "127.0.0.1"; 

      db_port = "5432"; 

    } 

  ); 

}; 

 

In order to change a configuration of connection only this file must be modified. The libconfig++ 

library is used to handle the parsing of configuration [31]. 

Another important class of the handler is ParamServer which store all data downloaded from 

database. ParamServer class contains maps of elements like Photomultipliers, TRBThresholds, and 

TOMBInputs which are filling when the object of the ParamServer is created. 

ParamData class provides an access to those maps. 

 

 

5.4 Database handler architecture 

 

This part of thesis presents diagram class (see Fig. 5.2) for DBHandler module. At above diagram 

the most important element is DBHandler class. This class was implemented as a singleton so it is 

possible to create only one instance of that class. With DBHandler is connected DBConfigData 

structure which contain a require parameters to connect to database. All the parameters are taken 

from configuration file and parsing by DBConfigController class. This is quite simple and readable 

file. DBConfigController include a readConfigFile static function which read configuration file 

using libconfig++ library and respectively fill fields which belong to DBHandler. Those parameters 

are name, username, password, host name and port number. 

ParamServer class contains a reference to DBHandler instance. Beside this ParamServer class 

include map containers like RunDataMap which are in the next steps filling by ParamData class 

functions. ParamData class contains function which allowed getting, filling and analyzing map 

containers. Additional functionality of ParamData class is writing and reading those containers from 

files. 

Containers like RunDataMap inherit from SerializableMap to make code more object-oriented 

design. 

 

 

 

 

 

 

 

 

 

 



25 

 

 
 

Fig. 5.2 Class diagram for DBHandler module. Diagram presents simple UML diagram which 

describe relationships between classes. 
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5.5 DBHandler and Parameter Manager in the analysis framework 

 

One of the most important classes from frameworks is JpetManager which control all modules from 

the project. JpetManager has reference to JpetParamManager, JpetCmdParser and 

JpetAnalysisModule. 

JpetParamManager control parametric objects and is responsible for filling, analyzing, writing and 

reading those objects from file. As it is presents on the image JpetparamManager is some kind of an 

aggregate of parametric objects. DBHandler is helping JpetparamManager to fill containers because 

handler provides functions to connect to database and get necessary data from it. 

Parametric objects, JpetScin, JpetPM, JpetKB, JpetTRB, JpetTOMB have reference to user which 

class name is JpetUser. On this basis, it is know who the creator of specific parametric object is. 

Furthermore, JpetCmdParser is taking the parameters from input e.g. about run id and parsing that 

data. On that fact JpetCmdParser is capable of activating some necessary operations e.g. filling the 

parametric objects. 

JpetAnalysisModule is a complex class and provides several functions. Each of the classes which 

are responsible for analyzing data inherits from that class, e.g. JpetAnalysisModuleContainers. 

JpetAnalysisModuleContainers class engaged in handling and testing parametric objects. 

JpetReader and JpetWriter are classes which belong to JpetFileContainerManager because that class 

is responsible for reading and writing parametric objects to files which are roots` files. 

JpetLogger is a special kind of class and is logging information collected during the operation. 
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5.6 Framework development - environment to reconstruct data 

 

 
 

Fig. 5.3 Diagram which presents UML class due to part of framework associated with parametric 

objects. The main class presents in the picture is JPetParamManager. UML presents the connections 

between the relationships each of modules. 
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5.6.1 Advanced use case of J-PET analysis module 
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Fig. 5.4 Diagram presents use case starting from creating an instance of manager, parsing input 

data, filling containers, analyzing data, testing, writing and reading data from roots` files. 

 

 

Use case presents on above diagram (Fig. 5.4) starting from creating an instance of manager which 

is a singleton class. In that case it is possible to create only one instance of manager class. 

JpetCmdParser is the field in JpetManager class and at the beginning of this use case manager is 

calling parseCmdLine() function which allow processing input data and run necessary operations to 

reconstruct whole image. JpetCmdParser is getting data from the console specified by the user. 

JpetCmdParser is checking which data are given and if the given data are correct. If everything is 

successfully done, system proceeds to the next step which is fulfillment containers such as 

Scintillators, Photomultiplers, Konradboards, TRBs and TOMB boards. Those containers are closed 

in JpetParamManager class and shall be made available outside by getting functions available in 

that class. Filling of containers is carried out with DBHandler module which is an interface between 

framework to reconstruct the image and database. 

JpetAnalysisModuleContainers is an analysis module and contain containers with parametric 

objects. Instance of this class is creating while manager is calling the addTask function before 

connecting with the database by handler module and filling the containers. 

JpetAnalysisModuleContainers is important class and inherit from JPetAnalysisModule which was 

mentioned in previous paragraph. One of the main functions of JpetAnalysisModuleContainers 

class is CreateInputObjects and CreateOutObjects. In those functions there are calling and 

simultaneously testing functions closed in JpetAnalysisModuleContainers. Examples of 

functionality which is presents on above diagram is writing and reading from roots` files. This 

functionality is available through to JPetFileContainersManager which is a field in 

JPetParamManager and is calling in CreateInputObjects function. While writing data to file firstly is 

calling AddParametricObject to save data to internal root list and after that write data to file. It is 

possible to recreate data containers from this file in the future. This solution is much more efficient 

because it does not require reconnection to the database. 

JPetParamManager provides a lot of functionalities that allow user in easy way to use. For more 

detailed use case please see appendix. 
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5.6.2 Simplified use case of J-PET analysis module 

 

 
Fig. 5.5 Diagram presents basic use case of image reconstruction analysis module. It starts from 

giving the run number which is unique for all experiments and transitions by several steps. 
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Basic use case which is presents above consists of several steps. Each step is responsible for 

separate task. At first it is require connecting to database and filling all containers which contain 

parametric objects. After that step, it is possible to fill TRefs [32] which are some kind of c++ 

pointers. This solution allowed searching connections between each other.  

Above use case shows that it is possible fulfilling the objects, writing, clearing and reading all the 

containers from file. 
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Chapter 6  

Summary and conclusions 
 

 Positron Emission Tomography is unquestionably one of the most promising imaging 

techniques in the modern medical sciences.  Many researches are performed in order to improve the 

precision of the reconstruction image and to lower the cost of the apparatus. One of the unorthodox 

propositions is the J-PET project which aims at the construction of the prototype based on the 

polymer scintillator modules.  

 The objective of this thesis was to develop the database handler module which interconnects 

the parametric database and the data analysis framework. The handler module provides several 

methods for creating the so called parameter objects based on information from the database 

Moreover, handler provides simple interface which allows an easy and fast way of working on 

parametric data. Furthermore, the analysis framework has been expanded and improved by adding 

new classes and functionalities which are responsible for storing and processing parametric objects. 

New functionalities provide several functions which are crucial in the reconstruction processing. 

 The database handler as well as the new framework classes is ready to use. The current 

works are aimed to fully integrate new functionalities of the parametric objects with the modules 

responsible for data objects processing. 
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Appendix A 

Database Management Systems 
 

Database is an organized collection of data. The data is stored according to the set of formal rules, 

called schema [33, 34]. The data are accessed and modified via software called DBMS (Database 

Management System). This program interacts with the user and other applications as well. The main 

goal of the DBMS is to allow updating, adding, querying and administration of databases. 

The simplest example of that program could be a pizza restaurant in a way that supports ordering a 

pizza. In one place we can have the rotation of the whole day [35, 36]. 

Currently the most popular type of database is the database based on the relational model. It is a 

database that has a collection of tables of data items which are described and organized according to 

the relational model. A relation represents a data in a single table. Relations are some kind of the 

records represent by identical structure. Relations are grouped in so-called database schemas. 

The table is a type of relation which contains set of tuples and rows. Each of tuple is assigned an 

attribute (column). Database schema is a set of relations with relations between each other, like 

foreign key. 

The relational approach permits to make changes in easier compared to other data models. It 

reduces the possibility of mistakes, but decrease performance as well [37]. 

Most of relational database management is using SQL language. Sql is a structured query language 

used to create, modify databases, places and retrieves data from databases. Sql is a declarative 

language. The decision on how to store and retrieve data from database is consider by database 

management system [38, 39]. 

There are also other types of databases, e.g. object-oriented, non-relational databases, so called 

noSQL. NoSQL databases are finding significant and growing industry use in big data and real-time 

web applications. Their original target is modern web-scale databases. 

However, NoSQL database has lack of full ACID transaction support and lack of standardized 

interfaces. 

Example of such a database can be Git which could be used as a data store. One of the biggest 

advantages of NoSQL database management is elastic scaling. Another advantage is economics 

because of fact that NoSQL databases typically use clusters of cheap commodity servers to manage 

the exploding data and transaction volumes, while RDBMS (Relational Database Management 

System) tends to rely on expensive proprietary servers and storage systems. 

One of the main goals for NoSQL may be providing a zero-admin solution. Current reality falls well 

short of that goal because up to now the NoSQL solutions require a lot of skills to install and a lot of 

effort to maintain. 

 

The databases can be classified into: 

- simple database 

- complex database 

 

Complex databases contain: 

- relational 

- object 

- relational – object 
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Software which is supporting databases operates mainly on text and numeric data. Software and 

databases are all the time in progress so they are supporting also much more complicated data with 

indeterminate structure. 

 

A.1.1 Relational model 

 

Database is composed of different elements. The main element of the database is named record. 

Record is dividing into a couple of fields which stores information of each category. Some of them 

are the foreign key of the other table. It is very important that before the creation of the table well 

consider the properties of the particular columns. 

For instance in the library, each record is a collection of information about book. It consists of 

several fields that store information such as title, author, year and publishing house. In each field, 

data is stored separated categories. Databases allow to quickly sorting records by different 

categories or search for information within the selected fields only. DBMS prohibit enter incorrect 

data. Allows create special aliases which allowed controlling the data [40]. 
 

 

A.1.2 Transaction 

 

Transaction is a set of data on the database that are in fact a whole and as such  

should be made, all or none of them. In another words transaction is a single logical operation on 

the data. If during the execution of transactions an error has occurred, the entire sequence of 

operations could be rejected. In the parallel systems it is very important to provide that different 

clients’ processes refer to the same tables not quarrelling with each other. 

 

Transaction always consists of three stages: 

1. start the transaction 

2. execute the transaction 

3. close the transaction 

 

An example of the transaction it could be a bank transfer. In that situation it must be executed two 

separate operations which the first one is taking money from one account and adding them to the 

second. In case of failure none of the operations should not be confirm. Appearance or 

disappearance of money on the account must be in the bag [41]. 

 

Examples of operation on database are inserting and updating data. 

Operations are changing the data which are stored in the database. Operation like deleting or 

dropping is not included already in the state of transaction operations. Because of fact that delete 

operation only remove the data but does not change them. 

 

To sum up there are two main commands connected with transaction. Commit which confirm the 

transaction, the changes on the database and rollback which undoes changes [42, 43]. 

 

The conditions of which the transactions should be obligated describe in more details ACID 

principles. ACID properties ensure correct processing of transactions in databases. 
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1. Atomicity 

Transaction is indivisible, all or nothing. 

 

2. Consistency 

After the executing the transaction system will be consistent. None of the integrity rules will be 

infringes. 

 

3. Isolation 

When two transactions are executing parallel usually they do not see the changes which have been 

launched by them. 

 

4. Durability 

It means that system can start up and share consistent, entire and up to data stored under the 

approved transactions. An example of that situation could be a sudden power failure [44]. 

 

 

A.1.3 Database in J-PET 
 

Database is necessary and is using during the investigation. The database in J-PET store necessary 

information about hardware used in the setup and parameters need to run measurements, like Low 

Voltage as it was mentioned in the previous paragraphs. There is also a run history of parameter and 

setup used in the experiment. Thanks to this, it is possible to recreate the same experimental 

conditions including e.g. geometrical settings or hardware settings at any time in the future. 
 

As a database system has been chosen object-relational database model PostgreSQL. 

PostgreSQL is an open-source object-relational database management system (ORDBMS). 

„Postgres” which is often simply named is very flexibility and scalability database system and was 

used in many commercial and academic projects like SkyTools 3.2, Pyrseas 0.7.0. 
PostgreSQL was written in C language. Its last stable release is 9.3.3. PostgreSQL implements the 

majority of SQL standard, is ACID consistent, is fully transactional and has data types, operators, 

ability to create a functions and procedural language. PostgreSQL runs on most operating system, 

Microsoft Windows, Mac OS X and Linux. In J-PET uses stable version v9.1. 
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Appendix B 

Most useful command in PostgreSQL 
 

Create new database 

a) log as a Postgres user 

psql [database name] postgres 

psql testDB postgres 

 

b) create new database 

createdb [database name] 

createdb testDB 

 

Import existing *sql file into current database 

a) copy dump.sql file into home directory 

 

b) open session with database 

psql testdb 

 

c) import dump.sql into current database 

\i dump.sql 

 

d) copy rest functions into database 

 

Create new user 

CREATE USER [username] WITH PASSWORD [password]; 

CREATE USER andrzej WITH PASSWORD 'passwd'; 

 

Grant all privileges on database for specyfic user 

GRANT ALL PRIVILEGES ON DATABASE [database name] to [username]; 

GRANT ALL PRIVILEGES ON DATABASE testDB to andrzej; 

 

Open PostgreSQL session 

a) psql [database name] 

psql testDB 

 

b) sudo -u [user name] psql [database name]; 

sudo -u postgres psql testDB; 

 

c) psql -d [database name] -U [user name]; 

psql -d testDB -U postgres; 

 

Exit from PostgreSQL session 

\q 

 

Show all tables in current database 

\dt 
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Describe table in current database 

\d+ [table name] 

\d+ „Run” 

 

List of all functions in current database 

\df 

 

List of all types defined by you 

\dT 

 

Show all users 

\du 

 

List of all databases  

\l+ 

 

Login into psql database as specific user 

psql -U [username] 

psql -U postgres 

 

Describe function 

\df+ [function name] 

\df+ runDataFunction() 

 

Drop function 

DROP FUNCTION [function name]({arguments}); 

DROP FUNCTION runDataFunction(); 

 

Set all privileges on specific table for the specific user 

GRANT ALL PRIVILEGES ON [table name] TO [user name];  

GRANT ALL PRIVILEGES ON "Run" TO David; 

 

Set all privileges on specific database for the specific user 

GRANT ALL PRIVILEGES ON DATABASE [database name] TO [user name];  

GRANT ALL PRIVILEGES ON DATABASE "testDB" TO David;  

 

Set all privileges on all tables for the specific user 

GRANT ALL PRIVILEGES ON ALL TABLES IN SCHEMA public TO [user name]; 

GRANT ALL PRIVILEGES ON ALL TABLES IN SCHEMA public TO [David]; 

 

Shows version of client application psql system 

psql –version 

 

Show version of database server 

SELECT version(); 
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Appendix C 

J-PET Database tables 

 
J-PET database consist of many tables which are filling at the beginning of the experiment. There is 

present table which represents parametric objects. All of them store information about their creator. 

Some of them include a reference to calibration, type or dimension. 

 

 

 
Fig. A.1 Scintillator table from J-PET database. 

 

 

 
Fig. A.2 Photomultiplier table from J-PET database. 
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Fig. A.3 TRB table from J-PET database. 

 

 

 
Fig. A.4 Konradboard table from J-PET database. 

 

 

 
Fig. A.5 Run table from J-PET database. 
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Fig. A.6 J-PET database schema [45] 
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Appendix D 

Basic example of libpqxx library showing connecting to 

database 
 

It is basic program which allowed connecting to database with libpqxx library. 

#include<iostream> 

#include<pqxx/pqxx> 

 

using namespace std; 

using namespace pqxx; 

 

int main(int argc, char* argv[]) 

{ 

   try 

   { 

      connection l_connection("dbname=testDB user=John port=5432 password=qwerty 

hostaddr=sphinx.if.uj.edu.pl"); 

      work l_work(l_connection); 

       

      if(l_connection.is_open()) 

      { 

 cout << "Opened database successfully: " << l_connection.dbname() << endl; 

      }  

      else  

      { 

 cout << "Can't open database" << endl; 

 return 1; 

      } 

       

      result l_result = l_work.exec("SELECT * FROM tabletest"); 

 

      if(l_result.size() <= 0) 

      { 

 cerr << "tabletest size : " << l_result.size() << endl; 

 return 1; 

      } 

      else 

      { 

 cout << "tabletest size : " << l_result.size() << endl; 

      } 

       

      l_work.exec("INSERT INTO tabletest VALUES(101)"); 

       

      l_result = l_work.exec("SELECT * FROM tabletest"); 

      cout << "tabletest size : " << l_result.size() << endl; 

      l_work.commit(); 

       

      l_connection.disconnect(); 
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   } 

   catch (const exception &p_exception) 

   { 

      cerr << p_exception.what() << endl; 

      return 1; 

   } 

   return 0; 

} 

 

Compile and run the libpqxx program 

c++ testDB.cxx -I/usr/local/include/ -lpqxx -lpq 

The -lpqxx and –lpq must be in that order. This program should work on most Linux platforms. 
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Dictionary 

 
DBMS – Database Management System 

ORDBMS – Open–source object–relational database management system 

RDBMS – Relational Database Management System 

PET – Positron Emission Tomography 

LOR – Line of response 

TOF–PET – Time–of–flight 

CT – Computed Tomography 

PM – Photomultiplier 

HV – High voltage 

KB – Konrad Board 

TRB – Transportation Research Board 

TOMB – TRB Offset Mapping Board 

DAQ – Data Acquisition System 

FEE - Front-End Electronics 

FPGA - Field Programmable Gate Array 

CPU – Central Processing Unit 

GPU - Graphical Processing Units 
CUDA - Compute Unified Device Architecture 

Marker - professional name of a radiopharmaceutical substance which is injecting into the patient 

body before the investigation. An example would be (Fluorine 18). 

BSD license - Berkeley Software Distribution License 
FOV - Field-of-view 
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