An object-oriented library for 3D PET reconstructionusing parallel computingClaire Labb�1, K. Thielemans2, D. Belluzzo3, V. Bettinardi3, M.C. Gilardi3, D.S. Hague4,M. Jacobson5, S. Kaiser6, R. Levkovitz5, T. Margalit5, G. Mitra1, C. Morel1, T.J. Spinks2,P. Valente4, H. Zaidi1, A. Zverovich41Division of Nuclear Medicine, Geneva University Hospital, CH-1211 Geneva 4 (Switzerland)2Medical Research Council Cyclotron Unit, Hammersmith Hospital - London (UK)3Department of Biomedical Sciences and Technologies, Instituto H.S. Raffaele - Milano (Italy)4Department of Mathematics and Statistics, Brunel University - Uxbridge (UK)5Israel Institute of Technology, Technion City - Haifa (Israel)6PARSYTEC Computer GmbH - Aachen (Germany)Email: clabbe@ulipn.unil.chSummary. We present a object-oriented library of C++ features for 3D PETreconstruction. This library has been designed so that it can be used for manyalgorithms and scanner geometries. Its flexibility, portability and modulardesign have helped greatly to (a) develop new iterative algorithms, (b)compare iterative and analytic methods using simulated, phantom and patientdata, (c) adapt and apply the developed reconstruction algorithms to differentdesigns of tomographs. As 3D iterative reconstruction algorithms are timeconsuming, the library contains classes and functions to run parts of thereconstruction in parallel, using parallel platforms with a distributed memoryarchitecture.Keywords: PET, reconstruction, algorithms, software engineering, parallelcomputing1IntroductionIterative reconstruction methods applied to image reconstruction in three-dimensional (3D)positron emission tomography (PET) should result in possibly better images than analyticalreconstruction algorithms. However, the long reconstruction time has remained an obstacleto their development and, moreover, their clinical routine use. Together with the constantincrease in performances of the computing platforms, recent developments in parallelprocessing techniques offer practical ways to speed up the calculations and attain clinicallyviable processing rates [1].The aim of this paper is to present the development of a library of object-oriented buildingblocks for the implementation of both analytical and iterative reconstruction algorithms in3D PET.2An object-oriented library for volume reconstruction in 3D PET2.1Reconstruction algorithmsVarious analytical (exact and approximate) and iterative algorithms have been proposed for3D reconstruction in PET. The reconstruction algorithms already implemented or underdevelopment using the object-oriented library for volume reconstruction include:¥ The reprojection algorithm (PROMIS) [2].¥ The Fourier rebinning algorithm (FORE) [3].

¥ The maximum likelihood by expectation maximisation (ML-EM) algorithm [4].¥ The ordered subsets, expectation maximisation (OSEM) algorithm [5].¥ The maximum a posteriori, expectation maximisation (MAP-EM) algorithm [6].¥ The least squares (LSQ) algorithm [7] and variants of it including the image spacereconstruction algorithm (ISRA) and ordered subsets ISRA (OSISRA) [8].¥ The ordered subsets, Mirror (OS-MIRROR) algorithm [1].¥ The algebraic reconstruction technique (ART) [9].2.2Advantages of object-oriented programmingUnlike procedural programming languages which separate data from operations on datadefined by procedures and functions, object-oriented programming languages consist of acollection of interacting high-level units, the objects, that combine both data and operationson data. This renders objects not much different from ordinary physical objects. Thisresemblance to real things gives objects much of their power and appeal. They can not onlymodel components of real systems, but equally as well fulfil assigned roles likecomponents in software systems. They interact and communicate with each other usingmessages.Variables and methods common to every object of a certain kind define a class. Inheritancebetween objects allows the programmer to define a hierarchy of objects, where each objecttakes on the attributes and behaviours of its ancestors. This hierarchy is an inverted treestructure (with the root at the top and the leaves at the bottom) where each lower level ofthe tree defines more specific attributes about a particular class of object.2.3Description of the reconstruction libraryWe have designed a library of classes and functions for 3D PET image reconstruction. Itsmodular design uses the object-oriented features of C++: self-contained objects hideimplementation details from the user, and hierarchies of objects are implemented usinginheritance. The library contains classes and functions to run parts of the reconstruction inparallel on distributed memory architectures. This allows to run the library on massivelyparallel computers, as well as on clusters of workstations.The library has been designed so that it can be used for many different algorithms andscanner geometries including both cylindrical PET scanners and dual-head rotatingcoincidence gamma cameras. It is portable on all computer systems supporting the GNUC++ compiler or Microsoft Visual C++.The building block classes included in this library can be described as follows (fig. 1):¥ information about the data to be reconstructed (PET scanner characteristics, PET study);¥ memory allocations of multi-dimensional arrays or tensors (1D, 2D, 3D or 4D);¥ reading and writing (I/O) data in Interfile format (for which a 3D PET extension isproposed);¥ manipulation of multi-dimensional arrays;¥ classes for projection data (the complete dataset, segments, sinograms, viewgrams) andimages (3D and 2D);¥ various filter transfer functions (2D and 1D);¥ Fast Fourier Transform (FFT) utilities;¥ forward projection operators (ray tracing method using Siddon’s algorithm [10]);¥ backprojection operators (incremental, beamwise interpolating backprojection usingCho’s algorithm [11]);¥ trimming, mashing, and zooming utilities on projection and image data;¥ classes for both analytic and iterative reconstruction algorithms;

¥ stream-based classes for message passing between different processes, built on top ofPVM (Parallel Virtual Machine), EPX (the native library provided with Parsytec-CCsystems), or (in development) MPI (Message Passing Interface);¥ classes and functions to use all these modules nearly transparently in a master-slavearchitecture.The advantages of having such a library are:¥ modularity and flexibility of the reconstruction building blocks to implement newreconstruction algorithms;¥ possibility to use the same software implementation of the reconstruction buildingblocks to perform image reconstruction on different scanner architectures (cylindricalPET scanners ass well as dual-head coincidence gamma cameras).Furthermore, operators can work indifferently on data stored in sinograms, in viewgrams(set of parallel projections), or in coincidence list mode.Fig. 1. Chart of the object-oriented libraryshowing its major building blocks .

FFTFILTERBACKPROJECTIONFORWARD PROJECTIONTIMER GENERAL INFORMATIONS CLASSES TENSORS RECONSTRUCTIONFORMATDATAZOOMINGStudyInfoScanInfoPETStudyPETScanner DISPLAYKernel reconstruction algorithmAnalyticIterativePROJECTION DATASegmentSinogramsViewgramsIMAGEFig. 2. Hierarchical view of the data structures.

PETSinogramOfVolume(View, Bin, Ring, Segment)and other permutationsPETSegmentPETSegmentByView(View, Ring, Bin)PETViewgram(Ring, Bin)PETSinogram(View, Bin)PETSegmentBySinogram(Ring, View, Bin)2.4Data structureThe hierarchy of data structures implemented in the library is presented in fig. 2. This is nota hierarchy of class derivation, but of containment. Let a PETSegment be the 3D datastructure by abuse of terminology. A PETSegment may be expressed in two flavours orderived classes (PETSinogram and PETViewgram), depending on the order of thecoordinates: View, Ring and Bin. Thus, the user has the capacity to decide, depending onthe scanner geometry, what is the best and fastest way to organise the data.2.5The projection/backprojection operatorsThe forward projection operator is based on the implementation of Siddon’s algorithm [10],calculating the length of intersection of LORs with image voxels and making use ofgeometrical symmetries of the image volume.The backprojection operator is based on an extension to 3D cylindrical geometry of Cho�sincremental algorithm [11]: the 3D beamwise, incremental backprojection method [12].Voxel update values are found from bi-linear interpolation between four projectionelements. Sweeping the image volume beam by beam, where a beam is the volumedelimited by the central rays of four adjacent projection elements, allows to make use of anumber of beam constants. Combining this with the exploitation of the geometrical

4symmetries of the image volume results in a very fast implementation of the backprojectionoperator.3 Software implementation and timingThe above described library was implemented on UltraSparc and Pentium processors, andon the Parsytec-CC system made of PowerPC 604 processors, a distributed memory,message passing parallel computer, globally classified into the multiple instructionsoperating independently on multiple data (MIMD) category of parallel computers.The amount of computer time required for a PROMIS reconstruction of data sets obtainedfrom three different PET scanners on a single node of the above described system can besplit up into overhead (matrix handling and I/O), filtering, projection, and backprojectiontimes as detailed in Fig. 3.Fig. 4 shows representative slices of brain and thorax patient scans reconstructed withPROMIS and OSEM. The later is shown for comparative purposes.Fig. 3. Compared execution times in minutes ofthe PROMIS algorithm applied to data sets of the(a) RPT-1 (16 rings, 256 sinograms, each 96views by 128 elements), (b) ECAT-953, (16 rings,256 sinograms, each 192 views by 160 elements)and (c) GE-Advance (18 rings, 265 sinograms,each 336 views by 281 elements) PETtomographs.050100150200OverheadFilteringProjectionBackrojection[min]

RPT-1

953B

GEFig. 4. (a) Brain scan with an external markerand (b) thorax scans reconstructed with twoalgorithms implemented in the present library:PROMIS (left) and OSEM (right). For the latter,24 subsets and 5 iterations followed by aGaussian filter were applied.(a)(b)4Discussion and conclusionIn this paper, we described a flexible library which can be used to study current andimplement new reconstruction algorithms for a wide variety of scanner geometries. The useof object-oriented software has helped greatly to (a) compare analytic and iterativemethods, (b) develop new iterative algorithms (c) adapt and apply the developedreconstruction algorithms to various designs of positron tomographs. The powerfulconstructs promoted by object technology can yield elegant, quality code. Thisprogramming paradigm makes it possible to envision incremental refinements to thebuilding blocks described in this paper with maximum code reuse by providing a framework for effectively defining standards using the inheritance mechanism. Thisapproach streamlines development and improves reliability.Finally, elapsed computational time for reconstruction is an issue in the acceptance of areconstruction algorithm. Hence parallel processing approaches are gaining in importance.Object-oriented programming also results in an undeniable computing time performancepenalty associated with the service requests between the objects, because they areimplemented as function calls. Moreover, objects are created and destroyed at a huge rateand the dynamic memory allocation/deallocation increases the execution time. Theaccuracy of iterative algorithms depends strongly on the performance of the projector-backprojector pair used.AcknowledgementsThis work was supported by the European Esprit LTR project PARAPET (EP23493) andthe Swiss Federal Office for Education and Science under grant 96.193. The authors thanktheir partners within the project for fruitful discussions and useful suggestions.References1. Barrett T et al: A review of methods and techniques used in 3D PET image reconstruction.Submitted for publication to Medical Image Analysis, 1998.2. Kinahan PE and Rogers JG: Analytic 3D image reconstruction using all detected events. IEEETrans. Nucl. Sci., 36: 964-968.3. Defrise M et al.: Exact and approximate rebinning algorithms for 3D PET data. IEEE Trans.Med. Imag., 16:145-158, 1997.4. Shepp LA and Vardi Y: Maximum likelihood reconstruction for emission tomography. IEEETrans. Med. Imag., 1: 113-122, 1982.5. Hudson HM and Larkin RS: Accelerated image reconstruction using ordered subsets ofprojection data. IEEE Trans. Med. Imag., 13: 601-609, 1994.6. Green PJ: Bayesian reconstructions from emission tomography data using a modified EMalgorithm. IEEE Trans. Med. Imag., 9: 84-93, 1990.7. Kaufman L: Maximum likelihood, least squares and penalized least squares for PET. IEEETrans. Med. Imag., 12: 200-214, 1993.8. Depierro AR: On the relation between the ISRA and the EM algorithm for positron emissiontomography. IEEE Trans. Med. Imag., 12: 328-333, 1993.9. Herman GT and Meyer LB: Algebraic reconstruction techniques can be made computationallyefficient. IEEE Trans. Med. Imag., 12: 600-609, 1993.10. Siddon RL: Fast calculation of the exact radiological path for a three-dimensional CT array.Med. Phys., 12: 252-255, 1985.11. Cho ZH, Chen CM and Lee SY: Incremental algorithm — A new fast backprojection scheme forparallel beam geometries. IEEE Trans. Med. Imag., 9: 207-217, 1990.12. Egger M, Joseph C, and Morel C: Incremental beamwise backprojection using geometricalsymmetries for 3D PET reconstruction in a cylindrical scanner geometry. Phys. Med. Biol., 43:3009-3024, 1998.