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Introduction

Real life phenomena, including those occurring in medical imaging proce-
dures or biological systems (e.g. particle transport, electrophysiological pro-
cesses, fluid or rigid body dynamics) are mathematically described by dif-
ferential or integral equations, thus the prediction of the behavior of such
systems corresponds to the numerical solutions of these equations. These
methods require the representation of continuous functions in the time and
space domain by finite data, which is made possible by finite-element meth-
ods. Real life systems of practical importance may be complex and can
be described only with hundred millions of finite element coefficients. The
high number of finite element coefficients may exceed the capacity of the
operative memory or even the hard disc storage, and updating them may
require hours or days on desktop computers. A promising method to tackle
complexity of the before mentioned problems is the application of parallel
computers, which can speed up the computational process proportionally
to the number of processors in the optimal case. With the increasing pro-
grammability of commodity graphics processing units (GPUs) their usage
for solving general purpose problems has received increasing attention both
in academia and industry. GPUs may include more than a thousand proces-
sors and deliver over teraflop performance. However, these hardware impose
special requirements that are not met by algorithms developed with a sin-
gle processor in mind. Thus, classical algorithms typically fail to scale up
on parallel hardware and an efficient parallel implementation requires new
types of problem modeling and algorithm development that keep the specific
features of the computing device in focus. In this thesis work I discuss novel
approaches for the simulation of complex biological/physical systems where
the power of GPUs is exploited.

Research area and objectives

Dynamic Tomography Reconstruction

Dynamic Positron Emission Tomography reconstructs the space-time con-
centration function of a radiotracer by observing the detector hits of gamma-
photon pairs born during the radiotracer decay. The computation is based

1



on the maximum likelihood principle, i.e. we look for the space-time func-
tions that maximize the probability of the actually measured data. The
number of finite elements representing the spatio-temporal concentration
and the number of events detected by the tomograph may be higher than
a billion, thus the reconstruction requires supercomputer performance. The
enormous computation can be handled by graphics processors if the algo-
rithm is decomposed to parallel, independent threads, and the storage re-
quirements are kept under control. I have proposed a scalable dynamic
reconstruction system, where the algorithm is decomposed to phases where
each phase is efficiently mapped onto the massively parallel architecture of
the GPU .

The parameters of the reconstructed concentration function must be non-
negative and may be upper bounded. The error function and the dependence
of the activity on the parameters is non-linear. Thus, this is a non-linear,
constrained fitting, which needs numerical methods as there is no direct
analytic solution. Note that a direct solution would be available for the
least-square fitting of a function that linearly depends on its parameters. I
have presented the elements of a curve fitting approach proposed for the PET
reconstruction, which also meets the requirements of GPU implementation.

There exist efficient numerical local optimization methods, or equiva-
lently, root finding algorithms for the derivative, if the search is already
close to the solution, but finding a good enough initial value is a crucial
problem. I have discussed a new method for initializing the search proce-
dure.

PET reconstruction is an inverse problem and is ill posed. To handle
this, we need to build a-priori information into the reconstruction process in
the form of regularization. I have proposed a regularization scheme, which
works not for scalars but for nonlinear functions.

During PET reconstruction, we need to keep the data size under control
without compromising the spatial or temporal resolution of the reconstruc-
tion. In particular, the computational complexity is linear in the number
of time frames, and short frames would cause high variance estimates in
individual frames, thus the number of frames should be limited. In order to
avoid the degradation of the spatial variation, we should get the maximum
information from the application of few frames. My approach to tackle this
problem is also presented in this dissertation.

Interactive Light Stimulus Generation with High Performance

Real-Time Image Processing

Light stimulation with precise and complex spatial and temporal modula-
tion is required by a series of research fields like visual neuroscience, op-
togenetics, ophthalmology, and visual psychophysics. Existing solutions do
not provide mechanisms for the design of new, computationally demand-
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ing light stimuli without custom program development. I have proposed
an extensive component-based experiment architecture that maps to a new
hardware workflow model via automatic generation of GPU programs and
computation passes.

Previous solutions adhered to the classic image synthesis method of
drawing polygons by filling image pixels. Consequently, variation of pixel
color within shapes could only be achieved using precomputed textures, or
writing custom shader programs. I propose an approach that does not rely
on polygon rendering, but evaluates formulas that describe shapes, spatial
and temporal patterns. This provides more flexibility, and allows a frame-
work where individual aspects can be combined freely without writing new
programs.

Studies in retina electrophysiology aim to discover the working mech-
anisms of retinal cells. In particular, patients with reduced vision due to
macular degeneration may benefit from introducing artificial photosensitiv-
ity into retinal tissues, but the response of the healthy, damaged, and artifi-
cially augmented systems must be explored. Thus, during stimulus genera-
tion we must be able to simulate the workings of these systems. Therefore,
my experiment workflow model includes algorithms for the efficient compu-
tation of extensive spatial and temporal filtering. Efficient temporal filtering
can be accomplished by treating the retina as a linear time invariant system
and finding a minimal state representation.

All operations must meet strict timing and synchronization requirements
and exact photometric qualities for analysis to be possible. Therefore, I have
proposed mechanisms to ensure error-free real-time operation, synchroniza-
tion with measurement devices, and proper calibration.

Finite volume blood flow simulation

Predictive simulation of blood flow in the human body can be used to aid the
planning of surgeries modifying elements of the circulation organs. Heart
surgery, in particular, creates a new, complex dynamic system. The full sim-
ulation of this system, while extremely challenging, can provide the means
for predicting the outcomes of surgical options, leading to results closer to
the ideal. Turbulent blood flow in the heart, and around the heart valves in
particular, is extremely difficult to predict, but it may influence the efficacy
of these systems. If heart valve leaflets do not fully unfold or there remain
gaps between them, blood may leak back, reducing the efficiency of the
circulation. In the third part of this dissertation I present a finite volume
flow simulation technique that I have adapted to the GPU. The solution
works on unstructured grids, and can be extended to moving grids under
large deformations. Thus, it is a suitable tool for the simulation of blood
flow in heart valves, especially in the context of evaluating strategies for
heart valve leaflet alignment in aortic root replacement surgery. Eulerian
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and Lagrangian approaches to fluid simulation both have advantages and
drawbacks, especially in computations concerning interactions with elastic
materials. While Lagrangian methods can handle large deformations with-
out issues, Eulerian methods may reach higher precision, and it is easier to
ensure incompressibility. The problem is addressed using an unstructured
grid. This allows the use of high resolution near narrow gaps. Furthermore,
boundary surfaces on both sides of heart valve leaflets can be handled easily,
as spatial proximity does not have to correspond to grid adjacency, as it is
the case with a regular grid. The solution needs to simulate unstable, in-
compressible flow, but handle boundary surfaces with large time-dependent
translations. These properties point to an ALE (Arbitrary Lagrangian Eu-
lerian) approach. A subgroup of finite element methods are finite volume
formulations, often employed in flow simulation. These are advantageous
in that they work well for unstructured grids, and that they are conserva-
tive. Among finite volume methods, node-based solutions are more fitting,
as such a formulation makes it possible to rebuild the grid even after severe
deformations.
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New scientific results

Thesis 1: Dynamic Tomography Reconstruction

1.1 Robust fitting of compartment models

Dynamic tomography reconstructs a Time Activity Curve for every voxel
assuming that the algebraic form of the function is known a-priori. The
algebraic form derived from the analysis of compartmental models depends
non-linearly on the non-negative parameters to be determined. The param-
eters should be obtained from noisy reconstructions for every voxel and in
every iteration step, thus the speed of parameter estimation is crucial.

I have proposed improvements to the nested ML-EM algorithm to ro-

bustly and efficiently fit compartment models to noisy data. In particular, I

have modified algebraic form of the two-tissue model and proposed the refine-

ment of the linear parameters, adapted the Levenberg-Marquardt optimiza-

tion scheme for the solution of the non-linear system of equations, elaborated

an analytic computation scheme for the integrals of convolutions showing up

in optimization, and investigated different local surrogate measures that can

replace the complex global likelihood calculation. [J3, J4, C6, C10, C12]

1.2 Initial estimation

Finding good initial guesses for the first ML-EM iteration is a critical prob-
lem since gradient based local optimization algorithms do not guarantee
convergence to the global optimum if they are started at an unappropriate
location.

I have developed a method suitable for the initial guess of both the lin-

ear and non-linear parameters of the concentration function. The suggested

method decomposes the volume to a few homogeneous regions and deter-

mines their activities in frames, then applies simulated annealing to explore

the low-dimensional space of frequencies only and uses the a direct method

for obtaining linear sub-group of parameters, and finally executes a region

based ML-EM iterations to incorporate the Poisson model. [J3, C10, C12]
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1.3 Regularization

In order to mimic high-speed phenomena, frames must be short, thus the
number of events in a frame is very low, making frame-wise reconstruction
impossible. To attack this problem, regularization is needed that enforces
smoothness both in the temporal and spatial domains. In the classical appli-
cation of the method of sieves, the filtering is computed on scalars, but here
we need to average the time activity functions. In case of non-linear kinetic
models filtering the parameters independently does not work because there
is no guarantee that the resulting function will be in between the filtered
functions.

I have proposed a generalized the filtering scheme for spatio-temporal re-

construction, that takes into account that accurate kinetic models describing

the temporal behavior are non-linear. The filtering method works not on

scalars but on analytic functions that depend non-linearly on its parameters,

and can include anatomic information about region boundaries and remains

stable for aggressive filtering as well. [C1, C2, C4, C7]

1.4 Floating frames

During the reconstruction algorithm both the computational complexity and
the storage requirement are proportional to the number of frames, i.e. how
fine the temporal discretization is, which determines the ability to recon-
struct high frequency phenomena. To reduce the storage requirements and
the computation time, the number of frames should be minimized, but with-
out compromising the reconstruction of quick changes.

I have constructed a floating frame method that determines the frame

boundaries adaptively by considering the currently estimated reconstruction

and thus can greatly reduce the computation time while maintaining the ac-

curacy of the time consuming list mode reconstruction. [C5]

Thesis 2: Automated GPU realization for compute-

intensive visual stimuli

Light stimulus generation is an essential tool in retina response studies. De-
spite a wide selection of tools for generating light stimuli for specific exper-
iments, there was no generic way to design experiments that encompassed
the entire toolset of visual science, and automatically generate an efficient
GPU realization for them. In particular, stimuli relying on GPU-intensive
tasks like en-masse random number generation, spatial and temporal filter-
ing were not supported. Mechanisms to meet strict timing requirements and
synchronization needs with measuring equipment despite the asynchronous
nature of GPU work submission were not robust.

6



I have proposed a component-based system to represent stimuli in existing

applications in the electrophysiology of the visual tract, psychophysics, and

ophthalmology; and a GPU hardware workflow model where computation

passes and shader programs are automatically generated from the compo-

nents. I have proposed algorithms for real-time spatial and temporal filtering

of stimuli. I have addressed the problem of meeting strict timing require-

ments for stimulus display synchronization with measurement electronics.

[J1, J2, C3]

Thesis 3: Finite volume blood flow simulation for

flow prediction after aortic root surgery

Recently, special tools have been developed that make it possible to measure
the patient-specific comissure angle distributions of the heart valve in the
aorta rapidly and accurately, thus making it possible to use the measured
confugation when sewing back the valves during aortic root surgery. No
database exists yet that would show the physiological benefit of this more
advanced surgery technique. The goal is to examine the created patient-
specific geometric models of the aortic root and the valves and simulate
valve opening and closing and blood flow in case of the usual and new
surgery techniques.

I have proposed a method for estimating the amount of regurgitation

in the diastolic phase using a geometric model of the aortic root obtained

in a preceding elastic simulation of heart valves. This solution can use an

adaptive mesh capable of handling strong deformations and is also applicable

to dynamic boundary geometries. Moreover, it is possible to integrate this

finite volume solution with the elastic simulation as to form a coupled system,

which could lead to potentially elevated accuracy.[C8, C9, C11, C13, C14,
C15]
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namic pet reconstruction on the gpu. Periodica Polytechnica Electrical
Engineering and Computer Science, 62(4):134-43 (2018)
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bust Compartmental Model Fitting in Direct Emission Tomography

Reconstruction. The Visual Computer, 2020. (accepted)
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