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Abstract. This paper considers the problem of improving computational
performance when solving kinetic equations of combustion processes on graphics
processing units. Detailed chemical kinetic mechanisms used for modeling the
combustion of real fuels may include hundreds of components and thousands of
elementary reactions, which leads to a significant increase in computation time when
traditional CPU-based methods are used. To accelerate computations, a CUDA-
oriented approach is proposed, based on distributing reactions among GPU threads
and optimizing access to GPU memory. The paper compares three computational
variants: sequential calculation on the CPU, parallel calculation on the GPU using
global memory, and parallel calculation on the GPU using shared memory. The
Aramco_Mech mechanism is used as a test mechanism. Numerical experiments
were carried out for mechanisms of different sizes: from 33 components and 118
reactions to 493 components and 2716 reactions. The calculations were performed
on a system with an AMD Ryzen 9 5950X 16-Core Processor, 128 GB of RAM,
and an NVIDIA GeForce RTX 4080 Ti graphics adapter. The results show that
as the number of reactions increases, the advantage of GPU-based computations
becomes more pronounced. For the mechanism containing 493 components and
2716 reactions, the CPU computation time was 1 day 4 hours 2 minutes 4 seconds
796 milliseconds, while the GPU computation time using global memory was 21
minutes 10 seconds 591 milliseconds, and using shared memory it was 10 minutes
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51 seconds 585 milliseconds. The speedup was 79.43 times for global memory
and 154.89 times for shared memory. The obtained results confirm the efficiency
of GPU architecture and the importance of optimal memory organization when
solving large systems of chemical kinetics.
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AnHoTanus. byiMakanamarpadKaIbIK mpoIieccopiiapaakany mporecTePiHiH
KUHETUKAIBIK TCHICYJIEPiH eIy Ke3iH e €CEnTey OHIMIUTITIH apTTRIPY MIceleci
KapacThIpblIaabl. HakThl OTBIHAAPABIH KaHYBIH MOJIENB/IEY YIIIH KOJTaHBUIAThIH
erKeH-Ter kel XUMHSUTBIK KHHETHKAJIBIK MEXaHU3M/EP KY3/1ereH KOMITOHEHTTEP
MEH MBIHIAFaH dJIEMEHTap peakIusiIapabl KaMTybl MyMKiH. by moctypni CPU
HETI31HAeTI omiCTepi KOJNIaHFaH Ke3[e €CENTEY YaKBITHIHBIH eI0yip apTybhIHA
aneim kenemi. Ecenreymepni skemenmery yimiH peakmusuiapasl GPU arsiHmapsr
apaceiHma ynectipyre skoHe GPU skampichiHa KaThIHAYABI OHTAWIAHIBIPYFa
Heriznenren CUDA-GaFpITTanFaH TOCUT YCBHIHBUTANBI. Makanamga ecemnTeyliH
ym HycKachl canslcTeipbiiansl: CPU-ma Ti36exTi ecemrtey, global memory
Konmany apkeuiel GPU-ma mapammens ecenrey koHe shared memory KonmgaHy
apkputel GPU-ma mapamiens ecenrey. ChIHAK MeXaHW3MI peTiHAe Aramco
Mech wmexanmsaMmi KommaHbUIIbl. CaHIBIK TOXKIpUOEIEep OPTYPIl OJIIeMICTi
MEeXaHU3MIIep YIIiH XKyprizinmi: 33 xommoneHT neH 118 peakmusgan 6acrtam 493
KOMIOHEHT TieH 2716 peaknmsra neiiin. Ecenteymep AMD Ryzen 9 5950X 16-
Core Processor mpomneccopsl, 128 I'b sxemen xansr skore NVIDIA GeForce RTX
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4080 Ti rpaduxanbik amantepi Oap ecenrey KyieciHae OpbIHIANIBI. AJBIHFaH
HOTIKENIep peakuusuiap canbsl apTkaH caiibli GPU Herisingeri ecenteynepain
ApTHIKIIBUTBIFBI aKBIHBIPAK OalKaIaThIHBIH KOpCeTTi. 493 KOMIIOHEHTTEH JKOHE
2716 peakuusigan Typarsin MexanusM yurin CPU ecentey yakpiTsl 1 Toyiik 4 car
2 muH 4 ¢ 796 mc 6onb1. An global memory konnansuran GPU ecenTey yakbIThI
21 muH 10 ¢ 591 mc, shared memory xKonmanputFaH arnaiiga 10 mua 51 ¢ 585 Mc
Kypaznsl. XKeurgamaary xoadgduunenti global memory yuin 79,43 ece, an shared
memory yuin 154,89 ece 0011b1. AJIBIHFaH HOTHIKEIIEP YJIKEH OJIIIeM/ T XUMUSIIBIK
KMHEeTHKa XyHenepin wenry ke3zinge GPU apXuTeKTypachlHBIH THIMILTITIH XKoHE
KaJIbIHbI OHTANIIbI YHBIMAACTHIPYABIH MaHbI3IbUTBIFBIH PACTANIBL.

Tyiiin ce3gep: xuMmusblK KuHeTHka, xany, GPU, CUDA, shared memory,
global memory, Pyare—Kytra, Aramco Mech, mapamiens ecentey, KHHETHKAIBIK
coJBep
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AHHOTaUUs. AxmyansHocms. B craTbe paccMaTpuBacTCs 3a1a4a MOBBILICHUS
BBIUMCIINTENILHON MPON3BOINTEIFHOCTH MPH PELICHUN KMHETHYECKUX ypaBHEHUI
MPOLIECCOB TOpeHMs Ha TpaduuecKkux mporeccopax. JleraabHble XHMHUKO-
KUHETHYECKHE MEXaHW3Mbl, NPUMCHSAEMBIC [UII MOJCIMUPOBAHHUS TOPECHUS
peasIbHBIX TOIIUB, MOTYT BKJIIOYATh COTHU KOMITOHEHTOB U THICSYM JIEMEHTAPHBIX
peaxIuif, 4To CyIIECTBEHHO yBEJIHMYMBACT BpEeMsl pacyeTa MpH HCIOJIb30BaHUN
TpaguuuoHHBIX CPU-meTomoB. B B3 ¢ 3TUM aKTyalbHBIM SIBISETCA
npuMeHernre GPU-BbruncieHnii 1 oNTUMHU3aLuUs JOCTYIA K HaMsITH TpaduuecKoro
npoueccopa. [{env. Paspaborars u ouennts CUDA-0OpHEeHTHPOBAHHBIA MOAXO.
K YCKOPEHHIO pacueTa KMHETHMUYECKHMX YpaBHEHWH mporeccoB ropenusi Ha GPU
¢ ucrionb3oBaHrueM global memory u shared memory. Memoow. [{ns ycxkopenust
BBIUMCIICHUH IPEAIOKEH ITOJIX0/], OCHOBAHHBIN Ha pacIpeAeTICHUN PEaKIUi MEKIY
norokamMu GPU u onTuMu3anmy nocTyna K maMaTd rpaduyeckoro mpoieccopa.
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B paGote cpaBHHMBArOTCSI TpW BapHaHTa BEIYMCICHUH: TIOCIIEA0BATEILHBIN pacdeT
Ha CPU, mapamnensrsrii pacuetr Ha GPU ¢ mncronb3oBannem global memory u
mapasutenbHeii pacder Ha GPU ¢ ncmonszoBannem shared memory. B kagectse
TECTOBOTO MEXaHM3Ma MCIoib30BaH Aramco Mech. UncneHHble SKCIEPUMEHTHI
MPOBEJEHB! I MEXaHW3MOB Pa3jIMYHOM pa3MepHOCTH: OT 33 KOMIIOHEHTOB U
118 peakmuit 10 493 xoMnoHeHTOB U 2716 peakiuii. PacueTsl BEINOTHSIUCH HA
BBIYUCIUTENbHOU cucTeMe c ipoueccopoMAMD Ryzen 9 5950X 16-Core Processor,
128 I'b oneparuBHO# mamsatu u rpadpudeckum amgantepom NVIDIA GeForce RTX
4080 Ti. Pesyromamst u 661800b1. IlomydeHHBIC pe3yIbTAThl TTOKA3BIBAIOT, UTO C
yBEIWYEHUEM Yncia peaknuil mpeumymecTBo GPU-BrruucieHuii cTaHOBUTCS
Oonee BeIpakeHHBIM. [l MexaHu3Ma, coxepkaiiero 493 xommnonentra u 2716
peakuuii, BpeMs pacuera Ha CPU cocTtaBuio 1 cyTku 4 yaca 2 MUHYTBI 4 CEKYH/IBI
796 munnucekyHa, Toraa Kak Bpems pacuera Ha GPU ¢ ucnons3oBanuem global
memory coctaBmwio 21 munyTy 10 cexynn 591 munnucexyHmy, a c UICIOJIb30BaHUEM
shared memory - 10 munyT 51 cekyHIy 585 MUIITHCEKYH. YCKOPEHUE COCTABUIIO
79,43 paza mns global memory u 154,89 pasza mis shared memory. Pe3ynbrars
nonTeepxkaatoT 3ddexruBHOCTE GPU-apXUTEKTYphl U BaXKHOCTh ONTUMATbHOU
OpraHM3alliy MaMsATH TPU PEUICHHH OOJBIINX CUCTEM XUMHUYECKOW KUHETHKH.
[IpakTideckass 3HAYMMOCTb WCCIIEOBAaHUS 3aKIOYaeTCI B BO3MOXKHOCTH
MPUMEHEHHS TPEIJIOKEHHOTO TTOIX0/1a ISl YCKOPEHHSI KHHETHIECKUX COJBEPOB,
MO/JIEJTMPOBAHHS MPOIIECCOB TOPEHMSI M BBITIOTHEHUS PECYPCOEMKHX BBIYUCICHUN
B 3a/1a4ax XUMUYECKOW KMHETUKH.

KaroueBsnle cioBa: xumuueckas kuHeruka, ropenue, GPU, CUDA, shared
memory, global memory, Pynre - Kyrtra, Aramco Mech, mnapamrensHbIe
BBIYHCIICHUS, KHHETHYECKHI COJIBEP

Introduction. Modeling combustion processes is one of the important
problems of modern computational science, energy engineering, ecology, and
industrial safety. An accurate description of combustion processes is necessary
for the design of internal combustion engines, gas turbine units, thermal power
plants, industrial combustion chambers, as well as for the study of alternative fuels
and the assessment of harmful emissions. Modern software packages for chemical
kinetics and reacting flows, such as Cantera, ReactionMechanismSimulator.jl,
KinetiX, PeleC, and PeleMP, demonstrate that a detailed description of chemical
processes requires advanced numerical methods and high-performance computing
resources (Goodwin et al., 2023; Johnson et al., 2024; Danciu and Frouzakis,
2025; de Frahan et al., 2023; Owen et al., 2024).

The combustion process is a complex combination of physicochemical
phenomena, including chemical reactions, heat and mass transfer, gas-dynamic
effects, interaction of multicomponent mixtures, and formation of reaction
products. Chemical kinetic mechanisms are used to describe such processes, and
they may include tens, hundreds, or even thousands of elementary reactions. Each
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reaction contributes to the change in the concentrations of chemical components,
which leads to the formation of a large system of ordinary differential equations.

Traditional CPU-based methods for calculating chemical kinetics have limited
performance when working with large mechanisms. As the number of components
and reactions increases, the number of operations related to calculating forward
and reverse reaction rates, concentration power terms, rate constants, and summing
reaction contributions to the change in component concentrations also increases.
As a result, the calculation of large mechanisms on the CPU may take hours or
even days, which complicates serial computational experiments and the practical
use of such models in engineering problems.

Literature reviw. One effective way to solve this problem is to use graphics
processing units. A GPU has a large number of computing cores and allows many
similar operations to be performed in parallel. In chemical kinetics problems, a
significant part of the computations for individual reactions can be parallelized,
since the contribution of each reaction can be calculated independently of other
reactions. Modern studies on GPU acceleration of chemical kinetics and reacting
flows confirm the promise of this approach for combustion CFD and high-
performance scientific computing (de Frahan et al., 2023; Cai et al., 2026; Moure
et al., 2025; Rao et al., 2024; Wang et al., 2026).

However, the efficiency of GPU computations depends not only on the number
of parallel threads, but also on proper memory organization. CUDA architecture
includes several memory levels, such as global memory, shared memory, and
registers (Nickolls et al., 2008; Hwu et al., 2022). Global memory has a large
capacity but relatively high access latency. Shared memory has a smaller capacity
but provides fast access within a block of threads. Therefore, transferring
frequently used data from global memory to shared memory can significantly
improve computational performance.

The aim of this paper is to investigate the influence of GPU memory organization
on the computation time of kinetic equations of combustion processes and to
compare the performance of CPU computation, GPU computation using global
memory, and GPU computation using shared memory.

Problem Statement.

A chemical kinetic mechanism consisting of a set of components and elementary
reactions is considered. For each component, it is necessary to determine the
change in concentration over time, taking into account the contributions of all
reactions in which the component participates. In general form, the system of
kinetic equations can be written as:

N,

ac,
dar _Z'”:‘k q; (1)

i=1
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where C, is the concentration of the k-th component, N is the number of
reactions, v, is the stoichiometric coefficient of component £ in reaction i, and g,
is the rate of the i-th reaction.

The reaction rate depends on the concentrations of reactants and products, as
well as on the rate constants of the forward and reverse reactions. As the number
of reactions and components increases, the number of computational operations
also increases, because for each reaction it is necessary to calculate products of
concentrations with corresponding powers, determine the reaction contribution,
and then sum this contribution for the corresponding components.

The fifth-order Runge—Kutta method is used for numerical integration of the
system of kinetic equations. At each time step, intermediate coefficients kI, kz,
kj, k4, k5 are computed, after which the concentration values are updated. This
approach provides high accuracy of the numerical solution; however, it requires
repeated evaluation of the right-hand side of the system of equations. Therefore,
accelerating the computation of the right-hand side is a key task in the development
of a high-performance kinetic solver.

In this work, the problem is reduced to accelerating the computation of the
right-hand side of the kinetic equation system by parallel distribution of reactions
among GPU threads and optimization of memory access.

Computational Methodology.

The Aramco Mech mechanism was used as the chemical kinetic mechanism.
To evaluate performance, mechanisms of different sizes were considered. The
number of components varied from 33 to 493, and the number of reactions varied
from 118 to 2716.

The computational experiments were carried out with the following parameters:
mechanism: Aramco Mech;
time step: dt = 1.0 x 107% 5
total calculation time: 1000 - dt = 1.0 x 1071% 5
numerical method: fifth-order Runge—Kutta method.

The technical specifications of the computing system were as follows:
CPU: AMD Ryzen 9 5950X 16-Core Processor;

RAM: 128 GB;

GPU: NVIDIA GeForce RTX 4080 Ti.

To evaluate performance, three computational variants were implemented and
compared:
sequential computation on the CPU
parallel computation on the GPU using global memory
parallel computation on the GPU using shared memory.

In the CPU version, the computations are performed sequentially. In the
GPU version, each reaction is assigned to CUDA threads. The reaction index is
determined using the block index and thread index:

i = blockldx.x - blockDim. x + threadldzx. x. (2)

340



ISSN 1991-346X 2.2026

If the index i is smaller than the total number of reactions, the corresponding
thread computes the contribution of this reaction. At the same time, it is necessary to
correctly sum the contributions of different reactions to the change in concentration
of the same component. Atomic operations and reduction procedures are used for
this purpose. The use of atomic operations, including atomicAdd, is a standard way
to ensure correct data accumulation when multiple threads write simultaneously
(Nickolls et al., 2008; Hwu et al., 2022).

In the variant using global memory, data are stored and read directly from the
GPU global memory. This approach is simple in terms of implementation, but a
large number of memory accesses can lead to significant delays.

1. Host (CPU) 2. Device (GPU)
Host data Global memory
+ Forward rate constants Host — Device Kinetic data (rate constants, stoichiometric i and ions of
« Reverse rate constants Transfer of input
+ Stoichiometric coefficients data ¢
(for reactants) =
 Stoichiometric coefficients Kernel launch: cudaRungeKun?_slaga,shared
(for products) BLOCK_SIZE = 1024, ~GRID_SIZE = (Number of reactions + BLOCK_SIZE - 1) / BLOCK_SIZE
+ Concentrations of components CUDA Memory / PCle Each thread i = blockldx.x x blockDim.x + threadldx.x, if i < Number of reactions
= \J A\l 7
) C_PU °F_’9m'°"s 1. Shared memory 2. Registers 3. Block reduction
i T ALogclcohasyations + Load required data + Perform reduction in block
and reagctions " Device - Host of components > from global memory > (partial summation)
+ Kernel and memory setup Transfer of + Initialize partial sums + Compute reaction rate + One atomicAdd to global
+ Writing results to file results + Synchronize threads and contribution memory per component
Result Updated
Array of component i AtomicAdd in global memory: each block adds its partial results to global memory
and computation time

Runge-Kutta Sth-order time integration scheme
Update
Stage 1 Stage 2 Update Stage 3 Stage 4 Stage 5 4
‘ Clearky H Compute k; Cleark, Compute k; concentrations Compute ks Compute kg Compute ks Conc(e"r::;mns
Transfer input data to GPU KeneAgxecution Transfer results to CPU Write results to file
(for each stage)

Figure 1 — Architecture of Shared Memory Usage in a CUDA-Based Kinetic Solver

Figure 1 illustrates the architecture of shared memory usage in a CUDA-
based kinetic solver. The scheme shows the interaction between the host side,
where input kinetic data and control operations are prepared, and the device side,
where the main parallel computations are performed on the GPU. Input data,
including reaction rate constants, stoichiometric coefficients, and component
concentrations, are transferred from CPU memory to GPU global memory. During
kernel execution, each CUDA thread processes the contribution of an individual
reaction, while frequently used concentration data are loaded into shared memory
to reduce global memory access latency.

The figure also shows the role of registers for storing temporary thread-local
variables and the use of block reduction to accumulate partial reaction contributions
inside a CUDA block. After block-level summation, the final contribution is added
to global memory using atomic operations. This organization reduces the number
of global memory atomic operations and improves the overall performance of the
kinetic solver. The lower part of the diagram presents the fifth-order Runge—Kutta
time integration sequence and the general workflow: transferring input data to
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GPU memory, launching the kernel, transferring results back to CPU memory, and
writing the results to a file.

In the variant using shared memory, frequently used data, in particular
component concentrations, are first loaded into the fast memory of a thread block.
Shared memory reduces the number of accesses to global memory and accelerates
computations. In addition, partial summation of reaction contributions can be
performed inside the block, after which the final value is added to global memory
with fewer atomic operations.

Results. Table 1 presents the results of comparing computation time on CPU
and GPU for mechanisms of different sizes.

Table 1 — Change in computation time depending on mechanism size

Number | Number | CPU time GPU time, GPU time, | Global | Shared
of com- | of global memory | shared memory | memory
ponents | reactions memory speedup | speedup
33 118 24 5426 ms 8 s 784 ms 7s027ms |2.78 3.48
39 191 54 s 834 ms 125617 ms 9s705ms |4.35 5.65
52 245 2min4s418ms |21 s629 ms 16 s 021 ms | 5.75 7.77
61 301 3 min 30 s 468 ms |29 s 373 ms 20s981 ms | 7.17 10.03
66 376 Smin7s382ms |36s 169 ms 24 s 944 ms | 8.50 12.32
84 448 9 min 51 s 524 ms | 54 s 495 ms 36 s330ms | 10.85 16.28
103 565 18 min 42 s 217 1min20s946 |50s591 ms | 13.86 22.18
ms ms
162 1006 lh1llmin10s 2 min 49 s 740 Imin36s |25.16 44.02
032 ms ms 994 ms
493 2716 lday4h2min4 |21 min10s591 | 10 min51s | 79.43 154.89
s 796 ms ms 585 ms

The results show that for a small number of reactions, the GPU speedup
compared with the CPU is moderate. For example, for the mechanism with 33
components and 118 reactions, the speedup is 2.78 times when global memory is
used and 3.48 times when shared memory is used. This can be explained by the
fact that for a small computation volume, overhead costs related to data transfer
between CPU and GPU, kernel function launches, and thread synchronization
have a noticeable effect on total computation time.

As the mechanism size increases, GPU efficiency also increases. For 301
reactions, the speedup is 7.17 times when using global memory and 10.03 times
when using shared memory. For 565 reactions, the speedup reaches 13.86 and
22.18 times, respectively. This indicates that as the number of reactions increases,
the GPU begins to be used more efficiently, since the volume of parallel operations
increases.

A particularly significant increase in performance is observed for large
mechanisms. For the mechanism with 162 components and 1006 reactions, the
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CPU computation time was 1 hour 11 minutes 10 seconds 032 milliseconds. When
global memory was used, the GPU computation time decreased to 2 minutes 49
seconds 740 milliseconds, and when shared memory was used, it decreased to
1 minute 36 seconds 994 milliseconds. The speedup was 25.16 times for global
memory and 44.02 times for shared memory.

The most representative result was obtained for the mechanism containing 493
components and 2716 reactions. In this case, the CPU calculation took 1 day 4
hours 2 minutes 4 seconds 796 milliseconds. When using the GPU with global
memory, the time decreased to 21 minutes 10 seconds 591 milliseconds, and when
using shared memory, it decreased to 10 minutes 51 seconds 585 milliseconds.
Thus, the speedup was 79.43 times and 154.89 times, respectively.

Discussion. The obtained results confirm that the use of GPU is an effective
approach for solving large systems of chemical kinetics. As the number of reactions
increases, the computational load grows, and the parallel GPU architecture makes
it possible to distribute this load among a large number of threads. This trend
is consistent with modern studies in the field of GPU acceleration of chemical
kinetics and reacting flows (Barwey et al., 2021; Uranakara et al., 2023; Ghioldi
and Piscaglia, 2024; Mao et al., 2024; Rao et al., 2024; Cai et al., 2026).

One of the important factors affecting performance is memory organization.
In the global memory variant, each thread accesses data located in GPU global
memory. Although this memory has a large capacity, access to it has relatively
high latency. Therefore, when there are many threads and frequent accesses to the
same data, additional time costs arise.

Using shared memory reduces these costs. Since shared memory is fast memory
available to threads within a single block, its use is especially effective when
the same data are used repeatedly. In chemical kinetics problems, component
concentrations are used in the calculation of many reaction rates. Therefore,
loading concentrations into shared memory accelerates data access and reduces
the load on global memory.

In addition, when calculating concentration changes, it is necessary to sum the
contributions of a large number of reactions. If each reaction directly performs
atomic addition in global memory, this may lead to significant delays. The use of
block reduction allows partial summation to be performed first inside a block of
threads, followed by a smaller number of atomic operations. This approach also
contributes to improved performance.

Comparison of the two GPU variants shows that shared memory consistently
provides a shorter computation time than global memory for all considered
mechanisms. Moreover, the difference between them increases as the mechanism
size grows. For example, for 118 reactions, the shared memory speedup relative
to the CPU is 3.48 times, while for 2716 reactions it reaches 154.89 times. This
confirms that memory optimization is especially important for large chemical
kinetic systems.

It should also be noted that the efficiency of the GPU algorithm depends on
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the structure of the mechanism itself. The greater the number of reactions and the
greater the number of independent operations that can be performed in parallel,
the higher the potential speedup. In the case of Aramco Mech, a significant part of
the computations can be distributed among threads, which makes this mechanism
suitable for GPU acceleration.

Conclusion. This paper considered an approach to accelerating the calculation
of kinetic equations of combustion processes using GPU and CUDA technology,
following modern principles of high-performance computing, CUDA memory
hierarchy, and parallel implementation of chemical kinetics solvers (Dagum and
Menon, 1998; Nickolls et al., 2008; Stone and Davis, 2013; Niemeyer et al., 2017;
Zhang et al., 2019; Sarsembayev and Urmashev, 2019; Hwu et al., 2022). Based
on the Aramco_Mech mechanism, computation times were compared for CPU,
GPU using global memory, and GPU using shared memory.

The obtained results lead to the following conclusions.

First, the use of GPU significantly reduces the computation time of chemical
kinetic mechanisms compared with CPU computation. At the same time, the
advantage of GPU increases as the number of components and reactions grows.

Second, GPU memory organization plays a key role in improving performance.
Shared memory provides faster access to frequently used data and reduces the
number of accesses to global memory.

Third, the use of shared memory, atomicAdd, and block reduction makes it
possible to efficiently organize the accumulation of reaction contributions to
component concentration changes and to increase the overall performance of the
algorithm.

Fourth, for the mechanism containing 493 components and 2716 reactions, the
proposed GPU algorithm using shared memory achieved a 154.89-fold speedup
compared with the CPU calculation. This confirms the feasibility of using GPU
architecture to solve large systems of chemical kinetics.

Thus, the proposed approach can be used in modeling combustion processes,
studying alternative fuels, optimizing energy systems, and performing high-
performance scientific computations. Further development of this work may
be related to expanding the set of tested mechanisms, applying more complex
integration schemes, optimizing thread distribution, and adapting the algorithm
for multi-GPU systems.
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