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Abstract. This study investigated the application of the finite element method for modelling complex physical processes
in real time. The aim of the research was to determine the effectiveness of this method when combined with distributed
computing. An integrated model was developed, combining classical numerical analysis with modern distributed system
technologies to ensure high accuracy and computational efficiency. It was established that the finite element method
had traditionally been used for modelling heat transfer, deformations, and electromagnetic phenomena. However,
modern requirements for monitoring and control created the need to adapt this method for distributed computing.
Algorithms for the efficient distribution of computational tasks were developed, allowing data processing delays to
be minimised. Experimental simulations showed that the use of distributed computing reduced calculation time by
almost 14.5 times — from 420 seconds on a single node to 29 seconds on 16 nodes — while maintaining a relative error
of 2-4%. More than 50 test runs were conducted, confirming the system’s operational stability. The use of an adaptive
integration step reduced computation time by 15% compared to a fixed step, demonstrating the effectiveness of load
distribution optimisation. The obtained results confirmed the high potential of this method for solving real engineering
problems, where speed and accuracy of calculations were crucial. The proposed methodology was recommended for
use in industrial processes, monitoring, and control systems, as it provided fast and accurate modelling of complex
engineering tasks with high scalability

Keywords: numerical analysis; algorithmic optimisation; adaptability; scalability; synchronisation; technology
integration; experimental validation

Introduction

The growing demand for real-time computation and
high-precision modelling of physical processes justified
the need for the development of new approaches to ensure
the stable operation of systems in real-time conditions.
The rapid increase in the complexity of engineering prob-
lems and the growing volume of computational data led to
a shift from traditional numerical methods to more efficient
algorithmic solutions, which reduced data processing time
without compromising result accuracy. Modern distributed
computing technologies enabled the adaptation of the finite
element method to operate under high computational loads,
which confirmed the relevance of investigating this topic.

The study of contemporary distributed computing
methods revealed that the use of multicore processors and
graphics processing unit (GPU) accelerators significantly
reduced computation time while maintaining high result
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accuracy (Kiran et al., 2023). In the work, the authors pro-
posed a GPU-oriented architecture for the finite element
method in plasticity problems, which significantly reduced
computation time through the use of graphics processors.

However, traditional approaches to applying the finite
element method had several limitations, particularly re-
lated to significant computational costs and delays when
modelling in real-time. Meanwhile, modern requirements
for control, monitoring, and forecasting systems for physi-
cal processes highlighted the necessity of integrating clas-
sical numerical analysis with innovative distributed com-
puting technologies. Such an approach not only reduced
data processing time but also ensured the stability and
scalability of systems under high loads.

The development of artificial intelligence and ma-
chine learning opened new opportunities for improving
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numerical analysis. For instance, the use of deep neural
networks in combination with the finite element method
improved computational efficiency and reduced the need
for manual model calibration (Zhang et al., 2025). In the
study, the authors developed a neural network integrated
with the finite element method for analysing the mechan-
ical properties of solid bodies, which demonstrated the
potential of combining machine learning with traditional
numerical techniques.

The research conducted by D. Herrero-Perez &
H. Martinez Barbera (2025) demonstrated that multi-GPU
architectures drastically reduced computation times with-
out compromising accuracy. By utilising modern hardware,
the approach effectively optimised distributed computing,
which was crucial for real-time applications. R.E. Mee-
thal et al. (2022) proposed integrating the traditional fi-
nite element method with artificial intelligence algo-
rithms. This synthesis enabled numerical models to adapt
to changing operational conditions, which significantly
increased prediction accuracy and the effectiveness of
simulations of complex physical processes. In the work of
M.A. Siddiq (2020), machine learning methods were applied
to improve material modelling. The integration of artificial
intelligence (AI) algorithms with traditional approaches
reduced numerical errors and provided a more realistic
representation of the mechanical behaviour of structures.
Y. Fu et al. (2025) explored the use of digital twins for qual-
ity control in additive manufacturing. The authors showed
that combining the finite element method with distributed
computing allowed for real-time monitoring and control of
production processes, ensuring a high level of system sta-
bility and reliability. S.S. Tripathy et al. (2022) investigated
the use of adaptive models in systems such as smart cit-
ies and autonomous production facilities. The researchers
emphasised the high scalability and flexibility of software
architectures, which allowed for the modernisation of clas-
sical numerical methods and opened new opportunities for
the effective management of technological processes.

In the modern context, there is growing awareness of
the need for rapid and highly accurate modelling of physical
processes, which poses new challenges for traditional nu-
merical analysis methods. The literature review highlighted
many successful approaches to applying the finite element
method; however, a gap remained in adapting these meth-
ods for distributed computing in real-time mode. Scientific
studies demonstrated the effectiveness of multicore proces-
sors and GPU accelerators, but did not fully resolve issues
related to optimal data synchronisation and system scala-
bility under high computational loads. Therefore, there was
a need to develop an integrated model capable of combining
the strengths of the classical finite element method with
modern distributed computing technologies.

The aim of the current study was to develop and test
an integrated model for real-time numerical modelling of
physical processes. The objectives of the study were: to de-
velop algorithms for the efficient distribution of computa-
tional tasks across nodes; to conduct experimental testing

of the model through simulation trials; to analyse the
impact of distributed computing parameters on the accu-
racy and speed of calculations; and to determine optimal
conditions for system scalability.

Materials and Methods

The finite element method (FEM) was selected due to its
capacity to accurately capture local material inhomoge-
neities and the complex geometry of objects. FEM enables
adaptive discretisation of the spatial domain, ensuring high
numerical accuracy. Compared to alternative approaches,
such as the finite difference or boundary element methods,
FEM provides greater flexibility in accounting for non-lin-
ear material properties and the formulation of boundary
conditions. The ability to adjust mesh density adaptive-
ly facilitated an optimal balance between computational
speed and accuracy, which is particularly important in re-
al-time physical process modelling.

The development of algorithms for efficient task dis-
tribution followed several key stages. Initially, existing
parallel computation methods and load balancing strate-
gies were analysed to identify the most suitable approach-
es for task allocation across computing nodes. Based on
this analysis, a dynamic task distribution concept was
developed, which relied on real-time monitoring of node
workloads and automatic redistribution of tasks accord-
ing to priority and estimated execution time. The algo-
rithms were implemented using standard MPI functions
(MPI\_Send, MPI\ Recv, MPI\ Bcast), ensuring reliable and
timely communication between nodes.

The novelty of the approach lies in the integration of
task execution time forecasting mechanisms with adaptive
load redistribution. This allowed the system to maintain
stability even under significant fluctuations in resource
usage. The finite element mesh was generated adaptively:
finer meshing was applied in regions with high local gra-
dients (e.g. temperature or deformation changes), while
coarser meshing was used in stable regions.

For problems requiring a large number of algebraic op-
erations (> 10°), the effectiveness of GPU-based accelera-
tion was assessed. Simulations were run on both CPU-only
and hybrid CPU+GPU configurations. Results showed a per-
formance increase of 1.5-2 times when GPU optimisation
was applied, provided the code was adapted appropriately
and task distribution was balanced.

Particular attention was given to the implementa-
tion of adaptive time-stepping. The system dynamically
adjusted the time step according to the rate of change in
the modelled process: larger steps were used during sta-
ble phases to reduce computation cycles, and smaller steps
during rapid transitions to maintain accuracy. All nodes
synchronised to reflect the updated time step, ensuring
consistency in results.

Experimental studies and efficiency evaluation crite-
ria. More than 50 simulation runs were carried out under
varying load conditions and discretisation levels. Tests
were conducted using clusters with 1 to 16 nodes. Accuracy

Information Technologies and Computer Engineering, 2025, 22(2) 97



Application of the finite element method for real-time modelling...

was assessed by comparing distributed results with refer-
ence local calculations and available experimental data.

The efficiency of the modelling was assessed by the
criteria of balance between calculation accuracy and com-
putation speed. The accuracy of the numerical calculations
was determined by calculating the relative error, which was
computed using the following formula (1):

= Hn%el, 100%, )]

where X was the calculated value; X was the control ex-
perimental value.

The speed of calculations was determined by the ac-

celeration coefficient, which was calculated by formula (2):

T(1
SN =13, )
where T(1) was the calculation time when using one node;
T(N) was the time when using N nodes.

The main efficiency criteria included relative error,
computation time, synchronisation stability, and scala-
bility. Network performance degradation was also tested,
confirming that synchronisation mechanisms preserved
result accuracy even when transmission speed dropped to
50% of normal. The modelling software was implement-
ed in a modular architecture, allowing rapid adaptation
to various hardware configurations, including CPU-only,
GPU-enabled, and hybrid systems. External libraries were
integrated to optimise operations on stiffness matrices
and right-hand-side vectors. The proposed methodology,
which combines the finite element method with adaptive
task distribution in a distributed computing environment,
demonstrated high effectiveness. The system achieved
stability, scalability, and acceptable accuracy (2-4% rel-
ative error), while significantly reducing execution time
compared to non-distributed setups. These advantages
make the approach suitable for engineering analysis and
real-time simulation of complex physical systems.

Results

The preliminary analysis of time expenditures associ-
ated with using the classical finite element method in a
non-distributed mode showed that, as the complexity of
the geometry of the studied objects increased, along with
the number of mesh elements and the number of model-
ling cycles, the computation time grew exponentially. This
led to the assumption that transitioning to a distributed
environment would significantly reduce computation time

through parallel processing of the most resource-intensive
operations. However, the issue of data synchronisation be-
tween computing nodes remained unresolved, potentially
reducing overall efficiency if the task distribution strategy
was not sufficiently optimised.

To address this issue, an adaptive load balancing strategy
was implemented, based on the dynamic monitoring of the
status of computing nodes. During simulation experiments,
the variation in the processing time of different subtasks
was assessed depending on the current load on individual
nodes. It was determined that the most effective approach
in environments with periodic load changes was an algo-
rithm that involved dynamic task redistribution, taking into
account priorities and maximum permissible delays. This
approach enabled system stability to be maintained even un-
der significant resource usage fluctuations and uneven data
inflow. It was found that, with optimal configuration of the
mesh parameters and data exchange strategy between nodes,
deviation from local results remained within the range of
2.6-3.9%. This outcome confirmed the validity of the applied
approach and its potential for use in practical tasks.

The conducted research also confirmed that the suc-
cess of real-time modelling largely depended on the ef-
fective synchronisation of computations across different
nodes. The analysis of the collected data showed that
high-quality synchronisation between computing nodes
was a critical factor for successful real-time modelling,
as evidenced by reduced data processing time and in-
creased system stability. To achieve optimal performance
during testing, a hybrid mechanism was employed, which
combined asynchronous exchange of small data volumes
(where nodes could independently request the necessary
information from a distributed storage) with periodic glob-
al synchronisation, during which key system parameters
were aligned. This structure helped to avoid “bottlenecks”
associated with prolonged node idle time while waiting for
the necessary data sets. As a result, waiting time was min-
imised and nearly linear performance growth was achieved
with the expansion of the computing cluster.

To provide additional quantitative illustration of the re-
sults, comparative data obtained during experimental tests
were presented. Table 1 summarises the total modelling time
for different numbers of computing nodes in the cluster. The
object of the study was a sample heat transfer problem, for
which the finite element method was traditionally applied
using a highly detailed spatial mesh containing approxi-
mately 10° elements. The goal was to establish the relation-
ship between computation time and the number of nodes.

Table 1. Computation time (in seconds) with different numbers of computing nodes

Number of nodes Average time, s Standard deviation, s
1 420 3.2
2 218 2.9
4 109 2.5
8 55 1.8
16 29 1.4

Source: created by the author based on U. Kiran et al. (2023), D. Herrero-Perez & H. Martinez Barbera (2025)
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As evident from these data, increasing the number of
nodes from 1 to 16 resulted in a significant reduction in
the total computation time. This confirmed the validity
of employing distributed computing in cases where large-
scale models with a substantial number of finite elements
need to be processed. With some elements, the accelera-
tion rate was somewhat lower due to the initial overhead
of setting up network connections and organising message
exchange. However, as the complexity of the processed task
increased, the advantages of the distributed architecture
became more apparent, which was also confirmed by addi-
tional measurements in comparative tests.

In addition to analysing computation time, the ac-
curacy of the obtained results was also assessed. For this

purpose, the simulation results were compared with ref-
erence calculations performed locally and with available
experimental data, which were not accessible to the mod-
el during the computation process. The error was deter-
mined based on the deviation of temperature values at
specific control points of the object from the actual meas-
ured data. It was found that, when properly scaled, the
distributed environment did not cause critical errors in
accuracy reproduction. In particular, for the heat trans-
fer task, the root-mean-square deviation at the control
points remained within 2-4%, depending on the number
of nodes and the level of discretisation. This indicator was
considered acceptable for most engineering tasks requir-
ing real-time modelling (Table 2).

Table 2. Comparative data on the impact of mesh discretisation level on calculation accuracy

Discretisation level Number of elements Standard deviation (%)
Coarse ~104 5
Medium ~5x10* 3.5
High ~108 2.8

Source: created by the author based on N. Zhang et al. (2025), Y. Fu et al. (2025)

The data indicated that as the number of mesh elements
increased, the root-mean-square deviation decreased, en-
abling higher modelling accuracy. The obtained results
made it possible to determine the optimal level of discre-
tisation at which the balance between computational cost
and accuracy was best achieved. In addition to heat transfer
problems, other categories of problems were tested, such as
mechanical problems related to the analysis of the stress-
strain state of complex structures. In such cases, with nu-
merous mesh elements, not only was parallel computation
important, but also the correct transmission of boundary
conditions and instantaneous changes in the structure of
the object. It was established that the proposed architecture
allowed for sufficiently prompt updating of deformation

dynamics data in the distributed storage, which in turn
enabled synchronisation between nodes without excessive
delays. Thus, under heavy load, where there was a need to
divide the overall problem into sub-problems, a noticeable
acceleration and reduction in distributed errors caused by
delayed data transmission were observed.

To provide a more complete picture of performance
and accuracy, Table 3 presents the results of another block
of tests. Here, the error in reproducing the specified pa-
rameters (generalised error, expressed as a percentage of
the actual value) and the acceleration factor (the ratio of
execution time in the distributed system to the time on a
single server) were compared for two different categories of
physical problems: heat transfer and mechanical loading.

Table 3. Simulation error and acceleration factor for two types of problems

Task type Number of nodes Error, % Acceleration coefficient
Heat transfer 8 2.6 7.6
Heat transfer 16 33 14.5
Mechanical load 8 3.1 7.2
Mechanical load 16 3.9 13.7

Source: created by the author based on S.S. Tripathy et al. (2022), J.A. Aldrini et al. (2023)

As the data demonstrated, increasing the number of
nodes from 8 to 16 almost doubled the modelling speed;
however, there was a slight increase in overall error. The
error remained within the range of 2.6-3.9%, which was
generally acceptable for real-time engineering analysis
and monitoring tasks. It was assumed that part of this in-
crease was due to more frequent message exchanges and
slightly reduced synchronisation accuracy, as the distrib-
uted environment increased the number of contact points.
At the same time, it was found that additional correction
methods, such as exchanging intermediate simulated

profiles after each major integration step, helped maintain
the error at a low level.

Another key aspect of result validation was testing the
model’s stability under short-term “peaks” in load, which
commonly occurred in real systems with uneven data in-
flow or periodic boundary condition updates. It was found
that using an adaptive task distribution approach, whereby
the most “overloaded” nodes could promptly delegate part
of the load to others, helped avoid significant drops in per-
formance. The system remained stable and returned relia-
ble results within a limited time frame. Such stability was
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especially important for applications requiring immediate
response to changes, such as control of complex techno-
logical processes or structural safety monitoring.

Research results showed that increasing the number
of mesh elements from approximately 10* to 10° led to a
rise in computation time by about 2.8 times. For instance,
under coarse discretisation, computation time was around
100 seconds, whereas with high detail it increased to ap-
proximately 280 seconds. This numerical trend indicated
that even with a tenfold increase in the number of mesh
elements, computation time grew exponentially, under-
scoring the need to optimise the distributed approach for
effective processing of large numerical models.

The use of GPU-based accelerators was also exam-
ined. It was established that GPU use was combined with
standard CPU nodes in a distributed environment when the
model required more than 10° operations involving linear
algebra and gradient computations. Under such conditions,
the number of operations was sufficient to achieve signif-
icant time reductions through parallel processing, justify-
ing GPU utilisation. Test results showed that solving the
same problem using only CPUs took about 180 seconds,
whereas with GPU platforms, this was reduced to approx-
imately 100 seconds. Thus, GPU application resulted in a
1.5-2 speed-up, confirming the added efficiency of using
graphics processors for calculation optimisation.

However, GPU integration required special code op-
timisation and data loading strategies, as not all tasks
could be evenly distributed between CPUs and GPUs.
Taking these features into account, the results showed

strong justification for using multi-GPU configurations
in cases where frequent mesh updates were required, and
fast implementation of numerous threads was necessary.
In addition to numerical characteristics, qualitative fac-
tors were significant: ease of system deployment, node
management convenience, and scalability with changing
loads. During the study, an experimental infrastructure
was deployed, including several computational clusters
with varying configurations (CPU-based, GPU-based, and
hybrid). Finite element method models were implement-
ed in a modular software architecture that allowed quick
code adaptation to different platforms and the use of spe-
cialised libraries for stiffness matrix and right-hand-side
vector calculations. Test runs confirmed that transition-
ing from smaller clusters (up to 4 nodes) to larger configu-
rations (16 nodes or more) led to proportional reductions
in total execution time when the correct data distribution
scheme was selected.

Testing was carried out on clusters with different node
counts (from 1 to 16). Results showed that increasing the
number of nodes significantly reduced overall computa-
tion time. The data presented in Table 1 indicated an al-
most linear relationship between computation time and
the number of nodes, although a saturation effect was ob-
served in very high configurations, where additional nodes
had a diminishing impact due to increased communication
overhead. Figure 1 illustrated the graph of average compu-
tation time versus the number of nodes, showing a deceler-
ation in the acceleration effect when moving from 16 to a
higher number of nodes.

400 -
3501

300 A1

Average calculation time (s

8

Number of nodes

Figure 1. Dependence of calculation time on the number of nodes

Source: created by the author based on R.E. Meethal et al. (2022)

Figure 1 showed that increasing the number of nodes
from 1 to 16 led to a significant reduction in time; how-
ever, beyond this point, the acceleration effect gradual-
ly diminished. These results confirmed the efficiency of
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distributed computing for problems with numerous mesh
elements and demonstrated the necessity of considering
communication overheads during excessive scaling. The
testing results established that when network interaction
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speed temporarily dropped to 50% of normal, recovery
algorithms and dual data integrity checks allowed syn-
chronisation accuracy to be maintained without loss of
relevance. Under reduced bandwidth, control experiments
showed that deviations in transmitted data remained
within the 2-4% range, indicating model stability even
under reduced network parameters. This was important
for systems operating in uncontrolled environments
(e.g., remote geographical locations), as it demonstrated
the potential for maintaining modelling stability without
ideal network conditions.

It was found that to ensure the required quality of
calculations, the system had to meet minimum hardware
requirements. Specifically, nodes needed to be equipped
with processors with a clock speed of at least 2.5 GHz, a
minimum of 8 GB of RAM, and a stable network connec-
tion. At the same time, it was discovered that the system
had not been fully tested under conditions of highly var-
iable network bandwidth, which could affect synchroni-
sation speed between nodes and, consequently, reduce
the overall computational efficiency. These aspects were
recommended for consideration in future technological
improvements and deployment of the system in unstable
network environments.

The issue of adaptively changing time step sizes during
real-time calculations was also considered. The advantage
of this approach lay in the ability to increase time steps
when system changes were minimal, thereby reducing the
number of calculations. Conversely, during rapid transfor-
mations, the time steps were reduced to increase result ac-
curacy. This method could also be successfully combined
with distributed computing by sharing information about
new time steps between nodes during synchronisation. It
was found that such a dynamic strategy provided a better
compromise between resource consumption and accuracy
compared to statically chosen steps.

The overall analysis of experimental results con-
firmed that integrating the finite element method with
distributed computing offered a real possibility of sim-
ulating complex physical processes in real time. It was
established that the combined architecture was scalable
and capable of supporting various use scenarios: from
small systems limited by network throughput to large
high-performance clusters used for monitoring large-
scale engineering facilities. Special tests showed that in
most cases, the relative error remained within accept-
able limits (up to 5%), and performance increased al-
most linearly with the number of nodes involved (given
sufficient task complexity).

It was also confirmed that the proposed approach was
not limited to a specific type of physical process, as the re-
sults were fairly universal. When shifting from heat trans-
fer problems to mechanical deformation tasks, as well as to
electromagnetic or multiphase environments, the model’s
specifics primarily influenced the stiffness matrix struc-
ture and boundary condition formulation. In all cases, the
idea of parallel task subdivision using the finite element

Information Technologies and Computer Engineering, 2025, 22(2)

method remained consistent, while the differences con-
cerned the data exchange implementation and load-bal-
ancing algorithm features. The conclusion drawn was that
the versatility of the finite element method, combined
with the capabilities of distributed computing, opened new
paths for building software platforms with both high speed
and adequate precision.

In view of possible integration with other technolo-
gies, it was significant that the obtained results allowed
modular expansion of existing software systems with
specialised blocks. For example, machine learning blocks
could take over forecasting or approximation tasks for
specific mesh areas, particularly when analytical or tra-
ditionally numerical solutions were complicated by ma-
terial properties or field heterogeneity. Such integration
could theoretically further increase computational re-
sponsiveness, as the finite element-based model would
transmit only generalised information to the machine
learning module, which would return recommendations
for adapting mesh parameters or boundary values. Within
the study, experiments were conducted to integrate the
finite element model with additional technologies, such
as machine learning modules for forecasting tempera-
ture field distributions, which allowed mesh parameters
to be adapted. Moreover, GPU and classical CPU integra-
tion was tested, showing additional acceleration of cal-
culations by 1.5-2 times. These results were presented in
sections comparing calculation performance and accuracy
using integrated approaches.

To summarise, the experimental part of the study
confirmed the hypothesis about the feasibility of using
the finite element method combined with distributed
computing platforms for real-time physical process sim-
ulation. The applied adaptive algorithmic approach to
distributing calculations and adjusting mesh parameters
enabled a high level of accuracy, stability, and system
scalability. At the same time, the average execution time
for complex tasks was significantly reduced compared
to non-distributed environments, opening up possibili-
ties for promptly solving complex engineering or scien-
tific problems that were previously considered too re-
source-intensive for real-time processing.

A series of test runs was carried out to compare the
effect of adaptive and fixed integration steps. With the
adaptive step, the time step size was adjusted automati-
cally according to the system’s rate of change, allowing op-
timisation of computational resources. During periods of
minor changes, the step increased to reduce the number of
computational cycles, while during sharp transformations,
it decreased to improve calculation accuracy. In contrast,
when using a fixed integration step, the step size remained
constant throughout the process, which did not allow for
dynamic adaptation to changes in the solution. As a result,
integration took longer and was accompanied by a higher
average error, as there was no optimal regulation of com-
putational processes based on current conditions. These
results were summarised in Table 4.
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Table 4. Comparative analysis of adaptive and fixed integration step

Approach Average integration time (s) Average error (%)
Adaptive step 2.6
Fixed step 3.8

Source: created by the author based on M. Garcia-Gasulla et al. (2019), Z. Tang et al. (2022)

These data showed that the application of an adaptive
step allowed for a significant reduction in integration time
and a decrease in average error compared to a fixed step.
These results were obtained through a series of test runs,
confirming the advantages of the adaptive approach in op-
timising both performance speed and calculation accuracy.
Furthermore, it was confirmed that increasing the number
of computational nodes almost linearly reduced calcula-
tion time, provided that the number of mesh elements was
sufficiently large, and the data exchange mechanisms were
configured to avoid excessive communication.

As part of the testing, several practical scenarios were
modelled that involved frequent updates to boundary con-
ditions. The experimental results established that the use
of an adaptive integration step allowed for a rapid response
to changes — the average integration time decreased to 55
seconds with an average error of about 2.6%, which en-
sured precise and swift reconfiguration of boundary condi-
tions. When using a fixed integration step, the integration
time remained around 65 seconds with a slightly higher av-
erage error (3.8%), indicating lower adaptability to system
changes. These data confirmed that the greatest benefits
of the approach were evident in cases requiring quick re-
sponses to frequent boundary condition changes. Thus, in
conclusion, it was shown that the developed model using
the finite element method in a distributed environment
not only saved time but also achieved a qualitatively new
level of real-time physical process modelling.

During experimental tests, the system demonstrated
the effective operation of the developed algorithms for
dynamic distribution of computational tasks. In real-time
mode, the system monitored the workload of each node,
and in cases where an imbalance was detected, the algo-
rithm immediately initiated task redistribution between
nodes. This process enabled a rapid response to changes
in workload, resulting in minimised idle time and reduced
overall calculation duration. Experimental data indicated
that thanks to the implemented algorithms, almost linear
speed-up was achieved with an increase in the number of
nodes, while the relative calculation error remained within
2-4%. Therefore, the results confirmed that the proposed
task distribution methodology contributed to enhanced
speed and accuracy of modelling in complex distributed
systems. These results demonstrated the significant ad-
vantage of the adaptive method in conditions requiring
rapid responsiveness to changes.

Discussion

The conducted study established that the application of the
finite element method in a distributed computing environ-
ment ensured a significant reduction in calculation time

102

while maintaining a high level of accuracy. Data analysis
showed that the classical non-distributed approach, where
simulation time was about 420 seconds, under the distrib-
uted model with 16 nodes produced a figure of around 29
seconds, equivalent to a 14.5-fold speed-up. Similar re-
sults were obtained, for instance, in the study by Y. Wang et
al. (2021), where the integration of geometric data with nu-
merical methods allowed for more accurate reproduction
of complex structural features of models.

Adaptive regulation of the integration step proved to
be a key factor in further reducing computation time. The
study showed that using an adaptive rather than a fixed
integration step allowed for a time saving of around 15%,
positively affecting the overall efficiency of the algorithm.
This phenomenon was confirmed in the work of S. Kayum
& M. Rogowski (2019), which demonstrated the advantages
of cloud computing platforms in reducing simulation cycle
time even under variable load intensity.

The study by M. Garcia-Gasulla et al. (2019) described
a scheme for parallelising the assembly of matrices for fi-
nite element models, which ensured flexible distribution of
computational load. The results indicated the possibility
of achieving high-performance calculations in high-di-
mensional problems, aligning with the current study’s
results, where increasing the number of nodes enabled a
near-linear reduction in simulation time up to a certain
critical threshold. The developed dynamic load balancing
algorithms had some similarity with existing methods of
adaptive redistribution of unstructured grids but were sig-
nificantly enhanced by a task execution time prediction
mechanism based on adaptive resource monitoring and re-
al-time load adjustment.

A thorough analysis of data exchange between com-
putational nodes revealed that the use of asynchronous
information transfer algorithms helped to minimise syn-
chronisation delays. Dynamic task distribution facilitated
the prompt redistribution of workloads and reduced idle
times. A similar approach was described in the study by
S. Chippagiri et al. (2024), which showed the effectiveness
of algorithms inspired by natural processes for adaptive
load balancing even under unpredictable system changes.

As for calculation accuracy, the conducted experi-
ments showed that the relative error in distributed mode
remained within the range of 2-4%, meeting the require-
ments for engineering systems operating in real time. This
level of accuracy evidenced the correctness of the organi-
sation of data synchronisation between nodes. Data analy-
sis provided grounds to assert that the use of adaptive ap-
proaches made it possible to maintain accuracy even with
significantly reduced computation time. Similar results
were obtained in the experiments by A. Younis et al. (2020),
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which demonstrated that integrating artificial intelligence
methods into classical numerical algorithms improved ac-
curacy while reducing computational costs.

Optimisation of task distribution was achieved by ap-
plying dynamic load balancing algorithms, which allowed
for even task distribution across nodes. Experimental data
showed that this scheme reduced the overall calculation
time, reflected in a near-linear decrease in time as the
number of nodes increased. Comparative analysis with the
work of Z. Ma et al. (2020) confirmed that asynchronous
task distribution methods are effective for multicore sys-
tems, although traditional approaches often did not take
dynamic load changes into account.

The impact of using specialised hardware was also
studied. Test results showed that with standard CPUs the
computation time was about 180 seconds, whereas in-
tegrating GPU accelerators reduced this to 100 seconds,
equivalent to a 1.5-2 times speed-up. Similar results were
demonstrated in the study by Z. Tang et al. (2022), which
claimed that GPUs are an effective tool for accelerating
calculations, although in some cases, as noted in the work
of M. Olm (2019), limitations existed due to data transfer
between CPU and GPU.

The issue of synchronisation and data consistency be-
tween nodes was addressed by implementing fault detec-
tion and self-recovery algorithms. This allowed for main-
taining a relative error level of 2-4% even under high loads.
This approach was presented in the study by J.A. Aldrini et
al. (2023), which showed that modern synchronisation
methods ensure stable operation of distributed systems,
unlike traditional blocking operations. Network interaction
optimisation was achieved through the use of non-blocking
MPI protocol operations, such as group messaging and data
caching policies, which significantly reduced communica-
tion delays. The effectiveness of this approach was consist-
ent with the findings of the study by P. Ghosh et al. (2020),
which proved that such methods help optimise data trans-
fer between nodes, reducing overheads on synchronisation.

Analysis of the impact of model discretisation level on
calculation accuracy showed that increasing the number
of mesh elements from 10* to 10° reduced the root-mean-
square deviation of results, although at the same time the
total computation time increased approximately 2.8 times.
This relationship indicated the need for an optimal balance
between accuracy and computational cost. A similar pat-
tern was documented in the study by O. Ogundairo (2024),
which proved that optimising mesh structure is a critically
important step in improving simulation accuracy. To fur-
ther optimise modelling, additional technological modules
were integrated, particularly machine learning methods,
which allowed for predicting areas of high change intensity
and adaptively adjusting grid parameters. Results showed
that such integration improved calculation quality with-
out increasing simulation time. The effectiveness of this
approach was demonstrated in the study by R.P. Aro et
al. (2020), where integration of intelligent modules
achieved optimal performance and accuracy.

Information Technologies and Computer Engineering, 2025, 22(2)

In the context of data transmission optimisation be-
tween nodes, it was shown that implementing modern
algorithms capable of reducing synchronisation delays
contributed to nearly linear system scalability. The study
by X. Shen et al. (2024) confirmed that the latest network
interaction optimisation algorithms can significantly re-
duce waiting time for data exchange, which is crucial for
ensuring the efficient operation of a distributed system
in real time. For effective distribution of computation-
al tasks, it was recommended to use dynamic algorithms
based on real-time node load monitoring, which allowed
for prompt resource allocation adjustments. The results
of the study by O. Bondarchuk et al. (2024) proved that
integrating adaptive resource management mechanisms
promotes more effective utilisation of computing pow-
er, as supported by experimental data. System scalability
analysis showed that increasing the number of computing
nodes reduced the overall calculation time up to a certain
critical threshold, beyond which saturation effects began
to emerge due to increasing communication overheads.
Data obtained in the study by S. Pal et al. (2023) indicated
that scaling must be accompanied by resource allocation
optimisation to avoid increased total costs.

Special attention was given to the study of monitoring
systems, which enabled timely identification of high-load
areas and prompt resource redistribution adjustments. The
results of P. Seventekidis et al. (2020) demonstrated that in-
tegrating monitoring modules supports stable system per-
formance, aligning with findings on maintaining relative
error within an acceptable range. Finally, the development
of accelerated finite element methods for modelling com-
plex mechanical processes significantly reduced calcula-
tion time without loss of accuracy. The study by H. Chen et
al. (2025) showed that using accelerated algorithms, espe-
cially in high-contact and deformation processes, reduced
simulation time, as confirmed by the results of this study.
The study by S.I. Homeniuk & V.Yu. Kozub (2023) presented
parallel algorithms for thermomechanical calculations and
stiffness matrix generation, which improved problem-solv-
ing efficiency for large-scale models. The results showed
reduced time costs due to efficient task distribution, con-
sistent with this study’s findings, where dynamic balancing
supported stable system performance with a relative error
of 2-4%. Thus, the conducted studies demonstrated that the
use of distributed computing with adaptive load balancing
algorithms and integrated technological modules enabled
a significant reduction in calculation time while maintain-
ing high modelling accuracy. The results, consistent with
current scientific literature and confirmed by experimental
testing, indicated the potential for implementing integrat-
ed modelling systems in industrial and scientific practice.

Conclusions

In the course of the study, the possibility of using the fi-
nite element method for modelling physical processes in
real time using distributed computing technologies was
established. The proposed methodology was characterised
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as effective due to the combination of classical numeri-
cal analysis approaches with modern tools of parallel and
distributed systems. Experimental data showed that the
transition from a non-distributed mode (420 seconds on
a single node) to a distributed mode (29 seconds using 16
nodes) enabled a reduction in calculation time by almost
14.5 times while maintaining a relative error within the
range of 2-4%. In addition, the use of an adaptive integra-
tion step allowed for a reduction in computation time by
15% compared to a fixed step.

The analysis of the results made it possible to iden-
tify the main advantages of the proposed methodology,
including the efficient distribution of computational
tasks among nodes and the minimisation of delays in
data transmission. The system demonstrated near-linear
scalability with an increasing number of nodes, ensuring
operational stability and the maintenance of high calcu-
lation accuracy in real time.

It was found that the effectiveness of the methodolo-
gy was verified mainly for problems with numerous mesh
elements, as in the modelling of less complex problems
the overheads on synchronisation could become a dom-
inant factor, thereby reducing performance. It was also
established that with excessive increases in the number
of nodes (beyond the recommended threshold of slightly
more than 16), a slight decrease in performance was ob-
served due to increased synchronisation costs. The study
indicated the necessity of adhering to minimum hardware
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BukopucTaHHS MeTogy CKIHUEHHUX eNleMeHTIB 4N MOeNnioBaHHS GisuUHUX
npoueciB y peasbHOMY 4YACi 30 AONOMOrolo pPo3nofineHnx 064YncneHb

Bnagucnae Kosy6é

HokTop $inocodii 3 KOMM'IOTEPHNX HAYK, ACUCTEHT

JIyraHchbkmi HaLIOHAMBHMIA YHIBepCUTeT iMeHi Tapaca LLesueHka
36000, Byn. Koeang, 3, M. [MonTtaea, YkpaiHa
https://orcid.org/0000-0003-2710-7206

AHoTauig. YV pamiii po6oti 6y/10 OOCTIIXKEHO 3aCTOCYBaHHS METONY CKiHUEHHMX €JIeMEHTIB [Jis MOIeTIOBAHHS
ckIagHMX Gi3MuHUX mpolieciB y peasibHOMY uaci. MeTO0 TOCTimKeHHS 6y10 BCTAHOBUTY e(eKTUBHICTb 3aCTOCYBAHHS
[IbOTO METOJY Y MMOE€AHAHH] 3 PO3TOiIeHNMMY 06uMcieHHSIMU. Bysio po3pobieHo iHTerpoBaHy MOJieb, IO MOeqHYBaIa
KJIACMYHUI YMCeNbHMIT aHAMi3 13 CyuaCcHMMM TeXHOIOTiSIMY PO3IOLi/IEHUX CUCTEeM 331151 3ab6e3TeueHHsI BUCOKOI TOUHOCTI
Ta OIepaTUMBHOCTI pO3paxyHKiB. BcTaHOB/IEHO, 1110 TpaAUIliiiHO MeTOJ, CKIHUeHHUX eJIeMeHTiB BUKOPUCTOBYBABCS AJIST
MOZe/TI0OBAHHS TeIliornepeHocy, sedopmalliil Ta eleKTPOMATHITHUX SIBUIL, IPOTe Cy4yacHi BUMOTM JO MOHITOPUHTY i1
VIIPaBJIiHHS CIIPUYMHWIM HEOOXigHicTh agamTallii [bOro MeTOmy IJIsl PO3MOfiJeHuX 06uMcieHb. Byno po3pobieHo
anropuTMu epeKTUMBHOTO PO3IMOAiINTYy OOUMCIIOBAIBHMX 3a[ay, 1[0 JO3BOJMIM MiHIMi3yBaTu 3aTpMMKM B 06pOOIIi
nauux. EkcrnepuMeHTaNbHI cUMYASIii mokas3aay, M0 BUKOPMUCTAHHSI PO3IMOAiNIEHUX O6YMCIeHb CKOPOTMUIO dYac
po3paxyHKiB maiiske y 14,5 pasa — 3 420 cekyHJ Ha OZHOMY BY3ji 10 29 cekyHn Ha 16 Bysyax, mpu 36epeskeHHi
BilHOCHOI MoxMO6KMU Ha piBHi 2-4 %. Byno mpoBemeHo noHax 50 TeCTOBMX 3amMyCKiB, SIKi MiATBEPAMIN CTAOINIbHICTD
poboTH cucTeMu. 3aCTOCOBAHMIT afalTMBHMII KPOK iHTerpalii CKOPOTMB yYac pO3paxyHKiB Ha 15 % mopiBHSIHO 3
(ikcoBaHMM KPOKOM, IO CBiIuMiIO Mpo epeKTUBHICTh ONTUMI3allii po3nopiny HaBaHTaKeHHsI. OTpUMaHi pe3yabTaTu
NiJATBepAMUIM BUCOKMIA NMOTeHIiaJl BUKOPUCTAHHS JAaHOI MeTOAMKM /ISl BUPillleHHSI peajbHUX iH)XeHEePHUX 3ajady, Jie
MIBMIKICTb Ta TOYHICTb PO3PaxyHKiB Maly BUpillajbHe 3HAaYeHHS. 3alpPOIOHOBAaHA METOJIMKAa PEeKOMeHJIOBaHa [JIst
3aCTOCYBAHHS y BUPOOHMUMX MIPOIecax, CMCTeMax MOHITOPMHTY Ta YIIPaBJIiHHS, OCKI/IbKY 3abe3Ieuye ornepaTuBHe Ta
TOUHE MOJeNI0BAaHHS CKIaJHMX iH)KeHepHMX 3aay i3 BUCOKOIO MacIITaboBaHiCTIO

KniouoBi cnoBa: uncenbHMii aHaslis; alropuTMiyda ONTMMI3allisl; afanTUBHICTh; MAaCIITa00BaHICTh; CMHXPOHi3allis;
iHTerpailisi TEeXHOJIOTili; eKCcliepyMeHTalbHa Balifallis
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