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ABSTRACT In this study, a methodology for the
formation and immersive visualization of complex
physical and technical processes with latent
variables in a virtual reality (VR) environment is
developed in the form of a three-dimensional
spatial structural model. The research focuses on
the mathematical formalization of high-
dimensional latent space, its transformation into a
three-dimensional  representation, and the
implementation of real-time graphical rendering.

The relevance of the research is determined
by the growing demand for advanced visualization
methods capable of representing complex
multidimensional physical phenomena in an
intuitive and interactive format. Traditional
analytical and graphical approaches often fail to
effectively demonstrate the internal relationships
between hidden parameters and observable
variables. Therefore, the use of immersive virtual
reality technologies provides a new paradigm for
scientific visualization, allowing researchers and
students to explore complex physical processes
within ~ an interactive  three-dimensional
environment.

Within the proposed methodology, tensor
analysis, multidimensional statistical analysis
methods (PCA, t-SNE, UMAP), parametric
modeling approaches, and the finite element
method (FEM) were applied. In addition, graphical
pipeline mechanisms based on Unity 3D and
OpenGL were utilized to ensure efficient
visualization and interaction [1]. These
computational techniques allowed the
transformation of high-dimensional datasets into
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visually interpretable spatial structures while
preserving the essential informational relationships
between variables.

The dimensionality reduction techniques
used in the research played a crucial role in
converting latent multidimensional parameter
spaces into interpretable geometric structures.
Principal Component Analysis (PCA) was
primarily used to extract dominant variance
components from multidimensional datasets. At
the same time, nonlinear manifold learning
techniques such as t-SNE and UMAP were applied
to preserve local and global structural relationships
between data clusters. As a result, complex
physical processes characterized by numerous
hidden parameters could be represented as coherent
three-dimensional spatial patterns.

To ensure accurate modeling of physical
processes, the finite element method (FEM) was
incorporated into the simulation framework. FEM
enabled the discretization of continuous physical
systems into computational mesh structures
consisting of nodes and elements. This approach
allowed the precise modeling of dynamic processes
such as mechanical deformation, electromagnetic
interactions, and thermal distribution. The
generated mesh structures were subsequently
integrated into the virtual environment to provide a
realistic  representation of the simulated
phenomena.

An important component of the proposed
methodology is the development of a parametric
structural model capable of dynamically adapting
to variations in the underlying physical parameters.
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Parametric modeling techniques enabled the
generation of continuous geometric surfaces from
discrete data points, which significantly improved
the smoothness and visual interpretability of the
generated models. This approach also allowed real-
time manipulation of model parameters within the
VR environment, enabling interactive
experimentation with physical variables.

The graphical implementation of the
visualization system was carried out using the
Unity 3D engine combined with low-level
rendering mechanisms provided by OpenGL. The
graphics pipeline was optimized to support real-
time rendering of large-scale mesh structures and
complex geometric configurations. GPU-based
rendering techniques, including vertex buffering,
shader optimization, and level-of-detail (LOD)
algorithms, were implemented to ensure stable
performance during interactive simulations.

The results demonstrate that the developed
algorithmic approach enables the visualization of
mesh structures containing from 10,000 to
1,000,000 nodes at a rendering speed of 30-60
FPS. Furthermore, tensor-based analysis allowed
the dimensionality of the latent space to be reduced
by approximately 15-20%, which significantly
improved computational efficiency [2]. This
reduction not only decreased memory consumption
but also enhanced the responsiveness of the
visualization system during interactive exploration.
Experimental evaluation of the system showed that
immersive visualization significantly improves the
interpretability of complex datasets compared to
conventional ~ two-dimensional  visualization
methods. Users interacting with the VR
environment were able to identify structural
relationships and dynamic changes in the simulated
processes more efficiently. The ability to navigate
through the three-dimensional representation and
manipulate parameters in real time created new
opportunities for scientific analysis and educational
applications.

In addition, the immersive nature of the
virtual environment enables a more intuitive
understanding of spatial relationships between

system components. Researchers can observe the
evolution of physical processes from multiple
perspectives, analyze hidden correlations between
parameters, and interactively modify simulation
conditions. Such capabilities are particularly
valuable in fields such as physics, engineering,
computational  mechanics, and data-driven
scientific modeling.

Overall, the proposed methodology provides an
effective framework for transforming complex
multidimensional datasets into interactive three-
dimensional visual structures within a virtual
reality environment. The integration of advanced
mathematical modeling techniques with modern
real-time graphics technologies creates new
opportunities for the analysis, interpretation, and
educational presentation of complex physical and
technical systems.

Keywords: latent processes, spatial modeling,
virtual reality, immersive visualization, tensor
analysis, multidimensional data, real-time
rendering, structural model, FEM, Unity 3D.

Introduction: In modern science and
engineering, the study of complex systems often
involves factors that cannot be directly observed
but significantly influence system dynamics. Such
factors are considered latent variables. They
determine the macroscopic behavior of a system;
however, they cannot be directly measured or
visually observed.

Latent variables are widely encountered in
many scientific domains, including physics,
engineering systems, data science, and complex
technological processes. These hidden parameters
often arise from internal interactions, stochastic
fluctuations, or multidimensional dependencies
that are difficult to isolate through direct
experimental measurement. As a result,
understanding the influence of latent variables
requires advanced analytical and visualization
approaches capable of revealing the internal
structure of complex systems.

Traditional mathematical and graphical
representation methods generally describe latent
processes using two-dimensional graphs, sectional
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diagrams, or differential equations. However, such
approaches are often insufficient for a deep
understanding of complex spatial structures. Two-
dimensional visualization techniques tend to
simplify multidimensional relationships, which
may lead to the loss of important structural
information. In many cases, complex interactions
between system parameters cannot be effectively
interpreted when presented only in static graphical
form.

Furthermore,  conventional  analytical
models often represent complex processes through
abstract mathematical formulations that are
difficult to interpret intuitively. While differential
equations and numerical simulations provide
accurate quantitative descriptions, they do not
always offer clear visual insight into how different
system parameters interact within
multidimensional space. This limitation becomes
particularly significant when analyzing systems
with high-dimensional parameter spaces or
nonlinear interactions.

Virtual reality technologies offer a new
approach to addressing this problem. A VR
environment allows the user to be immersively
placed inside a three-dimensional spatial model,
enabling interactive control of parameters and real-
time observation of process evolution [3]. By
transforming abstract mathematical structures into
spatially interpretable visual forms, virtual reality
provides a powerful tool for exploring complex
scientific phenomena.

One of the key advantages of VR-based
visualization is the ability to represent
multidimensional datasets as spatial structures that
can be explored interactively. In such
environments, users can navigate through the
virtual space, examine relationships between
different variables, and observe the dynamic
behavior of simulated processes from multiple
perspectives. ~ This  interactive  capability
significantly enhances the analytical potential of
visualization systems compared to traditional static
representations.

In addition, immersive visualization
improves  cognitive  perception of spatial
relationships and dynamic system behavior.
Human perception is naturally adapted to interpret
three-dimensional environments, making VR-
based visualization particularly effective for
representing complex geometric and physical
structures. By interacting with virtual models,
researchers and students can gain a deeper
understanding of system behavior, parameter
dependencies, and hidden patterns that may remain
unnoticed in conventional graphical
representations.

Another important advantage of VR
technology is the possibility of integrating real-
time simulation with interactive visualization.
Computational models describing complex
physical processes can be directly connected to a
virtual environment, allowing users to manipulate
parameters and instantly observe their influence on
the system. This interactive feedback loop enables
a more intuitive exploration of system dynamics
and supports experimental analysis within a
simulated environment.

Therefore, the integration of virtual reality
technologies  with  advanced  mathematical
modeling and data analysis methods represents a
promising direction for modern scientific
visualization. Such an approach not only enhances
the interpretability of complex data but also opens
new opportunities for research, education, and
engineering applications involving
multidimensional physical and technical systems.

Research problem: How can physical
processes with latent variables be represented as a
three-dimensional spatial structural model and
visualized interactively in real time within a virtual
reality (VR) environment?

This general problem can be divided into
three main directions:

1. ldentification and Dimensionality
Reduction of Latent Space

In complex systems, latent variables exist in
a high-dimensional space. The main objective of
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dimensionality  reduction is to minimize
information loss while preserving the essential
structure of  the  data. Transforming
multidimensional data into a three-dimensional
representation requires scientifically grounded
transformation operators and analytical approaches
[4].

2. Parametric Modeling

The formation of a continuous spatial
model from discrete experimental data relies on
interpolation, regression, and parametric surface
construction methods. The resulting model should
be structured as a dynamic mesh capable of being
updated in real time [5].

3. Real-Time Rendering

For an effective immersive experience in a
VR environment, a rendering speed of at least 60
FPS is required. Rendering large-scale geometries
through optimized GPU-based graphical pipelines
represents a key technical challenge [7].

Purpose and objectives: The purpose of
this research is to develop the scientific and
methodological foundations for the formation of
latent processes as a three-dimensional spatial
structural model in a virtual reality environment
and their interactive graphical visualization. The
study aims to establish an integrated framework
that ~ combines mathematical modeling,
multidimensional data analysis, and immersive
visualization technologies in order to represent
complex physical and technical processes in an
intuitive and analytically meaningful form.

In achieving this purpose, special attention
is given to the transformation of high-dimensional
latent parameter spaces into spatially interpretable
three-dimensional models that can be explored
interactively within a virtual environment. The
research also seeks to develop mathematical
mechanisms capable of constructing continuous
parametric spatial structures from discrete datasets
obtained through computational simulations or
experimental measurements.

Another important objective of the study is
the creation of efficient graphical rendering
mechanisms that enable real-time visualization of

large-scale mesh structures within a virtual reality
environment. By integrating modern graphical
pipelines and GPU-based rendering techniques, the
research aims to ensure stable and responsive
visualization performance suitable for immersive
scientific analysis.

Furthermore, the research is intended to
demonstrate the potential of immersive virtual
environments as an effective tool for the
exploration and interpretation of multidimensional
scientific data. Through interactive manipulation of
model parameters and real-time observation of
system dynamics, users are able to gain deeper
insight into the relationships between latent
variables and observable physical processes.

Ultimately, the study aims to contribute to
the advancement of scientific visualization
methodologies and to expand the application of
virtual reality technologies in scientific research
and education. The developed framework is
expected to provide new opportunities for
analyzing complex systems, improving the clarity
of multidimensional data interpretation, and
supporting the development of interactive
educational environments based on immersive
technologies.To achieve this goal, the following
objectives were defined:

» to systematize the theoretical foundations of
latent processes;

» to analyze algorithms for latent space
dimensionality reduction;

» to develop a method for constructing a
parametric spatial model;

» to implement optimization techniques for
real-time rendering;

» to design a multidimensional visual
encoding strategy;

» to develop interactive analysis tools;

» to evaluate the efficiency of the proposed
model through practical experiments.

Scientific novelty of the research: A new
conceptual approach for the formalization of
physical processes with latent variables in the form
of a spatial structural model is proposed. This
approach is based on the integration of
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mathematical modeling techniques with modern
visualization technologies, allowing hidden
multidimensional relationships between system
parameters to be represented within a coherent
three-dimensional  spatial  framework.  The
proposed concept enables the transformation of
abstract analytical descriptions into interpretable
geometric structures, which can be interactively
explored within a virtual environment.

A model for transforming high-dimensional
latent space into a three-dimensional representation
based on a combined algorithmic approach has
been developed. The transformation mechanism
integrates dimensionality reduction algorithms,
tensor-based data analysis, and geometric mapping
techniques in order to preserve the essential
structural relationships between variables while
reducing computational complexity. As a result,
complex multidimensional datasets can be
converted into spatially interpretable models
without significant information loss.

A mathematical mechanism for
constructing a continuous parametric spatial model
from discrete data has been proposed. The
mechanism relies on parametric interpolation and
surface reconstruction techniques, which enable
the generation of smooth geometric structures from
discretized datasets. This approach makes it
possible to represent physical processes
characterized by discrete measurements as
continuous spatial models, thereby improving both
visual interpretability and analytical precision.

The  proposed  methodology  also
incorporates  adaptive  parameter  control
mechanisms that allow the spatial model to
dynamically respond to changes in the underlying
data structure. Through the application of
parametric modeling principles, it becomes
possible to adjust the geometric configuration of
the model in real time, enabling users to observe
the influence of individual parameters on the
overall system behavior.

In addition, an optimized graphical
architecture for real-time visualization of large-
scale mesh structures in a virtual reality

environment has been designed [9]. The
architecture utilizes modern GPU-based rendering
techniques and optimized graphical pipelines to
ensure efficient processing of complex geometric
datasets. Special attention has been given to
memory management, shader optimization, and
level-of-detail  (LOD) algorithms,  which
significantly improve rendering performance when
visualizing large mesh structures.

The developed visualization framework
allows the interactive rendering of spatial models
containing a large number of nodes and elements
while maintaining stable frame rates suitable for
immersive virtual environments. Such performance
optimization is particularly important for real-time
scientific visualization, where the responsiveness
of the system directly influences the effectiveness
of analytical exploration.

Overall, the proposed conceptual and
computational framework provides a robust
foundation for representing complex physical and
technical processes within immersive three-
dimensional  environments. By  combining
advanced mathematical modeling methods with
modern real-time visualization technologies, the
approach significantly enhances the ability to
analyze multidimensional data structures and
supports the development of next-generation
scientific visualization systems.
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Figure 1. Increase in the efficiency of VR-based
modeling of latent processes.
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Formation of the theoretical model: The
latent process is formalized as follows:
Z=f(X,0) [1]

Where:

X — the space of observable parameters

0 — system parameters

Z — the latent variable space

Transformation of a high-dimensional
space into a three-dimensional representation:

2'=T(Z), dim(Z")=3 [2]
Where:
T — the transformation operator that

projects the space into a three-dimensional
representation.

The parametric model is expressed as
follows:

S(uvw)=3P,BUB(MBM [

Virtual reality platforms enable users to
directly interact with elements of a three-
dimensional spatial model. Through interactive
control mechanisms, the parametric nodes of the
model can be dynamically modified, allowing the
internal latent structure of the system to be
visualized in real time.

Each structural component is organized
based on a system of geometric relationships, while
its parametric state is modified through coefficients
controlled by the user. Such an approach allows the
hidden relationships of complex processes to be
perceived at an intuitive level. As a result,
structural interdependencies that are often not
visible in traditional two-dimensional graphical or
analytical ~ representations  become clearly
observable through the spatial model [6].
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- Masofa: 1.40m
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Figure 2. Visualization of latent physical
processes in virtual reality.

An immersive environment enables the
user to be placed inside the model, allowing
multidimensional data to be perceived spatially.
This significantly reduces cognitive load during the
analytical process and improves the efficiency of
understanding complex systems.

The present research is not limited to
theoretical modeling only; it was developed within
the framework of a practical project aimed at the
broader integration of virtual reality technologies
into the educational process.

Based on the proposed methodology, it
became possible to visualize complex processes in
various scientific disciplines in a spatial form. The
following fields were considered as the main
application domains:

Physics — electromagnetic  fields,
guantum systems, mechanical oscillations, and
wave processes;

Chemistry — molecular structures,
reaction kinetics, and crystal lattices;
Biology and Genetics — intracellular

structures, genetic recombination processes, and
biomolecular interactions;

Astronomy — orbital dynamics and multi-
body gravitational systems;

Engineering Systems — heat transfer,
deformation processes, and material structures.

In many of these disciplines, the studied
processes are highly abstract and multidimensional
in nature, which makes them difficult to fully
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comprehend using traditional  presentation
methods. In contrast, a VR-based spatial model
enables learners to intuitively perceive the internal
structure of such processes, thereby enhancing the
effectiveness of scientific understanding and
analysis [3].

Conclusion: As a result of the study, the
scientific and methodological foundations for the
formation of complex physical and technical
processes with latent variables as a three-
dimensional spatial structural model in a virtual
reality environment were developed. The research
demonstrated that the integration of mathematical
modeling techniques with immersive visualization
technologies provides an effective framework for
representing multidimensional physical
phenomena in an intuitive and analytically
meaningful form.

The proposed approach made it possible
to achieve the following results. First, the
transformation of high-dimensional latent space
into a three-dimensional representation without
significant information loss was successfully
implemented. This transformation allowed hidden
multidimensional relationships between system
parameters to be visualized in a spatially
interpretable format while preserving the structural
integrity of the original data.

Second, a mathematical mechanism for
constructing a continuous parametric model from
discrete data was developed. This approach
enabled the generation of smooth spatial structures
from discrete datasets obtained through numerical
simulations or experimental measurements. The
parametric modeling technique significantly
improved the visual continuity and analytical
interpretability of the generated models.

Third, the research demonstrated the
possibility of real-time visualization of large-scale
mesh  structures within a virtual reality
environment. Through the optimization of
graphical rendering algorithms and efficient use of
GPU resources, complex geometric models
containing a large number of nodes and elements

could be displayed interactively  without
compromising system performance.

Fourth, the implementation of interactive
scientific  analysis  within an  immersive
environment was achieved. The developed
visualization system allows users to explore spatial
models from different perspectives, manipulate
parameters in real time, and observe the dynamic
evolution of simulated processes. This capability
significantly enhances the analytical potential of
visualization systems and supports more intuitive
interpretation of complex datasets.

The obtained results confirm that
immersive visualization technologies can serve as
an effective tool for the analysis and interpretation
of multidimensional scientific data. By
transforming abstract mathematical structures into
interactive spatial representations, the proposed
methodology facilitates a deeper understanding of
complex physical and technical processes.

The proposed methodology is significant
not only for the field of scientific visualization but
also for the development of modern educational
technologies. The integration of immersive virtual
environments into educational systems creates new
opportunities for interactive learning, allowing
students to observe and explore complex scientific
phenomena in a visually intuitive manner. Such
approaches contribute to the improvement of
conceptual understanding and support the
development of innovative digital learning
environments.

Overall, the research provides a
comprehensive methodological framework for the
representation, analysis, and visualization of
complex systems characterized by latent variables.
The proposed approach can be applied in various
scientific and engineering domains where
multidimensional data analysis and spatial
interpretation of complex processes are required.
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