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Abstract. The relevance of the study is conditioned by the growing use of virtual reality in education, medicine,
design and engineering systems, where traditional 3D models are often too resource-intensive for stable
interactive reproduction.The purpose of the study was to identify and test the effectiveness of complex adaptation
of digital objects to interactive spatial reproduction in conditions of limited hardware resources. The research
methodology combined theoretical analysis with experimental testing in Unity 2022.3 on the Meta Quest 2
platform with performance and visual quality assessment. The results of the study showed that direct use of
traditional 3D models in virtual reality is ineffective due to excessive load on hardware resources and instability
of scene reproduction. It was established that the highest efficiency is provided by complex adaptation, which
combines simplification of the polygonal grid, reduction of the volume of texture data, simplification of materials,
application of detail levels, and stage optimisation. After adaptation, the number of polygons in the studied
models decreased by 95-96%, and the volume of texture data - by 85-88%. In the test virtual environment, the
average frame rate increased from 42 to 85 frames per second, which confirmed a significant increase in scene
performance. However, the increase in performance was not accompanied by a critical loss of visual quality, since
the overall shape of objects remained at the level of 98-99%, and the level of visual immersion remained high.
The results of the study can be used by developers of virtual reality applications, computer graphics specialists,
teachers, designers, and engineers to create training simulators, architectural visualisation, medical simulators,
and technical virtual reality systems with increased performance and visual realism

Keywords: application of detail levels; simplification of the polygonal grid; interactivity; visualisation; level of
visual immersion; frame rate

INTRODUCTION

The growing use of digital immersive technologies in
education, cultural heritage, design, advertising, and
visual communications has highlighted the challenge of
effectively utilising 3D models in environments where
high frame rates, interactivity and visual realism are all
required simultaneously. For such systems, the geomet-
ric detail of the object itself is no longer enough, since
without special adaptation, even a high-quality model
can create an excessive load on the graphic subsystem,
worsen the stability of scene reproduction, and reduce
user comfort. That is why the use of three-dimensional
modelling in computer graphics is associated not only

with the creation of visually complex content, but also
with its rational adaptation to the requirements of inter-
active immersive environments. In the scientific Ukraini-
an discourse, the topic of three-dimensional content was
actively developed primarily in the pedagogical context.
S. Lytvynova (2022) showed that students’ readiness to
use virtual reality (VR) in the educational process de-
pended not only on access to digital tools, but also on
the development of the ability to work with immersive
content as a special type of learning environment. In
the subsequent research, S. Lytvynova (2024) found
that 3D content and 360-degree formats expanded the
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teacher’s didactic capabilities, but their effectiveness
directly depended on the quality of digital materials
preparation and their compliance with practical educa-
tional tasks. A.S. Derkach & I.A. Tverdokhlib (2024), ana-
lysing the state of study of three-dimensional modelling
in the Ukrainian school, noted that this area has already
gone beyond the narrow technical specialisation and
acquired the value of basic digital competence related
to engineering, medicine, manufacturing, and design.
S.0. Semerikov et al. (2024) expanded on this context
by proposing a training methodology for WebAR devel-
opment incorporating machine learning models, which
highlighted the increasing complexity of modern im-
mersive educational environments. P.P. Nechypurenko et
al. (2023) demonstrated the practical effectiveness of a
virtual chemical laboratory based on augmented reali-
ty to support students’ learning and research activities.
Together, these studies confirmed the high relevance of
three-dimensional and immersive environments in edu-
cation, but did not provide a specific explanation of how
detailed digital models should be adapted for stable
operation in VR.

A similar trend was observed in papers devoted to
digital spatial reconstructions, virtual expositions, and
visual communications. I. Tytarenko et al. (2023) proved
that digital instruments allowed reproducing historical
environments with a high level of spatial accuracy, and
three-dimensional modelling could act not only as a
means of visualisation, but also as a tool for research
reconstruction. N. Dumanskyi & N.Vovk (2025) stressed
that virtual and augmented reality technologies have
strengthened the possibilities of preserving, reproduc-
ing and popularising the cultural heritage of Ukraine,
especially in the face of military threats. M. Chernikov et
al.(2025), analysing multimedia virtual exhibition spac-
es, showed that not only technical characteristics were
crucial for the digital environment, but also aesthetic
integrity, navigation convenience, and emotional im-
mersion of the user. M.S. Strelchuk (2025) showed that
three-dimensional modelling in advertising products
was used as one of the leading means of forming a
visual image, and the combination of 3D graphics with
VR, augmented reality (AR) technologies, animation,
and gamification increased the emotional involvement
of the audience. All these studies convincingly sub-
stantiated the value of three-dimensional content for
education, culture, design, and communication, but the
issue of its quantitatively verified optimisation for VR
scenes remained insufficiently disclosed.

Another important area was formed at the inter-
section of three-dimensional scenes, digital interac-
tion, and new ways of presenting spatial information.
R. Partsey et al. (2025) found that text annotations ex-
pand the ability to interpret three-dimensional scenes
and enhance their semantic clarity in complex digital
environments. This indicated a growing interest not
only in creating 3D objects, but also in their structural
organisation and adaptation to new interaction formats.
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Together with above research papers, this pointed to a
significant gap: despite a significant interest in the ed-
ucational, cultural, design, and communication poten-
tial of three-dimensional content, Ukrainian studies did
not pay enough attention to the complex adaptation of
models specifically for interactive VR, where frame rate,
stage stability, textural rationality, and the preservation
of visual realism became critical.

Despite the scientific significance of the considered
studies, they do not sufficiently cover the issues of com-
plex adaptation of three-dimensional models to an in-
teractive environment VR, in particular, a quantitatively
verified combination of geometric, textural, material,
and scene optimisation to ensure high performance,
rendering stability and the preservation of visual real-
ism simultaneously. The purpose of this study was to
substantiate and experimentally test the effectiveness
of complex adaptation of 3D models for interactive re-
production in a VR environment under conditions of
limited hardware resources. The objectives of the study
were: to systematise the main approaches to optimising
3D models for VR environments; to experimentally ver-
ify the impact of comprehensive model adaptation on
performance, rendering stability, rendering latency and
hardware load within a VR scene; to assess the preser-
vation of the visual fidelity of the optimised models in
terms of geometric similarity, texture rendering quality,
perception of detail, and the level of visual immersion.

MATERIALS AND METHODS

The study was theoretical and empirical in nature and
combined the analysis of scientific sources with prac-
tical experimental testing of 3D models in the VR en-
vironment. At the first stage of the study, the material
of theoretical analysis involved the research papers
by S. Sukaridhoto et al. (2023), A. Geris et al. (2024),
R. Grande et al. (2024), X. Hu et al. (2025), G. Papaio-
annou et al. (2025), Y. Wang et al. (2025), and H. Zhang
& C. Peng (2026), which considered contemporary ap-
proaches to optimising 3D content for the VR environ-
ment. The choice of these sources was determined by
the fact that they covered the main areas of adaptation
relevant for this study, namely, simplification of the po-
lygonal grid, optimisation of textures and materials, use
of detail levels, organisation of rendering, and stage op-
timisation. Based on these studies, the theoretical ba-
sis of experimental design was established. Within this
stage, approaches to geometric optimisation, reducing
texture load, simplifying materials and visual effects,
applying levels of detail, and stage optimisation were
summarised. The theoretical analysis became the basis
for constructing an experimental design and selecting
technical parameters for further testing the effective-
ness of adapting 3D models.

The empirical part of the study was performed in
the Unity 2022.3 environment with integration under
the standalone VR platform Meta Quest 2. The original
models were created in Blender 3.6 in a highly polygonal
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format with maximum geometric detail and complex
physically correct textures, and then imported into Uni-
ty without prior optimisation. Further adaptation was
carried out using the built-in tools Mesh Optimiser,
Texture Compression, Automatic Level of Detail (LOD)
Generator, and Asset Store plugins focused on the re-
quirements of autonomous VR systems. The research
material consisted of four basic 3D models represent-
ing typical objects of virtual scenes: the chair model as
a static interior element, the tree model as a landscape
object, the building facade model as an architectural
element, and the anthropomorphic character model as
a dynamic object. This selection allowed covering var-
ious types of geometric complexity, texture saturation,
and functional purpose of objects in a VR environment.
At the first stage, all models were analysed in their
original state. At the second stage, a complex adapta-
tion was applied to them, which included simplifying
the polygonal grid, creating 3-4 levels of detail, com-
bining textures, using Adaptive Scalable Texture Com-
pression (ASTC), replacing some highly detailed colour
textures with normal maps and roughness maps, and
simplifying materials and programmes for calculating
visual effects.

To assess the impact of adaptation on performance,
a test scene was created that contained 120 objects
as a combination of four basic models and reproduced
a loaded VR environment of a mixed “interior + land-
scape” type. The measurements were performed in
standalone VR mode on Meta Quest 2 over 300-second
sessions. Tests were conducted on a standalone Meta
Quest 2 VR helmet in offline mode, without connecting
to a personal computer to render the scene. The de-
vice’s hardware platform included a Qualcomm Snap-
dragon XR2 system-on-chip, 6 GB of RAM, and a display
with a resolution of 1832x1920 pixels per eye, and
support for refresh rates of 60, 72, 80, 90 and 120 Hz.
The experiment used a 72 Hz mode because it met the
minimum target level of stable VR scene playback for
a standalone device. The internal memory of the test
device was 128 GB. During the experiment, third-party
background applications were closed, and scenes were
launched without streaming images from a person-
al computer. Graphics and CPU load, memory usage,
frame rate, and latency were recorded using Unity Pro-
filer and Oculus Performance Metrics. This configura-
tion allowed evaluating the effectiveness of the mod-
els’ adaptation specifically for a resource-constrained
standalone VR platform. The data collection tools were
Unity Profiler and Oculus Performance Metrics. De-
scriptive statistics were used to quantify the stability
of scene reproduction, in particular, the average Frame
Per Second (FPS) rate and the sample standard devi-
ation of FPS values. The standard deviation (SD) was
calculated based on a sequence of frame rate values
recorded during each 300-second test session using
Unity Profiler and Oculus Performance Metrics, using
the equation (1):

sp = [EEETE )
n—-1

where FPS; - frame rate value in the j-th time frame;
FPS - average frame rate value per session; n - number
of recorded values. A lower standard deviation value
was interpreted as higher rendering stability and lower
variability in VR scene performance. The analysis cov-
ered the average frame rate, the minimum frame rate at
the lowest values of 1%, graphics and CPU load, video
memory usage, scene loading time, and the delay be-
tween user movement and image refresh. In addition,
rendering stability, the proportion of frames with a con-
stant frequency of at least 72 FPS, and the standard
deviation of the frame rate were evaluated.

A combination of objective and subjective ap-
proaches was used to assess visual quality after adapta-
tion. Objective analysis included preserving the overall
shape of objects, silhouette characteristics, structural
similarity of textures, perception of small details at
different distances, integrity of the scene, and smooth
transitions between levels of detail. For this purpose,
the Chamfer Distance metric for geometric similari-
ty and the Structural Similarity Index Measure (SSIM)
metric for evaluating structural similarity of textures
in Unity Editor were used. The subjective assessment
was conducted in the format of a blind test with the
participation of 10 people, including 5 developers of
3D and VR content and 5 users with at least 6 months
of experience using VR applications. All participants
previously had basic experience working with the Meta
Quest 2 helmet, which reduced the impact of adapta-
tion to the device on the evaluation results. Scene com-
parisons were performed individually under the same
viewing conditions, and the order in which the original
and optimised scenes were shown was randomised for
each participant. Participants did not receive informa-
tion about which version of the scene was shown at a
particular moment, and after each viewing, they rated
the level of visual immersion, preservation of the shape
of objects, and overall perception of the environment
on a five-point scale. This design of the study helped to
simultaneously trace the impact of adapting 3D models
on the technical performance of the VR system and on
maintaining the realism of the scene.

RESULTS

In a VR environment, visualisation efficiency was asso-
ciated with the need to simultaneously provide high
frame rates, stereoscopic playback, and low power con-
sumption, especially for mobile and standalone devices.
In the current review of effective visualisation for VR,
rendering with resource concentration in the focus area,
stereoscopic rendering, cloud rendering, and energy-sav-
ing rendering were highlighted as key areas for reducing
computing load,and the role of increasing resolution and
intermediate frame generation technologies to improve
the efficiency of mobile VR systems (Hu et al., 2025). For
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large three-dimensional polygonal models, adaptation
to VR was mainly associated with a combination of levels
of detail and an approach focused on the central viewing
area. The study by H. Zhang & C. Peng (2026), dedicat-
ed to real-time visualisation of large three-dimensional
models with a concentration of computational resources
in the focus area, showed that when selecting the level
of detail, priority can be given to high geometric accuracy
in the central part of the field of view, while in other are-
as the complexity of the model decreased. This approach
was proposed specifically for VR scenes with very large
polygonal models, where conventional desktop visualis-
ation techniques created significant computational diffi-
culties after being ported to VR.

Maintaining visual realism in VR depends not only
on the model’s geometry, but also on the scene’s light-
ing. The study by G. Papaioannou et al. (2025) on ap-
proximate dynamic global lighting for VR noted that
lighting is an important component of visual immer-
sion, whereas for typical autonomous VR systems or
mobile platforms, dynamic lighting calculations remain
computationally complex. The proposed approach was
aimed specifically at mid-to entry-level graphics equip-
ment, which confirmed the need to adapt the visual
components of the scene to the limited resources of VR
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devices.At the level of stage organisation, the effective-
ness of VR adaptation was associated with a set of tech-
nical solutions, and not with one separate technique. In
the applied study by Y.Wang et al. (2025), the optimisa-
tion techniques included the reuse of a single graphical
representation of objects, batching of rendering calls,
simplification of the polygon mesh for levels of detail,
and culling of objects based on the viewing direction; it
was noted that it was precisely these measures that en-
sured a stable frame rate even in the presence of thou-
sands of objects of the same type. This gave grounds to
consider the effectiveness of 3D modelling in VR as a
result of matching the geometry, structure of detail lev-
els, and organisation of the scene visualisation process.

The difference between conventional 3D models
and VR-adapted models was mainly evident in the per-
formance requirements of the interactive environment. If
conventional models focus primarily on high image quali-
ty,then VR models should provide a stable frame rate, low
display latency, moderate load on the Graphics Process-
ing Unit (GPU), and a rational texture and material struc-
ture of the scene. That is why even a visually high-quality
model without optimisation is often not effective enough
for use in VR. The key differences between conventional
3D models and VR-adapted models are shown in Table 1.

Table 1. Comparison of conventional and VR-adapted 3D models

Comparison criteria Conventional 3D models

VR-adapted 3D models

Analytical assessment

High quality of an individual

Main purpose of frame, static or pre-calculated

Stable real-time scene playback

In VR, priority is shifted from
maximum detail to interactivity

texture files can be used

are transferred to normal maps

creation - e
visualisation and performance
. Reduced by simplifying Reducing polygonality is one
ngrpb%rncsaf withou'?:gfizthrlgs}jc}ictions the polygonal grid and of the main ways to improve the
polyg optimising LOD model’s suitability for VR
- Texture optimisation reduces
Large and numerous Tex.tures are Opt'mlsed’. memory and rendering load
Textures combined, and some details

without critical loss
of visual quality

Materials and
shaders

Often complex, focused
on maximum visual effect

Simplified, subject
to real-time restrictions

In VR, it is not the maximum
complexity of the material that
is important, but its
computational feasibility

Memory and GPU
loads

Increased, especially
in difficult scenes

Reduced by optimising digital
objects

For standalone VR devices,
this directly affects the
performance of the scene

Frame rate (FPS)

May decrease when porting
to VR

After optimisation, it increases;
the gain may be moderate,
but its value depends
on the complexity
of the scene, the type of device,
and the depth of optimisation

VR adaptation is directly related
to FPS stabilisation
and enhancement

Often higher due

After optimisation, it decreases;

This is especially important

in an isolated view

an acceptable similarity

Use the GPU to the excessive complexity the study recorded a decrease for autonomous VR systems
of digital objects by 6.73% and 11.72% with limited resources.
In a number of models, after
. . R . optimisation, the reduction
Visual quality Saved as much as possible Partially simplified, but retains of polygons by more than 99%

did not lead to a critical loss
of perceived quality

Suitability for an
interactive VR
environment

Limited without additional
adaptation

High with comprehensive
optimisation

VR model is evaluated as part
of the entire rendering system,
not as an isolated object

Source: created by the author based on S. Sukaridhoto et al. (2023), A. Geris et al. (2024), R. Grande et al. (2024), X. Hu et al. (2025)
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Analysis of the table showed that the key differ-
ence between conventional 3D models and VR-adapt-
ed models was the change in design priorities. In con-
ventional computer graphics, the focus on maximum
detail of shape, textures and materials prevails, while
in VR, the ability of the model to function stably in an
interactive environment without overloading the sys-
tem has become crucial. These characteristics showed
that VR adaptation included simultaneous reduction
of polygonality, optimisation of textures, simplification
of materials, and reduction of memory and GPU load.
It was this comprehensive restructuring of the model
that provided an increase in frame rate and rendering
stability, which became critical for a comfortable per-
ception of the virtual environment. However, the ad-
aptation did not lead to a sharp deterioration in visual
quality, since with the correct combination of geometric
simplification with texture maps and normal maps, the
model remained sufficiently realistic. It was particular-
ly significant that the optimised models showed not
only less resource load, but also better compliance with
the technical limitations of autonomous VR devices.

Optimisation of
3D models for
VR

This confirmed that the suitability of the 3D model for
VR was determined not by the absolute level of detail,
but by the balance between visual realism and com-
putational efficiency. Thus, the data confirmed that
VR-adapted models were functionally more efficient
than conventional ones, as they better met real-time
requirements, provided higher scene stability, and al-
lowed maintaining acceptable visualisation quality at
lower hardware costs.

The main areas of optimisation of 3D models for VR
covered several interrelated levels of adaptation, since
the effectiveness of the virtual environment was de-
termined not only by the geometric complexity of the
object, but also by the texture load, lighting parame-
ters, levels of detail, and the overall organisation of the
scene. That is why the effective adaptation of models
to VR was based on a complex combination of geomet-
ric, textural, visual, LOD, and scene optimisation, each
of which performed a separate function in reducing
computational costs and maintaining acceptable visual
quality. It is advisable to present these relationships in
the form of a diagram Figure 1.

) ) ) ) )
Geometric Texture Visual effects Levels of detail Stage
optimisation optimisation optimisation (LOD) optimisation
o . | | o
S N D [ N [ D B
Reduction in the . Shader Models with ) )
number of Ref:;::jc;z of simplification; varying levels of Merging objects;
polygons; resolution: material detail; hiding invisible
O lif cat ’ imisation: i elements;
Slmpllflcatlor.T of use of texture optimisation; adau';?nT:r?tcof B
the mesh; atlases; reduction in the S ) efficient scene
preservation of ¢ l complexity of difficulty level; construction
the overall t us€ of horma K shadows and adaptation to

model shape

maps

lighting

-

viewing distance

Figure 1. Main areas for optimising 3D models for VR

Source: created by the author based on R. Grande et al. (2024),Y.Wang et al. (2025), X. Hu et al. (2025), G. Papaioannou (2025),

H.Zhang & C. Peng (2026)

Analysis of Figure 1. showed that the optimisation
of 3D models for VR was complex and covered several
interrelated areas, each of which performed a separate
function in reducing the computational load. Geomet-
ric optimisation reduced the polygonality of the model,
texture optimisation reduced the amount of graphic re-
sources,and visual effects optimisation simplified shad-
ers, materials, shadows, and lighting. The use of detail
levels helped to dynamically change the complexity of
the object depending on the conditions of perception,

while scene optimisation covered the rational organ-
isation of the entire virtual space. The data also con-
firmed that none of the above areas would have pro-
vided a sufficient result separately. The greatest effect
was achieved precisely by combining several approach-
es consistent with the model type, scene parameters,
and technical capabilities of the VR platform. Thus, the
effectiveness of adapting 3D models to VR was deter-
mined not by a separate simplification method, but by a
balanced application of a set of optimisation solutions.
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The results of adapting basic 3D models to the VR
environment were analysed sequentially in four key
aspects: geometry, texture data, rendering, and overall
scene stability. The most pronounced practical effect
was observed in complex scenes where a significant
number of highly detailed objects were used simulta-
neously. In the absence of optimisation, such a scene
created a critical load on the GPU and video memo-
ry, which was accompanied by significant performance
drops and reduced playback smoothness. After adapta-
tion, even with a partial reduction in detail, the scene
became suitable for full-fledged interactive interaction,
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while maintaining a sufficient level of visual realism.
The most noticeable changes were recorded at the lev-
el of geometric optimisation. The use of simplification
of the polygonal grid in combination with the develop-
ment of 3-4 levels of detail (LOD) helped to significant-
ly reduce the number of polygons without noticeably
disrupting the overall shape of objects. This is espe-
cially important for VR environments where excessive
polygonality directly affects rendering speed and frame
rate stability. For a visual representation, the basic 3D
models before and after optimisation are shown in Fig-
ure 2 and Figure 3.

Figure 2. Output high-poly 3D models prepared in Blender 3.6
Notes: model of a chair, a tree, a building facade, and an anthropomorphic character is presented.

Source: created by the author in Blender 3.6

Figure 3. View of basic 3D models after a comprehensive adaptation in Unity 2022.3 for the VR environment
Notes: overall silhouette and spatial proportions of models are preserved while simplifying geometry, textures, and materials

Source: created by the author

As can be seen from Figure 2, after adaptation, the
models retained their basic shape, silhouette, and func-
tional recognition, but became less detailed at the level
of fine geometry, texture saturation, and material relief.
The most noticeable simplification could be traced in
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the crown of the tree, decorative elements of the fa-
cade, and small details of the character, while the chair
retained almost the same overall design. This type of
change corresponded to the task of VR adaptation: not
to replace the original objects with new models, but to
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reduce their resource intensity while maintaining the
visual realism of the scene. Quantitative changes in the

main parameters of models before and after adaptation
are shown in Table 2.

Table 1. Changes to the main parameters of basic 3D models before and after adapting to the VR environment

Number of | Number of Texture Texture Average object | Average object
Model polygons polygons |Change, % | size, MB size, MB | Change, % | rendering time, | rendering time,
(before) (after) (before) (after) ms (before) ms (after)
Chair 248,750 12,438 -95 85 12 -86 1.2 0.4
Tree 1,456,320 58,253 -96 210 28 -87 3.5 1.1.
Building

facade 3,245,800 162,290 -95 420 52 -88 8.2 29
Character 856,400 42,820 -95 150 22 -85 2.8 0.9

Source: created by the author based on testing in Unity3D

The data in Table 2 showed that in all the models
studied, the number of polygons decreased by 95-96%,
while the volume of texture data decreased by 85-
88%. The greatest absolute reduction in polygonality
was recorded for the building facade model, which was
explained by the high initial geometric complexity of
this object. Simultaneously, even after this simplifica-
tion, the visual structure of the models remained suffi-
ciently complete for perception in the VR scene. Texture
data was optimised by combining textures, applying
adaptive texture compression suitable for mobile VR
platforms, and replacing some highly detailed col-
our textures with normal maps and roughness maps.
This allowed reducing the total volume of textures by
an average of 86.5%, which significantly lowered the
load on video memory and contributed to more stable
scene reproduction. At the visualisation level, a posi-
tive effect was achieved by simplifying materials and
programmes for calculating visual effects. The transi-
tion from complex physically correct shading models to
simplified lighting models with a minimum number of
samples provided an additional reduction in the com-
putational load. As a result, the average visualisation
time of an individual object decreased in all cases: for

a chair - from 1.2 to 0.4 ms, for a tree - from 3.5 to
1.1 ms, for a building facade - from 8.2 to 2.9 ms, for
a character - from 2.8 to 0.9 ms. In relative terms, this
corresponded to a reduction of approximately 64-67%,
which directly affected the overall performance of the
scene. The most significant changes were recorded at
the level of overall stability of the VR environment. In
the test scene, which contained 120 adapted objects,
the average frame rate increased from an unstable 38-
45 FPS, with drops to 25 FPS, to a stable 78-92 FPS.
This showed that the adaptation turned resource-in-
tensive conventional models into functionally efficient
elements of the virtual environment, suitable for long-
term interactive use without significant loss of realism.

To assess the impact of complex adaptation of 3D
models on the functioning of the VR system, key perfor-
mance indicators were compared before and after scene
optimisation. During this stage, changes in frame rate,
graphics and CPU load, video memory usage, scene load-
ing time, and delays from motion to image update were
analysed. This approach helped to quantify the extent
to which geometric, textural, material, and stage optimi-
sation tools were used to improve the suitability of the
virtual environment for stable interactive use (Table 3).

Table 3. Comparison of key VR system performance indicators before

and after comprehensive adaptation of 3D models

Indicator Before adaptation After adaptation Change
Average FPS 42 85 +102%
Minimum FPS (1% Low) 25 72 +188%
GPU load, % 94 47 -50%
CPU load, % 68 39 -43%
Device RAM/VRAM usage, MB 1,420 580 -59%
Scene loading time, s 8.4 2.9 -65%
Motion-to-photon latency, ms 38 19 -50%

Source: created by the author based on testing in Unity 2022.3 on the standalone Meta Quest 2 platform using Unity Profiler

and Oculus Performance Metrics

Analysis of Table 3 showed that complex adapta-
tion of 3D models had a positive effect not only on the
average level of performance, but also on the stability
of scene reproduction. Prior to optimisation, there were
frequent frame rate drops below 30 FPS, covering up
to 18% of the session duration and accompanied by

marked intermittent movement and an increased risk of
vestibular discomfort. After adaptation, the proportion
of frames with a stable frequency of at least 72 FPS
reached 96%, and the sample standard deviation of
FPS values calculated from the data of a 300-second
test session decreased from 12.4 to 3.8 (Equation 1).
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This confirmed that for VR, it is important not only to
increase the average FPS, but also to reduce perfor-
mance fluctuations throughout the session. The great-
est contribution to improving efficiency was provided
by a combination of several optimisation tools. Gen-
erating detail levels combined with clipping objects
that are insignificant for the current observer position
reduced the GPU load by 32%. Combining textures and
applying ASTC compression reduced video memory
usage by 41%. Simplification of materials and shaders
reduced the visualisation time of an individual object
by an average of 67%. Batch processing of render-
ing calls and repeated use of a single graphical rep-
resentation of the object had an additional positive
effect in scenes with a large number of objects of the
same type. It was found that excessive simplification
of models reduces the quality of visual perception. In
the test scenes, the reduction of polygonality by more
than 98% in combination with the complete removal
of normal maps led to a noticeable loss of small de-
tails already at a distance of 3-5 m: the expressiveness
of the texture of facades, and the surface of tree bark
decreased, which weakened the immersion effect. The
most balanced mode was when the number of pol-
ygons was reduced by 94-96% while maintaining at
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least two levels of detail. Thus, the adaptation of 3D
models turned out to be not an auxiliary, but a ba-
sic factor in ensuring the performance of VR systems,
especially on equipment with limited resources. Com-
prehensive optimisation has ensured that the stable
performance required for long-term comfortable use
of the virtual environment is achieved, without critical
loss of its visual credibility. It should be noted that FPS
growth rates are variable and depend on the experi-
mental conditions, scene structure, model complexity,
amount of optimisation applied, hardware platform,
and measurement method. Therefore, it is advisable to
interpret the obtained values considering the specific
configuration of the test environment.

Evaluation of visual realism after adapting 3D mod-
els to VR conditions showed that reducing geometric
and textural complexity did not lead to a critical de-
terioration in scene perception. The analysis was per-
formed on several aspects: preserving the overall shape
of objects, the quality of texture reproduction, the per-
ception of small details at different distances, the in-
tegrity of the scene, and the level of visual immersion.
This approach helped to determine how much optimi-
sation affected not only technical efficiency, but also
the reliability of the virtual environment (Table 4).

Table 4. Evaluation of the visual realism of 3D models after optimisation for VR

Evaluation criteria

Result after optimisation

Analytical assessment

Preservation of the general shape of
objects

98-99% by Chamfer Distance metric

Overall contours and spatial proportions
of the models remained virtually
unchanged

Stability of the object silhouette

Contours of the chair, wood, and facade
of the building were preserved after the
polygons were reduced by 95%

Geometric simplification did not violate
the visual recognition of the main
shapes

Texture playback quality

Average SSIM for textures - 0.94

Structural similarity of textures
remained high

Transfer of surface microdetals

Partial loss of high-frequency details of
diffuse textures was compensated by
roughness maps and normals

Visual plausibility of the surfaces
was preserved even when the texture
volume was reduced

Perception of small details at close
range

At a distance of up to 2 m, the
differences were minimal

Optimised models remained convincing
during typical object interactions

Perception of small details at medium
and long distances

At a distance of 5-10 m, small elements
were perceived as more smoothed

Loss of individual details did not
destroy the overall impression of the
scene

Smooth transitions between detail
levels

Changes in the level of detail were
almost not visually recorded

System of detail levels provided an
imperceptible simplification of the
model during the user’s movement

Stage integrity

Preserved at a high level

Optimisation did not break the
consistency of the visual environment

Level of visual immersion

Average rating - 4.7 out of 5

High stability of the stage increased the
sense of presence in the virtual space

Source: created by the author based on testing in Unity

The data in Table 4 showed that the overall shape
of objects and their silhouette characteristics were the
most resistant to optimisation. The quality of texture
reproduction remained high. Despite a partial decrease
in the detail of colour textures, the structural similarity
remained at 0.94, which indicated a slight loss of visual
information. An additional role in maintaining the
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plausibility of surfaces was played by the use of nor-
malcy maps and roughness maps, due to which it was
possible to compensate for the simplification of tex-
ture resources without significantly impairing the over-
all perception of materials. It was found that the per-
ception of small details significantly depended on the
observation distance. At close range, which is typical
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for direct interaction with objects, the differences be-
tween the basic and optimised models were minimal.
At medium and long distances, individual elements,
such as the texture of bark, leaves, or small architec-
tural details, became more smoothed out, but this did
not lead to a loss of the integrity of the visual image.
In addition, this was facilitated by smooth transitions
between levels of detail, which did not create notice-
able gaps in perception. Separately, it should be noted
that a high level of visual immersion was provided not
only by the geometry or textures themselves, but also
by the stability of scene reproduction. With an aver-
age score of 4.7 out of 5, the optimised environment

was perceived as visually compelling and comfortable
for long-term use. This showed that in VR conditions,
realism is determined not by the maximum complex-
ity of each individual object, but by the consistency
of geometry, textures, lighting, and smooth reproduc-
tion. To specify the results of objective and subjective
assessment of visual quality, numerical indicators of
geometric similarity of models using the Chamfer Dis-
tance metric, structural similarity of textures using the
SSIM metric, and the results of blind subjective testing
on a five-point scale were summarised. Summary data
for individual models and distribution of participants’
average scores are shown in Table 5.

Table 5. Objective indicators of visual quality of optimised 3D models

Model Shape retention based on Chamfer Distance, % SSIM textures
Chair 0.95
Tree 98.2 0.93
Building facade 98.7 0.94
Character 98.5 0.94
Mean value 98.6 0.94

Source: created by the author based on testing in Unity Editor and the results of a blind survey of 10 participants

The data in Table 5 showed that complex adap-
tation of 3D models to the VR environment did not
cause a critical deterioration in visual quality either in
terms of objective or subjective indicators. According
to the results of an objective assessment, the shape
retention of models using the Chamfer Distance met-
ric was in the range of 98.2-99%, and the average
value was 98.6%, which confirmed the high geomet-
ric similarity of the optimised models to the original
ones. The structural similarity of textures by the SSIM
metric varied between 0.93 and 0.95 with an average

value of 0.94, which showed a slight loss of texture
information after optimisation. The highest values
were recorded for the chair model, while slightly low-
er values were recorded for the tree model, which can
be explained by a more complex irregular geometry
and a large number of small peripheral elements. To
summarise the results of subjective evaluation of the
optimised VR scene on a five-point scale, the aver-
age values for individual criteria and the distribution
of participants’ ratings were determined, which are
shown in Table 6.

Table 6. Results of subjective evaluation of the optimised VR scene on a 5-point scale,n=10

Criteria 4 points, n (%) 5 points, n (%) Average score
Preservation of the shape of objects 3 (30) 7 (70) 4.7
Level of visual immersion 4 (40) 6 (60) 4.6
General perception of the environment 2 (20) 8 (80) 4.8

Source: created by the author based on the results of blind testing

The results of subjective evaluation also confirmed
the preservation of high visual realism of the opti-
mised scene.According to all criteria, high ratings pre-
vailed, and the share of maximum ratings ranged from
60% to 80%. Overall perception of the environment
was rated the highest, while preserving the shape of
objects and the level of visual immersion were slight-
ly lower. This showed that the optimisation carried
out ensured not only an increase in the technical ef-
ficiency of the VR scene, but also the preservation of
its integrity, object recognition, and comfort for user
perception. Thus, the data obtained confirmed that a
rational combination of geometric simplification, tex-
ture optimisation, and the use of detail levels helped
to achieve a balance between performance and visual
plausibility of the virtual environment.

The results of adaptation of 3D models showed not
only an increase in the technical efficiency of the vir-
tual environment, but also the practical feasibility of
using them in various types of VR applications. Reduc-
ing polygonality, reducing the amount of texture data,
simplifying materials, and stabilising rendering helped
to use complex scenes with limited hardware resourc-
es without significantly losing visual realism. One of
the main advantages was the reduction of hardware
requirements, which expanded the possibilities of us-
ing VR in educational, project and production environ-
ments. An important result was also an increase in the
smoothness of interactive interaction and a reduction
in the risk of visual discomfort. In addition, optimisation
made it easier to scale complex scenes, as it allowed in-
creasing the number of objects without proportionally
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increasing the load on the system. Therefore, the prac-
tical value of optimised models was to increase the
availability, stability, and functional suitability of VR
solutions, which expanded the possibilities of their ap-
plication implementation.

Generalisation of theoretical and practical results
showed that direct use of conventional 3D models in the
VR environment is ineffective, since models created with-
out considering the requirements of interactive rendering
form an excessive load on the graphic subsystem and re-
duce the stability of scene reproduction. The highest ef-
ficiency was achieved with a comprehensive adaptation
that combined geometric optimisation, reduced texture
data, simplified materials, applied detail levels, and stage
optimisation. The most effective solution was not a sepa-
rate technical solution, but a coordinated combination of
several approaches in accordance with the type of object,
its role in the scene, and the technical capabilities of the
platform. It was found that the increase in performance
was not accompanied by a critical loss of visual quality,
and the balance between realism and speed remained a
crucial factor in VR. This adaptation was particularly im-
portant for systems focused on mass or resource-limited
equipment. Therefore, the use of 3D modelling in com-
puter graphics for VR is most effective when models are
initially designed or purposefully modified to meet the
requirements of the interactive VR environment.

DISCUSSION

The results confirmed that the effectiveness of using 3D
modelling in VR is determined not by the maximum ge-
ometric detail per se, but by the ability of the model to
maintain visual credibility with a significantly reduced
computational load. The study found that a compre-
hensive adaptation of models for the VR environment,
which combined simplification of the polygonal grid,
optimisation of textures, materials, detail levels and
scenes, provided a sharp increase in performance with-
out critical loss of perception quality. This result gives
grounds to consider the optimisation of 3D content not
as an auxiliary technical stage, but as a key condition
for the functional suitability of digital objects for an
interactive VR environment.

Performance improvements were achieved through
local simplification of geometry, textures, materials, and
stage structure for the limited resources of an autono-
mous device.J.A. Santos-Paz et al. (2025) solved a similar
problem through remote visualisation, data transfer to
the server, and a low-latency codec that is resistant to
packet loss and is associated with data about the user’s
gaze direction. Thus, both approaches were aimed at en-
suring smooth VR interaction, but in the first case, the
key tool was content optimisation, and in the second -
network computing architecture. After optimisation, the
overall shape of objects remained at the level of 98-
99%, which indicated that there was no critical loss of
visual integrity. A similar pattern was found by Z. Yang
et al. (2025), which, when optimising BIM- and 3D GIS
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models for digital doubles,reduced the average load time
by 15% while maintaining 97% geometric accuracy. The
difference was that their study focused on the accuracy
of the spatial representation of the digital twin, while
here the priority remained to provide real-time in VR.
The data obtained confirmed that even within the con-
ventional polygonal approach, a significant increase in
technical efficiency was achieved due to a rational com-
bination of geometric, texture, and stage optimisation.
This correlated with the review by W. Chen et al. (2025),
which considered modern techniques of 3D reconstruc-
tion and visualisation, in particular the Gaussian splat-
ting-reproduction approach, as a direction for improving
the speed and quality of reproduction of complex scenes.
Simultaneously, the review paper outlined the gener-
al evolution of methods, while the presented results
showed the practical effectiveness of classical model
optimisation in an applied VR environment. Increasing
the frame rate and reducing latency was accompanied by
maintaining a high level of visual immersion, i.e., techni-
cal optimisation directly improved the user’s perception
of the scene. The study by S. Fowler & S. Souihi (2025)
also emphasised that the quality of the VR experience
was determined by the balance between latency and
visual clarity, and its optimisation was achieved through
reinforcement learning on mobile edge networks. Thus,
both studies confirmed the multi-factorial nature of VR
performance, but in one case the decisive factor was the
preparation of 3D content, and in the other - the adap-
tive distribution of network and computing resources.
The results showed that optimisation of three-di-
mensional models was an important prerequisite for
their effective use in applied VR systems. This was con-
sistent with research by Z. Li et al. (2025), where VR was
used as an interactive design environment. The differ-
ence was that there the emphasis was placed on the
development of engineering solutions, while here - on
the technical suitability of models for stable scene re-
production. A similar applied orientation was traced in
the study by A. Hernandez-Chavez et al. (2026), dedi-
cated to visualising the network infrastructure of uni-
versity campuses in mobile applications and VR. Their
results confirmed that 3D modelling in infrastructure
systems performed not only a demonstration, but
also an analytical function. Simultaneously, this study
was dominated by the visualisation component, rath-
er than productivity optimisation. The importance of
the technical quality of the VR environment for prac-
tical application was also confirmed in the study by
K. Wang et al. (2025), where VR was seen as a safety
management tool in construction. The researchers at-
tributed its effectiveness to the ability to model pro-
fessional situations and improve risk recognition. In
both cases, VR acted as an effective engineering tool,
although the functional purpose of its application was
different. A close example of the technical use of VR
was provided by L.S. de Assis et al. (2026), who applied
photogrammetric three-dimensional models and VR to
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inspect tunnels. This confirmed that the combination
of 3D modelling with VR was promising not only for
design, but also for monitoring the state of infrastruc-
ture facilities. Thus, the results obtained fit well into
the broader field of applied use of VR in engineering
and technical systems.

The results showed that the value of a virtual
environment was determined not only by technical
stability, but also by the ability to maintain a holistic
perception of the scene and user-friendly interaction.
This was consistent with the research by F. Savini et
al. (2025), in which 3D models based on unmanned
photogrammetry and laser scanning were semantically
enriched, simplified, and integrated into a web-based
VR solution to increase the accessibility of cultural
heritage. Thus, in both cases, optimisation of 3D con-
tent was considered as a condition not only for tech-
nical suitability, but also for greater accessibility of
cultural experience. The educational potential of the
immersive environment was confirmed in the study
by S-J. Chen et al. (2024), where an immersive VR ap-
proach to 3D modelling increased creativity and prob-
lem-solving abilities in younger students and reduced
cognitive load compared to the usual virtual format. A
similar effect was found by I. Irwanto et al. (2025), who
recorded a statistically significant improvement in the
creative attitudes and academic performance of 11%
grade pupils. This showed that a well-organised im-
mersive environment increased not only engagement,
but also cognitive performance.

The importance of user interaction was clearly
traced in the study by W. Zhao et al. (2023), where VR-
based 3D modelling technology and a human-machine
interaction algorithm for digital control and presenta-
tion of exhibits were proposed for the museum space. A
logical approach was presented by E. Kontogiorgakis et
al.(2024),who combined 3D reconstruction, virtual char-
acters,and 360° video in a gamified VR narrative for cul-
tural tourism.Thus, in cultural and museum applications,
not only visibility became important, but also the ability
of VR to form engagement and emotionally rich inter-
action. A broader theoretical context of this area was
presented by A. Marougkas et al. (2023), who in a review
of educational VR studies showed that the effectiveness
of such environments was most often explained by ac-
tive learning, experience-based learning, and increased
engagement. In this sense, the results presented fit well
with the general trend that VR was considered not just
as a means of visualisation, but as a medium of percep-
tion, interaction, and cognition. Therefore, this block of
research confirmed that in culture, education, and user
experience, immersion was an independent factor in
the effectiveness of the digital space. Thus, contempo-
rary research has confirmed that the effectiveness of VR
environments was determined not only by the technical
quality of 3D models, but also by their ability to provide
cognitive engagement, user-friendly interaction, and a
holistic cultural user experience.

CONCLUSIONS

As a result of the study, it was found that direct use of
conventional 3D models in a VR environment is inef-
fective, since models created without considering the
requirements of interactive rendering create an exces-
sive load on graphics and central processors and video
memory. It was confirmed that the highest efficiency is
achieved with a comprehensive adaptation that com-
bines geometric optimisation, reducing the volume
of texture data, simplifying materials, applying detail
levels and stage optimisation. Practical testing showed
that after adaptation, the number of polygons in the
studied models decreased by 95-96%, and the volume
of texture data - by 85-88%. The average visualisation
time of an individual object was reduced by about 64-
67%, which provided a significant increase in scene
performance. In the VR test environment, the average
frame rate increased from 42 to 85 frames per second,
the minimum frame rate at 1% of the lowest values in-
creased from 25 to 72 FPS, the GPU load decreased by
50%, video memory usage - by 59%, and the delay be-
tween user movement and image refresh - from 38 to
19 ms. This confirmed that the adaptation of 3D models
is one of the key factors for ensuring the stable func-
tioning of VR systems, especially on autonomous and
resource-limited devices.

The visual quality assessment showed that the
performance improvement was not accompanied by a
critical loss of realism. The overall shape of the objects
remained at 98-99%, the structural similarity of tex-
tures was 0.94, and the level of visual immersion was
estimated at an average of 4.7 out of 5. This suggests
that for VR, it is not the maximum detail of each object
that is crucial, but the balance between geometric com-
plexity, texture saturation, lighting, and playback stabil-
ity. The results showed that even with a significant re-
duction in polygonality and the volume of texture data,
the virtual environment retained the integrity of visual
perception and remained convincing to the user. This
showed that rational optimisation did not reduce the
quality of the VR scene to an unacceptable level, but, on
the contrary, provided a combination of technical effi-
ciency with a fairly high visual plausibility. A limitation
of the study was the use of a single hardware platform,
a limited set of basic models, and a single test scene
configuration. Further research should be directed to
testing the results on other VR devices, expanding the
types of virtual scenes, and applying adaptive real-time
optimisation algorithms.
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OonTumMmizauia 3D-Mopgenen anga Bisyanisauii
B CUCTeMaX BipTyanbHOi peanbHOCTi

HOpii MaBpuniok

KaHanpaT TexXHIYHMX HayK, OOLEHT

HauioHanbHMI TeXHIYHUI YHIBEPCUTET «XapKiBCbKUIM NONITEXHIYHUI IHCTUTYT»
61002, Byn. Kupnuyoea, 2, M. Xapkis, YkpaiHa
https://orcid.org/0000-0001-7762-5699

AHoTauig. AKTyanbHiCTb LOCNIAXKEHHS 3yMOB/IEHA 3POCTAHHAM BUKOPUCTAHHSA BipTyaNbHOI peanbHOCTi B OCBITI,
MeAMUMHI, NPOEKTYBAHHI Ta iHXXEHEPHUX CUCTEMAX, A€ TpaauLinHi 3D-Moneni 4acTo BUSIBNAKOTbLCS HAATO
pecypcoeEMHMMM gns CTabiNbHOro iHTEPAKTMBHOIO BiATBOPEHHSA. MeToto AocniakeHHs 6yno BUSBIEHHS 1 nepeBipka
edheKTMBHOCTI KOMMJIEKCHOI aganTauii LMPpoBMX OO'EKTIB A0 iIHTEPAKTUBHOIO NPOCTOPOBOrO BiATBOPEHHS
3a YMOB 06MexeHMX anapaTHMX pecypciB. MeToa0noris 4OCNiAXEHHS NOEAHYBaNa TEOPETUYHUI aHani3 i3
ekcnepuMeHTanbHUM TecTyBaHHAM Yy Unity 2022.3 Ha nnatdopmi Meta Quest 2 3 ouiHIOBaHHAM NPOAYKTUBHOCTI
Ta Bi3yaNbHOI SKOCTi. Pe3ynbTati focnifXeHHs nokasanu, Wo npsaMme BUKOPUCTAHHS TPaaMLUiMHUX TPUBUMIPHUX
Mogenewn y BipTyasnbHii peanbHOCTi € Manoe@eKkTUBHUM Yepe3 HaAMipHe HaBaHTAXXeHHS Ha anapaTHi pecypcu Ta
HecTabiNbHICTb BiATBOPEHHS cLeHU. BcTaHOBNEHO, WO HaiBULy edheKTUBHICTL 3abe3neyye KOMNAEKCHa afanTaLis,
KA NOEAHYE CNPOLLEHHS NOMIrOHANBbHOI CiTKM, CKOPOUYEHHS 06CSAry TEKCTYPHUX OAHUX, CNPOLLEHHS MaTepianis,
3aCTOCYBAHHS piBHIB AeTanisauii Ta cueHoBy onTuMisauito. icns aganTtauii KinbKiCTb NOMIFOHIB Yy AOCAIAXKEHUX
Mopensx 3MeHWunacs Ha 95-96 %, a ob6csar TekCTypHUx faHux — Ha 85-88 %.Y TecToBOMY BipTyanbHOMY CepeaoBuLL
cepefHs YacToTa KaapiB 3pocna 3 42 no 85 kaapis 3a cekyHAy, WO NiATBEPAMO iCTOTHE NifABULLEHHS NPOAYKTUBHOCTI
cueHn. BogHouyac NiaBULLEHHS WBMAKOAIT HE CYyNpOBOAXKYBANOCS KPUTUYHOK BTPATOH Bi3yaNibHOI SKOCTi, OCKiNIbKM
3aranbHa popMa 06ekTiB 36epernacs Ha piBHi 98-99 %, a piBeHb Bi3yanbHOro 3aHYpPeHHS 3a/IUMWKUBCSA BUCOKMM.
Pe3ynbrati pocnioXeHHs MOXyTb OYTU BUKOPUCTaHI po3poBHMKAMM [OAATKIB BipTyanbHOi peanbHOCTI, haxiBusMu 3
KoMm'loTepHOT rpadiku, BUKNafavyaMm, MPOEKTYBANIbHUKAMM Ta iHXeHepaMu 419 CTBOPEHHS HaBYaSbHUX CUMYNSTOPIB,
aApXiTEKTYpHOI Bi3yanisauii, MEANYHMX TPEHAXEPIB | TEXHIYHUX CUCTEM BipTYyaNbHOI peaNibHOCTI i3 NiABULLEHOD
NPOAYKTMBHICTIO Ta 36epeXXeHHSM Bi3yanbHOi NepeKOHIMBOCTI

KniouoBi cnoBa: 3aCToCyBaHHS pPiBHIB AeTani3aLii; CNpoLeHHS NOMiroHanbHOi CiTKK; iIHTEPAKTUBHICTb; Bi3yanilauig;
piBEHb Bi3ya/IbHOIO 3aHYPEHHS; YaCTOTa KaapiB
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