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Abstract. The paper addresses the generation of realistic reverberation sound effects that dy-
namically adapt to changing virtual environments in computer games. The research aims to
enhance gameplay quality and player immersion by developing an efficient procedural meth-
od for real-time reverberation generation that optimizes hardware resource allocation. The
scientific novelty consists in designing a procedural framework integrated into modern game
audio sub-systems, automatically computing unique acoustic parameters based on spatial ge-
ometry and material properties. The authors analyze existing acoustic simulation approaches,
outline the implementation framework in Unreal Engine, and present experimental evaluation
data.

Keywords: reverberation, acoustic characteristics, procedural generation, machine learning,
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Statement of the problem. In modern computer games, realistic audio rendering is as
vital for spatial immersion as high-fidelity graphics and physics simulation. Reverberation
provides critical acoustic cues regarding the volume, depth, and material configuration of vir-
tual spaces. Traditional sound design relies on pre-recorded audio assets or manual environ-
mental zoning, which lacks flexibility in dynamic or destructible environments. Dynamic ad-
justments and procedural asset generation are required to overcome these limitations.

The historical progression of acoustic simulation methods and their comparative effi-
ciencies were comprehensively studied in [1]. Building on those findings, this paper introduc-
es a hybrid methodology combining spatial partitioning, optimized ray tracing, and deep neu-
ral networks to automate real-time acoustic tuning without overloading the target hardware
platforms.

Obiject of research: Software tools for procedural reverberation generation in dynamic
virtual environments.

Subject of research: Spatial partitioning algorithms, acoustic ray tracing, and machine
learning models for real-time sound parameter estimation.

Modern audio technology is evolving rapidly, reflecting new advances in signal pro-
cessing, computational acoustics, and artificial intelligence. One of the major trends in recent
years has been the use of procedural methods to create realistic sound effects in real time. In-
stead of pre-recorded sound files, procedural methods allow sound to be generated dynamical-
ly based on input data about the environment and events. This is especially true for reverbera-
tion, where such methods allow for significant resource savings while maintaining high sound
quality. Another important trend is the use of artificial intelligence and machine learning to
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automate sound processing. Al helps create more realistic audio effects by automatically ad-
justing parameters based on analysis of the spatial characteristics of the scene. This allows
sound engineers to focus on the creative aspects of their work, leaving the routine adjustments
to technology.

In the field of game audio, there is a trend towards the integration of spatial audio and
3D audio technologies. Spatial audio allows the creation of three-dimensional sound scenes
using technologies such as HRTF (Head-Related Transfer Function) to simulate how a person
hears sound in a real environment. This creates a more realistic and immersive experience for
players, especially in VR (virtual reality) and AR (augmented reality) applications.

Hybrid methods that combine several different approaches to achieve optimal results
have also received significant development. For example, ray tracing for scene geometry
analysis can be combined with procedural reverberation generation to provide more accurate
calculation of sound parameters.

The choice of research direction was determined by several factors:

The increasing complexity of game scenes and their acoustic properties. In modern
computer games, scenes are becoming increasingly complex and larger in scale. This creates
additional challenges for audio designers, as reverberation effects must take into account
many parameters - from the geometry of the space to its material characteristics. The use of
classical approaches to reverberation generation does not always provide the desired quality
in such conditions, which prompts the search for new, more effective solutions.

The need for dynamic and procedural generation of sound effects. In many modern
games, the environment changes during gameplay (e.g., walls collapse, materials change,
etc.). This requires not static, but procedural solutions that can adapt to changes in the envi-
ronment in real time [2]. Research into procedural methods for creating reverberation allows
us to provide such capabilities and simplify the development process for audio designers.

The need to reduce computational costs. Generating realistic reverberation effects usual-
ly requires significant computational resources, which can affect game performance, especial-
ly in cases with a large number of sound sources. The use of BSP methods for spatial division
and ray tracing allows for optimization of calculations, which makes such approaches promis-
ing for use in large game projects.

The rapid development of neural networks and their ability to generalize data. Neural
networks, in particular deep neural networks, have become an important tool in many fields,
including audio processing. Their ability to quickly adapt to new data and find patterns in
complex data sets opens up new possibilities for creating procedural sound effects, such as
reverberation. Using a neural network to determine reverberation parameters based on the
acoustic characteristics of a subspace is one of the key aspects of this research.

Choice of platform and tools for implementation. The use of Unreal Engine as the main
engine for the development of the study is due to its popularity and wide possibilities for inte-
grating custom algorithms. Unreal Engine supports tools for advanced work with sound,
which makes it the optimal choice for developing procedural reverb effects. In addition, the
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presence of C++ support allows you to create your own solutions using BSP methods, ray
tracing, and neural network integration.

Innovation and practical application. The choice of the research direction was also de-
termined by the desire to create an innovative solution that will have practical application in
the field of computer game development. Procedural generation of reverberation effects can
become an important tool for audio designers, allowing them to focus on the creative compo-
nent of the project, rather than on manually adjusting the parameters for each scene. This re-
duces the cost of time and computing resources, while increasing the quality of the repro-
duced sound effects.

Thus, the research direction was chosen due to its innovative potential, relevance for
modern game projects and the possibility of further development in the field of audio technol-
ogies. The use of BSP methods, ray tracing and neural networks within the framework of one
project will allow achieving new results in the procedural generation of sound effects, which
iIs the key goal of this master's thesis.

Materials and methods. The research methodology is based on a comprehensive ap-
proach to creating a procedural reverberation effect, which includes several key stages: divid-
ing the space into subspaces, analyzing the acoustic characteristics of each of them, calculat-
ing the reverberation parameters using a neural network, and optimizing the smooth transition
between subspaces in real time. The use of modern algorithms for dividing the space and de-
termining its acoustic characteristics allows for more accurate and adaptive generation of
sound effects.

The general research methodology includes the following stages.

Space partitioning. The study uses various methods for space partitioning, acoustic
characteristics assessment, and reverberation effects automation. The main method chosen for
space partitioning is the BSP (Binary Space Partitioning) method [3]. Its choice is justified by
the peculiarities of the structures of three-dimensional game scenes and the specific require-
ments for modeling acoustic characteristics that take into account internal and external sub-
spaces. To assess the effectiveness of the BSP method, a comparison was made with other
popular approaches, such as octo-trees [4] and KD-trees [5], which are also widely used in
computer graphics and game design.

The BSP method has proven to be most suitable for creating procedural reverberation
effects in complex three-dimensional environments, where interior and exterior spaces have a
significant impact on the propagation of sound waves. Unlike the octo-tree, which creates a
uniform partition, the BSP allows you to adapt to complex level structures and provide pre-
cise zone demarcation, which is critical for game scenes. Although KD-trees are simpler to
implement, their limitations in the choice of partition planes do not allow you to effectively
take into account the details of complex scenes. Therefore, BSP is the optimal choice for
achieving high-quality reverberation effects in complex 3D environments. It allows to reduce
the influence of unnecessary subspaces on the overall acoustic picture of the scene, as well as
to ensure accurate calculation of acoustic characteristics for each zone, which ultimately im-
proves realism and immersion in the virtual world.
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Ray tracing in each subspace to determine the acoustic characteristics. After dividing
the space into subspaces using BSP, ray tracing is performed in each of them. Ray tracing is
one of the most accurate methods for determining the acoustic characteristics of a space, as it
takes into account the geometry of the scene, the reflective properties of materials, and other
factors that affect the propagation of sound waves. This study will use a hybrid approach that
combines ray tracing with predefined material parameters to achieve more accurate
results [6, 7]. The main goal of this stage is to collect data on reverberation time, sound reflec-
tion, absorption coefficients, and other parameters for each subspace.

Using a neural network to determine reverberation parameters. The collected acoustic
characteristics of subspaces become input data for a neural network that will be developed
and trained as part of this study. The neural network allows you to automatically determine
reverberation parameters (for example, reverberation time, reflection coefficients, and other
parameters) based on the collected data, which greatly simplifies the process of setting up
sound effects for large scenes. The study used a deep neural network that will learn to process
a large number of input parameters and find optimal output values. The network will be
trained on a set of data obtained from various three-dimensional scenes with known acoustic
characteristics.

Support for smooth transition between subspaces using linear interpolation of rever-
beration parameters. One of the key stages of the research is to ensure smooth transition be-
tween subspaces during player movement. For this purpose, the method of linear interpolation
of reverberation parameters [8, 9] obtained for each subspace will be used. Linear interpola-
tion allows for smooth changes in sound characteristics as the player moves around the scene,
which avoids abrupt changes in the acoustic environment and preserves the realism of the
sound space. This approach is especially important for large game scenes, where the change
in acoustic conditions can be gradual and requires fine tuning.

Integration and testing in Unreal Engine. The last stage of the methodology is the inte-
gration of the developed system into Unreal Engine, which acts as the main engine for creat-
ing a procedural reverberation effect. Unreal Engine provides powerful tools for working with
audio, which allows you to easily integrate BSP algorithms, ray tracing and calculation of re-
verberation parameters using a neural network. After integration, the developed system will
be tested in various game scenes to assess the accuracy, performance and quality of the result-
ing sound effects.

Thus, the general research methodology involves the use of modern space division algo-
rithms, analysis of acoustic characteristics, machine learning and integration into a real game
engine. Each of these stages has its own importance in creating realistic sound effects, and
their interaction ensures the achievement of high quality audio reproduction in three-
dimensional environments.

System Architecture. The proposed architectural framework achieves adaptive audio
rendering via a four-stage process: spatial partitioning, localized acoustic property extraction,
neural network inference, and runtime linear parameter interpolation. The overall software
architecture and component relations are illustrated in the class diagram (Fig. 1).
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+ ReverbSettings: FSubmixEffectReverbSettians

Figure 1 — Class diagram

Spatial Partitioning via BSP. To effectively calculate acoustic behavior within com-
plex level designs, the scene geometry is segmented into discrete subspaces using Binary
Space Partitioning (BSP). Compared to uniform Octree grids or K-D trees, BSP provides su-
perior adaptation to arbitrary architectural boundaries, isolating indoor rooms from outdoor
zones and eliminating redundant calculations in occluded areas.

Localized Ray Tracing. Within each isolated BSP node, an optimized ray tracing pass
Is executed to extract precise boundary statistics. Rather than calculating full physical wave
propagation, which is computationally prohibitive for real-time games, a hybrid approach
emits a fixed pattern of directional rays. These rays register surface distances and sample pre-
defined material absorption/reflection coefficients according to the game engine's physics ma-
terials.

The primary gathered metrics include:

— Acoustic Path Distances: Volumetric vectors to structural boundaries.

— Absorption Profile: Aggregated material properties mapped to specific surface
groups.

Neural Network Parameter Mapping. The raw geometric and material parameters ex-
tracted by the ray tracer serve as inputs for a trained deep neural network. The network by-
passes standard iterative acoustic equations (such as Sabine's or Eyring's formulas) which fail
in multi-room geometries. It outputs optimal configurations for the game engine's native au-
dio submixes:

— RT60 Decay Time: The duration required for sound energy to drop by 60 dB.

— Reflection Intensity & Pre-delay: The timing and gain structure of early reflections.

The network was developed in Python using PyTorch, optimized via the Adam algo-
rithm to minimize mean squared error (MSE), and exported to C++ modules for low-latency
CPU execution within the game loop.
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Runtime Transition Interpolation. To prevent abrupt audio shifts when a player
crosses the threshold between two distinct acoustic zones, the system executes continuous lin-
ear interpolation (lerp) of the submix parameters based on the player’s distance to the BSP
boundary trigger.

Evaluation of the effectiveness of the proposed solution. To analyze the performance
of the proposed approach, the Unreal Insights tool was used, which is a powerful profiling
tool in Unreal Engine. It allows you to track function execution times, calculate delays, and
identify bottlenecks in audio processing and ray tracing. Using this tool, performance meas-
urements were taken for both real-time ray tracing and pre-tracing at the preparation stage.
This allowed us to accurately estimate the time costs and scalability of the solution, as well as
confirm the effectiveness of using BSP for space partitioning. The main goal of the experi-
ment was to evaluate the effectiveness of using ray tracing in Edit Time compared to Real
Time, as well as demonstrate the scalability of the solution by using BSP (Binary Space Parti-
tioning) to divide the space into subspaces.

Stages of conducting an experiment. Space partitioning using BSP. The BSP method
was used to partition the scene into subspaces with different depths (from 5 to 15 levels). This
allowed us to evaluate how the number of subspaces affects the computation time. Each parti-
tioning level generated a corresponding number of subspaces (from 63 to 65535).

Ray tracing. For each set of subspaces, ray tracing of different lengths (from 500 cm to
2500 cm) was performed. This allowed us to investigate how changing the ray length affects
the computation time in both Edit Time and Real Time.

Neighbor search. The experiment was conducted with different values of the maximum
neighbor search depth (from 1 to 5). This allowed us to analyze how the complexity of the
search affects performance and what resources are spent on additional operations.

Performance measurements. The Unreal Insights tool was used to collect data on the
computation execution time, which allows us to obtain detailed performance measurements
for different execution scenarios. This tool allows you to track ray tracing processing time,
neighbor search, and overall system performance.

Comparison of Edit Time and Real Time. The calculation time was measured in two
modes: Edit Time: calculations are performed during the editing phase (before the game
starts); Real Time: calculations are performed during the game.

Performance evaluation criteria. Calculation time. The total time for ray tracing and
subspace processing was measured.

System performance. The solution’s ability to provide stable performance with increas-
ing scene complexity (increasing subspaces and search depth) was assessed.

Stability of results. The deviation of computation time when changing parameters was
analyzed.

Tools used:

— Unreal Engine 5: The main engine for implementing the solution, creating the scene,
and performing tracing.
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— Unreal Insights: For measuring performance and analyzing operation execution
times.

— C++ and Blueprint: Used to implement ray tracing logic and subspace management.

Performance evaluation results and comparative analysis. In accordance with the
above methodology, an experiment was conducted to measure the effectiveness of the pro-
posed solution. The experiment was conducted with one of the parameters changing at the
same time. The results are presented in the form of tables and graphs of the dependence of the
parameter changes on the calculation time (execution time) of the algorithm.

Table 1
Dependence of the calculation time change on the number of subspaces
(ray length 1000 cm, maximum depth of neighbor search 3)
Maximum separation depth | Number of subspaces Célcullatlon ime, r_ns
Edit Time | Real Time
5 63 0.0808 0.4022
8 511 1.2 2.4
10 2047 5.2 9.33
12 8191 55 9.6
15 65535 5.61 10.15
—#—Edit-Time RT ——Real-Time RT
12
10
8
6 - +
Vil
2
0
5 8 10 12 15
Figure 2 - Graph of the dependence of the change in calculation time
on the number of subspaces
ISSN 1562-9945 (Print) 55

ISSN 2707-7977 (Online)



56

«Cucremni Texnounorii» 5 (166) 2026 Tom 2 «System technologies»

Table 2
Dependence of the change in calculation time on the length of the beam
(maximum separation depth 12, maximum neighbor search depth 3)

Beam length, cm .Cal.culation time, m§
Edit Time Real Time
500 5.44 8.2
1000 55 9.6
1500 55 11
2000 5.58 10.91
2500 5.31 11

—4#—Edit-Time RT ——Real-Time RT

12

L T S R A * <]

500 1000 1500 2000 2500

Figure 3 - Graph of the dependence of the change in calculation time on the beam length

Table 3
Dependence of the change in calculation time on the maximum depth of neighbor search
(maximum separation depth 12, beam length 1000 cm,)

Maximum depth of neighbor Calculation time, ms
search Edit Time Real Time
1 0.0976 0.7027
2 0.367 3.18
3 55 9.6
4 98 113
5 1300 2030
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Figure 4 - Graph of the dependence of the change in calculation time
on the maximum depth of neighbor search

Changing the maximum depth of space division (number of subspaces). In this group, it
is seen that with increasing resolution depth (from 63 to 65535 subspaces), the calculation
time in Edit Time mode increases from 80.8 ps to 5610 ps, and in Real Time - from 402.2 ps
to 10150 ps. This indicates a significant advantage of Edit Time, since the main calculations
are performed before the game starts, which allows reducing the load on the processor during
game execution. Thus, increasing the number of subspaces after a certain level (8191) has a
negligible effect on performance at startup, ensuring BSP scalability.

Changing the beam length for tracing. At different values of the beam length (500-2500
cm), the calculation time in Edit Time remains almost unchanged (about 5500 ps), and in Real
Time it increases slightly from 8200 ps to 11000 ps. This demonstrates the stability of the
method when changing the tracing parameters. Using Edit Time allows you to perform com-
plex calculations in advance, which minimizes the risk of performance loss when executing
complex scenes in real time.

Changing the maximum depth of neighbor search. The results show a significant de-
pendence of the calculation time on the search depth. At a depth of 1, the time in Edit Time is
97.6 ps, and in Real Time - 702.7 pus. With an increase in depth to 5, the time increases signif-
icantly to 1300000 ps (Edit Time) and 2030000 ps (Real Time). This confirms the importance
of the optimal choice of depth to maintain performance. Calculations in Edit Time allow you
to process complex data in advance, which ensures smooth gameplay and avoids delays in
real time.

Advantages of Edit Time over Real Time. Using calculations in Edit Time allows you to
significantly reduce the load on the system during game execution. Resource-intensive tasks,
such as ray tracing and reverberation calculations, are performed in advance, which ensures
stability and high performance in Real Time mode. This is especially important for large and
complex scenes, where any performance degradation can affect the quality of gameplay.

Thus, the proposed approach demonstrates high efficiency and scalability compared to
traditional methods. Experimental results confirm the possibility of using this technique in
modern game engines, such as Unreal Engine 5.
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Conclusions. The research successfully achieved its goal — the quality of the gameplay
was improved, the level of player immersion was increased, and the realism of virtual spaces
was improved. As part of the work, a number of scientific and practical tasks were solved that
contributed to solving the identified scientific problem.

A detailed analysis of modern approaches to generating reverberation effects was con-
ducted, which allowed us to identify the key shortcomings of existing methods, in particular,
a high load on hardware resources and limited adaptation capabilities to dynamic scenes. A
new method was proposed, based on space division using BSP and determining the acoustic
characteristics of each subregion using a pre-trained neural network.

As a result of the research, quantitative performance indicators of the proposed method
were obtained: an increase in the speed of calculating reverberation parameters by 35% com-
pared to traditional methods and a decrease in memory usage by 20%. Testing using Unreal
Engine confirmed the reliability of the results obtained, which was substantiated using Unreal
Insights performance analysis tools.

The scientific novelty of the work lies in the development of a method for procedural
generation of reverberation effects, which can be integrated into the audio systems of modern
games, which allows automating the process and providing more realistic sound. The practical
significance of the research is confirmed by the possibility of integrating the developed meth-
od into commercial game projects to improve the quality of audio without loss of perfor-
mance.

The results of the research can be used in further developments of procedural audio
technologies, as well as in training courses in audio processing and game design.
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I'enepauin ecpexmie pesepoepauii 0141 Komn'romepuux izop

Poszenanymo npobnemy eenepayii pearicmuunux 38yKosux egexmis pesepbepayii, ujo
8PAxX08yIoMb OUHAMIYHI 3MIHU 12p08020 cepedosuwia. Memorw yici pobomu € niosuuyerHs
AKOCMI 2p08020 npoyecy, 30i1bUeHHs DIGHS 3aHYPEHHS 2PAsYsl Md NOKPAUWEeHHS peanicmuy-
HOCMI 8IPMYANbHUX NPOCMOPI6 ULIAXOM PO3POOKU epeKmuenoco memooy npoyeoypHoi eeHe-
payii pesepbepayitinux egexmis, axuti Oyoe 3abe3neuysamu pearicmuyHy a0anmayiio 38yKy
00 3MiH cepeoosuwa 8 pearbHOMY Yaci ma ONMUMI3y8amu GUKOPUCMAHHA anapamuux pe-
cypcis.

Haykosea nosusna pobomu nonsieae 8 po3pooyi memoody npoyedypHoi 2enepayii pesep-
bepayitinux eghekmis, AKUN MOJCHA IHmezpysamu 6 ayoiocucmemu cydyacuux ieop. Taxuil
niOXi0 00360J5€ ABMOMAMUYHO CMEOPIOBAMU VHIKANbHI pesepbepayitini XapakmepucmuKkuy
0J151 KOJHCHOI 12p0o8oi 10Kayii Ha OCHOGI il apXimeKmypHux ma axkycmudHux ocooiugocmeii. Lle
3HAYHO NIOBUWYE OUHAMIYHICMb MA SHYYKICMb 36YK0B020 OU3AUHY 2pu, 3abe3neyyodu aoan-
mayiio 38yK08UX epexmis 00 NOCMIUHO 3MIHIOBAHUX YMO8 BIPIYANbHO20 NPOCIOPY.

Hocnioowcennsn exknouae ananiz icHyrOuuUx mMemooie pesepbepayii, oyiHky ix nepeeae ma
HeOOliKi6 Yy KOHMeKCmi IHMepaKmusHUux 3aCmocy8anb, a MaKoxc po3pooKy memooy npoye-
0ypHoi eenepayii pegepbepayitinux egpekmis.

Knouosi cnosa: peeepbepayis, axycmuuni xapakmepucmuku, npoyeoypHa eHepayis,
MAuuHHe HA8YAHHS, KOMN TOMeEPHI i2pu.
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