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ANALYSIS THE EFFICIENCY OF PROGRAMMING TOOLS
FOR 3D RENDERING IN VIDEO GAME DEVELOPMENT

Today, with the availability of many rendering APIs, modern developers have much more freedom in choosing the perfect rende-
ring tool for their needs. However, this task is not so simple without knowing the benefits and drawbacks of the mentioned tools.
This study provides a detailed analysis and comparison of the performance of popular APIs for three-dimensional rendering. A fle-
xible comparison tool in the form of a simple game engine based on the ECS (Entity-Component-System) architecture was developed
for the mentioned purpose. The engine supports configuration through JSON files. Rendering using the following three popular APIs
was selected for evaluation: DirectX 11, OpenGL, and Vulkan. For a fair comparison, this research conducts the experiment on two
computer configurations with integrated (Intel HD Graphics 520) and discrete (Nvidia GeForce RTX 4060) GPUs. The experimental
scenarios included rendering static and dynamic scenes using three types of models of different sizes in amounts up to 120 for integ-
rated GPU and up to 2000 for discrete GPU. For each of the tested scenarios, a set of performance metrics was measured, including
the number of rendered frames per second, a load of GPU, GPU memory usage, RAM usage, and others. The results revealed that
OpenGL is faster than DirectX and Vulkan when executing experimental scenarios on an integrated graphics processor for all mo-
dels. At the same time, for a discrete GPU, the outcome unveiled the advantage of Vulkan over the other two APIs for complex mo-
dels and the superiority of DirectX for simple ones. The mentioned conclusions were confirmed with the application of statistical
tests. Moreover, this research has discovered that DirectX is the most efficient in terms of the usage of computer resources. This rese-
arch may be helpful for developers of video games or other high-performance applications in the field of 3D rendering. Furthermore,
the developed game engine allows for the further extension of the list of evaluated APIs in the future.

Keywords: computer graphics; game engine; real-time rendering; performance measurement; static experimental scenario.

Introduction / Bcryn

In the modern world of video games, where technologi-
es are developing rapidly, choosing an effective visualizati-
on method has become one of the primary tasks in creating
a game product. The increase in the power of personal com-
puters has allowed developers to gradually introduce
technologies into their games that were impossible to use
only a few years ago in this area because most video games
require real-time calculations. A speed equal to one or even
ten visualized frames per second is too low here [3] because
the game in this form will not feel smooth and will not sa-
tisfy the end user. With the availability of the latest techno-
logies, such as ray tracing, the gaming industry is entering a
new era of graphic realism. Recent studies, such as the pub-
lication by Feng Xie et al. [21], demonstrate the value of
ray tracing in creating strong and realistic visual effects,
and, most importantly, its potential for real-time applicati-
on. Innovations in rendering are opening new possibilities
for game graphics, offering improved visualization and gre-
ater immersion in the game world. However, such progress
not only opens the door to improving the quality of the vis-
ual experience in games but also presents developers with

IHdopmauia npo aBTopiB:

the difficult task of choosing the most suitable rendering
methods and optimizing them [8] for specific projects. It is
one thing to display static objects and quite another to
display dynamic ones, and the number of these objects
plays an equally significant role. Choosing the correct
technique and tools cannot be overstated, as they directly
impact graphics quality, game performance, and the overall
gaming experience.

Object of research — comparing three-dimensional ima-
ge rendering APIs in video game development.

Subject of research — methods and tools for determining
the efficiency of the rendering API for the visualization of
three-dimensional images, which will allow architectures
and metrics can be used in the research.

The purpose of the research — analyze the performance
of three-dimensional rendering APIs for game develop-
ment, which will allow to evaluate the effectiveness of each
API when rendering models of different sizes in dynamic
and static scenarios on discrete and integrated GPUs.

To achieve this purpose, the following main research
objectives are identified:

e analyze current publications on 3D rendering, its performan-
ce, and game engine development to find out, which archi-
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tectures and metrics can be used in the research;

e develop an application in the form of a basic game engine
that allows the replacement of the rendering method easily;

e implement rendering based on DirectX 11, OpenGL, and
Vulkan into the application, which will allow to execute ex-
perimental scenarios and collect performance metrics for
each of the API;

e prepare experimental game scenarios, collect performance
statistics, and conduct a detailed analysis of the results,
which will provide an opportunity to evaluate the effective-
ness and establish best APIs in different scenarios.

Analysis of recent research and publications. Since
the study consists of several stages, the game engine and
rendering publications should be analyzed separately.

Publications related to game engine architecture. The
Entity-Component-System architecture serves as the basis
of many modern projects. The advantages of this approach
are well described in Toni Harkénen's work [7]. It is worth
mentioning that one of the most popular game engines,
Unity, uses this architecture. When using ECS, game ob-
jects are characterized not by a specific class but by their
components. Components of the same type are stored in a
continuous chunk of memory, which reduces the number of
cache misses. In this way, ECS provides a significant spe-
ed-up of interaction with components when working with
many objects, unlike the classic approach, which stores the
components as the fields of specific game object classes.

In the work of Daniel G6tz et al. [5]. The authors
emphasize the simple possibility of expanding ready-made
projects by third-party developers — creating so-called mods
(additional game content that can be downloaded separately
from the game and adds new characters, levels, or game
modes). Mods, in turn, notably increase the time users
spend in the game without requiring additional funds and ti-
me from the developers to create the new content. This con-
tent is created solely by enthusiasts. The described game
engine was made possible by loading the code at runtime
and the modularity of the implemented system. The above-
mentioned approach would be helpful for this work in the
future when expanding the list of analysed rendering APIs.

Another example of research on game engines is the
work of Carlos Marin et al. [10]. The publication presents
an architecture comprising several agents that interact with
one another: physics, input/output, rendering, audio, and lo-
gic. The authors describe each agent and its interactions
with other parts of the system.

Publications related to rendering. In the publication by
Lei Xiao et al. [20], the authors focused on the problem of
real-time rendering of high-resolution images while achi-
eving a high number of displayed frames per second. They
proposed a machine-learning method for increasing the re-
solution of an image in real time. The described method
uses several low-resolution frames to create high-quality re-
constructions while reducing blur and restoring fine details.
The authors have trained the model on a large artificial da-
taset obtained from rendering various 3D scenes while mo-
ving through them. The experiments showed that the
constructed neural network significantly outperforms the
results of other scientists in improving resolution and smo-
othing, both visually and in terms of numerical metrics.

Markus Schiitz et al. [16] propose a new pipeline struc-
ture for rendering point clouds, which can display up to two
billion points while achieving a speed of 60 processed fra-
mes per second. The authors note the performance improve-
ment compared to existing approaches, which became pos-

sible due to special optimizations, including point grouping,
the use of levels of detail, ignoring of invisible points,
adaptive precision of point coordinates, and others.

Another interesting publication is the work of Marti
Anglada et al. [1]. The authors presented a new microarchi-
tectural approach to optimize the rendering process in
GPUs, which uses calculations based on dividing the entire
screen into smaller cells. They found that in many cases, a
significant number of cells on the screen remain unchanged
for several frames. The approach presented in the study is
to detect these unchanged cells at one of the early stages of
the rendering pipeline. Suppose a cell does not change du-
ring two frames in a row. In that case, the pipeline proces-
ses it only once, significantly reducing the processing time
of one frame and the GPU's power consumption. The aut-
hors demonstrated that the described algorithm, on average,
accelerates the rendering process by 1.74 times and reduces
power consumption by 43 % compared to standard met-
hods. They also showed that the approach is practical in va-
rious usage scenarios, including games and other graphical
applications.

As can be seen, modern publications related to rende-
ring primarily focus on the optimization and improvement
of existing methods, as well as their comparison. When
studying articles related to the evaluation of rendering per-
formance, it was discovered that the most popular metrics
are FPS (Frames per second) [6, 8, 15, 17, 20] — the number
of frames processed per second, PPS (Points per second)
[15, 16, 17] — the maximum number of points displayed on
the screen per second, GPU memory consumption [8, 17],
and frame time [1, 13, 15, 16, 20]. In addition, the amount
of RAM used, load on the processor, and GPU can be me-
asured, as was done in the publication of Filip Popovsky et
al. [13].

According to the performed literature analysis, there is
no general approach to the analysis and comparison of the
rendering APIs. Each of the studies either ignores metrics
related to recourse usage of the computer, conducts experi-
ments only on one scenario, or uses one computer system
(without considering that APIs can work better on different
systems). In addition, none of the works used statistical
methods to ensure the correctness of the results. That is
why this work is needed to establish a pipeline for analysis
of the rendering APIs and, more specifically, compare Di-
rectX, Vulkan, and OpenGL.

Research results and their discussion /
Pe3ysibTaTH AOC/IiP)KeHH Ta iX 06roBOpeHHs

This section of the study describes the architecture of
the implemented pipeline for unbiased analysis of the ren-
dering APIs, the collected metrics, and the details of the
conducted experiment. Finally, the obtained statistical data
on the performance of each method is evaluated to establish
the best APIs in considered scenarios regarding speed and
resource usage.

Engine for the experiment. ECS architecture imple-
mented in C++ programming language was selected as the
basis for the experiments framework due to its performance
advantages. Four managers drive the engine's logic by
controlling entities, components, systems, and events.

The entity manager is the simplest. It keeps track of the
occupied entity identifiers and allows the creation or
destruction of entities.
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The components manager is responsible for all compo-
nents of the entities. It provides methods for retrieving all
entities containing specified component types and methods
for adding components to a specific entity or deleting them.
For convenient storage and quick access to components, the
manager uses a sparse set [2] (each component type is sto-
red in a separate sparse set container). This data structure
allows checking the presence of a component in an entity
and accessing it in O(1) time.

The systems manager is responsible for all the systems
that contain the game logic. It allows adding or removing
the systems and executing their logic.

The events manager performs all intermediate interacti-
ons between systems since they do not have direct access to
each other. An example of an event can be a keystroke initi-
ated by the user, a request to terminate the program, and ot-
hers. In the code, an event can be an object of any class,
which stores the information needed to pass between
systems.

Configuration system. The engine supports a JSON-ba-
sed configuration for simple creation and execution of ex-
perimental scenarios. The configuration file contains three
main fields:

1) Prefabs: this field contains a list of template objects with
defined names and components. They can be used later to
create entities dynamically or as a base for entities defined
in the configuration file.

2) Entities: this field contains a list of objects to create at the
start of the scenario's execution. Every entity may contain
its list of components and the base prefab name.

3) Systems: this field contains a list of systems to create at the
start of the scenario's execution and the parameters of the
systems.

The components and systems are configured automati-
cally without requiring specific JSON parsing logic for
each class. The programmer only needs to specify seriali-
zable components and systems and their serializable proper-
ties using already implemented compiler macros.

Implemented rendering methods. Three separate clas-
ses perform rendering using the selected APIs: DirectX 11,
OpenGL 4.6, and Vulkan (SDK 1.4.304). All of them
implement the same /Renderer interface and support mo-
dels in obj format with materials that include the following
parameters: texture, diffuse color, specular color, ambient
color and shininess.

Figure 1. Example of an image rendered by the program (using
Vulkan) / [Tpuxian BUXiZHOTO 300pakeHHsI CTBOPEHOT porpa-
MH (32 BUKoprcTanHs Vulkan)

For each rendering method, two shaders were imple-
mented, written in the corresponding shader language, repe-
ating the same functionality. The first shader, the vertex
shader, receives as input the position of a vertex of the mo-
del, its normal, and the coordinate of the texture to use.
This shader outputs the transformed position of the vertex.

In our case, it performs linear transformations to account
for the object's movement and the camera's position. The
second shader, the fragment shader, receives as input the
normal, the coordinate of the texture, and the transformed
position of the vertex obtained from the first shader. It
applies the properties of the model's material to the vertex
and returns the point's color as output. Fig. | shows an
example of the image rendered by the program.

Specifications of used computer systems. For a fair
comparison, the experimental scenarios were executed on
two computers, one with an integrated GPU and the other
with a discrete GPU.

First system specifications:

CPU: Intel Core 15-6200U;

RAM: 8GB, 2133 MHz;

GPU: Intel HD Graphics 520;

OS: Windows 11.

Second system specifications:

CPU: Intel Core i5-12400F;

RAM: 32GB, 3200 MHz;

GPU: Nvidia GeForce RTX4060;

OS: Windows 11.

Experimental scenarios. Two additional implemented
systems allow the execution of static and dynamic scenari-
os. For both scenarios, the user can specify the model and
the number of models to use. The list of models used in the
experiment contains three models of different complexity: a
cube (12 faces), a teapot (15704 faces), and a bunny
(144046 faces) in amounts up to 120 for integrated GPU
and up to 2000 for discrete GPU. These numbers were cho-
sen to achieve similar performance for the most complex
scenario on both computers. The resolution of rendered
images was 1280x720 pixels for all cases.

In the static scenario, the camera and the objects are
still. All the displayed objects form a shape similar to a pa-
rallelepiped. One side of the parallelepiped is a 10 by 10
square (the user can change the size in the configuration fi-
le), and the others expand as the number of objects incre-
ases. Additionally, the user can specify the distance betwe-
en models. Fig. 2 shows an example of this shape for 1200
models.

Figure 2. Static experimental scenario for 1200 cube models / Cta-
TUYHHH eKCTIEpUMEHTANBHUH crieHapiid 1 1200 mozpeneii kyoa

In the dynamic scenario, the models form four circles
and rotate around the center of the coordinates. The camera
also moves back and forth.

The configuration file allows the user to adjust the num-
ber of circles and their radii, as well as the rotation speed
and camera movement speed. Fig. 3 shows an example of a
dynamic scenario for 200 models.

Collected statistical data. A StatsSystem class was
implemented to collect data on the performance of various
rendering methods. It records the following data:
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Average frame time, s;

Average FPS;

99th percentile of frame time, s;

Ist percentile of frame, s;

Average, minimum, and maximum amount of RAM used,
MB;

Average, minimum, and maximum amount of GPU memory
used, MB;

Average, minimum, and maximum CPU utilization, %;
Average, minimum, and maximum GPU utilization, %.

Figure 3. Dynamic experimental scenario for 200 cube models / [lu-
HaAMIYHHI CKCTICpUMEHTAIBHU crieHapiit s 200 Mozeneit kyoa

Obtained research results. Let us discuss the statistical
data collected, starting with the computer resources used.
Here and later, the focus is solely on static experimental
scenarios, as the results are similar to those of the dynamic
ones, except for a slight performance increase in all cases.
As can be seen from Fig. 4, the amount of RAM appears to
depend linearly on the number of objects. At the same time,
the observations have proven that the amount of GPU me-
mory increases for Vulkan and remains almost unchanged
for OpenGL and DirectX. The constant GPU memory usage
is justified by the fact that only unique models are stored in

GPU memory. Besides the models, their linear transforma-
tion matrices are stored in GPU memory, which is where
the difference between Vulkan and the other two APIs lies.
In the case of Vulkan, all matrices should remain in me-
mory simultaneously due to its parallelized architecture. In
contrast, for the other two rendering APIs, only one matrix
is in GPU memory at a time. So, regarding memory usage,
Vulkan is the most resource-intensive, and DirectX is the
most efficient.

Regarding CPU and GPU utilization, all methods beha-
ve similarly to each other when working with the bunny
model due to its large size, which is almost 14 MB. In such
cases, GPU utilization ranges from 85 % to 95 %, while
CPU utilization is lower than 15 % (in this scenario, the
GPU becomes a bottleneck). For the cube model, GPU uti-
lization is significantly lower for both OpenGL and Di-
rectX, around 4 % and 20 %, respectively. In comparison,
Vulkan still uses around 80 % of its resources. Neverthe-
less, the increased frame rate increases CPU utilization for
all the APIs.

Now, let us discuss the frame rendering time, the pri-
mary metric of rendering performance. Fig. 5 displays the
average frame time for the discrete GPU. It is easy to see
that the results for different models are entirely different.
As the complexity of the model increases, the DirectX ren-
derer shows worse results than Vulkan and OpenGL. In the
case of the cube model, the best renderer is DirectX, the se-
cond is Vulkan, and the last is OpenGL, while for the
bunny model, the best renderer is Vulkan, the second is
OpenGL, and the worst is DirectX. From this data, it is lo-
gical to assume that Vulkan works best when the GPU is a
system bottleneck, and DirectX works best when it is not.
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Figure 4. Average RAM usage based on the number of models for the static scenario on Integrated GPU / Cepenniit 06'em BUKopucTaHoi
OIIepPaTHBHOI ITaM'sITi 3aJIeKHO BiJ] KUTBKOCTI MOJIeJIeH I CTATHYHOTO CIIEHAPIil0 Ha IHTErpoBaHiil BilleoKapTi
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Figure 5. Average frame time based on the number of models for the static scenario on Discrete GPU / Cepenns TpuBaiicTs 00poOaeHHs
KaJ[py 3aJISKHO BiJ KUIBKOCTI MOJIeNel [Tl CTATHYHOT'O CLIEHApilo Ha JMCKPETHIN BigeokapTi
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Fig. 6 shows the average frame time for an integrated
GPU, and the results are different compared to a discrete
GPU. Here, the fastest renderer in three cases is OpenGL.
Vulkan and DirectX yield almost identical results for the
cube model, but Vulkan is noticeably faster for the other
two models. This happens because Vulkan is more suitable
for parallel systems, and integrated GPUs are far less paral-
lel than discrete ones.

Another important statistic is the 99th percentile of fra-
me time. It demonstrates how good the performance is in
the worst 1 % of cases. For the discrete GPU, the placement
of the renderers is the same as for the average frame time.
However, this is not the case for the integrated GPU, as se-
en in Fig. 7. In all cases, the worst renderer is Vulkan,
which is not the worst in average frame time. Again, this
happens because Vukan is more suitable for parallel and
faster GPUs.
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Figure 6. Average frame time based on the number of models for the static scenario on Integrated GPU / Cepennst TprBaicts 00poOeHHS
KaJIpy 3aJIeKHO BiJl KITKOCTI MOZIeNIel JUIsl CTAaTHYHOTO CLICHapilo Ha IHTErpOBaHil BifeoKapTi
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Figure 7. 99th percentile of frame time based on the number of objects for the static scenario on Integrated GPU / 99-uit nporienTnne yacy
00OpOGIICHHSI OZTHOTO Kaapy 3aJIeXKHO Bijl KUIBKOCTI MOJIEJISH JUIsl CTATUYHOTO CIIEHAPIIo Ha IHTETrpOBaHii BiJjeoKapTi

To ensure the correctness of the measured results, an al-
ready published approach was used [18]: repeat the most
complex scenarios for the cube and bunny models 20 times,
remove outliers, and use statistical tests to compare the me-
an values of their distributions. Here, the study ignores the
teapot model because the experiments with it would not
bring any valuable data. For the discrete GPU, the results
were straightforward because the distributions of average
FPS for different rendering methods did not overlap. Table
1 displays the mean number of frames per second for this
case.

Table 1. Frames per second for the most complex cases on discre-
te GPU / KinbkicTh 00p0OIeHUX KaapiB 3a CEKYH/TY JUIS
HaHCKJIA/IHIIIOr0 EKCIIEPUMEHTY Ha AUCKPETHOMY IpadiuHOMy

mporecopi
DirectX OpenGL Vulkan
Cube 1353.07 534.72 798.82
Bunny 9.90 11.42 12.25

Table 2. Frames per second for the most complex cases on integ-
rated GPU / KinmbkicTe 00po0neHnx KaapiB 3a CEKyHIY AT
HaWCKJI/IHIIIIOTO eKCIIePUMEHTY Ha IHTerpOBaHOMY TpadidHOMY

The results for the integrated GPU were ambiguous. As
shown in Fig. 8, the distributions for DirectX and Vulkan
overlap for the cube model, and as can be seen in Fig. 9, the
distributions for Vulkan and OpenGL overlap for the bunny
model.

EEl Vulkan OpenGL B DirectX
10
8
c6
= N
o i
O4
2 X
Il
Jo ity il
725 750 775 800 825 850 875 900 925

Frames per second
Figure 8. Distribution of FPS for 120 cube models and the static
scenario on Integrated GPU / Po3mozin cepeqHboi KiITbKOCTI 00-
pobnenux kazapis 3a cekyHIy i 120 monerneii KyOa B cTaTHd-
HOMY CLIeHapii Ha IHTerpOBaHil BiZeOKapTi

The 1.5I0R rule [19] removed the outliers for these ca-

npowecopi ses. Here, IQR is an interquartile range and equals:
DirectX OpenGL Vulkan IOR= 05— 0, ()
Cube 757.15 910.11 772.50 where Qs is the third quartile of data and Q; is the first quar-
Bunny 11.30 12.61 1220 tile of the data. All the values X that do not satisfy
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01— 15I0R <X <05 +1.5I0R, 2)
are considered outliers.

After this, the distributions were tested for normality
using the D'Agostino-Pearson [4] statistical test. This test
has shown that all the distributions of average FPS are nor-
mal, allowing us to use the Student's t-test [11] to compare
the means of the distributions. For both models, the test re-
sults have shown that the mean value of the DirectX avera-
ge FPS distribution is significantly lower than that of the
Vulkan distribution, which in turn is significantly lower
than OpenGL's mean. The mean number of frames per se-
cond for this case is presented in Table 2.

EEl Vulkan OpenGL B8 DirectX
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Figure 9. Distribution of FPS for 120 bunny models and the static
scenario on Integrated GPU / Po3noain cepenHboi KiIbKOCTI 00-
pobnenux Kapis 3a cekyHy it 2000 Mojiereit 3aiiis y cra-
THYHOMY CIIeHapil Ha IHTEerpoBaHiil BileoKapTi

Summary and recommendations. Based on the measu-
red results, the study has drawn the following conclusions:

1) For all tested models and the integrated GPU, the fastest
rendering API is OpenGL, Vulkan takes second place, and
DirectX is the slowest. For the least complex model (cube),
OpenGL was 17.8 % faster than Vulkan and 20.2 % faster
than DirectX. For the most complex model (bunny),
OpenGL was 3.3 % faster than Vulkan and 11.6 % faster
than DirectX. It is also worth mentioning that Vulkan has
the highest 99th percentile of frame time, which may cause
lags more frequently compared to other rendering APIs
that provide a more consistent frame rate.

2) For complex models and the discrete GPU, Vulkan is the
fastest rendering API. OpenGL is second, and DirectX is
the slowest. When rendering the bunny model, Vulkan has
shown a 7.3 % and 23.7 % speed increase compared to
OpenGL and DirectX.

3) For simple models and the discrete GPU, the fastest rende-
ring API is DirectX, Vulkan takes second place, and
OpenGL is the slowest. DirectX has shown a 70 % speed
increase compared to Vulkan and was more than 2.5 times
faster than OpenGL when rendering the cube model.

4) Regarding RAM usage, DirectX is the most efficient, while
Vulkan starts in second place but uses more memory when
the complexity and number of models increase. This pro-
perty makes Vulkan worse than OpenGL for cases with
many complex models.

5) Regarding GPU memory usage, the best rendering API is
DirectX, the second one is OpenGL, and the worst is Vul-
kan.

6) Implementation-wise, Vulkan requires much more work
because it is low-level, and DirectX and OpenGL are high-
level. The implementation difficulty should be considered,
even in cases where Vulkan is the fastest, as it may not be
the best option due to an extended development time.
Summarizing all of the above, when working with low-

end computers, it is recommended to use OpenGL if rende-

ring speed is the priority and DirectX in cases with a hard
limit on memory usage. For high-end computers, it is re-

commended to use DirectX for models up to 1 MB. Vulkan
should be used for bigger models if rendering speed is pri-
oritized, and OpenGL should be used if lower resource usa-
ge and consistent frame rate are preferred.

Discussion of research results. In the publication [9],
the authors compare the performance and energy efficiency
of Vulkan and OpenGL. The scene used in tests contains
several models of orbiting rocks, and the measured metrics
are the power usage (of CPU and GPU) and FPS. The expe-
riments have shown the advantage of Vulkan over OpenGL
due to its ability to use less energy while maintaining the
same frame rate.

The study [14] compares volume ray-casting implemen-
tations based on OpenGL, OpenCL, and CUDA. The imple-
mentations were tested using three datasets, and the results
show that the compute shader implementation using
OpenGL is the best in terms of performance. The main
drawback of this work is that only one metric was measured
— frame time.

In the work [12], the author aims to port a CUDA snow
simulation program from OpenGL to Vulkan while compa-
ring performance for both APIs. The FPS was measured se-
parately for different parts of the rendered scene, and the re-
sults show that, in some cases, Vulkan can be two times
faster than OpenGL.

In the publication [13], the authors evaluate performan-
ce of different rendering toolsets in the 3DS Max applicati-
on: Scanline Rendering, Mental Ray, V-Ray, and Corona
Renderer. The rendering efficiency is measured by three
metrics: rendering time, RAM usage, and quality of the re-
sulting image. The results provide recommendations on the
best toolsets in different cases.

The study [6] aims to compare optimal scanline voxeli-
zation algorithms, a subset of rendering algorithms. For this
purpose, the author has implemented Real Line Voxelizati-
on, Integer Line Voxelization, and a 3D Bresenham line
drawing algorithm. The author has measured the rendering
time for several models with different rendering resolutions
and has shown that Real Line Voxelization is the best re-
garding this metric.

As can be seen, the published works are all based on
comparing other APIs and algorithms (or just two of the
three described in this study). They also lack experiments
on different GPUs and statistical confirmation of the re-
sults.

So, based on the results of the work performed, it is pos-
sible to formulate the following scientific novelty and prac-
tical significance of the research results.

Scientific novelty of the obtained research results —
improved methodology for performance evaluation of ren-
dering APIs through testing on multiple computer configu-
rations, expanding the list of metrics used, and applying sta-
tistical tests, which results in unbiased conclusions.

Practical significance of the research results — the re-
sults of the study can be used in game development to se-
lect the most suitable rendering API for a specific project,
and additionally, the implemented evaluation framework
can be used to expand the list of analyzed APIs further if
required.

Conclusions / BucHoBku

The performance of three-dimensional rendering APIs
for game development was analyzed, which allowed to
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evaluate the effectiveness of each API when rendering mo-
dels of different sizes in dynamic and static scenarios on
discrete and integrated GPUs. Based on the results of the
research the following main conclusions can be drawn.

1.

Recent publications related to game engine architectures
and rendering were reviewed. The literature analysis has
shown that studies on rendering mainly do not perform a
detailed performance evaluation and focus on 2 to 3 perfor-
mance metrics. According to this, the need for work that
proposes a more thorough approach to evaluating perfor-
mance has been raised.

2. A flexible framework for conducting the experiment based

on ECS architecture in the C++ programming language
was implemented. This approach provides high performan-
ce, which is crucial for comparison of rendering APIs. In ad-
dition, it allows for easy creation of experimental scenarios.

. The three most popular rendering APIs in game develop-

ment (DirectX, OpenGL, and Vulkan) were integrated into
the engine for further collection of performance metrics.
Each of the API followed the same logic for rendering obj
models to minimize bias due to implementation differences.

4. The implemented rendering APIs were tested in two experi-

mental scenarios, with performance metrics collected sepa-
rately for three types of three-dimensional models of diffe-
rent sizes. The experiment and the further application of
statistical tests have allowed for the establishment of deta-
iled recommendations on the best rendering API for diffe-
rent sizes of models and GPU types.
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Hayionanenuii ynieepcumem "JIvgiecoxa nonimexuixa", m. Jlveis, Yxpaina

AHAJI3 E®EKTUBHOCTI POBOTH INIPO'PAMHUX 3ACOBIB AJiA 3D-PEHAEPUHTY

B C®EPI PO3POBJIEHHA BIAEOITOP

HasBHicTh BeMKOT KITBKOCTI IOCTYITHAX MPOTPAMHKX 3aC00iIB JJIsl TPHBUMIPHOTO PEHICPUHTY Ja€ OiIbIe MPOCTOPY IS Cydac-

Ta 31MCHEHO TOPIBHAHHSA MPOAYKTHBHOCTI MOMYJIIPHUX MPOTPAMHUX 3aCO01B AJIsI TPUBHUMIPHOTO PEHACPHUHTY MiJ 4ac po3poOIeHHS
Bigeoirop. [{ms nporo Oyio po3poGiieHo pocTuid irpoBuid pymiit Ha 6a3i apxitektypu ECS (anrn. Entity-Component-System) 3 MOX-
JIUBICTIO THYYKO{ KOH(]Iryparii eKciepuMeHTAIPHIX clieHapiiB Ha miacTtasi JSON-¢aiinis. s mopiBHAHHSA TPOIYKTUBHOCTI, B irpo-
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BUI pymIiif Oyiio iHTErpoBaHO peHAEPUHT Mojelell y obj-hopmari Ha mixcTasi Tppox iHTepdeiiciB API (aurn. Application Program-
ming Interface), a came: DirectX 11, OpenGL Ta Vulkan. Exciepumentn Oyiio npoBeieHO Ha JIBOX II€PCOHAJIBHUX KOMITTOTEpax 3
inTerpoBanuM rpagiuaum nporecopom Intel HD Graphics 520 ta guckperaum rpagivanm npouecopom Nvidia GeForce RTX 4060.
Bonn micTmim peHaepHHT CTAaTHYHUX Ta AMHAMIYHUX CLIEHAPIiB 3 BUKOPUCTAHHSIM TPHOX THIIB TPHBUMIPHUX MOJEICH Pi3HOTO pO3-
Mipy y KinpkocTsx Bix 1 mo 120 — Ha iHTerpoBaHoMy rpagiunomy nporecopi ta Bix 1 go 2000 — Ha auckperHomy. Jlist KO>KHOTO 3
BUKOHAHHX CIIOCTEPEKEHb OyJI0 BUMIPSHO TaKi METPHKH MPOILYKTUBHOCTI, SIK KIJIbKICTh 00OpOOICHUX KaapiB 3a CEKYHAY, 3aBaHTaXe-
HICTH TpadiuHOro mporecopa, BUKOPUCTAHHA MaM'aTi TpadiyHOro mpouecopa, BUKOPUCTAHHS ONEepaTHBHOI MaM'saTi Ta iHIi. 3a 10mo-
MOTOI0 CTATUCTHYHUX TECTiB OyJI0 BHABICHO Ta MiATBEPIKEHO MepeBary y mBuakoaii inrepdeiicy OpenGL 3a BiATBOpEHHS eKcIe-
PUMEHTAJBHUX CIICHAPIiB HA IHTETPOBaHIN BiCOKAPTI, K I MOJEICH MaJIoro po3Mipy, Tak 1 BeauKoro. /i AucKpeTHoi Bigeokap-
TH 33 PEH/ICPUHTY MOJIeNIel BEJIMKOT0 po3Mipy Haiikpamli pe3ysibTaTH npoeMoHcTpyBaB iHTepdelic Vulkan, a 3a peHIepuHTy MoJe-
neit Majoro po3Mipy — iHrepdeiic DirectX. ¥V Bcix nmpoTtecToBaHux cueHapisx inTepdeiic DirectX mokasas HaiiMeHII BUTpaTH oOrie-
patuBHOI mam'aTi Ta mam'siTi rpagdivHOro Nporecopa. Pes3ynbraté DOCIiDKEHHS OyayTh KOPUCHHMH JUIsl PO3pOOHUKIB Bijeoirop Ta
IHIINX BHCOKONPOIYKTHBHUX JOJATKIB y chepi TPHBUMIPHOTO PEHIEPHHTY. TaKkoK po3poOiIeHui pymIii, 3aBIsSKH CBOIH I'HYYKOCTI,
Jla€ 3MOTY Y MaliOyTHbOMY PO3LIMPHUTHU MEPETIK TOCTIHKEHUX 3ac00iB peHICPUHTY.

KirouoBi ciioBa: xomm'totepHa rpadika; irpoBuHil pymIiif; peHIEpUHT y peaJbHOMY daci; BHMIPIOBaHHS HPOIYKTUBHOCTI;
CTaTUYHUH EKCIIEPHUMEHTATbHUH CLEeHAPIH.
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