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A RESEARCH ON METHODS OF COLOR ADAPTATION IN GRAPHICAL USER INTERFACES

Approaches to the color adaptation of graphical user interfaces for people with color vision deficiencies have been analyzed, and
it has been found that, for practical application, the most appropriate are algorithmic methods capable of providing not only color
correction but also acceptable performance when processing high-resolution images. Unlike complete vision loss, color blindness do-
es not require the creation of fundamentally new hardware or software solutions, but rather necessitates the adaptation of existing
graphical user interfaces to specific types of color vision deficiency, which determines the relevance of the conducted study. The pa-
per investigates the implementation features of three color transformation algorithms, namely a naive per-pixel algorithm, a matrix-
based algorithm, and a hybrid method based on the physiologically grounded Machado model and CLAHE. An accelerated GPU pi-
peline for the color transformation of graphical interface elements has been developed using CUDA and CuPy. A comparative per-
formance analysis of CPU- and GPU-based implementations has been carried out for HD, FHD, and 4K images under protanopia,
deuteranopia, and tritanopia conditions. It has been established that the results for different types of color vision deficiency differ
only slightly; therefore, representative data are presented for protanopia. It has been shown that transferring the per-pixel algorithm to
the GPU reduces the processing time of a 4K image from 81.51 s to 0.234 s, i.e., by approximately 349 times. It has been determined
that the matrix-based method provides the shortest GPU processing time for 4K images; however, the hybrid approach combining the
Machado model and CLAHE ensures better preservation of local contrast and visual expressiveness of interface elements. It has been
shown that, for HD images, the advantage of the GPU is less noticeable due to data transfer overhead, whereas for FHD and especi-
ally 4K images, the use of a graphics processor is advisable. The proposed approach can be used in the development of inclusive
software systems for graphical user interface adaptation. Thus, the proposed hybrid approach combines effective color correction
with contrast preservation through the use of CLAHE adaptive histogram equalization, which determines its potential for inclusive
graphical user interface design systems. Further development of this work involves integrating the obtained results into widely used
software systems in order to provide more accessible and effective adaptation of graphical user interfaces.

Keywords: color blindness; accelerated GPU pipeline; CUDA; CuPy; Machado matrices; CLAHE; GUI,; inclusivity.

system level. This is inconvenient, not always available,
and doesn't always work correctly with a specific application.

Performance is a critical issue in practical color adapta-
tion systems, since most existing software solutions per-
form color correction on the CPU only. While such an
approach may be sufficient for low-resolution images, it be-
comes inefficient for FHD and 4K content, especially in the
case of dynamic user interfaces or video streams. In studies
[2, 3], the effectiveness of parallel computing approaches
for computationally intensive processing tasks was de-
monstrated, which supports the expediency of applying pa-
rallel architectures to raster image transformation problems.
Because a raster image can be treated as a matrix structure,
color conversion procedures are well suited for parallel
implementation due to regular data organization, indepen-
dence of pixel-level operations, and fine-grained decompo-

Introduction / Bctyn

Color blindness is a common problem that affects
approximately 8 % of men and 0.4 % of women worldwide
[1]. In total, this amounts to more than 300 million people
[15], all of whom interact with computers, phones, and va-
rious applications on a daily basis. The problem is that most
interfaces are designed without considering that some users
simply cannot distinguish certain colors. For example, a red
error button or a green success indicator may look identical
to someone with deuteranopia.

Most modern applications do not have built-in color
adaptation modes for people with CVD at all — developers
simply do not include such functionality. The user either is
unaware of their condition or is forced to install separate
third-party software to convert colors at the operating
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sition. This makes GPU acceleration a justified and promi-
sing solution for improving the performance of color adap-
tation methods in inclusive graphical user interface
systems.

Object of research — color adaptation of graphical user
interfaces for users with color vision deficiencies.

Object of research — the methods and means of color
transformation of graphical user interface images and the
specific features of their implementation on CPU and GPU
architectures.

The purpose of the research — to investigate the effici-
ency of color correction algorithms for the adaptation of
graphical user interfaces to various forms of color blindness
depending on the selected computing architecture, which
will make it possible to formulate practical recommendati-
ons for selecting color correction algorithms and computing
architecture for the development of inclusive graphical user
interfaces.

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

e to analyze approaches to the inclusive adaptation of graphi-
cal user interfaces, which will make it possible to determine
the role of algorithmic color adaptation among modern ac-
cessibility tools and to substantiate its applicability for users
with color vision deficiencies;

e to develop an accelerated GPU pipeline for the color trans-
formation of graphical user interface elements, which will
make it possible to reduce the processing time of high-reso-
lution images and to assess the practical feasibility of such
an approach for dynamic interfaces;

e to conduct an empirical analysis of the performance of the
naive per-pixel conversion, matrix conversion, and the pro-
posed hybrid conversion algorithm (Machado + CLAHE) on
different types of computing architectures, which will ensure
the determination of the optimal balance between processing
speed and the quality of visual interface adaptation.

Analysis of recent research and publications. In paper
[4], reseaerchers presented a physiologically based model
for the simulation of color vision deficiency. The signifi-
cance of this work lies in the fact that the proposed transfor-
mation matrices are grounded in the spectral sensitivity
changes of the L, M, and S cones, which makes this model
more justified than simplified recoloring approaches. For
this reason, the Machado model was selected in the present
study as the basis for the hybrid color adaptation algorithm.

In study [6], a methodology for the heuristic evaluation
of the accessibility of statistical charts for people with low
vision and color vision deficiency was proposed. The aut-
hors emphasized that accessibility for such users depends
not only on the choice of colors themselves, but also on the
preservation of readability and distinguishability of visual
elements. This conclusion is important for the present rese-
arch because it supports the need to consider local contrast
preservation in addition to color conversion.

In paper [7], authors investigated whether color enhan-
cement algorithms improve the experience of color-defici-
ent users in smartphone-based scenarios. The study is im-
portant because it focuses on the actual perceptual effect of
color enhancement rather than on formal color transformati-
on alone. At the same time, it does not address the compu-
tational efficiency of such algorithms for high-resolution
graphical interfaces, which leaves open the issue of perfor-
mance-oriented implementation.

In paper [8], a fast image recoloring approach for red-
green anomalous trichromacy with contrast enhancement

and naturalness preservation was studied. This work is
highly relevant because it combines recoloring with additi-
onal attention to contrast and visual naturalness, which are
also critical for interface adaptation. However, the paper
does not focus on comparing CPU and GPU implementati-
ons of several alternative algorithms for high-resolution
GUI processing, which is one of the tasks addressed in the
present study.

In review [9], scientists summarized available devices
for patients with color vision deficiency. The review de-
monstrates that many existing solutions are implemented as
external aids or specialized tools rather than as integrated
mechanisms of software interface adaptation. This highli-
ghts the practical relevance of developing methods that can
be embedded directly into digital graphical systems without
requiring additional hardware.

Thus, the analysis of recent publications shows that
existing studies address the prevalence and user impact of
color vision deficiency [1, 15], physiologically grounded
models of color transformation [4], accessibility evaluation
issues [6], perceptual effectiveness of enhancement met-
hods [7], recoloring with contrast preservation [8], and ava-
ilable assistive devices [9]. At the same time, the literature
reviewed does not provide a comparative study of naive
per-pixel, matrix-based, and hybrid Machado + CLAHE co-
lor adaptation algorithms implemented on both CPU and
GPU for HD, FHD, and 4K graphical interfaces. This deter-
mines the need for the present research.

Materials and methods of research. In this study, met-
hods of comparative experimental analysis were applied to
assess the efficiency of color adaptation algorithms for gra-
phical user interfaces under different computing architectu-
res. The naive per-pixel, matrix-based, and hybrid Machado
+ CLAHE algorithms were implemented for CPU and GPU
execution using Python tools, including OpenCV, CUDA,
and CuPy. Experimental testing was performed on HD,
FHD, and 4K images for protanopia, deuteranopia, and tri-
tanopia using a computing platform equipped with an AMD
Ryzen 5 4600H processor and an NVIDIA GeForce GTX
1650 Ti Mobile graphics adapter. The execution time of
each algorithm was measured by means of time.perf coun-
ter, and the obtained results were compared according to
processing speed and the visual preservation of local
contrast after color transformation.

Research results and their discussion / Pe3yJsibTa-
TH AOCAiAKEeHHs Ta iX 06GroBOpeHHs

Methods for the inclusive adaptation of graphical user
interfaces should be viewed as a multi-level system encom-
passing mechanisms (Figure 1): visual, auditory, motor,
cognitive accessibility.

According to WCAG 2.2, the accessibility of digital
content is not limited to color correction alone, but includes
requirements regarding contrast, text scaling, alternative
ways of presenting information, and accompanying text
descriptions of multimedia content. For users with color vi-
sion impairments, visual adaptation methods are particu-
larly important, including the safe selection of color palet-
tes, increased contrast, duplicating color cues with text or
graphic markers, and algorithmic color transformation.

Unlike static design solutions, algorithmic color adapta-
tion allows for the type of color vision impairment to be ta-
ken into account and automatically adjusts the image repre-
sentation. However, modern approaches have two typical li-
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mitations: either they do not preserve local contrast and na-
tural colors, or they prove to be too computationally inten-
sive for practical use in FHD and 4K interfaces. This is why
combining a physiologically grounded color model with
specific contrast restoration techniques and GPU-based ac-
celeration is a promising approach.

Given the aforementioned classes of approaches, this
paper examines a subset of methods pertaining to visual
chromatic adaptation of user interfaces for individuals with
CVD. The subject of further analysis is algorithmic color
conversion techniques, as they specifically enable targeted

image modification depending on the type of color percep-
tion disorder. Three algorithms were selected for the study:
pixel-based, matrix-based, and a hybrid algorithm based on
the Machado model with CLAHE. These approaches cover
basic, optimized, and combined levels of implementation,
which allows for a valid comparison in terms of adaptation
quality and performance.

The main characteristics of the studied algorithms are
summarized in a block diagram, which clearly illustrates
the differences between basic and physiologically grounded
approaches (Figure 2).

. Contrast Safe palette Audio Simplifying Reducing

- Resize text enhancement || selection || 1cxtlabels ipti gestures and | visual overload
navigation
Brightness Static | Predictable
o Zoom ¢ Ml ol - Icons yereinali
| Adaptive CVD-specific | Textures/patter
layout = matrix 3 ns
transformation

--‘-

Fig. 1. Classification of approaches to inclusive adaptation of graphical user interfaces / Kiacudikartist mi/ixo/iB 10 iHKITFO3UBHOI aanTariii
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Fig. 2. Color conversion algorithms for implementation in a graphical user interface adaptation system / JlociikyBaHi airopuTrMu KOJIbOPO-
BOI KOHBepcii sl IMIIeMEHTAllii B cucTeMy ajanTaitii rpadidaux inrepdeiiciB kopucryBada

To address the challenge of developing an accelerated
GPU pipeline for color conversion of graphical user interfa-
ce elements, a generalized and decomposed model of the
software system for color adaptation of the graphical user
interface was developed. At the top level, the system rece-
ives the input image, the CVD type, and the selected algo-
rithm, and returns the adjusted image. In more detail:

e image preprocessing (linearization — only for the Machado
algorithm);

e performing color transformation using the selected algorithm
on the CPU or GPU;

o applying CLAHE (only for the Machado algorithm) and re-
turning to the standard color space.

Figure 3 shows the generalized model, and Figure 4
shows a detailed view with decomposition into GPU pipeli-
ne blocks.

Algorithm for
- VRAM
g limitations
multiplication

lj

Input image —L)
Ny

Image adjustment

Settings
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GPU (CUDA)

r_
ICPU (OpenCV)

Fig. 3. Generalized model of the image adaptation system / Y3ara-
JIbHEHA MOJIENb CUCTEMH KOJIbOPOBOI aianTaitii 300payKeHHsI
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The generalized diagram (Figure 3) illustrates the top-
level function — image adaptation to a given type of color
vision deficiency. The input data consists of an image in
PNG or JPEG format, the type of CVD, and its severity.
The control inputs are the matrix multiplication algorithm
and VRAM limitations. The execution mechanisms are a
CUDA-enabled graphics processor and a central processor
with the OpenCV library. The system returns the corrected
image and execution time statistics.

The detailed diagram (Figure 4) illustrates the internal
GPU processing pipeline. The first step involves preproces-
sing — the image is converted into an array of normalized

(Input data Multiplication

BRG massive Algorithm

Memory | | 1. Preparation

values, and the transformation matrix is loaded into video
memory along with the input data. The second step is mass
parallel transformation: the image is divided into blocks of
pixels (the number of blocks depends on the resolution),
and each block is processed independently on a separate
GPU compute core. After the parallel computations are
completed in the third step, the result is synchronized and
transferred from video memory back to RAM. In the final
fourth step, if the hybrid algorithm is selected, the central
processor applies CLAHE adaptive histogram equalization
to restore local contrast, after which the result is saved
along with time statistics.

| limit | J, and Caching | | | 2. MASS PARALLEL TRANSFORMATION ' Processed array
. , i e CLAHE
Settings | Block 00 | . Block ™) I 3. Synchronization p sl
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Fig. 4. A decomposed model of a color image adaptation system, adapted for GPUs / JlekomMmoHOBaHa MOJIE/b CUCTEMH KOJIbOPOBOT aamnra-

wii 300paxkensst, afanroana st [ TTY

A computing system supporting massively parallel com-
puting based on an NVIDIA GeForce GTX 1650 Ti Mobile
graphics adapter was used to conduct the experiments. This
allowed us to evaluate the effectiveness of GPU accelerati-
on when executing color conversion algorithms on images
of various resolutions. The hardware specifications of the
test bench are given in Table 1. The NVIDIA GeForce
GTX 1650 Ti Mobile (launched 2020) is a mobile GPU ba-
sed on the Turing architecture (TU117 or TU116 core) that
provides decent entry-level capabilities for parallel proces-
sing. It was designed for laptops, often within a 35W-55W
(up to 80W) power range, making it suitable for moderate
computational experiments rather than extreme high-perfor-
mance computing (HPC) workloads.

Table 1. Hardware specifications of the computers used /

AmnapatHi XapaKTepUCTUKA BUKOPUCTAHUX OOYUCITIOBAYIB

Component Characteristic Value
Comp;lot;;g plat- System type Laptop
Model AMD Ryzen 5 4600H
Number of cores / 6/12
Central proces- threads
sing unit (CPU)| Base clock frequency 3.0 GHz
Maximum clock
frequency (Boost) up to 4.0 GHz
Random access Capacity 16 GB
memory (RAM) Type DDR4-3200
Model NVIDIA Gf:F orce
GTX 1650 Ti Mobile
Architecture Turing (SM 7.5)
. Number of CUDA cores 1024
Graphics - -
adapter V1d§0 memory capacity 4 GB
Video memory type GDDR6
Memory bus width 128-bit
Memory bandwidth 192 GB/s
TDP 50 W

For the GPU versions, the CuPy library was used, which

is essentially an analogue of NumPy but for graphics cards
with CUDA. The naive algorithm on the GPU is implemen-

ted via a dedicated CUDA kernel, where each pixel is pro-
cessed by a separate thread. The matrix and Machado algo-
rithms are implemented via CuPy array operations.

To visually assess the performance of the algorithms, a
comparative processing of a test image for the CVD prota-
nopia type was performed at the maximum severity level on
the GPU. This comparative processing involves using GPU
acceleration (e.g., CUDA-based approaches) to simulate
how individuals with severe Protanopia (red-blindness) per-
ceive visual content. Such tests are designed to evaluate the
efficiency and accuracy of simulation models like Brettel,
Viénot, or Machado, which often struggle to distinguish
between red and green colors at high severity.

- ...

protanopia on a GPU / Pe3ynbTaT KoIMipHOT KOHBEpCii HAa OCHOBI

MaTpUYHOr0 aJIropuTMYy Juis nportaHorii Ha [TTY

Figure 5 demonstrates the result of the matrix algorithm:
the color palette has been altered — the warm red-pink tones
of the original image have been transformed into a blue-yel-
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low range characteristic of human perception with protano-
pia. However, in areas with smooth gradients, a partial loss
of detail is noticeable due to uniform recoloring without ac-
counting for local contrast.

The hybrid algorithm combining the Machado simulati-
on model with Contrast Limited Adaptive Histogram Equa-
lization (CLAHE) for protanopia (red-green deficiency)
produces enhanced, daltonized images that significantly
improve red-green contrast and color discrimination while
preserving naturalness. When accelerated on a GPU, this
approach allows for real-time video processing.

P —————

Fig. 6. Result of color conversion based on the Machado + CLAHE
hybrid algorithm for protanopia on a GPU / Pe3ynbrar xomipaoi
KOHBepcil Ha 0CHOBI ribpuaHoro anmropurmy Machado + CLA-
HE s nporanomii Ha [TTY

Figure 6 shows the result of the Machado hybrid algo-
rithm with CLAHE: the color transformation is similar, but
textural details and boundaries between zones are preserved
much better thanks to additional contrast equalization. This
confirms the practical advantage of the hybrid approach
when adapting images for CVD users.

The time.perf counter function was used to measure the
execution time of each algorithm. Testing was conducted
on three image resolutions: HD (1280x720), FHD
(1920%1080), and 4K (3840x2160). Each algorithm was
run 5 times, and the average value was recorded in the tab-
le. All three types of color blindness were tested, but the re-
sults differed by less than 2 % between them, so Table 2
shows data only for protanopia.

Table 2. Comparison of computation times for protanopia, s /
[MopiBHSHHS Yacy OOYHMCICHHS ISl TPOTAHOIIIT, C

Method | CPU | CPU| CPU | GPU | GPU | GPU S}l’f

HD |FHD| 4K | HD |FHD | 4K | 41(}))

Perpixel | 9.12 |20.83]81.51]0.215]0.248 | 0.234 | ~349x

Matrix-based |0.024]0.051(0.17410.030]0.054]0.076 | ~2.3x
Hybrid (Macha-

do + CLAHE) |-037|0:06110.226/0.032|0.0690.133 | ~1.7x

The table shows that the per-pixel method on the CPU is
simply not practical — 80 seconds per 4K image is far too
long (Figure 7,a). If we move this same algorithm to the
GPU, it processes the same image in 0.23 seconds (Figure
7,b). This is ~349 times faster, which clearly demonstrates
the effect of parallel pixel processing on the graphics card.
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I Matrix (NumPy)
B Complex (Machado+CLAHE)

102 82.533

g time (s) - Log Scale
3 S

Processin
2

1072
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B Matrix (CuPy)
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o
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Fig. 7. Algorithm performance on / IIpogyKTHBHICTb aNrOpUTMY Ha:
a) CPU (logarithmic scale), s / LI[TY (;orapudmivna mixana), c;
b) GPU (linear scale), s / ['TIY (iiniiina mikana), ¢

The matrix method is more interesting. On HD images,
the GPU is even slightly slower than the CPU (0.030 se-
conds vs. 0.024 seconds) — this is because copying data to
video memory also takes time, and on small images this be-
comes noticeable. But on 4K, the GPU provides a 2.3x spe-
edup, and the larger the image, the more noticeable the difference.

10°

[ CPU Pixel 22 CPU Matrix &z CPU Complex
I GPU Pixel Il GPU Matrix HE GPU Complex

—
o
N

g time (s) - Log Scale
5 8

=
o
&

Processin

1072

102

HD FHD 4K
Fig. 8. Overall comparison of CPU vs. GPU for all methods (loga-

rithmic scale) / KomrutexcHe mopiBHsiHHs npomgyktiBHOCTI LITTY
ta [ITY mst Beix pocmimkennx meromis (logarithmic scale)

The hybrid method on the GPU processes a 4K frame in
0.13 seconds. It is slightly slower than the matrix GPU
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(0.076 seconds) because CLAHE is additionally performed
on the CPU. However, the image quality is better — contrast
is preserved, and interface elements appear clearer and mo-
re understandable to a person with color blindness after cor-
rection.

The overall comparison graph (Figure 8) clearly de-
monstrates the fundamentally different behavior of the al-
gorithms when scaling resolution. The curve for the per-pi-
xel algorithm on the CPU rises sharply on a logarithmic
scale, while the corresponding GPU curve remains practi-
cally horizontal — the GPU effectively handles the increase
in data volume thanks to massive parallelism. The matrix
and hybrid algorithms show a significantly smaller gap bet-
ween CPU and GPU, but even here the GPU's advantage at
4K is evident. The overall trend confirms: at HD resolution,
the difference between platforms is minimal due to the
overhead of data transfer, but starting with FHD and especi-
ally at 4K, the GPU becomes the only viable solution for
practical use in real-time interfaces.

Discussion of research results. In the study [10] was
shown that parallel image processing becomes more effecti-
ve as image size increases, and the speedup for grayscale
conversion rose from 1.1623 for 100x100 images to 3.1810
for 1000x1000 images. This agrees with the results of the
present study, where the benefit of GPU acceleration was
limited for HD images but became much more evident for
FHD and especially 4K resolution.

In the paper [11] GPU-based color space conversion
was found to be considerably faster than CPU-based execu-
tion, with the reported GPU speedup reaching approxima-
tely 3.45-9.59 tim12es depending on the mode. These re-
sults support the findings of the present study and confirm
that color transformation tasks are well suited for massively
parallel architectures.

In the study [12] the authors reported that optimized
CLAHE improved SSIM by 24.69 %, PSNR by 24.36 %,
and reduced LOE by 36.62 % compared with standard
CLAHE. This confirms that CLAHE can improve local
contrast and preserve important visual details, which is con-
sistent with the results of the present study, where the
hybrid Machado + CLAHE method provided better visual
quality than simpler conversion schemes.

In the paper [13] was shown that redesigning GUI ele-
ments for colourblind users improves task performance,
with an average efficiency increase of 1.5 % for desktop
tasks and 12.84 % for Device Manager tasks. Although that
study considered icon redesign rather than algorithmic color
correction, it supports the practical importance of impro-
ving the visual accessibility of graphical interfaces for colo-
urblind users.

In the study [14], adaptive interfaces for users with co-
lor vision deficiency improved productivity by up to 20 %,
effectiveness by up to 85 %, and satisfaction for protanopia
users by 40.54 %. These results confirm that color-adaptive
interfaces are useful in practice and support the relevance of
the present study, which addresses this problem from the
standpoint of computationally efficient color transformation.

Thus, the analyzed studies confirm the relevance of the
present research. Existing works separately demonstrate the
advantages of parallel image processing, GPU-based color
conversion, CLAHE-based contrast enhancement, and
adaptive interface design for users with color vision defici-
ency. However, they do not present a combined comparati-
ve analysis of naive per-pixel, matrix-based, and hybrid

Machado + CLAHE methods on CPU and GPU for HD,
FHD, and 4K graphical interfaces. Therefore, the obtained
results support the feasibility of GPU-accelerated color cor-
rection for inclusive graphical user interfaces.

Future directions for developing this topic involve
implementing the developed and refined methods into a real
software system, followed by experimental validation under
practical conditions. Conducting field studies involving
users with various types of color perception disorders is
promising, as this will allow for evaluating the effective-
ness of the proposed approaches not only in terms of com-
putational metrics but also in terms of actual improvements
in the contrast of interface elements. Special attention sho-
uld be paid to analyzing how the methods perform on diffe-
rent types of screens, as the characteristics of color repro-
duction, contrast, and brightness of displays can signifi-
cantly affect the outcome of color adaptation. This appro-
ach will enable a transition from laboratory evaluation to a
comprehensive assessment of the practical suitability of the
developed solutions under real-world operating conditions.

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 — the
has been refined of a hybrid method for the color adaptation
of graphical user interfaces for users with color vision defi-
ciency, which, unlike standalone per-pixel and matrix-ba-
sed approaches, combines the physiologically grounded
Machado model with CLAHE and is implemented as an ac-
celerated GPU pipeline, thereby reducing the processing ti-
me of high-resolution images while preserving local cont-
rast and the visual clarity of interface elements.

Practical significance of the research results — they can
be used in the development and integration of inclusive
software tools and services for graphical user interface
adaptation in desktop and mobile applications, where GPU-
accelerated color correction enables practically acceptable
processing speed for FHD and 4K images and improves the
readability of interface elements for users with color vision
deficiency.

Conclusions / BUCHOBKHU

The efficiency of color correction algorithms for adap-
ting graphical user interfaces to various forms of color
blindness depending on the selected computing architecture
was investigated, which made it possible to formulate prac-
tical recommendations for selecting color correction algo-
rithms and computing architecture for the development of
inclusive graphical user interfaces. Based on the results of
the research the following main conclusions can be drawn.

1. Analyzed approaches to the inclusive adaptation of graphi-
cal user interfaces made it possible to establish that algo-
rithmic color transformation is the most appropriate directi-
on for adapting interfaces to different types of color vision
deficiency under conditions of widespread use of digital
systems.

2. Developed accelerated GPU-based implementation of color
transformation algorithms made it possible to establish that
massively parallel architectures are the most effective for
high-resolution image processing, since for 4K images the
naive per-pixel algorithm achieved the greatest accelerati-
on, reducing processing time from 81.51 s on the CPU to
0.234 s on the GPU.

3. Established comparative analysis of the naive per-pixel,
matrix-based, and hybrid Machado + CLAHE methods
showed that GPU acceleration becomes most justified for
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des the best balance between processing efficiency and vis- color enhancement algorithms improve the experience of color-
ual adaptation quality, since it preserves local contrast and deficient people? An empirical study based on smartphones.
improves the visual clarity of interface elements while ma- Frontiers in  neuroscience, 18, article 1D 1366541.
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Xapxiecokuil HayionanvHuil yHigepcumem padioenekmporixu, M. Xapkis, Ykpaina

JOCIIIKEHHA METOJIB KOJIIPHOI AIATITALLIT TPA®PTYHUX
KOPUCTYBAUBKUX IHTEP®EUCIB

[poanani3oBaHO MiIX0au 10 KOJipHOT aganTariiil rpadiuHuX KOPUCTYBALBKUX iHTEP(ENCiB st 0Ci0 i3 MOPYIICHHIMH KOIBOPO-
BOrO 30py. 3'ICOBAHO, 10 /IS NPAKTUYHOTO BUKOPUCTAHHS HAMIOIIBHIIINMYU € alrOpUTMIYHI METOMH, 3[aTHi 3a0e3rnedyBaTu He
TiJIBKM KOPEKI[IO KOJBOPIB, a i MPUIHATHY MIBUIKOIIIO ITij1 9ac 00po0IieHHs 300pa)eHb BUCOKOT pO3/IisibHOI 3aaTHOCTI. Ha BimMiHy
BiJl IOBHOI BTPATH 30pY, KOJILOPOBA CIIIOTA HE MOTPeOy€e CTBOPEHHS HOBHX IPOrpaMHO-allapAaTHUX PIllieHb, @ BUMArae ajiantaii Ha-
SIBHUX IpadiuyHUX KOPHCTYBAIBKUX 1HTEP(EHCIB 10 KOHKPETHHUX THIIB IOPYIICHHS KOJIBOPOBOI'O CHPUIHATTS, 110 POOUTH NpOBEIe-
HE JOCTI/DKEHHS aKTyallbHUM. Y POOOTI JOCIIHKEHO 0COOIUBOCTI peatisallii TphOX aarOpuTMIB KOMIPHOTO MEPETBOPEHHS, a caMe
HATBHOT'O MOMIKCEILHOT0, MATPHYHOTO Ta TiOPUIHOTO METOLYy Ha OCHOBI (hizionoriuno obrpyHToBanoi momeni Machado i CLAHE.
Po3pobeno npurBuaiieHnit GPU-koHBeep KOIPHOTo epeTBOPEHHs eleMeHTIiB rpadiunoro inrtepdeiicy 3 Bukopucranasm CUDA
ta CuPy. [IpoBeaeHo noOpiBHsUIbHUI aHami3 npogykTuBHOCTI peamizaniii Ha CPU ta GPU mis 300pakeHb 3 pO3/IiIBHOIO 3MaTHICTIO
HD, FHD i 4K 3a ymoB npoTaHoriii, aeiirepanorii Ta TputaHormii. BcTaHOBIIEHO, 110 Pe3y/bTaTy TS PI3HUX THIIB MOPYIIEHb KOIbO-
POBOTO 30py BiApi3HSIOTHCS HE3HAYHO, TOMY PEMPE3CHTATUBHI [aHi MOAaHo uisi mporaHomii. [Toka3aHo, 1m0 nepeHeceHHs! MOMiK-
cenbroro anropurmy Ha GPU ckopouye TpuBaiicts 00pobienns 4K-300paxents Bix 81,51 ¢ g0 0,234 ¢, TodTo npubnuzHo y 349
pasiB. BusnaueHo, 110 MatpudHuil MeTO[ 3a0e3neuye HalMeHIy TpuBaiicTb oopobients Ha GPU s 4K-300paxeHb, ofHaK Ti0-
punHui miaxin, y skomy moenHano moxens Machado ta CLAHE, 3a6e3neuye kpaiie 30epe)KeHHsI JIOKaIbHOIO KOHTPACTY Ta Bi3y-
abHOl BUPA3HOCTI enemeHTiB inTepdeiicy. [Tokazano, mo mist HD-306paxens nepeBara GPU e MeHII MOMITHOIO Yepe3 BUTPATH Ha
nepenaBanns naHux, Tofi sik st FHD i oco6nuBo 4K BukopucTanss rpadidHOro nporecopa € JOoiIbHUM. 3anpornoHOBaHMH MTiaXi/
MO)KHA BUKOPHUCTATH Iijl Yac pO3pOOJICHHS IHK/IIO3MBHUX MPOrPAMHHUX CHCTeM ajaanrarii rpadiunux intepdeiicis. Omke, 3anpomno-
HOBaHU TIOPUIHUI MiAXi TOEAHYE e(PEKTHBHY KOPEKIII0 KOIBOPY 31 30epeKeHHIM KOHTPACTY 3aBISIKH BUKOPHCTAHHIO aallTHB-
Horo BupiBHioBaHHs ricrorpamu CLAHE, 110 Bu3Hauae HOro moTeHmian ajist iHKJII03UBHUX CHCTEM An3aiiHy rpadidHoro intepdeiicy
kopucryBaua. [loganpiinuii po3BUTOK Ii€i poOOTH mependadac iHTErpario pe3yabTaTiB y MIHPOKO BUKOPUCTOBYBAHI IPOrPaMHi CHC-
TeMu Jutst 3a0e3redeH s OIbI JOCTYTHOI Ta epeKTHUBHOI aganTarii rpadidaux inrepdeiiciB KopucTyBaya.

KuouoBi ciioBa: konbopoBa ciinora; nputusuamennit GPU-kouseep; CUDA; CuPy; matpuni Mauano; CLAHE; GUI,; inkiro-
3UBHICTb.
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