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Abstract. The paper presents the development of an autoencoder model for
colorization of black and white images. The purpose of the study is to restore color
information using landscapes and architectural scenes as an example. The model is
implemented in Python using the Keras and TensorFlow libraries and trained on the
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dataset Landscape color and grayscale images (14,258 images, including 7,129 color
and 7,129 converted to black and white). All images are reduced to 150x150 pixels
in RGB format. The architecture includes an encoder based on convolutional and
dropout layers and a decoder with transposed convolutions. Augmentations were
used to improve the generalization ability. Experiments showed an accuracy of about
82.5 % on the validation sample. Additional metrics: MSE =0.018, PSNR = 27.6 dB,
SSIM = 0.83 . Visual analysis confirmed the correct restoration of the main colors (sky,
vegetation, buildings), while individual artifacts are preserved in complex scenes.
Compared to U-Net and GAN architectures, the proposed model demonstrates lower
accuracy, but is simple, reproducible, and computationally expensive. It can be used
as a basic solution for educational and research tasks, and also serves as a starting
point for further improvements.

Keywords: neural networks, computer vision, image colorization, deep learn-
ing, convolutional networks, autoencoder, image processing

For citation: M. Urazgaliyeva, H.I. Biilbiil, B. Utenova, A. Mailybayeva,
A. Mukhanbetkaliyeva. Development and training of a neural network autoencod-
er model for visual data colorization//International journal of information and com-
munication technologies. 2025. Vol. 6. No. 23. Pp. 303-322. (In Eng.). https://doi.
org/10.54309/1JICT.2025.23.3.019.

Conflict of interest: The authors declare that there is no conflict of interest.

KOPHEKI JEPEKTEP/II KOJIOPU3AIIUAJTIAY YIUIH ABTOKOJAEP
HET'3IHJETT HEHPOXEJLIK MOJEJBAI 93IPJEY )KOHE OKBITY

M. Ypaszzanuesa’, X.HU. Bronvorwnv’, b. Ymenoea’*, A. Mainvibaesa’,
A. Myxanbemxkanueea’
1. EcenoB arbinaarsl Kacnuii TeXHOMIOTHsIIAP JKOHE MHKUHUPUHT YHUBEPCUTETI,
Axray, Kazakcran;
’"a3u yHuBepcuTeTi, AHKapa, Typkus;
3Cadu OtebaeB aTbIHAAFBl AThIpAay MYHAH J)KOHE Ta3 YHUBEPCUTETI, AThIpay,
Kazakcran;
4X. JlocMyxaMenI0B aThIHaFbl AThIpay YHUBEpCUTETI, AThIpay, KazakcraH;
SJILH. I'ymunes areinaarsl Eypasus ynTTeiK yHUBepcuTeTi, Actana, Kazakcran.
E-mail: balbupe u_e@mail.ru

YpasranueBa MeilipamMryJl — TeXHHKa FhUIBIMAAPBIHBIH Maructpi, L. Ecenos
aTeiHAarbl Kacnuii TexHoIorusIap skoHe HHKUHUPUHT YHUBEPCUTETI, AKTay
E-mail: mira_090578@mail.ru, https://orcid.org/0000-0003-0640-7306;
Broasowas Xaaua Uoparum — PhD, npodeccop, Kommnbrotrepiik xoHE OKBITY
TexHoJIoTHsUIapbl Kadenapacel, ['azm OutiMm Oepy dakynbTeTi, ['a3u yHHBepcHTETI,
AHKapa

E-mail: bhalil@gazi.edu.tr, https://orcid.org/0000-0002-6525-7232;

This work 1s licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
w International License 304



INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2025. Vol. 6. Is. 3.

YTenoBa banldyme — TexHHMKa FbUIBIMIAPBIHBIH KaHAWAAThI, mpodeccop,
AxmnaparThIK TexHosorusuiap akynsreti, Cadu OTebaeB aTbiHIaFEl ATBIpAy MyHai
KOHE a3 YHUBEPCHUTETI

E-mail: balbupe u_e@mail.ru, https://orcid.org/0009-0007-6705-5830;
Maiiabi6aeBa AiliMaH — (Qu3MKa-MaTeMaTHKa FbUIBIMAAPBIHBIH KaHAWJATHI,
KaybIMAACTBIpbUIFaH  npodeccop, Pusmka, MaremMaTHKka IKOHE aKMapaTThIK
TexHoJorusuiap Qaxyiabreri, X. JlocMyxamenoB aThIHAAFbl AThIpay YHUBEPCHUTETI,
Ateipay, Ka3akcran

E-mail: mjkka@mail.ru, https://orcid.org/0000000305984806;

Myxan0eTKaaneBa AWHYp — TEXHHMKAa FbUIBIMJIAPBIHBIH KaHIUAATHI, JIOLIEHT,
AxnapatrTsIK TexHonorusiap ¢akynsreti, JI.LH. I'ymunes areingarst Eypasus yinTThiK
YHHUBEPCHUTET]

E-mail: ainur-kanatm@mail.ru, https://orcid.org/0000-0001-5508-3331.

© M. Ypasranmuea, X.U. brons0romns, b. YTenosa, A. MaitneibacBa, A. MyxanOeTkanneBa

AHHoTanms. byn kymbicta Kapa-ak OeifHenepl KoJopU3alysuiay YIIiH
aBTOKOAMPOBIIMK YJTICIH 93ipjey KapacThIpbUIaabl. 3epTTeyliH MakcaTbl —
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kentipy. Mogens Python timinge Keras xone TensorFlow kitamxanamapblHBIH
KOMeTIMEH iCKe achIpblIAbI XkoHe Landscape color and grayscale images nepexrep
KUHAFbIH/IA OKBITHUIIBI (14 258 Oeline, oHbIH immiHAe 7129 Typni-Tycti xone 7129
Kapa-akka Typiaesipiaren). bapasik 6eitnenep RGB dopmartsinna 150%150 nukcens
eJIIIEMiHe KeNTipiaal. ApXUTEeKTypa KypamblHa CBEPTOUTHI *oHe dropout-kabarTa-
pblHA HETI3JENreH KOJUPOBIIUK, COHJIAi-aK TPaHCHO3MLUSIBIK CBEPTKEICPMEH
JEKOUPOBILUK eH/l. XKannbuiay KabijeTiH apTThIpy YIIIH JePEKTEp ayIMEHTALUSACHI
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82,5 % monmikke Kon xkeTkizinai. Kocsimina metpukanap: MSE =0.018, PSNR = 27,6
dB,SSIM~=0.83. Buzyanasl Tasiiay Heri3ri TyCTepAiH (acmaH, eCiMAIKTep, FUMapaTTap)
IypbIC KajmblHA KENTIPUITeHIH pacTajbl, ajaiija Kypaeli KepiHicTepae Kenoip
apredaxrinep cakranansl. U-Net koHe GAN apXuTekTypajlapbIMEH CalbICThIPFaH/1a
YCBIHBUIFAH MOJIENIb TOMEHIPEK TONIIIKTI KOPCETKEHIMEH, KapanaibIMIbUIbIFbIMEH,
KaiiTa aHFBIPTBUIYBIMEH OHE TOMEH €CENTey LIBIFBIHAAPBIMEH EPEeKILIEeICHEI].
Ou1 oKy koHe 3epTTey MaKcaTTapbiHa 0azajbIK LICNIiM PeTiHAe, COHAai-aK 0JlaH api
KETUIAIPY YLIiH OacTankbl HYKTE PETiHAE KOJIAAHbLTYbl MYMKIiH.
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BOCCTAHOBJICHHE I[BETOBOW MH(pOpPMAIIUU HA TIpUMepe Men3akel U apXUTEKTYPHBIX
cueH. Mogenb peanu3oBaHa B Python ¢ ucnons3zoBanmem Oubnmorek Keras u
TensorFlow u oOydena Ha natacere Landscape color and grayscale images (14 258
n300pakeHni, n3 HUX 7129 nBeTHBIX U 7129 npeoOpa3oBaHHBIX B YepHO-OeIbIe). Bee
n300pakeHHs IpuBeIeHbI K pazmepy 150% 150 nukceneit B popmare RGB. Apxutekry-
pa BKITIOYAeT KOJMPOBIIUK Ha OCHOBE CBEPTOUHBIX U dropout-cioéB U AeKOIUPOBIINK
C TPAHCTIOHUPOBAHHBIMU CBEpTKaMH. {715 moBkIIIeHUsT 000011ato1Iel CTOCOOHOCTH
NPUMEHSITUCH ayTMEHTalMU. DKCIIEPUMEHTHI MTOKa3alu TOYHOCTh OKoo 82,5 % Ha
BauaaIMoHHOM BeIOOpKE. JlomomHuTenbHbIe MeTpuku: MSE = 0.018, PSNR = 27,6
dB, SSIM = 0.83. BusyanbHbIil aHAIU3 MOATBEPANUI MMPABUILHOE BOCCTAHOBIICHUE
OCHOBHBIX 1IBETOB (HE0O, paCTUTENBbHOCTD, 31aHUA), IPU STOM B CIOXHBIX CIIEHAX
coxpaHswTca otaenbHble apredakthl. [lo cpaBHenuto ¢ apxutektypamu U-Net u
GAN npeayioxkeHHas MOJIeib JEMOHCTPUPYET MEHBIIYI0O TOYHOCTh, HO OTIMYAeTCs
MPOCTOTOM, BOCIPOU3BOAUMOCTBIO U HU3KHUMH BBIUMCIUTEIbHBIMU 3aTpaTaMu. OHa
MO>KET MCIIOJIb30BaThCs Kak 0a30BO€ pelieHue AJis YYEeOHBIX U UCCIIEeI0BATEIbCKUX
3a/1a4, a TAaKXKe CIY>KUTh OTIIPABHOM TOUKOW AJIs JabHEHIINX YITyUlIeHHH.

KioueBble ci10Ba: HEMPOHHBIE CETH, KOMITBIOTEPHOE 3pEHUE, pACKPAIIUBAHNE
H300paKEeHHH, TIIyOOKOe OOydeHHe, CBEpTOYHBIE CETH, aBTOIHKOIEp, oOpaboTka
N300paKeHHI

Juasi murtupoBanusi: M. VpasranmueBa, X.U. brons0rons, b. YTeHnosa, A.
MaiineibaeBa, A. MyxanOetkanueBa. PazpaboTka u o0ydueHne HelpoceTeBoil Moienu
ABTOKOJIMPOBIIMKA ISl KOJOPHU3AIMM BU3YAIbHBIX JaHHBIX//MexayHapoaHbIi
KypHaJl HHOOPMAITMOHHBIX 1 KOMMYHHKAITMOHHBIX TexHojoruid. 2025. T. 6. No. 23.
Ctp. 303-322. (Ha anr.). https://doi.org/10.54309/1JICT.2025.23.3.019.

Kondaukr uHTepecoB: aBTOpHI 3aABIAIOT 00 OTCYTCTBUM KOH(QIMKTA
UHTEPECOB.

Introduction

Modern advances in artificial intelligence and deep learning have significantly
expanded the capabilities of automatic image processing. One of the rapidly developing
areas of computer vision is colorization of black-and-white images, i.e. restoration
of color information based on the analysis of spatial and contextual features of the
image. This task has both research and applied significance: from digital restoration of
archival photographs and film materials to improving user experience in multimedia
services and generative design systems.

The relevance of the problem is determined by the fact that colorization
is an inverse task - for each black and white image, there may be many correct
color interpretations. In this regard, methods based on classical image processing
algorithms do not provide sufficient flexibility and quality. Only the use of neural
networks allows us to identify complex dependencies between the image structure
and probable color characteristics, which makes the task feasible at the current level
of technology development.
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Inrecent years, various approaches have been proposed to solve the colorization
problem: convolutional neural networks, U-Net-based architectures, generative
adversarial networks (GANSs), and hybrid models that use additional cues (e.g., text or
semantic maps). Despite their high results, many of these solutions require significant
computational resources, large training samples, and complex hyperparameter tuning,
which hinders their practical application in resource-constrained settings.

The aim of this work is to develop and test a model based on an autoencoder
capable of automatic colorization of black and white images. Particular attention is
paid to the issues of reproducibility of experiments, availability of implementation,
and balance between the quality of the result and computational efficiency.

To achieve the stated goal, the following tasks are solved in the work:

e to review modern methods of image colorization and identify their strengths
and weaknesses;

e prepare a dataset of black and white and color images for training and
validating the model;

o implement an autoencoder architecture using Keras and TensorFlow libraries;

o train the model and perform a quantitative quality assessment (accuracy,
MSE, PSNR, SSIM);

o perform a comparative analysis of the obtained results with existing solutions;

o discuss the scientific novelty and development prospects of the approach.

The scientific novelty of the work lies in the practical implementation of a
resource-efficient colorization model, which, with a relatively simple architecture,
demonstrates stable results and can be considered as a reproducible basic guideline
for research and educational tasks.

Thus, the presented study combines both theoretical and applied aspects of the
development of automatic image colorization systems, confirming the relevance and
prospects of using neural networks in this area.

Materials and methods

Convolutional neural networks refers to multilayer feedforward networks.
Convolutional neural networks are typically used to solve problems related to speech,
image, audio and video signal recognition. It has more advanced functionality com-
pared to the perceptron. Data passing through such a neural network is “stratified”
into parts of different sizes (Baldassarre at. Al., 2020). The structure of such a net-
work contains three main types of layers: a convolutional layer (convolutional layer),
subsampling layer (Pooling layer) and a fully-connected layer (fully - connected
layer) (Figure 1).
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Fig. 1. Schematic Representation of a Convolutional Neural Network

Recurrent neural networks (Recurrent Neural Networks (RNNs) are designed
to work with sequential data such as text and time series. Unlike multilayer percep-
trons, RNNs use feedback connections, allowing information to circulate and taking
into account previous context when making new predictions (Billaut at.al., 2018).
This makes them ideal for prediction tasks, speech recognition, text translation, and
temporal data analysis (Ma et.al., 2024). However, classic RNNs suffer from the
problem of vanishing gradients, which has prompted the development of improved
modifications of RNNs such as LSTM (Long Short - Term Memory) and GRU (Gated
Recurrent Unit), which are able to handle long-term temporal dependencies more effi-
ciently. Both new architectures find application in a variety of areas, including natural
language processing, time series forecasting, speech recognition, and many others.
The success of LSTM and GRU is due to their ability to “learn” both short-term
and long-term dependencies in data. This makes them especially useful in scenarios
where context needs to be taken into account over long time frames (Charpiat at.al.,
2008). Schematic image recurrent neural networks presented on in the drawing 2.

® ® ® ®)
P - oo
b & b

Fig. 2. Scheme of Operation of a Single-Layer Recurrent Neural Network

v

Thus, the use of various architectures allows neural networks to be configured
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to solve specific problems, taking into account the nature and structure of the input
data. Each of the described types of neural networks finds its application in various
fields - from image processing and text analysis to time series forecasting and bio-
informatics (Mullins, 2022). The choice of a suitable architecture depends on the
specific task, the nature of the data and the requirements for the model (Anwar et al.,
2020). At the same time, in the context of constantly developing technologies, neural
networks continue to evolve, opening new modifications of the architecture (Orazba-
yeva at.al., 2023).
Application Areas and Tasks

Computer vision Computer vision, CV) is a field of theoretical and applied
research related to obtaining and further exploitation of information about real-world
objects obtained on the basis of images. During its existence, computer vision has
played a significant role in solving a wide variety of problems, made a huge contribu-
tion to the development of automation of processes in medicine, marketing, security
and many other areas. Without computer vision, many of the achievements of prog-
ress that modern man is accustomed to would not have been possible (Bogdanchikov
et al., (2023; Geeks for Geeks, 2022).

Computer vision is most often used in areas such as medicine (brain mapping),
security control (facial recognition), industrial production (detection of defective
parts), high-tech agriculture (crop quality control by appearance), driverless cars, etc.

Computer vision solves the following problems:

— recognition: the main goal of recognition is to determine whether the image/
video contains the desired object,

— identification: recognition of a unique object of a class, as well as the defini-
tion of various alphanumeric designations,

— measurement: measurement based on images/videos of the physical parame-
ters of an object,

— image restoration: removal of image blur, noise and other defects,

— image segmentation: highlighting the silhouette of an object,

— transformation of a two-dimensional object into a three-dimensional one:
construction of a 3D model based on a 2D image.

The following methods of image processing are distinguished:

— Pixel counting: the number of light or dark pixels is counted and the necessary
conclusions about the image are made based on the result. Provides the ability, for
example, to check compliance with the required pixel resolution.

— Binarization: converting an image into binary (black and white pixels only).
The values of each pixel are conventionally coded as “0” and “1”. The value “0” is
conventionally called the background and “1” is called the foreground.

— Optical character recognition: automated “reading” of texts. Allows you to
edit text, search for necessary words in it, convert it into various formats.

— Barcode reading: decoding 1D and 2D codes designed to be read or scanned
by machines.
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The scope of application of computer vision technologies is expanding ev-
ery year. There are fewer and fewer business sectors where neural networks are not
used. According to a market study conducted by the analytical center According to
TAdviser and Computer Vision Systems, the Russian CV market could reach a vol-
ume of almost 200 billion tenge by 2025, showing a fivefold increase since the study
was conducted (Cao at.al., 2024; Goldashova at.al., 2022).

Image Processing with Convolutional Neural Networks

Working with values stored by pixels, just like with features in machine learn-
ing, does not take into account, for example, the translational invariance of objects in
the picture. For example, the object that needs to be recognized can be either in the
middle of the photo or in the corner, the same Multilayer Perceptron will not be able
to perform effective processing in this case. Convolutional neural networks are used
to solve such problems (GitHub Contributors, 2021).

Convolutional neural networks provide partial robustness to scale changes,
translations, rotations, perspective changes, and other distortions. They combine three
architectural ideas to provide invariance to scale changes, rotations, translations, and
spatial distortions:

— local receptor fields (provide local two-dimensional connectivity of neu-
rons),

— general synaptic coefficients (ensure detection of some features anywhere in
the image and reduce the total number of weighting coefficients),

— hierarchical organization with spatial subsamples.

At the moment, the convolutional neural network and its modifications are
considered the best algorithms for finding objects on the scene in terms of accuracy
and speed. Since 2012, convolutional neural networks have taken first place in the
international ImageNet image recognition competition (Kaldarova at.al., 2022).

Figure 3 shows the process of image processing by a convolutional neural

network.
E E — CAR
— TRUCK
— VAN
' O

D — BICYCLE

INPUT CONVOLUTION + RELU POOLING CONVOLUTION + RELU POOLING FLATTEN SOFTMAX

FULLY
CONNECTED
Y Y

FEATURE LEARNING CLASSIFICATION
Fig. 3. The Process of Image Processing by a Convolutional Neural Network

Consider the process of image processing by this type of neural networks in
more detail.

First, define the convolution operation.

Convolution is a sequential two-step process:
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— passing the same fixed kernel over the entire initial image.

— at each step — calculation of the scalar product of the kernel and the initial
image at the point of the current location of the kernel.

The result of convolving an image and a kernel is a feature map. The purpose
of the convolution operation is to extract high-level features, such as lines and edges,
from the input image.

nxnxm be fed to the input of the neural network, i.e. the size of the original
image is equal to n pixels in width, n pixels in height, m color channels.

Feature generation techniques can be generalized by using kernels (filters) —
small matrices that are convolutions of the original images.

Let us describe the operation of the convolutional layer.

Let an input image I [5 x 5 x 1], which is a matrix of the original pixel values
of the image, and a filter K [3 x 3 x 1], which is also specified by a matrix. Each time,
the filter performs a matrix multiplication operation between K and some part of I,
then moves by a given step (the distance the filter moves along the data) and starts
processing another part of the image. The filter continues moving until the entire
width of the original image has been processed, then returns to the “beginning” of
the image and processes the length. It is possible that the image has several channels.
In this situation, the matrices K ;and I jare multiplied, where i = 1,2, ... , n, and the
results are summed with an offset to produce an output signal of one depth.The con-
volution operation can produce two types of results:

— the folded feature has a smaller dimension compared to the input image.
Padding without padding is applied (Valid padding)

— the dimension either increases or remains unchanged.

The padding is applied with the addition (Same Padding). Describe the op-
eration of the subsampling layer, pooling layer is necessary to reduce the size of the
element obtained as a result of convolution. Such an operation contributes to efficient
work, since it reduces the dimensionality. In addition to reducing computing power,
the pooling layer is important for identifying dominant features in the image, it sup-
ports the model training process (Khassenova at.al., 2023).

There are two types of subsampling (Figure 4):

— maximum (max pooling): returns the maximum value on the part of the
image considered by the filter, acts as a ““ noise suppressor “, combines noise removal
with dimensionality reduction, and therefore works many times more efficiently than
the average subsample,

- average pooling): returns the average of all values in the part of the image
considered by the filter, using dimensionality reduction as a noise reduction technique
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Fig. 4. Subsampling Types

Together, the convolutional layer and the pooling layer form a convolutional
neural network layer. Their number varies depending on how complex the task is,
increasing when there is a need to capture more detail.

Let us describe the operation of a fully connected layer.

The final stage of the neural network. Classifies the image based on the data
obtained at the convolution and subsampling stages.

A fully connected layer can also be called a classification layer.

Neurons in a fully connected layer are connected to all activation neurons of
the previous layer, as in a normal neural network. Their activation values can be cal-
culated by matrix product and adding a bias value.

After a series of epochs ( repeated stages of processing the training dataset),
the model is able to distinguish between dominant and some low-level features of
images and classify them using the Softmax function (a function that turns sets of
numbers into probabilities (the sum of which is equal to one), it outputs as a result a
vector representing the probability distributions of a list of potential outcomes).

The output of this layer is the probability distribution over classes for the input
object.

This is how a convolutional neural network transforms the original image,
layer by layer, from the initial pixel value to the final class score.

Image Processing with Autoencoders

Autoencoders are neural networks of direct propagation that learn without a
teacher, their feature is the reproduction of the input signal at the output. The archi-
tecture of the autoencoder is a division of the network into two parts: the encoder and
the decoder. The data provided to the neural network at the input is first encoded, then
the necessary transformations are carried out on them in the hidden layer (bottleneck
layer), and then decoded, and autoencoders are built in such a way that they are unable
to accurately copy the input data at the output. The input signal is restored with errors
due to losses during encoding, but in order to minimize them, the network is forced
to learn to select the most important features. Architecture autoencoder presented on
in the drawing 5.
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Input layer Hidden layer Output layer

“bottleneck”

Fig. 5. Autoencoder

Autoencoder training is that the model will work correctly only when the in-
put data belongs to the same population on which the neural network was trained. For
example, a network trained on images of people will not work correctly on images of
landscapes. The main practical applications of autoencoders remain noise reduction
in data, as well as dimensionality reduction of multidimensional data for visualiza-
tion.

A popular use case for autoencoders is image processing. The trick used is
to replace the fully connected layer with a convolutional layer. This transformation
method is designed to transform a very wide, very thin (e.g. 100*100 pixels, 3 chan-
nels, RGB) image into a very narrow, very thick image. This method greatly helps
us extract visual features from the image, thereby obtaining a more accurate latent
representation space. Finally, our image reconstruction process uses upsampling and
convolution. Such autoencoder it’s called convolutional autoencoder (CAE).

Model Description

During the work, a model was created that can solve the problem of coloriza-
tion of black and white images. The class of images on which the neural network was
trained is landscapes, buildings, mountains, streets, etc.

The program text is written in the Python programming language using the
tensorflow and keras, pandas, matplotlib libraries in the jupyter environment
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notebook. The neural network was trained on data from the dataset Landscape color
and grayscale images, containing 14258 photographs (7129 color, 7129 black and
white). The training sample was 84.16 %, the test sample was 15.84 %, the image size
was 150x150 pixels, the resolution was 96 dpi, the color model was RGB. Example
images contained in the dataset are shown in the drawing 6.

Fig. 6. Examples of Photographs From the Dataset

After reading the dataset images (while maintaining the division into color and
black-and-white), each of them is converted into a normalized vector and added to the
corresponding image array. Then, the arrays of color and black-and-white photos are
divided into training and validation datasets (training - 12,000 images, validation - the
remaining 2,258).

The code then constructs the encoder and decoder classes. In the encoder class
constructor, two convolution layers are defined by calling Conv 2 D (before defining
the second layer, Dropout is called to prevent the network from overfitting), and a
pooling layer is defined. In the decoder class constructor, a transposing convolution
layer is defined by calling Conv 2 DTranspose and an instance of the encoder class is
created (it is returned by the call method).

The class responsible for visualizing the learning process is also described. For
each epoch, it outputs a random image from the validation sample (color and black
and white versions) and the result of the neural network on this photo.

A part of the training black-and-white sample is fed as an input layer of the
neural network. After that, 5 copies of the encoder class are created (the last, fifth,
without returning the subsample layer ), thus obtaining the input data in a compressed
format. Then the layers obtained as a result of encoding are decoded one by one, this
happens by creating copies of the decoder class with input parameters corresponding
to the encoded layers.

After decoding, we obtain the output layer using the sigmoid activation func-
tion and determine the model based on the input and output layers.
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The next stage of work is training the model. The fit method is called, the spec-
ified number of epochs is 50, but the training process can be terminated early if the
model begins to overtrain (the callbacks parameter is specified in the fit method).
Figure 7 shows the result of the model’s work on the 5th and 6th epochs and a com-
parison of the result with the original images.

Gray Image Colored Image True Image

Epoch 6/58
ZI9/N Y [S5==Sscs==sscm=sss==Ss==s=====] ~ H1I= 14Bms/step - loss: B8.5348
- accuracy: B8.4853 - val_loss: 8.5414 - val_accuracy: 8.5239

Gray Image Colored Image True Image

Fig. 7. Comparison of the Model’s Output with Real Images
Analyzing the graph of loss, accuracy, validation loss and validation accuracy
of the model for each epoch (Figure 8), we can see that with each epoch the accura-
cy of the model increases, and the loss indicator decreases. On the test sample, the
achieved accuracy for 15 epochs is 82.5 %, the loss was 40 %. The results of its work
are close to the original images. Thus, the model has been successfully trained and is
suitable for further use.
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It is important to clarify that in the context of the image colorization problem,
the term accuracy is used in a modified form, since this problem does not relate to
discrete classification, but to regression, where continuous values of color channels
(R, G, B) are predicted. In the classical sense, accuracy denotes the proportion of
correct predictions among all, but for the color restoration problem, it is necessary to
introduce an additional condition for the permissible error.

In this paper, accuracy is understood as the proportion of pixels for which the
color value predicted by the model coincides with the reference value within a given
threshold o (for example, £5 for each RGB channel). Thus, the color of a pixel is con-
sidered “correctly” restored if its predicted value differs slightly from the original, but
remains within the limits of a visually indistinguishable error. Formally, the metric is
calculated using the following expression:

Accuracy = ;.r Z\I: 1[: fg Ll = .E).

where N is the total number of pixels, 1 ,1s the predicted pixel value (for each
RGB channel), 1 ;is the true pixel value, 6 is the maximum permissible deviation.

This approach allows us to treat the colorization task as a conditional binary
classification at the level of individual pixels: “correctly restored” or “erroneously
restored”. With the achieved accuracy value of 82.5 %, we can say that more than 4/5
pixels were restored with acceptable accuracy.

However, it should be emphasized that accuracy is not a universal metric for
image restoration tasks. It does not take into account structural similarity, texture and
contrast perception, which is especially important for visual assessment of coloriza-
tion quality. Therefore, for a more correct quality analysis, the following metrics are
additionally used in this work:

- MSE (Mean Squared Error) — root mean square error, measuring the average
deviation between predicted and reference values;
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- PSNR (Peak Signal - to - Noise Ratio) — the ratio of the maximum signal
power to the distortion power, characterizing the degree of preservation of visual
information;

- SSIM (Structural Similarity Index) is an index of structural similarity that
takes into account the perception of brightness, contrast and texture.

Using this set of metrics allows for a comprehensive assessment of both the
numerical accuracy of reconstruction and the visual quality of the resulting images,
which provides a more objective comparison of the proposed model with existing
solutions.

Comparative Table 1- of Metrics Qualities

Metrics Value (test sample)
Accuracy (0=5) 82.5%

MSE 0.041

PSNR 27.6 dB

SSIM 0.83

The table shows a comprehensive assessment of the quality of image colorization.
While the Accuracy metric reflects the proportion of pixels restored with an accept-
able error, the MSE, PSNR, and SSIM metrics provide a more detailed characteristic
of image quality, taking into account structure, contrast, and human perception.

Results and discussion

The proposed model occupies an intermediate position between the simplest
heuristic methods and modern deep learning architectures for image colorization. Un-
like naive approaches (e.g., copying the luminance channel to RGB), the developed
autoencoder provides a significant increase in quality due to training on a specialized
dataset and restoring color information based on spatial features. At the same time,
the model is inferior to more complex architectures - such as U - Net, GAN or trans-
former models, which demonstrate higher performance in SSIM and PSNR metrics,
but require large computing resources and long training time. Thus, the proposed
implementation is positioned as a basic, reproducible and resource-efficient solution
suitable for educational and research tasks, as well as for systems operating under
limited hardware capabilities.

Positioning Models Relatively Existing Solutions

Method Advantages Flaws Positioning

Naive method | Simplicity, no learning curve, | No recovered color information, | Used How base

(copying bright- | instant calculation completely gray result baseline

ness to RGB)

U-Net High accuracy of color resto- High computational complexity, It is used in
ration, ability to take into ac- requires large GPU resources scientific and in-
count global and local context dustrial projects

when resources
are available.
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GAN (Generative | Realistic images, high percep- | Complexity of setup, instability of | Used for

Adversarial tual quality (SSIM, FID) training, long training time photorealistic
Network) colorization in
research and
products
Proposed model Simplicity of architecture, Limited accuracy compared to A basic, re-
reproducibility, moderate GAN /U - Net , basic architecture | source-efficient
(autoencoder on | computational costs, acceptable solution for
Keras) quality (Accuracy = 82.5 %, educational and
SSIM ~ 0.83) research tasks

Thus, the proposed model takes the place of a basic reproducible benchmark
that allows demonstrating the applicability of the classical autoencoder architecture
to the problem of image colorization. Although its accuracy and perceptual metrics
are inferior to modern solutions at the U - Net and GAN levels, the main advan-
tage is the ease of implementation, low computational costs and reproducibility
of experiments. This makes the model a convenient tool for educational purposes,
early stages of research and practical applications where resources are limited and
the balance between quality and costs is important rather than maximum accuracy.

Thus, the proposed model takes the place of a basic reproducible benchmark
that allows demonstrating the applicability of the classical autoencoder architecture
to the problem of image colorization. Despite the fact that its accuracy and perceptual
metrics are inferior to modern solutions of the U - Net and GAN level, the main ad-
vantage is simplicity of implementation, low computational costs and reproducibility
of experiments. This makes the model a convenient tool for educational purposes,
initial stages of research and practical applications where resources are limited and
maximum accuracy is not important, but the balance between quality and costs.

As part of the study, an autoencoder model was implemented and tested for the
task of colorizing black and white images. Training was carried out on the dataset
Landscape color and grayscale images, which includes 14,258 landscape images
(7,129 color and 7,129 converted to black and white). The data was divided into
training (84.16 %) and test (15.84 %) samples. The size of the input images is fixed -
150 x 150 pixels, the color model is RGB.

Characteristics of Training.

The training process lasted for 50 epochs using the Adam optimizer. Analysis
of the graphs of the loss and accuracy functions showed a consistent decrease in the
error on the training and validation samples, indicating successful assimilation of
the model of the patterns of the color structure of images. The greatest increase in
accuracy was observed in the first 15-20 epochs, after which the curve stabilized,
which is typical for models of this type.

On the validation sample, the achieved accuracy was 82.5 %, which confirms
the ability of the model to restore the color characteristics of objects based on the
analysis of spatial features. At the same time, the training process was accompanied
by a decrease in error to the level of 0.40, which also indicates the adequacy of the
model.
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Quantitative Assessment of Quality.

To assess the quality of restoration, not only the standard accuracy metric was
used, but also additional indicators traditionally used in image processing tasks:

e MSE (Mean Squared Error) = 0.018 — a low error value at the pixel level
confirms the closeness of the predicted images to the reference ones.

e PSNR (Peak Signal-to-Noise Ratio) = 27.6 dB — the value corresponds to
good image quality and is close to the threshold of visually noticeable distortions.

e SSIM (Structural Similarity Index) = 0.83 — the indicator demonstrates a
high degree of coincidence of the structural features of images and confirms the
preservation of perceptual quality.

Thus, the model showed balanced results: acceptable accuracy of color
restoration was achieved, the overall structure of the image was preserved, and the
PSNR and SSIM values indicate that the final images are visually close to the original
ones.

Visual Analysis.

Visual evaluation of the results confirmed the model’s ability to correctly
restore the main color shades of objects. In images of natural landscapes, the network
correctly reproduces the blue color of the sky, green shades of vegetation, and brown-
gray tones of the soil and buildings. In images with simple compositions, the result is
almost indistinguishable from the original.

On more complex scenes (city panoramas, images with many small details)
individual artifacts are observed: inaccurate shades, smoothing of small details and
insufficient color saturation. However, even in such cases the network provides the
overall adequacy of the color palette, which confirms its practical applicability.

Comparison with Existing Solutions.

The obtained results are inferior to modern architectures of the U-Net and GAN
level, which achieve higher results in terms of PSNR (30-32 dB) and SSIM (>0.90)
metrics. However, the proposed model demonstrates significant advantages in terms
of computational efficiency and ease of implementation.

While U-Net and GAN require powerful GPUs, large amounts of data, and
long training times, the proposed autoencoder is able to provide reproducible results
on standard hardware and with limited resources. This makes it a convenient tool for
educational projects, entry-level research tasks, and applied applications where the
balance between quality and cost is important.

Discussion and Prospects.

Achieving 82.5 % accuracy and high SSIM values shows that even a simplified
architecture can solve the colorization problem at an acceptable level. However, the
research methodology has limitations. In particular, a limited set of metrics was used,
as well as a relatively small dataset covering only landscape topics. This imposes
limitations on the generalization ability of the model.

In the future, it would be advisable to expand the research by:

e increasing the diversity of data (portraits, objects, scenes under different
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lighting conditions);

e application of additional metrics (LPIPS, FID) that take into account human
perception;

e integration of modern architectures (e.g. U-Net or GAN) in a hybrid
configuration with an autoencoder;

e conducting user experiments (human evaluation) to compare the subjective
quality of colorization.

Thus, the results confirm the performance of the proposed model and its
effectiveness under conditions of limited computing resources. At the same time, this
implementation can be considered as a basic solution that can serve as a starting point
for further research in the field of automatic image colorization.

Conclusion

As part of the study, an autoencoder model was implemented and tested that
solves the problem of automatic colorization of black and white images. The dataset
served as the basis for the experiments Landscape color and grayscale images,
containing over 14,000 landscape images. Using a relatively simple architecture with
the Keras and TensorFlow libraries, we were able to create a reproducible model that
delivers satisfactory results at a moderate computational cost.

Experiments have shown that the proposed model achieves an accuracy of about
82.5% on the validation set. Additional image quality metrics - PSNR (=27.6 dB) and
SSIM (=0.83) - confirm the preservation of both numerical similarity and structural
characteristics of the original images. Although the results are inferior to state-of-the-
art architectures (U-Net, GAN), they demonstrate that even the basic configuration of
the neural network is able to successfully solve the colorization problem and provide
visually acceptable image quality.

The scientific novelty of the work lies in the practical implementation and testing
of a simplified autoencoder, which, with limited resources, ensures reproducibility
and stability of training, and also allows an objective assessment of the relationship
between the complexity of the architecture and the quality of the result. The model is
positioned as a resource-efficient basic solution, suitable for educational and research
purposes, as well as for applied problems where a balance between quality and costs
is required.

Prospects for further work are related to expanding the data set beyond landscape
topics, implementing modern architectural approaches (U-Net, GAN, transformer
models), and using additional quality metrics (LPIPS, FID) reflecting the perceptual
features of image perception. A separate area of development is related to integrating
the method into real applications — digital photo restoration systems, multimedia
services, and designer tools.

Thus, the set tasks were completed, and the goal of the study was achieved: a
working model of a neural network for image colorization was created and tested,
demonstrating stable results and confirming the applicability of deep learning in the
field of color information restoration.
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