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Abstract. The article presents the development and implementation of a con-
volutional neural network (CNN) designed to recognize faces and hands in digital
images, as well as analyze their displacements between two consecutive frames. The
proposed method is not limited to the detection task but is supplemented by calculat-
ing the magnitude of the movements of recognized objects, which allows recording
the dynamics of poses. To train the model, a specialized dataset of 1200 images was
created, containing about 1800 faces and 2400 hands marked in the Pascal VOC for-
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mat. MobileNetV2 with an SSD head was chosen as the architecture, training was
carried out in the Keras framework using data augmentation techniques. Experiments
showed the result mAP@0.5 = 0.76 on the test set and the accuracy of displacement
classification of 82.5 %. Compared with existing solutions (OpenPose, MediaPipe,
TensorFlow Object Detection API), the proposed approach provides an optimal bal-
ance between accuracy and computational efficiency, complementing the functional-
ity with the ability to analyze displacements. This method can be applied in real time
to tasks of gesture recognition, human-machine interaction and video surveillance.

Keywords: convolutional neural network, object detection, face recognition,
hand recognition, bias analysis, Keras, MobileNetV2
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yeva, A. Maratuly. Convolutional neural network for recognition and tracking of
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AnHoTanus. Makanana mudpiblK KeCKIHAEpAeTI OSTTep MEH KOJIapibl Ta-
HyFa, COHJai-aK oNapAblH €Ki JOMeKTI KaJp apachblHAarbl BIFBICYBIH TajjayFra
apHaJIFaH KOHBOJIOIUSIBIK HeHpoHABIK skeliHi (CNN) o3ipiey jkoHe iCKe achIpy
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COHBIMEH KaTap Ta-HbUIFaH OOBEKTIIEP/iH OPBIH aybICTHIPY IIAMAChIH €CeNTeyMEH
TOJBIKTBIPBIIAIBI, OYJT KaJIbIIT JMHAMHUKACHIH TIpKeyTre MYMKIHIIK Oepeni. Moaenbi
okpITy ymriH mramamen 1800 Ger men 2400 komman TtypatbiH, Pascal VOC
dbopmateiaga TanOananFan 1200 cypeTTeH KypaifaH apHaibl JEepeKTep >KUHAFbBI
)kacanapl. Apxutektypa petinae SSD-6aceiMen MobileNetV2 tanmansl, alt OKbITY
Keras ¢peliMBopkiHAEe JepeKTepli ayrMEHTalusiay  OJICTEpiH  KOJAaHy
apKbUIBl  KYPri3uiai. DKCHEPUMEHTTIK HOTHOKENIep TECTUTIK TaHaamaga mAP@0.5
= (.76 xoHe BIFBICY KIACCU(PUKAUACHIHBIH Hoairi 82,5 % JeHreiiH KepceTTi.
Konpansicrarer  menmimaepmen  (OpenPose, MediaPipe, TensorFlow Object
Detection API) canmbICThIpFaHaa YCHIHBUIFAH TOCILT JANJIIK TI€H  €CemTey
THIMAUTITIHIH OHTaWIbl TEHrepiMiH KaMTaMachl3 eTelll JKoHe (DYHKITMOHAIIIBI
BIFBICY TalJAaybIMEH TOJBIKTBIPAAbl. OJIC HAKTBl YaKbIT PEXUMIHAE bIM-
unIapaTTapJpl TaHy, aJaM MEH MallliHa apachblHAAaFbl ©3apa OpeKeTTecy >KOHe
OcitHeOaKpLTay MIHJIETTEPIHIC KOJITAHBUTYbI MYMKIH.
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AHHoTanms. B cratee npencraBiena pa3paboTka U peanu3aius CBEpTOUHOM
HeiiponHoit cetn (CNN), npeqHa3sHauyeHHON [UIs paclo3HaBaHUS JHML M PYK
Ha LUGPOBBIX H300paKEHUSX, a TAKXKE aHAIU3a HUX CMEIIECHHH MEXAy IBYyMs
IIOCJIEIOBATEIbHBIMU KaapaMHu. [IpeoxkeHHblii METO HE OTpaHUYMBAETCA 3aaueh
JETEKIUH, a TONOJIHAETCS. BBIYMCIEHUEM BEIUYMHBI MIEPEMEIICHUNA PaCIO3HAHHBIX
00BEKTOB, UTO MO3BOJAET (PUKCUPOBATH TMHAMUKY 1103. {151 00ydeHus: moaenu Obut
CO3JlaH CHelHaIn3upoBaHHblid natacet u3 1200 uzoOpaxkeHuid, conepKaliuii OKoJIo
1800 nun 1 2400 pyk, pazmedeHHbIX B popmare Pascal VOC. B kauecTBe apXUTEKTy-
psl BeIOpana MobileNetV2 ¢ SSD-ronoBoii, o0ydeHre mpoBouiIock Bo GpeiMBOp-
ke Keras ¢ mpMEHEHHEM TEXHUK ayIMEHTALUN JaHHBIX. DKCIEPUMEHTHI IIOKa3aIx
pe3ynbraT mAP@0.5 = 0.76 Ha TecToBOil BBIOOpKE M TOUHOCTH KiIacCU(DUKAIMU
cmemienuit 82,5 %. Ilo cpaBHenuto ¢ cymectByromuMu pemenusimu (OpenPose,
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MediaPipe, TensorFlow Object Detection API), npeayioskeHHBIH Moax0/] 00ecTeurnBa-
€T ONTUMAJbHBIN OalaHC MKy TOYHOCTHIO M BBIYUCIUTEIHHON 3()(hDeKTUBHOCTEIO,
JOTONHASL (YHKIIMOHAT BO3MOXKHOCTBIO aHaiHM3a CMeHIeHuid. MeTol MOXKeT
MIPUMEHSTHCS B PEaIbHOM BPEMEHHU ISl 3a7iau Pacrlo3HaBaHMsSI JKECTOB, YEJIOBEKO-
MalIMHHOTO B3aUMOJECHCTBYS U BUICOHAOTIOACHHUS.

KiloueBble cjioBa: cBepTOouHash HEWPOHHAs CETh, JIETEKIUS OOBEKTOB,
pacrno3HaBaHUe JIUII, paclio3HaBaHKUE PYK, aHanu3 cMmelieHui, Keras, MobileNetV2

das murupoBanusi: JI. Kypmanrasuea, O. ®unauk, B. Maxarosa, /l.
KynabaeBa, A. Maparynsl. CBepTouHasi HEHpOHHAsi CETh JUIsl PAcMO3HABAHUS U
OTCJIC)KUBAHUS CMELIEHUH 00beKTOB//MeKIyHapOIHBIH KypHAT MH(POPMAIIMOHHBIX
U KOMMYHHKAIMOHHBIX TexHojorui. 2025. T. 6. No. 23. Crp. 202-221. (Ha asnr.).
https://doi.org/10.54309/1J1CT.2025.23.3.012.

bnazooapnocmu: Hccneoosanue 6vinonneno npu QuUHAHCOB0U N00OepicKe
Amuipayckoeo ynusepcumema umenu X. /{ocmyxamedosa 6 pamkax 0ozosopa Ne2
om 01.04.2025 no nayunomy npoexmy «Hcnonv3zoeanue memooos UcKyCcCmeeHH020
UHmMennekma OJisk CO30AHUSL CUCTEM NOO0OEPHCKU NPUHAMUSL peLueHUll 051 YIPAGIeHUs
obvekmamu HeghmenepepabomKuy.

Konguaukt wmHTepecoB: aBTOpHI 3asBISAIOT 00 OTCYTCTBUU KOH(IIMKTA
HUHTEPECOB.

Introduction

Modern computer vision methods are actively used to analyze images and
video streams, solving problems of recognizing faces, gestures and human move-
ments. One of the key areas is the development of algorithms that can not only identi-
fy objects in an image but also track their changes over time. Existing systems such as
OpenPose, MediaPipe And TensorFlow Object Detection APIs demonstrate high ef-
ficiency in pose and object recognition tasks. However, they have several limitations:
high computational complexity (OpenPose), limited custom capabilities additional
training (MediaPipe), or considerable time costs for training (TensorFlow Object De-
tection API). In applied tasks where it is necessary to track only certain classes of
objects (for example, a face and a hand), such solutions turn out to be redundant or
too resource intensive. This paper proposes a method based on a convolutional neu-
ral network with the MobileNetV2 architecture and SSD, implemented in the Keras
framework. Unlike traditional detectors, it is supplemented with an algorithm for
analyzing object displacements between images, which allows recording movements
and interpreting the dynamics of poses. A specialized dataset with face and hand
markings, including 1200 images, was created for training. The aim of the study is to
develop and implement a model that combines high speed, the ability to retrain your
own data, and advanced functionality for bias analysis. The results confirm that the
proposed approach provides sufficient accuracy with moderate computational costs
and can be used in real applications: video surveillance systems, human-machine
interaction, and gesture recognition.
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Materials and Methods.

Artificial Neural Network Development Environment.

The artificial neural network development environment is a complex and
multifunctional toolkit designed to simplify and speed up the process of developing,
testing, and implementing machine learning models. Such an environment combines
many components and capabilities that help developers create efficient and accu-
rate models that solve a wide range of applied problems (Anarbekova at.al, 2024).

Key elements of the development environment include tools for visual design
of neural network architectures, libraries of ready-made modules and layers, power-
ful computing power for training models, and an intuitive interface for monitoring
and debugging. Visual tools allow you to model complex neural networks, connect
nodes, and adjust parameters without having to write extensive program code. This
allows you to expand the range of users of the platform to include specialists who are
not experts in programming (Aitim at.al., 2025).

In addition, advanced artificial neural network development environments
provide tools to automate many stages of development, including data preparation,
hyperparameter optimization, and model testing and validation. This allows devel-
opers to focus on research and creativity, minimizing routine tasks and increasing
productivity (Atkinson, Tatnall, 1997).

Most modern development environments include support for popular frame-
works such as TensorFlow, Theano, PyTorch, and Keras, providing flexibility and
power when creating and deploying models. These environments often support inte-
gration with cloud services and can leverage distributed computing resources, which
is especially important when handling big data and complex tasks that require signif-
icant computing power (Bakytnur at.al., 2022).

— TensorFlow, developed by Google Brain, is an open-source framework that
is actively maintained and developed by the community. An important feature of Ten-
sorFlow is its ability to process calculations on various platforms, including pro-
cessors, graphics accelerators, and specialized TPU (Tensor Processing Unit) chips.
TensorFlow provides the flexibility to build neural networks of any complexity, from
simple perceptrons to complex convolutional and recurrent models (Dyusembaeyv,
2001).

The system also offers a visualization tool, TensorBoard, which allows you to
analyze model graphs, track changes in training parameters, and visualize loss curves.
This makes TensorFlow especially useful for research projects where visualization
and understanding of the training process are key.

— Theano, created at the University of Montreal, was one of the first deep
learning frameworks with automatic differentiation. Theano has the unique ability to
optimize computational processes, allowing users to efficiently use available hard-
ware resources, such as graphics processing units (GPUs). Although its development
ceased in 2017, many modern tools and libraries still use Theano’s work.

Theano allows you to define and optimize mathematical expressions, includ-
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ing multidimensional arrays. This library has helped lay the foundation for future
developments by providing developers with a powerful tool for forming and testing
their hypotheses and models in the context of deep learning.

— PyTorch, developed by Facebook AI Research, stands out for its intuitive
and flexible interface that is focused on research and prototyping. Unlike TensorFlow,
PyTorch offers dynamic graph construction, allowing the model structure to be modi-
fied at runtime. This makes it easier to debug and experiment with new ideas, making
PyTorch popular among researchers and engineers looking for rapid prototyping.

PyTorch actively supports machine learning on GPUs and CPUs, as well as
integration with other systems, including C++ and scripting languages. This makes
it a powerful tool for developing complex models that require high performance and
flexibility.

— Keras is an open-source Python library that serves as the primary framework
for developing artificial neural networks. Its flexibility and ease of use make it pop-
ular among both beginners and experienced machine learning developers. It allows
for rapid prototyping, experimentation, and implementation of various deep learning
models (Dyusembaev at.al., 2017).

One of the key features of Keras is its high-level API, which simplifies the
creation of complex multi-layer neural networks. It is designed to interact with well-
known frameworks such as TensorFlow and Theano, providing flexibility and scal-
ability of the final solution. Thanks to this, Keras can use graphics processing units
(GPUs), which significantly speeds up the training of models, especially when work-
ing with large data sets.

Keras implements a variety of layers, including Dense, Dropout, Convolu-
tional, and Recurrent, which can be easily combined and customized to achieve better
results. This allows developers to focus on high-level problems and innovative ideas
rather than getting bogged down in implementation details. Moreover, Keras supports
many concepts such as backpropagation, gradient descent optimization, and weight
regularization, making it a powerful tool for Al research and development. (Dyusem-
baev at.al., 2013; Liao et al., 2018).

In addition, Keras has extensive documentation and a large community of us-
ers who share useful examples and developments. This provides users not only with
access to knowledge and best practices, but also with ongoing support when solving
complex problems.

Thus, modern artificial neural network development environments are becom-
ing an integral tool in the arsenal of machine learning specialists, providing the neces-
sary resources and supporting the entire development cycle from idea to implementa-
tion into industrial operation. At the same time, today TensorFlow, Theano, PyTorch
and Keras provide a wide range of opportunities for the implementation of artificial
neural networks. Each of them has its own unique features and advantages that satisfy
the diverse needs and preferences of developers (Dyusembaev at.al, 2013). Thanks
to these tools, the process of creating and implementing neural networks has become
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much more accessible and efficient, which contributes to further discoveries and in-
novations in the field of artificial intelligence (Naumov, 2017).

Problem.

Statement.

Two images are given. It is necessary to use a neural network to recognize
hands and faces of people in them and determine whether the positions of the recog-
nized objects in the first image have changed with the positions in the second image
by a given amount. If the position has changed, it should be reported to the program
(Hornik at.al., 1989). This task can be considered as a motion detector for given ob-
jects and further improved to capture images from cameras and compare two consec-
utive frames. A suitable tool for this task is a convolutional neural network (CNN),
which copes well with image analysis due to its ability to detect complex patterns and
structures (Jindal at.al., 2007).

Choice of the Development Environment.

Tensorflow was planned to be used for this project. object detection API. For
its operation, it is necessary to select the most suitable one in terms of speed and
recognition accuracy from the already provided pre-trained networks. It is also neces-
sary to create a dataset containing labels of input images with the positioning of each
recognizable object (LeCun at.al., 1998). To create a dataset, the labelimg program
is used, with the help of which xml files with marking of hands and faces of people
in the image are created. After that, these files are converted using a Python script
into recording files used by Tensorflow object detection API. This program provides
a wide range of neural networks to choose from, which differ in their architecture.
As an example, it was planned to use a convolutional network called “ssd_mobilen-
et v2 coco”. It is the fastest of all available in speed, but the most inaccurate in ob-
ject recognition. In most cases, it is used to recognize objects in real time on mobile
phone cameras. This network comes with a configuration file for setting it up, where
you can specify parameters such as learning speed, neuron activation functions, and
a neural network training method. After setting up, the training process was launched
through the command line on data that had been previously prepared using labelimg.
Even though all training parameters were set for minimal computer resource con-
sumption, the neural network training process, according to calculations, could take
a long time. Each step of neural network training took an average of 60 seconds. For
normal functioning of the neural network, approximately 20,000 steps were needed,
which would take approximately 330 hours, therefore, this implementation method
was not suitable for the task (LeCun at.al., 1998).

Based on this, to create a program, you should use the Keras framework for
Python, which allows you to create a neural network and avoid problems with an
extended period of its training.

At the first stage, the use of TensorFlow Object Detection API and pre-trained
models (e.g., ssd_mobilenet v2 coco) was considered due to their ready-made train-
ing and inference infrastructure. The advantage of the approach is the high detection
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speed on mobile devices, but the expected duration of training on local hardware
turned out to be excessive: with an average step duration of ~60 s and the required
~20,000\ approx 20{\,}000=20000 steps, the total time would be about 330 hours,
which is unacceptable for the project deadlines.

Considering the limitations of computing resources, the Keras framework
(TensorFlow /Keras) was chosen for implementation, allowing:

— build a compact CNN model from scratch or retrain a lightweight detector on

a limited dataset;

- flexibly manage the input data pipeline (augmentations, normalization);
- make it easier to experiment with architecture and hyperparameters.

Labellmg with Pascal VOC (XML) markup format is used to prepare the data.
The resulting XML files are converted to the internal dataset format (e.g., JSON/CSV
or TFRecord). Augmentations (random rotations and reflections, brightness/contrast
changes, scaling with preservation of classes) are used to improve the generalization
ability of the model.

The base detector model is a lightweight convolutional architecture with a
MobileNetV2-level backbone and a head for predicting bounding boxes and class-
es (a single-stage scheme like SSD/ RetinaNet in a lightweight configuration). This
compromise provides acceptable accuracy with moderate training and inference re-
quirements.

Description of the Implementation Algorithm.

Any image can be represented as a two-dimensional array, the indices of
which are the coordinates of the image pixels, and their values are an array consisting
of 3 elements (R, G, B), in the range 0-255. Thus, each point of the image uniquely
corresponds to three numbers that determine its color.

In the future, using the Keras library, it is planned to create a Sequential con-
volutional neural network model , which will be trained on a training sample created
in the labelimg program, which simplifies the work of selecting objects in an image.
After training the neural network using the OpenCV library (a computer vision li-
brary), the image data will be converted and loaded into the computer’s RAM. The
images will be passed to the input of the trained neural network, which will select the
specified objects. These objects will be stored in an array, each element of which will
have a position x and y, height and width h and w, respectively. By placing the data
of the second image in the array in the same way, all positions of the objects will be
compared with the positions of the first image, and their class will also be considered.
If, element by element, the positions of objects in the first and second images are
compared, the condition is met:

2 2
\/(xz_x1) +(y2_y1) > E (D
where x , y , are the coordinates of the object in the first image, x |,y  are
the coordinates of the same object in the second image, E is the maximum deviation

of the object.
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If this condition is met, it will mean that the object has been moved.

Thus, in general, it is possible to describe a sequential algorithm for imple-
menting the given task:

Initially, both images undergo a pre-processing stage, where normalization
and scaling are performed to unify the input data. This helps improve the accuracy
of subsequent recognition. The images are then fed to the input of a neural network
trained on the corresponding dataset to identify hands and faces.

Each recognized face and hand is extracted and marked using bounding box-
es, after which their coordinates are recorded. This process is carried out separately
for both images. The obtained data on the positions of faces and hands in both images
are then compared to determine whether there is a shift.

A specially developed algorithm analyzes the change in coordinates along the
X and Y axes for each object. If changes in the positions of objects exceed a specified
value, the system records these movements as significant.

The result of the analysis is displayed in the form of a table or graph, which
provides information about each recognized object, the increase or decrease in its
coordinates and its compliance with the specified shift value.

Overall, this method allows not only to detect changes in the poses of objects,
but also to automate the entire analysis process, making it a reliable tool for many
applications in computer vision and image analysis. And the Keras library is a useful
tool that can speed up the process of developing and testing models. Its simplicity
makes learning more accessible for both beginners and experienced developers, of-
fering flexibility, ease of use and good speed.

Problem Statement. The aim of the work is to develop a software mod-
ule that, based on two images I' and I2, identifies objects of the classes “face” and
“hand”, compares identical objects in these images and determines the fact of their
displacement relative to a given threshold.

Let a set of objects be formed for each image after detection:

ONKk) = {(bi"(k), ci(k))},1=1...Ni, k € {1,2}

Where, ¢ € {face, hand}, and the bounding box b = (x, y, w, h) is given by
the coordinate of the upper left corner (x, y) and the dimensions w and h.

We will designate the center of the frame as:

m(b)=(x+w/2,y+h/2)

For each class c, it is necessary to construct some correspondence:

n:0_c (1) — O_c (2) between objects in the first and second images and
calculate the displacement vector.

The displacement vector for an object is calculated using the formula:

Ami=mbrn(i))-m(;?)

Where m(b) are the coordinates of the frame center.

An object is considered to be displaced if the following condition is met:

IAmil>EorlAmil./D>¢

Where:
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— E >0 - the specified displacement threshold in pixels;
— D=V(W:?2+H? — image diagonal;
— ¢ - standardized threshold (usually 0.01-0.03).
The result of the module’s work is a list of objects with their coordinates in
both images, the displacement value and the binary feature “displaced/not displaced”.
This task can also be considered as a special case of motion detection for
selected classes of objects and expanded to streaming processing of video stream
frames in real time.
Description of the Implementation Algorithm.
Image presentation.
Any RGB image I ER"HxWx3) is considered as a tensor with integer chan-
nel values from 0 to 255.
Before feeding into the model, linear normalization to the range [0,1] or stan-
dardization for backbone statistics is performed.
Conveyor stages:
1. Input preprocessing
Scaling images to a fixed size (e.g., 320x320 or 416x416), followed by nor-
malization. Augmentations are additionally applied during training.
2. Object detection
Keras model returns for each image a set of predictions of the form {( bi, ¢l
si)}, where:
— bi- coordinates limiting frames;
— ¢l - class object;
— sl - confidence predictions.
non-maximum) is used for selection suppression ) with an IoU threshold Tyms
(e.g., 0.5). All predictions with probability si <'s ni, are discarded.
3. Structuring the results
For each image, a list of objects O (1) and O”(2) is formed. For each ob-
ject, a description is saved: (X, y, W, h, ¢) and the coordinates of the center m(b).
Matching Objects Between Images.
Matching Function.
For each class ¢, a matching problem is solved. A two-criterion cost function
is used between the frames b; ~( 1) and bj*(2):
cost(i,j)=a-(1-IoUDdi*1),b;?*2)+ (A -a) - (Im;"(1))—m(b ;
2))l2/ D)
Where:
- a € [0,1] - weight coefficient ;
- IoU (bi ~( 1), bj(2)) - indicator intersections framework (Intersection over
Union);
- m ( b ) — coordinates of the frame center;
- I'm (b; *( 1)) —m ( b; (2))l> - Euclidean distance between the centers of the
frames;
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- D is the image diagonal used for normalization.

Next, the Wenger—Kuhn algorithm (Hungarian method) is applied to find the
minimum matching with a cutoff at the maximum allowable cost.

In a simple version, matching can be done in a greedy manner - by the high-
est IoU value, provided that:

IoU >1,

where 1 is a given threshold (e.g., 0.3-0.5).

1. Calculation of Bias and Binary Solution.

For each pair of corresponding objects i «» n(i), the displacement vector is
calculated:

Ami=m®b*n(1))—m(b';)

Where,

m(b) — coordinates of the center of the object’s bounding box.

An object is considered to be displaced if one of the following conditions is
met:

IAmil2>EorlAmil./D>¢

Where:

I Am ; |- — Euclidean norm of the displacement vector (the magnitude of the
shift of the frame center);

E > 0 — displacement threshold in pixels;

e D =1(W2+H ?)— diagonal of the image with width W and height H;
e ¢ is the normalized bias threshold (usually selected within the range of
0.01-0.03).

The threshold E or ¢ is selected empirically on the validation sample for the
target metric, for example, using the F1 measure for the “shift” event.

2. Generating a Report.

The results are presented in a table: object ID, class, coordinates/dimensions
on both images, Ax , Ay, | Am I, the “shifted” feature. If necessary, a graphical over-
lay of frames and offset arrows is constructed.

Pseudocode of matching and decision logic:

for ¢ in {face, hand}:

O1 = detections(imagel, class=c)

02 = detections(image2, class=c)

M =build cost matrix (O1, O2) # by IoU and/or centers matches = hungar-
ian_with_threshold (M) # either greedy comparison By loU

for (i, j) in matches:

d = euclidean (center(O1[ i ]), center(O2[j]))

moved = (d > E) or (d/ diag (image) > eps)

write _row (id=1, class=c, b1=01[ 1 ], b2=02][j], dx, dy , d, moved)

Layout and format. Labellmg generates VOC-XML; for training it is conve-
nient to convert to a single CSV/ TFRecord /JSON. It is important to store the original
frame dimensions for inverse scaling of predictions to pixels.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 -
213 International License




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

Augmentations. Horizontal reflections (for hands), moderate rotations £10°,
random crop / resize, brightness/contrast change (jitter ) - increase resistance to pose
changes.

Hyperparameters. NMS threshold t.ms € [0.4, 0.6], confidence threshold smin €
[0.3, 0.5], IoU matching threshold t € [0.3, 0.5]. The threshold E can be normalized:
E =¢D, where € € [0.01, 0.03].

Training metrics. For the detector — mAP@0.5 and PR curves by class; for
the final task — precision, recall, and F1-score of the event “shifted” on a pair of
images.

Optimization of computations. Using a lightweight backbone (MobileNetV2/
V3) and freezing early layers during additional training significantly reduces the re-
quired training time compared to training from scratch.

Practical Notes on Implementation.

Markup and format. Labellmg generates VOC-XML; for training, it is conve-
nient to convert to a single CSV/ TFRecord /JSON. It is important to store the original
frame sizes for inverse scaling of predictions to pixels.

Augmentations. Horizontal reflections (for hands), moderate rotations =10°,
random crop / resize, brightness/contrast change (jitter ) - increase resistance to pose
changes.

Hyperparameters. NMS threshold T.ms € [0.4, 0.6], confidence threshold smin €
[0.3, 0.5], IoU matching threshold t € [0.3, 0.5]. The threshold E can be normalized:
E =¢D, where € € [0.01, 0.03].

Training metrics. For the detector — mAP@0.5 and PR curves by class; for
the final task — precision, recall, and F1-score of the event “shifted” on a pair of
images.

Optimization of computations. Using a lightweight backbone (MobileNetV2/
V3) and freezing early layers during additional training significantly reduces the re-
quired training time compared to training from scratch.

The figure shows two consecutive frames with a girl to show the work of the
algorithm for recognizing and fixing the displacement of objects:

Left: A girl sits on a sofa, raising her right hand. The image has frames with
the captions “face” and “hand” (hand). For the hand, the offset is specified to be +17
pixels down.

Right: the same girl, but her hand is lowered. The face has the “face” frame
again, and the hand has the “hand” frame. The face has an offset of (-6, 21) pixels
(i.e., slightly to the right and down).

Thus, the image illustrates how the system:

1. finds a face and a hand,

2. calculates their coordinates,

3. compares positions between two frames,
4. and records changes in pixels.
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L

Fig. 1. Demonstration of the Operation of the Algorithm for Recognizing and Recording the Displace-

ment of Objects:

That is, the picture is visualization of the neural network’s operation for
detecting objects and measuring their displacement. Volume and composition of the
dataset. To train and test the model, a specialized image dataset was created contain-
ing two classes of objects:

- face,
- hand

The dataset included:

1200 images in original JPEG/PNG format;

the markup was done manually in the Labellmg program with the annota-
tions saved in Pascal VOC (XML) format;

Number of marked objects: about 1800 faces and 2400 hands (some frames
contain several objects at once).

The data were divided into three subsamples:

- training sample — 70 % (=840 images),
- validation sample — 15 % (=180 images),
- test sample — 15 % (=180 images).

Random stratification was used in the splitting to maintain class proportions.

Data Preprocessing Stages and Training Parameters.

Data Preprocessing Stages.

Before feeding images into the neural network, the following steps were
taken:

1. Scaling all images to a fixed size of 320x320 pixels.

2. Normalize pixels to the range [0,1].

3. Augmentations (only on the training sample):
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— random horizontal reflections;

- rotations in the range [—-10°, +10°];

- change brightness and contrast (£15%);
- random crops with subsequent resizing.
- Formation of batches (batch size = 16).

These operations helped to increase the diversity of training data and reduce
overfitting.

Model Training Parameters.

Keras framework (TensorFlow) was used for implementation. backend).
Main parameters:

- Architecture: convolutional neural network based on MobileNetV 2 (back-
bone) + SSD- “head”.

- Loss function: categorical cross - entropy with smooth component L1 loss
for coordinate regression.

- Optimizer: Adam with initial parameters:

learning speed rate = 0.001;

B1=0.9,p2=0.999.

Number of eras: 50.

Batch size: 16.

Scheduler: Reduced learning rate by a factor of 0.1 if there is no improve-
ment in validation over 5 epochs (ReduceLROnPlateau).

Validation and Testing

Validation was performed on a separate sample (15 % of the data), while
tracking the mAP@0.5 (mean Average Precision at [oU = 0.5) and F1-score. Testing
was performed on a set of delayed samples not involved in training and validation.

Measuring the Accuracy of the Model.

To assess the quality of detection, the average accuracy (mAP) indicator and
the derived metric accuracy for the task “object shifted/not shifted” were used. At the
detection stage:

- IoU was calculated (Intersection over Union) between predicted and reference
frames:

IoU = Area(B_pred N B_true) / Area(B_pred € B_true). The prediction was
considered correct if [oU > 0.5. mAP on the test sample was 0.78 (78 %).

At the bias analysis stage : For each object, the bias Am was calculated. The
results were classified as binary: “biased” or “not biased” (if the threshold E was
exceeded).

After calculating TP, FP, FN and TN, the final accuracy was calculated using
the formula:

Accuracy = (TP + TN) / (TP + TN + FP + FN). As a result, the average accu-
racy was 82.5 % on the test sample. Thus: Dataset: 1200 images, 2 classes of objects,
markup in Pascal VOC.

Pre-processing: normalization, resizing, augmentation.
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Training: MobileNetV 2+ SSD, Adam, 50 epochs, batch =16.
Validation: according to mAP and F1.
Testing: on delayed sampling.
The final accuracy of 82.5 % was obtained as accuracy on the bias/no bias task
after matching objects by loU > 0.5.

Table 1 — Comparison of Known Solutions and the Proposed Method

Method / Main features | Advantages Flaws Difference from the
System proposed method
Determining ngh accuracy Requires powerful .
in analyzing : Our method is sim-
human pose GPU, high compu-
poses and . . pler, works faster, and
OpenPose | (skeletal model tational complexity, .
. movements is focused only on
with key redundant for problems
. of the whole oy e hands and faces.
points) with limited classes
body
. Fast f: . like MediaPi
MediaPipe ast face an.d Optimized for | custom capabilities Unlike MediaPipe,,
hand detection . . .. the proposed method
(Face/ . real time, high | retraining on your own .
on mobile can be further trained
Hands ) . speed data .
devices on its own dataset.
Supports mul- o -
TensorFlow | . . Versatility, Our method is lighter,
. tiple architec- S . . i
Object tures (SSD ready-made Long training time, high | implemented in Keras
Detection ’ pre-trained resource requirements , and requires fewer
API Faster R-CNN, models resources
EfficientDet ) ’
Lightweight
architecture,
ibili . .
Proposed posmb} Tty Unique difference
of addition- N
method ( Face and hand .. . — combination of
. al training , Accuracy is lower than . .
Keras + detection + ob- detection and analysis
. . . low resource | heavy models (e.g., .
Mobile- ject displace- requirements, | Faster R-CNN) of displacements, op-
NetV2 + ment analysis | . d . ’ timization for limited
SSD) integration computing resources
of coordinate
comparison
algorithm

Results and discussion

During the experiments, a convolutional neural network based on Mobile-
NetV2 in conjunction with the SSD detector, trained on a specially prepared dataset
for recognizing faces and hands, was implemented and tested. Additionally, an algo-
rithm for comparing the coordinates of recognized objects between two images was
implemented to record the fact of displacement.

Dataset characteristics

A dataset of 1200 images containing about 1800 labeled faces and 2400 la-
beled hands was used for training, validation and testing .
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The data were divided into three subsamples:
- educational — 70 % (840 images);
- validation — 15 % (180 images);
- test — 15 % (180 images).
The markup is done in Pascal VOC format, object classes are limited to two
categories: face and hand.
Training parameters
The model was trained for 50 epochs with a batch size of 16. The optimizer
is Adam, the initial learning rate is 0.001 with a dynamic decrease in the absence of
improvement during validation. Augmentations were used to combat overfitting: ran-
dom rotations, reflections, brightness/contrast changes.
Results on validation and testing
On the validation sample, the model showed the following indicators:
— average accuracy of object recognition (mAP @0.5) = 0.78;
- average F 1- score across classes = 0.81.
On the test sample the results were close:
-mAP @0.5=0.76, F 1- score = 0.79.
This confirms the model’s ability to generalize and its resistance to overfitting.
Results of the bias analysis
To determine the displacement of objects, the coordinates of the centers of the
bounding boxes were calculated in two consecutive images. An object was consid-
ered “displaced” if the following condition was met: | Am | 2 > E, where E = 15 pixels
(an empirically selected threshold). The final “displaced/not displaced” classification
metrics on the test sample: « Accuracy = 82.5 %, Precision = 0.81, Recall = 0.83, F1-
score = 0.82.
Thus, the developed method demonstrated the ability not only to correct-
ly detect faces and hands, but also to reliably record their displacements between
frames.
Comparison with analogues
Comparative analysis showed that the proposed approach provides a balance
between speed and accuracy. Unlike OpenPose , which requires significant computa-
tional resources, and MediaPipe, which is limited to pre-trained models, our imple-
mentation combines:
- the ability to customize training on your own dataset,
- moderate computing requirements,
—~ integration of a bias analysis algorithm, which is missing from stan-
dard frameworks.
This allows the proposed solution to be used in applied tasks of image and
streaming video analysis under conditions of limited hardware resources.
Result: The developed system demonstrated 82.5 % accuracy in the task of
recording object displacements, which confirms its effectiveness and applicability in
real conditions.
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Below are two graphs : Graph « Training and Validation Loss » — shows the
decrease in error over epochs. Training and Validation Accuracy — increase in accura-
cy on training and validation samples until stabilization.

Training and Validation Loss

—— Training Loss
——— Validation Loss

Epochs

Fig. 2. Graph “Training and Validation Loss” — shows the decrease in error over epochs

Training and Validation Accuracy

095 — Training Accuracy
—— Validation Accuracy

0.90

0.85f

Accuracy
o
~J
w

0 10 20 30 40 50
Epochs

Fig. 3. Training and Validation Accuracy — increase in accuracy on training and validation samples until stabili-
zation

Learning curves (Loss): the decrease in error on the training and validation
samples is visible.

Learning curves (Accuracy): show an increase in accuracy until stabilization
at ~0.82—0.83.

Below is a table of metrics for the test sample.
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Table 2. Model Testing Results

Metrics Meaning
mAP@0.5 |0.76
Precision 0.81
Recall 0.83
F1-score 0.82
Accuracy

(bias/no 82.5%
bias)

We will also provide a table of metrics for the test sample.
Table 3 Model Testing Results

Metrics Meaning
mAP@0.5 |0.76

Precision 0.81

Recall 0.83
F1-score 0.82
Accuracy

(bias/no 82.5%
bias)

Discussion of results.

The obtained results confirm that the proposed method is capable of not only
effectively recognizing faces and hands, but also correctly recording their displace-
ments between successive images. Unlike standard detectors, which are limited to
constructing bounding frames, this approach is supplemented by a coordinate analy-
sis algorithm, which allows interpreting the dynamics of objects.

Comparison with existing solutions shows the balance of the proposed meth-
od:

— Compared to OpenPose, the developed model is less resource-intensive, does
not require powerful graphics accelerators and is focused on a limited set of classes
(face and hand), which makes it more applicable to systems with low computing
power.

— Compared to MediaPipe, the method provides the ability to custom train on
your own dataset, which allows you to adapt the system to specific conditions, while
MediaPipe relies on pre-trained models with limited retrainability.

— Compared to the TensorFlow Object Detection API, the Keras implementa-
tion reduces the complexity and duration of training, although its accuracy is some-
what inferior to heavier architectures (e.g., Faster R-CNN).

The achieved accuracy of 82.5 % in determining displacements demonstrates
the practical applicability of the proposed system in the tasks of gesture recognition,
human-machine interaction and video surveillance. At the same time, limitations are
noted: in some cases, the frames include a larger body area than the face or hand,

This work 1s licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
w International License 220



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

which can lead to an overestimation of the displacement. This drawback can be elimi-
nated by refining the marking and integrating specialized face and hand detectors (for
example, RetinaFace , MediaPipe Hands).

Overall, the proposed method is a hybrid solution that combines accuracy
and efficiency with advanced displacement analysis functionality. This combination
makes it a promising tool for real-world applications where not only recognition
speed is important, but also the ability to interpret object dynamics.
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