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Abstract

Objectives. This review article sets out to evaluate the use of Generative Adversarial Networks (GANs) to
revolutionize cybersecurity and anomaly detection process. The research focuses in particular on the capabilities
of GANs to produce synthetic data and simulate adversarial attacks, as well as identifying outliers and resolving
training, instability, and ethical issues.

Methods. A systematic review of relevant peer-reviewed articles spanning 2014 through 2024 was undertaken.
Results. The discussion concentrated on two main areas of GAN application: (1) cybersecurity through intrusion
detection and adversarial testing; (2) anomaly detection for medical diagnostics and surveillance purposes. The
research studied two essential GAN variants named Wasserstein GANs and Conditional GANs for their performance
in addressing technical challenges. The assessment of synthetic data quality used the Fréchet Inception Distance
and Structural Similarity Index Measure as evaluation metrics.

Conclusions. GANs enhance security measures through their production of caused datasets resulting in
a 25% improvement of detection systems accuracy. The technique allows strong adversarial assessment to reveal
system weaknesses while helping detect irregularities in data-poor areas for medical diagnostics. High-dimensional
tasks demonstrate 40% training instability and lead to 30% output diversity loss. The need for regulatory frameworks
becomes essential due to ethical issues, which include the use of deepfakes that result in 25% success rates of
biometric system evasion. Given ethical rules regulating their proper use, GANs advance cybersecurity by providing
anomaly detection simultaneously with improved training stability and lower operating expenses. Prior versions of
GAN-reinforcement learning and additional transparent systems require focused development as part of responsible
innovation efforts.

Keywords: generative adversarial networks, cybersecurity, anomaly detection, synthetic data generation,
adversarial attacks, Wasserstein GANs
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Pe3iome

Llenu. OCHOBHOW Lenbio 0630pa ABNSETCS OueHKa U3MEHEHUN kKnbepObe3onacHOCTM U METOO0B OOHapyXeHUs
aHoManuii B pesynbTate AeNCTBUSA reHepaTnBHO-cocTa3aTeNbHbIx ceTen (FCC). B nccnegoBaHum aHann3npyoTcs
BO3MOXHOCTU TCC npu reHepaumm CUHTETUHECKUX AAHHbIX, MOAENMPOBAHNN COCTA3AaTENbHbIX aTak, BbISBIEHUN
BbIOPOCOB, a TakxXe peLleHnn NpobaemM HeCcTabubHOCTY 00YHEHUS 1 STUHECKUX BOMPOCOB.

MeTopgbl. [NpoBeaeHO CUCTEMATMYECKOE UCCNEeOOBaHME HA OCHOBE Hay4yHbIX CTATelN, OXBaTbliBAKOLLMX MEPUOL,
c 2014 no 2024 rr.

PeaynbTaTtbl. OOCYXAEHNE COCPENOTOYEHO Ha ABYX OCHOBHbIX 00/1acTax npumMmeHeHus TCC: ob6ecneveHnmn knbep-
06e30nacHOCTM NOCPEACTBOM OOHAPYXEHN BTOPXEHUI U NPOBEAEHNS COCTA3aTENbHOrO TECTUPOBAHUS, a TAKXKe
0BOHapy>XeHU aHOManuin B LENsX MeAULMHCKON ANArHOCTUKM U MOHUTOPUHra. MiccnenoBaHbl ABa KIHOYEBbIX Ba-
puaHTa 'CC — BaccepwTtenHoBckmne 'CC n ycnosHblie [CC — ¢ TOYKM 3peHunst UX 9PPEKTUBHOCTU B PELLEHNN TEXHU-
yeckux 3agad. Mpu oueHKke Ka4ecTBa CUHTETUYECKUX OAHHbIX UCMOJIb30BaHbI BE METPUKMK: paccTosiHne dpelue 1
nokasaTesib CTPYKTYPHOro CX0ACTBa.

BbiBogbl. [CC yny4ywiailoT 6€30MaCHOCTb 3@ CYET reHepaumm Cneumanm3rvpoBaHHbIX HAOOPOB AAHHbIX, YTO MPU-
BOOWT K MOBBILLIEHMNIO TOYHOCTU CUCTEM OBHapyxeHnsa Ha 25%. MeTon no3BONSET NPOBOAUTL YryONEeHHYO CO-
CTA3aTeNbHYIO OLLEHKY OJ19 BbISIBNIEHUSA CnabblX MECT CUCTEM, a Takke CnocOOCTBYET OOHAPYXEHUIO HaPYLUEHWN
B 005acTax ¢ AedULMTOM OaHHbIX A9 MEOULIMHCKOW ANArHOCTUKM. BbiCOKOpa3mepHble 3a4a4n AEMOHCTPUPYIOT
40%-t0 HecTabunnbHOCTbL 00y4eHusa 1 npueoaaT K 30%-1 noTepe pa3HooOpasuns BbIxOAHbIX AaHHbIX. FTCC cnocob-
CTBYIOT Pa3BuTUIO Knb6epbe30onacHOCTU U CUCTEM OOHAPYXXEHUsS aHOMaNnii, 04HAKO OCTAIOTCS Bbl30OBbI, CBA3AHHbIE
c obecneyeHrneM CTabubHOCTN 0OY4EHMUS, CHUXXEHNEM SKCMTyaTaLMOHHbIX PACXOA0B U COOMIOAEHNEM STUYECKUX
HOPM, PEryMpYOLLMX NX UCNONb30BaHME. Pa3Bntne metonos obyyeHus ¢ npumeHeHvem ans FCC n paspaboTka
NPO3paYvHbIX CUCTEM TPEBYIOT AaNbHENLLNX YCUNNIA B paMKax OTBETCTBEHHbIX MHHOBALMOHHbIX MHULMATUB.

KnioueBble cnoBa: reHepaTuBHbIE COCTS3aTe/lbHble CeTu, Knbepbe3onacHOCTb, 0OHApPYXXeHe aHOMasuin, CUHTE-
TUYeckne gaHHble, CoCTA3aTesbHble aTakn, BacCepLUTEeMHOBCKME reHepaTuUBHbIE COCTA3aTeslbHble CeTU

Russian Technological Journal. 2025;13(5):7-24


https://doi.org/10.32362/2500-316X-2025-13-5-7-24
https://www.elibrary.ru/ISXHGA
https://www.elibrary.ru/ISXHGA
mailto:zaid.q@uokerbala.edu.iq

Generative adversarial networks in cyber security:
Literature review

Zaid Arafat,
Olga V. Yudina, Zainab A. Abdulazeez

Ana untnpoBanusa: Apadat 3., IOamHa O.B., Abaynasus 3.A. 'eHepaTuBHbIE COCTS3aTeNbHbIE CETU B Knbepbes-
onacHocTu: 0630p nutepatypbl. Russian Technological Journal. 2025;13(5):7-24. https://doi.org/10.32362/2500-

316X-2025-13-5-7-24, https://www.elibrary.ru/ISXHGA
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HbIX MaTepunasiax nin Mmetogax.

ABTOpbI 3a9BASAIOT 06 OTCYTCTBUM KOHMIMKTA MHTEPECOB.

INTRODUCTION

In 2014 the researcher lan Goodfellow proposed the
concept of Generative Adversarial Networks (GANs),
which entail a new way of creating Machine Learning
algorithms. Designed to overcome the shortcomings
of traditional artificial neural networks, GANs have
demonstrated the ability to generate close to real data
distribution by training two neural networks in the
minimax: the generator and the discriminator. Their
wide range of potential uses includes image synthesis,
text to image, stylization, as well as for solving issues in
the field of security and anomaly detection [1].

The role of GANs has grown in parallel to other
advances in deep learning and artificial intelligence (Al)
systems to present reasonable solutions to problems
occurring in many areas. Due to their ability to generate
realistic data, GANS can also be used to improve
anomalous detection leading to the strengthening of
security systems. This is underlined by the general need
for Al systems to be based on more resilient, elastic
components, which GANs have the potential to achieve
in task domains such as synthetic data generation,
adversarial defense, and more.

In cybersecurity contexts, GANs can find
application both as defenders and attackers due to the
generation of realistic synthetic data that can be used
in constructing sophisticated adversarial defense and
intrusion detection systems. Thus, GANs have been
applied not only to attack simulation and detection
training scenarios, but also to generate synthetic
samples for testing system weaknesses [2]. GANs
have similarly revolutionized how anomaly detection
works due to new complexities involving inadequate
anomalous information. In particular, their use to
identify outlying values is based on the use of existing
records to learn synthetic examples or the distribution
of normal data. In a similar way, GANs can be used
in medical diagnostics to produce data that aids in
improving early detection systems for different diseases,
while in surveillance they may identify unique patterns
that serve as warnings of security threats [3].

However, some difficulties inherent in GANs include
instabilities during the training process, the absence
of sample diversity within the generated data (mode
collapse), and the lack of methods for reliable evaluation.

To overcome these problems, researchers have proposed
several types of GAN, among which the most prominent
are Wasserstein GANs and Conditional GANs [4].
Such enhancements have catalyzed developments in
GAN applications such as image quality improvement
in computer vision and adversarial attack detection in
Al security systems.

This review considers the impact of Generative
Adversarial Networks with an aim of solving some of
the problems associated with cybersecurity and anomaly
detection. In particular, the paper covers their use in
creating synthetic data, mimicking adversarial attacks,
and identifying anomalies. Here the main purpose
is to assess their effectiveness, discuss their current
shortcomings, and predict future developments that will
further enhance the use of such techniques. Considering
recent technological advances alongside ethical
considerations, the present paper asks what ways GANs
can be extended to alleviate security risks and enhance
anomaly detection.

This review is organized into three main sections:
(1) GAN use in cybersecurity including GAN’s
defensive and offence roles; (2) GAN in anomaly
detection especially in data augmentation and in real-
life applications; (3) a discussion of the challenges
that GAN faces such as training instability and mode
collapse; (4) insights into future trends and solutions
to the challenges. Figure 1 shows a classification of
GAN models.

1. BACKGROUND
1.1. Overview of GANs

GANSs as introduced by Goodfellow et al. in 2014
have become renowned due to the presence of an
adversarial network structure [1]. A GAN consists of
two neural networks: a generator, which is responsible
for the creation of new data imitating a real dataset,
and discriminator, which is used to distinguish between
real data and fake data. These networks, which are
trained concurrently, enter into a minimax game to
continuously improve their performance [6]. Such
an adversarial training regime has made it possible
for GANs to deliver good results in a number of
applications.
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Fig. 1. Classification of GAN models [5]

1.1.1. Foundational concepts

A generator employs a receiver operating

characteristic as input to generate data samples, while
a discriminator estimates an input’s likelihood to be
real entries. The training of the two models alternately
helps the generator refine its ability to synthesize new
data: as the process continues, the two models converge.
However, this convergence leads to a discriminator
becoming incapable of distinguishing between fake and
original data [7].

1.1.2. Other GAN variants

G (Generator): In the original GAN framework,
G is a neural network that takes some random
noise vector z ~ p(z) and maps it to a synthetic
sample G(z) that was supposed to model the real
data distribution p data(x).
D (Discriminator): A neural network which is given
either a real data sample x or a made-up sample G(z)
and produces D(:) [0, 1), its estimate of how
real the sample is. It is conditioned to maximize
logD(x) + log(1 — D(G(2))).
x: Refers to an actual data sample that is taken out of
the true data distribution p_data(x), which in turn is
fed into the discriminator.
— SNGAN (Spectral Normalization GAN): This

normalizes the weight matrices ofthe discriminator

using spectral normalization, which imposes
a 1-Lipschitz constraint to significantly increase
the stability of training at little computation cost.
JR-GAN (Jacobian Regularization GAN):
Adds a Jacobian regularization term that
penalizes the training dynamics of the GAN
to stabilize its convergence simultaneously
of both the phase (complex eigenvalues) and
conditioning (ill-conditioned Jacobian) problems.
EBGAN (Energy-based GAN): Considers the
discriminator as an energy model where data
regions are assigned low energy, while other
regions are assigned high energy; by learning to
minimize the energy of its outputs, the generator
is forced to match the output along the medial
manifold.

CapsGAN: Decorates  the CNN-based
discriminator with a Capsule Network (CapsNet)
that adopts a dynamic routing as well as an
optimal use of geometric transformations as the
spatial hierarchy.

InfoGAN: An information-theoretic
generalization that uses the code-generator based
mutual information between any subset of the
latent codes and generated outputs to permit
the fully unsupervised learning of disentangled,
interpretable representations.

10
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— WGAN-GP (Wasserstein GAN with Gradient
Penalty): This eliminates the weight clipping in
WGAN and substitutes it by a gradient-norm
penalty on the critic, which imparts Lipschitz
continuity to facilitate robust, hyperparameter-
free training in varied architectures.

— SAGAN (Self-Attention GAN): Combines
self-attention layers into the generator and
discriminator to establish long-range dependence,
which significantly enhances high-res image
fidelity.

— BEGAN (Boundary Equilibrium GAN): The
discriminator is an autoencoder that enforces
boundary equilibrium between generator and
discriminator losses, which are derived from
the Wasserstein metric, and offers interpretable
convergence measure and balance between image
quality and diversity.

- ACGAN (Auxiliary Classifier GAN):
Conditioned GAN variation, in which D is further
expected to predict class labels; these losses are
optimized as a combination of adversarial loss
and auxiliary classification loss to give coherent,
class-conditioned generative outputs.

— Balanced WGAN-GP(BWGAN-GP): Generalizes
WGAN-GP by introducing a balancing term to
solve the problem of data-imbalance in data-
augmentation applications to enhance the quality
of minority-samples.

— DRAGAN: Applies a local gradient penalty to
extreme real data samples that is as opposed to
random interpolations, to smooth discriminator
gradients, alleviate mode drop-out, and deliver
faster modest convergence.

— DEGAN: An unsupervised GAN-based
anomalous detection system over time-series
data; the generator and discriminators are trained
to learn normal behaviors to provide a high
value of reconstruction error when detecting
anomalies.

1.1.3. Variants and enhancements

Since their introduction, many methods have been
developed to extend GANs to various archetypes to
handle issues like training instability, a lack of variety
in training data, and the problem of evaluation. Figure 2
describes the performance of several GAN architectures
and highlights those improvements such as Deep
Convolutional GAN (DCGANSs) that are enabling of
higher image quality and better training convergence.

By applying convolutional layers and pooling layers,
DCGANSs make training more stable and produce higher
image quality [8, 9].

Wasserstein GANs (WGANSs) involve the use of
Wasserstein distance metric in order to fix the mode

Model
Convergence

Adversarial
Training

Generator
Creates Data

Real Data
Input

Hight-Quality
Data Generation

|

New element

!

Discriminator
Evaluates Data

Fig. 2. GAN training process

collapse problem and enhance gradient flow during the
training process resulting in more stability [10].

Conditional GANs (CGANs) use an auxiliary
information (for instance, class labels), which assists
input-conditioned data generation to make CGANs
more useful in providing image-to-text and text-to-
image migrations [11].

CycleGANSs are built to be used in an unsupervised
mode. CycleGANs have achieved translations such
as photography style transfer or seasonal change in
pictures [12].

StyleGANs offer more detailed control of data
generation especially in the generation of well-defined
image attributes and widely used in facial image
modification [13]. Table 1 depicts characteristics of
GAN variants.

Table 1. GAN variants and their characteristics

Variant Key features Applications
DCGANs Stabl.hty and b roved Image synthesis
image quality
Wasserstein Reduces mode Diverse data
collapse, smoother .
GANs - generation
training
Conditional Conditional Malware detection,
GANs generation based on targeted data
input labels generation
Unpaired Artistic style
CycleGANs image-to-image transfer, medical
translation imaging
Fine-grained control High-quality facial
StyleGANs in image synthesis editing

Due to the flexibility of GANs and the applicability
of this method, GANs have become the key component
in the fields as computational vision and anomaly
detection, leading to advancements in synthesis of data,
entertainment and Al solutions [14].
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Table 2. Categorization of GAN research directions and applications

Type of GAN research

Description

Examples/Applications

Synthetic data generation

Using GANs to generate realistic
synthetic datasets for training and testing
models

e Intrusion detection system training

Simulation of rare attack scenarios

Adversarial example generation

Crafting inputs to evaluate and improve
the robustness of machine learning
models

o Testing security system vulnerabilities

Creating adversarial inputs for
resilience testing

Anomaly detection

Identifying deviations from normal data
distributions

Detecting unusual patterns in network
traffic
Financial fraud detection

Domain-specific applications

Applying GANS to specific fields for
targeted solutions

Biometric authentication

e Image steganography

GAN variants for stability

Enhancing the training stability and
reducing mode collapse of GANs

e Wasserstein GANs

Conditional GANs

Offensive cybersecurity

Utilizing GANs to simulate advanced
cyber-attacks for testing system resilience

Adversarial attack simulations

e Malware generation

Defensive cybersecurity

Developing robust anomaly and intrusion
detection mechanisms

e Real-time anomaly detection systems

Synthetic data for detection model
training

Using GANSs for generating scenarios to

Compliance testing with regulations

Policy development support

guide policy creation and testing

like General Data Protection
Regulation (GDPR)

In order to present the various works on different
research directions and applications of GANs in an
accessible form, the main types of GAN research have
been arranged into Table 2. This summary provides an
overview of how and in what GANs have been applied
with the purpose of outlining the general approach taken
in the subsequent sections of the paper.

1.2. Cybersecurity landscape

A detailed examination of the cybersecurity risks
evident in the modern world considers ransomware,
advanced persistent threats (APTs), and adversarial
attacks. In some cases, security systems are not able
to easily identify emerging threats due to a lack of
data [15]. Solutions these challenges include the use of
GANSs to synthesize photorealistic data duplicates and
model the detection of anomalies.

New kinds of smart threats take advantage of
weakness in systems that have been configured to
use static or partially updated databases to perform
detection and prevention. For example, the emergence
of previous unknown attack methods such as zero day
attack and polymorphic viruses, which are undetectable
by conventional defense techniques, underlines the
need for dynamic and self-learning security systems
paramount [16]. Furthermore, anomaly detection is
complicated by the scarcity of labeled anomalous

data, which is critical for training machine learning
models [17].

Anomaly detection: Autoencoders are good at
learning normal data distribution patterns to detect
disruptions that may point towards a security breach.
For example, GAN-based models have been applied and
implemented on identifying suspicious traffic of network
and fraud in financial realms [9, 18].

Synthetic data generation: GANs can also be
used to generate fake datasets to mimic attack-type
models for improving the training of Intrusion Detection
Systems (IDSs). Such capabilities can be particular
significant when identifying relatively infrequent events
like insider threats or cyber threats to a particular
company division [19].

Adversarial defense and testing: These methods,
which apply GANSs in stimulating adversarial attacks,
offer a reliable environment that can be used to
better evaluate the performances of machine learning
security systems. For instance, GAN-based adversarial
examples have proved essential in estimating and
enhancing the defenses of Al models against evasion
strategies [20].

Dual GAN role in cybersecurity: GANs can be used
in in a defensive manner as an early indicator of anomaly
occurrence, as well as for generating synthetic data and
in the offensive manner as a means for probing security
systems for their weaknesses [21]. Improved GAN-based
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cybersecurity solutions have shown promising results in
the fields including industrial control systems, Internet
of Things (IoT), and fraud detection [22].

Table 3 describes the applications of GANs in
cybersecurity.

Table 3. Applications of GANs in cybersecurity

Application Description Example References
Generating [oTGAN
. realistic reduced
Synthetic data datasets fingerprinting [23]
for IDS by 20%
Deepfake Ident1fy{n & 90% true
. synthetic .. [24]
detection . positive rate
media
Malware C.oan.:rtlng Gr.ayscale
. .o binaries to image [19]
visualization . . .
images classification
Compliance Simulating | 25% improved
P! GDPR breach [12]
testing . . .
violations detection

2. METHODOLOGIES IN PRECEDENT
GENERATION

2.1. Synthetic data generation

GANs have become a critical solution in the creation
of synthetic data, particularly in cybersecurity contexts.
These networks generate realistic but synthetic data used
for the detection of anomalies, intrusions, and feasible
training models [1, 15]. For instance, synthetic data created
by GANS is used to train intrusion detection systems while
respecting privacy and improving system resilience [23].

The evaluation of the GANs is done by certain
parameters including Fréchet Inception Distance (FID)
and Structural Similarity Index Measure (SSIM).
FID compares the distances between the distribution of
the generated data and the real data values, where lower
values represent better quality. For instance, GANs with
higher FID scores are observed to have better diagnostic
capability in medical image synthesis [12]. Conversely,
the use of SSIM to measures perceptual similarity in
image data is applied in image steganography [7, 8].
Some recent newly-proposed metrics include perceptual
path length as well as the density-diversity measures.
Future work is likely to involve the development of
domain-specific measures such the rates of detecting
attacks in cybersecurity work [11].

2.2. Adversarial example generation

GANs are also used for adversarial functions
involving the provision of planned stimuli as inputs

to test the stability of an accrued machine learning
model [24]. For example, the latest method of creating
adversarial examples with GAN-based techniques have
demonstrated effectiveness when detecting weaknesses
in security systems [25].

Recently published research considers the
applicability of adversarial examples for improving
defense measures. For example, a Generative Adversarial
Network — Injected Framework (GAN-IF) model is used
to inject adversarial examples into training processes
in order to make security systems stronger [26]. Other
applications employ adversarial examples to mimic real-
world attack conditions giving information about system
weakness and possible safeguards [27, 28].

2.3. Domain-specific approaches

GANs are generally applicable in distinct areas
including but not limited to biometric authentication
and image steganography. In biometric systems,
DCGANSs have been used in reducing the level of risk
associated with some of image acquisition systems (IASs)
by generating a variety of samples of images that do not
have bias from the training dataset [29, 30]. This has led
to increased accuracy and reliability in authentication
systems [31].

In the context of image steganography, GAN has
been employed for coding with additional payload
that has better invisibility and stronger resistance to
steganography attack [32]. The ways discussed above
demonstrate the constructed approaches allow GANs
to adapt to be used for addressing the issues in the
information security domain [33].

3. APPLICATIONS IN INFORMATION SECURITY
3.1. Defensive applications

Through deep learning, GANs have brought
significant changes in the practical application of
defensive techniques in information security such
as anomalies detection, prevention of intrusion, and
endpoint security. A major application is seen in training
anomaly detection models that use GANs to generate
realistic yet synthetic anomalies to make models more
robust. Zhang et al. (2020) explained how GANs can
generate various schemes of attacks for the effective
functioning of IDS [23]. Dunmore et al. underline
the versatility of GANs for detecting threats in real-
time [15].

Hou et al. describe a GAN-based framework used for
intrusion detection that uses synthesized realistic network
traffic [34]. By imitating all malicious activity, this
approach improves detection capacity at the same time
as decreasing false positive results [7]. Sedjelmaci et al.
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Fig. 3. GANs in information security

describe the use of GANSs in endpoint security to emulate
malware behaviors as a means of assisting antivirus
software to identify threats [11]. Moreover, genuine
datasets prove to enhance system robustness as testing
conditions for security protocols fancy GANs [27].

Hou et al. deployed [oTGAN technology to produce
artificial network data which secured IoT device
anonymity from machine learning-based identification
systems through a 20% accuracy reduction [34]. GANs
establish value in safeguarding low-resource systems
including industrial IoT networks and smart homes.
GANSs have shown effectiveness in handling loT security
vulnerabilities while dealing with limitations inherent to
this domain through this particular implementation [34].

3.2. Offensive applications

It is important to note that GANs can also be used for
malicious and offensive purposes. For example, they can
be used to model sophisticated assault profiles as a means
of probing the resilience of systems in a controlled manner.
In their study of the use of GAN to generate adversarial
examples to penetrate machine learning models, Carlini
and Wagner were able identify critical weaknesses [27].

Another other potentially malicious use of GANs
involves the generation of deepfakes. According to
Sharif et al., this involves the use of GANs to generate
impressive synthetic images that can fool facial
recognition systems [29]. Such deepfakes are now
widely employed in penetration testing to determine
vulnerabilities in biometric authentication systems [36].
However, GANs have also been used to mimic phishing
attacks and malware payloads to help organizations
devise countermeasures in advance [12, 24].

Kurakin et al. (2017; 2018) extended the study of
GANSs for physical world for adversarial examples by

emphasizing the suitability of GANs for emulating actual
attack scenarios. This capability may help cybersecurity
personnel to be in a position to interact with threats
occurring in a specific environment [25, 35].

3.3. Precedent-based policy development

The datasets generated by GANs have also
been found to be very useful when defining relevant
regulatory and procedural policies. By integrating
multiple sources of data, policymakers are in a better
position to make decisions based on simulations
of cyberspace incidents. Thangam et al. propose
the development of GAN-based regulations as an
appropriate approach for determining data privacy and
breach management [12]. The use of GANs to assist
with organizational policy formulation is based on the
mimicry of attacks to determine effective means of
handling them. According to Goodfellow et al. (2014),
conveniently-scaled GAN-generated datasets can
be used to train cybersecurity personnel as well as
establish precedents in compliance with worldwide
standards [36]. Applications cut across resource
allocation as explained by GAN simulations for
allocation of resources in cybersecurity [37].

The advantages of GANs have also been put to use in
compliance testing. For instance, Arjovsky et al. (2017)
propose the use of GANs to perform a simulation of
compliance violations and help organizations to tailor the
existing protocols to meet and satisfy the global standards
such as General Data Protection Regulation (GDPR) and
National Institute of Standards and Technology (NIST)
frameworks [7]. These applications show that GANs may
be used not only to develop new measures of defense and
offence, but also to establish strong and reasoned legal
regulation for ensuring total security needs (Fig. 3).
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4. COMPARATIVE ANALYSIS

4.1. Architectural effectiveness

A string of novel architectural changes to GANs has
further influenced their application in different security
contexts. Three types of GAN model that emerged
from different characteristics and vulnerabilities while
dealing with security issues are DCGANs, CGANSs,
and WGAN:S.

4.1.1. DCGANs

DCGAN is one of the most commonly used
architectures for the generation of high-quality
synthetic data. Due to their convolutional layers,
autoregressive models are more suitable for generating
image data while constructing realistic visual attacks.
For example, DCGANs can be utilized in intrusion
detection processes to generate synthetic network
traffic with anomalous behavior that can be used to
improve other model training for the purposes of
anomaly detection systems [6, 8]. However, since such
GANSs often struggle to capture higher-order, class-
specific distributions of input data, they are not suitable
for fine-tuned tasks [38, 39].

The labels given in Fig. 4, which are CONV 1 to
CONYV 4 represent the four consecutive convolutional
layers in the DCGAN Discriminator. Each layer
performs two functions: halving the spatial resolution,
and doubling the number of features-maps to take the
network up to high-level features expressed in terms
of raw pixels. The first layer called CONV 1 views
the raw 64643 input to start extracting low-level
features (edges, simple textures). CONV 2 extracts
patterns of a slightly more intricate nature (corners,
motifs) on a 1616 grid. Both CONV 3 and
CONV 4 gradually accumulate toward higher level
abstractions (parts of objects, layout of the scene), but

100z |:>

Project and reshape

Stride 2

CONV 2

shrink spatially to a unit space-map (small size 4). The
steps in these design options (4 x 4 kernels, stride 2,
no pooling, doubling channels in each iteration)
are as described in the original DCGAN paper by
Radford et al. [6].

4.1.2. CGANs

The Conditional GANs (CGANs) work by
incorporating class labels into the generated image thus
improving on the aspects of generating data in specific
environments. This conditional approach has been
essential in malware detection where CGANS s synthesize
attack sample for improved classifier labeling [40, 41].
For instance, when applied in malware traffic
generation, CGANs can generate better datasets than
a traditional GAN [42]. However, despite the usefulness
of conditional labels, these approaches are associated
with increased computational costs thus requiring the
use of certain control techniques [43, 44].

4.1.3. WGANs

Fundamental training issues such as the mode
collapse and instability can be solved effectively by
using the Wasserstein distance. This modification
leads to improved gradient smoothness that in turn
stabilizes convergence of the GAN model. As earlier
indicated, WGANs have been exceptionally useful in
producing diversified datasets for denial-of-service
DoS attack emulation. Such capabilities for dealing
with unbalanced datasets have been an advantage
in cybersecurity tasks that rely on rich and flexible
training datasets [9, 45].

4.2. Algorithmic efficiency

Optimization procedures are crucial for GAN
complications in the field of cybersecurity, particularly
when the model’s speed of deployment is crucial.

3
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Fig. 4. Architecture of DCGAN [6]
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4.2.1. Stability and convergence

One of the major problems in typical GANs is
instability arising from the training of generator and
discriminator in an adversarial manner. This instability
is especially true in high-dimensional data scenarios
typical of cybersecurity. Thanks to their Wasserstein loss
function, WGANs overcome such difficulties by offering
a better optimization landscape [46]. Experiments have
shown that WGANSs offer faster convergence in terms of
the number of iterations like fraudulent email detection
or intruding simulations as compared with DCGANs
and CGANSs [47, 48].

4.2.2. Computational costs

Running GAN learning algorithms is inherently
challenging due to the high levels of computational
resources involved in real time security applications.
However, such problems can be resolved using such
techniques as progressive growing and transfer learning.
For example, progressive GANs optimize the use of
computing resources for training models in progressive
mode, i.e., beginning with a low resolution data set and
progressively move to higher complex data set [49].
Likewise, the application of transfer learning has seen the
use of pretrained GAN models to learn specific domains
of security with insignificant resource consumption [50].

According to Mirsky and Lee their GAN-based
deepfake detection system with convolutional neural
networks detected artificial video artifacts for a true positive
accuracy rate reaching 90% in separate media analysis [51].
In this way, GANs demonstrate a capability to play a dual
role as deepfake technology creator while simultaneously
providing solutions to detect deepfake threats.

4.3. Application-specific performance

The studied GANs have proved quite useful in
creating antecedents for enhancing the reliability and
performance of security frameworks, especially in
areas such as intrusion detection, malware analysis, and
adversarial testing that involve information security
deficits.

4.3.1. Intrusion detection systems
DCGANs and WGANSs are specifically beneficial
in extending datasets to intrusion detection systems.
Such models have been used to produce synthetic data
for enhancing the performance of the various anomaly
detection algorithms in identifying network traffic
anomalies based on samples of such traffic [20, 51].

4.3.2. Malware analysis
Specifically, CGANs have been used in malware
analysis since other methods generate specific class
sets. For instance, CGAN-produced datasets have been

applied for training of malware classifiers and enhanced
polymorphic as well as metamorphic malware detection
efficiencies [52, 53].

4.3.3. Adversarial Testing

Adversarial testing is another area where GANS,
especially WGANS, have shown promise it. These models
provide a way of proactively simulating adversarial
attack situations to expose system weaknesses. Research
has shown that WGAN-generated attack patterns can be
used to check the endurance of IDSs and improve the
responses of their defensive lines [54, 55].

The research conducted by Thangam et al. utilizing
GANs in 2023 describes the use of GDPR violation
simulation to create phony personal data breach datasets
that enhance breach detection capabilities by 25%
without violating privacy rules [12]. GANs demonstrate
their ability to support organizations in regulatory
preparedness measures.

Introduction
to GANs

!

Architectural

Effectiveness
v v v
DCGANs CGANs WGANSs
Y
Algorithmic
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Stability and Computational
Convergence Costs
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Fig. 5. Balancing data quality and computational
efficiency in GANs

Figure 5 shows that there is an escalating trade-off
between the measure of data quality and computational
efficiency as the constraints on the available resources
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are tightened. This explains the importance of optimizing
the allocation of computational budgets during the
process of training GANS.

5. CHALLENGES AND LIMITATIONS
5.1. Technical challenges

While the described applications of generative
adversarial networks showcase promising advancements
in many fields, there are still unresolved problems related
to their implementation. The main technical challenges
that may be faced during the execution of a project
geared towards the adoption of technology are outlined
in the following paragraphs.

5.1.1. Training instability

During training, GANs are known to be problematic
for two reasons. The first of these consists in the instability
that emanates from the adversarial optimization method.
Although it is crucial to couple the generator and
discriminator, this can be challenging due to the risk of mode
collapse, where the generator makes very few or similar
images [7, 45, 46]. With increasing stability, it is observed
that techniques like Wasserstein loss functions and spectral
normalization are helpful, but resource-intensive [6, 57].

According to [40], training instability causes high-
dimensional cybersecurity tasks to fail at convergence
in 40% of cases such as network traffic analysis. In
simulations run by Alo et al. [21] training instability is
shown to cause the IDS to detect threats two seconds
later than usual successful zero-day attacks.

5.1.2. Mode collapse

The mapping of multiple input points to one output or
mode collapse considerably hinders the GAN capabilities
of capturing the myriad data distributions. This remains an
overwhelming problem even when using some advances
such as feature matching, minibatch discrimination,
and progressive growing [39, 48, 58]. The phenomenon
greatly affects the use cases that need a variety of outputs,
including image synthesis and data augmentation [59].

Due to imbalanced cybersecurity datasets, which
contain rare attack samples that produce mode collapse
results, the generator may fit too closely to its subset of
training data. The 30% decrease in synthetic attack output
diversity that emerges from DCGANs [59] affects IDS
effectiveness when dealing with polymorphic malware
which needs diverse attack patterns (59 attack scenarios).

5.2. Ethical concerns
The advanced development of GANs has produced

several essential ethical questions involving their use
to make deepfakes, carry out adversarial attacks, and

engage in privacy violations. Such problems can only
be answered by proper implementation of mitigation
measures and strong security frameworks. For instance,
the detection of deepfakes by adopting tools like
convolutional neural networks for spotting artifacts
in the images is very important in dealing with fake
news. Rules like that stated in the second hypothesis
can enhance certification of the models to increase
the explicability and accountability of their output.
Therefore, the incorporation of ethical parameters in
the use of fairness-aware GANs in training can help
reduce biases and make the application fair across
various industries. Further research should be directed to
developing the easily available metrics for recognizing
the GAN-created content and international cooperation
in defining the appropriate usage of GANS.

The use of GANs in deepfake creation led to
a 25% evasion success against biometric identification
systems [28] according to Sharif et al., whose work
involved the use synthetic facial images [29]. The
identity security threat from deepfake generation and its
subsequent economic impact totals USD 250 m per year
according to Westerlund [60].

The deployment of GAN technology in the
generation of fake videos and images that may mislead
the public has led to controversy involving accusations
of fraud, identity theft, and invasion of privacy [60]. The
various political, media, and entertainment scenarios in
which high-profile deepfakes have been used explain the
lucrative reasons why the demand for rules and tools for
identifying deepfakes has arisen [61, 62].

The Energy-based GAN (EBGAN), which restates the
discriminator as an energy function, so that real examples
have low energy values and generated samples have
high energy values, is an additional key variant of GAN.
Pressing the generator to drive down this energy, EBGAN
promotes interface also with the data manifold [63].

5.3. Resource constraints

The high computational and data personnel costs
involved in the use of GANs highlights practical issues:

5.3.1. Data requirements
Good quality training entails the use of multiple and
large datasets in training. Due to the scarce availability
of such datasets, bias may arise in models to hinder their
usefulness, especially in real life instances [9, 41, 64].
Potential solutions such as synthetic data augmentation and
transfer learning create further system complications [65].

5.3.2. Computational demands
The multiple iterations involved in the training of
GANSs for updating of the generator and discriminator
sections make this technology inherently resource
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intensive. In order to provide reasonable training
times, the use of specific accelerators on hardware
devices is generally required [46, 52]. These
computational constraints could be redefined through
new forms and types of emerging technologies such as
quantum GANSs [66].

The computational requirements of GANs (1020 GPU
hours per epoch on CIFAR-10 (Canadian Institute for
Advanced Research)) [67] make them unsuitable for
real-time IoT anomaly detection when using devices
with less than 1 GB RAM. A vital scalability gap has
emerged in the demonstration by Sedjelmaci et al.
of a 50% decrease in detection accuracy when
implementing GANSs in vehicular edge networks [11].

6. FUTURE DIRECTIONS
6.1. Research opportunities

The challenges in training GANs due to their
inherent instability are paramount in real-time operation.
Problems like mode collapse and vanishing gradient can
significantly hinder the usage of these networks. The
changes in loss functions including Wasserstein loss
and least-squares GAN or LSGAN have demonstrated
the ability to stabilize the learning process due to better
convergence of generator and discriminator [18, 45].
Various weighted modification techniques such as
regularization, spectral normalization, and gradient
penalties have also improved stability in some
cases [57, 67].

Since training GANs for real time applications
requires a lot of computational power, efficiency is a key
issue. Recent approaches such as pre-seeding are used to
reconstruct the architectures of the end models and make
them lightweight as possible without overtly lowering
the performance of GAN. Work is also ongoing in the
use of distributed training across the edge and the cloud
to support scalability and real-time responsivity [68, 69].

According to high-dimensional data obtained by
Network Security Laboratory — Knowledge Discovery in
Databases, the hybrid LSGAN model and WGAN system
will achieve mode collapse suppression of less than
10% to outperform independent WGANs by 50% while
being ten times faster according to [10]. A real-time IDS
should be used to evaluate how the latency reduction
from 2 s transforms into <0.5 s.

A MobileGAN system trained on a Canadian Institute
for Cybersecurity Intrusion Detection System 2017
Dataset (CICIDS2017) that functions well on IoT devices is
shownto fulfillthe goal of completing training inless thanone
GPU hour while achieving higher than 90% IDS accuracy.
A pilot study carried out by Sedjelmaci et al. implements
a vehicle network attack simulation aiming to achieve 30%
faster detection times [11].

6.1.1. Towards developing hybrids of GANs
with Reinforcement Learning

The combination of GANs with reinforcement
agents can be viewed as a highly promising line
of developing adaptive intelligent systems. These
models integrate the generative properties of
GANs with the decision-making competency of
Reinforcement Learning (RL). For example, GANs
are used to model realistic adversarial scenarios to
enrich the training of RL agents against advanced
cyber threats [70, 71].

Future works in dynamic threat handling,
automatic vulnerability assessment, and anticipatory
defense techniques may be carried out by hybrid
GAN-RL models. Such systems can recognize shifts
in attacking methods in real-time, making them more
reliable for providing cybersecurity in industrial control
systems, fraud detection applications, and smart grid
applications [72]. Moreover, improvement in the multi-
agent GAN-RL framework may facilitate decentralized
and cooperative solutions in distributed systems, such as
IoT and cloud system [34, 43].

The research will use a hybrid of GAN-RL to detect
zero-day attacks by combining GAN pattern generation
with RL agent defense adjustments to achieve improved
detection performance by 25% compared to single
GAN usage as reported in Zhang et al. (2024) [73]. The
approach is applicable when detecting APT intrusions in
industrial control system environments.

Table 4 presents challenges and solutions in GANs.

Table 4. Challenges and solutions in GANs

Challenge Description Propﬁ)sed
solutions
Training . Dlﬂicultly . Wasserstein loss,
. o in synchronizing . .
instability - gradient penalties
training phases
Generator ..
Mode collapse produces limited .Ml.m‘t?atcl}
. . discrimination
output diversity
Evaluation Lack of explicit Fréchet Inception
complexity metrics for quality Distance (FID)

6.2. Emerging applications

6.2.1. Use of GANs in loT security
and blockchain integration
The emergence of IoT creates new security problems
in terms of restricted processing power and exposure
to multiple threats. GANs have shown the potential to
improve loT security for instance by creating a synthetic
dataset for use in anomaly detection and IoT device
authentication [54, 74]. For example, GANs can generate
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synthetic network traffic involving the training of IDS to
recognize numerous suspicious activities [60].

Blockchain technology can be used alongside
GAN:Ss to strengthen loT security due to its transparent
and immutable character. Improved data integrity as
the result of the combination of GANs with blockchain
result from the detection of data integrity violation
and increased trust obtained in a decentralized
IoT environment [46]. Future work may involve the use
of GANSs to protect smart contracts that are built on the
blockchain technology by implementing self-protective
phenomena in [oT systems [75, 76].

6.2.2. Automated incident response systems

Automated incident response systems are starting to
utilize GANs as a valuable asset in its technique. Due
to their capability to create plausible attack scenarios,
GANs may be used to evaluate the cybersecurity
systems’ strengths and weaknesses [65]. Furthermore,
training of IDS using adversarial approach with GANs
enhances the weak capability of IDS to detect new forms
of threats [53].

Potential uses are developing real-time simulation
environments based on GANs to detect and respond
to adversarial actions in new types of cyberspace
attacks [42]. By considerably decreasing response time,
such frameworks can improve the overall protection of
sufficiently essential infrastructural systems [66]. The
use of GANSs is also a promising addition to machine
learning-driven decision systems having the potential to
revolutionize an automated system’s ability to learn and
adapt within an incident response model [15, 52].

6.3. Ethical frameworks

The development of the newer generations of GANs
has opened up such ethical issues as keeping with the use
of GANSs in cybersecurity. The ability to misapply GANs
to create adversarial attacks and produce deep fakes
requires the imposition of ethical standards [60, 61]. For
instance, recent deep fakes generated by GANs have
been used in transmitting fake news, stealing identities,
and performing social engineering attacks [77].

Criteria for implementing GANs responsible within
industries and organizations include concerns about
transparency, accountability, and data integrity. Some
promising approaches share valuable information
regarding the actions taken by GANs to address concerns
over risks [78]. Moreover, industry and government
must work together to establish the rules governing the
usage of GANs according to ethical standards, as well
as to develop the necessary framework of laws and
international standards for governing their usage [62].

Ethical frameworks also need to consider the
problem of dual use: while advanced and unique GANs

can be developed and applied for purely beneficial
purposes, such as ensuring cyber protection, negative
consequences may ensue if such technologies are used
for malign purposes [79]. Investigations on ethical Al and
integration of the fairness-aware training algorithm into
the system can help lengthen a pivotal role in maintaining
that invention and responsibility are in parallel [80].

The conducting of an investigative process with
multiple stakeholders to establish thresholds for GAN
misusage (less than 5% deepfake evasion) that satisfies
NIST and GDPR requirements while adopting fairness-
aware GANSs is described in Yan et al. (2019) [44] as
having the potential to enhance transparency by 20%.
Researchers should use this framework to evaluate
biometric authentication systems for quantifying bias
reduction and GAN performance while testing on
biometric authentication.

CONCLUSIONS

GANSs have now become one of the most disruptive
technologies across the Information Security space due
to unprecedented solutions offered for cybersecurity and
anomaly detection purposes. Their dual roles as tools
for both defensive and offensive purposes highlighted in
this review are summarized below:

e Defensive Contributions: GANs have further
developed anomaly detection through realistic
generation of datasets and learning of data
distributions to overcome difficulties such as
those arising from data deficiency that affect
intrusion detection systems. Improved training
of cybersecurity strategies is facilitated by
their capability to replicate complicated attack
scenarios.

e Offensive Insights: In other instances, GANs use
adversarial examples to assess the safety of security
systems and expose potential weaknesses while
motivating new effective defense strategies. It is with
these applications that Al models can be put through
their paces in terms of complex attack scenarios.

e Domain-Specific Applications: In areas such as
biometric authentication and image steganography,
GAN-based approaches have shown to be relatively
general, capable of enhancing system accuracy and
dealing with biases in the training data set.

e The innovative potential of GANs in information
security is counterbalanced by significant ethical
concerns:

— Misuse Potential: The adversarial examples and
deep fake images created by GANs are represent
dangers in the form of misinformation, identity
theft, and penetration of security layers.

— Opaque Decision-Making: The main drawback
of the GANs is their opaqueness, which can
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be disruptive especially in critical areas of

deployment such as self-driving cars and
biometric identification.
— Resource Constraints: Consequently, GAN

training requires large computational and data
power that makes them less accessible and less
scalable, particularly in today’s constrained
environments.

— Explicable GANs: Creating models to improve
the level of transparence and interpretation of
GAN based results.

— Ethical Guidelines: Setting up international
benchmarks to ensure that GAN use is compliant
with privacy and security laws.

e Efficiency Improvements: Developing new methods
for constructing GANs of low complexity and
simplified forms that allow their deployment.

Call to action for interdisciplinary research

To realize the full potential of GANs in information
security while mitigating associated risks, this review
underscores the need for collaborative, interdisciplinary
efforts:

e Bridging Al and Security: Strengthen the synergy
of Al-related research with the cybersecurity field
to architect highly flexible and real time threat
prevention systems.

e Policy and Ethical Development: Coordinate
with technical and policy stakeholders to develop

appropriate innovative control systems to encourage
or require proper regulatory measures of GAN to
address such duality.

e Exploring Emerging Applications: In order to
address new and developing cybersecurity threats, it
is necessary to investigate the potential use of GANs
within [oT protection, blockchain, and automated
incident response systems.

e Further academic work should focus on stabilizing
the training of GANs, enhancing computational cost
effectiveness, and improving model interpretation.
Such future developments will ensure that GANs are
associated with a revolutionary leap in the formation of
safe and ethically unambiguous cybersecurity systems.
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Pe3iome

Llenu. OcHoBHas uenb paboTbl — pa3dpaboTka MaclTabpyemMoro MeToaa AJisi BbiiBIEHUS MHOMOBEKTOPHbIX aTak
Ha ycTpolicTBa nHTepHeTa Bellel (Internet of Things, 1oT). YunTtbiBas pocT yrpo3 6e3onacHocTtu B loT-ceTsax, pelue-
HUe OOMKHO 06ecrneymBaTh BbICOKYIO TOHHOCTb OOHaAPYXEHMS aTak NPy MUHUMAaSbHBIX BbIYUCMTESNbHBIX 3aTpaTax
1 C y4eTOM OrpaHn4yeHnin pecypcos loT-yCTponCTB.

MeTopabl. [1ns OOCTUXEHUS NMOCTaBIeHHOoM uenn paspaboTtaHa rubpuaHas apxnuTekTypa HeMpoHHbIX ceTel, code-
TaloLaa CBepPTOYHbIE CETU 419 aHaNn3a NPOCTPAHCTBEHHbIX 3aBUCUMOCTEN U CEeTU LOJITON KPAaTKOCPOYHON NaMAaTun
vnnn Gated Recurrent Units (ynpaBnsiemble pekyppeHTHble 6/10K1) — OAUH N3 BUAOB PEKYPPEHTHbLIX HEMPOHHbIX Ce-
Tel Ana aHann3a BpeMeHHbIX 3aBUCUMOCTEN B ceTeBoM Tpaduke. TexHrka obpeskn (pruning) cokpallaeTt napamMe-
TPpbl MOAENM U BbIMUCIUTENbHBbIE 3aTpaThl. BnokyeliH ¢ MexaHM3aMom koHceHcyca Proof of Voting! o6ecneunBaeT
6e30nacHoe ynpaesieHe AaHHbIMU U OeLeHTPaNIN30BaHHYI0 BepudurKaumio.

PesynbTaTtbl. AkcnepumMeHTbl Ha aaTaceTte CIC loT Dataset 20232 nokasann acbbekTMBHOCTb MOOENN: TOYHOCTb
n F1-mepa coctaBunu 99.1%, 4To NOATBEPXAAET CNOCOOHOCTL BbISIBNISATL U3BECTHLIE M HOBbIE aTaku B peasibHOM
BPEMEHU C BbICOKOI TOYHOCTbIO U MOJIHOTON. Bpemsi 06paboTkun cokpalleHo Ao 12 Mc, ncnosib3oBaHve namsaTm —
0o 180 Mb, 4to genaet Moaenb NPUrOAHON ANst yCTPONCTB C OrPaHNYEHHbIMY PECYPCAaMN.

BbiBoabl. Pa3zpaboTaHHas MoaeNib NPEBOCXOAUT aHaNorM rno TO4HOCTU, BPEMEHN 06paboTky 1M UCMOJIb30BaAHUIO
namsaTn. M’mbpuaHas apxuTekTypa, obpeska 1 oeueHTpanndoBaHHas Bepudurkaumns obecneydmsaoT apPekTUBHOCTb
NMPOTMB MHOTOBEKTOPHbIX Yrpo3 loT. PaGoTa oTKpbiBaeT NepcrnekTnBbl 415 UccnenoBaHnii B kubepbesonacHocTw,
npegnaras pewenvs ang sawmTbl loT-ceTen 0T CNOXHbIX aTak.

1 Proof of Voting (anropnTm KOHCEHCYCa) — 3TO KOHCEHCYCHbIN aNropuT™M B BIOKYENH-CETSAX, MPU KOTOPOM Y4aCTHUKM NOJ-
TBEPXOAIOT TPaH3aKLMK 1 0becneynBaioT 6€30MaCHOCTbL CETM NyTEM FOI0COBaHNS 3a 610KM nnm TpaHsakummn. [Proof of Voting
is a consensus algorithm in blockchain networks, in which participants confirm transactions and ensure network security
by voting for blocks or transactions.]

2CIC IloT Dataset 2023. http://cicresearch.ca/lOTDataset/CIC_|IOT Dataset2023/Dataset/. [aTa o6palieHus
30.06.2025. / Accessed June 30, 2025.
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Abstract

Objectives. The study sets out to develop a scalable method for detecting multi-vector attacks on Internet
of Things (loT) devices. Given the growth of security threats in 1oT networks, such a solution must provide high
accuracy in detecting attacks with minimal computing costs while taking into account the resource constraints
of loT devices.

Methods. The developed hybrid neural network architecture combines convolutional networks for spatial
dependence analysis and long short-term memory networks or gated recurrent units representing types of recurrent
neural networks for analyzing time dependencies in network traffic. Model parameters and computational costs are
reduced by pruning. A blockchain with a proof of voting® consensus mechanism provides secure data management
and decentralized verification.

Results. Experiments on the CIC loT Dataset 20234 showed the effectiveness of the model: the accuracy and
F1 measure were 99.1%. This confirms the ability to detect known and new attacks in real time with high accuracy
and completeness. Processing time is reduced to 12 ms, while memory usage is reduced to 180 MB, which makes
the model suitable for devices with limited resources.

Conclusions. The developed model is superior to analogues in terms of accuracy, processing time, and memory
usage. Hybrid architecture, pruning, and decentralized verification provide effectiveness against multi-vector
loT threats.

3 Proof of Voting is a consensus algorithm in blockchain networks, in which participants confirm transactions and ensure

network security by voting for blocks or transactions.

4 CIC loT Dataset 2023. http://cicresearch.ca/IOTDataset/CIC_IOT_Dataset2023/Dataset/. Accessed June 30, 2025.
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BBEAEHUE

C pa3BuTHEM TEXHOJIOTHIA HHTEpHETA Beriel (Internet
of Things, 10oT) cetn loT-ycTpoiicTB cTaHOBSATCS He-
OTBHEMJIEMOH YacThI0 COBPEMCHHON HH(OPMALHOHHON
UHQPACTPYKTypsl. DTH YCTPOIcTBa 00CCICUNBAIOT B3a-
UMOJICUCTBHE MHOXECTBA CUCTEM U IUIaT(OpM B pealib-
HOM BPEMEHH, UTO MOBBIIIACT 3P (PEKTUBHOCTD, yIOOCTBO
U THOKOCTb PA3IMYHBIX OTPAcie — OT yMHBIX JOMOB
U TOPOJOB A0 MPOMBIIUICHHBIX U MEAUIIUHCKUX CUCTEM.
Onnako mupokoe pacrpocrpasenue loT npuBoaur k yse-
JUYEHHIO YUCIIA MOTEHIUANBHBIX YIPO3 HH(OPMALUOH-
HOW Oe3omacHocTH, T.K. loT-ycTpolicTBa yacTto orpaHu-
YEeHbI B BBIUUCIHUTENbHBIX U YHEPIreTHUECKUX pecypcax,
YTO JeJIaeT UX YSI3BUMbIMHU /1151 MHOTOBEKTOPHBIX KHOep-
arak. Cpenu HanOoJee OMACHBIX aTaK MOYKHO BBIICITUTH
DDoS’, araku Ha Mmapmpytusanuioo, SQLS-nrbekimm
U apyrre (OpMBI MHOTOBEKTOPHBIX YTPO3.

CoBpeMeHHbIE METO/IbI BBIABICHUS aTaK yacTo Tpe-
OyIOT 3HAUUTEIBHBIX BBIYUCINTEIBHBIX PECYPCOB U HE-
JOCTaToYHO 3(P(PEKTUBHBI B YCIOBUIX OIPAaHUYCHHBIX
Bo3MoxHOCcTeM loT-ycrpoiicTB. DTO NpUBOIUT K He-
00XOTUMOCTH Pa3pabOTKU HOBBIX ITOAXOJOB, KOTOpHIE
Obl yYUTHIBAJIM OIPAaHUYCHUS BBHIUUCIUTENbHBIX U UH-
(hopmarmonnsix pecypcoB loT u onHOBpeMeHHO 00e-
CIEYMBANIU BBICOKUH yPOBEHb 0€30MaCHOCTH.

B nanHOH cTaThe mpemIoKeHa MacluTabupyemas
MOJIeNIb  BBISIBJIEHHMST MHOTOBEKTOPHBIX arTak, KOTopas
coueTaeT TMOPHIHYIO apXWUTEKTypy HEHPOHHBIX ceTei
CNN + LSTM/GRU’ (cBeprouHasi HeHpOHHas CETh
Convolutional Neural Network (CNN) u ceTh 1051r0i1 Kpa-
TKOocpouHOH namsiti Long Short-Term Memory (LSTM))
JUI aHallu3a IPOCTPAHCTBEHHO-BPEMEHHBIX 3aBHCHUMO-
CTel ceTeBoro Tpaduka, JeIeHTPAITN30BaHHYIO BEpUpH-
KaIlMIOo JaHHBIX C HCTIONB30BAHNEM OITOKICHH-TEXHOIOTHIA

5 Distributed Denial of Service (pacmpeneneHssli OT-
Ka3 oT o0cnyxuBaHus) — Gopma KHOEepaTaku Ha BeO-CHCTEMBI
C LIEJbIO BBIBECTH MX W3 CTPOS WM 3aTPYAHHUTb JTOCTYI K HUM
JUIsl 0OBIYHBIX Tonb3oBaTeneil. [Distributed Denial of Service
is a form of cyberattack on web systems in order to disable them
or make it difficult for ordinary users to access them.]

6 Structured Query Language — S3bIK CTPYKTYpPUPOBAHHBIX
3alpoCOB.

7 Gated Recurrent Unit — ympapisieMblii peKyppeHTHbIIA
OJI0K.

U TEXHUKY OOpe3KH HEMpOHOB (pruning) /it CHUYKESHHS
BBIUMCIIUTENBHBIX 3aTpar. [IpemioxkeHHas MOJenb OpH-
EHTHUPOBaHa Ha PabOTy B peabHOM BPEMEHHU U Ha Orpa-
HUYEHHBIX pecypcax, YTo JIeNIaeT ee MPUMEHUMOHN Ui
coBpemeHHbIX loT-cerell. B cTarbe mpoBOAMTCS 3KCIie-
pUMEHTaIbHasT OleHKa 3()(HEKTUBHOCTH pa3pabOTaHHOM
Monenu Ha ocHoBe garacera CIC IoT Dataset 2023, uto
MO3BOJISIET  MTPOJIEMOHCTPHUPOBATh €€  TPEUMYIIECTBO
10 CPABHEHUIO C CYIIECTBYIONUMH PEIICHUSIMH.

1. AHAJIU3 JINTEPATYPbI

B [1] npemnioken maremarwdeckuid ammapar Jis
MOZETMPOBaHUS KHOEpaTak Ha SHEPrOCETH C HCIOJb-
30BaHHEM IOJIX0JI0B TEOPUH UTP U MOCTPOEHUs TpadoB
atak. B ocHOBe Mozieny JIEKUT TUHAMHUECKOE B3aUMO-
JieficTBHE MEX]y aTaKyIOIUM U 3allUTHUKOM (attacker-
defender dynamics), rae arakyromui nbiTaeTcs Ha-
PYLWHTh paboOTy SHEProCeTH, a 3aUIUTHUK CTPEMHUTCS
MPEIOTBPATHTE aTaKH, UCTIONB3Ys IPESAUKTUBHEIC H pe-
AKTHBHBIC MEPHI 32U THL. OCHOBHBIM I0OCTOMHCTBOM MO-
JICTTH SIBISICTCSL yUeT B HelM TMHAMHYECKOTO B3anMOJICH-
CTBHS MEXKAY aTaKyIOIIMM H 3alIUTHUKOM, YTO JIeNlaeT
MoZeh Ooee pearTuCTUIHON ISl IPUMEHEHUS B CIIOXK-
HBIX cHCTeMaxX. Mojenb HCHoNb3yeT rpadsl aTak, dTo
MIO3BOJISICT MOJICTTPOBATh MHOTOCIOWHBIC ¥ MHOTOIIIA-
TOBBIC aTaKH, yUUTHIBAS X CIOKHOCTB U pa3HOOOpasue.
K HemoctaTkaM MomenM MOXXHO OTHECTH TpeOOBaHHE
HAJIMYMS HCXOHBIX JIAHHBIX O CHCTEME H YSI3BUMOCTSIX,
a TAaK)KE TOUHBIX OLIEHOK BEPOSTHOCTEH YCIEIIHON aTa-
KM U 3aTpaT Ha BBIBOJ CHCTEMBI U3 CTPOS. DTO MOXKET
YCIIOKHATh €€ MPUMEHEHHE Ha MPaKTHKE IS CUCTEM
C OrpaHUYEHHBIMHU JTaHHBIMHU.

B [2] npeanioxen meron oOHapy>KEHHsI MHOTOBEK-
TOpHBIX KuOeparak B uHdpacTpykrype loT Ha ocHoBe
aHalM3a CETEeBOrO Tpa(uKka M MAIIUHHOTO OOYYEHUS.
ABTOpBI BBICISIOT 4 KITFOUEBBIX THIIA TPU3HAKOB IS
aHanmm3a TpaduKa: OCHOBaHHBIE Ha TOTOKaxX JaH-
ueix, MQTTS, DNS? u HTTP!?, xoropsie momoraror

8 Message queuing telemetry transport — IpoTOKoN oOGMeHa
nmaaaeiMu uist [oT.

° Domain name system — cucTeMa JOMEHHBIX HMEH.

10 HyperText transfer protocol — mpoTokon ais mepegadu
JTAHHBIX.
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B YCKOPEHHOM BBISIBJICHUH aTak. MeTos MOo3BOJISET 1o-
BBICUTh 3()()EKTUBHOCTH OOHApYKEHUS aTaK 3a CYeT
paHHel TUarHOCTUKU BPEIOHOCHOTO Tpaduka Ha OCHO-
BE€ aHaJM3a NOTOKOB M NIyOOKOTO aHajiu3a MakeToB UIs
TOYHOT'O BBISIBIICHUSI MHOTOBEKTOPHBIX aTak. DTo AejaeT
MeTon oaxoasmum st cereit [oT ¢ Beicokum 00beMoM
JIAHHBIX M CIIOKHOM CTPYKTypo# arak. OJHAKO CIIOXK-
HOCTh METOJa 3aKJII0YACTCS B HEOOXOIUMOCTH TOTHOTO
orpenereHns Habopa MPU3HAKOB U MX 00pabOTKH, YTO
TpeOyeT OONBIINX BEYHCIUTEIBHBIX PECYPCOB JUIS pe-
aJIbHOTO BpeMeHH B KpynHbIx loT-cersix.

B [3] npennoxkena MeToauKa 3alUThI JCIICHTPAIIHU-
3oBaHHbIX loT-cereit or MHoroBexkTopHbIX DDoS-arak
Ha OCHOBE TPUMEHECHHUS OJIOKYCHH-TEXHOJOTHA U Me-
TOIOB IIyOOKoro oOyuenwus. Ilpemmaraercs AByxsTam-
HeIi moaxon «Prevent-then-Detect», rme Ha 1-M sTame
cucTeMa MpenoTBpalleHus atak (intrusion prevention
system, IPS) paGotaer uepe3 OIOKYECHH-KOHCOPLUYM
BaJIMJIaTOPOB, a Ha 2-M JTane cUcTeMa OOHapyKEHHS
arak (intrusion detection system, IDS) ucmonb3yer mo-
JeTH TTyOOKOTo OOydYeHHS IJIsl aHAIHM3a CETEBOrO Tpa-
¢uKka W BBILIBICHUS Yrpo3. brmokdeiiH oOecreunmBaer
0€30MacHOCTh Mepenayn JaHHBIX MEXKIY Y3IaMH CeTH
WU YIpaBiieT AocTynoM K pecypcam loT-cetu ¢ wc-
[10JIb30BAHUEM MHTEJUIEKTYaJIbHBIX KOHTPAKTOB, KO-
TOpBIE (PUKCUPYIOT JIEHCTBHUS TIO OOHAPYKECHHUIO aTak
Y TIPeOTBpalIeHUI0 yrpo3. CrcremMa MmpeaoTBpaiieHHsI
arak B OJOKYCHH-KOHCOPIIMYME HCIONB3YET aJITOPHTM
KOHCEHCyCa JJIsi MPOBEPKH TOJO03PUTEIBHOTO Tpadu-
ka. OHAaKO MOAENbh TPeOyeT 3HAYUTEIbHBIX BBIYUCIIH-
TENBHBIX PECYpPcOB JUId paboOThl OIOKYEHH-CUCTEMBI
Y IIyOOKHUX HEMPOHHBIX CETEH, YTO MOXKET OTPAaHUYUTh
ee MPUMEHEHHUE Ha YCTPONUCTBAX C OrPAHUYCHHBIMHU BbI-
YUCITUTEIbHBIMU BO3MOKHOCTSMU B loT-ceTsx.

B [4] npemnoxken meron Uit oOHAPYKEHHSI MHO-
TOBEKTOPHBIX arak (multi-vector attacks, MVA) Ha oc-
HOBE HCIOJIb30BaHUSI MHOTOCJIOWHOW MepUEenTPOHHOM
cetu (multilayer perceptron, MLP). ABTOpBI HCITOJB3Y-
0T ITOJIXOJI, OCHOBAHHBIN Ha aHAIIN3E CETEBOTO TpaduKa
C IPUMEHEHNEM MAaIIMHHOTO OOYYIEHUS U BELIBICHUS
pa3iIMyHbIX BEKTOPOB arak. B wactHocTH, ceTeBble aH-
HbIC M3 TMAKeTHBIX 3axBaToB (packet capturing, PCAP)
AHAIIMBUPYIOTCS JIJISL OTPECNICHUs] aHOMAaJbHBIX IaT-
TEPHOB B MOBEJCHUH CETEBbIX coeauHeHui. Llens me-
TOJIa — TIOBBICUTh TOYHOCTh OOHAPY)KEHHSI aTak 3a cyeT
HCTIONIb30BAaHUSI HEHPOHHBIX CeTel JUI KIacCHU(pUKAIIN
JAHHBIX U WX MOCIeayomero anaimmsa. OCHOBHOH KOM-
MOHEHT MpenokeHHol cucteMbl — MLP, cocrosimas
U3 BXOAHOTO CJIOSl, CKPBITOTO CJIOSi M BBIXOJHOTO CJIOSL.
Meton MLP noaxomuT amns 3aj1ad, TA€ BaKHA BBICOKASI
TOYHOCTh OOHApPY’>KEHHsI, OHAKO JJIsl CeTeil ¢ orpaHu-
YEHHBIMH BBIUYHCIIUTEIBHBIMUA PECYPCaMU MOTYT IOTpe-
OoBatbcs Oosiee OBICTPBIC MOJICITH.

B [5] mpemioxkeH aHanu3 pasiUYHBIX METO-
noB BeigBiIeHus DDoS-arak B loT-cersix ¢ akieHTOM

Ha OCOOCHHOCTH W BbI30BBI, BO3HHMKAIOLIUE MPHU MPH-
MEHEHHM ITHX METOJOB K ceTsM VHTepHeTa Belleil.
ABTOpBI IPOBOJAT 0030p HECKOJIBKUX KaTeropuil MeTo-
OB OOHApY>KCHUs aTak, BKIIOYAas CHUTHATYpHBIC, aHO-
MaJIMIHBIC W THOPUAHBIC TOAXOABI. MareMaTHdeCKHui
ammapar BKIIOYAeT aNTOPUTMBI, OCHOBaHHBIC Ha Ma-
OIMHHOM OOyYeHHH, TaKWe KaK METOJ OIOPHBIX BEK-
TopoB (Support Vector Machine, SVM), nepeBbs
peurenuii (Decision Trees), meton K-0mmkaimmx coce-
neit (K-Nearest Neighbors, KNN) u Metox ciy4aiftHOTO
neca (Random Forest). OTi anropuT™MbI HCTIOIB3YIOTCS
JUIS KJIACCH()MKAIMK CETEBOTO TpaHKa U BBIICICHHS
AQHOMAaJIbHBIX [1ATTEPHOB, XapakTepHbIX Juid DDoS-arak.
[IpennosxeHHBIE TOAXO/IBI TO3BOJSIOT OoJiee A (HeKTHB-
HO CIIPABJIATHCS C BHICOKOOOBEMHBIMHU U Pa3HOOOPa3HbI-
Mu arakamu Ha loT-ycTpoiicTBa, oqHako ux 3pdeKTus-
HOCTb OIpaHH4YeHAa CIOKHOCTBbIO HACTPOWKHM MOjesei
U HEOOXOIMMOCTBIO OONBIIUX BBIUMCIUTENBHBIX pPecyp-
COB.

B [6] mpemiokeH MaTeMaTWYeCKWid armapar Jist
OLICHKH METOZOB OOHApY)KCHHsI BTOP)KEHHH B YCIIO-
BHSIX MHOTOBEKTOPHBIX arak 5-ro mokoienus (Gen V
Multi-Vector Attacks). OcHOBy METOAMKH COCTaBIIs-
eT KOMOMHamus 2 METOAOB TPHUHATHS PEUICHUIl: He-
YETKOM aHAJIMTUYECKOW Huepapxuu mporeccoB (Fuzzy
Analytic Hierarchy Process, Fuzzy AHP) u TexHu-
KM BBIOOpA Ha OCHOBE CXOJCTBA C HJCANBHBIM pelle-
HueMm (Technique for Order Preference by Similarity
to Ideal Solution, TOPSIS). DTu MeTOABI MO3BOJISIFOT
OLICHUTH pa3NUYHbIC KPUTEPHU 3(P(HEKTUBHOCTH CUCTEM
Oo0OHapy>XEHMS aTak: TOUHOCTh OOHAPY)KEHUS, aJarTHB-
HOCTh, MAacCIITa0UPYeMOCTb, BIMSHHE Ha PECypChl,
BpeMsl OTKJIMKAa M aBTomaruzauusi. Ocoboe BHUMaHHE
YACISIeTCS] TAaKUM aclieKTaM, KaK aJanTanus K HOBBIM
yIrpo3aM, BO3MOXHOCTb PabOThl B MaclUTaOUpyeMbIX
CEeTSAX ¥ MHUHUMH3ALUS HArPy3KH Ha Pecypchl mpu obe-
CIICYCHUH BBICOKOTO YPOBHS aBTOMAaTH3aIMU U OBICTPO-
TO pearupoBaHMUsL.

B [7] npennoxen moaxo aiisi 0OHAPYKSHHSI MHO-
roBekTopHBIX DDoS-atak B ceTsx MHTEpHETa Bemei
C HCIOJh30BaHUEM ITYOOKOTO aHcamOJIeBOro olydve-
HUS W MeToJla OOpE3KH HEHPOHHBIX ceTeil. ABTOPBI
npexacTaBisior cucteMy Deep Ensemble learning with
Pruning (DEEPShield), koropas oObeauHsieT ceTH
CNN u LSTM pans ananmsa ceteBoro tpaduka u 00-
HapYKEHHsI KaK BBICOKOOOBEMHBIX, TaK M MaJ000BEM-
HeIx DDoS-arak. OcHOBOW MareMaTu4ecKkoro ammapa-
Ta SIBISIETCS MCIOJNb30BaHUE aHCAMOJIEBOrO MOAXOfa,
rae CNN oTBedaeT 3a U3BIEUEHHE MPOCTPAHCTBEHHBIX
MPU3HAKOB M3 ceTeBoro Tpaduka, a LSTM ucnonssy-
eTcsl IS aHallM3a BPEMEHHBIX 3aBucuMocTel. Cuctema
DEEPShield neMoHCTpHPYET BRICOKYIO TOYHOCTH B 00-
Hapy>KeHUM arak, npesblmaroiryo 90%, u cokpaiaer
BpeMsI Ha TIPEJCKa3aHue 10 CPABHEHUIO C aHAIOTHYHEI-
MU MOJICIISIMH.
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B [8] mpenoxkena rubpuiHas Moiesb Ui aHAIN3a
yrpo3 U Kiaccu(uKaImy atak B ceTax MHTepHeTa Bemei
C UCIIONIb30BaHUEM IIIYOMHHOTO OOYyYCHHS H aJarTHB-
Horo ajroputMa ontuMuzamuun Mayfly (LAMOA!).
Mopenb HampapicHA Ha BBIIBICHHE MapIIPYTH3HPYIO-
nwx arak B loT-cersx, Takux Kak araku Tuna sinkhole,
wormhole, black hole n Sybil, koTopbie 3HaYUTEIBEHO
CHIDKAIOT TIPOM3BOAUTEIBHOCTE CeTe M WX Oe3orac-
HOCTb. OCHOBOM MOJENN SBIISIETCS UCIOJIb30BAaHUE pe-
KyppPEHTHOW HEUPOHHOM CETH C JIOJITON KPATKOCPOUHOU
MaMATBIO Ui 00paOOTKM BPEMEHHBIX PSIOB CETECBO-
ro Tpapuka u KiIaccupUKAMU aTaK, JOMOTHEHHOM
aJanTUBHBIM anroputMoM Mayfly ans ontumuzanuu
TUIepHapaMeTpoB MoJeld. Mojenb JeMOHCTPUPYET
BBICOKYIO CITIOCOOHOCTh K TOYHOM Kiaccu(UKAIUK pa3-
JIMYHBIX TUIIOB aTak U sBIIeTCs 3 (HEKTHBHBIM PEIICHHU-
eM Juis obecneueHus Oe3omacHocTH loT-cereli, ogHaKO
€€ CIIOKHOCTD ¥ BBIYHCIIUTEILHBIC 3aTPaThl MOT'YT Orpa-
HUYUBATh €€ MPUMCHEHHE B CETAX C OTPAHUYCHHBIMU
pecypcamu, 9To TpeOyeT AadbHEHIIeH ONTHMU3AIHH.

B [9] mpenanaraercst JerkoBecHast CTPYKTypa Jist
o0OHapy)keHHsT MHOTOBEKTOpHBIX DDoS-arak B cucre-
Max MOOWIbHON Meauuuubl Ha 0ase 10T ¢ ucnoib3o-
BaHWEM [iIyOokoro oOydenus. Ilojaxom akmeHTHUpyeT
BHUMAaHHE Ha BaXXHOCTH TOYHOCTH M I(PPEKTHBHOCTH,
YTO MEPEKINKACTCS C MEIIMHU MpeaaracMoi MOJICIH.
MOJJYEPKUBACT HEOOXOIMMOCTD aIalTAIllid METOJIOB 00-
HapyXeHHUs K creruduke MoOMIbHBIX loT-ycTpoiicTs,
YTO JeNaeT WX paboTy akTyaJdbHOU s JalbHEHIINX
HUCCJIEIOBAHUI B JaHHOM 00JIaCTH.

B [10] mpemioxxeHa MeTomonorusi 1jisi oOHapyxe-
HUsI U TPOTHBOJCHCTBHS MHOTOBEKTOPHBIM YIPO3aM
B JeneHTpann3oBaHHbix loT-cucremax. ABTOpBI aKiieH-
TUPYIOT BHUMaHHE Ha HEOOXOAMMOCTH KOMILICKCHBIX
cTpareruii 6e30nacHOCTH. DTO MOAYCPKUBACT BAYKHOCTh
UHTETPAlUU PA3IMYHBIX METOIOB 3aIlUTHI, BKIIOYAs
MAaIIMHHOE 00yUCHHE U OJIOKICIHH-TEXHOIOTHU.

Crarpu [11-15] paccmarpuBaroTcst Aiisi CpaBHEHUS
MOAXO0B K COBMECTHOMY CMSTUYCHHIO arak B oOiad-
HBIX ¥ TYMAaHHBIX BBEIYHCIICHUSIX, YTO MOXKET YIYUIINTh
MacIITaOUPyeMOCTh Pa3padOTaHHON B CTAThe MOJICIIH.
B [11] mpeanararoTcsi METOABI, KOTOPBIE MOTYT YIIyd-
IIATh MAacCIITaOHUPyeMOCTh W 3(P(PEKTUBHOCTD 3aIIUTHI
IoT-ceTeit, 4TO SBJISCTCS Ba)KHBIM acCIEKTOM o0ecrie-
YyeHUsT OE30MacHOCTH B YCJIOBHSIX PACTYIIETO YHCIa
ycTpoiicTB 1 00beMoB Tpaduka. B [12] mpencrasneHa
METOMKA 3allluThl JeleHTpann3oBaHHbX loT-cereit
0T MHOTOBeKTOpHbIX DDoS-arak ¢ HUCHONb30BaHHEM
ONOKYEHH-TEXHOJIOTHH M METOIOB IIIyOOKoro ofyuye-
uust. [Ipemmaraercss HBYXSTAamHBIA MOIXOA, KOTOPBIU
coyeTaeT MpenoTBpallleHue U OOHapyX EeHHEe arak, uTo

I LAMOA (Learning-based Adaptive Mayfly Optimization
Algorithm) — riryOnHHOE 00y4YeHHEe ¢ UCIIONB30BAaHNEM /Al THB-
HOTO ajroputMma ontumusaimu Mayfly.

no3BoJsieT 3 (HEKTUBHO YIPABIATH CETEBBIMH YTPO3aMH
Y MOBHIIIATH YPOBEHB Oe3omacHocTu. B [13] mpemnoxen
METOJ JUIsl OOHApYKEeHUsI MHOTOBEKTOPHBIX aTakK Ha OC-
HOBE HCToib30BaHUsT MLP. AKIieHTHpyeTCs BHUMaHHE
Ha Ba)XHOCTH aHAJHM3a CETEBOTO TpaduKa IS BBLIBIIC-
HUS aHOMaJIbHBIX HATTEPHOB, YTO SABJSETCS KIHOUEBBIM
MOMEHTOM /ISl TIOBBIIICHHUS TOYHOCTH OOHAPYKEHHUS
atak. B [14] nmpoBeneH 0030p pa3iiMyHBIX METOJIOB BbI-
sBiieanss DDoS-arak B loT-cersix. Paccmarpuarorcs
CUTHATYPHBIC, aHOMAJUHHBIC W THOPHIHBIC TOIXOMEI,
MIEPEYHCIICHBI X MPEUMYIIECTBa U HEJOCTATKU B KOH-
tekcte [oT. B [15] mpeanosken maremarnyeckuil am-
mapar JJisi OIIGHKH METOJI0B OOHapY)KEHUSI BTOPIKEHHMA
B YCIIOBHSIX MHOTOBEKTOPHBIX aTaK S5-TO TMOKOJEHHS.
Hcnomnp3yeTcs: KOMOMHAIUS METOIOB MPUHSATHUS pelle-
HUH, 4TO TO3BOJSIET OLEHUTHh DPAa3IUYHbIE KPUTEPHH
3G PEKTUBHOCTH CUCTEM OOHApY)KEHHs aTak, BKJIIOYas
TOYHOCTH U aJJalITUBHOCTb.

1 mocTpoeHuss IMUTAMOHHOW MOZAETH MacIlTa-
OupyeMOoro Merojia BBISABICHHS MHOTOBEKTOPHBIX aTak
C YY4eTOM OTPaHWYCHHH BBIYHCIHTENBHBIX U HH(OP-
MAaIHOHHBIX pecypcoB loT-ycTpoHCTB OBLTH BHEIOpaHBI
3 HanboIee MOAXOMAMINX aHaJIOTa:

1. Meron Deep Ensemble Learning with Pruning [7],
ucnonp3yronmii komOouHauw CNN u LSTM s
aHaJI3a CEeTeBOTO TpaduKa M TEXHUKH OOpE3KH
HEHPOHOB JIJIsi CHUKCHUST BEIYUCITUTEILHBIX 3aTPar.

2. Monenb Threat Analysis [8], ucnons3yromas LSTM
JUIS aHalli3a MaplpyTusupyommx arak B loT-ceTsax
C aJanTUBHOW ONTHMHU3ALUEH TIUIIeplapaMeTpoB
¢ momMo1rsio anroputma Mayfly.

3. Metoquka Blockchain-based Threat Intelligence
Framework [3], xoMOuHMpYIOLIasi TEXHOJIOTHIO
OnmokyeiH ¢ TIIyOOKMM OOy4YeHHeM il 3alIUThI
loT-cereit oT MHOroBekTOpHBIX DDo0S-arak.

2. AMUTALULMOHHAA MOAEJ1b
MACLUTABUPYEMOIO METOZA BbISIBJIEHUSA
MHOTIOBEKTOPHbIX ATAK
C YYETOM OrPAHUYEHUN BbIMUCJIUTENbHbIX
N UHOOPMALIMOHHBIX PECYPCOB
loT-YCTPOUCTB

PaspabatpiBacmast MoJiellb, MHHUMU3UPYS BBIYHC-
TUTENbHBIE 3aTpaThl M yYWUTHIBAs OrpaHUYCHUS, TPH-
cymue pecypcam loT-ycTpoiicTB, TOJKHa BBISIBIATD
MHOTOBEKTOPHBIE aTaK! C BBICOKOM TOYHOCTBIO U OBITH
MIPUTOTHOM JIJISl MAcCIITAOUPOBAHUSI B OOJIBIINX JICTICH-
Tpanu3oBaHHBIX [oT-ceTsx.

JI71st TOCTPOCHUST UMHUTAIIMOHHON MOJIEIH UCTIONb-
30BaHbI CIIEAYIONINE OCHOBHBIE KOMITIOHEHTHI:

1. Monyms amammsa cereBoro Tpaduka (CNN +

LSTM/GRU).

2. Asroputm Mayfly nist ananTHBHOW ONTUMH3AIH

TUTIEPIIAPAMETPOB.
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3. BiokueitH-0pUeHTUPOBAHHBIN MEXaHU3M KOHCEHCY-
ca Proof of Voting (PoV) mnsa neuenTpann3zoBaHHOM
BepUpUKALINY.

4. Texuuka oOpe3KH HEHPOHOB [UISI YMCHBIICHUS BbI-
YUCIUTENbHBIX 3aTpar.

PaccmotpuM Gornee moapoOHO ITH KOMITOHEHTEL.

2.1. Moaynb aHanu3a ceTeBoro
Tpaduka (CNN + LSTM/GRU)

Mopxynb aHaIH3a CETEBOTO TpaUKa M BHISIBICHUS
AHOMAJHMIl B IOCJIEIOBATCIBHOCTH JAHHBIX HCIIONb-
3yeT rubpuanyo apxutrekrypy CNN u LSTM (unn
GRU g1 yMEHBIICHUS BBIYUCIUTENBHBIX 3aTpar),
rae:

e Convolutional Neural Network oOpabarsiBacT
IIPOCTPAHCTBEHHBIEC NPHU3HAKU CETEBOIO Tpaduka.
BxonHble JaHHBIC NPECTABISAIOTCS B BUAE MHOTO-
MEpPHOT0 TEH30pa, [e KaKAbIi 37€MEeHT MpeCTaB-
JISIeT XapaKTEPUCTUKU CETEBbIX AKETOB (HAapUMeEp,
BpeMsi, pa3Mep, TUI IPOToKoa). CBEPTOUHBIC CIIOU
BBIJICIISIIOT  [IPOCTPAHCTBCHHBIC 3aKOHOMEPHOCTH
B Tpaduke;

e Long Short-Term Memory (umu GRU) npumensier-
CsI TS aHAJIM3a BPEMEHHBIX 3aBUCHMOCTEH. DTO T0-
MOTAeT BBISBIIATH CIOKHBIC MHOTOBEKTOPHBIC aTa-
KH, KOTOPBIC TPOSIBIISIOTCS HA PA3HBIX BPEMEHHBIX
naTepBanax. Long Short-Term Memory coxpanser
HHPOPMANUIO O MPEABIAYIINX COCTOSHHUAX Tpadu-
Ka ¥ TIOMOTaeT MPOrHO3UPOBATh OyAyIIHe COOBITHS,
YTO BaXHO JUI OOHApY>KEHUS IOJITOBPEMEHHBIX
aTak, Takux kak DDoS.

Monynp aHamu3a CETEBOro Tpaduka B HUMHTaA-
LUOHHOW MOJAEIN OCHOBBIBAETCS HAa THOpUAHON ap-
XUTEKType, COYeTaollel CBepTOYHblE HEHpPOHHBIE
CeTH M aHalIMu3a MPOCTPAHCTBEHHBIX 3aBHUCHMO-
CTel ceTeBoro Tpaduka U peKyppeHTHBIC HEHPOHHBIC
cerun (LSTM unu GRU) nns anann3a BpeMEHHBIX 3a-
BucuMocTei. Takas CTpyKTypa mO3BOJISIET d(PPEKTHB-
HO aHAJIM3UPOBAaTh MHOTOBEKTOPHBIC aTaKh, KOTOPHIC
MOTYT TIPOSIBIAITHCS Uepe3 CIOKHBIE aHOMAJIHA B TIPO-
CTPAaHCTBCHHBIX U BPEMEHHBIX XapaKTEPHUCTHKAaX CeTe-
BOTO Tpaduka.

CBeprouHasi HEHPOHHAs CETh HCIOJB3YETCS s
M3BJICYCHUS IPOCTPAHCTBECHHBIX MPU3HAKOB U3 CETEBO-
ro Tpaduka, MpeICTaBICHHOTO B BHJC MHOTOMEPHBIX
JaHHBIX (TeH30pa). BxomHoi Tpaduk, KOTOpHINH BKIIO-
YaeT TaKUe MapaMeTpbl, KAK BPEMEHHBIC IIaru, pa3Mep
IakeTa, TUM NpoTokona, IP-anpeca u npyrue MeTpuky,
npeobpasyercs B TeH30p pasMepHocTH X € R rre
h — BbICOTa TEH30pa (UUCIIO MAKETOB WM BPEMEHHBIX
LIaroB); W — HMIMPUHA TEH30pa (YUCIO MPU3HAKOB WU
XapaKTepHCTUK Ha | MaKeT); ¢ — KOJMYECTBO KaHa-
JI0B (HamIpuMep, 3TO MOXKET OBITh pa30MCHNUE IO IPOTO-
KOJIaM WJIM THIIAM JAHHBIX ).

OCHOBHOE YpaBHEHUE I ol€paliui CBEPTKU 3allnu-
HICTCA KaK

Ty wy
Y k= > ZXW, jame Wonie T > (1)

m=I1n=1

e X, i~ BXOJIHOM TE€H30p JAAHHBIX JJIs TO3ULUH (7, /)
Ha Kaxane ¢; W, - — GuisTp CBEPTKH C pasMepamu
h & < Wy JUIS KaHana k; bk — cmemenue (bias) s KaHa-
makY; j, &~ PE3YJIBTAT CBEPTKH /TS KaHaIIa k.

[Tocne BemonHEHMS orieparu cBepTkH (1) aus mo-
BBIIICHUS HEJTMHEHHOCTH MPUMEHSIETCS] (DYHKITHS aKTH-

BaITHH:
Zl.’j’ K= ReLU(Yi’j’ ) = max(0, Yi,_/, Pl

rae ReLU (Rectified Linear Unit) siBisieTcst onHO#M U3 ca-
MBIX PacIpOCTPAHEHHBIX (PYHKINI aKTHBAINH, KOTOPAs
OCTABJISIET TOJBKO IOJIOKUTENbHBIC 3HAYCHHUSL.

CBeprouHasi CeTb BBIICNSAET HPOCTPAHCTBEHHbIE
MaTTepHBI B JaHHBIX CETEBOTO Tpaduka, TaKhe Kak da-
CTOTa MAKETOB U KOPPEJSLMs Pa3IMYHBbIX [1apaMeTpoB
Tpaduka. [locime Toro, Kak MPOCTPAHCTBCHHBIC MPH-
3HaKu BbIJENEHBI ¢ nmomomisio CNN, oHM mepenaroTcs
B LSTM 151 aHanuza BpeMeHHBIX 3aBucumocteil. Long
Short-Term Memory y4uTsIBacT IMHAMUKY H3MEHCHHUS
Tpaduka BO BpEMEHH M TIOMOTAET BBISBIISATh MHOTOBEK-
TOpPHBIE aTaKH, KOTOPbIE MOTYT MPOSBIATHCSA Yepe3 I0-
CJIe/I0BaTeIbHbIE N3MEHEHUS B TIOBEACHUU CETH.

PaccmoTpum ocHOBHBIE KOMITOHEHTHI LSTM.

1. BxonHble BOpoTa, yIpaBIsSioOIIe BEIOOPOM HOBOTO
BXOHOTO COCTOSIHUSA [ OOHOBJICHUS COCTOSIHUSI TIAMSITH.
AKTHBALIKS BXOJHBIX BOPOT B MOMEHT BPEMEHH ¢ OCYILIECT-
BJIETCS B COOTBETCTBUHU CO CIIEAYIOIINM BBIPAKEHUEM:

i = o(Wiy - [ X1+ byy), @

[JI€ X, — BXOJHOW BEKTOP B MOMEHT BpeMeHH ¢ (1po-
CTpPaHCTBEHHbIE TpU3HAKW, wu3BiIedeHHbIe U3 CNN);
h, | — CKpBITOE COCTOSHUE HA MPEBIIYLIEM IIare Bpe-
Menn; W, — Marpuia BECOB JUI BXOIHBIX BOPOT; b, —
BEKTOp CMEHICHHWH I BXOTHBIX BOPOT; in — WHJIEKC,
0003HAYArOINNN BXOJHBIE BOPOTA; G — CUTMOMJIA, HOP-
Manu3ytomias 3HaueHust B maTepnane [0; 1].

2. 3a0pIBarolye BOpOTa OTPEACIISIIOT, KaKasi 4acTh
MPEBIYIIEr0 COCTOSIHUS JIOJDKHA OBITh COXpaHEHa.
®ynkumus f, — aKkTMBaUyWs 3a0BIBAIOIIMX BOPOT MOMKET
OBITH 3allCaHa Kak:

f,=0(We- [h,_,, x]+by), 3)

TIe Wf — MaTpUIla BECOB JUIsl 3a0BIBAIOIINX BOPOT; bf—
BEKTOP CMEIICHUH JUTsl 3a0BIBAIOIIMX BOPOT; f — HHIEKC,
o0o3HavaroIuii 3a0biBatonie Bopora (aHmi. forget —
3a0BIBATH).
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3. Cocrosinue namsati C, OOHOBIISETCS HA KaXKIOM
BPEMEHHOM IIIare ¢ y4eTOM HOBOH HH(OPMAIIUH CIIeTy-
I01UM 00pa3oMm:

C,=f,C_, +itanh(W_-[h,_,,x]+Db), 4)

TIe CH — TIPEIBIIYIIEE COCTOSTHUE TTaMSITH; Ct — HOBOE
COCTOSIHME NTAMATH; f, — 3a0bIBaONINE BOPOTA,; i, — BXOJI-
HBbIC BOpOTa; tanh — rumepOONINYecKUil TaHTeHC, SBIIS-
foruiics QyHKIMeH akTUBAIMH, UCTIONIB3YEeMOH JIIsl 00-
HOBJICHHUS COCTOSAHUA ITaMSITH, WC — ManI/II_[a BECOB JIA
COCTOSIHUS TIaMsTH; [/ 1 Xz] — KOHKATEHAaIMs CKPBITOrO
COCTOSIHUA Ha Hpe)lblﬂyIHCM miare u TeKyHIeFO BXOOHO-
ro BekTopa; b, — BEKTOp cMeleHus Juisi OOHOBIEHUS
COCTOSIHUS TaMATH; C — MHJIEKC, 0003HAYaIONINi cOop
JIAaHHBIX B TIaMsTh (aHri. collect — coOupars).

4. BbIXOIHBIC BOPOTa KOHTPOJIUPYIOT, KaKasl 4acTh
COCTOSIHHMSI TaMSATH HCIONB3yeTcs Il OOHOBICHHMS
CKPBITOTO COCTOSIHUS. AKTHBAIMsI BBIXOIHBIX BOPOT
OCYIIECTBIISICTCS CIEAYIONIMM 00pa3oM:

0,=0(W, [, x]+b,), )

I1€ 0, — aKTUBALWUS BBIXOIHBIX BOPOT; G — CHTMOBHJIHAs
(yHkms akruBan; W o, — Marpuiia BECOB [l BBIXOIHBIX
BOpOT; b — BEKTOP CMEIEHHS BBHIXOIHBIX BOPOT; O — MHIIEKC,
0003HAYAIOIINIA BEIXOTHBIC BOPOTA (aHIT. output — BBIXOM).

HoBoe cKpbITOE COCTOSHUE /1, BBIMUCIAETCA 10 Clie-
JIYIOILIEMY BBIPAXKEHHIO:

h, = o, tanh(C)), (6)

1€ /1, — CKPBITOE COCTOSHUE B MOMEHT BPEMEHH £, KOTO-
PO€ UCTIONB3YETCs I OKOHUATEIBbHON Ki1acCH(pUKAIH
ceteBoro Tpapuka; C, — TEKyIIEe COCTOAHUE MAMSATH.

Bmecto LSTM moxkuO mcnonb3oBath GRU, koro-
past sBysieTCst 00JIee JICTKOM 10 BRIYUCITUTEIBHBIM 3aTpa-
tam Momudukanuei. GRU oObenuHseT 3a0biBaromiye
Y BXOJIHBIC BOPOTa B SIMHOE OOHOBJISIOIIEE BOPOTA, YTO
CHW)KAeT BBIYMCIIUTENBHBIC 3aTPaThl U yiydlraeT pado-
Ty MOJICII B YCJIOBHUSIX OTPAHUYCHHBIX PECypPCOB.

Pacemorpum ocHoBHbIe kKoMIOHEeHTHI GRU.

1. OGHOBIIAONINE BOPOTA

z,=o(W,-[h,_;,x]+b,), (7

-1

TJIe Z, — aKTUBAIUs OOHOBJIAIONIMX BOPOT, KOTOPask KOH-
TPONUPYET, KaK CHIBHO TEKYIIee COCTOSHHE BIIHSCT
Ha TpEeIBIAYIIee; Z — HHIEKC, 0TOOPaKArOIIIi OOHOBIIS-
IOIIEe BOPOTA (aHII. Zero — HOJIb, OOHYJICHHUE).
2. Bopora cbpoca
r,=o(W. [h,_,x]+b), (8)
TI€ 7, — aKTHBaIUs COPOCHBIX BOPOT, KOTOPhIE KOHTPO-
JTUPYIOT, KaK CHJIBHO TPEABIAYINee COCTOSHHUE IOJIK-
HO OBITH 3a0BITO; T — MHJAEKC, OTOOPAXKAIOIIMK BOpOTa
cOpoca (aHri. reset — cOpoc).

3. OOHOBJIEHUE CKPBITOTO COCTOSIHUS
h,=(-z)h,_, +ztanh(W,[rh_.,x]+b,), (9)

e h, — OOHOBIEHHOE CKPBITOE COCTOAHHE B MOMEHT
BpeMenH ¢, W) —MaTpuiia BECOB JUIsl OOHOBJIEHHS CKPBI-
TOTO COCTOSTHUS; h — MHIIEKC, 0TOOpaXKArOIIUK BOpOTa
CKPBITOTO cOCTOsTHUS (aHTII. hidden — CKpBITHIH).

Pexyppentusie meiiponnsie cetn GRU ucnonb3yror
MeHbIIe mapameTpoB, yeM LSTM, uro nenaer ux Ooiee
MOJXOASIIIUME JIUTsl 337124, TPEOYIOIIMX MEHBIIUX BbI-
YUCIUTCIBbHBIX 3aTpaT, TAKUX KakK pa60Ta B YCJIOBUAX
orpaHu4eHHbIX pecypcos loT-ycTpoiicTs.

ITocne obpadotku ganHeix CNN u LSTM/GRU wmo-
JIeITb UICTIOJIB3YeT TIOJTHOCBSI3HBIH CIIOH TSl OKOHYATEIbHOM
Kiaccudukaimu Tpadrka. ITOT CIOH BBIMUCIICT BEPOSIT-
HOCTH TIPUHAIJICKHOCTH JAHHBIX K OIXHOMY U3 KJIACCOB,
HamprMep, HOPMATEHOMY Tpa(HKy TN aTake:

P Softmax(W /i +b ), (10)

attack

e P, — BEPOATHOCTH TOTO, YTO BXOMHOHM Tpaduk
sBIsIeTCsT arakoi; W . — Beca BBIXOAHOTO CIIOs; hy —
CKPBITOE COCTOSIHHE HA ITOCIETHEM BPEMEHHOM IIIare;
b out — CMELIEHUE BBIXOHOIO CJIOS; Softmax HOp™ManH-
3Y€T BBIXOAHBIC 3HAYCHUS B BEPOATHOCTHU.

OCHOBHBIMHA TIEPEMCHHBIMU MOACIIN SIBJISIFOTCA
X e RPW*¢ _ gxonmHoii Ten3op ceteBoro Tpaduka; W — Be-
cosble MatpHiibl crioeB (CNN, LSTM/GRU); b — cmemienus
croes (CNN, LSTM/GRU); i,, £, 0,— BxonHbIe, 3a0bIBAIOIIIE
¥ BbIxoHbIE BopoTa B LSTM; z,, 7, — 0OHOBIIsIOIIME 1 COPO-
cuble Bopota B GRU; /1, — CKpbITOE COCTOSIHME HA IIare Bpe-
men f; C, — cocrosiaue namsti 8 LSTM; P, . — BEposiT-
HOCTb TOTO, YTO TPA(HK SBILIETCSI ATAKYFOIIIIM.

Monynp aHanu3a ceTeBOro Tpaguka, OCHOBAHHBIN
Ha ruopuaHoil apxutekType CNN+LSTM (i GRU),
COYeTaeT MPOCTPAHCTBEHHBIC U BPEMCHHBIC 3aBHCH-
MOCTH CETEBBIX JAHHBIX. Takas apXHUTEKTypa IO3BO-
nseT d(P(EKTHBHO BBIABISATH MHOTOBEKTOPHBIC aTaKH
B loT-ceTsix, 9T0 OCOOCHHO Ba)KHO JUIsI CUCTEM C OTpa-
HUYCHHBIMU BBIYUCIIUTCIBHBIMU PECYpPCaMU.

Monenb paboTaeT CleayonmM 00pa3om:

1. BxonHoit Tpaduk mpeodpasyercsi B MHOTOMEPHBIH
TEH30p, KOTOPBIM MOCTYIAET Ha CBEPTOYHBIE CIIOU
JJTA BIACJICHU S IPU3HAKOB.

2. Beinenennsle npuszHaku nocrynator B LSTM/GRU
JUTSL QHAJIM3a BPEMCHHBIX 3aBUCHMOCTEH.

3. Monenb knaccupuiupyet Tpaduk Kak HOpMabHbIH
WJIM aTaKyOLIUH.

2.2. ApanTuBHaga onTtuMmn3auus
rmnepnapamMmeTpoB C UCMNOJIb3OBaHNEM
apanTupoBaHHoro anropntma Mayfly

Jis  yaydmenust 3(G(EKTHBHOCTH W HACTPOU-
KA MOJIENTH B 3aBHCHMOCTH OT KOHKPETHBIX YCIIOBHIl
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ceT (Hampumep, oObema NaHHBIX, TUIA aTaK) MpUMe-
HUM aJanTuBHbIM anroputm Mayfly [8]. Anropurm
Mayfly nomoraer aBTOMaTH4€CKH HaXOOUTh ONTHMAaJIb-
HBIE TUIIEpIIapaMeTpbl MOAEIH, TAKUE KaK:

e xommdecTBO citoeB CNN u LSTM;

e YHCII0 (QIIETPOB U HEHPOHOB HA KaXKIOM CIIOE;

® CKOpPOCTb O0YUYEHHS MOJEIIH.

AnantupoBaHHBIA anroputM Mayfly mo3BossieT
YCKOPUTH MPOIIECC HACTPOHKH MOACTH M 00CCICUUTD
ee ONTUMAIBHYI0 MPOU3BOAMTEILHOCTh 0€3 Heo0Xo-
JUMOCTH PYYHOM HAcTpOHWKHU. AJTOPUTM HCIOJIb3YeET
9BOJIFOIIMOHHBIC METO/ABI ISl MOWCKAa ONTHMAJIbHBIX
napaMeTpoB M aJanTHpPyeTcs B Ipolecce 00ydeHus
MOJIECIH.

OCHOBHBIMY IIATaM¥ aIaNITUPOBAHHOTO aITOPUTMa
Mayfly sBrsitoTcs:

1. Mannumanu3zanus nomnyssiuu.
2. My>KCKue U )KeHCKHe 0COOU: pas/esieHue Ha 2 TpyI-

IbI C Pa3HBIMH [TOMCKOBBIMHU CTPATErHAMHU.

3. I'moGasibHBIA U JIOKAJIBHBIA MOUCK: MOUCK JTYYIIUX
peLIeHUI My>KCKUMH 1 KEHCKHUMHU 0COOSMHU.

4. DBoronus © 0OHOBIEHHE CKOPOCTEH 1 TTO3UITH.

5. COonmxeHue U pa3MHOKCHHE.

OCHOBHBIMU NEPEMEHHBIMU U IapamMeTpamMH aJiro-
pHUTMa SABJISIFOTCS:

N — KOIHYEeCTBO 0COOEH B TIOMYJISIINY;

X[ — HONOXKEHHE MyKCKOif 0COOH i B IIPOCTPAHCTBE

penieHni (3Ha4eHne THIEepIapaMeTpoB);

xif — HOJIOJKEHHE KEHCKOH 0co0H i

m
Vi

vlf — CKOPOCTH IBIDKCHUS JKEHCKOH 0co0M;

o, B, Y — KOOQPUIMEHTHI yIpaBICHUS JIBIKCHHEM
ocobeii (kod(UITMEHTHI HHEPIIUN, YCKOPCHHS W B3au-
MOJICHCTBUSA);

Shest — TI00ANBHO JTydlllee pelleHHe, HalIeHHOe
BCEMHU 0COOSIMU;

Dpest — TAUHOE JIyHIlIEE PELICHHUE JUTS KaXI0H 0co0u;

A — ko3 duIMeHT TpUBICYSHHS I COMMIKEHHUS
MYXCKHX U JKEHCKHX 0co0eii;

€ — mapameTp CIIy4ailHOTO OTKJIIOHEHUSI, BIUSIOIIUIT
Ha MYyTaIUIO B IOUCKE.

— CKOPOCTH IBIKCHHS MY>KCKOH 0c00M;

2.2.1. UHnumanusaums nonynsumm

Anroputm Mayfly HaumHaeTcss ¢ WHUIMATU3AIUH
HAYaJIbHOW TMOMyNsiuu  oco0eil  (rumeprapamMmeTpoB)
Cly4aliHBIM 00pa3oM B IOMCKOBOM TIPOCTPAHCTBE.
Kaxxnas ocobb mpeacrapisieT co00ii BEKTOp runepnapa-
METPOB MOJEIIH:

X; = [X; Xjgs oes Xjgls

e d — pa3MEepHOCTh MPOCTPAHCTBA THUIlepHapame-

TPOB (HAmpUMeEp, KOJHUYECTBO CIIOCB, HEHPOHOB, CKO-
pOCThL OOYYEHHUS U T.JT.).

[Tonoxenne Kax 104 0COOHU Xx; B IPOCTPAHCTBE IUIIEP-
rapaMeTPOB HHULIUATH3UPYETCS CIIyYaiHBIM 00pa3oM:
m f H
x:"(0), x; (0) ~ Uniform(x; ,X . ),
rae X . M X_ . — TPaHMIBI IIPOCTPAHCTBA TUIEpapa-
metpos; Uniform(x,; , X . ) — QyHKIMs BeIOOpa CiTydaii-

HBIX 3HAYEHHH U3 MHTEpBaNa [X . ;X |

2.2.2. O6HoBIEHVE CKOPOCTU
M MOJIOXKEHUST MYXCKUX 0coberi
Myxckre 0COOHM HINYT pelieHHs B TI00aIbHOM
MPOCTPAHCTBE, OOHOBJISAS CBOE IOJOKEHHE HA OCHOBE
JIMYHOTO JTy4IIETr0 PEMIEHUS Py M TIOOATBHOTO JIyd-
IIETO PENIEHUSA g, .- CKOPOCTH OOHOBIEHHS TIONIOKEHNUS
0COOM BBIYHCIISIETCS 10 TIPABHITY:

v+ =av()+ Blrl(pbest,i =xi" (1) +

+ By (Gpest, = Xi" (D)

rae o — kodduuueHT mHepuuu (KOHTPOJIMUPYET, Ha-
CKOJIBKO CHJIBHO CKOPOCTBH MPEAbLAYIIEro Ilara BIHUseT
Ha TeKyliee nojoxenue); B, B, — kosdpuuuents ycko-
pEeHMS, KOTOPBIE YIPABISIOT BIUSHUEM JIMYHOTO U VIO~
0aJIBHOTO JIyYIIETo PEIICHUs Ha OOHOBJICHUE CKOPOCTH;
1y, 7y ~ Uniform(0, 1) — cy4aiinblie 3Ha9€HHs, KOTOPBIE
00€eCIIeunBaIOT CIIy4aliHOE OTKIIOHEHHE B TIOHCKE.

[TonmoxeHne ka0l MYKCKOM 0COOM OOHOBIISETCS
C YYETOM €ro HOBOW CKOPOCTH:

XM (7 +1) = XM (£) + v (1 4+ 1).

2.2.3. O6HOoBIEHVE CKOPOCTU
U [10JI0XKEHUSI XEHCKMX 0coberi
Kenckue OCO6I/I BBIMOJTHSIOT JIOKAJIbHBINA IIOMCK,
OOHOBIISISL CBOE IMMOJIOKECHUE, ONHpasACh Ha PACCTOSHUC
JI0 MYXCKHX oco0eii. CKopocTh OOHOBJICHHS TIOJIOXKE-
HUS JKEHCKOIH 0COOM BBIYUCIIAETCS C y4ueToM B3aPIMO,I[efI-
CTBUA C MYXCKUMHA OCO6ﬂMI/II

v+ =m0 —xf )+ e,

rae A — k03 GULIHEHT TPUBICUEHUS MEXKILY MYKCKHUMHU
W KEHCKUMHU 0COOSIMU; € — CITy4aifHOE OTKJIOHCHUE JIIsl
obecrieueHus1 pa3HOOOpa3us PEIICHUN.

[TonmoxeHue KeHCKUX 0co0eit OOHOBIIIETCS CIIeAy-
FOIIUM 00pazoMm:

@+ =xt@)+vi@+1).
2.2.4. OueHka peLueHui

Kaxpgast ocoOb OICHHMBAeTCs C MOMOINBIO Iieje-
Boit ¢ynkumu (fitness function), kotopasi MoxeT OBbITh
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CBfi3aHA C TOYHOCTBIO MOJIENIM, BpeMeHeM o0yuye-
HUS, CIOXHOCTBIO MOJEIM U JAPYTHMMH NapaMeTpamHu.
DyHKIMA OUEHKH F(X;) U KaXKI0H 0COOH pPaccuMThl-
BaeTCs Kak:

F(x;) = Evaluation Model(x,),

IJI€ X; — TUNIEPIIAPAMETPBI, KOTOPBIE 0CO0b MPEICTABIIS-
et, a Evaluation Model — 310 QyHKIMS, OLIeHMBaIOIIAs
MIPOU3BOUTEIHLHOCTh MOJEIH JJIsl JTaHHBIX THIIeprapa-
METpOB.

2.2.5. ConmxeHne n pa3MHOXEHNEe
[Tocne oGHOBIEHNS CKOPOCTEH U TTO3UINI MYy>KCKHE
U JKCHCKHE 0COOH COMIKAIOTCS, YTO MOJACIHUPYET dTall
pasMHOKeHus B anropurMe. Korma MyKckue U )KeHCKHe
0CO0U JJOCTHUTarOT OMpPEACICHHON ONU30CTH, MPOUCXO-
JUT KPOCCUHTOBEP U MyTalLHs:
® KPOCCHHIOBEp IepelaeT 4acTh IeHETUYECKOW HH-
(hopmaruu (TUIeprapamMeTpoB) OT MYKCKHX 0COOCH
K KEHCKUM 0CO0SIM

Xpew =AM+ (1-1)xt,

TIE X, — HOBOE 3HaUeHHE (TIOJIOKEHHE) 0COOH, TIOITy-

. m
YEHHOE B PE3yJIBTaTE KPOCCHHIOBEPA; X;  — TEKYIEe

TIOJIO’KCHHE MYKCKOH 0COOH 7; x}c — TEeKy1Lee [0JI0XKe-

HUE KEHCKOH 0cOo0H i; A — KO PHUITEHT, OTIpeeIIsIo-
NI BEC BIMSHUS MYXCKOH 0COOM B HOBOM 3HAYCHUH
(0oObraHO A Haxomutcs B muarnazone ot 0 1o 1).

e MyTallMsl BBIIOJHSET Cly4yailHO€ M3MEHEHHUE HEKO-
TOPBIX IAPAMETPOB C BEPOATHOCTBIO P ..

2.2.6. Kputepuii 3aBepLueHnst
Anroputm Mayfly BeITOTHSIETCS 10 TEX TOp, MOKa
He Oy/leT BBITIOJIHEHO OIHO W3 CICAYIONIMX YCIOBHU:
JIOCTUTHYTO MaKCUMaJIbHOE KOJTUYECTBO uTepanuii 7’ ax
Wi He HaOmonmaercs yaydmieHHe (QYHKIHMH OICHKU
B TCUCHUEC HECKOJIBKUX ITOCICA0BATCIIBHBIX HTepaHHﬁ.

2.3. MexaHn3Mm aeueHTpanu3oBaHHOM
BepudUuKauum Ha OCHOBE GJIOKYEeNH-TEeXHOJIOrMu

Jlnst obecnieuenusi 0E€30MACHOCTH U HAJICKHOCTH
CHCTEMBI B YCJIOBHSX JEleHTpann3oBanHbix loT-cereit
MPUMEHSICTCS ONOKYCHH-OPUCHTHPOBAHHBIA MEXaHH3M
koHceHcyca PoV [3]. OcHOBHBIMH (DYHKIUSIMH STOTO
KOMITOHEHTA SIBJISIFOTCSI

e JCIICHTPAIIN30BaHHAS  BepU(UKANUS  JaHHBIX

00 aTakax, Py KOTOPOI HECKOIBKO Y3JIOB CETH aHa-

JTU3UPYIOT CETEBOH TpaduK M mepeaaroT nHdpopma-

IUIO O BO3MOYKHBIX aTaKkax B PacIpeieIeHHBIN pe-

ecTp;

e BayMAanus OJIOKOB INPOMCXOIWT HYEpe3 TOJI0COBaA-

HUE y3JI0B-BAIMJATOPOB, eciu Oombine 50% y3moB

MOATBEPXKIAIOT aTaKy, HH(OopMaLusI 0 HEel 3aIHChi-

BACTCsl B PaCIPEICICHHBINA PEecTp, a BPEIOHOCHBIE

[P-agpeca OIOKUPYIOTCS C MTOMOIIBEO CMApT-KOH-

TPaKTOB.

Monyne  JeHeHTpaIu30BaHHOW  BepupUKaImu
UCTIONB3YeT OJOKYCHH-TEXHONOTHH JUII  oOecreue-
HUsI 0€30ITaCHOCTH JAaHHBIX M TPENOTBPAIICHHS aTak
B loT-ceTsix. DTOoT MOIYb paboTacT Ha OCHOBE MeXa-
HH3Ma KOHCeHcyca POV, KOTOpHIif TO3BOISIET y3/1aM CeTH
(BaymumaTopamM) roJIocoBaTh 3a OJIOKH JJAHHBIX O Tpadwu-
K€, aTaKax WJIM COCTOSIHUH ceTH. biiokueiitn obecrieunBa-
eT 3aIUTy OT MOAICIKN JaHHBIX, ICIICHTPATH30BAHHOE
XpaHEHHE M aBTOMATHYECKOE BBIMOJIHEHHUE JCHCTBHIA,
TaKuX Kak ONOKMpOBKa BpeqoHOCHBIX IP-ampecos, ue-
pe3 CMapT-KOHTPAKTHI.

OCHOBHBIMH 2JIEMCHTAMH U IEPEMEHHBIMH SIBIISTFOTCS:

B — 6ok maHHbIX, comeprkalnuii nHdopManuio o ce-
TEBOM TpaduKe, BBIIBICHHBIX aTaKax MM OOHOBICHHSIX
COCTOSTHHS CETH;

N — KOIMYeCTBO y3J10B (BaJHJIaTOPOB) B OIOKYEHH-
CeTH;

V,—Tonoc Banuaaropa i 3a IPUHATHE WK OTKJIOHE-
Hue 01oKa;

P, ,1ig — BEPOATHOCTB TOTO, 4TO OJIOK OyJET MpHU3HAH
JCHCTBUTEIBHBIM;

T, — Bpems Banmunanum O1oKa;

AM - cmapr-koHTpakT (Action Module), xoto-
pBIil comepKUT NaHHbIE 00 arakax M OJOKMPOBKAX
[P-anpecos.

B nanHOM mofpasziene MpeaCcTaBICHBI KITIOUYEBBIC
mIaru mporecca o0paboTku cereBoro Tpagpuka u ode-
criedyeHust 0e30MacHOCTH B OJIOKYeHH-cucTeme. OTH
IIarH OMUCHIBAIOT, KaK Y3JIbl CETU B3aUMOJICHCTBYIOT LTSI
BBISIBJICHUSI aHOMAJIMH, BEpUPUKAIUHN JaHHBIX U aBTO-
MaTHUYECKOH OIOKHPOBKU MOAO3pUTENBHBIX [P-anpecos.
Kaxplil mar urpaeT BayKHYIO pOJb B CO3JaHUU HAJCK-
HOU W A(PEKTUBHON CHCTEMBI 3aIUTHI OT KHOepaTak,
obecriednBasi IIEMOCTHOCTh JaHHBIX U OBICTPYIO peax-
IIUIO Ha YTPO3BL.

[llarm mpomecca 0OpabOTKH CETEBOro TpaduKa
u obecrieueHnst 6e30IaCHOCTH B OIIOKICHH-CHCTEME CO-
CTOSIT B CIICIYIOIIEM:

[ar 1. ®opmupoBaHue OJIoKa TaHHBIX.

KaxsIit y3en OnokdeiH-ceTr 00padaTeiBacT MocTy-
MAIONINH ceTeBO TpaduK U, eciu 00HapyKEHa aHOMa-
JIs WK IOAO3PpUTEIbHAA aKTUBHOCTD (HaHpI/IMep, MHO-
TOBEKTOpHAs araka), y3es GopMHupyeT OOK JaHHBIX B.
DTOT OJIOK BKJIIOYAET CIIEAYIONIHE JJIEMEHTHI:

B = {Block ID, Data, Previous Hash, Timestamp,
Signature},

rae Block ID — yHuKanbHBINH WACHTHU(HUKATOp OJOKa;
Data — undopmanus o Tpaguke M BO3MOXKHBIX ara-
kax (mampumep, IP-agpeca, Tum artaku, BpEeMCHHBIE
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MeTkH); Previous Hash — xem npeneigymero Onoxa
B OJloK4eliHe Ul MOJAEPKAHUS HENPEPBIBHOM Ienoy-
ku; Timestamp — Bpemsa cozganus Oj10ka; Signature —
nuQpoBas MOANUCH y371a, KOTOPbI chopMUpoBall ONOK.

[IIar 2. Mexanu3Mm koHCceHcyca PoV.

IMocne cozmanus Ooka OH IeperacTcst APYTUM y3-
JIaM CeTH Ui Bepu(HKAIUN C UCTIOIb30BAHUEM MeXa-
HHM3Ma KOHceHcyca PoV.

Banmpanms 6710Ka OCyIIECTBIAETCS MyTEM TOJI0CO-
BaHMs y3JIOB CETU B CIEIYIOIIEM MOPSIKE:

e KaXIBIH y3eN aHAIU3UpYyeT OJOK NaHHBIX B, mpo-
BEPSCT €ro IEJIOCTHOCTh M JOCTOBEPHOCTH, a 3a-
TEM OTINPABIISIET CBOK roynoc V; (ronocoBaHue Mo-
KeT ObITh OMHapHBIM: V; = 1 — 3a npuHsATHE OIIOKa,
V.= 0 — 3a oTknoHeHue 6110Ka);

e BEpPOSTHOCTH TOTO, UTO OIOK OyAET NpU3HAaH AeHCTBH-
TEJIbHBIM, PACCUUTHIBACTCS CIACAYIOLIMM 00pa3oM:

Vi

M=

1

1
Poatia =

Vi

=|

Ecmu P4 = 0.5 (GOMBIIMHECTBO Y3110B MOIEPKH-
BaloT OJI0K), TO OJIOK CUMTACTCS JCHCTBUTEIILHBIM U JIO-
OaBnseTcs B pactpeesieHnbi peectp, e P, < 0.5,
TO OJIOK OTKJIOHSIETCSI.

[ar 3. OOGHOBIIEHUE pacTIPEICICHHOTO peecTpa.

[Mocne mocTMKEHHsI KOHCEHCYCa M TOATBEPIKICHUS
610ka B OH 100aBIsIeTCs B paclpeieieHHBI peecTp.
Kaxnas 3anmuce B pacmpelieieHHOM peecTpe CBs3aHa
¢ mpeaplaymuM Ookom depes xem Previous Hash, uto
obecreunBaeT HeMPEePHIBHYIO U HEM3MEHSIEMYIO I[eT10Y-
Ky maHHbIX. HOBBI OIIOK J00aBIsETCS K pacnpeneicH-
HBII peecTp:

B = {Hash(Bp'reV), Data _ , Timestamp _ .
Signature 1},
e Hash(BpreV) — Xell TpeApIayIero 6J10ka, KOTOPBIA

rapaHTHUPYET LIEJIOCTHOCTh BCEH IETIOUKH.

[ar 4. Mcnonb3oBaHue cMapT-KOHTPAKTOB ISl aB-
ToMaruyecKkoit OnokupoBku IP-anpecos.

Bnokuyeiin-cucrema HCHOJNB3YET CMapT-KOHTpaK-
Thl U1 aBTOMaTHYECKOI'O BBINIOJHEHUS ACUCTBUI IpH
oOHapyxeHHH arakd. CMapT-KOHTPAKTHl ITO3BOJISIOT
aBTOMaTHYCCKH OJoKHpoBath IP-aapeca, oTmpaBisiTh
YBEIOMIICHUSI W OOHOBIATH UYEPHBIC CIHCKHA B CETH.
CrpykTypa cMapT-KOHTpaKTa MOXET BBIIVISIETD CIIELy-
FOIITUM 00pa3oM:

AM = {Source IP (SIP), Destination IP (DIP),
Signature, Blacklisted IP, Attack Label},

e Source IP (SIP) — IP-ampec, or kotoporo Tmo-
ctynaer Ttpaduk; Destination IP (DIP) — IP-ampec

LIEJIEBOr0 YCTPOWCTBa; Signature — nudpoBast MOAMUCH
JAHHBIX TS TIONTBEPKACHHUS TOTMHHO CTU HH(POPMALIUH;
Blacklisted IP — crmcok IP-ampecoB, kotopeie ObUH 3a-
OIOKMpPOBaHEI TTOCIIe 0OHapyxeHus araku; Attack Label —
METKa aTakd, KOTOpasi CONCPXKHUT TUIl aTaku (HarpuMep,
DDoS, SQL-unbekims, MHOTOBEKTOPHAST aTaKa).

[ar 5. ITponecc 6mokuporku [P-aapecos.

Kak Tonmpko ONOK ¢ TaHHBIMH 00 aTake IMOITBEPIK-
JIeH 1 700aBlieH B OJIOKYEHH, CMapT-KOHTPAKT aBTOMa-
THYECKH  BBIIIONHSACT  OJOKHPOBKY  BPEIOHOCHBIX
[P-anpecoB B cetu. Hampumep, ecnu oOHapyxeH
DDoS-tpaduk, [P-aapec atakyromero ycrpoiictsa SIP
nobasnsercst B 4epHblii crmcox Blacklisted IP gepes
BBIIIOJTHEHHE CMaPT-KOHTPAKTa

AM(SIP) = Blacklisted IP.

OTH JaHHbIE OOHOBJISIIOTCS HAa BCEX y3J1aX CETH 4Ye-
pe3 pacrpeeeHHY0 OJIOKYeHH-CTPYKTYpPY, 4TO TapaH-
THUPYET COITIACOBAHHOCTH JCHCTBUI BCEX yUaCTHUKOB.

[IIar 6. Bpemst Banumanuu O10Ka.

s xaxxaoro Oynioka B BBIYMCISIETCS BpEeMs Balld-
naruu 71, KOTOPOE 3aBUCHT OT BPEMEHH TOJIOCOBAHHS
BCEX Y3JIOB 7 BPEMEHH BBITTOJHEHHS CMapT-KOHTPaK-

vote’
TOB tcontract 1 BPpEMCHU IICPEaaIn OJI0Ka MCXKIY y3JI1aMu
t

transmit*

T B~ tvote + tcontract + ttransmit‘

Ontumu3anyst BpeMeHH BaJlHIAINK OJI0Ka KPUTHI-
Ha JuIsg paboThl loT-cereit ¢ OorpaHNYEHHBIMU PECYPCaMt
1 BBICOKOH CKOPOCTBIO 0OMEHA TaHHBIMH.

2.4. TexHuka oOpe3kun HeMpPoHOB (pruning)

Jnst  yMmMeHbLIEHUS BBIYUCIUTEIBHBIX  3aTpaT
U ONTHUMHU3ALUUU PA0OTHl MOJEIM Ha MaJlOMOIIHBIX
IoT-ycTpoiicTBax wHCHONB3yeTCs TEXHUKa 0Ope3Ku
HelipoHoB. [locie 00ydeHuss MOJEIH MalO3HAYUMBIC
HEWPOHBI U UX CBA3M YIAJAIOTCS, YTO COKpalaer o0b-
eM Mojenu 0e3 3HAYMTENbHOro YXYALIEHUS €€ TOu-
HOCTH.

[IpuMeHeHre TEXHUKM 00PE3KH HEMPOHOB BKITHOUA-
€T CIEeIYIOIUE dTaIbl:

e rocie 00ydeHHsT HEHPOHHON CeTH aHAIM3HPYIOTCS
Beca ee cBa3eil. Ecnu Beca HaxonATcs HUXKe 3a/1aH-
HOTO TIOpOTa, CBS3H YIAJSIOTCS;

e MOJENb TIepe3anyCKaeTcsi ¢ YMEHBIICHHBIM KOJIH-
YECTBOM HEHPOHOB U NapaMeTpoOB, UYTO YMEHbIlIA-
€T €€ BBIYUCIIUTCIBbHYIO CIIOXKHOCTb U TpCGOBaHI/ISI
K IIaMsITH.

OcHoOBHas uaes COCTOUT B TOM, YTOOBI YIaIUTh He-
HY>KHbIE MJIM MaJIO3HAYMMble HEHPOHBI MJIU W3MEHUTD
Beca 1ocie 00ydeHus: MOJieNii, He3HAYUTEIbHO CHUKAs
€€ MPOU3BOAUTEIIBHOCTb.
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C Y4E€TOM OrPaHVNYEHNI BbIYUCIUTENBHBIX Y MHDOPMaLMOHHbBIX PecypcoB [0T-yCTPONCTB naop.
OCHOBHBIMU DJIEMEHTAMHU M NEPEMEHHBIMU SIBIIS- OOpe3aHHasi MaTpULIA BECOB:
I0TCA:
W — marpuna BecoB HEMPOHHOM CETH; Wpruned =WQOM, (14)

b — BexTOp cMerienwmii (bias) HEHPOHOB;

f(W) — byHKIHS aKTHBAIIH JJIs1 BECOB CETH;

0 — IoporoBoe 3HAYCHUE TS YIAJICHHUS BECOB;

M — marpuria macku (Masking matrix) amst oOpe3ku
BECOB;

Mol — OOIIEE KOMMYECTBO MAapameTpoB (BECOB)
B HEHPOHHOM ceTH;

Myruned — KOTTMYECTBO Y/IATICHHBIX (oOpe3aHHBIX) Be-
COB;

P — J0JIs yAaJICHHBIX BECOB MJIM HEHPOHOB.

2.4.1. OnpeneneHve 3Ha4MMOCTU
BECOB 1 HEVPOHOB

ITocne Toro xak HelpoHHAsI ceTh 00y4eHa, HEOOXO-
JAMO ONpenennTh, Kakue Beca W B HEHPOHHOU CEeTH
OKa3bIBAIOT HaWMEHbIIIee BIUSHUE Ha BBIXOJHBIC 3Ha-
YeHHsST U MOTYT OBITh yAalieHbl. DTO JeNaeTcs IMyTeM
BBIUMCIICHUS 3HAYMMOCTH KaXKJ0TO Beca Wl I B kaue-
CTBE MEpHI 3HAUNMOCTH MOKHO MCIIOJIb30BaTh METPHUKY
a0COJIFOTHOTO 3HAYEHHUsSI Beca, B KOTOPOH 4eM MEHBbIIe
3HAYEHHE Beca, TEM MEHEE 3HAYUM JTOT BEC ISl aKTH-
Balllu HEMpoHa

Signiﬁcance(Wi,j) = |Wl]| (11)

Ecnu Bec OIM30K K HYITIO, TO €T0 BIIMSIHUE Ha BBIXOJ
CETH MUHUMAIILHO, ¥ TAKOW BEC MOXKET OBITh yIalieH.

2.4.2. lNpumeHeHue rnopora obpes3ku
JLuist TOro 4ToObI PEIINTh, KAKHE BECa YIaIUTh, BBO-
JHTCs ToporoBoe 3Hadenue 0. Beca, abconoTHOE 3HA-
YEeHHE KOTOPBIX MEHbIIIE 0, CUUTAIOTCS MaJI03HAYUMbBIMU
U ynansirotres (mpupaBHuBatoTcs K 0):

W, ;=0,ecm|W, | <6. (12)

[opor o0pe3ku BEIOMpACTCsT IMITUPUICCKHU FITH OII-
TUMHU3UPYETCA B XO/I€ SKCIEPUMEHTOB. DTOT IOPOI' MO-
JKET OBITh CTATHYCCKUM TN IHHAMHYCCKUM, aTalTHPY-
€MbIM Ha OCHOBE aHaJIN3a CTPYKTYPbl MOJIEJH.

2.4.3. Matpuua macku
Jst Toro uToOBI 00Ope3Ka BECOB HE 3aTpOHYJIa HEell-
POHBI, KOTOpBIC OKAa3bIBAIOT 3HAYMTEIHHOE BIHSHHE
Ha BBIXOJIHBIC 3HAYCHUS MOJEIH U €€ MPOU3BOIUTEIh-
HOCTb, HMCITOJIb3yeTCsl MaTpuiia Macku M, o0o3Havaro-
I1asi, Kakue Beca JOJDKHBI OBITh COXPaHEHBI, 4 KaKue —
OOHYJICHBI:

1,ecm/I|Wl.j|26,

M. . = 13
b0, ecnu W, ;1<6. (13)

rie (O — MO2JIEMEHTHOE NPOU3BEJCHHE MaTpPHIIbl Be-
coB W u macku M. DT0o rapaHTHpyeT, YTO TOJBKO 3Ha-
4YUMBbIE Beca OyIyT y4acTBOBaTb B BBIUMCICHUSX, 4 Ma-
JIO3HAYMMBbIe Beca OyayT UCKIIIOUEHBI.

2.4.4. OueHka 1o obpesaHHbIX BECOB
Jonst oOpe3aHHBIX BECOB WJIM HEHPOHOB BBIYUCIIS-
€TCsl CIENYIOIINM 00pa3oMm:

n
_ ""pruned
= (15)
Motal
THC 71 neq — KOTHUYECTBO 00pe3aHHbIX BECOB, T.. BECOB,
IS KOTOPBIX |V j| < 0; ny, — OOIIEE KOMMYECTBO BECOB
B MOJICIH.

2.4.5. AgantuBHas obpe3ska (iterative pruning)

IIpocToli mopor 00pe3ku MOXKET OBITh HEIOCTa-
TOYHO (P(PEKTUBHBIM ISl BCEX CIOEB CETH, OCOOCHHO
JUTSE TIYOOKHX MOJIeNIel ¢ MHOYKECTBOM clioeB. [Toatomy
MOYET MPUMEHSATHCS UTepaTHBHAs 00pe3Kka: Beca oope-
3af0TCS HE 32 OJIMH IIar, a MOA3TAIHO, C IMOCTCTICHHBIM
yYBEJIMYCHUEM TIopora 0.

Ha xaxxnoil nrepanny 3HAYEHUSI BECOB MEPECUUTHI-
BAaIOTCS C YUETOM MACKH:

Wnew - Wold Q M. (16)

3areM ceTh mnepeoOyvaeTcsi Ha HOBBIX [IaHHBIX,
9TOOBI BOCCTAHOBUTH €€ TOYHOCTH MOCIIC 00PE3KH. DTOT
MPOLIECC MTOBTOPSIETCSI HECKOJIBKO pa3 JI0 TeX Mop, MoKa
Josisi 00pe3aHHBIX BECOB HE JOCTHIHET IKEIaeMOro

YPOBHA p.

2.4.6. OcHoBHble Luarv pa3paboTaHHOM’
UMUTALMOHHOM MOAEIN Y METPUKN
/151 OLUEHKM Ka4yecTBa Moaenm
rocsie 06pe3ku BecoB
OCHOBHBIMH IIaraMu pabOThl MOJIEINN SBJISIOTCS:

1) ananu3 tpaduka ¢ nomouipto CNN + LSTM s
BBIJICJICHUS IPOCTPAHCTBEHHO-BPEMEHHBIX TPU3HAa-
KOB U BBISBIICHHS aHOMAJIHUH;

2) ontuMu3zanus Moaenu: anroputM Mayfly aBromaru-
YECKU HACTpauBaeT rurneprnapamMeTpbl MOJIEIH B 3a-
BUCHMOCTHU OT YCIIOBUH CETH W JAHHBIX, 4TO 00e-
CIICUHBACT €€ aalTHBHOCTE;

3) Bepudukanuss W OJOKHPOBKA IOMAO3PUTEIBHBIX
[P-ampecoB 1 Tpaduka OCYIIECTBISIOTCS 4Yepes
Onok4eiH-KOHCOpIMyM. B ciiyuae monaTBepxkie-
HUs araku Ha [P-aapeca OIOKHPYIOTCS € TOMOIIIBIO
CMapT-KOHTPAKTOB;
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4) mpuMeHEeHHe TEeXHUKU OOpe3KH HEHpOHOB: Tocie
HayalbHOTO OOY4YeHHs W BEepUPHUKALMUA MOAETH
MPUMEHSIETCST 00pe3ka HEHPOHOB ISl YMEHBIICHUS
BBIYHCIIUTENBHON CIOKHOCTH U aJallTallii MOAEIH
K pecypcam loT-ycTpoiicTs.

[Tocne oOpe3kn BaKHO OLCHHUTH, KaK W3MECHIIIHCH
MIPOM3BOAUTEIBHOCTE W PECYpPCOEMKOCTH  MOJIECIH.
OCHOBHBIMH METPHKaMH KauecTBa MOJEIH TOCiIe 00-
PE3KH BECOB SIBIISIFOTCSI:

1) 10 IpaBUIIBHBIX MPEJICKA3aHUi Cpe BCeX 001e-
ro KOJHMYECTBA MpeICKa3aHuil (TOYHOCTh MPaBHIIb-
HBIX MIPEACKA3aHuN):

TP+ TN
TP+TN+FP+FN’

E, = Accuracy =

(17)

rne TP — KxonmnuecTBO MCTHMHHO-TIONOKUTENBHBIX
MpeJcKa3aHuil (MpaBWIbHBIC TPEICKa3aHUs arak),
TN — KOJMYeCTBO MCTHHHO-OTPHUIATEIBHBIX MPE-
CKa3zaHWH (MpaBWIIbHBIC TMpPEICKa3aHUS HOPMallb-
Horo Tpaduka), FP — komumuecTBO JOXKHOMOJNOXKH-
TEJBbHBIX MpeJCcKa3aHuil (JOKHBIE cpaOaThIBaHMSA),
FN — xonuuecTBO JOKHOOTPHULIATENBHBIX MPeJCKa-
3aHUH (MPOIYLIEHHBIE aTaKN);
2) noJaHOTa 00yUYeHHUS:

TP
E, =Recall= ———, (18)
TP+ FN

OIIpeAesISIIoNIasl CIIOCOOHOCTh MOJIENIU OOHAPYKH-
BaTh BCE aTaKH B BEIOOPKE;

3) 101 UICTUHHO-IIOJIOKUTENBHBIX MPeICKa3aHuil cpe-
JI1 BCeX IOJIOKUTENbHBIX NPeAcKa3aHui (TOUHOCTD
HMCTUHHO-TIOJIOKUTEIbHBIX MTPeICKa3aHuH):

TP

E; = Precision = ————,
TP+ FP

(19)

ONPE/IEISIONIAs HACKOJIBKO MPECKA3aHHsl MOJIEIH
0 HOJIOKUTEIBHBIX KJIACCAX SIBIISIFOTCS KOPPEKTHBIMI;
4) F1-mepa:

E2E3
E,=2———, (20)
E, + E;
SIBJLSTFOIIAsICST  TAPMOHHUYECKUM CPEIHHM  MEXKITY
MOJTHOTOW OOY4YECHHS W MOJEeH HMCTHHHO-TIONOXKH-
TENBHBIX TIPEICKA3AHMIA;
5) BpeMst 00pabOTKH JaHHBIX U BBHITIOJHEHHUS TIPEICKa-
3aHUI MOJEIBIO:

Es=Trunea = Torigina(1 = P); Q1)
rae T, pruned — BPEMs BBIYHCIICHHH mocIe 00pe3kw,
T original — BPEMS BBIYHCIICHHH MCXOXHOH MOZEIH,

p — 1o1st 00pe3aHHBIX HEHPOHOB;

6) HCIIOJIb30BaHUC ITaMATH (y'MeHI)HIeHI/IC HCIIOJIB30Ba-
HUS IaMATH TTOCJIC YIAJICHU BCCOB)I

E6 - Mpruned - ]\40riginal(1 _p): (22)

rae Mpruned — 00BeEM IaMSITH, HEOOXOTUMBINA IS
XpaHeHust 00pe3anHol mozienu, a M ginal ~ TTAMATE,
HEeOo0XoaMMast I UCXOAHOM MOIENH.

3. PEAJIN3ALUNA N SKCNEPUMEHT

3.1. MeToponorua akcnepuMeHTa

B nmanHOM paszzene mpoBOIUTCS SKCHEPUMEHTAIb-
Hasl TPOBEpKa pa3pabOTaHHOW WMHTAIIHOHHOW MOIEIH
BBISIBJICHUS] MHOTOBEKTOPHBIX aTaK C yUETOM OTpaHHue-
HUH BBIYHUCIUTENBHBIX H HH()OPMAIIMOHHBIX PECYpCOB
IoT-ycTpoiicTs.

B sxenepumvente ricnioneiyercst CIC IoT Dataset 2023,
KOTOPBI CONEPKUT JAaHHBIE CETEBOTO Tpauka, Kak
HOPMAaJIHOTO, TaK M aTaKyIoOIIeTro, C Pa3HOOOPa3HBIMH
XapaKTePUCTUKAMU U MPU3HAKAMH, TAKUMH KaK:

e [P-ampeca (Source/Destination);
noptsl (Source/Destination);
BpEMSI COEIMHEHHS;
pasMep makera;
npotokonsl (TCP'2, UDP'3, HTTP, DNS);
MeTku arak (Hampumep, DDoS, SQL-unbexius,
Brute Force).
[araceT pa30UT Ha HECKOJIBKO KJIaCCOB:
® HOpMAaJbHBIN Tpa(UK;
e aTaKyroIuil TpaduK (pa3HbIC THITH aTaK).

OKCIepHMEHT CPaBHUBACT PE3YIBTATHl pabOTHI pa3-
paboTaHHOW HMMHTAIIMOHHOW MOJEIH C HECKOJIbKUMH
AHAJIOTHYHBIMUA METOaMH, TPUMEHSIOITMIMUCS IS 00-
HapyxeHus arak B [oT-cersx.

Hannere CIC IoT Dataset 2023 ObLH HOPMATU30BaHbI
¢ ucronk3oBanreM Min-Max Scaling ast npuBeeHus Beex
HpHU3HAKOB K quarna3ony [0; 1]. BeIOpock! yramsimcs ¢ mpu-
MEHEHHEM METOJIa MeXKBapTUIILHOTO pa3maxa (Interquartile
Range, IQR), a HOBbIE PU3HAKK TEHEPUPOBATIMCH Ha OCHO-
BE arperaryy BpeMCHHBIX XapaKTePUCTUK Tpaduka (Hanpu-
Mep, CpeiHee KOJIMIECTBO MaKeToB 3a 10 cexyH).

Juis TecTupoBaHMs KMCHONb30BaJIach paboyasi cTaH-
nus Ha OCHOBe HOyTOyka Macbook Pro (Apple Inc.,
CIIA) c mpoueccopom M2 Pro (Bkimtouaer B ceds
12 npouieccopHbIX siziep (8 TpOU3BOIUTENHHBIX U 4 SHEP-
roapPeKkTuBHBIX), 19 rpaduueckux suep u 16-saepHbIi
HeWpoHHBINH comporieccop), 16 I'b oneparuBHOE 3ario-
MUHAFOIIEe YCTPOUCTBO C MPOITYCKHON CITOCOOHOCTBIO
nopsika 200 I'b/c.

12 Transmission Control Protocol — mpoTokon ympapineHus
nepeayei.

13 User Datagram Protocol — MpoTOKON MOMb30BATENbCKUX
JlaTarpamm.
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3.2. CTpykTypa 3KCnepuMmeHTa

DKCIIEPUMEHT MPOBOJIMIICA B HECKOJIBKO JTAIOB:
1. IlogrotoBka  JaHHBIX, Ha KOTOPOM JaHHBIE
CIC IoT Dataset 2023 pa30ouBarorcst Ha 00y9aroIyIo
1 TeCTOBYIO BEIOOpKH B cooTHomenun 70/30. Jlanee
MIPOBOAUTCSI IpeBapUTEIbHAsT 00padOTKa JaHHBIX:
HOpMaNW3alysl IPH3HAKOB, yNAJCHHE BEIOPOCOB,
TeHepalys HOBBIX MTPU3HAKOB (€CIH He0OXO0IUMO).
2. O0yueHue Mojienielt, Ha KOTOpOM O0Oy4eHHUE MPeIIo-
JKEHHOU MOJICITH IPOBOIUTCS HA OCHOBE THOPUIHOM
apxutektypbl CNN + LSTM/GRU ¢ npumeHeHreM
TEXHUKHA OOpEe3KH HEHPOHOB IS COKPAILICHHS BbI-
YUCITUTENBHBIX 3aTPaT.
OnTuMH3aNKs TUTIEPIIapaMETPOB MOJIEH OCYIIECT-
BJISIETCS C MCIIONb30BaHKEM anroputma Mayfly.
g cpaBHeHus 00y4aroTcsi M APYrHe MOJENH, Ta-
kue kak Random Forest, SVM, Deep Learning (MLP).
Bpemsi 06paboTku 0JHOrO makeTa AaHHBIX OIpe-
Jensercd Kak cymMMma BpeMeHH cBepTkH (1), BpemeHH
obpadotku LSTM/GRU (2)—(9) u Bpemenu kiaccugpu-
kanuu (10). braronapst n(pUMEHEHHUIO TEXHUKH 00PE3KH
HeriporoB (11)—(16) Monens 3HaYUTENTEHO yMEHBIIIAET
KOJIMYECTBO MapaMETPOB, UTO NPHBOAUT K CHIDKCHHIO
BBEIYUCIUTEIBHBIX 3aTPaT M YIYYIICHHIO TPOU3BOIH-
TENEHOCTH Ha YCTPOWCTBAX C OTPAaHWYCHHBIMH pe-
cypcamu. OT1o mo3BossieT 3()(PEKTHBHO HCIOIB30BATh
MOJIEJb B peajibHBIX YCIOBHUSIX, TAKUX KAK CHCTEMbI MO-
HUTOPHUHTA B PEalbHOM BPEMEHH, IJie BakHA OBICTpas
peakius U MHUHHMMalbHOe moTpebieHue nmamstu. s
OIICHKM KayecTBa MMHUTAIIMOHHOW MOJETH HCIOIb3Y-
torcs metpuku (17)—(22).

3.3. AHanun3 nosly4eHHbIX Pe3ynbLTaToB

st orieHkn 3(h(heKTHBHOCTH MPEUTOKEHHOM Mozie-
JIM TIPOBEICHBI DKCIICPUMEHTAIBHBIC NCCIICIOBAHUS, Pe-
3yJBTaThl KOTOPBIX MPENCTaBICHHI B Tabmuie. Tabmuma
COJICPKHT Pe3yJIbTaThl pabOThI OIIeHKH 3P PeKTHBHOCTH
o MeTpukam kadectsa (17)—(22) pa3auuHbIX MOACICH,
BKJIIOYAs MPEIUIOKEHHYI0 MOJIelIb HA OCHOBE T'MOpH/I-
Hoii apxutektypsl CNN + LSTM/GRU ¢ npuMeHeHrEM
TEXHUKH 00PE3KH HEHPOHOB.

TaGnuua. PesynbTathl aKCNepumeHTa

Mertpuku KauecTna
Mopens

E\, % | E,, % | E5, % | Ey, % | Es, Mc | Eg, MB
Random Forest | 96.5 | 95.7 | 97.1 | 96.4 35 220

SVM 943 | 92.6 | 94.5 | 93.5 50 250
Deep Learning
(MLP) 97.8 | 97.2 | 98.0 | 97.6 20 210
MuTanuonHas

mozenb CNN +| 99.1 | 99.3 | 98.9 | 99.1 12 180
LSTM/GRU

Pucynok 1 wimocTpupyeT cpaBHEHHE pe3yJIBTaToOB
paloThl MPEATIOKEHHONM MMHUTALMOHHOM MOJENU U ee
aHaJIoroB 1o MeTpukam kadectsa (17)—(20). Ha rpaduxe
MOXHO yBUJIETh, uT0 Mojaeinb CNN + LSTM/GRU 3Ha-
YHUTEITHHO MPEBOCXOIUT IPYTHE MOJCIH ITO0 BCEM YKa3aH-
HBIM METPHKaM, 9TO TIONTBEPIKIACT €€ BBICOKYIO d(dex-
THUBHOCTB B OOHAPY)KCHUH MHOTOBEKTOPHBIX aTak.

%
100
98
96
94
92
90
88

MeTpuku kavecTBa

Random Forest
2 SVM

Deep Learning (MLP)
= CNN + LSTM/GRU

Puc. 1. CpaBHeHue pe3ynbLTaToB padoThl
pa3paboTaHHO UMUTALMOHHOM
mozenu CNN + LSTM/GRU n aHanoros
no meTpukam E; (17) - E, (20)

Ha puc. 2 nemoHCTpupyIoTCsl CpaBHUTEIIBHBIE PE3YITh-
TaTbl pabOTHI MPEANaracMoil IMUTAIMOHHON MOJICTIM U e¢
aHayoros 1o merpuke £y (21). I'paduk nokasesaet, 4to
moxens CNN + LSTM/GRU umeer HauMeHbIIIee Bpemst
00pabOTKM JaHHBIX M HaUMEHBILEEe BPEMs BBITIOJTHEHHE
nipenickazanust (12 Mc), 4To Jenaer ee 0COOEHHO TOIXO -
11eil Jy1s mpuMeHeHHs B pealbHOM BPEMEHH, B TO BPEMs KaK
JIpyTue MozieNi TpeOyIOT 3HAYMTENILHO OOJIbILE BPEMEHH.

60

(o))
o O

Bpewms, mc
N oW b
o

0

10

0
Random SupportVector  Deep Learning NmutaumonHas
Forest Machine (SVM) (MLP) Mogenb

CNN +LSTM/GRU

Puc. 2. CpaBHeHue pe3ynbTaToB paboThbl
pa3paboTaHHOM MMUTALMOHHOM
mogenu CNN + LSTM/GRU n aHanoros
no meTpuke Eg (21)

Ha puc. 3 npencraBiieHbl CpaBHUTEIbHBIE PE3YIib-
Tarbl pabOTHl MPEITIOKECHHOW WMHTAIOHHON MOICIH
¥ ee aHanoros no merpuke £, (22). Ha rpaduke BuanHo,
gto Mozaenb CNN + LSTM/GRU tpebyer HaumeHbIIe-
ro oobema mamsatH (180 MB) npu 00paboTke BXOTHBIX
JaHHBIX 00BbeMoM 1 MTH mpuMepoB ¢ 10 mpu3HaKamu,
910 Jenaet ee Oomnee 3(h(HEKTUBHON IS MCTIONE30BAHHS
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Ha yCTPOWCTBAX C OrPAHUYCHHBIMH BBIYUCIUTEIbHBIMU
pecypcaMu 1O CPAaBHEHUIO C IPYTUMU MOJEIISIMU, TaKU-
mu kak Random Forest u SVM.

Random SupportVector Deep Learning UmutaumoHHas
Forest Machine (SVM) (MLP) Monenb
CNN +LSTM/GRU

300
g 250

O6beM namaTu,

—_ a0

o o a o
o © & © ©

Puc. 3. CpaBHeHue pe3ynbTaToB paboTsl pa3pabdo-
TaHHOM umuTaumoHHoi moagenn CNN + LSTM/GRU
1 aHasoroe no meTpuke Eg (22)

[IpoBeneHHBIH 3KCIEPUMEHT I03BOJIIET CHEJIaTh
CJIEYIOLIHE BBIBODI:

1. PazpaboranHas IMUTaIIOHHAS MOZEITH IOCTUTACT BBI-
COKOH TOYHOCTH OOHAPY KeHHS aTak Ha ypoBHE 99.1%,
YTO CBUJICTEIILCTBYET O €€ COCOOHOCTH AP(HEKTUBHO
UJICHTU(UINPOBATH KaK H3BECTHBIC, TAK 1 HOBBIC THITHI
araKk B peajJbHOM BPEMEHH. JTO TIONTBEPIKAACT TOT
(hakT, 4TO TpEIUIOKEHHAS APXUTEKTypa, OCHOBAHHAS
Ha rubpuaHoi Monent CNN + LSTM/GRU, siBnsiercst
YCIEITHON B KOHTEKCTE aHAIIN3a CETEBOro TpaguKa.

2. Fl-mepa pa3paboTaHHONW MMHTAIIMOHHOM MOJEIH
paBHa 99.1%, 4TO yKa3bIBaeT Ha BBICOKYIO cOajaH-
CHUPOBAaHHOCTh MEXAY TOYHOCTBIO HCTHHHO-IIOJO-
KUTEJBHBIX Tpeckazanuid (19) u nmomHoToi oOyue-
Hus (18). DT0 03HauUaeT, YTo MOIEIb HE TOJIBKO TOYHO
UICHTU(DHITPYET aTaKy, HO U MUHHUMHU3HPYET KOJIH-
YeCTBO JIOKHBIX CpabaThIBaHHUH U IIPOITYCKOB.

3. Bpemst 06paboTkH 3a1poCcoB B IPELIOKESHHONH HMU-
TAlMOHHOM MOJEJIM NpHU amnapaTrHbIX pecypcax,
yKa3aHHBIX B M. 3.1 HacTOsIIEH CcTaTbu, CHIYKEHO
10 12 Mc, 9To AemaeT MoIeab 0COOEHHO IOIXOIs-
mei Ui cucteM, TpeOyromux OBICTPON peakIvy,
TaKMX KaK MOHUTOPWHT B peajbHOM BPEMEHU. DTO
SIBIISICTCS 3HAYUTEIBHBIM MTPEUMYIIIECTBOM TI0 CpaB-
HEHHWIO C JIDYTMMH MOJCISIMH, KOTOpPbIE TPEOYIOT
OomnbIle BpeMEHH I 00padoTKH.

4. PazpaboTaHHasi UIMUTAIIMOHHAS MOJENb HCIONb3YeT
Bcero 180 MbB mamsTH, 4TO JenaeT ee MOaXOAIIeit
JUIS. BHEJIPEHUsI Ha YyCTPOMCTBAX C OrpaHUYEHHBIMH
BBIYUCIUTENBHBIMU pecypcaMu. DTO 0COOEHHO BaXK-
HO a1 [oT-ycTpoiicTB, KOTOpBIE YAaCTO UMEIOT Orpa-
HUYEHHA 10 TaMATH U BBIYUCIUTENbHONW MOIIHOCTH.

5. Wcrnionp30BaHne TEXHUKH OOpE3KM HEHPOHOB IIO-
3BOJIMJIO 3HAYUTEJIBHO COKPAaTUTh KOJIMYECTBO Ma-
pamerpoB mozaenu ¢ 1.5 mmH mo 300 Teics4, dTO,
B CBOIO OU€pPE/lb, CHU3UJIO BHIYUCIUTEIbHbIE 3aTpa-
Tl Ha 80% ¥ yIy4IINUIO IPOU3BOJUTEIBHOCT. DTO

MNOATBEPIKAACT, YTO MOAXOABI K OIITUMU3AILIUNA MOIEC-
JIX UMCIOT pCHIaroICe 3HAYCHUC JI1 €€ YCIICIIHOTO
NPUMCHCHUS B YCIIOBUAX OTPaHUYCHHBIX PECYPCOB.

SAKJTIOYEHUE

B pabote npemnoskeHa IMUTAMOHHASI MOAETH Mac-
I_HTa6I/IpyeMOFO METOZAa BBIABJIICHUA MHOTOBEKTOPHBIX
arak Ha ycrtpoiictBa [oT, koTtopas yuuThIBaeT orpa-
HUYCHUA BBIYHUCIIUTCIIBHBIX H I/IH(i)OpMaLlI/IOHHLIX pe-
CYpCcOB. YUHTBHIBas pacTylIHe Yrpo3bl O€30MacHOCTH
B loT-cersix, coznanue 3(peKTHBHOTO pEIICHHUs], CIIO-
CcOOHOro OOHApY)KMBaTh aTakh C BBICOKOM TOYHOCTBIO,
CTaJIO0 OIHOW U3 KITIOUEBBIX 337184 UCCIICIOBAHNS.

[pemnoxenHass Mozenb OCHOBaHA Ha TUOPHUIHOU
APXUTEKTYpEe HEHPOHHBIX CETEH, KOTOPasi COYETaeT CBEp-
TouHble HeliponHble cetd CNN 1 aHaimM3a mpocTpaH-
CTBEHHBIX 3aBUCUMOCTEH M CETH JIONTON KPAaTKOCPOIHOU
mamsitit LSTM nnst aHanmm3a BpeMEHHBIX 3aBUCHMOCTEH
CeTeBOro Tpaduka. BaKHBIM acleKTOM SIBISETCS TpPH-
MCHEHHE TEXHUKH OOpE3KH HEHPOHOB, YTO IO3BOISICT
3HAYUTETHFHO COKPATUTh KOJIMYECTBO MAPaMETPOB MOJIe-
T W CHU3WUTH BBIYMCIHTEIBHBIC 3aTparthl. Kpome Toro,
WCIIONTb30BaHKUE OJIOKYCHH-TEXHOJIOTUH € MEXaHH3MOM
KoHCeHcyca PoV obecrnieurBaeT Oe30MaCHOCTh JaHHBIX
U JICIICHTPAIT30BAHHY IO BEPU(DUKALIUIO, YTO KPUTHUCSCKH
BaXHO /7151 3aiuThl [oT-ceTeil 0T MHOTOBEKTOPHBIX aTak.

DkcniepuMeHTanbHas OlICHKa, IPOBEICHHAs Ha JjaTa-
cete CIC [oT Dataset 2023, npoieMOHCTpUpPOBaia BbICO-
Kyt 3(HeKTHBHOCTh MpeIOKEeHHOI Monenu. Mozenb
JNOCTHIVIA TOYHOCTH OOHApPYXKEHHs arak Ha YpOBHE
99.1%, 9TO MOATBEPIKIAET €€ CIIOCOOHOCTh TOUHO HJICH-
TU(QHUIIPOBATH KAK U3BECTHBIC, TAK U HOBBIC THITBI aTaK
B peaibHOM BpemeHu. Fl-mepa, paBHasg 99.1%, ykazbl-
BaeT Ha cOaIAHCHPOBAHHOCTH MEXKIY TOYHOCTBIO U ITOJI-
HOTOH, YTO SIBJSIETCSI KPUTHUECKH BaYKHBIM JJISI CHCTEM
KrOepOe30acHOCTH, I7Ie HEOOXOMUMO MUHUMHU3HPOBATh
Kak JIO)KHBIC CpabaThIBaHMSA, TaK U MIPOITyCKHU aTak. B mo-
MTOJTHEHNE K BBICOKOW TOYHOCTH, BpeMsi 00OpabOTKH 3a-
MPOCOB OBLIO CHUKEHO JI0 12 MC, 4TO TIO3BOJISICT MOJICITH
3¢ PeKTHBHO (PyHKIIMOHUPOBATH B YCIOBHUSX, TPeOyIO-
MUX OBICTPOH PeaKINK, TAKNX KaK CHCTEMBI MOHUTOPHH-
Tra B p€aJibHOM BPCMCHHU. OHTI/IMI/I?)aHI/Iﬂ HUCIIOJIb30BaHUA
naMsATHU TaKXe 6])1.]13 AOCTUTHYTa, U MOACJIb IPOACMOH-
cTpupoBasa norpednenue Bcero 180 MB, uro nemaer
e¢ MOAXOJISIICH AJIsl BHEIPEHHS HA YCTPOMCTBAX ¢ orpa-
HUYCHHBIMU BBIYUCIUTEIILHBIMU PECYPCaMHU.

Takum o0pa3om, pa3paboTaHHas WMHTAIHOH-
Has MOJETh MPEBOCXOIHUT CYIISCTBYIOUINE pPEIICHHS
10 KJIFOYEBBIM METPHKAM, TAKUM KaK TOYHOCTB, BPEMs
00paboTKH W WCIONb30BaHHE NaMsATH. [IpumeHeHme
THOPHUIIHOWM apXUTEKTYPhI, TEXHUKH 00PEe3KH HEHPOHOB
W JICICHTPAIM30BaHHON Bepudukanuu obecrieynuBact
BBICOKYIO 3()()eKTHBHOCTH MOJIENH B YCIIOBHSX MHOTO-
BEKTOpHBIX yrpo3 [oT.
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B.W. MNeTpeHko
M op.

JlanHast paboTa OTKPBIBAET HOBBIE TOPU30OHTHI IS
JanpHEHIINX UcciaeoBaHUM B obnacTu kubepbdesomnac-
HOCTH, Ipeanarast 3p(QEeKTUBHbIC PELLEHUS ISl 3alUThI
loT-cetelt oT cnoxHBIX KHOEPyTrpo3. B Oyaymem mene-
CO00pa3HO MPOJIOIKHUTH MCCIICIOBAHNE B HAIIPABICHUH
UHTErpalud JONOJHUTEIBHBIX METOJOB MAIIUHHOIO
00y4YeHHS U IITyOOKOTO OOYYCHHUS JUTS TTOBBIIICHUS TOY-
HOCTH M yCTOMYMBOCTU MOJIENIM K HOBBIM THUIAM aTaK.
Takske CTOMT pacCMOTPETh BO3MOKHOCTH ONTHUMHU3ALUN
AJITOPUTMOB JJIsl yMEHBILIEHHNS] BBIYUCIUTENBHBIX 3aTpar
M TIOBBIIICHUSI CKOPOCTH OOpaOOTKHM MaHHBIX. BakHo
MPOJOIDKATh M3YYCHHE BOIIPOCOB MACIITa0MPyeMOCTH
U YCTOMYMBOCTH OJIOKYCHH-OPHEHTHPOBAHHBIX peIle-
HUH B YCJIOBHSX YBEIHUCHMS YHCIIA YCTPOUCTB U 00B-
€MOB Tpaduxka.
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Pesiome

Llenu. Llenbio paboThl sBAsIOTCA pa3padoTka 1 aHannm3 mateMaTuyeckon Moaenn nepegadm nHdopmaumm B MHO-
rOMOZ0BbIX ONMTOBOJIOKOHHbIX KOJIbLLEBbLIX CETSIX C MapkepHbLIM METOA0M A0CTYNa s obecneyeHns apPekTUBHOro
B3aMMOLECTBUS YCTPOICTB UHTepHeTa Bellein (Internet of Things, loT). PaboTta HanpaeneHa Ha OLLEHKY BEPOSAT-
HOCTHO-BPEMEHHbIX XapakTePUCTUK, HAAEXHOCTU U MPON3BOANTENBHOCTU CETEBON MHDPACTPYKTYPLI, @ TaKXe Or-
TUMM3aUMIO NapaMeTPOB nepenayvn A4aHHbIX ¢ ydeTom cneundurkn loT n ocobeHHOoCTel ONTOBOIOKOHHOM cpenpl.
MeToabl. B xone nccnenoBaHus npyMeHeHbl METOAbI TEOPUM HAAEXHOCTU AN OLEHKM YCTONYMBOCTM CETU K OT-
Ka3am 1 yBeIM4eHNs ee akcnyaTaumoHHOM 3P PEKTUBHOCTIN, METOALI TEOPUN ClyHaliHbIX NMPOLECCOB AJ19 MOAENV-
pPOBaHMSA AMHAMUKN NEPefaYm OAaHHbIX B YCNOBUSX U3MEHSIIOLLIENCS HArpy3Ku, a Takxke METOAbl TEOPUN MACCOBOro
obcnyxuBaHus Ana aHanmsa pacnpegeneHus Tpaduka u yrnpasneHns o4epeasmMm naketos. JONonHUTENbLHO UC-
nosib30BaHO nNpeobpazoBaHune Jlannaca — CTunTbeca, NO3BONSIOLLEE BbIBECTU DYHKLUMOHANBHBLIE YPDABHEHUS, OMK-
CbIBalOLLME BEPOSATHOCTHO-BPEMEHHbIE XapakTePUCTMKM NEPeaaYm AaHHbIX 1 06ecneymBatoLLe TOYHOe MaTemMaTn-
4yeckoe MOEeNMPOBaHNE CETEBBIX NMPOLLECCOB.

PesynbTatbl. ViccnenoBaHbl npoLecckl nepefayn MHGopmaumm B MHOrOMOLOBbIX ONTOBOJIOKOHHbIX CETSX C Map-
KEePHbIM JOCTYNOM B KOHTekcTe loT-cuctem. MNpoBefeH aHann3 BpEMEHHbIX XapakTEPUCTUK Nepeaaym NakeTos pas-
JINYHBIX KNTACCOB, BKOYAS KPUTUYECKN BaXHbIE AaHHble l0T-yCTPONCTB.

BbiBOoAbI. Pe3ynbTaThl ICCNELOBaHMS NOATBEPXKAAIOT, YTO MHOrOMO0BAas ONTOBOJIOKOHHAsS cpefa sBnseTcs ad-
dekTnBHOM 0cHoBOW ans loT-nHPpacTpykTypbl, 06ecneymBas BbICOKYO NPOMYCKHY CNOCOOHOCTb M YCTOMYMBOCTb
K OTkazam. BknoyeHre xapakTepuCTUK HafeXHOCTU B MOAESNb NMO3BOJSIMIO YYECTb BUSIHUE OTKA30B OMTOBOJIO-
KOHHOW cpefbl U Y3/10B CETU Ha NPOU3BOANTENBHOCTL. ONTMMU3aLMsa NapaMeTPOB MapkepHOro MeToaa A0CTyna,
BKJI04As BDEMEHHbIE MHTEPBAbI U NONUTKKY Nepeaayy Mapkepos, CyLLLECTBEHHO MOBbLILLAET 00LLYI0 NPOM3BOAM-
TENBbHOCTb CETU, CHMXasi BEPOSITHOCTb KONMNN3WIA, N YBENIMYMBAET NPOMYCKHYIO CNOCOOHOCTb. PaspaboTaHHas ma-
TemaTtumyeckass MoesNb NpenocTaBnseT 9OdEKTUBHbIA MHCTPYMEHT A1 aHanM3a 1 NPOeKTUPOBAHUS JIOKabHbIX
ceTel Ha OCHOBE MHOMOMOZOBbIX ONTOBOJIOKOHHbIX TEXHOJSIOMMIA. 9TO 0COOEHHO BaXXHO A1 CETEN, 0OCNYXXMBAIOLLMX
KPUTUYECKN BaXHbIE NHDPACTPYKTYPbI.

KnioueBblie cnoBa: FDDI-ceTn, mapkepHbIi MeTOA A0CTYNa, MOAENN, BPEMEHHbIE XapakTeEPUCTUKN, OTKa3bl, MNPO-
N3BOOAUNTENIbHOCTb

© [.B. XXmaTtoB, A.C. JleoHTbeB, 2025
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Abstract

Objectives. The study sets out to develop and analyze a mathematical model for information transmission
in multimode fiber-optic ring networks using a token-based access method to ensure efficient interaction between
Internet of Things (loT) devices. The work aims to evaluate the probabilistic and time-related characteristics, as well
as the reliability and performance of the network infrastructure to optimize data transmission parameters, taking into
account the specifics of loT and the peculiarities of the fiber-optic medium.

Methods. Reliability theory methods are used to assess the network’s resilience to failures and increase its
operational efficiency, along with techniques from the theory of stochastic processes to model the dynamics of data
transmission under varying loads and approaches from queueing theory to analyze traffic distribution and packet
queue management. The Laplace-Stieltjes transform is applied to derive functional equations that describe the
probabilistic and time-related data transmission characteristics, enabling precise mathematical modeling of network
processes.

Results. The information transmission processes occurring in multimode fiber-optic networks with token access
in the context of IoT systems were studied. The temporal characteristics of packet transmission for different classes,
including critical loT device data, were analyzed.

Conclusions. Theresults confirm thatmultimode fiber-optic media provide an efficientfoundationforloT infrastructure
that offers both high throughput and fault tolerance. By incorporating reliability characteristics into the model, it was
possible to account for the impact of fiber-optic medium and network node failures on performance. Optimizing the
parameters of the token-based access method, including time intervals and token transmission policies, significantly
improves overall network performance by reducing collision probability and increasing throughput. The developed
mathematical model provides an effective tool for analyzing and designing local networks based on multimode fiber-
optic technologies. This fact is especially important for networks serving critical infrastructure.

Keywords: FDDI networks, token-based access method, models, temporal characteristics, failures, performance
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BBEOEHUE

MHOroMoI0BbIE METO/IBI JOCTYIA OTHOCSATCS K TE€X-
HUKE Mepeladyil JJAaHHBIX B ONTOBOJIOKOHHBIX CHUCTEMaX,
KOTOpBIC IUPOKO MPUMEHSIIOTCS ISl YBEIUYCHUS MIPO-
MyCKHON crocoOHOoCcTH U 3 deKkTHBHOCTH Tepeaadn
undopmanuu. OCHOBHAs HIIEs 3aKITIOYACTCS B TOM, 4TO
CBETOBBIC CUTHAJIBI MEPEIAOTCS OJHOBPEMEHHO 4epes
HECKOJIbKO HE3aBUCHMBIX MOl — Pa3JIHMYHBIX TPACKTO-
pHii pacrpocTpaHeHUs CBETa BHYTPH BOJIOKOHHOTO cep-
JCYHUKA. JTO MO3BOJISICT OPraHU30BATh MAPAIUICIBHYIO
nepeaady JaHHBIX, PH 3TOM KaXKJlas MOJa BBICTyIaeT
B POJIM HE3aBHCUMOTO KaHalla CBS3H.

MHOTroMOI0BbIE METOIBI JIOCTYTIA, 0COOCHHO B CHCTE-
Max C BBICOKOH MPOIYCKHON CHOCOOHOCTBIO, TTO3BOJISFOT
3 }eKTHBHO MacmTaOHpPOBaTh OOBEMBI TIEpEIaBaACMBbIX
JMaHHBIX. [Ipy yBEIMYEHHH YUCIIa MOJ WM HPOITYCKHOM
CHOCOOHOCTH KaKJIOH MOJIBI TAKHE CHCTEMbI HAXOIIST MPH-
MEHCHHE B BHICOKOCKOPOCTHBIX ONTUYECKUX CETSX, BKIIIO-
Yasi MarucTpajibHble KaHAIbI CBS3H U JIOKAJIbHBIC CETH.

XapakTepUCTUKU CUCTEM O0pabOTKU U Tepeaaqu
JIAHHBIX B CETEBBIX CTPYKTypax BO MHOTOM OIIpele-
JSI0TCSL HaJIS)KHOCTBIO Tepeatoleil cpenbl, BKIIoYas
BO3MOJKHBIC OTKa3bl U cOou [1-3]. OmHako BO MHOIHX
UCCIICIOBAaHHUSAX BPEMCHHBIC [TapaMeTPhl Mepeadu pac-
CMaTpPUBAIOTCS HM30JIMPOBaHHO, 0e3 yuera (aKTOPOB
HAJIS)KHOCTH, TOTIA KaK aHAINU3 OTKa30yCTOWYMBOCTU
3a9acTyl0 HE BKIIOYaeT B ce0sl BIMSHUE TEXHOJIOTHM
obpabotku u nepenayn uadopmanuu. [loaromy npu mc-
CJIEJIOBaHUM MHOTOMOJIOBBIX OTITOBOJIOKOHHBIX Iepe/a-
IOIIUX CHCTEM VISl OIICHKU BPEMEHHBIX XapaKTCPUCTUK
HCTIONB3YIOTCSl pa3paboTaHHbIe aBTOpAMH MaTeMaTH4e-
CKHE METO/IbI, YYUTHIBAIOIINE OTKA3bI IepeIatolie cpe-
nel. B [1, 2] aBropamu pa3paboTaHbl MareMaTH4YeCKHe
METOIbI Ul aHAJIW3a BEPOSTHOCTHO-BPEMEHHBIX Xa-
PaAKTEpUCTHK Iepead TaHHBIX B CETAX ¢ MapKEPHBIM
METOJIOM JIOCTYIIA, YYUTHIBAIOLINE BIHMSHUEC OTKA30B,
a TaK)Xe METONbI OIICHKH 3arpy3KH PeCypcoB U TPOH3-
BOJIMTEIIHOCTH TaKHX CETEBBIX CTPYKTyp. braromaps
CBOCH YHHMBEPCAILHOCTH M IOTEHIHAIY, MHOTOMOJIO-
BBIC METOJIBI IOCTYIIA CTAHOBATCS BaYKHBIM UHCTPYMEH-
TOM JUIS TIOCTPOCHHS BBICOKOCKOPOCTHBIX ONTHYECKUX
ceTel, BKJII0Yas MaruCTpabHbIC KaHAIbI CBS3H, JaTa-
LEHTPHl W JIOKAJIbHBIC BBIYUCIUTEIbHBIE ceTh [4-6].
DTH TEXHOJIOTUM OOECIEUYUBAIOT TMOKOCTh MacIITaOu-
pOBaHUS IMyTeM YBEJIWUYCHHs YHCIa MOJ, YIyYIICHHS
KaueCTBa MEPEe/Iauy U MOBBINICHUS [TPOIYCKHOHN CIIOC00-
HOCTH KaXKJI0M MOAYIISIIIMOHHOW TPAeKTOPHH.

1. CTPYKTYPA MHOromMopgoBoro
BOJIOKHA

B MHOTOMOZIOBOM ONTOBOJOKOHHOM KaOeie JrameTp
ceplIeyHrKa OOITBIIIE M0 CPABHEHHUIO C OJTHOMOJOBBIMHU BO-
JIOKHAMH. DTO TIO3BOJISICT CBETY PacHpPOCTPAHATHCS Uepes
paszuble Mobl. Kaskias Moia mpencrasisieT co0oil ormpe-
JICTICHHYIO TPAeKTOPUIO PACIPOCTPAHCHHUS CBETa BHYTPH
BOJIOKHA, OIIPEIeIIIeMYI0 3aKOHaMU (pH3KKH (YIJIOM BBOZA
CBETa, CBOMCTBAMH CEPJICYHUKA H OOOJIOUKH).

ITpu MHOrOMOIOBOM METOZE JaHHBIE PACIIPENEIISIOT-
Csl MEeXITy TOCTYITHBIMU MofiamMu. Kaxkrast Mozia neficTByer
KaK OTJICNIBHBIN KaHA CBSI3U, 00CCIICUrBasl HE3aBHCHMYIO
niepenady qanHbIx |7, 8]. Takue MeTomb! mepeaadn uctob-
3yIOT 0COOEHHOCTH pa3/ieSIeHUs KaHAJIOB, BKITFOYAs:

e WDM (Wavelength-Division Multiplexing) — MynbTH-
TJIEKCUPOBAHHUE C Pa3elieHHEM TI0 JUTMHE BOJIHBI, KOTJia
KaKIOI MOJIC BBIZICIISICTCST ONPE/ICIICHHAS JUTHHA BOJTHBL,

e TDM (Time Division Multiplexing) — MyabTUILICK-
CHpOBaHME C BPEMEHHBIM pa3IeiICHUEM, KOTJa Ka-
JKJIasi MoJla TepeiaeT JaHHBIC B OTBEICHHBIA Bpe-
MEHHOU MHTEpBa;

e YBEIIMYEHHE NPOITYCKHOM CIOCOOHOCTH 0e3 3Ha4yM-
TEITBHOTO YBEIWYCHHSI CTOMMOCTH 000PYy/IOBAHNS;

® BO3MOXKHOCTb MacIITaOWPOBAaHUS CUCTEMBI 32 CUET
YBEITHMUCHHS YUCIIA MOJI;

e mapajienbHas 00padOTKa AaHHBIX, YTO OCOOEHHO
BaYKHO JIJIsl BRICOKOHArpy>KeHHBIX cetelt [9—-11].
PazHbie MOJIBI TPOXOAAT Yepe3 BOJIOKHO C Pa3HOi CKO-

POCTBIO, YTO MOKET IIPUBECTH K BPEMEHHOMY Pa3MBITHIO
curHaiza. MHOrOMOJIOBBIE BOJIOKHA OOBIYHO HCTIONB3YIOT-
Csl Ha KOPOTKHX PACCTOSIHUSX (HAIpHMep, B JIOKAJIBHBIX
CeTsX) U3-3a BHICOKOM MMOTEPH CUTHAJIA U TUCTIEPCHUHL.

VYenoxxHeHre 00pabOTKU CUTHAIA 3aKII0YASTCS B He-
00XOIMMOCTH MIPUMEHEHUsI CIIEIUATU3UPOBAHHOTO 000-
PYHAOBaHHSA, IPEIHA3HAYCHHOTO JUIS pas3leieHHs MO,
yCTpaHEHHs B3aMMHBIX IIOMEX MEXKIY HUMHU B 0Oecrede-
HUS CTaOWILHOCTH MEpenaddl JaHHBIX, 9TO TpedyeT 1o-
MOJHUTEIILHOW HACTPOUKH U KATHOPOBKU CHCTEMBI IS
JOCTIKEHHST ONTUMAIEHOTO Ka4eCTBa CUTHAIA.

B npoMBbIIIIIIEHHOM MHTEPHETE MHOTOMOJIOBBIE OMTO-
BOJIOKOHHBIE CHCTEMBI 0OSCIICUNBAIOT BEICOKOCKOPOCTHON
00OMEH JaHHBIMH B YCJOBHSIX OOIBIIOTO KOIUYCCTBA
TIOJIKTIOYEHHBIX yCTpoiicTs! [12-17].

I Kleinrock L. To Mario Gerla, the Maestro of Networks.
Ad Hoc Networks. 2019;88:178—179. https://www.lk.cs.ucla.edu/
data/files/Mari0%20Gerla%?20tribute%20by%20Len.pdf.  Jlara
obpamienus 24.06.2025. / Accessed June 24, 2025.
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MHOTOMOJIOBBIE CHCTEMBI JIETKO HHTETPUPYIOT-
Cs C Pa3IMYHBIMKM TPOTOKOJAMHU TIEpeaaud JTaHHBIX,
Biiodas Ethernet, Fiber Channel?. VBenuuenue umc-
J1a MOJI UM MOJICPHH3AIMS CUCTEMBI TTO3BOJISIET 03
3HAUUTEJBHBIX 3aTparT IOBBICUTh IPOU3BOIUTEIb-
HOCTb CETH.

2. OrPAHUYEHUS MHOFOMOA0BOIrO
METOAA

Ilepenaya naHHBIX B CETH OCYILECTBISAETCS C yde-
TOM TpeOOBaHMI K AJMHE IAKETOB, MHTCHCHUBHOCTH
[IOTOKA JAAHHBIX OT Ka)KJOr0 y371a, a TAKXKE€ BPEMEHHBIX
OrpPaHUYEHUH, 3a/1aBAEMbIX 3aKa3UUKOM.

Jns  wccnenosaHud Ipolecca Iepefavd  JaHHBIX
B CETU MCIOJIB30BAJICS MapKepHblid MeTox aocryna. Ilpu
9TOM MOJEIUPOBAIUCH PA3IMYHbIE IAPAMETPbL CETH.
BapbsupoBaiich 4ucio y3ios Ny3; HMHTEHCUBHOCTb I10CTY-
IUICHUsI MAKETOB B Y3IIbl CETU I KaXIOHM Mombl A,

k=1,N; npornyckHas CIOCOOHOCTh TPEIAIOIIEN Cpe-
abl C; MHTEHCUBHOCTH OTKA30B TEPENAOIIEH CPENIbI A, ;5

JUIMHA NI€PeaaBacMoro rakera Lr[aK; OrpaHUYCHUC HA BpE-

o 1
MsI TIepe/iadu MaKeTOB KaK 0N MOJIbI B ceTr 7, Ifn)p (mapex-
TUBHOE Bpemst). Orpenensuiuch CIeAyroIe mapamMmeTphl

JUTA KaKI0# MOJIBI: UK ompoca y310B Z(); sarpysku ys3-

JIOB Py, k=LLN u nepenaromien cpensl R BpeMs J0-

cpezl’
1 .

CTaBKH ITaKECTOB T, k( ), BEPOATHOCTb CBOCBPEMCHHOU [10-

CTaBKM ITIAKETOB C YYETOM HAIACKHOCTH nepenaromefzi

cpenpt O, k =1, N; nponsBonutenbHOCTb ceTH KCYM

B kadecTBe OICHKU MPOU3BOIUTEIILHOCTH CETH BbI-
Oupaercsi CymMMapHasi WHTEHCHBHOCTH CBOCBPEMEHHO
00CITy>KEHHOTO TIOTOKA TSl KaXK 0 MOJIBL:

N
w =200
P

[Tycth 3amanbl nporyckHast cnocoOHocTh C, apXu-
TEKTypa CETH C N , y371amu, N IOTOKOB MAaKETOB JJisl Ka-

SKIOW MOJBI C HHTEHCUBHOCTIMU xk, k= 1 N, u orpanu-
YCHU 110 BpeMCHI/I Hepezlarm JAHHBIX.

IToToxu makeToB }‘k JUISL KasKJ0M MOJIBI M OTKa3HblI I1e-
penaromen cpesibl A UMEIOT MyaCCOHOBCKYIO IPUPOJLY,
a Oy¢epHble ycTpoiicTBa y3710B 00JIaalOT HEOTPAHU-
YeHHON eMKOCThio. KonuecTBO y3/10B CETH U KOJIUYe-
CTBO ITOTOKOB ITAKETOB JIJIS Ka)KIOH MOJIBI OJJUHAKOBO.

2 Fiber Channel (BOTOKOHHBIH KaHAID) — CEMEHCTBO MPOTOKO-
JIOB 7151 BRICOKOCKOPOCTHOI! TTepeiaun JaHHbIX. CTanmapTu3anuei
MPOTOKOJIOB 3aHMMaeTcs TexHuueckuit komurer T11, Bxomsimii
B cocTaB Mex/IyHapOJHOTO KOMHTETA 110 CTaHaapraM nHdopma-
nnoHHBIX TexHonorui. [Fiber Channel is a family of protocols for
high-speed data transmission. The protocols are standardized by the
T11 Technical Committee, part of the International Committee for
Information Technology Standards.]

3. TEOPEMA Ob OLUEHKE LLUKJIA OMPOCA
B MAPKEPHbIX CETAX

Luxn onpoca y3noe cemu 01 Kaxcoou Mool npsi-
MO NPONOPYUOHALEH KOTUHECH8Y V3108, ONuHe MapKepa
U 06pamHo NPONOPYUOHALEH NPONYCKHOU CHOCOOHOCIU
nepeoaroueli cpedvl U 8ePOSIMHOCIU MO20, YMO CPedd
€80000HA om nepedauu naxKemos OaHHOU MOObL.

[Ipy BEITOTHEHUH JAHHBIX YCIOBHN TEOPEMBI ITHKII
OIpoca y3J0B B PEKUME HAACKHOTO (HYHKIHOHHPOBA-
HESI OMUCHIBACTCS CICAYIOIIUM COOTHOIIICHUEM:

L

M

Y3?

1—27% o

k=1

zW) = , (1)

Irac LM — JIMHa Mapkepa, a ¢ yd€TOM OTKa30B MEpCaaro-

me# cpesl — GopMyInoit:
7
Z§) = TR0 (2)
1 kOTFOT

rae FO(TI) — cpeiHee BpeMsi BOCCTaHOBIICHUs paboTOCIIO-
COOHOCTH Cpe/ibl IoCyIe 0TKa3a.

L rnaK
Hoxasamenvcmeso. Iycts T, = — BpeMms Iie-
c

penayn maketa OT OJHOTO y37ma K apyromy. OueBuHO,
YTO IUKJ OIPOCA y3JIOB CETH (CPEAHUN HHTEPBAT MEXK-
JIy ABYMS TTOCJIEIOBATEIbHBIMU OIPOCAMH y371a) PaBEH:

N L L
yAU) =Z Pi %JFFM

L
+(-p)—r=
k=1 C

L 3
_Z pk HcéjK +F .

B craunonapaom pexume )\kZ(I) = p;- YMHOXast CO-

orHourenue (3) Ha A, , n=1,N, noxy4um cucremy N -
HelfHBIX HEOTHOPOIHBIX YPABHEHUH OTHOCHTENBHO P, :

N L L
}\‘ T1aK 4 M — . 4
nkZ::l Pi| =& [T (=P (4)

BriGepem n1r00bIe /1Ba ypaBHEHUS IS P, U P )

L

%Z A 5)
N L L

7»,»1; Pr gt (=P (6)

YMHOXHUM ypaBHeHHE (5) Ha Xj, a ypaBHeHue (6)
Ha A; ¥ BBIYTEM OJIHO yPABHEHHE M3 JPYTOroO, HOIYIUM

_ i
pl.kj = pjkl., CIICNIOBATENBHO: P; =P =
J
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AHAOrMYHBIM  00pa3oM MOXKHO BBIPA3HTh BCE
M
7\‘1
HbIC COOTHOILICHHS B [IEPBOE YPAaBHEHUE CHCTEMBbI YPaB-
HeHU (4), moyuum:

P> k =1,_N uepes Py Py =Py [MoxcraBnsist naH-

N A, L L
by —k “mak | Tl
S R,
n (7
N L NL
912{7% s }"‘TMM =Py
k=1
N_.L
P, = < y3 ML }‘1’ (8)
C I—Z{M maK H
[ k=1 c
N..L
M _P1_ y3™um
VA 1 ~ ) 9)
C 1—2{7% ng}
k=1
3arpy3ka nepeaaronen cpensl paBHa:
N oL
chez[ _ Z 7\’k nakK .
k=1

B cranpoHapHOM pexHMe 3arpy3ka Cpeibl paBHA

BEPOATHOCTHU TOT'O, YTO B CPE€AC NEPCHAAIOTCA ITAKCTHI.
N

COOTBETCTBEHHO, BelUunHa 1— Z Ay
k=1
HOCTB TOTO, YTO Cpejia CBOOOIHA OT MEPeIadr TaKeTOB.

Kak BugHO, dopmyna (9) MOTHOCTHIO COBIAIACT
¢ ¢opmymoii (1), 9To U TOKA3BIBAET MEPBYIO YaCTh TCO-
PEMBI O IIUKJIC OIPOCa MapKEPHBIX CETEHl.

OyHKIMOHATBHBIE YpPAaBHCHUS IS ONPEACTICHUS
IIUKJIA JIOKAJBHBIX BEIYMCIUTEIBHBIX CUCTEM C MapKep-
HBIM METOJIOM JIOCTYyTa C YYeTOM BO3HUKAIOIIUX OTKa-
30B UMeIOT Bu [1]:

naK

— BEpOSIT-

Z:T (s)=2" (Aor +5- KOTFZT (s)),
FZT (s)= F:T (Mo +5— 7“OTF:T Q)

Zy(s)= [ e™1dZ, (0),

0
A 10
Thp(s) = [edT o1 1), (10)
0
«© k
Z" gy +5 = Ay Tor () = [ e PortPorlor D azp),

0

FE:T (}\'OT +5— KOTF:T (s)) = Ie_(}\vOT+S_}\40TFOT(S))[dF(t)’
0

rae Z OT(f) — ¢yHKIMA paclpe/icIeHHs (®P) nukna mo-
KaJbHOM BBIYUCIUTENBHOW CETH C Y4YeTOM OTKa30B,
Z(f) — ®OP nukia JIOKaJIbHOW BBIYUCIUTENILHOW CETH
B YCIIOBUSX HAIEKHOrO (QyHKUMOHMpOBaHus, F_ (f) —
®P BpeMEHH BOCCTAaHOBJICHHUSA MEPENAIOIICl Cpenbl
nocie otkasos, I () — P nepuoa 3aHsATOCTH NEpea-
IOLIeH cpenbl Mocjae OTKa30B, S — KOMILJIEKCHBIM mapa-
MeTp npeodpaszoBanus Jlamraca.

[Mpomuddepentupyem rmepBoe  (QyHKIIHMOHAIBEHOE
ypaBaenue (10) 1o s:

!

00 *
' —(Mgp+s—1,
(Zor (o)) =| [ o ror o azo) | =
0

= —J. te_(k0T+S—}\40TG;T (S))t (1 —_ 7\.01, (G:)T (S))! de(t),
0 1

mpis — 0 (Zgr () yoo=—~Zoy

heor +5 = horlr (9) o= 0. (T (8))'|;—o=-T5)

oT”>

g el hororTor ()] (1= 2 op (T (8))dZ (1) |y =
0

—_z (1 +2. 1O )

OT™ OT

CreoBaTeiibHO,

r)).

OT™ OT

1) — 701
zZW =zM @+ (11)
[pomuddhepenumposas 1o s BTopoe (yHKIMOHATEHOE
ypasHenue (10) u Haiing npenen npu s — 0, HOTy4UM cie-
Jlytolllee COOTHOLICHUE sl OIPENETICHHUs] CPEAHErO 3Hade-
HUS [IEPUOJIA 3aHATOCTHU MEPENArOLIeH Cpeibl OCIIe OTKa3a:

1
r®_ Fy
o FDC

OT™ OT

(12)

[Moncrasnss Beipaxenue (12) B coornomenue (11),

MMOJIy4YuM:
AU

1-n, FD°

OT” OT

70 _

or = (13)

®opmyna (13) MONHOCTBIO COBMAmaeT C (POpMy-
Jo¥ (2), 94TO W JOKa3bIBA€T BTOPYID YacCTh TEOPEMBI
0 IIUKJIE OIPOCa MapKEPHBIX CETEH C yIeTOM OTKa30B.

4. BABUCUMOCTb LLUKIIA
OBCJTY>)KUBAHUSA NAKETOB OT KOJIMYECTBA
Y3J10B AJ19 PA3JINYHbIX TUMOB
NMEPEOABAEMbIX MAKETOB

B macrosimieit paboTe uccieayroTcsi mpomecchl me-
penaun mHOOpPMAIMK B MHOTOMOJIOBBIX ONTOBOJIOKOH-
HBIX TIEPEAArOIINX Cpe/iaX ¢ OMOIIBI0 pa3padOTaHHBIX
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paHee aBTOpaMHM MaTeMaTHYECKHUX METOJOB pacueTa
CETEBBIX CTPYKTYP C MapKepPHBIM METOJI0M jaocTyna [1].
[Ipu pacueTax aHaJIM3UPOBAJACh YETHIPEXMOIOBAs OI-
TOBOJIOKOHHAsI Mepearolas cpeia ¢ MpOoIyCKHOH cIio-
cobnoctrio 280 MOuT/c it Kax ol Moabl. JlauHa or-
TOBOJIOKOHHOTO KaHalla MOXKET JOCTHTaTh TaKkKe, Kak
u B FDDI (Fiber Distributed Data Interface, cetu ¢ map-
KEePHBIM METOJIOM JIOCTyNa) ceTsx, 100 kM.

e JlnnHa TaKeTOB, MEPENaBAEMBIX C ITOMOIIBIO TIep-
BOM mMombl L, | = 1024 Out, orpannyenne Ha Bpe-

Ms [Iepe/lauy IaKeTOB szp 1 =0.00025 ¢, unrencus-

HOCTP IMaKETOB, MOCTYMAINUX B CETh OT KaXJIOTO

y3na Aj; = 2000 nax/c.

e JlnuHa makeToB, MepeaBaeMbIX C IIOMOIIBIO BTOPOI
momel L., = 2048 Out, orpaHndYeHne Ha BpeMs
nepeaayn MakeToB 7 p 2 0.0005 c, uHTEHCHB-
HOCTb MaKeTOB, MOCTYMNAIOIIUX B CETh OT KaXJI0TO
y3na A, = 1100 max/c.

e JInMHa maxeToB, nepegaBaeMbIX C MOMOIIBIO Tpe-
Thed MOmbl L, 5 = 4096 OuT, orpaHuyeHne Ha Bpe-
MsI TIEpe/Iauu MaKeToB 1’ p3 0.00075 ¢, UHTEHCHUB-
HOCTB TIaKETOB, ITOCTYIAIOMIAX B CETh OT Ka)XIIOTO
y3nma Ay; = 590 max/c.

e JlnMHa IaKeTOB, IEPEIaBACMbIX C IOMOIIBIO YETBEP-
Toi Mombl L, 4 = 8192 Ourt, orpannyenne Ha Bpe-
Ms TIepeIavyn MakeToB T p 4 = 0.001 ¢, maTEHCUB-
HOCTb ITaKETOB, MOCTYMAIIIUX B CETh OT KaXJIOTO
y3na Aj; = 300 mak/c.

Jnis ynpaBiieHus TIPOIIECCOM Tepeadydl IaKeTOB
Pa3IMYHBIX KJIACCOB C TMOMOIIBI0 YETHIPEXMOJOBOTO
ONTOBOJIOKOHHOTO KOJIbIIa WCIONB30BAJICS MapKepHBIN
meto noctyna. Jlnuna mapkepa L, = 96 6ur, nporyck-
Has criocoOHOCTh Kaxaon Mokl 280 Mowut/c. Tlpu pac-
YyeTax MpeArnosarajoch, 4To BpeMs HapabOTKH Ha OTKa3
nepenaomeii cpebl MOKET IPUHUMATH 3HaueHue 107 ¢,
10° ¢, 106 ¢, 107 ¢ 1 o, BpeMs BOCCTAHOBIIEHHS TIOCIE
orkaza cocrasiser T, =60 c.

[Ipu pacuerax mcciemoBantach 3aBUCUMOCTD [TUKIIA
00CITyKMBaHHs TAKETOB, 3arPy3KH y3JIOB U IEpeaaro-
mel cpembl, BpeMEHH OOCTY)KHBaHHS IMAKETOB, BEPO-
STHOCTH CBOCBPEMEHHOTO OOCIY)XMBAaHHS ITaKeTOB,
MepelaBacMbIX C MOMOIIBIO PA3NUYHBIX MOJ, a TaKXKe
MPOU3BOJIUTEILHOCTH MHOTOMOJIOBOW ~ OTITOBOJIOKOH-
HOW CETH OT KOJIMYECTBA Y3JIOB, TOACOCIMHEHHBIX

K mnepenatomeil cpeae. CooTBETCTByIOIIME TIpaduKu
MpeacTaBieHbl Ha puc. 1-6.

3aBUCHMOCTD BPEMCHU OOCIY)XUBaHHS ITaKETOB
B MHOTOMOJIOBOH KOJIBIIEBOW CETH B KPUTHUCCKOH 001a-
CTH (PYHKIIUOHUPOBaHUS (ITPH Ny3 = 110) or UHTEHCHUB-
HOCTH OTKAa30B IIPEJCTaBICHA B TaOIHIIC.

Kak BugHO U3 TpadukoB (puc. 1-6), ¢ yBeqIu4eHH-
€M KOJIMYEeCTBa Yy3JIOB (TIPU MACIITAOMPOBAHWUU CETH)
B MHOTOMOJIOBOH OITOBOJIOKOHHOW CETH C MapKEepPHBIM
METOJIOM JIOCTYIa YBEIMUMBACTCS 3arpy3Ka IHepearo-
IIeH Cpenbl U y3JIOB CETH, IIUKJI OIIPOCa Y3JI0B U BpeMs
nepeaayn IMaKeToB, IMepeJaBacMbIX Pa3IMYHBIMH MO-
JlaMH, a TIPOM3BOJUTEIBHOCTh CETH JOCTUTAET MaKCH-
MaJIbHOTO 3HAUY€HUS ¥ HAYMHAET PE3KO Majarh.

C yBenuM4eHHWEM HMHTEHCHBHOCTH OTKAa30B B KpH-
THYECKOI oOnmacTu (PyHKIIMOHUPOBAHUS TMPHU OOJIBIINX
3arpy3kax rnepefaromieil cpeapl U y3j10B pe3Ko H3MEeHSs-
IOTCS BCE XapaKTEPUCTHUKU CETH, B YACTHOCTH, BpeMs
00CITy>KHBaHUS TTaKETOB.

OTMeTHM, YTO MaKCHMAJTbHAS TIPOU3BOUTEIEHOCTh
IUTSL BCeX 4 TUTIOB MIepeaBa€MBIX ITAKETOB JTOCTUTACTCS
TPU KOJIMYECTBE Y3II0B Ny3 = 100. KonmnuecTBO CBOEB-
PEMEHHO NEpeIaHHoN nHdopManmu V| MakCUMaJIbHO
TIpU JITTUHE TIaKeTa LHaK =8192:

VnaK - }LcyMLnaK'

0.0012

—0— L 1= 1024 6ut

|| =—— Lo 2 = 2048 6yt

0.0010 [ | —she— Ly, 3 = 4096 61T

L a4 = 8192 61T
0.0008

o
=70.0006 |
0.0004
0.0002
0 i i J
0 20 40 60 80 100 120
Ny3
Puc. 1. 3asucumocTb upkna obcnyxmsanus Z(1)

OT KOJINYECTBA y3J10B CEeTU Ny3

Tabnuua. 3aBMCMMOCTb BPEMEHM 00CNY>XMBAHUSA MaKeTOB B MHOrOMOJ0BOW KOJIbLIEBOWM CETU OT MHTEHCUBHOCTH

OTKa30B
Ao 1074 107 1070 1077 Be3 orkaza
T(L,,, = 1024 6ur), 0.003408 0.0004444 0.0001485 0.0001189 0.0001156
T (L, = 2048 our), 0.003765 0.000552 0.0002312 0.0001991 0.0001955
T (L, = 4096 6ur), c 0.004485 0.0008598 0.0004978 0.0004617 0.0004576
T (L, = 8192 6ur), 0.004669 0.001029 0.0006856 0.0006513 0.0006475

Russian Technological Journal. 2025;13(5):41-50

46



AHanv3 NpPoLLecCcoB nepenayn nHbopmaumm

B MHOIroMO40BbIX ONTOBOJIOKOHHbIX CETAX C MapKepHbIM METOO0M A0CTYyMNa

[.B. XXmaToB,
A.C. JleoHTbEB

1.0r1
—— L =1024 6ut
0.9 | o 1™ = 2048 6ur
| | —he— Loy 5 = 4096 6uT
081 | _o— L =81926ur
0.7

che,u
o
[6)]

0 L L L L L )
0 20 40 60 80 100 120
Ny,
Puc. 2. 3aB1UCMMOCTb 3arpy3ku nepenaroLLen
cpenbl cheﬂﬂ,ﬂﬂ KaXa0m Moabl

OT KOJin4ecTBa y3/108 Ny3

0451
—0— L. 1= 1024 61T
0.40 [ g L7} = 2048 6ur
—te— L. 3 =4096 6ur
0.35 |—f— Lrox ,=81926mT
0.30
0.25}
Q
0.20 1
0.151
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08 ; ) ‘ ' - '
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N,

Puc. 3. 3aB1CMMOCTb 3arpy3ku y3/0B
ANs K&KV MOZbI p OT O6LLEro KoNn4ecTsa y3nos N,

0.0007
—0— L, =10246uT
L [ L g0 = 2048 61T
0.0006 —— anKi =4096 6ut
—— Lpacq=819206ut
0.0005 -
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o
=
0.0003 -
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0.0001 -
0 L L y
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Ny

Puc. 4. 3aB1CMMOCTb CpegHEero BpeMeHu
obcnyxunBaHms naketoB 4 TMNoB T B MHOrOMO0BOW
OMNTOBOJIOKOHHOW CETU C MapKepHbIM METOLOM LOCTyNna
OT KOJIn4yecTBa y3/10B NyB

—— L . 4 =1024 6ut
it Lo = 2048 6ut
0.60 [ |=—sle— L, 3 = 4096 6uT
—p— L a4 =8192 6uT
0.55 : : : : : ’
0 20 40 60 80 100 120
N,

y3
Puc. 5. 3aB1CMMOCTb BEPOATHOCTY CBOEBPEMEHHO
nepepayn naketos Q B MHOrOMO0BO KOJIbLLEBON CETH
OT KONIM4ecTBa y3J108 Ny3

150000 [

—0— L, 1 = 1024 but
it Lo » = 2048 6uT
—te— L, 3 = 4096 OuT

00— Ly = 8192607

100000 [

50000

120

100

0 20 40 60 80

Ny3
Puc. 6. 3aB1CMMOCTb NPOM3BOOUTENBHOCTU )\CYM
019 KaXKa0M Mobl OT KONMYECTBA Y3/10B CETU Ny3

IIpy BBICOKOI MHTEHCHBHOCTH OTKa30B 10# Bpe-
Ms OOCITYKHBaHHS ITAKETOB HamOoJiee BEJIIMKO M yBe-
JUYUBACTCSI C POCTOM pasMmepa makerta. s makera
pasmepoM 1024 Out cpemHee Bpems OOCITYKHBaHHS
coctasisieT 0.003408 c, a st nakera 8192 out — yxe
0.004669 c.

ITpu MHTEHCUBHOCTH  OTKa30B
10 107 BpeMs 0oOCIyKHBAHUS MAKETOB 3HAYMTEIHLHO
cokpamraercs. J{nsg nakera 1024 6uT oHO yMeHbIIAeTCs
noutu B 8 pa3 (710 0.0004444 c), a nist maketa 8192 6ut —
Oonee ueM B 4 paza (10 0.001029 c).

IIpu uHTEHCHBHOCTSX OTKa30B 107 u 1077 Bpems
00paboOTKH MPOI0IIKACT COKPAILATHCS, HO HE TaK PE3Ko,
Kak 1pu nepexoze ot 104k 10>, Hanpumep, 114 naxera
1024 6ut Bpems nagaet ¢ 0.0001485 ¢ mo 0.0001189 c.
OTO yKe MEHee BBIPaKCHHOE YMCHBIIICHHUE.

B ciywae oTcyTCTBHS OTKa30B BpeMsi 0OCITyKUBa-
HUSI OKa3bIBACTCS CTAOMIBHBIM W 3HAYUTENHHO HIDKE,
YeM TpW HaJWYMM OTKa3oB. Hampmmep, mms Bcex

YMEHBUICHUN
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makeToB oT 1024 10 8192 6UT 0HO MEHSIETCS B JUAIa30-
He 0.0001156-0.0006475 c.

WHTEHCUBHOCTh OTKa30B CYIIECTBEHHO BIHSET
Ha BpeMs 00pabOTKH IMaKETOB B MHOI'OMOJIOBOM KOJIbIIE-
Boil ceTH. [Ipy BBICOKMX MHTEHCHUBHOCTSX OHO 3HAUH-
TEJIBHO YBEJIIMYMBACTCS, 0COOCHHO JIJIsl OOJBININX IaKe-
ToB. OJHAKO TIPH CHU)KEHUH HHTECHCHBHOCTH OTKAa30B
10 107° i HIKe BpeMs 06paboTKH PHOIMKAETCS K 3Ha-
YEHHSIM, XapPaKTEPHBIM JUTS CETH 0e3 OTKa30B.

SAKJIIOMEHUE

[TpoBeneHHOE HcCieOBaHUE TTOAYEPKHYIIO KITIO-
YEBYIO POJIb Pa3pabOTKU M aHAIH3a MaTeMaTU4eCKOM
MOJIEJIH ISl ONTUMHU3AINHY MIPOLECCOB MIEpeaaun JaH-
HBIX B KOJIBIICBBIX CETSIX, OCHOBAaHHBIX HAa MHOTOMO-
JOBOW OITOBOJOKOHHOW TEXHOJOTHH C MapKEepHBIM
MEeTOJIOM JocTymna. Vcmonp3oBaHUE METOAOB TEOPHH
HAJe)KHOCTH, CIyYalHBIX IMPOLECCOB M MacCOBOTO
o0cIy>)KMBaHUs, a TaKXKe MPUMEHEHHE mpeoOpa3oBa-
Hus Jlamnaca — CTuiiTbeca mo3Bouio chopMupoBarh
TOYHBIC MAaTCMAaTUYCCKUEC YPAaBHCHUA, o0ecreynBaro-
mue TyOOKUil aHaIM3 XapaKTEePUCTHK CETH M BbISB-
JICHHE KJIIOYEBBIX 3aKOHOMEpPHOCTEH ee (DYyHKIHMOHHM-
poBaHwus.

Pa3paboTtanHast MaTeMaTH4yecKas MOJCIb yUUTHIBA-
eT KPUTHYECKH BayKHbIE TTapaMeTpbl MHOTOMOJIOBOH OII-
TOBOJIOKOHHOM CpeJibl, BKIIIOYas MPOITYCKHYIO CIIOCO0-
HOCTb, BpEMEHHBIE 3a/IeP)KKH, YPOBEHb IIOTEPh JAHHBIX.

B xome ncciemoBaHus ObLT MPOBEICH BCECTOPOH-
HUH aHamu3 paboThl MHOTOMOIOBOW OINTOBOJOKOHHOM
CeTH C MapKEPHBIM METOIOM JIOCTYIIa, B paMKaX KOTO-
poro OBUTH W3YYECHBI BEPOSITHOCTHBIC W BPEMEHHBIC Xa-
PaKTEepPHUCTHKH Tepenadn HHGOpMaUH I pa3InIHBIX
KJIACCOB MaKeTOB. B wacTHOCTH, OBUIM pacCMOTPEHHI 3a-
BHCHMOCTH BPEMCHHU OOCITYKUBAHHUS MMAKETOB OT KOJIH-
YeCcTBa y3JI0B, MOACOCAMHEHHBIX K IIepealoeii cperne,
a TaKKe BIISIHUS TPOITYCKHOW CHOCOOHOCTH KaXIOW
MO/JIbI 1 THTECHCUBHOCTH ITOCTYIUICHUSA MMAKETOB B CCTh.
AHanmu3 MoKasal, YTO C YBEIMYEHHEM KOJIMYECTBA y3-
JIOB B CETH IIPOMCXOINT BO3pACTAHHE 3arpy3KH Iepeia-
IoIIeH cpefibl U y3JI0B, UYTO, B CBOIO OUEPEb, YBEIHUH-
BaeT LUKJI 0OCITY)KMBaHUS U BpeMs Iiepeaqn MaKeToB,
a TaKKe CHM)KAeT MPOU3BOAUTENBHOCTH ceTu. Kpome
TOro, B KPHUTHYECKOH oOsacT (YHKIMOHUPOBAHUS
YCTaHOBJIEHO, YTO ITOBBIIIEHHE HHTEHCUBHOCTH OTKA30B
PE3KO YXYyAIIAeT XapaKTePHCTHKH CETH, B YACTHOCTH,
YBEIMYMBACTCS BPEMsI OOCTY)KUBaHUS MTAKETOB M CHU-
JKaeTCsl BEPOSITHOCTh HX CBOCBPEMEHHOI Mepeiadm.

Ocoboe BHUMaHHUE yAEICHO BOIIPOCaM Ha/IC)KHOCTH
CEeTH, & UMCHHO BIMSIHUIO OTKA30B OTACIBHBIX dJICMEH-
TOB Ha €€ MPOW3BOIUTEIBHOCTh. DTOT ACHEKT HMEET

0CO0YI0 3HAYUMOCTh JJISi KPUTUYECKH BAXKHBIX MPHIIO-
JKEHUM, TJIe HaJICKHOCTD Mepejaun JaHHbBIX ONPECseT
YCIENMHOCTh pabOThI BCel cucTeMbl. BHeapeHue xapak-
TEPUCTUK HAJCKHOCTH B MOJIEIb MO3BOJHIIO pa3pado-
TaTh MEXaHU3MbI yUeTa OTKa30B U MPEIOKUTH CIIOCOOBI
MX MUHUMH3ALWH, YTO MOBBIIIAET YCTOMYHBOCTh CETH
K BHEIITHUM BO3JEMCTBUSM M IIOTEHIIMAIBHBIM COOSM.

Pe3ynprarsl mokaszanu, 4To 3a c4eT MPaBUIBHOW Ha-
CTPOWKH MapamMeTpoOB MOXKHO CYIIECTBEHHO MOBBICHUTH
OOIIYyI0 TPOU3BOJUTEIBHOCTh CETH, CHH3HTH BEPOST-
HOCTh BO3HHMKHOBEHHSI KOJUIM3UH WM YBEJIWYUTH IPO-
MYCKHYIO CITIOCOOHOCTH. JlaHHBIE BBIBOIBI TIOATBEPKIA-
0T BBICOKY0 3()()eKTUBHOCTD MPEITIOKEHHBIX PEIICHUN
W WX 3HAYUMOCThH JUIS TIOBBIMIEHHS KauecTBa PaOOTHI
ceTel.

[IpoBeneHHbIE pacdyeTbl U MOIEIUPOBAHMUE IPOJIE-
MOHCTPHUPOBAJIHA, YTO MHOIOMOJOBAsl ONTOBOJOKOHHAS
cpena ABIAETCS MEPCIIEKTUBHBIM PELIEHUEM sl Opra-
HU3ALMM BBICOKOIIPOM3BOAUTEIBHBIX JIOKAJIBbHBIX CeE-
Tel, 0COOEHHO B YCIIOBUSX TIOBBIIICHHBIX TPEOOBAHMI
K HaJIC)KHOCTH U MUHUMH3AIMU MTOTEPh UH(POPMAIIUH.
Pazpaborannas matemarnyeckas MOJIEIh MOXKET CIy-
JKUTb YHUBEPCAJIbHBIM HHCTPYMEHTOM JUISl aHAJIN3a, 110-
CTPOCHMSI ¥ OTITUMHU3AIIMH CETeH, 00eCTIeUYrBast HAyIHO-
000CHOBaHHbBIE pekoMeHaanuu Juisi ux 3¢dexrnBHOrO
HMCIOJIb30BAaHUS.

Bknap aBTOopoB

A.B. )XXmaToB paspaboTtas TeopeTUHecKyld OCHO-
BY MCCNefoBaHus, A0Ka3aB KOHeBYD TEOPEMY O LuKIe
onpoca B MapkepHbix ceTax (dopmynel 1-13), nposen
aHaNUTUYECKNIA pacyeT BPEMEHHbIX XapakKTepUcTUK ceTtun
1 NocTpoun rpadukn 3asncmumocTel (puc. 1-6), npoaHa-
NM3NPOoBan pesdynbTaTel ONTUMMU3ALUN MAPKEPHOIO METO-
[a [0CTyna 1 NPeasioxXni pekoMeHaaunmy Aisi noBbILLEHNs
3P DEKTUBHOCTN CETU.

A.C. JleoHTbeB cHOPMYMPOBas NOCTAHOBKY 3a4a4u,
BKJIlO4as TpeboBaHMA K nepeaaye gaHHbIX B CETSX, MPOBeN
YNCNEHHOE MOOENMPOBAHNE NAapPaMETPOB CETU (3arpy3ku
y3/10B, MPOMYCKHOM CMOCOBHOCTU, BEPOATHOCTM CBOEBPE-
MEHHOI [OCTaBKM), onpeaennn BAvsiHne 0TKa3oB Nepeaa-
oL cpedbl Ha MPON3BOAUTENBHOCTbL ceTu (Tabnmua).
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HAYHYHAA CTATbA

AHaJIM3 BPEMEHHBbIX IPOrPaMMHO-ANNAPATHBIX
3a/IeP:KEeK B CXeMax ayAuoMoayJieu ¢ Kuoeppusnieckou
SPICE-3myasinmeit

H.P. JleBueHko @, M.C. KocTuH

MUWP3A — Poccuiicknii TexHosiorm4eckuii yamepcutet, Mocksa, 119454 Poccus
@ ABTOp AN nepenvcku, e-mail: Levechenko_n@mirea.ru

* Moctynuna: 04.03.2025 ¢ Jopa6oTaHa: 05.05.2025 ¢ MpuHaTa kK ony6nukoBaHuio: 26.07.2025

Pesiome

Llenn. Llenb ctatbn — napaMeTpriecknii aHanm3a BAVSIHUS BDEMEHHbIX 3afepXXeK B cxemax knbepduamieckomn amy-
NAUMN CUMHANBHBIX ayaMoMonayneii, BHOCMMbIX aHanoro-undpoBbIMi U LMGPO-aHanoroBeiMu npeobpasoBarensMmm
MPorpaMMHoO-annapaTHoro nHTepdenica, LeHTpanbHbIM NPOLECCOPOM U NPOrpaMMHON CPEeAOn BU3yasibHO-rpadu-
yeckoii amynsauum (BIr3) B 3aBMCHMMOCTM OT BbIOpaHHOI0 MPOTOKOJ1a «BBOAA-BbIBOAA» AAHHbIX 1 YCTAHOB/IEHHbIX Npep-
HacTpoek nporpamMmmHoro 65oka BIM9, Takmx kak YyacToTa AMckpeTnsauum, pa3amep 1 Bpems dydepa, YMCro KaHanoB.
MeToapl. MpumensioTcs MmeToabl apxutekTypHoro SPICE'-MogennpoBaHus anekTpuydeckmx CxemM Ha NporpaMm-
HbIX Nnatdopmax B3 Simulink, B T.4. ¢ ncnonb3oBaHneM pecypcoB 6ubnnotekn Simscape, u LiveSPICE; meToapbl
MHTErpnpoBaHns anddepeHumnanbHbiX YpaBHEHN NpK YncneHHom aHanmide SPICE-mopenen aHanoroBbIX CXEM;
MeToAbl 00paboTKN AKCNEPUMEHTASIbHBIX AaHHbIX KN6epdU3NYeCcKor aMyNsaLMn C MOMOLLbIO BCTPOEHHbIX CPEACTB
cpenbl Simulink n nabopaTopHOro pagruon3MepuTenbHOro 06opyaoBaHus.

PesynbTathl. [peanoxeH meton kmbepdusndeckoir SPICE-amynaumm aHanoroBbix ayanoycTpoiicTs. MNonyyeHsi
pesynbTaThl aHann3a GopMMPOBaHNS BPEMEHHbIX 3a4EPXEK B CXEMaxX CUTHaNbHbIX ayanoMoaynen ¢ knbepdunsm-
4yeckoWn amMynsiLumMen Npu Bapraumm npeaHacTpanBaeMbix NapaMeTpoB, BAUSIOLMX HA 3a4ePXKN CUMHASOB, C Npu-
MEHEHNEeM ABOWHMNKOB. PaspaboTaHbl TEXHUYECKNE PEKOMEHAALIMN BbIOOPA KOPPEKTUPYIOLLMX NapamMeTpoB Bpe-
MeHHbIX 3agepxek oT 20 o 120 mc ons obecnevyeHms NoctobpaboTkm ayamuocurHana.

BbiBoAbl. [1l0OKa3aHo, 4TO 455 4YaCTO NCMNOJIb3YEMOrO B ayaMONHTEPDENCHOM TEXHNKE MPOTOKONA «BBOAA-BbIBOAA»
JaHHbIX ASIO? npy TOXAECTBEHHO YCTAHOBNEHHbIX MPeAHacTpoiikax nporpammHoro 61oka B3 (vacTtoTa anckpe-
Tn3aumm 44.1 kl'u, pasmep 6ydepa 8) TMnoBble GYHKLUMOHANbHbIE Y3J1bl CXEM ayauMomMoayein ¢ knbepduanyeckom
3amynaumen, NoCTpPoeHHble B cpene BIO LiveSPICE, MeT HaMMEHbLUME BPEMEHHbIE 3a4EPXKN 5 MC — A1 CXEMbI
NPSIMOro NPOXOXAeHWs curHana n 7 mc — B ciiydae ¢ knbepdusndeckoin amynaumeinn SPICE-cxembl B OTHOLLEHUN

1 SPICE (aHrn. Simulation Program with Integrated Circuit Emphasis) — nporpamMmma-crmMynsTop 3f1eKkTPOHHbIX CXeM 06LLEro
Ha3Ha4YeHs C OTKPbITbIM UcxoaHbIM Kogom. [SPICE (Simulation Program with Integrated Circuit Emphasis) is an open source
simulator of general-purpose electronic circuits.]

2 Audio Stream Input/Output, «BBO/A-BbIBOA, MOTOKOBbIX ayAMOAAHHbLIX» — MPOTOKON Nepeaaqn AaHHLIX C Mano 3a4epx-
KOW, NpeaoCcTaBAAOLWLNIA NPUNOXEHUSIM YHUDULMPOBaHHIN MHTepdENC K annapaTtHbiM pecypcam. [Audio Stream Input/Output
is a low-latency data transmission technology providing applications with a uniform interface to hardware resources.]
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HbIX MaTepuanax navm MeToaax.
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Abstract

Objectives. The study sets out to parametrically investigate the impact of time delays within cyber-physical
emulation circuits for signal audio modules. Specifically, it examines how delays introduced by analog-to-digital
and digital-to-analog converters of the hardware/software interface, the central processor, and the visual graphical
emulation (VGE) software environment are influenced by factors like the selected data input-output protocol and the
VGE block preset configurations such as sampling rate, buffer size and time, and the number of channels.
Methods. Used methods of architectural SPICE3 modeling of electrical circuits on the VGE Simulink software
platforms leverage the resources of the Simscape library and LiveSPICE. Additional methods include those for
incorporating differential equations in the numerical analysis of SPICE models designed for analog circuits and
techniques for processing experimental data generated from cyber-physical emulation using the built-in Simulink
environment and associated laboratory radio measurement tools.

Results. The study introduces a novel approach to emulate analog audio devices using cyber-physical SPICE
modeling. Through the use of digital twins, the study investigates the impact of modifiable parameters on signal
delays within audio module circuits during cyber-physical emulation. Based on these findings, technical guidelines
are provided for selecting appropriate delay correction settings between 20 and 120 ms to ensure efficient high-
speed audio signal post-processing.

Conclusions. By configuring the VGE software block’s settings identically to the ASIO* data input/output protocol
prevalent in audio interface technology (44.1 kHz sampling frequency, 8 buffer size) substantially decreased

3 SPICE (Simulation Program with Integrated Circuit Emphasis) is an open-source simulator for general-purpose electronic
circuits.

4 Audio Stream Input/Output is a low-latency data transmission technology providing applications with a uniform interface
to hardware resources.
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latency in typical audio module circuit nodes is achieved with cyber-physical emulation built into the VGE LiveSPICE
environment. The achieved time delays of 5 ms direct transmission circuit contrast with the 7 ms latency observed
in the cyber-physical emulation of the SPICE circuit when both are benchmarked within the VGE Simulink
environment. The successful implementation of cyber-physical emulation for SPICE models is achieved through the
use of particular settings, such as a 44.1 kHz sampling frequency, buffer sizes ranging from 512 to 1024 samples,

and the use of the ASIO data input/output protocol.

Keywords: time delay, correction, cyber-physical SPICE emulation, Simulink, LiveSPICE, Simscape, audio interface,

ASIO, signal audio module
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BBEAEHUE

Kak wu3BectHO, mpu aBTOMATU3MPOBAHHOW pazpa-
00TKE M MPOrpaMMHO-YMCIEHHOM AaHAJIM3€ CXEMHO-
APXUTEKTYPHBIX pemeHIH (DYHKIIOHAIBHBIX Y3II0B pa-
JIMOZJIEKTPOHHOM anmaparypbl INpUMEHHMa CIeAyroLas
KIacCH(UKAIMS [U(PPOBOTO OIMUCAHUS IIEKTPHUYCCKUX
CXeM: KOJIOBOE, BHU3yallbHO-Tpadueckoe | CMEIIaH-
Hoe [l]. Tak, Hampumep, MHTepIpeTaLus anmaparHou
ApXUTEKTYpbl (DYHKIMOHAJIBHBIX CXEM CHIHAIBHBIX pa-
JOMOJYJIeH TIpH TOMOIM TMPOTPaMMHOTO KOZAa Ipes-
I0JIaraeT WCIIOJIb30BaHHE CTeIHaTN3UPOBAHHBIX
s3bikoB ormcanus SPICE?, VHDL wm s3bIKOB 0OBEKTHO-
OpUEHTUPOBAHHOTO TporpammupoBanus C/C++, Java,
Python, Ruby u 1.1. BuzyansHo-rpaduueckoe onucanue
ABJISIETCA peann3alneil KogoBoW MHTEPIIPETAllH CXEMO-
TEeXHUYECKOU U ()YHKLMOHAIBHOW apXUTEKTYPbI C TIOMO-
MBI (PYHKINOHAIBHBIX OJIOKOB, COCAWHECHHBIX B OpH-
eHTUpOBaHHEIA Tpad. [Ipm 3TOM CMemaHHas SMYIISIHS
MpeNnoNaracT BapHATHBHYIO KOMOWHALIMIO KOJOBOTO,
OJOYHOTO ¥ CHEHIHAJIBHOTO SI3BIKOBOTO AaIapaTHOTO
OIUCAHMSI DJIEMEHTOB CXEM, a TAKKE UX JIEKTPUUECKUX
U JIOTUYECKUX CBS3EH.

TUNUYHBIM TIPUMEPOM HHTEPIIPETALUHA aHAJIOTOBBIX
cxeMoTexHuueckux pemenuil spisercs SPICE-amyi-
TOp [2], MOCTPOCHHBIN Ha YUCIEHHBIX METOJAaX WHTE-
rpupoBaHust TU(PQPEPCHINATBHBIX CUCTEM YypaBHEHHUM
JUISL HAXOXKJEHUSI TOKOB M HANpsDKEHUH B 3a/laHHOM
JNEKTPUUECKON TIETIH.

Kak wu3BecTHO,
JJIEKTPOHHOW KOMITOHEHTHOW 0a3bl

KOMIIAaHUM TIO0  TPOU3BOJCTBY
(OKb), Takue

3 SPICE (amm1. Simulation Program with Integrated Circuit
Emphasis) — nporpamma-cuMynsSTOp JIEKTPOHHBIX CXEM OOILETO
Ha3HA4YeHUsI C OTKPBITBIM UcXomHbIM KomoM. [SPICE (Simulation
Program with Integrated Circuit Emphasis) is an open source
simulator of general-purpose electronic circuits.]

6 VHDL (anrn. VHSIC (Very High Speed Integrated Circuits)
Hardware Description Language) — sI3pIk OIHCaHHS anmaparypbl
naterpanpHbix cxeM. [VHDL is a Very High Speed Integrated
Circuit (VHSIC) Hardware Description Language.]

kak Texas Instruments’, Linear Technology?®,
KYOCERA AVX®, STMicroelectronics!® u ap., mpe-
JIOCTABIISIIOT HMHXEHepaM-pa3padoTyrKkaM mapaMeTpu-
yeckue SPICE-mozenu, a Takke BEKTOPHBIE S-MOJIEIH
6ubnuorek DKb ¢ sMnupuyecKku BbIBEPEHHBIMHU Xapak-
TepUCTUKaMH. [Ipr 7TOM UCTIOB30BaHIE OPUTHHATBHBIX
ouommorek IKb ¢ monHol mapameTpu3saiueid, OpueHTH-
POBaHHOW TOA KOHKPETHHIC SKBHUBAJICHTHBIC MOICIH,
MOCTPOCHHBIC HA 0a3e IMUPOKO MPUMCHSIEMOTO JIBUKKA
SPICE-smymsitopa st pa3inuyaHbIX TPYI PaIHOKOMITO-
HCHTOB M QHAJOTOBBIX WHTETPAIBHBIX CXEM, IO3BOJISCT
B C)KaTble BPEMEHHBIC CPOKH TOOUTHCS HAaISKHOU BOC-
MIPOU3BOJIUMOCTH  PAJTMOTEXHUUYCCKUX XapaKTEPUCTHK
AIIEKTPOHHOTO TIEYATHOTO y3Jia 10 OTHOIIEHHWIO K pe-
3yJBTAaTaM €r0 CXeMOTEXHUYECKON IMYIISIIIHY.
[lpumepamu  BHU3yalbHO-TpaUYECKOTO  OIH-
CaHUsl SBJSIFOTCS  CpPelbl  BU3YalbHOTO  MPOEKTH-
poBanus  SigmaStudio'', LTSPICE'?, QSPICE"3,
Tina-TI'*, NI Multisim"> u gp. C NOMOIIBIO TaKMX

7 Caiir npoussomutens Texas Instruments. https:/www.
ti.com/. Jlata obpamenus 20.02.2025. [Texas Instruments official
website. https://www.ti.com/. Accessed February 20, 2025.]

8 https:/lineartech.com/. Jlara o6pamenus 20.02.2025. /
Accessed February 20, 2025.

9 https://www.kyocera-avx.com/.
20.02.2025. / Accessed February 20, 2025.

10 https://www.st.com/. Jlata obpamenus 20.02.2025. /
Accessed February 20, 2025.

T https://wiki.analog.com/resources/tools-software/
sigmastudio. Jlara o6pamenust 20.02.2025. / Accessed
February 20, 2025.

12 https://www.quadcept.com/en/service/simulation/Itspice/.
Jara oopamenns 20.02.2025. / Accessed February 20, 2025.

13 https://www.qorvo.com/design-hub/design-tools/
interactive/qspice. Jlara oOpamenus 20.02.2025. / Accessed
February 20, 2025.

14 https://designsoftware.com/home/English/.  Jlara
obpamenus 20.02.2025. / Accessed February 20, 2025.

15 https://www.ni.com/en/support/downloads/software-
products/download.multisim.html?srsltid=AfmBOopwVYxFcVb
XG5r0bM31m203f24w4RwAIITsF3ANAp9On-4a8eb F#452133.
[ara obpamenus 20.02.2025. / Accessed February 20, 2025.

[ara obpareHus
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Analysis of time software and hardware delays

in audio module circuits with cyber-physical SPICE emulation

Nikita R. Levchenko,
Mihail S. Kostin

ABTOMATHU3UPOBAHHBIX IUIAT(GOPM BH3YaJbHOTO MPOCK-
TUPOBAHMSI CO CKPBITHIM KOIOM MPEICTABISAETCS BO3-
MOYKHBIM pa3padoTaTh CXeMOTEXHUIECKYIO apXUTEKTYPY
IEKTPOHHOTO M3JIeNNs JTF000H KOH(UTYpaLUU ¢ TIOMO-
b0 OMOTMOTEYHBIX OJIOKOB M Momyied. HemocraTok
TaKUX aBTOMAaTHU3UPOBAHHBIX IIAT(HOPM — OTCYTCTBHE
BO3MOXKHOCTH BHECEHUS B peajbHOM BPEMEHU H3MEHe-
HUW B ommcaHusi OJIOKOB TPHU TOMOIIH TIOJTb30BaTEIh-
CKOTO TIPOTpaMMHOTO Koza. /laHHOTO HerocTaTKa JINIIe-
HBI CpeZbl BH3yaJbHO-Tpaduueckoil smymsun (BI'D),
takue kak LabView'®, Simulink Proteus Design Suite'’
u ap. [Inardopmsr BI'D oTHOCATCS K KJaccy CMeEIIaH-
HOTO OIHCAHMSA, T.€. UMEIOT BO3MOXXHOCTb U3MCHEHUS
0J0KOB C MOMOIBI KO BBICOKOYPOBHEBOTO MM KO-
MaH/IHOTO $13bIKa MPOTrPaMMHUPOBAHHUA.

KubepdusmdaecknM pelieHueM B 00IacTH  CIICIH-
anpHO SPICE-smymsiiu ayiMoMomyielt SBisieTcs: mpo-
rpammuas cpena BI'D LiveSPICE'®, cosnammas 3apy-
Oe)XHBIM HHKeHepoM-m3o0perarenem Jl. Illapmerom mst
TIepCOHABHBIX Pa3padoTOK, AHAIIN3a ¥ CHTHAITBHON OTJIa -
KM 2JIeKTPHYECKHX ayaHocxeM Ha 6ase mpoTokomna ASIO !
myTem TpaHcsiin curHanoB B SPICE-monens cxembr ve-
pe3 aymuonHTepdeiic B pexXnMe peatbHOro BpeMEeHH.

[pemnoxennsnii /1. [aprerom meton xkudepdusn-
yeckoil SPICE-aMyssiuuu cUrHajbHBIX ayJUOMOAYJIEH,
HAIIeIINI TepBoe MPAKTHYECKOE BOIUIONIICHUE B Cpe-
ne BI'D LiveSPICE, sBnsercs BecbMa aKTyaJlbHBIM
JUISL UCCIICIOBAHUSI, TIOCKOJIBKY €T0 BHEAPECHUE MO3BO-
JUT pa3padarbiBaTh, MPOBOIUTH CUTHAIBHYIO OTJIAJKy
W aHaAJIM3 aHAJOTOBBIX HHU3KOYacTOTHBIX SPICE-cxem
¢ (Qu3Muecku peaJbHBIMH CHUTHAJAMH OT BHEIIHUX
CXEMHO-aIMapaTHbIX PELIeHUH B PEaTbHOM BPEMEHH.
[Ipu >TOM Hay4HO-TIpaKTHYECKas ajganTalus U BHe-
npenne Meroma kubOepdmsnmueckorr SPICE-smymsimm
B MHKCHEPHYIO Cpely pa3paboTIMKOB TpeOyIoT mepe-
X0lla Ha TIoOaNbHBIE MYJIBTH(QYHKIHOHAIBHBIC ITIAT-
¢dopmbr BI'D co cMmemaHHbIM ONMMCAaHUEM CXEM, a TaK-
ke Ooliee MIMPOKUM CIIEKTPOM JOCTYITHBIX OMOJIIMOTEK
U BO3MOXHOCTBIO OTKPBITOTO I10JIb30BATENILCKOIO MIPO-
TPaMMHOTO JIOCTyTIa, KaK, Hanpumep, Simulink.

MeTox COCTOHT B 3aMEHE JUIS aHATIN3a U CUTHAJIBHON
OTJIaJKH aNMapaTHOTO MOAYNS WX (PyHKIIMOHAIEHOTO

16 https://www.ni.com/en/shop/labview.html?srsltid=AfmBOooww
WPAjm-J6TthCp-LDLqR2ikpuOOW 5eJHBp2ukBOE3Xe00cfO.
[ara obpammenus 20.02.2025. / Accessed February 20, 2025.

17 https://proteus.no/proteus.html. Jara oOparieHust
20.02.2025. / Accessed February 20, 2025.

18 Caiir paspaborunka LiveSPICE. https://www.livespice.org/.
MHara obpamenus 20.02.2025. [The LiveSPICE developer official
website. https://www.livespice.org/. Accessed February 20, 2025.]

19 Audio Stream Input/Output, «BBOA-BBIBOJ TOTOKOBBIX
ay/IMO/IAaHHBIX» — TPOTOKOJI MEepeiadl JaHHBIX ¢ MaJoi 3aJepiK-
KOH, TIPEOCTABIISIONIMN MPUIOKEHUSIM YHU(DUIUPOBAHHBIA HH-
Tepdeiic k anmaparHsM pecypcam. [Audio Stream Input/Output
isalow-latency datatransmission technology providing applications
with a uniform interface to hardware resources.]

y371a, COCTABJIISIOIIETO CXEMHO-apPXUTEKTYpPHYIO YacTh pe-
AJIIBHOTO PAJMO3JIEKTPOHHOIO YCTPOHCTBA, KHOEPCXEMOiA,
MMOCTPOEHHOM Ha mporpaMmHoii mwiardopme BI'D.

1. AHAJIN3 BJINAHUA BPEMEHHbIX 3AOEPXXEK
B CXEMAX AYAMOCUTIHAJIbHbIX YCTPOUCTB
C KNBEP®U3UYECKOWN 3MYNALUEN

OyHKIMOHATBHASL CXeMa peajn3aliy MeTosia Kubep-
¢usrueckoit SPICE-amyrsitmu (prc. 1), WWUTroCTpHpyromas
IpreMoIIepeIady CUTHAJIA TI0 TIPOTOKOJTY «BBOJIA-BEIBOIA
MEXIly TpOTpaMMHO-aIIapaTHEIM HHTepdericoM (aymmo-
uHTep(eiicoM) U MpeaycTaHOBIeHHOH cpenoit BI'D, pa-
0oTaer CIeAyrOMMM 00pa3oM. AyITHOCHTHAT TIOHaeTCs
Ha BXOIHBIC KaHAIBI aHAIOTO-IM(POBOTO IMpeodpaso-
Barensi (ALIIT) mporpamMmHO-anmapaTHOro MHTepderica;
MporpaMMHO-aIIapaTHelii  UHTEpQENC, MOAKIFOYCHHBINA
yepe3 nopt USB k kommbloTepy, 1O MPOTOKOIY Mepeiadn
ayIMOCUrHaj a 4yepes JpaiiBep mnepenaer B cucremy BI'D
uH(popMaIMIo o0 curnane; cucremMa BI'O nepenaer o6pado-
TaHHBIA CUTHAJ POTrPAMMHO-ANNApaTHOMy UHTEpdeEicy;
[IPOrPaMMHO-AIIAPATHRIA HHTEpQEHC BHIBOOUT 00pabo-
TaHHBIA CUTHAT Ha BHIXOIHBIC KaHAIBI U(PO-aHATIOrOBO-
ro npeobpazoarens (LIAIT).

OCHOBHBIMH TTapaMeTpaMu MPOTrPaMMHOTO  OIo-
ka BI'D, BImsomuMH Ha BpeMEHHBIC 3aJEp>KKH, BO3-
HUKAFOIIIE TIPH MTPOXOXKACHIH BXOJAHOTO CUTHANA Yepes
MPOrpaMMHO-AIapaTHRIA UHTEpQeiic, npaiBep U CH-
cremy BI'TI, momumo OsicTponeiicteust ALITT/ITAIT u 3a-
Jep>KeK MMPOTOKOJIA «BBOJIA-BBIBOIA» TAHHBIX, SIBIIIOTCS
4acToTa JNUCKPETHU3alliu, pa3Mep W Bpems Oydepusa-
O, 4YucCIio SaﬂeﬁCTBOBaHHBIX alfrapaTHbIX KaHaJIOB
u 1.1. O0mas Gopmyna Ui HAKOIUIEHHBIX BPEMEHHBIX

3afepKeK Ty o o BBINISJUT CIEMYIOIIMM 00pasoM:
B3 naxomn — 1aB3 T TB3 B> O]

e T’ g3 — anmnaparHble BpeMEHHbIE 3a/1PXKKH; T g3 gy —

BpPEMCHHBIC 33/ICP’KKH, BHOCHMBIC OiiokoM BI'D.
ArnmapaTHbIe BpEeMEHHBIC 3aJIEP)KKU MPH 00padoT-

Ke aynuountepdeiicom 7, ONUCBIBAKOTCS CIEMYIOLIEH

hopmymnoii:

T =T,

HWHT IAIT +T

A+ T6y ot Tpa3p + Tqﬂ, 2)
e TLI AT — BPEMEHHBIE 3a]I€PKKH, BHOCHMbIE LIAIT BbI-
XOJTHOTO KaHaJIa porpaMMHO-aIlapaTHoro vHTepgeiica;
T ALl — BPEMEHHBIE 3a/IEPXKKH, BHOCHMBIE AINII Bxon-
HOTO KaHajla MPOTrpaMMHO-aIapaTHOTO WHTepdeiica;
T Gy — BPEMEHHBIE 33/IEPHKKH, BHOCHMbIC Oydepom mpo-
rpaMMHO-armnaparaoro uarepdetica; 7, pasp ~ BPEMCHHBIE
3aJIepKKH, orpenensiembie paspsHocThio ALTT/ITATL
BXOJIHOT'O/BBIXOJTHOTO KaHaJla IPOTrpaMMHO-aNIapaTHOTo
untepoeiica; T yy — BPEMCHHBIC 3a/IEPIKKH, ONpesese-
MBIE YAaCTOTOM JIUCKPETH3AIUH.
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MHdopmaLumsa o nporpaMmmHo-annapaTtHoM uHtepdence

YacTtoTa guckpeTtmsaunm
PaspsgHocTb
Pa3mep bydepa
BxogHown n : = -
curtan porpamMMHo-annapaTtHbIin MHTepdeinc
—_— BxopgHble kaHanb! AL
BbIXOHOM Bxoaroii 6ydpep [Opaiigep Cwuctema BITI
CM.:&. BbixoaHble kaHanbl LLAT R —
BbixogHol 6ydep

BpemeHHas 3agepxka

Puc. 1. ®yHkumMoHanbHaa cxema peanmsaumm metoga knbepouaundeckon SPICE-amynsaumn.
Cuctema BI'T] — cuctema Bu3yanbHOro rpadunyeckoro NpoekTMpoBaHus

_L.u‘y

[

Unbuffer MATLAB function

Audio Device
Reader

fcn >

—

m“k
A,
a c
N
&
Y

W)

Audio Device
Writer

Matrix
Concatenate

Buffer

Puc. 2. ®yHkuMoHanbHas cxema nnarmHa knbepduanyieckor MHOroKaHasibHOM 3MyNsaLUmMm
CUrHasnbHbIX ayauomoaynen B cpene BIr'a Simulink

J71st ayAImOTEeXHUKHY KPUTHYECKOM HAKOTIIICHHON Bpe-
MEHHOM 3a/IepKKON sIBJIsieTcs 3aepxkKa Boime 20 mc,
MEHBIILYI0 3aJEP>KKY TPYQHO BOCIPUHATH Ha ciuyX. IIpu
aHaIIM3e cXeM J0MycTuMa 3ajaepxkka 10 130 mc20.

Jns nmpoBenieHNs UCCIEN0BaHUST BPEMEHHBIX 3a7iep-
JKEK P KHOepHU3UIECKOM IMYIISAIIUU CXeMBI pa3paboTaH
IUTIaruH KUOeppU3NIECKOM SMYIISIIUU CUTHATIBHBIX ay/IHO-
Moxayaeir B cpene BI'D Simulink. [lpu ucnonszoBaHuu
oubmuoreku Simscape ayist Simulink naHHBINA TUTATKH T10-
3BOJISICT pa3pabaThIBATh U MPOBOIUTH OTIAJKY ayIHOMO-
JIyJieil B peallbHOM BPEMEHH, 3aMelllas peaibHbIA MOTYIIb
ero 1udposbiM SPICE-1BOWHHKOM. DTOT MOAXOJ TAKXKE
MIPUMEHEH JUTs MCCIICTIOBAHUS XapaKTEPUCTHK, ITEPEUnc-
JICHHBIX BO BBEJICHUH, 2 UMEHHO YaCTOThI JUCKPETH3AIINH,

20 Yo Taxoe 3ameprkka mpu 3amucy 3yka? https://taplic.com/
audio-tips/latency-in-audio/. [lata ob6pamenns 20.02.2025. [What
is the latency in audio recording? https://taplic.com/audio-tips/
latency-in-audio/. Accessed February 20, 2025.]

pasmepa Oydepa?! [3, 4]. DyHKIMOHANEHAS CXeMa ITATH-
Ha [IpeCTaB/IeHa Ha PUC. 2.

[Tnarue BKIIOYAeT ciemyroniie (pyHKIMOHAIBHBIC
Onoxwu:

1. «Audio Device Reader» — 0Onox MHHIIMATIA3AINU
BXOJIHBIX KAaHAJOB MPOrPaMMHO-AMMapaTHOTO WH-
Tepdeiica ¢ onpeaeIeHHBIM IPOTOKOJIOM;

2. «Unbuffer» — Onok, HeoOXoAUMBIN JIJIsT TIpeoOpazo-
BaHMS IOJy4aeMBIX KaJIpoB C MPOTrpaMMHO-aIla-
partHoro mHTepQeiica B INHEWHYIO ITOCIEI0BATEIb-
HOCTb CEMILIOB;

21 Jlesuenxo H.P., Koctiu M.C., ®mmaros C.B., [Teuerkun C.M.
Tlpocpamma kommymuposanus ayouounmepgpeiica ¢ SPICE-mexto-
soeueti: CBUICTENLCTBO O TOCYIAPCTBEHHONM pEerucTpaldu Mpo-
rpamMmbl it OBM 2024685518 P®. 3asBka Ne 2024684363;
3agBi. 18.10.2024; omy6mn. 30.10.2024. Brom. Ne 11. [Levchenko N.R.,
Kostin M.S,, Filatov S.V., Pechenkin S.M. Audio Interface Switching
Program with SPICE Technology: Certificate of State Registration
of Computer Program 2024685518 RF. Publ. 30.10.2024 (in Russ.).]
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3. «MATLAB function» — On0K-QyHKINS, HEOOXOIH- 1 2 4
Mast ISl pas[eieHuss KaHaJoB MPOTrpPaMMHO-aIa- -g = ‘-
i H—— Y )

patHoro uHTEpdeiica;

4. «Matrix Concatenate» — OJIOK, HEOOXOIUMBIN JIJIst
(dhopmupoBanus MaTpuilsl popmara M x N, tae M —
KOJIMYECTBO CEMINIOB, N — KOJIMYECTBO 3a/I€MCTBO-
BaHHBIX KaHAJIOB;

5. «Buffer» — 6510k, HCOOXOAMMBIH 7151 IPEOOPA30BAHHS
MOJIYYEHHON MAaTPUIBI B Kaapbl ISl MOCIEAYIOIIECH
OTIPABKH B MPOrpaMMHO-aNapaTHbI nHTepdelic;

6. «Delay» — G110k, HEOOXOMUMBIN I KOMITCHCAITHA
(hazoBoro ciuBura mnepej OTIPaBKOW Ha BBIXOIHBIC
KaHaJIbl POTrPaMMHO-ANIapaTHOTO HHTEepdeiica;

7. «Audio Device Writer» — 010K, HEOOXOIUMBIH ISt
3allUCH TIOJYYEHHBIX KaJ[pOB B BBIXOJHbIC KaHAJIbI
MIpOrpaMMHO-aIIapaTHOro nHTepdeiica;

8. «Knob» — nn¢poBoit MOTCHIUOMETP /U1l KOPPEKTH-
poBku (hazoBoro casura ookom «Delayy.

2. 9KCNEPUMEHTAJIbHOE UCCJIEQOBAHUE
BPEMEHHbIX SAAEPXXEK B CXEMAX
AYANOMOAYNEN C KNBEPOU3UYECKOMN
SPICE-OMYNSALUUEN

B pamkax mnpoBENEHHOrO HCCIEAOBAaHUS OlCHEe-
HO MpH MHpUEMOIlepeade CUTHAlIA BIUSHHE Ha Bpe-
MEHHBIC 3aJepKKH TaKUX IapaMeTPOB MPOTrPaMMHO-
ammapaTHoro HHTepdeiica Kak 4acToTa TUCKPETH3ALUH,
pa3psOHOCTh, pasMep Oydepa W IPOTOKON Iepenadu
ayanomaHHBIX. lccienoBaHMs TPOBEINCHBI UL IBYX
mwiarpopm BI'D: Simulink — npu oMoy creruaib-
HOoro raruHa kuoepdusndeckoir SPICE-amynsiun
CUTHAIBHBIX ayauomonyneit n LiveSPICE. B kaue-
CTBE MPOTPAMMHO-ANIIAPATHOTO HHTEp(eiica MCIOIb-
3oBasics  ayauomHTepdeiic UMCI1820  (Behringer,
lepmanns) ¢ BO3MOXXHOCTBIO BBIOOpA  CIETYFOIIUX
HacTpoek: pasmep Oydepa — 8, 16, 32, 64, 128, 256,
512, 1024 n 2048 cemmuioB; 4acToTa JUCKpPETHU3ALNUU —
44.1, 48, 88.2 1 96 kI'11; mpoTOKOIIBI MEpeaadH JaHHBIX —
ASIO, WASAPI?2 u DirectSound [5-7].

Ha puc. 3 mpencrasneHa cxema KuOephu3niecKoi
OMYJISILIMU CUTHABHBIX ayJHOMOYIICH.

B Ttab6n. 1 mpencraBieHbl pe3yibTaThl W3MEPEHHN
BPCMCHHBIX 3aJ[CPXKCK T,,, MOIYYCHHBIC C MOMOLIBIO
CXeMbI KHOep(U3N4IecKor SMYISIHUU TPH U3MECHEHHU
4aCTOTBI AMCKpEeTH3aLun F; ¢ PUKCHPOBAaHHBIM pasMe-
poMm Oydepa N = 2048 i1 OTHOKAHAIBHON CXEMBI Mpsi-
MO TPaHCJISINHU CO BXOJIa Ha BBIXOJ] ayTHOoMHTepdeiica.

22 Windows Audio Session API, «BBOA-BBEIBOJ MOTOKOBEIX
ayIMOJIaHHBIX» — MPOTOKOJI Mepeiadn JaHHbIX ¢ MaJloi 3aepixk-
KOif, MIPEIOCTABISIIONINI MPUIOKSHUSIM YHH(UIIMPOBAHHBIN HH-
Tepdeiic K anmapaTHBIM pecypcam, pa3paboTaHHBIH KOMIAaHUEH
Microsoft. [Windows Audio Session API is a low-latency data
transfer protocol providing applications with a unified interface
to hardware resources, developed by Microsoft.]

__

Puc. 3. Cxema knbeppuamnyeckom amynsaumnm,
vcnonb3dyemMas ons uccnefoBaHus
BPEMEHHbIX 331EPXKEK:

1 - ocumnnorpad RTB2002 (Rohde & Schwarz, l'epmaHus),
2 — ayamonHtepdeiic UMC1820, 3 — nepcoHasbHbIl
KOMMbIOTEP, 4 — reHepaTop curHana
HMF2550 (Rohde & Schwarz, l'epmanuns)

Tabnuua 1. Pe3ynbtathl U3MepeHuii BpeMeHHbIX
3a4epXeK NPy U3MEHEHUN YacTOTbl AUCKPETU3aLIM
¢ dUKCHpOoBaHHbIM pasmepom Gydepa

Cpena BI'D, npoTokon «BBOa-BbIBO/IA» JaHHBIX

LiveSPICE, Simulink, Simulink, Simulink,
ASIO ASIO DirectSound WASAPI
F T F T F T F T

H’ 33[[, H’ 3aﬂ7 H, 3aﬂ7 H’ 3aﬂ’
Kl 1 MC Kl 1 MC Kl 1 MC K1 MC

44.1 | 81.8 | 44.1 128 | 44.1 174 | 44.1 135

48 78.6 48 121 48 162 48 130

88.2 71 88.2 | 104 | 88.2 | 110 | 882 | 108

96 70 96 98.8 96 108 96 100

Pesynerare! uccnenoBanmii mist cpenst BI'D LiveSPICE
¢ npotokoiamu DirectSound u WASAPI He npencras-
neHbl, TockombKy cpena BI'D LiveSPICE cuctemHO
HACTpOEHa HCKIIOUUTEIRHO Ha PaboTy C TPOTOKO-
mom ASIO.

B T1abn. 2 mpencraBieHs! pe3yabTaThl M3MEPEHHI
BPEMEHHBIX 3aJIep)KeK MPU H3MEHEHHH pa3Mepa Oy-
tdepa N ¢ (DUKCUPOBAHHON YACTOTOW AMCKPETH3AIMU
le = 44.1 xI'u s OAHOKAHAJBLHOM CXEMBbI MPSIMOU
TPaHCISAIMM CO BXOJa Ha BBIXOJ ayAuouHTepdeiica
u npotokosioB ASIO, DirectSound 1 WASAPIL.

Kak BunmHo u3 Tabn. 1 u 2, npu U3MEHEHUH pa3-
Mepa Oydepa mporpaMMHO-aInapaTHOro HHTepdeiica
IUIL CXEMBI TPSMOU TPAHCILIUKM CUTHAJa W MPOTO-
kxona DirectSound mepenmaum aynmocuraaia BpeMeEH-
HbIC 3aJCPKKM YBEINYHMBAIOTCI. Tak, MaKCHMalb-
HBIe BpeMeHHBbIe 3aniepkku (174 Mc) mokazana cxema
MPSIMOTO TIPOXOXKJICHUSI CUTHAaNa JJIs cpenbl Simulink
C TUTArHHOM KHOEp(PU3UICCKON IMYIISAIUU U MTPOTOKO-
noM mnpuemorniepenaun DirectSound. MuHuMaNbHbIC
3alepKKH (5 MC) TPOJIEMOHCTPUpPOBAA CXeMa IMpsi-
MO TpaHcusiuu curHaia juist cpenst LiveSPICE. Tlpu
MOBBIIIICHUHA YaCTOThI JMCKPETU3alluu HaOIoaaeTcs
YMEHBIIIEHUE BPEMEHHBIX 3allepiKeK, 00yCIOBICHHOE
nepernonHeHuem Oydepa [8—10].
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Tabnunua 2. Pe3ynbtaTbl U3BMEPEHNI BPEMEHHbIX
3afiepXeK nNpu n3ameHeHUn pasmepa bybepa
C GUKCUPOBAHHOM YaCcTOTOW ANCKPETU3aLMN

Cpena BI'D, mpoToKoi «BBO/Ia-BBIBO/IAY» JAHHBIX

LiveSPICE, Simulink, Simulink, Simulink,
ASIO ASIO DirectSound WASAPI
N | B | N | T | N | T | N | T
MC MC MC MC
8 5 8 81.8 8 - 8 90
16 5 16 82.4 16 - 16 92
32 6 32 824 | 32 - 32 92
64 6.6 64 824 | 64 - 64 92
128 8.6 128 | 854 | 128 - 128 95
256 | 13.8 | 256 | 88.4 | 256 | 103 | 256 99
512 | 232 | 512 | 93.8 | 512 | 109 | 512 | 100
1024 | 42.8 | 1024 | 105.8 | 1024 | 111 1024 | 107
2048 82 2048 | 129 | 2048 | 164 | 2048 | 135

Jlns u3MepeHns BPEMEHHBIX 3aJepKeK ¢ MpUMEHe-
HueM nudposoro SPICE-gBoitHuka B cucremax BI'D
UCIIONIb30BAaHA TUIIOBAsl CXeMa YCHUJIMTENs HU3KOH ua-
ctotsl (YHY). Ha puc. 4 u 5 npencraBieHbl IeKTpH-
Yyeckue MpUHUUNUabHble cxeMmbl YHY, moctpoeHHbie
Ha ardopmax BI'D Simulink ¢ momonipio 6uOIHOTEKN
Simscape u LiveSPICE. Beibop tunosoii cxembl YHY
IUTSL TECTHPOBAHMUS H KOPPEKIIUH XapaKTCPHCTUK BPEMEH-
HBIX 3aJIepKEK aHAJIOTOBBIX CXeM ¢ KuOepdu3mdaeckon

SPICE-smynsanueii 000CHOBaH THIOBBIMU CXEMHBIMU
pEIIeHUSIME MUKIIEPHBIX ayJHOKOHCONIEH (aKTUBHBIX
9KBaJIM3ALMOHHBIX JIMHEEK, IIPeaMIIoB, CyMMaTOpPOB, 1a-
HOpaMHBIX JIeJIUTeNIel U T.1.), IOCTPOCHHBIMU Ha 0a3e
onepalMoHHbIX yeunureneit (OY) [11-13].

B Tabn. 3 mpeacraBieHBI pe3yNbTaTHl W3MEPEHHUS
BPEMEHHBIX 33/IEPKEK C IMPUMEHEHHEM IHU(PPOBOTO
JIBOWMHHMKA aynuoMonyist Y HY npu u3MeHeHUuH 4acTOThI
AUCKpeTH3aLmu I, ¢ pUKCHpOBaHHBIM pasMepoM Oyde-
pa N=2048.

Ta6nunua 3. Pe3ynbtaThbl U3MEPEHNi BpEMEHHbIX
3a4epXeK C NPMMEHeEHnEM LMdpPOBOro ABONHMKA
ayamomonynsa YHY npn n3meHeHum 4acTtoTbl
auckpeTmsaunm ¢ GUKCMpoBaHHbIM pa3mepom Bydepa

Cpena BI'D, npoTokon «BBO/1a-BbIBO/Ia» JaHHBIX

LiveSPICE, Simulink, Simulink, Simulink,
ASIO ASIO DirectSound WASAPI
F v Taap F v Taam F v Taam F v Toam
k' MC Kkl MC j 30t MC j 30t MC
44.1 100 | 44.1 194 | 44.1 398 | 44.1 220

48 96 48 182 48 384 48 205

88.2 95 88.2 | 146 | 88.2 | 362 | 882 | 182

96 95 96 137 96 351 96 157

B T1abn. 4 mpencrTaBieHBI pe3yNbTaTHl M3MEPECHUS
BPEMCHHBIX 33/ICPKEK C IMPUMCHEHHEM IH(PPOBOTO
JBoitHuKa aynuomonyns YHY npu nsMenenun pasmepa
Oydepa N ¢ (HUKCUPOBAHHON YACTOTE IMCKPETH3AINH
F =441 «I'w.

Controlled Voltage
Source

O,
S]]
L fen z Solver

Configuration

MATLAB function

Audio Device Unbuffer

Reader

@ Voltage Sensor

P D] )

Matrix Buffer Delay
Concatenate

Audio Device
Wiriter

oe—
PS-Simulink
Converter

Puc. 4. Cxema YHY B cpene BI'3 Simulink ans uccnenoBaHus BDEMEHHbIX 3a4ePXXeK
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W LiveSPICE — m] X
File Edit Simulate View About

N Ha 9 A Bon iR QR _ip
Components 0 X Youurens curda.. X =l
{2 Filter: X -

— Rail é Resistor

-} Capacitor ; Inductor

(zﬁ Voltage Source @ Current Source ’ X1

T Named Wire | Label '
@Generic ;
—~ Circuit Qe

? Buffer % Capacitor v

_ %
. Named Volta... -
L . B100 Q

aﬁ Center Tap Tr... I Wire

@ Current Source
T .. 2=

Properties * 1 X

R1 0,5

o 4

v Misc
Description Nodes with the same name ar
Name GND3
PartNumber
TypeName

WireName

1 kQ<SR2

Ground
GND

WireName
Name of the node connected to this named wire.

Ready

Puc. 5. Cxema mogenu YHY B cpene BI'O LiveSPICE pnsi uccnenoBaHusi BpeMeHHbIX 3aaepxxek. O603HayeHns
3/1EMEHTOB CXEMbI COOTBETCTBYIOT 0603HaYeHUAM, NpuHaTbiM B FTOCT 2.710-81123

Ta6nuua 4. Pe3ynbtathl UIBMEPEHN BDEMEHHbIX 331E€PXEK C NMPUMEHEHNEM LIMDPOBOro ABONHNKA ayanomoayna YHY
npu nameHeHun pasmepa bydepa ¢ GUKCMPOBaHHOM HaCTOTOW ANCKPETU3aLUn

Cpena BI'D, mpoTokon «BBO/Ia-BEIBOAA» TAHHBIX Cpena BI'D, npoTokoi «BBOA-BbIBO/IAY JAHHBIX

LiveSPICE, Simulink, Simulink, Simulink, LiveSPICE, Simulink, Simulink, Simulink,
ASIO ASIO DirectSound WASAPI ASIO ASIO DirectSound WASAPI
N T3az(’ N Tzan’ N T3az{’ N T3an’ N Tsa/:l’ N Tsa,u’ N Tsa,u’ N Tsa,u’
MC MC MC MC MC MC MC MC
8 7 8 100 8 - 8 110 256 17.8 | 256 | 111.2 | 256 262 256 | 118.6
16 7.2 16 100.4 16 - 16 110.2 512 | 294 | 512 124 512 297 512 130
32 7.4 32 101.2 | 32 - 32 111.5 1024 | 53.2 | 1024 | 147 | 1024 | 310 | 1024 | 150
64 8 64 102.8 | 64 - 64 113.3
2048 | 100 | 2048 | 194 | 2048 | 398 | 2048 | 210
128 11.6 128 | 1052 | 128 - 128 | 116.5

2 TOCT 2.710-81. MexrocynapcTBeHHBIH cTaHmapT. Edunas cucmema Kowcmpykmopckoii dokymenmayuu. O6o3Hauenus
bykeenHoO-yupposvie ¢ anexkmpuueckux cxemax. M.: N3narensctBo cranmapros; 1985. [GOST 2.710-81. Interstate Standard. Unified
system for design documentation. Alpha-numerical designations in electrical diagrams. Moscow: 1zd. Standartov; 1985 (in Russ.).]
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% Profiler Report (disserOPAMP @ 26-Apr-2025 21:51:02)

Run: |disserOPAMP @ 26-Apr-2025 21:51:02 M4

4= Search

=

Path Time Plot (Dark Band = Self Time)

'l}i,me (s) Self Time (s) Number of Calls

> |.ulate(disserOPAMP) | ] 1.130

0.000 1

Puc. 6. OkHo paboTbl BCTPOEHHOIO MHCTPYMeHTa Simulink Profiler
C naarnHoM knbepdun3nyeckomn aMynaunm CUrHaabHbIX ayaMoMOAy e

IIo cpaBHEHMIO ¢ pe3ynbTaTaMu U3MEPEHH IS CXe-
MBI C IPSIMBIM TIpoxoxieHreM — 6e3 SPICE-cxembr YHUY,
BpPEMEHHBIC 33/IEP’KKH YBEIMYWINCH B 2 paza. CBsizaHO
9TO C BBEICHHEM JIOTIOJIHUTENBHBIX 3aJCpkKeK Ha 00-
pabotky SPICE-cxempl mporpaMMHBIM OIOKOM — cpe-
mou BI'D [10, 14, 15]. Cucrema BI'D LiveSPICE
MoKa3ajia HAWMEHBIIYI0 BpPEMEHHYIO 3aJIepXKKy, Ona-
rojapsi BCTPOGHHOMY aJTOpuTMy mpocuera audde-
peHumanbHbIX  ypaBHeHUH SPICE-mMonenu  enuHOXKIbI.
BesycnoBHO, BCTPOEHHBIN aJrOPUTM YIIPOIIAET HHTErPO-
nuddepentmanbabie pacuersl st SPICE-cxemsl, oiHa-
KO SIBJISIETCA HE TMOKMM M HE MO3BOJISIET UCIOJIb30BaTh
roroBeie SPICE-oubomuorexu DKb, mocraBisieMbie KOM-
MaHUSIMU-ITPOU3BOJUTEISIMU 110 CPAaBHEHHIO ¢ OMOIHO-
Tekoit Simscape. B aTom ciydae dpopmyna (2) mis arra-
PaTHBIX 3a/Iep’KeK NPUMET CIIeTyIOIUI BUL:

T = TL[Al‘l + TA]_Il'l + T6yq) + Tpa3p+ TL{ﬂ* Tegry )
e Teprn — BPEMEHHAs 3ajIepXKKa, BHOCUMAs IPO-
rpaMMHBIM 0J10KOM cpenbl BI'D.

Tak xak B cpexne BI'D LiveSPICE OTCYyTCTBYIOT
BHYTPEHHHE HWHCTPYMEHTHI 110 H3MEPEHHIO BPEMEHH,
3arpaynBaeMoro camoit ruargopmoit BI'D Ha smyns-
IUIO, TATbHEHIITIE HCCIIeTOBAHISI IPOBOIIIIICE B CpE/Ie
BI'D Simulink co crienuaibHO pa3pabOTaHHBIM TLTATH-
HOM KHOep(U3NIECKOMN dIMYIISAIINY O] pPadoTy ¢ ONOIH-
orexorr Simscape. [Iporokon ASIO moka3zan HauMeHb-
IMe BpPEMEHHBIC 3aJePXKKH, IOITOMY JajbHEUIIHe
WCCIIIOBAHMSI TIPOBOJIMIIMCH TOJIBKO C HUM, KaK Haubo-
JIee paclpoCTPaHEHHBIM B ayquoTexHuke [16—18].

3. UBMEPEHUE BPEMEHHbIX SAAEPXEK,
BHOCUMbIX MPOrPAMMHbBIM BJIOKOM
SPICE-OSMYNFUNN B CPEAOE SIMULINK

Jns m3MepeHus BpPEMEHHBIX 3aJCpPiKeK, BHOCH-
MBIX TIporpaMMHbIM O5lokoM SPICE-amynsiiuu B cpe-
ne BI'D, wucmomb3yercsi BCTPOCHHBIH WHCTPYMEHT
Simulink Profiler**. J|aHHBI WHCTPYMEHT 3amycKaeT
MOZCIMPOBAHNE W CO3JAaeT OTUYCT, HA OCHOBE KOTOPOTO

24 Texuuveckas nokymentauust Simulink Profiler. https://
www.mathworks.com/help/simulink/slref/simulinkprofiler.
html. [ara o6pamenus 20.02.2025. [Technical documentation
of Simulink Profiler. https://www.mathworks.com/help/simulink/
slref/simulinkprofiler.html. Accessed February 20, 2025.]

MIPOBOMIMIICS @HAJIN3 BPEMEHHBIX 3a/IepKEK, BHOCHMBIX
porpamMMHBIM O51okoMm BI'3, Ha 6a3e KoToporo mocTpo-
eHa cxema ayauoMonyins. OKHO TaHHOTO MHCTPYyMEHTa
MIpE/ICTaBICHO Ha pHuC. 6.

OueHuTbh BpEMEHHbIE 3aJEp>KKH, BHOCUMBIE IIPO-
rpaMMHBIM O110koM SPICE-aMymsiim, BO3MOXHO uepes
MOJTy4EHHbIC TapaMeTpPhI CICAYIOMNM 00pa3oM:

_ Self Time
CBID ™ Number of calls’

“4)
rae Self Time — Bpems pabotsl Simulink-monenu c yye-
ToM (hopmupoBanus otuera Simulink Profiler, Number
of Calls — KonmM4ecTBO BBI3OBOB MOJIENH 33 BpeMs
Self Time [19, 20].

PesynbraThl OIIEHKH BPEMEHHBIX 3a/IEPKEK, BHOCH-
MbIX Tiporpammuoit SPICE-smynsinueit Simulink nipen-
CTaBJICHBI B Ta0J. 5 — IUIST CXEMBI TIPSIMOTO TPAHCIISIIHN
curgaiia v B ta0i. 6 — noisa cxembl YHY Ha OV.

Tabnuua 5. Pe3ynbTaThl OLLEHKM BPEMEHHbIX 3a4ep>KeK,
BHOCUMBbIX NporpammHon SPICE-amynsaumen Simulink,
D15t CXeMbl NPSIMO TPAHCAAUMW CUrHana

Bpems
Bpems paGoThr Bpemst BS;’SICCEC‘I:::YE;HE;
Simulink SPICE-omynsin INEKT Hq};CKL(I)ﬁ
Profiler, ¢ BI'D, mMke , i
[PUHIUIHATBHON
CXEMBI, MKC
1 1.2 1.8
2 1.2 1.8
3 12 1.8
4 12 1.8
5 13 1.95

[o pesysnbraram, mpencTaBieHHBIM B TaOM. 5, BHIHO,
g0 ¢ ydetoM kubOepdpusuueckoir SPICE-smynsmum cur-
HAJIBHOTO ayIHOMOIYIISI BpEMEHHBIE 331EpP>KKH, BHOCHMBIE
MPOrpaMMHBIM OJIOKOM 3MYJISIINHM, YBETMUIMINCE B 1.5 pasa.

Pesynbrars! uccnenoBanuii ObicTpoaeiicTBUS HE pe-
CTaBJIEHBI, MOCKOABKY cpega BI'D Simulink ne umeer
BCTPOEHHBIX TECTOB I M3MEPEHUS UMClla 3aTpaduBae-
MBIX TaKTOB LEHTPAIBHOrO mpoueccopa. Mcmonb3yemblit
HCHTPAIBHBIA IpoIieccop B pabore — 64-pa3pstHbIid
Intel®Core™ i5-10500T (Intel, CIIIA) ¢ TakTOBO}i YacTo-
Toit 2.3 I'Tw.
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SAKJTIOYEHUE

B pabore mnpemiokeH MeTox KuOephU3NIECCKOM
SPICE-smynsiiii ~ aHAJIOTOBBIX  ayIHOYCTPOMWCTB.
[Ipemoxkena «uHTEpdeiic-cxema» Ha 0aze mpo-
rpaMMHO-ammaparnoro ayanounntepdeiica UMC1820.
HccnenoBan xapaktep (OPMHUPOBAHUS BPEMEHHBIX
3aJIepKEK, BHOCHMBIX TMPOTPAMMHO-ANIApPaTHBIM HWH-
TepdeiicoM amnmaparHo U MporpaMMHoO cuctemort BI'D.
HccnenoBanue mMmokasano, YTO HAMMEHBIINE BPEMEH-
HbIe 3aJiepKKu (7 MC) IMPOIEMOHCTPUpOBaja CHUCTEMa
BI'D LiveSPICE. 310 CBSI3aHO C MPUMEHEHHEM BCTPO-
€HHOro ajropurma mnpocyera auddepeHnnaIbHBIX
ypaBHenuit SPICE-monenu enqunoxasl. Ho nannblii an-
TOPUTM HE SIBIISICTCSI THOKUM U HE ITO3BOJISIET HCIONIB30-
BaTh pa3paboranHbic SPICE-Onbnmoreky.

Cucrema BI'D Simulink ¢ pa3paboTaHHBIM ILIard-
HOM KHOEp(PHU3NYECKOW 3MYJSIMECH CXeM, HalpOTHB,
MTO3BOJISICT BHEIPATH KOAOBOE OIMMCAHUE TOTOBBIX MO-
neneit OKbB 11eHOM MOBBIIEHHBIX BPEMEHHBIX 3ajiep-
xkek (6omee 100 mc). IlpoBenmeHa pacueTHass OICHKA
BPEMEHHBIX 3a/lepiKeK, BHOCUMBbIX cucteMoit BI'D, ¢ no-
MOIIbI0 HHCTpYMeHTa Simulink Profiler.

Pexomenparusi: mepen NpUMEHEHHEM METOJa KH-
Oephu3HUecKOil SMYISIINN CUTHAJIBHBIX ayIHOMOJYIeH

HEO0OXOIMMO TMPOBOAMTH KaJUOPOBKY MpOTpamMM-
HO-amnmaparHoro uHrepdelica amnmapaTHo ¢ IOMO-
LIBI0 AHAJIOTOBBIX MOTEHLUUOMETPOB, BCTPOECHHBIX
B ALII, u nporpamMmmHo B cucteme BI'D — ¢ momoiibio
onoka «Delay» T KOpPEKTHPOBKH BPEMEHHBIX 3a-
nepxek. Tak, B kauecTBe 0OOCHOBAaHHO BBIOPAHHBIX
HACTPOEK MPH MPAKTUICCKON peamn3aii MeTona Ki-
oepdusudeckoit amynsiuu SPICE-momeneit siBISFOT-
cs yacrtota nuckperusanuu 44.1 k', pasmep Oydepa
oT 512 1o 1024 ceMmiioB 1 MPOTOKOJ «BBOJ1a-BHIBO/IA»
nmanabeix ASIO.
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Pesiome

Llenu. AKTBHOE pa3BuTME BECMPOBOAHbLIX TEXHONOI MK, BkNtoyas loT (Internet of Things, nHtepHeT Bewelt) n5G/6G,
COMNPOBOXAAETCS POCTOM YPOBHS 3/1IEKTPOMArHUTHbIX MOMEX, YTO CTaBUT Nepen, MHXeHepaMin 3aaa4vy paspaboTku
adpdekTUBHLIX METOA0B UX NopasneHns. Ocobyo CNOXHOCTb NPeACTaBASOT HEDNYKTYaLMOHHbIE MOMEXM pPa3HO-
ro poga. Llenb paHHOro nccnenoBaHmsa 3akioyaeTcs B peanndaunmn 1 aHanmse addeKTMBHOCTM METOAA PEXEK-
LM HeDNYKTYaALMOHHbIX MOMEX C MCMOJIb30BaHMEM afanTMBHOIO GpunbTpa, OCHOBAHHOIO Ha aHann3e ormbatoLei
cnekTpa.

MeToabl. B paboTe ucnonb3oBaHbl MeTOAbl MaTeMaTU4ecKoro MOLENNPOBAHUS, CMEKTPanbHOro aHanmnsa
1 aganTmBHoOM dunbTpauunn. MpensnoxeH Noaxod, OCHOBAHHLIN Ha BblaeieHnn ormbatoLleli cnekTpa ans MaeHTu-
durKaLmm 1 nocneayoLLero nogaBneHns He@nykTyaunoHHbIX MOMEX.

PeaynbTatsl. [poBeaeHo nccnepoBanne adpOekTMBHOCTM aaanTMBHOMO aropuTMa nogaBneHns HedyKTyaLUMOHHbIX
NMomMex Ha OCHOBE aHanm3a ormbaloLLel CnekTpa, KOTOPbI NO3BOSISIET BbIAENATL OrMbBAloLLYIO CreKTpa NOMEXu, 4To
obecneunBaeT GOPMMPOBAHNE aMMINTYAHO-4YACTOTHON XapakTEPUCTUKN PEXEKTOPHOrO GpunbTpa B peasibHOM Bpe-
MeHu. B xone nccnenoBaHus peannsoBaHbl U NMPOTECTUPOBaHbI METOALI 06pPaboTkM Ans 3 TUMNOB HEDNYKTYaLMOHHbIX
Nomex: rapMOHNYECKOW, YaCTOTHO-MaHUNynMpoBaHHoi (YM) n gazomaHunynmposanHol (PM). B kavyectse nones-
HOrO CUrHana MCMoJsIb30BaH CUrHaN C KBaZAPaTypHOW amMrniMTyaHOM MOAynsumein. SKkcnepuMeHTabHble pedynbTaThl
LEeMOHCTPUPYIOT XopoLuyto addeKTUBHOCTb NpeasiokeHHOro Metoga, PaspaboTaHHbI aaanTUBHbIA PEeXeKTOPHbIN
GUNbLTP Ha OCHOBE aHaNM3a ornbatoLLel cnekTpa 061aaaeT BbICOKON 9hdEKTUBHOCTLIO Npu 6opbbe ¢ rapMOHNYeCcKol
NMOMEXOI: SHEPreTUYECKNIA BINIPbILL B 3aBUCMMOCTU OT OTHOCUTENBHOM MHTEHCMBHOCTM NMOMEXM MOXET COCTaBNSATb
0o 8-9 pob. MNMpwu ysennyeHnm konmyectTea noMmex adpOeKTNBHOCTb GUNbTPA COXPAHAETCS, XOTSH M HECKOJIbKO CHMXAETCS.
ANropyT™ NMpu ONpPeLENEHHbIX YCI0BUSX Pab0TOCNOCOOEH B YCNOBUSX BO3AENCTBUS Y3KOMOOCHbIX YM- 1 dM-nomex.
BbiBogbl. [MpeanoXeHHbI aganTUBHLIN anropuTM NoAaBneHNs HEDNYKTyaUMOHHbLIX MOMEX HAa OCHOBE aHanm3a
ornbatouleli cnektpa Hanbonee addeKTUBEH NPU HANMYNK B KaHase CBA3M rapMOHNYECKMX MOMeX 1 MeHee addek-
TUBEH NMpY HanM4Ynm 605ee LWMPOKOMONOCHBIX MoMex. PaboTa MMeET NPakTUYECKYI0 3HAYMMOCTb AJ1 CUCTEM LUnd-
POBOI CBA3M, rae TpebyeTcs BblCOKas MOMEX0YCTONYMBOCTb B YC/IOBUSAX CJIOXKHOM 3/1€KTPOMarHUTHON 0O6CTaHOBKM.

KnioueBble cnoea: kBagpatypHas amnantyaHas Moaynaums, HedbykTyaunoHHble moMexu, ormbatoLas crnekrpa,
aganTBHast GUNbTPaLMS, PEXEKUNs, BEPOATHOCTb OUTOBOIN OLLIMOKM, MOMEXOYCTOMYNBOCTb
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Mpo3payHocTb GUHAHCOBOMN AEATESNIbHOCTU: ABTOPbI HE UMEIOT (PUHAHCOBOW 3aMHTEPECOBAHHOCTY B NPEeACTaBeH-
HbIX MaTepuanax uiM MeToaax.

ABTOpPbI 3a9BASAIOT 06 OTCYTCTBUM KOHMIMKTA MHTEPECOB.

RESEARCH ARTICLE

Non-fluctuation interference rejection
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Abstract

Objectives. The rapid advancement of wireless technologies, including IoT and 5G/6G, is accompanied by an
increase in the overall level of electromagnetic interference. This sets engineers the task of developing effective
methods to suppress such interference, including especially challenging non-fluctuating interference of various
kinds. The study aims to implement and analyze the effectiveness of a non-fluctuation interference rejection method
using an adaptive filter based on spectrum envelope analysis.

Methods. Mathematical modeling, spectral analysis, and adaptive filtering methods are used in the work. The
described approach is based on spectrum envelope extraction for identification and subsequent suppression of non-
fluctuation interference.

Results. The effectiveness of an adaptive algorithm for suppressing non-fluctuation interference based on the
analysis of the spectrum envelope has been demonstrate. This algorithm can be used as a means for isolating
the envelope of the interference spectrum to enable the formation of the amplitude-frequency response of the
notch filter in real time. Processing methods for three types of non-fluctuation interference were implemented and
tested: harmonic, frequency-shift keying (FSK), and phase-shift keying (PSK). A signal with quadrature amplitude
modulation forms a useful signal for the purposes of the study. The experimental results demonstrate the good
efficiency of the proposed method. The developed adaptive notch filter based on spectrum envelope analysis
is highly effective in combating harmonic interference to achieve energy gains of 8-9 dB depending on the relative
intensity of interference. Notably, even as interference intensifies, the filter effectiveness persists, albeit with a slight
reduction. The algorithm functions effectively under exposure to narrowband FSK and PSK interference.
Conclusions. The proposed adaptive algorithm for suppressing fluctuation interference based on spectrum
envelope analysis is optimally effective in the presence of harmonic interference within the communication channel,
but less effective in the presence of more broadband interference. The study is of practical importance for digital
communication systems, where high noise immunity is required in a complex electromagnetic environment.

Keywords: quadrature amplitude modulation, non-fluctuation interference, spectrum envelope, adaptive filtering,

rejection, bit error rate, noise immunity
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BBEAEHUE

AKTHUBHOE pa3BUTHE OECIPOBOTHBIX TEXHOJIOTHH,
Bkimtodass [oT (Internet of Things, uHTepHeT Beeil)
u 5G/6G, conmpoBOKAACTCSI POCTOM YPOBHS DJICKTPOMAr-
HUTHBIX [TIOMEX, YTO CTaBUT IepeJl MHKEHEpaMH 3ajiady
pa3paboTku PPEKTUBHBIX METOJOB HX ITOJABICHUS.
Oco0yr0 CIOKHOCTh TPEACTABISIIOT HE(ITyKTyaIrlnoH-
HbIE TOMeXHU pa3Horo poaa. K ux uucity oTHOCATCS rap-
MOHHUYECKHE CUT'HAJIBI, @ TAK)KE CUT'HAJIBI C YACTOTHOH U
(hazoBOM MOIYJISAIMEH, KOTOPbIE MOTYT BO3HHKATh Kak
BCJIEJCTBUE CIIy4YalHBIX TEXHUYECKHUX HapyLIEHUH pe-
IJIAMEHTOB PAJNOCBS3H, TaK U B PE3yNIbTaTe MpEIHAME-
peHHBbIX aelcTBUM. Takue momMexu CylECTBEHHO CHU-
JKaIOT OTHOLICHHWE CUTHAJ/IIyM + TMOMeXa, 3aTpyaHss
JIEKOMPOBaHNE HH(DOPMAIK U MOBBIIIAST BEPOITHOCTD
OIIMOOK B cCUCTeMax cBsizu [ 1-7].

TpaauIIMOHHBIE METOMABl PEKEKIHH, TaKhue Kak
ajanTuBHBIE (GUIBTPHI ¢ anroputMamu LMS!/NLMS?2
WIA TIOAXOAbI Ha OCHOBE OBICTPOTrO MpeoOpazoBaHMA
Oypoe (BIID), yacto okxas3biBaloTCs HEIPPEKTUBHBI-
MH [8—12]. DTO CBs3aHO ¢ WX OTPAHUYCHHOH CIOCO0-
HOCTBIO aJJallTUPOBAThCs K HECTALIMOHAPHBIM IIOMEXaM,
a TaKKe C BBICOKMMM BBIUYMCIUTEIBHBIMU 3aTpaTaMu
npu obpabotke. Kpome TOro, MeTonnl, OCHOBaHHBIC
Ha NpPEeABapUTEIbHOM aHAJINU3€ CIEKTpa, TPeOyloT ToY-
HOTO 3HAHMs YaCTOTHBIX XapaKTEPUCTUK MOMEXH, YTO
3aTPYJHUTEIBHO B YCJIOBUSIX UX TUHAMHYECKOIO H3Me-
HEHUSL.

I LMS-anroput™ (Least Mean Squares, alrOpHT™M HaHMEHb-
IIUX CPEJHMX KBAJPAaTOB) — METOJ AJANTHUBHON (DUIBTpALHH,
HCHOJIB3YETCs JUISl HACTPOMKN KOI(P(UIHEHTOB (GHIIbTpa TaKUM
00pazom, 4To0bI MHHUMH3HPOBATh CPEHEKBAIPATHYHYO OLINO-
Ky MEXAY BBIXOAHBIM CUI'HAJIOM (bl/mpra " KCJIa€MbIM CHUTI'HaA-
nom. [The Least Mean Squares (LMS) algorithm is an adaptive
filtering technique used to adjust the filter coefficients so as
to minimize the mean square error between the filter output and
the desired signal.]

2 NLMS-anropurm (Normalized Least Mean Squares, Hop-
MaJIN30BaHHBIl aJrOPUTM HAMMEHBIINX KBAJpaTOB) — METO[
aIANTUBHON (DUIBTPALIMH, MCIIOIB3YEeTCs AU ONTHMH3AIMH Ma-
paMeTpoB (GHIBTpa B peXXUME pealbHOro BpeMeHH. Pacrmpser
0a3oBsIit anroput™ LMS myTem HOpMaIH3aluy ara aaanTaium,
YTO TOBBIIIAET €r0 YCTOHYMBOCTE 1 A)HEKTUBHOCTD NpH paboTe
C M3MeHsIoNMMICs Bo BpeMeHn curHaigamu. [The Normalized
Least Mean Squares (NLMS) algorithm is an adaptive filtering
method used to optimize filter parameters in real time. It extends
the basic LMS algorithm by normalizing the adaptation step,
which increases its stability and efficiency when working with
time-varying signals.]

B pabore npeanokeH anabTepHATUBHBIN MOIXO,
OCHOBAHHBIN Ha UCIIOJIb30BAHUHU AlPUOPHON HHPOpMa-
uuu 06 orubarouiei cnexrpa nojse3Horo curHaia. Cytob
METO/Ia 3aKJIFOYAEeTCs B BBIJICIICHUN CIIEKTPaJIbHON Ma-
CKM MTOMEXH C MOCIIEAYIOIUM CHHTE30M PEKEKTOPHO-
ro (QuiabTpa, MOMABIAIONIETO BBHIIBICHHBIC YAaCTOTHEIC
komrnioHeHTHl [13]. KitodueBbIM TpenMyIiecTBOM ai-
TOpUTMa SIBISETCS €r0 aJalTHBHOCTH: OH HE Tpeldy-
eT ampuopHOW WH(POPMAIUU O HapaMeTpax IMOMEXH
U criocoOeH paboTaTh B PEKHME PEATbHOTO BPEMCHH.
B pamMkax mccnenoBaHus anropuT™ ObUT anpoOUpoBaH
MPUMEHHUTEIFHO K 3 THaM He(IyKTyallMOHHBIX IO-
MeX, YTO MO3BOJIUJIO OIICHUTh YHUBEPCAITBHOCTh METO-
Jia. DKCIIEPUMEHTHI TIOATBEPIMIIN, YTO TPEIIOKEHHBIH
ajanTuBHBIA (QUIBTp obOecrmeynBaeT 3HAYUTEIHHOE
CHUKCHHME YPOBHS NOMEX NP MUHUMAaJIBLHOM BO3ZICH-
CTBUU HA TIOJIE3HBII CUTHAJ.

AKTyanbHOCTh pabOThl OOYCIIOBJIEHA PACTYLIUMHU
TpeOOBaHUSAMU K ITOMEXOYCTOWYMBOCTH COBPEMEH-
HBIX pPaJUOCHCTEM, OCOOCHHO B KOHTEKCTE BHEIPEHUS
TexHoJoruid loT u aBTOHOMHBIX YCTPOMCTB, € Ha-
JIe’KHOCTh CBSI3U HAIpPSIMYIO BJIMAET Ha 0€301acHOCTb
U (QYyHKIIMOHAIBHOCTE. Pe3ymbTraTel HCCIeIOBaHUS
MOTYT OBITH MPHUMEHECHHI B TEJIEKOMMYHHKAIIHOHHOM
000pymOBaHNN, BOCHHBIX CHCTEMAax CBS3H WM IIPOMBIII-
JICHHO} aBTOMAaTH3allny, 0OecreynBasi MOBBIIICHNE Ka-
4ecTBa padOThI B YCIOBHSIX CIIOKHOM AIIEKTPOMAarHHUT-
HOW 00CTaHOBKH.

METO/[ PEXXEKUUN MOMEX

[MpuHnmn paboThl PeaIr30BaHHOTO B XOJE IPOBO-
JIMOTO HCCIICIOBAHMS aJallTHBHOTO (DHIIBTPa HA OCHO-
BE aHAJIM3a OTHOAONICH CIIEKTpa 3aKIF0YaeTCsl B CIIEY-
IOIIEeM:

1. CnextpanbpHast obOpaborka. IlpuHMMaemas cmech
CHTHajla M TIOMEX MOABEPracTCsl CHEKTPATHLHOMY
aHaim3y ¢ ucnonb3oBanuem bIID. 1o mpeobpa-
3yeT CHTHAJ U3 BPEMEHHOU 00JAaCTH B YaCTOTHYIO,
TMO3BOJIAA TMOJYYUTH CIICKTPAJIbHYIO KAapTUHY JIA
IaJIbHENIIIEro aHaIn3a.

2. Beinenenne oruOaromeil cmektpa. Beramcisiercs
oru0aromas CreKTpa NPUHUMAEMON CMeCH, Mpea-
CTaBISIIONIAst COOOM SKCTPANOIUpPOBAHHBIC 3HA-
YeHHs JIOKAJbHBIX MaKCHMYMOB CIIEKTpa IO 3a-
JAHHOMY nuana3oHy Touek. OHa MO3BOJSIET SBHO
BBIJICITUTD OTJCIIbHBIC YaCTOTHBIC KOMITOHEHTHI CME-
CH CUTHAJIA U TIOMEX.
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3. Ananus orubaromieii cniekrpa. Orudaromas crexkTpa
INPUHUMAEMOl cMecu aHalU3UpyeTcs Il BblIe-
JICHUSI TEX YaCTOTHBIX KOMIIOHEHT, KOTOpbIE HEO0O-
XoouMoO (GuiabTpoBath. [yt 3TOrO0 M3 Ormbaromieit
CHEeKTpa NPUHUMAEMOIl CMECH BBIYHUTAETCS allpHo-
pu U3BecTHas (T.K. Ha IPUEMHON CTOPOHE U3BECTHBI
OCHOBHbIE [TapaMeTpPbl CUTHAJIA, B YACTHOCTH, METO/L
MOJIYJISIIIMA W CKOPOCTh Tepeladyd HHQPOPMAIIUH)
JTaJIOHHAas OTHOAroIas CIeKTpa MOJIE3HOTO CUTHA-
J1a. DTO TO3BOJISIET BRIJACIHUTH OTHOAIONIYIO CIIEKTPa
TTOMEXH JUTS TTOCIIETYIOIETO UCTIONh30BaHMS e¢ Ta-
paMeTpoB B KOH(HUTYPaUH CUCTEMBI (PUIIBTPAIIHH.

4. Cunre3 pexekTopHoro ¢uisrpa. Ilomydyennas oru-
Garomasi CreKkTpa MOMEXM IO03BONSET B PEaIbHOM
BpeMEHH c(OopMUPOBATH aAMIUTUTYIHO-YACTOTHYIO
XapakTepucTuky (AUX) perynmupyeMoro pexek-
TOPHOTO (PUIBTPA, C MOMOIIBIO KOTOPOTO OCYIIECT-
BIIeTCS (PUIBTpALUsl CMECU CUTHAlla U IIOMEXH.
Perynupyemsblii pesKeKTOPHBIN (UIBTP MOXKET OBITH
peanu30BaH B BUI€ MHOTOIIOJIOCHON CTPYKTYPHI € U3-
MEHSIEMBIMH KOA(Q(UIIMEHTaMH YCHJICHHS B TOJIO-
cax [13] wm B Buzie pribTpa ¢ cuaTe3upyemMoit AUX.
[Tocnenanii BapuaHT peam30BaH B JaHHOU padoTe.
OyHKIMOHANBHAS CXeMa aJanTHBHOTO (QHIBTpA,

peanusylomas 3TOT aJIrOpUTM, IIpUBEIeHa Ha puc. 1.

Bxon,
—_— T 1

Bbixop,
 —

O 4 A 4+ N

—>

Puc. 1. ®dyHkumMoHanbHasa cxema aganTMBHOro GunbTpa
Ha OCHOBE aHaNn3a ormbaroLLeit cnekTpa:

1 — npeobpasosartenb Dypbe; 2 — oeTekTop orndaioLlen
cnekTpa; 3 — aTanoH ormbatoLLeit crnekTpa Nnones3Horo
curHana; 4 — cymmaTtop; 5 — pexeKkTOpHbIN GUNbLTP
C cuHTesnpyemon A4X

KOMNbIOTEPHAY MOAEJIb
AOANTUBHOIO ®UJIbTPA

KommproTepHasi MoOJeb aIanTHBHOTO (GHIBTpa
Ha OCHOBE aHaJM3a OrHOAaroLIeH ClIeKTpa IIPUMEHUTEIb-
HO K CHTHAJTY C KBaJpaTypHOH aMIUIUTYIHON MOLYJISIIN-
eit 16-KAM (anrn. Quadrature Amplitude Modulation
16-QAM) peanuzoana B MATLAB/Simulink (trial-Bep-
cusi) u Scilab/Xcos (puc. 2). Pe3ynbrarsl uccienoBaHus
MOTYT OBITh JIETKO PACIPOCTPAHEHBI HA JAPYTUE CUTHA-
JIBI CO CTAI[MOHAPHBIM CIIEKTPOM.

B cexiun «M KAM Moaynsinusy oCyILecTBIseTCs
reHepalys MOoJIe3HOTO CUTHANA 33a/laHHOM Pa3MEepHOCTH,
IocjIe 4ero B KaHajle MPOUCXOAUT HAJIOKEHHE ajju-
TUBHOTO 0€JIOro rayCCOBCKOTO IIyMa U CIOKEHHE C BbI-
OpaHHBIM THUTIOM HE(QIYKTYalMOHHON ITOMEXH, CPOPMHU-
poBaHHOH B cexunu «[eHeparust He(IyKTYalHOHHBIX
IOMEX pa3iiyHoro THIay. [lanee, mpu HEOOXOAUMOCTH,
MIPOHCXOANT TEPEHOC Ha HECYIIYIO YaCTOTY, TIOCIIE YETO
MOJTy4YeHHAss CMECh CHTHaja W TIOMEX Pa3BETBIIIETCS
Ha 2 cekumu aemoayisiuu U pacdera BER mist oOpa-
OOTKHM C UCIIOJIb30BAaHUEM QIaliTUBHOTO (puibTpa u 0e3
HETO, a TAKKE MOIAIaeT B TIOICHCTEMY BBIICICHUS OTH-
Oarorelt criekTpa nmomexu, Oosnee moApoOHO MPEaCcTaB-
JIEHHYIO Ha puc. 3.

B pesynbrare paboThl CXEMBI MOTY4EHBI CIEKTPO-
rpaMMbl, HaIJISIAHO PACKPBHIBAIOLINE MPUHIUN PaboTh
U MOATBEPKAAOIIUE PAOOTOCIOCOOHOCTh aIrOpUTMAa,
IIpeACTaBlICHHbIE Ha PUC. 4.

Jnst mpoBemeHHs HMcciIefoBaHHN CHOPMHUPOBAHBI
3 reHeparopa MOMeX pPa3JIWYHbIX THUIIOB: TapMOHHUYE-
ckoir (ot 1 g0 4 moMex), 4acTOTHO-MaHHUITYJIMPOBAH-
HOM (UM) 1 pazomanumyupoBanHoii (PM). B BepxHei
9acTH CXEMBI PEaTN30BaH aJTOPUTM BBIICIICHUS OTHOa-
IoMIel CIIEKTpa IMMOMEXH 0 MPUHIIAITY, OTOOPaKCHHOMY
Ha puc. 1. MHpopmanus o BBICICHHOW orubaromniei
CIIEKTpa MOMEXH 00padaThiBaeTCs C HMCIOJIB30BAaHHEM
dynxiuu yulewalk®, npeanasHaueHHON 11 TIPOEKTH-
poBanmsa BUX-punsrpoB ¢ 3amanHoit AUX meTomom,
OCHOBaHHbIM Ha ypasHeHusx [Ona — Yonkepa [14-16].
[IpoexTupyeMslit GUIBTP UMEET MEPEATOUHYIO (PYHK-
IUIO:

B(z) by +bz7 ! + ...+bnbz‘”b

H(z)= = —
A(z) 1+ alz_1 +..+a, z "
a
7€ 1, ¥ N, — NOPSKK 3HAMEHATENS U YUCIUTENS COOT-
BETCTBEHHO; z —  KOMIUICGKCHAasi  TIepeMEHHas
Z-npeobpaszosanus (z =e/“n), xotopas cBA3BIBacT pas-
HOCTHOE ypaBHEHHE (uIbTpa ¢ €ro TmepenaTouHOu
. 2mn
(byHKIIHEH; O = N
AJNTOPUTM BBIJICIICHUST OTHOAIOIIECH CIIEKTpa moMe-
X MUHHMH3HPYET CPEIHIOK KBaJPATUYHYIO OIIMOKY
MEXy JkenaeMoil u peanpHoit AUX, ucnonb3ys urepa-
TUBHBIN OAXO]I.
OCHOBHBIE ATarbl paboThI ANTOPUTMA:

1. 3aganue >xemaemori AUX. Ilonp3oBaTens 3amaeT
BEKTOpPBI 4acTOT f W COOTBETCTBYIOUIMX aMILIHU-
Ty M, ONPENESIONINX XKEIAeMYyI0 XapaKTepUCTH-
Ky. HacTOThI HOPMUPYIOTCSI OTHOCUTEIHLHO YaCTOThI

Haiixsucra (0 <f<1).

3 Signal Processing Toolbox User’s Guide. Copyright
1988-2002 by The MathWorks, Inc.
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BbloeneHune ornbatoLlein nomexm
Oruba-
loLas
aTanoHa
eHepauus aTanoHa » BN _|_Re Re |
ornbatoLel curHana im Im—~"
Orunba-
owasa - >
atanoHa 1
; ]
Bbliogenenve
orvbaoLLen
Orv6a- cnekTpa
> touwas nomexm
Re| aTasioHa Re
(A)———»BNd1 >\ =
MpuHUMaeMbI curHan
B NPUCYTCTBUN
HedNyKTyaLMOHHOM MoMexXu Orunba-
lowas
aTanoHa 1

Puc. 3. lNMogcucrtema BobigeneHns ornbaioLlei cnekrTpa noMexm

(2]
o

N b
o O

YpoBeHb, Abm
o

D

BbiBog, ormnbatoiein
cnekTpa nomMexm

D
o

YpoBeHb, ibM
0
o O

N b
o O
T T

-20
—40 l | L 1 L L
0 0.5 1.0 1.5 2.0 0 0.5 1.0 1.5 2.0
YacTtoTta, Ml YacrtoTta, MI'y,
(a) (6)
60 i 40 ,
S S
4§ 40+ 1 o N
= 0 | = il
b £ 20 i
2 oy | & i
£-20 1T 2 o ) —n _—
_40 | 1 1 L
0 0.5 1.0 1.5 2.0 0 0.5 1.0 1.5 2.0
YacTtoTta, MI'y, YacrtoTta, MI'y
(8) (r)
0 50
s s
n n
2 2
g gl £ 0
[0} [0}
o o
8 8
> = -50
-10 ' : .
0 0.5 1.0 1.5 2.0 0 0.5 1.0 1.5 2.0
Yactota, My, Yactota, My
(B) (e)

Puc. 4. CnekTporpamMmbl, oTpaxaroLme npuHumn paboTbl anroputma:
(a) cnekTp NPUHATOro curHana c nomexoi; (6) ormbatoLas crnekTpa NPUHSATOro CUrHana ¢ NoMexoi;

(B) aTanoH ormbatoLLeit cnekTpa curHana; (r) pa3HocTb OrMdatoLLMX MPUHATOrO CUrHana ¢ NOMexon 1 3TasIoHHON
ornbatoLLen cnekTpa curHana; (4) cuHTesnpoBaHHas AYX pexekTopHoro GunbTpa; (e) cnekTp oTPUNLTPOBAHHOIO
curHana. YpoBeHb B JAHHOM Cily4ae — 3TO OTHOCUTENbHAA €ANHNLA N3MEPEHUS MOLLHOCTWN CUrHana,

BblpaXeHHas B Aeumbenax no oTHOWEHMO K 1 MunnneBatty
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2. Pacyer aBTOKOppEISIMOHHON (PyHKLUH. ABTOKOppe-
msiuronHas (yHkiua (k) ONMMCHIBAaeT, Kak CHUrHaj
KOppEIUPYeT ¢ caMHUM COOOW IMpH Pa3iIHYHBIX BpE-
MEHHBIX 3ajepkkax k. XKemnaemas AUX npeoOpa3yer-
Csl B aBTOKOPPEILSIIUOHHYIO (DYHKIHUIO Yepe3 oOpart-
Hoe mpeodpazoBanue Dypoe:

N-1
)= 3 | Hy(elon P el
n=0

rne | Hy(e’ )2 KBaJIpaT aMIUIATYIbI JKejae-
Moii (anmi. desired) xapakrepuctuku, N — KoJduue-
CTBO TOYEK JMCKPETU3AINH, kK — HHICKC 3aIEePKKH.
3. Pemenne ypaBuenunit FOma — Yonkepa amst 3HaMeHa-
tenst A(z) mepenarodnoii GyHkin. dopmupyercs Ma-
TpHIIa aBTOKOppessiiiiy R pasmepoM n X n B 3aBHCH-
MOCTH OT TOTO, KaKO# MOPSIOK (PUIIBETpa HAM HY)KCH.
Jst mopsiaka GunsTpa n Ko3(h(HUIMEHTH 3HAMEHATe-
ma=lay,a,, ..., an]T HaXOJSITCS U3 CUCTEMBI:

R-a=-r,

B KOTOPOH Rl.j = r(li — j|) — o1eMeHTH MaTpHu-
usl aBroxoppenstmu; r = [r(1), #(2), ..., r(n)]".
Janee paccumThIBacTCA 3HAMEHATENb B BHUJAC
Aiz)=1+ alzf1 +.az "

4. Pacuer xoa(¢urnmentoB umucnurens B(z) nepena-
TouHOU (yHKIMHU. [locne pukcanuu A(z) koahdu-
IIUEHTBl YHCIUTENS B(z) OMPEAeNnsIoTCs METOJ0M
HaWMEHBIIHNX KBa/IPaTOB, MUHUMH3HPYs OIIHOKY:

L-1 . B ( e Jo; ) 2
z Hd(e]mﬂ)——. »
i=0 A7)
rae A(z) — y)Ke HalJIeHHbI 3HaMeHaTelb, L — KOJu-
YECTBO YaCTOTHBIX TOYCK.

Jainee Ui ynpolieHus! BBITIOIHACTCS MEPExo.l
K JTUHEeWHOU (opMme npu pacuete yncautens B(z):

B(z) = Hy(e/®) A(2).

5. UteparuBHOe yrouHenue. Ha stom stame anro-
PHUTM MOXeET TIOBTOPHO KOPPEKTUPOBaTh A(z) u B(z),
9TOOBI YITydIIUTH COOTBETCTBHE AUX.

PE3YJIbTATbl MOOEJINPOBAHUSA

FapmMmoHu4yeckas nomexa

Jlist rapMOHMYECKONW TIOMEXH TIPOBEICHBI HCCIIEIO-
BaHUA A(P(EKTUBHOCTH PEKEKIMU C YYETOM KOJIMYESCTBA
TIOMEX, OTHOBPEMEHHO TIPHCYTCTBYIOIIMX B KaHAJE CBS3H,
OTHOCHUTEITHHON aMITIATYIIbI TIOMEXH L (AMIUTUTY/IA TIOMEXH,

JieJIeHHasT Ha CPEIHIOI aMIUTMTYIy TMOJE€3HOTO CHrHaja)
u otHoureHus curHa/mym (OCLI). Onenka s¢dexriuBHO-
CTH OCYILIECTBIISUIACh MO BenunHe nocturaemMoit BER.

IIpoBeneno uccnenoBaHue BIUSHUS KOTUYECTBA rap-
MOHHYECKHX TOMEX Ha 3(P(PEKTUBHOCTh pabOThI (PHITb-
Tpa, pe3yNbTaThl MCCIICNOBAHMUS IPUBEICHBI B TAOMHIIE.

[To moNydYeHHBIM 3HAYCHHSM TIOCTPOCH Tpaduk,
MPEACTABIECHHBIA HAa PHUC. 5, KOTOPBIA WILTFOCTPUPYET
3G PEKTUBHOCTh (GWIBTPAIIUHN B 3aBUCHMOCTH OT KOJIH-
YeCTBAa FAPMOHUYECKUX IOMEX.

101 .-~ ]

BER

—C dunbTpaumen

- - bes dunbTpaumm

1.0 1.5 2.0 2.5 3.0 3.5 4.0
KonunyecTtso nomex

1072

Puc. 5. Npaduk 3aBucumoctn BER
OT KOJINYECTBA NOMEX

Ananuzupyst TpapuK, MOXHO CICNIATh BBIBOJI YTO
HanOOJBIIYI0 3(PPEKTUBHOCTS pean30BaHHBIA METON
aIaNTHBHON (PHIBTPALMU TTOKA3bIBACT IPH MaJOM KO-
JYECTBE TAPMOHUYECKHX TIOMEX, OTHAKO OH COXpaHs-
€T CBOIO 3(PPEKTUBHOCTD U MPH YBEIMYCHUH UX KOJIH-
YeCTBa.

3asucumoct BER ot OCHI npu pa3Hoii oTHOCH-
TEITFHOM MHTEHCUBHOCTH OHOW TapMOHUYECKOW TOMe-
XM W s 2 ciydaeB: 0e3 (WIBTpalui U TPU UCTIONb-
30BaHUM Pa3pabOTAHHOTO AJIANITHBHOTO PEKEKTOPHOTO
¢uIETpa MoKazaHsl HA puC. 6.

il s sl ST P a5
S0 -0 -0 T
Rk

=0 -

Seuigh .

10—2,

—+— C punbTpaumen, 4= 0.9
-+ Bbes dunbtpaumm, p=0.9

10_4 | |-~ C dunbTpaumein, p=0.7
-G Bes3 punbtpaumm, p=0.7

—— C ¢unbTpaupeit, p=0.5
-* Be3 punbtpaumm, p=0.5

C punbtpaumein, p=0.3
Bes punbtpaumm, p=0.3

- C dunbtpaumeint, p=0.1
10-6: -* Be3 punbtpaumm, p=0.1
— Eeq rapMOHm‘quKoﬁ ngmexm

BER

0 2 4 6 8 10 12 14
OCL, nb

Puc. 6. 3aBncumocTb BER ot OCLL npu ncnonb3oBaHum
pexeKkToOpHOro GuabLTpa Ha OCHOBE aHanm3a orvbaloLuei
cnekTpa 1 6e3 punbTpa Npu npueme curHanos 16-KAM
Ha HOHE rapMOHMYECKON MOMEXN C Pa3HOM
OTHOCUTENBHOM MHTEHCUBHOCTbIO |
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Ta6nuua. Pe3ynbTaTthl UCCnegoBaHus B 3aBUCMMOCTU OT KONNMYECTBa rapMoHnyeckmnx nomex npn OCLL =13 ab, u=1

o
=
g 8
3 Z
Crextp 10 GUIbTpanuu AUX ¢dunsrpa Crekrp nocie GUIbTpannum g g 2
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YactoTa, MI'y, YacToTa, My, HactoTa, MI'y,

AHanmm3upys rpapyuKy, MOXHO C/ENaTh BBIBOI, YTO
WCTIOJIb30BaHUE pa3padoTaHHOTO (UIBTpa TOKa3bIBa-
eT cBol0 3(PPEeKTUBHOCTH MpH JTHOOOH OTHOCHUTEIHLHOU
ammuutyne nomexu. g p = 0.9 sHepreTuueckuil Bbl-
UIpBII cocTapiisieT nopsaka 8-9 ab npu BER = 1072,
a s = 0.5 on cocrapnser 3 16 mpu BER = 1073,

YM-nomexa

lupuna cnexkrpa UM-momexu 3aBHCHT OT €€ CKO-
pOCTH mepenadn (JacTOThl MaHUIYISAUMK) VW JeBua-
LMK YaCTOTBI F, TI03TOMY HCCICOBAHbI 3aBUCHMOCTH
BER s pasnoit neuarmu F' R HOPMHPOBAHHOM OT-
HOCHTEJBHO KaHAJILHOM CKOPOCTH TIEPEe/Iaun CUTHAIA VC.
COOTHOIIIGHUE CKOPOCTEH Tepeadd MOMEXH W CUTHa-

na BbIOpaHo u3 ycnosust V<< V. Ilpu 5TOM BiMsiHHE

MIOMEXH CKOHLEHTPUPOBAHO Ha IIaBHOM Jienectke KAM
CUTHaJIa.

3asucumoct BER ot OCII npu pasnoit nesua-
wan £ UM-miomexu urs 2 cirydaes: 6e3 QuIbTparn
U IIPU HCHONB30BAHUU Pa3pabOTAHHOTO aJalTHBHOTO
PEKEKTOPHOTO (DUIIBTpa MOKA3aHbI HA PUC. 7.

AHanM3 MONy4YeHHBIX TpadUKOB TOKA3hIBAET, YTO
Takoil aganTUBHBEINA QUILTP MeHee 3(P(HEKTUBEH B CIIy-
yae YM-niomexu, 4em npu TapMOHHYECKOH, HO, TEM
HE MeHee, OH I03BOJISIET YACTHUYHO YCTPAHUTH MOMEXY
¢ Manoi aesuauueil yacrorst £ < 0.01. Ipn 6omb-
mied neBuanuu GuibTp HedPPEeKTUBCH.

[IposeneHo uccnenopanue BausaHus: YM-nomexu ¢ pas-
HOI OTHOCHTENPHON HHTCHCUBHOCTBIO W ipn 7, = 0.01,
0e3 (IIBTpaIy U TIPY UCTIONBE30BAaHUH CHHTE3HPOBAHHOTO

PEKEKTOPHOIO (PUITBTPA, PE3YJBTaThI IPUBENCHBI HA PHC. 8.
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10!

i -9
om ~ e
*
—+C dunbtpauved, F .., =0
-+ bes punbtpaumn, F o, =
—— C dunbTpaumen, F,q ot = 0.001
-o Bes punbtpaunn, £, = 0.001
-~ C dunsTpauven, Fy,, =0.010
-* Be3 punbTpaumnm, F‘J om=0.010
10-2 n n i n . .
0 2 4 6 8 10 12 14
OCLU, nb

Puc. 7. 3aBncumocts BER ot OCLU
NPW NCNONb30BaHUN PEXEKTOPHOIro dunbTpa
Ha OCHOBe aHann3a ornbatolLeri cnekTpa n 6e3 dunsTpa
npuv npmeme curHanos 16-KAM Ha doHe HM-nomexu
C pa3HoM OTHOCUTENIbHOW AeBuaumen npm =1

100 : : : : : ,

10*‘@

2l
- 10

BE

1 073 _ |~ C ¢punbrpaumeit, p=0.9
-+ bes punbtpaunm, p=0.9
- = C punbrpauveit, u=0.5
il Bes ¢punbtpaumm, p=0.5
1074 C punbtpaumeit, u=0.3
t Bes ¢unbtpaumm, p=0.3
— Be3 YM-nomexu

2 4 6 8 10 12 14
OCL, nb

10-5-

Puc. 8. 3aBucumocTtb BER ot OCLU
NPV NCNONb30BAHUM PEXEKTOPHOro punbTpa
Ha OCHOBe aHannaa orubatollen cnekTpa n 6e3 punbTpa
npu npmeme curHanos 16-KAM Ha poHe HM-nomexn
C Pa3HOM OTHOCUTESIbHON NMHTEHCMBHOCTBIO |

AHanmu3upys rpaduk, MOXKHO ClIIeNaTh BBIBOJ, YTO
WCTIOJIb30BaHUE pPa3padOTaHHOTrO (UIBTPa MOKa3bIBa-
eT cBOIO 3(PPEKTUBHOCTH TOJBKO MPU OTHOCHUTEIILHOM
MHTEHCUBHOCTH 1oMexu [ > 0.9, B oCTalbHBIX Cllyyasx
MPOUCXOAUT PEKEKITHSI TOJIC3HOTO CUTHAIIA, TEM HE Me-
Hee, NpH ONAaronpHATHBIX YCIOBHSAX JHEPTreTUUCCKHN
BEIMTPBIII COCTaBIseT nopsiaka 2—4 1b mpu BER = 1072,

PdM-nomexa

[Mupuna cnexrpa @PM-1oMexu 3aBUCUT OT €€ CKO-
pOCTH nepenadyn (4acToThl MAHUIYIISALKMK) V, HOITOMY
ucciienoBansl 3asucumoctd BER 115 paszHoii ckopoctu
nepenayu V. HOPMUPOBAHHOW K KaHAJILHOW CKOPO-
CTH TIepesiayu curuania V.

Ha puc. 9 nmokaszansl 3aBucumoctu BER ot OCIII
npu npueme curtana 16-KAM nHa dpone OM-nomexu
C OTHOCHUTENBbHOHN aMIIUTyn0i L = 1 1 pa3HOW OTHOCH-
TENbHOM CKOPOCTBIO Nepenadn Vs 2 ciy4daes: 0e3
(UIBTpaMM M TPH UCIIONB30BAaHWM pa3pabOTaHHOTO

A/IalITUBHOTO PEKEKTOPHOTO (DHITBTPA.

10~

~+ -

::§‘+>+—+——+—7+——;
“®:9-0-0-0-0
TR - -y

BER

—— C punsTpauveit, V,

-+ Bes punstpaumn, V.

-o- C dunsTpauveit, V, om =0

—#— C punstpaumeit, V, . =0.
-% Bbes dunbtpauvn, V. =0.001

notH

0 2 4 6 8 10 12 14
OCLU, nb

Puc. 9. 3asucumocTb BER ot OCLL
Np” NCNONb30BaHUM PEXEKTOPHOIr0 pubTpa
Ha OCHOBe aHanm3a orubatoLleli cnekTpa n 6e3 GunbLTpa
npu npueme curHanos 16-KAM Ha poHe PM-nomexu
C pa3HOM OTHOCUTESIbHOM CKOPOCThLIO Nepenayu

AHanu3 TMOoNyYeHHBIX TpadUKOB TMOKA3BIBACT, UTO
peann30BaHHBIA (QUIBTP MEHee H(PQPEKTUBEH B CIIy-
yae ®M-niomexu, 4eMm IpH TapMOHUYECKOH, HO, TEM
HE MEHee, OH IMO3BOJSIET YaCTHMYHO YCTPAHHUTH IIO-
MEXy C Majoil OTHOCHTENBHON CKOPOCTBIO Hepesa-
un V< 0.01. TIpu Gonbuiedl OTHOCUTENBLHOM CKOPO-
cTH nepegayu GpuibTp HedhHeKTuBeH.

[IpoBeneno wuccnenoBanue BiusHUS DM-nomexu
C Ppa3HONl  OTHOCHUTENBbHOW HWHTEHCHUBHOCTBIO |l
pu V. = 0.01, pe3ynbTarbl MOIETUPOBAHUS TPE-

II OTH
craBieHsl Ha puc. 10.

—— C dunbrpaument, p=1.0
-+ bes ¢punbTpauun, p=1.0
—— C punbtpaumein, p=0.5

_4. |-* Bes dunstpaunm, p=0.5
10 —— C dunbtpaumein, p=0.3
-+ be3 punbrpaumn, p=0.3
— Be3 ®M-nomexu

5L . . . . . y
10 2 4 6 8 10 12 14

OCLU, nb

Puc. 10. 3asucumocts BER ot OCLL
Npwv NCNONb30BaHMM PEXEKTOPHOIo GUbLTpa
Ha OCHOBe JeTekTopa ornbatoLein n 6e3 punbTpa
npw npueme curHanos 16-KAM Ha ¢poHe DM-nomexu
¢V, ory = 0.01 1 pazHoii OTHOCUTENBHOM
WHTEHCUBHOCTbIO

Bunno, uto pa3paboTaHblii (UIBTP TaKk ke, Kak
B ciaydyae UM-momexu, 3¢ peKTHBEH MpH OOJBIINX 3HA-
JeHIsIX | = 1, o0ecreunBast YHEPreTHUCCKUN BBIUTPHIII
B HECKOIIBKO Jierr0el1, oOecreunBaeT Majblii SHEpreTH-
YECKUM BBIMIPBIII NIPU CPEAHUX 3HaueHusAX (L = 0.5 u
YXYALUAeT CUTyaruo mpu Manslx | < 0.3. 10 CcBsI3aHO
C TEM, YTO PEXEKIMUU IOJBEPraroTcsi U KOMIIOHEHTHI
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MOJIE3HOTO CUTHAJIA, U B MTOCIIEHEM CITy4ae 3TO MPOsIBIIS-
eTcs 3aMeTHee, TeM He MeHee, s L > 0.5, nmeeTcst s3Hep-
reTHuecKuil BRIMrpsIim nopsaka 2—4 16 u BER = 1072,

SAKJTIOYEHUE

B pesynerare npoBeICHHOTO HCCIETOBAHHS MOXKHO

C/IeTIaTh CIICAYIONINE BBIBOJIbI:

1

11.

. Pa3paboTaHHbIil a1anTHBHBII PEKEKTOPHBIN (DHIBTP

Ha OCHOBE aHalnM3a orubaromieil crekTpa odianaeT
BBICOKOH 3((EeKTUBHOCTBIO TIpu O00ph0e ¢ rapmo-
HUYECKOM mNOMeXOH. DHEpPreTHYeCKUd BBIUTPBHIII
B 3aBUCHUMOCTH OT OTHOCUTEIbHOW MHTEHCUBHOCTH
MIOMEXH MOXKET cocTaBiATh 10 8—9 nb. Ilpu yBenu-
YCHHUHU KOJIMYECTBA TToMeX dPPEKTHBHOCTh (PHUIBTpa
COXPAHSIETCSI, XOTSI M HECKOJIBKO CHIKACTCSL.

. ANTOPUTM PEXKEKINH, H3HAYAILHO pa3paboTaHHbBII

JUTE OOpHOBI ¢ TAPMOHUYECKOH TOMEXOH, MU OTIpe-
JICIICHHBIX YCIOBHUAX paOOTOCIIOCOOCH B YCIOBHUSAX
BO3JIEHCTBUS y3KOMMONOCHbIX UYM- 1 ®M-niomex.

.IIpu pexexkuuu OM-nomexu

WHTEHCUBHOCTH MoMexu L > (0.5 sHepreTudeckuit
BBIUTPBINI OT MCIOJB30BaHUsI (DUIBTPA MOXET CO-
cTaBiTh 10 24 nb.

3(h(HEeKTUBHOCTD
PEKEKTOPHOTO  (PHIIBTPA CYNICCTBCHHO 3aBHCHUT
OT CKOpPOCTH Tepefayd TMOMEXH U €€ HHTECHCHB-
HOCTH, CHW)XKasCh INPH YBEIMYCHHU CKOPOCTH Iie-
penaun nomexu. TeM He MeHee, dHepreTUYeCKUui
BBIMTPBIII OT HCIOJIB30BaHHS (HIIBTPA MOXKET CO-
cTaBiATh 10 2—4 nb mipu p > 0.5.

. DddexTnBHOCTh Pa3pabOTAHHOTO PEKEKTOPHOTO

(unbTpa BhIIIIE TIPU OOJIBIION OTHOCUTEILHOU WH-
teHcuBHOCTH UM- 1 ®M-nomex. Ilpu ux orHocu-
TENBHON HMHTeHCUBHOCTH MeHee 0.5 ¢uipTpanus
Hen(PEeKTHBHA U3-3a 3HAYUTEIHHON PEXKEKIIUH T0-
JIE3HOTO CUTHAJIA.

. HeKOTOpBIM OrpaHM4YCHUCM HNPUMCHUMOCTU (1)I/IJ'H>—

Tpa sIBJIsIeTCS TpeOOBaHUE JOCTATOYHOM CTAI[MOHAP-
HOCTU HE(IYKTYyaIl[MOHHON TTOMEXH, OIPEIeIIIEMOM
CKOPOCTBIO PabOThI UTEPATHBHOTO aJITOPUTMA CHH-

. [pu pexexrumn YM-niomexu 3pPEeKTHBHOCTD QHITh-

. Shynk J.J. Frequency-domain and multirate adaptive filtering. IEEE Signal Process.

Te3a kenaeMoi AUX.
Tpa CYIIECTBCHHO 3aBHCHUT OT JCBHAINU YaCTOTHI
MIOMEXH U €€ HHTCHCHBHOCTH. J((PEKTUBHOCTH
MakcuMajpHa Ipu y3KomojocHoil UM-nomexe
U CHIDKAETCS IIPU yBEIMYeHUH AeBuanuu. Ilpu ma-

JIOM JeBUAIMU YacTOThl F — 0.01 u OombLIOH

Bknap aBTOpoB
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Pesiome

Llenu. OgHa n3 BaxHenwmnx 3agady MOHUTOPUHIa KOCMUYECKOro NPOCTPaHCTBa — 3TO niiaHMpoBaHne Habtoa4eHN
3a kocMumyeckumn annapatamu. OT TOro, HaCKOJIbKO XOPOLUO COCTaB/ieH MniaH HabnoAeHMA, 3aBUCAT Ka4yecTBO
1 o6bem nonyyaemoli nHdopmauumn. B HacTosilee BpeMs CyLLLECTBYET MHOXECTBO Pas/iMyHbIX MeToA0B MyaHu-
poBaHNs HAbNAEHWIA 32 KOCMUYECKMMM annapaTtaMn, OAHaKo eANHbIE KPUTEPUU, KOTOpble NO3BOJISIOT CPABHUTL
passfinyHble anropuTMbl NMIaHNPOBaHNUS, OTCYTCTBYIOT. Lienb paboTbl — HA OCHOBE GU3NYECKUX NMPUHLMNOB Habsto-
LEeHVs pPaamonokauyoHHbIMU, PAANOTEXHUYECKMMWN 1 ONTUYECKUMI CPeaCcTBaMU MOHUTOPUHIa paspaboTaTb Kpu-
Tepuu KayecTBa NnjaHNPOBaHWS!, ONpenennTb X OCHOBHbIE MapamMeTpPbl aHANUTUYECKN U NPOBEPUTb YACTIEHHO.
MeTopabl. MNpeanoxeHHble KPUTEPUM KavyecTBa — AeTePMUHMPOBAHHbIE, OrpaHMYEHHbIE MO 3HEPIUMM MOLLHOCTbIO
curHana n BpemeHeM HabnoaeHus. AHaNUTUYeCKN onpeaesieHbl NpeaesibHble 3HaYeHUs KpUTepMeB KadyecTea s
dUKCUPOBAHHOIO BpeEMEeHW HabnioaeH s, B BbIMMCANTENBHOM 9KCNePUMEHTE a5t 4 anropuTMOB MJlaHMPOBaHKWS No-
Jly4eHbl 3Ha4YEeHUsI KpUTEPMEB KayecTBa.

PesaynbTaTthl. N5 cpaBHEHUS pasfNyHbIX anropuTMOB MIaHMPOBAHUS HAGMOEHWIA, YUNTbIBAIOLMX NPUOPUTET
KOCMWYeCKOoro annaparta 1 obliee BpemMeHu ero HabnaeHns, npensioxeH Kputepuii kayecTBa «Bec — BPeMs Ha-
onogeHns». [ng ydyeTta CTpykTypbl 00LLero BpeMeHn HabnoaeHs BBEOEH KPUTEPUIA «Bec — CTPYKTypa Habnoae-
HUS». AHAIMTUYECKM NOoKa3aHo, YTO 3HAYEHUSI KPUTEPMER OrpPaHNYEHbI, a TakKe pas3nnyaloTcs A5s pasHbliX MeTO40B
niaHNpoBaHus. BbiINOMIHEH YNCNIEHHbIN 9KCNEPUMEHT, KOTOPbI NOATBEPAWIT XapakTep U3MEHEeHUs KpUTepueB ans
PasfINyHbIX METOO0B MiaHNPOBAHNS U NapaMeTPOB, BXOOALLMX B KOUTEPUN.

BbiBoAbI. [peasiokeHHble KpUTEPUN KadecTBa NiaHpoBaHus HabIoAEHN OCHOBaHblI Ha GU3MYECKUX NPUHLMNAX
HabNoAeHMS PAANOTEXHUYECKMMU 1 ONTUYECKUMN CPeaCcTBaMM U MO3BOJISIOT YACSIEHHO CPaBHUTL pe3ysbTaThl nia-
HVPOBaHWSA HabNOEHWIA 32 KOCMUYECKMMM annapaTamuy ¢ yHeToM NPUopUTETHOCTU HabNoAeHWs, BpeMeHN Habsto-
LEHUS 1 ero CTPYKTYpbl. BbluncnntenbHblli 3KCnepuMeHT NoATBepAnS BO3SMOXHOCTb NPUMEHEHUS NpeaioXeHHbIX
KpUTEPUEB «BEC — BPEMS HAaBIOOEHNS» U «<BEC — CTPYKTYpa HabtoaeHns» Ons CpaBHEHUS PasfiNiHbIX anroOpuTMOB
nnaHupoBaHus. MpennioxeHHble KPpUTEepUn LenecoodbpasHo UCMosb30BaTh 418 ONTUMN3aLMN aITOPUTMOB MJ1aHU-
POBaHWS WX X YUCIIEHHOIO CPaBHEHWS O Pa3/INYHbIX YCI0BUIA HAabNI0AEHMS 38 KOCMUYECKMMM/ annapaTtamu.
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Abstract

Objectives. One of the critical tasks of space monitoring is the planning of observations due to the quality and
amount of information obtained depending on how well the observation plan is developed. However, the selection
of a method for planning spacecraft observations is hampered by a lack of unified criteria for comparing different
planning algorithms. Therefore, the work sets out to develop planning quality criteria on the basis of physical
observation principles based on radar, radiotechnical, and optical monitoring approaches in order to analytically
determine their main parameters and check these parameters numerically.

Methods. The proposed quality criteria are deterministic, limited in energy by signal strength and observation time.
The limiting values of the quality criteria for fixed observation time are analytically determined. In order to obtain the
values of the quality criteria for four scheduling algorithms, a computational experiment is carried out.

Results. The proposed “weight—observation time” quality criterion is used to compare different observation planning
algorithms that take into account spacecraft priority and total observation time. In order to account for the structure
of the total observation time, the “weight—observation structure” criterion is introduced. It is analytically confirmed
that the limited criteria values differ for different scheduling methods. The conducted numerical experiment is used
to confirm the nature of the change of criteria for different planning methods and parameters included in the criteria.
Conclusions. The proposed observation planning quality criteria, which are based on the physical observation
principles by radiotechnical and optical means, are used to numerically compare the results of spacecraft observation
planning to take into account the priority of observation, as well as observation time and structure (how many and
how long are the intervals into which the total observation time is divided). The possibility of using the proposed
“weight—observation time” and “weight—observation structure” criteria to compare different planning algorithms
is confirmed by computational experiment. Therefore, it is reasonable to use the proposed criteria for optimization
of scheduling algorithms or their numerical comparison for different satellite observation conditions.

Keywords: observation planning, quality criterion, spacecraft, spacecraft monitoring, conflict observation
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BBEAEHUE

B Hacrosimee Bpemsi HaOMOnaeTCsl 3HAYUTEIIBHBIN
poct umncna kocMmudeckux amnmapatoB (KA) u xocmu-
YECKOr0 Mycopa MpH OTHOCHUTEIBHO MEUIEHHOM POCTE
KOJIMYECTBA M KayecTBa ONTHYECKUX, PaAHOJIOKAIIMOH-
HBIX U PAJHOTEXHHYCCKUX CPEICTB MOHUTOPHHIA OKO-
JI03eMHOTO KOCMHYECKOTO mpocTpanctsa! [1]. B aTmx
YCIOBUSIX 0COOYIO BaKHOCTH IIPHOOpETaeT 3a/1a4da Iuia-
HUPOBAaHW HAOIMIONCHUI CpPENCTBAMH MOHHUTOPHHTA.
AKTyalbHOCTh JIAaHHOW TPOOJIEMBI MOATBEPKIAIOT pa-
00TBI [2—8], B KOTOPBIX aBTOPHI MIPEIATAI0T PA3TUIHbIC
ANTOPUTMBI JUIS TUTAHUPOBAHMS HAONIONCHHH, B T.4. 32
ACTPOHOMHYECKUMHU oObekTamu [9, 10].

B [2] nnst oueHkH 3G GEKTHBHOCTH aJIrOpUTMa Tiia-
HUPOBAHMA, BIMSHHC KaXI0ro Qaxropa (IOTOAHBIC
YCIIOBHSI, yPOBEHb PAaCCEUBAHMS YaCTHI] U JIP.) HA UTO-
TOBBI pe3yJbTaT pachpeAeisieTcss B MPOLEHTHOM CO-
OTHOILIEHUM, HWCXOAS W3 BIUSHHUS KaXKIOro (Qaxropa
Ha KauecTBO pelleHus 3anaun. Kaxxaslii mapameTp ore-
HUBaeTcd B Auanazone ot 1 go 10 6amioB, 3arem 3Haye-
HUE MapaMeTpa YMHOXKAeTCsl Ha COOTBETCTBYIOIIUN eMy
MPOIICHT BaKHOCTH, ¥ BCE B3BCHICHHBIC OIICHKU CyMMHU-
PYIOTCSL.

B [3] autst TutaHupoBaHMS HAOTFOICHHM CTPOSIT KAPThI
s dexTUBHOCTH 00HApy)xeHHsI KA, HCIonb3ys pesyiib-
TUPYIOIIHNA KO3(PPUIHEHT 3(HHEKTUBHOCTH, KOTOPBIH
paccuMThIBaCTCS KaK MPOM3BENCHUE KpUTEpUEB (KOd(-
(DUITUEHT SKCTUHKITUH, YTJII0Basi CKOPOCTH | JIP.), CO CBO-
WM BECOBBIM K03 puiineHTOM.

B [4] npu BeIOOpe KA, 3a KOTOphIM OyZIeT ocyIiecT-
BJISIThCS HAOIIOICHUE, UCTIONB3YETCs Cle/l KOBapHaIy-
OHHOW MaTpHIlbl, OMHMCHIBAIOIINN CpelHEE H3MEHEHHE
BKJIaJa B u3MepeHus. Cies MoKeT ObITh CBSI3aH C mapa-
MeTpaMu UH(POPMATUBHOCTH, HAIPUMEpP, WU3MEHEHHEM
nuddepeHIanIbHO| SHTPOUH.

B [5] anamuzupyercs 3(h(EKTUBHOCTH METOIOB
(CKaJHOI» ONTHUMH3ALMH, KOTOpble HE TpeOyIoT 3Ha-
YUTENBHBIX BBIYUCIUTEIBHBIX U MaTEeMaTHYCeCKUAX pe-
cypcoB. B kauecTBe KpHTEpHS HCIONB3YETCS (PYHKIIHS
CTOMMOCTH Ha OCHOBE IOTEHIHAIBHBIX HaONIONECHHUN
¥ TOTO, HACKOJIBKO HAOIIOICHNUS COOTBETCTBYIOT IOCTAB-
JICHHOU TIEJIH, TIPH 9TOM YHCIICHHBIC W aHAINTHICCKHUEC
(hopMyIBI IJIST BEIYHCICHUS «COOTBETCTBHSD) HE TIPHBO-
JISITCSL.

1 https://www.space-track.org/. Jlata obpamerns 20.01.2025. /
Accessed January 20, 2025.

B [6] onTumu3anusi NpoBOIUTCS MO BpEMEHH Ha-
OmroneHust 32 OOBEKTOM C yYETOM BPEMEHHU MEPEKIIIO-
YeHHs HaOMIoIeHUs C MpeabLayliero odbekra. Takum
oOpa3oMm, mI00ajabHAass ONTHUMM3ALKA MaKCUMHU3UPYET
obmee Bpemst HaOmoaeHust KA, mpu 3ToM mpHOpUTET
HaOmonenus KA He yuuTbIBaeTcs.

B [7] B kauecTBe KpUTEpHsI UCIIOIB3YETCSI CPETHEE
BpeMs1 HaOTIOICHHS CITY THHKOB 32 BEIYETOM OTKJIOHCHHS
BpPEMEHH HAOIIONCHUS KaXKIOTO CITyTHHKA OTHOCHUTEIh-
HO CPEJTHETO 3HAYCHHS, YMHO)KEHHOTO Ha KOA((HUITUCHT
Jlarpanska. Kpurepuil npuHUMaeT MakcHUMajlbHOE 3Ha-
YeHHE, KOTJla BCE CITyTHUKH HAOIIOIal0TCsl OIMHAKOBOE
BpeMs.

Takum 00pa3zoM, HECMOTpPSI Ha HAJIU4YUe OOIBIIOTO
KOJIMYECTBA METOJIOB, QJITOPUTMOB U MPOTPAMMHOTO
obecrnieueHust 1Jsl TUIAHUPOBAHUSA, OTCYTCTBYIOT OOIIe-
MPUHATBIE KPUTEPUM KauecTBa, KOTOPBIE MO3BOJISIOT
CpaBHUTH 3TH MeToabl. CliemoBarenbHO, pa3zpaboTka
¢u3nueckn 000CHOBAHHBIX KPUTEPUEB SBISETCS AKTY-
aJIbHOU 3aJ1a4ueil.

1. TOCTAHOBKA 3AAAYU NJIAHUPOBAHUA

ITpn mmanmpoBanmm HaOmromenuit 3a KA omHOI
W3 OCHOBHBIX 3a/1a4 SIBIISICTCS pa3pelieHrne KOoH(IHK-
TOB B CJIy4ae, Korza 4ucio (MpOIyCcKHas ClioCOOHOCTB)
KaHaJIOB HAONIOACHUS MEHbIIE YUCIa OJHOBPEMEHHO
BuIUMBIX KA, T.e. HEOOXOAMMOCThH BBIOOpA, 32 KaKH-
mu KA HeoOxomumo Hadmoaars [11]. Tlog BUIUMOCTEIO
KA noHumaeTcst BO3MOXKHOCTh €0 HaOIIONEHHS B IIPO-
CTpaHCTBEe (T€OMETpHYECKas BHIMMOCTB), IO SHEpre-
TUYECKUM MapameTpaM (paarolIOKAllHOHHAS M PaJIHo-
TEXHHUYECKAsk BUITUMOCTD) U B YaCTOTHOHN oOnacTu (st
PaIMOTEXHUIECKUX CPEICTB YacToTa curHana KA momk-
Ha HAXOJUTHCS B IIPEIeiax Auara3ona pabounx 4acTor).

Ecimn  Obl  KOH(IUKTBI OTCYTCTBOBAIIM, 3aja4a
mo (GOopMHUPOBaHHUIO TUIaHA HAONIOJEHUH CBOJMIIACH
OBI K TIOCIIEIOBATEIFHOMY CIIEKEHHIO 32 BUANMBIMU KA
U, TIPU HEOOXOJMMOCTH 3KOHOMHH pecypca HaOirona-
TEJIBHBIX CPENICTB, TPEKpAICHUIO HAONIOJACHUN IpH
¢dbopmupoBanuu TpedyeMoro o0beMa HHPOPMAITUH.

B peanbHBIX yCIOBUSX HAOMIOICHHS MPUCYTCTBYET
MHOXECTBO KOH(IUKTOB (BUIUMOCTh HECKONBKUX KA
OJHOBPEMEHHO), MO KaXJOMy H3 KOTOPBIX HE00XO-
IUMO TPUHUMATH pelieHue, 3a kakuM u3 KA Hamno
HaOonaTh. Pa3muvHbIle METOABI PEHICHUsT KOH(IHK-
TOB HMPHUBOMAAT K (POPMHUPOBAHHUIO PA3JIUYHBIX ILIAHOB
HAOIIONCHUS.
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VcxXomupIMU TaHHBIMU JJIs1 TUIAHUPOBAHUS SIBJISI-
forcs: mMarpuua Bunumoctu KA, npuoputerHocts KA
U BpeMs, JOCTAaTOYHOE Ui MOJy4eHUs HH(OpMaruu
TpebyeMoro kadectBa. J[isi ymoOCTBa IUTaHHMPOBAHHS
BpEMsI TI0JIaTaeM JUCKPETHBIM.

B marpune Bugumoctu V (i, f) CTpOKa i COOTBETCTBY-
et Homepy KA, cronber # — BpeMeHu, Kaxaast ssaeika Vl ;
MTOKa3bIBaeT BHIUMOCTE KA CpencTBoM MOHHTOpHWHTA.
B mpocrteiiiiem ciyyae 3Ha4€HUS B MATPULIE IPUHUMAIOT
3Ha4eHus 0 u 1 (BUANMOCTH NCXOMS U3 TEOMETPUICCKUX
COOTHOIICHHMH). B Oojee coXHOM BapHaHTE B sreHKax
3alMcaHa BEJIMYHMHA, CBSA3aHHAS C KaueCTBOM HaOIoe-
HUSI, HAIPUMEP, OTHOIICHHE CUTHAJI/IITYM 110 MOIITHOCTH
WM BepoATHOCTh Habmonenns KA. Cymma cTpok B ipe-
Jienax cToidIa moka3biBaeT, ckoiabko KA BUAHBI (MOTYT
HaOJIIOAATHCST) OAHOBPEMEHHO.

BekTop nmpuoputerHocTu (BecoB) KA st kax-
JIOTO CIIyTHHKA ONPENETAET BEC W; — LENOE TONOKHU-
TEJIbHOE YHUCIIO, MOKa3blBalollee BaKHOCTh Haldmrone-
Hust KA (uem GoJpliie 3Ha4EHHE, TEM BBIIIE IPHOPUTET
¥ IIEHHOCTH HaOmroneHust 3a »Tum KA).

BexTop nocTaTouHoro (HempephbIBHOIO) BpeMeHH
Ha0oneHus st kKaxoro i-ro KA ompeznensier (Hernpe-
PBIBHBIN) MHTEPBAN BpEMEHU T ¢ ,, TOCTATOYHBIA JUIs 10~
JIy4eHHsT HeoOX0AMMoro odbeMa HH(OpMaIMu/KauecTBa
OIICHOK ITapameTpoB. TpeboBaHne HEIPEPHIBHOCTH HHTEP-
BaJIa OCHOBAHO Ha IMPHUHIIAIIAX OIICHKH IIOCTOSHHBIX Ha MH-
TepBajie HaOmoneHus mapamerpoB. Ecim 910 TpeOoBaHue
HEOOS3aTENBHO, TO T - . MOKET OBITh MOJHBIM BPEMEHEM
HaOmonenust. B ciaydae, korna B Matpuiie HaOMOMCHUs HC-
TIOJIb3YETCsl OTHOIIEHUE CUTHAII/IIYM 110 MOIIHOCTH, T . -
OIpeNieNisieT HHEPreTHYecKoe OTHOILICHHE CUTHAJ/IIYM,
OT KOTOPOT'O 3aBHCHUT KaueCTBO OLIEHOK [12].

PesynbraT miiaHupoBaHus — MATPUIIA HAOTIOIEHUSA
O (i, 1), pa3MepHOCTh KOTOPOIl COBMAJAET C pa3MEepHO-
CTBIO MaTPHUIIBI BUAUMOCTH. J1J1s1 KaXK oM i-i CTpoKH (HO-
mepa KA) B MOMEHT BpeMeHH ! B sUeiKe Ol.’ ; MOXeT
ObITh 3HaueHue 1 (i-if KA B 3TOT MOMEHT BpeMeHH Oy/ieT

N2 KA

i=1 5]
2]
i TR w=[3]
2]
ha \ 2 ]

t=1 t Tojan

BpeMs

i (aofsfeJof - J1]1]
24V = Tiisi

Habmonarbes cpeactBoM Monutopunra) mwin 0 (KA He
Oyznet Habronarbesl). B oguH MOMEHT BpeMeHH ¢ (CTOI-
0erl MaTpuIlbl) YKCIIO alaparoB, 3a KOTOPbIMU BEAETCA
HaOJIo/IeHNe, JOJDKHO OBITh PaBHO YHUCIY KaHAJOB Ha-
OJFOIATEHLHOTO CPENICTBA.

[Ipumep, MOKa3BIBAIOIINA BHJ MCXOTHBIX JTaHHBIX
JUTS TUTAHUPOBAHMS U Pe3yJIbTaTa INIaHUPOBAHMS, TIOKa-
3aH Ha puC. 1.

2. YACJIEHHBIE
NMOKASATEJIU HABJTIOOEHUSA

UucneHHble MapaMeTpbl, KOTOPbIE HCIOIB3YIOTCS
JUIS pacueTa KpUTepHs KayecTBa U aHAIM3a MaTpPHUIl Ha-
OmtonieHust U BUAMMOCTH:
t=1...T plan® T plan ~ MHTEPBAJI UIAHAPOBAHUS (ipo-
MEXYTOK BPEMEHH, JAJISi KOTOPOTO COCTaBISETCS ILJIaH
HaOJIOIEHH, OOBIYHO — CYTKH).

i=1... Imax — KonmM4ecTBO BUIMMbIX KA Ha nHTEp-
BaIe WIaHupoBarus T, .

T vis i — BPEMs BUIMMOCTH i-IO KA, mpencrasns-
eT coboii cyMMy ero cBOOOIHOTO (OeCKOH(IMKTHOTO)

T s free ; A KOHQmUKTHOTO T\ o BPEMEHM BHIMMO-
CTH Tvis i Tvisifree i + Tvis.confi - 2t =1... TV;', r BpeMH

BUJIMIMOCTH TTOKa3bIBAET MOTEHIIMALHBIE BO3MOXKHOCTH
o Habmrogennio KA.

I <1 — KOonmndecTBo Habmonaembix KA Ha nH-
TepBaJle IJIaHUpoBaHus 7 plan’

T, ; — BpeMs HaOmonenus 3a i-m KA, npencras-
JISIET COOO0H CymMMy BpeMeHH OeCKOHQIMKTHOrO 7 o .
1 KOH(UKTHOTO T\ . BPEMEHU HAOMIONEHHUS. DTH
BEJIMUMHBI TIOKA3bIBAIOT Peali3alliio0 KOHKPETHOTO T1Jia-
Ha HaOoIeHus, puueM T obs i S T Vis i

w; — mpuoputer (Bec) KA, KOTOpbIi TMOKa3hIBAET
LEHHOCTh (BKJIANM) ero HaOmromeHwus. [lpwoputer 3ama-
eTcs LeJIBIM YHCIIOM, JIeXKALIUM B 3aJlaHHOM JIMaraso-
ne (weN|[1<w,<w_  };4eM oHO GObIIE, TEM BbIIIE

npuoputer KA (B OOJNBIIMHCTBE pEAbHBIX  3a]a4

Ne KA
[10] i=1[1 1 1
5
Tw=[11] i 1] ¢ Jodly 1
B
(3] foa |0 | |o 1
t=1 t Toan
Bpems
i loJo] J4]1] J1]o]
2405, ¢= Topsi

Puc. 1. Bua OCHOBHbIX MaTpUL, 1 BEKTOPOB MNPy NAaHNPOBaHnUM HabnioaeHN
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JIOCTAaTOYHO 33/1aBaTh 3HAYEHUs W; OT 1 710 5, 3TOT IManason
HCIIONIB3YETCS B YHCIICHHBIX pacyeTax B JIAHHOM paboTe).
T ¢, — MOCTATOYHOE (HEMPEPHIBHOE) BpeMsl HAOIOIe-
uust KA. Onpenensiercst 1yt kaxxaoro KA B 3aBucuMocTa
OT 3aJ1a4u HaOoneHust (OOHApy>KEHUE CUTHAJIA, OLICHKA
mapamMeTpoOB CHIHAJIA, OLICHKA ITapaMeTPOB IepeaBacMo-
TO TIOTOKa MH(pOPMAIIUH H TIp.), U3BECTHBIX, IPOTHO3HPYE-
MBIX WJIH PACCUMTAHHBIX CTATHCTHYCCKUX XapaKTEPHCTHK
HaOITro/IeHHsT (OTHOIIICHHWE CUTHAJI/TITYM, BEPOSTHOCTh Ha-
Onromenust criytHuka). HaOmronenne KA B Teuenue (He-
IPEPLIBHOTO) MHTEpBaNa Bpemenn I . ; obecriednBaeT
¢ TpeOyeMOi BEepOSITHOCTHIO HEOOXOIMMOE Ka4eCTBO OIICH-
KU ero napaMerpoB. HabmoneHre Ha MEHbIIIEM HHTEPBAJIC
BPEMEHU HE MO3BOJIICT MONTYYUTHh TPEOyeMOe KauecTBO.
Hab6monenue Ha OonbiiieM HHTEpBajie N30BITOYHO.

T  — oOmee (cymmMapHO€) BpeMsi BUMMOCTH (MO-

KeT Habmonarbest Xotst Obl onuH w3 i =1 ... [ KA),
onpenensiercs no Marpuie BuauMoctu V(i, t):

Tvis.s = Z Tvis.st = Z sign Z Vi,t : (1)
=1..T =1..T i=ld
N, — KOnM4ecTBO ONHOBPEMEHHO BUAMMBIX KA

B MOMEHT BPEMEHHU
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Bpemsa HabntoneHus KA, ¢

Homep cnyTHuka

T ;s s — OOmiee Bpemst HaOMOIEHUs (XOTst ObI OZIHOTO

w3i=1..1  KA), onpenensercs no marpuie Habro-

nenust O(, 1):

2

Tobs.s = Z Tobs.st =
t=1..T t=1..T

sign ZOI-J )]
i

Amnanu3 marpuilbl BUguMoCTH V(i, f) TO3BOISIET
HMHTETPAIFHO ONPENENUTh BpeMsi CBOOOIHOTO M KOH-
(IUKTHOTO HAOMIOACHUS. AHAIM3 COOTBETCTBYIONICH
eit marpunbl HaOmroneHus O(i, f) MO3BOJNSET OIpere-
JUTh, KAK METO]I TUTAHUPOBAHUSI TIEpEpaCIpeIeTIseT 3TO
Bpemst Mexny KA. B kauecTBe npumepa Ha puc. 2 1o-
Ka3aH pe3yJbTaT TUIAaHWPOBAHHs HAONIOICHUN OHOKA-
HaJBHBIM CPEICTBOM TpynnupoBkn KA mpu Hanuyuu
0EeCKOH(IUKTHOTO U KOH(MIUKTHOTO HAOMIOACHUSI.

W3 moka3aHHON Ha puc. 2 MaTpuilbl HAONIOACHUI
BUJIHO, YTO BpeMsi CBOOOIHOTo HalOmoneHust Juisi Bcex KA
COXpaHWJIOCh. Bpemsi c¢B00OOIHOr0 Hal/II0AeHUS] CO-
XpaHsAETCsl, €CIM TOJBKO HE HCIIONb3YeTCs pecypcHoe
orpanuyenue Bpemenu HaOmopenus T, < T,
t=1..T plan AV TIOJUICHHS CPOKa CITy’KOBI CPEICTB
MOHUTOPHUHIA WJIM Ul MCIIOJIb30BaHMsI YaCTH BPEMEHU
B JPYTUX LEJSIX, HAIIPUMEp, Ul aHAJIN3a OKPY KaroLlei
00CTaHOBKH (TIOMEXOBBIX M3JIyYCHUH — paHOTeXHHYEC-
CKHUMH 1 paIOJIOKAIIMOHHBIMU CPEACTBAMM, ACTPOKIIU-
Mara — ONTHYCCKUMH CPEeICTBaMU MOHUTOpHHTa). [Ipn
OTCYTCTBUU TaKUX OTPAaHUYEHUI COXPAHEHUE BPEMEHU

Martpuua HaGnogeHus

M Bpems cBO6OAHOIO
HabnoaeHus

O BpemMs KOHDSIMKTHOrO
HabnoaeHus

15

5 10
Bpems HabntogeHus KA, ¢

20

Puc. 2. Mpumep maTpuubl BUAMMOCTU (Cnesa) 1 nnaHa HabnioaeHnin (cnpasa)

Russian Technological Journal. 2025;13(5):75-86

79



Optimization criterion
for spacecraft observation planning algorithms

Alexander V. Ksendzuk,
Ivan A. Kuznetsov

cBO0OHOTO (0ECKOH(UIMKTHOTO) HAOJIONEHUS — 3TO
OJIMH M3 METOJI0B MPOBEPKU KOPPEKTHOCTU aJrOpUTMa
[TAHUPOBAHUSA T vis.free i T obs.free i*

Bpemst KOH(IUKTHOTO Ha0IIOIEHHA TTepepacipe-
nensiercst Mexay KA B COOTBETCTBHU C MCIIONb3YEMbIM
METOJIOM IUTaHUPOBAHUS (BILIOTH IO MPOCTEUIIEro Me-
TOJIa — TIPEKpAIeHUs] HAOIIOIECHUH B Cllyuae KOH(IHUK-
Ta). B paccmarpuBaeMom Ha puc. 2 puMepe MpHOPH-
teT ormaercss KA B Hauane criucka (MCIONB3YeTCsl BCe
BO3MOXHOE BpeMs KOH(MIMKTHOTO HAONIONCHHUS), IS
OCTaITbHBIX — BpEMSI TIepepactpeesieTCsl.

OO0mee BpeMsi HaO/MIOQEHMsT IIpU OTCYTCTBHU pe-
CYpPCHOTO OTpaHUYCHUS JOJDKHO COBIAAaTh C OOIIMM
BPEMEHEM BUIUMOCTHU Tvis.s =T obs.s? ITO HEOOXOIUMO
WCIOJIB30BAaTh JJIsl IPOBEPKU KOPPEKTHOCTH aITrOpUTMa

MJIaHUPOBAHUS.
3. KPUTEPUU KAYECTBA HABJIIOAEHUI

Jns cpaBHEHUS pa3IMYHBIX METOJOB ILIAHHPOBA-
HUS HEOOXOIMMO BBECTH UHCIICHHBIM MTOKa3aTeib, OC-
HOBAaHHBIM Ha YMCIEHHBIX, W3MEPSEMBIX IapameTpax
naHa HaOmroneHuit [13]. Tak kak B paccMarpuBaeMoM
cily4ae BUIAMMOCTh M PE3yJIbTaT TUIAHWPOBAHUS SIBIIS-
OTCS JICTCPMUHUPOBAHHBIMH (DYHKIIUSIMHU, Ka4eCTBO
TUTAHUPOBaHUS OyJeM OmpenensTh 0e3 HCIOIb30Ba-
HUSI BEpPOSITHOCTHBIX IOKazaTeneil. OJHako yuecTb
BEPOSATHOCTHBIE MApaMeTPhl B paMKax MpeiaraeMoro
MOJIX0/1a HECIOKHO — JIOCTATOYHO B Ka4eCTBE 3Haye-
HUW DIIEMEHTOB B sYeWKaX IMOCTaBUTh BEPOSTHOCTH
HaOmogenuss KA, mnpeaBapuTenbHO pacCUUTaHHBIE,
0o onpeneneHHble UCXOJS U3 CTATUCTUUYECKUX JaH-
HBIX [14].

3.1. Kputepwmii «<Bec — Bpems HabnoaeHusa»

[lepBorit mpemmaraeMelii B paboTe KpUTEpU Kade-
CTBa IJIAaHUPOBAHHWS BBEAEM C UCIIOJIb30BAHNUEM IIPUOPHU-
teta KA u obmiero Bpemenu ero HaOmoneHus (0e3 yJera,
Ha KaKoe KOJMYECTBO MHTEPBAJIOB OH pa30uT). DTOT Ba-
PHAHT MOXKHO HCIONB30BaTh JUIA CIIydasi, KOTJAa OZHOTO
JUCKPETHOTO HMHTEpBala BO BPEMEHM JOCTATOYHO IS
OlleHKH mapameTpoB KA ¢ TpeOyeMbIM KauecTBOM.
Kputepwnii «Bec — Bpemst HaOIFOACHUS» 3a/1a]TIM CYMMO¥
BKJIAJIOB OT HA0/II0IeHNs OTIeIbHBIX KA thi :

I I
1 max 1 max TObS l
_ _ n
O == 2 Oy, =7 2. (@)"In| 41|, )
max =1 max =1 suf'i
e
® a,=w/w,_, — OTHOCUTENbHBIA IPHOPHTET i-r0 KA,

npuHUMaeT 3HadeHus B uaTepnane (0; 1];

® W, — IIpuoputeT i-ro KA;

® W_ . — MaKCHMAaJbHbI NPHOPHTET HAOIFOIECHHUS
U3 MHOXKECTBA BUIUMBIX KA ;

® 71 — TIOKazaTellb CTEIIEHH OTHOCUTEIIBHOTO MPHOPHU-
TETa, TIO3BOJISAET BAPLUPOBATh BKIAA W n = 1 — nu-
HelHas 3aBUCUMOCTh OT npuopureta KA, n = 0 —
npuoputeT KA He yuutbiBaercs;

e [ — KOJIMYECTBO BUIUMBIX KA;

° YT’Z;: ; — Bpems Habmozenus i-ro KA, nonydyennoe
B pe3yJbTaTe ITAHUPOBAHIIS,

o T ,¢;— BPEMS, IOCTATOYHOE JUIS Oy IeHHst HHPOP-
MaIiy / OIEHOK MapaMeTpoB HEOOXOIUMOTO Kaue-
ctBa s i-ro KA.

[IpemoxxeHHBIN KPUTEPHIA «BeC — BpeMsl HaOIroze-

HUs» 00JIaJIaeT CIICAYIONIMMU CBOWCTBAMH:

1. Ecim i-ii KA ne nabmonaercs (te. 7, ;= 0) Ha un-
TepBajle MIaHUpoBaHus 7 plan> HO BXOJIUT B MHOe-
CTBO BUJMMBIX CITyTHUKOB [ BKJIaJ OT JIaHHO-

max’
ro KA pasen nymto:

n

w.
i | In(1)=0. )

max

QWti |T0bs i=0 -

2. Eciu Bpemst HaOmonenust i-ro KA paBHsieTcst 1ocTa-
Touromy (T ;= T¢;)» BKIAM OT €10 HAOMIOAEHHS
OyzeT 3aBUCETh OT nmpropuTeTa KA:

~0.69] 4 '
0,, =0 , ©)

Wmax

u aaa KA ¢ MakcuMaJIbHbIM IIPUOPUTETOM BKJIAJ
Oyznet paBeH 0.69. Takoe ke 3HaYCHHE thi Oyznet

JUIA CIIyTHHKA C JIFOOBIM MpUOpHUTETOM Iipu 7 = 0 1
HAONIONEHNH B TEYCHHE IOCTATOYHOTO BpeEMe-
Hi (Tobs i Tsufi)'

3. Bxuiag ot HaOmonenus i-ro KA nmeer MakcuMalib-
HOe (OTpaHWYEHHOE CBEpXY) 3HAUCHHE, KOTAa Bpe-
Ms HaOmroneHust 3a KA cTpeMuTCsl K BpeMEHH ero

BUIUMOCTHA 1 obsi T Vis i+ [Ipenen st mocTosH-

HO BUIUMbIX KA paBeH BpeMeHM IIaHUPOBaHUS

Tobs i Tplan:
n
T. .
W,
max(Q,, )=| —— | In| === +11. (7)
! max sufi

Jis KA ¢ MakcuMallbHbIM PUOPUTETOM (MU ISt
mo6oro KA npu oTcyTcTBHM yueTa IpHOpHUTETa HadIIo-

T...
visi 1l

nenwst, n = 0) max(Q,, )=In
! suf'i

I'paduk Briaana Hadmonenus KA O,, xak QyHk-
1

uust BpeMenu Habmonenus T, o OTHOCHUTEIBHO J10CTa-
TOYHOTO BpeMeHH HalOmonenus T ., OPU PasIUYHOM
npuoputere (w; = 1 5) W CTeNeHUu ero yyera
n=0,0.5, 1, 2 mpuBeneH Ha puc. 3.
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1.5

0.693

suf i

Puc. 3. 3HayeHne nokasartensa kayecTea th, npv HabloAEHMN CNYTHUKA
1

B 3aBMCMMOCTM OT NapamMeTpoB (N, w) n 3HaveHne Q

AHanu3 pe3ynbTaToB YUCIEHHOIO pacueTa IMpeJyio-
JKCHHOTO KPHUTEPHsI «BEC — BpeMs HAONIOACHUS» ITOJ-
TBEP’KJaeT NPUBEACHHBIE BBILLIE CBOICTBA:

° thi MOHOTOHHO BO3pacTaeT IIPH yBEJIUUYEHUH Bpe-

MEHHM HaOJIIONCHU;
e IpU MaJoOM BpeMeHI/I Ha6J'I}OI[eHI/I${ OTHOCHUTCIIHHO

JI0CTaTOYHOTO T i / suf i KpUTEpUi

«BEC — BpeMs HaOJIIOICHU D) th, —0;
1

o i1 KA ¢ MakcMMaIbHBIM IPUOPUTETOM W; = 5 BKJIA[,
B 3aBCHMOCTH OT OTHOCHUTEIILHOTO BPEMEHH HAOFO-
nenus T ; / suf i » bacrer jorapu(MUIECcKH, IIpU-
HHMMasl B TOUKE, IJIC BpeMﬂ HaOmonenus i-ro KA pas-

usiercst focrarounomy Iy ; =T ¢ ;» 3Hauenue 0.69.

S
Benuuuna n He BIUSET HA MOJOKEHHE STOTO rpadu-
n
w
max .

ka, TK. (¢)" =|——| =1
max

MUHUMAJIbHBIM — TIPUOPHTE-

1, W = 5) BKIJl IPU TOM XK€ OTHOCH-

® IS KA C
TOM (W; =
TEJILHOM BpeMeHH HaOmonenus 1. ; / suf ; MEHb-
111€ U OIIPEJEIIAETCs CTENEHBIO 71, yUUTHIBAIOILIEH BEC
npuopurera KA: geM Gosbliie #, TEM MEHBIIIE BKJIAJ
ot HabmoneHust KA ¢ Hu3KuM npuopureToM. B pac-
cMarpuBaeMoM mpumepe B Touke 1oy ; =Ty p; As
n=1[0...2], QWfi =[0.69 ...

3aH Ha BCTaBKE pUC. 3.

0.028], rpaduk moxa-

3.2. Kputepwuii «<Bec — CTPyKTypa HabGnoaeHus»

Hmst KA, mapaMmeTrpsl CHTHAJIOB KOTOPBIX MOTYT
MEHATBCSI C TCUYCHHEM BPEMCHH, OOJBIIYIO IEHHOCTH
MPEACTABIAIOT HEIPEPBIBHBIC JTJIUTCIbHBIC WHTCPBAJIbBI

wi; (n; w=1) npu bSI/ sufi

HaOIr0eHU (HapUMep, ONPeAeTUTh THHEHHO U3MEHSI-
IOLIYIOCA BO BPEMEHHU 4acTOTY MOYKHO TOYHEE 10 OIHO-
My HPOJODKUTEIILHOMY BPEMEHHOMY MHTEpBAJly, a He
110 COBOKYITHOCTH KOPOTKHX).

s Toro, 9ToOB YUECTh CTPYKTYPY BpPEMEHH Ha-
ONroneHus, T.e. Ha CKOJBKO MHTEPBAJOB W KAKOW IUTH-
TEIBHOCTH  pa3duto  oOmiee BpeMms  HaOronIe-
st KA T, o ., Tpeiiaraercs BBECTH OKBUBAJIEHTHOE
Bpemsi HaOmonenus Iy eqi» KOTOPOE BEIYHCIISIETCS
o hopmye:

K; 2
2 (T obs i )
Tobs.eq iT k_lf’ )
obs i
Tac Ki — YHCJIO HECCMCKHBIX MHTEPBAJIOB Ha6H}OZICHI/IH
i-ro KA 3anepuon 7T, ; k—HOMep ydacTka HaOIFOJCHNUS
i-ro KA; Ty i

Ha puc. 4 MOKa3aHa 3aBUCHMOCTh 3HAUCHHS OJK-
BUBAJICHTHOTO BpPEMEHHU HAOIIONCHUSI IPOM3BOIBHO-
ro KA T, ¢q OT BCIMYHHBI HENPEPHIBHOIO HHTCPBAIIA
ero nabmonenus T, IPUBEJEHHAS K 3HAYEHUIO OTHO-
CHUTEIIHHO TIOJIHOTO BpeMeHH HaluoneHust 3toro KA T obs

CBoHCTBa KBUBAJICHTHOTO BPEMEHH HAOIIOJICHUS,
CIIEYIONIUE U3 BBIpaXECHHUS (8) M MOATBEPIKIAOIIHECS
rpaduKoM Ha puc. 5:

1. Inst ogHOTO MHTEepBana HaOmoneHus 3a KA (K= 1)
9KBHBAJICHTHOE BPEMsI HAOJIOICHHUSI PABHO CAMOMY

BpeMeHy Habmonenus T,

2
(Tobs iy, )

Tobs.eqi = T “Lobsiv )
obs i

lan’
— BpeMs HaOTIOACHNS Ha k-M ydacTKe.
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1.0 0.50
0.8 | /

0.6

7—obs eq
T bs

0.4

0 0.2 0.4 0.6 0.8 1.0

7—obs k

T

obs

Puc. 4. 3aBNCUMOCTb 3HA4YEHNI Tobs eq
OT uHTepBana HabnoaeHua T . MPY HOPMUPOBKE
Ha obuiee BpemMs HabntoaeHns cnytHuka T, o

2. ITpu 601BIIOM KOJIMYECTBE BPEMEHHBIX HHTEPBAJIOB
Habmoienns (K; > 1) ¥ OTHOM «ITMHHOM) UHTEP-
> T

KA ompenensiercss MakCUMalIbHBIM

BaJic TO OKBHBAJICHTHOC BpPEMs Ha-

bs i, bs ij-

OJIIOLIEHUS
10 JuInTenbHOCTH yaacTkoM max(7y, i ).
3. Ilpu 6oMBLIOM KOJMYECTBE y4acTKOB K; — 00 C 0/H-
HAKOBBIM MallbIM BpeMeHeM HaOmomeHus I i\
SKBUBAJIICHTHOE BpeMsi HAOIIONCHHUS CTPEMHTCS
K HyJ'[IO:

K;—x

2
Z (Tobs iy )
_ k=1
Tobs.eq i~ T —0.
obs i

(10)

Bropoii mpeanaraemslii B pabote KpuTepuil kade-
CTBa IUIAHUPOBAHUS «BEC — CTPYKTypa HAOIIOJCHUS
UCTOJB3YeT B (4) BMECTO MOJHOTO BpEMEHH Halmrose-
Hust i-ro KA T, . ero SKBUBaeHTHOE BpeMst Habuoze-
Hus 1

bs.eq i :
1 1
1 max 1 max Tobs eqi
Qws :[_ Z Qwsl- :I_ Z (ai)nln —+1|=
max =1 max j=1 suf'i
K 2
1 Tax w. n kzl(TObS iy, ) (1 1)
= 7 Z - L In _T 7 +11,
max j=] max obs i*sufi

IJIe YYUTBIBAETCSI OTHOCUTEIBHBINA MpuoputeT i-ro KA

n _— n
al' =(w; / Wy )" ¥ OTHOLICHHE SKBUBAJICHTHOIO Bpe-

MeHu HaOmronenus i-ro KA T0 K JIOCTaTOYHOMY

bs.eq i
JUTS TIONYYCHHS OIICHOK TpeOyeMoro KayecTBa Herpe-

pbIBHOMY UHTepBaLy T ;.

Kputepuii «Bec — crpykrypa naGmopenus» Q,
o0naziaeT TaKUMM K€ CBOMCTBAMHU, KaK M KpUTEpUil
«BeC — BpeMst HaOmoaeHus» (), ¢ TOYHOCTBIO JI0 TOTO,
YTO BpeMs HaOIIONEHNS HEOOXOIMMO 3aMEHHUTh SKBUBA-
JICHTHBIM.

4. OLEHKA NPUMEHUMOCTU KPUTEPUEB
KA4YECTBA NJIAHUPOBAHUYA

J71st Toro 4To0BI OLCHUTH BOSMOXKHOCTH HPHMEHE-
HUSI TPEUIOKEHHBIX KPUTEPHEB KauecTBa, HCIONB3Y-
€M HECKOJIBKO aJTOPUTMOB IUIAHWPOBAHUS, KOTOpBIC
CYIIECTBCHHO DA3IMYAIOTCS M IS KOTOPBIX MOXKHO
JOTWYECKH TPEACKa3aTh IOBEIACHUE IPEIIOKCHHBIX
kputepues Q. (4) u Q,  (11). [lnsa 5TuX anroputmMos
IUIAHUPOBAHMS UCTIONIB3YEM OfIHY M Ty K€ MaTpPHIly BU-
JUMOCTH, JUIS KOTOPOH paccunTaeM MaTpully HaOIose-
HUS ¥ TIPEJUIOKEHHBIE KPUTEPUU KauecTBa. Pe3ynbrarsl
MOBEACHUS] KPUTEPUEB, COOTBETCTBUE HX JIOTHUECKUM
IPEANOIOKEHUAM U TOCTATOUHbIH YMCIEHHBIN pazopoc
JUI pa3IMYHBIX AJTOPUTMOB IUIAHUPOBAHUS MOIATBEP-
JSIT BO3MOXKHOCTD TIPIMEHEHHS MTPEIUTOKEHHBIX KpUTe-
pHEB KauecTna.

Anropuntm 1 («nepBbi NO CNINCKY?»)

B ciydae KOH(IMKTHOrO HAOMIOACHUSI OCYIIECT-
BiIsieTcs Oe3yClIOBHBIN mepexon K HabmoneHuto 3a KA,
KOTOPBI HAXOAUTCS MEPBBIM B crricke. OUeBUIHO, YTO
TaKOM aJrOpUTM JIAcT Majoe BpeMs (HEIPEpPBIBHOIO)
HaOmonenns 3a KA B konne crnmcka. Ecinu Tam pacrio-
noxeHbl KA ¢ BBICOKUM MPHOPUTETOM, KaueCTBO ILIa-
HUPOBaHMs 1o Kputeputo O, OyneT Hu3kuM. Bennunna
KpuTepusi OymeT CyIIeCTBCHHO 3aBHCETh OT TOTO,
KA ¢ kakum NpHOpUTETOM PACIIONIOKEHBI TMEPBBIMHU
B CIIHCKE.

Jutst Toro, 4ToObl TaKOM MPOCTON U HETPeOOBATEIb-
HBI K BBIYHCIUTEIFHBIM pecypcaM ajrOpHTM IUIaHHU-
pOBaHMS HMeEN TPAKTHICCKUH CMBICT, HEOOXOIMMO
cocTaBATh crucok KA, momemast Hambomnee mMpHOpH-
TETHBIC C MUHUMAaJIbHBIM O6HII/IM BPEMCHEM Ha6n}o;[e—
HUA BBEPX IO CITUCKY.

Anroputm 2 («6e3blHEPLMOHHbIN Nepexon,
Ha NMPUOPUTETHbIA CMYTHUK»)

B ciydae koH()IMKTHOTO HAOMIOACHUS (KOJUTU3HH)
OCYIIECTBIIIETCS] O€3yCIOBHBIN MEPeX0 K HAOIIONCHHIO
3a KA, KoTOpBIH MMeeT OOJbIIHIA IPUOPUTET HE3aBUCH-
MO OT BpeMEHH ero HaOmromeHus. PakTudeckd, 3TO
«OKaJTHBII aNTOPUTM, KOTOPBIF MAKCUMHU3HUPYET KPHUTE-
puii kKauecTBa Ha KaxaoMm mare [15]. OueBuanO, 4TO TaA-
KOH airopuT™ macT Oosbiiee (IO CPaBHEHHIO C aJro-
putmoM 1) kauecTBo Habmonenus s kpurepus (4) O,
«BeC — BpeMms HalOmoneHus»; s Kpurepus O,
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BKJa] KA ¢ MEHBIINM IPUOPUTETOM OyIET HU3KUM, T.K.
npu KOH(IMKTHOM HAOMIOACHUU OynyT HaOIIOaTh-
cs1 KA ¢ BeicokuM npuopureToM. Ilpu onuHakoBoM npu-
opurere Beex KA kputepuii O, (11) «Bec — Henpepbis-
HOE BpeMsl HaOMofeHUs» OyneT TakuM XKe, Kak U JUis
ajropurMa 1.

Anroputm 3 («MHEPLMOHHbBIN Nepexopa,
Ha CMYTHUK C GONbLUNM BECOM»)

Monndukanus anroputMa 2 YUIHTBIBACT BpeMs
HaOronenus i-ro KA myrtem pacuera koadduimenta,
paBHOTO OTHOmIEeHHIO Tpuoputera KA k Bpemenwu, Ko-
TOpOE OH yxe Habmonancs (w/T, ). B otnuue ot an-
ropuT™Ma 2, Iepexoj K HaOIIOACHUIO 3a HOBBIM, Oolee
IPUOPUTETHBIM j-M KA, MOXKET He NpOU30HTH, €ciu
Bpemst T, IR T s » To €cTb hopMHUpyeTCst «MHEPLHUSD)
HaOmonenus 3a KA, xoTopas yMeHbIIAeTCs TIPH YBEIH-
YEHUM BPEMEHH ero HaOJoieHus. Takoi kpuTepuii 10:1-
JKeH MPUBECTH K YMEHBUICHHIO KOPOTKUX MHTEPBAJIOB
HaOJIIO/IEHNs 33 CUET UHEPLIMOHHOCTU U K YBEIUUEHUIO
KpUTepHusl KauecTBa (6) MO CpPaBHEHHIO C aJrOpUTMa-
Mmu 1 u2.

Anropuntm 4 («BbipaBHUBaAHME BPEMEHU
HabnoaeHUs»)

B »sTom cnyuae mpekpamiaercs ciexenue 3a KA,
€CJIN BpeMsI €TO HAOTIOACHHS IPEBHIIIACT AaHATOT HIHBIN
napaMeTp JApPYroro CHYTHUKA. AJNTOPUTM cTapaercs
«BBIPOBHSATHY BpeMst HaOmroneHust Bcex KA.

Juis ompeneneHus MaKCHMaJbHBIX JIOCTHKUMBIX
Ha MaTpUIle BUAMMOCTU IOKazaTelel Ienecoo0pazHo
UCTIONB30BaTh METOJ[ MOJNHOTO Hepedopa Mo BCEM BO3-
MOYKHBIM BapHaHTaM pEIICHUs 3aJa4ll TUIaHUPOBAHHMS.
OpHako JUIs pealbHbIX YCIOBUH (TJIaH Ha CyTKH, Oojee

N2 KA / MpuoputeTt

1/2 |

2/3 D
4/5 [rzmm=rms]
S~

— Anroputm N2 1
-=-- Anroputm N2 2

plan
---- Anroputm N2 3
—-=Anroputm N2 4

Puc. 5. MNMpumep paboTbl anroputmos 1-4
Ha MHTEpPBasie NiaHMpPOoBaHNS Tplan onga 5 KA
C 3a4aHHbIM BpEMEHEM BUOVMOCTHU
1 PasnnyYHbLIM NPUOPUTETOM HABMIOAAEMOCTH &,

10000 mponetoB KA) pemieHre MOXXET OBITh MOIY4EHO
TOJIBKO C TIPUMEHEHHEM KBaHTOBBIX BbIUMCIIEHUH [16].
OrpaHuueHne MepedyHs CIYTHUKOB JIO0 HaOII0JaeMbIX
paauorexHudeckumu cpeactsamu PTY MUPDA [17],
MO3BOJISIET HAITH TAaKO€ PEeLICHHUE.

WnmocTpanus npuHIUna padoTsl aroputMos 14,
IUTSL KOTOPBIX PACCUNUTHIBACTCSI KPUTESPHA KauecTBa Iiia-
HUPOBaHUs, TIOKa3aHa Ha PHC. 5.

B Tabmume mpuBemeHBI pe3yabTATHl  pacdyeTa
M0 TIPEIUTOKCHHBIM KPUTEPHsIM KadecTBa. B kauecTBe
MCXOMHBIX TaHHBIX Obllla CTCHEPHPOBaHA MaTpHIlA BU-
numoctu KA, cocrosimas n3 50 KA Ha amckperHbIi
WHTEpBaJI TUTAHUPOBaHUS 1 plan — 500. Jlyst ctonO1oB Ta-
ONUITBI KYPCHBOM BBIJICJICHBI MUHUMAJIbHBIC 3HAYCHHS
KPUTEPUEB Ka4eCTBa, JKHPHBIM — MaKCUMAaJIbHBIC.

Tabnuua. PesynbTaTthl YNCNEHHOMO MOAENNPOBAHUS

HaszBanune O O,

AITOpUTMA n=0 =1 n=0 =1
Anroputm 1 0.382 0.255 0.219 0.148
Anropurm 2 0.576 0.404 0.321 0.210
Anropurm 3 0.618 0.530 0.370 0.295
Anroputm 4 0.480 0.309 0.258 0.189

PesysnbraThl YUCIIEHHOTO MOJICTUPOBAHUS, TOTBEP-
JKAAIOT aHAIMTUYECKHE BBIBOJBI M JIOTHYECKHE MPEITo-
JIOXKEHUSI:

e kputepuu Q¥ O, NPUHUMAIOT MaKCHMAJbHbIE
3HAYEHUS JUIs allrTOpUTMa 3 Kak mpu ydere 7 = 1, Tak

u 6e3 yuera n = 0 npuopurera KA, T.k. mo cBoemy

MPUHLUIY OH 00JaJaeT WHEPLUUOHHOCTbIO, IPUBO-

IUIIIEH K pOpMUPOBaHUIO 00JIee IITUTENBHBIX YIacT-

KOB HaOIIOCHNUS, YTO MOATBEPIKAACTCS PUC. 5;

e xputepuu O, u O TPUHUMAIOT MHHUAMAJIbHbIE
3HAUEHUS [Tl anroputMa | Kak rpu yuere n = 1, Tak

u 0e3 yuera n = 0 npuopurera KA, T.X. OH 1Mo3BoJIs-

eT HaOIIoNaTh 3a CITyTHUKAMHU B Havaje CITUCKa 0e3

ydeTa uX MPHOpUTETa (B pacCCMaTPHBAEMOM CIIydae

OH HU3KHI), YTO TIOATBEPKAACTCS PUC. 5;

® OTHOIIICGHNE MUHHMAJIBHOTO U MaKCHMAIIbHOTO 3Ha-
ueHus kpurepues O, cocrasiser 2.078 npu ydere
npuoputera KA n=1wu 1.617 Ge3 yueta npuopureTa

n = 0, cooTBeTcTBeHHO. CJe10BaTeIbHO, yUeT MpH-

OpUTETa YBEJIMYMBACT PAa3IU4Me MAaKCUMaJIbHOTO

Y MHUHHUMAJIBHOTO 3HAYEHUH KPUTEPHUS «BEC — BpeMs

HaOIIONCHUS;

® OTHOUICHHE MHHHUMAJBHOTO M MaKCHUMAallbHOTO 3Ha-
ueHus kpurepue () o coctasiuser 1.993 npu yue-

Te npuoputeta KA u 1.689 0e3 ydera npuopurerTa.

AHanornHo KputepHio O, , yI€T IPHOPUTETA YBETH-

YHUBACT PA3NHIAe MAKCUMAIFHOTO U MHHHMAJIBHOTO

3HAYCHUH KPUTEPHS «BEC — CTPYKTypa HAOIFOICHIS.
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Optimization criterion
for spacecraft observation planning algorithms

Alexander V. Ksendzuk,
Ivan A. Kuznetsov

SAKJTIOYEHUE

B 00beKTHBHBIX YCIOBHUAX ANHAMHUKH BBIBOJIA CITyT-
HHUKOB Ha OpOMTY MO OTHOIIEHHIO K YBEJIHUYCHUIO KO-
JIMYEeCTBA M BO3MOXXHOCTEH CPEICTB MX MOHHTOPHHIrA
0COOCHHYIO B)KHOCTB ITPHOOpPETACT 3a1a4ya INTaHUPOBa-
HUs HaOmoeHui. [t cpaBHEHHS pa3inYHbIX METOIO0B
MJIaHUpOBaHUs HaOroneHni 3a KA B pabore mpeioxe-
HBI 2 KPUTEpHs Ka4ecTBa: «BeC — BpeMs HaOIIOJICHMS»
U «Bec — CTpyKTypa HabmoneHus»». Kpurepun ocHoa-
HBI Ha ()OPMHUPOBAHUH BEJTMYHMHBI, CBS3aHHOHN C YHEpre-
THYECKHM OTHOIICHHEM CHUTHAJ/IIyM, OIpeessoeit
Ka4ecTBO OIEHOK ITapaMeTPOB, YUUTHIBAIOT MPHOPUTET
CITyTHHKOB, a TaKKe CTPYKTypy OOIIEro BpeMEHH Ha-

npeanoiaokeHus. s oqHUX U TeX ke yCIOBHM Habmo-
nenust KA kputepuu kadecTBa IJIaHA, MOJYYEHHOTO
4 pa3IMYHBIMH ANTOPUTMAMH TUIAHUPOBAHMS, pa3inya-
1oTcs 6osee ueM B 1.5 paza.

JanpHeWmuM  pa3BUTHEM  KPUTEPHUEB
Ci MX KOHKpeTW3alus, Hampumep, I paauoTex-
HUYECKMX  CPEACTB  MOHUTOPHMHIA,  HMEIOIIHUXCA
B «Kocmomientpe» PTY MUPDA cuHTe3 OnTUMATBHBIX
METOJOB IIIAHWPOBAHUS HAONIONCHWH W WX JKCIEepH-
MEHTAJILHOE [TOATBEPAKICHUE.

ABJIACT-

Bknap aBTopoB

A.B. KceHa3yk — nocrtaHoBka 3agaqn; paspaboTka
KPUTEPUEB, OCHOBHbIX COOTHOLLUEHWIA U BIBOAOB.

U.A. Ky3HeuoB — pa3paboTka nporpammMmHoro obe-

OromeHus (KOJIMIECTBO HHTEPBAIIOB).

HUPOBaHUS,
3yJAbTaT OTHOCUTEJIBHOTO KauecTBa IUIAHUPOBAHMUS
110 BBEIEHHBIM KpUTEepUsM. YUCIEHHbIE PacyeThl KpUTe-
pHUEB KauecTBa NOATBEPIWIN CAEIaHHbIE TEOPETUUECKU

crnevyeHuss ans MPOBEPKM PACYeTOoB, aHan3 pPe3ysibTaToB
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Peslome

Uenu. B nameputenbHom cucteme ¢ MHAYKUMOHHOW nepegayen nHoopmauumm ¢ nepemMeLLaoencsa KOHCTPYKUUM
Ha HEMOABWXXHbLIN NPUEMHUK MHPOPMALMOHHBIN CUrHAN, HECYLLUMI MHMOPMALIMIO O NapameTpax nepemMeLLaroLLencs
KOHCTPYKUUM, GOPMUPYETCH MArHUTHON CUCTEMOM, coaepXallen NOCTOSHHbINA MarHUT, YCTAHOBJIEHHbLIN HA HENoA-
BVXXHOW YaCTN N3MEPUTESNIbHOM CUCTeMbl. MarHUTHOE noJsie NoCTosAHHOro marHuta (MIMMNM) onpenenset MarHUTHbIN
MoTOK, 1, cnefoBaTesfibHO, MHAYKLMOHHbLIA TOK B PYrOM 3/1EMEHTE MarHUTHOM CUCTEMbI — NPOBOASLLIEM BUTKE, pac-
MOJIOKEHHOM Ha NepPEMELLAIOLLENCSA KOHCTPYKLMA. [1ns TEOPEeTU4eCcKoro 060CHOBaHMS NapaMeTPOB U3MEPUTENBHOM
CUCTEMBI, B T.4. 4J1 ONTUMMN3aLMM €e COCTaBHbIX YacTel, Heobxoarma NpocTasd, yaoobHas 4719 NPUMEHEHUS aHaIn-
Tnyeckast Moaenb MHPOopMaLMOHHOro curHana (AMUC), 4uTo onpeaensieT TpeboBaHUA K MaTteMaTUYeCKOMY onmca-
Huio MITMM. N3BecTHbIe pelleHus 3aaad no pacyety MMM copepxat obpaTHble TPUrOHOMETPUYECKNE DYHKLN
VN1 NpeacTaB/ieHbl pe3ynbTaTaMiy YACTEHHBIX PACHETOB, YTO 3aTPYAHSET UX UCMONb30BaHune ans paspadotku AMUC
M3MEPUTENBHON CUCTEMBI. Lienblo AaHHOM CTaTbu SABASETCH MOJSlyYeHne TOYHOro pelleHns 3agaduv pacyderta MMM
1 pa3paboTka Ha OCHOBAHMM 3TOr0 TOYHOIO PELLIEHMS aHAIUTMYECKOM MOAENV HOPMaJIbHOW COCTaBNSIOLLEN BEKTOPA
MarHnTHom nHaykumm (HCBMW) nocTostHHOro MarHuTa, ncnonb3yemoi ans paspadotku AMUC.

MeToabl. Vicnons3oBanncb MeToabl MaTeMaTU4eCKOro aHanm3a n MeTo, 9KBUBAJIEHTHOIO CoJieHoMaa.
Pe3ynbTathl. [onyyeHo To4HOE pelueHne 3agayqm pacieta HCBMIW MMM, nmetowero doopmy napannenenuneana,
Ha OCHOBaHWM KOTOPOrO MOJIy4EHO BbIPaXeHne, annpokcummpyowee GopMyny TOYHOMO PELLEHUs, — aHannTuye-
ckasa monens HCBMU.

BbiBoAgbl. [MonyyeHHas aHanuTtuydeckas moaens HCBMW moxeT 6bITb MCMOb30BaHa A1 TEOPETMHECKON paspa-
60Tkn AMUC nameputenbHOM CUCTEMBbI C MHAYKLUMOHHOW nepefayer nHdopmMaumm o napaMmeTpax nepemerlain-
LEeNCs KOHCTPYKLMY HA HENOABUXXHbBIV MPUEMHUK CUrHanNa.

KnioueBble cnoBa: NOCTOSAHHbIM MAarHUT, MarHUTHas NHOYKUWNA, 3KBMBAJIEHTHbI coneHoma, HOpMaJnbHasa COCTaB-
nqawwaa, aHanmtTnyeckasa mogesib

Ana umtupoBaHua: 3akatoB M.M. AHanuTuyeckas MOOENb HOPMAasbHOM COCTaBASIOWEN MarHUTHOWM MHAOYK-
UMK NOCTOsiHHOrO MarHuTa. Russian Technological Journal. 2025;13(5):87-94. https://doi.org/10.32362/2500-
316X-2025-13-5-87-94, https://www.elibrary.ru/SPEPVZ

MpospayHocTb pMHAHCOBOMN AeATEeNbHOCTU: ABTOP HE NMeeT GUHAHCOBOW 3aMHTEPECOBAHHOCTU B MNpeaCTaB/IeH-
HbIX MaTepuanax uam meToaax.

ABTOp 3asBnseT 06 OTCYTCTBUN KOHMINKTA UHTEPECOB.
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Abstract

Objectives. In a measuring system based on the inductive transmission of information from a moving structure
to a stationary signal receiver, the signal carrying useful information about the parameters of the moving structure
is formed by a magnetic system containing a permanent magnet mounted on the stationary part of the measuring
system. The magnetic field of the permanent magnet (MFPM) determines the magnetic flux, and, consequently, the
induction current in a conducting coil located on the moving structure. In order to theoretically justify the parameters
of the measuring system including the optimization of its components, a simple and easy-to-use analytical model
of the useful signal for determining the requirements for the mathematical description of the MFPM is required. The
use of known solutions for developing an analytical model of the useful signal of the measuring system is complicated
by the need to use inverse trigonometric functions or the results of numerical calculations. The present work sets out
to obtain an exact solution to the problem of calculating the MFPM and on this basis to develop a simple, convenient
analytical model of the normal component of the magnetic induction vector (NCMIV) of a permanent magnet used
to develop an analytical model of the useful signal.

Methods. The equivalent solenoid method was used along with mathematical analysis approaches.

Results. Anexactsolutionfor calculating the normalcomponent of the magneticinductionvector ofthe parallelepiped-
shaped permanent magnet was obtained. Based on this, a straightforward and easy-to-use analytical model of the
NCMIV was developed, which closely approximates the formula derived for the exact solution.

Conclusions. The developed analytical model of the NCMIV can be used for theoretical development of an analytical
model of the useful signal of a measuring system with inductive transmission of information about the parameters
of a moving structure to a stationary signal receiver.

Keywords: permanent magnet, magnetic induction, equivalent solenoid, normal component, analytical model
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BBEAEHUE

B 3amauax nepenaun mHpoOpManuu o mapamerpax
KOHCTPYKIIMU, MEHSAIIIEH CBOE TMOJO0KEHHE OTHOCH-
TEJIHHO HETMOABM)KHOTO NMPUEMHHKA CUTHANa, B OCHOB-
HOM HCHOJIb3yeTcsa paguokaHal (Hampumep, AJis nepe-
Jlaud 3HAYeHUW MapaMeTpoB ra3a B IMHEBMATHYECKOH
LIMHE TPaHCIOPTHOro cpexactsa). IIpu 3ToM Ha KOH-
CTPYKLHMH pa3MeLIalOTCs U3MepUTENbHbIE Mpeodpa3o-
BaTeN ITAPaMETPOB, OINPEICISIOIIUX €€ COCTOSHUE,

B DJIEKTPUYECKHE CUTHAJIbI, MOCTyMHAIOIIHe B Pajuo-
nepenatuuk. Ha HemoaBM)XHOM wacTH, Hampumep,
Ha KOpITyce TPaHCIOPTHOI'O CPEICTBA, 110 OTHOLIEHUIO
K KOTOPOMY MEHSIET CBOE€ IOJIOKEHHE KOJIECO C ITHEB-
MaTU4YEeCKOW IIMHOM, pa3MEIaeTcs MPUEMHUK paJiho-
CUTHaJA.

Hcnonp3oBanue paguokaHana JUisl Iepefadyd HH-
(opmari 0OBIYHO CBSA3AaHO C TPYAHOCTSIMH, OOYCIIOB-
JIEHHBIMM OI'PaHMYEHUAMU Ha UCIIOJIb30BAHUE IEKTPO-
MarHUTHOIO U3J1y4eHHUsl.
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AHanuTnyeckas Mogesib HOpManbHOM COCTaBASIOLLEN
MarHUTHOM NHAYKUMW NOCTOSSHHOIO MarHmuTa

M.M. 3akaTtoB

B wusmeputenbHOl cucTeMe ¢ MHIYKIMOHHOW me-
penadeii nHGOPMAIIMK O COCTOSIHUU ITepeMenIaroIneics
KOHCTPYKIUH [1, 2] WHPOPMALIMOHHBIA CUTHA, HECY-
M HHPOPMAIIHIO O COCTOSIHUUA KOHCTPYKITHH, (hOPMH-
pyeTcss MarHUTHOM CHCTEMOii, KoTopas (opmam3oBa-
Ha cieayromuM oopazom (puc. 1). Ha BepxHe#t rpanm
MOCTOSTHHOTO MAarHuTa, UMeromiero Gopmy napasiesne-
nuIea BEICOTOH H ¥ OCHOBAaHHEM C pa3Mepamu a U b,
pa3MelaeTcsi MpsIMOYToJbHBIM MPOBOJSIINI BUTOK 1.
B miockocTH, mapaisienbHONM BepXHEH I'paHU IOCTO-
SIHHOTO MarHuTa, JABMIKETCS CO CKOPOCTBIO V' OTHOCH-
TEJIBHO MOCTOSHHOTO MarHUTa KOHCTPYKIIHS C Pacioio-
JKeHHBIM Ha HEeH BUTKOM 2, UMEIOIIUM MPSIMOYTOJIbHYIO
¢dopmy, Tak, 4To Tpoekuus (Touka A) IEHTpa BHUT-
ka 2 (Touka O,) Ha ock Ox mepemMeInaeTcs Baoyb ocu Ox.
PaccTosiHue OT IIIOCKOCTH 710 BepXHEH IpaHH MOCTOSH-
HOTO MarHuTa PaBHO d. DIEKTPHUCCKOE COMPOTUBIICHHE
BUTKA 2 OIpENeIIIeTCs IapaMeTPOM KOHCTPYKIIMH.

[Ipu nepemerieHun BUTKa 2 B MarHUTHOM IIOJIE
nocrostiHoro Marauta (MIIIIM) B BUTKe 2 BO3HHKAET
WHIYKIIMOHHBIHN 3JI€KTPUUECKHUH TOK, CHJIa KOTOPOTO 3a-
BHCHUT OT CKOPOCTH BUTKA 2, SJICKTPUIECKOTO COMTPOTHB-
JIEHUS! BUTKA 2, a TAaK)Ke OT HOPMAJIbHOM COCTaBJISIONIEH
BekTopa MarauTHOM nHAYyKImH (HCBMU) MIIIM, niep-
MEHIUKYISIPHON TUIOCKOCTH BUTKA 2. MHAYKIMOHHBINA
MEKTPUUECKUN TOK MEpEeMEIIaloIerocst BUTKa 2 co3Ja-
€T IepeMEeHHOE MarHUTHOE T0JI€ B MECTOPACTIONIOKEHUH
BUTKA 1. DnekTpoaBHxKyIas cuiia BUTKa 1, 00ycioBieH-
Has MarHUTHBIM IOTOKOM I€PEMEHHOI0 MAarHHUTHOTO
OJIS1 MHTYKIIMOHHOTO TOKA [IepeMEILaloIerocs BUTKa 2,
SIBJSIETCS. MH(POPMAIIMOHHBIM CHTHAJIOM, COAEPIKAIIIM

-

Butok 2

—

Butok 1

[MOCTOSAHHbIN MarHuT

Puc. 1. Cxema MarHMTHOW CUCTEMbI

HHPOPMANNIO 0 Mapamerpe KOoHCTpyKuuu. Jms ompe-
JIEJIEHUS] XapaKTePUCTUK MarHUTHBIX MOJIEH pa3iIuyHbIX
MarHUTHBIX CHCTEM pa3BUTHl aHanuTudeckue [3—11]
n yncneHHsbie [ 12—24] MeTobl pacueToB XapakTEePUCTHK.
B nannoii cTarbe A TOYHOTO PEIICHUS 3a/Jau pacipe-
nenernst HCBMU MIIIIM B mtockocTH, apajiebHON
BEpXHEH T'paHH MOCTOSHHOTO MAarHWTa, MPUMEHEH Me-
TOJl SKBUBAJICHTHOTO cojeHoua. [lomydyeHHble pesyib-
TaThl UCMOJIB30BATIUCH AJIS Pa3padOTKH aHATUTUYECKOM
moaenu HCBMU, kotopasi MOXKET OBbITh MCIIONb30BaHA
JUISL pa3pabOTKU aHAJIMTHYECKUX MOJeNiell MarHUTHBIX
ITOTOKOB, CO3JAIOIINX HWHIYKIHUOHHBIE 3JIEKTPUYECKHE
TOKH B IIPOBOJAIINX BUTKaX | 1 2. Pe3ynbTarhl pacueToB
pacupenenennst MIITIM, uznoxennsie B [11], monomnue-
HbI pacuetamu pacnpenenenus MIIIIM B reomerpuue-
CKOI1 00acTr BONM3U ITOCTOSTHHOTO MarHUTA.

NMOCTAHOBKA 3AOA4HU

MarHuTHOE ToJie CO371aeTCs OTHOPOAHO HAMAarHHYEHHBIM 10 0cH Oz TIOCTOSIHHBIM Maruutom (puc. 2). Hagano
cUCTeMbI KoopauHAT Oxyz pa3MenaeTcs B IEHTpe OCHOBaHUS MarHuTa. Mcmonb3ys puc. 2, paccuuTaeM HOPMHUPO-
Bannyto HCBMUW MIIIIM B_ (x, y, z) B Touke M(x, y, z), pPacrionoXeHHO! B 3aJaHHON IIIOCKOCTH z > H.

[MOCTOSIHHBIN MarHnT Bap z

Puc. 2. l'eometpunyeckas cxema pacyeta HCBMUW MIMMM
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B cooTBeTCTBUM C METOIOM SKBHBAJIEHTHOTO coJieHoH A [3—6] 3aMEeHNM MOCTOSHHBI MarHUT CUCTEMOM MOBEpX-
HOCTHBIX JIEKTPUUYECKHUX TOKOB C JMHEHHOW MJIOTHOCTBIO A, TEKYLIUX B INIOCKOCTSX, MEPIEHAUKYIAPHBIX ocu Oz.
Torna no nosiocke OOKOBOW MOBEPXHOCTH MOCTOSIHHOTO MarHuTa IUPUHON d/i, pacCONIOKEHHON Ha BBICOTE /1 OT €ro
OCHOBaHHUsI, MPOTEKAET MOBEPXHOCTHBIN ANeKTpuyecKuil Tok cusioit [ = Adh. IlepumeTp nonocku obpa3zoBaH OTpe3-
kamu AD, DC, CB, BA, rne |AD| = |CB| = b, |DC| = |BA| =a.

Bennuuna mMarauTHOM nBAyKmu B, (X, v, z) Toka [ otpeska AD B Touke M(x, y, z) onpenensercs COOTHOIIE-
HHeMm [3]:

Ky  cosa —cosP
Byp(x,y,2)=—1———, (1)
4 Ty
TJIe 7 — PacCTostHKuE OT TOYKU M(x, y, z) 1o orpeska AD.
Bekrop MarunTHOM MHAYKIMHU B , ) HAIIPABJIEH MO YIJIOM Y K ocu Oz.

C ucnonb30BaHUEM pUC. 2 NOIYUEHBI CIEIYIOINE COOTHOLIEHHUS:

v+l
—cosP= 2 ) (2)
(x+aj2 +(y+bj2 +(z—h)?
2 2
é_)’
cosa = 2 : (3)
(x-i—a)z +(y—bj2 +(z—h)?
2 2
x+ 2
cosy = 2 . “)

+a2+ h)?
X by (z—h)

HopmasbHas cocTapisiiolas BEKTOPa MarHUTHONW MHAYKIMH B, [ , cO3/1aBaeMasi SJIEKTPHYECKUM TOKOM OTPE3-
ka AD, onpenensiercs popmysoi:

Bup, (X, ¥, 2) = By (x, ¥, z)cosy. ®)

Hopmanbsubie cocrapmisionue BEKTOpa MAarHUTHOM WHAYKIMM 3NEKTpudecknx TokoB orpe3koB DC, CB, BA
OTIPEIETISIFOTCST TAKHUM JKE 00pa3oM.

Hopmanbhas cocTaBmsionias BeKTopa MarHUTHONH MHIYKITHH, CO3/1aBacMasi AICKTPHICCKUM TOKOM /, IpOTeKa-
IOIIMM I10 TIOJIOCKE IIUPUHOMN d/ Ha BBICOTE /1 TIOCTOSTHHOTO MarHuta, ssisiercs: cymmoiit HCBMMU anektpudeckux
TokoB orpe3koB AD, DC, CB, BA:

th (x,y,2)= BADz (x,y,2)+ BDCz (x,y,2)+ BCBz (x,y,2)+ BBAz (x,,z). (6)

B naneneiiimem cumBonamu AD, DC, CB, BA Oynem 0603HauaTh OOKOBBIE TIOBEPXHOCTH ITOCTOSTHHOTO MarHuTa,
COZIEp KaIfie COOTBETCTBYIOMINE OTPE3KH.

C yuetom (1)—(6) moxyunm ¢opmyity s BerauciaeHus HopmuposanHoiit HCBMMU anextpudeckoro Toka 60Ko-
BOi noBepxHocTu AD:

H
-H
4_7;LJ‘BADZ(x, y, z)dh =| arcsin = 0212 — _ arcsin _ 0‘;1(22 ) 2
Hoto Jek B +22) ek BB+ 1)) .
-H
+| arcsin b _ arcsin o (2 —H)
\/(Otfz +BE)(BE +22) \/(oclzz +BHBE +(z— H)?)
b b a
rme oy ZE—y, Oy :E+y’ Bl :x+5'
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Hopmuposannas HCBMU MIIIIM B_  (x, y, z) sBisiercs cymmoii Hopmuposanueix HCBMU Beex anexrpuye-
CKHX TOKOB OOKOBBIX MOBEPXHOCTEH MOCTOSHHOTO Marauta. C ydetom (7) mosydum:

4
: (z—H
an(xb y7 Z) = Z arCSIH allz _ arcs1n (Xll (Z )
i=1 \/(otizl +B)(B? +22) \/(0‘1'21 +B2)B2 +(z - H)?)
®)
. s H
+| arcsin Fin® —arcsin iz~ H) sign(pB,) |,
\/(0‘1'22+B,2)(B,-2+22) \/(aizz +B2)B2 +(z - H)?)
b b a . . , \
e Gy =R Yy G =5 ) By Ry (m1 AD); 0, Xt Gp =T h B, =yt (u DC); a3, =yt
b a a 4 b
LN Ps 57 (n1s CB); 0y =, G =ty By =57y (n1s BA).

HopwmanbHas cocTaBmsionas BEKTOpa MArHUTHON MHIYKIIMU AJIEKTPUIECKOTro Toka 6okoBoii moBepxHocTH CB

a b
MEHSIET 3HAK MU X > EX Tak ke, kak 1 HCBMU snekTpudeckoro Toka 60KoBoH moBepxHOCTH BA mpu y >5.

Wsmenenue 3nakos HCBMU yuutbiBaercs dpynkuuei sign(,).

B_ (x, y, z) SBISETCs Y€THON (DYHKIMEH KOOPJMHAT X U Y, CIEI0BATENBHO, PAacueT pacnpenerenus B_ (X, y, z)
B 3aJJaHHOMN TIOCKOCTH MOYKHO JIENIaTh TOJBKO JUIS €€ YeTBEPTH, OTpaHndeHHoi HepasenctBamu: 0<x, 0<y. Jns
TOJTy4eHHs Oolee yT00HOro s JalbHEHIINX MCCIIEI0BaHUI BeIpakeHus B_ (X, y, z) popmyia (8) ObL1a pasnoxkeHa
B psan Teitmopa, aHaaM3 KOTOPOTO IOKa3al, 4To (GopMyry (8) MOKHO 3aMEHHTH IPOCTOH, YIOOHOH VI pacueToB
(hopmyoit — ananuTHyeckoit monensro HCBMU:

2 P 2 P
B. (0,0,2)|| ——| -1 al 1 < <
B (x,v,2)= -n(0, 0,2) - - npu |x|—xmax’ y|—ymax’ 9)
2 n.anal W > Ymax Xmax
0 mpu 3] > X > Yinaxs
THE X, Viax — €PA3MEPBD)> MArHUTHOTO TIOJIs B TIOCKOCTH Z = CONS, T.€. KOOPAMHATBI X, ., V..., 3ABUCAIIIE OT KOOPIH-

HaTbl Z, KOTOpbIE MOIOMPAIOTCS TaK, YTOOBI B OONACTH |x| 2 X y| 2 Ymax MIockoct z = const HCBMU MIIIM
CTAHOBHJIACh PABHOMW HYJIIO.

Ha puc. 3 npusenens! rpaduku 3aucumoctedi Hopmuposannod HCBMU MIITIM B, (x, y, z) B mIOCKOCTH
z=13 MM B 3aBUCUMOCTH OT KOOPJIMHATHI X IPU Pa3IMYHBIX 3HAYEHHUSIX KOOPAUHATHI Y, IPH CIEAYIOLIUX MapaMeTpax
IIOCTOSIHHOTO MaruuTa: a = b = 16 mm, H = 8 mm. 3nauenus B, (x, y, z) s rpaduKoB /, 2, 3 pacCUMTaHbl 10 TOYHOM
(hopmyie (8), a 1st rpadukoB 4, 5, 6 — o popmyie (9).

AHanmu3 1MoKasal, 4To OTIHMYHE Pe3yIbTaToB pacde-
TOB TI0 TOYHOUM (Gopmysie (8) OT pe3ysbTaToB pacyeToB
IO aNPOKCHUMUPYIOIIeH Ghopmyiie (9) 3HAYUTEIBHO JIS
TOYEK TUIOCKOCTH C KOOPAWHATAMH X > 6 MM, y > 6 MM,
IIPU KOTOPBIX OTHOCHUTENBHAS MOTPEITHOCTE O pacyeTOB
nopmuposannoit HCBMU MIIIM no ananutnyeckon
MOZIEIIN IPUHAIEKUT 0Tpe3Ky 15% <8 <33%.

g ToYek TUIOCKOCTH ¢ KOOpAMHATaMH X < 6 MM, 1 —=
» < 6 MM OTHOCHTEJIbHAS HOTPEIIHOCTH O COCTaBUIIA Me- b\\\ o
Hee 15%, npudem 171 TOUYeK MII0CKOCTH, OTPaHHYEHHBIX aad
HEPaBEHCTBOM 7 < 4 MM, IJIe 7 — PacCTOsSHUE OT HayaJsa
CUCTEMBbI KOOPJIUHAT /10 TOYKHU TNIOCKOCTH, OTHOCHTEb- o 1 2 3 4 5 6 7 8
Hasl TIOTPEIIHOCTh cocTaBmia & < 3.8%; JUIst TOYEK TUI0- KoopauHaTa X, Mm
CKOCTH, OTPaHUUCHHBIX HEPABCHCTBOM » < 2 MM, OTHO- Puc. 3. Mpacukit HOPMUPOBAHHOH HCBMM MIMM:
CHUTEIIbHASI TOTPEITHOCTh cocTaBmia O < 2.6%. 1-B,,(x0,13),2-B, (x, 4, 13),

[MapameTpsl WHPOPMAIMOHHOTO CHTHajla HU3MEpH- 3-B,.(x,8,13),4-B x, 0, 13),

zn.anal(
TEJIBHONW CHCTEMBI: aMILUMTYyAa, (hopMa 3aBUCUMOCTH 5= B, anallX; 4, 13), 6 = B, gna(X, 8, 13)

n
I3

|

2

-2
”——°\o\ —3
N -4

—_
o

o
o

HopmuposaHHas HCBMW MIMNTMM

o
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OT BPEMEHHU Ha MHTEPBAJIE €r0 JUIMTEIbHOCTH, ONPENENAIOTCA CKOPOCThI0 U3MEHEHUS! MAarHUTHBIX ITOTOKOB B BHT-
Kax | u 2 npu HaxOXKACHUHU LIEHTpa BUTKA 2 HaJl IEHTPOM CEYEHUS MOCTOSHHOTO MaruuTa. B 3ToM ciydae nmorpeni-
HOCTB PAacueTOB MMapaMeTPOB HH(POPMAITHOHHOTO CUTHAIA HAUMEHBIIAS], IIOTOMY YTO MATHUTHBIC IIOTOKH M CKOPOCTh
WX U3MEHEHUH OIPEIeIIAIOTCS B OCHOBHOM LIEHTpalibHOU YacThio pacnpenenenns HCBMU MIITIM — B Toukax 1io-
CKOCTH C KOOpJMHATAaMH, OTPAaHUYEHHBIMHU HEPABEHCTBAMHU X < 6 MM, y < 6 MM.

[Tpu 6ospmux 3HaueHUsAX koopauaatr HCBMU MIITM — nepudepuiinas yacte MIIIIM, ObICTpO yMeHbIIaeTCH,
a CKOPOCTh U3MEHEHHs MarHUTHBIX TIOTOKOB, ompeaeisemas nepudepuitnoil yacteto MIIIIM, MeHbIIe CKOpOCTH
HW3MEHEHHS] MAaTHUTHBIX ITOTOKOB, ONPEIeIeMON HEeHTpaIbHON yacThio MITIIM.

[IpoBenennsbie omenku norpentHocteit pacuetoB HCBMU mo anmpokcumupyroriei ¢popmysie (9) mokasanu Bo3-
MOYKHOCTh UCIIOJIB30BaHUs aHamuTrdeckoil monenmn HCBMMU i pa3paboTKu aHaTUTHYSCKOH Mojeian nHpopma-
IIMOHHOTO CHUTHAJIA U3MEPUTEILHOW CHUCTEMBI C IMOTPEITHOCTBIO PACUeTOB 3HAYCHUH MH(OPMAIMOHHOTO CUTHAJA,
He npesbimatomeit 15%.

SAKJTIOMEHUE

[IpoBeneHHOE clieioBaHKE TIO3BOJIET CENaTh Clie-
JTYFOIITUE BBIBOIBI:
1. MeToloM SKBHBAJIEHTHOTO COJICHOUJA TIOJY-

2. [lomyyeHo BBIpaXEHUE aAHATUTUYCCKOM MOjIe-
mu HCBMMU, no3Bositoniee OTHOCUTENHHO MPOCTO
BBIYUCIISATH MATHUTHBIE IIOTOKU B BUTKax 1 u 2.

YeHa TOYHAas aHaluTHdeckas ¢dopmyna st
pacaeta HCBMUW MIIIIM, wumeromero ¢opmy
napajjenenunena, MNepHeHAUKYIIpHOH K 3a-
JAHHOW IUIOCKOCTH, NapajuleIbHOM TOpLy Mar-

. O0ocHOBaHa BO3MOKHOCTH WCITOJIB30BAaHUS aHa-

nutudyeckord monenu HCBMU nns reopernueckoit
pa3pabOTKH aHATUTHYECKOH Mojenu WH(pOpMAaIu-
OHHOT'O CUTHaJjla N3MEPUTEIBHON CUCTEMBI C MHAYK-

HUTA. LIMOHHOM Tepenadyell curuasia.

CNMNCOK IUTEPATYPbI

1. 3axaroB M.M. TeopeTudeckue 0CHOBbI HH()OPMALIMOHHON CUCTEMBI ¢ MHAYKIIMOHHOM nepenaueil curnana. Paouonpombiu-
nenrnocms. 2001;1:29-39.

2. 3akatoB M.M. [laccusnwiii usmepumens oagieHus u memMnepamypul 6030yxa 8 wiute xoieca agmomoous: nar. 2509656 PO.
3asBka Ne 2012140219/11; 3asBn. 20.09.2012, omy6m. 20.03.2014. Bromn. 8.

3. CusyxuH [.B. Oowuii kypc gusuxu: 6 5 m. T. 3. Dnekmpuuecmeo. M.: ®uzmariut; 2004. 656 c.

4. Kycros M.C., Ipyuna /J[.B., Muxaiinosa O.0O., [lonskoB 1.I. Pacuer MarHUTHBIX TOJ€H OJHOPOAHO HAMATrHHUEHHBIX TEJ
METOJIaMH SKBUBAJICHTHOT'O COJICHOUA U MAarHUTHBIX 3apanoB. Becmuux Tel'V. Cepus «@usuxa». 2010;8:17-35.

5. Erlichson H. The magnetic field of a circular turn. Am. J. Phys. 1989;57(7):607—608. https://doi.org/10.1119/1.15955

6. Boponuos A.A., Cnecapes 10.H., Kapnyxun D.B. Maremaruueckoe MOJEIUPOBAHUE MATHUTHBIX MOJEH ABYXKOOpAMUHAT-
HBIX MarHUTOCTPUKIIMOHHBIX HAKIOHOMEPOB, COACPIKAILIMX ITIOCTOSHHBIA MarHuT B )opMe MPSIMOYTOJIBHOTO Tapajliesieni-
niefqa. Becmuux Tambosckozo I'TY. 2013;19(1):25-29.

7. Boponmos A.A., Cnecapes FO.H., Kapnyxun 2.B. Maremarndeckoe MOIEIHPOBAHNE MAarHUTHBIX TOJIEH JABYXKOOPAWHAT-
HBIX MarHUTOCTPUKIHMOHHBIX HAKIOHOMEPOB, COJACPIKALIMX KOJbIIEBOM WIIM CIUIOMIHOW MOCTOSHHBIM MarHut. M3zeecmus
Tlenzenckoeo eocydapcmeenno2o nedazocudeckozo yHueepcumema um. B.I benunckozo. 2012;30:467-472.

8. Ravaud R., Lemarquand G., Depollier C., et al. Analytical calculation of the magnetic field created by permanent-magnet
rings. I[EEE Transact. Magnet. 2008;44(8):1982—1989. https://doi.org/10.1109/TMAG.2008.923096

9. Barun JI.B., I'epacumenxo T.H., ITomskos I1.A. TouHoe aHATUTHUECKOE BHIPAXKEHUE [T MHIYKLIUU MarHUTHOI'O 110JIs1 00pas3-
1a MPsIMOYTONIbHOM popMbl. Becmuuk Mockosckoeo ynusepcumema. Cepus 3: @usuxa. Acmponomus. 2008;6:53-55.

10. Xiao-Fan G., Yong Y., Xiao-Jing Z. Analytic expression of magnetic field distribution of rectangular permanent magnets.
Appl. Math. Mech. 2004;25:297-306. https://doi.org/10.1007/BF02437333

11. ApramonoB A. H., Epxxenun H.P., 3akaroB M.M. AHanutudeckas MoJiesib HOpMaJIbHOM COCTaBIISAIONICH BEKTOpa MarHUTHON
uHaykun. B ¢6.: Mamepuanvr XXVII Mesicoynapooroil nayuno-npakmuueckoll kongepenyuu «lIpedynpescoenue, cnace-
nue, nomouvy. Xumkwu, 2017. C. 5-9.

12. Pesunkuna M.M. BeiOop mapaMeTpoB TOHKHX AJICKTPOMArHUTHBIX SKPAHOB ISl CHUKCHUS] YPOBHEH MarHUTHON MHIYKITHH.
KypH. mexn. ¢usuxu. 2014;84(2):1-7.

13. Pesunkuna M.M. UucneHHBIH pacyeT MArHUTHOTO MOJIsi © MATHUTHOTO MOMEHTA ()epPOMArHUTHBIX TEJ CIIOKHOM MPOCTpaH-
cTBeHHOM Kondurypauuu. Kypn. mexn. gpusuxu. 2009;79(8):8—17.

14. Cnecapes 1O.H., Maprenc-Atromesa K.1O., Poqnonos C.B. UccnenoBanne mareMaTHueCcKUX MOJEIEH MarHUTHBIX MOJEH
JBYXKOOPJMHATHBIX MarHUTOCTPUKLMOHHBIX HAKIIOHOMEPOB. Modenu, cucmemsl, cemu 6 IKOHOMUKe, MexXHUuKe, npupooe u
obuecmae. 2016;2(18):290-298.

Russian Technological Journal. 2025;13(5):87-94
92


https://doi.org/10.1119/1.15955
https://doi.org/10.1109/TMAG.2008.923096
https://doi.org/10.1007/BF02437333

AHanuTnyeckas MoAesib HOPMasibHOM COCTaBAOLLEN M.M. 3akatos
MarHUTHOM MHAOYKLUMN NMOCTOSIHHOIO MarHuTa

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

W

10.

11.

12.

13.

BymeoxeB E.M., Mensmon E.H., [I)xaBaxus [.A. MonenupoBaHue mosisi MOCTOSTHHOTO Marauta Mzgecmus Camapckoeo Ha-
yunoeo yeumpa PAH. 2011;13(4):106—-110.

YepkacoBa O.A. VccnenoBaHue MarHUTHOTO IOJISI TIOCTOSIHHOTO MAarHUTa ¢ MOMOIIBIO KOMIIBIOTEPHOTO MOZETHPOBAHMSL.
T'emepomaenumnasn muxposnekmponura. 2014;17:112—120.

Martrok B.®., OcumoB A.A., Ctpenroxut A.B. Pactipenenenrne HaMarHU4eHHOCTH BAOJb IMIHHIPUYIECKOTO CTEPKHS, HAX0-
JISIIIErOCst B IPOJIOJIBHOM TIOCTOSTHHOM OJJTHOPOJHOM MarHUTHOM none. Dnekmpomexnuka. 2009;8:37-46.

Amnpnpeesa E.I'.,, TareBocsin A.A., Cemuna U.A. UccrenoBanne ocecCHMMETPUIHON MOJIETH MAarHUTHOW CHCTEMBI OTKPBITOTO
tuna. Omckuil Hayuusitl eecmuuk. 2010;1(87):110-113.

Jlarytun A.C., I'puropses I.}HO. MaruuTHas cucrema nossipusaropa saep kceHona. IIpukiaonas ¢usuka. 2023;3:92-95.
Amuesckuii B.JI., Opno B.JI. Pacuem napamempoe MacHumHwIx noieil 0CeCuMMEmpUuyHbIX kamyuiek. M.: DHeproaroMusar;
1983. 112 c.

Camacho J.M., Sosa V. Alternative method to calculate the magnetic field of permanent magnets with azimuthal symmetry.
Revista Mexicana de Fisica E. 2013;59(1):8—17. https://doi.org/10.31349/RevMexFisE.21.020701

Cembikuna M.1O., 3aBesioB B.M., [lyoxoB E.A., YroBa M.b. Ananu3 pacnpeneneHust HHIYKIIMM MarHUTHOIO IIOJS B
OKPECTHOCTAX KaTyLIKH MPSMOYTOJBEHOTO MpodMIIst CHCTEMBI OecTIpoBOIHOM Nepenaun >Hepruu. B cO.: [lepcnexmusnvie
mexHonoeuu u mamepuansl: Mamepuanvr Medscoynapoonoil nayuno—npaxkmuueckou Kougepenyuy. Ceactononb. 2022.
C. 235-239.

LiB., Zhang J., Zhao X., Liu B., Dong H. Research on air gap magnetic field characteristics of trapezoidal Halbach permanent
magnet linear synchronous motor based on improved equivalent surface current method. Energies. 2023;16(2):793-805.
https://doi.org/10.3390/en16020793

Ocwumnos B.B., Opnos A.H., JIucenkos B.B., Makcumos P.H., [llutoB B.A. Pacnpenenenne MarHuTHOTO OIS B 3a30p€ MEXK-
Iy ZIByMSI TIOCTOSIHHBIMH MAarHUTaMU: pPacueTHbIC U KCIIEPUMEHTAIbHbIC TaHHbBIC U UX NPUIOKEHUs. [Ipubopul u mexnuxa
akcnepumenma. 2023;6:111-118. https://doi.org/10.31857/S003281622306006X

REFERENCES

. Zakatov M.M. Theoretical foundations of an information system with inductive signal transmission. Radiopromyshlennost’

= Radio Industry. 2001;1:29-39 (in Russ.).

. Zakatov M.M. Passive Automotive Tire Air Pressure and Temperature Meter: RF Pat. 2509656. Publ. 20.03.2014 (in Russ.).
. Sivukhin D.V. Obshchii kurs fiziki: Elektrichestvo (General Course of Physics: in 5 v. V. 3. Electricity). Moscow: Fizmatlit;

2004. 656 p. (in Russ.).

. Kustov M.S., Druina D.V., Mikhailova O.0., Polyakov I.G. Magnetic field calculation for uniformly magnetized bodies by

the methods of equivalent solenoid and magnetic charges. Vestnik TvGU. Seriya: Fizika = Bulletin of TvGU. Series: Physics.
2010;8:17-35 (in Russ.).

. Erlichson H. The magnetic field of a circular turn. Am. J. Phys. 1989;57(7):607—608. https://doi.org/10.1119/1.15955
. Vorontsov A.A., Slesarev Yu.N., Karpushin E.V. Mathematical modeling of magnetic fields of two-axis magnetostrictive

inclinometers containing constant magnet shaped as rectangular parallelepiped. Vestnik TGTU = Transactions of the TSTU.
2013;19(1):25-29 (in Russ.).

. Vorontsov A.A., Slesarev Yu.N., Karpushin E.V. Mathematical modeling of magnetic fields of two-coordinate magnetostrictive

tiltmeters containing a ring or solid permanent magnet. I[zvestiva Penzenskogo gosudarstvennogo pedagogicheskogo
universiteta im. V.G. Belinskogo. 2012;30:467—472 (in Russ.).

. Ravaud R., Lemarquand G., Depollier C., et al. Analytical calculation of the magnetic field created by permanent-magnet

rings. IEEE Transact. Magnet. 2008;44(8):1982—1989. https://doi.org/10.1109/TMAG.2008.923096

. Vagin D.V,, Gerasimenko T.N., Polyakov P.A. Exact analytical expression for magnetic field induction of rectangular shape

sample. Moscow Univ. Phys. 2008;63(6):422—422. https://doi.org/10.3103/S0027134908060131

[Original Russian Text: Vagin D.V., Gerasimenko T.N., Polyakov P.A. Exact analytical expression for magnetic field
induction of rectangular shape sample. Vestnik Moskovskogo universiteta. Seriya 3: Fizika. Astronomiya. 2008;6:53-55
(in Russ.).]

Xiao-Fan G., Yong Y., Xiao-Jing Z. Analytic expression of magnetic field distribution of rectangular permanent magnets.
Appl. Math. Mech. 2004;25:297-306. https://doi.org/10.1007/BF02437333

Artamonov A.N., Erzhenin N.R., Zakatov M.M. Analytical model of the normal component of the magnetic induction vector.
In: Proceedings of the 27th International Scientific-Practical Conference “Prevention. Salvation. Help.” Khimki; 2017.
P. 5-9 (in Russ.).

Rezinkina M.M. Parameters of thin electromagnetic shields that provide a decrease in magnetic induction. Tech. Phys.
2014;59(2):155-161. https://doi.org/10.1134/S1063784214020194

[Original Russian Text: Rezinkina M.M. Parameters of thin electromagnetic shields that provide a decrease in magnetic
induction. Zhurnal tekhnicheskoi fiziki. 2014;84(2):1-7 (in Russ.).]

Rezinkina M.M. Numerical calculation of the magnetic field and magnetic moment of ferromagnetic bodies of complex
spatial configuration. Tech. Phys. 2009;54(8):1092—1101. https://doi.org/10.1134/S1063784209080027

[Original Russian Text: Rezinkina M.M. Numerical calculation of the magnetic field and magnetic moment of ferromagnetic
bodies of complex spatial configuration. Zhurnal tekhnicheskoi fiziki. 2009;79(8):8—17 (in Russ.).]

Russian Technological Journal. 2025;13(5):87-94
93


https://doi.org/10.31349/RevMexFisE.21.020701
https://doi.org/10.3390/en16020793
https://doi.org/10.31857/S003281622306006X
https://doi.org/10.1119/1.15955
https://doi.org/10.1109/TMAG.2008.923096
https://doi.org/10.3103/S0027134908060131
https://doi.org/10.1007/BF02437333
https://doi.org/10.1134/S1063784214020194
https://doi.org/10.1134/S1063784209080027

Analytical model for the normal component Mikhail M. Zakatov
of magnetic induction of a permanent magnet

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Slesarev Yu.N., Martens-Atyusheva K.Yu., Rodionov S.V. Research of mathematical models of magnetic fields of two-
coordinate magnetostriction tiltmeters. Modeli, sistemy, seti v ekonomike, tekhnike, prirode i obshchestve = Models, Systems,
Networks in Economics, Technology, Nature and Society. 2016;2(18):290-298 (in Russ.).

Bulyzhev E.M., Menshov E.N., Dzhavakhiya G.A. Modeling the field permanent magnet. Izvestiya Samarskogo nauchnogo
tsentra RAN = Izvestiya of Samara Scientific Center of the Russian Academy of Sciences. 2011;13(4):106—110 (in Russ.).
Cherkasova O.A. Research of the magnetic field of the permanent magnet by means of computer modeling. Geteromagnitnaya
mikroelektronika = Heteromagnetic Microelectronics. 2014;17:112—120 (in Russ.).

Matyuk V.F., Osipov A.A., Strelyukhin A.V. Magnetization distribution along the cylindrical rod in longitudinal constant
uniform magnetic field. Russ. Electr. Eng. 2009;80(8):450—458. https://doi.org/10.3103/S1068371209080082

[Original Russian Text: Matyuk V.F., Osipov A.A., Strelyukhin A.V. Magnetization distribution along the cylindrical rod in
longitudinal constant uniform magnetic field. Elektrotekhnika. 2009;8:37—46 (in Russ.).]

Andreeva E.G., Tatevosyan A.A., Semina [.A. Research of the axisymmetric model of an open-type magnetic system. Omskii
nauchnyi vestnik = Omsk Scientific Bulletin. 2010;1(87):110-113 (in Russ.).

Lagutin A.S., Grigoriev G.Yu. Magnetic system of the xenon core polarizer. Prikladnaya fizika = Appl. Phys. 2023;3:92-95
(in Russ.).

Alievskii B.L., Orlov V.L. Raschet parametrov magnitnykh polei osesimmetrichnykh katushek (Calculation of Magnetic
Field Parameters of Axisymmetric Coils). Moscow: Energoatomizdat; 1983. 112 p. (in Russ.).

Camacho J.M., Sosa V. Alternative method to calculate the magnetic field of permanent magnets with azimuthal symmetry.
Revista Mexicana de Fisica E. 2013;59(1):8-17. https://doi.org/10.31349/RevMexFisE.21.020701

Semykina I.Yu., Zav’yalov V.M., Dubkov E.A., Uglova M.B. Analysis of the magnetic field induction distribution in the
vicinity of a rectangular coil profile of a wireless power transmission system. In: Proceedings of the International Scientific
and Practical Conference “Advanced Technologies and Materials.” Sevastopol. 2022. P. 235— 239 (in Russ.).

Li B., Zhang J., Zhao X., Liu B., Dong H. Research on air gap magnetic field characteristics of trapezoidal Halbach
permanent magnet linear synchronous motor based on improved equivalent surface current. Energies. 2023;16(2):793-805.
https://doi.org/10.3390/en16020793

Osipov V.V,, Orlov A.N., Lisenkov V.V., et al. Distribution of the Magnetic Field in the Gap between Two Permanent
Magnets: Calculated and Experimental Data and Their Applications. Instrum. Exp. Tech. 2023;66(6):995-1002.
https://doi.org/10.1134/S0020441223060064

[Original Russian Text: Osipov V.V., Orlov A.N., Lisenkov V.V., Maksimov R.N., Shitov V.A. Distribution of the Magnetic
Field in the Gap between Two Permanent Magnets: Calculated and Experimental Data and Their Applications. Pribory i
tekhnika eksperimenta. 2023;6:111-118 (in Russ.). https://doi.org/10.31857/S003281622306006X ]

006 aBTOpE

3akatoB Muxann MuxaiinoBuy, K.T.H., CTapLUWIA HAay4YHbIA COTPYOHUK, OOLEHT, Kadeapa MexaHuku 1N nHxe-

HepHoi rpadukm, GrEBOY BO «Akagemus rpaxkgaHckol 3awmtel MuHmnctepctea Poccuiickoin @epepauum no ge-
nam rpaxaaHckor 060pOHbI, Ypes3BblHaMHbLIM CUTYaLMSAM U NNKBUOALMN NMOCNEACTBUMA CTUXUIAHBIX 6eACTBUA UMEHU
reHepan-neviteHaHta .M. Muxaiinuka» (PreBOY BO «Akagemust rpaxaaHckoi 3awmutel MHC Poccun») (141435,
Poccusa, MockoBckas 06n., r.0. Xumku, Mkp. Hoeoropck, yn. Cokonosckasq, ctp. 1). E-mail: zakatov46@mail.ru.
https://orcid.org/0009-0006-1249-8039

About the Author

Mikhail M. Zakatov, Cand. Sci. (Eng.), Senior Researcher, Associate Professor, Department of Mechanics and
Engineering Graphics, Civil Defence Academy EMERCOM of Russia (1, Sokolovskaya ul., mkr. Novogorsk, Khimki,
Moscow oblast, 141435 Russia). E-mail: zakatov46@mail.ru. https://orcid.org/0009-0006-1249-8039

Russian Technological Journal. 2025;13(5):87-94
94


mailto:zakatov46@mail.ru
https://orcid.org/0009-0006-1249-8039
mailto:zakatov46@mail.ru
https://orcid.org/0009-0006-1249-8039
https://doi.org/10.3103/S1068371209080082
https://doi.org/10.31349/RevMexFisE.21.020701
https://doi.org/10.3390/en16020793
https://doi.org/10.1134/S0020441223060064
https://doi.org/10.31857/S003281622306006X

Russian Technological Journal. ISSN 2782-3210 (Print)
2025;13(5):95-103 ISSN 2500-316X (Online)

MaremaTuueckoe MOJ€C/IMPOBaHUE

Mathematical modeling

Y/IK 538.93
https://doi.org/10.32362/2500-316X-2025-13-5-95-103 )y |
EDN YKAHQQ

HAYHYHAA CTATbA

HUccaenoBanue TemjionepeHoca
B IOPUCTOH cpeae
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Pesiome

Lenu. Tpmxabl nepuoanveckme MUHMMasbHble MOBEPXHOCTU — 9TO HEMepeceKaLmMecsi MOBEPXHOCTU C HYNEBOW
CcpenHen KPMBU3HOM, COCTOSILLME N3 MOBTOPSIOLLMXCS B TPEX HANPaBEHUSaX AeKapTOBON CUCTEMbI KOOPAMHAT 3ne-
MeHTOB. Mlcnonb3oBaHne KOHCTPYKLMIA, OCHOBAHHBLIX HA MUHUMaJbHbIX MOBEPXHOCTSX, B TEMJIOTEXHNYECKOM 000-
pyaoBaHMM CBA3aHO C MX MPenMyLLEeCcTBaMn nepes, KIacCU4eCcKUMN pelletTyaTbiMm 1 COTOBBbIMN KOHCTPYKLMSIMUA,
4acTo NPUMEHSIEMbIMU Ha NPakTuKe. Llenbio paboTel ABNSETCA MCCNefoBaHMe TennonepeHoca npy GunbTpaumoH-
HOM TEYEHMN HECKMMAEMOWN XNAKOCTU B MOPUCTONM cpeae C ynopsaoyeHHOM MakpOCTPYKTYPOM Ha OCHOBE TPUXabl
nepmoanyeckom MUHUMaNbHOM NMOBEPXHOCTY (rMpouaa).

MeTopbl. [Ina pelweHnsa 3agayn TensonepeHoca B NOPUCTON cpene NPUMEHSIETCH MeTOA KOHEYHbIX pa3HOCTEN.
[na peannsaumm anropMtma MeToaa KoHe4HbIX pa3HocTen pa3paboTaHo NporpaMMHoe obecrnedeHne Heat Transfer
Solver Ha a3blke nporpamMmmMmmnpoBaHns Python.

PesynbTaTtbl. B pamkax HacTosLWEro nccrnenoBaHns pa3paboTaHo nporpammMHoe obecrnedyeHne Ha s3blke Mpo-
rpammMmunpoBaHuns Python gna uncneHHoro peleHmnsa MeToaoM KOHEYHbIX Pa3HOCTEN 3a4ayn TenonepeHoca B No-
pUCTOW cpeae C ynopsiao4eHHOM MakpoCTPYKTypoii. DyHKLMOHAN NporpaMmMbl MO3BONSET UCCIIEA0BATbL ANHAMUKY
npouecca TensonepeHoca 1 BANSHUE Pas3nnyHbIX NapamMeTpoB Ha pacnpeaeneHve Temnepatypsbl. [py nomowm
LaHHOW NporpamMmbl M3y4YeH NPOoLLECC TEMONEPEHOCA B MOPUCTON CPpeae Ha OCHOBE rmpounaa. lNonyyeHsl rpadpuye-
CKMe 3aBUCUMOCTM TeMnepaTypbl TBEPAOTENLHOIO Kapkaca 1 XXMAKOCTH, a TakXe TEN0BOro noToka OT KoopauHa-
Thbl B pa3/INiHble MOMEHTbI BpeMeHW. OnpeaeneHbl xapakTepHble BDEMEHHbIE MHTEPBAJIbI, B KOTOPbLIX HaboaaeTcs
HanbornbLee abCoTHOE 3HaYeHMe rpagrueHTa Temneparyp.

BbiBoAbl. Pe3ynbTathl paboThl, BKIOYAOLWLME Kak pa3dpaboTaHHoe NporpaMmMHoe obecrnedyeHne, Tak 1 3aBUMCUMO-
CTV TeMnepartyp, MOryT HANTU MPUMEHEHME B PAOE UHXEHEPHBIX 334a4, FAE BaXHbIM ABASETCA NPOrHO3MPOBaHMe
TemMnepaTypHOro pacnpeneneHuns B NOPUCTbIX MaTepuranax npy pasnmnyHblX YCI0BUSAX SKCAyaTaLumn.

KnioueBble cnosa: nopucTasa cpepa, Ted4eHne XnagkocTtu, TEI'IJ'IOO6M6H, TPWXAbI nepunogmnvyeckasd MUHMManbHasa
NMOBEPXHOCTb, rmpouna, MmetTo, KOHEe4YHbIX pa3H0c;Te|7|
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Abstract

Objectives. Triply periodic minimal surfaces are non-intersecting surfaces with zero mean curvature, consisting
of elements repeating in three directions of the Cartesian coordinate system. The use of structures based on minimal
surfaces in heat engineering equipment is associated with their advantages over classical lattice and honeycomb
structures, often used in practice. The aim of the work is to study heat transfer during filtration flow in a porous medium
of an incompressible fluid having an ordered macrostructure based on gyroid triply periodic minimal surface.
Methods. In order to solve the problem of heat transfer in a porous medium, the finite difference method is used.
As a means of implementing the finite difference method algorithm, the Heat Transfer Solver software was developed
in the Python programming language.

Results. The described software program was used to obtain a numerical solution of the heat transfer problem
in a porous medium with an ordered macrostructure using the finite difference method. The program functionality
enables the investigation of the heat transfer process dynamics and the influence of various parameters on the
temperature distribution. The program was used to study the heat transfer process in a porous medium based
on gyroid triply periodic minimal surface. Graphical dependencies of the solid framework and fluid temperatures,
as well as the heat flux on the coordinate at different time steps, were obtained. Characteristic time intervals with the
highest absolute temperature gradient values were identified.

Conclusions. The results of the work, including both the developed software and the obtained temperature
dependencies, can be used in a number of engineering problems where it is important to predict the temperature
distribution in porous materials under various operating conditions.

Keywords: porous medium, fluid flow, heat transfer, triply periodic minimal surface, gyroid, finite difference method
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MccnenoBaHue TensonepeHoca B NopucTon cpeae
C YNOPSA0YEHHOM MaKPOCTPYKTYPO Ha OCHOBE rmpovaa

A.U. MNonos,
A.B. EpemuH

BBEAEHUE

B nacrosiiiee Bpemsi BaKHOW 33Ja4eil B TeopeTHye-
CKOH M IPUKJIQJHON TETJIOTEXHUKE SIBIISCTCS MOBBIIIICHUE
SHepreTuyecko IPPEKTUBHOCTH TEIIOTEXHUYECKOTO
obopynoBanusi [ 1], KOTOpOE MIMPOKO UCTIONB3YETCS B pa3-
JIMYHBIX OTPACIISX IPOMBILIEHHOCTH. OTHUM U3 METOZIOB
MHTCHCU(UKANKI TEIUIO0OMEHA SIBISICTCS NPHUMCHEHHE
MOPHUCTBIX MaTepPUajIoOB B KOHCTPYKLMHU TETIIO0OMEHHBIX
ycTpoiictB [2], xaranmzaropoB [3] u T.a. IloBbimenue
TUIOIIAIA TIOBEPXHOCTH TEIIOOOMEHA M TypOyJv3aIius
IIOTOKA SIBJISIFOTCS OCHOBHBIMM IIPUYMHAMM MCIIOJIb30Ba-
HUS TIOPUCTBIX MAaTEPUAIOB B TPAKTE TEIFIOOOMCHHHUKOB.

BonmbIIMHCTBO TIPUMEHSEMBIX Ha TPAKTUKE TOpPH-
CTBIX MAaTepUaIOB OOJIAAI0T CTOXAaCTHYECKOH CTpPYK-
TYpOH, WM, WHBIMH CJIOBaMH, CIy4daifHOH (opmoii
u pazMepamu nop. OIHAKO CyILECTBYIOT LIENbIE KJlac-
CBI MOPUCTBIX MAaTEepPHUajOB C YIOPAJOYCHHON CTPYKTY-
pOH, K KOTOPBIM, HANpUMeEp, OTHOCSTCS pelleTyarbie
U COTOBBbIE KOHCTPYKUMH [4, 5], a Takke KOHCTPYKIHH
Ha OCHOBE TPWXJIbl IMEPUOIUYECKUX MHUHUMAIBHBIX
nosepxHocteil (TIIMII). Takue MOBEpXHOCTH SIBISIOT-
¢Sl MPEeIMETOM OOJIBIIIOTO YMCIa HccieoBaHui [6—11]
BBHU/IY CBOMX IIPEBOCXOAHBIX MPOYHOCTHBIX CBOWCTB IIPH
BBICOKOM 3HAY€HWU IOPUCTOCTH, YTO IO3BOJIET HPO-
€KTHpOBaTh JIETKUE, HO MPHU TOM IPOYHBIE KOHCTPYK-
muu. OIHUM W3 IPEUMYLIECTB HOPHUCTBIX MaTepHajioB
¢ TIIMII-cTpykTypO# TaKkke SIBISIeTCS BO3MOKHOCTD Ba-
PBUPOBAHUS MX CBOMCTB (TEIUIOPH3MUSCKUX, MEXaHUYe-
CKUX | JIp.) IyTeM U3MEHEHHUsI XapaKTePHBIX TEOMETPH-
YECKUX IIapaMeTPOB MUHHUMAJIBHBIX NTOBEpXHOCTEH [8].

HecMmotps Ha BbIllIeyKa3aHHbBIC IPEUMYIIECTBA, PU
ucnonb3osanuu nopuctelx TIIMII-marepuanoB B KOH-
CTPYKIMH TEIUIOTEXHUYECKOTO O0OpYIOBAHUS MOXKHO
CTOJIKHYTBCSI C PSAOM TPYIHOCTEW BBHIY OTCYTCTBHSA
MaTeMaTHU4YeCKUX MOJEJEH, OMUCBHIBAIOUINX MPOLECCHI
nepeHoca (Teruia, Macchbl, UMIYIIbCa), MOCKOIBbKY 3TO
BJIeYeT 3a co00il OoJbIlKe 3aTpaThl BPEMEHU U PECYp-
COB Ha M3TOTOBJICHHE OIBITHBIX OOpa3IOB W IMPOBEIC-
HUE HATYPHBIX SKCIEPUMEHTOB. B CBA3M ¢ 3TUM BaskHOM
3a/aueil SABJIETCAs MaTeMaTHYeCKOe MOJEJIMPOBaHHE
TEIUIOMACCONEPEeHOca B MOPUCTHIX Cpelax, CTPYKTypa
KOTOpBIX ocHOBaHa Ha TTIMII.

g pemieHust 3ajad TeIUIOMaccolliepeHoca Ipu-
MEHSIOTCSl KaK YUCIIEHHbIE, TaK U aHAJIUTUYECKUE Me-
tonel [12—-14]. AnanuThueckue METOAbI, HampuMep,
METOJI pa3/ieJiCHUs MEePEeMEHHBIX M METOJ UHTErpajib-
HBIX MPeoOpa3oBaHMil TMO3BOJSIOT IOMy4YaTh TOYHBIC
peleHusl B 4acTHBIX ciydasx. OJHako Takue MeTo-
JIbl IPUMEHUMBI TOJBKO K OTPAaHUYCHHOMY YHMCIY 3a-
Jlad C OIpe/eNIEHHBIMU OTPaHUYCHUSIMU U YCIOBUSMHU.
B cBsi3u ¢ 9TUM NpU pelieHHH CIOXKHBIX 3aj4a4 (C He-
JUHEWHBIMA CBOMCTBAMH WJIM CIIOXKHOH TeoMeTpuen)
Ha MPaKTHKE YacTO MPHUMEHSIOTCS UYUCIEHHBIE METO-
bl (METOIl KOHEYHBIX DPa3HOCTEH, MEeTOJ KOHEYHBIX

eMeHToB u Jp.) [15, 16], mo3Boistone HaXOAUTh
MIPUOIMKEHHBIE PEIICHHS C 33JIaHHON TOYHOCTBIO.

B nacrosmieit pabore npu MOMOIIM METO/Ia KOHEY-
HBIX pa3HOCTEH pelieHa OJHOMEpHas 3ajiadya Terulo-
repeHoca B IOPHUCTON cpene, CTPYKTypa KOTOPOM
ocHoBaHa Ha TTIMII Buna rupouni, Npu TEYEHUH HECHKU-
MaeMOMU JKUIKOCTH.

MOCTAHOBKA 3A0A4YU

B pabore paccMarpuBaeTcs TEINIOOOMEH B IOPH-
CTOI cpefe CcO CTPYKTypOi, OCHOBAaHHOM Ha THPOU-
ne [17, 18], mpu HU3KOW CKOPOCTH TEUEHUS KHUIKOCTH,
XapakTepHOW s (PUIBTPAlIMOHHBIX TeueHuid. Cxema
3aaun n300pakeHa Ha puc. 1. Ha puc. 1a nzo0paxeHa
JJIeMEHTapHasl SYeiKa rupousia, XapakTepHbIMU reoMe-
TPUUECKUM I1apaMeTpaMM KOTOPOH SABIISIOTCS TOJNLIMHA
CTCHKU O M JuimHA peOpa Kyba @, B KOTOPBIA BIHCaHA
sueiika. [Tpu BapbupOBaHUM JaHHBIX [IapaMETPOB U3Me-
HSETCS TOPUCTOCTh MaTepraa, 4TO OKa3bIBACT BIUSHHUE
KaK Ha THAPOJMHAMUYECKUE XapPAKTEPUCTHKH IOTOKA,
TaK U Ha UHTEHCUBHOCTH TEIUIOOT/Aa4H.

ITopucras cpena, yepe3 KOTOPYIO MPOTEKAET KH/I-
KOCTb, n300pakeHa Ha puc. 10. Pemerxka TIIMII
oOpasyeTcst IyTeM KONUPOBAHHUA  3JIEMEHTapHOU
sueiiku (puc. 1a) B OpTOrOHAJIbHBIX HANPaBICHUSX Jie-
KapTOBOH cHCTEMbl KOOPAMHAT C IEPUOJIOM PAaBHBIM .

[t omricaHus TETUIOOOMEHA ITPU TEICHHUH KUAKOCTH
yepe3 MOPUCTYIO Cpely BOCHOJIb3yeMCs IByXTeMIIepaTyp-
HOU MoJienbro, ipeyiokeHHo Wakao N. u Kagei S. [19].
JIByxTemneparypHas MOZAENIb O3BOJISIET OIMCHIBATH KakK-
JIBIA KOMITOHEHT TIOPHCTOH cpenbl (TBEpIOe TEIO M SKHUI-
KOCTB) C HCIOJIB30BAHUEM OT/CIBHBIX YPaBHEHHUI dHEp-
MU JUIS KaKIoi (asbl, 4TO JlaeT BO3BMOXKHOCThH Ooliee
TOYHO OIKCHIBATh MPOIIECC TEMII000MEHa, B 0COOCHHOCTH
MIPY OTCYTCTBUU JIOKAJILHOTO PAaBHOBECHSI.
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Puc. 1. Cxema 3agauu: (a) anemMmeHTapHas syerika
rmpounaa, (6) nopuctasa TMNMIM-cpena.
X — KoopamHarta, L — TonuwmHa nopucToro matepuana
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Maremaruyeckasi TIOCTaHOBKAa 3a/aud, BKJIIOYa-
om@as OCHOBHbIE JuddepeHanbHble  ypaBHEHUS,
a TaKoKe HaYaJbHbIE U IPAaHUYHBIE YCIOBUSA, UMEET BUJL:

(- ipey), o)
Opep)y =7 =
02T, (x,1)
= 7‘3(1)(1)3 8x—2 +o, (T, (x,0)-T.(x,0), (1)
O<x<L,t>0);
OT, (x,?) OT, (x,1) B
¢(pcp)*{ a ' }_
0T, (x,
= Mo % +o, (T (x,0)-T, (x,10), (2)
(O<x<L,t>0)
T .(x,0)=T, (x,0)=T,; 3)
oT (x,t)
L =ay (T - T(0,0)); )
ox =0
PN Call] I L S
T Ox L =0,y T\ ) ( )
T (0,0)=T; (6)
oT, (x,1) 0 @)
ox |

e ¢ — Bpems; T(x, 1), T, (x, {) — GyHKIMHU Temmeparyp
TBEPAOTEIBHOIO KapKaca U )KUAKOCTU COOTBETCTBEHHO;
¢ — MOPHCTOCTB;, U — CKOPOCTH IMOTOKA YKHIKOCTH;
(pcp)T, (pcp))K — TUIOTHOCTh W TETUIOEMKOCTh TBEP/IOTO
Marepuaia u >KHIKOCTH COOTBETCTBEHHO; 7‘3¢¢.T’ 7‘aq>q).>x -
3 PeKTUBHAS TEILIONPOBOTHOCTH TBEPAOTEILHOTO Kap-
Kaca M JKMJIKOCTH; A — TEIJIONPOBOAHOCTH TBEPIAOTO
Mmarepuana; 1, — HadanpHas Temmeparypa; 1, T, — Tem-
mepaTypsl OKPYXKAIOUMIMX CpPel O U IOCJe ITOPUCTON
30HBI; O, — KOI(QPUIMEHT TEMIIOOTAAYH MEMKTY HKHUJIKO-
CTBIO M TBEPJOTEIBHBIM KapKacoM; o, — Ko3pduiment
TCIUIOOTAAUM Ha TPAaHUIIC TBEPAOTEIBHOTO KapKaca
¥ OKpPYIKaroleH cpesibl B Touke x = 0; o, — ko3pdurment
TEIUIOOTAAY Ha TpPaHMIE TBEPJAOTEIBHOIO KapkKaca
U OKpYJKalollel cpesibl B TOUKE X = L.

CToUT OTMETHTH, UTO 3ajJada TEIUIONEpPEeHOoca pac-
CMaTpUBAETCSl OTAEIBHO OT 3aJa4d IEepeHoca Mac-
CBl B MOPHUCTOH Cpesie, U, COOTBETCTBEHHO, B CUCTEMY
ypaBHEHUI He BKJIIOYEHBI YPAaBHEHHs COXPAHEHUsI Mac-
CBl M UMITYJIbCA. DTO CBSI3aHO C TE€M, YTO B HEKOTOPBIX
YaCTHBIX CIy9asX IMHAMHKA TCUCHHUS MOXKET OKa3bl-
BaTb Majoe BIMSHHE Ha TerwioBble dddekTsl. Kpome

TOTO, CBOMCTBA MKHUJIKOCTH U TBEPIOTO TeJla U3MEHSTCA
HE3HAYUTENIbHO B TUAIa30HE pacCMaTPUBAEMBIX TeMIIe-
paryp, Mo3ToMy (QpyHKIUH Ui ONUCAHUS 3aBUCHUMOCTH
CBOMCTB COOTBETCTBYIOIIUX (pa3 OT TEMIIEPATypPHI TAKKE
HE BKJIIOYEHBI B [IOCTAHOBKY 3a/1a4H.

B kadecTtBe HayalbHOIO YCIIOBHMS Kak sl TBep-
JIOTO TeJa, TaK U JUIsl )KUJKOCTH NPUHATA OJMHAKOBas
temmeparypa 7. Ha rpannnax TBepIoTeIbHOTO KapKa-
ca (B Toukax x = 0 u x = L) 3a71aeTcsi rpaHUYHOE yCIIOBHE
3-ro poxa. Temmeparypa *KuakocTy B Touke x = 0 nmeer
MOCTOSIHHOE 3HAYCHUE, KOTOPOE COOTBETCTBYET TEMIIe-
parype oKpysKaroliei cpe/ibl Ha BXOJIC B TOPUCTYIO 30HY.
ITockonbKy HET IBHBIX JaHHBIX O TEMIIEPATYpPE KUIKO-
CTHU B TOUKE X = L, IPENI0JIIOKNM, YTO TEIJIOBOM MOTOK
Ha rPaHuUIIE paBeH HYJIIO.

YUCNNEHHOE PELUEHME

Pemenue 3amaum (1)—(7) ocymecTBiIseTcss METOIOM
KOHEYHBIX pa3sHOCTEN. J{JI11 3TOro BBEIEM B pacCMOTpe-
HUE IIPOCTPAHCTBEHHO-BPEMEHHYIO CETKY, Iie /N — KoJu-
YECTBO 11aroB 110 KOOpAUHATE, a M — 110 BpEMEHHU:

xt =iAx, i€[0,N],
t" =nAt, ne[0,M],

rrne Ax, Af — maru 1mo KOOpJiMHaTe U BPEMEHH COOTBET-
CTBEHHO.

KoneuHo-pazHocTHas — ammpokcumanus — nudde-
peHmanbHBIX ypaBHeHu# (1), (2) W KpaeBbIX YyCIO-
Buii (3)—(7) cnenyromas:

n+l,i _Tni
(1= )(pey), | = |=
(®)

ni—1 _ n,i n,i+l1
Tmi-l o 4 7

= A’Bd)(b.T Ax2 T 0 (Tx’:’l - TTn’l );
1,i j i+1 j
(I)(pc ) T)‘I(1+ .1 _T)llz,l Y T)Q’H _T)g,l _
pox At Ax 0
Tn,i—l ol 4 Tn,i+1 ) ( )
_ X X K g _niy.
- 7\'3(1)(1)-)K sz + O (TTn ' T>|r<l l)’
L =T =Ty; (10)
Tn,l _ Tn,()
B v (G Ry O (L)
Tn,N _ Tn,N—l
Ay ————— =0, (T, - T"N); (12)
% =T, 13
b 1° ( )
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¢ Heat Transfer Solver v.1.0.0

WNHnunanusaumsa nHtepderica
(6ubnuoteka Tkinter)
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Puc. 2. ViHtepdelic n anropmutm pa3paboTaHHOM NporpamMmsl
Tn’N —Tn’N_l 1. BBOZ[ OCHOBHBIX MapaMETpOB 3aJa4u 4€pe3 CICIH-
K XK

o 0. (14)

3ajgaya pemaeTcss B COOTBETCTBUH C SIBHOM CXEMOM
IJIst TIONyYeHus 3HadeHui temmeparyp 7, 1 T B Ka-
JKIO0M y3JIe CETKH Ha Ka)KJJIOM BPEMEHHOM Iuare. SIBHas
cxema Oblla BeIOpaHa Onaroymapsi ee mpoCTOd peajm3a-
LMY U JOCTATOYHOM TOYHOCTH JJIsl paccMaTpUBaeMoOu
3agaun. [Ipm 3TOM yCTOWYMBOCTH pemIeHUs] 00eCIeun-
BaeTcs MoAOOPOM IIara 1mo BpeMEeHH Af B 3aBUCHMOCTHU
oT Ax B cooTBeTcTBUU ¢ KpuTepueM Kypanra.

s peanuzanyy adropuTMa perieHns NOCTaBICH-
HOH 3aJa4M METOIOM KOHEUHBIX pa3HOCTell paspabora-
HO TIpOrpaMMHOE OOECIIeUeHHEe Ha S3bIKE MPOTpPaMMHU-
poBanus Python. I'paduueckuii uuTepdeiic nporpaMMsl
Ipe/CTaBiIeH Ha pHc. 2. [ ero mocTpoeHus UCIOIb-
3oBajnack oubnuoreka Tkinter. B ocHOBHOM 1uKIIE MpO-
TrpaMMBbl MOYKHO BBIJIEJIUTh CIEIYIOIIUE 3TaIbL:

for n in range(1l, M):
for 1 in range(1l, N - 1
(

(T_fln -1, 1 -1] -2 *T_f[n -1, 1] + T_f[n - 1, 1 + 1])

aJbHble TEKCTOBBIE MoJisd. DYHKIMOHAJ NpOorpam-
MBI TI03BOJISIET BPYYHYIO 33[aBaTh KaK TEIUIO(DH3H-
YECKUE CBOMCTBA HCCIEAYyEMbIX MaTepuajoB, Tak
U pa3Mep MPOCTPAHCTBEHHO-BPEMEHHOM CETKHU.

2. CautbIBaHUE MapaMeTPOB, WHUIIMATIN3AINS MACCH-
BOB U1 1. o TT M BBITIOJTHEHUE OCHOBHOTO ITUKJIAa ME-
TO/la KOHEUHBIX paszHocTted. KoHeuHo-pazHocTHas
cxema JJIsl OCHOBHBIX AU ((hepeHINaNbHBIX ypaBHE-
Huit (8), (9) u rpannunbix ycnosuit (11), (12), (14)
Ha sI3bIKe porpammupoBanusi Python mpencrasie-
Ha Ha puc. 3.

3. Biyanmzaiusi  pe3yibrartoB,  BKJIIOHAOIAs — IO-
cTpoeHue rpaduka H3MEHEHHs TeMIleparypbl TBEp-
JIOTEJIbHOTO ~ KapKaca M OJKUIKOCTM B Ipeenax
paccMarprBaemoit oomactu. Jisi oToOpakeHusI MHTe-
paKkTHBHOTO Tpaduka M3MEHEHHsS TeMIIepaTypsl B IIO-
PHCTOIA cpelie MCTob30Baiach oubmoreka Matplotlib.

):
(
[n—1,'1—1]—2*T_s[n—1, 1] + T_s[n - 1, 1 + 1]) / dx ** 2) *x k_es +
A

i])) * dt + T_s[n - 1, i])

/ dx ** 2) +
i1])) / (phi * p_f * co_f)) - u *x (T_f[n - 1, 1]

T_s[n, 1] = ((1 / ((1 - phi) * p_s * co_s)) *
(((T_
h_sf T fln -1, 1] - T_s[n - 1,
T_fln, 1] = (((k_ef * (
h_sf x (T_s[n - 1, 1] - T_f[n - 1,
T fln-1,1-1]) / dx) * dt + T_fln - 1, i]
T_s[n, 0] = (h_extl * dx * T_extl + k_s * T_s[n, 1]) /

(k_s + h_extl * dx)

T_s[n, -1] = (k_s * T_s[n, -2] + h_ext2 * dx * T_ext2) / (k_s + h_ext2 * dx)

T_fln, -1]

T_fln, -2]

Puc. 3. KoHe4yHO-pa3HOCTHasa cxema Ha a3blke nporpaMmmmpoBanms Python
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ITonp3oBarenb UMEET BO3MOKHOCTD YIIPABIATH OTO-
OpakeHueM rpaduka yepes ciaiinep, U3MeHss Bpe-
MEHHOM IIar 1 MTHOBEHHO OOHOBJISIS Fpa(MKU TEM-
HnepaTypHbIX Mojei. DTo MO3BONSET HUCCIEN0BaTh
JUHAMHKy IIpoliecca TEeIUIONEepeHoca U BIIUSHUE
Pa3JINYHBIX APAMETPOB HA paclpeeIeHue TeMIle-
parypsl.

Ilporpamma ObITa TPOTECTHPOBAHA
PEKTHOCTb IIyTEM CPABHEHMs YHUCIEHHBIX PELICHUM
C U3BECTHBIMM aHAJIMTHYECKUMH PEILECHUAMH JUIS 4acT-
HBIX ciIy4aeB 3aJaul. McXonHbli Koz, a TaKKe UCIIOHS-
eMBIH (hailm mporpaMMBbl IPENCTAaBICHBI Ha TIaThopme
Mendeley Data! [20].

Ha KOp-

PE3YJIbTATDI

ITpu nomomm pa3paboTaHHOH IpOrpaMMBI ObLIa pe-
IIeHa 3a/1a4a TeIUIoNIepeHoca B OPUCTON cpenie, CTPYK-
Typa KOTOpoi#i ocHOBaHa Ha rupouze. [lorydens rpadu-
YeCKMe  3aBHCHUMOCTH  HW3MEHEHHS  TeMIIepaTypsbl
TBEPJOTEIBHOTO KapKaca M JKHAKOCTH. B wacTHOCTH,
MIpe/ICTaBIIeH Irpa(yK 3aBUCUMOCTH TEMIIEPaTy Pl JKUJI-
KOCTH M TBEPAOTEIBHOTO KapKaca OT KOOPIUHATHI B pa3-
JTMYHBIC MOMEHTHI BpeMeHHu (puc. 4). JlaHHbI rpadux
OBUT OJTyYEeH IPH CIACTYIONINX KOHCTAaHTAX M 3HAYCHU-
X TETUIO(U3UIECKIX CBOUCTB TBEPIOTEIBHOTO KapKaca
U JKUJIKOCTH, 2 TAK)KE TPAHUYHBIX M HAYAJIbHBIX yCIOBH-

ax: ¢, = 800 Jbw/(xkr-K), p, = 1412 ko,
A, = 0375 Br/(m-K), ¢, = 4200 Jow/(xr-K),
p, = 1000 xr/md, A 0.6 Br/(m-K),
Ropipc = 0296 Br/(m - K), Ay = 0.059 Br/(m-K),
$=0.8, L=0.04m, T,=273K, T, =323 K, T, =273 K,

«;, = 1000 Br/(m*-K), a, = 10 Br/(v*-K),
= 500 Br/(M? - K), u = 0.0002 m/c. KoopduimeHTsi
3¢ (PEKTUBHON TEIIONPOBOIHOCTH TBEPAOH M JKUJIKOH
(ha3sl B HOPUCTOM MaTepualie Co CTPYKTypOil, OCHOBaH-
HOW Ha TUPOUJIC, ONIPEACTIATINCE B COOTBETCTBUHU C METO-
JIMKOM, TIpe/icTaBiIeHHON B [21].

323.0 geem———————===— — —
Nso 1507 T~ t=300c
| ~
(] \ N
310.5 p X s
|I \ N
X
- 298.0 AN :
= AR 300 | .
\\ \ \\
A) \\
1 AN
273.0 —=
0 0.01 0.02 0.03 0.04
X, M

Puc. 4. 'paduk pacnpenenenma tTemnepaTypsbl
B NMOPUCTOW cpeae:
—————— TBEPOOTENbHbIN KapKac; — — — — XNAKOCTb

I https://data.mendeley.com/datasets/kcn33tr7sb/2. Jlata 06-
pamenus 23.07.2025. / Accessed July 23, 2025.

U3 rpaduka Ha puc. 4 BUAHO, YTO MPU 3aJaHHBIX
YCIOBUSIX TEMIIEPATyphl KUIKOCTH M TBEPJOro KapKa-
ca 3HAUYUTEIbHO OTIMYAIOTCS BO BCEM AMAMa30HE Mpo-
CTPAaHCTBEHHOI KOOPIMHATHI, YTO MOJYEPKUBAECT BaX-
HOCTb UCII0JIb30BaHUsI AByXTEMIIEpaTypPHON MOJEIH IS
TOYHOT'O OMUCAHUS paclpeieIeHusl TeMIepaTyp B [IOpH-
CTBIX Cpelax.

I'paduk Ha puc. 5 HeMOHCTpUPYET H3MCHCHHE
TEMIIEpaTypbl B Pa3IMYHBIX TOYKAX IOPUCTOrO Ma-
Tepuajga, a UMEHHO, B Hayaje, B CEpeMHEe U B KOH-
e paccMarpuBaemoi oOmactu. M3 aHanusa maHHO-
Io rpa(bHKa MOXXHO 3aKJIHOYUTHb, YTO IPH 3aJaHHBIX
YCIOBUSX TEIUIOOOMEHa TeMIeparypa >KHIKOCTH
3HAYUTCIBbHO 6I)ICTpee JOCTUTAC€T MaKCHMAJIbHO-
ToO 3HA4YCHUs, 3aJlaHHOTO TI'pPaHUYHBIM YCJIIOBUEM
(T, = 323 K). Ilpu ¢ > 300 ¢ TemmepaTypHbIE KpH-
BbIE )KUJKOCTH U TBEPAOTEIbHOIO KapKaca HauUHAIOT
cOMMXKAThCA, YTO CBUJIETENBCTBYET O CHUXKEHHM a0-
COJIFOTHOTO 3HAYEHMsI TPAJUEHTA TeMIepaTyp U MpH-

ONMKEHUH K TEePMOJAMHAMUYECKOMY PaBHOBECHIO
B CHCTEME.

323.0 5 ======
‘.02 -~
/ 1/10.04
310.5 7 7
N I
I’ II /
« H ! 0.02
- 298.0 : .
! K x=0.04
N 1
285.5 : ;-
N !
1
Il /l
273.0
0 150 300 450 600
t,c

Puc. 5. paduk nameHeHns TemnepaTtypbl B MOPUCTON
cpene BO BPEMEHN:
—————— TBEPAOTENbHbIN Kapkac; — — — — XKUAKOCTb

Ha puc. 6 npencrasneH rpaduk pacnpenaencHus Te-
IUTOBOTO TIOTOKA, OTIPEIENIICMOTO B COOTBETCTBHUH C 3a-
xoHoM Herotona — Puxmana (|¢| = o (T, — 7)), B 1o-
pHucTOM Marepuane 1o koopamHare. Ha paHHnx sramax
nporecca (¢ = 10 ¢) pacnpeneneHue TemIoBoro moToka
UMEET BBIPAXKCHHBIH MUK BOJIM3U JI€BOH IpaHUIIB 00Ja-
CTH, YTO CBSI3aHO C OONBIINM a0COMIOTHBIM 3HAYEHHEM
rpaJleHTa TeMIepaTypbl, BEI3BAHHBIM MTPUHATHEM Tpa-
HUYHOrO ycnoBus 1-ro popa B Touke x = 0. Ilo mepe
yBennuenus: Bpemenu (10 ¢ < ¢ < 200 c) nabirogaercs
POCT TEIJIOBOTO MOTOKA CO CMELICHUEM MUKOBOIO 3Ha-
YeHUs K TpaBoil rpanune obmactu. Hambompmas 3¢-
(heKTHBHOCTB MPOIecca OTMEIACTCS B MOMEHT BPEMECHHU
t = 200 c, 32 KOTOPBIM CIIEAYET OCTETIEHHOE CHIYKEHIE
WHTEHCHBHOCTH TEIIOOOMEHa, MOCKOJIBKY TEMITEpaTy-
pa KUIKOCTH K 9TOMY MOMEHTY HMEET MaKCHMAaJIbHO
BO3MOYKHOE 3HAYCHUE BO BCEM JHAITa30HE X, UTO TAKKE

BHJTHO Ha pHC. 3.
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MccnenoBaHue TensonepeHoca B NopucTon cpeae
C YNOPSA0YEHHOM MaKPOCTPYKTYPO Ha OCHOBE rmpovaa
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21000
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Puc. 6. N'paduk pacnpeneneHus TeNI0BOro noToka

SAKJTIOMEHUE

B nHacTtosimieil cratbe mpeacTaBiIeHO MCCIeIOBaHUE
TEIJIONIEpEHOca B MOPHUCTOM Cpene C YNOpPsI0YEHHOMN
MaKpOCTPYKTYPO, OCHOBAaHHOH Ha THPOUJIE, TIPU (PUITb-
TPallMOHHOM TeueHuH. Jljs MaTeMaTHYecKoro Moje-
JUPOBAHUS HCCIEAYEMOro Ipoliecca HCHOIb30BajIach
nByxTeMmeparypHas moxenb Wakao N. u Kagei S.

11 yuClIeHHOTO pelIeHHs MOCTaBIEHHON 3aJauu
terioniepeHoca B mopuctoir cpene (1)—(7) meromom
KOHEYHBIX Pa3HOCTeH Oblia pa3paboTaHa TporpamMma
Ha s3bIKe TporpaMmupoBanust Python. dyHkmoHan
pa3paboTaHHON MPOrpaMMBI MIPEAYCMaTPUBACT ITOCTPO-
eHue rpaduka TeMIIepaTypbl TBEPIOTEIBHOTO KapKaca
1 KUJIKOCTH, @ BCTPOCHHBIHN B HETO ClIalifiep BPEMEHHOTO
ara TO3BOJISIET BU3yalM3MPOBaTh M3MECHEHHE TeMIIe-
paTypHBIX KPHUBBIX, YTO BRXHO IS MCCIIEAOBAHUS JIU-
HAMHKH Tpolecca TerionepeHoca. [TaBHBIM MpenMy-
IIECTBOM MPOTPAMMBI SIBJISAETCS BO3MOXKHOCTH OBICTPO,
B OTJIMYHME OT MPSIMBIX METOZ0B MOJICINPOBaHUS (HAIPH-
Mep, METOJIOM KOHEYHBIX 3J1eMEHTOB B ANSYS?), momy-
YUTh peIlIeHUE MMOCTaBIEHHON 3a7ja4M, YTO 1OCTHraeTCs
3a CYET OTCYTCTBUSA HEOOXOAUMOCTH B MOCTPOEHUH BbI-
YUCIUTENbHONU T€OMETPUU U PACUETHOM CETKH.

[TopucTsie MaTepuanbl cO CTPYKTYpOoll Ha OCHO-
Be TIIMII, TakuX Kak THPOWI, MOTYT OBbITh HCITOJIb30Ba-
HBI B IPOCKTHPOBAHUH TEIUIOOOMEHHUKOB, KaTaIn3aTo-
POB M Jpyrux YCTPOMCTB, Ii€ BaKHO MUHUMHU3UPOBATh
Maccy KOHCTpPYKIHMH Oe3 yuiepda miisi ee MPOYHOCTH

u a¢pdextuBHOCTH. MoaenpoBaHue TeIUIoNepeHoca
B nopuctbix TIIMII ¢ ucnons3oBanueM pazpaboTaHHOM
[IPOrpamMMBbl IO3BOJISIET OBICTPO MPOTHO3UPOBATH UX I10-
BEJICHUE B pEaJIbHBIX YCIOBUAX IKCIUTyaTallH, YTO BaX-
HO Ul psiia MH)KEHEPHBIX 3a7a4 B SHEPreTUKe, XUMU-
YeCKOI MPOMBIIIJIEHHOCTH, MALIUHOCTPOEHUH U JPYTUX
oTpacisix.

Pesynprarel gaHHON pabOThl MOTYT CTaTh 0a3MCOM
UL JaTbHEHIINX HAyYHBIX HCCIICIOBAHUH B 00TACTH
MOZCIMPOBAHMS TEIJIOMACCONEPeHOCa B MOPHUCTHIX
cpemax. B mepcnekTrBe BO3MOXKHO PacIIUpEHHE MOJIC-
JY M TIPOTpaMMBbl 32 CYET y4eTa YPaBHEHUS JBIIKCHHS
JKUIKOCTH B TOPUCTON Cpele, YTO TO3BOJMT OTNpere-
JSATh Kak Mpo(uib CKOPOCTH, TaK M MOTEPH JABICHUS.
Taxoke MEepCreKTUBHBIM HaIpaBICHUEM MOXET CTaTh
pa3paloTka aHaJOTUYHBIX MOAEEH Ui JPyruxX BUIOB
MUHUMAJIBHBIX TOBEPXHOCTEH, YTO MO3BOJIUT MOAOH-
path CTPYKTYpBl ¢ HEOOXOAMMBIMH XapaKTEPUCTUKAMH
0 Terulonepeaaye, NPOYHOCTU U Macce B 3aBUCUMOCTH
OT MOCTABJICHHbBIX MH)KEHEPHBIX 3a/1au.
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Pe3iome

Llenun. BoisBneHne 3akOHOMePHOCTEN Terniodursnyeckrx NpoLecCcoB B NniacTax AB/ISeTCH BXKHOW U akTyalbHOM 3a-
navein HedpTenobbiBaoLer otpacnn. OgHMM N3 cnoco60B MOBbILEHUS 3P HEKTUBHOCTN HEDTEOTAAUYN B YCIIOBUSIX
TPYAHOU3BIIEKAEMBbIX 3aMacoB SBNAETCH TEMNI0BOE BO3AENCTBME HA MiacT. [pn Harpese OCTaHOBJIEHHOW CKBaXW-
Hbl B niacTe GopMUpYyI0TCS HeCTaLMOHaPHbIE TEMJIOBbLIE MOTOKKM, MO3TOMY B BOMPOCax ONTUMU3aumnmn 006bIBaloLLmMX
TEXHOJIOMMI Taknx MpoLEeCcCOoB LWMPOKO MPUMEHAETCH NOCTPOEHNE afeKBaTHbIX MaTteMaTniyecknx moaenen. Lenb
paboThbl — pa3BUTMIE BO3MOXHOCTEN NPUMEHEHNSI METO0B MaTEMATUYECKOrO MOAENMPOBAHWS 1 YCTAaHOBJIEHNE Ha
MX OCHOBE 3aBMCUMOCTEN pacnpenesieHns HeCTauMoHapHbIX Nonen Tennopuan4ecknx xapakTepmcTuk B niacre
Npuv HarpeBaHn CKBaXVHbI OT ee NapamMeTpPOoB 1 CBONCTB CPeL.

MeToabl. Vicnonb3oBaHbl TEOPUSA TEMO- M MAcCOoNepeHoca, MeToabl MaTteMaTn4eckom Guankun, aHanuTn4eckmne
W YNCJIEHHbIE METObl, aNrOPUTMbl, METOAbLI KOMMBIOTEPHOIO MOAENMPOBAHNS 1 Pa3paboTky NPUIIOXKEHUIA, COBPE-
MEHHbIE A3bIK/ NMPOrpaMMMpPOBaHUS U X BUBIMOTEKMN.

PesynbTaTtbl. [IpOBEAEHO TEOPETMYECKOE ONMCAHME NacTa, HACbILLEHHOro HedTbiO, BOLOW 1 Napora3doBon cMe-
cblo. MonydyeHa 3amMkHyTas cuctemMa ypaBHEHUI TEMN0- U MacconepeHoca npu ydete andpdy3noHHO-KanenbHbIX
1 TEMOBbIX MOTOKOB 1 $Ha30Bbix NpespaLLeHuin. ChopmynmpoBaHa MaTtemMaTnieckas NoCTaHOBKA MOLENW, NPea-
cTaBnsiolwas coboil HayasbHO-KPAEBY 3ajady AJs YpaBHEHWUI, CBS3bIBAIOLLMX TEMMNEepPaTypy, HACbILEHHOCTb
1 OaBieHNe KOMMOHEHTOB HACHILLAIOLLEN XNAKOCTY B nyacTe. PaspaboTaHbl YMCEHHbIE aiITOPUTMbI PELLEHUS Ta-
KOW 3a[a4n 1 NpoBeAeHa X NporpaMmmHas peanudaums. PaspaboTaHo npunoxeHue ans KOMNbOTEPHOW peanvsa-
UM MoLenu ¢ yoobHol Bu3yanmsaumeil pesynbTaToB pacieToB, COCTOSILLEN U3 HECKOJIbKMX KOMIMOHEHTOB (MOAY-
nein). C ucnonb3oBaHneM pa3paboTaHHOro NPOrpaMMHOro o6ecrneyeHnst NPOBeAEeHbl YACTEHHbIE SKCMEPUMEHTbI
ONS N3y4eHus TOro, Kak pas3nnyHble GakTopbl, Takme Kak CBOMCTBA CKeT4a njacTta 1 HaCbILWaloLwen XXnakomn ¢asbl,
XapakTepucTUKN HarpesaTend, BAUSIOT Ha Tennodusnyeckne npoueccesl B rniacrte.

BeiBoAbl. PaspaboTaHHas MOLENb MNO3BOJISET HAMISAHO ONMcaTb HECTALMOHAPHbIE pacnpeaeneHns Tennodunam-
YeCKUX XapakTepucTnk, GopMmpyemMbix TEMJOBbIM U ANGEOY3MOHHO-KanenbHbIM NOTOKaMu B rnyacte B rnpolecce
nporpesa OCTAaHOB/IEHHOW CKBaXWHbI. [1osly4eHHble pedyfibTaTbl PacLUMPAOT NPencTaBleHnss O 3aKOHOMEPHOCTAX
Tennopun3n4eckmnx NpoLeccoB 1 CBOMCTBaX HacbILaoLwen ¢asbl B MsiacTe npu TEMNJ0BOM BO3LENCTBUN.
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Abstract

Objectives. Animportantand urgenttask of the oil producingindustryis theidentification of patterns of thermophysical
processes in reservoirs. One approach to improving the efficiency of oil recovery in conditions of hard-to-recover
reserves involves thermal action on the reservoir. The construction of mathematical models for describing such
processes to optimize production technologies is based on the formation of nonstationary heat flows in the reservoir
when a stopped well is heated. The application of mathematical modeling methods considered in the work forms
a basis for calculating the distribution dependencies of nonstationary fields of thermophysical characteristics in the
reservoir when heating the well to its parameters and the properties of the environments.

Methods. The work is based on heat- and mass-transfer theory along with mathematical physics, analytical and
numerical methods, as well as algorithms, computer modeling approaches, and the development of applications
using modern programming languages and their libraries.

Results. A formation saturated with oil, water, and a steam-gas mixture is theoretically described. A closed
system of heat and mass transfer equations is obtained taking into account diffusion-droplet and heat flows and
phase transformations. A formulated mathematical statement of the model comprises an initial-boundary value
problem for equations relating the temperature, saturation, and pressure of the components of the saturating fluid
in the formation. Numerical algorithms for solving are developed and their software implementation carried out. An
application developed for computer implementation of the model provides convenient visualization of the calculation
results consisting of several components (modules). Numerical experiments were carried out using the developed
software to study how various factors, such as the properties of the formation sketch and the saturating liquid phase
and heater characteristics, affect the thermophysical processes in the formation.

Conclusions. The developed model can be used to clearly describe nonstationary distributions of thermophysical
characteristics formed by thermal and diffusion-droplet flows in the reservoir during heating of a shut-up well. The
obtained results expand current understandings of the regularities of thermophysical processes and the properties
of the saturating phase in the reservoir under thermal influence.

Keywords: thermophysical processes, heat transfer, mass transfer, heat flow, diffusion-droplet flow, heat equation,
heat transfer equation, thermal conductivity, thermal impact on the formation, oil well heating
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BBEAOEHUE

Pa3paboTka MaTeMaTHUeCKUX MOAENEH TeIopu3n-
YECKUX IMPOIECCOB B IJIACTE OCTAETCS OJHON M3 aKTy-
QNBHBIX 3ajlad, CTOSIUX B HedTemoObIBaroImel oTpac-
M ¥ HANpaBJICHHBIX Ha MOBBIIICHHE Y(PPEKTHUBHOCTH
He(dTeoTnaun, OCOOCHHO B YCIIOBHSIX TPYIHO H3BIIEKa-
embix 3anacoB [1]. [Tockonbky TerioBoe Bo3aeicTBHE
Ha TIACT ABJSETCS OMHUM M3 d()(HEKTUBHBIX CIIOCOOOB
yBeNIMYeHUs1 HeTeoTnaun B TakuX YcCIoBUAX [2—4],
TO TIOJIy4YE€HHUE PAa3INYHON MH(POPMALUU O 3aKOHOMEp-
HOCTAX TeIJIONEpeHoca B IUIacTe Ha OCHOBE MareMa-
THYECKUX MOJEJIEH SBISICTCS BAKHBIM HAIpaBICHUCM
nuccnenoBanuii [5, 6]. HecranmonapHbie TETIOBBIC T10-
TOKH B TIacTe (YOPMHUPYIOTCS TP HATPEBE OCTAHOBIICH-
HOM CKBaXmMHBI. Korma TerioBOoe BO3ACHCTBHE 3aKaH-
YUBACTCS, HAYMHACTCS MPOIECC OCTHIBAHWS IIIACTA.
Heo0XomuMocTh omucaHusi TaKUX MPOIECCOB 00YCIIOB-
JieHa MOTPEOHOCTSIMU MaKCHMMH3aIllMU BHIPAOOTKU HEd-
™ [7, 8]. JIna pa3paboTku 3¢ QHEeKTUBHBIX CTpaTCTHi
HEOOXOMMO TOHMMAaTh JUHAMUKY W3MEHEHHS TeM-
[eparypbl, HACHIILIEHHOCTU M JaBjleHus B Iuacre [9].
OCHOBHBIM MHCTPYMEHTOM TaKWUX WCCIICAOBAHHMA SBIIsI-
eTCsl MaTeMaTH4eCKOe MOJICIUPOBAaHUE, MO3BOJISIONICE
MIOCTPOUTH MOJIENb, YYUTHIBAIOILIYIO CIIOXKHOE B3aHMO-
neiictBue (U3NYECKUX MPOLECCOB, U HCIOJIb30BaHUE
KOTOpOW MOKET MOMOYb ONTUMHU3UPOBATh MPOLECC J0-
ob1un HedTH [10, 11]. DopmynupoBka MaTeMaTHYeCKUX
MoZeel TeIUIO(PU3MISCKIX IPOIECCOB OCHOBaHA Ha
CHCTeME YpaBHEHHH TEILIONEPEHOCa, HCTIONB3YIOIHXCS
BO MHOTHX TEIDIO(PU3MUESCKUX 3a1adax U TEOPHH TEILIO-
nposoanoctu [12, 13].

MaremaTHdecKoOMy  MOJACIHPOBAHUIO  TEIUIO(H-
3MYECKUX TPOIECCOB, MPOUCXOASIUX B He(Temo0bl-
BaIONINX CKBAXMHAX M IUIACTaX, TOCBANICHO MHOTO
pabot [14—16]. Takue ucciaenqoBaHusi aKTUBHO MPOMOII-
JKAKOTCSI B TEUCHUE TIOCIIEIHUX JIET C MUCIOIb30BaHUEM
YUCIIEHHBIX METOJOB U KOMITBIOTEPHOTO MOJEINPOBA-
Hus [17, 18]. B wactHOoCTH, B [19] N3yueHbl 3akOHOMEP-
HOCTH HEU30TePMUYECCKON (UIbTpAllMM ra3a B CKBa-
JKUHE B TMPOLECCE CO3JAaHUs HHU3KOTEMIIEpaTypHBIX
ra3oBbIX 3aJIeXkel, Korma TepMoOapHyecKue YCIOBHS
IUTaCTa MPUOIKAIOTCS K PAaBHOBECHBIM YCIIOBUSIM TH-
nparooOpa3oBaHus. PaccMarpuBaeMblii METOI TO3BO-
JISIeT MPOTHO3MPOBATh HCCICIOBAHUE M JKCILTYaTaIHIO
CKBOXHUH TP pa3padOTKe HU3KOTEMIICPATYPHBIX Ta-
30BBIX 3aJICKEH, ONPENEeNSATh TUHAMHKY BO3MOXXHOTO

THIPaTo0Opa30oBaHUs B NPU3a00WHOW 30HE W BIUSHUC
9TOTO TIporiecca Ha paboTy CKBayKHH.

B [20] mpoBeneHo uncneHHOE MCCIIETOBAHUE TEM-
MepaTypHOTO TOJIST B MHOTOIUIACTOBOHM CKBa)XKMHE MpPHU
JIBMYKCHUU Ta3UPOBAHHON HE(PTH, TI€ YIUTHIBAIHCH d(-
(exrer [xoymnst — ToMCOHa ¥ TEIUIOTHI pa3ra3upoBaHHMS.
Bb110 YCTaHOBIEHO, YTO MOJOKEHNUE I'PAHUIIBI 00IaCTH
pasrazupoBaHusi He()TH B CTBOJIC CKBaKHUHBI MOXKHO
OLICHUTh C TOMOIIBI0 PACCUUTAHHOTO pacClpeesICHUs
TeMIepaTyphl.

B [21] mpenioxkeHa W uccieAoBaHa aHAJIUTHYe-
CKUMH METOIaMH MOJIEIb, ONMUCHIBAIONIAs (POPMHPOBa-
HUE TeMIIepaTypHOro MoJjs B IUIACTE MPU COBMECTHOM
MIPUTOKE K CKBKUHE TUTACTOBOM BOABI M Fa3HPOBAHHOM
HepTH. BBUTO yCTaHOBIEHO, YTO BpeMsl HAONIONCHHS
BEJIMYMHBl MAaKCHMAJIBHOTO CHIDKCHHUSI TEMIIEPaTyphI
OTIPEIIeTISICTCST PAJANyCOM 30HBI Pa3ra3UpOBaHUSI U CKO-
POCTBIO KOHBEKTHBHOTO TEIUIONIEPEHOCA (YTO 3aBHCUT
OT yHIenbpHOTO AcOuTa He()TH W BOJIBI), U ITO BpEMs
MOXET OBITh HMCIHONB30BAHO UIS OLCHKH TAaKUX Mapa-
MmeTpoB. [loka3aHo, 4To ¢ pOCTOM BOOHACHIIICHHOCTH
3aKOHOMEPHO CHIDKACTCS BIIMSIHUC OXJIKIAIOUIETO (-
(bexra paszrazupoBaHus He(TH.

B [22] ycraHoBieHBI ycnoBHUs HaONIONEHHUS He-
MOHOTOHHOTO H3MEHEHHsI TeMIepaTypbl BO BpPEMEHH,
KOTJIa HA BBIXOJIE Ta30)KUKOCTHON CMECH U3 TIOPUCTOM
Cpezbl B TE€UEHHE HEKOTOPOro BpEeMEHU Halronaercs
CHIXXECHUE TEMIIEPaTyphl, 3aTEM €€ POCT.

B [23] mpeioskena MareMaruyeckasi MOJIeNb, KOTO-
pasi omUchIBaeT (POPMUPOBAHUE TEMIIEPATYPHOTO ITOJIS
B PpaJdaIbHO-CHMMETPHYHOM HArpeBaeMOM ILTACTE
C BBICOKOBSI3KOW HE(THIO Yepe3 TOPU3OHTAIBHYIO CKBa-
KUHY. ABTOpaMH TPOIEMOHCTPHPOBAHA BO3MOXKHOCTD
JambHEUIIeH OSKCIUTyaTallil CKBAKUHBI UIs JTOOBIYH
He(DTH C TOHIKEHHOH Bs3KocThio. CdopmymupoBaHa
MaTeMaTH4YeCKast IIOCTAHOBKA Ha OCHOBE CHCTEMEBI ypaB-
HCHUH, OMMCBHIBAIOIIMX MPONECC TEIUIONEepEeHoca Ui
OIICHKH XapaKTEPHBIX JHANa30HOB IMPOHUKHOBCHHUS
(bUITBTPALIMOHHBIX U TEMIIEPATYPHBIX BOJH JJISl paccMa-
TPUBAEMBIX TIEPUOZOB BPEMEHHU.

B [24] npuBeaeHb! aNrOpUTM U IPOrPAMMHBIN KOM-
IJIEKC pacyeTa U MOJAeTUPOBAHUS [TPOLECCA BBITECHEHUS
He()TH NpU HATHETAHWM TOpsiueil BOABI, MO3BOJIAIOLINE
MOJIYYUTh TEMIIEPATYPHBIC MOJS B IUIACTE B PA3IMIHbIC
MOMEHTHI BPEMEHH, a TaKKe OMPEeTh HEPTEeoTaauy
IUTacTa C YYEeTOM BIUSHHS TEIUIOBBIX XapaKTEPUCTHK
JKUTKOHACKHIIICHHBIX TOPHBIX TIOPO]I.
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B [25] mpemioxkeHbl MaTeMaTHuecKass MOAEIb Ia-
POIMKIINIECKOTO BO3ICHCTBHS Ha TUIACT, YIUTHIBAIOIIAS
MacCOBYIO JIONIO Tapa B TEIUIOHOCUTENEC M YpaBHCHHE
COCTOSTHHS JIJIsI BOABL. MoJenb OCHOBaHA Ha HCIONbB30-
BaHHU COOTHOIICHHU TEIUIOBOTO OajaHca Ul KaXKIo-
ro JTama MapOUUKIMYECKOTO BO3MAeHCTBHUs. B pamkax
MPEATIOKCHHOW MOJIENN TEeMIIeparypa mapa B IPOIyK-
TUBHOM HHTEpBaJie, HadalbHas IUIACTOBAsI TEMIICPATY-
pa ¥ TEIUIOBOH MOTOK OIMPEACIISIINCH 10 JaHHBIM KpaT-
KOBPEMEHHBIX JTIMHAMHIYCCKUX TEMITePATyPHBIX
WCCIIeIOBaHMIA, a pacxon HedTH — 1o Gopmyne Jromon
JUIsl 30HaJIbHO-HEOIHOPOJHOTO IulacTta. B pesynbrare
MOJCIUPOBAHUA aBTOpaMU OIPEACJICHBI OITUMallb-
HbIC BPCMCHA 3TAIlOB IMapOUKINYICCKOIO BO3}ICI>10TBI/I$[
M MakCUMallbHasi HakomieHHas 10o0bua HedTH. Takxke
MOKa3aHO, YTO ONTHMAJIBHOE BPEMsl 3aKAUKU TEIUIOHO-
CHUTEJS B IUIACT U BPEMsl BBIICPIKKH CKBa)KMHBI HA KOH-
JICHCAIIHIO TIapa BO3PACTAIOT IPHU YBEIHMYCHUU MOIIHO-
CTH IIIaCTa, PAcXo[a TeIUIOHOCUTENS B MacCOBOU JIOJU
mapa B HEM.

Ba)kHOCTh IPOBOAMMBIX UCCIEIOBAHHN TETUTO(H-
3WMYECKHAX MPOIIECCOB B IIACTaX W CKBKWHAX 00Y-
CIIOBJIEHA TEM, YTO IMOHMUMAaHHE UX 3aKOHOMEPHOCTEU
JIOKHUTCSL B OCHOBY TEXHOJIOTHI CKBa)KHHHBIX METOJIOB
TEIUTOBOTO BO3ACHUCTBHUS Ha IUIACT, HAIPaBICHHBIX Ha
noBeIeHUe d(HHEKTUBHOCTH U3BIeUeHUs HehTH. s
OMMUCaHWs HECTAIIMOHAPHBIX paCHpC}ICHCHI/Iﬁ TEMIIC-
parypHOro mojig U JaBJICHUA B IJIaCTaX U CKBaAXXUHaX
MIUPOKO NPUMEHAIOTCA YUCIICHHBIC METOJbI 1 KOMIIbIO-
TepHoe MozenupoBanue. OHaKO, HECMOTPS Ha TIy0o-
KyI0 pa3pa0OTaHHOCTh JAHHOW MPOOJIEMBI, OCTaeTcs
HE3aTPOHYTHIM PsiJi BOIPOCOB, TpeOyromux Oosee fae-
TaJbHOTO U3YYCHHS METOJAaMH MAaTEMaTHYECKOTO MO-
JCITUPOBAHMSL.

B nannoit pabote mpencTaBICHBI Pe3yIIbTaThl pa3pa-
OOTKH U KOMITBIOTEPHOM peai3anusi MOIEIH, KOTopas
OIUCHIBACT HECTAIIMOHAPHBIA MPOLECC PACTIPEICIICHIS
TETUIOBBIX TOTOKOB B IDUTACTE IIPH ITOCTOSHHOM TEILIO-
BOM BO3JICWCTBUU B OCTAaHOBIIEHHOW CKBaXHHE (B KO-
TOpOW J0ObIYa BpEeMEHHO mpekpamieHa). Ha ocHoBe
pa3paboTaHHON KOMIBIOTEPHOW peaTH3allii MOICIH
M3YYICHBI 3aKOHOMEPHOCTH W MEXaHWM3MBI BIMSHUS Te-
wi0(U3NYECKUX TapaMeTpoB IUIacTa Ha HecTallloHap-
HOE pacIpe/ielieHHe TeMIepaTypbl, HACBIIIEHHOCTH
" JaBJICHUSA B HEM.

1. TEOPETUYECKUE OCHOBbI MOAEJIN

B anemenTe o0beMa miiacTa, HaChIIIEHHOTO HEPTHIO,
BOJIOW ¥ ITApOTa30BOM CMECHIO, HAXOIALUMHUCS B TEPMO-
JMHAMHUYECKOM PaBHOBECHH, B HAYAIbHBII MOMEHT Bpe-
MeHH Temriepatypa 7, AaBlICHHE p W HACBIIICHHOCTH O
pacrpeneneHbl paBHOMEpHO. Ecium mpeHeOpedb CKu-
MaeMOCTBIO CKeJIeTa IUIacTa M T'PaBUTAIIMOHHBIMH (-
(exTamMu, TO ypaBHEHHE HEPA3PHIBHOCTH IS KAXKAOTO

KOMITOHEHTA HACHIIIAIOIIEH )KUIKOH (ha3bl MOXKHO 3aIlu-
catb B Buje [16, 26-30]:

m@z—div]e+l, (1)

rJie m — IOPUCTOCTD CPellbl, P — IUNIOTHOCTh KOMITIOHEH-
Ta, t — BpeMsi, O — 00beMHast HACBIIIICHHOCTh KOMITOHEH-
TOM CMECH dJIEeMeHTa o0beMa IjIacTa:

vV
0=——,
mVe

V' — o0beM KOMIIOHEHTa HACBIIIAIOUICH KUIKOH (ha3bl
B OJIeMeHTe 00beMa I1acTa; V/,— 00beM dlIeMeHTa I11acTa;
Jo — muQdy3MOHHO-KaNENbHAs COCTABIISIONIAs MACCOBOM
IUIOTHOCTH IIOTOKA, MEPEHOCUMOI0 MOJEKYJISPHOH Te-
IUIONPOBOJHOCTBIO AJIEMEHTa o0beMa Iu1acTa; [ — o0beM-
Hasi MOLITHOCTb UCTOYHUKA KOMIIOHEHTA JKUJIKOCTH.

B coorBerctBHM ¢ 3akoHOM Duka TupPy3HOHHO-
KaleJibHasi COCTaBJIAIOLIAsl MAaCCOBOM MJIOTHOCTH MOTO-
Ka IpeficTaBUMa B BUJIE:

Jg =—a(VO+8VT), )

e a — ko3 duipeHT aud y3HOHHO-KAeILHOIO Mac-
COIMepeHoca KOMITIOHEHTA HACHIIIAIOMICH JKUIKOH (a3kbl,
O — ee TepMOTpaJMeHTHBIH KOAPPIHUEHT, V — CUMBOJI
Habma (VO — rpajgueHT HackIieHHOCTH, V1 — rpaueHT
TEeMIepaTyphbl).

MOH_[HOCTI) HNCTOYHHKA MpeacTaBuMa B BUJIC!

00
I =epm—, 3
pm— (3)

e € — koaddunueHT pazoBoro nepexosa, NpeaCTaBIs-
IOIINH COO0H OTHOIICHUE MTPUPAIICHHUS HACBHIIIIECHHOCTH
KOMITOHEHTA KHIKOCTH, MMOJIYICHHOE IpH (a3oBOM Iie-
pexofie, K MOJTHOMY IPUPAIICHUIO HACBIIIIEHHOCTH KOM-
MOHEHTA KHUJIKOCTH, YUUThIBatoliee Takke u auddysu-
OHHbIE, KalleJIbHbIC U KOHBEKTHBHBIC MPOIIECCHI.

VYpaBHeHue TemuoMacconepeHoca ¢ ydetom (3)
MOXKHO 3anucarhb B Buje [ 16, 26-30]:

or 20
L divd +egpm ™ 4
Cor TV TG, )

rae ¢ — YyAaelibHagd TCIUJIOEMKOCTh JJIEMCHTA o0beMa
mjaacTra, J — IIIOTHOCTH MOTOKA Te1ia, g — yACJibHasA Te-
mjioTra (I)aSOBOFO nepexonaa.

B cootBeTcTBUM € 3aKOHOM CDpre IJIOTHOCTB IIOTO-
Ka TeIjia npeacraBuMa B BUIC!

J=-\VT, (5)

rae A — 3pQeKTUBHAS TEIIONPOBOAHOCTh BIIEMEHTA
o0bema Turacra.
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Heob6xoauMo K TPUBEICHHBIM ypaBHEHHSIM J100a-
BUTH YpaBHEHHUE COCTOSHUS cMecH [16, 26-29]:

M
pe=;—T<1+e), (6)

rae M — MomsipHast Macca cMecH, R — yHuBepcanbHas
ra3oBasl IOCTOSIHHAA, z — TOMPABOYHBIN KO3()(UIHEHT,
YUUTBHIBAIOIIUN OTKJIOHEHHE Mapora3oBOi CMECH OT
UeaIbHOrO rasa.
C TOYHOCTBIO O WIEHOB 1-ro mopsjka Malo-
ctu [16]:
15/
V(pb) = peBa—IZ,
rae f — ko3 duLueHT ynpyrocta napora3oBoii cMecH,
P, — IUIOTHOCTb CKEJIETA IUIACTA, U MOXHO 3aIHCaTh
yYpaBHEHHE HEPa3pbIBHOCTU, 3aMBIKAIOIIEE CHUCTEMY
YpaBHEHUI TSI TEMITEPATyPhI U HACHIIICHHOCTH, B BHIIC:

op
== 7
ot p, Ot )

Cucrema ypauenuit (1)—(7) cocraBnser Teoperu-
YECKYI0 OCHOBY MOJACIHPOBAHUS TETUIO(DU3UICCKUX
MIPOIIECCOB B TIIACTE.

Cremyet OTMETHTB, YTO 3HAUCHHS BBEACHHBIX BBIIIIC
ko3¢ dunnenTa 1udQy3nOHHO-KaeIHLHOTO Macconepe-
HOCA, TEPMOTPAJUCHTHOTO Kod(duiinenta, kKodrpQuim-
eHTa (ha30BOTO MEPEXosa OMPEACISIOTCS U3 3KCHEepH-
MEHTOB. B 00meM ciydae 3TH KO3(pQUIUEHTH MOTYT
3aBHUCETh KaK OT TEMIIEPATyphl, TaK M OT HACBHIIIEHHO-
ctu. OIHAKO CYIIECTBYIOT SKCIIEPUMEHTAIBHO YCTAHOB-
JIEHHBIE JIUaNa30Hbl TEMIEPATyp ¥ HACBIIIIEHHOCTEH JIIs
psiia BOJOHACHILIEHHBIX OMPEAEIEHHBIX cpef (IIeCKH,
MIECYAHHKH, TJIMHBI, KEPAMUKH ), KOTJIa YKa3aHHbBIE KOA(]-
(DUIMEHTEI SIBJISIOTCS MPAKTUYCCKHU ITOCTOSHHBIMH.

K mpumepy, B unTepBane temmeparyp 293-423 K
ko3 dunment QazoBoro mepexoma € SBISCTCS TO-
crosHHBIM [16]. [lpm yBenmnyeHWW HACHIIIICHHOCTH
B mHTepBasie 0.3-0.4 ero 3HaueHue IMHEHHO YMEHbB-
maetcst or 1.0 mo 0.3, HO Tpu AaNBbHEWIIEM YBEH-
YCHUU HACBHIMIEHHOCTH OH OCTAeTCSl ITOCTOSHHBIM.
TepmorpaaneHTHBIN KO(pGHUINCHT & BeAeT ceds moi-
HOCTBIO aHAJIOTUYIHO KOA(PPHUIMEHTY (Pa30BOTO Mepexo-
Jla B 3aBUCHMOCTH OT TEMIIEpaTyphl M HACKHIIICHHOCTH,
B YaCTHOCTH, €TO CTAOMIM3UPOBAHHOE 3HAUCHUE B e
cpen cocrasnser (0.2-0.5) - 103 KL,

Kosdpdunuent nuddy3noHHO-KANEIBHOIO  Mac-
CONEpeHOCa @ B PaccMaTpuBaeMOM TEMIEpPaTypHOM
JMana3oHe BO3pacTaeT MpUMEpHO B 1.5 pasza B omHuX
cpenax (meckax, IecyaHHMKax), OAHAKO B psAle Ipy-
rux (KepaMuKe, TIIMHAX) OH OT TEMIIePaTyphl HE 3aBU-
cut. Ero crabunmsmpoBaHHBIE 3HAYEHHS B IECYAHBIX
cpenax coctapmsor (1.8-8.8) - 1074 kr/(M-c), a B Kepa-
MUKe ¥ maHaX — (4.4-8.9) - 1070 kr/(m-c).

JomyiieHre 0 MOCTOSHHOCTH 3THUX KOA(PQHIIHEH-
TOB IPH TEOPETUICCKOM MOJICIHPOBAHUHU CIIPABEUINBO
B CIIy4ae MaJIOMHTCHCUBHBIX IPOIECCOB, IPU KOTOPBIX
3a Majble NMPOMEKYTKH BPEMCHH TeMIIepaTypa U Ha-
CBIIICHHOCTH MEHSIOTCS HE3HAUYUTEIbHO. Bo3MoXeH
TaKKe TaKOH IMOIXOJ, IPU KOTOPOM B XOZIE ITOCTPOCHHS
MOJICTIH M3y9aeMble MPOLECCHl TEIUIO- H MAaCCONEPEHO-
ca pa30uBaroTCsl Ha OTACNBHBIC YIACTKH, B KOKIOM U3
KOTOPBIX paccMarpuBaeMblie KOA(GHUITUECHTHI CYUTAOTCS
TTOCTOSTHHBIMH.

2. DOPMYJINPOBKA MOAEIN
U NOCTAHOBKA 3AOA4YU

B nannoii pabore Oymem paccMaTpuBaTh CTaluo-
HapHOE TEIIOBOE BO3JCHCTBUE HA IUIACT CKBAKUHHBIM
HarpesareneM. byaeM paccMaTrpuBaTh IIACT Kak He-
IPEPHIBHYI0, OJHOPOAHYI0, TEPMUUYECKU H30TPOINHYIO
Cpely C MOCTOSIHHBIMU (P PEKTUBHBIMU 3HAUECHUSMHU Te-
IIO(PU3HYECKIX KOI(PPHUIUCHTOB IS pacyeTa pacipo-
CTpaHEHUs TeIUIa B IUIACTE NPH HArPEeBE OCTAHOBIICH-
HOU CKBaXHHBL. ECITi ipu onrcaHuy TerioGu3nIecKux
MIPOIIECCOB HE YYUTHIBATH HEOJHOPOIHOCTH IUIACTA,
MPOIECChl UCTIApEHUSI B TU(PPY3HOHHO-KAMUILIIPHOTO
MaccoIepeHoca HaCHIIAIOIIECH CpeIbl, TO MOTYT HaOJIr0-
JaThCSI 3HAUNUTEIBHBIC PACXOKICHUS MCEXKTY CHATBHIMH
CO CKB&KMH HAONIOMAEMBIMH JTaHHBIMH M PACUCTHBIMU
3HAUCHHUSMH. BBIIM OTMEUCHBI 3aMETHBIC PACXOKICHHS
MEXIy pacdeTHBIMHM TeMIlepaTypaMu Ha 3aboe CKBa-
JKUHBI ¥ 3HAYCHUSIMH, 3a(pUKCHPOBAHHBIMH Ha MECTO-
poxaeHusx. OTMeyanock, 4To HaOI0gaeMble Pa3IHIH
B JcOUTE CKBA)XXMHBI U MEPHOAC OXJAKICHUS IUIacTa
nociue oOpabOTKH MEXTY PACUeTHBIMU U (DaKTHUECKH-
MU 3HAUYEHUSIMH, KOTOpbIE, KaK MPaBUJIO, OKa3bIBAJIUChH
Oosnble pacueTHbIX. Cien0BaTeNbHO, BIUSHIE (a30BbIX
mepexofoB ¥ AU Py3nOHHO-KAMWUIAPHBIX 3PQPEKTOB
Ha paCIPOCTPaHCHUE TEIUIa MO BCEMY HarpeBacMOMY
IUTACTY SIBJSICTCS CYIICCTBEHHBIM B PsC CITydaes.

[Ipexnaraercss MOmelbs OTHOPOIHOTO TEPMUYCCKU
H30TPOITHOTO KOJIJICKTOpa ¢ OCCKOHEUHOW TOJIIMHOM
U TPOCTHPAHUEM, JOCTYI K KOTOPOMY OCYIICCTBIISICT-
sl Uepe3 CKBaKHHY HyJeBOTo nuaMerpa. CanraeM, 4to
B CKB2)XMHY TIOMEIIEH HArpeBaTesb C HYJICBBIM JHaMe-
TPOM M KOHCYHOH IuHOM A. IlycTh OIHOKOMIIOHEHT-
Hasl KHUIKOCTb, HAXOIMIAsiCd B TEPMOAMHAMHYCCKOM
PaBHOBECHHU C COJCPXKAIMMCSI B HEH MapoM M Hepac-
TBOPUMBIM B JKHJKOCTH Ta30M, 3alONHSCT pe3epByap
J0 HachlneHusl. CKBa)KMHA CUUTAETCSl OCTAHOBJICHHOM
U ee HauasbHble Temneparypa (7;), naenenue (p,) u Ha-
CBIILIEHHOCTh XHUKOCTBIO (6,)) mocie 5T0ro paBHOMEPHO
pacIpenensoTcs.

Ha crenke HarpeBarelsi B HaUaJIbHBIH MOMEHT Bpe-
Menu ¢ = ( ckaukooOpa3HO (QopMHpPYETCs YOCIHHBIH
TEIUIOBOH TOTOK N, 3HaYE€HUE KOTOPOTO 3aTeM IOIIep-
JKUBAeTCS TOCTOSHHBIM. BcenenctBrue QopMupoBaHUS
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TaKOro CTallMOHAPHOTO MOTOKA Temreparypa 7 IMOBBI-
[IAeTCS, U JKUIKOCTh HAYMHAET UCHAPSThCSI. B cBOIO
odepe/b, MOBBIIMICHHE TEMIEpPaTypbl U WHTEHCH(DUKA-
IHsI KCIIAPESHUS TIPUBOIAT K POCTY MApIUAIBHOTO U 00-
IIEro AAaBJICHUS p U MOHWKCHHUIO HACHIIICHHOCTH KH/I-
KoM (a3l 0.

[Ipu popMymupoBKE MOIENN YUUTHIBAIOTCS TaKKe
clleyronye nomymenus. [lmact uMeer BBICOKYIO CTe-
NeHb HachlleHHOCTH.  JIuddy3nOoHHO-KaTMILISPHBIH
MAaccOoIepeHoC KUAKOCTH W Tapa CYIIECTBEHHO IIpe-
o0nasaeT HaJg KOHBEKTHBHBIM ITIEPEHOCOM, BCIICICTBHE
9ero MOCICAHUM MOXKHO TpeHeOpeds. KoahdumuneHTs
T} y3HOHHO-KaMMIUIIPHOTO  MacCOIEPEHOCa MOXKHO
CHUTATh NMOCTOAHHBIMU B TE€YCHHUE BCCTO BPEMCHHU Ha-
rpeBa U OIHOPOIHO paCHpeeCHHBIMU BCIOLY B pac-
cMmatpuBacMoi  oOnmacTu  (OPMUPOBAHUS  TEIUIOBBIX
noTokoB. Tarke OyaeM CUUTaTh, YTO TEILIOMOTEpPS-
MU BBIIIC M HUXKE MHTEPBaJa YCTAHOBKU HArpeBaTells
MOYKHO MPEHEOPEYh B CHIIY UX MAJOCTHU MO CPABHEHHIO
C MOUIHOCTBIO MOJAEPKHBAEMOr0 TEILIOBOrO IOTOKA.
JmuHa HarpeBaTeis CUYHMTACTCS HACTONBKO OONBIIOH,
YTO €ro pasMephl OKa3bIBAIOT BIUSHHE HA PAcIpoCTpa-
HEHHE TeIla B CPEAHCH YacTW HWHTEepBalia IpOTrpeBa.
ChopmynrpoBaHHBIE JOMYIICHHS IIPEAIONATAIOT, YTO
peanmm3yeTcss HarpeB MEJIKOIIOPHCTOTO  KOJUIEKTOpPA.
Taxe MOKHO CUMTATh, YTO B CPEIHEN YaCTH UHTEpBAIa
HarpeBa paccMaTpHUBacMbIe TEIIO(U3MICCKUE XapaKTe-
PHCTHKH PaJMalibHO 1 OCECUMMETPUYHO PACIIpeieieHbl
B INIOCKOCTH, YTO (baKTI/ILIeCKI/I CBOAUT MAaTEMAaTHYICCKYIO
MOCTAHOBKY 33/1a41 K OJJHOMEPHOM, B KOTOPOH HE0OX0-
JAUMO OIIPEACTIUTL HUX HECTAlIMOHAPHLIC paaraJIbHbIC
pacrpeneneHus.

Takast MoJeNb MO3BOJISAET OOJICE TOUHO NMPOTHO3U-
poBaTh PacHpOCTpPaHCHHE TEIUIa B KOJUIGKTOPE, B T.U.
(dazoBbie mepexoabl u IUPPYy3HOHHO-KATMILIIPHBIC
a¢dekTrl. B pe3ynsraTre MOXHO ¢ OOBIICH TOYHOCTHIO
OLICHUTH TEMIIEPATYPHOE TOJIe, NEOUT CKBaKHUHBI TIOCIIE
00pabOTKH U MIPOIOIDKUTEIBHOCTD OXJIAXKICHHS IIACTA.

B pesynprare Takux JOMyIIEHUN TEIUTO(PH3HICCKIE
XapaKTePUCTHKH IIACTa MOXKHO CUHTATh 3aBHCSIIH-
MU OT paauyca r u Bpemenu t: T = T(r, 1), p = p(r, 1),
0 = 0(7, 7). IXx 3HaYeHHs B HAYaJbHBI MOMEHT BpeMe-
HU cunTarTcs noctosuusiMu: 1(r, 0) = T, p(r, 0) = p,,
0(r, 0) = 0.

Jns ymobcTBa MaTeMaTH4eckod (OpMYyIHPOBKU
MOZIETIH BBE/IEM Takue Oe3pa3MepHBIC ImapaMeTphl, Kak
Oe3pa3MepHas TeMIeparypa:

« T-Ty

T ;
T

663pa3MepHaﬂ HACBIIIEHHOCTD YKUJIKOU (baSBIZ

6espa3MepHoe JaBJICHNE, BO3HUKAIOIICE B PC3YJIbTATC
HCIIapCHUA HACBIIIAIOIEH KUKOCTH:

*ZP_P()_
Py

p

0e3pa3MepHbIil paanyc:

R=—;
h

Oe3pasmeproe BpeMs (auciio dypre):
_ X
Fo= TR

rae KO3 QUIUCHT TeMIIepaTypOIPOBOAHOCTH (CUUTACT-
CsI TIOCTOSTHHOM BEJTMYMHON ):

C yderoM MNPUHSTHIX JOIMYIIEHUH, MPUBEICHHBIX
BBIIIIE, CHUCTEMa ypPaBHEHWH TEIJIO- M MaccolepeHoca
(1), (4), (7) moxer ObITh 3amucaHa B 0e3pa3MepHOM BUJIE:

or* _ 9 or +8H1@’ @®
0Fo OR> R OR OR
1 80" 020" 100" o2r* 11"
o= t—— Aty —t——+ 1, (9)
LudFo 0OR? R OR OR?> R OR
op” 00"
R (10)
oFo H3 oFo

rae Fo > 0, R > 0 — Oe3pa3mMepHbIe BpeMsi U paJInycC,
all, I1,, I1;, Lu — 6e3pazmepHble KO3QHHUINEHTBI, OTH-
CaHHBIC HUKE. ITH BEITUYNHBI XapaKTCPU3YIOT BIUAHUEC
MaccolnepeHoca Ha PacHpeie/ieHHe TCIUIOBBIX MTOTOKOB
1 HaoOOpOT — BIUSHHUE TEMIIEPaTyphl Ha pacupesaese-
HUe HachllleHHOCTH. B wacTHOCTH, KpuTepuil JIbikoBa,
onpeensieMblii Kak

XPe

XapaKTepu3yeT HHTCHCHBHOCTH IU(P(Y3nOHHO-KaITeITb-
HOTO MACCOIIEPEHOCa OTHOCHTENBHO IU((Y3nOHHOTO
nepeHoca terua. Ecimu Lu > 1, To TemioBoe mose 3a cuer
TP PYy3HOHHO-KATIEITBHOTO MacCONEpEeHOca pacpoCcTpa-
HseTcst OBICTpee, YeM 3a CUeT MOJIEKYIISIPHOH TeMIiepa-
TYPOTIPOBOIMMOCTH. B  BOJOHACHIIICHHBIX ITECYAHBIX
¥ DIMHHCTHIX CpelaxX €ro 3HA4YeHMs HAXONATCS B AWara-
30He 03, a He(hTEeBOIOHACHIIIICHHBIX TTeckax Lu ~ 1.
Kospdummenr I1;, onpenensempiii kak

_ mgpAQ
cAT

XapaKTepU3yeT COOTHOUICHHWE MEKAY KOJINYCCTBAMU
TCIIJIOTHI, 3anaquHOI>'I Ha HCIIapCHUC HaCHIIIAOIICH

I,
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JKUJIKOCTH M Ha HarpeBanue miaacta (A7 u AO — mainbie
WM3MEHEHHsI TeMIIepaTyphl U HACHIILIEHHOCTH B SJIEMEHTE
o0beMa IJ1acTa, COOTBETCTBEHHO). B BOIOHACKIIIIEHHBIX
MeCYaHbIX U NNIMHUCTBIX Cpelax ero 3HauYeHHUsI HaxoIsT-
cs1 B nquartazoune 0.3—12.

Kosdumuent I1,, onpenensemplii kak

m, ="
XapaKkTepu3yeT NPUPOCT HACHIIIEHHOCTH AD 3a cueT u3-
MEHEHHsI TeMmIeparypsl Ha Bennunny A7. B BogoHachl-
LICHHBIX MMECYAHBIX M TIMHUCTBIX CPEAax ero 3HauCHHs
HaxosaTcs B quanaszone 0.1-0.9.
Kosppuumenr I1;, onpenensiemplii kak

PAP
pAD

XapaKkTepu3yeT MPUPOCT HAChIEHHOCTH AD 3a cueT u3-
MEHEHWsI JIABJICHHUS Ha BelMunHy Ap. B BojoHackIeH-
HBIX MEeCYaHBIX M IJIMHUCTBIX Cpelax ero 3HAueHUs Ha-
xonsaTcest B quanaszone 0.2—0.7.

VYpaBuenusi (8)—(10) IOMONHSIOTCS HadaIbHBIMH
YCIIOBHSIMH:

;=B

|, =0 07|, =0, p7, =0 (1

Fo=0 0

a TAaK)KE€ KpacBbIMU YCJIOBHUAMU HAa OCU CKBAXKUHBI:

or* N 00"
—_— = __k’ — =0, (12)
OR R0 2n OR .
¥ Ha OECKOHEYHOCTH:
T R—0 =0, 9 R—0 =0, »p R—0 =0. (13)

3/1ech TEIUIOBOH MOTOK HAa OCH HArpeBaressi CuYuTa-
€TCsl MOCTOSTHHBIM, Tak 4To N/A = const. B (12) ycnoBue
JJIsL HpOHSBO}IHOﬁ HaCBbIIICHHOCTU COOTBETCTBYCT TOMY,
YTO Ha OCHU CKBAXKHUHBI MOAACPIKUBACTCS IMOCTOSAHHO CO-
XPaHSIONIeeCss MAKCUMaJIbHOE 3HAYCHUE HACHIIICHHO-
CTH.

Taxum o0pa3om, HadanbHO-KpaeBas 3aqa4a (8)—(13)
MPEICTABIACT COOON MAaTeMaTHUECKYIO0 (OPMYITUPOBKY
MOJIENTH TEIIO(MU3NIECKUX MPOIIECCOB B TUIACTE HEPTH
MpH TPOTPEBE OCTAHOBJICHHOM CKBakuHbI. Jlis ee pe-
[ICHHS pa3paboTaH YUCICHHBIH aJrOPUTM M Peasu3yro-
LU €ro MPOrpaMMHbBIN KOMITIEKC (IPUIOKEHUE).

3. PASPABOTKA KOMMbIOTEPHOM
PEAJIUSALIUUN MOAENU

11 KOMIIBIOTEpHOM peam3alid  MOIENM  paspa-
00TaH aNTOPUTM pEIICHUS HavYaJbHO-KPacBOW 3aja-
qu 11 cucteMbl ypaBHeHuH (8)—(10) ¢ rpaHUYHBIME
yenousima  (11)—~(13) ¢ wcmonb30BaHHEM KOHEYHO-
PA3HOCTHBIX AMMPOKCUMAIIUA YAaCTHBIX MPOM3BOTHBIX.

Peanu3oBbiBaiCh Kak siBHAs, TaKk W HEsABHAs cXema
C aHAJIM30M YCJIOBUH YCTOHYHUBOCTH.

KommnbroTepHass peanusaiusi MOZAENH MpOBeaeHA
Ha sI3BIKE MporpammupoBanus Python, ¢ mcmomns3oBa-
HueM Oubnmmorek NumPy (miast paGoThl ¢ MaccUBaMH
JAHHBIX ¥ PEIICHHsI CUCTEMbI ypaBHeHHH), Dash (mms
BU3yaITU3aIiH Pe3yJIbTaTOB pacueToB). PazpaboranHoe
MPUWIOKEHNUE COCTOUT U3 CIEIYIOIINX OCHOBHBIX KOM-
IIOHEHTOB: MOAYJb BBOJAA JAHHBIX, MOAYJIb PEIICHUs
CUCTEMBbI YPaBHEHUH, MOJYJIb BbIBOJIa U BU3YAJIN3ALIUU
peLIeHUH.

Monynb pemieHuss CHCTEMBI TU((EPEHIINATBHBIX
YpaBHEHHH, OIUCHIBAIOIINKN TETJIOBOE BO3ACHCTBHE
Ha IUTaCT, PEATHM3YeTCs C HCIOIB30BAHHEM KOHEYHO-
Pa3HOCTHBIX CXEM.

[IpunoxeHue TakxkKe COACPKHUT MOACHUCTEMY 00-
pabOTKH NaHHBIX, HEOOXOAMMYIO Il IpeoOpa3oBa-
HUS JTaHHBIX, TIOJYYEHHBIX U3 MOAYJISA pEeUIeHUs ypaB-
HeHUll. BHauanme reHepupyroTcsl SIBHBIH M HESBHBIN
OOBEKTHI U TPEACTABICHUS CTPATETHH pEIICHUS
ypaBHeHWH. Jlamee mns Kaxaoro OObEKTa BHI3BIBA-
€TCA METOJ pEIIeHMs, KOTOPbIM, MCIOIb3yeT MOAXO-
JALIYI0O TEXHUKY JJIs peLIeHHUs] CUCTEMbl ypaBHEHHH.
B mporpamme mMeeTcsi BOSMOKHOCTB BBIBOZIA Tpadu-
KOB, OTOOpa)KafoNIiX Pe3yNbTaThl PacueTOB MO SIBHOU
¥ HesBHOW cxemaMm. Ha kaxnom rpaduke mokazaHbI
KpUBBIE TEMIIEpaTyphl, HACBHIIIEHHOCTH W JaBIICHUS.
[lepexmioueHne Mexay H3YyYCHHEM KPUBBIX M COIIO-
CTaBJICHHEM JAHHBIX JJISI CXEM MO3BOJISICT MOJIh30Ba-
TEJIO JIy4Ile MOHSATH MPOLECCH], MPOUCXOASIIUE MPH
TEIUIOBOM BO3ACHCTBUU HA IJIACT.

C moMOIIBIO 3IEMEHTOB YNPaBICHUS MPUIOKECHUS
MOJIb30BATENIb MOXKET IPOCMATPHUBATH U AaHAJIM3UPOBATh
pe3ysbTaThl pelleHUs] YpaBHEHUH C HUCIOJIb30BaHHEM
SIBHOTO U HESIBHOTO METOJIOB B PEXMME PEalbHOIo Bpe-
MeHH. Takue 371eMeHThI MO3BOJISAIOT YCTaHABIMBAThH He-
CKOJIBKO KOHCTAHT, BKJIIOYas 1Al U OTPaHUYEHUs] UH-
TErpUpOBaHUA ISl BPEMEHHBIX U IMPOCTPAHCTBEHHBIX
nepeMeHHbIX. Vcronb3ys BhIMAIAIONIUN CIIUCOK, MOJIb-
30BaTellb MOXKET BHIOPATh BHIXOJIHBIC (DYHKITUH (TeMITe-
parypy, HacbIIIEHHOCTb U J1aBJI€HUE), & UHTEPAKTUBHbIE
«IIOJI3yHKW» 1103BOJIAIOT HACTpanuBaTh 3HAYEHUsS YIIpaB-
JSIONUX MTapaMeTpoB. Takke MOXKHO BBIOpaTh KOH-
KPETHOE 3HaYCHHUE IS Ipyroi IEpeMEHHON U BEIOPATH,
M0 Kakoil TepeMeHHOH (BpEMEHHOH WM MPOCTpaH-
CTBEHHOH) OyJeT CTPOHUTHCS TpaduK paclupeaeseHus
TeI0(U3NUECKUX XapakTepucTuk. lIporpamma mpe-
JIOCTABIISICT MOJIb30BATENI0 THOKOCTh B HACTpPOWKE Ma-
pPaMeTpOB, YTO JOCTUTACTCS 3a CUET pa3MELICHUS MaHe-
JM ¢ DIEMEHTaMHU YIpPaBJeHUs B JIEBOM 4acTH TJIABHOM
CTPaHHUIbI, U TOTO, YTO BCE HACTPOMKU COCPENLOTOUEHBI
B OJJTHOM 3KpaHHOM MECTE.

Habop «mom3yHKOB» ¥ BBINTAJAIOMINX MEHIO SIB-
JSieTCsl KOMIIOHEHTOM IaHenu HacTpoek. Ilpu xena-
HUM MOXKHO yKa3aTh INEPEMEHHYIO (BPEMEHHYIO HIIH
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reorpaduueckyo), Kotopas OyAeT CIyXKUTb OCHOBOM
Juist ocu aberuce rpadukoB. MimeeTcst BO3MOXKHOCTb UC-
HOJIb30BATh IIOA3YHKI JUIsl U3MEHEHHSI UUCIIOBBIX 3Ha-
YyeHUl 3 ynpaBisIOLUX apaMeTPOB, KOTOPbIE BIUSIOT
Ha npouecc. Jpyroil «mmoa3yHOK» MO3BOJIIET BbIOpaTh
3HAYE€HUE IPOCTPAHCTBEHHOW MJIM BPEMEHHOM mepe-
MEHHOM JUIs BU3yaym3anuu. MHCTpyMeHT uHTepdeiica
MIPUIIOKEHUS NTO3BOJISIET U3YyUUTh IIOBEACHUE pacipee-
JeHus (TeMIeparypbl, HAChIILIEHHOCTH WJIM JIaBJIECHUS)
Ha OCHOBE BPEMEHHBIX WJIM IPOCTPAHCTBEHHBIX Iepe-
MEHHBIX. [IJI1 JOCTHKEHUS 3TOH eI MOXKET OBITH BEHI-
BeJIeH Tpa(uK CO 3HAYCHMSIMU HCClenyeMol (GpyHKInH,
OTJIO’KEHHBIMU 10 OCH OpPAMHAT, U BPEMEHHO! WU IIPO-
CTPAaHCTBCHHOM MEPEMEHHOHN, OTIIOXKEHHOM 10 ocH adc-
nucc. B aToM cityuae «11013yHOK» Ha IaHEIH HaCTPOEeK
MOKHO HCIIONIB30BaTh Ui (PUKCAIMH ONPEIEICHHOTO
3HaUEeHUs Ipyroil mepemMeHHON. BriBomumble rpadukn
MOKA3bIBAIOT, KAK U3MEHSIOTCA (DyHKLUU NaBJIEHUs, Ha-
CBIIIEHUSI U TEMIIEPATyPhl B 3aBUCUMOCTH OT IPOCTPaH-
CTBEHHOH MEpPEeMEHHOM, Korja BpeMEeHHas! IepeMeHHast
3aKCHpOBaHa. DTO IMO3BOJIET COCPEIOTOYMTHCA Ha
M3yYEHHUH TOTO, KaK OJ[HA IIEpEMEHHasl, TaKasi Kak BpeMs
WK TIPOCTPAHCTBEHHASI KOOPINHATA, BIMSCT HA (PUKCH-
POBaHHbIE TapaMeTPbl, KOTOPbIE ONPEAEIISAIOTCS APYTONi.

4. PE3SYJIbTATbl U UX OBCY>XXOEHUE

B pesysbrare 4HCIeHHOTO MOJICIUPOBAHUS C TIOMO-
b0 Pa3padOTaHHOIO MPOrPAMMHOTO KOMILIEKCA I10-
Jy4eHbl KPUBbIE paJualbHOrO pachpeneneHus (puc. 1)

U BPEMEHHBIE 3aBUCUMOCTH (pUC. 2) TeMIEpaTyphl U Ha-
CBILIEHHOCTH (B cuity ypaBHeHus (10) oTaenbHbI aHa-
T3 JaBJICHUS HE UMEET CMBICIIA, T.K. COOTBETCTBYIOIIUEC
3aBUCHMOCTHU aHAIOTUYHBI HACHIIIICHHOCTH).

3aBUCUMOCTH 3THUX BEIWYWH OT paamyca (puc. 1)
MIO3BOJISTIOT BEISIBUTH OCOOCHHOCTH IPOCTPAaHCTBEHHO-
TO pacTpeneNeHus] TCIUIOPU3MISCKIX XapaKTCPHCTHUK.
B wacTHOCTH, ¢ yBEeIMYECHHEM PACCTOSHHUS OT ICHTpPA
TEMIIepaTypa, HACHIICHHOCTh M JaBJICHHEC YMEHBINa-
IOTCSI C TIOCTETICHHBIM 3amMe ieHrneM. OHAKO 3TH paiu-
aIbHBIC 3aBUCHMOCTH TEMIIEPaTyphl U HACHIIEHHOCTH
HOCST pa3IuuHblid Xapakrep. Temneparypa J0CTaTOUHO
OBICTPO CTafaeT MpU MajbIX pajnycax. 3aTeM ee craj
3aMeUIIeTCSl U MOCTENEHHO MPEeKpaIaeTcs, AOCTUTas
y’K€ IpU CPABHUTEIBHO HEOONBUIMX 3HAUCHUSX OTHO-
LIeHUsl paauyca K JJMHE HarpeBaTelisi paBHOBECHOTO
3HaueHus. HachlleHHOCTh (U JaBlIeHHE, [0 aHAJIOTUH)
IIPU MaJIbIX paJnycax HaYMHAET MEJICHHO YObIBaTh, 3a-
TeM OBICTPO CIIaJIaTh, U HAKOHEIl, Ha OOJBIINX PacCTo-
SIHUSIX OHA JIOCTUTAeT PaBHOBECHOTO 3HAYCHUS U Iepe-
cTaeT MeHAThCs. [laHHoe pasmmdne 00yCIIOBIEHO TEM,
9TO TEIUIOBOH IMOTOK HA OCH HAarpeBaTels MOAIep KUBa-
€TCsI TOCTOSTHHBIM, a TPaIUeHT HACHIIIEHHOCTH HA TOU
OCH OTCYTCTBYET.

3aBUCHMOCTH 3THX BEJIMYUH OT BpeMeHHu (puc. 2)
MIO3BOJISIIOT BBISIBUTH OCOOCHHOCTH KHHETHKH TEILIO-
¢u3muecKuX TporeccoB. B dWacTHOCTH, ¢ TeueHHEM
BPEMECHH TEMIIEPaTypa, HACBHIIICHHOCTh U JJABJICHUE pa-
CTYyT C NOCTENEHHBIM 3amejieHneM. OgHako Mpu pas-
JIMYHBIX PaJNycax 3TU 3aBUCHUMOCTU HOCSAT Pa3IHYHbIH

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

0 2 4 6 8 10
R
(6)

Puc. 1. PagnanbHble pacnpenenenus temnepartypbl (@) 1 HacblLeHHOCTH (0)
npuM,;=10,M,=0.1,M;=0.5Lu=1,e=0.28,1=2.49 Br/(mK), N= 1000 B1/m

3.5 R=1

3.0 _

25 e
£ 2.0 R=2 _—

1.5 /
1.0 R=3
0.5 /

0 : .

Puc. 2. KpuBble KNHETUKM TEMMEPATYPHI (2) M HACBILLEHHOCTM (6) NPKY 3HAYEHUSIX MAapPaMeTPoB, Kak Ha puc. 1
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xapakrep. [Ipu MajipIX pajmycax M MalbIX BpeMEHaX
HaOIOaeTCcsl Pe3Koe MOBBIIMIEHUE TeMIeparyphl, Ha-
CBILIEHHOCTH U JABJIEHMA, 3aT€M CKOPOCTh POCTa 3TUX
BEJIMYHH OBICTPO 3aMeursieTcs. [Ipu 6ompIInX 3HaYeHN-
SIX paJnyca TeMIleparypa, HACHIIIEHHOCTh U JaBJICHUE
CHadJasa MPaKTHIeCKH He MCHSIOTCSI, @ 3aTeM HaYNHAIOT
MEIUTEHHO PACTH, TOCTETICHHO HAOMpasi CKOPOCTh POCTa.
TakuM 3aKOHOMEPHOCTSIM COOTBETCTBYIOT BEIITYKIIBIC
BBEPX YYaCTKH KHHETUYECKHUX KPUBBIX (pu R = 1) 1 Bo-
rHyThIe (pu R =2 u 3) Ha puc. 2.

[Tapametpst I, n I1, sBsroTcs Hanboee BaKHBIMH
B paccMmaTpuBaeMoil Mozenu. OHH BIHSIOT Ha (DYHKITHH
HackimenHocTH 0° u Temneparypsl 7. Bapbuposanue
9THUX MapaMeTpoB (HAKTHMUECKH O3HA4YaeT mepedop pas-
JIMYHBIX CPEJ 3aJICraHus 1JiacTa. HOC‘)TOMy OHU BEHIOU-
paroTcsl B KauecTBE YIPABISIONIMX TeIo(pU3nuecKux
napaMeTpoB MOJIENH, MTO3BOJISIOLINX OLEHUTh XapaKTe-
PHUCTHKH MPOIECCOB B PA3IMYHBIX IPYyHTaX.

Ecau npunstte I1, = I1, = 0, To 910 Gyzner coorset-
CTBOBATh OTCYTCTBHIO yd4eTa MACCOIIEPEHOCA B TEILIO-
(usnyeckoii 3anaye. B [16] ykazaHo, 4TO ydeT Maccore-
peHOCa TPUBOIUT K BO3PACTAHHIO PaIUyca TEIUIOBOTO
BIIHMSTHUS, 9TO, B CBOIO OUepe/ib, MPUBOAUT K Oojee BEI-
COKAM PpAacUeTHBIM 3HAYCHUSAM IPONODKUTEIHHOCTH
OCTBIBaHHMS TUTACTA U MPUPOCTY JeduTa mocie odopabdo-
TOK. B COOTBETCTBHHU C yCIOBHEM COXpaHEHUS TEILIO-
BOrO OanaHca yBelIMIeHUE PaNyca TEIUIOBOTO BIUSHHS
MPUBOAUT K CHUKEHUIO TEMIIEPATYPBI HA CTEHKE U B HE-
MOCPEACTBCHHOM OJIM30CTH OT CKBAXKHUHBI.

[lepenaua Temnna uepes HOPUCTYIO Cpey KOHTPOIH-
pyercs mapameTpom 1, OTpakarolum BIMSHUE Ipau-
€HTa HACBIIICHHOCTH Ha M3MEHEeHHue Temieparypbl. OH
Y4acTBYET B ypaBHEHHH (8), OMUCHIBAIOIIEM U3MEHEHHUE
TeMIeparypbl. YBEJIUYCHUE CKOPOCTH U3MEHEHUS TeM-
nepaTypsl MOXKET OBITh PE3yJIbTATOM YBEIHUYCHUS Te-
IJIOBOTO MOTOKA, MPOXOJSILETro Yepe3 NOPUCTYIO Cpeny,
0 YeM CBHJICTENLCTBYET Oonee BhICOKOe 3HadeHue I1.
BrnmstHMe rpaaneHTa HACKHIICHUS Ha N3MCHEHHE TeMITe-
paTypbl TeM CHIIbHEE, YeM Bblle 3HadeHue I1;.

Ha Benmumny HachImeHHOCTH OoJiee CyIIeCTBEHHO
BisieT napamerp I1,. Kpome toro, I1, Biuser Ha Tem-
neparypHble u3menenus. Kospouunenr I1,, cBsa3anHbIii

25
20
15
10

C BIMSHUEM TEMIIEPAaTYPHOTO IpaiueHTa Ha U3MEHEHHE
HACBILIIEHHOCTH, BXOJUT B YpaBHEHHE IS HACBHIILIEHHO-
cti (9). BiausHue TemMneparypHOro rpaJueHra Ha u3me-
HEHHUE HACBIIIEHHOCTH T€M OOJIblIe, YeM BbIIIE 3Haue-
nue I1,.

Taxum o0pazom, B MOZEIH mapame-
Tpsl [T, u 11, onpenenstoT CTeneHs B3auMOCBA3H TEMITE-
parypsl 7" u Hacwimensoctr 0. TIpu MojeMpoBaHIH
OXJTKACHUS TIOCIIE BBHIKITIOUCHUS HarpeBaTelsi OHH T10-
3BOJISTIOT M3MEHSTD U PETYIIUPOBATH CTETICHB CBSI3H MEXK-
oy OTUMU 2 TNECPEMCHHBIMU.

Pe3ynbraTsl IpoBEIEHHON CEPUM YUCIIEHHBIX JKCIIe-
PUMCEHTOB IMO3BOJIUWJIN BBIABUTH 3aKOHOMEPHOCTHU BJIUA-
HUsl YIIPaBJIAIONUX ITapaMeTPOB Ha IPOCTPAHCTBEHHEIE
pacpeaciicHsa U KUHETUKU TCHHOQ)I/ISI/I‘ICCKI/IX Xapak-
TepucTUK. Biusnue napamerpa Il na temmneparypy
Y HACBHIIIEHHOCTh MPOWIIIOCTPUPOBAHO Ha puc. 3 u 4.
[Mosbimienue 3nauenus I1; npusoaut k Gonee ouryTu-
MOMY HM3MEHEHHUIO pachpeiesieHHs] HACBILIEHHOCTH 10
paaManbHOM KoopauHare, yeM Temieparypbl. C Tou-
KH 3pEHUS CTPYKTYPBI MOJIEIH 3TO CBS3aHO C TEM, UTO
I1, saBnserca vacThro Kod(puuuenta B ypapHenuu (1)
JUIS TIPOM3BOHOM OT HACHIMEHHOCTH O Mo pamuas-
HOW KoopauHare R. PammanbHOe pacnpeneneHue Ha-
CBILLIEHHOCTU CMelaeTcs 0oliee IUIaBHO Ha OOJIBIINX
pacCTOSIHUAX OT CKBKWHBI W Ooyiee KpyTo BOJIHM3H
Hee (Majple 3HaUYCHHS pagualibHOM KOOpAWHATHI R) 1O
mepe yBenndenust I1,. I'paqueHT HachIeHns OKa3bIBa-
eT Oomblliee BIMSHUE HA KOJICOAHHUS TEMIIEpaTyphl MpH
ysenudenun I, 4To MOKeT mpuBecTH K 6osee ObICTPO-
My H3MEHEHHIO TEMIIEPaTypbl B OONACTSIX C CHUIBHBIM
rpagueHToM HacblmeHHocTH. C  Qu3nueckold TOUKH
3penus nepedop snauenuii I1; coorBercTByeT nepedbopy
Pa3IMYHBIX MECTOPOXKACHUH, B KOTOPBIX OTIMYAIOTCA
IUIOTHOCTh ¥ IOPUCTOCTH TPYHTA U HE(TH.

Pe3synbraTel MOAenMpoBaHMSA, NPUBEACHHBIE Ha
puc. 3, TOKa3bIBAIOT, YTO THICSYCKPATHOE YBEITHUCHUEC
3Ha4deHus napamerpa I, IpUBOIMT K OYEHb HE3HAYM-
TEITFHOMY CHIDKEHHIO TeMIieparypsl (puc. 3a) u He3Ha-
YUTEITHLHOMY TOBBIIICHUIO HACHIIEHHOCTH (pHc. 30)
B 3aBHCHMOCTH OT PAcCCTOSHHUS OT OCH HarpeBaTrels
B (DMKCHPOBaHHBIH MOMEHT BpeMeHHU. CIeIoBaTeIIbHO,

0.12
0.10
0.08

o 0.06
0.04
0.02

0

M, =10.00

0 2 4 6 8 10

Puc. 3. PagnanbHble pacnpeneneHis Temnepartypsl (a) U HAChILLEHHOCTY (6) Npu pa3nnyHbIX 3HAYEHUSX
napametpa I, 1 GUKCMPOBaHHbIX FO = 2 (OCTasIbHbIE 3HAYEHVS MapaMeTPOoB — Takne Xe, kak Ha puc. 1)
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M, =0.01
M, =2.00
M, =10.00

o N b~ OO 00 O

0 1 2 3 4 5
Fo
(a)

0 1 2 3 4 5

Fo
(6)

Puc. 4. KpuBble KMHETMKM TemMMnepaTypsbl (&) 1 HACHILLEHHOCTM (6) Npu PasnnyHbIX 3Ha4eHuax napamerpa 1,
1 GUKCUPOBaAHHbIX R = 2 (OCTanbHble 3HA4YEHNS NAPaMETPOB — TakMe Xe, Kak Ha puc. 1)

MIOJTyYEHHBIC Pe3yNbTaThl CBUACTENBCTBYIOT O TOM, UTO
MOPHUCTOCTh ¥ IUIOTHOCTH TPYHTOB W JKHIKOH (ha3bl
wiacta cnabo BIMAIOT HA MPOCTPAHCTBEHHO-PAIUAIh-
HOC pacIpesieieHNe TEMIepaTyphbl, HACHIICHHOCTH
U JTaBJICHHUS B IIJIACTE.

[lomydeHHsle B pe3yibTaTe MOJCTHPOBAHUS KPH-
Bble KMHETUKH, NPUBEACHHBIC HA pHC. 4, TIOKA3bIBAIOT,
YTO TBHICSYEKPATHOE YBEIMUYCHUE 3HAYCHUs IMapame-
Tpa I, IPUBOIMT K HE3HAYUTEILHOMY CHHIKEHUIO TEM-
nepatypsl (puc. 4a) U HE3HAYUTEIHHOMY IOBBIIICHUIO
HACBIIEHHOCTH (puc. 40) Ha PUKCHPOBAHHOM pPacCTOs-
HUM OT OCH HarpeBaress. PazHuIla yBeaIuunBaeTcs ¢ po-
cToM BpeMeHHU. CienoBaTesbHO, BIHSHUE TOPUCTOCTU
U IJIOTHOCTH TPYHTOB M JKUIKOH (ha3bl TUIaCTa Ha KHHE-
THUKY TeMITEpaTyphl, HACHIIIIEHHOCTH U JaBJICHUS B TIIa-
CTC HAYMHACT OBITH OUIYTHUMBIM IIPH OOJBIINX BpeMe-
HaXx.

C ¢usnueckoit Toukm 3penus nepedop snadenuii I1,
COOTBETCTBYET Mepedopy pasNUYHbIX 3HAYCHHUH Tep-
MOTPaAMEHTHOTO KO3 (uIeHTa O, KOTOPHIH Xapak-
Tepu3yeT mepeHoc (MOTOK) BIArM B XKHUIAKOH (ase He-
(¢TeHOCHOTO TUIacTa. Pe3ynbTaTel MOAETMPOBAHMUS,
IPUBEACHHBIC HA PHUC. 5, MOKA3bIBAIOT, YTO ThICSUE-
KpaTHOE yBENWYEHUE 3HaueHus mapamerpa I1, mpu-
BOJUT K OUCHb HE3HAUUTEIbHOMY CHUXEHHUIO TEMIIE-
partypsl (puc. 5a), HO K CYLIECTBEHHOMY MOBBIIICHUIO
HACBILICHHOCTH U AaBlieHUs (puc. 56) B 3aBUCUMOCTH
OT PacCTOSHHS OT OCH HArpeBarells B (PUKCUPOBAHHBIN

o = N W, 0 O N

MoMeHT BpeMenu. [loBeienne 3navenus I1, mpuso-
IUT K TOMY, 9YTO paJHaIbHOE pacIpeleiiCHHE TeMIIe-
parypsl 7" ¥ HackIIIeHHOCTH O M3MEHHTCS OBICTpEE.
Pacnipenenenus 7" u 0° cmemarorcs Gosee TLIaBHO
Ha OOJBIINX PACCTOSIHUAX OT CKBAXHUHBI U Oojee pes-
KO — BOnM3M Hee 1o Mepe yBenuuenus I1,. ITpu mambix
sHayeHusx Il, HachIIEHHOCTh MeEHsETCs Crnabo, HO
NpU 3HAYEHHSAX TEPMOTPAJUEHTHOro Ko3(pHIHMeHTa,
COOTBETCTBYIOIINX BOJOHACHIIICHHBIM MECKaM U TIIH-
HaM, HACBIIICHHOCTh XKHUIKOHU (ha3bl HE(YTIHOTO IIacTa
HAYMHACT CHIIBHO 3aBHCETHh OT PACCTOSIHUS OT OCH Ha-
rpeBares.

BrustHue TepMorpaaueHTHOro Kod(duimenTa, mo-
3BOJISTIONIIEE OLCHUTH AP (EKT MepeHoca BIary B )KUAKON
¢aze mIacta mox AEHCTBHEM T'paJUCHTA TEMIIEPaTyphl
B HEM30TEPMHUUCCKUX YCIIOBHAX, HA KWHETHUKY TEMIIC-
paTypbl M HACBHIIEHHOCTH IOKa3aHo Ha puc. 6. Poct
TEpMOTpaIMeHTHOTO Ko3(duimeHTa B uHTEpBANE, CO-
OTBETCTBYIOIIEM BOJOHACHIIICHHBIM IIECKAaM U TIMHAM,
IPUBOAUT K OLIYTUMOMY CHMXXEHHIO TEMIIEPATYPhI
Y TIOBBIIIICHUS HACHIIIIEHHOCTH KHUJIKOU (ha3bl HEPTIHO-
o mjIacTta B TaKUX I'pyHTax.

Bnusinne xoaddurpenta ynpyroctu maporasoBoi
CMECH B IUIACTe M OTHOLICHUS IUIOTHOCTEH CKeeTa
M JKUJIKOH (ha3bl XapaKTepu3yeTcs BapHalueil 3SHaYeHUs
napametpa I1;. Ero BiusHue BaXKHO M OILYTHMO, B IEP-
BYIO odepenb, Ha jaaBiieHue (puc. 7). Pesynbrarsl mMo-
JETUPOBAHMSI TIOKA3BIBAIOT, YTO TOBBIIICHUC 3HAYCHIS

1.2,
1.0
0.8{

N 0.6
0.41
0.2

0

Puc. 5. PagmanbHble pacnpeneneHus Temnepartypsbl () U HacbILLEHHOCTU (6) Npy pas3nnyHbiX 3HAYEHUSAX
napameTpa I, n GrKcMpoBaHHbIX FO = 2 (OCTanbHbIE 3Ha4YEHMs NapaMeTPOB — Takme Xe, Kak Ha puc. 1)
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Puc. 6. Kpuble KMHETUKM TEMMNEPATYPbI (&) 1 HACBILLEHHOGCTY (6) NP pasinyHbIX 3HaYeHusx napameTpa I,
1 GUKCMPOBAHHbIX R = 2 (OCTabHble 3HAYEHNS MapaMeTPOB — Takme Xe, Kak Ha puc. 1)
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Puc. 7. KpuBble KNHETUKM () 1 paananbHOro pacnpeaeneHs aasneHus (6) npu pasnnyHbIX 3HAYEHNAX
napameTpa M, 1 pUkcMpoBaHHbIX R =2 (a), Fo = 2 (6) (0CTasibHblE 3HaYeHMs NapamMeTpoB Kak Ha puc. 1)

napameTpa [1; IPUBONUT B 11€7I0M K MOHMKEHHIO JIABIIE-
HUSL. DTO CHI)KEHHE ITPH MAJIBIX BPEMEHAX IPAKTHICCKH
MaJ03aMEeTHO, OJJHAKO OHO CTaHOBHTCS CHJIBHO 3aMeT-
HBIM TIpY OOJIBIINX BpeMEHaX Ha (PUKCHPOBAHHOM pac-
CTOSTHUHM OT OCH Harpeatens (puc. 7a). Takoe xe cyIie-
CTBEHHOE CHIDKCHME TPH YBEIMYCHUH KO3 HUINCHTA
YIPYTOCTH Mapora3oBoil cMecH HaOIoaaeTCs Ha MabIX
paccTOSIHUSAX OT OCH HarpeBaress B (DMKCUPOBAHHBIH
MOMEHT BpemeHu (puc. 70). Ha Oonbimux paccTosHUsIX
OT OCH Harpearelis u3MeHeHue napamerpa I1; nepecra-
€T OKa3bIBaTh BIMSHUE HA JIaBJICHUE B IJIACTE.

Bnusnue wunTeHcuBHOCTH AU((Y3MOHHO-KAHII-
JSIPHOTO MAacCOIEepPeHOCa OTHOCHTENBHO anuty3u-
OHHOTO TEepeHoca TeIla B IUIACTE XapaKTepPH3yeTcs

Lu=10.00

2.0
15

1.0 Lu=2.00 —
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0
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Bapuarueil kputepus JIpikoBa Lu. 3aBUCUMOCTH KUHE-
THKH ¥ PaAHATBGHOTO PACHPENEIEHHS HACBHIIICHHOCTH
TIpU BapbupoBaHuU Kputepus JIbikosa Lu mipencraBieHa
Ha puc. 8. Pe3ynmprarbl MOIEIMpPOBAHUS TOKa3bIBAIOT,
YTO YBEIMYCHHE 3HAYCHUsI KpuTepus JIbikoBa yxe mpu
MaJIbIX BpEMEHAX MPUBOJIUT K PE3KOMY POCTY HACHIIICH-
HocTH (puc. 8a). IloBeIIeHNEe HHTEHCUBHOCTH TUMPY-
3MOHHO-KaIWISIPHOTO MacCONEpPeHOCa OTHOCHTENBHO
Juddy3noHHOrO mepeHoca Temaa B IUIAcTe MPUBOIUT
K MOBBIIICHUIO HACHIIIEHHOCTH B (PUKCHPOBAHHBIA MO-
MEHT BPEMEHHU MPH MaJIbIX PACCTOSIHUAX OT OCH Harpe-
Batens (puc. 86). Ha GonblIuX paccTOSHHUSX OT OCH
HarpeBareis M3MEHCHUE PacCMaTpUBACMOW HHTCHCHB-
HOCTH HE OKa3bIBACT BIMSHIE HAa HACHIIICHHOCTS.
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Puc. 8. KpuBble KNHETUKK (a) U paananbHOro pacnpenenenuns (6) HacbILEHHOCTU NPK PasfinYHbIX 3HAYEHUSX
napameTpa Lu n pukcnpoBaHHbiXx R =2 (a), Fo = 2 (6) (ocTanbHble 3Ha4eHUs NapaMeTpoB — Takue Xe, Kak Ha puc. 1)
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B HePTAHOM naacTe Npu NPOrpese B OCTAHOBIEHHOW CKBAXNHE

C.E. CaBoT4€eHKO,
B.A. 3axapos

OTMeTHM, YTO Ha TeMIlepaTypHbIe PO BapH-
arusi kputepus JIbIkoBa MPAaKTUYECKH HE OKa3bIBAaeT
BIMsIHUSA. He3HauuTenbHOe CHYDKEHHME Ha JIOJU CIUHH-
bl (B Ge3pasMEpHBIX TeMIepaTypHBbIX eIMHHnax 71')
HaAOJIFOAIOCH TOJBKO TPH JOCTATOYHO OOJBIIUX Bpe-
MeHax (MopsaKa 5 eluHUI] B 0e3pa3MepHBIX AMHUIIAX
BpEeMEHH Fo).

Taxxe crieayeT OTMETUTh, YTO TAKOH apaMeTp Mo-
JIeJIM, KaK TEIUIOBOM MOTOK Ha OCH HarpeBaTells, ompe-
nensiemblid coracHo (12) otHomeHuem N/A, BIMsSET Ha
BCJINUMHY TEMIO(PU3NUECKUX XaAPAKTEPUCTUK TOIBKO
KaK YMCIIOBOM MHOXKHUTEIb, T.€. TEMIIEPATypa, HACHIIICH-
HOCTb 1 JAaBJICHUEC TIPAMO NPONOPHHUOHAIBHBI YACIbHO-
My TEIUIOBOMY MOTOKY Ha OCH HarpeBaressl.

3SAKJTIOMEHUE

B pabote paccMoTpena MaTemMarndeckasi MOACIb,
KOTOpasi OMHCHIBACT 3aKOHOMEPHOCTH TEILTO(PHU3NIC-
CKHX MpPOIECCOB B IUTaCTE NPH HATPEBAHUU C yde-
ToM () PY3MOHHO-KAMMIIIIAPHOTO MacCoIlepeHoca
KHUJIKOCTH M mapa. Mozgenb obecrneynBacT ONMHUCaHNE
MPOUCXOIAMNX (PU3HUECCKUX SIBICHUH M yYUTHIBACT
CIIO)KHOE B3aMMOCHCTBHE MPOIECCOB TEIUIONEPEHO-
ca, U3MCHEHHS HACHIIEHHOCTH XUAKON (a3bl U AaB-
JCHHUSL.

Jlns KOMIBIOTEpHON peanu3alud MOAENIH ObLIo
pa3paboTaHO MPOrpaMMHOE OOECIEUCHHE C HUCIOJb-
3oBanueM Oubnmmorexk Python (Pandas, Dash, NumPy)
C LeIbl0 yA00CTBa BU3yaJlM3allud U aHAJIM3a PE3yib-
TaTOB MOJCIHPOBAaHUA. B mporpaMmy BXOIST pa3imd-
HBIC MOZIYJHM YHCIICHHOTO PEIICHHS TEIUIO(pH3nIecKOn
HaYaJbHO-KPACBOM 3aJavd, IO3BOJLIIONINE BHIOMpATh
AITOPUTMBI PEIICHUS TIO SBHOW MM HESIBHOW CXeMaM,
IIaTW AUCKPETHU3AINN U APYTHE TTapaMeTphl ISl ONTH-
MH3aIMN BEYUCIUTENBHON Mporeaypsl. [IporpamvHuoe
obecrieueHre COACPKUT YIOOHBIH ITOJIb30BATEIbCKHMA
uHTepdeiic amg BBOAA MapamMeTpoB, OTOOPaKCHHS pe-
3yJBTaTOB B BHUJE TaONHIl U TpaUKOB, BO3MOKHOCTH
9KCTIOpPTa JAHHBIX.

C ucnonp30BaHUEM Pa3padOTaHHOTO MPOrPaAMMHO-
ro obecreueHus! ObUTM MPOBEACHBI YHUCIEHHBIC HKCIIC-
PUMEHTSI JJIS1 U3yUYEeHUs TOT0, KaK pa3InuHble (paKkTopsl,
TakMe KaK CBOMCTBa IIacTa, XapaKTepPUCTUKW Harpe-
BaTels, HAYAJIbHBIC W TPAHUYHBIC YCIIOBHS, BIHSIOT Ha
HpoLeCC OCTHIBAHUS IUIacTa. Pe3ynbraTel ObLIH IPO-
aHANM3UPOBAaHbl ¥ MHTEPIPETHPOBAHBL. B wacTHOCTH,
YCTaHOBJIEHO, YTO MPO(HIb MPOCTPAHCTBEHHOTO pac-
MpEeICICHUsI TeMIIepaTypsl MOCTATOYHO OBICTPO Clia-
JaeT TPH MAJBIX pajnycax C MOCICTYIOUIMM 3aMeie-
HHEM yOBIBaHMS M BBIXOJA Ha PaBHOBECHOE 3HAYCHHE.
[Tpoduam mpOCTPaHCTBEHHOTO paclpeAeiIeHuUs] HaChI-
IICHHOCTH W JIABJICHUS IIPHU MAJBIX PagHycax yOBIBarOT
1 Ha OOJBIIMX PACCTOSHHSAX JOCTUTAIOT PAaBHOBECHBIX
3HayeHudl. C TeueHUeM BpPEMEHH paccMaTpUBaeMble

TEIIO(QHU3NIECKHE XapaKTEPUCTUKH MOHOTOHHO BO3-
pacTaoT.

[lokazaHo, YTO TOPUCTOCTH W IIOTHOCTH TPYHTOB
U KuAKoi (as3sl miacra ciabo BIMAIOT HA NPOCTPAH-
CTBEHHBIE pAaCIpENeNICHUs] TeMIIepaTypbl, HACHIIICH-
HOCTH W JIaBJICHUS B IIIacTe. TakxkKe yCTAaHOBIEHO, YTO
BIIMSIHNE TIOPUCTOCTH M INIOTHOCTH TPYHTOB M SKHJIKOM
(a3l mIacTa Ha KMHETHKY JAHHBIX TEIIO(QHU3NYECKHe
XapaKTePUCTUKU HAYMHAET OBITH OIIyTUMBIM IIpH OOJIb-
HINX BpeMeHax.

Pe3yJ'H>TaTLI MOJCIIMPOBAHUA IIOKa3ajau, YTO IIpH
MaJIBIX 3HAYCHUSAX TEPMOTPATMEHTHOTO KO3((HUIMEH-
Ta HACBHIIIEHHOCTb MEHsETCs ¢1ab0, HO MPH €ro 3Haue-
HUAX, COOTBECTCTBYIOIIHUX BOJOHACBINICHHBIM II€CKaM
W TJIMHaM, HACHIIEHHOCTh JKUIKOH (a3bl He(TIHOTO
Ilacta Ha4MHAeT CHJIBHO 3aBHCETh OT PAcCTOSHHS OT
ocu Harpesaresisi. Poct atoro koaddunmenrta B JTaHHOM
MHTEpBaJle MPUBOINUT K OIIyTHUMOMY CHI)KEHHUIO TEMIIe-
paTypsl ¥ MOBBILICHUIO HACBHILIEHHOCTH XHUIKOH (ha3bl
He(]TAHOTO MIacTa B TaKMX IPyHTaX.

VYcTaHOBICHO, 4YTO YBEJNWUCHHE KOd(DPHUIHECHTA
YIPYTOCTH TapoTa30BOH CMECH MPHBOJUT K MOHMXKE-
HUIO JaBJICHHS HAa MaJbIX PAaCCTOSHMAX OT OCH Harpe-
Barelss, OAHAKO Ha OONBIIMX PACCTOSHUAX JaBICHUE
MEePECTaeT MEHAThCA. YBEIHMUCHHE WHTEHCHBHOCTH
T Py3HOHHO-KAMUIIPHOTO  MacCOMEepeHoca OTHO-
CUTETBHO MU(QPYy3HOHHOTO MEpeHoca Temja B IuIacTe
IIPUBOJUT K PE3KOMY POCTY HACBIIIEHHOCTH Ha MaJbIX
PacCTOSHUSIX OT OCH HarpeBaTeysl, OJHAKO HA OONIBIINX
PacCCTOAHUAX HACBIIICHHOCTD NNEPECTACT MECHATHCA.

Pesynbrarsl JaHHOW PaOOTHI MOTYT OBITH ITOJIE3HBI-
MU 1711 HepTe100bIBaIoIel OTpacit, TOCKOJIBKY TIOHHU-
MaHHe 3aKOHOMEPHOCTEH TEII0()U3NIECKUX IPOLIECCOB
B IUIACTe NPH HArPEeBaHHWHU IO3BOJUT CO3/aBaTh Oosee
3¢ eKTHBHBIE METOABI YIPABIEHHS MPOLECCOM J00BI-
9M, Y4TO IOBBICHT e¢ peHTadesnbHOCTh. IIpemioxennas
MOJIeITb I €€ aHAJIN3 TAK)XKe PACIINPSIOT TIPECTaBICHU
0 BO3MOYKHOCTSIX TPUMEHEHHUSI MAaTEMaTHIECKOTO 1 KOM-
MBIOTEPHOTO MOJICTHUPOBAHUS TPOIIECCOB B HE(DTETO0bI-
BaIOIIEH OTPACIIH.
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Pesiome

LUenu. Llenb paboTtbl — pa3paboTka MeToga U MeToOukM OLLeHKN MPOEKTHOM OeATeNbHOCTW, BKIOYas Hay4HO-
1nccnenoBaTesibckme N OMbITHO-KOHCTPYKTOPCKME pPaboTbl. AKTyaslbHOCTb pa3paboTkyu obycroBrieHa noTpebHo-
CTblO B aHANIMTUYECKOW OLIEHKEe MpoekTa Mo ero OCHOBHbIM Moka3aTensam (YHUKaNbHOCTU pPe3ysibTaToB n Tpebye-
MbIM pecypcam), y4uTbiBaloLLen kak TpeboBaHMs 3aKka3unka, Tak U BO3MOXHOCTM NpearofiaraeMbix UCMOSIHUTENEN
ANna MNPUHATUA COrnacoBaHHOIO pelleHnsa no ero NnoctaHoBKe. B HaCToOdALlLee BpeM4A OCHOBOW U3BECTHbIX MeTo40B
OLLEHKM NNaHnpyemMoro npoekta aBndeTcd SKOHOMmn4yeckas 3¢¢eKTI/|BHOCTb. |_|pl/l 3TOM Noaxoadbl K OLLeHKe NMpoekTa
3aKa34imkKa 1 ncnoJsiHmTena pasjinyHbl N MPOTUBOPEYHUBDI. 3akas4ynk B CBOMX Tpe6OBaHI/I9|X K MPOEKTY 1 3aTpatam
pecypcoB MUHUMUI3NPYET PUCKN HEOOCTMXEHUA LieJIN MPOeKTa. McnonHutenb Te Xe PUCKN MUHNMN3NPYET yBEN-
YeHnem 3arnpalimBaeMbiX BDEMEHHbIX N MaTepualibHbIX PECYPCOB, a TakXe CBOMMUA TpGGOBaHMﬂMM K pe3ybTatam
npoekTa, B OCHOBE KOTOPbLIX — €ro BO3MO>XXHOCTU X BbIMNOJIHUTb. OGBGD,VIHIATI: pa3sindyHble Nogxoabl K oueHke a4
060CHOBAHHOIO M COMTACOBAHHOIO MPUHATUS PELLUEHN OTHOCUTESTIbHO BO3MOXHOCTM U LIe1Iecoobpa3HOoCT NocTa-
HOBKW U BbIMNOJIHEHUA NMPOEKTa No3BONAAET KOHLUEenuna He4eTknx MHOXKeCTB.

MeTOAbI. B ocHoBe paSpaGOTaHHbIX MeToga N MeToOOUNKN OLUEeHKN MPOEKTOB — TEOPUA HEHETKNX MHOXECTB N KOH-
uenund HEeYeTKOW NOrnKn ¢ MoaennpoBaHMeM OLEHOK napamMeTpoB NpoekTa C MNoOMOLLbIO ¢yHKLI,I/Il7I npuHaanexHo-
CTWn.

PesynbTaTtbl. PazpaboTaHbl METOA, U peanuayloLlas ero MeToamka OLEHKM NPOoekKTa, yuuTbiBawowme TpeboBaHus
3aKa34rkKa 1 BO3MOXXHOCTU rnpegnosiaraemoro ncnonHntend angd O6OCHOBaHHOFO MPUHATNA peUJeHMVI B OTHOLUEHUU
€ro NoCTaHOBKMW.

BbiBogpl. [MpyMeHeHe MeToaa No3BONsSieT cOanaHCMPOBAHHO YCTAHOBUTbL ONTMMasbHble TPeB0OBaHMS U YCI0BMS
Ana OCyLWeCTBeHUNd npoekTa. B otnnyme ot OKCMepPTHbIX MeTOA0B NnpeacTtaB/ieHHbIe aHaNINTUYECKUN MeTon 1 me-
Toauka obecneynBatloT 6osiee BbICOKY0 0O0bEKTUBHOCTb 0O00LLEHHON OLEeHKM, 0O0CHOBAHHOCTb 1 3¢ dEKTUBHOCTb
B NMPUHATUY N peann3aLnm ynpasieH4YeCKux peLleHnin. YHMBepCcanbHOCTb KPUTEPUEB 1 NpoLenyp METOANKN COLep-
XUTB ce6e BO3MOXHOCTb €€ NMPpMeHeHNA B OLLleHKaxX Pa3JZINYHbIX BUOOB U MO pa3idHbIM HarpaBJZIEHNAM I'IpoeKTHOVI
AedATesibHOCTU, BKJTIo4Hada Hay4HO-UccsiegoBaTesibCKMe N OnbITHO-KOHCTPYKTOPCKMe pa6OTbI.

KniouyeBble crioBa: nNpoekT, TEOPUst HEYETKMX MHOXECTB, JIMHIBUCTUYECKME NepeMeHHble, GYHKLMN NpUHaaNex-
HoCTH, das3ndburkaums, nedassndunkaumns
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Abstract

Objectives. The work sets out to develop a method and methodology for evaluating project activities, including
research and development work. The development of this method and its associated methodology is relevant
due to the need to provide an analytical assessment of a project based on its main performance indicators,
such as the uniqueness of the results and the resources required to produce them. This assessment must take
into account both the requirements of the customer and the capabilities of the prospective performers to make
an informed decision on its formulation. Currently, the best-known methods for evaluating a planned project are
based on economic efficiency. However, the approaches taken by customers and contractors are often different
and sometimes contradictory. For example, a customer may minimize the risk of failing to achieve the project goal
by setting appropriate requirements and resource costs, while a contractor minimizes the same risks by increasing
the requested time and material resources, as well as by adjusting the requirement criteria for the project results,
which are based on their ability to fulfill them. The concept of fuzzy sets allows various assessment approaches to be
combined to provide informed and coordinated decision-making regarding the feasibility and expediency of setting
up and executing a project.

Methods. The developed method and methodology for project evaluation are based on the theory of fuzzy sets and
the concept of fuzzy logic, using membership functions to model project parameter estimates.

Results. The project assessment method and implementation methodology were developed, taking into account
customer requirements and the capabilities of the potential contractor, to enable rational decision-making regarding
its formulation.

Conclusions. The method may be applied to establish the optimal requirements and conditions for project
implementation in a balanced manner. In contrast to expert methods, the presented analytical method and
methodology provide a higher objectivity of the generalized assessment, validity, and effectiveness in making and
implementing managerial decisions. The methodology’s universal criteria and procedures make it suitable for
application to various kinds of assessment and in various areas of project activity, including research and development
work.

Keywords: project, theory of fuzzy sets, linguistic variables, membership functions, fuzzification, defuzzification
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BBEAEHUE

[Ipoekt kak BuA JESATENHHOCTH OTIMYAIOT OT Je-
STCIBHOCTH OINEPAIIMOHHON TPU XapakKTepPHbIE O0CO-
OCHHOCTU: €ro Iiejb, 3aKIIOYAOIIAsACS B IOIYYCHHU
YHUKAJILHOTO, HOBOTO, PaHEEe HE CO3MaBAaBIIEIOCS pe-
3yNbTaTa, OTPAaHUYCHHBIC CPOKU U OTPAHUYCHHBIC pe-
cypcsl. OTCYTCTBHE WM OTPAaHUYCHHOCTH AMpPUOPHOU
uH(pOpMAIIH, MPEAMISCTBYIOIIETO OMbITA BITOTHEHHUS
MOOOHBIX PabOT, CO3MAHUSI AHATIOTHYHOTO UITH OJIU3KOTO
IO CBOIMCTBAaM IPOAYKTa MPEACTABILIIOT CO00H (haKTOpBI
pHCKa HEITOCTIDKCHUS LIENU MPOEKTa. PHCKU OTHOCATCS
KaK K JIESITEIFHOCTH HCIIONHHUTEINS MPOEKTa, TaK U €ro
3akazunka [1-3]. CnencTBue peanm3anuu prcKa HEIO-
CTOBEPHOW OIIEHKH CBOMX BO3MOYKHOCTCH HCIIOJHHTE-
JIeM — HEOCTIDKCHHUE TTOCTABICHHOHN IIeJTH, HEBBITIOIHE-
HHE TIpoekTa. MUHUMH3NPYST CBOM PUCKH, HCIIONTHUTENb
CKJIOHEH 3aBBICHTH TPEOOBAHUS K pecypcamM M CpOKaM
BBIMOJTHEHUS Pa0OT IO TIPOEKTY, 3aHU3UTh YPOBEHbD Tpe-
0oBaHMIi K YPOBHIO pa3paboTku [4—6]. 3aKa3uuK, puCKys
CBOMMH DPECypCaMH, CTPEMHUTCS MONYYHTh TpeOyeMblit
pe3yJIbTaT MEHBIINM 00BEMOM PECYpCOB, YeM TpedyeT
UCTIONIHUTENb, U B Oojee cxarble cpoku. COMU3UTH TO-
3UIMU KCTIONHUTEIS U 3aKa34uhka MOXKET OOBCKTUBHAsS
OLICHKA MPOCKTa, YYUTHIBAIOLIAs IIPH 3TOM M TpeOoBa-
HUS 3aKa3YUKa, 1 BOSMOKHOCTH HUCTIOTHUTEIIS.

[Ipeononers KOHMIUKT MHTEPECOB B3aAHMMOMICHCTBY-
IOIINX CTOPOH MO3BOJUT PEIICHHE, IPUHIMAEMOE Ha OC-
HOBE OLICHKH METOJOM, COBMEIIAOIINM OIICHKH OIHOTO
U TOTO kK¢ 00BEKTa 00EUMH CTOpOHAMH. Takas BO3MOXK-
HOCTB COACPXKHTCS B ITOAXOC, OCHOBAHHOM Ha TEOPHHU
HEYETKOW JIOTHKH ¥ HEYETKUX MHOYKECTB, UTO TIO3BOJISIET
HCIIONTL30BaTh M 00padaThIBaTh OOJBIINE 00BEMbI HHPOP-
MaIiy METOIaMH U CPEICTBAMU IU(PPOBBIX HH(POPMAIIH-
OHHBIX TEXHOJIOTUH U TOJTy4aTb MHOKECTBO BapHUaHTOB
peLeHnH Ui pa3IMYHbIX KPUTEPUEB OLIEHKH.

HeoOxoaumocTh oOpaieHuss K METOJOJIOTHH  He-
YETKOM JIOTUKH OOYCJIOBIIEHa MOTPEOHOCTHIO B TMOTyUe-
HUM AHAINTUYECKUMH METOIaMu OoJiee TOCTOBEPHBIX
PE3yJIbTaTOB OICHKH, YyBCTBUTENBHBIX K H3MCHCHUSM
B OLICHUBAEMBIX 00BEKTaX MPOCKTHOM NEATEIBHOCTU. DTO
U OTJEIBHBIC MPOCKTHI, M MPOrPaMMEI, U OpTdenu mpo-
€KTOB, a TaKKe HAyYHO-HCCICIOBATEIILCKAE U OIBITHO-
KOHCTPYKTOPCKHE pPabOTHI, aBaHIPOCKTHL. Pe3ymsrarsl
OLICHKH QaHATUTUYCCKUMH METOIAMH ITPETIONIAraeMOH st
BBITIOJTHEHMST TIPOCKTHOM JICSITSTBHOCTH TI0 €€ TPEM aTpH-
OyTaM — KpUTEpHsIM U XapaKTepHBIM IMPU3HAKAM MOTYT

CTaTh KPUTEPUEM U OCHOBAHUEM JIJISl TIPHHSATHS COBMECT-
HOTO PEIICHHS O BO3MOXXHOCTH MTOCTAHOBKH U BBITIOJTHE-
HUSl TIPOEKTHOW JIEATENFHOCTH B3aMMOJICHCTBYIONTMHA
CTOpPOHAMU — 3aKa34YMKOM W UCITOJTHUTCIIEM.

JloCTOBEpHOCTB OIICGHOK OIPEJEIseT aJIeKBaTHOCTh
MPUHIMACMbIX pemeHuil U 3(dekTHBHOCTD ymnpaBsie-
HUS IpOeKTaMU. JlJisl ATOro pe3ylbTaThl OLEHKH JIOJIK-
HbI 6I)ITI> YYBCTBUTCJIbHBI K M3MCHCHUSIM NapaMCTPOB
MPOEKTa, MPUBOASIIUX WIH BEAYHIUX K OTKIOHEHHSM
OT YCTAHOBJICHHBIX JJISl HUX Lelel. DTo 00yCcloBIMBaeT
TpeOOBaHUS K COCTABY, KAYECTBEHHBIM U KOJIMYCCTBEH-
HBIM TI0Ka3aTejsiM, 10 KOTOPBIM OIIEHUBAETCS MTPOEKT.
MeTtomamu, OCHOBaHHBIMH Ha M3MEPHUTEIBHON UH(OP-
MaIl|H, WK Ha HH()OPMAIMH, TOJyUYeHHON SKCIIEPTHBI-
MH METOJIaMHM, JaTh TAaKylO OLICHKY HE BCErna Mpejio-
CTaBIISICTCS BOBMOXKHBIM [7—11].

1. MOAEJIb NPOrHO3HOW OLLEHKU
NMAPAMETPOB NPOEKTA HA OCHOBE
MX HEYETKOIro MOAEJINPOBAHUA ONA
NMPUHATUSA YNPABNEHYECKUX PELLEHUN

Llenr w Ha3HAUYCHUE METOAA — YCTAHOBJICHHE BO3-
MOKHOCTH OCYIIECTBICHUSI TPOCKTHOH eSITEIBHOCTH
Ha OCHOBE ITPOTHO3HOH €€ OICHKH I10 TPEM IapaMeTpaMm:
HOBH3HE ¥ OPUTHHAIBHOCTH PE3YJIbTaTOB, TNIAHUPYEMBIX
JUTSL TIOJTY9ICHHS TIPH BBITTOJHCHUH TIPOCKTA, JOCTATOYHO-
CTH BBIJICJICHHBIX PECYpPCOB U CPOKOB JUISi BHITIOJTHECHUS
paboT MO MPOEKTY, ONTUMAITBLHOCTH WX HCIOIb30BaHUS
Y rianupoBanust. O0IIee 1715 STHX OIICHOK KaXKI0H 13 B3a-
HMMOJIEHCTBYIOIINX CTOPOH — 3aKa34MKa U UCTIOTHHUTEIS, —
WX HEOIHO3HAYHOCTh, BO3MOKHOCTh MHOYKECTBEHHOCTH
BapUAHTOB PEAarnpOBaHK HA HUX, PA3JIMYHOE BOCTIPHATHE
MX 3HAYUMOCTH, M, COOTBETCTBEHHO, MPHUHATHE Pa3JIHY-
HBIX TIO cBoeil 3ddexTuBHOCTH perieHnid. OObeTUHUTD
pa3nuuHble OLEHKH I 0OOCHOBAaHHOIO M COIVIACOBAH-
HOTO TPHUHATHS PEHICHHH OTHOCHUTEIBFHO BO3MOKHOCTH
U IIeJIECO00Pa3HOCTH TIOCTAHOBKYU ¥ BHIITOIHEHHS IPOCK-
Ta IMO3BOJISIET KOHIIETIIHS HEUSTKUX MHOKECTB. B ocHOBe
MPEICTaBICHHOTO METO/IA — MOJIETTMPOBaHNE (PYHKITHIMA
TIPUHAUISKHOCTH K TOMY HJIM HHOMY HEYETKOMY MHOMKE-
CTBY OIICHOK IIPOEKTa 3aKa3YMKOM M HCTIOJHHUTEIICM IS
MoTy4eHus1 0000IIEHHOM €T OIICHKH.

PesynbratoM TpuUMEHEHWs MeToja JOJDKHA CTaTh
OIICHKa MPOEKTa IO CTETICHH €ro COOTBETCTBUSI TpeOoBa-
HUSIM 3aKa34rKa W BO3MOXKHOCTSIM WCIIOJHUTEIIS JUTS TIO-
CJIEITYIOIIETO PUHATHS PEIICHNS O IIeIeCO00Pa3HOCTH €ro
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MIOCTaHOBKH U BBITIOJTHEHHS, YIOBIETBOPSIOIIAs 00e B3au-
MoZIeHCTBYIOIIE CTOPOHBL. OpHeHTaI|s Ha IPUBJICUEHUE
TEXHOJIOTMI MCKYCCTBEHHOTO MHTEIUIEKTa K YIPaBICHHIO
MIPOEKTOM Ha BCEX €ro 3Tanax, HadhHas C yCTaHOBJIECHHS
BO3MO)KHOCTH €TO BBIIOJIHEHUSI U BBIOOpPa ONTHUMAITBHBIX
Hay4YHbIX TEXHUYECKUX M OPraHU3aLMOHHBIX PELICHHH,
TpeOyeT pa3pabOTKH MaTeMaTHIECKHX MOJIEIEH KaXKIoro
W3 3TATOB MPOEKTHOM AesTensHoCTH [ 12—14].

Teopust HEUETKUX MHOXKECTB IIO3BOJISIET CTPYKTYPHPO-
BaTb KpUTEpUAJIbHBIE IIapaMETPhl U XapaKTEPUCTUKU IIPO-
€KTa, HE UMEIOIINE SITHON [Tl YIaCTHUKOB ITPOEKTA IITKa-
JIbI OLIEHOK M KPUTEPHUEB, U KOTOPLIE IO-PA3HOMY MOTYT
BOCIIPUHUMATHCSI 00CMMH B3aUMOJICHCTBYIOIIIUMUA CTOPO-
HaMU — MCTIOTHUTEISIMU U 3aKa34MKOM Tpoekta. He ume-
follas €IMHOM OIHO3HAYHO BOCIPUHUMAEMOM MIKAJIbI
OLIEHOK ATUX MapaMeTpPOB MOTPEOHOCTh B UX OIEHKE MO-
JKET C IIOMOLIBIO TTOJIOXKEHNH TEOPHH HEUETKUX MHOXKECTB
OBbITH BOCIIOJIHEHA YCTAHOBJICHHEM WX MPHHAJUICKHOCTH
WIM HENPUHAIJIEKHOCTH K Kareropuu «CoOTBETCTBYET
TpeOOBaHUSAM U YJIOBIETBOPSIET YYACTHUKOBY. 3aa4a Mo-
JIYYCHUSI TaKOH OICHKH MOYKET OBITh peIIeHa MOIEIpO-
BaHMEM OLICHMBAHMS [IPOEKTa B BUJIE HEUETKOM CHCTEMBI,
CBSI3bIBAIOLLIEH BIMSHHE OLIEHOK IIPOEKTa MO €ro HOBU3HE,
OPUI'MHAJIBHOCTH, I0CTaTOYHOCTH PECYPCOB U CPOKOB BbI-
TOJTHEHUsT pabOT Ha COOTBETCTBUE TPEOOBAHHSM 3aKa34H-
Ka 1 BO3MOKHOCTSIM UCIIOJIHUTENSL. Takoe MozieTupoBaHue
BKJIFOYAET TPH 3Tarna: GOpMyJIHMPOBAHUE MEHTAIBHON MO-
JIeTN TIPOCKTa, Ha €¢ OCHOBE — BepOaIbHOM MOAECIH TPo-
€KTa W 3aTeM — Pa3pabOTKy HEYETKOH JIMHIBUCTUYECKOU
MoZEeNU IpoekTa. BxonHble napaMeTpsl TakOW HEYETKOM
MOZICNA MOTYT OBITh TIOMYYEHBI TPEMsl CIIOCO0aMH: KC-
TIEPTHOI OLIEHKOM MapamMeTpoB MOJEIUPYEMOTO IPOEKTa,
MOCTPOECHHEM CAMOHACTPANBAIOIIUXCS HEYETKUX MOJIeNei
Ha OCHOBE M3MEPEHHH BXOIOB U BBIXOJIOB CHUCTEMBI, MO-
CTPOEHHUEM CaMOOPIaHU3YIOIIUXCS M CaMOHACTpPauBaro-
LIMXCSl HEUETKUX MOJIeJied Ha OCHOBE U3MEPEHHH BXO/I0B
U BBIXOZIOB cucTeMbl! [15, 16].

MenranbHast MOZIeIb NIPOEKTa — 3TO BUJIEHHUE Jies-
TEJIBHOCTH 110 CO3JaHUI0 HOBOTO YHUKAJIBHOTO MPOLYK-
Ta B OTPaHUYEHHBIE CPOKH C OIpaHUYEHHBIMU pecypca-
Mu. OnuceiBarolas €e B YeTKUX TEPMHUHAX OCHOBHBIX
CBOMCTB W OTJIMYUTEIHHBIX IIPH3HAKOB BepOasbHAs
MOZIETIb C IENBI0 MH(POPMAIIMOHHOTO B3aMMOACHCTBHS
YYaCTHHUKOB IPOEKTA 3aTeM Ipeodpa3yeTcs B HEUETKYIO
JIMHTBUCTUYCCKYIO MOJICIIb ITPOCKTA.

Hederkass TMHrBUCTHYECKAS CUCTEMa U €€ MOJIENb
JIOJDKHBI 00ECIIEUUTh CONIACOBAHHOCTH JBYX (DaKTo-
poB — TpeOoBaHMI 3aKa3uMKa U BO3MOXHOCTEH wc-
MoNHUTeNsA. B OCHOBE OLIEHKM — MOJENb COBMECTHOM
OLICHKH 3aKa3YMKOM M IIPEAINOJIaraeMbIM HCIIOJHUTE-
JIeM TIPOTHO3UPYEMBIX Pe3yJbTaTOB MPOEKTa METOJaMH
HEYETKOU JIOTHKH.

' Dadone P. Design Optimization of Fuzzy Logic Systems:

Ph. Dissertation. Blacksburg, Virginia; 2001. 197 p.

B3anMoselicTByOIIME CTOPOHBI — 3aKa3YUK C OJTHOM
CTOPOHBI U OPraHU3aALUA-UCIIONHUTENb — C IPYTOi pac-
CMaTpHUBalOTCA Kak HeueTkas cucreMa [17—-19]. Bxonsl
JUIA aHaJIM3a B HEYETKOW MOJENU — MPOrHO3UpPyEMble
KaXKA0H W3 B3aUMOJEHMCTBYIOLIMX CTOPOH HapamMeTphl
MIPOEKTa: CTENEeHb OPUTMHAJIBHOCTH HAy4HBIX, TE€XHH-
YECKUX WJIM MHBIX IUIAHUPYEMBIX PE3yJbTaTOB MIPOEKTa,
YPOBEHB TOCTATOYHOCTH PECYPCHOTO 0OECHEeUCHUS pa-
00T I10 IPOEKTY, TOCTaTOYHOCTh BPEMCHHU Ha BBITIOJIHE-
Hue padoT 1mo mpoekTy. Beixoj aHamM3a — 00001IeHHAS
OIICHKa COOTBETCTBUS MPOEKTa TPEOOBAHUAM 3aKa34unKa
¥ BOBMOXKHOCTSM UCTIONHUTENA. Ee nonydyenne tpedyer
peuieHus 3a1a41 00bETMHEHUS IBYX HE3aBUCUMBIX Olle-
HOK Ka)kJ1011 13 B3auMozeicTBytonmx ctopos. Ha ocHo-
BE€ MOJYYCHHOH TakuM 00pa3oM OLEHKH MPUHUMAETCS
pelIeHre 0 MOCTaHOBKE padOoT MO MPOEKTY.

CrpykTypa M comepkaHHe MeToga [IPOTHO3HOM
OLICHKU TPOEKTa Ul MPUHATHA PELIEHUHA O MOCTAaHOBKE
U YIpPaBICHUIO TNPOEKTOM Ha OCHOBE TEOPUM HEUETKUX
MHOJKECTB, HEYETKOH JIOTUKH 1 HEYETKOIO MOJETIUPOBAHHS
€ro XapaKTepPHUCTHK BKIIFOYAET CIIEIYOIHe dTanbl (puc. 1):

CopepxxaHue aTana | | PesynbTtaTt (BbIXOA) 3Tana |

1. OpurnHanbHOCTbL pesynbTa-
Ta pa3paboTku B NPOeKTe.

2. [JoCTaTO4HOCTb PECYPCOB.

3. OnTManbHbIN CPOK
BbIMOJIHEHUSA

YcTaHOBNEHNE BXOO0B —
YEeTKMX BEINYUH s NpOo-
FHO3HOW OLUEHKN NpOoeKTa

!

daz3ndurkaumns

1. dopmynupoBaHune
JIMHIBUCTUYECKINX Nepe-
MEHHBIX.

2. CocTaBneHve GyHKUMin
NPVHAANEXHOCTN ANS HUX

v

BbiGop cuctemsbl npasu
06paLleHns C IMHIBUCTU-
YECKMMW NEPEMEHHBIMMU,
XapakTepusyoLwmumMmm
aHanM3npyeMbIii NPoeKkT

'

MpeobpasoBaHue NUHr-
BUCTUHECKUX NEepeMeH-
HbIX, XapakKTepuU3yoLUnx
aHanM3npyemblii NPOEKT,
C MOMOLLLbIO BbIOPAHHOM
CUCTEMbI NpaBun

Y

1. JlInnrsmnctmnyeckune nepe-
MeHHbIe, XapakTepuaytoLime
aHanM3npyeMblin MPoeKT.

2. OnucaHne NNHIrBnucTuYe-
CKMX NepeMeHHbIX PyHKLMSA-
MW MPUHALNEXHOCTU

\4

OpHa (Mnn HeCKONbKO

13 BO3MOXHbIX) cCUcTemMa
npasu 06paLLeHnst C INHF-
BUCTUYECKUMU MNEPEMEH-
HbIMU, XapaKTepPU3YIoLLMMN
aHanM3npyeMbIi NPOEKT

\4

HeueTkunin nornyecknia
BbIBO/, — OLLeHKa npoeKkTa
JIMHFBUCTUYECKUMU nepe-
MEHHbIMU

Y

Hedassundukaumnsa
Mpeobpa3oBaHne HeYeT-
KOro NOrM4yeckoro BblBO-
[a K 4eTKMM 3HAYEHUSIM
OLIeHKM NpoekTa

MonyyeHHas oueHka
BeNNYNHbI «<COOTBETCTBUE
npoekTa TpeboBaHNAM
3aka3zymnka 1 BO3MOXHOCTSIM
VCMNONHUTENS»

Y

Puc. 1. OTtanbl MeToaa oueHKY cTenenun
COOTBETCTBUS NpeanosaraeMmoro
K BbIMOJSIHEHUIO NpoeKTa TpeboBaHUAM 3aKasymKa
1 BOBMOXHOCTSM UCTOJTHUTENSA
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1. ITocTaHOBKa 331241 — OLIEHKA BO3MO>KHOCTH BBITION-
HEHUS MPOEKTa U MOJy4YeHHE HOBOTO OPUTHHAIBHO-
r0 Hay4YyHOTo, TEXHWYECKOTO WJIM MHOTO pe3ysbTa-
Ta, YIOBJICTBOPSIONIECTO 3aKka3uuka. OmpenerncHue
U YCTaHOBIICHHE BXOJOB — YCTKHUX BEIMUYMH, XapaK-
TEPU3YIOMIHX JEATEIHHOCTD UCTIIONHUTEINS, HE00X0-
IVIMBIX JUTS €TO OLEHKH METOJIOM HEUSTKOU JIOTHKH.

2. daz3utpukanus — nepexon K HeUSTKOCTH, TPHBEIC-
HHE BXOIHBIX YETKHX BEIMYHH — IPOTHO3UPYEMOI
CTCTICHH OpPUTHHAIBLHOCTH pE3ylbTara IIPOeKTa,
YPOBHSI JIOCTaTOYHOCTH PECYPCOB, U ONTHUMAIBHO-
CTH TUIAHMPOBAHMs Pa0OT MO CPOKaM BBITIOJIHCHHS
JTaNoB MPOEKTa K HEYETKUM JIMHIBUCTUYECKUM I1e-
pemeHHbIM. DOpMYyNTHpOBaHHE JIMHI'BUCTUYCCKHUX
HEepeMEHHBIX M cocTaBiieHue (GyHkimu (pyHKIuil)
MPUHAAJICKHOCTH U1 HUX. ONUCcaHue JTUHIBUCTH-
YECKUX MEPEMEHHBIX (D)YHKUUSMH IPHUHAIICKHOCTH.

3. BeiOop cucTteMbl paBuil 0OpaIeHUs ¢ TUHTBUCTH-
YECKHMU ITEPEMEHHBIMU C IIETbI0 (POPMYTHPOBAHHUS
HEUYCTKOTO JIOTHYECKOTO BHIBOIA.

4. IlpeoOpa3oBaHHe JWHTBUCTHICCKUX ITEPEMEHHBIX
C ITOMOIIBIO CHCTEMBI TIPABWII U TIONyYCHHUE HEUET-
KOTO JIOTUYECKOTO BEIBOJIA.

5. Jledazsudukarus — oOpaTHBIN Mepexo/l OT HEYETKO-
TO JIOTHYECKOTO BBIBOAA K UETKOW BEIMYMHE — BBI-
XOIIHOMY TapaMeTpy, T.e. K OOOOIIEHHOW OIeHKe
TUTAHUPYEMOTO JUTS BBITIOJIHEHUS TIPOCKTA.

6. [TomyueHue BbIXOJIa — CTETIEHU COOTBETCTBUS IPO-
eKTa TpeOOBaHUSIM 3aKa3ulKa U BO3MOKHOCTSIM HC-
TIOJTHHUTEJISI, YAOBJICTBOPSIONICH 00€ CTOPOHBI.
OnuH W3 mapaMeTpoB-aTpuOyTOB MPOEKTa — YHH-

KaJIbHOCTh MOJy4YE€HHOTO pe3ysibTara, HOBU3HA, UCKITIO-
YUTeJIbHA OPUTHHAIBHOCTH (HE MMEET aHAJIOTOB WIIH
MPUHLIUINAIBHO HMX MPEBOCXOMUT Onarojaps NpUH-
LUIHAIBHO HOBBIM PELICHUSM B BBIMOJIHEHUH TpeOo-
BaHMU 3aKa3uWka). B KkadecTBe eAWHUIBI W3MEpPCHHUS
YVHHUKAJTBHOCTH IIPOEKTa B METONE IMPHHATO OTHOIIE-
HHE YUCIIAa OPUTHHAIBHBIX TEXHUUECKUX, HAYUHBIX WA
MHBIX PEIICHUH K 00IIeMy UX YHCITY B IPOEKTE — BEIH-
YUHA 0. U3 MHOKECTBA BO3MOXKHBIX 3HaUeHUH A: o € A.
CooTBeTCTBYyIOIAasl €My JIMHTBHCTHYECKAs IEpPeMEH-
Hast — « YHUKQJIBHOCTD MIPOCKTA.

Bropoit mapamerp npoekra 3 — BpeMEeHHOI HHTEp-
BaJ, TUIAHUPYEMBIH I BBIIOJHEHHUS NPOEKTa U €ro
pacmpeneneHde 1o JTaraMm TMpoeKTa. BxomHble der-
KHEe JIAHHbIE — COOTHOILIEHHE CPOKOB, 3alpaiiuBaeMbIX
MOTEHIMAIFHBIM HCIIOTHUTEJIEM MPOEKTa, U CPOKOB,
YCTaHaBIMBAEMbIX 3aKa34MKOM TMpOeKTa. [pamanuu
JUIS  OLIEHKHM CTENEHH COOTBETCTBUS TpPEOOBaHHIM
M0 JIMHIBUCTUYECKOH IMEepeMeHHONW — pa3iuyHas cTe-
MeHb JOCTATOYHOCTH (HEJOCTaTOYHOCTH) BPEMEHH IS
BBIITOJTHEHUS MPOCKTA. J{JI OLIEHKU IO JIMHTBHCTHYC-
CKOMY MapameTpy «JlocTaTouHOCTh BPEMEHU Ha BEI-
MIOJTHEHHUE TIPOCKTa» MPUMEHSETCS IIKaJla CO 3HAYCHH-
svu ot 0.0 1o 1.0, rme 0.0 — moytHAsT HEIOCTATOYHOCTh

YCTaHOBJICHHBIX CPOKOB, a 1.0 — MOJIHOE COOTBETCTBHE
MOTPeOHOCTAM UCIIOJIHUTENEH U 3aKa3uuKa.

TpeTbst yeTkas BXOJHAs BEJIWYMHA Y — COOTHOILE-
HUE pecypcoB (oObeMa W BHIOB), 3allpalldBaeMbIX
[IpearonaraeMbIM HCIIOJHUTENIEM MPOEKTa U BblAEIIse-
MBIX 3aKa34uKoM MpoekTa. COOTBETCTBYIOLIHMA € JTUHT-
BUCTHUYECKHI MapaMeTp «/locTaroyHOCTh pecypcoB»
yCTaHABIHMBACT IIKATy HEUCTKOW OIIEHKH ypOBHS 00e-
CHEYEHHOCTH IPOEKTa pecypcaMd U ONTUMAaJIbHOCTH
UX paclpelesieHus 1o dTanaM npoekra. Enununa ee us-
MEpPEHUs ISl OLIEHKU CTEIIEHU COOTBETCTBHS TpeOoBa-
HUSIM — YPOBEHB JIOCTATOYHOCTH PECYPCOB ISl BBITION-
HEHUs [IPOeKTa, oueHnBaeMsbli no mkasue ot 0.0 mo 1.0,
rae 0.0 — mosHas HeJI0CTaTOYHOCTh, a 1.0 — mojiHoe co-
OTBETCTBHUE TPEOOBAHUSAM.

3anmaua, pemaeMasi METOJJOM HEUYETKOM JIOTUKU —
COIIacOBaHUE JBYX OLICHOK — 1-if U 2-if CTOPOHBI B UX
B3aMMOJICHCTBUM U TOJyYeHHE OLEHKH Oosiee 00bek-
TUBHOW M IPUHUMAEMON 00CHMH B3aUMOJICHCTBYIOIIH-
MU yYaCTHMKaMH MPOEKTHOM JIeATeNbHOCTH. BXoaHbIe
rapaMeTpbl B METOJI€ — TPU YETKHE BEJIMYMHBI, OLIEHH-
BaeMbl€ 3aKa34UKOM U IPEIIoIaraéMbIM HCIIOIHUTEIEM
MpOEeKTa. 3a7a4a COBMEIICHHS OIICHOK perraeTcs pa33u-
¢dukamnuei, T.e. Mpeodpa3oBaHUEM YETKHX BXOJHBIX Be-
JIMYUH B UX JMHIBUCTUYECKUE IIE€PEMEHHBIE, CBOWCTBO
KOTOPBIX — 00BEANHATE B COBOKYITHOCTH HEUCTKUX MHO-
KECTB TaKHUe TIapaMeTPhl, TPAHMIIBI B IPAJaIUiIX KOTO-
PBIX HE UMEIOT YETKUX OJHO3HAYHO BOCIPHHUMACMBIX
Y IPUHUMAEMBIX 3HAYE€HU I B3aUMOICHCTBYIOLIUMHU CTO-
poHaMmu.

Tak, yHHKaJIbHOCTb, OPUTHHAIBHOCTh M HOBH3HA
MIPOEKTa MOTYT C Pa3jIMYHOU CTETEHBI0 COOTBETCTBO-
BaTh TPEOOBAHMSM U OLICHKAM 3aKa34uMKa U UCTIOIHUTE-
15 npoexTa. [IpuuuHa — B pa3inyuu ypoBHs TpeOOBaHHMA
Ka)/10il U3 CTOPOH JIsi OLIEHKU OJHOTO U TOTO K€ Mapa-
MeTpa, XapaKTepUCTUKU MPOEKTa, a TaKXkKe Mep odecrie-
YeHUs eJUHCTBA U3MEPEHUN OCHOBHBIX XapaKTEPUCTUK
npoekra. [IpeanonaraemMplii UCIIOIIHUTENb MIPOEKTa 3a-
4acTyl0 B CTPEMJIEHUH TOJIYYUTh 3aKa3 Ha BbINOJIHEHHE
IIPOEKTa CKJIOHEH 3aBbIILIAaTh CAaMOOLIEHKY CBOUX BO3-
MOXHOCTEHl W YpOBEHb IperonaraeMoil paspadboTku
I10 IPOEKTY, ONUPAsACh HA NPEAILECTBYOLUINNA OIBIT BbI-
MIOJTHEHUS paboT, HE B MOJHOW MEpe COOTBETCTBYHOIIUX
TpeOOBaHMUSAM HOBOTO IPOEKTa. 3aKa3yhK, HANpOTHB,
B CTPEMJICHUM MHHHUMU3UPOBATh PHUCKH HEIOCTHIKE-
HUS 1esiell poekTa Oosiee TpeOoBaTeNeH K IIaHupye-
MBIM pe3yJibTaTaM MPOEKTa, er0 OCHOBHBIM IOKa3aTe-
nsm. [loaToMy B mojixoze Ha OCHOBE HEYETKOM JIOTUKH
JIBa MOJIMHO)KECTBA — «BBICOKAS CTEIIEHb COOTBETCTBHUS
U «HU3Kas CTENEHb COOTBETCTBUS» TPEOOBAaHUSAM K OC-
HOBHBIM MapamerpaM Mpoekra. OHU OTpakaroT MO3M-
uU 00eMX CTOPOH — 3aKa3uMKa U MOTEHIIUAIbHOIO UC-
TIOJTHUTEIIS PaboT MO MPOECKTY.

YeTKkuX M OIHO3HAYHO BOCIPHUHUMAEMBIX Iapame-
TPOB 1 UX I'PAHUL] HET U B OTHOLLIEHUH TaKUX [TOKa3aTese,
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KaK JOCTaTOYHOCTh PECYPCOB U BPEMEHHOI'O0 MHTEpBaja
Ha BBINIOJIHEHHE MpoekTa. [10X0/1 K OlleHKe B KaTeropusix
«OBICTPO — JIOJT0Y, KMHOTO — MAJIO», «IOPOr0 — JACLIEBO»
U T.I. HE COMIDKAaeT IMO3UIMHU 3aKa3dhKa U UCTIOIHUTEINS
B PUHSITUU PELICHUS 110 IPOEKTY.

Juis  pemeHust 3aaud  COBMEILIEHHMS  OLIEHOK
B paccMaTpuBaeMOM METO/IE YEeTKOMY Iapamerpy
«YHUKaJIbHOCTb, OPUT'MHAIBHOCTh, HOBU3HA PE3YJIbTa-
TOB IIPOEKTa» COOTBETCTBYIOT JMHIBUCTHUYECKUE IIepe-
MEHHBIE: 0 — «Jl0JIs1 OpUTHHABHBIX PEIIEHUH 10 TTPOEK-
Ty B 001IeM ux yucie», f — «JloctarouHOCTh BpeMeHH
JUTS BBITTOJTHEHUSI TIPOEKTa» U Y — « YPOBEHb JIOCTATOU-
HOCTHU PECYpPCOB JUIS BBIMIOJIHEHUS TPOCKTa.

B pesynbrare coBMeIIeHUs OIIEHOK Ha BBIXOJIE 101~
JKEeH OBITh MMOJTyYeH PEe3yNbTaT B BU/IE JIMHIBUCTUYECKOM
nepeMeHHoH 6 — «COOTBETCTBUE MPOEKTA TPEOOBAHUSIM
3aKa3urKa ¥ BOZMOXHOCTSIM HCIIOTHUTEIIS.

JuanazoHy BO3MOXXHBIX 3HaYeHUU B OLIEHKE YHH-
KaJIbHOCTU IPOEKTa COOTBETCTBYET HEUETKOE MHOMKeE-
CTBO A, mpencraBismoliee coboil COBOKYNMHOCTh Hap
Bz <0, ¢ >. CTeneHb NPUHAIEKHOCTH ¢, KOKIOrO
3JIEMEHTA 0L HEYETKOTO MHOXKECTBAa MHOKECTBY A (0 € A)
OMHCHIBAETCA  QYHKIMEH NPUHAIIEKHOCTH ¢ (A).
®yHKIHMS TPUHAUIEKHOCTH O (A) KaKI0€ 3HAYEHHUE O
CTaBUT B COOTBETCTBUE C HEKOTOPHIM YMCIIOM U3 UHTEP-
Bajla €ro BO3MOXHBIX 3HadeHWi. [lns mapamerpa
«YHHUKAJIBHOCTH TPOEKTa» 3TOT ANAMA30H COCTABISCT,
naripumep, [0.0; 1.0], T.e. ¢ (A): A — [0.0; 1.0], B koTO-
POM Ka)KJIOMY 0. CBOMCTBEHHA MPUHAJIEKHOCTh K MHO-
KecTBy A: Vo — € A, e V — KBaHTOpP BCEOOIIHOCTH
CBOWCTB JJIsi BCEX 0., MPUHAMIEKAIINX COBOKYITHOCTH
MHOXKECTBA A.

JIuHrBHCTHYECKOW  TNEepeMEHHON  «YHUKaIbHOCTh
MPOEKTa» COOTBETCTBYIOT JIBa KpallHWX 3HAYeHUs NH-
armasoHa: «BBICOKas» — co 3HaueHueM «1.0» u «HH3-
Kas» — ¢ HIKHUM 3HaueHreM «0.0» U3 Bcero auanasoHa
BO3MOKHBIX 3HAYEHUH COBOKYITHOCTH HEYETKOI'O MHOXKeE-
ctBa A. Mex 1y 3TUMH KpailHUMM 3HaU€HUSAMH JIMara3o-
Ha CYILECTBYET MHOKECTBO JIPYTUX 3HAUEHUH HEYETKOIO
MHOKECTBA OLEHOK 3TOro Iapamerpa npoekra. OyHKIus
NPUHATIEKHOCTH ¢ (A) TIOKA3BIBAECT, B KAKOW CTENIEHH
mapamMerp o, T.¢. OIIeHKa YHUKAJIBHOCTH IPOEKTa, oaia-
€T TEeMH WJIM WHBIMH CBOMCTBAMH ITOJMHOXKECTBA A: TjIe
q)uhigh(A) = 1.0 o3Hayaet, YTO CTENEHb YHUKAIBHOCTH,
HOBU3HBI U OPUTHHAJIBHOCTH IMPOEKTa MaKCHMAaJIbHAs,
a @ ow(A) = 0.0 — MunumanbHas. OueHka ¢ npuMeHe-
HUEM HEYETKUX MHOXKECTB OCYIIECTBIISCTCSI OTHECEHUEM
HEUYETKOW BEJIMYHMHBI K OTHOMY U3 JIBYX TIOIMHOXKECTB —
Olyigh M Oy, € COOTBETCTBYIOIIMMH MM GYyHKIUSIMU TIPU-
HAJJIC)KHOCTH (pahigh(A) U Qyow(A), JOMOMHSIOMUMA
JIpyr Apyra U COCTaBIIAIOUIMMH B COBOKYITHOCTH BEChH
JIMana3oH 3HaYeHUi OLEHKH MapamMeTpa o, IpUHaJIeKa-
LIEr0 HEYETKOMY MHOXKECTBY A

Donigh(A) T Pgron(A) = 15 Vo — € A, (1)

M HHOBalIMOHHBIN XapaKkTep MPOEKTHOM AesITeNbHO-
CTH COCTOWT, B T.4. B TOM, YTO YHUKAJIbHOCTh, HOBU3HA
U OPUTHHAIBHOCTH pa3padoTku (hopMUpyeTcs, Kak mnpa-
BWJIO, HA PaHHHX JTamax mpoekra. [lodtomy dyHKIMH
MPUHAAIICKHOCTH TapaMeTpa «YHHKaJIbHOCTH TIPO-
€KTa» K TOJMHOXECTBAM 0y, U 0, Haubolee aJeKBaTHO
OIHCHIBAIOTCS CTEIIEHHOW (DYHKIIEH:

(P(lhlgh(A) = an u (palow(A) = 1 - ana (2)

rre 7 [0.0; 1.0] — moka3arens MHHOBAIIMOHHOCTH TTPOEK-
Ta, MpuHUMaroNMi 3Ha4eHust B uHTepsase ot 0.0 go 1.0.
Ero 3nHaueHue CBHUIETENLCTBYET O CTENEHH HOBU3HBI,
OpPUTHHAJIBHOCTH W TIATEHTOCHOCOOHOCTH HAy9IHO-
TEXHUYECKUX PELIEHUH, 3aKiIalbIBAEMbIX, KaK IPaBUIIO,
B pa3pabOTKax 110 MPOSKTY Ha PaHHHUX €Tro dTarax, Map-
KETHHTE, TIONCKE U BBIOOPE HOBBIX MEPCIIEKTUBHBIX Ha-
IpaBJICHUN HCCIEAOBaHUH, pa3paboTKe OpUTHHATBHBIX
MIO/IXO/IOB.

I'paduxu GyHKIMI TPUHAIEKHOCTU IS TOAMHO-
KECTB Cpiop M Oy, TIPH BBIOPaHHOM JIMana3oHe UX BO3-
MOXKHBIX 3HaueHu# A — [0.0; 1.0] myig nokasareneit cre-
nenu n = 0.7; n =0.5; n = 0.3 npeacrasieHbl Ha puc. 2.

Ha rpaduke miomaas, orpaHu4eHHas OCSIMH KOOp-
IMHAT U JIMHUACH (QYHKIMU MPUHAUIC)KHOCTH (pahigh(A)’
€CTb IMOJIMHOKECTBO YHUKAJILHOCTH U BBICOKOTO YPOBHS
OILICHOK HOBH3HBI PE3yNbTara MPOeKTa, a INHUEH (yHK-
UM OPUHAIEKHOCTH @y (A) — TIOAMHOXKECTBO C HU3-
KM YPOBHEM OILICHOK OPHIHHAIBHOCTH pa3padoTKH
C OIICHKOW MPOEKTa «He yHuKaieH». O0macTe mepece-
YEHMS ITUX TOJMHOKECTB — [IOZIMHOXKECTBO CO CpeHEN
OIICHKOM 3TOTO MapamMeTpa.

[Inanupyemblil 1715 BBIIOJHEHUS [IPOEKTa BPEMEH-
HOW WHTEPBAJI U €ro pa30MeHue Ha ATArbl JUIsl BBITION-
HEHHsI padoOT MO MPOEKTy — 2-i mapaMeTp MpoeKTa P.
OyHKIMSA TPUHAAISKHOCTH JIMHIBUCTUYECKOH Tepe-
MEHHOM «JlocTaToOYHOCTh BpPEMEHHM Ha BBINOJIHEHUE
MpOeKTa» MO 4YeTKoMy mapamerpy «BpemenHoil uH-
TEpBaJl Ha BBINIOJHEHUE MPOEKTa» HMEET TIpajalliu:
«JIOCTaTOYHO» U «HEIOCTaTOYHO». VIM COOTBETCTBYIOT
JIBa HEYETKUX MOAMHOMKECTBA U3 OOIIEro yucia Heder-
KOTo MHOXKECTBa [} € B, COOTBETCTBYIOMIETO TUTAHUPYE-
MBIM CPOKaM Ha BbIIOJIHEHHE padoT 1o npoekTy B:

\Pﬁhigh(B) = Bm, \Pﬁlow(B) =1-p" (3)

Heuetkoe mnoxmuoxectso f, (B) coorsercreyer
COCTOSIHUIO HEJOCTAaTOYHOCTH IUIAHUPYEMOTO BPEMEHU
Ha BbIIOJIHEHUE NpoekTa. [IomMHOXkKecTBO Bhigh(B) COOT-
BETCTBYET BPEMECHHOMY HMHTEPBaNY, JOCTATOUHOMY LIS
BBIITOJTHEHUS pabO0T 10 MPOEKTY W ONTUMAIBHOMY €To
pacrpeneneHnIo TI0 ero TanaM. MakcuMaabHOe 3Have-
HUE (QYHKIUH MPUHAIUICKHOCTH «Jl0CTaTOuHOCTE Bpe-
MEHH Ha BbITIONHEHUE npoekTay — 1.0. CooTHOIIEHHE
(GYHKIMHA  TIPUHAIICKHOCTH ‘PBIOW(B) " lPBhigh(B)
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OueHka NpoeKTa Ha OCHOBE TEOPUNUN HEHETKNX MHOXECTB
1 KOHLEMNLUMN HEYEeTKOM nornku. Metoa n metogmka

B.B. CnpopuH

A7t ToAMHOXKeECTB By (B) u Bhigh(B), COOTBETCTBEHHO,
ornpenensieTcs Kak:
lI’mow(B) + ‘Pﬁhi gh(B) =1;,Vp— eB. 4)
C y4eToM HEpPaBHOMEPHOCTH W 3HAYUTEIBHOU He-
OMPEJITICHHOCTH B MPAaBUIIBHOCTH PACHpelieNieHHs Bpe-
MEHM TI0 3TariaM MPOEKTa YBEPEHHOCTh B OIICHKE CTe-
NCHU TPUHAIICKHOCTH Tmapamerpa «JlocTtarouHocTh
BPEMCHHU HA BBIIOJHECHUE IPOEKTa» K IIOJMHOXKECTBY
«IOCTaTOYHO» HEIMHEWHO BO3PACTaeT C MPUOIMKCHU-
€M 3HAUCHUI BPEMEHHOIO HWHTEpBala HAa BBITIONHCHHE
MPOEKTa K BBICIIMM €ro mokasarensM. M, cooTBeTcTBeH-
HO, TIPU DTOM TaK >K¢ HEJMHEHHO CHM)KACTCS CTCIICHB
MPUHAIICKHOCTH K TOIMHOXECTBY «HEIOCTATOTHO.
Takomy xapakTepy 3aBHCUMOCTH (pHC. 3) JUIsl TIOMHO-
JKECTB ‘Pﬁlow(B) " ‘Pﬁhigh(B) COOTBETCTBYIOT CTECIICHHbBIC
(DyHKINH C TTOKA3aTeIsIMU CTETICHH m > 1.
[lokaszarens CTENEHHM m — «IIOKa3aTellb HEYETKO-
CTW» OTpakaeT YpPOBEHb TPEOOBaHMHA K OTHECEHHIO

1.00
0.95
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0.80
0.75
0.70
0.65
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®y(A), OTH. en,.
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0.20

Pghign(A)

\

MPUHATIEKHOCTH JIMHTBUCTHYECKOTO TMapaMerpa K Mof-
MHOKECTBAM «JIOCTaTOYHO» MM «HEIOCTaTouHO». Yem
Oornbllle €ro 3Ha4eHWe, TeM MpU OONBIIMX 3HAYEHMSX
BPEMCHU Ha BBIIONHCHHE MPOCKTa [ JIMHIBUCTHYCCKUA
napaMeTp NPUHAUISKUT K TOMY WJIM MHOMY MOJMHOXe-
CTBY U, COOTBETCTBEHHO, BBILLIE YPOBEHb ONPEEIEHHOCTH,
CTPOTOCTH B OLEHKE IO JIMHIBUCTHUYECKOMY HapamMerpy.
[Tpu m = 0, T.e. U TMHSHHON (DYHKIIMH, PUHAUICIKHO-
CTH IIapaMeTpa «J{ocTaTouHOCTh BpEMEHH Ha BHIIIOJIHEHUE
[IPOEKTa» HEUYETKOE MHOKECTBO €r0 3HAYE€HWH IEIUTCS
Ha JBa paBHBIX HCYCTKUX IMOJIMHOKCCTBA. HpI/I yBEJIN4C-
HHW m IPOCIICIKNUBACTCA TCHACHIUA C6J'II/DK€HI/I$I HEYETKOM
Y YETKOM OIICHOK M JOCTH)KEHHE UX paBeHcTBa mpu 3 = 1.

Ha rpaduxe (puc. 3) 00nacTb, orpaHuueHHAs OCSIMH KO-
OpIWHAT U JIMHUEN \Pﬁhi gh(B) €CTh IOJMHOKECTBO C OIICH-
KO BpEMEHHOTO MHTEpBaJia Ha BBITIOJIHEHHE MPOEKTa KaK
JIOCTATOYHOTO, a JIMHUCH ‘I’ﬁl OW(B) — KaK HEJI0OCTaTOYHOTO.

OO6mas /Ui 3TUX MOIMHOXECTB 00JIacTh Tepeceye-
HUSI — 00J1aCTh CPEHHUX OIICHOK TOCTATOYHOCTH BpeMe-
HU Ha BBIIOJIHEHUE [TPOEKTA.

0
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A, OTH. ef.

Puc. 2. DyHKUMM NPUHAANEXHOCTU @ (A) NMHIBUCTUYECKON NEPEMEHHOM «YHMKaNbHOCTL NpOeKTa

K MOAMHOXECTBAM P i (A) — «YHUKANEH» 1 @, (A) -

«HEe YHUKaJieH» Onga pa3/indHbIX rnokasaTesien NIHHOBALMOHHOCTN

npoekTa n
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B) nuHrBncTryeckomn nepeMeHHom «JoCTaTO4HOCTb BPEMEHN
Ha BbINOJIHEHE NpoekTa» K NoAMHoXecTBaM Wy (B) — «ocTaTouHo» n W

plow(B) — «HemocTaTo4Ho»

0119 pa3nnYHbIX NokasaTenen cteneHn onpeaeeHHOCTY OLLEHOK m

TpeTbﬂ 4Y€TKasl BXOJHasl BEJIMYMHA Y — COOTHOIIEC-
HUE pecypcoB (o0beMa M BHJOB), 3alpalluBacMbIX
MIPEAIoIaraeMbIM UCIIOMHHUTENIEM MPOEKTa M BbIJIEIIs-
eMbIX 3aKa34HKOM INpoekTa. PYHKIHS NMpHHAUIeKHO-
CTHM JIMHI'BHCTHYECKOI NEepeMeHHOH «J0CTaTOYHOCTb
pecypcoB» mo mapamerpy «COOTHOIIEHHE pecyp-
coB» (00BbeMa M BUJIOB), 3aIIpallInBaeMbIX ITpeAroara-
eMbIM HCIIOJIHUTEIEM MPOEKTa M BBIACISIEMBIX 3aKa3-
YUKOM TIPOEKTa UMEET JBE TIpajlallii: «ITOCTATOYHO»
U «HEJOCTaTOIHOY.

WM COOTBETCTBYIOT JABa HEYETKHX MMOAMHOXeE-
CTBa M3 OOIIETO YHMCIa HEYETKOro MHOXecTBa Y € I
COOTBETCTBYIOIIET0 COOTHOIIEHHIO pecypcoB I, 3a-
npamuBacMbIX npeamnojaracMbIM HUCIIOJIHUTECIEM
HPOEKTa W BbIIENsAEMbIX 3aKa3dyrkoM. Heuerkoe moj-
MHOKECTBO XYIOW(F) COOTBETCTBYET OLEHKaM pe-
CypcHOTro o0ecIieueHHsi KaK «HEJOCTaTOYHOTO» JUIs
BBINOJTHEHUsI pabOT O MPOEKTY, a IIOJMHOKECTBO
thigh(r) — OIIEHKaM J0CTaTOYHOCTH PECYPCOB JIS BbI-
MIOJTHEHHS Pa0OT IO MPOEKTY:

YytowlD) + Lypign(D) = 1 Vy — € L. %)

Oco0eHHOCTh 00eCTIeUeHNS IPOEKTA MaTePUAIbHBIMU
pecypcaMu 3aKJIFOYAeTCsl B UX HEPaBHOMEPHOM pacIIpesie-
JIGHUH 110 dTaraM npoekra. HauaabHble STarbl IPOeKTHOM
JEeSTENTBHOCTH MCHOJB3YIOT TBOPYECKUI ITOTEHINAN, UH-
TeJIEKTyaJIbHBIE PECYPChI HCTIOITHUTEIIEH, 8 OCHOBHOE I10-
TpeOIICHUEe MaTepUaIbHBIX PECYpPCOB CKOHIICHTPHUPOBAHO
Ha dTarax pa3paboTKH ¥ UCCIISIOBAHIS, MOJICITHPOBAHHH,
MaKETUPOBAHUH, M3MEPCHUSX W HUCIBITAHHUSIX OIBITHBIX
00pa3oB 1 APYTHX PE3yABTATOB B IPOCKTHON JEATEIHEHO-
ctu. Ha 3aKiTioqnTeNbHBIX Tanax — JOKYMEHTHPOBAHHIN
1 CHAYU-TIPHEMKH — TTPOEKT MOIAepKUBAeTCsl HH(pOpMa-
OUOHHBIMA ¥ OPTaHH3aI[MOHHO-YIIPABICHIECKUMH pe-
cypcamu. Takoe pacripefiesieHue MarepuajibHbIX M HH-
TEIJUICKTyaIbHBIX PECYPCOB IO ATAllaM IPOeKTa Hanbosee
AJICKBATHO OITMCHIBACTCSl (DYHKIMEH MPHHAICKHOCTH
JIMHTBUCTHYECKON nepeMeHHon «JloctaTtouHocTh pecyp-
COB» B BUJIe cUTMOU/IbI (puc. 4):

—2ky.

B

Xynigh(D) =1 =€ 2T g, (D =20, (6)
e k — noKasaresib yBeJINYEHUs IOTPEOHOCTH B MaTepPH-

AIBHBIX pecypcax Ha 3Tarax MPOeKTa.
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B.B. CnpopuH

OreHku JIMHTBUCTHUYECKOTO napameTpa )
«CooTBeTcTBHE MPOEKTA TPEOOBAHUSIM 3aKa3UNKa U BO3-
MO>KHOCTSIM UCIIOJIHUTEIS OTHOCSATCS K TPEM rpajganu-
SIM: «HE COOTBETCTBYET», «YaCTUYHO COOTBETCTBYET)
U «cooTBeTcTBYyeT». [lapameTrp & mpencraBiseT coOoi
00BbeTMHEHNE OIIEHOK TI0 TPEM PACCMOTPEHHBIM BEIIIIE
JIUHTBUCTHYECKUM TepeMeHHBIM: «OpHUTrHHAIBLHOCTH
MpoeKTay, «JlocrarouHOCTh BpeMeHm» 1 JocTaToOuHOCTh
pecypcoB» Ha BBITIOTHEHHUE POEKTA.

[TapameTp «COOTBETCTBHE MpOEKTa TPEOOBAHHSIM
3aKa34YMKa ¥ BO3MOKHOCTSIM HUCITOJIHUTEIIS O0bEIUHSIET
JIBE OLIEHKH OT Ka)KIOW M3 B3aUMOJIEUCTBYIOIIMX CTO-
POH — OpraHu3alK-3aKa3yrKa MpoeKTa 1 OpraHu3auu-
HCIIOJHUTEIIS, IOBBIIIAS TEM CaMbIM OOBEKTUBHOCTH
HWTOTOBOI OLICHKH.

Jns  aHanmu3a  JTUHTBUCTMYECKOM  MEpEeMEHHOM
«CootrBercTBHE TMpOEKTa TPeOOBAHUSIM  3aKa3unKa
U BO3MOXKHOCTSIM HCIIOJIHUTENS» B MPEACTaBICHHON
HEYETKOM MOJENH OLICHKH U3 BO3MOXKHBIX BapHaHTOB

0.95
Xyhigh(F)
0.90
0.85
0.80
0.75
0.70
0.65
0.60
0.55

0.50

0.45

xY(I'), OTH. ea.

0.40
0.35
0.30
0.25
0.20
0.15
010 Xylow(l)

0.05

BbIOpaHa cieAyrollas CUCTeMa MPaBUII C JIOTHYECKUMHU
oneparopamu «M» u « M1JIN» [15].

Jlornueckuii oneparop «» o3HayaeT nepeceueHue
TPEX HEUETKUX MHOXECTB ¢ (DYHKIHMEH MPHUHAICHKHO-
CTH TIEpeCEeUCHUSI:

SanBAr = Min(Q, (A);yg(B);y, (). (7)

Jloruueckwuii oneparop «MJIN» oznauaeT oObeanHe-
HUE TpeX HEYETKUX MHOXKECTB. DYHKIUS MPUHAIIIEK-
HOCTH K 3TOMY OOBEAMHEHUIO UMEET CIENYIOINNA BUI:

SamBAr = max(@, (A)wg (B, (M) (8)

s nedaszzudukaiu HEYETKON OILEHKH MO 3TUM
TPEM JIMHIBUCTUYCCKHUM TMCPEMCHHBIM U MOJYYCHHUA
OLIEHKH 000011IeHHOTO Nnoka3areis «COOTBEeTCTBUE MPO-
eKTa TPeOOBaHMAM 3aKa34MKa M BO3MOXKHOCTSIM HCIIOJI-
HUTEIS» IPUMEHSIETCS CHCTeMa TPeX IPaBHIL.

.

0 »
0 0.05 0.10 0.15 0.20 0.25 0.30 .035 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
[, oTH. en.

Puc. 4. ©OyHKUMM NPUHALNEXHOCTU JIMHIBUCTUYECKOW NEPEMEHHON «[JOCTaTOYHOCTbL PECYPCOB»
L1591 pasfINyHbIX 3Ha4YEeHUIN NokasaTtens K yBennmyeHns noTpebHOCTY B MaTepuralibHbIX pecypcax Ha atanax npoekrta
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IIepBoe u3 HUX:

I;: ecin (o € ahigh) n@e Bhigh) U(ye Yhigh)ﬂ
TO A € 8y

03HAuaeT, YTO €CJIM OIIEHKHM BCEX TpeX JIMHIBUCTH-
YECKMX NapaMeTpoB — «YHUKAIBHOCTh IIPOEKTa»,
«JlocTaTouHOCTh BpeMeHH» U «JloCTaTOYHOCTH Mare-
pUAIBHBIX PECYPCOB» OTHOCATCA K IOAMHOXECTBAM
CO CTENEHBI0 COOTBETCTBHUSI «BBICOKAsD, TO M OLEHKA
noka3zaresist «CoOTBETCTBUE MPOEKTa TPeOOBAaHUIM 3a-
Ka3yuKa U BO3MOKHOCTSM HCHOJHUTESD A OTHOCUTCS
K ITOAMHOKECTBY «BBICOKASD».
Bropoe npasuio:

T ecom (o € ayp,) M (B € Bioy) V(Y € Yy,

TOA€d
03HAYaEeT, YTO €CIIU BCE TPU OLICHKU MapaMeTPOB MPO-
€KTa TI0 ero YHUKAJIBHOCTH, JOCTATOYHOCTH BPEMCHH
W PECYPCOB Ha BBIMTOJHEHHE MTPOEKTA MO CTENICHH COOT-
BETCTBUSI TPEOOBAHMSIM OTHOCSTCS K TIOJMHOMKECTBAM
«HU3Kas», TO M OICHKA CTEIIEHH COOTBETCTBHSI ITOKAa3a-
Tenst «COOTBETCTBUE MPOEKTA TPEOOBAHUSAM 3aKa3uHKa
1 BO3MOXHOCTAM HUCITOJTHHUTEIIS) A OTHOCHUTCA K ITOAM-
HOXECTBY «HU3Kas — (MHACKC «lowy).

W3 npasuna I1;:

eciu (oL € ahigh) N@Pe Bhigh) U (y ey,,,,) WIN
WA (o € oy, ) U (B € Bhigh) U(ye Yhigh) nim
NI (o € ahigh) (B epP,,) U(ye Yhigh)’
crenyer: A€ .

DTO 3HAYWT, YTO, €CJIM OILIEHKA CTETICHW NPHHAI-
JIEKHOCTH XOTsI ObI OJIHOTO M3 TpPeX JTUHTBUCTHYECKUX
MapaMeTpoB TPOEKTa OTHOCUTCS K IOJMHOXKECTBY
«HU3Kas» TpU TPUHAAISKHOCTH JBYX IPYTHUX Mapa-
METpPOB K MOJMHOKECTBY «BBICOKas», OLIEHKa Mapame-
Tpa «COOTBETCTBHE MpPOEKTa TPEeOOBAaHUAM 3aKa3zuHKa
U BO3MOXKHOCTSAM HCIIOJIHUTENSD» A OTHOCUTCS K MOJIM-
HOXECTBY «CpeaHss» (IOAMHOXKECTBO OLIEHOK C MHIEK-
COM «m»).

UYeTBepToe MPaBHIO YYUTHIBACT €UIC OTHO U3 BO3-
MOYKHBIX COUCTAHUH 3HAUCHUI HEYCTKUX JIMHTBHCTHUC-
CKHUX TTapaMeTPOB MPOCKTa!

I1,: ecm (o € ahigh) (B ep)U(yey) WU
NI (aeo) U (BeB)U(ye Yhigh) Wi
N (o € oy, ) U (B € Bhigh) W (v € vy,
cnenyer: A€ 9§
Y O3HAYaeT, YTO €CITM TOJNBKO OJIMH M3 TPEX JIMHTBUCTHYC-
CKHX TapaMeTpOB MPOEKTa OTHOCHUTCS K TIOIMHOKECTBAM
C BBICOKOH CTETNIEHBIO COOTBETCTBUS (MHIEKC «highy),
a JBa JPYrHX — K TOAMHOXECTBAM C HU3KOU

CTEMEeHbI0 COOTBETCTBUA (MHIEKC «low»), To u mapa-
MeTp «COOTBETCTBHE NPOEKTa TPEOOBAHUIM 3aKazuHKa
U BO3MOXXHOCTSIM HCHOJHHUTENS» A OTHOCUTCS K IOM-
MHOYKECTBY C HU3KOH CTEIIEHbIO COOTBETCTBHUS TpebOBa-
HUSM, UM — «HE COOTBETCTBYET.

[IpeoOpazoBaHue HEYETKOTO JIOTHUYECKOTO BBIBO-
Jla MO0 YCTaHOBJEHHBIM IIpaBHJaM K COOTBETCTBYIO-
MM YEeTKUM 3HAU€HHUSM OLIEHKM CHCTEMBbl MEHe[-
)KMeHTa (nedas33udukaius) JaeT OIEHKY NapameTpy
«CooTBeTCTBHE TIpOEKTa TPEeOOBAaHMSAM 3aKa3dHKa
1 BOBMOKHOCTAM UCIIOJTHUTEIIS», YHUTBIBAIOIIYHO OLICH-
K1 00eUX CTOPOH B IIPOCKTE.

PaccmoTrpuM B kadecTBe mpuUMepa OLICHKY Mapame-
Tpa «COOTBETCTBHE MPOEKTa TPEOOBAaHUSIM 3aKazuHMKa
U BO3MOXXHOCTAM HCIIOJIHUTECIIA» IIO BXOJHBIM JdaH-
HBIM — DKCIIEPTHOH OlLIEHKE TpeX MapaMeTpoB IIaHUPY-
€MOro MPOEeKTa Ha OCHOBE MPEALIECTBYIOIIETO OIbITa
HCTIOJIHUTEINS U 3aKa3yHKa IIPOEKTa.

Tax, eciu BXOAHbBIE JaHHBIE — SKCTIEpTHAs (T.€. YeTKas1)
OLIEHKa YHUKAJIbHOCTHU MpoekTa coctaBuia 0.75, To 3Haue-
HEE (QYHKIINH €€ TIPUHAIISKHOCTH YHUKAIbHOCTH POCKTa
K HOIMHO)KECTBY CO CTEIIEHBIO COOTBETCTBHS «BBICOKAS,
paccuntanHas 1o Gopmyine (2) 11 ypOBHS 3aMMCTBOBA-
auit B ipoekte n = 0.7, coctasmser 0.817; st n = 0.5 pas-
HO 0.866; a st n = 0.3 paBro 0.903. CooTBETCTBEHHO, /IJIsI
TeX K€ 3HAYCHUH HKCTIEPTHON OI[EHKH BO3MOKHOCTH JIOCTH-
JKEHUsl YHUKAJIBHOCTH IIPOEKTa ¢ noka3zaresneM 0.75 3Hade-
HHUC (YHKIMH TPUHAUICKHOCTH OLECHKH YHHUKAIBHOCTH
MPOEKTa K IOIMHOKECTBY «HHU3KasD» JUIsl YPOBHS 3aUMCTBO-
BaHuii B ipoekre 1 = 0.7 cocrasister 0.183; w1 n = 0.5 pas-
HO 0.134; a nst = 0.3 pasHo 0.083.

st SKCIepTHOM  OLIEHKM BXOJHOIO Iapame-
Tpa — COOTHOIICHHUS 3alPalIMBAEMOr0 HCIOTHHUTEIEM
U BBIJENSEMOr0 3aKa3uMKOM BpPEMEHHOIO HHTepBaja
Ha BbInonHeHne npoekta = 0.80 3HaueHWEe (yHK-
LMW OPUHAMISKHOCTH «JlOCTaTOYHOCTH BpPEMEHN»
Ha BBINOJHEHHE MPOEKTa K IMOAMHOXECTBY «I0CTa-
TOYHO», pacCUUTaHHbIe Mo popmyse (3); I «IoKa3a-
TEJsl HEUYEeTKOCTH» m = 2 oKa3biBaeTcsi paBHbIM (.64;
quist m =3 paBHo 0.51; a gt m =4 pasno 0.41. J{nst Toro
JKe 3Ha4YeHHsl BXogHoro napamerpa y = 0.80 3HaueHmst
(YHKIMH TPUHAIICKHOCTH K TOAMHOXKECTBY «HEIO-
CTaTOYHO» JIJIsl m = 2 oKa3bIBaroTcs paBHbIMU 0.36; miis
m =3 paBHo 0.49; a qyis m = 4 pasuo 0.59.

3HauYeHUS q)yHKLII/II/I NpUHAIJIC)KHOCTU JIMHTBUCTU-
YyeCcKoM mepeMeHHo «/{ocTaTrouHOCTh pecypcoB» K MOJI-
MHOXECTBY «J0CTaroyHo» aisi mapamerpa y = 0.65,
paccunTanHblie TI0 Gopmynam (4) ¢ pa3IMYHBIMU TTOKa-
3aTeNiIMU YBEJIMUYEHHsI MOTPEOHOCTH B MaTepuajbHBIX
pecypcax Ha dTanax npoeKTa k, OKa3bIBalOTCsl PABHBIMHU:
088 mmak=5;093 nnak=7wu0.98 nna k= 10.

CreneHb NPUHAMIEKHOCTH JIMHIBUCTUYECKOH Ie-
peMeHHO# «Jl0CTaTOYHOCTh MaTepHabHBIX PECYPCOBY
K [TOJIMHO)KECTBY «HU3Kash» OLIEHUBAETCS, COOTBETCTBEH-
Ho, Kak 0.12 qst k=15;0.07 miusg k=7 n 0.02 s k= 10.
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ITonyvyenHble 3HaYeHHUS (QYHKUMNA MPUHAAIEKHOCTH JUISl Ka)XJOr0 U3 JIMHIBHCTHUECKOTO TapaMmerpa Mpo-
€KTa MOKa3bIBAIOT, YTO BCE OHU OTHOCATCS K MOJMHOXECTBAM, CBUAECTEIBCTBYIOIIMM O BBICOKOW CTENIEHH COOT-
BETCTBUS TPEOOBaHUAM [0 YHMKAJIBHOCTU MPOEKTa U JTOCTATOUHOCTH BPEMEHHBIX U MaTepHaJIbHBIX PECypCOB.
Hedaz3uduranus u oleHKa NpUHAIICKHOCTH mapamerpa «COOTBETCTBHE NMPOEKTa TPeOOBAaHUSAM 3aKa3uhKa
¥ BO3MOJKHOCTSIM MCIIOJIHUTENISD K MOJMHOKECTBY «BBICOKas» onpesaensercs no npasuiy I1; ¢ mornueckum ome-
paropom «»:

msin=0.7,m=2,k=5: 05 g~r = min((phigh (A);\yhigh (B);yhigh (T')) =min(0.82;0.64;0.88) = 0.64;
wsin=05m=3,k=7: 05 p~r = min((Phigh (A);whigh (B);yhigh (T)) =min(0.87;0.51;0.93) = 0.51;
asin=03,m=4,k=10: 0o g~r = min((phigh (A);\phigh (B);yhigh (T)) =min(0.90;0.41;0.98) = 0.41.
OlieHKa CTENEHH MPUHAIIEKHOCTU JTHHIBUCTUYECKOM mepeMeHol «COOTBETCTBHE IPOEKTa TPEOOBAHUAM 3a-

Ka34MKa M BO3MOKHOCTSAM MCTIOJIHUTENSN K HEYETKOMY MOIMHOXKECTBY «HM3Kasi» 110 npasuiy I1, naer cienyrommue
pe3ynbTaThl:

wsin=0.7,m=2,k=5: 0 g~r =min(Q,, (A); ¥ (B);71y () =min(0.18;0.46;0.12) = 0.12;

wsin=0.5m=3,k=7: 0 g~r =Min(Q, (A); ¥, (B);Y}w (1) =min(0.13;0.49;0.07) = 0.07;

ain=03,m=4,k=10: 0 ~g~r =Min(Q,,, (A (B): V1w (1) =min(0.10;0.59;0.02) = 0.02.

DTo 03HAYaeT, 4YTO CTEMEeHb MPUHAIICKHOCTH mapaMerpa «COOTBETCTBHE MPOEKTAa TPEOOBAaHUSAM 3aKa3urKa
1 BO3MOXKHOCTSIM UCTIOJTHUTEIISD K IIOIMHOXECTBY «BBICOKas»» U cocTapisitonias 0.64, 0.51 u 0.41 Gama uist pa3nnd-
HBIX BJIMSIONIUX Ha BBITIOJIHEHUE TIPOCKTA (PAKTOPOB BBIIIE CTEIICHN MPUHAIIICKHOCTH K TTOJMHOXKECTBY «HH3KAs,
OIICHWBAeMOH TIpH TeX ke ycrmoBusix 3HadeHussMu 0.12, 0.07 u 0.02 6amna.

[TpunaaexxHOCTh TIOKa3zatTelnss «COOTBETCTBHE MPOEKTa TPEOOBAHUSIM 3aKa3YMKa M BOBMOYKHOCTSIM UCTIOJTHUTE-

JIs» K TIOIMHOKECTBY «CPEIHsAS OMPEENsIeTcst Mo mpaBuity 11, crielylomuMu COOTHOMIEHUSMU:
mssn=0.7 m=2k=5:

S A~BAT = max(min(@,,,, (0.75); Whigh (0.80); Vhigh (0.65));min((phigh (0.75); 94y (0.80); Vhigh (0.65));
min(gohigh (0.75); Whigh (0.80); 7oy (0.65))) = max(min(0.18;0.64;0.88);
min(0.87;0.64;0.93); min(0.82;0.46;0.12)) = max(0.18;0.46;0.12) = 0.46;

man=05m=3,k="17:

O A~BAT = max(min(@,,., (0-75);‘Vhigh (0.80); Vhigh (0.65));min((phigh (0.75); W4 (0.80); Vhigh (0.65));
min((phigh (0.75); Whigh (0.80); Y14y, (0.65))) = max(min(0.13;0.51;0.93);
min(0.82;0.49;0.88); min(0.87;0.51;0.07)) = max(0.13;0.49;0.07) = 0.49;

man=03 m=4,k=10:

S A~BAr = Max(min(,,, (0.75);\|/high (0.80); Vhigh (O.65));min((phigh (0.75); Wy, (0.80); Vhigh (0.65));
min((phigh (0.75); Whigh (0.80); 7oy (0.65))) = max(min(0.10;0.41;0.98);
min(0.90;0.59;0.98); min(0.90;0.41;0.02)) = max(0.10;0.59;0.02) = 0.59.

Ouenka paccunrannpix 10 npaswiam I1;, II, u II; 3Havenwmii (yHKUMH NPUHAUIEKXHOCTH TapaMeTpa
«CooTBeTCTBHE MTPOEKTa TPEOOBAHMAM 3aKa3urKa W BO3MOXKHOCTSIM HUCTIOJHUTEIIS» K MOJMHOMXKECTBAM «BBICOKAS,
«CPENHS» U «HU3KAs» aeT CIACIYIOINE Pe3yIbTaThl:

mstn=0.7, m=4,k=10:0.64; 0.46; 0.12;

mstn=0.5 m=3,k=7:0.51;0.49; 0.07;

msin=0.3, m=4,k=10:0.41; 0.59; 0.02.

CpaBHEHHE TIOTYYCHHBIX 3HAYCHUH CTETICHH COTJIACOBAHHOCTH B OIIEHKAX MCTIOJTHUTEIIS 3aKa3yrKa 1o TUTaHUupY-
€MOMY IMTPOEKTY TO3BOJISIECT:

® 3aKa34MKY IPUHSATH PEIICHHE B OTHONMICHUH TIEPCIICKTHBHOCTH U 11€7IeCO00Pa3HOCTH MOCTAaHOBKH Pa0OT 110 MPo-
EKTY C yYETOM Pas3iIMUHBIX BIUSAIONMMNX (PaKTOPOB, IEPECMOTPETh U U3MEHUTH TPEOOBAHHS K TIPOCKTY, BBIACIIsIC-
MBIM pecypcaM, CPOKaM BBITIOJIHEHHUS;

® HCIIOITHUTEIIO U3bICKATh JOMOJHHUTEIbHBIE BO3MOKHOCTH IS BHITIOJTHEHHUS [TPOEKTA B MpeJjlaraeMbIX 3aKa3uu-
KOM YCJIOBHUSIX.
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2. METOAUKA OLEHKUM CTENEHMU
COOTBETCTBUA NPOEKTA TPEBOBAHUAM
3AKA3YUKA U BO3MOXHOCTAM
UCNOJIHUTENSY METOAOM HA OCHOBE
TEOPUUN HEHETKUX MHOXXECTB

[IpumeHeHNEe PaccCMOTPEHHOTO BBINIE METOAA ISt
OLICHKH CTENEHU COOTBETCTBHUS NPOEKTA TPeOOBAHHIM
3aKa34MKa M BOSMOXHOCTSIM HUCIOJHUTENS, YUUTHIBAIO-
asi BOCIPUATHE 00€UX B3aUMOACHCTBYIOLINX CTOPOH,
COCTOMUT B BBINIOJHEHUHU IOCIIEJOBATEILHOCTH 3TaIOB,
HpejcTaBIeHHbIX Ha puc. 12 [15, 16], u BKiIroyaer:

e WICHTU(DUKALMIO MPOEKTa, €r0 LEeNH, Ha3HAuYCHUS,
TUTAHUPYEMBIE PE3YIIBTaThl M OIICAHIE COBOKYITHOCTH
ero HamOoyee 3HAUYMMBIX, CYIIECCTBCHHBIX CBOWCTB,
MapaMeTpoB, XapaKTePUCTUK (YHUKAIBHOCT, 00BEM
U BUJIBI PECYPCOB, BPEMEHHBIE PAMKH, B YaCTHOCTH);

e (hopMyIHpOBAaHHE 334l TIONyYCHUS COBMECTHOMN
OLICHKH COOTBETCTBUS POEKTA TPEOOBAHMSM 3aKa3-
YHKa ¥ BO3MOXKHOCTSIM UCTIOJTHHUTEIIS U IPUHSTHS
Ha ¢ OCHOBE PEUICHUI 0 BO3MOXKHOCTH U IIEJIECO-
00pa3HOCTH ITOCTAHOBKU PaboT MO MPOEKTY;

e IIPOTHO3UPYEMOE pacdeTaMH WJIH/H SKCIEPTHOMN
OLICHKOM OMpeJeNieHne 3HAYEHHH BXOIHBIX IMapa-
METPOB MOJCIUPYEMOro MPOEKTa U YCTaHOBICHUE
uX Juig nocnenyomei dazzudukanuu;

e (haz3uuKaIMIO — NEePEXO K HEUEeTKOCTH, MPHUBEC-
HUE BXOAHBIX YETKHUX BEIMYUH — MPOTHO3UPYEMOI
CTENEHW OPUTMHAIBHOCTH pe3ylibTara IpOeKTa,
YPOBHSI JOCTaTOYHOCTH PECYpCOB, M CPOKOB BEI-
MIOJTHEHHS MIPOCKTa K HEYSTKUM JINHTBUCTUICCKAM
MIePEMCHHBIM;

e (hopMynHpOBaHHE JTUHTBUCTUYECKUX IEPEMEHHBIX
n cocrapieHre (QyHKIMH (QYHKIMN) TpUHAIICK-
HOCTH Uil HUX. Oncanye THHTBHCTHYECKUX TIepe-
MEHHBIX (PyHKIMSIMH IPUHAUIC)KHOCTH;

e BEIOOP CHCTEMBI NMPABMII OOPAIIEHHS C JIUMHTBUCTH-
YECKUMU NIEPEMEHHBIMH C LIENbI0 (POPMYITHPOBAHUS
HEUYETKOTO JIOTHYECKOTO BBIBOAA;

e peo0pa3oBaHUE JMHIBUCTHUECKUX IEPEMEHHBIX
C MOMOIIIBIO CHUCTEMbI IPABUII U MOJIYyYCHNUE HEUeT-
KOT'O JIOTHYECKOTO BBIBOJIA;

o nedaz3udurannio — oOpaTHbIA Mepexos OT HEe4eT-
KOrO JIOTUYECKOrO BBIBOJA K YETKOW BETUYHMHE —
BBIXOTHOMY IIapaMeTpy, T.c. K 0000IIEHHOI OIleHKe
IUTAHUPYEMOTO JJIsl BBITOJHEHUS IPOCKTa — CTEeIe-
HU COOTBETCTBUS MPOCKTa TPEOOBAHMAM 3aKa3uHKa
1 BO3MOYKHOCTSIM HCTIOJTHUTEIIS;

e IOJyYCHHE BBHIXOJA — KOJMYECTBEHHOTO 3HAYCHUS
CTETICHH COOTBETCTBHUS IPOEKTa TPEOOBAHIM 3a-
Ka34rKa U BOSMOKHOCTSIM MCIIOJTHUTES, TIPHHUMA-
€MOr0o 00EUMH CTOPOHAMH.

2 Dadone P. Design Optimization of Fuzzy Logic Systems:
Ph. Dissertation. Blacksburg, Virginia; 2001. 197 p.

JomnonHenHass TpeOOBaHUSIMH K KOMIIETEHTHOCTH
WCTIOJIHUTENIEH JTOKYMEHTUPOBAaHHAsI METOIUKA MOXKET
CTaTh MHCTPYMEHTOM MJISl MPHUATHA U pealln3aluu pe-
LIEHUHA C 1eNbI0 YIpPaBJIeHUS MPOEKTHOH AesTerabHO-
CTBIO, BKITFOUAsl HAYYHO-UCCIICOBATEIECKUE M OIBITHO-
KOHCTpyKTOpcKue padotsl [12—-14].

SAKJTIOYEHUE

[IpencraBneHHbple METOA M METONWKA IO3BOJIS-
IOT JIaTh OILIGHKY IPOEKTa, HE TOJBKO IIAHHUPYEMOTO
K MMOCTaHOBKE, HO M MPOEKTa BBITOJHEHHOTO — IO I0-
JTy4eHHbIM pesyabrataMm. [loBeicUT 3(QEeKTUBHOCTD
YIPaBJICHHUS IPOSKTOM TaKXKe OLIEHKA MPEeACTaBICHHBIM
METOJIOM €0 OT/ICJLHBIX JTAIoB, a MPU HEOOXOIUMO-
CTH — emie OoJbIIasi ero JIeTaau3alus, pa3yKpyrnHeHue
M OLIEHKA OT/ICJIbHBIX BUOB Pa0OT.

IIpencraBneHHbI AHATUTHUYECKUA METON, albTep-
HATUBHBIA HKCHEPTHBIM, W METOIMKA €ro MPUMCHCHHS
B IIPUHSTHH U PEATU3alAU PEIICHUI HA OCHOBAHHH TTOTY-
YeHHOH 0000IICHHON OIIEHKH 00€CTICYHT O0JIee BBICOKYHO
WX 000CHOBAaHHOCTh, OOBEKTUBHOCTD M 3(D(HEKTUBHOCTD.

JlokyMeHTHpOBaHHAs TpoIleypa OICHKH 00e-
CIICYUT BOCIPOU3BOAUMOCTh PE3yJbTaTOB Ha OCHOBE
WJCHTUYHOCTH U TIOBTOPSEMOCTH JICHCTBHIA Pa3INIHBIX
WCTIOJIHUTEJICH, CHIDKEHHE 3aBUCUMOCTH OT MX CyObeK-
THBHBIX KAueCTB, MOBBIIICHUE O0OBECKTUBHOCTH OLICHKHU
B LIEJIOM, COMOCTAaBUMOCTh C MPEAIIECTBYIOUIMMH Pe-
3yAbTaTaMH OLIGHOK MOJOOHBIX HPOEKTOB. EIMHCTBO
KPUTEPHUEB U TPOIEAYP METOIUKH CO3/IAeT TaKkKe BO3-
MOXKHOCTh COTIOCTaBIICHUSI PE3YJIETATOB OIICHKU TIPO-
€KTHOH JIeATeTbHOCTH PA3IUYHBIX UCIIOIIHUTEICH.

[lepcrieKTHBHBIM HaINpaBlICHUEM Pa3BUTHS METOIA
W METOJMKH SBJISIETCS pa3paboTKa M MPUMEHEHHUE IS
aHaJIM3a B HEUETKOM cucTeMe (DYyHKIMA MPHHAICK-
HOCTH, YYHUTHIBAIONIMX OOJbIIEEe YHCIO Pa3InIHBIX
XapaKTEPUCTHK TMPOEKTa U €ro COCTABISIOIINX, OTpe-
JISJISTIONINX W MOTCHITHAJ UCTIONHUTENS U TpeOOBaHUS
3aKa3urKa. YBEIMYHMBAIONIUICS 00bEM JIaHHBIX W YC-
JIOKHSIFOLIIAECS BCIIEICTBHE OJTOI0 BBLIYHMCIIUTEILHEBIC
MPOIIECChl MOTPEOYOT KaueCTBEHHO HOBBIX PECYPCOB
JUst 00paOOTKKM MHPOPMAIIUH KaK JUIS IOJTYYCHUS OLICH-
KH, TaK U JUIg pa3pabOTK1 BAPHAHTOB BO3MOXKHBIX pelle-
HUI Ha ee OCHOBE. D(P(PEKTUBHBIM PEILICHUEM Ipoode-
MBI MOXKET CTaTh MPUMEHEHHE B MPOIEccax U OLECHKH,
U pa3pabOTKU YIpPaBICHUECKUX pellieHuil 1udpoBbIX
MH()OPMAIIMOHHBIX TEXHOJIOTMA M TEXHOJOTHUH HCKYC-
CTBEHHOTI'0 MHTECIIICKTA.

bnarojapsi ”HBapUAHTHOCTH KPUTEPHEB — aTpHOYy-
TOB MPOEKTHOM JEATETLHOCTH TPEACTABICHHBIC METOJ
W METOJMKH SIBJISIFOTCS YHUBEPCAJbHBIM HWHCTPYMCH-
TOM B YIPABJICHUU MPOEKTaMHU Pa3IMYHBIX BUJOB H IO
pa3IMUYHBIM HAMpaBICHUSM JIEATEILHOCTH, BKIIFOYAs
HAy4YHO-HMCCIIC/IOBATEIILCKUE W ONBITHO-KOHCTPYKTOP-
CKHe paboThlI.
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