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In this era of rapid development in communications technology, we face many 

challenges, the most important of which are energy consumption and coverage. Alt-

hough 5G networks offer high data speeds and low latency, they use millimeter waves, 

which limits their range. On the other hand, narrowband Internet of Things (NB-IoT) 

is characterized by wide coverage and low energy consumption, but it does not have 

the bandwidth to accommodate all applications that require high data transfer speeds. 

To solve the problems of 5G and NB-IoT, this paper proposes an integrated communi-

cation model that uses Fabry-Perot optical sensors to combine NB-IoT and 5G tech-

nologies. This model improves both energy efficiency and coverage. 

Keywords: 5G, narrowband Internet of things (NB-IoT), energy efficiency, cov-

erage, Fabry-Perot sensors, network integration, SINR signal-to-interference-plus-

noise rat IO. 
 

1. Introduction  

Smart cities have infrastructure that enables them to use many devices connected 

to the Internet 24 hours a day, i.e., energy-saving checks with wide coverage, but they 

do not have the bandwidth to meet all applications, especially in the agriculture and 

healthcare sectors [1]. On the other hand, high data transfer speeds are required, which 

is what 5G networks provide, as they have extremely low latency, but their coverage is 

limited due to the use of high frequencies, which restricts their coverage area. This 

contradiction between the two technologies highlights the research question. How can 

we combine the two technologies to reduce their disadvantages and increase their ad-

vantages, especially in the agriculture and healthcare sectors? 

This paper answers the question of whether it is possible to integrate narrowband 

Internet of Things (IoT) supported by fiber optic sensors with next-generation net-

works (6G, 5G) that can achieve a balance between energy efficiency and expanded 

coverage. To this end, we propose a simulation model using MATLAB that enables 

the use of software-defined networks (SDN) and network function virtualization (NFV) 

to control dynamic resource management [2, 3]. 
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The proposed model relies on Fabry-Perot optical sensors, which are considered 

the nerve center of the system. Through these sensors, the model feeds intelligent con-

trol systems to achieve unprecedented proactive adaptation, while providing the possi-

bility of creating a hybrid model that collects data and integrates the two technologies. 

In this research paper, we were able to integrate Fabry-Perot optical sensors with 

the internal structure of the network, transforming it from a traditional system into a 

sensitive neural system capable of changing operating conditions, making Fabry-Perot 

sensors -Perot optical sensors the key element in achieving the ideal balance between 

energy efficiency and service quality in real-world conditions, enabling the network to 

monitor itself and respond intelligently. 

An examination of the demand for the Internet of Things in the agricultural sec-

tor, as illustrated in the graph, reveals a significant increase in recent years. 
 

 

Fig. 1. The demand for the Internet of Things (IoT) in farm management is projected 

to increase from 2021 to 2032 

 

The central research problem is therefore as follows: how can the requirements 

of low-power, widely distributed devices (narrowband networks) be reconciled with 

the enormous demand for broadband and critical services (5G networks)? The paper 

sets out the hypothesis that the organic integration of narrowband network technolo-

gies (such as NB-IoT and LTE-M) within fiber-backed 5G infrastructure could be an 

ideal solution, achieving synergy between improved energy efficiency and expanded 

coverage [4ï8]. 

2. Background and related work 

Narrowband IoT (NB-IoT/LTE-M): NB-IoT is a low-power, wide-area technolo-

gy designed for Internet of Things (IoT) applications. Key features include: Energy 

efficiency: ï Support for Power Saving Mode (PSM) and Extended Discontinuous Re-

ception (eDRX), enabling years of operation on a single battery. Enhanced coverage: 

Offers up to 20 dB gain over traditional LTE, improving penetration in basements and 

rural areas [9, 10]. 
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5G wireless networks: These networks offer three services. The first is enhanced 

mobile broadband, which is used for high-speed applications such as high-definition 

video and virtual reality. Second, massive machine-type communications, which are 

used to connect Internet of Things devices. Third, ultra-reliable communications, which 

are used for critical applications such as smart vehicles and remote surgery. 

Advantages of using fiber optics in 5G networks, where it becomes the backbone, 

providing high-capacity bandwidth with connectivity between small cells and the core 

network, enabling the transmission of millimeter wave frequencies. 

Proposed integrated model 

The proposed simulation system, which combines 5G network infrastructure and 

narrowband Internet of Things (IoT), operates on the principle of synchronization and 

adaptation, enabling the sharing of antennas for both technologies at shared cellular 

sites and towers. It enables the use of shared fiber optic links for data transmission, re-

ducing capital and operating expenses. This facilitates the deployment of narrowband 

IoT within licensed bands, improving spectrum efficiency and reducing interference. 

Dynamic network partitioning allocates resources based on demand, prioritizing mo-

bile broadband (eMBB) during peak hours and mobile broadband (mMTC) during off-

peak periods. 

Centralized SDN controllers enable real-time optimization of bandwidth and 

power. NB-IoT acts as a coverage and sensing layer, collecting data from diverse envi-

ronments. Meanwhile, 5G and fibre optics serve as the high-speed processing and 

transmission layer, relaying data to cloud data centres. 

3. Mathematical modeling and analysis 

The total energy consumption of the integrated system can be expressed as fol-

lows: [11, 12] 

 

ὖ ὸ  В  ὖ ȟ   ὸ ὖ ȟ ὸ ,               (1) 
 

where P_total (t) ï total energy consumed at the time; N_active (t) ï number of active 

cells at a given time (time-dependent function based on smart cell management);  

P_ (sastic,i) (t) ï the constant energy of the cell (even in a state of relative inactivity); 

P_ (dynamic,i) (t) ï the dynamic energy of the cell, which depends on the load of 

movement. 

The spectral efficiency of the integrated system was measured using Shannon's 

modified equation for maximum channel capacity. Approximation [12]. 

 

ὅ   ὄ ȢὰέὫρ ὛὍὔὙ ὄ ȢὰέὫρ ὛὍὔὙ;           (2) 

 

Õ    ,                                                      (3) 
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where B_5G,B_NB: Bandwidth allocated to 5G and NB-IoT technologies, respectively, 

B_total: Total available bandwidth, Ȓ SINRȓ _5G,Ȓ SINRȓ _NBSignal-to-

interference-and-noise ratio for each technology. 

The resource allocation problem has been formulated as a constrained optimiza-

tion problem. The goal is to minimize total energy consumption while maintaining 

quality of service (QoS) [13ï16]. 
 

ὖ ὸὨὸ
 ȟ   

Ȣ                                                 τ 

 

Subject to restrictions [17] 

ὛὍὔὙὸ  ὛὍὔὙ ȟ                                                 υ 

 

where ὖ ὸ ï transmission capacity; ὛὍὔὙ  ï minimum connection quality. 

The energy saving ratio (ESR) was calculated in comparison with the conven-

tional system (based on continuous cell operation) as follows 

ὉὛὙ  ρ
ὖ᷿ ȟ ὸὨὸ

ὖ᷿ ȟ ὸὨὸ
 Ȣ                                          φ 

 

The simulation results yielded ESR = 38.67 %, confirming the efficiency of the 

proposed model. 

The Role of FabryïPerot Optical Sensors in Enhancing the Performance of Inte-

grated Networks 

Scientific principles and structural integration. FabryïPerot (FP) optical sensors 

rely on the phenomenon of optical interference resulting from reflections between two 

parallel reflective surfaces. In this model, the sensors are integrated into the network 

infrastructure as follows: [3] 

Integration with fibre optic infrastructure: FP sensors are embedded along the fi-

bre optic cables used in the backhaul and fronthaul of the 5G network. As standalone 

units at cell sites: They are deployed near NB-IoT and 5G antennas to monitor envi-

ronmental conditions and the operational status of equipment. 

Mathematical model of the Fabry-Perot sensor. Previous studies indicate that the 

Fabry-Perot operating principle on the relationship between the maximum interference 

wavelength and the Fabry-Perot cavity length is given by the following equation 

ʇ   
ςὲὰ

ά
 Ƞ                                                                 χ 

 

Ўὒ  ὑȢὉ ὑȢЎὝ ȟ                                                      ψ 

 

where n ï Heart refraction coefficient; ȹT ï temperature; ɚpeak ï peak interference 

wavelength; m ï Interference rank; ὑȟὑ  Sensitivity coefficients for stress and tem-

perature, respectively. 
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The displacement measurement (ȹɚpeak) allows the change in the influencing 

physical parameter to be calculated with high accuracy. 

Integrating Fabry-Perot optical sensors represents a quantum leap from a 'smart 

network' to a 'cognitive network'. These sensors provide operational and environmen-

tal context data, allowing the system to adapt proactively and intelligently to the real 

world. This maximises the reliability, efficiency and performance of the proposed in-

tegrated model. 

Methodology 

The proposed model was developed and evaluated using a methodology that 

combines theoretical modelling and advanced computer simulation. Architectural 

model design: 

The integrated model is based on an intelligent layered structure: Sensing and 

Coverage Layer (NB-IoT): Responsible for collecting data from a large number of 

low-power IoT devices deployed in hard-to-reach areas such as basements and rural 

locations. High-speed transport layer (5G and fibre optics): Responsible for transport-

ing critical, high-bandwidth data at high speed and low latency to data centres. The in-

telligent control layer (SDN/NFV) Represents the 'brain' of the system. A centralised 

controller (SDN Controller) collects real-time network status and traffic volume in-

formation. Based on this information, hybrid control algorithms (inspired by model 

predictive control) dynamically adjust network slicing and resource allocation (fre-

quency spectrum and transmission power). 

Simulation results 

The following analysis will examine NB-IoT signals in both the time and fre-

quency domains. The representation of signals in the time domain.The data set un-

der consideration represents the relationship between amplitude and time, measured 

in milliseconds. The signal displays oscillations between amplitude values ranging 

from 0 to 2 during the specified time period, which extends from 0 to 2 millisec-

onds. This representation illustrates the waveform of the signal in real-world condi-

tions. The segment of the signal that has been magnified. The specified NB-IoT 

band is 899.8ï900.2 MHz, with a bandwidth of approximately 400 kHz (as is typi-

cal for NB-IoT) and a centre frequency of 900 MHz. The following section will 

provide a detailed overview of the technical characteristics of NB-IoT signal pa-

rameters. The bandwidth is narrow, with a typical value of 180 kHz. The spectrum 

efficiency is as follows Fig. 2: The phenomenon under scrutiny can be attributed to 

an elevated concentration within a constricted band. Building penetration: The low-

er frequency is responsible for the excellent result. Practical applications: The fol-

lowing devices and systems are considered to be low-power IoT devices: Remote 

monitoring systems, Smart meters and Wearable devices. 

The graph illustrates the high spectral efficiency of NB-IoT. Implementing a nar-

row band reduces interference with other systems. 

The figure above shows fluctuations in network traffic density throughout the 

day, with 5G traffic shown in blue and IoT traffic shown in green. 
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Fig. 2. The following data set concerns traffic patterns over a 24-hour period 

 

Fig. 3. Traffic patterns over 24 hours 

 

We conclude from the above diagram that IoT traffic shows a more stable pattern, 

while 5G traffic peaks during the evening hours, from 6 to 10 p.m. 

Active cell management is also represented in the figure below. Those cells that 

are deemed superfluous are deactivated in order to ensure that energy is conserved. 

The reactivation of cells is a response to an increase in demand. Fig. 4. 
             

 

Fig. 4. Number of active cells and coverage range over time 

 

The following information is provided on the subject of SINR distribution: The 

objective of this study is to demonstrate signal quality for a range of users. Signal-to-

Interference plus Noise Ratio (SINR) is a metric used to evaluate connection quality, 

with higher values indicating superior connection performance. 

It is concluded from the normal distribution that good coverage is indicated, and 

that low values may necessitate improvements in planning and help to identify areas of 

weakness in the network. 
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Dynamic energy consumption 

The indicates the amount of energy consumed over a given period. The red line 

indicates the 5G cell consumption. The purple line represents the following: The con-

sumption of narrowband cells is a key consideration. 

Black line: Total consumption.It is acknowledged that the utilisation of the pro-

posed model is advantageous in a number of ways. 

Among the things that must be taken into consideration is the need to conserve 

energy without compromising service quality, while taking into account the reduction 

of consumption during periods of low load by adapting energy to user needs. 

Simulation and analysis 

Analysis of the narrowband IoT signal shows that signal stability with capacity 

variations between 0 and 2 km confirms compliance with spectral standards. The ener-

gy was concentrated at 35 MHz within the narrowband IoT range (899.8ï900.2 MHz), 

with 5G traffic peaking in the evening (6ï10 p.m.), while IoT traffic remained stable 

throughout the day. The integrated system achieved a 38.67 % reduction in energy 

consumption without compromising service quality. 

Conclusion 

We found that integrating narrowband networks and fifth-generation architecture 

supported by fiber optic technology is not just a technical option, but a strategic neces-

sity to meet future challenges in the telecommunications sector. 

The proposed model simulation has proven its ability to conserve energy and 

provide high flexibility in management while maintaining signal quality. Through dy-

namic management: 45.32 %. This indicates that the system succeeded in saving near-

ly 50 % of energy with a signal-to-noise ratio of 15.25 dB, which is an acceptable val-

ue, as the use of fiber optic sensors with the system under study had a significant im-

pact on energy consumption efficiency. The integration of Fabry-Perot sensors -Perot 

sensors was not merely a complementary measure, but a pivotal factor in achieving 

unparalleled gains in energy efficiency and reliability. The most important added value 

of this work is the transformation of optical fiber sensors from passive monitoring 

tools to active elements in the control loop. This study confirms the hypothesis that the 

future of next-generation networks depends on the deep convergence of advanced op-

tical sensing technologies and communications engineering. This leads us to research 

and implement circuits based on optical sensing technologies on a broader scale as a 

standard in the architecture of future smart networks. 
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Manual seed phenotyping remains a major bottleneck in sunflower breeding pro-

grams because the process is labor-intensive and difficult to scale across large experi-

mental populations. In this study, we propose an automated digital phenotyping ap-

proach based on the YOLOv8 deep learning object detection architecture to detect and 

classify seeds in sunflower heads. A dataset of annotated sunflower head images was 

used to distinguish fertilized and unfertilized seeds. The trained model achieved an 

overall mAP@0.5 of 0.79 with reliable performance under complex seed arrange-

ments. This scalable framework facilitates objective yield evaluation, supporting ge-

nomic selection to accelerate breeding cycles. 

Keywords: agricultural imaging, deep learning, object detection, sunflower phe-

notyping. 
 

1. Introduction  

Digital phenotyping is now an essential tool in plant science that provides the ca-

pacity to measure complex plant traits in a rapid and accurate way through advanced 

imaging and computational methods. Manual phenotyping remains slow, subjective, 

and limited to small-scale operations, which hinders the speed of genomic breeding 

programs. In contrast, digital phenotyping automation offers scalable, objective, and 

reproducible measurements, enabling breeders to evaluate multiple traits across large 

populations efficiently. 

Sunflower (Helianthus annuus L.) is a key oilseed crop, with seed yield and head 

architecture being critical breeding targets. Accurate evaluation of seed production, 

head structure, and growth patterns is crucial for crop improvement. The integration of 

modern imaging systems with machine learning algorithms has enhanced breeders' 

ability to link genetic information with phenotypic traits, facilitating more effective 

selection and breeding strategies. However, automated sunflower phenotyping faces 

challenges such as the complexity of head morphology, high seed density, and incon-

sistent results from manual counting methods. 

Semi-automated approaches using traditional computer vision techniques often 

fail to handle the morphological complexity and high seed density of sunflower heads, 

resulting in detection errors and limited scalability. Most current phenotyping systems 
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lack user-friendly frameworks suitable for real-time field conditions, limiting their 

practical adoption. 

This research addresses these gaps by developing an automated sunflower seed 

phenotyping system based on the YOLOv8 object detection architecture. The system 

enables accurate detection, counting, and classification of fertilized and unfertilized 

seeds, with a user-friendly Telegram bot interface for real-time field deployment. The 

approach aims to improve breeding efficiency, support genomic selection, and con-

tribute to food security through enhanced sunflower crop improvement. 

2. Methodology 

Image Acquisition and Preprocessing. A total of 1,218 high-resolution images of 

dried sunflower heads were captured using an iPhone 11 Pro smartphone camera. To 

ensure high data quality, images were taken under controlled lighting conditions in a 

dedicated imaging box. Two primary preprocessing techniques were applied to the raw 

images: Contrast Limited Adaptive Histogram Equalization to improve visibility against 

complex biological backgrounds and Gaussian filtering to reduce sensor noise while 

preserving seed boundaries. 

YOLOv8 Implementation and Bot Deployment. The research utilized the 

YOLOv8 architecture, known for its superior performance in detecting small, dense 

objects. The system was specifically trained to handle the morphological complexity 

of sunflower heads where fertilized and unfertilized seeds often overlap. To facilitate 

real-time use, the model was integrated into a Telegram bot interface, allowing breed-

ers to upload field images and receive immediate count and classification data without 

requiring specialized technical expertise. 

3. Results and Discussion 

The YOLOv8 model achieved an overall mAP@50 of 0.793 and a recall of 0.86. 

The system showed a higher accuracy for fertilized seeds (0.848 mAP) compared to 

unfertilized ones (0.738 mAP), which are often more difficult to distinguish due to 

their flat, empty structur. Validation against human experts confirmed a mean relative 

error of 13.2 %, which is comparable to the natural variability found between human 

annotators. Locally, the system processes images in 112 ms, while the Telegram bot 

provides results in 15ï30 seconds, demonstrating its readiness for integration into 

large-scale breeding pipelines (Fig. 3). 

4. Conclusion 

This research successfully addresses the measurement bottleneck in sunflower 

breeding by providing a reliable, automated phenotyping framework. The combination 

of YOLOv8 and a mobile bot interface offers a practical, scalable solution that sup-

ports genomic selection and yield evaluation. Future updates will explore three-

dimensional reconstruction and hyperspectral imaging to further enhance the system's 

operational capabilities in diverse agricultural environments. 
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Fig. 1. shows the normalized confusion matrix         Fig. 2. shows the F1-Confidence Curve 

 

Fig. 3. Telegram Bot 

 

The developed system is available as a Telegram bot (https://t.me/sunflower_ 

detector1_bot) and the source code is available at https://github.com/Fami2040/ 

sunflower-Detector 
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ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ DAS 

ʩ ʚʦʣʦʢʥʦʤ, ʩʥʘʙʞʝʥʥʳʤ ʩʣʘʙʳʤʠ ʙʨʵʛʛʦʚʩʢʠʤʠ 

ʨʝʰʝʪʢʘʤʠ 
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ʇʨʦʚʝʜʝʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʩʨʘʚʥʝʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ 

ʨʘʩʧʨʝʜʝʣʝʥʥʦʛʦ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʜʘʪʯʠʢʘ ʩ ʦʙʳʯʥʳʤ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʤ ʦʧ-

ʪʠʯʝʩʢʠʤ ʚʦʣʦʢʥʦʤ ʠ ʚʦʣʦʢʥʦʤ ʩ ʟʘʧʠʩʘʥʥʳʤʠ ʩʣʘʙʳʤʠ ʙʨʵʛʛʦʚʩʢʠʤʠ ʨʝʰʝʪʢʘ-

ʤʠ. ʇʦʢʘʟʘʥʦ ʩʥʠʞʝʥʠʝ ʫʨʦʚʥʷ ʰʫʤʦʚ ʜʦ 18 ʜɹ. 

Keywords: DAS, ʠʥʞʝʥʝʨʥʦʝ ʚʦʣʦʢʥʦ, ʙʨʵʛʛʦʚʩʢʠʝ ʨʝʰʝʪʢʠ. 
 

ʈʘʩʧʨʝʜʝʣʝʥʥʳʝ ʘʢʫʩʪʠʯʝʩʢʠʝ ʜʘʪʯʠʢʠ (DAS) ʠʤʝʶʪ ʧʝʨʩʧʝʢʪʠʚʫ ʰʠʨʦʢʦʛʦ 

ʧʨʠʤʝʥʝʥʠʷ ʚ ʛʝʦʬʠʟʠʢʝ. ʆʜʥʘʢʦ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʩʝʡʩʤʦʧʨʠ-

ʝʤʥʠʢʘʤʠ, DAS ʠʤʝʶʪ ʤʝʥʴʰʫʶ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʠ ʜʠʥʘʤʠʯʝʩʢʠʡ ʜʠʘʧʘʟʦʥ. 

ʋʣʫʯʰʠʪʴ ʵʪʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʦʞʥʦ ʩ ʧʦʤʦʱʴʶ ʩʧʝʮʠʘʣʴʥʦʛʦ («ʠʥʞʝʥʝʨʥʦʛʦ») 

ʚʦʣʦʢʥʘ, ʩʦʜʝʨʞʘʱʝʛʦ ʩʣʘʙʳʝ ʙʨʵʛʛʦʚʩʢʠʝ ʨʝʰʝʪʢʠ. ʋʚʝʣʠʯʝʥʥʳʡ ʩʠʛʥʘʣ ʦʙʨʘʪ-

ʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʧʦʩʦʙʩʪʚʫʝʪ ʩʥʠʞʝʥʠʶ ʫʨʦʚʥʷ ʰʫʤʦʚ. 

ʀʟʚʝʩʪʥʳ ʜʚʘ ʚʘʨʠʘʥʪʘ ʤʦʜʠʬʠʢʘʮʠʠ ʦʧʪʠʯʝʩʢʠʭ ʚʦʣʦʢʦʥ: ʤʥʦʞʝʩʪʚʦ ʥʝʨʝ-

ʛʫʣʷʨʥʳʭ ʨʝʰʝʪʦʢ ʥʘ ʙʘʟʝ ʠʟʤʝʨʝʥʠʡ ʠ ʨʝʛʫʣʷʨʥʳʝ ʨʝʰʝʪʢʠ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ 

ʩʪʨʦʛʦ ʥʘ ʨʘʩʩʪʦʷʥʠʠ ʙʘʟʳ ʠʟʤʝʨʝʥʠʡ (Gauge Length, GL). ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʤʦʞ-

ʥʦ ʫʤʝʥʴʰʠʪʴ ʨʦʣʴ ʪʝʧʣʦʚʳʭ ʰʫʤʦʚ ʬʦʪʦʧʨʠʝʤʘ, ʦʜʥʘʢʦ ʥʝʚʦʟʤʦʞʥʦ ʠʟʙʝʞʘʪʴ 

ʬʘʟʦʚʦʛʦ ʬʝʜʠʥʛʘ ʠ ʥʝʣʠʥʝʡʥʳʭ ʦʪʢʣʠʢʦʚ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʦʙʳʯʥʦʛʦ ʪʝʣʝʢʦʤ-

ʤʫʥʠʢʘʮʠʦʥʥʦʛʦ ʚʦʣʦʢʥʘ. ɺʪʦʨʦʡ ʚʘʨʠʘʥʪ ʜʘʝʪ ʩʣʝʜʫʶʱʠʝ ʧʨʝʠʤʫʱʝʩʪʚʘ: 

1. ʆʪʩʫʪʩʪʚʠʝ ʢʘʢ ʪʘʢʦʚʦʛʦ ʬʘʟʦʚʦʛʦ ʬʝʜʠʥʛʘ. 

2. ʆʪʩʫʪʩʪʚʠʝ ʥʝʣʠʥʝʡʥʦʩʪʠ ʦʪʢʣʠʢʘ. 

3. ʆʜʠʥʘʢʦʚʳʡ ʦʪʢʣʠʢ ʧʦ ʚʩʝʤ ʢʘʥʘʣʘʤ ʜʘʣʴʥʦʩʪʠ ʧʨʠ ʦʜʠʥʘʢʦʚʳʭ ʚʦʟʜʝʡ-

ʩʪʚʠʷʭ. 

4. ʇʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʩʪʴʶ ʫʩʪʨʘʥʷʝʪʩʷ ʰʫʤ ʢʦʛʝʨʝʥʪʥʦʩʪʠ. 

ʄʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʣʠ ʥʝʩʢʦʣʴʢʦ ʩʭʝʤ DAS, ʠʤʝʷ ʚ ʨʘʩʧʦʨʷ-

ʞʝʥʠʠ 1000 ʤ ʚʦʣʦʢʥʘ ʩ 200 ʨʝʰʝʪʢʘʤʠ (ʰʘʛ 5,1 ʤ). ʉʨʝʜʥʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʦʪ-

ʨʘʞʝʥʠʷ ʩʦʩʪʘʚʣʷʣ 0,01 ʧʨʦʮʝʥʪʘ. ʅʘʠʣʫʯʰʠʝ ʨʝʟʫʣʴʪʘʪʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʭʝʤʳ ʩ ʨʘʟʚʝʪʚʠʪʝʣʝʤ 3³3 ʚ ʧʨʠʝʤʥʦʡ ʯʘʩʪʠ ʜʣʷ ʬʘʟʦʚʦʛʦ ʨʘʟʥʝ-

ʩʝʥʠʷ. ʉʠʛʥʘʣ ʧʨʠʥʠʤʘʣʩʷ ʪʨʝʤʷ ʬʦʪʦʧʨʠʝʤʥʠʢʘʤʠ ʠ ʩʠʥʭʨʦʥʥʦ ʦʮʠʬʨʦʚʳʚʘʣʩʷ 

ʪʨʝʤʷ ɸʎʇ ʥʘ ʯʘʩʪʦʪʝ 100 ʄɻʮ. 
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ʅʘ ʨʠʩ. 1 ʧʦʢʘʟʘʥʳ ʠʩʭʦʜʥʳʝ ʩʠʛʥʘʣʳ ʦʪ ʪʨʝʭ ʬʦʪʦʧʨʠʝʤʥʠʢʦʚ ʚ ʫʩʣʦʚʠʷʭ 

ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʜʨʝʡʬʘ ʚʦʣʦʢʥʘ. ʈʠʩ. 2 ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʝʤʦʜʫʣʠʨʦʚʘʥʥʦʤʫ ʩʠʛ-

ʥʘʣʫ. ʈʠʩ. 3 ʧʦʢʘʟʳʚʘʝʪ ʜʝʤʦʜʫʣʠʨʦʚʘʥʥʳʡ ʛʘʨʤʦʥʠʯʝʩʢʠʡ ʩʠʛʥʘʣ ʘʤʧʣʠʪʫʜʦʡ 

0,03 ʨʘʜʠʘʥʘ, ʧʦ ʢʦʪʦʨʦʤʫ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʫʨʦʚʝʥʴ ʰʫʤʘ. 

ʇʨʠʤʝʥʝʥʠʝ ʩʧʝʮʠʘʣʴʥʳʭ ʚʦʣʦʢʦʥ ʧʦʟʚʦʣʷʝʪ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʩʪʴʶ 

ʫʩʪʨʘʥʠʪʴ ʚʣʠʷʥʠʝ ʪʝʧʣʦʚʦʛʦ ʰʫʤʘ, ʰʫʤʘ ʢʦʛʝʨʝʥʪʥʦʩʪʠ, ʰʫʤʘ ʙʨʠʣʣʶʵʥʦʚʩʢʦ-

ʛʦ ʦʙʨʘʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ. ʆʩʥʦʚʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʦʩʪʘʝʪʩʷ ʜʨʦʙʦʚʦʡ ʰʫʤ ʬʦʪʦ-

ʧʨʠʝʤʘ. ʕʪʦʪ ʰʫʤ ʤʦʞʝʪ ʙʳʪʴ ʫʤʝʥʴʰʝʥ ʪʦʣʴʢʦ ʟʘ ʩʯʝʪ ʫʚʝʣʠʯʝʥʠʷ ʵʥʝʨʛʠʠ 

ʧʨʠʥʠʤʘʝʤʳʭ ʩʠʛʥʘʣʦʚ. ʆʜʥʘʢʦ ʠʟʚʝʩʪʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ ʩʦ ʩʪʦʨʦʥʳ ʥʝʣʠʥʝʡʥʳʭ 

ʵʬʬʝʢʪʦʚ ʦʩʪʘʶʪʩʷ ʘʢʪʫʘʣʴʥʳʤʠ, ʠ ʠʭ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ. 
 

 

ʈʠʩ. 1. ʀʩʭʦʜʥʳʝ ʩʠʛʥʘʣʳ ʩ ʪʨʝʭ ʬʦʪʦʧʨʠʝʤʥʠʢʦʚ, ʤʫʟʳʢʘʣʴʥʳʡ  

ʬʨʘʛʤʝʥʪ ʥʘʯʠʥʘʝʪʩʷ ʧʦʩʣʝ ʧʝʨʚʦʡ ʩʝʢʫʥʜʳ 

 

ʈʠʩ. 2. ʇʨʠʤʝʨ ʟʘʧʠʩʠ ʤʫʟʳʢʘʣʴʥʦʛʦ ʬʨʘʛʤʝʥʪʘ, ʚʦʩʧʨʠʥʠʤʘʝʤʦʛʦ ʦʧʪʠʯʝʩʢʠʤ ʢʘʙʝʣʝʤ. 

ʇʦ ʚʝʨʪʠʢʘʣʠ ï ʜʝʤʦʜʫʣʠʨʦʚʘʥʥʳʡ ʩʠʛʥʘʣ ʚ ʨʘʜʠʘʥʘʭ, ʧʦ ʛʦʨʠʟʦʥʪʘʣʠ ï ʚʨʝʤʷ ʚ 

ʩʝʢʫʥʜʘʭ. ʇʦʣʦʩʘ ʯʘʩʪʦʪ 5é6000 ɻʮ. ʄʛʥʦʚʝʥʥʳʡ ʜʠʥʘʤʠʯʝʩʢʠʡ ʜʠʘʧʘʟʦʥ 46 ʜɹ 
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ʈʠʩ. 3. ɻʘʨʤʦʥʠʯʝʩʢʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʯʘʩʪʦʪʝ ʦʢʦʣʦ 20 ɻʮ, ʧʦ ʚʝʨʪʠʢʘʣʴʥʦʡ ʦʩʠ ï 

ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʡ ʩʠʛʥʘʣ ʚ ʨʘʜʠʘʥʘʭ 

 

ʈʠʩ. 4. ʉʧʝʢʪʨ ʜʝʤʦʜʫʣʠʨʦʚʘʥʥʦʛʦ ʛʘʨʤʦʥʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʯʘʩʪʦʪʦʡ 150 ɻʮ,  

ʫʨʦʚʝʥʴ 3-ʡ ʛʘʨʤʦʥʠʢʠ ï34 ʜɹ 

 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʣʫʯʝʥ ʫʨʦʚʝʥʴ ʰʫʤʦʚ ʧʦʩʣʝ ʜʝʤʦʜʫʣʷʮʠʠ, ʢʦʪʦʨʳʡ ʤʦʞʥʦ 

ʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʚʝʣʠʯʠʥʦʡ 1,3 ʧʠʢʦʩʪʨʝʡʥ/ɻʮ0,5, ʯʪʦ ʧʨʠʤʝʨʥʦ ʥʘ 18 ʜɹ ʣʫʯʰʝ 

ʧʦʣʫʯʝʥʥʳʭ ʥʘʤʠ ʨʝʟʫʣʴʪʘʪʦʚ ʜʣʷ ʩʪʘʥʜʘʨʪʥʦʛʦ ʦʜʥʦʤʦʜʦʚʦʛʦ ʚʦʣʦʢʥʘ. ʋʨʦʚʝʥʴ 

ʥʝʣʠʥʝʡʥʳʭ ʠʩʢʘʞʝʥʠʡ ʠʣʣʶʩʪʨʠʨʫʝʪʩʷ ʩʧʝʢʪʨʦʤ (ʨʠʩ. 4) (ʧʨʠ ʧʦʜʘʯʝ ʛʘʨʤʦʥʠ-

ʯʝʩʢʦʛʦ ʟʚʫʢʦʚʦʛʦ ʩʠʛʥʘʣʘ ʯʘʩʪʦʪʦʡ 150 ɻʮ). 

ɹʣʘʛʦʜʘʨʥʦʩʪʠ 

ɸʚʪʦʨʳ ʧʨʠʟʥʘʪʝʣʴʥʳ ʖ.ʂ. ʏʘʤʦʨʦʚʩʢʦʤʫ ʠ ʉ.ʄ. ʇʦʧʦʚʫ ʟʘ ʠʟʛʦʪʦʚʣʝʥʠʝ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʚʦʣʦʢʥʘ. 
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ʈʘʜʠʦʬʦʪʦʥʥʳʡ ʦʧʨʦʩ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʦʛʦ 

ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʜʘʪʯʠʢʘ ʥʘ ʦʩʥʦʚʝ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ  

ʌʘʙʨʠ ï ʇʝʨʦ ʩ ʥʝʡʨʦʩʝʪʝʚʦʡ ʦʙʨʘʙʦʪʢʦʡ ʩʠʛʥʘʣʦʚ 

ʈ.ɸ. ʄʘʢʘʨʦʚ, ɸ.ɸ. ʂʘʤʘʣʝʝʚʘ, ɹ.ʀ. ɺʘʣʝʝʚ, ʊ.ɸ. ɸʛʣʠʫʣʣʠʥ,  

ɸ.ɸ. ʂʫʟʥʝʮʦʚ, ɸ.ɾ. ʉʘʭʘʙʫʪʜʠʥʦʚ 

ʂʘʟʘʥʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ 

ʠʤ. ɸ.ʅ. ʊʫʧʦʣʝʚʘ ï ʂɸʀ, 

makarovroma@stud.kai.ru*, AAKamaleeva@kai.ru, bivaleev@kai.ru, taagliullin@kai.ru, 

AAKuznetsov@kai.ru, azhsakhabutdinov@kai.ru 

 

ʀʩʩʣʝʜʦʚʘʥ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʡ ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʜʘʪʯʠʢ ʥʘ ʦʩʥʦʚʝ ʠʥ-

ʪʝʨʬʝʨʦʤʝʪʨʘ ʌʘʙʨʠ ï ʇʝʨʦ ʩ ʨʘʜʠʦʬʦʪʦʥʥʳʤ ʦʧʨʦʩʦʤ ʧʦʩʨʝʜʩʪʚʦʤ ʦʧʪʠʯʝʩʢʦʡ 

ʯʘʩʪʦʪʥʦʡ ʛʨʝʙʸʥʢʠ. ʇʦ ʜʘʥʥʳʤ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʬʦʨʤʠʨʦʚʘʥʘ 

ʦʙʫʯʘʶʱʘʷ ʚʳʙʦʨʢʘ ʜʣʷ ʧʦʣʥʦʩʚʷʟʥʦʡ ʠʩʢʫʩʩʪʚʝʥʥʦʡ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ, ʠʩʧʦʣʴ-

ʟʫʶʱʝʡ ʘʤʧʣʠʪʫʜʳ ʨʘʟʥʦʩʪʥʳʭ ʢʦʤʧʦʥʝʥʪ ʬʦʪʦʪʦʢʘ ʚ ʢʘʯʝʩʪʚʝ ʠʥʬʦʨʤʘʪʠʚʥʳʭ 

ʧʨʠʟʥʘʢʦʚ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʝʜʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʨʝʜʥʶʶ ʘʙʩʦ-

ʣʶʪʥʫʶ ʦʰʠʙʢʫ ʦʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪ 0,14698 ʜʦ 0,01859 ÁC ʚ ʟʘʚʠʩʠʤʦ-

ʩʪʠ ʦʪ ʰʠʨʠʥʳ ʨʘʙʦʯʝʛʦ ʜʠʘʧʘʟʦʥʘ. ʈʝʟʫʣʴʪʘʪʳ ʫʢʘʟʳʚʘʶʪ ʥʘ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ 

ʥʝʡʨʦʩʝʪʝʚʦʡ ʦʙʨʘʙʦʪʢʠ ʩʠʛʥʘʣʦʚ ʨʘʜʠʦʬʦʪʦʥʥʦʛʦ ʦʧʨʦʩʘ ʜʣʷ ʚʳʩʦʢʦʪʦʯʥʳʭ 

ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʩʝʥʩʦʨʥʳʭ ʩʠʩʪʝʤ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʡ ʜʘʪʯʠʢ ʪʝʤʧʝʨʘʪʫʨʳ, ʠʥʪʝʨʬʝʨʦ-

ʤʝʪʨ ʌʘʙʨʠ ï ʇʝʨʦ, ʨʘʜʠʦʬʦʪʦʥʥʳʡ ʦʧʨʦʩ, ʦʧʪʠʯʝʩʢʘʷ ʯʘʩʪʦʪʥʘʷ ʛʨʝʙʸʥʢʘ, ʠʩ-

ʢʫʩʩʪʚʝʥʥʘʷ ʥʝʡʨʦʥʥʘʷ ʩʝʪʴ, ʦʙʨʘʙʦʪʢʘ ʩʠʛʥʘʣʦʚ. 
 

1. ɺʚʝʜʝʥʠʝ 

ɺʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʜʘʪʯʠʢʠ ʥʘ ʦʩʥʦʚʝ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʌʘʙʨʠ ï ʇʝʨʦ 

(ʀʌʇ) ʧʨʝʜʩʪʘʚʣʷʶʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʠʥʪʝʨʝʩ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʨʫ-

ʛʠʭ ʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʙʣʘʛʦʜʘʨʷ ʢʦʤʧʘʢʪʥʦʩʪʠ, ʚʳʩʦʢʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦ-

ʩʪʠ, ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʩʪʦʡʢʦʩʪʠ ʠ ʚʦʟʤʦʞʥʦʩʪʠ ʫʜʘʣʸʥʥʦʛʦ ʦʧʨʦʩʘ. ʆʩʦʙʝʥʥʦ 

ʧʝʨʩʧʝʢʪʠʚʥʳ ʢʦʥʩʪʨʫʢʮʠʠ, ʚ ʢʦʪʦʨʳʭ ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʬʦʨʤʠʨʫʝʪʩʷ ʥʘ ʪʦʨʮʝ-

ʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʦʧʪʠʯʝʩʢʦʛʦ ʚʦʣʦʢʥʘ, ʧʦʩʢʦʣʴʢʫ ʪʘʢʠʝ ʩʝʥʩʦʨʳ ʜʦʧʫʩʢʘʶʪ 

ʤʠʥʠʘʪʶʨʠʟʘʮʠʶ ʠ ʠʥʪʝʛʨʘʮʠʶ ʚ ʨʘʩʧʨʝʜʝʣʸʥʥʳʝ ʠ ʤʥʦʛʦʪʦʯʝʯʥʳʝ ʠʟʤʝʨʠ-

ʪʝʣʴʥʳʝ ʩʠʩʪʝʤʳ. 

ʊʨʘʜʠʮʠʦʥʥʦ ʦʧʨʦʩ ʜʘʪʯʠʢʦʚ ʜʘʥʥʦʛʦ ʪʠʧʘ ʚʳʧʦʣʥʷʝʪʩʷ ʧʦ ʩʧʝʢʪʨʫ ʦʪʨʘ-

ʞʝʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʧʪʠʯʝʩʢʠʭ ʘʥʘʣʠʟʘʪʦʨʦʚ ʩʧʝʢʪʨʘ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʦʙʝʩ-

ʧʝʯʠʚʘʝʪ ʚʳʩʦʢʦʝ ʩʧʝʢʪʨʘʣʴʥʦʝ ʨʘʟʨʝʰʝʥʠʝ, ʦʜʥʘʢʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʙʳʩʪʨʦʜʝʡ-

ʩʪʚʠʝ ʠʟʤʝʨʝʥʠʡ ʠ ʫʚʝʣʠʯʠʚʘʝʪ ʩʪʦʠʤʦʩʪʴ ʘʧʧʘʨʘʪʥʦʡ ʨʝʘʣʠʟʘʮʠʠ [1]. ɸʣʴʪʝʨʥʘ-

ʪʠʚʥʳʝ ʦʜʥʦ- ʠ ʜʚʫʭʯʘʩʪʦʪʥʳʝ ʤʝʪʦʜʳ ʠʥʪʝʨʨʦʛʘʮʠʠ [2] ʧʦʟʚʦʣʷʶʪ ʧʦʚʳʩʠʪʴ 

ʯʘʩʪʦʪʫ ʦʧʨʦʩʘ, ʥʦ, ʢʘʢ ʧʨʘʚʠʣʦ, ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʦʛʨʘʥʠʯʝʥʥʳʤ ʜʠʥʘʤʠʯʝʩʢʠʤ 
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ʜʠʘʧʘʟʦʥʦʤ ʠ ʧʨʝʜʲʷʚʣʷʶʪ ʧʦʚʳʰʝʥʥʳʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʩʪʘʙʠʣʠʟʘʮʠʠ ʨʘʙʦʯʠʭ 

ʫʩʣʦʚʠʡ, ʯʪʦ ʟʘʪʨʫʜʥʷʝʪ ʧʦʩʪʨʦʝʥʠʝ ʛʠʙʢʠʭ ʤʥʦʛʦʢʘʥʘʣʴʥʳʭ ʩʝʥʩʦʨʥʳʭ ʩʠʩʪʝʤ. 

ɸʥʘʣʦʛʠʯʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ ʚʦʟʥʠʢʘʶʪ ʠ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʝʪʦʜʦʚ ʢʚʘʜʨʘʪʫʨ-

ʥʦʡ ʬʘʟʦʚʦʡ ʜʝʤʦʜʫʣʷʮʠʠ, ʥʝʩʤʦʪʨʷ ʥʘ ʠʭ ʚʳʩʦʢʦʝ ʙʳʩʪʨʦʜʝʡʩʪʚʠʝ. 

ʆʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʷʚʣʷʝʪʩʷ ʨʘʜʠʦʬʦʪʦʥʥʳʡ ʦʧʨʦʩ ʚʦ-

ʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʜʘʪʯʠʢʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʦʧʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʥʦʡ 

ʛʨʝʙʸʥʢʠ [3]. ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʧʝʨʝʡʪʠ ʦʪ ʧʨʷʤʦʛʦ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ 

ʢ ʦʙʨʘʙʦʪʢʝ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʤʧʦʥʝʥʪ ʩʠʛʥʘʣʘ, ʚʦʟʥʠʢʘʶʱʠʭ ʥʘ ʨʘʟʥʦʩʪʥʳʭ ʯʘ-

ʩʪʦʪʘʭ ʬʦʪʦʪʦʢʘ, ʯʪʦ ʩʦʟʜʘʸʪ ʧʨʝʜʧʦʩʳʣʢʠ ʜʣʷ ʨʘʩʰʠʨʝʥʠʷ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʜʠʘ-

ʧʘʟʦʥʘ, ʧʦʚʳʰʝʥʠʷ ʯʘʩʪʦʪʳ ʠʟʤʝʨʝʥʠʡ ʠ ʫʣʫʯʰʝʥʠʷ ʩʦʦʪʥʦʰʝʥʠʷ ʩʠʛʥʘʣ/ʰʫʤ. 

ʇʨʠ ʵʪʦʤ ʠʥʬʦʨʤʘʪʠʚʥʳʡ ʦʪʢʣʠʢ ʜʘʪʯʠʢʘ ʩʪʘʥʦʚʠʪʩʷ ʤʥʦʛʦʧʘʨʘʤʝʪʨʠʯʝʩʢʠʤ, ʘ 

ʟʘʜʘʯʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʠʟʤʝʨʷʝʤʦʡ ʚʝʣʠʯʠʥʳ ʧʦ ʥʘʙʦʨʫ ʘʤʧʣʠʪʫʜʥʳʭ ʧʨʠʟʥʘʢʦʚ 

ʪʨʝʙʫʝʪ ʵʬʬʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ. 

ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʧʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʦʚ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣ-

ʣʝʢʪʘ, ʚ ʯʘʩʪʥʦʩʪʠ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ, ʩʧʦʩʦʙʥʳʭ ʘʧʧʨʦʢʩʠʤʠʨʦ-

ʚʘʪʴ ʥʝʣʠʥʝʡʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʤʝʞʜʫ ʧʘʨʘʤʝʪʨʘʤʠ ʩʠʛʥʘʣʘ ʨʘʜʠʦʬʦʪʦʥʥʦʛʦ 

ʦʧʨʦʩʘ ʠ ʠʟʤʝʨʷʝʤʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʥʝʡʨʦʩʝʪʝʚʦʡ ʤʦʜʝʣʠ ʦʩʦ-

ʙʝʥʥʦ ʦʧʨʘʚʜʘʥʦ ʚ ʫʩʣʦʚʠʷʭ, ʢʦʛʜʘ ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʦ ʩʦʚʦʢʫʧʥʦʩʪʠ ʨʘʟʥʦʩʪʥʳʭ ʢʦʤʧʦʥʝʥʪ ʦʢʘʟʳʚʘʝʪʩʷ ʟʘʪʨʫʜʥʠʪʝʣʴʥʳʤ. 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʜʭʦʜʘ ʢ ʦʧʨʝʜʝʣʝʥʠʶ 

ʪʝʤʧʝʨʘʪʫʨʳ ʧʦ ʩʠʛʥʘʣʘʤ ʨʘʜʠʦʬʦʪʦʥʥʦʛʦ ʦʧʨʦʩʘ ʚʦʣʦʢʦʥʥʦʛʦ ʀʌʇ ʩ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʝʤ ʠʩʢʫʩʩʪʚʝʥʥʦʡ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ. ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʵʪʦʡ ʮʝʣʠ ʧʦʩʪʨʦʝʥʘ 

ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʦʪʢʣʠʢʘ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʠ ʩʠʛʥʘʣʘ ʬʦʪʦ-

ʧʨʠʸʤʥʠʢʘ, ʩʬʦʨʤʠʨʦʚʘʥʘ ʦʙʫʯʘʶʱʘʷ ʚʳʙʦʨʢʘ ʥʘ ʦʩʥʦʚʝ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦ-

ʚʘʥʠʷ, ʠʩʩʣʝʜʦʚʘʥʘ ʪʦʯʥʦʩʪʴ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦ ʘʤʧʣʠʪʫʜʘʤ ʢʦʤ-

ʧʦʥʝʥʪ ʨʘʟʥʦʩʪʥʳʭ ʙʠʝʥʠʡ. 

2. ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ 

ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʧʨʦʮʝʩʩʘ ʟʦʥʜʠʨʦʚʘʥʠʷ ʀʌʇ ʚʢʣʶʯʘʝʪ ʤʦʜʝʣʴ 

ʩʧʝʢʪʨʘ ʦʪʨʘʞʝʥʠʷ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ, ʤʦʜʝʣʴ ʟʦʥʜʠʨʫʶʱʝʡ ʦʧʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʥʦʡ 

ʛʨʝʙʸʥʢʠ, ʤʦʜʝʣʴ ʩʠʛʥʘʣʘ ʥʘ ʚʳʭʦʜʝ ʬʦʪʦʧʨʠʸʤʥʠʢʘ ʠ ʧʨʦʮʝʜʫʨʫ ʚʳʜʝʣʝʥʠʷ ʘʤ-

ʧʣʠʪʫʜʥʳʭ ʢʦʤʧʦʥʝʥʪ ʥʘ ʨʘʟʥʦʩʪʥʳʭ ʯʘʩʪʦʪʘʭ. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʘ-

ʨʘʤʝʪʨʦʚ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʟʘʜʘʚʘʣʘʩʴ ʢʘʢ ʣʠʥʝʡʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʜʠʵʣʝʢʪʨʠʯʝ-

ʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʜʣʠʥʳ ʦʪ ʠʟʤʝʥʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ: 

 

ʀ Ὕ  ʀ ρ ὑϽЎὝ ʠ ὌὝ  Ὄ ρ ɻϽЎὝȢ                    (1) 

 

ʇʨʠʤʝʨ ʠʟʤʝʥʝʥʠʷ ʩʧʝʢʪʨʘ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. 1. 

ɼʣʷ ʨʘʩʯʸʪʘ ʩʧʝʢʪʨʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʀʌʇ ʧʨʠʤʝʥʷʣʩʷ ʬʦʨʤʘʣʠʟʤ 

ʤʘʪʨʠʮ ʧʝʨʝʜʘʯʠ ʠ ʨʘʩʩʝʷʥʠʷ [4]. ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʦʪʨʘʞʘʪʝʣʴʥʳʡ 

ʩʧʝʢʪʨ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʢʘʢ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʧʨʦʠʟʚʝʜʝʥʠʝ ʪʨʸʭ 

ʤʘʪʨʠʮ ʧʝʨʝʜʘʯʠ: ʧʝʨʝʭʦʜʘ ʠʟ ʩʝʨʜʮʝʚʠʥʳ ʦʧʪʠʯʝʩʢʦʛʦ ʚʦʣʦʢʥʘ ʚ ʧʦʣʦʩʪʴ ʠʥ-
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ʪʝʨʬʝʨʦʤʝʪʨʘ, ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʚ ʦʜʥʦʨʦʜʥʦʡ ʩʨʝʜʝ ʧʦʣʦʩʪʠ, ʘ ʪʘʢʞʝ 

ʚʳʭʦʜʘ ʠʟ ʧʦʣʦʩʪʠ ʚʦ ʚʥʝʰʥʶʶ ʩʨʝʜʫ. ʇʨʠ ʵʪʦʤ ʢʦʵʬʬʠʮʠʝʥʪʳ ʦʪʨʘʞʝʥʠʷ ʠ 

ʧʨʦʧʫʩʢʘʥʠʷ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʟʘʚʠʩʷʪ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ, ʘ ʪʘʢʞʝ ʦʪ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʩʨʝʜ ʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʣʦʩʪʠ 

ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ. ʅʘ ʨʠʩ. 2 ʧʨʝʜʩʪʘʚʣʝʥ ʧʨʠʤʝʨ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʧʝʢʪʨʘ ʀʌʇ ʠ 

ʟʦʥʜʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ. 

 

 

ʈʠʩ. 1. ʀʟʤʝʥʝʥʠʝ ʩʧʝʢʪʨʘ ʦʪʨʘʞʝʥʠʷ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ 

 

 

ʈʠʩ. 2. ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩʧʝʢʪʨʘ ʟʦʥʜʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʠ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ  

ʌʘʙʨʠ ï ʇʝʨʦ 

 

ʉʧʝʢʪʨ ʚʭʦʜʥʦʛʦ ʩʠʛʥʘʣʘ ʬʦʪʦʧʨʠʸʤʥʠʢʘ ʤʦʞʥʦ ʦʧʠʩʘʪʴ ʢʘʢ ʜʠʩʢʨʝʪʥʳʡ 

ʥʘʙʦʨ ʘʤʧʣʠʪʫʜ { Ak}, k = 0, N, ʪʦʛʜʘ ʚʳʭʦʜʥʦʡ ʪʦʢ ʬʦʪʦʧʨʠʸʤʥʠʢʘ ʤʦʞʥʦ ʦʧʠ-

ʩʘʪʴ ʩʦʛʣʘʩʥʦ: 
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ὖ ὗ   ςϽ ὃϽὃ

    

Ȣ                                            ς 

 

ɺ ʨʘʤʢʘʭ ʨʘʜʠʦʬʦʪʦʥʥʦʛʦ ʧʦʜʭʦʜʘ ʦʙʨʘʙʦʪʢʘ ʚʳʭʦʜʥʦʛʦ ʬʦʪʦʪʦʢʘ ʚʢʣʶʯʘ-

ʣʘ ʧʨʦʮʝʜʫʨʫ ʩʧʝʢʪʨʘʣʴʥʦʡ ʬʠʣʴʪʨʘʮʠʠ, ʦʙʝʩʧʝʯʠʚʘʶʱʫʶ ʚʳʜʝʣʝʥʠʝ ʘʤʧʣʠ-

ʪʫʜʥʳʭ ʢʦʤʧʦʥʝʥʪ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʨʘʟʥʦʩʪʥʳʤ ʯʘʩʪʦʪʘʤ, ʢʨʘʪʥʳʤ ʠʥʪʝʨʚʘʣʫ 

ʦʧʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʥʦʡ ʛʨʝʙʸʥʢʠ. ʅʘ ʨʠʩ. 3 ʧʨʝʜʩʪʘʚʣʝʥʳ ʧʨʠʤʝʨʳ ʨʝʟʫʣʴʪʠʨʫʶ-

ʱʝʛʦ ʠ ʦʪʬʠʣʴʪʨʦʚʘʥʥʦʛʦ ʩʧʝʢʪʨʘ ʬʦʪʦʧʨʠʸʤʥʠʢʘ. 

 

 

ʈʠʩ. 3. ɺʳʭʦʜʥʦʡ ʠ ʦʪʬʠʣʴʪʨʦʚʘʥʥʳʡ ʩʧʝʢʪʨ ʬʦʪʦʧʨʠʸʤʥʠʢʘ 

3. ʀʩʢʫʩʩʪʚʝʥʥʘʷ ʥʝʡʨʦʥʥʘʷ ʩʝʪʴ 

ɺ ʥʘʩʪʦʷʱʝʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʤʦʜʝʣʴ ʧʦʣʥʦʩʚʷʟʥʦʡ ʠʩʢʫʩ-

ʩʪʚʝʥʥʦʡ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ [5]. ʏʠʩʣʦ ʥʝʡʨʦʥʦʚ ʚʭʦʜʥʦʛʦ ʩʣʦʷ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʦ 

ʯʠʩʣʫ ʠʩʧʦʣʴʟʫʝʤʳʭ ʠʥʬʦʨʤʘʪʠʚʥʳʭ ʢʦʤʧʦʥʝʥʪ ʧʝʨʝʢʨʸʩʪʥʳʭ ʙʠʝʥʠʡ ʦʧʪʠʯʝ-

ʩʢʦʡ ʛʨʝʙʸʥʢʠ ʠ ʩʦʩʪʘʚʣʷʣʦ ʯʝʪʳʨʝ. ɿʘ ʚʭʦʜʥʳʤ ʩʣʦʝʤ ʩʣʝʜʦʚʘʣʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴ-

ʥʦʩʪʴ ʠʟ ʯʝʪʳʨʸʭ ʩʢʨʳʪʳʭ ʩʣʦʸʚ ʨʘʟʤʝʨʥʦʩʪʴʶ 700, 500, 300 ʠ 200 ʥʝʡʨʦʥʦʚ ʩʦ-

ʦʪʚʝʪʩʪʚʝʥʥʦ, ʪʦʛʜʘ ʢʘʢ ʚʳʭʦʜʥʦʡ ʩʣʦʡ ʩʦʜʝʨʞʘʣ ʦʜʠʥ ʥʝʡʨʦʥ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ 

ʦʮʝʥʢʫ ʪʝʤʧʝʨʘʪʫʨʳ. ɺ ʧʨʦʮʝʩʩʝ ʦʙʫʯʝʥʠʷ ʧʨʠʤʝʥʷʣʘʩʴ ʣʦʛʠʩʪʠʯʝʩʢʘʷ ʬʫʥʢʮʠʷ 

ʘʢʪʠʚʘʮʠʠ, ʦʙʝʩʧʝʯʠʚʘʶʱʘʷ ʥʝʣʠʥʝʡʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʚʭʦʜʥʳʭ ʜʘʥʥʳʭ. ʂʘʯʝ-

ʩʪʚʦ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʤʦʜʝʣʠ ʦʮʝʥʠʚʘʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʨʠʢ ʩʨʝʜʥʝʡ 

ʘʙʩʦʣʶʪʥʦʡ ʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʦʰʠʙʦʢ. ʀʩʭʦʜʥʳʡ ʨʘʟʤʝʯʝʥʥʳʡ ʥʘʙʦʨ ʜʘʥʥʳʭ 

ʙʳʣ ʨʘʟʜʝʣʸʥ ʥʘ ʦʙʫʯʘʶʱʫʶ ʠ ʚʘʣʠʜʘʮʠʦʥʥʫʶ ʧʦʜʚʳʙʦʨʢʠ ʚ ʩʦʦʪʥʦʰʝʥʠʠ 90 ʠ 

10 % ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ: ʧʝʨʚʘʷ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʚʝʩʦʚʳʭ ʢʦʵʬʬʠ-

ʮʠʝʥʪʦʚ ʩʝʪʠ, ʘ ʚʪʦʨʘʷ ï ʜʣʷ ʢʦʥʪʨʦʣʷ ʦʙʦʙʱʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ ʤʦʜʝʣʠ ʚ ʭʦʜʝ 

ʦʙʫʯʝʥʠʷ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʫʞʝ ʧʦʩʣʝ 1500 ʵʧʦʭ ʟʥʘʯʝʥʠʝ ʬʫʥʢʮʠʠ ʧʦʪʝʨʴ ʩʥʠ-

ʞʘʣʦʩʴ ʜʦ ʫʨʦʚʥʷ ʤʝʥʝʝ 0,001, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʩʭʦʜʠʤʦ-

ʩʪʠ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʚʳʙʨʘʥʥʦʡ ʘʨʭʠʪʝʢʪʫʨʳ. ʅʘ ʨʠʩ. 4 ʧʨʝʜʩʪʘʚʣʝʥ ʛʨʘʬʠʢ 

ʬʫʥʢʮʠʠ ʧʦʪʝʨʴ ʚ ʧʨʦʮʝʩʩʝ ʦʙʫʯʝʥʠʷ. 

ɺ ʪʘʙʣʠʮʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʥʘʯʝʥʠʷ ʘʙʩʦʣʶʪʥʦʡ ʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʛʨʝʰʥʦ-

ʩʪʠ ʧʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʨʘʟʣʠʯʥʳʭ ʜʠʘʧʘʟʦʥʘʭ. 
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ʈʠʩ. 4. ɿʥʘʯʝʥʠʷ ʬʫʥʢʮʠʠ ʧʦʪʝʨʴ ʚ ʧʨʦʮʝʩʩʝ ʦʙʫʯʝʥʠʷ 

 

ɿʥʘʯʝʥʠʷ ʧʦʛʨʝʰʥʦʩʪʝʡ ʧʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ 

ɼʠʘʧʘʟʦʥ, Áʉ MAE, Áʉ MRPE, %  

ʦʪ ī15 ʜʦ +15 0,14698 2,508 

ʦʪ ī14 ʜʦ +14 0,0866 2,2023 

ʦʪ ī13 ʜʦ +13 0,064 2,1564 

ʦʪ ī12 ʜʦ +12 0,0467 2,1547 

ʦʪ ī11 ʜʦ +11 0,0291 2,1605 

ʦʪ ī10 ʜʦ +10 0,01859 2,2488 

4. ɿʘʢʣʶʯʝʥʠʝ 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥ ʧʦʜʭʦʜ ʢ ʦʧʨʝʜʝʣʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦ ʩʠʛʥʘʣʘʤ ʨʘ-

ʜʠʦʬʦʪʦʥʥʦʛʦ ʦʧʨʦʩʘ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʦʛʦ ʜʘʪʯʠʢʘ ʥʘ ʦʩʥʦʚʝ ʀʌʇ ʩ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʝʤ ʦʧʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʥʦʡ ʛʨʝʙʸʥʢʠ ʠ ʠʩʢʫʩʩʪʚʝʥʥʦʡ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ. ɺ 

ʨʘʤʢʘʭ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʦʧʠʩʘʥʳ ʩʧʝʢʪʨ 

ʦʪʨʘʞʝʥʠʷ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ, ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩʦ ʩʧʝʢʪʨʦʤ ʟʦʥʜʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝ-

ʥʠʷ, ʬʦʨʤʠʨʦʚʘʥʠʝ ʬʦʪʦʪʦʢʘ ʠ ʚʳʜʝʣʝʥʠʝ ʘʤʧʣʠʪʫʜ ʠʥʬʦʨʤʘʪʠʚʥʳʭ ʨʘʟʥʦʩʪʥʳʭ 

ʢʦʤʧʦʥʝʥʪ. 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʘʤʧʣʠʪʫʜʳ ʚʳʜʝ-

ʣʷʝʤʳʭ ʢʦʤʧʦʥʝʥʪ ʨʘʟʥʦʩʪʥʳʭ ʙʠʝʥʠʡ ʦʜʥʦʟʥʘʯʥʦ ʩʚʷʟʘʥʳ ʩ ʪʝʤʧʝʨʘʪʫʨʥʦ ʦʙʫ-

ʩʣʦʚʣʝʥʥʳʤ ʩʤʝʱʝʥʠʝʤ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʦʪʢʣʠʢʘ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʠ ʤʦʛʫʪ ʠʩʧʦʣʴ-

ʟʦʚʘʪʴʩʷ ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʟʥʘʢʦʚʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʜʣʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ. 

ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ ʟʘʜʘʯʠ ʧʨʠʤʝʥʝʥʘ ʧʦʣʥʦʩʚʷʟʥʘʷ ʠʩʢʫʩʩʪʚʝʥʥʘʷ ʥʝʡʨʦʥʥʘʷ 

ʩʝʪʴ ʩ ʯʝʪʳʨʴʤʷ ʚʭʦʜʥʳʤʠ ʧʨʠʟʥʘʢʘʤʠ ʠ ʦʜʥʠʤ ʚʳʭʦʜʥʳʤ ʧʘʨʘʤʝʪʨʦʤ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʝʜʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ ʦʙʝʩʧʝʯʠʚʘʝʪ ʤʘʣʫʶ ʧʦʛʨʝʰʥʦʩʪʴ 

ʦʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʜʠʘʧʘʟʦʥʘʭ. ʉʨʝʜʥʷʷ ʘʙʩʦʣʶʪʥʘʷ 

ʦʰʠʙʢʘ ʩʦʩʪʘʚʠʣʘ ~0,14 ÁC ʜʣʷ ʜʠʘʧʘʟʦʥʘ ʦʪ ī15 ʜʦ +15 ÁC ʠ ʩʥʠʞʘʣʘʩʴ ʜʦ 

~0,019 ÁC ʜʣʷ ʜʠʘʧʘʟʦʥʘ ʦʪ ī10 ʜʦ +10 ÁC. ʇʨʠ ʫʤʝʥʴʰʝʥʠʠ ʰʠʨʠʥʳ ʨʘʙʦʯʝʛʦ 
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ʜʠʘʧʘʟʦʥʘ ʥʘʙʣʶʜʘʝʪʩʷ ʫʩʪʦʡʯʠʚʦʝ ʧʦʚʳʰʝʥʠʝ ʪʦʯʥʦʩʪʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʪʝʤʧʝ-

ʨʘʪʫʨʳ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ ʚʳʙʨʘʥʥʦʡ ʩʭʝʤʳ ʨʘʜʠʦʬʦʪʦʥʥʦʛʦ 

ʦʧʨʦʩʘ ʠ ʥʝʡʨʦʩʝʪʝʚʦʡ ʦʙʨʘʙʦʪʢʠ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʷʶʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʧʨʝʜʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ 

ʢʘʢ ʧʝʨʩʧʝʢʪʠʚʥʫʶ ʦʩʥʦʚʫ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʙʳʩʪʨʦʜʝʡʩʪʚʫʶʱʠʭ ʠ ʚʳʩʦʢʦʪʦʯʥʳʭ 

ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʩʝʥʩʦʨʦʚ. ɼʘʣʴʥʝʡʰʝʝ ʨʘʟʚʠʪʠʝ ʨʘʙʦʪʳ 

ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʩʚʷʟʘʪʴ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʚʝʨʠʬʠʢʘʮʠʝʡ ʤʦʜʝʣʠ, ʠʩʩʣʝʜʦʚʘ-

ʥʠʝʤ ʫʩʪʦʡʯʠʚʦʩʪʠ ʤʝʪʦʜʘ ʢ ʰʫʤʘʤ ʠ ʥʝʩʪʘʙʠʣʴʥʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ ʟʦʥʜʠʨʫʶʱʝ-

ʛʦ ʠʟʣʫʯʝʥʠʷ, ʘ ʪʘʢʞʝ ʩ ʨʘʩʰʠʨʝʥʠʝʤ ʧʦʜʭʦʜʘ ʥʘ ʜʨʫʛʠʝ ʪʠʧʳ ʚʦʣʦʢʦʥʥʦ-

ʦʧʪʠʯʝʩʢʠʭ ʩʝʥʩʦʨʦʚ. 

ʌʠʥʘʥʩʠʨʦʚʘʥʠʝ 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʟʘ ʩʯʝʪ ʧʨʝʜʦʩʪʘʚʣʝʥʥʦʛʦ ʚ 2025 ʛ. ʌʦʥʜʦʤ ʥʘʫʢʠ ʠ ʪʝʭ-

ʥʦʣʦʛʠʡ ʈʝʩʧʫʙʣʠʢʠ ʊʘʪʘʨʩʪʘʥ ʛʨʘʥʪʘ ʥʘ ʦʩʫʱʝʩʪʚʣʝʥʠʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠ 

ʧʦʠʩʢʦʚʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʥʘʫʯʥʳʭ ʠ ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʭ ʦʨʛʘʥʠʟʘʮʠʷʭ, ʧʨʝʜʧʨʠʷ-

ʪʠʷʭ ʠ ʦʨʛʘʥʠʟʘʮʠʷʭ ʨʝʘʣʴʥʦʛʦ ʩʝʢʪʦʨʘ ʵʢʦʥʦʤʠʢʠ ʈʝʩʧʫʙʣʠʢʠ ʊʘʪʘʨʩʪʘʥ. 
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ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʣʥʦʩʪʴʶ ʩʪʝʢ-

ʣʷʥʥʳʭ ʤʠʢʨʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʚ 

ʦʙʦʣʦʯʢʝ ʜʚʘ ʩʣʦʷ ʵʣʝʤʝʥʪʦʚ ʠʟ ʬʪʦʨʠʨʦʚʘʥʥʦʛʦ ʢʚʘʨʮʝʚʦʛʦ ʩʪʝʢʣʘ ʠ ʣʝʛʠʨʦ-

ʚʘʥʥʫʶ ʩʝʨʜʮʝʚʠʥʫ ʜʠʘʤʝʪʨʦʤ 20 ʤʢʤ ʩ ʧʦʥʠʞʝʥʥʳʤ ʧʦʢʘʟʘʪʝʣʝʤ ʧʨʝʣʦʤʣʝ-

ʥʠʷ. ɼʣʷ ʠʟʦʛʥʫʪʳʭ ʤʠʢʨʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʦʚ ʩ ʨʘʜʠ-

ʫʩʦʤ ʠʟʛʠʙʘ 8 ʩʤ ʨʘʩʩʯʠʪʘʥʳ ʧʦʪʝʨʠ ʥʘ ʚʳʪʝʢʘʥʠʝ ʜʣʷ ʦʩʥʦʚʥʳʭ ʠ ʚʳʩʰʠʭ 

ʤʦʜ ʚ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ 0,79ï1,35 ʤʢʤ. ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʧʦʢʘʟʳʚʘ-

ʶʪ, ʯʪʦ ʵʪʦʪ ʤʠʢʨʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʡ ʚʦʣʦʢʦʥʥʳʡ ʩʚʝʪʦʚʦʜ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʦʜʥʦʤʦʜʦʚʳʡ ʨʝʞʠʤ ʚ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ ʦʪ 0,99 ʤʢʤ ʜʦ ʙʦʣʝʝ ʯʝʤ 

1,35 ʤʢʤ. ʇʨʠ ʵʪʦʤ ʧʦʪʝʨʠ ʥʘ ʚʳʪʝʢʘʥʠʝ ʜʣʷ ʦʩʥʦʚʥʳʭ ʤʦʜ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 

1,05 ʤʢʤ ʩʦʩʪʘʚʣʷʶʪ ~0,056 ʜɹ/ʤ, ʘ ʜʣʷ ʤʦʜ ʙʦʣʝʝ ʚʳʩʦʢʦʛʦ ʧʦʨʷʜʢʘ ï ʙʦʣʝʝ 

12,3 ʜɹ/ʤ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʠʢʨʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʚʦʣʦʢʦʥʥʳʝ ʩʚʝʪʦʚʦʜʳ, ʚʦʣʦ-

ʢʦʥʥʳʝ ʩʚʝʪʦʚʦʜʳ ʩ ʙʦʣʴʰʠʤ ʧʦʣʝʤ ʤʦʜr, ʦʜʥʦʤʦʜʦʚʳʝ ʚʦʣʦʢʦʥʥʳʝ ʩʚʝʪʦʚʦʜʳ. 
 

1. ɺʚʝʜʝʥʠʝ 

ʉʧʝʮʠʘʣʴʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʚʦʣʦʢʥʘ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚʦ ʤʥʦʛʠʭ ʦʙʣʘ-

ʩʪʷʭ: ʚ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʥʘʫʢʝ, ʚ ʧʨʦʤʳʰʣʝʥʥʳʭ ʧʨʠʤʝʥʝʥʠʷʭ ʠ ʚ ʤʝʜʠʮʠʥʝ. 

ʆʜʥʠʤ ʠʟ ʚʦʩʪʨʝʙʦʚʘʥʥʳʭ ʚʘʨʠʘʥʪʦʚ ʪʘʢʠʭ ʚʦʣʦʢʦʥ ʷʚʣʷʶʪʩʷ ʦʜʥʦʤʦʜʦʚʳʝ ʚʦ-

ʣʦʢʦʥʥʳʝ ʩʚʝʪʦʚʦʜʳ ʩ ʙʦʣʴʰʠʤ ʧʦʣʝʤ ʤʦʜʳ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ 

ʧʝʨʝʜʘʯʠ ʤʦʱʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʪʨʝʙʫʝʤʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʧʫʯʢʘ, ʘ ʧʨʠ 

ʥʘʣʠʯʠʠ ʣʝʛʠʨʦʚʘʥʥʦʡ ʘʢʪʠʚʥʦʡ ʩʝʨʜʮʝʚʠʥʳ ʩʣʫʞʠʪʴ ʦʩʥʦʚʦʡ ʜʣʷ ʤʦʱʥʳʭ ʚʦ-

ʣʦʢʦʥʥʳʭ ʣʘʟʝʨʦʚ ʠ ʫʩʠʣʠʪʝʣʝʡ. ɼʣʷ ʪʘʢʠʭ ʟʘʜʘʯ ʤʦʛʫʪ ʧʨʠʤʝʥʷʪʴʩʷ ʨʘʟʣʠʯʥʳʝ 

ʪʠʧʳ ʤʠʢʨʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʦʚ (ʄɺʉ), ʚʢʣʶʯʘʷ ʚʦʣʦ-

ʢʦʥʥʳʝ ʩʚʝʪʦʚʦʜʳ ʩ ʬʦʪʦʥʥʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʦʡ, ʙʨʵʛʛʦʚʩʢʠʝ ʩʚʝʪʦʚʦʜʳ ʠ 

ʄɺʉ ʩ ʢʘʥʘʣʘʤʠ ʚʳʪʝʢʘʥʠʷ (leakage channel fibers). ɺʘʞʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʄɺʉ 

ʩ ʢʘʥʘʣʘʤʠ ʚʳʪʝʢʘʥʠʷ ʷʚʣʷʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʧʨʦʩʪʦʪʘ ʠʭ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʳ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦʜʙʦʨʦʤ ʝʝ ʧʘʨʘʤʝʪʨʦʚ ʜʦʙʠʪʴʩʷ ʦʜʥʦʤʦʜʦʚʦʛʦ ʨʝ-

ʞʠʤʘ ʧʨʠ ʙʦʣʴʰʦʤ ʧʦʣʝ ʤʦʜʳ ʠ ʦʜʥʦʚʨʝʤʝʥʥʦ ʦʙʝʩʧʝʯʠʪʴ ʤʘʣʳʝ ʠʟʛʠʙʥʳʝ ʧʦ-

ʪʝʨʠ, ʢʦʪʦʨʳʝ ʥʝʦʙʭʦʜʠʤʳ ʜʣʷ ʢʦʤʧʘʢʪʥʦʩʪʠ ʣʘʟʝʨʦʚ. 
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2. ɻʝʦʤʝʪʨʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʄɺʉ 

ʆʜʥʠʤ ʠʟ ʢʘʥʜʠʜʘʪʦʚ ʜʣʷ ʨʝʰʝʥʠʷ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʟʘʜʘʯ ʤʦʞʝʪ ʩʪʘʪʴ ʧʦʣʥʦ-

ʩʪʴʶ ʩʪʝʢʣʷʥʥʳʡ ʄɺʉ ʩ ʢʘʥʘʣʘʤʠ ʚʳʪʝʢʘʥʠʷ ʦʨʠʛʠʥʘʣʴʥʦʛʦ ʜʠʟʘʡʥʘ, ʧʨʝʜʩʪʘʚ-

ʣʷʶʱʠʡ ʩʦʙʦʡ ʤʦʜʠʬʠʢʘʮʠʶ ʄɺʉ-18 ʩ ʩʝʨʜʮʝʚʠʥʦʡ ʠʟ ʯʠʩʪʦʛʦ ʢʚʘʨʮʝʚʦʛʦ ʩʪʝʢ-

ʣʘ, ʢʦʪʦʨʳʡ ʤʳ ʠʩʩʣʝʜʦʚʘʣʠ ʪʝʦʨʝʪʠʯʝʩʢʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ [1]. ʇʨʝʜʣʘʛʘʝʤʳʡ 

ʄɺʉ ʠʤʝʝʪ ʣʝʛʠʨʦʚʘʥʥʫʶ ʩʝʨʜʮʝʚʠʥʫ ʩ ʧʦʥʠʞʝʥʥʳʤ ʧʦʢʘʟʘʪʝʣʝʤ ʧʨʝʣʦʤʣʝʥʠʷ ʠ 

ʦʙʦʣʦʯʢʫ, ʩʦʩʪʦʷʱʫʶ ʠʟ ʜʚʫʭ ʩʣʦʝʚ ʢʨʫʛʣʳʭ ʵʣʝʤʝʥʪʦʚ ʠʟ ʬʪʦʨʠʨʦʚʘʥʥʦʛʦ ʢʚʘʨ-

ʮʝʚʦʛʦ ʩʪʝʢʣʘ. ʇʝʨʚʳʡ ʩʣʦʡ ʦʙʦʣʦʯʢʠ ʩʦʜʝʨʞʠʪ ʰʝʩʪʴ ʦʜʠʥʘʢʦʚʳʭ ʢʨʫʛʣʳʭ ʵʣʝ-

ʤʝʥʪʦʚ ʜʠʘʤʝʪʨʦʤ d1, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ ʨʘʩʩʪʦʷʥʠʠ L1 ʜʨʫʛ ʦʪ ʜʨʫʛʘ. ʃʝʛʠʨʦʚʘʥ-

ʥʘʷ ʯʘʩʪʴ ʩʝʨʜʮʝʚʠʥʳ ʩ ʧʦʥʠʞʝʥʥʳʤ ʧʦʢʘʟʘʪʝʣʝʤ ʧʨʝʣʦʤʣʝʥʠʷ ʪʘʢʞʝ ʠʤʝʝʪ ʜʠʘ-

ʤʝʪʨ d1, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʢʦʣʠʯʝʩʪʚʦʤ ʵʣʝʤʝʥʪʦʚ ʚ ʧʝʨʚʦʤ ʩʣʦʝ ʠ ʪʝʭʥʦʣʦʛʠʝʡ 

ʠʟʛʦʪʦʚʣʝʥʠʷ ʧʨʝʬʦʨʤʳ ʜʣʷ ʚʳʪʷʞʢʠ ʄɺʉ [1]. ɼʚʝʥʘʜʮʘʪʴ ʵʣʝʤʝʥʪʦʚ ʚʪʦʨʦʛʦ 

ʩʣʦʷ ʠʤʝʶʪ ʨʘʟʥʳʡ ʜʠʘʤʝʪʨ: d2 > d1 ʠ 

d3 ¢ d2, ʧʨʠ ʵʪʦʤ ʵʣʝʤʝʥʪʳ ʩ ʜʠʘʤʝʪʨʦʤ d2 

ʨʘʩʧʦʣʦʞʝʥʳ ʥʘʧʨʦʪʠʚ ʧʝʨʝʤʳʯʝʢ ʤʝʞʜʫ 

ʵʣʝʤʝʥʪʘʤʠ ʧʝʨʚʦʛʦ ʩʣʦʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ L2 

ʦʪ ʥʠʭ, ʘ ʵʣʝʤʝʥʪʳ ʩ ʜʠʘʤʝʪʨʦʤ d3 ʨʘʩʧʦ-

ʣʦʞʝʥʳ ʥʘʧʨʦʪʠʚ ʵʣʝʤʝʥʪʦʚ ʧʝʨʚʦʛʦ ʩʣʦʷ 

ʥʘ ʨʘʩʩʪʦʷʥʠʠ L3 ʦʪ ʥʠʭ. ʂʣʶʯʝʚʦʡ ʦʩʦ-

ʙʝʥʥʦʩʪʴʶ ʵʪʦʛʦ ʜʠʟʘʡʥʘ ʷʚʣʷʝʪʩʷ ʫʚʝʣʠ-

ʯʝʥʥʳʡ ʢʦʣʴʮʝʚʦʡ ʟʘʟʦʨ ʤʝʞʜʫ ʧʝʨʚʳʤ ʠ 

ʚʪʦʨʳʤ ʩʣʦʷʤʠ. ʊʘʢʘʷ ʩʪʨʫʢʪʫʨʘ ʄɺʉ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʰʠʨʦʢʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ 

ʚʘʨʴʠʨʦʚʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʝʝ ʧʘʨʘʤʝʪʨʦʚ ʩ 

ʮʝʣʴʶ ʦʧʪʠʤʠʟʘʮʠʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʄɺʉ, ʚ 

ʯʘʩʪʥʦʩʪʠ, ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʧʦʪʝʨʴ ʥʘ ʚʳ-

ʪʝʢʘʥʠʝ ʤʦʜ ʚʳʩʰʝʛʦ ʧʦʨʷʜʢʘ ʧʦ ʩʨʘʚʥʝ-

ʥʠʶ ʩ ʧʦʪʝʨʷʤʠ ʜʣʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʤʦʜ. ʇʦʩʢʦʣʴʢʫ ʦʙʱʝʝ ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥ-

ʪʦʚ ʩ ʧʦʥʠʞʝʥʥʳʤ ʧʦʢʘʟʘʪʝʣʝʤ ʧʨʝʣʦʤʣʝʥʠʷ ʚ ʪʘʢʦʤ ʄɺʉ ʨʘʚʥʦ 19, ʤʳ ʫʩʣʦʚʥʦ 

ʥʘʟʳʚʘʝʤ ʝʛʦ ʄɺʉ-19. ʅʘ ʨʠʩ. 1 ʧʦʢʘʟʘʥʘ ʩʪʨʫʢʪʫʨʘ ʄɺʉ-19. 

3. ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʳ ʧʦʩʪʘʚʠʣʠ ʟʘʜʘʯʫ ʜʦʙʠʪʴʩʷ ʦʜʥʦʤʦʜʦʚʦʛʦ ʨʝʞʠʤʘ ʚ 

ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ ʦʪ 1,0 ʜʦ 1,1 ʤʢʤ ʜʣʷ Mɺʉ-19 ʩ ʜʠʘʤʝʪʨʦʤ ʩʝʨʜʮʝʚʠʥʳ 

Dcore = 20 ʤʢʤ ʠ ʨʘʜʠʫʩʦʤ ʠʟʛʠʙʘ 8 ʩʤ. ʄʳ ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝ-

ʥʠʷ ʯʠʩʪʦʛʦ ʢʚʘʨʮʝʚʦʛʦ ʩʪʝʢʣʘ nsil, ʢʦʪʦʨʳʡ ʦʧʨʝʜʝʣʷʣʩʷ ʩ ʧʦʤʦʱʴʶ ʫʨʘʚʥʝʥʠʷ 

ʉʝʣʣʤʝʡʝʨʘ [2]. ʕʣʝʤʝʥʪʳ ʠʟ ʬʪʦʨʠʨʦʚʘʥʥʦʛʦ ʢʚʘʨʮʝʚʦʛʦ ʩʪʝʢʣʘ ʠʤʝʣʠ ʧʦʢʘʟʘ-

ʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ nfls = nsil ï 5×10ī3, ʘ ʣʝʛʠʨʦʚʘʥʥʘʷ ʯʘʩʪʴ ʩʝʨʜʮʝʚʠʥʳ ʠʤʝʣʘ ʧʦ-

ʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ nytb = nsil ï 10ï3. ʉʦʦʪʥʦʰʝʥʠʝ ʜʠʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʦʚ ʙʳʣʦ 

ʚʳʙʨʘʥʦ ʬʠʢʩʠʨʦʚʘʥʥʳʤ: d2/d1 = 1,151 ʠ d3/d1 = 0,816. ʆʩʪʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ 

ʩʪʨʫʢʪʫʨʳ Mɺʉ-19 ʧʦʜʙʠʨʘʣʠʩʴ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʵʬʬʝʢʪʠʚʥʳʡ 

ʦʜʥʦʤʦʜʦʚʳʡ ʨʝʞʠʤ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʦʙʳʯʥʳʤ ʢʨʠʪʝʨʠʝʤ [3]: ʥʠʟʢʠʝ ʧʦʪʝʨʠ ʥʘ 

ʚʳʪʝʢʘʥʠʝ ʜʣʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʤʦʜ (ʤʝʥʝʝ 0,1 ʜɹ/ʤ) ʠ ʦʜʥʦʚʨʝʤʝʥʥʦ ʚʳʩʦʢʠʝ 

 

ʈʠʩ. 1. ʉʪʨʫʢʪʫʨʘ ʄɺʉ-19 
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ʧʦʪʝʨʠ ʥʘ ʚʳʪʝʢʘʥʠʝ ʜʣʷ ʚʳʩʰʠʭ ʤʦʜ (ʙʦʣʝʝ 1,0 ʜɹ/ʤ) ʚ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ 

ʦʪ 1,0 ʜʦ 1,1 ʤʢʤ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʜʣʷ ʨʘʩʯʝʪʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢ Mɺʉ-19 ʙʳʣʠ ʚʳ-

ʙʨʘʥʳ ʩʣʝʜʫʶʱʠʝ ʧʘʨʘʤʝʪʨʳ: d1/L1 = 0,863, L2/L1 = 1,121 ʠ L3/L1 = 0,95. ʈʘʩʯʝ-

ʪʳ ʧʦʪʝʨʴ ʥʘ ʚʳʪʝʢʘʥʠʝ ʜʣʷ ʠʟʦʛʥʫʪʦʛʦ ʄɺʉ-19 ʧʨʦʚʦʜʠʣʠʩʴ ʧʫʪʝʤ ʟʘʤʝʥʳ ʝʛʦ 

ʥʘ ʧʨʷʤʦʡ ʄɺʉ-19 ʩ ʵʢʚʠʚʘʣʝʥʪʥʳʤ ʧʨʦʬʠʣʝʤ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ nequ, ʢʦ-

ʪʦʨʳʡ ʦʧʨʝʜʝʣʷʣʩʷ (ʧʨʠ ʠʟʛʠʙʝ ʚʜʦʣʴ ʦʩʠ x) ʧʦ ʬʦʨʤʫʣʝ [4]: 
 

ὲ ὼȟώ  ὲὼȟώ ρ ὼȾὙȟ                                    ρ 
 

ʛʜʝ n (x, y) ï ʠʩʭʦʜʥʳʡ ʧʨʦʬʠʣʴ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʧʨʷʤʦʛʦ ʄɺC-19;  

R ï ʨʘʜʠʫʩ ʠʟʛʠʙʘ ʚ ʤʝʪʨʘʭ. 

ʏʠʩʣʝʥʥʳʝ ʨʘʩʯʝʪʳ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʄɺʉ-19 ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʤʝʪʦʜʘ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ (FEM) ʩ ʮʠʣʠʥʜʨʠʯʝʩʢʠʤ PML (perfectly matched 

layer) ʩʣʦʝʤ, ʢʦʪʦʨʳʡ ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʝʦʙʭʦʜʠʤʫʶ ʪʦʯʥʦʩʪʴ ʨʘʩʯʸʪʦʚ ʧʦʪʝʨʴ ʥʘ 

ʚʳʪʝʢʘʥʠʝ ʜʣʷ ʤʦʜʝʣʠʨʫʝʤʦʡ ʩʪʨʫʢʪʫʨʳ, ʠʤʝʶʱʝʡ ʦʛʨʘʥʠʯʝʥʥʳʡ ʨʘʟʤʝʨ. ʅʘ 

ʨʠʩ. 2 ʧʦʢʘʟʘʥʳ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʣʷ ʜʚʫʭ ʧʦʣʷ-

ʨʠʟʘʮʠʡ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʤʦʜ (1, 2) ʠ ʯʝʪʳʨʝʭ ʚʳʩʰʠʭ ʤʦʜ (3ï6) ʥʘ ʜʣʠʥʝ ʚʦʣ-

ʥʳ 1,05 ʤʢʤ ʧʨʠ ʨʘʜʠʫʩʝ ʠʟʛʠʙʘ 8 ʩʤ. 

 

 

ʈʠʩ. 2. ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠ ̫ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ (1, 2)  

ʠ ʚʳʩʰʠʭ ʤʦʜ (3ï6) ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 1,05 ʤʢʤ ʧʨʠ ʨʘʜʠʫʩʝ ʠʟʛʠʙʘ 8 ʩʤ 
 

ʅʝʦʙʭʦʜʠʤʦ ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ ʚ ʨʝʘʣʴʥʦʩʪʠ ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʩʢʦʣʴʢʦ ʛʨʫʧʧ 

ʩʚʷʟʘʥʥʳʭ ʤʦʜ, ʚ ʢʘʞʜʦʡ ʠʟ ʢʦʪʦʨʳʭ ʥʝʢʦʪʦʨʳʝ ʧʘʨʳ ʤʦʜ ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʜʣʠ-

ʥʘʭ ʚʦʣʥ ʠʤʝʶʪ ʦʯʝʥʴ ʧʦʭʦʞʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ 

ʩʝʨʜʮʝʚʠʥʝ ʄɺʉ-19, ʘ ʪʘʢʞʝ ʚ ʢʦʣʴʮʝʚʦʤ ʟʘʟʦʨʝ. ɼʣʷ ʫʜʦʙʩʪʚʘ ʵʪʠ ʤʦʜʳ ʫʩʣʦʚʥʦ 

ʦʙʦʟʥʘʯʝʥʳ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤʠ ʙʫʢʚʘʤʠ «a», «b» ʠ «c» ʚ ʧʦʨʷʜʢʝ ʫʤʝʥʴʰʝʥʠʷ ʠʭ 

ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ. ʇʦʩʢʦʣʴʢʫ, ʢʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 2, ʧʨʦʩʪʨʘʥ-

ʩʪʚʝʥʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʤʦʜ 1 ʠ 2, 3 ʠ 4, ʘ ʪʘʢʞʝ 5 ʠ 6 ʚʝʩʴʤʘ 

ʙʣʠʟʢʠ, ʪʘʢ ʞʝ, ʢʘʢ ʠ ʦʩʪʘʣʴʥʳʝ ʠʭ ʧʘʨʘʤʝʪʨʳ, ʚ ʜʘʣʴʥʝʡʰʝʤ ʦʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘ-

ʪʳ ʧʨʠʚʦʜʷʪʩʷ ʪʦʣʴʢʦ ʜʣʷ ʦʜʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ. ʅʘ ʨʠʩ. 3, ʘ, ʧʨʠʚʝʜʝʥʳ ʩʧʝʢʪʨʘʣʴ-

ʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʨʘʟʥʠʮʳ ʤʝʞʜʫ ʧʦʢʘʟʘʪʝʣʝʤ ʧʨʝʣʦʤʣʝʥʠʷ ʯʠʩʪʦʛʦ ʢʚʘʨʮʝʚʦʛʦ 

ʩʪʝʢʣʘ ʠ ʵʬʬʝʢʪʠʚʥʳʤʠ ʧʦʢʘʟʘʪʝʣʷʤʠ ʧʨʝʣʦʤʣʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʤʦʜ. ʂʘʢ ʚʠʜʥʦ ʠʟ 

ʵʪʦʛʦ ʨʠʩʫʥʢʘ, ʵʪʠ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʠ ʥʝʢʦʪʦʨʳʭ ʟʥʘʯʝʥʠʷʭ ʜʣʠʥʳ ʚʦʣʥʳ ʧʨʠʦʙʨʝ-

ʪʘʶʪ ʭʘʨʘʢʪʝʨʥʳʡ ʘʥʪʠʢʨʦʩʩʠʥʛʦʚʳʡ ʭʘʨʘʢʪʝʨ. ʅʘ ʨʠʩ. 3, ʙ, ʧʦʢʘʟʘʥʳ ʧʨʠʤʝʨʳ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʣʷ ʤʦʜ 1a ʠ 1b ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 

863 ʥʤ, ʜʣʷ ʤʦʜ 3b ʠ 3c ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 869 ʥʤ ʠ ʜʣʷ ʤʦʜ 5a ʠ 5b ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 

992 ʥʤ. ʋʢʘʟʘʥʥʳʝ ʜʣʠʥʳ ʚʦʣʥ ʙʳʣʠ ʚʳʙʨʘʥʳ ʧʦ ʜʘʥʥʳʤ ʨʠʩ. 3, ʘ, ʩʦʛʣʘʩʥʦ ʢʦʪʦ-

ʨʳʤ ʥʘ ʵʪʠʭ ʜʣʠʥʘʭ ʚʦʣʥ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʘʨʳ ʤʦʜ ʠʤʝʶʪ ʥʘʠʙʦʣʝʝ ʙʣʠʟʢʠʝ 

ʟʥʘʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʳʭ ʧʦʢʘʟʘʪʝʣʝʡ ʧʨʝʣʦʤʣʝʥʠʷ. 
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ʈʠʩ. 3. ʉʧʝʢʪʨʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʨʘʟʥʠʮʳ ʤʝʞʜʫ ʧʦʢʘʟʘʪʝʣʝʤ ʧʨʝʣʦʤʣʝʥʠʷ  

ʯʠʩʪʦʛʦ ʢʚʘʨʮʝʚʦʛʦ ʩʪʝʢʣʘ ʠ ʵʬʬʝʢʪʠʚʥʳʤʠ ʧʦʢʘʟʘʪʝʣʷʤʠ ʧʨʝʣʦʤʣʝʥʠʷ ʨʘʟʣʠʯʥʳʭ 

ʤʦʜ (ʘ); ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʣʷ ʤʦʜ 1a ʠ 1b ʥʘ ʜʣʠʥʝ  

ʚʦʣʥʳ 863 ʥʤ, ʜʣʷ ʤʦʜ 3b ʠ 3c ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 869 ʥʤ ʠ ʜʣʷ ʤʦʜ 5a ʠ 5b ʥʘ ʜʣʠʥʝ  

ʚʦʣʥʳ 992 ʥʤ (ʙ) 
 

ʇʨʠ ʠʟʤʝʥʝʥʠʠ ʜʣʠʥʳ ʚʦʣʥʳ ʚ ʪʫ ʠʣʠ ʠʥʫʶ ʩʪʦʨʦʥʫ ʦʪ ʚʳʙʨʘʥʥʳʭ ʟʥʘʯʝ-

ʥʠʡ ʧʨʦʠʩʭʦʜʠʪ ʪʨʘʥʩʬʦʨʤʘʮʠʷ ʤʦʜ ʚ ʵʪʠʭ ʧʘʨʘʭ: ʜʣʷ ʦʜʥʦʡ ʠʟ ʤʦʜ ʠʥʪʝʥʩʠʚ-

ʥʦʩʪʴ ʚ ʩʝʨʜʮʝʚʠʥʝ ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʘ ʚ ʢʦʣʴʮʝʚʦʤ ʟʘʟʦʨʝ ʫʤʝʥʴʰʘʝʪʩʷ, ʘ ʜʣʷ ʜʨʫ-

ʛʦʡ ʤʦʜʳ ʠʤʝʝʪ ʤʝʩʪʦ ʦʙʨʘʪʥʘʷ ʢʘʨʪʠʥʘ. ʇʨʠ ʜʨʫʛʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʠʟʤʝʥʝʥʠʷ 

ʜʣʠʥʳ ʚʦʣʥʳ ʭʘʨʘʢʪʝʨ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʤʦʜ ʤʝʥʷʝʪʩʷ ʥʘ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʡ. ʄʝ-

ʥʷʶʪʩʷ ʪʘʢʞʝ ʠ ʧʦʪʝʨʠ ʥʘ ʚʳʪʝʢʘʥʠʝ ʜʣʷ ʵʪʠʭ ʤʦʜ, ʧʨʠʯʝʤ ʦʥʠ ʫʚʝʣʠʯʠʚʘʶʪʩʷ 

ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʜʦʣʠ ʠʟʣʫʯʝʥʠʷ ʚ ʢʦʣʴʮʝʚʦʤ ʟʘʟʦʨʝ. 

ʅʘ ʨʠʩ. 4, a, ʧʦʢʘʟʘʥʳ ʨʘʩʩʯʠʪʘʥʥʳʝ ʩʧʝʢʪʨʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʪʝʨʴ ʥʘ 

ʚʳʪʝʢʘʥʠʝ ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʤʦʜ ʄɺʉ-19. ʏʪʦʙʳ ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʦʧʠʩʘʪʴ 

ʧʦʪʝʨʠ ʜʣʷ ʠʟʣʫʯʝʥʠʷ, ʧʨʦʭʦʜʷʱʝʛʦ ʯʝʨʝʟ Mɺʉ-19, ʤʳ ʦʧʨʝʜʝʣʠʣʠ ʠʥʪʝʛʨʘʣʴ-

ʥʳʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʵʪʠʭ ʤʦʜ ʚ ʩʝʨʜʮʝʚʠʥʝ Mɺʉ-19, ʥʦʨʤʠʨʦʚʘʥʥʳʝ ʥʘ ʠʭ ʩʫʤ-

ʤʫ ʜʣʷ ʢʘʞʜʦʡ ʠʟ ʛʨʫʧʧ, ʢʦʪʦʨʳʝ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 4, ʙ. 
 

 

                     ʘ               ʙ 

ʈʠʩ. 4. ʉʧʝʢʪʨʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʪʝʨʴ ʥʘ ʚʳʪʝʢʘʥʠʝ ʤʦʜ Mɺʉ-19 (ʘ);  

ʩʧʝʢʪʨʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʤʦʜ Mɺʉ-19 (ʙ) 
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ʈʘʩʯʝʪʳ ʠʪʦʛʦʚʳʭ ʧʦʪʝʨʴ ʜʣʷ ʠʟʣʫʯʝʥʠʷ, ʧʨʦʭʦʜʷʱʝʛʦ ʯʝʨʝʟ Mɺʉ-19, ʧʨʦ-

ʚʦʜʠʣʠʩʴ ʧʦ ʧʨʦʩʪʦʤʫ ʘʣʛʦʨʠʪʤʫ, ʧʨʝʜʣʦʞʝʥʥʦʤʫ ʥʘʤʠ ʚ ʨʘʙʦʪʝ [1]. ʆʥ ʦʩʥʦʚʘʥ 

ʥʘ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ ʜʣʷ ʢʘʞʜʦʡ ʢʦʥʢʨʝʪʥʦʡ ʜʣʠʥʳ ʚʦʣʥʳ ʚʭʦʜʷʱʝʝ  

ʚ ʄɺʉ-19 ʠʟʣʫʯʝʥʠʝ, ʦʪʥʦʩʷʱʝʝʩʷ ʢ ʤʦʜʝ ʢʦʥʢʨʝʪʥʦʛʦ ʪʠʧʘ (ʫʩʣʦʚʥʦ, «m»), ʨʘʟ-

ʜʝʣʠʪʩʷ ʤʝʞʜʫ ʤʦʜʘʤʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʛʨʫʧʧʳ (ʪʦ ʝʩʪʴ mʘ, mb ʠ mc) ʧʨʦʧʦʨ-

ʮʠʦʥʘʣʴʥʦ ʠʭ ʠʥʪʝʥʩʠʚʥʦʩʪʷʤ ʚ ʩʝʨʜʮʝʚʠʥʝ, ʦʧʨʝʜʝʣʷʝʤʳʤ ʧʦ ʟʘʚʠʩʠʤʦʩʪʷʤ, 

ʧʨʠʚʝʜʝʥʥʳʤ ʥʘ ʨʠʩ. 4, ʙ. ɿʘʪʝʤ, ʧʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʧʦ ʫʯʘʩʪʢʫ ʄɺʉ-19 ʜʣʠ-

ʥʦʡ L, ʠʟʣʫʯʝʥʠʝ ʚ ʢʘʞʜʦʡ ʠʟ ʵʪʠʭ ʤʦʜ ʦʩʣʘʙʥʝʪ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʨʠʩʫʱʠʤʠ ʠʤ 

ʧʦʪʝʨʷʤʠ, ʧʨʠʚʝʜʝʥʥʳʤʠ ʥʘ ʨʠʩ. 4, ʘ. ʊʦʛʜʘ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʵʪʠʭ ʤʦʜ ʥʘ ʚʳʭʦʜʝ ʦʪʨʝʟʢʘ ʩʚʝʪʦʚʦʜʘ ʄɺʉ-19 ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʤʦʜʳ ʜʘʥʥʦʛʦ 

ʢʦʥʢʨʝʪʥʦʛʦ ʪʠʧʘ Im ʢʘʢ ʩʫʤʤʫ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʤʦʜ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʛʨʫʧʧʳ. 

ɿʘʪʝʤ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʧʦʪʝʨʠ ʜʣʷ ʠʟʣʫʯʝʥʠʷ ʜʣʷ ʢʘʞʜʦʛʦ ʪʠʧʘ ʤʦʜʳ  

(m = 1 · 6) ʩ ʧʦʤʦʱʴʶ ʩʣʝʜʫʶʱʝʛʦ ʚʳʨʘʞʝʥʠʷ: 
 

‌   ρπȾὒ ὰέὫὍ Ὅϳ ȟ                                         ς 
 

ʚ ʢʦʪʦʨʦʤ I0m = 1 ʚ ʩʠʣʫ ʥʦʨʤʠʨʦʚʢʠ. ɼʣʷ ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʝʛʦ ʠʥ-

ʪʝʥʩʠʚʥʦʩʪʴ ʥʘ ʚʭʦʜʝ ʚ ʄɺʉ-19 ʜʝʣʠʪʩʷ ʥʘ ʜʚʝ ʨʘʚʥʳʝ ʯʘʩʪʠ, ʟʘʪʝʤ ʜʣʷ ʢʘʞʜʦʡ 

ʧʦʣʷʨʠʟʘʮʠʠ ʧʨʦʚʦʜʷʪʩʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʨʘʩʯʝʪʳ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʨʦʰʝʜʰʝ-

ʛʦ ʠʟʣʫʯʝʥʠʷ, ʘ ʧʦʪʦʤ ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʢʣʘʜʳʚʘʶʪʩʷ ʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʧʦ-

ʪʝʨʠ ʜʣʷ ʤʦʜ LP01, LP11o ʠ LP11e. ʅʘ ʨʠʩ. 5 ʧʨʠʚʝʜʝʥʳ ʩʧʝʢʪʨʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʠʪʦʛʦʚʳʭ ʧʦʪʝʨʴ ʥʘ ʚʳʪʝʢʘʥʠʝ ʦʩʥʦʚʥʳʭ ʠ ʚʳʩʰʠʭ ʤʦʜ Mɺʉ-19. 
 

 

ʈʠʩ. 5. ʉʧʝʢʪʨʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʪʦʛʦʚʳʭ ʧʦʪʝʨʴ ʥʘ ʚʳʪʝʢʘʥʠʝ  

ʦʩʥʦʚʥʳʭ ʠ ʚʳʩʰʠʭ ʤʦʜ Mɺʉ-19 

 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 5, ʄɺʉ-19 ʦʙʝʩʧʝʯʠʚʘʝʪ ʦʜʥʦʤʦʜʦʚʳʡ ʨʝʞʠʤ ʚ ʩʧʝʢ-

ʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ ʦʪ 0,99 ʤʢʤ ʜʦ ʙʦʣʝʝ ʯʝʤ 1,35 ʤʢʤ. ʇʨʠ ʵʪʦʤ ʧʦʪʝʨʠ ʥʘ ʚʳ-

ʪʝʢʘʥʠʝ ʜʣʷ ʦʩʥʦʚʥʳʭ ʤʦʜ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 1,05 ʤʢʤ ʩʦʩʪʘʚʣʷʶʪ ~0,056 ʜɹ/ʤ, 

ʘ ʜʣʷ ʤʦʜ ʙʦʣʝʝ ʚʳʩʦʢʦʛʦ ʧʦʨʷʜʢʘ ï ʙʦʣʝʝ 12,3 ʜɹ/ʤ. 
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4. ɿʘʢʣʶʯʝʥʠʝ 

ʇʦʣʫʯʝʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʤʦʛʫʪ ʙʳʪʴ ʩʢʦʨʨʝʢʪʠʨʦʚʘʥʳ ʧʦʜ ʣʶʙʫʶ ʢʦʥʢʨʝʪ-

ʥʫʶ ʟʘʜʘʯʫ. ʅʘʧʨʠʤʝʨ, ʧʦʪʝʨʠ ʥʘ ʚʳʪʝʢʘʥʠʝ ʜʣʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʤʦʜ Mɺʉ-19 

ʤʦʛʫʪ ʙʳʪʴ ʫʤʝʥʴʰʝʥʳ ʥʘ ʧʦʨʷʜʦʢ ʠ ʙʦʣʝʝ ʧʫʪʝʤ ʚʳʙʦʨʘ ʜʨʫʛʠʭ ʦʧʪʠʤʘʣʴʥʳʭ 

ʧʘʨʘʤʝʪʨʦʚ ʄɺʉ-19, ʠʩʭʦʜʷ ʠʟ ʢʦʥʢʨʝʪʥʳʭ ʪʨʝʙʦʚʘʥʠʡ ʚʟʘʤʝʥ ʠʩʧʦʣʴʟʦʚʘʥʥʦʛʦ 

ʥʘʤʠ ʩʪʘʥʜʘʨʪʥʦʛʦ ʢʨʠʪʝʨʠʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʦʜʥʦʤʦʜʦʚʦʛʦ ʨʝʞʠʤʘ [3]. ʇʨʠ ʵʪʦʤ 

ʤʦʞʥʦ ʦʞʠʜʘʪʴ, ʯʪʦ ʧʦʪʝʨʠ ʥʘ ʚʳʪʝʢʘʥʠʝ ʜʣʷ ʚʳʩʰʠʭ ʤʦʜ ʙʫʜʫʪ ʢʘʢ ʤʠʥʠʤʫʤ ʥʘ 

ʜʚʘ ʧʦʨʷʜʢʘ ʙʦʣʴʰʝ ʧʦʪʝʨʴ ʥʘ ʚʳʪʝʢʘʥʠʝ ʜʣʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʤʦʜ. ʂʦʥʝʯʥʦ, 

ʵʪʘ ʟʘʜʘʯʘ ʜʦʩʪʘʪʦʯʥʦ ʪʨʫʜʦʝʤʢʘʷ, ʧʦʩʢʦʣʴʢʫ ʩʪʨʫʢʪʫʨʘ ʄɺʉ-19 ʠʤʝʝʪ ʙʦʣʴʰʦʡ 

ʥʘʙʦʨ ʨʘʟʣʠʯʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʚʘʨʴʠʨʦʚʘʥʠʷ, ʠ ʜʣʷ ʝʝ ʨʝʰʝʥʠʷ ʧʦʪʨʝʙʫʝʪʩʷ 

ʧʨʠʤʝʥʝʥʠʝ ʘʣʛʦʨʠʪʤʘ ʤʫʣʴʪʠʦʙʲʝʢʪʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ [5] ʠʣʠ ʤʝʪʦʜʦʚ ʤʘʰʠʥ-

ʥʦʛʦ ʦʙʫʯʝʥʠʷ [6]. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 
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ʆʧʪʦʚʦʣʦʢʦʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠ ʠʛʨʘʶʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʚ ʠʟʤʝʨʝʥʠʠ ʪʝʤʧʝ-

ʨʘʪʫʨ ʧʦʨʦʜʥʦʛʦ ʤʘʩʩʠʚʘ ʧʨʠ ʝʛʦ ʠʩʢʫʩʩʪʚʝʥʥʦʤ ʟʘʤʦʨʘʞʠʚʘʥʠʠ ʜʣʷ ʙʝʟʦʧʘʩ-

ʥʦʡ ʧʨʦʭʦʜʢʠ ʰʘʭʪʥʳʭ ʩʪʚʦʣʦʚ ʯʝʨʝʟ ʚʦʜʦʥʦʩʥʳʝ ʛʦʨʠʟʦʥʪʳ. ʆʙʝʩʧʝʯʠʚʘʷ ʦʙ-

ʨʘʪʥʫʶ ʩʚʷʟʴ, ʦʪʨʘʞʘʷ ʦʪʢʣʠʢ ʩʨʝʜʳ ʚ ʦʪʚʝʪ ʥʘ ʪʝʨʤʠʯʝʩʢʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ï ʠʟ-

ʤʝʥʝʥʠʝ ʨʝʞʠʤʘ ʨʘʙʦʪʳ ʟʘʤʦʨʘʞʠʚʘʶʱʝʛʦ ʢʦʤʧʣʝʢʩʘ, ʦʥʠ ʷʚʣʷʶʪʩʷ ʚʘʞʥʳʤ 

ʟʚʝʥʦʤ ʚ ʩʠʩʪʝʤʝ ʫʧʨʘʚʣʝʥʠʷ ʠʩʢʫʩʩʪʚʝʥʥʳʤ ʟʘʤʦʨʘʞʠʚʘʥʠʝʤ «ʧʦ ʪʨʝʙʦʚʘ-

ʥʠ»ʁ. ɺʳʩʦʢʘʷ ʜʝʪʘʣʴʥʦʩʪʴ, ʪʦʯʥʦʩʪʴ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʜʘʥʥʳʭ 

ʦ ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʦʨʦʜʥʦʛʦ ʤʘʩʩʠʚʘ ʧʦʟʚʦʣʷʶʪ ʥʘʜʝʞʥʦ ʦʮʝʥʠʚʘʪʴ ʧʘʨʘʤʝʪʨʳ 

ʣʝʜʦʧʦʨʦʜʥʳʭ ʦʛʨʘʞʜʝʥʠʡ ʠ, ʙʣʘʛʦʜʘʨʷ ʥʝʧʨʝʨʳʚʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ, ʦʧʝʨʘʪʠʚʥʦ 

ʨʝʘʛʠʨʦʚʘʪʴ ʥʘ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʣʶʙʦʡ ʚʥʝʰʪʘʪʥʦʡ ʩʠʪʫʘʮʠʠ, ʢʦʨʨʝʢʪʠʨʫʷ ʧʨʦ-

ʮʝʩʩ ʩʪʨʦʠʪʝʣʴʩʪʚʘ ʩʪʚʦʣʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʠʩʢʫʩʩʪʚʝʥʥʦʝ ʟʘʤʦʨʘʞʠʚʘʥʠʝ ʛʦʨʥʳʭ ʧʦʨʦʜ, ʣʝʜʦʧʦ-

ʨʦʜʥʦʝ ʦʛʨʘʞʜʝʥʠʝ, ʪʝʨʤʦʤʝʪʨʠʯʝʩʢʠʡ ʢʦʥʪʨʦʣʴ. 
 

1. ɺʚʝʜʝʥʠʝ 

ɿʘ ʧʦʩʣʝʜʥʠʝ ʜʚʘ ʜʝʩʷʪʠʣʝʪʠʷ ʦʧʪʦʚʦʣʦʢʦʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠ ʧʨʦʯʥʦ ʟʘʢʨʝʧʠ-

ʣʠ ʩʚʦʠ ʧʦʟʠʮʠʠ ʚ ʩʢʚʘʞʠʥʥʦʡ ʪʝʨʤʦʤʝʪʨʠʠ ʠ ʛʦʨʥʦʡ ʪʝʧʣʦʬʠʟʠʢʝ. ʋʞʝ ʥʠ ʦʜʥʦ 

ʩʪʨʦʠʪʝʣʴʩʪʚʦ ʰʘʭʪʥʳʭ ʩʪʚʦʣʦʚ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʩʧʝʮʠʘʣʴʥʦʛʦ ʩʧʦʩʦʙʘ ʠʩʢʫʩ-

ʩʪʚʝʥʥʦʛʦ ʟʘʤʦʨʘʞʠʚʘʥʠʷ ʛʦʨʥʳʭ ʧʦʨʦʜ ʥʝ ʦʙʭʦʜʠʪʩʷ ʙʝʟ ʨʘʩʧʨʝʜʝʣʝʥʥʦʛʦ ʠʟ-

ʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨ. 

ʀʩʢʫʩʩʪʚʝʥʥʦʝ ʟʘʤʦʨʘʞʠʚʘʥʠʝ ʦʙʚʦʜʥʝʥʥʳʭ ʛʦʨʥʳʭ ʧʦʨʦʜ ʧʨʠ ʩʪʨʦʠʪʝʣʴ-

ʩʪʚʝ ʰʘʭʪʥʳʭ ʩʪʚʦʣʦʚ ʧʨʦʠʟʚʦʜʠʪʩʷ ʜʣʷ ʟʘʤʦʨʘʞʠʚʘʥʠʷ ʚʦʜʳ ʚ ʧʦʨʦʚʦ-

ʪʨʝʱʠʥʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʠ ʩʦʟʜʘʥʠʷ ʥʘʜʝʞʥʦʛʦ ʣʝʜʦʧʦʨʦʜʥʦʛʦ ʦʛʨʘʞʜʝʥʠʷ 

(ʃʇʆ) ʚ ʪʝʭ ʩʣʫʯʘʷʭ, ʢʦʛʜʘ ʦʩʪʘʣʴʥʳʝ ʩʧʦʩʦʙʳ ʟʘʱʠʪʳ ʩʪʨʦʷʱʝʡʩʷ ʛʦʨʥʦʡ ʚʳ-

ʨʘʙʦʪʢʠ (ʮʝʤʝʥʪʘʮʠʷ ʛʨʫʥʪʦʚ, ʚʦʜʦʧʦʥʠʞʝʥʠʝ) ʥʝʵʬʬʝʢʪʠʚʥʳ. ɺʦʢʨʫʛ ʢʦʥʪʫʨʘ 

ʙʫʜʫʱʝʡ ʚʳʨʘʙʦʪʢʠ ʦʙʫʩʪʨʘʠʚʘʝʪʩʷ ʢʦʣʴʮʦ ʩʢʚʘʞʠʥ, ʦʙʦʨʫʜʦʚʘʥʥʳʭ ʟʘʤʦʨʘʞʠ-

ʚʘʶʱʠʤʠ ʢʦʣʦʥʢʘʤʠ. ʅʘʠʙʦʣʴʰʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʣʫʯʠʣ ʩʧʦʩʦʙ ʨʘʩʩʦʣʴʥʦʛʦ 

ʟʘʤʦʨʘʞʠʚʘʥʠʷ ʩ ʥʝʧʨʝʨʳʚʥʦʡ ʮʠʨʢʫʣʷʮʠʝʡ ʭʣʘʜʦʥʦʩʠʪʝʣʷ (ʦʙʳʯʥʦ ʚʦʜʥʦʛʦ 

ʨʘʩʪʚʦʨʘ ʩʦʣʝʡ, ʥʘʧʨʠʤʝʨ, ʭʣʦʨʠʜʘ ʢʘʣʴʮʠʷ) ʚ ʟʘʤʦʨʘʞʠʚʘʶʱʠʭ ʢʦʣʦʥʢʘʭ. ʅʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʣʦʥʢʠ ʦʙʲʝʜʠʥʷʶʪʩʷ ʚ ʛʠʜʨʘʚʣʠʯʝʩʢʫʶ ʩʝʪʴ, ʜʚʠʞʝʥʠʝ ʨʘʩʩʦʣʘ ʚ 

ʢʦʪʦʨʦʡ ʦʙʝʩʧʝʯʠʚʘʶʪ ʚʩʪʨʦʝʥʥʳʝ ʥʘʩʦʩʳ, ʘ ʦʭʣʘʞʜʝʥʠʝ ï ʧʨʦʤʳʰʣʝʥʥʦʝ ʭʦʣʦ-



 

 
39 

ʜʠʣʴʥʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ. ʈʝʞʝ, ʚ ʪʝʭ ʩʣʫʯʘʷʭ, ʢʦʛʜʘ ʜʣʷ ʦʭʣʘʞʜʝʥʠʷ ʤʘʩʩʠʚʘ ʪʨʝ-

ʙʫʶʪʩʷ ʥʠʟʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ, ʧʨʠʤʝʥʷʝʪʩʷ ʠʩʢʫʩʩʪʚʝʥʥʦʝ ʟʘʤʦʨʘʞʠʚʘʥʠʝ ʩ ʧʨʷ-

ʤʦʡ ʧʦʜʘʯʝʡ ʭʣʘʜʘʛʝʥʪʘ (ʥʘʧʨʠʤʝʨ, ʞʠʜʢʦʛʦ ʘʟʦʪʘ) ʚ ʟʘʤʦʨʘʞʠʚʘʶʱʠʝ ʢʦʣʦʥʢʠ 

ʠ ʝʛʦ ʧʦʩʣʝʜʫʶʱʠʤ ʠʩʧʘʨʝʥʠʝʤ ʚ ʥʠʭ. 

ɼʣʷ ʤʦʥʠʪʦʨʠʥʛʘ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʟʘʤʦʨʘʞʠʚʘʥʠʷ ʦʙʫʩʪʨʘʠʚʘʶʪʩʷ ʩʧʝʮʠʘʣʴ-

ʥʳʝ ʢʦʥʪʨʦʣʴʥʦ-ʪʝʨʤʠʯʝʩʢʠʝ (ʂʊ) ʩʢʚʘʞʠʥʳ, ʦʙʳʯʥʦ ʚ ʢʦʣʠʯʝʩʪʚʝ 10 % ʦʪ ʦʙʱʝ-

ʛʦ ʯʠʩʣʘ ʟʘʤʦʨʘʞʠʚʘʶʱʠʭ ʢʦʣʦʥʦʢ. ʂʦʥʪʨʦʣʴʥʦ-ʪʝʨʤʠʯʝʩʢʠʝ ʩʢʚʘʞʠʥʳ ʦʙʦʨʫ-

ʜʫʶʪʩʷ ʪʝʨʤʦʤʝʪʨʠʯʝʩʢʠʤʠ ʢʦʣʦʥʢʘʤʠ ʠ ʟʘʧʦʣʥʷʶʪʩʷ ʪʝʧʣʦʧʨʦʚʦʜʷʱʝʡ ʥʝʟʘʤʝʨ-

ʟʘʶʱʝʡ ʞʠʜʢʦʩʪʴʶ (ʦʙʳʯʥʦ ʨʘʩʩʦʣʦʤ ʪʦʛʦ ʞʝ ʩʦʩʪʘʚʘ, ʯʪʦ ʠ ʚ ʟʘʤʦʨʘʞʠʚʘʶʱʠʭ 

ʢʦʣʦʥʢʘʭ). ɼʦ ʨʘʟʚʠʪʠʷ ʦʧʪʦʚʦʣʦʢʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ 

ʚ ʂʊ ʩʢʚʘʞʠʥʘʭ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʛʠʨʣʷʥʜʳ ʪʝʨʤʦʤʝʪʨʦʚ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ʢʘ-

ʯʝʩʪʚʝ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʵʣʝʤʝʥʪʘ ʚ ʥʠʭ ʠʩʧʦʣʴʟʫʝʪʩʷ ʦʧʪʦʚʦʣʦʢʦʥʥʳʡ ʢʘʙʝʣʴ, ʧʦʜ-

ʢʣʶʯʘʝʤʳʡ ʢ DTS-ʨʝʛʠʩʪʨʘʪʦʨʫ. DTS (distributed temperature sensing) ï ʪʝʭʥʦʣʦʛʠʷ 

ʨʘʩʧʨʝʜʝʣʝʥʥʦʛʦ ʠʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨ ʧʦ ʜʣʠʥʝ ʦʧʪʦʚʦʣʦʢʦʥʥʦʛʦ ʢʘʙʝʣʷ ʙʝʟ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʷ ʙʨʝʛʛʦʚʩʢʠʭ ʨʝʰʝʪʦʢ. ɺ ʩʚʦʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʤʳ ʠʩʧʦʣʴʟʫʝʤ ʨʝʛʠ-

ʩʪʨʘʪʦʨ DTS Silixa Ultima ʧʨʦʠʟʚʦʜʩʪʚʘ ɺʝʣʠʢʦʙʨʠʪʘʥʠʠ, ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ ʢʘʯʝ-

ʩʪʚʝʥʥʳʤ ʦʧʪʦʚʦʣʦʢʥʦʤ ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʚʳʩʦʢʫʶ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʠʟʤʝʥʝ-

ʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ, ʧʦʚʪʦʨʷʝʤʦʩʪʴ ʠʟʤʝʨʝʥʠʡ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʨʘʟʨʝʰʘʶʱʫʶ 

ʩʧʦʩʦʙʥʦʩʪʴ. ɺ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ ʘʥʘʣʠʪʠʯʝʩʢʠʤ ʩʝʨʚʝʨʦʤ, ʦʙʲʝʜʠʥʝʥʥʳʝ ʚ ʩʝʪʴ ʩ 

ʢʦʥʪʨʦʣʣʝʨʦʤ ʟʘʤʦʨʘʞʠʚʘʶʱʝʡ ʩʪʘʥʮʠʠ, ʵʪʠ ʢʦʤʧʦʥʝʥʪʳ ʦʙʨʘʟʫʶʪ ʘʚʪʦʤʘʪʠʟʠ-

ʨʦʚʘʥʥʫʶ ʩʠʩʪʝʤʫ ʪʝʨʤʦʤʝʪʨʠʯʝʩʢʦʛʦ ʢʦʥʪʨʦʣʷ ʩʦʩʪʦʷʥʠʷ ʣʝʜʦʧʦʨʦʜʥʦʛʦ ʦʛʨʘʞ-

ʜʝʥʠʷ ʥʘ ʫʯʘʩʪʢʝ ʩʪʨʦʠʪʝʣʴʩʪʚʘ ʰʘʭʪʥʦʛʦ ʩʪʚʦʣʘ. 

ʆʪʜʝʣʴʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ ʩʠʩʪʝʤʳ ʷʚʣʷʶʪʩʷ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ (ʪʝʧʣʦʬʠʟʠʯʝ-

ʩʢʘʷ) ʤʦʜʝʣʴ ʧʨʦʮʝʩʩʦʚ ʪʝʧʣʦʤʘʩʩʦʧʝʨʝʥʦʩʘ ʚ ʟʘʤʦʨʘʞʠʚʘʝʤʦʤ ʤʘʩʩʠʚʝ ʛʦʨʥʳʭ 

ʧʦʨʦʜ ʠ ʧʨʦʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ FrozenWall [2] ʜʣʷ ʨʘʙʦʪʳ ʩ ʥʝʡ. ʄʦʜʝʣʴ ʫʯʠ-

ʪʳʚʘʝʪ ʚʩʝ ʝʩʪʝʩʪʚʝʥʥʳʝ ʠ ʪʝʭʥʦʛʝʥʥʳʝ ʠʩʪʦʯʥʠʢʠ ʪʝʧʣʦʚʳʜʝʣʝʥʠʡ ʠ ʧʦʟʚʦʣʷʝʪ 

ʚʳʧʦʣʥʷʪʴ ʨʝʢʦʥʩʪʨʫʢʮʠʶ ʧʦʣʷ ʪʝʤʧʝʨʘʪʫʨ ʚʦʢʨʫʛ ʩʪʨʦʷʱʝʡʩʷ ʚʳʨʘʙʦʪʢʠ. ʇʦ ʧʘ-

ʨʘʤʝʪʨʘʤ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʦʮʝʥʠʚʘʝʪʩʷ ʥʘʜʝʞʥʦʩʪʴ ʣʝʜʦʧʦʨʦʜʥʦʛʦ ʦʛʨʘʞʜʝ-

ʥʠʷ, ʧʨʠʟʚʘʥʥʦʛʦ ʩʣʫʞʠʪʴ ʧʨʦʪʠʚʦʬʠʣʴʪʨʘʮʠʦʥʥʦʡ ʟʘʱʠʪʦʡ ʦʪ ʧʨʦʥʠʢʥʦʚʝʥʠʷ 

ʧʦʜʟʝʤʥʳʭ ʚʦʜ ʚ ʩʪʚʦʣ ʠ ʚʨʝʤʝʥʥʦʡ ʢʨʝʧʴʶ ʚʦ ʠʟʙʝʞʘʥʠʝ ʦʧʦʣʟʘʥʠʷ ʩʪʝʥʦʢ ʩʪʨʦ-

ʷʱʝʡʩʷ ʚʳʨʘʙʦʪʢʠ ʜʦ ʤʦʤʝʥʪʘ ʝʝ ʧʦʣʥʦʮʝʥʥʦʛʦ ʧʦʩʪʦʷʥʥʦʛʦ ʢʨʝʧʣʝʥʠʷ. 

ɼʘʥʥʳʝ DTS ʩʠʩʪʝʤʳ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʢʦʥʪʨʦʣʷ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʤʦʜʝʣʴ-

ʥʳʭ ʧʦʩʪʨʦʝʥʠʡ ʠ ʢʘʣʠʙʨʦʚʢʠ ʪʝʧʣʦʬʠʟʠʯʝʩʢʦʡ ʤʦʜʝʣʠ «ʧʦ ʥʝʦʙʭʦʜʠʤʦʩʪʠ», 

ʝʩʣʠ ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʨʝʘʣʴʥʦʩʪʠ ʩʪʘʥʦʚʷʪʩʷ ʟʥʘʯʠʤʳʤʠ. ɺʤʝʩʪʝ ʩ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ 

ʤʦʜʝʣʴʶ ʠ ʧʨʦʛʨʘʤʤʥʳʤ ʦʙʝʩʧʝʯʝʥʠʝʤ ʩʠʩʪʝʤʘ ʪʝʨʤʦʤʝʪʨʠʯʝʩʢʦʛʦ ʢʦʥʪʨʦʣʷ 

ʃʇʆ ʧʦʣʦʞʠʣʠ ʥʘʯʘʣʦ ʨʘʟʚʠʪʠʶ ʢʦʥʮʝʧʮʠʠ ʟʘʤʦʨʘʞʠʚʘʥʠʷ «ʧʦ ʪʨʝʙʦʚʘʥʠʶ» 

ʠʣʠ ʛʠʙʢʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʨʝʞʠʤʦʤ ʨʘʙʦʪʳ ʟʘʤʦʨʘʞʠʚʘʶʱʝʛʦ ʢʦʤʧʣʝʢʩʘ ʚ ʟʘʚʠ-

ʩʠʤʦʩʪʠ ʦʪ ʦʙʦʩʥʦʚʘʥʥʳʭ ʧʦʪʨʝʙʥʦʩʪʝʡ [4]. 

2. ʂʦʥʮʝʧʮʠʷ ʟʘʤʦʨʘʞʠʚʘʥʠʷ ʧʦ ʪʨʝʙʦʚʘʥʠʶ 

ɺ ʙʦʣʝʝ ʫʟʢʦʤ ʩʤʳʩʣʝ ʢʦʥʮʝʧʮʠʷ ʟʘʤʦʨʘʞʠʚʘʥʠʷ ʧʦ ʪʨʝʙʦʚʘʥʠʶ ʟʘʢʣʶʯʘ-

ʝʪʩʷ ʚ ʫʧʨʘʚʣʝʥʠʠ ʨʝʞʠʤʦʤ ʨʘʙʦʪʳ ʟʘʤʦʨʘʞʠʚʘʶʱʝʡ ʩʪʘʥʮʠʠ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, 
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ʯʪʦʙʳ ʩʦʙʣʶʩʪʠ ʙʘʣʘʥʩ ʵʥʝʨʛʦʟʘʪʨʘʪ ʠ ʪʨʝʙʫʝʤʦʡ ʙʝʟʦʧʘʩʥʦʩʪʠ ʚʝʜʝʥʠʷ ʛʦʨʥʳʭ 

ʨʘʙʦʪ [4]. ʆʩʥʦʚʫ ʝʝ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʩʦʩʪʘʚʣʷʶʪ ʯʝʪʳʨʝ ʢʣʶʯʝʚʳʭ 

ʵʣʝʤʝʥʪʘ (ʨʠʩ. 1): 1) ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ (ʯʠʩʣʦ) ï ʘʧʧʨʦʢʩʠʤʠʨʫʝʪ ʨʝʘʣʴʥʫʶ 

ʩʨʝʜʫ ʠ ʝʝ ʧʦʚʝʜʝʥʠʝ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʟʘʤʦʨʘʞʠʚʘʥʠʷ; 2) ʧʨʦ-

ʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ (ʨʘʩʯʝʪ) ï ʩʦʜʝʨʞʠʪ ʥʝʦʙʭʦʜʠʤʳʝ ʘʣʛʦʨʠʪʤʳ ʠ ʤʝʪʦʜʳ 

ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʦʣʝʡ ʚ ʤʘʩʩʠʚʝ ʛʦʨʥʳʭ ʧʦʨʦʜ, ʦʮʝʥʢʠ ʪʝʢʫʱʝʛʦ 

ʠʣʠ ʧʨʦʛʥʦʟʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʃʇʆ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʪʝʭʥʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ ʧʦ ʠʩʢʫʩ-

ʩʪʚʝʥʥʦʤʫ ʟʘʤʦʨʘʞʠʚʘʥʠʶ ʠʣʠ ʢʦʨʨʝʢʪʠʨʦʚʢʝ ʨʝʞʠʤʘ ʚ ʧʨʦʮʝʩʩʝ ʩʪʨʦʠʪʝʣʴʩʪʚʘ 

ʩʪʚʦʣʘ; 3) ʦʙʦʨʫʜʦʚʘʥʠʝ ʟʘʤʦʨʘʞʠʚʘʶʱʝʛʦ ʢʦʤʧʣʝʢʩʘ (ʜʝʡʩʪʚʠʝ) ï ʨʝʘʣʠʟʫʝʪ 

ʧʨʦʮʝʩʩ ʟʘʤʦʨʘʞʠʚʘʥʠʷ ʠ ʧʦʟʚʦʣʷʝʪ ʫʧʨʘʚʣʷʪʴ ʠʤ ʥʘ ʦʩʥʦʚʝ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʠ 

ʧʨʠʥʷʪʳʭ ʨʝʰʝʥʠʡ; 4) ʠʟʤʝʨʠʪʝʣʴʥʳʡ ʢʦʤʧʣʝʢʩ (ʢʦʥʪʨʦʣʴ) ï ʜʘʝʪ ʦʙʨʘʪʥʫʶ 

ʩʚʷʟʴ ʚ ʦʪʚʝʪ ʥʘ ʫʧʨʘʚʣʝʥʠʝ ʨʝʞʠʤʦʤ ʟʘʤʦʨʘʞʠʚʘʥʠʷ, ʧʦʟʚʦʣʷʝʪ ʫʚʠʜʝʪʴ ʦʪʢʣʠʢ 

ʩʨʝʜʳ ʠ ʦʮʝʥʠʪʴ ʩʪʝʧʝʥʴ ʚʦʟʜʝʡʩʪʚʠʷ, ʩʣʫʞʠʪ ʜʣʷ ʦʮʝʥʢʠ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʤʦ-

ʜʝʣʴʥʳʭ ʧʦʩʪʨʦʝʥʠʡ ʠ ʢʘʣʠʙʨʦʚʢʠ ʪʝʧʣʦʬʠʟʠʯʝʩʢʦʡ ʤʦʜʝʣʠ. ʋʧʨʘʚʣʝʥʠʝ ʨʝʞʠ-

ʤʦʤ ʟʘʤʦʨʘʞʠʚʘʥʠʷ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʣʘʚʥʦ, ʙʝʟ ʨʝʟʢʠʭ ʚʦʟʜʝʡʩʪʚʠʡ. ʊʨʠʘʜʘ 

«ʯʠʩʣʦ ï ʨʘʩʯʝʪ ï ʢʦʥʪʨʦʣʴ» ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʠʜʝʥʠʝ ʧʨʦʮʝʩʩʘ, ʘ «ʜʝʡʩʪʚʠʝ» ï ʨʝʘ-

ʣʠʟʘʮʠʶ ʫʧʨʘʚʣʝʥʠʷ ʠʤ. 

 

 

ʈʠʩ. 1. ʂʣʶʯʝʚʳʝ ʵʣʝʤʝʥʪʳ ʢʦʥʮʝʧʮʠʠ ʟʘʤʦʨʘʞʠʚʘʥʠʷ «ʧʦ ʪʨʝʙʦʚʘʥʠʶ» 

3. ʊʝʨʤʦʤʝʪʨʠʯʝʩʢʠʡ ʢʦʥʪʨʦʣʴ ʢʘʢ ʩʠʩʪʝʤʘ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ 

ʅʘ ʨʠʩ. 2 ʧʨʝʜʩʪʘʚʣʝʥʘ ʧʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʡ ʩʠʩʪʝ-

ʤʳ ʪʝʨʤʦʤʝʪʨʠʯʝʩʢʦʛʦ ʢʦʥʪʨʦʣʷ ʩʦʩʪʦʷʥʠʷ ʃʇʆ, ʦʩʥʦʚʫ ʢʦʪʦʨʦʡ ʧʨʝʜʩʪʘʚʣʷʶʪ 

ʦʧʪʦʚʦʣʦʢʦʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠ ʨʘʩʧʨʝʜʝʣʝʥʥʦʛʦ ʠʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨ. ɺ ʧʝʨʠʦʜ 

ʧʨʦʭʦʜʢʠ ʠʟʤʝʨʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨ ʧʦʨʦʜʥʦʛʦ ʤʘʩʩʠʚʘ ʧʨʦʠʟʚʦʜʠʪʩʷ ʪʦʣʴʢʦ ʚ ʂʊ 

ʩʢʚʘʞʠʥʘʭ, ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʢʦʪʦʨʳʭ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʟʘ ʢʦʥʪʫʨʦʤ ʟʘʤʦʨʘʞʠʚʘʶʱʠʭ 

ʢʦʣʦʥʦʢ, ʪʦ ʝʩʪʴ ʥʘ ʚʥʝʰʥʝʡ ʧʝʨʠʬʝʨʠʠ ʃʇʆ. ɼʦ ʥʘʯʘʣʘ ʧʨʦʭʦʜʢʠ ʚʦʟʤʦʞʥʦ 

ʦʙʦʨʫʜʦʚʘʥʠʝ ʠʟʤʝʨʠʪʝʣʴʥʳʤ ʦʧʪʦʚʦʣʦʢʥʦʤ ʛʠʜʨʦʥʘʙʣʶʜʘʪʝʣʴʥʳʭ ʩʢʚʘʞʠʥ, 

ʧʨʦʙʫʨʝʥʥʳʭ ʚ ʢʦʥʪʫʨʝ ʧʨʦʭʦʜʢʠ ʩʪʚʦʣʘ. ʇʝʨʝʜ ʥʘʯʘʣʦʤ ʧʨʦʭʦʜʢʠ ʦʥʠ ʧʦʜʣʝʞʘʪ 

ʣʠʢʚʠʜʘʮʠʠ. ʀʥʦʛʜʘ ʜʣʷ ʥʘʙʣʶʜʝʥʠʡ ʟʘ ʚʥʫʪʨʝʥʥʝʡ ʧʝʨʠʬʝʨʠʝʡ ʃʇʆ ʦʧʪʠʯʝ-

ʩʢʠʤ ʚʦʣʦʢʥʦʤ ʦʙʦʨʫʜʫʝʪʩʷ ʩʢʚʘʞʠʥʘ ʤʝʞʜʫ ʢʦʥʪʫʨʘʤʠ ʟʘʤʦʨʘʞʠʚʘʶʱʠʭ ʢʦʣʦ-
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ʥʦʢ ʠ ʩʪʚʦʣʘ ʚ ʧʨʦʭʦʜʢʝ. ʆʙʳʯʥʦ ʵʪʦ ʚʦʟʤʦʞʥʦ ʧʨʠ ʤʝʭʘʥʠʟʠʨʦʚʘʥʥʦʤ (ʢʦʤʙʘʡ-

ʥʦʚʦʤ) ʩʧʦʩʦʙʝ ʧʨʦʭʦʜʢʠ. ʇʨʠ ʧʨʦʭʦʜʢʝ ʙʫʨʦʚʟʨʳʚʥʳʤ ʩʧʦʩʦʙʦʤ ʚʝʣʠʢ ʨʠʩʢ 

ʧʦʚʨʝʞʜʝʥʠʷ ʪʝʨʤʦʤʝʪʨʠʯʝʩʢʦʡ ʢʦʣʦʥʢʠ ʧʨʠ ʝʝ ʧʦʜʦʙʥʦʤ ʨʘʩʧʦʣʦʞʝʥʠʠ ʠ 

ʫʪʝʯʢʠ ʨʘʩʩʦʣʘ ʚ ʪʝʣʦ ʣʝʜʦʧʦʨʦʜʥʦʛʦ ʦʛʨʘʞʜʝʥʠʷ. 
 

 

ʈʠʩ. 2. ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʩʠʩʪʝʤʳ ʪʝʨʤʦʤʝʪʨʠʯʝʩʢʦʛʦ ʢʦʥʪʨʦʣʷ ʩʦʩʪʦʷʥʠʷ ʃʇʆ [4] 

 

ʉ ʮʝʣʴʶ ʥʘʙʣʶʜʝʥʠʡ ʟʘ ʚʥʫʪʨʝʥʥʝʡ ʯʘʩʪʴʶ ʃʇʆ (ʚʥʫʪʨʠ ʢʦʥʪʫʨʘ ʟʘʤʦʨʘ-

ʞʠʚʘʶʱʠʭ ʢʦʣʦʥʦʢ) ʧʨʠ ʧʨʦʭʦʜʢʝ ʩʪʚʦʣʘ ʧʝʨʠʦʜʠʯʝʩʢʠ ʧʨʦʠʟʚʦʜʷʪʩʷ ʟʘʤʝʨʳ 

ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʨʦʜʳ, ʩʣʘʛʘʶʱʝʡ ʥʝʟʘʢʨʝʧʣʝʥʥʳʝ ʩʪʝʥʢʠ ʠ ʟʘʙʦʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʠʥʬʨʘʢʨʘʩʥʦʡ ʢʘʤʝʨʳ (ʪʝʧʣʦʚʠʟʦʨʘ). ʇʦʩʣʝ ʪʦʛʦ, ʢʘʢ ʩʪʚʦʣ ʧʨʦʡ-

ʜʝʥ ʚ ʠʥʪʝʨʚʘʣʝ ʟʘʤʦʨʘʞʠʚʘʥʠʷ ʠ ʝʛʦ ʩʪʝʥʢʠ ʟʘʢʨʝʧʣʝʥʳ ʪʶʙʠʥʛʦʚʦʡ ʢʨʝʧʴʶ, 

ʥʘʯʠʥʘʶʪʩʷ ʨʘʙʦʪʳ ʧʦ ʧʦʜʛʦʪʦʚʢʝ ʧʦʨʦʜʥʦʛʦ ʤʘʩʩʠʚʘ ʢ ʪʘʤʧʦʥʘʞʫ. ʂʨʘʡʥʝ 

ʥʝʦʙʭʦʜʠʤʦ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʨʘʟʤʦʨʦʟʠʪʴ ʧʦʨʦʜʫ, ʧʨʠʤʳʢʘʶʱʫʶ ʢ ʚʥʝʰʥʝʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʝʨʝʜʦʚʦʡ ʙʝʪʦʥʥʦʡ ʢʨʝʧʠ, ʥʘ ʨʘʩʩʪʦʷʥʠʝ ʜʦ 1 ʤ, ʞʝʣʘʪʝʣʴʥʦ ʩʦ-

ʭʨʘʥʷʷ ʩʧʣʦʰʥʦʩʪʴ ʣʝʜʦʧʦʨʦʜʥʦʛʦ ʦʛʨʘʞʜʝʥʠʷ. ʇʦʩʣʝ ʨʘʟʤʦʨʘʞʠʚʘʥʠʷ ʜʘʥʥʦʡ 

ʟʦʥʳ ʟʘʢʨʝʧʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʚ ʥʝʝ ʧʨʦʠʟʚʦʜʠʪʩʷ ʠʥʲʝʢʮʠʷ ʪʘʤʧʦʥʘʞʥʦʛʦ ʨʘʩ-

ʪʚʦʨʘ ʧʦ ʚʩʝʡ ʛʣʫʙʠʥʝ ʠʥʪʝʨʚʘʣʘ ʟʘʤʦʨʦʞʝʥʥʳʭ ʧʦʨʦʜ ʠ ʩ ʦʭʚʘʪʦʤ ʧʝʨʠʤʝʪʨʘ 

ʩʪʚʦʣʘ. ɼʘʥʥʘʷ ʧʨʦʮʝʜʫʨʘ ʧʨʦʠʟʚʦʜʠʪʩʷ ʜʣʷ ʢʦʥʩʦʣʠʜʘʮʠʠ ʤʘʩʩʠʚʘ, ʧʨʠʤʳʢʘʶ-

ʱʝʛʦ ʢ ʢʨʝʧʠ ʩʪʚʦʣʘ, ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʛʠʜʨʦʠʟʦʣʷʮʠʠ. ʊʘʤʧʦʥʘʞʥʳʡ ʨʘʩʪʚʦʨ 

ʦʪʞʠʤʘʝʪ ʚʦʜʫ ʠʟ ʧʦʨʦʚʦ-ʪʨʝʱʠʥʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʧʦʨʦʜʳ, ʩʦʟʜʘʚʘʷ ʚʦʢʨʫʛ 

ʩʪʚʦʣʘ ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ ʮʝʤʝʥʪʥʫʶ ʦʙʦʣʦʯʢʫ ʠ ʧʨʝʧʷʪʩʪʚʫʷ ʚʝʨʪʠʢʘʣʴʥʳʤ ʧʝʨʝ-

ʪʦʢʘʤ ʧʦʜʟʝʤʥʳʭ ʚʦʜ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʟʘ ʢʨʝʧʴʶ. ɼʣʷ ʚʳʧʦʣʥʝʥʠʷ ʧʨʦʮʝʜʫʨʳ 

ʪʘʤʧʦʥʘʞʘ ʧʦʨʦʜʘ ʨʘʟʤʦʨʘʞʠʚʘʝʪʩʷ ʜʦ ʟʘʜʘʥʥʦʡ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ ʙʳʩʪʨʦʝ ʦʪʚʝʨʞʜʝʥʠʝ ʟʘʢʘʯʠʚʘʝʤʦʛʦ ʨʘʩʪʚʦʨʘ. 
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ʈʠʩ. 3. ʆʧʪʦʚʦʣʦʢʦʥʥʳʡ ʜʘʪʯʠʢ ʥʝʧʨʝʨʳʚʥʦʛʦ ʢʦʥʪʨʦʣʷ ʪʝʤʧʝʨʘʪʫʨ ʢʨʝʧʠ ʠ ʟʘʢʨʝʧʥʦʛʦ 

ʤʘʩʩʠʚʘ (ʬʦʪʦ ʩʣʝʚʘ ʠ ʚ ʮʝʥʪʨʝ) ʠ ʧʨʠʤʝʨ ʝʛʦ ʧʦʢʘʟʘʥʠʡ ʩ ʥʘʣʦʞʝʥʠʝʤ ʥʘ ʛʨʘʬʠʢʠ 

ʤʦʜʝʣʴʥʳʭ ʪʝʤʧʝʨʘʪʫʨ (ʩʧʨʘʚʘ) 

 

ʊʘʤʧʦʥʘʞ ʧʨʦʠʟʚʦʜʠʪʩʷ ʯʝʨʝʟ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʦʪʚʝʨʩʪʠʷ, ʧʨʦʙʫʨʝʥʥʳʝ ʚ 

ʪʶʙʠʥʛʦʚʦʡ ʢʨʝʧʠ ʩʪʚʦʣʘ. ʇʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʨʦʠʟʚʦʜʠʪʩʷ ʙʫʨʝʥʠʝ ʰʧʫʨʦʚ (ʢʦ-

ʨʦʪʢʠʭ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʩʢʚʘʞʠʥ ʛʣʫʙʠʥʦʡ 2,5ï4 ʤ). ɼʣʷ ʦʮʝʥʢʠ ʛʦʪʦʚʥʦʩʪʠ ʧʦ-

ʨʦʜʥʦʛʦ ʤʘʩʩʠʚʘ ʢ ʪʘʤʧʦʥʘʞʫ ʩʪʨʦʠʪʝʣʠ ʧʨʦʠʟʚʦʜʷʪ ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʟʘʤʝʨʳ ʪʝʤ-

ʧʝʨʘʪʫʨʳ ʧʦʨʦʜʳ ʪʝʨʤʦʤʝʪʨʘʤʠ, ʧʦʛʨʫʞʘʷ ʠʭ ʚ ʰʧʫʨʳ. ɼʘʥʥʳʡ ʧʨʦʮʝʩʩ ʙʳʣ ʘʚ-

ʪʦʤʘʪʠʟʠʨʦʚʘʥ ʧʫʪʝʤ ʠʟʛʦʪʦʚʣʝʥʠʷ ʠ ʧʨʠʤʝʥʝʥʠʷ ʦʧʪʦʚʦʣʦʢʦʥʥʳʭ ʜʘʪʯʠʢʦʚ 

(ʨʠʩ. 3), ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʥʝʧʨʝʨʳʚʥʳʝ ʟʘʤʝʨʳ, ʘʚʪʦʤʘʪʠʯʝʩʢʫʶ ʧʝʨʝʜʘʯʫ ʜʘʥ-

ʥʳʭ ʥʘ ʘʥʘʣʠʪʠʯʝʩʢʠʡ ʩʝʨʚʝʨ ʠ ʜʘʣʝʝ ï ʫʜʘʣʝʥʥʳʤ ʧʦʣʴʟʦʚʘʪʝʣʷʤ [1, 3]. ɼʘʪʯʠʢʠ 

ʢʘʞʜʦʛʦ ʩʪʚʦʣʘ ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʚ ʝʛʦ ʢʨʝʧʠ ʥʘ ʨʘʟʥʳʭ ʛʣʫʙʠʥʘʭ, ʦʪʚʝʯʘʶʱʠʭ 

ʩʣʦʷʤ ʧʦʨʦʜ, ʚ ʢʦʪʦʨʳʭ ʥʝʦʙʭʦʜʠʤʦ ʦʙʝʩʧʝʯʠʪʴ ʥʘʙʣʶʜʝʥʠʷ ʟʘ ʪʝʤʧʝʨʘʪʫʨʦʡ. 

ʇʦʩʣʝ ʦʙʲʝʜʠʥʝʥʠʷ ʚ ʣʠʥʠʶ (ʛʠʨʣʷʥʜʘ) ʦʥʠ ʧʦʜʢʣʶʯʘʶʪʩʷ ʢ ʩʚʦʙʦʜʥʦʤʫ ʢʘʥʘʣʫ 

DTS-ʨʝʛʠʩʪʨʘʪʦʨʘ. ɿʘ ʩʯʝʪ ʧʦʚʠʚʘ ʦʧʪʠʯʝʩʢʦʛʦ ʚʦʣʦʢʥʘ ʚ ʜʘʪʯʠʢʝ ʦʙʝʩʧʝʯʠʚʘʝʪ-

ʩʷ ʨʘʟʨʝʰʝʥʠʝ ʠʟʤʝʨʝʥʠʡ ʚ 5ï10 ʩʤ ʧʦ ʜʣʠʥʝ ʰʧʫʨʘ. ʇʨʠʤʝʨ ʧʦʢʘʟʘʥʠʡ ʜʘʪʯʠʢʘ 

ʩ ʥʘʣʦʞʝʥʠʝʤ ʥʘ ʤʦʜʝʣʴʥʳʝ (ʚʳʯʠʩʣʝʥʥʳʝ) ʛʨʘʬʠʢʠ ʪʝʤʧʝʨʘʪʫʨ ʧʨʠʚʦʜʠʪʩʷ ʚ 

ʧʨʘʚʦʡ ʯʘʩʪʠ ʨʠʩ. 3. 

4. ɿʘʢʣʶʯʝʥʠʝ 

ɼʦʧʦʣʥʷʷ ʠʟʤʝʨʝʥʠʷ, ʚʳʧʦʣʥʝʥʥʳʝ ʦʧʪʠʯʝʩʢʠʤ ʚʦʣʦʢʥʦʤ ʚ ʂʊ ʩʢʚʘʞʠʥʘʭ 

ʥʘ ʚʥʝʰʥʝʡ ʧʝʨʠʬʝʨʠʠ ʃʇʆ, ʜʘʪʯʠʢʠ ʧʦʟʚʦʣʷʶʪ ʧʦʣʫʯʠʪʴ ʥʘʠʙʦʣʝʝ ʧʦʣʥʦʝ 

ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨ ʚ ʧʨʠʢʦʥʪʫʨʥʦʡ ʯʘʩʪʠ ʤʘʩʩʠʚʘ (ʟʘ 

ʢʨʝʧʴʶ ʩʪʚʦʣʘ) ʠ ʩʘʤʦʡ ʢʨʝʧʠ. ʇʦʣʥʳʡ ʥʘʙʦʨ ʜʘʥʥʳʭ ʩʣʫʞʠʪ ʦʩʥʦʚʦʡ ʜʣʷ  

ʧʨʦʚʝʨʢʠ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʤʦʜʝʣʴʥʳʭ ʧʦʩʪʨʦʝʥʠʡ, ʧʨʠ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ï ʜʣʷ ʢʘ-

ʣʠʙʨʦʚʢʠ ʤʦʜʝʣʠ, ʢʦʪʦʨʘʷ ʚ ʜʘʣʴʥʝʡʰʝʤ ʧʦʟʚʦʣʷʝʪ ʚʳʧʦʣʥʷʪʴ ʩʠʤʫʣʷʮʠʠ ʨʘʟ-

ʣʠʯʥʳʭ ʨʝʞʠʤʦʚ ʨʘʩʪʝʧʣʝʥʠʷ ʤʘʩʩʠʚʘ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʘʛʨʝʚʘ-

ʪʝʣʴʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ. ɼʝʪʘʣʴʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ, ʢʦʪʦʨʫʶ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʨʠʤʝ-

ʥʝʥʠʝ ʦʧʪʦʚʦʣʦʢʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʠʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ, ʩʦʟʜʘʝʪ ʫʩʣʦʚʠʷ ʜʣʷ 

ʦʩʦʟʥʘʥʥʦʛʦ ʚʳʙʦʨʘ ʥʘʠʙʦʣʝʝ ʨʘʮʠʦʥʘʣʴʥʳʭ ʪʝʭʥʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ ʥʝ ʪʦʣʴʢʦ ʚ 
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ʯʘʩʪʠ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʟʘʤʦʨʘʞʠʚʘʥʠʷ ʠʣʠ ʨʘʟʤʦʨʘʞʠʚʘʥʠʷ ʛʦʨʥʳʭ ʧʦʨʦʜ, ʥʦ ʠ 

ʚʩʝʛʦ ʢʦʤʧʣʝʢʩʘ ʩʪʨʦʠʪʝʣʴʥʳʭ ʨʘʙʦʪ; ʢʦʤʧʣʝʢʩʘ ʤʝʨ, ʩʙʘʣʘʥʩʠʨʦʚʘʥʥʳʭ ʧʦ ʵʢʦ-

ʥʦʤʠʯʝʩʢʠʤ ʟʘʪʨʘʪʘʤ ʠ ʦʙʝʩʧʝʯʝʥʠʶ ʪʨʝʙʫʝʤʦʡ ʙʝʟʦʧʘʩʥʦʩʪʠ ʚʝʜʝʥʠʷ ʛʦʨ-

ʥʳʭ ʨʘʙʦʪ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. ʇʫʛʠʥ ɸ.ɺ., ʂʫʟʥʝʮʦʚ ɸ.ʀ., ɸʛʝʝʚʘ ʂ.ʄ. ɸʚʪʦʤʘʪʠʟʘʮʠʷ ʢʦʥʪʨʦʣʷ ʪʝʤʧʝ-

ʨʘʪʫʨ ʟʘʢʨʝʧʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʧʨʠ ʨʘʟʤʦʨʘʞʠʚʘʥʠʠ ʣʝʜʦʧʦʨʦʜʥʦʛʦ ʦʛʨʘʞʜʝ-

ʥʠʷ // ɻʦʨʥʦʝ ʵʭʦ. ï 2025. ï ˉ 1 (98). ï ʉ. 77ï85. DOI: 10.7242/echo.2025.1.10 

2. ʉʚʠʜʝʪʝʣʴʩʪʚʦ ʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʨʝʛʠʩʪʨʘʮʠʠ ʧʨʦʛʨʘʤʤʳ ʜʣʷ ʕɺʄ 

ˉ 2018666337 FrozenWall. / ɹʦʛʦʤʷʛʢʦʚ ɸ.ɺ., ɿʘʡʮʝʚ ɸ.ɺ., ʂʣʶʢʠʥ ʖ.ɸ.,  

ʃʝʚʠʥ ʃ.ʖ., ʇʘʨʰʘʢʦʚ ʆ.ʉ., ʇʫʛʠʥ ɸ.ɺ., ʉʝʤʠʥ ʄ.ɸ. ɼʘʪʘ ʨʝʛʠʩʪʨʘʮʠʠ 

17.12.2018. 

3. ʉʢʚʘʞʠʥʥʳʡ ʦʧʪʦʚʦʣʦʢʦʥʥʳʡ ʜʘʪʯʠʢ ʥʝʧʨʝʨʳʚʥʦʛʦ ʢʦʥʪʨʦʣʷ ʪʝʤʧʝʨʘ-

ʪʫʨʳ: ɽʚʨʘʟʠʡʩʢʠʡ ʧʘʪʝʥʪ ˉ 038447, E21B 47/07 (2012.01) E21B 47/135 (2012.01) 

G01K 11/32 (2006.01) G01D 5/353 (2006.01) / ɻʦʣʦʚʘʪʳʡ ʀ.ʀ., ɹʘʨʙʠʢʦʚ ɼ.ɺ., 

ɿʘʡʮʝʚ ɸ.ɺ., ʃʝʚʠʥ ʃ.ʖ., ʇʘʨʰʘʢʦʚ ʆ.ʉ., ʇʫʛʠʥ ɸ.ɺ., ʉʝʤʠʥ ʄ.ɸ., ɼʴʷʢʦ-

ʥʦʚ ɸ.ʉ.; ʟʘʷʚʠʪʝʣʠ ʠ ʧʘʪʝʥʪʦʦʙʣʘʜʘʪʝʣʠ ʆɸʆ «ɹʝʣʘʨʫʩʴʢʘʣʠʡ» ʠ ʇʌʀʎ ʋʨʆ 

ʈɸʅ. ï 2019000097 (RU); ʟʘʷʚʣ. 2019.09.06; ʦʧʫʙʣ. 30.08.2021, ʙʶʣ.  ̄08. 

4.  Advanced on-demand freezing strategy for shaft construction at the Darasin-

sky potash mine: Integrated planning, monitoring, and adaptive control / A. Pugin, 

L. Levin, I. Golovatyi [et al.] // Tunneling and Underground Space Technology. ï 

2026. ï No. 169. ï P. 107312. DOI: 10.1016/j.tust.2025.107312 
 



 

 
44 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʦʜʘ ʦʮʝʥʢʠ ʚʝʨʦʷʪʥʦʩʪʠ ʚʥʝʰʥʝʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ ʜʣʷ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʣʦʢʘʣʴʥʦʛʦ ʥʘʛʨʝʚʘ 

ʚ ʩʚʝʨʭʜʣʠʥʥʳʭ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʣʠʥʠʷʭ ʩʚʷʟʠ 

ʩ ʧʦʤʦʱʴʶ ʙʨʠʣʣʶʵʥʦʚʩʢʦʛʦ ʘʥʘʣʠʟʘ ʚʦ ʚʨʝʤʝʥʥʦʡ 

ʦʙʣʘʩʪʠ 
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ɺ ʨʘʤʢʘʭ ʙʨʠʣʣʶʵʥʦʚʩʢʦʛʦ ʘʥʘʣʠʟʘ ʚʦ ʚʨʝʤʝʥʥʦʡ ʦʙʣʘʩʪʠ ʙʳʣ ʧʨʝʜʣʦʞʝʥ 

ʤʝʪʦʜ ʧʦʩʪʦʙʨʘʙʦʪʢʠ ʜʣʷ ʙʦʣʝʝ ʪʦʯʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʣʦʢʘʣʠʟʦʚʘʥʥʦʛʦ ʚʥʝʰʥʝ-

ʛʦ ʚʦʟʜʝʡʩʪʚʠʷ (EIP). ɼʘʥʥʳʡ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʫʤʝʥʴʰʠʪʴ ʚʣʠʷʥʠʝ ʰʫʤʦʚ ʠ 

ʧʦʚʳʩʠʪʴ ʪʦʯʥʦʩʪʴ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʚʦʟʜʝʡʩʪʚʠʡ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʘ ʜʦʩʪʠʛʥʫʪʘ 

ʨʝʢʦʨʜʥʘʷ ʜʘʣʴʥʦʩʪʴ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʚ 508 ʢʤ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝ-

ʥʠʝʤ ʚ 40 ʤ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʙʨʠʣʣʶʵʥʦʚʩʢʦʝ ʨʘʩʩʝʷʥʠʝ, ʦʧʪʠʯʝʩʢʘʷ ʩʝʥʩʦʨʠʢʘ, ʥʝʣʠ-

ʥʝʡʥʘʷ ʦʧʪʠʢʘ, ʩʪʘʪʠʩʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ. 
 

1. ɺʚʝʜʝʥʠʝ 

ʈʘʩʧʨʝʜʝʣʸʥʥʳʝ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʩʝʥʩʦʨʳ ʥʘ ʦʩʥʦʚʝ ʚʳʥʫʞʜʝʥʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ ʄʘʥʜʝʣʴʰʪʘʤʘ ï ɹʨʠʣʣʶʵʥʘ (ɺʈʄɹ) ï ʦʜʥʦ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ 

ʥʘʧʨʘʚʣʝʥʠʡ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʩʣʝʜʥʠʭ ʜʝʢʘʜ. ɹʨʠʣʣʶʵʥʦʚʩʢʠʡ ʘʥʘʣʠʟ ʚʦ ʚʨʝ-

ʤʝʥʥʦʡ ʦʙʣʘʩʪʠ (BOTDA) [1] ï ʤʝʪʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ɺʈʄɹ, ʚ ʨʘʤʢʘʭ ʢʦʪʦʨʦʛʦ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʠʤʧʫʣʴʩʥʳʡ ʣʘʟʝʨ ʥʘʢʘʯʢʠ ʠ ʥʝʧʨʝʨʳʚʥʳʡ ʟʦʥʜʠʨʫʶʱʠʡ ʣʘʟʝʨ 

ʜʣʷ ʚʦʟʙʫʞʜʝʥʠʷ ʥʝʫʧʨʫʛʦʛʦ ʨʘʩʩʝʷʥʠʷ ʬʦʪʦʥʦʚ ʥʘ ʘʢʫʩʪʠʯʝʩʢʠʭ ʬʦʥʦʥʘʭ ʩ ʮʝ-

ʣʴʶ ʥʘʭʦʞʜʝʥʠʷ ʠʭ ʯʘʩʪʦʪʳ, ʪʘʢʞʝ ʥʘʟʳʚʘʝʤʦʡ ʙʨʠʣʣʶʵʥʦʚʩʢʠʤ ʩʜʚʠʛʦʤ ʯʘʩʪʦ-

ʪ  r (ɹʉʏ). ʆʩʫʱʝʩʪʚʣʝʥʠʝ ʩʢʘʥʠʨʦʚʘʥʠʷ ʧʦ ʨʘʟʥʦʩʪʷʤ ʯʘʩʪʦʪ ʤʝʞʜʫ ʣʘʟʝʨʘʤʠ 

ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ɹʉʏ ʚ ʢʘʞʜʦʡ ʪʦʯʢʝ ɺʆʃʉ, ʘ ʥʘʣʠʯʠʝ ʣʠʥʝʡʥʦʡ ʟʘʚʠʩʠ-

ʤʦʩʪʠ ɹʉʏ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ [2] ʠ ʥʘʧʨʷʞʝʥʠʷ [3] ʦʧʪʦʚʦʣʦʢʥʘ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝ-

ʣʷʪʴ ʠʟʤʝʥʝʥʠʝ ʵʪʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʦ ʠʟʤʝʥʝʥʠʶ ɹʉʏ ʫʯʘʩʪʢʘ ʚʦʣʦʢʥʘ. 

BOTDA ʠʤʝʝʪ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʧʨʠʤʝʥʝʥʠʡ: ʦʪ ʤʦʥʠʪʦʨʠʥʛʘ ʩʦʩʪʦʷʥʠʷ 

ʦʙʲʝʢʪʦʚ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ [4] ʜʦ ʦʙʝʩʧʝʯʝʥʠʷ ʟʘʱʠʪʳ ɺʆʃʉ ʚ ʨʘʤʢʘʭ ʠʩʧʦʣʥʝ-

ʥʠʷ ʢʨʠʧʪʦʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʪʦʢʦʣʦʚ [5]. ɿʘ ʧʦʩʣʝʜʥʠʝ 30 ʣʝʪ ʙʳʣʠ ʚʥʝʜʨʝʥʳ ʨʘʟ-

ʣʠʯʥʳʝ ʩʧʦʩʦʙʳ ʧʦʚʳʰʝʥʠʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ BOTDA, ʦʪʥʦʩʷʱʠʭʩʷ ʢʘʢ ʢ ʪʝʭ-

ʥʠʢʝ ʵʢʩʧʝʨʠʤʝʥʪʘ (ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʵʨʙʠʝʚʳʭ [6] ʠ ʨʘʤʘʥʦʚʩʢʠʭ [7] ʫʩʠʣʠʪʝʣʝʡ, 
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ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʧʘʨʳ ʠʤʧʫʣʴʩʦʚ (DPP-BOTDA) [8, 9]), ʪʘʢ ʠ ʢ ʤʝʪʦʜʘʤ ʧʦ-

ʩʪʦʙʨʘʙʦʪʢʠ (ʧʨʠʙʣʠʞʝʥʠʝ ʣʦʨʝʥʮʠʘʥʘʤʠ (LCF) [10], ʨʘʟʣʠʯʥʳʝ ʤʝʪʦʜʳ ʤʘʰʠʥ-

ʥʦʛʦ ʦʙʫʯʝʥʠʷ [11] ʠ ʜʨ.). 

ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʙʫʜʝʪ ʧʨʝʜʣʦʞʝʥ ʥʦʚʳʡ ʤʝʪʦʜ ʧʦʩʪʦʙʨʘʙʦʪʢʠ, ʦʩ-

ʥʦʚʘʥʥʳʡ ʥʘ ʦʮʝʥʢʝ ʚʝʨʦʷʪʥʦʩʪʠ ʚʥʝʰʥʝʛʦ ʚʦʟʜʝʡʩʪʚʠʷ (EIP) ʩ ʧʦʤʦʱʴʶ ʩʪʘʪʠ-

ʩʪʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʚʳʙʨʦʩʦʚ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʵʪʦʛʦ ʧʦʜʭʦʜʘ ʧʦʟʚʦʣʠʪ ʫʤʝʥʴ-

ʰʠʪʴ ʰʫʤʦʚʦʡ ʚʢʣʘʜ ʚ ʙʦʣʝʝ ʯʝʤ 500-ʢʠʣʦʤʝʪʨʦʚʦʡ ɺʆʃʉ ʩ ʵʨʙʠʝʚʳʤʠ ʫʩʠʣʠ-

ʪʝʣʷʤʠ ʠ ʧʨʦʚʝʩʪʠ ʜʝʪʝʢʪʠʨʦʚʘʥʠʝ ʥʘʛʨʝʚʘ ʚ ʢʦʥʮʝ ʵʪʦʡ ʣʠʥʠʠ, ʯʪʦ ʥʘ ʜʘʥʥʳʡ 

ʤʦʤʝʥʪ ʷʚʣʷʝʪʩʷ ʤʠʨʦʚʳʤ ʨʝʢʦʨʜʦʤ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ BOTDA. 

2. ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ 

ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘ. ɹʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʩʪʘʥʜʘʨʪʥʘʷ ʩʭʝʤʘ BOTDA ʩ 

ʜʚʫʤʷ ʣʘʟʝʨʘʤʠ, ʥʘʭʦʜʷʱʠʤʠʩʷ ʧʦ ʨʘʟʥʳʝ ʩʪʦʨʦʥʳ ɺʆʃʉ (ʫʧʨʦʱʸʥʥʘʷ ʩʭʝʤʘ 

ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩ. 1), ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʘʥʥʫʶ ʢʦʥʬʠʛʫʨʘʮʠʶ ʩ ʨʝ-

ʘʣʴʥʳʤʠ ɺʆʃʉ ʙʝʟ ʚʥʝʩʝʥʠʷ ʠʟʤʝʥʝʥʠʡ (ʚ ʦʪʣʠʯʠʝ ʦʪ ʢʦʣʴʮʝʚʦʡ (loop-) ʢʦʥ-

ʬʠʛʫʨʘʮʠʠ). 

 

ʈʠʩ. 1. ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʧʨʦʚʦʜʠʤʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ. LD1, LD2 ï ʣʘʟʝʨʳ;  

AWG ï ʛʝʥʝʨʘʪʦʨ ʠʤʧʫʣʴʩʦʚ; AOM ï ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʡ ʤʦʜʫʣʷʪʦʨ;  

Pre-EDFA ï ʵʨʙʠʝʚʳʡ ʫʩʠʣʠʪʝʣʴ; OC ï ʨʘʟʚʝʪʚʠʪʝʣʴ; CIR ï ʮʠʨʢʫʣʷʪʦʨ;  

PD ï ʬʦʪʦʜʝʪʝʢʪʦʨ; OSC ï ʦʩʮʠʣʣʦʛʨʘʬ; RFSA ï ʨʘʜʠʦʯʘʩʪʦʪʥʳʡ ʘʥʘʣʠʟʘʪʦʨ ʩʧʝʢʪʨʘ; 

FUT ï ʠʩʩʣʝʜʫʝʤʘʷ ɺʆʃʉ 
 

ʀʩʩʣʝʜʫʝʤʘʷ ɺʆʃʉ ʧʨʝʜʩʪʘʚʣʷʣʘ ʩʦʙʦʡ ʜʝʩʷʪʴ 50-ʢʠʣʦʤʝʪʨʦʚʳʭ ʢʘʪʫʰʝʢ 

ʦʜʥʦʤʦʜʦʚʦʛʦ ʚʦʣʦʢʥʘ SMF-28, ʤʝʞʜʫ ʢʦʪʦʨʳʤʠ ʥʘʭʦʜʠʣʠʩʴ ʜʚʫʥʘʧʨʘʚʣʝʥʥʳʝ 

10-ʜɹ ʵʨʙʠʝʚʳʝ ʫʩʠʣʠʪʝʣʠ. ɺ ʢʦʥʮʝ ɺʆʃʉ ʙʳʣʘ ʧʨʠʚʘʨʝʥʘ ʩʝʢʮʠʷ ʚʦʣʦʢʥʘ  

40 ʤ + 200 ʤ + 50 ʤ, ʛʜʝ ɹʉʏ 40- ʠ 50-ʤʝʪʨʦʚʳʭ ʦʪʨʝʟʢʦʚ ʦʪʣʠʯʘʣʩʷ ʦʪ ɹʉʏ  

200-ʤʝʪʨʦʚʦʛʦ ʦʪʨʝʟʢʘ ʠ ɹʉʏ ʧʦʩʣʝʜʥʝʡ ʢʘʪʫʰʢʠ. 40- ʠ 50-ʤʝʪʨʦʚʳʝ ʫʯʘʩʪʢʠ 

ʙʳʣʠ ʧʦʤʝʱʝʥʳ ʚ ʥʘʛʨʝʚʘʪʝʣʴ ʥʘ ʦʩʥʦʚʝ ʵʣʝʤʝʥʪʘ ʇʝʣʴʪʴʝ. ɹʨʠʣʣʶʵʥʦʚʩʢʠʝ 

ʩʧʝʢʪʨʳ ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʜʣʷ ʧʦʩʣʝʜʥʠʭ 12 ʢʤ ɺʆʃʉ ʚ ʜʚʫʭ ʩʣʫʯʘʷʭ: ʢʦʛʜʘ 

ʥʘʛʨʝʚʘʪʝʣʴ ʙʳʣ ʚʳʢʣʶʯʝʥ, ʠ ʢʦʛʜʘ ʪʝʤʧʝʨʘʪʫʨʘ ʙʳʣʘ ʥʘ 40 Áʉ ʚʳʰʝ ʢʦʤʥʘʪʥʦʡ. 
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ʇʦʩʪʦʙʨʘʙʦʪʢʘ. ɼʣʷ ʫʤʝʥʴʰʝʥʠʷ ʰʫʤʦʚʦʛʦ ʚʢʣʘʜʘ ʠ ʧʦʚʳʰʝʥʠʷ ʯʫʚʩʪʚʠ-

ʪʝʣʴʥʦʩʪʠ BOTDA ʩʥʘʯʘʣʘ ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʧʦʢʦʦʨʜʠʥʘʪʥʦʝ ʧʨʠʙʣʠʞʝʥʠʝ ʣʦʨʝʥ-

ʮʠʘʥʘʤʠ, ʘ ʟʘʪʝʤ ʧʨʦʠʟʚʝʜʝʥʘ ʦʮʝʥʢʘ ʚʝʨʦʷʪʥʦʩʪʠ ʚʥʝʰʥʝʛʦ ʚʦʟʜʝʡʩʪʚʠʷ (EIP). 

ʆʙʦʩʥʦʚʘʥʠʝ ʵʪʦʛʦ ʤʝʪʦʜʘ ʦʩʥʦʚʘʥʦ ʥʘ ʦʧʨʝʜʝʣʝʥʠʠ ʚʳʙʨʦʩʘ, ʧʨʝʜʩʪʘʚʣʝʥ-

ʥʦʛʦ ɼ. ʍʦʢʠʥʩʦʤ ʚ [12]: «ɺʳʙʨʦʩ ï ʵʪʦ ʠʟʤʝʨʝʥʠʝ, ʦʪʢʣʦʥʷʶʱʝʝʩʷ ʦʪ ʜʨʫʛʠʭ 

ʟʥʘʯʝʥʠʡ ʥʘʩʪʦʣʴʢʦ ʩʠʣʴʥʦ, ʯʪʦ ʝʛʦ ʧʨʠʯʠʥʦʡ ʜʦʣʞʝʥ ʙʳʪʴ ʠʥʦʡ ʤʝʭʘʥʠʟʤ». 

ɺ ʨʘʤʢʘʭ BOTDA ʤʝʭʘʥʠʟʤ ʠʟʤʝʥʝʥʠʷ ɹʉʏ ʫʯʘʩʪʢʦʚ ɺʆʃʉ ʧʦʩʪʦʷʥʥʦʡ ʪʝʤʧʝ-

ʨʘʪʫʨʳ, ʬʦʨʤʠʨʫʶʱʠʡ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ע ï ʰʫʤʦʚʳʝ ʵʬʬʝʢʪʳ, ʘ ʧʨʠʯʠʥʘ ʚʦʟ-

ʥʠʢʥʦʚʝʥʠʷ ʚʳʙʨʦʩʦʚ ï ʚʥʝʰʥʝʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ɺʆʃʉ. 

ʇʨʝʜʧʦʣʦʞʠʤ ʦʛʨʘʥʠʯʝʥʥʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ע (ʪʘʢ ʢʘʢ ʰʫʤʳ ʚ ʫʩʣʦʚʠʷʭ 

ʠʟʤʝʨʝʥʠʡ ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʩʢʦʣʴ ʫʛʦʜʥʦ ʙʦʣʴʰʠʤʠ, ʦʮʝʥʠʤ ʚʝʨʭʥʶʶ ʛʨʘʥʠʮʫ ʚ 

ὨȾς  χυ ̇ː)̗, ʩʦ ʟʥʘʯʝʥʠʷʤʠ ʚ ʜʠʘʧʘʟʦʥʝ [ïd/2, d/2], ʠ ʌʇɺ ʍ ʊȢ ʈʘʩʩʤʦʪʨʠʤ 

ʜʠʩʢʨʝʪʥʦʝ (ʢʫʩʦʯʥʦ-ʧʦʩʪʦʷʥʥʦʝ) ʧʨʠʙʣʠʞʝʥʠʝ ʵʪʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ, ʧʦʣʫʯʝʥ-

ʥʦʝ ʨʘʟʜʝʣʝʥʠʝʤ ʝʛʦ ʥʘ ʦʜʠʥʘʢʦʚʳʝ ʩʪʦʣʙʮʳ ʰʠʨʠʥʦʡ ῳ  ὨȾὔ. ʆʧʨʝʜʝʣʠʤ 

ὴ ʊ ʢʘʢ ʚʝʨʦʷʪʥʦʩʪʴ ʪʦʛʦ, ʯʪʦ ʟʥʘʯʝʥʠʝ ʊ (ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʦʜʥʦʤʫ ʠʟ ʩʪʦʣʙ-

ʮʦʚ) ʦʪʩʫʪʩʪʚʫʝʪ ʚ ʩʣʫʯʘʡʥʦʡ ʚʳʙʦʨʢʝ ʨʘʟʤʝʨʘ ὔ, ʧʦʣʫʯʝʥʥʦʡ ʥʘ ʦʩʥʦʚʘʥʠʠ ʨʘʩ-

ʧʨʝʜʝʣʝʥʠʷ ע. ʊʦʛʜʘ ὴ ʊ  ρ ὴᴂ ʊ  , ʛʜʝ ὴᴂ ʊ  ᷿ ʍ
  Ⱦ

  Ⱦ
ὼ Ὠὼ ï ʚʝ-

ʨʦʷʪʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ʟʥʘʯʝʥʠʷ ʠʟ ʩʪʦʣʙʮʘ ʩ ʮʝʥʪʨʦʤ ʚ ʊ. 

ɺ ʧʨʝʜʝʣʝ ʚʦʟʚʨʘʱʝʥʠʷ ʢ ʥʝʧʨʝʨʳʚʥʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʶ (ὔᴼЊ), ʩ ʰʠʨʠ-

ʥʦʡ ʩʪʦʣʙʮʘ ɝᴼπ: 
 

ὴ ʊ  ÌÉÍ
ᴼ
ὴ ʊ  ÌÉÍ

ᴼ
ρ  ʍ

 

 

ὼ Ὠὼ   ÌÉÍ
ᴼ
ρ ʍ ʊ ῳ   

 ÌÉÍ
ᴼ
ρ

  
  Ὡ   .                                        (1) 

 

ɿʜʝʩʴ ὴ ʊ ï ʚʝʨʦʷʪʥʦʩʪʴ ʪʦʛʦ, ʯʪʦ ʟʥʘʯʝʥʠʝ ʊ ʦʪʩʫʪʩʪʚʫʝʪ ʚ ʚʳʙʦʨʢʝ ʙʝʩʢʦ-

ʥʝʯʥʦʛʦ ʨʘʟʤʝʨʘ, ʧʦʣʫʯʝʥʥʦʡ ʥʘ ʦʩʥʦʚʘʥʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ע ʩʦ ʟʥʘʯʝʥʠʷʤʠ ʚ 

ʜʠʘʧʘʟʦʥʝ [ïd/2, d/2], ʠ ʌʇɺ 

ʍ ʊȟ ʪʦ ʝʩʪʴ ʬʘʢʪʠʯʝʩʢʠ ʚʝʨʦʷʪ-

ʥʦʩʪʴ ʪʦʛʦ, ʯʪʦ ʊ ï ʚʳʙʨʦʩ ʠʟ ע, 

ʯʪʦ ʚʤʝʩʪʝ ʩ ʨʘʥʝʝ ʫʢʘʟʘʥʥʳʤ 

ʦʧʨʝʜʝʣʝʥʠʝʤ ʧʦʟʚʦʣʷʝʪ ʪʘʢʞʝ 

ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʪʴ ὴ ʊ ʢʘʢ ʚʝʨʦ-

ʷʪʥʦʩʪʴ ʚʥʝʰʥʝʛʦ ʚʦʟʜʝʡʩʪʚʠʷ. 

ʏʪʦʙʳ ʧʦʩʯʠʪʘʪʴ ʵʪʫ ʚʝʨʦ-

ʷʪʥʦʩʪʴ ʜʣʷ ʢʘʞʜʦʡ ʪʦʯʢʠ ɺʆʃʉ, 

ʩʥʘʯʘʣʘ ʙʳʣʦ ʧʦʩʪʨʦʝʥʦ ʨʘʩʧʨʝ-

ʜʝʣʝʥʠʝ ע ʨʘʟʥʦʩʪʝʡ ɹʉʏ ʜʣʷ ʥʝ-

ʥʘʛʨʝʪʦʛʦ (ʦʪ 502-ʛʦ ʜʦ 505-ʛʦ ʢʤ) 

ʫʯʘʩʪʢʘ ɺʆʃʉ (ʨʠʩ. 2). ɿʘʪʝʤ ʩ 

 

ʈʠʩ. 2. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʨʘʟʥʦʩʪʝʡ ɹʉʏ,  

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʰʫʤʘʤ ʚ ɺʆʃʉ 
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ʧʦʤʦʱʴʶ ʷʜʝʨʥʦʡ ʦʮʝʥʢʠ ʧʣʦʪʥʦʩʪʠ (KDE) ʙʳʣʘ ʚʳʯʠʩʣʝʥʘ ʌʇɺ ʍ ὼȟ ʧʦʟʚʦ-

ʣʷʷ ʨʘʩʩʯʠʪʘʪʴ EIP ὴ ὼ  Ὡ   . 

3. ʈʝʟʫʣʴʪʘʪʳ ʠ ʦʙʩʫʞʜʝʥʠʝ 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʜʣʷ ʠʤʧʫʣʴʩʦʚ ʣʘʟʝʨʘ ʥʘʢʘʯʢʠ ʩ ʜʣʠʥʦʡ 

396 ʥʩ ʠ ʧʝʨʠʦʜʦʤ 6,6 ʤʩ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʤʫ ʨʘʟʨʝʰʝʥʠʶ ʚ 

40 ʤ. ʇʦʣʫʯʝʥʥʳʝ ʙʨʠʣʣʶʵʥʦʚʩʢʠʝ ʩʧʝʢʪʨʳ ʢʦʥʮʘ ɺʆʃʉ ʜʦ ʠ ʧʦʩʣʝ ʥʘʛʨʝʚʘ  

40- ʠ 50-ʤʝʪʨʦʚʳʭ ʫʯʘʩʪʢʦʚ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 3. 

  

                                          ʘ                                                                      ʙ 

ʈʠʩ. 3. ɹʨʠʣʣʶʵʥʦʚʩʢʠʝ ʩʧʝʢʪʨʳ ʢʦʥʮʘ ɺʆʃʉ ʙʝʟ ʧʦʩʪʦʙʨʘʙʦʪʢʠ ʜʦ (ʘ)  

ʠ ʧʦʩʣʝ (ʙ) ʥʘʛʨʝʚʘ 40- ʠ 50-ʤʝʪʨʦʚʳʭ ʩʝʢʮʠʡ 
 

ʉʥʘʯʘʣʘ ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʧʦʢʦʦʨʜʠʥʘʪʥʦʝ ʧʨʠʙʣʠʞʝʥʠʝ ʣʦʨʝʥʮʠʘʥʘʤʠ, ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʧʦʩʪʨʦʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ɹʉʏ ʦʪ ʢʦʦʨʜʠʥʘʪʳ ʚʜʦʣʴ ɺʆʃʉ. ɿʘʪʝʤ 

ʙʳʣʘ ʧʦʩʯʠʪʘʥʘ ʨʘʟʥʦʩʪʴ ʤʝʞʜʫ ɹʉʏ ʜʣʷ ʩʣʫʯʘʝʚ, ʢʦʛʜʘ ʢʦʥʝʮ ɺʆʃʉ ʙʳʣ ʥʘʛʨʝʪ 

ʠ ʢʦʛʜʘ ʦʥ ʥʘʭʦʜʠʣʩʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (ʩʤ. ʩʠʥʶʶ ʢʨʠʚʫʶ ʥʘ ʨʠʩ. 4). 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʨʘʟʥʦʩʪʝʡ ɹʉʏ ʥʘ ʫʯʘʩʪʢʝ ʤʝʞʜʫ 502-ʤ ʠ 505-ʤ ʢʤ 

ɺʆʃʉ ʙʳʣʦ ʧʦʩʪʨʦʝʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʰʫʤʦʚ ע (ʩʤ. ʨʠʩ. 2), ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʦʛʦ 

ʜʣʷ ʢʘʞʜʦʡ ʪʦʯʢʠ ʟʘʢʣʶʯʠʪʝʣʴʥʦʡ ʩʝʢʮʠʠ ɺʆʃʉ ʙʳʣʘ ʚʳʯʠʩʣʝʥʘ ʚʝʨʦʷʪʥʦʩʪʴ 

ʚʥʝʰʥʝʛʦ ʚʦʟʜʝʡʩʪʚʠʷ (EIP) ʩʦʛʣʘʩʥʦ ʘʣʛʦʨʠʪʤʫ, ʧʨʠʚʝʜʸʥʥʦʤʫ ʚ ʩʝʢʮʠʠ 2.2. 

ʇʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ EIP ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʨʘʩʥʦʡ ʢʨʠʚʦʡ ʥʘ ʨʠʩ. 4. 

ʅʝʩʤʦʪʨʷ ʥʘ ʰʫʤʥʦʩʪʴ ʢʨʠʚʦʡ ʨʘʟʥʦʩʪʝʡ ɹʉʏ, ʢʨʠʚʘʷ EIP ʜʦʩʪʠʛʘʝʪ ʟʥʘʯʝ-

ʥʠʷ, ʙʣʠʟʢʦʛʦ ʢ ʝʜʠʥʠʮʝ, ʥʘ ʫʯʘʩʪʢʘʭ, ʢʦʪʦʨʳʝ ʧʦʜʚʝʨʛʘʣʠʩʴ ʥʘʛʨʝʚʫ. ɺ ʦʩʪʘʣʴ-

ʥʦʡ ʯʘʩʪʠ ɺʆʃʉ ʚʝʣʠʯʠʥʘ EIP ʥʘʭʦʜʠʪʩʷ ʦʢʦʣʦ ʥʫʣʷ. ʅʘʛʨʝʚ, ʦʮʝʥʝʥʥʳʡ ʧʦ ʠʟ-

ʤʝʥʝʥʠʶ ɹʉʏ ʚ ʪʦʯʢʘʭ, ʛʜʝ EIP = 1, ʩʦʩʪʘʚʣʷʝʪ 40 Áʉ. 

ʇʦʣʫʯʝʥʥʘʷ ʢʨʠʚʘʷ EIP ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʦʙʥʘʨʫʞʝʥʠʝ ʚʥʝʰʥʝʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ ʚ ʫʩʣʦʚʠʷʭ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʰʫʤʦʚ ʪʦʯʥʝʝ, ʯʝʤ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʢʨʠʚʦʡ ʨʘʟʥʦʩʪʠ ɹʉʏ, ʩ ʧʦʤʦʱʴʶ ʥʦʨʤʘʣʠʟʘʮʠʠ ʠ ʙʦʣʴʰʝʡ ʦʙʲʝʢʪʠʚʥʦʩʪʠ 

ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʨʦʛʘ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ. ɺʤʝʩʪʝ ʩ LCF, EIP ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ 

ʧʦʚʳʩʠʪʴ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ BOTDA, ʯʪʦ ʟʘʤʝʪʥʦ ʧʨʠ ʩʨʘʚʥʝʥʠʠ ʩʳʨʳʭ ʩʧʝʢʪʨʦʚ 

ʥʘ ʨʠʩ. 3 ʩ ʧʦʣʫʯʝʥʥʦʡ ʢʨʠʚʦʡ EIP ʥʘ ʨʠʩ. 4. 
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ʈʠʩ. 4. ɿʥʘʯʝʥʠʷ ʨʘʟʥʦʩʪʠ ɹʉʏ (ʩʠʥʷʷ ʢʨʠʚʘʷ) ʠ EIP (ʢʨʘʩʥʘʷ ʢʨʠʚʘʷ)  

ʚ ʢʦʥʮʝ ɺʆʃʉ 

4. ɿʘʢʣʶʯʝʥʠʝ 

ɹr ʣ ʧʨʝʜʣʦʞʝʥ ʥʦʚʳʡ ʤʝʪʦʜ ʧʦʩʪʦʙʨʘʙʦʪʢʠ, ʧʦʟʚʦʣʷʶʱʠʡ ʦʮʝʥʠʪʴ ʚʝʨʦ-

ʷʪʥʦʩʪʴ ʚʥʝʰʥʝʛʦ ʚʦʟʜʝʡʩʪʚʠʷ (EIP) ʚ ɺʆʃʉ ʚ ʨʘʤʢʘʭ ʨʘʩʧʨʝʜʝʣʸʥʥʦʡ ʘʢʫʩʪʠʯʝ-

ʩʢʦʡ ʩʝʥʩʦʨʥʦʡ ʩʠʩʪʝʤʳ ʥʘ ʦʩʥʦʚʝ BOTDA. ɹʣʘʛʦʜʘʨʷ ʜʘʥʥʦʤʫ ʤʝʪʦʜʫ, ʚ ʨʝ-

ʟʫʣʴʪʘʪʝ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʥʘʛʨʝʚʘ ʚ 508-ʢʠʣʦʤʝʪʨʦʚʦʡ ɺʆʃʉ ʙʳʣ ʧʨʦʜʝʤʦʥʩʪʨʠ-

ʨʦʚʘʥ ʤʠʨʦʚʦʡ ʨʝʢʦʨʜ ʧʦ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ BOTDA. ɸʚʪʦʨ ʥʘʜʝʝʪʩʷ, ʯʪʦ 

ʜʘʥʥʳʡ ʤʝʪʦʜ ʧʦʩʣʫʞʠʪ ʦʩʥʦʚʘʥʠʝʤ ʜʣʷ ʙʦʣʝʝ ʩʣʦʞʥʦʡ ʩʠʩʪʝʤʳ ʧʦʩʪʦʙʨʘʙʦʪʢʠ, 

ʧʦʟʚʦʣʷʶʱʝʡ ʫʣʫʯʰʠʪʴ ʧʝʨʬʦʤʘʥʩ ʩʦʚʨʝʤʝʥʥʳʭ BOTDA-ʩʠʩʪʝʤ. 
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ʀʩʩʣʝʜʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʩʪʨʦʝʥʠʷ ʩʢʦʨʦʩʪʥʦʡ ʤʦʜʝʣʠ ʚʝʨʭʥʝʡ ʯʘʩʪʠ 

ʨʘʟʨʝʟʘ ʧʦ ʧʘʩʩʠʚʥʳʤ ʜʘʥʥʳʤ ʨʘʩʧʨʝʜʝʣʸʥʥʦʛʦ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʟʦʥʜʠʨʦʚʘʥʠʷ 

(DAS), ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʤ ʚ ʛʦʨʦʜʩʢʦʡ ʩʨʝʜʝ. ʇʦʣʝʚʳʝ ʥʘʙʣʶʜʝʥʠʷ ʚʳʧʦʣʥʝʥʳ 

ʚʜʦʣʴ ʪʨʘʤʚʘʡʥʦʡ ʣʠʥʠʠ ʚ ʩʝʚʝʨʦ-ʚʦʩʪʦʯʥʦʡ ʯʘʩʪʠ ʄʦʩʢʚʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʠʥʪʝʨʨʦʛʘʪʦʨʘ «ɼʫʥʘʡ» (ʆʆʆ «ʊ8»). ʆʙʨʘʙʦʪʢʘ ʟʘʧʠʩʝʡ ʧʨʦʚʦʜʠʣʘʩʴ ʤʝʪʦʜʦʤ 

ʧʘʩʩʠʚʥʦʛʦ ʤʥʦʛʦʢʘʥʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʚʦʣʥ (PMASW) ʜʣʷ ʜʚʫʭ 

ʟʥʘʯʝʥʠʡ ʙʘʟʳ ʠʟʤʝʨʝʥʠʷ. ʇʦʢʘʟʘʥʦ ʚʣʠʷʥʠʝ ʜʣʠʥʳ ʙʘʟʳ ʥʘ ʫʩʪʦʡʯʠʚʦʩʪʴ ʚʳʜʝ-

ʣʝʥʠʷ ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʢʨʠʚʳʭ ʠ ʛʣʫʙʠʥʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʇʦʣʫʯʝʥʘ ʜʚʫʤʝʨʥʘʷ 

ʩʢʦʨʦʩʪʥʘʷ ʤʦʜʝʣʴ ʜʦ ʛʣʫʙʠʥʳ ~150 ʤ, ʩʦʛʣʘʩʫʶʱʘʷʩʷ ʩ ʠʥʞʝʥʝʨʥʦ-ʛʝʦʣʦʛʠ-

ʯʝʩʢʠʤʠ ʧʨʝʜʩʪʘʚʣʝʥʠʷʤʠ ʦ ʩʪʨʦʝʥʠʠ ʚʝʨʭʥʝʡ ʯʘʩʪʠ ʨʘʟʨʝʟʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʨʘʩʧʨʝʜʝʣʸʥʥʦʝ ʘʢʫʩʪʠʯʝʩʢʦʝ ʟʦʥʜʠʨʦʚʘʥʠʝ (DAS), ʧʘʩ-

ʩʠʚʥʳʡ MASW (PMASW), ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʩʝʡʩʤʠʯʝʩʢʠʝ ʚʦʣʥʳ, ʩʢʦʨʦʩʪʥʘʷ ʤʦ-

ʜʝʣʴ ʚʝʨʭʥʝʡ ʯʘʩʪʠ ʛʝʦʣʦʛʠʯʝʩʢʦʛʦ ʨʘʟʨʝʟʘ. 
 

1. ɺʚʝʜʝʥʠʝ 

ʈʘʟʚʠʪʠʝ ʪʝʭʥʦʣʦʛʠʡ ʨʘʩʧʨʝʜʝʣʸʥʥʦʛʦ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʟʦʥʜʠʨʦʚʘʥʠʷ (DAS) 

ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʫʱʝʩʪʚʫʶʱʫʶ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʫʶ ʛʦʨʦʜʩʢʫʶ ʠʥ-

ʬʨʘʩʪʨʫʢʪʫʨʫ ʚ ʢʘʯʝʩʪʚʝ ʧʨʦʪʷʞʸʥʥʳʭ ʩʝʡʩʤʠʯʝʩʢʠʭ ʣʠʥʠʡ ʥʘʙʣʶʜʝʥʠʷ ʩ ʚʳʩʦ-

ʢʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʜʠʩʢʨʝʪʠʟʘʮʠʝʡ [1]. ʕʪʦ ʦʪʢʨʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʚʳʧʦʣ-

ʥʝʥʠʷ ʧʘʩʩʠʚʥʦʛʦ ʩʝʡʩʤʠʯʝʩʢʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ ʚ ʛʦʨʦʜʩʢʦʡ ʩʨʝʜʝ ʙʝʟ ʫʩʪʘʥʦʚʢʠ 

ʪʨʘʜʠʮʠʦʥʥʳʭ ʩʝʡʩʤʠʯʝʩʢʠʭ ʜʘʪʯʠʢʦʚ. ɺʳʧʦʣʥʝʥʠʝ ʩʝʡʩʤʦʤʦʥʠʪʦʨʠʥʛʘ ʧʨʠʧʦ-

ʚʝʨʭʥʦʩʪʥʳʭ ʛʨʫʥʪʦʚ ʧʦʟʚʦʣʷʝʪ ʩʚʦʝʚʨʝʤʝʥʥʦ ʚʳʷʚʣʷʪʴ ʟʦʥʳ ʨʘʟʫʧʣʦʪʥʝʥʠʷ, ʦʪ-

ʪʘʠʚʘʥʠʷ ʤʥʦʛʦʣʝʪʥʝʤʝʨʟʣʳʭ ʧʦʨʦʜ ʠʣʠ ʦʧʣʳʚʘʥʠʷ ʛʨʫʥʪʘ [2]. ɼʘʥʥʳʝ ʧʘʩʩʠʚ-

ʥʦʛʦ ʩʝʡʩʤʦʤʦʥʠʪʦʨʠʥʛʘ ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʦʡ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʩʢʦʨʦʩʪʥʦʡ ʤʦʜʝʣʠ ʠ 

ʠʟʫʯʝʥʠʷ ʚʝʨʭʥʝʡ ʯʘʩʪʠ ʛʝʦʣʦʛʠʯʝʩʢʦʛʦ ʨʘʟʨʝʟʘ ʤʝʪʦʜʦʤ ʘʥʘʣʠʟʘ ʧʦʚʝʨʭʥʦʩʪʥʳʭ 

ʚʦʣʥ, ʢʦʪʦʨʳʡ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ [3]. 

ʆʜʥʘʢʦ ʜʘʥʥʳʝ DAS, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʝ ʚ ʛʦʨʦʜʩʢʦʡ ʩʨʝʜʝ, ʩʫʱʝʩʪʚʝʥʥʦ 

ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʨʝʟʫʣʴʪʘʪʦʚ ʢʦʥʪʨʦʣʠʨʫʝʤʳʭ ʧʦʣʝʚʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. ʆʩʥʦʚʥʳ-
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ʤʠ ʦʩʣʦʞʥʷʶʱʠʤʠ ʬʘʢʪʦʨʘʤʠ ʷʚʣʷʶʪʩʷ ʠʤʧʫʣʴʩʥʳʡ ʭʘʨʘʢʪʝʨ ʪʨʘʥʩʧʦʨʪʥʦʛʦ 

ʰʫʤʘ, ʥʝʦʜʥʦʨʦʜʥʳʡ ʢʦʥʪʘʢʪ ʢʘʙʝʣʷ ʩ ʛʨʫʥʪʦʤ ʠ ʣʦʢʘʣʴʥʳʝ ʥʝʣʠʥʝʡʥʳʝ ʠʩʢʘ-

ʞʝʥʠʷ ʩʠʛʥʘʣʘ ʧʨʠ ʩʠʣʴʥʳʭ ʜʠʥʘʤʠʯʝʩʢʠʭ ʚʦʟʜʝʡʩʪʚʠʷʭ (Masoudi and Newson, 

2016). ʕʪʠ ʵʬʬʝʢʪʳ ʧʨʠʚʦʜʷʪ ʢ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʚʘʨʠʘʮʠʷʤ ʬʘʟʦʚʦʛʦ ʦʪʢʣʠʢʘ 

ʚʜʦʣʴ ʣʠʥʠʠ ʠ ʫʭʫʜʰʘʶʪ ʫʩʪʦʡʯʠʚʦʩʪʴ ʚʳʜʝʣʝʥʠʷ ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠ-

ʩʪʠʢ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʚʦʣʥ. ɼʦʧʦʣʥʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʪʘʢʞʝ ʦʢʘʟʳʚʘʶʪ ʘʧʧʘʨʘ-

ʪʫʨʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ DAS. ɼʣʠʥʘ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʦʧʨʝʜʝʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦʝ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʩʠʩʪʝʤʳ, ʘ ʙʘʟʘ ʠʟʤʝʨʝʥʠʷ (gauge length) ʟʘʜʘʸʪ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʫʩʨʝʜʥʝʥʠʝ ʩʠʛʥʘʣʘ: ʝʸ ʫʚʝʣʠʯʝʥʠʝ ʧʦʜʘʚʣʷʝʪ 

ʢʦʨʦʪʢʦʚʦʣʥʦʚʳʝ ʢʦʤʧʦʥʝʥʪʳ ʚʦʣʥʦʚʦʛʦ ʧʦʣʷ, ʪʦʛʜʘ ʢʘʢ ʫʤʝʥʴʰʝʥʠʝ ʥʠʞʝ ʜʣʠ-

ʥʳ ʨʘʩʩʝʷʥʠʷ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ ʜʝʪʘʣʠʟʘʮʠʠ [4]. 

ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʮʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʦʮʝʥʢʘ ʧʨʠʤʝʥʠʤʦʩʪʠ ʛʦʨʦʜʩʢʦʡ ʣʠ-

ʥʠʠ DAS ʠ ʠʥʪʝʨʨʦʛʘʪʦʨʘ «ɼʫʥʘʡ» ʜʣʷ ʟʘʧʠʩʠ ʠ ʦʙʨʘʙʦʪʢʠ ʩʝʡʩʤʠʯʝʩʢʦʛʦ ʰʫʤʘ 

ʤʝʪʦʜʦʤ ʧʘʩʩʠʚʥʦʛʦ ʤʥʦʛʦʢʘʥʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʚʦʣʥ (PMASW) ʠ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʙʘʟʳ ʠʟʤʝʨʝʥʠʷ ʥʘ ʜʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʩʪʨʦʝʥʠʷ ʩʢʦʨʦʩʪʥʦʡ 

ʤʦʜʝʣʠ ʚʝʨʭʥʝʡ ʯʘʩʪʠ ʨʘʟʨʝʟʘ. 

2. ʆʧʠʩʘʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠ ʨʝʟʫʣʴʪʘʪʳ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ 

ʇʦʣʝʚʳʝ ʩʝʡʩʤʠʯʝʩʢʠʝ ʥʘʙʣʶʜʝʥʠʷ ʚʳʧʦʣʥʝʥʳ ʥʘ ʫʯʘʩʪʢʝ ʛʦʨʦʜʩʢʦʡ ʚʦʣʦ-

ʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʦʡ ʣʠʥʠʠ ʩʚʷʟʠ, ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʚʜʦʣʴ ʪʨʘʤʚʘʡʥʦʡ ʪʨʘʩʩʳ ʚ ʩʝʚʝ-

ʨʦ-ʚʦʩʪʦʯʥʦʡ ʯʘʩʪʠ ʛ. ʄʦʩʢʚʳ. ʈʝʛʠʩʪʨʘʮʠʷ ʧʘʩʩʠʚʥʳʭ ʩʝʡʩʤʠʯʝʩʢʠʭ ʰʫʤʦʚ 

ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʠʥʪʝʨʨʦʛʘʪʦʨʦʤ «ɼʫʥʘʡ» (ʆʆʆ «ʊ8»). ɼʣʠʪʝʣʴʥʦʩʪʴ ʣʘʟʝʨʥʦʛʦ 

ʠʤʧʫʣʴʩʘ ʨʘʚʥʷʣʘʩʴ 80 ʥʩ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʣʠʥʝ ʨʘʩʩʝʷʥʠʷ ~8 ʤ. ɿʘʧʠʩʠ ʙʳʣʠ 

ʩʜʝʣʘʥʳ ʩ ʜʚʫʤʷ ʟʥʘʯʝʥʠʷʤʠ ʙʘʟʘʤʠ ʠʟʤʝʨʝʥʠʷ (GL): 8 ʠ 16 ʤ. ʈʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ 

ʚʠʨʪʫʘʣʴʥʳʤʠ ʜʘʪʯʠʢʘʤʠ ʩʦʩʪʘʚʣʷʣʦ 1,6 ʤ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ GL ʤʝʥʴʰʝʡ ʚʝʣʠʯʠ-

ʥ ,r ʯʝʤ ʜʣʠʥʘ ʨʘʩʩʝʠʚʘʥʠʷ, ʥʝ ʜʘʝʪ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʦʚʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ 

ʦʪʢʣʠʢʘ, ʪʦʛʜʘ ʢʘʢ ʫʚʝʣʠʯʝʥʠʝ GL ʦʙʝʩʧʝʯʠʚʘʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥ-

ʥʦʝ ʫʩʨʝʜʥʝʥʠʝ ʩʠʛʥʘʣʘ. ʕʪʦ ʫʩʨʝʜʥʝʥʠʝ ʫʤʝʥʴʰʘʝʪ ʚʣʠʷʥʠʝ ʣʦʢʘʣʴʥʳʭ ʘʧʧʘʨʘ-

ʪʫʨʥʳʭ ʠʩʢʘʞʝʥʠʡ ʠ ʧʦʟʚʦʣʷʝʪ ʫʣʫʯʰʠʪʴ ʚʳʜʝʣʝʥʠʝ ʧʦʣʝʟʥʦʛʦ ʩʠʛʥʘʣʘ ʥʘ ʦʪ-

ʜʝʣʴʥʳʭ ʫʯʘʩʪʢʘʭ ʧʨʦʬʠʣʷ, ʦʜʥʘʢʦ ʥʝ ʚʦʩʩʪʘʥʘʚʣʠʚʘʝʪ ʬʠʟʠʯʝʩʢʠ ʢʦʨʨʝʢʪʥʳʡ 

ʩʠʛʥʘʣ ʚ ʪʝʭ ʢʘʥʘʣʘʭ, ʛʜʝ ʧʝʨʚʠʯʥʳʡ ʦʪʢʣʠʢ ʠʥʪʝʨʨʦʛʘʪʦʨʘ ʚʳʰʝʣ ʠʟ ʣʠʥʝʡʥʦʛʦ 

ʨʝʞʠʤʘ [5]. ʇʦʣʫʯʝʥʥʳʝ ʟʘʧʠʩʠ ʧʦʢʘʟʳʚʘʶʪ ʨʘʩʧʨʝʜʝʣʸʥʥʳʝ ʚʦ ʚʨʝʤʝʥʠ ʠ ʧʨʦ-

ʩʪʨʘʥʩʪʚʝ ʠʟʤʝʨʝʥʠʷ ʧʨʦʜʦʣʴʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʦʧʪʦʚʦʣʦʢʥʘ, ʚʳʟʚʘʥʥʦʡ ʪʝʭʥʦ-

ʛʝʥʥʳʤʠ ʠʩʪʦʯʥʠʢʘʤʠ ʚʠʙʨʘʮʠʡ. 

ɺ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʦʚ ʫʧʨʫʛʠʭ ʢʦʣʝʙʘʥʠʡ ʚʳʩʪʫʧʘʣʠ ʪʨʘʥʩʧʦʨʪʥʳʝ ʧʦ-

ʪʦʢʠ, ʬʦʨʤʠʨʫʶʱʠʝ ʫʩʪʦʡʯʠʚʦʝ ʰʠʨʦʢʦʧʦʣʦʩʥʦʝ ʧʦʣʝ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʚʦʣʥ. 

ʆʙʱʝʠʟʚʝʩʪʥʦ, ʯʪʦ ʥʘʠʙʦʣʴʰʠʡ ʚʢʣʘʜ ʚ ʚʦʣʥʦʚʦʝ ʧʦʣʝ ʚʥʦʩʠʪ ʧʦʚʝʨʭʥʦʩʪʥʘʷ 

ʚʦʣʥʘ ʈʝʣʝʷ, ʘʥʘʣʠʟʫ ʢʦʪʦʨʦʡ ʧʦʩʚʷʱʝʥʦ ʪʝʢʫʱʝʝ ʠʩʩʣʝʜʦʚʘʥʠʝ. ɺʘʞʥʦ ʦʪʤʝ-

ʪʠʪʴ, ʯʪʦ ʚʦʣʥʘ ʈʝʣʝʷ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʵʣʣʠʧʪʠʯʝʩʢʠʤ ʜʚʠʞʝʥʠʝʤ ʯʘʩʪʠʮ ʩ 

ʜʚʫʤʷ ʢʦʤʧʦʥʝʥʪʘʤʠ: ʚʝʨʪʠʢʘʣʴʥʦʡ ʠ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʚ ʚʝʨʪʠʢʘʣʴʥʦʡ ʧʣʦʩʢʦ-

ʩʪʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ. ɼʣʷ ʣʠʥʝʡʥʦʛʦ ʦʧʪʦʚʦʣʦʢʥʘ, ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ ʜʘʥʥʦʡ 

ʨʘʙʦʪʝ, ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʤʘʢʩʠʤʘʣʴʥʘ ʢ ʢʦʤʧʦʥʝʥʪʝ ʜʚʠʞʝʥʠʷ, ʩʧʨʦʝʮʠʨʦ-
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ʚʘʥʥʦʡ ʥʘ ʥʘʧʨʘʚʣʝʥʠʝ ʧʨʦʢʣʘʜʢʠ ʢʘʙʝʣʷ ï ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʝ ʚʦʣ-

ʥ  rʈʝʣʝʷ. 

ʆʙʨʘʙʦʪʢʘ ʟʘʧʠʩʝʡ ʚʳʧʦʣʥʷʣʘʩʴ ʤʝʪʦʜʦʤ PMASW ʩ ʥʝʟʘʚʠʩʠʤʳʤ ʘʥʘʣʠʟʦʤ 

ʜʘʥʥʳʭ ʜʣʷ ʜʚʫʭ ʟʥʘʯʝʥʠʡ ʙʘʟʳ ʠʟʤʝʨʝʥʠʷ: 8 ʠ 16 ʤ. ʄʝʪʦʜ PMASW ʦʩʥʦʚʘʥ ʥʘ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʠ ʩʝʡʩʤʠʯʝʩʢʦʛʦ ʰʫʤʘ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʘʤʧʣʠʪʫʜ ʢʦʣʝʙʘʥʠʡ ʚ 

ʧʨʦʩʪʨʘʥʩʪʚʝ ʬʘʟʦʚʘʷ ʩʢʦʨʦʩʪʴ ï ʯʘʩʪʦʪʘ, ʠʣʠ ʪ.ʥ. ʜʠʩʧʝʨʩʠʦʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ 

[6]. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʵʪʠ ʠʟʦʙʨʘʞʝʥʠʷ ʩʪʨʦʷʪʩʷ ʧʫʪʝʤ ʥʘʢʣʦʥʥʦʛʦ ʩʫʤʤʠʨʦ-

ʚʘʥʠʷ ʧʣʦʩʢʠʭ ʚʦʣʥ ʚ ʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ ʩ ʧʝʨʝʙʦʨʦʤ ʠʭ ʬʘʟʦʚʳʭ ʩʢʦʨʦʩʪʝʡ ʠ 

ʚʦʟʤʦʞʥʳʭ ʘʟʠʤʫʪʦʚ ʧʨʠʭʦʜʘ ʚʦʣʥʳ ʈʝʣʝʷ. ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʚʚʝʜʸʥ ʢʦʵʬʬʠʮʠʝʥʪ 

ʥʘʜʸʞʥʦʩʪʠ ʜʘʥʥʳʭ, ʦʧʨʝʜʝʣʷʝʤʳʡ ʧʦ ʜʦʣʝ ʢʘʥʘʣʦʚ, ʧʨʝʚʳʰʘʶʱʠʭ ʟʘʜʘʥʥʳʡ 

ʫʨʦʚʝʥʴ ʩʧʝʢʪʨʘʣʴʥʦʡ ʤʦʱʥʦʩʪʠ. ʕʪʦ ʧʦʟʚʦʣʠʣʦ ʫʯʠʪʳʚʘʪʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʫʩʣʦʚʠʡ ʨʝʛʠʩʪʨʘʮʠʠ ʠ ʧʦʚʳʩʠʪʴ ʫʩʪʦʡʯʠʚʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ  

ʠʥʚʝʨʩʠʠ. 

ʅʘ ʨʠʩ. 1 ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʳ ʬʨʘʛʤʝʥʪ ʠʩʭʦʜʥʦʡ ʟʘʧʠʩʠ (ʩʝʡʩʤʦʛʨʘʤʤʳ) 

ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʚʨʝʤʷ ï ʨʘʩʩʪʦʷʥʠʝ ʚʜʦʣʴ ʢʘʙʝʣʷ (ʩʤ. ʨʠʩ. 1, ʘ) ʠ ʧʦʩʪʨʦʝʥʥʦʝ ʧʦ 

ʥʝʤʫ ʜʠʩʧʝʨʩʠʦʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʘʤʧʣʠʪʫʜ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʚʦʣʥʳ ʈʝʣʝʷ ʚ ʧʨʦ-

ʩʪʨʘʥʩʪʚʝ ʬʘʟʦʚʘʷ ʩʢʦʨʦʩʪʴ ï ʯʘʩʪʦʪʘ. 
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ʈʠʩ. 1. ʌʨʘʛʤʝʥʪ ʠʩʭʦʜʥʦʡ ʟʘʧʠʩʠ ʜʝʬʦʨʤʘʮʠʠ ʚʜʦʣʴ ʢʘʙʝʣʷ DAS ï ʩʝʡʩʤʦʛʨʘʤʤʘ (ʘ)  

ʠ ʨʘʩʩʯʠʪʘʥʥʦʝ ʧʦ ʥʝʡ ʜʠʩʧʝʨʩʠʦʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʚʦʣʥʳ ʈʝʣʝʷ (ʙ) 

 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʦʙʨʘʙʦʪʢʠ 20-ʤʠʥʫʪʥʦʡ ʟʘʧʠʩʠ ʧʘʩʩʠʚʥʦʛʦ ʰʫʤʘ ʧʦʣʫʯʝʥʳ 

ʜʠʩʧʝʨʩʠʦʥʥʳʝ ʢʨʠʚʳʝ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʚʦʣʥ ʠ ʚʳʧʦʣʥʝʥʘ ʠʭ ʠʥʚʝʨʩʠʷ ʩ ʧʦʩʪʨʦ-

ʝʥʠʝʤ ʜʚʫʤʝʨʥʦʡ ʩʢʦʨʦʩʪʥʦʡ ʤʦʜʝʣʠ ʧʦʧʝʨʝʯʥʳʭ ʚʦʣʥ ʚʜʦʣʴ ʧʨʦʬʠʣʷ ʧʨʦʪʷ-

ʞʸʥʥʦʩʪʴʶ ʜʦ 2,5 ʢʤ ʠ ʛʣʫʙʠʥʦʡ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʨʷʜʢʘ 150 ʤ. ʀʪʦʛʦʚʳʡ ʩʢʦ-

ʨʦʩʪʥʦʡ ʨʘʟʨʝʟ ʩʬʦʨʤʠʨʦʚʘʥ ʧʫʪʸʤ ʦʩʨʝʜʥʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʜʣʷ 

ʜʚʫʭ ʟʥʘʯʝʥʠʡ ʙʘʟʳ ʠʟʤʝʨʝʥʠʷ, ʩ ʦʪʙʨʘʢʦʚʢʦʡ ʫʯʘʩʪʢʦʚ ʧʦʥʠʞʝʥʥʦʡ ʜʦʩʪʦʚʝʨ-

ʥʦʩʪʠ (ʨʠʩ. 2). ʇʦʢʘʟʘʥʦ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʙʘʟʳ ʠʟʤʝʨʝʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ʧʦʚʳʰʝ-

ʥʠ ʁʫʩʪʦʡʯʠʚʦʩʪʠ ʚʳʜʝʣʝʥʠʷ ʥʠʟʢʦʯʘʩʪʦʪʥʦʡ ʯʘʩʪʠ ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʢʨʠʚʳʭ ʠ 

ʧʦʚʳʰʘʝʪ ʛʣʫʙʠʥʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʡ. ʆʜʥʦʚʨʝʤʝʥʥʦ ʥʘʙʣʶʜʘʝʪʩʷ ʩʥʠʞʝʥʠʝ 

ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ ʚ ʚʝʨʭʥʝʡ ʯʘʩʪʠ ʨʘʟʨʝʟʘ ʚʩʣʝʜʩʪʚʠʝ ʦʩʣʘʙʣʝʥʠʷ ʚʳ-



 

 
53 

ʩʦʢʦʯʘʩʪʦʪʥʳʭ ʢʦʤʧʦʥʝʥʪ ʩʠʛʥʘʣʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʳʙʦʨ ʙʘʟʳ ʠʟʤʝʨʝʥʠʷ ʧʨʝʜ-

ʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʦʤʧʨʦʤʠʩʩ ʤʝʞʜʫ ʛʣʫʙʠʥʥʦʩʪʴʶ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʜʝʪʘʣʴʥʦʩʪʴʶ 

ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʚʝʨʭʥʝʡ ʯʘʩʪʠ ʨʘʟʨʝʟʘ. 

 

 

ʈʠʩ. 2. ʉʢʦʨʦʩʪʥʘʷ ʤʦʜʝʣʴ ʚʝʨʭʥʝʡ ʯʘʩʪʠ ʛʝʦʣʦʛʠʯʝʩʢʦʛʦ ʨʘʟʨʝʟʘ,  

ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ PMASW 

 

ʇʦʣʫʯʝʥʥʘʷ ʩʢʦʨʦʩʪʥʘʷ ʤʦʜʝʣʴ ʩʦʧʦʩʪʘʚʣʝʥʘ ʩ ʦʙʦʙʱʸʥʥʳʤʠ ʠʥʞʝʥʝʨʥʦ-

ʛʝʦʣʦʛʠʯʝʩʢʠʤʠ ʧʨʝʜʩʪʘʚʣʝʥʠʷʤʠ ʦ ʩʪʨʦʝʥʠʠ ʚʝʨʭʥʝʡ ʯʘʩʪʠ ʨʘʟʨʝʟʘ ʪʝʨʨʠʪʦʨʠʠ 

ʛ. ʄʦʩʢʚʘ. ɺ ʨʘʟʨʝʟʝ ʚʳʜʝʣʷʶʪʩʷ ʜʚʝ ʦʩʥʦʚʥʳʝ ʠ ʦʜʥʘ ʧʝʨʝʭʦʜʥʘʷ ʩʢʦʨʦʩʪʥʳʝ 

ʟʦʥʳ. ɺʝʨʭʥʷʷ ʪʦʣʱʘ ʩʦ ʩʢʦʨʦʩʪʷʤʠ ʧʦʧʝʨʝʯʥʦʡ ʚʦʣʥʳ ʧʦʨʷʜʢʘ 100ï800 ʤ/ʩ ʠ 

ʤʦʱʥʦʩʪʴʶ ʜʦ ~50 ʤ ʠʥʪʝʨʧʨʝʪʠʨʫʝʪʩʷ ʢʘʢ ʢʦʤʧʣʝʢʩ ʯʝʪʚʝʨʪʠʯʥʳʭ, ʪʝʭʥʦʛʝʥ-

ʥʳʭ ʠ ʶʨʩʢʦ-ʤʝʣʦʚʳʭ ʧʝʩʯʘʥʦ-ʛʣʠʥʠʩʪʳʭ ʦʪʣʦʞʝʥʠʡ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡʩʷ ʚʳ-

ʩʦʢʦʡ ʣʘʪʝʨʘʣʴʥʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴʶ. ʅʠʞʝ ʚʳʜʝʣʷʝʪʩʷ ʧʝʨʝʭʦʜʥʘʷ ʟʦʥʘ ʩʦ 

ʩʨʝʜʥʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʩʢʦʨʦʩʪʠ ʧʦʧʝʨʝʯʥʦʡ ʚʦʣʥʳ, ʦʪʨʘʞʘʶʱʘʷ ʵʨʦʟʠʦʥʥʫʶ 

ʠʟʤʝʥʯʠʚʦʩʪʴ ʤʦʱʥʦʩʪʠ ʧʝʨʝʢʨʳʚʘʶʱʠʭ ʪʦʣʱ ʠ ʟʦʥʫ ʚʳʚʝʪʨʝʣʳʭ ʠ ʪʨʝʱʠʥʦʚʘ-

ʪʳʭ ʢʘʨʙʦʥʘʪʥʳʭ ʧʦʨʦʜ ʚ ʢʨʦʚʣʝ ʢʘʨʙʦʥʦʚʦʛʦ ʢʦʤʧʣʝʢʩʘ. ʅʘ ʛʣʫʙʠʥʘʭ ʧʦʨʷʜʢʘ 

~100 ʤ ʧʨʦʩʣʝʞʠʚʘʝʪʩʷ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʘʷ ʪʦʣʱʘ ʩʦ ʟʥʘʯʝʥʠʷʤʠ ʙʦʣʝʝ 1500 ʤ/ʩ, 

ʠʥʪʝʨʧʨʝʪʠʨʫʝʤʘʷ ʢʘʢ ʢʘʨʙʦʥʘʪʥʳʝ ʦʪʣʦʞʝʥʠʷ ʢʘʨʙʦʥʘ; ʧʦʣʦʞʝʥʠʝ ʝʸ ʢʨʦʚʣʠ 

ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʟʘʤʝʪʥʫʶ ʣʘʪʝʨʘʣʴʥʫʶ ʠʟʤʝʥʯʠʚʦʩʪʴ, ʩʦʛʣʘʩʫʶʱʫʶʩʷ ʩ ʘʧʨʠʦʨ-

ʥʳʤʠ ʨʝʛʠʦʥʘʣʴʥʳʤʠ ʠʥʞʝʥʝʨʥʦ-ʛʝʦʣʦʛʠʯʝʩʢʠʤʠ ʧʨʝʜʩʪʘʚʣʝʥʠʷʤʠ. 

3. ɿʘʢʣʶʯʝʥʠʝ 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʜʪʚʝʨʞʜʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʝʭʥʦ-

ʣʦʛʠʠ DAS ʩʦʚʤʝʩʪʥʦ ʩ ʤʝʪʦʜʦʤ PMASW ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʩʢʦʨʦʩʪʥʳʭ ʤʦʜʝʣʝʡ 

ʚʝʨʭʥʝʡ ʯʘʩʪʠ ʨʘʟʨʝʟʘ ʧʦ ʧʘʩʩʠʚʥʳʤ ʜʘʥʥʳʤ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠʤʝʥʝʥʠʝ ʨʘʟʣʠʯ-

ʥʳʭ ʟʥʘʯʝʥʠʡ ʙʘʟʳ ʠʟʤʝʨʝʥʠʷ ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʩʠʪʴ ʫʩʪʦʡʯʠʚʦʩʪʴ ʠʥʚʝʨʩʠʠ ʠ 

ʨʘʩʰʠʨʠʪʴ ʜʠʘʧʘʟʦʥ ʠʩʩʣʝʜʫʝʤʳʭ ʛʣʫʙʠʥ. ʇʨʝʜʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ ʤʦʞʝʪ ʠʩʧʦʣʴ-

ʟʦʚʘʪʴʩʷ ʧʨʠ ʠʥʞʝʥʝʨʥʦ-ʛʝʦʬʠʟʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʠ ʜʣʠʪʝʣʴʥʦʤ ʤʦʥʠʪʦ-

ʨʠʥʛʝ ʩʦʩʪʦʷʥʠʷ ʛʨʫʥʪʦʚ ʚ ʫʩʣʦʚʠʷʭ ʛʦʨʦʜʩʢʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ. 
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ʇʨʝʜʩʪʘʚʣʝʥʘ ʢʦʥʮʝʧʮʠʷ ʪʨʸʭʢʦʤʧʦʥʝʥʪʥʦʛʦ ʦʧʪʦʚʦʣʦʢʦʥʥʦʛʦ ʛʝʦʬʠʟʠʯʝ-

ʩʢʦʛʦ ʜʘʪʯʠʢʘ ʥʘ ʙʘʟʝ ʬʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʨʝʬʣʝʢʪʦʤʝʪʨʘ ʩ ʩʫʙʤʝʪʨʦʚʳʤ ʧʨʦ-

ʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ; ʪʘʢʞʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʧʦʣʝʚʦʛʦ ʵʢʩ-

ʧʝʨʠʤʝʥʪʘ ʧʦ ʪʝʩʪʠʨʦʚʘʥʠʶ ʦʧʳʪʥʦʛʦ ʦʙʨʘʟʮʘ ʜʘʪʯʠʢʘ ʠ ʘʥʘʣʠʟʠʨʫʝʪʩʷ ʩʝʡʩʤʦ-

ʛʨʘʤʤʘ ʦʧʪʠʯʝʩʢʦʡ ʬʘʟʳ ʪʘʢʦʡ ʢʦʥʩʪʨʫʢʮʠʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʨʘʩʧʨʝʜʝʣʸʥʥʳʡ ʘʢʫʩʪʠʯʝʩʢʠʡ ʜʘʪʯʠʢ, ʩʝʡʩʤʦʨʘʟʚʝʜʢʘ, 

ʨʝʛʠʩʪʨʘʮʠʷ ʫʧʨʫʛʠʭ ʢʦʣʝʙʘʥʠʡ. 
 

1. ɺʚʝʜʝʥʠʝ 

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʨʘʩʧʨʝʜʝʣʸʥʥʳʝ ʘʢʫʩʪʠʯʝʩʢʠʝ ʜʘʪʯʠʢʠ (DAS), ʦʩʥʦ-

ʚʘʥʥʳʝ ʥʘ ʵʬʬʝʢʪʝ ʨʘʩʩʝʷʥʠʷ ʈʵʣʝʷ, ʫʩʧʝʰʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ 

ʛʝʦʬʠʟʠʢʠ, ʪʘʢʠʭ ʢʘʢ ʚʝʨʪʠʢʘʣʴʥʦʝ ʩʝʡʩʤʠʯʝʩʢʦʝ ʧʨʦʬʠʣʠʨʦʚʘʥʠʝ (VSP), ʤʥʦ-

ʛʦʢʘʥʘʣʴʥʳʡ ʘʥʘʣʠʟ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʚʦʣʥ (MASW) ʠ ʜʨʫʛʠʭ. ʄʦʪʠʚʘʮʠʷ ʚʥʝʜʨʝ-

ʥʠʷ DAS-ʩʠʩʪʝʤ ʚʤʝʩʪʦ ʢʣʘʩʩʠʯʝʩʢʦʡ ʢʦʩʳ ʛʝʦʬʦʥʦʚ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʣʝʜʫʶʱʠʭ 

ʧʨʝʠʤʫʱʝʩʪʚʘʭ ʪʘʢʠʭ ʩʠʩʪʝʤ: ʧʘʩʩʠʚʥʦʩʪʴ (ʥʝ ʪʨʝʙʫʶʪ ʠʩʪʦʯʥʠʢʦʚ ʧʠʪʘʥʠʷ 

ʚʜʦʣʴ ʯʫʚʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ), ʘʚʪʦʥʦʤʥʦʩʪʴ (ʟʘʣʦʞʝʥʥʦʝ ʚʦʣʦʢʥʦ ʥʝ ʪʨʝʙʫʝʪ ʦʙ-

ʩʣʫʞʠʚʘʥʠʷ; ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʧʦʜʭʦʜʠʪ ʜʣʷ ʤʦʥʠʪʦʨʠʥʛʦʚʳʭ ʥʘʙʣʶʜʝʥʠʡ), 

ʫʩʪʦʡʯʠʚʦʩʪʴ ʢ ʥʘʚʝʜʸʥʥʳʤ (EMI) ʧʦʤʝʭʘʤ. ʅʝʩʤʦʪʨʷ ʥʘ ʪʘʢʠʝ ʩʫʱʝʩʪʚʝʥʥʳʝ 

ʧʨʝʠʤʫʱʝʩʪʚʘ, ʚʳʟʦʚ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʘʥʘʣʠʟ ʩʝʡʩʤʠʯʝʩʢʠʭ ʩʠʛʥʘʣʦʚ ʩ 

ʧʦʤʦʱʴʶ DAS ʪʨʝʙʫʝʪ ʠʥʦʛʦ ʧʦʜʭʦʜʘ, ʚʝʜʴ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʛʝʦʬʦʥʘ, ʨʝʛʠʩʪʨʠʨʫ-

ʝʪʩʷ ʩʢʦʨʦʩʪʴ ʜʝʬʦʨʤʘʮʠʠ ʚʦʣʦʢʥʘ, ʘ ʥʝ ʩʢʦʨʦʩʪʴ ʜʚʠʞʝʥʠʷ ʯʘʩʪʠʮ [1], ʘ ʪʘʢʞʝ ʚ 

ʪʦʤ, ʯʪʦ ʧʨʷʤʦʝ ʚʦʣʦʢʥʦ, ʷʚʣʷʶʱʝʝʩʷ ʩʘʤʳʤ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʤʳʤ ʠ ʜʦʩʪʫʧʥʳʤ 

ʯʫʚʩʪʚʠʪʝʣʴʥʳʤ ʵʣʝʤʝʥʪʦʤ ʜʣʷ DAS, ʠʤʝʝʪ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʪʦʣʴʢʦ ʚ ʧʨʦʜʦʣʴ-

ʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ [2] (ʦʙʳʯʥʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ x-ʢʦʤʧʦʥʝʥʪʝ ʛʝʦʬʦʥʘ). ɺ ʜʘʥʥʦʡ 

ʨʘʙʦʪʝ ʠʟʣʘʛʘʝʪʩʷ ʦʧʠʩʘʥʠʝ ʠ ʦʧʳʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʨʸʭʢʦʤʧʦʥʝʥʪʥʦʛʦ ʜʘʪʯʠʢʘ, 

ʧʦʟʚʦʣʷʶʱʝʛʦ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʩʠʛʥʘʣ ʚʦ ʚʩʝʭ ʪʨʸʭ ʥʘʧʨʘʚʣʝʥʠʷʭ ʠ ʪʘʢʠʤ ʦʙʨʘ-

ʟʦʤ ʨʘʩʰʠʨʷʶʱʝʛʦ ʦʙʣʘʩʪʴ ʧʨʠʤʝʥʝʥʠʷ DAS ʚ ʛʝʦʬʠʟʠʢʝ. 
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2. ʅʘʧʨʘʚʣʝʥʥʦʩʪʴ DAS-ʩʠʩʪʝʤ 

ʂʘʢ ʙʳʣʦ ʫʢʘʟʘʥʦ ʚʳʰʝ, ʢʦʥʩʪʨʫʢʪʠʚʥʦ ʧʨʠʤʝʥʝʥʠʝ DAS ʚ ʟʘʜʘʯʘʭ ʛʝʦʬʠʟʠ-

ʢʠ ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ ʧʨʷʤʦʛʦ ʚʦʣʦʢʥʘ. ʉʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ 

ʩʧʦʩʦʙʦʚ ʦʙʦʡʪʠ ʵʪʦ ʦʛʨʘʥʠʯʝʥʠʝ [3]. ʇʝʨʚʦʝ ï ʵʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʚʘʟʠʨʘʩʧʨʝʜʝ-

ʣʸʥʥʳʭ ʜʘʪʯʠʢʦʚ, ʪʘʢʠʭ ʢʘʢ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʛʝʦʬʦʥʳ (ʪʦʥʢʠʡ ʢʘʙʝʣʴ, ʩʚʸʨ-

ʥʫʪʳʡ ʚ ʢʦʣʴʮʦ ʠʣʠ ʚʳʪʷʥʫʪʳʡ ʦʚʘʣ). ʊʘʢʦʡ ʜʘʪʯʠʢ ʠʤʝʝʪ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ 

ʜʚʫʤ ʢʦʤʧʦʥʝʥʪʘʤ (ʧʨʠ ʚʝʨʪʠʢʘʣʴʥʦʤ ʨʘʟʤʝʱʝʥʠʠ ʚʛʣʫʙʴ ʟʝʤʣʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ x- 

ʠ z-ʢʦʤʧʦʥʝʥʪʘʤ ʛʝʦʬʦʥʘ) ʠ ʥʝ ʩʣʠʰʢʦʤ ʫʜʦʙʝʥ ʜʣʷ ʧʦʣʝʚʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ, ʥʦ 

ʧʦʟʚʦʣʷʝʪ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʧʨʦʜʦʣʴʥʳʝ ʦʪʨʘʞʸʥʥʳʝ ʚʦʣʥʳ. ɺʪʦʨʦʝ ï ʵʪʦ ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʝ ʩʧʝʮʠʘʣʴʥʦʛʦ ʢʘʙʝʣʷ ʩʦ ʩʧʠʨʘʣʴʥʦʡ ʥʘʤʦʪʢʦʡ. ʊʝʦʨʝʪʠʯʝʩʢʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʪʘʢʦʡ ʢʘʙʝʣʴ ʠʤʝʝʪ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʚʦ ʚʩʝʭ ʪʨʸʭ ʥʘʧʨʘʚʣʝʥʠʷʭ [4] ʧʨʠ ʧʨʘʚʠʣʴ-

ʥʦ ʧʦʜʦʙʨʘʥʥʦʤ ʫʛʣʝ ʥʘʤʦʪʢʠ. ʂʘʙʝʣʴ ʩ ʦʜʠʥʘʢʦʚʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ ʧʦʜ ʣʶ-

ʙʳʤ ʫʛʣʦʤ ʧʘʜʝʥʠʷ ʚʦʣʥʳ ʷʚʣʷʝʪʩʷ ʦʧʪʠʤʘʣʴʥʳʤ ʚʘʨʠʘʥʪʦʤ ʜʣʷ DAS ʚ ʛʝʦʬʠʟʠʢʝ, 

ʥʦ ʥʘ ʪʝʢʫʱʠʡ ʤʦʤʝʥʪ ʥʝ ʨʝʘʣʠʟʦʚʘʥ ʥʘ ʧʨʘʢʪʠʢʝ ʚʚʠʜʫ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʷ ʥʝʩʪʘʥʜʘʨʪʥʦʛʦ ʚʦʣʦʢʥʘ ʩ ʥʠʟʢʠʤʠ ʠʟʛʠʙʥʳʤʠ ʧʦʪʝʨʷʤʠ [5]. ʊʨʝʪʴʝ ï ʵʪʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʨʸʭʢʦʤʧʦʥʝʥʪʥʦʛʦ ʜʘʪʯʠʢʘ, ʦ ʢʦʪʦʨʦʤ ʧʦʡʜʸʪ ʨʝʯʴ ʚ ʜʘʣʴʥʝʡʰʝʤ, 

ʧʦʵʪʦʤʫ ʟʜʝʩʴ ʦ ʥʸʤ ʧʦʜʨʦʙʥʦ ʛʦʚʦʨʠʪʴʩʷ ʥʝ ʙʫʜʝʪ. ɿʘʤʝʪʠʤ ʪʦʣʴʢʦ, ʯʪʦ ʦʥ ʩʢʦʥ-

ʩʪʨʫʠʨʦʚʘʥ ʪʘʢ, ʯʪʦ ʚʩʝ ʪʨʠ ʢʦʤʧʦʥʝʥʪʳ ʚ ʦʧʪʠʯʝʩʢʦʤ ʩʠʛʥʘʣʝ ʨʘʟʥʝʩʝʥʳ ʷʚʥʳʤ 

ʦʙʨʘʟʦʤ, ʯʪʦ ʚʳʛʦʜʥʦ ʦʪʣʠʯʘʝʪ ʪʘʢʦʡ ʜʘʪʯʠʢ ʦʪ ʦʙʩʫʞʜʘʝʤʳʭ ʟʜʝʩʴ ʨʘʥʝʝ. 

3. ʊʨʸʭʢʦʤʧʦʥʝʥʪʥʳʡ ʜʘʪʯʠʢ 

ʊʨʸʭʢʦʤʧʦʥʝʥʪʥʳʡ ʜʘʪʯʠʢ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʪʨʠ ʜʝʨʝʚʷʥʥʳʝ ʥʘʧʨʘʚʣʷ-

ʶʱʠʝ, ʥʘ ʢʘʞʜʫʶ ʠʟ ʢʦʪʦʨʳʭ ʥʘʤʦʪʘʥ ʚ ʥʝʩʢʦʣʴʢʦ ʩʣʦʸʚ ʦʧʪʦʚʦʣʦʢʦʥʥʳʡ ʢʘʙʝʣʴ, 

ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʟʘʢʨʝʧʣʸʥʥʳʡ ʜʚʫʤʷ ʧʣʘʩʪʠʢʦʚʳʤʠ ʟʘʞʠʤʘʤʠ (ʨʠʩ. 1).  

ʊʘʢʘʷ ʢʦʥʩʪʨʫʢʮʠʷ ʧʦʟʚʦʣʷʝʪ ʧʦʦʯʝʨʸʜʥʦ ʦʨʠʝʥʪʠʨʦʚʘʪʴ ʦʧʪʦʚʦʣʦʢʦʥʥʳʡ ʢʘ-

ʙʝʣʴ ʚʜʦʣʴ ʚʩʝʭ ʢʦʤʧʦʥʝʥʪ, ʯʪʦ ʫʩʪʨʘʥʷʝʪ ʧʨʦʙʣʝʤʫ ʦʜʥʦʦʩʝʚʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦ-

ʩʪʠ ʦʧʪʠʯʝʩʢʦʛʦ ʚʦʣʦʢʥʘ. ʂʨʦʤʝ ʪʦʛʦ, ʢʦʥʩʪʨʫʢʮʠʷ ʦʙʝʩʧʝʯʠʚʘʝʪ ʣʦʢʘʣʠʟʘʮʠʶ 

ʙʦʣʴʰʦʡ ʜʣʠʥʳ ʚʦʣʦʢʥʘ ʚ ʪʦʯʢʝ, ʫʩʨʝʜʥʝʥʠʝ ʧʦ ʢʦʪʦʨʦʡ ʧʦʚʳʰʘʝʪ ʦʪʥʦʰʝʥʠʝ 

ʩʠʛʥʘʣ-ʰʫʤ (SNR). ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʦʧʪʦʚʦʣʦʢʦʥʥʦʛʦ ʢʘʙʝʣʷ, ʩʦʜʝʨʞʘʱʝʛʦ 

ʯʝʪʳʨʝ ʚʦʣʦʢʥʘ, ʤʦʞʥʦ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʩʥʠʟʠʪʴ ʫʨʦʚʝʥʴ ʰʫʤʘ ʚ ʜʚʘ ʨʘʟʘ.  

 

  

ʈʠʩ. 1. ɼʝʨʝʚʷʥʥʘʷ ʥʘʧʨʘʚʣʷʶʱʘʷ ʩ ʦʧʪʦʚʦʣʦʢʦʥʥʳʤ ʢʘʙʝʣʝʤ (ʦʜʥʘ ʠʟ ʢʦʤʧʦʥʝʥʪ) 

 

ɼʦ ʵʪʦʛʦ ʧʦʭʦʞʘʷ ʢʦʥʩʪʨʫʢʮʠʷ ʙʳʣʘ ʫʩʧʝʰʥʦ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʜʝʪʝʢʪʠʨʦ-

ʚʘʥʠʷ z-ʢʦʤʧʦʥʝʥʪʳ ʦʪʨʘʞʸʥʥʳʭ ʚʦʣʥ [6]. ɹʳʣ ʧʨʦʚʝʜʸʥ ʵʢʩʧʝʨʠʤʝʥʪ ʩ ʮʝʣʴʶ 

ʩʙʦʨʘ ʧʦʣʝʚʳʭ ʜʘʥʥʳʭ. ʅʘʧʨʘʚʣʷʶʱʠʝ ʨʘʩʧʦʣʘʛʘʣʠʩʴ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʩʦ-

ʦʪʚʝʪʩʪʚʦʚʘʪʴ ʚʩʝʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʢʦʤʧʦʥʝʥʪʘʤ (ʨʠʩ. 2). ʄʝʞʜʫ ʥʘʧʨʘʚʣʷ-
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ʶʱʠʤʠ ʨʘʩʧʦʣʦʞʝʥʳ ʚʠʪʢʠ ʚʦʣʦʢʥʘ, ʙʣʘʛʦʜʘʨʷ ʢʦʪʦʨʳʤ ʥʘ ʨʝʬʣʝʢʪʦʛʨʘʤʤʝ 

ʤʦʞʥʦ ʦʪʜʝʣʠʪʴ ʫʯʘʩʪʢʠ ʚʦʣʦʢʥʘ, ʥʘʤʦʪʘʥʥʳʝ ʥʘ ʢʘʞʜʫʶ ʠʟ ʥʘʧʨʘʚʣʷʶʱʠʭ; ʪʘ-

ʢʠʤ ʦʙʨʘʟʦʤ ʨʝʰʘʝʪʩʷ ʧʨʦʙʣʝʤʘ ʩʤʝʰʝʥʠʷ ʢʦʤʧʦʥʝʥʪ.  

 

 

ʈʠʩ. 2. ʇʨʦʢʣʘʜʢʘ ʪʨʸʭʢʦʤʧʦʥʝʥʪʥʦʛʦ ʜʘʪʯʠʢʘ ʚ ʧʦʣʝ 

 

ʅʘ ʨʘʩʩʪʦʷʥʠʠ 50,5 ʤ ʦʪ ʜʘʪʯʠʢʘ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʠʤʧʫʣʴʩʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ 

(ʚʟʨʳʚ ʩʝʡʩʤʦʨʫʞʴʷ). ɺ ʢʘʯʝʩʪʚʝ ʠʥʪʝʨʨʦʛʘʪʦʨʘ ʚʳʩʪʫʧʘʣ ʇɸʂ ʆɺʈʉ «ɸʛʠʜʝʣʴ» 

[7]. ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʩʦʩʪʘʚʠʣʦ 0,08 ʤ; ʪʘʢʦʝ ʵʢʩʪʨʝʤʘʣʴʥʦ ʤʘʣʦʝ 

ʟʥʘʯʝʥʠʝ ʧʦʟʚʦʣʷʝʪ ʦʪʜʝʣʠʪʴ ʩʦʥʘʧʨʘʚʣʝʥʥʳʝ ʠ ʧʨʦʪʠʚʦʥʘʧʨʘʚʣʝʥʥʳʝ ʫʯʘʩʪʢʠ 

ʚʦʣʦʢʥʘ, ʥʘʤʦʪʘʥʥʦʛʦ ʥʘ ʜʝʨʝʚʷʥʥʫʶ ʥʘʧʨʘʚʣʷʶʱʫʶ ʜʣʷ ʦʧʨʝʜʝʣʸʥʥʦʡ ʢʦʤʧʦ-

ʥʝʥʪʳ, ʦʪ ʩʦʩʝʜʥʠʭ ʫʯʘʩʪʢʦʚ ʠ ʜʨʫʛʠʭ ʢʦʤʧʦʥʝʥʪ. ɸʤʧʣʠʪʫʜʘ ʜʝʬʦʨʤʘʮʠʠ ʚʦʣʦʢ-

ʥʘ, ʬʦʨʤʠʨʫʶʱʘʷʩʷ ʥʘ 8 ʩʤ, ʦʯʝʥʴ ʤʘʣʘ. ɼʣʷ ʫʚʝʣʠʯʝʥʠʷ ʦʪʥʦʰʝʥʠʷ ʩʠʛʥʘʣ-ʰʫʤ 

ʙʘʟʘ ʠʟʤʝʨʝʥʠʷ ʙʳʣʘ ʚʳʙʨʘʥʘ ʨʘʚʥʦʡ 0,7 ʤ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʦʩʴʤʠ ʢʘʥʘʣʘʤ. 

ʅʠʞʝ ʧʨʝʜʩʪʘʚʣʝʥʘ (ʨʠʩ. 3) ʫʩʨʝʜʥʸʥʥʘʷ (ʧʦ ʯʝʪʳʨʝʤ ʚʦʣʦʢʥʘʤ ʢʘʙʝʣʷ) ʩʝʡ-

ʩʤʦʛʨʘʤʤʘ ʨʘʟʥʦʩʪʥʦʡ ʬʘʟʳ ʟʘʧʠʩʘʥʥʳʭ ʜʘʥʥʳʭ, ʥʘ ʢʦʪʦʨʦʡ ʷʚʥʳʤ ʦʙʨʘʟʦʤ ʫʢʘ-

ʟʘʥʳ ʫʯʘʩʪʢʠ ʦʧʪʠʯʝʩʢʦʛʦ ʚʦʣʦʢʥʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʜʘʪʯʠʢʫ. ʊʘʢʞʝ ʧʨʝʜʩʪʘʚ-

ʣʝʥʳ ʩʠʛʥʘʣʦʛʨʘʤʤʳ (ʨʠʩ. 4) ʢʘʥʘʣʦʚ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʚʩʝʤ ʢʦʤʧʦʥʝʥʪʘʤ ʜʘʪ-

ʯʠʢʘ, ʘ ʪʘʢʞʝ ʧʨʷʤʦʤʫ ʚʦʣʦʢʥʫ. 

ʅʘʙʣʶʜʘʶʪʩʷ ʩʣʝʜʫʶʱʠʝ ʘʨʪʝʬʘʢʪʳ ʟʘʧʠʩʠ: 

1. ʇʝʨʚʦʝ ʩʦʙʳʪʠʝ ʜʦʭʦʜʠʪ ʜʦ z-ʢʦʤʧʦʥʝʥʪʳ ʜʘʪʯʠʢʘ ʯʝʨʝʟ 20 ʤʩ; ʥʘ ʧʨʷ-

ʤʦʤ ʢʘʙʝʣʝ ʝʛʦ ʥʝ ʚʠʜʥʦ. ʀʤʝʝʪ ʧʦʩʪʦʷʥʥʳʡ ʟʥʘʢ ʥʘ ʚʩʝʡ ʜʣʠʥʝ ʚʦʣʦʢʥʘ, ʥʘʤʦ-

ʪʘʥʥʦʛʦ ʥʘ ʥʘʧʨʘʚʣʷʶʱʫʶ. 

2. ɺʪʦʨʦʝ ʩʦʙʳʪʠʝ ʜʦʭʦʜʠʪ ʜʦ ʢʦʤʧʦʥʝʥʪ ʜʘʪʯʠʢʘ ʯʝʨʝʟ 100 ʤʩ. ʆʥʦ ʦʪʯʝʪ-

ʣʠʚʦ ʨʘʟʣʠʯʠʤʦ ʥʘ z- ʢʦʤʧʦʥʝʥʪʝ ʜʘʪʯʠʢʘ ʠ ʤʦʪʢʘʭ ʚʦʣʦʢʥʘ ʤʝʞʜʫ ʥʘʧʨʘʚʣʷʶ-

ʱʠʤʠ, ʥʦ ʥʝ ʚʠʜʥʦ ʥʘ x- ʠ y-ʢʦʤʧʦʥʝʥʪʘʭ ʜʘʪʯʠʢʘ. 

3. ʊʨʝʪʴʝ ʩʦʙʳʪʠʝ ʜʦʩʪʘʪʦʯʥʦ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦ, ʚʳʜʝʣʷʝʪʩʷ ʥʘ ʧʨʦʤʝʞʫʪʢʝ 

ʚʨʝʤʝʥʠ 200ï1000 ʤʩ ʩ ʧʠʢʦʤ ʘʤʧʣʠʪʫʜʳ ʥʘ 500 ʤʩ. ʅʘ z-ʢʦʤʧʦʥʝʥʪʳ ʜʘʪʯʠʢʘ 

ʚʦʟʜʝʡʩʪʚʠʝ ʚʳʛʣʷʜʠʪ ʢʘʢ ʟʥʘʢʦʧʝʨʝʤʝʥʥʦʝ ʨʘʩʪʷʞʝʥʠʝ ʥʘ ʨʘʟʣʠʯʥʳʭ ʥʘʧʨʘʚʣʝ-

ʥʠʷʭ ʥʘʤʦʪʢʠ ʦʧʪʦʚʦʣʦʢʥʘ (ʚ ʟʝʤʣʶ ʠ ʠʟ ʟʝʤʣʠ). ʅʘ y-ʢʦʤʧʦʥʝʥʪʝ ʜʘʪʯʠʢʘ ʪʘʢʞʝ 

ʚʠʜʥʦ ʩʣʘʙʦʝ ʟʥʘʢʦʧʝʨʝʤʝʥʥʦʝ ʨʘʩʪʷʞʝʥʠʝ ʥʘ ʧʨʦʤʝʞʫʪʢʝ ʚʨʝʤʝʥʠ 200ï380 ʤʩ. 

ʇʨʠ ʵʪʦʤ ʜʣʷ ʜʘʥʥʦʛʦ ʩʦʙʳʪʠʷ ʦʢʘʟʳʚʘʝʪʩʷ, ʯʪʦ ʫʯʘʩʪʢʠ ʤʦʪʢʦʚ ʦʧʪʦʚʦʣʦʢʥʘ 

ʤʝʞʜʫ ʥʘʧʨʘʚʣʷʶʱʠʤʠ ʙʦʣʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʳ, ʯʝʤ x-ʢʦʤʧʦʥʝʥʪʘ ʜʘʪʯʠʢʘ. 
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4. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʟʥʘʢ ʨʘʩʪʷʞʝʥʠʷ ʤʝʞʜʫ ʦʧʪʦʚʦʣʦʢʥʦʤ ʜʦʩʪʘʚʢʠ ʚ 

ʩʦʚʦʢʫʧʥʦʩʪʠ ʤʦʪʢʦʤ ʚʦʣʦʢʥʘ, ʢʘʢ ʝʛʦ ʧʨʦʜʦʣʞʝʥʠʝʤ, ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʟʥʘʢʘ ʨʘʩ-

ʪʷʞʝʥʠʷ z-ʢʦʤʧʦʥʝʥʪʳ ʜʘʪʯʠʢʘ ʜʣʷ ʦʜʥʦʛʦ ʚʨʝʤʝʥʥʦʛʦ ʧʨʦʤʝʞʫʪʢʘ, ʯʪʦ ʦʪʯʪy-

ʣʠʚʦ ʚʠʜʥʦ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ 400 ʤʩ. 

 

 

ʈʠʩ. 3. ʉʝʡʩʤʦʛʨʘʤʤʘ ʠʤʧʫʣʴʩʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ, ʩʦʙʨʘʥʥʘʷ  

ʥʘ ʪʨʸʭʢʦʤʧʦʥʝʥʪʥʦʤ ʜʘʪʯʠʢʝ 

 

ʈʠʩ. 4. ʉʠʛʥʘʣʦʛʨʘʤʤʳ ʠʤʧʫʣʴʩʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ, ʩʦʙʨʘʥʥʳʝ ʥʘ ʪʨʸʭʢʦʤʧʦʥʝʥʪʥʦʤ 

ʜʘʪʯʠʢʝ. ʉʚʝʨʭʫ ʚʥʠʟ ʩʠʛʥʘʣʦʛʨʘʤʤʳ ʩ ʪʨʝʭ ʢʘʥʘʣʦʚ: z-, y-, x-ʢʦʤʧʦʥʝʥʪ ʥʘʧʨʘʚʣʷʶʱʠʭ  

ʠ ʧʨʷʤʦʛʦ ʚʦʣʦʢʥʘ (ʚʩʝʛʦ 12 ʩʠʛʥʘʣʦʛʨʘʤʤ). ɸʤʧʣʠʪʫʜʘ ʩʠʛʥʘʣʘ ʥʘ ʧʨʷʤʦʤ ʚʦʣʦʢʥʝ  

ʚ 20 ʨʘʟ ʙʦʣʴʰʝ, ʯʝʤ ʥʘ ʥʘʧʨʘʚʣʷʶʱʠʭ 

4. ʆʙʩʫʞʜʝʥʠʝ 

ʅʘ ʩʝʡʩʤʦʛʨʘʤʤʝ (ʩʤ. ʨʠʩ. 3) ʦʪʯʸʪʣʠʚʦ ʚʠʜʥʦ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ z-ʢʦʤʧʦʥʝʥʪʫ 

ʜʘʪʯʠʢʘ (ʧʝʨʚʳʡ ʘʨʪʝʬʘʢʪ ʟʘʧʠʩʠ ʠʟ ʨʘʟʜʝʣʘ ʚʳʰʝ), ʢʦʪʦʨʦʝ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʥʘ 

x-ʢʦʤʧʦʥʝʥʪʝ (ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʧʨʷʤʦʤʫ ʚʦʣʦʢʥʫ). ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʛʦʚʦʨʠʪʴ ʦ 
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ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʪʘʢʦʛʦ ʜʘʪʯʠʢʘ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʛʝʦʬʠʟʠʢʠ, ʪʨʝʙʫ-

ʶʱʠʭ ʨʝʛʠʩʪʨʘʮʠʠ z-ʢʦʤʧʦʥʝʥʪʳ ʧʦʣʷ. ɼʘʥʥʳʝ ʩ ʜʘʪʯʠʢʘ ʥʝ ʪʨʝʙʫʶʪ ʩʣʦʞʥʦʡ 

ʦʙʨʘʙʦʪʢʠ, ʧʦʩʢʦʣʴʢʫ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʠʥʪʝʨʨʦʛʘʪʦʨʘ ʤʝʥʴʰʝ ʜʣʠ-

ʥʳ ʥʘʧʨʘʚʣʷʶʱʝʡ, ʘ ʟʥʘʯʠʪ, ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʢʦʤʧʦʥʝʥʪ ʥʝ ʧʨʦʠʩʭʦʜʠʪ. 

ʂʦʥʩʪʨʫʢʪʠʚʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʜʘʪʯʠʢʘ ʷʚʣʷʝʪʩʷ ʤʝʥʴʰʘʷ (ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʧʨʷʤʳʤ ʦʧʪʦʚʦʣʦʢʥʦʤ) ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʦʧʪʦʚʦʣʦʢʥʘ ʥʘ ʥʘʧʨʘʚʣʷʶʱʠʭ, ʚʳ-

ʟʚʘʥʥʘʷ, ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ, ʢʨʝʧʣʝʥʠʝʤ ʧʣʘʩʪʠʢʦʚʳʤʠ ʟʘʞʠʤʘʤʠ: ʘʤʧʣʠʪʫʜʘ 

ʩʠʛʥʘʣʘ ʥʘ ʧʨʷʤʦʤ ʚʦʣʦʢʥʝ ʚ 20 ʨʘʟ ʙʦʣʴʰʝ, ʯʝʤ ʥʘ ʥʘʧʨʘʚʣʷʶʱʠʭ. ʇʨʠ ʜʘʣʴ-

ʥʝʡʰʝʡ ʨʘʙʦʪʝ ʩ ʢʦʥʩʪʨʫʢʮʠʝʡ ʪʨʝʙʫʝʪʩʷ ʛʝʦʬʠʟʠʯʝʩʢʘʷ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʜʘʥʥʳʭ 

ʜʣʷ ʫʩʪʘʥʦʚʣʝʥʠʷ ʩʚʷʟʠ ʩ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝʤ ʚʦʣʥ ʚ ʠʩʩʣʝʜʫʝʤʦʡ ʩʨʝʜʝ. ʉ ʪʦʯʢʠ 

ʟʨʝʥʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʪʦʞʝ ʚʦʟʥʠʢʘʶʪ ʵʬʬʝʢʪʳ, ʪʨʝʙʫʶʱʠʝ ʜʘʣʴʥʝʡʰʝʛʦ 

ʨʘʩʩʤʦʪʨʝʥʠʷ. ʅʘʧʨʠʤʝʨ, ʦʜʥʦʤʦʤʝʥʪʥʘʷ ʟʥʘʢʦʧʝʨʝʤʝʥʥʦʩʪʴ ʬʘʟʳ ʚʜʦʣʴ ʜʣʠʥʳ 

ʦʧʪʦʚʦʣʦʢʥʘ (ʯʝʪʚʸʨʪʳʡ ʘʨʪʝʬʘʢʪ ʟʘʧʠʩʠ ʠʟ ʨʘʟʜʝʣʘ ʚʳʰʝ). 

5. ɿʘʢʣʶʯʝʥʠʝ 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʡ ʚ ʨʘʙʦʪʝ ʪʨʸʭʢʦʤʧʦʥʝʥʪʥʳʡ ʦʧʪʦʚʦʣʦʢʦʥʥʳʡ 

ʜʘʪʯʠʢ ʥʘ ʙʘʟʝ ʬʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʨʝʬʣʝʢʪʦʤʝʪʨʘ ʩ ʩʫʙʤʝʪʨʦʚʳʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥ-

ʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʧʨʝʦʜʦʣʝʚʘʝʪ ʦʛʨʘʥʠʯʝʥʠʝ ʥʘʧʨʘʚʣʝʥʥʦʩʪʠ ʧʨʷʤʦʛʦ ʚʦʣʦʢʥʘ ʠ 

ʧʦʜʭʦʜʠʪ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʛʝʦʬʠʟʠʢʠ, ʪʨʝʙʫʶʱʠʭ ʨʝʛʠʩʪʨʘʮʠʠ ʚʩʝʭ ʢʦʤʧʦʥʝʥʪ ʧʦ-

ʣʷ, ʥʘʨʘʚʥʝ ʩ ʜʨʫʛʠʤʠ ʩʫʱʝʩʪʚʫʶʱʠʤʠ ʢʦʥʩʪʨʫʢʮʠʷʤʠ (ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʛʝʦ-

ʬʦʥʳ, ʢʘʙʝʣʴ ʩʦ ʩʧʠʨʘʣʴʥʦʡ ʥʘʤʦʪʢʦʡ). ʆʧʠʩʘʥʳ ʧʨʝʠʤʫʱʝʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʢʠ ʧʨʝʜ-

ʣʦʞʝʥʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ, ʘ ʪʘʢʞʝ ʦʙʦʟʥʘʯʝʥʳ ʥʘʧʨʘʚʣʝʥʠʷ ʙʫʜʫʱʠʭ ʨʘʙʦʪ, ʩʚʷʟʘʥʥʳʝ ʚ 

ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʩ ʜʘʣʴʥʝʡʰʠʤ ʘʥʘʣʠʟʦʤ ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʝʡ ʧʦʣʝʚʳʭ ʜʘʥʥʳʭ. 
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ʇʨʝʜʩʪʘʚʣʝʥʳ ʪʝʭʥʠʯʝʩʢʠʝ ʠ ʤʝʪʦʜʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ, ʩʧʦʩʦʙʩʪʚʫʶʱʠʝ ʩʦ-

ʚʝʨʰʝʥʩʪʚʦʚʘʥʠʶ ʤʝʪʦʜʘ ʦʧʪʦʚʦʣʦʢʦʥʥʦʡ ʨʘʩʧʨʝʜʝʣʸʥʥʦʡ ʪʝʨʤʦʤʝʪʨʠʠ. ʂʣʶ-

ʯʝʚʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʨʘʟʚʠʪʠʷ ʚʳʩʪʫʧʘʝʪ ʨʝʘʣʠʟʘʮʠʷ ʤʦʜʠʬʠʢʘʮʠʠ ʩʫʱʝʩʪʚʫʶ-

ʱʝʡ ʪʝʭʥʦʣʦʛʠʠ ï ʦʧʪʦʚʦʣʦʢʦʥʥʦʡ ʨʘʩʧʨʝʜʝʣʸʥʥʦʡ ʪʝʨʤʦʢʦʥʜʫʢʪʠʚʥʦʡ ʜʝʙʠʪʦ-

ʤʝʪʨʠʠ, ʠʩʧʦʣʴʟʫʶʱʝʡ ʠʩʪʦʯʥʠʢʠ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʠ 

ʩʧʦʩʦʙʥʦʡ, ʧʨʠ ʧʨʘʚʠʣʴʥʦʤ ʧʦʜʙʦʨʝ ʤʝʪʦʜʠʢʠ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʦʙʝʩʧʝʯʠʪʴ ʢʦʣʠ-

ʯʝʩʪʚʝʥʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʜʠʥʘʤʠʢʠ ʧʦʪʦʢʦʚ ʚ ʩʪʚʦʣʝ ʩʢʚʘʞʠʥʳ. ʉʦʧʫʪʩʪʚʫʶʱʠʤ, 

ʥʝ ʤʝʥʝʝ ʚʘʞʥʳʤ, ʥʘʧʨʘʚʣʝʥʠʝʤ ʷʚʣʷʝʪʩʷ ʘʥʘʣʠʟ ʬʘʢʪʠʯʝʩʢʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ 

ʠ ʚʨʝʤʝʥʥʦʡ ʜʝʪʘʣʠʟʘʮʠʠ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ, ʟʘʜʘʶʱʝʡ ʧʨʝʜʝʣʳ ʯʫʚʩʪʚʠʪʝʣʴ-

ʥʦʩʪʠ ʦʧʪʦʚʦʣʦʢʦʥʥʳʭ ʨʘʩʧʨʝʜʝʣʸʥʥʳʭ ʜʘʪʯʠʢʦʚ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʦʧʪʦʚʦʣʦʢʦʥʥʘʷ ʨʘʩʧʨʝʜʝʣʸʥʥʘʷ ʩʢʚʘʞʠʥʥʘʷ ʪʝʨʤʦʜʝʙʠ-

ʪʦʤʝʪʨʠʷ, ʩʢʦʨʦʩʪʴ ʦʩʪʳʚʘʥʠʷ ʢʘʙʝʣʷ, ʧʦʩʪʦʷʥʥʘʷ ʚʨʝʤʝʥʠ, ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ 

ʨʘʟʨʝʰʝʥʠʝ. 
 

ɺʘʞʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʚ ʥʝʬʪʷʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʷʚʣʷʶʪʩʷ ʛʝʦʬʠʟʠʯʝ-

ʩʢʠʝ ʩʠʩʪʝʤʳ ʤʦʥʠʪʦʨʠʥʛʘ, ʩʧʦʩʦʙʩʪʚʫʶʱʠʝ ʦʧʪʠʤʠʟʘʮʠʠ ʜʦʙʳʯʠ ʠ ʜʨʫʛʠʭ ʪʝʭ-

ʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ. ʉ ʜʘʥʥʳʤʠ ʟʘʜʘʯʘʤʠ ʫʩʧʝʰʥʦ ʩʧʨʘʚʣʷʶʪʩʷ ʩʠʩʪʝʤʳ 

ʦʧʪʦʚʦʣʦʢʦʥʥʦʡ ʨʘʩʧʨʝʜʝʣʸʥʥʦʡ ʪʝʨʤʦʤʝʪʨʠʠ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʚʦʟʤʦʞʥʦʩʪʴ 

ʠʟʫʯʘʪʴ ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʧʦʣʝ ʧʦ ʚʩʝʡ ʜʣʠʥʝ ʧʨʦʣʦʞʝʥʠʷ ʦʧʪʦʚʦʣʦʢʥʘ ʚ ʩʢʚʘʞʠʥʝ. 

ʋʚʝʣʠʯʝʥʠʝ ʯʠʩʣʘ ʩʢʚʘʞʠʥ ʩ ʦʩʣʦʞʥʸʥʥʳʤ ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʧʦʣʝʤ ʠ ʥʝʦʙʭʦʜʠ-

ʤʦʩʪʴ ʩʦʭʨʘʥʝʥʠʷ ʩʧʨʦʩʘ ʚ ʩʬʝʨʝ ʛʝʦʬʠʟʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʳʩʪʫʧʘʝʪ ʩʦʯʝ-

ʪʘʥʠʝʤ, ʩʪʠʤʫʣʠʨʫʶʱʠʤ ʧʨʦʮʝʩʩ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʦʧʪʦʚʦʣʦʢʦʥʥʳʭ ʩʠʩʪʝʤ 

ʪʝʨʤʦʤʝʪʨʠʠ, ʩʦʩʪʦʷʱʠʡ ʚ: ʨʘʩʰʠʨʝʥʠʠ ʠʥʩʪʨʫʤʝʥʪʘʨʠʷ, ʨʝʘʣʠʟʘʮʠʠ ʥʦʚʳʭ ʤʝ-

ʪʦʜʠʢ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʧʨʠʤʝʥʝʥʠʠ ʥʦʚʳʭ ʧʦʜʭʦʜʦʚ ʢ ʦʮʝʥʢʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʠ 

ʚʨʝʤʝʥʥʦʡ ʜʝʪʘʣʠʟʘʮʠʠ ʠʩʧʦʣʴʟʫʝʤʳʭ ʦʧʪʦʚʦʣʦʢʦʥʥʳʭ ʜʘʪʯʠʢʦʚ. 

ʇʝʨʝʜʦʚʳʤ ʪʝʭʥʠʯʝʩʢʠʤ ʨʝʰʝʥʠʝʤ, ʨʝʘʣʠʟʦʚʘʥʥʳʤ ʩ ʮʝʣʴʶ ʨʘʟʚʠʪʠʷ ʤʝʪʦʜʘ 

ʦʧʪʦʚʦʣʦʢʦʥʥʦʡ ʨʘʩʧʨʝʜʝʣʸʥʥʦʡ ʪʝʨʤʦʤʝʪʨʠʠ, ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʦʪʝʯʝʩʪʚʝʥʥʦʛʦ 

ʚʘʨʠʘʥʪʘ ʩʠʩʪʝʤʳ ʦʧʪʦʚʦʣʦʢʦʥʥʦʡ ʨʘʩʧʨʝʜʝʣʸʥʥʦʡ ʪʝʨʤʦʜʝʙʠʪʦʤʝʪʨʠʠ ʥʘ ʦʩʥʦʚʝ 

ʛʝʦʬʠʟʠʯʝʩʢʦʛʦ ʢʘʙʝʣʷ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʛʦ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʚʝʜʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ 

ʩʢʚʘʞʠʥʘʭ ʩʪʘʥʜʘʨʪʥʳʤʠ ʵʣʝʢʪʨʦʥʥʳʤʠ ʧʨʠʙʦʨʘʤʠ ʠ ʦʧʪʦʚʦʣʦʢʦʥʥʳʤʠ ʜʘʪʯʠʢʘʤʠ 

ʩ ʥʘʛʨʝʚʦʤ ʠ ʙʝʟ. ʕʢʩʧʣʫʘʪʘʮʠʷ ʩʠʩʪʝʤʳ ʥʝ ʪʨʝʙʫʝʪ ʧʨʠʤʝʥʝʥʠʷ ʵʢʩʢʣʶʟʠʚʥʦʛʦ 

ʦʙʦʨʫʜʦʚʘʥʠʷ, ʙʣʘʛʦʜʘʨʷ ʘʜʘʧʪʠʚʥʦʩʪʠ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʢʘʙʝʣʷ, ʪʦ ʝʩʪʴ ʜʣʷ ʨʘʙʦʯʝʛʦ 

ʧʨʦʮʝʩʩʘ ʧʨʠʤʝʥʠʤʳ ʪʠʧʦʚʳʝ ʨʝʛʠʩʪʨʘʪʦʨʳ ʠ ʠʩʪʦʯʥʠʢʠ ʧʠʪʘʥʠʷ [1, 5, 7]. 
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ʄʝʪʦʜʠʯʝʩʢʦʝ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʩʦʩʪʦʠʪ ʚ ʨʘʟʨʘʙʦʪʢʝ ʥʦʚʦʡ ʤʝʪʦʜʠʢʠ 

ʛʝʦʬʠʟʠʯʝʩʢʠʭ ʦʧʪʦʚʦʣʦʢʦʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ ʥʘʛʨʝʚʦʤ ʜʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ 

ʦʧʨʝʜʝʣʝʥʠʷ ʦʙʱʝʛʦ ʠ ʧʦʠʥʪʝʨʚʘʣʴʥʦʛʦ ʜʝʙʠʪʦʚ (ʨʘʩʭʦʜʦʚ) ʩʢʚʘʞʠʥʥʦʡ ʞʠʜʢʦ-

ʩʪʠ («ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʢʦʨʦʩʪʠ ʦʩʪʳʚʘʥʠʷ ʢʘʙʝʣʷ»). ʄʝʪʦʜʠʢʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʘʣʴʪʝʨʥʘʪʠʚʫ ʜʨʫʛʦʡ, ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʦʡ ʪʝʭʥʦʣʦʛʠʠ «ʀʩʩʣʝʜʦʚʘʥʠʝ ʬʦʨʤʳ 

ʢʨʠʚʦʡ ʉʊɼ», ʢʦʪʦʨʘʷ ʷʚʣʷʝʪʩʷ ʧʦʣʥʦʩʪʴʶ ʟʘʚʠʩʠʤʦʡ ʦʪ ʜʘʥʥʳʭ ʧʦʚʝʨʭʥʦʩʪʥʳʭ 

ʜʘʪʯʠʢʦʚ ʨʘʩʭʦʜʘ, ʥʝ ʩʧʦʩʦʙʥʘ ʨʘʩʧʦʟʥʘʪʴ ʭʘʨʘʢʪʝʨ ʨʘʙʦʪʳ ʠʥʪʝʨʚʘʣʦʚ ʧʝʨʬʦʨʘ-

ʮʠʠ ʠ ʦʪʨʘʞʘʝʪ ʪʦʣʴʢʦ ʠʭ ʧʨʦʮʝʥʪʥʳʡ (ʜʦʣʝʚʦʡ) ʚʢʣʘʜ ʚ ʦʙʱʠʡ (ʩʫʤʤʘʨʥʳʡ) 

ʨʘʩʭʦʜ ʧʦ ʩʢʚʘʞʠʥʝ [2ï4]. ɸʚʪʦʨʩʢʘʷ ʤʝʪʦʜʠʢʘ ʦʪʣʠʯʘʝʪʩʷ ʦʧʝʨʘʪʠʚʥʦʩʪʴʶ ʧʨʦ-

ʚʝʜʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʚʠʟʫʘʣʠʟʘʮʠʝʡ ʭʘʨʘʢʪʝʨʘ ʨʘʙʦʪʳ ʠʥʪʝʨʚʘʣʦʚ ʧʝʨʬʦʨʘʮʠʠ 

ʠ ʠʥʬʦʨʤʘʮʠʦʥʥʦʡ ʥʝʟʘʚʠʩʠʤʦʩʪʴʶ ʦʪ ʩʪʦʨʦʥʥʠʭ ʠʟʤʝʨʠʪʝʣʝʡ ʟʘ ʩʯʸʪ ʫʯʸʪʘ ʜʠ-

ʥʘʤʠʢʠ ʟʫʤʧʬʘ ʠ ʚʣʠʷʥʠʷ ʫʩʣʦʚʠʡ ʩʢʚʘʞʠʥʥʦʡ ʩʨʝʜʳ ʥʘ ʥʝʦʜʥʦʟʥʘʯʥʦʩʪʴ ʪʝʧ-

ʣʦʦʙʤʝʥʘ ʤʝʞʜʫ ʢʘʙʝʣʝʤ ʠ ʧʦʪʦʢʦʤ ʩʢʚʘʞʠʥʥʦʡ ʞʠʜʢʦʩʪʠ, ʯʪʦ ʠ ʧʦʟʚʦʣʷʝʪ 

ʣʫʯʰʝ ʦʧʨʝʜʝʣʠʪʴ ʨʘʩʭʦʜ: 

 

W = ä (Vʦʩʪ, ʊʃ, Z, ʂʉʅ),                                         (1) 

 

ʛʜʝ W ï ʦʙʲʸʤʥʳʡ ʨʘʩʭʦʜ ʞʠʜʢʦʩʪʠ, ʤ3/ʩʫʪ; Vʦʩʪ ï ʩʢʦʨʦʩʪʴ ʦʩʪʳʚʘʥʠʷ ʢʘʙʝ-

ʣʷ, Áʉ/ʤʠʥ; ʊʃ ï ʣʦʢʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʚ ʠʥʪʝʨʚʘʣʝ ʠʩʩʣʝʜʦʚʘʥʠʡ, Áʉ; Z ï ʟʝʥʠʪ-

ʥʳʡ ʫʛʦʣ ʚ ʠʥʪʝʨʚʘʣʝ ʠʩʩʣʝʜʦʚʘʥʠʡ, Á; ʂʉʅ ï ʢʦʵʬʬʠʮʠʝʥʪ ʩʦʜʝʨʞʘʥʠʷ ʥʝʬʪʝ-

ʧʨʦʜʫʢʪʦʚ ʚ ʩʢʚʘʞʠʥʥʦʡ ʞʠʜʢʦʩʪʠ, % [1, 5, 7]. 

ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʫʜʝʣʝʥʦ ʚʥʠʤʘʥʠʝ ʚʦʧʨʦʩʘʤ ʦʮʝʥʢʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʠ 

ʚʨʝʤʝʥʥʦʡ ʜʝʪʘʣʠʟʘʮʠʠ ʘʥʦʤʘʣʠʡ ʠ ʩʦʙʳʪʠʡ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʧʦʣʝ, ʨʝʛʠʩʪʨʠʨʫ-

ʝʤʳʭ ʧʦʩʨʝʜʩʪʚʦʤ ʦʧʪʦʚʦʣʦʢʥʘ. ɼʣʷ ʦʙʲʝʢʪʠʚʥʦʛʦ ʫʩʪʨʘʥʝʥʠʷ ʚʦʧʨʦʩʦʚ ʠ ʧʨʦ-

ʪʠʚʦʨʝʯʠʡ ʚ ʜʘʥʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʙʳʣʠ ʟʘʜʝʡʩʪʚʦʚʘʥʳ ʦʙʨʘʟʮʳ ʭʦʜʦʚʳʭ ʤʦʜʝʣʝʡ 

ʦʧʪʦʚʦʣʦʢʦʥʥʳʭ ʛʝʦʬʠʟʠʯʝʩʢʠʭ ʢʘʙʝʣʝʡ (ʨʠʩʫʥʦʢ) ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʣʘʙʦʨʘʪʦʨ-

ʥʳʭ ʠʩʧʳʪʘʥʠʡ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʸʥʥʳʭ ʣʘʙʦʨʘʪʦʨʥʳʭ ʠʩʧʳʪʘʥʠʡ  

ʩʦʟʜʘʥ ʥʦʚʳʡ ʢʨʠʪʝʨʠʡ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʦʧʪʦʚʦ-

ʣʦʢʦʥʥʳʭ ʨʘʩʧʨʝʜʝʣʸʥʥʳʭ ʜʘʪʯʠʢʦʚ ʪʝʤʧʝʨʘʪʫʨʳ, ʢʦʪʦʨʳʡ ʫʯʠʪʳʚʘʝʪ ʠʥʪʝʛʨʠ-

ʨʫʶʱʠʝ ʩʚʦʡʩʪʚʘ ʢʦʥʩʪʨʫʢʮʠʠ ʚʤʝʱʘʶʱʝʛʦ ʠʟʜʝʣʠʷ (ʛʝʦʬʠʟʠʯʝʩʢʦʛʦ ʢʘʙʝʣʷ) ʠ 

ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʜʘʥʥʳʤʠ ʩʢʚʘʞʠʥʥʳʭ ʛʝʦʬʠʟʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

[8]. ʊʘʢʞʝ ʨʘʟʨʘʙʦʪʘʥ ʩʧʦʩʦʙ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʥʦʤʠʥʘʣʴʥʳʭ ʧʦʢʘʟʘ-

ʪʝʣʝʡ ʜʝʪʘʣʠʟʘʮʠʠ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ, ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʠ ʧʦ-

ʩʪʦʷʥʥʦʡ ʚʨʝʤʝʥʠ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʦ ʢʦʥʩʪʨʫʢʮʠʠ ʛʝʦʬʠʟʠʯʝʩʢʦʛʦ ʢʘʙʝʣʷ, ʚ ʩʦ-

ʩʪʘʚʝ ʢʦʪʦʨʦʛʦ ʵʢʩʧʣʫʘʪʠʨʫʝʪʩʷ ʦʧʪʦʚʦʣʦʢʦʥʥʳʡ ʜʘʪʯʠʢ [6]. 

ʉʢʦʥʩʪʨʫʠʨʦʚʘʥʘ ʣʘʙʦʨʘʪʦʨʥʘʷ ʫʩʪʘʥʦʚʢʘ-ʠʤʠʪʘʪʦʨ ʩʢʚʘʞʠʥʳ, ʠʩʧʦʣʴʟʦ-

ʚʘʥʥʘʷ ʜʣʷ ʧʦʣʥʦʬʦʨʤʘʪʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʩʦʟʜʘʥʥʦʡ ʤʝʪʦʜʠʢʠ «ʀʩʩʣʝʜʦʚʘʥʠʝ 

ʩʢʦʨʦʩʪʠ ʦʩʪʳʚʘʥʠʷ ʢʘʙʝʣʷ» ʚ ʥʝʬʪʝʜʦʙʳʚʘʶʱʝʡ ʩʢʚʘʞʠʥʝ ɹ-1132. ʉʨʘʚʥʠʪʝʣʴ-

ʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʛʝʦʬʠʟʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʩʢʚʘʞʠʥʝ ʥʘʛʣʷʜʥʦ ʦʪʨʘʞʘʶʪ ʦʪ-

ʣʠʯʠʝ ʚ ʨʝʟʫʣʴʪʘʪʠʚʥʦʩʪʠ ʦʙʝʠʭ ʧʨʠʤʝʥʸʥʥʳʭ ʤʝʪʦʜʠʢ (ʪʘʙʣʠʮʘ) [7, 9]1. 

 
1 ʆʧʝʯʘʪʢʘ ʚ ʠʩʪʦʯʥʠʢʝ [9]: ʦʙʱʠʡ ʜʝʙʠʪ «ʧʦ ʬʦʨʤʝ ʢʨʠʚʦʡ ʉʊɼ» ʩʦʩʪʘʚʠʣ 12,3 ʤį/ʩʫʪ, ʘ ʥʝ 

11,6 ʤį/ʩʫʪ. 
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ʈʠʩ. ʂʦʥʩʪʨʫʢʮʠʠ ʠʩʧʳʪʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʦʧʪʦʚʦʣʦʢʦʥʥʳʭ ʢʘʙʝʣʝʡ ʠ ʤʦʜʫʣʝʡ 

ʚ ʧʦʧʝʨʝʯʥʦʤ ʩʝʯʝʥʠʠ 

 

 

ʉʨʘʚʥʠʪʝʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʨʠʤʝʥʝʥʠʷ ʩʫʱʝʩʪʚʫʶʱʝʡ ʠ ʘʚʪʦʨʩʢʦʡ ʤʝʪʦʜʠʢ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʥʝʬʪʝʜʦʙʳʚʘʶʱʝʡ ʩʢʚʘʞʠʥʝ ɹ-1132 

ʀʥʪʝʨʚʘʣ 

ʧʝʨʬʦʨʘʮʠʠ,  

ʤ 

ʇʨʠʤʝʥʸʥʥʳʝ ʤʝʪʦʜʠʢʠ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʬʦʨʤʳ  

ʢʨʠʚʦʡ ʉʊɼ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʢʦʨʦʩʪʠ  

ʦʩʪʳʚʘʥʠʷ ʢʘʙʝʣʷ 

ʉʫʤʤʘʨʥʳʡ 

ʨʘʩʭʦʜ, 

ʤį/ʩʫʪ 

ʇʦʠʥʪʝʨʚʘʣʴʥʳʡ 

ʨʘʩʭʦʜ,  

ʤį/ʩʫʪ 

Vʦʩʪ, 

Áʉ/ʤʠʥ 

ʉʫʤʤʘʨʥʳ

ʡ ʨʘʩʭʦʜ,  

ʤį/ʩʫʪ 

ʇʦʠʥʪʝʨʚʘʣʴʥʳʡ 

ʨʘʩʭʦʜ,  

ʤį/ʩʫʪ 

1449,5ï1453,0 12,3 2,7 (21,9 %)  1,28 11,69 3,70 

1460,0ï1464,5 9,6 0,0 (0 %)  1,21 7,99 0,05 

1471,0ï1472,5 9,6 2,0 (16,6 %)  1,21 7,94 4,10 

1486,0ï1488,0 7,6 1,0 (7,9 %)  1,14 3,84 ï0,73 

1519,0ï1524,0 6,6 6,6 (53,6 %)  1,19 4,57 4,54 

ɿʫʤʧʬ ï ï 0,87 0,03 ï 
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ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʜʥʦʢʦʤʧʦ-

ʥʝʥʪʥʦʛʦ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʦʛʦ ʘʢʩʝʣʝʨʦʤʝʪʨʘ. ʏʫʚʩʪʚʠʪʝʣʴʥʳʡ ʵʣʝʤʝʥʪ ʜʘʪ-

ʯʠʢʘ ʚʳʧʦʣʥʝʥ ʚ ʚʠʜʝ ʧʨʫʞʠʥʥʦ-ʤʘʩʩʦʚʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʩ ʥʘʤʦʪʘʥʥʳʤ ʦʧʪʠʯʝ-

ʩʢʠʤ ʚʦʣʦʢʥʦʤ. ʉʭʝʤʘ ʠʟʤʝʨʝʥʠʷ ʬʘʟʳ ʦʩʥʦʚʘʥʘ ʥʘ ʠʥʪʝʨʬʝʨʦʤʝʪʨʝ ʄʘʡʢʝʣʴ-

ʩʦʥʘ, ʥʘ ʛʝʪʝʨʦʜʠʥʥʦʤ ʧʨʠʝʤʝ ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠ ʮʠʬʨʦʚʦʡ ʜʝʤʦʜʫʣʷʮʠʠ 

ʧʦʣʫʯʝʥʥʦʛʦ ʩʠʛʥʘʣʘ ʙʠʝʥʠʡ. ɹʳʣʘ ʠʟʤʝʨʝʥʘ ʘʤʧʣʠʪʫʜʥʦ-ʯʘʩʪʦʪʥʘʷ ʭʘʨʘʢʪʝʨʠ-

ʩʪʠʢʘ ʜʘʪʯʠʢʘ, ʦʧʨʝʜʝʣʝʥ ʨʘʙʦʯʠʡ ʜʠʘʧʘʟʦʥ ʯʘʩʪʦʪ 0ï200 ɻʮ ʠ ʨʝʟʦʥʘʥʩʥʘʷ ʯʘ-

ʩʪʦʪʘ 257 ɻʮ. ʊʘʢʞʝ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʘʤʧʣʠʪʫʜʳ ʬʘʟʦʚʦʛʦ ʩʜʚʠʛʘ ʦʪ 

ʫʩʢʦʨʝʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ 0,1gï1g. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ 

ʘʢʩʝʣʝʨʦʤʝʪʨ ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʦʡ ʣʠʥʝʡʥʦʩʪʴʶ ʦʪʢʣʠʢʘ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʨʠ ʩʦʟʜʘʥʠʠ ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʳʭ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩ-

ʢʠʭ ʘʢʩʝʣʝʨʦʤʝʪʨʦʚ ʜʣʷ ʟʘʜʘʯ ʩʝʡʩʤʦʨʘʟʚʝʜʢʠ ʠ ʤʦʥʠʪʦʨʠʥʛʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʨʘʩʧʨʝʜʝʣʸʥʥʳʡ ʘʢʫʩʪʠʯʝʩʢʠʡ ʜʘʪʯʠʢ, ʮʠʬʨʦʚʘʷ ʜʝʤʦ-

ʜʫʣʷʮʠʷ ʩʠʛʥʘʣʘ, ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʄʘʡʢʝʣʴʩʦʥʘ. 
 

1. ɺʚʝʜʝʥʠʝ 

ʉʝʡʯʘʩ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʛʝʦʬʠʟʠʢʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʘʩʧʨʝʜʝʣʝʥʥʳʝ ʘʢʫʩʪʠ-

ʯʝʩʢʠʝ ʜʘʪʯʠʢʠ (Distributed Acoustic Sensing, DAS). ɺ ʪʘʢʠʭ DAS-ʩʠʩʪʝʤʘʭ ʚʦʣʦ-

ʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʡ ʢʘʙʝʣʴ ʷʚʣʷʝʪʩʷ ʯʫʚʩʪʚʠʪʝʣʴʥʳʤ ʵʣʝʤʝʥʪʦʤ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʧʨʦʚʦʜʠʪʴ ʠʟʤʝʨʝʥʠʷ ʚʜʦʣʴ ʚʩʝʡ ʝʛʦ ʜʣʠʥʳ ʧʨʠ ʥʝʦʙʭʦʜʠʤʦʩʪʠ. ɺ ʦʩʥʦʚʝ ʨʘʙʦʪʳ 

ʩʠʩʪʝʤʳ ʣʝʞʘʪ ʧʨʠʥʮʠʧʳ ʢʦʛʝʨʝʥʪʥʦʡ ʨʝʬʣʝʢʪʦʤʝʪʨʠʠ. ʆʜʥʘʢʦ ʜʘʥʥʳʡ ʧʦʜʭʦʜ 

ʠʤʝʝʪ ʧʨʠʥʮʠʧʠʘʣʴʥʦʝ ʦʛʨʘʥʠʯʝʥʠʝ: ʚʦʣʦʢʥʦ ʯʫʚʩʪʚʠʪʝʣʴʥʦ ʪʦʣʴʢʦ ʢ ʧʨʦʜʦʣʴʥʳʤ 

ʜʝʬʦʨʤʘʮʠʷʤ [1]. ʕʪʦ ʥʝ ʧʦʟʚʦʣʷʝʪ ʜʝʪʝʢʪʠʨʦʚʘʪʴ ʧʨʠʭʦʜʷʱʠʝ ʧʦʜ ʙʦʣʴʰʠʤ ʫʛ-

ʣʦʤ ʚʦʣʥʳ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʦ ʜʣʷ ʟʘʜʘʯ ʩʝʡʩʤʦʨʘʟʚʝʜʢʠ. 

ɼʣʷ ʧʨʝʦʜʦʣʝʥʠʷ ʵʪʦʛʦ ʦʛʨʘʥʠʯʝʥʠʷ ʚ ʨʘʩʧʨʝʜʝʣʸʥʥʳʝ ʩʠʩʪʝʤʳ ʧʨʝʜʣʘʛʘʝʪ-

ʩʷ ʠʥʪʝʛʨʠʨʦʚʘʪʴ ʪʦʯʝʯʥʳʝ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʘʢʩʝʣʝʨʦʤʝʪʨʳ, ʩʧʦʩʦʙʥʳʝ 

ʠʟʤʝʨʷʪʴ ʫʩʢʦʨʝʥʠʝ ʧʦ ʚʩʝʤ ʪʨʸʤ ʦʨʪʦʛʦʥʘʣʴʥʳʤ ʦʩʷʤ. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʙʫʜʫʱʝʤ 

ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʘʢʩʝʣʝʨʦʤʝʪʨʳ ʤʦʛʫʪ ʥʘʡʪʠ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʟʘʜʘ-

ʯʘʭ ʩʝʡʩʤʦʨʘʟʚʝʜʢʠ ʠ ʤʦʥʠʪʦʨʠʥʛʘ ʧʨʦʤʳʰʣʝʥʥʳʭ ʩʦʦʨʫʞʝʥʠʡ ʙʣʘʛʦʜʘʨʷ ʙʦʣʝʝ 

ʚʳʩʦʢʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʛʝʦʬʦʥʘʤʠ [2] ʠ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʢ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤ ʧʦʤʝʭʘʤ. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʳʯʥʳʤʠ ʵʣʝʢ-
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ʪʨʠʯʝʩʢʠʤʠ ʜʘʪʯʠʢʘʤʠ, ʧʦʜʦʙʥʳʝ ʘʢʩʝʣʝʨʦʤʝʪʨʳ ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʚ ʫʜʘ-

ʣʝʥʥʳʭ ʠ ʪʨʫʜʥʦʜʦʩʪʫʧʥʳʭ ʤʝʩʪʘʭ ʙʝʟ ʚʥʝʰʥʝʛʦ ʠʩʪʦʯʥʠʢʘ ʧʠʪʘʥʠʷ. 

ɺ ʦʪʣʠʯʠʝ ʦʪ DAS, ʛʜʝ ʠʟ-ʟʘ ʥʝʠʟʚʝʩʪʥʦʡ ʧʝʨʝʜʘʪʦʯʥʦʡ ʬʫʥʢʮʠʠ ʦʪ ʛʨʫʥʪʘ 

ʢ ʚʦʣʦʢʥʫ ʥʝʚʦʟʤʦʞʥʦ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʧʝʨʝʚʝʩʪʠ ʠʟʤʝʨʷʝʤʳʝ ʜʝʬʦʨʤʘʮʠʠ 

ʚ ʫʩʢʦʨʝʥʠʝ ʠʣʠ ʩʤʝʱʝʥʠʝ, ʪʦʯʝʯʥʳʡ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʡ ʘʢʩʝʣʝʨʦʤʝʪʨ ʧʦʟ-

ʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʢʦʣʠʯʝʩʪʚʝʥʥʦʝ ʠʟʤʝʨʝʥʠʝ ʫʩʢʦʨʝʥʠʷ. ʇʦʩʣʝ ʢʘʣʠʙʨʦʚʢʠ ʜʘʪ-

ʯʠʢʘ ʝʛʦ ʚʳʭʦʜʥʦʡ ʩʠʛʥʘʣ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩʚʷʟʘʥ ʩ ʫʩʢʦʨʝʥʠʝʤ, ʯʪʦ ʘʥʘʣʦʛʠʯʥʦ 

ʪʨʘʜʠʮʠʦʥʥʳʤ ʛʝʦʬʦʥʘʤ, ʛʜʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʫʩʪʘʥʦʚʢʦʡ ʤʝʪʘʣʣʠ-

ʯʝʩʢʦʛʦ ʩʪʝʨʞʥʷ/ʢʦʥʫʩʘ ʚ ʛʨʫʥʪ. ʕʪʦ ʧʨʠʥʮʠʧʠʘʣʴʥʦʝ ʦʪʣʠʯʠʝ ʜʝʣʘʝʪ ʨʘʟʨʘʙʦʪʢʫ 

ʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʘʢʩʝʣʝʨʦʤʝʪʨʦʚ ʚʘʞʥʦʡ ʟʘʜʘʯʝʡ ʜʣʷ ʩʝʡ-

ʩʤʦʨʘʟʚʝʜʢʠ ʠ ʤʦʥʠʪʦʨʠʥʛʘ ʚʠʙʨʘʮʠʡ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʩʩʣʝ-

ʜʦʚʘʥʠʷ ʪʘʢʦʛʦ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʦʛʦ ʘʢʩʝʣʝʨʦʤʝʪʨʘ. ɼʣʷ ʪʝʩʪʠʨʦʚʘʥʠʷ ʜʘʪʯʠ-

ʢʘ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʩʭʝʤʘ ʚʦʣʦʢʦʥʥʦʛʦ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʄʘʡʢʝʣʴʩʦʥʘ ʩ ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʝʤ ʟʝʨʢʘʣ ʌʘʨʘʜʝʷ ʠ ʚʠʙʨʦʩʪʝʥʜ, ʧʦʟʚʦʣʷʶʱʠʡ ʟʘʜʘʚʘʪʴ ʢʦʥʪʨʦʣʠʨʫʝʤʦʝ 

ʚʦʟʜʝʡʩʪʚʠʝ. ʇʦʣʫʯʝʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝ-

ʥʝʥʠʷ ʚ ʟʘʜʘʯʘʭ ʩʝʡʩʤʦʨʘʟʚʝʜʢʠ. 

2. ɺʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʡ ʘʢʩʝʣʝʨʦʤʝʪʨ 

ɺʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʡ ʘʢʩʝʣʝʨʦʤʝʪʨ (ɺʆɸ) ï ʵʪʦ ʠʟʤʝʨʠʪʝʣʴʥʳʡ ʧʨʠʙʦʨ 

ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʚʝʣʠʯʠʥʳ ʠ ʥʘʧʨʘʚʣʝʥʠʷ ʚʠʙʨʘʮʠʦʥʥʦʛʦ ʫʩʢʦʨʝʥʠʷ (ʨʠʩ. 1). 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʦʜʥʦʢʦʤʧʦʥʝʥʪʥʳʡ ʧʨʦʪʦʪʠʧ ʘʢʩʝʣʝʨʦʤʝʪʨʘ. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʘʚʣʝʥʠʷ ʧʨʠʭʦʜʘ ʘʢʫʩʪʠʯʝʩʢʦʡ ʚʦʣʥʳ ʪʨʝʙʫʝʪʩʷ ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʝ ʪʨʝʭ ʚʟʘʠʤʥʦ ʦʨʪʦʛʦʥʘʣʴʥʳʭ ʜʘʪʯʠʢʦʚ. 

ʆʜʥʦʢʦʤʧʦʥʝʥʪʥʳʡ ʜʘʪʯʠʢ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʧʨʫʞʠʥʫ ʠ ʦʩʥʦʚʘʥʠʝ ʩ ʥʘʤʦʪʘʥ-

ʥʳʤ ʥʘ ʥʝʛʦ ʯʫʚʩʪʚʠʪʝʣʴʥʳʤ ʠʟʛʠʙʦʫʩʪʦʡʯʠʚʳʤ ʦʧʪʠʯʝʩʢʠʤ ʚʦʣʦʢʥʦʤ. ʉʠʩʪʝʤʘ 

ʦʧʠʩʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ ʢʦʣʝʙʘʥʠʡ, ʚ ʢʦʪʦʨʦʤ ʠʥʝʨʮʠʦʥʥʦʡ ʤʘʩʩʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʤʘʩʩʘ ʦʩʥʦʚʘʥʠʷ, ʘ ʞʸʩʪʢʦʩʪʴ ʦʧʨʝʜʝʣʷʝʪʩʷ ʞʸʩʪʢʦʩʪʴʶ ʧʨʫʞʠʥʳ ʠ ʯʠʩʣʦʤ ʚʠʪʢʦʚ 

ʦʧʪʠʯʝʩʢʦʛʦ ʚʦʣʦʢʥʘ [2]. ʇʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʫʩʢʦʨʝʥʠʷ ʥʘ ʜʘʪʯʠʢ ʤʘʩʩʘ ʩʤʝʱʘʝʪʩʷ ʦʪ-

ʥʦʩʠʪʝʣʴʥʦ ʦʩʥʦʚʘʥʠʷ, ʨʘʩʪʷʛʠʚʘʷ ʦʧʪʠʯʝʩʢʦʝ ʚʦʣʦʢʥʦ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ 

ʜʣʠʥʳ ʦʧʪʠʯʝʩʢʦʛʦ ʧʫʪʠ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʢ ʠʟʤʝʥʝʥʠʶ ʬʘʟʳ ʧʨʦʭʦʜʷʱʝʛʦ ʩʚʝʪʘ [3]: 

Ў   ╪Ͻ╢,                (1) 

ʛʜʝ S ï ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʘʢʩʝʣʝʨʦ-

ʤʝʪʨʘ; ʘ ï ʫʩʢʦʨʝʥʠʝ. 

ɺ ʦʪʣʠʯʠʝ ʦʪ DAS-ʩʠʩʪʝʤ, ʢʦʪʦ-

ʨʳʝ ʠʟʤʝʨʷʶʪ ʩʢʦʨʦʩʪʴ ʜʝʬʦʨʤʘʮʠʠ 

ʚʦʣʦʢʥʘ, ʪʘʢʦʡ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠ-

ʯʝʩʢʠʡ ʘʢʩʝʣʝʨʦʤʝʪʨ ʧʦʟʚʦʣʷʝʪ ʠʟʤʝ-

ʨʠʪʴ ʥʘʙʝʛ ʬʘʟʳ ʚ ʚʦʣʦʢʥʝ, ʢʦʪʦʨʳʡ 

ʤʦʞʥʦ ʦʜʥʦʟʥʘʯʥʦ ʧʝʨʝʩʯʠʪʘʪʴ ʚ 

ʫʩʢʦʨʝʥʠʝ. 

 

ʈʠʩ. 1. ɺʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʡ ʘʢʩʝʣʝʨʦʤʝʪʨ 
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3. ɺʝʨʠʬʠʢʘʮʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʘʪʯʠʢʘ 

ɼʣʷ ʧʨʦʚʝʨʢʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʦʛʦ ʘʢʩʝʣʝʨʦʤʝʪʨʘ ʙʳʣʘ 

ʩʦʙʨʘʥʘ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʯʝʩʢʘʷ ʩʭʝʤʘ ʥʘ ʦʩʥʦʚʝ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʄʘʡʢʝʣʴʩʦʥʘ 

(ʨʠʩ. 2) [4]. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʦ ʬʘʟʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʛʝʪʝʨʦʜʠʥʥʦʝ ʜʝ-

ʪʝʢʪʠʨʦʚʘʥʠʝ. ɺ ʦʧʦʨʥʦʤ ʧʣʝʯʝ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʫʩʪʘʥʦʚʣʝʥ ʘʢʫʩʪʦʦʧʪʠʯʝ-

ʩʢʠʡ ʤʦʜʫʣʷʪʦʨ (ɸʆʄ), ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʯʘʩʪʦʪʥʳʡ ʩʜʚʠʛ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʧʝ-

ʨʝʥʝʩʪʠ ʩʠʛʥʘʣ ʥʘ ʥʝʩʫʱʫʶ ʯʘʩʪʦʪʫ, ʯʪʦ ʩʥʠʞʘʝʪ ʚʣʠʷʥʠʝ ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ 

ʰʫʤʦʚ, ʘ ʪʘʢʞʝ ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʠʪʴ ʥʝ ʘʥʘʣʦʛʦʚʫʶ ʜʝʤʦʜʫʣʷʮʠʶ ʩʠʛʥʘʣʘ, 

ʘ ʮʠʬʨʦʚʫʶ. ɼʝʤʦʜʫʣʷʮʠʷ ʬʘʟʳ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʢʚʘʜʨʘʪʫʨʥʳʤ ʤʝʪʦʜʦʤ: ʩʠʛ-

ʥʘʣ ʫʤʥʦʞʘʝʪʩʷ ʥʘ ʢʦʤʧʣʝʢʩʥʫʶ ʵʢʩʧʦʥʝʥʪʫ ʩ ʯʘʩʪʦʪʦʡ ɸʆʄ, ʧʦʩʣʝ ʯʝʛʦ 

ʧʨʦʧʫʩʢʘʝʪʩʷ ʯʝʨʝʟ ʬʠʣʴʪʨ ʥʠʟʢʠʭ ʯʘʩʪʦʪ, ʘ ʟʘʪʝʤ ʠʟ ʦʪʬʠʣʴʪʨʦʚʘʥʥʦʛʦ ʩʠʛ-

ʥʘʣʘ ʚʳʜʝʣʷʝʪʩʷ ʬʘʟʘ [5]. 
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ʈʠʩ. 2. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʩʭʝʤʘ ʥʘ ʦʩʥʦʚʝ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʄʘʡʢʝʣʴʩʦʥʘ  

(ɸʆʄ ï ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʡ ʤʦʜʫʣʷʪʦʨ, ɺʆɸ ï ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʡ ʘʢʩʝʣʝʨʦʤʝʪʨ,  

ʌʇ ï ʬʦʪʦʧʨʠʝʤʥʠʢ, ʆʩʮ. ï ʦʩʮʠʣʣʦʛʨʘʬ, ʇʂ ï ʧʝʨʩʦʥʘʣʴʥʳʡ ʢʦʤʧʴʶʪʝʨ) 

 

ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ: ʣʘʟʝʨʥʳʡ ʠʩʪʦʯʥʠʢ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 

1550 ʥʤ F-LAS ʩʦʙʩʪʚʝʥʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʢʦʤʧʘʥʠʠ ʊ8, ʦʩʮʠʣʣʦʛʨʘʬ Tektronix 

MDO34, ʘ ʪʘʢʞʝ ʚʠʙʨʦʩʪʝʥʜ TIRA, ʧʦʟʚʦʣʷʶʱʠʡ ʟʘʜʘʚʘʪʴ ʚʠʙʨʘʮʠʶ ʩ ʬʠʢʩʠʨʦ-

ʚʘʥʥʦʡ ʘʤʧʣʠʪʫʜʦʡ ʠ ʯʘʩʪʦʪʦʡ. 

ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʘʤʧʣʠʪʫʜʥʦ-ʯʘʩʪʦʪʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ 

(ɸʏʍ) ʧʨʦʪʦʪʠʧʘ (ʨʠʩ. 3, ʘ), ʘ ʪʘʢʞʝ ʦʮʝʥʝʥʘ ʝʛʦ ʣʠʥʝʡʥʦʩʪʴ ʦʪʢʣʠʢʘ (ʨʠʩ. 3, ʙ). 

ʀʟʤʝʨʝʥʠʝ ɸʏʍ ʧʨʦʚʦʜʠʣʦʩʴ ʧʨʠ ʘʤʧʣʠʪʫʜʝ ʚʥʝʰʥʝʛʦ ʚʦʟʜʝʡʩʪʚʠʷ 0,1g. ʅʘ ʧʦ-

ʣʫʯʝʥʥʦʡ ɸʏʍ ʥʘʙʣʶʜʘʝʪʩʷ ʨʝʟʦʥʘʥʩʥʳʡ ʧʠʢ ʥʘ ʯʘʩʪʦʪʝ 257 ɻʮ, ʘ ʪʘʢʞʝ ʚʪʦʨʦʡ 

ʧʠʢ ʥʘ ʯʘʩʪʦʪʝ 656 ɻʮ. ʅʘ ʛʨʘʬʠʢʝ ʠʤʝʝʪʩʷ ʧʣʦʩʢʠʡ ʫʯʘʩʪʦʢ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 

0ï200 ɻʮ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʘʙʦʯʝʤʫ ʜʠʘʧʘʟʦʥʫ ʘʢʩʝʣʝʨʦʤʝʪʨʘ. ʊʘʢʦʡ ʜʠʘʧʘʟʦʥ 

ʷʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʳʤ ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ ʚʠʙʨʘʮʠʡ ʚ ʛʨʫʥʪʝ. 

ʃʠʥʝʡʥʦʩʪʴ ʦʪʢʣʠʢʘ ʜʘʪʯʠʢʘ ʦʮʝʥʠʚʘʣʘʩʴ ʥʘ ʯʘʩʪʦʪʝ 62 ɻʮ ʚ ʜʠʘʧʘʟʦʥʝ 

ʫʩʢʦʨʝʥʠʡ 0,1ï1g (ʩʤ. ʨʠʩ. 3, ʙ). ʇʦʣʫʯʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʘʤʧʣʠʪʫʜʳ ʬʘʟʦʚʦʛʦ 

ʩʜʚʠʛʘ ʦʪ ʫʩʢʦʨʝʥʠʷ ʷʚʣʷʝʪʩʷ ʣʠʥʝʡʥʦʡ, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʪʝʦʨʠʝʡ ʠ ʧʦʜʪʚʝʨ-

ʞʜʘʝʪ ʚʳʩʦʢʫʶ ʣʠʥʝʡʥʦʩʪʴ ʜʘʪʯʠʢʘ ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʜʠʘʧʘʟʦʥʝ. 
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ʈʠʩ. 3. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʦʛʦ ʘʢʩʝʣʝʨʦʤʝʪʨʘ: ʘ ï ʘʤʧʣʠʪʫʜʥʦ-

ʯʘʩʪʦʪʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʚ ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʤ ʤʘʩʰʪʘʙʝ ʧʦ ʰʢʘʣʝ ʯʘʩʪʦʪ ʧʨʠ 

ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʘʤʧʣʠʪʫʜʝ ʚʥʝʰʥʝʛʦ ʚʦʟʜʝʡʩʪʚʠʷ 0,1g; ʙ ï ʟʘʚʠʩʠʤʦʩʪʴ ʘʤʧʣʠʪʫʜʳ 

ʬʘʟʳ ʦʪ ʫʩʢʦʨʝʥʠʷ ʥʘ ʯʘʩʪʦʪʝ 62 ɻʮ (ʣʠʥʝʡʥʦʩʪʴ ʦʪʢʣʠʢʘ) 

4. ɿʘʢʣʶʯʝʥʠʝ 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥ ʧʨʦʪʦʪʠʧ ʦʜʥʦʢʦʤʧʦʥʝʥʪʥʦʛʦ ʚʦʣʦʢʦʥʥʦ-

ʦʧʪʠʯʝʩʢʦʛʦ ʘʢʩʝʣʝʨʦʤʝʪʨʘ, ʧʨʠʥʮʠʧ ʨʘʙʦʪʳ ʢʦʪʦʨʦʛʦ ʦʩʥʦʚʘʥ ʥʘ ʧʨʝʦʙʨʘʟʦʚʘ-

ʥʠʠ ʫʩʢʦʨʝʥʠʷ ʚ ʩʜʚʠʛ ʬʘʟʳ ʟʘ ʩʯʝʪ ʜʝʬʦʨʤʘʮʠʠ ʚʦʣʦʢʥʘ, ʥʘʤʦʪʘʥʥʦʛʦ ʥʘ ʩʠʩʪʝ-

ʤʫ ʠʟ ʧʨʫʞʠʥʳ ʠ ʤʘʩʩʳ. 

ɺ ʧʨʦʮʝʩʩʝ ʨʘʙʦʪʳ ʦʜʥʦʢʦʤʧʦʥʝʥʪʥʳʡ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʡ ʘʢʩʝʣʝʨʦ-

ʤʝʪʨ ʙʳʣ ʩʦʙʨʘʥ ʠ ʧʨʦʪʝʩʪʠʨʦʚʘʥ ʥʘ ʚʠʙʨʦʩʪʝʥʜʝ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 0ï2500 ɻʮ. 

ʆʧʨʝʜʝʣʝʥʳ ʝʛʦ ʦʩʥʦʚʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ: ʨʘʙʦʯʠʡ ʜʠʘʧʘʟʦʥ 0ï200 ɻʮ, ʨʝʟʦ-

ʥʘʥʩʥʘʷ ʯʘʩʪʦʪʘ 257 ɻʮ, ʘ ʪʘʢʞʝ ʧʦʜʪʚʝʨʞʜʝʥʘ ʚʳʩʦʢʘʷ ʣʠʥʝʡʥʦʩʪʴ ʦʪʢʣʠʢʘ ʚ 

ʜʠʘʧʘʟʦʥʝ ʫʩʢʦʨʝʥʠʡ 0,1ï1g. 

ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʘʢʩʝʣʝʨʦʤʝʪʨ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʚʤʝʩʪʝ ʩ DAS ʜʣʷ 

ʢʚʘʟʠʨʘʩʧʨʝʜʝʣʝʥʥʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ ʚʠʙʨʘʮʠʡ. 
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ʊʝʦʨʝʪʠʯʝʩʢʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʤʝʪʦʜʘ ʥʝʨʝʛʫʣʷʨ-

ʥʦʡ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʧʝʨʝʩʪʨʦʡʢʠ ʦʧʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʳ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʙʨʠʣʣʶ-

ʵʥʦʚʩʢʦʛʦ ʘʥʘʣʠʟʘʪʦʨʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʩʣʫʯʘʡʥʦʩʪʴ ʤʦʤʝʥʪʦʚ ʩʤʝʥʳ ʯʘʩʪʦʪʳ  

ʧʨʠʚʦʜʠʪ ʢ ʫʰʠʨʝʥʠʶ ʙʨʠʣʣʶʵʥʦʚʩʢʦʛʦ ʢʦʥʪʫʨʘ, ʩʥʠʞʝʥʠʶ ʝʛʦ ʘʤʧʣʠʪʫʜʳ ʠ ʠʟ-

ʤʝʥʝʥʠʶ ʵʬʬʝʢʪʠʚʥʦʛʦ ʰʘʛʘ ʩʢʘʥʠʨʦʚʘʥʠʷ. ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʨʠʣʣʶ-

ʵʥʦʚʩʢʦʛʦ ʘʥʘʣʠʟʘʪʦʨʘ ʥʘ ʦʩʥʦʚʝ ʩʘʤʦʩʢʘʥʠʨʫʶʱʝʛʦ ʣʘʟʝʨʘ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʵʢʩʧʝ-

ʨʠʤʝʥʪʘʤʠ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʦ ʧʨʠ ʜʘʣʴʥʝʡʰʝʡ ʨʘʟʨʘʙʦʪʢʝ ʙʦʣʝʝ ʧʨʦ-

ʩʪʳʭ ʩʠʩʪʝʤ ʙʨʠʣʣʶʵʥʦʚʩʢʦʛʦ ʘʥʘʣʠʟʘʪʦʨʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʙʨʠʣʣʶʵʥʦʚʩʢʠʡ ʘʥʘʣʠʟ, ʥʝʨʝʛʫʣʷʨʥʘʷ ʜʠʩʢʨʝʪʠʟʘʮʠʷ, 

ʩʘʤʦʩʢʘʥʠʨʦʚʘʥʠʝ, ʧʨʦʮʝʩʩ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ. 
 

1. ɺʚʝʜʝʥʠʝ 

ʈʘʩʧʨʝʜʝʣʝʥʥʳʝ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʩʝʥʩʦʨʥʳʝ ʩʠʩʪʝʤʳ (ʈɺʆʉʉ) ʷʚʣʷ-

ʶʪʩʷ ʦʩʦʙʳʤ ʪʠʧʦʤ ʩʝʥʩʦʨʥʳʭ ʩʠʩʪʝʤ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʦʧʨʝʜʝʣʷʪʴ ʪʝʤʧʝʨʘ-

ʪʫʨʫ, ʜʝʬʦʨʤʘʮʠ ʁʠ ʜʨʫʛʠʝ ʧʘʨʘʤʝʪʨ rʚʜʦʣʴ ʧʨʦʪʷʞʝʥʥʳʭ ʣʠʥʠʡ ï ʜʦ ʩʦʪʝʥ ʢʠ-

ʣʦʤʝʪʨʦʚ ï ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʦʪ ʝʜʠʥʠʮ ʤʝʪʨʦʚ ʜʦ ʩʘʥʪʠʤʝʪʨʦʚ 

[1]. ʉʨʝʜʠ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʈɺʆʉʉ ʦʩʦʙʦʛʦ ʚʥʠʤʘʥʠʷ ʟʘʩʣʫʞʠʚʘʶʪ ʙʨʠʣʣʶ-

ʵʥʦʚʩʢʠʝ ʘʥʘʣʠʟʘʪʦʨʳ (ɹɸ). ʀʭ ʨʘʙʦʪʘ ʦʩʥʦʚʘʥʘ ʥʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʜʚʫʭ ʚʩʪʨʝʯ-

ʥʳʭ ʚʦʣʥ ï ʠʤʧʫʣʴʩʥʦʡ ʥʘʢʘʯʢʠ ʠ ʥʝʧʨʝʨʳʚʥʦʛʦ ʧʨʦʙʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʄʘʢʩʠʤʫʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʨʘʟʥʦʩʪʠ ʯʘʩʪʦʪ, ʨʘʚʥʦʡ ʯʘʩʪʦʪʝ ʙʨʠʣʣʶʵʥʦʚ-

ʩʢʦʛʦ ʩʜʚʠʛʘ (ʏɹʉ), ʟʘʚʠʩʷʱʝʡ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʝʬʦʨʤʘʮʠʠ ʚʦʣʦʢʥʘ. ʆʜʥʘʢʦ 

ʠʟʤʝʨʝʥʠʝ ʏɹʉ ʪʨʝʙʫʝʪ ʩʢʘʥʠʨʦʚʘʥʠʷ ʨʘʟʥʦʩʪʥʦʡ ʯʘʩʪʦʪʳ ʚʙʣʠʟʠ 11 ɻɻʮ ʩ ʰʘ-

ʛʦʤ ʚ ʝʜʠʥʠʮʳ ʄɻʮ, ʯʪʦ ʜʝʣʘʝʪ ɹɸ ʦʜʥʦʡ ʠʟ ʩʘʤʳʭ ʜʦʨʦʛʦʩʪʦʷʱʠʭ ʢʦʥʬʠʛʫʨʘ-

ʮʠʡ ʈɺʆʉʉ [2]. 

ʇʝʨʩʧʝʢʪʠʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʫʧʨʦʱʝʥʠʷ ɹɸ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʘ-

ʤʦʩʢʘʥʠʨʫʶʱʠʭ ʣʘʟʝʨʦʚ (ʉʉʃ), ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʧʝʨʝʩʪʨʦʡʢʫ ʯʘʩʪʦʪʳ ʙʝʟ 

ʚʥʝʰʥʝʛʦ ʫʧʨʘʚʣʝʥʠʷ [3]. ʆʜʥʘʢʦ ʠʭ ʧʨʠʤʝʥʝʥʠʝ ʩʦʧʨʷʞʝʥʦ ʩ ʧʨʦʙʣʝʤʦʡ: ʤʦ-

ʤʝʥʪʳ ʠʟʤʝʥʝʥʠʷ ʯʘʩʪʦʪʳ ʩʣʫʯʘʡʥʳ ʚʦ ʚʨʝʤʝʥʠ, ʯʪʦ ʧʨʝʧʷʪʩʪʚʫʝʪ ʧʨʷʤʦʤʫ 

ʥʘʢʦʧʣʝʥʠ ʁʩʠʛʥʘʣʦʚ. ʈʘʥʝʝ ʥʘʤʠ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʵʤʧʠʨʠʯʝʩʢʦʝ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʝ ʥʝʨʝʛʫʣʷʨʥʦʡ ʜʠʩʢʨʝʪʠʟʘʮʠʠ (ʅʈɼ) ʚʨʝʤʝʥʥʦʡ ʦʙʣʘʩʪʠ ʚ ɹɸ ʥʘ ʦʩʥʦʚʝ ʉʉʃ. 

ɹr ʣʠ ʧʦʢʘʟʘʥʳ ʠʟʤʝʨʝʥʠʷ ʚ ʣʠʥʠʠ ʜʣʠʥʦʡ 75 ʢʤ ʩ ʧʦʚʪʦʨʷʝʤʦʩʪʴʶ ʥʝ ʭʫʞʝ 

1,2 ʄɻʮ [4]. ʆʜʥʘʢʦ ʜʦ ʩʠʭ ʧʦʨ ʥʝ ʙʳʣʦ ʠʟʫʯʝʥʦ, ʢʘʢ ʧʘʨʘʤʝʪʨʳ ʅʈɼ ʚʣʠʷʶʪ ʥʘ 

ʨʝʛʠʩʪʨʠʨʫʝʤʫʶ ʬʦʨʤʫ ʙʨʠʣʣʶʵʥʦʚʩʢʦʛʦ ʩʧʝʢʪʨʘ ʫʩʠʣʝʥʠʷ (ɹʉʋ). 
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ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʚʣʠʷʥʠʷ ʅʈɼ ʥʘ ʚʦʩʩʪʘʥʘʚʣʠʚʘʝʤʳʡ ʢʦʥ-

ʪʫʨ ʚ ɹɸ. ʇʨʦʮʝʩʩ ʩʢʘʥʠʨʦʚʘʥʠʷ ʯʘʩʪʦʪʳ ʉʉʃ ʨʘʩʩʤʦʪʨʝʥ ʢʘʢ ʯʘʩʪʥʳʡ ʩʣʫʯʘʡ 

ʧʨʦʮʝʩʩʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ [5] (ʚ ʘʥʛʣ. ʣʠʪ. renewal process) ʩ ʛʘʫʩʩʦʚʩʢʦʡ ʩʪʘʪʠ-

ʩʪʠʢʦʡ ʤʦʤʝʥʪʦʚ ʩʤʝʥʳ ʯʘʩʪʦʪʳ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʅʈɼ ʧʨʠʚʦʜʠʪ ʢ ʫʰʠʨʝʥʠʶ ʠ 

ʩʛʣʘʞʠʚʘʥʠʶ ɹʉʋ, ʦʜʥʘʢʦ ʮʝʥʪʨʘʣʴʥʘʷ ʯʘʩʪʦʪʘ ʧʠʢʘ ʤʦʞʝʪ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥʘ ʩ 

ʪʦʯʥʦʩʪʴʶ, ʩʦʧʦʩʪʘʚʠʤʦʡ ʩʦ ʩʣʫʯʘʝʤ ʨʝʛʫʣʷʨʥʦʡ ʜʠʩʢʨʝʪʠʟʘʮʠʠ. ʊʘʢʞʝ ʪʝʦʨʝ-

ʪʠʯʝʩʢʠʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʜʪʚʝʨʞʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘ ʧʨʠʤʝʨʝ ɹɸ ʥʘ ʦʩʥʦʚʝ 

ʵʨʙʠʝʚʦʛʦ ʉʉʃ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʝʟʥʳ ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ 

ʫʧʨʦʱʝʥʠʠ ɹɸ ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʠʭ ʩʪʦʠʤʦʩʪʠ. 

2. ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʯʘʩʪʴ 

ʇʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ ʠʤʝʝʪʩʷ ʜʚʘ ʠʟʣʫʯʝʥʠʷ: ʦʜʥʦ ʩ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʯʘʩʪʦʪʦʡ, 

ʜʨʫʛʦʝ ʩ ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʡ ʯʘʩʪʦʪʦʡ. ʇʫʩʪʴ v ï ʨʘʟʥʦʩʪʥʘʷ ʯʘʩʪʦʪʘ, ʘ ȹɜ ï ʰʘʛ 

ʩʢʘʥʠʨʦʚʘʥʠʷ. ɹʫʜʝʤ ʩʯʠʪʘʪʴ, ʯʪʦ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ts, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʥʘʯʘʣʫ 

ʠʟʤʝʨʝʥʠʡ, ɜ = ɜst, ʘ ʠʩʭʦʜʥʳʡ ʢʦʥʪʫʨ ɹʉʋ L (ɜ) ʩʠʤʤʝʪʨʠʯʝʥ ʠ ʮʝʥʪʨʠʨʦʚʘʥ ʥʘ 

ʯʘʩʪʦʪʝ ɜcent = ɜst + Mȹɜ, ʛʜʝ M ï ʮʝʣʦʝ ʯʠʩʣʦ. ʇʨʠ ʵʪʦʤ, ʠʟʤʝʨʝʥʠʷ (ʟʘʧʫʩʢ ʟʦʥ-

ʜʠʨʫʶʱʠʭ ʠʤʧʫʣʴʩʦʚ ʚ ʣʠʥʠʶ) ʧʨʦʠʟʚʦʜʷʪʩʷ ʩ ʬʠʢʩʠʨʦʚʘʥʥʳʤ ʧʝʨʠʦʜʦʤ ȹt,  

ʘ ʩʤʝʥʘ ʯʘʩʪʦʪʳ ʧʨʦʠʩʭʦʜʠʪ ʚ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ Tj, ʧʨʠʯʝʤ ʧʝʨʠʦʜʳ ʩʤʝʥʳ ʯʘ-

ʩʪʦʪʳ Űj = Tj+1 ī Tj ʩʯʠʪʘʶʪʩʷ ʥʝʦʪʨʠʮʘʪʝʣʴʥʳʤʠ ʠ ʥʦʨʤʘʣʴʥʦ ʨʘʩʧʨʝʜʝʣʝʥʥʳʤʠ 

Űj ~N (ɛ,ů2), ʛʜʝ E (Űj) = ɛ ï ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʦʞʠʜʘʥʠʝ ʚʨʝʤʝʥʠ ʤʝʞʜʫ ʧʝʨʝʩʢʦʢʘ-

ʤʠ, ʘ ů ï ʜʠʩʧʝʨʩʠʷ. ɺʩʣʝʜʩʪʚʠʝ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʠ ʤʦʤʝʥʪʦʚ ʩʤʝʥʳ ʯʘʩʪʦʪʳ, 

ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʡ ʢʦʥʪʫʨ R (t) ʦʢʘʟʳʚʘʝʪʩʷ ʠʩʢʘʞʸʥʥʳʤ. ɽʩʣʠ ʩʯʠʪʘʪʴ, ʯʪʦ T0 = ts 

(ʪʦ ʝʩʪʴ, ʨʘʟʥʦʩʪʥʘʷ ʯʘʩʪʦʪʘ ʧʨʠʥʷʣʘ ʟʥʘʯʝʥʠʝ ɜst ʚ ʤʦʤʝʥʪ ʥʘʯʘʣʘ ʠʟʤʝʨʝʥʠʡ), ʪʦ 

ʘʤʧʣʠʪʫʜʘ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ M-ʪʦʛʦ ʠʟʤʝʨʝʥʠʷ tM ʙʫʜʝʪ ʦʧʨʝʜʝʣʷʪʴʩʷ ʢʘʢ ʩʫʤʤʘ 

ʚʢʣʘʜʦʚ ʬʫʥʢʮʠʠ ʠʩʭʦʜʥʦʛʦ ʢʦʥʪʫʨʘ L (vk) ʦʪ ʚʩʝʭ ʚʦʟʤʦʞʥʳʭ ʨʝʘʣʠʟʘʮʠʡ ʢʦʣʠ-

ʯʝʩʪʚ k ʧʝʨʝʩʢʦʢʦʚ, ʩ ʚʝʩʦʚʳʤ ʤʥʦʞʠʪʝʣʝʤ, ʦʧʨʝʜʝʣʷʝʤʳʤ ʚʝʨʦʷʪʥʦʩʪʴʶ ʨʝʘʣʠ-

ʟʘʮʠʠ ʨʦʚʥʦ k ʧʝʨʝʩʢʦʢʦʚ ʢ ʤʦʤʝʥʪʫ ʚʨʝʤʝʥʠ tM: 

Ὑὸ   ὖὛ  ὸ ὖ Ὓ   ὸ  Ͻὒ ὺ ȟ            ρ 
  

  
 

ʛʜʝ Ὓ  В †  
   ï ʚʨʝʤʷ k-ʪʦʛʦ ʧʝʨʝʩʢʦʢʘ, ʘ ʚʝʨʦʷʪʥʦʩʪʴ ʪʦʛʦ, ʯʪʦ ʢ ʤʦʤʝʥʪʫ 

ʚʨʝʤʝʥʠ tM ʧʨʦʠʟʦʰʣʦ ʥʝ ʤʝʥʝʝ k ʧʝʨʝʩʢʦʢʦʚ ὖὛ  ὸ ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥʘ 

ʯʝʨʝʟ ʬʫʥʢʮʠʶ ʩʪʘʥʜʘʨʪʥʦʛʦ ʥʦʨʤʘʣʴʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʌ: 

ὖὛ  ὸ   l
ὸ Ὧʈ

ʎЍὯ
Ȣ                                          ς 

ɺʳʯʠʩʣʷʷ R (tM) ʜʣʷ ʚʩʝʭ M, ʤʦʞʥʦ ʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦ ʢʦʥ-

ʪʫʨʝ ʧʦʩʣʝ ʜʣʠʪʝʣʴʥʦʛʦ ʥʘʢʦʧʣʝʥʠʷ ʩʠʛʥʘʣʘ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʩʣʫʯʘʝ 

ȹtÍɛ ʩʨʝʜʥʝʝ ʯʠʩʣʦ ʧʝʨʝʩʢʦʢʦʚ ʢ ʤʦʤʝʥʪʫ tM ʩʦʩʪʘʚʣʷʝʪ ἂkἃ = tM/ɛ = Mȹt/ɛ. ʇʦ 

ʵʪʦʡ ʧʨʠʯʠʥʝ, ʜʣʷ ʦʪʣʠʯʘʶʱʠʭʩʷ ʩʨʝʜʥʝʛʦ ʧʝʨʠʦʜʘ ʩʤʝʥʳ ʯʘʩʪʦʪʳ ʠ ʧʝʨʠʦʜʘ 

ʩʣʝʜʦʚʘʥʠʷ ʟʦʥʜʠʨʫʶʱʠʭ ʠʤʧʫʣʴʩʦʚ, ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʠʟʚʦʜʠʪʴ ʧʝʨʝʥʦʨʤʠ-

ʨʦʚʢʫ ʯʘʩʪʦʪʥʦʡ ʦʩʠ: ȹvô =  ȹv·ȹt/ɛ. ʆʜʥʘʢʦ, ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʥʘʯʘʣʦ ʠʟʤʝʨʝ-
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ʥʠʡ ts ʤʦʞʝʪ ʥʝ ʩʦʚʧʘʜʘʪʴ ʩ ʤʦʤʝʥʪʦʤ ʧʝʨʝʩʢʦʢʘ T0. ʕʪʦ ʧʨʠʚʝʜʝʪ ʢ ʪʦʤʫ, ʯʪʦ 

ʩʨʝʜʥʝʝ ʚʨʝʤʷ ʦʞʠʜʘʥʠʷ ʧʦʷʚʣʝʥʠʷ ʧʝʨʚʦʛʦ ʧʝʨʝʩʢʦʢʘ ʧʨʠ ʩʣʫʯʘʡʥʦʤ ʥʘʯʘʣʝ 

ʩʪʘʨʪʦʚʦʛʦ ʠʟʤʝʨʝʥʠʷ T0 ʥʝ ʙʫʜʝʪ ʨʘʚʥʦ ɛ/2. ɼʘʥʥʳʡ ʵʬʬʝʢʪ ʠʟʚʝʩʪʝʥ ʢʘʢ ʧʘ-

ʨʘʜʦʢʩ ʚʨʝʤʝʥʠ ʦʞʠʜʘʥʠʷ (waiting time paradox), ʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʦʞʠʜʘʥʠʝ 

ʧʝʨʚʦʛʦ ʧʝʨʝʩʢʦʢʘ ʩʦʩʪʘʚʣʷʝʪ E (T1) =  ɛ/2 + ů2/2ɛ. ʊʦʛʜʘ, ʦʮʝʥʢʘ ʩʨʝʜʥʝʛʦ 

ʯʠʩʣʘ ʧʝʨʝʩʢʦʢʦʚ ʢ ʤʦʤʝʥʪʫ ʚʨʝʤʝʥʠ M-ʪʦʛʦ ʠʟʤʝʨʝʥʠʷ ʦʢʘʞʝʪʩʷ ʩʤʝʱʝʥʥʦʡ: 

ἂkἃ =  Mȹt/ɛ + 1/2 ï ů2/2ɛ2. ʀʥʳʤʠ ʩʣʦʚʘʤʠ, ʩʣʫʯʘʡʥʦʩʪʴ ʤʦʤʝʥʪʘ ʧʨʠʚʷʟʢʠ ʯʘ-

ʩʪʦʪʳ ʧʨʠʚʦʜʠʪ ʣʠʰʴ ʢ ʩʤʝʱʝʥʠʶ ʢʦʥʪʫʨʘ ʢʘʢ ʮʝʣʦʛʦ, ʦʜʥʘʢʦ ʥʝ ʠʟʤʝʥʷʝʪ  

ʝʛʦ ʬʦʨʤʫ. 

ʅʘʢʦʥʝʮ, ʚʘʞʥʦ ʦʪʤʝʪʠʪʴ ʝʱʝ ʦʜʥʫ ʦʩʦʙʝʥʥʦʩʪʴ ʠʩʩʣʝʜʫʝʤʦʛʦ ʧʨʦʮʝʩʩʘ 

ʩʤʝʥʳ ʯʘʩʪʦʪʳ. ʈʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʤʦʜʝʣʴ ʩʤʝʥʳ ʯʘʩʪʦʪʳ ʩ ʬʠʢʩʠʨʦʚʘʥʥʳʤ 

ʰʘʛʦʤ, ʥʦ ʩʣʫʯʘʡʥʳʤʠ ʤʦʤʝʥʪʘʤʠ ʩʤʝʥʳ ʯʘʩʪʦʪʳ ʚ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ ʵʢʚʠʚʘ-

ʣʝʥʪʥʘ ʩʣʫʯʘʶ ʥʝʧʨʝʨʳʚʥʦʡ ʚʦ ʚʨʝʤʝʥʠ ʧʝʨʝʩʪʨʦʡʢʠ, ʥʦ ʩʦ ʩʣʫʯʘʡʥʳʤʠ 

ʬʣʫʢʪʫʘʮʠʷʤʠ ʯʘʩʪʦʪʳ ʚʠʜʘ ɜ (t) = ɜ0 + Ŭt + Ů (t), ʛʜʝ Ŭ ï ʧʦʩʪʦʷʥʥʘʷ ʢʦʤʧʦʥʝʥ-

ʪʘ ʩʢʦʨʦʩʪʠ ʧʝʨʝʩʪʨʦʡʢʠ, ʘ Ů (t) ï ʩʣʫʯʘʡʥʳʡ ʧʨʦʮʝʩʩ ʩ ʥʫʣʝʚʳʤ ʩʨʝʜʥʠʤ.  

ɺ ʯʘʩʪʥʦʩʪʠ, ʝʩʣʠ ʚʳʙʨʘʪʴ ʩʣʫʯʘʡʥʫʶ ʜʦʙʘʚʢʫ ʚʠʜʘ Ů (t) ḐN (0, Dt), ʘ ʪʘʢʞʝ 

ʚʳʙʨʘʪʴ ʧʘʨʘʤʝʪʨʳ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʩʦʚʧʘʜʘʣʘ ʘʩʠʤʧʪʦʪʠʢʘ ʥʘ ʙʝʩʢʦ-

ʥʝʯʥʦʩʪʠ: Ŭ =  ȹɜ/ɛ, D = ů2 (ȹɜ) 2/ɛ3, ʪʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ɜ (tM) ʚ ʤʦʜʝʣʠ ʩ ʥʝʧʨʝ-

ʨʳʚʥʦʡ ʧʝʨʝʩʪʨʦʡʢʦʡ ʙʫʜʝʪ ʩʦʚʧʘʜʘʪʴ ʩ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ Kȹɜ ʚ ʤʦʜʝʣʠ ʩʦ 

ʩʪʫʧʝʥʯʘʪʦʡ ʧʝʨʝʩʪʨʦʡʢʦʡ ʧʦ ʩʨʝʜʥʝʤʫ ʠ ʜʠʩʧʝʨʩʠʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʩʩʣʝ-

ʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʅʈɼ ʚʨʝʤʝʥʥʦʡ ʦʙʣʘʩʪʠ ʪʘʢʞʝ ʦʧʠʩʳʚʘʝʪ ʠ ʙʦʣʝʝ ʨʘʩʧʨʦ-

ʩʪʨʘʥʝʥʥʳʡ ʩʣʫʯʘʡ ʠʩʢʘʞʝʥʠʷ ɹʉʋ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʠʩʪʦʯʥʠʢʘ ʩ ʬʣʫʢʪʫʘ-

ʮʠʷʤʠ ʚ ʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ. 

3. ʄʦʜʝʣʠʨʦʚʘʥʠʝ 

ʅʘʤʠ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʘ ʠʟʤʝʨʝʥʠʷ ʢʦʥ-

ʪʫʨʘ ɹʉʋ ʚ ʩʠʩʪʝʤʝ ɹɸ, ʚ ʢʦʪʦʨʦʤ ʠʟʤʝʥʝʥʠʝ ʨʘʟʥʦʩʪʥʦʡ ʯʘʩʪʦʪʳ ʜʚʫʭ ʠʩʪʦʯʥʠ-

ʢʦʚ ʠʟʣʫʯʝʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʚ ʩʣʫʯʘʡʥʳʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʚʳ-

ʧʦʣʥʝʥʦ ʧʨʠ ʬʠʢʩʘʮʠʠ ʩʣʝʜʫʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ: ɛ = 1 (ʫʩʣ. ʝʜ.), ȹt = ɛ, T0 = ts = 0, 

ɜst = 0, ȹɜ = 6,35 ʄɻʮ, ʠʩʭʦʜʥʘʷ ʰʠʨʠʥʘ ʢʦʥʪʫʨʘ ũ = 40 ʄɻʮ. ʅʘ ʨʠʩ. 1, ʘ, ʧʦʢʘ-

ʟʘʥʦ ʠʟʤʝʥʝʥʠʝ ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʛʦ ʢʦʥʪʫʨʘ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʧʦʣʦʞʝʥʠʠ ʮʝʥ-

ʪʨʘ (M = 10) ʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʥʝʩʪʘʙʠʣʴʥʦʩʪʠ ů/ɛ. ʄʦʞʥʦ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ů/ɛ = 0 ʢʦʥʪʫʨ ʩʦʚʧʘʜʘʝʪ ʩ ʠʩʭʦʜʥʳʤ. ʉ ʨʦʩʪʦʤ ů/ɛ ʥʘʙʣʶʜʘ-

ʝʪʩʷ ʫʰʠʨʝʥʠʝ ʢʦʥʪʫʨʘ ʠ ʩʥʠʞʝʥʠʝ ʘʤʧʣʠʪʫʜʳ: ʪʘʢ, ʧʨʠ ů/ɛ = 1,5 ʫʰʠʨʝʥʠʝ ʩʦ-

ʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 30 %, ʘ ʘʤʧʣʠʪʫʜʘ ʧʘʜʘʝʪ ʧʨʠʤʝʨʥʦ ʥʘ 50 %. ʅʘ ʨʠʩ. 1, ʙ, ʧʨʦʜʝ-

ʤʦʥʩʪʨʠʨʦʚʘʥʦ ʠʟʤʝʥʝʥʠʝ ʢʦʥʪʫʨʘ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʧʦʣʦʞʝʥʠʡ ʮʝʥʪʨʘ ʢʦʥʪʫʨʘ M 

ʠ ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʦʪʥʦʰʝʥʠʠ ů/ɛ = 0,33. ɼʣʷ ʤʘʣʳʭ M ʠʩʢʘʞʝʥʠʷ ʤʠʥʠʤʘʣʴʥʳ; ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ M ʫʰʠʨʝʥʠʝ ʠ ʧʘʜʝʥʠʝ ʘʤʧʣʠʪʫʜʳ ʫʩʠʣʠʚʘʶʪʩʷ ʠʟ-ʟʘ ʥʘʢʦʧʣʝʥʠʷ 

ʜʠʩʧʝʨʩʠʠ ʯʠʩʣʘ ʧʝʨʝʩʢʦʢʦʚ. ʅʘʢʦʥʝʮ, ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʠʟʤʝʥʝ-

ʥʠʷ ʢʦʥʪʫʨʘ ʧʨʠ ʤʘʣʳʭ ʦʪʥʦʰʝʥʠʷʭ ȹt/ɛ (ʨʠʩ. 1, ʚ). ʇʨʠ ȹt/ɛ Ḻ 1 ʥʝʩʢʦʣʴʢʦ ʟʦʥ-

ʜʠʨʫʶʱʠʭ ʠʤʧʫʣʴʩʦʚ ʚʙʣʠʟʠ ɜst ʧʨʠʭʦʜʷʪʩʷ ʥʘ ʦʜʥʫ ʨʝʘʣʠʟʘʮʠʶ ʯʘʩʪʦʪʳ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʩʪʫʧʝʥʝʡ ʚ ʠʪʦʛʦʚʦʤ ɹʉʋ ʧʨʠ ʤʘʣʳʭ M ʠ ů/ɛ. 
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ʈʠʩ. 1. ʀʟʤʝʨʷʝʤʳʡ ɹʉʋ ʧʨʠ ʚʘʨʴʠʨʦʚʘʥʠʠ: ʘ ï ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʠ ů/ɛ;  

ʙ ï ʧʦʣʦʞʝʥʠʷ ʮʝʥʪʨʘ M; ʚ ï ʧʝʨʠʦʜʘ ʩʣʝʜʦʚʘʥʠʷ ʟʦʜʥʠʨʫʶʱʠʭ ʠʤʧʫʣʴʩʦʚ ȹt/ɛ 

4. ʕʢʩʧʝʨʠʤʝʥʪ 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʩʭʝʤʘ ɹɸ ʥʘ ʦʩʥʦʚʝ ʵʨʙʠʝʚʦʛʦ ʉʉʃ ʙʳʣʘ ʘʥʘʣʦʛʠʯʥʘ 

ʦʧʠʩʘʥʥʦʡ ʨʘʥʝʝ ʚ ʨʘʙʦʪʝ [4]. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ 50-ʢʤ ʚʦʣʦʢʦʥʥʦʡ ʣʠ-

ʥʠʠ ʩ ʧʝʨʠʦʜʦʤ ʩʣʝʜʦʚʘʥʠʷ ʟʦʥʜʠʨʫʶʱʠʭ ʠʤʧʫʣʴʩʦʚ ȹt = 625 ʤʢʩ. ʆʪʥʦʩʠʪʝʣʴ-

ʥʘʷ ʥʝʩʪʘʙʠʣʴʥʦʩʪʴ ʧʝʨʠʦʜʘ ʩʤʝʥʳ ʯʘʩʪʦʪʳ ʩʦʩʪʘʚʣʷʣʘ ů/ɛ å 1/3. ʉʠʥʭʨʦʥʠʟʘʮʠʷ 

ʠʟʤʝʨʝʥʠʡ ʧʨʠ ʫʩʨʝʜʥʝʥʠʠ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʘʣʠʙʨʦʚʦʯʥʦʛʦ 

ʫʯʘʩʪʢʘ ʚʦʣʦʢʥʘ ʚ ʥʘʯʘʣʝ ʣʠʥʠʠ ʠ ʩʠʛʥʘʣʴʥʦʛʦ ʪʨʠʛʛʝʨʘ. ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ ɹʉʋ ʜʣʷ ʜʚʫʭ ʟʥʘʯʝʥʠʡ ʩʨʝʜʥʝʛʦ ʧʝʨʠʦʜʘ ʩʤʝʥʳ ʯʘ-

ʩʪʦʪʳ ʉʉʃ: ɛ å 0,9 ʤʩ ʠ ɛ å 2 ʤʩ, ʯʪʦ ʦʪʚʝʯʘʣʦ ʟʥʘʯʝʥʠʷʤ ȹt/ɛ = 0,7 ʠ ȹt/ɛ = 0,3, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʅʘ ʨʠʩ. 2 ʧʦʢʘʟʘʥʳ ʯʘʩʪʦʪʥʳʝ ʩʨʝʟʳ ɹʉʋ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 10 ʢʤ 

ʦʪ ʥʘʯʘʣʘ ʣʠʥʠʠ ʜʣʷ ʫʢʘʟʘʥʥʳʭ ʦʪʥʦʰʝʥʠʡ ȹt/ɛ (ʯʝʨʥʘʷ ʠ ʢʨʘʩʥʘʷ ʩʧʣʦʰʥʳʝ ʣʠ-

ʥʠʠ), ʘ ʪʘʢʞʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʨʝʟʫʣʴʪʘʪʳ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʣʦʨʝʥʮʝʚʩʢʠʤ ʢʦʥ-

ʪʫʨʦʤ (ʧʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ ʥʘ ʨʠʩ. 2). ɺʠʜʥʦ, ʯʪʦ ʰʠʨʠʥʘ ʢʦʥʪʫʨʦʚ ʚ ʦʪʥʦʩʠʪʝʣʴ-

ʥʳʭ ʝʜʠʥʠʮʘʭ (ʥʦʤʝʨʘʭ ʨʝʬʣʝʢʪʦʛʨʘʤʤ) ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʦʪʣʠʯʘʝʪʩʷ ʧʨʠʤʝʨʥʦ ʚ 

ʜʚʘ ʨʘʟʘ. ʆʜʥʘʢʦ, ʧʦʩʣʝ ʧʝʨʝʥʦʨʤʠʨʦʚʢʠ ʯʘʩʪʦʪʥʦʡ ʦʩʠ ʩ ʫʯʝʪʦʤ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʰʘʛʘ ȹɜ' = ȹɜĀȹt/ɛ ʰʠʨʠʥʘ ʦʙʦʠʭ ʢʦʥʪʫʨʦʚ ʦʢʘʟʳʚʘʝʪʩʷ ʨʘʚʥʦʡ  

å40 ʄɻʮ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʰʠʨʠʥʝ ɹʉʋ ʜʣʷ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚʦʣʦʢʥʘ. ʉʣʝʜʫʝʪ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʚʙʣʠʟʠ ʪʦʯʢʠ ʩʠʥʭʨʦʥʠʟʘʮʠʠ ʥʘʙʣʶʜʘʝʪʩʷ ʩʪʫ-

ʧʝʥʯʘʪʦʩʪʴ, ʢʦʪʦʨʘʷ ʦʙʫʩʣʦʚʣʝʥʘ ʤʘʣʳʤ ʟʥʘʯʝʥʠʝʤ M å 3ï5 ʠ ʜʦʚʦʣʴʥʦ ʥʝʙʦʣʴ-

ʰʦʡ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʥʝʩʪʘʙʠʣʴʥʦʩʪʴʶ ů/ɛ å 1/3. 

 

 
 

ʈʠʩ. 2. ʀʟʤʝʨʝʥʥʳʡ ɹʉʋ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 10 ʢʤ ʜʣʷ ʨʘʟʥʳʭ ʦʪʥʦʰʝʥʠʡ ȹt/ɛ 
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5. ɿʘʢʣʶʯʝʥʠʝ 

ɺ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʚʣʠʷʥʠʷ ʩʣʫʯʘʡʥʦʩʪʠ ʤʦʤʝʥʪʦʚ ʩʤʝʥʳ ʯʘʩʪʦʪʳ 

ʥʘ ʠʟʤʝʨʷʝʤʳʝ ʩʧʝʢʪʨʳ ʚ ɹɸ. ʇʦʣʫʯʝʥʦ ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʦʧʠʩʘʥʠʝ ʠʩʢʘʞʝʥʠʡ 

ɹʉʋ ʧʨʠ ʥʝʨʝʛʫʣʷʨʥʦʡ ʜʠʩʢʨʝʪʠʟʘʮʠʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʬʦʨʤʘ ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʛʦ 

ʢʦʥʪʫʨʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʨʝʤʷ ʧʘʨʘʤʝʪʨʘʤʠ: ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʥʝʩʪʘʙʠʣʴʥʦʩʪʴʶ ů/ɛ, 

ʧʦʣʦʞʝʥʠʝʤ ʮʝʥʪʨʘ M ʠ ʦʪʥʦʰʝʥʠʝʤ ȹt/ɛ. ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʝʤʦʥ-

ʩʪʨʠʨʫʶʪ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ů/ɛ ʧʨʠʚʦʜʠʪ ʢ ʫʰʠʨʝʥʠʶ ʢʦʥʪʫʨʘ ʠ ʧʘʜʝʥʠʶ ʘʤʧʣʠ-

ʪʫʜʳ (ʧʨʠ ů/ɛ = 1,5 ʫʰʠʨʝʥʠʝ ʜʦ 30 %, ʧʘʜʝʥʠʝ ʘʤʧʣʠʪʫʜʳ ʜʦ 50 %). ʉ ʨʦʩʪʦʤ M 

ʫʰʠʨʝʥʠʝ ʫʩʠʣʠʚʘʝʪʩʷ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ M. ʊʘʢʞʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ȹt/ɛ < 1 

ʚʦʟʥʠʢʘʝʪ ʩʪʫʧʝʥʯʘʪʘʷ ʩʪʨʫʢʪʫʨʘ ʢʦʥʪʫʨʘ, ʦʩʦʙʝʥʥʦ ʟʘʤʝʪʥʘʷ ʧʨʠ ʤʘʣʳʭ ʟʥʘʯʝ-

ʥʠʷʭ M. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʜʪʚʝʨʞʜʝʥʳ ʦʩʥʦʚʥʳʝ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʚʳʚʦʜʳ. ʇʦ-

ʢʘʟʘʥʦ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ɛ ʧʨʠʚʦʜʠʪ ʢ ʧʨʝʜʩʢʘʟʫʝʤʦʤʫ ʠʟʤʝʥʝʥʠʶ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʰʘʛʘ ʯʘʩʪʦʪʳ, ʘ ʧʦʩʣʝ ʢʘʣʠʙʨʦʚʢʠ ʦʩʠ ʯʘʩʪʦʪ ʰʠʨʠʥʘ ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʛʦ ʢʦʥʪʫʨʘ 

ʦʩʪʘʝʪʩʷ ʧʦʩʪʦʷʥʥʦʡ. ʉʪʫʧʝʥʯʘʪʦʩʪʴ ʢʦʥʪʫʨʘ ʧʨʠ ʤʘʣʳʭ ȹt/ɛ ʪʘʢʞʝ ʧʨʦʜʝʤʦʥ-

ʩʪʨʠʨʦʚʘʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ. ʅʝʩʤʦʪʨʷ ʥʘ ʫʰʠʨʝʥʠʝ ɹʉʋ, ʢʦʥʪʫʨ ʧʦʟʚʦʣʷʝʪ 

ʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴ ʟʥʘʯʝʥʠʝ ʏɹʉ. ʇʨʝʜʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ 

ʜʣʷ ʦʩʣʘʙʣʝʥʠʷ ʪʨʝʙʦʚʘʥʠʡ ʢ ʠʩʪʦʯʥʠʢʘʤ ʠʟʣʫʯʝʥʠʷ ʠ ʩʦʟʜʘʥʠʷ ʙʦʣʝʝ ʧʨʦʩʪʳʭ ʠ 

ʜʦʩʪʫʧʥʳʭ ɹɸ. 

ʌʠʥʘʥʩʠʨʦʚʘʥʠʝ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʚ ʨʘʤʢʘʭ ʪʝʤʳ ʛʦʩʟʘʜʘʥʠʷ ʀʥʩʪʠʪʫʪʘ ʘʚʪʦʤʘʪʠʢʠ 

ʠ ʵʣʝʢʪʨʦʤʝʪʨʠʠ ʉʆ ʈɸʅ  ̄ 125022002714-2 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʨʫʜʦʚʘʥʠʷ 

ʎʝʥʪʨʘ ʢʦʣʣʝʢʪʠʚʥʦʛʦ ʧʦʣʴʟʦʚʘʥʠʷ «ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʛʘʟʦʚ 

ʠ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʩʨʝʜ» ʀɸʠʕ ʉʆ ʈɸʅ. 
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ʄʦʥʠʪʦʨʠʥʛ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʩʪʝʢʣʦʧʣʘʩʪʠʢʦʚʦʡ ʪʨʫʙʳ ʧʨʠ ʥʘʛʨʫʞʝʥʠʠ 

ʚʥʫʪʨʝʥʥʠʤ ʜʘʚʣʝʥʠʝʤ ʩ ʧʦʤʦʱʴʶ ʚʦʣʦʢʦʥʥʦ-

ʦʧʪʠʯʝʩʢʠʭ ʜʘʪʯʠʢʦʚ 
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ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʙʝʟʦʧʘʩʥʦʩʪʠ ʪʨʫʙʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ ʥʝʬʪʝʛʘʟʦʚʦʡ ʦʪʨʘʩ-

ʣʠ ʫʜʝʣʝʥʦ ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ, ʧʦʩʢʦʣʴʢʫ ʧʨʝʞʜʝʚʨʝʤʝʥʥʳʡ ʚʳʭʦʜ ʠʟ ʩʪʨʦʷ ʪʘʢʠʭ 

ʢʦʥʩʪʨʫʢʮʠʡ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʧʨʦʨʳʚʫ ʥʝʬʪʝʧʨʦʚʦʜʦʚ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʟʘʛʨʷʟ-

ʥʝʥʠʶ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ. ʇʨʠ ʨʝʰʝʥʠʠ ʵʪʠʭ ʧʨʦʙʣʝʤ ʧʨʠʤʝʥʷʶʪʩʷ ʩʠʩʪʝʤʳ 

ʤʦʥʠʪʦʨʠʥʛʘ ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʥʘ ʦʩʥʦʚʝ ʨʘʟʣʠʯʥʦʛʦ ʨʦʜʘ ʜʘʪʯʠʢʦʚ, ʢʦʪʦ-

ʨʳʝ ʥʘʰʣʠ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʧʨʠ ʤʦʥʠʪʦʨʠʥʛʝ ʢʦʥʩʪʨʫʢʮʠʡ ʘʚʠʘʮʠʦʥʥʦʡ ʠ 

ʛʨʘʞʜʘʥʩʢʦʡ ʦʪʨʘʩʣʝʡ. ɺʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʜʘʪʯʠʢʠ ʥʘ ʙʨʵʛʛʦʚʩʢʠʭ ʨʝʰʝʪʢʘʭ 

ʭʦʨʦʰʦ ʩʝʙʷ ʟʘʨʝʢʦʤʝʥʜʦʚʘʣʠ ʧʨʠ ʨʝʛʠʩʪʨʘʮʠʠ ʜʝʬʦʨʤʘʮʠʡ, ʚʦʟʥʠʢʘʶʱʠʭ ʚʩʣʝʜ-

ʩʪʚʠʝ ʧʨʠʣʦʞʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʥʘʛʨʫʟʦʢ; ʦʜʥʘʢʦ ʧʨʠʤʝʥʠʤʦʩʪʴ ʚʦʣʦʢʦʥʥʦ-

ʦʧʪʠʯʝʩʢʠʭ ʜʘʪʯʠʢʦʚ ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʧʦʚʳʰʝʥʥʦʛʦ ʜʘʚʣʝʥʠʷ ʥʝ ʠʟʫʯʝʥʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʜʘʪʯʠʢʠ, ʩʪʝʢʣʦʧʣʘʩʪʠʢʦʚʘʷ ʪʨʫ-

ʙʘ, ʢʦʥʪʨʦʣʴ ʚʥʫʪʨʝʥʥʝʛʦ ʜʘʚʣʝʥʠʷ ʪʨʫʙʳ. 
 

1. ɺʚʝʜʝʥʠʝ 

ɺ ʥʝʬʪʝʛʘʟʦʚʦʡ ʦʪʨʘʩʣʠ ʙʝʟʦʧʘʩʥʦʩʪʴ ʪʨʫʙʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ ʠʤʝʝʪ ʢʨʠʪʠ-

ʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ [1ï5], ʪʘʢ ʢʘʢ ʠʭ ʧʨʝʞʜʝʚʨʝʤʝʥʥʳʡ ʚʳʭʦʜ ʠʟ ʩʪʨʦʷ ʧʨʠʚʦʜʠʪ ʢ 

ʜʚʫʤ ʩʝʨʴʸʟʥʳʤ ʧʦʩʣʝʜʩʪʚʠʷʤ: ʢʦʣʦʩʩʘʣʴʥʳʤ ʬʠʥʘʥʩʦʚʳʤ ʧʦʪʝʨʷʤ ʠʟ-ʟʘ ʦʩʪʘ-

ʥʦʚʢʠ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ ʥʝʬʪʠ ʠ ʪʨʫʜʦʸʤʢʦʡ ʣʦʢʘʣʠʟʘʮʠʠ ʧʦʣʦʤʢʠ, ʘ ʪʘʢʞʝ ʵʢʦ-

ʣʦʛʠʯʝʩʢʦʤʫ ʫʱʝʨʙʫ ʚʩʣʝʜʩʪʚʠʝ ʫʪʝʯʢʠ ʥʝʬʪʝʧʨʦʜʫʢʪʦʚ. ɼʦʧʦʣʥʠʪʝʣʴʥʫʶ ʧʨʦ-

ʙʣʝʤʫ ʩʦʟʜʘʸʪ ʧʣʘʥʦʚʳʡ ʦʩʤʦʪʨ [6ï8], ʜʘʞʝ ʥʝʜʝʬʦʨʤʠʨʦʚʘʥʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ: 

ʤʝʪʦʜʳ ʥʝʨʘʟʨʫʰʘʶʱʝʛʦ ʢʦʥʪʨʦʣʷ ʚʳʥʫʞʜʘʶʪ ʧʨʠʦʩʪʘʥʘʚʣʠʚʘʪʴ ʪʨʘʥʩʧʦʨʪʠ-

ʨʦʚʢʫ, ʯʪʦ ʚʣʝʯʸʪ ʚʨʝʤʝʥʥʳʝ ʠ ʬʠʥʘʥʩʦʚʳʝ ʠʟʜʝʨʞʢʠ. 

ɼʣʷ ʤʠʥʠʤʠʟʘʮʠʠ ʵʪʠʭ ʨʠʩʢʦʚ ʠʩʩʣʝʜʫʶʪ ʩʠʩʪʝʤʳ ʤʦʥʠʪʦʨʠʥʛʘ ʩʦʩʪʦʷʥʠʷ 

ʢʦʥʩʪʨʫʢʮʠʡ [9ï11], ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʭ, ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʠ ʪʝʥʟʦʤʝʪʨʠʯʝʩʢʠʭ ʜʘʪʯʠʢʘʭ. ʊʘʢʠʝ ʩʠʩʪʝʤʳ ʫʞʝ ʫʩʧʝʰʥʦ ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ ʜʠ-

ʘʛʥʦʩʪʠʢʠ ʥʘʧʨʷʞʸʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʤʦʩʪʦʚ, ʪʫʥʥʝʣʝʡ, ʨʝʣʴʩʦʚ 

ʠ ʘʚʠʘʮʠʦʥʥʳʭ ʜʝʪʘʣʝʡ, ʦʜʥʘʢʦ ʠʭ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʚ ʥʝʬʪʝʛʘʟʦʚʦʡ ʦʪʨʘʩʣʠ ʧʦʢʘ 

ʥʝ ʜʦʢʘʟʘʥʘ ï ʚ ʯʘʩʪʥʦʩʪʠ, ʦʩʪʘʸʪʩʷ ʥʝʷʩʥʳʤ, ʩʧʦʩʦʙʥʳ ʣʠ ʜʘʪʯʠʢʠ ʥʘʜʸʞʥʦ 

ʬʠʢʩʠʨʦʚʘʪʴ ʚʥʫʪʨʝʥʥʝʝ ʜʘʚʣʝʥʠʝ ʠ ʪʦʯʥʦ ʦʧʨʝʜʝʣʷʪʴ ʤʝʩʪʦʧʦʣʦʞʝʥʠʝ ʪʨʝʱʠʥ 

ʧʦ ʚʩʝʡ ʜʣʠʥʝ ʪʨʫʙʦʧʨʦʚʦʜʘ. 
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ʅʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʩʯʠʪʘʶʪʩʷ ʨʘʩʧʨʝʜʝʣʸʥʥʳʝ ʠ ʢʚʘʟʠʨʘʩʧʨʝʜʝʣʸʥ-

ʥʳʝ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʜʘʪʯʠʢʠ (ɺʆɼ) [12ï14], ʢʦʪʦʨʳʝ ʦʪʣʠʯʘʶʪʩʷ ʢʦʤ-

ʧʘʢʪʥʦʩʪʴʶ, ʚʦʟʤʦʞʥʦʩʪʴʶ ʠʥʪʝʛʨʘʮʠʠ ʚ ʝʜʠʥʫʶ ʩʝʪʴ, ʚʳʩʦʢʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦ-

ʩʪʴʶ ʠ ʩʧʦʩʦʙʥʦʩʪʴʶ ʧʝʨʝʜʘʚʘʪʴ ʜʘʥʥʳʝ ʥʘ ʙʦʣʴʰʠʝ ʨʘʩʩʪʦʷʥʠʷ ʙʝʟ ʧʦʪʝʨʠ ʢʘ-

ʯʝʩʪʚʘ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʜʝʤʦʥʩʪʨʠʨʫʶʪ, ʯʪʦ ɺʆɼ (ʚ ʪʦʤ ʯʠʩʣʝ ʥʘ ʦʩʥʦʚʝ 

ʙʨʵʛʛʦʚʩʢʠʭ ʨʝʰʸʪʦʢ) ʧʦʟʚʦʣʷʶʪ ʠʟʤʝʨʷʪʴ ʚʥʫʪʨʝʥʥʝʝ ʠ ʚʥʝʰʥʝʝ ʜʘʚʣʝʥʠʝ, ʪʝʤ-

ʧʝʨʘʪʫʨʫ ʠ ʨʘʩʭʦʜ ʞʠʜʢʦʩʪʠ ʚ ʪʨʫʙʦʧʨʦʚʦʜʘʭ ï ʥʘʧʨʠʤʝʨ, ʠʭ ʚʩʪʨʘʠʚʘʣʠ ʚ ʩʪʝʢ-

ʣʦʧʣʘʩʪʠʢʦʚʳʝ ʪʨʫʙʳ ʥʘ ʵʪʘʧʝ ʠʟʛʦʪʦʚʣʝʥʠʷ ʠʣʠ ʠʩʧʦʣʴʟʦʚʘʣʠ ʚ ʢʦʤʙʠʥʘʮʠʠ ʩ 

ʵʣʘʩʪʦʤʝʨʥʳʤʠ ʚʪʫʣʢʘʤʠ. 

ʊʝʤ ʥʝ ʤʝʥʝʝ, ʨʷʜ ʚʦʧʨʦʩʦʚ ʦʩʪʘʸʪʩʷ ʥʝʨʝʰʸʥʥʳʤ: ʠʟʫʯʝʥʳ ʣʠʰʴ ʢʚʘʟʠʩʪʘ-

ʪʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠʷ ʠ ʨʘʙʦʪʘ ʧʨʠ ʜʘʚʣʝʥʠʠ ʜʦ 9 ʙʘʨ [15ï16], ʪʦʛʜʘ ʢʘʢ ʥʝʢʦʪʦ-

ʨʳʝ ʪʨʫʙʥʳʝ ʢʦʥʩʪʨʫʢʮʠʠ ʵʢʩʧʣʫʘʪʠʨʫʶʪʩʷ ʧʦʜ ʙʦʣʝʝ ʚʳʩʦʢʠʤ ʜʘʚʣʝʥʠʝʤ. ʂʨʦ-

ʤʝ ʪʦʛʦ, ʥʝ ʚʳʷʩʥʝʥʦ, ʢʘʢ ʩ ʧʦʤʦʱʴʶ ɺʆɼ ʬʠʢʩʠʨʦʚʘʪʴ ʤʦʤʝʥʪ ʢʨʠʪʠʯʝʩʢʦʡ 

ʥʘʛʨʫʟʢʠ, ʧʨʠʚʦʜʷʱʝʡ ʢ ʨʘʟʨʫʰʝʥʠʶ ʪʨʫʙʳ, ʠ ʪʦʯʥʦ ʦʧʨʝʜʝʣʷʪʴ ʟʦʥʫ ʫʪʝʯʢʠ. 

ʎʝʣʴ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ï ʦʮʝʥʠʪʴ ʧʨʠʤʝʥʠʤʦʩʪʴ ɺʆɼ ʥʘ ʦʩʥʦʚʝ ʨʝʰʸʪʦʢ 

ɹʨʵʛʛʘ ʜʣʷ ʢʦʥʪʨʦʣʷ ʚʥʫʪʨʝʥʥʝʛʦ ʜʘʚʣʝʥʠʷ ʚ ʪʨʫʙʥʳʭ ʢʦʥʩʪʨʫʢʮʠʷʭ ʠ ʨʘʟʨʘʙʦʪ-

ʢʠ ʤʝʪʦʜʘ ʥʘʜʸʞʥʦʡ ʣʦʢʘʣʠʟʘʮʠʠ ʦʙʣʘʩʪʠ ʠʭ ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʨʘʟʨʫʰʝʥʠʷ. 

2. ʇʨʝʜʤʝʪ, ʟʘʜʘʯʠ ʠ ʤʝʪʦʜʳ 

ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʘ ʚʳʙʨʘʥʘ ʩʪʝʢʣʦʧʣʘʩʪʠʢʦʚʘʷ ʪʨʫʙʘ ʩʦ 

ʩʭʝʤʦʡ ʘʨʤʠʨʦʚʘʥʠʷ [45/ï45/0/45/ï45/45/0/0], ʠʟʛʦʪʦʚʣʝʥʥʘʷ ʤʝʪʦʜʦʤ ʤʦʢʨʦʡ 

ʥʘʤʦʪʢʠ ʥʘ ʚʥʫʪʨʝʥʥʠʡ ʧʦʣʠʫʨʝʪʘʥʦʚʳʡ ʛʝʨʤʝʪʠʟʠʨʫʶʱʠʡ ʩʣʦʡ (ʩʦʛʣʘʩʥʦ 

ʊʋ 2296-002-26612968-2000). ɽʸ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ: 

ī ʜʣʠʥʘ ï 710 ʤʤ; 

ī ʚʥʝʰʥʠʡ ʜʠʘʤʝʪʨ ï 88,6 ʤʤ; 

ī ʚʥʫʪʨʝʥʥʠʡ ʜʠʘʤʝʪʨ (ʩ ʫʯʸʪʦʤ ʛʝʨʤʝʪʠʟʠʨʫʶʱʝʛʦ ʩʣʦʷ) ï 75 ʤʤ; 

ī ʪʦʣʱʠʥʘ ʩʪʝʢʣʦʧʣʘʩʪʠʢʘ ï 2,8 ʤʤ; 

ī ʪʦʣʱʠʥʘ ʛʝʨʤʝʪʠʟʠʨʫʶʱʝʛʦ ʩʣʦʷ ï 4 ʤʤ. 

ʇʝʨʝʜ ʠʩʧʳʪʘʥʠʷʤʠ ʪʨʫʙʫ ʟʘʢʨʝʧʠʣʠ ʚ ʠʩʧʳʪʘʪʝʣʴʥʦʡ ʦʩʥʘʩʪʢʝ. ʅʘ ʝʸ 

ʚʥʝʰʥʶʶ ʧʦʚʝʨʭʥʦʩʪʴ ʩ ʧʦʤʦʱʴʶ ʵʧʦʢʩʠʜʥʦʡ ʩʤʦʣʳ (TAF) ʥʘʥʝʩʣʠ Smart-ʩʣʦʠ 

ʩ ʚʦʣʦʢʦʥʥʳʤʠ ʙʨʵʛʛʦʚʩʢʠʤʠ ʨʝʰʸʪʢʘʤʠ (ɺɹʈ). ʊʨʫʙʘ ʙʳʣʘ ʧʦʜʢʣʶʯʝʥʘ ʢ ʧʥʝʚ-

ʤʦʛʠʜʨʘʚʣʠʯʝʩʢʦʡ ʩʪʘʥʮʠʠ ʇɻʉ 2ï4 ʧ ʜʣʷ ʥʘʛʨʫʞʝʥʠʷ ʚʥʫʪʨʝʥʥʠʤ ʜʘʚʣʝʥʠʝʤ. 

ʀʟ-ʟʘ ʘʥʘʣʦʛʦʚʦʛʦ ʤʝʪʦʜʘ ʨʝʛʫʣʠʨʦʚʢʠ ʜʘʚʣʝʥʠʷ ʚʦʟʥʠʢʘʣʘ ʧʦʛʨʝʰʥʦʩʪʴ ʧʨʠ 

ʥʘʙʦʨʝ ʠ ʬʠʢʩʘʮʠʠ ʟʥʘʯʝʥʠʡ. 

ʀʩʧʳʪʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʜʚʘ ʵʪʘʧʘ: 

ʇʝʨʚʳʡ ʵʪʘʧ: 

ī ʪʝʩʪʦʚʦʝ ʥʘʛʨʫʞʝʥʠʝ ʜʣʷ ʥʘʩʪʨʦʡʢʠ ʦʙʦʨʫʜʦʚʘʥʠʷ; 

ī ʮʠʢʣʠʯʝʩʢʦʝ ʥʘʛʨʫʞʝʥʠʝ ʦʪ 5 ʜʦ 25 ʙʘʨ ʩ ʨʘʟʛʨʫʟʢʦʡ ʜʦ 5 ʙʘʨ (ʰʘʛ ï 

5 ʙʘʨ); 

ī ʧʦʚʪʦʨʥʳʡ ʮʠʢʣ ʙʝʟ ʧʣʘʚʥʦʛʦ ʩʙʨʦʩʘ ʜʘʚʣʝʥʠʷ. 

ɺʪʦʨʦʡ ʵʪʘʧ: 

ī ʥʘʛʨʫʞʝʥʠʝ ʦʪ 5 ʜʦ 140 ʙʘʨ ʩ ʨʘʟʛʨʫʟʢʦʡ; 

ī ʧʦʩʣʝʜʫʶʱʝʝ ʥʘʛʨʫʞʝʥʠʝ ʜʦ ʨʘʟʨʫʰʝʥʠʷ ʪʨʫʙʳ. 
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3. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ɺ ʭʦʜʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʡ ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʜʝʬʦʨʤʘʮʠʡ, 

ʨʝʛʠʩʪʨʠʨʫʝʤʳʭ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʤʠ ʜʘʪʯʠʢʘʤʠ (ɺʆɼ) ʩ ʚʦʣʦʢʦʥʥʳʤʠ 

ʙʨʵʛʛʦʚʩʢʠʤʠ ʨʝʰʸʪʢʘʤʠ (ɺɹʈ), ʦʪ ʚʥʫʪʨʝʥʥʝʛʦ ʜʘʚʣʝʥʠʷ ï ʩʥʘʯʘʣʘ ʜʣʷ ʧʝʨʚʦ-

ʛʦ ʵʪʘʧʘ ʥʘʛʨʫʞʝʥʠʷ (ʠʥʪʝʨʚʘʣ 0ï25 ʙʘʨ), ʟʘʪʝʤ ʜʣʷ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʡ 

(30ï170 ʙʘʨ). 

ʈʝʟʫʣʴʪʘʪʳ ʜʣʷ ʠʥʪʝʨʚʘʣʘ 0ï25 ʙʘʨ: 

1. ɿʘʚʠʩʠʤʦʩʪʴ ʜʝʬʦʨʤʘʮʠʡ ʦʪ ʜʘʚʣʝʥʠʷ ʥʦʩʠʪ ʣʠʥʝʡʥʳʡ ʭʘʨʘʢʪʝʨ. 

2. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ (ʦʙʦʟʥʘʯʝʥʳ ʪʦʯʢʘʤʠ ʥʘ ʛʨʘʬʠʢʘʭ) ʚ ʮʝʣʦʤ 

ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʘʥʘʣʠʪʠʯʝʩʢʠʤ ʧʨʦʛʥʦʟʦʤ (ʯʸʨʥʘʷ ʣʠʥʠʷ), ʥʦ ʥʘʙʣʶʜʘʶʪʩʷ 

ʦʪʢʣʦʥʝʥʠʷ: 

ī ʜʣʷ ɺɹʈ 101, 102, 201 ï ʦʪ 0,64 ʜʦ 6,84 %; 

ī ʤʘʢʩʠʤʘʣʴʥʦʝ ʦʪʢʣʦʥʝʥʠʝ (25,2 %) ʟʘʬʠʢʩʠʨʦʚʘʥʦ ʜʣʷ ɺɹʈ 301. 

ī ɺʦʟʤʦʞʥʘʷ ʧʨʠʯʠʥʘ ʨʘʩʭʦʞʜʝʥʠʷ ï ʥʝʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʘʜʛʝʟʠʦʥʥʦʛʦ ʩʣʦʷ ʤʝʞʜʫ Smart-ʩʣʦʝʤ ʠ ʧʦʚʝʨʭʥʦʩʪʴʶ ʪʨʫʙʳ ʧʨʠ ʤʦʥʪʘʞʝ, ʯʪʦ 

ʩʥʠʞʘʝʪ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ɺɹʈ. 

ʈʝʟʫʣʴʪʘʪʳ ʜʣʷ ʠʥʪʝʨʚʘʣʘ 30ï170 ʙʘʨ: 

1. ʃʠʥʝʡʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩʦʭʨʘʥʷʝʪʩʷ. 

2. ʆʪʢʣʦʥʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʦʪ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʦʮʝʥʢʠ ʥʝ 

ʧʨʝʚʳʰʘʝʪ 14 %. 

ɺ ʨʘʤʢʘʭ ʧʨʦʚʝʜʸʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʜʪʚʝʨʞʜʝʥʘ ʪʝʭʥʠʯʝʩʢʘʷ ʧʨʠʤʝʥʠ-

ʤʦʩʪʴ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʜʘʪʯʠʢʦʚ (ɺʆɼ) ʜʣʷ ʨʝʰʝʥʠʷ ʜʚʫʭ ʢʨʠʪʠʯʝʩʢʠ 

ʚʘʞʥʳʭ ʟʘʜʘʯ: ʢʦʥʪʨʦʣʷ ʚʥʫʪʨʝʥʥʝʛʦ ʜʘʚʣʝʥʠʷ ʚ ʪʨʫʙʥʳʭ ʢʦʥʩʪʨʫʢʮʠʷʭ ʠ ʣʦʢʘ-

ʣʠʟʘʮʠʠ ʦʙʣʘʩʪʠ ʠʭ ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʨʘʟʨʫʰʝʥʠʷ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ɺʆɼ, 

ʦʪʢʣʦʥʷʶʪʩʷ ʦʪ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʦʮʝʥʢʠ ʥʝ ʙʦʣʝʝ ʯʝʤ ʥʘ 14 %, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ 

ʦ ʚʳʩʦʢʦʡ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ ʠ ʥʘʜʸʞʥʦʩʪʠ ʪʝʭʥʦʣʦʛʠʠ. ɺʳʷʚʣʝʥʘ ʣʠ-

ʥʝʡʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʜʝʬʦʨʤʘʮʠʡ ʦʪ ʚʥʫʪʨʝʥʥʝʛʦ ʜʘʚʣʝʥʠʷ. ʕʪʘ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʟ-

ʚʦʣʷʝʪ ʚ ʨʝʞʠʤʝ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ ʦʮʝʥʠʚʘʪʴ ʠʟʤʝʥʝʥʠʷ ʜʘʚʣʝʥʠʷ ʚʥʫʪʨʠ ʪʨʫ-

ʙʳ, ʦʧʝʨʘʪʠʚʥʦ ʚʳʷʚʣʷʷ ʢʨʠʪʠʯʝʩʢʠʝ ʦʪʢʣʦʥʝʥʠʷ ʠ ʧʨʝʜʦʪʚʨʘʱʘʷ ʘʚʘʨʠʡʥʳʝ ʩʠ-

ʪʫʘʮʠʠ, ʥʘʧʨʠʤʝʨ, ʢʘʪʘʩʪʨʦʬʠʯʝʩʢʠʝ ʨʘʟʨʫʰʝʥʠʷ ʪʨʫʙʦʧʨʦʚʦʜʦʚ. 

ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʩʧʦʩʦʙʥʦʩʪʴ ɺʆɼ ʬʠʢʩʠʨʦʚʘʪʴ ʧʦʷʚ-

ʣʝʥʠʝ ʪʨʝʱʠʥ ʚʙʣʠʟʠ ʟʦʥʳ ʨʘʟʤʝʱʝʥʠʷ ʜʘʪʯʠʢʦʚ. ʕʪʦ ʦʪʢʨʳʚʘʝʪ ʧʝʨʩʧʝʢʪʠʚʳ 

ʜʣʷ ʩʦʟʜʘʥʠʷ ʩʠʩʪʝʤ ʥʝʧʨʝʨʳʚʥʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ ʮʝʣʦʩʪʥʦʩʪʠ ʪʨʫʙ: ʧʨʠ ʨʘʟʨʘ-

ʙʦʪʢʝ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʠ ʜʦʩʪʘʪʦʯʥʦʤ ʢʦʣʠ-

ʯʝʩʪʚʝ ʜʘʪʯʠʢʦʚ ʩʪʘʥʝʪ ʚʦʟʤʦʞʥʘ ʣʦʢʘʣʠʟʘʮʠʷ ʪʨʝʱʠʥ ʧʦ ʚʩʝʡ ʧʨʦʪʷʞʸʥʥʦʩʪʠ 

ʪʨʫʙʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ. ʅʘ ʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʣʘʥʠʨʫʝʪʩʷ ʨʝʘʣʠʟʦ-

ʚʘʪʴ ʪʘʢʠʝ ʘʣʛʦʨʠʪʤʳ ʠ ʧʨʦʚʝʩʪʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫʶ ʧʨʦʚʝʨʢʫ ʤʝʪʦʜʦʚ ʦʙʥʘ-

ʨʫʞʝʥʠʷ ʪʨʝʱʠʥ ʥʘ ʚʩʝʡ ʜʣʠʥʝ ʪʨʫʙʳ. 

ʉ ʧʨʘʢʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʚʥʝʜʨʝʥʠʝ ɺʆɼ ʚ ʩʠʩʪʝʤʳ ʤʦʥʠʪʦʨʠʥʛʘ ʥʝʬʪʝ-

ʛʘʟʦʚʦʡ ʦʪʨʘʩʣʠ ʧʦʟʚʦʣʠʪ ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʨʠʩʢʠ ʫʪʝʯʝʢ ʠ ʨʘʟʨʫʰʝʥʠʡ, ʧʦʚʳʩʠʪʴ 

ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʫʶ ʥʘʜʸʞʥʦʩʪʴ ʪʨʫʙʦʧʨʦʚʦʜʥʳʭ ʩʠʩʪʝʤ, ʘ ʪʘʢʞʝ ʩʦʢʨʘʪʠʪʴ ʬʠʥʘʥ-

ʩʦʚʳʝ ʧʦʪʝʨʠ, ʩʚʷʟʘʥʥʳʝ ʩ ʘʚʘʨʠʡʥʳʤʠ ʦʩʪʘʥʦʚʢʘʤʠ ʠ ʵʢʦʣʦʛʠʯʝʩʢʠʤ ʫʱʝʨʙʦʤ. 
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4. ɿʘʢʣʶʯʝʥʠʝ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʚʝʜʸʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʟʘʣʦʞʠʣʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʫʶ ʦʩ-

ʥʦʚʫ ʜʣʷ ʩʦʟʜʘʥʠʷ ʨʘʩʧʨʝʜʝʣʸʥʥʳʭ ʩʠʩʪʝʤ ʤʦʥʠʪʦʨʠʥʛʘ ʪʨʫʙʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ 

ʥʘ ʙʘʟʝ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʪʝʭʥʦʣʦʛʠʡ ï ʨʝʰʝʥʠʷ, ʩʧʦʩʦʙʥʦʛʦ ʩʫʱʝʩʪʚʝʥʥʦ 

ʧʦʚʳʩʠʪʴ ʙʝʟʦʧʘʩʥʦʩʪʴ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʙʦʪʳ ʪʨʫʙʦʧʨʦʚʦʜʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʚ 

ʥʝʬʪʝʛʘʟʦʚʦʡ ʦʪʨʘʩʣʠ. 
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ʇʨʝʜʩʪʘʚʣʝʥ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʡ ʤʝʪʦʜ ʠʟʛʦʪʦʚʣʝʥʠʷ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩ-

ʢʦʛʦ ʧʦʣʠʤʝʨʥʦʛʦ ʜʘʪʯʠʢʘ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʦʩʥʦʚʝ ʪʦʨʮʝʚʦʛʦ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ 

ʌʘʙʨʠ ï ʇʝʨʦ. ʏʫʚʩʪʚʠʪʝʣʴʥʳʤ ʵʣʝʤʝʥʪʦʤ ʜʘʪʯʠʢʘ ʩʣʫʞʠʪ ʯʘʩʪʴ ʧʦʣʠʤʝʨʥʦʛʦ 

«ʤʦʩʪʘ», ʦʩʥʦʚʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʢʦʪʦʨʦʛʦ ʷʚʣʷʝʪʩʷ ʩʤʦʣʘ, ʦʪʚʝʨʞʜʘʝʤʘʷ ʫʣʴʪʨʘ-

ʬʠʦʣʝʪʦʚʳʤ ʠʟʣʫʯʝʥʠʝʤ. ʇʨʦʚʝʨʢʘ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʧʦʤʦʱʴʶ 

ʦʧʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘʪʦʨʘ ʩʧʝʢʪʨʘ. ɹʣʘʛʦʜʘʨʷ ʤʘʣʳʤ ʨʘʟʤʝʨʘʤ ʜʘʪʯʠʢ ʤʦʞʝʪ 

ʧʨʠʤʝʥʷʪʴʩʷ ʜʣʷ ʚʳʩʦʢʦʪʦʯʥʳʭ ʠʟʤʝʨʝʥʠʡ: ʚ ʙʠʦʣʦʛʠʠ ï ʜʣʷ ʤʦʥʠʪʦʨʠʥʛʘ ʤʠʢ-

ʨʦʤʘʩʰʪʘʙʥʳʭ ʦʙʨʘʟʮʦʚ, ʚ ʤʝʜʠʮʠʥʝ ï ʧʨʠ ʦʧʝʨʘʮʠʷʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʱ-

ʥʳʭ ʣʘʟʝʨʦʚ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʜʘʪʯʠʢ ʪʝʤʧʝʨʘʪʫʨʳ, ʦʧʪʠʯʝʩʢʦʝ ʚʦʣʦʢʥʦ, ʠʥʪʝʨʬʝʨʦ-

ʤʝʪʨ ʌʘʙʨʠ ï ʇʝʨʦ, ʧʦʣʠʤʝʨʥʳʡ ʤʦʩʪ. 
 

1. ɺʚʝʜʝʥʠʝ 

ʆʩʥʦʚʥʳʤʠ ʤʝʪʦʜʘʤʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʜʘʪʯʠʢʦʚ ʥʘ ʦʩʥʦʚʝ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ 

ʌʘʙʨʠ ï ʇʝʨʦ ʷʚʣʷʶʪʩʷ ʢʦʤʙʠʥʘʮʠʷ ʥʝʩʢʦʣʴʢʠʭ ʩʪʨʫʢʪʫʨ ʬʦʪʦʥʥʦ-ʢʨʠʩʪʘʣ-

ʣʠʯʝʩʢʠʭ ʚʦʣʦʢʦʥ [1] ʠʣʠ ʧʦʣʳʭ ʚʦʣʦʢʦʥ [2]; ʦʜʥʘʢʦ ʵʪʠ ʢʦʤʧʦʥʝʥʪʳ ʷʚʣʷʶʪʩʷ 

ʚʝʩʴʤʘ ʩʧʝʮʠʬʠʯʥʳʤʠ ʠ ʠʤʝʶʪ ʚʳʩʦʢʫʶ ʩʪʦʠʤʦʩʪʴ, ʯʪʦ ʫʚʝʣʠʯʠʚʘʝʪ ʮʝʥʫ ʢʦ-

ʥʝʯʥʦʛʦ ʧʨʦʜʫʢʪʘ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʬʦʨʤʠʨʦʚʘʪʴ ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʌʘʙʨʠ ï ʇʝʨʦ 

ʥʘ ʪʦʨʮʝ ʦʧʪʠʯʝʩʢʦʛʦ ʚʦʣʦʢʥʘ ʠʟ ʜʦʩʪʫʧʥʦʛʦ ʠ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʛʦ ʬʦʪʦʧʦʣʠ-

ʤʝʨʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʩʪʦʛʦ ʤʝʪʦʜʘ ʠʟʛʦʪʦʚʣʝʥʠʷ. 

2. ʌʦʨʤʠʨʦʚʘʥʠʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʵʣʝʤʝʥʪʘ 

ɺ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʜʘʪʯʠʢʘ ʪʝʤʧʝʨʘʪʫʨʳ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʦʣʠʤʝʨ, ʧʨʦʟʨʘʯʥʳʡ ʜʣʷ ʚʠʜʠʤʦʛʦ ʩʚʝʪʘ ʠ ʙʣʠʞʥʝʛʦ ʠʥʬʨʘ-

ʢʨʘʩʥʦʛʦ ʜʠʘʧʘʟʦʥʘ ʠ ʦʪʚʝʨʞʜʘʝʤʳʡ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʛʦ 

(ʋʌ) ʠʟʣʫʯʝʥʠʷ. ʇʨʦʮʝʩʩ ʬʦʨʤʠʨʦʚʘʥʠʷ ʜʘʪʯʠʢʘ ʦʩʥʦʚʘʥ ʥʘ ʪʝʭʥʠʢʝ ʬʦʨʤʠ-

ʨʦʚʘʥʠʷ ʧʦʣʠʤʝʨʥʦʛʦ «ʤʦʩʪʘ» [3] ʤʝʞʜʫ ʪʦʨʮʝʚʳʤʠ ʧʦʚʝʨʭʥʦʩʪʷʤʠ ʜʚʫʭ ʦʧ-

ʪʠʯʝʩʢʠʭ ʚʦʣʦʢʦʥ. 

ʊʦʨʮʳ ʜʚʫʭ ʦʜʥʦʤʦʜʦʚʳʭ ʚʦʣʦʢʦʥ ʩʢʘʣʳʚʘʶʪʩʷ ʧʦʜ ʧʨʷʤʳʤ ʫʛʣʦʤ ʠ ʧʦ-

ʤʝʱʘʶʪʩʷ ʚ ʜʝʨʞʘʪʝʣʠ (ʨʠʩ. 1). ʇʝʨʝʤʝʱʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩ ʧʦ-
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ʤʦʱʴʶ ʪʨʸʭʦʩʥʳʭ ʤʠʢʨʦʧʦʟʠʮʠʦʥʝʨʦʚ ʩ ʪʦʯʥʦʩʪʴʶ 10 ʤʢʤ ʩ ʨʫʯʥʳʤ ʫʧʨʘʚʣʝ-

ʥʠʝʤ ʠ ʦʜʥʦʛʦ ʤʦʪʦʨʠʟʦʚʘʥʥʦʛʦ 4-ʦʩʥʦʛʦ ʧʦʟʠʮʠʦʥʝʨʘ ʧʨʦʠʟʚʦʜʩʪʚʘ ʢʦʤʧʘʥʠʠ 

Lassard (ʈʦʩʩʠʷ) (ʪʦʯʥʦʩʪʴ 0,2 ʤʢʤ), ʫʧʨʘʚʣʝʥʠʝ ʢʦʪʦʨʦʛʦ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʨʦ-

ʛʨʘʤʤʥʦ. 

ʇʦ ʠʟʦʙʨʘʞʝʥʠʶ ʩ ʢʘʤʝʨ 1ï2 (ʩʤ. ʨʠʩ. 1) ʩ ʧʦʤʦʱʴʶ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ, ʥʘʧʠ-

ʩʘʥʥʦʡ ʥʘ ʷʟʳʢʝ Python ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʠʙʣʠʦʪʝʢʠ Tensorflow, ʧʨʦʚʦʜʠʪʩʷ 

ʶʩʪʠʨʦʚʢʘ ʦʧʪʠʯʝʩʢʠʭ ʚʦʣʦʢʦʥ ʜʨʫʛ ʥʘʧʨʦʪʠʚ ʜʨʫʛʘ, ʠ ʟʘʧʠʩʳʚʘʶʪʩʷ ʢʦʦʨʜʠʥʘ-

ʪʳ ʠʭ ʧʦʣʦʞʝʥʠʷ. 

ʅʘʥʝʩʝʥʠʝ ʢʘʧʣʠ ʧʦʣʠʤʝʨʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʥʘ ʧʦʜʚʠʞʥʦʝ ʚʦʣʦʢʥʦ ʦʩʫ-

ʱʝʩʪʚʣʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʤʠʢʨʦʜʦʟʘʪʦʨʘ ʞʠʜʢʦʩʪʠ LongerPump TS-2A. ɿʘ ʩʯʝʪ 

ʩʤʘʯʠʚʘʝʤʦʩʪʠ ʠ ʩʠʣ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ ʤʝʞʜʫ ʪʦʨʮʘʤʠ ʦʧʪʠʯʝʩʢʠʭ 

ʚʦʣʦʢʦʥ ʬʦʨʤʠʨʫʝʪʩʷ ʧʦʣʠʤʝʨʥʳʡ «ʤʦʩʪ». ʇʨʦʮʝʩʩ ʧʦʣʠʤʝʨʠʟʘʮʠʠ ʧʨʦʠʩʭʦ-

ʜʠʪ ʧʫʪʸʤ ʧʦʰʘʛʦʚʦʛʦ ʯʝʨʝʜʫʶʱʝʛʦʩʷ ʦʙʣʫʯʝʥʠʷ ʋʌ ʠʩʪʦʯʥʠʢʦʤ FUWO 

(FUV-6L) ʠ ʨʘʟʚʝʜʝʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʚʦʣʦʢʦʥ. ʋʧʨʘʚʣʝʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ 

ʋʌ ʠʩʪʦʯʥʠʢʘ ʧʦʟʚʦʣʷʝʪ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʜʣʠʥʫ, ʪʦʣʱʠʥʫ ʠ ʬʦʨʤʫ ʧʦʣʫʯʘʝ-

ʤʦʡ ʩʪʨʫʢʪʫʨʳ. ʉʢʦʣ ʧʦʣʫʯʝʥʥʦʛʦ ʧʦʣʠʤʝʨʥʦʛʦ «ʤʦʩʪʘ» ʚʙʣʠʟʠ ʦʜʥʦʛʦ ʠʟ 

ʪʦʨʮʦʚ ʚʦʣʦʢʥʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʬʦʨʤʠʨʦʚʘʥʠʝ «ʩʪʦʣʙʠʢʘ» ʩ ʧʨʷʤʳʤ ʪʦʨʮʦʤ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʚʝ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʩʨʝʜ: ʦʧʪʠʯʝʩʢʦʝ ʚʦʣʦʢʥʦ/ʧʦʣʠʤʝʨ ʠ ʧʦ-

ʣʠʤʝʨ/ʚʦʟʜʫʭ ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʬʦʨʤʠʨʫʶʪ ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʌʘʙʨʠ ï ʇʝʨʦ ʥʘ 

ʪʦʨʮʝ ʚʦʣʦʢʥʘ (ʨʠʩ. 2). 

 

 
 

ʈʠʩ. 1. ʉʭʝʤʘ ʫʩʪʘʥʦʚʢʠ 

 

ʈʠʩ. 2. ʌʦʪʦ ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ  

ʵʣʝʤʝʥʪʘ ʜʘʪʯʠʢʘ 

3. ʈʝʟʫʣʴʪʘʪʳ 

ɼʣʷ ʦʧʨʦʩʘ ʜʘʪʯʠʢʘ ʙʳʣʘ ʩʦʙʨʘʥʘ ʫʩʪʘʥʦʚʢʘ (ʨʠʩ. 3), ʧʦʟʚʦʣʷʶʱʘʷ ʧʦʣʫ-

ʯʠʪʴ ʩʧʝʢʪʨ ʦʪʨʘʞʝʥʠʷ, ʥʘ ʢʦʪʦʨʦʤ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʥʘʣʠʯʠʝ ʠʥʪʝʨʬʝʨʝʥʮʠʠ 

(ʨʠʩ. 4). ʇʠʢʠ ʠ ʧʨʦʚʘʣʳ, ʚʠʜʠʤʳʝ ʥʘ ʩʧʝʢʪʨʝ ʦʪʨʘʞʝʥʠʷ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʠʩ-

ʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ Golight OS TL, ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʧʨʘʚʠʣʴʥʦʡ ʨʘʙʦʪʝ ʠʥʪʝʨ-

ʬʝʨʦʤʝʪʨʘ ʌʘʙʨʠ ï ʇʝʨʦ, ʘ ʠʭ ʩʤʝʱʝʥʠʝ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʨʘʟʮʘ 

ʧʦʟʚʦʣʷʝʪ ʠʟʤʝʨʠʪʴ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʪʠʧʘ ʜʘʪʯʠʢʘ [4]. 
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ʈʠʩ. 3. ʉʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʦʧʨʦʩʘ 

 

 

ʈʠʩ. 4. ʇʨʠʤʝʨ ʧʦʣʫʯʝʥʥʦʛʦ ʩʧʝʢʪʨʘ ʦʪʨʘʞʝʥʠʷ 

4. ɿʘʢʣʶʯʝʥʠʝ 

ʇʝʨʝʭʦʜ ʢ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʦʙʫʩʣʦʚʣʝʥ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʜʦʙʠʪʴʩʷ ʧʦʚʪʦʨʷʝ-

ʤʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ. ʊʝʢʫʱʠʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʜʪʚʝʨʜʠʣʠ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ ʜʘʪʯʠ-

ʢʦʚ, ʚ ʜʘʣʴʥʝʡʰʝʤ ʧʣʘʥʠʨʫʝʪʩʷ ʫʣʫʯʰʠʪʴ ʤʝʪʦʜ, ʯʪʦʙʳ ʩʚʝʩʪʠ ʢ ʤʠʥʠʤʫʤʫ ʨʘʟ-

ʣʠʯʠʷ ʤʝʞʜʫ ʦʪʜʝʣʴʥʳʤʠ ʧʨʦʪʦʪʠʧʘʤʠ. 
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ʇʨʝʜʣʘʛʘʶʪʩʷ ʧʫʪʠ ʨʘʟʚʠʪʠʷ ʪʝʭʥʦʣʦʛʠʠ ʥʝʨʘʟʨʫʰʘʶʱʝʛʦ ʢʦʥʪʨʦʣʷ ʠ ʜʠʘ-

ʛʥʦʩʪʠʢʠ ʜʣʷ ʦʙʥʘʨʫʞʝʥʠʷ ʥʝʷʚʥʳʭ (ʩʢʨʳʪʳʭ) ʜʝʬʝʢʪʦʚ, ʥʝ ʚʳʷʚʣʷʝʤʳʭ ʪʨʘʜʠ-

ʮʠʦʥʥʳʤʠ ʤʝʪʦʜʘʤʠ, ʩ ʮʝʣʴʶ ʦʮʝʥʢʠ ʨʝʩʫʨʩʘ ʵʢʩʧʣʫʘʪʘʮʠʠ ʦʪʚʝʪʩʪʚʝʥʥʳʭ ʠʟʜʝ-

ʣʠʡ ʠʟ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʧʨʦʮʝʩʩʝ ʠʭ ʠʩʧʳʪʘʥʠʡ ʠ ʵʢʩʧʣʫʘʪʘʮʠʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʥʝʨʘʟʨʫʰʘʶʱʠʡ ʢʦʥʪʨʦʣʴ, ʢʦʤʧʦʟʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʥʝ-

ʷʚʥʳʝ ʜʝʬʝʢʪʳ, ʨʝʩʫʨʩ ʵʢʩʧʣʫʘʪʘʮʠʠ, ʘʚʪʦʤʘʪʠʟʘʮʠʷ. 
 

1. ɺʚʝʜʝʥʠʝ 

ʆʩʦʙʝʥʥʦʩʪʴʶ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ ʬʦʨ-

ʤʠʨʦʚʘʥʠʷ ʂʄ ʠ ʢʦʥʩʪʨʫʢʮʠʠ ʠʟʜʝʣʠʡ ʠʟ ʥʠʭ, ʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʬʠʟʠʢʦ-ʤʝʭʘ-

ʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʂʄ ʦʪ ʫʩʣʦʚʠʡ ʵʢʩʧʣʫʘʪʘʮʠʠ, ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʦʙʨʘ-

ʟʦʚʘʥʠʶ ʚʥʫʪʨʝʥʥʠʭ ʜʝʬʝʢʪʦʚ, ʘ ʟʥʘʯʠʪ, ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʚʳʷʚʣʝʥʠʷ ʜʝʬʝʢʪʦʚ 

ʥʘ ʚʩʝʭ ʩʪʘʜʠʷʭ ʞʠʟʥʝʥʥʦʛʦ ʮʠʢʣʘ ʠʟʜʝʣʠʡ ʠʟ ʂʄ, ʦʩʦʙʝʥʥʦ ʥʝʷʚʥʳʭ (ʩʦʤʢʥʫ-

ʪʳʭ) ʜʝʬʝʢʪʦʚ. 

2. ʄʘʪʝʨʠʘʣʳ, ʤʝʪʦʜʳ ʠ ʨʝʟʫʣʴʪʘʪʳ 

ʈʝʰʘʶʪʩʷ ʟʘʜʘʯʠ ʚʳʷʚʣʝʥʠʷ ʥʝʷʚʥʳʭ (ʩʦʤʢʥʫʪʳʭ) ʜʝʬʝʢʪʦʚ ʚ ʂʄ, ʢʦʪʦʨʳʝ 

ʥʝ ʚʳʷʚʣʷʶʪʩʷ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʤʝʪʦʜʘʤʠ ʠ ʧʨʦʷʚʣʷʶʪʩʷ ʚ ʧʨʦʮʝʩʩʝ ʠʩʧʳʪʘʥʠʡ 

ʣʠʙʦ ʵʢʩʧʣʫʘʪʘʮʠʠ ʠʟʜʝʣʠʷ, ʠ ʦʮʝʥʢʠ ʨʝʩʫʨʩʘ ʨʘʙʦʪʳ ʠʟʜʝʣʠʡ ʩ ʚʳʷʚʣʝʥʥʳʤʠ 

ʜʝʬʝʢʪʘʤʠ [1ï5]. 

ʈʝʰʝʥ ʨʷʜ ʦʩʥʦʚʥʳʭ, ʧʨʠʥʮʠʧʠʘʣʴʥʳʭ ʚʦʧʨʦʩʦʚ ʚ ʵʪʦʤ ʥʘʧʨʘʚʣʝʥʠʠ, ʚ ʪʦʤ 

ʯʠʩʣʝ ʨʘʟʨʘʙʦʪʘʥʳ: 

ï ʤʝʪʦʜʠʢʘ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʤʝʨʦʚ «ʤʠʥʠʤʘʣʴʥʦʛʦ» ʜʝʬʝʢʪʘ ʚ ʤʘʪʝʨʠʘʣʝ; 

ï ʥʦʚʳʝ ʬʠʟʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʚʳʷʚʣʝʥʠʷ ʥʝʷʚʥʳʭ ʜʝʬʝʢʪʦʚ; 

ï ʤʝʪʦʜ ʦʧʨʝʜʝʣʝʥʠʷ ʣʦʢʘʣʴʥʳʭ ʦʙʣʘʩʪʝʡ ʧʦʥʠʞʝʥʥʦʡ ʧʨʦʯʥʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ; 

ï ʢʦʥʮʝʧʮʠʷ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʪʝʭʥʦʣʦʛʠʠ ʠ ʪʝʭʥʠʯʝʩʢʠʝ 

ʩʨʝʜʩʪʚʘ; 

ï ʤʝʪʦʜ ʦʮʝʥʢʠ ʨʝʩʫʨʩʘ ʤʘʪʝʨʠʘʣʘ ʠ ʢʦʥʩʪʨʫʢʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʩʢʫʩ-

ʩʪʚʝʥʥʳʭ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ ʥʘ ʦʩʥʦʚʝ ʭʨʦʥʦʣʦʛʠʯʝʩʢʠʭ ʨʝʟʫʣʴʪʘʪʦʚ ʥʝʨʘʟʨʫʰʘ-

ʶʱʝʛʦ ʢʦʥʪʨʦʣʷ. 
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3. ɿʘʢʣʶʯʝʥʠʝ 

ʇʨʝʜʣʦʞʝʥʳ ʪʝʭʥʦʣʦʛʠʠ ʥʝʨʘʟʨʫʰʘʶʱʝʛʦ ʢʦʥʪʨʦʣʷ ʠ ʜʠʘʛʥʦʩʪʠʢʠ ʜʣʷ ʦʙ-

ʥʘʨʫʞʝʥʠʷ ʥʝʷʚʥʳʭ (ʩʢʨʳʪʳʭ) ʜʝʬʝʢʪʦʚ, ʥʝ ʚʳʷʚʣʷʝʤʳʭ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʤʝʪʦ-

ʜʘʤʠ. ʈʘʟʨʘʙʦʪʘʥʘ ʢʦʥʮʝʧʮʠʷ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʧʨʦʮʝʩʩʦʚ ʥʝʨʘʟʨʫʰʘʶʱʝʛʦ ʢʦʥ-

ʪʨʦʣʷ. ʈʘʟʨʘʙʦʪʘʥʳ ʠ ʚʥʝʜʨʝʥʳ ʩʠʩʪʝʤʳ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʥʝʨʘʟʨʫʰʘʶʱʝʛʦ 

ʢʦʥʪʨʦʣʷ. ʇʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʦʮʝʥʢʠ ʨʝʩʫʨʩʘ ʢʦʥʩʪʨʫʢʮʠʡ ʠʟ ʂʄ ʥʘ ʦʩʥʦʚʝ 

ʨʝʪʨʦʩʧʝʢʪʠʚʥʦʛʦ ʘʥʘʣʠʟʘ ʨʝʟʫʣʴʪʘʪʦʚ ʥʝʨʘʟʨʫʰʘʶʱʝʛʦ ʢʦʥʪʨʦʣʷ ʤʝʪʦʜʘʤʠ ʠʩ-

ʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ, ʥʘ ʦʩʥʦʚʝ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ. 
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ʇʨʝʜʩʪʘʚʣʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʚʝʪʘ ʚ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʤ ʚʦʣʦʢʥʝ ʩ ʪʨʝʤʷ ʩʝʨʜʮʝʚʠʥʘʤʠ ʠ ʜʚʫʤʷ ʚʦʟʜʫʰʥʳ-

ʤʠ ʧʦʣʦʩʪʷʤʠ. ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ ʩʝʨʜʮʝʚʠʥʳ ʦʙʝʩʧʝʯʠʚʘʶʪ ʨʘʟʜʝʣʝʥʠʝ ʩʠʛʥʘ-

ʣʘ ʥʘ ʥʝʩʢʦʣʴʢʦ ʧʠʢʦʚ. ʇʨʠ ʚʩʝʩʪʦʨʦʥʥʝʤ ʩʞʘʪʠʠ ʨʘʟʥʦʩʪʴ ʧʦʢʘʟʘʪʝʣʝʡ ʧʨʝ-

ʣʦʤʣʝʥʠʷ ʤʝʞʜʫ ʩʝʨʜʮʝʚʠʥʘʤʠ ʠ ʦʙʦʣʦʯʢʦʡ ʫʤʝʥʴʰʘʝʪʩʷ, ʯʪʦ ʦʙʣʝʛʯʘʝʪ ʧʝ-

ʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʚʝʪʦʚʦʡ ʵʥʝʨʛʠʠ ʤʝʞʜʫ ʮʝʥʪʨʘʣʴʥʦʡ ʠ ʙʦʢʦʚʳʤʠ ʞʠʣʘʤʠ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʜʪʚʝʨʞʜʘʶʪ, ʯʪʦ ʛʝʦʤʝʪʨʠʷ ʚʦʣʦʢʥʘ ʠ ʥʘʣʠʯʠʝ ʙʦ-

ʢʦʚʳʭ ʧʦʣʦʩʪʝʡ ʦʢʘʟʳʚʘʶʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʫʩʪʦʡʯʠ-

ʚʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ. ʅʘ ʦʩʥʦʚʝ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʚʦʣʦʢʥʘ ʚ 

ʧʝʨʩʧʝʢʪʠʚʝ ʤʦʞʥʦ ʨʘʟʨʘʙʦʪʘʪʴ ʜʘʪʯʠʢ ʜʘʚʣʝʥʠʷ ʠ ʜʨʫʛʠʝ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠ-

ʯʝʩʢʠʝ ʠʟʤʝʨʠʪʝʣʴʥʳʝ ʩʠʩʪʝʤʳ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʠʢʨʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʝ ʚʦʣʦʢʥʦ, ʪʨʠ ʩʝʨʜʮʝʚʠʥʳ, ʨʘʩ-

ʧʨʦʩʪʨʘʥʝʥʠʝ ʩʚʝʪʘ, ʚʦʟʜʫʰʥʳʝ ʧʦʣʦʩʪʠ. 
 

1. ɺʚʝʜʝʥʠʝ 

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʛʦ ʚʦʣʦʢʥʘ ʚ ʠʟ-

ʤʝʨʠʪʝʣʴʥʳʭ ʩʝʥʩʦʨʘʭ ʩʪʘʣʦ ʦʩʦʙʝʥʥʦ ʠʥʪʝʨʝʩʥʦ ʠ ʧʨʠʚʣʝʢʘʪʝʣʴʥʦ. ɹʣʘʛʦʜʘʨʷ 

ʥʘʣʠʯʠʶ ʚʦʟʜʫʰʥʳʭ ʧʦʣʦʩʪʝʡ ʠ ʤʘʣʦʡ ʧʣʦʱʘʜʠ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ ʢʚʘʨʮʝʚʦʡ 

ʦʙʦʣʦʯʢʠ, ʪʘʢʠʝ ʚʦʣʦʢʥʘ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ 

ʚʥʝʰʥʠʤ ʚʦʟʜʝʡʩʪʚʠʷʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʙʦʣʴʰʠʥʩʪʚʦʤ ʦʜʥʦʤʦʜʦʚʳʭ ʚʦʣʦʢʦʥ 

(SMF) [1]. ʂʨʦʤʝ ʪʦʛʦ, ʚʦʟʤʦʞʥʦ ʩʝʣʝʢʪʠʚʥʦʝ ʟʘʧʦʣʥʝʥʠʝ ʢʦʥʢʨʝʪʥʳʭ ʚʦʟʜʫʰ-

ʥʳʭ ʢʘʥʘʣʦʚ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʞʝʣʘʝʤʳʭ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʥʘʧʨʠʤʝʨ, ʧʦʚʳʰʝ-

ʥʠʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʠʣʠ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʩʚʷʟʠ [2]. 

2. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʯʘʩʪʴ 

ɺʦʣʦʢʥʦ TWIN ʩʚʘʨʠʚʘʣʦʩʴ ʩ ʦʜʥʦʤʦʜʦʚʳʤ ʚʦʣʦʢʥʦʤ, ʧʦʩʣʝ ʯʝʛʦ ʘʥʘʣʠʟʠ-

ʨʦʚʘʣʩʷ ʧʨʦʬʠʣʴ ʩʚʝʪʦʚʦʛʦ ʧʫʯʢʘ ʥʘ ʚʳʭʦʜʥʦʤ ʪʦʨʮʝ ʧʝʨʝʜ ʧʨʦʬʠʣʦʤʝʪʨʦʤ (ʨʠʩ. 

1). ʕʢʩʧʝʨʠʤʝʥʪ ʧʨʦʚʦʜʠʣʩʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʚʥʝʰʥʝʡ ʥʘʛʨʫʟʢʠ ʠ ʜʣʷ 

ʥʝʩʢʦʣʴʢʠʭ ʜʣʠʥ ʠʩʩʣʝʜʫʝʤʦʛʦ ʫʯʘʩʪʢʘ ʚʦʣʦʢʥʘ. ɺ ʨʘʙʦʪʝ ʦʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ 

ʫʜʝʣʷʣʦʩʴ ʠʟʤʝʥʝʥʠʶ ʬʦʨʤʳ ʩʚʝʪʦʚʦʛʦ ʧʷʪʥʘ ʠ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦ-

ʩʪʠ ʤʝʞʜʫ ʮʝʥʪʨʘʣʴʥʦʡ ʠ ʙʦʢʦʚʳʤʠ ʩʝʨʜʮʝʚʠʥʘʤʠ. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʧʦʟʚʦʣʷʝʪ 
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ʩʫʜʠʪʴ ʦ ʩʪʝʧʝʥʠ ʩʚʷʟʠ ʤʝʞʜʫ ʩʝʨʜʮʝʚʠʥʘʤʠ ʠ ʦ ʚʣʠʷʥʠʠ ʛʝʦʤʝʪʨʠʠ ʚʦʣʦʢʥʘ ʥʘ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʠʟʣʫʯʝʥʠʷ. 

 

 

 

ʈʠʩ. 1. ʇʦʩʪʘʥʦʚʢʘ ʵʢʩʧʝʨʠʤʝʥʪʘ: ʃ ï ʦʜʥʦʧʦʣʦʩʥʳʡ ʣʘʟʝʨ; ʇ ï ʧʨʦʬʠʣʦʤʝʪʨ;  

SMF ï ʦʜʥʦʤʦʜʦʚʦʝ ʚʦʣʦʢʥʦ; TWIN ï ʤʠʢʨʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʝ ʚʦʣʦʢʥʦ «ʊʚʠʥʭʦʣ»; 

lSMF ï ʜʣʠʥʘ ʦʜʥʦʤʦʜʦʚʦʛʦ ʚʦʣʦʢʥʘ; lTWIN ï ʜʣʠʥʘ ʚʦʣʦʢʥʘ «ʊʚʠʥʭʦʣ»; a ï ʨʘʩʩʪʦʷʥʠʝ 

ʤʝʞʜʫ ʪʦʨʮʦʤ TWIN ʠ ʧʨʦʬʠʣʦʤʝʪʨʦʤ; m ï ʥʘʛʨʫʟʢʘ; 1 ï ʮʝʥʪʨʘʣʴʥʘʷ ʞʠʣʘ;  

2, 3 ï ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʞʠʣʳ; 4 ï ʦʙʦʣʦʯʢʘ; 5 ï ʚʦʟʜʫʰʥʳʝ ʧʦʣʦʩʪʠ 

3. ʈʝʟʫʣʴʪʘʪʳ ʠ ʟʘʢʣʶʯʝʥʠʝ 

ʇʨʠ ʩʚʘʨʢʝ ʦʜʥʦʤʦʜʦʚʦʛʦ ʚʦʣʦʢʥʘ ʠ ʚʦʣʦʢʥʘ TWIN ʙʳʣʠ ʧʦʜʦʙʨʘʥʳ ʦʧʪʠ-

ʤʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʩʚʘʨʢʠ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʤʠʥʠʤʘʣʴʥʳʝ ʚʥʦʩʠʤʳʝ ʧʦʪʝʨʠ ʠ 

ʚʳʩʦʢʫʶ ʩʦʦʩʥʦʩʪʴ ʮʝʥʪʨʘʣʴʥʦʡ ʩʝʨʜʮʝʚʠʥʳ ʚʦʣʦʢʥʘ TWIN ʩ ʩʝʨʜʮʝʚʠʥʦʡ ʚʦ-

ʣʦʢʥʘ SMF (ʨʠʩ. 2, ʘ). ʕʪʦ ʧʦʟʚʦʣʠʣʦ ʜʦʙʠʪʴʩʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʚʚʦʜʘ ʠʟʣʫʯʝʥʠʷ ʚ 

ʮʝʥʪʨʘʣʴʥʫʶ ʩʝʨʜʮʝʚʠʥʫ ʠʩʩʣʝʜʫʝʤʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʦʙʝʩʧʝʯʠʪʴ ʢʦʨʨʝʢʪʥʦʝ ʬʦʨ-

ʤʠʨʦʚʘʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʚʝʪʘ ʥʘ ʚʳʭʦʜʝ. 

 

 

 

ʘ ʙ 

ʈʠʩ. 2. ʉʚʘʨʢʘ ʦʜʥʦʤʦʜʦʚʦʛʦ ʚʦʣʦʢʥʘ ʠ ʪʨʝʭʩʝʨʜʮʝʚʠʥʥʦʛʦ ʚʦʣʦʢʥʘ TWIN (ʘ),  

ʧʝʨʝʢʘʯʢʘ ʩʚʝʪʘ ʠʟ ʮʝʥʪʨʘʣʴʥʦʡ ʞʠʣʳ ʚ ʥʠʞʥʶʶ ʧʨʠ ʜʣʠʥʝ  

ʤʠʢʨʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʛʦ ʚʦʣʦʢʥʘ lTWIN = 0,25 ʤ (ʙ) 
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ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘʣʠʯʠʝ ʜʚʫʭ ʙʦʢʦʚʳʭ ʧʦʣʦʩʪʝʡ ʩʫ-

ʱʝʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʥʘ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʚʝʪʘ ʚ ʩʪʨʫʢʪʫʨʝ. ʇʨʠ ʠʟʤʝʥʝʥʠʠ ʚʥʝʰʥʝʡ 

ʥʘʛʨʫʟʢʠ ʥʘʙʣʶʜʘʝʪʩʷ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʦʧʪʠʯʝʩʢʦʡ ʤʦʱʥʦʩʪʠ ʤʝʞʜʫ ʮʝʥ-

ʪʨʘʣʴʥʦʡ ʠ ʙʦʢʦʚʳʤʠ ʩʝʨʜʮʝʚʠʥʘʤʠ, ʩʦʧʨʦʚʦʞʜʘʶʱʝʝʩʷ ʠʟʤʝʥʝʥʠʝʤ ʩʠʤʤʝʪʨʠʠ 

ʠ ʢʦʥʪʨʘʩʪʘ ʚʳʭʦʜʥʦʛʦ ʧʨʦʬʠʣʷ. ʕʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʚʳʩʦʢʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦ-

ʩʪʠ ʩʪʨʫʢʪʫʨʳ ʢ ʤʝʭʘʥʠʯʝʩʢʠʤ ʚʦʟʜʝʡʩʪʚʠʷʤ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʜʣʠʥʘ ʫʯʘʩʪʢʘ ʚʦʣʦʢʥʘ ʪʘʢʞʝ ʚʣʠʷʝʪ ʥʘ ʭʘʨʘʢʪʝʨ ʨʘʩʧʨʝʜʝʣʝ-

ʥʠʷ ʩʚʝʪʘ. ʇʨʠ ʝʝ ʠʟʤʝʥʝʥʠʠ ʠʟʤʝʥʷʝʪʩʷ ʩʪʝʧʝʥʴ ʧʝʨʝʢʘʯʢʠ ʵʥʝʨʛʠʠ ʤʝʞʜʫ ʩʝʨʜ-

ʮʝʚʠʥʘʤʠ, ʯʪʦ ʦʪʨʘʞʘʝʪʩʷ ʥʘ ʬʦʨʤʝ ʚʳʭʦʜʥʦʛʦ ʧʫʯʢʘ (ʨʠʩ. 2, ʙ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʦʧʪʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʦʧʨʝʜʝʣʷʝʪʩʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʠ ʚʥʝʰʥʠʤʠ 

ʫʩʣʦʚʠʷʤʠ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1.  Two-dimensional microbend sensor based on long-period fiber gratings in an 

isosceles triangle arrangement three-core fiber / S. Wang [et al.] // Optics letters. ï 

2017. ï Vol. 42, no. 23. ï P. 4938ï4941. 

2.  Fiber optofluidic microlasers: structures, characteristics, and applications / 

X. Yang [et al.] // Laser & Photonics Reviews. ï 2022. ï Vol. 16, no. 1. ï P. 2100171. 
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ʉʧʝʮʠʘʣʴʥʳʝ ʚʦʣʦʢʦʥʥʳʝ ʩʚʝʪʦʚʦʜʳ ʚ ʅʘʫʯʥʦʤ 

ʮʝʥʪʨʝ ʚʦʣʦʢʦʥʥʦʡ ʦʧʪʠʢʠ ʠʤ. ɽ.ʄ. ɼʠʘʥʦʚʘ 

ʉ.ʃ. ʉʝʤʝʥʦʚ 

ʀʥʩʪʠʪʫʪ ʦʙʱʝʡ ʬʠʟʠʢʠ ʠʤ. ɸ.ʄ. ʇʨʦʭʦʨʦʚʘ ʈɸʅ, ʅʘʫʯʥʳʡ ʮʝʥʪʨ ʚʦʣʦʢʦʥʥʦʡ ʦʧʪʠʢʠ 

ʠʤ. ɽ.ʄ. ɼʠʘʥʦʚʘ, ʛ. ʄʦʩʢʚʘ, 

sls@fo.gpi.ru 

 

ɼʘʥ ʢʨʘʪʢʠʡ ʦʙʟʦʨ ʨʘʟʨʘʙʦʪʦʢ ʅʎɺʆ ʈɸʅ ʩʦʚʤʝʩʪʥʦ ʩ ʀʍɺɺ ʈɸʅ ʚ ʦʙʣʘ-

ʩʪʠ ʩʧʝʮʠʘʣʴʥʳʭ ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʦʚ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʚʦʣʦʢʦʥʥʳʡ ʩʚʝʪʦʚʦʜ, ʨʘʜʠʘʮʠʦʥʥʘʷ ʩʪʦʡʢʦʩʪʴ, ʘʢʪʠʚ-

ʥʦʝ ʦʧʪʠʯʝʩʢʦʝ ʚʦʣʦʢʥʦ. 
 

ʅʘʫʯʥʳʡ ʮʝʥʪʨ ʚʦʣʦʢʦʥʥʦʡ ʦʧʪʠʢʠ ʠʤ. ɽ.ʄ. ɼʠʘʥʦʚʘ ʈɸʅ (ʅʎɺʆ ʈɸʅ) 

ʀʥʩʪʠʪʫʪʘ ʦʙʱʝʡ ʬʠʟʠʢʠ ʠʤ. ɸ.ʄ. ʇʨʦʭʦʨʦʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ (ʀʆʌ 

ʈɸʅ) ʩʦʚʤʝʩʪʥʦ ʩ ʀʥʩʪʠʪʫʪʦʤ ʭʠʤʠʠ ʚʳʩʦʢʦʯʠʩʪʳʭ ʚʝʱʝʩʪʚ ʠʤ. ɻ.ɻ. ɼʝʚʷʪʳʭ 

ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ (ʀʍɺɺ ʈɸʅ) ʦʙʣʘʜʘʶʪ ʢʘʢ ʩʪʘʥʜʘʨʪʥʳʤ, ʪʘʢ ʠ ʫʥʠ-

ʢʘʣʴʥʳʤ ʦʙʦʨʫʜʦʚʘʥʠʝʤ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ, ʠʟʛʦʪʦʚʣʝʥʠʷ, ʪʝʩʪʠʨʦʚʘʥʠʷ ʠ ʠʩʩʣʝʜʦ-

ʚʘʥʠʷ ʙʦʣʴʰʠʥʩʪʚʘ ʚʠʜʦʚ ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʦʚ: 

ī MCVD ʩʪʘʥʢʠ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʟʘʛʦʪʦʚʦʢ ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʦʚ; 

ī ʩʪʝʢʣʦʜʫʚʥʳʝ ʩʪʘʥʢʠ ʜʣʷ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʭ ʨʘʙʦʪ ʩ ʟʘʛʦʪʦʚʢʘʤʠ ʠ 

ʧʦʜʛʦʪʦʚʢʠ ʠʭ ʢ ʚʳʪʷʞʢʝ; 

ī ʪʨʠ ʙʘʰʥʠ ʜʣʷ ʚʳʪʷʞʢʠ ʩʪʝʢʣʷʥʥʳʭ ʩʚʝʪʦʚʦʜʦʚ ʠ ʢʘʧʠʣʣʷʨʦʚ; 

ī ʵʢʩʪʨʫʟʠʦʥʥʘʷ ʫʩʪʘʥʦʚʢʘ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʠʥʬʨʘ-

ʢʨʘʩʥʳʭ ʩʚʝʪʦʚʦʜʦʚ; 

ī ʥʘʙʦʨ ʣʘʟʝʨʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʣʫ-

ʯʘʝʤʳʭ ʩʚʝʪʦʚʦʜʦʚ; 

ī ʫʩʪʘʥʦʚʢʘ ʜʣʷ ʟʘʧʠʩʠ ʚʦʣʦʢʦʥʥʳʭ ʙʨʵʛʛʦʚʩʢʠʭ ʨʝʰʝʪʦʢ; 

ī ʙʦʣʴʰʦʡ ʥʘʙʦʨ ʦʙʦʨʫʜʦʚʘʥʠʷ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʧʝʢʪʨʦʚ (ʨʘʤʘʥʦʚʩʢʠʡ ʠ 

ʌʫʨʴʝ ʩʧʝʢʪʨʦʤʝʪʨʳ, ʩʧʝʢʪʨʦʤʝʪʨʳ ʥʘ ʚʩʝ ʜʠʘʧʘʟʦʥʳ ʠʟʤʝʨʝʥʠʡ ʚ ʋʌ, ʚʠʜʠʤʦʤ 

ʠ ʙʣʠʞʥʝʤ ʠʥʬʨʘʢʨʘʩʥʳʭ ʜʠʘʧʘʟʦʥʘʭ, ʩʧʝʢʪʨʦʘʥʘʣʠʟʘʪʦʨʳ); 

ī ʵʣʝʢʪʨʦʥʥʳʡ ʤʠʢʨʦʩʢʦʧ ʩ ʨʝʥʪʛʝʥʦʚʩʢʠʤ ʤʠʢʨʦʘʥʘʣʠʟʘʪʦʨʦʤ ʩʦʩʪʘʚʘ; 

ī ʩʧʝʮʠʘʣʴʥʳʝ ʧʦʤʝʱʝʥʠʷ ʜʣʷ ʩʙʦʨʢʠ ʠʟ ʢʘʧʠʣʣʷʨʦʚ ʟʘʛʦʪʦʚʦʢ ʤʠʢʨʦ-

ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʚʝʪʦʚʦʜʦʚ. 

ɺ ʜʦʢʣʘʜʝ ʙʫʜʝʪ ʜʘʥ ʢʨʘʪʢʠʡ ʦʙʟʦʨ ʨʘʟʨʘʙʦʪʦʢ ʅʎɺʆ ʈɸʅ ʩʦʚʤʝʩʪʥʦ ʩ 

ʀʍɺɺ ʈɸʅ ʚ ʦʙʣʘʩʪʠ ʩʧʝʮʠʘʣʴʥʳʭ ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ: 

ī ʚʦʣʦʢʦʥʥʳʝ ʩʚʝʪʦʚʦʜʳ, ʣʝʛʠʨʦʚʘʥʥʳʝ ʚʠʩʤʫʪʦʤ ʠ ʜʨʫʛʠʤʠ ʨ-ʵʣʝʤʝʥʪʘʤʠ; 

ī ʤʠʢʨʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʠ ʤʥʦʛʦʩʝʨʜʮʝʚʠʥʥʳʝ ʚʦʣʦʢʦʥʥʳʝ ʩʚʝʪʦʚʦʜʳ; 

ī ʩʚʝʪʦʚʦʜʳ ʩ ʚʳʩʦʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʦʢʩʠʜʘ ʛʝʨʤʘʥʠʷ (ʜʦ 30 ʤʦʣ. %) ʠ 

ʦʢʩʠʜʘ ʬʦʩʬʦʨʘ (ʜʦ 15 ʤʦʣ. %) ʚ ʩʝʨʜʮʝʚʠʥʝ, ʩ ʩʝʨʜʮʝʚʠʥʦʡ ʠʟ ʛʝʨʤʘʥʘʪʥʦʛʦ 

ʩʪʝʢʣʘ, ʩʚʝʪʦʚʦʜʳ ʩ ʠʟʤʝʥʷʶʱʝʡʩʷ ʜʠʩʧʝʨʩʠʝʡ ʧʦ ʜʣʠʥʝ; 
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ī ʨʘʜʠʘʮʠʦʥʥʦ-ʩʪʦʡʢʠʝ ʠ ʨʘʜʠʘʮʠʦʥʥʦ-ʯʫʚʩʪʚʠʪʝʣʴʥʳʝ ʩʚʝʪʦʚʦʜʳ ʠ ʩʚʝʪʦ-

ʚʦʜʳ, ʩʪʦʡʢʠʝ ʢ ʚʦʟʜʝʡʩʪʚʠʶ ʣʘʟʝʨʥʦʛʦ ʋʌ ʠʟʣʫʯʝʥʠʷ; 

ī ʩʚʝʪʦʚʦʜʳ ʩ ʛʝʨʤʝʪʠʯʝʩʢʠʤʠ ʤʝʪʘʣʣʠʯʝʩʢʠʤʠ ʟʘʱʠʪʥʳʤʠ ʧʦʢʨʳʪʠʷʤʠ 

(ʘʣʤʁʠʥʠʡ, ʥʠʢʝʣʴ, ʤʝʜʴ, ʟʦʣʦʪʦ, ʩʝʨʝʙʨʦ) ʜʣʷ ʧʨʠʤʝʥʝʥʠʡ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤ-

ʧʝʨʘʪʫʨʘʭ ʠ ʚ ʥʝʙʣʘʛʦʧʨʠʷʪʥʳʭ ʩʨʝʜʘʭ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʢʘʯʝʩʪʚʝ ʜʘʪʯʠʢʦʚ; 

ī ʩʚʝʪʦʚʦʜʳ ʜʣʷ ʩʨʝʜʥʝʛʦ ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʜʠʘʧʘʟʦʥʘ (ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ 

ʠ ʭʘʣʴʢʦʛʝʥʠʜʥʳʝ ʩʚʝʪʦʚʦʜʳ, ʪʝʣʣʫʨʠʪʥʳʝ ʩʚʝʪʦʚʦʜʳ); 

ī ʚʦʣʦʢʦʥʥʳʝ ʩʚʝʪʦʚʦʜʳ ʩ ʛʝʨʤʝʪʠʯʥʳʤ ʧʦʢʨʳʪʠʝʤ ʠʟ ʩʪʝʢʣʦʫʛʣʝʨʦʜʘ; 

ī ʚʦʣʦʢʦʥʥʳʝ ʩʚʝʪʦʚʦʜʳ ʜʣʷ ʧʝʨʝʜʘʯʠ ʤʦʱʥʦʛʦ, ʚ ʪʦʤ ʯʠʩʣʝ ʋʌ ʦʧʪʠ-

ʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ; 

ī ʩʚʝʪʦʚʦʜʳ ʩ ʧʦʚʳʰʝʥʥʳʤ ʧʦʨʦʛʦʤ ɺʈʄɹ. 
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ʆʧʘʣʝʩʮʝʥʮʠʷ ʢʚʘʨʮʝʚʦʛʦ ʩʪʝʢʣʘ, ʠʥʜʫʮʠʨʦʚʘʥʥʘʷ 

ʥʝʡʪʨʦʥʥʳʤ ʦʙʣʫʯʝʥʠʝʤ 

ʉ.ɸ. ɺʘʩʠʣʴʝʚ* , ʇ.ʌ. ʂʘʰʘʡʢʠʥ, ɸ.ʃ. ʊʦʤʘʰʫʢ 

ʀʥʩʪʠʪʫʪ ʦʙʱʝʡ ʬʠʟʠʢʠ ʠʤ. ɸ.ʄ. ʇʨʦʭʦʨʦʚʘ ʈɸʅ, ʅʘʫʯʥʳʡ ʮʝʥʪʨ ʚʦʣʦʢʦʥʥʦʡ ʦʧʪʠʢʠ 

ʠʤ. ɽ.ʄ. ɼʠʘʥʦʚʘ, ʛ. ʄʦʩʢʚʘ, 

sav@fo.gpi.ru*  

 

ʆʙʩʫʞʜʘʝʪʩʷ ʥʝʤʦʥʦʪʦʥʥʦʝ ʠʟʤʝʥʝʥʠʝ ʨʵʣʝʝʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ ʧʨʠ ʨʝʘʢʪʦʨ-

ʥʦʤ ʦʙʣʫʯʝʥʠʠ ʢʚʘʨʮʝʚʳʭ ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʦʚ ï ʷʚʣʝʥʠʝ, ʢʦʪʦʨʦʝ ʩʣʝʜʫʝʪ 

ʫʯʠʪʳʚʘʪʴ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʦʧʪʠʯʝʩʢʠʭ ʨʝʬʣʝʢʪʦʤʝʪʨʦʚ ʜʣʷ ʜʠʘʛʥʦʩʪʠʢʠ 

ʷʜʝʨʥʳʭ ʠ ʪʝʨʤʦʷʜʝʨʥʳʭ ʨʝʘʢʪʦʨʦʚ. ʕʪʦ ʠʟʤʝʥʝʥʠʝ ʩʚʷʟʘʥʦ ʩ ʬʦʨʤʠʨʦʚʘʥʠʝʤ 

ʨʘʩʩʝʠʚʘʶʱʠʭ ʮʝʥʪʨʦʚ, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʦʙʣʘʩʪʝʡ ʨʘʟʤʝʨʦʤ ~10 ʥʤ, ʚʦʟʥʠ-

ʢʘʶʱʠʭ ʚ ʩʝʪʢʝ ʩʪʝʢʣʘ ʚ ʨʝʟʫʣʴʪʘʪʝ ʙʦʤʙʘʨʜʠʨʦʚʢʠ ʙʳʩʪʨʳʤʠ ʥʝʡʪʨʦʥʘʤʠ. 

ɺ ʥʘʯʘʣʝ ʦʙʣʫʯʝʥʠʷ ʵʪʠ ʦʙʣʘʩʪʠ ʫʚʝʣʠʯʠʚʘʶʪ ʢʦʵʬʬʠʮʠʝʥʪ ʨʘʩʩʝʷʥʠʷ, ʦʜʥʘʢʦ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʛʦ ʦʙʣʫʯʝʥʠʷ ʚʝʩʴ ʦʙʲʝʤ ʩʪʝʢʣʘ ʧʝʨʝʭʦʜʠʪ ʚ ʤʦʜʠ-

ʬʠʮʠʨʦʚʘʥʥʦʝ (ʤʝʪʘʤʠʢʪʥʦʝ) ʩʦʩʪʦʷʥʠʝ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʚʝʣʠʯʠʥʘ ʨʘʩʩʝʷʥʠʷ 

ʚʥʦʚʴ ʩʥʠʞʘʝʪʩʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʨʵʣʝʝʚʩʢʦʝ ʨʘʩʩʝʷʥʠʝ, ʦʧʪʠʯʝʩʢʠʡ ʨʝʬʣʝʢʪʦʤʝʪʨ, ʨʝʘʢ-

ʪʦʨʥʦʝ ʦʙʣʫʯʝʥʠʝ. 
 

ʈʘʩʧʨʝʜʝʣʝʥʥʳʝ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʩʠʩʪʝʤʳ ʠʟʤʝʨʝʥʠʷ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ 

ʨʝʛʠʩʪʨʘʮʠʠ ʩʠʛʥʘʣʘ ʦʙʨʘʪʥʦʛʦ ʨʵʣʝʝʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʘʢʪʠʚʥʦ ʨʘʟʚʠʚʘʶʪʩʷ ʚ 

ʧʦʩʣʝʜʥʠʝ ʜʝʩʷʪʠʣʝʪʠʷ ʠ ʥʘʭʦʜʷʪ ʚʩʝ ʙʦʣʴʰʝʝ ʯʠʩʣʦ ʧʨʠʤʝʥʝʥʠʡ ʚ ʨʘʟʣʠʯʥʳʭ 

ʟʘʜʘʯʘʭ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ. ʇʦʤʠʤʦ ʢʣʘʩʩʠʯʝʩʢʠʭ ʨʝʬʣʝʢʪʦʤʝʪʨʦʚ OTDR (optical 

time domain reflectometry), ʚʩʝ ʙʦʣʝʝ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʝʬʣʝʢʪʦʤʝʪʨʳ ʩ ʯʘ-

ʩʪʦʪʥʦʡ ʤʦʜʫʣʷʮʠʝʡ OFDR (optical frequency domain reflectometry), ʠʤʝʶʱʠʝ 

ʟʥʘʯʠʪʝʣʴʥʦ ʣʫʯʰʝʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ [1], ʘ ʪʘʢʞʝ ʢʦʛʝʨʝʥʪʥʳʝ ʬʘ-

ʟʦʯʫʚʩʪʚʠʪʝʣʴʥʳʝ ʨʝʬʣʝʢʪʦʤʝʪʨʳ (f-OTDR), ʩʧʦʩʦʙʥʳʝ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʧʨʦ-

ʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʬʘʟʦʚʳʭ ʚʦʟʤʫʱʝʥʠʡ ʚʜʦʣʴ ʤʥʦʛʦʢʠʣʦʤʝʪʨʦʚʳʭ 

ʚʦʣʦʢʦʥʥʳʭ ʣʠʥʠʡ [2, 3]. ɺʘʞʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʠʩʩʣʝʜʦʚʘʥʠʡ ʷʚʣʷʝʪʩʷ ʧʦʚʳ-

ʰʝʥʠʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʨʝʬʣʝʢʪʦʤʝʪʨʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ ʟʘ ʩʯʝʪ ʤʦʜʠʬʠʢʘʮʠʠ 

ʩʚʦʡʩʪʚ ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʩʚʝʪʦʚʦʜʘ, ʜʣʷ ʯʝʛʦ ʚ ʥʝʤ ʩʦʟʜʘʝʪʩʷ ʤʘʩʩʠʚ ʜʠʩʢʨʝʪʥʳʭ 

ʨʘʩʩʝʠʚʘʪʝʣʝʡ ʠʣʠ ʙʨʵʛʦʚʩʢʠʭ ʨʝʰʝʪʦʢ ʩ ʥʠʟʢʠʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʦʪʨʘʞʝʥʠʷ, 

ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʚʜʦʣʴ ʩʚʝʪʦʚʦʜʘ [2, 4]. 

ɹʣʘʛʦʜʘʨʷ ʩʦʟʜʘʥʠʶ ʨʘʜʠʘʮʠʦʥʥʦ ʩʪʦʡʢʠʭ ʢʚʘʨʮʝʚʳʭ ʚʦʣʦʢʦʥʥʳʭ ʩʚʝʪʦ-

ʚʦʜʦʚ ʤʝʪʦʜʳ ʨʘʩʧʨʝʜʝʣʝʥʥʦʛʦ ʠʟʤʝʨʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʨʵʣʝʝʚʩʢʦʛʦ ʨʘʩʩʝʥ̫ʠʷ 

ʩʪʘʣʠ ʚʦʩʪʨʝʙʦʚʘʥʥʳʤʠ ʠ ʜʣʷ ʧʨʠʤʝʥʝʥʠʡ ʚ ʷʜʝʨʥʦʡ ʠ ʪʝʨʤʦʷʜʝʨʥʦʡ ʵʥʝʨʛʝʪʠ-

ʢʝ ʜʣʷ ʢʦʥʪʨʦʣʷ ʩʦʩʪʦʷʥʠʷ ʫʟʣʦʚ ʠ ʘʛʨʝʛʘʪʦʚ ʨʝʘʢʪʦʨʦʚ. ʕʪʦ ʨʘʩʰʠʨʠʣʦ ʠʥ-

ʩʪʨʫʤʝʥʪʘʣʴʥʫʶ ʙʘʟʫ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʘʥʘʣʠʟʘ ʨʘʙʦʪʳ ʨʝʘʢʪʦʨʦʚ ʠ ʜʣʷ ʧʦ-



 

 
89 

ʚʳʰʝʥʠʷ ʙʝʟʦʧʘʩʥʦʩʪʠ ʠʭ ʵʢʩʧʣʫʘʪʘʮʠʠ. ɺʦʣʦʢʦʥʥʳʝ ʩʚʝʪʦʚʦʜʳ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʚ ʨʝʘʢʪʦʨʘʭ ʚ ʩʠʩʪʝʤʘʭ ʜʠʩʪʘʥʮʠʦʥʥʦʛʦ ʠʟʤʝʨʝʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʚʝʣʠʯʠʥ, ʷʚʣʷ-

ʷʩʴ ʯʫʚʩʪʚʠʪʝʣʴʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ ʵʪʠʭ ʩʠʩʪʝʤ ʠ ʩʨʝʜʦʡ ʜʣʷ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ 

ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ. ɺʤʝʩʪʝ ʩ ʪʝʤ ʧʨʠʤʝʥʝʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʚʦʣʦʢʦʥ ʚ ʨʝʘʢ-

ʪʦʨʘʭ ʩʦʧʨʷʞʝʥʦ ʩʦ ʟʥʘʯʠʪʝʣʴʥʳʤʠ ʪʨʫʜʥʦʩʪʷʤʠ, ʪʘʢ ʢʘʢ ʨʝʘʢʪʦʨʥʦʝ ʦʙʣʫʯʝ-

ʥʠʝ ʟʥʘʯʠʪʝʣʴʥʦ ʠʟʤʝʥʷʝʪ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʦʚ. ʅʝʡʪʨʦʥʥʦʝ ʦʙʣʫʯʝʥʠʝ ʚʦʣʦ-

ʢʦʥʥʳʭ ʩʚʝʪʦʚʦʜʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ, ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʜʝʛʨʘʜʘʮʠʝʡ ʧʦʢʨʳʪʠʡ ʠ ʩʫ-

ʱʝʩʪʚʝʥʥʦʡ ʧʝʨʝʩʪʨʦʡʢʦʡ ʩʝʪʢʠ ʩʪʝʢʣʘ, ʢʦʪʦʨʘʷ ʚʢʣʶʯʘʝʪ ʢʘʢ 

ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʠʟʤʝʥʝʥʠʷ (ʧʦʷʚʣʝʥʠʝ ʪʦʯʝʯʥʳʭ ʜʝʬʝʢʪʦʚ [5]), ʪʘʢ ʠ ʤʘʢʨʦ-

ʩʢʦʧʠʯʝʩʢʠʝ ʠʟʤʝʥʝʥʠʷ (ʠʟʤʝʥʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʠ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ [6, 7]). 

ʇʨʦʮʝʩʩʳ ʨʘʜʠʘʮʠʦʥʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʠʦʥʠʟʘʮʠʠ ʠ ʤʦʜʠʬʠʢʘʮʠʠ ʩʝʪʢʠ 

ʩʪʝʢʣʘ ʨʝʛʠʩʪʨʠʨʫʶʪʩʷ ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʦʧʪʠʯʝʩʢʠʭ ʩʧʝʢʪʨʦʚ [8], ʩʠʛʥʘʣʦʚ ʕʇʈ 

[9], ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ [10], ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ [11] ʠ ʧʨʠ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʠ ʥʝʢʦʪʦʨʳʭ ʜʨʫʛʠʭ ʤʝʪʦʜʦʚ ʘʥʘʣʠʟʘ. 

ɺ ʦʪʣʠʯʠʝ ʦʪ ʤʝʪʘʣʣʦʚ, ʢʦʪʦʨʳʝ «ʥʘʙʫʭʘʶʪ» (swelling) ʧʨʠ ʧʨʦʜʦʣʞʠ-

ʪʝʣʴʥʦʤ ʨʝʘʢʪʦʨʥʦʤ ʦʙʣʫʯʝʥʠʠ [12], ʢʚʘʨʮʝʚʦʝ ʩʪʝʢʣʦ ʧʝʨʝʭʦʜʠʪ ʚ ʙʦʣʝʝ 

ʧʣʦʪʥʦʝ, ʪʘʢ ʥʘʟʳʚʘʝʤʦʝ ʤʝʪʘʤʠʢʪʥʦʝ, ʩʦʩʪʦʷʥʠʝ, ʚ ʢʦʪʦʨʦʤ ʧʣʦʪʥʦʩʪʴ ʠ ʧʦ-

ʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʩʪʝʢʣʘ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʧʨʠʤʝʨʥʦ ʥʘ 3 % ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʝʛʦ ʠʩʭʦʜʥʳʤ ʩʦʩʪʦʷʥʠʝʤ [6]. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʵʪʦʪ ʧʝʨʝʭʦʜ ʦʙʫʩʣʦʚʣʝʥ 

ʩʤʝʱʝʥʠʝʤ ʘʪʦʤʦʚ ʩʝʪʢʠ ʩʪʝʢʣʘ, ʚʳʟʚʘʥʥʳʤ ʫʜʘʨʘʤʠ ʙʳʩʪʨʳʭ ʥʝʡʪʨʦʥʦʚ 

(ʥʝʡʪʨʦʥʳ ʩ ʵʥʝʨʛʠʝʡ ʙʦʣʴʰʝ 0,1 ʄʵɺ), ʧʦʵʪʦʤʫ ʠʤʝʥʥʦ ʬʣʶʝʥʩ ʙʳʩʪʨʳʭ 

ʥʝʡʪʨʦʥʦʚ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʤʝʨʳ ʧʦʚʨʝʞʜʝʥʠʷ/ʤʦʜʠʬʠʢʘʮʠʠ ʩʝʪʢʠ 

ʩʪʝʢʣʘ. ʇʨʠ ʩʦʫʜʘʨʝʥʠʠ ʩ ʷʜʨʘʤʠ ʥʝʡʪʨʦʥʳ ʚʳʟʳʚʘʶʪ ʩʤʝʱʝʥʠʝ ʘʪʦʤʦʚ ʚ ʩʝʪ-

ʢʝ, ʧʨʠ ʵʪʦʤ ʯʘʩʪʴ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʨʘʩʩʝʠʚʘʝʪʩʷ, ʚʳʟʳʚʘʷ ʣʦʢʘʣʴʥʳʡ 

ʥʘʛʨʝʚ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ~104 °C [13]. ʆʙʨʘʟʦʚʘʚʰʠʝʩʷ ʥʘʛʨʝʪʳʝ ʬʨʘʛʤʝʥʪʳ 

ʨʘʟʤʝʨʦʤ ~10 ʥʤ ʙʳʩʪʨʦ ʦʭʣʘʞʜʘʶʪʩʷ ʟʘ ʜʦʣʠ ʥʘʥʦʩʝʢʫʥʜ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ 

ʣʦʢʘʣʴʥʘʷ ʦʙʣʘʩʪʴ ʩʪʝʢʣʘ ʧʨʠʦʙʨʝʪʘʝʪ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʬʠʢʪʠʚʥʫʶ ʪʝʤʧʝʨʘʪʫ-

ʨʫ [14]. ɺ ʵʪʠʭ ʬʨʘʛʤʝʥʪʘʭ ʩʝʪʢʠ, ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ «ʪʝʧʣʦʚʳʭ ʧʠʢʘʭ» (thermal 

spikes) [15], ʥʘʙʣʶʜʘʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ ʩʨʝʜʥʝʛʦ ʫʛʣʘ ʩʚʷʟʝʡ Si-O-Si ʥʘ ~10Á 

[16] ʠ ʫʚʝʣʠʯʝʥʠʝ ʯʠʩʣʘ 3-ʟʚʝʥʥʳʭ ʢʦʣʝʮ [17], ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʙʦʣʝʝ 

ʧʣʦʪʥʦʡ ʩʪʨʫʢʪʫʨʝ ʩʪʝʢʣʘ. ʈʘʜʠʘʮʠʦʥʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʘʷ ʧʝʨʝʩʪʨʦʡʢʘ ʩʪʝʢʣʘ 

ʧʨʦʷʚʣʷʝʪʩʷ ʫʞʝ ʧʨʠ ʬʣʶʝʥʩʝ ʙʳʩʪʨʳʭ ʥʝʡʪʨʦʥʦʚ 1017ï1018 ʥ/ʩʤ2, ʪʦʛʜʘ ʢʘʢ 

ʧʨʦʮʝʩʩ ʧʝʨʝʭʦʜʘ ʚ ʤʝʪʘʤʠʢʪʥʦʝ ʩʦʩʪʦʷʥʠʝ ʥʘʩʳʱʘʝʪʩʷ ʧʨʠ ʬʣʶʝʥʩʝ  

> 1020 ʥ/ʩʤ2 [6], ʢʦʛʜʘ ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝ ʘʪʦʤʳ ʩʝʪʢʠ ʩʪʝʢʣʘ ʧʦʜʚʝʨʛʣʠʩʴ ʩʤʝ-

ʱʝʥʠʶ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʷʤʦʛʦ ʥʝʡʪʨʦʥʥʦʛʦ ʫʜʘʨʘ ʠʣʠ ʩʣʝʜʫʶʱʝʛʦ ʟʘ ʥʠʤ ʢʘʩ-

ʢʘʜʘ ʩʪʦʣʢʥʦʚʝʥʠʡ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʘʪʦʤʘʤʠ. 

ɺ ʥʘʰʝʡ ʥʝʜʘʚʥʝʡ ʨʘʙʦʪʝ [18] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʝʨʝʭʦʜ ʢʚʘʨʮʝʚʦʛʦ ʩʪʝʢ-

ʣʘ ʠʟ ʠʩʭʦʜʥʦʛʦ ʚ ʤʝʪʘʤʠʢʪʥʦʝ ʩʦʩʪʦʷʥʠʝ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʥʝʣʠʥʝʡʥʦʡ ʜʠʥʘʤʠ-

ʢʦʡ ʠʟʤʝʥʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʨʵʣʝʝʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʛʦʨʙʦʦʙ-

ʨʘʟʥʳʤ ʠʩʢʘʞʝʥʠʷʤ ʚ OTDR/OFDR ʨʝʬʣʝʢʪʦʛʨʘʤʤʘʭ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʦʙʣʘ-

ʩʪʷʤ ʚʭʦʜʘ ʠ ʚʳʭʦʜʘ ʚʦʣʦʢʥʘ ʠʟ ʘʢʪʠʚʥʦʡ ʟʦʥʳ ʨʝʘʢʪʦʨʘ. ʄʳ ʧʨʝʜʣʦʞʠʣʠ 

ʥʘʟʚʘʪʴ ʵʪʦ ʷʚʣʝʥʠʝ ʥʝʡʪʨʦʥʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʦʧʘʣʝʩʮʝʥʮʠʝʡ (neutron-induced 
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opalescence ï NIO) ʧʦ ʘʥʘʣʦʛʠʠ ʩ ʢʣʘʩʩʠʯʝʩʢʦʡ ʦʧʘʣʝʩʮʝʥʮʠʝʡ ï ʘʥʦʤʘʣʴʥʳʤ 

ʨʘʩʩʝʷʥʠʝʤ ʩʚʝʪʘ, ʥʘʙʣʶʜʘʶʱʠʤʩʷ ʚ ʥʝʢʦʪʦʨʳʭ ʞʠʜʢʦʩʪʷʭ ʠ ʪʚʝʨʜʳʭ ʪʝʣʘʭ, ʚ 

ʪʦʤ ʯʠʩʣʝ ʚʙʣʠʟʠ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ [19, 20]. 

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʛʦ ʜʦʢʣʘʜʘ ʷʚʣʷʝʪʩʷ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ ʥʘ ʪʦ, ʯʪʦ ʘʥʦ-

ʤʘʣʴʥʦʝ ʨʘʩʩʝʷʥʠʝ, ʚʳʟʚʘʥʥʦʝ ʨʝʘʢʪʦʨʥʳʤ ʦʙʣʫʯʝʥʠʝʤ, ʥʘʨʷʜʫ ʩ ʨʘʜʠʘʮʠʦʥʥʦ-

ʠʥʜʫʮʠʨʦʚʘʥʥʳʤ ʧʦʛʣʦʱʝʥʠʝʤ, ʩʣʝʜʫʝʪ ʫʯʠʪʳʚʘʪʴ ʧʨʠ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʨʝʬʣʝʢ-

ʪʦʛʨʘʤʤ ʩʚʝʪʦʚʦʜʦʚ, ʠʩʧʦʣʴʟʫʶʱʠʭʩʷ ʜʣʷ ʜʠʘʛʥʦʩʪʠʢʠ ʨʝʘʢʪʦʨʦʚ, ʘ ʪʘʢʞʝ ʦʙʩʫ-

ʜʠʪʴ ʣʠʪʝʨʘʪʫʨʥʳʝ ʜʘʥʥʳʝ ʠ ʧʨʝʜʣʦʞʝʥʥʳʝ ʤʦʜʝʣʠ, ʜʦʧʦʣʥʷʶʱʠʝ ʘʥʘʣʠʟ, ʧʨʠ-

ʚʝʜʝʥʥʳʡ ʥʘʤʠ ʚ ʨʘʙʦʪʝ [18]. 
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ʇʨʦʚʝʜʝʥʦ ʩʨʘʚʥʠʪʝʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʝʪʦʜʦʚ ʜʝʤʦʜʫʣʷʮʠʠ ʜʣʠʥʳ ʦʧʪʠ-

ʯʝʩʢʦʡ ʧʦʣʦʩʪʠ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʜʘʪʯʠʢʦʚ ʥʘ ʦʩʥʦʚʝ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ 

ʌʘʙʨʠ ï ʇʝʨʦ. ʆʮʝʥʢʘ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʤʝʪʦʜʦʚ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʧʦ ʢʨʠʪʝʨʠʷʤ 

ʩʢʦʨʦʩʪʠ ʦʙʨʘʙʦʪʢʠ ʦʪʨʘʞʸʥʥʦʛʦ ʦʪ ʜʘʪʯʠʢʘ ʩʧʝʢʪʨʘ ʠ ʪʦʯʥʦʩʪʠ ʜʝʤʦʜʫʣʷʮʠʠ, 

ʧʨʠ ʵʪʦʤ ʨʝʟʫʣʴʪʘʪʳ ʙʳʣʠ ʚʝʨʠʬʠʮʠʨʦʚʘʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʘʥʥʳʭ ʥʘʪʫʨʥʳʭ 

ʠʩʧʳʪʘʥʠʡ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʨʠʤʝʥʠʤʦʩʪʠ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʚ ʫʩʣʦ-

ʚʠʷʭ ʦʛʨʘʥʠʯʝʥʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʧʨʦʚʝʨʢʘ ʩʢʦʨʦ-

ʩʪʠ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʥʘ ʦʜʥʦʧʣʘʪʥʦʤ ʢʦʤʧʴʶʪʝʨʝ ʠ ʤʠʢʨʦʢʦʥʪʨʦʣʣʝʨʝ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʜʘʪʯʠʢʠ, ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʌʘʙʨʠ ï 

ʇʝʨʦ, ʘʣʛʦʨʠʪʤʳ ʜʝʤʦʜʫʣʷʮʠʠ, ʩʧʝʢʪʨʘʣʴʥʳʡ ʘʥʘʣʠʟ. 
 

ʆʙʝʩʧʝʯʝʥʠʝ ʥʘʜʝʞʥʦʛʦ ʢʦʥʪʨʦʣʷ ʜʘʚʣʝʥʠʷ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʫʟʣʘʭ ʩʦʚʨʝ-

ʤʝʥʥʳʭ ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʨʝʜʩʪʚ ʷʚʣʷʝʪʩʷ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʳʤ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʩʠ-

ʩʪʝʤ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ. ɺ ʫʩʣʦʚʠʷʭ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʪʝʤʧʝʨʘʪʫʨ ʠ 

ʠʥʪʝʥʩʠʚʥʳʭ ʚʠʙʨʘʮʠʡ ʪʨʘʜʠʮʠʦʥʥʳʝ ʵʣʝʢʪʨʦʥʥʳʝ ʩʝʥʩʦʨʳ ʧʦʜʚʝʨʞʝʥʳ ʢʦʨʨʦ-

ʟʠʠ ʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʤʫ ʚʦʟʜʝʡʩʪʚʠʶ, ʯʪʦ ʩʥʠʞʘʝʪ ʪʦʯʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ. ʇʝʨ-

ʩʧʝʢʪʠʚʥʳʤ ʨʝʰʝʥʠʝʤ ʷʚʣʷʶʪʩʷ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʜʘʪʯʠʢʠ ʥʘ ʦʩʥʦʚʝ ʠʥ-

ʪʝʨʬʝʨʦʤʝʪʨʘ ʌʘʙʨʠ ï ʇʝʨʦ, ʦʙʣʘʜʘʶʱʠʝ ʭʠʤʠʯʝʩʢʦʡ ʠʥʝʨʪʥʦʩʪʴʶ ʠ ʩʧʦʩʦʙʥʦ-

ʩʪʴʶ ʢ ʨʘʙʦʪʝ ʚ ʘʛʨʝʩʩʠʚʥʳʭ ʩʨʝʜʘʭ. ʆʜʥʘʢʦ ʩʦʚʨʝʤʝʥʥʳʡ ʫʨʦʚʝʥʴ ʨʘʟʚʠʪʠʷ 

ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʠʩʪʝʤ ʪʨʝʙʫʝʪ ʥʝ ʪʦʣʴʢʦ ʫʩʪʦʡʯʠʚʦʩʪʠ, ʥʦ ʠ ʚʳʩʦʢʦʡ ʯʘʩʪʦʪʳ 

ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʢʦʤʧʘʢʪʥʦʩʪʠ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʤʦʜʫʣʷ. ʉʫʱʝ-

ʩʪʚʫʶʱʠʝ ʤʝʪʦʜʳ ʩʧʝʢʪʨʘʣʴʥʦʡ ʜʝʤʦʜʫʣʷʮʠʠ ʟʘʯʘʩʪʫʶ ʠʟʙʳʪʦʯʥʳ ʧʦ ʤʦʱʥʦʩʪʠ, 

ʘ ʫʧʨʦʱʝʥʥʳʝ ʘʣʛʦʨʠʪʤʳ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʢʨʠʪʠʯʝʩʢʠ ʦʛʨʘʥʠʯʠʚʘʶʪ ʜʠʥʘʤʠʯʝ-

ʩʢʠʡ ʜʠʘʧʘʟʦʥ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʮʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʠ ʠʩʧʳʪʘʥʠʝ 

ʙʳʩʪʨʳʭ ʘʣʛʦʨʠʪʤʦʚ ʜʝʤʦʜʫʣʷʮʠʠ, ʧʦʟʚʦʣʷʶʱʠʭ ʵʬʬʝʢʪʠʚʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚʦ-

ʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʜʘʪʯʠʢʠ ʚ ʤʘʣʦʤʦʱʥʳʭ ʙʦʨʪʦʚʳʭ ʩʠʩʪʝʤʘʭ ʙʝʟ ʧʦʪʝʨʠ ʛʣʫ-

ʙʠʥʳ ʠʟʤʝʨʝʥʠʡ. 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʧʨʦʚʝʜʸʥʥʳʭ ʪʝʩʪʦʚ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʧʠʢʘ ʌʫʨʴʝ-ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʧʦ ʪʨʸʤ ʦʪʩʯʸʪʘʤ ʜʣʷ 
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ʫʪʦʯʥʝʥʠʷ ʧʦʣʦʞʝʥʠʷ ʝʛʦ ʤʘʢʩʠʤʫʤʘ [1], ʢʘʢ ʵʪʦ ʠʣʣʶʩʪʨʠʨʫʝʪʩʷ ʥʘ ʨʠʩʫʥʢʝ. 

ʊʘʢʞʝ ʧʦʢʘʟʘʥʳ ʧʨʝʠʤʫʱʝʩʪʚʘ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʧʦʜʭʦʜʘ ʜʣʷ ʙʳʩʪʨʦʡ ʠ ʚʳʩʦʢʦ-

ʪʦʯʥʦʡ ʦʙʨʘʙʦʪʢʠ ʩʠʛʥʘʣʦʚ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʯʝʩʢʠʭ ʜʘʪʯʠʢʦʚ ʜʘʚʣʝʥʠʷ ʠ ʪʝʤʧʝ-

ʨʘʪʫʨʳ [2, 3]. 

 

 

ʈʠʩ. ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʰʘʛʦʚ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʣʦʞʝʥʠʷ ʤʘʢʩʠʤʫʤʘ ʧʠʢʘ  

ʌʫʨʴʝ-ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʠʟ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʦʪʢʣʠʢʘ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʦʛʦ ʜʘʪʯʠʢʘ 

 

ʈʝʟʫʣʴʪʘʪʳ ʧʨʦʚʝʜʸʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʨʘʟʨʘʙʦʪʦʢ ʙʳʣʠ ʧʦʣʦʞʝʥʳ ʚ ʦʩ-

ʥʦʚʫ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʢʦʤʧʘʢʪʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʜʣʷ ʦʧʨʦʩʘ ʚʦʣʦʢʦʥʥʦ-

ʦʧʪʠʯʝʩʢʠʭ ʜʘʪʯʠʢʦʚ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʜʘʚʣʝʥʠʷ ʠ ʪʝʤʧʝʨʘʪʫʨʳ 

ʚ ʨʘʟʣʠʯʥʳʭ ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʨʝʜʩʪʚʘʭ. ʉʥʠʞʝʥʠʝ ʪʨʝʙʦʚʘʥʠʡ ʢ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤ 

ʨʝʩʫʨʩʘʤ ʘʧʧʘʨʘʪʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʩʧʦʩʦʙʩʪʚʫʝʪ ʫʤʝʥʴʰʝʥʠʶ ʨʘʟʤʝʨʦʚ, ʩʥʠʞʝ-

ʥʠʶ ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʷ, ʘ ʪʘʢʞʝ ʩʦʢʨʘʱʝʥʠʶ ʩʪʦʠʤʦʩʪʠ ʢʦʥʝʯʥʦʛʦ ʠʟʜʝʣʠʷ. 
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ʈʘʩʧʨʝʜʝʣʝʥʥʳʡ ʜʘʪʯʠʢ ʚʠʙʨʘʮʠʠ ʥʘ ʦʩʥʦʚʝ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ï ʘʢʪʫʘʣʴʥʘʷ 

ʟʘʜʘʯʘ ʜʣʷ ʦʭʨʘʥʥʳʭ ʩʠʩʪʝʤ, ʧʦʩʢʦʣʴʢʫ ʦʙʣʘʜʘʝʪ ʙʦʣʴʰʠʤ ʜʠʥʘʤʠʯʝʩʢʠʤ ʜʠʘʧʘ-

ʟʦʥʦʤ ʠ ʚʳʩʦʢʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ ʢ ʚʠʙʨʘʮʠʷʤ. ɹʫʜʝʪ ʧʨʦʠʟʚʝʜʝʥ ʪʝʦʨʝʪʠʯʝ-

ʩʢʠʡ ʨʘʩʯʝʪ ʬʘʟʦʚʳʭ ʰʫʤʦʚ ʩʠʩʪʝʤʳ ʜʣʷ ʨʘʩʧʨʝʜʝʣʝʥʥʦʡ ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ 

ʥʘ ʦʩʥʦʚʝ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʄʘʡʢʝʣʴʩʦʥʘ ʩ ʯʘʩʪʦʪʥʦʡ ʤʦʜʫʣʷʮʠʝʡ ʩʠʛʥʘʣʘ ʠ ʨʘʟ-

ʣʠʯʥʦʡ ʜʣʠʥʦʡ ʦʧʦʨʥʦʛʦ ʠ ʨʘʙʦʯʝʛʦ ʧʣʝʯʘ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʨʘʩʧʨʝʜʝʣʝʥʥʳʡ ʜʘʪʯʠʢ ʚʠʙʨʘʮʠʠ, ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʄʘʡ-

ʢʝʣʴʩʦʥʘ, ʬʘʟʦʚʳʡ ʰʫʤ. 
 

1. ɺʚʝʜʝʥʠʝ 

ʉʝʛʦʜʥʷ ʨʘʩʧʨʝʜʝʣʸʥʥʳʝ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʜʘʪʯʠʢʠ ʚʠʙʨʘʮʠʠ ʧʨʠʦʙ-

ʨʝʪʘʶʪ ʚʳʩʦʢʫʶ ʧʦʧʫʣʷʨʥʦʩʪʴ. ʆʥʠ ʩʦʯʝʪʘʶʪ ʚʳʩʦʢʫʶ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ, ʙʦʣʴ-

ʰʦʡ ʜʠʥʘʤʠʯʝʩʢʠʡ ʜʠʘʧʘʟʦʥ ʠ ʩʧʦʩʦʙʥʦʩʪʴ ʦʙʥʘʨʫʞʠʚʘʪʴ ʚʦʟʜʝʡʩʪʚʠʝ ʚʜʦʣʴ ʜʝ-

ʩʷʪʢʦʚ ʢʠʣʦʤʝʪʨʦʚ ʦʧʪʠʯʝʩʢʦʛʦ ʚʦʣʦʢʥʘ. ʆʜʥʘ ʠʟ ʨʝʘʣʠʟʘʮʠʡ ʩʠʩʪʝʤʳ ï ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʝ ʤʘʩʩʠʚʘ ʠʥʪʝʨʬʝʨʦʤʝʪʨʦʚ ʄʘʡʢʝʣʴʩʦʥʘ ʩ ʯʘʩʪʦʪʥʦʡ ʤʫʣʴʪʠʧʣʠʢʘʮʠʝʡ. 

ʇʨʘʢʪʠʯʝʩʢʘʷ ʨʝʘʣʠʟʘʮʠʷ ʪʘʢʠʭ ʩʠʩʪʝʤ ʩʪʘʣʢʠʚʘʝʪʩʷ ʩ ʩʝʨʴʸʟʥʳʤ ʦʛʨʘʥʠʯʝʥʠ-

ʝʤ ï ʬʘʟʦʚʳʤʠ ʰʫʤʘʤʠ, ʢʦʪʦʨʳʝ ʩʥʠʞʘʶʪ ʦʪʥʦʰʝʥʠʝ ʩʠʛʥʘʣ/ʰʫʤ ʠ ʦʛʨʘʥʠʯʠ-

ʚʘʶʪ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʩʠʩʪʝʤʳ. ɹʫʜʝʪ ʧʨʦʠʟʚʝʜʝʥ ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʬʘʟʦ-

ʚʳʭ ʰʫʤʦʚ ʚ ʨʘʩʧʨʝʜʝʣʸʥʥʦʡ ʩʠʩʪʝʤʝ ʠʥʪʝʨʬʝʨʦʤʝʪʨʦʚ ʄʘʡʢʝʣʴʩʦʥʘ ʩ ʫʯʸʪʦʤ 

ʧʘʨʘʤʝʪʨʦʚ ʣʘʟʝʨʥʦʛʦ ʠʩʪʦʯʥʠʢʘ. 

2. ʆʩʥʦʚʥʘʷ ʯʘʩʪʴ 

ʈʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʩʠʩʪʝʤʘ ʦʩʥʦʚʘʥʘ ʥʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʤ ʧʦʜʢʣʶʯʝʥʠʠ ʥʝ-

ʩʢʦʣʴʢʠʭ ʚʦʣʦʢʦʥʥʳʭ ʠʥʪʝʨʬʝʨʦʤʝʪʨʦʚ ʄʘʡʢʝʣʴʩʦʥʘ ʢ ʦʜʥʦʤʫ ʤʘʛʠʩʪʨʘʣʴʥʦʤʫ 

ʚʦʣʦʢʥʫ. ʂʘʞʜʳʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʪʚʝʪʚʠʪʝʣʴ ʦʪ ʤʘʛʠ-

ʩʪʨʘʣʴʥʦʡ ʣʠʥʠʠ (ʩ ʦʧʪʠʤʘʣʴʥʳʤ ʜʝʣʝʥʠʝʤ ʤʦʱʥʦʩʪʠ, ʥʘʧʨʠʤʝʨ, ʤʝʞʜʫ ʰʝʩʪʴʶ 

ʠʥʪʝʨʬʝʨʦʤʝʪʨʘʤʠ). ɼʘʣʝʝ ʦʧʪʠʯʝʩʢʠʡ ʩʠʛʥʘʣ ʜʝʣʠʪʩʷ ʚ ʩʦʦʪʥʦʰʝʥʠʠ 50/50, ʦʙ-

ʨʘʟʫʷ ʜʚʘ ʧʣʝʯʘ ï ʦʧʦʨʥʦʝ ʠ ʠʟʤʝʨʠʪʝʣʴʥʦʝ. ʈʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʩʠʩʪʝʤʘ ʩʦʩʪʦʠʪ ʠʟ 

ʦʜʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʩʪʦʯʥʠʢʘ, ʦʧʪʠʯʝʩʢʦʛʦ ʜʝʣʠʪʝʣʷ ʠ ʤʘʩʩʠʚʘ ʠʥʪʝʨʬʝʨʦʤʝʪʨʦʚ 

ʄʘʡʢʝʣʴʩʦʥʘ, ʧʦʜʢʣʶʯʸʥʥʳʭ ʢ ʦʙʱʝʡ ʣʠʥʠʠ. ʂʘʞʜʳʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʠʤʝʝʪ ʠʥ-

ʜʠʚʠʜʫʘʣʴʥʫʶ ʨʘʟʥʦʩʪʴ ʜʣʠʥ ʧʣʝʯ ȹLn, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʛʝʥʝʨʘʮʠʠ ʫʥʠʢʘʣʴʥʦʡ 

ʨʘʟʥʦʩʪʥʦʡ (ʥʝʩʫʱʝʡ) ʯʘʩʪʦʪʳ fn ʥʘ ʚʳʭʦʜʝ ʬʦʪʦʧʨʠʸʤʥʠʢʘ ʩʦʛʣʘʩʥʦ ʬʦʨʤʫʣʝ (1) 
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ʛʜʝ c ï ʩʢʦʨʦʩʪʴ ʩʚʝʪʘ; ɚ ï ʜʣʠʥʘ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ. 
ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʨʘʟʜʝʣʠʪʴ ʩʠʛʥʘʣʳ ʦʪ ʨʘʟʥʳʭ ʟʦʥ ʧʨʠ ʧʦʤʦʱʠ ʛʝʪʝʨʦʜʠʥʥʦʡ 

ʜʝʤʦʜʫʣʷʮʠʠ. ʌʘʟʦʚʳʡ ʰʫʤ ʚ ʠʥʪʝʨʬʝʨʦʤʝʪʨʝ ʨʘʩʪʝʪ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʨʘʟʥʦ-

ʩʪʠ ʜʣʠʥ ʧʣʝʯ. ʌʘʟʦʚʳʡ ʰʫʤ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʦʙʫʩʣʦʚʣʝʥ ʢʦʥʝʯʥʦʡ ʜʣʠʥʦʡ ʢʦ-

ʛʝʨʝʥʪʥʦʩʪʠ ʣʘʟʝʨʥʦʛʦ ʠʩʪʦʯʥʠʢʘ Lc, ʢʦʛʜʘ ʦʧʪʠʯʝʩʢʘʷ ʨʘʟʥʦʩʪʴ ʭʦʜʘ ʤʝʞʜʫ ʧʣʝ-

ʯʘʤʠ ʧʨʠʙʣʠʞʘʝʪʩʷ ʠʣʠ ʧʨʝʚʳʰʘʝʪ Lc, ʩʪʝʧʝʥʴ ʢʦʛʝʨʝʥʪʥʦʩʪʠ ʧʘʜʘʝʪ, ʠ ʠʥʪʝʨ-

ʬʝʨʝʥʮʠʦʥʥʳʡ ʢʦʥʪʨʘʩʪ ʫʤʝʥʴʰʘʝʪʩʷ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʦʪʥʦʰʝʥʠʷ 

ʩʠʛʥʘʣ/ʰʫʤ ʥʘ ʚʳʭʦʜʝ ʬʦʪʦʧʨʠʸʤʥʠʢʘ. ʂʣʶʯʝʚʳʤ ʧʘʨʘʤʝʪʨʦʤ, ʦʧʨʝʜʝʣʷʶʱʠʤ 

ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ, ʷʚʣʷʝʪʩʷ ʜʣʠʥʘ ʢʦʛʝʨʝʥʪʥʦ-

ʩʪʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ɼʣʷ ʵʬʬʝʢʪʠʚʥʦʡ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʨʘʟʥʦʩʪʴ ʭʦʜʘ ʜʦʣʞ-

ʥʘ ʙʳʪʴ ʤʝʥʴʰʝ ʜʣʠʥʳ ʢʦʛʝʨʝʥʪʥʦʩʪʠ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʆʜʥʘʢʦ ʯʨʝʟʤʝʨʥʦ 

ʚʳʩʦʢʘʷ ʢʦʛʝʨʝʥʪʥʦʩʪʴ ʧʨʠʚʦʜʠʪ ʢ ʤʝʞʟʦʥʥʦʡ ʠʥʪʝʨʬʝʨʝʥʮʠʠ (ʧʝʨʝʢʨʝʩʪʥʳʝ 

ʧʦʤʝʭʠ) ʠ ʩʥʠʞʝʥʠʶ ʚʠʜʥʦʩʪʠ. ʕʪʠ ʰʫʤʳ ʧʨʦʷʚʣʷʶʪʩʷ ʚ ʚʠʜʝ ʫʰʠʨʝʥʠʷ ʩʧʝʢ-

ʪʨʘʣʴʥʦʡ ʣʠʥʠʠ ʨʘʟʥʦʩʪʥʦʡ ʯʘʩʪʦʪʳ, ʯʪʦ ʟʘʪʨʫʜʥʷʝʪ ʜʝʪʝʢʪʠʨʦʚʘʥʠʝ ʩʣʘʙʳʭ 

ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʳʙʦʨ ʦʧʪʠʤʘʣʴʥʦʡ ʜʣʠʥʳ ʢʦʛʝʨʝʥʪʥʦʩʪʠ 

ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʫʯʝʪʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʩʧʦʣʦʞʝʥʠʷ ʟʦʥ ʷʚʣʷʝʪʩʷ ʘʢ-

ʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʦʡ ʨʝʘʣʠʟʘʮʠʠ ʦʭʨʘʥʥʦʡ ʩʠʩʪʝʤʳ. ʅʘ ʧʨʘʢʪʠʢʝ 

ʜʣʠʥʘ ʧʣʝʯ ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ 50 ʜʦ 200 ʤ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʦʧʪʠʤʘʣʴʥʫʶ ʜʣʠʥʫ 

ʦʭʨʘʥʥʦʡ ʟʦʥʳ ʠ ʧʨʠʝʤʣʝʤʦʝ ʩʦʦʪʥʦʰʝʥʠʝ ʩʠʛʥʘʣ/ʰʫʤ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʚʥʝʰ-

ʥʠʤ ʤʝʭʘʥʠʯʝʩʢʠʤ ʚʦʟʜʝʡʩʪʚʠʷʤ (ʚʠʙʨʘʮʠʠ) ʚ ʟʘʜʘʥʥʦʡ ʟʦʥʝ. 

3. ɿʘʢʣʶʯʝʥʠʝ 

ʈʘʩʧʨʝʜʝʣʝʥʥʘʷ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʘʷ ʩʠʩʪʝʤʘ ʦʭʨʘʥʳ ʧʝʨʠʤʝʪʨʘ ʥʘ ʦʩʥʦʚʝ 

ʠʥʪʝʨʬʝʨʦʤʝʪʨʦʚ ʄʘʡʢʝʣʴʩʦʥʘ ʩ ʥʝʩʢʦʣʴʢʠʤʠ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘʤʠ ʥʘ ʦʜʥʦʤ ʧʦʜʚʦ-

ʜʷʱʝʤ ʚʦʣʦʢʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʘʢʪʫʘʣʴʥʫʶ ʠ ʧʨʠʢʣʘʜʥʫʶ ʟʘʜʘʯʫ ʜʣʷ ʦʭʨʘʥʥʦʡ 

ʪʝʭʥʠʢʠ. ʈʘʩʰʠʨʝʥʠʝ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʜʠʘʧʘʟʦʥʘ ʠ ʫʚʝʣʠʯʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʩʠʛ-

ʥʘʣ/ʰʫʤ ï ʦʩʥʦʚʥʘʷ ʥʘʫʯʥʘʷ ʟʘʜʘʯʘ ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʠʩʪʝʤʳ. 
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ʇʨʦʮʝʩʩ ʚʳʪʷʞʢʠ ʢʚʘʨʮʝʚʳʭ ʢʘʧʠʣʣʷʨʦʚ ï ʚʘʞʥʳʡ ʵʪʘʧ ʧʨʦʠʟʚʦʜʩʪʚʘ ʬʦʪʦʥ-

ʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʧʪʠʯʝʩʢʠʭ ʚʦʣʦʢʦʥ, ʦʪʣʠʯʘʶʱʠʡʩʷ ʚʳʩʦʢʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦ-

ʩʪʴʶ ʢ ʬʣʫʢʪʫʘʮʠʷʤ ʧʘʨʘʤʝʪʨʦʚ. ɼʣʷ ʩʪʘʙʠʣʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ ʨʘʟʨʘʙʦʪʘʥʘ ʠʥʪʝʣ-

ʣʝʢʪʫʘʣʴʥʘʷ ʩʠʩʪʝʤʘ ʧʦʜʜʝʨʞʢʠ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʡ. ʇʨʝʜʣʦʞʝʥʘ ʤʦʜʠʬʠʮʠʨʦʚʘʥ-

ʥʘʷ ʤʦʜʝʣʴ ʚʳʪʷʞʢʠ ʢʘʧʠʣʣʷʨʦʚ, ʫʯʠʪʳʚʘʶʱʘʷ ʠʥʝʨʮʠʦʥʥʳʝ, ʚʷʟʢʦʩʪʥʳʝ ʩʠʣʳ, 

ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʥʘʪʷʞʝʥʠʝ ʠ ʚʩʝ ʚʠʜʳ ʪʝʧʣʦʦʙʤʝʥʘ. ʅʘ ʝʝ ʦʩʥʦʚʝ ʧʦʩʪʨʦʝʥʘ ʤʘʪʝʤʘ-

ʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʫʩʪʦʡʯʠʚʦʩʪʠ, ʧʦʟʚʦʣʠʚʰʘʷ ʦʧʨʝʜʝʣʠʪʴ ʦʙʣʘʩʪʠ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʧʨʦʮʝʩʩʘ ʠ ʚʳʷʚʠʪʴ ʢʣʶʯʝʚʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ. ʉʦʟʜʘʥʘ ʥʝʡʨʦʩʝʪʝʚʘʷ ʤʦʜʝʣʴ, ʦʙʫ-

ʯʝʥʥʘʷ ʥʘ ʨʝʟʫʣʴʪʘʪʘʭ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ɼʘʥʥʘʷ ʥʝʡʨʦʥʥʘʷ ʩʝʪʴ ʧʦ-

ʩʣʫʞʠʣʘ ʷʜʨʦʤ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʩʠʩʪʝʤ rʧʦʜʜʝʨʞʢʠ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʡ. ʉʦʟʜʘʥʥʘʷ 

ʩʠʩʪʝʤʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʝ ʢʨʠʪʠʯʝʩʢʠʭ ʨʝʞʠʤʦʚ ʠ ʚʳʜʘʝʪ ʪʝʭʥʦʣʦʛʫ 

ʦʙʦʩʥʦʚʘʥʥʳʝ ʨʝʢʦʤʝʥʜʘʮʠʠ ʜʣʷ ʩʪʘʙʠʣʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ ʚʳʪʷʞʢʠ ʚʦʣʦʢʥʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʬʦʪʦʥʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʦʧʪʠʯʝʩʢʠʝ ʚʦʣʦʢʥʘ, ʢʘʧʠʣ-

ʣʷʨ, ʚʳʪʷʞʢʘ ʚʦʣʦʢʥʘ, ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʨʦʮʝʩʩʘ, ʩʠʩʪʝʤʘ 

ʧʦʜʜʝʨʞʢʠ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʡ (ʉʇʇʈ), ʥʝʡʨʦʩʝʪʝʚʘʷ ʤʦʜʝʣʴ. 
 

1. ɺʚʝʜʝʥʠʝ 

ʆʧʪʠʯʝʩʢʠʝ ʚʦʣʦʢʥʘ (ʆɺ) ʩʝʛʦʜʥʷ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʪʝʣʝʢʦʤʤʫʥʠʢʘ-

ʮʠʷʭ, ʘʚʠʘʪʝʭʥʠʢʝ, ʤʝʜʠʮʠʥʝ ʠ ʜʨʫʛʠʭ ʦʙʣʘʩʪʷʭ, ʘ ʩʬʝʨʘ ʠʭ ʧʨʠʤʝʥʝʥʠʷ ʧʨʦʜʦʣ-

ʞʘʝʪ ʨʘʩʰʠʨʷʪʴʩʷ. ʇʦʷʚʣʷʶʪʩʷ ʥʦʚʳʝ ʪʠʧʳ ʆɺ ʩʦ ʩʣʦʞʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ ʪʝʭʥʦ-

ʣʦʛʠʝʡ ʧʨʦʠʟʚʦʜʩʪʚʘ, ʯʪʦ ʧʦʚʳʰʘʝʪ ʪʨʝʙʦʚʘʥʠʷ ʢ ʠʭ ʢʘʯʝʩʪʚʫ. ɺʘʞʥʳʤ ʵʪʘʧʦʤ 

ʠʟʛʦʪʦʚʣʝʥʠʷ ʚʦʣʦʢʥʘ ʷʚʣʷʝʪʩʷ ʚʳʪʷʞʢʘ ʠʟ ʟʘʛʦʪʦʚʢʠ ï ʩʣʦʞʥʳʡ ʤʥʦʛʦʩʪʫʧʝʥʯʘ-

ʪʳʡ ʧʨʦʮʝʩʩ, ʟʘʚʠʩʷʱʠʡ ʦʪ ʛʝʦʤʝʪʨʠʠ ʟʘʛʦʪʦʚʢʠ, ʢʦʥʩʪʨʫʢʮʠʠ ʧʝʯʠ, ʩʚʦʡʩʪʚ 

ʢʚʘʨʮʘ ʠ ʨʝʞʠʤʦʚ ʚʳʪʷʞʢʠ. ɺʘʞʥʝʡʰʝʝ ʫʩʣʦʚʠʝ ʝʛʦ ʫʩʧʝʰʥʦʩʪʠ ï ʩʪʘʙʠʣʴʥʦʩʪʴ, 

ʦʜʥʘʢʦ ʧʨʦʮʝʩʩ ʧʦʜʚʝʨʞʝʥ ʚʥʝʰʥʠʤ ʚʦʟʤʫʱʝʥʠʷʤ, ʚʣʠʷʥʠʝ ʢʦʪʦʨʳʭ ʟʘʨʘʥʝʝ ʥʝ 

ʚʩʝʛʜʘ ʧʨʝʜʩʢʘʟʫʝʤʦ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʚʦʟʥʠʢʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʘʥʘʣʠʟʘ ʩʚʷʟʠ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʩ ʫʩʪʦʡʯʠʚʦʩʪʴʶ ʚʳʪʷʞʢʠ ʠ ʦʧʝʨʘʪʠʚʥʦʛʦ ʧʨʝʜʦ-

ʩʪʘʚʣʝʥʠʷ ʪʘʢʦʡ ʠʥʬʦʨʤʘʮʠʠ ʪʝʭʥʦʣʦʛʫ. 

ʎʝʣʴ ʨʘʙʦʪʳ ï ʩʦʟʜʘʥʠʝ ʩʠʩʪʝʤʳ ʧʦʜʜʝʨʞʢʠ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʡ (ʉʇʇʈ) ʜʣʷ 

ʧʨʦʮʝʩʩʘ ʚʳʪʷʞʢʠ ʢʚʘʨʮʝʚʳʭ ʚʦʣʦʢʦʥ. ɺ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʝʰʝʥʳ ʩʣʝʜʫʶʱʠʝ 
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ʟʘʜʘʯʠ: ʨʘʟʨʘʙʦʪʘʥʘ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʘʷ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʧʨʦʮʝʩʩʘ ʚʳ-

ʪʷʞʢʠ; ʧʦʩʪʨʦʝʥʘ ʤʦʜʝʣʴ ʜʣʷ ʦʮʝʥʢʠ ʫʩʪʦʡʯʠʚʦʩʪʠ; ʚʳʷʚʣʝʥʳ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ 

ʚʣʠʷʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʥʘ ʫʩʪʦʡʯʠʚʦʩʪʴ; ʩʦʟʜʘʥʘ ʥʝʡʨʦʩʝʪʝʚʘʷ ʤʦʜʝʣʴ ʜʣʷ ʦʧʝʨʘ-

ʪʠʚʥʦʛʦ ʧʨʦʛʥʦʟʘ ʫʩʪʦʡʯʠʚʦʩʪʠ. ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʉʇʇʈ ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʩʠʪʴ ʪʦʯ-

ʥʦʩʪʴ ʫʧʨʘʚʣʝʥʠʷ, ʩʥʠʟʠʪʴ ʨʠʩʢ ʜʝʬʝʢʪʦʚ ʠ ʚʳʨʘʙʘʪʳʚʘʪʴ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʚʳ-

ʙʦʨʫ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʩʪʘʙʠʣʴʥʦʩʪʴ ʧʨʦʠʟʚʦʜʩʪʚʘ. 

2. ʄʦʜʠʬʠʮʠʨʦʚʘʥʥʘʷ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʚʳʪʷʞʢʠ ʢʚʘʨʮʝʚʦʛʦ 

ʢʘʧʠʣʣʷʨʘ 

ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʦʧʠʩʘʥʠʝ ʧʨʦʮʝʩʩʘ ʚʳʪʷʞʢʠ ʢʘʧʠʣʣʷʨʘ ʙʘʟʠʨʫʝʪʩʷ ʥʘ ʟʘ-

ʢʦʥʘʭ ʩʦʭʨʘʥʝʥʠʷ ʤʘʩʩʳ, ʵʥʝʨʛʠʠ ʠ ʢʦʣʠʯʝʩʪʚʘ ʜʚʠʞʝʥʠʷ [1]. ʉ ʫʯʝʪʦʤ ʠʥʝʨʮʠ-

ʦʥʥʭr ʩʠʣ, ʩʠʣ ʚʷʟʢʦʛʦ ʪʨʝʥʠʷ, ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠ,̫ ʘ ʪʘʢʞʝ ʩʦʚʤʝʩʪʥʦʛʦ 

ʜʝʡʩʪʚʠ ̫ʚʩʝʭ ʚʠʜʦʚ ʪʝʧʣʦʦʙʤʝʥʘ: ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, ʢʦʥʚʝʢʮʠʠ ʠ ʠʟʣʫʯʝʥʠʷ, 

ʧʦʣʫʯʝʥʘ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʚ ʙʝʟʨʘʟʤʝʨʥʦʡ ʬʦʨʤʝ. ɸʩʠʤʧʪʦʪʠʯʝʩʢʠʤ ʧʨʠʙʣʠ-

ʞʝʥʠʝʤ ʚʥʫʪʨʝʥʥʝʛʦ ʨʘʜʠʫʩʘ ʢ ʥʫʣʶ ʠʟ ʜʘʥʥʦʡ ʤʦʜʝʣʠ ʧʦʣʫʯʝʥʘ ʤʦʜʝʣʴ ʚʳʪʷʞ-

ʢʠ ʩʧʣʦʰʥʦʛʦ ʢʚʘʨʮʝʚʦʛʦ ʚʦʣʦʢʥʘ. ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʘ ̫ʤʘʪʝʤʘʪʠ-

ʯʝʩʢʘ ̫ʤʦʜʝʣʴ, ʘ ʪʘʢʞʝ ʨʝʟʫʣʴʪʘʪ ʘʥʘʣʠʟʘ ʝʸ ʘʜʝʢʚʘʪʥʦʩʪʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʨʘʙʦʪʝ 

[2]. ʇʦʣʫʯʝʥʥʘʷ ʩʠʩʪʝʤʘ ʣʝʛʣʘ ʚ ʦʩʥʦʚʫ ʘʥʘʣʠʟʘ ʫʩʪʦʡʯʠʚʦʩʪʠ. 

3. ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʫʩʪʦʡʯʠʚʦʩʪʠ ʚʳʪʷʞʢʠ ʢʚʘʨʮʝʚʳʭ ʢʘʧʠʣʣʷʨʦʚ 

ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʚʳʧʦʣʥʝʥʘ ʣʠʥʝʘʨʠʟʘʮʠʷ ʠʩʭʦʜʥʦʡ ʥʝʣʠʥʝʡʥʦʡ ʩʠʩʪʝʤʳ: 

ʦʧʨʝʜʝʣʷʶʱʠʝ ʧʘʨʘʤʝʪʨʳ ʨʘʟʜʝʣʝʥʳ ʥʘ ʦʩʥʦʚʥʳʝ ʠ ʚʦʟʤʫʱʘʶʱʠʝ. ʃʠʥʝʘʨʠʟʘ-

ʮʠʷ ʚʳʧʦʣʥʷʣʘʩʴ ʚ ʦʢʨʝʩʪʥʦʩʪʷʭ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʣʫʯʝ-

ʥʘ ʣʠʥʝʘʨʠʟʦʚʘʥʥʘʷ ʩʠʩʪʝʤʘ, ʦʧʠʩʳʚʘʶʱʘʷ ʵʚʦʣʶʮʠʶ ʚʦʟʤʫʱʘʶʱʠʭ ʚʦʟʜʝʡ-

ʩʪʚʠʡ. ʅʘ ʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ ʧʨʠʤʝʥʸʥ ʤʝʪʦʜ ʨʘʟʜʝʣʝʥʠʷ ʧʝʨʝʤʝʥʥʳʭ, ʧʦʩʣʝ ʯʝʛʦ 

ʩʠʩʪʝʤʘ ʩʚʝʜʝʥʘ ʢ ʩʠʩʪʝʤʝ ʣʠʥʝʡʥʳʭ ʦʙʳʢʥʦʚʝʥʥʳʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝ-

ʥʠʡ. ɼʠʩʢʨʝʪʠʟʘʮʠʝʡ ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʳʤ ʤʝʪʦʜʦʤ ʧʦʣʫʯʝʥʘ ʩʠʩʪʝʤʘ ʣʠʥʝʡʥʳʭ 

ʘʣʛʝʙʨʘʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ ʚ ʤʘʪʨʠʯʥʦʤ ʚʠʜʝ [2]. ɸʥʘʣʠʟ ʫʩʪʦʡʯʠʚʦʩʪʠ ʩʪʨʦʠʪʩʷ 

ʥʘ ʦʧʨʝʜʝʣʝʥʠʠ ʟʥʘʢʘ ʢʦʵʬʬʠʮʠʝʥʪʘ ʟʘʪʫʭʘʥʠʷ ʧʝʨʚʦʡ ʤʦʜʳ ï ʤʘʢʩʠʤʘʣʴʥʦʡ 

ʤʥʠʤʦʡ ʯʘʩʪʠ ʠʟ ʚʩʝʭ ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ ʤʘʪʨʠʮʳ ʢʦʵʬʬʠʮʠʝʥʪʦʚ. 

4. ʅʝʡʨʦʩʝʪʝʚʘʷ ʤʦʜʝʣʴ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʌʫʥʜʘʤʝʥʪ ʠ ʜʘʥʥʳʝ. ʉ ʧʦʤʦʱʴʶ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ 

ʣʠʥʝʡʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʨʦʚʝʜʸʥ ʤʘʩʰʪʘʙʥʳʡ ʮʠʢʣ ʯʠʩʣʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, 

ʦʭʚʘʪʳʚʘʶʱʠʡ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʳʡ ʜʠʘʧʘʟʦʥ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʨʦʮʝʩʩʘ. ʇʦʣʫʯʝʥʥʳʡ 

ʤʘʩʩʠʚ ʜʘʥʥʳʭ ʧʦʩʣʫʞʠʣ ʙʘʟʦʡ, ʜʦʩʪʘʪʦʯʥʦʡ ʜʣʷ ʩʦʟʜʘʥʠʷ ʥʝʡʨʦʩʝʪʝʚʦʡ ʤʦʜʝʣʠ. 

ʀʩʭʦʜʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʧʨʠʟʥʘʢʦʚ ʚʢʣʶʯʘʣʦ ʜʝʩʷʪʴ ʢʦʣʠʯʝʩʪʚʝʥʥʳʭ ʧʝʨʝʤʝʥʥʳʭ 

(ʟʦʥʘ ʥʘʙʣʶʜʝʥʠʷ, ʨʘʜʠʫʩ ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʝʯʠ, ʚʥʫʪʨʝʥʥʠʡ ʠ 

ʚʥʝʰʥʠʡ ʨʘʜʠʫʩ ʟʘʛʦʪʦʚʢʠ, ʩʢʦʨʦʩʪʴ ʧʦʜʘʯʠ ʠ ʚʳʪʷʞʢʠ ʚʦʣʦʢʥʘ ʠ ʪ.ʜ.). ʎʝʣʝʚʘʷ 

ʧʝʨʝʤʝʥʥʘʷ ï ʙʠʥʘʨʥʘʷ ʤʝʪʢʘ: 1 (ʫʩʪʦʡʯʠʚʳʡ ʧʨʦʮʝʩʩ), 0 (ʧʦʪʝʨʷ ʫʩʪʦʡʯʠʚʦʩʪʠ). 

ʇʨʝʧʨʦʮʝʩʩʠʥʛ. ʀʩʢʣʶʯʝʥʳ ʧʨʠʟʥʘʢʠ ʩ ʥʫʣʝʚʦʡ ʜʠʩʧʝʨʩʠʝʡ ʠ ʢʦʣʣʠʥʝʘʨ-

ʥʳʝ ʧʨʝʜʠʢʪʦʨʳ (ʥʘ ʦʩʥʦʚʝ ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ). ʈʘʟʤʝʨʥʦʩʪʴ ʚʭʦʜʥʦʛʦ 
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ʚʝʢʪʦʨʘ ʩʦʢʨʘʱʝʥʘ ʜʦ ʜʝʚʷʪʠ ʟʥʘʯʠʤʳʭ ʧʝʨʝʤʝʥʥʳʭ. ɺʳʧʦʣʥʝʥʘ ʩʪʘʥʜʘʨʪʠʟʘʮʠʷ 

(Z-score normalization). ɼʘʥʥʳʝ ʨʘʟʜʝʣʝʥʳ ʥʘ ʦʙʫʯʘʶʱʝʝ (60 %), ʚʘʣʠʜʘʮʠʦʥʥʦʝ 

(20 %) ʠ ʪʝʩʪʦʚʦʝ (20 %) ʤʥʦʞʝʩʪʚʘ. 

ɸʨʭʠʪʝʢʪʫʨʘ. ɺʳʙʨʘʥ ʤʥʦʛʦʩʣʦʡʥʳʡ ʧʝʨʮʝʧʪʨʦʥ (MLP) ʩ ʦʧʪʠʤʘʣʴʥʦʡ 

ʢʦʥʬʠʛʫʨʘʮʠʝʡ «9 ï 64 ï 32 ï 2»: ʚʭʦʜʥʦʡ ʩʣʦʡ (9 ʥʝʡʨʦʥʦʚ), ʜʚʘ ʩʢʨʳʪʳʭ ʩʣʦʷ 

(64 ʠ 32 ʥʝʡʨʦʥʘ, ʘʢʪʠʚʘʮʠʷ ReLU), ʚʳʭʦʜʥʦʡ ʩʣʦʡ (2 ʥʝʡʨʦʥʘ, Softmax). ʌʫʥʢ-

ʮʠʷ ʧʦʪʝʨʴ ï ʢʘʪʝʛʦʨʠʘʣʴʥʘʷ ʢʨʦʩʩ-ʵʥʪʨʦʧʠʷ, ʦʧʪʠʤʠʟʘʪʦʨ ï Adam. 

ʈʝʛʫʣʷʨʠʟʘʮʠʷ. ɼʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʧʝʨʝʦʙʫʯʝʥʠʷ ʧʨʠʤʝʥʝʥʳ: Dropout 

(p = 0,5), L2-ʨʝʛʫʣʷʨʠʟʘʮʠʷ (0,01), Batch Normalization, Early Stopping. ʄʦʜʝʣʴ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʘ ʚʳʩʦʢʫʶ ʪʦʯʥʦʩʪʴ ʥʘ ʪʝʩʪʦʚʦʡ ʚʳʙʦʨʢʝ (ʪʘʙʣʠʮʘ) ʠ ʣʝʛʣʘ ʚ 

ʦʩʥʦʚʫ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʦʛʦ ʷʜʨʘ ʉʇʇʈ. 

 

ʆʩʥʦʚʥʳʝ ʤʝʪʨʠʢʠ ʢʘʯʝʩʪʚʘ ʥʝʡʨʦʩʝʪʝʚʦʡ ʤʦʜʝʣʠ 

 ̄ʧ/ʧ ʄʝʪʨʠʢʘ ɿʥʘʯʝʥʠʝ 

1 ʊʦʯʥʦʩʪʴ (Accuracy) 91,67 % 

2 ʇʨʦʮʝʥʪ ʦʰʠʙʦʢ (Error Rate) 8,33 % 

3 ʇʝʨʝʢʨʝʩʪʥʘʷ ʵʥʪʨʦʧʠʷ 0,2368 

4 ʉʨʝʜʥʝʢʚʘʜʨʘʪʠʯʝʩʢʘʷ ʦʰʠʙʢʘ (MSE) 0,0771 

5 AUC 0,937 

5. ʏʠʩʣʝʥʥʳʡ ʘʥʘʣʠʟ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʧʨʦʮʝʩʩʘ ʚʳʪʷʞʢʠ 

ɼʣʷ ʦʮʝʥʢʠ ʨʝʘʢʮʠʠ ʧʨʦʮʝʩʩʘ ʥʘ ʬʣʫʢʪʫʘʮʠʠ ʢʦʥʝʯʥʦʡ ʘʤʧʣʠʪʫʜʳ ʧʨʦʚʝ-

ʜʸʥ ʯʠʩʣʝʥʥʳʡ ʘʥʘʣʠʟ ʧʦʣʥʦʡ ʥʝʣʠʥʝʡʥʦʡ ʩʠʩʪʝʤʳ ʜʣʷ ʠʟʦʪʝʨʤʠʯʝʩʢʦʡ ʚʳʪʷʞ-

ʢʠ [2ï4]. ɺ ʦʙʣʘʩʪʠ ʣʠʥʝʡʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ ʤʘʣʳʝ ʚʦʟʤʫʱʝʥʠʷ ʟʘ ʢʦʥʝʯʥʦʝ ʚʨʝ-

ʤʷ ʟʘʪʫʭʘʶʪ. ɺ ʦʙʣʘʩʪʠ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ (ʥʘʧʨʠʤʝʨ, ʧʨʠ ʧʨʝʚʳʰʝʥʠʠ ʢʨʠʪʠʯʝ-

ʩʢʦʡ ʢʨʘʪʥʦʩʪʠ ʚʳʪʷʞʢʠ) ʧʨʦʮʝʩʩ ʥʝ ʚʳʭʦʜʠʪ ʥʘ ʩʪʘʮʠʦʥʘʨʥʳʡ ʨʝʞʠʤ: ʚ 

ʩʠʩʪʝʤʝ ʩʦʭʨʘʥʷʶʪʩʷ ʢʦʣʝʙʘʥʠʷ, ʘʤʧʣʠʪʫʜʘ ʢʦʪʦʨʳʭ ʟʘʚʠʩʠʪ ʦʪ ʢʨʘʪʥʦʩʪʠ ʚʳ-

ʪʷʞʢʠ. ɸʥʘʣʠʟ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʢʨʠʪʠʯʝʩʢʫʶ ʘʤʧʣʠʪʫʜʫ ʠ ʯʘʩʪʦʪʫ ʛʘʨʤʦ-

ʥʠʯʝʩʢʠʭ ʚʦʟʤʫʱʝʥʠʡ, ʘ ʪʘʢʞʝ ʦʮʝʥʠʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʪʦʨʠʯʥʦʛʦ ʪʝʯʝʥʠʷ. 

ɼʘʥʥʳʡ ʤʦʜʫʣʴ ʚʢʣʶʯʸʥ ʚ ʨʘʟʨʘʙʦʪʘʥʥʫʶ ʉʇʇʈ. 

6. ʀʥʪʝʣʣʝʢʪʫʘʣʴʥʘʷ ʩʠʩʪʝʤʘ ʧʦʜʜʝʨʞʢʠ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʡ (ʉʇʇʈ) 

ʉʦʟʜʘʥʘ ʧʘʩʩʠʚʥʘʷ ʢʚʘʟʠʘʚʪʦʤʘʪʠʯʝʩʢʘʷ ʉʇʇʈ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʤʦʜʫʣʷ ʘʥʘ-

ʣʠʟʘ, ʙʘʟʳ ʜʘʥʥʳʭ, ʜʚʫʭ ʨʝʰʘʪʝʣʝʡ ʠ ʤʦʜʫʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ. ʊʝʭʥʦʣʦʛ ʯʝʨʝʟ ʠʥ-

ʪʝʨʬʝʡʩ ʚʚʦʜʠʪ ʧʘʨʘʤʝʪʨʳ ʚʳʪʷʞʢʠ. ʄʦʜʫʣʴ ʘʥʘʣʠʟʘ ʚʳʙʠʨʘʝʪ ʨʝʰʘʪʝʣʴ: ʝʩʣʠ 

ʧʘʨʘʤʝʪʨʳ ʦʪʣʠʯʘʶʪʩʷ ʣʠʰʴ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʟʘʧʫʩʢʘʝʪʩʷ 

ʨʝʰʘʪʝʣʴ ʥʘ ʦʩʥʦʚʝ ʥʝʡʨʦʩʝʪʠ; ʝʩʣʠ ʦʪʣʠʯʠʷ ʢʘʩʘʶʪʩʷ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʚʦʣʦʢʥʘ, ʟʘʧʫʩʢʘʝʪʩʷ ʤʦʜʫʣʴ ʣʠʥʝʡʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ ʥʘ ʦʩʥʦʚʝ ʤʘʪʝʤʘ-

ʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ. 

ʈʝʰʘʪʝʣʠ. ʄʘʪʝʤʘʪʠʯʝʩʢʠʡ ʨʝʰʘʪʝʣʴ: ʥʘʭʦʜʠʪ ʩʪʘʮʠʦʥʘʨʥʦʝ ʪʝʯʝʥʠʝ, ʨʘʩ-

ʩʯʠʪʳʚʘʝʪ ʢʦʵʬʬʠʮʠʝʥʪʳ ʣʠʥʝʘʨʠʟʘʮʠʠ, ʩʪʨʦʠʪ ʤʘʪʨʠʮʫ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʠ ʩ ʧʦ-

ʤʦʱʴʶ QR-ʘʣʛʦʨʠʪʤʘ ʚʳʯʠʩʣʷʝʪ ʩʦʙʩʪʚʝʥʥʳʝ ʯʠʩʣʘ. ʇʦ ʟʥʘʢʫ ʤʥʠʤʦʡ ʯʘʩʪʠ 

ʩʦʙʩʪʚʝʥʥʳʭ ʯʠʩʝʣ ʦʧʨʝʜʝʣʷʝʪ ʫʩʪʦʡʯʠʚʦʩʪʴ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʧʨʦʮʝʩʩʘ. 
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ʅʝʡʨʦʩʝʪʝʚʦʡ ʨʝʰʘʪʝʣʴ: ʩ ʧʦʤʦʱʴʶ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʥʝʡʨʦʩʝʪʝʚʦʡ ʤʦʜʝʣʠ ʦʧʨʝ-

ʜʝʣʷʝʪ ʫʩʪʦʡʯʠʚʦʩʪʴ ʚ ʨʘʟʳ ʙʳʩʪʨʝʝ, ʯʪʦ ʢʨʠʪʠʯʝʩʢʠ ʟʥʘʯʠʤʦ ʜʣʷ ʦʧʝʨʘʪʠʚʥʦʛʦ 

ʨʝʰʝʥʠʷ ʪʝʭʥʦʣʦʛʦʤ. 

ʄʦʜʫʣʴ ʘʥʘʣʠʟʘ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ. ɼʣʷ ʫʩʪʦʡʯʠʚʦʛʦ ʧʨʦʮʝʩʩʘ ʦʮʝʥʠʚʘʝʪʩʷ 

ʧʦʚʝʜʝʥʠʝ ʚʦʟʤʫʱʝʥʠʡ ʢʦʥʝʯʥʦʡ ʘʤʧʣʠʪʫʜʳ: ʨʝʰʘʝʪʩʷ ʩʠʩʪʝʤʘ ʥʝʣʠʥʝʡʥʳʭ 

ʫʨʘʚʥʝʥʠʡ ʩ ʚʥʝʩʸʥʥʳʤʠ ʚ ʥʘʯʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʛʘʨʤʦʥʠʯʝʩʢʠʤʠ ʢʦʣʝʙʘʥʠʷʤʠ, ʚʳ-

ʚʦʜʷʪʩʷ ʜʠʥʘʤʠʢʘ ʠʟʤʝʥʝʥʠʡ, ʤʘʢʩʠʤʘʣʴʥʘʷ ʘʤʧʣʠʪʫʜʘ ʠ ʚʨʝʤʷ ʟʘʪʫʭʘʥʠʷ. ɼʣʷ 

ʥʝʫʩʪʦʡʯʠʚʦʛʦ ʧʨʦʮʝʩʩʘ ʦʮʝʥʠʚʘʝʪʩʷ ʚʪʦʨʠʯʥʦʝ ʪʝʯʝʥʠʝ: ʉʇʇʈ ʩʪʨʦʠʪ ʘʪʪʨʘʢʪʦʨ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ, ʧʦʢʘʟʳʚʘʷ ʫʩʪʘʥʦʚʠʚʰʠʝʩʷ ʢʦʣʝʙʘʥʠʷ ʩ ʦʧʨʝʜʝʣʸʥʥʦʡ 

ʘʤʧʣʠʪʫʜʦʡ ʠ ʧʝʨʠʦʜʦʤ, ʧʦʨʷʜʦʢ ʢʦʪʦʨʳʭ ʟʘʚʠʩʠʪ ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʮʝʩʩʘ. 

ʉʦʟʜʘʥʥʘʷ ʉʇʇʈ ʧʨʠʤʝʥʷʝʪʩʷ ʢʘʢ ʜʣʷ ʘʥʘʣʠʟʘ ʚʳʪʷʞʢʠ ʩʧʣʦʰʥʦʛʦ ʚʦʣʦʢʥʘ, 

ʪʘʢ ʠ ʢʘʧʠʣʣʷʨʘ. 

6. ɿʘʢʣʶʯʝʥʠʝ 

ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʉʇʇʈ ʦʙʲʝʜʠʥʷʝʪ ʩʪʨʦʛʫʶ ʤʘʪʝʤʘʪʠʯʝʩʢʫʶ ʤʦʜʝʣʴ ʣʠʥʝʡ-

ʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ, ʚʳʩʦʢʦʪʦʯʥʫʶ ʥʝʡʨʦʩʝʪʝʚʫʶ ʤʦʜʝʣʴ ʠ ʤʦʜʫʣʴ ʘʥʘʣʠʟʘ ʯʫʚ-

ʩʪʚʠʪʝʣʴʥʦʩʪʠ. ʉʠʩʪʝʤʘ ʧʦʟʚʦʣʷʝʪ ʪʝʭʥʦʣʦʛʫ ʦʧʝʨʘʪʠʚʥʦ ʠʣʠ ʫʛʣʫʙʣʸʥʥʦ ʦʮʝʥʠ-

ʚʘʪʴ ʫʩʪʦʡʯʠʚʦʩʪʴ ʨʝʞʠʤʦʚ ʚʳʪʷʞʢʠ ʢʚʘʨʮʝʚʳʭ ʢʘʧʠʣʣʷʨʦʚ, ʚʠʟʫʘʣʠʟʠʨʦʚʘʪʴ 

ʨʝʘʢʮʠʶ ʧʨʦʮʝʩʩʘ ʥʘ ʚʦʟʤʫʱʝʥʠʷ ʠ ʥʘʢʘʧʣʠʚʘʪʴ ʙʘʟʫ ʫʩʪʦʡʯʠʚʳʭ ʨʝʞʠʤʦʚ, ʯʪʦ 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʩʥʠʞʝʥʠʶ ʙʨʘʢʘ ʠ ʚʨʝʤʝʥʠ ʥʘʣʘʜʢʠ. 
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ʈʘʩʩʤʦʪʨʝʥʘ ʦʙʨʘʪʥʘʷ ʟʘʜʘʯʘ ʤʝʭʘʥʠʢʠ ʜʝʬʦʨʤʠʨʫʝʤʦʛʦ ʪʚʝʨʜʦʛʦ ʪʝʣʘ, ʩʚʷ-

ʟʘʥʥʘʷ ʩ ʠʜʝʥʪʠʬʠʢʘʮʠʝʡ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ ʥʘ ʦʩʥʦʚʝ ʠʥʬʦʨʤʘʮʠʠ ʦ ʜʝʬʦʨʤʠ-

ʨʫʝʤʦʤ ʩʦʩʪʦʷʥʠʠ, ʨʝʛʠʩʪʨʠʨʫʝʤʦʡ ʩ ʧʦʤʦʱʴʶ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʜʘʪʯʠʢʦʚ. 

ʂʦʥʢʨʝʪʥʳʡ ʚʘʨʠʘʥʪ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʧʘʨʘʤʝʪʨʦʚ 

ʢʚʘʟʠʩʦʩʨʝʜʦʪʦʯʝʥʥʦʡ ʚʝʨʪʠʢʘʣʴʥʦʡ ʥʘʛʨʫʟʢʠ ʧʨʠ ʠʟʚʝʩʪʥʳʭ ʚ ʢʦʥʝʯʥʦʤ ʯʠʩʣʝ 

ʪʦʯʝʢ ʟʥʘʯʝʥʠʷʭ ʜʝʬʦʨʤʘʮʠʡ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʪʦʥʢʘʷ ʧʨʷ-

ʤʦʫʛʦʣʴʥʘʷ ʧʣʘʩʪʠʥʘ, ʞʝʩʪʢʦ ʟʘʢʨʝʧʣʝʥʥʘʷ ʧʦ ʜʚʫʤ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʤ ʩʪʦʨʦ-

ʥʘʤ. ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʘʣʛʦʨʠʪʤʘ ʨʝʰʝʥʠʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʟʘʜʘʯʠ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʤʥʦʛʦʩʣʦʡʥʳʡ ʧʝʨʮʝʧʪʨʦʥ. ʌʦʨʤʠʨʦʚʘʥʠʝ ʜʘʥʥʳʭ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʧʦʜʛʦʪʦʚ-

ʢʠ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ, ʨʝʘʣʠʟʦʚʘʥʦ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ. ʈʝ-

ʟʫʣʴʪʘʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʢʦʤʧʣʝʢʩʥʳʡ ʘʥʘʣʠʟ ʬʘʢʪʦʨʦʚ, ʦʧʨʝʜʝʣʷʶʱʠʭ 

ʪʦʯʥʦʩʪʴ ʨʝʰʝʥʠʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʟʘʜʘʯʠ: ʢʦʣʝʙʘʥʠʡ ʧʦʢʘʟʘʥʠʡ ʚʦʣʦʢʦʥʥʦ-

ʦʧʪʠʯʝʩʢʠʭ ʜʘʪʯʠʢʦʚ ʠ ʪʠʧʘ ʠʩʧʦʣʴʟʫʝʤʳʭ ʜʘʪʯʠʢʦʚ ʜʝʬʦʨʤʘʮʠʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʡ ʜʘʪʯʠʢ, ʤʘʰʠʥʥʦʝ ʦʙʫʯʝʥʠʝ, 

ʤʥʦʛʦʩʣʦʡʥʳʡ ʧʝʨʮʝʧʪʨʦʥ, ʦʙʨʘʪʥʘʷ ʟʘʜʘʯʘ, ʠʜʝʥʪʠʬʠʢʘʮʠʷ ʧʘʨʘʤʝʪʨʦʚ. 
 

1. ɺʚʝʜʝʥʠʝ 

ʇʦʷʚʣʝʥʠʝ ʠ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʨʘʟʣʠʯ-

ʥʳʭ ʦʪʨʘʩʣʷʭ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʧʨʠʚʝʣʦ ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʨʘʟʨʘʙʦʪʢʠ ʧʨʠʥʮʠʧʠ-

ʘʣʴʥʦ ʥʦʚʳʭ ʤʝʪʦʜʦʚ ʤʦʥʠʪʦʨʠʥʛʘ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

(ʅɼʉ) ʢʦʥʩʪʨʫʢʮʠʡ [1]. ʉʣʦʞʥʳʝ ʤʝʭʘʥʠʟʤʳ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʨʘʟʨʫʰʝʥʠʷ 

ʜʘʥʥʦʛʦ ʢʣʘʩʩʘ ʤʘʪʝʨʠʘʣʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ, ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʠ ʨʘʟʚʠʪʠʝ ʧʦʚʨʝʞʜʝʥʠʡ 

ʚʥʫʪʨʝʥʥʝʡ ʩʪʨʫʢʪʫʨʳ ʙʝʟ ʚʠʜʠʤʳʭ ʚʥʝʰʥʠʭ ʧʨʠʟʥʘʢʦʚ, ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʞʘʶʪ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʪʨʘʜʠʮʠʦʥʥʳʭ ʤʝʪʦʜʦʚ ʢʦʥʪʨʦʣʷ, ʪʘʢʠʭ ʢʘʢ ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʪʝʭ-

ʥʠʯʝʩʢʠʝ ʦʩʤʦʪʨʳ ʠ ʦʙʩʣʫʞʠʚʘʥʠʝ. 

ʆʜʥʠʤ ʠʟ ʚʦʟʤʦʞʥʳʭ ʩʧʦʩʦʙʦʚ ʦʙʝʩʧʝʯʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦʛʦ ʫʨʦʚʥʷ ʙʝʟʦʧʘʩ-

ʥʦʩʪʠ ʚ ʧʨʦʮʝʩʩʝ ʵʢʩʧʣʫʘʪʘʮʠʠ ʷʚʣʷʝʪʩʷ ʤʦʥʠʪʦʨʠʥʛ ʅɼʉ ʦʙʲʝʢʪʘ ʢʦʥʪʨʦʣʷ, 

ʥʘʧʨʠʤʝʨ, ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʪʦʯʝʯʥʳʭ ʠ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʭ 

ʜʘʪʯʠʢʦʚ ʚ ʢʦʤʙʠʥʘʮʠʠ ʩ ʤʝʪʦʜʘʤʠ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ [2]. ʇʦʜʦʙʥʳʝ ʠʥʪʝʣ-

ʣʝʢʪʫʘʣʴʥʳʝ ʩʠʩʪʝʤʳ ʤʦʥʠʪʦʨʠʥʛʘ ʦʙʝʩʧʝʯʠʚʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʥʝ ʪʦʣʴʢʦ ʘʥʘʣʠ-

ʟʘ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʦʙʲʝʢʪʘ ʤʦʥʠʪʦʨʠʥʛʘ, ʥʦ ʠ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʧʘʨʘ-



 

 
101 

ʤʝʪʨʦʚ ʚʥʝʰʥʝʛʦ ʚʦʟʜʝʡʩʪʚʠʷ [3], ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʚʳʷʚʣʷʪʴ ʚʥʝʰʪʘʪʥʳʝ ʨʝʞʠʤʳ 

ʨʘʙʦʪʳ, ʦʧʝʨʘʪʠʚʥʦ ʦʧʨʝʜʝʣʷʪʴ ʧʦʚʨʝʞʜʝʥʥʳʝ ʵʣʝʤʝʥʪʳ ʢʦʥʩʪʨʫʢʮʠʠ ʠ ʧʨʦʚʦ-

ʜʠʪʴ ʥʝʦʙʭʦʜʠʤʳʝ ʨʝʤʦʥʪʥʳʝ ʨʘʙʦʪʳ. 

2. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʠ ʘʣʛʦʨʠʪʤ ʨʝʰʝʥʠʷ 

ɺ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʴʥʦʛʦ ʧʨʠʤʝʨʘ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʧʨʦʮʝʩʩ ʫʧʨʫʛʦʛʦ ʜʝʬʦʨ-

ʤʠʨʦʚʘʥʠʷ ʪʦʥʢʦʩʪʝʥʥʦʡ ʧʣʘʩʪʠʥʳ, ʞʝʩʪʢʦ ʟʘʢʨʝʧʣʝʥʥʦʡ ʧʦ ʜʚʫʤ ʧʨʦʪʠʚʦʧʦ-

ʣʦʞʥʳʤ ʩʪʦʨʦʥʘʤ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʜʝʡʩʪʚʠʷ ʢʚʘʟʠʩʦʩʨʝʜʦʪʦʯʝʥʥʦʡ ʚʝʨʪʠʢʘʣʴʥʦʡ 

ʥʘʛʨʫʟʢʠ. ʉʭʝʤʘ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʟʘʜʘʯʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ. 
 

 

ʈʠʩ. ʊʦʥʢʦʩʪʝʥʥʘʷ ʧʣʘʩʪʠʥʘ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʢʚʘʟʠʩʦʩʨʝʜʦʪʦʯʝʥʥʦʡ ʥʘʛʨʫʟʢʠ 

 

ɼʘʥʥʳʝ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʧʦʜʛʦʪʦʚʢʠ ʤʦʜʝʣʠ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ, ʧʦʣʫ-

ʯʝʥʳ ʧʫʪʝʤ ʨʝʰʝʥʠʷ ʩʝʨʠʠ ʧʨʷʤʳʭ ʟʘʜʘʯ ʤʝʭʘʥʠʢʠ ʜʝʬʦʨʤʠʨʫʝʤʦʛʦ ʪʚʝʨʜʦʛʦ 

ʪʝʣʘ (ʄɼʊʊ) ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ. ʈʝʟʫʣʴʪʘʪʦʤ ʨʝʰʝʥʠʷ 

ʢʘʞʜʦʡ ʦʪʜʝʣʴʥʦʡ ʧʨʷʤʦʡ ʟʘʜʘʯʠ ʷʚʣʷʶʪʩʷ ʚʦʩʝʤʴ ʟʥʘʯʝʥʠʡ ʜʝʬʦʨʤʘʮʠʡ ʀ   

ʚ ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʥʘʙʦʨʝ ʪʦʯʝʢ ʥʘ ʥʠʞʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʩʪʠʥʳ ʠ ʩʦʦʪʚʝʪ-

ʩʪʚʫʶʱʘʷ ʠʤ ʪʨʦʡʢʘ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʜʝʡʩʪʚʫʶʱʫʶ 

ʥʘʛʨʫʟʢʫ ὼȟᾀȟὊȢ 

ɺ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʠ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ, ʠʩʧʦʣʴʟʫʝʤʦʡ ʜʣʷ ʨʝʰʝʥʠʷ ʧʦ-

ʩʪʘʚʣʝʥʥʦʡ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ, ʚʳʩʪʫʧʘʝʪ ʤʥʦʛʦʩʣʦʡʥʳʡ ʧʝʨʮʝʧʪʨʦʥ. ɹʘʟʦʚʳʤʠ 

ʵʣʝʤʝʥʪʘʤʠ ʜʘʥʥʦʡ ʤʦʜʝʣʠ ʷʚʣʷʶʪʩʷ ʥʝʡʨʦʥʳ ʠʣʠ ʫʟʣʳ, ʩʛʨʫʧʧʠʨʦʚʘʥʥʳʝ ʚ ʧʦ-

ʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʩʣʦʝʚ ʠ ʩʚʷʟʘʥʥʳʝ ʤʝʞʜʫ ʩʦʙʦʡ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ: 

 

ὥ  Ὢ ύ ὥ ὦ

  

ȟ                                               ρ 

 

ʛʜʝ ὥ ï ʚʳʭʦʜʥʦʝ ʟʥʘʯʝʥʠʝ j-ʦʛʦ ʥʝʡʨʦʥʘ i-ʛʦ ʩʣʦʷ; Ὢ Ȣ ï ʬʫʥʢʮʠʷ ʘʢʪʠʚʘʮʠʠ 

ʥʝʡʨʦʥʦʚ -ʛʦ ʩʣʦʷ; ά  ï ʢʦʣʠʯʝʩʪʚʦ ʥʝʡʨʦʥʦʚ Ὥ ρ-ʛʦ ʩʣʦʷ; ύ  ï ʚʝʩ ʩʚʷʟʠ j-ʛʦ 

ʥʝʡʨʦʥʘ Ὥ-ʛʦ ʩʣʦʷ ʠ Ὧ-ʛʦ ʥʝʡʨʦʥʘ Ὥ ρ ʩʣʦʷ; ὦ ï ʩʤʝʱʝʥʠʝ j-ʛʦ ʥʝʡʨʦʥʘ i-ʛʦ ʩʣʦʷ. 
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ʎʝʣʝʚʘʷ ʬʫʥʢʮʠʷ, ʠʩʧʦʣʴʟʫʝʤʘʷ ʜʣʷ ʧʦʠʩʢʘ ʦʧʪʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʚʝʩʦʚʳʭ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʠ ʩʤʝʱʝʥʠʡ ʤʦʜʝʣʠ ʚ ʧʨʦʮʝʩʩʝ ʦʙʫʯʝʥʠʷ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʩʨʝʜʥʶʶ ʢʚʘʜʨʘʪʠʯʝʩʢʫʶ ʦʰʠʙʢʫ, ʦʧʠʩʳʚʘʝʤʫʶ ʩʣʝʜʫʶʱʠʤ ʩʦʦʪʥʦʰʝʥʠʝʤ: 

 

ὒ   
ρ

ήά
ὥȟ ὥȟ

    

ȟ                                 ς 

 

ʛʜʝ ὒ  ï ʟʥʘʯʝʥʠʝ ʩʨʝʜʥʝʡ ʢʚʘʜʨʘʪʠʯʝʩʢʦʡ ʦʰʠʙʢʠ; ή ï ʢʦʣʠʯʝʩʪʚʦ ʚʝʢʪʦʨʦʚ ʚ 

ʥʘʙʦʨʝ ʜʘʥʥʳʭ; ά ï ʢʦʣʠʯʝʩʪʚʦ ʥʝʡʨʦʥʦʚ ʚʳʭʦʜʥʦʛʦ ʩʣʦʷ; ὥȟ  ï ʟʥʘʯʝʥʠʝ i-ʛʦ 

ʥʝʡʨʦʥʘ ʚ ʚʳʭʦʜʥʦʤ ʩʣʦʝ ʧʨʠ -ʦʤ ʚʭʦʜʥʦʤ ʚʝʢʪʦʨʝ ʠʟ ʥʘʙʦʨʘ ʜʘʥʥʳʭ;  

ὥȟ  ï ʪʨʝʙʫʝʤʳʡ ʚʳʭʦʜ Ὥ-ʛʦ ʥʝʡʨʦʥʘ ʤʦʜʝʣʠ ʧʨʠ Ὦ-ʦʤ ʚʭʦʜʥʦʤ ʚʝʢʪʦʨʝ. 

3. ʆʧʪʠʤʠʟʘʮʠʷ ʧʘʨʘʤʝʪʨʦʚ ʦʙʫʯʝʥʠʷ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ 

ʇʦʠʩʢ ʦʧʪʠʤʘʣʴʥʦʡ ʘʨʭʠʪʝʢʪʫʨʳ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ ʠ ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʮʝʩʩʘ 

ʦʙʫʯʝʥʠʷ ʙʳʣ ʧʨʦʚʝʜʝʥ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʩʪʦʭʘʩʪʠʯʝʩʢʦʛʦ ʧʦʠʩʢʘ. ʉ ʵʪʦʡ ʮʝ-

ʣʴʶ ʠʩʭʦʜʥʳʡ ʥʘʙʦʨ ʜʘʥʥʳʭ ʙʳʣ ʨʘʟʙʠʪ ʥʘ ʦʙʫʯʘʶʱʫʶ, ʚʘʣʠʜʘʮʠʦʥʥʫʶ ʠ ʪʝ-

ʩʪʦʚʫʶ ʚʳʙʦʨʢʠ, ʧʨʦʚʝʜʝʥʦ ʦʙʫʯʝʥʠʝ ʩʝʨʠʠ ʤʦʜʝʣʝʡ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʢʦʥʬʠʛʫʨʘ-

ʮʠʷʭ ʧʘʨʘʤʝʪʨʦʚ ʦʙʫʯʝʥʠʷ ʠ ʘʨʭʠʪʝʢʪʫʨʳ, ʠ ʚʳʧʦʣʥʝʥʦ ʨʘʥʞʠʨʦʚʘʥʠʝ ʤʦʜʝʣʝʡ 

ʧʦ ʪʦʯʥʦʩʪʠ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʧʘʨʘʤʝʪʨʦʚ ʥʘʛʨʫʞʝʥʠʷ ʥʘ ʚʘʣʠʜʘʮʠʦʥʥʦʡ ʚʳʙʦʨʢʝ. 

ʆʢʦʥʯʘʪʝʣʴʥʘʷ ʦʮʝʥʢʘ ʪʦʯʥʦʩʪʠ ʣʫʯʰʠʭ ʤʦʜʝʣʝʡ ʧʨʦʚʝʜʝʥʘ ʥʘ ʪʝʩʪʦʚʦʡ ʚʳʙʦʨʢʝ 

ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʩʣʝʜʫʶʱʠʭ ʩʦʦʪʥʦʰʝʥʠʡ: 

 

ɿ   ὥȟ ὼȟ ὥȟ ᾀȟ ȟɿ  ὥȟ  Ὂȟ          σ 

 

ʛʜʝ ɿ  ï ʦʰʠʙʢʘ ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʣʦʞʝʥʠʷ ʢʚʘʟʠʩʦʩʨʝʜʦʪʦʯʝʥʥʦʡ ʥʘʛʨʫʟʢʠ ʧʨʠ 

i-ʦʤ ʚʭʦʜʥʦʤ ʚʝʢʪʦʨʝ ʠʟ ʥʘʙʦʨʘ ʜʘʥʥʳʭ; ɿ  ï ʦʰʠʙʢʘ ʦʧʨʝʜʝʣʝʥʠʷ ʚʝʣʠʯʠʥʳ 

ʢʚʘʟʠʩʦʩʨʝʜʦʪʦʯʝʥʥʦʡ ʥʘʛʨʫʟʢʠ ʧʨʠ -ʦʤ ʚʭʦʜʥʦʤ ʚʝʢʪʦʨʝ ʠʟ ʥʘʙʦʨʘ ʜʘʥʥʳʭ. 

4. ʈʝʟʫʣʴʪʘʪʳ ʠ ʟʘʢʣʶʯʝʥʠʝ 

ɸʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʢʘʟʘʣ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʫʶ ʪʦʯʥʦʩʪʴ ʠʜʝʥʪʠʬʠʢʘʮʠʠ 

ʧʘʨʘʤʝʪʨʦʚ ʚʥʝʰʥʝʡ ʥʘʛʨʫʟʢʠ ʚ ʦʩʥʦʚʥʦʡ ʯʘʩʪʠ ʧʣʘʩʪʠʥʳ ʠ ʝʝ ʩʫʱʝʩʪʚʝʥʥʦʝ 

ʩʥʠʞʝʥʠʝ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʪʦʯʝʢ ʠʟʤʝʨʝʥʠʡ ʜʝʬʦʨʤʘʮʠʡ ʚ ʩʣʫʯʘʝ ʧʨʠʤʝʥʝʥʠʷ ʪʦ-

ʯʝʯʥʳʭ ɺʆɼ, ʚʥʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʩʧʦʣʴʟʫʝʤʦʡ ʤʦʜʝʣʠ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. 

ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʣʦʢʘʣʴʥʦʝ ʩʥʠʞʝʥʠʝ ʪʦʯʥʦʩʪʠ ʦʙʫʩʣʦʚʣʝʥʦ ʠʩʧʦʣʴʟʫ-

ʝʤʳʤ ʥʘʙʦʨʦʤ ʜʘʥʥʳʭ ʠ ʝʛʦ ʧʨʝʜʦʙʨʘʙʦʪʢʦʡ, ʘ ʥʝ ʦʛʨʘʥʠʯʝʥʠʷʤʠ ʘʨʭʠʪʝʢʪʫʨʳ 

ʧʦʜʛʦʪʦʚʣʝʥʥʳʭ ʤʦʜʝʣʝʡ. 

ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʢʦʣʝʙʘʥʠʷ ʧʦʢʘʟʘʥʠʡ ʜʘʪʯʠʢʦʚ ʜʝʬʦʨʤʘʮʠʠ ʥʝ ʧʨʠʚʦʜʷʪ ʢ 

ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʩʥʠʞʝʥʠʶ ʪʦʯʥʦʩʪʠ ʨʝʰʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ ʚ 
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ʦʩʥʦʚʥʦʡ ʯʘʩʪʠ ʠʩʩʣʝʜʫʝʤʦʡ ʧʣʘʩʪʠʥʳ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʨʝʜʩʪʘʚ-

ʣʝʥʥʳʝ ʤʦʜʝʣʠ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʙʝʟ ʫʯʝʪʘ ʰʫʤʦʚ, ʥʘʙʣʶʜʘʝʤʳʭ ʚ ʵʢʩʧʝʨʠ-

ʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ. 

ʌʠʥʘʥʩʠʨʦʚʘʥʠʝ 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʢʨʫʧʥʦʛʦ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ 

ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ 

(ʩʦʛʣʘʰʝʥʠʝ  ̄075-15-2024-535 ʦʪ 23.04.2024). 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1.  Advances in sensors technologies for composites structural health monitor-

ing / Y. Zhang, X. Wu, Q. Guo [et al.] // Composite Structures. ï 2025. ï No. 370. ï 

P. 119448. DOI: 10.1016/j.compstruct.2025.119448 

2. Cui C., Yuan X., Li  Y. Real-time monitoring and propagation prediction of fa-

tigue cracks in steel structures using distributed fiber-optic sensing technology //  

Journal of Building Engineering. ï 2025. ï No. 111. ï P. 113304. DOI: 

10.1016/j.jobe.2025.113304 

3. ʂʦʥʶʭʦʚ ɺ.ɸ., ʄʘʪʚʝʝʥʢʦ ɺ.ʇ., ʉʪʝʧʘʥʦʚ ʈ.ɸ. ʇʨʠʤʝʥʝʥʠʝ ʥʝʡʨʦʥʥʳʭ 

ʩʝʪʝʡ ʜʣʷ ʣʦʢʘʣʠʟʘʮʠʠ ʩʦʩʨʝʜʦʪʦʯʝʥʥʦʡ ʥʘʛʨʫʟʢʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʜʝʬʦʨʤʠʨʫʝ-

ʤʦʛʦ ʪʝʣʘ ʧʦ ʜʘʥʥʳʤ ʦ ʜʝʬʦʨʤʘʮʠʷʭ // ɺʝʩʪʥʠʢ ʫʜʤʫʨʪʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ. ʄʘ-

ʪʝʤʘʪʠʢʘ. ʄʝʭʘʥʠʢʘ. ʂʦʤʧʴʶʪʝʨʥʳʝ ʥʘʫʢʠ. ï 2025. ï ˉ 35. ï ʉ. 469ï484. DOI: 

10.35634/vm250309 

 

 

 



 

 
104 

ɼʠʥʘʤʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ ʚ OFDR 

ɺ.ɸ. ʗʮʝʝʚ* , ʆ.ɺ. ɹʫʪʦʚ 

ʀʥʩʪʠʪʫʪ ʨʘʜʠʦʪʝʭʥʠʢʠ ʠ ʵʣʝʢʪʨʦʥʠʢʠ ʈɸʅ ʠʤ. ɺ.ɸ. ʂʦʪʝʣʴʥʠʢʦʚʘ, ʛ. ʄʦʩʢʚʘ, 

*yatseev@gmail.com 

 

ʆʧʪʠʯʝʩʢʘʷ ʨʝʬʣʝʢʪʦʤʝʪʨʠʷ ʚ ʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ (OFDR) ʷʚʣʷʝʪʩʷ ʚʳ-

ʩʦʢʦʪʦʯʥʳʤ ʤʝʪʦʜʦʤ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʠʟʤʝʨʝʥʠʡ, ʦʩʥʦʚʘʥʥʳʤ ʥʘ ʢʦʛʝʨʝʥʪ-

ʥʦʡ ʨʝʛʠʩʪʨʘʮʠʠ ʦʙʨʘʪʥʦ ʨʘʩʩʝʷʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʨʠ ʧʝʨʝʩʪʨʦʡʢʝ ʯʘʩʪʦʪʳ 

ʣʘʟʝʨʘ. ɺ ʢʣʘʩʩʠʯʝʩʢʦʡ ʧʦʩʪʘʥʦʚʢʝ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʩʦʩʪʦʷʥʠʝ ʚʦʣʦʢʥʘ 

ʦʩʪʘʸʪʩʷ ʥʝʠʟʤʝʥʥʳʤ ʚ ʪʝʯʝʥʠʝ ʚʨʝʤʝʥʠ ʩʢʘʥʠʨʦʚʘʥʠʷ. ʆʜʥʘʢʦ ʚ ʨʝʘʣʴʥʳʭ 

ʫʩʣʦʚʠʷʭ ʥʘ ʚʦʣʦʢʥʦ ʤʦʛʫʪ ʚʦʟʜʝʡʩʪʚʦʚʘʪʴ ʜʠʥʘʤʠʯʝʩʢʠʝ ʚʦʟʤʫʱʝʥʠʷ, ʚʨʝ-

ʤʝʥʥʳʝ ʤʘʩʰʪʘʙʳ ʢʦʪʦʨʳʭ ʩʦʧʦʩʪʘʚʠʤʳ ʩʦ ʚʨʝʤʝʥʝʤ ʧʝʨʝʩʪʨʦʡʢʠ. ɺ ʨʘʙʦʪʝ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʪʘʢʠʝ ʚʦʟʜʝʡʩʪʚʠʷ ʧʨʠʚʦʜʷʪ ʢ ʩʤʝʰʝʥʠʶ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʠ 

ʚʨʝʤʝʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʝʡ ʩʠʛʥʘʣʘ, ʨʘʟʨʫʰʝʥʠʶ ʢʦʨʨʝʣʷʮʠʦʥʥʳʭ ʤʝʪʦʜʦʚ ʦʙ-

ʨʘʙʦʪʢʠ ʠ ʧʦʷʚʣʝʥʠʶ ʬʘʟʦʚʳʭ ʠʩʢʘʞʝʥʠʡ. ʇʨʝʜʣʦʞʝʥ ʧʦʜʭʦʜ ʢ ʦʙʨʘʙʦʪʢʝ 

ʩʠʛʥʘʣʘ, ʧʦʟʚʦʣʷʶʱʠʡ ʠʟʚʣʝʢʘʪʴ ʠʥʪʝʛʨʘʣʴʥʫʶ ʜʠʥʘʤʠʯʝʩʢʫʶ ʜʝʬʦʨʤʘʮʠʶ 

ʠ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʝʸ ʚʣʠʷʥʠʝ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʜʠʥʘʤʠʢʘ ʤʦʞʝʪ ʙʳʪʴ ʠʥʪʝʨ-

ʧʨʝʪʠʨʦʚʘʥʘ ʢʘʢ ʜʦʧʣʝʨʦʚʩʢʦʝ ʠʩʢʘʞʝʥʠʝ ʯʘʩʪʦʪʥʦʡ ʰʢʘʣʳ, ʯʪʦ ʦʪʢʨʳʚʘʝʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʢʘʢ ʠʟʤʝʨʝʥʠʷ ʜʠʥʘʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, ʪʘʢ ʠ ʧʦʚʳʰʝʥʠʷ ʪʦʯ-

ʥʦʩʪʠ ʩʪʘʪʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʦʧʪʠʯʝʩʢʘʷ ʨʝʬʣʝʢʪʦʤʝʪʨʠʷ ʚ ʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ, ʨʘʩ-

ʧʨʝʜʝʣʸʥʥʳʝ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʜʘʪʯʠʢʠ, ʨʵʣʝʝʚʩʢʦʝ ʦʙʨʘʪʥʦʝ ʨʘʩʩʝʷʥʠʝ, 

ʜʠʥʘʤʠʯʝʩʢʘʷ ʜʝʬʦʨʤʘʮʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʚʦʣʦʢʥʘ, ʜʠʥʘʤʠʯʝʩʢʠʝ ʚʦʟʤʫʱʝʥʠʷ, ʬʘ-

ʟʦʚʳʝ ʠʩʢʘʞʝʥʠʷ, ʜʦʧʣʝʨʦʚʩʢʦʝ ʠʩʢʘʞʝʥʠʝ, ʢʦʤʧʝʥʩʘʮʠʷ ʜʠʥʘʤʠʯʝʩʢʠʭ ʵʬʬʝʢ-

ʪʦʚ, ʨʘʩʧʨʝʜʝʣʸʥʥʳʝ ʠʟʤʝʨʝʥʠʷ ʜʝʬʦʨʤʘʮʠʠ. 
 

1. ɺʚʝʜʝʥʠʝ 

ʆʧʪʠʯʝʩʢʘʷ ʨʝʬʣʝʢʪʦʤʝʪʨʠʷ ʚ ʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ (Optical Frequency Domain 

Reflectometry, OFDR) ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʪʦʯʥʳʭ ʤʝʪʦʜʦʚ ʨʘʩʧʨʝʜʝʣʝʥ-

ʥʳʭ ʠʟʤʝʨʝʥʠʡ ʚ ʦʧʪʠʯʝʩʢʠʭ ʚʦʣʦʢʥʘʭ, ʦʙʝʩʧʝʯʠʚʘʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝ-

ʥʠʝ ʚʧʣʦʪʴ ʜʦ ʤʠʣʣʠʤʝʪʨʦʚ [1, 2]. ʄʝʪʦʜ ʦʩʥʦʚʘʥ ʥʘ ʢʦʛʝʨʝʥʪʥʦʡ ʨʝʛʠʩʪʨʘʮʠʠ 

ʦʙʨʘʪʥʦ ʨʘʩʩʝʷʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʈʵʣʝʷ ʧʨʠ ʧʝʨʝʩʪʨʦʡʢʝ ʯʘʩʪʦʪʳ ʫʟʢʦʧʦʣʦʩʥʦʛʦ 

ʣʘʟʝʨʘ ʠ ʧʦʩʣʝʜʫʶʱʝʡ ʦʙʨʘʙʦʪʢʝ ʩʠʛʥʘʣʘ ʚ ʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ. 

ʂʣʘʩʩʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ OFDR-ʩʠʛʥʘʣʘ ʧʨʝʜʧʦʣʘʛʘʝʪ, ʯʪʦ ʠʟʤʝʨʷʝʤʦʝ ʚʦ-

ʣʦʢʥʦ ʦʩʪʘʝʪʩʷ ʥʝʠʟʤʝʥʥʳʤ ʚ ʪʝʯʝʥʠʝ ʚʨʝʤʝʥʠ ʩʢʘʥʠʨʦʚʘʥʠʷ. ʇʨʠ ʵʪʦʤ ʠʥʪʝʨ-

ʬʝʨʝʥʮʠʦʥʥʳʡ ʩʠʛʥʘʣ, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʡ ʢʘʢ ʬʫʥʢʮʠʷ ʦʧʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʳ, 

ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʦʪʨʘʞʝʥʠʷ ʩ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ [2, 3]. ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ 

ʚ ʟʘʜʘʯʘʭ ʚʳʩʦʢʦʪʦʯʥʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ ʜʝʬʦʨʤʘʮʠʡ ʠ ʪʝʤʧʝʨʘʪʫʨʳ [4]. 
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ʉʫʱʝʩʪʚʝʥʥʦʝ ʨʘʟʚʠʪʠʝ OFDR ʩʚʷʟʘʥʦ ʩ ʫʣʫʯʰʝʥʠʝʤ ʤʝʪʦʜʦʚ ʦʙʨʘʙʦʪʢʠ 

ʩʠʛʥʘʣʘ, ʚʢʣʶʯʘʷ ʢʦʨʨʝʢʮʠʶ ʥʝʣʠʥʝʡʥʦʩʪʠ ʧʝʨʝʩʪʨʦʡʢʠ ʣʘʟʝʨʘ, ʬʘʟʦʚʫʶ ʨʘʟ-

ʚʸʨʪʢʫ ʠ ʤʝʪʦʜʳ ʧʦʜʘʚʣʝʥʠʷ ʰʫʤʘ [5ï7]. ɺ ʯʘʩʪʥʦʩʪʠ, ʠʩʧʦʣʴʟʫʶʪʩʷ ʦʧʦʨʥʳʝ 

ʠʥʪʝʨʬʝʨʦʤʝʪʨʳ ʜʣʷ ʣʠʥʝʘʨʠʟʘʮʠʠ ʯʘʩʪʦʪʳ ʠ ʢʦʨʨʝʣʷʮʠʦʥʥʳʝ ʤʝʪʦʜʳ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʩʜʚʠʛʦʚ ʩʧʝʢʪʨʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʜʝʬʦʨʤʘʮʠʠ [6, 7]. 

ʆʜʥʘʢʦ ʙʦʣʴʰʠʥʩʪʚʦ ʩʫʱʝʩʪʚʫʶʱʠʭ ʨʘʙʦʪ ʦʩʥʦʚʘʥʦ ʥʘ ʧʨʝʜʧʦʣʦʞʝʥʠʠ 

ʩʪʘʮʠʦʥʘʨʥʦʩʪʠ ʩʨʝʜʳ. ɺ ʨʝʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ, ʦʩʦʙʝʥʥʦ ʚ ʟʘʜʘʯʘʭ ʚʠʙʨʘʮʠʦʥʥʦʛʦ 

ʠ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ, ʚʦʣʦʢʥʦ ʧʦʜʚʝʨʛʘʝʪʩʷ ʜʠʥʘʤʠʯʝʩʢʠʤ ʚʦʟʜʝʡʩʪʚʠ-

ʷʤ. ɽʩʣʠ ʭʘʨʘʢʪʝʨʥʦʝ ʚʨʝʤʷ ʵʪʠʭ ʚʦʟʜʝʡʩʪʚʠʡ ʩʪʘʥʦʚʠʪʩʷ ʩʦʧʦʩʪʘʚʠʤʳʤ ʩʦ ʚʨʝ-

ʤʝʥʝʤ ʩʢʘʥʠʨʦʚʘʥʠʷ, ʚʦʟʥʠʢʘʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʚʨʝʤʝʥʥʘʷ ʬʘʟʘ, ʢʦʪʦʨʘʷ ʥʝ 

ʫʯʠʪʳʚʘʝʪʩʷ ʚ ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʦʜʝʣʠ. 

ʅʘʜʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʜʣʠʥʳ ʠʟʤʝʨʷʝʤʦʛʦ ʚʦʣʦʢʥʘ ʚʦʟʨʘʩʪʘʝʪ 

ʦʙʲʝʤ ʜʘʥʥʳʭ, ʥʝʦʙʭʦʜʠʤʳʡ ʜʣʷ ʢʦʨʨʝʢʪʥʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʩʠʛʥʘʣʘ, ʯʪʦ ʥʘʢʣʘ-

ʜʳʚʘʝʪ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʩʢʦʨʦʩʪʴ ʧʝʨʝʩʪʨʦʡʢʠ ʣʘʟʝʨʘ ʠ ʩʠʩʪʝʤʫ ʦʮʠʬʨʦʚʢʠ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʚʦʟʥʠʢʘʝʪ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʡ ʢʦʤʧʨʦʤʠʩʩ: 

ï ʫʚʝʣʠʯʝʥʠʝ ʜʣʠʥʳ ʚʦʣʦʢʥʘ ʪʨʝʙʫʝʪ ʫʚʝʣʠʯʝʥʠʷ ʚʨʝʤʝʥʠ ʩʢʘʥʠʨʦʚʘʥʠʷ; 

ï ʫʚʝʣʠʯʝʥʠʝ ʚʨʝʤʝʥʠ ʩʢʘʥʠʨʦʚʘʥʠʷ ʫʩʠʣʠʚʘʝʪ ʚʣʠʷʥʠʝ ʜʠʥʘʤʠʯʝʩʢʠʭ ʚʦʟ-

ʤʫʱʝʥʠʡ. 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʨʠ ʨʘʙʦʪʝ ʩ ʜʣʠʥʥʳʤʠ ʚʦʣʦʢʥʘʤʠ ʜʠʥʘʤʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ 

ʩʪʘʥʦʚʷʪʩʷ ʥʝʠʟʙʝʞʥʳʤʠ ʠ ʦʧʨʝʜʝʣʷʶʪ ʧʨʝʜʝʣʳ ʧʨʠʤʝʥʠʤʦʩʪʠ ʪʨʘʜʠʮʠʦʥʥʳʭ 

ʤʝʪʦʜʦʚ ʦʙʨʘʙʦʪʢʠ OFDR-ʩʠʛʥʘʣʦʚ. 

ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʩʧʝʢʪʨʘʣʴʥʘʷ ʩʪʨʫʢʪʫʨʘ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʩʠʛʥʘʣʘ 

ʧʝʨʝʩʪʘʝʪ ʙʳʪʴ ʩʦʛʣʘʩʦʚʘʥʥʦʡ ʩ ʦʧʦʨʥʳʤ ʩʠʛʥʘʣʦʤ, ʠ ʢʦʨʨʝʣʷʮʠʦʥʥʘʷ ʬʫʥʢʮʠʷ 

ʪʝʨʷʝʪ ʚʳʨʘʞʝʥʥʳʡ ʤʘʢʩʠʤʫʤ. ɺ ʧʨʝʜʝʣʴʥʦʤ ʩʣʫʯʘʝ ʵʪʦ ʜʝʣʘʝʪ ʥʝʚʦʟʤʦʞʥʳʤ 

ʠʟʤʝʨʝʥʠʝ ʩʪʘʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʤʝʪʦʜʘʤʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʦʟʥʠʢʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʘʥʘʣʠʟʘ ʜʠʥʘʤʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ 

ʚ OFDR ʠ ʨʘʟʨʘʙʦʪʢʠ ʤʝʪʦʜʦʚ ʠʭ ʫʯʝʪʘ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʝʪʩʷ ʚʣʠʷʥʠʝ 

ʜʠʥʘʤʠʯʝʩʢʠʭ ʚʦʟʜʝʡʩʪʚʠʡ ʥʘ ʩʪʨʫʢʪʫʨʫ ʩʠʛʥʘʣʘ, ʧʨʝʜʣʘʛʘʝʪʩʷ ʘʣʛʦʨʠʪʤ ʠʭ ʦʙ-

ʨʘʙʦʪʢʠ ʠ ʦʙʩʫʞʜʘʶʪʩʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ ʤʝʪʦʜʘ. 

2. ʄʦʜʝʣʴ ʩʠʛʥʘʣʘ ʠ ʜʠʥʘʤʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ 

ɺ OFDR ʠʟʤʝʨʷʝʤʳʡ ʩʠʛʥʘʣ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥ ʢʘʢ ʠʥʪʝʨʬʝʨʝʥʮʠʷ 

ʦʙʨʘʪʥʦ ʨʘʩʩʝʷʥʥʦʛʦ ʧʦʣʷ ʚʜʦʣʴ ʚʦʣʦʢʥʘ. ɺ ʩʪʘʮʠʦʥʘʨʥʦʤ ʩʣʫʯʘʝ ʦʥ ʟʘʚʠʩʠʪ 

ʪʦʣʴʢʦ ʦʪ ʦʧʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʳ: 

 

Ὅ Ὢᶿ Ὑ ᾀὩ  ȟ ὨᾀȢ                                           ρ 

 

ʇʨʠ ʥʘʣʠʯʠʠ ʜʠʥʘʤʠʯʝʩʢʠʭ ʚʦʟʜʝʡʩʪʚʠʡ ʬʘʟʘ ʩʪʘʥʦʚʠʪʩʷ ʬʫʥʢʮʠʝʡ ʚʨʝʤʝʥʠ: 

 

 ᾀȟὪ ὸȟʀ ᾀȟὸȢ                                      ς ה  ᾀȟὸ ה
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ʇʦʩʢʦʣʴʢʫ ʧʝʨʝʩʪʨʦʡʢʘ ʯʘʩʪʦʪʳ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚʦ ʚʨʝʤʝʥʠ, ʚʦʟʥʠʢʘʝʪ 

ʩʤʝʰʝʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʠ ʚʨʝʤʝʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʝʡ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʠʩʢʘ-

ʞʝʥʠʶ ʬʘʟʦʚʦʡ ʩʪʨʫʢʪʫʨʳ ʩʠʛʥʘʣʘ ʠ ʠʟʤʝʥʝʥʠʶ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʦʪʨʘʞʘʪʝʣʝʡ. 

ʌʠʟʠʯʝʩʢʠ ʜʠʥʘʤʠʯʝʩʢʦʝ ʠʟʤʝʥʝʥʠʝ ʦʧʪʠʯʝʩʢʦʡ ʜʣʠʥʳ ʵʢʚʠʚʘʣʝʥʪʥʦ ʧʦʷʚ-

ʣʝʥʠʶ ʜʦʧʣʝʨʦʚʩʢʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ: 
 

Ὢ  Ô  Ὢ  Ô  ЎὪ  ὸȟЎὪ  ὸᶿ
ρ

ʇ 

Ὠὒ ὸ

Ὠὸ
Ȣ                   σ 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʠʥʘʤʠʢʘ ʧʨʦʷʚʣʷʝʪʩʷ ʢʘʢ ʵʬʬʝʢʪʠʚʥʦʝ ʠʩʢʘʞʝʥʠʝ ʯʘʩʪʦʪ-

ʥʦʡ ʰʢʘʣʳ. 

3. ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ɼʣʷ ʘʥʘʣʠʟʘ ʜʠʥʘʤʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʠʛ-

ʥʘʣʘ ʚ ʦʧʪʠʯʝʩʢʦʤ ʚʦʣʦʢʥʝ ʜʣʠʥʦʡ 3 ʤ ʩ ʨʘʩʧʨʝʜʝʣʝʥʥʳʤʠ ʨʣɻʝʝʚʩʢʠʤʠ ʦʪʨʘʞʘ-

ʪʝʣʷʤʠ. ɺ ʤʦʜʝʣʴ ʚʚʝʜʝʥʘ ʣʦʢʘʣʠʟʦʚʘʥʥʘʷ ʟʦʥʘ ʜʝʬʦʨʤʘʮʠʠ ʩ ʮʝʥʪʨʦʤ ʥʘ ʨʘʩ-

ʩʪʦʷʥʠʠ 1,5 ʤ ʠ ʰʠʨʠʥʦʡ ʧʦʨʷʜʢʘ 0,3 ʤ. ɸʤʧʣʠʪʫʜʘ ʜʝʬʦʨʤʘʮʠʠ ʜʦʩʪʠʛʘʣʘ 

3ẗ10ī5 ɛŮ, ʘ ʯʘʩʪʦʪʘ ʠʟʤʝʥʷʣʘʩʴ ʚ ʜʠʘʧʘʟʦʥʝ ʜʦ 100 ɻʮ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʝʨʝ-

ʩʪʨʦʡʢʠ ʣʘʟʝʨʘ ʚʳʧʦʣʥʷʣʦʩʴ ʚ ʜʠʘʧʘʟʦʥʝ 50 ɻɻʮ ʩʦ ʩʢʦʨʦʩʪʴʶ 20 ɻɻʮ/ʩ, ʯʪʦ ʩʦ-

ʦʪʚʝʪʩʪʚʫʝʪ ʚʨʝʤʝʥʠ ʩʢʘʥʠʨʦʚʘʥʠʷ ʧʦʨʷʜʢʘ ʥʝʩʢʦʣʴʢʠʭ ʩʝʢʫʥʜ ʠ ʜʨʫʛʠʤʠ ʪʠ-

ʧʠʯʥʳʤ ʧʘʨʘʤʝʪʨʘʤ ʣʘʟʝʨʘ ʪʠʧʘ ITLA. 

4. ʄʝʪʦʜ ʦʙʨʘʙʦʪʢʠ ʩʠʛʥʘʣʘ 

ɼʣʷ ʠʟʚʣʝʯʝʥʠʷ ʜʠʥʘʤʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʮʠʠ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʘʣʛʦʨʠʪʤ, 

ʚʢʣʶʯʘʶʱʠʡ ʣʦʢʘʣʠʟʘʮʠʶ ʫʯʘʩʪʢʘ ʚʦʣʦʢʥʘ ʚ z-ʦʙʣʘʩʪʠ, ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʢʦʤ-

ʧʣʝʢʩʥʦʛʦ ʩʠʛʥʘʣʘ, ʚʳʯʠʩʣʝʥʠʝ ʬʘʟʳ ʧʦ ʧʨʠʨʘʱʝʥʠʷʤ ʠ ʧʦʩʣʝʜʫʶʱʫʶ ʢʦʨʨʝʢ-

ʮʠʶ ʬʘʟʦʚʳʭ ʨʘʟʨʳʚʦʚ. ʆʩʦʙʝʥʥʦʩʪʴʶ ʧʦʜʭʦʜʘ ʷʚʣʷʝʪʩʷ ʨʘʟʜʝʣʴʥʦʝ ʫʜʘʣʝʥʠʝ 

ʣʠʥʝʡʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʬʘʟʳ ʜʣʷ ʦʧʦʨʥʦʛʦ ʠ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʩʠʛʥʘʣʦʚ, ʘ ʪʘʢʞʝ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʨʦʮʝʜʫʨʳ bridge-ʩʰʠʚʢʠ ʜʣʷ ʢʦʤʧʝʥʩʘʮʠʠ ʩʢʘʯʢʦʚ ʥʘ 2ˊ. ʕʪʦ 

ʧʦʟʚʦʣʷʝʪ ʫʩʪʦʡʯʠʚʦ ʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴ ʬʘʟʦʚʫʶ ʨʘʟʥʦʩʪʴ ʜʘʞʝ ʚ ʫʩʣʦʚʠʷʭ ʟʥʘʯʠ-

ʪʝʣʴʥʳʭ ʠʩʢʘʞʝʥʠʡ. 

ʇʦʣʫʯʝʥʥʳʡ ʩʠʛʥʘʣ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʠʥʪʝʛʨʘʣʴʥʦʡ ʜʠʥʘʤʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘ-

ʮʠʠ ʚʜʦʣʴ ʚʳʙʨʘʥʥʦʛʦ ʫʯʘʩʪʢʘ ʚʦʣʦʢʥʘ. 

5. ʈʝʟʫʣʴʪʘʪʳ ʠ ʦʙʩʫʞʜʝʥʠʝ 

ʅʘ ʦʩʥʦʚʝ ʦʧʠʩʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʨʝʢʦʥʩʪʨʫʢʮʠʷ ʜʠʥʘʤʠ-

ʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ, ʧʨʠʣʦʞʝʥʥʦʛʦ ʢ ʚʦʣʦʢʥʫ. ɺ ʢʘʯʝʩʪʚʝ ʨʝʟʫʣʴʪʘʪʘ ʨʘʩʩʤʘʪ-

ʨʠʚʘʝʪʩʷ ʩʠʛʥʘʣ, ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʡ ʧʦ ʫʯʘʩʪʢʫ ʚʦʣʦʢʥʘ, ʨʘʩʧʦʣʦʞʝʥʥʦʤʫ ʟʘ ʟʦ-

ʥʦʡ ʚʦʟʜʝʡʩʪʚʠʷ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʠʥʪʝʛʨʘʣʴʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʦʧʪʠʯʝʩʢʦʡ ʜʣʠ-

ʥʳ ʜʦ ʪʦʯʢʠ ʠʟʤʝʨʝʥʠʷ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʡ ʩʠʛʥʘʣ ʢʦʨʨʝʢʪʥʦ 

ʦʪʨʘʞʘʝʪ ʜʠʥʘʤʠʯʝʩʢʫʶ ʜʝʬʦʨʤʘʮʠʶ ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ ʦʧʨʝʜʝʣʸʥʥʳʭ ʫʩʣʦʚʠʡ, 
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ʩʚʷʟʘʥʥʳʭ ʩ ʧʘʨʘʤʝʪʨʘʤʠ ʩʠʩʪʝʤʳ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʚʦʟʜʝʡʩʪʚʠʷ. ɺ ʯʘʩʪʥʦʩʪʠ, 

ʚʦʟʤʦʞʥʦʩʪʴ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʜʠʥʘʤʠʢʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤʠ ʬʘʢʪʦʨʘʤʠ: 

ï ʘʤʧʣʠʪʫʜʘ ʠʟʤʝʥʝʥʠʷ ʜʣʠʥʳ ʚʦʣʦʢʥʘ (ʜʝʬʦʨʤʘʮʠʷ); 

ï ʯʘʩʪʦʪʘ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ; 

ï ʜʣʠʥʘ ʘʥʘʣʠʟʠʨʫʝʤʦʛʦ ʫʯʘʩʪʢʘ (gauge); 

ï ʩʢʦʨʦʩʪʴ ʧʝʨʝʩʪʨʦʡʢʠ ʣʘʟʝʨʘ. 

 

 

ʈʠʩ. ɺʦʩʩʪʘʥʦʚʣʝʥʥʳʡ ʩʠʛʥʘʣ ʜʠʥʘʤʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ (ʢʨʘʩʥʘʷ ʢʨʠʚʘʷ) ʩ ʫʯʘʩʪʢʘ 

ʚʦʣʦʢʥʘ ʩ ʨʣɻʝʝʚʩʢʠʤʠ ʦʪʨʘʞʘʪʝʣʷʤʠ, ʧʦʣʫʯʝʥʥʳʡ ʧʫʪʝʤ ʩʛʣʘʞʠʚʘʥʠʷ ʠ ʠʩʢʣʶʯʝʥʠʷ 

ʬʘʟʦʚʳʭ ʩʢʘʯʢʦʚ ʠʟ ʨʘʟʥʦʩʪʥʦʡ ʬʘʟʳ ʨʝʬʝʨʝʥʩʥʦʛʦ ʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʩʠʛʥʘʣʘ  

(ʩʠʥʷʷ ʢʨʠʚʘʷ) 

 

ɼʣʷ ʠʣʣʶʩʪʨʘʮʠʠ ʨʘʩʩʤʦʪʨʠʤ ʩʣʫʯʘʡ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʧʘʨʘʤʝʪʨʘʤ ʤʦʜʝ-

ʣʠʨʦʚʘʥʠʷ: ʩʢʦʨʦʩʪʴ ʧʝʨʝʩʪʨʦʡʢʠ ʣʘʟʝʨʘ 20 ɻɻʮ/ʩ, ʜʣʠʥʘ ʫʯʘʩʪʢʘ gauge 20 ʩʤ, ʯʘ-

ʩʪʦʪʘ ʚʦʟʜʝʡʩʪʚʠʷ 1 ɻʮ ʠ ʜʠʘʧʘʟʦʥ ʜʝʬʦʨʤʘʮʠʠ ʧʦʨʷʜʢʘ 1 ʤʠʢʨʦʩʪʨʝʡʥ ʥʘ ʜʘʥʥʦʤ 

ʫʯʘʩʪʢʝ. ɺ ʵʪʠʭ ʫʩʣʦʚʠʷʭ ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʡ ʩʠʛʥʘʣ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʫʩʪʦʡʯʠʚʫʶ ʠ 

ʚʦʩʧʨʦʠʟʚʦʜʠʤʫʶ ʜʠʥʘʤʠʢʫ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʫʶ ʟʘʜʘʥʥʦʤʫ ʚʦʟʜʝʡʩʪʚʠʶ. ʆʜʥʘʢʦ 

ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʯʘʩʪʦʪʳ ʚʦʟʜʝʡʩʪʚʠʷ ʠʣʠ ʘʤʧʣʠʪʫʜʳ ʜʝʬʦʨʤʘʮʠʠ ʥʘʙʣʶʜʘʝʪʩʷ 

ʩʫʱʝʩʪʚʝʥʥʦʝ ʫʭʫʜʰʝʥʠʝ ʢʘʯʝʩʪʚʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʬʫʥʜʘʤʝʥʪʘʣʴ-

ʥʳʤ ʵʬʬʝʢʪʦʤ ʫʰʠʨʝʥʠʷ ʩʧʝʢʪʨʘ ʦʪʨʘʞʘʪʝʣʷ ʚ ʫʩʣʦʚʠʷʭ ʜʠʥʘʤʠʢʠ. 

ɼʠʥʘʤʠʯʝʩʢʦʝ ʠʟʤʝʥʝʥʠʝ ʦʧʪʠʯʝʩʢʦʡ ʜʣʠʥʳ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʜʦʧʣʝ-

ʨʦʚʩʢʦʡ ʢʦʤʧʦʥʝʥʪʳ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʩʧʝʢʪʨ ʦʜʠʥʦʯʥʦʛʦ ʦʪʨʘʞʘʪʝʣʷ ʧʝʨʝʩʪʘʝʪ 

ʙʳʪʴ ʫʟʢʠʤ ʠ ʥʘʯʠʥʘʝʪ ʨʘʩʰʠʨʷʪʴʩʷ. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʩʢʦʨʦʩʪʠ ʠʟʤʝʥʝʥʠʷ ʬʘʟʳ 

(ʟʘ ʩʯʝʪ ʨʦʩʪʘ ʯʘʩʪʦʪʳ ʠʣʠ ʘʤʧʣʠʪʫʜʳ ʚʦʟʜʝʡʩʪʚʠʷ) ʰʠʨʠʥʘ ʩʧʝʢʪʨʘ ʚʦʟʨʘʩʪʘʝʪ. 

ɽʩʣʠ ʰʠʨʠʥʘ ʩʧʝʢʪʨʘ ʩʪʘʥʦʚʠʪʩʷ ʩʦʧʦʩʪʘʚʠʤʦʡ ʠʣʠ ʧʨʝʚʳʰʘʝʪ ʰʠʨʠʥʫ ʚʳʙʨʘʥ-

ʥʦʛʦ ʫʯʘʩʪʢʘ ʚ z-ʦʙʣʘʩʪʠ (ʦʧʨʝʜʝʣʷʝʤʦʛʦ ʧʘʨʘʤʝʪʨʦʤ gauge), ʯʘʩʪʴ ʩʧʝʢʪʨʘʣʴʥʦʡ 

ʠʥʬʦʨʤʘʮʠʠ ʦʢʘʟʳʚʘʝʪʩʷ ʟʘ ʧʨʝʜʝʣʘʤʠ ʦʢʥʘ ʦʙʨʘʙʦʪʢʠ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʧʨʦʠʩʭʦ-

ʜʠʪ ʧʦʪʝʨʷ ʠʥʬʦʨʤʘʮʠʠ ʦ ʩʠʛʥʘʣʝ, ʠ ʢʦʨʨʝʢʪʥʦʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ ʩʪʘʥʦʚʠʪʩʷ ʥʝʚʦʟʤʦʞʥʳʤ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʫʱʝʩʪʚʫʝʪ ʢʨʠʪʠʯʝʩʢʦʝ 

ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʧʘʨʘʤʝʪʨʘʤʠ ʚʦʟʜʝʡʩʪʚʠʷ ʠ ʧʘʨʘʤʝʪʨʘʤʠ ʩʠʩʪʝʤʳ, ʧʨʠ ʢʦ-

ʪʦʨʦʤ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʜʠʥʘʤʠʢʠ ʦʩʪʘʝʪʩʷ ʚʦʟʤʦʞʥʳʤ. ʅʘʨʫʰʝʥʠʝ ʵʪʦʛʦ ʩʦʦʪ-

ʥʦʰʝʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʤʫ ʦʛʨʘʥʠʯʝʥʠʶ ʤʝʪʦʜʘ, ʩʚʷʟʘʥʥʦʤʫ ʥʝ ʩ 

ʘʣʛʦʨʠʪʤʦʤ ʦʙʨʘʙʦʪʢʠ, ʘ ʩ ʬʠʟʠʢʦʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʠʛʥʘʣʘ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʜʪʚʝʨʞʜʘʶʪ, ʯʪʦ ʚʳʙʦʨ ʧʘʨʘʤʝʪʨʦʚ ʠʟʤʝʨʝʥʠʷ, ʚ 

ʯʘʩʪʥʦʩʪʠ ʜʣʠʥʳ ʦʢʥʘ ʘʥʘʣʠʟʘ ʠ ʩʢʦʨʦʩʪʠ ʩʢʘʥʠʨʦʚʘʥʠʷ, ʜʦʣʞʝʥ ʦʩʫʱʝʩʪʚʣʷʪʴʩʷ 



 

 
108 

ʩ ʫʯʝʪʦʤ ʦʞʠʜʘʝʤʦʛʦ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʩʠʛʥʘʣʘ ʚ ʫʩʣʦʚʠʷʭ ʜʠʥʘʤʠʯʝ-

ʩʢʠʭ ʚʦʟʜʝʡʩʪʚʠʡ. 

ɺʘʞʥʳʤ ʨʝʟʫʣʴʪʘʪʦʤ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʚʦʩʩʪʘʥʦʚʣʝʥʥʘʷ ʜʠʥʘʤʠʯʝʩʢʘʷ ʜʝ-

ʬʦʨʤʘʮʠʷ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʥʝ ʪʦʣʴʢʦ ʜʣʷ ʘʥʘʣʠʟʘ ʜʠʥʘʤʠʯʝʩʢʠʭ ʚʦʟʜʝʡ-

ʩʪʚʠʡ, ʥʦ ʠ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ ʩʪʘʪʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ. ɺ ʯʘʩʪʥʦʩʪʠ, ʟʥʘ-

ʥʠʝ ʜʠʥʘʤʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʚʜʦʣʴ ʚʦʣʦʢʥʘ ʧʦʟʚʦʣʷʝʪ ʚʳʧʦʣʥʠʪʴ ʧʝʨʝ-

ʣʠʥʝʘʨʠʟʘʮʠʶ ʧʝʨʝʩʪʨʦʡʢʠ ʣʘʟʝʨʘ ʧʦ ʦʧʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʝ ʩ ʫʯʝʪʦʤ ʚʨʝʤʝʥʥʳʭ 

ʠʟʤʝʥʝʥʠʡ ʦʧʪʠʯʝʩʢʦʡ ʜʣʠʥʳ. ʇʦʩʢʦʣʴʢʫ ʜʠʥʘʤʠʯʝʩʢʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʧʨʠʚʦʜʠʪ 

ʢ ʜʦʧʦʣʥʠʪʝʣʴʥʦʤʫ ʬʘʟʦʚʦʤʫ ʥʘʙʝʛʫ, ʦʥʦ ʵʢʚʠʚʘʣʝʥʪʥʦ ʵʬʬʝʢʪʠʚʥʦʤʫ ʠʩʢʘʞʝ-

ʥʠʶ ʯʘʩʪʦʪʥʦʡ ʰʢʘʣʳ, ʥʘ ʢʦʪʦʨʦʡ ʧʨʦʠʟʚʦʜʠʪʩʷ ʠʟʤʝʨʝʥʠʝ. ʋʯʝʪ ʵʪʦʡ ʜʠʥʘʤʠ-

ʯʝʩʢʦʡ ʢʦʤʧʦʥʝʥʪʳ ʧʦʟʚʦʣʷʝʪ ʩʢʦʨʨʝʢʪʠʨʦʚʘʪʴ ʯʘʩʪʦʪʥʫʶ ʦʩʴ ʠ ʚʦʩʩʪʘʥʦʚʠʪʴ 

ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʴ ʩʠʛʥʘʣʘ ʚ ʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʫʱʝʩʪʚʝʥʥʦ 

ʫʤʝʥʴʰʘʝʪʩʷ ʠʩʢʘʞʝʥʠʝ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʬʫʥʢʮʠʠ, ʠʩʧʦʣʴʟʫʝʤʦʡ ʜʣʷ ʠʟʤʝʨʝ-

ʥʠʷ ʩʪʘʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ, ʠ ʧʦʚʳʰʘʝʪʩʷ ʪʦʯʥʦʩʪʴ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʨʘʩʧʨʝ-

ʜʝʣʝʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʝʜʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʥʝ ʪʦʣʴʢʦ ʠʟʚʣʝʢʘʪʴ ʜʠ-

ʥʘʤʠʯʝʩʢʫʶ ʠʥʬʦʨʤʘʮʠʶ, ʥʦ ʠ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʝʸ ʚʣʠʷʥʠʝ, ʫʩʪʨʘʥʷʷ ʜʝʛʨʘʜʘ-

ʮʠʶ ʢʘʯʝʩʪʚʘ ʠʟʤʝʨʝʥʠʡ, ʭʘʨʘʢʪʝʨʥʫʶ ʜʣʷ OFDR ʚ ʫʩʣʦʚʠʷʭ ʜʠʥʘʤʠʯʝʩʢʠʭ ʚʦʟ-

ʜʝʡʩʪʚʠʡ. 

6. ɿʘʢʣʶʯʝʥʠʝ 

ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʳ ʜʠʥʘʤʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ, ʚʦʟʥʠʢʘʶʱʠʝ ʚ OFDR ʧʨʠ 

ʧʝʨʝʩʪʨʦʡʢʝ ʯʘʩʪʦʪʳ ʣʘʟʝʨʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʥʘʨʫʰʝʥʠʠ ʫʩʣʦʚʠʷ ʩʪʘʪʠʯʥʦʩʪʠ 

ʧʨʦʠʩʭʦʜʠʪ ʩʤʝʰʝʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʠ ʚʨʝʤʝʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʝʡ ʩʠʛʥʘʣʘ, 

ʧʨʠʚʦʜʷʱʝʝ ʢ ʬʘʟʦʚʳʤ ʠʩʢʘʞʝʥʠʷʤ ʠ ʦʰʠʙʢʘʤ ʨʝʢʦʥʩʪʨʫʢʮʠʠ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʜʣʠʥʳ ʚʦʣʦʢʥʘ, ʩʦʧʨʦʚʦʞʜʘʶʱʝʤʩʷ ʨʦ-

ʩʪʦʤ ʚʨʝʤʝʥʠ ʩʢʘʥʠʨʦʚʘʥʠʷ, ʚʣʠʷʥʠʝ ʜʠʥʘʤʠʯʝʩʢʠʭ ʚʦʟʤʫʱʝʥʠʡ ʩʪʘʥʦʚʠʪʩʷ 

ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʟʥʘʯʠʤʳʤ ʠ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʳʤ. ʕʪʦ ʥʘʢʣʘʜʳ-

ʚʘʝʪ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʧʨʠʤʝʥʝʥʠʝ ʢʣʘʩʩʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʦʙʨʘ-

ʙʦʪʢʠ OFDR-ʩʠʛʥʘʣʦʚ. ʇʨʝʜʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ ʢ ʦʙʨʘʙʦʪʢʝ ʩʠʛʥʘʣʘ, ʦʩʥʦʚʘʥʥʳʡ 

ʥʘ ʣʦʢʘʣʠʟʘʮʠʠ ʫʯʘʩʪʢʘ ʚʦʣʦʢʥʘ, ʚʦʩʩʪʘʥʦʚʣʝʥʠʠ ʬʘʟʦʚʳʭ ʧʨʠʨʘʱʝʥʠʡ ʠ ʧʦʩʣʝ-

ʜʫʶʱʝʡ ʢʦʨʨʝʢʮʠʠ ʬʘʟʦʚʳʭ ʨʘʟʨʳʚʦʚ, ʧʦʟʚʦʣʷʝʪ ʠʟʚʣʝʢʘʪʴ ʠʥʪʝʛʨʘʣʴʥʫʶ ʜʠʥʘ-

ʤʠʯʝʩʢʫʶ ʜʝʬʦʨʤʘʮʠʶ ʚʜʦʣʴ ʚʳʙʨʘʥʥʦʛʦ ʩʝʛʤʝʥʪʘ. ʇʨʠ ʵʪʦʤ ʧʦʣʫʯʘʝʤʳʡ ʩʠʛ-

ʥʘʣ ʤʦʞʝʪ ʙʳʪʴ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥ ʢʘʢ ʨʝʟʫʣʴʪʘʪ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʜʚʫʭ ʢʦʤʧʦʥʝʥʪ: 

ʫʩʣʦʚʥʦ «ʩʪʘʮʠʦʥʘʨʥʦʡ» ʦʧʪʠʯʝʩʢʦʡ ʚʦʣʥʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʦʧʦʨʥʦʤʫ ʩʦʩʪʦʷ-

ʥʠʶ, ʠ ʚʦʣʥʳ, ʩʦʜʝʨʞʘʱʝʡ ʜʦʧʣʝʨʦʚʩʢʫʶ ʢʦʤʧʦʥʝʥʪʫ, ʦʙʫʩʣʦʚʣʝʥʥʫʶ ʜʠʥʘʤʠ-

ʯʝʩʢʠʤ ʠʟʤʝʥʝʥʠʝʤ ʜʣʠʥʳ ʦʧʪʠʯʝʩʢʦʛʦ ʧʫʪʠ. 

ɺ ʵʪʦʤ ʩʤʳʩʣʝ ʧʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʥʦʚʳʡ ʪʠʧ 

ʨʝʬʣʝʢʪʦʤʝʪʨʠʠ, ʦʙʣʘʜʘʶʱʠʡ ʘʥʘʣʦʛʠʝʡ ʩ ʠʥʪʝʨʬʝʨʦʤʝʪʨʦʤ ʉʘʥʴʷʢʘ, ʯʫʚʩʪʚʠ-

ʪʝʣʴʥʳʤ ʢ ʠʟʤʝʥʝʥʠʷʤ ʬʘʟʳ, ʚʳʟʚʘʥʥʳʤ ʜʚʠʞʝʥʠʝʤ ʩʨʝʜʳ. ʆʜʥʘʢʦ, ʚ ʦʪʣʠʯʠʝ 

ʦʪ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʉʘʥʴʷʢʘ, ʚ ʢʦʪʦʨʦʤ ʜʣʠʥʘ ʦʧʪʠʯʝʩʢʦʛʦ ʢʦʥʪʫ-

ʨʘ ʬʠʢʩʠʨʦʚʘʥʘ, ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʧʦʜʭʦʜʝ «ʵʬʬʝʢʪʠʚʥʳʡ ʢʦʥʪʫʨ» ʥʝ ʷʚʣʷʝʪʩʷ 
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ʛʝʦʤʝʪʨʠʯʝʩʢʠ ʟʘʜʘʥʥʳʤ, ʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʙʦʨʦʤ ʘʥʘʣʠʟʠʨʫʝʤʦʛʦ ʫʯʘʩʪʢʘ ʚʦ-

ʣʦʢʥʘ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʠʥʘ ʯʫʚʩʪʚʠʪʝʣʴʥʦʡ ʦʙʣʘʩʪʠ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʠʥʪʝ-

ʛʨʘʣʴʥʳʡ ʦʪʢʣʠʢ ʩʠʩʪʝʤʳ ʤʦʛʫʪ ʛʠʙʢʦ ʠʟʤʝʥʷʪʴʩʷ ʟʘ ʩʯʸʪ ʚʳʙʦʨʘ ʦʢʥʘ ʦʙʨʘʙʦʪ-

ʢʠ, ʯʪʦ ʦʪʢʨʳʚʘʝʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʠʟʙʠʨʘʪʝʣʴʥʦʛʦ ʘʥʘ-

ʣʠʟʘ ʜʠʥʘʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʚ ʦʧʪʠʯʝʩʢʦʤ ʚʦʣʦʢʥʝ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʜʠʥʘʤʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ ʚ OFDR ʤʦʛʫʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʥʝ 

ʪʦʣʴʢʦ ʢʘʢ ʠʩʪʦʯʥʠʢ ʧʦʛʨʝʰʥʦʩʪʠ, ʥʦ ʠ ʢʘʢ ʬʠʟʠʯʝʩʢʠ ʠʥʬʦʨʤʘʪʠʚʥʳʡ ʩʠʛʥʘʣ, 

ʧʦʟʚʦʣʷʶʱʠʡ ʨʝʘʣʠʟʦʚʘʪʴ ʥʦʚʳʝ ʧʨʠʥʮʠʧʳ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʠʟʤʝʨʝʥʠʡ. 
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ʃʦʢʘʣʠʟʘʮʠʷ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ 

ʧʦ ʩʧʝʢʪʨʘʣʴʥʳʤ ʤʠʥʠʤʫʤʘʤ ʚ ʨʘʩʧʨʝʜʝʣʸʥʥʦʡ 

ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ ʥʘ ʦʩʥʦʚʝ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʄʘʭʘ ï ʎʝʥʜʝʨʘ 
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ʀʩʩʣʝʜʦʚʘʥʘ ʧʘʩʩʠʚʥʘʷ ʨʘʩʧʨʝʜʝʣʸʥʥʘʷ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʘʷ ʩʭʝʤʘ ʥʘ ʦʩ-

ʥʦʚʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʄʘʭʘ ï ʎʝʥʜʝʨʘ ʩ 3Ĭ3-ʨʘʟʚʝʪʚʠʪʝʣʝʤ 

ʠ ʰʠʨʦʢʦʧʦʣʦʩʥʦʡ ʟʘʩʚʝʪʢʦʡ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʢʦʦʨʜʠʥʘʪʘ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʣʦ-

ʢʘʣʴʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʤʦʞʝʪ ʦʧʨʝʜʝʣʷʪʴʩʷ ʧʦ ʯʘʩʪʦʪʘʤ ʩʧʝʢʪʨʘʣʴʥʳʭ ʤʠʥʠʤʫ-

ʤʦʚ ʬʦʪʦʧʨʠʸʤʥʦʛʦ ʩʠʛʥʘʣʘ ʙʝʟ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʬʘʟʦʚʦʡ ʜʝʤʦʜʫʣʷʮʠʠ. ɼʣʷ ʠʩ-

ʩʣʝʜʦʚʘʥʥʦʡ ʫʩʪʘʥʦʚʢʠ ʧʦʣʫʯʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ F = 110192,169Ŀǎī1,021; ʩʨʝʜʥʷʷ 

ʦʰʠʙʢʘ ʣʦʢʘʣʠʟʘʮʠʠ ʩʦʩʪʘʚʠʣʘ 26,7 ʤ. ʇʨʠ ʛʘʨʤʦʥʠʯʝʩʢʦʤ ʚʦʟʜʝʡʩʪʚʠʠ 3,55 ʢɻʮ 

ʬʘʟʦʚʘʷ ʜʝʤʦʜʫʣʷʮʠʷ ʚʦʩʩʪʘʥʘʚʣʠʚʘʝʪ ʚʨʝʤʝʥʥʦʡ ʟʘʢʦʥ ʩʠʛʥʘʣʘ, ʥʦ ʥʝ ʩʦʭʨʘʥʷʝʪ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʡ ʩʧʝʢʪʨʘʣʴʥʳʡ ʧʨʠʟʥʘʢ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʨʘʩʧʨʝʜʝʣʸʥʥʳʡ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʡ ʜʘʪʯʠʢ, ʤʦʜʠ-

ʬʠʮʠʨʦʚʘʥʥʳʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʄʘʭʘ ï ʎʝʥʜʝʨʘ, ʩʧʝʢʪʨʘʣʴʥʳʝ ʤʠʥʠʤʫʤʳ, ʣʦʢʘ-

ʣʠʟʘʮʠʷ ʚʦʟʜʝʡʩʪʚʠʷ, ʬʘʟʦʚʘʷ ʜʝʤʦʜʫʣʷʮʠʷ, 3×3-ʨʘʟʚʝʪʚʠʪʝʣʴ. 
 

1. ɺʚʝʜʝʥʠʝ 

ʈʘʩʧʨʝʜʝʣʸʥʥʳʝ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʜʘʪʯʠʢʠ ʚʠʙʨʘʮʠʠ ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ 

ʤʦʥʠʪʦʨʠʥʛʘ ʧʨʦʪʷʞʸʥʥʳʭ ʦʙʲʝʢʪʦʚ, ʛʜʝ ʪʨʝʙʫʝʪʩʷ ʩʦʚʤʝʩʪʠʪʴ ʙʦʣʴʰʫʶ ʜʣʠʥʫ 

ʣʠʥʠʠ, ʚʳʩʦʢʫʶ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʠ ʫʩʪʦʡʯʠʚʦʩʪʴ ʢ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤ ʧʦʤʝʭʘʤ. 

ɺ ʪʘʢʠʭ ʩʠʩʪʝʤʘʭ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʚʘʞʥʦ ʥʝ ʪʦʣʴʢʦ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʚʦʟʜʝʡʩʪʚʠʝ, 

ʥʦ ʠ ʢʦʨʨʝʢʪʥʦ ʦʧʨʝʜʝʣʠʪʴ ʝʛʦ ʢʦʦʨʜʠʥʘʪʫ, ʧʦʩʢʦʣʴʢʫ ʠʤʝʥʥʦ ʵʪʦ ʦʧʨʝʜʝʣʷʝʪ ʠʭ 

ʧʨʘʢʪʠʯʝʩʢʫʶ ʮʝʥʥʦʩʪʴ ʜʣʷ ʦʭʨʘʥʳ ʧʝʨʠʤʝʪʨʘ, ʢʦʥʪʨʦʣʷ ʪʨʫʙʦʧʨʦʚʦʜʦʚ ʠ ʠʥ-

ʞʝʥʝʨʥʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ [1ï2]. ɼʣʷ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʯʝʩʢʠʭ ʩʭʝʤ ʢʦʦʨʜʠʥʘʪʥʘʷ 

ʧʨʠʚʷʟʢʘ ʦʙʳʯʥʦ ʠʟʚʣʝʢʘʝʪʩʷ ʢʦʩʚʝʥʥʦ ï ʧʦ ʚʨʝʤʝʥʥʳʤ ʟʘʜʝʨʞʢʘʤ ʠʣʠ ʧʦ ʯʘ-

ʩʪʦʪʥʳʤ ʧʨʠʟʥʘʢʘʤ ʩʠʛʥʘʣʘ. 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ ʩʚʷʟʘʥʘ ʩ ʪʝʤ, ʯʪʦ ʚ ʣʠʪʝʨʘʪʫʨʝ ʤʝʪʦʜʳ ʣʦʢʘʣʠʟʘʮʠʠ 

ʧʦ ʩʧʝʢʪʨʘʣʴʥʳʤ ʤʠʥʠʤʫʤʘʤ ʠ ʬʘʟʦʚʦʡ ʜʝʤʦʜʫʣʷʮʠʠ [3] ʥʝʨʝʜʢʦ ʦʧʠʩʳʚʘʶʪʩʷ 

ʙʝʟ ʷʚʥʦʛʦ ʨʘʟʛʨʘʥʠʯʝʥʠʷ ʠʭ ʟʘʜʘʯ. ʕʪʦ ʤʦʞʝʪ ʩʦʟʜʘʚʘʪʴ ʚʧʝʯʘʪʣʝʥʠʝ, ʯʪʦ ʧʨʝʜ-

ʚʘʨʠʪʝʣʴʥʘʷ ʬʘʟʦʚʘʷ ʜʝʤʦʜʫʣʷʮʠʷ ʦʙʷʟʘʪʝʣʴʥʘ ʠ ʜʣʷ ʣʦʢʘʣʠʟʘʮʠʠ, ʪʦʛʜʘ ʢʘʢ ʥʘ 

ʧʨʘʢʪʠʢʝ ʦʥʘ ʩʧʦʩʦʙʥʘ ʫʩʪʨʘʥʷʪʴ ʩʧʝʢʪʨʘʣʴʥʳʡ ʧʨʠʟʥʘʢ, ʥʝʦʙʭʦʜʠʤʳʡ ʜʣʷ ʢʦ-

ʦʨʜʠʥʘʪʥʦʡ ʧʨʠʚʷʟʢʠ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ. 
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ʎʝʣʴ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ï ʢʨʘʪʢʦ ʧʨʝʜʩʪʘʚʠʪʴ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʢʘʟʳʚʘʶʱʠʝ, 

ʯʪʦ ʜʣʷ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʣʦʢʘʣʴʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʚ ʠʩʩʣʝʜʫʝʤʦʡ ʧʘʩʩʠʚʥʦʡ 

ʩʭʝʤʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʡ ʧʨʠʟʥʘʢ ʣʦʢʘʣʠʟʘʮʠʠ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʩʧʝʢʪʨʝ ʩʳʨʦʛʦ ʬʦ-

ʪʦʧʨʠʸʤʥʦʛʦ ʩʠʛʥʘʣʘ, ʪʦʛʜʘ ʢʘʢ ʬʘʟʦʚʘʷ ʜʝʤʦʜʫʣʷʮʠʷ ʨʝʰʘʝʪ ʠʥʫʶ ʟʘʜʘʯʫ ï ʚʦʩ-

ʩʪʘʥʦʚʣʝʥʠʝ ʚʨʝʤʝʥʥʦʛʦ ʟʘʢʦʥʘ ʛʘʨʤʦʥʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ. 

2. ʉʭʝʤʘ, ʚʦʟʜʝʡʩʪʚʠʷ ʠ ʦʙʨʘʙʦʪʢʘ 

ʀʩʧʦʣʴʟʦʚʘʥʘ ʧʘʩʩʠʚʥʘʷ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʘʷ ʩʭʝʤʘ ʩ ʥʝʧʨʝʨʳʚʥʦʡ ʰʠ-

ʨʦʢʦʧʦʣʦʩʥʦʡ ʟʘʩʚʝʪʢʦʡ, ʜʚʫʤʷ ʬʦʪʦʧʨʠʸʤʥʳʤʠ ʢʘʥʘʣʘʤʠ ʠ ʨʘʟʚʝʪʚʠʪʝʣʝʤ 3Ĭ3 

(ʨʠʩ. 1). ʆʜʥʦ ʧʣʝʯʦ ʩʭʝʤʳ ʩʦʜʝʨʞʘʣʦ ʣʠʥʠʶ ʟʘʜʝʨʞʢʠ TDF1 ʜʣʠʥʦʡ 3 ʢʤ, ʜʘʣʝʝ 

ʧʣʝʯʠ ʦʙʲʝʜʠʥʷʣʠʩʴ ʨʘʟʚʝʪʚʠʪʝʣʝʤ 2Ĭ2 ʠ ʧʦʜʢʣʶʯʘʣʠʩʴ ʢ ʠʩʩʣʝʜʫʝʤʦʤʫ ʚʦʣʦ-

ʢʦʥʥʦʤʫ ʫʯʘʩʪʢʫ FUT, ʢʦʪʦʨʳʡ ʦʢʘʥʯʠʚʘʝʪʩʷ ʦʪʨʘʞʘʪʝʣʝʤ FRM. ʀʩʩʣʝʜʫʝʤʘʷ 

ʢʦʥʬʠʛʫʨʘʮʠʷ ʙʣʠʟʢʘ ʢ ʩʭʝʤʘʤ, ʢʦʪʦʨʳʝ ʚ ʣʠʪʝʨʘʪʫʨʝ ʦʪʥʦʩʷʪ ʢ in-line ʠʣʠ ʦʜʥʦ-

ʚʦʣʦʢʦʥʥʳʤ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘʤ ʉʘʥʴʷʢʘ, ʦʜʥʘʢʦ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʦʥʘ ʨʘʩʩʤʘʪ-

ʨʠʚʘʝʪʩʷ ʢʘʢ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨ ʄʘʭʘ ï ʎʝʥʜʝʨʘ ʩ ʦʪʨʘʞʘʶʱʠʤ 

ʦʢʦʥʯʘʥʠʝʤ ʣʠʥʠʠ. 

 

ʈʠʩ. 1. ʆʧʪʠʯʝʩʢʘʷ ʩʭʝʤʘ 

 

ʈʘʟʚʝʪʚʠʪʝʣʴ 3Ĭ3 ʷʚʣʷʝʪʩʷ ʢʣʶʯʝʚʳʤ ʵʣʝʤʝʥʪʦʤ ʧʘʩʩʠʚʥʦʡ ʩʭʝʤʳ. ɺ ʠʜʝʘ-

ʣʠʟʠʨʦʚʘʥʥʦʤ ʩʣʫʯʘʝ ʝʛʦ ʚʳʭʦʜʳ ʩʦʜʝʨʞʘʪ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʝ ʩʠʛʥʘʣʳ, ʩʜʚʠ-

ʥʫʪʳʝ ʧʦ ʬʘʟʝ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʥʘ 120Á ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʘ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ 

ʬʦʨʤʠʨʦʚʘʪʴ ʢʘʥʘʣʳ ʩ ʨʘʟʣʠʯʥʦʡ ʬʘʟʦʚʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ ʙʝʟ ʚʚʝʜʝʥʠʷ 

ʚʥʝʰʥʝʡ ʬʘʟʦʚʦʡ ʥʝʩʫʱʝʡ ʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʦʜʥʫ ʠ ʪʫ ʞʝ ʦʧʪʠʯʝʩʢʫʶ ʢʦʥʬʠʛʫʨʘ-

ʮʠʶ ʢʘʢ ʜʣʷ ʩʧʝʢʪʨʘʣʴʥʦʡ ʣʦʢʘʣʠʟʘʮʠʠ, ʪʘʢ ʠ ʜʣʷ ʬʘʟʦʚʦʡ ʦʙʨʘʙʦʪʢʠ. 

ɼʣʷ ʣʦʢʘʣʠʟʘʮʠʠ ʥʘ ʧʴʝʟʦʢʝʨʘʤʠʯʝʩʢʦʝ ʢʦʣʴʮʦ ʧʦʜʘʚʘʣʩʷ ʙʝʣʳʡ ʰʫʤ ʚ ʧʦ-

ʣʦʩʝ 0ï70 ʢɻʮ. ʈʝʘʣʴʥʘʷ ʩʧʝʢʪʨʘʣʴʥʘʷ ʦʛʠʙʘʶʱʘʷ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ 

ʦʧʨʝʜʝʣʷʣʘʩʴ ʩʦʙʩʪʚʝʥʥʦʡ ʯʘʩʪʦʪʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʤʦʜʫʣʷʪʦʨʘ ʠ ʠʤʝʣʘ ʤʘʢ-

ʩʠʤʫʤ ʚ ʦʙʣʘʩʪʠ 32 ʢɻʮ, ʠʤʝʥʥʦ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʦʪʥʦʰʝʥʠʝ ʩʠʛʥʘʣ/ʰʫʤ ʙʳʣʦ 

ʥʘʠʙʦʣʴʰʠʤ, ʧʦʵʪʦʤʫ ʨʘʙʦʯʫʶ ʧʦʣʦʩʫ ʜʣʷ ʚʳʜʝʣʝʥʠʷ ʩʧʝʢʪʨʘʣʴʥʳʭ ʤʠʥʠʤʫʤʦʚ 

ʚʳʙʠʨʘʣʠ ʚʙʣʠʟʠ ʨʝʟʦʥʘʥʩʘ. ɼʣʷ ʬʘʟʦʚʦʡ ʜʝʤʦʜʫʣʷʮʠʠ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʦʪʜʝʣʴ-

ʥʦʝ ʛʘʨʤʦʥʠʯʝʩʢʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʩ ʯʘʩʪʦʪʦʡ 3,55 ʢɻʮ. 

ʇʨʠ ʰʠʨʦʢʦʧʦʣʦʩʥʦʤ ʚʦʟʙʫʞʜʝʥʠʠ ʢʦʦʨʜʠʥʘʪʘ ʚʦʟʜʝʡʩʪʚʠʷ ʦʧʨʝʜʝʣʷʣʘʩʴ 

ʧʦ ʨʘʩʩʪʦʷʥʠʶ ȹf ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʩʧʝʢʪʨʘʣʴʥʳʤʠ ʤʠʥʠʤʫʤʘʤʠ. ɺ ʢʘʯʝʩʪʚʝ 

ʨʘʙʦʯʝʡ ʦʮʝʥʢʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʦʦʪʥʦʰʝʥʠʷ: ȹf å 1/Ű, Ű å 2nǎ/c ʠ ǎ å c/ (2nȹf), 

ʛʜʝ n ï ʵʬʬʝʢʪʠʚʥʳʡ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʚʦʣʦʢʥʘ, c ï ʩʢʦʨʦʩʪʴ ʩʚʝʪʘ ʚ ʚʘ-

ʢʫʫʤʝ, ǎ ï ʢʦʦʨʜʠʥʘʪʘ ʚʦʟʜʝʡʩʪʚʠʷ. ʇʨʠ ʛʘʨʤʦʥʠʯʝʩʢʦʤ ʚʦʟʜʝʡʩʪʚʠʠ ʩʠʛʥʘʣʳ 
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ʜʚʫʭ ʬʦʪʦʧʨʠʸʤʥʳʭ ʢʘʥʘʣʦʚ ʥʦʨʤʠ-

ʨʦʚʘʣʠʩʴ, ʠʟ ʥʠʭ ʬʦʨʤʠʨʦʚʘʣʠʩʴ 

ʩʫʤʤʘ ʠ ʨʘʟʥʦʩʪʴ, ʟʘʪʝʤ ʚʳʧʦʣʥʷʣʠʩʴ 

ʧʦʣʦʩʦʚʘʷ ʬʠʣʴʪʨʘʮʠʷ, ʚʳʯʠʩʣʝʥʠʝ 

ʘʨʢʪʘʥʛʝʥʩʘ ʠ ʨʘʟʚʸʨʪʢʘ ʬʘʟʳ.   

3. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʫʩʪʘʥʦʚʣʝʥʦ, 

ʯʪʦ ʧʨʠ ʰʠʨʦʢʦʧʦʣʦʩʥʦʤ ʚʦʟʜʝʡ-

ʩʪʚʠʠ ʚ ʩʧʝʢʪʨʝ ʬʦʪʦʧʨʠʸʤʥʦʛʦ ʩʠʛ-

ʥʘʣʘ ʬʦʨʤʠʨʫʝʪʩʷ ʢʚʘʟʠʧʝʨʠʦʜʠʯʝ-

ʩʢʘʷ ʩʠʩʪʝʤʘ ʤʠʥʠʤʫʤʦʚ, ʰʘʛ ʢʦʪʦ-

ʨʦʡ ʟʘʚʠʩʠʪ ʦʪ ʢʦʦʨʜʠʥʘʪʳ 

ʚʦʟʜʝʡʩʪʚʠʷ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʥʦʡ 

ʫʩʪʘʥʦʚʢʠ ʧʦʣʫʯʝʥʘ ʢʘʣʠʙʨʦʚʦʯʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ F = 110192,169Ŀǎī1,021 

(ʨʠʩ. 2), ʛʜʝ F ʟʘʜʘʥʘ ʚ ʛʝʨʮʘʭ, ʘ ǎ ï ʚ ʢʠʣʦʤʝʪʨʘʭ. ʉʨʝʜʥʷʷ ʦʰʠʙʢʘ ʣʦʢʘʣʠʟʘʮʠʠ 

ʩʦʩʪʘʚʠʣʘ 26,7 ʤ, ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʝʩʢʦʝ ʦʪʢʣʦʥʝʥʠʝ ï 425,8 ʤ, ʤʘʢʩʠʤʘʣʴʥʦʝ ʦʪ-

ʢʣʦʥʝʥʠʝ ï 1,0006 ʢʤ. ʇʨʠ ǎ = 0 ʢʤ ʚʳʨʘʞʝʥʥʳʝ ʤʠʥʠʤʫʤʳ ʦʪʩʫʪʩʪʚʦʚʘʣʠ 

ʚʩʣʝʜʩʪʚʠʝ ʥʝʯʫʚʩʪʚʠʪʝʣʴʥʦʡ ʟʦʥʳ, ʘ ʧʨʠ ʜʣʠʥʝ ʣʠʥʠʠ 80 ʢʤ ʦʥʠ ʧʝʨʝʩʪʘʚʘʣʠ 

ʥʘʜʸʞʥʦ ʚʳʜʝʣʷʪʴʩʷ ʥʘ ʬʦʥʝ ʫʭʫʜʰʘʶʱʝʛʦʩʷ ʦʪʥʦʰʝʥʠʷ ʩʠʛʥʘʣ/ʰʫʤ. 

ʆʮʝʥʢʘ ʣʦʢʘʣʴʥʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ ʧʦʢʘʟʘʣʘ, 

ʯʪʦ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʤʝʪʦʜʘ ʙʳʩʪʨʦ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʨʦʩʪʦʤ ʨʘʩʩʪʦʷʥʠʷ: ʟʘʚʠʩʠ-

ʤʦʩʪʴ dF/dǎ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ǎī2,021, ʘ ʚʳʨʘʞʝʥʠʝ ȹǎ å 8,89·10ī3ĿȹFĿǎ2,021 ʫʢʘʟʳ-

ʚʘʝʪ ʥʘ ʧʦʯʪʠ ʢʚʘʜʨʘʪʠʯʥʦʝ ʫʭʫʜʰʝʥʠʝ ʨʘʟʨʝʰʝʥʠʷ ʩ ʫʜʘʣʝʥʠʝʤ ʪʦʯʢʠ ʚʦʟʜʝʡ-

ʩʪʚʠʷ. ʇʨʠ ʵʪʦʤ ʩʦʙʩʪʚʝʥʥʘʷ ʢʨʫʪʠʟʥʘ ʢʘʣʠʙʨʦʚʦʯʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʦʩʪʘʸʪʩʷ ʜʦ-

ʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʡ, ʘ ʢʦʥʝʯʥʘʷ ʧʦʛʨʝʰʥʦʩʪʴ ʦʧʨʝʜʝʣʷʝʪʩʷ ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ 

ʫʩʪʦʡʯʠʚʦʩʪʴʶ ʚʳʜʝʣʝʥʠʷ ʤʠʥʠʤʫʤʦʚ ʠ ʰʫʤʦʚʦʡ ʦʙʩʪʘʥʦʚʢʦʡ. 

ʇʨʠ ʛʘʨʤʦʥʠʯʝʩʢʦʤ ʚʦʟʙʫʞʜʝʥʠʠ ʧʦʩʣʝ ʬʘʟʦʚʦʡ ʜʝʤʦʜʫʣʷʮʠʠ ʚʦʩʩʪʘʥʘʚ-

ʣʠʚʘʣʩʷ ʚʨʝʤʝʥʥʦʡ ʟʘʢʦʥ ʚʦʟʜʝʡʩʪʚʠʷ ʠ ʝʛʦ ʦʩʥʦʚʥʘʷ ʯʘʩʪʦʪʘ. ʆʜʥʘʢʦ ʩʧʝʢ-

ʪʨʘʣʴʥʘʷ ʩʪʨʫʢʪʫʨʘ, ʧʨʠʛʦʜʥʘʷ ʜʣʷ ʣʦʢʘʣʠʟʘʮʠʠ ʧʦ ʤʠʥʠʤʫʤʘʤ, ʧʨʠ ʪʘʢʦʡ ʦʙʨʘ-

ʙʦʪʢʝ ʥʝ ʩʦʭʨʘʥʷʣʘʩʴ. ʊʝʤ ʩʘʤʳʤ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʣʦʢʘʣʠʟʘʮʠʷ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ ʠ ʬʘʟʦʚʘʷ ʜʝʤʦʜʫʣʷʮʠʷ ʥʝ ʷʚʣʷʶʪʩʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤʠ ʵʪʘʧʘʤʠ 

ʦʜʥʦʡ ʧʨʦʮʝʜʫʨʳ, ʘ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʨʘʟʣʠʯʥʳʤ ʠʟʤʝʨʠʪʝʣʴʥʳʤ ʟʘʜʘʯʘʤ, ʨʝʘʣʠʟʫ-

ʝʤʳʤ ʥʘ ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ ʧʘʩʩʠʚʥʦʡ ʩʭʝʤʝ. 

4. ɿʘʢʣʶʯʝʥʠʝ 

ɺ ʪʝʟʠʩʘʭ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ, ʚʘʞʥʳʝ ʜʣʷ ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʛʦ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʷ ʧʘʩʩʠʚʥʳʭ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʯʝʩʢʠʭ ʩʭʝʤ ʩ 3Ĭ3-ʨʘʟʚʝʪʚʠʪʝʣʝʤ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʢʦʦʨʜʠʥʘʪʥʘʷ ʧʨʠʚʷʟʢʘ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʜʦʣʞʥʘ 

ʚʳʧʦʣʥʷʪʴʩʷ ʧʦ ʩʧʝʢʪʨʘʣʴʥʳʤ ʤʠʥʠʤʫʤʘʤ ʩʳʨʦʛʦ ʬʦʪʦʧʨʠʸʤʥʦʛʦ ʩʠʛʥʘʣʘ ʜʦ 

ʜʝʤʦʜʫʣʷʮʠʠ, ʪʦʛʜʘ ʢʘʢ ʬʘʟʦʚʘʷ ʜʝʤʦʜʫʣʷʮʠʷ ʮʝʣʝʩʦʦʙʨʘʟʥʘ ʜʣʷ ʚʦʩʩʪʘʥʦʚʣʝ-

 

ʈʠʩ. 2. ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ ʩ ʧʨʦʩʪʦʡ ʪʝʦʨʝʪʠʯʝʩʢʦʡ 

ʤʦʜʝʣʴʶ ǎ = c/(2nF) 
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ʥʠʷ ʚʨʝʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʛʘʨʤʦʥʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ. ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʨʘʙʦʪʳ 

ʩʦʩʪʦʠʪ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤ ʨʘʟʛʨʘʥʠʯʝʥʠʠ ʵʪʠʭ ʜʚʫʭ ʟʘʜʘʯ ʥʘ ʦʜʥʦʡ ʠ ʪʦʡ 

ʞʝ ʩʭʝʤʝ ʠ ʚ ʧʦʣʫʯʝʥʠʠ ʢʘʣʠʙʨʦʚʦʯʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʥʦʡ ʢʦʥ-

ʬʠʛʫʨʘʮʠʠ. 
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ʅʘ ʘʚʘʨʠʡʥʦʤ ʫʯʘʩʪʢʝ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʢʘʣʠʡʥʳʭ ʩʦʣʝʡ ʨʝʘʣʠʟʦʚʘʥʘ ʢʚʘʟʠʨʘʩ-

ʧʨʝʜʝʣʝʥʥʘʷ ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʩʠʩʪʝʤʘ ʥʘʙʣʶʜʝʥʠʡ DAS ʩ ʦʧʪʦʚʦʣʦʢʦʥʥʳʤ ʢʘʙʝʣʝʤ, 

ʠʟ ʢʦʪʦʨʦʛʦ ʩʬʦʨʤʠʨʦʚʘʥʳ Z-ʛʝʦʬʦʥʳ ʩ ʰʘʛʦʤ 4 ʤ. ʈʝʛʠʩʪʨʘʮʠʷ ʤʠʢʨʦʩʝʡʩʤʠʯʝ-

ʩʢʦʛʦ ʰʫʤʘ ʚʝʜʝʪʩʷ ʢʨʫʛʣʦʩʫʪʦʯʥʦ, ʧʫʪʝʤ ʩʝʡʩʤʠʯʝʩʢʦʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ ʚʳʧʦʣ-

ʥʷʝʪʩʷ ʪʨʘʥʩʬʦʨʤʘʮʠʷ ʚʦʣʥʦʚʦʛʦ ʧʦʣʷ ʢ ʚʠʜʫ ʩʝʡʩʤʦʛʨʘʤʤ ʩ ʚʠʨʪʫʘʣʴʥʳʤ ʠʩʪʦʯ-

ʥʠʢʦʤ. ʂʨʦʩʩ-ʢʦʨʨʝʣʷʮʠʷ ʩʝʡʩʤʠʯʝʩʢʠʭ ʪʨʘʩʩ ʚʳʧʦʣʥʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʛʨʘʬʠʯʝ-

ʩʢʠʭ ʫʩʢʦʨʠʪʝʣʝʡ. ɺʨʝʤʷ ʨʝʛʠʩʪʨʘʮʠʠ ʤʠʢʨʦʩʝʡʩʤʠʯʝʩʢʦʛʦ ʰʫʤʘ ï ʯʝʪʳʨʝ ʤʝʩʷʮʘ, 

ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʩʨʘʚʥʠʪʴ ʩʠʛʥʘʣʳ, ʥʘʢʦʧʣʝʥʥʳʝ ʟʘ ʢʘʞʜʳʡ ʠʟ ʯʝʪʳʨʝʭ ʤʝʩʷʮʝʚ, ʠ 

ʧʦʣʫʯʠʪʴ ʩʪʘʪʠʩʪʠʯʝʩʢʠʝ ʦʮʝʥʢʠ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʘʶʪ ʦʩʥʦʚʘʥʠʝ ʜʣʷ ʧʨʦ-

ʚʝʜʝʥʠʷ ʤʦʥʠʪʦʨʠʥʛʘ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʤʘʩʩʠʚʘ ʩ ʧʦʤʦʱʴʶ ʘʥʘʣʠʟʘ ʩʢʦʨʦʩʪʝʡ ʧʦ-

ʚʝʨʭʥʦʩʪʥʳʭ ʚʦʣʥ, ʠʟʚʣʝʯʝʥʥʳʭ ʠʟ ʧʘʩʩʠʚʥʦʡ ʩʝʡʩʤʠʯʝʩʢʦʡ ʟʘʧʠʩʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: DAS, ɺʝʨʭʥʝʢʘʤʩʢʦʝ ʤʝʩʪʦʨʦʞʜʝʥʠʝ, ʩʝʡʩʤʠʯʝʩʢʘʷ ʠʥ-

ʪʝʨʬʝʨʦʤʝʪʨʠʷ, ʚʦʣʥʘ ʈʵʣʝʷ. 
 

1. ɺʚʝʜʝʥʠʝ 

ʈʘʩʧʨʝʜʝʣʝʥʥʳʝ ʦʧʪʦʚʦʣʦʢʦʥʥʳʝ ʘʢʫʩʪʠʯʝʩʢʠʝ ʜʘʪʯʠʢʠ ʠʤʝʶʪ ʨʷʜ ʩʫʱʝ-

ʩʪʚʝʥʥʳʭ ʧʨʝʠʤʫʱʝʩʪʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʤʠ ʜʘʪʯʠʢʘʤʠ, ʦʩ-

ʥʦʚʥʳʤʠ ʠʟ ʢʦʪʦʨʳʭ ʷʚʣʷʶʪʩʷ ʚʳʩʦʢʘʷ ʧʨʦʧʫʩʢʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʧʝʨʝʜʘʚʘʝʤʳʭ 

ʘʢʫʩʪʠʯʝʩʢʠʭ ʜʘʥʥʳʭ ʠ ʘʛʨʝʛʘʮʠʷ ʪʘʢʠʭ ʜʘʥʥʳʭ ʠʥʪʝʨʨʦʛʘʪʦʨʦʤ ʬʠʟʠʯʝʩʢʠ ʥʘ  

ʦʜʥʦʤ ʫʩʪʨʦʡʩʪʚʝ. ʕʪʠ ʧʨʝʠʤʫʱʝʩʪʚʘ ʚʝʜʫʪ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʫʧʨʦʱʝʥʠʶ ʚʳ-

ʧʦʣʥʝʥʠʷ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʩʝʡʩʤʦʘʢʫʩʪʠʯʝʩʢʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʩʝʡ-

ʩʤʠʯʝʩʢʦʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ ʪʝʭʥʦʛʝʥʥʳʭ ʰʫʤʦʚ. 

ɺ ʜʦʢʣʘʜʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʠ ʧʨʘʢʪʠʯʝʩʢʠʝ ʘʩʧʝʢʪʳ ʧʨʦʚʝ-

ʜʝʥʠʷ ʧʦʜʦʙʥʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ ʥʘ ʦʜʥʦʤ ʠʟ ʦʙʲʝʢʪʦʚ ɺʝʨʭʥʝʢʘʤʩʢʦʛʦ ʤʝʩʪʦʨʦʞ-

ʜʝʥʠʷ ʢʘʣʠʡʥʳʭ ʩʦʣʝʡ. ɻʝʦʬʠʟʠʯʝʩʢʠʡ ʤʦʥʠʪʦʨʠʥʛ ʟʜʝʩʴ ʧʨʦʚʦʜʠʪʩʷ ʜʣʷ ʦʮʝʥʢʠ 

ʨʘʟʚʠʪʠʷ ʪʝʭʥʦʛʝʥʥʦ-ʛʝʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʧʦʩʣʝʜʩʪʚʠʷʤʠ ʦʙ-

ʨʘʟʦʚʘʥʠ ̫ʧʨʦʚʘʣʘ ʥʘ ʟʝʤʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʊʝʦʨʝʪʠʯʝʩʢʠʝ ʧʨʝʜʧʦʩʳʣʢʠ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʦʚʝʜʝʥʠʷ ʤʦʥʠʪʦʨʠʥʛʘ ʦʩʥʦ-

ʚʘʥʳ ʥʘ ʚʟʘʠʤʦʩʚʷʟʠ ʛʝʦʤʝʭʘʥʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʦʜʟʝʤʥʦʡ ʠ ʧʨʠʧʦʚʝʨʭʥʦʩʪ-

ʥʦʡ ʯʘʩʪʝʡ ʤʘʩʩʠʚʘ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʚʘʪʴ ʫʩʪʦʡʯʠʚʦʩʪʴ ʤʘʩʩʠʚʘ ʧʫʪʝʤ ʠʟʤʝ-

ʨʝʥʠʷ ʩʢʦʨʦʩʪʝʡ ʫʧʨʫʛʠʭ ʚʦʣʥ ʚ ʝʛʦ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʯʘʩʪʠ. 
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2. ʇʦʣʫʯʝʥʠʝ ʠ ʦʙʨʘʙʦʪʢʘ ʜʘʥʥʳʭ 

ʇʘʩʩʠʚʥʳʝ ʩʝʡʩʤʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʧʦʣʥʷʶʪʩʷ ʧʫʪʝʤ ʢʦʨʨʝʣʷʮʠʠ 

ʤʠʢʨʦʩʝʡʩʤ, ʨʝʛʠʩʪʨʠʨʫʝʤʳʭ ʧʘʨʦʡ ʜʘʪʯʠʢʦʚ, ʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʦʜʥʦʛʦ ʠʟ ʜʘʪ-

ʯʠʢʦʚ ʚ ʚʠʨʪʫʘʣʴʥʳʡ ʠʩʪʦʯʥʠʢ ʟʘ ʩʯʝʪ ʥʘʢʦʧʣʝʥʠʷ ʪʘʢʠʭ ʩʠʛʥʘʣʦʚ [1]. ʈʝʛʫʣʷʨ-

ʥʘʷ ʨʘʩʩʪʘʥʦʚʢʘ ʜʘʪʯʠʢʦʚ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʥʘʙʦʨ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʩʝʡʩʤʦ-

ʛʨʘʤʤ, ʛʜʝ ʢʘʞʜʳʡ ʠʟ ʜʘʪʯʠʢʦʚ ʧʦʦʯʝʨʝʜʥʦ ʩʪʘʥʦʚʠʪʩʷ ʚʠʨʪʫʘʣʴʥʳʤ ʠʩʪʦʯʥʠʢʦʤ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʘʩʩʠʚʥʘʷ ʟʘʧʠʩʴ ʧʨʠʚʦʜʠʪʩʷ ʢ ʚʠʜʫ ʩʠʩʪʝʤʳ ʤʥʦʛʦʢʨʘʪʥʳʭ ʧʝʨʝ-

ʢʨʳʪʠʡ. 

ʉʫʱʝʩʪʚʝʥʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʦʧʪʦʚʦʣʦʢʦʥʥʦʡ ʨʝʛʠʩʪʨʘʮʠʠ ʷʚʣʷʝʪʩʷ ʚʳʩʦ-

ʢʠʡ ʫʨʦʚʝʥʴ ʰʫʤʘ ʨʝʛʠʩʪʨʠʨʫʝʤʳʭ ʜʘʥʥʳʭ ʠ ʥʘʣʠʯʠʝ «ʬʝʜʠʥʛʘ» ï ʪʨʘʩʩ, ʥʘ ʢʦ-

ʪʦʨʳʭ ʩʠʛʥʘʣ ʬʘʢʪʠʯʝʩʢʠ ʦʪʩʫʪʩʪʚʫʝʪ ʚʩʣʝʜʩʪʚʠʝ ʩʪʘʭʦʩʪʠʯʝʩʢʦʛʦ ʭʘʨʘʢʪʝʨʘ ʦʧ-

ʪʠʯʝʩʢʦʛʦ ʠʟʤʝʨʝʥʠʷ ʢʦʣʝʙʘʥʠʡ ʦʧʪʦʚʦʣʦʢʥʘ. ʇʨʠ ʨʝʛʠʩʪʨʘʮʠʠ ʤʠʢʨʦʩʝʡʩʤ ʵʪʦ 

ʩʦʟʜʘʝʪ ʦʧʨʝʜʝʣʝʥʥʳʝ ʪʨʫʜʥʦʩʪʠ, ʩʚʷʟʘʥʥʳʝ ʩ ʦʙʨʘʙʦʪʢʦʡ ʠ ʥʘʢʦʧʣʝʥʠʝʤ ʟʘʧʠ-

ʩʝʡ. ɼʣʷ ʫʩʪʨʘʥʝʥʠʷ ʪʘʢʦʛʦ ʵʬʬʝʢʪʘ ʚʳʧʦʣʥʷʝʪʩʷ ʦʪʙʨʘʢʦʚʢʘ ʪʨʘʩʩ ʧʦ ʵʥʝʨʛʠʠ ʚ 

ʧʦʣʦʩʝ ʯʘʩʪʦʪ ʮʝʣʝʚʦʛʦ ʩʠʛʥʘʣʘ. 

ʆʧʠʩʳʚʘʝʤʳʝ ʜʘʥʥʳʝ ʧʦʣʫʯʝʥʳ ʥʘ ɺʝʨʭʥʝʢʘʤʩʢʦʤ ʤʝʩʪʦʨʦʞʜʝʥʠʠ ʩʦʣʝʡ. 

ʈʝʛʠʩʪʨʘʮʠʷ ʚʝʜʝʪʩʷ ʚ ʢʨʫʛʣʦʩʫʪʦʯʥʦʤ ʨʝʞʠʤʝ ʧʦ ʧʨʦʬʠʣʶ ʜʣʠʥʦʡ 600 ʤ, ʥʘ ʢʦ-

ʪʦʨʦʤ ʯʝʨʝʟ 4 ʤ ʩʬʦʨʤʠʨʦʚʘʥʳ ʦʧʪʦʚʦʣʦʢʦʥʥʳʝ Z-ʛʝʦʬʦʥʳ [2]. ʇʨʠ ʯʘʩʪʦʪʝ ʜʠʩ-

ʢʨʝʪʠʟʘʮʠʠ 400 ɻʮ ʦʜʠʥ ʧʨʠʝʤʥʠʢ ʚ ʩʫʪʢʠ ʨʝʛʠʩʪʨʠʨʫʝʪ ʧʨʠʤʝʨʥʦ 138 ʄʙ ʜʘʥʥʳʭ, 

ʯʪʦ ʜʣʷ 150 ʧʨʠʝʤʥʠʢʦʚ ʜʘʝʪ ʙʦʣʝʝ 20 ɻʙ ʩʝʡʩʤʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʮʠʠ. ʇʦʣʥʦʝ ʢʦ-

ʣʠʯʝʩʪʚʦ ʚʳʯʠʩʣʷʝʤʳʭ ʢʨʦʩʩʢʦʨʨʝʣʷʮʠʦʥʥʳʭ ʪʨʘʩʩ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʢʚʘʜʨʘʪʫ 

ʢʦʣʠʯʝʩʪʚʘ ʠʩʭʦʜʥʳʭ ʪʨʘʩʩ. ʉ ʫʯʝʪʦʤ ʦʛʨʘʥʠʯʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʫʜʘʣʝʥʠʷ ʤʝʞ-

ʜʫ ʧʨʠʝʤʥʠʢʘʤʠ ʚʳʯʠʩʣʷʝʪʩʷ 9600 ʢʨʦʩʩʢʦʨʨʝʣʷʮʠʦʥʥʳʭ ʪʨʘʩʩ, ʩʛʨʫʧʧʠʨʦʚʘʥʥʳʭ 

ʚ 150 ʩʝʡʩʤʦʛʨʘʤʤ. ʂʨʦʩʩ-ʢʦʨʨʝʣʷʮʠʷ ʚʳʧʦʣʥʷʝʪʩʷ ʥʘ ʛʨʘʬʠʯʝʩʢʦʤ ʫʩʢʦʨʠʪʝʣʝ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦ-ʘʧʧʘʨʘʪʥʦʡ ʘʨʭʠʪʝʢʪʫʨʳ ʧʘʨʘʣʣʝʣʴʥʳʭ ʚʳʯʠʩʣʝʥʠʡ 

(CUDA), ʯʪʦ ʜʘʝʪ ʧʨʠʨʦʩʪ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʧʨʠʤʝʨʥʦ ʚ 20 ʨʘʟ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʚʳʯʠʩʣʝʥʠʷʤʠ ʥʘ ʮʝʥʪʨʘʣʴʥʦʤ ʧʨʦʮʝʩʩʦʨʝ. 

ɺ ʚʦʣʥʦʚʦʝ ʧʦʣʝ ʤʠʢʨʦʩʝʡʩʤ ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚʥʦʩʷʪ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʚʦʣʥʳ 

ʈʵʣʝʷ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 1ï20 ɻʮ, ʢʦʪʦʨʳʝ ʚʦʟʥʠʢʘʶʪ ʚ ʧʨʦʮʝʩʩʝ ʨʘʙʦʪʳ ʧʨʦ-

ʤʳʰʣʝʥʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʠ ʘʚʪʦʪʨʘʥʩʧʦʨʪʘ. ʊʨʘʜʠʮʠʦʥʥʳʤ ʠ ʟʘʯʘʩʪʫʶ ʝʜʠʥ-

ʩʪʚʝʥʥʳʤ ʤʝʪʦʜʦʤ ʦʙʨʘʙʦʪʢʠ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʚʦʣʥ ʈʵʣʝʷ ʷʚʣʷʝʪʩʷ ʤʥʦʛʦʢʘʥʘʣʴ-

ʥʳʡ ʘʥʘʣʠʟ ʜʠʩʧʝʨʩʠʠ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʚʦʣʥ [3]. ʕʪʦʪ ʩʧʦʩʦʙ ʠʤʝʝʪ ʨʷʜ ʦʛʨʘʥʠ-

ʯʝʥʠʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʧʦ ʫʩʪʦʡʯʠʚʦʩʪʠ ʠʥʚʝʨʩʠʠ ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʢʨʠʚʦʡ ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ ʛʣʫʙʠʥʥʦʛʦ ʨʘʟʨʝʟʘ ʩʢʦʨʦʩʪʝʡ ʫʧʨʫʛʠʭ ʚʦʣʥ [4]. ɼʣʷ ʮʝʣʝʡ ʛʝʦʬʠʟʠ-

ʯʝʩʢʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ ʧʨʝʜʣʦʞʝʥ ʩʧʦʩʦʙ ʩʢʦʨʦʩʪʥʦʛʦ ʘʥʘʣʠʟʘ ʠʟʚʣʝʢʘʝʤʦʛʦ ʧʦʣʷ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʚʦʣʥ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ ʧʨʠʤʝʥʝʥʠʷ ʨʘʩʩʯʠʪʳʚʘʝʤʳʭ ʩʢʦʨʦʩʪʝʡ 

ʚ ʢʘʯʝʩʪʚʝ ʠʥʜʠʢʘʪʦʨʘ ʥʘʣʠʯʠʷ ʠʟʤʝʥʝʥʠʡ ʚ ʤʘʩʩʠʚʝ. ʆʙʨʘʙʦʪʢʘ ʯʝʪʳʨʝʭʤʝʩʷʯ-

ʥʦʛʦ ʤʘʩʩʠʚʘ ʜʘʥʥʳʭ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʦʮʝʥʠʪʴ ʩʪʘʪʠʩʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʠʟʤʝʨʷʝʤʳʭ ʩʢʦʨʦʩʪʝʡ ʠ ʩʨʘʚʥʠʪʴ ʧʦʣʫʯʘʝʤʳʝ ʩʢʦʨʦʩʪʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ (ʨʠ-

ʩʫʥʦʢ). ɼʣʷ ʝʞʝʜʥʝʚʥʦʡ ʦʮʝʥʢʠ ʩʢʦʨʦʩʪʠ ʜʚʦʡʥʦʝ ʩʪʘʥʜʘʨʪʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʩʦ-

ʩʪʘʚʣʷʝʪ ʦʪ 5 ʜʦ 13 % ʜʣʷ ʨʘʟʥʳʭ ʠʥʪʝʨʚʘʣʦʚ ʯʘʩʪʦʪ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʠʤ ʩʢʦ-

ʨʦʩʪʝʡ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʪʦʯʥʦʩʪʠ ʥʝ ʭʫʞʝ, ʯʝʤ 5 %, ʥʝʦʙʭʦʜʠʤʦ ʥʘʢʦʧʣʝʥʠʝ ʠʟ-



 

 
116 

ʤʝʨʝʥʠʡ ʚ ʪʝʯʝʥʠʝ ʧʷʪʠ ʩʫʪʦʢ. ɺ ʫʩʣʦʚʠʷʭ ʠʥʪʝʥʩʠʚʥʦʛʦ ʨʘʟʚʠʪʠʷ ʪʝʭʥʦʛʝʥʥʦ-

ʛʝʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʪʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʨʘʩʰʠʨʠʪʴ ʘʨʩʝʥʘʣ ʩʨʝʜʩʪʚ 

ʤʦʥʠʪʦʨʠʥʛʘ ʥʘ ʘʚʘʨʠʡʥʦʤ ʫʯʘʩʪʢʝ ʤʝʩʪʦʨʦʞʜʝʥʠʷ. 
 

 

ʈʠʩ. ʈʝʟʫʣʴʪʘʪʳ ʩʢʦʨʦʩʪʥʦʛʦ ʘʥʘʣʠʟʘ ʧʘʩʩʠʚʥʳʭ ʩʝʡʩʤʠʯʝʩʢʠʭ  

ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʧʫʪʝʤ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ 

3. ɿʘʢʣʶʯʝʥʠʝ 

ɺʥʝʜʨʝʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʦʧʪʦʚʦʣʦʢʦʥʥʳʭ ʘʢʫʩʪʠʯʝʩʢʠʭ ʜʘʪʯʠʢʦʚ ʨʘʩ-

ʰʠʨʷʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʛʝʦʬʠʟʠʯʝʩʢʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ, ʚ ʪʦʤ ʯʠʩʣʝ ʩ ʧʨʠʤʝʥʝʥʠʝʤ 

ʩʭʝʤʳ ʦʮʝʥʢʠ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʧʦʨʦʜʥʦʛʦ ʤʘʩʩʠʚʘ ʙʝʟ ʧʨʠʤʝʥʝʥʠʷ ʘʢʪʠʚʥʳʭ ʠʩ-

ʪʦʯʥʠʢʦʚ ʚʦʟʙʫʞʜʝʥʠʷ ʢʦʣʝʙʘʥʠʡ. ʅʘ ʘʚʘʨʠʡʥʦʤ ʫʯʘʩʪʢʝ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʢʘʣʠʡ-

ʥʳʭ ʩʦʣʝʡ ʨʝʘʣʠʟʦʚʘʥʘ ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʩʠʩʪʝʤʘ ʥʘʙʣʶʜʝʥʠʡ. ɺ ʢʘʯʝʩʪʚʝ ʯʫʚʩʪʚʠ-
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ʪʝʣʴʥʦʛʦ ʵʣʝʤʝʥʪʘ ʚʳʩʪʫʧʘʝʪ ʦʧʪʦʚʦʣʦʢʦʥʥʳʡ ʢʘʙʝʣʴ, ʟʘʢʦʧʘʥʥʳʡ ʥʘ ʛʣʫʙʠʥʝ 

ʧʦʨʷʜʢʘ 1 ʤ. ɼʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʚʝʨʪʠʢʘʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʚʦʣʥʦʚʦʛʦ ʧʦʣʷ ʯʝʨʝʟ 

ʢʘʞʜʳʝ 4 ʤ ʢʘʙʝʣʴ ʥʘʤʦʪʘʥ ʥʘ ʥʘʧʨʘʚʣʷʶʱʠʝ, ʨʘʟʤʝʱʝʥʥʳʝ ʚʝʨʪʠʢʘʣʴʥʦ. ʈʝʛʠ-

ʩʪʨʘʮʠʷ ʤʠʢʨʦʩʝʡʩʤʠʯʝʩʢʦʛʦ ʰʫʤʘ ʚʝʜʝʪʩʷ ʢʨʫʛʣʦʩʫʪʦʯʥʦ. ʇʫʪʝʤ ʩʝʡʩʤʠʯʝʩʢʦʡ 

ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ ʚʳʧʦʣʥʷʝʪʩʷ ʪʨʘʥʩʬʦʨʤʘʮʠʷ ʚʦʣʥʦʚʦʛʦ ʧʦʣʷ ʢ ʚʠʜʫ ʩʝʡʩʤʦ-

ʛʨʘʤʤ ʩ ʚʠʨʪʫʘʣʴʥʳʤ ʠʩʪʦʯʥʠʢʦʤ. ʂʨʦʩʩ-ʢʦʨʨʝʣʷʮʠʷ ʩʝʡʩʤʠʯʝʩʢʠʭ ʪʨʘʩʩ ʚʳ-

ʧʦʣʥʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʛʨʘʬʠʯʝʩʢʠʭ ʫʩʢʦʨʠʪʝʣʝʡ. ʇʨʠ ʫʩʨʝʜʥʝʥʠʠ ʠ ʥʘʢʦʧʣʝʥʠʠ 

ʙʨʘʢʦʚʘʥʥʳʝ ʪʨʘʩʩʳ ʦʙʥʫʣʷʶʪʩʷ. ɺʨʝʤʷ ʨʝʛʠʩʪʨʘʮʠʠ ʤʠʢʨʦʩʝʡʩʤʠʯʝʩʢʦʛʦ ʰʫʤʘ 

ï ʯʝʪʳʨʝ ʤʝʩʷʮʘ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʩʨʘʚʥʠʪʴ ʩʠʛʥʘʣʳ, ʥʘʢʦʧʣʝʥʥʳʝ ʟʘ ʢʘʞʜʳʡ ʠʟ 

ʯʝʪʳʨʝʭ ʤʝʩʷʮʝʚ, ʠ ʧʦʣʫʯʠʪʴ ʩʪʘʪʠʩʪʠʯʝʩʢʠʝ ʦʮʝʥʢʠ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʜʘʶʪ ʦʩʥʦʚʘʥʠʝ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʤʦʥʠʪʦʨʠʥʛʘ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʤʘʩʩʠʚʘ ʩ ʧʦʤʦ-

ʱʴʶ ʘʥʘʣʠʟʘ ʩʢʦʨʦʩʪʝʡ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʚʦʣʥ, ʠʟʚʣʝʯʝʥʥʳʭ ʠʟ ʧʘʩʩʠʚʥʦʡ ʩʝʡʩʤʠ-

ʯʝʩʢʦʡ ʟʘʧʠʩʠ. 
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ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʵʢʩʧʝʨʠʤʝʥʪ ʠ ʘʥʘʣʠʟ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʄ.ɸ. ɼʘʚʳʜʦʚ 1,2* , ɸ.ʉ. ʉʠʜʦʨʦʚ1,3, ʖ.ɺ. ʌʠʣʘʪʦʚ2, ʂ.ɸ. ʉʘʬʘʨʷʥ4, 

ɸ.ʅ. ʂʦʥʜʨʘʰʦʚ1 

1 ʆʆʆ «ʀʥʚʝʨʩʠʷ-ʉʝʥʩʦʨ», ʛ. ʇʝʨʤʴ, 
2 ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʵʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ «ʃʕʊʀ» 

ʠʤ. ɺ.ʀ. ʋʣʴʷʥʦʚʘ (ʃʝʥʠʥʘ), 
3 ʇʝʨʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, 
4 ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʀʊʄʆ, ʛ. ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, 

davydov@i-sensor.ru*, inform@i-sensor.ru, e-info@etu.ru, info@psu.ru, od@itmo.ru 

 

ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʡ ʠʥʢʣʠʥʦʤʝʪʨ, ʚ ʢʦʪʦʨʦʤ ʫʛʦʣ 

ʥʘʢʣʦʥʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʠʩʢʘʞʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʚ ʛʝʨʤʝʪʠʯʥʦʡ ʛʘʟʦ-

ʥʘʧʦʣʥʝʥʥʦʡ ʧʦʣʦʩʪʠ. ɼʠʬʬʝʨʝʥʮʠʘʣʴʥʳʡ ʪʝʧʣʦʚʦʡ ʦʪʢʣʠʢ ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʧʘ-

ʨʦʡ ʚʦʣʦʢʦʥʥʳʭ ʙʨʵʛʛʦʚʩʢʠʭ ʨʝʰʝʪʦʢ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʩʠʤʤʝʪʨʠʯʥʦ ʦʪʥʦʩʠ-

ʪʝʣʴʥʦ ʣʠʥʝʡʥʦʛʦ ʥʘʛʨʝʚʘʪʝʣʷ. ʉ ʮʝʣʴʶ ʧʦʚʳʰʝʥʠʷ ʫʛʣʦʚʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ 

ʧʨʝʜʣʦʞʝʥ ʤʝʪʦʜ ʣʦʢʘʣʴʥʦʛʦ ʥʘʥʝʩʝʥʠʷ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʧʦʢʨʳʪʠʷ (ʧʨʠʧʦʷ) ʥʘ 

ʚʦʣʦʢʥʦ ʚ ʟʦʥʝ ʙʨʵʛʛʦʚʩʢʠʭ ʨʝʰʝʪʦʢ ʪʦʣʱʠʥʦʡ 0,2 ʤʤ, ʯʪʦ ʪʝʦʨʝʪʠʯʝʩʢʠ ʫʚʝʣʠ-

ʯʠʚʘʝʪ ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʚ 35 ʨʘʟ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʢʦʥʚʝʢʪʠʚʥʳʡ ʜʘʪʯʠʢ ʫʛʣʘ ʥʘʢʣʦʥʘ, ʠʥʢʣʠʥʦʤʝʪʨ ʚʦʣʦ-

ʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʡ, ɺɹʈ. 
 

1. ʈʘʟʨʘʙʦʪʢʘ ʤʘʢʝʪʘ 

ʈʘʥʝʝ, ʚ ʨʘʤʢʘʭ ʧʨʦʚʝʜʸʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʠ ʘʧʨʦʙʠʨʦʚʘ-

ʥʘ ʢʦʥʩʪʨʫʢʮʠʷ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʦʛʦ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʠʥʢʣʠʥʦʤʝʪʨʘ ʢʫʙʠʯʝʩʢʦ-

ʛʦ ʪʠʧʘ ʩ ʚʥʝʰʥʝʡ ʩʪʦʨʦʥʦʡ 16 ʤʤ ʠ ʚʥʫʪʨʝʥʥʝʡ ʧʦʣʦʩʪʴʶ 8 ʤʤ. ʅʘ ʪʨʸʭʤʝʨʥʦʡ 

ʤʦʜʝʣʠ, ʧʦʩʪʨʦʝʥʥʦʡ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ COMSOL Multiphysics, ʙʳʣ ʚʳ-

ʧʦʣʥʝʥ ʘʥʘʣʠʟ ʟʘʚʠʩʠʤʦʩʪʝʡ ʨʘʟʥʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨ ʠ ʜʣʠʥ ʚʦʣʥ ʦʪ ʫʛʣʘ ʥʘʢʣʦʥʘ 

ʜʘʪʯʠʢʘ, ʨʘʟʤʝʨʘ ʧʦʣʦʩʪʠ ʠ ʨʘʩʩʪʦʷʥʠʷ ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʦʪ ʥʘʛʨʝʚʘʪʝʣʷ. 

ʉʦʙʨʘʥ ʦʧʳʪʥʳʡ ʦʙʨʘʟʝʮ (ʨʠʩ. 1) ʚ ʚʠʜʝ ʘʣʶʤʠʥʠʝʚʦʛʦ ʢʫʙʘ 16Ĭ16Ĭ16 ʤʤ ʩ 

ʧʦʣʦʩʪʴʶ 10Ĭ10Ĭ10 ʤʤ, ʟʘʧʦʣʥʝʥʥʦʡ ʚʦʟʜʫʭʦʤ, ʩ ʣʠʥʝʡʥʳʤ ʥʘʛʨʝʚʘʪʝʣʝʤ ʠ 

ʩʠʤʤʝʪʨʠʯʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʚʦʣʦʢʦʥʥʳʤʠ ʙʨʵʛʛʦʚʩʢʠʤʠ ʨʝʰʸʪʢʘʤʠ (ɺɹʈ).  

ɺ ʭʦʜʝ ʠʩʧʳʪʘʥʠʡ ʫʩʪʘʥʦʚʣʝʥʘ ʣʠʥʝʡʥʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ (ʨʠʩ. 2) 6,6 ʧʤ/Á  

ʚ ʜʠʘʧʘʟʦʥʝ ʜʦ 65Á, ʯʪʦ ʧʨʝʚʳʩʠʣʦ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʧʨʦʛʥʦʟʳ. ʆʧʨʝʜʝʣʝʥʘ ʦʧʪʠ-

ʤʘʣʴʥʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ: ʧʦʣʦʩʪʴ 10Ĭ10Ĭ10 ʤʤ, ʨʘʩʩʪʦʷʥʠʝ ʜʦ ʥʘʛʨʝʚʘʪʝʣʷ 2 ʤʤ. 

ʇʨʠ ʩʧʝʢʪʨʘʣʴʥʦʤ ʨʘʟʨʝʰʝʥʠʠ ʠʥʪʝʨʨʦʛʘʪʦʨʘ 1 ʧʤ, ʣʠʥʝʡʥʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ 

ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʤʘʢʝʪʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʮʝʥʢʝ ʫʛʣʦʚʦʛʦ ʨʘʟʨʝʰʝʥʠʷ 0,15Á. 

mailto:davydov@i-sensor.ru*
mailto:inform@i-sensor.ru
mailto:e-info@etu.ru
mailto:info@psu.ru
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ʈʠʩ. 1. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʦʙʨʘʟʝʮ ʠʥʢʣʠʥʦʤʝʪʨʘ 

 

ʘ     ʙ  

ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʨʘʟʥʦʩʪʠ ʜʣʠʥ ʚʦʣʥ ʦʪ ʚʨʝʤʝʥʠ (ʘ),  

ʟʘʚʠʩʠʤʦʩʪʴ ʨʘʟʥʦʩʪʠ ʜʣʠʥ ʚʦʣʥ ʦʪ ʫʛʣʘ ʥʘʢʣʦʥʘ (ʙ) 

 

ʇʦʩʢʦʣʴʢʫ ʧʦʣʫʯʝʥʥʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʧʨʠ ʟʘʜʘʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʷʚʣʷʝʪʩʷ 

ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʚ ʩʨʘʚʥʝʥʠʠ, ʥʘʧʨʠʤʝʨ, ʩ MEMS-ʠʥʢʣʠʥʦʤʝʪʨʦʤ POSITAL 

TILTIX [ 1], ʨʘʟʨʝʰʝʥʠʝ ʢʦʪʦʨʳʭ ʩʦʩʪʘʚʣʷʝʪ 0,01°, ʧʨʝʜʣʘʛʘʝʪʩʷ ʨʘʩʩʤʘʪʨʠʚʘʪʴ 

ʩʧʦʩʦʙʳ ʧʦʚʳʰʝʥʠʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʜʘʪʯʠʢʘ. 

ɺ ʨʘʙʦʪʝ [2] ʙʳʣʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʥʝʩʝʥʠʝ ʥʘ ɺɹʈ (ʚʦ-

ʣʦʢʥʦ SMF-28) ʧʦʢʨʳʪʠʷ ʠʟ ʣʝʛʢʦʧʣʘʚʢʠʭ ʤʝʪʘʣʣʦʚ (ʦʣʦʚʦ, ʧʨʠʧʦʡ Sn63Pb37) 

ʧʦʚʳʰʘʝʪ ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʧʨʠʤʝʨʥʦ ʚ ʯʝʪʳʨʝ ʨʘʟʘ  

(ʩ ~10,16 ʧʤ/ÁC ʜʦ ~42,00 ʧʤ/ÁC) ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʨʝʟʢʦʤ ʧʦʜʘʚʣʝʥʠʠ ʦʪ-

ʢʣʠʢʘ ʥʘ ʤʝʭʘʥʠʯʝʩʢʦʝ ʨʘʩʪʷʞʝʥʠʝ. ɺ ʨʘʙʦʪʝ [3] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʢʨʳʪʠʝ ɺɹʈ 

ʮʠʢʣʠʯʝʩʢʠʤ ʧʦʣʠʙʫʪʠʣʝʥʪʝʨʝʬʪʘʣʘʪʦʤ (c-PBT) ʧʦʚʳʰʘʝʪ ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʯʫʚ-

ʩʪʚʠʪʝʣʴʥʦʩʪʴ ʚ 11 ʨʘʟ (ʜʦ 0,11 ʥʤ/ÁC). ɸʣʴʪʝʨʥʘʪʠʚʥʳʡ ʧʦʜʭʦʜ ʧʨʝʜʩʪʘʚʣʝʥ ʚ 

[5, 6]: ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʝ ʥʘʪʷʞʝʥʠʝ ʚʦʣʦʢʥʘ ʫʚʝʣʠʯʠʚʘʝʪ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʧʦ-

ʣʠʤʝʨʥʳʭ ɺɹʈ ʢ ʜʘʚʣʝʥʠʶ ʧʨʠʤʝʨʥʦ ʚ 5 ʨʘʟ (ʜʦ 71,9 ʧʤ/ʄʇʘ), ʢ ʪʝʤʧʝʨʘʪʫʨʝ ï 

ʙʦʣʝʝ ʯʝʤ ʚ 10 ʨʘʟ (ʜʦ ï47,3 ʧʤ/ÁC), ʘ ʪʘʢʞʝ ʧʦʟʚʦʣʷʝʪ ʤʝʥʷʪʴ ʟʥʘʢ ʪʝʤʧʝʨʘʪʫʨ-

ʥʦʛʦ ʦʪʢʣʠʢʘ (ʩ +21,5 ʧʤ/ÁC ʜʦ ï70,0 ʧʤ/ÁC ʧʨʠ ʥʘʪʷʞʝʥʠʠ 0,5 %) ʠ ʧʦʜʘʚʣʷʪʴ 

ʦʪʢʣʠʢ ʥʘ ʚʣʘʞʥʦʩʪʴ. ʆʜʥʘʢʦ ʦʙʝʩʧʝʯʝʥʠʝ ʢʦʥʪʨʦʣʠʨʫʝʤʦʛʦ ʠ ʚʦʩʧʨʦʠʟʚʦʜʠ-

ʤʦʛʦ ʥʘʪʷʞʝʥʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʝʪʨʠʚʠʘʣʴʥʫʶ ʟʘʜʘʯʫ, ʪʨʝʙʫʶʱʫʶ ʦʪ-

ʜʝʣʴʥʦʡ ʧʨʦʨʘʙʦʪʢʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʚ ʥʘʩʪʦʷʱʝʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʤʳ ʦʛʨʘʥʠʯʠʚʘ-

ʝʤʩʷ ʢʦʥʬʠʛʫʨʘʮʠʷʤʠ, ʦʩʥʦʚʘʥʥʳʤʠ ʥʘ ʥʘʥʝʩʝʥʠʠ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʦʢʨʳʪʠʡ ʥʘ 

ʯʫʚʩʪʚʠʪʝʣʴʥʳʝ ʵʣʝʤʝʥʪʳ. 
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2. ʇʦʚʳʰʝʥʠʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʤʘʢʝʪʘ 

ʅʘ ʨʠʩ. 3 ʧʨʝʜʩʪʘʚʣʝʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʣʫʯʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠ-

ʮʠʝʥʪʘ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʪʦʣʱʠʥ ʤʝʪʘʣʣʠʯʝ-

ʩʢʦʛʦ ʧʦʢʨʳʪʠʷ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʟʘʚʠʩʠʤʦʩʪʴ ʥʦʩʠʪ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʡ ʭʘʨʘʢʪʝʨ. 

ɼʣʷ ʤʠʥʠʤʠʟʘʮʠʠ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʠʟʤʝʥʝʥʠʡ ʤʘʢʝʪʘ ʚʳʙʨʘʥʘ ʪʦʣʱʠʥʘ ʧʦʢʨʳʪʠʷ 

0,2 ʤʤ, ʧʨʠ ʢʦʪʦʨʦʡ ʢʦʵʬʬʠʮʠʝʥʪ ʨʘʩʰʠʨʝʥʠʷ ʩʦʩʪʘʚʠʣ ~0,19 Ĭ 104 1/K ï ʵʪʦ 

ʧʨʠʤʝʨʥʦ ʚ 35 ʨʘʟ ʧʨʝʚʳʰʘʝʪ ʟʥʘʯʝʥʠʝ ʜʣʷ ʯʠʩʪʦʛʦ ʢʚʘʨʮʘ. 

 

ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʨʘʩʰʠʨʝʥʠʷ  

ʦʪ ʪʦʣʱʠʥʳ ʩʣʦʷ 

ɺ ʜʦʢʣʘʜʝ ʙʫʜʫʪ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʧʨʠʤʝʥʝʥʠʷ ʜʘʥʥʳʭ ʨʘʩʯʸʪʦʚ ʚ 

ʢʦʥʩʪʨʫʢʮʠʠ ʤʘʢʝʪʘ ʜʘʪʯʠʢʘ ʫʛʣʘ ʥʘʢʣʦʥʘ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. POSITAL. ACS-090-2-CA01-HE3-PM: TILTIX 2 -Axes Inclinometer. Meas-

urement range ± 90°, accuracy ± 0.10°, resolution 0.01° [ʕʣʝʢʪʨʦʥʥʳʡ ʨʝʩʫʨʩ]. ï 

URL: https://www.posital.com/en/products/inclinometers/ACS-090-2-CA01-HE3-
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Femtosecond (fs) laser inscription enables efficient fabrication of artificial scat-

terers with enhanced Rayleigh backscattering (RB) in optical fibers. We review recent 

advances in both conventional direct-writing and structured-light-assisted approaches, 

including spatial light modulator (SLM) -based techniques for precise 3D control of 

scatterers structure geometry. Discrete-point random reflectors provide superior per-

formance, achieving RB level enhancement up to ~60 dB with low insertion losses and 

weak polarization dependence. In multimode fibers, tailored 3D reflectors enable 

mode-selective scattering in addition to the improvement of RB level. These fabricated 

scatterers are successfully applied in fiber lasers and distributed sensing, demonstrat-

ing improved linewidth and reduced random lasing thresholds, enhanced signal-to-

noise ratio and robustness to optical losses, respectively. 

Keywords: femtosecond laser processing, Rayleigh backscattering, distributed 

fiber sensing, fiber lasers. 
 

1. Introduction  

Natural Rayleigh backscattering (RB) in optical fibers, originating from intrinsic 

refractive index inhomogeneities, sets the fundamental limit for signal attenuation in 

telecom fibers. Although its amplitude is extremely low, RB provides a unique random 

spectral and spatial fingerprint, enabling applications in distributed fiber sensing [1] 

and random fiber lasers [2]. However, weak RB limits spatial resolution and signal-to-

noise ratio in sensing systems and requires either long fiber lengths or high pump 

powers in laser applications, motivating the development of artificial scatterers fabri-

cation to enhance RB. 

Various approaches have been explored to fabricate artificial scatterers. Nanoparti-

cle doping can enhance scattering by up to 50 dB but introduces high insertion losses 

and complex fabrication [3]. UV-based techniques, such as hydrogen-loaded fiber irra-

diation [4] or chirped fiber Bragg grating inscription [5], achieve moderate RB level en-
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hancement (~20 dB). However, it is limited by narrow spectral bandwidth and reduced 

effectiveness outside the design range. More advanced inscription techniques, such as 

Talbot interferometer schemes with randomized phase mask movement [6], can further 

increase RB level, achieving up to 50 dB, but such techniques remain limited in spectral 

bandwidth and involve technically complex procedures. 

Direct laser-based modification, particularly with the use of femtosecond (fs) la-

ser, offers a flexible and efficient alternative. Femtosecond pulses can induce smooth 

refractive index changes, nanogratings, or microvoids, producing broadband RB en-

hancement in non-photosensitive fibers, even through coatings, with high thermal sta-

bility [7]. Artificial Rayleigh reflectors can also be formed as discrete scattering points, 

functioning as ultra-weak gratings or microcavities, providing substantial RB level en-

hancement with low insertion losses [8]. This approach enables improved performance 

in distributed sensing and random fiber lasers while overcoming the limitations of 

conventional techniques. 

In this study, we review recent progress in fabrication of artificial scatterers with 

femtosecond laser exposure, including conventional direct-writing techniques as well as 

novel approaches based on the structured light formed with spatial light modulator (SLM). 

2. Results and discussion 

Artificial scatterers fabricated by tightly focused fs laser pulses enable a sub-

stantial RB level enhancement in both single-mode and multimode fibers. Two 

primary inscription regimes ï continuous and discrete-point ï were investigated 

and compared. 

In the continuous regime, overlapping laser-induced refractive index modifica-

tions in single-mode fibers results in a broadband RB enhancement of up to +50 dB 

relative to the intrinsic RB level. However, such regime exhibits relatively high inser-

tion losses of approximately 0.95 dB/cm and demonstrates significant polarization-

dependent backscattering due to the formation of nanogratings at higher pulse energies. 

Discrete-point reflectors, created by individual fs pulses randomly spaced at approxi-

mately 50 µm intervals in a single-mode fiber, achieve a superior RB level enhance-

ment of up to +60 dB (fig. 1, a, b) and a broadband reflection spectrum within the tel-

ecom spectral range of 80 nm around 1550 nm (fig. 1, c). These structures exhibit sub-

stantially lower insertion losses (0.086ï0.17 dB/cm) and weak polarization 

dependence, making such reflectors more suitable for applications requiring low loss 

and high RB contrast [9]. 

In multimode graded-index fibers, RB level strongly depends on the transverse 

positioning of the discrete artificial scatterers. 1D arrays centered in the fiber core 

provide higher and more uniform RB enhancement (+54 dB) than 3D arrays (ran-

dom ± 10 µm shifts from the fiber axis), which yield +45 dB but exhibit mode-

dependent scattering behavior. The mode composition incident on the reflector criti-

cally affects the RB level, with higher-order modes enabling more uniform backscat-

tering from 3D structures. 
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Moreover, we experimentally demonstrate a multicore fiber 3D shape sensor with 

enhanced RB achieved via fs laser inscription of randomly distributed discrete-point re-

flectors in the fiber cores. The enhanced RB improves the signal-to-noise ratio and pro-

vides robustness to additional optical losses up to 20 dB [10]. The sensor maintains a 

relative shape reconstruction error below 4 %, whereas conventional sensors based on 

intrinsic RB show severe degradation. Both 2D and 3D shapes are accurately recon-

structed (fig. 1, dïg), with reconstruction error increasing slightly at smaller curvature 

radii but remaining below ~5 %. These results demonstrate a robust and efficient ap-

proach for high-precision, loss-tolerant distributed fiber-optic shape sensing. 
 

 

Fig. 1. OFDR trace of discrete-point reflectors array, inscribed in Fibercore SM1500 (9/125) 

P fiber at different laser pulse energies (a), OFDR trace (b) and reflection spectrum (c) 

of discrete-point reflectors inscribed in Fibercore SM1500 (9/125) P fiber at laser pulse 

energy of 620 nJ. The measured shapes of spiral curves with different curvature diameter D 

and spiral pitch h (solid lines) and ground truth curves (dashed lines): d ï 3D view;  

e ï XZ projection; f ï XY projection; g ï YZ projection 

 

In contrast to conventional fs inscription techniques, the use of a structured light 

provides enhanced flexibility in controlling the three-dimensional geometry of artificial 

scatterers In particular, spatial light modulator (SLM) -assisted femtosecond laser in-

scription provides a flexible platform for fabrication of artificial reflectors with precisely 

tailored 3D reflectors inside optical fibers. In single-mode fibers, line-by-line inscription 

produces broadband reflectors with RB level enhancement up to ~50 dB/mm, with the 

reflection characteristics governed by pulse energy and reflector length (figs. 2, aïd). In 

multimode graded-index fibers, point-by-point inscription assisted by a SLM allows the 

formation of ring-shaped reflectors with tailored transverse geometry (fig. 2, e), achiev-

ing RB level enhancement up to ~67 dB/mm (fig. 2, f) and broadband reflection due to 

randomized geometrical parameters. Such fs-inscribed ring-shaped reflectors were suc-

cessfully implemented in fiber lasers, enabling narrow-linewidth Er-doped fiber laser 

with random distributed feedback and low-threshold random Raman lasing in kilometer-

scale multimode fibers, demonstrating improved efficiency and beam quality, or special 

(e.g. ring) beam shapes [11]. 
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Fig. 2. Artificial reflector inscribed by line-by-line technique: a ï schematic image 

of inscription process with scanning fs pulses by SLM (red dot line) and top-view (b).  

The reflection spectrum of Rayleigh reflectors with a length of 2 mm and 0.2 mm (c).  

RB level enhancement as a function of pulse energy (d). Image of single rings inscribed 

by 50× microscope objectives in the fiber cross-section at 105 nJ pulse energy (e).  

RB level of ring-shaped reflector with random distance variation and a constant diameter (f) 

3. Conclusion 

In conclusion, femtosecond laser inscription provides a versatile and efficient ap-

proach for the fabrication of artificial scatterers with significantly enhanced RB level. 

Among the investigated techniques, discrete-point reflectors demonstrate the best per-

formance in terms of high RB level enhancement, low insertion losses and weak polar-

ization dependence. The use of structured light and SLM-assisted inscription further 

extends these capabilities by enabling precise three-dimensional control of reflector 

geometry and improved tailoring of optical properties. The developed artificial RB 

structures have been successfully applied in fiber lasers and distributed sensing sys-

tems, demonstrating improved linewidth and reduced random lasing threshold, en-

hanced signal-to-noise ratio and robustness to optical losses, respectively. These re-

sults highlight the strong potential of fs-laser-fabricated scatterers for advanced fiber-

optic applications requiring high performance and flexibility. 
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ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʦʮʝʥʢʠ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ 

ʚʦʣʦʢʦʥʥʳʭ ʙʨʵʛʛʦʚʩʢʠʭ ʨʝʰʸʪʦʢ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʚʳʩʦʢʠʭ ʠ ʢʨʠʦʛʝʥʥʳʭ ʪʝʤ-

ʧʝʨʘʪʫʨ. ʀʩʩʣʝʜʦʚʘʥʳ ʬʝʤʪʦʩʝʢʫʥʜʥʳʝ ʚʦʣʦʢʦʥʥʳʝ ʙʨʵʛʛʦʚʩʢʠʝ ʨʝʰʸʪʢʠ  

ʚ ʩʦʩʪʘʚʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʪʝʥʟʦʤʝʪʨʦʚ ʧʨʠ 600 ÁC, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ 

ʦʪʦʞʞʸʥʥʳʝ ʚʦʣʦʢʦʥʥʳʝ ʙʨʵʛʛʦʚʩʢʠʝ ʨʝʰʸʪʢʠ ʥʘ ʧʦʣʠʠʤʠʜʥʦʤ ʚʦʣʦʢʥʝ ʧʨʠ 

300 ÁC, ʘ ʪʘʢʞʝ ʚʦʣʦʢʦʥʥʳʝ ʙʨʵʛʛʦʚʩʢʠʝ ʨʝʰʸʪʢʠ, ʠʥʪʝʛʨʠʨʦʚʘʥʥʳʝ ʚ ʠʟʜʝʣʠʝ 

«ʫʤʥʘʷ ʰʧʠʣʴʢʘ», ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʜʦ ī196 ÁC. ɼʣʷ ʦʮʝʥʢʠ ʩʦʩʪʦʷʥʠʷ ʯʫʚʩʪʚʠ-

ʪʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʘʨʘʤʝʪʨʳ ʜʨʝʡʬʘ, ʥʝʚʦʟʚʨʘʪʥʦʩʪʠ ʩʠʛʥʘʣʘ 

ʧʦʩʣʝ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʮʠʢʣʘ ʠ ʧʨʠʚʝʜʸʥʥʦʡ ʧʦʛʨʝʰʥʦʩʪʠ ʠʟʤʝʨʝʥʠʷ ʥʘʛʨʫʟʢʠ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʬʝʤʪʦʩʝʢʫʥʜʥʳʝ ʚʦʣʦʢʦʥʥʳʝ ʙʨʵʛʛʦʚʩʢʠʝ ʨʝʰʸʪʢʠ ʩʦʭʨʘʥʷʶʪ 

ʩʧʝʢʪʨʘʣʴʥʫʶ ʮʝʣʦʩʪʥʦʩʪʴ ʠ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʤʘʣʳʝ ʟʥʘʯʝʥʠʷ ʜʨʝʡʬʘ ʧʨʠ 

600 ÁC, ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʡ ʦʪʞʠʛ ʧʦʟʚʦʣʷʝʪ ʫʜʝʨʞʘʪʴ ʧʘʨʘʤʝʪʨʳ ʚ ʜʦʧʫʩʪʠʤʳʭ 

ʧʨʝʜʝʣʘʭ ʧʨʠ 300 ÁC, ʪʦʛʜʘ ʢʘʢ ʧʨʠ ʢʨʠʦʛʠʯʝʩʢʦʤ ʚʦʟʜʝʡʩʪʚʠʠ ʦʩʥʦʚʥʦʡ ʦʛʨʘ-

ʥʠʯʠʚʘʶʱʠʡ ʬʘʢʪʦʨ ʩʚʷʟʘʥ ʩ ʦʩʪʘʪʦʯʥʳʤʠ ʥʘʧʨʷʞʝʥʠʷʤʠ ʚ ʢʦʥʩʪʨʫʢʮʠʠ ʠʟʜʝ-

ʣʠʷ. ɺ ʠʩʧʳʪʘʥʠʷʭ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʧʦʩʣʝ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʚʦʟʜʝʡʩʪʚʠʡ ʧʨʠʚʝʜʸʥ-

ʥʘʷ ʧʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʥʘʛʨʫʟʢʠ ʥʝ ʧʨʝʚʳʰʘʣʘ ±3 %. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʚʦʣʦʢʦʥʥʘʷ ʙʨʵʛʛʦʚʩʢʘʷ ʨʝʰʪyʢʘ, ʧʦʛʨʝʰʥʦʩʪʴ, ʵʢʩʪʨʝ-

ʤʘʣʴʥʳʝ ʪʝʤʧʝʨʘʪʫʨʳ, ʜʝʬʦʨʤʘʮʠʷ. 
 

1. ɺʚʝʜʝʥʠʝ 

ɺʦʣʦʢʦʥʥʳʝ ʙʨʵʛʛʦʚʩʢʠʝ ʨʝʰʸʪʢʠ (ɺɹʈ) ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʜʘʪʯʠʢʘʭ 

ʜʝʬʦʨʤʘʮʠʠ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʙʣʘʛʦʜʘʨʷ ʚʳʩʦʢʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ, ʵʣʝʢʪʨʦʤʘʛ-

ʥʠʪʥʦʡ ʩʦʚʤʝʩʪʠʤʦʩʪʠ ʠ ʚʦʟʤʦʞʥʦʩʪʠ ʤʫʣʴʪʠʧʣʝʢʩʠʨʦʚʘʥʠʷ. ɺʤʝʩʪʝ ʩ ʪʝʤ ʧʨʠ 

ʵʢʩʧʣʫʘʪʘʮʠʠ ʚ ʵʥʝʨʛʝʪʠʢʝ, ʥʝʬʪʝʛʘʟʦʚʦʡ ʠ ʘʵʨʦʢʦʩʤʠʯʝʩʢʦʡ ʪʝʭʥʠʢʝ ʯʫʚʩʪʚʠ-

ʪʝʣʴʥʳʝ ʵʣʝʤʝʥʪʳ ʥʝʨʝʜʢʦ ʧʦʜʚʝʨʛʘʶʪʩʷ ʚʦʟʜʝʡʩʪʚʠʷʤ, ʚʳʭʦʜʷʱʠʤ ʟʘ ʧʨʝʜʝʣʳ 

ʩʪʘʥʜʘʨʪʥʳʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʜʠʘʧʘʟʦʥʦʚ. ɺ ʪʘʢʠʭ ʫʩʣʦʚʠʷʭ ʦʩʦʙʝʥʥʦ ʚʘʞʥʘ 

ʦʮʝʥʢʘ ʥʝ ʪʦʣʴʢʦ ʤʛʥʦʚʝʥʥʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ɺɹʈ, ʥʦ ʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʩʧʝʢ-

ʪʨʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʩʣʝ ʜʣʠʪʝʣʴʥʦʛʦ ʪʝʨʤʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ. 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʣʘʩʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʦʮʝʥʢʘ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ɺɹʈ ʚ 

ʫʩʣʦʚʠʷʭ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʪʝʤʧʝʨʘʪʫʨ ʠ ʚʳʷʚʣʝʥʠʝ ʬʘʢʪʦʨʦʚ, ʦʛʨʘʥʠʯʠʚʘʶʱʠʭ ʠʭ 
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ʧʨʠʤʝʥʝʥʠʝ. ɺ ʢʘʯʝʩʪʚʝ ʢʨʠʪʝʨʠʝʚ ʠʩʧʦʣʴʟʦʚʘʣʠ ʜʨʝʡʬ ʙʨʵʛʛʦʚʩʢʦʡ ʜʣʠʥʳ ʚʦʣʥʳ 

ʚ ʪʝʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʦʣʢʠ, ʥʝʚʦʟʚʨʘʪʥʦʩʪʴ ʩʠʛʥʘʣʘ ʧʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʪʝʤʧʝ-

ʨʘʪʫʨʥʦʛʦ ʮʠʢʣʘ, ʘ ʪʘʢʞʝ ʧʨʠʚʝʜʸʥʥʫʶ ʧʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʥʘʛʨʫʟʢʠ ʜʣʷ ʪʝʥ-

ʟʦʤʝʪʨʠʯʝʩʢʠʭ ʠʟʜʝʣʠʡ. ʂʨʠʪʝʨʠʝʤ ʧʨʠʝʤʣʝʤʦʩʪʠ ʧʦ ʩʧʝʢʪʨʘʣʴʥʳʤ ʧʘʨʘʤʝʪʨʘʤ 

ʧʨʠʥʠʤʘʣʠ ʤʦʜʫʣʴ ʜʨʝʡʬʘ ʠ ʥʝʚʦʟʚʨʘʪʥʦʩʪʠ ʥʝ ʙʦʣʝʝ 80 ʧʤ. 

2. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɺ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʯʘʩʪʠ ʨʘʙʦʪʳ ʠʩʩʣʝʜʦʚʘʣʠ ʜʚʘ ʬʝʤʪʦʩʝʢʫʥʜʥʳʭ 

ɺɹʈ-ʜʘʪʯʠʢʘ, ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʚ ʩʦʩʪʘʚʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʪʝʥʟʦʤʝʪʨʦʚ. ʆʙ-

ʨʘʟʮʳ ʧʦʜʚʝʨʛʘʣʠʩʴ ʚʦʟʜʝʡʩʪʚʠʶ 600 ÁC ʚ ʪʨʸʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʮʠʢʣʘʭ ʩ ʚʳ-

ʜʝʨʞʢʦʡ 4, 7 ʠ 6 ʯ. ʇʦ ʠʪʦʛʘʤ ʠʩʧʳʪʘʥʠʡ ʧʦʣʫʯʝʥʳ ʤʘʣʳʝ ʟʥʘʯʝʥʠʷ ʜʨʝʡʬʘ: ʜʣʷ 

ʧʝʨʚʦʡ ɺɹʈ 18, 21 ʠ 13 ʧʤ, ʜʣʷ ʚʪʦʨʦʡ ï 4, 23 ʠ 12 ʧʤ ʧʦ ʤʦʜʫʣʶ. ʅʝʚʦʟʚʨʘʪ-

ʥʦʩʪʴ ʩʠʛʥʘʣʘ ʧʦʩʣʝ ʮʠʢʣʦʚ ʩʦʩʪʘʚʠʣʘ 11ï17 ʧʤ ʧʦ ʤʦʜʫʣʶ. ʇʨʠ ʵʪʦʤ ʚʠʟʫʘʣʴ-

ʥʳʡ ʢʦʥʪʨʦʣʴ ʩʧʝʢʪʨʦʚ ʥʝ ʚʳʷʚʠʣ ʨʘʩʧʘʜʘ ʠʣʠ ʚʳʨʘʞʝʥʥʦʛʦ ʠʩʢʘʞʝʥʠʷ ʦʪʨʘ-

ʞʸʥʥʦʛʦ ʩʠʛʥʘʣʘ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʧʦʜʪʚʝʨʞʜʘʶʪ ʚʳʩʦʢʫʶ ʪʝʨʤʦʩʪʦʡʢʦʩʪʴ 

ʬʝʤʪʦʩʝʢʫʥʜʥʳʭ ɺɹʈ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʩʦʩʪʘʚʝ ʚʳʩʦʢʦʪʝʤʧʝ-

ʨʘʪʫʨʥʳʭ ʪʝʥʟʦʤʝʪʨʦʚ. 

ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʦʪʞʠʛʘ 

ɺɹʈ, ʟʘʧʠʩʘʥʥʳʭ ʥʘ ʧʦʣʠʠʤʠʜʥʦʤ ʚʦʣʦʢʥʝ. ʏʝʪʳʨʝ ʨʝʰʸʪʢʠ ʠʟ ʨʘʟʥʳʭ ʧʘʨʪʠʡ 

ʚʳʜʝʨʞʠʚʘʣʠ ʧʨʠ 300 ÁC ʚ ʪʝʯʝʥʠʝ 4 ʯ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʠʩʧʳʪʘʥʠʡ ʤʦʜʫʣʴ ʜʨʝʡ-

ʬʘ ʥʘʭʦʜʠʣʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 0 ʜʦ 35 ʧʤ, ʘ ʤʦʜʫʣʴ ʥʝʚʦʟʚʨʘʪʥʦʩʪʠ ï ʦʪ 57 ʜʦ 

76 ʧʤ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʩʝ ʠʩʩʣʝʜʦʚʘʥʥʳʝ ʦʙʨʘʟʮʳ ʫʣʦʞʠʣʠʩʴ ʚ ʫʩʪʘʥʦʚʣʝʥʥʳʡ 

ʢʨʠʪʝʨʠʡ 80 ʧʤ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʠʥʜʠʚʠʜʫʘʣʴʥʳʡ ʨʝʞʠʤ ʧʨʝʜʚʘʨʠ-

ʪʝʣʴʥʦʛʦ ʦʪʞʠʛʘ ʢʘʢ ʜʝʡʩʪʚʝʥʥʳʡ ʩʧʦʩʦʙ ʩʪʘʙʠʣʠʟʘʮʠʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ɺɹʈ ʧʨʠ 

ʵʢʩʧʣʫʘʪʘʮʠʠ ʚʳʰʝ 150 ÁC. ɺʤʝʩʪʝ ʩ ʪʝʤ ʙʣʠʟʦʩʪʴ ʯʘʩʪʠ ʟʥʘʯʝʥʠʡ ʢ ʧʨʝʜʝʣʴʥʦʤʫ 

ʫʨʦʚʥʶ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʪʘʢʦʡ ʧʦʜʭʦʜ ʪʨʝʙʫʝʪ ʜʘʣʴʥʝʡʰʝʡ ʦʧʪʠʤʠʟʘʮʠʠ ʠ ʧʦʜ-

ʙʦʨʘ ʨʝʞʠʤʘ ʜʣʷ ʨʘʟʥʳʭ ʧʘʨʪʠʡ ʚʦʣʦʢʥʘ. 

ʅʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʠʩʧʳʪʘʥʠʷ ʧʨʦʚʦʜʠʣʠ ʥʘ ʠʟʜʝʣʠʷʭ ʪʠʧʘ «ʫʤʥʘʷ 

ʰʧʠʣʴʢʘ», ʚ ʢʦʪʦʨʳʭ ɺɹʈ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ ʢʦʥʪʨʦʣʷ ʜʝʬʦʨʤʘʮʠʠ ʠ ʫʩʠʣʠʷ ʚ 

ʩʦʝʜʠʥʝʥʠʠ. ʆʙʨʘʟʮʳ ʦʭʣʘʞʜʘʣʠ ʞʠʜʢʠʤ ʘʟʦʪʦʤ ʜʦ ī196 ÁC ʚ ʩʦʩʪʘʚʝ ʬʣʘʥʮʝʚʦ-

ʛʦ ʫʟʣʘ, ʘ ʦʜʥʘ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ɺɹʈ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʚ ʢʘʯʝʩʪʚʝ ʪʝʨʤʦʢʦʤʧʝʥʩʠ-

ʨʫʶʱʝʡ. ʀʩʧʳʪʘʥʠʷ ʧʦʢʘʟʘʣʠ ʩʦʭʨʘʥʥʦʩʪʴ ʩʧʝʢʪʨʦʚ ʚʩʝʭ ʪʝʥʟʦʤʝʪʨʦʚ ʙʝʟ ʨʘʩʧʘ-

ʜʘ ʠ ʟʘʤʝʪʥʦʛʦ ʠʩʢʘʞʝʥʠʷ, ʦʜʥʘʢʦ ʧʦʩʣʝ ʮʠʢʣʘ ʟʘʬʠʢʩʠʨʦʚʘʥʘ ʩʫʱʝʩʪʚʝʥʥʘʷ 

ʥʝʚʦʟʚʨʘʪʥʦʩʪʴ ʧʘʨʘʤʝʪʨʦʚ ʰʧʠʣʝʢ, ʩʚʷʟʘʥʥʘʷ ʩ ʦʩʪʘʪʦʯʥʳʤʠ ʥʘʧʨʷʞʝʥʠʷʤʠ ʚ 

ʢʦʥʩʪʨʫʢʮʠʠ. ʇʦ ʜʘʥʥʳʤ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʚʝʣʠʯʠʥʘ ʥʝʚʦʟʚʨʘʪʥʦʩʪʠ ʜʦʩʪʠʛʘʣʘ 

ʦʢʦʣʦ 200 ʧʤ, ʪʦ ʝʩʪʴ ʧʨʝʚʳʰʘʣʘ ʧʨʠʥʷʪʳʡ ʢʨʠʪʝʨʠʡ ʛʦʜʥʦʩʪʠ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʧʨʠ ʢʨʠʦʛʠʯʝʩʢʦʤ ʧʨʠʤʝʥʝʥʠʠ ʦʛʨʘʥʠʯʠʚʘʶʱʠʤ ʬʘʢʪʦʨʦʤ ʷʚʣʷʝʪʩʷ ʥʝ ʩʘʤʘ 

ɺɹʈ ʢʘʢ ʯʫʚʩʪʚʠʪʝʣʴʥʳʡ ʵʣʝʤʝʥʪ, ʘ ʩʦʚʤʝʩʪʥʘʷ ʨʘʙʦʪʘ ʨʝʰʸʪʢʠ ʩ ʤʘʪʝʨʠʘʣʦʤ ʠ 

ʢʦʥʩʪʨʫʢʮʠʝʡ ʠʟʜʝʣʠʷ. 

ɼʣʷ ʦʮʝʥʢʠ ʤʝʪʨʦʣʦʛʠʯʝʩʢʠʭ ʧʦʩʣʝʜʩʪʚʠʡ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʚʳ-

ʧʦʣʥʝʥʳ ʩʨʘʚʥʠʪʝʣʴʥʳʝ ʠʩʧʳʪʘʥʠʷ ʟʘʪʷʥʫʪʳʭ ʰʧʠʣʝʢ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʚ ʪʨʸʭ 

ʛʨʫʧʧʘʭ: ʙʝʟ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ, ʧʦʩʣʝ ʦʭʣʘʞʜʝʥʠʷ ʜʦ ī196 ÁC ʠ ʧʦʩʣʝ 
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ʥʘʛʨʝʚʘ ʜʦ 150 ÁC. ʅʘʛʨʫʞʝʥʠʝ ʧʨʦʚʦʜʠʣʠ ʜʦ 46,9 ʢʅ ʩʪʫʧʝʥʷʤʠ ʧʦ 25 %. ɺʦ 

ʚʩʝʭ ʪʨʸʭ ʛʨʫʧʧʘʭ ʧʨʠʚʝʜʸʥʥʘʷ ʧʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʥʘʛʨʫʟʢʠ ʥʝ ʧʨʝʚʳʩʠ-

ʣʘ ± 3 %: ʜʣʷ ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ ʢʨʠʦʛʝʥʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʦʥʘ ʩʦʩʪʘʚʠʣʘ 0,7ï1,1 %, 

ʧʦʩʣʝ ʥʘʛʨʝʚʘ ʜʦ 150 ÁC ï 0,4ï1,8 %, ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ï 1,2ï2,6 %. 

ʉʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ KF ʜʣʷ ʚʩʝʭ ʛʨʫʧʧ ʩʦʩʪʘʚʠʣʦ 

0,1115, ʘ ʨʘʟʤʘʭ ʟʥʘʯʝʥʠʡ ï ʦʢʦʣʦ 9,4 % ʦʪ ʩʨʝʜʥʝʛʦ. ʕʪʠ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ, 

ʯʪʦ ʧʦʩʣʝ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʚʦʟʜʝʡʩʪʚʠʡ ʩʠʩʪʝʤʘ ʚ ʮʝʣʦʤ ʩʦʭʨʘʥʷʝʪ ʧʨʠʝʤʣʝʤʫʶ 

ʪʦʯʥʦʩʪʴ ʩʠʣʦʚʳʭ ʠʟʤʝʨʝʥʠʡ, ʥʝʩʤʦʪʨʷ ʥʘ ʚʳʷʚʣʝʥʥʳʝ ʦʩʪʘʪʦʯʥʳʝ ʥʘʧʨʷʞʝʥʠʷ 

ʧʦʩʣʝ ʢʨʠʦʛʠʯʝʩʢʦʛʦ ʮʠʢʣʘ. 

3. ɿʘʢʣʶʯʝʥʠʝ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʚʝʜʸʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ ʨʘʟʣʠʯʥʳʡ ʭʘʨʘʢʪʝʨ 

ʚʣʠʷʥʠʷ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʪʝʤʧʝʨʘʪʫʨ ʥʘ ɺɹʈ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʠʧʘ ʨʝʰʸʪʢʠ ʠ 

ʢʦʥʩʪʨʫʢʪʠʚʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʜʘʪʯʠʢʘ. ʌʝʤʪʦʩʝʢʫʥʜʥʳʝ ɺɹʈ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘ-

ʣʠ ʚʳʩʦʢʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʨʠ 600 ÁC. ʇʨʝʜʚʘʨʠʪʝʣʴʥʳʡ ʦʪʞʠʛ ʧʦʣʠʠʤʠʜʥʦʛʦ 

ʚʦʣʦʢʥʘ ʧʦʟʚʦʣʠʣ ʦʙʝʩʧʝʯʠʪʴ ʧʨʠʝʤʣʝʤʳʝ ʧʘʨʘʤʝʪʨʳ ʧʨʠ 300 ÁC. ɼʣʷ ʢʨʠʦʛʠʯʝ-

ʩʢʠʭ ʫʩʣʦʚʠʡ ʢʣʶʯʝʚʦʡ ʟʘʜʘʯʝʡ ʦʩʪʘʸʪʩʷ ʩʥʠʞʝʥʠʝ ʦʩʪʘʪʦʯʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʠ 

ʧʦʜʙʦʨ ʤʘʪʝʨʠʘʣʘ ʢʦʨʧʫʩʘ ʠ ʢʨʝʧʸʞʥʳʭ ʵʣʝʤʝʥʪʦʚ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʤʦ-

ʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʜʘʪʯʠʢʦʚ ʜʣʷ 

ʵʥʝʨʛʝʪʠʢʠ, ʢʨʠʦʛʝʥʥʦʡ ʪʝʭʥʠʢʠ ʠ ʩʠʩʪʝʤ ʤʦʥʠʪʦʨʠʥʛʘ, ʨʘʙʦʪʘʶʱʠʭ ʚ ʪʷʞʸʣʳʭ 

ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʨʝʞʠʤʘʭ. 
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ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʩʦʟʜʘʥʠʶ ʦʧʪʠʯʝʩʢʠʭ ʚʦʣʦʢʦʥ ʩ ʧʦʚʳʰʝʥʥʳʤ ʦʙʨʘʪʥʳʤ 

ʩʠʛʥʘʣʦʤ, ʚʦ ʤʥʦʛʦ ʨʘʟ ʧʨʝʚʳʰʘʶʱʠʤ ʫʨʦʚʝʥʴ ʦʙʨʘʪʥʦʛʦ ʩʠʛʥʘʣʘ ʨʘʩʩʝʷʥʠʷ ʈʵ-

ʣʝʷ, ʜʣʷ ʩʝʥʩʦʨʥʳʭ ʣʠʥʠʡ ʩʠʩʪʝʤ ʢʦʛʝʨʝʥʪʥʦʡ ʨʝʬʣʝʢʪʦʤʝʪʨʠʠ. ʕʪʦ ʜʦʩʪʠʛʘʝʪʩʷ 

ʧʨʦʮʝʜʫʨʦʡ ʟʘʧʠʩʠ ʤʘʩʩʠʚʦʚ ʚʦʣʦʢʦʥʥʳʭ ʙʨʵʛʛʦʚʩʢʠʭ ʨʝʰʝʪʦʢ ʚ ʧʨʦʮʝʩʩʝ ʚʳ-

ʪʷʞʢʠ ʦʧʪʠʯʝʩʢʠʭ ʚʦʣʦʢʦʥ. ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʙʳʣʘ ʟʘʧʠʩʘʥʘ ʯʫʚʩʪʚʠʪʝʣʴʥʘʷ 

ʣʠʥʠʷ ʦʙʱʝʡ ʧʨʦʪʷʞʝʥʥʦʩʪʴʶ ʙʦʣʝʝ 1000 ʤ, ʩʦʩʪʦʷʱʘʷ ʠʟ 200 ʚʦʣʦʢʦʥʥʳʭ ʙʨʵʛ-

ʛʦʚʩʢʠʭ ʨʝʰʝʪʦʢ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʯʠʨʧʠʨʦʚʘʥʥʦʡ (ʩ ʧʝʨʝʤʝʥʥʳʤ ʧʝʨʠʦʜʦʤ) 

ʬʘʟʦʚʦʡ ʤʘʩʢʠ. ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʜʘʥʥʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʘʷ ʣʠʥʠʷ ʙʳʣʘ  

ʠʩʧʳʪʘʥʘ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʢʦʛʝʨʝʥʪʥʳʤ ʨʝʬʣʝʢʪʦʤʝʪʨʦʤ ɺʆʉʂ-ɸ ʢʦʤʧʘʥʠʠ ʆʆʆ 

çʇʝʪʨʦʬʘʡʙʝʨè. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʘʩʩʠʚʳ ʚʦʣʦʢʦʥʥʳʭ ʙʨʵʛʛʦʚʩʢʠʭ ʨʝʰʝʪʦʢ, ʢʦʛʝʨʝʥʪʥʘʷ 

ʨʝʬʣʝʢʪʦʤʝʪʨʠʷ. 
 

1. ɺʚʝʜʝʥʠʝ 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʘʢʪʫʘʣʴʥʘ ʧʨʦʙʣʝʤʘ ʤʦʥʠʪʦʨʠʥʛʘ ʪʝʨʨʠʪʦʨʠʡ. ʆʜʥʠʤ ʠʟ 

ʚʘʨʠʘʥʪʦʚ ʪʘʢʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ ʷʚʣʷʝʪʩʷ ʘʢʫʩʪʠʯʝʩʢʠʡ ʤʦʥʠʪʦʨʠʥʛ ʩ ʧʦʤʦʱʴʶ 

ʨʘʩʧʨʝʜʝʣʸʥʥʳʭ ʚʦʣʦʢʦʥʥʳʭ ʩʠʩʪʝʤ ʤʝʪʦʜʦʤ ʢʦʛʝʨʝʥʪʥʦʡ ʨʝʬʣʝʢʪʦʤʝʪʨʠʠ [1]. 

ʇʨʠʥʮʠʧ ʨʝʛʠʩʪʨʘʮʠʠ ʦʩʥʦʚʘʥ ʥʘ ʟʦʥʜʠʨʦʚʘʥʠʠ ʦʧʪʠʯʝʩʢʦʛʦ ʚʦʣʦʢʥʘ (ʆɺ) (ʩ ʪ.ʥ. 

ʨʘʩʩʝʠʚʘʶʱʠʤʠ ʮʝʥʪʨʘʤʠ, çʚʤʦʨʦʞʝʥʥʳʤʠè ʠ ʨʘʩʧʨʝʜʝʣʸʥʥʳʤʠ ʧʦ ʜʣʠʥʝ ʆɺ, 

ʪ.ʥ. ʨʘʩʩʝʷʥʠʝ ʈʵʣʝʷ) ʢʦʨʦʪʢʠʤ ʠʤʧʫʣʴʩʦʤ ʠ ʚʳʩʦʢʦʡ ʢʦʛʝʨʝʥʪʥʦʩʪʴʶ. ʌʫʥʜʘ-

ʤʝʥʪʘʣʴʥʳʤ ʦʛʨʘʥʠʯʠʪʝʣʝʤ ʦʪʥʦʰʝʥʠʷ ʩʠʛʥʘʣ/ʰʫʤ ʪʘʢʠʭ ʩʠʩʪʝʤ ʷʚʣʷʝʪʩʷ ʥʠʟ-

ʢʠʡ ʫʨʦʚʝʥʴ ʨʘʩʩʝʷʥʠʷ ʈʵʣʝʷ (ï82 ʜɹ ʜʣʷ ʠʤʧʫʣʴʩʘ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 1 ʥʩ ʥʘ ʜʣʠʥʝ 

ʚʦʣʥʳ 1550 ʥʤ). ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʪʘʢʠʭ ʩʠʩʪʝʤ, ʘ ʪʘʢʞʝ ʜʣʷ 

ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʤʦʥʠʪʦʨʠʥʛʘ ʥʘ ʧʨʦʪʷʞʸʥʥʳʭ ʫʯʘʩʪʢʘʭ ʙʦʣʝʝ 40 ʢʤ, ʩʫʱʝʩʪʚʫʝʪ 

ʟʘʜʘʯʘ ʫʚʝʣʠʯʝʥʠʷ ʦʙʨʘʪʥʦʛʦ ʩʠʛʥʘʣʘ ʧʦʩʨʝʜʩʪʚʦʤ ʟʘʧʠʩʠ ʚ ʆɺ ʩʧʝʮʠʘʣʴʥʳʭ ʦʪ-

ʨʘʞʘʪʝʣʝʡ [2ï3], ʚ ʯʘʩʪʥʦʩʪʠ ʚʦʣʦʢʦʥʥʳʭ ʙʨʵʛʛʦʚʩʢʠʭ ʨʝʰʸʪʦʢ (ɺɹʈ). ɺ ʌʀʈʕ 

ʠʤ. ɺ.ɸ. ʂʦʪʝʣʴʥʠʢʦʚʘ ʈɸʅ ʩ 2014 ʛ. ʦʩʚʦʝʥʘ ʟʘʧʠʩʴ ʤʘʩʩʠʚʦʚ ɺɹʈ ʚ ʧʨʦʮʝʩʩʝ 

ʚʳʪʷʞʢʠ ʆɺ ʧʦʪʦʢʦʚʳʤ ʤʝʪʦʜʦʤ. ʇʨʠ ʵʪʦʤ ʜʣʠʥʘ ʤʘʩʩʠʚʘ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ ʙʦ-

ʣʝʝ 1 ʢʤ. ʇʨʠ ʵʪʦʤ ʤʘʩʩʠʚ ɺɹʈ ʤʦʞʝʪ ʧʦʣʥʦʩʪʴʶ ʧʦʢʨʳʚʘʪʴ ʆɺ ʠ ʠʤʝʪʴ ʦʙʨʘʪ-

ʥʳʡ ʩʠʛʥʘʣ ʥʘ 55 ʜɹ, ʧʨʝʚʳʰʘʶʱʠʡ ʦʙʨʘʪʥʳʡ ʩʠʛʥʘʣ ʨʘʩʩʝʷʥʠʷ ʈʵʣʝʷ ʚ ʦʙʣʘʩʪʠ 

ʜʣʠʥ ʚʦʣʥ 1550 ʥʤ [4]. 



 

 
130 

2. ʕʢʩʧʝʨʠʤʝʥʪ 

ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʙʳʣʘ ʟʘʧʠʩʘʥʘ ʩʝʥʩʦʨʥʘʷ ʣʠʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʯʠʨʧʠʨʦʚʘʥʥʦʡ (ʩ ʧʝʨʝʤʝʥʥʳʤ ʧʝʨʠʦʜʦʤ) ʬʘʟʦʚʦʡ ʤʘʩʢʠ ʦʙʱʝʡ ʜʣʠʥʦʡ 1400 ʤ, 

ʠʟ ʢʦʪʦʨʳʭ 1000 ʤ ʙʳʣʦ ʟʘʧʦʣʥʝʥʦ ʤʘʩʩʠʚʦʤ ɺɹʈ ʠʟ 200 ʰʪ. (ʫʯ. 2) ʠ ʩʪʳʢʦʚʦʯ-

ʥʳʤʠ ʣʠʥʠʷʤʠ, ʢʘʞʜʘʷ ʜʣʠʥʦʡ 200 ʤʝʪʨʦʚ (ʫʯ. 1 ʠ 3). ʉʧʝʢʪʨʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʜʘʥʥʦʡ ʩʝʥʩʦʨʥʦʡ ʣʠʥʠʠ ʠʟ 200 ɺɹʈ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 1. 

ɺʠʜʥʦ, ʯʪʦ ʩʧʝʢʪʨ ʦʪʨʘʞʝʥʠʷ ʥʘʭʦʜʠʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 1548ï1552 ʥʤ. ɺʝʣʠʯʠʥʘ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ ʝʜʠʥʠʯʥʦʡ ɺɹʈ ʜʦʩʪʠʛʘʝʪ ʚʝʣʠʯʠʥʳ 1é4,5Ā10ï5  

(ï50éï43 ʜɹ/ʤʤ). ʈʝʬʣʝʢʪʦʛʨʘʤʤʘ ʦʧʪʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʜʘʥʥʦʡ ʩʝʥʩʦʨʥʦʡ ʣʠʥʠʠ, 

ʠʟʤʝʨʝʥʥʦʡ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 1545 ʥʤ (ʩ ʮʝʣʴʶ ʠʩʢʣʶʯʠʪʴ ʚʣʠʷʥʠʝ ʦʪʨʘʞʝʥʠʷ 

ʤʘʩʩʠʚʘ ɺɹʈ) ʩ ʧʦʤʦʱʴʶ ʧʨʠʙʦʨʘ LUNA 4600, ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 2. ɺʠʜʥʦ, ʯʪʦ 

ʥʘʢʣʦʥ ʫʯ. 1ï3 ʧʦʩʪʦʷʥʝʥ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʪʦʤ, ʯʪʦ ʧʨʦʮʝʜʫʨʘ ʟʘʧʠʩʠ ʥʝ ʚʥʦʩʠʪ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʧʦʪʝʨʴ. ɼʘʥʥʘʷ ʩʝʥʩʦʨʥʘʷ ʣʠʥʠʷ ʧʦʜʢʣʶʯʘʣʘʩʴ ʢ 

ʢʦʛʝʨʝʥʪʥʦʤʫ ʨʝʬʣʝʢʪʦʤʝʪʨʫ ɺʆʉʂ-ɸ ʆʆʆ çʇʝʪʨʦʬʘʡʙʝʨè, ʨʘʙʦʪʘʶʱʝʤʫ ʚ 

ʨʝʞʠʤʝ ʨʝʬʣʝʢʪʦʤʝʪʨʘ, ʠ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 3ï5. ʀʟ ʨʠʩ. 3 

ʚʠʜʥʦ, ʯʪʦ ʮʝʥʪʨʘʣʴʥʳʡ ʫʯʘʩʪʦʢ ʜʣʠʥʦʡ ~1 ʢʤ (ʫʯ. 2) ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʧʦʚʳʰʝʥ-

ʥʳʤ ʦʙʨʘʪʥʳʤ ʩʠʛʥʘʣʦʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʫʯ. 1 ʠ 3 ʙʝʟ ɺɹʈ. ʅʘ ʨʠʩ. 4 ʧʦʢʘʟʘʥʦ, 

ʯʪʦ ʢʘʞʜʘʷ ɺɹʈ ʜʘʸʪ ʧʦʚʳʰʝʥʥʳʡ ʦʙʨʘʪʥʳʡ ʩʠʛʥʘʣ, ʠ ʩʠʛʥʘʣ ʫʤʝʥʴʰʘʝʪʩʷ ʤʝʞ-

ʜʫ ʝʜʠʥʠʯʥʳʤʠ ɺɹʈ ʜʦ ʫʨʦʚʥʷ ʦʙʨʘʪʥʦʛʦ ʩʠʛʥʘʣʘ ʫʯ. 1 ʠ 3 (ʩʤ. ʨʠʩ. 3). ʅʘ ʨʠʩ. 5 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʬʘʟʦʚʳʝ ʩʠʛʥʘʣʳ ʪʨʝʭ ʦʪʜʝʣʴʥʳʭ ʢʘʥʘʣʦʚ ʧʦʜʦʙʥʳ, ʯʪʦ ʧʦʜʪʚʝʨ-

ʞʜʘʝʪ ʥʘʣʠʯʠʝ ʦʪʨʘʞʸʥʥʦʛʦ ʩʠʛʥʘʣʘ ʦʪ ʝʜʠʥʠʯʥʳʭ ɺɹʈ, ʟʘʧʠʩʘʥʥʳʭ ʚ ʆɺ. 

ʇʦ ʤʥʝʥʠʶ ʘʚʪʦʨʦʚ, ʚʩʸ ʚʳʰʝʩʢʘʟʘʥʥʦʝ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʝ ʆɺ ʩ 

ʤʘʩʩʠʚʘʤʠ ɺɹʈ, ʟʘʧʠʩʘʥʥʳʤʠ ʚ ʧʨʦʮʝʩʩʝ ʚʳʪʷʞʢʠ ʆɺ, ï ʭʦʨʦʰʘʷ ʟʘʤʝʥʘ ʩʪʘʥ-

ʜʘʨʪʥʳʭ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʭ ʆɺ ʪʠʧʘ ITU-G.652, ʢʦʛʜʘ ʪʨʝʙʫʝʪʩʷ ʦʙʨʘʪʥʳʡ 

ʩʠʛʥʘʣ, ʚʦ ʤʥʦʛʦ ʨʘʟ ʧʨʝʚʳʰʘʶʱʠʡ ʫʨʦʚʝʥʴ ʨʘʩʩʝʷʥʠʷ ʈʵʣʝʷ ʜʣʷ ʩʝʥʩʦʨʥʳʭ ʣʠ-

ʥʠʡ ʩʠʩʪʝʤ ʢʦʛʝʨʝʥʪʥʦʡ ʨʝʬʣʝʢʪʦʤʝʪʨʠʠ. 
 

  

ʈʠc. 1. ʉʧʝʢʪʨ ʦʪʨʘʞʝʥʠʷ ʤʘʩʩʠʚʘ  

ʠʟ 200 ɺɹʈ, ʟʘʧʠʩʘʥʥʦʛʦ  

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʯʠʨʧʠʨʦʚʘʥʥʦʡ  

ʬʘʟʦʚʦʡ ʤʘʩʢʠ 

ʈʠʩ. 2. ʏʘʩʪʦʪʥʘʷ ʨʝʬʣʝʢʪʦʛʨʘʤʤʘ  

ʦʧʪʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʩʝʥʩʦʨʥʦʡ ʣʠʥʠʠ,  

ʠʟʤʝʨʝʥʥʳʝ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 1545 ʥʤ,  

ʜʣʷ ʫʯʘʩʪʢʦʚ: 1 ï 200 ʤ (ʙʝʟ ɺɹʈ);  

2 ï 1000 ʤ (200 ɺɹʈ); 3 ï 200 ʤ (ʙʝʟ ɺɹʈ) 
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ʈʠʩ. 3. ɺʝʣʠʯʠʥʘ ʦʙʨʘʪʥʦʛʦ ʩʠʛʥʘʣʘ, 

ʠʟʤʝʨʝʥʥʦʛʦ ʩ ʧʦʤʦʱʴʶ ʢʦʛʝʨʝʥʪʥʦʛʦ 

ʨʝʬʣʝʢʪʦʤʝʪʨʘ, ʜʣʷ ʫʯʘʩʪʢʦʚ: 1 ï 100 ʤ 

(ʙʝʟ ɺɹʈ); 2 ï 1000 ʤ (200 ɺɹʈ);  

3 ï 100 ʤ (ʙʝʟ ɺɹʈ) 

ʈʠʩ. 4. ʌʨʘʛʤʝʥʪ ʦʙʨʘʪʥʦʛʦ ʩʠʛʥʘʣʘ ʆɺ  

ʩ ʨʝʰʝʪʢʘʤʠ, ʠʟʤʝʨʝʥʥʦʛʦ ʩ ʧʦʤʦʱʴʶ 

ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʝʬʣʝʢʪʦʤʝʪʨʘ 

 

 

ʈʠʩ. 5. ʈʝʬʣʝʢʪʦʛʨʘʤʤʳ ʬʘʟʦʚʳʭ ʩʠʛʥʘʣʦʚ ʪʨʸʭ ʦʪʜʝʣʴʥʳʭ ʢʘʥʘʣʦʚ (1, 2, 3)  

ʜʘʣʴʥʦʩʪʠ, ʠʟʤʝʨʝʥʥʦʡ ʩ ʧʦʤʦʱʴʶ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʝʬʣʝʢʪʦʤʝʪʨʘ.  

ɺʝʣʠʯʠʥʘ ʬʘʟʳ ʩʠʛʥʘʣʦʚ ʜʣʷ ʢʘʥʘʣʦʚ 2 ʠ 3 ʩʤʝʱʝʥʳ ʥʘ ï0,05 ʠ 0,1  

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʯʪʦʙʳ ʢʘʨʪʠʥʢʠ ʥʝ ʩʣʠʚʘʣʠʩʴ 
 

ʌʠʥʘʥʩʠʨʦʚʘʥʠʝ 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʤʫ ʟʘʜʘʥʠʶ ʀʈʕ ʠʤ. ɺ.ɸ. ʂʦʪʝʣʴʥʠ-

ʢʦʚʘ ʈɸʅ ˉ 075-00395-25-03. 

ɹʣʘʛʦʜʘʨʥʦʩʪʠ 

ɸʚʪʦʨʳ ʚʳʨʘʞʘʶʪ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ɻʦʨʰʢʦʚʫ ɹ.ɻ. ʟʘ ʧʦʤʦʱʴ ʚ ʧʨʦʚʝʜʝʥʠʠ 

ʨʘʙʦʪ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʝʬʣʝʢʪʦʤʝʪʨʘ. 
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ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1.  Distributed interferometric fiber sensor system / R. Juġkaitis, A.M. Mamedov, 

V.T. Potapov, S.V. Shatalin // Optics Letters. ï 1992. ï Vol. 17, Iss. 22. ï P. 1623ï1625. 

DOI: 10.1364/OL.17.001623 

2.  Silixa, ɺʝʣʠʢʦʙʨʠʪʘʥʠʷ: Carina® Sensing System [ʕʣʝʢʪʨʦʥʥʳʡ ʨʝʩʫʨʩ]. ï 

URL: https://silixa.com/technology/carina-sensing-system/ (ʜʘʪʘ ʦʙʨʘʱʝʥʠʷ: 12.03.2026). 

3.  Extending the operation range of a phase-sensitive optical time-domain reflec-

tometer by using fibre with chirped Bragg gratings / D.R. Kharasov, D.M. Bengalskii, 

M.Yu. Vyatkin [et al.] // Quantum Electron. ï 2020. ï Vol 50, no. 5. ï P. 510ï513. DOI: 

DOI: 10.1070/QEL17232 

4.  ʅʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʩʧʝʮʠʘʣʴʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʚʦʣʦʢʦʥ / 

ʖ.ʂ. ʏʘʤʦʨʦʚʩʢʠʡ, ʉ.ʄ. ʇʦʧʦʚ, ɼ.ʇ. ʉʫʜʘʩ [ʠ ʜʨ.] // ʈʘʜʠʦʪʝʭʥʠʢʘ ʠ ʕʣʝʢʪʨʦ-
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ʆʧʨʝʜʝʣʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʥʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ 

ʚʦʣʦʢʦʥʥʦʡ ʙʨʵʛʛʦʚʩʢʦʡ ʨʝʰʝʪʢʠ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ 

ʤʥʦʛʦʢʨʘʪʥʳʭ ʠʩʧʳʪʘʥʠʡ 

ʅ.ʉ. ʉʦʟʦʥʦʚ1* , ɸ.ɸ. ʆʛʣʝʟʥʝʚ1, ɽ.ʈ. ɺʠʥʜʦʢʫʨʦʚʘ1, ʀ.ʅ. ʐʘʨʜʘʢʦʚ2 

1 ʆʆʆ «ʀʥʚʝʨʩʠʷ-ʉʝʥʩʦʨ», ʛ. ʇʝʨʤʴ, 
2 ʀʥʩʪʠʪʫʪ ʤʝʭʘʥʠʢʠ ʩʧʣʦʰʥʳʭ ʩʨʝʜ ʋʨʆ ʈɸʅ, ʛ. ʇʝʨʤʴ, 

sozonov@i-sensor.ru*  

 

ʈʘʩʩʤʦʪʨʝʥʘ ʤʝʪʦʜʠʢʘ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʧʪʠʯʝʩʢʦʡ ʪʝʥʟʦʯʫʚʩʪʚʠ-

ʪʝʣʴʥʦʩʪʠ ʚʦʣʦʢʦʥʥʦʡ ʙʨʵʛʛʦʚʩʢʦʡ ʨʝʰʝʪʢʠ ʧʨʠ ʧʦʤʦʱʠ ʨʘʩʪʷʞʝʥʠʷ ʩ ʬʠʢʩʘʮʠʝʡ 

ʚ ʜʚʫʭ ʪʦʯʢʘʭ. ʂʦʵʬʬʠʮʠʝʥʪ ʦʧʨʝʜʝʣʝʥ ʧʨʠ ʤʥʦʛʦʢʨʘʪʥʳʭ ʠʩʧʳʪʘʥʠʷʭ ʥʘ ʙʘʟʝ 

900 ʮʠʢʣʦʚ, ʧʨʦʚʝʜʝʥʥʳʭ ʚ 30 ʩʝʨʠʷʭ ʧʦ 30 ʠʩʧʳʪʘʥʠʡ. ʇʦʜʭʦʜ ʧʦʟʚʦʣʠʣ ʧʦʚʳ-

ʩʠʪʴ ʪʦʯʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʦʞʠʜʘʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʥʟʦʯʫʚ-

ʩʪʚʠʪʝʣʴʥʦʩʪʠ ʩ ʜʦʚʝʨʠʪʝʣʴʥʳʤ ʠʥʪʝʨʚʘʣʦʤ (0,7983 ± 0,0029). ʇʦʣʫʯʝʥʥʳʡ ʢʦʵʬ-

ʬʠʮʠʝʥʪ ʚʝʨʠʬʠʮʠʨʦʚʘʥ ʚ ʠʩʧʳʪʘʥʠʠ ʥʘ ʯʝʪʳʨʝʭʪʦʯʝʯʥʳʡ ʠʟʛʠʙ ʥʘ ʧʨʠʢʣʝʝʥʥʳʭ 

ʚʦʣʦʢʦʥʥʳʭ ʙʨʵʛʛʦʚʩʢʠʭ ʨʝʰʝʪʢʘʭ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʜʝ-

ʬʦʨʤʘʮʠʠ ʥʝ ʧʨʝʚʳʰʘʝʪ 1 % ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ ʤʠʥʫʩ 5000 ʜʦ ʧʣʶʩ 5000 ʤʢʤ/ʤ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʚʦʣʦʢʦʥʥʘʷ ʙʨʵʛʛʦʚʩʢʘʷ ʨʝʰʝʪʢʘ, ʮʠʢʣʠʯʝʩʢʠʝ ʠʩʧʳʪʘ-

ʥʠʷ, ʪʝʥʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ. 
 

1. ɺʚʝʜʝʥʠʝ 

ɺʦʣʦʢʦʥʥʘʷ ʙʨʝʛʛʦʚʩʢʘʷ ʨʝʰʝʪʢʘ (ɺɹʈ), ʥʘʨʷʜʫ ʩ ʠʥʪʝʨʬʝʨʦʤʝʪʨʦʤ ʌʘʙ-

ʨʠ ï ʇʝʨʦ, ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʫʥʠʚʝʨʩʘʣʴʥʳʭ ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʵʣʝʤʝʥ-

ʪʦʚ ʚ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʜʘʪʯʠʢʘʭ. ʈʝʟʦʥʘʥʩʥʘʷ (ʠʣʠ ʙʨʵʛʛʦʚʩʢʘʷ) ʜʣʠʥʘ 

ʚʦʣʥʳ ɺɹʈ ʠʟʤʝʥʷʝʪʩʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʧʨʠʣʦʞʝʥʥʦʡ ʜʝʬʦʨʤʘʮʠʠ. 

ʅʘ ʦʩʥʦʚʝ ʵʪʦʛʦ ʩʦʟʜʘʥʳ ʜʘʪʯʠʢʠ ʜʝʬʦʨʤʘʮʠʠ, ʪʝʤʧʝʨʘʪʫʨʳ, ʜʘʚʣʝʥʠʷ, ʫʛʣʘ 

ʥʘʢʣʦʥʘ, ʧʝʨʝʤʝʱʝʥʠʷ, ʚʠʙʨʘʮʠʠ ʠ ʜʨʫʛʠʭ ʬʠʟʠʯʝʩʢʠʭ ʚʝʣʠʯʠʥ. 

ʍʦʪʷ ʚ ʣʠʪʝʨʘʪʫʨʝ ʧʨʠʚʦʜʷʪʩʷ ʜʘʥʥʳʝ ʧʦ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ɺɹʈ ʢ ʜʝʬʦʨ-

ʤʘʮʠʠ [1, 2], ʚʝʣʠʯʠʥʘ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʥʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʧʨʠʚʦʜʠʪʩʷ ʩ ʤʘ-

ʣʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʟʥʘʯʘʱʠʭ ʮʠʬʨ ʙʝʟ ʫʢʘʟʘʥʠʷ ʪʦʯʥʦʩʪʠ ʠʟʤʝʨʝʥʠʷ. ʊʘʢʞʝ ʚʣʠʷ-

ʥʠʝ ʥʘ ʚʝʣʠʯʠʥʫ ʢʦʵʬʬʠʮʠʝʥʪʘ ʤʦʛʫʪ ʦʢʘʟʳʚʘʪʴ ʪʠʧ ʚʦʣʦʢʥʘ ʠ ʧʘʨʘʤʝʪʨʳ ɺɹʈ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʧʪʠʯʝʩʢʦʡ ʪʝʥʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ K ʠ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʪʦʛʦ, ʢʘʢ 

ʩʦʦʪʥʦʩʠʪʩʷ ʪʦʯʥʦʩʪʴ ʝʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʩ ʪʦʯʥʦʩʪʴʶ ʚʳʯʠʩʣʝʥʠʷ ʜʝʬʦʨʤʘʮʠʠ. 

2. ʆʧʠʩʘʥʠʝ ʤʝʪʦʜʠʢʠ ʠ ʨʝʟʫʣʴʪʘʪʳ ʠʩʧʳʪʘʥʠʡ 

ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʦʜʥʦʦʩʥʦʛʦ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ɺɹʈ ʥʘ ʟʘʜʘʥʥʳʡ ʫʨʦʚʝʥʴ ʠʩ-

ʧʦʣʴʟʦʚʘʣʩʷ ʩʪʝʥʜ (ʨʠʩ. 1). ʅʘ ʩʦʪʦʚʦʡ ʩʪʦʣʝʰʥʠʮʝ ʨʘʟʤʝʱʝʥʳ ʜʚʘ ʥʘʥʦʧʦʟʠʮʠ-

ʦʥʝʨʘ (2) ʩ ʧʥʝʚʤʘʪʠʯʝʩʢʠʤʠ ʟʘʞʠʤʘʤʠ (1). ɺ ʧʥʝʚʤʦʟʘʞʠʤʳ ʧʦʤʝʱʘʝʪʩʷ ʦʧʪʠ-
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ʯʝʩʢʦʝ ʚʦʣʦʢʥʦ ʩ ɺɹʈ (3) ʩ ʥʝʙʦʣʴʰʠʤ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʤ ʥʘʪʷʞʝʥʠʝʤ (ʥʫʣʝʚʘʷ 

ʜʣʠʥʘ ʚʦʣʥʳ 1559,88 ʥʤ, ʠʟʤʝʥʝʥʠʝ ʜʣʠʥʳ ʚʦʣʥʳ ɺɹʈ ʦʪ ʧʨʝʜʥʘʪʷʞʝʥʠʷ ï ʦʪ 

100 ʜʦ 300 ʧʤ). ɽʱʝ ʦʜʥʘ ɺɹʈ (4) ʜʣʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʢʦʤʧʝʥʩʘʮʠʠ, ʘʥʘʣʦʛʠʯʥʦ 

ʧʝʨʚʦʡ, ʥʘʪʷʥʫʪʘ ʠ ʧʨʠʢʣʝʝʥʘ ʥʘ ʥʝʧʦʜʚʠʞʥʳʝ ʯʘʩʪʠ ʥʘʥʦʧʦʟʠʮʦʥʝʨʦʚ. ʊʝʤʧʝ-

ʨʘʪʫʨʥʘʷ ʢʦʤʧʝʥʩʘʮʠʷ ʧʨʦʚʦʜʠʪʩʷ ʧʫʪʝʤ ʚʳʯʠʪʘʥʠʷ ʠʟʤʝʥʝʥʠʷ ʜʣʠʥʳ ʚʦʣʥʳ 

ʢʦʤʧʝʥʩʘʮʠʦʥʥʦʡ ɺɹʈ ʠʟ ʠʟʤʝʥʝʥʠʷ ʜʣʠʥʳ ʚʦʣʥʳ ʜʝʬʦʨʤʘʮʠʦʥʥʦʡ ɺɹʈ. ɹʘʟʘ 

ʠʟʤʝʨʝʥʠʷ ʜʝʬʦʨʤʘʮʠʠ (ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʧʥʝʚʤʦʟʘʞʠʤʘʤʠ) ʩʦʩʪʘʚʣʷʝʪ 

1200 ʤʤ. ɼʝʬʦʨʤʘʮʠʷ ʚʦʣʦʢʥʘ ʟʘʜʘʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʧʝʨʝʤʝʱʝʥʠʷ ʧʦʟʠʮʠʦʥʝʨʦʚ 

ʥʘ ʚʝʣʠʯʠʥʫ ȹL. ɺʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ ʚʤʝʩʪʝ ʩ ʜʚʫʤʷ ɺɹʈ ʥʘʭʦʜʠʪ-

ʩʷ ʚ ʩʦʩʪʦʷʥʠʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ. 

 

ʈʠʩ. 1. ʌʦʪʦ ʠʩʧʳʪʘʪʝʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ 

 

ʇʝʨʝʜ ʠʩʧʳʪʘʥʠʝʤ ʧʨʦʚʦʜʠʪʩʷ ʪʨʠ ʮʠʢʣʘ ʪʨʝʥʠʨʦʚʦʯʥʦʡ ʥʘʛʨʫʟʢʠ ʜʦ ʜʝʬʦʨ-

ʤʘʮʠʠ 3300 ʤʢʤ/ʤ. ɿʘʪʝʤ ʧʨʦʚʦʜʷʪʩʷ ʠʟʤʝʨʠʪʝʣʴʥʳʝ ʮʠʢʣʳ, ʚ ʢʦʪʦʨʳʭ ʜʝʬʦʨʤʘ-

ʮʠʷ ʚʦʣʦʢʥʘ ʟʘʜʘʝʪʩʷ ʩʪʫʧʝʥʯʘʪʦ ʦʪ 0 ʜʦ 3000 ʤʢʤ/ʤ ʠ ʦʙʨʘʪʥʦ ʩ ʰʘʛʦʤ 500 ʤʢʤ/ʤ 

(ʨʠʩ. 2). ɺʳʜʝʨʞʢʘ ʥʘ ʢʘʞʜʦʡ ʩʪʫʧʝʥʠ ʩʦʩʪʘʚʣʷʝʪ 60 ʩ. ʀʟʤʝʥʝʥʠʝ ʜʣʠʥʳ ʚʦʣʥʳ 

ɺɹʈ ʥʘ ʢʘʞʜʦʡ ʩʪʫʧʝʥʠ ʥʘʛʨʫʟʢʠ ʫʩʨʝʜʥʷʣʦʩʴ ʧʦ ʧʦʩʣʝʜʥʠʤ 40 ʩ, ʟʘʪʝʤ ʜʣʷ ʢʘʞ-

ʜʦʛʦ ʮʠʢʣʘ ʤʝʪʦʜʦʤ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ ʥʘʛʨʫʟʢʠ ʦʧʨʝʜʝʣʷʣʩʷ ʢʦʵʬʬʠʮʠʝʥʪ 

ʦʧʪʠʯʝʩʢʦʡ ʪʝʥʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ. ʇʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ 30 ʮʠʢʣʦʚ ʥʘʛʨʫʟʢʠ ɺɹʈ 

ʩʥʠʤʘʣʘʩʴ ʠ ʧʦʚʪʦʨʥʦ ʫʩʪʘʥʘʚʣʠʚʘʣʘʩʴ ʚ ʧʥʝʚʤʦʟʘʞʠʤʳ, ʧʦʩʣʝ ʯʝʛʦ ʧʨʦʜʦʣʞʘ-

ʣʠʩʴ ʠʟʤʝʨʠʪʝʣʴʥʳʝ ʮʠʢʣʳ ʜʦ ʜʦʩʪʠʞʝʥʠʷ ʩʫʤʤʘʨʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ N = 900. 

 

ʈʠʩ. 2. ʉʝʨʠʷ ʠʟ 30 ʠʩʧʳʪʘʪʝʣʴʥʳʭ ʮʠʢʣʦʚ 

 

ɺʳʩʦʢʘʷ ʪʦʯʥʦʩʪʴ ʟʘʜʘʚʘʝʤʦʡ ʜʝʬʦʨʤʘʮʠʠ ʥʘ ɺɹʈ ʜʦʩʪʠʛʘʝʪʩʷ ʟʘ ʩʯʝʪ ʚʳ-

ʩʦʢʦʡ ʪʦʯʥʦʩʪʠ ʟʘʜʘʥʠʷ ʧʝʨʝʤʝʱʝʥʠʷ ʧʨʠ ʧʦʤʦʱʠ ʧʦʟʠʮʠʦʥʝʨʦʚ ʠ ʙʦʣʴʰʦʡ 

ʜʣʠʥʳ ʜʝʬʦʨʤʠʨʫʝʤʦʛʦ ʫʯʘʩʪʢʘ ʚʦʣʦʢʥʘ ʩ ɺɹʈ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʩʧʳʪʘʥʠʡ ʧʦʣʫʯʝ-

ʥʘ ʚʳʙʦʨʢʘ ʠʟ 900 ʠʟʤʝʨʝʥʠʡ ʜʣʷ ɺɹʈ ʩʦ ʟʥʘʯʝʥʠʝʤ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʧʪʠʯʝʩʢʦʡ 

ʪʝʥʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ k = (0,7983 ± 0,0029). ʊʘʢʦʡ ʨʝʟʫʣʴʪʘʪ ʙʳʣ ʦʙʝʩʧʝʯʝʥ 

ʙʦʣʴʰʠʤ ʦʙʲʝʤʦʤ ʚʳʙʦʨʢʠ ʠʟʤʝʨʝʥʠʡ ʥʘ ʦʜʥʦʡ ɺɹʈ. 
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3. ɺʝʨʠʬʠʢʘʮʠʷ ʧʦʣʫʯʝʥʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʤʝʪʦʜʦʤ ʯʝʪʳʨʝʭʪʦʯʝʯʥʦʛʦ 

ʠʟʛʠʙʘ 

ɺʝʨʠʬʠʢʘʮʠʷ ʧʦʣʫʯʝʥʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʥʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʙʳʣʘ 

ʦʩʫʱʝʩʪʚʣʝʥʘ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʠʩʧʳʪʘʥʠʡ ʥʘ ʯʝʪʳʨʝʭʪʦʯʝʯʥʳʡ ʠʟʛʠʙ (ʨʠʩ. 3). 

ɺɹʈ ʧʦ ʚʩʝʡ ʜʣʠʥʝ ʧʨʠʢʣʝʠʚʘʣʠʩʴ ʥʘ ʤʝʪʘʣʣʠʯʝʩʢʫʶ ʙʘʣʢʫ ʠʟ ʩʧʣʘʚʘ ɺ95. ɹʘʣʢʘ 

ʩ ʜʘʪʯʠʢʘʤʠ (1) ʧʦʤʝʱʘʝʪʩʷ ʚ ʫʩʪʘʥʦʚʢʫ ʯʝʪʳʨʝʭʪʦʯʝʯʥʦʛʦ ʠʟʛʠʙʘ. ɼʝʬʦʨʤʘʮʠʷ 

ʙʘʣʢʠ (1) ʟʘʜʘʝʪʩʷ ʧʝʨʝʤʝʱʝʥʠʝʤ ʥʠʞʥʠʭ ʦʧʦʨ (2), ʚʝʨʭʥʠʝ ʦʧʦʨʳ (3) ʦʩʪʘʶʪʩʷ 

ʥʝʧʦʜʚʠʞʥʳʤʠ. ʇʨʦʛʠʙ ʙʘʣʢʠ ʠʟʤʝʨʷʝʪʩʷ ʠʟʤʝʨʠʪʝʣʝʤ ʣʠʥʝʡʥʳʭ ʧʝʨʝʤʝʱʝʥʠʡ 

ʃʀʈ-14 (4), ʫʩʪʘʥʦʚʣʝʥʥʳʤ ʚ ʠʟʤʝʨʠʪʝʣʴʥʫʶ ʩʢʦʙʫ (5). ɺ ɻʢʩʧʝʨʠʤʝʥʪʝ ʙʳʣʦ 

ʠʩʧʦʣʴʟʦʚʘʥʦ 5 ɺɹʈ. 
 

 

ʈʠʩ. 3. ʋʩʪʘʥʦʚʢʘ ʠʩʧʳʪʘʥʠʡ ʥʘ ʯʝʪʳʨʝʭʪʦʯʝʯʥʳʡ ʠʟʛʠʙ 

4. ɿʘʢʣʶʯʝʥʠʝ 

ɺʥʘʯʘʣʝ ʧʨʦʚʦʜʠʣʦʩʴ ʪʨʝʥʠʨʦʚʦʯʥʦʝ ʥʘʛʨʫʞʝʥʠʝ ʜʦ ʜʝʬʦʨʤʘʮʠʠ 5100 ʤʢʤ/ʤ, 

ʟʘʪʝʤ ʫʩʪʘʥʘʚʣʠʚʘʣʘʩʴ ʧʨʝʜʚʘʨʠʪʝʣʴʥʘʷ ʜʝʬʦʨʤʘʮʠʷ ʚʝʣʠʯʠʥʦʡ 100 ʤʢʤ/ʤ. ʕʪʦ 

ʟʥʘʯʝʥʠʝ ʧʨʠʥʠʤʘʣʦʩʴ ʢʘʢ ʥʘʯʘʣʴʥʦʝ. ʀʟʤʝʨʠʪʝʣʴʥʳʡ ʮʠʢʣ ʩʦʩʪʦʷʣ ʠʟ ʩʪʫʧʝʥʯʘʪʦʡ 

ʥʘʛʨʫʟʢʠ ʜʦ ʜʝʬʦʨʤʘʮʠʠ 5000 ʤʢʤ/ʤ ʩ ʰʘʛʦʤ 500 ʤʢʤ/ʤ ʠ ʚʳʜʝʨʞʢʦʡ 10 ʩʝʢʫʥʜ ʥʘ 

ʢʘʞʜʦʤ ʵʪʘʧʝ ʥʘʛʨʫʞʝʥʠʷ. ɼʣʷ ʠʩʧʳʪʘʥʠʷ ʢʘʢ ʧʨʠ ʧʦʣʦʞʠʪʝʣʴʥʦʡ, ʪʘʢ ʠ ʧʨʠ ʦʪʨʠ-

ʮʘʪʝʣʴʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʙʘʣʢʘ ʧʝʨʝʚʦʨʘʯʠʚʘʣʘʩʴ. ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ ʜʝʬʦʨʤʘʮʠʠ 

ʩ ʧʦʤʦʱʴʶ ɺɹʈ ʩʨʘʚʥʠʚʘʣʠʩʴ ʩ ʟʘʜʘʚʘʝʤʳʤ ʟʥʘʯʝʥʠʝʤ ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʧʦʚʝʨʭʥʦ-

ʩʪʠ ʙʘʣʢʠ ʧʨʠ ʠʟʛʠʙʝ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʥʟʦʯʫʚʩʪʚʠ-

ʪʝʣʴʥʦʩʪʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʨʠʚʝʜʝʥʥʫʶ ʧʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʜʝʬʦʨʤʘʮʠʠ, ʥʝ ʧʨʝ-

ʚʳʰʘʶʱʫʶ 1 % ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ ï5000 ʜʦ +5000 ʤʢʤ/ʤ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. Kreuzer M. Strain measurement with fiber Bragg grating sensors [ʕʣʝʢʪʨʦʥ-

ʥʳʡ ʨʝʩʫʨʩ] // HBM. ï 2006. ï 37 p. ï URL: https://www.ae.metu.edu.tr/seminar/ 

strain-gage/FBG.pdf (ʜʘʪʘ ʦʙʨʘʱʝʥʠʷ: 23.02.2026). 
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ʆʮʝʥʢʘ ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʣʘʩʪʠʥ 

ʧʨʠ ʩʪʘʪʠʯʝʩʢʠʭ ʥʘʛʨʫʟʢʘʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʜʘʪʯʠʢʦʚ 

ɻ.ʉ. ʉʝʨʦʚʘʝʚ*, ɺ.ʇ. ʄʘʪʚʝʝʥʢʦ, ɽ.ɹ. ɻʘʣʢʠʥʘ, ɺ.ɸ. ʂʦʥʶʭʦʚ, 

ʅ.ɸ. ʂʦʰʝʣʝʚʘ 

ʀʥʩʪʠʪʫʪ ʤʝʭʘʥʠʢʠ ʩʧʣʦʰʥʳʭ ʩʨʝʜ ʋʨʆ ʈɸʅ, ʛ. ʇʝʨʤʴ, 

serovaev@icmm.ru*  

 

ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ-ʯʠʩʣʝʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʝ-

ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʣʘʩʪʠʥ, ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʤʝʪʦʜʦʤ ʧʦʩʣʦʡʥʦʛʦ ʥʘʧʣʘʚʣʝʥʠʷ, ʧʨʠ 

ʩʪʘʪʠʯʝʩʢʠʭ ʥʘʛʨʫʟʢʘʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʧʨʝʜʝʣʝʥʥrʭ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʭ 

ʜʘʪʯʠʢʦʚ ʥʘ ʦʩʥʦʚʝ ʨʵʣʝʝʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ. ʅʘ ʦʩʥʦʚʝ ʦʜʥʦʤʝʨʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥ-

ʥʳʭ ʠʟʤʝʨʝʥʠʡ ʚʜʦʣʴ S-ʦʙʨʘʟʥʦ ʫʣʦʞʝʥʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʚʦʣʦʢʥʘ ʨʝʘʣʠʟʦʚʘʥʘ 

ʤʝʪʦʜʠʢʘ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʧʦʣʷ ʧʨʦʜʦʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʜʝʬʦʨʤʘʮʠʡ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʩʪʠʥʳ. ʇʦʢʘʟʘʥʦ ʢʘʯʝʩʪʚʝʥʥʦʝ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦʝ ʩʦʛʣʘʩʦʚʘʥʠʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʝʪʦʜʦʤ 

ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʨʘʩʧʨʝʜʝʣʝʥʥʳʝ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʜʘʪʯʠʢʠ, OFDR, 

ʨʵʣʝʝʚʩʢʦʝ ʨʘʩʩʝʷʥʠʝ, ʧʦʣʝ ʜʝʬʦʨʤʘʮʠʡ, ʢʦʤʧʦʟʠʪʥʘʷ ʧʣʘʩʪʠʥʘ, 3D-ʧʝʯʘʪʴ. 
 

1. ɺʚʝʜʝʥʠʝ 

ɺ ʩʦʚʨʝʤʝʥʥʦʡ ʠʥʞʝʥʝʨʥʦʡ ʧʨʘʢʪʠʢʝ ʚʦʟʨʘʩʪʘʝʪ ʠʥʪʝʨʝʩ ʢ ʢʦʥʪʨʦʣʶ ʜʝ-

ʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʪʦʥʢʦʩʪʝʥʥʳʭ ʵʣʝʤʝʥʪʦʚ ʢʦʥʩʪʨʫʢʮʠʡ, ʠʟʛʦʪʦʚʣʝʥ-

ʥʳʭ ʠʟ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʘʜʜʠʪʠʚʥʳʭ 

ʪʝʭʥʦʣʦʛʠʡ. ɼʣʷ ʪʘʢʠʭ ʦʙʲʝʢʪʦʚ ʚʘʞʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʥʝ ʪʦʣʴʢʦ ʣʦ-

ʢʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʜʝʬʦʨʤʘʮʠʡ ʚ ʦʪʜʝʣʴʥʳʭ ʪʦʯʢʘʭ, ʥʦ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʢʘʨ-

ʪʠʥʳ ʠʭ ʨʘʩʧʨʝʜʝʣʝʥʠʷ. 

ʇʝʨʩʧʝʢʪʠʚʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ ʨʝʰʝʥʠʷ ʜʘʥʥʦʡ ʟʘʜʘʯʠ ʷʚʣʷʶʪʩʷ ʨʘʩ-

ʧʨʝʜʝʣʝʥʥʳʝ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʜʘʪʯʠʢʠ ʥʘ ʦʩʥʦʚʝ ʨʵʣʝʝʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʦʧʪʠʯʝʩʢʦʡ ʨʝʬʣʝʢʪʦʤʝʪʨʠʠ ʚ ʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ 

(OFDR). ʆʥʠ ʦʙʝʩʧʝʯʠʚʘʶʪ ʚʳʩʦʢʦʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʠ ʧʦʟʚʦʣʷʶʪ 

ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʜʝʬʦʨʤʘʮʠʠ ʚ ʙʦʣʴʰʦʤ ʯʠʩʣʝ ʪʦʯʝʢ ʚʜʦʣʴ ʦʧʪʠʯʝʩʢʦʛʦ ʚʦʣʦʢʥʘ. 

ʆʜʥʘʢʦ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʠʤʝʶʪ ʦʜʥʦʤʝʨʥʳʡ ʭʘʨʘʢʪʝʨ, ʧʦʵʪʦʤʫ ʪʨʝʙʫʝʪʩʷ 

ʧʨʦʮʝʜʫʨʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʧʨʠʚʷʟʢʠ ʜʘʥʥʳʭ ʢ ʛʝʦʤʝʪʨʠʠ ʢʦʥʩʪʨʫʢʮʠʠ ʠ ʚʦʩ-

ʩʪʘʥʦʚʣʝʥʠʷ ʧʦʣʷ ʠʟʤʝʨʷʝʤʦʡ ʢʦʤʧʦʥʝʥʪʳ ʜʝʬʦʨʤʘʮʠʠ. 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʘʧʨʦʙʘʮʠʷ ʤʝʪʦʜʠʢʠ ʚʦʩʩʪʘʥʦʚ-

ʣʝʥʠʷ ʧʦʣʷ ʧʨʦʜʦʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʜʝʬʦʨʤʘʮʠʡ ʚ ʧʣʘʩʪʠʥʝ, ʠʟʛʦʪʦʚ-

ʣʝʥʥʦʡ ʤʝʪʦʜʦʤ ʧʦʩʣʦʡʥʦʛʦ ʥʘʧʣʘʚʣʝʥʠʷ, ʧʦ ʜʘʥʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʚʦʣʦʢʦʥ-



 

 
137 

ʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ ʠ ʚʝʨʠʬʠʢʘʮʠʷ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʤʝʪʦʜʦʤ ʢʦ-

ʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ. 

2. ʄʝʪʦʜʠʢʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʦʙʨʘʙʦʪʢʘ ʨʝʟʫʣʴʪʘʪʦʚ 

ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʧʨʷʤʦʫʛʦʣʴʥʘʷ ʧʣʘʩʪʠʥʘ, 

ʠʟʛʦʪʦʚʣʝʥʥʘʷ ʤʝʪʦʜʦʤ ʧʦʩʣʦʡʥʦʛʦ ʥʘʧʣʘʚʣʝʥʠʷ ʠʟ ʢʦʤʧʦʟʠʪʥʦʛʦ ʪʝʨʤʦʧʣʘ-

ʩʪʠʯʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʥʘ ʦʩʥʦʚʝ ABS, ʥʘʧʦʣʥʝʥʥʦʛʦ ʢʦʨʦʪʢʠʤʠ ʫʛʣʝʨʦʜʥʳʤʠ ʚʦ-

ʣʦʢʥʘʤʠ. ɻʘʙʘʨʠʪʥʳʝ ʨʘʟʤʝʨʳ ʨʘʙʦʯʝʡ ʟʦʥʳ ʧʣʘʩʪʠʥʳ ʩʦʩʪʘʚʣʷʣʠ 295Ĭ327 ʤʤ. 

ʊʦʣʱʠʥʘ ʧʣʘʩʪʠʥʳ ï 4 ʤʤ. ʇʣʘʩʪʠʥʘ ʞʝʩʪʢʦ ʟʘʢʨʝʧʣʷʣʘʩʴ ʩ ʜʚʫʭ ʧʨʦʪʠʚʦʧʦʣʦʞ-

ʥʳʭ ʩʪʦʨʦʥ, ʘ ʩʪʘʪʠʯʝʩʢʘʷ ʥʘʛʨʫʟʢʘ ʧʨʠʢʣʘʜʳʚʘʣʘʩʴ ʚ ʨʘʟʣʠʯʥʳʭ ʫʯʘʩʪʢʘʭ ʨʘʙʦ-

ʯʝʡ ʟʦʥʳ. 

ɼʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʜʝʬʦʨʤʘʮʠʡ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʦʜʥʦʤʦʜʦʚʦʝ ʦʧʪʠʯʝʩʢʦʝ ʚʦ-

ʣʦʢʥʦ ʩ ʘʢʨʠʣʘʪʥʦʡ ʟʘʱʠʪʥʦʡ ʦʙʦʣʦʯʢʦʡ. ɺʦʣʦʢʥʦ ʫʢʣʘʜʳʚʘʣʦʩʴ ʧʦ S-ʦʙʨʘʟʥʦʡ 

ʪʨʘʝʢʪʦʨʠʠ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʣʦ ʧʦʢʨʳʪʠʝ ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝʡ ʨʘʙʦʯʝʡ ʧʣʦʱʘʜʠ ʦʙ-

ʨʘʟʮʘ. ʅʘ ʧʣʦʱʘʜʠ ʧʣʘʩʪʠʥʳ ʙʳʣʦ ʩʬʦʨʤʠʨʦʚʘʥʦ 16 ʧʘʨʘʣʣʝʣʴʥʳʭ ʠʟʤʝʨʠʪʝʣʴ-

ʥʳʭ ʫʯʘʩʪʢʦʚ ʩ ʨʘʩʩʪʦʷʥʠʝʤ 20 ʤʤ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʣʠʥʠʷʤʠ. ʀʟʤʝʨʝʥʠʷ ʚʳ-

ʧʦʣʥʷʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʨʝʬʣʝʢʪʦʤʝʪʨʘ ʦʙʨʘʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ OSI-D. ɺ ʧʨʦʚʝʜʝʥ-

ʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʪʦʯʢʘʤʠ ʠʟʤʝʨʝʥʠʷ ʩʦʩʪʘʚʣʷʣʦ 

2,56 ʤʤ ʧʨʠ ʙʘʟʝ ʜʘʪʯʠʢʘ 5 ʤʤ. 

ʇʨʠʥʮʠʧ ʠʟʤʝʨʝʥʠʷ ʦʩʥʦʚʘʥ ʥʘ ʩʦʧʦʩʪʘʚʣʝʥʠʠ ʨʝʬʣʝʢʪʦʛʨʘʤʤ, ʟʘʨʝʛʠʩʪʨʠ-

ʨʦʚʘʥʥʳʭ ʚ ʠʩʭʦʜʥʦʤ ʠ ʥʘʛʨʫʞʝʥʥʦʤ ʩʦʩʪʦʷʥʠʷʭ. ɼʣʷ ʢʘʞʜʦʛʦ ʫʯʘʩʪʢʘ ʦʧʪʠʯʝ-

ʩʢʦʛʦ ʚʦʣʦʢʥʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʧʝʢʪʨʘʣʴʥʳʡ ʩʜʚʠʛ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳʡ ʧʨʦʜʦʣʴ-

ʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʚʜʦʣʴ ʦʩʠ ʚʦʣʦʢʥʘ. ɼʣʷ ʧʝʨʝʭʦʜʘ ʦʪ ʦʜʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝ-

ʥʠʷ ʜʝʬʦʨʤʘʮʠʡ ʚʜʦʣʴ ʦʧʪʠʯʝʩʢʦʛʦ ʚʦʣʦʢʥʘ ʢ ʧʦʣʶ ʜʝʬʦʨʤʘʮʠʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʣʘʩʪʠʥʳ ʠʟ ʧʦʣʥʦʛʦ ʧʨʦʬʠʣʷ ʚʳʜʝʣʷʣʠʩʴ ʪʦʣʴʢʦ ʠʟʤʝʨʠʪʝʣʴʥʳʝ ʫʯʘʩʪʢʠ, ʦʪʥʦ-

ʩʷʱʠʝʩʷ ʢ ʨʘʙʦʯʝʡ ʟʦʥʝ ʦʙʨʘʟʮʘ, ʧʨʠ ʠʩʢʣʶʯʝʥʠʠ ʧʦʜʚʦʜʷʱʠʭ ʯʘʩʪʝʡ ʚʦʣʦʢʥʘ ʠ 

ʟʦʥ ʧʝʨʝʛʠʙʘ. 

ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʜʣʷ ʢʘʞʜʦʛʦ ʧʨʷʤʦʣʠʥʝʡʥʦʛʦ ʫʯʘʩʪʢʘ ʧʨʠʚʦʜʠʣʠʩʴ ʢ 

ʝʜʠʥʦʡ ʧʣʦʩʢʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ, ʩʚʷʟʘʥʥʦʡ ʩ ʧʣʘʩʪʠʥʦʡ. ʅʘ ʟʘʚʝʨʰʘʶʱʝʤ 

ʵʪʘʧʝ ʚʳʧʦʣʥʷʣʘʩʴ ʠʥʪʝʨʧʦʣʷʮʠʷ ʠʟʤʝʨʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʥʘ ʨʘʩʯʝʪʥʫʶ ʩʝʪʢʫ ʚ 

ʦʙʣʘʩʪʠ ʢʦʥʪʨʦʣʷ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʚʠʟʫʘʣʠʟʘʮʠʝʡ ʚ ʚʠʜʝ ʧʦʣʷ ʧʨʦʜʦʣʴʥʦʡ ʢʦʤʧʦ-

ʥʝʥʪʳ ʪʝʥʟʦʨʘ ʜʝʬʦʨʤʘʮʠʡ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʠʣ ʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴ ʧʨʦʩʪʨʘʥ-

ʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠʟʤʝʨʷʝʤʦʡ ʢʦʤʧʦʥʝʥʪʳ ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʢʦʥʩʪʨʫʢʮʠʠ ʧʦ ʜʘʥʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʥʦʛʦ ʜʘʪʯʠʢʘ, ʫʣʦʞʝʥʥʦʛʦ ʧʦ ʩʣʦʞʥʦʡ ʪʨʘ-

ʝʢʪʦʨʠʠ. 

ɼʣʷ ʚʝʨʠʬʠʢʘʮʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʚʳʧʦʣʥʷʣʦʩʴ ʯʠʩʣʝʥʥʦʝ ʤʦ-

ʜʝʣʠʨʦʚʘʥʠʝ ʥʘʧʨʷʞʸʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʣʘʩʪʠʥʳ ʤʝʪʦʜʦʤ ʢʦ-

ʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ ANSYS ʚ ʪʨʝʭʤʝʨʥʦʡ ʧʦʩʪʘʥʦʚʢʝ. 

ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʢʘʟʘʣʦ ʢʘʯʝʩʪʚʝʥʥʦʝ ʩʦʚʧʘʜʝʥʠʝ ʢʘʨʪʠʥ ʨʘʩ-

ʧʨʝʜʝʣʝʥʠʷ ʜʝʬʦʨʤʘʮʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠ ʯʠʩʣʝʥʥʦ. ɺʦʩʩʪʘʥʦʚ-

ʣʝʥʥʳʝ ʧʦʣʷ ʧʦʟʚʦʣʷʶʪ ʧʨʦʩʣʝʜʠʪʴ ʠʟʤʝʥʝʥʠʝ ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʘʭ ʥʘʛʨʫʞʝʥʠʷ. ʂʦʣʠʯʝʩʪʚʝʥʥʦʝ ʨʘʩʭʦʞʜʝʥʠʝ ʤʝʞʜʫ ʤʘʢʩʠ-
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ʤʘʣʴʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʜʝʬʦʨʤʘʮʠʡ, ʧʦʣʫʯʝʥʥʳʤʠ ʧʦ ʜʘʥʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʥʦʛʦ 

ʜʘʪʯʠʢʘ ʠ ʟʥʘʯʝʥʠʷʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʚ ʨʘʩʯʝʪʘʭ ʤʝʪʦʜʦʤ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ, 

ʥʝ ʧʨʝʚʳʰʘʣʦ 3, 4, 9 ʠ 19 % ʜʣʷ ʯʝʪʳʨʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʚʘʨʠʘʥʪʦʚ ʥʘʛʨʫʞʝʥʠʷ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʥʘ ʪʦʯʥʦʩʪʴ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʚʣʠʷʝʪ ʥʝ ʪʦʣʴʢʦ ʧʦʣʦʞʝʥʠʝ 

ʚʥʝʰʥʝʡ ʥʘʛʨʫʟʢʠ, ʥʦ ʠ ʠʩʭʦʜʥʦʝ ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʧʣʘʩʪʠʥʳ, ʬʦʨ-

ʤʠʨʫʶʱʝʝʩʷ ʧʨʠ ʟʘʪʷʞʢʝ ʙʦʣʪʦʚʳʭ ʩʦʝʜʠʥʝʥʠʡ. ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ ʠʟʤʝʨʝʥʠʷ ʚ 

ʧʨʦʮʝʩʩʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʡ ʟʘʪʷʞʢʠ ʙʦʣʪʦʚ ʧʦʟʚʦʣʠʣʠ ʟʘʬʠʢʩʠʨʦʚʘʪʴ ʦʙʨʘʟʦʚʘ-

ʥʠʝ ʥʘʯʘʣʴʥʦʛʦ ʧʦʣʷ ʜʝʬʦʨʤʘʮʠʡ ʝʱʝ ʜʦ ʧʨʠʣʦʞʝʥʠʷ ʨʘʙʦʯʝʡ ʥʘʛʨʫʟʢʠ, ʯʪʦ 

ʚʘʞʥʦ ʫʯʠʪʳʚʘʪʴ ʧʨʠ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʜʘʥʥʳʭ ʤʦʥʠʪʦʨʠʥʛʘ. 

3. ɿʘʢʣʶʯʝʥʠʝ 

ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʤʝʪʦʜʠʢʘ ʧʦʟʚʦʣʷʝʪ ʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴ ʧʦʣʝ ʠʟʤʝʨʷʝʤʦʡ ʢʦʤʧʦ-

ʥʝʥʪʳ ʪʝʥʟʦʨʘ ʜʝʬʦʨʤʘʮʠʡ ʚ ʨʘʙʦʯʝʡ ʟʦʥʝ ʧʣʘʩʪʠʥʳ ʧʦ ʜʘʥʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ 

ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ ʥʘ ʦʩʥʦʚʝ ʨʵʣʝʝʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ. ʀʩʧʦʣʴʟʦʚʘ-

ʥʠʝ S-ʦʙʨʘʟʥʦʡ ʪʨʘʝʢʪʦʨʠʠ ʫʢʣʘʜʢʠ ʚʦʣʦʢʥʘ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦ 

ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʚ ʨʘʙʦʯʝʡ ʟʦʥʝ ʢʦʥʩʪʨʫʢʮʠʠ. ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʩ ʨʝ-

ʟʫʣʴʪʘʪʘʤʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʜʪʚʝʨʜʠʣʦ ʢʦʨʨʝʢʪʥʦʩʪʴ ʧʨʝʜʣʦʞʝʥʥʦʡ 

ʤʝʪʦʜʠʢʠ ʠ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʝʝ ʧʨʠʤʝʥʝʥʠʷ ʜʣʷ ʟʘʜʘʯ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʤʝʭʘ-

ʥʠʢʠ ʠ ʤʦʥʠʪʦʨʠʥʛʘ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʪʦʥʢʦʩʪʝʥʥʳʭ ʵʣʝʤʝʥʪʦʚ. 

ʌʠʥʘʥʩʠʨʦʚʘʥʠʝ 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʢʨʫʧʥʦʛʦ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ 

ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ 

(ʩʦʛʣʘʰʝʥʠʝ  ̄075-15-2024-535 ʦʪ 23.04.2024). 
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ʍʘʨʘʢʪʝʨʠʟʘʮʠʷ ʩʧʝʮʠʘʣʴʥʳʭ ʚʦʣʦʢʦʥ ʤʝʪʦʜʦʤ 

ʢʦʛʝʨʝʥʪʥʦʡ ʦʧʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʥʦʡ ʨʝʬʣʝʢʪʦʤʝʪʨʠʠ 

ɸ.ʖ . ʊʢʘʯʝʥʢʦ*, ʀ.ɸ. ʃʦʙʘʯ, ʉ.ʀ. ʂʘʙʣʫʢʦʚ 

ʀʥʩʪʠʪʫʪ ʘʚʪʦʤʘʪʠʢʠ ʠ ʵʣʝʢʪʨʦʤʝʪʨʠʠ ʉʆ ʈɸʅ, ʛ. ʅʦʚʦʩʠʙʠʨʩʢ,  

tkachenko@iae.nsk.su*  

 

ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʫʨʦʚʥʷ ʦʙʨʘʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʈʵʣʝʷ ʩ 

ʧʦʤʦʱʴʶ ʢʦʛʝʨʝʥʪʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʯʘʩʪʦʪʥʦʛʦ ʨʝʬʣʝʢʪʦʤʝʪʨʘ. ɼʣʷ ʙʝʩʩʝʨʜʮʝ-

ʚʠʥʥʦʛʦ ʚʦʣʦʢʥʘ ʥʘʙʣʶʜʘʣʦʩʴ ʠʟʤʝʥʝʥʠʝ ʫʨʦʚʥʷ ʩʠʛʥʘʣʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʥʘʣʠ-

ʯʠʷ ʚʥʝʰʥʝʛʦ ʘʢʨʠʣʘʪʥʦʛʦ ʧʦʢʨʳʪʠʷ. ʉʠʛʥʘʣ ʜʣʷ ʙʝʩʩʝʨʜʮʝʚʠʥʥʦʛʦ ʚʦʣʦʢʥʘ ʩ 

ʦʙʦʣʦʯʢʦʡ ʧʨʠʤʝʨʥʦ ʥʘ 10 ʜɹ ʚʳʰʝ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ ʧʝʨʝʭʦʜʦʤ ʯʘʩʪʠ 

ʠʟʣʫʯʝʥʠʷ ʚ ʘʢʨʠʣʘʪʥʫʶ ʦʙʦʣʦʯʢʫ ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʨʘʩʩʝʷʥʠʝʤ ʩʚʝʪʘ ʚ ʥʝʡ. ɼʣʷ 

ʘʢʪʠʚʥʳʭ ʵʨʙʠʝʚʳʭ ʚʦʣʦʢʦʥ ʥʝʩʢʦʣʴʢʠʭ ʧʨʦʠʟʚʦʜʠʪʝʣʝʡ ʥʘʙʣʶʜʘʝʪʩʷ ʨʘʟʣʠʯʠʝ ʚ 

ʫʨʦʚʥʝ ʨʘʩʩʝʷʥʠʷ ʈʵʣʝʷ, ʢʦʪʦʨʦʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʟʘʭʚʘʪʘ ʨʘʩʩʝʷʥʥʦ-

ʛʦ ʠʟʣʫʯʝʥʠʷ, ʟʘʚʠʩʷʱʠʤ ʢʚʘʜʨʘʪʠʯʥʦ ʦʪ ʯʠʩʣʦʚʦʡ ʘʧʝʨʪʫʨʳ ʩʝʨʜʮʝʚʠʥʳ. ʏʫʚ-

ʩʪʚʠʪʝʣʴʥʦʩʪʴ ʤʝʪʦʜʘ ʢʦʛʝʨʝʥʪʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʯʘʩʪʦʪʥʦʛʦ ʨʝʬʣʝʢʪʦʤʝʪʨʘ ʢ ʠʟ-

ʤʝʥʝʥʠʶ ʯʠʩʣʦʚʦʡ ʘʧʝʨʪʫʨʳ ʦʧʪʠʯʝʩʢʠʭ ʚʦʣʦʢʦʥ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ 

ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʠʟʤʝʨʝʥʠʡ ʝʝ ʚʝʣʠʯʠʥʳ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʢʦʛʝʨʝʥʪʥʳʡ ʦʧʪʠʯʝʩʢʠʡ ʯʘʩʪʦʪʥʳʡ ʨʝʬʣʝʢʪʦʤʝʪʨ, ʩʘ-

ʤʦʩʢʘʥʠʨʫʶʱʠʡ ʚʦʣʦʢʦʥʥʳʡ ʣʘʟʝʨ, ʩʧʝʮʠʘʣʴʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʚʦʣʦʢʥʘ. 
 

1. ɺʚʝʜʝʥʠʝ 

ʂʦʛʝʨʝʥʪʥʘʷ ʦʧʪʠʯʝʩʢʘʷ ʯʘʩʪʦʪʥʘʷ ʨʝʬʣʝʢʪʦʤʝʪʨʠʷ (ʂʆʏʈ, Optical 

Frequency Domain Reflectometry, OFDR) ï ʦʜʥʘ ʠʟ ʢʣʶʯʝʚʳʭ ʪʝʭʥʦʣʦʛʠʡ ʨʘʩʧʨʝ-

ʜʝʣʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʦʧʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʩ ʚʦʣʥʦʚʦʜʥʦʡ ʩʪʨʫʢʪʫʨʦʡ (ʦʧʪʠʯʝʩʢʠʭ 

ʚʦʣʦʢʦʥ ʠʣʠ ʬʦʪʦʥʥʦ-ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ). ʇʨʠʥʮʠʧ ʝʝ ʜʝʡʩʪʚʠʷ ʦʩʥʦʚʘʥ ʥʘ ʘʥʘ-

ʣʠʟʝ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʤʝʞʜʫ ʧʨʦʙʥʳʤ ʠ ʦʪʨʘʞʝʥʥʳʤ (ʠʣʠ ʨʘʩʩʝʷʥʥʳʤ) ʚ ʪʝʩʪʠ-

ʨʫʝʤʦʤ ʦʧʪʠʯʝʩʢʦʤ ʪʨʘʢʪʝ ʩʠʛʥʘʣʘʤʠ ʧʨʠ ʩʢʘʥʠʨʦʚʘʥʠʠ ʦʧʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʳ 

ʚʳʩʦʢʦʢʦʛʝʨʝʥʪʥʦʛʦ ʟʦʥʜʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ [1]. ʇʦʣʫʯʘʝʤʳʡ ʠʥʪʝʨʬʝʨʝʥʮʠ-

ʦʥʥʳʡ ʩʠʛʥʘʣ ʥʝʩʝʪ ʠʥʬʦʨʤʘʮʠʶ ʦ ʪʦʯʥʦʤ ʧʦʣʦʞʝʥʠʠ ʠ ʚʝʣʠʯʠʥʝ ʦʪʨʘʞʘʶʱʠʭ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʚʜʦʣʴ ʚʦʣʦʢʦʥʥʦʡ ʩʝʥʩʦʨʥʦʡ ʣʠʥʠʠ; ʵʪʠ ʜʘʥʥʳʝ ʠʟʚʣʝʢʘʶʪʩʷ ʩ 

ʧʦʤʦʱʴʶ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ. ʂʣʶʯʝʚʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʪʝʭʥʦʣʦʛʠʠ ʷʚʣʷ-

ʶʪʩʷ ʚʳʩʦʢʦʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ (ʚʧʣʦʪʴ ʜʦ ʤʠʢʨʦʥʥʳʭ ʤʘʩʰʪʘʙʦʚ 

[2]) ʠ ʠʩʢʣʶʯʠʪʝʣʴʥʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʤʘʣʳʤ ʜʝʬʝʢʪʘʤ (ʧʦʟʚʦʣʷʝʪ ʨʝʛʠ-

ʩʪʨʠʨʦʚʘʪʴ ʩʣʘʙʳʝ ʩʠʛʥʘʣʳ ʨʘʩʩʝʷʥʠʷ [3]). ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʧʦʜʘʚʣʷʶ-

ʱʝʤ ʙʦʣʴʰʠʥʩʪʚʝ ʨʘʙʦʪ, ʧʦʩʚʷʱʝʥʥʳʭ ʧʨʠʤʝʥʝʥʠʶ ʂʆʏʈ, ʚ ʢʘʯʝʩʪʚʝ ʦʧʪʠʯʝʩʢʦ-

ʛʦ ʪʨʘʢʪʘ ʠʩʧʦʣʴʟʫʶʪʩʷ ʩʪʘʥʜʘʨʪʥʳʝ ʦʜʥʦʤʦʜʦʚʳʝ ʚʦʣʦʢʥʘ (ʩʤ., ʥʘʧʨʠʤʝʨ, [4, 5]). 

ʄʦʞʥʦ ʦʞʠʜʘʪʴ, ʯʪʦ ʩʦʯʝʪʘʥʠʝ ʚʩʝʭ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʜʦʩʪʦʠʥʩʪʚ ʂʆʏʈ ʩ ʧʨʠʤʝ-

ʥʝʥʠʝʤ ʚʦʣʦʢʦʥ ʠʥʳʭ ʪʠʧʦʚ ʦʪʢʨʦʝʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʵʪʦʛʦ ʤʝʪʦʜʘ. ɼʝʡʩʪʚʠ-
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ʪʝʣʴʥʦ, ʚ ʨʷʜʝ ʨʘʙʦʪ ʧʦʢʘʟʘʥʦ ʧʨʠʤʝʥʝʥʠʝ ʪʝʭʥʦʣʦʛʠʠ ʂʆʏʈ ʜʣʷ ʩʧʝʮʠʘʣʴʥʳʭ 

ʪʠʧʦʚ ʚʦʣʦʢʦʥ. 

ʅʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ [6] ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʦʚʘʷ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʘʷ ʩʝʥʩʦʨ-

ʥʘʷ ʩʠʩʪʝʤʘ ʥʘ ʦʩʥʦʚʝ ʂʆʏʈ ʜʣʷ ʨʘʩʧʨʝʜʝʣʸʥʥʦʛʦ ʦʙʥʘʨʫʞʝʥʠʷ ʞʠʜʢʦʩʪʝʡ, ʚʳ-

ʧʦʣʥʝʥʥʘʷ ʥʘ ʙʘʟʝ ʙʝʩʩʝʨʜʮʝʚʠʥʥʦʛʦ ʚʦʣʦʢʥʘ (ɹʉɺ). ɹʉɺ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʪʠʧ ʤʥʦʛʦʤʦʜʦʚʦʛʦ ʚʦʣʦʢʥʘ, ʚʥʝʰʥʷʷ ʦʙʦʣʦʯʢʘ ʢʦʪʦʨʦʛʦ ʬʦʨʤʠʨʫʝʪʩʷ ʦʢʨʫʞʘ-

ʶʱʝʡ ʩʨʝʜʦʡ [7]. ɹʣʘʛʦʜʘʨʷ ʧʨʷʤʦʤʫ ʢʦʥʪʘʢʪʫ ʩ ʚʥʝʰʥʝʡ ʩʨʝʜʦʡ ɹʉɺ ʧʨʠʤʝʥʷ-

ʝʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʵʣʝʤʝʥʪʘ ʜʣʷ ʤʦʥʠʪʦʨʠʥʛʘ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ. 

ʂʣʶʯʝʚʘʷ ʦʩʦʙʝʥʥʦʩʪʴ ʧʨʝʜʣʦʞʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ  

ʙʝʩʩʝʨʜʮʝʚʠʥʥʦʝ ʚʦʣʦʢʥʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʢʦʥʪʘʢʪʠʨʫʝʪ ʩ ʠʩʩʣʝʜʫʝʤʦʡ ʞʠʜʢʦ-

ʩʪʴʶ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʝʸ ʧʨʠʩʫʪʩʪʚʠʝ ʧʦ ʠʟʤʝʥʝʥʠʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʦʙʨʘʪʥʦʛʦ ʨʵʣʝʝʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ. ɺ ʩʠʩʪʝʤʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʤʝʪʦʜʳ ʨʘʩʧʨʝʜʝʣʸʥ-

ʥʦʛʦ ʟʦʥʜʠʨʦʚʘʥʠʷ ʚ ʦʧʪʠʯʝʩʢʠʭ ʚʦʣʦʢʥʘʭ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʫʶ ʪʦʯʥʦʩʪʴ 

ʦʙʥʘʨʫʞʝʥʠʷ ʞʠʜʢʠʭ ʢʘʧʝʣʴ. 

ɺ ʨʘʙʦʪʘʭ [8, 9] ʠʩʩʣʝʜʫʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʂʆʏʈ ʜʣʷ ʨʘʩʧʨʝ-

ʜʝʣʸʥʥʦʡ ʜʦʟʠʤʝʪʨʠʠ. ɸʚʪʦʨʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʧʨʠʤʝʥʝʥʠʝ ʚʦʣʦʢʦʥ, ʣʝʛʠʨʦʚʘʥ-

ʥʳʭ ʬʦʩʬʦʨʦʤ, ʚ ʢʘʯʝʩʪʚʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʵʣʝʤʝʥʪʘ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʩ ʚʳʩʦʢʠʤ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʠʦʥʠʟʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʧʫʪʸʤ ʨʝʛʠʩʪʨʘʮʠʠ 

ʚʥʦʩʠʤʳʭ ʧʦʪʝʨʴ. 

ɺ ʨʘʙʦʪʝ [10] ʧʦʢʘʟʘʥʦ ʧʨʠʤʝʥʝʥʠʝ ʂʆʏʈ ʜʣʷ ʥʝʨʘʟʨʫʰʘʶʱʝʛʦ ʠʟʤʝʨʝʥʠʷ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʫʩʠʣʝʥʠʷ ʚʜʦʣʴ ʵʨʙʠʝʚʳʭ ʚʦʣʦʢʦʥ ʩ ʚʳʩʦʢʦʡ ʪʦʯ-

ʥʦʩʪʴʶ. ɸʥʘʣʠʟ ʘʢʪʠʚʥʳʭ ʚʦʣʦʢʦʥ ʪʘʢʞʝ ʧʨʦʚʦʜʠʣʩʷ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ [11], ʛʜʝ 

ʘʚʪʦʨʘʤ ʫʜʘʣʦʩʴ ʠʟʤʝʨʠʪʴ ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚʥʫʪʨʠ ʨʘʙʦʪʘʶʱʠʭ ʣʘ-

ʟʝʨʦʚ ʥʘ ʦʩʥʦʚʝ ʠʪʪʝʨʙʠʝʚʦʛʦ ʠ ʛʦʣʴʤʠʝʚʦʛʦ ʚʦʣʦʢʦʥ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ ʠ ʘʥʘʣʠʟʘ ʨʝʬʣʝʢ-

ʪʦʛʨʘʤʤ ʜʣʷ ʨʷʜʘ ʩʧʝʮʠʘʣʴʥʳʭ ʚʦʣʦʢʦʥ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʂʆʏʈ. ɺ ʢʘʯʝ-

ʩʪʚʝ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʚʳʙʨʘʥʳ ʩʣʝʜʫʶʱʠʝ ʪʠʧʳ ʚʦʣʦʢʦʥ: ʙʝʩʩʝʨʜ-

ʮʝʚʠʥʥʳʝ ʚʦʣʦʢʥʘ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʢʘʢ ʩ ʦʙʦʣʦʯʢʦʡ, ʪʘʢ ʠ ʙʝʟ ʥʝʸ, ʘ ʪʘʢʞʝ ʵʨʙʠʝ-

ʚʳʝ ʚʦʣʦʢʥʘ (ʕɺ) ʨʘʟʣʠʯʥʳʭ ʤʘʨʦʢ. ɺ ʨʘʙʦʪʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʝʪʦʜ ʂʆʏʈ 

ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʥʦʚʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦʙ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʚʦʣʦʢʥʘʭ, ʢʦʪʦʨʘʷ 

ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʝʟʥʘ, ʚ ʪʦʤ ʯʠʩʣʝ, ʜʣʷ ʩʝʥʩʦʨʥʳʭ ʟʘʜʘʯ. 

2. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʯʘʩʪʴ 

ʀʟʤʝʨʠʪʝʣʴʥʘʷ ʩʠʩʪʝʤʘ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʢʣʶʯʝʚʳʭ ʵʣʝʤʝʥʪʦʚ: ʢʦʛʝʨʝʥʪʥʦʛʦ 

ʨʝʬʣʝʢʪʦʤʝʪʨʘ COBRA (Coherent Optical Backscatter Reflectometric Analyzer) ʠ 

ʘʥʘʣʠʟʠʨʫʝʤʦʛʦ ʩʧʝʮʠʘʣʴʥʦʛʦ ʚʦʣʦʢʥʘ (ʨʠʩ. 1). ʉʭʝʤʘ ʂʆʏʈ ʘʥʘʣʦʛʠʯʥʘ ʦʧʠ-

ʩʘʥʥʦʡ ʚ ʨʘʙʦʪʝ [12]. ʂʣʶʯʝʚʘ ̫ʦʩʦʙʝʥʥʦʩʪʴ ʨʝʬʣʝʢʪʦʤʝʪʨʘ COBRA ï ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ ʩʘʤʦʩʢʘʥʠʨʫʶʱʝʛʦ ʚʦʣʦʢʦʥʥʦʛʦ ʣʘʟʝʨʘ 

(ʉɺʃ) ʩ ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʡ ʦʧʪʠʯʝʩʢʦʡ ʯʘʩʪʦʪʦʡ. ʇʝʨʝʩʪʨʦʡʢʘ ʦʧʪʠʯʝʩʢʦʡ ʯʘʩʪʦ-

ʪʳ ʧʨʦʠʩʭʦʜʠʪ ʙʝʟ ʧʨʠʤʝʥʝʥʠʷ ʚʥʝʰʥʠʭ ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʭ ʵʣʝʤʝʥʪʦʚ [13]. ʇʨʦ-

ʩʪʨʘʥʩʪʚʝʥʥʘʷ ʜʠʩʢʨʝʪʠʟʘʮʠʷ ʨʝʬʣʝʢʪʦʛʨʘʤʤʳ ʩʦʩʪʘʚʣʷʣʘ ~0,2 ʤʤ. ʕʪʦ ʟʥʘʯʝʥʠʝ 

ʙʳʣʦ ʦʛʨʘʥʠʯʝʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʜʠʘʧʘʟʦʥʘ ʚʩʝʛʦ 2 ʥʤ. ʄʘʢʩʠ-
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ʤʘʣʴʥʘʷ ʜʣʠʥʘ ʣʠʥʠʠ ʩʦʩʪʘʚʣʷʣʘ 9 ʤ, ʯʪʦ ʦʧʨʝʜʝʣʷʣʦʩʴ ʚʝʣʠʯʠʥʦʡ ʩʢʘʯʢʘ ʯʘʩʪʦ-

ʪʳ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʣʘʟʝʨʘ (5,7 ʄɻʮ). ʄʠʥʠʤʘʣʴʥʳʡ ʫʨʦʚʝʥʴ ʩʠʛʥʘʣʘ ʩʦʩʪʘʚʣʷʣ ï

105 ʜɹ/ʤʤ. ɼʣʷ ʩʥʠʞʝʥʠʷ ʫʨʦʚʥʷ ʰʫʤʦʚ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʫʩʨʝʜʥʝʥʠʝ ʧʦʩʣʝʜʦʚʘ-

ʪʝʣʴʥʦ ʠʟʤʝʨʝʥʥʳʭ ʜʘʥʥʳʭ ʧʦ ʜʝʩʷʪʠ ʨʝʘʣʠʟʘʮʠʷʤ ʠ ʩʛʣʘʞʠʚʘʥʠʝ ʧʦ ʜʝʩʷʪʠ ʩʦ-

ʩʝʜʥʠʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʪʦʯʢʘʤ. 

 

 
 

ʈʠʩ. 1. ʉʭʝʤʘ ʪʝʩʪʦʚʦʡ ʣʠʥʠʠ: ɸ ï ʣʠʥʠʷ ʧʦʜʢʣʶʯʝʥʠʷ ʜʣʷ ɹʉɺ; ɹ ï ʣʠʥʠʷ 

ʧʦʜʢʣʶʯʝʥʠʷ ʜʣʷ ʘʢʪʠʚʥʳʭ ʵʨʙʠʝʚʳʡ ʚʦʣʦʢʦʥ. ʅʘ ʬʦʪʦ ʧʦʢʘʟʘʥ ʨʝʘʣʴʥʳʡ ʚʠʜ 

ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʝʬʣʝʢʪʦʤʝʪʨʘ COBRA 

 

ʂ ʨʝʬʣʝʢʪʦʤʝʪʨʫ ʥʝʟʘʚʠʩʠʤʦ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʧʦʜʢʣʶʯʠʣʠʩʴ ʜʚʝ ʪʝʩʪʠʨʫʝʤʳʝ 

ʣʠʥʠʠ, ʠʟʦʙʨʘʞʝʥʥʳʝ ʥʘ ʨʠʩ. 1. ʃʠʥʠʷ ɸ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ɹʉɺ 

(Thorlabs FG125LA) ʩ ʢʚʘʨʮʝʚʦʡ ʯʘʩʪʴʶ ʜʠʘʤʝʪʨʦʤ 125 ʤʢʤ ʠ ʘʢʨʠʣʘʪʥʳʤ ʧʦ-

ʢʨʳʪʠʝʤ ʪʦʣʱʠʥʦʡ 62,5 ʤʢʤ. ʉʦʛʣʘʩʥʦ ʩʧʝʮʠʬʠʢʘʮʠʠ ʧʨʦʠʟʚʦʜʠʪʝʣʷ, ʦʙʨʘʪʥʳʡ 

ʩʠʛʥʘʣ ʧʦʜʘʚʣʷʝʪʩʷ ʙʦʣʝʝ ʯʝʤ ʥʘ 65 ʜɹ ʧʨʠ ʜʣʠʥʝ ɹʉɺ 25 ʩʤ. ʆʪʨʝʟʦʢ ɹʉɺ ʜʣʠ-

ʥʦʡ 43 ʩʤ ʙʳʣ ʯʘʩʪʠʯʥʦ (20 ʩʤ) ʦʯʠʱʝʥ ʦʪ ʟʘʱʠʪʥʦʛʦ ʧʦʢʨʳʪʠʷ ʩ ʧʦʤʦʱʴʶ ʪʝʨ-

ʤʦʩʪʨʠʧʝʨʘ; ʧʦʚʝʨʭʥʦʩʪʴ ɹʉɺ ʧʝʨʝʜ ʠʟʤʝʨʝʥʠʷʤʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʦʯʠʱʘʣʘʩʴ 

ʘʮʝʪʦʥʦʤ ʠ ʙʝʟʚʦʨʩʦʚʦʡ ʩʘʣʬʝʪʢʦʡ. ɼʣʷ ʧʦʜʢʣʶʯʝʥʠʷ ʢ ʨʝʬʣʝʢʪʦʤʝʪʨʫ ʩ ʦʙʝʠʭ 

ʩʪʦʨʦʥ ʦʪʨʝʟʢʘ ɹʉɺ ʙʳʣʠ ʧʨʠʚʘʨʝʥʳ ʜʚʘ ʦʜʥʦʤʦʜʦʚʳʭ ʚʦʣʦʢʥʘ, ʦʢʦʥʮʦʚʘʥʥʳʭ 

FC/APC-ʢʦʥʥʝʢʪʦʨʘʤʠ. 

 

 

ʈʠʩ. 2. ʀʟʤʝʨʝʥʥʳʝ ʨʝʬʣʝʢʪʦʛʨʘʤʤʳ ʜʣʷ ɹʉɺ ʧʨʠ ʜʚʫʭ ʩʧʦʩʦʙʘʭ ʚʚʦʜʘ ʟʦʥʜʠʨʫʶʱʝʛʦ 

ʠʟʣʫʯʝʥʠʷ: ʯʝʨʥʘʷ ʣʠʥʠʷ ï ʯʝʨʝʟ ʩʪʦʨʦʥʫ ʩ ʟʘʱʠʪʥʦʡ ʦʙʦʣʦʯʢʦʡ, ʢʨʘʩʥʘʷ ʣʠʥʠʷ ï ʯʝʨʝʟ 

ʩʪʦʨʦʥʫ ʙʝʟ ʦʙʦʣʦʯʢʠ (ʨʝʬʣʝʢʪʦʛʨʘʤʤʘ ʨʘʟʚʝʨʥʫʪʘ ʠ ʩʤʝʱʝʥʘ ʧʦ ʦʩʠ ʜʣʠʥ) (ʘ); 

ʨʝʬʣʝʢʪʦʛʨʘʤʤʳ ʜʣʷ ʘʢʪʠʚʥʳʭ ʵʨʙʠʝʚʳʭ ʚʦʣʦʢʦʥ ʨʘʟʥʳʭ ʧʨʦʠʟʚʦʜʠʪʝʣʝʡ,  

ʮʚʝʪʘʤʠ ʫʢʘʟʘʥʳ ʨʘʟʥʳʝ ʧʨʦʠʟʚʦʜʠʪʝʣʠ (ʙ) 
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