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ʈ ʦ ʟ ʜ ʽ ʣ 1 .   ɯ ʥ ʬ ʦ ʨ ʤ ʘ ʮ ʽ ʡ ʥ ʽ  ʩ ʠ ʩ ʪ ʝ ʤ ʠ 

ʋɼʂ 004.925.8:631.3  

 DOI: http://doi.org/10.20535/2219-3804212019197602 

ɺ. ɺ. ɺʘʥʽʥ1, ʧʨʦʬʝʩʦʨ, ʜ.ʪ.ʥ., ɻ. ɸ. ɺ̔ʨʯʝʥʢʦ
2
, ʧʨʦʬʝʩʦʨ, ʜ.ʪ.ʥ., 

ʇ. ʄ. ʗʙʣʦʥʩʴʢʠʡ
3
, ʢ.ʪ.ʥ. 

ɸɺʊʆʄɸʊʀɿʆɺɸʅɽ ɻɽʆʄɽʊʈʀʏʅɽ ʄʆɼɽʃʖɺɸʅʅʗ 

ɼʀʉʂʆɺʀʍ ʈʆɹʆʏʀʍ ʆʈɻɸʅɯɺ ʊɽʍʅɯʏʅʀʍ ʆɹôɭʂʊɯɺ  

 The current stage of development of society is based on the multifaceted use of 

computer information technologies, in particular, for the design and manufacture 

of various technical objects. Therefore, further improvement of the methods of 

computer-aided design is an urgent scientific and applied problem in our time. 

The aim of the article is to outline the theoretical foundations of creating com-

puter information technologies for effective geometric modeling of various groups 

of technical objects. The proposed integrated group approach is based, on the one 

hand, on the general classification of figures by dimension, geometric methods of 

their construction and modifications, and on the other hand, on the completed clas-

sification of objects of modeling and production processes of their manufacture. 

The research materials are illustrated by the example of such a group of tech-

nical objects as disk working bodies of tillage tools of agricultural engineering 

products. The presented approach is based on the methodology of structural-

parametric geometric modeling created by the Scientific School of Applied Geom-

etry of the Igor Sikorsky Kyiv Polytechnic Institute and is its further evolution. 

The methodology developed by the authors is largely invariant with respect to 

many engineering objects. This constitutes a significant scientific and applied val-

ue of the proposed approach of computer geometric modeling of industrial prod-

ucts. The relevance of the analyzed scientific and applied problem is due to the 

special importance of the processes of shaping in the design and manufacture of 

technical objects. 

A promising area of scientific research is the further generalization and integra-

tion of various approaches, in particular, structural-parametric, multidimensional 

geometry and special disciplines. This will allow using the development of appro-

priate new methods and techniques to create better computer models of many 

technical objects and processes, to increase the efficiency of the practical use of 

computer-aided design systems. 

 ʎʝʣʴ ʩʪʘʪʴʠ ʩʦʩʪʦʠʪ ʚ ʠʟʣʦʞʝʥʠʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʦʩʥʦʚ ʩʦʟʜʘʥʠʷ ʢʦʤʧʴʶ-

ʪʝʨʥʳʭ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʛʝʦʤʝʪʨʠʯʝʩʢʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʛʨʫʧʧ ʪʝʭʥʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ. ʄʘʪʝʨʠʘʣʳ ʠʩ-

ʩʣʝʜʦʚʘʥʠʷ ʧʨʦʠʣʣʶʩʪʨʠʨʦʚʘʥʳ ʥʘ ʧʨʠʤʝʨʝ ʜʠʩʢʦʚʳʭ ʨʘʙʦʯʠʭ ʦʨʛʘʥʦʚ ʧʦʯ-

ʚʦʦʙʨʘʙʘʪʳʚʘʶʱʠʭ ʦʨʫʜʠʡ. ʇʨʝʜʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ ʷʚʣʷʝʪʩʷ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ 

ʩʪʝʧʝʥʠ ʠʥʚʘʨʠʘʥʪʥʳʤ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢʦ ʤʥʦʛʠʤ ʠʟʜʝʣʠʷʤ ʤʘʰʠʥʦʩʪʨʦʝʥʠʷ. 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʜʘʥʥʦʡ ʥʘʫʯʥʦ-ʧʨʠʢʣʘʜʥʦʡ ʧʨʦʙʣʝʤʳ ʦʙʫʩʣʦʚʣʝʥʘ ʦʩʦʙʦʡ 

ʚʘʞʥʦʩʪʴʶ ʧʨʦʮʝʩʩʦʚ ʬʦʨʤʦʦʙʨʘʟʦʚʘʥʠʷ ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʠ ʠʟʛʦʪʦʚʣʝ-

ʥʠʠ ʧʨʦʤʳʰʣʝʥʥʦʡ ʧʨʦʜʫʢʮʠʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʢʦʤʧʴʶʪʝʨʥʳʝ ʠʥʬʦʨʤʘʮʠʦʥ-

                                                 
1
 ʂʇɯ ʽʤ. ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦ 

2
 ʂʇɯ ʽʤ. ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦ 

3
 ʂʇɯ ʽʤ. ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦ 
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ɯʥʬʦʨʤʘʮʽʡʥʽ ʩʠʩʪʝʤʠ, ʤʝʭʘʥʽʢʘ ʪʘ ʢʝʨʫʚʘʥʥʷ 

ʥʳʝ ʪʝʭʥʦʣʦʛʠʠ ʩʣʫʞʘʪ ʭʦʨʦʰʝʡ ʙʘʟʦʡ ʜʣʷ ʫʩʧʝʰʥʦʛʦ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʨʝʰʝ-

ʥʠʷ ʫʢʘʟʘʥʥʳʭ ʚʳʰʝ ʟʘʜʘʯ. 

ɺʩʪʫʧ 

ʅʠʥʽ ʘʚʪʦʤʘʪʠʟʦʚʘʥʝ ʛʝʦʤʝʪʨʠʯʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʩʪʘʥʦʚʠʪʴ ʦʜʥʫ ʟ̔ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʦʩʥʦʚ ʢʦʤʧôʶʪʝʨʥʦʛʦ ʦʧʨʘʮʶʚʘʥʥʷ ʨʽʟʥʦʤʘʥʽʪʥʠʭ ʚʠʨʦ-

ʙʽʚ ʧʨʦʤʠʩʣʦʚʦʩʪʽ. ɼʦʩʢʦʥʘʣʽʩʪʴ ʟʘʩʪʦʩʦʚʫʚʘʥʠʭ ʤʝʪʦʜʽʚ ʽ ʧʨʠʡʦʤʽʚ ʤʘʪʝ-

ʤʘʪʠʯʥʦʛʦ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ ʪʝʭʥʽʯʥʠʭ ʦʙôʻʢʪʽʚ ʟʥʘʯʥʦʶ ʤʽʨʦʶ ʚʠʟʥʘʯʘʻ 

ʟʘʛʘʣʴʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʦʩʪʘʥʥʽʭ ʧʨʦʪʷʛʦʤ ʫʩʴʦʛʦ ʾʭ ʞʠʪʪʻʚʦʛʦ ʮʠʢʣʫ. 

ʅʘʫʢʦʚʦʶ ʰʢʦʣʦʶ ʧʨʠʢʣʘʜʥʦʾ ʛʝʦʤʝʪʨʽʾ ʂʇɯ ʽʤ. ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦ 

ʧʨʠʜʽʣʷʻʪʴʩʷ ʦʩʦʙʣʠʚʘ ʫʚʘʛʘ ʟʘʟʥʘʯʝʥʠʤ ʜʦʩʣʽʜʞʝʥʥʷʤ [1], ʦʜʥʠʤ ʽʟ ʧʝʨʩ-

ʧʝʢʪʠʚʥʠʭ ʥʘʧʨʷʤʢʽʚ ʷʢʠʭ ʻ ʩʪʨʫʢʪʫʨʥʦ-ʧʘʨʘʤʝʪʨʠʯʥʝ ʬʦʨʤʦʫʪʚʦʨʝʥ-

ʥ ̫[2]. ʋ ʜʘʥʽʡ ʧʫʙʣʽʢʘʮʽʾ ʧʽʜʢʨʝʩʣʝʥʦ ʪʘʢʫ ʚʘʞʣʠʚʫ ʡʦʛʦ ʦʩʦʙʣʠʚʽʩʪʴ, ʷʢ 

ʟʜʘʪʥʽʩʪʴ ʧʨʦʜʫʢʪʠʚʥʦ ʽʥʪʝʛʨʫʚʘʪʠ ʘʚʪʦʤʘʪʠʟʦʚʘʥʝ ʧʨʦʝʢʪʫʚʘʥʥʷ ʪʝʭʥʽʯ-

ʥʠʭ ʦʙôʻʢʪʽʚ. ʇʨʘʮʝʶ [3] ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʜʦʧʦʚʥʠʪʠ ʤʝʪʦʜʦʣʦʛʽʶ ʩʪʨʫʢʪʫʨ-

ʥʦ-ʧʘʨʘʤʝʪʨʠʯʥʦʛʦ ʛʝʦʤʝʪʨʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʠʥʮʠʧʦʤ ʽʥʪʝʛʨʘʮʽʾ, ʱʦ 

ʧʦʣʷʛʘʻ ʥʝ ʪʽʣʴʢʠ ʫ ʧʦʻʜʥʘʥʥʽ ʝʪʘʧʽʚ ʞʠʪʪʻʚʦʛʦ ʮʠʢʣʫ ʧʨʦʤʠʩʣʦʚʦʾ ʧʨʦʜʫ-

ʢʮʽʾ, ʘ ʡ ʚʽʜʧʦʚʽʜʥʠʭ ʟʘʩʦʙʽʚ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ ʫ ʚʠʛʣʷʜʽ 

ʥʘʣʝʞʥʦʛʦ ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʘʧʘʨʘʪʫ. ʎʝ ʜʦʟʚʦʣʷʻ ʝʬʝʢʪʠʚʥʦ ʨʝʘʣʽʟʦʚʫʚʘʪʠ 

ʢʦʤʧʣʝʢʩʥʝ ʦʧʪʠʤʘʣʴʥʝ ʛʝʦʤʝʪʨʠʯʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʨʽʟʥʦʤʘʥʽʪʥʠʭ ʪʝʭʥʽʯ-

ʥʠʭ ʦʙôʻʢʪʽʚ. ɼʝʷʢʽ ʧʠʪʘʥʥʷ ʨʦʟʛʣʷʥʫʪʦʛʦ ʧʣʘʥʫ ʧʦʜʘʥʦ ʫ ʚʠʜʘʥʥʷʭ [4, 5] 

ʩʪʦʩʦʚʥʦ ʦʧʪʠʤʽʟʘʮʽʾ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʪʘ ʚʠʛʦ-

ʪʦʚʣʝʥʥʷ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʚʦʣʦʢʥʠʩʪʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʩʪʘʪʪʽ [6] ï ʱʦʜʦ ʧʨʦʝʢ-

ʪʫʚʘʥʥʷ ʥʘʬʪʦʧʝʨʝʨʦʙʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʧʫʙʣʽʢʘʮʽʾ [7] ï ʟ̔ ʧʨʠʚʦʜʫ 

ʢʦʤʧôʶʪʝʨʥʦʛʦ ʚʘʨʽʘʥʪʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʧʦʚʝʨʭʦʥʴ ʙʽʦʥʽʯʥʠʭ ʘʨʭʽʪʝʢʪʫʨ-

ʥʠʭ ʬʦʨʤ, ʧʨʘʮʽ [8] ï ʚʽʜʥʦʩʥʦ ʜʠʥʘʤʽʯʥʦʛʦ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ ʪʝʭʥʽʯʥʠʭ 

ʦʙôʻʢʪʽʚ ʥʘ ʧʨʠʢʣʘʜʽ ʢʨʠʣʘ ʣʽʪʘʢʘ. ʉʝʨʝʜ ʥʝʚʠʨʽʰʝʥʠʭ ʟʘʚʜʘʥʴ ʘʢʪʫʘʣʴʥʦʶ 

ʧʦʩʪʘʻ ʟʘʜʘʯʘ ʧʦʜʘʣʴʰʦʛʦ ʫʟʘʛʘʣʴʥʝʥʥʷ ʟʘʩʪʦʩʦʚʫʚʘʥʠʭ ʤʝʪʦʜʽʚ, ʩʧʦʩʦʙʽʚ ʽ 

ʧʨʠʡʦʤʽʚ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʛʝʦʤʝʪʨʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ, ʧʽʜʚʠʱʝʥʥʷ ʝʬʝ-

ʢʪʠʚʥʦʩʪʽ ʾʭ ʧʨʘʢʪʠʯʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʫ ʩʝʨʝʜʦʚʠʱʽ ʩʫʯʘʩʥʠʭ 

ʢʦʤʧôʶʪʝʨʥʠʭ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ. 

ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʽ 

ʄʝʪʘ ʩʪʘʪʪʽ ʧʦʣʷʛʘʻ ʫ ʧʦʜʘʥʥʽ ʪʝʦʨʝʪʠʯʥʠʭ ʦʩʥʦʚ ʟʘʧʨʦʧʦʥʦʚʘʥʦʾ ʤʝ-

ʪʦʜʠʢʠ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʛʝʦʤʝʪʨʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʛʨʫʧʠ ʪʝʭʥʽʯʥʠʭ 

ʦʙôʻʢʪʽʚ ʥʘ ʧʨʠʢʣʘʜʽ ʜʠʩʢʦʚʠʭ ˇʨʫʥʪʦʦʙʨʦʙʥʠʭ ʟʥʘʨʷʜʴ ʰʣʷʭʦʤ ʫʟʘʛʘʣʴ-

ʥʝʥʥʷ ʟʘʩʦʙʽʚ ʢʦʤʧôʶʪʝʨʥʦʛʦ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ ʥʘ ʟʘʩʘʜʘʭ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʧʨʠʥʮʠʧʫ ʽʥʪʝʛʨʘʮʽʾ ʩʪʨʫʢʪʫʨʥʦ-ʧʘʨʘʤʝʪʨʠʯʥʦʾ ʤʝʪʦʜʦʣʦʛʽʾ.  
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ʈ ʦ ʟ ʜ ʽ ʣ 1 .   ɯ ʥ ʬ ʦ ʨ ʤ ʘ ʮ ʽ ʡ ʥ ʽ  ʩ ʠ ʩ ʪ ʝ ʤ ʠ 

ʆʩʥʦʚʥʠʡ ʤʘʪʝʨʽʘʣ ʜʦʩʣʽʜʞʝʥʥʷ 

ɼʝʷʢʽ ʚʽʜʦʤʦʩʪʽ ʩʪʦʩʦʚʥʦ ʜʠʩʢʦʚʠʭ ˇʨʫʥʪʦʦʙʨʦʙʥʠʭ ʟʥʘʨʷʜʴ ʤʽʩʪʷʪʴ-

ʩʷ ʫ ʧʫʙʣʽʢʘʮʽʷʭ [9 ï 11]. ɼʣʷ ʧʦʜʘʣʴʰʦʛʦ ʫʩʧʽʰʥʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʛʨʫʧʦ-

ʚʠʭ ʢʦʤʧôʶʪʝʨʥʠʭ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʥʘ ʦʩʥʦʚʽ ʩʪʨʫʢʪʫʨʥʦ-

ʧʘʨʘʤʝʪʨʠʯʥʦʛʦ ʧʽʜʭʦʜʫ ʫ ʩʪʘʪʪʽ [12] ʚʠʢʦʥʘʥʦ ʥʘʣʝʞʥʫ ʛʝʦʤʝʪʨʠʯʥʫ ʢʣʘ-

ʩʠʬʽʢʘʮʽʶ ʜʘʥʠʭ ʚʠʨʦʙʽʚ. 

ɿʘʩʦʙʠ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʛʝʦʤʝʪʨʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ 

ʋ ʟʘʛʘʣʴʥʦʤʫ ʚʠʧʘʜʢʫ ʜʣʷ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ ʪʝʭʥʽʯʥʠʭ ʦʙôʻʢʪʽʚ ʚʠʢʦ-

ʨʠʩʪʦʚʫʚʘʪʠʤʝʤʦ ʛʝʦʤʝʪʨʠʯʥʽ ʬʽʛʫʨʠ (ɻʌ), ʚʠʟʥʘʯʝʥʽ ʤʥʦʞʠʥʦʶ 

( ) ( )
5

0 0
ɻʌ ɻʌ ɻʌ ,

ɻʌN

i i= =   (1) 

ʜʝ ɻʌ0 = ʊʏ ï ʪʦʯʢʠ, ɻʌ1 = ʃʅ ï ʣʽʥʽʾ, ɻʌ2 = ʇʌ ï ʧʦʚʝʨʭʥʽ,  

ɻʌ3 = ʊʃ ï ʪʽʣʘ, ɻʌ4 = ɹʌ ï ʙʘʛʘʪʦʚʠʤʽʨʥʽ ʬʽʛʫʨʠ,  

ɻʌ5 = ʂʌ ï ʢʦʤʙʽʥʦʚʘʥʽ ʬʽʛʫʨʠ. 

ɿʘʩʪʦʩʦʚʫʚʘʥʽ ʛʝʦʤʝʪʨʠʯʥʽ ʩʧʦʩʦʙʠ (ɻʉ) ʤʦʜʝʣʶʚʘʥʥʷ ʬʽʛʫʨ (1) ʦʧʠ-

ʩʫʚʘʪʠʤʝʤʦ ʢʦʨʪʝʞʝʤ 

( ) ( )
2

1 1
ɻʉ ɻʉ ɻʉ ,

ɻʉN

i i= =   (2) 

ʜʝ ɻʉ1 = ɻʉʉ ï ʛʝʦʤʝʪʨʠʯʥʽ ʩʧʦʩʦʙʠ ʩʪʚʦʨʝʥʥʷ, ɻʉ2 = ɻʉʄ ï ʛʝʦʤʝʪʨʠʯʥʽ 

ʩʧʦʩʦʙʠ ʤʦʜʠʬʽʢʘʮʽʾ. 

ɹʽʣʴʰ ʜʦʢʣʘʜʥʦ ʝʣʝʤʝʥʪʠ ʤʥʦʞʠʥʠ (2) ʧʦʜʘʤʦ ʫ ʚʠʛʣʷʜʽ 

( ) ( )1
2

1 1 1
1 1

ɻʉ ɻʉ ɻʉ ,
ɻʉ

j j

N
= =   (3) 

ʜʝ ɻʉ11 = ʢʽʥʝʤʘʪʠʯʥʽ, ɻʉ12 = ʘʥʘʣʽʪʠʯʥʽ; 

( ) ( )2
3

2 2 2
1 1

ɻʉ ɻʉ ɻʉ ,
ɻʉ

j j

N
= =   (4) 

ʜʝ ɻʉ21 = ʨʫʭ, ɻʉ22 = ʜʝʬʦʨʤʘʮʽʷ, ɻʉ23 = ʦʧʝʨʘʮʽʾ ʥʘʜ ʤʥʦʞʠʥʘʤʠ ʪʦʯʦʢ. 

ʂʦʤʧʦʥʝʥʪʠ ʚʠʨʘʟʽʚ (3) ʪʘ (4) ʚʠʟʥʘʯʠʤʦ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ 

( ) ( )11

1 1 1

5

1 1 1
1 0

ɻʉ ɻʉ ɻʉ ,
ɻʉ

k k

N
= =   (5) 

ʜʝ ʜʣʷ ɻʉ11k ʽʥʜʝʢʩʫ k ʚʽʜʧʦʚʽʜʘʶʪʴ ʪʚʽʨʥʽ ʬʽʛʫʨʠ ʬʦʨʤʫʣʠ (1); 

( ) ( )12

2 2 2

2

1 1 1
1 1

ɻʉ ɻʉ ɻʉ ,
ɻʉ

k k

N
= =   (6) 

ʜʝ 
2 1

1ɻʉ  = ʘʣʛʝʙʨʘʾʯʥʽ, 
2 2

1ɻʉ  = ʪʨʘʥʩʮʝʥʜʝʥʪʥʽ; 

( ) ( )21

1 1 1

3

2 2 2
1 1

ɻʉ ɻʉ ɻʉ ,
ɻʉ

k k

N
= =   (7) 

ʜʝ 
11

2ɻʉ  = ʧʨʷʤʦʣʽʥʽʡʥʠʡ, 
1 2

2ɻʉ  = ʦʙʝʨʪʘʣʴʥʠʡ, 
1 3

2ɻʉ  = ʩʢʣʘʜʥʠʡ; 
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ɯʥʬʦʨʤʘʮʽʡʥʽ ʩʠʩʪʝʤʠ, ʤʝʭʘʥʽʢʘ ʪʘ ʢʝʨʫʚʘʥʥʷ 

( ) ( )22

2 2 2

2

2 2 2
1 1

ɻʉ ɻʉ ɻʉ ,
ɻʉ

k k

N
= =   (8) 

ʜʝ ɻʉ221 = ʟʤʽʥʘ ʨʦʟʤʽʨʽʚ, 2 2
2ɻʉ  = ʟʤʽʥʘ ʬʦʨʤʠ; 

( ) ( )23

3 3 3

3

2 2 2
1 1

ɻʉ ɻʉ ɻʉ ,
ɻʉ

k k

N
= =   (9) 

ʜʝ 
3 1

2ɻʉ  = ʚʽʜʥʽʤʘʥʥʷ, 
3 2

2ɻʉ  = ʦʙôʻʜʥʘʥʥʷ, 
3 3

2ɻʉ = ʧʝʨʝʪʠʥ. 

ʄʥʦʞʠʥʠ (5) ... (9) ʜʣʷ ʢʦʥʢʨʝʪʥʠʭ ʫʤʦʚ ʛʝʦʤʝʪʨʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥ-

ʥʷ ʧʦʜʘʶʪʴʩʷ ʙʽʣʴʰ ʜʦʢʣʘʜʥʦ, ʥʘʧʨʠʢʣʘʜ, ʢʽʥʝʤʘʪʠʯʥʽ ʩʧʦʩʦʙʠ ʩʪʚʦʨʝʥʥʷ 

ï ʫ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʟʘʩʪʦʩʦʚʫʚʘʥʠʭ ʥʘʧʨʷʤʥʠʭ ʣʽʥʽʡ, ʘʥʘʣʽʪʠʯʥʽ ʩʧʦʩʦʙʠ 

ʩʪʚʦʨʝʥʥʷ ï ʟʛʽʜʥʦ ʟ̔ ʚʠʢʦʨʠʩʪʦʚʫʚʘʥʠʤʠ ʚʠʜʘʤʠ ʘʣʛʝʙʨʘʾʯʥʠʭ ʽ ʪʨʘʥʩʮʝʥ-

ʜʝʥʪʥʠʭ ʚʠʨʘʟʽʚ; ʛʝʦʤʝʪʨʠʯʥʽ ʩʧʦʩʦʙʠ ʤʦʜʠʬʽʢʘʮʽʾ ï ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʦʩʦʙʣʠ-

ʚʦʩʪʝʡ ʧʨʷʤʦʣʽʥʽʡʥʦʛʦ, ʦʙʝʨʪʘʣʴʥʦʛʦ ʪʘ ʩʢʣʘʜʥʦʛʦ ʨʫʭʫ, ʟʤʽʥʶʚʘʥʥʷ ʨʦʟ-

ʤʽʨʽʚ ʽ ʬʦʨʤʠ ʪʦʱʦ. 

ʄʝʪʦʜʠʢʘ ʢʦʤʧôʶʪʝʨʥʦʛʦ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ 

ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʤʝʪʦʜʠʢʘ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʛʝʦʤʝʪʨʠʯʥʦʛʦ ʤʦʜʝʣʶ-

ʚʘʥʥʷ ʧʝʚʥʦʾ ʛʨʫʧʠ ʪʝʭʥʽʯʥʠʭ ʦʙôʻʢʪʽʚ, ʥʘʧʨʠʢʣʘʜ, ʜʠʩʢʦʚʠʭ ˇʨʫʥʪʦʦʙʨʦʙ-

ʥʠʭ ʟʥʘʨʷʜʴ, ʫ ʩʝʨʝʜʦʚʠʱʽ ʩʫʯʘʩʥʠʭ ʢʦʤʧôʶʪʝʨʥʠʭ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦ-

ʣʦʛʽʡ ʧʦʣʷʛʘʻ ʫ ʚʠʙʦʨʽ ʟ̔ ʽʥʚʘʨʽʘʥʪʥʠʭ ʟʘʩʦʙʽʚ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ (1) ... (9) 

ʥʝʦʙʭʽʜʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʜʣʷ ʧʦʙʫʜʦʚʠ ʦʧʨʘʮʴʦʚʫʚʘʥʠʭ ʚʠʨʦʙʽʚ. ʊʘʢ ʩʪʚʦ-

ʨʶʻʪʴʩʷ ʚʽʜʧʦʚʽʜʥʠʡ ʢʦʥʢʨʝʪʥʠʡ ʧʦʪʨʽʙʥʠʡ ʜʣʷ ʛʝʦʤʝʪʨʠʯʥʦʛʦ ʤʦʜʝʣʶ-

ʚʘʥʥʷ ʧʨʦʛʨʘʤʥʠʡ ʤʦʜʫʣʴ. 

ɿʛʽʜʥʦ ʟ̔ ʜʘʥʠʤʠ ʧʫʙʣʽʢʘʮʽʡ [9 ï 11] ʪʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʜʦʩʣʽʜʞʝʥ-

ʥ ̫[12] ʬʦʨʤʘ ʙʘʟʦʚʦʾ ʧʦʚʝʨʭʥʽ (ʌɹʇ) ʜʠʩʢʦʚʠʭ ˇʨʫʥʪʦʦʙʨʦʙʥʠʭ ʟʥʘʨʷʜʴ 

ʤʦʞʝ ʙʫʪʠ: 

( ) ( )
4

1 1
ʌɹʇ ʌɹʇ ʌɹʇ ,

ʌɹʇN

i i= =   (10) 

ʜʝ ʌɹʇ1 ï ʧʣʦʩʢʘ, ʌɹʇ2 ï ʢʦʥʽʯʥʘ, ʌɹʇ3 ï ʩʬʝʨʠʯʥʘ, ʌɹʇ4 ï ʢʦʤʙʽʥʦʚʘʥʘ; 

- ʟʘʩʪʦʩʦʚʫʚʘʥʽ ʦʪʚʦʨʠ 

( ) ( )
3

1 1
ʆʊɺ ʆʊɺ ʆʊɺ ,

ʆʊɺN

i i= =   (11) 

ʜʝ ʆʊɺ1 ï ʢʨʫʛʣʽ, ʆʊɺ2 = (
12ʆʊɺ,

22ʆʊɺ) = (ʢʚʘʜʨʘʪʥʽ, ʰʝʩʪʠʛʨʘʥʥʽ) ï ʥʝ-

ʢʨʫʛʣʽ, ʆʊɺ3 ï ʢʦʤʙʽʥʦʚʘʥʽ; 

- ʚʠʢʦʨʠʩʪʦʚʫʚʘʥʽ ʚʠʨʽʟʠ 

( ) ( )
5

1 1
ɺʈɿ ɺʈɿ ɺʈɿ ,

ɺʈɿN

i i= =   (12) 

ʜʝ ɺʈɿ1 ï ʙʝʟ ʚʠʨʽʟʽʚ, ɺʈɿ2 = (
12ɺʈɿ,

22ɺʈɿ) = (V ï ʧʦʜʽʙʥʽ, ʪʨʘʧʝʮʝʾʜʘʣʴʥʽ) 

ï ʩʢʣʘʜʝʥʽ ʧʨʷʤʦʣʽʥʽʡʥʽ ʢʦʥʪʫʨʠ, ɺʈɿ3 ï ʜʫʛʠ ʢʽʣ, ɺʈɿ4 = (
14ɺʈɿ, 

24ɺʈɿ) = 

(ʮʠʢʣʦʾʜʘʣʴʥʽ, ʩʠʥʫʩʦʾʜʘʣʴʥʽ) ï ʚʠʨʽʟʠ ʭʚʠʣʷʩʪʽ, ɺʈɿ5 ï ʢʦʤʙʽʥʦʚʘʥʽ. 
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ʈ ʦ ʟ ʜ ʽ ʣ 1 .   ɯ ʥ ʬ ʦ ʨ ʤ ʘ ʮ ʽ ʡ ʥ ʽ  ʩ ʠ ʩ ʪ ʝ ʤ ʠ 

ɿʘʛʘʣʴʥʠʡ ʪʝʭʥʦʣʦʛʽʯʥʠʡ ʧʨʦʮʝʩ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʠʩʢʦʚʠʭ ʨʦʙʦʯʠʭ ʦʨ-

ʛʘʥʽʚ (10) ... (12) ʚʢʣʶʯʘʻ ʧʦʩʣʽʜʦʚʥʽʩʪʴ ʪʘʢʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʦʧʝʨʘʮʽʡ (ʊʆ) 

( ) ( )
4

1 1
ʊʆ ʊʆ ʊʆ ,

ʊʆN

i i= =   (13) 

ʜʝ ʊʆ1 ï ʦʙʨʽʟʘʪʠ ʟʦʚʥʽʰʥʽʡ ʢʦʥʪʫʨ ʟʘʛʦʪʦʚʘʥʢʠ, ʊʆ2 ï ʩʬʦʨʤʫʚʘʪʠ ʦʪʚʦʨʠ, 

ʊʆ3 ï ʟʨʦʙʠʪʠ ʚʠʨʽʟʠ, ʊʆ4 ï ʜʝʬʦʨʤʫʚʘʪʠ ʜʠʩʢ. 

ʂʦʥʢʨʝʪʥʽ ʧʦʪʨʽʙʥʽ ʚʠʜʠ ʜʠʩʢʦʚʠʭ ˇʨʫʥʪʦʦʙʨʦʙʥʠʭ ʟʥʘʨʷʜʴ (ɼɻɿ), ʷʢʽ 

ʩʪʚʦʨʝʥʦ ʥʘ ʦʩʥʦʚʽ ʧʣʦʩʢʠʭ (ʌɹʇ1), ʩʬʝʨʠʯʥʠʭ (ʌɹʇ3) ʪʘ ʚʽʜʧʦʚʽʜʥʠʭ 

ʢʦʤʙʽʥʦʚʘʥʠʭ ʙʘʟʦʚʠʭ ʧʦʚʝʨʭʦʥʴ (ʌɹʇ4); ʚʠʢʦʨʠʩʪʘʥʥʷ ʢʦʤʙʽʥʦʚʘʥʠʭ 

ʦʪʚʦʨʽʚ (ʆʊɺ3) ʽʟ ʢʨʫʛʣʠʭ (ʆʊɺ1), ʢʚʘʜʨʘʪʥʠʭ (
12ʆʊɺ) ʽ ʰʝʩʪʠʛʨʘʥʥʠʭ        

(
22ʆʊɺ); ʟ̔ ʚʠʨʽʟʘʤʠ V ï ʧʦʜʽʙʥʠʤʠ (

12ɺʈɿ) ʪʘ ʫ ʚʠʛʣʷʜʽ ʜʫʛ ʢʽʣ (ɺʈɿ3) ʚʠ-

ʟʥʘʯʠʤʦ ʤʥʦʞʠʥʦʶ 

( ) ( )
12

1 1
ɼɻɿ ɼɻɿ ɼɻɿ ,

ɼɻɿN

i i= =   (14) 

ʜʝ ɼɻɿ1 = (ʌɹʇ1, ʆʊɺ3=(
12ʆʊɺ, ʆʊɺ1), 

12ɺʈɿ),  

ɼɻɿ2 = (ʌɹʇ1, ʆʊɺ3=(
12ʆʊɺ, ʆʊɺ1), 

12ɺʈɿ),  

ɼɻɿ3 = (ʌɹʇ1, ʆʊɺ3=(
12ʆʊɺ, ʆʊɺ1), ɺʈɿ3),  

ɼɻɿ4 = (ʌɹʇ1, ʆʊɺ3=(
22ʆʊɺ, ʆʊɺ1), ɺʈɿ3),  

ɼɻɿ5 = (ʌɹʇ3, ʆʊɺ3=(
12ʆʊɺ, ʆʊɺ1), 

12ɺʈɿ),  

ɼɻɿ6 = (ʌɹʇ3, ʆʊɺ3=(
22ʆʊɺ, ʆʊɺ1), 

12ɺʈɿ),  

ɼɻɿ7 = (ʌɹʇ3, ʆʊɺ3=(
12ʆʊɺ, ʆʊɺ1), ɺʈɿ3),  

ɼɻɿ8 = (ʌɹʇ3, ʆʊɺ3=(
22ʆʊɺ, ʆʊɺ1), ɺʈɿ3),  

ɼɻɿ9 = (ʌɹʇ4=(ʌɹʇ3, ʌɹʇ1), ʆʊɺ3=(
12ʆʊɺ, ʆʊɺ1), 

12ɺʈɿ),  

ɼɻɿ10 = (ʌɹʇ4=(ʌɹʇ3, ʌɹʇ1), ʆʊɺ3 = (
22ʆʊɺ, ʆʊɺ1), 

12ɺʈɿ),  

ɼɻɿ11 = (ʌɹʇ4 = (ʌɹʇ3, ʌɹʇ1), ʆʊɺ3=(
12ʆʊɺ, ʆʊɺ1), ɺʈɿ3),  

ɼɻɿ12 = (ʌɹʇ4=(ʌɹʇ3, ʌɹʇ1), ʆʊɺ3=(
22ʆʊɺ, ʆʊɺ1), ɺʈɿ3). 

ʅʝʚʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ ʥʘʚʝʜʝʥʠʭ ʚʠʜʽʚ ʜʠʩʢʦʚʠʭ ˇʨʫʥʪʦʦʙʨʦʙʥʠʭ ʟʥʘ-

ʨʷʜʴ Nɼɻɿ=12 ʫ ʚʠʨʘʟʽ (14) ʦʙʫʤʦʚʣʝʥʘ ʦʙʤʝʞʝʥʠʤʠ ʦʙʩʷʛʘʤʠ ʮʽʻʾ ʧʫʙʣʽʢʘ-

ʮʽʾ. ɯʟ ʧʦʜʘʥʦʾ ʽʥʬʦʨʤʘʮʽʾ ʚʠʜʥʦ, ʱʦ ʜʠʩʢ ɼɻɿ1 ʩʬʦʨʤʦʚʘʥʦ ʥʘ ʦʩʥʦʚʽ ʧʣʦʩ-

ʢʦʾ ʙʘʟʦʚʦʾ ʧʦʚʝʨʭʥʽ ʟ ʢʦʤʙʽʥʦʚʘʥʠʤʠ ʦʪʚʦʨʘʤʠ (ʢʚʘʜʨʘʪʥʠʡ ʫ ʮʝʥʪʨʽ, ʢʨʫ-

ʛʣʽ ʥʘʚʢʦʣʦ ʥʴʦʛʦ) ʪʘ V ï ʧʦʜʽʙʥʠʤʠ ʚʠʨʽʟʘʤʠ, ʘ ʜʠʩʢ ɼɻɿ2 ï ʪʘʢʠʤ ʞʝ ʯʠ-

ʥʦʤ, ʘʣʝ ʟʘʤʽʩʪʴ ʢʚʘʜʨʘʪʥʦʛʦ ʟʘʩʪʦʩʦʚʘʥʦ ʰʝʩʪʠʛʨʘʥʥʠʡ ʦʪʚʽʨ. ɺʠʨʦʙʠ 

ɼɻɿ3 ʪʘ ɼɻɿ4 ʻ ʧʦʜʽʙʥʠʤʠ ʜʦ ʧʦʧʝʨʝʜʥʽʭ, ʘʣʝ ʟ̔ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʚʠʨʽʟʽʚ ʫ 

ʚʠʛʣʷʜʽ ʜʫʛ ʢʽʣ. ɼʠʩʢʠ ɼɻɿ5 ... ɼɻɿ8 ʧʦʚʪʦʨʶʶʪʴ ʨʦʟʛʣʷʥʫʪʽ, ʘʣʝ ʟ̔ ʙʘʟʦʚʦʶ 

ʩʬʝʨʠʯʥʦʶ ʧʦʚʝʨʭʥʝʶ. ʎʝ ʞ ʩʪʦʩʫʻʪʴʩʷ ʚʠʨʦʙʽʚ ɼɻɿ9 ... ɼɻɿ12 ʟ̔ ʙʘʟʦʚʦʶ 

ʩʬʝʨʠʯʥʦ-ʧʣʦʩʢʦʶ ʧʦʚʝʨʭʥʝʶ. 

ɼʣʷ ʽʥʪʝʛʨʦʚʘʥʠʭ ʢʦʤʧôʶʪʝʨʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʚ ʘʩʧʝʢʪʽ ʨʝʘʣʽʩʪʠʯʥʦʛʦ 

ʚʽʜʪʚʦʨʝʥʥʷ ʞʠʪʪʻʚʦʛʦ ʮʠʢʣʫ ʧʨʦʤʠʩʣʦʚʦʾ ʧʨʦʜʫʢʮʽʾ ʚʘʞʣʠʚʠʤ ʤʦʤʝʥʪʦʤ 

ʻ ʥʘʣʝʞʥʝ ʚʽʜʦʙʨʘʞʝʥʥʷ ʚʠʨʦʙʥʠʯʠʭ ʧʨʦʮʝʩʽʚ, ʥʘʧʨʠʢʣʘʜ (13), ʷʢʽ ʟʜʽʡʩ-
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ɯʥʬʦʨʤʘʮʽʡʥʽ ʩʠʩʪʝʤʠ, ʤʝʭʘʥʽʢʘ ʪʘ ʢʝʨʫʚʘʥʥʷ 

ʥʶʶʪʴʩʷ ʰʪʘʤʧʫʚʘʥʥʷʤ, ʬʨʝʟʝʨʫʚʘʥʥʷʤ, ʩʚʝʨʜʣʽʥʥʷʤ, ʣʘʟʝʨʥʠʤ ʨʽʟʘʥʥʷʤ 

ʪʦʱʦ. ɿʘʟʥʘʯʝʥʽ ʦʧʝʨʘʮʽʾ ʩʪʦʩʫʶʪʴʩʷ ʪʚʝʨʜʦʪʽʣʴʥʦʛʦ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ ʽʟ ʟʘ-

ʩʪʦʩʫʚʘʥʥʷʤ ʥʝʦʙʭʽʜʥʠʭ ʽʥʩʪʨʫʤʝʥʪʽʚ. ʋ ʧʨʘʮʽ [13] ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʨʦʟʨʦʙ-

ʢʫ ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʝʡ ʪʘʢʦʛʦ ʨʽʟʘʣʴʥʦʛʦ ʽʥʩʪʨʫʤʝʥʪʫ ʷʢ ʬʨʝʟʠ, ʩʚʝʨʜʣʘ 

ʪʦʱʦ ʫ ʚʠʛʣʷʜʽ ʬʽʛʫʨ ʦʙʝʨʪʘʥʥʷ ʟ̔ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ ʩʧʦʩʦ-

ʙʫ ʫʟʘʛʘʣʴʥʝʥʦʛʦ ʢʦʥʪʫʨʫ. ɿʘʫʚʘʞʠʤʦ, ʱʦ ʥʘʚʝʜʝʥʽ ʧʨʠʡʦʤʠ ʪʘʢʦʞ ʮʽʣʢʦʤ 

ʧʽʜʭʦʜʷʪʴ ʜʣʷ ʚʽʜʪʚʦʨʝʥʥʷ ʡ ʣʘʟʝʨʥʦʛʦ ʧʨʦʤʝʥʷ. 

ɼʣʷ ʬʦʨʤʫʚʘʥʥʷ ʟʦʚʥʽʰʥʴʦʛʦ ʢʦʥʪʫʨʫ ʟʘʛʦʪʦʚʘʥʢʠ ʜʠʩʢʘ, ʡʦʛʦ ʦʪʚʦ-

ʨʽʚ ʪʘ ʚʠʨʽʟʽʚ ʟʘ ʜʦʧʦʤʦʛʦʶ ʰʪʘʤʧʫʚʘʥʥʷ ʥʝʦʙʭʽʜʥʦ ʤʘʪʠ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦ-

ʜʝʣʴ ʚʽʜʧʦʚʽʜʥʦʛʦ ʽʥʩʪʨʫʤʝʥʪʫ ʫ ʚʠʛʣʷʜʽ ʧʨʷʤʦʾ ʧʨʠʟʤʠ ʘʙʦ ʧʨʷʤʦʛʦ ʮʠʣʽ-

ʥʜʨʘ. ʇʦʪʨʽʙʥʽ ʚʝʢʪʦʨʥʽ ʧʘʨʘʤʝʪʨʠʯʥʽ ʨʽʚʥʷʥʥʷ ʫ ʜʝʢʘʨʪʦʚʽʡ ʩʠʩʪʝʤʽ ʢʦʦʨ-

ʜʠʥʘʪ Oxyz ʥʘ ʙʘʟʽ ʩʧʦʩʦʙʫ ʫʟʘʛʘʣʴʥʝʥʦʛʦ ʢʦʥʪʫʨʫ ʤʘʶʪʴ ʚʠʛʣʷʜ 

( , ) ( , ) ( r ( ), r ( ), ),x yu,v w x,y z v u v u wH= =r  (15) 

ʜʝ ( , )u,v wr  ï ʨʘʜʽʫʩ-ʚʝʢʪʦʨ ʪʦʯʦʢ ʬʽʛʫʨʠ; uÍ[0, 1], vÍ[0, 1], wÍ[0, 1] ï ʧʘ-

ʨʘʤʝʪʨʠ; rx(u), ry(u) ï ʘʙʩʮʠʩʘ ʪʘ ʦʨʜʠʥʘʪʘ ʟʘʤʢʥʝʥʦʛʦ ʟʦʚʥʽʰʥʴʦʛʦ ʢʦʥʪʫ-

ʨʫ r(u) ʥʠʞʥʴʦʾ ʦʩʥʦʚʠ ʫ ʧʣʦʱʠʥʽ z = 0; H ï ʚʠʩʦʪʘ ʧʨʠʟʤʠ ʘʙʦ ʮʠʣʽʥʜʨʘ. 

ɿʘʣʝʞʥʽʩʪʴ (15) ʚʽʜʧʦʚʽʜʘʻ ʧʦʜʘʥʦʤʫ ʚʠʱʝ ʛʝʦʤʝʪʨʠʯʥʦʤʫ ʟʘʩʦ-

ʙʫ 
1 2

1ɻʉ , ʪʦʙʪʦ ʢʽʥʝʤʘʪʠʯʥʦʤʫ ʩʧʦʩʦʙʫ ʩʪʚʦʨʝʥʥʷ ʪʽʣʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʦ-

ʚʝʨʭʥʽ (ʥʘʣʝʞʥʦʛʦ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʽʥʩʪʨʫʤʝʥʪʘ). ʎʝ ʞ ʩʪʦʩʫʻʪʴʩʷ ʡ 

ʨʦʟʛʣʷʥʫʪʠʭ ʫ ʧʫʙʣʽʢʘʮʽʾ [13] ʬʨʝʟ, ʩʚʝʨʜʝʣ ʪʦʱʦ. ɸʣʝ ʫ ʦʩʪʘʥʥʴʦʤʫ ʚʠʧʘ-

ʜʢʫ, ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʧʦʧʝʨʝʜʥʴʦʛʦ, ʫ ʷʢʦʩʪʽ ʥʘʧʨʷʤʥʦʾ ʟʘʩʪʦʩʦʚʘʥʦ ʥʝ ʚʽʜʨʽ-

ʟʦʢ ʧʨʷʤʦʾ ʣʽʥʽʾ, ʘ ʢʦʣʦ. 

ɿʫʧʠʥʠʤʦʩʴ ʢʦʨʦʪʢʦ ʥʘ ʩʢʣʘʜʽ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʦʧʝʨʘʮʽʡ (13) ʜʣʷ ʢʦʥʢ-

ʨʝʪʥʠʭ ʜʠʩʢʽʚ (14). ʅʘʨʘʟʽ ʤʘʻʤʦ 

( ) ( )
3 44 12

1 51 1
ɼɻɿ ʊʆ , ɼɻɿ ʊʆ .i k i k= == =  (16) 

ʊʝʭʥʦʣʦʛʽʯʥʽ ʦʧʝʨʘʮʽʾ (16) ʨʝʘʣʽʟʫʶʪʴʩʷ ʨʽʟʥʦʤʘʥʽʪʥʠʤʠ ʥʘʚʝʜʝʥʠʤʠ 

ʚʠʱʝ ʟʘʩʦʙʘʤʠ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ. ɼʣʷ ʊʆ1, ʊʆ2 ʪʘ ʊʆ3 ʮʝ 

ʤʦʞʫʪʴ ʙʫʪʠ ʛʝʦʤʝʪʨʠʯʥʽ ʩʧʦʩʦʙʠ ʤʦʜʠʬʽʢʘʮʽʾ ʰʣʷʭʦʤ ʚʠʢʦʥʘʥʥʷ ʦʧʝʨʘʮʽʡ 

ʚʽʜʥʽʤʘʥʥʷ 
3 1

2ɻʉ  ʚʽʜ ʤʥʦʞʠʥʠ ʪʦʯʦʢ ʦʧʨʘʮʴʦʚʫʚʘʥʦʛʦ ʚʠʨʦʙʫ ʥʘʣʝʞʥʠʭ 

ʪʦʯʦʢ ʚʽʜʧʦʚʽʜʥʦʛʦ ʽʥʩʪʨʫʤʝʥʪʘ. ɼʘʥʠʡ ʧʨʦʮʝʩ ʤʦʜʝʣʶʻʪʴʩʷ ʷʢ ʤʠʪʪʻʚʠʡ 

ʘʙʦ ʜʠʥʘʤʽʯʥʠʡ (ʫ ʯʘʩʽ), ʥʘʧʨʠʢʣʘʜ, ʟʛʽʜʥʦ ʟ̔ ʧʦʜʘʥʦʶ ʫ ʩʪʘʪʪʽ [14] ʤʝʪʦʜʠ-

ʢʦʶ. ɼʣʷ ʦʧʝʨʘʮʽʾ ʊʆ4 ʧʽʜʭʦʜʠʪʴ ʟʘʩʽʙ 
2 2

2ɻʉ  ʟ̔ ʫʨʘʭʫʚʘʥʥʷʤ ʫʤʦʚ ʢʦʥʢʨʝ-

ʪʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ. 

ʇʨʠʢʣʘʜʠ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ 

ʅʘ ʨʠʩ. 1 ʧʦʢʘʟʘʥʦ ʟʘʛʘʣʴʥʠʡ ʚʠʛʣʷʜ ʜʝʷʢʠʭ ʢʦʤʧôʶʪʝʨʥʠʭ ʧʘʨʘʤʝʪ-

ʨʠʯʥʠʭ ʪʚʝʨʜʦʪʽʣʴʥʠʭ ʤʦʜʝʣʝʡ ʦʧʨʘʮʴʦʚʘʥʠʭ ʜʠʩʢʦʚʠʭ ˇʨʫʥʪʦʦʙʨʦʙʥʠʭ 

ʟʥʘʨʷʜʴ. 
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ʈʠʩ. 2 ʧʨʝʜʩʪʘʚʣʷʻ ʩʪʘʜʽʾ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʠʩʢʘ ɼɻɿ8, ʱʦ ʨʝʘʣʽʟʦʚʘʥʽ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʧʦʜʘʥʦʾ ʤʝʪʦʜʠʢʠ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ ʛʨʫʧʠ 

ʪʝʭʥʽʯʥʠʭ ʦʙôʻʢʪʽʚ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʥʘʤʠ ʚʠʢʣʘʜʝʥʦ ʙʘʟʦʚʽ ʪʝʦʨʝʪʠʯʥʽ ʧʦʣʦʞʝʥʥʷ ʟʘʧʨʦʧʦ-

ʥʦʚʘʥʦʾ ʤʝʪʦʜʠʢʠ ʢʦʤʧôʶʪʝʨʥʦʛʦ ʛʝʦʤʝʪʨʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʛʨʫʧʠ ʪʝʭ-

ʥʽʯʥʠʭ ʦʙôʻʢʪʽʚ, ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʚʽʜʧʦʚʽʜʥʽ ʟʘʩʦʙʠ ʽ ʧʨʠʡʦʤʠ ʬʦʨʤʦʫʪʚʦ-

ʨʝʥʥʷ, ʧʨʦʽʣʶʩʪʨʦʚʘʥʦ ʧʨʘʢʪʠʯʥʠʤʠ ʧʨʠʢʣʘʜʘʤʠ ʦʪʨʠʤʘʥʽ ʥʘʫʢʦʚʽ ʨʝʟʫʣʴ-

ʪʘʪʠ. 

   

ɼɻɿ1 ɼɻɿ8 ɼɻɿ11 

ʈʠʩ. 1. ʂʦʤʧôʶʪʝʨʥʽ ʤʦʜʝʣʽ ʜʠʩʢʽʚ ʽʟ ʢʦʤʙʽʥʦʚʘʥʠʤʠ ʦʪʚʦʨʘʤʠ:  

ɼɻɿ1 ï ʧʣʦʩʢʠʡ ʽʟ V ï ʧʦʜʽʙʥʠʤʠ ʚʠʨʽʟʘʤʠ;  

ɼɻɿ8 ï ʩʬʝʨʠʯʥʠʡ ʽʟ ʚʠʨʽʟʘʤʠ ʫ ʚʠʛʣʷʜʽ ʜʫʛ ʢʽʣ;  

ɼɻɿ11 ï ʟ̔ ʙʘʟʦʚʦʶ ʩʬʝʨʠʯʥʦ-ʧʣʦʩʢʦʶ ʧʦʚʝʨʭʥʝʶ  

ʪʘ ʚʠʨʽʟʘʤʠ ʫ ʚʠʛʣʷʜʽ ʜʫʛ ʢʽʣ 
 

  
ʘ ʙ 

  
ʚ ʛ 

ʈʠʩ. 2. ʂʦʤʧôʶʪʝʨʥʽ ʤʦʜʝʣʽ ʩʪʘʜʽʡ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʠʩʢʘ ɼɻɿ8: 

ʘ ï ʧʣʦʩʢʘ ʟʘʛʦʪʦʚʘʥʢʘ ʧʽʩʣʷ ʦʙʨʽʟʘʥʥʷ ʟʦʚʥʽʰʥʴʦʛʦ ʢʦʥʪʫʨʫ;  

ʙ ï ʩʬʦʨʤʦʚʘʥʽ ʦʪʚʦʨʠ; ʚ ï ʟʨʦʙʣʝʥʽ ʚʠʨʽʟʠ;  

ʛ ï ʦʪʨʠʤʘʥʘ ʩʬʝʨʠʯʥʘ ʧʦʚʝʨʭʥʷ 
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ɯʥʬʦʨʤʘʮʽʡʥʽ ʩʠʩʪʝʤʠ, ʤʝʭʘʥʽʢʘ ʪʘ ʢʝʨʫʚʘʥʥʷ 

ɺʠʩʥʦʚʢʠ 

ɻʦʣʦʚʥʦʶ ʧʝʨʝʚʘʛʦʶ ʨʦʟʨʦʙʣʝʥʦʛʦ ʧʽʜʭʦʜʫ ʜʦ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʛʝ-

ʦʤʝʪʨʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʧʦʨʽʚʥʷʥʦ ʟ ʽʩʥʫʶʯʠʤʠ ʻ ʟʘʙʝʟʧʝʯʝʥʥʷ ʧʨʦʜʫʢ-

ʪʠʚʥʦʛʦ ʬʦʨʤʫʚʘʥʥʷ ʚʝʣʠʢʦʛʦ ʯʠʩʣʘ ʩʪʨʫʢʪʫʨʥʦ-ʧʘʨʘʤʝʪʨʠʯʥʠʭ ʚʘʨʽʘʥʪʽʚ 

ʦʧʨʘʮʴʦʚʫʚʘʥʠʭ ʚʠʨʦʙʽʚ. ʎʝ ʜʦʟʚʦʣʷʻ ʧʽʜʚʠʱʫʚʘʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʢʦʤʧôʶʪʝʨʥʦʛʦ ʧʨʦʝʢʪʫʚʘʥʥʷ ʧʨʦʤʠʩʣʦʚʦʾ ʧʨʦʜʫʢʮʽʾ ʟʘʚʜʷʢʠ ʤʦʞʣʠʚʦʩʪʽ 

ʧʨʦʚʝʜʝʥʥʷ ʘʥʘʣʽʟʫ ʙʽʣʴʰʦʾ ʢʽʣʴʢʦʩʪʽ ʾʾ ʨʽʟʥʦʚʠʜʽʚ ʪʘ ʚʠʟʥʘʯʝʥʥʷ ʥʘ ʧʽʜʩʪʘ-

ʚʽ ʮʴʦʛʦ ʦʧʪʠʤʘʣʴʥʦʛʦ ʟ̔ ʥʠʭ. 

ʊʘʢʦʞ ʚʘʞʣʠʚʠʤ ʻ ʽʥʚʘʨʽʘʥʪʥʠʡ ʭʘʨʘʢʪʝʨ ʟʘʧʨʦʧʦʥʦʚʘʥʦʾ ʤʝʪʦʜʠʢʠ 

ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ, ʱʦ ʧʦʰʠʨʶʻʪʴʩʷ ʡ ʥʘ ʽʥʰʽ, ʥʽʞ ʟʘʛʘʣʴʥʝ ʤʘʰʠʥʦʙʫʜʫ-

ʚʘʥʥʷ, ʛʘʣʫʟʽ ʧʨʦʤʠʩʣʦʚʦʩʪʽ, ʟʦʢʨʝʤʘ, ʧʨʠʣʘʜʦʙʫʜʫʚʘʥʥʷ, ʨʘʢʝʪʥʦ-

ʢʦʩʤʽʯʥʫ ʛʘʣʫʟʴ, ʨʦʙʦʪʦʪʝʭʥʽʢʫ ʪʦʱʦ. ɿʘʟʥʘʯʝʥʠʡ ʥʘʧʨʷʤʦʢ ʩʪʘʥʦʚʠʪʴ ʧʝʨ-

ʩʧʝʢʪʠʚʠ ʧʨʦʚʝʜʝʥʥʷ ʧʦʜʘʣʴʰʠʭ ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʴ. 
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SOLITARY WAVE  PROPAGATION  IN ELASTIC  PLATE ON THE 

WINKLER FOUNDATION  

 ʄʠ ʨʦʟʛʣʷʜʘʻʤʦ ʥʦʚʫ ʟʘʜʘʯʫ, ʱʦʙ ʟʥʘʡʪʠ ʦʜʥʦ-ʩʦʣʽʪʦʥʥʠʡ ʨʦʟʚô̫ ʟʦʢ ʜʣʷ 

ʚʟʘʻʤʦʜʽʾ ʧʨʫʞʥʦʾ ʧʣʘʩʪʠʥʠ ʟ̔ ʬʫʥʜʘʤʝʥʪʦʤ ɺʽʥʢʣʝʨʘ. ʇʝʨʝʜʙʘʯʘʻʪʴʩʷ, ʱʦ 

ʧʣʘʩʪʠʥʘ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʧʨʫʞʥʦ-ʥʝʣʽʥʽʡʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ, ʷʢʽ ʦʧʠʩʫ-

ʶʪʴʩʷ ʛʝʦʤʝʪʨʠʯʥʦ ʥʝʣʽʥʽʡʥʠʤʠ ʜʝʬʦʨʤʘʮʽʷʤʠ. ʋ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʪʘ ʜʝʷʢʠʤʠ 

ʧʨʠʧʫʱʝʥʥʷʤʠ, ʱʦʙ ʧʦʟʜʦʚʞʥʽ ʜʝʬʦʨʤʘʮʽʾ ʥʝ ʙʫʣʠ ʚʨʘʭʦʚʘʥʽ, ʤʠ ʦʪʨʠʤʫʻʤʦ 

ʃʘʛʨʘʥʞʽʘʥ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʢʣʘʩʠʯʥʽʡ ʤʦʜʝʣʽ ʂʽʨʭʛʦʬʘ ʧʦʧʝʨʝʯʥʠʭ ʢʦʣʠʚʘʥʴ 

ʧʣʘʩʪʠʥʠ. ɼʣʷ ʚʽʜʧʦʚʽʜʥʦʛʦ ʨʦʟʚô̫ ʟʫʚʘʣʴʥʦʛʦ ʨʽʚʥʷʥʥʷ ʟʥʘʡʜʝʥʦ ʨʦʟʚô̫ ʟʦʢ ʫ 

ʢʣʘʩʽ ʘʤʧʣʽʪʫʜʥʦ ʤʦʜʫʣʴʦʚʘʥʠʭ ʩʠʛʥʘʣʽʚ. ɿʘ ʜʦʧʦʤʦʛʦʶ ʨʝʛʫʣʷʨʠʟʘʮʽʾ ʬʦʨ-

ʤʘʣʴʥʠʭ ʘʩʠʤʧʪʦʪʠʯʥʠʭ ʨʦʟʢʣʘʜʽʚ ʦʪʨʠʤʘʥʦ ʥʝʣʽʥʽʡʥʝ ʨʽʚʥʷʥʥʷ ʐʨʝʜʽʥʛʝʨʘ, 

ʦɦ ʚʠʟʥʘʯʘʻ ʘʤʧʣʽʪʫʜʫ ʫ ʧʝʨʰʦʤʫ ʧʦʨʷʜʢʫ ʤʘʣʦʩʪʽ. ʄʠ ʦʪʨʠʤʫʻʤʦ ʦʜʥʦ-

ʩʦʣʽʪʦʥʥʠʡ ʨʦʟʚôʷʟʦʢ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʤʽʨʢʫʚʘʥʴ ʪʘ ʨʝʟʫʣʴʪʘʪʽʚ, ʦʪʨʠʤʘʥʠʭ ɸʙ-

ʣʦʚʽʮʝʤ ʪʘ ʽʥ., ʅʴʶʝʣʦʤ, ɿʘʭʘʨʦʚʠʤ ʪʘ ʐʘʙʘʪʦʤ. ɯʩʥʫʻ ʙʘʛʘʪʦ ʩʠʩʪʝʤ ʰʠʨʦ-

ʢʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʫ ʨʽʟʥʠʭ ʛʘʣʫʟʷʭ, ʷʢʽ ʤʦʞʫʪʴ ʚʢʣʶʯʘʪʠ ʪʘʢʽ ʝʣʝʤʝʥʪʠ. ʋ 

ʟʚô̫ ʟʢʫ ʟ̔ ʮʠʤ ʥʘʰʘ ʩʪʘʪʪʷ ʨʦʟʛʣʷʜʘʻ ʧʨʦʙʣʝʤʫ ʚʟʘʻʤʦʜʽʾ ʧʨʫʞʥʦʾ ʧʣʘʩʪʠʥʠ ʟ̔ 

ʬʫʥʜʘʤʝʥʪʦʤ ɺʽʥʢʣʝʨʘ. ʃʽʥʽʡʥʘ ʧʨʦʙʣʝʤʘ ʙʫʣʘ ʚʧʝʨʰʝ ʜʫʞʝ ʯʽʪʢʦ ʨʦʟʛʣʷʥʫ-

ʪʘ ʫ ʢʫʨʩʽ ʉ. ʇ. ʊʠʤʦʰʝʥʢʦ çʄʽʮʥʽʩʪʴ ʤʘʪʝʨʽʘʣʽʚè, ʪ. 1 ʽ ʪ. 2, ʧʽʜ ʯʘʩ ʨʦʙʦʪʠ ʫ 

ʂʇɯ. ɿ ʪʦʛʦ ʯʘʩʫ ʢʫʨʩʘ, ʢʨʘʱʦʛʦ ʟʘ ʮʝʡ, ʥʝ ʙʫʣʦ ʥʘʧʠʩʘʥʦ. 

 ʄʳ ʨʘʩʩʤʘʪʨʠʚʘʝʤ ʥʦʚʫʶ ʟʘʜʘʯʫ, ʯʪʦʙʳ ʥʘʡʪʠ ʦʜʥʦ-ʩʦʣʠʪʦʥʥʦʝ ʨʝʰʝʥʠʝ 

ʜʣʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʫʧʨʫʛʦʡ ʧʣʘʩʪʠʥʳ ʩ ʦʩʥʦʚʘʥʠʝʤ ɺʠʥʢʣʝʨʘ. ʇʨʝʜʧʦʣʘʛʘʝ-

ʪʩʷ, ʯʪʦ ʧʣʘʩʪʠʥʘ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʫʧʨʫʛʦ-ʥʝʣʠʥʝʡʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʢʦʪʦʨʳʝ 

ʦʧʠʩʳʚʘʶʪʩʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠ ʥʝʣʠʥʝʡʥʳʤʠ ʜʝʬʦʨʤʘʮʠʷʤʠ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʠ 

ʥʝʢʦʪʦʨʳʭ ʧʨʝʜʧʦʣʦʞʝʥʠʷʭ, ʯʪʦʙʳ ʧʨʦʜʦʣʴʥʳʝ ʜʝʬʦʨʤʘʮʠʠ ʥʝ ʫʯʠʪʳʚʘʣʠʩʴ, 

ʤʳ ʧʦʣʫʯʘʝʤ ʃʘʛʨʘʥʞʠʘʥ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʂʠʨʭʛʦʬʘ 

ʧʦʧʝʨʝʯʥʳʭ ʢʦʣʝʙʘʥʠʡ ʧʣʘʩʪʠʥʳ. ɼʣʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʨʘʟʨʝʰʘʶʱʝʛʦ 

ʫʨʘʚʥʝʥʠʷ ʥʘʡʜʝʥʦ ʨʝʰʝʥʠʝ ʚ ʢʣʘʩʩʝ ʘʤʧʣʠʪʫʜʥʦ ʤʦʜʫʣʠʨʫʝʤʳʭ ʩʠʛʥʘʣʦʚ. ʉ 

ʧʦʤʦʱʴʶ ʨʝʛʫʣʷʨʠʟʘʮʠʠ ʬʦʨʤʘʣʴʥʳʭ ʘʩʠʤʧʪʦʪʠʯʝʩʢʠʭ ʨʘʟʣʦʞʝʥʠʡ ʧʦʣʫʯʝ-

ʥʦ ʥʝʣʠʥʝʡʥʦʝ ʫʨʘʚʥʝʥʠʝ ʐʨʝʜʠʥʛʝʨʘ, ʦʧʨʝʜʝʣʷʶʱʝʝ ʘʤʧʣʠʪʫʜʫ ʚ ʧʝʨʚʦʤ 

ʧʦʨʷʜʢʝ ʤʘʣʦʩʪʠ. ʄʳ ʧʦʣʫʯʘʝʤ ʩʦʣʠʪʦʥʥʦʝ ʨʝʰʝʥʠʝ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʨʘʩʩʫ-

ʞʜʝʥʠʷʤʠ ʠ ʨʝʟʫʣʴʪʘʪʘʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ɸʙʣʦʚʠʮʝʤ ʠ ʜʨ., ʅʴʶʝʣʦʤ, ɿʘʭʘʨʦ-

ʚrʤ ʠ ʐʘʙʘʪʦʤ. ʉʫʱʝʩʪʚʫʝʪ ʤʥʦʛʦ ʩʠʩʪʝʤ ʦʙʰʠʨʥʳʭ ʧʨʠʣʦʞʝʥʠʡ ʚ ʨʘʟʥʳʭ 

ʦʙʣʘʩʪʷʭ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʚʢʣʶʯʘʪʴ ʪʘʢʠʝ ʵʣʝʤʝʥʪʳ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʥʘʰʝ ʩʦʦ-

ʙʱʝʥʠʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪ ʧʨʦʙʣʝʤʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʫʧʨʫʛʦʡ ʧʣʘʩʪʠʥʳ ʩ ʦʩʥʦ-

ʚʘʥʠʝʤ ɺʠʥʢʣʝʨʘ. ʃʠʥʝʡʥʘʷ ʟʘʜʘʯʘ ʙʳʣʘ ʚʧʝʨʚʳʝ ʦʯʝʥʴ ʯʝʪʢʦ ʨʘʩʩʤʦʪʨʝʥʘ ʚ 

ʢʫʨʩʝ ʉ. ʇ. ʊʠʤʦʰʝʥʢʦ çʇʨʦʯʥʦʩʪʴ ʤʘʪʝʨʠʘʣʦʚ, ʪ. 1 ʠ ʪ. 2, ʚʦ ʚʨʝʤʷ ʨʘʙʦʪʳ ʚ 

ʂʇʀ. ʉ ʪʝʭ ʧʦʨ ʢʫʨʩ, ʣʫʯʰʝ ʵʪʦʛʦ, ʥʝ ʙʳʣ ʥʘʧʠʩʘʥ. 

 

                                                 
4
 Institute of Hydromechanics, National Academy of Sciences 

5
 Agency of Atomic Energy of Canada, Chalk River Laboratory 



15 

ʈ ʦ ʟ ʜ ʽ ʣ 1 .   ɯ ʥ ʬ ʦ ʨ ʤ ʘ ʮ ʽ ʡ ʥ ʽ  ʩ ʠ ʩ ʪ ʝ ʤ ʠ 

Formulation of the problem 

ɸ new problem to find the solitary solution for interaction of elastic plate 

with the Winkler foundation is considered. It is assumed that the plate is charac-

terized by elastically nonlinear properties which are described by the geometri-

cally nonlinear deformations. In this case and some assumptions that longitudi-

nal deformations are not taken into account, we obtain the Lagrangian corre-

sponding to the Kirchhoff classical model of transverse bending vibrations of 

plate. For corresponding resolving equation a solution is found in the class of the 

amplitude modulated signals. By means of regularization of formal asymptotic 

decompositions, the Schrºdinger nonlinear equation, determining the amplitude 

in the first order of smallness, is obtained. We obtain the solitary solution in cor-

respondence with considerations and results obtained by Abblowitz et al., New-

el, Zakharov and Shabat. There are a lot of systems of extensive applications in 

various fields which include such elements. In connection with it our communi-

cation considers the problem of the interaction of an elastic plate with the Win-

kler foundation. A linear problem was first very clearly considered in the course 

by S. P. Timoshenko çStrength of materials, vol. 1 and vol. 2, during his work at 

the KPI. Since then no course, better than this one, has been developed. 

Introduction  

Several researchers have investigated solitary wave propagation in differ-

ent media, in particular soliton formation and its propagation. However the 

problem for elastic plates (beams) on the elastic foundation has been investigat-

ed in a linear statement.  

Our paper considers a nonlinear statement and solution so that new phe-

nomena of the wave propagation can be esablished.  

Zhong et al. [1] studied space-time solitary forms in a galactic world when 

spatial solitons are described by the cylindrical Korteweg ï de Vries equation. 

Selezov, Kryvonos and Gandga [2] treated a lot of  problems of linear and non-

linear wave propagation and diffraction and solitary wave propagation. 

Korolevich and Selezov [3] considered solitary wave propagation in the fluid of 

variable depth and its passage to determined chaous. Grimshaw et al. [4] consid-

ered wave diffractions of solitary waves in water due to bottom nonhomogenei-

ties. Selezov I. T. [5] established that the beginning of tsunami wave is non-

determinate prediction due to an underwater earthquake is also nondeterminate 

process. Selezov [6] developed an evolution equation of water waves propaga-

tion under bottom excitations and the linear  and nonlinear problems of wave 

diffraction. Eringen [7] presented many models of deformed continuum. Timo-

shenko [8] presented the best course of Strengh of Materials considering the lin-

ear problem of a bending beam on elastic foundation, which has been developed 

first by Winkler (1867), working at the KPI at that time.Whithem [9] developed 
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the theory of wave propagation and solitary wave propagation fundamentally 

and considered application of the variation principle for the derivation of soli-

tary wave equations with using the Lagrangian. Blend [10] presented nonlinear 

elastic models and its applications. In our paper we used his consideration in or-

der to construct the lagrangian and apply the method developed by Whithem. 

Kirchhoff [11] proposed equations of bending plates and based on them the La-

grangian was simplified. Newell [12] presented a review of solitary theory 

which includes a lot of results for solitary wave propagation. Ablowitz et al. [13] 

considered the nonlinear evolution equations and results of construction of mod-

els. Zakharov and Shabat [14] treated solutions of solitary wave propagation. 

The first part of the paper deals with geometrically nonlinear isotropic 

elastic medium and it considers slow processes characterizing by small thick-

nesses in comparison with a wavelength so that neglecting by longitudinal iner-

tia yealds the Lagrange equation. As a result we obtain the equation of plate vi-

bration on the Winkler foundation. We consider the propagation of traveling 

waves and find the Lagrangian and later on we consider multiply scale approach 

following to the scheme from Abblowitz up to Shabat which shows the skew-

symmetric and discrete eigenvalues. One-solitary solution of the problem of 

propagation of nonlinear bending waves in a plate contacting with a medium lo-

cally linearly responding to transverse deviations is derived. 

Statement of the problem for the plate and the Lagrangian 

We will proceed from a geometrically nonlinear formulation for an iso-

tropic elastic body (Blend, 1969) [10], (Eringen, 2002) [7], we define the Green 

strain tensor through finite elastic displacements 

( ), , , ,

1

2
e u u u ul m c c

lm m l l m= + + , (1) 

and we associate the second Piola-Kirchhoff tensor with the fourth-rank iso-

tropic tensor 

( )* *

a e

a G

lm lmab

ab

lmab lm ab la mb lb ma

s =

=ld d + d d +d d
, (2) 

where
*l 

*G  are the Lame constants, all indices run through the values 1, 2, 3 

and summation is assumed over repeating indices hereinafter. For slow process-

es, the spectrum of which in the linear approximation is characterized by wave-

lengths significantly exceeding the plate thickness, it is possible to take into ac-

count the inertial term additively, and to keep the first two terms in the expan-

sion of the displacement vector in powers of the transverse coordinate and ne-

glect the shift, which corresponds to the classical Kirchhoff hypothesis (Kirch-

hoff, 1850) [11]. We restrict ourselves to processes that are independent of one 



17 

ʈ ʦ ʟ ʜ ʽ ʣ 1 .   ɯ ʥ ʬ ʦ ʨ ʤ ʘ ʮ ʽ ʡ ʥ ʽ  ʩ ʠ ʩ ʪ ʝ ʤ ʠ 

of the planar coordinates. Integration of the energy density along the transverse 

coordinate leads to one-dimensional Lagrangian 

Ã.
( )

( )2 2 2 2 2 2

2 21 2 1
x x x xx t t

Eh Eh h
u u w Dw w u w

g

r
= + - +a - +
n -n

, (3) 

where E  is the Young modulus, n is the Poisson ratio, h  is the plate thickness, 

D  is the cylindrical stiffness, a  is the bed coefficient, r is the density, u  and 

w are the longitudinal and transverse displacements of the plate. 

If the inertial term is neglected from the longitudinal displacement, from 

(3) we obtain the determining system of Lagrange equations from variational 

principle 0L= obtain 

( )

( )
( )

2

2

2 0,

0.
2 1

xx x x

xxxx x x ttx

u w

Eh h
Dw u w w w

g

+ =

r
- -a + =

-n

 (4) 

We note that introducing the stress function into the Lagrangian, as well 

as taking into account deformations along another planar coordinate, would lead 

to the Karman system of equations with the Winkler force on the right-hand 

side. 

Schrºdinger equation 

Under the restrictions introduced above, from (4) we obtain the resolving 

equation of the bending vibrations of the plate on the Winkler base in the form 

( )
( )32

0.
4 1

xxxx x ttx

Eh h
Dw w w w

g

r
+ -a + =

-n
   (5) 

Consider a solution in the form of traveling waves. Soliton-type for-

mations are of particular interest (Newell, 1985) [12]. The application of the 

formalism of extracting the KdV equations of the hierarchy leads to a trivial so-

lution, which indicates the absence of long cnoidal and solitary waves in our 

quasilinear system under consideration. Thus, a solution should be sought in the 

class of amplitude-modulated processes. We apply the multi-scale method [2], 

based on the formal asymptotic expansion of the desired functions and differen-

tial operators in a Taylor series in a neighborhood of the equilibrium position 

n

nw w=e , 

0

n

x Xnµ=µ +e µ, 

0

n

t t Tnµ =µ +e µ.  

(6) 
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In this case, independence of fast 
0 0,x t  and all slow variables ,n nX T  is 

assumed. 

Substituting series (6) into equation (5) and grouping the terms for equal 

degrees of a small parameter gives a system of equations accurate to terms of the 

order ()30 e  inclusive 

1 0Lw = , (7) 
 

( )
1 12 1 2 1X TLw L L w=- µ + µ, (8) 

                                          

( ) { }

( )( )( )

1 1 1 1 2 2

0 0

2 2

3 1 2 2 11 22 1 2 1

3

1 2
,

4 1

X T X T X T

x x

Lw L L w L L L L w

Eh
w

=- µ + µ - µ + µ + µ + µ -

-µ µ
-n

 (9) 

where 

0 0

4 2

x t

h
L D

g

r
¹ µ + µ -a

0 0

3

1 2,x t

h
L D L

g

r
¹ µ ¹ µ

0

2

11 22,x

h
L D L

g

r
¹ µ ¹. 

From equation (7) we obtain 

( )1 1 1 2 2, , , . .iw w X T X T e cq= +k (10) 
                                    

( ), 0e wk =, (11) 

where the phase and dispersion ratio are defined as follows 

()0 0x tq=k -w k, 

2 4h
e D

g
=-r w + k -a. 

For the uniform suitability of the proposed expansions (uniform bounded-

ness of the terms 2w  and 3w ), it is necessary to eliminate the following terms in 

the operators. In equation (8), this is possible when passing to the characteristic 

coordinate system 

( ) ()1 1 1 1, , gw X T w x x X C T= = - , 

3, 2

,
g

l D g
C

l h

k k
= =-
w r w

. 

It is also advisable to go into an arbitrary moving coordinate system in the 

plane( ) ( ) () *

2 2 2 2 2, : , ,X T w x T w T T T X= = -k, 
*k is an arbitrary constant sat-

isfying { }0 0T X³  the condition for the independence of variables. 
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From equation (9) we obtain the corresponding condition for the ampli-

tude 
2

0xx T
w w w i wb +g + d = 

( )

4
2

2

2
1 ,

4 1

Eh
D

k kå õ
b=k + g=æ ö

w -nç ÷
 

3 * p

g

r
d=k k - w. 

(12) 

One-soliton solution 

From the form of the obtained nonlinear Schrºdinger equation (12) 

( )0bg>, we can conclude that it corresponds to a scheme of Ablowitz, Kaup, 

Newell, Segur (Ablowitz et al., 1973) [13] , showing that the discrete eigenval-

ues are imaginary, therefore they determine the existence of bound states with 

negative energy, i.e. showing these pecularities for soliton potentials of the orig-

inal equation (12), moreover it is follow from (Zakharov and Shabat, 1979) [14] 

that our operator is skew-symmetric. 

The desired one-soliton solution is in the form (Newell, 1985) [12] 

{ }

2
2

0
2 1

0

c c
i x a T

a

w ae ch ax caT

ë ûè øî îå õ å õ
- - +té ùì üæ ö æ ö

ç ÷ ç ÷é ùî î -ê úí ý= - +j, 
(13) 

where the amplitude a , velocity of the soliton c  and the phase shift 
0t 0j are 

determined on the data of the Cauchy problem. As for the complete solution, we 

note that the soliton is the limit value of the periodic solution in the form of el-

liptic functions (cnoidal waves). Therefore, the answer will not contain a period-

ic set of quasimonochromatic packets, but as a limit (under appropriate initial 

conditions) a sollitary packet: 

( ){ }

2

2 2

0

1 2

0

exp
2 2 2

.

g

t

g

c c
w a i x cc a

ch a x a c a c t-

ë ûè øå õå õe eî îå õ å õ
é ù= k+ - w+ +e - +t ³æ öæ öì üæ ö æ öæ öæ öç ÷ ç ÷é ùî îç ÷ç ÷ê úí ý

³ e - e + e +j

 (14) 

Conclusion 

The one-soliton solution in the form of solitary packet has been obtained 

for an elastic plate on the Winkler foundation. Starting from geometrically non-

linear equations of isotropic elastic solid it is possible to yield determination of 

the Green tensor of deformation and transition to the Kirchhoff classic theory of 

bending plates. On this base the Lagrangian was obtained and Schrºdinger equa-

tion were derived as resolving equation for the plate on the Winkler foundation. 

Considering traveling waves for amplitude-modulated processs and the method 
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of multi-scale decomposition yields transition to moving coordinate system. As 

a result the existence  of solitary equation was established and solitary packet 

solution was obtained. 
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ʆ. ʄ. ɹʦʥʜʘʨʝʥʢʦ
6
, ʜʦʮʝʥʪ, ʢ.ʪ.ʥ., ɯ. ʆ. ʗʮʝʥʢʦ

7
, ʙʘʢʘʣʘʚʨ 

ʄɽʊʆɼ ʈʆɿʈɸʍʋʅʂʋ ʈɽʉʋʈʉʋ ɸɺɯɸʎɯʁʅʀʍ ʂʆʅʉʊʈʋʂʎɯʁ 

ʇʆʉʊʆɹʈʆɹʃɽʅʅʗʄ ʈɽɿʋʃʔʊɸʊɯɺ ʂɯʅʎɽɺʆ ɽʃɽʄɽʅʊʅʀʍ 

ʉʊɸʊʀʏʅʀʍ ʈʆɿʈɸʍʋʅʂɯɺ  

 In the article is describes the method of calculating of the element reliability by 

refining the results of static calculations. The calculation was made on the effect of 

the overloads that operate during the ground-air-ground cycle. By the static calcu-

lations of the wing model, the conditions of the schematized overloads were simu-

lated.  By means of computer-aided design, the necessary typical operations of cal-

culating reliability were consistently implemented: determination of a critical point 

by static or modal calculation, reduction of the spatial load to uniaxial, reduction 

of the asymmetric load to symmetric, determination of the coefficient of fatigue 

quantity, building of the fatigue curve of the material recalculation, determination 

of limit fatigue cycles, determination of damage from each overloads separately. 

The Huber-Mises-Genka, Serensen-Kinasoshvili, Nadai-Lode criteriaôs was im-

plemented. A simplified expression is proposed and justified for calculating loads 

in a rib with an arrow-shaped wing. The expression allows you to select the ribs 

before the creating of a wing contour model and significantly save time for model-

ing. The contour model of the aircraft wing and its ribs are used in the calculations. 

The models are built on the theoretical surface of the wing. An example of calcula-

tion is provided. An example of the calculation of the reliability of the force frame 

of the wing and ribs of the aircraft type AN-24 is given. The calculated resource is 

the same as the maintenance period for the selected aircraft specified in the opera-

tional documentation. The calculation was carried out in the MSN Nastran finite 

element package and the Mathcad Express mathematical package.  

 ɺ ʩʪʘʪʴʝ ʦʧʠʩʘʥ ʤʝʪʦʜ ʨʘʩʯʝʪʘ ʨʝʩʫʨʩʘ ʵʣʝʤʝʥʪʦʚ ʧʣʘʥʝʨʘ ʩʘʤʦʣʝʪʘ ʧʫʪʝʤ 

ʧʦʩʪʦʙʨʘʙʦʪʢʠ ʨʝʟʫʣʴʪʘʪʦʚ ʩʪʘʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ. ɺ ʨʘʩʯʝʪʘʭ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʢʦʥʪʫʨʥʘʷ ʤʦʜʝʣʴ ʢʨʳʣʘ ʩʘʤʦʣʝʪʘ ʠ ʝʛʦ ʥʝʨʚʶʨʳ. ʄʦʜʝʣʠ ʧʦʩʪʨʦʝʥʳ ʧʦ ʪʝʦ-

ʨʝʪʠʯʝʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʳʣʘ. ʇʨʝʜʩʪʘʚʣʝʥʦ ʧʨʠʤʝʨ ʨʘʩʯʝʪʘ. ʈʘʩʯʝʪ ʦʩʫ-

ʱʝʩʪʚʣʷʣʩʷ ʚ ʢʦʥʝʯʥʦʵʣʝʤʝʥʪʥʦʤ ʧʘʢʝʪʝ ʪʠʧʘ MSN Nastran ʠ ʤʘʪʝʤʘʪʠʯʝ-

ʩʢʦʤ ʧʘʢʝʪʝ ʪʠʧʘ Mathcad Express. ɺʳʜʝʣʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʤʝʪʦʜʘ ʨʘʩʯʝʪʘ 

ʜʣʷ ʘʚʠʘʮʠʦʥʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ. 

ɺʩʪʫʧ 

ʃʽʪʘʢʠ ʣʝʛʢʦʛʦ ʢʣʘʩʫ ʦʩʪʘʥʥʽʤ ʯʘʩʦʤ ʤʘʶʪʴ ʩʪʘʙʽʣʴʥʠʡ ʧʦʧʠʪ ʥʘ ʨʠ-

ʥʢʫ ʘʚʽʘʮʽʡʥʦʾ ʪʝʭʥʽʢʠ. ʆʜʥʘʢ ʥʘ ʮʴʦʤʫ ʨʠʥʢʫ ʰʠʨʦʢʦ ʧʨʝʜʩʪʘʚʣʝʥʽ ʜʚʦʤʽ-

ʩʥʽ ʣʽʪʘʢʠ, ʤʝʥʰʝ ʯʦʪʠʨʠʤʽʩʥʠʭ ʣʽʪʘʢʽʚ ʽ ʜʫʞʝ ʤʘʣʦ ʣʽʪʘʢʽʚ ʙʽʟʥʝʩ ʢʣʘʩʫ ʥʘ 

ʧôʷʪʴ ʧʦʩʘʜʢʦʚʠʭ ʤʽʩʮʴ. ʇʨʠʯʠʥʦʶ ʮʴʦʛʦ ʻ ʩʢʣʘʜʥʽʩʪʴ ʧʽʜʪʚʝʨʜʞʝʥʥʷ ʥʘ-

                                                 
6
 ʂʇɯ ʽʤ. ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦ 

7
 ʂʇɯ ʽʤ. ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦ 
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ʜʽʡʥʦʩʪʽ ʟʘʟʥʘʯʝʥʠʭ ʣʽʪʘʢʽʚ ʫ ʧʝʚʥʠʭ ʚʘʛʦʚʠʭ ʦʙʤʝʞʝʥʥʷʭ. ʆʩʥʦʚʥʦʶ ʧʝʨʝ-

ʚʘʛʦʶ ʣʽʪʘʢʘ ʙʽʟʥʝʩ-ʢʣʘʩʫ ʻ ʝʢʦʥʦʤʽʷ ʥʘ ʚʠʪʨʘʪʘʭ ʧʘʣʠʚʘ, ʧʨʠʚʝʜʝʥʠʭ ʜʦ 

ʦʜʥʦʛʦ ʧʘʩʘʞʠʨʘ. ʋ ʨʘʟʽ, ʷʢʱʦ ʚʠʪʨʘʪʠ ʧʘʣʠʚʘ ʧôʷʪʠʤʽʩʥʦʛʦ ʣʽʪʘʢʘ ʥʘ ʢʦʞ-

ʥʽ 100 ʢʤ ʧʦʣʴʦʪʫ ʧʦʨʽʚʥʶʶʪʴʩʷ ʽʟ ʚʠʪʨʘʪʘʤʠ ʘʚʪʦʤʦʙʽʣʷ ʙʽʟʥʝʩ ʢʣʘʩʫ ʘʥʘ-

ʣʦʛʽʯʥʦʾ ʤʽʩʪʢʦʩʪʽ ʧʘʩʘʞʠʨʽʚ, ʪʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʣʽʪʘʢʘ ʟʘʤʽʩʪʴ ʘʚʪʦʤʦʙʽʣʷ 

ʜʣʷ ʜʘʣʴʥʽʭ ʧʝʨʝʤʽʱʝʥʴ ʩʪʘʻ ʧʨʠʚʘʙʣʠʚʽʰʠʤ ʽ ʟʘ ʯʘʩʦʤ, ʽ ʟʘ ʢʦʤʬʦʨʪʦʤ. 

ʅʘʜʘʥʥʷ ʨʦʟʨʦʙʥʠʢʫ ʣʽʪʘʢʘ ʤʦʞʣʠʚʦʩʪʽ ʰʚʠʜʢʦ ʽ ʧʦʚʥʦʮʽʥʥʦ ʦʮʽʥʠʪʠ ʨʝ-

ʩʫʨʩ ʢʦʞʥʦʛʦ ʝʣʝʤʝʥʪʫ ʢʦʥʩʪʨʫʢʮʽʾ ʜʦʟʚʦʣʠʪʴ ʩʪʚʦʨʠʪʠ ʣʽʪʘʢ ʽʟ ʢʦʥʢʫʨʝʥʪ-

ʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʽ ʧʨʠʩʢʦʨʠʪʠ ʧʨʦʭʦʜʞʝʥʥʷ ʡʦʛʦ ʩʝʨʪʠʬʽʢʘʮʽʾ.  

ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʽ 

ɼʣʷ ʨʦʟʨʘʭʫʥʢʽʚ ʚʩʪʘʥʦʚʠʤʦ ʥʘʩʪʫʧʥʽ ʦʙʤʝʞʝʥʥʷ. ʈʦʟʨʘʭʫʥʢʠ ʙʫʜʫʪʴ 

ʚʠʢʦʥʫʚʘʪʠʩʴ ʜʣʷ ʚʞʝ ʩʪʚʦʨʝʥʦʾ ʨʦʟʨʦʙʥʠʢʦʤ ʢʦʥʪʫʨʥʦʾ ʤʦʜʝʣʽ ʢʨʠʣʘ ʣʽʪʘ-

ʢʘ. ɹʝʨʝʤʦ ʛʦʪʦʚʫ ʩʭʝʤʘʪʠʟʘʮʽʶ ʡʦʛʦ ʧʝʨʝʚʘʥʪʘʞʝʥʴ ʧʽʜ ʯʘʩ ʮʠʢʣʫ ʟʝʤʣʷ-

ʧʦʚʽʪʨʷ-ʟʝʤʣʷ, ʷʢʘ ʦʜʝʨʞʘʥʘ ʟʘ ʧʦʢʘʟʘʤʠ ʙʣʦʢʫ ʽʥʝʨʮʽʘʣʴʥʠʭ ʜʘʪʯʠʢʽʚ ʥʘ 

ʪʝʩʪʦʚʠʭ ʧʦʣʴʦʪʘʭ ʣʽʪʘʢʽʚ ʘʥʘʣʦʛʽʯʥʦʛʦ ʢʣʘʩʫ [1]. ʅʝʦʙʭʽʜʥʦ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʩʪʘʪʠʯʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʤʦʜʝʣʽ ʢʨʠʣʘ ʜʦʩʷʛʪʠ ʫʤʦʚ ʩʭʝʤʘʪʠʟʦʚʘʥʠʭ ʧʝʨʝʚʘ-

ʥʪʘʞʝʥʴ ʪʘ ʟʘʧʨʦʧʦʥʫʚʘʪʠ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʨʝʩʫʨʩʫ 

ʢʨʠʣʘ. ʈʦʟʨʘʭʫʥʦʢ ʨʝʩʫʨʩʫ ʤʘʻ ʟʜʽʡʩʥʶʚʘʪʠʩʴ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʠʩʪʝʤ ʘʚ-

ʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʧʨʦʝʢʪʫʚʘʥʥʷ, ʦʜʥʘʢ ʩʢʣʘʜʘʪʠʩʴ ʽʟ ʪʠʧʦʚʠʭ ʦʧʝʨʘʮʽʡ [2]:  

- ʚʠʟʥʘʯʝʥʥʷ ʢʨʠʪʠʯʥʦʾ ʪʦʯʢʠ ʰʣʷʭʦʤ ʩʪʘʪʠʯʥʦʛʦ ʘʙʦ ʤʦʜʘʣʴʥʦʛʦ ʨʦʟʨʘ-

ʭʫʥʢʫ,  

- ʧʨʠʚʝʜʝʥʥʷ ʥʘʚʘʥʪʘʞʝʥʥʷ ʜʦ ʦʜʥʦʦʩʴʦʚʦʛʦ ʟʘ ʦʜʥʠʤ ʽʟ ʢʨʠʪʝʨʽʾʚ, 

- ʧʨʠʚʝʜʝʥʥʷ ʘʩʠʤʝʪʨʠʯʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ ʜʦ ʩʠʤʝʪʨʠʯʥʦʛʦ ʟʘ ʦʜʥʠʤ ʽʟ 
ʢʨʠʪʝʨʽʾʚ, 

- ʚʩʪʘʥʦʚʣʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʫ ʢʦʥʩʪʨʫʢʮʽʾ, 

- ʧʦʙʫʜʦʚʠ ʢʨʠʚʦʾ ʚʪʦʤʣʝʥʦʩʪʽ ʤʘʪʝʨʽʘʣʫ ʪʘ ʚʠʟʥʘʯʝʥʥʷ ʟʘ ʥʝʶ ʛʨʘʥʠʯʥʦʾ 
ʢʽʣʴʢʦʩʪʽ ʮʠʢʣʽʚ ʥʘʚʘʥʪʘʞʝʥʴ, 

- ʧʝʨʝʨʘʭʫʥʦʢ ʮʠʢʣʽʚ ʚ ʟʘʛʘʣʴʥʠʡ ʛʨʘʥʠʯʥʠʡ ʯʘʩ ʜʽʾ ʥʘʚʘʥʪʘʞʝʥʴ ʪʘ ʢʽʣʴ-

ʢʽʩʪʴ ʧʝʨʝʣʴʦʪʽʚ ʟʘʜʘʥʦʾ ʪʨʠʚʘʣʦʩʪʽ. 

ʇʦʨʷʜʦʢ ʤʦʜʝʣʶʚʘʥʥʷ   

1. ʇʦʙʫʜʫʻʤʦ ʤʦʜʝʣʴ ʥʘʚʘʥʪʘʞʝʥʴ ʜʣʷ ʢʨʠʣʘ ʜʦʚʞʠʥʦʶ 10 ʤʝʪʨʽʚ. ʅʝʭʘʡ 

ʮʠʢʣʽʯʥʠʤ ʥʘʚʘʥʪʘʞʝʥʥʷʤ ʙʫʜʫʪʴ ʟʘʪʫʭʘʶʯʽ ʢʦʣʠʚʘʥʥʷ ʢʨʠʣ ʧʽʜ ʯʘʩ 

ʧʦʣɹʦʪʫ ʚʽʜ ʟʨʠʚʫ ʧʦʪʦʢʫ. ɺʽʟʫʘʣʴʥʽ ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʧʽʜ ʯʘʩ ʧʦʣʴʦʪʫ ʧʦ-

ʢʘʟʫʶʪʴ, ʱʦ ʫ ʧʦʣʴʦʪʽ ʚʠʥʠʢʘʶʪʴ ʧʦʤʽʪʥʽ ʢʦʣʠʚʘʥʥʷ ʧʝʨʽʦʜʠʯʥʦ, ʫ ʩʝʨʝ-

ʜʥʴʦʤʫ ʭʦʯʘ ʙ ʨʘʟ ʥʘ 10 ʭʚʠʣʠʥ ʧʦ 10 (ʜʝʩʷʪʴ) ʮʠʢʣʽʚ ʽʟ ʯʘʩʪʦʪʦʶ ʢʦʣʠ-

ʚʘʥʴ ʚʽʜ 0,5 ɻʮ ʜʦ 2 ɻʮ. ɼʣʷ ʣʽʪʘʢʘ ʽʟ ʜʦʚʞʠʥʦʶ ʢʨʠʣʘ 10 ʤʝʪʨʽʚ ʘʤʧʣʽʪʫ-

ʜʘ ʟʘʪʫʭʘʶʯʠʭ ʢʦʣʠʚʘʥʴ ʧʦʤʽʪʥʘ, ʽʟ ʯʦʛʦ ʤʦʞʥʘ ʟʨʦʙʠʪʠ ʚʠʩʥʦʚʦʢ, ʱʦ 

ʚʦʥʘ ʩʢʣʘʜʘʻ 0,25 é 0,5 ʤ. ɼʣʷ ʤʝʥʰʠʭ ʣʽʪʘʢʽʚ ʽʟ ʟʘʛʘʣʴʥʠʤ ʨʦʟʤʘʭʦʤ 

ʢʨʠʣ ʜʦ 10 ʤʝʪʨʽʚ ʚʽʜʧʦʚʽʜʥʦ ʘʤʧʣʽʪʫʜʘ ʢʦʣʠʚʘʥʴ ʤʦʞʝ ʩʢʣʘʩʪʠ ʫ 
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2
3 
= 8 ʨʘʟʽʚ ʤʝʥʰʝ, ʦʩʢʽʣʴʢʠ ʞʦʨʩʪʢʽʩʪʴ ʢʦʥʩʦʣʴʥʦʛʦ ʢʨʽʧʣʝʥʥʷ ʟʘʣʝʞʠʪʴ 

ʚʽʜ ʢʫʙʫ ʜʦʚʞʠʥʠ [3]. ʊʨʠʚʘʣʽʩʪʴ ʧʝʨʝʣʴʦʪʫ ʜʦ ʪʦʯʢʠ ʧʦʩʘʜʢʠ 4 ʛʦʜʠʥʠ. 

ɿʣʽʪʥʘ ʚʘʛʘ ʣʽʪʘʢʘ ʫ ʨʘʟʽ ʥʘ ʧʽʚ ʨʦʟʤʘʭʫ ʢʨʠʣ 10 ʤʝʪʨʽʚ ʩʢʣʘʜʘʻ 4 ʪʦʥʠ. 

ʇʦʪʨʽʙʥʦ ʟʥʘʡʪʠ ʢʽʣʴʢʽʩʪʴ ʧʝʨʝʣʴʦʪʽʚ ʜʦ ʨʝʛʣʘʤʝʥʪʫ ʧʣʘʥʝʨʘ ʣʽʪʘʢʘ ʫ ʨʘ-

ʟʽ ʜʽʾ ʣʠʰʝ ʟʘʟʥʘʯʝʥʦʛʦ ʮʠʢʣʽʯʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ 

2. ɿʥʘʡʜʝʤʦ ʢʨʠʪʠʯʥʫ ʪʦʯʢʫ ʜʽʾ ʥʘʚʘʥʪʘʞʝʥʥʷ. ɿʦʢʨʝʤʘ, ʧʨʠʢʣʘʜʝʤʦ ʜʦ 

ʢʨʠʣʘ ʥʘʚʘʥʪʘʞʝʥʥʷ 100 ʢʛʩ ʥʘ ʢʽʥʝʮʴ ʢʝʩʦʥʫ (ʨʠʩ. 1).  

ʇʝʨʝʤʽʱʝʥʥʷ ʩʢʣʘʣʠ 5d= ʩʤ, ʤʝʭʘʥʽʯʥʽ ʥʘʧʨʫʞʝʥʥʷ    ,eqvs  ʧʨʠʚʝʜʝʥʽ ʜʦ 

ʦʜʥʦʚʽʩʥʦʛʦ ʩʪʘʥʫ ʟʘ ʯʝʪʚʝʨʪʦʶ ʪʝʦʨʽʻʶ ʤʽʮʥʦʩʪʽ (ɻʫʙʝʨʘ-ʄʽʟʝʩʘ-ɻʝʥʢʠ) 

( )( )( )( )
0,5 2

1 2 2 3 3 1  
0,7      150 ʢʛʩ/ʩʤ ,eqvs = s - s + s - s + s - s =  (1) 

ʜʝ 1s, 2s , 3s ï ʛʦʣʦʚʥʽ ʤʝʭʘʥʽʯʥʽ ʥʘʧʨʫʞʝʥʥʷ ʚʟʜʦʚʞ ʚʟʘʻʤʥʦ ʧʝʨʧʝʥ-

ʜʠʢʫʣʷʨʥʠʭ ʦʩʝʡ. ɿʘʟʥʘʯʝʥʽ ʥʘʧʨʫʞʝʥʥʷ ʙʝʨʫʪʴʩʷ ʽʟ ʢʦʤʧôʶʪʝʨʥʦʾ ʨʦʟ-

ʨʘʭʫʥʢʦʚʦʾ ʤʦʜʝʣʽ ʚʠʙʦʨʦʤ ʚʽʜʧʦʚʽʜʥʠʭ ʩʢʣʘʜʦʚʠʭ ʚʥʫʪʨʽʰʥʽʭ ʥʘʚʘʥʪʘ-

ʞʝʥʴ ʫ ʝʣʝʤʝʥʪʘʭ ʦʙʰʠʚʢʠ ʢʨʠʣʘ. ɹʣʠʟʴʢʽ ʟʘ ʤʦʜʫʣʝʤ ʥʘʧʨʫʞʝʥʥʷ ʚʠʥʠ-

ʢʘʶʪʴ ʪʘʢʦʞ ʽ ʫ ʜʚʦʚʫʟʣʦʚʠʭ ʝʣʝʤʝʥʪʘʭ (ʨʠʩ. 1, ʘ çBar End A Max Comb 

Stressè), ʷʢʽ ʤʦʜʝʣʶʶʪʴ ʰʘʧʢʠ ʩʪʨʠʥʛʝʨʽʚ ʪʘ ʧʦʷʩʠ ʣʦʥʞʝʨʦʥʽʚ.  

ʋ ʨʘʟʽ ʫ 10 ʨʘʟʽʚ ʙʽʣʴʰʦʛʦ ʧʝʨʝʤʽʱʝʥʥʷ * 50 ʩʤd = , ʟʛʽʜʥʦ ʽʟ ʟʘʢʦʥʦʤ ɻʫ-

ʢʘ ʫ ʪʝʥʟʦʨʥʽʡ ʬʦʨʤʽ [3] 

* ,s =EÖe (2) 

ʜʝ E ï ʤʦʜʫʣʴ ʖʥʛʘ, e ï ʚʽʜʥʦʩʥʝ ʧʦʜʦʚʞʝʥʥʷ, ʤʝʭʘʥʽʯʥʽ ʥʘʧʨʫʞʝʥʥʷ 

ʩʪʘʥʫʪʴ ʪʝʞ ʫ 10 ʨʘʟʽʚ ʙʽʣʴʰʠʤʠ 
2 1500 ʢʛʩ/ʩʤʘs = .   

ʅʘʡʙʽʣʴʰʽ ʥʘʧʨʫʞʝʥʥʷ ʥʘ ʨʠʩ. 1, ʘ ʧʦʟʥʘʯʝʥʽ ʯʝʨʚʦʥʠʤ ʢʦʣʴʦʨʦʤ ʽ ʚʠʥʠ-

ʢʘʶʪʴ ʫ ʝʣʝʤʝʥʪʘʭ ʙʽʣʷ ʢʦʨʝʥʝʚʦʾ ʥʝʨʚʶʨʠ. ʆʙʝʨʝʤʦ ʢʨʠʪʠʯʥʫ ʪʦʯʢʫ ʚ 

ʧʦʷʩʽ ʣʦʥʞʝʨʦʥʫ ʙʽʣʷ ʢʦʨʝʥʝʚʦʾ ʥʝʨʚʶʨʠ. ɿʘ ʬʦʨʤʫʣʦʶ ʉʝʨʝʥʩʝʥʘ-

ʂʽʥʘʩʦʰʚʣ̔ʠ, ʝʢʚʽʚʘʣʝʥʪʥʝ ʥʘʧʨʫʞʝʥʥʷ a eqvs  ʘʩʠʤʝʪʨʠʯʥʦʛʦ ʮʠʢʣʫ ʥʘ-

ʚʘʥʪʘʞʝʥʥʷ ʚʠʟʥʘʯʘʻʪʴʩʷ ʟʘ ʬʦʨʤʫʣʦʶ: 

= ,a eqv a mss s +y s (3) 

ʜʝ ,a ms s ï ʘʤʧʣʽʪʫʜʥʝ ʽ ʩʝʨʝʜʥʻ ʥʘʧʨʫʞʝʥʥʷ ʚʟʷʪʦʛʦ ʜʣʷ ʨʦʟʨʘʭʫʥʢʽʚ 

ʘʩʠʤʝʪʨʠʯʥʦʛʦ ʮʠʢʣʫ ʥʘʚʘʥʪʘʞʝʥʥʷ, sy ï ʢʦʝʬʽʮʽʻʥʪ ʚʨʘʭʫʚʘʥʥʷ ʘʩʠʤʝ-

ʪʨʽʾ ʮʠʢʣʫ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʷʢʠʡ ʚʠʟʥʘʯʘʻʪʴʩʷ ʬʦʨʤʫʣʦʶ [1] 

( )1 0 0 2 .s -y = s -s s  (4) 

ʊʫʪ 1-s  ï ʛʨʘʥʠʮʷ ʚʠʪʨʠʚʘʣʦʩʪʽ ʧʽʜ ʯʘʩ ʩʠʤʝʪʨʠʯʥʦʛʦ ʮʠʢʣʫ ʥʘʚʘʥʪʘ-

ʞʝʥʥʷ ( )0ms = , 0s ï ʛʨʘʥʠʮʷ ʚʠʪʨʠʚʘʣʦʩʪʽ ʧʽʜ ʯʘʩ ʧʫʣʴʩʫʶʯʦʛʦ (ʚʽʜ ʥʫ-

ʣʴʦʚʦʛʦ) ʮʠʢʣʫ ʥʘʚʘʥʪʘʞʝʥʥʷ ( ).a ms =s 
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ɯʥʬʦʨʤʘʮʽʡʥʽ ʩʠʩʪʝʤʠ, ʤʝʭʘʥʽʢʘ ʪʘ ʢʝʨʫʚʘʥʥʷ 

 
ʘ) 

 

ʙ) 

ʈʠʩ. 1. ʄʝʭʘʥʽʯʥʽ ʥʘʧʨʫʞʝʥʥʷ ʚ ʩʪʨʠʞʥʝʚʠʭ ʝʣʝʤʝʥʪʘʭ (ʘ) ʪʘ ʧʝʨʝ-

ʤʽʱʝʥʥʷ (ʙ) ʢʨʠʣʘ 

ʂʦʣʠʚʘʥʥʷ ʫ ʢʨʠʣʽ ʚʽʜʙʫʚʘʶʪʴʩʷ ʥʘ ʬʦʥʽ ʧʦʩʪʽʡʥʦʛʦ ʧʨʦʛʠʥʫ ʢʨʠʣʘ ʚʽʜ 

ʧʽʜʡʦʤʥʦʾ ʩʠʣʠ. ʊʦʤʫ ʥʘ ʢʨʠʣʦ ʜʽʶʪʴ ʘʩʠʤʝʪʨʠʯʥʽ ʮʠʢʣʠ ʥʘʚʘʥʪʘʞʝʥʥʷ. 

ɺʝʣʠʯʠʥʘ ʧʽʜʡʦʤʥʦʾ ʩʠʣʠ ʤʘʻ ʚʠʪʨʠʤʫʚʘʪʠ ʚʘʛʫ ʣʽʪʘʢʘ, ʪʦʤʫ ʥʘ ʦʜʥʝ 

ʢʨʠʣʦ ʙʫʜʝ ʜʦʚʦʜʠʪʠʩʴ 2000 ʢʛʩ. ɿʘʚʜʷʢʠ ʣʽʥʽʡʥʽʡ ʟʘʣʝʞʥʦʩʪʽ ʧʨʠʨʦʩʪʫ 

ʩʠʣʠ ʠ ʚʥʫʪʨʽʰʥʽʭ ʥʘʧʨʫʞʝʥʴ [3], ʚʠʟʥʘʯʠʤʦ ʩʝʨʝʜʥʻ ʥʘʚʘʥʪʘʞʝʥʥʷ ʫ 

ʢʨʠʣʽ 
22250 ʢʛʩ/ʩʤ .ms = ʗʢʱʦ ʚʟʷʪʠ ʜʣʷ ʘʣʶʤʽʥʽʶ [1]  0,3 ,sy =  ʪʦ ʟʘ 

ʬʦʨʤʫʣʦʶ (3), ʝʢʚʽʚʘʣʝʥʪʥʽ ʥʘʚʘʥʪʘʞʝʥʥʷ ʫ ʢʨʠʣʽ ʩʢʣʘʜʫʪʴ:  
2

 1500  0,3 2250  2175 ʢʛʩ/ʩʤ .a eqvs = + Ö =    

3. ɻʨʘʥʠʮʷ ʚʠʪʨʠʚʘʣʦʩʪʽ sɼ ʝʣʝʤʝʥʪʘ ʢʦʥʩʪʨʫʢʮʽʾ  

ɼ ɼ 1K -s = s  (5) 

ʜʝ ɼK  ï ʢʦʝʬʽʮʽʻʥʪ ʚʧʣʠʚʫ ʢʦʥʩʪʨʫʢʮʽʾ ʝʣʝʤʝʥʪʫ [2], ʷʢʠʡ ʚʠʟʥʘʯʘʻʪʴʩʷ 

ʟʘ ʬʦʨʤʫʣʦʶ:   

( )ɼ

1

/ 1/ 1 /d F

K
K K K Ks n

=
+ -

. (6) 
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ʋ ʚʠʨʘʟʽ (6) Ks ï ʝʬʝʢʪʠʚʥʠʡ ʢʦʝʬʽʮʽʻʥʪ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʘʧʨʫʞʝʥʴ. ɺʽʥ 

ʚʠʟʥʘʯʘʻʪʴʩʷ [2], ʷʢ ʚʽʜʥʦʰʝʥʥʷ ʛʨʘʥʠʮʽ ʚʠʪʨʠʚʘʣʦʩʪʽ ʛʣʘʜʢʦʛʦ ʟʨʘʟʢʘ ʜʦ 

ʛʨʘʥʠʮʽ ʚʠʪʨʠʚʘʣʦʩʪʽ ʟʨʘʟʢʘ ʽʟ ʢʦʥʮʝʥʪʨʘʪʦʨʦʤ ʥʘʧʨʫʞʝʥʴ, ʟʘ ʬʦʨʤʫʣʦʶ 

( .)1 1K qs s= + a -  (7) 

ʊʫʪ 
sa  ï ʪʝʦʨʝʪʠʯʥʠʡ ʢʦʝʬʽʮʽʻʥʪ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʘʧʨʫʞʝʥʴ, ʷʢʠʡ ʟʘʟʚʠ-

ʯʘʡ ʚʠʟʥʘʯʘʻʪʴʩʷ ʟʘ ʥʦʤʦʛʨʘʤʘʤʠ, q ï ʢʦʝʬʽʮʽʻʥʪ ʯʫʪʣʠʚʦʩʪʽ ʤʘʪʝʨʽʘʣʫ 

ʜʦ ʢʦʥʮʝʥʪʨʘʮʽʾ ʤʝʭʘʥʽʯʥʠʭ ʥʘʧʨʫʞʝʥʴ, ʟʦʢʨʝʤʘ, ʜʣʷ ʘʣʶʤʽʥʽʶ [2] 

0,4q= . ɯʥʰʽ ʢʦʝʬʽʮʽʻʥʪʠ ʚʠʨʘʟʫ (6): 

ï ʢʦʝʬʽʮʽʻʥʪ 
dK  ʚʧʣʠʚʫ ʘʙʩʦʣʶʪʥʠʭ ʨʦʟʤʽʨʽʚ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʘʙʦ 

ʤʘʩʰʪʘʙʥʠʡ ʬʘʢʪʦʨ (ʚʽʜʥʦʰʝʥʥʷ ʛʨʘʥʠʮʽ ʚʠʪʨʠʚʘʣʦʩʪʽ ʟʨʘʟʢʘ ʟʘʜʘʥʦʛʦ 

ʜʽʘʤʝʪʨʘ ʜʦ ʛʨʘʥʠʮʽ ʚʠʪʨʠʚʘʣʦʩʪʽ ʟʨʘʟʢʘ ʟʽ ʩʪʘʥʜʘʨʪʥʠʤ ʜʽʘʤʝʪʨʦʤ), ʷʢʠʡ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʥʘ ʦʩʥʦʚʽ ʥʦʤʦʛʨʘʤ ;  

ï ʢʦʝʬʽʮʽʻʥʪ FK  ʚʧʣʠʚʫ ʷʢʦʩʪʽ ʦʙʨʦʙʢʠ ʧʦʚʝʨʭʥʽ (ʚʽʜʥʦʰʝʥʥʷ ʛʨʘʥʠʮʽ 

ʚʠʪʨʠʚʘʣʦʩʪʽ ʟʨʘʟʢʘ ʟ ʨʦʟʛʣʷʥʫʪʦʶ ʷʢʽʩʪʶ ʦʙʨʦʙʢʠ ʧʦʚʝʨʭʥʽ ʜʦ ʛʨʘʥʠʮʽ 

ʚʠʪʨʠʚʘʣʦʩʪʽ ʟʨʘʟʢʘ, ʥʘ ʧʽʜʩʪʘʚʽ ʷʢʦʛʦ ʙʫʣʘ ʦʪʨʠʤʘʥʘ ʢʨʠʚʘ ɺʝʣʝʨʘ) ʚʠ-

ʟʥʘʯʘʻʪʴʩʷ ʥʘ ʦʩʥʦʚʽ ʥʦʤʦʛʨʘʤ;   

ï ʢʦʝʬʽʮʽʻʥʪ Kn ʚʧʣʠʚʫ ʧʦʚʝʨʭʥʝʚʦʛʦ ʟʤʽʮʥʝʥʥʷ (ʚʽʜʥʦʰʝʥʥʷ ʛʨʘʥʠʮʽ 

ʚʠʪʨʠʚʘʣʦʩʪʽ ʟʨʘʟʢʘ ʽʟ ʨʦʟʛʣʷʥʫʪʦʶ ʦʙʨʦʙʢʦʶ ʧʦʚʝʨʭʥʽ ʜʦ ʛʨʘʥʠʮʽ ʚʠ-

ʪʨʠʚʘʣʦʩʪʽ ʥʝ ʟʤʽʮʥʝʥʦʛʦ ʟʨʘʟʢʘ), ʚʠʟʥʘʯʘʻʪʴʩʷ ʥʘ ʦʩʥʦʚʽ ʥʦʤʦʛʨʘʤ.  

ʇʽʜ ʯʘʩ ʧʨʦʚʝʜʝʥʥʷ ʨʦʟʨʘʭʫʥʢʽʚ ʫ ʬʦʨʤʫʣʘʭ ʟʘʤʽʩʪʴ ʘʤʧʣʽʪʫʜʠ as  

ʥʘʧʨʫʞʝʥʴ ʮʠʢʣʫ ʧʽʜʩʪʘʚʣʷʻʪʴʩʷ ʚʝʣʠʯʠʥʘ 

ɼ ɼa a Ks =s    

ʅʘʧʨʠʢʣʘʜ, ʬʦʨʤʫʣʘ (3) ʤʘʪʠʤʝ ʚʠʛʣʷʜ:  

 ɼ  .a eqv ma ʂ ss =s +y s  (8) 

ʉʫʤʘʨʥʝ ʫʰʢʦʜʞʝʥʥʷ y, ʥʘʢʦʧʠʯʝʥʝ ʫ ʥʝʙʝʟʧʝʯʥʽʡ ʪʦʯʮʽ ʜʦʩʣʽʜʞʫʚʘʥʦʾ 

ʢʦʥʩʪʨʫʢʮʽʾ ʟʘ ʟʘʜʘʥʠʭ ʫʤʦʚʘʭ ʥʘʚʘʥʪʘʞʝʥʥʷ ʩʢʣʘʜʘʻʪʴʩʷ ʽʟ ʩʫʤʠ ʯʘʩʪʢʦ-

ʚʠʭ ʫʰʢʦʜʞʝʥʴ iy, ʚʠʢʣʠʢʘʥʠʭ ʜʽʻʶ ʦʜʥʦʛʦ ʟʽ ʩʭʝʤʘʪʠʟʦʚʘʥʠʭ ʥʘʚʘʥʪʘ-

ʞʝʥʴ, ʽ ʚʠʟʥʘʯʘʻʪʴʩʷ ʟʘ ʬʦʨʤʫʣʦʶ [2]: 

ää
==

=y=y
Nb

i i

Nb

i N

k

1

i

1
i ,   ,i

i

i

k

N
y =  (9) 

ʜʝ ik  ï ʢʽʣʴʢʽʩʪʴ ʮʠʢʣʽʚ ʟʘʜʘʥʦʾ ʘʤʧʣʽʪʫʜʠ, iN  ï ʛʨʘʥʠʯʥʘ ʢʽʣʴʢʽʩʪʴ ʪʘ-

ʢʠʭ ʮʠʢʣʽʚ, bN  ï ʢʽʣʴʢʽʩʪʴ ʩʭʝʤʘʪʠʟʦʚʘʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʽʟ ʨʽʟʥʦʶ ʘʤʧʣʽ-

ʪʫʜʦʶ. 

ʋ ʚʠʧʘʜʢʫ ʦʧʠʩʫ ʧʨʦʮʝʩʫ ʥʘʢʦʧʠʯʝʥʥʷ ʫʰʢʦʜʞʝʥʴ ʨʽʚʥʷʥʥʷʤ (9), ʫʤʦʚʘ 

ʨʫʡʥʫʚʘʥʥʷ ʟʘʧʠʩʫʻʪʴʩʷ ʫ ʚʠʛʣʷʜʽ: 

,ʈʘy²   (10) 

ʜʝ ʈʘ ï ʯʠʩʣʦ, ʙʣʠʟʴʢʝ ʜʦ ç1è.  
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ɯʥʬʦʨʤʘʮʽʡʥʽ ʩʠʩʪʝʤʠ, ʤʝʭʘʥʽʢʘ ʪʘ ʢʝʨʫʚʘʥʥʷ 

ɺʠʟʥʘʯʠʤʦ ʪʝʦʨʝʪʠʯʥʠʡ ʢʦʝʬʽʮʽʻʥʪ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʘʧʨʫʞʝʥʴ ʟʘ ʜʦʧʦʤʦ-

ʛʦʶ CAD-ʩʠʩʪʝʤʠ. ɺʽʜʧʦʚʽʜʥʦ ʜʦ ʨʠʩ. 2, ʚ ʦʢʨʝʤʠʭ ʝʣʝʤʝʥʪʘʭ ʢʦʥʩʪʨʫʢ-

ʮʽʾ, ʥʘʧʨʠʢʣʘʜ, ʥʘ ʥʝʨʚʶʨʽ ʫ ʤʽʩʮʽ ʜʽʾ ʩʠʣʠ, ʚʠʥʠʢʘʶʪʴ ʜʦʪʠʯʥʽ ʥʘʧʨʫ-

ʞʝʥʥʷ, ʷʢʽ ʧʝʨʝʚʠʱʫʶʪʴ ʥʘʧʨʫʞʝʥʥʷ ʚ ʩʪʝʨʞʥʝʚʠʭ ʝʣʝʤʝʥʪʘʭ. 

 

ʈʠʩ. 2. ʈʦʟʧʦʜʽʣ ʥʘʧʨʫʞʝʥʴ ʽʟ ʚʨʘʭʫʚʘʥʥʷʤ ʾʭ ʢʦʥʮʝʥʪʨʘʮʽʾ ʚ ʝʣʝ-

ʤʝʥʪʘʭ 

ɿʦʢʨʝʤʘ, ʚʦʥʠ ʙʣʠʟʴʢʽ ʜʦ 2260 ʢʛʩ/ʩʤ
2
 ʫ ʨʘʟʽ 1000 ʢʛʩ ʧʦʧʝʨʝʯʥʦʾ ʩʠʣʠ 

ʚʽʜ ʚʘʛʠ ʣʽʪʘʢʘ (ʬʘʢʪʠʯʥʘ ʚʘʛʘ ʣʽʪʘʢʘ ʫ 10 ʨʘʟʽʚ ʙʽʣʴʰʝ, ʥʽʞ ʧʨʝʜʩʪʘʚʣʝʥʦ 

ʥʘ ʨʠʩ. 2 ʪʘ ʚʠʢʦʨʠʩʪʘʥʦ ʜʣʷ ʤʦʜʝʣʶʚʘʥʴ ʚʝʣʠʯʠʥʠ ʧʨʦʛʠʥʫ ʢʨʠʣʘ ʨʘʥʽ-

ʰʝ). ʊʦʜʽ ʢʦʝʬʽʮʽʻʥʪ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʘʧʨʫʞʝʥʴ ʤʦʞʥʘ ʚʠʟʥʘʯʠʪʠ ʧʨʷʤʠʤ 

ʰʣʷʭʦʤ, ʥʝ ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʥʦʤʦʛʨʘʤʠ:  

2 2

ʥʦʤ 1500ʢʛʩ/ʩʤ 2260ʢʛʩ/ʩʤ   0,67.maxsa =s s = =   (11) 

ʂʦʝʬʽʮʽʻʥʪ ʚʧʣʠʚʫ ʷʢʦʩʪʽ ʦʙʨʦʙʢʠ ʧʦʚʝʨʭʥʽ 0,7FK =  ʫ ʩʪʘʥʽ ʧʦʩʪʘʚʢʠ 

(ʣʽʥʽʷ 5 ʥʘ ʨʠʩ. 3) ʟʛʽʜʥʦ ʥʦʤʦʛʨʘʤʠ [4] ʫ ʨʘʟʽ ʛʨʘʥʠʮʽ ʤʽʮʥʦʩʪʽ 

485 ʄʇʘʊs = . 

ɽʬʝʢʪʠʚʥʠʡ ʢʦʝʬʽʮʽʻʥʪ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʘʧʨʫʞʝʥʴ ʚʽʜʧʦʚʽʜʥʦ ʜʦ (7)  

( )1 1 1 0,67ï1 0,4 0( ,868.)K qs s= + a - =Ö= +Ö   (12) 

ʋ ʨʦʟʨʘʭʫʥʢʦʚʽʡ ʤʦʜʝʣʽ ʝʢʚʽʚʘʣʝʥʪʥʠʡ ʨʘʜʽʫʩ ʰʘʧʢʠ ʣʦʥʞʝʨʦʥʫ ʩʢʣʘʜʘʻ 

3 ʤʤ (ʟʛʽʜʥʦ ʽʟ ʧʘʨʘʤʝʪʨʘʤʠ ʤʦʜʝʣʽ ʫ ʝʣʝʤʝʥʪʽ ʩʪʝʨʞʥʝʚʦʛʦ ʪʠʧʫ). ʊʝʩ-

ʪʦʚʽ ʟʨʘʟʢʠ ʟʘʟʚʠʯʘʡ ʤʘʶʪʴ ʨʘʜʽʫʩ 5 ʤʤ. ʋ ʨʘʟʽ ʧʝʨʝʚʠʱʝʥʥʷ ʨʘʜʽʫʩʫ ʧʝ-

ʨʝʪʠʥʫ ʥʘ 2 ʤʤ, ʢʦʝʬʽʮʽʻʥʪ ʧʣʦʱʽ ʟʤʝʥʰʫʻʪʴʩʷ ʥʘ 0,02 ʦʜ. [2]. ɿʘ ʧʨʘʚʠ-

ʣʦʤ ʩʢʣʘʜʘʥʥʷ ʤʘʣʠʭ ʚʝʣʠʯʠʥ, ʧʨʠ ʪʘʢʦʤʫ ʞ ʟʤʝʥʰʝʥʥʽ ʨʘʜʽʫʩʫ ʧʝʨʝʪʠ-

ʥʫ ʥʘ 2 ʤʤ ʫ ʧʦʨʽʚʥʷʥʥʽ ʽʟ ʪʝʩʪʦʚʠʤ ʟʨʘʟʢʦʤ, ʚʠʡʜʝʤʦ ʥʘ ʟʙʽʣʴʰʝʥʥʷ ʟʘ-

ʟʥʘʯʝʥʦʛʦ ʤʘʩʰʪʘʙʥʦʛʦ ʢʦʝʬʽʮʽʻʥʪʘ ʥʘ 0,02 ʦʜ., ʪʦʙʪʦ 1,02dK = . 

ɿʤʽʮʥʝʥʥʷ ʧʦʚʝʨʭʥʽ ʚ ʘʣʶʤʽʥʽʻʚʦʤʫ ʢʘʪʘʥʦʤʫ ʧʨʦʬʽʣʽ ʥʝ ʧʨʦʚʦʜʷʪʴ, ʪʦ-

ʤʫ ʚʽʜʧʦʚʽʜʥʠʡ ʢʦʝʬʽʮʽʻʥʪ ʚʧʣʠʚʫ ʟʤʽʮʥʝʥʥʷ Kv = 1. ɿʘ ʬʦʨʤʫʣʦʶ (6) 

ʟʥʘʭʦʜʠʤʦ ʟʥʘʯʝʥʥʷ ʢʦʥʩʪʨʫʢʪʠʚʥʦʛʦ ʢʦʝʬʽʮʽʻʥʪʫ  
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ʈ ʦ ʟ ʜ ʽ ʣ 1 .   ɯ ʥ ʬ ʦ ʨ ʤ ʘ ʮ ʽ ʡ ʥ ʽ  ʩ ʠ ʩ ʪ ʝ ʤ ʠ 

 
ʈʠʩ. 3. ʅʦʤʦʛʨʘʤʘ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʫ ʷʢʦʩʪʽ ʦʙʨʦʙʢʠ ʧʦ-

ʚʝʨʭʥʽ: 1 - ʦʙʨʦʙʢʘ ʧʦʚʝʨʭʥʽ ʰʣʷʭʦʤ ʧʦʣʽʨʫʚʘʥʥʷ, 

2 - ʦʙʨʦʙʢʘ ʧʦʚʝʨʭʥʽ ʰʣʷʭʦʤ ʰʣʽʬʫʚʘʥʥʷ, 3 - ʦʙʨʦʙʢʘ ʧʦʚʝ-

ʨʭʥʽ ʰʣʷʭʦʤ ʪʦʥʢʦʛʦ ʪʦʯʽʥʥʷ, 4 - ʦʙʨʦʙʢʘ ʧʦʚʝʨʭʥʽ ʰʣʷʭʦʤ 

ʛʨʫʙʦʛʦ ʪʦʯʽʥʥʷ, 5 - ʫ ʩʪʘʥʽ ʧʦʩʪʘʚʢʠ 

 

( )ɼ 1 0,868/1,02 1/0,7ï1 1 0,78.K = + =   (13) 

4. ɺʠʟʥʘʯʘʻʤʦ ʝʢʚʽʚʘʣʝʥʪʥʝ ʥʘʧʨʫʞʝʥʥʷ ʮʠʢʣʽʯʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ:  
2

ɼ=2175 0,78 2780ʢʛʩ/ʩʤs = .  

5. ɺʠʜ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ ʜʣʷ ʝʣʝʤʝʥʪʽʚ ʢʦʥʩʪʨʫʢʮʽʾ ʧʣʘʥʝʨʫ 

ʢʨʠʣʘ ʤʦʞʥʘ ʚʠʟʥʘʯʠʪʠ ʟʘ ʩʭʝʤʦʶ ʧʝʨʝʪʠʥʫ (ʨʠʩ. 4).  

 
ʈʠʩ. 4. ʉʭʝʤʘ ʥʘʚʘʥʪʘʞʝʥʴ ʢʨʠʣʘ 

ʋ ʩʪʝʨʞʥʝʚʠʭ (ʜʚʦʭ ʚʫʟʣʦʚʠʭ) ʝʣʝʤʝʥʪʘʭ, ʷʢʽ ʤʦʜʝʣʶʶʪʴ ʧʦʷʩ ʣʦʥʞʝʨʦ-

ʥʫ ʪʘ ʦʢʘʥʪʦʚʢʫ ʥʝʨʚʶʨʠ, ʚʠʥʠʢʘʻ ʧʝʨʝʚʘʞʥʦ ʨʦʟʪʷʛʥʝʥʥʷ-ʩʪʠʩʥʝʥʥʷ. 

ʊʦʤʫ ʩʣʽʜ ʚʠʢʦʨʠʩʪʘʪʠ ʢʨʠʚʫ ʚʠʪʨʠʚʘʣʦʩʪʽ ʜʣʷ ʨʦʟʪʷʛʥʝʥʥʷ-ʩʪʠʩʥʝʥʥʷ. 

ɺ ʧʣʦʩʢʠʭ ʝʣʝʤʝʥʪʘʭ ʩʪʽʥʦʢ ʣʦʥʞʝʨʦʥʫ ʽ ʥʝʨʚʶʨʠ ʜʽʶʪʴ ʪʘʢʦʞ ʥʘʚʘʥʪʘ-

ʞʝʥʥʷ ʩʪʠʩʥʝʥʥʷ ʽ ʨʦʟʪʷʛʥʝʥʥʷ.  
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ɯʥʬʦʨʤʘʮʽʡʥʽ ʩʠʩʪʝʤʠ, ʤʝʭʘʥʽʢʘ ʪʘ ʢʝʨʫʚʘʥʥʷ 

ʇʝʨʝʚʽʨʠʤʦ ʚʠʜ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ ʚ ʝʣʝʤʝʥʪʘʭ ʦʙʰʠʚʢʠ 

ʟʘ ʧʘʨʘʤʝʪʨʦʤ ʅʘʜʘʽ-ʃʦʜʝ [2]:  

2 3 1 3( ) (2 ï1.)sc = Ö s -s s -s  (14) 

ʋ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʘ, ʥʘʧʨʫʞʝʥʠʡ ʩʪʘʥ ʚʽʜʧʦʚʽʜʘʻ 
ʦʜʥʦʤʫ ʟ̔ ʥʘʩʪʫʧʥʠʭ ʚʠʜʽʚ: 

  1sc =- ï ʦʜʥʦʦʩʴʦʚʝ ʨʦʟʪʷʛʥʝʥʥ;̫    1sc =ï ʦʜʥʦʦʩʴʦʚʝ ʩʪʠʩʥʝʥʥʷ;  

  0sc = ï ʯʠʩʪʠʡ ʟʩʫʚ; 1   0,5s- <c <- ï ʨʦʟʪʷʛʥʝʥʥʷ; 

0,5   0,5s- <c <ï ʟʩʫʚ; 0,5   1s<c < ï ʩʪʠʩʥʝʥʥʷ. 

ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʩʪʘʪʠʯʥʦʛʦ ʨʦʟʨʘʭʫʥʢʫ ʤʦʜʝʣʽ ʢʨʠʣʘ ʚʠʟʥʘʯʠʤʦ ʢʦʤʧʦ-

ʥʝʥʪʠ ʤʝʭʘʥʽʯʥʠʭ ʥʘʧʨʫʞʝʥʴ ʫ ʝʣʝʤʝʥʪʘʭ ʦʙʰʠʚʢʠ 
2

1 123 ʢʛʩ/ʩʤs =  (ʨʠʩ. 5, ʘ), 
2

2 69 ʢʛʩ/ʩʤs =  (ʨʠʩ. 5, ʙ), 
3 0s = ʫ ʚʠʧʘʜʢʫ 

ʧʣʦʩʢʦʛʦ ʥʘʧʨʫʞʝʥʦʛʦ ʩʪʘʥʫ. ʗʢʱʦ ʟʘʟʥʘʯʝʥʝ ʧʽʜʩʪʘʚʠʪʠ ʜʦ ʚʠʨʘʟʫ (14), 

ʦʜʝʨʞʠʤʦ: 

  

ʘ) ʙ) 

ʈʠʩ. 5. ʂʦʤʧʦʥʝʥʪʠ ʥʦʨʤʘʣʴʥʠʭ ʥʘʧʨʫʞʝʥʴ ʫ ʣʠʩʪʘʭ ʦʙʰʠʚʢʠ 

 

( )( )2 69 0 123 0 ï1 0.sc = Ö - - º  (15) 

ʊʘʢʠʡ ʩʪʘʥ ʚʽʜʥʦʩʠʪʴʩʷ ʜʦ ʯʠʩʪʦʛʦ ʟʩʫʚʫ, ʷʢʠʡ ʫ ʧʣʦʩʢʦʤʫ ʚʠʧʘʜʢʫ ʧʨʠ-

ʚʦʜʠʪʴ ʜʦ ʨʦʟʪʷʛʥʝʥʥʷ-ʩʪʠʩʥʝʥʥʷ [2].  

ɼʣʷ ʩʪʝʨʞʥʝʚʠʭ ʝʣʝʤʝʥʪʽʚ ʤʦʜʝʣʽ ʣʦʥʞʝʨʦʥʫ ʤʘʢʩʠʤʘʣʴʥʽ ʦʩʴʦʚʽ ʥʘ-

ʧʨʫʞʝʥʥʷ ʙʽʣʷ ʢʦʨʝʥʝʚʦʾ ʥʝʨʚʶʨʠ ʜʦʨʽʚʥʶʶʪʴ 
2

1 151 ʢʛʩ/ʩʤs =  (ʨʠʩ. 6).  

ʆʩʴʦʚʽ ʥʘʧʨʫʞʝʥʥʷ ʩʢʣʘʜʘʶʪʴ ʦʩʥʦʚʥʫ ʯʘʩʪʠʥʫ ʩʫʤʘʨʥʠʭ ʥʘʧʨʫʞʝʥʴ 
2153,5 ʢʛʩ/ʩʤ (ʨʠʩ. 7) ʫ ʪʠʭ ʞʝ ʜʚʦʭ ʚʫʟʣʦʚʠʭ ʝʣʝʤʝʥʪʘʭ, ʪʦʙʪʦ 

2 3  0.s ºs º 
ɺʽʜʧʦʚʽʜʥʦ ʜʦ ʚʠʨʘʟʫ (14) ʦʜʝʨʞʠʤʦ:  

( ) 12 0 0 ( 0 ï1 1) .ssc º Ö - - =-  (16) 

ʊʘʢʠʡ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʠʡ ʩʪʘʥ ʚʽʜʥʦʩʠʪʴʩʷ [1] ʜʦ ʦʜʥʦʚʽʩʥʦʛʦ ʨʦ-

ʟʪʷʛʥʝʥʥʷ. 
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ʈʠʩ. 6. ʆʩʴʦʚʽ ʥʦʨʤʘʣʴʥʽ ʥʘʧʨʫʞʝʥʥʷ ʫ ʜʚʦʭ ʚʫʟʣʦʚʠʭ ʝʣʝʤʝʥʪʘʭ 
 

 

ʈʠʩ. 7. ʄʘʢʩʠʤʘʣʴʥʽ ʩʫʤʘʨʥʽ ʥʘʧʨʫʞʝʥʥʷ ʫ ʜʚʦʭ ʚʫʟʣʦʚʠʭ  

ʝʣʝʤʝʥʪʘʭ 

7. ɺʠʟʥʘʯʠʤʦ ʧʘʨʘʤʝʪʨʠ ʢʨʠʚʦʾ ʚʠʪʨʠʚʘʣʦʩʪʽ ʜʣʷ ʘʣʶʤʽʥʽʶ ʥʘ ʦʩʥʦʚʽ ʟʘʛʘ-

ʣʴʥʦʜʦʩʪʫʧʥʠʭ ʜʘʥʠʭ. ʉʢʦʨʠʩʪʘʻʤʦʩʴ ʜʦʚʽʜʢʦʚʠʤʠ ʜʘʥʠʤʠ ʱʦʜʦ ʚʠʪʨʠ-

ʚʘʣʦʩʪʽ ʨʽʟʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʨʦʟʤʽʱʝʥʠʤʠ ʫ ʪʘʙʣ. 1 [1]. ɼʦʚʽʜʢʦʚʽ ʜʘʥʽ ʥʝ 

ʜʘʶʪʴ ʢʦʦʨʜʠʥʘʪʠ ʪʦʯʢʠ ʧʝʨʝʛʠʥʫ. ʆʜʥʘʢ, ʢʨʠʚʘ ɺʝʣʝʨʘ, ʧʨʝʜʩʪʘʚʣʝʥʘ ʫ 

[3] (ʨʠʩ. 8), ʤʘʻ ʜʫʞʝ ʙʣʠʟʴʢʝ ʜʦ ʪʘʙʣ. 1 ʟʥʘʯʝʥʥʷ ʘʤʧʣʽʪʫʜʠ ʥʘʧʨʫʞʝʥʥʷ 

ʫ ʨʘʟʽ 5Ö10
8 
ʮʠʢʣʘʭ, ʱʦ ʜʘʻ ʧʽʜʩʪʘʚʠ ʩʢʦʨʠʩʪʘʪʠʩʴ ʥʝʶ ʧʽʜ ʯʘʩ ʧʦʜʘʣʴʰʠʭ 

ʨʦʟʨʘʭʫʥʢʽʚ. 



30  
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ʈʠʩ. 8. ʂʨʠʚʘ ɺʝʣʣʝʨʘ ʽʟ ʯʠʩʣʦʚʠʤʠ ʜʘʥʠʤʠ 

ʊʘʙʣʠʮʷ 1. 

ʊʠʧʦʚʽ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʜʝʬʦʨʤʦʚʘʥʠʭ ʘʣʶʤʽʥʽʻʚʠʭ ʩʧʣʘʚʽʚ,  

ʱʦ ʟʤʽʥʶʶʪʴʩʷ ʪʝʨʤʽʯʥʦʶ ʦʙʨʦʙʢʦʶ 

ʉʧʣʘʚ ʉʪʘʥ ɻʨʘ-

ʥʠʮʷ 

ʤʽʮʥʦ-

ʩʪʽ ʫ 

ʨʘʟʽ 

ʨʦʟ-

ʪʷʛ-

ʥʝʥʥʷ 

ɻʨʘʥʠʮʷ 

ʪʝʢʫʯʦʩʪʽ 

ʫ ʨʘʟʽ ʨʦ-

ʟʪʷʛʥʝʥ-

ʥ  ̫

ʇʦʜʦʚʞʝʥʥʷ, 

ʟʨʘʟʦʢ 50 ʤʤ 

ʊʚʝʨ-

ʜʽʩʪʴ 

ɺʠʪ-

ʨʠ-

ʚʘ-

ʣʽʩʪʴ 

ʄʦʜʫʣʴ 

ʧʨʫʞ-

ʥʦʩʪʽ ʇʣʦʩ-

ʢʠʡ, ʪʦ-

ʚʱʠʥʘ 

1,6 ʤʤ 

ʂʨʫʛ-

ʣʠʡ, ʜʽ-

ʘʤʝʪʨ 

1,3 ʤʤ 

AA 

EN 

ISO 

ɻʆʉʊ 

4784 

ɸɸ 

EN 

ISO 

ʄʇʘ ʄʇʘ % ʅɺ** ʄʇʘ 10
3
 ʄʇʘ 

2014 ɸʂɺ 

0 185 95  18 45 90 73 

ʊ4 425 290  20 105 140 73 

ʊ6 485 415  13 135 125 73 

2017 ɼ1 
0 180 70  22 45 90 72 

ʊ4 425 275  22 105 125 72 

2117 ɼ18 ʊ4 295 165  27 70 95 71 

2024 ɼ16 

0 185 75 20 22 47 90 73 

ʊ3 485 345 18  120 140 73 

ʊ4 470 325 20 19 120 125 73 
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ʉʧʣʘʚ ʉʪʘʥ ɻʨʘ-

ʥʠʮʷ 

ʤʽʮʥʦ-

ʩʪʽ ʫ 

ʨʘʟʽ 

ʨʦʟ-

ʪʷʛ-

ʥʝʥʥʷ 

ɻʨʘʥʠʮʷ 

ʪʝʢʫʯʦʩʪʽ 

ʫ ʨʘʟʽ ʨʦ-

ʟʪʷʛʥʝʥ-

ʥ  ̫

ʇʦʜʦʚʞʝʥʥʷ, 

ʟʨʘʟʦʢ 50 ʤʤ 

ʊʚʝʨ-

ʜʽʩʪʴ 

ɺʠʪ-

ʨʠ-

ʚʘ-

ʣʽʩʪʴ 

ʄʦʜʫʣʴ 

ʧʨʫʞ-

ʥʦʩʪʽ ʇʣʦʩ-

ʢʠʡ, ʪʦ-

ʚʱʠʥʘ 

1,6 ʤʤ 

ʂʨʫʛ-

ʣʠʡ, ʜʽ-

ʘʤʝʪʨ 

1,3 ʤʤ 

2219  

0 175 75 18    73 

ʊ42 360 185 20    73 

ʊ31 360 250 17    73 

ʊ37 395 315 11    73 

ʊ62 415 290 10   105 73 

ʊ81 455 350 10   105 73 

ʊ87 475 395    105 73 

2618 ɸʂ4-

1ʯ 

ʊ61 440 370  10 115 125 74 

6061 ɸɼ33 

0 125 55 25 30 30 60 69 

ʊ4 240 145 22 25 65 95 69 

ʊ6 310 275 12 17 95 95 69 

6063 ɸɼ31* 

0 90 50   25 55 69 

ʊ1 150 90 20  42 60 69 

ʊ4 170 90 22    69 

ʊ5 185 145 12  60 70 69 

ʊ6 240 215 12  73 70 69 

ʊ83 255 240 9  82  69 

ʊ831 205 185 10  70  69 

ʊ832 290 270 12  95  69 

6066  

0 150 85  18 43  69 

ʊ4 360 205  18 43  69 

ʊ6 395 360  12 120 110 69 

7050  

ʊ7351

0 

495 435  12   72 

ʊ7451 525 470  11   72 

ʊ7651 550 490  11   72 

7075  
0 230 105 17 16 60  72 

ʊ6 570 505 11 11 150 160 69 

* ʥʘʡʙʣʠʞʯʠʡ ʘʥʘʣʦʛ 
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** ʥʘʚʘʥʪʘʞʝʥʥʷ 5000 ʅ ʽ ʰʘʨʠʢ ʜʽʘʤʝʪʨʦʤ 10 ʤʤ 

*** 500 ʤʣʥ. ʮʠʢʣʽʚ 

ɼʣʷ ʩʧʣʘʚʫ ʘʣʶʤʽʥʽʶ ɼ16 ʛʨʘʥʠʮʷ ʤʽʮʥʦʩʪʽ ʧʽʜ ʯʘʩ ʪʝʨʤʦʦʙʨʦʙʢʠ ʊɿ 

ʩʪʘʥʦʚʠʪʴ 475 ʄʇʘ (4750 ʢʛʩ/ʩʤ
2
), ʛʨʘʥʠʮʷ ʚʠʪʨʠʚʘʣʦʩʪʽ 140 ʄʇʘ 

(1400 ʢʛʩ/ʩʤ
2
) ʫ ʨʘʟʽ 500 ʤʣʥ. ʮʠʢʣʽʚ. ɿʘ ʨʘʥʽʰʝ ʦʙʯʠʩʣʝʥʦʤʫ 

2

ɼ 2780ʢʛʩ/ʩʤs = , ʟʘ ʛʨʘʬʽʢʦʤ ʨʠʩ. 8 ʦʜʝʨʞʠʤʦ ʢʽʣʴʢʽʩʪʴ ʮʠʢʣʽʚ ʜʦ ʨʫʡ-

ʥʫʚʘʥʥʷ ʧʽʜ ʯʘʩ ʨʦʟʪʷʛʥʝʥʥʷ-ʩʪʠʩʥʝʥʥʷ 
53 10ʉN = Ö .  

8. ɺʠʟʥʘʯʠʤʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʠʪʨʠʚʘʣʦʩʪʽ ʧʨʠ ʫʤʦʚʘʭ ʧʦʣʴʦʪʫ, ʟʘʜʘʥʠʭ ʫ 

ʧ. 1. ɿʘ ʦʜʥʫ ʛʦʜʠʥʫ ʟʫʩʪʨʽʯʘʶʪʴʩʷ 6 ʮʠʢʣʽʚ, ʫ ʢʦʞʥʦʤʫ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʦ 

10 ʢʦʣʠʚʘʥʴ. ʈʘʟʦʤ 60n=  ʢʦʣʠʚʘʥʴ ʟʘ ʛʦʜʠʥʫ. ʂʽʣʴʢʽʩʪʴ ʛʦʜʠʥ ʥʘʣʴʦʪʫ 

ʜʦ ʚʠʯʝʨʧʘʥʥʷ ʨʝʩʫʨʩʫ 
ʉN : 

15000ʛʦʜʠʥN Ci N n= º    

ʽ ʢʽʣʴʢʽʩʪʴ ʧʦʣʴʦʪʽʚ  

15000 ʛʦʜ 4 ʛʦʜ 3750.=   

ɺʽʜʧʦʚʽʜʥʦ ʜʦ ʨʝʛʣʘʤʝʥʪʫ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʣʽʪʘʢʘ ɸʅ-24 [4], ʯʘʩ ʥʘʣʴʦʪʽʚ 

(ʨʝʩʫʨʩ) ʤʦʞʝ ʜʦʩʷʛʘʪʠ 10 000 ʛʦʜʠʥ. ʊʦʜʽ ʟʘ ʚʠʨʘʟʦʤ (9) ʤʦʞʥʘ ʦʙʯʠʩ-

ʣʠʪʠ ʯʘʩʪʠʥʫ ʚʽʜ ʟʘʛʘʣʴʥʦʛʦ ʧʦʰʢʦʜʞʝʥʥʷ ʣʽʪʘʢʘ, ʷʢʫ ʚʢʣʘʜʘʻ ʮʠʢʣʽʯʥʝ 

ʥʘʚʘʥʪʘʞʝʥʥʷ, ʟʘʟʥʘʯʝʥʝ ʫ ʧ. 1:  

1 10000 15000 0,67.y = =   (17) 

ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʧʦʚʥʦʾ ʢʘʨʪʠʥʠ ʧʦʰʢʦʜʞʝʥʴ ʧʣʘʥʝʨʫ ʣʽʪʘʢʘ, ʥʝʦʙʭʽʜʥʦ 

ʨʦʟʛʣʷʥʫʪʠ ʪʘʢʦʞ ʽʥʰʽ ʮʠʢʣʽʯʥʽ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʷʢʽ ʚʠʥʠʢʘʶʪʴ ʧʽʜ ʯʘʩ 

ʟʣʴʦʪʫ ʽ ʧʦʩʘʜʢʠ ʣʽʪʘʢʘ, ʧʝʨʝʭʦʜʽ ʥʘ ʨʽʟʥʽ ʚʠʩʦʪʠ ʟʛʽʜʥʦ ʽʟ ʚʠʟʥʘʯʝʥʠʤ 

ʨʝʞʠʤʦʤ ʧʦʣʴʦʪʫ. ɸ ʪʘʢʦʞ ʩʢʣʘʩʪʠ ʽ ʙʽʣʴʰ ʜʦʢʣʘʜʥʦ ʨʦʟʛʣʷʥʫʪʠ ʤʦʜʝʣʽ 

ʤʽʩʮʷ ʩʪʠʢʫ ʢʨʠʣʘ ʽʟ ʮʝʥʪʨʦʧʣʘʥʦʤ, ʢʝʩʦʥʫ ʽʟ ʚʽʜôʻʤʥʦʶ ʯʘʩʪʠʥʦʶ ʢʨʠʣʘ.  

9. ɼʣʷ ʥʘʙʣʠʞʝʥʦʾ ʦʮʽʥʢʠ ʦʢʨʫʞʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʥʘ ʥʝʨʚʶʨʫ ʧʽʜ ʜʽʻʶ 

ʧʽʜʡʦʤʥʦʾ ʩʠʣʠ, ʧʨʦʧʦʥʫʻʪʴʩʷ ʩʭʝʤʘ ʧʨʠʚʝʜʝʥʥʷ ʾʭ ʜʦ ʚʘʛʠ ʣʽʪʘʢʘ P ʽ ʢʫ-

ʪʘ ʩʪʨʽʣʦʧʦʜʽʙʥʦʩʪʽ c. ʆʢʨʫʞʥʽ ʥʘʚʘʥʪʘʞʝʥʥʷ ʫ ʥʝʨʚʶʨʽ ʚʠʥʠʢʘʶʪʴ ʩʘʤʝ 

ʽʟ-ʟʘ ʩʪʨʽʣʦʧʦʜʽʙʥʦʩʪʽ ʢʨʠʣʘ [7]. ʗʢʱʦ ʟʦʨʽʻʥʪʫʚʘʪʠ ʤʦʜʝʣʴ ʢʨʠʣʘ ʫ ʧʣʘʥʽ 

(ʨʠʩ. 9), ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʤʽʞ ʜʦʚʞʠʥʦʶ Ls ʚʽʜʦʢʨʝʤʣʝ-

ʥʦʾ ʩʝʢʮʽʾ ʢʨʠʣʘ ʪʘ ʟʤʽʱʝʥʥʷʤ ʧʨʦʬʽʣʶ D ʥʘ ʮʽʡ ʜʦʚʞʠʥʽ, ʜʣʷ ʧʨʠʢʣʘʜʫ, 

0,3 ʨʘʜʽʘʥLsc=D = , ʱʦ ʜʦʨʽʚʥʶʻ ʧʨʠʙʣʠʟʥʦ 18c= ¯. 

ʅʝʭʘʡ ʜʣʷ ʣʽʪʘʢʘ ʽʟ ʧʽʚ ʨʦʟʤʘʭʦʤ ʢʨʠʣʘ ʙʣʠʟʴʢʦ 2 8ʤʝʪʨʽʚL = , ʩʠʣʘ ʚʘʛʠ 

ʩʢʣʘʜʘʪʠʤʝ ʦʨʽʻʥʪʦʚʥʦ P = 4 ʪʦʥʠ (4000 ʢʛʩ). ʊʦʜʽ ʚʝʣʠʯʠʥʘ ʢʨʫʪʥʦʛʦ 

ʤʦʤʝʥʪʫ ʧʽʜ ʜʽʻʶ ʧʽʜʡʦʤʥʦʾ ʩʠʣʠ ʧʨʠ ʤʘʣʦʤʫ ʢʫʪʽ ʩʪʨʽʣʦʧʦʜʽʙʥʦʩʪʽ c, ʽʟ 

ʧʨʠʧʫʩʪʠʤʦʶ ʜʣʷ ʽʥʞʝʥʝʨʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʪʦʯʥʽʩʪʶ, ʩʢʣʘʜʝ: 

( )( )2 2 2ʢʨ sin /2  /2 2000 8 0,3 1600 ʢʛ) ʩ .(  ʤM ʄ ʈ L= Ö c º Ö Öc = Ö Ö = 
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ʈʠʩ. 9. ʉʝʢʮʽʷ ʢʨʠʣʘ ʫ ʧʣʘʥʽ  

ʅʝʭʘʡ ʢʨʠʣʦ ʧʦ ʜʦʚʞʠʥʽ ʤʽʩʪʠʪʴ 20N= ʥʝʨʚʶʨ 9 (ʨʠʩ. 10), ʷʢʱʦ ʢʨʦʢ 

ʥʝʨʚʶʨʠ ʙʨʘʪʠ ʽʟ ʜʽʘʧʘʟʦʥʫ 350é450 ʤʤ.  

 

ʈʠʩ. 10. ʆʨʽʻʥʪʘʮʽʷ ʤʦʤʝʥʪʫ ʄ ʥʘ ʢʨʠʣʽ ʚʽʜ ʧʽʜʡʦʤʥʦʾ ʩʠʣʠ 

ɼʣʷ ʟʤʝʥʰʝʥʥʷ ʨʫʪʠʥʥʦʾ ʨʦʙʦʪʠ ʧʽʜ ʯʘʩ ʧʦʙʫʜʦʚʠ ʫ ʢʦʤʧôʶʪʝʨʥʠʭ ʧʨʠ-

ʢʣʘʜʥʠʭ ʧʘʢʪʘʭ ʦʧʪʠʤʽʟʘʮʽʡʥʦʾ ʤʦʜʝʣʽ ʢʨʠʣʘ, ʚʽʟʴʤʝʤʦ ʧʦʜʚʽʡʥʽ ʥʝʨʚʶʨʠ 

ʽʟ ʧʦʜʚʽʡʥʠʤ ʢʨʦʢʦʤ. ʊʦʜʽ ʥʘ ʢʦʞʥʫ ʧʦʜʚʽʡʥʫ ʥʝʨʚʶʨʫ ʚʠʩʦʪʦʶ ʧʨʦʬʽ-

ʣʶ, ʫ ʩʝʨʝʜʥʴʦʤʫ 0,4 ʤb=  (ʨʠʩ. 11), ʧʨʠʡʜʝʪʴʩʷ ʧʘʨʘ ʩʠʣ: 

( )( ) ( )( ) ( )( )2ʢʨ /2 2  /2  /2 /2 2  .Fq M N b ʈ L N bè ø= Ö = Ö Öcê úú Öè øê   (18) 

ʋ ʨʘʟʽ ʧʦʜʦʚʞʝʥʥʷ ʢʨʠʣʘ ( )/ 2 / 5L ʅ = , ʜʝ 2,5  ʅ bº ï ʜʦʚʞʠʥʘ ʭʦʨʜʠ 

ʢʨʠʣʘ (ʨʠʩ. 10), ʚʠʨʘʟ (13) ʤʦʞʥʘ ʩʧʨʦʩʪʠʪʠ ʜʣʷ ʦʢʨʝʤʦʛʦ ʚʠʧʘʜʢʫ: 

( ) ( )( ) ( )( ) ( )2 2/ 2  / 2 / 2 / 2     / 2 / 2  .Fq ʈ L b N ʈ Nè ø= Ö Ö Öc º Öcê ú  (19) 

ɺʠʨʘʟ (19) ʧʽʜʪʚʝʨʜʞʫʻ ʟʘʟʥʘʯʝʥʝ ʚʠʱʝ ʧʨʠʧʫʱʝʥʥʷ, ʱʦ ʽʟ ʜʦʩʪʘʪʥʴʦʶ 

ʜʣʷ ʨʦʟʨʘʭʫʥʢʽʚ ʪʦʯʥʽʩʪʶ, ʚʝʣʠʯʠʥʘ ʦʢʨʫʞʥʦʾ ʩʠʣʠ, ʷʢʘ ʚʠʥʠʢʘʻ ʫ ʥʝʨ-

ʚʶʨʽ ʧʽʜ ʜʽʻʶ ʢʨʫʪʥʦʛʦ ʤʦʤʝʥʪʫ ʂʈʄ , ʜʦʨʽʚʥʶʻ ʚʘʟʽ ʣʽʪʘʢʘ, ʧʦʜʽʣʝʥʽʡ ʥʘ 

D 
Ls 

ʄ 

ʄʢʨ 

c 

c 
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ɯʥʬʦʨʤʘʮʽʡʥʽ ʩʠʩʪʝʤʠ, ʤʝʭʘʥʽʢʘ ʪʘ ʢʝʨʫʚʘʥʥʷ 

ʢʽʣʴʢʽʩʪʴ ʥʝʨʚʶʨ, ʽʟ ʤʘʩʰʪʘʙʥʠʤ ʢʦʝʬʽʮʽʻʥʪʦʤ ï ʩʠʥʫʩʦʤ ʢʫʪʘ ʩʪʨʽʣʦʧʦ-

ʜʽʙʥʦʩʪʽ c.   

 

ʈʠʩ. 11. ʉʝʢʮʽʷ ʢʨʠʣʘ ʫ ʧʝʨʝʨʽʟʽ 

10. ʈʦʟʛʣʷʥʝʤʦ ʜʽʶ ʢʨʫʪʥʠʭ ʩʠʣ ʥʘ ʥʝʨʚʶʨʫ ʧʽʜ ʯʘʩ ʟʣʝʪʫ ʽ ʧʦʩʘʜʢʠ ʣʽʪʘʢʘ 

ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʢʦʤʧôʶʪʝʨʥʦʾ ʦʧʪʠʤʽʟʘʮʽʡʥʦʾ ʤʦʜʝʣʽ ʩʝʢʮʽʾ ʢʨʠʣʘ, 

ʧʦʙʫʜʦʚʘʥʦʾ ʫ ʧʨʠʢʣʘʜʥʠʭ ʧʘʢʪʘʭ (ʨʠʩ. 12). ɼʣʷ ʮʴʦʛʦ ʟʦʩʝʨʝʜʠʤʦ ʧʦ-

ʣʦʚʠʥʫ (20000 ʅ ʘʙʦ 2000 ʢʛʩ) ʚʩʽʻʾ ʚʘʛʠ ʣʽʪʘʢʘ, ʷʢʘ ʜʦʚʦʜʠʪʴʩʷ ʥʘ ʦʜʥʝ 

ʢʨʠʣʦ, ʚ ʦʜʥʦʤʫ ʢʨʘʡʥʴʦʤʫ ʚʫʟʣʽ ʢʽʥʮʝʚʦʾ ʥʝʨʚʶʨʠ. ɼʣʷ ʘʥʘʣʽʟʫ ʚʠʙʝ-

ʨʝʤʦ ʥʝ ʢʽʥʮʝʚʫ ʥʝʨʚʶʨʫ, ʷʢʘ ʥʝ ʚ ʧʦʚʥʽʡ ʤʽʨʽ ʚʽʜʦʙʨʘʞʘʻ ʨʝʘʣʴʥʝ ʥʘ-

ʚʘʥʪʘʞʝʥʥʷ, ʦʩʢʽʣʴʢʠ ʩʠʣʘ ʥʘʩʧʨʘʚʜʽ ʙʫʜʝ ʜʝʱʦ ʨʦʟʧʦʜʽʣʝʥʘ ʧʦ ʢʨʠʣʫ, 

ʘ ʩʝʨʝʜʥʶ ʥʝʨʚʶʨʫ, ʜʝ ʥʘʡʤʝʥʰʠʡ ʚʧʣʠʚ ʤʘʪʠʤʫʪʴ ʫʤʦʚʠ ʢʨʽʧʣʝʥʥʷ ʪʘ 

ʥʘʚʘʥʪʘʞʝʥʥʷ.  

 

ʈʠʩ. 12. ʅʘʚʘʥʪʘʞʝʥʥʷ ʩʝʢʮʽʾ ʢʨʠʣʘ ʣʽʪʘʢʘ ʽʟ ʢʫʪʦʤ ʩʪʨʽʜʦʧʦʜ̔ ʙʥʦʩʪʽ 

ʅʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʠʡ ʩʪʘʥ ʫ ʥʝʨʚʶʨʽ ʢʨʠʣʘ ʣʽʪʘʢʘ ʧʽʜʪʚʝʨʜʞʫʻ 

ʧʨʠʧʫʱʝʥʥʷ ʧ. 9, ʱʦ ʫ ʩʪʽʥʮʽ ʥʝʨʚʶʨʠ ʽʩʥʫʶʪʴ ʚʟʘʻʤʥʦ ʧʨʦʪʠʣʝʞʥʽ 

ʦʢʨʫʞʥʽ ʩʠʣʠ, ʷʢʽ ʜʽʶʪʴ ʚʟʜʦʚʞ ʥʘʧʨʷʤʢʫ ʧʦʣʴʦʪʫ ʣʽʪʘʣʴʥʦʛʦ ʘʧʘʨʘʪʫ 

(Plate X Membrane Force ʥʘ ʨʠʩ. 13) ʫ ʚʝʨʭʥʽʡ (ʩʠʥʴʦ-ʟʝʣʝʥʠʡ ʢʦʣʽʨ ʥʘ 
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ʈ ʦ ʟ ʜ ʽ ʣ 1 .   ɯ ʥ ʬ ʦ ʨ ʤ ʘ ʮ ʽ ʡ ʥ ʽ  ʩ ʠ ʩ ʪ ʝ ʤ ʠ 

ʨʠʩ. 13 ʚʽʜʧʦʚʽʜʘʻ ʟʥʘʯʝʥʥʶ ʧʣʶʩ 
350 10ʅ/ʤÖ ) ʪʘ ʫ ʥʠʞʥʽʡ (ʬʽʦʣʝʪʦʚʠʡ 

ʢʦʣʽʨ ʥʘ ʨʠʩ. 13 ʚʽʜʧʦʚʽʜʘʻ ʤʽʥʫʩ 
350 10ʅ/ʤÖ ).  

 

ʈʠʩ. 13. ʉʠʣʠ ʫ ʩʝʨʝʜʠʥʥʽʡ ʧʦʚʝʨʭʥʽ ʚʟʜʦʚʞ ʧʦʚʟʜʦʚʞʥʴʦʾ ʦʩʽ  

ʣʽʪʘʣʴʥʦʛʦ ʘʧʘʨʘʪʫ 

ʊʘʢʦʞ ʜʽʷ ʩʠʣ ʫ ʩʝʨʝʜʠʥʥʽʡ ʧʦʚʝʨʭʥʽ ʥʝʨʚʶʨʠ ʚʟʜʦʚʞ ʦʩʽ ʜʽʾ ʧʽʜʡʦʤʥʦʾ 

ʩʠʣʠ (Plate Y Membrane Force ʥʘ ʨʠʩ. 14) ʧʦʢʘʟʫʻ, ʱʦ ʫ ʢʦʞʥʦʤʫ ʽʟ ʝʣʝ-

ʤʝʥʪʽʚ ʥʝʨʚʶʨʠ, ʨʦʟʪʘʰʦʚʘʥʦʤʫ ʤʽʞ ʩʪʨʠʥʛʝʨʘʤʠ, ʜʽʻ ʥʝ ʦʜʥʦʨʽʜʥʘ ʩʠʣʘ, 

ʘ ʤʦʤʝʥʪ ʩʠʣ (ʥʘ ʨʠʩ. 14 ʤʽʥʫʩ 
350 10ʅ/ʤÖ ʟʚʝʨʭʫ ʣʽʚʦʨʫʯ ʽ ʟʥʠʟʫ ʧʨʘʚʦ-

ʨʫʯ ʫ ʩʝʢʮʽʾ ʥʝʨʚʶʨʠ).  

 

ʈʠʩ. 14. ʉʠʣʠ ʫ ʩʝʨʝʜʠʥʥʽʡ ʧʦʚʝʨʭʥʽ ʚʟʜʦʚʞ ʧʦʧʝʨʝʯʥʦʾ ʦʩʽ  

ʣʽʪʘʣʴʥʦʛʦ ʘʧʘʨʘʪʫ 
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ɯʥʬʦʨʤʘʮʽʡʥʽ ʩʠʩʪʝʤʠ, ʤʝʭʘʥʽʢʘ ʪʘ ʢʝʨʫʚʘʥʥʷ 

ɼʣʷ ʥʘʧʝʚʥʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ʦʢʨʫʞʥʠʭ ʩʠʣ, ʷʢʽ ʜʽʶʪʴ ʥʘ ʥʝʨʚʶʨʫ, ʧʦʜʠ-

ʚʠʤʦʩʷ ʚ ʤʦʜʝʣʽ ʢʨʠʣʘ ʦʩʴʦʚʽ ʤʝʭʘʥʽʯʥʽ ʥʘʧʨʫʞʝʥʥʷ ʫ ʜʚʦʭ ʚʫʟʣʦʚʠʭ 

ʝʣʝʤʝʥʪʘʭ, ʷʢʽ ʦʢʘʥʪʦʚʫʶʪʴ ʥʝʨʚʶʨʫ (ʨʠʩ. 15).  

 

ʈʠʩ. 15. ʄʝʭʘʥʽʯʥʽ ʥʘʧʨʫʞʝʥʥʷ ʫ ʜʚʦʭ ʚʫʟʣʦʚʠʭ ʝʣʝʤʝʥʪʘʭ, ʱʦ 

ʦʢʘʥʪʦʚʫʶʪʴ 

ʋ ʚʝʨʭʥʽʡ ʯʘʩʪʠʥʽ ʥʝʨʚʶʨʠ ʜʽʶʪʴ ʱʦʥʘʡʤʝʥʰʝ ʥʘʧʨʫʞʝʥʥʷ 
7

B 1,4 10ʇʘ,s =- Ö ʫ ʥʠʞʥʽʡ ʯʘʩʪʠʥʽ ʥʝʨʚʶʨʠ ʜʽʶʪʴ ʫ ʩʝʨʝʜʥʴʦʤʫ ʥʘʧʨʫ-

ʞʝʥʥʷ 
71,4 10ʇʘ.Hs =+ Ö  ʗʢʱʦ ʧʦʤʥʦʞʠʪʠ ʟʘʟʥʘʯʝʥʽ ʥʘʧʨʫʞʝʥʥʷ ʥʘ 

ʧʣʦʱʫ ʧʝʨʝʪʠʥʫ ʝʣʝʤʝʥʪʫ, ʱʦ ʦʢʘʥʪʦʚʫ ̒ (Area, A ʥʘ ʨʠʩ. 16) 
6 27 10 ʤoS -= Ö , ʦʜʝʨʞʠʤʦ ʦʢʨʫʞʥʽ ʩʠʣʠ, ʷʢʽ ʜʽʶʪʴ ʫ ʥʝʨʚʶʨʽ: 

  100 HoF SH=s Ö = . 

ʗʢʱʦ ʟʥʘʡʪʠ ʚʝʣʠʯʠʥʫ ʧʘʨʠ ʩʠʣ, ʧʦʜʽʣʠʚʰʠ ʧʦʣʦʚʠʥʫ ʚʘʛʠ ʣʽʪʘʢʘ ʥʘ ʢʽ-

ʣʴʢʽʩʪʴ ʥʝʨʚʶʨ ʫ ʢʨʠʣʽ ʽʟ ʫʨʘʭʫʚʘʥʥʷʤ ʢʫʪʘ ʩʪʨʽʣʦʧʦʜʽʙʥʦʩʪʽ, ʷʢ ʮʝ ʟʘ-

ʧʨʦʧʦʥʦʚʘʥʦ ʬʦʨʤʫʣʦʶ (14), ʦʪʨʠʤʘʻʤʦ:  

( ) ( )2 2/ 2 / 2   2000 ʢʛʩ 0,3 20 10ʢʛʩ 100ʅ.qF ʈ N= Öc = Ö = =  (20) 

ʆʜʝʨʞʘʥʠʡ ʫ ʚʠʨʘʟʽ (20) ʨʝʟʫʣʴʪʘʪ ʜʫʞʝ ʙʣʠʟʴʢʠʡ ʜʦ ʚʟʷʪʦʛʦ ʽʟ ʨʦʟ-

ʨʘʭʫʥʢʦʚʦʾ ʢʦʤʧôʶʪʝʨʥʦʾ ʤʦʜʝʣʽ   100H ,oF SH=s Ö =  ʱʦ ʪʘʢʦʞ ʧʽʜʪʚʝʨʜʞʫʻ 

ʜʦʩʪʘʪʥʶ ʪʦʯʥʽʩʪʴ ʟʘʧʨʦʧʦʥʦʚʘʥʦʾ ʫ ʮʴʦʤʫ ʧʫʥʢʪʽ ʩʧʨʦʱʝʥʦʾ ʩʭʝʤʠ ʚʠʟʥʘ-

ʯʝʥʥʷ ʦʢʨʫʞʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʫ ʥʝʨʚʶʨʽ. ɯ ʭʦʯʘ ʫ ʤʦʜʝʣʽ ʨʠʩ. 12 ʧʨʠʩʫʪʥʷ 

ʣʠʰʝ ʦʜʥʘ ʩʝʢʮʽʷ ʢʨʠʣʘ, ʷʢʘ ʩʢʣʘʜʘʻʪʴʩʷ ʽʟ 5-ʭ ʥʝʨʚʶʨ, ʧʨʦʪʝ ʤʦʤʝʥʪ ʧʨʦ-

ʧʦʨʮʽʡʥʠʡ ʧʣʝʯʫ ʩʘʤʦʛʦ ʤʦʤʝʥʪʫ, ʪʦʤʫ ʧʽʜ ʯʘʩ ʨʦʟʨʘʭʫʥʢʫ ʮʽʣʦʛʦ ʢʨʠʣʘ 

ʟʙʽʣʴʰʝʥʥʷ ʤʦʤʝʥʪʫ ʧʽʜʡʦʤʥʦʾ ʩʠʣʠ (ʟʘ ʨʘʭʫʥʦʢ ʟʙʽʣʴʰʝʥʥʷ ʡʦʛʦ ʜʦʚʞʠ-

ʥʠ) ʚʽʟʴʤʝ ʥʘ ʩʝʙʝ ʧʨʦʧʦʨʮʽʡʥʦ ʙʽʣʴʰʘ ʢʽʣʴʢʽʩʪʴ ʥʝʨʚʶʨ (ʢʨʦʢ ʚʩʪʘʥʦʚʣʝʥ-
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ʈ ʦ ʟ ʜ ʽ ʣ 1 .   ɯ ʥ ʬ ʦ ʨ ʤ ʘ ʮ ʽ ʡ ʥ ʽ  ʩ ʠ ʩ ʪ ʝ ʤ ʠ 

ʥʷ ʥʝʨʚʶʨ ʤʘʣʦ ʟʤʽʥʶʻʪʴʩʷ ʧʦ ʜʦʚʞʠʥʽ ʢʨʠʣʘ). ʊʘʢʠʤ ʯʠʥʦʤ, ʥʘʚʘʥʪʘʞʝʥ-

ʥʷ ʚ ʦʢʨʝʤʦ ʚʟʷʪʽʡ ʥʝʨʚʶʨʽ ʥʝ ʟʤʽʥʠʪʴʩʷ.  

 

ʈʠʩ. 16. ɺʣʘʩʪʠʚʦʩʪʽ ʜʚʦʭ ʚʫʟʣʦʚʦʛʦ ʝʣʝʤʝʥʪʫ ʥʝʨʚʶʨʠ 

ʉʧʨʦʱʝʥʘ ʩʭʝʤʘ ʚʠʟʥʘʯʝʥʥʷ ʥʘʚʘʥʪʘʞʝʥʴ ʫ ʥʝʨʚʶʨʽ ʜʦʟʚʦʣʠʪʴ ʚʽʜʨʘ-

ʟʫ ʟʜʽʡʩʥʶʚʘʪʠ ʧʨʦʝʢʪʥʠʡ ʨʦʟʨʘʭʫʥʦʢ ʨʝʩʫʨʩʫ ʥʝʨʚʶʨʠ ʦʢʨʝʤʦ ʚʽʜ ʨʝʩʫʨʩʫ 

ʢʨʠʣʘ ʚ ʮʽʣʦʤʫ. ʎʝ ʥʘʜʘʩʪʴ ʥʘʩʪʫʧʥʽ ʧʝʨʝʚʘʛʠ:  

- ʟʘʚʯʘʩʥʦ ʧʽʜʙʠʨʘʪʠ ʧʘʨʘʤʝʪʨʠ ʥʝʨʚʶʨʠ ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʡʥʦʾ ʤʦʜʝʣʽ, 

- ʙʽʣʴʰ ʜʦʢʣʘʜʥʦ ʜʦʩʣʽʜʠʪʠ ʥʝʨʚʶʨʫ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʟʘʩʦʙʽʚ 

ʢʦʤʧôʶʪʝʨʥʦʛʦ ʪʚʝʨʜʦʪʽʣʴʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ.  

ɺʠʩʥʦʚʢʠ 

ʇʨʝʜʩʪʘʚʣʝʥʽ ʧʨʠʢʣʘʜʠ ʨʦʟʨʘʭʫʥʢʫ ʚ ʦʩʥʦʚʥʦʤʫ ʥʘʧʨʘʚʣʝʥʽ ʥʘ ʜʝ-

ʤʦʥʩʪʨʘʮʽʶ ʤʝʭʘʥʽʟʤʫ ʨʦʟʨʘʭʫʥʢʫ ʚʠʪʨʠʚʘʣʦʩʪʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʽʥʪʝʛʨʘʮʽʾ 

CAD ʽ CAM-ʩʠʩʪʝʤ. ʗʢ ʧʦʢʘʟʫʻ ʧʨʠʢʣʘʜ, ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ ʤʝʪʦʜ ʧʨʦʛʥʦʟʫ-

ʚʘʥʥʷ ʨʝʩʫʨʩʫ ʘʚʽʘʮʽʡʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡ ʥʘ ʙʘʟʽ ʧʦʧʝʨʝʜʥʴʦʛʦ ʩʪʘʪʠʯʥʦʛʦ ʨʦ-

ʟʨʘʭʫʥʢʫ ʜʦʟʚʦʣʷʻ ʩʢʣʘʩʪʠ ʧʨʦʩʪʠʡ ʧʦʩʣʽʜʦʚʥʠʡ ʧʨʦʛʨʘʤʥʠʡ ʤʦʜʫʣʴ ʚ ʜʦʩ-

ʪʫʧʥʠʭ ʤʘʪʝʤʘʪʠʯʥʠʭ ʧʘʢʝʪʘʭ. ʎʝ ʜʦʟʚʦʣʠʪʴ ʟʤʝʥʰʠʪʠ ʚʠʪʨʘʪʠ ʥʘ ʧʨʦʛʨʘ-

ʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ ʜʣʷ ʧʨʦʚʝʜʝʥʥʷ ʨʦʟʨʘʭʫʥʢʽʚ ʪʘ ʢʦʥʪʨʦʣʶʚʘʪʠ ʢʦʞʝʥ ʢʨʦʢ 

ʨʦʟʨʘʭʫʥʢʽʚ, ʧʨʠ ʥʝʦʙʭʽʜʥʦʩʪʽ ʚʥʦʩʷʯʠ ʚ ʥʠʭ ʢʦʨʝʢʪʠʚʠ. ɿʘʧʨʦʧʦʥʦʚʘʥʘ 

ʩʧʨʦʱʝʥʘ ʩʭʝʤʘ ʚʠʟʥʘʯʝʥʥʷ ʥʘʚʘʥʪʘʞʝʥʴ ʥʘ ʝʣʝʤʝʥʪʠ ʢʦʥʩʪʨʫʢʮʽʾ ʢʨʠʣʘ 

ʜʦʟʚʦʣʠʪʴ ʚʠʢʦʨʠʩʪʘʪʠ ʤʘʢʩʠʤʘʣʴʥʦ ʪʦʯʥʽ ʤʦʜʝʣʽ ʩʠʣʦʚʠʭ ʝʣʝʤʝʥʪʽʚ ʢʦʥʩ-

ʪʨʫʢʮʽʾ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ. ɼʣʷ ʪʦʯʥʦʛʦ ʨʦʟʨʘʭʫʥʢʫ ʥʝʦʙʭʽʜʥʦ ʚʠʢʦʨʠʩʪʘʪʠ 
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ɯʥʬʦʨʤʘʮʽʡʥʽ ʩʠʩʪʝʤʠ, ʤʝʭʘʥʽʢʘ ʪʘ ʢʝʨʫʚʘʥʥʷ 

ʙʽʣʴʰʫ (ʤʘʢʩʠʤʘʣʴʥʦ ʫʟʘʛʘʣʴʥʶʶʯʫ) ʢʽʣʴʢʽʩʪʴ ʟʦʚʥʽʰʥʽʭ ʚʧʣʠʚʽʚ ʥʘ ʝʪʘʧʽ 

ʩʠʩʪʝʤʘʪʠʟʘʮʽʾ ʥʘʚʘʥʪʘʞʝʥʴ.   
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ʄɯʂʈʆʂʃɯʄɸʊʋ 

 Today, the development of the beekeeping industry is growing rapid. This is 

due not only to the increase in demand for beekeeping products, but above all to 

the acuteneed for a qualitative harvesting of cultivated plants. Bees pollination of 

plants increases the productivity of crops by 50-60 %. As a result, the creation of 

self-pollinating hybrid plants and the need to use pesticides disappear. 

The development and productivity of the bees depend directly on the 

microclimate parameters inside the hive such as temperature, humidity, carbon 

dioxide level in the hive, environmental noise, proper nutrition, presence of water 

around the hive etc. Now all these parameters are controlled by the bees 
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themselves and partly by humans. The melliferous capacity and self-reproduction 

are reduced. For example, in winter, the temperature in the middle of the nest 

should be at least 25 - 28 ʉ̄, in summer, 33 - 34 ʉ̄. In other cases a bee spends a 

lot of energy for microclimate parameters. This will affect its exhaustion, future 

performance and the quality of broods. The beekeeper helps to maintain the 

necessary conditions for the microclimate, but it creates a three day stress for the 

wards. Microclimate parameters are obtained by digital thermometers and 

hygrometers selectively. As a result, the beekeeper does not have accurate data on 

the general condition of bees throughout the apiary. Thus, the development of 

automated control system of microclimate parameters is especially true. 

The developed system measures such parameters as humidity, temperature and 

carbon dioxide level and structures all the data by each hive. The system provides 

the transmission of data to a personal computer by Internet via MQTT protocol. 

The hardware includes modern low-cost sensors, microcontroller, radio element 

(all with a negligible margin of error) which allow ensuring a cost-efficiency 

impact from the system implementation together with high accuracy. Another 

strong advantage of the subsystem is a GPRS signal that can transmit data at long 

distances. 

The software is based on the use of the most common and effective method of 

statistical control i.e. the Shewhart control charts. This allows you to control and 

adjust the necessary parameters inside the hive more effectively and helps to create 

comfortable conditions. 

 ʇʨʝʜʦʩʪʘʚʣʝʥʳ ʦʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ, ʠʟʛʦ-

ʪʦʚʣʝʥʠʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʡ ʩʠʩʪʝʤʳ 

ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʤʠʢʨʦʢʣʠʤʘʪʘ ʧʯʝʣʠʥʦʛʦ ʫʣʴʷ. ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʩʠ-

ʩʪʝʤʘ ʧʦʟʚʦʣʷʝʪ ʦʙʲʝʜʠʥʠʪʴ ʨʝʛʫʣʠʨʦʚʘʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʜʝʷʪʝʣʴʥʦʩʪʠ ʧʯʝʣʠ-

ʥʦʡ ʩʝʤʴʠ ʩ ʜʠʘʛʥʦʩʪʠʢʦʡ ʝʝ ʞʠʟʥʝʥʥʦʛʦ ʮʠʢʣʘ, ʩʧʦʩʦʙʩʪʚʫʝʪ ʢʘʯʝʩʪʚʝʥʥʦ-

ʤʫ, ʝʩʪʝʩʪʚʝʥʥʦʤʫ ʦʧʳʣʝʥʠʶ ʢʫʣʴʪʫʨʥʳʭ ʨʘʩʪʝʥʠʡ, ʧʦʚʳʰʘʝʪ ʨʝʥʪʘʙʝʣʴ-

ʥʦʩʪʴ ʧʨʦʜʫʢʮʠʠ ʠ ʵʢʦʥʦʤʠʯʝʩʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ, ʧʨʝʜʦʪʚʨʘʱʘʝʪ ʨʦʝʥʠʝ 

ʧʯʝʣʠʥʦʡ ʩʝʤʴʠ, ʫʚʝʣʠʯʠʚʘʝʪ ʝʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʠ ʩʘʤʦʚʦʩʧʨʦʠʟʚʦʜʩʪʚʦ, 

ʫʤʝʥʴʰʘʝʪ ʪʨʫʜʦʚʳʝ ʟʘʪʨʘʪʳ ʧʯʝʣʦʚʦʜʘ. 

ɺʩʪʫʧ 

ɹʜʞʦʣʠʥʠʡ ʧʨʦʤʠʩʝʣ, ʩʪʘʥʦʤ ʥʘ ʪʝʧʝʨʽʰʥʽʡ ʯʘʩ, ʧʨʘʢʪʠʢʫʻʪʴʩʷ ʫ 

ʚʩʽʭ ʥʘʩʝʣʝʥʠʭ ʯʘʩʪʠʥʘʭ ʩʚʽʪʫ ʫ ʙʽʣʴʰʽʡ ʤʽʨʽ, ʥʽʞ ʙʫʜʴ-ʷʢʘ ʽʥʰʘ ʛʘʣʫʟʴ 

ʩʽʣʴʩʴʢʦʛʦ ʛʦʩʧʦʜʘʨʩʪʚʘ. ɺʽʜ ʥʴʦʛʦ ʟʘʣʝʞʠʪʴ ʫʩʧʽʭ ʜʝʷʢʠʭ ʩʝʢʪʦʨʽʚ ʨʦʩ-

ʣʠʥʥʠʮʪʚʘ, ʦʩʢʽʣʴʢʠ 80 % ʚʩʽʭ ʚʠʜʽʚ ʨʦʩʣʠʥ ʟʘʧʠʣʶʶʪʴʩʷ ʢʦʤʘʭʘʤʠ, ʽʟ ʥʠʭ 

90 % ï ʤʝʜʦʥʦʩʥʠʤʠ ʙʜʞʦʣʘʤʠ, ʚʽʥ ʚʠʨʽʰʫʻ ʧʠʪʘʥʥʷ ʧʨʦʜʦʚʦʣʴʯʦʾ ʙʝʟʧʝʢʠ 

ʪʘ ʩʧʨʠʷʻ ʟʙʝʨʝʞʝʥʥʶ ʟʜʦʨʦʚôʷ ʣʶʜʩʪʚʘ. 

ʋʢʨʘʾʥʫ ʫ ʩʚʽʪʽ ʚʠʟʥʘʶʪʴ ʥʝ ʣʠʰʝ ʷʢ ʙʘʪʴʢʽʚʱʠʥʫ ʢʫʣʴʪʫʨʥʦʛʦ 

ʙʜʞʽʣʴʥʠʮʪʚʘ. ɿʘ ʜʘʥʠʤʠ ʇʨʦʜʦʚʦʣʴʯʦʾ ʪʘ ʩʽʣʴʩʴʢʦʛʦʩʧʦʜʘʨʩʴʢʦʾ ʦʨ-

ʛʘʥʽʟʘʮʽʾ ʆʆʅ, ʥʘʰʘ ʢʨʘʾʥʘ ʽʟ 2008 ʨʦʢʫ ʟʘʡʤʘʻ ʧʝʨʰʝ ʤʽʩʮʝ ʟ ʚʠʨʦʙʥʠʮʪʚʘ 

ʤʝʜʫ ʩʝʨʝʜ ʢʨʘʾʥ ɭʚʨʦʧʠ ʽ ʚʭʦʜʠʪʴ ʜʦ ʧôʷʪʽʨʢʠ ʩʚʽʪʦʚʠʭ ʣʽʜʝʨʽʚ (ʂʠʪʘʡ, ɸʨ-

ʛʝʥʪʠʥʘ, ʋʢʨʘʾʥʘ, ɯʥʜʽʷ, ʄʝʢʩʠʢʘ). ʋʩʴʦʛʦ ʣʶʜʝʡ, ʷʢʽ ʟʘʡʤʘʶʪʴʩʷ ʙʜʞʦʣʠ-

ʥʠʤ ʧʨʦʤʠʩʣʦʤ, ʧʽʚʪʦʨʘ ʚʽʜʩʦʪʢʘ ʥʘʩʝʣʝʥʥʷ ʢʨʘʾʥʠ [1 - 3]. 
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ɯʥʬʦʨʤʘʮʽʡʥʽ ʩʠʩʪʝʤʠ, ʤʝʭʘʥʽʢʘ ʪʘ ʢʝʨʫʚʘʥʥʷ 

ʆʪʞʝ, ʙʜʞʽʣʴʥʠʮʪʚʦ ʤʦʞʥʘ ʚʚʘʞʘʪʠ ʦʜʥʽʻʶ ʽʟ ʥʘʡʚʽʜʦʤʽʰʠʭ ʛʘʣʫʟʝʡ 

ʩʽʣʴʩʴʢʦʛʦ ʛʦʩʧʦʜʘʨʩʪʚʘ ʪʘ ʚʘʞʣʠʚʦʶ ʩʢʣʘʜʦʚʦʶ ʝʢʦʥʦʤʽʢʠ ï ʝʢʩʧʦʨʪʥʠʤ 

ʧʦʪʝʥʮʽʘʣʦʤ ʘʛʨʘʨʥʦʛʦ ʩʝʢʪʦʨʘ ʋʢʨʘʾʥʠ. ʈʦʟʚʠʪʦʢ ʙʜʞʦʣʠʥʦʛʦ ʧʨʦʤʠʩʣʫ 

ʟʫʤʦʚʣʝʥʠʡ ʥʝ ʣʠʰʝ ʟʨʦʩʪʘʥʥʷʤ ʧʦʧʠʪʫ ʥʘ ʤʝʜ ʪʘ ʚʽʩʢ. ɺʠʨʦʙʥʠʮʪʚʦ ʜʦ-

ʜʘʪʢʦʚʠʭ ʧʨʦʜʫʢʪʽʚ ʙʜʞʽʣʴʥʠʮʪʚʘ ï ʧʨʦʧʦʣʽʩʫ, ʤʘʪʦʯʥʦʛʦ ʤʦʣʦʯʢʘ, ʢʚʽʪʢʦ-

ʚʦʛʦ ʧʠʣʢʫ, ʪʨʫʪʥʝʚʦʛʦ ʛʦʤʦʛʝʥʘʪʫ, ʧʽʜʤʦʨʫ ï ʻ ʚʘʞʣʠʚʠʤ ʝʢʦʥʦʤʽʯʥʠʤ 

ʧʦʢʘʟʥʠʢʦʤ ʛʘʣʫʟʽ. ɸʣʝ ʛʦʣʦʚʥʝ, ʱʦ ʤʠ ʦʪʨʠʤʫʻʤʦ ʚʽʜ ʙʜʞʽʣ, ʮʝ ʷʢʽʩʥʝ ʟʘ-

ʧʠʣʝʥʥʷ ʩʽʣʴʩʴʢʦʛʦʩʧʦʜʘʨʩʴʢʠʭ ʢʫʣʴʪʫʨ ï ʧʨʠʨʦʜʥʝ ʦʧʠʣʝʥʥʷ ʨʦʩʣʠʥ 

ʙʜʞʦʣʦʶ ʟʙʽʣʴʰʫʻ ʚʨʦʞʘʡʥʽʩʪʴ ʩʽʣʴʩʴʢʦʛʦʩʧʦʜʘʨʩʴʢʠʭ ʢʫʣʴʪʫʨ ʥʘ 50 - 60 

% ʪʘ ʫʩʫʚʘʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʧʝʩʪʠʮʠʜʽʚ ʽ ʩʪʚʦʨʝʥʥʷ ʛʽʙʨʠʜʥʠʭ 

ʨʦʩʣʠʥ ʟʜʘʪʥʠʭ ʜʦ ʩʘʤʦʟʘʧʠʣʝʥʥʷ [4]. 

ʈʦʟʚʠʪʦʢ ʽ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʙʜʞʽʣ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʫʤʦʚ 

ʧʨʦʞʠʚʘʥʥʷ ʚʩʝʨʝʜʠʥʽ ʚʫʣʠʢʘ. ɺ ʦʩʽʥʥʴʦ-ʟʠʤʦʚʠʡ ʧʝʨʽʦʜ ʦʧʪʠʤʘʣʴʥʘ ʪʝʤ-

ʧʝʨʘʪʫʨʘ ʚʩʝʨʝʜʠʥʽ ʛʥʽʟʜʘ ʧʦʚʠʥʥʘ ʩʪʘʥʦʚʠʪʠ ʥʝ ʤʝʥʰʝ 25 - 28 ʉ̄, ʘ ʫ 

ʚʝʩʥʷʥʦ-ʣʽʪʥʽʡ ï 33 - 34 ʉ̄ [5]. ɺ ʩʚʦʶ ʯʝʨʛʫ, ʥʦʨʤʘʣʴʥʠʤʠ ʧʦʢʘʟʥʠʢʘʤʠ 

ʚʦʣʦʛʦʩʪʽ ʧʦʚʽʪʨʷ ʚ ʩʝʨʝʜʠʥʽ ʚʫʣʠʢʘ ʻ 40 - 60 %. ʆʩʥʦʚʥʽ ʧʨʠʯʠʥʠ ʟʙʽʣʴ-

ʰʝʥʥʷ ʚʦʣʦʛʦʩʪʽ ʧʦʚʽʪʨʷ ʜʦ ʧʦʢʘʟʥʠʢʽʚ 80 - 100 % ï ʮʝ ʚʠʧʘʨʦʚʫʚʘʥʥʷ 

ʥʝʢʪʘʨʫ ʪʘ ʚʦʜʠ ʥʘ ʩʪʽʥʢʘʭ ʚʫʣʠʢʫ ʧʽʜ ʯʘʩ ʡʦʛʦ ʦʭʦʣʦʜʞʝʥʥʷ ʩʘʤʠʤʠ ʙʜʞʦ-

ʣʘʤʠ [6]. ʍʦʯʘ ʙʜʞʦʣʠ ʽ ʧʨʠʩʪʦʩʦʚʘʥʽ ʜʦ ʞʠʪʪʷ ʫ ʰʠʨʦʢʦʤʫ ʜʽʘʧʘʟʦʥʽ ʟʤʽʥ 

ʟʦʚʥʽʰʥʴʦʾ ʪʝʤʧʝʨʘʪʫʨʠ, ʘʣʝ ʦʧʪʠʤʘʣʴʥʽ ʫʤʦʚʠ ʚ ʞʠʪʪʻʚʦ ʚʘʞʣʠʚʠʭ ʟʦʥʘʭ 

ʛʥʽʟʜʘ ʥʝʦʙʭʽʜʥʽ ʜʣʷ ʩʝʢʨʝʮʽʾ ʚʦʩʢʫ, ʙʫʜʽʚʥʠʮʪʚʘ ʩʪʽʣʴʥʠʢʽʚ, ʟʘʙʝʟʧʝʯʝʥʥʷ 

ʟʨʦʩʪʘʥʥʷ ʽ ʨʦʟʚʠʪʢʫ ʙʜʞʦʣʠʥʠʭ ʦʩʦʙʠʥ ʫ ʧʨʦʮʝʩʽ ʦʥʪʦʛʝʥʝʟʫ. ʉʪʘʙʽʣʽʟʘʮʽʷ 

ʪʝʨʤʦʨʝʞʠʤʫ ʜʦʩʷʛʘʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʚʠʢʦʨʠʩʪʘʥʥʷ ʟʘʩʦʙʽʚ ʘʢʪʠʚʥʦʾ ʨʝ-

ʛʫʣʷʮʽʾ ʚʥʫʪʨʽʛʥʽʟʜʦʚʦʛʦ ʤʽʢʨʦʢʣʽʤʘʪʫ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʟʥʦ-

ʰʝʥʥʷ, ʟʤʝʥʰʝʥʥʷ ʷʢʦʩʪʽ ʨʦʟʧʣʦʜʫ ʪʘ ʧʨʘʮʝʟʜʘʪʥʦʩʪʽ ʦʢʨʝʤʦʾ ʙʜʞʦʣʠ, ʽ, ʷʢ 

ʥʘʩʣʽʜʦʢ, ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʚʘʻ ʥʘ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʚʩʽʻʾ ʩʽʤôʾ ʧʦ ʤʝʜʦʟʙʦʨʫ 

ʚʮʽʣʦʤʫ [7]. 

ʋ ʙʘʛʘʪʴʦʭ ʛʘʣʫʟʷʭ ʩʫʯʘʩʥʦʛʦ ʩʽʣʴʩʴʢʦʛʦ ʛʦʩʧʦʜʘʨʩʪʚʘ ʜʦʩʪʘʪʥʴʦ ʰʠ-

ʨʦʢʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʘʚʪʦʤʘʪʠʟʦʚʘʥʽ ʢʦʤʧʣʝʢʩʠ ʽ ʩʠʩʪʝʤʠ, ʷʢʽ ʜʦʟʚʦʣʷʶʪʴ 

ʟʥʘʯʥʦ ʟʥʠʟʠʪʠ ʪʨʫʜʦʚʽ ʚʠʪʨʘʪʠ ʪʘ ʩʦʙʽʚʘʨʪʽʩʪʴ ʧʨʦʜʫʢʮʽʾ. ɸʣʝ ʫ ʙʜʞʽʣʴ-

ʥʠʮʪʚʽ ʮʝ ʚʢʨʘʡ ʨʽʜʢʽʩʥʝ ʷʚʠʱʝ. ɹʜʞʦʣʷʨ ʟʘʟʚʠʯʘʡ ʫ ʨʫʯʥʦʤʫ ʨʝʞʠʤʽ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʮʠʬʨʦʚʠʭ ʪʝʨʤʦʤʝʪʨʽʚ ʽ ʛʽʛʨʦʤʝʪʨʽʚ ʧʨʦʚʦʜʠʪʴ ʢʦʥʪʨʦʣʴ ʧʘʨʘ-

ʤʝʪʨʽʚ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʥʦʨʤʘʣʴʥʠʭ ʫʤʦʚ ʫʪʨʠʤʘʥʥʷ ʙʜʞʦʣʠʥʦʾ ʩʽʤôʾ. ʅʘ 

ʚʝʣʠʢʠʭ ʙʜʞʦʣʠʥʠʭ ʧʘʩʽʢʘʭ ʟʘ ʚʽʜʩʫʪʥʦʩʪʽ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʚʠʤʽʨʶʚʘʥʥʷ ʧʨʦ-

ʚʦʜʠʪʴʩʷ ʚʠʙʽʨʢʦʚʦ ʽ ʜʣʷ ʧʨʠʡʥʷʪʪʷ ʝʬʝʢʪʠʚʥʦʛʦ ʨʽʰʝʥʥʷ ʙʜʞʦʣʷʨ ʢʝ-

ʨʫʻʪʴʩʷ ʚʠʢʣʶʯʥʦ ʚʣʘʩʥʦʶ ʽʥʪʫʾʮʽʻʶ. ʊʘʢʠʤ ʯʠʥʦʤ, ʨʦʟʨʦʙʢʘ ʘʚʪʦʤʘʪʠʟʦ-

ʚʘʥʦʾ ʩʠʩʪʝʤʠ ʨʝʛʫʣʶʚʘʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʤʽʢʨʦʢʣʽʤʘʪʫ ʙʜʞʦʣʠʥʦʛʦ ʚʫʣʠʢʘ ʻ 

ʜʦʚʦʣʽ ʘʢʪʫʘʣʴʥʦʶ. 
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ʈ ʦ ʟ ʜ ʽ ʣ 1 .   ɯ ʥ ʬ ʦ ʨ ʤ ʘ ʮ ʽ ʡ ʥ ʽ  ʩ ʠ ʩ ʪ ʝ ʤ ʠ 

ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʽ 

ʄʝʪʦʶ ʜʘʥʦʾ ʩʪʘʪʪʽ ʻ ʚʠʩʚʽʪʣʝʥʥʷ ʦʩʥʦʚʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ, ʦʪʨʠʤʘʥʠʭ 

ʧʽʜ ʯʘʩ ʨʦʟʨʦʙʢʠ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʾ ʩʠʩʪʝʤʠ ʨʝʛʫʣʶʚʘʥʥʷ ʧʘʨʘʤʝʪʨʽʚ 

ʤʽʢʨʦʢʣʽʤʘʪʫ ʙʜʞʦʣʠʥʦʛʦ ʚʫʣʠʢʘ. 

ʆʩʥʦʚʥʠʡ ʟʤʽʩʪ 

ʇʽʜ ʦʩʥʦʚʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʥʦʨʤʘʣʴʥʦʾ ʞʠʪʪʻʜʽʷʣʴʥʦʩʪʽ ʙʜʞʦʣʠ ʨʦ-

ʟʫʤʽʶʪʴ ʪʘʢʽ ʧʦʢʘʟʥʠʢʠ ʤʽʢʨʦʢʣʽʤʘʪʫ ʚʩʝʨʝʜʠʥʽ ʚʫʣʠʢʘ, ʷʢ ʪʝʤʧʝʨʘʪʫʨʘ ʽ 

ʚʦʣʦʛʽʩʪʴ. 

ʇʨʦʚʝʜʝʥʠʡ ʦʛʣʷʜ ʽʩʥʫʶʯʠʭ ʩʠʩʪʝʤ ʤʦʥʽʪʦʨʠʥʛʫ ʪʘ ʢʝʨʫʚʘʥʥʷ ʞʠʪ-

ʪʻʚʦ ʥʝʦʙʭʽʜʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʧʦʢʘʟʘʚ ʾʭ ʥʝʟʜʘʪʥʽʩʪʴ ʢʦʥʪʨʦʣʶʚʘʪʠ ʩʪʘʥ ʫ 

ʩʝʨʝʜʠʥʽ ʚʫʣʠʢʘ ʜʠʩʪʘʥʮʽʡʥʦ ʥʘ ʥʝʚʝʣʠʢʠʭ ʚʽʜʩʪʘʥʷʭ, ʦʩʢʽʣʴʢʠ ʧʝʨʝʜʘʯʘ 

ʜʘʥʠʭ ʫ ʥʠʭ ʚʽʜʙʫʚʘʻʪʴʩʷ ʯʝʨʝʟ ʢʘʙʝʣʴ, ʱʦ ʦʙʤʝʞʫʻ ʧʝʨʝʩʫʚʘʥʥʷ ʧʘʩʽʢʠ. 

ʊʦʤʫ ʩʦʙʽʚʘʨʪʽʩʪʴ ʦʜʥʽʻʾ ʫʩʪʘʥʦʚʢʠ ʩʪʘʥʦʚʠʪʴ ʚʽʜ 1700 ʜʦ 4730 ʛʨʠʚʝʥʴ, ʱʦ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʚʝʣʠʢʠʭ ʚʠʪʨʘʪ, ʢʦʣʠ ʤʦʚʘ ʡʜʝ ʧʨʦ ʧʘʩʽʢʫ ʩʝʨʝʜʥʽʭ ʪʘ ʚʝʣʠ-

ʢʠʭ ʨʦʟʤʽʨʽʚ (50 - 120 ʚʫʣʠʢʽʚ). 

ʊʘʢʠʤ ʯʠʥʦʤ, ʨʦʟʨʦʙʣʝʥʘ ʘʚʪʦʤʘʪʠʟʦʚʘʥʘ ʩʠʩʪʝʤʘ, ʧʦ-ʧʝʨʰʝ, 

ʥʘʮʽʣʝʥʘ ʥʘ ʤʦʥʽʪʦʨʠʥʛ ʽ ʨʝʛʫʣʶʚʘʥʥʷ ʜʚʦʭ ʦʩʥʦʚʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʥʦʨʤʘʣʴ-

ʥʦʾ ʞʠʪʪʻʜʽʷʣʴʥʦʩʪʽ ʙʜʞʦʣʠ, ʘ ʧʦ-ʜʨʫʛʝ, ʨʝʘʣʽʟʦʚʘʥʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʫʯʘʩ-

ʥʦʾ ʥʝʜʦʨʦʛʦʾ ʝʣʝʤʝʥʪʥʦʾ ʙʘʟʠ, ʩʢʣʘʜʦʚʽ ʷʢʦʾ ʤʘʶʪʴ ʤʽʥʽʤʘʣʴʥʫ ʧʦʭʠʙʢʫ, ʽ, 

ʪʠʤ ʩʘʤʠʤ, ʟʘʙʝʟʧʝʯʫʶʪʴ ʝʢʦʥʦʤʽʯʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʚʽʜ ʚʧʨʦʚʘʜʞʝʥʥʷ ʩʠ-

ʩʪʝʤʠ ʟʘ ʫʤʦʚʠ ʚʠʩʦʢʦʾ ʪʦʯʥʦʩʪʽ, ʪʘ ʥʘʜʘʶʪʴ ʤʦʞʣʠʚʽʩʪʴ ʧʝʨʝʜʘʚʘʪʠ ʜʘʥʽ 

ʥʘ ʚʝʣʠʢʽ ʚʽʜʩʪʘʥʽ [8 - 10]. 

ʋ ʩʝʟʦʥ ʤʝʜʦʟʙʦʨʫ ʚʫʣʠʢʠ ʨʦʟʤʽʱʫʶʪʴʩʷ ʧʦ ʧʝʨʠʤʝʪʨʫ ʧʦʣʷ ʘʙʦ ʩʘʜʫ 

ʥʘ ʚʽʜʩʪʘʥʽ 3 ï 5 ʤ ʦʜʠʥ ʚʽʜ ʦʜʥʦʛʦ. ɼʦʮʽʣʴʥʦ ʟʙʠʨʘʪʠ ʽʥʬʦʨʤʘʮʽʶ ʽʟ ʢʦʞ-

ʥʦʛʦ ʚʫʣʠʢʫ ʥʘ ʦʜʠʥ ʛʦʣʦʚʥʠʡ, ʷʢʠʡ ʫ ʩʚʦʶ ʯʝʨʛʫ, ʦʜʥʦʯʘʩʥʦ ʧʝʨʝʜʘʻ ʟʘ-

ʛʘʣʴʥʠʡ ʩʪʘʥ ʫʩʽʭ ʥʘ ʩʝʨʚʝʨ ʯʝʨʝʟ GPRS-ʩʠʛʥʘʣ (ʨʠʩ. 1). ɼʘʥʽ ʟ ʩʝʨʚʝʨʘ ʢʦ-

ʨʠʩʪʫʚʘʯ ʦʪʨʠʤʫʻ ʟʘʧʠʪʦʤ ʫ ʧʦʪʨʽʙʥʠʡ ʯʘʩ. 

ʉʠʩʪʝʤʘ ʩʢʣʘʜʘʻʪʴʩʷ ʽʟ ʘʧʘʨʘʪʥʦʾ ʪʘ ʧʨʦʛʨʘʤʥʦʾ ʯʘʩʪʠʥ. 

ɸʧʘʨʘʪʥʘ ʨʝʘʣʽʟʘʮʽʷ ʩʠʩʪʝʤʠ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʘʚʪʦʥʦʤʥʦʶ ʯʘʩʪʠʥʦʶ 

ʪʘ ʨʝʪʨʘʥʩʣʷʪʦʨʦʤ. 

ʉʪʨʫʢʪʫʨʥʘ ʩʭʝʤʘ ʘʚʪʦʥʦʤʥʦʾ ʯʘʩʪʠʥʠ ʩʠʩʪʝʤʠ ʟʦʙʨʘʞʝʥʘ ʥʘ ʨʠʩ. 2. 

ɼʣʷ ʚʠʤʽʨʶʚʘʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʚʦʣʦʛʦʩʪʽ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʮʠʬ-

ʨʦʚʠʡ ʜʘʪʯʠʢ ʧʽʜʚʠʱʝʥʦʾ ʪʦʯʥʦʩʪʽ DHT 22 ʪʠʧʫ AM2303, ʷʢʠʡ ʩʢʣʘʜʘʻʪʴʩʷ 

ʽʟ ʜʚʦʭ ʜʘʪʯʠʢʽʚ ʫ ʦʜʥʦʤʫ ʢʦʨʧʫʩʽ [11]. ɿʘʩʪʦʩʫʚʘʥʥʷ ʪʝʭʥʦʣʦʛʽʾ ʯʫʪʣʠʚʦʩʪʽ 

ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ ʽ ʚʦʣʦʛʦʩʪʽ ʪʘ ʩʧʝʮʽʘʣʴʥʦʾ ʪʝʭʥʦʣʦʛʽʾ ʦʧʠʪʫʚʘʥʥʷ ʮʠʬʨʦʚʠʭ 

ʤʦʜʫʣʽʚ ʜʘʻ ʚʧʝʚʥʝʥʽʩʪʴ ʫ ʡʦʛʦ ʚʠʩʦʢʽʡ ʥʘʜʽʡʥʦʩʪʽ ʽ ʜʦʚʛʦʪʨʠʚʘʣʽʡ ʩʪʘʙʽʣʴ-

ʥʦʩʪʽ. ɿʘ ʜʦʧʦʤʦʛʦʶ ʚʙʫʜʦʚʘʥʦʛʦ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʦʛʦ ʧʝʨʝʪʚʦʨʶʚʘʯʘ 

(ɸʎʇ) ʘʥʘʣʦʛʦʚʝ ʟʥʘʯʝʥʥʷ ʥʘʧʨʫʛʠ ʤʽʢʨʦʢʦʥʪʨʦʣʝʨ ʧʝʨʝʪʚʦʨʶʻ ʫ ʮʠʬʨʦʚʝ. 

ɿʯʠʪʫʚʘʥʥʷ ʩʠʛʥʘʣʽʚ ʧʨʦ ʨʽʚʝʥʴ ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʚʦʣʦʛʦʩʪʽ ʟ ʽʥʬʦʨʤʘʮʽʡʥʦʾ 

ʰʠʥʠ ʚʽʜʙʫʚʘʻʪʴʩʷ ʯʝʨʝʟ ʽʥʪʝʨʬʝʡʩ SPI (Serial Peripheral Interface).  
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ɯʥʬʦʨʤʘʮʽʡʥʽ ʩʠʩʪʝʤʠ, ʤʝʭʘʥʽʢʘ ʪʘ ʢʝʨʫʚʘʥʥʷ 

ʋ ʨʦʟʨʦʙʣʝʥʽʡ ʩʠʩʪʝʤʽ ʧʝʨʝʜʙʘʯʝʥʝ ʚʠʟʥʘʯʝʥʥʷ ʨʽʚʥʷ ʚʫʛʣʝʢʠʩʣʦʛʦ 

ʛʘʟʫ, ʷʢʠʡ ʥʘʢʦʧʠʯʫʻʪʴʩʷ ʥʘ ʜʥʽ ʚʫʣʠʢʘ. ɼʣʷ ʮʴʦʛʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʤʦ-

ʜʫʣʴ ʜʘʪʯʠʢʘ ʷʢʦʩʪʽ ʧʦʚʽʪʨʷ MQ135, ʚʠʭʽʜʥʠʡ ʩʠʛʥʘʣ ʷʢʦʛʦ ʦʨʛʘʥʽʟʦʚʘʥʦ ʥʘ 

TTL ʣʦʛʽʮʽ, ʱʦ ʧʨʠʡʤʘʻʪʴʩʷ ʦʙʨʘʥʠʤ ʤʽʢʨʦʢʦʥʪʨʦʣʝʨʦʤ [12]. 

 
ʈʠʩ. 1. ʉʪʨʫʢʪʫʨʥʘ ʩʭʝʤʘ ʣʦʢʘʣʴʥʦʾ ʤʝʨʝʞʽ ʚʫʣʠʢʽʚ  

ʄʉ ï ʤʽʢʨʦʢʦʥʪʨʦʣʝʨ; ʊ ï ʜʘʪʯʠʢ ʪʝʤʧʝʨʘʪʫʨʠ; ʅ ï ʜʘʪʯʠʢ 

ʚʦʣʦʛʦʩʪʽ; ʉʆ2 ï ʜʘʪʯʠʢ ʚʫʛʣʝʢʠʩʣʦʛʦ ʛʘʟʫ (ʧʦʚʽʪʨʷ); 

R - ʨʘʜʽʦʧʝʨʝʜʘʚʘʯ; GSM ï GSM ʤʦʜʫʣʴ 
 

 
ʈʠʩ. 2. ʉʪʨʫʢʪʫʨʥʘ ʩʭʝʤʘ ʘʚʪʦʥʦʤʥʦʾ ʯʘʩʪʠʥʠ ʩʠʩʪʝʤʠ:  

ɼʊ ï ʜʘʪʯʠʢ ʪʝʤʧʝʨʘʪʫʨʠ; ɼɺ ï ʜʘʪʯʠʢ ʚʦʣʦʛʦʩʪʽ; 

ɼʇ - ʜʘʪʯʠʢ ʧʦʚʽʪʨʷ; ʄʂ ï ʤʽʢʨʦʢʦʥʪʨʦʣʝʨ; 

ʈʇ - ʨʘʜʽʦʧʝʨʝʜʘʚʘʯ; ʄʈ - ʤʦʜʫʣʴ ʨʝʣʝ; ʅɽ - ʥʘʛʨʽʚʘʣʴʥʠʡ 

ʝʣʝʤʝʥʪ; ɺɽ ï ʚʝʥʪʠʣʷʮʽʡʥʠʡ ʝʣʝʤʝʥʪ; ɹɾ ï ʙʣʦʢ ʞʠʚʣʝʥʥʷ 


