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ɺʚʝʜʝʥʠʝ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʂʘʯʝʩʪʚʦ ʘʪʤʦʩʬʝʨʥʦʛʦ ʚʦʟʜʫʭʘ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʢʣʶʯʝʚʳʭ ʬʘʢʪʦʨʦʚ, ʦʧʨʝʜʝʣʷʶʱʠʭ 

ʟʜʦʨʦʚʴʝ ʥʘʩʝʣʝʥʠʷ. ʆʜʥʦʡ ʠʟ ʛʣʘʚʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʟʘʛʨʷʟʥʝʥʠʷ ʘʪʤʦʩʬʝʨʳ ʚ ʛʦʨʦʜʘʭ 

ʷʚʣʷʝʪʩʷ ʝʛʦ ʚʳʨʘʞʝʥʥʘʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ, ʦʙʫʩʣʦʚʣʝʥʥʘʷ ʩʣʦʞʥʦʡ 

ʤʦʨʬʦʣʦʛʠʝʡ ʟʘʩʪʨʦʡʢʠ ʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʧʦʜʩʪʠʣʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ 

[Sokhi et al., 2022]. ɺʥʫʪʨʠʛʦʨʦʜʩʢʠʝ ʨʘʟʣʠʯʠʷ ʚ ʫʩʣʦʚʠʷʭ ʧʝʨʝʥʦʩʘ ʠ ʥʘʢʦʧʣʝʥʠʷ ʧʨʠʤʝʩʝʡ 

ʬʦʨʤʠʨʫʶʪ ʫʩʪʦʡʯʠʚʳʝ ʢʦʥʪʨʘʩʪʳ ʢʘʯʝʩʪʚʘ ʚʦʟʜʫʭʘ ʥʘ ʫʨʦʚʥʝ ʦʪʜʝʣʴʥʳʭ ʨʘʡʦʥʦʚ ʠ 

ʢʚʘʨʪʘʣʦʚ. ʕʪʦ ʦʧʨʝʜʝʣʷʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʧʝʨʝʥʦʩʘ ʠ ʩʫʭʦʛʦ 

ʦʩʘʞʜʝʥʠʷ ʘʵʨʦʟʦʣʝʡ ʥʝ ʪʦʣʴʢʦ ʢʘʢ ʬʠʟʠʯʝʩʢʦʡ, ʥʦ ʠ ʢʘʢ ʛʝʦʛʨʘʬʠʯʝʩʢʦʡ ʟʘʜʘʯʠ, ʥʘʧʨʘʚʣʝʥʥʦʡ 

ʥʘ ʚʳʷʚʣʝʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʘʯʝʩʪʚʘ ʚʦʟʜʫʭʘ ʚ ʫʩʣʦʚʠʷʭ 

ʥʝʦʜʥʦʨʦʜʥʦʡ ʫʨʙʘʥʠʟʠʨʦʚʘʥʥʦʡ ʪʝʨʨʠʪʦʨʠʠ. 

ɼʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʘʥʘʣʠʟʘ ʠ ʧʨʦʛʥʦʟʘ ʢʘʯʝʩʪʚʘ ʚʦʟʜʫʭʘ ʧʨʠʤʝʥʷʝʪʩʷ ʠʝʨʘʨʭʠʷ ʤʦʜʝʣʝʡ. 

ʆʜʥʘʢʦ ʛʣʦʙʘʣʴʥʳʝ ʠ ʨʝʛʠʦʥʘʣʴʥʳʝ ʩʠʩʪʝʤʳ ʭʠʤʠʢʦ-ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʟ-ʟʘ 

ʛʨʫʙʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʩʛʣʘʞʠʚʘʶʪ ʛʨʘʜʠʝʥʪʳ ʢʦʥʮʝʥʪʨʘʮʠʡ ʠ ʥʝ ʫʯʠʪʳʚʘʶʪ 

ʛʦʨʦʜʩʢʫʶ ʛʝʦʤʝʪʨʠʶ ʥʘʧʨʷʤʫʶ [Monks et al., 2009]. ʉʝʪʝʚʳʝ ʫʣʠʯʥʳʝ ʠ ʛʘʫʩʩʦʚʳ ʤʦʜʝʣʠ 

ʯʘʩʪʦ ʦʰʠʙʘʶʪʩʷ ʚ ʩʣʦʞʥʦʡ ʨʝʘʣʠʩʪʠʯʥʦʡ ʤʦʨʬʦʣʦʛʠʠ, ʘ ʤʝʪʦʜʳ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ, 

ʥʝʩʤʦʪʨʷ ʥʘ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ, ʪʨʝʙʫʶʪ ʚʳʩʦʢʦʜʝʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʜʣʷ ʦʙʫʯʝʥʠʷ ʠ ʦʙʣʘʜʘʶʪ 

ʦʛʨʘʥʠʯʝʥʥʦʡ ʬʠʟʠʯʝʩʢʦʡ ʠʥʪʝʨʧʨʝʪʠʨʫʝʤʦʩʪʴʶ. ʕʪʦ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʚʦʩʪʨʝʙʦʚʘʥʥʦʩʪʴ 

ʤʠʢʨʦʤʘʩʰʪʘʙʥʦʛʦ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʝʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ (LES) ʚ ʩʚʷʟʢʝ ʩ ʣʘʛʨʘʥʞʝʚʳʤ 

ʧʦʜʭʦʜʦʤ ʜʣʷ ʪʦʯʥʦʛʦ ʦʧʠʩʘʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʠ ʬʠʟʠʢʠ ʜʚʠʞʝʥʠʷ ʯʘʩʪʠʮ ʚ ʛʦʨʦʜʩʢʦʡ ʩʨʝʜʝ 

[Guha, 2008; Blocken, 2018]. 

ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʚ ʢʘʯʝʩʪʚʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʢʘʨʢʘʩʘ ʜʣʷ ʘʥʘʣʠʟʘ ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʛʦʨʦʜʩʢʦʡ ʚʝʥʪʠʣʷʮʠʠ ʠ ʟʘʛʨʷʟʥʝʥʠʷ ʚʦʟʜʫʭʘ ʚʩʸ ʘʢʪʠʚʥʝʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʣʘʩʩʠʬʠʢʘʮʠʷ 

ʣʦʢʘʣʴʥʳʭ ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʟʦʥ (ʃʂɿ) [Stewart, Oke, 2012]. ʀʟʥʘʯʘʣʴʥʦ ʨʘʟʨʘʙʦʪʘʥʥʘʷ ʜʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʛʦʨʦʜʩʢʦʛʦ ʦʩʪʨʦʚʘ ʪʝʧʣʘ, ʦʥʘ ʧʦʟʚʦʣʷʝʪ ʪʠʧʠʟʠʨʦʚʘʪʴ ʟʘʩʪʨʦʡʢʫ ʧʦ ʝʸ 

ʤʦʨʬʦʤʝʪʨʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʧʨʠʤʝʥʠʤʦʩʪʴ ʃʂɿ ʢʘʢ ʧʨʝʜʠʢʪʦʨʘ ʧʝʨʝʥʦʩʘ ʠ 

ʥʘʢʦʧʣʝʥʠʷ ʧʨʠʤʝʩʝʡ ʚ ʩʦʚʨʝʤʝʥʥʦʡ ʥʘʫʢʝ ʦʩʪʘʸʪʩʷ ʩʣʘʙʦ ʠʟʫʯʝʥʥʦʡ. ʉʦʭʨʘʥʷʝʪʩʷ 

ʩʫʱʝʩʪʚʝʥʥʘʷ ʥʝʦʧʨʝʜʝʣʸʥʥʦʩʪʴ ʚ ʪʦʤ, ʢʘʢʠʝ ʧʨʦʮʝʩʩʳ ʢʦʥʪʨʦʣʠʨʫʶʪʩʷ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʪʠʧʦʤ 

ʃʂɿ, ʘ ʢʘʢʠʝ ï ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʚʥʫʪʨʝʥʥʝʡ ʩʪʨʫʢʪʫʨʳ ʟʘʩʪʨʦʡʢʠ [Li et al., 2021; Gál et al., 

2025]. 

ɼʦʧʦʣʥʠʪʝʣʴʥʳʤ ʚʘʞʥʳʤ ʬʘʢʪʦʨʦʤ, ʟʘʯʘʩʪʫʶ ʠʛʥʦʨʠʨʫʝʤʳʤ ʠʣʠ ʩʠʣʴʥʦ ʫʧʨʦʱʘʝʤʳʤ ʚ 

ʤʦʜʝʣʷʭ ʢʘʯʝʩʪʚʘ ʚʦʟʜʫʭʘ, ʷʚʣʷʝʪʩʷ ʩʫʭʦʝ ʦʩʘʞʜʝʥʠʝ ʘʵʨʦʟʦʣʝʡ ʥʘ ʚʝʨʪʠʢʘʣʴʥʳʝ ʬʘʩʘʜʳ 
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ʟʜʘʥʠʡ [Mohan, 2016; Farmer et al., 2021]. ʆʛʨʦʤʥʘʷ ʧʣʦʱʘʜʴ ʩʪʝʥ ʚ ʛʦʨʦʜʝ ʚʳʩʪʫʧʘʝʪ ʤʦʱʥʳʤ 

ʬʠʣʴʪʨʦʤ, ʠ ʦʪʩʫʪʩʪʚʠʝ ʢʦʣʠʯʝʩʪʚʝʥʥʳʭ ʦʮʝʥʦʢ ʵʪʦʛʦ ʩʪʦʢʘ ʚ ʟʘʩʪʨʦʡʢʝ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʚʝʜʸʪ 

ʢ ʠʩʢʘʞʝʥʠʶ ʨʘʩʯʪyʦʚ ʣʦʢʘʣʴʥʦʛʦ ʙʘʣʘʥʩʘ ʤʘʩʩʳ ʧʨʠʤʝʩʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʠʩʪʝʤʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʨʝʘʣʠʩʪʠʯʥʦʡ ʛʦʨʦʜʩʢʦʡ ʤʦʨʬʦʣʦʛʠʠ 

ʥʘ ʦʩʥʦʚʝ ʃʂɿ ʠ ʧʨʦʮʝʩʩʦʚ ʬʘʩʘʜʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʥʘ ʜʠʩʧʝʨʩʠʶ ʘʵʨʦʟʦʣʝʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʧʝʨʝʜʦʚʳʭ ʤʝʪʦʜʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʥʘʫʯʥʦʡ ʟʘʜʘʯʝʡ, ʠʤʝʶʱʝʡ ʢʘʢ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ, ʪʘʢ ʠ ʚʳʩʦʢʫʶ ʧʨʠʢʣʘʜʥʫʶ ʛʝʦʵʢʦʣʦʛʠʯʝʩʢʫʶ ʠ 

ʤʝʪʝʦʨʦʣʦʛʠʯʝʩʢʫʶ ʮʝʥʥʦʩʪʴ. 

ʉʪʝʧʝʥʴ ʨʘʟʨʘʙʦʪʘʥʥʦʩʪʠ ʪʝʤʳ 

ʊʝʦʨʝʪʠʯʝʩʢʦʡ ʠ ʤʝʪʦʜʦʣʦʛʠʯʝʩʢʦʡ ʦʩʥʦʚʦʡ ʨʘʙʦʪʳ ʧʦʩʣʫʞʠʣʠ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʪʨʫʜʳ 

ʚ ʦʙʣʘʩʪʠ ʬʠʟʠʢʠ ʘʪʤʦʩʬʝʨʳ, ʛʦʨʦʜʩʢʦʡ ʤʝʪʝʦʨʦʣʦʛʠʠ ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʝʨʝʥʦʩʘ ʧʨʠʤʝʩʝʡ. 

ʆʩʥʦʚʳ ʪʝʦʨʠʠ ʘʪʤʦʩʬʝʨʥʦʡ ʜʠʬʬʫʟʠʠ ʠ ʣʘʛʨʘʥʞʝʚʳʭ ʩʪʦʭʘʩʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʙʳʣʠ 

ʟʘʣʦʞʝʥʳ ʚ ʢʣʘʩʩʠʯʝʩʢʠʭ ʨʘʙʦʪʘʭ O. Sutton, ʄ.ɽ. ɹʝʨʣʷʥʜʘ, D. Thomson, B. Sawford, P. Durbin, 

ʘ ʠʭ ʨʘʟʚʠʪʠʝ ʜʣʷ ʫʩʣʦʚʠʡ ʥʝʦʜʥʦʨʦʜʥʦʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ɸ.ɺ. 

ɻʣʘʟʫʥʦʚʘ ʠ J.-P. Minier. ʀʟʫʯʝʥʠʶ ʩʪʨʫʢʪʫʨʳ ʚʦʟʜʫʰʥʳʭ ʧʦʪʦʢʦʚ ʠ ʨʝʞʠʤʦʚ ʦʙʪʝʢʘʥʠʷ 

ʟʜʘʥʠʡ ʧʦʩʚʷʱʝʥʳ ʪʨʫʜʳ T. Oke, R. Britter, S. Hanna, B. Blocken. 

ɼʣʷ ʘʥʘʣʠʟʘ ʠ ʧʨʦʛʥʦʟʘ ʢʘʯʝʩʪʚʘ ʚʦʟʜʫʭʘ ʩʣʦʞʠʣʘʩʴ ʠʝʨʘʨʭʠʷ ʤʦʜʝʣʝʡ: ʦʪ ʵʡʣʝʨʦʚʳʭ 

ʭʠʤʠʢʦ-ʪʨʘʥʩʧʦʨʪʥʳʭ (CHIMERE, CMAQ, SILAM ʠ ʜʨ.) ʠ ʛʘʫʩʩʦʚʳʭ ʫʣʠʯʥʳʭ (AERMOD, 

OSPM, SIRANE) ʜʦ ʤʠʢʨʦʤʘʩʰʪʘʙʥʳʭ (PALM, ENVI-met ʠ ʜʨ.) ʠ ʤʝʪʦʜʦʚ ʤʘʰʠʥʥʦʛʦ 

ʦʙʫʯʝʥʠʷ ï ʦʛʨʘʥʠʯʝʥʠʷ ʨʘʟʥʳʭ ʧʦʜʭʦʜʦʚ ʚ ʩʣʦʞʥʦʡ ʤʦʨʬʦʣʦʛʠʠ ʦʙʦʙʱʝʥʳ ʚ ʦʙʟʦʨʘʭ P. 

Monks, A. Baklanov ʠ R. Sokhi. ɼʣʷ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʚ ʛʦʨʦʜʩʢʦʤ ʧʦʣʦʛʝ ʚʩʸ 

ʘʢʪʠʚʥʝʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʤʝʪʦʜʳ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʝʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ: PALM (B. Maronga), 

uDALES (T. Grylls) ʠ ʜʨ., ʧʦʜʨʦʙʥʳʝ ʦʧʠʩʘʥʠʷ ʧʨʠʚʦʜʷʪʩʷ ʚ ʦʙʟʦʨʘʭ B. Blocken ʠ Y. Tominaga. 

ʉʦʚʨʝʤʝʥʥʳʤ ʩʪʘʥʜʘʨʪʦʤ ʦʧʠʩʘʥʠʷ ʛʦʨʦʜʩʢʦʡ ʤʦʨʬʦʣʦʛʠʠ ʩʪʘʣʘ ʢʣʘʩʩʠʬʠʢʘʮʠʷ 

ʣʦʢʘʣʴʥʳʭ ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʟʦʥ (ʃʂɿ) I. Stewart ʠ T. Oke, ʬʦʢʫʩ ʧʨʠʤʝʥʝʥʠʷ ʢʦʪʦʨʦʡ 

ʨʘʩʰʠʨʷʝʪʩʷ ʦʪ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʩʪʨʦʚʘ ʪʝʧʣʘ ʚ ʩʪʦʨʦʥʫ ʟʘʜʘʯ ʚʝʥʪʠʣʷʮʠʠ ʠ ʢʘʯʝʩʪʚʘ ʚʦʟʜʫʭʘ 

(M. Demuzere, T. Gál, R. Jiang, M. Amouei). ʉʪʨʫʢʪʫʨʘ ʛʦʨʦʜʩʢʦʡ ʟʘʩʪʨʦʡʢʠ, ʝʸ ʚʣʠʷʥʠʝ ʥʘ 

ʘʵʨʦʜʠʥʘʤʠʢʫ ʠ ʧʝʨʝʥʦʩ ʧʨʠʤʝʩʝʡ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚ ʨʘʙʦʪʘʭ P. Kastner-Klein, J. Hang, N. 

Nazarian, R. Plotnick, G. Boeing. ɺʦʧʨʦʩʳ ʩʫʭʦʛʦ ʦʩʘʞʜʝʥʠʷ ʘʵʨʦʟʦʣʝʡ ʥʘ ʛʦʨʦʜʩʢʠʝ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʬʘʩʘʜʳ ʟʜʘʥʠʡ, ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʚ ʨʘʙʦʪʘʭ J. Seinfeld ʠ S. Pandis, S. 

Mohan, W. Slinn, A. Petroff, L. Thouron ʠ M. Kurppa. 

ʅʝʩʤʦʪʨʷ ʥʘ ʟʥʘʯʠʪʝʣʴʥʳʡ ʧʨʦʛʨʝʩʩ, ʧʨʠʤʝʥʠʤʦʩʪʴ ʃʂɿ ʢʘʢ ʧʨʝʜʠʢʪʦʨʘ ʜʠʩʧʝʨʩʠʠ 

ʧʨʠʤʝʩʝʡ ʩ ʫʯʸʪʦʤ ʚʥʫʪʨʝʥʥʝʡ ʩʪʨʫʢʪʫʨʳ ʟʘʩʪʨʦʡʢʠ ʠ ʨʦʣʴ ʬʘʩʘʜʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʚ 
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ʩʘʤʦʦʯʠʱʝʥʠʠ ʛʦʨʦʜʩʢʦʛʦ ʚʦʟʜʫʭʘ ʦʩʪʘʶʪʩʷ ʦʩʚʝʱʸʥʥʳʤʠ ʣʠʰʴ ʯʘʩʪʠʯʥʦ, ʘ ʠʭ ʢʦʤʧʣʝʢʩʥʦʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʥʘ ʦʩʥʦʚʝ ʛʠʙʨʠʜʥʦʛʦ LES-ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʨʝʘʣʠʩʪʠʯʥʳʭ ʤʦʨʬʦʣʦʛʠʷʭ ʨʘʥʝʝ 

ʥʝ ʧʨʦʚʦʜʠʣʦʩʴ. 

ʆʙʲʝʢʪ ʠ ʧʨʝʜʤʝʪ ʠʩʩʣʝʜʦʚʘʥʠʷ  

ʆʙʲʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʶʪʩʷ ʧʨʦʮʝʩʩʳ ʧʝʨʝʥʦʩʘ ʠ ʦʩʘʞʜʝʥʠʷ ʘʵʨʦʟʦʣʴʥʳʭ ʯʘʩʪʠʮ 

ʚ ʛʦʨʦʜʩʢʦʤ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʘʪʤʦʩʬʝʨʳ. 

ʇʨʝʜʤʝʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʚʣʠʷʥʠʝ ʤʦʨʬʦʣʦʛʠʠ ʛʦʨʦʜʩʢʦʡ ʟʘʩʪʨʦʡʢʠ 

(ʦʧʠʩʳʚʘʝʤʦʡ ʚ ʪʦʤ ʯʠʩʣʝ ʢʣʘʩʩʘʤʠ ʃʂɿ) ʠ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʯʘʩʪʠʮ ʥʘ ʠʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʦʩʘʞʜʝʥʠʷ. 

ʎʝʣʴ ʠ ʟʘʜʘʯʠ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʩʠʩʪʝʤʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʠ 

ʢʦʣʠʯʝʩʪʚʝʥʥʘʷ ʦʮʝʥʢʘ ʚʣʠʷʥʠʷ ʤʦʨʬʦʣʦʛʠʠ ʛʦʨʦʜʩʢʦʡ ʟʘʩʪʨʦʡʢʠ ʠ ʧʨʦʮʝʩʩʦʚ ʦʩʘʞʜʝʥʠʷ ʥʘ 

ʧʝʨʝʥʦʩ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʵʨʦʟʦʣʴʥʳʭ ʯʘʩʪʠʮ ʩ ʨʘʟʣʠʯʥʳʤʠ ʬʠʟʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʥʘ 

ʦʩʥʦʚʝ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʝʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʙʳʣʠ ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʠ ʨʝʰʝʥʳ ʩʣʝʜʫʶʱʠʝ 

ʟʘʜʘʯʠ: 

1) ʈʘʟʨʘʙʦʪʘʪʴ, ʚʝʨʠʬʠʮʠʨʦʚʘʪʴ ʠ ʚʥʝʜʨʠʪʴ ʚ ʩʦʩʪʘʚ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʝʛʦ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ ʣʘʛʨʘʥʞʝʚʫ ʯʠʩʣʝʥʥʫʶ ʤʦʜʝʣʴ, ʢʦʨʨʝʢʪʥʦ ʚʦʩʧʨʦʠʟʚʦʜʷʱʫʶ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʧʝʨʝʥʦʩʘ ʠ ʦʩʘʞʜʝʥʠʷ ʯʘʩʪʠʮ ʠ ʧʨʠʤʝʥʠʤʫʶ ʚ ʩʣʦʞʥʦʡ 

ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʩʨʝʜʝ ʛʦʨʦʜʘ. 

2) ʉʬʦʨʤʠʨʦʚʘʪʴ ʥʘʙʦʨ ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʳʭ ʠ ʨʝʘʣʴʥʳʭ (ʥʘ ʧʨʠʤʝʨʝ ʛ. ʄʦʩʢʚʳ) 

ʢʦʥʬʠʛʫʨʘʮʠʡ ʛʦʨʦʜʩʢʦʡ ʟʘʩʪʨʦʡʢʠ ʨʘʟʣʠʯʥʳʭ ʢʣʘʩʩʦʚ ʣʦʢʘʣʴʥʳʭ ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʟʦʥ (ʃʂɿ) 

ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʭ ʚʣʠʷʥʠʷ ʥʘ ʦʩʦʙʝʥʥʦʩʪʠ ʘʪʤʦʩʬʝʨʥʦʛʦ ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʠ ʜʠʩʧʝʨʩʠʠ 

ʧʨʠʤʝʩʝʡ. 

3) ɺʳʷʚʠʪʴ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʩʚʷʟʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʣʷ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʵʨʦʟʦʣʝʡ ʩ ʪʠʧʦʤ ʃʂɿ ʠ ʦʮʝʥʠʪʴ ʧʨʠʤʝʥʠʤʦʩʪʴ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʃʂɿ ʚ ʢʘʯʝʩʪʚʝ 

ʧʨʝʜʠʢʪʦʨʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʘʵʨʦʟʦʣʴʥʦʛʦ ʟʘʛʨʷʟʥʝʥʠʷ. 

4) ʆʮʝʥʠʪʴ ʨʦʣʴ ʦʩʘʞʜʝʥʠʷ ʥʘ ʚʝʨʪʠʢʘʣʴʥʳʝ ʬʘʩʘʜʳ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʟʘʛʨʷʟʥʝʥʠʷ ʠ ʩʦʧʦʩʪʘʚʠʪʴ ʟʥʘʯʠʤʦʩʪʴ ʵʪʦʛʦ ʬʘʢʪʦʨʘ ʩ ʚʣʠʷʥʠʝʤ 

ʦʩʥʦʚʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ (ʨʘʟʤʝʨʘ ʠ ʤʘʩʩʳ) ʩʘʤʠʭ ʯʘʩʪʠʮ. 

ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʡ.  

ʆʩʥʦʚʦʡ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʬʠʟʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʚ. ɼʠʥʘʤʠʢʘ ʘʪʤʦʩʬʝʨʥʳʭ ʪʝʯʝʥʠʡ ʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʩ ʷʚʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ 
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ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʳʭ ʚʠʭʨʝʚʳʭ ʩʪʨʫʢʪʫʨ ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʝʡ 

ʤʦʜʝʣʠ (LES-ʤʦʜʝʣʠ ʅʀɺʎ ʄɻʋ ʠ ʀɺʄ ʈɸʅ). ɼʣʷ ʦʧʠʩʘʥʠʷ ʪʨʘʝʢʪʦʨʠʡ ʘʵʨʦʟʦʣʴʥʳʭ ʯʘʩʪʠʮ 

ʧʨʠʤʝʥʷʣʘʩʴ ʨʘʟʨʘʙʦʪʘʥʥʘʷ ʘʚʪʦʨʦʤ ʣʘʛʨʘʥʞʝʚʘ ʩʪʦʭʘʩʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ. ʉʠʩʪʝʤʥʦʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʛʝʦʤʝʪʨʠʠ ʟʘʩʪʨʦʡʢʠ ʥʘ ʧʝʨʝʥʦʩ ʘʵʨʦʟʦʣʝʡ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʦʩʥʦʚʝ 

ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʣʦʢʘʣʴʥʳʭ ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʟʦʥ (ʃʂɿ) ʩ ʧʨʠʚʣʝʯʝʥʠʝʤ ʨʘʟʣʠʯʥʳʭ 

ʤʦʨʬʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʛʦʨʦʜʩʢʦʡ ʛʝʦʤʝʪʨʠʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʠʥʜʝʢʩʘ ʬʨʦʥʪʘʣʴʥʦʡ 

ʧʣʦʱʘʜʠ, ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʫʧʦʨʷʜʦʯʝʥʥʦʩʪʠ. ɸʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʯʠʩʣʝʥʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚʳʧʦʣʥʷʣʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʩʪʘʪʠʩʪʠʢʠ.  

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ.  

1) ʈʘʟʨʘʙʦʪʘʥʘ ʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʦʚʘʷ ʯʠʩʣʝʥʥʘʷ ʤʦʜʝʣʴ ʧʝʨʝʥʦʩʘ ʠ ʦʩʘʞʜʝʥʠʷ 

ʘʵʨʦʟʦʣʴʥʳʭ ʯʘʩʪʠʮ, ʩʦʧʨʷʛʘʶʱʘʷ ʣʘʛʨʘʥʞʝʚ ʧʦʜʭʦʜ ʩ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʝʡ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʤʦʜʝʣʴʶ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʘʪʤʦʩʬʝʨʳ. ɼʦʢʘʟʘʥʘ ʧʨʠʤʝʥʠʤʦʩʪʴ ʤʦʜʝʣʠ 

ʜʣʷ ʟʘʜʘʯ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʢʦʥʮʝʥʪʨʘʮʠʡ ʠ ʩʫʭʦʛʦ ʦʩʘʞʜʝʥʠʷ 

ʯʘʩʪʠʮ, ʦʙʦʩʥʦʚʘʥʦ ʝʸ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʩʣʦʞʥʦʡ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʩʨʝʜʝ ʛʦʨʦʜʘ. 

2) ɺʧʝʨʚʳʝ ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʚʳʷʚʣʝʥʦ ʢʘʯʝʩʪʚʝʥʥʦʝ ʠʟʤʝʥʝʥʠʝ ʜʦʤʠʥʠʨʫʶʱʠʭ 

ʬʘʢʪʦʨʦʚ ʧʝʨʝʥʦʩʘ ʘʵʨʦʟʦʣʝʡ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʤʦʨʬʦʣʦʛʠʯʝʩʢʦʡ ʫʧʦʨʷʜʦʯʝʥʥʦʩʪʠ ʟʘʩʪʨʦʡʢʠ: 

ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʨʝʛʫʣʷʨʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʷʭ ʩ ʚʳʨʘʞʝʥʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʛʦʨʦʜʩʢʠʭ 

ʢʘʥʴʦʥʦʚ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʠʛʨʘʝʪ ʘʥʠʟʦʪʨʦʧʠʷ ʠ ʦʨʠʝʥʪʘʮʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʝʪʨʘ, ʪʦʛʜʘ ʢʘʢ ʚ 

ʥʝʨʝʛʫʣʷʨʥʦʡ ʩʨʝʜʝ (ʨʘʥʜʦʤʠʟʠʨʦʚʘʥʥʦʡ ʠ ʨʝʘʣʴʥʦʡ ʟʘʩʪʨʦʡʢʝ ʄʦʩʢʚʳ) ʦʧʨʝʜʝʣʷʶʱʠʤ 

ʩʪʘʥʦʚʠʪʩʷ ʚʣʠʷʥʠʝ ʠʟʦʪʨʦʧʥʳʭ ʤʘʢʨʦʧʘʨʘʤʝʪʨʦʚ ʨʘʡʦʥʘ (ʪʠʧ ʃʂɿ), ʥʠʚʝʣʠʨʫʶʱʝʝ 

ʣʦʢʘʣʴʥʳʝ ʥʘʧʨʘʚʣʝʥʥʳʝ ʵʬʬʝʢʪʳ. 

3) ɼʦʢʘʟʘʥʦ, ʯʪʦ ʢʣʘʩʩʠʬʠʢʘʮʠʷ ʃʂɿ ʚʳʩʪʫʧʘʝʪ ʥʝ ʪʦʣʴʢʦ ʠʥʩʪʨʫʤʝʥʪʦʤ 

ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ, ʥʦ ʠ ʫʩʪʦʡʯʠʚʦʡ ʛʝʦʛʨʘʬʠʯʝʩʢʦʡ ʦʩʥʦʚʦʡ ʜʣʷ ʪʠʧʠʟʘʮʠʠ ʫʩʣʦʚʠʡ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʘʯʝʩʪʚʘ ʚʦʟʜʫʭʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʣʷ ʚʳʩʦʢʦʪʦʯʥʦʛʦ ʘʥʘʣʠʟʘ ʃʂɿ ʢʘʢ 

ʧʨʝʜʠʢʪʦʨ ʥʝʦʙʭʦʜʠʤʦ ʜʦʧʦʣʥʷʪʴ ʤʝʪʨʠʢʘʤʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʭʘʦʪʠʯʥʦʩʪʠ, ʘʥʠʟʦʪʨʦʧʠʠ 

ʟʘʩʪʨʦʡʢʠ ʠ ʟʘʚʠʩʠʤʦʡ ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ ʚʝʪʨʘ ʬʨʦʥʪʘʣʴʥʦʡ ʧʣʦʱʘʜʠ. 

4) ʇʦʣʫʯʝʥʳ ʥʦʚʳʝ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʦʮʝʥʢʠ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʬʘʩʘʜʳ ʟʜʘʥʠʡ ʢʘʢ 

ʟʥʘʯʠʤʳʡ ʩʪʦʢ ʧʨʠʤʝʩʠ (ʜʦ 70% ʦʪ ʙʶʜʞʝʪʘ ʩʫʭʦʛʦ ʦʩʘʞʜʝʥʠʷ), ʬʦʨʤʠʨʫʶʱʠʡ 

ʚʥʫʪʨʠʛʦʨʦʜʩʢʫʶ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʢʦʥʮʝʥʪʨʘʮʠʡ ʘʵʨʦʟʦʣʝʡ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ ʬʨʘʢʮʠʠ UFP, 

PM2.5 ʠ PM10. ʇʦʢʘʟʘʥʦ ʜʣʷ ʜʘʥʥʳʭ ʬʨʘʢʮʠʡ, ʯʪʦ ʥʝʦʧʨʝʜʝʣʸʥʥʦʩʪʴ ʚ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʯʘʩʪʠʮ ʩʦ ʩʪʝʥʘʤʠ ʤʦʞʝʪ ʚʥʦʩʠʪʴ ʚ ʠʟʤʝʥʯʠʚʦʩʪʴ ʧʦʣʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʢʣʘʜ, 

ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʳʰʘʶʱʠʡ ʵʬʬʝʢʪ ʦʪ ʚʘʨʠʘʮʠʠ ʨʘʟʤʝʨʘ ʠ ʤʘʩʩʳ ʯʘʩʪʠʮ, ʧʨʠ ʵʪʦʤ ʩʘʤ ʧʨʦʮʝʩʩ 
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ʬʦʨʤʠʨʦʚʘʥʠʷ ʟʘʛʨʷʟʥʝʥʠʷ ʥʘ ʬʘʩʘʜʘʭ ʚ ʨʝʘʣʴʥʦʡ ʟʘʩʪʨʦʡʢʝ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʚʳʩʦʢʫʶ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʥʘʧʨʘʚʣʝʥʠʶ ʚʝʪʨʘ ʠ ʣʦʢʘʣʠʟʘʮʠʠ ʠʩʪʦʯʥʠʢʦʚ.  

ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ.  

ʈʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʷʶʪ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʪʴ ʨʘʟʣʠʯʠʷ ʚ ʧʝʨʝʥʦʩʝ ʘʵʨʦʟʦʣʝʡ ʢʘʢ ʧʨʦʷʚʣʝʥʠʝ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʜʠʬʬʝʨʝʥʮʠʘʮʠʠ ʛʦʨʦʜʩʢʦʡ ʩʨʝʜʳ, ʦʙʫʩʣʦʚʣʝʥʥʦʡ ʪʠʧʦʤ ʟʘʩʪʨʦʡʢʠ. ʕʪʦ 

ʦʪʢʨʳʚʘʝʪ ʧʫʪʴ ʢ ʩʦʟʜʘʥʠʶ ʥʦʚʳʭ ʤʝʪʦʜʦʚ ʛʝʦʵʢʦʣʦʛʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʠ ʨʘʡʦʥʠʨʦʚʘʥʠʷ 

ʪʝʨʨʠʪʦʨʠʡ ʧʦ ʫʩʣʦʚʠʷʤ ʩʘʤʦʦʯʠʱʝʥʠʷ ʘʪʤʦʩʬʝʨʳ. ʊʘʢʞʝ ʮʝʥʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʟʘʢʣʶʯʘʝʪʩʷ 

ʚ ʚʦʟʤʦʞʥʦʩʪʠ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʠ ʧʨʦʛʥʦʩʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʢʘʯʝʩʪʚʘ ʚʦʟʜʫʭʘ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʥʘ ʦʩʥʦʚʝ ʤʝʪʦʜʦʚ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ, ʟʘ ʩʯʸʪ ʫʯʸʪʘ ʦʧʠʩʘʥʥʳʭ ʩʚʷʟʝʡ ʃʂɿ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʢʦʥʮʝʥʪʨʘʮʠʡ ʚ ʛʦʨʦʜʩʢʦʤ ʧʦʣʦʛʝ ʠ ʥʘʡʜʝʥʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ ʧʨʠʤʝʥʠʤʦʩʪʠ ʃʂɿ ʚ ʫʩʣʦʚʠʷʭ 

ʨʝʛʫʣʷʨʥʦʡ ʠ ʭʘʦʪʠʯʥʦʡ ʟʘʩʪʨʦʡʢʠ. ʂʦʣʠʯʝʩʪʚʝʥʥʳʝ ʧʦʢʘʟʘʪʝʣʠ ʟʘʪʫʭʘʥʠʷ ʰʣʝʡʬʘ ʜʣʷ ʨʘʟʥʳʭ 

ʃʂɿ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʪʝʨʨʠʪʦʨʠʘʣʴʥʦʤ ʧʣʘʥʠʨʦʚʘʥʠʠ ʜʣʷ ʤʠʥʠʤʠʟʘʮʠʠ ʨʠʩʢʦʚ ʧʨʠ 

ʨʘʟʤʝʱʝʥʠʠ ʞʠʣʳʭ ʤʘʩʩʠʚʦʚ. ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʤʦʜʝʣʴ ʷʚʣʷʝʪʩʷ ʛʦʪʦʚʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ 

ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʵʢʦʣʦʛʠʯʝʩʢʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ ʠ ʧʨʦʛʥʦʟʘ ʚ ʫʩʣʦʚʠʷʭ ʨʝʘʣʴʥʦʡ ʧʣʦʪʥʦʡ 

ʟʘʩʪʨʦʡʢʠ. 

ʆʩʥʦʚʥʳʝ ʟʘʱʠʱʘʝʤʳʝ ʧʦʣʦʞʝʥʠʷ 

1) ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʣʘʛʨʘʥʞʝʚʘ ʤʦʜʝʣʴ ʧʝʨʝʥʦʩʘ ʠ ʦʩʘʞʜʝʥʠʷ ʘʵʨʦʟʦʣʝʡ, 

ʩʦʧʨʷʞʸʥʥʘʷ ʩ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʝʡ ʤʦʜʝʣʴʶ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʘʪʤʦʩʬʝʨʳ, ʚʝʨʠʬʠʮʠʨʦʚʘʥʘ ʠ 

ʧʦʟʚʦʣʷʝʪ ʚʦʩʧʨʦʠʟʚʦʜʠʪʴ ʜʝʪʘʣʴʥʫʶ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʧʦʣʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ 

ʦʩʘʞʜʝʥʠʷ ʯʘʩʪʠʮ ʚ ʛʦʨʦʜʩʢʦʡ ʟʘʩʪʨʦʡʢʝ. 

2) ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʵʨʦʟʦʣʝʡ ʚ ʛʦʨʦʜʩʢʦʡ ʟʘʩʪʨʦʡʢʝ ʟʘʚʠʩʠʪ ʦʪ ʝʸ 

ʤʦʨʬʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ: ʚ ʨʝʛʫʣʷʨʥʦʡ ʟʘʩʪʨʦʡʢʝ ʩ ʚʳʨʘʞʝʥʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ ʢʘʥʴʦʥʦʚ 

(ʚʳʩʦʢʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ) ʨʝʰʘʶʱʫʶ ʨʦʣʴ ʠʛʨʘʶʪ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʟʘʚʠʩʷʱʠʝ ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ 

ʚʝʪʨʘ, ʘ ʚ ʥʝʨʝʛʫʣʷʨʥʦʡ ï ʠʟʦʪʨʦʧʥʳʝ ʠʥʪʝʛʨʘʣʴʥʳʝ ʧʦʢʘʟʘʪʝʣʠ, ʥʝ ʩʚʷʟʘʥʥʳʝ ʩ ʥʘʧʨʘʚʣʝʥʠʝʤ 

ʚʦʟʜʫʰʥʦʛʦ ʧʦʪʦʢʘ. 

3) ʊʠʧ ʣʦʢʘʣʴʥʦʡ ʢʣʠʤʘʪʠʯʝʩʢʦʡ ʟʦʥʳ ʩʣʫʞʠʪ ʚʘʞʥʳʤ ʧʨʝʜʠʢʪʦʨʦʤ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʘʵʨʦʟʦʣʝʡ ʚ ʛʦʨʦʜʩʢʦʤ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ ʠ ʥʘʠʙʦʣʝʝ 

ʠʥʬʦʨʤʘʪʠʚʝʥ ʚ ʩʣʫʯʘʝ ʬʦʥʦʚʦʛʦ (ʫʜʘʣʸʥʥʦʛʦ) ʠʩʪʦʯʥʠʢʘ ʯʘʩʪʠʮ. 

4) ʉʫʭʦʝ ʦʩʘʞʜʝʥʠʝ ʥʘ ʚʝʨʪʠʢʘʣʴʥʳʝ ʩʪʝʥʳ ʟʜʘʥʠʡ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʢʣʶʯʝʚʳʭ 

ʤʝʭʘʥʠʟʤʦʚ ʫʜʘʣʝʥʠʷ ʧʨʠʤʝʩʠ ʠʟ ʚʦʟʜʫʭʘ ʚ ʛʦʨʦʜʩʢʦʤ ʧʦʣʦʛʝ ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʜʦ 70% 

ʩʫʤʤʘʨʥʦʛʦ ʧʦʪʦʢʘ ʦʩʘʞʜʝʥʠʷ. ɼʣʷ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʤʦʥʦʨʘʟʤʝʨʥʳʭ ʘʵʨʦʟʦʣʝʡ ʩ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʤ ʜʠʘʤʝʪʨʦʤ ʥʝ ʙʦʣʝʝ 5 ʤʢʤ (ʧʨʝʜʩʪʘʚʠʪʝʣʠ ʬʨʘʢʮʠʡ UFP, PM2.5 ʠ PM10) 
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ʫʯʸʪ ʵʪʦʛʦ ʧʨʦʮʝʩʩʘ ʦʢʘʟʳʚʘʝʪ ʥʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʡ ʚʣʠʷʥʠʝ, 

ʩʨʘʚʥʠʤʦʝ ʩ ʵʬʬʝʢʪʦʤ ʚʘʨʠʘʮʠʠ ʨʘʟʤʝʨʘ ʠ ʤʘʩʩʳ ʯʘʩʪʠʮ ʠʣʠ ʧʨʝʚʦʩʭʦʜʷʱʝʝ ʝʛʦ. 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ 

ɺʩʝ ʦʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʣʫʯʝʥʳ ʘʚʪʦʨʦʤ ʣʠʯʥʦ. 

ɸʚʪʦʨʦʤ ʩʘʤʦʩʪʦʷʪʝʣʴʥʦ ʨʘʟʨʘʙʦʪʘʥʘ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʠ ʧʨʦʛʨʘʤʤʥʘʷ ʨʝʘʣʠʟʘʮʠʷ 

ʣʘʛʨʘʥʞʝʚʦʡ ʤʦʜʝʣʠ, ʧʨʦʚʝʜʝʥʳ ʝʸ ʪʝʩʪʠʨʦʚʘʥʠʝ ʠ ʚʝʨʠʬʠʢʘʮʠʷ, ʦʩʫʱʝʩʪʚʣʝʥʘ ʠʥʪʝʛʨʘʮʠʷ ʚ 

ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʫʶ ʤʦʜʝʣʴ ʅʀɺʎ ʄɻʋ ʠ ʀɺʄ ʈɸʅ. ɺʳʙʨʘʥʳ ʪʝʨʨʠʪʦʨʠʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ 

ʩʦʟʜʘʥʳ ʢʦʥʬʠʛʫʨʘʮʠʠ ʟʘʩʪʨʦʡʢʠ, ʧʨʦʚʝʜʸʥ ʘʥʘʣʠʟ ʠʭ ʛʝʦʤʝʪʨʠʠ, ʨʘʟʨʘʙʦʪʘʥ ʛʝʥʝʨʘʪʦʨ 

ʧʩʝʚʜʦʩʣʫʯʘʡʥʦʡ ʟʘʩʪʨʦʡʢʠ. ʉʧʣʘʥʠʨʦʚʘʥʳ ʠ ʧʨʦʚʝʜʝʥʳ ʚʩʝ ʩʝʨʠʠ ʯʠʩʣʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, 

ʚʳʧʦʣʥʝʥ ʘʥʘʣʠʟ ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ, ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʦʩʥʦʚʥʳʝ ʚʳʚʦʜʳ ʠ 

ʧʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ. 

ʉʪʝʧʝʥʴ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʠ ʘʧʨʦʙʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ. 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝʤ ʩʪʨʦʛʦʛʦ ʬʠʟʠʢʦ-

ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʣʷ ʦʧʠʩʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʧʝʨʝʥʦʩʘ ʠ ʦʩʘʞʜʝʥʠʷ ʘʵʨʦʟʦʣʝʡ, 

ʤʥʦʛʦʫʨʦʚʥʝʚʦʡ ʚʝʨʠʬʠʢʘʮʠʝʡ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʣʘʛʨʘʥʞʝʚʦʡ ʤʦʜʝʣʠ ʧʦ ʘʥʘʣʠʪʠʯʝʩʢʠʤ 

ʨʝʰʝʥʠʷʤ, ʜʘʥʥʳʤ ʥʘʪʫʨʥʳʭ ʠʟʤʝʨʝʥʠʡ ʠ ʧʫʪʸʤ ʢʨʦʩʩ-ʚʝʨʠʬʠʢʘʮʠʠ ʩ ʥʝʟʘʚʠʩʠʤʦʡ ʵʪʘʣʦʥʥʦʡ 

LES-ʤʦʜʝʣʴʶ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʢʘʨʢʘʩʘ ʜʣʷ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʟʘʩʪʨʦʡʢʠ 

ʧʨʠʤʝʥʷʝʪʩʷ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʘʷ ʚ ʛʦʨʦʜʩʢʦʡ ʢʣʠʤʘʪʦʣʦʛʠʠ ʩʠʩʪʝʤʘ ʣʦʢʘʣʴʥʳʭ 

ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʟʦʥ (ʃʂɿ). ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʩʥʦʚʘʥʳ ʥʘ ʢʦʨʨʝʢʪʥʦʡ ʩʪʘʪʠʩʪʠʯʝʩʢʦʡ 

ʦʙʨʘʙʦʪʢʝ ʠ ʘʥʘʣʠʟʝ ʜʘʥʥʳʭ ʯʠʩʣʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʠʩʩʝʨʪʘʮʠʠ ʜʦʢʣʘʜʳʚʘʣʠʩʴ ʥʘ 12 ʚʩʝʨʦʩʩʠʡʩʢʠʭ ʠ 

ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ, ʩʝʤʠʥʘʨʘʭ ʠ ʰʢʦʣʘʭ, ʚ ʪʦʤ ʯʠʩʣʝ ʥʘ ʤʝʞʜʫʥʘʨʦʜʥʳʭ 

ʢʦʥʬʝʨʝʥʮʠʷʭ ʧʦ ʛʦʨʦʜʩʢʦʤʫ ʢʣʠʤʘʪʫ ICUC-11 ʠ ICUC-12 (ʉʠʜʥʝʡ, 2023; ʈʦʪʪʝʨʜʘʤ, 2025), 

ʛʝʥʝʨʘʣʴʥʳʭ ʘʩʩʘʤʙʣʝʷʭ EGU (ɺʝʥʘ, 2021; 2022), ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʰʢʦʣʝ ERCA-2024 

(ɻʨʝʥʦʙʣʴ, 2024), ʥʘ ʩʝʤʠʥʘʨʝ ɻʠʜʨʦʤʝʪʮʝʥʪʨʘ ʈʦʩʩʠʠ, ʘ ʪʘʢʞʝ ʥʘ ʢʦʥʬʝʨʝʥʮʠʷʭ CITES ʠ 

ENVIROMIS. ʈʝʟʫʣʴʪʘʪʳ ʜʠʩʩʝʨʪʘʮʠʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ ʨʘʙʦʪ ʧʦ 10 ʧʨʦʝʢʪʘʤ 

ʠ ʛʨʘʥʪʘʤ ʈʌʌʀ, ʈʅʌ ʠ ʜʨʫʛʠʭ ʦʨʛʘʥʠʟʘʮʠʡ. 

ʇʫʙʣʠʢʘʮʠʠ 

ʇʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ ʦʧʫʙʣʠʢʦʚʘʥʦ 7 ʥʘʫʯʥʳʭ ʨʘʙʦʪ, ʚ ʪʦʤ ʯʠʩʣʝ 4 ʩʪʘʪʴʠ ʚ 

ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʥʘʫʯʥʳʭ ʠʟʜʘʥʠʷʭ, ʨʝʢʦʤʝʥʜʦʚʘʥʥʳʭ ʜʣʷ ʟʘʱʠʪʳ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʤ ʩʦʚʝʪʝ 

ʄɻʋ ʧʦ ʩʧʝʮʠʘʣʴʥʦʩʪʠ ʅʘʫʢʠ ʦʙ ʘʪʤʦʩʬʝʨʝ ʠ ʢʣʠʤʘʪʝ (1.6.18), ʠ 12 ʪʝʟʠʩʦʚ ʚ ʩʙʦʨʥʠʢʘʭ 

ʤʘʪʝʨʠʘʣʦʚ ʚʩʝʨʦʩʩʠʡʩʢʠʭ ʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʡ. 

ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʨʘʙʦʪʳ 



 9 

ɼʠʩʩʝʨʪʘʮʠʷ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, ʯʝʪʳʨʝʭ ʛʣʘʚ, ʟʘʢʣʶʯʝʥʠʷ, ʩʧʠʩʢʘ ʣʠʪʝʨʘʪʫʨʳ ʠ 

ʧʨʠʣʦʞʝʥʠʡ. ʆʙʱʠʡ ʦʙʲʝʤ ʨʘʙʦʪʳ ʩʦʩʪʘʚʣʷʝʪ 181 ʩʪʨʘʥʠʮʫ, ʚʢʣʶʯʘʷ 62 ʨʠʩʫʥʢʘ ʠ 9 ʪʘʙʣʠʮ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ ʥʘʩʯʠʪʳʚʘʝʪ 187 ʥʘʠʤʝʥʦʚʘʥʠʡ. 

ɺʦ ʚʚʝʜʝʥʠʠ ʦʙʦʩʥʦʚʳʚʘʝʪʩʷ ʘʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ, ʬʦʨʤʫʣʠʨʫʶʪʩʷ ʮʝʣʴ ʠ ʟʘʜʘʯʠ, 

ʟʘʱʠʱʘʝʤʳʝ ʧʦʣʦʞʝʥʠʷ, ʥʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ. 

ɺ ʧʝʨʚʦʡ ʛʣʘʚʝ ʧʨʝʜʩʪʘʚʣʝʥ ʦʙʟʦʨ ʣʠʪʝʨʘʪʫʨʳ ʧʦ ʤʝʪʦʜʘʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʝʨʝʥʦʩʘ ʠ 

ʦʩʘʞʜʝʥʠʷ ʘʵʨʦʟʦʣʝʡ ʚ ʛʦʨʦʜʩʢʦʡ ʩʨʝʜʝ, ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʧʦʜʭʦʜʳ ʢ ʦʧʠʩʘʥʠʶ ʛʝʦʤʝʪʨʠʠ 

ʛʦʨʦʜʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʩʫʱʝʩʪʚʫʶʱʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦ ʝʸ ʚʣʠʷʥʠʠ ʥʘ ʘʵʨʦʟʦʣʴʥʦʝ 

ʟʘʛʨʷʟʥʝʥʠʝ, ʦʙʦʩʥʦʚʘʥ ʚʳʙʦʨ ʣʘʛʨʘʥʞʝʚʘ ʧʦʜʭʦʜʘ ʜʣʷ ʦʧʠʩʘʥʠʷ ʧʝʨʝʥʦʩʘ ʯʘʩʪʠʮ ʠ 

ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʃʂɿ ʜʣʷ ʦʧʠʩʘʥʠʠ ʛʦʨʦʜʩʢʦʡ ʤʦʨʬʦʣʦʛʠʠ ʚ ʢʘʯʝʩʪʚʝ ʢʣʶʯʝʚʳʭ ʠʥʩʪʨʫʤʝʥʪʦʚ 

ʠʩʩʣʝʜʦʚʘʥʠʷ. 

ɺʦ ʚʪʦʨʦʡ ʛʣʘʚʝ ʧʦʜʨʦʙʥʦ ʦʧʠʩʳʚʘʝʪʩʷ ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʯʠʩʣʝʥʥʳʡ ʠʥʩʪʨʫʤʝʥʪ ï ʤʦʜʝʣʴ 

ʣʘʛʨʘʥʞʝʚʘ ʧʝʨʝʥʦʩʘ ʯʘʩʪʠʮ. ʇʨʝʜʩʪʘʚʣʝʥʳ ʝʸ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʦʩʥʦʚʳ, ʧʨʦʛʨʘʤʤʥʘʷ 

ʨʝʘʣʠʟʘʮʠʷ ʠ ʨʝʟʫʣʴʪʘʪʳ ʤʥʦʛʦʫʨʦʚʥʝʚʦʡ ʚʝʨʠʬʠʢʘʮʠʠ ʧʦ ʘʥʘʣʠʪʠʯʝʩʢʠʤ, ʥʘʪʫʨʥʳʤ ʠ 

ʯʠʩʣʝʥʥʳʤ ʵʪʘʣʦʥʥʳʤ ʜʘʥʥʳʤ. 

ɺ ʪʨʝʪʴʝʡ ʛʣʘʚʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʩʠʩʪʝʤʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʤʦʨʬʦʣʦʛʠʠ 

ʛʦʨʦʜʩʢʦʡ ʟʘʩʪʨʦʡʢʠ ʥʘ ʧʝʨʝʥʦʩ ʘʵʨʦʟʦʣʴʥʳʭ ʯʘʩʪʠʮ. ʅʘ ʦʩʥʦʚʝ ʩʝʨʠʠ ʯʠʩʣʝʥʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʜʣʷ ʨʝʛʫʣʷʨʥʳʭ, ʨʘʥʜʦʤʠʟʠʨʦʚʘʥʥʳʭ ʠ ʨʝʘʣʴʥʳʭ ʤʦʩʢʦʚʩʢʠʭ ʢʦʥʬʠʛʫʨʘʮʠʡ 

ʟʘʩʪʨʦʡʢʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʨʘʟʥʳʤ ʪʠʧʘʤ ʃʂɿ, ʚʳʷʚʣʷʶʪʩʷ ʢʣʶʯʝʚʳʝ ʬʘʢʪʦʨʳ, 

ʦʧʨʝʜʝʣʷʶʱʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʨʠʤʝʩʠ, ʠ ʦʮʝʥʠʚʘʝʪʩʷ ʧʨʠʤʝʥʠʤʦʩʪʴ ʃʂɿ ʚ 

ʢʘʯʝʩʪʚʝ ʧʨʝʜʠʢʪʦʨʘ ʧʘʨʘʤʝʪʨʦʚ ʵʪʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ. 

ɺ ʯʝʪʚʝʨʪʦʡ ʛʣʘʚʝ ʠʩʩʣʝʜʫʝʪʩʷ ʨʦʣʴ ʧʨʦʮʝʩʩʘ ʩʫʭʦʛʦ ʦʩʘʞʜʝʥʠʷ ʯʘʩʪʠʮ ʥʘ ʚʝʨʪʠʢʘʣʴʥʳʝ 

ʧʦʚʝʨʭʥʦʩʪʠ ʟʜʘʥʠʡ. ʇʨʦʚʦʜʠʪʩʷ ʦʮʝʥʢʘ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʧʦʣʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢ ʧʘʨʘʤʝʪʨʘʤ 

ʬʘʩʘʜʥʦʛʦ ʦʩʘʞʜʝʥʠʷ, ʘʥʘʣʠʟ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʙʶʜʞʝʪʘ ʩʫʭʦʛʦ ʦʩʘʞʜʝʥʠʷ ʧʦ ʨʘʟʥʳʤ ʪʠʧʘʤ 

ʛʦʨʦʜʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʩʨʘʚʥʝʥʠʝ ʨʘʩʯʸʪʦʚ ʤʦʜʝʣʠ ʩ ʜʘʥʥʳʤʠ ʫʥʠʢʘʣʴʥʳʭ ʥʘʪʫʨʥʳʭ 

ʠʟʤʝʨʝʥʠʡ ʦʩʘʞʜʝʥʠʷ ʚ ʛʦʨʦʜʩʢʦʤ ʢʘʥʴʦʥʝ ʛ. ʄʦʩʢʚʳ. 

ɺ ʟʘʢʣʶʯʝʥʠʠ ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʦʩʥʦʚʥʳʝ ʚʳʚʦʜʳ ʠ ʨʝʟʫʣʴʪʘʪʳ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʛʦ 

ʠʩʩʣʝʜʦʚʘʥʠʷ. 

ɹʣʘʛʦʜʘʨʥʦʩʪʠ 

ɸʚʪʦʨ ʚʳʨʘʞʘʝʪ ʠʩʢʨʝʥʥʶʶ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʩʚʦʝʤʫ ʥʘʫʯʥʦʤʫ ʨʫʢʦʚʦʜʠʪʝʣʶ ɺ.ʄ. 

ʉʪʝʧʘʥʝʥʢʦ ʠ ʥʘʫʯʥʦʤʫ ʢʦʥʩʫʣʴʪʘʥʪʫ ɽ.ɺ. ʄʦʨʪʠʢʦʚʫ ʟʘ ʧʦʩʪʘʥʦʚʢʫ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʟʘʜʘʯ 

ʠ ʧʦʜʜʝʨʞʢʫ ʥʘ ʧʫʪʠ ʢ ʠʭ ʨʝʰʝʥʠʶ, ʩʦʪʨʫʜʥʠʢʘʤ ʢʘʬʝʜʨʳ ʤʝʪʝʦʨʦʣʦʛʠʠ ʠ ʢʣʠʤʘʪʦʣʦʛʠʠ 

ɻʝʦʛʨʘʬʠʯʝʩʢʦʛʦ ʬʘʢʫʣʴʪʝʪʘ ʄɻʋ ʠʤʝʥʠ ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ, ʣʘʙʦʨʘʪʦʨʠʡ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʥʦʛʦ 
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ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʠʨʦʜʥʦ-ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʛʝʦʬʠʟʠʯʝʩʢʠʭ ʧʦʛʨʘʥʠʯʥʳʭ ʩʣʦʸʚ ʅʀɺʎ ʄɻʋ ʟʘ ʢʦʥʩʪʨʫʢʪʠʚʥʳʝ ʩʦʚʝʪʳ ʧʨʠ ʧʦʜʛʦʪʦʚʢʝ 

ʜʠʩʩʝʨʪʘʮʠʠ, ɻʣʘʟʫʥʦʚʫ ɸ.ɺ. ʠ ɼʝʙʦʣʴʩʢʦʤʫ ɸ.ɺ. ʟʘ ʮʝʥʥʳʝ ʢʦʤʤʝʥʪʘʨʠʠ ʠ ʩʦʚʝʪʳ ʧʨʠ 

ʨʘʟʨʘʙʦʪʢʝ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʦʩʥʦʚʳ ʠ ʧʨʘʢʪʠʯʝʩʢʦʡ ʨʝʘʣʠʟʘʮʠʠ ʤʦʜʝʣʠ ʧʝʨʝʥʦʩʘ ʯʘʩʪʠʮ, 

ʂʦʰʝʣʝʚʦʡ ʅ.ɽ. ʟʘ ʣʶʙʝʟʥʦʝ ʧʨʝʜʦʩʪʘʚʣʝʥʠʝ ʜʘʥʥʳʭ ʠʟʤʝʨʝʥʠʡ ʧʳʣʝʚʳʭ ʚʳʧʘʜʝʥʠʡ ʥʘ 

ʟʜʘʥʠʷʭ ʜʣʷ ʘʥʘʣʠʟʘ ʚ ʜʘʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʠ, ʉʘʚʝʥʢʦ ɸ.ɺ. ʟʘ ʧʦʤʦʱʴ ʥʘ ʵʪʘʧʝ ʧʦʜʘʯʠ ʨʘʙʦʪʳ. 

ʊʘʢʞʝ ʘʚʪʦʨ ʙʣʘʛʦʜʘʨʠʪ ʩʚʦʠʭ ʙʣʠʟʢʠʭ ʟʘ ʥʝʦʮʝʥʠʤʫʶ ʧʦʤʦʱʴ ʚ ʧʝʨʠʦʜ ʨʘʙʦʪʳ ʥʘʜ 

ʜʠʩʩʝʨʪʘʮʠʝʡ, ʚ ʯʘʩʪʥʦʩʪʠ ʅ.ɽ. ɺʘʨʝʥʮʦʚʫ ʟʘ ʧʦʩʪʦʷʥʥʫʶ ʚʩʝʩʪʦʨʦʥʥʶʶ ʧʦʜʜʝʨʞʢʫ, ʘ ʪʘʢʞʝ 

ʀ.ʄ. ɺʘʨʝʥʮʦʚʘ, ʉ.ɸ. ɺʘʨʝʥʮʦʚʫ, ʄ.ʀ. ɺʘʨʝʥʮʦʚʘ, ʅ.ɸ. ɺʘʨʝʥʮʦʚʫ ʠ ʩʚʦʶ ʩʦʙʘʢʫ ʎʠʨʠ. 

 

 

 

 



 11 

ɻʣʘʚʘ 1. ʄʝʪʦʜʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʝʨʝʥʦʩʘ ʠ ʦʩʘʞʜʝʥʠʷ ʘʵʨʦʟʦʣʝʡ ʚ 

ʛʦʨʦʜʩʢʦʡ ʩʨʝʜʝ 

1.1 ɸʵʨʦʟʦʣʴʥʦʝ ʟʘʛʨʷʟʥʝʥʠʝ ʚ ʛʦʨʦʜʘʭ: ʘʢʪʫʘʣʴʥʦʩʪʴ, ʤʦʥʠʪʦʨʠʥʛ ʠ ʨʦʣʴ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ɺ ʧʦʩʣʝʜʥʠʝ ʜʝʩʷʪʠʣʝʪʠʷ ʠʥʪʝʨʝʩ ʢ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʩʦʩʪʘʚʘ ʘʪʤʦʩʬʝʨʳ ʠ ʝʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʟʥʘʯʠʪʝʣʴʥʦ ʚʦʟʨʦʩ. ʕʪʘ ʪʝʥʜʝʥʮʠʷ ʦʙʫʩʣʦʚʣʝʥʘ ʥʝʩʢʦʣʴʢʠʤʠ ʬʘʢʪʦʨʘʤʠ: 

ʧʦʚʳʰʝʥʠʝʤ ʦʩʚʝʜʦʤʣʝʥʥʦʩʪʠ ʦ ʨʠʩʢʘʭ ʜʣʷ ʟʜʦʨʦʚʴʷ ʯʝʣʦʚʝʢʘ ʠʟ-ʟʘ ʟʘʛʨʷʟʥʝʥʠʷ ʚʦʟʜʫʭʘ, 

ʫʛʣʫʙʣʝʥʠʝʤ ʧʦʥʠʤʘʥʠʷ ʤʝʭʘʥʠʟʤʦʚ ʠʟʤʝʥʝʥʠʷ ʢʣʠʤʘʪʘ, ʘ ʪʘʢʞʝ ʨʦʩʪʦʤ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ 

ʚʦʟʤʦʞʥʦʩʪʝʡ, ʧʦʟʚʦʣʷʶʱʠʭ ʧʨʦʚʦʜʠʪʴ ʚʩʸ ʙʦʣʝʝ ʜʝʪʘʣʴʥʳʝ ʤʦʜʝʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʠʟʠʢʦ-

ʭʠʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʚ ʘʪʤʦʩʬʝʨʝ. ʇʦ ʜʘʥʥʳʤ ɺʩʝʤʠʨʥʦʡ ʦʨʛʘʥʠʟʘʮʠʠ ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʷ, 

ʟʘʛʨʷʟʥʝʥʠʝ ʚʦʟʜʫʭʘ ʷʚʣʷʝʪʩʷ ʧʨʠʯʠʥʦʡ ʦʢʦʣʦ 7 ʤʠʣʣʠʦʥʦʚ ʧʨʝʞʜʝʚʨʝʤʝʥʥʳʭ ʩʤʝʨʪʝʡ 

ʝʞʝʛʦʜʥʦ, ʯʪʦ ʩʦʩʪʘʚʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʫʶ ʜʦʣʶ ʚ ʦʙʱʝʡ ʩʪʨʫʢʪʫʨʝ ʩʤʝʨʪʥʦʩʪʠ [World Health 

Organization, 2012; Sokhi et al., 2022]. ɺʣʠʷʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʡ PM2.5 ʥʘ ʩʤʝʨʪʥʦʩʪʴ ʦʩʦʙʝʥʥʦ 

ʷʨʢʦ ʚʳʨʘʞʝʥʦ ʚ ʩʪʨʘʥʘʭ ʩ ʥʠʟʢʠʤ ʠ ʩʨʝʜʥʠʤ ʫʨʦʚʥʝʤ ʜʦʭʦʜʘ, ʛʜʝ ʧʨʦʮʝʩʩʳ ʫʨʙʘʥʠʟʘʮʠʠ 

ʧʨʦʪʝʢʘʶʪ ʥʘʠʙʦʣʝʝ ʘʢʪʠʚʥʦ [Cohen et al., 2017]. ʈʝʰʝʥʠʝ ʧʨʦʙʣʝʤ ʢʘʯʝʩʪʚʘ ʚʦʟʜʫʭʘ ʪʨʝʙʫʝʪ 

ʧʨʠʤʝʥʝʥʠʷ ʨʘʟʥʦʤʘʩʰʪʘʙʥʳʭ ʧʦʜʭʦʜʦʚ, ʢʦʪʦʨʳʝ ʩʚʷʟʳʚʘʶʪ ʧʨʦʮʝʩʩʳ ʦʙʪʝʢʘʥʠʷ ʦʪʜʝʣʴʥʳʭ 

ʟʜʘʥʠʡ ʩ ʮʠʨʢʫʣʷʮʠʝʡ ʚ ʤʘʩʰʪʘʙʝ ʚʩʝʛʦ ʛʦʨʦʜʘ [Blocken, 2015; Kadaverugu et al., 2019]. 

ʇʨʦʙʣʝʤʘ ʢʦʥʪʨʦʣʷ ʠ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʢʘʯʝʩʪʚʘ ʚʦʟʜʫʭʘ ʘʢʪʫʘʣʴʥʘ ʥʘ ʚʩʝʭ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʤʘʩʰʪʘʙʘʭ, ʦʜʥʘʢʦ ʥʘʠʙʦʣʴʰʫʶ ʦʩʪʨʦʪʫ ʦʥʘ ʧʨʠʦʙʨʝʪʘʝʪ ʚ ʛʦʨʦʜʘʭ. 

ʀʤʝʥʥʦ ʚ ʫʨʙʘʥʠʟʠʨʦʚʘʥʥʳʭ ʨʘʡʦʥʘʭ ʩʦʯʝʪʘʶʪʩʷ ʚʳʩʦʢʘʷ ʧʣʦʪʥʦʩʪʴ ʥʘʩʝʣʝʥʠʷ, ʙʦʣʴʰʦʝ 

ʢʦʣʠʯʝʩʪʚʦ ʠ ʨʘʟʥʦʦʙʨʘʟʠʝ ʘʥʪʨʦʧʦʛʝʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʵʤʠʩʩʠʠ, ʩʣʦʞʥʘʷ ʛʝʦʤʝʪʨʠʷ 

ʧʦʜʩʪʠʣʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʢʨʘʡʥʝ ʥʝʦʜʥʦʨʦʜʥʘʷ ʩʪʨʫʢʪʫʨʘ ʘʪʤʦʩʬʝʨʥʳʭ 

ʪʝʯʝʥʠʡ [Borck, Schrauth, 2021]. 

ʆʩʥʦʚʥʳʤʠ ʟʘʛʨʷʟʥʷʶʱʠʤʠ ʚʝʱʝʩʪʚʘʤʠ, ʦʧʨʝʜʝʣʷʶʱʠʤʠ ʢʘʯʝʩʪʚʦ ʛʦʨʦʜʩʢʦʛʦ ʚʦʟʜʫʭʘ, 

ʷʚʣʷʶʪʩʷ ʦʢʩʠʜʳ ʩʝʨʳ (SO2), ʦʢʩʠʜʳ ʘʟʦʪʘ (NOx), ʫʛʘʨʥʳʡ ʛʘʟ (CO), ʧʨʠʟʝʤʥʳʡ ʦʟʦʥ (O3) ʠ, ʚ 

ʦʩʦʙʝʥʥʦʩʪʠ, ʚʟʚʝʰʝʥʥʳʝ ʯʘʩʪʠʮʳ (Particulate Matter, PM) [Fenger, 1999]. ɺʟʚʝʰʝʥʥʳʝ 

ʯʘʩʪʠʮʳ, ʠʣʠ ʘʪʤʦʩʬʝʨʥʳʝ ʘʵʨʦʟʦʣʠ, ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʩʣʦʞʥʫʶ ʩʤʝʩʴ ʪʚʝʨʜʳʭ ʠ ʞʠʜʢʠʭ 

ʯʘʩʪʠʮ ʨʘʟʥʦʛʦ ʧʨʦʠʩʭʦʞʜʝʥʠʷ, ʨʘʟʤʝʨʘ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ (ʩʤ. ʨʠʩ. 1.1). ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ 

ʫʜʝʣʷʝʪʩʷ ʬʨʘʢʮʠʷʤ PM10 (ʯʘʩʪʠʮʳ ʩ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʤ ʜʠʘʤʝʪʨʦʤ ʤʝʥʝʝ 10 ʤʢʤ) ʠ PM2.5 

(ʤʝʥʝʝ 2.5 ʤʢʤ), ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʩʧʦʩʦʙʥʳ ʧʨʦʥʠʢʘʪʴ ʚ ʜʳʭʘʪʝʣʴʥʫʶ ʩʠʩʪʝʤʫ ʯʝʣʦʚʝʢʘ ʠ 

ʚʳʟʳʚʘʪʴ ʩʝʨʴʝʟʥʳʝ ʟʘʙʦʣʝʚʘʥʠʷ [Tan, 2021]. 
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ʈʠʩʫʥʦʢ 1.1. ʈʘʟʤʝʨʳ ʠ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʝ ʚʠʜʳ ʘʪʤʦʩʬʝʨʥʦʛʦ ʘʵʨʦʟʦʣʷ [Marley, 

2006] . 

ɼʣʷ ʩʚʦʝʚʨʝʤʝʥʥʦʡ ʤʠʥʠʤʠʟʘʮʠʠ ʥʝʛʘʪʠʚʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʟʘʛʨʷʟʥʠʪʝʣʝʡ ʥʝʦʙʭʦʜʠʤʳ 

ʵʬʬʝʢʪʠʚʥʳʝ ʩʠʩʪʝʤʳ ʤʦʥʠʪʦʨʠʥʛʘ [Marinov et al., 2016]. ʊʨʘʜʠʮʠʦʥʥʦ ʜʣʷ ʵʪʦʡ ʮʝʣʠ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʩʝʪʠ ʥʘʟʝʤʥʳʭ ʩʪʘʮʠʦʥʘʨʥʳʭ ʩʪʘʥʮʠʡ. ʆʜʥʘʢʦ ʜʘʞʝ ʚ ʭʦʨʦʰʦ ʦʙʝʩʧʝʯʝʥʥʳʭ 

ʤʝʛʘʧʦʣʠʩʘʭ, ʪʘʢʠʭ ʢʘʢ ʄʦʩʢʚʘ (ʨʠʩ. 1.2), ʧʣʦʪʥʦʩʪʴ ʪʘʢʠʭ ʩʝʪʝʡ ʥʝʜʦʩʪʘʪʦʯʥʘ ʜʣʷ ʘʜʝʢʚʘʪʥʦʡ 

ʦʮʝʥʢʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʠʟʤʝʥʯʠʚʦʩʪʠ ʧʦʣʝʡ ʢʦʥʮʝʥʪʨʘʮʠʡ. ʉʪʘʥʮʠʠ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʚ 

ʨʘʟʥʳʭ ʫʩʣʦʚʠʷʭ (ʚ ʧʘʨʢʘʭ, ʚʙʣʠʟʠ ʘʚʪʦʤʘʛʠʩʪʨʘʣʝʡ, ʚ ʞʠʣʳʭ ʨʘʡʦʥʘʭ), ʥʝ ʤʦʛʫʪ ʩʯʠʪʘʪʴʩʷ 

ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʳʤʠ ʜʣʷ ʚʩʝʡ ʦʢʨʫʞʘʶʱʝʡ ʪʝʨʨʠʪʦʨʠʠ, ʯʪʦ ʥʝ ʧʦʟʚʦʣʷʝʪ ʩʪʨʦʠʪʴ ʧʦ ʠʭ ʜʘʥʥʳʤ 

ʜʝʪʘʣʴʥʳʝ ʢʘʨʪʳ ʟʘʛʨʷʟʥʝʥʠʷ [ʊʘʩʝʡʢʦ, ʉʫʛʘʢ, 2014; ʂʫʣʴʙʘʯʝʚʩʢʠʡ, 2021]. ʇʣʘʥʠʨʦʚʘʥʠʝ ʠ 

ʦʧʪʠʤʠʟʘʮʠʷ ʩʝʪʝʡ ʤʦʥʠʪʦʨʠʥʛʘ ʩʘʤʠ ʧʦ ʩʝʙʝ ʪʨʝʙʫʶʪ ʩʧʝʮʠʘʣʴʥʳʭ ʤʝʪʦʜʦʚ ʘʥʘʣʠʟʘ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ [Penenko et al., 2021]. ʂʘʢ ʧʦʢʘʟʳʚʘʶʪ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘ ʧʨʠʤʝʨʝ ʩʝʪʠ 

ʄʦʩʵʢʦʤʦʥʠʪʦʨʠʥʛʘ, ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʡ ʤʘʩʰʪʘʙ ʢʦʨʨʝʣʷʮʠʠ ʠʟʤʝʨʝʥʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ 

ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ ʰʘʛʘ ʩʝʪʢʠ ʩʦʚʨʝʤʝʥʥʳʭ ʨʝʛʠʦʥʘʣʴʥʳʭ ʤʦʜʝʣʝʡ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ 

ʚʳʩʦʢʦʡ ʤʦʟʘʠʯʥʦʩʪʴʶ ʛʦʨʦʜʩʢʦʛʦ ʣʘʥʜʰʘʬʪʘ [Ponomarev et al., 2021]. 
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ʈʠʩʫʥʦʢ 1.2. ʉʭʝʤʘ ʨʘʩʧʦʣʦʞʝʥʠʷ ʘʚʪʦʤʘʪʠʯʝʩʢʠʭ ʩʪʘʥʮʠʡ ʢʦʥʪʨʦʣʷ ʟʘʛʨʷʟʥʝʥʠʷ 

ʘʪʤʦʩʬʝʨʳ ʥʘ ʪʝʨʨʠʪʦʨʠʠ ʄʦʩʢʚʳ ʠ ʄʦʩʢʦʚʩʢʦʡ ʦʙʣʘʩʪʠ [ʂʫʣʴʙʘʯʝʚʩʢʠʡ, 2021] . 

ɺ ʢʘʯʝʩʪʚʝ ʘʣʴʪʝʨʥʘʪʠʚʳ ʨʘʟʚʠʚʘʶʪʩʷ ʤʝʪʦʜʳ ʤʦʙʠʣʴʥʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʨʪʘʪʠʚʥʳʭ ʜʘʪʯʠʢʦʚ. ʄʘʨʰʨʫʪʥʳʝ ʠʟʤʝʨʝʥʠʷ ʧʦʟʚʦʣʷʶʪ ʧʦʣʫʯʘʪʴ ʜʘʥʥʳʝ 

ʩ ʚʳʩʦʢʠʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʚʜʦʣʴ ʟʘʜʘʥʥʦʡ ʪʨʘʝʢʪʦʨʠʠ (ʨʠʩ. 1.3), ʥʦ 

ʩʪʘʣʢʠʚʘʶʪʩʷ ʩ ʧʨʦʙʣʝʤʦʡ ʘʩʠʥʭʨʦʥʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ ʚ ʨʘʟʥʳʭ ʪʦʯʢʘʭ ʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʝ 

ʧʦʟʚʦʣʷʶʪ ʚʦʩʩʪʘʥʦʚʠʪʴ ʜʚʫʤʝʨʥʦʝ ʠʣʠ ʪʨʝʭʤʝʨʥʦʝ ʧʦʣʝ ʢʦʥʮʝʥʪʨʘʮʠʡ [Birmili  et al., 2013; 

Klemm et al., 2022]. ɼʠʩʪʘʥʮʠʦʥʥʳʝ ʤʝʪʦʜʳ, ʪʘʢʠʝ ʢʘʢ ʩʧʫʪʥʠʢʦʚʦʝ ʟʦʥʜʠʨʦʚʘʥʠʝ, ʩʧʦʩʦʙʥʳ 

ʧʦʢʨʳʚʘʪʴ ʙʦʣʴʰʠʝ ʪʝʨʨʠʪʦʨʠʠ, ʥʦ ʠʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʠ ʪʦʯʥʦʩʪʴ ʦʙʳʯʥʦ 

ʩʣʠʰʢʦʤ ʥʠʟʢʠʝ ʜʣʷ ʜʝʪʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʢʘʯʝʩʪʚʘ ʚʦʟʜʫʭʘ ʥʘ ʫʨʦʚʥʝ ʦʪʜʝʣʴʥʳʭ ʫʣʠʮ ʠ 
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ʢʚʘʨʪʘʣʦʚ [Marĺ, 2015; Li , 2019]. ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʢʘʢ ʙʫʜʝʪ ʧʦʢʘʟʘʥʦ ʜʘʣʝʝ, ʜʣʷ ʚʝʨʠʬʠʢʘʮʠʠ 

ʩʦʚʨʝʤʝʥʥʳʭ ʤʦʜʝʣʝʡ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ, ʦʧʠʩʳʚʘʶʱʠʭ ʢʘʯʝʩʪʚʦ ʚʦʟʜʫʭʘ ʥʘ ʫʨʦʚʥʝ 

ʛʦʨʦʜʘ, ʠʤʝʥʥʦ ʜʘʥʥʳʝ ʤʦʙʠʣʴʥʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ ʩʪʘʥʦʚʷʪʩʷ ʚʩʸ ʙʦʣʝʝ ʚʦʩʪʨʝʙʦʚʘʥʥʳʤʠ 

[Zhang et al., 2021; Du et al., 2024]. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʨʝʘʣʴʥʳʭ ʛʦʨʦʜʩʢʠʭ 

ʢʘʥʴʦʥʘʭ ʪʘʢʞʝ ʪʨʝʙʫʶʪ ʨʘʟʚʝʨʪʳʚʘʥʠʷ ʧʣʦʪʥʳʭ ʩʝʪʝʡ ʜʘʪʯʠʢʦʚ ʜʣʷ ʫʣʘʚʣʠʚʘʥʠʷ ʣʦʢʘʣʴʥʳʭ 

ʦʩʦʙʝʥʥʦʩʪʝʡ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʨʠʤʝʩʠ, ʢʦʪʦʨʳʝ ʥʝʚʦʟʤʦʞʥʦ ʟʘʬʠʢʩʠʨʦʚʘʪʴ ʩ ʧʦʤʦʱʴʶ 

ʩʪʘʥʜʘʨʪʥʳʭ ʩʪʘʥʮʠʡ ʤʦʥʠʪʦʨʠʥʛʘ [Karra et al., 2011]. 

ʘ) ʙ) 

ʈʠʩʫʥʦʢ 1.3. ʂʦʥʮʝʥʪʨʘʮʠʠ ʯʘʩʪʠʮ ʨʘʟʣʠʯʥʳʭ ʨʘʟʤʝʨʦʚ ʧʦ ʜʘʥʥʳʤ ʤʘʨʰʨʫʪʥʳʭ ʠʟʤʝʨʝʥʠʡ 

ʩ ʚʳʩʦʢʠʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʚʥʫʪʨʠ ʛʦʨʦʜʩʢʦʡ ʟʘʩʪʨʦʡʢʠ ʃʝʡʧʮʠʛʘ (ʘ) ʠ 

ʄʶʥʩʪʝʨʘ (ʙ) [Birmili  et al., 2013; Klemm et al., 2022] . 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʫʱʝʩʪʚʫʶʱʠʝ ʤʝʪʦʜʳ ʠʟʤʝʨʝʥʠʡ, ʥʝʩʤʦʪʨʷ ʥʘ ʠʭ ʙʝʟʫʩʣʦʚʥʫʶ 

ʚʘʞʥʦʩʪʴ, ʥʝ ʩʧʦʩʦʙʥʳ ʧʨʝʜʦʩʪʘʚʠʪʴ ʧʦʣʥʫʶ, ʪʨʝʭʤʝʨʥʫʶ ʠ ʩʠʥʭʨʦʥʥʫʶ ʢʘʨʪʠʥʫ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʟʘʛʨʷʟʥʷʶʱʠʭ ʚʝʱʝʩʪʚ ʚ ʩʣʦʞʥʦʡ ʛʦʨʦʜʩʢʦʡ ʩʨʝʜʝ. ʕʪʦʪ ʧʨʦʙʝʣ ʚʦʩʧʦʣʥʷʝʪʩʷ 

ʩ ʧʦʤʦʱʴʶ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʢʦʪʦʨʦʝ ʷʚʣʷʝʪʩʷ ʤʦʱʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ 

ʢʘʢ ʜʣʷ ʧʨʠʢʣʘʜʥʳʭ ʟʘʜʘʯ ʘʥʘʣʠʟʘ ʠ ʧʨʦʛʥʦʟʘ, ʪʘʢ ʠ ʜʣʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, ʫʧʨʘʚʣʷʶʱʠʭ ʧʝʨʝʥʦʩʦʤ ʧʨʠʤʝʩʝʡ ʚ ʘʪʤʦʩʬʝʨʝ [Baklanov, 

2020]. 

1.2 ʄʦʜʝʣʠ ʧʝʨʝʥʦʩʘ ʘʪʤʦʩʬʝʨʥʳʭ ʧʨʠʤʝʩʝʡ ʥʘ ʨʘʟʥʳʭ ʤʘʩʰʪʘʙʘʭ. 

ʇʨʦʙʣʝʤʘ ʟʘʛʨʷʟʥʝʥʠʷ ʛʦʨʦʜʩʢʦʛʦ ʚʦʟʜʫʭʘ ʥʦʩʠʪ ʤʥʦʛʦʤʘʩʰʪʘʙʥʳʡ ʭʘʨʘʢʪʝʨ, ʦʭʚʘʪʳʚʘʷ 

ʧʨʦʮʝʩʩʳ ʦʪ ʤʝʞʢʦʥʪʠʥʝʥʪʘʣʴʥʦʛʦ ʧʝʨʝʥʦʩʘ ʚʦʟʜʫʰʥʳʭ ʤʘʩʩ ʜʦ ʣʦʢʘʣʴʥʳʭ ʟʘʚʠʭʨʝʥʠʡ ʚʦʢʨʫʛ 
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ʦʪʜʝʣʴʥʳʭ ʘʨʭʠʪʝʢʪʫʨʥʳʭ ʵʣʝʤʝʥʪʦʚ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʚ ʩʦʚʨʝʤʝʥʥʦʡ ʥʘʫʢʝ ʩʬʦʨʤʠʨʦʚʘʣʘʩʴ 

ʠʝʨʘʨʭʠʯʝʩʢʘʷ ʩʠʩʪʝʤʘ ʤʦʜʝʣʝʡ, ʢʘʞʜʘʷ ʠʟ ʢʦʪʦʨʳʭ ʨʝʰʘʝʪ ʩʧʝʮʠʬʠʯʝʩʢʠʝ ʟʘʜʘʯʠ ʥʘ ʩʚʦʝʤ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʦʤ ʫʨʦʚʥʝ [Sokhi et al., 2022]. 

ɻʣʦʙʘʣʴʥʳʝ ʠ ʨʝʛʠʦʥʘʣʴʥʳʝ ʤʦʜʝʣʠ.  

ɼʣʷ ʦʮʝʥʢʠ ʜʘʣʴʥʝʛʦ ʧʝʨʝʥʦʩʘ, ʬʦʥʦʚʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʠ ʩʣʦʞʥʳʭ ʬʦʪʦʭʠʤʠʯʝʩʢʠʭ 

ʧʨʝʚʨʘʱʝʥʠʡ ʪʨʘʜʠʮʠʦʥʥʦ ʧʨʠʤʝʥʷʶʪʩʷ ʵʡʣʝʨʦʚʳ ʭʠʤʠʢʦ-ʪʨʘʥʩʧʦʨʪʥʳʝ ʤʦʜʝʣʠ (Chemical 

Transport Models, CTM) ʛʣʦʙʘʣʴʥʦʛʦ ʠ ʨʝʛʠʦʥʘʣʴʥʦʛʦ ʤʘʩʰʪʘʙʦʚ. ʂ ʯʠʩʣʫ ʥʘʠʙʦʣʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʩʠʩʪʝʤ ʦʪʥʦʩʷʪʩʷ CHIMERE [Mailler et al., 2017], CMAQ [Pleim, 2022], 

GEOS-Chem ʠ ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʥʝʡ ʧʨʦʛʥʦʩʪʠʯʝʩʢʘʷ ʩʠʩʪʝʤʘ GEOS-CF [Keller et al., 2021], ʘ 

ʪʘʢʞʝ ʤʦʜʝʣʴ IFS-COMPO ɽʚʨʦʧʝʡʩʢʦʛʦ ʮʝʥʪʨʘ ʩʨʝʜʥʝʩʨʦʯʥʳʭ ʧʨʦʛʥʦʟʦʚ ʧʦʛʦʜʳ [Rémy et al., 

2024]. ɼʣʷ ʨʝʰʝʥʠʷ ʨʝʛʠʦʥʘʣʴʥʳʭ ʟʘʜʘʯ ʪʘʢʞʝ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪʩʷ ʤʦʜʝʣʠ SILAM [Sofiev et 

al., 2006; Kouznetsov et al., 2026], COSMO-ART [Chubarova et al., 2022] ʠ WRF-Chem [Liao et 

al., 2014]. 

ʕʪʠ ʤʦʜʝʣʠ ʦʙʣʘʜʘʶʪ ʜʝʪʘʣʠʟʠʨʦʚʘʥʥʳʤʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʤʠ ʠ ʭʠʤʠʯʝʩʢʠʤʠ 

ʤʦʜʫʣʷʤʠ, ʧʦʟʚʦʣʷʶʱʠʤʠ ʨʘʩʩʯʠʪʳʚʘʪʴ ʬʦʨʤʠʨʦʚʘʥʠʝ ʚʪʦʨʠʯʥʳʭ ʘʵʨʦʟʦʣʝʡ ʠ ʢʦʘʛʫʣʷʮʠʶ 

ʯʘʩʪʠʮ ʚ ʘʪʤʦʩʬʝʨʝ [Rémy et al., 2024]. ʆʜʥʘʢʦ ʠʭ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʤ ʦʛʨʘʥʠʯʝʥʠʝʤ ʷʚʣʷʝʪʩʷ 

ʥʠʟʢʦʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ: ʰʘʛ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʩʝʪʢʠ ʦʙʳʯʥʦ ʩʦʩʪʘʚʣʷʝʪ ʦʪ 1 ʜʦ 25 

ʢʤ. ɺ ʪʘʢʠʭ ʤʦʜʝʣʷʭ ʛʦʨʦʜʩʢʘʷ ʟʘʩʪʨʦʡʢʘ ʥʝ ʨʘʟʨʝʰʘʝʪʩʷ ʷʚʥʦ, ʘ ʧʘʨʘʤʝʪʨʠʟʫʝʪʩʷ ʣʠʰʴ ʢʘʢ 

ʧʣʦʩʢʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʩ ʧʦʚʳʰʝʥʥʦʡ ʰʝʨʦʭʦʚʘʪʦʩʪʴʶ [Monks et al., 2009]. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʩʝʨʴʸʟʥʦʡ çʦʰʠʙʢʠ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʦʩʪʠè: ʤʦʜʝʣʴ ʩʠʣʴʥʦ ʩʛʣʘʞʠʚʘʝʪ ʧʦʣʷ 

ʢʦʥʮʝʥʪʨʘʮʠʡ, ʥʝ ʫʣʘʚʣʠʚʘʷ ʤʦʟʘʠʯʥʦʩʪʴ ʛʦʨʦʜʩʢʦʛʦ ʣʘʥʜʰʘʬʪʘ, ʵʬʬʝʢʪʳ ʫʣʠʯʥʳʭ ʢʘʥʴʦʥʦʚ 

ʠ ʣʦʢʘʣʴʥʳʝ ʟʘʩʪʦʠ ʧʨʠʤʝʩʝʡ [Keller et al., 2021]. ʂʘʢ ʧʦʢʘʟʳʚʘʶʪ ʩʨʘʚʥʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʡ 

ʧʨʠʤʝʩʝʡ ʩ ʜʘʥʥʳʤʠ ʩʝʪʠ ʄʦʩʵʢʦʤʦʥʠʪʦʨʠʥʛʘ, ʦʰʠʙʢʠ ʨʘʩʯʸʪʦʚ ʨʝʛʠʦʥʘʣʴʥʳʭ ʤʦʜʝʣʝʡ 

(ʥʘʧʨʠʤʝʨ, SILAM) ʜʣʷ ʄʦʩʢʚʳ ʤʦʛʫʪ ʜʦʩʪʠʛʘʪʴ ʩʦʪʝʥ ʧʨʦʮʝʥʪʦʚ ʠʟ-ʟʘ ʥʝʩʧʦʩʦʙʥʦʩʪʠ ʦʧʠʩʘʪʴ 

ʚʥʫʪʨʠʛʦʨʦʜʩʢʠʝ ʛʨʘʜʠʝʥʪʳ [Ponomarev et al., 2021]. ʇʨʠ ʵʪʦʤ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʵʪʠ ʦʰʠʙʢʠ ʥʝ 

ʷʚʣʷʶʪʩʷ ʩʣʫʯʘʡʥʳʤ ʙʝʣʳʤ ʰʫʤʦʤ, ʘ ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʥʝʩʪʘʮʠʦʥʘʨʥʳ, ʠʤʝʶʪ ʟʥʘʯʠʪʝʣʴʥʦʝ 

ʚʨʝʤʷ ʞʠʟʥʠ ʠ ʟʘʚʠʩʷʪ ʦʪ ʩʝʟʦʥʘ ʠ ʩʫʪʦʯʥʦʛʦ ʮʠʢʣʘ ʬʦʪʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʠ ʪʫʨʙʫʣʝʥʪʥʦʛʦ 

ʧʝʨʝʤʝʰʠʚʘʥʠʷ, ʯʪʦ ʫʩʣʦʞʥʷʝʪ ʠʭ ʧʨʷʤʫʶ ʢʦʨʨʝʢʮʠʶ ʩʪʘʥʜʘʨʪʥʳʤʠ ʧʨʦʮʝʜʫʨʘʤʠ 

ʘʩʩʠʤʠʣʷʮʠʠ. ɹʦʣʝʝ ʪʦʛʦ, ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʳʝ ʩʭʝʤʳ ʩʫʭʦʛʦ ʦʩʘʞʜʝʥʠʷ ʚ ʪʘʢʠʭ ʤʦʜʝʣʷʭ ʯʘʩʪʦ 

ʠʛʥʦʨʠʨʫʶʪ ʢʦʣʦʩʩʘʣʴʥʫʶ ʧʣʦʱʘʜʴ ʨʘʟʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʟʜʘʥʠʡ, ʯʪʦ ʚʝʜʝʪ ʢ ʠʩʢʘʞʝʥʠʶ 

ʣʦʢʘʣʴʥʦʛʦ ʙʘʣʘʥʩʘ ʤʘʩʩʳ ʘʵʨʦʟʦʣʝʡ [Petroff, Zhang, 2010; Pleim et al., 2022]. 

ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʜʣʷ ʧʨʝʦʜʦʣʝʥʠʷ ʦʛʨʘʥʠʯʝʥʠʡ ʤʘʢʨʦʤʦʜʝʣʝʡ ʘʢʪʠʚʥʦ ʨʘʟʚʠʚʘʝʪʩʷ 

ʢʦʥʮʝʧʮʠʷ ʤʫʣʴʪʠʤʘʩʰʪʘʙʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ (ʧʦʜʭʦʜʳ çmodel fusionè ʠʣʠ çstreet-in-grid») 
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[Sokhi et al., 2022]. ɺ ʨʘʤʢʘʭ ʵʪʦʡ ʧʘʨʘʜʠʛʤʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʦʚ ʨʝʛʠʦʥʘʣʴʥʳʭ ʤʦʜʝʣʝʡ 

(ʥʘʧʨʠʤʝʨ, WRF ʠʣʠ CMAQ) ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʥʘʯʘʣʴʥʳʭ ʠ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ ʜʣʷ 

ʤʠʢʨʦʤʘʩʰʪʘʙʥʳʭ ʤʦʜʝʣʝʡ [Viecco et al., 2021]. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʩʚʷʟʘʪʴ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʳʡ 

ʘʪʤʦʩʬʝʨʥʳʡ ʧʝʨʝʥʦʩ ʩ ʣʦʢʘʣʴʥʦʡ ʘʵʨʦʜʠʥʘʤʠʢʦʡ ʢʦʥʢʨʝʪʥʳʭ ʛʦʨʦʜʩʢʠʭ ʩʪʨʫʢʪʫʨ. 

ʄʠʢʨʦʤʘʩʰʪʘʙʥʳʝ ʤʦʜʝʣʠ.  

ɼʣʷ ʧʨʝʦʜʦʣʝʥʠʷ ʦʛʨʘʥʠʯʝʥʠʡ ʨʝʛʠʦʥʘʣʴʥʳʭ ʩʝʪʦʢ ʧʨʠʤʝʥʷʶʪʩʷ ʤʠʢʨʦʤʘʩʰʪʘʙʥʳʝ 

ʤʝʪʦʜʳ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʛʠʜʨʦʜʠʥʘʤʠʢʠ (Computational Fluid Dynamics, CFD), ʩʧʦʩʦʙʥʳʝ ʷʚʥʦ 

ʨʘʟʨʝʰʘʪʴ ʪʨʭyʤʝʨʥʫʶ ʛʝʦʤʝʪʨʠʶ ʟʜʘʥʠʡ. ɺ ʵʪʦʡ ʢʘʪʝʛʦʨʠʠ ʚʳʜʝʣʷʶʪʩʷ ʜʚʘ 

ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʭ ʧʦʜʭʦʜʘ: RANS (ʫʩʨʝʜʥʝʥʥʳʝ ʧʦ ʈʝʡʥʦʣʴʜʩʫ ʫʨʘʚʥʝʥʠʷ ʅʘʚʴʝ-ʉʪʦʢʩʘ) ʠ 

LES (ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʝʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ). 

RANS-ʤʦʜʝʣʠ, ʪʘʢʠʝ ʢʘʢ ENVI-met [Bruse, Fleer, 1998] ʠʣʠ ʨʘʟʣʠʯʥʳʝ ʨʝʰʘʪʝʣʠ ʥʘ ʙʘʟʝ 

Ὧ ‭ ʟʘʤʳʢʘʥʠʡ, ʦʩʪʘʶʪʩʷ ʥʘʠʙʦʣʝʝ ʤʘʩʩʦʚʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʚ ʫʨʙʘʥʠʩʪʠʢʝ ʠʟ-ʟʘ ʠʭ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʵʢʦʥʦʤʠʯʥʦʩʪʠ [Pantusheva et al., 2022; ʉʪʘʨʯʝʥʢʦ ʠ ʜʨ., 2022]. ʆʥʠ 

ʨʘʩʩʯʠʪʳʚʘʶʪ ʫʩʨʝʜʥʸʥʥʳʝ ʩʪʘʮʠʦʥʘʨʥʳʝ ʧʦʣʷ ʚʝʪʨʘ ʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ʆʜʥʘʢʦ ʩʪʘʥʜʘʨʪʥʳʝ 

RANS-ʤʦʜʝʣʠ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦ ʧʨʝʜʧʦʣʘʛʘʶʪ ʠʟʦʪʨʦʧʠʶ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʧʝʨʝʦʮʝʥʢʝ ʪʫʨʙʫʣʝʥʪʥʦʡ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʥʘ ʥʘʚʝʪʨʝʥʥʳʭ ʬʘʩʘʜʘʭ ʠ ʥʝʩʧʦʩʦʙʥʦʩʪʠ 

ʜʦʩʪʦʚʝʨʥʦ ʦʧʠʩʘʪʴ ʜʠʩʧʝʨʩʠʶ ʚ ʟʦʥʘʭ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʩʣʝʜʘ ʟʘ ʟʜʘʥʠʷʤʠ [Tominaga, 

Stathopoulos, 2013]. ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʧʨʝʜʧʨʠʥʠʤʘʶʪʩʷ ʧʦʧʳʪʢʠ ʨʘʩʰʠʨʠʪʴ ʚʦʟʤʦʞʥʦʩʪʠ 

RANS-ʤʦʜʝʣʝʡ ʟʘ ʩʯʸʪ ʚʥʝʜʨʝʥʠʷ ʣʘʛʨʘʥʞʝʚʳʭ ʤʦʜʫʣʝʡ. ʊʘʢ, ʜʣʷ ʤʦʜʝʣʠ ENVI-met ʙʳʣʘ 

ʨʘʟʨʘʙʦʪʘʥʘ ʩʪʦʭʘʩʪʠʯʝʩʢʘʷ ʣʘʛʨʘʥʞʝʚʘ ʤʦʜʝʣʴ LaStTraM, ʧʦʟʚʦʣʷʶʱʘʷ ʨʘʩʩʯʠʪʳʚʘʪʴ ʧʨʷʤʳʝ 

ʠ ʦʙʨʘʪʥʳʝ ʪʨʘʝʢʪʦʨʠʠ ʯʘʩʪʠʮ ʥʘ ʦʩʥʦʚʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʨʘʩʩʯʠʪʘʥʥʳʭ RANS-ʧʦʣʝʡ [Simon et 

al., 2021]. ʕʪʦʪ ʧʦʜʭʦʜ ʦʙʝʩʧʝʯʠʚʘʝʪ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦʝ ʦʧʠʩʘʥʠʝ ʜʠʩʧʝʨʩʠʠ ʚ ʩʣʦʞʥʦʡ ʟʘʩʪʨʦʡʢʝ 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʯʠʩʪʦ ʵʡʣʝʨʦʚʳʤ ʧʝʨʝʥʦʩʦʤ, ʦʜʥʘʢʦ ʪʦʯʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʦʩʪʘʸʪʩʷ 

ʦʛʨʘʥʠʯʝʥʥʦʡ ʢʘʯʝʩʪʚʦʤ ʩʘʤʠʭ ʦʩʨʝʜʥʸʥʥʳʭ ʧʦʣʝʡ ʚʝʪʨʘ ʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

RANS ʯʘʩʪʦ ʜʘʝʪ ʩʫʱʝʩʪʚʝʥʥʳʝ ʦʰʠʙʢʠ ʚ ʢʦʥʮʝʥʪʨʘʮʠʷʭ ʠ ʦʩʘʞʜʝʥʠʠ ʯʘʩʪʠʮ ʚ ʦʙʣʘʩʪʷʭ 

ʨʷʜʦʤ ʩ ʧʦʚʝʨʭʥʦʩʪʷʤʠ ʟʜʘʥʠʡ, ʪʘʢ ʢʘʢ ʠʩʢʘʞʘʝʪ ʛʨʘʜʠʝʥʪʳ ʚ ʚʷʟʢʦʤ ʧʦʜʩʣʦʝ [Zhang, Chen, 

2009]. 

LES-ʤʦʜʝʣʠ (Large-Eddy Simulation), ʥʘʧʨʦʪʠʚ, ʥʘʧʨʷʤʫʶ ʨʘʩʩʯʠʪʳʚʘʶʪ ʢʨʫʧʥʳʝ 

ʥʝʩʪʘʮʠʦʥʘʨʥʳʝ ʚʠʭʨʠ, ʦʪʚʝʪʩʪʚʝʥʥʳʝ ʟʘ ʙʦʣʴʰʫʶ ʯʘʩʪʴ ʧʝʨʝʥʦʩʘ ʠʤʧʫʣʴʩʘ ʠ ʤʘʩʩʳ, 

ʧʘʨʘʤʝʪʨʠʟʫʷ ʣʠʰʴ ʧʦʜʩʝʪʦʯʥʫʶ ʤʝʣʢʦʤʘʩʰʪʘʙʥʫʶ ʪʫʨʙʫʣʝʥʪʥʦʩʪʴ. ʂ ʯʠʩʣʫ ʧʝʨʝʜʦʚʳʭ 

ʩʠʩʪʝʤ ʵʪʦʛʦ ʢʣʘʩʩʘ ʦʪʥʦʩʠʪʩʷ ʤʦʜʝʣʴ PALM [Maronga et al., 2020], ʘ ʪʘʢʞʝ ʤʠʢʨʦʤʘʩʰʪʘʙʥʳʝ 

ʨʝʰʘʪʝʣʠ uDALES [Grylls et al., 2019] ʠ ʤʦʜʠʬʠʢʘʮʠʠ OpenFOAM [Cheng, Fu, 2025]. 

ʄʥʦʛʦʯʠʩʣʝʥʥʳʝ ʩʨʘʚʥʠʪʝʣʴʥʳʝ ʦʙʟʦʨʳ ʧʦʜʪʚʝʨʞʜʘʶʪ ʧʨʝʚʦʩʭʦʜʩʪʚʦ LES ʥʘʜ RANS ʚ 
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ʟʘʜʘʯʘʭ ʦʮʝʥʢʠ ʢʘʯʝʩʪʚʘ ʚʦʟʜʫʭʘ [Blocken, 2018]. ʀʤʝʥʥʦ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʠʡ ʧʦʜʭʦʜ ʩʧʦʩʦʙʝʥ 

ʟʘʬʠʢʩʠʨʦʚʘʪʴ ʧʦʨʳʚʠʩʪʦʩʪʴ ʚʝʪʨʘ, ʤʝʘʥʜʨʠʨʦʚʘʥʠʝ ʧʣʶʤʘ (ʰʣʝʡʬʘ) ʟʘʛʨʷʟʥʠʪʝʣʝʡ ʥʘ 

ʧʝʨʝʢʨʸʩʪʢʘʭ ʠ ʥʝʩʪʘʮʠʦʥʘʨʥʳʝ ʧʨʦʮʝʩʩʳ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʚʳʥʦʩʘ ʧʨʠʤʝʩʠ ʠʟ ʛʣʫʙʦʢʠʭ 

ʫʣʠʯʥʳʭ ʢʘʥʴʦʥʦʚ, ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ ʦʧʪʠʤʘʣʴʥʳʤ ʚʳʙʦʨʦʤ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʛʝʪʝʨʦʛʝʥʥʦʡ 

ʟʘʩʪʨʦʡʢʠ [Du et al., 2024]. 

ʃʘʛʨʘʥʞʝʚʳ ʪʨʘʝʢʪʦʨʥʳʝ, ʛʘʫʩʩʦʚʳ ʤʦʜʝʣʠ, ʤʦʜʝʣʠ ʫʣʠʯʥʳʭ ʩʝʪʝʡ. 

ʄʝʞʜʫ ʤʘʢʨʦ- ʠ ʤʠʢʨʦʤʘʩʰʪʘʙʥʳʤʠ ʤʦʜʝʣʷʤʠ ʩʫʱʝʩʪʚʫʝʪ ʢʣʘʩʩ ʦʧʝʨʘʪʠʚʥʳʭ ʠ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʧʦʜʭʦʜʦʚ, ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʜʣʷ ʙʳʩʪʨʦʛʦ ʨʘʩʯʝʪʘ ʢʦʥʮʝʥʪʨʘʮʠʡ ʠʣʠ 

ʪʨʘʝʢʪʦʨʠʡ ʧʨʠ ʧʨʠʝʤʣʝʤʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʟʘʪʨʘʪʘʭ. 

ʄʘʢʨʦ-ʣʘʛʨʘʥʞʝʚʳ ʠʣʠ ʪʨʘʝʢʪʦʨʥʳʝ ʤʦʜʝʣʠ. ʂ ʥʠʤ ʦʪʥʦʩʷʪʩʷ ʦʪʨʘʩʣʝʚʳʝ ʩʪʘʥʜʘʨʪʳ 

HYSPLIT [Stein et al., 2015], FLEXPART [Bakels et al., 2024], NAME ʠ ʜʨʫʛʠʝ. ʆʥʠ ʤʦʛʫʪ 

ʦʪʩʣʝʞʠʚʘʪʴ ʤʠʣʣʠʦʥʳ ʤʘʢʨʦʯʘʩʪʠʮ ʠʣʠ ʛʘʫʩʩʦʚʳʭ ʦʙʣʘʢʦʚ, ʦʙʝʩʧʝʯʠʚʘʷ ʭʦʨʦʰʠʝ ʨʝʟʫʣʴʪʘʪʳ 

ʜʣʷ ʨʘʩʯʸʪʘ ʜʘʣʴʥʝʛʦ ʧʝʨʝʥʦʩʘ ʧʳʣʠ, ʚʫʣʢʘʥʠʯʝʩʢʦʛʦ ʧʝʧʣʘ ʠʣʠ ʨʘʜʠʦʥʫʢʣʠʜʦʚ. ʊʝʤ ʥʝ ʤʝʥʝʝ, 

ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʠʩʧʦʣʴʟʫʶʪ ʤʝʪʝʦʨʦʣʦʛʠʯʝʩʢʠʝ ʧʦʣʷ ʨʝʛʠʦʥʘʣʴʥʳʭ ʠʣʠ ʛʣʦʙʘʣʴʥʳʭ ʤʦʜʝʣʝʡ, 

ʦʥʠ ʬʠʟʠʯʝʩʢʠ ʥʝ ʩʧʦʩʦʙʥʳ ʨʘʩʩʯʠʪʳʚʘʪʴ ʦʛʠʙʘʥʠʝ ʧʦʪʦʢʦʤ ʦʪʜʝʣʴʥʳʭ ʟʜʘʥʠʡ ʠ ʫʣʠʮ. 

ɻʘʫʩʩʦʚʳ ʤʦʜʝʣʠ (ʤʦʜʝʣʠ ʰʣʝʡʬʘ). ʗʚʣʷʶʪʩʷ ʠʩʪʦʨʠʯʝʩʢʠ ʧʝʨʚʳʤʠ ʠ ʥʘʠʙʦʣʝʝ 

ʧʨʦʩʪʳʤʠ ʘʥʘʣʠʪʠʯʝʩʢʠʤʠ ʠʥʩʪʨʫʤʝʥʪʘʤʠ, ʨʘʩʩʯʠʪʳʚʘʶʱʠʤʠ ʜʠʩʧʝʨʩʠʶ ʧʨʠʤʝʩʠ ʦʪ 

ʠʩʪʦʯʥʠʢʘ ʚ ʚʠʜʝ ʨʘʩʰʠʨʷʶʱʝʛʦʩʷ ʢʦʥʫʩʘ ʩ ʥʦʨʤʘʣʴʥʳʤ (ʛʘʫʩʩʦʚʳʤ) ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ 

ʢʦʥʮʝʥʪʨʘʮʠʡ [Sutton, 1932; ɹʝʨʣʷʥʜ, 1975; Vardoulakis et al., 2003]. ʂ ʥʘʠʙʦʣʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʤ ʨʝʛʫʣʷʪʦʨʥʳʤ ʤʦʜʝʣʷʤ ʵʪʦʛʦ ʢʣʘʩʩʘ ʦʪʥʦʩʷʪʩʷ AERMOD (ɸʛʝʥʪʩʪʚʦ ʧʦ 

ʦʭʨʘʥʝ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ ʉʐɸ), ʚʢʣʶʯʘʶʱʘʷ ʘʣʛʦʨʠʪʤ PRIME ʜʣʷ ʫʯʸʪʘ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʩʣʝʜʘ ʟʜʘʥʠʡ, ʠ ADMS (Cambridge Environmental Research Consultants), 

ʠʩʧʦʣʴʟʫʶʱʘʷ ʧʨʦʬʠʣʠ ʧʦʜʦʙʠʷ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʩ ʨʘʩʰʠʨʝʥʥʳʤʠ ʤʦʜʫʣʷʤʠ ʦʙʪʝʢʘʥʠʷ 

ʧʨʝʧʷʪʩʪʚʠʡ. ʆʥʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦ ʢʨʘʡʥʝ ʜʦʩʪʫʧʥʳ ʠ ʜʦ ʩʠʭ ʧʦʨ ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʩʠʪʫʘʮʠʷʭ, 

ʢʦʛʜʘ ʦʪʩʫʪʩʪʚʫʶʪ ʨʝʩʫʨʩʳ ʜʣʷ CFD-ʨʘʩʯʝʪʦʚ ʠʣʠ ʥʝʪ ʜʝʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʦ ʛʝʦʤʝʪʨʠ ʠʣʠ 

ʪʝʯʝʥʠʠ [Kakosimos et al., 2010]. ʆʜʥʘʢʦ ʙʘʟʦʚʘʷ ʛʘʫʩʩʦʚʘ ʤʦʜʝʣʴ ʥʝ ʩʧʦʩʦʙʥʘ ʦʛʠʙʘʪʴ ʩʣʦʞʥʳʝ 

ʧʨʝʧʷʪʩʪʚʠʷ ʠ ʫʯʠʪʳʚʘʪʴ ʦʪʨʳʚʥʳʝ ʪʝʯʝʥʠʷ ʩʣʦʞʥʦʡ ʛʦʨʦʜʩʢʦʡ ʤʦʨʬʦʣʦʛʠʠ [Vardoulakis et al., 

2003]. 

ʄʦʜʝʣʠ ʫʣʠʯʥʳʭ ʩʝʪʝʡ: ʆʧʝʨʘʪʠʚʥʳʝ ʤʦʜʝʣʠ, ʪʘʢʠʝ ʢʘʢ OSPM [Kakosimos et al., 2010], 

SIRANE [Soulhac et al., 2011] ʠ MUNICH [Kim et al., 2022], ʢʦʤʙʠʥʠʨʫʶʪ ʛʘʫʩʩʦʚʩʢʠʡ ʧʣʶʤ 

ʜʣʷ ʨʘʩʯʝʪʘ ʧʨʷʤʦʛʦ ʧʝʨʝʥʦʩʘ ʩ ʙʘʣʘʥʩʦʚʳʤʠ ʫʨʘʚʥʝʥʠʷʤʠ (box model) ʜʣʷ ʦʮʝʥʢʠ 

ʨʝʮʠʨʢʫʣʷʮʠʠ ʚʥʫʪʨʠ ʢʘʥʴʦʥʘ. ʆʥʠ ʯʨʝʟʚʳʯʘʡʥʦ ʵʬʬʝʢʪʠʚʥʳ ʜʣʷ ʨʝʛʫʣʷʨʥʳʭ, ʩʠʤʤʝʪʨʠʯʥʳʭ 

ʫʣʠʯʥʳʭ ʩʝʪʝʡ. ʆʜʥʘʢʦ ʚʘʣʠʜʘʮʠʷ ʩ ʧʦʤʦʱʴʶ LES ʧʦʢʘʟʘʣʘ, ʯʪʦ ʦʥʠ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠ 
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ʦʰʠʙʘʶʪʩʷ ʚ ʩʣʦʞʥʦʡ, ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʤʦʨʬʦʣʦʛʠʠ (ʢʦʨʦʪʢʠʝ ʫʣʠʮʳ, ʥʝʩʪʘʥʜʘʨʪʥʳʝ 

ʧʝʨʝʢʨʝʩʪʢʠ, ʧʝʨʝʧʘʜʳ ʚʳʩʦʪ) ʠ ʩʠʣʴʥʦ ʟʘʥʠʞʘʶʪ ʣʦʢʘʣʴʥʫʶ ʵʢʩʧʦʟʠʮʠʶ ʧʝʰʝʭʦʜʦʚ ʥʘ 

ʪʨʦʪʫʘʨʘʭ ʫ ʬʘʩʘʜʦʚ [Grylls et al., 2019]. 

ʇʦʜʭʦʜʳ ʢ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʢʘʯʝʩʪʚʘ ʚʦʟʜʫʭʘ ʥʘ ʦʩʥʦʚʝ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. 

ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʥʘʙʣʶʜʘʝʪʩʷ ʚʟʨʳʚʥʦʡ ʨʦʩʪ ʧʨʠʤʝʥʝʥʠʷ ʘʣʛʦʨʠʪʤʦʚ ʤʘʰʠʥʥʦʛʦ 

ʦʙʫʯʝʥʠʷ (Machine Learning, ML), ʚ ʪʦʤ ʯʠʩʣʝ ʨʝʛʨʝʩʩʠʠ ʟʝʤʣʝʧʦʣʴʟʦʚʘʥʠʷ (Land-Use 

Regression, LUR), ʜʣʷ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʡ PM2.5 ʠ ʜʨʫʛʠʭ ʟʘʛʨʷʟʥʷʶʱʠʭ ʚʝʱʝʩʪʚ. 

ʅʘʠʙʦʣʝʝ ʯʘʩʪʦ ʧʨʠʤʝʥʷʶʪʩʷ ʥʝʡʨʦʩʝʪʠ (LSTM) ʜʣʷ ʚʨʝʤʝʥʥʦʛʦ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʠ 

ʘʥʩʘʤʙʣʝʚʳʝ ʤʝʪʦʜʳ ʜʝʨʝʚʴʝʚ ʨʝʰʝʥʠʡ (Random Forest, XGBoost) ʜʣʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ 

ʠʥʪʝʨʧʦʣʷʮʠʠ [Rybarczyk, Zalakeviciute, 2018; Essamlali et al., 2024]. 

ʉʦʚʨʝʤʝʥʥʳʝ ML-ʤʦʜʝʣʠ ʜʦʩʪʠʛʘʶʪ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʠ ʙʣʘʛʦʜʘʨʷ ʠʥʪʝʛʨʘʮʠʠ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʤʠʢʨʦʤʘʩʰʪʘʙʥʳʭ ʧʨʝʜʠʢʪʦʨʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ, ʩʚʦʡʩʪʚ ʠʣʠ ʢʣʘʩʩʦʚ 

ʧʦʜʩʪʠʣʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʛʦʨʦʜʩʢʦʡ ʟʘʩʪʨʦʡʢʠ, ʥʘʧʨʠʤʝʨ, ʟʥʘʯʝʥʠʡ ʧʣʦʪʥʦʩʪʠ ʟʘʩʪʨʦʡʢʠ 

ʠʣʠ ʢʣʘʩʩʦʚ ʃʦʢʘʣʴʥʳʭ ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʟʦʥ (ʃʂɿ). ʀʩʩʣʝʜʦʚʘʥʠʷ ʜʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʜʦʙʘʚʣʝʥʠʝ 

3D-ʧʘʨʘʤʝʪʨʦʚ ʛʝʦʤʝʪʨʠʠ (ʚʳʩʦʪʘ, ʧʣʦʪʥʦʩʪʴ ʟʜʘʥʠʡ, ʬʘʢʪʦʨ ʚʠʜʠʤʦʩʪʠ ʥʝʙʘ) ʢʘʨʜʠʥʘʣʴʥʦ 

ʫʣʫʯʰʘʝʪ ʩʪʘʪʠʩʪʠʯʝʩʢʠʡ ʧʨʦʛʥʦʟ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʣʦʩʢʠʤʠ ʢʘʨʪʘʤʠ ʟʝʤʣʝʧʦʣʴʟʦʚʘʥʠʷ [Lu et 

al., 2021; Amouei, 2023; Yang et al., 2025]. 

ɻʣʘʚʥʳʤ ʦʛʨʘʥʠʯʝʥʠʝʤ ML-ʧʦʜʭʦʜʦʚ ʷʚʣʷʝʪʩʷ ʠʭ ʧʨʠʨʦʜʘ çʯʸʨʥʦʛʦ ʷʱʠʢʘè: ʦʥʠ 

ʚʳʷʚʣʷʶʪ ʩʪʘʪʠʩʪʠʯʝʩʢʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ, ʥʦ ʥʝ ʦʙʲʷʩʥʷʶʪ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʧʨʠʯʠʥʳ 

ʦʙʪʝʢʘʥʠʷ ʠ ʜʠʩʧʝʨʩʠʠ [Venkatraman Jagatha et al., 2024]. ʂʨʦʤʝ ʪʦʛʦ, ʦʥʠ ʢʨʠʪʠʯʝʩʢʠ ʟʘʚʠʩʷʪ 

ʦʪ ʦʙʲʸʤʘ ʦʙʫʯʘʶʱʝʡ ʚʳʙʦʨʢʠ ʠ ʥʝ ʩʧʦʩʦʙʥʳ ʧʨʝʜʩʢʘʟʳʚʘʪʴ ʵʢʩʪʨʝʤʘʣʴʥʳʝ ʠʣʠ ʥʝʪʠʧʠʯʥʳʝ 

ʩʠʪʫʘʮʠʠ, ʥʝ ʠʤʝʶʱʠʝ ʘʥʘʣʦʛʦʚ ʚ ʥʘʙʣʶʜʝʥʠʷʭ [Rybarczyk, Zalakeviciute, 2018]. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʩʪʘʪʠʩʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʢʦʥʩʪʘʪʠʨʫʶʪ ʬʘʢʪ ʚʣʠʷʥʠʷ ʛʝʦʤʝʪʨʠʠ ʥʘ ʢʘʯʝʩʪʚʦ ʚʦʟʜʫʭʘ, 

ʥʦ ʜʣʷ ʧʦʥʠʤʘʥʠʷ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʤʝʭʘʥʠʟʤʦʚ ʵʪʦʛʦ ʚʣʠʷʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʬʠʟʠʢʦ-

ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ. 

1.3 ʌʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʦʩʥʦʚʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʝʨʝʥʦʩʘ ʯʘʩʪʠʮ 

ʀʩʪʦʨʠʯʝʩʢʠ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʝʨʝʥʦʩʘ ʟʘʛʨʷʟʥʠʪʝʣʝʡ ʥʘʯʘʣʦʩʴ ʩ ʵʤʧʠʨʠʯʝʩʢʦʡ ʤʦʜʝʣʠ 

ʛʘʫʩʩʦʚʩʢʦʛʦ ʰʣʝʡʬʘ [Sutton, 1932], ʢʦʪʦʨʘʷ ʧʦʟʞʝ ʙʳʣʘ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʘ ʚ ʨʘʙʦʪʝ [ɹʝʨʣʷʥʜ, 

1975]. ʆʜʥʘʢʦ ʩ ʨʘʟʚʠʪʠʝʤ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʪʝʭʥʠʢʠ ʠ ʨʦʩʪʦʤ ʩʣʦʞʥʦʩʪʠ ʟʘʜʘʯ ʥʘ ʩʤʝʥʫ 

ʵʤʧʠʨʠʯʝʩʢʠʤ ʤʦʜʝʣʷʤ ʧʨʠʰʣʠ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʤʦʜʝʣʠ, ʚ ʢʦʪʦʨʳʭ ʷʚʥʦ ʚʦʩʧʨʦʠʟʚʦʜʷʪʩʷ 

ʧʨʦʮʝʩʩʳ ʧʝʨʝʥʦʩʘ ʠ ʜʠʬʬʫʟʠʠ ʥʘ ʦʩʥʦʚʝ ʵʡʣʝʨʦʚʘ ʠ ʣʘʛʨʘʥʞʝʚʘ ʧʦʜʭʦʜʦʚ. 
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ʕʡʣʝʨʦʚ ʧʦʜʭʦʜ ʦʧʠʩʳʚʘʝʪ ʢʦʥʮʝʥʪʨʘʮʠʶ ʧʨʠʤʝʩʠ, ʢʘʢ ʬʫʥʢʮʠʶ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ 

ʢʦʦʨʜʠʥʘʪ ʠ ʚʨʝʤʝʥʠ; ʧʦʩʣʝ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ð ʚ 

ʬʠʢʩʠʨʦʚʘʥʥʳʭ ʪʦʯʢʘʭ ʧʨʦʩʪʨʘʥʩʪʚʘ (ʷʯʝʡʢʘʭ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ). ʆʩʥʦʚʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ 

ʷʚʣʷʝʪʩʷ ʫʨʘʚʥʝʥʠʝ ʘʜʚʝʢʮʠʠ-ʜʠʬʬʫʟʠʠ, ʢʦʪʦʨʦʝ ʚ ʦʩʨʝʜʥʸʥʥʦʤ ʚʠʜʝ ʚʳʛʣʷʜʠʪ ʩʣʝʜʫʶʱʠʤ 

ʦʙʨʘʟʦʤ [Glazunov et al., 2016]: 

‬ἂίἃ

‬ὸ
ἂόἃ
‬ἂίἃ

‬ὼ

‬

‬ὼ
ὑ
‬ἂίἃ

‬ὼ
ὗȟ (1.1) 

ʛʜʝ ἂίἃ ï ʦʩʨʝʜʥʸʥʥʘʷ ʧʦ ʈʝʡʥʦʣʴʜʩʫ (ʧʦ ʩʪʘʪʠʩʪʠʯʝʩʢʦʤʫ ʘʥʩʘʤʙʣʶ ʨʝʘʣʠʟʘʮʠʡ ʠʣʠ 

ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʦʡ ʦʙʣʘʩʪʠ) ʢʦʥʮʝʥʪʨʘʮʠʷ, t ï ʚʨʝʤʷ, ui ï i-ʘʷ 

ʢʦʤʧʦʥʝʥʪʘ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ, xi ï i-ʘʷ ʧʨʷʤʦʫʛʦʣʴʥʘʷ ʜʝʢʘʨʪʦʚʘ ʢʦʦʨʜʠʥʘʪʘ, Ks ï ʢʦʵʬʬʠʮʠʝʥʪ 

ʪʫʨʙʫʣʝʥʪʥʦʡ ʜʠʬʬʫʟʠʠ, Qs ï ʩʫʤʤʘ ʠʩʪʦʯʥʠʢʦʚ, ʩʪʦʢʦʚ ʠ ʚʦʟʜʝʡʩʪʚʠʡ, ʤʘʩʰʪʘʙ ʢʦʪʦʨʳʭ 

ʤʝʥʴʰʝ ʦʙʣʘʩʪʠ ʦʩʨʝʜʥʝʥʠʷ. ʕʪʦʪ ʧʦʜʭʦʜ ʫʜʦʙʝʥ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʠ 

ʧʝʨʝʥʦʩʘ ʛʘʟʦʚʳʭ ʧʨʠʤʝʩʝʡ, ʘ ʪʘʢʞʝ ʧʦʟʚʦʣʷʝʪ ʷʚʥʦ ʧʦʣʫʯʘʪʴ ʧʦʣʷ ʢʦʥʮʝʥʪʨʘʮʠʡ [Gouesbet, 

Berlemont, 1999]. 

ʃʘʛʨʘʥʞʝʚ ʧʦʜʭʦʜ, ʥʘʧʨʦʪʠʚ, ʦʪʩʣʝʞʠʚʘʝʪ ʪʨʘʝʢʪʦʨʠʠ ʦʪʜʝʣʴʥʳʭ ʚʟʚʝʰʝʥʥʳʭ ʯʘʩʪʠʮ 

(ʠʣʠ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ ʚʠʜʝ ʞʠʜʢʠʭ ʚ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʤ ʩʤʳʩʣʝ ʯʘʩʪʠʮ ʠ ʩʚʷʟʘʥʥʳʭ ʩ ʥʠʤʠ 

çʧʦʨʮʠʡè ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʚʝʱʝʩʪʚʘ) ʚ ʧʦʪʦʢʝ (ʨʠʩ. 1.4). ɼʚʠʞʝʥʠʝ ʢʘʞʜʦʡ ʯʘʩʪʠʮʳ 

ʦʧʠʩʳʚʘʝʪʩʷ ʩʠʩʪʝʤʦʡ ʫʨʘʚʥʝʥʠʡ, ʙʘʟʦʚʳʤ ʠʟ ʢʦʪʦʨʳʭ ʷʚʣʷʝʪʩʷ ʫʨʘʚʥʝʥʠʝ ʜʣʷ ʝʸ ʚʝʢʪʦʨʥʦʡ 

ʢʦʦʨʜʠʥʘʪʳ [Thomson, 2012]: 

Ä●▬ ◊▬Äὸȟ (1.2) 

ʛʜʝ up ï ʩʢʦʨʦʩʪʴ ʯʘʩʪʠʮʳ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʦʪʣʠʯʘʪʴʩʷ ʦʪ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ, xp ï ʝʸ ʢʦʦʨʜʠʥʘʪʘ, t 

ï ʚʨʝʤʷ. ʕʪʦʪ ʧʦʜʭʦʜ ʙʦʣʝʝ ʠʥʬʦʨʤʘʪʠʚʝʥ, ʯʝʤ ʵʡʣʝʨʦʚ, ʪʘʢ ʢʘʢ ʟʥʘʥʠʝ ʪʨʘʝʢʪʦʨʠʡ ʧʦʟʚʦʣʷʝʪ 

ʚʳʯʠʩʣʠʪʴ ʣʶʙʳʝ ʩʪʘʪʠʩʪʠʯʝʩʢʠʝ ʚʝʣʠʯʠʥʳ, ʚʢʣʶʯʘʷ ʧʦʣʷ ʢʦʥʮʝʥʪʨʘʮʠʡ. ʆʥ ʧʦʟʚʦʣʷʝʪ ʷʚʥʳʤ 

ʦʙʨʘʟʦʤ ʫʯʠʪʳʚʘʪʴ ʩʠʣʳ, ʜʝʡʩʪʚʫʶʱʠʝ ʥʘ ʢʘʞʜʫʶ ʯʘʩʪʠʮʫ (ʠʥʝʨʮʠʷ, ʛʨʘʚʠʪʘʮʠʷ, ʠ ʜʨ.), ʯʪʦ 

ʜʝʣʘʝʪ ʝʛʦ ʦʩʦʙʝʥʥʦ ʮʝʥʥʳʤ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʘʵʨʦʟʦʣʝʡ ʩ ʨʘʟʥʦʦʙʨʘʟʥʳʤʠ ʬʠʟʠʯʝʩʢʠʤʠ 

ʩʚʦʡʩʪʚʘʤʠ. ʅʘʧʨʠʤʝʨ, ʵʪʦʪ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʜʝʪʘʣʴʥʦ ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʟʘʚʠʩʠʤʦʩʪʴ ʦʩʘʞʜʝʥʠʷ 

ʦʪ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʠ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʠʭ ʚʳʙʨʦʩʘ (ʥʘʧʨʠʤʝʨ, ʧʨʠ ʢʘʰʣʝ ʠʣʠ ʜʳʭʘʥʠʠ) ʚ 

ʪʘʢʠʭ ʩʣʦʞʥʳʭ ʛʝʦʤʝʪʨʠʷʭ, ʢʘʢ ʩʘʣʦʥ ʩʘʤʦʣʝʪʘ [Wang et al., 2011]. ʊʘʢʞʝ ʣʘʛʨʘʥʞʝʚ ʧʦʜʭʦʜ 

ʧʦʟʚʦʣʷʝʪ ʷʚʥʦ ʨʝʰʘʪʴ ʟʘʜʘʯʫ ʥʘʭʦʞʜʝʥʠʷ ʦʙʨʘʪʥʳʭ ʪʨʘʝʢʪʦʨʠʡ ʯʘʩʪʠʮ, ʯʪʦ ʚ ʵʡʣʝʨʦʚʦʤ 

ʧʦʜʭʦʜʝ ʚʦʟʤʦʞʥʦ ʣʠʰʴ ʩ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤʠ ʜʦʧʫʱʝʥʠʷʤʠ. ʆʜʥʘʢʦ ʣʘʛʨʘʥʞʝʚ ʧʦʜʭʦʜ, ʢʘʢ 

ʧʨʘʚʠʣʦ, ʙʦʣʝʝ ʪʨʝʙʦʚʘʪʝʣʝʥ ʢ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤ ʨʝʩʫʨʩʘʤ, ʪʘʢ ʢʘʢ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʟʥʘʯʠʤʳʭ ʧʦʣʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʝʦʙʭʦʜʠʤʦ ʦʪʩʣʝʞʠʚʘʪʴ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʯʘʩʪʠʮ [Thomson, 2012]. 
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ʘ)  ʙ)  

ʈʠʩʫʥʦʢ 1.4. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʣʘʛʨʘʥʞʝʚʘ (ʘ) ʠ ʵʡʣʝʨʦʚʘ (ʙ) ʧʦʜʭʦʜʦʚ ʥʘ 

ʜʠʩʢʨʝʪʥʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʝʪʢʝ. ɺ ʷʯʝʡʢʘʭ ʩʝʪʢʠ ʠʟʦʙʨʘʞʝʥʳ ʦʪʜʝʣʴʥʳʝ ʯʘʩʪʠʮʳ (ʘ) 

ʠ ʩʨʝʜʥʠʝ ʜʣʷ ʢʘʞʜʦʡ ʷʯʝʡʢʠ ʟʥʘʯʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ (ʙ). 

ʆʜʥʦʡ ʠʟ ʮʝʥʪʨʘʣʴʥʳʭ ʧʨʦʙʣʝʤ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʧʝʨʝʥʦʩʘ ʧʨʠʤʝʩʝʡ ʷʚʣʷʝʪʩʷ ʫʯʝʪ 

ʚʣʠʷʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʧʨʘʢʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ, ʪʘʢʠʭ ʢʘʢ RANS (Reynolds-

Averaged Navier-Stokes) ʠʣʠ LES (Large Eddy Simulation), ʨʘʟʨʝʰʘʶʪʩʷ ʪʦʣʴʢʦ ʦʩʨʝʜʥʝʥʥʳʝ 

ʠʣʠ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʳʝ ʜʚʠʞʝʥʠʷ ʧʦʪʦʢʘ. ɺʣʠʷʥʠʝ ʤʝʣʢʦʤʘʩʰʪʘʙʥʳʭ, ʧʦʜʩʝʪʦʯʥʳʭ 

ʪʫʨʙʫʣʝʥʪʥʳʭ ʬʣʫʢʪʫʘʮʠʡ ʥʘ ʪʨʘʝʢʪʦʨʠʠ ʯʘʩʪʠʮ ʪʨʝʙʫʝʪ ʩʧʝʮʠʘʣʴʥʦʡ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ. ɼʣʷ 

ʵʪʦʡ ʮʝʣʠ ʚ ʣʘʛʨʘʥʞʝʚʦʤ ʧʦʜʭʦʜʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʩʪʦʭʘʩʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ [Sawford, 1991; 

Thomson, 2012]. 

ʇʨʦʩʪʝʡʰʠʡ ʢʣʘʩʩ ʪʘʢʠʭ ʤʦʜʝʣʝʡ ï ʩʪʦʭʘʩʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʥʫʣʝʚʦʛʦ ʧʦʨʷʜʢʘ, ʠʣʠ 

ʤʦʜʝʣʠ ʩʣʫʯʘʡʥʳʭ ʙʣʫʞʜʘʥʠʡ (Random Walk Models). ɺ ʥʠʭ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʪʫʨʙʫʣʝʥʪʥʦʝ 

ʩʤʝʱʝʥʠʝ ʥʘ ʢʘʞʜʦʤ ʰʘʛʝ ʧʦ ʚʨʝʤʝʥʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʧʨʝʜʳʜʫʱʝʛʦ. ʅʘʠʙʦʣʝʝ ʪʝʦʨʝʪʠʯʝʩʢʠ 

ʦʙʦʩʥʦʚʘʥʥʦʡ ʤʦʜʝʣʴʶ ʵʪʦʛʦ ʢʣʘʩʩʘ ʷʚʣʷʝʪʩʷ ʤʦʜʝʣʴ ʩʣʫʯʘʡʥʳʭ ʩʤʝʱʝʥʠʡ (Random 

Displacement Model, RDM). ɺ ʥʝʡ ʩʤʝʱʝʥʠʝ ʯʘʩʪʠʮʳ ʟʘ ʰʘʛ ʧʦ ʚʨʝʤʝʥʠ dt ʦʧʠʩʳʚʘʝʪʩʷ 

ʫʨʘʚʥʝʥʠʝʤ [Durbin, 1983; Glazunov, 2016]: 

Äὼ ἂόἃÄὸ
‬ὑ

‬ὼ
Äὸ ςὑ Ὠὡȟ (1.3) 

ʛʜʝ ὼ  ï ʧʨʦʝʢʮʠʷ ʨʘʜʠʫʩ-ʚʝʢʪʦʨʘ ʯʘʩʪʠʮʳ ʥʘ i-ʫʶ ʦʩʴ, Ὠὡ ʊ  ï ʧʨʠʨʘʱʝʥʠʝ ʚʠʥʝʨʦʚʩʢʦʛʦ 

ʩʣʫʯʘʡʥʦʛʦ ʧʨʦʮʝʩʩʘ (ʥʦʨʤʘʣʴʥʦ ʨʘʩʧʨʝʜʝʣʸʥʥʘʷ ʥʝʩʢʦʨʝʣʣʠʨʦʚʘʥʘʷ ʧʦ ʚʨʝʤʝʥʠ ʩʣʫʯʘʡʥʘʷ 

ʚʝʣʠʯʠʥʘ ʩ ʥʫʣʝʚʳʤ ʩʨʝʜʥʠʤ ʠ ʜʠʩʧʝʨʩʠʝʡ, ʨʘʚʥʦʡ  ЍÄὸ, ʠʤʠʪʠʨʫʶʱʘʷ ʩʪʦʭʘʩʪʠʯʝʩʢʦʝ 

ʚʣʠʷʥʠʝ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʥʘ ʪʨʘʝʢʪʦʨʠʶ ʯʘʩʪʠʮʳ). ʂʣʶʯʝʚʦʝ ʜʦʩʪʦʠʥʩʪʚʦ ʵʪʦʡ ʤʦʜʝʣʠ 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʧʨʠ ʫʩʣʦʚʠʠ ʩʪʨʝʤʷʱʝʛʦʩʷ ʢ ʥʫʣʶ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ ʦʥʘ ʦʙʝʩʧʝʯʠʚʘʝʪ 
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ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʴ ʧʦʣʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʧʦʣʫʯʝʥʥʳʭ ʣʘʛʨʘʥʞʝʚʳʤ ʠ ʵʡʣʝʨʦʚʳʤ ʤʝʪʦʜʘʤʠ 

[Durbin, 1983; Boughton et al., 1987]. 

ɹʦʣʝʝ ʩʣʦʞʥʳʤ ʠ ʬʠʟʠʯʝʩʢʠ ʧʦʣʥʳʤ ʷʚʣʷʝʪʩʷ ʢʣʘʩʩ ʩʪʦʭʘʩʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʧʝʨʚʦʛʦ 

ʧʦʨʷʜʢʘ, ʢʦʪʦʨʳʝ ʦʧʠʩʳʚʘʶʪ ʵʚʦʣʶʮʠʶ ʥʝ ʢʦʦʨʜʠʥʘʪʳ, ʘ ʩʢʦʨʦʩʪʠ ʬʣʫʢʪʫʘʮʠʠ. ʉʘʤʦʡ 

ʠʟʚʝʩʪʥʦʡ ʤʦʜʝʣʴʶ ʵʪʦʛʦ ʢʣʘʩʩʘ ʷʚʣʷʝʪʩʷ ʫʨʘʚʥʝʥʠʝ ʃʘʥʞʝʚʝʥʘ, ʢʦʪʦʨʦʝ ʚ ʦʙʱʝʡ ʬʦʨʤʝ 

ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʪʘʢ: 

Ä◊▬ ╪●▬ȟ◊▬ȟὸÄὸ ὦ●▬ȟ◊▬ȟὸÄ╦ ȟ (1.4) 

ʛʜʝ a ï ʯʣʝʥ, ʦʧʠʩʳʚʘʶʱʠʡ ʜʝʪʝʨʤʠʥʠʨʦʚʘʥʥʳʡ ʜʨʝʡʬ (ʥʘʧʨʠʤʝʨ, ʟʘʪʫʭʘʥʠʝ ʬʣʫʢʪʫʘʮʠʠ), ʠ b 

ï ʯʣʝʥ, ʦʧʠʩʳʚʘʶʱʠʡ ʘʤʧʣʠʪʫʜʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʯʘʩʪʠʮʳ ʩʦ ʩʣʫʯʘʡʥʳʤ ʪʫʨʙʫʣʝʥʪʥʳʤ 

ʪʝʯʝʥʠʝʤ. ʋʨʘʚʥʝʥʠʝ (1.4) ʨʝʰʘʝʪʩʷ ʚ ʩʠʩʪʝʤʝ ʩ (1.2). ʕʪʦʪ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʫʯʝʩʪʴ ʚʨʝʤʝʥʥʫʶ 

ʢʦʨʨʝʣʷʮʠʶ ʚʦʟʜʝʡʩʪʚʫʶʱʠʭ ʥʘ ʯʘʩʪʠʮʫ ʪʫʨʙʫʣʝʥʪʥʳʭ ʬʣʫʢʪʫʘʮʠʡ, ʯʪʦ ʙʦʣʝʝ ʨʝʘʣʠʩʪʠʯʥʦ 

ʦʧʠʩʳʚʘʝʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʯʘʩʪʠʮʳ ʩ ʦʜʥʠʤ ʠ ʪʝʤ ʞʝ ʚʠʭʨʝʤ (ʦʨʛʘʥʠʟʦʚʘʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ) ʥʘ 

ʧʨʦʪʷʞʝʥʠʠ ʥʝʢʦʪʦʨʦʛʦ ʚʨʝʤʝʥʠ [Rodean, 1996; Wilson, Sawford, 1996]. 

ʇʨʠ ʧʦʩʪʨʦʝʥʠʠ ʣʘʛʨʘʥʞʝʚʳʭ ʤʦʜʝʣʝʡ ʚʦʟʥʠʢʘʝʪ ʬʫʥʜʘʤʝʥʪʘʣʴʥʘʷ ʪʝʦʨʝʪʠʯʝʩʢʘʷ 

ʧʨʦʙʣʝʤʘ ï çʫʩʣʦʚʠʝ ʭʦʨʦʰʝʛʦ ʧʝʨʝʤʝʰʠʚʘʥʠʷè (ʋʍʇ, well-mixed condition), 

ʩʬʦʨʤʫʣʠʨʦʚʘʥʥʦʝ ʚ ʨʘʙʦʪʝ [Thomson, 1987]. ɽʛʦ ʩʫʪʴ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʝʩʣʠ ʚ ʥʘʯʘʣʴʥʳʡ 

ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʯʘʩʪʠʮʳ ʧʨʠʤʝʩʠ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʳ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ, ʪʦ ʢʦʨʨʝʢʪʥʘʷ 

ʩʪʦʭʘʩʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʜʦʣʞʥʘ ʩʦʭʨʘʥʷʪʴ ʵʪʦ ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩ ʪʝʯʝʥʠʝʤ ʚʨʝʤʝʥʠ. 

ʇʨʦʩʪʝʡʰʠʝ ʬʦʨʤʳ ʫʨʘʚʥʝʥʠʷ ʃʘʥʞʝʚʝʥʘ ʥʝ ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʵʪʦʤʫ ʫʩʣʦʚʠʶ ʚ ʥʝʦʜʥʦʨʦʜʥʦʤ 

ʪʫʨʙʫʣʝʥʪʥʦʤ ʧʦʪʦʢʝ, ʯʪʦ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʥʝʬʠʟʠʯʥʦʤʫ ʣʦʞʥʦʤʫ ʧʝʨʝʪʝʢʘʥʠʶ ʠ 

ʥʘʢʦʧʣʝʥʠʶ ʯʘʩʪʠʮ. ʕʪʦ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ ʩʪʠʤʫʣʠʨʦʚʘʣʦ ʨʘʟʨʘʙʦʪʢʫ ʙʦʣʝʝ ʩʣʦʞʥʳʭ ʬʦʨʤ 

ʣʘʛʨʘʥʞʝʚʳʭ ʩʪʦʭʘʩʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ (ʃʉʄ), ʢʦʪʦʨʳʝ ʙʳ ʫʜʦʚʣʝʪʚʦʨʷʣʠ ʫʩʣʦʚʠʶ ʋʍʇ 

[Flesch et al., 1995]. ʇʨʠʚʝʜʸʥʥʳʝ ʚʳʰʝ ʬʦʨʤʫʣʳ ʣʘʛʨʘʥʞʝʚʘ ʧʦʜʭʦʜʘ ʜʘʶʪʩʷ ʜʣʷ 

ʙʝʟʳʥʝʨʮʠʦʥʥʳʭ (ʧʘʩʩʠʚʥʳʭ) ʯʘʩʪʠʮ, ʪ.ʝ. ʪʘʢʠʭ, ʢʦʪʦʨʳʝ ʜʚʠʞʫʪʩʷ ʚʤʝʩʪʝ ʩ ʧʦʪʦʢʦʤ. ʆʜʥʘʢʦ 

ʣʘʛʨʘʥʞʝʚʳ ʤʦʜʝʣʠ ʤʦʛʫʪ ʙʳʪʴ ʧʨʠʤʝʥʠʤʳ ʠ ʜʣʷ ʠʥʝʨʮʠʦʥʥʳʭ ʯʘʩʪʠʮ, ʪ.ʝ. ʪʘʢʠʭ, ʢʦʪʦʨʳʝ ʟʘ 

ʩʯʸʪ ʩʦʙʩʪʚʝʥʥʦʡ ʠʥʝʨʮʠʠ ʤʦʛʫʪ ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʢʣʦʥʷʪʴʩʷ ʦʪ ʚʦʟʜʫʰʥʦʛʦ ʧʦʪʦʢʘ, ʥʘʧʨʠʤʝʨ, ʟʘ 

ʩʯʸʪ ʤʦʜʠʬʠʢʘʮʠʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʚ ʫʨʘʚʥʝʥʠʠ ʃʘʥʞʝʚʝʥʘ [Minier, Peirano, 2001]. ʇʨʠʤʝʨ 

ʤʦʜʝʣʠ ʜʣʷ ʠʥʝʨʮʠʦʥʥʳʭ ʯʘʩʪʠʮ ʙʫʜʝʪ ʧʨʝʜʣʦʞʝʥ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʦʟʞʝ. 

ʇʨʠʥʮʠʧʠʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʜʠʩʧʝʨʩʠʠ ʚ ʩʣʦʞʥʦʡ ʛʦʨʦʜʩʢʦʡ ʩʨʝʜʝ 

ʠʤʝʝʪ ʚʳʙʦʨ ʤʝʞʜʫ ʵʡʣʝʨʦʚʳʤ ʠ ʣʘʛʨʘʥʞʝʚʳʤ ʧʦʜʭʦʜʘʤʠ. ʕʡʣʝʨʦʚ ʧʦʜʭʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ 

ʫʨʘʚʥʝʥʠʷʭ ʘʜʚʝʢʮʠʠ-ʜʠʬʬʫʟʠʠ, ʧʦʜʚʝʨʞʝʥ ʧʨʦʙʣʝʤʝ ʥʝʬʠʟʠʯʥʦʡ ʯʠʩʣʝʥʥʦʡ ʜʠʬʬʫʟʠʠ, 
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ʦʩʦʙʝʥʥʦ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʧʝʨʝʥʦʩʘ ʦʪ ʪʦʯʝʯʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʠʣʠ ʚ ʟʦʥʘʭ ʨʝʟʢʠʭ ʛʨʘʜʠʝʥʪʦʚ 

ʫ ʢʨʦʤʦʢ ʟʜʘʥʠʡ [Guha, 2008; Nordam et al., 2023]. ɹʦʣʝʝ ʪʦʛʦ, ʜʣʷ ʧʨʝʜʩʪʘʚʣʝʥʠʷ 

ʧʦʣʠʜʠʩʧʝʨʩʥʦʛʦ ʛʦʨʦʜʩʢʦʛʦ ʘʵʨʦʟʦʣʷ ʵʡʣʝʨʦʚʘ ʤʦʜʝʣʴ ʪʨʝʙʫʝʪ ʚʚʝʜʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ 

ʫʨʘʚʥʝʥʠʡ ʜʣʷ ʢʘʞʜʦʛʦ ʨʘʟʤʝʨʥʦʛʦ ʢʣʘʩʩʘ ʯʘʩʪʠʮ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʚʘʝʪ ʦʙʲʸʤ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ [Nordam et al., 2023]. ʃʘʛʨʘʥʞʝʚ ʧʦʜʭʦʜ ʯʘʩʪʠʯʥʦ ʣʠʰʸʥ ʵʪʠʭ 

ʥʝʜʦʩʪʘʪʢʦʚ: ʦʥ ʷʚʥʳʤ ʦʙʨʘʟʦʤ ʦʪʩʣʝʞʠʚʘʝʪ ʠʥʜʠʚʠʜʫʘʣʴʥʫʶ ʠʥʝʨʮʠʶ ʯʘʩʪʠʮ ʚ ʪʫʨʙʫʣʝʥʪʥʦʤ 

ʧʦʪʦʢʝ, ʥʦ ʪʦʞʝ ʟʘʚʠʩʠʪ ʦʪ ʨʘʩʩʯʠʪʘʥʥʳʭ ʧʦʣʝʡ ʪʫʨʙʫʣʝʥʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʦʩʦʙʝʥʥʦ ʜʣʷ 

ʙʝʟʳʥʝʨʮʠʦʥʥʳʭ ʯʘʩʪʠʮ [Guha, 2008]. ɼʣʷ ʤʠʢʨʦʤʘʩʰʪʘʙʥʦʛʦ ʛʦʨʦʜʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʚʘʞʥʦ, ʯʪʦ ʣʘʛʨʘʥʞʝʚ ʪʨʝʢʠʥʛ ʧʦʟʚʦʣʷʝʪ ʚʚʦʜʠʪʴ ʜʝʪʘʣʴʥʳʝ ʩʪʦʭʘʩʪʠʯʝʩʢʠʝ ʛʨʘʥʠʯʥʳʝ 

ʫʩʣʦʚʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʦ ʩʪʝʥʢʦʡ (ʦʪʩʢʦʢ ʠʣʠ ʧʨʠʣʠʧʘʥʠʝ), ʯʪʦ ʢʨʠʪʠʯʝʩʢʠ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ 

ʦʮʝʥʢʠ ʩʫʭʦʛʦ ʦʩʘʞʜʝʥʠʷ ʘʵʨʦʟʦʣʝʡ ʥʘ ʨʘʟʣʠʯʥʳʝ ʧʦʚʝʨʭʥʦʩʪʠ [Talebmoustaph et al., 2024]. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʛʠʙʨʠʜʥʳʭ ʵʡʣʝʨʦʚʦ-ʣʘʛʨʘʥʞʝʚʳʭ ʤʦʜʝʣʝʡ, ʛʜʝ ʚʦʟʜʫʰʥʳʡ ʧʦʪʦʢ ʨʘʟʨʝʰʘʝʪʩʷ 

ʤʝʪʦʜʘʤʠ CFD (ʦʩʦʙʝʥʥʦ LES), ʘ ʜʠʩʧʝʨʩʠʷ ʯʘʩʪʠʮ ï ʣʘʛʨʘʥʞʝʚʳʤ ʪʨʝʢʠʥʛʦʤ, ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʥʘʠʙʦʣʝʝ ʪʦʯʥʦʝ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʝ ʟʘʭʚʘʪʘ ʧʨʠʤʝʩʠ ʚ ʟʦʥʘʭ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʩʣʝʜʘ ʟʘ 

ʧʨʝʧʷʪʩʪʚʠʷʤʠ [Tominaga, Stathopoulos, 2013; Lo Giudice et al., 2019]. ɺ ʩʨʘʚʥʠʪʝʣʴʥʳʭ 

ʨʘʩʯʪyʘʭ ʜʣʷ ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʫʣʠʯʥʳʭ ʢʘʥʴʦʥʦʚ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʣʘʛʨʘʥʞʝʚʳ ʤʦʜʝʣʠ ʦʧʪʠʤʘʣʴʥʳ 

ʧʦ ʙʘʣʘʥʩʫ ʪʦʯʥʦʩʪʠ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʟʘʪʨʘʪ ʜʣʷ ʦʧʠʩʘʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʝʨʝʥʦʩʘ 

ʘʵʨʦʟʦʣʴʥʳʭ ʬʨʘʢʮʠʡ ʚ ʛʦʨʦʜʩʢʦʡ ʟʘʩʪʨʦʡʢʝ [ɻʣʘʟʫʥʦʚ, 2018]. 

1.4 ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʝʨʝʥʦʩʘ ʠ ʦʩʘʞʜʝʥʠʷ ʘʵʨʦʟʦʣʝʡ ʚ ʛʦʨʦʜʩʢʦʡ ʩʨʝʜʝ 

ʉʪʨʫʢʪʫʨʘ ʧʦʪʦʢʘ ʚ ʛʦʨʦʜʩʢʦʤ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ. 

ʇʝʨʝʥʦʩ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʵʨʦʟʦʣʝʡ ʚ ʛʦʨʦʜʘʭ ï ʵʪʦ ʨʝʟʫʣʴʪʘʪ ʩʣʦʞʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʤʝʞʜʫ ʩʚʦʡʩʪʚʘʤʠ ʩʘʤʠʭ ʯʘʩʪʠʮ ʠ ʫʥʠʢʘʣʴʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʛʦʨʦʜʩʢʦʛʦ ʧʦʛʨʘʥʠʯʥʦʛʦ 

ʩʣʦʷ (ɻʇʉ) ʘʪʤʦʩʬʝʨʳ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʧʦʪʦʢʘ ʥʘʜ ʨʦʚʥʦʡ ʠʣʠ ʛʣʘʜʢʦʡ ʭʦʣʤʠʩʪʦʡ ʤʝʩʪʥʦʩʪʴʶ, 

ʚʦʟʜʫʰʥʳʝ ʪʝʯʝʥʠʷ ʚ ʛʦʨʦʜʩʢʦʡ ʩʨʝʜʝ ʢʘʨʜʠʥʘʣʴʥʦ ʪʨʘʥʩʬʦʨʤʠʨʫʶʪʩʷ ʧʦʜ ʚʣʠʷʥʠʝʤ 

ʟʘʩʪʨʦʡʢʠ, ʯʪʦ ʪʨʝʙʫʝʪ ʦʩʦʙʳʭ ʧʦʜʭʦʜʦʚ ʢ ʤʦʜʝʣʠʨʦʚʘʥʠʶ. ɻʦʨʦʜʩʢʘʷ ʟʘʩʪʨʦʡʢʘ ʦʢʘʟʳʚʘʝʪ 

ʤʦʱʥʦʝ ʤʝʭʘʥʠʯʝʩʢʦʝ ʠ ʪʝʨʤʠʯʝʩʢʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʘʪʤʦʩʬʝʨʥʳʡ ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ. ʕʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʦʩʦʙʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ ʚ ʥʠʞʥʝʡ ʯʘʩʪʠ ɻʇʉ, ʢʦʪʦʨʫʶ ʫʩʣʦʚʥʦ 

ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʜʚʘ ʩʣʦʷ: ʩʣʦʡ ʛʦʨʦʜʩʢʦʛʦ ʧʦʣʦʛʘ ʠ ʩʣʦʡ ʛʦʨʦʜʩʢʦʡ ʰʝʨʦʭʦʚʘʪʦʩʪʠ (Oke, 

1988; Britter ʠ Hanna, 2003). 

ʉʣʦʡ ʛʦʨʦʜʩʢʦʛʦ ʧʦʣʦʛʘ (Urban Canopy Layer, UCL) ʟʘʥʠʤʘʝʪ ʧʨʦʩʪʨʘʥʩʪʚʦ ʦʪ 

ʧʦʚʝʨʭʥʦʩʪʠ ʟʝʤʣʠ ʜʦ ʩʨʝʜʥʝʡ ʚʳʩʦʪʳ ʢʨʳʰ ʟʜʘʥʠʡ. ɺ ʵʪʦʤ ʩʣʦʝ ʚʦʟʜʫʰʥʳʡ ʧʦʪʦʢ ʩʠʣʴʥʦ 

ʟʘʤʝʜʣʷʝʪʩʷ, ʝʛʦ ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ ʪʨʘʥʩʬʦʨʤʠʨʫʝʪʩʷ ʚ ʵʥʝʨʛʠʶ ʪʫʨʙʫʣʝʥʪʥʳʭ ʚʠʭʨʝʡ, ʘ 
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ʩʪʨʫʢʪʫʨʘ ʪʝʯʝʥʠʷ ʧʦʣʥʦʩʪʴʶ ʦʧʨʝʜʝʣʷʝʪʩʷ ʣʦʢʘʣʴʥʦʡ ʛʝʦʤʝʪʨʠʝʡ ʫʣʠʮ ʠ ʟʜʘʥʠʡ. ʉʣʦʡ 

ʛʦʨʦʜʩʢʦʡ ʰʝʨʦʭʦʚʘʪʦʩʪʠ (Urban Roughness Sublayer) ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʥʘʜ UCL: ʟʜʝʩʴ ʧʦʪʦʢ ʚʩʸ 

ʝʱʸ ʠʩʧʳʪʳʚʘʝʪ ʚʣʠʷʥʠʝ ʦʪʜʝʣʴʥʳʭ ʚʳʩʦʢʠʭ ʟʜʘʥʠʡ, ʥʦ ʧʦʩʪʝʧʝʥʥʦ ʘʜʘʧʪʠʨʫʝʪʩʷ ʢ 

ʚʳʰʝʣʝʞʘʱʝʤʫ ʘʪʤʦʩʬʝʨʥʦʤʫ ʪʝʯʝʥʠʶ ʠ ʧʝʨʝʭʦʜʠʪ ʚ ʣʦʛʘʨʠʬʤʠʯʝʩʢʠʡ ʧʨʠʟʝʤʥʳʡ ʩʣʦʡ, 

ʢʦʪʦʨʳʡ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʩʤʝʥʷʝʪʩʷ ʚʳʰʝ ʚʥʝʰʥʝʡ ʯʘʩʪʴʶ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ [Oke, 1988]. 

ʅʘʪʫʨʥʳʝ ʥʘʙʣʶʜʝʥʠʷ ʥʘʜ ʄʦʩʢʚʦʡ ʜʝʤʦʥʩʪʠʨʫʶʪ ʦʧʨʝʜʝʣʷʶʱʫʶ ʨʦʣʴ ʪʝʨʤʠʯʝʩʢʦʡ 

ʩʪʨʘʪʠʬʠʢʘʮʠʠ ʠ ʩʜʚʠʛʦʚʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʧʨʠʟʝʤʥʳʭ 

ʢʦʥʮʝʥʪʨʘʮʠʡ ʘʵʨʦʟʦʣʝʡ: ʪʫʨʙʫʣʝʥʪʥʦʝ ʚʦʚʣʝʯʝʥʠʝ ʧʨʠ ʩʜʚʠʛʝ ʚʝʪʨʘ ʚʙʣʠʟʠ ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʳ 

ʥʦʯʥʦʡ ʠʥʚʝʨʩʠʠ ʤʦʞʝʪ ʢʘʢ ʨʝʟʢʦ ʩʥʠʞʘʪʴ ʢʦʥʮʝʥʪʨʘʮʠʠ PM10 ʧʨʠ ʣʦʢʘʣʴʥʳʭ ʛʦʨʦʜʩʢʠʭ 

ʠʩʪʦʯʥʠʢʘʭ, ʪʘʢ ʠ, ʥʘʧʨʦʪʠʚ, ʤʥʦʛʦʢʨʘʪʥʦ ʠʭ ʧʦʚʳʰʘʪʴ ʟʘ ʩʯʸʪ ʦʧʫʩʢʘʥʠʷ ʟʘʛʨʷʟʥʸʥʥʦʡ 

ʚʦʟʜʫʰʥʦʡ ʤʘʩʩʳ ʩʚʝʨʭʫ ʧʨʠ ʘʜʚʝʢʮʠʠ ʘʵʨʦʟʦʣʷ [ʂʫʟʥʝʮʦʚʘ, 2012]. ɺʘʞʥʦʩʪʴ ʫʯʸʪʘ ʵʪʠʭ 

ʤʝʪʝʦʨʦʣʦʛʠʯʝʩʢʠʭ ʬʘʢʪʦʨʦʚ ʠ ʜʠʥʘʤʠʢʠ ɻʇʉ ʢʘʢ ʝʩʪʝʩʪʚʝʥʥʦʛʦ ʤʦʜʫʣʷʪʦʨʘ ʢʘʯʝʩʪʚʘ ʚʦʟʜʫʭʘ 

ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʠ ʩʦʚʨʝʤʝʥʥʳʤʠ ʜʦʣʛʦʩʨʦʯʥʳʤʠ ʥʘʙʣʶʜʝʥʠʷʤʠ ʟʘ ʩʦʩʪʘʚʦʤ ʩʫʙʤʠʢʨʦʥʥʦʛʦ 

ʘʵʨʦʟʦʣʷ (ʚ ʯʘʩʪʥʦʩʪʠ, ʯʸʨʥʦʛʦ ʫʛʣʝʨʦʜʘ) ʚ ʄʦʩʢʚʝ: ʢʨʘʪʢʦʩʨʦʯʥʳʝ ʤʝʪʝʦʨʦʣʦʛʠʯʝʩʢʠʝ 

ʬʣʫʢʪʫʘʮʠʠ ʠ ʠʟʤʝʥʝʥʠʷ ʚʳʩʦʪʳ ɻʇʉ ʩʧʦʩʦʙʥʳ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʪʴ ʥʘ ʧʨʠʟʝʤʥʳʝ 

ʢʦʥʮʝʥʪʨʘʮʠʠ, ʜʘʞʝ ʥʘ ʬʦʥʝ ʨʘʜʠʢʘʣʴʥʳʭ ʠʟʤʝʥʝʥʠʡ ʚ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʛʦʨʦʜʩʢʠʭ 

ʘʥʪʨʦʧʦʛʝʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ [Popovicheva et al., 2024]. 

ɺʥʫʪʨʠ ʩʣʦʷ ʛʦʨʦʜʩʢʦʛʦ ʧʦʣʦʛʘ ʨʘʟʚʠʚʘʶʪʩʷ ʭʘʨʘʢʪʝʨʥʳʝ, ʭʦʨʦʰʦ ʠʟʫʯʝʥʥʳʝ ʷʚʣʝʥʠʷ. ɺ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʣʦʪʥʦʩʪʠ ʟʘʩʪʨʦʡʢʠ ʚʳʜʝʣʷʶʪ ʪʨʠ ʦʩʥʦʚʥʳʭ ʨʝʞʠʤʘ ʪʝʯʝʥʠʷ [Britter, Hanna, 

2003]. ʇʨʠ ʨʝʜʢʦʡ ʟʘʩʪʨʦʡʢʝ ʢʘʞʜʦʝ ʟʜʘʥʠʝ ʠʤʝʝʪ ʩʚʦʡ ʩʦʙʩʪʚʝʥʥʳʡ ʪʫʨʙʫʣʝʥʪʥʳʡ ʩʣʝʜ 

(ʨʝʞʠʤ ʠʟʦʣʠʨʦʚʘʥʥʦʡ ʰʝʨʦʭʦʚʘʪʦʩʪʠ). ʇʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʪʫʨʙʫʣʝʥʪʥʳʝ ʩʣʝʜʳ 

ʦʪ ʩʦʩʝʜʥʠʭ ʧʨʝʧʷʪʩʪʚʠʡ ʥʘʯʠʥʘʶʪ ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʪʴ (ʨʝʞʠʤ ʠʥʪʝʨʬʝʨʝʥʮʠʠ). ʅʘʢʦʥʝʮ, ʧʨʠ 

ʧʣʦʪʥʦʡ ʟʘʩʪʨʦʡʢʝ ʫʧʦʨʷʜʦʯʝʥʥʳʡ ʚʦʟʜʫʰʥʳʡ ʧʦʪʦʢ ʤʦʞʝʪ çʧʝʨʝʩʢʘʢʠʚʘʪʴè ʩ ʢʨʳʰʠ ʥʘ 

ʢʨʳʰʫ, ʘ ʚʥʫʪʨʠ ʫʣʠʯʥʳʭ ʢʘʥʴʦʥʦʚ ʬʦʨʤʠʨʫʶʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʟʦʣʠʨʦʚʘʥʥʳʝ ʚʠʭʨʝʚʳʝ 

ʩʪʨʫʢʪʫʨʳ ï ʵʪʦ ʨʝʞʠʤ ʩʢʦʣʴʟʷʱʝʛʦ ʪʝʯʝʥʠʷ, skimming flow [Oke, 1988]. 

ɺʣʠʷʥʠʝ ʛʝʦʤʝʪʨʠʠ ʟʘʩʪʨʦʡʢʠ ʥʘ ʜʠʩʧʝʨʩʠʶ ʧʨʠʤʝʩʝʡ. 

ʅʘʠʙʦʣʝʝ ʠʟʫʯʝʥʥʦʡ ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʛʦʨʦʜʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʷʚʣʷʝʪʩʷ 

ʫʣʠʯʥʳʡ ʢʘʥʴʦʥ. ʇʨʠ ʚʝʪʨʝ, ʥʘʧʨʘʚʣʝʥʥʦʤ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʝʛʦ ʦʩʠ, ʚʥʫʪʨʠ ʬʦʨʤʠʨʫʝʪʩʷ 

ʦʩʥʦʚʥʦʡ ʢʘʥʴʦʥʥʳʡ ʚʠʭʨʴ, ʚʨʘʱʝʥʠʝ ʢʦʪʦʨʦʛʦ ʥʘʧʨʘʚʣʝʥʦ ʪʘʢ, ʯʪʦ ʫ ʥʘʚʝʪʨʝʥʥʦʡ ʩʪʝʥʳ ʧʦʪʦʢ 

ʜʚʠʞʝʪʩʷ ʚʥʠʟ, ʘ ʫ ʧʦʜʚʝʪʨʝʥʥʦʡ ï ʚʚʝʨʭ. ʕʪʘ ʮʠʨʢʫʣʷʮʠʷ ʤʦʞʝʪ ʵʬʬʝʢʪʠʚʥʦ çʟʘʧʠʨʘʪʴè 

ʟʘʛʨʷʟʥʷʶʱʠʝ ʚʝʱʝʩʪʚʘ, ʚʳʙʨʘʩʳʚʘʝʤʳʝ ʥʘ ʫʨʦʚʥʝ ʫʣʠʮʳ, ʧʨʠʚʦʜʷ ʢ ʚʳʩʦʢʠʤ ʢʦʥʮʝʥʪʨʘʮʠʷʤ 

ʫ ʧʦʜʚʝʪʨʝʥʥʦʡ ʩʪʝʥʳ [ɻʣʘʟʫʥʦʚ, 2018]. ʊʘʢ, ʚ ʢʣʘʩʩʠʯʝʩʢʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʚ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʪʨʫʙʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʢʦʥʮʝʥʪʨʘʮʠʠ ʟʘʛʨʷʟʥʠʪʝʣʝʡ ʫ ʥʘʚʝʪʨʝʥʥʦʡ ʩʪʝʥʳ 
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ʤʦʛʫʪ ʙʳʪʴ ʚ 10 ʨʘʟ ʚʳʰʝ, ʯʝʤ ʫ ʧʦʜʚʝʪʨʝʥʥʦʡ [Kastner-Klein, Plate, 1999]. ʆʜʥʘʢʦ ʥʘʪʫʨʥʳʝ 

ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʵʪʘ ʧʨʦʩʪʘʷ ʢʘʨʪʠʥʘ ʤʦʞʝʪ ʥʘʨʫʰʘʪʴʩʷ ʚ ʨʝʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ. 

ʅʘʧʨʠʤʝʨ, ʝʩʣʠ ʠʩʪʦʯʥʠʢ ʚʳʙʨʦʩʦʚ ʩʤʝʱʸʥ ʢ ʦʜʥʦʡ ʠʟ ʩʪʦʨʦʥ ʢʘʥʴʦʥʘ, ʪʦ ʤʘʢʩʠʤʘʣʴʥʳʝ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʦʛʫʪ ʥʘʙʣʶʜʘʪʴʩʷ ʠʤʝʥʥʦ ʫ ʵʪʦʡ, ʙʣʠʞʘʡʰʝʡ ʢ ʠʩʪʦʯʥʠʢʫ, ʩʪʝʥʳ, ʚʥʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʦʙʱʝʡ ʚʠʭʨʝʚʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ [Karra et al., 2011]. ʇʦʤʠʤʦ ʦʩʥʦʚʥʦʛʦ 

ʚʠʭʨʷ, ʚ ʫʛʣʘʭ ʢʘʥʴʦʥʘ ʤʦʛʫʪ ʬʦʨʤʠʨʦʚʘʪʴʩʷ ʚʪʦʨʠʯʥʳʝ, ʙʦʣʝʝ ʩʣʘʙʳʝ ʚʠʭʨʠ. ʇʨʠ ʚʝʪʨʝ, 

ʥʘʧʨʘʚʣʝʥʥʦʤ ʚʜʦʣʴ ʦʩʠ ʢʘʥʴʦʥʘ, ʚʦʟʥʠʢʘʝʪ çʵʬʬʝʢʪ ʢʘʥʘʣʘè (channeling), ʧʨʠʚʦʜʷʱʠʡ ʢ 

ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʩʠʣʝʥʠʶ ʩʢʦʨʦʩʪʠ ʚʝʪʨʘ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʢ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʤʫ ʧʨʦʜʦʣʴʥʦʤʫ 

ʚʳʥʦʩʫ ʧʨʠʤʝʩʠ. ɿʜʘʥʠʷ ʚʳʩʪʫʧʘʶʪ ʚ ʨʦʣʠ ʤʘʩʩʠʚʥʳʭ ʧʨʝʧʷʪʩʪʚʠʡ (ʠʣʠ ʙʦʢʦʚʦʡ 

ʰʝʨʦʭʦʚʘʪʦʩʪʠ), ʢʦʪʦʨʳʝ ʛʝʥʝʨʠʨʫʶʪ ʠʥʪʝʥʩʠʚʥʫʶ ʤʝʭʘʥʠʯʝʩʢʫʶ ʪʫʨʙʫʣʝʥʪʥʦʩʪʴ, ʦʩʦʙʝʥʥʦ 

ʚʙʣʠʟʠ ʠʭ ʥʘʚʝʪʨʝʥʥʳʭ ʫʛʣʦʚ ʠ ʥʘ ʩʜʚʠʛʦʚʦʤ ʩʣʦʝ ʥʘʜ ʫʨʦʚʥʝʤ ʢʨʳʰ [Droste, 2018]. ɺʩʝ ʵʪʠ 

ʧʨʦʮʝʩʩʳ ʩʦʟʜʘʶʪ ʢʨʘʡʥʝ ʥʝʦʜʥʦʨʦʜʥʦʝ ʪʨʝʭʤʝʨʥʦʝ ʧʦʣʝ ʚʝʪʨʘ ʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, ʜʝʪʘʣʴʥʦʝ 

ʦʧʠʩʘʥʠʝ ʢʦʪʦʨʦʛʦ ʷʚʣʷʝʪʩʷ ʢʣʶʯʝʚʳʤ ʜʣʷ ʢʦʨʨʝʢʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʨʘʝʢʪʦʨʠʡ 

ʘʵʨʦʟʦʣʴʥʳʭ ʯʘʩʪʠʮ. 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʵʪʠʭ ʩʣʦʞʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʢʦʥʪʨʦʣʠʨʫʝʤʳʭ ʫʩʣʦʚʠʷʭ ʠʩʩʣʝʜʦʚʘʪʝʣʠ 

ʜʦʣʛʦʝ ʚʨʝʤʷ ʠʩʧʦʣʴʟʦʚʘʣʠ ʦʙʣʘʩʪʠ ʩ ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʦʡ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ. ʈʘʟʚʠʪʠʝ 

ʵʪʦʛʦ ʧʦʜʭʦʜʘ ʤʦʞʥʦ ʫʩʣʦʚʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʥʝʩʢʦʣʴʢʦ ʠʩʪʦʨʠʯʝʩʢʠʭ ʵʪʘʧʦʚ. 

ʕʪʘʧ 1. ʀʜʝʘʣʠʟʠʨʦʚʘʥʥʳʡ ʫʣʠʯʥʳʡ ʢʘʥʴʦʥ. ʈʘʥʥʠʝ ʨʘʙʦʪʳ, ʢʘʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ (ʚ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʪʨʫʙʘʭ), ʪʘʢ ʠ ʯʠʩʣʝʥʥʳʝ, ʬʦʢʫʩʠʨʦʚʘʣʠʩʴ ʥʘ ʦʜʠʥʦʯʥʦʤ, ʙʝʩʢʦʥʝʯʥʦ 

ʜʣʠʥʥʦʤ ʚ ʧʦʧʝʨʝʯʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʫʣʠʯʥʳʤ ʢʘʥʴʦʥʝ [Oke, 1988]. ʕʪʘ ʧʨʦʩʪʝʡʰʘʷ ʤʦʜʝʣʴ 

ʧʦʟʚʦʣʠʣʘ ʚʳʷʚʠʪʴ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʨʝʞʠʤʦʚ ʪʝʯʝʥʠʷ ʠ ʢʦʥʮʝʥʪʨʘʮʠʡ ʦʪ 

ʘʩʧʝʢʪʥʦʛʦ ʦʪʥʦʰʝʥʠʷ (ʩʦʦʪʥʦʰʝʥʠʷ ʚʳʩʦʪʳ ʟʜʘʥʠʡ ʢ ʰʠʨʠʥʝ ʫʣʠʮʳ). ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩ 

ʨʦʩʪʦʤ ʘʩʧʝʢʪʥʦʛʦ ʦʪʥʦʰʝʥʠʷ ʢʘʥʴʦʥʥʳʡ ʚʠʭʨʴ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ ʚʳʨʘʞʝʥʥʳʤ ʠ ʩʪʘʙʠʣʴʥʳʤ, 

ʘ ʚʝʥʪʠʣʷʮʠʷ ʢʘʥʴʦʥʘ ʫʭʫʜʰʘʝʪʩʷ. ʕʪʠ ʨʘʥʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʟʘʣʦʞʠʣʠ ʦʩʥʦʚʫ ʧʦʥʠʤʘʥʠʷ 

ʧʨʦʮʝʩʩʦʚ ʚʝʥʪʠʣʷʮʠʠ ʚ ʛʦʨʦʜʩʢʦʡ ʟʘʩʪʨʦʡʢʝ. ʂʦʣʠʯʝʩʪʚʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʥʮʝʥʪʨʘʮʠʡ ʦʪ 

ʘʩʧʝʢʪʥʦʛʦ ʦʪʥʦʰʝʥʠʷ ʧʦʜʪʚʝʨʞʜʘʶʪʩʷ ʠ ʚ ʩʦʚʨʝʤʝʥʥʳʭ RANS-ʨʘʩʯʸʪʘʭ [ʉʪʘʨʯʝʥʢʦ ʠ ʜʨ., 

2022]: ʧʨʠ ʚʘʨʴʠʨʦʚʘʥʠʠ ʘʩʧʝʢʪʥʦʛʦ ʦʪʥʦʰʝʥʠʷ ʢʘʥʴʦʥʘ ʦʪ 0.25 ʜʦ 4.0 ʠ ʩʣʘʙʦʤ ʥʘʙʝʛʘʶʱʝʤ 

ʚʝʪʨʝ ʩʨʝʜʥʷʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʘʚʪʦʪʨʘʥʩʧʦʨʪʥʳʭ ʚʳʙʨʦʩʦʚ ʚ ʟʦʥʝ ʜʳʭʘʥʠʷ ʚʦʟʨʘʩʪʘʝʪ ʧʨʠʤʝʨʥʦ 

ʥʘ ʧʦʨʷʜʦʢ, ʚ ʛʣʫʙʦʢʠʭ ʢʘʥʴʦʥʘʭ ʬʦʨʤʠʨʫʝʪʩʷ ʭʘʨʘʢʪʝʨʥʘʷ ʜʚʫʭʚʠʭʨʝʚʘʷ ʩʪʨʫʢʪʫʨʘ, ʘ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʥʘʛʨʝʚ ʦʜʥʦʛʦ ʠʟ ʬʘʩʘʜʦʚ ʙʦʣʝʝ ʯʝʤ ʫʜʚʘʠʚʘʝʪ ʤʘʢʩʠʤʘʣʴʥʳʝ ʧʨʠʟʝʤʥʳʝ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʟʘ ʩʯʸʪ ʛʝʥʝʨʘʮʠʠ ʚʪʦʨʠʯʥʳʭ ʟʘʩʪʦʡʥʳʭ ʚʠʭʨʝʡ ʫ ʧʦʚʝʨʭʥʦʩʪʠ ʜʦʨʦʛʠ. 

ʕʪʘʧ 2. ʈʝʛʫʣʷʨʥʳʝ ʤʘʩʩʠʚʳ ʟʜʘʥʠʡ. ʉʣʝʜʫʶʱʠʤ ʰʘʛʦʤ ʩʪʘʣʦ ʫʩʣʦʞʥʝʥʠʝ ʛʝʦʤʝʪʨʠʠ ʚ 

ʚʠʜʝ ʨʝʛʫʣʷʨʥʳʭ ʤʘʩʩʠʚʦʚ ʦʜʠʥʘʢʦʚʳʭ ʟʜʘʥʠʡ (ʯʘʱʝ ʚʩʝʛʦ ʢʫʙʦʚ ʠʣʠ ʧʘʨʘʣʣʝʣʝʧʠʧʝʜʦʚ), 
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ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚ ʰʘʭʤʘʪʥʦʤ ʠʣʠ ʢʦʨʠʜʦʨʥʦʤ ʧʦʨʷʜʢʝ. ʕʪʦʪ ʧʦʜʭʦʜ ʧʦʟʚʦʣʠʣ ʠʩʩʣʝʜʦʚʘʪʴ 

ʚʣʠʷʥʠʝ ʪʘʢʠʭ ʠʥʪʝʛʨʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʢʘʢ ʧʣʦʪʥʦʩʪʴ ʟʘʩʪʨʦʡʢʠ, ʬʨʦʥʪʘʣʴʥʘʷ ʧʣʦʱʘʜʴ ʠ 

ʦʨʠʝʥʪʘʮʠʷ ʟʜʘʥʠʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʧʨʘʚʣʝʥʠʷ ʚʝʪʨʘ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʪʦʢʘ ʥʘʜ ʪʘʢʠʤʠ 

ʤʘʩʩʠʚʘʤʠ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʧʣʦʪʥʦʩʪʴ ʟʘʩʪʨʦʡʢʠ ʦʧʨʝʜʝʣʷʝʪ ʦʩʥʦʚʥʦʡ ʨʝʞʠʤ ʪʝʯʝʥʠʷ (ʥʘʧʨʠʤʝʨ, 

ʩʢʦʣʴʟʷʱʝʝ ʪʝʯʝʥʠʝ ʧʨʠ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ), ʘ ʦʨʠʝʥʪʘʮʠʷ çʫʣʠʮè ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʝʪʨʘ ʤʦʞʝʪ 

ʢʘʨʜʠʥʘʣʴʥʦ ʤʝʥʷʪʴ ʧʫʪʠ ʧʝʨʝʥʦʩʘ ʧʨʠʤʝʩʠ [Britter, Hanna, 2003]. ʇʨʷʤʦʝ ʯʠʩʣʝʥʥʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ (DNS) ʜʠʩʧʝʨʩʠʠ ʦʪ ʪʦʯʝʯʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʚ ʨʝʛʫʣʷʨʥʦʤ ʤʘʩʩʠʚʝ ʢʫʙʠʯʝʩʢʠʭ 

ʟʜʘʥʠʡ ʚʳʷʚʠʣʦ ʥʘʙʦʨ ʩʧʝʮʠʬʠʯʝʩʢʠʭ ʤʝʭʘʥʠʟʤʦʚ ʧʝʨʝʥʦʩʘ: ʢʘʥʘʣʠʟʠʨʦʚʘʥʠʝ (channelling) 

ʧʨʠʤʝʩʠ ʚʜʦʣʴ ʫʣʠʮ, ʪʦʧʦʣʦʛʠʯʝʩʢʫʶ ʜʠʩʧʝʨʩʠʶ ʧʨʠ ʦʙʪʝʢʘʥʠʠ ʧʨʝʧʷʪʩʪʚʠʡ ʠ ʧʝʨʝʢʦʩ 

(skewing) ʰʣʝʡʬʘ ʧʦ ʚʳʩʦʪʝ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʫʛʣʘ ʥʘʙʝʛʘʶʱʝʛʦ ʚʝʪʨʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʩʣʝʜʳ ʟʜʘʥʠʡ ʜʝʡʩʪʚʫʶʪ ʢʘʢ çʚʪʦʨʠʯʥʳʝ ʠʩʪʦʯʥʠʢʠè, ʚʳʩʚʦʙʦʞʜʘʷ 

ʟʘʭʚʘʯʝʥʥʳʡ ʩʢʘʣʷʨ ʩ ʟʘʜʝʨʞʢʦʡ ʚʦ ʚʨʝʤʝʥʠ [Branford et al., 2011]. ɺʘʣʠʜʘʮʠʷ ʯʠʩʣʝʥʥʳʭ 

ʤʦʜʝʣʝʡ ʜʣʷ ʪʘʢʠʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʯʘʩʪʦ ʧʨʦʚʦʜʠʣʘʩʴ ʧʦ ʜʘʥʥʳʤ ʥʘʪʫʨʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʚ 

ʭʦʜʝ ʢʦʪʦʨʳʭ ʚ ʨʝʛʫʣʷʨʥʦʤ ʤʘʩʩʠʚʝ ʧʨʝʧʷʪʩʪʚʠʡ ʚʳʧʫʩʢʘʣʩʷ ʪʨʘʩʩʝʨ [Milliez, Carissimo, 2007]. 

ʂʦʥʬʠʛʫʨʘʮʠʠ, ʨʘʩʩʤʦʪʨʝʥʥʳʝ ʚ ɻʣʘʚʝ 3 ʜʘʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʠ ʢʘʢ çʨʝʛʫʣʷʨʥʳʝè, ʷʚʣʷʶʪʩʷ 

ʧʨʷʤʳʤ çʥʘʩʣʝʜʥʠʢʦʤè ʵʪʦʛʦ ʧʦʜʭʦʜʘ. 

ʕʪʘʧ 3. ʇʝʨʝʭʦʜ ʢ ʛʝʪʝʨʦʛʝʥʥʳʤ ʢʦʥʬʠʛʫʨʘʮʠʷʤ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʨʝʛʫʣʷʨʥʳʭ ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʳʭ ʤʘʩʩʠʚʦʚ ʜʣʷ ʦʮʝʥʢʠ ʚʝʥʪʠʣʷʮʠʦʥʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʨʝʘʣʴʥʳʭ 

ʛʦʨʦʜʦʚ ʠʤʝʝʪ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʩʣʝʜʥʠʭ ʣʝʪ ʜʝʤʦʥʩʪʨʠʨʫʶʪ, 

ʯʪʦ ʨʝʘʣʠʩʪʠʯʥʘʷ 3D-ʤʦʨʬʦʣʦʛʠʷ ʛʦʨʦʜʘ ʬʦʨʤʠʨʫʝʪ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʠʥʳʝ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʝ 

ʧʘʪʪʝʨʥʳ, ʢʦʪʦʨʳʝ ʥʝ ʘʧʧʨʦʢʩʠʤʠʨʫʶʪʩʷ ʧʨʦʩʪʳʤʠ 2D-ʟʘʚʠʩʠʤʦʩʪʷʤʠ [Li et al., 2021]. ʂʘʢ 

ʧʦʢʘʟʘʥʦ ʥʘ ʙʘʟʝ ʤʘʩʰʪʘʙʥʦʡ ʙʘʟʳ ʜʘʥʥʳʭ LES-ʵʢʩʧʝʨʠʤʝʥʪʦʚ UrbanTALES (538 

ʢʦʥʬʠʛʫʨʘʮʠʡ), ʢʣʘʩʩʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ (ʧʣʦʪʥʦʩʪʴ ʟʘʩʪʨʦʡʢʠ ʠ ʠʥʜʝʢʩ ʬʨʦʥʪʘʣʴʥʦʡ 

ʧʣʦʱʘʜʠ) ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʙʦʣʴʰʦʡ ʨʘʟʙʨʦʩ ʠ ʧʣʦʭʦ ʦʧʠʩʳʚʘʶʪ ʪʫʨʙʫʣʝʥʪʥʳʝ ʧʦʪʦʢʠ ʚ 

ʛʝʪʝʨʦʛʝʥʥʦʡ ʟʘʩʪʨʦʡʢʝ, ʫʩʪʫʧʘʷ ʙʦʣʝʝ ʩʣʦʞʥʳʤ ʤʝʪʨʠʢʘʤ, ʪʘʢʠʤ ʢʘʢ ʩʚʷʟʥʦʩʪʴ ʫʣʠʮ [Nazarian 

et al., 2025]. ɸʥʘʣʦʛʠʯʥʳʝ ʚʳʚʦʜʳ ʧʦʣʫʯʝʥʳ ʧʨʠ LES-ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʘʵʨʦʜʠʥʘʤʠʢʠ 11 

ʧʨʦʮʝʜʫʨʥʦ ʩʛʝʥʝʨʠʨʦʚʘʥʥʳʭ ʨʘʥʜʦʤʠʟʠʨʦʚʘʥʥʳʭ ʤʦʨʬʦʣʦʛʠʡ ʥʘ ʦʩʥʦʚʝ ʃʂɿ: ʜʘʞʝ ʧʨʠ 

ʬʠʢʩʠʨʦʚʘʥʥʳʭ ʟʥʘʯʝʥʠʷʭ ʧʣʦʪʥʦʩʪʠ ʠ ʬʨʦʥʪʘʣʴʥʦʡ ʧʣʦʱʘʜʠ, ʚʘʨʠʘʪʠʚʥʦʩʪʴ ʚʳʩʦʪ ʟʜʘʥʠʡ 

ʢʘʨʜʠʥʘʣʴʥʦ ʤʝʥʷʝʪ ʚʝʨʪʠʢʘʣʴʥʳʡ ʧʨʦʬʠʣʴ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʘ 

ʢʣʘʩʩʠʯʝʩʢʠʝ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ʩʢʦʨʦʩʪʠ ʚʝʪʨʘ ʚʥʫʪʨʠ ʛʦʨʦʜʩʢʦʛʦ ʧʦʣʦʛʘ 

ʦʢʘʟʳʚʘʶʪʩʷ ʥʝʧʨʠʤʝʥʠʤʳ [Nagel et al., 2023]. ʕʪʘ ʵʚʦʣʶʮʠʷ ʚ ʧʦʥʠʤʘʥʠʠ ʧʨʦʙʣʝʤʳ ʦʪʨʘʞʝʥʘ 

ʥʝ ʪʦʣʴʢʦ ʚ ʤʦʜʝʣʴʥʳʭ, ʥʦ ʠ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ, ʢʦʪʦʨʳʝ ʪʘʢʞʝ ʧʦʩʚʷʱʘʶʪʩʷ 
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ʜʝʪʘʣʴʥʳʤ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʷʤ ʨʝʘʣʴʥʳʭ ʛʦʨʦʜʩʢʠʭ ʢʚʘʨʪʘʣʦʚ ʚ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʪʨʫʙʘʭ 

[Kastner-Klein et al., 2004].  

ɺʘʞʥʝʡʰʠʤ ʬʘʢʪʦʨʦʤ ʦʪʣʠʯʠʷ ʨʝʘʣʠʩʪʠʯʥʦʡ ʟʘʩʪʨʦʡʢʠ ʦʪ ʨʝʛʫʣʷʨʥʦʡ ʷʚʣʷʝʪʩʷ 

ʚʘʨʠʘʪʠʚʥʦʩʪʴ ʚʳʩʦʪ ʟʜʘʥʠʡ. ɺ ʧʣʦʪʥʳʭ ʤʘʩʩʠʚʘʭ ʦʜʠʥʘʢʦʚʦʡ ʚʳʩʦʪʳ ʟʘʛʨʷʟʥʠʪʝʣʠ ʫʜʘʣʷʶʪʩʷ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʟʘ ʩʯʝʪ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʩʨʝʜʥʝʛʦ ʧʦʪʦʢʘ ʚʜʦʣʴ ʫʣʠʮ [Hang et al., 2012]. 

ɺʚʝʜʝʥʠʝ ʜʘʞʝ ʫʤʝʨʝʥʥʦʡ ʛʝʪʝʨʦʛʝʥʥʦʩʪʠ ʧʦ ʚʳʩʦʪʝ ʧʝʨʝʨʘʩʧʨʝʜʝʣʷʝʪ ʢʠʥʝʪʠʯʝʩʢʫʶ 

ʵʥʝʨʛʠʶ, ʨʘʟʨʫʰʘʷ ʨʝʞʠʤ ʩʢʦʣʴʟʷʱʝʛʦ ʪʝʯʝʥʠʷ (skimming flow) ʠ ʠʥʪʝʥʩʠʬʠʮʠʨʫʷ 

ʚʝʨʪʠʢʘʣʴʥʳʡ ʪʫʨʙʫʣʝʥʪʥʳʡ ʚʳʥʦʩ ʚ ʩʣʦʡ ʥʘʜ ʢʨʳʰʘʤʠ [Hang et al., 2012; Shui et al., 2025]. 

ʈʝʟʫʣʴʪʘʪʳ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʝʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʝʤʦʥʩʪʨʠʨʫʶʪ, ʯʪʦ ʚ ʨʝʘʣʠʩʪʠʯʥʦʡ 

ʟʘʩʪʨʦʡʢʝ ʠʤʝʥʥʦ ʚʝʨʪʠʢʘʣʴʥʳʡ ʪʫʨʙʫʣʝʥʪʥʳʡ ʤʘʩʩʦʧʝʨʝʥʦʩ ʦʙʝʩʧʝʯʠʚʘʝʪ ʙʦʣʝʝ 70% ʚʩʝʛʦ 

ʚʳʥʦʩʘ ʘʵʨʦʟʦʣʝʡ, ʜʦʤʠʥʠʨʫʷ ʥʘʜ ʫʩʪʦʡʯʠʚʳʤʠ ʚʦʩʭʦʜʷʱʠʤʠ ʧʦʪʦʢʘʤʠ [Zhang et al., 2021; Du 

et al., 2024]. ʇʦʤʠʤʦ ʚʘʨʠʘʪʠʚʥʦʩʪʠ ʚʳʩʦʪ, ʩʫʱʝʩʪʚʝʥʥʫʶ ʨʦʣʴ ʠʛʨʘʝʪ ʦʨʠʝʥʪʘʮʠʷ ʤʘʩʩʠʚʘ 

ʟʜʘʥʠʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʧʨʘʚʣʝʥʠʷ ʥʘʙʝʛʘʶʱʝʛʦ ʚʝʪʨʘ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ 

ʠʟʤʝʥʝʥʠʝ ʫʛʣʘ ʘʪʘʢʠ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦ ʧʝʨʝʩʪʨʘʠʚʘʝʪ ʪʦʧʦʣʦʛʠʶ ʧʦʪʦʢʘ: ʦʪ ʨʝʞʠʤʘ 

ʩʢʦʣʴʟʷʱʝʛʦ ʪʝʯʝʥʠʷ ʧʨʠ ʦʙʜʫʚʝ ʚʜʦʣʴ ʫʣʠʮ ʢ ʨʝʞʠʤʫ ʠʥʪʝʥʩʠʚʥʦʡ ʠʥʪʝʨʬʝʨʝʥʮʠʠ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʩʣʝʜʦʚ ʧʨʠ ʢʦʩʦʤ ʦʙʜʫʚʝ [Claus et al., 2012]. 

ɼʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʨʘʟʜʝʣʝʥʠʷ ʨʝʛʫʣʷʨʥʳʭ, ʨʘʥʜʦʤʠʟʠʨʦʚʘʥʥʳʭ ʠ ʨʝʘʣʠʩʪʠʯʥʳʭ 

ʢʦʥʬʠʛʫʨʘʮʠʡ ʚ ʩʦʚʨʝʤʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʧʨʠʤʝʥʷʶʪʩʷ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʤʝʪʨʠʢʠ 

ʩʣʦʞʥʦʩʪʠ. ʈʝʘʣʴʥʳʝ ʛʦʨʦʜʘ ʦʙʣʘʜʘʶʪ ʩʣʦʞʥʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʬʨʘʢʪʘʣʴʥʦʡ, ʠ ʥʝ 

ʤʦʛʫʪ ʙʳʪʴ ʦʧʠʩʘʥʳ ʪʦʣʴʢʦ ʩʨʝʜʥʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʧʣʦʪʥʦʩʪʠ [Chen, 2019]. ɼʣʷ ʦʮʝʥʢʠ ʩʪʝʧʝʥʠ 

ʢʣʘʩʪʝʨʠʟʘʮʠʠ ʟʜʘʥʠʡ ʠ ʜʠʩʧʝʨʩʠʠ ʧʫʩʪʦʪ ʚ ʟʘʩʪʨʦʡʢʝ ʫʩʧʝʰʥʦ ʧʨʠʤʝʥʷʝʪʩʷ ʤʘʪʝʤʘʪʠʯʝʩʢʠʡ 

ʘʧʧʘʨʘʪ ʣʘʢʫʥʘʨʥʦʩʪʠ (lacunarity, ʥʘʣʠʯʠʝ ʧʫʩʪʳʭ ʧʨʦʩʪʨʘʥʩʪʚ ï ʣʘʢʫʥ), ʧʦʟʚʦʣʷʶʱʠʡ 

ʦʪʣʠʯʠʪʴ ʞʸʩʪʢʦ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʡ ʤʘʩʩʠʚ ʦʪ ʭʘʦʪʠʯʥʦʛʦ ʧʨʠ ʦʜʠʥʘʢʦʚʦʡ ʩʨʝʜʥʝʡ ʧʣʦʪʥʦʩʪʠ 

[Plotnick et al., 1996]. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʦʮʝʥʢʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʭʘʦʪʠʯʥʦʩʪʠ ʟʘʩʪʨʦʡʢʠ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʦʢʘʟʘʪʝʣʠ ʵʥʪʨʦʧʠʠ ʦʨʠʝʥʪʘʮʠʠ ʫʣʠʮ [Boeing, 2019]. ʇʨʠʤʝʥʝʥʠʝ ʪʘʢʠʭ ʤʝʪʨʠʢ 

ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʜʘʞʝ ʧʨʠ ʦʜʠʥʘʢʦʚʦʡ ʙʘʟʦʚʦʡ ʧʣʦʪʥʦʩʪʠ ʟʘʩʪʨʦʡʢʠ ʠʤʝʥʥʦ ʝʝ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʢʦʤʧʦʥʦʚʢʘ ï ʩʪʝʧʝʥʴ ʨʝʛʫʣʷʨʥʦʩʪʠ ʟʜʘʥʠʡ, ʭʘʦʪʠʯʥʦʩʪʴ ʠʭ ʨʘʩʧʦʣʦʞʝʥʠʷ 

ʠ ʧʝʨʝʧʘʜʳ ʚʳʩʦʪ ï ʢʘʨʜʠʥʘʣʴʥʦ ʤʝʥʷʝʪ ʨʝʞʠʤʳ ʦʙʪʝʢʘʥʠʷ ʠ ʬʦʨʤʠʨʫʝʪ ʣʦʢʘʣʴʥʳʝ ʟʦʥʳ 

ʟʘʩʪʦʷ ʘʵʨʦʟʦʣʝʡ [Chen, 2019; Li et al., 2021]. ʇʦʩʢʦʣʴʢʫ ʫʧʨʦʱʝʥʥʳʝ ʤʘʢʨʦʧʘʨʘʤʝʪʨʳ ʥʝ 

ʩʧʦʩʦʙʥʳ ʦʪʨʘʟʠʪʴ ʵʪʫ ʥʝʣʠʥʝʡʥʫʶ ʘʵʨʦʜʠʥʘʤʠʢʫ, ʚʦʟʥʠʢʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚ ʧʨʷʤʦʤ 

ʤʠʢʨʦʤʘʩʰʪʘʙʥʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ (ʥʘʧʨʠʤʝʨ, ʤʝʪʦʜʘʤʠ LES). ʇʨʠ ʵʪʦʤ ʜʣʷ ʦʙʲʝʢʪʠʚʥʦʡ 

ʦʮʝʥʢʠ ʚʝʥʪʠʣʷʮʠʦʥʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʚʘʞʥʦ ʥʝ ʦʛʨʘʥʠʯʠʚʘʪʴʩʷ ʢʣʘʩʩʠʯʝʩʢʠʤʠ 

ʨʝʛʫʣʷʨʥʳʤʠ ʤʘʩʩʠʚʘʤʠ, ʘ ʩʦʧʦʩʪʘʚʣʷʪʴ ʠʭ ʩ ʨʝʘʣʠʩʪʠʯʥʳʤʠ ʠ ʨʘʥʜʦʤʠʟʠʨʦʚʘʥʥʳʤʠ 
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ʢʦʥʬʠʛʫʨʘʮʠʷʤʠ, ʷʚʥʦ ʚʦʩʧʨʦʠʟʚʦʜʷ ʨʘʟʣʠʯʥʳʝ ʪʠʧʳ ʪʨʸʭʤʝʨʥʦʡ ʛʦʨʦʜʩʢʦʡ ʛʝʦʤʝʪʨʠʠ [Li et 

al., 2021]. 

ʂʦʥʮʝʧʮʠʷ ʣʦʢʘʣʴʥʳʭ ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʟʦʥ. 

ʋʥʠʚʝʨʩʘʣʴʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʚ ʛʦʨʦʜʩʢʦʡ ʤʦʨʬʦʣʦʛʠʠ, ʧʦʟʚʦʣʷʶʱʠʤ ʧʨʝʦʜʦʣʝʪʴ 

ʨʘʟʨʳʚ ʤʝʞʜʫ ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʳʤʠ ʤʦʜʝʣʷʤʠ ʠ ʩʣʦʞʥʳʤ ʨʝʘʣʴʥʳʤ ʣʘʥʜʰʘʬʪʦʤ, ʩʪʘʣʘ 

ʢʣʘʩʩʠʬʠʢʘʮʠʷ ʣʦʢʘʣʴʥʳʭ ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʟʦʥ (ʃʂɿ) [Stewart, Oke, 2012]. ʕʪʘ ʩʠʩʪʝʤʘ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʪʘʥʜʘʨʪʠʟʠʨʦʚʘʥʥʫʶ ʠ ʦʙʲʝʢʪʠʚʥʫʶ ʦʩʥʦʚʫ ʜʣʷ ʦʧʠʩʘʥʠʷ ʠ ʩʨʘʚʥʝʥʠʷ 

ʛʦʨʦʜʩʢʦʡ ʠ ʩʝʣʴʩʢʦʡ ʤʝʩʪʥʦʩʪʠ. ʂʣʘʩʩʠʬʠʢʘʮʠʷ ʚʢʣʶʯʘʝʪ 17 ʩʪʘʥʜʘʨʪʥʳʭ ʢʣʘʩʩʦʚ 

ʧʦʜʩʪʠʣʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ: 10 ʫʨʙʘʥʠʟʠʨʦʚʘʥʥʳʭ (ʦʪ ʧʣʦʪʥʦʡ ʚʳʩʦʪʥʦʡ ʟʘʩʪʨʦʡʢʠ ʜʦ 

ʨʘʟʨʝʞʝʥʥʦʡ ʤʘʣʦʵʪʘʞʥʦʡ) ʠ 7 ʧʨʠʨʦʜʥʳʭ (ʨʠʩ. 1.5). 
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ʈʠʩʫʥʦʢ 1.5. ʊʠʧʳ ʣʦʢʘʣʴʥʳʭ ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʟʦʥ [Stewart, Oke, 2012; ʉʘʤʩʦʥʦʚ ʠ ʊʨʠʛʫʙ, 

2018] . 

ʂʘʞʜʳʡ ʢʣʘʩʩ ʃʂɿ ʦʙʲʝʢʪʠʚʥʦ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʦʣʠʯʝʩʪʚʝʥʥʳʤʠ ʜʠʘʧʘʟʦʥʘʤʠ ʬʠʟʠʯʝʩʢʠʭ 

ʧʘʨʘʤʝʪʨʦʚ ʛʦʨʦʜʩʢʦʛʦ ʧʦʣʦʛʘ (Urban Canopy Parameters, UCP): ʧʣʦʪʥʦʩʪʴʶ ʟʘʩʪʨʦʡʢʠ, 

ʚʳʩʦʪʦʡ ʟʜʘʥʠʡ, ʬʘʢʪʦʨʦʤ ʚʠʜʠʤʦʩʪʠ ʥʝʙʘ, ʦʪʥʦʰʝʥʠʝʤ ʚʳʩʦʪʳ ʢ ʰʠʨʠʥʝ ʢʘʥʴʦʥʘ (ʦʪʥʦʰʝʥʠʝ 

ʘʩʧʝʢʪʘ) ʠ ʜʦʣʝʡ ʧʨʦʥʠʮʘʝʤʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ [Stewart, Oke, 2012]. ɼʣʷ ʘʚʪʦʤʘʪʠʟʘʮʠʠ 

ʧʨʦʮʝʩʩʦʚ ʩʙʦʨʘ ʠʥʬʦʨʤʘʮʠʠ ʦ ʛʦʨʦʜʩʢʦʡ ʤʦʨʬʦʣʦʛʠʠ ʠ ʢʘʨʪʠʨʦʚʘʥʠʷ ʃʂɿ ʚ ʛʣʦʙʘʣʴʥʦʤ 

ʤʘʩʰʪʘʙʝ ʙʳʣʘ ʩʦʟʜʘʥʘ ʠʥʬʨʘʩʪʨʫʢʪʫʨʘ WUDAPT [Ching et al., 2018], ʦʧʠʨʘʶʱʘʷʩʷ ʥʘ 

ʘʣʛʦʨʠʪʤʳ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ, ʩʧʫʪʥʠʢʦʚʳʝ ʜʘʥʥʳʝ ʠ ʧʣʘʪʬʦʨʤʳ ʜʣʷ ʛʝʥʝʨʘʮʠʠ ʠʪʦʛʦʚʳʭ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʧʦʣʝʡ, ʢʘʢ LCZ Generator [Demuzere et al., 2021]. ʈʝʟʫʣʴʪʘʪʦʤ ʨʘʟʚʠʪʠʷ 

ʵʪʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʩʪʘʣʦ ʧʦʷʚʣʝʥʠʝ ʛʣʦʙʘʣʴʥʦʡ ʢʘʨʪʳ ʃʂɿ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ 

100 ʤʝʪʨʦʚ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʜʝʪʘʣʴʥʦ ʦʧʠʩʳʚʘʪʴ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʷʯʝʝʢ ʛʦʨʦʜʦʚ ʚ 

ʨʝʛʠʦʥʘʣʴʥʳʭ ʠ ʤʝʟʦʤʘʩʰʪʘʙʥʳʭ ʤʦʜʝʣʷʭ [Demuzere et al., 2022]. ʀʟʥʘʯʘʣʴʥʦ ʢʦʥʮʝʧʮʠʷ ʃʂɿ 

ʨʘʟʨʘʙʘʪʳʚʘʣʘʩʴ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʜʣʷ ʩʪʘʥʜʘʨʪʠʟʘʮʠʠ ʠʩʩʣʝʜʦʚʘʥʠʡ ʛʦʨʦʜʩʢʦʛʦ ʦʩʪʨʦʚʘ 

ʪʝʧʣʘ [Varentsov et al., 2020], ʦʜʥʘʢʦ ʚ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʧʨʦʠʟʦʰʝʣ ʩʜʚʠʛ ʧʘʨʘʜʠʛʤʳ, ʠ ʃʂɿ 

ʩʪʘʣʠ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʢʘʨʢʘʩʦʤ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʛʦʨʦʜʩʢʦʡ ʚʝʥʪʠʣʷʮʠʠ 

ʠ ʜʠʩʧʝʨʩʠʠ ʘʵʨʦʟʦʣʝʡ [Gál et al., 2025]. 

ʄʥʦʛʦʯʠʩʣʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʝʤʦʥʩʪʨʠʨʫʶʪ, ʯʪʦ ʤʝʪʦʜ ʃʂɿ ʧʨʝʚʦʩʭʦʜʠʪ 

ʪʨʘʜʠʮʠʦʥʥʳʝ ʩʠʩʪʝʤʳ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʟʝʤʣʝʧʦʣʴʟʦʚʘʥʠʷ (ʥʘʧʨʠʤʝʨ, LUCC) ʚ ʠʥʪʝʨʧʨʝʪʘʮʠʠ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ PM2.5 ʠ PM10, ʪʘʢ ʢʘʢ ʠʤʝʥʥʦ 3D-ʘʪʨʠʙʫʪʳ 

ʛʝʦʤʝʪʨʠʠ ʚ ʙʦʣʴʰʦʡ ʩʪʝʧʝʥʠ ʢʦʥʪʨʦʣʠʨʫʶʪ ʤʠʢʨʦʢʣʠʤʘʪ ʠ ʘʵʨʦʜʠʥʘʤʠʢʫ ʚ ʛʦʨʦʜʝ [Jiang et 

al., 2023]. ʅʘʪʫʨʥʳʝ ʠ ʤʦʜʝʣʴʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦʜʪʚʝʨʞʜʘʶʪ ʟʘʚʠʩʠʤʦʩʪʴ ʚʝʥʪʠʣʷʮʠʦʥʥʦʛʦ 

ʧʦʪʝʥʮʠʘʣʘ ʪʝʨʨʠʪʦʨʠʠ ʦʪ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʦʧʨʝʜʝʣʷʶʱʠʭ ʢʣʘʩʩ ʃʂɿ [Zhao et al., 

2020]. ʂʦʤʧʘʢʪʥʘʷ (ʧʣʦʪʥʘʷ) ʟʘʩʪʨʦʡʢʘ (ʃʂɿ 1, 2, 3) ʟʥʘʯʠʪʝʣʴʥʦ ʦʩʣʘʙʣʷʝʪ ʜʠʩʧʝʨʩʠ:ʁ 

ʚʳʩʦʢʦʝ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʙʣʦʢʠʨʫʝʪ ʧʦʪʦʢʠ ʚʝʪʨʘ ʚʥʫʪʨʠ ʧʦʣʦʛʘ, ʬʦʨʤʠʨʫʷ 

ʟʘʩʪʦʡʥʳʝ "ʛʦʨʷʯʠʝ ʪʦʯʢʠ" ʥʘʢʦʧʣʝʥʠʷ ʘʵʨʦʟʦʣʝʡ [Shi et al., 2019; Wu et al., 2024]. ʅʘʧʨʠʤʝʨ, 

ʚ ʟʠʤʥʠʡ ʧʝʨʠʦʜ ʚ ʧʣʦʪʥʦʡ ʩʨʝʜʥʝʵʪʘʞʥʦʡ ʟʘʩʪʨʦʡʢʝ (ʃʂɿ 2) ʬʠʢʩʠʨʫʪʁ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠ 

ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ PM2.5 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʪʢʨʳʪʦʡ ʟʘʩʪʨʦʡʢʦʡ ʪʦʡ ʞʝ ʵʪʘʞʥʦʩʪʠ 

(ʃʂɿ 5), ʯʪʦ ʦʪʨʘʞʘʝʪʩʷ ʢʘʢ ʥʘ ʫʣʠʯʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ, ʪʘʢ ʠ ʥʘ ʢʘʯʝʩʪʚʝ ʚʦʟʜʫʭʘ ʚʥʫʪʨʠ 

ʧʨʠʣʝʛʘʶʱʠʭ ʟʜʘʥʠʡ [Nourani et al., 2025]. ɼʠʥʘʤʠʢʘ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʛʦʨʦʜʩʢʦʡ ʪʢʘʥʠ ʪʘʢʞʝ 

ʧʦʜʪʚʝʨʞʜʘʝʪ ʵʪʫ ʟʘʢʦʥʦʤʝʨʥʦʩʪʴ: ʘʥʘʣʠʟ ʤʥʦʛʦʣʝʪʥʠʭ ʩʧʫʪʥʠʢʦʚʳʭ ʜʘʥʥʳʭ ʜʣʷ ʊʝʛʝʨʘʥʘ 

ʧʦʢʘʟʘʣ, ʯʪʦ ʢʦʥʚʝʨʩʠʷ ʧʣʦʪʥʦʡ ʩʨʝʜʥʝʵʪʘʞʥʦʡ ʟʘʩʪʨʦʡʢʠ (ʃʂɿ 2) ʚ ʦʪʢʨʳʪʫʶ ʚʳʩʦʪʥʫʶ (ʃʂɿ 
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4) ʩʦʧʨʦʚʦʞʜʘʣʘʩʴ ʟʘʤʝʪʥʳʤ ʩʥʠʞʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʡ PM10 ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʨʘʡʦʥʘʭ 

[Maleki et al., 2023]. 

ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʦʪʢʨʳʪʘʷ ʟʘʩʪʨʦʡʢʘ (ʃʂɿ 4, 5, 6) ʦʙʝʩʧʝʯʠʚʘʝʪ ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʩʢʦʨʦʩʪʠ 

ʚʝʪʨʘ ʠ ʣʫʯʰʠʡ ʚʦʟʜʫʭʦʦʙʤʝʥ, ʩʧʦʩʦʙʩʪʚʫʷ ʵʬʬʝʢʪʠʚʥʦʤʫ ʨʘʩʩʝʠʚʘʥʠʶ ʟʘʛʨʷʟʥʷʶʱʠʭ 

ʚʝʱʝʩʪʚ [Zhao et al., 2020; Hidalgo-García, Rezapouraghdam, 2026]. ʄʦʜʝʣʠ ʤʘʰʠʥʥʦʛʦ 

ʦʙʫʯʝʥʠʷ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʃʂɿ ʤʦʛʫʪ ʫʩʧʝʰʥʦ ʧʨʠʤʝʥʷʪʴʩʷ ʚ ʨʦʣʠ ʧʨʝʜʠʢʪʦʨʘ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ PM2.5, ʥʘʧʨʠʤʝʨ ʥʘʣʠʯʠʝ ʟʦʥ ʦʪʢʨʳʪʦʡ ʚʳʩʦʪʥʦʡ ʟʘʩʪʨʦʡʢʠ 

(ʃʂɿ 4) ʦʙʭʦʜʠʪ ʧʦ ʟʥʘʯʠʤʦʩʪʠ ʜʘʞʝ ʚʣʠʷʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʣʦʢʘʣʴʥʦʛʦ ʪʨʘʬʠʢʘ [Amouei, 

2023]. ʇʨʠ ʵʪʦʤ ʚʣʠʷʥʠʝ ʛʝʦʤʝʪʨʠʠ ʥʘ ʧʝʨʝʥʦʩ ʧʨʠʤʝʩʝʡ ʥʝʣʠʥʝʡʥʦ: ʚʣʠʷʥʠʝ ʛʦʨʦʜʩʢʦʡ 

ʤʦʨʬʦʣʦʛʠʠ ʤʦʞʝʪ ʙʳʪʴ ʩʧʝʮʠʬʠʯʥʦ ʜʣʷ ʢʘʞʜʦʛʦ ʟʘʛʨʷʟʥʠʪʝʣʷ ʠ ʜʣʷ ʢʘʞʜʦʡ ʢʦʥʢʨʝʪʥʦʡ ʃʂɿ 

[Xu et al., 2026]. ɹʦʣʝʝ ʪʦʛʦ, ʦʪʜʝʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʧʦʤʠʤʦ ʙʘʟʦʚʦʡ 

ʢʣʘʩʩʠʬʠʢʘʮʠʠ, ʢʨʠʪʠʯʝʩʢʫʶ ʨʦʣʴ ʠʛʨʘʶʪ ʚʥʫʪʨʝʥʥʠʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ï ʪʦ ʝʩʪʴ ʪʦ, 

ʢʘʢ ʠʤʝʥʥʦ ʩʛʨʫʧʧʠʨʦʚʘʥʳ ʟʜʘʥʠʷ ʚʥʫʪʨʠ ʢʦʥʢʨʝʪʥʦʡ ʟʦʥʳ [Lin et al., 2024; Yang et al., 2026]. 

ʅʘʧʨʠʤʝʨ, ʩʪʝʧʝʥʴ ʩʢʫʯʝʥʥʦʩʪʠ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʥʝʧʨʝʨʳʚʥʦʩʪʠ ʟʘʩʪʨʦʡʢʠ, 

ʬʨʘʛʤʝʥʪʠʨʦʚʘʥʥʦʩʪʴ ʢʚʘʨʪʘʣʘ ʥʘʧʨʷʤʫʶ ʦʧʨʝʜʝʣʷʶʪ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʫʶ ʧʨʦʥʠʮʘʝʤʦʩʪʴ 

ʧʨʦʩʪʨʘʥʩʪʚʘ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʦʪʝʥʮʠʘʣ ʜʣʷ ʝʛʦ ʚʝʥʪʠʣʷʮʠʠ [Lin et al., 2024]. ɺʳʩʦʢʘʷ 

ʩʢʫʯʝʥʥʦʩʪʴ ʟʜʘʥʠʡ ʬʦʨʤʠʨʫʝʪ ʬʠʟʠʯʝʩʢʠʝ ʙʘʨʴʝʨʳ, ʢʦʪʦʨʳʝ ʙʣʦʢʠʨʫʶʪ ʧʦʪʦʢʠ ʚʝʪʨʘ ʠ 

ʩʦʟʜʘʶʪ ʫʩʪʦʡʯʠʚʳʝ ʟʦʥʳ ʟʘʩʪʦʷ ʘʵʨʦʟʦʣʝʡ [Yang et al., 2026]. ʅʘʧʨʦʪʠʚ, ʙʦʣʝʝ 

ʬʨʘʛʤʝʥʪʠʨʦʚʘʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʩ ʯʘʩʪʳʤʠ ʨʘʟʨʳʚʘʤʠ ʨʘʟʨʫʰʘʝʪ ʵʪʠ çʣʦʚʫʰʢʠè, ʩʧʦʩʦʙʩʪʚʫʷ 

ʣʦʢʘʣʴʥʦʡ ʚʝʥʪʠʣʷʮʠʠ [Lin et al., 2024]. ʊʘʢʠʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʙʘʨʴʝʨʳ ʫʧʨʘʚʣʷʶʪ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʠ ʘʢʢʫʤʫʣʷʮʠʝʡ PM2.5, ʧʨʠʯʸʤ ʟʥʘʯʠʤʦʩʪʴ ʠʭ ʚʣʠʷʥʠʷ 

ʩʦʭʨʘʥʷʝʪʩʷ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʚʩʝʛʦ ʛʦʜʘ ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʩʝʟʦʥʥʳʭ ʠʟʤʝʥʝʥʠʡ ʤʝʪʝʦʨʦʣʦʛʠʯʝʩʢʦʛʦ 

ʬʦʥʘ [Lin et al., 2024; Yang et al., 2026]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʢʣʘʩʩʠʬʠʢʘʮʠʷ ʃʂɿ ʥʝ ʪʦʣʴʢʦ ʧʦʧʫʣʷʨʥʘ ʠ ʵʬʬʝʢʪʠʚʥʘ ʚ ʟʘʜʘʯʘʭ, 

ʩʚʷʟʘʥʥʳʭ ʩ ʪʝʧʣʦʚʳʤ ʙʘʣʘʥʩʦʤ ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʨʝʞʠʤʦʤ ʚ ʛʦʨʦʜʝ, ʥʦ ʠ ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʠʤ 

ʧʦʪʝʥʮʠʘʣʦʤ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʧʨʝʜʠʢʪʦʨʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʠ ʥʘʢʦʧʣʝʥʠʷ ʧʨʠʤʝʩʝʡ 

ʚ ʛʦʨʦʜʩʢʦʤ ʚʦʟʜʫʭʝ. ʆʜʥʘʢʦ ʝʸ ʧʨʠʤʝʥʝʥʠʝ ʠʤʝʝʪ ʨʷʜ ʦʛʨʘʥʠʯʝʥʠʡ [Amouei, 2023; Gál et al., 

2025]. ʂʘʞʜʳʡ ʢʣʘʩʩ ʃʂɿ ʟʘʜʘʝʪ ʣʠʰʴ ʜʦʧʫʩʪʠʤʳʝ ʩʧʝʢʪʨʳ ʟʥʘʯʝʥʠʡ ʜʣʷ ʧʘʨʘʤʝʪʨʦʚ 

ʛʦʨʦʜʩʢʦʛʦ ʧʦʣʦʛʘ (ʥʘʧʨʠʤʝʨ, ʜʠʘʧʘʟʦʥʳ ʧʣʦʪʥʦʩʪʠ ʠ ʚʳʩʦʪʳ), ʚʥʫʪʨʠ ʢʦʪʦʨʳʭ ʬʘʢʪʠʯʝʩʢʘʷ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʤʦʞʝʪ ʚʘʨʴʠʨʦʚʘʪʴʩʷ ʢʘʨʜʠʥʘʣʴʥʦ. ʂʘʢ ʙʳʣʦ ʦʪʤʝʯʝʥʦ ʨʘʥʝʝ, 

ʜʘʞʝ ʧʨʠ ʠʜʝʥʪʠʯʥʦʡ ʙʘʟʦʚʦʡ ʧʣʦʪʥʦʩʪʠ ʟʘʩʪʨʦʡʢʠ, ʠʟʤʝʥʝʥʠʷ ʚ ʚʘʨʠʘʪʠʚʥʦʩʪʠ ʚʳʩʦʪ [Hang 

et al., 2012; Sützl et al., 2021], ʩʤʝʱʝʥʠʠ ʘʨʭʠʪʝʢʪʫʨʥʳʭ ʙʣʦʢʦʚ ʜʨʫʛ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛʘ 

[Sushanth et al., 2025], ʘ ʪʘʢʞʝ ʩʪʝʧʝʥʠ ʠʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʘʛʨʝʛʘʮʠʠ [Lin et al., 2024] 
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ʬʫʥʜʘʤʝʥʪʘʣʴʥʦ ʧʝʨʝʩʪʨʘʠʚʘʶʪ ʣʦʢʘʣʴʥʫʶ ʘʵʨʦʜʠʥʘʤʠʢʫ ʠ ʚʝʥʪʠʣʷʮʠʶ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʧʨʠʥʘʜʣʝʞʥʦʩʪʴ ʪʝʨʨʠʪʦʨʠʠ ʢ ʦʧʨʝʜʝʣʝʥʥʦʤʫ ʢʣʘʩʩʫ ʃʂɿ ʩʘʤʘ ʧʦ ʩʝʙʝ ʥʝ ʩʧʦʩʦʙʥʘ 

ʠʩʯʝʨʧʳʚʘʶʱʝ ʦʧʠʩʘʪʴ ʤʠʢʨʦʤʘʩʰʪʘʙʥʳʝ ʧʦʣʷ ʪʝʯʝʥʠʡ ʠ ʣʦʢʘʣʴʥʳʝ ʟʘʩʪʦʠ ʧʨʠʤʝʩʝʡ ʫ 

ʬʘʩʘʜʦʚ. 

ʇʨʠʚʣʝʯʝʥʠʝ ʪʦʯʥʳʭ ʛʝʦʛʨʘʬʠʯʝʩʢʠʭ ʜʘʥʥʳʭ ʥʘ ʧʨʠʤʝʨʝ ʄʦʩʢʚʳ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ 

ʨʝʘʣʴʥʘʷ ʛʝʪʝʨʦʛʝʥʥʘʷ ʛʝʦʤʝʪʨʠʷ ʟʘʩʪʨʦʡʢʠ ʚ ʛʦʨʦʜʘʭ ʠʤʝʝʪ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʟʥʘʯʝʥʠʡ 

ʤʦʨʬʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʠʥʦʛʜʘ ʜʘʞʝ ʚʳʭʦʜʷʱʠʡ ʟʘ ʛʨʘʥʠʮʳ ʩʪʘʥʜʘʨʪʥʳʭ ʪʘʙʣʠʯʥʳʭ 

ʟʥʘʯʝʥʠʡ ʃʂɿ [ʉʘʤʩʦʥʦʚ ʠ ʊʨʠʛʫʙ, 2018; Varentsov et al., 2020]. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʜʦʩʪʦʚʝʨʥʦʡ 

ʢʘʨʪʠʥʳ ʜʠʩʧʝʨʩʠʠ ʟʘʛʨʷʟʥʷʶʱʠʭ ʚʝʱʝʩʪʚ ʚ ʫʩʣʦʚʠʷʭ ʛʦʨʦʜʘ ʪʨʝʙʫʶʪʩʷ ʫʪʦʯʥʝʥʠʷ, ʢʘʢʠʝ 

ʤʘʩʰʪʘʙʳ ʠ ʧʨʦʮʝʩʩʳ ʢʦʥʪʨʦʣʠʨʫʶʪʩʷ ʃʂɿ, ʘ ʢʘʢʠʝ ï ʣʦʢʘʣʴʥʳʤʠ ʩʪʨʫʢʪʫʨʘʤʠ ʟʘʩʪʨʦʡʢʠ [Gál 

et al., 2025]. ʇʝʨʩʧʝʢʪʠʚʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʘʥʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʷʚʣʷʝʪʩʷ 

ʤʠʢʨʦʤʘʩʰʪʘʙʥʦʝ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʝʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ. ʂʘʢ ʙʫʜʝʪ ʧʦʢʘʟʘʥʦ ʚ ɻʣʘʚʝ 3, ʦʥʦ 

ʧʦʟʚʦʣʷʝʪ ʜʝʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʪʴ, ʢʘʢ ʧʝʨʝʥʦʩ ʧʨʠʤʝʩʝʡ ʨʝʘʛʠʨʫʝʪ ʥʘ ʨʘʟʣʠʯʥʳʝ ʚʘʨʠʘʥʪʳ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʢʦʤʧʦʥʦʚʢʠ ʟʜʘʥʠʡ ï ʦʪ ʩʪʨʦʛʠʭ ʨʝʛʫʣʷʨʥʳʭ ʤʘʪʨʠʮ ʜʦ ʨʘʥʜʦʤʠʟʠʨʦʚʘʥʥʳʭ 

ʠ ʨʝʘʣʠʩʪʠʯʥʳʭ ʩʪʨʫʢʪʫʨ ï ʚ ʧʨʝʜʝʣʘʭ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ, ʟʘʜʘʥʥʳʭ ʣʦʢʘʣʴʥʳʤʠ 

ʢʣʠʤʘʪʠʯʝʩʢʠʤʠ ʟʦʥʘʤʠ. 

ʉʫʭʦʝ ʦʩʘʞʜʝʥʠʝ ʘʵʨʦʟʦʣʝʡ ʚ ʛʦʨʦʜʩʢʦʡ ʩʨʝʜʝ. 

ʇʦʤʠʤʦ ʧʝʨʝʥʦʩʘ ʪʝʯʝʥʠʝʤ ʠ ʪʫʨʙʫʣʝʥʪʥʦʡ ʜʠʬʬʫʟʠʠ, ʢʣʶʯʝʚʳʤ ʧʨʦʮʝʩʩʦʤ, 

ʦʧʨʝʜʝʣʷʶʱʠʤ ʚʨʝʤʷ ʞʠʟʥʠ ʘʵʨʦʟʦʣʝʡ ʚ ʘʪʤʦʩʬʝʨʝ ʠ ʬʦʨʤʠʨʫʶʱʠʤ ʠʭ ʠʪʦʛʦʚʳʝ 

ʢʦʥʮʝʥʪʨʘʮʠʠ, ʷʚʣʷʝʪʩʷ ʩʫʭʦʝ ʦʩʘʞʜʝʥʠʝ ï ʫʜʘʣʝʥʠʝ ʯʘʩʪʠʮ ʠʟ ʚʦʟʜʫʭʘ ʧʨʠ ʠʭ ʢʦʥʪʘʢʪʝ ʩ 

ʧʦʚʝʨʭʥʦʩʪʷʤʠ ʚ ʦʪʩʫʪʩʪʚʠʝ ʦʩʘʜʢʦʚ [Mohan, 2016; Sokhi et al., 2022]. ɺ ʛʦʨʦʜʩʢʦʡ ʩʨʝʜʝ, ʩ ʝʸ 

ʦʛʨʦʤʥʦʡ ʧʣʦʱʘʜʴʶ ʚʝʨʪʠʢʘʣʴʥʳʭ ʠ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ, ʵʪʦʪ ʧʨʦʮʝʩʩ ʠʛʨʘʝʪ 

ʦʩʦʙʝʥʥʦ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʩʘʤʦʦʯʠʱʝʥʠʠ ʘʪʤʦʩʬʝʨʳ. ʆʩʥʦʚʥʳʤʠ ʬʠʟʠʯʝʩʢʠʤʠ ʧʨʦʮʝʩʩʘʤʠ, 

ʢʦʥʪʨʦʣʠʨʫʶʱʠʤʠ ʫʜʘʣʝʥʠʝ ʯʘʩʪʠʮ, ʷʚʣʷʶʪʩʷ ʙʨʦʫʥʦʚʩʢʘʷ ʠ ʪʫʨʙʫʣʝʥʪʥʘʷ ʜʠʬʬʫʟʠʷ, 

ʟʘʮʝʧʣʝʥʠʝ, ʠʥʝʨʮʠʦʥʥʦʝ ʩʪʦʣʢʥʦʚʝʥʠʝ ʠ ʛʨʘʚʠʪʘʮʠʦʥʥʦʝ ʦʩʝʜʘʥʠʝ [Johnson, 2023]. 

ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʢʘʞʜʦʛʦ ʤʝʭʘʥʠʟʤʘ ʠ ʩʫʭʦʛʦ ʦʩʘʞʜʝʥʠʷ ʚ ʮʝʣʦʤ ʟʘʚʠʩʠʪ ʦʪ ʨʘʟʤʝʨʘ 

(ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʜʠʘʤʝʪʨʘ) ʠ ʤʘʩʩʳ ʯʘʩʪʠʮ, ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʪʦʢʘ ʠ ʩʚʦʡʩʪʚ ʧʦʚʝʨʭʥʦʩʪʠ 

[Seinfeld, Pandis, 2006]. ɼʣʷ ʩʘʤʳʭ ʤʝʣʢʠʭ, ʩʫʙʤʠʢʨʦʥʥʳʭ ʯʘʩʪʠʮ (ʤʝʥʝʝ 0.1 ʤʢʤ) ʜʦʤʠʥʠʨʫʝʪ 

ʜʠʬʬʫʟʠʷ ʚ ʚʷʟʢʦʤ ʧʦʜʩʣʦʝ, ʘ ʜʣʷ ʢʨʫʧʥʳʭ (ʙʦʣʝʝ 10 ʤʢʤ) ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚʥʦʩʪ̫ ʛʨʘʚʠʪʘʮʠʷ 

ʠ ʠʥʝʨʮʠʦʥʥʳʝ ʩʪʦʣʢʥʦʚʝʥʠʷ ʠʣʠ ʠʤʧʘʢʮʠʷ [Petroff, Zhang, 2010]. ɺ ʧʨʦʤʝʞʫʪʦʯʥʦʤ 

ʜʠʘʧʘʟʦʥʝ (0.1ï1 ʤʢʤ), ʢ ʢʦʪʦʨʦʤʫ ʦʪʥʦʩʠʪʩʷ ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʤʘʩʩʳ PM2.5, ʯʘʩʪʠʮʳ ʠʤʝʶʪ 

ʤʠʥʠʤʘʣʴʥʫʶ ʩʢʦʨʦʩʪʴ ʦʩʘʞʜʝʥʠʷ (ʪʘʢ ʥʘʟʳʚʘʝʤʘʷ V-ʦʙʨʘʟʥʘʷ ʢʨʠʚʘʷ ʜʣʷ ʟʘʚʠʩʠʤʦʩʪʠ 

ʩʢʦʨʦʩʪʠ ʦʩʘʞʜʝʥʠʷ ʦʪ ʜʠʘʤʝʪʨʘ ʯʘʩʪʠʮ), ʧʦʩʢʦʣʴʢʫ ʙʨʦʫʥʦʚʩʢʘʷ ʜʠʬʬʫʟʠʷ ʜʣʷ ʥʠʭ ʫʞʝ ʩʣʘʙʘ, 
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ʘ ʠʥʝʨʮʠʷ ʝʱ yʥʝʜʦʩʪʘʪʦʯʥʘ ʜʣʷ ʩʪʦʣʢʥʦʚʝʥʠʷ ʩ ʧʨʝʛʨʘʜʘʤʠ [Lai, Nazaroff, 2000; Giardina et al., 

2019]. ʂʣʶʯʝʚʫʶ ʨʦʣʴ ʜʣʷ ʪʘʢʠʭ ʯʘʩʪʠʮ ʠʛʨʘʝʪ ʪʫʨʙʫʣʝʥʪʥʳʡ ʧʝʨʝʥʦʩ ʯʝʨʝʟ ʚʷʟʢʠʡ ʧʦʜʩʣʦʡ ʠ 

ʜʣʷ ʩʘʤʳʭ ʪʷʞʸʣʳʭ ʯʘʩʪʠʮ ʠʥʝʨʮʠʦʥʥʳʝ ʩʪʦʣʢʥʦʚʝʥʠʷ ʧʨʠ ʦʪʢʣʦʥʝʥʠʷʭ ʦʪ ʣʠʥʠʡ ʪʦʢʘ [Liu, 

Ahmadi, 2006; Petroff, Zhang, 2010]. 

ɺ ʵʡʣʝʨʦʚʳʭ ʭʠʤʠʢʦ-ʪʨʘʥʩʧʦʨʪʥʳʭ ʤʦʜʝʣʷʭ ʢʦʤʧʣʝʢʩ ʵʪʠʭ ʧʨʦʮʝʩʩʦʚ ʦʙʳʯʥʦ 

ʧʘʨʘʤʝʪʨʠʟʫʝʪʩʷ ʯʝʨʝʟ ʝʜʠʥʫʶ ʩʢʦʨʦʩʪʴ ʩʫʭʦʛʦ ʦʩʘʞʜʝʥʠʷ (Vd). ʆʥʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ 

ʦʪʥʦʰʝʥʠʝ ʧʦʪʦʢʘ ʚʝʱʝʩʪʚʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ (F) ʢ ʝʛʦ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ ʚʦʟʜʫʭʝ ʥʘ ʥʝʢʦʪʦʨʦʤ 

ʨʝʬʝʨʝʥʩʥʦʤ ʨʘʩʩʪʦʷʥʠʠ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ (C): ὠ Ὂὅϳ. ɿʥʘʯʝʥʠʝ Vd ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʢʘʢ 

ʚʝʣʠʯʠʥʫ, ʦʙʨʘʪʥʫʶ ʩʫʤʤʝ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ (Ra, ʧʝʨʝʥʦʩ ʯʝʨʝʟ 

ʪʫʨʙʫʣʝʥʪʥʳʡ ʩʣʦʡ), ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʚʷʟʢʦʛʦ ʧʦʜʩʣʦʷ (Rb) ʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ 

(Rc). ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʦʙʦʩʥʦʚʘʥʥʦʩʪʴ ʢʦʥʮʝʧʮʠʠ ʩʢʦʨʦʩʪʠ ʦʩʘʞʜʝʥʠʷ ʥʝʜʘʚʥʦ ʙʳʣʘ 

ʧʦʩʪʘʚʣʝʥʘ ʧʦʜ ʩʦʤʥʝʥʠʝ ʜʣʷ ʘʪʤʦʩʬʝʨʥʳʭ ʘʵʨʦʟʦʣʝʡ ʠʟ-ʟʘ ʩʣʦʞʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ 

ʪʫʨʙʫʣʝʥʪʥʳʤ ʧʝʨʝʥʦʩʦʤ ʠ ʭʠʤʠʯʝʩʢʠʤʠ ʧʨʝʚʨʘʱʝʥʠʷʤʠ [Kouznetsov et al., 2026], ʥʦ 

ʩʦʤʥʝʥʠʷ ʢʘʩʘʶʪʩʷ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʭʠʤʠʯʝʩʢʠ ʘʢʪʠʚʥʳʭ ʘʵʨʦʟʦʣʝʡ.  

ɹʦʣʝʝ ʪʦʛʦ, ʛʣʦʙʘʣʴʥʳʝ ʩʭʝʤʳ ʯʘʩʪʦ ʧʘʨʘʤʝʪʨʠʟʫʶʪ ʛʦʨʦʜʩʢʫʶ ʟʘʩʪʨʦʡʢʫ ʢʘʢ 

ʰʝʨʦʭʦʚʘʪʫʶ ʛʦʨʠʟʦʥʪʘʣʴʥʫʶ ʧʣʦʩʢʦʩʪʴ, ʠʛʥʦʨʠʨʫʷ ʦʩʘʞʜʝʥʠʝ ʥʘ ʚʝʨʪʠʢʘʣʴʥʳʝ ʩʪʝʥʳ 

[Petroff, Zhang, 2010; Pleim et al., 2022]. ʕʪʦʪ ʧʨʦʮʝʩʩ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʚʠʜʠʤʦʤ ʟʘʛʨʷʟʥʝʥʠʠ 

ʬʘʩʘʜʦʚ (ʧʦʪʝʤʥʝʥʠʝ ʩʪʝʥ ʟʜʘʥʠʡ, ʪ.ʥ. çsoilingè) ʠ, ʯʪʦ ʥʝ ʤʝʥʝʝ ʚʘʞʥʦ, ʷʚʣʷʝʪʩʷ ʟʥʘʯʠʤʳʤ 

ʩʪʦʢʦʤ ʘʵʨʦʟʦʣʴʥʦʡ ʤʘʩʩʳ ʠʟ ʛʦʨʦʜʩʢʦʛʦ ʚʦʟʜʫʭʘ. ʀʛʥʦʨʠʨʦʚʘʥʠʝ ʧʣʦʱʘʜʠ ʬʘʩʘʜʦʚ ʧʨʠʚʦʜʠʪ 

ʢ ʩʠʣʴʥʦʤʫ ʟʘʥʠʞʝʥʠʶ ʢʘʢ ʦʙʱʝʡ ʧʣʦʱʘʜʠ ʧʦʚʝʨʭʥʦʩʪʝʡ, ʪʘʢ ʠ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʛʦʨʦʜʩʢʦʛʦ ʧʦʣʦʛʘ, ʯʪʦ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʩʫʱʝʩʪʚʝʥʥʳʤ ʦʰʠʙʢʘʤ ʚ ʨʘʩʯʸʪʝ 

ʣʦʢʘʣʴʥʦʛʦ ʙʘʣʘʥʩʘ ʤʘʩʩʳ ʘʵʨʦʟʦʣʝʡ [Cherin et al., 2015; Cheng, Fu, 2025]. ɺ ʦʪʣʠʯʠʝ ʦʪ 

ʧʨʠʨʦʜʥʳʭ ʣʘʥʜʰʘʬʪʦʚ, ʛʦʨʦʜ ʦʙʣʘʜʘʝʪ ʛʠʛʘʥʪʩʢʦʡ ʧʣʦʱʘʜʴʶ ʚʝʨʪʠʢʘʣʴʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ, 

ʢʦʪʦʨʳʝ ʚʳʩʪʫʧʘʶʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʬʠʟʠʯʝʩʢʠʤ ʬʠʣʴʪʨʦʤ [Thouron et al., 2017]. ʈʘʩʯʸʪʳ ʩ 

ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʳʤʠ ʩʭʝʤʘʤʠ ʦʩʘʞʜʝʥʠʷ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʜʣʷ ʤʝʣʢʦʜʠʩʧʝʨʩʥʳʭ ʬʨʘʢʮʠʡ 

ʧʦʪʦʢʠ ʩʫʭʦʛʦ ʦʩʘʞʜʝʥʠʷ ʥʘ ʚʝʨʪʠʢʘʣʴʥʳʝ ʩʪʝʥʳ ʟʜʘʥʠʡ ʤʦʛʫʪ ʙʳʪʴ ʩʦʧʦʩʪʘʚʠʤʳ ʩ ʧʦʪʦʢʘʤʠ 

ʥʘ ʛʦʨʠʟʦʥʪʘʣʴʥʳʝ ʢʨʳʰʠ (ʨʠʩ. 1.6), ʧʦʩʢʦʣʴʢʫ ʚʝʨʪʠʢʘʣʴʥʦʝ ʛʨʘʚʠʪʘʮʠʦʥʥʦʝ ʦʩʝʜʘʥʠʝ ʜʣʷ 

ʪʘʢʠʭ ʯʘʩʪʠʮ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʦ [Thouron et al., 2017].  
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ʈʠʩʫʥʦʢ 1.6. ʉʨʝʜʥʠʝ ʧʦʪʦʢʠ ʩʫʭʦʛʦ ʦʩʘʞʜʝʥʠʷ ʘʵʨʦʟʦʣʝʡ ʙʝʥʟʦ[a]ʧʠʨʝʥʘ ʥʘ ʨʘʟʥʳʝ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʦʪʜʝʣʴʥʦ ʩʪʝʥʳ, ʥʘ ʪʝʨʨʠʪʦʨʠʠ ʇʘʨʠʞʘ ʚ ʤʘʨʪʝ-ʠʶʥʝ 2014 ʛʦʜʘ 

ʧʦ ʜʘʥʥʳʤ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ [Thouron, 2017] . 

ʆʩʘʞʜʝʥʠʝ ʥʘ ʚʝʨʪʠʢʘʣʴʥʳʝ ʩʪʝʥʳ ʫʧʨʘʚʣʷʝʪʩʷ ʥʝ ʛʨʘʚʠʪʘʮʠʝʡ, ʘ ʥʘʧʨʘʚʣʝʥʥʦʡ 

ʪʫʨʙʫʣʝʥʪʥʦʡ ʜʠʬʬʫʟʠʝʡ (ʪʫʨʙʦʬʦʨʝʟʦʤ) ʠʟ ʘʢʪʠʚʥʦʛʦ ʷʜʨʘ ʪʝʯʝʥʠʷ ʚ ʤʝʥʝʝ ʪʫʨʙʫʣʝʥʪʥʳʝ 

ʧʨʠʩʪʝʥʦʯʥʳʝ ʦʙʣʘʩʪʠ [Johansen, 1991; Zhang, Ahmadi, 2000; Guha, 2008]. ʇʨʠʤʝʥʝʥʠʝ 

ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʠʭ ʤʦʜʝʣʝʡ (ʥʘʧʨʠʤʝʨ, ʤʦʜʝʣʠ PALM ʩ ɻʡʣʝʨʦʚʳʤ ʤʦʜʫʣʝʤ ʧʝʨʝʥʦʩʘ 

SALSA) ʜʝʤʦʥʩʪʨʠʨʫʝʪ, ʯʪʦ ʵʪʦʪ ʧʨʦʮʝʩʩ ʩʫʭʦʛʦ ʦʩʘʞʜʝʥʠʷ ʩʧʦʩʦʙʝʥ ʩʥʠʞʘʪʴ ʦʙʱʫʶ 

ʢʦʥʮʝʥʪʨʘʮʠʶ ʯʘʩʪʠʮ ʚ ʫʣʠʯʥʳʭ ʢʘʥʴʦʥʘʭ ʙʦʣʝʝ ʯʝʤ ʥʘ 20% [Kurppa et al., 2019]. ɺ ʤʦʜʫʣʝ 

SALSA ʦʩʘʞʜʝʥʠʝ ʥʘ ʩʪʝʥʳ ʨʝʘʣʠʟʦʚʘʥʦ ʯʝʨʝʟ ʟʘʜʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʧʦʪʦʢʘ ʯʘʩʪʠʮ 

ï ʢʣʘʩʩʠʯʝʩʢʠʡ ʩʧʦʩʦʙ ʜʣʷ ʵʡʣʝʨʦʚʳʭ ʤʦʜʝʣʝʡ [Zhang, 2001; Kurppa et al., 2019]: 

Ὂ ὠÎ Ў ȟ (1.5) 

ʛʜʝ Ὂ ï ʧʦʪʦʢ ʯʘʩʪʠʮ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʧʦʚʝʨʭʥʦʩʪʠ, ὠ ï ʩʢʦʨʦʩʪʴ ʩʫʭʦʛʦ ʦʩʘʞʜʝʥʠʷ, ʟʘʚʠʩʷʱʘʷ 

ʦʪ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʡ, ʨʘʟʤʝʨʘ ʠ ʤʘʩʩʳ ʯʘʩʪʠʮʳ, ʘ ʪʘʢʞʝ ʦʪ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʠʣʠʧʘʥʠʷ Ὑ, ʨʘʚʥʦʡ ʜʦʣʝ ʯʘʩʪʠʮ, ʧʨʠʣʠʧʘʶʱʠʭ ʢ ʧʦʚʝʨʭʥʦʩʪʠ (Zhang, 2001). 

ʆʙʳʯʥʦ ʜʣʷ ʨʘʩʯʸʪʘ Ὑ ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʣʘʩʩʠʯʝʩʢʘʷ ʧʘʨʘʤʝʪʨʠʟʘʮʠʷ ʥʘ ʦʩʥʦʚʝ ʯʠʩʣʘ ʉʪʦʢʩʘ 

(Slinn, 1982):  
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Ὑ Ὡὼὴ ὛὸȾ Ὡὼὴ
ὠόz

Ὣὃ

Ⱦ

 ȟ (1.6) 

ʛʜʝ ὠ ï ʩʢʦʨʦʩʪʴ ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ ʦʩʝʜʘʥʠʷ, όz ï ʩʢʦʨʦʩʪʴ ʪʨʝʥʠʷ, Ὣ ï ʛʨʘʚʠʪʘʮʠʦʥʥʦʝ 

ʫʩʢʦʨʝʥʠʝ, ὃ ï ʭʘʨʘʢʪʝʨʥʳʡ ʤʘʩʰʪʘʙ ʧʦʚʝʨʭʥʦʩʪʠ, ʜʣʷ ʟʜʘʥʠʡ ʵʪʦ ʤʘʩʰʪʘʙ ʠʭ ʵʣʝʤʝʥʪʦʚ 

ʰʝʨʦʭʦʚʘʪʦʩʪʠ, ʢʦʪʦʨʳʡ ʦʙʳʯʥʦ ʧʨʠʥʠʤʘʝʪʩʷ ʧʦʨʷʜʢʘ 0.01~0.1 ʤ (Zhang, 2001). ʇʨʠ ʪʘʢʦʤ 

ʧʦʜʭʦʜʝ ʤʦʞʥʦ ʧʨʠʤʝʨʥʦ ʦʮʝʥʠʪʴ Ὑ ʜʣʷ ʨʘʟʥʳʭ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ: ʜʣʷ 0.1 ʤʢʤ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʧʨʠʣʠʧʘʥʠʷ ʩʦʩʪʘʚʠʪ 99.9%, ʜʣʷ 1 ʤʢʤ ï 99.2%, ʜʣʷ 10 ʤʢʤ ï 92.4%, ʜʣʷ 100 ʤʢʤ ï 45.6%. ɼʣʷ 

ʤʝʣʢʦʜʠʩʧʝʨʩʥʳʭ ʯʘʩʪʠʮ (<10 ʤʢʤ) ʟʥʘʯʝʥʠʷ ʙʣʠʟʢʠ ʢ ʝʜʠʥʠʮʝ, ʯʪʦ ʦʟʥʘʯʘʝʪ ʧʨʘʢʪʠʯʝʩʢʠ 

ʧʦʣʥʦʝ ʧʨʠʣʠʧʘʥʠʝ. ʆʜʥʘʢʦ ʵʪʘ ʧʘʨʘʤʝʪʨʠʟʘʮʠʷ ʨʘʟʨʘʙʦʪʘʥʘ ʜʣʷ ʧʨʠʨʦʜʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʠ 

ʛʣʘʜʢʠʭ ʧʣʘʩʪʠʥ; ʝʸ ʧʨʠʤʝʥʠʤʦʩʪʴ ʢ ʨʝʘʣʴʥʳʤ ʰʝʨʦʭʦʚʘʪʳʤ ʬʘʩʘʜʘʤ ʩ ʦʪʨʳʚʥʳʤʠ ʪʝʯʝʥʠʷʤʠ 

ʦʩʪʘʸʪʩʷ ʧʨʝʜʤʝʪʦʤ ʜʠʩʢʫʩʩʠʠ (Maro et al., 2014; Altmeppen et al., 2022). ɺ ʣʘʛʨʘʥʞʝʚʳʭ 

ʤʦʜʝʣʷʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʯʘʩʪʠʮ ʩʦ ʩʪʝʥʘʤʠ ʦʧʠʩʳʚʘʝʪʩʷ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʠʥʘʯʝ ï ʯʝʨʝʟ 

ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʦʪʩʢʦʢʘ ʠʣʠ ʧʨʠʣʠʧʘʥʠʷ ʜʣʷ ʢʘʞʜʦʡ ʯʘʩʪʠʮʳ, ʢʦʛʜʘ ʨʝʟʫʣʴʪʘʪ ʤʦʞʝʪ 

ʟʘʚʠʩʝʪʴ ʦʪ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʫʜʘʨʘ, ʫʛʣʘ ʧʦʜʣʸʪʘ ʠ ʤʠʢʨʦʰʝʨʦʭʦʚʘʪʦʩʪʠ (Brach ʠ Dunn, 

1992; Almohammed ʠ Breuer, 2016). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʳʙʦʨ ʧʦʜʭʦʜʘ ʢ ʦʧʠʩʘʥʠʶ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʯʘʩʪʠʮ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʤʦʞʝʪ ʚʥʦʩʠʪʴ ʩʫʱʝʩʪʚʝʥʥʫʶ ʥʝʦʧʨʝʜʝʣʸʥʥʦʩʪʴ ʚ ʦʮʝʥʢʫ ʨʦʣʠ 

ʬʘʩʘʜʥʦʛʦ ʦʩʘʞʜʝʥʠʷ. 

ʂʘʢ ʫʞʝ ʫʧʦʤʠʥʘʣʦʩʴ, ʩʢʦʨʦʩʪʴ ʟʘʭʚʘʪʘ ʯʘʩʪʠʮ ʩʪʝʥʦʡ ʟʘʚʠʩʠʪ ʦʪ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʝʸ 

ʧʦʚʝʨʭʥʦʩʪʠ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʠ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʜʪʚʝʨʞʜʘʶʪ, ʯʪʦ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʦʩʘʞʜʝʥʠʷ ʥʘ ʰʝʨʦʭʦʚʘʪʳʝ ʬʘʩʘʜʳ (ʥʘʧʨʠʤʝʨ, ʰʪʫʢʘʪʫʨʢʫ) ʤʦʞʝʪ ʙʳʪʴ ʥʘ 

ʧʦʨʷʜʦʢ ʚʳʰʝ, ʯʝʤ ʥʘ ʛʣʘʜʢʦʝ ʩʪʝʢʣʦ, ʘ ʜʦʣʷ ʛʣʦʙʘʣʴʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʥʘ ʩʪʝʥʳ ʚʥʫʪʨʠ 

ʟʘʤʢʥʫʪʳʭ ʦʙʲʝʤʦʚ ʜʦʩʪʠʛʘʝʪ 30-33% ʦʪ ʦʙʱʝʛʦ ʩʪʦʢʘ ʯʘʩʪʠʮ [Abadie et al., 2001; Maro et al., 

2014; Hong et al., 2020]. ʅʘʪʫʨʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʩ ʚʳʧʫʩʢʦʤ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʪʨʘʩʩʝʨʘ ʚ 

ʨʝʘʣʴʥʦʤ ʫʣʠʯʥʦʤ ʢʘʥʴʦʥʝ ʧʦʜʪʚʝʨʜʠʣʠ, ʯʪʦ ʩʢʦʨʦʩʪʴ ʦʩʘʞʜʝʥʠʷ ʩʫʱʝʩʪʚʝʥʥʦ ʨʘʟʣʠʯʘʝʪʩʷ 

ʜʣʷ ʨʘʟʥʳʭ ʩʪʨʦʠʪʝʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ (ʩʪʝʢʣʦ, ʤʨʘʤʦʨ, ʢʝʨʘʤʠʢʘ, ʧʨʠʨʦʜʥʳʡ ʢʘʤʝʥʴ) ʜʘʞʝ ʧʨʠ 

ʠʜʝʥʪʠʯʥʳʭ ʤʝʪʝʦʨʦʣʦʛʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʨʘʟʣʠʯʠʷʤʠ ʚ 

ʤʠʢʨʦʰʝʨʦʭʦʚʘʪʦʩʪʠ ʠ ʪʝʧʣʦʚʳʭ ʩʚʦʡʩʪʚʘʭ ʧʦʚʝʨʭʥʦʩʪʝʡ [Ielpo et al., 2020]. ʃʦʢʘʣʴʥʦʝ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʦʩʘʞʜʥyʥʦʡ ʧʨʠʤʝʩʠ ʧʨʠ ʵʪʦʤ ʦʢʘʟʳʚʘʝʪʩʷ ʢʨʘʡʥʝ 

ʥʝʦʜʥʦʨʦʜʥʳʤ: ʚ ʟʦʥʘʭ ʩʠʣʴʥʦʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʫ ʨʝʙʝʨ ʟʜʘʥʠʡ ʠ ʚ ʦʪʨʳʚʥʳʭ ʪʝʯʝʥʠʷʭ 

ʬʦʨʤʠʨʫʶʪʩʷ çʛʦʨʷʯʠʝ ʪʦʯʢʠè (hotspots), ʛʜʝ ʩʢʦʨʦʩʪʴ ʦʩʘʞʜʝʥʠʷ ʤʥʦʛʦʢʨʘʪʥʦ ʧʨʝʚʦʩʭʦʜʠʪ 

ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ ʧʦ ʬʘʩʘʜʫ [Pesava et al., 1999; Jonsson et al., 2008]. 
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ɼʣʷ ʢʦʨʨʝʢʪʥʦʛʦ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʷ ʵʪʠʭ ʤʠʢʨʦʬʠʟʠʯʝʩʢʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʚ ʣʘʛʨʘʥʞʝʚʳʭ 

ʤʦʜʝʣʷʭ ʪʨʝʙʫʝʪʩʷ ʜʝʪʘʣʴʥʦʝ ʦʧʠʩʘʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʯʘʩʪʠʮ ʩ ʬʘʩʘʜʘʤʠ [Talebmoustaph et 

al., 2024]. ʇʨʦʩʪʳʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʚ ʬʦʨʤʘʪʝ çʠʜʝʘʣʴʥʦʡ ʣʦʚʫʰʢʠè (trap), 

ʧʨʝʜʧʦʣʘʛʘʶʱʠʝ ʙʝʟʫʩʣʦʚʥʦʝ ʧʦʛʣʦʱʝʥʠʝ ʯʘʩʪʠʮʳ ʧʨʠ ʢʘʩʘʥʠʠ ʧʦʚʝʨʭʥʦʩʪʠ, ʯʘʩʪʦ ʧʨʠʚʦʜʷʪ 

ʢ ʩʠʣʴʥʦʤʫ ʟʘʚʳʰʝʥʠʶ ʦʩʘʞʜʝʥʠʷ ʢʨʫʧʥʳʭ ʯʘʩʪʠʮ [Sun et al., 2011; Chahardoli et al., 2022]. ɺ 

ʙʦʣʝʝ ʢʦʤʧʣʝʢʩʥʳʭ ʧʦʜʭʦʜʘʭ ʚʝʨʦʷʪʥʦʩʪʴ ʘʜʛʝʟʠʠ (ʧʨʠʣʠʧʘʥʠʷ) ʠʣʠ ʫʧʨʫʛʦʛʦ ʦʪʩʢʦʢʘ 

ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʯʝʨʝʟ ʙʘʣʘʥʩ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʫʜʘʨʘ, ʫʛʣʘ ʧʦʜʣʝʪʘ, ʩʠʣ ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʘ 

ʠ ʩʚʦʡʩʪʚ ʤʠʢʨʦʰʝʨʦʭʦʚʘʪʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʥʘʧʨʷʤʫʶ ʤʦʜʝʣʠʨʦʚʘʪʴ ʢʘʢ 

ʧʦʪʝʨʶ ʵʥʝʨʛʠʠ, ʪʘʢ ʠ ʥʝʦʙʨʘʪʠʤʦʝ ʧʦʛʣʦʱʝʥʠʝ [Wiman, Agren, 1985; Brach, Dunn, 1992; 

Almohammed, Breuer, 2016; Altmeppen et al., 2022]. ʆʩʦʙʫʶ ʨʦʣʴ ʚ ʵʪʦʤ ʩʣʦʞʥʦʤ ʙʘʣʘʥʩʝ 

ʩʪʦʢʦʚ ʠʛʨʘʝʪ ʛʦʨʦʜʩʢʘʷ ʨʘʩʪʠʪʝʣʴʥʦʩʪʴ. ʉ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʜʝʨʝʚʴʷ ʜʝʡʩʪʚʫʶʪ ʢʘʢ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʬʠʣʴʪʨ ʟʘ ʩʯʝʪ ʦʩʘʞʜʝʥʠʷ ʘʵʨʦʟʦʣʝʡ ʥʘ ʣʠʩʪʴʷ [Janhäll, 2015; Viecco et al., 

2018]. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʢʨʦʥʳ ʚʳʩʪʫʧʘʶʪ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʤ ʙʘʨʴʝʨʦʤ, ʙʣʦʢʠʨʫʶʱʠʤ 

ʚʝʥʪʠʣʷʮʠʶ ʫʣʠʯʥʳʭ ʢʘʥʴʦʥʦʚ [Xue, Li, 2017]. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʜʣʷ ʤʝʣʢʠʭ 

ʬʨʘʢʮʠʡ ʵʪʦʪ ʥʝʛʘʪʠʚʥʳʡ ʵʬʬʝʢʪ çʟʘʧʠʨʘʥʠʷè ʧʦʪʦʢʘ ʤʦʞʝʪ ʧʨʝʚʦʩʭʦʜʠʪʴ ʦʯʠʱʘʶʱʠʡ 

ʵʬʬʝʢʪ ʦʩʘʞʜʝʥʠʷ, ʚ ʩʚʷʟʠ ʩ ʯʝʤ ʚ ʧʣʦʪʥʦʡ ʟʘʩʪʨʦʡʢʝ ʚʝʨʪʠʢʘʣʴʥʦʝ ʦʟʝʣʝʥʝʥʠʝ ʬʘʩʘʜʦʚ 

(ʟʝʣʝʥʳʝ ʩʪʝʥʳ) ʧʨʠʟʥʘʝʪʩʷ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʤ ʠ ʙʝʟʦʧʘʩʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʫʣʫʯʰʝʥʠʷ 

ʢʘʯʝʩʪʚʘ ʚʦʟʜʫʭʘ, ʯʝʤ ʚʳʩʘʜʢʘ ʜʝʨʝʚʴʝʚ [Xing, Brimblecombe, 2019; Viecco et al., 2021]. 

 ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʝʩʤʦʪʨʷ ʥʘ ʧʨʠʟʥʘʥʥʫʶ ʬʠʟʠʯʝʩʢʫʶ ʟʥʘʯʠʤʦʩʪʴ ʧʨʦʮʝʩʩʘ ʩʫʭʦʛʦ 

ʦʩʘʞʜʝʥʠʷ ʥʘ ʚʝʨʪʠʢʘʣʴʥʳʝ ʧʦʚʝʨʭʥʦʩʪʠ, ʦʥ ʦʩʪʘʸʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʤʝʥʝʝ ʠʟʫʯʝʥʥʳʭ ʘʩʧʝʢʪʦʚ 

ʛʦʨʦʜʩʢʦʡ ʤʠʢʨʦʤʝʪʝʦʨʦʣʦʛʠʠ [Farmer et al., 2021; Sokhi et al., 2022]. ʇʨʷʤʳʝ 

ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʳʝ ʠʟʤʝʨʝʥʠʷ ʧʦʪʦʢʦʚ ʘʵʨʦʟʦʣʝʡ ʥʘ ʨʝʘʣʴʥʳʝ ʩʪʝʥʳ ʢʨʘʡʥʝ ʨʝʜʢʠ ʠ 

ʤʝʪʦʜʦʣʦʛʠʯʝʩʢʠ ʩʣʦʞʥʳ: ʢʦʥʪʘʢʪʥʳʝ ʤʠʢʨʦʩʝʥʩʦʨʳ ʬʠʟʠʯʝʩʢʠ ʠʩʢʘʞʘʶʪ ʧʨʠʩʪʝʥʦʯʥʳʡ 

ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ, ʘ ʥʘʪʫʨʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʩ ʪʨʘʩʩʝʨʘʤʠ ʪʨʫʜʥʦ ʤʘʩʰʪʘʙʠʨʦʚʘʪʴ ʥʘ 

ʨʘʟʣʠʯʥʳʝ ʘʨʭʠʪʝʢʪʫʨʥʳʝ ʬʦʨʤʳ [Maro et al., 2014; Costa et al., 2022]. ɺ ʪʦ ʞʝ ʚʨʝʤʷ 

ʪʨʘʜʠʮʠʦʥʥʳʝ ʤʘʢʨʦʤʘʩʰʪʘʙʥʳʝ ʠ ʦʧʝʨʘʪʠʚʥʳʝ ʫʣʠʯʥʳʝ ʤʦʜʝʣʠ ʥʝ ʩʧʦʩʦʙʥʳ ʷʚʥʦ ʨʘʟʨʝʰʠʪʴ 

ʩʣʦʞʥʫʶ ʘʵʨʦʜʠʥʘʤʠʢʫ ʫ ʬʘʩʘʜʦʚ, ʦʧʠʨʘʷʩʴ ʥʘ ʫʧʨʦʱʝʥʥʳʝ ʦʜʥʦʤʝʨʥʳʝ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ, ʯʪʦ 

ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʦʰʠʙʢʘʤ ʚ ʦʮʝʥʢʝ ʩʪʦʢʦʚ [Cherin et al., 2015; Kouznetsov et al., 2026]. 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʚ ʩʦʚʨʝʤʝʥʥʦʡ ʥʘʫʢʝ ʩʦʭʨʘʥʷʝʪʩʷ ʧʨʦʙʝʣ ʚ ʧʦʥʠʤʘʥʠʠ ʪʦʛʦ, ʢʘʢʠʝ ʵʬʬʝʢʪʳ ʥʘ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʠʤʝʩʝʡ ʦʢʘʟʳʚʘʝʪ ʬʘʩʘʜʥʦʝ ʦʩʘʞʜʝʥʠʝ ʠ ʢʘʢ ʩʚʷʟʘʥ ʵʪʦʪ ʧʨʦʮʝʩʩ ʩ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʛʦʨʦʜʩʢʦʡ ʟʘʩʪʨʦʡʢʠ. ʕʪʦ ʦʪʢʨʳʚʘʝʪ ʰʠʨʦʢʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʜʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʦʙʦʩʥʦʚʳʚʘʝʪ ʚʳʩʦʢʫʶ ʚʦʩʪʨʝʙʦʚʘʥʥʦʩʪʴ ʧʨʦʚʝʜʝʥʠʷ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʭ 

ʯʠʩʣʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʘ ʙʘʟʝ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʠʭ LES-ʤʦʜʝʣʝʡ [Cheng, Fu, 2025]. ʊʘʢʦʡ 
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ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʦʮʝʥʠʪʴ, ʥʘʩʢʦʣʴʢʦ ʤʦʱʥʳʤ ʩʪʦʢʦʤ ʚʳʩʪʫʧʘʶʪ ʬʘʩʘʜʳ 

ʟʜʘʥʠʡ ʠ ʢʘʢʦʝ ʚʣʠʷʥʠʝ ʦʢʘʟʳʚʘʝʪ ʜʝʪʘʣʴʥʘʷ ʛʝʦʤʝʪʨʠʷ ʥʘ ʠʪʦʛʦʚʳʝ ʧʦʣʷ ʢʦʥʮʝʥʪʨʘʮʠʡ 

ʘʵʨʦʟʦʣʝʡ ʚ ʫʩʣʦʚʠʷʭ ʛʦʨʦʜʩʢʦʛʦ ʤʠʢʨʦʢʣʠʤʘʪʘ [Sokhi et al., 2022; Cheng, Fu, 2025]. ʂʘʢ ʙʫʜʝʪ 

ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʧʦʢʘʟʘʥʦ ʚ ɻʣʘʚʝ 4 ʥʘʩʪʦʷʱʝʡ ʜʠʩʩʝʨʪʘʮʠʠ, ʘʜʝʢʚʘʪʥʳʡ ʫʯʸʪ ʦʩʘʞʜʝʥʠʷ ʥʘ 

ʚʝʨʪʠʢʘʣʴʥʳʝ ʧʦʚʝʨʭʥʦʩʪʠ ʷʚʣʷʝʪʩʷ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʳʤ ʜʣʷ ʢʦʨʨʝʢʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʧʦʣʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ ʛʦʨʦʜʝ, ʠ ʥʝʦʧʨʝʜʝʣʸʥʥʦʩʪʴ ʚ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ʵʪʦʛʦ ʧʨʦʮʝʩʩʘ ʤʦʞʝʪ 

ʧʨʝʚʦʩʭʦʜʠʪʴ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʴ, ʩʚʷʟʘʥʥʫʶ ʩ ʨʘʟʙʨʦʩʦʤ ʨʘʟʤʝʨʦʚ ʠ ʤʘʩʩ ʩʘʤʠʭ ʯʘʩʪʠʮ. 

1.5 ʄʝʪʦʜʦʣʦʛʠʷ ʚʝʨʠʬʠʢʘʮʠʠ ʠ ʚʘʣʠʜʘʮʠʠ ʤʦʜʝʣʝʡ ʧʝʨʝʥʦʩʘ 

ʂʦʨʨʝʢʪʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʘʧʨʷʤʫʶ ʟʘʚʠʩʷʪ ʦʪ ʢʘʯʝʩʪʚʘ 

ʚʝʨʠʬʠʢʘʮʠʠ ʠʩʧʦʣʴʟʫʝʤʦʡ ʤʦʜʝʣʠ. ɺ ʦʙʣʘʩʪʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʝʨʝʥʦʩʘ ʧʨʠʤʝʩʝʡ ʚ ʘʪʤʦʩʬʝʨʝ 

ʩʣʦʞʠʣʩʷ ʦʙʱʝʧʨʠʥʷʪʳʡ ʢʦʤʧʣʝʢʩʥʳʡ ʧʦʜʭʦʜ, ʚʢʣʶʯʘʶʱʠʡ ʩʨʘʚʥʝʥʠʝ ʩ ʥʝʩʢʦʣʴʢʠʤʠ ʪʠʧʘʤʠ 

ʵʪʘʣʦʥʥʳʭ ʜʘʥʥʳʭ. 

ʇʝʨʚʳʤ ʠ ʦʙʷʟʘʪʝʣʴʥʳʤ ʰʘʛʦʤ ʷʚʣʷʝʪʩʷ ʚʝʨʠʬʠʢʘʮʠʷ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ, ʚ ʢʦʪʦʨʦʡ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʝ ʫʨʘʚʥʝʥʠʷ ʜʠʩʢʨʝʪʠʟʠʨʦʚʘʥʳ ʥʘ ʩʝʪʢʘʭ ʢʦʥʝʯʥʦʛʦ ʨʘʟʤʝʨʘ, ʥʘ 

ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʨʝʰʝʥʠʷʭ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʜʣʷ ʩʠʣʴʥʦ ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʳʭ 

ʫʩʣʦʚʠʡ. ʅʘʧʨʠʤʝʨ, ʩʫʱʝʩʪʚʫʶʪ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ ʜʣʷ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʧʨʦʬʠʣʷ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʘʩʩʠʚʥʦʡ ʧʨʠʤʝʩʠ [Wamser, Lykossov, 1995; ʉʝʤʸʥʦʚ, 2020]. ɼʣʷ ʙʦʣʝʝ 

ʩʣʦʞʥʳʭ ʩʣʫʯʘʝʚ, ʚʢʣʶʯʘʶʱʠʭ ʛʨʘʚʠʪʘʮʠʦʥʥʦʝ ʦʩʝʜʘʥʠʝ ʯʘʩʪʠʮ ʠʣʠ ʠʭ ʦʙʨʘʪʥʦʝ ʚʣʠʷʥʠʝ ʥʘ 

ʩʪʨʘʪʠʬʠʢʘʮʠʶ, ʪʘʢʞʝ ʩʫʱʝʩʪʚʫʶʪ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʠʣʠ ʧʦʣʫʘʥʘʣʠʪʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ [Wamser, 

Lykossov, 1995]. ʉʨʘʚʥʝʥʠʝ ʩ ʪʘʢʠʤʠ ʨʝʰʝʥʠʷʤʠ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʝʨʠʪʴ ʢʦʨʨʝʢʪʥʦʩʪʴ 

ʨʝʘʣʠʟʘʮʠʠ ʙʘʟʦʚʳʭ ʬʠʟʠʯʝʩʢʠʭ ʟʘʢʦʥʦʚ (ʥʘʧʨʠʤʝʨ, ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ ʦʩʝʜʘʥʠʷ) ʠ ʯʠʩʣʝʥʥʳʭ 

ʩʭʝʤ ʤʦʜʝʣʠ ʚ ʧʨʦʩʪʝʡʰʠʭ, ʧʦʣʥʦʩʪʴʶ ʢʦʥʪʨʦʣʠʨʫʝʤʳʭ ʫʩʣʦʚʠʷʭ. 

ʉʣʝʜʫʶʱʠʤ ʰʘʛʦʤ ʷʚʣʷʝʪʩʷ ʚʘʣʠʜʘʮʠʷ ʤʦʜʝʣʠ ʧʦ ʜʘʥʥʳʤ ʣʘʙʦʨʘʪʦʨʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ʚ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʪʨʫʙʘʭ. ʊʘʢʠʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦʟʚʦʣʷʶʪ ʠʟʫʯʘʪʴ ʧʦʪʦʢ ʠ ʧʝʨʝʥʦʩ ʧʨʠʤʝʩʠ 

ʚʦʢʨʫʛ ʤʦʜʝʣʝʡ ʟʜʘʥʠʡ ʠʣʠ ʠʭ ʤʘʩʩʠʚʦʚ ʚ ʢʦʥʪʨʦʣʠʨʫʝʤʳʭ ʠ ʚʦʩʧʨʦʠʟʚʦʜʠʤʳʭ ʫʩʣʦʚʠʷʭ 

[Kastner-Klein, Plate, 1999; Lim et al., 2022]. ʆʩʥʦʚʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʪʘʢʦʛʦ ʧʦʜʭʦʜʘ ʷʚʣʷʝʪʩʷ 

ʚʦʟʤʦʞʥʦʩʪʴ ʜʝʪʘʣʴʥʦʛʦ ʠʟʤʝʨʝʥʠʷ ʧʦʣʝʡ ʩʢʦʨʦʩʪʠ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʦʜʥʘʢʦ ʩʫʱʝʩʪʚʫʶʪ ʠ 

ʦʛʨʘʥʠʯʝʥʠʷ, ʩʚʷʟʘʥʥʳʝ ʩ ʥʝʚʦʟʤʦʞʥʦʩʪʴʶ ʪʦʯʥʦʛʦ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʷ ʚʩʝʭ ʤʘʩʰʪʘʙʦʚ 

ʘʪʤʦʩʬʝʨʥʦʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʠ ʚʳʧʦʣʥʝʥʠʝʤ ʢʨʠʪʝʨʠʝʚ ʧʦʜʦʙʠʷ (ʥʘʧʨʠʤʝʨ, ʧʦ ʯʠʩʣʫ 

ʈʝʡʥʦʣʴʜʩʘ, ʢʦʪʦʨʦʝ ʚ ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ, ʢʘʢ ʧʨʘʚʠʣʦ, ʩʠʣʴʥʦ ʤʝʥʴʰʝ ʭʘʨʘʢʪʝʨʥʳʭ 

ʟʥʘʯʝʥʠʡ ʚ ʛʝʦʬʠʟʠʯʝʩʢʠʭ ʧʦʛʨʘʥʠʯʥʳʭ ʩʣʦʷʭ). 
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ʅʘʠʙʦʣʝʝ ʫʙʝʜʠʪʝʣʴʥʦʡ ʷʚʣʷʝʪʩʷ ʚʘʣʠʜʘʮʠʷ ʧʦ ʜʘʥʥʳʤ ʥʘʪʫʨʥʳʭ ʧʦʣʝʚʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʧʨʝʜʦʩʪʘʚʣʷʶʪ ʠʥʬʦʨʤʘʮʠʶ ʦ ʨʝʘʣʴʥʳʭ ʧʨʦʮʝʩʩʘʭ ʚ 

ʘʪʤʦʩʬʝʨʝ. ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʢʘʤʧʘʥʠʡ ʚ ʛʦʨʦʜʩʢʦʡ ʩʨʝʜʝ ʚʳʧʫʩʢʘʝʪʩʷ ʠʥʝʨʪʥʳʡ ʛʘʟ-

ʪʨʘʩʩʝʨ, ʘ ʝʛʦ ʢʦʥʮʝʥʪʨʘʮʠʷ ʠʟʤʝʨʷʝʪʩʷ ʚ ʤʥʦʞʝʩʪʚʝ ʪʦʯʝʢ ʧʦʜʚʝʪʨʝʥʥʦʡ ʦʙʣʘʩʪʠ. ʕʪʠ ʜʘʥʥʳʝ 

ʷʚʣʷʶʪʩʷ çʟʦʣʦʪʳʤ ʩʪʘʥʜʘʨʪʦʤè ʜʣʷ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʜʠʩʧʝʨʩʠʠ [Milliez, Carissimo, 2007]. 

ʇʦʭʦʞʠʡ ʧʦʜʭʦʜ ʩ ʚʳʧʫʩʢʦʤ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʘʵʨʦʟʦʣʴʥʦʛʦ ʪʨʘʩʩʝʨʘ ʧʨʠʤʝʥʷʝʪʩʷ ʠ ʜʣʷ 

ʧʨʷʤʦʛʦ ʠʟʤʝʨʝʥʠʷ ʩʢʦʨʦʩʪʠ ʦʩʘʞʜʝʥʠʷ ʥʘ ʬʘʩʘʜʳ ʟʜʘʥʠʡ [Maro et al., 2014]. ʆʜʥʘʢʦ ʪʘʢʠʝ 

ʵʢʩʧʝʨʠʤʝʥʪʳ ʯʨʝʟʚʳʯʘʡʥʦ ʜʦʨʦʛʠ, ʪʨʫʜʦʸʤʢʠ ʠ ʨʝʜʢʠ. ʂʨʦʤʝ ʪʦʛʦ, ʩʣʦʞʥʦʩʪʴ ʠ ʠʟʤʝʥʯʠʚʦʩʪʴ 

ʤʝʪʝʦʨʦʣʦʛʠʯʝʩʢʠʭ ʫʩʣʦʚʠʡ, ʠʤʝʚʰʠʭ ʤʝʩʪʦ ʚʦ ʚʨʝʤʷ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʩʦʟʜʘʶʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ 

ʪʨʫʜʥʦʩʪʠ ʜʣʷ ʢʦʨʨʝʢʪʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʤʦʜʝʣʠ ʥʘʯʘʣʴʥʳʤʠ, ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʠ 

ʚʥʝʰʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ. ɼʘʥʥʳʝ ʨʝʛʫʣʷʨʥʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʩʣʠʰʢʦʤ 

ʨʘʟʨʝʞʝʥʳ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʜʣʷ ʧʦʣʥʦʮʝʥʥʦʡ ʚʘʣʠʜʘʮʠʠ ʤʦʜʝʣʝʡ ʥʘ ʤʠʢʨʦʤʘʩʰʪʘʙʝ. ɺ 

ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʵʪʦʪ ʧʨʦʙʝʣ ʥʘʯʠʥʘʝʪ ʚʦʩʧʦʣʥʷʪʴʩʷ ʟʘ ʩʯʸʪ ʠʥʥʦʚʘʮʠʦʥʥʳʭ ʧʦʜʭʦʜʦʚ, 

ʥʘʧʨʠʤʝʨ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʘʥʥʳʭ ʩ ʤʦʙʠʣʴʥʳʭ ʜʘʪʯʠʢʦʚ, ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʥʘ ʪʨʘʥʩʧʦʨʪʥʳʭ 

ʩʨʝʜʩʪʚʘʭ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʡ ʩ ʚʳʩʦʢʠʤ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʜʣʷ ʚʝʨʠʬʠʢʘʮʠʠ ʤʦʜʝʣʝʡ [Zhang et al., 2021; Du et al., 2024]. 

ʆʪʜʝʣʴʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ, ʪʝʩʥʦ ʩʚʷʟʘʥʥʳʤ ʩ ʟʘʜʘʯʝʡ ʚʘʣʠʜʘʮʠʠ ʧʨʠ ʥʝʧʦʣʥʳʭ ʠ 

ʨʘʟʥʦʨʦʜʥʳʭ ʜʘʥʥʳʭ, ʷʚʣʷʝʪʩʷ ʦʮʝʥʢʘ ʢʘʯʝʩʪʚʘ ʠ ʦʙʲʝʜʠʥʝʥʠʝ ʨʘʟʨʝʞʝʥʥʳʭ ʠʟʤʝʨʝʥʠʡ. 

ɸʣʛʦʨʠʪʤʳ ʥʘ ʦʩʥʦʚʝ ʦʧʝʨʘʪʦʨʦʚ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʠ ʘʥʩʘʤʙʣʝʡ ʩʦʧʨʷʞʸʥʥʳʭ ʟʘʜʘʯ [Penenko 

et al., 2021] ʧʦʟʚʦʣʷʶʪ ʦʙʲʝʜʠʥʷʪʴ ʛʝʪʝʨʦʛʝʥʥʳʝ ʠʟʤʝʨʝʥʠʷ ʚ ʝʜʠʥʦʝ ʦʧʝʨʘʪʦʨʥʦʝ ʫʨʘʚʥʝʥʠʝ ʠ 

ʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴ ʧʦʣʦʞʝʥʠʝ ʠ ʤʦʱʥʦʩʪʴ ʠʩʪʦʯʥʠʢʦʚ ʟʘʛʨʷʟʥʝʥʠʷ ï ʯʪʦ ʦʩʦʙʝʥʥʦ ʚʦʩʪʨʝʙʦʚʘʥʦ 

ʚ ʤʠʢʨʦʤʘʩʰʪʘʙʥʳʭ ʟʘʜʘʯʘʭ, ʛʜʝ ʠʥʚʝʥʪʘʨʠʟʘʮʠʷ ʚʳʙʨʦʩʦʚ ʠ ʣʦʢʘʣʴʥʘʷ ʚʝʪʨʦʚʘʷ ʦʙʩʪʘʥʦʚʢʘ 

ʠʟʚʝʩʪʥʳ ʣʠʰʴ ʧʨʠʙʣʠʞʸʥʥʦ. 

ɺ ʧʦʩʣʝʜʥʠʝ ʜʝʩʷʪʠʣʝʪʠʷ ʚ ʢʘʯʝʩʪʚʝ ʤʦʱʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʜʣʷ ʚʝʨʠʬʠʢʘʮʠʠ ʤʦʜʝʣʝʡ ʚʩʝ 

ʯʘʱʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʝʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ (LES). LES-ʤʦʜʝʣʠ, ʚ ʢʦʪʦʨʳʭ ʷʚʥʦ 

ʨʘʟʨʝʰʘʝʪʩʷ ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʵʥʝʨʛʦʥʝʩʫʱʝʛʦ ʩʧʝʢʪʨʘ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, ʩʧʦʩʦʙʥʳ ʛʝʥʝʨʠʨʦʚʘʪʴ 

ʧʦʣʥʳʝ, ʯʝʪʳʨʝʭʤʝʨʥʳʝ, ʬʠʟʠʯʝʩʢʠ ʩʦʛʣʘʩʦʚʘʥʥʳʝ ʧʦʣʷ ʤʝʪʝʦʚʝʣʠʯʠʥ ʠ ʢʦʥʮʝʥʪʨʘʮʠʡ. ʊʘʢʠʝ 

ʜʘʥʥʳʝ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʨʝʟʫʣʴʪʘʪʳ çʚʠʨʪʫʘʣʴʥʦʛʦ ʥʘʪʫʨʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘè. LES-

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʟʚʦʣʷʝʪ ʧʨʝʦʜʦʣʝʪʴ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘʪʫʨʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ: ʦʥʦ 

ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʠʥʬʦʨʤʘʮʠʶ ʦ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʦʣʷʭ ʠ ʢʦʥʮʝʥʪʨʘʮʠʷʭ ʧʨʠʤʝʩʝʡ ʚ ʢʘʞʜʦʡ 

ʪʦʯʢʝ ʧʨʦʩʪʨʘʥʩʪʚʘ ʠ ʚʨʝʤʝʥʠ ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʣʥʳʡ ʢʦʥʪʨʦʣʴ ʥʘʜ ʛʨʘʥʠʯʥʳʤʠ ʠ ʥʘʯʘʣʴʥʳʤʠ 

ʫʩʣʦʚʠʷʤʠ. ʉʦʚʨʝʤʝʥʥʳʝ LES ʤʦʜʝʣʠ ʫʩʧʝʰʥʦ ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʝʨʝʥʦʩʘ 
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ʯʘʩʪʠʮ ʢʘʢ ʚ ʛʦʨʦʜʩʢʦʡ ʩʨʝʜʝ, ʪʘʢ ʠ ʚ ʜʨʫʛʠʭ ʩʣʦʞʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʷʭ, ʥʘʧʨʠʤʝʨ, ʚ ʩʘʣʦʥʘʭ 

ʩʘʤʦʣʝʪʦʚ [Wang et al., 2011; Zhang et al., 2021]. 

ʇʦʵʪʦʤʫ ʥʘʠʙʦʣʝʝ ʠʥʬʦʨʤʘʪʠʚʥʳʤ ʠ ʵʢʦʥʦʤʥʳʤ ʧʦ ʟʘʜʝʡʩʪʚʦʚʘʥʥʳʤ ʨʝʩʫʨʩʘʤ 

ʧʦʜʭʦʜʦʤ ʷʚʣʷʝʪʩʷ ʢʨʦʩʩ-ʚʝʨʠʬʠʢʘʮʠʷ, ʢʦʛʜʘ ʙʦʣʝʝ ʧʨʦʩʪʘʷ, ʥʘʧʨʠʤʝʨ, RANS ʠʣʠ 

ʩʪʦʭʘʩʪʠʯʝʩʢʘʷ ʣʘʛʨʘʥʞʝʚʘ ʤʦʜʝʣʴ ʧʨʦʚʝʨʷʝʪʩʷ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʩʯʝʪʦʚ ʚʳʩʦʢʦʜʝʪʘʣʴʥʦʡ 

LES-ʤʦʜʝʣʠ, ʢʦʪʦʨʘʷ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʙʳʣʘ ʨʘʥʝʝ ʚʘʣʠʜʠʨʦʚʘʥʘ ʧʦ ʣʘʙʦʨʘʪʦʨʥʳʤ ʠʣʠ 

ʥʘʪʫʨʥʳʤ ʜʘʥʥʳʤ [Grylls, 2019]. ʀʤʝʥʥʦ ʪʘʢʦʡ ʧʦʜʭʦʜ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ɻʣʘʚʝ 2 ʥʘʩʪʦʷʱʝʡ 

ʨʘʙʦʪʳ ʜʣʷ ʜʝʪʘʣʴʥʦʡ ʧʨʦʚʝʨʢʠ ʠ ʚʟʘʠʤʥʦʛʦ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʟʣʠʯʥʳʭ 

ʩʪʦʭʘʩʪʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʠʟʘʮʠʡ. 

ɺ ʟʘʢʣʶʯʝʥʠʝ, ʩʦʚʦʢʫʧʥʦʩʪʴ ʚʩʝʭ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ ï ʦʪ ʪʝʦʨʝʪʠʯʝʩʢʠʭ 

ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ ʜʦ ʢʦʤʧʣʝʢʩʥʳʭ ʯʠʩʣʝʥʥʳʭ ʠ ʥʘʪʫʨʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ï ʬʦʨʤʠʨʫʝʪ 

ʩʦʚʨʝʤʝʥʥʫʶ ʤʝʪʦʜʦʣʦʛʠʯʝʩʢʫʶ ʙʘʟʫ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʠ ʧʨʦʚʝʨʢʠ ʤʦʜʝʣʝʡ ʧʝʨʝʥʦʩʘ ʘʵʨʦʟʦʣʝʡ, 

ʦʙʝʩʧʝʯʠʚʘʷ ʠʭ ʥʘʜʝʞʥʦʩʪʴ ʠ ʧʨʠʤʝʥʠʤʦʩʪʴ ʜʣʷ ʨʝʰʝʥʠʷ ʥʘʫʯʥʳʭ ʠ ʧʨʠʢʣʘʜʥʳʭ ʟʘʜʘʯ. 

1.6 ɿʘʢʣʶʯʝʥʠʝ ʢ ʛʣʘʚʝ 1 

ʇʨʦʚʝʜʸʥʥʳʡ ʘʥʘʣʠʟ ʣʠʪʝʨʘʪʫʨʳ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʟʥʘʯʠʪʝʣʴʥʫʶ ʵʚʦʣʶʮʠʶ ʚ ʧʦʜʭʦʜʘʭ ʢ 

ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʧʝʨʝʥʦʩʘ ʠ ʦʩʘʞʜʝʥʠʷ ʘʵʨʦʟʦʣʝʡ ʚ ʛʦʨʦʜʩʢʦʡ ʩʨʝʜʝ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʰʣʠ 

ʧʫʪʴ ʦʪ ʧʨʠʤʝʥʝʥʠʷ ʤʘʢʨʦʤʘʩʰʪʘʙʥʳʭ ʵʡʣʝʨʦʚʳʭ ʤʦʜʝʣʝʡ ʠ ʫʩʨʝʜʥʝʥʥʳʭ ʤʦʜʝʣʝʡ 

ʩʦʧʨʦʪʠʚʣʝʥʠʡ, ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʜʣʷ ʦʜʥʦʨʦʜʥʳʭ ʣʘʥʜʰʘʬʪʦʚ, ʜʦ ʤʠʢʨʦʤʘʩʰʪʘʙʥʦʛʦ 

ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʝʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ (LES) ʠ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʩʭʝʤ 

ʛʦʨʦʜʩʢʦʛʦ ʧʦʣʦʛʘ [Cherin et al., 2015; Sokhi et al., 2022]. ɸʚʪʦʨʳ ʦʙʟʦʨʥʳʭ ʨʘʙʦʪ 

ʧʦʜʯʝʨʢʠʚʘʶʪ, ʯʪʦ ʛʣʦʙʘʣʴʥʳʝ ʠ ʨʝʛʠʦʥʘʣʴʥʳʝ ʤʦʜʝʣʠ ʥʝ ʩʧʦʩʦʙʥʳ ʫʣʦʚʠʪʴ ʣʦʢʘʣʴʥʳʝ 

ʛʨʘʜʠʝʥʪʳ ʟʘʛʨʷʟʥʝʥʠʡ, ʠ ʜʣʷ ʘʜʝʢʚʘʪʥʦʛʦ ʦʧʠʩʘʥʠʷ ʢʘʯʝʩʪʚʘ ʚʦʟʜʫʭʘ ʥʝʦʙʭʦʜʠʤʦ ʷʚʥʦ 

ʫʯʠʪʳʚʘʪʴ ʩʣʦʞʥʫʶ ʪʨʝʭʤʝʨʥʫʶ ʩʪʨʫʢʪʫʨʫ ʟʘʩʪʨʦʡʢʠ [Monks et al., 2009; Li et al., 2021]. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠ ʯʠʩʣʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʝʤʦʥʩʪʨʠʨʫʶʪ, ʯʪʦ ʢʦʥʮʝʥʪʨʘʮʠʷ ʠ 

ʚʳʚʝʜʝʥʠʝ, ʚ ʪ.ʯ. ʧʫʪʸʤ ʦʩʘʞʜʝʥʠʷ, ʟʘʛʨʷʟʥʷʶʱʠʭ ʚʝʱʝʩʪʚ ʢʨʘʡʥʝ ʯʫʚʩʪʚʠʪʝʣʴʥʳ ʢ ʣʦʢʘʣʴʥʳʤ 

ʬʘʢʪʦʨʘʤ: ʚʘʨʠʘʪʠʚʥʦʩʪʠ ʚʳʩʦʪ, ʦʨʠʝʥʪʘʮʠʠ ʟʜʘʥʠʡ ʠ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʝʡ [Kastner-

Klein, Plate, 1999; Karra et al., 2011; Maro et al., 2014]. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʳʝ 

ʨʝʛʫʣʷʨʥʳʝ ʤʘʩʩʠʚʳ ʟʜʘʥʠʡ ʬʦʨʤʠʨʫʶʪ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʨʝʞʠʤʳ, ʟʥʘʯʠʪʝʣʴʥʦ 

ʦʪʣʠʯʘʶʱʠʝʩʷ ʦʪ ʧʦʚʝʜʝʥʠʷ ʧʦʪʦʢʦʚ ʚ ʨʝʘʣʠʩʪʠʯʥʦʡ ʛʝʪʝʨʦʛʝʥʥʦʡ ʟʘʩʪʨʦʡʢʝ [Hang et al., 2012; 

Sützl et al., 2021]. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʢʦʥʮʝʧʮʠʠ ʣʦʢʘʣʴʥʳʭ ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʟʦʥ (ʃʂɿ) ʧʦʟʚʦʣʠʣʦ 

ʩʪʘʥʜʘʨʪʠʟʠʨʦʚʘʪʴ ʛʦʨʦʜʩʢʫʶ ʤʦʨʬʦʣʦʛʠʶ ʠ ʚʳʷʚʠʪʴ ʚʣʠʷʥʠʝ ʪʠʧʦʚ ʟʘʩʪʨʦʡʢʠ ʥʘ ʢʘʯʝʩʪʚʦ 

ʚʦʟʜʫʭʘ [Stewart, Oke, 2012; Jiang et al., 2023]. ʆʜʥʘʢʦ ʧʨʠʥʘʜʣʝʞʥʦʩʪʴ ʢ ʦʧʨʝʜʝʣʝʥʥʦʤʫ ʢʣʘʩʩʫ 
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ʃʂɿ ʩʘʤʘ ʧʦ ʩʝʙʝ ʥʝ ʦʧʠʩʳʚʘʝʪ ʚʩʝʛʦ ʤʥʦʛʦʦʙʨʘʟʠʷ ʤʠʢʨʦʤʘʩʰʪʘʙʥʦʡ ʘʵʨʦʜʠʥʘʤʠʢʠ, ʪʘʢ ʢʘʢ 

ʚʥʫʪʨʝʥʥʷʷ ʘʛʨʝʛʘʮʠʷ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʟʜʘʥʠʡ ʬʦʨʤʠʨʫʶʪ ʫʥʠʢʘʣʴʥʳʝ ʟʦʥʳ 

ʟʘʩʪʦʷ ʠʣʠ ʚʝʥʪʠʣʷʮʠʠ [Lin et al., 2024; Nazarian et al., 2025]. 

ʆʪʜʝʣʴʥʳʤ ʚʳʟʦʚʦʤ ʦʩʪʘʝʪʩʷ ʦʮʝʥʢʘ ʩʫʭʦʛʦ ʦʩʘʞʜʝʥʠʷ ʥʘ ʚʝʨʪʠʢʘʣʴʥʳʝ ʬʘʩʘʜʳ ʟʜʘʥʠʡ. 

ɻʦʨʦʜʩʢʘʷ ʨʘʩʪʠʪʝʣʴʥʦʩʪʴ ʠ ʩʪʝʥʳ ʜʝʡʩʪʚʫʶʪ ʢʘʢ ʵʬʬʝʢʪʠʚʥʳʝ ʩʪʦʢʠ ʜʣʷ ʘʵʨʦʟʦʣʝʡ, ʥʦ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʚʳʩʪʫʧʘʶʪ ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʠʤʠ ʙʘʨʴʝʨʘʤʠ [Xue, Li, 2017; Viecco et al., 2021]. 

ɽʩʣʠ ʜʣʷ ʨʘʩʪʠʪʝʣʴʥʦʩʪʠ ʵʪʦʪ ʜʚʦʡʩʪʚʝʥʥʳʡ ʵʬʬʝʢʪ ʘʢʪʠʚʥʦ ʠʟʫʯʘʝʪʩʷ, ʪʦ ʬʘʩʘʜʳ ʟʜʘʥʠʡ ʚ 

ʙʦʣʴʰʠʥʩʪʚʝ ʤʦʜʝʣʝʡ ʧʦ-ʧʨʝʞʥʝʤʫ ʠʛʥʦʨʠʨʫʶʪʩʷ ʠʣʠ ʧʘʨʘʤʝʪʨʠʟʫʶʪʩʷ ʢʨʘʡʥʝ ʫʧʨʦʱʝʥʥʦ, 

ʯʪʦ ʚʝʜʝʪ ʢ ʩʠʣʴʥʳʤ ʠʩʢʘʞʝʥʠʷʤ ʙʘʣʘʥʩʘ ʧʨʠʤʝʩʠ [Kouznetsov et al., 2026; Cheng, Fu, 2025]. 

ʅʝʩʤʦʪʨʷ ʥʘ ʟʥʘʯʠʪʝʣʴʥʳʡ ʧʨʦʛʨʝʩʩ, ʜʦʩʪʠʛʥʫʪʳʡ ʙʣʘʛʦʜʘʨʷ ʨʘʟʚʠʪʠʶ 

ʤʠʢʨʦʤʘʩʰʪʘʙʥʳʭ ʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʩ ʵʡʣʝʨʦʚʳʤ ʠ ʣʘʛʨʘʥʞʝʚʳʤ ʧʝʨʝʥʦʩʦʤ ʧʨʠʤʝʩʝʡ 

[Kurppa et al., 2019; Maronga et al., 2020], ʨʷʜ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʚʦʧʨʦʩʦʚ ʦʩʪʘʝʪʩʷ ʦʪʢʨʳʪʳʤ. 

ɺʦ-ʧʝʨʚʳʭ, ʩʦʭʨʘʥʷʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʘʷ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʴ ʚ ʪʦʤ, ʥʘʩʢʦʣʴʢʦ 

ʢʣʘʩʩʠʬʠʢʘʮʠʷ ʃʂɿ ʧʨʠʤʝʥʠʤʘ ʚ ʢʘʯʝʩʪʚʝ ʧʨʝʜʠʢʪʦʨʘ ʜʣʷ ʧʝʨʝʥʦʩʘ ʠ ʥʘʢʦʧʣʝʥʠʷ ʧʨʠʤʝʩʝʡ, ʠ 

ʚ ʪʦʤ, ʢʘʢʠʝ ʧʘʨʘʤʝʪʨʳ ʧʝʨʝʥʦʩʘ ʠ ʥʘʢʦʧʣʝʥʠʷ ʥʘʠʙʦʣʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʳ ʢ ʪʠʧʫ ʃʂɿ, ʘ ʢʘʢʠʝ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʚʥʫʪʨʝʥʥʝʡ ʩʪʨʫʢʪʫʨʦʡ ʟʘʩʪʨʦʡʢʠ ï ʝʸ ʨʝʛʫʣʷʨʥʦʩʪʴʶ, ʭʘʦʪʠʯʥʦʩʪʴʶ 

ʨʘʩʧʦʣʦʞʝʥʠʷ ʟʜʘʥʠʡ ʠ ʚʘʨʠʘʪʠʚʥʦʩʪʴʶ ʚʳʩʦʪ. 

ɺʦ-ʚʪʦʨʳʭ, ʭʦʪʷ ʚʘʞʥʦʩʪʴ ʩʫʭʦʛʦ ʦʩʘʞʜʝʥʠʷ ʥʘ ʚʝʨʪʠʢʘʣʴʥʳʝ ʧʦʚʝʨʭʥʦʩʪʠ ʙʳʣʘ ʜʦʢʘʟʘʥʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ, ʝʛʦ ʢʦʣʠʯʝʩʪʚʝʥʥʳʡ ʚʢʣʘʜ ʚ ʦʙʱʫʶ ʠʟʤʝʥʯʠʚʦʩʪʴ ʧʦʣʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʚʥʫʪʨʠ ʛʦʨʦʜʩʢʦʡ ʟʘʩʪʨʦʡʢʠ ʨʘʟʣʠʯʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʜʦ ʩʠʭ ʧʦʨ ʥʝ ʙʳʣ ʩʠʩʪʝʤʥʦ ʦʮʝʥʸʥ. ɺ 

ʥʘʫʯʥʦʤ ʩʦʦʙʱʝʩʪʚʝ ʦʪʩʫʪʩʪʚʫʝʪ ʢʦʥʩʝʥʩʫʩ ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʝʪʦʜʦʚ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ʵʪʦʛʦ 

ʧʨʦʮʝʩʩʘ: ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʚʘʨʴʠʨʫʶʪʩʷ ʦʪ ʧʦʣʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʜʦ ʩʣʦʞʥʳʭ 

ʩʪʦʭʘʩʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʦʪʩʢʦʢʘ, ʘ ʟʥʘʯʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʤʦʜʝʣʝʡ ʢʘʯʝʩʪʚʘ ʚʦʟʜʫʭʘ ʚʦʚʩʝ ʥʝ 

ʫʯʠʪʳʚʘʝʪ ʦʩʘʞʜʝʥʠʝ ʥʘ ʬʘʩʘʜʳ, ʯʪʦ ʟʘʪʨʫʜʥʷʝʪ ʦʮʝʥʢʫ ʝʛʦ ʨʝʘʣʴʥʦʡ ʨʦʣʠ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ 

ʛʦʨʦʜʩʢʠʭ ʧʦʣʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʚʝʜʝʥʥʳʡ ʘʥʘʣʠʟ ʣʠʪʝʨʘʪʫʨʳ ʥʝ ʪʦʣʴʢʦ ʦʯʝʨʯʠʚʘʝʪ ʩʦʚʨʝʤʝʥʥʦʝ 

ʩʦʩʪʦʷʥʠʝ ʥʘʫʢʠ, ʥʦ ʠ ʯʝʪʢʦ ʚʳʷʚʣʷʝʪ ʩʫʱʝʩʪʚʫʶʱʠʝ ʧʨʦʙʝʣʳ ʚ ʟʥʘʥʠʷʭ. ʕʪʦ ʦʙʦʩʥʦʚʳʚʘʝʪ 

ʧʨʦʚʝʜʝʥʠʝ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʭ ʯʠʩʣʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʘ ʙʘʟʝ ʤʠʢʨʦʤʘʩʰʪʘʙʥʦʛʦ 

ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʝʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʣʷ ʜʝʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʚʝʜʝʥʠʷ ʘʵʨʦʟʦʣʝʡ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʘʭ ʢʦʥʬʠʛʫʨʘʮʠʠ ʟʜʘʥʠʡ. ɺ ʧʦʩʣʝʜʫʶʱʠʭ ʛʣʘʚʘʭ ʙʫʜʝʪ ʧʨʝʜʩʪʘʚʣʝʥ 

ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʥʘ ʦʩʥʦʚʝ ʣʘʛʨʘʥʞʝʚʘ ʧʦʜʭʦʜʘ ʤʦʜʝʣʴʥʳʡ ʠʥʩʪʨʫʤʝʥʪʘʨʠʡ, ʢʦʪʦʨʳʡ ʙʫʜʝʪ 

ʧʨʠʤʝʥʝʥ ʜʣʷ ʩʠʩʪʝʤʥʦʛʦ ʠʟʫʯʝʥʠʷ ʧʝʨʝʥʦʩʘ ʠ ʦʩʘʞʜʝʥʠʷ ʘʵʨʦʟʦʣʝʡ ʚ ʨʘʟʣʠʯʥʳʭ 

ʢʦʥʬʠʛʫʨʘʮʠʷʭ ʟʘʩʪʨʦʡʢʠ ʩ ʮʝʣʴʶ ʦʪʚʝʪʘ ʥʘ ʧʦʩʪʘʚʣʝʥʥʳʝ ʚʳʰʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʚʦʧʨʦʩʳ. 



 39 

ɻʣʘʚʘ 2. ʄʦʜʝʣʴ ʣʘʛʨʘʥʞʝʚʘ ʧʝʨʝʥʦʩʘ ʯʘʩʪʠʮ 

2.1 ɺʚʝʜʝʥʠʝ: ʢʦʥʮʝʧʮʠʷ ʤʦʜʝʣʠ 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʝʨʝʥʦʩʘ ʠ ʦʩʘʞʜʝʥʠʷ ʘʵʨʦʟʦʣʴʥʳʭ ʯʘʩʪʠʮ ʚ ʘʪʤʦʩʬʝʨʥʦʤ ʧʦʛʨʘʥʠʯʥʦʤ 

ʩʣʦʝ ʷʚʣʷʝʪʩʷ ʢʣʶʯʝʚʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ ʨʝʰʝʥʠʷ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ ʥʘʫʯʥʳʭ ʠ ʧʨʠʢʣʘʜʥʳʭ 

ʟʘʜʘʯ, ʦʪ ʦʮʝʥʢʠ ʢʘʯʝʩʪʚʘ ʚʦʟʜʫʭʘ ʚ ʛʦʨʦʜʘʭ ʠ ʨʠʩʢʦʚ ʜʣʷ ʟʜʦʨʦʚʴʷ ʥʘʩʝʣʝʥʠʷ ʜʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʚʣʠʷʥʠʷ ʘʵʨʦʟʦʣʝʡ ʥʘ ʢʣʠʤʘʪʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ. ʆʩʦʙʫʶ ʩʣʦʞʥʦʩʪʴ ʧʨʝʜʩʪʘʚʣʷʶʪ 

ʫʨʙʘʥʠʟʠʨʦʚʘʥʥʳʝ ʪʝʨʨʠʪʦʨʠʠ, ʛʜʝ ʥʝʦʜʥʦʨʦʜʥʦʝ ʧʦʣʝ ʪʝʯʝʥʠʷ, ʦʙʫʩʣʦʚʣʝʥʥʦʝ ʛʦʨʦʜʩʢʦʡ 

ʟʘʩʪʨʦʡʢʦʡ, ʪʨʝʙʫʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʦʜʝʣʝʡ ʩ ʚʳʩʦʢʠʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʠ 

ʜʝʪʘʣʴʥʳʤ ʫʯʝʪʦʤ ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ. ɼʘʥʥʘʷ ʛʣʘʚʘ ʧʦʩʚʷʱʝʥʘ ʦʧʠʩʘʥʠʶ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ 

ʚ ʨʘʤʢʘʭ ʥʘʩʪʦʷʱʝʡ ʜʠʩʩʝʨʪʘʮʠʠ ʯʠʩʣʝʥʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ï ʤʦʜʝʣʠ ʣʘʛʨʘʥʞʝʚʘ ʧʝʨʝʥʦʩʘ 

ʯʘʩʪʠʮ, ʢʦʪʦʨʘʷ ʩʣʫʞʠʪ ʦʩʥʦʚʦʡ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʥʦʚʳʭ ʥʘʫʯʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ 

ʚ ʧʦʩʣʝʜʫʶʱʠʭ ʛʣʘʚʘʭ. 

ʎʝʣʴʶ ʩʦʟʜʘʥʠʷ ʜʘʥʥʦʡ ʤʦʜʝʣʠ ʷʚʣʷʣʘʩʴ ʨʘʟʨʘʙʦʪʢʘ ʛʠʙʢʦʛʦ ʠ ʥʘʩʳʱʝʥʥʦʛʦ 

ʬʠʟʠʯʝʩʢʠʤʠ ʧʨʦʮʝʩʩʘʤʠ ʤʦʜʝʣʴʥʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʩʧʦʩʦʙʥʦʛʦ ʚʦʩʧʨʦʠʟʚʦʜʠʪʴ ʪʨʘʝʢʪʦʨʠʠ ʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ ʚ ʩʣʦʞʥʳʭ ʘʪʤʦʩʬʝʨʥʳʭ ʫʩʣʦʚʠʷʭ. ɺʳʙʦʨ ʣʘʛʨʘʥʞʝʚʘ ʧʦʜʭʦʜʘ ʚ 

ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʳ ʙʳʣ ʧʨʦʜʠʢʪʦʚʘʥ ʝʛʦ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʤʠ ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ: ʚʦʟʤʦʞʥʦʩʪʴʶ 

ʷʚʥʦʛʦ ʫʯʝʪʘ ʩʠʣ, ʜʝʡʩʪʚʫʶʱʠʭ ʥʘ ʢʘʞʜʫʶ ʦʪʜʝʣʴʥʫʶ ʯʘʩʪʠʮʫ, ʠ ʚʳʩʦʢʦʡ ʠʥʬʦʨʤʘʪʠʚʥʦʩʪʴʶ, 

ʧʦʩʢʦʣʴʢʫ ʟʥʘʥʠʝ ʪʨʘʝʢʪʦʨʠʡ ʧʦʟʚʦʣʷʝʪ ʚʳʯʠʩʣʷʪʴ ʣʶʙʳʝ ʩʪʘʪʠʩʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʘʥʩʘʤʙʣʷ ʯʘʩʪʠʮ, ʚʢʣʶʯʘʷ ʧʦʣʷ ʢʦʥʮʝʥʪʨʘʮʠʡ. ʂʣʶʯʝʚʳʤʠ ʧʨʠʥʮʠʧʘʤʠ, ʟʘʣʦʞʝʥʥʳʤʠ ʧʨʠ 

ʨʘʟʨʘʙʦʪʢʝ ʤʦʜʝʣʠ, ʩʪʘʣʠ: 

¶ ɼʝʪʘʣʴʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ. ʄʦʜʝʣʴ ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʰʠʨʦʢʠʡ 

ʥʘʙʦʨ ʠʥʩʪʨʫʤʝʥʪʦʚ ʜʣʷ ʧʦʜʨʦʙʥʦʛʦ ʦʧʠʩʘʥʠʷ ʜʚʠʞʝʥʠʷ ʯʘʩʪʠʮ: ʨʝʘʣʠʟʦʚʘʥʳ 

ʨʘʟʣʠʯʥʳʝ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ʜʣʷ ʫʯʝʪʘ ʚʣʠʷʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʠ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʩʨʝʜʳ, 

ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʢʦʨʨʝʢʪʥʦ ʤʦʜʝʣʠʨʦʚʘʪʴ ʜʚʠʞʝʥʠʝ ʢʘʢ ʤʝʣʢʠʭ ʧʘʩʩʠʚʥʳʭ, ʪʘʢ ʠ 

ʢʨʫʧʥʳʭ ʠʥʝʨʮʠʦʥʥʳʭ ʯʘʩʪʠʮ. ʃʘʛʨʘʥʞʝʚʘ ʧʨʠʨʦʜʘ ʤʦʜʝʣʠ ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʯʠʪʳʚʘʪʴ 

ʚʢʣʘʜ ʦʪʜʝʣʴʥʳʭ ʩʠʣ ʚ ʠʪʦʛʦʚʫʶ ʪʨʘʝʢʪʦʨʠʶ ʜʚʠʞʝʥʠʷ ʢʘʞʜʦʡ ʯʘʩʪʠʮʳ. 

¶ ʄʦʜʫʣʴʥʦʩʪʴ ʠ ʘʜʘʧʪʠʚʥʦʩʪʴ. ʇʨʦʛʨʘʤʤʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʧʦʩʪʨʦʝʥʘ ʧʦ ʤʦʜʫʣʴʥʦʤʫ 

ʧʨʠʥʮʠʧʫ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʛʠʙʢʦ ʥʘʩʪʨʘʠʚʘʪʴ ʤʦʜʝʣʴ ʧʦʜ ʢʦʥʢʨʝʪʥʳʝ ʫʩʣʦʚʠʷ 

ʯʠʩʣʝʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʇʦʣʴʟʦʚʘʪʝʣʴ ʤʦʞʝʪ ʦʪʢʣʶʯʘʪʴ ʫʯʝʪ ʬʠʟʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʚ, ʥʝʩʫʱʝʩʪʚʝʥʥʳʭ ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʟʘʜʘʯʠ (ʥʘʧʨʠʤʝʨ, ʨʘʩʧʘʜ ʯʘʩʪʠʮ 

ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʧʳʣʠ), ʠʣʠ ʚʳʙʠʨʘʪʴ ʤʝʞʜʫ ʙʦʣʝʝ ʩʣʦʞʥʳʤʠ ʠ ʪʦʯʥʳʤʠ ʠ ʙʦʣʝʝ 

ʧʨʦʩʪʳʤʠ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦ ʵʬʬʝʢʪʠʚʥʳʤʠ ʘʣʛʦʨʠʪʤʘʤʠ ʜʣʷ ʦʪʜʝʣʴʥʳʭ ʙʣʦʢʦʚ 

ʤʦʜʝʣʠ, ʩʦʙʣʶʜʘʷ ʙʘʣʘʥʩ ʤʝʞʜʫ ʪʦʯʥʦʩʪʴʶ ʠ ʩʢʦʨʦʩʪʴʶ ʨʘʩʯʝʪʦʚ. 
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¶ ɸʢʮʝʥʪ ʥʘ ʛʦʨʦʜʩʢʠʭ ʟʘʜʘʯʘʭ. ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʫʜʝʣʷʣʦʩʴ 

ʚʦʟʤʦʞʥʦʩʪʷʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʫʩʣʦʚʠʷʭ ʩʣʦʞʥʦʡ ʛʦʨʦʜʩʢʦʡ ʧʦʜʩʪʠʣʘʶʱʝʡ 

ʧʦʚʝʨʭʥʦʩʪʠ. ʈʝʘʣʠʟʦʚʘʥ ʤʝʭʘʥʠʟʤ ʷʚʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʯʘʩʪʠʮ ʩʦ ʟʜʘʥʠʷʤʠ ʠ 

ʜʨʫʛʠʤʠ ʧʦʚʝʨʭʥʦʩʪʷʤʠ (ʦʩʘʞʜʝʥʠʝ ʠ ʫʧʨʫʛʠʡ ʦʪʩʢʦʢ), ʧʨʠʯʸʤ ʦʩʘʞʜʝʥʠʝ ʤʦʞʝʪ 

ʦʪʩʣʝʞʠʚʘʪʴʩʷ ʨʘʟʜʝʣʴʥʦ ʜʣʷ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ (ʢʨʳʰʠ, ʧʦʯʚʘ) ʠ ʚʝʨʪʠʢʘʣʴʥʳʭ (ʩʪʝʥʳ) 

ʧʦʚʝʨʭʥʦʩʪʝʡ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʟʥʘʯʠʤʳʭ ʧʦʣʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ 

ʥʝʦʜʥʦʨʦʜʥʦʡ ʛʦʨʦʜʩʢʦʡ ʩʨʝʜʝ ʤʦʜʝʣʴ ʘʜʘʧʪʠʨʦʚʘʥʘ ʜʣʷ ʨʘʙʦʪʳ ʩ ʙʦʣʴʰʠʤ ʯʠʩʣʦʤ 

ʯʘʩʪʠʮ ʠ ʨʘʟʥʳʤʠ ʠʭ ʪʠʧʘʤʠ. 

ʉʦʟʜʘʥʠʝ, ʚʝʨʠʬʠʢʘʮʠʷ ʠ ʨʘʟʚʠʪʠʝ ʜʘʥʥʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʜʘ ʷʚʣʷʝʪʩʷ ʥʝʦʪʲʝʤʣʝʤʦʡ 

ʯʘʩʪʴʶ ʥʘʩʪʦʷʱʝʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ, ʧʦʩʢʦʣʴʢʫ ʠʤʝʥʥʦ ʦʥ ʧʦʟʚʦʣʠʣ ʧʦʣʫʯʠʪʴ 

ʦʩʥʦʚʥʳʝ ʥʘʫʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ. ɼʘʥʥʘʷ ʛʣʘʚʘ ʩʣʫʞʠʪ ʜʣʷ ʧʦʜʨʦʙʥʦʛʦ ʦʧʠʩʘʥʠʷ ʤʝʪʦʜʦʣʦʛʠʠ ʠ 

ʠʥʩʪʨʫʤʝʥʪʘʨʠʷ ʠʩʩʣʝʜʦʚʘʥʠʷ. ɺ ʥʝʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʬʠʟʠʢʦ-

ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʦʩʥʦʚʳ ʤʦʜʝʣʠ, ʝʸ ʧʨʦʛʨʘʤʤʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʠ ʨʝʟʫʣʴʪʘʪʳ ʚʝʨʠʬʠʢʘʮʠʠ, ʘ 

ʪʘʢʞʝ ʦʧʠʩʳʚʘʶʪʩʷ ʦʩʦʙʝʥʥʦʩʪʠ ʝʸ ʠʥʪʝʛʨʘʮʠʠ ʚ ʢʘʯʝʩʪʚʝ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʤʦʜʫʣʷ ʚ LES-

ʤʦʜʝʣʴ ʅʀɺʎ ʄɻʋ ʠ ʀɺʄ ʈɸʅ. 

2.2 ʌʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ 

ɺ ʣʘʛʨʘʥʞʝʚʦʤ ʧʦʜʭʦʜʝ ʜʚʠʞʝʥʠʝ ʦʪʜʝʣʴʥʦʡ ʯʘʩʪʠʮʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ (1.2), ʛʜʝ 

ʚ ʢʘʯʝʩʪʚʝ ʟʘʜʘʥʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʠʣʠ ʥʝʠʟʚʝʩʪʥʦʡ ʚʝʣʠʯʠʥʳ ʚʳʩʪʫʧʘʝʪ ʝʝ ʩʢʦʨʦʩʪʴ. ɺ ʥʘʠʙʦʣʝʝ 

ʧʨʦʩʪʦʤ ʩʣʫʯʘʝ ʩʢʦʨʦʩʪʴ ʯʘʩʪʠʮʳ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʥʷʪʘ ʟʘ ʢʦʥʩʪʘʥʪʫ. ɼʣʷ ʫʯʝʪʘ ʙʦʣʝʝ 

ʢʦʤʧʣʝʢʩʥʦʛʦ ʭʘʨʘʢʪʝʨʘ ʜʚʠʞʝʥʠʷ, ʚ ʪʦʤ ʯʠʩʣʝ ʚʣʠʷʥʠʷ ʩʚʦʡʩʪʚ ʩʘʤʦʡ ʯʘʩʪʠʮʳ, ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ, ʘ ʪʘʢʞʝ ʨʘʟʣʠʯʥʳʭ ʩʠʣ ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ, ʚʚʦʜʠʪʩʷ ʣʠʙʦ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ 

ʩʣʘʛʘʝʤʦʝ ʚ ʧʨʘʚʫʶ ʯʘʩʪʴ ʫʨʘʚʥʝʥʠʷ (1.2) ʜʣʷ ʦʧʠʩʘʥʠʷ ʩʣʫʯʘʡʥʦʛʦ ʩʤʝʱʝʥʠʷ, ʣʠʙʦ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʫʨʘʚʥʝʥʠʝ, ʢʦʪʦʨʦʝ ʦʧʨʝʜʝʣʷʝʪ ʵʚʦʣʶʮʠʶ ʩʢʦʨʦʩʪʠ ʯʘʩʪʠʮʳ, ʥʘʧʨʠʤʝʨ, 

ʬʦʨʤʫʣʳ (1.3) ʠ (1.4), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ɺ ʤʦʜʝʣʠ, ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʚ ʨʘʤʢʘʭ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ, ʚʳʯʠʩʣʷʶʪʩʷ ʠʟʤʝʥʝʥʠʷ ʢʘʢ 

ʩʢʦʨʦʩʪʠ, ʪʘʢ ʠ ʧʦʣʦʞʝʥʠʷ ʯʘʩʪʠʮʳ. ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ, ʜʚʠʞʝʥʠʝ ʢʘʞʜʦʡ ʠʥʜʠʚʠʜʫʘʣʴʥʦʡ 

ʯʘʩʪʠʮʳ ʦʧʠʩʳʚʘʝʪʩʷ ʩʠʩʪʝʤʦʡ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʜʚʫʭ ʫʨʘʚʥʝʥʠʡ. ʀʩʧʦʣʴʟʫʝʤʘʷ ʩʠʩʪʝʤʘ 

ʫʨʘʚʥʝʥʠʡ ʜʚʠʞʝʥʠʷ ʙʘʟʠʨʫʝʪʩʷ ʥʘ ʚʪʦʨʦʤ ʟʘʢʦʥʝ ʅʴʶʪʦʥʘ ʠ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ 

ʚʠʜʝ: 

(2.1) 
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Ä◊▬
Äὸ

▌ʍ ʍ

ʍ
Ὂ ◊ ◊▬ȟ   

Ä●▬

Äὸ
◊▬ȟ 

(2.2) 

ʛʜʝ up ï ʩʢʦʨʦʩʪʴ ʯʘʩʪʠʮʳ, xp ï ʝʸ ʢʦʦʨʜʠʥʘʪʘ, t ï ʚʨʝʤʷ, g ï ʫʩʢʦʨʝʥʠʝ ʩʠʣʳ ʪʷʞʝʩʪʠ, ɟp ï 

ʧʣʦʪʥʦʩʪʴ ʯʘʩʪʠʮʳ (ʝʸ ʤʘʪʝʨʠʘʣʘ), ɟ ï ʧʣʦʪʥʦʩʪʴ ʦʢʨʫʞʘʶʱʝʛʦ ʚʦʟʜʫʭʘ, u ï ʝʛʦ ʩʢʦʨʦʩʪʴ, FD ï 

ʢʦʵʬʬʠʮʠʝʥʪ ʩʠʣʳ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʩʨʝʜʳ.  

ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʫʨʘʚʥʝʥʠʷʭ ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʩʪʦʣʢʥʦʚʝʥʠʷ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ, 

ʧʦʩʢʦʣʴʢʫ ʧʨʠ ʫʤʝʨʝʥʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ ʪʘʢʠʝ ʩʦʙʳʪʠʷ ʧʨʦʠʩʭʦʜʷʪ ʜʦʩʪʘʪʦʯʥʦ ʨʝʜʢʦ. ɺ 

ʧʨʘʚʳʝ ʯʘʩʪʠ ʫʨʘʚʥʝʥʠʡ (2.1)ï(2.2) ʧʦʪʝʥʮʠʘʣʴʥʦ ʤʦʛʫʪ ʙʳʪʴ ʚʢʣʶʯʝʥʳ ʠ ʜʨʫʛʠʝ ʩʠʣʳ 

(ʥʘʧʨʠʤʝʨ, ʙʨʦʫʥʦʚʩʢʘʷ, ʪʝʨʤʦʜʠʬʬʫʟʠʦʥʥʘʷ), ʦʜʥʘʢʦ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʦʩʥʦʚʥʦʡ ʩʬʝʨʦʡ 

ʧʨʠʤʝʥʝʥʠʷ ʤʦʜʝʣʠ ʷʚʣʷʶʪʩʷ ʫʩʣʦʚʠʷ ʧʣʦʪʥʦʡ ʚʦʟʜʫʰʥʦʡ ʩʨʝʜʳ ʚ ʥʠʞʥʝʡ ʪʨʦʧʦʩʬʝʨʝ. ʇʨʠ 

ʪʘʢʠʭ ʫʩʣʦʚʠʷʭ ʧʣʦʪʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʯʘʩʪʠʮ ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʦʩʭʦʜʠʪ ʧʣʦʪʥʦʩʪʴ ʚʦʟʜʫʭʘ, 

ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʚʥʝʰʥʠʝ ʩʠʣʳ (ʩʠʣʳ ʪʷʞʝʩʪʠ ʠ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʩʨʝʜʳ), ʚʢʣʶʯʸʥʥʳʝ ʚ 

ʫʨʘʚʥʝʥʠʷ (2.1)ï(2.2), ʠʛʨʘʶʪ ʜʦʤʠʥʠʨʫʶʱʫʶ ʨʦʣʴ. 

ʇʝʨʚʳʡ ʯʣʝʥ ʚ ʧʨʘʚʦʡ ʯʘʩʪʠ ʫʨʘʚʥʝʥʠʷ (2.1) ʦʧʠʩʳʚʘʝʪ ʩʠʣʫ ʧʣʘʚʫʯʝʩʪʠ, ʢʦʪʦʨʘʷ 

ʷʚʣʷʝʪʩʷ ʨʝʟʫʣʴʪʠʨʫʶʱʝʡ ʩʠʣʳ ʪʷʞʝʩʪʠ ʠ ʩʠʣʳ ɸʨʭʠʤʝʜʘ. ɺʪʦʨʦʡ ʯʣʝʥ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʠʣʫ 

ʘʵʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʩʨʝʜʳ, ʦʪʚʝʪʩʪʚʝʥʥʫʶ ʟʘ ʪʦʨʤʦʞʝʥʠʝ ʯʘʩʪʠʮʳ ʠʣʠ, 

ʥʘʧʨʦʪʠʚ, ʝʸ ʫʚʣʝʯʝʥʠʝ ʚʦʟʜʫʰʥʳʤ ʧʦʪʦʢʦʤ. ʊʘʢʠʝ ʧʘʨʘʤʝʪʨʳ, ʢʘʢ ʫʩʢʦʨʝʥʠʝ ʩʚʦʙʦʜʥʦʛʦ 

ʧʘʜʝʥʠʷ, ʧʣʦʪʥʦʩʪʴ ʚʦʟʜʫʭʘ ʠ ʧʣʦʪʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʯʘʩʪʠʮʳ, ʤʦʛʫʪ ʙʳʪʴ ʟʘʜʘʥʳ ʢʘʢ ʢʦʥʩʪʘʥʪʳ 

ʣʠʙʦ ʠʤʧʦʨʪʠʨʦʚʘʥʳ ʠʟ ʚʥʝʰʥʠʭ ʬʘʡʣʦʚ. ʇʨʠ ʵʪʦʤ ʢʘʞʜʘʷ ʯʘʩʪʠʮʘ ʤʦʞʝʪ ʦʙʣʘʜʘʪʴ 

ʠʥʜʠʚʠʜʫʘʣʴʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʧʣʦʪʥʦʩʪʠ ʠ ʜʠʘʤʝʪʨʘ. ʉʢʦʨʦʩʪʴ ʚʦʟʜʫʰʥʦʛʦ ʧʦʪʦʢʘ ʠ 

ʢʦʵʬʬʠʮʠʝʥʪ ʩʠʣʳ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʦʧʨʝʜʝʣʷʶʪʩʷ ʩ ʧʦʤʦʱʴʶ ʧʘʨʘʤʝʪʨʠʟʘʮʠʡ, 

ʠʩʧʦʣʴʟʫʶʱʠʭ ʚʭʦʜʥʳʝ ʧʦʣʷ ʤʝʪʝʦʚʝʣʠʯʠʥ. 

ʇʘʨʘʤʝʪʨʠʟʘʮʠʠ ï ʫʧʨʦʱʝʥʥʳʝ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʦʧʠʩʘʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ï 

ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʦʜʝʣʠ ʜʣʷ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʩʠʣʳ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʩʨʝʜʳ, 

ʵʬʬʝʢʪʦʚ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, ʨʘʩʧʘʜʘ ʯʘʩʪʠʮ ʩ ʢʦʥʝʯʥʳʤ ʚʨʝʤʝʥʝʤ ʞʠʟʥʠ, ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʯʘʩʪʠʮ ʩ ʪʚʝʨʜʳʤʠ ʧʦʚʝʨʭʥʦʩʪʷʤʠ, ʘ ʪʘʢʞʝ ʜʣʷ ʫʯʸʪʘ ʚʣʠʷʥʠʷ ʚʳʩʦʢʠʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʯʘʩʪʠʮ 

ʥʘ ʩʪʨʘʪʠʬʠʢʘʮʠʶ ʘʪʤʦʩʬʝʨʳ. ɼʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʠʟ ʵʪʠʭ ʧʨʦʮʝʩʩʦʚ ʨʝʘʣʠʟʦʚʘʥ ʚʳʙʦʨ ʠʟ 

ʥʝʩʢʦʣʴʢʠʭ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʧʘʨʘʤʝʪʨʠʟʘʮʠʡ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦʜʙʠʨʘʪʴ ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʫʶ 

ʜʣʷ ʨʝʰʝʥʠʷ ʢʦʥʢʨʝʪʥʦʡ ʟʘʜʘʯʠ. 

ʂʦʵʬʬʠʮʠʝʥʪ ʩʠʣʳ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʩʨʝʜʳ FD ʚ ʤʦʜʝʣʠ ʤʦʞʝʪ ʙʳʪʴ ʨʘʩʩʯʠʪʘʥ ʦʜʥʠʤ ʠʟ 

ʜʚʫʭ ʤʝʪʦʜʦʚ. ʇʝʨʚʳʡ ʠʟ ʥʠʭ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʫʥʠʚʝʨʩʘʣʴʥʳʤ, ʪʘʢ ʢʘʢ ʦʥ ʦʧʠʩʳʚʘʝʪ 
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ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʩʨʝʜʳ ʧʨʠ ʜʚʠʞʝʥʠʠ ʩʬʝʨʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʚ ʧʨʦʠʟʚʦʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʠ 

ʟʘʜʘʝʪʩʷ ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫʣʦʡ [Gosman, 1983]: 

Ὂ
σʈὅὙὩ

τʍὨ
 ȟ (2.3) 

ʛʜʝ ɛ ï ʜʠʥʘʤʠʯʝʩʢʘʷ ʚʷʟʢʦʩʪʴ ʚʦʟʜʫʭʘ, Re ï ʯʠʩʣʦ ʈʝʡʥʦʣʴʜʩʘ ʜʣʷ ʯʘʩʪʠʮʳ, dp ï ʜʠʘʤʝʪʨ 

ʯʘʩʪʠʮʳ, CD ï ʢʦʵʬʬʠʮʠʝʥʪ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʩʨʝʜʳ, ʨʘʩʩʯʠʪʳʚʘʝʤʳʡ ʧʦ ʵʤʧʠʨʠʯʝʩʢʠʤ 

ʬʦʨʤʫʣʘʤ ʜʣʷ ʩʬʝʨʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʠʟ ʨʘʙʦʪʳ [Morsi, 1972]: 

ὅ ὥ
ὥ

ὙὩ

ὥ

ὙὩ
 ȟ (2.4) 

ʛʜʝ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ a1, a2, a3 ʟʘʚʠʩʷʪ ʦʪ ʜʠʘʧʘʟʦʥʘ ʟʥʘʯʝʥʠʡ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ ʜʣʷ 

ʯʘʩʪʠʮʳ (8 ʜʠʘʧʘʟʦʥʦʚ ʚ ʠʥʪʝʨʚʘʣʝ ʟʥʘʯʝʥʠʡ Re ʦʪ 0 ʜʦ 50000). 

ʏʠʩʣʦ ʈʝʡʥʦʣʴʜʩʘ ʜʣʷ ʯʘʩʪʠʮʳ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

ὙὩ
ʍὨ ◊▬ ◊

ʈ
 (2.5) 

ɸʣʴʪʝʨʥʘʪʠʚʥʳʡ ʩʧʦʩʦʙ ʨʘʩʯʝʪʘ ʩʠʣʳ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʩʨʝʜʳ FD ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʙʦʣʝʝ 

ʧʨʦʩʪʫʶ ʬʦʨʤʫʣʫ, ʷʚʣʷʶʱʫʶʩʷ ʩʣʝʜʩʪʚʠʝʤ ʟʘʢʦʥʘ ʉʪʦʢʩʘ ʜʣʷ ʢʨʫʧʥʳʭ ʦʩʝʜʘʶʱʠʭ ʯʘʩʪʠʮ 

[Fletcher, 1962; Budd, 1966]. ɼʘʥʥʳʡ ʤʝʪʦʜ ʙʳʣ ʚʚʝʜʸʥ ʚ ʤʦʜʝʣʴ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ 

ʩʦʧʦʩʪʘʚʠʤʦʩʪʠ ʩ ʥʝʢʦʪʦʨʳʤʠ ʵʡʣʝʨʦʚʳʤʠ ʘʥʘʣʠʪʠʯʝʩʢʠʤʠ ʨʝʰʝʥʠʷʤʠ, ʚ ʢʦʪʦʨʳʭ 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʜʚʠʞʝʥʠʝ ʢʨʫʧʥʳʭ ʩʥʝʞʥʳʭ ʯʘʩʪʠʮ [Wamser, Lykossov, 1995]. ʕʪʘ 

ʧʘʨʘʤʝʪʨʠʟʘʮʠʷ ʪʘʢʞʝ ʧʨʠʤʝʥʠʤʘ ʠ ʚ ʜʨʫʛʠʭ ʟʘʜʘʯʘʭ, ʛʜʝ ʚʳʧʦʣʥʷʝʪʩʷ ʫʢʘʟʘʥʥʦʝ ʫʩʣʦʚʠʝ. ɺ 

ʪʘʢʦʤ ʩʣʫʯʘʝ FD ʚʳʯʠʩʣʷʝʪʩʷ ʧʦ ʩʣʝʜʫʶʱʝʤʫ ʚʳʨʘʞʝʥʠʶ: 

Ὂ
ρψʈ

ʍὨ
 (2.6) 

ʇʦʣʝ ʩʢʦʨʦʩʪʠ ʚʦʟʜʫʰʥʦʛʦ ʧʦʪʦʢʘ ʦʪʣʠʯʘʝʪʩʷ ʚʳʩʦʢʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʦʡ 

ʠʟʤʝʥʯʠʚʦʩʪʴʶ, ʚ ʩʚʷʟʠ ʩ ʯʝʤ ʦʥʦ, ʢʘʢ ʧʨʘʚʠʣʦ, ʚʥʦʩʠʪ ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʠʟʤʝʥʝʥʠʝ ʩʢʦʨʦʩʪʠ 

ʯʘʩʪʠʮ ʠ ʦʧʨʝʜʝʣʷʝʪ ʭʘʨʘʢʪʝʨ ʠʭ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ. ʀʩʪʦʯʥʠʢʦʤ ʠʥʬʦʨʤʘʮʠʠ ʦ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ 

ʤʦʛʫʪ ʩʣʫʞʠʪʴ ʜʘʥʥʳʝ ʥʘʪʫʨʥʳʭ ʠʟʤʝʨʝʥʠʡ, ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʦʚ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ 

ʠʣʠ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ. 

ʅʦ ʵʪʠ ʜʘʥʥʳʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʣʠʰʴ ʘʧʧʨʦʢʩʠʤʘʮʠʶ ʨʝʘʣʴʥʦʛʦ ʪʝʯʝʥʠʷ. ʆʥʠ ʣʠʙʦ 

ʷʚʣʷʶʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ ʦʩʨʝʜʥʝʥʠʷ ʧʦ ʚʨʝʤʝʥʠ ʠʣʠ ʧʨʦʩʪʨʘʥʩʪʚʫ, ʣʠʙʦ ʟʘʜʘʥʳ ʥʘ ʩʝʪʢʝ ʩ 

ʦʧʨʝʜʝʣʸʥʥʳʤ ʰʘʛʦʤ ï ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʮʝʩʩʳ, ʤʘʩʰʪʘʙ ʢʦʪʦʨʳʭ ʤʝʥʴʰʝ ʰʘʛʘ ʩʝʪʢʠ ʠʣʠ ʰʘʛʘ 

ʧʦ ʚʨʝʤʝʥʠ, ʷʚʥʳʤ ʦʙʨʘʟʦʤ ʥʝ ʚʦʩʧʨʦʠʟʚʦʜʷʪʩʷ. ʇʦʩʢʦʣʴʢʫ ʨʘʟʤʝʨ ʘʵʨʦʟʦʣʝʡ ʟʥʘʯʠʪʝʣʴʥʦ 

ʤʝʥʴʰʝ ʰʘʛʘ ʩʝʪʢʠ ʚʭʦʜʥʳʭ ʜʘʥʥʳʭ, ʯʘʩʪʠʮʳ ʤʦʛʫʪ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʝ ʚʨʝʤʷ ʥʘʭʦʜʠʪʴʩʷ 
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ʚʥʫʪʨʠ ʦʜʥʦʡ ʷʯʝʡʢʠ, ʧʦʧʘʜʘʷ ʧʦʜ ʚʣʠʷʥʠʝ ʧʦʜʩʝʪʦʯʥʳʭ ʚʠʭʨʝʡ. ʇʦʵʪʦʤʫ ʫʯʸʪ ʚʦʟʜʝʡʩʪʚʠʷ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʥʘ ʠʭ ʜʚʠʞʝʥʠʝ ʧʨʠʦʙʨʝʪʘʝʪ ʦʩʦʙʫʶ ʚʘʞʥʦʩʪʴ. 

ɺ ʦʧʠʩʳʚʘʝʤʦʡ ʤʦʜʝʣʠ ʚʣʠʷʥʠʝ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʫʯʠʪʳʚʘʝʪʩʷ ʧʫʪʸʤ ʧʨʝʜʩʪʘʚʣʝʥʠʷ 

ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʚ ʚʠʜʝ ʩʣʝʜʫʶʱʝʡ ʩʫʤʤʳ: 

◊ ◊ ◊ (2.7) 

ʛʜʝ ◊ ï ʧʦʣʥʘʷ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ, ◊ ï ʦʩʨʝʜʥʸʥʥʘʷ (ʥʘʧʨʠʤʝʨ, ʧʦ ʈʝʡʥʦʣʴʜʩʫ ʠʣʠ ʧʦ ʚʨʝʤʝʥʠ) 

ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ, ◊ ï ʧʫʣʴʩʘʮʠʦʥʥʘʷ (ʧʦʜʩʝʪʦʯʥʘʷ) ʩʦʩʪʘʚʣʷʶʱʘʷ. ʆʩʨʝʜʥʸʥʥʘʷ ʧʦ ʚʨʝʤʝʥʠ 

ʢʦʤʧʦʥʝʥʪʘ ʩʢʦʨʦʩʪʠ ʣʠʙʦ ʩʯʠʪʳʚʘʝʪʩʷ ʠʟ ʚʭʦʜʥʳʭ ʜʘʥʥʳʭ, ʣʠʙʦ ʟʘʜʘʸʪʩʷ ʘʥʘʣʠʪʠʯʝʩʢʠ, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʧʫʣʴʩʘʮʠʦʥʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʦʪʜʝʣʴʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʩʧʝʮʠʘʣʴʥʳʭ ʪʫʨʙʫʣʝʥʪʥʳʭ ʧʘʨʘʤʝʪʨʠʟʘʮʠʡ, ʢʦʪʦʨʳʝ ʙʫʜʫʪ ʨʘʩʩʤʦʪʨʝʥʳ ʜʘʣʝʝ. 

ɺ ʤʦʜʝʣʠ ʧʨʠʤʝʥʷʶʪʩʷ ʜʚʘ ʪʠʧʘ ʪʘʢʠʭ ʧʘʨʘʤʝʪʨʠʟʘʮʠʡ: ʩʪʦʭʘʩʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʥʫʣʝʚʦʛʦ 

ʠ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʦʚ. ʈʝʘʣʠʟʦʚʘʥʦ ʪʨʠ ʚʘʨʠʘʥʪʘ, ʦʪʥʦʩʷʱʠʭʩʷ ʢ ʤʦʜʝʣʷʤ ʥʫʣʝʚʦʛʦ ʧʦʨʷʜʢʘ, ʘ 

ʠʤʝʥʥʦ: ʧʨʦʩʪʘʷ ʛʘʫʩʩʦʚʘ ʤʦʜʝʣʴ, ʤʦʜʝʣʴ ʩʣʫʯʘʡʥʳʭ ʙʣʫʞʜʘʥʠʡ ʠ ʤʦʜʝʣʴ ʩʣʫʯʘʡʥʳʭ 

ʩʤʝʱʝʥʠʡ. ɺ ʧʝʨʚʳʭ ʜʚʫʭ ʠʟ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʤʦʜʝʣʝʡ ʧʫʣʴʩʘʮʠʷ ʩʢʦʨʦʩʪʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʩʣʫʯʘʡʥʫʶ ʚʝʣʠʯʠʥʫ ɝ, ʠʤʝʶʱʫʶ ʥʦʨʤʘʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʦ ʩʨʝʜʥʠʤ, ʨʘʚʥʳʤ ʥʫʣʶ, ʠ ʩʦ 

ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʝʩʢʠʤ ʦʪʢʣʦʥʝʥʠʝʤ, ʢʦʪʦʨʦʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʫʨʙʫʣʝʥʪʥʦʡ ʢʠʥʝʪʠʯʝʩʢʦʡ 

ʵʥʝʨʛʠʝʡ (ʊʂʕ): 

◊ ʊ ȟ ʎ
ςὉ

σ
 ȟ (2.8) 

ʛʜʝ ůɝ ï ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʝʩʢʦʝ ʦʪʢʣʦʥʝʥʠʝ, Ὁ ï ʪʫʨʙʫʣʝʥʪʥʘʷ ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ. 

ɺ ʨʘʤʢʘʭ ʧʨʦʩʪʦʡ ʛʘʫʩʩʦʚʦʡ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ʩʣʫʯʘʡʥʘʷ ʚʝʣʠʯʠʥʘ ɝ ʛʝʥʝʨʠʨʫʝʪʩʷ ʥʘ 

ʢʘʞʜʦʤ ʰʘʛʝ ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʦʡ ʩʭʝʤʳ ʧʦ ʚʨʝʤʝʥʠ, ʯʪʦ ʠʤʠʪʠʨʫʝʪ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʯʘʩʪʠʮʫ 

ʨʘʟʣʠʯʥʳʭ ʧʦʜʩʝʪʦʯʥʳʭ ʚʠʭʨʝʡ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʵʪʦʛʦ, ʚ ʤʦʜʝʣʠ ʩʣʫʯʘʡʥʳʭ ʙʣʫʞʜʘʥʠʡ ʚʚʦʜʠʪʩʷ 

ʧʦʥ̫ʪʠʝ ʚʨʝʤʝʥʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʯʘʩʪʠʮʳ ʩ ʪʫʨʙʫʣʝʥʪʥʳʤ ʚʠʭʨʝʤ tint. ɺ ʪʝʯʝʥʠʝ ʵʪʦʛʦ 

ʠʥʪʝʨʚʘʣʘ ʚʨʝʤʝʥʠ ʧʫʣʴʩʘʮʠʦʥʥʘʷ ʢʦʤʧʦʥʝʥʪʘ ʩʢʦʨʦʩʪʠ ʦʩʪʘʸʪʩʷ ʥʝʠʟʤʝʥʥʦʡ, ʭʘʨʘʢʪʝʨʠʟʫʷ 

ʚʣʠʷʥʠʝ ʦʜʥʦʛʦ ʢʦʥʢʨʝʪʥʦʛʦ ʚʠʭʨʷ [Gosman, 1983]: 

ὸ ÍÉÎ ὸȟὸ  (2.9) 

ʛʜʝ te ï ʚʨʝʤʷ ʞʠʟʥʠ ʚʠʭʨʷ, tR ï ʚʨʝʤʷ ʧʝʨʝʩʝʯʝʥʠʷ ʚʠʭʨʷ ʯʘʩʪʠʮʝʡ. ʇʦʩʣʝ ʪʦʛʦ, ʢʘʢ ʚʨʝʤʷ 

ʧʨʝʙʳʚʘʥʠʷ ʯʘʩʪʠʮʳ ʚ ʚʠʭʨʝ ʧʨʝʚʳʰʘʝʪ tint, ʜʣʷ ʥʝʸ ʚʠʭʨʴ çʦʙʥʦʚʣʷʝʪʩʷè: ʛʝʥʝʨʠʨʫʝʪʩʷ ʥʦʚʘʷ 

ʧʫʣʴʩʘʮʠʦʥʥʘʷ ʢʦʤʧʦʥʝʥʪʘ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʧʦ (2.8) ʠ ʧʝʨʝʩʯʠʪʳʚʘʝʪʩʷ tint (2.9). 

ɺ ʪʦʤ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʯʘʩʪʠʮʘ ʧʝʨʝʤʝʱʘʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʨʝʜʳ ʥʘʩʪʦʣʴʢʦ ʤʝʜʣʝʥʥʦ, ʯʪʦ 

ʦʩʪʘʸʪʩʷ ʚ ʟʦʥʝ ʚʣʠʷʥʠʷ ʦʜʥʦʛʦ ʚʠʭʨʷ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʚʩʝʛʦ ʚʨʝʤʝʥʠ ʝʛʦ ʞʠʟʥʠ, tint ʧʨʠʥʠʤʘʝʪʩʷ 
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ʨʘʚʥʳʤ te. ɽʩʣʠ ʞʝ ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ʯʘʩʪʠʮʳ ʦʢʘʟʳʚʘʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʡ ʜʣʷ ʝʸ 

ʧʨʦʭʦʞʜʝʥʠʷ ʩʢʚʦʟʴ ʚʠʭʨʴ ʟʘ ʙʦʣʝʝ ʢʦʨʦʪʢʦʝ ʚʨʝʤʷ, ʪʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʟʥʘʯʝʥʠʝ tR. ɺʨʝʤʝʥʥʳʝ 

ʤʘʩʰʪʘʙʳ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʚʠʭʨʷ ʠ ʝʛʦ ʧʝʨʝʩʝʯʝʥʠʷ ʯʘʩʪʠʮʝʡ ʚʳʯʠʩʣʷʶʪʩʷ ʧʦ ʩʣʝʜʫʶʱʠʤ 

ʬʦʨʤʫʣʘʤ [Gosman, 1983]: 

ὸ
ὰ

ȿ◊ȿ
 ȟ (2.10) 

ὸ ʐÌÎρ  
ὰ

ʐ◊ ◊▬
ȟ (2.11) 

ʛʜʝ le ï ʭʘʨʘʢʪʝʨʥʳʡ ʨʘʟʤʝʨ ʩʣʫʯʘʡʥʦʛʦ ʚʠʭʨʷ, Ű ï ʧʝʨʠʦʜ ʨʝʣʘʢʩʘʮʠʠ ʯʘʩʪʠʮʳ: 

ὰ ὅ
Ὁ

צ
 ȟ (2.12) 

ʐ

τ
σʍὨ

ʍὅ ◊ ◊▬
 ȟ (2.13) 

ʛʜʝ Cɛ ï ʢʦʥʩʪʘʥʪʘ, צ ï ʩʢʦʨʦʩʪʴ ʜʠʩʩʠʧʘʮʠʠ ʊʂʕ. 

ɼʣʷ ʰʠʨʦʢʦʛʦ ʢʣʘʩʩʘ ʟʘʜʘʯ ʘʪʤʦʩʬʝʨʥʦʡ ʜʠʩʧʝʨʩʠʠ, ʛʜʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʘʵʨʦʟʦʣʠ 

ʤʘʣʦʛʦ ʨʘʟʤʝʨʘ (ʧʘʩʩʠʚʥʳʝ ʯʘʩʪʠʮʳ ʩ ʤʘʣʳʤ ʚʨʝʤʝʥʝʤ ʨʝʣʘʢʩʘʮʠʠ), ʧʦʣʥʘʷ ʩʠʩʪʝʤʘ 

ʫʨʘʚʥʝʥʠʡ (2.1)ï(2.2) ʤʦʞʝʪ ʙʳʪʴ ʟʥʘʯʠʪʝʣʴʥʦ ʫʧʨʦʱʝʥʘ. ɼʣʷ ʪʘʢʠʭ ʯʘʩʪʠʮ ʯʠʩʣʦ ʉʪʦʢʩʘ (Ὓὸ), 

ʦʧʨʝʜʝʣʷʝʤʦʝ ʢʘʢ ʦʪʥʦʰʝʥʠʝ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʯʘʩʪʠʮʳ ʢ ʚʨʝʤʝʥʥʦʤʫ ʤʘʩʰʪʘʙʫ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, ʤʘʣʦ (ὛὸḺρ). ɺ ʵʪʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʠʥʝʨʮʠʝʡ ʯʘʩʪʠʮ ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ, 

ʧʦʣʘʛʘʷ, ʯʪʦ ʦʥʠ ʧʨʘʢʪʠʯʝʩʢʠ ʤʛʥʦʚʝʥʥʦ ʧʦʜʩʪʨʘʠʚʘʶʪʩʷ ʧʦʜ ʣʦʢʘʣʴʥʫʶ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ. 

ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʚʤʝʩʪʦ ʩʠʩʪʝʤʳ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʜʣʷ ʩʢʦʨʦʩʪʠ ʠ ʢʦʦʨʜʠʥʘʪ 

ʨʝʰʘʝʪʩʷ ʦʜʥʦ ʩʪʦʭʘʩʪʠʯʝʩʢʦʝ ʫʨʘʚʥʝʥʠʝ ʜʣʷ ʧʨʠʨʘʱʝʥʠʷ ʢʦʦʨʜʠʥʘʪʳ ʯʘʩʪʠʮʳ ʥʘ ʦʩʥʦʚʝ 

ʫʨʘʚʥʝʥʠʷ (1.3). ʀʟʤʝʥʝʥʠʝ ʧʦʣʦʞʝʥʠʷ ʯʘʩʪʠʮʳ ὼȟ ʧʦ Ὥ-ʦʡ ʦʩʠ ʟʘ ʚʨʝʤʷ Ὠὸ ʦʧʠʩʳʚʘʝʪʩʷ 

ʩʫʤʤʦʡ ʘʜʚʝʢʪʠʚʥʦʛʦ ʧʝʨʝʥʦʩʘ, ʩʪʦʭʘʩʪʠʯʝʩʢʦʛʦ ʩʤʝʱʝʥʠʷ ʠ ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ ʦʩʝʜʘʥʠʷ: 

Ὠὼ όὨὸÄὼ όȟὨὸ , (2.14) 

ʛʜʝ ό ï ʢʦʤʧʦʥʝʥʪʘ ʦʩʨʝʜʥʸʥʥʦʡ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ, Äὼ ï ʩʤʝʱʝʥʠʝ ʟʘ ʩʯʝʪ ʧʦʜʩʝʪʦʯʥʦʡ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, όȟ ï ʫʩʪʘʥʦʚʠʚʰʘʷʩʷ ʩʢʦʨʦʩʪʴ ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ ʦʩʝʜʘʥʠʷ. 

ʇʦʜʩʝʪʦʯʥʦʝ ʩʤʝʱʝʥʠʝ Äὼ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʠ ʩʣʫʯʘʡʥʳʭ 

ʩʤʝʱʝʥʠʡ (Random Displacement Model, RDM). ɼʣʷ RDM ʜʦʢʘʟʘʥʘ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʴ 

ʣʘʛʨʘʥʞʝʚʘ ʠ ʵʡʣʝʨʦʚʘ ʧʦʜʭʦʜʦʚ ʧʨʠ ʦʧʠʩʘʥʠʠ ʧʦʣʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʯʘʩʪʠʮ [Durbin, 1983; 

Boughton et al., 1987; Glazunov, 2016]. ʇʦʜʦʙʥʦʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʜʘʸʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʚʦʜʠʪʴ 

ʚʝʨʠʬʠʢʘʮʠʶ ʤʦʜʝʣʠ ʧʫʪʸʤ ʩʨʘʚʥʝʥʠʷ ʝʸ ʨʘʩʯʸʪʦʚ ʩ ʘʥʘʣʠʪʠʯʝʩʢʠʤʠ ʨʝʰʝʥʠʷʤʠ, ʢʦʪʦʨʳʝ, ʢʘʢ 
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ʧʨʘʚʠʣʦ, ʩʫʱʝʩʪʚʫʶʪ ʪʦʣʴʢʦ ʜʣʷ ʵʡʣʝʨʦʚʦʡ ʧʦʩʪʘʥʦʚʢʠ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʧʨʦʩʪʳʭ ʛʘʫʩʩʦʚʳʭ 

ʤʦʜʝʣʝʡ, ʚ RDM ʷʚʥʦ ʚʚʦʜʠʪʩʷ ʯʣʝʥ ʜʨʝʡʬʦʚʦʡ ʢʦʨʨʝʢʮʠʠ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳʡ ʛʨʘʜʠʝʥʪʫ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʫʨʙʫʣʝʥʪʥʦʡ ʜʠʬʬʫʟʠʠ. ʕʪʦ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʚʳʧʦʣʥʝʥʠʷ "ʫʩʣʦʚʠʷ ʭʦʨʦʰʝʛʦ 

ʧʝʨʝʤʝʰʠʚʘʥʠʷ" (ʩʤ. ʜʘʣʝʝ ʚ ʵʪʦʤ ʨʘʟʜʝʣʝ) ʠ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʥʝʬʠʟʠʯʝʩʢʦʛʦ ʩʢʦʧʣʝʥʠʷ 

ʯʘʩʪʠʮ ʚ ʟʦʥʘʭ ʩ ʥʝʦʜʥʦʨʦʜʥʦʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʴʶ [Glazunov et al., 2016]: 

Äὼ Äὸ ςὑʊ , (2.15) 

ʛʜʝ ʊ ï ʛʘʫʩʩʦʚʘ ʩʣʫʯʘʡʥʘʷ ʚʝʣʠʯʠʥʘ ʩ ʥʫʣʝʚʳʤ ʩʨʝʜʥʠʤ ʠ ʜʠʩʧʝʨʩʠʝʡ Äὸ (ʧʨʠʨʘʱʝʥʠʝ 

ʚʠʥʝʨʦʚʩʢʦʛʦ ʧʨʦʮʝʩʩʘ) ʜʣʷ i-ʦʡ ʦʩʠ, Ks ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʜʩʝʪʦʯʥʦʡ ʪʫʨʙʫʣʝʥʪʥʦʡ ʜʠʬʬʫʟʠʠ. 

ʉʢʦʨʦʩʪʴ ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ ʦʩʝʜʘʥʠʷ όȟ ʜʣʷ ʚʝʨʪʠʢʘʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ (Ὥ σ) 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʟʘʢʦʥʦʤ ʉʪʦʢʩʘ ʥʘ ʦʩʥʦʚʝ ʫʨʘʚʥʝʥʠʷ (2.6), ʘ ʜʣʷ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪ 

ʨʘʚʥʘ ʥʫʣʶ: 

όȟ όȟ πȟ   όȟ ʍ ʍ , (2.16) 

ɼʘʥʥʦʝ ʧʨʠʙʣʠʞʝʥʠʝ ʩʧʨʘʚʝʜʣʠʚʦ ʜʣʷ ʯʘʩʪʠʮ ʨʘʟʤʝʨʦʤ ʜʦ 50-100 ʤʢʤ (ʧʨʠ ʧʣʦʪʥʦʩʪʠ ʜʦ 

ʥʝʩʢʦʣʴʢʠʭ ʪʳʩʷʯ ʢʛ/ʤ3, ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʤʠʥʝʨʘʣʴʥʦʡ ʧʳʣʠ), ʯʪʦ ʧʦʢʨʳʚʘʝʪ ʜʠʘʧʘʟʦʥ PM2.5 ʠ 

PM10 ʠ ʚʩʝ ʦʩʪʘʣʴʥʳʝ ʪʠʧʳ ʯʘʩʪʠʮ, ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʝ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ. 

ʆʧʠʩʘʥʥʘʷ ʚʳʰʝ ʤʦʜʝʣʴ RDM ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ ʧʘʩʩʠʚʥʳʭ 

ʧʨʠʤʝʩʝʡ. ʆʜʥʘʢʦ ʜʣʷ ʙʦʣʝʝ ʢʨʫʧʥʳʭ ʠ ʪʷʞʝʣʳʭ ʯʘʩʪʠʮ, ʦʙʣʘʜʘʶʱʠʭ ʩʫʱʝʩʪʚʝʥʥʦʡ ʠʥʝʨʮʠʝʡ, 

ʧʨʠʙʣʠʞʝʥʠʝ ʤʛʥʦʚʝʥʥʦʡ ʧʦʜʩʪʨʦʡʢʠ ʧʦʜ ʧʦʪʦʢ ʩʪʘʥʦʚʠʪʩʷ ʥʝʢʦʨʨʝʢʪʥʳʤ. ɺ ʪʘʢʠʭ ʩʣʫʯʘʷʭ 

ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʦʣʥʫʶ ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ (2.1)ï(2.2), ʛʜʝ ʵʚʦʣʶʮʠʷ ʩʢʦʨʦʩʪʠ 

ʯʘʩʪʠʮʳ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʩ ʫʯʝʪʦʤ ʩʠʣ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʩʨʝʜʳ. 

ʆʧʠʩʘʥʥʳʝ ʚʳʰʝ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ʦʪʥʦʩʷʪʩʷ ʢ ʢʣʘʩʩʫ ʩʪʦʭʘʩʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʥʫʣʝʚʦʛʦ 

ʧʦʨʷʜʢʘ. ɺ ʥʠʭ ʧʫʣʴʩʘʮʠʦʥʥʘʷ ʢʦʤʧʦʥʝʥʪʘ ʩʢʦʨʦʩʪʠ ʛʝʥʝʨʠʨʫʝʪʩʷ ʥʘ ʢʘʞʜʦʤ ʰʘʛʝ ʧʦ ʚʨʝʤʝʥʠ 

ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʩʚʦʠʭ ʧʨʝʜʳʜʫʱʠʭ ʟʥʘʯʝʥʠʡ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʪʫʨʙʫʣʝʥʪʥʦʝ ʜʚʠʞʝʥʠʝ 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʢʘʢ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʩʣʫʯʘʡʥʳʭ ʩʤʝʱʝʥʠʡ. ʇʨʠ ʪʘʢʦʤ ʧʦʜʭʦʜʝ 

ʘʚʪʦʢʦʨʨʝʣʷʮʠʷ ʤʝʞʜʫ ʩʤʝʱʝʥʠʷʤʠ ʦʪʩʫʪʩʪʚʫʝʪ (ʠʣʠ ʟʘʣʦʞʝʥʘ ʚ ʧʦʜʭʦʜ ʥʝʷʚʥʦ, ʢʘʢ ʚ ʩʣʫʯʘʝ 

ʤʦʜʝʣʠ ʩʣʫʯʘʡʥʳʭ ʙʣʫʞʜʘʥʠʡ), ʭʦʪʷ ʚ ʨʝʘʣʴʥʦʩʪʠ ʧʦʜʩʝʪʦʯʥʳʝ ʚʠʭʨʠ ʤʦʛʫʪ ʙʳʪʴ ʜʦʩʪʘʪʦʯʥʦ 

ʢʨʫʧʥʳʤʠ, ʯʪʦʙʳ ʦʢʘʟʳʚʘʪʴ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʦʜʥʫ ʠ ʪʫ ʞʝ ʯʘʩʪʠʮʫ ʚ ʪʝʯʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʰʘʛʦʚ 

ʧʦ ʚʨʝʤʝʥʠ.  

ʕʪʦʪ ʵʬʬʝʢʪ ʚʨʝʤʝʥʥʦʡ ʢʦʨʨʝʣʷʮʠʠ ʫʯʠʪʳʚʘʝʪʩʷ ʚ ʙʦʣʝʝ ʩʣʦʞʥʳʭ ʩʪʦʭʘʩʪʠʯʝʩʢʠʭ 

ʤʦʜʝʣʷʭ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ. ʀʭ ʷʨʢʠʤ ʧʨʝʜʩʪʘʚʠʪʝʣʝʤ ʷʚʣʷʝʪʩʷ ʤʦʜʝʣʴ ʃʘʥʞʝʚʝʥʘ, ʛʜʝ 

ʪʫʨʙʫʣʝʥʪʥʦʝ ʜʚʠʞʝʥʠʝ ʦʧʠʩʳʚʘʝʪʩʷ ʢʘʢ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʩʣʫʯʘʡʥʳʭ ʧʨʠʨʘʱʝʥʠʡ 

ʩʢʦʨʦʩʪʠ ʩ ʟʘʪʫʭʘʶʱʝʡ ʧʦ ʚʨʝʤʝʥʠ ʢʦʨʨʝʣʷʮʠʝʡ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʘʣʠʯʠʝ 
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ʘʚʪʦʢʦʨʨʝʣʷʮʠʠ ʩʤʝʱʝʥʠʡ, ʧʨʠʯʸʤ ʩʪʝʧʝʥʴ ʵʪʦʡ ʢʦʨʨʝʣʷʮʠʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ 

ʟʘʪʫʭʘʥʠʷ. 

ʅʘ ʙʘʟʝ ʫʨʘʚʥʝʥʠʷ ʃʘʥʞʝʚʝʥʘ ʚ ʤʦʜʝʣʠ ʙʳʣʘ ʨʝʘʣʠʟʦʚʘʥʘ ʪʫʨʙʫʣʝʥʪʥʘʷ ʧʘʨʘʤʝʪʨʠʟʘʮʠʷ, 

ʦʪʥʦʩʷʱʘʷʩʷ ʢ ʩʪʦʭʘʩʪʠʯʝʩʢʠʤ ʤʦʜʝʣʷʤ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ. ʀʩʭʦʜʥʦʝ ʫʨʘʚʥʝʥʠʝ ʃʘʥʞʝʚʝʥʘ (1.4) 

ʙʳʣʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʦ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʩʪʨʫʢʪʫʨʥʘʷ ʬʫʥʢʮʠʷ ʧʨʠʨʘʱʝʥʠʡ 

ʧʫʣʴʩʘʮʠʦʥʥʦʡ ʩʢʦʨʦʩʪʠ ʤʝʥʷʣʘ ʩʚʦʡ ʚʠʜ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ H. ʈʝʰʘʝʪʩʷ 

ʩʣʝʜʫʶʱʝʝ ʫʨʘʚʥʝʥʠʝ [Reynolds, 2002]: 

Ä◊
ρ

ς
ὦ
◊

ʎ
Äὸ

◊

ʎ

Äʎ

Äὸ
Äὸ ὦ ȟ (2.17) 

ʛʜʝ ὦ ὅʀὝ  [Thomson, 1987; Sawford, 1993], ʎ ï ʜʠʩʧʝʨʩʠʷ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ◊, ὅ ï 

ʧʦʩʪʦʷʥʥʘʷ ʂʦʣʤʦʛʦʨʦʚʘ, Ů ï ʩʢʦʨʦʩʪʴ ʜʠʩʩʠʧʘʮʠʠ ʪʫʨʙʫʣʝʥʪʥʦʡ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ, H ï 

ʩʪʝʧʝʥʴ, ʘʥʘʣʦʛ ʧʦʢʘʟʘʪʝʣʷ ʍʸʨʩʪʘ, T ï ʚʨʝʤʝʥʥʦʡ ʤʘʩʰʪʘʙ, ʦʧʨʝʜʝʣʷʝʤʳʡ ʧʦ ʬʦʨʤʫʣʝ: 

Ὕ
τὅ

σὅ

ȿ╥ȿ

ʀ
 ȟ (2.18) 

ʛʜʝ ὅ ï ʫʥʠʚʝʨʩʘʣʴʥʘʷ ʢʦʥʩʪʘʥʪʘ, ╥ ▌Ὂϳ  ï ʫʩʪʘʥʦʚʠʚʰʘʷʩʷ ʩʢʦʨʦʩʪʴ ʧʘʜʝʥʠʷ. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʦʪʣʠʯʠʝ ʦʪ ʨʘʥʝʝ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʧʘʨʘʤʝʪʨʠʟʘʮʠʡ, ʟʜʝʩʴ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʝ ʩʘʤʘ ʧʫʣʴʩʘʮʠʦʥʥʘʷ ʢʦʤʧʦʥʝʥʪʘ ʩʢʦʨʦʩʪʠ, ʘ ʝʸ ʧʨʠʨʘʱʝʥʠʝ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ 

ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʪʴ ʜʘʥʥʫʶ ʤʦʜʝʣʴ ʢʘʢ ʩʪʦʭʘʩʪʠʯʝʩʢʫʶ ʤʦʜʝʣʴ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ. 

ʇʨʠ ʧʦʜʩʪʘʥʦʚʢʝ ʟʥʘʯʝʥʠʷ Ὄ ρςϳ  ʫʨʘʚʥʝʥʠʝ (2.17) ʫʧʨʦʱʘʝʪʩʷ ʜʦ ʩʪʘʥʜʘʨʪʥʦʛʦ 

ʫʨʘʚʥʝʥʠʷ ʃʘʥʞʝʚʝʥʘ ʚʠʜʘ (1.4). ʊʝʤ ʥʝ ʤʝʥʝʝ, ʚ ʨʘʙʦʪʝ [Reynolds, 2002] ʫʢʘʟʳʚʘʝʪʩʷ, ʯʪʦ ʜʣʷ 

ʦʯʝʥʴ ʪʷʞʸʣʳʭ ʯʘʩʪʠʮ, ʜʣʷ ʢʦʪʦʨʳʭ ʚʳʧʦʣʥʷʝʪʩʷ ʫʩʣʦʚʠʝ ὠḻʎ, ʩʣʝʜʫʝʪ ʧʨʠʤʝʥʷʪʴ ʩʪʝʧʝʥʴ 

Ὄᶰρσϳȟρςϳ , ʛʜʝ ʪʦʯʥʦʝ ʟʥʘʯʝʥʠʝ ʟʘʚʠʩʠʪ ʦʪ ʚʨʝʤʝʥʥʦʛʦ ʤʘʩʰʪʘʙʘ T. ɺ ʪʫʨʙʫʣʝʥʪʥʦʡ 

ʘʪʤʦʩʬʝʨʝ ʫʩʣʦʚʠʝ ὠḻʎ  ʩʧʨʘʚʝʜʣʠʚʦ ʪʦʣʴʢʦ ʜʣʷ ʯʘʩʪʠʮ ʩ ʦʯʝʥʴ ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʴʶ 

ʦʩʝʜʘʥʠʷ. ʊʘʢʠʝ ʯʘʩʪʠʮʳ ʥʝ ʤʦʛʫʪ ʜʦʣʛʦ ʥʘʭʦʜʠʪʴʩʷ ʚʦ ʚʟʚʝʰʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʠ ʙʳʩʪʨʦ 

ʦʩʘʞʜʘʶʪʩʷ ʥʘ ʧʦʜʩʪʠʣʘʶʱʫʶ ʧʦʚʝʨʭʥʦʩʪʴ. ʀʭ ʧʝʨʝʥʦʩ ʚʦʟʜʫʰʥʳʤ ʧʦʪʦʢʦʤ ʥʝʟʥʘʯʠʪʝʣʝʥ, ʘ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʚʝʩʴʤʘ ʦʛʨʘʥʠʯʝʥʦ. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʠ ʟʥʘʯʝʥʠʷʭ H, ʦʪʣʠʯʥʳʭ 

ʦʪ İ, ʫʨʘʚʥʝʥʠʝ (2.17) ʪʝʨʷʝʪ ʩʭʦʜʠʤʦʩʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ ʠʟ-ʟʘ ʧʨʠʩʫʪʩʪʚʠʷ ʚ 

ʧʝʨʚʦʤ ʩʣʘʛʘʝʤʦʤ ʩʧʨʘʚʘ ʤʥʦʞʠʪʝʣʷ Äὸ . 

ʈʘʟʣʠʯʠʝ ʚ ʨʝʟʫʣʴʪʘʪʘʭ ʨʘʩʯʸʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʨʘʟʥʳʤ ʰʘʛʦʤ ʧʦ ʚʨʝʤʝʥʠ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʪʝʧʝʥʝʡ Ὄ ρσϳ  ʠ Ὄ ρςϳ, ʥʘʛʣʷʜʥʦ ʜʝʤʦʥʩʪʨʠʨʫʝʪʩʷ ʥʘ ʨʠʩʫʥʢʘʭ 2.1ʘ ʠ 

2.1ʙ. ɺ ʯʠʩʣʝʥʥʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʥʘ ʥʠʞʥʝʡ ʛʨʘʥʠʮʝ ʦʙʣʘʩʪʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʟʘʜʘʚʘʣʩʷ ʧʦʪʦʢ 

ʯʘʩʪʠʮ ʩ ʨʘʟʤʝʨʦʤ 20 ʤʢʤ ʠ ʧʣʦʪʥʦʩʪʴʶ 1000 ʢʛ/ʤ3. ʈʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʩʪʘʮʠʦʥʘʨʥʳʝ 

ʤʝʪʝʦʨʦʣʦʛʠʯʝʩʢʠʝ ʫʩʣʦʚʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʥʝʡʪʨʘʣʴʥʦʤʫ ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʤʫ ʩʣʦʶ, ʚ 
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ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʚ ʫʨʘʚʥʝʥʠʠ (2.17) ʚʝʣʠʯʠʥʘ Äʎ Äὸϳ  ʠ ʚʪʦʨʦʡ ʯʣʝʥ ʚ ʧʨʘʚʦʡ ʯʘʩʪʠ ʩʪʘʥʦʚʠʣʠʩʴ 

ʨʘʚʥʳʤʠ ʥʫʣʶ. ʎʝʣʴʶ ʵʢʩʧʝʨʠʤʝʥʪʘ ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʫʩʪʘʥʦʚʠʚʰʝʛʦʩʷ ʩʪʘʮʠʦʥʘʨʥʦʛʦ 

ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʧʨʦʬʠʣʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʯʘʩʪʠʮ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʩʪʝʧʝʥʠ Ὄ ρσϳ  (ʨʠʩ. 2.1ʘ) ʧʨʦʬʠʣʠ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʩ ʨʘʟʥʳʤʠ ʰʘʛʘʤʠ ʧʦ ʚʨʝʤʝʥʠ, 

ʩʫʱʝʩʪʚʝʥʥʦ ʨʘʟʣʠʯʘʶʪʩʷ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʜʣʷ ʩʣʫʯʘʷ Ὄ ρςϳ  (ʨʠʩ. 2.1ʙ) ʰʘʛ ʧʦ ʚʨʝʤʝʥʠ ʥʝ 

ʦʢʘʟʳʚʘʝʪ ʟʘʤʝʪʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʧʨʦʬʠʣʴ ʢʦʥʮʝʥʪʨʘʮʠʡ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʩʭʦʜʠʤʦʩʪʠ 

ʨʝʰʝʥʠʷ ʧʨʠ ʜʘʥʥʳʭ ʰʘʛʘʭ. 

 

ʘ) 

 

ʙ) 

ʈʠʩʫʥʦʢ 2.1. ɺʝʨʪʠʢʘʣʴʥʳʝ ʧʨʦʬʠʣʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʯʘʩʪʠʮ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʤʦʜʝʣʠ ʃʘʥʞʝʚʝʥʘ (2.17) ʧʨʠ Ὄ ρσϳ  (ʘ) ʠ Ὄ ρςϳ  (ʙ) ʩ ʨʘʟʥʳʤʠ ʰʘʛʘʤʠ ʧʦ ʚʨʝʤʝʥʠ. 

ʋʯʠʪʳʚʘʷ ʧʝʨʝʯʠʩʣʝʥʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ, ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʧʝʨʝʥʦʩʘ ʚʟʚʝʰʝʥʥʳʭ ʚ 

ʚʦʟʜʫʭʝ ʯʘʩʪʠʮ ʚ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʦʜʝʣʠ ʜʣʷ ʫʨʘʚʥʝʥʠʷ (2.17) ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʩʪʝʧʝʥʴ Ὄ ρςϳ. ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ʫʨʘʚʥʝʥʠʝ ʩʚʦʜʠʪʩʷ ʢ ʩʪʘʥʜʘʨʪʥʦʡ ʬʦʨʤʝ ʫʨʘʚʥʝʥʠʷ 

ʃʘʥʞʝʚʝʥʘ: 

Äό
ρ

ς
ὦ
ό

ʎ
Ὠὸὦʊ ȟ (2.19) 

ʛʜʝ ὦ ὅʀ, ʎ  ï ʜʠʩʧʝʨʩʠʷ ʢʦʤʧʦʥʝʥʪʳ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʜʣʷ i-ʦʡ ʦʩʠ.  

ʆʜʥʘʢʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʩʚʦʶ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʩʪʴ, ʜʘʥʥʘʷ ʩʪʘʥʜʘʨʪʥʘʷ ʬʦʨʤʘ ʫʨʘʚʥʝʥʠʷ 

ʃʘʥʞʝʚʝʥʘ, ʢʦʪʦʨʫʶ ʜʣʷ ʫʜʦʙʩʪʚʘ ʙʫʜʝʤ ʜʘʣʝʝ ʦʙʦʟʥʘʯʘʪʴ LSM0 (Langevin stochastic model 0), 

ʦʙʣʘʜʘʝʪ ʠʟʚʝʩʪʥʳʤ ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʥʝʜʦʩʪʘʪʢʦʤ. ʇʨʦʙʣʝʤʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʵʪʘ ʤʦʜʝʣʴ 

ʥʝ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʪʘʢ ʥʘʟʳʚʘʝʤʦʤʫ çʫʩʣʦʚʠʶ ʭʦʨʦʰʝʛʦ ʧʝʨʝʤʝʰʠʚʘʥʠʷè (ʋʍʇ), 

ʩʬʦʨʤʫʣʠʨʦʚʘʥʥʦʤʫ ʊʦʤʩʦʥʦʤ [Thomson, 1987]. 
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ʉʫʪʴ ʵʪʦʛʦ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʛʦ ʢʨʠʪʝʨʠʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ: ʝʩʣʠ ʘʥʩʘʤʙʣʴ ʯʘʩʪʠʮ 

ʠʟʥʘʯʘʣʴʥʦ ʨʘʩʧʨʝʜʝʣʸʥ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʨʘʚʥʦʤʝʨʥʦ (ʪ.ʝ. ʢʦʥʮʝʥʪʨʘʮʠʷ ʧʦʩʪʦʷʥʥʘ), ʪʦ 

ʬʠʟʠʯʝʩʢʠ ʢʦʨʨʝʢʪʥʘʷ ʩʪʦʭʘʩʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʜʦʣʞʥʘ ʩʦʭʨʘʥʷʪʴ ʵʪʦ ʨʘʚʥʦʤʝʨʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩ ʪʝʯʝʥʠʝʤ ʚʨʝʤʝʥʠ. ʄʦʜʝʣʴ ʥʝ ʜʦʣʞʥʘ ʠʩʢʫʩʩʪʚʝʥʥʦ ʩʦʟʜʘʚʘʪʴ ʛʨʘʜʠʝʥʪʳ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʣʠ ʧʨʠʚʦʜʠʪʴ ʢ ʣʦʞʥʦʤʫ ʥʘʢʦʧʣʝʥʠʶ ʯʘʩʪʠʮ. ʄʦʜʝʣʠ, ʥʝ ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʝ 

ʋʍʇ, ʚ ʥʝʦʜʥʦʨʦʜʥʦʤ ʪʫʨʙʫʣʝʥʪʥʦʤ ʧʦʪʦʢʝ ʛʝʥʝʨʠʨʫʶʪ ʥʝʬʠʟʠʯʝʩʢʠʡ çʣʦʞʥʳʡ ʜʨʝʡʬè. ʂʘʢ 

ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʝ [Glazunov et al., 2016] ʜʣʷ ʩʣʫʯʘʷ ʧʣʦʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʵʪʦʪ ʜʨʝʡʬ ʤʦʞʝʪ 

ʧʨʠʚʦʜʠʪʴ ʢ ʥʝʪʦʯʥʦʩʪʷʤ ʚ ʨʘʩʯʸʪʝ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ, ʚ ʯʘʩʪʥʦʩʪʠ, ʢ 

ʠʟʙʳʪʦʯʥʦʤʫ ʚʝʨʪʠʢʘʣʴʥʦʤʫ ʧʝʨʝʤʝʰʠʚʘʥʠʶ. 

ʍʦʪʷ ʜʣʷ ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʳʭ ʫʩʣʦʚʠʡ ʩʣʘʙʳʝ ʩʪʦʨʦʥʳ ʤʦʜʝʣʠ LSM0 ʠʟʚʝʩʪʥʳ, ʝʸ 

ʧʦʚʝʜʝʥʠʝ ʚ ʩʣʦʞʥʦʤ ʪʫʨʙʫʣʝʥʪʥʦʤ ʧʦʣʝ ʛʦʨʦʜʩʢʦʛʦ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʨʘʥʝʝ ʧʦʜʨʦʙʥʦ ʥʝ 

ʠʩʩʣʝʜʦʚʘʣʦʩʴ. ɼʣʷ ʫʩʪʨʘʥʝʥʠʷ ʫʢʘʟʘʥʥʦʛʦ ʥʝʜʦʩʪʘʪʢʘ ʠ ʦʙʝʩʧʝʯʝʥʠʷ ʚʳʧʦʣʥʝʥʠʷ ʋʍʇ (ʧʦ 

ʢʨʘʡʥʝʡ ʤʝʨʝ, ʜʣʷ ʦʜʥʦʤʝʨʥʦʡ ʜʠʬʬʫʟʠʠ ʧʦ ʚʝʨʪʠʢʘʣʠ) ʚ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʦʜʝʣʠ ʙʳʣʘ ʪʘʢʞʝ 

ʨʝʘʣʠʟʦʚʘʥʘ ʙʦʣʝʝ ʩʣʦʞʥʘʷ ʩʪʦʭʘʩʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʥʘ ʦʩʥʦʚʝ ʫʨʘʚʥʝʥʠʷ 

ʃʘʥʞʝʚʝʥʘ, ʦʙʦʟʥʘʯʘʝʤʘʷ ʢʘʢ LSM1. ɺ ʥʝʡ ʛʦʨʠʟʦʥʪʘʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʩʢʦʨʦʩʪʠ ό ʠ ὺ 

ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʧʦ ʫʨʘʚʥʝʥʠʶ (2.19), ʘ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʬʦʨʤʫʣʠʨʦʚʢʘ ʜʣʷ ʧʨʠʨʘʱʝʥʠʷ 

ʚʝʨʪʠʢʘʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʩʢʦʨʦʩʪʠ ύ  ʚʜʦʣʴ ʪʨʘʝʢʪʦʨʠʠ ʯʘʩʪʠʮʳ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ 

[Glazunov et al., 2016]: 

Äύ
ρ

ς
ὦ
ύ

ʎ
  
ρ

ς

Ћʎ

ЋÚ
ρ
ύ

ʎ
Ὠὸὦʊ ȟ (2.20) 

ʛʜʝ ʎ  ï ʜʠʩʧʝʨʩʠʷ ʚʝʨʪʠʢʘʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ, ɝ3 ï ʛʘʫʩʩʦʚʘ ʩʣʫʯʘʡʥʘʷ 

ʚʝʣʠʯʠʥʘ ʜʣʷ ʦʩʠ Z. 

ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʚ ʤʦʜʝʣʴ ʙʳʣʘ ʚʢʣʶʯʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʫʯʸʪʘ ʨʘʩʧʘʜʘ ʯʘʩʪʠʮ. ʕʪʘ ʬʫʥʢʮʠʷ 

ʘʢʪʫʘʣʴʥʘ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʠʦʘʵʨʦʟʦʣʝʡ, ʨʘʜʠʦʘʢʪʠʚʥʳʭ ʯʘʩʪʠʮ, ʘ ʪʘʢʞʝ ʥʝʢʦʪʦʨʳʭ 

ʭʠʤʠʯʝʩʢʠ ʘʢʪʠʚʥʳʭ ʘʵʨʦʟʦʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ï ʜʣʷ ʣʶʙʳʭ ʯʘʩʪʠʮ ʩ ʦʛʨʘʥʠʯʝʥʥʳʤ ʚʨʝʤʝʥʝʤ 

ʞʠʟʥʠ, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʚʘʨʴʠʨʦʚʘʪʴʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʭ ʪʠʧʘ ʠ ʧʨʦʠʩʭʦʞʜʝʥʠʷ. ɺ 

ʨʝʘʣʠʟʦʚʘʥʥʦʤ ʘʣʛʦʨʠʪʤʝ ʚʨʝʤʷ ʞʠʟʥʠ ʯʘʩʪʠʮʳ ʟʘʜʘʸʪʩʷ ʯʝʨʝʟ ʝʸ ʧʝʨʠʦʜ ʧʦʣʫʨʘʩʧʘʜʘ. 

ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʣʠʯʝʩʪʚʘ çʞʠʚʳʭè ʯʘʩʪʠʮ ʦʪ ʚʨʝʤʝʥʠ ʦʧʠʩʳʚʘʝʪʩʷ ʟʘʢʦʥʦʤ ʧʦʣʫʨʘʩʧʘʜʘ ʚ 

ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʝ: 

ὔὸ ὔ Ͻς  ȟ (2.21) 

ʛʜʝ N ï ʯʠʩʣʦ ʯʘʩʪʠʮ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ t, N0 ï ʥʘʯʘʣʴʥʦʝ ʯʠʩʣʦ ʯʘʩʪʠʮ, Ű ï ʧʝʨʠʦʜ ʧʦʣʫʨʘʩʧʘʜʘ 

ʜʣʷ ʜʘʥʥʳʭ ʯʘʩʪʠʮ. 
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ʀʟ ʬʦʨʤʫʣʳ (2.21) ʤʦʞʥʦ ʨʘʩʩʯʠʪʘʪʴ ʚʝʨʦʷʪʥʦʩʪʴ ʨʘʩʧʘʜʘ Pdecay ʜʣʷ ʢʘʞʜʦʡ ʯʘʩʪʠʮʳ ʥʘ 

ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ ʮʠʢʣʘ ʧʦ ʚʨʝʤʝʥʠ ʩ ʰʘʛʦʤ ʧʦ ʚʨʝʤʝʥʠ ȹt: 

ὖ ɝὸ
ὔ ὔ

ὔ
ρ ς  ȟ (2.22) 

ɼʣʷ ʢʘʞʜʦʡ "ʞʠʚʦʡ" ʯʘʩʪʠʮʳ ʥʘ ʢʘʞʜʦʤ ʰʘʛʝ ʧʦ ʚʨʝʤʝʥʠ ʛʝʥʝʨʠʨʫʝʪʩʷ ʩʣʫʯʘʡʥʘʷ 

ʚʝʣʠʯʠʥʘ r, ʠʤʝʶʱʘʷ ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘ ʠʥʪʝʨʚʘʣʝ πȟ ρ. ʏʘʩʪʠʮʘ ʩʯʠʪʘʝʪʩʷ 

ʨʘʩʧʘʚʰʝʡʩʷ ("ʦʪʤʝʨʰʝʡ"), ʝʩʣʠ ʚʳʧʦʣʥʷʝʪʩʷ ʫʩʣʦʚʠʝ ὶ ὖ . ʈʘʩʧʘʚʰʠʝʩʷ ʯʘʩʪʠʮʳ 

ʫʜʘʣʷʶʪʩʷ ʠʟ ʨʘʩʯʸʪʘ: ʜʣʷ ʥʠʭ ʙʦʣʝʝ ʥʝ ʨʝʰʘʶʪʩʷ ʫʨʘʚʥʝʥʠʷ ʜʚʠʞʝʥʠʷ, ʠ ʦʥʠ ʥʝ ʫʯʠʪʳʚʘʶʪʩʷ 

ʧʨʠ ʚʳʯʠʩʣʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʡ. 

ɿʘ ʚʣʠʷʥʠʝ ʚʳʩʦʢʠʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʯʘʩʪʠʮ ʥʘ ʩʪʨʘʪʠʬʠʢʘʮʠʶ ʘʪʤʦʩʬʝʨʳ ʦʪʚʝʯʘʝʪ 

ʦʪʜʝʣʴʥʘʷ ʧʘʨʘʤʝʪʨʠʟʘʮʠʷ. ʂʘʢ ʧʨʘʚʠʣʦ, ʚʦʟʜʝʡʩʪʚʠʝ ʧʝʨʝʥʦʩʠʤʳʭ ʯʘʩʪʠʮ ʥʘ 

ʪʝʨʤʦʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ ʚʦʟʜʫʰʥʦʡ ʩʨʝʜʳ ʩʯʠʪʘʝʪʩʷ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʳʤ ʚ 

ʩʦʧʦʩʪʘʚʣʝʥʠʠ ʩ ʚʣʠʷʥʠʝʤ ʚʥʝʰʥʠʭ ʬʘʢʪʦʨʦʚ, ʘ ʪʘʢʞʝ ʥʘʯʘʣʴʥʳʭ ʠ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ. ʕʪʦ 

ʜʦʧʫʱʝʥʠʝ ʩʧʨʘʚʝʜʣʠʚʦ ʧʦʯʪʠ ʧʨʠ ʣʶʙʳʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ, ʦʜʥʘʢʦ ʩʫʱʝʩʪʚʫʶʪ ʠʩʢʣʶʯʝʥʠʷ, 

ʪʘʢʠʝ ʢʘʢ ʩʠʣʴʥʝʡʰʠʝ ʤʝʪʝʣʠ ʠʣʠ ʧʝʩʯʘʥʳʝ ʙʫʨʠ. ɺ ʭʦʜʝ ʧʦʜʦʙʥʳʭ ʩʦʙʳʪʠʡ ʢʦʥʮʝʥʪʨʘʮʠʷ 

ʯʘʩʪʠʮ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ ʩʪʦʣʴ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʡ, ʯʪʦ ʥʘʯʠʥʘʝʪ ʦʢʘʟʳʚʘʪʴ ʟʘʤʝʪʥʦʝ ʚʣʠʷʥʠʝ ʥʘ 

ʩʪʨʘʪʠʬʠʢʘʮʠʶ ʘʪʤʦʩʬʝʨʳ ʧʦ ʧʣʦʪʥʦʩʪʠ, ʧʦ ʤʝʥʴʰʝʡ ʤʝʨʝ, ʚ ʧʨʠʟʝʤʥʦʤ ʩʣʦʝ. 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʪʘʢʠʭ ʷʚʣʝʥʠʡ ʚ ʤʦʜʝʣʠ ʙʳʣʘ ʨʝʘʣʠʟʦʚʘʥʘ ʧʘʨʘʤʝʪʨʠʟʘʮʠʷ ʦʙʨʘʪʥʦʛʦ 

ʚʣʠʷʥʠʷ ʯʘʩʪʠʮ ʥʘ ʩʪʨʘʪʠʬʠʢʘʮʠʶ ʘʪʤʦʩʬʝʨʳ (Kondo et al., 1978; Soulsby and Wainwright, 1987; 

Wamser, Lykossov, 1995). ɼʘʥʥʳʡ ʤʝʭʘʥʠʟʤ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʜʣʷ ʫʩʣʦʚʠʡ, ʢʦʛʜʘ ʧʦ 

ʪʝʤʧʝʨʘʪʫʨʝ ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʡʪʨʘʣʴʥʘʷ ʩʪʨʘʪʠʬʠʢʘʮʠʷ ʧʨʠʟʝʤʥʦʛʦ ʩʣʦʷ, ʜʣʷ ʢʦʪʦʨʦʡ ʧʨʦʬʠʣʴ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʫʨʙʫʣʝʥʪʥʦʡ ʜʠʬʬʫʟʠʠ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

ὑ όzʆᾀȟ (2.23) 

ʛʜʝ όz ï ʩʢʦʨʦʩʪʴ ʪʨʝʥʠʷ, ə ï ʢʦʥʩʪʘʥʪʘ ʂʘʨʤʘʥʘ, ʆ πȢτ, z ï ʚʝʨʪʠʢʘʣʴʥʘʷ ʢʦʦʨʜʠʥʘʪʘ. 

ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ ʵʬʬʝʢʪ ʦʙʨʘʪʥʦʛʦ ʚʣʠʷʥʠʷ ʧʨʠʤʝʩʝʡ ʥʘ ʩʪʨʘʪʠʬʠʢʘʮʠʶ ʤʦʞʥʦ ʚʳʨʘʟʠʪʴ 

ʯʝʨʝʟ ʠʟʤʝʥʝʥʠʝ ʧʨʦʬʠʣʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʫʨʙʫʣʝʥʪʥʦʡ ʜʠʬʬʫʟʠʠ: 

ὑ
όzʆᾀ

ρ ɼᾀὒϳ
ȟ (2.24) 

ʛʜʝ ɓ ï ʢʦʥʩʪʘʥʪʘ, L ï ʤʘʩʰʪʘʙ ʜʣʠʥʳ ʆʙʫʭʦʚʘ, ʚʳʯʠʩʣʷʝʤʳʡ ʧʦ ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫʣʝ: 

ὒ
ρ ʎÓόz

ʆὫύʎÓ
ȟ (2.25) 

ʛʜʝ s ï ʦʙʲʸʤʥʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʯʘʩʪʠʮ, ů ï ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʨʘʟʥʠʮʘ ʧʣʦʪʥʦʩʪʝʡ, ʎ ʍ ʍ ʍϳ, 

ws ï ʩʢʦʨʦʩʪʴ ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ ʦʩʝʜʘʥʠʷ ʯʘʩʪʠʮ, ʚʳʯʠʩʣʷʝʤʘʷ ʥʘ ʦʩʥʦʚʝ ʟʘʢʦʥʘ ʉʪʦʢʩʘ: 
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ύ
ʎὫὨ

ρψʈʍ
ȟ (2.26) 

ɺʳʯʠʩʣʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʡ ʯʘʩʪʠʮ ʚ ʷʯʝʡʢʘʭ ʩʝʪʢʠ ʠ ʧʝʨʝʩʯʸʪ ʥʦʚʳʭ ʟʥʘʯʝʥʠʡ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʫʨʙʫʣʝʥʪʥʦʡ ʜʠʬʬʫʟʠʠ ʠ ʝʛʦ ʧʨʦʠʟʚʦʜʥʳʭ ʧʨʦʠʟʚʦʜʷʪʩʷ ʥʘ ʢʘʞʜʦʤ ʰʘʛʝ ʧʦ 

ʚʨʝʤʝʥʠ. ʇʦʜʦʙʥʳʝ ʨʘʩʯʸʪʳ ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʦʡ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʩʪʦʠʤʦʩʪʴʶ ʠ ʤʦʛʫʪ 

ʩʫʱʝʩʪʚʝʥʥʦ ʫʚʝʣʠʯʠʪʴ ʚʨʝʤʷ ʩʯʸʪʘ. ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʜʘʥʥʘʷ ʧʘʨʘʤʝʪʨʠʟʘʮʠʷ ʧʨʝʜʥʘʟʥʘʯʝʥʘ 

ʪʦʣʴʢʦ ʜʣʷ ʩʧʝʮʠʘʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʢʦʪʦʨʳʝ ʥʘʮʝʣʝʥʳ ʥʘ ʠʟʫʯʝʥʠʝ ʧʨʦʮʝʩʩʦʚ ʩ ʫʯʘʩʪʠʝʤ 

ʦʯʝʥʴ ʚʳʩʦʢʠʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʯʘʩʪʠʮ. 

2.3 ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʯʘʩʪʠʮ ʩ ʧʦʚʝʨʭʥʦʩʪʷʤʠ 

ɼʣʷ ʚʳʧʦʣʥʝʥʠʷ ʨʘʩʯʸʪʦʚ ʚ ʫʩʣʦʚʠʷʭ ʛʦʨʦʜʩʢʦʡ ʟʘʩʪʨʦʡʢʠ ʠʣʠ ʣʶʙʦʡ ʜʨʫʛʦʡ 

ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʦʡ ʛʝʦʤʝʪʨʠʠ, ʦʪʣʠʯʘʶʱʝʡʩʷ ʦʪ ʧʣʦʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʥʝʦʙʭʦʜʠʤʦ ʦʧʠʩʳʚʘʪʴ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʯʘʩʪʠʮ ʩ ʪʚʸʨʜʳʤʠ ʦʙʲʝʢʪʘʤʠ, ʪʘʢʠʤʠ ʢʘʢ ʩʪʝʥʳ ʠ ʢʨʳʰʠ ʟʜʘʥʠʡ. ɺ 

ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʦʜʝʣʠ ʧʨʝʜʫʩʤʦʪʨʝʥʦ ʜʚʘ ʪʠʧʘ ʪʘʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ: ʧʨʠ ʢʦʥʪʘʢʪʝ ʩ 

ʪʚʸʨʜʳʤ ʪʝʣʦʤ ʯʘʩʪʠʮʘ ʣʠʙʦ ʧʨʠʣʠʧʘʝʪ ʢ ʥʝʤʫ, ʣʠʙʦ ʩʦʚʝʨʰʘʝʪ ʫʧʨʫʛʠʡ ʦʪʩʢʦʢ. ɺʳʙʦʨ 

ʢʦʥʢʨʝʪʥʦʛʦ ʩʮʝʥʘʨʠʷ ʟʘʚʠʩʠʪ ʦʪ ʥʘʩʪʨʦʝʢ, ʟʘʜʘʥʥʳʭ ʜʣʷ ʜʘʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʈʝʘʣʠʟʦʚʘʥʦ ʜʚʘ 

ʤʝʪʦʜʘ ʟʘʜʘʥʠʷ ʪʚʸʨʜʳʭ ʧʨʝʧʷʪʩʪʚʠʡ ʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʦʧʠʩʘʥʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʯʘʩʪʠʮʳ ʩ 

ʧʦʚʝʨʭʥʦʩʪʴʶ. 

ʇʝʨʚʳʡ ʤʝʪʦʜ, ʫʩʣʦʚʥʦ ʥʘʟʚʘʥʥʳʡ çʧʦʣʠʛʦʥʘʣʴʥʘʷ ʛʝʦʤʝʪʨʠʷè (ʨʠʩ. 2.2ʘ), ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ 

ʪʦʯʥʳʤ, ʥʦ ʠ ʙʦʣʝʝ ʨʝʩʫʨʩʦʸʤʢʠʤ. ɺ ʵʪʦʤ ʧʦʜʭʦʜʝ ʪʚʸʨʜʳʝ ʧʦʚʝʨʭʥʦʩʪʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʯʝʨʝʟ 

ʩʪʨʫʢʪʫʨʫ ʜʘʥʥʳʭ, ʢʦʪʦʨʘʷ ʩʦʜʝʨʞʠʪ ʠʥʬʦʨʤʘʮʠʶ ʦ ʚʝʨʰʠʥʘʭ ʚʳʧʫʢʣʦʛʦ ʯʝʪʳʨʸʭʫʛʦʣʴʥʠʢʘ 

(ʦʜʥʘ ʩʪʝʥʘ) ʠ ʚʝʢʪʦʨʝ ʝʜʠʥʠʯʥʦʡ ʚʥʝʰʥʝʡ ʥʦʨʤʘʣʠ ʢ ʥʝʤʫ. ʇʦʜʦʙʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ 

ʛʝʦʤʝʪʨʠʠ ʧʦʟʚʦʣʷʝʪ ʦʧʠʩʳʚʘʪʴ ʥʝ ʪʦʣʴʢʦ ʧʨʦʩʪʳʝ ʟʜʘʥʠʷ-ʧʘʨʘʣʣʝʣʝʧʠʧʝʜʳ, ʥʦ ʠ ʙʦʣʝʝ 

ʩʣʦʞʥʳʝ ʘʨʭʠʪʝʢʪʫʨʥʳʝ ʬʦʨʤʳ. ɺʘʞʥʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, 

ʯʪʦ ʟʜʘʥʠʝ ʠʣʠ ʜʨʫʛʦʡ ʦʙʲʝʢʪ ʤʦʞʝʪ ʠʤʝʪʴ ʧʨʦʠʟʚʦʣʴʥʫʶ ʦʨʠʝʥʪʘʮʠʶ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ, ʥʝ 

ʙʫʜʫʯʠ ʧʨʠʚʷʟʘʥʥʳʤ ʢ ʨʝʛʫʣʷʨʥʦʡ ʩʝʪʢʝ. ɼʣʷ ʢʘʞʜʦʡ ʯʘʩʪʠʮʳ ʚʳʧʦʣʥʷʝʪʩʷ ʧʨʦʚʝʨʢʘ, 

ʜʦʩʪʠʛʥʝʪ ʣʠ ʦʥʘ ʥʘ ʪʝʢʫʱʝʤ ʚʨʝʤʝʥʥʦʤ ʰʘʛʝ ʧʣʦʩʢʦʩʪʠ ʦʜʥʦʡ ʠʟ ʩʪʝʥ. ɺ ʩʣʫʯʘʝ ʜʦʩʪʠʞʝʥʠʷ 

ʧʨʦʚʝʨʷʝʪʩʷ, ʧʦʧʘʜʸʪ ʣʠ ʯʘʩʪʠʮʘ ʚ ʛʨʘʥʠʮʳ ʩʘʤʦʡ ʩʪʝʥʳ ʠʣʠ ʧʨʦʣʝʪʠʪ ʤʠʤʦ. ɽʩʣʠ ʯʘʩʪʠʮʘ 

ʧʦʧʘʜʘʝʪ ʚ ʩʪʝʥʫ, ʧʨʦʠʩʭʦʜʠʪ ʫʧʨʫʛʠʡ ʦʪʩʢʦʢ ʠʣʠ ʦʩʘʞʜʝʥʠʝ. 

ɺʪʦʨʦʡ ʤʝʪʦʜ, çʩʝʪʦʯʥʘʷ ʛʝʦʤʝʪʨʠʷè (ʨʠʩ. 2.2ʙ), ʤʘʪʝʤʘʪʠʯʝʩʢʠ ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʦʱʝ ʠ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʫʩʢʦʨʝʥʠʝ ʨʘʩʯʸʪʦʚ ʜʣʷ ʩʣʫʯʘʝʚ ʩ ʧʨʦʩʪʦʡ ʛʝʦʤʝʪʨʠʝʡ. ɺʤʝʩʪʦ ʟʘʜʘʥʠʷ 

ʧʦʚʝʨʭʥʦʩʪʝʡ ʚ ʵʪʦʤ ʧʦʜʭʦʜʝ ʦʧʨʝʜʝʣʷʶʪʩʷ ʪʚʸʨʜʳʝ ʷʯʝʡʢʠ ʩʝʪʢʠ ï ʪʦ ʝʩʪʴ ʷʯʝʡʢʠ, ʧʦʣʥʦʩʪʴʶ 

ʟʘʥ̫ʪʳʝ ʟʜʘʥʠʷʤʠ ʠʣʠ ʜʨʫʛʠʤʠ ʥʝʧʨʦʥʠʮʘʝʤʳʤʠ ʦʙʲʝʢʪʘʤʠ. ɿʘʪʝʤ ʜʣʷ ʢʘʞʜʦʡ ʯʘʩʪʠʮʳ 
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ʧʨʦʚʝʨʷʝʪʩʷ, ʦʢʘʞʝʪʩʷ ʣʠ ʦʥʘ ʥʘ ʪʝʢʫʱʝʤ ʚʨʝʤʝʥʥʦʤ ʰʘʛʝ ʚʥʫʪʨʠ ʦʜʥʦʡ ʠʟ ʪʘʢʠʭ ʪʚʸʨʜʳʭ 

ʷʯʝʝʢ. ʇʨʠ ʧʦʣʦʞʠʪʝʣʴʥʦʤ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʠʩʭʦʜʠʪ ʫʧʨʫʛʠʡ ʦʪʩʢʦʢ ʦʪ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʛʨʘʥʠ 

ʵʪʦʡ ʷʯʝʡʢʠ ʠʣʠ ʦʩʘʞʜʝʥʠʝ ʥʘ ʥʝʡ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʜʘʸʪ ʚʦʟʤʦʞʥʦʩʪʴ ʫʩʧʝʰʥʦ ʨʝʘʣʠʟʦʚʳʚʘʪʴ 

ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʳʝ ʧʦʩʪʘʥʦʚʢʠ ʟʘʜʘʯ (ʥʘʧʨʠʤʝʨ, ʛʦʨʦʜʩʢʦʡ ʢʘʥʴʦʥ), ʘ ʧʨʠ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʤ 

ʨʘʟʨʝʰʝʥʠʠ ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʠ ï ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʪʴ ʨʝʘʣʠʩʪʠʯʥʫʶ ʛʦʨʦʜʩʢʫʶ ʟʘʩʪʨʦʡʢʫ, ʯʪʦ 

ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ ʚʦ ʤʥʦʛʠʭ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʤʦʜʝʣʷʭ [Blocken, 2018]. 

ʈʝʟʫʣʴʪʘʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʯʘʩʪʠʮʳ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʘ ʦʩʥʦʚʝ ʚʝʨʦʷʪʥʦʩʪʠ 

ʦʩʘʞʜʝʥʠʷ, ʟʘʜʘʥʥʦʡ ʜʣʷ ʜʘʥʥʦʛʦ ʪʠʧʘ ʧʦʚʝʨʭʥʦʩʪʠ. ɺʝʨʦʷʪʥʦʩʪʴ ʦʩʘʞʜʝʥʠʷ ʤʦʞʝʪ ʙʳʪʴ 

ʟʘʜʘʥʘ ʚ ʠʥʪʝʨʚʘʣʝ πȟ ρ, ʛʜʝ 0 ï ʚʩʝʛʜʘ ʫʧʨʫʛʠʡ ʦʪʩʢʦʢ, ʘ 1 ï ʚʩʝʛʜʘ ʦʩʘʞʜʝʥʠʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. 

ɿʥʘʯʝʥʠʝ ʚʝʨʦʷʪʥʦʩʪʠ ʜʣʷ ʯʘʩʪʠʮʳ ʠ ʪʠʧʘ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʤʦʜʝʣʠ ʜʦʣʞʥʦ ʙʳʪʴ ʟʘʜʘʥʦ ʟʘʨʘʥʝʝ, 

ʥʦ ʧʨʠ ʚʥʝʜʨʝʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ʤʦʞʝʪ ʨʘʩʩʯʠʪʳʚʘʪʴʩʷ ʧʨʠ ʢʘʞʜʦʤ 

ʩʪʦʣʢʥʦʚʝʥʠʠ.  

  

ʘ) 

  

ʙ) 

ʈʠʩʫʥʦʢ 2.2. ʇʦʢʘʟʘʪʝʣʴʥʳʝ ʩʭʝʤʳ ʦʧʠʩʘʥʠʷ ʛʝʦʤʝʪʨʠʠ ʠ ʫʧʨʫʛʦʛʦ ʦʪʩʢʦʢʘ ʚ 

ʧʘʨʘʤʝʪʨʠʟʘʮʠʷʭ çʧʦʣʠʛʦʥʘʣʴʥʦʡ ʛʝʦʤʝʪʨʠʠè (ʘ) ʠ çʢʫʙʠʯʝʩʢʦʡ ʛʝʦʤʝʪʨʠʠè (ʙ). 

2.4 ʏʠʩʣʝʥʥʘʷ ʨʝʘʣʠʟʘʮʠʷ 

ɼʣʷ ʥʘʭʦʞʜʝʥʠʷ ʪʨʘʝʢʪʦʨʠʠ ʢʘʞʜʦʡ ʯʘʩʪʠʮʳ ʪʨʝʙʫʝʪʩʷ ʨʝʰʠʪʴ ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ (2.1) 

ʠ (2.2). ʇʨʠ ʫʩʣʦʚʠʠ ʨʘʚʝʥʩʪʚʘ ʩʢʦʨʦʩʪʝʡ ʯʘʩʪʠʮʳ ʠ ʧʦʪʦʢʘ, ʢʦʛʜʘ ʠʩʯʝʟʘʝʪ ʩʠʣʘ ʪʨʝʥʠʷ, ʤʦʞʥʦ 

ʧʫʪʸʤ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʧʦʣʫʯʠʪʴ ʧʦʣʫʘʥʘʣʠʪʠʯʝʩʢʠʝ ʚʳʨʘʞʝʥʠʷ. ʆʜʥʘʢʦ ʵʪʦ ʫʩʣʦʚʠʝ ʥʝ 

ʚʳʧʦʣʥʷʝʪʩʷ ʧʨʠ ʙʦʣʴʰʦʤ ʰʘʛʝ ʧʦ ʚʨʝʤʝʥʠ ʠʣʠ ʚ ʩʣʫʯʘʝ ʥʘʨʫʰʝʥʠʷ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʨʘʚʥʦʚʝʩʠʷ ʯʘʩʪʠʮʳ ʩ ʚʦʟʜʫʰʥʳʤ ʧʦʪʦʢʦʤ. ʕʪʦ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ ʥʝ ʧʦʟʚʦʣʷʝʪ ʧʨʠʤʝʥʷʪʴ 

ʜʘʥʥʳʡ ʧʦʜʭʦʜ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʫʩʣʦʚʠʷʭ ʩʣʦʞʥʳʭ ʪʝʯʝʥʠʡ ʠ ʪʷʞʸʣʳʭ ʠʥʝʨʮʠʦʥʥʳʭ 
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ʘʵʨʦʟʦʣʝʡ, ʪʘʢ ʢʘʢ ʯʘʩʪʠʮʳ ʙʫʜʫʪ ʧʦʩʪʦʷʥʥʦ ʚʳʭʦʜʠʪʴ ʠʟ ʩʦʩʪʦʷʥʠʷ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ 

ʩʦ ʩʨʝʜʦʡ. 

ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʧʨʠʤʝʥʷʶʪʩʷ ʜʨʫʛʠʝ ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʳʝ ʤʝʪʦʜʳ. ɺ ʨʘʥʥʠʭ 

ʚʝʨʩʠʷʭ ʤʦʜʝʣʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʷʚʥʳʡ ʤʝʪʦʜ ʈʫʥʛʝ-ʂʫʪʪʳ 4-ʛʦ ʧʦʨʷʜʢʘ, ʪʨʝʙʫʶʱʠʡ 

ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʦʙʲʸʤʘ ʚʳʯʠʩʣʝʥʠʡ. ʅʘ ʪʝʢʫʱʠʡ ʤʦʤʝʥʪ ʦʥ ʟʘʤʝʥʸʥ ʢʦʤʙʠʥʘʮʠʝʡ ʙʦʣʝʝ 

ʧʨʦʩʪʳʭ ʤʝʪʦʜʦʚ. 

ɺ ʘʢʪʫʘʣʴʥʦʡ ʚʝʨʩʠʠ ʤʦʜʝʣʠ ʚʳʙʦʨ ʯʠʩʣʝʥʥʦʡ ʩʭʝʤʳ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʟʘʚʠʩʠʪ ʦʪ 

ʠʩʧʦʣʴʟʫʝʤʦʡ ʬʠʟʠʯʝʩʢʦʡ ʧʦʩʪʘʥʦʚʢʠ. ɺ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʦʜʝʣʠ RDM (ʜʣʷ ʧʘʩʩʠʚʥʳʭ 

ʯʘʩʪʠʮ) ʧʨʠʤʝʥʷʝʪʩʷ ʷʚʥʘʷ ʩʭʝʤʘ ʕʡʣʝʨʘ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ. ʅʦʚʘʷ ʢʦʦʨʜʠʥʘʪʘ ʯʘʩʪʠʮʳ ὼȟ  ʥʘ 

ʰʘʛʝ ὲ ρ ʚʳʯʠʩʣʷʝʪʩʷ ʢʘʢ: 

ὼȟ ὼȟ ό όȟ
ὑ ὑ
ςɝὼ ɝὸ ʊ ςὑȟ (2.27) 

ʛʜʝ ɝὸ ï h ʘʛ ʧʦ ʚʨʝʤʝʥʠ, ɝὼ ï h ʘʛ ʩʝʪʢʠ, ʠʥʜʝʢʩʳ Ὦ ʦʙʦʟʥʘʯʘʶʪ ʫʟʣʳ ʩʝʪʢʠ ʜʣʷ ʘʧʧʨʦʢʩʠʤʘʮʠʠ 

ʛʨʘʜʠʝʥʪʘ ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʠʬʬʫʟʠʠ ʤʝʪʦʜʦʤ ʮʝʥʪʨʘʣʴʥʳʭ ʨʘʟʥʦʩʪʝʡ (ʩʭʝʤʘ ʜʣʷ ʛʨʘʜʠʝʥʪʘ ὑ 

ʤʦʞʝʪ ʦʪʣʠʯʘʪʴʩʷ, ʝʩʣʠ ʟʥʘʯʝʥʠʷ ʛʨʘʜʠʝʥʪʘ ʫʞʝ ʝʩʪʴ ʚʦ ʚʭʦʜʥʳʭ ʜʘʥʥʳʭ). 

ɼʣʷ ʧʦʣʥʦʡ ʠʥʝʨʮʠʦʥʥʦʡ ʤʦʜʝʣʠ ʥʘ ʦʩʥʦʚʝ ʫʨʘʚʥʝʥʠʡ (2.1)ï(2.2) ʧʨʠʤʝʥʷʝʪʩʷ 

ʢʦʤʙʠʥʘʮʠʷ ʷʚʥʦʡ ʩʭʝʤʳ ʕʡʣʝʨʘ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʜʣʷ ʩʢʦʨʦʩʪʠ ʯʘʩʪʠʮʳ ʠ ʧʦʣʫʥʝʷʚʥʦʡ ʩʭʝʤʳ 

ʂʨʘʥʢʘ-ʅʠʢʦʣʩʦʥ ʜʣʷ ʝʸ ʢʦʦʨʜʠʥʘʪʳ. ʇʝʨʝʭʦʜ ʥʘ ʪʘʢʫʶ ʯʠʩʣʝʥʥʫʶ ʩʭʝʤʫ ʩ ʤʝʪʦʜʘ ʈʫʥʛʝ-

ʂʫʪʪʳ ʧʦʟʚʦʣʠʣ ʧʨʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦʡ ʧʦʪʝʨʝ ʪʦʯʥʦʩʪʠ ʩʫʱʝʩʪʚʝʥʥʦ ʫʤʝʥʴʰʠʪʴ 

ʚʳʯʠʩʣʠʪʝʣʴʥʫʶ ʩʪʦʠʤʦʩʪʴ ʠ ʫʩʢʦʨʠʪʴ ʨʘʙʦʪʫ ʤʦʜʝʣʠ. ʋʨʘʚʥʝʥʠʷ ʜʣʷ ʜʘʥʥʦʡ ʢʦʥʝʯʥʦ-

ʨʘʟʥʦʩʪʥʦʡ ʩʭʝʤʳ ʟʘʧʠʩʳʚʘʶʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ: 

◊
◊ Ў ╪

◊

Ў  ȟ   ╪
▌

 ȟ   ʐ    (2.28) 

● ●
ρ

ς
Ўὸ◊ ◊  (2.29) 

2.5 ʉʪʨʫʢʪʫʨʘ ʠ ʘʣʛʦʨʠʪʤ ʨʘʙʦʪʳ ʚ ʘʚʪʦʥʦʤʥʦʤ ʨʝʞʠʤʝ 

ɺ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʦʜʝʣʠ ʨʝʘʣʠʟʦʚʘʥ ʛʠʙʨʠʜʥʳʡ ʧʦʜʭʦʜ: ʜʚʠʞʝʥʠʝ ʯʘʩʪʠʮ ʦʧʠʩʳʚʘʝʪʩʷ ʚ 

ʣʘʛʨʘʥʞʝʚʦʡ ʧʦʩʪʘʥʦʚʢʝ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʦʟʜʫʰʥʦʡ ʩʨʝʜʳ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʢʘʢ 

ʚʥʝʰʥʠʝ ʧʘʨʘʤʝʪʨʳ ʚ ʣʘʛʨʘʥʞʝʚʳʭ ʫʨʘʚʥʝʥʠʷʭ, ʟʘʜʘʶʪʩʷ ʵʡʣʝʨʦʚʳʤ ʤʝʪʦʜʦʤ ʚ ʚʠʜʝ 

ʪʨʸʭʤʝʨʥʳʭ ʧʦʣʝʡ ʥʘ ʜʠʩʢʨʝʪʥʦʡ ʩʝʪʢʝ. ʕʪʠ ʧʦʣʷ, ʚʢʣʶʯʘʶʱʠʝ ʢʦʤʧʦʥʝʥʪʳ ʩʢʦʨʦʩʪʠ ʚʝʪʨʘ ʠ 

ʧʘʨʘʤʝʪʨʳ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʠʭ ʵʚʦʣʶʮʠʷ ʚʦ ʚʨʝʤʝʥʠ, ʦʧʨʝʜʝʣʷʶʪʩʷ ʯʝʨʝʟ ʚʭʦʜʥʳʝ 
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ʜʘʥʥʳʝ. ʀʩʪʦʯʥʠʢʦʤ ʵʪʠʭ ʜʘʥʥʳʭ ʤʦʛʫʪ ʩʣʫʞʠʪʴ ʢʘʢ ʨʘʩʯʸʪʳ ʨʘʟʣʠʯʥʳʭ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʤʦʜʝʣʝʡ, ʪʘʢ ʠ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʚʳʨʘʞʝʥʠʷ. 

ʆʩʥʦʚʫ ʨʘʙʦʪʳ ʤʦʜʝʣʠ ʩʦʩʪʘʚʣʷʝʪ ʠʪʝʨʘʮʠʦʥʥʳʡ ʧʨʦʮʝʩʩ, ʢʦʪʦʨʳʡ ʨʝʘʣʠʟʫʝʪ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʰʘʛʦʚ ʧʦ ʚʨʝʤʝʥʠ ʚ ʧʨʝʜʝʣʘʭ ʟʘʜʘʥʥʦʛʦ ʧʝʨʠʦʜʘ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʘʣʛʦʨʠʪʤʘ ʨʘʙʦʪʳ ʤʦʜʝʣʠ ʧʨʠʚʝʜʝʥʦ ʥʘ ʨʠʩʫʥʢʝ 2.3. 

 

ʈʠʩʫʥʦʢ 2.3. ʉʭʝʤʘ ʨʘʙʦʯʝʛʦ ʘʣʛʦʨʠʪʤʘ ʤʦʜʝʣʠ ʣʘʛʨʘʥʞʝʚʘ ʧʝʨʝʥʦʩʘ ʯʘʩʪʠʮ. 

ɼʣʷ ʠʥʠʮʠʘʣʠʟʘʮʠʠ ʤʦʜʝʣʠ ʠ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʝʸ ʫʨʘʚʥʝʥʠʡ ʥʝʦʙʭʦʜʠʤʳ ʚʭʦʜʥʳʝ 

ʜʘʥʥʳʝ, ʢʦʪʦʨʳʝ ʦʧʠʩʳʚʘʶʪ ʪʝʨʤʦʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʦʟʜʫʰʥʦʡ ʩʨʝʜʳ ʠ 

ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʦʛʨʘʥʠʯʝʥʥʦʡ ʪʨʸʭʤʝʨʥʦʡ ʦʙʣʘʩʪʠ ʚ ʟʘʜʘʥʥʳʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ. 

ɺ ʢʘʯʝʩʪʚʝ ʪʘʢʠʭ ʜʘʥʥʳʭ ʚʳʩʪʫʧʘʶʪ: ʚʦ-ʧʝʨʚʳʭ, ʦʧʠʩʘʥʠʝ ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʠ ʜʣʷ ʠʩʩʣʝʜʫʝʤʦʡ 

ʦʙʣʘʩʪʠ; ʚʦ-ʚʪʦʨʳʭ, ʢʦʣʠʯʝʩʪʚʦ ʤʦʤʝʥʪʦʚ ʚʨʝʤʝʥʠ ʩ ʚʥʝʰʥʠʤʠ ʜʘʥʥʳʤʠ ʠ ʚʨʝʤʝʥʥʳʝ 

ʠʥʪʝʨʚʘʣʳ ʤʝʞʜʫ ʥʠʤʠ; ʚ-ʪʨʝʪʴʠʭ, ʟʥʘʯʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʤʝʪʝʦʚʝʣʠʯʠʥ ʚ ʢʘʞʜʦʤ ʫʟʣʝ ʩʝʪʢʠ. ɺ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʢ ʠʩʧʦʣʴʟʫʝʤʳʤ ʪʝʨʤʦʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ ʘʪʤʦʩʬʝʨʳ 

ʦʪʥʦʩʷʪʩʷ: ʪʨʸʭʤʝʨʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʩʢʦʨʦʩʪʠ ʚʝʪʨʘ, ʪʫʨʙʫʣʝʥʪʥʘʷ ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ, ʝʸ 

ʩʢʦʨʦʩʪʴ ʜʠʩʩʠʧʘʮʠʠ, ʘ ʪʘʢʞʝ ʢʦʵʬʬʠʮʠʝʥʪ ʪʫʨʙʫʣʝʥʪʥʦʡ ʜʠʬʬʫʟʠʠ. 

ɺ ʤʦʜʝʣʠ ʧʨʠʤʝʥʷʝʪʩʷ ʨʘʩʯʸʪʥʘʷ ʩʝʪʢʘ ʪʠʧʘ çCè ʧʦ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ɸʨʘʢʘʚʳ, ʯʪʦ 

ʦʟʥʘʯʘʝʪ, ʯʪʦ ʟʥʘʯʝʥʠʷ ʩʢʘʣʷʨʥʳʭ ʚʝʣʠʯʠʥ ʦʪʥʦʩʷʪʩʷ ʢ ʮʝʥʪʨʘʤ ʷʯʝʝʢ, ʘ ʢʦʤʧʦʥʝʥʪʳ ʩʢʦʨʦʩʪʠ 

ʪʝʯʝʥʠʷ ï ʢ ʛʨʘʥʷʤ ʷʯʝʝʢ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʚʭʦʜʥʳʤʠ ʜʘʥʥʳʤʠ ʵʪʘ ʩʝʪʢʘ ʧʨʠʚʷʟʳʚʘʝʪʩʷ ʢ 

ʜʝʢʘʨʪʦʚʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ ʠ ʟʘʜʘʥʥʦʡ ʪʦʯʢʝ ʦʪʩʯʸʪʘ. ʇʦʩʢʦʣʴʢʫ ʨʘʟʤʝʨʳ ʷʯʝʝʢ ʠʩʭʦʜʥʦʡ 

ʩʝʪʢʠ G1 ʤʦʛʫʪ ʙʳʪʴ ʨʘʟʣʠʯʥʳʤʠ ʚʜʦʣʴ ʦʩʝʡ ʢʦʦʨʜʠʥʘʪ (ʥʘʧʨʠʤʝʨ, ʚ ʩʣʫʯʘʝ ʥʝʨʘʚʥʦʤʝʨʥʦʡ 
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ʪʝʣʝʩʢʦʧʠʯʝʩʢʦʡ ʩʝʪʢʠ ʩ ʨʦʩʪʦʤ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʨʘʟʤʝʨʘ ʷʯʝʝʢ ʩ ʚʳʩʦʪʦʡ), ʧʦʩʣʝ ʩʯʠʪʳʚʘʥʠʷ 

ʚʭʦʜʥʳʭ ʜʘʥʥʳʭ ʩʦʟʜʘʸʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ, ʚʩʧʦʤʦʛʘʪʝʣʴʥʘʷ ʩʝʪʢʘ G2, ʢʦʪʦʨʘʷ ʷʚʣʷʝʪʩʷ 

ʨʘʚʥʦʤʝʨʥʦʡ. ʈʘʟʤʝʨ ʝʸ ʷʯʝʡʢʠ ʚʜʦʣʴ ʦʧʨʝʜʝʣʸʥʥʦʡ ʦʩʠ ʟʘʜʘʸʪʩʷ ʨʘʚʥʳʤ ʥʘʠʙʦʣʴʰʝʤʫ 

ʦʙʱʝʤʫ ʢʨʘʪʥʦʤʫ ʚʩʝʭ ʜʣʠʥ ʷʯʝʝʢ ʩʝʪʢʠ G1 ʚʜʦʣʴ ʪʦʡ ʞʝ ʦʩʠ (ʨʠʩ. 2.4). ʊʘʢʦʝ ʧʦʩʪʨʦʝʥʠʝ 

ʧʦʜʨʘʟʫʤʝʚʘʝʪ, ʯʪʦ ʰʘʛʠ ʠʩʭʦʜʥʦʡ ʩʝʪʢʠ ʚʜʦʣʴ ʣʶʙʦʡ ʠʟ ʦʩʝʡ ʩʦʦʪʥʦʩʷʪʩʷ ʤʝʞʜʫ ʩʦʙʦʡ ʢʘʢ 

ʮʝʣʳʝ ʯʠʩʣʘ. 

 

ʈʠʩʫʥʦʢ 2.4. ʉʝʪʢʘ ʚʭʦʜʥʳʭ ʵʡʣʝʨʦʚʳʭ ʜʘʥʥʳʭ ʠ ʚʩʧʦʤʦʛʘʪʝʣʴʥʘʷ ʩʝʪʢʘ ʣʘʛʨʘʥʞʝʚʦʡ 

ʤʦʜʝʣʠ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʪʘʢʦʛʦ ʧʦʜʭʦʜʘ ʢʘʞʜʘʷ ʷʯʝʡʢʘ ʠʩʭʦʜʥʦʡ ʩʝʪʢʠ G1 ʜʝʣʠʪʩʷ ʥʘ ʮʝʣʦʝ ʯʠʩʣʦ 

ʠʜʝʥʪʠʯʥʳʭ ʷʯʝʝʢ ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʡ ʩʝʪʢʠ G2. ʕʪʦ ʜʘʸʪ ʚʦʟʤʦʞʥʦʩʪʴ ʦʧʝʨʘʪʠʚʥʦ ʦʧʨʝʜʝʣʷʪʴ, ʚ 

ʢʘʢʦʡ ʷʯʝʡʢʝ ʦʩʥʦʚʥʦʡ ʩʝʪʢʠ G1 ʥʘʭʦʜʠʪʩʷ ʯʘʩʪʠʮʘ ʚ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ, ʜʣʷ ʯʝʛʦ 

ʜʦʩʪʘʪʦʯʥʦ ʚʳʯʠʩʣʠʪʴ ʥʦʤʝʨ ʩʦʜʝʨʞʘʱʝʡ ʝʸ ʷʯʝʡʢʠ ʩʝʪʢʠ G2 ʧʦ ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫʣʝ: 

ὔ  
ὼ ὼ

Ўὼ
  ̅ ̠̌ Ὥ ρȟ ςȟ σȟ (2.30) 

ʛʜʝ Ni ï ʠʥʜʝʢʩ ʷʯʝʡʢʠ ʩʝʪʢʠ G2 ʧʦ i-ʦʡ ʦʩʠ, ὼ  ï ʢʦʦʨʜʠʥʘʪʘ ʯʘʩʪʠʮʳ ʧʦ i-ʦʡ ʦʩʠ, ὼ  ï 

ʢʦʦʨʜʠʥʘʪʘ ʪʦʯʢʠ ʦʪʩʯʸʪʘ ʧʦ i-ʦʡ ʦʩʠ, Ўὼ ï ʨʘʟʤʝʨ ʷʯʝʡʢʠ ʩʝʪʢʠ G2 ʧʦ i-ʦʡ ʦʩʠ. 

ɺʳʯʠʩʣʝʥʠʝ ʟʥʘʯʝʥʠʡ ʤʝʪʝʦʚʝʣʠʯʠʥ ʜʣʷ ʪʦʯʝʢ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʤʝʞʜʫ ʫʟʣʘʤʠ ʦʩʥʦʚʥʦʡ 

ʩʝʪʢʠ G1, ʚʳʧʦʣʥʷʝʪʩʷ ʤʝʪʦʜʦʤ ʪʨʠʣʠʥʝʡʥʦʡ ʠʥʪʝʨʧʦʣʷʮʠʠ ʧʦ 8-ʤʠ ʩʦʩʝʜʥʠʤ ʫʟʣʘʤ. ɺ ʩʣʫʯʘʝ, 

ʢʦʛʜʘ ʯʘʩʪʠʮʘ ʥʘʭʦʜʠʪʩʷ ʤʝʞʜʫ ʢʨʘʡʥʠʤ ʫʟʣʦʤ ʠ ʛʨʘʥʠʮʝʡ ʦʙʣʘʩʪʠ, ʧʨʠʤʝʥʷʝʪʩʷ ʙʠʣʠʥʝʡʥʘʷ 

ʠʥʪʝʨʧʦʣʷʮʠʷ ʧʦ 4-ʤ ʙʣʠʞʘʡʰʠʤ ʫʟʣʘʤ. ʇʦ ʘʥʘʣʦʛʠʠ, ʜʣʷ ʛʨʘʥʝʡ ʠ ʫʛʣʦʚ ʨʘʩʯʸʪʥʦʡ ʦʙʣʘʩʪʠ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʣʠʥʝʡʥʘʷ ʠʥʪʝʨʧʦʣʷʮʠʷ ʤʝʞʜʫ 2-ʤʷ ʙʣʠʞʘʡʰʠʤʠ ʪʦʯʢʘʤʠ ʠʣʠ ʞʝ ʟʥʘʯʝʥʠʝ ʠʟ 
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ʝʜʠʥʩʪʚʝʥʥʦʛʦ ʙʣʠʞʘʡʰʝʛʦ ʫʟʣʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɽʩʣʠ ʜʣʷ ʢʘʢʦʡ-ʣʠʙʦ ʤʝʪʝʦʚʝʣʠʯʠʥʳ ʟʘʜʘʥʦ 

ʛʨʘʥʠʯʥʦʝ ʫʩʣʦʚʠʝ (ʚ ʩʣʫʯʘʝ ʝʸ ʟʘʜʘʥʠʷ ʯʝʨʝʟ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʚʳʨʘʞʝʥʠʷ), ʦʥʦ ʫʯʠʪʳʚʘʝʪʩʷ ʚ 

ʧʨʠʦʨʠʪʝʪʥʦʤ ʧʦʨʷʜʢʝ ʧʨʠ ʚʳʯʠʩʣʝʥʠʠ ʟʥʘʯʝʥʠʡ ʚʙʣʠʟʠ ʛʨʘʥʠʮʳ ʦʙʣʘʩʪʠ. 

ʇʨʠ ʦʪʩʫʪʩʪʚʠʠ ʪʚʸʨʜʳʭ ʧʨʝʧʷʪʩʪʚʠʡ ʥʘ ʛʨʘʥʠʮʘʭ ʨʘʩʯʸʪʥʦʡ ʦʙʣʘʩʪʠ ʜʣʷ ʯʘʩʪʠʮ ʤʦʛʫʪ 

ʙʳʪʴ ʫʩʪʘʥʦʚʣʝʥʳ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʩʣʝʜʫʶʱʠʭ ʪʠʧʦʚ: 

¶ ʇʨʦʥʠʮʘʝʤʘʷ ʛʨʘʥʠʮʘ: ʯʘʩʪʠʮʳ, ʜʦʩʪʠʛʰʠʝ ʪʘʢʦʡ ʛʨʘʥʠʮʳ, ʩʯʠʪʘʶʪʩʷ 

ʧʦʢʠʥʫʚʰʠʤʠ ʦʙʣʘʩʪʴ, ʠ ʠʭ ʜʘʣʴʥʝʡʰʠʡ ʨʘʩʯʸʪ ʧʨʝʢʨʘʱʘʝʪʩʷ. 

¶ ʇʝʨʠʦʜʠʯʝʩʢʘʷ ʛʨʘʥʠʮʘ: ʯʘʩʪʠʮʘ, ʧʦʢʠʥʫʚʰʘʷ ʦʙʣʘʩʪʴ, ʧʝʨʝʥʦʩʠʪʩʷ ʠ ʚʥʦʚʴ ʚʭʦʜʠʪ 

ʚ ʥʝʸ ʩ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʡ ʩʪʦʨʦʥʳ. 

¶ ɿʘʢʨʳʪʘʷ ʛʨʘʥʠʮʘ: ʯʘʩʪʠʮʘ ʥʝ ʤʦʞʝʪ ʧʝʨʝʩʝʯʴ ʛʨʘʥʠʮʫ ʠ ʩʦʚʝʨʰʘʝʪ ʫʧʨʫʛʠʡ ʦʪʩʢʦʢ 

ʦʪ ʥʝʸ. 

ɺ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʨʝʟʫʣʴʪʘʪʘ ʨʘʩʯʸʪʦʚ ʤʦʜʝʣʴ ʚʳʚʦʜʠʪ ʚ ʦʪʜʝʣʴʥʳʝ ʬʘʡʣʳ ʧʦʣʷ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ ʷʯʝʡʢʘʭ ʩʝʪʢʠ. ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʤʦʛʫʪ ʙʳʪʴ ʩʦʭʨʘʥʝʥʳ ʪʨʘʝʢʪʦʨʠʠ ʚʩʝʭ ʯʘʩʪʠʮ 

ʠ ʜʨʫʛʠʝ ʜʘʥʥʳʝ, ʥʘʧʨʠʤʝʨ, ʢʦʥʮʝʥʪʨʘʮʠʠ ʦʩʘʞʜʸʥʥʳʭ ʯʘʩʪʠʮ ʥʘ ʧʦʚʝʨʭʥʦʩʪʷʭ, ʧʘʨʘʤʝʪʨʳ 

ʛʝʦʤʝʪʨʠʠ ʪʚʸʨʜʳʭ ʪʝʣ ʠ ʨʘʟʣʠʯʥʘʷ ʦʧʠʩʘʪʝʣʴʥʘʷ ʩʪʘʪʠʩʪʠʢʘ. ɺ ʧʨʦʮʝʩʩʝ ʚʳʧʦʣʥʝʥʠʷ ʨʘʩʯʸʪʘ 

ʤʦʜʝʣʴ ʧʝʨʠʦʜʠʯʝʩʢʠ ʚʳʚʦʜʠʪ ʚ ʢʦʥʩʦʣʴ ʩʪʘʪʠʩʪʠʯʝʩʢʠʝ ʩʚʦʜʢʠ, ʦʪʨʘʞʘʶʱʠʝ ʜʠʥʘʤʠʢʫ ʯʠʩʣʘ 

ʯʘʩʪʠʮ (ʢʦʣʠʯʝʩʪʚʦ ʚʩʝʭ ʯʘʩʪʠʮ, ʘʢʪʠʚʥʳʭ, ʧʦʢʠʥʫʚʰʠʭ ʦʙʣʘʩʪʴ ʠ ʪ.ʜ.). ʅʘ ʨʠʩʫʥʢʝ 2.5 

ʧʨʠʚʝʜʸʥ ʧʨʠʤʝʨ ʚʠʟʫʘʣʠʟʘʮʠʠ ʨʘʩʩʯʠʪʘʥʥʳʭ ʪʨʘʝʢʪʦʨʠʡ ʯʘʩʪʠʮ ʜʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦ ʨʘʩʯʸʪʫ 

ʧʝʨʝʥʦʩʘ ʧʨʠʤʝʩʠ ʚ ʩʝʨʠʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʭ ʚʝʪʨʫ ʛʦʨʦʜʩʢʠʭ ʢʘʥʴʦʥʦʚ.  

 

ʈʠʩʫʥʦʢ 2.5. ɺʠʟʫʘʣʠʟʘʮʠʷ ʪʨʘʝʢʪʦʨʠʡ ʯʘʩʪʠʮ ʚ ʩʝʨʠʠ ʛʦʨʦʜʩʢʠʭ ʢʘʥʴʦʥʦʚ. 

ɺʳʯʠʩʣʠʪʝʣʴʥʘʷ ʩʪʦʠʤʦʩʪʴ ʢʦʥʢʨʝʪʥʦʛʦ ʯʠʩʣʝʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʩʦʚʦʢʫʧʥʦʩʪʴʶ ʬʘʢʪʦʨʦʚ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ: ʢʦʣʠʯʝʩʪʚʦ ʯʘʩʪʠʮ, ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʧʝʨʠʦʜʘ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʚʳʙʨʘʥʥʳʝ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ, ʨʘʟʨʝʰʝʥʠʝ ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʠ, ʘ ʪʘʢʞʝ ʯʠʩʣʦ 

ʦʪʜʝʣʴʥʳʭ ʪʚʸʨʜʳʭ ʷʯʝʝʢ ʠʣʠ ʧʦʚʝʨʭʥʦʩʪʝʡ ʠ ʭʘʨʘʢʪʝʨ ʤʝʪʝʦʨʦʣʦʛʠʯʝʩʢʠʭ ʫʩʣʦʚʠʡ. ʉʪʦʣʴ 

ʙʦʣʴʰʦʝ ʯʠʩʣʦ ʟʘʚʠʩʠʤʦʩʪʝʡ ʜʝʣʘʝʪ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʤʦʜʝʣʠ ʥʝʣʠʥʝʡʥʦʡ ʧʦ ʯʠʩʣʫ ʯʘʩʪʠʮ, 
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ʦʜʥʘʢʦ ʣʘʛʨʘʥʞʝʚ ʧʦʜʭʦʜ ʦʪʢʨʳʚʘʝʪ ʰʠʨʦʢʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʝʸ ʦʧʪʠʤʠʟʘʮʠʠ. ʃʘʛʨʘʥʞʝʚʳ 

ʤʝʪʦʜʳ ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʠʤ ʧʦʪʝʥʮʠʘʣʦʤ ʜʣʷ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʷ ʚʳʯʠʩʣʝʥʠʡ, ʧʦʩʢʦʣʴʢʫ ʚ 

ʙʦʣʴʰʠʥʩʪʚʝ ʟʘʜʘʯ ʦʪʩʫʪʩʪʚʫʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʫʯʸʪʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ, ʯʪʦ 

ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʥʝʟʘʚʠʩʠʤʳʝ ʨʘʩʯʸʪʳ ʜʣʷ ʢʘʞʜʦʡ ʯʘʩʪʠʮʳ ʠʣʠ ʠʭ ʛʨʫʧʧ. ʕʪʘ 

ʥʝʟʘʚʠʩʠʤʦʩʪʴ ʨʘʩʯʸʪʦʚ ʦʪʢʨʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʜʣʷ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʷ ʢʘʢ ʧʦ ʯʠʩʣʫ ʯʘʩʪʠʮ, 

ʪʘʢ ʠ ʧʦʩʨʝʜʩʪʚʦʤ ʜʝʢʦʤʧʦʟʠʮʠʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʦʙʣʘʩʪʠ. ʅʝʦʙʭʦʜʠʤʦʩʪʴ ʨʝʘʣʠʟʘʮʠʠ ʵʪʠʭ 

ʚʦʟʤʦʞʥʦʩʪʝʡ ʩʪʘʣʘ ʦʯʝʚʠʜʥʦʡ ʚ ʭʦʜʝ ʧʝʨʚʳʭ ʞʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩ ʙʦʣʴʰʠʤ ʯʠʩʣʦʤ ʯʘʩʪʠʮ 

(ʧʦʨʷʜʢʘ 106ï108 ʟʘ ʦʜʠʥ ʨʘʩʯʸʪ). 

2.6 ɺʳʯʠʩʣʠʪʝʣʴʥʘʷ ʦʧʪʠʤʠʟʘʮʠʷ 

ɼʣʷ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʘʣʛʦʨʠʪʤʘ ʤʦʜʝʣʠ ʨʘʩʩʤʦʪʨʠʤ ʩʪʨʫʢʪʫʨʫ ʝʛʦ 

ʧʨʦʛʨʘʤʤʥʦʡ ʨʝʘʣʠʟʘʮʠʠ. ɽʸ ʤʦʞʥʦ ʫʩʣʦʚʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʯʝʪʳʨʝ ʦʩʥʦʚʥʳʭ ʙʣʦʢʘ: ʵʪʘʧ 

ʠʥʠʮʠʘʣʠʟʘʮʠʠ, ʙʣʦʢ ʨʘʩʯʸʪʘ ʜʠʥʘʤʠʢʠ, ʙʣʦʢ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʠ ʙʣʦʢ ʟʘʧʠʩʠ ʨʝʟʫʣʴʪʘʪʦʚ ʚ 

ʬʘʡʣ. ʆʩʥʦʚʥʦʡ ʦʙʲʸʤ ʚʳʯʠʩʣʝʥʠʡ ʩʦʩʨʝʜʦʪʦʯʝʥ ʚ ʙʣʦʢʝ ʨʘʩʯʸʪʘ ʜʠʥʘʤʠʢʠ, ʢʦʪʦʨʳʡ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʮʠʢʣ ʧʦ ʚʨʝʤʝʥʠ, ʛʜʝ ʥʘ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ ʚʳʧʦʣʥʷʶʪʩʷ ʵʤʠʩʩʠʷ ʯʘʩʪʠʮ ʠ 

ʨʘʩʯʸʪ ʥʦʚʳʭ ʢʦʦʨʜʠʥʘʪ ʠ ʩʢʦʨʦʩʪʝʡ. 

ʀʤʝʥʥʦ ʧʦʵʪʦʤʫ ʦʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ ʙʳʣʦ ʫʜʝʣʝʥʦ ʧʦʚʳʰʝʥʠʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʷʜʨʘ. ɼʣʷ ʵʪʦʛʦ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʪʨʠ ʪʝʭʥʦʣʦʛʠʠ ʧʘʨʘʣʣʝʣʴʥʦʛʦ 

ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ: OpenMP ʠ MPI ʜʣʷ ʚʳʯʠʩʣʝʥʠʡ ʥʘ ʮʝʥʪʨʘʣʴʥʳʭ ʧʨʦʮʝʩʩʦʨʘʭ (CPU), ʘ 

ʪʘʢʞʝ ʪʝʭʥʦʣʦʛʠʷ CUDA ʜʣʷ ʘʜʘʧʪʘʮʠʠ ʘʣʛʦʨʠʪʤʦʚ ʧʦʜ ʘʨʭʠʪʝʢʪʫʨʫ ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʦʚ 

(GPU). ʊʝʩʪʠʨʦʚʘʥʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʥʘ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʝ çʃʦʤʦʥʦʩʦʚ-

2è. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʩʧʦʣʴʟʦʚʘʥʥʦʡ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʳ ʠ ʧʦʣʫʯʝʥʥʳʝ ʦʮʝʥʢʠ 

ʫʩʢʦʨʝʥʠʷ ʨʘʙʦʪʳ ʤʦʜʝʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣ. 2.1 [ɺʘʨʝʥʮʦʚ ʠ ʜʨ., 2023]. 

ʇʨʝʞʜʝ ʯʝʤ ʧʨʠʩʪʫʧʘʪʴ ʢ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʶ, ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʦʧʪʠʤʠʟʘʮʠʷ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʡ ʚʝʨʩʠʠ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʜʘ. ʆʥʘ ʟʘʢʣʶʯʘʣʘʩʴ ʚ ʟʘʤʝʥʝ ʤʥʦʛʦʤʝʨʥʳʭ 

ʤʘʩʩʠʚʦʚ, ʠʩʧʦʣʴʟʦʚʘʚʰʠʭʩʷ ʜʣʷ ʭʨʘʥʝʥʠʷ ʜʘʥʥʳʭ, ʥʘ ʦʜʥʦʤʝʨʥʳʝ. ɺ ʢʦʜʝ ʤʦʜʝʣʠ 

ʧʨʠʩʫʪʩʪʚʦʚʘʣʦ ʜʚʘ ʪʘʢʠʭ ʯʝʪʳʨʸʭʤʝʨʥʳʭ (ʪʨʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʠʟʤʝʨʝʥʠʷ ʠ ʚʨʝʤʷ) ʤʘʩʩʠʚʘ: 

ʦʩʥʦʚʥʦʡ ʤʘʩʩʠʚ ʜʣʷ ʭʨʘʥʝʥʠʷ ʧʦʣʝʡ ʤʝʪʝʦʚʝʣʠʯʠʥ ʚ ʫʟʣʘʭ ʩʝʪʢʠ ʠ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʡ ʤʘʩʩʠʚ 

ʜʣʷ ʘʛʨʝʛʠʨʦʚʘʥʠʷ ʜʘʥʥʳʭ ʧʨʠ ʨʘʩʯʸʪʝ ʢʦʥʮʝʥʪʨʘʮʠʡ. ʀʭ çʚʳʪʷʛʠʚʘʥʠʝè ʚ ʦʜʥʦʤʝʨʥʳʝ 

ʤʘʩʩʠʚʳ ʩ ʜʣʠʥʦʡ, ʨʘʚʥʦʡ ʧʨʦʠʟʚʝʜʝʥʠʶ ʚʩʝʭ ʨʘʟʤʝʨʥʦʩʪʝʡ, ʧʦʟʚʦʣʠʣʦ ʩʦʢʨʘʪʠʪʴ ʚʨʝʤʷ 

ʚʳʧʦʣʥʝʥʠʷ ʥʘ 12-27% ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʬʠʛʫʨʘʮʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʊʘʢʦʝ ʫʩʢʦʨʝʥʠʝ 

ʜʦʩʪʠʛʘʝʪʩʷ ʟʘ ʩʯʸʪ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʢʵʰ-ʧʘʤʷʪʠ ʮʝʥʪʨʘʣʴʥʦʛʦ ʧʨʦʮʝʩʩʦʨʘ 
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ʠ ʫʣʫʯʰʝʥʠʷ ʚʦʟʤʦʞʥʦʩʪʝʡ ʜʣʷ ʚʝʢʪʦʨʠʟʘʮʠʠ ʚʳʯʠʩʣʝʥʠʡ. ɺ ʜʘʣʴʥʝʡʰʝʤ ʵʪʘ ʦʧʪʠʤʠʟʘʮʠʷ 

ʙʳʣʘ ʩʦʭʨʘʥʝʥʘ ʚʦ ʚʩʝʭ ʧʘʨʘʣʣʝʣʴʥʳʭ ʨʝʘʣʠʟʘʮʠʷʭ ʤʦʜʝʣʠ. 

ʊʘʙʣʠʮʘ 2.1. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʩʠʩʪʝʤ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʚ ʯʠʩʣʝʥʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ, ʠ ʦʮʝʥʢʠ ʫʩʢʦʨʝʥʠʷ ʨʘʩʯʸʪʦʚ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʤʝʪʦʜʦʚ. 

ɸʨʭʠʪʝʢʪʫʨʘ CPU GPU 
ʏʠʩʣʦ 

ʧʨʦʮʝʩʩʦʚ 

ʋʤʝʥʴʰʝʥʠʝ ʚʨʝʤʝʥʠ 

ʨʘʩʯʸʪʘ  

OpenMP 
Intel Xeon E5-2697 

v3 2.60GHz 
- 14 ʜʦ 4 ʨʘʟ 

MPI 
Intel Xeon E5-2697 

v3 2.60GHz 
- 14 ʜʦ 8 ʨʘʟ 

CUDA 
Intel Xeon E5-2697 

v3 2.60GHz 
Nvidia P100 

128 ʙʣʦʢʦʚ, 

64 ʥʠʪʠ 
ʜʦ 16 ʨʘʟ 

 

ʇʝʨʝʭʦʜʷ ʢ ʧʘʨʘʣʣʝʣʴʥʳʤ ʨʝʘʣʠʟʘʮʠʷʤ, ʨʘʩʩʤʦʪʨʠʤ ʩʥʘʯʘʣʘ ʧʦʜʭʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ 

ʦʙʱʝʡ ʧʘʤʷʪʠ. ɼʣʷ ʘʜʘʧʪʘʮʠʠ ʧʨʦʛʨʘʤʤʳ ʥʘ OpenMP ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʠʨʝʢʪʠʚʘ 

ʢʦʤʧʠʣʷʪʦʨʘ #pragma parallel for, ʢʦʪʦʨʘʷ ʧʨʠʤʝʥʷʣʘʩʴ ʢ ʮʠʢʣʘʤ ʚ ʬʫʥʢʮʠʷʭ, 

ʨʘʩʩʯʠʪʳʚʘʶʱʠʭ ʥʦʚʳʝ ʢʦʦʨʜʠʥʘʪʳ ʠ ʚʝʢʪʦʨʳ ʩʢʦʨʦʩʪʠ ʜʣʷ ʢʘʞʜʦʡ ʯʘʩʪʠʮʳ. ʇʨʠʤʝʥʝʥʠʝ 

OpenMP ʧʦʟʚʦʣʠʣʦ ʫʩʢʦʨʠʪʴ ʚʝʩʴ ʧʨʦʮʝʩʩ ʨʘʙʦʪʳ ʤʦʜʝʣʠ ʜʦ 4 ʨʘʟ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 14 

ʧʨʦʮʝʩʩʦʚ. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʧʘʨʘʣʣʝʣʴʥʦʡ ʧʨʦʛʨʘʤʤʳ ɖr (ʦʪʥʦʰʝʥʠʝ ʫʩʢʦʨʝʥʠʷ ʢ ʯʠʩʣʫ 

ʧʨʦʮʝʩʩʦʚ) ʚ ʵʪʦʡ ʟʘʜʘʯʝ ʩʦʩʪʘʚʠʣʘ ʂ  ςȾχ. ʉʪʦʣʴ ʥʝʚʳʩʦʢʦʝ ʟʥʘʯʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʦʙʲʷʩʥʷʝʪʩʷ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʟʘʢʦʥʦʤ ɸʤʜʘʣʘ: ʟʥʘʯʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʜʘ, ʚ 

ʯʘʩʪʥʦʩʪʠ, ʙʣʦʢʠ ʠʥʠʮʠʘʣʠʟʘʮʠʠ ʠ ʦʙʨʘʙʦʪʢʠ ʩʪʘʪʠʩʪʠʢʠ, ʦʩʪʘʣʠʩʴ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤʠ. ʀʭ 

ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʝ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʜʘʣʴʥʝʡʰʝʡ ʨʘʙʦʪʳ. ʂʣʶʯʝʚʳʤ 

ʦʛʨʘʥʠʯʝʥʠʝʤ ʪʝʭʥʦʣʦʛʠʠ OpenMP ʷʚʣʷʝʪʩʷ ʤʘʩʰʪʘʙʠʨʫʝʤʦʩʪʴ ʚ ʧʨʝʜʝʣʘʭ ʦʜʥʦʛʦ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʫʟʣʘ ʩ ʦʙʱʝʡ ʧʘʤʷʪʴʶ, ʯʪʦ ʥʝ ʧʦʟʚʦʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦ ʟʘʜʝʡʩʪʚʦʚʘʪʴ ʨʝʩʫʨʩʳ 

ʢʨʫʧʥʳʭ ʢʣʘʩʪʝʨʥʳʭ ʩʠʩʪʝʤ ʙʝʟ ʧʨʠʚʣʝʯʝʥʠʷ MPI. ʆʜʥʘʢʦ, ʧʦʩʢʦʣʴʢʫ ʵʪʦʪ ʧʦʜʭʦʜ ʥʝ ʪʨʝʙʫʝʪ 

ʚʳʜʝʣʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʧʘʤʷʪʠ, ʦʥ ʷʚʣʷʝʪʩʷ ʦʧʪʠʤʘʣʴʥʳʤ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʘ 

ʤʥʦʛʦʷʜʝʨʥʳʭ ʧʝʨʩʦʥʘʣʴʥʳʭ ʢʦʤʧʴʶʪʝʨʘʭ ʠ ʨʘʙʦʯʠʭ ʩʪʘʥʮʠʷʭ. 

ɼʣʷ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ ʥʘ ʨʘʩʧʨʝʜʝʣʸʥʥʳʭ ʩʠʩʪʝʤʘʭ ʙʳʣʘ ʨʝʘʣʠʟʦʚʘʥʘ ʚʝʨʩʠʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʭʥʦʣʦʛʠʠ MPI. ʕʪʘ ʨʝʘʣʠʟʘʮʠʷ ʧʦʟʚʦʣʠʣʘ ʜʦʩʪʠʯʴ ʫʩʢʦʨʝʥʠʷ ʧʨʠʤʝʨʥʦ ʚ 8 

ʨʘʟ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʡ ʚʝʨʩʠʝʡ, ʯʪʦ ʚʜʚʦʝ ʙʳʩʪʨʝʝ ʚʘʨʠʘʥʪʘ ʩ OpenMP ʜʣʷ ʪʦʛʦ 

ʞʝ ʙʣʦʢʘ ʘʣʛʦʨʠʪʤʦʚ, ʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʚʳʨʦʩʣʘ ʜʦ ʂ  τȾχ. ɻʣʘʚʥʦʝ 
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ʧʨʝʠʤʫʱʝʩʪʚʦ MPI-ʧʦʜʭʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʨʘʩʧʨʝʜʝʣʸʥʥʦʡ ʧʘʤʷʪʠ. ʂʘʞʜʳʡ 

MPI-ʧʨʦʮʝʩʩ ʨʘʙʦʪʘʝʪ ʩ ʩʦʙʩʪʚʝʥʥʳʤ, ʚ n ʨʘʟ ʤʝʥʴʰʠʤ ʬʨʘʛʤʝʥʪʦʤ ʦʙʱʝʛʦ ʤʘʩʩʠʚʘ ʯʘʩʪʠʮ, 

ʯʪʦ ʧʦʚʳʰʘʝʪ ʣʦʢʘʣʴʥʦʩʪʴ ʜʘʥʥʳʭ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʦʙʨʘʱʝʥʠʡ ʢ ʧʘʤʷʪʠ. ʂʨʦʤʝ ʪʦʛʦ, ʵʪʦ 

ʠʟʙʘʚʣʷʝʪ ʦʪ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʦʙʨʘʙʦʪʢʠ ʩʦʩʪʦʷʥʠʡ ʛʦʥʢʠ (race conditions) ʧʨʠ ʟʘʧʠʩʠ ʚ ʦʙʱʫʶ 

ʧʘʤʷʪʴ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʦʙʷʟʘʪʝʣʴʥʳʤ ʜʣʷ OpenMP. ʆʩʥʦʚʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ MPI ʷʚʣʷʝʪʩʷ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʦʨʛʘʥʠʟʘʮʠʠ ʦʙʤʝʥʘ ʜʘʥʥʳʤʠ ʤʝʞʜʫ ʧʨʦʮʝʩʩʘʤʠ. ɺ ʪʝʢʫʱʝʡ ʨʝʘʣʠʟʘʮʠʠ ʜʣʷ 

ʩʙʦʨʘ ʩʪʘʪʠʩʪʠʢʠ ʠ ʟʘʧʠʩʠ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʠʥʭʨʦʥʥʳʡ ʘʣʛʦʨʠʪʤ: ʥʘ ʢʘʞʜʦʤ ʰʘʛʝ 

ʚʳʚʦʜʘ ʚʩʝ ʧʨʦʮʝʩʩʳ, ʢʨʦʤʝ ʢʦʨʥʝʚʦʛʦ, ʧʝʨʝʜʘʶʪ ʝʤʫ ʜʘʥʥʳʝ ʦ ʩʚʦʠʭ ʯʘʩʪʠʮʘʭ. ʕʪʦʪ ʧʦʜʭʦʜ 

ʚʝʜʸʪ ʢ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʥʘʢʣʘʜʥʳʤ ʨʘʩʭʦʜʘʤ ʥʘ ʧʘʤʷʪʴ (ʢʦʨʥʝʚʦʡ ʧʨʦʮʝʩʩ ʜʦʣʞʝʥ ʚʳʜʝʣʠʪʴ 

ʧʘʤʷʪʴ ʧʦʜ ʚʩʝ ʯʘʩʪʠʮʳ) ʠ ʢʦʤʤʫʥʠʢʘʮʠʠ. ʅʝʩʤʦʪʨʷ ʥʘ ʵʪʦ, ʚʝʨʩʠʷ ʩ MPI ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʠʤ 

ʧʦʪʝʥʮʠʘʣʦʤ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʯʠʩʣʘ ʫʟʣʦʚ ʠ ʷʚʣʷʝʪʩʷ 

ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦʡ ʜʣʷ ʨʝʰʝʥʠʷ ʥʘʠʙʦʣʝʝ ʚʳʯʠʩʣʠʪʝʣʴʥʦ ʸʤʢʠʭ ʟʘʜʘʯ ʥʘ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʥʳʭ 

ʩʠʩʪʝʤʘʭ. 

ʅʘʠʙʦʣʴʰʘʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʙʳʣʘ ʜʦʩʪʠʛʥʫʪʘ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚʳʯʠʩʣʝʥʠʡ ʥʘ 

ʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʨʘʭ (GPU). ɺʝʨʩʠʷ ʤʦʜʝʣʠ, ʨʝʘʣʠʟʦʚʘʥʥʘʷ ʩ ʧʦʤʦʱʴʶ ʪʝʭʥʦʣʦʛʠʠ CUDA 

(Compute Unified Device Architecture), ʧʦʢʘʟʘʣʘ ʫʩʢʦʨʝʥʠʝ ʜʦ 16 ʨʘʟ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʡ. ɽʩʣʠ ʞʝ ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʠʩʢʣʶʯʠʪʝʣʴʥʦ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʷʜʨʘ (ʨʘʩʯʸʪ ʥʦʚʳʭ ʩʢʦʨʦʩʪʝʡ ʠ ʢʦʦʨʜʠʥʘʪ), ʚʢʣʶʯʘʷ ʥʘʢʣʘʜʥʳʝ ʨʘʩʭʦʜʳ ʥʘ 

ʢʦʧʠʨʦʚʘʥʠʝ ʜʘʥʥʳʭ ʤʝʞʜʫ CPU ʠ GPU, ʪʦ ʣʦʢʘʣʴʥʦʝ ʫʩʢʦʨʝʥʠʝ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ 32 ʨʘʟ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʨʝʜʠ ʚʩʝʭ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʧʦʜʭʦʜʦʚ CUDA ʦʙʣʘʜʘʝʪ ʥʘʠʙʦʣʴʰʠʤ 

ʧʦʪʝʥʮʠʘʣʦʤ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ. ʆʜʥʘʢʦ ʫ ʵʪʦʛʦ ʧʦʜʭʦʜʘ ʝʩʪʴ ʠ 

ʩʫʱʝʩʪʚʝʥʥʳʝ ʥʝʜʦʩʪʘʪʢʠ. ɺʦ-ʧʝʨʚʳʭ, ʝʛʦ ʧʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʦʛʨʘʥʠʯʝʥʦ 

ʜʦʩʪʫʧʥʦʩʪʴʶ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʪʘʢ ʢʘʢ ʛʨʘʬʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʦʨʳ, 

ʧʦʜʜʝʨʞʠʚʘʶʱʠʝ CUDA, ʥʝ ʷʚʣʷʶʪʩʷ ʩʪʘʥʜʘʨʪʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ ʙʦʣʴʰʠʥʩʪʚʘ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʩʠʩʪʝʤ. ʕʪʦ ʥʘʣʘʛʘʝʪ ʩʪʨʦʛʠʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʪʝʭʥʠʯʝʩʢʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ 

ʘʧʧʘʨʘʪʥʦʡ ʧʣʘʪʬʦʨʤʳ. ɺʦ-ʚʪʦʨʳʭ, ʘʜʘʧʪʘʮʠʷ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʜʘ ʧʦʜ ʘʨʭʠʪʝʢʪʫʨʫ CUDA 

ʷʚʣʷʝʪʩʷ ʥʝʪʨʠʚʠʘʣʴʥʦʡ ʠ ʪʨʫʜʦʸʤʢʦʡ ʟʘʜʘʯʝʡ, ʪʨʝʙʫʶʱʝʡ ʦʪ ʨʘʟʨʘʙʦʪʯʠʢʘ ʦʪʜʝʣʴʥʳʭ 

ʢʦʤʧʝʪʝʥʮʠʡ ʚ ʦʙʣʘʩʪʠ ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʜʣʷ GPU. 

2.7 ɺʝʨʠʬʠʢʘʮʠʷ ʤʦʜʝʣʠ ʥʘ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʨʝʰʝʥʠʷʭ 

ʆʮʝʥʢʘ ʪʦʯʥʦʩʪʠ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʦʜʝʣʠ ʷʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʳʤ ʫʩʣʦʚʠʝʤ ʜʣʷ ʝʸ 

ʜʘʣʴʥʝʡʰʝʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʧʨʠʢʣʘʜʥʳʭ ʟʘʜʘʯʘʭ. ɼʣʷ ʚʝʨʠʬʠʢʘʮʠʠ ʤʦʛʫʪ ʙʳʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʨʘʟʣʠʯʥʳʝ ʪʠʧʳ ʵʪʘʣʦʥʥʳʭ ʜʘʥʥʳʭ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʪʨʠ 
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ʦʩʥʦʚʥʳʝ ʛʨʫʧʧʳ: ʜʘʥʥʳʝ ʥʘʪʫʨʥʳʭ ʠʟʤʝʨʝʥʠʡ, ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʦʚ ʜʨʫʛʠʭ, ʫʞʝ 

ʚʝʨʠʬʠʮʠʨʦʚʘʥʥʳʭ ʤʦʜʝʣʝʡ, ʠ ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʳʝ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ. 

ʂʣʶʯʝʚʦʡ ʠ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʤʦʡ ʚʝʣʠʯʠʥʦʡ ʜʣʷ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʚʦ ʚʩʝʭ ʵʪʠʭ 

ʩʣʫʯʘʷʭ ʷʚʣʷʝʪʩʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʯʘʩʪʠʮ. ʀʤʝʥʥʦ ʝʸ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʦʞʝʪ 

ʙʳʪʴ ʢʘʢ ʧʦʣʫʯʝʥʦ ʠʟ ʠʟʤʝʨʝʥʠʡ, ʪʘʢ ʠ ʦʧʠʩʘʥʦ ʘʥʘʣʠʪʠʯʝʩʢʠ, ʯʪʦ ʦʪʢʨʳʚʘʝʪ ʰʠʨʦʢʠʝ 

ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʚʝʨʠʬʠʢʘʮʠʠ. ʆʜʥʘʢʦ ʟʜʝʩʴ ʚʦʟʥʠʢʘʝʪ ʤʝʪʦʜʦʣʦʛʠʯʝʩʢʘʷ 

ʦʩʦʙʝʥʥʦʩʪʴ: ʢʦʥʮʝʥʪʨʘʮʠʷ ʧʦ ʩʚʦʝʡ ʧʨʠʨʦʜʝ ʷʚʣʷʝʪʩʷ ʵʡʣʝʨʦʚʦʡ ʚʝʣʠʯʠʥʦʡ, ʦʧʠʩʳʚʘʶʱʝʡ 

ʩʚʦʡʩʪʚʦ ʩʨʝʜʳ ʚ ʬʠʢʩʠʨʦʚʘʥʥʳʭ ʪʦʯʢʘʭ ʧʨʦʩʪʨʘʥʩʪʚʘ (ʥʘʧʨʠʤʝʨ, ʚ ʷʯʝʡʢʘʭ ʩʝʪʢʠ). ʊʘʢ, 

ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʯʘʩʪʦ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʚʠʜʝ ʚʝʨʪʠʢʘʣʴʥʳʭ ʧʨʦʬʠʣʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ï 

ʜʠʩʢʨʝʪʥʳʭ ʟʥʘʯʝʥʠʡ ʚ ʦʜʥʦʤʝʨʥʦʡ ʚʝʨʪʠʢʘʣʴʥʦʡ ʩʝʪʢʝ. ɼʣʷ ʢʦʨʨʝʢʪʥʦʛʦ ʩʨʘʚʥʝʥʠʷ 

ʨʝʟʫʣʴʪʘʪʦʚ ʣʘʛʨʘʥʞʝʚʦʡ ʤʦʜʝʣʠ ʩ ʪʘʢʠʤʠ ʵʡʣʝʨʦʚʳʤʠ ʜʘʥʥʳʤʠ ʥʝʦʙʭʦʜʠʤʦ ʪʝʦʨʝʪʠʯʝʩʢʦʝ 

ʦʙʦʩʥʦʚʘʥʠʝ ʠʭ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ. 

ʊʘʢʦʝ ʦʙʦʩʥʦʚʘʥʠʝ ʩʫʱʝʩʪʚʫʝʪ: ʢʘʢ ʙʳʣʦ ʫʧʦʤʷʥʫʪʦ ʨʘʥʝʝ, ʨʝʰʝʥʠʷ ʣʘʛʨʘʥʞʝʚʳʭ ʠ 

ʵʡʣʝʨʦʚʳʭ ʫʨʘʚʥʝʥʠʡ ʩʪʘʥʦʚʷʪʩʷ ʵʢʚʠʚʘʣʝʥʪʥʳʤʠ ʚ ʪʝʨʤʠʥʘʭ ʧʦʣʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚ ʣʘʛʨʘʥʞʝʚʦʡ ʤʦʜʝʣʠ ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ʪʠʧʘ çʤʦʜʝʣʴ 

ʩʣʫʯʘʡʥʳʭ ʩʤʝʱʝʥʠʡè (2.14)-(2.15) ʠ ʰʘʛʝ ʧʦ ʚʨʝʤʝʥʠ, ʩʪʨʝʤʷʱʝʤʩʷ ʢ ʥʫʣʶ. ɼʘʥʥʳʡ ʬʘʢʪ 

ʩʪʨʦʛʦ ʜʦʢʘʟʳʚʘʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʪʝʦʨʠʠ ʩʪʦʭʘʩʪʠʯʝʩʢʠʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʩ 

ʧʨʠʚʣʝʯʝʥʠʝʤ ʫʨʘʚʥʝʥʠʷ ʌʦʢʢʝʨʘ-ʇʣʘʥʢʘ [Durbin, 1983; Boughton et al., 1987; Glazunov, 2016]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʜʦʩʪʘʪʦʯʥʦ ʤʘʣʦʛʦ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠ ʩʪʘʥʦʚʠʪʩʷ 

ʚʦʟʤʦʞʥʳʤ ʢʦʨʨʝʢʪʥʦʝ ʩʦʧʦʩʪʘʚʣʝʥʠʝ ʧʦʣʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʨʘʩʩʯʠʪʘʥʥʳʭ ʣʘʛʨʘʥʞʝʚʦʡ 

ʤʦʜʝʣʴʶ, ʩ ʘʥʘʣʠʪʠʯʝʩʢʠʤʠ ʨʝʰʝʥʠʷʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʚ ʨʘʤʢʘʭ ʵʡʣʝʨʦʚʘ ʧʦʜʭʦʜʘ. 

ʇʝʨʚʦʥʘʯʘʣʴʥʳʡ ʵʪʘʧ ʚʝʨʠʬʠʢʘʮʠʠ ʤʦʜʝʣʠ ʚʢʣʶʯʘʣ ʩʦʧʦʩʪʘʚʣʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ 

ʣʘʛʨʘʥʞʝʚʳʭ ʨʘʩʯʸʪʦʚ ʩ ʵʡʣʝʨʦʚʳʤʠ ʘʥʘʣʠʪʠʯʝʩʢʠʤʠ ʨʝʰʝʥʠʷʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʜʣʷ ʩʣʫʯʘʷ 

ʧʘʩʩʠʚʥʳʭ ʯʘʩʪʠʮ. ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʧʦʜ ʧʘʩʩʠʚʥʳʤʠ ʧʦʥʠʤʘʶʪʩʷ ʤʝʣʢʦʜʠʩʧʝʨʩʥʳʝ ʠ ʣʸʛʢʠʝ 

ʯʘʩʪʠʮʳ (ʢʘʢ ʧʨʘʚʠʣʦ, ʨʘʟʤʝʨʦʤ ʥʝ ʙʦʣʝʝ 1-10 ʤʢʤ), ʜʣʷ ʢʦʪʦʨʳʭ ʚʣʠʷʥʠʝ ʠ ʠʥʝʨʮʠʠ 

(ʥʝʥʫʣʝʚʦʡ ʤʘʩʩʳ), ʠ ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ ʦʩʝʜʘʥʠʷ ʷʚʣʷʝʪʩʷ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʳʤ. 

ɸʥʘʣʠʪʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ ʜʣʷ ʜʚʫʭ ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʳʭ ʩʮʝʥʘʨʠʝʚ ʙʳʣʠ ʚʳʚʝʜʝʥʳ ʠʟ 

ʫʨʘʚʥʝʥʠʷ (1.1) ʧʨʠ ʩʣʝʜʫʶʱʠʭ ʜʦʧʫʱʝʥʠʷʭ: ʪʝʯʝʥʠʝ ʩʯʠʪʘʣʦʩʴ ʩʪʘʮʠʦʥʘʨʥʳʤ ʠ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦ-ʦʜʥʦʨʦʜʥʳʤ ʧʦ ʚʩʝʤ ʪʝʨʤʦʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʤ ʚʝʣʠʯʠʥʘʤ, ʘ ʩʨʝʜʥʷʷ 

ʚʝʨʪʠʢʘʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ʧʨʠʥʠʤʘʣʘʩʴ ʨʘʚʥʦʡ ʥʫʣʶ (ʧʨʠʙʣʠʞʝʥʠʝ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ). ʅʘ 

ʥʠʞʥʝʡ ʛʨʘʥʠʮʝ ʨʘʩʯʸʪʥʦʡ ʦʙʣʘʩʪʠ ʟʘʜʘʚʘʣʩʷ ʧʦʩʪʦʷʥʥʳʡ ʧʦʪʦʢ ʯʘʩʪʠʮ ʩ ʧʦʚʝʨʭʥʦʩʪʠ, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʥʘ ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʝ ʫʩʪʘʥʘʚʣʠʚʘʣʦʩʴ ʫʩʣʦʚʠʝ ʥʫʣʝʚʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ: ίᾀ π. ʇʨʠ 

ʪʘʢʠʭ ʫʩʣʦʚʠʷʭ ʧʝʨʚʳʡ, ʚʪʦʨʦʡ ʠ ʯʝʪʚʝʨʪʳʡ ʯʣʝʥʳ ʚ ʫʨʘʚʥʝʥʠʠ (1.1) ʦʙʨʘʱʘʶʪʩʷ ʚ ʥʦʣʴ. 
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ʆʩʪʘʚʰʘʷʩʷ ʯʘʩʪʴ ʫʨʘʚʥʝʥʠʷ ʟʘʪʝʤ ʠʥʪʝʛʨʠʨʫʝʪʩʷ ʧʦ ʚʝʨʪʠʢʘʣʴʥʦʡ ʢʦʦʨʜʠʥʘʪʝ z, ʧʨʠʯʸʤ ʚʠʜ 

ʨʝʰʝʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʦʥʢʨʝʪʥʦʡ ʬʦʨʤʦʡ ʧʨʦʬʠʣʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʫʨʙʫʣʝʥʪʥʦʡ ʜʠʬʬʫʟʠʠ. 

ʇʝʨʚʳʡ ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʳʡ ʩʮʝʥʘʨʠʡ ʦʧʠʩʳʚʘʝʪ ʥʝʡʪʨʘʣʴʥʦ ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʳʡ 

ʧʨʠʟʝʤʥʳʡ ʩʣʦʡ ʩ ʣʦʛʘʨʠʬʤʠʯʝʩʢʠʤ ʧʨʦʬʠʣʝʤ ʩʢʦʨʦʩʪʠ. ɼʣʷ ʵʪʦʛʦ ʩʣʫʯʘʷ ʢʦʵʬʬʠʮʠʝʥʪ 

ʪʫʨʙʫʣʝʥʪʥʦʡ ʜʠʬʬʫʟʠʠ ʟʘʜʘʚʘʣʩʷ ʧʦ ʬʦʨʤʫʣʝ (2.23), ʘ ʩʢʦʨʦʩʪʴ ʪʨʝʥʠʷ ʧʨʠʥʠʤʘʣʘʩʴ ʨʘʚʥʦʡ 

όz πȢρ ʤ/ʩ. 

ɺʪʦʨʦʡ ʩʮʝʥʘʨʠʡ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʪʝʯʝʥʠʝ ʂʫʵʪʪʘ ʤʝʞʜʫ ʜʚʫʤʷ ʧʘʨʘʣʣʝʣʴʥʳʤʠ 

ʧʣʦʩʢʦʩʪʷʤʠ. ɺ ʵʪʦʡ ʧʦʩʪʘʥʦʚʢʝ ʥʠʞʥʷʷ ʛʨʘʥʠʮʘ ʷʚʣʷʝʪʩʷ ʥʝʧʦʜʚʠʞʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʯʘʩʪʠʮ ʩ 

ʧʦʩʪʦʷʥʥʳʤ ʧʦʪʦʢʦʤ, ʘ ʚʝʨʭʥʷʷ ï ʛʨʘʥʠʮʝʡ ʩ ʫʩʣʦʚʠʝʤ ɼʠʨʠʭʣʝ (ʥʫʣʝʚʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʥʘ 

ʛʨʘʥʠʮʝ). ʅʘʣʠʯʠʝ ʜʚʫʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʠ ʩʦʟʜʘʚʘʝʤʦʛʦ ʠʤʠ ʩʜʚʠʛʦʚʦʛʦ ʪʨʝʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, 

ʯʪʦ ʢʦʵʬʬʠʮʠʝʥʪ ʪʫʨʙʫʣʝʥʪʥʦʡ ʜʠʬʬʫʟʠʠ ʦʧʠʩʳʚʘʝʪʩʷ ʙʦʣʝʝ ʩʣʦʞʥʳʤ ʚʳʨʘʞʝʥʠʝʤ: 

ὑ όzʆ
Ὤ

“
ÓÉÎ“

ᾀ

Ὤ
 ȟ (2.31) 

ʛʜʝ h ï ʚʳʩʦʪʘ ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʳ (ʜʚʠʞʫʱʝʡʩʷ ʧʣʦʩʢʦʩʪʠ). ʌʦʨʤʫʣʘ (2.31) ʧʝʨʝʭʦʜʠʪ ʢ 

ʣʠʥʝʡʥʦʤʫ ʧʨʦʬʠʣʶ (2.23) ʫ ʢʘʞʜʦʡ ʠʟ ʛʨʘʥʠʮ.  

ɺ ʫʩʣʦʚʠʷʭ ʦʪʩʫʪʩʪʚʠʷ ʩʨʝʜʥʝʡ ʚʝʨʪʠʢʘʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʩʢʦʨʦʩʪʠ ʠʤʝʥʥʦ 

ʢʦʵʬʬʠʮʠʝʥʪ ʪʫʨʙʫʣʝʥʪʥʦʡ ʜʠʬʬʫʟʠʠ ʠ ʝʛʦ ʚʝʨʪʠʢʘʣʴʥʘʷ ʧʨʦʠʟʚʦʜʥʘʷ ʚʥʦʩʷʪ ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ 

ʚ ʧʝʨʝʥʦʩ ʯʘʩʪʠʮ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʚʝʨʪʠʢʘʣʴʥʳʡ ʧʨʦʬʠʣʴ ʵʪʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʙʫʜʝʪ 

ʦʧʨʝʜʝʣʷʪʴ ʠ ʬʦʨʤʫ ʠʪʦʛʦʚʦʛʦ ʧʨʦʬʠʣʷ ʢʦʥʮʝʥʪʨʘʮʠʠ. ʅʘ ʨʠʩʫʥʢʝ 2.6 ʜʣʷ ʥʘʛʣʷʜʥʦʩʪʠ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʚʝʨʪʠʢʘʣʴʥʳʝ ʧʨʦʬʠʣʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʫʨʙʫʣʝʥʪʥʦʡ ʜʠʬʬʫʟʠʠ ʜʣʷ ʦʙʦʠʭ 

ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʩʣʫʯʘʝʚ, ʢʦʪʦʨʳʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʫʨʘʚʥʝʥʠʷʤ (2.23) ʠ (2.31). 

ʀʥʪʝʛʨʠʨʦʚʘʥʠʝ ʫʨʘʚʥʝʥʠʷ (1.1) ʩ ʫʯʸʪʦʤ ʚʳʰʝʦʧʠʩʘʥʥʳʭ ʫʩʣʦʚʠʡ ʜʣʷ 

ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʛʦ ʩʣʦʷ (ʠʩʧʦʣʴʟʫʷ ʬʦʨʤʫʣʫ (2.23) ʜʣʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʠʬʬʫʟʠʠ) ʧʨʠʚʦʜʠʪ ʢ 

ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʤʫ ʧʨʦʬʠʣʶ ʢʦʥʮʝʥʪʨʘʮʠʠ ʯʘʩʪʠʮ: 

ίᾀ
Ὄ

όzʆ
ÌÎ
ᾀ

Ὤ
 ȟ (2.32) 

ʛʜʝ H ï ʧʦʪʦʢ ʯʘʩʪʠʮ ʩ ʧʦʚʝʨʭʥʦʩʪʠ [ʯʘʩʪʠʮ ʤ-2 ʩ-1]. 

ɼʣʷ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʣʘʛʨʘʥʞʝʚʦʡ ʤʦʜʝʣʠ ʩ ʵʪʠʤ ʘʥʘʣʠʪʠʯʝʩʢʠʤ 

ʨʝʰʝʥʠʝʤ ʚ ʤʦʜʝʣʠ ʙʳʣʠ ʟʘʜʘʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʫʩʣʦʚʠʷ: ʚʝʨʪʠʢʘʣʴʥʳʡ ʧʨʦʬʠʣʴ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʠʬʬʫʟʠʠ ʧʦ ʬʦʨʤʫʣʝ (2.23), ʥʫʣʝʚʘʷ ʩʨʝʜʥʷʷ ʩʢʦʨʦʩʪʴ ʚʝʪʨʘ, ʘ ʪʘʢʞʝ 

ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʥʘ ʙʦʢʦʚʳʭ ʛʨʘʥʠʮʘʭ. ʉ ʥʠʞʥʝʡ ʛʨʘʥʠʮʳ ʧʨʦʠʩʭʦʜʠʣʘ 

ʵʤʠʩʩʠʷ ʯʘʩʪʠʮ ʨʘʟʤʝʨʦʤ 1 ʤʢʤ ʠ ʧʣʦʪʥʦʩʪʴʶ 1000 ʢʛ/ʤį, ʘ ʚʝʨʭʥʷʷ ʛʨʘʥʠʮʘ ʙʳʣʘ ʧʨʦʥʠʮʘʝʤʦʡ 

(ʧʦʛʣʦʱʘʶʱʝʡ), ʯʪʦ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʵʢʚʠʚʘʣʝʥʪʥʦ ʵʡʣʝʨʦʚʦʡ ʧʦʩʪʘʥʦʚʢʝ (Durbin, 1983). 
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ʈʝʟʫʣʴʪʘʪʦʤ ʨʘʩʯʸʪʘ ʷʚʣʷʣʩʷ ʫʩʪʘʥʦʚʠʚʰʠʡʩʷ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʳʡ ʚʝʨʪʠʢʘʣʴʥʳʡ ʧʨʦʬʠʣʴ 

ʢʦʥʮʝʥʪʨʘʮʠʠ, ʢʦʪʦʨʳʡ ʠ ʩʦʧʦʩʪʘʚʣʷʣʩʷ ʩ ʘʥʘʣʠʪʠʯʝʩʢʠʤ ʨʝʰʝʥʠʝʤ. ʂʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 

2.7ʘ, ʤʦʜʝʣʴʥʳʡ (ʙʝʟ ʫʯʸʪʘ ʨʘʩʧʘʜʘ ʯʘʩʪʠʮ) ʠ ʘʥʘʣʠʪʠʯʝʩʢʠʡ ʧʨʦʬʠʣʠ ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʶʪ, 

ʜʝʤʦʥʩʪʨʠʨʫʷ ʚʳʩʦʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʢʦʨʨʝʣʷʮʠʠ (0.96). ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ 

ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʤ ʩʦʦʪʚʝʪʩʪʚʠʠ ʵʡʣʝʨʦʚʘ ʠ ʣʘʛʨʘʥʞʝʚʘ ʧʦʜʭʦʜʦʚ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ. 

 

ʈʠʩʫʥʦʢ 2.6. ɺʝʨʪʠʢʘʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʫʨʙʫʣʝʥʪʥʦʡ ʜʠʬʬʫʟʠʠ ʚ 

ʥʝʡʪʨʘʣʴʥʦ ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʦʤ ʧʨʠʟʝʤʥʦʤ ʩʣʦʝ ʩ ʣʦʛʘʨʠʬʤʠʯʝʩʢʠʤ ʧʨʦʬʠʣʝʤ ʩʢʦʨʦʩʪʠ 

ʠ ʚ ʪʝʯʝʥʠʠ ʂʫʵʪʪʘ. 

ɸʥʘʣʦʛʠʯʥʘʷ ʧʨʦʮʝʜʫʨʘ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʠ ʜʣʷ ʪʝʯʝʥʠʷ ʂʫʵʪʪʘ. ʀʥʪʝʛʨʠʨʦʚʘʥʠʝ 

ʫʨʘʚʥʝʥʠʷ (1.1) ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʬʦʨʤʫʣʳ (2.31) ʜʣʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʠʬʬʫʟʠʠ ʠ ʫʧʦʤʷʥʫʪʳʭ 

ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ ʜʘʸʪ ʩʣʝʜʫʶʱʠʡ ʧʨʦʬʠʣʴ ʢʦʥʮʝʥʪʨʘʮʠʠ: 

ίᾀ
Ὄ

όzὯ
ÌÎÔÇ“

ᾀ

ςὬ
ὅȟ (2.33) 

ʛʜʝ ʉ ï ʩʨʝʜʥʝʝ ʘʨʠʬʤʝʪʠʯʝʩʢʦʝ ʢʦʥʮʝʥʪʨʘʮʠʡ ʯʘʩʪʠʮ ʥʘ ʜʚʫʭ ʩʠʤʤʝʪʨʠʯʥʳʭ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʩʝʨʝʜʠʥʳ ʩʣʦʷ ʚʳʩʦʪʥʳʭ ʫʨʦʚʥʷʭ. 

ʋʩʣʦʚʠʷ ʯʠʩʣʝʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠ ʧʨʦʮʝʜʫʨʘ ʩʨʘʚʥʝʥʠʷ ʙʳʣʠ ʠʜʝʥʪʠʯʥʳ 

ʧʨʝʜʳʜʫʱʝʤʫ ʩʣʫʯʘʶ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʧʨʦʬʠʣʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʫʨʙʫʣʝʥʪʥʦʡ ʜʠʬʬʫʟʠʠ, 

ʢʦʪʦʨʳʡ ʪʝʧʝʨʴ ʟʘʜʘʚʘʣʩʷ ʫʨʘʚʥʝʥʠʝʤ (2.31). ʈʝʟʫʣʴʪʘʪʳ ʵʪʦʛʦ ʩʨʘʚʥʝʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ 

ʨʠʩʫʥʢʝ 2.7ʙ. ʄʦʜʝʣʴʥʳʡ ʠ ʘʥʘʣʠʪʠʯʝʩʢʠʡ ʧʨʦʬʠʣʠ ʚʥʦʚʴ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʦʪʣʠʯʥʦʝ 

ʩʦʚʧʘʜʝʥʠʝ ʠ ʚʳʩʦʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʢʦʨʨʝʣʷʮʠʠ (0.99). ʅʝʙʦʣʴʰʠʝ ʨʘʩʭʦʞʜʝʥʠʷ ʟʘʤʝʪʥʳ 

ʣʠʰʴ ʚʙʣʠʟʠ ʥʠʞʥʝʡ ʛʨʘʥʠʮʳ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʨʝʘʣʠʟʘʮʠʠ ʵʤʠʩʩʠʠ ʯʘʩʪʠʮ ʚ 
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ʣʘʛʨʘʥʞʝʚʦʤ ʧʦʜʭʦʜʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠ ʜʣʷ ʵʪʦʛʦ ʩʣʫʯʘʷ ʤʦʞʥʦ ʛʦʚʦʨʠʪʴ ʦ ʧʨʘʢʪʠʯʝʩʢʠ 

ʧʦʣʥʦʤ ʩʦʦʪʚʝʪʩʪʚʠʠ ʜʚʫʭ ʧʦʜʭʦʜʦʚ ʢ ʨʘʩʯʸʪʫ ʢʦʥʮʝʥʪʨʘʮʠʠ. 

ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʥʘ ʦʙʝʠʭ ʯʘʩʪʷʭ ʨʠʩʫʥʢʘ 2.7 ʧʨʠʚʝʜʝʥʳ ʢʨʠʚʳʝ ʤʦʜʝʣʴʥʳʭ ʚʝʨʪʠʢʘʣʴʥʳʭ 

ʧʨʦʬʠʣʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʣʷ ʩʣʫʯʘʝʚ, ʢʦʛʜʘ ʫ ʯʘʩʪʠʮ ʧʨʠ ʧʨʦʯʠʭ ʨʘʚʥʳʭ ʫʩʣʦʚʠʷʭ ʟʘʜʘʚʘʣʦʩʴ 

ʦʛʨʘʥʠʯʝʥʥʦʝ ʚʨʝʤʷ ʞʠʟʥʠ ʩ ʧʝʨʠʦʜʦʤ ʧʦʣʫʨʘʩʧʘʜʘ ʦʪ 1 ʜʦ 100 ʩ. ʕʪʠ ʜʘʥʥʳʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʤʦʜʝʣʠ ʫʯʠʪʳʚʘʪʴ ʨʘʩʧʘʜ ʯʘʩʪʠʮ ʠ ʪʦ, ʥʘʩʢʦʣʴʢʦ ʩʠʣʴʥʦ ʵʪʦʪ ʧʨʦʮʝʩʩ ʤʦʞʝʪ 

ʚʣʠʷʪʴ ʥʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʵʨʦʟʦʣʝʡ ʠ ʘʙʩʦʣʶʪʥʳʝ ʟʥʘʯʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʡ, 

ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʚʘʞʥʦ ʚ ʟʘʜʘʯʘʭ ʩ ʤʘʣʳʤʠ ʚʨʝʤʝʥʘʤʠ ʞʠʟʥʠ (ʭʠʤʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ, 

ʙʠʦʣʦʛʠʯʝʩʢʠ ʘʢʪʠʚʥʳʝ ʘʵʨʦʟʦʣʠ).  

ɺ ʟʘʢʣʶʯʝʥʠʝ ʵʪʦʛʦ ʵʪʘʧʘ ʚʝʨʠʬʠʢʘʮʠʠ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ ʥʝʩʢʦʣʴʢʦ ʤʦʤʝʥʪʦʚ. ɺʦ-ʧʝʨʚʳʭ, 

ʙʳʣʘ ʫʩʧʝʰʥʦ ʧʨʦʚʝʨʝʥʘ ʨʘʙʦʪʘ ʣʘʛʨʘʥʞʝʚʦʡ ʤʦʜʝʣʠ ʩ ʧʘʨʘʤʝʪʨʠʟʘʮʠʝʡ ʩʣʫʯʘʡʥʳʭ ʩʤʝʱʝʥʠʡ 

ʥʘ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʨʝʰʝʥʠʷʭ, ʥʦ ʪʦʣʴʢʦ ʜʣʷ ʧʘʩʩʠʚʥʳʭ ʯʘʩʪʠʮ. ʊʝʩʪʦʚʳʝ ʨʘʩʯʸʪʳ ʩ ʙʦʣʝʝ 

ʪʷʞyʣʳʤʠ ʯʘʩʪʠʮʘʤʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʠʭ ʧʨʦʬʠʣʠ ʢʦʥʮʝʥʪʨʘʮʠʡ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʢʣʦʥʷʶʪʩʷ ʦʪ 

ʧʦʣʫʯʝʥʥʳʭ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ. ɺʦ-ʚʪʦʨʳʭ, ʚ ʜʘʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʚʳʙʦʨ ʤʝʞʜʫ 

ʬʦʨʤʫʣʘʤʠ (2.3) ʠ (2.6) ʜʣʷ ʨʘʩʯʸʪʘ ʩʠʣʳ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʩʨʝʜʳ ʥʝ ʠʤʝʣ ʟʥʘʯʝʥʠʷ, ʧʦʩʢʦʣʴʢʫ 

ʜʣʷ ʧʘʩʩʠʚʥʳʭ ʯʘʩʪʠʮ ʵʪʦʪ ʬʘʢʪʦʨ ʥʝ ʦʢʘʟʳʚʘʝʪ ʟʘʤʝʪʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʠʭ ʧʝʨʝʥʦʩ. 

ʘ) ʙ) 

ʈʠʩʫʥʦʢ 2.7. ʇʨʦʬʠʣʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʯʘʩʪʠʮ ʚ ʧʨʠʟʝʤʥʦʤ ʩʣʦʝ ʜʣʷ ʩʣʫʯʘʷ ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʛʦ 

ʧʨʦʬʠʣʷ ʩʢʦʨʦʩʪʠ (ʘ) ʠ ʪʝʯʝʥʠʷ ʂʫʵʪʪʘ (ʙ) ʙʝʟ ʫʯʸʪʘ ʢʦʥʝʯʥʦʛʦ ʚʨʝʤʝʥʠ ʞʠʟʥʠ ʯʘʩʪʠʮ 

(ʢʨʘʩʥʘʷ ʢʨʠʚʘʷ) ʠ ʩ ʝʛʦ ʫʯʸʪʦʤ (ʯʸʨʥʳʝ ʢʨʠʚʳʝ). 

ʉʣʝʜʫʶʱʠʡ ʵʪʘʧ ʚʝʨʠʬʠʢʘʮʠʠ ʙʳʣ ʥʘʮʝʣʝʥ ʥʘ ʧʨʦʚʝʨʢʫ ʢʦʨʨʝʢʪʥʦʩʪʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʧʝʨʝʥʦʩʘ ʠʥʝʨʮʠʦʥʥʳʭ ʯʘʩʪʠʮ. ɼʣʷ ʵʪʦʛʦ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʙʦʣʝʝ ʩʣʦʞʥʳʝ ʘʥʘʣʠʪʠʯʝʩʢʠʝ 

ʨʝʰʝʥʠʷ, ʫʯʠʪʳʚʘʶʱʠʝ ʚʣʠʷʥʠʝ ʠʭ ʤʘʩʩʳ ʠ ʨʘʟʤʝʨʘ. ɺ ʢʘʯʝʩʪʚʝ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʦʩʥʦʚʳ ʙʳʣʘ 
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ʚʟʷʪʘ ʨʘʙʦʪʘ [Wamser, Lykossov, 1995], ʧʦʩʚʷʱʸʥʥʘʷ ʠʩʩʣʝʜʦʚʘʥʠʶ ʩʢʦʨʦʩʪʠ ʪʨʝʥʠʷ ʚ 

ʫʩʣʦʚʠʷʭ ʩʠʣʴʥʳʭ ʤʝʪʝʣʝʡ. ɺ ʵʪʦʡ ʩʪʘʪʴʝ ʧʨʠʚʦʜʷʪʩʷ ʨʝʰʝʥʠʷ ʜʣʷ ʧʨʦʬʠʣʷ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʩʥʝʞʥʳʭ ʯʘʩʪʠʮ, ʢʦʪʦʨʳʝ ʫʯʠʪʳʚʘʶʪ ʠʭ ʛʨʘʚʠʪʘʮʠʦʥʥʦʝ ʦʩʝʜʘʥʠʝ. ʕʪʠ ʨʝʰʝʥʠʷ ʚʳʚʦʜʷʪʩʷ ʠʟ 

ʩʣʝʜʫʶʱʝʛʦ ʫʨʘʚʥʝʥʠʷ, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʦ ʠʟ ʫʨʘʚʥʝʥʠʷ (1.1) ʧʨʠ ʜʦʧʫʱʝʥʠʷʭ ʦ 

ʩʪʘʮʠʦʥʘʨʥʦʩʪʠ ʨʝʰʝʥʠʷ, ʥʫʣʝʚʦʡ ʩʨʝʜʥʝʡ ʩʢʦʨʦʩʪʠ ʚʝʪʨʘ, ʥʘʣʠʯʠʠ ʛʨʘʚʠʪʘʮʠʦʥʥʦʛʦ ʦʩʝʜʘʥʠʷ 

ʠ ʦʪʩʫʪʩʪʚʠʠ ʚʥʫʪʨʝʥʥʠʭ ʠʩʪʦʯʥʠʢʦʚ ʠ ʩʪʦʢʦʚ: 

ὑ
‬ί

‬ᾀ
ύίȢ (2.34) 

ʇʨʦʬʠʣʴ Ks ʚ ʜʘʥʥʦʡ ʧʦʩʪʘʥʦʚʢʝ ʟʘʜʘʸʪʩʷ ʘʥʘʣʦʛʠʯʥʦ ʩʣʫʯʘʶ ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʛʦ 

ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ï ʫʨʘʚʥʝʥʠʝʤ (2.23). ʆʜʥʘʢʦ ʧʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ ʚ (Wamser, Lykossov, 1995) 

ʥʝ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʘ ʚʦʟʤʦʞʥʳʤ ʥʘʩʪʨʦʡʢʘʤ ʣʘʛʨʘʥʞʝʚʦʡ ʤʦʜʝʣʠ, ʪʘʢ ʢʘʢ ʥʝ ʚʢʣʶʯʘʣʘ 

ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ ʚ ʚʠʜʝ ʧʦʪʦʢʘ ʯʘʩʪʠʮ ʥʘ ʥʠʞʥʝʡ ʛʨʘʥʠʮʝ ʠ ʥʫʣʝʚʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘ 

ʚʝʨʭʥʝʡ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʧʦʪʨʝʙʦʚʘʣʦʩʴ ʥʦʚʦʝ ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ, ʩ ʧʨʦʬʠʣʝʤ Ks ʧʦ (2.23), 

ʥʦ ʩ ʚʳʰʝʫʢʘʟʘʥʥʳʤʠ ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ. ɼʣʷ ʵʪʦʛʦ ʨʝʰʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝ (2.34). ʆʥʦ ʙʳʣʦ 

ʧʨʦʠʥʪʝʛʨʠʨʦʚʘʥʦ ʧʦ z ʦʪ 0 ʜʦ ʚʳʩʦʪʳ ʦʙʣʘʩʪʠ h, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʫʯʝʩʪʴ ʛʨʘʥʠʯʥʦʝ ʫʩʣʦʚʠʝ 

ʧʦʪʦʢʘ ʥʘ ʥʠʞʥʝʡ ʛʨʘʥʠʮʝ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʩʣʝʜʫʶʱʘʷ ʩʠʩʪʝʤʘ, ʩʦʩʪʦʷʱʘʷ ʠʟ 

ʧʨʝʦʙʨʘʟʦʚʘʥʥʦʛʦ ʫʨʘʚʥʝʥʠʷ (2.34) ʠ ʫʩʣʦʚʠʷ ʥʘ ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʝ: 

ὑ
‬ί

‬ᾀ
ύί Ὄ

ίὬ Ὓ
 ȟ (2.35) 

ʛʜʝ H ï ʧʦʪʦʢ ʯʘʩʪʠʮ ʥʘ ʥʠʞʥʝʡ ʛʨʘʥʠʮʝ, Sh ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʥʘ ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʝ (ʚ ʣʘʛʨʘʥʞʝʚʦʡ 

ʤʦʜʝʣʠ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʨʝʰʝʥʠʷʭ Ὓ π). 

ɼʣʷ ʩʣʫʯʘʷ, ʢʦʛʜʘ ʧʨʦʬʠʣʴ Ks ʟʘʜʘʸʪʩʷ ʬʦʨʤʫʣʦʡ (2.23), ʩʠʩʪʝʤʘ (2.35) ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʣʠʥʝʡʥʦʝ ʦʙʳʢʥʦʚʝʥʥʦʝ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʝ ʫʨʘʚʥʝʥʠʝ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʩ ʟʘʜʘʥʥʳʤ 

ʛʨʘʥʠʯʥʳʤ ʫʩʣʦʚʠʝʤ. ɽʛʦ ʨʝʰʝʥʠʝ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

ίᾀ Ὓ
Ὄ

ύ

Ὤ

ᾀ

ᶻ Ὄ

ύ
 (2.36) 

ɼʣʷ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʵʪʦʛʦ ʨʝʰʝʥʠʷ ʩ ʨʘʩʯʸʪʘʤʠ ʣʘʛʨʘʥʞʝʚʦʡ ʤʦʜʝʣʠ ʙʳʣʠ ʚʳʙʨʘʥʳ 

ʯʘʩʪʠʮʳ, ʠʤʠʪʠʨʫʶʱʠʝ ʩʥʝʞʠʥʢʠ, ʧʦʜʥʷʪʳʝ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʪʝʣʴʶ, ʨʘʟʤʝʨʦʤ 100 ʤʢʤ ʠ 

ʧʣʦʪʥʦʩʪʴʶ 100 ʢʛ/ʤ3. ʉʢʦʨʦʩʪʴ ʪʨʝʥʠʷ ʙʳʣʘ ʟʘʜʘʥʘ ʨʘʚʥʦʡ όz πȢυ ʤ/ʩ. ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʵʢʚʠʚʘʣʝʥʪʥʦʩʪʠ ʩ ʧʦʩʪʘʥʦʚʢʦʡ ʠʟ ʩʪʘʪʴʠ [Wamser, Lykossov, 1995] (ʟʘ 

ʠʩʢʣʶʯʝʥʠʝʤ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ), ʢʦʵʬʬʠʮʠʝʥʪ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʩʨʝʜʳ ʚ ʣʘʛʨʘʥʞʝʚʦʡ ʤʦʜʝʣʠ 

ʟʘʜʘʚʘʣʩʷ ʧʦ ʬʦʨʤʫʣʝ (2.6). ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʠʭ ʩʨʘʚʥʝʥʠʝ ʩ 
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ʘʥʘʣʠʪʠʯʝʩʢʠʤ ʨʝʰʝʥʠʝʤ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 2.8. ʅʘʙʣʶʜʘʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʠʜʝʘʣʴʥʦʝ 

ʩʦʚʧʘʜʝʥʠʝ ʧʨʦʬʠʣʷ, ʨʘʩʩʯʠʪʘʥʥʦʛʦ ʣʘʛʨʘʥʞʝʚʦʡ ʤʦʜʝʣʴʶ (ʯʸʨʥʘʷ ʢʨʠʚʘʷ), ʠ ʚʳʚʝʜʝʥʥʦʛʦ 

ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʨʝʰʝʥʠʷ (ʢʨʘʩʥʘʷ ʢʨʠʚʘʷ). ʕʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʢʦʨʨʝʢʪʥʦʤ ʠ ʪʦʯʥʦʤ 

ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʠ ʤʦʜʝʣʴʶ ʧʝʨʝʥʦʩʘ ʪʷʞʸʣʳʭ ʯʘʩʪʠʮ, ʧʦ ʢʨʘʡʥʝʡ ʤʝʨʝ, ʚ ʨʘʤʢʘʭ ʧʨʠʤʝʥʸʥʥʳʭ 

ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʳʭ ʫʩʣʦʚʠʡ. ɼʣʷ ʧʦʣʥʦʪʳ ʢʘʨʪʠʥʳ ʥʘ ʨʠʩʫʥʢʝ ʪʘʢʞʝ ʧʦʢʘʟʘʥʳ: ʨʝʰʝʥʠʝ ʠʟ 

ʦʨʠʛʠʥʘʣʴʥʦʡ ʩʪʘʪʴʠ ʩ ʠʥʳʤʠ ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ (ʬʠʦʣʝʪʦʚʘʷ ʢʨʠʚʘʷ) ʠ ʘʥʘʣʠʪʠʯʝʩʢʦʝ 

ʨʝʰʝʥʠʝ (2.36) ʜʣʷ ʩʣʫʯʘʷ ʩ ʥʝʥʫʣʝʚʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʥʘ ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʝ (ʩʠʥʷʷ ʢʨʠʚʘʷ). 

 

ʈʠʩʫʥʦʢ 2.8. ʇʨʦʬʠʣʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʨʫʧʥʳʭ ʩʥʝʞʥʳʭ ʯʘʩʪʠʮ ʜʣʷ ʫʩʣʦʚʠʡ ʧʦʛʨʘʥʠʯʥʦʛʦ 

ʩʣʦʷ ʙʝʟ ʫʯʸʪʘ ʚʣʠʷʥʠʷ ʯʘʩʪʠʮ ʥʘ ʩʪʨʘʪʠʬʠʢʘʮʠʶ ʘʪʤʦʩʬʝʨʳ. 

ɺ ʫʤʝʨʝʥʥʳʭ ʢʦʣʠʯʝʩʪʚʘʭ ʢʨʫʧʥʳʝ ʠ ʪʷʞʸʣʳʝ ʘʵʨʦʟʦʣʠ ʯʘʩʪʦ ʧʨʠʩʫʪʩʪʚʫʶʪ ʚ 

ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʝ. ɺ ʪʘʢʠʭ ʫʩʣʦʚʠʷʭ ʠʭ ʧʝʨʝʥʦʩ ʧʦʣʥʦʩʪʴʶ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʦʩʪʦʷʥʠʝʤ 

ʘʪʤʦʩʬʝʨʳ, ʘ ʦʙʨʘʪʥʦʝ ʚʣʠʷʥʠʝ ʩʘʤʠʭ ʯʘʩʪʠʮ ʥʘ ʧʦʪʦʢ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʦ. ʆʜʥʘʢʦ ʦʱʫʪʠʤʳʡ 

ʵʬʬʝʢʪ ʪʘʢʦʛʦ ʦʙʨʘʪʥʦʛʦ ʚʣʠʷʥʠʷ ʧʨʦʷʚʣʷʝʪʩʷ ʧʨʠ ʦʯʝʥʴ ʚʳʩʦʢʠʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ, ʢʦʪʦʨʳʝ 

ʭʘʨʘʢʪʝʨʥʳ ʜʣʷ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʷʚʣʝʥʠʡ, ʪʘʢʠʭ ʢʘʢ ʩʠʣʴʥʳʝ ʤʝʪʝʣʠ ʠʣʠ ʧʳʣʴʥʳʝ ʠ ʧʝʩʯʘʥʳʝ 

ʙʫʨʠ. ʏʪʦʙʳ ʨʘʩʰʠʨʠʪʴ ʜʠʘʧʘʟʦʥ ʫʩʣʦʚʠʡ, ʜʣʷ ʢʦʪʦʨʳʭ ʙʳʣʘ ʧʨʦʚʝʨʝʥʘ ʣʘʛʨʘʥʞʝʚʘ ʤʦʜʝʣʴ, 

ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʝʸ ʩʨʘʚʥʝʥʠʝ ʩ ʘʥʘʣʠʪʠʯʝʩʢʠʤʠ ʨʝʰʝʥʠʷʤʠ, ʫʯʠʪʳʚʘʶʱʠʤʠ ʦʙʨʘʪʥʦʝ 

ʚʣʠʷʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʯʘʩʪʠʮ ʥʘ ʧʣʦʪʥʦʩʪʥʫʶ ʩʪʨʘʪʠʬʠʢʘʮʠʶ ʘʪʤʦʩʬʝʨʳ. ʊʝʦʨʝʪʠʯʝʩʢʦʡ 

ʦʩʥʦʚʦʡ ʜʣʷ ʵʪʦʛʦ ʵʪʘʧʘ ʚʝʨʠʬʠʢʘʮʠʠ ʧʦ-ʧʨʝʞʥʝʤʫ ʩʣʫʞʠʪ ʩʪʘʪʴʷ [Wamser, Lykossov, 1995]. 
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ɼʣʷ ʫʯʸʪʘ ʚʣʠʷʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘ ʩʪʨʘʪʠʬʠʢʘʮʠʶ ʚ ʩʠʩʪʝʤʝ (2.35) ʧʨʦʬʠʣʴ Ks ʙʳʣ 

ʟʘʜʘʥ ʬʦʨʤʫʣʦʡ (2.24). ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʩʠʩʪʝʤʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʝʣʠʥʝʡʥʦʝ ʦʙʳʢʥʦʚʝʥʥʦʝ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʝ ʫʨʘʚʥʝʥʠʝ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʩ ʛʨʘʥʠʯʥʳʤ ʫʩʣʦʚʠʝʤ. ʇʦʣʫʯʝʥʥʦʝ ʜʣʷ ʥʝʛʦ 

ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ ʠʤʝʝʪ ʩʪʨʫʢʪʫʨʫ, ʩʭʦʞʫʶ ʩ ʨʝʰʝʥʠʝʤ (2.36), ʦʜʥʘʢʦ ʦʙʣʘʜʘʝʪ 

ʛʨʦʤʦʟʜʢʦʡ ʬʦʨʤʦʡ ʠʟ-ʟʘ ʙʦʣʝʝ ʩʣʦʞʥʦʛʦ ʚʠʜʘ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʫʨʙʫʣʝʥʪʥʦʡ ʜʠʬʬʫʟʠʠ: 

ίᾀ

Ὡ ϳ

ᾀᶻ

ở

Ở
ờ Ὡ ϳ

Ὤᶻ Ὓ
Ὄ
ύ

Ὢᾀ ὪὬ

Ợ

ỡ
Ỡ

Ὄ

ύ
 ȟ 

Ὢὥ
όzʆύὅὩ ϳ Ὂρȟρ ὅ όzʆϳ ȟὥὌὅ ὅϳ

ὅὅὥ ᶻϳ
 ȟ 

ὅ Ὣɼύʎ ȟ ὅ όz ρ ʎὛ  ȟ ὅ ύ όzʆ ȟ 

(2.37) 

ʛʜʝ Ὓ ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʥʘ ʚʳʙʨʘʥʥʦʡ ʨʝʬʝʨʝʥʩʥʦʡ ʚʳʩʦʪʝ (ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʘ ʠʟ ʧʨʦʬʠʣʷ, 

ʨʘʩʩʯʠʪʘʥʥʦʛʦ ʣʘʛʨʘʥʞʝʚʦʡ ʤʦʜʝʣʴʶ), ɓ ʠ ů ï ʵʤʧʠʨʠʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ, F(a, b, c) ï 

ʛʠʧʝʨʛʝʦʤʝʪʨʠʯʝʩʢʘʷ ʬʫʥʢʮʠʷ. 

ʇʘʨʘʤʝʪʨʳ ʯʘʩʪʠʮ ʠ ʩʢʦʨʦʩʪʴ ʪʨʝʥʠʷ ʚ ʵʪʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʙʳʣʠ ʟʘʜʘʥʳ ʪʘʢ ʞʝ, ʢʘʢ ʠ ʚ 

ʧʨʝʜʳʜʫʱʝʤ. ɺ ʣʘʛʨʘʥʞʝʚʦʡ ʤʦʜʝʣʠ ʚ ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʧʨʦʬʠʣʴ Ks ʟʘʜʘʚʘʣʩʷ ʧʦ 

ʬʦʨʤʫʣʝ (2.23). ɿʘʪʝʤ ʥʘ ʢʘʞʜʦʤ ʰʘʛʝ ʧʦ ʚʨʝʤʝʥʠ ʚʳʯʠʩʣʷʣʠʩʴ ʢʦʥʮʝʥʪʨʘʮʠʠ ʯʘʩʪʠʮ, ʥʘ 

ʦʩʥʦʚʝ ʢʦʪʦʨʳʭ ʧʝʨʝʩʯʠʪʳʚʘʣʩʷ ʧʨʦʬʠʣʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʠʬʬʫʟʠʠ ʧʦ ʬʦʨʤʫʣʝ (2.24). 

ʈʝʟʫʣʴʪʘʪʳ ʜʘʥʥʦʛʦ ʩʨʘʚʥʝʥʠʷ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 2.9. ɼʣʷ ʢʦʥʪʝʢʩʪʘ ʥʘ ʛʨʘʬʠʢʝ 

ʪʘʢʞʝ ʧʦʢʘʟʘʥʳ: ʨʝʰʝʥʠʝ ʠʟ ʨʘʙʦʪʳ ɺʘʤʟʝʨʘ ʠ ʃʳʢʦʩʦʚʘ ʩ ʫʯʸʪʦʤ ʚʣʠʷʥʠʷ ʥʘ ʩʪʨʘʪʠʬʠʢʘʮʠʶ, 

ʥʦ ʜʣʷ ʜʨʫʛʠʭ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ (ʟʝʣʸʥʘʷ ʢʨʠʚʘʷ), ʠ ʨʝʰʝʥʠʝ ʜʣʷ ʪʝʭ ʞʝ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ, 

ʥʦ ʙʝʟ ʫʯʸʪʘ ʚʣʠʷʥʠʷ ʯʘʩʪʠʮ (ʬʠʦʣʝʪʦʚʘʷ ʢʨʠʚʘʷ). ʅʘʙʣʶʜʘʝʪʩʷ ʧʦʯʪʠ ʠʜʝʘʣʴʥʦʝ ʩʦʦʪʚʝʪʩʪʚʠʝ 

ʤʝʞʜʫ ʧʨʦʬʠʣʝʤ, ʨʘʩʩʯʠʪʘʥʥʳʤ ʣʘʛʨʘʥʞʝʚʦʡ ʤʦʜʝʣʴʶ (ʯʸʨʥʘʷ ʢʨʠʚʘʷ), ʠ ʚʳʚʝʜʝʥʥʳʤ 

ʘʥʘʣʠʪʠʯʝʩʢʠʤ ʨʝʰʝʥʠʝʤ (ʢʨʘʩʥʘʷ ʢʨʠʚʘʷ). ʕʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ, ʯʪʦ ʤʦʜʝʣʴ ʩʧʦʩʦʙʥʘ ʢʦʨʨʝʢʪʥʦ 

ʦʮʝʥʠʚʘʪʴ ʚʣʠʷʥʠʝ ʵʢʩʪʨʝʤʘʣʴʥʦ ʚʳʩʦʢʠʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʯʘʩʪʠʮ ʥʘ ʧʣʦʪʥʦʩʪʥʫʶ 

ʩʪʨʘʪʠʬʠʢʘʮʠʶ ʘʪʤʦʩʬʝʨʳ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʨʘʤʢʘʭ ʜʚʫʭ ʦʧʠʩʘʥʥʳʭ ʵʪʘʧʦʚ ʙʳʣʘ ʫʩʧʝʰʥʦ ʧʨʦʚʝʜʝʥʘ ʚʝʨʠʬʠʢʘʮʠʷ 

ʤʦʜʝʣʠ ʥʘ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʨʝʰʝʥʠʷʭ ʜʣʷ ʯʘʩʪʠʮ ʨʘʟʣʠʯʥʳʭ ʤʘʩʩ ʠ ʨʘʟʤʝʨʦʚ ʚ ʰʠʨʦʢʦʤ ʩʧʝʢʪʨʝ 

ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʳʭ ʘʪʤʦʩʬʝʨʥʳʭ ʫʩʣʦʚʠʡ. 
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ʈʠʩʫʥʦʢ 2.9. ʇʨʦʬʠʣʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʨʫʧʥʳʭ ʩʥʝʞʥʳʭ ʯʘʩʪʠʮ ʜʣʷ ʫʩʣʦʚʠʡ ʧʦʛʨʘʥʠʯʥʦʛʦ 

ʩʣʦʷ ʩ ʫʯʸʪʦʤ ʚʣʠʷʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʡ ʯʘʩʪʠʮ ʥʘ ʩʪʨʘʪʠʬʠʢʘʮʠʶ ʘʪʤʦʩʬʝʨʳ. 

2.8 ɺʝʨʠʬʠʢʘʮʠʷ ʤʦʜʝʣʠ ʥʘ ʥʘʪʫʨʥʳʭ ʜʘʥʥʳʭ 

ʉʣʝʜʫʶʱʠʤ ʰʘʛʦʤ ʧʦʩʣʝ ʚʝʨʠʬʠʢʘʮʠʠ ʥʘ ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʳʭ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʨʝʰʝʥʠʷʭ 

ʷʚʣʷʝʪʩʷ ʩʨʘʚʥʝʥʠʝ ʤʦʜʝʣʠ ʩ ʜʘʥʥʳʤʠ ʨʝʘʣʴʥʳʭ ʧʦʣʝʚʳʭ ʥʘʙʣʶʜʝʥʠʡ. ɺʘʣʠʜʘʮʠʷ ʧʦ ʜʘʥʥʳʤ 

ʦ ʨʝʘʣʴʥʦ ʠʟʤʝʨʝʥʥʳʭ ʚ ʘʪʤʦʩʬʝʨʝ ʢʦʥʮʝʥʪʨʘʮʠʷʭ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʜʠʥ ʠʟ ʥʘʠʙʦʣʝʝ 

ʦʙʦʩʥʦʚʘʥʥʳʭ ʩʧʦʩʦʙʦʚ ʦʮʝʥʢʠ ʪʦʯʥʦʩʪʠ ʤʦʜʝʣʠ. ʆʜʥʘʢʦ ʧʨʦʚʝʜʝʥʠʝ ʪʘʢʠʭ ʠʟʤʝʨʝʥʠʡ 

ʩʦʧʨʷʞʝʥʦ ʩʦ ʟʥʘʯʠʪʝʣʴʥʳʤʠ ʪʨʫʜʥʦʩʪʷʤʠ: ʪʨʝʙʫʝʪʩʷ ʨʘʟʚʸʨʪʳʚʘʥʠʝ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ 

ʧʨʠʙʦʨʦʚ, ʦʙʳʯʥʦ ʨʘʩʩʯʠʪʘʥʥʳʭ ʥʘ ʫʟʢʠʡ ʜʠʘʧʘʟʦʥ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ, ʩʠʥʭʨʦʥʥʦʝ ʠʟʤʝʨʝʥʠʝ 

ʤʝʪʝʦʨʦʣʦʛʠʯʝʩʢʠʭ ʚʝʣʠʯʠʥ ʥʘ ʨʘʟʣʠʯʥʳʭ ʚʳʩʦʪʘʭ ʠ ʦʞʠʜʘʥʠʝ ʧʦʜʭʦʜʷʱʠʭ ʧʦʛʦʜʥʳʭ 

ʫʩʣʦʚʠʡ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʜʘʥʥʳʝ ʨʝʛʫʣʷʨʥʳʭ ʩʪʘʮʠʦʥʘʨʥʳʭ ʥʘʙʣʶʜʝʥʠʡ, ʥʘʧʨʠʤʝʨ, ʥʘ ʩʪʘʥʮʠʷʭ 

ʢʦʥʪʨʦʣʷ ʢʘʯʝʩʪʚʘ ʚʦʟʜʫʭʘ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʝ ʧʦʜʭʦʜʷʪ ʜʣʷ ʚʝʨʠʬʠʢʘʮʠʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ, ʪʘʢ ʢʘʢ ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʷʪʩʷ ʣʠʰʴ ʚ ʦʜʥʦʡ ʪʦʯʢʝ [ʂʫʣʴʙʘʯʝʚʩʢʠʡ, 2021]. ʇʦ 

ʵʪʠʤ ʧʨʠʯʠʥʘʤ ʚ ʥʘʫʯʥʦʡ ʣʠʪʝʨʘʪʫʨʝ ʩʫʱʝʩʪʚʫʝʪ ʥʝ ʪʘʢ ʤʥʦʛʦ ʢʦʤʧʣʝʢʩʥʳʭ ʥʘʙʦʨʦʚ ʜʘʥʥʳʭ, 

ʚʢʣʶʯʘʶʱʠʭ ʦʜʥʦʚʨʝʤʝʥʥʦ ʠ ʚʝʨʪʠʢʘʣʴʥʳʝ ʧʨʦʬʠʣʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʯʘʩʪʠʮ, ʠ ʩʦʧʫʪʩʪʚʫʶʱʠʝ 

ʤʝʪʝʦʨʦʣʦʛʠʯʝʩʢʠʝ ʚʝʣʠʯʠʥʳ. 

ɼʣʷ ʮʝʣʝʡ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʫʥʠʢʘʣʴʥʳʝ ʜʘʥʥʳʝ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ 

ʤʦʥʦʛʨʘʬʠʠ çɺʚʝʜʝʥʠʝ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫʶ ʤʝʪʝʦʨʦʣʦʛʠʶ ʠ ʢʣʠʤʘʪʦʣʦʛʠʶ ʧʝʩʯʘʥʳʭ ʙʫʨʴè 
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[ʉʝʤʸʥʦʚ, 2020]. ɺ ʵʪʦʡ ʢʥʠʛʝ ʦʙʦʙʱʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʤʥʦʛʦʣʝʪʥʠʭ ʣʘʙʦʨʘʪʦʨʥʳʭ ʠ ʧʦʣʝʚʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʝʪʨʦʚʦʛʦ ʧʝʨʝʥʦʩʘ ʧʳʣʝʚʳʭ ʠ ʧʝʩʯʘʥʳʭ ʯʘʩʪʠʮ. ʕʢʩʧʝʜʠʮʠʠ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ 

ʧʨʦʪʷʞʝʥʠʠ ʥʝʩʢʦʣʴʢʠʭ ʜʝʩʷʪʠʣʝʪʠʡ ʚ ʟʘʩʫʰʣʠʚʳʭ ʠ ʧʫʩʪʳʥʥʳʭ ʨʘʡʦʥʘʭ (ɸʨʘʣʴʩʢʦʝ ʤʦʨʝ, 

ʶʛʦ-ʚʦʩʪʦʢ ʂʘʟʘʭʩʪʘʥʘ, ʧ-ʦʚ ʄʘʥʛʳʰʣʘʢ ʠ ʜʨ.), ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʩʦʙʨʘʪʴ ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʙʦʛʘʪʳʡ 

ʤʘʪʝʨʠʘʣ ʜʣʷ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ ʤʝʪʝʦʨʦʣʦʛʠʯʝʩʢʠʭ ʫʩʣʦʚʠʡ ʠ ʯʘʩʪʠʮ ʨʘʟʣʠʯʥʳʭ ʨʘʟʤʝʨʦʚ ʠ 

ʤʘʩʩ. ɺ ʭʦʜʝ ʢʘʤʧʘʥʠʡ ʠʟʤʝʨʷʣʠʩʴ ʩʢʦʨʦʩʪʴ ʚʝʪʨʘ (ʥʘ ʚʳʩʦʪʘʭ ʦʪ 0.25 ʜʦ 16 ʤ), ʪʚʸʨʜʳʡ ʨʘʩʭʦʜ 

ʧʝʩʯʘʥʳʭ ʯʘʩʪʠʮ, ʪʝʤʧʝʨʘʪʫʨʘ ʚʦʟʜʫʭʘ ʠ ʝʸ ʛʨʘʜʠʝʥʪ. ɺʩʝʛʦ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʙʦʣʝʝ 1000 

ʧʨʦʬʠʣʝʡ ʩʢʦʨʦʩʪʠ ʚʝʪʨʘ ʠ 140 ʧʨʦʬʠʣʝʡ ʤʘʩʩʳ ʧʝʨʝʥʦʩʠʤʦʛʦ ʧʝʩʢʘ. 

ʇʨʠ ʵʪʦʤ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʜʘʥʥʳʝ ʠʟʤʝʨʝʥʠʡ ʨʘʩʭʦʜʘ ʥʘ ʨʘʟʥʳʭ ʚʳʩʦʪʘʭ ʚ ʢʥʠʛʝ 

ʧʨʠʚʝʜʝʥʳ ʣʠʰʴ ʜʣʷ ʥʝʤʥʦʛʠʭ ʩʣʫʯʘʝʚ, ʚ ʦʩʥʦʚʥʦʤ ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʦʚ ʜʣʷ ʩʘʤʳʭ ʢʨʫʧʥʳʭ 

ʯʘʩʪʠʮ (ʨʘʟʤʝʨʦʤ ʙʦʣʝʝ 120 ʤʢʤ). ʏʘʩʪʠʮʳ ʪʘʢʦʛʦ ʨʘʟʤʝʨʘ ʧʝʨʝʤʝʱʘʶʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʟʘ 

ʩʯʸʪ ʤʝʭʘʥʠʟʤʘ ʩʘʣʴʪʘʮʠʠ, ʢʦʪʦʨʳʡ ʚ ʤʦʜʝʣʠ ʥʝ ʨʝʘʣʠʟʦʚʘʥ. ɼʣʷ ʚʟʚʝʰʝʥʥʳʭ ʯʘʩʪʠʮ ʤʝʥʴʰʠʭ 

ʨʘʟʤʝʨʦʚ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ ʦʩʥʦʚʥʦʡ ʠʥʪʝʨʝʩ ʜʣʷ ʜʘʥʥʦʡ ʨʘʙʦʪʳ, ʚ ʢʥʠʛʝ ʧʨʠʚʦʜʷʪʩʷ 

ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʠʝ ʬʦʨʤʫʣʳ, ʦʧʠʩʳʚʘʶʱʠʝ ʟʘʚʠʩʠʤʦʩʪʴ ʪʚʸʨʜʦʛʦ ʨʘʩʭʦʜʘ ʠ ʤʘʩʩʦʚʦʡ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʦʪ ʚʳʩʦʪʳ. ʕʪʠ ʬʦʨʤʫʣʳ ʦʙʦʙʱʘʶʪ ʤʥʦʛʦʯʠʩʣʝʥʥʳʝ, ʥʦ ʥʝ ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ 

ʷʚʥʦʤ ʚʠʜʝ, ʜʘʥʥʳʝ ʠʟʤʝʨʝʥʠʡ: 

ήᾀ ή
ᾀ

ᾀ

Ȣ
ᶻ
ȟ   

ὅᾀ
ήᾀ

όᾀ
 ȟ 

(2.38) 

(2.39) 

ʛʜʝ q ï ʪʚʸʨʜʳʡ ʨʘʩʭʦʜ ʧʝʩʯʘʥʳʭ ʯʘʩʪʠʮ, z ï ʚʳʩʦʪʘ ʥʘʜ ʧʦʚʝʨʭʥʦʩʪʴʶ, ή ï ʪʚʸʨʜʳʡ ʨʘʩʭʦʜ 

ʧʝʩʯʘʥʳʭ ʯʘʩʪʠʮ ʥʘ ʚʳʩʦʪʝ ᾀ, ύ  ï ʩʢʦʨʦʩʪʴ ʦʩʝʜʘʥʠʷ ʯʘʩʪʠʮ, όz ï ʜʠʥʘʤʠʯʝʩʢʘʷ ʩʢʦʨʦʩʪʴ, C 

ï ʤʘʩʩʦʚʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʯʘʩʪʠʮ, u ï ʩʢʦʨʦʩʪʴ ʚʝʪʨʘ. ɸʚʪʦʨ ʤʦʥʦʛʨʘʬʠʠ [ʉʝʤʸʥʦʚ, 2020] ʪʘʢʞʝ 

ʦʪʤʝʯʘʝʪ, ʯʪʦ ʚʳʨʘʞʝʥʠʷ (2.38) ʠ (2.39) ʩ ʧʦʧʨʘʚʢʦʡ ʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʢʘʟʘʪʝʣʷ ʩʪʝʧʝʥʠ ʦʪ 

ʩʢʦʨʦʩʪʠ ʦʩʝʜʘʥʠʷ ʯʘʩʪʠʮ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʬʦʨʤʫʣʘʤ, ʨʘʥʝʝ ʧʦʣʫʯʝʥʥʳʤ ʜʣʷ 

ʤʝʣʢʠʭ ʧʘʩʩʠʚʥʳʭ ʯʘʩʪʠʮ [ɹʘʨʝʥʙʣʘʪʪ, ɻʦʣʠʮʳʥ, 1973]. 

ɼʣʷ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʣʘʛʨʘʥʞʝʚʦʡ ʤʦʜʝʣʠ ʩ ʵʪʠʤʠ ʵʤʧʠʨʠʯʝʩʢʠʤʠ ʜʘʥʥʳʤʠ ʙʳʣʠ ʚʳʙʨʘʥʳ 

ʜʚʘ ʩʣʫʯʘʷ: ʩʦ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ 35 ʤʢʤ (ʨʠʩ. 2.10ʘ) ʠ 50 ʤʢʤ (ʨʠʩ. 2.10ʙ). ʉʦʛʣʘʩʥʦ 

ʘʚʪʦʨʩʢʦʡ ʢʣʘʩʩʠʬʠʢʘʮʠʠ [ʉʝʤʸʥʦʚ, 2020], ʧʝʨʚʳʡ ʪʠʧ ʯʘʩʪʠʮ ʦʪʥʦʩʠʪʩʷ ʢ ʘʣʝʚʨʠʪʘʤ, ʘ ʚʪʦʨʦʡ 

ð ʢ ʤʝʣʢʠʤ ʬʨʘʢʮʠʷʤ ʧʝʩʢʘ. ɺ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʧʣʦʪʥʦʩʪʴ ʯʘʩʪʠʮ ʧʨʠʥʠʤʘʣʘʩʴ ʨʘʚʥʦʡ 2650 

ʢʛ/ʤį, ʘ ʜʠʥʘʤʠʯʝʩʢʘʷ ʩʢʦʨʦʩʪʴ όz πȢψ ʤ/ʩ. ʏʪʦʙʳ ʫʩʣʦʚʠʷ ʯʠʩʣʝʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ 

ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʠ ʧʦʩʪʘʥʦʚʢʝ, ʠʟ ʢʦʪʦʨʦʡ ʚʳʚʝʜʝʥʳ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʠʝ ʬʦʨʤʫʣʳ, ʚ 

ʣʘʛʨʘʥʞʝʚʦʡ ʤʦʜʝʣʠ ʙʳʣʠ ʟʘʜʘʥʳ ʩʣʝʜʫʶʱʠʝ ʧʘʨʘʤʝʪʨʳ: 10000 ʦʜʠʥʘʢʦʚʳʭ ʯʘʩʪʠʮ 
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ʦʜʥʦʚʨʝʤʝʥʥʦ ʚʳʙʨʘʩʳʚʘʣʠʩʴ ʚʙʣʠʟʠ ʧʦʚʝʨʭʥʦʩʪʠ; ʥʘ ʥʠʞʥʝʡ ʠ ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʘʭ ʙʳʣʠ 

ʫʩʪʘʥʦʚʣʝʥʳ ʥʝʧʨʦʥʠʮʘʝʤʳʝ ʫʩʣʦʚʠʷ (ʫʧʨʫʛʠʡ ʦʪʩʢʦʢ), ʯʪʦ ʵʢʚʠʚʘʣʝʥʪʥʦ ʥʫʣʝʚʦʤʫ ʧʦʪʦʢʫ ʥʘ 

ʛʨʘʥʠʮʘʭ. ʈʘʩʯʸʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʜʚʫʤʷ ʨʘʟʣʠʯʥʳʤʠ ʧʘʨʘʤʝʪʨʠʟʘʮʠʷʤʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ: 

ʤʦʜʝʣʴʶ ʩʣʫʯʘʡʥʳʭ ʩʤʝʱʝʥʠʡ ʠ ʤʦʜʝʣʴʶ ʃʘʥʞʝʚʝʥʘ. ʆʙʨʘʪʥʦʝ ʚʣʠʷʥʠʝ ʯʘʩʪʠʮ ʥʘ 

ʩʪʨʘʪʠʬʠʢʘʮʠʶ ʥʝ ʫʯʠʪʳʚʘʣʦʩʴ. 

ʈʝʟʫʣʴʪʘʪʳ ʩʨʘʚʥʝʥʠʷ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 2.10. ɼʣʷ ʦʙʦʠʭ ʪʠʧʦʚ ʯʘʩʪʠʮ ʨʘʩʩʯʠʪʘʥʥʳʝ 

ʤʦʜʝʣʴʶ ʧʨʦʬʠʣʠ ʚ ʮʝʣʦʤ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʵʤʧʠʨʠʯʝʩʢʠʤʠ. ʅʝʙʦʣʴʰʠʝ ʨʘʩʭʦʞʜʝʥʠʷ 

ʤʦʛʫʪ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥʳ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʟʘʜʘʥʠʷ ʤʝʪʝʦʚʝʣʠʯʠʥ ʚ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʬʦʨʤʫʣʘʭ ʠ ʚ 

ʤʦʜʝʣʠ, ʘ ʪʘʢʞʝ ʪʝʤ, ʯʪʦ ʵʤʧʠʨʠʯʝʩʢʘʷ ʬʦʨʤʫʣʘ (2.38) ʷʚʣʷʝʪʩʷ ʣʠʰʴ ʘʧʧʨʦʢʩʠʤʘʮʠʝʡ 

ʠʟʤʝʨʝʥʠʡ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʦʙʝ ʠʩʧʦʣʴʟʦʚʘʥʥʳʝ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ʩʤʦʛʣʠ ʢʦʨʨʝʢʪʥʦ 

ʚʦʩʧʨʦʠʟʚʝʩʪʠ ʦʙʱʫʶ ʬʦʨʤʫ ʧʨʦʬʠʣʷ ʢʦʥʮʝʥʪʨʘʮʠʠ. ɺ ʫʩʣʦʚʠʷʭ ʦʛʨʘʥʠʯʝʥʥʦʩʪʠ ʠʩʭʦʜʥʦʛʦ 

ʥʘʙʦʨʘ ʤʝʪʝʦʜʘʥʥʳʭ ʵʪʦ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʫʩʧʝʰʥʦʡ ʚʘʣʠʜʘʮʠʝʡ ʤʦʜʝʣʠ ʥʘ ʥʘʪʫʨʥʳʭ ʜʘʥʥʳʭ. 

ʘ) ʙ) 

ʈʠʩʫʥʦʢ 2.10. ɺʝʨʪʠʢʘʣʴʥʳʝ ʧʨʦʬʠʣʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʯʘʩʪʠʮ ʧʦ ʜʘʥʥʳʤ ʠʟʤʝʨʝʥʠʡ ʠ ʧʦ 

ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʩʯʸʪʘ ʣʘʛʨʘʥʞʝʚʦʡ ʤʦʜʝʣʠ ʜʣʷ ʯʘʩʪʠʮ ʨʘʟʤʝʨʦʤ 35 ʤʢʤ (ʘ, ʧʳʣʝʚʳʝ) ʠ 50 

ʤʢʤ (ʙ, ʧʝʩʯʘʥʳʝ). RDM ï ʤʦʜʝʣʴ ʩʣʫʯʘʡʥʳʭ ʩʤʝʱʝʥʠʡ (random displacement model). 

2.9 ʂʨʦʩʩ-ʚʝʨʠʬʠʢʘʮʠʷ ʧʦ ʜʘʥʥʳʤ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʝʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʂʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚ ʧʨʝʜʳʜʫʱʠʭ ʨʘʟʜʝʣʘʭ, ʚʝʨʠʬʠʢʘʮʠʷ ʥʘ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʨʝʰʝʥʠʷʭ ʠ 

ʥʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʙʘʟʦʚʫʶ ʢʦʨʨʝʢʪʥʦʩʪʴ ʨʘʙʦʪʳ ʤʦʜʝʣʠ, ʦʜʥʘʢʦ ʦʙʘ ʵʪʠʭ 

ʧʦʜʭʦʜʘ ʠʤʝʶʪ ʦʛʨʘʥʠʯʝʥʠʷ. ɸʥʘʣʠʪʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ ʜʦʩʪʫʧʥʳ ʣʠʰʴ ʜʣʷ ʩʠʣʴʥʦ 

ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʳʭ ʫʩʣʦʚʠʡ, ʘ ʥʘʪʫʨʥʳʝ ʜʘʥʥʳʝ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʝʧʦʣʥʳ ʠ ʩʦʜʝʨʞʘʪ çʰʫʤè ʠʟ-

ʟʘ ʤʥʦʞʝʩʪʚʘ ʥʝʫʯʪʸʥʥʳʭ ʬʘʢʪʦʨʦʚ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʜʣʷ ʙʦʣʝʝ ʛʣʫʙʦʢʦʡ ʠ ʢʦʥʪʨʦʣʠʨʫʝʤʦʡ 

ʧʨʦʚʝʨʢʠ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʣʘʛʨʘʥʞʝʚʦʡ ʤʦʜʝʣʠ ʙʳʣ ʧʨʠʤʝʥʸʥ ʤʝʪʦʜ 
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ʚʝʨʠʬʠʢʘʮʠʠ ʥʘ ʦʩʥʦʚʝ ʵʪʘʣʦʥʥʦʡ ʯʠʩʣʝʥʥʦʡ ʤʦʜʝʣʠ. ɺ ʢʘʯʝʩʪʚʝ ʵʪʘʣʦʥʥʦʛʦ ʨʝʰʝʥʠʷ ʚ ʵʪʦʤ 

ʧʦʜʭʦʜʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʦʚ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʝʡ (LES) ʤʦʜʝʣʠ ʀɺʄ ʈɸʅ 

[ɺʘʨʝʥʮʦʚ ʠ ʜʨ., 2022]. LES-ʤʦʜʝʣʴ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʧʦʣʥʳʡ, ʩʦʛʣʘʩʦʚʘʥʥʳʡ ʠ 

ʚʳʩʦʢʦʜʝʪʘʣʴʥʳʡ ʥʘʙʦʨ ʜʘʥʥʳʭ ʦ ʪʫʨʙʫʣʝʥʪʥʦʤ ʧʦʪʦʢʝ ʠ ʧʝʨʝʥʦʩʝ ʧʨʠʤʝʩʠ, ʚʳʩʪʫʧʘʷ ʚ ʨʦʣʠ 

çʚʠʨʪʫʘʣʴʥʦʡ ʣʘʙʦʨʘʪʦʨʠʠè. ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʘʤʘ LES-ʤʦʜʝʣʴ ʀɺʄ ʈɸʅ ʠ ʝʸ ʣʘʛʨʘʥʞʝʚ 

ʙʣʦʢ ʙʳʣʠ ʨʘʥʝʝ ʦʪʜʝʣʴʥʦ ʚʝʨʠʬʠʮʠʨʦʚʘʥʳ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʜʣʷ ʟʘʜʘʯ ʧʝʨʝʥʦʩʘ ʧʨʠʤʝʩʝʡ ʚ 

ʛʦʨʦʜʩʢʠʭ ʫʩʣʦʚʠʷʭ, ʧʫʪʸʤ ʩʨʘʚʥʝʥʠʷ ʩ ʣʘʙʦʨʘʪʦʨʥʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʤʠ [Glazunov, 2018], ʯʪʦ 

ʧʦʜʪʚʝʨʞʜʘʝʪ ʝʸ ʧʨʠʛʦʜʥʦʩʪʴ ʚ ʢʘʯʝʩʪʚʝ ʵʪʘʣʦʥʘ. ʎʝʣʴʶ ʜʘʥʥʦʡ ʯʘʩʪʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʣʘʩʴ 

ʧʨʦʚʝʨʢʘ ʩʧʦʩʦʙʥʦʩʪʠ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʘʚʪʦʥʦʤʥʦʡ ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʣʘʛʨʘʥʞʝʚʦʡ ʤʦʜʝʣʠ (ʜʘʣʝʝ 

ï ɸʉʃʄ), ʠʩʧʦʣʴʟʫʶʱʝʡ ʥʘ ʚʭʦʜʝ ʣʠʰʴ ʦʩʨʝʜʥʸʥʥʳʝ ʩʪʘʪʠʩʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, ʚʦʩʧʨʦʠʟʚʦʜʠʪʴ ʨʝʟʫʣʴʪʘʪʳ LES-ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʙʳʣʘ ʚʳʙʨʘʥʘ ʧʦʩʪʘʥʦʚʢʘ, ʠʤʠʪʠʨʫʶʱʘʷ ʛʦʨʦʜʩʢʦʡ 

ʧʦʛʨʘʥʠʯʥʳʡ ʩʣʦʡ ʘʪʤʦʩʬʝʨʳ (ɻʇʉ). ɺ LES-ʤʦʜʝʣʠ ʀɺʄ ʈɸʅ ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʨʘʩʯʸʪʥʘʷ 

ʦʙʣʘʩʪʴ ʨʘʟʤʝʨʦʤ 256x128x64 ʤ ʩ ʰʘʛʦʤ ʩʝʪʢʠ 0.5 ʤ, ʥʘ ʥʠʞʥʝʡ ʛʨʘʥʠʮʝ ʢʦʪʦʨʦʡ ʨʘʩʧʦʣʘʛʘʣʠʩʴ 

ʧʝʨʠʦʜʠʯʝʩʢʠ ʧʦʚʪʦʨʷʶʱʠʝʩʷ ʧʨʝʧʷʪʩʪʚʠʷ, ʠʤʠʪʠʨʫʶʱʠʝ ʨʝʛʫʣʷʨʥʫʶ ʛʦʨʦʜʩʢʫʶ ʟʘʩʪʨʦʡʢʫ 

(ʚʳʩʦʪʘ ʟʜʘʥʠʡ Ὤ ρφ ʤ, ʜʣʠʥʘ ʠ ʰʠʨʠʥʘ ʟʜʘʥʠʡ Ὠ ρφ ʤ), ʠʭ ʢʦʥʬʠʛʫʨʘʮʠʷ ʧʦʢʘʟʘʥʘ ʥʘ 

ʨʠʩʫʥʢʝ 2.11. 

 

ʈʠʩʫʥʦʢ 2.11. ʂʦʥʬʠʛʫʨʘʮʠʷ ʟʜʘʥʠʡ (ʚʠʜ ʩʚʝʨʭʫ ʩ ʫʢʘʟʘʥʠʝʤ ʚʳʩʦʪʳ) ʠ ʠʩʪʦʯʥʠʢʦʚ (ʢʨʘʩʥʳʝ 

ʪʦʯʢʠ) ʚ ʯʠʩʣʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʩ LES-ʤʦʜʝʣʴʶ. ɺʳʩʦʪʘ ʟʜʘʥʠʡ Ὤ ρφ ʤ, ʜʣʠʥʘ ʠ ʰʠʨʠʥʘ 

ʟʜʘʥʠʡ Ὠ ρφ ʤ. 

ɹʳʣʦ ʨʘʩʩʤʦʪʨʝʥʦ ʜʚʘ ʩʮʝʥʘʨʠʷ: ʥʝʡʪʨʘʣʴʥʘʷ ʩʪʨʘʪʠʬʠʢʘʮʠʷ ʠ ʫʩʪʦʡʯʠʚʘʷ 

ʩʪʨʘʪʠʬʠʢʘʮʠʷ ʩ ʧʘʨʘʤʝʪʨʦʤ ʫʩʪʦʡʯʠʚʦʩʪʠ ὬȾὒ  πȢχυ (ʧʨʠ ʨʘʩʯʸʪʝ ʤʘʩʰʪʘʙʘ ʆʙʫʭʦʚʘ L 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʯʘʩʪʠʮ ʥʝ ʫʯʠʪʳʚʘʣʠʩʴ), ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʠʣʴʥʦʤʫ ʚʣʠʷʥʠʶ ʪʝʨʤʠʯʝʩʢʦʡ 
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ʩʪʨʘʪʠʬʠʢʘʮʠʠ ʥʘ ʪʫʨʙʫʣʝʥʪʥʦʩʪʴ. ʇʦʜʨʦʙʥʦʝ ʦʧʠʩʘʥʠʝ ʧʦʩʪʘʥʦʚʢʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʨʠʚʝʜʝʥʦ 

ʚ ʨʘʙʦʪʘʭ [Glazunov et al., 2021; Glazunov et al., 2022/2023). ɺʥʫʪʨʠ LES-ʤʦʜʝʣʠ ʧʘʨʘʣʣʝʣʴʥʦ ʩ 

ʨʘʩʯʸʪʦʤ ʛʠʜʨʦʜʠʥʘʤʠʢʠ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʧʝʨʝʥʦʩ ʦʛʨʦʤʥʦʛʦ ʘʥʩʘʤʙʣʷ ʣʘʛʨʘʥʞʝʚʳʭ ʯʘʩʪʠʮ 

(40-60 ʤʣʥ ʦʜʥʦʚʨʝʤʝʥʥʦ), ʚʳʙʨʘʩʳʚʘʝʤʳʭ ʠʟ ʤʥʦʞʝʩʪʚʘ ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʪʦʯʝʯʥʳʭ 

ʠʩʪʦʯʥʠʢʦʚ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ ʨʘʩʩʪʦʷʥʠʠ d/2 ʩʣʝʚʘ ʦʪ ʮʝʥʪʨʘ ʣʝʚʦʡ ʩʪʝʥʳ ʢʘʞʜʦʛʦ ʟʜʘʥʠʷ 

(ʨʠʩ. 2.11). ɺ ʦʜʥʦʡ ʩʝʨʠʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚʳʩʦʪʘ ʠʩʪʦʯʥʠʢʦʚ ʩʦʩʪʘʚʠʣʘ h/16 (1 ʤʝʪʨ ʥʘʜ 

ʧʦʚʝʨʭʥʦʩʪʴʶ ʟʝʤʣʠ), ʚʦ ʚʪʦʨʦʡ ʩʝʨʠʠ ï 1.5h (24 ʤʝʪʨʘ). ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʧʝʨʠʦʜʠʯʝʩʢʠʭ 

ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ ʧʦʟʚʦʣʷʣʦ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʩʯʸʪʦʚ ʦʩʨʝʜʥʝʥʠʝʤ ʩʚʝʩʪʠ 

ʵʤʠʩʩʠʶ ʠʟ ʤʥʦʞʝʩʪʚʘ ʠʩʪʦʯʥʠʢʦʚ ʢ ʦʜʥʦʤʫ ʵʬʬʝʢʪʠʚʥʦʤʫ ʠʩʪʦʯʥʠʢʫ ʠ ʧʨʦʩʣʝʜʠʪʴ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʝʜʠʥʦʛʦ ʰʣʝʡʬʘ ʥʘ ʙʦʣʴʰʦʤ ʨʘʩʩʪʦʷʥʠʠ. ʀʤʝʥʥʦ ʵʪʠ ʨʝʟʫʣʴʪʘʪʳ ʠ 

ʧʨʠʥʠʤʘʣʠʩʴ ʚ ʢʘʯʝʩʪʚʝ çʵʪʘʣʦʥʘè. 

ɼʣʷ ʪʝʩʪʠʨʦʚʘʥʠʷ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ɸʉʃʄ ʠʟ ʵʪʘʣʦʥʥʳʭ LES-ʨʘʩʯʸʪʦʚ 

ʙʳʣʠ ʠʟʚʣʝʯʝʥʳ ʦʩʨʝʜʥʸʥʥʳʝ ʧʦ ʚʨʝʤʝʥʠ ʠ ʛʦʨʠʟʦʥʪʘʣʠ (ʚ ʧʨʝʜʝʣʘʭ ʚʦʟʜʫʰʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ 

ʤʝʞʜʫ ʟʜʘʥʠʷʤʠ) ʚʝʨʪʠʢʘʣʴʥʳʝ ʧʨʦʬʠʣʠ ʢʣʶʯʝʚʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ: ʩʨʝʜʥʝʡ 

ʩʢʦʨʦʩʪʠ ʚʝʪʨʘ, ʜʠʩʧʝʨʩʠʡ ʢʦʤʧʦʥʝʥʪ ʩʢʦʨʦʩʪʠ, ʩʢʦʨʦʩʪʠ ʜʠʩʩʠʧʘʮʠʠ ʊʂʕ ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʪʫʨʙʫʣʝʥʪʥʦʡ ʜʠʬʬʫʟʠʠ. ʕʪʠ ʧʨʦʬʠʣʠ ʩʣʫʞʠʣʠ ʝʜʠʥʩʪʚʝʥʥʳʤʠ ʚʭʦʜʥʳʤʠ ʜʘʥʥʳʤʠ ʜʣʷ 

ɸʉʃʄ. ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʜʠʩʧʝʨʩʠʠ ʢʦʤʧʦʥʝʥʪ ʩʢʦʨʦʩʪʠ, ʠʟʚʣʝʯʸʥʥʳʝ ʠʟ LES-ʜʘʥʥʳʭ, 

ʚʢʣʶʯʘʣʠʩʴ ʥʝ ʪʦʣʴʢʦ ʥʝʩʪʘʮʠʦʥʘʨʥʳʝ ʪʫʨʙʫʣʝʥʪʥʳʝ ʬʣʫʢʪʫʘʮʠʠ, ʥʦ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ 

ʚʘʨʠʘʮʠʠ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʥʘʣʠʯʠʝʤ ʩʪʘʮʠʦʥʘʨʥʳʭ ʚʠʭʨʝʡ ʚʦʢʨʫʛ ʟʜʘʥʠʡ. ʕʪʦ ʙʳʣʦ ʩʜʝʣʘʥʦ 

ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʧʨʠʙʣʠʞʸʥʥʦ ʫʯʝʩʪʴ ʪʫʨʙʫʣʝʥʪʥʳʝ ʧʦʪʦʢʠ ʦʨʛʘʥʠʟʦʚʘʥʥʳʤʠ ʩʪʨʫʢʪʫʨʘʤʠ, 

ʢʦʪʦʨʳʝ ʚʥʦʩʷʪ ʩʫʱʝʩʪʚʝʥʥʳʡ ʚʢʣʘʜ ʚ ʧʝʨʝʥʦʩ ʧʨʠʤʝʩʠ ʚʥʫʪʨʠ ɻʇʉ. ɼʘʣʝʝ ʚ ɸʉʃʄ 

ʧʨʦʚʦʜʠʣʠʩʴ ʨʘʩʯʸʪʳ ʧʝʨʝʥʦʩʘ ʯʘʩʪʠʮ ʧʨʠ ʪʝʭ ʞʝ ʫʩʣʦʚʠʷʭ ʩʪʨʘʪʠʬʠʢʘʮʠʠ ʠ ʩ ʪʝʤ ʞʝ 

ʨʘʩʧʦʣʦʞʝʥʠʝʤ ʠʩʪʦʯʥʠʢʦʚ. ɺ ʢʘʯʝʩʪʚʝ ʩʪʦʭʘʩʪʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʠʟʘʮʠʡ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʪʨʠ 

ʢʦʥʬʠʛʫʨʘʮʠʠ, ʦʧʠʩʘʥʥʳʝ ʨʘʥʝʝ ʚ ʨʘʟʜʝʣʝ 2.2: 

¶ ʄʦʜʝʣʴ ʩʣʫʯʘʡʥʳʭ ʩʤʝʱʝʥʠʡ (RDM). 

¶ ʇʨʦʩʪʝʡʰʘʷ ʣʘʥʞʝʚʝʥʦʚʩʢʘʷ ʤʦʜʝʣʴ, ʥʝ ʫʜʦʚʣʝʪʚʦʨʷʶʱʘʷ ʋʍʇ (LSM0). 

¶ ʃʘʥʞʝʚʝʥʦʚʩʢʘʷ ʤʦʜʝʣʴ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʘʷ ʋʍʇ ʜʣʷ ʚʝʨʪʠʢʘʣʴʥʦʡ ʜʠʬʬʫʟʠʠ (LSM1). 

ɺʦ ʚʩʝʭ ʤʦʜʝʣʷʭ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʢʦʥʩʪʘʥʪʘ ʂʦʣʤʦʛʦʨʦʚʘ C0 ʧʨʠʥʠʤʘʣʘʩʴ ʨʘʚʥʦʡ 6.0, 

ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʝʸ ʟʥʘʯʝʥʠʶ ʜʣʷ ʠʥʝʨʮʠʦʥʥʦʛʦ ʠʥʪʝʨʚʘʣʘ ʠʟʦʪʨʦʧʥʦʡ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. 

ʆʩʥʦʚʥʘʷ ʯʘʩʪʴ ʜʘʥʥʦʡ ʚʝʨʠʬʠʢʘʮʠʠ ʟʘʢʣʶʯʘʣʘʩʴ ʚ ʩʨʘʚʥʝʥʠʠ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ 

ʫʧʨʦʱʸʥʥʳʤʠ ʃʉʄ, ʩ ʵʪʘʣʦʥʥʳʤʠ ʜʘʥʥʳʤʠ LES. ʉʥʘʯʘʣʘ ʨʘʩʩʤʦʪʨʠʤ ʩʣʫʯʘʡ ʫʩʪʦʡʯʠʚʦʡ 

ʩʪʨʘʪʠʬʠʢʘʮʠʠ. ʅʘ ʨʠʩʫʥʢʝ 2.12 ʧʨʝʜʩʪʘʚʣʝʥʳ ʧʦʣʷ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʣʷ 
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ʪʦʯʝʯʥʦʛʦ ʠʩʪʦʯʥʠʢʘ, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʥʘʜ ʟʜʘʥʠʷʤʠ (ʚʳʩʦʪʘ 1.5h, ʨʠʩ. 2.12ʘ) ʠ ʚʙʣʠʟʠ ʟʝʤʣʠ 

(ʚʳʩʦʪʘ h/16, ʨʠʩ. 2.12ʙ) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ɺʠʟʫʘʣʴʥʳʡ ʘʥʘʣʠʟ ʵʪʠʭ ʨʠʩʫʥʢʦʚ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʤʦʜʝʣʠ RDM ʠ LSM1 ʚ ʮʝʣʦʤ 

ʢʦʨʨʝʢʪʥʦ ʚʦʩʧʨʦʠʟʚʦʜʷʪ ʦʙʱʫʶ ʬʦʨʤʫ ʰʣʝʡʬʘ ʠ ʘʙʩʦʣʶʪʥʳʝ ʟʥʘʯʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ. 

ʄʦʜʝʣʴ LSM1 ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʪʝʥʜʝʥʮʠʶ ʢ ʥʝʢʦʪʦʨʦʤʫ ʟʘʚʳʰʝʥʠʶ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʚ ʪʦ ʚʨʝʤʷ 

ʢʘʢ RDM ʜʘʸʪ ʩʣʝʛʢʘ ʟʘʥʠʞʝʥʥʳʝ ʟʥʘʯʝʥʠʷ. ʕʪʠ ʥʝʙʦʣʴʰʠʝ ʨʘʩʭʦʞʜʝʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʩʚʷʟʘʥʳ 

ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʠʥʪʝʨʧʦʣʷʮʠʠ ʠ ʵʢʩʪʨʘʧʦʣʷʮʠʠ ʚʭʦʜʥʳʭ ʜʘʥʥʳʭ LES ʚʙʣʠʟʠ ʧʦʚʝʨʭʥʦʩʪʠ 

[Glazunov et al., 2016]. ɺ ʦʪʣʠʯʠʝ ʦʪ ʥʠʭ, ʤʦʜʝʣʴ LSM0, ʥʝ ʫʜʦʚʣʝʪʚʦʨʷʶʱʘʷ ʋʍʇ, ʟʘʚʳʰʘʝʪ 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʫʶ ʢʦʥʮʝʥʪʨʘʮʠʶ ʙʦʣʝʝ ʯʝʤ ʥʘ ʧʦʨʷʜʦʢ, ʯʪʦ ʩʨʘʟʫ ʫʢʘʟʳʚʘʝʪ ʥʘ ʝʸ 

ʥʝʧʨʠʤʝʥʠʤʦʩʪʴ ʜʣʷ ʪʘʢʦʡ ʧʦʩʪʘʥʦʚʢʠ. 

 

ʘ) 

 

ʙ) 

ʈʠʩʫʥʦʢ 2.12. ʇʦʣʷ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʯʘʩʪʠʮ ʜʣʷ ʪʦʯʝʯʥʦʛʦ 

ʠʩʪʦʯʥʠʢʘ, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʥʘʜ ʟʜʘʥʠʷʤʠ (ʘ) ʠ ʫ ʟʝʤʣʠ (ʙ), ʧʨʠ ʫʩʪʦʡʯʠʚʦʡ ʩʪʨʘʪʠʬʠʢʘʮʠʠ. 

ɹʦʣʝʝ ʜʝʪʘʣʴʥʘʷ ʢʘʨʪʠʥʘ ʚʠʜʥʘ ʥʘ ʚʝʨʪʠʢʘʣʴʥʳʭ ʩʨʝʟʘʭ ʰʣʝʡʬʘ ʥʘ ʙʦʣʴʰʦʤ ʫʜʘʣʝʥʠʠ ʦʪ 

ʠʩʪʦʯʥʠʢʘ (800 ʤ). ʕʪʠ ʩʨʝʟʳ, ʧʨʠʚʝʜʸʥʥʳʝ ʥʘ ʨʠʩʫʥʢʝ 2.13, ʧʦʟʚʦʣʷʶʪ ʦʮʝʥʠʪʴ ʢʘʯʝʩʪʚʦ 

ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʷ ʚʝʨʪʠʢʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʰʣʝʡʬʘ. 

ʄʦʜʝʣʠ LSM1 ʠ RDM ʚʥʦʚʴ ʧʦʢʘʟʳʚʘʶʪ ʭʦʨʦʰʝʝ ʩʦʛʣʘʩʠʝ ʩ ʵʪʘʣʦʥʦʤ, ʧʨʘʚʠʣʴʥʦ 

ʦʧʠʩʳʚʘʷ ʚʝʨʪʠʢʘʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʨʠʤʝʩʠ. ɼʝʬʝʢʪʳ ʤʦʜʝʣʠ LSM0, ʥʘʦʙʦʨʦʪ, 
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ʧʨʦʷʚʣʷʶʪʩʷ ʦʩʦʙʝʥʥʦ ʥʘʛʣʷʜʥʦ. ɼʣʷ ʚʳʩʦʪʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʦʥʘ ʧʨʠʚʦʜʠʪ ʢ ʥʝʬʠʟʠʯʥʦʤʫ 

"ʨʘʟʜʚʦʝʥʠʶ" ʰʣʝʡʬʘ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʜʚʫʭ ʤʘʢʩʠʤʫʤʦʚ ʢʦʥʮʝʥʪʨʘʮʠʠ: ʦʜʥʦʛʦ ʥʘʜ ɻʇʉ ʠ 

ʚʪʦʨʦʛʦ ʫ ʩʘʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʕʪʦ ʤʦʞʥʦ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʪʴ ʢʘʢ ʥʝʩʧʦʩʦʙʥʦʩʪʴ ʤʦʜʝʣʠ 

ʘʜʝʢʚʘʪʥʦ ʦʧʠʩʘʪʴ ʧʨʦʮʝʩʩ ʚʦʚʣʝʯʝʥʠʷ ʧʨʠʤʝʩʠ ʠʟ ʚʳʰʝʣʝʞʘʱʠʭ ʩʣʦʸʚ ʚ ʛʦʨʦʜʩʢʦʡ ʢʘʥʴʦʥ. 

ɼʣʷ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʵʪʘ ʤʦʜʝʣʴ, ʥʘʧʨʦʪʠʚ, ʧʨʝʧʷʪʩʪʚʫʝʪ ʚʳʥʦʩʫ ʧʨʠʤʝʩʠ ʠʟ 

ɻʇʉ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʝʸ ʣʦʞʥʦʤʫ ʠʟʙʳʪʦʯʥʦʤʫ ʥʘʢʦʧʣʝʥʠʶ ʫ ʟʝʤʣʠ.  

 

ʘ) 

 

ʙ) 

ʈʠʩʫʥʦʢ 2.13. ɺʝʨʪʠʢʘʣʴʥʳʝ ʩʨʝʟʳ ʥʦʨʤʠʨʦʚʘʥʥʦʡ (ʥʘ ʩʢʦʨʦʩʪʴ ʪʨʝʥʠʷ, ʚʳʩʦʪʫ ʟʜʘʥʠʡ ʠ 

ʩʫʤʤʘʨʥʫʶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʩʪʦʯʥʠʢʦʚ) ʢʦʥʮʝʥʪʨʘʮʠʠ ʯʘʩʪʠʮ ʥʘ ʫʜʘʣʝʥʠʠ 800 ʤ ʦʪ 

ʠʩʪʦʯʥʠʢʘ, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʥʘʜ ʟʜʘʥʠʷʤʠ (ʘ) ʠ ʫ ʟʝʤʣʠ (ʙ), ʧʨʠ ʫʩʪʦʡʯʠʚʦʡ ʩʪʨʘʪʠʬʠʢʘʮʠʠ. 

ʀʥʪʝʨʝʩʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʫʩʣʦʚʠʷʭ ɻʇʉ ʦʰʠʙʢʠ LSM0 ʦʢʘʟʳʚʘʶʪʩʷ ʙʦʣʝʝ 

ʩʫʱʝʩʪʚʝʥʥʳʤʠ, ʯʝʤ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʥʘʜ ʧʣʦʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ [Glazunov et al., 2016], ʯʪʦ 
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ʧʦʜʯʸʨʢʠʚʘʝʪ ʚʘʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʝʦʨʝʪʠʯʝʩʢʠ ʢʦʨʨʝʢʪʥʳʭ ʤʦʜʝʣʝʡ ʚ ʫʩʣʦʚʠʷʭ 

ʥʝʦʜʥʦʨʦʜʥʦʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. 

ɼʘʣʝʝ ʨʘʩʩʤʦʪʨʠʤ ʩʣʫʯʘʡ ʥʝʡʪʨʘʣʴʥʦʡ ʩʪʨʘʪʠʬʠʢʘʮʠʠ. ʈʝʟʫʣʴʪʘʪʳ ʣʘʛʨʘʥʞʝʚʘ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʠʭ ʩʨʘʚʥʝʥʠʝ ʩ LES ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 2.14. ɺ ʮʝʣʦʤ, ʚʳʚʦʜʳ ʜʣʷ 

ʥʝʡʪʨʘʣʴʥʦ-ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ɻʇʉ ʘʥʘʣʦʛʠʯʥʳ ʪʝʤ, ʯʪʦ ʙʳʣʠ ʩʜʝʣʘʥʳ ʜʣʷ ʫʩʪʦʡʯʠʚʦʛʦ 

ʩʣʫʯʘʷ: ʤʦʜʝʣʠ RDM ʠ LSM1 ʧʦʢʘʟʳʚʘʶʪ ʭʦʨʦʰʝʝ ʩʦʛʣʘʩʠʝ ʩ ʵʪʘʣʦʥʦʤ, ʘ LSM0 

ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʟʥʘʯʠʪʝʣʴʥʳʝ ʦʰʠʙʢʠ. ʆʜʥʘʢʦ ʟʜʝʩʴ ʧʨʦʷʚʣʷʝʪʩʷ ʦʜʥʘ ʚʘʞʥʘʷ ʜʝʪʘʣʴ, 

ʦʪʣʠʯʘʶʱʘʷ ʵʪʦʪ ʩʣʫʯʘʡ ʦʪ ʫʩʪʦʡʯʠʚʦʛʦ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʫʩʪʦʡʯʠʚʦʡ ʩʪʨʘʪʠʬʠʢʘʮʠʠ, ʧʨʠ 

ʥʝʡʪʨʘʣʴʥʦʡ ʦʙʝ "ʭʦʨʦʰʠʝ" ʤʦʜʝʣʠ (LSM1 ʠ RDM) ʩʠʩʪʝʤʘʪʠʯʝʩʢʠ ʟʘʚʳʰʘʶʪ ʢʦʥʮʝʥʪʨʘʮʠʶ 

ʧʨʠʤʝʩʠ ʚ ʰʣʝʡʬʝ ʥʘ ʜʘʣʴʥʠʭ ʨʘʩʩʪʦʷʥʠʷʭ ʦʪ ʠʩʪʦʯʥʠʢʘ ʧʨʠʤʝʨʥʦ ʚ 1.5 ʨʘʟʘ, ʧʨʠ ʵʪʦʤ 

ʢʦʨʨʝʢʪʥʦ ʤʦʜʝʣʠʨʫʷ ʰʠʨʠʥʫ ʰʣʝʡʬʘ. 

ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʧʨʠ ʥʝʡʪʨʘʣʴʥʦʡ ʩʪʨʘʪʠʬʠʢʘʮʠʠ ʦʙʝ ʤʦʜʝʣʠ 

ʩ ʢʦʥʩʪʘʥʪʦʡ ὅ φȢπ, ʧʨʘʚʠʣʴʥʦ ʚʦʩʧʨʦʠʟʚʦʜʷ ʛʦʨʠʟʦʥʪʘʣʴʥʫʶ ʜʠʬʬʫʟʠʶ, ʦʙʝʩʧʝʯʠʚʘʶʪ 

ʥʝʜʦʩʪʘʪʦʯʥʦʝ ʚʝʨʪʠʢʘʣʴʥʦʝ ʧʝʨʝʤʝʰʠʚʘʥʠʝ. ʇʨʠʯʠʥʘ ʵʪʦʛʦ ʨʘʩʭʦʞʜʝʥʠʷ ʢʨʦʝʪʩʷ ʚ ʬʠʟʠʢʝ 

ʪʫʨʙʫʣʝʥʪʥʳʭ ʪʝʯʝʥʠʡ. ɿʥʘʯʝʥʠʝ ὅ φȢπ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʠʟʦʪʨʦʧʥʦʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ʆʜʥʘʢʦ 

ʧʨʠ ʥʝʡʪʨʘʣʴʥʦʡ ʩʪʨʘʪʠʬʠʢʘʮʠʠ ʚ ʧʦʛʨʘʥʠʯʥʦʤ ʩʣʦʝ (ʧʦʤʠʤʦ ʤʝʣʢʦʤʘʩʰʪʘʙʥʳʭ ʬʣʫʢʪʫʘʮʠʡ) 

ʩʫʱʝʩʪʚʫʶʪ ʢʨʫʧʥʳʝ ʫʧʦʨʷʜʦʯʝʥʥʳʝ ʩʪʨʫʢʪʫʨʳ (ʥʘʧʨʠʤʝʨ, ʚʘʣʠʢʦʦʙʨʘʟʥʳʝ ʚʠʭʨʠ), ʢʦʪʦʨʳʝ 

ʚʥʦʩʷʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʚʢʣʘʜ ʚ ʚʝʨʪʠʢʘʣʴʥʳʡ ʧʝʨʝʥʦʩ. ɺ LES-ʤʦʜʝʣʠ ʵʪʠ ʩʪʨʫʢʪʫʨʳ 

ʨʘʟʨʝʰʘʶʪʩʷ ʷʚʥʳʤ ʦʙʨʘʟʦʤ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʩʪʦʭʘʩʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ, ʧʦʜʦʙʥʳʝ 

ʨʘʩʩʤʦʪʨʝʥʥʳʤ, ʥʝ ʩʧʦʩʦʙʥʳ ʠʭ ʚʦʩʧʨʦʠʟʚʝʩʪʠ ʥʘ ʦʩʥʦʚʝ ʦʩʨʝʜʥʸʥʥʳʭ ʦʜʥʦʤʝʨʥʳʭ ʚʭʦʜʥʳʭ 

ʜʘʥʥʳʭ. ʇʨʠ ʫʩʪʦʡʯʠʚʦʡ ʩʪʨʘʪʠʬʠʢʘʮʠʠ ʵʪʠ ʢʨʫʧʥʳʝ ʩʪʨʫʢʪʫʨʳ ʧʦʜʘʚʣʷʶʪʩʷ, ʠ ʩʦʛʣʘʩʠʝ 

ʤʦʜʝʣʝʡ ʫʣʫʯʰʘʝʪʩʷ. ʕʪʦʪ ʨʝʟʫʣʴʪʘʪ ʫʢʘʟʳʚʘʝʪ ʥʘ ʛʨʘʥʠʮʳ ʧʨʠʤʝʥʠʤʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ 

ʩʪʦʭʘʩʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʚ ʧʦʜʦʙʥʳʭ ʢʚʘʟʠʦʜʥʦʤʝʨʥʳʭ ʧʦʩʪʘʥʦʚʢʘʭ (ʙʝʟ ʪʨʸʭʤʝʨʥʳʭ ʧʦʣʝʡ ʠ 

ʷʚʥʦʛʦ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʷ ʟʘʩʪʨʦʡʢʠ ʚ ʣʘʛʨʘʥʞʝʚʦʡ ʤʦʜʝʣʠ). 
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ʘ) 

 

ʙ) 

ʈʠʩʫʥʦʢ 2.14. ɺʝʨʪʠʢʘʣʴʥʳʝ ʩʨʝʟʳ ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʯʘʩʪʠʮ ʥʘ ʫʜʘʣʝʥʠʠ 800 ʤ 

ʦʪ ʠʩʪʦʯʥʠʢʘ, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʥʘʜ ʟʜʘʥʠʷʤʠ (ʘ) ʠ ʫ ʟʝʤʣʠ (ʙ), ʧʨʠ ʥʝʡʪʨʘʣʴʥʦʡ 

ʩʪʨʘʪʠʬʠʢʘʮʠʠ. 

ʅʘʢʦʥʝʮ, ʩʨʘʚʥʝʥʠʝ ʜʠʩʧʝʨʩʠʠ ʰʣʝʡʬʘ ʚ ʧʦʧʝʨʝʯʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ (ʨʠʩ. 2.16), ʢʦʪʦʨʘʷ 

ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʝʛʦ ʰʠʨʠʥʫ, ʧʦʜʪʚʝʨʞʜʘʝʪ ʩʜʝʣʘʥʥʳʝ ʚʳʚʦʜʳ: ʤʦʜʝʣʠ LSM1 ʠ RDM ʦʯʝʥʴ 

ʪʦʯʥʦ ʦʧʠʩʳʚʘʶʪ ʵʪʦʪ ʧʘʨʘʤʝʪʨ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ LSM0 ʜʘʸʪ ʟʘʚʳʰʝʥʥʳʝ ʟʥʘʯʝʥʠʷ, ʦʩʦʙʝʥʥʦ 

ʧʨʠ ʫʩʪʦʡʯʠʚʦʡ ʩʪʨʘʪʠʬʠʢʘʮʠʠ, ʯʪʦ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʦʙʥʘʨʫʞʝʥʥʳʤ ʨʘʥʝʝ ʠʟʙʳʪʦʯʥʳʤ 

ʧʝʨʝʤʝʰʠʚʘʥʠʝʤ. 
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ʘ) 

 

ʙ) 

ʈʠʩʫʥʦʢ 2.15. ʅʦʨʤʠʨʦʚʘʥʥʘʷ ʜʠʩʧʝʨʩʠʷ ʢʦʦʨʜʠʥʘʪ ʯʘʩʪʠʮ ʚ ʥʘʧʨʘʚʣʝʥʠʠ y 

(ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʥʘʧʨʘʚʣʝʥʠʶ ʚʝʪʨʘ) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʩʩʪʦʷʥʠʷ ʜʦ ʠʩʪʦʯʥʠʢʘ ʥʘʜ 

ʟʜʘʥʠʷʤʠ ʧʨʠ ʫʩʪʦʡʯʠʚʦʡ (ʘ) ʠ ʥʝʡʪʨʘʣʴʥʦʡ (ʙ) ʩʪʨʘʪʠʬʠʢʘʮʠʠ. 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʧʨʦʚʝʜʸʥʥʦʡ ʢʨʦʩʩ-ʚʝʨʠʬʠʢʘʮʠʠ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʩʣʝʜʫʶʱʠʝ ʢʣʶʯʝʚʳʝ 

ʚʳʚʦʜʳ. 

ɺʦ-ʧʝʨʚʳʭ, ʩʪʦʭʘʩʪʠʯʝʩʢʠʝ ʣʘʛʨʘʥʞʝʚʳ ʤʦʜʝʣʠ, ʨʘʟʨʘʙʦʪʘʥʥʳʝ ʚ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ, 

ʩʧʦʩʦʙʥʳ ʚ ʮʝʣʦʤ ʢʦʨʨʝʢʪʥʦ ʚʦʩʧʨʦʠʟʚʦʜʠʪʴ ʦʩʦʙʝʥʥʦʩʪʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʨʠʤʝʩʠ ʚ 

ʩʣʦʞʥʦʤ ʪʫʨʙʫʣʝʥʪʥʦʤ ʧʦʣʝ ʛʦʨʦʜʩʢʦʛʦ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʚ ʘʚʪʦʥʦʤʥʦʤ ʨʝʞʠʤʝ ʧʨʠ ʫʩʣʦʚʠʠ 

ʘʜʝʢʚʘʪʥʦʛʦ ʟʘʜʘʥʠʷ ʦʩʨʝʜʥʸʥʥʳʭ ʩʪʘʪʠʩʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ʕʪʦ 

ʦʪʢʨʳʚʘʝʪ ʧʝʨʩʧʝʢʪʠʚʫ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʩʚʷʟʢʝ ʩ ʜʘʥʥʳʤʠ ʥʘʙʣʶʜʝʥʠʡ ʠʣʠ ʧʨʦʩʪʳʭ RANS-

ʤʦʜʝʣʝʡ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʠʭ ʨʘʩʯʸʪʦʚ. 

ɺʦ-ʚʪʦʨʳʭ, ʚʝʨʠʬʠʢʘʮʠʷ ʧʦʢʘʟʘʣʘ ʢʨʠʪʠʯʝʩʢʫʶ ʚʘʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʝʦʨʝʪʠʯʝʩʢʠ 

ʦʙʦʩʥʦʚʘʥʥʳʭ ʤʦʜʝʣʝʡ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʭ ʋʍʇ. ʇʨʦʩʪʝʡʰʘʷ ʤʦʜʝʣʴ ʃʘʥʞʝʚʝʥʘ (LSM0), ʥʝ 

ʫʜʦʚʣʝʪʚʦʨʷʶʱʘʷ ʵʪʦʤʫ ʫʩʣʦʚʠʶ, ʤʦʞʝʪ ʚ ʦʧʨʝʜʝʣʸʥʥʳʭ ʫʩʣʦʚʠʷʭ ʧʨʠʚʦʜʠʪʴ ʢ ʛʨʫʙʳʤ 

ʢʘʯʝʩʪʚʝʥʥʳʤ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʳʤ ʦʰʠʙʢʘʤ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʯʪʦ ʜʝʣʘʝʪ ʝʸ 

ʤʘʣʦʧʨʠʛʦʜʥʦʡ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʟʘʜʘʯʘʭ ʩ ʥʝʦʜʥʦʨʦʜʥʦʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʴʶ. 

ɺ-ʪʨʝʪʴʠʭ, ʤʦʜʝʣʴ ʩʣʫʯʘʡʥʳʭ ʩʤʝʱʝʥʠʡ (RDM) ʠ ʤʦʜʝʣʴ ʃʘʥʞʝʚʝʥʘ ʩ ʧʦʧʨʘʚʢʦʡ ʥʘ ʋʍʇ 

(LSM1) ʧʦʢʘʟʘʣʠ ʦʯʝʥʴ ʙʣʠʟʢʠʝ ʨʝʟʫʣʴʪʘʪʳ, ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʱʠʝʩʷ ʩ ʵʪʘʣʦʥʥʳʤʠ LES-

ʜʘʥʥʳʤʠ, ʦʩʦʙʝʥʥʦ ʚ ʫʩʣʦʚʠʷʭ ʫʩʪʦʡʯʠʚʦʡ ʩʪʨʘʪʠʬʠʢʘʮʠʠ. ʕʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ ʜʣʷ ʦʧʠʩʘʥʠʷ ʧʝʨʝʥʦʩʘ ʧʘʩʩʠʚʥʦʡ ʧʨʠʤʝʩʠ ʥʘ 

ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʠʭ ʨʘʩʩʪʦʷʥʠʷʭ ʦʪ ʠʩʪʦʯʥʠʢʘ ʠ ʧʦʜʪʚʝʨʞʜʘʝʪ ʢʦʨʨʝʢʪʥʦʩʪʴ ʬʠʟʠʯʝʩʢʠʭ 

ʦʩʥʦʚ ʠ ʨʝʘʣʠʟʘʮʠʠ ʦʙʝʠʭ ʧʘʨʘʤʝʪʨʠʟʘʮʠʡ ʚ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʦʜʝʣʠ.  
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ʇʨʦʚʝʜʸʥʥʘʷ ʢʨʦʩʩ-ʚʝʨʠʬʠʢʘʮʠʷ ʧʦʜʪʚʝʨʜʠʣʘ ʥʘʜʸʞʥʦʩʪʴ ʠ ʬʠʟʠʯʝʩʢʫʶ ʦʙʦʩʥʦʚʘʥʥʦʩʪʴ 

ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘʨʠʷ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ ʧʨʠʤʝʥʝʥʠʷ ʚ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʟʘʜʘʯʘʭ, 

ʦʧʠʩʘʥʥʳʭ ʚ ʩʣʝʜʫʶʱʠʭ ʛʣʘʚʘʭ ʜʠʩʩʝʨʪʘʮʠʠ. ɺʘʞʥʦ ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ ʜʘʥʥʦʝ ʩʨʘʚʥʝʥʠʝ 

ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʥʘʠʙʦʣʝʝ ʞʸʩʪʢʠʭ ʜʣʷ ɸʃʉʄ ʫʩʣʦʚʠʷʭ: ʥʘ ʚʭʦʜ ʤʦʜʝʣʠ ʧʦʜʘʚʘʣʠʩʴ ʣʠʰʴ 

ʦʜʥʦʤʝʨʥʳʝ (ʦʩʨʝʜʥʸʥʥʳʝ ʧʦ ʚʨʝʤʝʥʠ ʠ ʛʦʨʠʟʦʥʪʘʣʠ) ʚʝʨʪʠʢʘʣʴʥʳʝ ʧʨʦʬʠʣʠ 

ʤʝʪʝʦʨʦʣʦʛʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ɺʩʷ ʩʣʦʞʥʝʡʰʘʷ ʪʨʸʭʤʝʨʥʘʷ ʩʪʨʫʢʪʫʨʘ ʪʝʯʝʥʠʷ ʚʥʫʪʨʠ 

ʛʦʨʦʜʩʢʦʛʦ ʩʣʦʷ, ʚʢʣʶʯʘʷ ʩʪʘʮʠʦʥʘʨʥʳʝ ʚʠʭʨʠ ʠ ʥʝʩʪʘʮʠʦʥʘʨʥʳʝ ʢʦʛʝʨʝʥʪʥʳʝ ʩʪʨʫʢʪʫʨʳ, 

ʙʳʣʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʚʠʜʝ ʦʩʨʝʜʥʸʥʥʳʭ ʩʪʘʪʠʩʪʠʢ. ʅʝʩʤʦʪʨʷ ʥʘ ʩʪʦʣʴ ʢʘʨʜʠʥʘʣʴʥʦʝ ʫʧʨʦʱʝʥʠʝ 

ʚʭʦʜʥʦʡ ʠʥʬʦʨʤʘʮʠʠ, ʨʘʟʨʘʙʦʪʘʥʥʘʷ ʤʦʜʝʣʴ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʘ ʚʳʩʦʢʫʶ ʪʦʯʥʦʩʪʴ ʚ 

ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʠ ʠʥʪʝʛʨʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʝʨʝʥʦʩʘ. ʄʦʞʥʦ ʩ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ 

ʫʚʝʨʝʥʥʦʩʪʠ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʙʦʣʝʝ ʧʦʣʥʳʭ ʠ ʜʝʪʘʣʴʥʳʭ ʚʭʦʜʥʳʭ 

ʜʘʥʥʳʭ ʪʦʯʥʦʩʪʴ ʨʘʩʯʸʪʦʚ ʚʦʟʨʘʩʪʸʪ, ʘ ʚʳʷʚʣʝʥʥʳʝ ʨʘʩʭʦʞʜʝʥʠʷ ʙʫʜʫʪ ʤʝʥʝʝ ʚʳʨʘʞʝʥʳ. ʕʪʦ 

ʧʦʜʪʚʝʨʞʜʘʝʪ ʚʳʩʦʢʠʡ ʧʦʪʝʥʮʠʘʣ ʤʦʜʝʣʠ ʢʘʢ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʩʚʷʟʢʝ ʩ ʤʦʜʝʣʷʤʠ ʨʘʟʥʦʛʦ 

ʫʨʦʚʥʷ ʩʣʦʞʥʦʩʪʠ, ʪʘʢ ʠ ʜʣʷ ʧʨʷʤʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʚ ʧʨʠʢʣʘʜʥʳʭ ʟʘʜʘʯʘʭ. 

2.10 ʀʥʪʝʛʨʠʨʦʚʘʥʥʳʡ ʤʦʜʫʣʴ ʣʘʛʨʘʥʞʝʚʘ ʧʝʨʝʥʦʩʘ ʜʣʷ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʝʡ 

ʤʦʜʝʣʠ ʅʀɺʎ ʄɻʋ 

ʂʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚ ʧʨʝʜʳʜʫʱʠʭ ʨʘʟʜʝʣʘʭ, ʨʘʟʨʘʙʦʪʘʥʥʘʷ ʣʘʛʨʘʥʞʝʚʘ ʤʦʜʝʣʴ ʩʧʦʩʦʙʥʘ 

ʵʬʬʝʢʪʠʚʥʦ ʬʫʥʢʮʠʦʥʠʨʦʚʘʪʴ ʚ ʘʚʪʦʥʦʤʥʦʤ ʨʝʞʠʤʝ. ɺ ʭʦʜʝ ʨʘʙʦʪʳ ʙʳʣ ʥʘʢʦʧʣʝʥ ʦʧʳʪ ʝʸ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩ ʜʘʥʥʳʤʠ ʦʪ ʨʘʟʣʠʯʥʳʭ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ, ʚʢʣʶʯʘʷ RANS-ʤʦʜʝʣʴ 

ENVI-met [ɺʘʨʝʥʮʦʚ, 2019], ʘ ʪʘʢʞʝ ʩ ʦʩʨʝʜʥʸʥʥʳʤʠ ʜʘʥʥʳʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʠʟ ʨʘʩʯʸʪʦʚ LES-

ʤʦʜʝʣʝʡ ʀɺʄ ʈɸʅ (ʩʤ. ʨʘʟʜʝʣ 2.5) ʠ ʅʀɺʎ ʄɻʋ (ʦʜʠʥʦʯʥʳʝ ʪʝʩʪʳ, ʥʝ ʫʧʦʤʷʥʫʪʳʝ ʨʘʥʝʝ ʚ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ). ɼʣʷ ʧʝʨʝʭʦʜʘ ʢ ʩʣʝʜʫʶʱʝʤʫ, ʙʦʣʝʝ ʚʳʩʦʢʦʤʫ ʫʨʦʚʥʶ ʜʝʪʘʣʠʟʘʮʠʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʦʩʦʙʝʥʥʦ ʚ ʟʘʜʘʯʘʭ ʧʝʨʝʥʦʩʘ ʧʨʠʤʝʩʠ ʚ ʛʦʨʦʜʩʢʦʡ ʩʨʝʜʝ, ʪʨʝʙʫʝʪʩʷ ʜʦʩʪʫʧ ʢ 

ʤʘʢʩʠʤʘʣʴʥʦ ʜʝʪʘʣʴʥʳʤ ʧʦ ʧʨʦʩʪʨʘʥʩʪʚʫ ʠ ʚʨʝʤʝʥʠ ʧʦʣʷʤ ʤʝʪʝʦʨʦʣʦʛʠʯʝʩʢʠʭ ʚʝʣʠʯʠʥ. 

ʆʧʪʠʤʘʣʴʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʪʘʢʠʭ ʜʘʥʥʳʭ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʷʚʣʷʶʪʩʷ 

ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʠʝ (LES) ʤʦʜʝʣʠ. ʆʥʠ ʧʦʟʚʦʣʷʶʪ ʷʚʥʳʤ ʦʙʨʘʟʦʤ ʚʦʩʧʨʦʠʟʚʦʜʠʪʴ ʰʠʨʦʢʠʡ 

ʩʧʝʢʪʨ ʪʫʨʙʫʣʝʥʪʥʳʭ ʚʠʭʨʝʡ, ʦʪ ʢʨʫʧʥʳʭ, ʩʦʧʦʩʪʘʚʠʤʳʭ ʩ ʨʘʟʤʝʨʦʤ ʟʜʘʥʠʡ, ʜʦ 

ʤʝʣʢʦʤʘʩʰʪʘʙʥʳʭ, ʯʪʦ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʦ ʜʣʷ ʢʦʨʨʝʢʪʥʦʛʦ ʦʧʠʩʘʥʠʷ ʪʨʘʝʢʪʦʨʠʡ ʘʵʨʦʟʦʣʴʥʳʭ 

ʯʘʩʪʠʮ. ʆʜʥʘʢʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʦʯʝʚʠʜʥʳʝ ʧʨʝʠʤʫʱʝʩʪʚʘ, ʨʘʙʦʪʘ ʩ ʜʘʥʥʳʤʠ LES ʚ ʘʚʪʦʥʦʤʥʦʤ 

ʨʝʞʠʤʝ ʩʦʧʨʷʞʝʥʘ ʩ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʪʝʭʥʠʯʝʩʢʦʡ ʧʨʦʙʣʝʤʦʡ: ʦʛʨʦʤʥʳʤ ʦʙʲʸʤʦʤ 

ʛʝʥʝʨʠʨʫʝʤʳʭ ʜʘʥʥʳʭ. ʉʦʭʨʘʥʝʥʠʝ ʧʦʣʥʦʡ ʯʝʪʳʨʸʭʤʝʨʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʦ ʧʦʪʦʢʝ ʩ ʚʳʩʦʢʠʤ 
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ʚʨʝʤʝʥʥʳʤ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʡ ʦʙʨʘʙʦʪʢʠ ʧʨʘʢʪʠʯʝʩʢʠ 

ʥʝʚʦʟʤʦʞʥʦ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʜʠʩʢʦʚʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʠ ʩʢʦʨʦʩʪʠ ʚʚʦʜʘ-ʚʳʚʦʜʘ. 

ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʤ ʠ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʨʝʰʝʥʠʝʤ ʷʚʣʷʝʪʩʷ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʘʷ ʠʥʪʝʛʨʘʮʠʷ ʣʘʛʨʘʥʞʝʚʘ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʜʘ ʚ ʚʠʜʝ ʤʦʜʫʣʷ ʚ LES-ʤʦʜʝʣʴ. 

ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʧʨʷʤʦʡ ʜʦʩʪʫʧ ʢ ʤʛʥʦʚʝʥʥʳʤ ʧʦʣʷʤ ʤʝʪʝʦʚʝʣʠʯʠʥ "ʥʘ 

ʣʝʪʫ", ʚ ʭʦʜʝ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʩʯʸʪʘ, ʤʠʥʫʷ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʠʭ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʚʳʚʦʜʘ 

ʠ ʭʨʘʥʝʥʠʷ. ʕʪʦ ʦʪʢʨʳʚʘʝʪ ʜʦʩʪʫʧ ʢ ʰʠʨʦʢʦʤʫ ʩʧʝʢʪʨʫ ʷʚʥʦ ʨʘʟʨʝʰʸʥʥʳʭ ʪʫʨʙʫʣʝʥʪʥʳʭ 

ʬʣʫʢʪʫʘʮʠʡ ʠ ʧʦʟʚʦʣʷʝʪ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʙʦʣʝʝ ʪʦʯʥʦ ʦʮʝʥʠʚʘʪʴ ʧʝʨʝʥʦʩ ʯʘʩʪʠʮ ʚ ʫʩʣʦʚʠʷʭ 

ʩʣʦʞʥʳʭ ʛʦʨʦʜʩʢʠʭ ʪʝʯʝʥʠʡ, ʩ ʜʨʫʛʦʡ ï ʫʯʠʪʳʚʘʪʴ ʠ ʠʩʩʣʝʜʦʚʘʪʴ ʪʦʥʢʠʝ ʬʠʟʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ, 

ʪʘʢʠʝ ʢʘʢ ʚʣʠʷʥʠʝ ʠʥʝʨʮʠʠ ʯʘʩʪʠʮ ʥʘ ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʪʫʨʙʫʣʝʥʪʥʳʤʠ ʩʪʨʫʢʪʫʨʘʤʠ 

ʨʘʟʥʦʛʦ ʤʘʩʰʪʘʙʘ [ɻʣʘʟʫʥʦʚ, 2018; Huilier, 2021]. 

ʀʤʝʥʥʦ ʧʦʵʪʦʤʫ ʩʣʝʜʫʶʱʠʤ ʣʦʛʠʯʝʩʢʠʤ ʰʘʛʦʤ ʨʘʟʚʠʪʠʷ ʩʪʘʣʘ ʠʥʪʝʛʨʘʮʠʷ 

ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʣʘʛʨʘʥʞʝʚʘ ʢʦʜʘ ʚ ʢʘʯʝʩʪʚʝ ʤʦʜʫʣʷ ʚ LES-ʤʦʜʝʣʴ, ʩʦʟʜʘʥʥʫʶ ʩʦʚʤʝʩʪʥʦ ʚ 

ʅʀɺʎ ʄɻʋ ʠ ʀɺʄ ʈɸʅ (ʜʘʣʝʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʦʢʨʘʱʝʥʠʝ ï LES-ʤʦʜʝʣʴ ʅʄʀʈ ʠʣʠ ʤʦʜʝʣʴ 

ʅʄʀʈ, ʥʘʟʳʚʘʝʤʘʷ ʪʘʢ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʦ ʧʝʨʚʳʤ ʙʫʢʚʘʤ ʦʨʛʘʥʠʟʘʮʠʡ, ʚ ʢʦʪʦʨʳʭ ʤʦʜʝʣʴ 

ʙʳʣʘ ʩʦʟʜʘʥʘ). ɺ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʜʣʷ ʨʘʩʯʸʪʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʦʣʝʡ ʚ 

ʩʣʝʜʫʶʱʠʭ ʛʣʘʚʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ LES-ʢʦʥʬʠʛʫʨʘʮʠʷ ʵʪʦʡ ʤʦʜʝʣʠ. ʆʥʘ 

ʦʩʥʦʚʘʥʘ ʥʘ ʝʜʠʥʦʤ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʤ ʢʦʜʝ, ʢʦʪʦʨʳʡ ʦʙʲʝʜʠʥʷʝʪ ʧʦʜʭʦʜʳ LES, DNS ʠ 

RANS ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʛʝʦʬʠʟʠʯʝʩʢʠʭ ʪʫʨʙʫʣʝʥʪʥʳʭ ʪʝʯʝʥʠʡ ʩ ʚʳʩʦʢʠʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ 

ʨʘʟʨʝʰʝʥʠʝʤ [Mortikov et al., 2019; Kadantsev et al., 2021; Tkachenko et al., 2022; Debolskiy et 

al., 2023, Suiazova et al., 2024]. 

LES-ʤʦʜʝʣʴ ʅʄʀʈ ʨʘʩʩʯʠʪʳʚʘʝʪ ʜʠʥʘʤʠʢʫ ʪʝʨʤʠʯʝʩʢʠ ʩʪʨʘʪʠʬʠʮʠʨʦʚʘʥʥʦʡ ʞʠʜʢʦʩʪʠ, 

ʢʦʪʦʨʘʷ ʦʧʠʩʳʚʘʝʪʩʷ ʬʠʣʴʪʨʦʚʘʥʥʳʤʠ ʫʨʘʚʥʝʥʠʷʤʠ ʅʘʚʴʝ-ʉʪʦʢʩʘ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ɹʫʩʩʠʥʝʩʢʘ. 

ɼʣʷ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ʧʦʜʩʝʪʦʯʥʦʛʦ ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʦʜʝʣʴ ʪʫʨʙʫʣʝʥʪʥʦʡ 

ʚʷʟʢʦʩʪʠ ʉʤʘʛʦʨʠʥʩʢʦʛʦ, ʚ ʢʦʪʦʨʦʡ ʢʦʵʬʬʠʮʠʝʥʪ ʉʤʘʛʦʨʠʥʩʢʦʛʦ ʠ ʧʦʜʩʝʪʦʯʥʦʝ ʯʠʩʣʦ 

ʇʨʘʥʜʪʣʷ (ʟʘʚʠʩʷʱʠʝ ʦʪ ʚʨʝʤʝʥʠ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʢʦʦʨʜʠʥʘʪ) ʦʧʨʝʜʝʣʷʶʪʩʷ ʩ ʧʦʤʦʱʴʶ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʨʦʮʝʜʫʨʳ [Germano et al., 1991]. ʏʠʩʣʝʥʥʘʷ ʤʦʜʝʣʴ ʠʩʧʦʣʴʟʫʝʪ ʢʦʥʩʝʨʚʘʪʠʚʥʳʝ 

ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʳʝ ʩʭʝʤʳ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʪʦʯʥʦʩʪʠ ʜʣʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʘʧʧʨʦʢʩʠʤʘʮʠʠ 

ʥʘ ʧʨʷʤʦʫʛʦʣʴʥʳʭ ʩʝʪʢʘʭ. ɼʣʷ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʫʨʘʚʥʝʥʠʡ ʜʚʠʞʝʥʠʷ ʠ ʥʝʧʨʝʨʳʚʥʦʩʪʠ ʧʦ 

ʚʨʝʤʝʥʠ ʠ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʫʩʣʦʚʠʷ ʥʝʩʞʠʤʘʝʤʦʩʪʠ ʧʨʠʤʝʥʷʝʪʩʷ ʤʝʪʦʜ ʜʨʦʙʥʳʭ ʰʘʛʦʚ, ʘ ʜʣʷ 

ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʫʨʘʚʥʝʥʠʡ ʜʣʷ ʠʤʧʫʣʴʩʘ ʠ ʪʝʧʣʘ ï ʷʚʥʘʷ ʩʭʝʤʘ ɸʜʘʤʩʘ-ɹʵʰʬʦʨʪʘ ʪʨʝʪʴʝʛʦ 

ʧʦʨʷʜʢʘ. ɺʘʞʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʤʦʜʝʣʠ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʷʚʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʟʜʘʥʠʡ ʠ 

ʨʘʩʪʠʪʝʣʴʥʦʩʪʠ, ʧʨʠʯʸʤ ʧʦʚʝʨʭʥʦʩʪʴ ʢʘʞʜʦʛʦ ʟʜʘʥʠʷ ʤʦʞʝʪ ʠʤʝʪʴ ʠʥʜʠʚʠʜʫʘʣʴʥʦ ʟʘʜʘʥʥʳʝ 
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ʧʘʨʘʤʝʪʨʳ (ʰʝʨʦʭʦʚʘʪʦʩʪʴ, ʪʝʤʧʝʨʘʪʫʨʘ, ʧʦʪʦʢʠ ʪʝʧʣʘ ʠ ʚʣʘʛʠ ʠ ʜʨ.), ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʤʦʜʝʣʠʨʦʚʘʪʴ ʩʣʦʞʥʳʝ ʛʦʨʦʜʩʢʠʝ ʩʮʝʥʘʨʠʠ ʩ ʨʘʟʥʦʦʙʨʘʟʥʦʡ ʟʘʩʪʨʦʡʢʦʡ [Tarasova et al., 2024]. 

ʇʨʦʮʝʩʩ ʠʥʪʝʛʨʘʮʠʠ ʙʳʣ ʚʟʘʠʤʦʚʳʛʦʜʥʳʤ ʜʣʷ ʦʙʦʠʭ ʧʨʦʛʨʘʤʤʥʳʭ ʢʦʤʧʣʝʢʩʦʚ. ʉ ʦʜʥʦʡ 

ʩʪʦʨʦʥʳ, ʤʦʜʝʣʴ ʅʄʀʈ ʥʘ ʪʦʪ ʤʦʤʝʥʪ ʫʞʝ ʩʦʜʝʨʞʘʣʘ ʙʘʟʦʚʫʶ ʚʦʟʤʦʞʥʦʩʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʣʘʛʨʘʥʞʝʚʳʭ ʯʘʩʪʠʮ, ʦʜʥʘʢʦ ʦʥʘ ʙʳʣʘ ʨʝʘʣʠʟʦʚʘʥʘ ʚ ʫʧʨʦʱʸʥʥʦʤ ʚʠʜʝ: ʥʝ ʫʯʠʪʳʚʘʣʦʩʴ 

ʩʪʦʭʘʩʪʠʯʝʩʢʦʝ ʚʣʠʷʥʠʝ ʧʦʜʩʝʪʦʯʥʦʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, ʦʪʩʫʪʩʪʚʦʚʘʣʠ ʤʝʭʘʥʠʟʤʳ ʜʣʷ 

ʦʙʨʘʙʦʪʢʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʯʘʩʪʠʮ ʩ ʪʚʸʨʜʳʤʠ ʧʦʚʝʨʭʥʦʩʪʷʤʠ ʠ ʠʭ ʦʩʘʞʜʝʥʠʷ, ʘ ʪʘʢʞʝ ʥʝ ʙʳʣʦ 

ʚʦʟʤʦʞʥʦʩʪʠ ʦʜʥʦʚʨʝʤʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʝʩʢʦʣʴʢʠʭ ʪʠʧʦʚ ʯʘʩʪʠʮ ʚ ʦʜʥʦʤ ʨʘʩʯʸʪʝ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʥʝʜʨʝʥʠʝ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʤʦʜʫʣʷ ʧʦʟʚʦʣʠʣʦ ʦʙʦʛʘʪʠʪʴ ʤʦʜʝʣʴ ʅʄʀʈ 

ʬʠʟʠʯʝʩʢʠ ʧʦʣʥʳʤ ʠ ʛʠʙʢʠʤ ʠʥʩʪʨʫʤʝʥʪʘʨʠʝʤ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʝʨʝʥʦʩʘ ʯʘʩʪʠʮ. 

ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʤʦʜʫʣʴʥʦʩʪʠ, ʛʠʙʢʦʩʪʠ ʠ ʚʦʟʤʦʞʥʦʩʪʠ ʥʝʟʘʚʠʩʠʤʦʡ ʨʘʟʨʘʙʦʪʢʠ 

ʠʪʦʛʦʚʘʷ ʧʨʦʛʨʘʤʤʥʘʷ ʘʨʭʠʪʝʢʪʫʨʘ ʣʘʛʨʘʥʞʝʚʘ ʙʣʦʢʘ ʙʳʣʘ ʩʧʨʦʝʢʪʠʨʦʚʘʥʘ ʢʘʢ ʪʨʸʭʫʨʦʚʥʝʚʘʷ 

ʩʠʩʪʝʤʘ: 

¶ ʋʨʦʚʝʥʴ 1: ʗʜʨʦ LES-ʤʦʜʝʣʠ ʅʄʀʈ. ʕʪʦ ʦʩʥʦʚʥʦʡ ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʜ LES-ʤʦʜʝʣʠ, 

ʦʪʚʝʯʘʶʱʠʡ ʟʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʨʘʩʯʸʪʳ. ʅʘ ʵʪʦʤ ʫʨʦʚʥʝ ʭʨʘʥʷʪʩʷ ʠ ʦʙʥʦʚʣʷʶʪʩʷ 

ʦʩʥʦʚʥʳʝ ʪʝʨʤʦʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʧʦʣʷ. ʀʟ ʷʜʨʘ ʤʦʜʝʣʠ ʧʨʦʠʩʭʦʜʠʪ ʚʳʟʦʚ ʬʫʥʢʮʠʡ 

ʩʣʝʜʫʶʱʝʛʦ ʫʨʦʚʥʷ, ʦʪʚʝʯʘʶʱʠʭ ʟʘ ʦʙʤʝʥ ʠʥʬʦʨʤʘʮʠʝʡ ʩ ʣʘʛʨʘʥʞʝʚʳʤ ʙʣʦʢʦʤ. 

¶ ʋʨʦʚʝʥʴ 2: ʄʦʜʫʣʴ ʣʘʛʨʘʥʞʝʚʘ ʧʝʨʝʥʦʩʘ çptclè. ʕʪʦʪ ʤʦʜʫʣʴ ʷʚʣʷʝʪʩʷ 

ʦʧʮʠʦʥʘʣʴʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʙʳʪʴ ʜʝʘʢʪʠʚʠʨʦʚʘʥ, ʝʩʣʠ ʨʘʩʯʸʪ 

ʧʝʨʝʥʦʩʘ ʯʘʩʪʠʮ ʥʝ ʪʨʝʙʫʝʪʩʷ. ɺ ʥʸʤ ʠʥʢʘʧʩʫʣʠʨʦʚʘʥʘ ʚʩʷ ʠʥʬʦʨʤʘʮʠʷ ʦ ʯʘʩʪʠʮʘʭ ʠ 

ʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ (ʧʦʣʦʞʝʥʠʝ, ʩʢʦʨʦʩʪʴ, ʪʠʧ ʠ ʪ.ʜ.), ʘ ʪʘʢʞʝ ʧʨʦʠʩʭʦʜʠʪ ʚʳʧʦʣʥʝʥʠʝ 

ʙʦʣʴʰʠʥʩʪʚʘ ʩʚʷʟʘʥʥʳʭ ʩ ʥʠʤʠ ʨʘʩʯʸʪʦʚ. ʅʘ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ ʦʩʥʦʚʥʦʛʦ ʮʠʢʣʘ ʠʟ 

ʷʜʨʘ ʤʦʜʝʣʠ ʚ ʤʦʜʫʣʴ ptcl ʧʦʩʪʫʧʘʝʪ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʠʥʬʦʨʤʘʮʠʠ, ʚʢʣʶʯʘʷ 

ʤʛʥʦʚʝʥʥʳʝ ʧʦʣʷ ʤʝʪʝʦʚʝʣʠʯʠʥ. ɺ ʦʙʨʘʪʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʤʦʛʫʪ ʙʳʪʴ ʧʝʨʝʜʘʥʳ 

ʨʘʩʩʯʠʪʘʥʥʳʝ ʧʦʣʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʜʘʥʥʳʝ ʦʙ ʦʩʘʞʜʝʥʠʠ ʯʘʩʪʠʮ. ɺʥʫʪʨʠ ʜʘʥʥʦʛʦ 

ʤʦʜʫʣʷ ʨʝʘʣʠʟʦʚʘʥʘ ʠʥʬʨʘʩʪʨʫʢʪʫʨʥʘʷ ʦʩʥʦʚʘ ʠ ʥʘʙʦʨ ʙʘʟʦʚʳʭ ʘʣʛʦʨʠʪʤʦʚ, ʚ ʪʦ ʚʨʝʤʷ 

ʢʘʢ ʙʦʣʝʝ ʩʣʦʞʥʳʝ ʠ ʩʧʝʮʠʬʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʚʳʥʝʩʝʥʳ ʥʘ ʩʣʝʜʫʶʱʠʡ ʫʨʦʚʝʥʴ. 

¶ ʋʨʦʚʝʥʴ 3: ɺʥʝʰʥʠʝ ʧʦʜʢʣʶʯʘʝʤʳʝ ʙʠʙʣʠʦʪʝʢʠ çptcl-ext». ɼʣʷ ʤʘʢʩʠʤʘʣʴʥʦʡ 

ʛʠʙʢʦʩʪʠ ʠ ʨʘʩʰʠʨʷʝʤʦʩʪʠ ʧʨʝʜʫʩʤʦʪʨʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʜʢʣʶʯʝʥʠʷ ʚʥʝʰʥʠʭ 

ʙʠʙʣʠʦʪʝʢ. ʀʟ ʥʠʭ ʤʦʛʫʪ ʚʳʟʳʚʘʪʴʩʷ ʬʫʥʢʮʠʠ ʜʣʷ ʨʝʰʝʥʠʷ ʩʧʝʮʠʬʠʯʝʩʢʠʭ ʟʘʜʘʯ: 

ʨʘʩʯʸʪʘ ʧʝʨʝʤʝʱʝʥʠʷ ʯʘʩʪʠʮ ʩ ʫʯʸʪʦʤ ʨʘʟʣʠʯʥʳʭ ʩʪʦʭʘʩʪʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʠʟʘʮʠʡ ʠʣʠ 

ʦʙʨʘʙʦʪʢʠ ʩʣʦʞʥʳʭ ʩʮʝʥʘʨʠʝʚ ʩʪʦʣʢʥʦʚʝʥʠʡ ʩ ʧʦʚʝʨʭʥʦʩʪʷʤʠ. ʇʨʝʠʤʫʱʝʩʪʚʦ ʪʘʢʦʛʦ 

ʧʦʜʭʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʙʠʙʣʠʦʪʝʢʠ ʠ ʬʫʥʢʮʠʠ ʥʘ ʵʪʦʤ ʫʨʦʚʥʝ ʧʨʦʱʝ ʚʩʝʛʦ 
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ʠʟʤʝʥʷʪʴ ʠʣʠ ʩʦʟʜʘʚʘʪʴ ʩʘʤʦʩʪʦʷʪʝʣʴʥʦ, ʨʘʩʰʠʨʷʷ ʬʫʥʢʮʠʦʥʘʣ ʤʦʜʝʣʠ ʙʝʟ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʚʥʦʩʠʪʴ ʠʟʤʝʥʝʥʠʷ ʚ ʝʸ ʷʜʨʦ. 

ʊʘʢʘʷ ʪʨʸʭʫʨʦʚʥʝʚʘʷ ʘʨʭʠʪʝʢʪʫʨʘ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʩʪʘʥʜʘʨʪʠʟʠʨʦʚʘʥʥʳʭ ʠʥʪʝʨʬʝʡʩʘʭ 

(ʥʘʙʦʨʘʭ ʧʝʨʝʤʝʥʥʳʭ ʠ ʚʳʟʦʚʦʚ ʬʫʥʢʮʠʡ) ʜʣʷ ʦʙʤʝʥʘ ʜʘʥʥʳʤʠ ʤʝʞʜʫ ʫʨʦʚʥʷʤʠ, ʧʦʟʚʦʣʠʣʘ ʥʝ 

ʧʨʦʩʪʦ çʚʩʪʨʦʠʪʴè ʦʜʠʥ ʢʦʜ ʚ ʜʨʫʛʦʡ, ʘ ʩʦʟʜʘʪʴ ʛʠʙʢʫʶ ʠ ʨʘʩʰʠʨʷʝʤʫʶ ʩʠʩʪʝʤʫ ʜʣʷ 

ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. 

ɺ ʧʨʦʮʝʩʩʝ ʚʥʝʜʨʝʥʠʷ ʚ ʢʦʜ LES-ʤʦʜʝʣʠ ʅʄʀʈ ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʣʘʛʨʘʥʞʝʚ ʢʦʜ ʙʳʣ 

ʘʜʘʧʪʠʨʦʚʘʥ ʧʦʜ ʥʦʚʫʶ ʧʨʦʛʨʘʤʤʥʫʶ ʠʥʬʨʘʩʪʨʫʢʪʫʨʫ. ɼʣʷ ʵʪʦʛʦ ʠʟ ʠʩʭʦʜʥʦʡ ʘʚʪʦʥʦʤʥʦʡ 

ʚʝʨʩʠʠ ʙʳʣʠ ʦʪʦʙʨʘʥʳ ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʝ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʦ ʵʬʬʝʢʪʠʚʥʳʝ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ. ɺ 

ʠʪʦʛʝ ʚ ʩʦʩʪʘʚʝ ʠʥʪʝʛʨʠʨʦʚʘʥʥʦʛʦ ʤʦʜʫʣʷ ʙʳʣʠ ʨʝʘʣʠʟʦʚʘʥʳ: 

¶ ʃʘʛʨʘʥʞʝʚʳ ʫʨʘʚʥʝʥʠʷ ʜʚʠʞʝʥʠʷ ʜʣʷ ʯʘʩʪʠʮ, ʨʝʰʘʝʤʳʝ ʧʨʠ ʧʦʤʦʱʠ ʷʚʥʦʡ ʩʭʝʤʳ 

ʕʡʣʝʨʘ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʜʣʷ ʩʤʝʱʝʥʠʷ (2.27) ʣʠʙʦ ʷʚʥʦʡ ʩʭʝʤʳ ʕʡʣʝʨʘ ʧʝʨʚʦʛʦ 

ʧʦʨʷʜʢʘ ʜʣʷ ʩʢʦʨʦʩʪʠ ʠ ʧʦʣʫʥʝʷʚʥʦʡ ʩʭʝʤʳ ʂʨʘʥʢʘ-ʅʠʢʦʣʩʦʥ ʜʣʷ ʢʦʦʨʜʠʥʘʪʳ 

(ʫʨʘʚʥʝʥʠʷ (2.28)ï(2.29)). 

¶ ɼʚʝ ʘʣʴʪʝʨʥʘʪʠʚʥʳʝ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ʜʣʷ ʩʠʣʳ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʩʨʝʜʳ: ʫʥʠʚʝʨʩʘʣʴʥʘʷ 

ʜʣʷ ʩʬʝʨʠʯʝʩʢʠʭ ʯʘʩʪʠʮ (2.3) ʠ ʫʧʨʦʱʝʥʥʘʷ ʥʘ ʦʩʥʦʚʝ ʟʘʢʦʥʘ ʉʪʦʢʩʘ (2.6). 

¶ ɼʚʝ ʩʪʦʭʘʩʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʜʣʷ ʫʯʸʪʘ ʧʦʜʩʝʪʦʯʥʦʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ: ʤʦʜʝʣʴ ʩʣʫʯʘʡʥʳʭ 

ʩʤʝʱʝʥʠʡ (RDM, ʫʨ. (2.14)) ʠ ʧʨʦʩʪʘʷ ʤʦʜʝʣʴ ʃʘʥʞʝʚʝʥʘ (LSM0, ʫʨ. (2.19)). ɹʦʣʝʝ 

ʩʣʦʞʥʘʷ ʤʦʜʝʣʴ LSM1 ʥʘ ʜʘʥʥʦʤ ʵʪʘʧʝ ʥʝ ʙʳʣʘ ʨʝʘʣʠʟʦʚʘʥʘ ʠʟ-ʟʘ ʪʨʫʜʥʦʩʪʝʡ ʩ 

ʨʘʩʯʸʪʦʤ ʚ LES-ʤʦʜʝʣʠ ʅʄʀʈ ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʥʝʸ ʚʭʦʜʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʚ ʨʝʘʣʴʥʦʤ 

ʚʨʝʤʝʥʠ. 

¶ ʇʘʨʘʤʝʪʨʠʟʘʮʠʷ ʨʘʩʧʘʜʘ ʯʘʩʪʠʮ ʩ ʦʛʨʘʥʠʯʝʥʥʳʤ ʚʨʝʤʝʥʝʤ ʞʠʟʥʠ. 

¶ ʇʘʨʘʤʝʪʨʠʟʘʮʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʯʘʩʪʠʮ ʩʦ ʟʜʘʥʠʷʤʠ ʧʦ ʪʠʧʫ çʩʝʪʦʯʥʘʷ ʛʝʦʤʝʪʨʠʷè, 

ʧʦʩʢʦʣʴʢʫ ʚ LES-ʤʦʜʝʣʠ ʅʄʀʈ ʟʜʘʥʠʷ ʪʘʢʞʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘʙʦʨʦʤ ʥʝʧʨʦʥʠʮʘʝʤʳʭ 

ʷʯʝʝʢ ʨʘʩʯʸʪʥʦʡ ʩʝʪʢʠ. 

ʋʧʨʘʚʣʝʥʠʝ ʧʘʨʘʤʝʪʨʘʤʠ ʣʘʛʨʘʥʞʝʚʘ ʤʦʜʫʣʷ, ʚʢʣʶʯʘʷ ʵʤʠʩʩʠʶ ʠ ʩʪʦʢʠ ʯʘʩʪʠʮ, 

ʧʨʦʠʟʚʦʜʠʪʩʷ ʮʝʥʪʨʘʣʠʟʦʚʘʥʥʦ ʯʝʨʝʟ ʦʙʱʠʡ ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʳʡ ʬʘʡʣ LES-ʤʦʜʝʣʠ ʅʄʀʈ, ʚ 

ʩʧʝʮʠʘʣʴʥʦ ʚʳʜʝʣʝʥʥʦʤ ʩʝʛʤʝʥʪʝ ʩ ʥʘʟʚʘʥʠʝʤ ptcl. ʊʘʢʘʷ ʦʨʛʘʥʠʟʘʮʠʷ ʧʦʟʚʦʣʷʝʪ ʧʦʣʴʟʦʚʘʪʝʣʶ 

ʛʠʙʢʦ ʥʘʩʪʨʘʠʚʘʪʴ ʯʠʩʣʝʥʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ, ʥʝ ʚʥʦʩʷ ʠʟʤʝʥʝʥʠʡ ʚ ʠʩʭʦʜʥʳʡ ʢʦʜ. 

ɺ ʩʝʛʤʝʥʪʝ ptcl ʟʘʜʘʶʪʩʷ ʢʘʢ ʦʙʱʠʝ ʧʘʨʘʤʝʪʨʳ ʜʣʷ ʯʘʩʪʠʮ (ʥʘʧʨʠʤʝʨ, ʟʥʘʯʝʥʠʝ ʫʩʢʦʨʝʥʠʷ 

ʩʚʦʙʦʜʥʦʛʦ ʧʘʜʝʥʠʷ), ʪʘʢ ʠ ʢʣʶʯʝʚʳʝ ʥʘʩʪʨʦʡʢʠ ʨʝʞʠʤʘ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʇʦʣʴʟʦʚʘʪʝʣʴ ʤʦʞʝʪ 

ʚʳʙʨʘʪʴ ʨʝʞʠʤ ʧʝʨʝʥʦʩʘ ʯʘʩʪʠʮ: ʘʢʪʠʚʥʳʡ, ʩ ʧʦʣʥʳʤ ʫʯʸʪʦʤ ʠʥʝʨʮʠʠ ʠ ʩʪʦʭʘʩʪʠʯʝʩʢʠʭ 

ʬɻʬʝʢʪʦʚ, ʠʣʠ ʧʘʩʩʠʚʥʳʡ, ʛʜʝ ʯʘʩʪʠʮʳ ʜʚʠʞʫʪʩʷ ʢʘʢ ʠʜʝʘʣʴʥʳʝ ʪʨʘʩʩʝʨʳ, ʩʣʝʜʫʷ ʟʘ ʧʦʪʦʢʦʤ. 
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ɺ ʩʣʫʯʘʝ ʩ ʘʢʪʠʚʥʳʤ ʨʝʞʠʤʦʤ ʤʦʞʥʦ ʚʳʙʨʘʪʴ ʩʪʦʭʘʩʪʠʯʝʩʢʫʶ ʤʦʜʝʣʴ. ʊʘʢʞʝ ʚ 

ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʤ ʬʘʡʣʝ ʜʝʪʘʣʴʥʦ ʦʧʠʩʳʚʘʶʪʩʷ ʠʩʪʦʯʥʠʢʠ (ʠʭ ʢʦʣʠʯʝʩʪʚʦ, ʛʝʦʤʝʪʨʠʷ, ʨʝʞʠʤ 

ʵʤʠʩʩʠʠ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴ) ʠ ʩʪʦʢʠ (ʧʦʣʦʞʝʥʠʝ ʠ ʛʝʦʤʝʪʨʠʷ ʧʦʛʣʦʱʘʶʱʠʭ ʠ/ʠʣʠ ʨʘʟʨʝʰʸʥʥʳʭ 

ʦʙʣʘʩʪʝʡ). 

ʂʣʶʯʝʚʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʤʦʜʫʣʷ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʦʜʥʦʚʨʝʤʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʧʝʨʝʥʦʩʘ ʥʝʩʢʦʣʴʢʠʭ ʪʠʧʦʚ ʯʘʩʪʠʮ ʚ ʦʜʥʦʤ ʨʘʩʯʸʪʝ. ʏʠʩʣʦ ʪʠʧʦʚ ʠ ʠʭ ʠʥʜʠʚʠʜʫʘʣʴʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʟʘʜʘʶʪʩʷ ʚ ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʤ ʬʘʡʣʝ. ɼʣʷ ʢʘʞʜʦʛʦ ʪʠʧʘ ʯʘʩʪʠʮ ʤʦʛʫʪ ʙʳʪʴ 

ʦʧʨʝʜʝʣʝʥʳ ʩʚʦʠ ʫʥʠʢʘʣʴʥʳʝ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʪʘʢʠʝ ʢʘʢ ʜʠʘʤʝʪʨ, ʧʣʦʪʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ, ʘ 

ʪʘʢʞʝ ʚʝʨʦʷʪʥʦʩʪʠ ʦʩʘʞʜʝʥʠʷ, ʟʘʜʘʚʘʝʤʳʝ ʨʘʟʜʝʣʴʥʦ ʜʣʷ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ (ʟʝʤʣʷ, ʢʨʳʰʠ) ʠ 

ʚʝʨʪʠʢʘʣʴʥʳʭ (ʩʪʝʥʳ) ʧʦʚʝʨʭʥʦʩʪʝʡ. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʠʦʘʵʨʦʟʦʣʝʡ ʠʣʠ 

ʨʘʜʠʦʘʢʪʠʚʥʳʭ ʯʘʩʪʠʮ ʜʣʷ ʢʘʞʜʦʛʦ ʪʠʧʘ ʤʦʞʝʪ ʙʳʪʴ ʫʢʘʟʘʥʘ ʩʚʦʷ ʩʢʦʨʦʩʪʴ ʨʘʩʧʘʜʘ. ʕʪʦ 

ʧʦʟʚʦʣʷʝʪ ʚ ʨʘʤʢʘʭ ʦʜʥʦʛʦ ʯʠʩʣʝʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠʩʩʣʝʜʦʚʘʪʴ, ʢʘʢ ʯʘʩʪʠʮʳ ʨʘʟʥʦʛʦ 

ʨʘʟʤʝʨʘ, ʧʣʦʪʥʦʩʪʠ ʠ çʞʠʚʫʯʝʩʪʠè ʚʝʜʫʪ ʩʝʙʷ ʚ ʦʜʥʠʭ ʠ ʪʝʭ ʞʝ ʪʫʨʙʫʣʝʥʪʥʳʭ ʫʩʣʦʚʠʷʭ. 

ʀʪʦʛʦʚʳʡ ʘʣʛʦʨʠʪʤ ʨʘʙʦʪʳ ʣʘʛʨʘʥʞʝʚʘ ʤʦʜʫʣʷ ʚ LES-ʤʦʜʝʣʠ ʅʄʀʈ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ 

ʨʠʩʫʥʢʝ 2.16.  

 

ʈʠʩʫʥʦʢ 2.16. ɸʣʛʦʨʠʪʤ ʨʘʙʦʪʳ ʤʦʜʫʣʷ ʣʘʛʨʘʥʞʝʚʘ ʧʝʨʝʥʦʩʘ ʯʘʩʪʠʮ ʚ ʤʦʜʝʣʠ ʅʄʀʈ. 
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ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʥʘʩʪʨʦʝʢ ʚ ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʤ ʬʘʡʣʝ ʚʳʭʦʜʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʦ ʯʘʩʪʠʮʘʭ 

ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʬʦʨʤʘʪʘʭ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘ ʩʝʪʢʝ ʠ/ʠʣʠ ʩʧʠʩʢʘ ʯʘʩʪʠʮ ʩ ʫʢʘʟʘʥʠʝʤ 

ʧʦʟʠʮʠʠ ʢʘʞʜʦʡ. ɼʣʷ ʬʦʨʤʘʪʘ ʢʦʥʮʝʥʪʨʘʮʠʡ ʜʦʩʪʫʧʝʥ ʚʳʚʦʜ ʢʘʢ ʤʛʥʦʚʝʥʥʳʭ ʧʦʣʝʡ, ʪʘʢ ʠ 

ʦʩʨʝʜʥʸʥʥʳʭ ʧʦ ʚʨʝʤʝʥʠ ʟʘ ʫʢʘʟʘʥʥʳʡ ʧʝʨʠʦʜ. ʊʘʢʞʝ ʤʦʛʫʪ ʙʳʪʴ ʚʳʚʝʜʝʥʳ ʢʘʢ ʪʨʸʭʤʝʨʥʳʝ 

ʧʦʣʷ, ʪʘʢ ʠ ʠʭ ʦʩʨʝʜʥʝʥʠʷ ʚʜʦʣʴ ʦʜʥʦʡ ʠʣʠ ʥʝʩʢʦʣʴʢʠʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʦʩʝʡ (ʥʘʧʨʠʤʝʨ, 

ʚʝʨʪʠʢʘʣʴʥʳʝ ʧʨʦʬʠʣʠ). ɼʘʥʥʳʝ ʦʙ ʦʩʘʞʜʝʥʠʠ ʯʘʩʪʠʮ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʘʛʨʝʛʠʨʫʶʪʩʷ ʚ ʷʯʝʡʢʘʭ 

ʩʝʪʢʠ ʠ ʤʦʛʫʪ ʙʳʪʴ ʚʳʚʝʜʝʥʳ ʚ ʬʦʨʤʘʪʝ ʥʘʢʦʧʣʝʥʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʦʩʘʞʜʸʥʥʳʭ ʯʘʩʪʠʮ ʢʘʢ 

ʪʨʸʭʤʝʨʥʳʝ ʧʦʣʷ (ʘʥʘʣʦʛʠʯʥʦ ʦʙʳʯʥʳʤ ʢʦʥʮʝʥʪʨʘʮʠʷʤ). 

2.11 ɿʘʢʣʶʯʝʥʠʝ ʢ ʛʣʘʚʝ 2 

ɺ ʥʘʩʪʦʷʱʝʡ ʛʣʘʚʝ ʙʳʣ ʧʨʝʜʩʪʘʚʣʝʥ ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʚ ʨʘʤʢʘʭ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʛʦ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʤʧʣʝʢʩ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʝʨʝʥʦʩʘ ʠ ʦʩʘʞʜʝʥʠʷ ʘʵʨʦʟʦʣʴʥʳʭ 

ʯʘʩʪʠʮ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʣʘʛʨʘʥʞʝʚʦʤ ʧʦʜʭʦʜʝ. ɹʳʣʠ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʳ ʝʛʦ ʬʠʟʠʢʦ-

ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʦʩʥʦʚʳ, ʨʝʘʣʠʟʦʚʘʥʥʳʝ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ, ʯʠʩʣʝʥʥʳʝ ʩʭʝʤʳ ʠ ʘʨʭʠʪʝʢʪʫʨʘ 

ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʜʘ ʢʘʢ ʚ ʘʚʪʦʥʦʤʥʦʤ ʨʝʞʠʤʝ, ʪʘʢ ʠ ʚ ʚʠʜʝ ʠʥʪʝʛʨʠʨʦʚʘʥʥʦʛʦ ʤʦʜʫʣʷ ʜʣʷ 

ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʝʡ ʤʦʜʝʣʠ ʅʀɺʎ ʄɻʋ. ʇʨʦʚʝʜʸʥʥʘʷ ʚʩʝʩʪʦʨʦʥʥʷʷ ʚʝʨʠʬʠʢʘʮʠʷ ʧʦʢʘʟʘʣʘ 

ʚʳʩʦʢʫʶ ʥʘʜʸʞʥʦʩʪʴ ʠ ʬʠʟʠʯʝʩʢʫʶ ʦʙʦʩʥʦʚʘʥʥʦʩʪʴ ʩʦʟʜʘʥʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ. ɺʤʝʩʪʝ ʩ ʪʝʤ, 

ʢʘʢ ʠ ʣʶʙʘʷ ʯʠʩʣʝʥʥʘʷ ʤʦʜʝʣʴ, ʦʥ ʠʤʝʝʪ ʨʷʜ ʜʦʧʫʱʝʥʠʡ ʠ ʦʛʨʘʥʠʯʝʥʠʡ, ʢʦʪʦʨʳʝ ʚʘʞʥʦ 

ʦʯʝʨʪʠʪʴ. 

ʂʣʶʯʝʚʳʝ ʜʦʧʫʱʝʥʠʷ ʤʦʜʝʣʠ: 

¶ ʌʠʟʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ. ɺ ʪʝʢʫʱʝʡ ʚʝʨʩʠʠ ʤʦʜʝʣʠ ʥʝ ʫʯʠʪʳʚʘʶʪʩʷ ʪʘʢʠʝ ʚʘʞʥʳʝ 

ʧʨʦʮʝʩʩʳ, ʢʘʢ ʢʦʘʛʫʣʷʮʠʷ ʯʘʩʪʠʮ, ʠʭ ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ (ʠʩʧʘʨʝʥʠʝ, ʢʦʥʜʝʥʩʘʮʠʷ), 

ʭʠʤʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ ʠ ʚʣʘʞʥʦʝ ʦʩʘʞʜʝʥʠʝ. ʂʨʦʤʝ ʪʦʛʦ, ʥʝ ʨʝʘʣʠʟʦʚʘʥ ʤʝʭʘʥʠʟʤ 

ʩʘʣʴʪʘʮʠʠ, ʯʪʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʧʨʠʤʝʥʝʥʠʝ ʤʦʜʝʣʠ ʜʣʷ ʦʧʠʩʘʥʠʷ ʧʝʨʝʥʦʩʘ ʦʯʝʥʴ 

ʢʨʫʧʥʳʭ ʯʘʩʪʠʮ (ʧʝʩʢʘ) ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ ʧʨʠ ʩʠʣʴʥʦʤ ʚʝʪʨʝ. 

¶ ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʯʘʩʪʠʮ. ʄʦʜʝʣʴ ʥʝ ʫʯʠʪʳʚʘʝʪ ʧʨʷʤʳʝ ʩʪʦʣʢʥʦʚʝʥʠʷ ʤʝʞʜʫ 

ʯʘʩʪʠʮʘʤʠ, ʘ ʪʘʢʞʝ ʠʭ ʦʙʨʘʪʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʧʦʣʷ ʩʢʦʨʦʩʪʠ ʠ ʪʝʤʧʝʨʘʪʫʨʳ, ʟʘ 

ʠʩʢʣʶʯʝʥʠʝʤ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʦʡ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ʜʣʷ ʩʣʫʯʘʝʚ ʵʢʩʪʨʝʤʘʣʴʥʦ 

ʚʳʩʦʢʠʭ ʢʦʥʮʝʥʪʨʘʮʠʡ. ʕʪʦ ʜʦʧʫʱʝʥʠʝ ʷʚʣʷʝʪʩʷ ʩʪʘʥʜʘʨʪʥʳʤ ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʟʘʜʘʯ 

ʧʦ ʧʝʨʝʥʦʩʫ ʘʵʨʦʟʦʣʝʡ ʚ ʘʪʤʦʩʬʝʨʝ, ʦʜʥʘʢʦ ʤʦʞʝʪ ʙʳʪʴ ʥʝ ʚʧʦʣʥʝ ʢʦʨʨʝʢʪʥʳʤ ʜʣʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʣʦʪʥʳʭ ʜʚʫʭʬʘʟʥʳʭ ʧʦʪʦʢʦʚ. 

¶ ʆʛʨʘʥʠʯʝʥʠʷ ʧʘʨʘʤʝʪʨʠʟʘʮʠʡ. ʂʘʞʜʘʷ ʠʟ ʨʝʘʣʠʟʦʚʘʥʥʳʭ ʧʘʨʘʤʝʪʨʠʟʘʮʠʡ ʠʤʝʝʪ 

ʩʚʦʠ ʛʨʘʥʠʮʳ ʧʨʠʤʝʥʠʤʦʩʪʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʧʨʦʚʝʜʸʥʥʘʷ ʚʝʨʠʬʠʢʘʮʠʷ ʧʦʢʘʟʘʣʘ, ʯʪʦ 
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ʠʩʧʦʣʴʟʫʝʤʳʝ ʩʪʦʭʘʩʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʦʜʥʦʪʦʯʝʯʥʦʡ ʩʪʘʪʠʩʪʠʢʝ, ʤʦʛʫʪ 

ʟʘʥʠʞʘʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʧʨʠ ʥʝʡʪʨʘʣʴʥʦʡ 

ʩʪʨʘʪʠʬʠʢʘʮʠʠ ʠʟ-ʟʘ ʥʝʫʯʸʪʘ ʢʨʫʧʥʳʭ ʢʦʛʝʨʝʥʪʥʳʭ ʩʪʨʫʢʪʫʨ ʪʝʯʝʥʠʷ. 

ʕʪʠ ʦʛʨʘʥʠʯʝʥʠʷ ʦʜʥʦʚʨʝʤʝʥʥʦ ʷʚʣʷʶʪʩʷ ʠ ʧʝʨʩʧʝʢʪʠʚʘʤʠ ʜʘʣʴʥʝʡʰʝʛʦ ʨʘʟʚʠʪʠʷ 

ʤʦʜʝʣʠ. ɺʥʝʜʨʝʥʠʝ ʧʘʨʘʤʝʪʨʠʟʘʮʠʡ ʜʣʷ ʚʣʘʞʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠ ʙʘʟʦʚʳʭ ʭʠʤʠʯʝʩʢʠʭ 

ʧʨʝʚʨʘʱʝʥʠʡ, ʨʝʘʣʠʟʘʮʠʷ ʙʦʣʝʝ ʩʣʦʞʥʳʭ ʩʪʦʭʘʩʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ, ʫʯʠʪʳʚʘʶʱʠʭ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʨʘʟʨʘʙʦʪʢʘ ʜʚʫʩʪʦʨʦʥʥʝʡ ʩʚʷʟʠ ʤʝʞʜʫ 

ʯʘʩʪʠʮʘʤʠ ʠ ʧʦʪʦʢʦʤ ï ʚʩʸ ʵʪʦ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʣʦʛʠʯʥʳʝ ʰʘʛʠ ʧʦ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʶ 

ʩʦʟʜʘʥʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ. 

ɺ ʟʘʢʣʶʯʝʥʠʝ, ʦʩʥʦʚʥʳʤ ʨʝʟʫʣʴʪʘʪʦʤ ʨʘʙʦʪʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʚ ʜʘʥʥʦʡ ʛʣʘʚʝ, ʷʚʣʷʝʪʩʷ 

ʩʦʟʜʘʥʠʝ, ʚʩʝʩʪʦʨʦʥʥʷʷ ʚʝʨʠʬʠʢʘʮʠʷ ʠ ʠʥʪʝʛʨʘʮʠʷ ʚ LES-ʤʦʜʝʣʴ ʤʦʱʥʦʛʦ ʠ ʛʠʙʢʦʛʦ 

ʠʥʩʪʨʫʤʝʥʪʘ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʝʨʝʥʦʩʘ ʯʘʩʪʠʮ. ʄʦʜʝʣʴ ʙʳʣʘ ʫʩʧʝʰʥʦ ʧʨʦʚʝʨʝʥʘ ʥʘ 

ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʨʝʰʝʥʠʷʭ ʜʣʷ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ ʫʩʣʦʚʠʡ: ʦʪ ʧʘʩʩʠʚʥʳʭ ʜʦ ʠʥʝʨʮʠʦʥʥʳʭ 

ʯʘʩʪʠʮ, ʦʪ ʥʠʟʢʠʭ ʜʦ ʵʢʩʪʨʝʤʘʣʴʥʦ ʚʳʩʦʢʠʭ ʢʦʥʮʝʥʪʨʘʮʠʡ. ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʭʦʨʦʰʝʝ 

ʩʦʛʣʘʩʠʝ ʩ ʜʘʥʥʳʤʠ ʥʘʪʫʨʥʳʭ ʠʟʤʝʨʝʥʠʡ ʧʝʨʝʥʦʩʘ ʧʳʣʝʚʳʭ ʯʘʩʪʠʮ ʚ ʫʩʣʦʚʠʷʭ ʧʝʩʯʘʥʳʭ ʙʫʨʴ. 

ʅʘʢʦʥʝʮ, ʧʨʦʚʝʜʝʥʘ ʢʨʦʩʩ-ʚʝʨʠʬʠʢʘʮʠʷ ʧʦ ʜʘʥʥʳʤ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʝʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, 

ʢʦʪʦʨʘʷ ʧʦʜʪʚʝʨʜʠʣʘ ʢʦʨʨʝʢʪʥʦʩʪʴ ʬʠʟʠʯʝʩʢʠʭ ʦʩʥʦʚ ʤʦʜʝʣʠ ʠ ʚʳʷʚʠʣʘ ʛʨʘʥʠʮʳ 

ʧʨʠʤʝʥʠʤʦʩʪʠ ʠʩʧʦʣʴʟʫʝʤʳʭ ʩʪʦʭʘʩʪʠʯʝʩʢʠʭ ʧʦʜʭʦʜʦʚ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʦʟʜʘʥʥʳʡ ʠ ʧʨʦʚʝʨʝʥʥʳʡ ʠʥʩʪʨʫʤʝʥʪʘʨʠʡ ʧʦʟʚʦʣʷʝʪ ʩ ʚʳʩʦʢʦʡ 

ʩʪʝʧʝʥʴʶ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʨʝʰʘʪʴ ʩʣʦʞʥʳʝ ʥʘʫʯʥʳʝ ʟʘʜʘʯʠ. ʀʤʝʥʥʦ ʩ ʧʦʤʦʱʴʶ ʵʪʦʛʦ 

ʠʥʩʪʨʫʤʝʥʪʘ ʚ ʧʦʩʣʝʜʫʶʱʠʭ ʛʣʘʚʘʭ ʜʠʩʩʝʨʪʘʮʠʠ ʧʦʣʫʯʝʥʳ ʥʦʚʳʝ ʥʘʫʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, 

ʩʚʷʟʘʥʥʳʝ ʩ ʠʟʫʯʝʥʠʝʤ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʝʨʝʥʦʩʘ ʯʘʩʪʠʮ ʚ ʨʝʘʣʠʩʪʠʯʥʳʭ ʛʦʨʦʜʩʢʠʭ ʫʩʣʦʚʠʷʭ. 

ʇʦʣʫʯʝʥʥʳʝ ʚ ʵʪʦʡ ʛʣʘʚʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʷʶʪ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʩʣʝʜʫʶʱʝʝ 

ʟʘʱʠʱʘʝʤʦʝ ʧʦʣʦʞʝʥʠʝ: 

ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʣʘʛʨʘʥʞʝʚʘ ʤʦʜʝʣʴ ʧʝʨʝʥʦʩʘ ʠ ʦʩʘʞʜʝʥʠʷ ʘʵʨʦʟʦʣʝʡ, ʩʦʧʨʷʞʸʥʥʘʷ ʩ 

ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʝʡ ʤʦʜʝʣʴʶ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʘʪʤʦʩʬʝʨʳ, ʚʝʨʠʬʠʮʠʨʦʚʘʥʘ ʠ ʧʦʟʚʦʣʷʝʪ 

ʚʦʩʧʨʦʠʟʚʦʜʠʪʴ ʜʝʪʘʣʴʥʫʶ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʧʦʣʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʦʩʘʞʜʝʥʠʷ 

ʯʘʩʪʠʮ ʚ ʛʦʨʦʜʩʢʦʡ ʟʘʩʪʨʦʡʢʝ. 
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ɻʣʘʚʘ 3. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʝʨʝʥʦʩʘ ʘʵʨʦʟʦʣʝʡ ʚ ʨʘʟʥʳʭ ʪʠʧʘʭ ʛʦʨʦʜʩʢʦʡ 

ʟʘʩʪʨʦʡʢʠ ʥʘ ʦʩʥʦʚʝ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʃʂɿ 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʥʘ ʦʩʥʦʚʝ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʝʛʦ (LES) ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʣʘʛʨʘʥʞʝʚʳʤ 

ʤʦʜʫʣʝʤ ʧʝʨʝʥʦʩʘ ʯʘʩʪʠʮ ʘʥʘʣʠʟʠʨʫʝʪʩʷ, ʢʘʢ ʛʝʦʤʝʪʨʠʷ ʛʦʨʦʜʩʢʦʡ ʟʘʩʪʨʦʡʢʠ ʦʧʨʝʜʝʣʷʝʪ 

ʩʪʨʫʢʪʫʨʫ ʚʦʟʜʫʰʥʦʛʦ ʪʝʯʝʥʠʷ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʵʨʦʟʦʣʝʡ ʚ ʛʦʨʦʜʩʢʦʤ 

ʧʦʣʦʛʝ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʦʩʪʨʦʝʥʦ ʥʘ ʩʝʨʠʠ ʯʠʩʣʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʜʣʷ ʯʝʪʳʨʸʭ ʪʠʧʦʚ 

ʣʦʢʘʣʴʥʳʭ ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʟʦʥ (ʃʂɿ), ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʭ ʚ ʫʩʣʦʚʠʷʭ ʄʦʩʢʚʳ. 

ʉʥʘʯʘʣʘ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚʦʧʨʦʩʳ ʩʦʟʜʘʥʠʷ ʢʘʨʪ ʚʳʩʦʪ ʛʦʨʦʜʩʢʦʡ ʟʘʩʪʨʦʡʢʠ ʠ ʧʦʩʪʘʥʦʚʢʠ 

ʯʠʩʣʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʟʘʪʝʤ ï ʨʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ ʤʦʜʝʣʴʥʳʭ ʨʘʩʯʸʪʦʚ: ʩʪʨʫʢʪʫʨʘ 

ʚʦʟʜʫʰʥʦʛʦ ʧʦʪʦʢʘ, ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ 

ʧʦʣʫʯʝʥʥʳʭ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʢ ʩʚʦʡʩʪʚʘʤ ʯʘʩʪʠʮ. ʂʣʶʯʝʚʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʣʘʩʴ ʦʮʝʥʢʘ ʚʣʠʷʥʠʷ 

ʤʦʨʬʦʣʦʛʠʠ ʠ ʤʦʨʬʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʟʘʩʪʨʦʡʢʠ ʥʘ ʧʝʨʝʥʦʩ ʘʵʨʦʟʦʣʝʡ ʠ ʦʮʝʥʢʘ 

ʧʨʠʤʝʥʠʤʦʩʪʠ ʃʂɿ ʜʣʷ ʦʧʠʩʘʥʠʷ ʝʛʦ ʦʩʦʙʝʥʥʦʩʪʝʡ, ʪʦ ʝʩʪʴ ʚ ʢʘʯʝʩʪʚʝ ʧʨʝʜʠʢʪʦʨʘ ʚ ʟʘʜʘʯʘʭ 

ʘʵʨʦʟʦʣʴʥʦʛʦ ʟʘʛʨʷʟʥʝʥʠʷ ʠ ʢʘʯʝʩʪʚʘ ʚʦʟʜʫʭʘ. 

3.1 ʂʦʥʬʠʛʫʨʘʮʠʠ ʛʦʨʦʜʩʢʦʡ ʟʘʩʪʨʦʡʢʠ 

ʂʣʘʩʩʠʬʠʢʘʮʠʷ ʣʦʢʘʣʴʥʳʭ ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʟʦʥ (Local Climate Zones, LCZ), ʧʨʝʜʣʦʞʝʥʥʘʷ 

ʉʪʶʘʨʪʦʤ ʠ ʆʢʝ [Stewart, Oke, 2012], ʷʚʣʷʝʪʩʷ ʩʝʛʦʜʥʷ ʬʘʢʪʠʯʝʩʢʠʤ ʩʪʘʥʜʘʨʪʦʤ ʦʧʠʩʘʥʠʷ 

ʛʦʨʦʜʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʟʘʜʘʯʘʭ ʛʦʨʦʜʩʢʦʡ ʢʣʠʤʘʪʦʣʦʛʠʠ. ɺ ʥʝʡ ʧʦʚʝʨʭʥʦʩʪʴ ʨʘʟʙʠʚʘʝʪʩʷ ʥʘ 

17 ʢʣʘʩʩʦʚ (10 ʟʘʩʪʨʦʝʥʥʳʭ ʠ 7 ʧʨʠʨʦʜʥʳʭ), ʢʘʞʜʳʡ ʠʟ ʢʦʪʦʨʳʭ ʟʘʜʘʸʪʩʷ ʬʠʢʩʠʨʦʚʘʥʥʳʤ 

ʜʠʘʧʘʟʦʥʦʤ ʤʦʨʬʦʤʝʪʨʠʯʝʩʢʠʭ, ʪʝʨʤʠʯʝʩʢʠʭ ʠ ʨʘʜʠʘʮʠʦʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ: ʩʨʝʜʥʝʡ ʚʳʩʦʪʳ 

ʟʜʘʥʠʡ Ὄ, ʧʣʦʪʥʦʩʪʠ ʟʘʩʪʨʦʡʢʠ ‗, ʦʪʥʦʰʝʥʠʷ ʘʩʧʝʢʪʘ ʛʦʨʦʜʩʢʦʛʦ ʢʘʥʴʦʥʘ, ʜʦʣʠ 

ʥʝʧʨʦʥʠʮʘʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʜʨ. ʃʂɿ ʟʘʜʘʶʪʩʷ ʢʘʢ ʣʦʢʘʣʴʥʦ ʦʜʥʦʨʦʜʥʳʝ ʫʯʘʩʪʢʠ ʤʘʩʰʪʘʙʘ 

ʩʦʪʝʥ ʤʝʪʨʦʚ ï ʧʝʨʚʳʭ ʢʠʣʦʤʝʪʨʦʚ ʠ ʧʨʠʤʝʥʷʶʪʩʷ ʢʘʢ ʜʣʷ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʛʦʨʦʜʩʢʦʡ ʪʢʘʥʠ, 

ʪʘʢ ʠ ʚ ʢʘʯʝʩʪʚʝ ʫʥʠʬʠʮʠʨʦʚʘʥʥʳʭ ʚʭʦʜʥʳʭ ʜʘʥʥʳʭ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʛʦʨʦʜʩʢʦʛʦ 

ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ [Bechtel et al., 2015; Demuzere et al., 2022]. ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʃʂɿ ʚʩʸ ʯʘʱʝ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʠ ʚ ʟʘʜʘʯʘʭ, ʩʚʷʟʘʥʥʳʭ ʩ ʢʘʯʝʩʪʚʦʤ ʚʦʟʜʫʭʘ [Amouei, 2023; Gál et al., 2025], 

ʦʜʥʘʢʦ ʦʙʲʸʤ ʨʘʙʦʪ, ʚ ʢʦʪʦʨʳʭ ʢʣʘʩʩʠʬʠʢʘʮʠʷ ʃʂɿ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠ ʧʨʦʚʝʨʷʣʘʩʴ ʙʳ ʢʘʢ 

ʧʨʝʜʠʢʪʦʨ ʧʝʨʝʥʦʩʘ ʘʵʨʦʟʦʣʝʡ, ʦʩʪʘʸʪʩʷ ʦʛʨʘʥʠʯʝʥʥʳʤ, ʯʪʦ ʠ ʤʦʪʠʚʠʨʫʝʪ ʚʳʙʦʨ ʠʤʝʥʥʦ ʵʪʦʡ 

ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʚ ʥʘʩʪʦʷʱʝʤ ʠʩʩʣʝʜʦʚʘʥʠʠ. 

 ɺʳʙʦʨ ʢʦʥʢʨʝʪʥʳʭ ʪʠʧʦʚ ʃʂɿ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʦʩʥʦʚʘʥ ʥʘ ʠʭ 

ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʩʪʠ ʚ ʄʦʩʢʚʝ, ʧʦʩʢʦʣʴʢʫ ʧʣʘʥʠʨʦʚʘʣʦʩʴ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʚ ʪʦʤ ʯʠʩʣʝ ʨʝʘʣʴʥʳʝ 

ʢʦʥʬʠʛʫʨʘʮʠʠ ʟʘʩʪʨʦʡʢʠ ʠʟ ʨʘʟʥʳʭ ʯʘʩʪʝʡ ʛʦʨʦʜʘ. ʅʘ ʨʠʩ. 3.1 ʧʨʠʚʝʜʝʥʳ ʢʘʨʪʳ ʪʠʧʦʚ ʃʂɿ ʜʣʷ 
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ʄʦʩʢʚʳ ʠ ʇʦʜʤʦʩʢʦʚʴʷ ʚ ʧʨʝʜʝʣʘʭ 50 ʠ 20 ʢʤ ʦʪ ʮʝʥʪʨʘ ʄʦʩʢʚʳ. ʂʘʨʪʳ ʧʦʩʪʨʦʝʥʳ ʥʘ ʦʩʥʦʚʝ 

ʨʝʛʠʦʥʘʣʴʥʦʡ ʢʘʨʪʳ ʃʂɿ [Varentsov et al., 2020], ʩʦʟʜʘʥʥʦʡ ʧʦ ʦʪʢʨʳʪʳʤ ʜʘʥʥʳʤ ʠʟ ʨʘʟʥʳʭ 

ʠʩʪʦʯʥʠʢʦʚ ʩʧʝʮʠʘʣʴʥʦ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʄʦʩʢʦʚʩʢʦʛʦ ʨʝʛʠʦʥʘ ʚ ʤʝʟʦʤʘʩʰʪʘʙʥʦʡ 

ʤʝʪʝʦʨʦʣʦʛʠʯʝʩʢʦʡ ʤʦʜʝʣʠ COSMO; ʨʘʟʨʝʰʝʥʠʝ ʢʘʨʪʳ ʩʦʩʪʘʚʣʷʝʪ 100 ʤ. ɺʠʟʫʘʣʴʥʦ ʚʥʫʪʨʠ 

ʄʂɸɼ ʜʦʤʠʥʠʨʫʝʪ ʃʂɿ 4 (ʦʪʢʨʳʪʘʷ ʤʥʦʛʦʵʪʘʞʥʘʷ ʟʘʩʪʨʦʡʢʘ), ʘ ʥʘ ʪʝʨʨʠʪʦʨʠʠ ʦʙʣʘʩʪʠ ï ʃʂɿ 

6 (ʦʪʢʨʳʪʘʷ ʤʘʣʦʵʪʘʞʥʘʷ), ʧʨʠ ʵʪʦʤ ʚ ʮʝʣʦʤ ʧʦ ʢʘʨʪʘ ʥʝʦʜʥʦʨʦʜʥʘʷ, ʨʘʟʥʳʝ ʪʠʧʳ ʃʂɿ 

ʧʦʩʪʦʷʥʥʦ ʩʤʝʥʷʶʪ ʜʨʫʛ ʜʨʫʛʘ ʢʘʢ ʚ ʛʦʨʦʜʝ, ʪʘʢ ʠ ʚ ʦʙʣʘʩʪʠ.  

 
ʘ) 

 
ʙ) 

ʈʠʩʫʥʦʢ 3.1. ʂʘʨʪʳ ʪʠʧʦʚ ʃʂɿ ʜʣʷ ʪʝʨʨʠʪʦʨʠʠ ʄʦʩʢʚʳ ʠ ʄʦʩʢʦʚʩʢʦʡ ʦʙʣʘʩʪʠ ʚ ʧʨʝʜʝʣʘʭ 

50 ʢʤ (ʘ) ʠ 20 ʢʤ (ʙ) ʦʪ ʮʝʥʪʨʘ ʄʦʩʢʚʳ. ʂʘʨʪʘ ʧʦʩʪʨʦʝʥʘ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʨʝʛʠʦʥʘʣʴʥʦʡ 

ʢʘʨʪʳ ʃʂɿ ʜʣʷ ʄʦʩʢʚʳ ʠ ʦʢʨʝʩʪʥʦʩʪʝʡ [Varentsov et al., 2020] . 

ɺ ʪʘʙʣ. 3.1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʦʧʠʩʘʥʠʷ ʚʩʝʭ ʟʘʩʪʨʦʝʥʥʳʭ (ʫʨʙʘʥʠʟʠʨʦʚʘʥʥʳʭ) ʪʠʧʦʚ ʃʂɿ, ʠʭ 

ʦʩʥʦʚʥʳʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʠ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʩʪʴ ʚ ʄʦʩʢʚʝ ï ʧʣʦʱʘʜʴ ʠ ʜʦʣʷ ʩʨʝʜʠ 

ʟʘʩʪʨʦʝʥʥʳʭ ʪʝʨʨʠʪʦʨʠʡ. ɻʝʦʤʝʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʚʟʷʪʳ ʠʟ ʦʧʨʝʜʝʣʝʥʠʡ ʠ ʪʘʙʣʠʯʥʳʭ 

ʟʥʘʯʝʥʠʡ ʜʣʷ ʃʂɿ [Stewart, Oke, 2012], ʘ ʜʘʥʥʳʝ ʦ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʩʪʠ ʚ ʄʦʩʢʚʝ ʨʘʩʩʯʠʪʘʥʳ 

ʧʦ ʫʧʦʤʷʥʫʪʦʡ ʚʳʰʝ ʨʝʛʠʦʥʘʣʴʥʦʡ ʢʘʨʪʝ ʃʂɿ [Varentsov et al., 2020]. ɺ ʧʨʝʜʝʣʘʭ ʄʦʩʢʚʳ 

ʧʨʝʦʙʣʘʜʘʝʪ ʃʂɿ 4 ï ʧʦʯʪʠ ʧʦʣʦʚʠʥʘ ʟʘʩʪʨʦʝʥʥʦʡ ʪʝʨʨʠʪʦʨʠʠ (43.74%). ɿʥʘʯʠʤʫʶ ʜʦʣʶ 

ʟʘʥʠʤʘʶʪ ʪʘʢʞʝ ʃʂɿ 5 (10.06%) ʠ ʃʂɿ 6 (26.35%), ʧʨʠʯʸʤ ʧʦʩʣʝʜʥʷʷ ʚ ʦʩʥʦʚʥʦʤ ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʚ ʧʨʠʛʦʨʦʜʘʭ ʠ ʦʙʣʘʩʪʠ, ʘ ʝʸ ʙʦʣʴʰʘʷ ʜʦʣʷ ʚ ʩʪʘʪʠʩʪʠʢʝ ʧʦ ʄʦʩʢʚʝ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʟʘ ʩʯʸʪ 

ʅʦʚʦʡ ʄʦʩʢʚʳ ï ʚ ʧʨʝʜʝʣʘʭ ʄʂɸɼ ʦʥʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʘ ʩʫʱʝʩʪʚʝʥʥʦ ʩʣʘʙʝʝ. ʃʂɿ 2 ʥʘ 

ʤʘʩʰʪʘʙʝ ʚʩʝʛʦ ʛʦʨʦʜʘ ʜʘʸʪ ʣʠʰʴ ʦʢʦʣʦ 2% ʟʘʩʪʨʦʝʥʥʦʡ ʧʣʦʱʘʜʠ, ʦʜʥʘʢʦ ʚ ʨʘʜʠʫʩʝ 5 ʢʤ ʦʪ 
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ʮʝʥʪʨʘ, ʯʪʦ ʧʨʠʤʝʨʥʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʝʨʨʠʪʦʨʠʠ ʚʥʫʪʨʠ ʊʨʝʪʴʝʛʦ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʢʦʣʴʮʘ, ʥʘ 

ʵʪʦʪ ʪʠʧ ʧʨʠʭʦʜʠʪʩʷ ʙʦʣʝʝ ʯʝʪʚʝʨʪʠ ʟʘʩʪʨʦʡʢʠ. ɿʘʤʝʪʥʫʶ ʜʦʣʶ (11.41%) ʟʘʥʠʤʘʝʪ ʪʘʢʞʝ ʃʂɿ 

8 ï ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʘʷ ʤʘʣʦʵʪʘʞʥʘʷ ʟʘʩʪʨʦʡʢʘ, ʦʙʲʝʜʠʥʷʶʱʘʷ ʧʨʦʤʳʰʣʝʥʥʦʩʪʴ, ʩʢʣʘʜʳ ʠ 

ʣʦʛʠʩʪʠʯʝʩʢʠʝ ʦʙʲʝʢʪʳ. 

ɼʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʙʨʘʥʳ ʯʝʪʳʨʝ ʪʠʧʘ: ʃʂɿ 2, ʃʂɿ 4, ʃʂɿ 5 ʠ ʃʂɿ 6. ʉ 

ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʵʪʦ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʝ ʚ ʄʦʩʢʚʝ ʪʠʧʳ ʟʘʩʪʨʦʡʢʠ, ʚ ʢʦʪʦʨʳʭ ʧʨʠ ʵʪʦʤ 

ʧʦʩʪʦʷʥʥʦ ʞʠʚʫʪ ʠ ʧʝʨʝʤʝʱʘʶʪʩʷ ʣʶʜʠ, ʯʪʦ ʦʧʨʝʜʝʣʷʝʪ ʧʝʨʚʦʦʯʝʨʝʜʥʫʶ ʟʥʘʯʠʤʦʩʪʴ ʟʘʜʘʯ 

ʢʘʯʝʩʪʚʘ ʚʦʟʜʫʭʘ ʜʣʷ ʥʠʭ. ʃʂɿ 8, ʧʨʠ ʩʦʧʦʩʪʘʚʠʤʦʡ ʧʦ ʜʦʣʝ ʧʣʦʱʘʜʠ, ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʥʝ 

ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ, ʧʦʩʢʦʣʴʢʫ ʪʝʨʨʠʪʦʨʠʠ ʝʸ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ (ʧʨʦʤʳʰʣʝʥʥʳʝ ʠ ʣʦʛʠʩʪʠʯʝʩʢʠʝ 

ʟʦʥʳ) ʥʝ ʷʚʣʷʶʪʩʷ ʤʝʩʪʘʤʠ ʧʦʩʪʦʷʥʥʦʛʦ ʧʨʝʙʳʚʘʥʠʷ ʥʘʩʝʣʝʥʠʷ, ʘ ʦʛʨʘʥʠʯʝʥʥʳʡ ʨʘʟʤʝʨ 

ʚʳʙʦʨʢʠ ʢʦʥʬʠʛʫʨʘʮʠʡ ʤʦʪʠʚʠʨʫʝʪ ʬʦʢʫʩʠʨʦʚʘʪʴʩʷ ʥʘ ʞʠʣʦʡ ʠ ʦʙʱʝʩʪʚʝʥʥʦ-ʜʝʣʦʚʦʡ 

ʟʘʩʪʨʦʡʢʝ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʚʳʙʨʘʥʥʳʝ ʯʝʪʳʨʝ ʪʠʧʘ ʦʭʚʘʪʳʚʘʶʪ ʩʨʘʟʫ ʜʚʝ ʥʝʟʘʚʠʩʠʤʳʝ ʦʩʠ 

ʠʟʤʝʥʯʠʚʦʩʪʠ ʛʝʦʤʝʪʨʠʠ: ʧʦ ʩʨʝʜʥʝʡ ʚʳʩʦʪʝ ʟʜʘʥʠʡ (ʃʂɿ 4 ï ʚʳʩʦʢʘʷ, ʃʂɿ 5 ï ʩʨʝʜʥʷʷ, ʃʂɿ 6 

ï ʤʘʣʦʵʪʘʞʥʘʷ) ʠ ʧʦ ʧʣʦʪʥʦʩʪʠ ʟʘʩʪʨʦʡʢʠ (ʃʂɿ 2 ï ʧʣʦʪʥʘʷ, ʃʂɿ 4-6 ï ʦʪʢʨʳʪʳʝ), ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʚ ʜʘʣʴʥʝʡʰʝʤ ʨʘʟʜʝʣʷʪʴ ʵʬʬʝʢʪʳ ʚʳʩʦʪʥʦʩʪʠ ʠ ʧʣʦʪʥʦʩʪʠ. 

ʂʨʘʪʢʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʚʳʙʨʘʥʥʳʭ ʪʠʧʦʚ ʟʘʩʪʨʦʡʢʠ ʩ ʪʠʧʠʯʥʳʤʠ ʜʣʷ ʥʠʭ ʧʨʠʤʝʨʘʤʠ ʚ 

ʄʦʩʢʚʝ: 

- ʃʂɿ 2 ï ʧʣʦʪʥʘʷ ʩʨʝʜʥʝʵʪʘʞʥʘʷ ʟʘʩʪʨʦʡʢʘ, ʭʘʨʘʢʪʝʨʥʘʷ ʜʣʷ ʠʩʪʦʨʠʯʝʩʢʦʡ ʠ ʚ 

ʮʝʣʦʤ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʛʦʨʦʜʘ; 

- ʃʂɿ 4 ï ʦʪʢʨʳʪʘʷ ʚʳʩʦʪʥʘʷ ʟʘʩʪʨʦʡʢʘ, ʪʠʧʠʯʥʘʷ ʜʣʷ ʧʦʟʜʥʝʩʦʚʝʪʩʢʦʡ ʧʣʘʥʦʚʦʡ 

ʟʘʩʪʨʦʡʢʠ, ʩʦʚʨʝʤʝʥʥʳʭ ʤʠʢʨʦʨʘʡʦʥʦʚ ʤʥʦʛʦʵʪʘʞʥʦʛʦ ʞʠʣʴʷ ʠ ʜʝʣʦʚʳʭ ʢʚʘʨʪʘʣʦʚ; 

- ʃʂɿ 5 ï ʦʪʢʨʳʪʘʷ ʩʨʝʜʥʝʵʪʘʞʥʘʷ (ʜʦ 5-8 ʵʪʘʞʝʡ) ʟʘʩʪʨʦʡʢʘ, ʦʙʲʝʜʠʥʷʶʱʘʷ 

ʞʠʣʳʝ ʨʘʡʦʥʳ ʧʘʥʝʣʴʥʦʡ ʠ ʙʣʦʯʥʦʡ ʟʘʩʪʨʦʡʢʠ 20-ʛʦ ʚʝʢʘ; 

- ʃʂɿ 6 ï ʦʪʢʨʳʪʘʷ ʤʘʣʦʵʪʘʞʥʘʷ ʟʘʩʪʨʦʡʢʘ, ʭʘʨʘʢʪʝʨʥʘʷ ʜʣʷ ʧʨʠʛʦʨʦʜʦʚ ʠ ʅʦʚʦʡ 

ʄʦʩʢʚʳ, ʟʘʯʘʩʪʫʶ ʩʦʩʪʦʠʪ ʠʟ ʦʪʜʝʣʴʥʳʭ ʯʘʩʪʥʳʭ ʜʦʤʦʚ. 

ʏʪʦʙʳ ʦʮʝʥʠʪʴ ʚʣʠʷʥʠʝ ʃʂɿ ʥʘ ʧʝʨʝʥʦʩ ʘʵʨʦʟʦʣʝʡ ʚ ʨʝʘʣʠʩʪʠʯʥʦʡ ʛʦʨʦʜʩʢʦʡ ʩʨʝʜʝ, ʜʣʷ 

ʢʘʞʜʦʛʦ ʠʟ ʯʝʪʳʨʸʭ ʚʳʙʨʘʥʥʳʭ ʪʠʧʦʚ ʵʢʩʧʝʨʪʥʳʤ ʦʙʨʘʟʦʤ ʙʳʣʦ ʦʪʦʙʨʘʥʦ ʧʦ 5 ʨʝʘʣʴʥʳʭ 

ʣʦʢʘʮʠʡ ʚ ʄʦʩʢʚʝ ʠ ʇʦʜʤʦʩʢʦʚʴʝ ï ʠʪʦʛʦ 20 ʧʣʦʱʘʜʦʢ. ʇʦʠʩʢ ʣʦʢʘʮʠʡ ʚʸʣʩʷ ʧʦ ʩʦʚʦʢʫʧʥʦʩʪʠ 

ʜʘʥʥʳʭ ʨʝʛʠʦʥʘʣʴʥʦʡ ʢʘʨʪʳ ʃʂɿ [Varentsov et al., 2020] ʠ ʙʦʣʝʝ ʩʚʝʞʝʡ, ʥʦ ʠʟ-ʟʘ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʬʠʣʴʪʨʘʮʠʠ ʙʦʣʝʝ ʰʫʤʥʦʡ ʛʣʦʙʘʣʴʥʦʡ ʢʘʨʪʳ ʃʂɿ [Demuzere et al., 2022]: ʦʪʙʠʨʘʣʠʩʴ ʫʯʘʩʪʢʠ, 

ʪʝʨʨʠʪʦʨʠʷ ʚʦʢʨʫʛ ʢʦʪʦʨʳʭ ʚ ʨʘʜʠʫʩʝ ʥʝʩʢʦʣʴʢʠʭ ʩʦʪʝʥ ʤʝʪʨʦʚ ʫʩʪʦʡʯʠʚʦ ʦʪʥʦʩʠʣʘʩʴ ʢ 

ʚʳʙʨʘʥʥʦʤʫ ʪʠʧʫ ʃʂɿ; ʥʘ ʵʪʘʧʝ ʧʦʩʪʨʦʝʥʠʷ ʢʘʨʪ ʚʳʩʦʪ ʜʣʷ ʢʘʞʜʦʡ ʣʦʢʘʮʠʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦ 
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ʚʳʧʦʣʥʷʣʘʩʴ ʧʨʦʚʝʨʢʘ ʩʦʦʪʚʝʪʩʪʚʠʷ ʬʘʢʪʠʯʝʩʢʠʭ ʤʦʨʬʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʪʘʙʣʠʯʥʦʤʫ 

ʜʠʘʧʘʟʦʥʫ ʜʘʥʥʦʛʦ ʪʠʧʘ ʃʂɿ. ʇʦ ʚʦʟʤʦʞʥʦʩʪʠ ʣʦʢʘʮʠʠ ʧʦʜʙʠʨʘʣʠʩʴ ʠʟ ʨʘʟʥʳʭ ʯʘʩʪʝʡ ʛʦʨʦʜʘ, 

ʯʪʦʙʳ ʦʭʚʘʪʠʪʴ ʤʘʢʩʠʤʫʤ ʨʘʟʥʦʦʙʨʘʟʠʷ ʛʦʨʦʜʩʢʦʡ ʟʘʩʪʨʦʡʢʠ. 

ʊʘʙʣʠʮʘ 3.1. ʇʘʨʘʤʝʪʨʳ ʣʦʢʘʣʴʥʳʭ ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʟʦʥ (ʃʂɿ): ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʩʪʴ ʚ ʄʦʩʢʚʝ. ɼʘʥʥʳʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʦʣʴʢʦ ʜʣʷ 

ʟʘʩʪʨʦʝʥʥʳʭ (ʫʨʙʘʥʠʟʠʨʦʚʘʥʥʳʭ) ʪʠʧʦʚ ʃʂɿ, ʧʦʣʫʯʝʥʳ ʥʘ ʦʩʥʦʚʝ ʦʧʨʝʜʝʣʝʥʠʡ ʃʂɿ [Stewart, 

Oke, 2012]  ʠ ʨʝʛʠʦʥʘʣʴʥʦʡ ʢʘʨʪʳ ʃʂɿ ʜʣʷ ʄʦʩʢʚʳ ʠ ʦʢʨʝʩʪʥʦʩʪʝʡ [Varentsov et al., 2020] . 

ɿʝʣʸʥʳʤ ʚʳʜʝʣʝʥʳ ʪʠʧʳ ʃʂɿ, ʠʩʩʣʝʜʫʝʤʳʝ ʜʘʣʝʝ ʚ ʨʘʙʦʪʝ. 

ʅʦʤʝʨ ʠ ʦʧʠʩʘʥʠʝ 

ʃʂɿ 

ʉʨʝʜʥʷʷ 

ʚʳʩʦʪʘ 

ʟʜʘʥʠʡ, 

ʤ 

ɼʦʣʷ 

ʟʘʩʪʨʦʝʥʥʦʡ 

ʧʣʦʱʘʜʠ, 

% 

ʆʪʥʦʰʝʥʠʝ 

ʘʩʧʝʢʪʘ 

ʛʦʨʦʜʩʢʦʛʦ 

ʢʘʥʴʦʥʘ 

ʇʣʦʱʘʜʴ ʚ 

ʛʨʘʥʠʮʘʭ 

ʄʦʩʢʚʳ, 

ʢʤ2 

ɼʦʣʷ ʩʨʝʜʠ 

ʟʘʩʪʨʦʝʥʥʳʭ 

ʪʝʨʨʠʪʦʨʠʡ ʚ 

ʛʨʘʥʠʮʘʭ 

ʄʦʩʢʚʳ, % 

ʃʂɿ 1, ʢʦʤʧʘʢʪʥʘʷ 

ʚʳʩʦʢʦʵʪʘʞʥʘʷ 

ʟʘʩʪʨʦʡʢʘ 

> 25 40 ï 60 > 2 1 0.06 

ʃʂɿ 2, ʢʦʤʧʘʢʪʥʘʷ 

ʩʨʝʜʥʝʵʪʘʞʥʘʷ 

ʟʘʩʪʨʦʡʢʘ 

10 ï 25 40 ï 70 0.75 ï 2 23 

1.98 

(28% ʚ ʨʘʜʠʫʩʝ 

5 ʢʤ ʦʪ ʮʝʥʪʨʘ) 

ʃʂɿ 3, ʢʦʤʧʘʢʪʥʘʷ 

ʤʘʣʦʵʪʘʞʥʘʷ ʟʘʩʪʨʦʡʢʘ 
3 ï 10 40 ï 70 0.75 ï 1.5 3 0.29 

ʃʂɿ 4, ʦʪʢʨʳʪʘʷ 

ʚʳʩʦʢʦʵʪʘʞʥʘʷ 

ʟʘʩʪʨʦʡʢʘ 

> 25 20 ï 40 0.75 ï 1.25 514 43.74 

ʃʂɿ 5, ʦʪʢʨʳʪʘʷ 

ʩʨʝʜʥʝʵʪʘʞʥʘʷ 

ʟʘʩʪʨʦʡʢʘ 

10 ï 25 20 ï 40 0.3 ï 0.75 118 10.06 

ʃʂɿ 6, ʦʪʢʨʳʪʘʷ 

ʤʘʣʦʵʪʘʞʥʘʷ ʟʘʩʪʨʦʡʢʘ 
3 ï 10 20 ï 40 0.3 ï 0.75 310 26.35 

ʃʂɿ 7, ʦʙʣʝʛʯʸʥʥʘʷ 

ʤʘʣʦʵʪʘʞʥʘʷ ʟʘʩʪʨʦʡʢʘ 
2 ï 4 60 ï 90 1 ï 2 1 0.07 

ʃʂɿ 8, 

ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʘʷ 

ʤʘʣʦʵʪʘʞʥʘʷ ʟʘʩʪʨʦʡʢʘ 

3 ï 10 30 ï 50 0.1 ï 0.3 134 11.41 

ʃʂɿ 9, ʨʘʩʩʝʷʥʥʘʷ 

ʟʘʩʪʨʦʡʢʘ 
3 ï 10 10 ï 20 0.1 ï 0.25 64 5.47 

ʃʂɿ 10, ʪʷʞʸʣʘʷ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʴ 
5 ï 15 20 ï 30 0.2 ï 0.5 7 0.57 
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ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʚʳʙʨʘʥʥʳʭ ʧʣʦʱʘʜʦʢ ʥʘ ʪʝʨʨʠʪʦʨʠʠ ʄʦʩʢʚʳ ʠ ʦʙʣʘʩʪʠ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 

3.2. ɼʣʷ ʃʂɿ 2 ʚʩʝ 5 ʪʦʯʝʢ ʧʦʧʘʣʠ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ ʧʣʦʪʥʫʶ (ʟʘʯʘʩʪʫʶ ʠʩʪʦʨʠʯʝʩʢʫʶ) 

ʟʘʩʪʨʦʡʢʫ ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʛʦʨʦʜʘ, ʚ ʧʨʝʜʝʣʘʭ ʊʨʝʪʴʝʛʦ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʢʦʣʴʮʘ. ɼʣʷ ʃʂɿ 4 

ʠ ʃʂɿ 5 ʨʘʟʙʨʦʩ ʪʦʯʝʢ ʧʦʣʫʯʠʣʩʷ ʙʦʣʴʰʠʤ: ʚʳʙʨʘʥʳ ʣʦʢʘʮʠʠ ʚ ʨʘʟʣʠʯʥʳʭ ʯʘʩʪʷʭ ʛʦʨʦʜʘ ʠ ʚ 

ʛʦʨʦʜʘʭ-ʩʧʫʪʥʠʢʘʭ. ɼʣʷ ʃʂɿ 6 ʙʦʣʴʰʠʥʩʪʚʦ ʪʦʯʝʢ ʚʳʙʨʘʥʦ ʚ ʧʨʠʛʦʨʦʜʘʭ, ʦʜʥʘʢʦ ʫʜʘʣʦʩʴ 

ʥʘʡʪʠ ʠ ʦʜʥʫ ʣʦʢʘʮʠʶ ʚʥʫʪʨʠ ʛʦʨʦʜʘ. ʀʟ 20 ʣʦʢʘʮʠʡ 14 ʨʘʩʧʦʣʦʞʝʥʳ ʚ ʛʨʘʥʠʮʘʭ ʄʦʩʢʚʳ (ʚʩʝ 

ï ʚ ʧʨʝʜʝʣʘʭ ʄʂɸɼ) ʠ 6 ï ʚ ʄʦʩʢʦʚʩʢʦʡ ʦʙʣʘʩʪʠ. 

 
ʈʠʩʫʥʦʢ 3.2. ʂʘʨʪʘ ʠʩʩʣʝʜʫʝʤʳʭ ʪʠʧʦʚ ʃʂɿ ʚ ʄʦʩʢʚʝ ʠ ʦʙʣʘʩʪʠ, ʪʦʯʢʠ ï ʣʦʢʘʮʠʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʝʘʣʴʥʦʡ ʟʘʩʪʨʦʡʢʠ (ʧʦ 5 ʜʣʷ ʢʘʞʜʦʡ ʠʟ ʚʳʙʨʘʥʥʳʭ ʃʂɿ). ʂʘʨʪʘ ʧʦʩʪʨʦʝʥʘ 

ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʨʝʛʠʦʥʘʣʴʥʦʡ ʢʘʨʪʳ ʃʂɿ ʜʣʷ ʄʦʩʢʚʳ ʠ ʦʢʨʝʩʪʥʦʩʪʝʡ [Varentsov et al., 

2020]  ʠ ʛʣʦʙʘʣʴʥʦʡ ʢʘʨʪʳ ʃʂɿ [Demuzere et al., 2022]. 

ʂʘʨʪʳ ʚʳʩʦʪ ʟʜʘʥʠʡ ʜʣʷ ʦʪʦʙʨʘʥʥʳʭ ʧʣʦʱʘʜʦʢ ʙʳʣʠ ʩʬʦʨʤʠʨʦʚʘʥʳ ʥʘ ʦʩʥʦʚʝ ʦʪʢʨʳʪʳʭ 

ʛʝʦʜʘʥʥʳʭ (OpenStreetMap, ʗʥʜʝʢʩ ʂʘʨʪʳ). ʃʦʢʘʣʴʥʳʡ ʨʝʣʴʝʬ ʪʝʨʨʠʪʦʨʠʠ ʠ ʨʘʩʪʠʪʝʣʴʥʦʩʪʴ 
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ʥʝ ʫʯʠʪʳʚʘʣʠʩʴ ï ʥʘʩʪʦʷʱʝʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʢʦʥʮʝʥʪʨʠʨʦʚʘʥʦ ʥʘ ʚʣʠʷʥʠʠ ʠʤʝʥʥʦ ʛʦʨʦʜʩʢʦʡ 

ʟʘʩʪʨʦʡʢʠ; ʚʧʨʦʯʝʤ, ʧʨʠ ʧʦʜʙʦʨʝ ʣʦʢʘʮʠʡ ʧʦ ʚʦʟʤʦʞʥʦʩʪʠ ʠʟʙʝʛʘʣʠʩʴ ʫʯʘʩʪʢʠ ʩ ʚʳʨʘʞʝʥʥʳʤʠ 

ʧʝʨʝʧʘʜʘʤʠ ʚʳʩʦʪ ʨʝʣʴʝʬʘ. ɼʣʷ ʢʘʞʜʦʡ ʣʦʢʘʮʠʠ ʟʘʜʘʚʘʣʩʷ ʢʚʘʜʨʘʪ ʨʘʟʤʝʨʦʤ 400 Ĭ 400 ʤ (ʧʣʶʩ 

ʧʦ 10% ʩ ʢʘʞʜʦʡ ʩʪʦʨʦʥʳ ʜʣʷ ʟʘʧʘʩʘ), ʢʦʪʦʨʳʡ ʠ ʩʣʫʞʠʣ ʦʩʥʦʚʦʡ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʢʘʨʪʳ ʚʳʩʦʪ 

ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʆʨʠʝʥʪʘʮʠʷ (ʧʦʚʦʨʦʪ) ʚʳʙʨʘʥʥʦʡ ʦʙʣʘʩʪʠ ʧʦʜʙʠʨʘʣʘʩʴ ʪʘʢ, 

ʯʪʦʙʳ ʚʜʦʣʴ ʦʜʥʦʡ ʠʟ ʝʸ ʩʪʦʨʦʥ ï ʘ ʠʤʝʥʥʦ ʚʜʦʣʴ ʣʝʚʦʡ ʛʨʘʥʠʮʳ ʧʦʩʣʝ ʧʦʚʦʨʦʪʘ ï ʧʨʦʭʦʜʠʣʘ 

ʫʣʠʮʘ ʠʣʠ ʜʦʨʦʛʘ, ʚʳʙʨʦʩʳ ʩ ʢʦʪʦʨʦʡ ʜʘʣʝʝ ʠʤʠʪʠʨʦʚʘʣʠʩʴ ʚ ʯʠʩʣʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ. 

ɻʝʦʤʝʪʨʠʷ ʟʜʘʥʠʡ ʧʦʣʫʯʘʣʘʩʴ ʧʫʪʸʤ ʨʘʩʪʨʠʨʦʚʘʥʠʷ ʚʝʢʪʦʨʥʳʭ ʧʦʣʠʛʦʥʦʚ ʟʜʘʥʠʡ ʠʟ ʦʪʢʨʳʪʳʭ 

ʛʝʦʜʘʥʥʳʭ ʥʘ ʩʝʪʢʫ ʩ ʪʨʝʙʫʝʤʳʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ. ɼʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʟʜʘʥʠʡ 

ʚʳʩʦʪʘ ʙʳʣʘ ʷʚʥʦ ʫʢʘʟʘʥʘ ʚ ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ; ʚ ʩʣʫʯʘʝ ʝʸ ʦʪʩʫʪʩʪʚʠʷ ʚʳʩʦʪʘ ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ 

ʧʦ ʫʢʘʟʘʥʥʦʡ ʵʪʘʞʥʦʩʪʠ. ɼʣʷ ʦʪʜʝʣʴʥʳʭ ʟʜʘʥʠʡ ʙʝʟ ʠʥʬʦʨʤʘʮʠʠ ʠ ʦ ʚʳʩʦʪʝ, ʠ ʦʙ ʵʪʘʞʥʦʩʪʠ 

ʚʳʩʦʪʘ ʦʧʨʝʜʝʣʷʣʘʩʴ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʧʦ ʦʙʱʝʜʦʩʪʫʧʥʳʤ ʫʣʠʯʥʳʤ ʧʘʥʦʨʘʤʘʤ, ʩʧʫʪʥʠʢʦʚʳʤ 

ʩʥʠʤʢʘʤ (ʗʥʜʝʢʩ ʂʘʨʪʳ, Google Maps) ʠ ʧʦ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʚʳʩʦʪ ʦʢʨʫʞʘʶʱʝʡ ʟʘʩʪʨʦʡʢʠ. 

ɺ ʪʘʙʣ. 3.2 ʧʨʝʜʩʪʘʚʣʝʥʦ ʦʧʠʩʘʥʠʝ ʚʩʝʭ 20 ʚʳʙʨʘʥʥʳʭ ʧʣʦʱʘʜʦʢ ï ʧʦ 5 ʥʘ ʢʘʞʜʳʡ ʪʠʧ 

ʃʂɿ. ʋʢʘʟʘʥʥʳʝ ʜʣʷ ʢʘʞʜʦʡ ʣʦʢʘʮʠʠ ʢʦʦʨʜʠʥʘʪʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʪʦʯʢʝ ὼ ςυ ʤ, ώ ςππ ʤ 

(ʨʷʜʦʤ ʩ ʣʝʚʦʡ ʛʨʘʥʠʮʝʡ ʧʦ ʦʩʠ ὢ, ʚ ʩʝʨʝʜʠʥʝ ʦʙʣʘʩʪʠ ʧʦ ʦʩʠ ὣ) ʚ ʣʦʢʘʣʴʥʳʭ ʢʦʦʨʜʠʥʘʪʘʭ 

ʦʙʣʘʩʪʠ; ʦʩʴ ὢ ɻ ʪʠʭ ʣʦʢʘʣʴʥʳʭ ʢʦʦʨʜʠʥʘʪ ʥʘʧʨʘʚʣʝʥʘ ʚʜʦʣʴ ʫʢʘʟʘʥʥʦʛʦ ʚ ʪʘʙʣʠʮʝ ʘʟʠʤʫʪʘ. ʕʪʘ 

ʪʦʯʢʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʛʝʦʤʝʪʨʠʯʝʩʢʦʤʫ ʮʝʥʪʨʫ ʠʩʪʦʯʥʠʢʘ ʚʳʙʨʦʩʦʚ ʘʵʨʦʟʦʣʝʡ, ʚʳʪʷʥʫʪʦʛʦ 

ʚʜʦʣʴ ʦʩʠ ὣ (ʧʦʜʨʦʙʥʝʝ ʦʙ ʠʩʪʦʯʥʠʢʝ ʙʫʜʝʪ ʜʘʣʝʝ ʚ ʨʘʟʜʝʣʝ 3.2). ɺ ʪʘʙʣʠʮʝ ʪʘʢʞʝ ʫʢʘʟʘʥʳ ʘʜʨʝʩ 

ʣʦʢʘʮʠʠ ʠ ʥʘʟʚʘʥʠʝ ʫʣʠʮʳ ʚʥʫʪʨʠ ʦʙʣʘʩʪʠ, ʩ ʢʦʪʦʨʦʡ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʠʤʠʪʠʨʦʚʘʣʠʩʴ 

ʚʳʙʨʦʩʳ. ɼʣʷ ʢʘʞʜʦʡ ʧʦʣʫʯʝʥʥʦʡ ʢʘʨʪʳ ʚʳʩʦʪ ʨʘʩʩʯʠʪʘʥʳ ʩʨʝʜʥʷʷ ʚʳʩʦʪʘ ʟʜʘʥʠʡ ʠ ʜʦʣʷ 

ʟʘʩʪʨʦʝʥʥʦʡ ʧʣʦʱʘʜʠ (ʧʣʦʪʥʦʩʪʴ ʟʘʩʪʨʦʡʢʠ). 

ʄʦʞʥʦ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʜʣʷ ʥʝʢʦʪʦʨʳʭ ʣʦʢʘʮʠʡ ʟʥʘʯʝʥʠʷ ʜʦʣʠ ʟʘʩʪʨʦʝʥʥʦʡ ʧʣʦʱʘʜʠ 

ʧʨʦʭʦʜʷʪ ʧʦ ʥʠʞʥʝʡ ʛʨʘʥʠʮʝ ʜʠʘʧʘʟʦʥʘ ʜʣʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʪʠʧʘ ʃʂɿ ʠʟ ʪʘʙʣ. 3.1 ʠʣʠ ʜʘʞʝ 

ʦʢʘʟʳʚʘʶʪʩʷ ʥʠʞʝ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʜʚʫʤʷ ʦʙʩʪʦʷʪʝʣʴʩʪʚʘʤʠ. ɺʦ-ʧʝʨʚʳʭ, ʪʠʧ ʃʂɿ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʥʝ ʪʦʣʴʢʦ ʧʦ ʩʨʝʜʥʝʡ ʚʳʩʦʪʝ ʠ ʧʣʦʪʥʦʩʪʠ ʟʘʩʪʨʦʡʢʠ, ʥʦ ʠ ʧʦ ʨʷʜʫ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ 

(ʜʦʣʷ ʥʝʧʨʦʥʠʮʘʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʦʪʥʦʰʝʥʠʝ ʘʩʧʝʢʪʘ ʛʦʨʦʜʩʢʦʛʦ ʢʘʥʴʦʥʘ ʠ ʜʨ.), ʧʦʵʪʦʤʫ ʧʦ 

ʩʦʚʦʢʫʧʥʦʩʪʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʫʯʘʩʪʦʢ ʤʦʞʝʪ ʫʚʝʨʝʥʥʦ ʦʪʥʦʩʠʪʴʩʷ ʢ ʜʘʥʥʦʡ ʃʂɿ, ʧʨʠ ʪʦʤ, ʯʪʦ 

ʦʪʜʝʣʴʥʳʡ ʧʘʨʘʤʝʪʨ ʥʝʤʥʦʛʦ ʚʳʭʦʜʠʪ ʟʘ ʪʘʙʣʠʯʥʳʡ ʜʠʘʧʘʟʦʥ. ɺʦ-ʚʪʦʨʳʭ, ʚ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ 

ʢʘʨʪʦʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʜʫʢʪʘʭ (OpenStreetMap, ʗʥʜʝʢʩ ʂʘʨʪʳ) ʥʝʢʦʪʦʨʳʝ ʟʜʘʥʠʷ ʠ ʧʦʩʪʨʦʡʢʠ 

ʤʦʛʫʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʳ ʩ ʫʧʨʦʱʸʥʥʦʡ ʛʝʦʤʝʪʨʠʝʡ ʠʣʠ ʚʦʚʩʝ ʧʨʦʧʫʱʝʥʳ; ʦʩʦʙʝʥʥʦ ʵʪʦ 

ʢʘʩʘʝʪʩʷ ʃʂɿ 6 (ʩʨʝʜʠ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʪʠʧʦʚ), ʪʘʢ ʢʘʢ ʥʝʙʦʣʴʰʠʝ ʜʦʤʘ, ʧʨʠʩʪʨʦʡʢʠ, ʛʘʨʘʞʠ, 

ʩʘʨʘʠ ʠ ʧʨʦʯʠʝ ʭʦʟʷʡʩʪʚʝʥʥʳʝ ʧʦʩʪʨʦʡʢʠ ʥʝʨʝʜʢʦ ʥʝ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʳ, ʥʝ ʚʠʜʥʳ ʩʦ ʩʧʫʪʥʠʢʘ 
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ʠ ʥʘ ʫʣʠʯʥʳʭ ʧʘʥʦʨʘʤʘʭ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʨʝʘʣʴʥʘʷ ʜʦʣʷ ʟʘʩʪʨʦʝʥʥʦʡ ʧʣʦʱʘʜʠ, ʦʩʦʙʝʥʥʦ ʜʣʷ 

ʢʦʥʬʠʛʫʨʘʮʠʡ ʃʂɿ 6, ʟʘʯʘʩʪʫʶ ʥʝʩʢʦʣʴʢʦ ʚʳʰʝ, ʯʝʤ ʨʘʩʩʯʠʪʘʥʥʘʷ ʧʦ ʢʘʨʪʦʛʨʘʬʠʨʦʚʘʥʥʳʤ 

ʧʦʣʠʛʦʥʘʤ. ʇʨʠ ʵʪʦʤ ʩʨʝʜʥʷʷ ʚʳʩʦʪʘ ʟʘʩʪʨʦʡʢʠ ʚʦ ʚʩʝʭ ʚʳʙʨʘʥʥʳʭ ʣʦʢʘʮʠʷʭ ʩʪʨʦʛʦ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʘʙʣʠʯʥʳʤ ʜʠʘʧʘʟʦʥʘʤ ʠʟ ʪʘʙʣ. 3.1. 

ɼʘʣʝʝ ʚ ʪʝʢʩʪʝ ʚʳʙʨʘʥʥʳʝ ʧʣʦʱʘʜʢʠ ʥʘʟʳʚʘʶʪʩʷ ʢʦʥʬʠʛʫʨʘʮʠʷʤʠ ʟʘʩʪʨʦʡʢʠ (ʦʜʥʘ 

ʣʦʢʘʮʠʷ = ʦʜʥʘ ʧʣʦʱʘʜʢʘ/ʦʙʣʘʩʪʴ = ʦʜʥʘ ʨʝʘʣʴʥʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ). ʀʤʷ ʢʘʞʜʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ 

ʩʦʩʪʦʠʪ ʠʟ ʪʠʧʘ ʃʂɿ ʠ ʠʥʜʝʢʩʘ ʢʦʥʬʠʛʫʨʘʮʠʠ ï ʥʘʧʨʠʤʝʨ, ʃʂɿ 4 çr2è; ʜʣʷ ʨʝʘʣʴʥʳʭ 

ʢʦʥʬʠʛʫʨʘʮʠʡ ʠʥʜʝʢʩʳ ʠʤʝʶʪ ʚʠʜ çr{ʥʦʤʝʨ ʦʪ 1 ʜʦ 5}è. 

ʊʘʙʣʠʮʘ 3.2. ʃʦʢʘʮʠʠ ʠ ʧʘʨʘʤʝʪʨʳ ʢʦʥʬʠʛʫʨʘʮʠʡ ʨʝʘʣʴʥʦʡ ʟʘʩʪʨʦʡʢʠ ʚ ʄʦʩʢʚʝ ʠ 

ʄʦʩʢʦʚʩʢʦʡ ʦʙʣʘʩʪʠ. 

ʊʠʧ ʃʂɿ 

ʠ ʠʥʜʝʢʩ 

ʢʦʥʬʠ-

ʛʫʨʘʮʠʠ 

ʂʦʦʨʜʠʥʘʪʳ  

(Á ʉ.ʐ, Á ɺ.ɼ.), 

ʘʟʠʤʫʪ ʦʩʠ X 

ʦʙʣʘʩʪʠ 

ɸʜʨʝʩ ʠ ʫʣʠʮʘ-ʠʩʪʦʯʥʠʢ 

ʯʘʩʪʠʮ 

ʉʨʝʜʥʷʷ 

ʚʳʩʦʪʘ 

ʟʜʘʥʠʡ, ʤ 

ɼʦʣʷ 

ʟʘʩʪʨʦʝʥʥʦʡ 

ʧʣʦʱʘʜʠ, % 

ʃʂɿ 2 «r1» 
55.770963, 

37.592324, 46.2° 

ʄʦʩʢʚʘ, ʊʚʝʨʩʢʦʡ ʨ-ʥ, 1-ʷ 

ɹʨʝʩʪʢʘʷ ʫʣ. 
18.9 40.8 

ʃʂɿ 2 «r2» 
55.761816, 

37.651673, 311° 

ʄʦʩʢʚʘ, ɹʘʩʤʘʥʥʳʡ ʨ-ʥ, ʫʣ. 

ʇʦʢʨʦʚʢʘ 
13.6 41.4 

ʃʂɿ 2 «r3» 
55.768771, 

37.631998, 278.7° 

ʄʦʩʢʚʘ, ʄʝʱʘʥʩʢʠʡ ʨ-ʥ, ʫʣ. 

ʉʨʝʪʝʥʢʘ 
12.2 46.6 

ʃʂɿ 2 «r4» 
55.742801, 

37.596516, 144.6° 

ʄʦʩʢʚʘ, ʨ-ʥ ʍʘʤʦʚʥʠʢʠ, ʫʣ. 

ʇʨʝʯʠʩʪʝʥʢʘ 
14.7 48.3 

ʃʂɿ 2 «r5» 
55.736879, 

37.589655, 212.4° 

ʄʦʩʢʚʘ, ʨ-ʥ ʍʘʤʦʚʥʠʢʠ,  

ʉʘʜʦʚʦʝ ʢʦʣʴʮʦ (ɿʫʙʦʚʩʢʠʡ 

ʙʫʣʴʚ.) 

14.1 40.1 

ʃʂɿ 4 «r1» 
55.662353, 

37.734253, 264.6° 

ʄʦʩʢʚʘ, ʨ-ʥ ʃʶʙʣʠʥʦ, 

ʇʨʦʝʢʪʠʨʫʝʤʳʡ ʧʨ-ʜ ˉ 8207 
56.3 19.3 

ʃʂɿ 4 «r2» 
55.738224, 

37.680987, 10.9° 

ʄʦʩʢʚʘ, ʊʘʛʘʥʩʢʠʡ ʨ-ʥ, 

ʅʠʞʝʛʦʨʦʜʩʢʘʷ ʫʣ. 
29.9 15.1 

ʃʂɿ 4 «r3» 
55.653104, 

37.609159, 179.3° 

ʄʦʩʢʚʘ, ʅʘʛʦʨʥʳʡ ʨ-ʥ, 

ʏʦʥʛʘʨʩʢʠʡ ʙʫʣʴʚ. 
29.6 18.2 

ʃʂɿ 4 «r4» 
55.824923, 

37.596972, 1.6° 

ʄʦʩʢʚʘ, ʨ-ʥ ʄʘʨʬʠʥʦ, ʫʣ. 

ʂʘʰʸʥʢʠʥ ʃʫʛ 
41.6 17.9 

ʃʂɿ 4 «r5» 
55.698976, 

37.630230, 88° 

ʄʦʩʢʚʘ, ɼʘʥʠʣʦʚʩʢʠʡ ʨ-ʥ, ʥʘʙ. 

ʄʘʨʢʘ ʐʘʛʘʣʘ 
37.2 30.5 

ʃʂɿ 5 «r1» 
55.760328, 

37.786934, 70.7° 

ʄʦʩʢʚʘ, ʨ-ʥ ʇʝʨʦʚʦ, 3-ʷ 

ɺʣʘʜʠʤʠʨʩʢʘʷ ʫʣ. 
15.5 18.3 
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ʃʂɿ 5 «r2» 
55.736478, 

37.485868, 244.2° 

ʄʦʩʢʚʘ, ʨ-ʥ ʌʠʣʠ-ɼʘʚʳʜʢʦʚʦ, 

ʄʠʥʩʢʘʷ ʫʣ. 
14.3 16.5 

ʃʂɿ 5 «r3» 
55.682749, 

37.884971, 220.7° 

ʄʦʩʢʦʚʩʢʘʷ ʦʙʣ., ʃʶʙʝʨʮʳ, 

ʆʢʪʷʙʨʴʩʢʠʡ ʧʨʦʩʧ. 
13.6 21.6 

ʃʂɿ 5 «r4» 
55.797332, 

37.934490, 2.4° 

ʄʦʩʢʦʚʩʢʘʷ ʦʙʣ., ɹʘʣʘʰʠʭʘ, 

ʧʨʦʩʧ. ʃʝʥʠʥʘ 
12.8 24 

ʃʂɿ 5 «r5» 
55.769360, 

37.570092, 185.4° 

ʄʦʩʢʚʘ, ʇʨʝʩʥʝʥʩʢʠʡ ʨ-ʥ, 

ɹʦʣʴʰʦʡ ʊʠʰʠʥʩʢʠʡ ʧʝʨ. 
20.2 24.9 

ʃʂɿ 6 «r1» 
55.778116, 

37.318049, 23.2° 

ʄʦʩʢʦʚʩʢʘʷ ʦʙʣ., ʜ. ɿʘʭʘʨʢʦʚʦ, 

ʫʣ. ɸʨʭʠʪʝʢʪʦʨʘ ʊʶʨʠʥʘ 
5.2 18.7 

ʃʂɿ 6 «r2» 
55.806852, 

36.975627, 258° 

ʄʦʩʢʦʚʩʢʘʷ ʦʙʣ., ʜ. ʂʨʘʩʥʳʡ 

ʧʦʩʸʣʦʢ, ʫʣʠʮʘ ʙʝʟ ʥʘʟʚʘʥʠʷ 
5.9 22.8 

ʃʂɿ 6 «r3» 
55.653086, 

37.704064, 307.5° 

ʄʦʩʢʚʘ, ʨ-ʥ ʂʫʨʴʷʥʦʚʦ, ʄʉɼ 

(ʂʫʨʴʷʥʦʚʩʢʠʡ ʙʫʣʴʚ.) 
5.8 18.8 

ʃʂɿ 6 «r4» 
55.518178, 

38.122436, 232.7° 

ʄʦʩʢʦʚʩʢʘʷ ʦʙʣ., ʜ. ʀʚʘʥʦʚʢʘ, 

ʈʷʟʘʥʩʢʦʝ ʰ. 
3.8 11.6 

ʃʂɿ 6 «r5» 
55.430975, 

37.384684, 201.3° 

ʄʦʩʢʦʚʩʢʘʷ ʦʙʣ., ɼʅʇ 

ɽʚʨʦʧʝʡʩʢʘʷ ɼʦʣʠʥʘ-2, 46ʂ-

2230 

5.7 17.6 

 

ʇʦʤʠʤʦ ʨʝʘʣʴʥʳʭ ʣʦʢʘʮʠʡ, ʜʣʷ ʙʦʣʝʝ ʧʦʣʥʦʛʦ ʦʧʠʩʘʥʠʷ ʚʦʟʤʦʞʥʳʭ ʛʝʦʤʝʪʨʠʡ ʙʳʣʠ 

ʨʘʩʩʤʦʪʨʝʥʳ ʠ ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʳʝ ʩʣʫʯʘʠ, ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʶʱʠʝʩʷ ʧʦ ʩʪʝʧʝʥʠ 

ʨʝʛʫʣʷʨʥʦʩʪʠ ʚʥʫʪʨʝʥʥʝʡ ʩʪʨʫʢʪʫʨʳ: ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʘʷ ʨʝʛʫʣʷʨʥʘʷ ʟʘʩʪʨʦʡʢʘ (ʧʦʣʥʦʩʪʴʶ 

ʧʝʨʠʦʜʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʠʟ ʦʜʠʥʘʢʦʚʳʭ ʟʜʘʥʠʡ), ʠ ʨʘʥʜʦʤʠʟʠʨʦʚʘʥʥʘʷ (ʢʚʘʟʠʩʣʫʯʘʡʥʘʷ) 

ʟʘʩʪʨʦʡʢʘ ʩ ʭʘʦʪʠʯʥʦ ʩʛʝʥʝʨʠʨʦʚʘʥʥʳʤʠ ʫʣʠʮʘʤʠ ʠ ʟʜʘʥʠʷʤʠ ʨʘʟʥʳʭ ʬʦʨʤ, ʦʨʠʝʥʪʘʮʠʡ ʠ 

ʨʘʟʤʝʨʦʚ, ʥʦ ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʦʩʨʝʜʥʸʥʥʳʭ ʤʦʨʬʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʚ ʜʦʧʫʩʪʠʤʳʭ 

ʧʨʝʜʝʣʘʭ ʜʣʷ ʚʳʙʨʘʥʥʦʛʦ ʪʠʧʘ ʃʂɿ. 

ɼʣʷ ʢʘʞʜʦʛʦ ʠʟ ʯʝʪʳʨʸʭ ʪʠʧʦʚ ʃʂɿ ʙʳʣʦ ʧʦʩʪʨʦʝʥʦ ʧʦ ʪʨʠ ʨʝʛʫʣʷʨʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʠ, 

ʦʙʦʟʥʘʯʝʥʥʳʭ ʠʥʜʝʢʩʘʤʠ ça», «b», «cè ʠ ʩʦʟʜʘʥʥʳʭ ʚʨʫʯʥʫʶ ʜʣʷ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʨʘʟʤʝʨʘ, 

ʬʦʨʤʳ ʠ ʦʨʠʝʥʪʘʮʠʠ ʟʜʘʥʠʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʙʝʛʘʶʱʝʛʦ ʧʦʪʦʢʘ: (a) ï ʚʳʪʷʥʫʪʳʝ ʟʜʘʥʠʷ, 

ʬʦʨʤʠʨʫʶʱʠʝ ʫʣʠʯʥʳʝ ʢʘʥʴʦʥʳ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʥʘʧʨʘʚʣʝʥʠʶ ʚʝʪʨʘ; (b) ï ʪʝ ʞʝ ʟʜʘʥʠʷ, 

ʧʦʚʸʨʥʫʪʳʝ ʥʘ 90 ʛʨʘʜʫʩʦʚ, ʩ ʢʘʥʴʦʥʘʤʠ ʧʘʨʘʣʣʝʣʴʥʦ ʚʝʪʨʫ; (c) ï ʟʜʘʥʠʷ ʢʚʘʜʨʘʪʥʦʛʦ ʩʝʯʝʥʠʷ, 

ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ çʠʟʦʪʨʦʧʥʳʡè ʩʣʫʯʘʡ (ʙʝʟ ʚʳʜʝʣʷʶʱʝʛʦʩʷ ʦʜʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʦʨʠʝʥʪʘʮʠʠ). 

ʊʘʢʠʝ ʨʝʛʫʣʷʨʥʳʝ ʩʪʨʫʢʪʫʨʳ ʧʦʧʫʣʷʨʥʳ ʚ ʠʜʝʘʣʠʟʠʨʦʚʘʥʥʳʭ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʧʦʩʪʘʥʦʚʢʘʭ, 

ʘ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʨʝʘʣʴʥʦʡ ʟʘʩʪʨʦʡʢʠ ʠʤʠʪʠʨʫʶʪ ʨʘʡʦʥʳ, ʧʦʩʪʨʦʝʥʥʳʝ ʧʦ ʝʜʠʥʦʤʫ 

ʛʝʥʝʨʘʣʴʥʦʤʫ ʧʣʘʥʫ, ʯʪʦ ʙʳʣʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʦʪʜʝʣʴʥʳʭ ʧʝʨʠʦʜʦʚ ʩʦʚʝʪʩʢʦʛʦ 

ʛʨʘʜʦʩʪʨʦʠʪʝʣʴʩʪʚʘ [Engel, 2022]. 
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ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʜʣʷ ʢʘʞʜʦʡ ʃʂɿ ʙʳʣʦ ʩʛʝʥʝʨʠʨʦʚʘʥʦ ʧʦ ʯʝʪʳʨʝ ʨʘʥʜʦʤʠʟʠʨʦʚʘʥʥʳʭ 

ʢʦʥʬʠʛʫʨʘʮʠʠ, ʦʙʦʟʥʘʯʘʝʤʳʭ ʠʥʜʝʢʩʘʤʠ ç1è, ç2è, ç3è, ç4è. ʕʪʠ ʢʦʥʬʠʛʫʨʘʮʠʠ ʧʨʝʜʩʪʘʚʣʷʶʪ 

ʩʦʙʦʡ ʢʚʘʟʠʩʣʫʯʘʡʥʳʝ ʩʪʨʫʢʪʫʨʳ: ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʦʥʠ ʷʚʣʷʶʪʩʷ ʩʣʫʯʘʡʥʳʤʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʨʘʟʤʝʨʘ, ʬʦʨʤʳ ʠ ʦʨʠʝʥʪʘʮʠʠ ʥʘ ʫʨʦʚʥʝ ʦʪʜʝʣʴʥʳʭ ʟʜʘʥʠʡ ʠ ʢʚʘʨʪʘʣʦʚ, ʘ ʩ ʜʨʫʛʦʡ ï 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʦʙʱʠʤ ʤʦʨʬʦʤʝʪʨʠʯʝʩʢʠʤ ʧʨʠʟʥʘʢʘʤ ʩʚʦʝʛʦ ʪʠʧʘ ʃʂɿ. ʍʦʪʷ ʧʦʜʭʦʜʳ ʢ 

ʛʝʥʝʨʘʮʠʠ ʛʦʨʦʜʩʢʦʡ ʛʝʦʤʝʪʨʠʠ ʩ ʟʘʜʘʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʠʟʚʝʩʪʥʳ ʚ ʣʠʪʝʨʘʪʫʨʝ [Sützl 

et al., 2021; Zhou et al., 2023], ʩʫʱʝʩʪʚʫʶʱʠʝ ʠʥʩʪʨʫʤʝʥʪʳ ʥʝ ʚʩʝʛʜʘ ʥʘʭʦʜʷʪʩʷ ʚ ʦʪʢʨʳʪʦʤ 

ʜʦʩʪʫʧʝ ʠ ʯʘʩʪʦ ʦʛʨʘʥʠʯʝʥʳ ʚ ʛʠʙʢʦʩʪʠ ʥʘʩʪʨʦʡʢʠ, ʧʦʵʪʦʤʫ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ 

ʩʦʙʩʪʚʝʥʥʳʡ ʧʨʦʛʨʘʤʤʥʳʡ ʛʝʥʝʨʘʪʦʨ, ʬʦʨʤʠʨʫʶʱʠʡ ʛʝʦʤʝʪʨʠʶ ʛʦʨʦʜʩʢʦʡ ʟʘʩʪʨʦʡʢʠ ʚ 

ʥʝʩʢʦʣʴʢʦ ʵʪʘʧʦʚ (ʨʠʩ. 3.3): 

- ʕʪʘʧ 1: ʬʦʨʤʠʨʦʚʘʥʠʝ ʫʣʠʯʥʦʡ ʩʝʪʠ (ʨʠʩ. 3.3, ʚʝʨʭʥʠʡ ʨʷʜ). ʅʘ ʚʭʦʜ ʛʝʥʝʨʘʪʦʨʘ 

ʧʦʜʘʶʪʩʷ ʨʘʟʤʝʨʳ ʨʘʩʯʸʪʥʦʡ ʦʙʣʘʩʪʠ ʠ ʤʦʨʬʦʤʝʪʨʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʮʝʣʝʚʦʛʦ ʪʠʧʘ ʃʂɿ. 

ʅʘ ʠʭ ʦʩʥʦʚʝ ʦʧʨʝʜʝʣʷʶʪʩʷ ʜʠʘʧʘʟʦʥʳ ʜʦʧʫʩʪʠʤʳʭ ʨʘʟʤʝʨʦʚ ʫʣʠʮ ʠ ʢʚʘʨʪʘʣʦʚ, ʧʦʩʣʝ ʯʝʛʦ ʚʩʷ 

ʦʙʣʘʩʪʴ ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ ʨʘʟʜʝʣʷʝʪʩʷ ʥʘ ʧʨʷʤʦʫʛʦʣʴʥʳʝ ʢʚʘʨʪʘʣʳ ʠ ʨʘʟʜʝʣʷʶʱʠʝ ʠʭ ʫʣʠʮʳ 

ʚʜʦʣʴ ʦʩʝʡ ὢ ʠ ὣ; ʰʠʨʠʥʘ ʫʣʠʮ ʠ ʨʘʟʤʝʨʳ ʢʚʘʨʪʘʣʦʚ ʟʘʜʘʶʪʩʷ ʢʘʢ ʩʣʫʯʘʡʥʳʝ ʚʝʣʠʯʠʥʳ ʠʟ ʵʪʠʭ 

ʜʠʘʧʘʟʦʥʦʚ ʩ ʨʘʚʥʦʤʝʨʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ. 

- ʕʪʘʧ 2: ʟʘʩʪʨʦʡʢʘ ʢʚʘʨʪʘʣʦʚ (ʨʠʩ. 3.3, ʥʠʞʥʠʡ ʨʷʜ). ɺʥʫʪʨʠ ʢʘʞʜʦʛʦ 

ʩʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʢʚʘʨʪʘʣʘ ʛʝʥʝʨʠʨʫʶʪʩʷ ʧʨʷʤʦʫʛʦʣʴʥʳʝ ʦʙʲʝʢʪʳ-ʟʜʘʥʠʷ. ʀʭ ʛʦʨʠʟʦʥʪʘʣʴʥʳʝ 

ʨʘʟʤʝʨʳ ʠ ʚʳʩʦʪʘ ʪʘʢʞʝ ʚʳʙʠʨʘʶʪʩʷ ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ, ʥʦ ʩ ʫʯʸʪʦʤ ʦʛʨʘʥʠʯʝʥʠʡ, ʟʘʜʘʥʥʳʭ 

ʜʣʷ ʮʝʣʝʚʦʛʦ ʪʠʧʘ ʃʂɿ (ʧʦ ʪʘʙʣ. 3.1), ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ ʥʘ ʤʠʥʠʤʘʣʴʥʳʝ ʠ 

ʤʘʢʩʠʤʘʣʴʥʳʝ ʨʘʟʤʝʨʳ ʟʜʘʥʠʡ, ʧʨʠʟʚʘʥʥʳʭ ʠʩʢʣʶʯʠʪʴ ʥʝʨʝʘʣʠʩʪʠʯʥʦ ʫʟʢʠʝ ʠʣʠ ʜʣʠʥʥʳʝ 

ʩʪʨʦʝʥʠʷ ʠ ʧʦʜʦʙʨʘʥʥʳʭ ʠʥʜʠʚʠʜʫʘʣʴʥʦ ʜʣʷ ʢʘʞʜʦʛʦ ʪʠʧʘ ʃʂɿ. 

- ʕʪʘʧ 3: ʚʘʣʠʜʘʮʠʷ ʠ ʧʝʨʝʛʝʥʝʨʘʮʠʷ. ɼʣʷ ʢʘʞʜʦʛʦ ʢʚʘʨʪʘʣʘ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ 

ʤʦʨʬʦʤʝʪʨʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ (ʩʨʝʜʥʷʷ ʚʳʩʦʪʘ ʟʜʘʥʠʡ, ʧʣʦʪʥʦʩʪʴ ʟʘʩʪʨʦʡʢʠ, ʦʪʥʦʰʝʥʠʝ 

ʘʩʧʝʢʪʘ ʢʘʥʴʦʥʦʚ). ɽʩʣʠ ʧʘʨʘʤʝʪʨʳ ʦʪʜʝʣʴʥʦʛʦ ʢʚʘʨʪʘʣʘ ʦʪʢʣʦʥʷʶʪʩʷ ʦʪ ʟʘʜʘʥʥʳʭ ʜʣʷ ʃʂɿ 

ʙʦʣʝʝ ʯʝʤ ʥʘ 5%, ʟʜʘʥʠʷ ʚ ʵʪʦʤ ʢʚʘʨʪʘʣʝ ʛʝʥʝʨʠʨʫʶʪʩʷ ʟʘʥʦʚʦ. ɽʩʣʠ ʧʦʩʣʝ ʥʝʩʢʦʣʴʢʠʭ ʧʦʧʳʪʦʢ 

ʩʦʦʪʚʝʪʩʪʚʠʝ ʥʝ ʜʦʩʪʠʛʘʝʪʩʷ, ʣʠʙʦ ʝʩʣʠ ʚʩʝ ʢʚʘʨʪʘʣʳ ʦʜʦʙʨʝʥʳ, ʥʦ ʦʪʢʣʦʥʝʥʠʝ ʜʣʷ ʚʩʝʡ 

ʦʙʣʘʩʪʠ ʚ ʮʝʣʦʤ ʧʨʝʚʳʰʘʝʪ 5%, ʟʘʧʫʩʢʘʝʪʩʷ ʧʦʣʥʘʷ ʧʝʨʝʛʝʥʝʨʘʮʠʷ ʥʘʯʠʥʘʷ ʩ ʧʝʨʚʦʛʦ ʵʪʘʧʘ. 

ʍʦʪʷ ʪʘʢʘʷ ʩʣʫʯʘʡʥʘʷ ʟʘʩʪʨʦʡʢʘ ʥʝ ʠʤʝʝʪ ʪʦʯʥʳʭ ʘʥʘʣʦʛʦʚ ʚ ʨʝʘʣʴʥʦʤ ʛʦʨʦʜʝ, ʦʥʘ 

ʩʫʱʝʩʪʚʝʥʥʦ ʣʫʯʰʝ ʨʝʛʫʣʷʨʥʦʡ ʦʪʨʘʞʘʝʪ ʝʩʪʝʩʪʚʝʥʥʫʶ ʛʝʪʝʨʦʛʝʥʥʦʩʪʴ ʙʦʣʴʰʠʥʩʪʚʘ 

ʛʦʨʦʜʩʢʠʭ ʨʘʡʦʥʦʚ, ʢʦʪʦʨʳʝ ʨʝʜʢʦ ʦʙʣʘʜʘʶʪ ʠʜʝʘʣʴʥʦ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ. ɺʘʞʥʦ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʩʣʫʯʘʡʥʳʡ ʭʘʨʘʢʪʝʨ ʨʘʩʧʦʣʦʞʝʥʠʷ ʠ ʨʘʟʤʝʨʦʚ ʟʜʘʥʠʡ, ʠʭ 
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ʦʨʠʝʥʪʘʮʠʷ ʚ ʨʘʤʢʘʭ ʛʝʥʝʨʘʪʦʨʘ ʦʩʪʘʚʘʣʘʩʴ ʜʠʩʢʨʝʪʥʦʡ: ʧʦʩʢʦʣʴʢʫ ʟʜʘʥʠʷ ʬʦʨʤʠʨʦʚʘʣʠʩʴ ʥʘ 

ʦʨʪʦʛʦʥʘʣʴʥʦʡ ʩʝʪʢʝ, ʠʭ ʙʦʢʦʚʳʝ ʛʨʘʥʠ ʙʳʣʠ ʥʘʧʨʘʚʣʝʥʳ ʩʪʨʦʛʦ ʚʜʦʣʴ ʦʩʠ ὢ ʠʣʠ ʦʩʠ ὣ, ʪʦʛʜʘ 

ʢʘʢ ʧʨʦʠʟʚʦʣʴʥʳʝ ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʥʘʧʨʘʚʣʝʥʠʷ ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ. ʕʪʦ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ ʜʘʣʝʝ 

ʙʫʜʝʪ ʟʘʤʝʪʥʦ ʚ ʩʚʦʡʩʪʚʘʭ ʦʨʠʝʥʪʘʮʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʘʥʜʦʤʠʟʠʨʦʚʘʥʥʦʡ ʟʘʩʪʨʦʡʢʠ ʠ 

ʷʚʣʷʝʪʩʷ ʫʧʨʦʱʝʥʠʝʤ, ʥʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʟʘʩʪʨʦʡʢʦʡ ʤʥʦʛʠʭ ʩʦʚʨʝʤʝʥʥʳʭ ʛʦʨʦʜʦʚ, ʠʤʝʶʱʠʭ 

ʦʨʪʦʛʦʥʘʣʴʥʫʶ ʩʪʨʫʢʪʫʨʫ ʫʣʠʮ.   

 
ʈʠʩʫʥʦʢ 3.3. ʇʨʠʤʝʨ ʧʦʰʘʛʦʚʦʡ ʛʝʥʝʨʘʮʠʠ ʢʚʘʨʪʘʣʦʚ ʠ ʟʜʘʥʠʡ ʜʣʷ ʨʘʥʜʦʤʠʟʠʨʦʚʘʥʥʦʡ 

ʟʘʩʪʨʦʡʢʠ. ʉʠʥʠʤ ʮʚʝʪʦʤ ʦʙʦʟʥʘʯʝʥʳ ʩʪʨʫʢʪʫʨʳ, ʩʦʟʜʘʥʥʳʝ ʥʘ ʪʝʢʫʱʝʤ ʰʘʛʝ, ʟʝʣʸʥʳʤ 

ï ʥʘ ʧʨʝʜʳʜʫʱʝʤ, ʩʝʨʳʤ ï ʜʚʘ ʠ ʙʦʣʝʝ ʰʘʛʦʚ ʥʘʟʘʜ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʙʱʠʡ ʦʙʲʸʤ ʥʘʙʦʨʘ ʩʦʩʪʘʚʠʣ ʧʦ 12 ʢʦʥʬʠʛʫʨʘʮʠʡ ʥʘ ʢʘʞʜʳʡ ʪʠʧ ʃʂɿ 

(3 ʨʝʛʫʣʷʨʥʳʭ + 4 ʨʘʥʜʦʤʠʟʠʨʦʚʘʥʥʳʭ + 5 ʨʝʘʣʴʥʳʭ) ï 48 ʢʦʥʬʠʛʫʨʘʮʠʡ ʚ ʩʫʤʤʝ ʧʦ ʯʝʪʳʨʸʤ 

ʃʂɿ. ʂʘʨʪʳ ʚʳʩʦʪ ʜʣʷ ʚʩʝʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʢʘʞʜʦʛʦ ʪʠʧʘ ʃʂɿ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 3.4ï3.7. 

ʅʘ ʨʠʩ. 3.4 ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʘʨʪʳ ʚʳʩʦʪ ʜʣʷ ʢʦʥʬʠʛʫʨʘʮʠʡ ʃʂɿ 2. ɿʘʩʪʨʦʡʢʘ ʦʯʝʥʴ 

ʧʣʦʪʥʘʷ, ʧʨʠ ʵʪʦʤ ʨʝʛʫʣʷʨʥʳʝ ʢʦʥʬʠʛʫʨʘʮʠʠ ʟʥʘʯʠʪʝʣʴʥʦ ʨʘʟʣʠʯʘʶʪʩʷ ʧʦ ʦʨʠʝʥʪʘʮʠʠ ʠ 

ʧʘʪʪʝʨʥʫ ʢʘʥʴʦʥʦʚ. ɺ ʨʘʥʜʦʤʠʟʠʨʦʚʘʥʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʷʭ ʚʠʜʥʦ ʩʣʫʯʘʡʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ 

ʫʣʠʮ, ʢʚʘʨʪʘʣʦʚ ʠ ʟʜʘʥʠʡ ʚʥʫʪʨʠ ʥʠʭ; ʦʙʱʘʷ ʩʪʨʫʢʪʫʨʘ ʧʨʠ ʵʪʦʤ ʩʦʭʨʘʥʷʝʪ ʫʟʥʘʚʘʝʤʫʶ 

ʛʦʨʦʜʩʢʫʶ ʤʦʨʬʦʣʦʛʠʶ. ʉʨʝʜʠ ʨʝʘʣʴʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʚʠʟʫʘʣʴʥʦ ʚʳʜʝʣʷʶʪʩʷ ʢʘʢ ʙʦʣʝʝ 

ʨʝʛʫʣʷʨʥʳʝ, ʩ ʚʳʨʘʞʝʥʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʢʘʥʴʦʥʦʚ (çr1è, çr3è), ʪʘʢ ʠ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʝʝ 

ʭʘʦʪʠʯʥʳʝ, ʩ ʫʣʠʮʘʤʠ, ʢʚʘʨʪʘʣʘʤʠ ʠ ʟʜʘʥʠʷʤʠ ʨʘʟʣʠʯʥʳʭ ʦʨʠʝʥʪʘʮʠʡ ʠ ʤʘʩʰʪʘʙʦʚ (çr2è, çr5è). 

ɺ ʢʘʞʜʦʡ ʨʝʘʣʴʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʧʨʠʩʫʪʩʪʚʫʝʪ ʨʘʟʙʨʦʩ ʚʳʩʦʪ: ʝʜʠʥʠʯʥʳʝ ʟʜʘʥʠʷ ʤʦʛʫʪ 

ʚʳʭʦʜʠʪʴ ʟʘ ʧʨʝʜʝʣʳ ʜʠʘʧʘʟʦʥʘ ʩʨʝʜʥʝʡ ʚʳʩʦʪʳ ʃʂɿ 2 (10ï25 ʤ), ʦʜʥʘʢʦ ʙʦʣʴʰʠʥʩʪʚʦ ʝʤʫ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ. 
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ʈʠʩʫʥʦʢ 3.4. ʂʘʨʪʳ ʚʳʩʦʪ ʜʣʷ ʨʝʛʫʣʷʨʥʳʭ (ʚʝʨʭʥʠʡ ʨʷʜ), ʨʘʥʜʦʤʠʟʠʨʦʚʘʥʥʳʭ (ʩʨʝʜʥʠʡ ʨʷʜ) 

ʠ ʨʝʘʣʴʥʳʭ (ʥʠʞʥʠʡ ʨʷʜ) ʢʦʥʬʠʛʫʨʘʮʠʡ ʟʘʩʪʨʦʡʢʠ ʃʂɿ 2. ʐʪʨʠʭʦʚʢʦʡ ʦʙʦʟʥʘʯʝʥʦ 

ʨʘʩʧʦʣʦʞʝʥʠʝ ʠʩʪʦʯʥʠʢʘ ʯʘʩʪʠʮ. 

ʅʘ ʨʠʩ. 3.5 ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʘʨʪʳ ʚʳʩʦʪ ʜʣʷ ʢʦʥʬʠʛʫʨʘʮʠʡ ʃʂɿ 4. ʈʝʛʫʣʷʨʥʳʝ ʠ 

ʨʘʥʜʦʤʠʟʠʨʦʚʘʥʥʳʝ ʢʦʥʬʠʛʫʨʘʮʠʠ ʫʩʪʨʦʝʥʳ ʘʥʘʣʦʛʠʯʥʦ ʃʂɿ 2, ʦʜʥʘʢʦ ʧʣʦʪʥʦʩʪʴ ʟʘʩʪʨʦʡʢʠ 

ʟʘʤʝʪʥʦ ʥʠʞʝ; ʚ ʨʘʥʜʦʤʠʟʠʨʦʚʘʥʥʦʡ ʟʘʩʪʨʦʡʢʝ ʤʝʩʪʘʤʠ ʧʦʷʚʣʷʶʪʩʷ ʨʘʟʨʝʞʝʥʥʳʝ ʫʯʘʩʪʢʠ, 

ʠʤʠʪʠʨʫʶʱʠʝ ʧʨʦʩʪʨʘʥʩʪʚʘ ʙʝʟ ʟʜʘʥʠʡ: ʧʣʦʱʘʜʠ, ʧʘʨʢʠ, ʧʘʨʢʦʚʢʠ, ʧʫʩʪʳʨʠ ʠ ʪ.ʜ. ʉʨʝʜʠ 

ʨʝʘʣʴʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʩʥʦʚʘ ʚʠʟʫʘʣʴʥʦ ʚʳʜʝʣʷʶʪʩʷ ʢʘʢ ʜʦʚʦʣʴʥʦ ʨʝʛʫʣʷʨʥʳʝ (çr1è, çr5è), 

ʪʘʢ ʠ ʙʦʣʝʝ ʭʘʦʪʠʯʥʳʝ (çr2è). ɺ ʨʝʘʣʴʥʦʡ ʟʘʩʪʨʦʡʢʝ ʃʂɿ 4 ʥʘʙʣʶʜʘʝʪʩʷ ʦʯʝʥʴ ʙʦʣʴʰʦʡ ʨʘʟʙʨʦʩ 

ʚʳʩʦʪ ï ʦʪ ʟʜʘʥʠʡ ʩ ʦʜʥʠʤ-ʜʚʫʤʷ ʵʪʘʞʘʤʠ (ʢʦʤʤʝʨʮʠʷ, ʩʦʮʠʘʣʴʥʘʷ ʠʥʬʨʘʩʪʨʫʢʪʫʨʘ, 

ʪʝʭʥʠʯʝʩʢʠʝ ʩʪʨʦʝʥʠʷ) ʜʦ ʟʜʘʥʠʡ ʚ 20-30 ʵʪʘʞʝʡ ʚʳʩʦʪʦʡ ʜʦ 77 ʤ (ʚ ʢʦʥʬʠʛʫʨʘʮʠʠ çr1è). 

ʅʘʠʙʦʣʴʰʠʡ ʩʨʝʜʠ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʃʂɿ ʨʘʟʙʨʦʩ ʥʘʙʣʶʜʘʝʪʩʷ ʠ ʤʝʞʜʫ ʩʨʝʜʥʠʤʠ ʚʳʩʦʪʘʤʠ 

ʨʝʘʣʴʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ï ʦʪ 29 ʜʦ 56 ʤ. 



 94 

 
ʈʠʩʫʥʦʢ 3.5. ʂʘʨʪʳ ʚʳʩʦʪ ʜʣʷ ʨʝʛʫʣʷʨʥʳʭ (ʚʝʨʭʥʠʡ ʨʷʜ), ʨʘʥʜʦʤʠʟʠʨʦʚʘʥʥʳʭ (ʩʨʝʜʥʠʡ ʨʷʜ) 

ʠ ʨʝʘʣʴʥʳʭ (ʥʠʞʥʠʡ ʨʷʜ) ʢʦʥʬʠʛʫʨʘʮʠʡ ʟʘʩʪʨʦʡʢʠ ʃʂɿ 4. ʐʪʨʠʭʦʚʢʦʡ ʦʙʦʟʥʘʯʝʥʦ 

ʨʘʩʧʦʣʦʞʝʥʠʝ ʠʩʪʦʯʥʠʢʘ ʯʘʩʪʠʮ. 

ʅʘ ʨʠʩ. 3.6 ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʘʨʪʳ ʚʳʩʦʪ ʜʣʷ ʢʦʥʬʠʛʫʨʘʮʠʡ ʃʂɿ 5. ʈʝʛʫʣʷʨʥʳʝ ʠ 

ʨʘʥʜʦʤʠʟʠʨʦʚʘʥʥʳʝ ʢʦʥʬʠʛʫʨʘʮʠʠ ʫʩʪʨʦʝʥʳ ʘʥʘʣʦʛʠʯʥʦ ʃʂɿ 4, ʥʦ ʧʨʠ ʤʝʥʴʰʠʭ ʚʳʩʦʪʘʭ 

ʟʜʘʥʠʡ. ʉʨʝʜʠ ʨʝʘʣʴʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʙʨʦʩʘʝʪʩʷ ʚ ʛʣʘʟʘ ʧʣʘʥʦʚʘʷ ʧʦʢʚʘʨʪʘʣʴʥʘʷ ʟʘʩʪʨʦʡʢʘ 

(«r1», «r2», «r4») ï ʪʠʧʠʯʥʳʤʠ ʧʨʠʤʝʨʘʤʠ ʃʂɿ 5 ʚ ʄʦʩʢʚʝ ʠ ʦʙʣʘʩʪʠ ʷʚʣʷʶʪʩʷ ʢʚʘʨʪʘʣʳ 

ʩʦʚʝʪʩʢʦʡ ʧʦʩʪʨʦʡʢʠ (ʧʷʪʠʵʪʘʞʥʳʝ ʧʘʥʝʣʴʥʳʝ ʜʦʤʘ ʠ ʢʠʨʧʠʯʥʳʝ ʟʜʘʥʠʷ ʧʝʨʚʦʡ ʧʦʣʦʚʠʥʳ ʠ 

ʩʝʨʝʜʠʥʳ 20-ʛʦ ʚʝʢʘ). ʊʘʢʠʝ ʢʦʥʬʠʛʫʨʘʮʠʠ ʚʠʟʫʘʣʴʥʦ ʚʳʜʝʣʷʶʪʩʷ ʨʝʛʫʣʷʨʥʦʩʪʴʶ ʥʘ ʤʘʩʰʪʘʙʝ 

ʢʚʘʨʪʘʣʦʚ, ʧʨʠ ʵʪʦʤ ʦʪʜʝʣʴʥʳʝ ʟʜʘʥʠʷ ʚʥʫʪʨʠ ʥʠʭ ʤʦʛʫʪ ʟʘʤʝʪʥʦ ʨʘʟʣʠʯʘʪʴʩʷ ʧʦ ʤʘʩʰʪʘʙʫ ʠ 

ʦʨʠʝʥʪʘʮʠʠ, ʦʩʦʙʝʥʥʦ ʚ ʛʣʫʙʠʥʝ ʜʚʦʨʦʚ. 
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ʈʠʩʫʥʦʢ 3.6. ʂʘʨʪʳ ʚʳʩʦʪ ʜʣʷ ʨʝʛʫʣʷʨʥʳʭ (ʚʝʨʭʥʠʡ ʨʷʜ), ʨʘʥʜʦʤʠʟʠʨʦʚʘʥʥʳʭ (ʩʨʝʜʥʠʡ ʨʷʜ) 

ʠ ʨʝʘʣʴʥʳʭ (ʥʠʞʥʠʡ ʨʷʜ) ʢʦʥʬʠʛʫʨʘʮʠʡ ʟʘʩʪʨʦʡʢʠ ʃʂɿ 5. ʐʪʨʠʭʦʚʢʦʡ ʦʙʦʟʥʘʯʝʥʦ 

ʨʘʩʧʦʣʦʞʝʥʠʝ ʠʩʪʦʯʥʠʢʘ ʯʘʩʪʠʮ. 

ʅʘ ʨʠʩ. 3.7 ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʘʨʪʳ ʚʳʩʦʪ ʜʣʷ ʢʦʥʬʠʛʫʨʘʮʠʡ ʃʂɿ 6. ʈʝʛʫʣʷʨʥʳʝ 

ʢʦʥʬʠʛʫʨʘʮʠʠ ʘʥʘʣʦʛʠʯʥʳ ʃʂɿ 4 ʠ ʃʂɿ 5 ʩ ʧʦʧʨʘʚʢʦʡ ʥʘ ʤʝʥʴʰʠʝ ʚʳʩʦʪʳ ʟʜʘʥʠʡ. 

ʈʘʥʜʦʤʠʟʠʨʦʚʘʥʥʳʝ ʢʦʥʬʠʛʫʨʘʮʠʠ ʠʤʝʶʪ ʥʝʙʦʣʴʰʠʝ ʛʦʨʠʟʦʥʪʘʣʴʥʳʝ ʨʘʟʤʝʨʳ ʟʜʘʥʠʡ, 

ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ ʯʘʩʪʥʳʭ ʜʦʤʦʚ ʚ ʧʨʠʛʦʨʦʜʝ. ɺ ʨʝʘʣʴʥʦʡ ʟʘʩʪʨʦʡʢʝ ʃʂɿ 6, ʚ ʦʪʣʠʯʠʝ ʦʪ ʜʨʫʛʠʭ 

ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʪʠʧʦʚ, ʨʘʟʙʨʦʩ ʚʳʩʦʪ ʟʜʘʥʠʡ ʥʝʚʝʣʠʢ, ʦʜʥʘʢʦ ʚʥʫʪʨʝʥʥʷʷ ʩʪʨʫʢʪʫʨʘ ʤʝʞʜʫ 

ʢʦʥʬʠʛʫʨʘʮʠʷʤʠ ʨʘʟʣʠʯʘʝʪʩʷ ʦʯʝʥʴ ʩʠʣʴʥʦ. ʉʨʝʜʠ ʥʠʭ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʜʦʚʦʣʴʥʦ ʭʘʦʪʠʯʥʫ ʁ

ʟʘʩʪʨʦʡʢʫ ʦʜʠʥʦʯʥʳʤʠ ʯʘʩʪʥʳʤʠ ʜʦʤʘʤʠ (çr1è, çr4è), ʢʦʪʪʝʜʞʠ ʩ ʨʝʛʫʣʷʨʥʳʤʠ ʫʣʠʮʘʤʠ ʠ 

ʤʥʦʛʦʦʙʨʘʟʠʝʤ ʤʘʩʰʪʘʙʦʚ ʧʦʩʪʨʦʝʢ ʤʝʞʜʫ ʥʠʤʠ (çr5è), ʙʣʦʢʠ ʨʝʛʫʣʷʨʥʳʭ ʪʘʫʥʭʘʫʩʦʚ, 

ʚʳʪʷʥʫʪʳʝ ʚ ʨʘʟʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ (çr2è), ʘ ʪʘʢʞʝ ʧʣʘʥʦʚʫʶ ʟʘʩʪʨʦʡʢʫ ʤʘʣʦʵʪʘʞʥʳʤʠ 

ʤʥʦʛʦʢʚʘʨʪʠʨʥʳʤʠ ʜʦʤʘʤʠ ʩ ʨʝʛʫʣʷʨʥʳʤʠ ʢʚʘʨʪʘʣʘʤʠ (çr3è). 
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ʈʠʩʫʥʦʢ 3.7. ʂʘʨʪʳ ʚʳʩʦʪ ʜʣʷ ʨʝʛʫʣʷʨʥʳʭ (ʚʝʨʭʥʠʡ ʨʷʜ), ʨʘʥʜʦʤʠʟʠʨʦʚʘʥʥʳʭ (ʩʨʝʜʥʠʡ ʨʷʜ) 

ʠ ʨʝʘʣʴʥʳʭ (ʥʠʞʥʠʡ ʨʷʜ) ʢʦʥʬʠʛʫʨʘʮʠʡ ʟʘʩʪʨʦʡʢʠ ʃʂɿ 6. ʐʪʨʠʭʦʚʢʦʡ ʦʙʦʟʥʘʯʝʥʦ 

ʨʘʩʧʦʣʦʞʝʥʠʝ ʠʩʪʦʯʥʠʢʘ ʯʘʩʪʠʮ. 

ʅʘ ʨʠʩ. 3.8 ʧʨʝʜʩʪʘʚʣʝʥʘ ʜʠʘʛʨʘʤʤʘ ʨʘʩʩʝʷʥʠʷ ʚʩʝʭ 48 ʢʦʥʬʠʛʫʨʘʮʠʡ ʧʦ ʜʚʫʤ ʙʘʟʦʚʳʤ 

ʤʦʨʬʦʤʝʪʨʠʯʝʩʢʠʤ ʧʘʨʘʤʝʪʨʘʤ ï ʩʨʝʜʥʝʡ ʚʳʩʦʪʝ ʟʜʘʥʠʡ Ὄ (ʦʩʴ ὣ) ʠ ʜʦʣʝ ʟʘʩʪʨʦʝʥʥʦʡ 

ʧʣʦʱʘʜʠ ‗ (ʧʣʦʪʥʦʩʪʠ ʟʘʩʪʨʦʡʢʠ, ʦʩʴ ὢ); ʪʠʧʳ ʃʂɿ ʚʳʜʝʣʝʥʳ ʮʚʝʪʦʤ, ʘ ʩʧʦʩʦʙʳ ʛʝʥʝʨʘʮʠʠ 

ʛʝʦʤʝʪʨʠʠ (ʨʝʛʫʣʷʨʥʘʷ, ʨʘʥʜʦʤʠʟʠʨʦʚʘʥʥʘʷ, ʨʝʘʣʴʥʘʷ) ï ʬʦʨʤʦʡ ʤʘʨʢʝʨʘ. ʅʘʙʣʶʜʘʝʪʩʷ 

ʦʞʠʜʘʝʤʘʷ ʢʣʘʩʪʝʨʠʟʘʮʠʷ ʢʦʥʬʠʛʫʨʘʮʠʡ ʧʦ ʪʠʧʘʤ ʃʂɿ: ʃʂɿ 4, 5 ʠ 6 ʯʸʪʢʦ ʨʘʟʣʠʯʘʶʪʩʷ ʧʦ 

ʩʨʝʜʥʝʡ ʚʳʩʦʪʝ, ʘ ʦʙʣʘʢʦ ʢʦʥʬʠʛʫʨʘʮʠʡ ʃʂɿ 2 ʩʦʚʧʘʜʘʝʪ ʧʦ ʩʨʝʜʥʝʡ ʚʳʩʦʪʝ ʩ ʃʂɿ 5, ʥʦ 

ʩʤʝʱʝʥʦ ʚ ʦʙʣʘʩʪʴ ʙʦӢʣʴʰʠʭ ʧʣʦʪʥʦʩʪʝʡ. ʆʜʥʦʚʨʝʤʝʥʥʦ ʚʥʫʪʨʠ ʦʙʣʘʢʘ ʢʘʞʜʦʛʦ ʪʠʧʘ ʃʂɿ 

ʧʨʦʩʣʝʞʠʚʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʳʡ ʨʘʟʙʨʦʩ ï ʢʘʢ ʧʦ ʩʨʝʜʥʝʡ ʚʳʩʦʪʝ (ʦʩʦʙʝʥʥʦ ʫ ʃʂɿ 4), ʪʘʢ ʠ ʧʦ 

ʧʣʦʪʥʦʩʪʠ ʟʘʩʪʨʦʡʢʠ (ʦʩʦʙʝʥʥʦ ʫ ʃʂɿ 6). ʕʪʦʪ ʨʘʟʙʨʦʩ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʩʘʤʠʤ 

ʦʧʨʝʜʝʣʝʥʠʝʤ ʃʂɿ: ʪʠʧ ʃʂɿ ï ʵʪʦ ʥʝ ʪʦʯʢʘ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʧʘʨʘʤʝʪʨʦʚ, ʘ ʜʦʚʦʣʴʥʦ ʰʠʨʦʢʠʡ 

ʜʠʘʧʘʟʦʥ. 
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ʈʠʩʫʥʦʢ 3.8. ɼʠʘʛʨʘʤʤʘ ʨʘʩʩʝʷʥʠʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʠʩʩʣʝʜʫʝʤʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ 

ʟʘʩʪʨʦʡʢʠ, ʦʩʴ X ï ʜʦʣʷ ʟʘʩʪʨʦʝʥʥʦʡ ʧʣʦʱʘʜʠ (ʧʣʦʪʥʦʩʪʴ ʟʘʩʪʨʦʡʢʠ), ʦʩʴ Y ï ʩʨʝʜʥʷʷ 

ʚʳʩʦʪʘ ʟʜʘʥʠʡ.  

ʇʘʨʘʤʝʪʨʳ Ὄ ʠ ‗ ʷʚʣʷʶʪʩʷ ʠʥʪʝʛʨʘʣʴʥʳʤʠ ʠ ʠʟʦʪʨʦʧʥʳʤʠ ʩʢʘʣʷʨʥʳʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ: ʦʥʠ ʦʧʠʩʳʚʘʶʪ ʢʦʥʬʠʛʫʨʘʮʠʶ ʟʘʩʪʨʦʡʢʠ ʚ ʩʨʝʜʥʝʤ ʧʦ ʦʙʣʘʩʪʠ ʠ ʥʝ ʟʘʚʠʩʷʪ 

ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ ʚʝʪʨʘ. ʇʨʠ ʵʪʦʤ ʦʥʠ ʥʠʢʘʢ ʥʝ ʦʧʠʩʳʚʘʶʪ ʝʸ ʚʥʫʪʨʝʥʥʶʶ ʩʪʨʫʢʪʫʨʫ ï 

ʥʘʩʢʦʣʴʢʦ ʟʘʩʪʨʦʡʢʘ ʨʝʛʫʣʷʨʥʘ ʠʣʠ ʭʘʦʪʠʯʥʘ, ʥʘʩʢʦʣʴʢʦ ʨʘʟʣʠʯʘʶʪʩʷ ʤʘʩʰʪʘʙʳ ʦʪʜʝʣʴʥʳʭ ʝʸ 

ʵʣʝʤʝʥʪʦʚ ʠ ʨʘʚʥʦʤʝʨʥʦ ʣʠ ʦʥʠ ʨʘʩʧʨʝʜʝʣʝʥʳ, ʥʘʩʢʦʣʴʢʦ ʧʦ-ʨʘʟʥʦʤʫ ʦʥʘ ʨʘʙʦʪʘʝʪ ʢʘʢ 

ʧʨʝʧʷʪʩʪʚʠʝ ʜʣʷ ʚʦʟʜʫʰʥʦʛʦ ʧʦʪʦʢʘ ʧʨʠ ʨʘʟʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ ʚʝʪʨʘ. ʇʦʵʪʦʤʫ ʜʣʷ 

ʜʘʣʴʥʝʡʰʝʛʦ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʦʧʠʩʘʥʠʷ ʢʦʥʬʠʛʫʨʘʮʠʡ ʥʝʦʙʭʦʜʠʤʦ ʚʚʝʩʪʠ ʤʦʨʬʦʤʝʪʨʠʯʝʩʢʠʝ 

ʧʘʨʘʤʝʪʨʳ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʠʤʝʥʥʦ ʚʥʫʪʨʝʥʥʶʶ ʛʝʦʤʝʪʨʠʶ ʟʘʩʪʨʦʡʢʠ. ʅʠʞʝ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʤʝʪʨʠʢʠ, ʦʪʚʝʯʘʶʱʠʝ ʜʚʫʤ ʥʝʟʘʚʠʩʠʤʳʤ ʦʩʷʤ: ʩʚʦʡʩʪʚʘʤ 

ʟʘʩʪʨʦʡʢʠ, ʩʚʷʟʘʥʥʳʤ ʩ ʥʘʧʨʘʚʣʝʥʠʝʤ ʚʝʪʨʘ (ʠʥʜʝʢʩ ʬʨʦʥʪʘʣʴʥʦʡ ʧʣʦʱʘʜʠ, ʦʪʥʦʩʠʪʝʣʴʥʳʡ 

ʬʨʦʥʪʘʣʴʥʳʡ ʠʥʜʝʢʩ, ʠʥʜʝʢʩ ʘʥʠʟʦʪʨʦʧʠʠ), ʠ ʠʟʦʪʨʦʧʥʦʡ ʩʪʨʫʢʪʫʨʥʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ 

(ʢʦʵʬʬʠʮʠʝʥʪ ʚʘʨʠʘʮʠʠ ʚʳʩʦʪ ʟʜʘʥʠʡ ʠ ʩʧʝʢʪʨʘʣʴʥʘʷ ʵʥʪʨʦʧʠʷ ʐʝʥʥʦʥʘ ʧʦʣʷ ʚʳʩʦʪ). 

ɺ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʨʘʩʩʤʦʪʨʠʤ ʠʥʜʝʢʩ ʬʨʦʥʪʘʣʴʥʦʡ ʧʣʦʱʘʜʠ ‗ ï ʙʝʟʨʘʟʤʝʨʥʳʡ 

ʧʘʨʘʤʝʪʨ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ, ʥʘʩʢʦʣʴʢʦ ʢʨʫʧʥʳʤ ʧʨʝʧʷʪʩʪʚʠʝʤ ʜʣʷ ʚʦʟʜʫʰʥʦʛʦ ʧʦʪʦʢʘ ʧʨʠ 

ʟʘʜʘʥʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʚʝʪʨʘ • ʷʚʣʷʝʪʩʷ ʛʦʨʦʜʩʢʘʷ ʟʘʩʪʨʦʡʢʘ. ʀʥʜʝʢʩ ʜʘʚʥʦ ʠ ʰʠʨʦʢʦ 

ʧʨʠʤʝʥʷʝʪʩʷ ʚ ʛʦʨʦʜʩʢʦʡ ʘʵʨʦʜʠʥʘʤʠʢʝ ʠ ʤʠʢʨʦʤʝʪʝʦʨʦʣʦʛʠʠ ʜʣʷ ʦʮʝʥʢʠ ʰʝʨʦʭʦʚʘʪʦʩʪʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʛʦʨʦʜʩʢʦʡ ʟʘʩʪʨʦʡʢʠ [Grimmond, Oke, 1999; Xu, 

Gao, 2022]. ʆʥ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʦʪʥʦʰʝʥʠʝ ʩʫʤʤʘʨʥʦʡ ʧʣʦʱʘʜʠ ʥʘʚʝʪʨʝʥʥʳʭ ʩʪʝʥ ʟʜʘʥʠʡ, 












































































































































