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An automated technique for the generation of unstructured quadrilateral, hexahedral and hy-

brid grids with a predominance of hexahedral elements is developed. The technology com-

bines the advantages of unstructured and block-structured approaches. The method, presented 

in this paper, is slightly behind structured technique in quality of resolution of the near-wall 

region. Fully automated algorithm allows creating high-quality quadrilateral and hexahedral 

meshes for arbitrary domains. The transition from two-dimensional to three-dimensional case 

almost does not increase the algorithm complexity. The proposed method is versatile and can 

be used for creation of quadrilateral and hexahedral grids as well as for triangular, tetrahedral 

or hybrid mesh generation. The presented technology provides the orthogonality of local grid 

lines near the domain boundary and allows condensing mesh nodes.  
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ɸʥʥʦʪʘʮʠʷ 

ʈʘʟʨʘʙʦʪʘʥ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʡ ʤʝʪʦʜ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʩʦʟʜʘʥʠʷ ʥʝʩʪʨʫʢʪʫʨʠ-

ʨʦʚʘʥʥʳʭ ʛʝʢʩʘʵʜʨʘʣʴʥʳʭ ʠ ʛʠʙʨʠʜʥʳʭ ʩʝʪʦʢ ʩ ʧʨʝʦʙʣʘʜʘʥʠʝʤ ʰʝʩʪʠʛʨʘʥʥʳʭ ʵʣʝʤʝʥ-

ʪʦʚ. ʊʝʭʥʦʣʦʛʠʷ, ʩʦʚʤʝʱʘʝʪ ʜʦʩʪʦʠʥʩʪʚʘ ʥʝʨʝʛʫʣʷʨʥʦʛʦ ʠ ʙʣʦʯʥʦ-ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʛʦ 

ʧʦʜʭʦʜʦʚ, ʣʠʰʴ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʫʩʪʫʧʘʷ ʧʦʩʣʝʜʥʝʤʫ ʧʦ ʢʘʯʝʩʪʚʫ ʨʘʟʨʝʰʝʥʠʷ ʧʨʠʩʪʝʥʦʯ-

ʥʦʡ ʦʙʣʘʩʪʠ. ʇʦʣʥʦʩʪʴʶ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʚʘʪʴ ʜʚʫʤʝʨʥʳʝ 

ʯʝʪʳʨʝʭʫʛʦʣʴʥʳʝ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ ʛʝʢʩʘʵʜʨʘʣʴʥʳʝ ʩʝʪʢʠ ʚʳʩʦʢʦʛʦ ʢʘʯʝʩʪʚʘ ʜʣʷ ʦʙ-

ʣʘʩʪʝʡ ʧʨʦʠʟʚʦʣʴʥʦʡ ʬʦʨʤʳ. ʉʣʦʞʥʦʩʪʴ ʘʣʛʦʨʠʪʤʘ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʚʦʟʨʘʩʪʘʝʪ ʧʨʠ ʧʝ-

ʨʝʭʦʜʝ ʢ ʪʨʝʭʤʝʨʥʦʤʫ ʩʣʫʯʘʶ. ʇʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ ʷʚʣʷʝʪʩʷ ʫʥʠʚʝʨʩʘʣʴʥʳʤ, ʠ ʤʦʞʝʪ 

ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʪʝʪʨʘʵʜʨʘʣʴʥʳʭ (ʪʨʝʫʛʦʣʴʥʳʭ), ʰʝʩʪʠʛʨʘʥʥʳʭ (ʯʝʪʳ-

ʨʝʭʫʛʦʣʴʥʳʭ), ʘ ʪʘʢʞʝ ʛʠʙʨʠʜʥʳʭ ʩʝʪʦʢ ʩ ʣʶʙʳʤ ʞʝʣʘʝʤʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ ʤʝʞʜʫ ʵʣʝ-

ʤʝʥʪʘʤʠ ʫʢʘʟʘʥʥʳʭ ʪʠʧʦʚ. ʉʦʟʜʘʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʦʙʝʩʧʝʯʠʚʘʝʪ ʦʨʪʦʛʦʥʘʣʴʥʦʩʪʴ ʢʦʦʨ-

ʜʠʥʘʪʥʳʭ ʣʠʥʠʡ ʩʝʪʢʠ ʚʙʣʠʟʠ ʧʦʚʝʨʭʥʦʩʪʝʡ, ʦʛʨʘʥʠʯʠʚʘʶʱʠʭ ʨʘʩʯʝʪʥʫʶ ʦʙʣʘʩʪʴ, ʠ 

ʠʤʝʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʩʛʫʱʝʥʠʷ ʫʟʣʦʚ ʢ ʧʨʦʠʟʚʦʣʴʥʦʡ ʛʨʘʥʠʮʝ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʝʪʦʜ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ, ʛʝʢʩʘʵʜʨʘʣʴʥʘʷ ʩʝʪʢʘ, ʥʝʩʪʨʫʢʪʫʨʠʨʦ-

ʚʘʥʥʘʷ ʩʝʪʢʘ, ʤʝʪʦʜ ʛʝʥʝʨʘʮʠʠ ʩʝʪʦʢ, ʚʳʯʠʩʣʠʪʝʣʴʥʘʷ ʘʵʨʦʜʠʥʘʤʠʢʘ. 

ɺʚʝʜʝʥʠʝ  

ɿʘ ʧʦʩʣʝʜʥʝʝ ʜʝʩʷʪʠʣʝʪʠʝ ʫʜʘʣʦʩʴ ʜʦʙʠʪʴʩʷ ʟʥʘʯʠʪʝʣʴʥʳʭ ʫʩʧʝʭʦʚ ʚ ʦʙʣʘʩʪʠ ʨʘʟʨʘ-

ʙʦʪʢʠ ʠ ʧʨʠʤʝʥʝʥʠʷ ʢʦʤʧʴʶʪʝʨʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʚ ʨʘʟʣʠʯʥʳʭ ʦʪʨʘʩʣʷʭ ʥʘʫʢʠ ʠ ʧʨʦʤʳʰʣʝʥ-

ʥʦʩʪʠ, ʘʜʘʧʪʘʮʠʠ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ ʢ ʨʝʰʝʥʠʶ ʢʦʥʢʨʝʪ-

ʥʳʭ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʧʨʦʙʣʝʤ ʠ ʧʨʠʢʣʘʜʥʳʭ ʟʘʜʘʯ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʠʟʜʝʣʠʡ ʩʣʦʞʥʦʡ ʛʝʦʤʝʪ-

ʨʠʯʝʩʢʦʡ ʬʦʨʤʳ. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚ ʠʥʞʝʥʝʨʥʦʡ ʧʨʘʢʪʠʢʝ 

ʧʦʣʫʯʠʣʠ ʩʝʪʦʯʥʳʝ ʤʝʪʦʜʳ ʨʝʰʝʥʠʷ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʚ ʯʘʩʪʥʳʭ ʧʨʦʠʟʚʦʜ-

ʥʳʭ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʥʘʠʙʦʣʝʝ ʠʟʚʝʩʪʥʳ: ʤʝʪʦʜ ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ, ʤʝʪʦʜ ʢʦʥʝʯʥʳʭ (ʢʦʥ-

ʪʨʦʣʴʥʳʭ) ʦʙʲʝʤʦʚ, ʤʝʪʦʜ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ. ʈʘʟʚʠʪʠʝ ʩʦʚʨʝʤʝʥʥʳʭ ʧʦʜʭʦʜʦʚ ʢ ʧʦ-

ʩʪʨʦʝʥʠ ʁʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ, ʩʦʟʜʘʥʠʝ ʥʦʚʳʭ ʵʬʬʝʢʪʠʚʥʳʭ ʘʣʛʦʨʠʪʤʦʚ, ʩʥʠʞʝʥʠʝ ʮʝʥ ʥʘ ʚʳ-

ʯʠʩʣʠʪʝʣʴʥʳʝ ʤʦʱʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʨʘʟʨʘʙʦʪʢʘ ʫʜʦʙʥʳʭ ʧʦʣʴʟʦʚʘʪʝʣʴʩʢʠʭ ʠʥʪʝʨʬʝʡʩʦʚ ʩʜʝ-

ʣʘʣʠ ʢʦʤʧʴʶʪʝʨʥʳʝ ʪʝʭʥʦʣʦʛʠʠ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʩʝʪʦʯʥʳʭ ʤʝʪʦʜʘʭ, ʥʝʦʪʲʝʤʣʝʤʦʡ ʯʘʩʪʴʶ 

ʣʶʙʦʛʦ ʮʠʢʣʘ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ. ʉʝʪʦʯʥʳʝ ʧʦʜʭʦʜʳ ʫʩʧʝʰʥʦ ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ ʨʝʰʝʥʠʷ 

ʧʨʘʢʪʠʯʝʩʢʠʭ ʟʘʜʘʯ ʬʠʟʠʯʝʩʢʦʡ ʛʘʟʦʚʦʡ ʜʠʥʘʤʠʢʠ, ʘʵʨʦʜʠʥʘʤʠʢʠ, ʪʝʧʣʦʦʙʤʝʥʘ, ʤʝʭʘʥʠʢʠ 

ʜʝʬʦʨʤʠʨʫʝʤʦʛʦ ʪʚʝʨʜʦʛʦ ʪʝʣʘ (ʚ ʪʦʤ ʯʠʩʣʝ ʢʦʤʧʣʝʢʩʥʳʭ ʩʦʧʨʷʞʝʥʥʳʭ ʟʘʜʘʯ). ʄʝʪʦʜʳ 

ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʶʪʩʷ ʧʦ ʤʘʩʰʪʘʙʘʤ ʨʝʰʘʝʤʳʭ ʧʨʦʙʣʝʤ (ʦʪ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʜʦ ʘʩʪ-

ʨʦʬʠʟʠʢʠ), ʩʧʦʩʦʙʘʤ ʘʣʛʦʨʠʪʤʠʯʝʩʢʦʡ ʨʝʘʣʠʟʘʮʠʠ. ʂʘʞʜʘʷ ʪʝʭʥʦʣʦʛʠʷ ʦʧʠʩʳʚʘʝʪ ʩʚʦʡ 
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ʢʦʤʧʣʝʢʩ ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʠ ʷʚʣʝʥʠʡ. ʆʙʲʝʜʠʥʷʝʪ ʤʝʪʦʜʳ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʩʦʟʜʘʥʠʷ 

ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ, ʪʦ ʝʩʪʴ ʨʘʟʙʠʝʥʠʷ ʦʙʣʘʩʪʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʘ ʵʣʝʤʝʥʪʘʨʥʳʝ 

ʥʝʧʝʨʝʩʝʢʘʶʱʠʝʩʷ ʷʯʝʡʢʠ, ʥʘʧʨʠʤʝʨ, ʪʝʪʨʘʵʜʨʳ ʠʣʠ ʛʝʢʩʘʵʜʨʳ. 

ʂʘʞʜʳʡ ʪʠʧ ʩʝʪʦʢ ʠʤʝʝʪ ʩʚʦʠ ʧʨʝʠʤʫʱʝʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʢʠ. ʇʨʠʤʝʥʝʥʠʝ ʛʝʢʩʘʵʜʨʘʣʴ-

ʥʭr ʵʣʝʤʝʥʪʦʚ ʩʯʠʪʘʝʪʩʷ ʙʦʣʝʝ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤ ʧʦ ʨʷʜʫ ʧʨʠʯʠʥ. ʇʨʝʠʤʫʱʝʩʪʚʦʤ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʷ ʛʝʢʩʘʵʜʨʘʣʴʥʳʭ ʷʯʝʝʢ ʷʚʣʷʝʪʩʷ ʥʝʧʨʝʚʟʦʡʜʝʥʥʘʷ ʪʦʯʥʦʩʪʴ, ʢʦʪʦʨʘʷ ʩʦʭʨʘʥʷʝʪ-

ʩʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʨʘʟʤʝʨʘ ʷʯʝʡʢʠ (ʚʳʪʷʛʠʚʘʥʠʠ) ʚ ʥʘʧʨʘʚʣʝʥʠʠ, ʚʜʦʣʴ ʢʦʪʦʨʦʛʦ ʧʘʨʘʤʝʪʨʳ 

ʤʦʜʝʣʠʨʫʝʤʦʡ ʩʨʝʜʳ ʤʝʥʷʶʪʩʷ ʩʣʘʙʝʝ, ʯʪʦ ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʧʨʠʩʪʝʥʦʯ-

ʥʳʭ ʪʝʯʝʥʠʡ. ʇʨʠ ʨʘʟʨʝʰʝʥʠʠ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ, ʚ ʢʦʪʦʨʦʤ ʠʟʤʝʥʝʥʠʷ ʩʢʦʨʦʩʪʠ ʩʫʱʝʩʪ-

ʚʝʥʥʳ ʚ ʧʦʧʝʨʝʯʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚʜʦʣʴ ʦʙʪʝʢʘʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʢʦʨʦʩʪʴ 

ʤʝʥʷʝʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʦ. ʊʝʭʥʦʣʦʛʠʷ ʧʦʟʚʦʣʷʝʪ ʫʤʝʥʴʰʠʪʴ ʯʠʩʣʦ ʨʘʩʯʝʪʥʳʭ ʵʣʝʤʝʥʪʦʚ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʪʝʪʨʘʵʜʨʘʣʴʥʦʡ ʩʝʪʢʦʡ, ʨʘʟʤʝʨʥʦʩʪʴ ʢʦʪʦʨʦʡ ʜʦʣʞʥʘ ʙʳʪʴ ʚ 4 ï 10 ʨʘʟ ʙʦʣʴʰʝ 

ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʪʦʡ ʞʝ ʩʪʝʧʝʥʠ ʪʦʯʥʦʩʪʠ. 

ɽʱʝ ʥʝ ʪʘʢ ʜʘʚʥʦ ʰʝʩʪʠʛʨʘʥʥʳʝ ʷʯʝʡʢʠ ʧʨʠʤʝʥʷʣʠʩʴ ʪʦʣʴʢʦ ʚ ʨʘʤʢʘʭ ʙʣʦʯʥʦ-

ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʛʦ ʧʦʜʭʦʜʘ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʛʦ ʧʦʣʫʯʝʥʠʝ ʯʠʩʣʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʩ ʚʳʩʦ-

ʢʦʡ ʪʦʯʥʦʩʪʴʶ ʠ ʜʦʩʪʦʚʝʨʥʦʩʪʴʶ ʮʝʥʦʡ ʥʝʧʨʠʝʤʣʝʤʦ ʙʦʣʴʰʠʭ ʪʨʫʜʦʟʘʪʨʘʪ. ʂʨʦʤʝ ʵʪʦʛʦ 

ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʧʦʩʪʨʦʠʪʴ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʫʶ ʩʝʪʢʫ ʜʣʷ ʨʝʘʣʠʩʪʠʯʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʚ ʥʘ-

ʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʦʩʪʦ ʥʝʚʦʟʤʦʞʥʦ. ɺ ʩʚʷʟʠ ʩ ʧʦʩʪʦʷʥʥʦ ʚʦʟʨʘʩʪʘʶʱʝʡ ʩʣʦʞʥʦʩʪʴʶ ʛʝʦʤʝʪ-

ʨʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʠ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʚ ʤʘʢʩʠʤʘʣʴʥʦ ʩʞʘʪʳʝ ʩʨʦʢʠ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʤʥʦʞʝʩʪ-

ʚʦ ʚʘʨʠʘʥʪʦʚ ʢʦʤʧʦʥʦʚʦʢ ʠ ʢʦʥʩʪʨʫʢʮʠʡ ʠʟʜʝʣʠʷ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʫʩʣʦʚʠʡ ʵʢʩʧʣʫʘʪʘ-

ʮʠʠ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʦʢ ʩʪʘʥʦʚʠʪʩʷ ʥʝʮʝʣʝʩʦʦʙʨʘʟʥʳʤ. ʇʨʦʙʣʝʤʘ ʘʚ-

ʪʦʤʘʪʠʯʝʩʢʦʛʦ ʧʦʩʪʨʦʝʥʠʷ ʩʝʪʦʯʥʳʭ ʤʦʜʝʣʝʡ ʤʦʞʝʪ ʙʳʪʴ ʨʝʰʝʥʘ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʥʝʨʝ-

ʛʫʣʷʨʥʳʭ ʪʝʪʨʘʵʜʨʘʣʴʥʳʭ ʩʝʪʦʢ. ʆʥʠ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʤʠ ʩʝʪʢʘʤʠ, ʦʪʥʦ-

ʩʠʪʝʣʴʥʦ ʣʝʛʢʦ ʩʦʟʜʘʶʪʩʷ ʜʣʷ ʛʝʦʤʝʪʨʠʠ ʣʶʙʦʡ ʩʣʦʞʥʦʩʪʠ ʧʨʘʢʪʠʯʝʩʢʠ ʙʝʟ ʫʯʘʩʪʠʷ ʧʦʣʴ-

ʟʦʚʘʪʝʣʷ, ʩ ʤʠʥʠʤʘʣʴʥʳʤʠ ʟʘʪʨʘʪʘʤʠ ʨʘʩʯʝʪʥʦʛʦ ʚʨʝʤʝʥʠ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ, ʦʜ-

ʥʘʢʦ ʪʦʯʥʦʩʪʴ ʠ ʜʦʩʪʦʚʝʨʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʪʝʪʨʘʵʜʨʘʣʴʥʳʭ ʩʝʪʢʘʭ, ʟʥʘʯʠ-

ʪʝʣʴʥʦ ʥʠʞʝ. ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ, ʚʝʩʴʤʘ ʟʘʤʘʥʯʠʚʳʤ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʦʚ ʘʚ-

ʪʦʤʘʪʠʯʝʩʢʦʛʦ ʩʦʟʜʘʥʠʷ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʛʝʢʩʘʵʜʨʘʣʴʥʳʭ ʠ ʛʠʙʨʠʜʥʳʭ ʩʝʪʦʢ ʩʦʚʤʝ-

ʱʘʶʱʠʭ ʜʦʩʪʦʠʥʩʪʚʘ ʙʣʦʯʥʦ-ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʛʦ ʠ ʥʝʨʝʛʫʣʷʨʥʦʛʦ ʧʦʜʭʦʜʦʚ ʠ ʣʠʰʝʥʥʳʭ 

ʠʭ ʥʝʜʦʩʪʘʪʢʦʚ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʝʪʦʯʥʳʭ ʤʝʪʦʜʦʚ, ʪʨʫʜʦʝʤʢʦʩʪʴ ʧʨʦʮʝʩʩʘ ʜʠʩʢʨʝʪʠʟʘ-

ʮʠʠ ʦʙʣʘʩʪʠ ʨʝʰʝʥʠʷ ʜʣʷ ʨʝʘʣʠʩʪʠʯʥʳʭ 3D-ʤʦʜʝʣʝʡ ʧʨʦʤʳʰʣʝʥʥʳʭ ʠʟʜʝʣʠʡ ʩʦʩʪʘʚʣʷʝʪ 

ʦʢʦʣʦ ʜʚʫʭ ʪʨʝʪʝʡ ʦʪ ʦʙʱʝʛʦ ʚʨʝʤʝʥʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʘ ʪʦʯʥʦʩʪʴ ʠ ʥʘʜʝʞʥʦʩʪʴ 

ʨʝʟʫʣʴʪʘʪʦʚ ʠʥʞʝʥʝʨʥʳʭ ʨʘʩʯʝʪʦʚ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʟʘʚʠʩʠʪ ʦʪ ʢʘʯʝʩʪʚʘ ʩʝʪʦʢ. ʇʦʵʪʦʤʫ 

ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʤʝʪʦʜʦʚ ʧʦʩʪʨʦʝʥʠʷ ʩʝʪʦʯʥʳʭ ʤʦʜʝʣʝʡ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʟʥʘʯʠʪʝʣʴʥʦʡ 

ʵʢʦʥʦʤʠʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ, ʩʦʢʨʘʱʝʥʠʶ ʚʨʝʤʝʥʥʳʭ ʠʟʜʝʨʞʝʢ ʠ ʪʨʫʜʦʟʘʪʨʘʪ ʥʘ 

ʛʝʥʝʨʘʮʠʶ ʩʝʪʦʢ. 

1.  ʉʦʚʨʝʤʝʥʥʳʝ ʤʝʪʦʜʳ ʩʦʟʜʘʥʠʷ ʯʝʪʳʨʝʭʫʛʦʣʴʥʳʭ ʠ ʛʝʢʩʘʵʜʨʘʣʴʥʳʭ 

ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ 

ɺ ʦʪʣʠʯʠʝ ʦʪ ʪʝʪʨʘʵʜʨʘʣʴʥʦʛʦ ʨʘʟʙʠʝʥʠʷ, ʘʚʪʦʤʘʪʠʯʝʩʢʦʝ ʩʦʟʜʘʥʠʝ ʛʝʢʩʘʵʜʨʘʣʴʥʳʭ 

ʩʝʪʦʢ ʯʨʝʟʚʳʯʘʡʥʦ ʩʣʦʞʥʘʷ ʟʘʜʘʯʘ. ɺʦʧʨʝʢʠ ʦʞʠʜʘʥʠʷʤ, ʙʦʣʴʰʠʥʩʪʚʦ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʵʬ-

ʬʝʢʪʠʚʥʳʭ ʠ ʥʘʜʝʞʥʳʭ ʤʝʪʦʜʠʢ ʧʦʩʪʨʦʝʥʠʷ ʪʝʪʨʘʵʜʨʘʣʴʥʳʭ ʩʝʪʦʯʥʳʭ ʤʦʜʝʣʝʡ ʦʢʘʟʘʣʠʩʴ 

ʥʝʧʨʠʤʝʥʠʤʳʤʠ ʜʣʷ ʰʝʩʪʠʛʨʘʥʥʳʭ ʵʣʝʤʝʥʪʦʚ. ɿʘ ʜʚʘ ʜʝʩʷʪʠʣʝʪʠʷ ʨʘʟʨʘʙʦʪʘʥʦ ʣʠʰʴ ʥʝ-

ʙʦʣʴʰʦʝ ʯʠʩʣʦ ʘʣʛʦʨʠʪʤʦʚ. ʀ ʭʦʪʷ ʫʜʘʣʦʩʴ ʜʦʩʪʠʯʴ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ ʛʝʥʝʨʘʮʠʠ ʩʝ-

ʪʦʢ, ʧʨʝʜʣʦʞʝʥʥʳʝ ʤʝʪʦʜʳ ʥʝ ʦʙʣʘʜʘʶʪ ʫʥʠʚʝʨʩʘʣʴʥʦʩʪʴʶ, ʜʦʩʪʘʪʦʯʥʦʡ ʥʘʜʝʞʥʦʩʪʴʶ, ʘ 

ʪʘʢʞʝ ʧʨʠʤʝʥʠʤʳ ʢ ʦʛʨʘʥʠʯʝʥʥʦʤʫ ʢʣʘʩʩʫ ʟʘʜʘʯ ʠ ʦʧʨʝʜʝʣʝʥʥʦʤʫ ʚʠʜʫ ʨʘʩʯʝʪʥʳʭ ʦʙʣʘʩʪʝʡ 

ʥʝʚʳʩʦʢʦʡ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʩʣʦʞʥʦʩʪʠ. ɼʣʷ ʧʨʝʦʜʦʣʝʥʠʷ ʫʢʘʟʘʥʥʳʭ ʪʨʫʜʥʦʩʪʝʡ ʧʨʠʭʦʜʠʪʩʷ 

ʦʛʨʘʥʠʯʠʚʘʪʴʩʷ ʩʦʟʜʘʥʠʝʤ ʛʠʙʨʠʜʥʳʭ ʩʝʪʦʢ ʩ ʧʨʝʦʙʣʘʜʘʥʠʝʤ ʪʝʪʨʘʵʜʨʘʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ 

ʥʘʜ ʰʝʩʪʠʛʨʘʥʥʳʤʠ ʠʣʠ ʫʚʝʣʠʯʠʚʘʪʴ ʩʪʝʧʝʥʴ ʫʯʘʩʪʠʷ ʧʦʣʴʟʦʚʘʪʝʣʷ ʚ ʧʨʦʮʝʩʩʝ ʧʦʩʪʨʦʝʥʠʷ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʙʣʝʤʘ ʩʦʟʜʘʥʠʷ ʫʥʠʚʝʨʩʘʣʴʥʳʭ ʘʚʪʦʤʘʪʠʯʝʩʢʠʭ ʘʣʛʦʨʠʪʤʦʚ ʛʝʥʝʨʘʮʠʠ 
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ʢʘʯʝʩʪʚʝʥʥʳʭ ʛʝʢʩʘʵʜʨʘʣʴʥʳʭ ʠ ʛʠʙʨʠʜʥʳʭ ʩʝʪʦʢ ʩ ʧʨʝʦʙʣʘʜʘʥʠʝʤ ʰʝʩʪʠʛʨʘʥʥʳʭ ʷʯʝʝʢ ʦʩ-

ʪʘʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʧʦ ʩʝʡ ʜʝʥʴ.  

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʢʦʤʧʣʝʢʩʥʦʛʦ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʠʥʞʝʥʝʨ-

ʥʦʛʦ ʘʥʘʣʠʟʘ ʨʘʟʨʘʙʦʪʘʥ ʨʷʜ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʧʦʜʭʦʜʦʚ ʧʦʩʪʨʦʝʥʠʷ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥ-

ʥʳʭ ʯʝʪʳʨʝʭʫʛʦʣʴʥʳʭ ʠ ʛʝʢʩʘʵʜʨʘʣʴʥʳʭ ʩʝʪʦʢ. ʇʦʜʨʦʙʥʳʡ ʘʥʘʣʠʟ ʠ ʢʣʘʩʩʠʬʠʢʘʮʠʷ ʵʪʠʭ 

ʤʝʪʦʜʦʚ ʧʨʦʚʝʜʝʥʳ ʚ ʦʙʟʦʨʘʭ [1ï4]. ʉʨʝʜʠ ʜʘʥʥʳʭ ʤʝʪʦʜʦʚ ʩʦʟʜʘʥʠʷ ʯʝʪʳʨʝʭʫʛʦʣʴʥʳʭ ʠ 

ʰʝʩʪʠʛʨʘʥʥʳʭ ʵʣʝʤʝʥʪʦʚ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʧʨʷʤʳʝ ʠ ʥʝʧʨʷʤʳʝ ʘʣʛʦʨʠʪʤʳ. ʅʝʧʨʷʤʳʝ ʤʝʪʦ-

ʜʳ ʩʪʨʦʷʪʩʷ ʥʘ ʦʩʥʦʚʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʪʨʝʫʛʦʣʴʥʦʛʦ ʠʣʠ ʪʝʪʨʘʵʜʨʘʣʴʥʦʛʦ ʨʘʟʙʠʝʥʠʷ ʨʘʩ-

ʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ ʵʣʝʤʝʥʪʦʚ ʚ ʯʝʪʳʨʝʭʫʛʦʣʴʥʠʢʠ ʠ ʰʝʩʪʠ-

ʛʨʘʥʥʠʢʠ.     

ʆʜʠʥ ʠʟ ʩʘʤʳʭ ʧʨʦʩʪʳʭ ʥʝʧʨʷʤʳʭ ʧʦʜʭʦʜʦʚ [1,4] ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ ʩʣʝʜʫʶʱʝʤ ʩʚʦʡ-

ʩʪʚʝ: ʢʘʞʜʳʡ ʪʨʝʫʛʦʣʴʥʠʢ ʤʦʞʝʪ ʙʳʪʴ ʨʘʟʙʠʪ ʥʘ ʪʨʠ ʯʝʪʳʨʝʭʫʛʦʣʴʥʳʭ ʵʣʝʤʝʥʪʘ ʧʦʩʨʝʜʩʪ-

ʚʦʤ ʜʦʙʘʚʣʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʪʦʯʝʢ ʚ ʮʝʥʪʨʦʠʜʝ ʪʨʝʫʛʦʣʴʥʠʢʘ ʠ ʥʘ ʩʝʨʝʜʠʥʘʭ ʝʛʦ ʩʪʦʨʦʥ 

(ʨʠʩ. 1, ʘ). ɸʥʘʣʦʛʠʯʥʦ ʤʦʞʝʪ ʙʳʪʴ ʧʨʦʚʝʜʝʥʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʢʘʞʜʦʡ ʪʝʪʨʘʵʜʨʘʣʴʥʦʡ 

ʷʯʝʡʢʠ ʧʫʪʝʤ ʝʝ ʨʘʟʙʠʝʥʠʷ ʥʘ ʯʝʪʳʨʝ ʰʝʩʪʠʛʨʘʥʥʳʭ ʵʣʝʤʝʥʪʘ (ʨʠʩ. 1, ʙ) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʘʣʛʦʨʠʪʤʘ ʕʧʰʪʝʡʥʘ [5]. ʂʘʟʘʣʦʩʴ ʙʳ, ʯʪʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʪʦʛʦ ʦʯʝʚʠʜʥʦʛʦ ʧʨʠʝʤʘ 

ʤʦʞʥʦ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʩʦʟʜʘʚʘʪʴ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʯʝʪʳʨʝʭʫʛʦʣʴʥʳʝ ʠʣʠ ʰʝʩʪʠʛʨʘʥʥʳʝ 

ʩʝʪʢʠ ʠʟ 2D ʠʣʠ 3D ʪʨʠʘʥʛʫʣʷʮʠʠ, ʥʦ, ʢ ʩʦʞʘʣʝʥʠʶ, ʢʘʯʝʩʪʚʦ ʪʘʢʠʭ ʩʝʪʦʯʥʳʭ ʤʦʜʝʣʝʡ 

ʦʯʝʥʴ ʥʠʟʢʦʝ. ʂʨʦʤʝ ʵʪʦʛʦ ʯʠʩʣʦ ʵʣʝʤʝʥʪʦʚ ʨʝʟʫʣʴʪʠʨʫʶʱʝʡ ʩʝʪʢʠ ʚʦʟʨʘʩʪʘʝʪ ʚ 3 ʠʣʠ 4 

ʨʘʟʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʟʤʝʨʥʦʩʪʠ. 

ɸʣʴʪʝʨʥʘʪʠʚʥʳʡ ʧʦʜʭʦʜ, ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʜʣʷ ʜʚʫʤʝʨʥʦʛʦ ʩʣʫʯʘʷ, ʧʨʝʜʣʘʛʘʝʪ ʬʦʨʤʠʨʦ-

ʚʘʪʴ ʯʝʪʳʨʝʭʫʛʦʣʴʥʳʝ ʷʯʝʡʢʠ ʧʫʪʝʤ ʧʦʧʘʨʥʦʛʦ ʦʙʲʝʜʠʥʝʥʠʷ ʩʦʩʝʜʥʠʭ ʪʨʝʫʛʦʣʴʥʠʢʦʚ. ʂʘ-

ʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʚʦʟʨʘʩʪʘʝʪ (ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʝʜʳʜʫʱʠʤ ʤʝʪʦʜʦʤ), ʥʦ ʚ ʨʝʟʫʣʴʪʠʨʫʶʱʝʡ 

ʩʝʪʢʝ ʤʦʞʝʪ ʦʩʪʘʚʘʪʴʩʷ ʙʦʣʴʰʦʝ ʯʠʩʣʦ ʦʩʪʘʪʦʯʥʳʭ ʪʨʝʫʛʦʣʴʥʠʢʦʚ. ʂʦʣʠʯʝʩʪʚʦ ʧʦʩʣʝʜʥʠʭ 

ʤʦʞʥʦ ʩʚʝʩʪʠ ʢ ʤʠʥʠʤʫʤʫ, ʝʩʣʠ ʦʙʲʝʜʠʥʷʪʴ ʷʯʝʡʢʠ ʚ ʦʧʨʝʜʝʣʝʥʥʦʤ ʧʦʨʷʜʢʝ [6,7]. ʇʦʟʞʝ, 

ʘʣʛʦʨʠʪʤ, ʧʨʝʜʣʦʞʝʥʥʳʡ ʚ ʨʘʙʦʪʝ [6] ʙʳʣ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥ ʟʘ ʩʯʝʪ ʣʦʢʘʣʴʥʦʛʦ ʨʘʟʙʠʝʥʠʷ 

ʪʨʝʫʛʦʣʴʥʠʢʦʚ [8]. ʂʨʦʤʝ ʵʪʦʛʦ ʚ ʧʨʦʮʝʩʩʝ ʧʦʩʪʨʦʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʬʨʦʥʪʘʣʴʥʘʷ ʪʝʭʥʦ-

ʣʦʛʠʷ, ʢʦʪʦʨʘʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦʰʘʛʦʚʦʡ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʪʨʝʫʛʦʣʴʥʠʢʦʚ, ʥʘʯʠʥʘ ̫ʩ ʵʣʝʤʝʥ-

ʪʦʚ, ʩʪʦʨʦʥʳ ʢʦʪʦʨʳʭ ʦʙʨʘʟʫʶʪ ʬʨʦʥʪ (ʥʘʙʦʨ ʨʝʙʝʨ, ʦʪʜʝʣʷʶʱʠʭ ʩʦʟʜʘʥʥʳʝ ʯʝʪʳʨʝʭʫʛʦʣʴ-

ʥʳʝ ʷʯʝʡʢʠ ʦʪ ʥʝʧʨʝʦʙʨʘʟʦʚʘʥʥʳʭ ʪʨʝʫʛʦʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ). 

 

ʈʠʩ.1. ʉʦʟʜʘʥʠʝ ʯʝʪʳʨʝʭʫʛʦʣʴʥʦʡ ʩʝʪʢʠ ʧʦʩʨʝʜʩʪʚʦʤ ʜʨʦʙʣʝʥʠʷ ʪʨʝʫʛʦʣʴʥʳʭ ʵʣʝ-

ʤʝʥʪʦʚ (ʘ). ʈʘʟʙʠʝʥʠʝ ʪʝʪʨʘʵʜʨʘ ʥʘ ʯʝʪʳʨʝ ʛʝʢʩʘʵʜʨʘʣʴʥʳʭ ʵʣʝʤʝʥʪʘ (ʙ) 

ɺ ʧʨʦʮʝʩʩʝ ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʘ ʬʨʦʥʪ ʧʨʦʜʚʠʛʘʝʪʩʷ ʦʪ ʨʝʙʝʨ, ʟʘʜʘʶʱʠʭ ʛʨʘʥʠʮʳ, 

ʚʛʣʫʙʴ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ. ɻʣʘʚʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʥʝʧʨʷʤʳʭ ʘʣʛʦʨʠʪʤʦʚ ʷʚʣʷʝʪʩʷ ʚʳʩʦ-

ʘ

ʙ



ɸ.ʃ. ɾʝʣʝʟʥʷʢʦʚʘ  ʊʝʭʥʦʣʦʛʠʷ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʩʦʟʜʘʥʠʷ  ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʯʝʪʳʨʝʭʫʛʦʣʴʥʳʭ ʠ é 

 

  5 

ʢʘʷ ʩʢʦʨʦʩʪʴ ʨʘʙʦʪʳ. ʆʜʥʘʢʦ, ʯʝʪʳʨʝʭʫʛʦʣʴʥʝr ʵʣʝʤʝʥʪ,r ʧʦʩʪʨʦʝʥʥʳʝ ʥʘ ʦʩʥʦʚʝ ʠʨʨʝʛʫ-

ʣʷʨʥʳʭ ʫʟʣʦʚ ʠʩʭʦʜʥʦʡ ʪʨʝʫʛʦʣʴʥʦʡ ʩʝʪʢʠ, ʦʙʣʘʜʘʝʪ ʥʝʚʳʩʦʢʠʤ ʢʘʯʝʩʪʚʦʤ. 

ʉʨʝʜʠ ʬʨʦʥʪʘʣʴʥʳʭ ʥʝʧʨʷʤʳʭ ʧʦʜʭʦʜʦʚ ʪʘʢʞʝ ʥʝʦʙʭʦʜʠʤʦ ʚʳʜʝʣʠʪʴ ʘʣʛʦʨʠʪʤʳ 

Q - Morph [9] ʠ ʅ-Morph [10], ʨʘʟʨʘʙʦʪʘʥʥʳʝ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʯʝʪʳʨʝʭʫʛʦʣʴʥʳʭ ʠ ʰʝʩʪʠ-

ʛʨʘʥʥʳʭ ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʨʝʜʣʦʞʝʥʥʘʷ ʚ [9] ʪʝʭʥʦʣʦʛʠʷ ʠʩʧʦʣʴʟʫʝʪ ʤʝʪʦʜ 

ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ ʬʨʦʥʪʘ ʜʣʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʵʣʝʤʝʥʪʦʚ ʠ ʣʦʢʘʣʴʥʦʝ ʧʝʨʝʢʣʶʯʝʥʠʝ 

ʨʝʙʝʨ ʠʩʭʦʜʥʳʭ ʪʨʝʫʛʦʣʴʥʠʢʦʚ. ʂʨʦʤʝ ʵʪʦʛʦ, ʫʤʝʥʴʰʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʥʝʨʝʛʫʣʷʨʥʳʭ ʠ ʜʦ-

ʙʘʚʣʝʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʫʟʣʦʚ ʧʦʤʦʛʘʝʪ ʚʳʨʦʚʥʷʪʴ ʣʠʥʠʠ ʩʝʪʢʠ ʚʙʣʠʟʠ ʛʨʘʥʠʮ ʠ ʦʙʝʩʧʝ-

ʯʠʪʴ ʦʨʪʦʛʦʥʘʣʴʥʦʩʪʴ. ɺ ʪʨʝʭʤʝʨʥʦʤ ʩʣʫʯʘʝ [10] ʤʝʪʦʜ ʠʤʝʝʪ ʚʳʩʦʢʫʶ ʩʣʦʞʥʦʩʪʴ ʨʝʘʣʠʟʘ-

ʮʠʠ ʠ ʪʨʝʙʫʝʪ ʟʥʘʯʠʪʝʣʴʥʳʭ ʟʘʪʨʘʪ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ. 

ʇʨʷʤʳʝ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʝ ʧʦʜʭʦʜʳ ʢ ʩʦʟʜʘʥʠʶ ʯʝʪʳʨʝʭʫʛʦʣʴʥʳʭ ʠ ʛʝʢʩʘʛʦʥʘʣʴ-

ʥʳʭ ʩʝʪʦʢ ʥʝ ʪʨʝʙʫʶʪ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʠ ʯʘʱʝ ʚʩʝʛʦ ʠʩ-

ʧʦʣʴʟʫʶʪ ʬʨʦʥʪʘʣʴʥʳʡ ʘʣʛʦʨʠʪʤ. ʇʦʩʪʨʦʝʥʠʝ ʥʘʯʠʥʘʝʪʩʷ ʦʪ ʛʨʘʥʠʯʥʦʡ ʯʝʪʳʨʝʭʫʛʦʣʴʥʦʡ 

ʩʝʪʢʠ ʠʣʠ ʬʨʦʥʪʘ ʛʨʘʥʠʯʥʳʭ ʨʝʙʝʨ. ʅʘ ʢʘʞʜʦʤ ʰʘʛʝ ʧʨʦʚʦʜʠʪʩʷ ʨʘʟʤʝʱʝʥʠʝ ʥʦʚʳʭ ʫʟʣʦʚ ʠ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʣʦʷ ʨʘʩʯʝʪʥʳʭ ʷʯʝʝʢ. ʆʜʠʥ ʠʟ ʧʝʨʚʳʭ, ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ ʘʣʛʦʨʠʪʤʦʚ ñʟʘʤʦ-

ʱʝʥʠʷò (paving) ʧʨʝʜʣʦʞʝʥ ʚ ʨʘʙʦʪʝ [11] ʜʣʷ ʜʚʫʤʝʨʥʦʛʦ ʩʣʫʯʘʷ. ʅʘʯʠʥʘʷ ʩ ʠʩʭʦʜʥʦʛʦ ʨʘʩ-

ʧʨʝʜʝʣʝʥʠʷ ʫʟʣʦʚ ʥʘ ʛʨʘʥʠʮʝ, ʬʦʨʤʠʨʦʚʘʥʠʝ ʵʣʝʤʝʥʪʦʚ ʧʨʦʚʦʜʠʪʩʷ ʧʦʩʨʝʜʩʪʚʦʤ ʧʨʦʝʮʠʨʦ-

ʚʘʥʠʷ ʨʝʙʝʨ ʚʥʫʪʨʴ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ. ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʤʝʪʦʜʘ ʨʘʩʧʨʦ-

ʩʪʨʘʥʷʶʱʝʛʦʩʷ ʬʨʦʥʪʘ ʩʪʨʦʷʪʩʷ ʜʚʘ ʪʨʝʫʛʦʣʴʥʳʭ ʵʣʝʤʝʥʪʘ, ʢʦʪʦʨʳʝ ʦʙʲʝʜʠʥʷʶʪʩʷ ʚ ʯʝʪʳ-

ʨʝʭʫʛʦʣʴʥʠʢ.  

ɺ ʨʘʙʦʪʝ [2] ʧʨʝʜʣʦʞʝʥʘ ʪʝʭʥʦʣʦʛʠʷ, ʧʦʟʚʦʣʷʶʱʘʷ ʩʪʨʦʠʪʴ ʟʘ ʦʜʠʥ ʧʨʦʭʦʜ ʧʦʣʥʳʡ 

ʨʷʜ ʷʯʝʝʢ. ɼʘʣʴʥʝʡʰʝʝ ʨʘʟʚʠʪʠʝ ʤʝʪʦʜ ʧʦʣʫʯʠʣ ʚ [12], ʠ ʧʨʠʤʝʥʷʣʩʷ ʜʣʷ ʜʠʩʢʨʝʪʠʟʘʮʠʠ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ.  

ʇʦʧʳʪʢʘ ʦʙʦʙʱʝʥʠʷ ʤʝʪʦʜʘ ʟʘʤʦʱʝʥʠʷ ʥʘ ʪʨʝʭʤʝʨʥʳʡ ʩʣʫʯʘʡ ʙʳʣʘ ʧʨʝʜʧʨʠʥʷʪʘ ʚ 

ʨʘʙʦʪʘʭ [13,14]. ʉ ʧʦʤʦʱʴʶ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʬʨʦʥʪ ʦʙʨʘʟʦʚʘʥʠʷ ʰʝʩʪʠʛʨʘʥʥʳʭ ʵʣʝʤʝʥʪʦʚ 

ʬʦʨʤʠʨʫʝʪʩʷ ʠʟ ʯʝʪʳʨʝʭʫʛʦʣʴʥʳʭ ʛʨʘʥʝʡ, ʥʘʯʠʥʘʷ ʦʪ ʛʨʘʥʠʮʳ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ, ʠ ʨʘʩʧʨʦ-

ʩʪʨʘʥʷʝʪʩʷ ʢ ʝʝ ʮʝʥʪʨʫ. ʆʪʜʝʣʴʥʳʡ ʯʝʪʳʨʝʭʫʛʦʣʴʥʠʢ ʧʨʦʝʮʠʨʫʝʪʩʷ ʚʥʫʪʨʴ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩ-

ʪʠ, ʩʦʟʜʘʚʘʷ ʛʝʢʩʘʵʜʨʘʣʴʥʳʡ ʵʣʝʤʝʥʪ. ʉʫʱʝʩʪʚʝʥʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʧʨʷʤʳʭ ʬʨʦʥʪʘʣʴʥʳʭ 

ʤʝʪʦʜʦʚ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ ʛʝʥʝʨʘʮʠʠ ʩʝʪʢʠ ʥʝʦʙʭʦʜʠʤʦ ʦʪʩʣʝʞʠʚʘʪʴ ʧʝʨʝʩʝʯʝʥʠʝ 

ʧʦʚʝʨʭʥʦʩʪʝʡ ʜʚʠʞʫʱʠʭʩʷ ʥʘʚʩʪʨʝʯʫ ʜʨʫʛ ʜʨʫʛʫ ʬʨʦʥʪʦʚ ʠ ʧʨʦʚʦʜʠʪʴ ʠʭ ʩʰʠʚʢʫ. ʂʨʦʤʝ 

ʪʦʛʦ ʥʘ ʟʘʚʝʨʰʘʶʱʝʡ ʩʪʘʜʠʠ ʟʘʤʦʱʝʥʠʷ ʤʦʛʫʪ ʚʦʟʥʠʢʘʪʴ ʩʣʦʞʥʳʝ ʧʦ ʢʦʥʬʠʛʫʨʘʮʠʠ ʧʫʩʪʦ-

ʪʳ, ʢʦʪʦʨʳʝ ʧʨʦʩʪʦ ʥʝʚʦʟʤʦʞʥʦ ʟʘʧʦʣʥʠʪʴ ʰʝʩʪʠʛʨʘʥʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ. ɼʘʥʥʳʡ ʘʣʛʦʨʠʪʤ 

ʥʝ ʦʙʝʩʧʝʯʠʚʘʝʪ ʜʦʩʪʘʪʦʯʥʦʡ ʥʘʜʝʞʥʦʩʪʠ ʧʨʠ ʨʝʰʝʥʠʠ ʰʠʨʦʢʦʛʦ ʢʣʘʩʩʘ ʟʘʜʘʯ. ʊʝʤ ʥʝ ʤʝ-

ʥʝʝ, ʜʘʥʥʫʶ ʤʝʪʦʜʠʢʫ ʫʩʧʝʰʥʦ ʠʩʧʦʣʴʟʫʶʪ ʜʣʷ ʩʦʟʜʘʥʠʷ ʥʝʩʢʦʣʴʢʠʭ ʩʣʦʝʚ ʛʝʢʩʘʵʜʨʘʣʴʥʳʭ 

ʵʣʝʤʝʥʪʦʚ, ʧʨʠʣʝʛʘʶʱʠʭ ʢ ʛʨʘʥʠʮʝ ʦʙʣʘʩʪʠ. 

ʆʜʥʠʤ ʠʟ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʭ ʧʨʷʤʳʭ ʤʝʪʦʜʦʚ ʨʘʟʙʠʝʥʠʷ ʥʘ ʯʝʪʳʨʝʭʫʛʦʣʴʥʳʝ ʠ  

ʛʝʢʩʘʵʜʨʘʣʴʥʳʝ ʵʣʝʤʝʥʪʳ ʷʚʣʷʝʪʩʷ ʪʝʭʥʦʣʦʛʠʷ ʧʦʩʪʨʦʝʥʠʷ ʩʝʪʦʢ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʵʣʝʤʝʥʪʦʚ 

ʪʠʧʘ ʢʚʘʜʨʘʪʠʯʥʦʝ ʠʣʠ ʚʦʩʴʤʝʨʠʯʥʦʝ ʜʝʨʝʚʦ (ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʜʣʷ ʜʚʫʤʝʨʥʦʛʦ ʠ ʪʨʝʭʤʝʨʥʦ-

ʛʦ ʩʣʫʯʘʝʚ) [15,16]. ʇʨʝʜʩʪʘʚʣʝʥʠʝ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʢʚʘʜʨʦ- ʠʣʠ ʦʢʪʦʜʝʨʝʚʦʤ ʧʦʟʚʦʣʷʝʪ 

ʩʪʨʦʠʪʴ ʩʝʪʢʠ, ʠʝʨʘʨʭʠʯʝʩʢʠ ʩʛʫʱʘʶʱʠʝʩʷ ʢ ʛʨʘʥʠʮʘʤ ʟʘ ʩʯʝʪ ʨʘʟʙʠʝʥʠʷ ʧʨʠʛʨʘʥʠʯʥʳʭ 

ʷʯʝʝʢ. ʅʝʜʦʩʪʘʪʢʦʤ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʥʠʟʢʘʷ ʪʦʯʥʦʩʪʴ ʦʧʠʩʘʥʠʷ ʢʨʠʚʦʣʠʥʝʡʥʳʭ ʧʦʚʝʨʭʥʦ-

ʩʪʝʡ [17ï20]. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʡ ʤʝʪʦʜ ʧʦʩʪʨʦʝʥʠʷ ʥʝ-

ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʛʝʢʩʘʵʜʨʘʣʴʥʳʭ ʠ ʛʠʙʨʠʜʥʳʭ ʩʝʪʦʢ ʩ ʧʨʝʦʙʣʘʜʘʥʠʝʤ ʰʝʩʪʠʛʨʘʥʥʳʭ 

ʵʣʝʤʝʥʪʦʚ. ʇʦʣʥʦʩʪʴʶ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʚʘʪʴ ʜʚʫʤʝʨʥʳʝ ʯʝ-

ʪʳʨʝʭʫʛʦʣʴʥʳʝ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ ʛʝʢʩʘʵʜʨʘʣʴʥʳʝ ʩʝʪʢʠ ʚʳʩʦʢʦʛʦ ʢʘʯʝʩʪʚʘ ʜʣʷ ʦʙʣʘʩʪʝʡ 

ʧʨʦʠʟʚʦʣʴʥʦʡ ʬʦʨʤʳ (ʩʣʦʞʥʦʩʪʴ ʘʣʛʦʨʠʪʤʘ ʚʦʟʨʘʩʪʘʝʪ ʣʠʰʴ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʧʨʠ ʧʝʨʝʭʦʜʝ ʢ 

ʪʨʝʭʤʝʨʥʦʤʫ ʩʣʫʯʘʶ). ʇʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ ʷʚʣʷʝʪʩʷ ʫʥʠʚʝʨʩʘʣʴʥʳʤ, ʠ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦ-

ʚʘʪʴʩʷ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʩʝʪʦʢ ʢʘʢ ʪʝʪʨʘʵʜʨʘʣʴʥʳʭ (ʪʨʝʫʛʦʣʴʥʳʭ), ʪʘʢ ʠ ʰʝʩʪʠʛʨʘʥʥʳʭ (ʯʝʪʳ-

ʨʝʭʫʛʦʣʴʥʳʭ), ʘ ʪʘʢʞʝ ʛʠʙʨʠʜʥʳʭ ʩ ʣʶʙʳʤ ʞʝʣʘʝʤʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ ʤʝʞʜʫ ʵʣʝʤʝʥʪʘʤʠ 

ʫʢʘʟʘʥʥʳʭ ʪʠʧʦʚ. ʂʨʦʤʝ ʵʪʦʛʦ ʧʨʝʜʣʦʞʝʥʥʳʡ ʘʣʛʦʨʠʪʤ ʠʤʝʝʪ ʚʳʩʦʢʫʶ ʩʢʦʨʦʩʪʴ ʨʘʙʦʪʳ ʠ 
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ʧʨʦʩʪʦʪʫ ʨʝʘʣʠʟʘʮʠʠ, ʩʚʦʡʩʪʚʝʥʥʫʶ ʥʝʧʨʷʤʳʤ ʤʝʪʦʜʘʤ, ʘ ʪʘʢʞʝ ʣʠʰʝʥ ʩʧʝʮʠʬʠʯʝʩʢʠʭ ʥʝ-

ʜʦʩʪʘʪʢʦʚ ʧʨʷʤʳʭ ʧʦʜʭʦʜʦʚ ï ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʦʝ ʢʘʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ. 

2.  ʈʝʘʣʠʟʘʮʠʷ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʝʪʦʜʘ ʛʝʥʝʨʘʮʠʠ 

ʯʝʪʳʨʝʭʫʛʦʣʴʥʳʭ ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ 

ɺ ʧʨʝʜʰʝʩʪʚʫʶʱʠʭ ʨʘʙʦʪʘʭ [21ï23] ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʦʚʳʡ ʯʠʩʣʝʥʥʳʡ 

ʤʝʪʦʜ ʧʦʩʪʨʦʝʥʠʷ ʦʙʲʝʤʥʳʭ ʠ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʦʢ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠ-

ʝʤ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ɸʣʛʦʨʠʪʤ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʚʘʪʴ ʢʘʯʝʩʪʚʝʥ-

ʥʳʝ ʦʜʥʦʨʦʜʥʳʝ ʠ ʘʜʘʧʪʠʚʥʳʝ ʢʘʢ ʪʨʝʫʛʦʣʴʥʳʝ, ʪʘʢ ʠ ʪʝʪʨʘʵʜʨʘʣʴʥʳʝ ʩʝʪʢʠ ʜʣʷ ʩʣʦʞʥʳʭ 

ʤʥʦʛʦʩʚʷʟʥʳʭ ʦʙʣʘʩʪʝʡ ʚ ʘʚʪʦʤʘʪʠʯʝʩʢʦʤ ʨʝʞʠʤʝ. ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ ʠʩʧʦʣʴʟʫ-

ʶʪʩʷ ʩʦʩʪʘʚʥʳʝ NURBS-ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʦʛʨʘʥʠʯʠʚʘʶʱʠʝ ʢʨʠʚʳʝ [24ï26]. NURBS-ʧʦʜʭʦʜ 

ʦʩʥʦʚʘʥ ʥʘ ʩʧʝʮʠʘʣʴʥʦʡ ʢʫʩʦʯʥʦ-ʧʦʣʠʥʦʤʠʘʣʴʥʦʡ ʬʦʨʤʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ï ʥʝʦʜʥʦʨʦʜʥʳʭ 

ʨʘʮʠʦʥʘʣʴʥʳʭ B-ʩʧʣʘʡʥʘʭ [24ï26] ʠ ʩʧʦʩʦʙʝʥ ʦʙʝʩʧʝʯʠʪʴ ʣʶʙʫʶ ʪʨʝʙʫʝʤʫʶ ʪʦʯʥʦʩʪʴ ʟʘ-

ʜʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʜʝʣʠ.  

ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʩʦʟʜʘʥʠʷ ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ ʦʩʥʦʚʘʥʘ ʥʘ ʠʝʨʘʨʭʠʯʝʩʢʦʤ ʧʨʠ-

ʤʝʥʝʥʠʠ ʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʨʘʟʙʠʝʥʠʷ ʩʥʘʯʘʣʘ NURBS-ʢʨʠʚʳʭ, ʟʘʪʝʤ 

NURBS-ʧʦʚʝʨʭʥʦʩʪʝʡ. ʉʝʪʢʘ ʚ ʦʙʲʝʤʝ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʩʪʨʦʠʪʩʷ ʥʘ ʦʩʥʦʚʝ ʫʞʝ ʧʦʣʫʯʝʥ-

ʥʦʛʦ ʦʧʪʠʤʘʣʴʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʫʟʣʦʚ ʥʘ ʩʣʦʞʥʳʭ ʦʛʨʘʥʠʯʠʚʘʶʱʠʭ ʧʦʚʝʨʭʥʦʩʪʷʭ. ʄʝ-

ʪʦʜ ʧʦʟʚʦʣʷʝʪ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʪʴ ʧʨʦʮʝʩʩ ʧʝʨʝʭʦʜʘ ʤʝʞʜʫ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʠ ʩʝʪʦʯʥʦʡ ʤʦʜʝ-

ʣʷʤʠ ʠ ʩʦʭʨʘʥʠʪʴ ʚʳʩʦʢʫʶ ʪʦʯʥʦʩʪʴ, ʟʘʣʦʞʝʥʥʫʶ ʚ ʠʩʭʦʜʥʦʡ ʛʝʦʤʝʪʨʠʠ ʦʙʲʝʢʪʘ. 

ɼʠʥʘʤʠʯʝʩʢʘʷ ʧʨʠʨʦʜʘ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʤʝʪʦʜʘ ʛʝʥʝʨʘʮʠʠ ʨʘʩʯʝʪʥʳʭ ʩʝʪʦʢ ʜʘʝʪ ʚʦʟ-

ʤʦʞʥʦʩʪʴ ʣʦʢʘʣʴʥʦ ʧʝʨʝʩʪʨʘʠʚʘʪʴ ʩʝʪʦʯʥʫʶ ʤʦʜʝʣʴ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʙʦʣʴʰʦʝ 

ʯʠʩʣʦ ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʦʚ ʢʦʥʩʪʨʫʢʮʠʠ ʧʨʦʤʳʰʣʝʥʥʳʭ ʠʟʜʝʣʠʡ ʚ ʢʨʘʪʯʘʡʰʠʝ ʩʨʦʢʠ, ʘ 

ʪʘʢʞʝ ʧʨʦʚʦʜʠʪʴ ʜʠʥʘʤʠʯʝʩʢʫʶ ʘʜʘʧʪʘʮʠʶ ʨʘʩʯʝʪʥʦʡ ʩʝʪʢʠ ʚ ʧʨʦʮʝʩʩʝ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʡ 

ʤʝʭʘʥʠʢʠ ʩʧʣʦʰʥʦʡ ʩʨʝʜʳ. ʂʨʦʤʝ ʵʪʦʛʦ, ʪʝʭʥʦʣʦʛʠʷ ʜʦʧʫʩʢʘʝʪ ʦʙʦʙʱʝʥʠʝ ʥʘ ʩʣʫʯʘʡ ʯʝʪʳ-

ʨʝʭʫʛʦʣʴʥʳʭ, ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʠ ʛʠʙʨʠʜʥʳʭ ʩʝʪʦʢ, ʯʪʦ ʙʫʜʝʪ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʥʠʞʝ. 

ɻʣʘʚʥʘʷ ʠʜʝʷ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʧʦʜʭʦʜʘ ʢ ʩʦʟʜʘʥʠʶ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʯʝʪʳʨʝʭ-

ʫʛʦʣʴʥʳʭ ʠ ʛʝʢʩʘʵʜʨʘʣʴʥʳʭ ʩʝʪʦʢ, ʢʘʢ ʠ ʤʝʪʦʜʘ ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʠ ʨʘʟʚʠʪʦʛʦ ʚ ʧʨʝʜʳʜʫʱʠʭ 

ʧʫʙʣʠʢʘʮʠʷʭ [21, 22], ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʫʟʣʳ ʙʫʜʫʱʝʡ ʩʝʪʢʠ  ɻʪʦ ʧʦʜʚʠʞʥʳʝ ʦʜʥʦʠʤʝʥʥʦ 

ʟʘʨʷʞʝʥʥʳʝ, ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʝ ʤʝʞʜʫ ʩʦʙʦʡ ʯʘʩʪʠʮʳ, ʩ ʟʘʨʷʜʘʤʠ iq  ʠ ʤʘʩʩʘʤʠ im. ʆʪ-

ʪʘʣʢʠʚʘʶʱʘʷ ʩʠʣʘ, ʜʝʡʩʪʚʫʶʱʘʷ ʥʘ ʢʘʞʜʫʶ ʯʘʩʪʠʮʫ ʩʦ ʩʪʦʨʦʥʳ ʦʩʪʘʣʴʥʳʭ ʯʘʩʪʠʮ ʩʠʩʪʝ-

ʤ ,r ʠʤʝʝʪ ʵʣʝʢʪʨʠʯʝʩʢʫʶ ʧʨʠʨʦʜʫ. ʅʘ ʨʠʩ. 2 ʧʦʢʘʟʘʥʘ ʩʭʝʤʘ, ʠʣʣʶʩʪʨʠʨʫʶʱʘʷ ʧʨʦʮʝʩʩ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʧʘʨʘʤʠ ʯʘʩʪʠʮ, ʢʦʪʦʨʳʝ ʧʝʨʝʤʝʱʘʶʪʩʷ ʚ ʦʙʲʝʤʝ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ. 

ʂʨʦʤʝ ʩʠʣʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʘ ʯʘʩʪʠʮʳ ʜʝʡʩʪʚʫʶʪ ʩʠʣʳ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ,fr iF , ʢʦʪʦʨʳʝ ʦʧ-

ʨʝʜʝʣʷʶʪʩʷ ʤʦʜʫʣʝʤ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ ʠ ʠʤʝʶʪ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʝ ʝʤʫ ʥʘʧʨʘʚʣʝʥʠʝ. ɹʣʘʛʦ-

ʜʘʨʷ ʜʝʡʩʪʚʠʶ ʜʠʩʩʠʧʘʪʠʚʥʳʭ ʩʠʣ, ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʪʦʨʳʭ ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʩʪʝ-

ʧʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʢʦʨʦʩʪʠ [21], ʩʠʩʪʝʤʘ ʯʝʨʝʟ ʜʦʩʪʘʪʦʯʥʦ ʢʦʨʦʪʢʠʡ ʧʨʦʤʝʞʫʪʦʢ ʚʨʝ-

ʤʝʥʠ ʧʨʠʭʦʜʠʪ ʢ ʢʚʘʟʠʨʘʚʥʦʚʝʩʥʦʤʫ ʩʦʩʪʦʷʥʠʶ. ʏʘʩʪʠʮʳ ʩʦʚʝʨʰʘʶʪ ʣʠʰʴ ʥʝʟʥʘʯʠʪʝʣʴʥʳʝ 

ʢʦʣʝʙʘʥʠʷ ʦʢʦʣʦ ʫʩʪʦʡʯʠʚʳʭ ʧʦʣʦʞʝʥʠʡ ʨʘʚʥʦʚʝʩʠʷ, ʧʨʠ ʵʪʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ ʩʪʘ-

ʥʦʚʠʪʩʷ ʚ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʫʧʦʨʷʜʦʯʝʥʥʳʤ (ʨʠʩ. 3). 

ʅʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʦʛʦ ʦʧʪʠʤʘʣʴʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʨʠʘʥʛʫʣʷʮʠʠ 

ɼʝʣʦʥʝ, ʤʦʞʝʪ ʙʳʪʴ ʧʦʩʪʨʦʝʥʘ ʢʘʯʝʩʪʚʝʥʥʘʷ ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʠʣʠ ʦʙʲʝʤʥʘʷ ʩʝʪʢʘ [27, 28]. 

ʊʨʠʘʥʛʫʣʷʮʠʷ ʩʪʨʦʠʪʩʷ ʦʜʠʥ ʨʘʟ ʥʘ ʟʘʚʝʨʰʘʶʱʝʤ ʵʪʘʧʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʜʚʠʞʥʳʭ ʫʟʣʦʚ ʠ 

ʜʣʷ ʪʨʝʭʤʝʨʥʦʛʦ ʩʣʫʯʘʷ, ʧʦʢʘʟʘʥʥʦʛʦ ʥʘ ʨʠʩ. 3, ʚʥʠʟʫ, ʚʳʧʦʣʥʷʝʪʩʷ ʜʣʷ ʥʝʩʢʦʣʴʢʠʭ ʚʨʝʤʝʥ-

ʥʳʭ ʰʘʛʦʚ ʣʠʰʴ ʩ ʮʝʣʴʶ ʙʦʣʝʝ ʥʘʛʣʷʜʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ.  



ɸ.ʃ. ɾʝʣʝʟʥʷʢʦʚʘ  ʊʝʭʥʦʣʦʛʠʷ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʩʦʟʜʘʥʠʷ  ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʯʝʪʳʨʝʭʫʛʦʣʴʥʳʭ ʠ é 
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ʈʠʩ.2. ʉʭʝʤʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʦʜʚʠʞʥʳʭ ʯʘʩʪʠʮ ʚ ʪʨʝʭʤʝʨʥʦʡ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ 

ʏʘʩʪʠʮʳ ʩʯʠʪʘʶʪʩʷ ʤʘʪʝʨʠʘʣʴʥʳʤʠ ʪʦʯʢʘʤʠ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʜʠʥʘʤʠʢʠ ʩʠʩʪʝʤʳ ʧʦ-

ʧʘʨʥʦ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʯʘʩʪʠʮ (ʫʟʣʦʚ), ʧʨʦʚʦʜʠʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʡ ʜʚʠʞʝ-

ʥʠʷ ʅʴʶʪʦʥʘ ʜʣʷ ʢʘʞʜʦʡ i-ʡ ʯʘʩʪʠʮʳ. ʏʠʩʣʝʥʥʦʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝ ʫʨʘʚʥʝʥʠʡ ʜʚʠʞʝʥʠʷ 

ʧʨʦʚʦʜʠʪʩʷ ʧʦ ʠʟʚʝʩʪʥʦʤʫ ʘʣʛʦʨʠʪʤʫ ɺʝʨʣʝ [29, 30]. ɺʳʯʠʩʣʠʪʝʣʴʥʳʝ ʘʩʧʝʢʪʳ ʤʦʣʝʢʫʣʷʨ-

ʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʝʪʦʜʘ ʧʦʜʨʦʙʥʦ ʠʟʣʦʞʝʥʳ ʚ [21].  

ʈʘʩʧʦʣʦʞʝʥʠʝ ʫʟʣʦʚ ʠʜʝʘʣʴʥʦʡ ʪʨʝʫʛʦʣʴʥʦʡ (ʥʘ ʧʣʦʩʢʦʩʪʠ) ʠʣʠ ʪʝʪʨʘʵʜʨʘʣʴʥʦʡ (ʚ 

ʧʨʦʩʪʨʘʥʩʪʚʝ) ʩʝʪʢʠ ʙʫʜʝʪ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʤʘʢʩʠʤʘʣʴʥʦ ʧʣʦʪʥʦʡ ʫʧʘʢʦʚʢʝ ʯʘʩʪʠʮ 

(ʨʠʩ. 3, ʚʚʝʨʭʫ). 

ɼʣʷ ʦʙʨʘʟʦʚʘʥʠʷ ʪʘʢʦʡ ʩʪʨʫʢʪʫʨʳ ʜʦʩʪʘʪʦʯʥʦ ʦʧʠʩʳʚʘʪʴ ʤʝʭʘʥʠʟʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʤʝʞʜʫ ʧʦʜʚʠʞʥʳʤʠ ʫʟʣʘʤʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʮʝʥʪʨʘʣʴʥʳʭ ʥʝʥʘʧʨʘʚʣʝʥʥʳʭ ʩʠʣ ʦʪʪʘʣʢʠ-

ʚʘʥʠʷ [21]. ʇʨʠ ʵʪʦʤ ʘʙʩʦʣʶʪʥʘʷ ʚʝʣʠʯʠʥʘ ʦʪʪʘʣʢʠʚʘʶʱʝʡ ʩʠʣʳ _tet ijF , ʜʝʡʩʪʚʫʶʱʝʡ ʥʘ 

i -ʁ  ʯʘʩʪʠʮʫ ʩʦ ʩʪʦʨʦʥʳ j-ʡ ʯʘʩʪʠʮʳ ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ a-ʡ ʩʪʝʧʝʥʠ ʨʘʩʩʪʦʷʥʠʷ 

ʤʝʞʜʫ ʟʘʨʷʜʘʤʠ, ʘ ʝʝ ʚʝʢʪʦʨ ʥʘʧʨʘʚʣʝʥ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦ ʨʘʜʠʫʩ-ʚʝʢʪʦʨʫ ijr [1]: 

 _ , 1, ,
iji j

ijtet ij a
ijij

q q r
F C a r h

rr

=- Ö ² = (1) 

ʟʜʝʩʴ h  ï ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʟʘʨʷʜʘʤʠ. 

ʈʘʚʥʦʜʝʡʩʪʚʫʶʱʘʷ ʩʠʣ ʤʝʞʯʘʩʪʠʯʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʜʝʡʩʪʚʫʶʱʘʷ ʥʘ i -ʁ  ʯʘʩʪʠʮʫ 

ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʚʝʢʪʦʨʥʦʡ ʬʦʨʤʝ: 

 _ _

1

,
M

tet i tet ij

j

F F
=

=ä  (2) 

ʛʜʝ M  ï ʯʠʩʣʦ ʯʘʩʪʠʮ ʚ ʩʠʩʪʝʤʝ. 
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ʈʠʩ.3. ʈʘʟʚʠʪʠʝ ʧʨʦʮʝʩʩʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʯʘʩʪʠʮ ʚ 2D (ʚʚʝʨʭʫ) ʠ 3D ʧʨʦʩʪʨʘʥʩʪʚʝ (ʚʥʠʟʫ)  

ʇʦʩʪʨʦʝʥʠʝ ñʠʜʝʘʣʴʥʦʡò ʩʪʨʫʢʪʫʨʳ ʫʟʣʦʚ ʩ ʤʝʥʝʝ ʧʣʦʪʥʦʡ ʫʧʘʢʦʚʢʦʡ, ʩʚʦʡʩʪʚʝʥʥʦʡ 

ʜʣʷ ʯʝʪʳʨʝʭʫʛʦʣʴʥʳʭ ʠ ʛʝʢʩʘʵʜʨʘʣʴʥʳʭ ʩʝʪʦʢ ʪʨʝʙʫʝʪ ʩʦʟʜʘʥʠʷ ʙʦʣʝʝ ʩʣʦʞʥʦʡ ʤʦʜʝʣʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ. ʈʘʥʝʝ ʦʪʤʝʯʘʣʦʩʴ, ʯʪʦ ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ ʧʣʦʪʥʦʫʧʘʢʦʚʘʥ-

ʥʦʡ ʩʪʨʫʢʪʫʨʳ ʫʟʣʦʚ ʪʨʝʫʛʦʣʴʥʳʭ ʠ ʪʝʪʨʘʵʜʨʘʣʴʥʳʭ ʩʝʪʦʢ ʜʦʩʪʘʪʦʯʥʦ ʜʝʡʩʪʚʠʷ ʮʝʥʪʨʘʣʴ-

ʥʳʭ ʩʠʣ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʪ.ʝ. ʩʠʣ ʥʘʧʨʘʚʣʝʥʥʳʭ ʧʦ ʣʠʥʠʠ, ʩʦʝʜʠʥʷʶʱʝʡ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶ-

ʱʠʝ ʯʘʩʪʠʮʳ ʠ ʟʘʚʠʩʷʱʠʭ ʪʦʣʴʢʦ ʦʪ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʥʠʤʠ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʦʨʠʝʥʪʘʮʠʷ ʨʘ-


