
ʌɽɼɽʈɸʃʔʅʆɽ ɻʆʉʋɼɸʈʉʊɺɽʅʅʆɽ ʋʏʈɽɾɼɽʅʀɽ çʌɽɼɽʈɸʃʔʅʓʁ 

ʅɸʋʏʅʆ-ʀʉʉʃɽɼʆɺɸʊɽʃʔʉʂʀʁ ʎɽʅʊʈ çʂʈʀʉʊɸʃʃʆɻʈɸʌʀʗ ʀ 

ʌʆʊʆʅʀʂɸè ʈʆʉʉʀʁʉʂʆʁ ɸʂɸɼɽʄʀʀ ʅɸʋʂè 

 

ʀʅʉʊʀʊʋʊ ʂʈʀʉʊɸʃʃʆɻʈɸʌʀʀ ʀʄ. ɸ.ɺ. ʐʋɹʅʀʂʆɺɸ ʈɸʅ 

 

 

ʅʘ ʧʨʘʚʘʭ ʨʫʢʦʧʠʩʠ  

 

 

ɹʋɿʄɸʂʆɺ ɸʃɽʂʉɽʁ ɺʃɸɼʀʄʀʈʆɺʀʏ 

 

 

ɸʇʇɸʈɸʊʋʈʅʓɽ ʀ ɺʓʏʀʉʃʀʊɽʃʔʅʓɽ ʄɽʊʆɼʓ ɺ 

ʈɽʅʊɻɽʅʆɺʉʂʆʁ ʄʀʂʈʆʊʆʄʆɻʈɸʌʀʀ 

 

ɼʠʩʩʝʨʪʘʮʠʷ 

ʥʘ ʩʦʠʩʢʘʥʠʝ ʫʯʝʥʦʡ ʩʪʝʧʝʥʠ ʜʦʢʪʦʨʘ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʥʘʫʢ 

ʧʦ ʩʧʝʮʠʘʣʴʥʦʩʪʠ 1.3.8 - ʬʠʟʠʢʘ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

 

ʅʘʫʯʥʳʡ ʢʦʥʩʫʣʴʪʘʥʪ:  

ɼʦʢʪʦʨ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʥʘʫʢ  

ɸʩʘʜʯʠʢʦʚ ɺʠʢʪʦʨ ɽʚʛʝʥʴʝʚʠʯ 

 

 

ʄʦʩʢʚʘ 2023 

  



2 

 

 

 

ʆʛʣʘʚʣʝʥʠʝ 
ɺʚʝʜʝʥʠʝ ............................................................................................................... 5 

ɻʣʘʚʘ 1. ʉʦʚʨʝʤʝʥʥʳʝ ʤʝʪʦʜʳ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ 

(ʃʠʪʝʨʘʪʫʨʥʳʡ ʦʙʟʦʨ) ...........................................................................................16 

1.1 ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʷ ............................................................16 

1.2 ʄʝʭʘʥʠʟʤʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ ʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ ..............................................................................................22 

1.2.1 ɸʙʩʦʨʙʮʠʦʥʥʳʡ ʢʦʥʪʨʘʩʪ ...............................................................23 

1.2.2 ʌʘʟʦʚʳʡ ʢʦʥʪʨʘʩʪ ............................................................................27 

1.3 ʄʝʪʦʜʳ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ .............................................33 

1.3.1 ʀʥʪʝʛʨʘʣʴʥʳʝ ʤʝʪʦʜʳ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ..........................................34 

1.3.2 ɸʣʛʝʙʨʘʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʨʝʢʦʥʩʪʨʫʢʮʠʠ .......................................36 

1.3.3 ʅʝʡʨʦʩʝʪʝʚʳʝ ʤʝʪʦʜʳ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ...........................................39 

1.3.4 ʇʦʜʭʦʜʳ ʘʥʘʣʠʟʘ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ 

ʤʝʪʦʜʘʭ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ......................................................................40 

1.3.5 ʇʦʜʭʦʜʳ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʪʝʦʨʠʠ ʛʣʫʙʦʢʦʛʦ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ  

  ............................................................................................................41 

1.4 ʆʛʨʘʥʠʯʝʥʥʦʝ ʧʦʣʝ ʟʨʝʥʠʷ .......................................................................44 

1.5 ɺʨʝʤʷʨʘʟʨʝʰʘʶʱʘʷ (4D) ʪʦʤʦʛʨʘʬʠʷ ....................................................47 

1.6 ʈʝʟʶʤʝ ʣʠʪʝʨʘʪʫʨʥʦʛʦ ʦʙʟʦʨʘ ..................................................................50 

ɻʣʘʚʘ 2. ʇʨʦʚʝʜʝʥʠʝ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ...................................................51 

2.1 ʄʝʪʦʜʠʢʘ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ ʥʘ ʣʘʙʦʨʘʪʦʨʥʳʭ ʠʩʪʦʯʥʠʢʘʭ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʨʠʩʪʘʣʣʘ-ʤʦʥʦʭʨʦʤʘʪʦʨʘ ....................................................51 

2.2 ɺʳʙʦʨ ʵʥʝʨʛʠʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ .............................................59 

2.3 ɺʣʠʷʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʷ ʥʘ ʢʘʯʝʩʪʚʦ 

ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ. ....................................................................67 

2.4 ʈʘʟʨʘʙʦʪʢʘ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʤʠʢʨʦʪʦʤʦʛʨʘʬʘ ..............................76 

2.5 ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ 

ʜʣʷ ʚʳʜʝʣʝʥʠʷ ʦʙʣʘʩʪʝʡ, ʨʘʟʣʠʯʘʶʱʠʭʩʷ ʧʦ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ. ...........90 

2.6 ʀʩʩʣʝʜʦʚʘʥʠʝ ʭʚʦʩʪʦʚʳʭ ʧʦʟʚʦʥʢʦʚ ʭʨʷʱʝʧʘʣʦʛʦ ʛʝʢʢʦʥʘ ʥʘ 

ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʤ ʠʟʣʫʯʝʥʠʠ ...........................................................................94 

2.7 ʀʩʩʣʝʜʦʚʘʥʠʝ ʦʙʨʘʟʮʦʚ ʢʦʩʪʝʡ ʢʠʩʪʝʡ ʢʦʥʝʯʥʦʩʪʝʡ ...........................102 



3 

 

 

 

2.8 ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʛʣʘʚʳ 2 ...............................................................110 

ɻʣʘʚʘ 3. ʌʘʟʦʢʦʥʪʨʘʩʪʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ ...............112 

3.1 ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘ ʤʠʢʨʦʪʦʤʦʛʨʘʬʝ 

ʊʆʄɸʉ .............................................................................................................112 

3.2 ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ...................................................117 

3.2.1 ʆʧʠʩʘʥʠʝ ʩʦʟʜʘʥʥʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ ñWavePropaGatorò 

(WPG) 118 

3.2.2 ʂʦʛʝʨʝʥʪʥʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ ......................120 

3.2.3 ʊʦʥʢʠʝ ʦʧʪʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ .......................................................121 

3.2.4 ʇʨʦʪʷʞʸʥʥʳʝ (ʪʦʣʩʪʳʝ) ʦʧʪʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ ..........................122 

3.2.5 ʆʧʠʩʘʥʠʝ ʧʨʦʮʝʩʩʘ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ .............127 

3.2.6 ʇʨʠʤʝʨ ʦʧʠʩʘʥʠʷ ʨʝʘʣʴʥʦʛʦ ʙʠʤʣʘʡʥʘ .......................................130 

3.2.7 ʇʨʠʤʝʨʳ ʠʩʧʦʣʴʟʦʚʘʥʠʷ WPG .....................................................132 

3.2.8 ʇʨʠʤʝʥʝʥʠʝ WPG ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ 

ʠʟʦʙʨʘʞʝʥʠʡ .................................................................................................135 

3.2.9 ɼʦʩʪʫʧʥʦʩʪʴ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʠ ʜʦʢʫʤʝʥʪʘʮʠʷ .......138 

3.3 ʄʝʪʦʜʳ ʩʝʛʤʝʥʪʘʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ ʤʝʪʦʜʘʤʠ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ....139 

3.3.1 ʆʙʨʘʙʦʪʢʘ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʩ ʧʦʤʦʱʴʶ 

ʢʦʨʨʝʢʮʠʠ ʇʘʛʘʥʠʥʘ ....................................................................................139 

3.3.2 ʄʦʜʝʣʴʥʳʝ ʦʙʲʝʢʪʳ (ʬʘʥʪʦʤʳ) ...................................................148 

3.3.3 ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ. ....................150 

3.3.4 ʈʝʰʝʥʠʝ ʟʘʜʘʯʠ ʩʝʛʤʝʥʪʘʮʠʠ ʥʘ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʜʘʥʥʳʭ. 

ɸʧʨʦʙʘʮʠʷ ʨʘʟʣʠʯʥʳʭ ʤʝʪʦʜʠʢ. .................................................................153 

3.3.5 ʉʨʘʚʥʝʥʠʝ ʘʣʛʦʨʠʪʤʦʚ ʩʝʛʤʝʥʪʘʮʠʠ ʥʘ ʨʝʘʣʴʥʦʤ ʦʙʨʘʟʮʝ .......162 

3.4 ʌʘʟʦʢʦʥʪʨʘʩʪʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʣʝʤʝʥʪʦʚ ʣʠʤʙʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ 

ʯʝʣʦʚʝʢʘ .............................................................................................................172 

3.4.1 ʄʦʪʠʚʘʮʠʷ ʧʨʦʚʝʜʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʷ .........................................172 

3.4.2 ʆʧʠʩʘʥʠʝ ʦʙʲʝʢʪʦʚ ʠ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ..............................176 

3.4.3 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ..........................183 

3.4.4 ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ..............................................................195 



4 

 

 

 

3.5 ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʛʣʘʚʳ 3 ...............................................................197 

ɻʣʘʚʘ 4. ʅʦʚʳʝ ʩʭʝʤʳ ʠ ʘʣʛʦʨʠʪʤʳ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ 

ʠʟʤʝʨʝʥʠʡ ʚ ʫʩʣʦʚʠʷʭ ʥʝʧʦʣʥʳʭ ʜʘʥʥʳʭ ʠ ʥʝʩʪʘʥʜʘʨʪʥʳʭ ʛʝʦʤʝʪʨʠʷʭ .......199 

4.1 ɸʣʛʦʨʠʪʤʳ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʧʨʠ ʦʛʨʘʥʠʯʝʥʥʦʤ ʧʦʣʝ ʟʨʝʥʠʷ ʜʝʪʝʢʪʦʨʘ 

ʠʣʠ ʧʨʠ ʥʘʣʠʯʠʠ ʜʝʬʝʢʪʥʳʭ ʟʦʥ ʥʘ ʜʝʪʝʢʪʦʨʝ .............................................199 

4.1.1 ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ .........................................................................199 

4.1.2 ʆʧʠʩʘʥʠʝ ʘʣʛʦʨʠʪʤʘ ......................................................................204 

4.1.3 ʇʨʦʚʝʨʢʘ ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʘ .........................................................207 

4.2 ɸʣʛʦʨʠʪʤ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʜʠʥʘʤʠʯʝʩʢʠʭ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ

 223 

4.2.1 ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ .........................................................................223 

4.2.2 ʆʧʠʩʘʥʠʝ ʘʣʛʦʨʠʪʤʘ ......................................................................225 

4.2.3 ʇʨʦʚʝʨʢʘ ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʘ .........................................................232 

4.2.4 ʇʨʦʚʝʨʢʘ ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʘ ʥʘ ʨʝʘʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʜʘʥʥʳʭ  ..........................................................................................................238 

4.2.5 ʆʙʩʫʞʜʝʥʠʝ ʧʦʣʫʯʝʥʥʦʛʦ ʨʝʟʫʣʴʪʘʪʘ ..........................................245 

4.3 ɸʣʛʦʨʠʪʤ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʚ ʪʦʧʦ-ʪʦʤʦʛʨʘʬʠʠ .....................................247 

4.4 ɸʣʛʦʨʠʪʤ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʜʣʷ ʚʦʛʥʫʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ .........................256 

4.5 ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʛʣʘʚʳ 4 ...............................................................268 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʚʳʚʦʜʳ .........................................................................269 

ʉʧʠʩʦʢ ʮʠʪʠʨʫʝʤʦʡ ʣʠʪʝʨʘʪʫʨʳ ........................................................................272 

 

  



5 

 

 

 

ɺʚʝʜʝʥʠʝ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ 

ʈʝʥʪʛʝʥʦʚʩʢʘʷ (ʢʦʤʧʴʶʪʝʨʥʘʷ) ʪʦʤʦʛʨʘʬʠʷ ʩʝʛʦʜʥʷ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ 

ʩʘʤʳʭ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʭ ʤʝʪʦʜʦʚ ʥʝʨʘʟʨʫʰʘʶʱʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʩʪʨʦʝʥʠʷ ʦʙʲʝʢʪʦʚ ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʠʭ ʧʨʠʨʦʜʳ. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʵʪʦʪ ʤʝʪʦʜ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ - ʦʪ 

ʤʝʜʠʮʠʥʳ ʠ ʥʝʨʘʟʨʫʰʘʶʱʝʛʦ ʢʦʥʪʨʦʣʷ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʜʦ ʤʠʢʨʦ- ʠ ʥʘʥʦ-

ʪʦʤʦʛʨʘʬʠʠ ʚ ʥʘʫʢʝ. ʅʘ ʧʝʨʚʳʡ ʚʟʛʣʷʜ ʤʦʞʝʪ ʧʦʢʘʟʘʪʴʩʷ, ʯʪʦ ʚʩʝ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʧʨʦʙʣʝʤʳ ʟʜʝʩʴ ʫʞʝ ʨʝʰʝʥʳ. ʆʜʥʘʢʦ ʧʨʠ ʙʣʠʞʘʡʰʝʤ 

ʨʘʩʩʤʦʪʨʝʥʠʠ ʩʪʘʥʦʚʠʪʩʷ ʧʦʥʷʪʥʳʤ, ʯʪʦ ʵʪʦ ʥʝ ʪʘʢ. ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤ ʭʦʯʝʪʩʷ ʜʦʩʪʠʛʘʪʴ ʚʩʸ 

ʣʫʯʰʝʛʦ ʨʘʟʨʝʰʝʥʠʷ ʠ ʢʦʥʪʨʘʩʪʥʦʩʪʠ ʧʦʣʫʯʘʝʤʳʭ ʠʟʦʙʨʘʞʝʥʠʡ. ʕʪʦ 

ʩʧʦʩʦʙʩʪʚʦʚʘʣʦ ʧʦʷʚʣʝʥʠʶ ʝʱʸ ʦʜʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʪʦʤʦʛʨʘʬʠʠ - ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ. ɼʘʥʥʳʡ ʤʝʪʦʜ ʪʝʩʥʦ ʩʚʷʟʘʥ ʩ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʤʠʢʨʦʩʢʦʧʠʝʡ ʠ ʥʘʧʨʘʚʣʝʥ ʥʘ ʧʦʣʫʯʝʥʠʝ ʤʠʢʨʦʥʥʦʛʦ ʠʣʠ ʩʫʙʤʠʢʨʦʥʥʦʛʦ 

ʨʘʟʨʝʰʝʥʠʷ, ʦʜʥʘʢʦ ʧʨʠ ʵʪʦʤ ʦʙʣʘʩʪʴ ʟʨʝʥʠʷ ʤʝʪʦʜʘ ʥʝ ʧʨʝʚʳʰʘʝʪ 

ʥʝʩʢʦʣʴʢʠʭ ʜʝʩʷʪʢʦʚ ʤʠʣʣʠʤʝʪʨʦʚ, ʘ ʠʥʦʛʜʘ ʠ ʩʦʪʥʠ ʤʠʢʨʦʥ ʚ ʩʣʫʯʘʝ 

ʩʫʙʤʠʢʨʦʥʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ. ʅʦ ʜʘʞʝ ʪʘʢʠʝ ʦʛʨʘʥʠʯʝʥʠʷ ʜʝʣʘʶʪ 

ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʶ ʧʦʣʝʟʥʦʡ, ʥʘʧʨʠʤʝʨ, ʚ ʙʠʦʣʦʛʠʠ ʠ ʤʝʜʠʮʠʥʝ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʷ ʜʦʧʦʣʥʷʝʪ, ʘ ʚ ʨʷʜʝ ʩʣʫʯʘʝʚ ʠ ʟʘʤʝʥʷʝʪ, ʛʠʩʪʦʣʦʛʠʯʝʩʢʠʝ 

ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. ɺ ʪʝʭʥʦʣʦʛʠʠ ʠ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʷ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʢʦʥʪʨʦʣʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠʟʜʝʣʠʡ ʨʘʟʣʠʯʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ, 

ʦʪ ʤʠʢʨʦʧʨʦʮʝʩʩʦʨʦʚ ʜʦ ʧʦʨʠʩʪʳʭ ʤʝʤʙʨʘʥ. 

ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʪʦʤʦʛʨʘʬʠʷ ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʯʠʪʳʚʘʪʴ ʪʨʸʭʤʝʨʥʫʶ 

ʩʪʨʫʢʪʫʨʫ ʦʙʲʝʢʪʘ ʧʦ ʥʘʙʦʨʫ ʜʚʫʤʝʨʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ (ʧʨʦʝʢʮʠʡ), 

ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʨʘʟʥʳʭ ʦʨʠʝʥʪʘʮʠʷʭ (ʫʛʣʘʭ ʧʦʚʦʨʦʪʘ) ʦʙʲʝʢʪʘ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ ʠ ʜʝʪʝʢʪʦʨʘ, ʘ ʧʦʪʦʤʫ ʚ ʙʦʣʴʰʦʡ ʩʪʝʧʝʥʠ ʷʚʣʷʝʪʩʷ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʤ ʤʝʪʦʜʦʤ. 

ʄʠʢʨʦʪʦʤʦʛʨʘʬʠʷ ʢʘʢ ʤʝʪʦʜ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʥʝʩʢʦʣʴʢʦ ʦʙʦʩʦʙʣʝʥʥʳʭ 

ʯʘʩʪʝʡ ʠʣʠ ʵʪʘʧʦʚ ʧʦʣʫʯʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ: 

Å ʘʧʧʘʨʘʪʥʘʷ ʯʘʩʪʴ, ʢʦʪʦʨʘʷ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʣʫʯʝʥʠʝ ʜʚʫʤʝʨʥʳʭ 

ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ ʦʙʲʝʢʪʘ; 
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Å ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʧʨʝʜʦʙʨʘʙʦʪʢʘ ʧʦʣʫʯʝʥʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ, 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʢʦʪʦʨʦʡ ʦʧʠʩʘʥʘ ʥʠʞʝ; 

Å ʪʦʤʦʛʨʘʬʠʯʝʩʢʘʷ ʨʝʢʦʥʩʪʨʫʢʮʠʷ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʦʡ ʚʦʟʥʠʢʘʝʪ 

ʪʨʸʭʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠʩʩʣʝʜʫʝʤʦʡ ʚʝʣʠʯʠʥʳ; 

Å ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʧʦʣʫʯʝʥʥʦʛʦ ʪʨʸʭʤʝʨʥʦʛʦ ʤʘʩʩʠʚʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʠʥʪʝʨʝʩʫʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ ʦʙʲʝʢʪʘ. 

ɸʧʧʘʨʘʪʥʘʷ ʯʘʩʪʴ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʤʠʢʨʦʪʦʤʦʛʨʘʬʘ ʯʘʱʝ ʚʩʝʛʦ ʷʚʣʷʝʪʩʷ 

ʣʘʙʦʨʘʪʦʨʥʳʤ ʠʟʤʝʨʠʪʝʣʴʥʳʤ ʧʨʠʙʦʨʦʤ ʠʣʠ ʩʠʥʭʨʦʪʨʦʥʥʦʡ ʩʪʘʥʮʠʝʡ. 

ʆʩʥʦʚʥʦʡ ʟʘʜʘʯʝʡ ʪʘʢʦʛʦ ʧʨʠʙʦʨʘ ʷʚʣʷʝʪʩʷ ʩʙʦʨ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ 

ʦʙʲʝʢʪʘ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʫʛʣʘʭ ʝʛʦ ʥʘʢʣʦʥʘ ʠʣʠ ʧʦʚʦʨʦʪʘ, ʠʟ ʢʦʪʦʨʳʭ ʚ 

ʜʘʣʴʥʝʡʰʝʤ ʙʫʜʝʪ ʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴʩʷ ʪʨʸʭʤʝʨʥʘʷ ʩʪʨʫʢʪʫʨʘ ʦʙʲʝʢʪʘ. ɼʦ 

ʥʝʜʘʚʥʝʛʦ ʚʨʝʤʝʥʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʧʨʦʝʢʮʠʠ ʦʙʲʝʢʪʘ, 

ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʩʣʘʙʣʝʥʠʷ (ʧʦʛʣʦʱʝʥʠʷ) ʠʟʣʫʯʝʥʠʷ ʚʝʱʝʩʪʚʦʤ. 

ʀʤʝʥʥʦ ʪʘʢʠʝ ʠʟʦʙʨʘʞʝʥʠʷ (ʧʨʠʯʸʤ ʞʝʣʘʪʝʣʴʥʦ ʩ ʧʨʠʤʝʥʝʥʠʝʤ 

ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʛʦ ʠʟʣʫʯʝʥʠʷ) ʣʫʯʰʝ ʚʩʝʛʦ ʧʦʜʭʦʜʷʪ ʜʣʷ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʣʘʩʩʠʯʝʩʢʠʭ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʦʙʨʘʱʝʥʠʷ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʈʘʜʦʥʘ (ʥʘʧʨʠʤʝʨ, ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʤʝʪʦʜʘ ʩʚʸʨʪʢʠ ʠ 

ʦʙʨʘʪʥʳʭ ʧʨʦʝʢʮʠʡ - Filtered BackProjection (FBP) [1]). 

ʈʘʟʚʠʪʠʝ ʪʝʭʥʠʢʠ ʬʘʟʦʚʦʛʦ ʢʦʥʪʨʘʩʪʘ, ʦ ʯʸʤ ʧʦʡʜʸʪ ʨʝʯʴ ʜʘʣʝʝ, 

ʧʦʟʚʦʣʠʣʦ ʠʩʩʣʝʜʦʚʘʪʴ ʪʨʸʭʤʝʨʥʫʶ ʩʪʨʫʢʪʫʨʫ ʩʣʘʙʦʢʦʥʪʨʘʩʪʥʳʭ ʦʙʲʝʢʪʦʚ, 

ʪʘʢʠʭ ʢʘʢ ʥʝʡʨʦʥʳ ʠ ʢʨʦʚʝʥʦʩʥʳʝ ʢʘʧʠʣʣʷʨʳ ʚ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʪʢʘʥʷʭ ʠ 

ʤʠʢʨʦʪʨʝʱʠʥʳ ʠ ʤʠʢʨʦʜʝʬʝʢʪʳ ʚ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʠ. ʂʨʦʤʝ ʪʨʘʜʠʮʠʦʥʥʦʡ 

ʩʭʝʤʳ ñʥʘ ʧʨʦʩʚʝʪò (ʥʘʧʨʠʤʝʨ, inline ʬʘʟʦʚʳʡ ʢʦʥʪʨʘʩʪ) ʧʦʧʫʣʷʨʥʦʩʪʴ 

ʥʘʙʠʨʘʶʪ ʠ ʜʨʫʛʠʝ ʪʝʭʥʠʢʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ, ʥʘʧʨʠʤʝʨ, ʪʦʧʦ-

ʪʦʤʦʛʨʘʬʠʷ. ʕʪʘ ʤʝʪʦʜʠʢʘ ʧʦʟʚʦʣʷʝʪ ʠʩʩʣʝʜʦʚʘʪʴ ʚʥʫʪʨʝʥʥʶʶ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʜʝʬʝʢʪʦʚ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʝ. 

ʀʥʪʝʨʧʨʝʪʘʮʠʷ ʪʘʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʥʝʩʪʘʥʜʘʨʪʥʳʭ ʩʭʝʤʘʭ 

ʠʟʤʝʨʝʥʠʷ, ʪʨʝʙʫʝʪ ʨʘʟʚʠʪʠʷ ʤʝʪʦʜʦʚ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʠ 

ʦʙʨʘʙʦʪʢʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ. 

ʇʦʩʣʝ ʧʦʣʫʯʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʧʨʦʝʢʮʠʡ ʩʣʝʜʫʝʪ ʩʪʘʜʠʷ 

ʧʨʝʜʦʙʨʘʙʦʪʢʠ ʠʟʦʙʨʘʞʝʥʠʡ. ʕʪʦ ʥʫʞʥʦ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ 

ʠʟʚʝʩʪʥʳʝ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʝ ʜʝʬʝʢʪʳ ʚ ʧʨʦʝʢʮʠʦʥʥʳʭ ʜʘʥʥʳʭ, ʪʘʢʠʝ ʢʘʢ 

ʫʪʦʯʥʝʥʠʝ ʦʩʠ ʚʨʘʱʝʥʠʷ ʦʙʨʘʟʮʘ, ʫʯʝʪ ʚʦʟʤʦʞʥʦʛʦ ʜʨʝʡʬʘ ʦʙʨʘʟʮʘ, 
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ʠʟʤʝʥʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʟʦʥʜʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʚʦ ʚʨʝʤʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠ 

ʜʨʫʛʠʝ. ʊʘʢʦʛʦ ʨʦʜʘ ʜʝʬʝʢʪʳ ʧʨʠʚʦʜʷʪ ʢ ʭʘʨʘʢʪʝʨʥʳʤ ʦʰʠʙʢʘʤ (ʘʨʪʝʬʘʢʪʘʤ) 

ʥʘ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ. ʂ ʪʘʢʠʤ ʦʰʠʙʢʘʤ, ʥʘʧʨʠʤʝʨ, ʦʪʥʦʩʷʪʩʷ 

- ʢʦʣʴʮʝʚʳʝ ʘʨʪʝʬʘʢʪʳ, ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʘʨʪʝʬʘʢʪʳ, ʩʝʨʧʦʚʠʜʥʳʝ ʘʨʪʝʬʘʢʪʳ, 

ʯʘʰʝʚʠʜʥʳʝ ʘʨʪʝʬʘʢʪʳ ʠ ʪ.ʜ. 

ɿʘʪʝʤ ʧʨʦʚʦʜʠʪʩʷ, ʩʦʙʩʪʚʝʥʥʦ, ʪʦʤʦʛʨʘʬʠʯʝʩʢʘʷ ʨʝʢʦʥʩʪʨʫʢʮʠʷ 

(ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ) - ʧʦʣʫʯʝʥʠʝ ʪʨʸʭʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʩʢʦʤʦʡ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʙʲʝʢʪʘ ʧʦ ʥʘʙʦʨʫ ʝʛʦ ʜʚʫʤʝʨʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ. 

ʊʨʘʜʠʮʠʦʥʥʳʝ ʤʝʪʦʜʳ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ, ʥʘʧʨʠʤʝʨ FBP, 

ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʦʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴʶ, ʦʜʥʘʢʦ ʜʘʶʪ ʚʳʩʦʢʦʝ ʢʘʯʝʩʪʚʦ 

ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʪʦʣʴʢʦ ʥʘ ʭʦʨʦʰʠʭ ʜʘʥʥʳʭ (ʜʦʩʪʘʪʦʯʥʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʧʨʦʝʢʮʠʡ ʩ ʚʳʩʦʢʠʤ ʩʦʦʪʥʦʰʝʥʠʝʤ ʩʠʛʥʘʣ ʰʫʤ). ɼʣʷ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ 

ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʟʘʰʫʤʣʝʥʥʳʭ ʜʘʥʥʳʭ ʠʣʠ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʚ 

ʥʝʩʪʘʥʜʘʨʪʥʳʭ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʩʭʝʤʘʭ (ʥʘʢʣʦʥʥʳʝ ʩʭʝʤʳ, ʢʘʢ ʚ ʪʦʧʦ-

ʪʦʤʦʛʨʘʬʠʠ, ʥʝʧʦʣʥʳʡ ʥʘʙʦʨ ʧʨʦʝʢʮʠʦʥʥʳʭ ʜʘʥʥʳʭ ʠʣʠ ʜʘʥʥʳʝ ʥʝ 

ʵʢʚʠʜʠʩʪʘʥʪʥʳʝ ʚ ʫʛʣʦʚʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ) ʧʨʠʤʝʥʷʶʪ ʤʝʪʦʜʳ ʨʝʢʦʥʩʪʨʫʢʮʠʠ, 

ʧʦʟʚʦʣʷʶʱʠʝ ʠʩʧʦʣʴʟʦʚʘʪʴ ʘʧʨʠʦʨʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦʙ ʠʩʩʣʝʜʫʝʤ ʦʙʲʝʢʪʝ. ʂ 

ʪʘʢʠʤ ʤʝʪʦʜʘʤ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʘʣʛʝʙʨʘʠʯʝʩʢʠʝ ʠ ʥʝʡʨʦʩʝʪʝʚʳʝ ʘʣʛʦʨʠʪʤʳ 

ʨʝʢʦʥʩʪʨʫʢʮʠʠ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʧʦʣʫʯʘʝʪʩʷ ʪʨʸʭʤʝʨʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʝʢʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʙʲʝʢʪʘ, ʯʘʱʝ ʚʩʝʛʦ ʵʪʦ ʢʦʵʬʬʠʮʠʝʥʪ 

ʧʦʛʣʦʱʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʇʦ ʧʦʣʫʯʝʥʥʦʡ ʪʨʸʭʤʝʨʥʦʡ 

ʩʪʨʫʢʪʫʨʝ ʪʨʝʙʫʝʪʩʷ ʦʧʨʝʜʝʣʠʪʴ ʠʥʪʝʨʝʩʫʶʱʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʷ ʧʘʨʘʤʝʪʨʳ, 

ʥʘʧʨʠʤʝʨ, ʨʘʩʩʯʠʪʘʪʴ ʧʦʨʠʩʪʦʩʪʴ ʩʪʨʫʢʪʫʨʳ, ʦʨʠʝʥʪʘʮʠʶ ʚʦʣʦʢʦʥ, 

ʣʦʢʘʣʠʟʦʚʘʪʴ ʥʝʡʨʦʥʳ ʠ ʩʦʩʫʜʳ ʚ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʪʢʘʥʷʭ, ʦʧʨʝʜʝʣʠʪʴ 

ʩʦʜʝʨʞʘʥʠʝ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʚ ʦʙʨʘʟʮʝ. ɼʣʷ ʵʪʦʛʦ ʨʘʟʨʘʙʘʪʳʚʘʶʪʩʷ 

ʤʝʪʦʜʳ ʩʝʛʤʝʥʪʘʮʠʠ, ʘʥʥʦʪʠʨʦʚʘʥʠʷ, ʩʢʝʣʝʪʠʟʘʮʠʠ ʠ ʚʠʟʫʘʣʠʟʘʮʠʠ 

ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ. 

ɺʩʝ ʵʪʠ ʵʪʘʧʳ ʧʨʦʚʝʜʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʫʞʥʳ ʜʣʷ ʜʦʩʪʦʚʝʨʥʦ 

ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʲʝʢʪʘ ʟʘ ʢʦʥʝʯʥʦʝ ʚʨʝʤʷ, ʧʨʠʯʸʤ 

ʞʝʣʘʪʝʣʴʥʦ, ʯʪʦʙʳ ʦʙʲʝʢʪ ʥʝ ʠʟʤʝʥʠʣ ʩʚʦʠʭ ʩʚʦʡʩʪʚ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ 

ʟʦʥʜʠʨʫʶʱʝʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ. 
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ʈʘʟʚʠʪʠʝ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʧʨʦʜʚʠʛʘʝʪʩʷ ʚ ʥʝʩʢʦʣʴʢʠʭ 

ʥʘʧʨʘʚʣʝʥʠʷʭ. ʇʝʨʚʦʝ ʚʘʞʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ - ʫʤʝʥʴʰʝʥʠʝ ʨʘʜʠʘʮʠʦʥʥʦʡ 

ʥʘʛʨʫʟʢʠ ʥʘ ʠʩʩʣʝʜʫʝʤʳʡ ʦʙʲʝʢʪ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʢʘʯʝʩʪʚʘ ʨʝʢʦʥʩʪʨʫʢʮʠʠ. 

ʕʪʦ ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ ʚ ʢʦʥʪʝʢʩʪʝ ʤʝʜʠʮʠʥʩʢʦʡ ʢʦʤʧʴʶʪʝʨʥʦʡ ʪʦʤʦʛʨʘʬʠʠ 

(ʂʊ), ʢʦʪʦʨʘʷ ʚ ʫʩʣʦʚʠʷʭ ʧʘʥʜʝʤʠʠ COVID-19 ʩʪʘʣʘ ʩʘʤʳʤ ʜʦʩʪʦʚʝʨʥʳʤ 

ʩʧʦʩʦʙʦʤ ʜʠʘʛʥʦʩʪʠʢʠ ʩʪʝʧʝʥʠ ʧʦʨʘʞʝʥʠʷ ʣʝʛʢʠʭ ʧʨʠ ʟʘʙʦʣʝʚʘʥʠʠ 

ʢʦʨʦʥʘʚʠʨʫʩʥʦʡ ʠʥʬʝʢʮʠʝʡ. ʄʘʩʩʦʚʦʝ ʧʨʠʤʝʥʝʥʠʝ ʂʊ, ʚʢʣʶʯʘʷ ʧʦʚʪʦʨʥʳʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʷʞʝʣʦʙʦʣʴʥʳʭ ʧʘʮʠʝʥʪʦʚ, ʩʜʝʣʘʣʦ ʦʩʦʙʝʥʥʦ ʘʢʪʫʘʣʴʥʦʡ 

ʟʘʜʘʯʫ ʩʥʠʞʝʥʠʷ ʨʘʜʠʘʮʠʦʥʥʦʡ ʥʘʛʨʫʟʢʠ ʧʨʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʜʠʘʛʥʦʩʪʠʢʝ. 

ʈʝʰʘʪʴ ʵʪʫ ʟʘʜʘʯʫ ʤʦʞʥʦ ʢʘʢ ʦʧʪʠʤʠʟʘʮʠʝʡ ʧʨʦʪʦʢʦʣʦʚ ʧʨʦʚʝʜʝʥʠʷ 

ʠʟʤʝʨʝʥʠʡ, ʪʘʢ ʠ ʥʦʚʳʤʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ ʨʝʢʦʥʩʪʨʫʢʮʠʠ, 

ʫʯʠʪʳʚʘʶʱʠʤʠ, ʥʘʧʨʠʤʝʨ, ʘʧʨʠʦʨʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʩʪʨʫʢʪʫʨʝ 

ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʲʝʢʪʘ. ʆʜʥʦʡ ʠʟ ʮʝʣʝʡ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ 

ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʤʠʢʨʦʪʦʤʦʛʨʘʬʘ, ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʠ ʪʝʩʪʠʨʦʚʘʥʠʷ ʥʦʚʳʭ 

ʧʨʦʪʦʢʦʣʦʚ ʧʨʦʚʝʜʝʥʠʷ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ ʠ ʤʝʪʦʜʦʚ 

ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ, ʧʦʟʚʦʣʷʶʱʠʭ ʧʦʚʳʰʘʪʴ ʜʦʩʪʦʚʝʨʥʦʩʪʴ 

ʠʥʬʦʨʤʘʮʠʠ ʦʙ ʠʩʩʣʝʜʫʝʤʦʤ ʦʙʲʝʢʪʝ ʠ/ʠʣʠ ʫʤʝʥʴʰʘʪʴ ʨʘʜʠʘʮʠʦʥʥʫʶ 

ʥʘʛʨʫʟʢʫ ʥʘ ʠʩʩʣʝʜʫʝʤʳʡ ʦʙʲʝʢʪ. 

ɼʨʫʛʘʷ ʚʘʞʥʘʷ ʟʘʜʘʯʘ - ʵʪʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʦʙʲʝʢʪʦʚ, ʩʪʨʫʢʪʫʨʘ ʢʦʪʦʨʳʭ 

ʤʝʥʷʝʪʩʷ ʚ ʧʨʦʮʝʩʩʝ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʕʪʦ ʚʩʝʚʦʟʤʦʞʥʳʝ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ, ʙʳʩʪʨʳʝ ʧʨʦʮʝʩʩʳ ʨʘʟʨʫʰʝʥʠʷ ʦʙʲʝʢʪʦʚ, ʥʝ 

ʦʩʪʘʥʘʚʣʠʚʘʝʤʳʝ ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʠ ʪ.ʜ. ʇʨʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ 

ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʤʝʪʦʜʘʤʠ ʠʟʦʙʨʘʞʝʥʠʝ ʦʙʲʝʢʪʘ ʧʦʣʫʯʘʝʪʩʷ 

ʨʘʟʤʳʪʳʤ ʠ ʦʪʩʣʝʜʠʪʴ ʜʠʥʘʤʠʢʫ ʠʟʤʝʥʝʥʠʷ ʦʙʲʝʢʪʘ ʪʨʫʜʥʦ ʠʣʠ ʥʝʚʦʟʤʦʞʥʦ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʥʦʚʳʡ ʤʝʪʦʜ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ, 

ʢʦʪʦʨʳʡ, ʧʨʠ ʥʝʢʦʪʦʨʳʭ ʘʧʨʠʦʨʥʳʭ ʜʘʥʥʳʭ ʦʙ ʦʙʲʝʢʪʝ, ʧʦʟʚʦʣʷʝʪ, ʜʘʞʝ ʚ 

ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ, ʚʦʩʩʪʘʥʦʚʠʪʴ ʜʠʥʘʤʠʢʫ ʠʟʤʝʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ 

ʦʙʲʝʢʪʘ, ʪ.ʝ. ʧʝʨʝʡʪʠ ʢ ʪʦʤʦʛʨʘʬʠʠ ʩ ʚʨʝʤʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʠʣʠ 4D-

ʪʦʤʦʛʨʘʬʠʠ. 

ɺ ʧʦʩʣʝʜʥʠʝ ʥʝʩʢʦʣʴʢʦ ʣʝʪ ʥʘʙʠʨʘʝʪ ʧʦʧʫʣʷʨʥʦʩʪʴ ʩʫʙʤʠʢʨʦʥʥʘʷ ʠʣʠ 

ʥʘʥʦ-ʪʦʤʦʛʨʘʬʠʷ. ʇʨʠ ʨʘʟʨʝʰʝʥʠʠ ʚ ʜʝʩʷʪʢʠ ʥʘʥʦʤʝʪʨʦʚ ʧʨʠ ʧʦʣʝ ʟʨʝʥʠʷ ʚ 

ʜʝʩʷʪʢʠ ʤʠʢʨʦʥ ʵʪʦʪ ʤʝʪʦʜ ʷʚʣʷʝʪʩʷ ʦʯʝʥʴ ʚʦʩʪʨʝʙʦʚʘʥʥʳʤ, ʥʘʧʨʠʤʝʨ, ʜʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘʜʢʣʝʪʦʯʥʳʭ ʦʙʨʘʟʦʚʘʥʠʡ ʚ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʦʙʲʝʢʪʘʭ. ʅʦ ʧʨʠ 

ʪʘʢʦʤ ʤʘʣʦʤ ʧʦʣʝ ʟʨʝʥʠʷ ʧʨʠʭʦʜʠʪʩʷ ʚʳʨʝʟʘʪʴ ʠʟ ʦʙʨʘʟʮʘ ʝʛʦ ʤʘʣʝʥʴʢʫʶ 
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ʯʘʩʪʴ, ʧʦʣʦʞʝʥʠʝ ʢʦʪʦʨʦʡ ʤʦʞʝʪ ʙʳʪʴ ʟʘʨʘʥʝʝ ʧʣʦʭʦ ʦʧʨʝʜʝʣʝʥʦ. ɼʨʫʛʘʷ 

ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʩʪʦʠʪ ʚ ʨʘʟʚʠʪʠʠ ʣʦʢʘʣʴʥʦʡ ʪʦʤʦʛʨʘʬʠʠ, ʪ.ʝ. 

ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʣʠʰʴ ʯʘʩʪʠ ʦʙʲʝʢʪʘ, ʢʦʛʜʘ ʦʙʲʝʢʪ ʮʝʣʠʢʦʤ 

ʥʝ ʦʩʚʝʱʘʝʪʩʷ ʧʫʯʢʦʤ. ɺ ʜʠʩʩʝʨʪʘʮʠʠ ʧʨʝʜʩʪʘʚʣʝʥ ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʘʚʪʦʨʦʤ 

ʘʣʛʦʨʠʪʤ, ʧʦʟʚʦʣʷʶʱʠʡ ʥʝ ʪʦʣʴʢʦ ʠʩʩʣʝʜʦʚʘʪʴ ʣʠʰʴ ʯʘʩʪʴ ʦʙʲʝʢʪʘ, ʥʦ ʠ ʚ 

ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʨʘʩʰʠʨʠʪʴ ʧʦʣʝ ʟʨʝʥʠʷ ʪʦʤʦʛʨʘʬʠʠ ʥʘ ʪʝ ʦʙʣʘʩʪʠ 

ʦʙʲʝʢʪʘ, ʢʦʪʦʨʳʝ ʥʝʚʦʟʤʦʞʥʦ ʚʦʩʩʪʘʥʦʚʠʪʴ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʤʝʪʦʜʘʤʠ. 

ʉ ʫʯʝʪʦʤ ʠʟʣʦʞʝʥʥʦʛʦ ʥʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʩʣʝʜʫʶʱʠʤ 

ʦʩʥʦʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʷʤ. 

ɺʦ-ʧʝʨʚʳʭ, ʨʘʟʨʘʙʦʪʘʥ ʘʧʧʘʨʘʪʫʨʥʦ-ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʤʧʣʝʢʩ ʜʣʷ 

ʧʨʦʚʝʜʝʥʠʷ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ: 

Å ʇʨʠʚʝʜʝʥʦ ʦʙʦʩʥʦʚʘʥʠʝ ʧʨʝʠʤʫʱʝʩʪʚʘ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʧʦʣʠʭʨʦʤʘʪʠʯʥʳʤ ʠʟʣʫʯʝʥʠʝʤ. 

Å ʆʙʦʩʥʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʦʚ-ʤʦʥʦʭʨʦʤʘʪʦʨʦʚ 

ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ ʨʘʟʨʝʰʝʥʠʝʤ 

ʧʦʨʷʜʢʘ 10 ʤʢʤ. 

Å ʆʧʠʩʘʥʘ ʢʦʥʩʪʨʫʢʮʠʷ ʩʦʟʜʘʥʥʦʛʦ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʘ. 

Å ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʦʚʝʜʝʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʝʩʢʦʣʴʢʠʭ 

ʵʥʝʨʛʠʡ ʠʟʣʫʯʝʥʠʷ ʤʦʞʝʪ ʧʦʟʚʦʣʠʪʴ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʵʣʝʤʝʥʪʥʳʡ 

ʩʦʩʪʘʚ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʲʝʢʪʦʚ. 

Å ʇʨʦʚʝʜʝʥʦ ʢʦʤʧʣʝʢʩʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʟʚʦʥʢʦʚ ʭʨʷʱʝʧʘʣʦʛʦ ʛʝʢʢʦʥʘ 

ʠ ʦʙʨʘʟʮʦʚ ʢʦʩʪʝʡ ʢʠʩʪʝʡ ʢʦʥʝʯʥʦʩʪʝʡ ʵʤʙʨʠʦʥʘ ʯʝʣʦʚʝʢʘ. 

ɺʦ-ʚʪʦʨʳʭ, ʦʧʠʩʘʥʳ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʠʦʣʦʛʠʯʝʩʢʠʭ 

ʦʙʲʝʢʪʦʚ: 

Å ʇʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʚʝʜʝʥʠʷ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ ʠʟʤʝʨʝʥʠʡ ʥʘ 

ʨʘʟʨʘʙʦʪʘʥʥʦʤ ʤʠʢʨʦʪʦʤʦʛʨʘʬʝ ñʊʦʤʘʩò. 

Å ʆʧʠʩʘʥʦ ʨʘʟʨʘʙʦʪʘʥʥʦʝ ʧʨʦʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʤʝʪʦʜʦʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ 

ʠʟʦʙʨʘʞʝʥʠʡ, ʧʦʣʫʯʘʝʤʳʭ ʥʘ ʩʠʥʭʨʦʪʨʦʥʥʦʤ ʠʟʣʫʯʝʥʠʠ 

(WavePropaGator - WPG). 
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Å ʈʘʟʨʘʙʦʪʘʥʳ ʤʝʪʦʜʳ ʩʝʛʤʝʥʪʘʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ ʤʝʪʦʜʘʤʠ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. 

Å ʆʧʠʩʘʥʳ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʣʝʤʝʥʪʦʚ ʣʠʤʙʠʯʝʩʢʦʡ 

ʩʠʩʪʝʤʳ ʯʝʣʦʚʝʢʘ. 

ɺ-ʪʨʝʪʴʠʭ, ʦʧʠʩʘʥʳ ʥʦʚʳʝ ʩʭʝʤʳ ʠ ʘʣʛʦʨʠʪʤʳ ʨʝʢʦʥʩʪʨʫʢʮʠʠ 

ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ ʚ ʫʩʣʦʚʠʷʭ ʥʝʧʦʣʥʳʭ ʜʘʥʥʳʭ ʠ ʥʝʩʪʘʥʜʘʨʪʥʳʭ 

ʛʝʦʤʝʪʨʠʷʭ: 

Å ʪʦʤʦʛʨʘʬʠʯʝʩʢʘʷ ʨʝʢʦʥʩʪʨʫʢʮʠʷ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʯʘʩʪʴ ʧʨʦʝʢʮʠʡ 

ʧʦʚʨʝʞʜʝʥʘ, ʠʣʠ ʦʙʲʝʢʪ ʥʝ ʚʭʦʜʠʪ ʚ ʧʦʣʝ ʟʨʝʥʠʷ ʜʝʪʝʢʪʦʨʘ ʮʝʣʠʢʦʤ; 

Å ʨʝʢʦʥʩʪʨʫʢʮʠʷ ʦʙʲʝʢʪʦʚ, ʠʟʤʝʥʷʶʱʠʭʩʷ ʚʦ ʚʨʝʤʝʥʠ; 

Å ʨʝʢʦʥʩʪʨʫʢʮʠʷ ʩʪʨʫʢʪʫʨʳ ʜʝʬʝʢʪʦʚ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʲʝʢʪʘʭ, ʢʦʛʜʘ 

ʩʲʸʤʢʘ ʧʨʦʠʩʭʦʜʠʪ ʚ ʛʝʦʤʝʪʨʠʠ ʃʘʫʵ (ʪʦʧʦ-ʪʦʤʦʛʨʘʬʠʷ); 

Å ʨʝʢʦʥʩʪʨʫʢʮʠʷ ʜʝʬʝʢʪʦʚ ʥʘ ʚʦʛʥʫʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʩʢʦʣʴʟʷʱʝʡ 

ʛʝʦʤʝʪʨʠʠ (ʰʝʧʯʫʱʘʷ ʛʘʣʝʨʝʷ) 

ʆʩʥʦʚʥʦʡ ʮʝʣʴʶ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ, 

ʨʝʘʣʠʟʘʮʠʷ ʠ ʨʘʟʚʠʪʠʝ ʘʧʧʘʨʘʪʫʨʥʳʭ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ ʧʦʚʳʰʝʥʠʷ 

ʠʥʬʦʨʤʘʪʠʚʥʦʩʪʠ ʠ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʨʝʟʫʣʴʪʘʪʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ ʥʘ ʣʘʙʦʨʘʪʦʨʥʳʭ ʠ ʩʠʥʭʨʦʪʨʦʥʥʳʭ ʠʩʪʦʯʥʠʢʘʭ. 

ɿʘʜʘʯʠ. ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʮʝʣʠ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʧʦʪʨʝʙʦʚʘʣʦʩʴ 

ʨʝʰʝʥʠʝ ʢʦʥʢʨʝʪʥʳʭ ʟʘʜʘʯ ʤʝʪʦʜʠʯʝʩʢʦʛʦ ʠ ʥʘʫʯʥʦʛʦ ʭʘʨʘʢʪʝʨʘ: 

1. ʈʘʟʨʘʙʦʪʢʘ ʠ ʩʦʟʜʘʥʠʝ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʣʘʙʦʨʘʪʦʨʥʦʛʦ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʘ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʫʜʘʣʸʥʥʦʛʦ ʜʦʩʪʫʧʘ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ 

ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ ʚ ʨʘʟʣʠʯʥʳʭ ʩʭʝʤʘʭ. 

2. ʈʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʦʚ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 
ʨʝʛʫʣʷʨʠʟʘʮʠʦʥʥʳʭ ʤʝʪʦʜʦʚ, ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʢʘʯʝʩʪʚʘ 

ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ. 

3. ʈʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʦʚ ʧʦʜʘʚʣʝʥʠʷ ʘʨʪʝʬʘʢʪʦʚ ʥʘ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ 

ʨʝʢʦʥʩʪʨʫʢʮʠʷʭ. 

4. ʆʧʪʠʤʠʟʘʮʠʷ ʧʘʨʘʤʝʪʨʦʚ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ 
ʧʦʛʣʦʱʸʥʥʦʡ ʦʙʲʝʢʪʦʤ ʜʦʟʳ ʠ ʦʙʱʝʛʦ ʚʨʝʤʝʥʠ ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʡ. 



11 

 

 

 

5. ʈʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʦʚ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʨʝʟʫʣʴʪʘʪʦʚ ʚ 
ʫʩʣʦʚʠʷʭ ʟʘʰʫʤʣʸʥʥʦʛʦ ʩʠʛʥʘʣʘ. 

6. ʈʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʘ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʛʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʧʨʠ 

ʦʛʨʘʥʠʯʝʥʥʦʤ ʧʦʣʝ ʟʨʝʥʠʷ. 

7. ʈʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʦʚ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʚ ʥʝʩʪʘʥʜʘʨʪʥʳʭ 
ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʩʭʝʤʘʭ: ʪʦʧʦ-ʪʦʤʦʛʨʘʬʠʷ ʠ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʩʬʝʨʠʯʝʩʢʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ. 

8. ʈʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʦʚ ʚʨʝʤʷʨʘʟʨʝʰʘʶʱʝʡ (4D) ʪʦʤʦʛʨʘʬʠʠ. 

9. ʈʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʘ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʜʘʥʥʳʭ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ ʠ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ ʧʨʠ ʠʟʫʯʝʥʠʠ 

ʩʪʨʫʢʪʫʨʥʦʡ ʦʨʛʘʥʠʟʘʮʠʠ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ. 

10. ʇʦʣʫʯʝʥʠʝ ʥʦʚʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʦʙ ʦʙʲʝʤʥʦʤ ʠʣʠ 

ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʪʨʦʝʥʠʠ ʦʙʲʝʢʪʦʚ ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʤʝʪʦʜʠʢ. 

11. ʈʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʦʚ ʨʘʩʯʸʪʘ ʠ ʚʠʟʫʘʣʠʟʘʮʠʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʠʟʤʝʨʝʥʠʡ ʥʘ 

ʠʩʪʦʯʥʠʢʘʭ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠ XFEL. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʙʦʪʳ 

1. ʊʝʦʨʝʪʠʯʝʩʢʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʢʨʠʩʪʘʣʣʦʚ-ʤʦʥʦʭʨʦʤʘʪʦʨʦʚ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʛʘʪʴ ʨʘʟʨʝʰʝʥʠʷ ʧʦʨʷʜʢʘ 10 ʤʢʤ, ʜʘʞʝ 

ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʠʩʪʦʯʥʠʢʦʚ ʚ ʧʨʦʪʷʞʝʥʥʳʤ ʬʦʢʫʩʥʳʤ ʧʷʪʥʦʤ. ʅʘ 

ʦʩʥʦʚʘʥʠʠ ʧʨʦʚʝʜʸʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʦʟʜʘʥʘ ʢʦʥʩʪʨʫʢʮʠʷ 

ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʤʠʢʨʦʪʦʤʦʛʨʘʬʘ ñʊʦʤʘʩò, 

ʢʦʪʦʨʳʡ ʙʳʣ ʩʦʟʜʘʥ ʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʫʩʧʝʰʥʦ ʵʢʩʧʣʫʘʪʠʨʫʝʪʩʷ. 

ɸʧʧʘʨʘʪʫʨʥʳʝ ʠ ʧʨʦʛʨʘʤʤʥʳʝ ʨʝʰʝʥʠʷ, ʧʨʠʤʝʥʸʥʥʳʝ ʚ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʝ, ʧʦʟʚʦʣʷʶʪ ʧʨʦʚʦʜʠʪʴ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʝ ʠʟʤʝʨʝʥʠʷ ʚ 

ʨʝʞʠʤʝ ʫʜʘʣʸʥʥʦʛʦ ʜʦʩʪʫʧʘ ʢ ʧʨʠʙʦʨʫ. ʈʘʟʨʘʙʦʪʘʥʥʳʝ ʤʝʪʦʜʳ 

ʦʙʨʘʙʦʪʢʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʜʘʥʥʳʭ ʧʦʟʚʦʣʷʶʪ ʩʢʦʨʨʝʢʪʠʨʦʚʘʪʴ 

ʚʦʟʤʦʞʥʳʝ ʥʘʨʫʰʝʥʠʷ ʶʩʪʠʨʦʚʢʠ ʧʨʠʙʦʨʘ ʠ ʧʦʚʳʩʠʪʴ ʢʘʯʝʩʪʚʦ 

ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ. ʏʠʩʣʝʥʥʦ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʦʚʝʜʝʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʝʩʢʦʣʴʢʠʭ 
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ʵʥʝʨʛʠʡ ʠʟʣʫʯʝʥʠʷ ʤʦʞʝʪ ʧʦʟʚʦʣʠʪʴ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʵʣʝʤʝʥʪʥʳʡ 

ʩʦʩʪʘʚ ʠʟʫʯʘʝʤʳʭ ʦʙʲʝʢʪʦʚ. 

2. ʈʘʟʨʘʙʦʪʘʥʦ ʧʨʦʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ WavePropaGator (WPG), 

ʦʧʠʩʳʚʘʶʱʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ, ʢʦʪʦʨʦʝ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʠʟʤʝʨʝʥʠʡ. ʆʧʠʩʘʥʘ ʩʪʨʫʢʪʫʨʘ ʠ 

ʧʨʠʥʮʠʧʳ, ʥʘ ʦʩʥʦʚʘʥʠʠ ʢʦʪʦʨʳʭ ʩʦʟʜʘʚʘʣʦʩʴ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ 

ʧʨʦʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ. WPG ʧʦʟʚʦʣʷʝʪ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ ʤʦʜʝʣʠʨʦʚʘʪʴ ʧʨʦʭʦʞʜʝʥʠʝ 

ʠʤʧʫʣʴʩʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʯʝʨʝʟ ʨʘʟʣʠʯʥʳʝ 

ʨʝʥʪʛʝʥʦʦʧʪʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ. ʆʧʠʩʘʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ WPG ʜʣʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ, ʧʦʣʫʯʘʝʤʳʭ ʥʘ 

ʩʠʥʭʨʦʪʨʦʥʥʦʤ ʠʟʣʫʯʝʥʠʠ. ʆʧʠʩʘʥʦ ʧʨʠʤʝʥʝʥʠʝ WPG ʜʣʷ ʨʘʩʯʸʪʘ 

ʬʦʢʫʩʠʨʦʚʢʠ ʠʤʧʫʣʴʩʦʚ XFEL. ʅʘ ʧʨʠʤʝʨʝ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʙʲʝʢʪʦʚ ʩʣʦʞʥʦʡ ʬʦʨʤʳ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, 

ʧʨʦʚʝʜʸʥʥʦʝ ʩ ʧʦʤʦʱʴʶ WPG, ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʝʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ. 

3. ʆʧʠʩʘʥʳ ʤʝʪʦʜʳ ʩʝʛʤʝʥʪʘʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ ʤʝʪʦʜʘʤʠ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. 

ʅʘ ʧʨʠʤʝʨʝ ʩʝʛʤʝʥʪʘʮʠʠ ʦʙʨʘʟʮʦʚ ʢʦʩʪʥʦʡ ʪʢʘʥʠ ʧʨʝʜʣʦʞʝʥ 

ʘʥʩʘʤʙʣʝʚʳʡ ʘʣʛʦʨʠʪʤ ʩʝʛʤʝʥʪʘʮʠʠ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ ʨʝʥʪʛʝʥʦʚʩʢʠʭ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ. ʅʘ ʧʨʠʤʝʨʝ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʵʣʝʤʝʥʪʦʚ ʣʠʤʙʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʯʝʣʦʚʝʢʘ ʧʦʢʘʟʘʥʦ ʧʨʠʤʝʥʝʥʠʝ 

ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʤʝʪʦʜʦʚ ʦʙʨʘʙʦʪʢʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ. 

4. ʈʘʟʨʘʙʦʪʘʥʳ ʥʦʚʳʝ ʤʝʪʦʜʳ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ 

ʠʟʤʝʨʝʥʠʡ ʚ ʫʩʣʦʚʠʷʭ ʥʝʧʦʣʥʳʭ ʜʘʥʥʳʭ ʠ ʥʝʩʪʘʥʜʘʨʪʥʳʭ ʛʝʦʤʝʪʨʠʷʭ. 

ʆʧʠʩʘʥ ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʘʚʪʦʨʦʤ ʠʪʝʨʘʮʠʦʥʥʳʡ ʘʣʛʦʨʠʪʤ FOVEA ʜʣʷ 

ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʧʨʠ ʦʛʨʘʥʠʯʝʥʥʦʤ ʧʦʣʝ ʟʨʝʥʠʷ ʜʝʪʝʢʪʦʨʘ ʠʣʠ ʧʨʠ 

ʥʘʣʠʯʠʠ ʜʝʬʝʢʪʥʳʭ ʟʦʥ ʥʘ ʜʝʪʝʢʪʦʨʝ. ʅʘ ʤʦʜʝʣʴʥʳʭ ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʦʢʘʟʘʥʦ, ʯʪʦ FOVEA ʧʦʟʚʦʣʷʝʪ ʥʘ 

ʧʦʨʷʜʦʢ ʩʦʢʨʘʪʠʪʴ ʦʰʠʙʢʫ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʘʣʛʦʨʠʪʤʘʤʠ ʨʝʢʦʥʩʪʨʫʢʮʠʠ.  

5. ʆʧʠʩʘʥ ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʘʚʪʦʨʦʤ ʠʪʝʨʘʮʠʦʥʥʳʡ ʘʣʛʦʨʠʪʤ 

ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʜʠʥʘʤʠʯʝʩʢʠʭ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ. ʅʘ ʧʨʠʤʝʨʝ 
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ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʚʠʞʝʥʠʷ ʞʠʜʢʦʩʪʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ 

ʚʦʟʤʦʞʥʦ ʧʨʦʚʝʩʪʠ ʪʨʸʭʤʝʨʥʫʶ ʨʝʢʦʥʩʪʨʫʢʮʠʶ ʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʧʨʦʮʝʩʩʘ, ʠʤʝʷ ʪʦʣʴʢʦ ʧʦ ʦʜʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʧʨʦʝʢʮʠʠ ʚ ʢʘʞʜʳʡ 

ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ. 

6. ʆʧʠʩʘʥ ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʘʚʪʦʨʦʤ ʠʪʝʨʘʮʠʦʥʥʳʡ ʘʣʛʦʨʠʪʤ 

ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʜʣʷ ʩʣʫʯʘʷ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʪʦʤʦʛʨʘʬʠʠ (ʪʦʧʦ-

ʪʦʤʦʛʨʘʬʠʠ). ʅʘ ʧʨʠʤʝʨʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʠʩʣʦʢʘʮʠʠ ʚ ʢʨʠʩʪʘʣʣʝ 

ʢʨʝʤʥʠʷ ʧʦʢʘʟʘʥʘ ʧʨʠʤʝʥʠʤʦʩʪʴ ʘʣʛʦʨʠʪʤʘ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʜʝʬʝʢʪʦʚ ʚ ʢʨʠʩʪʘʣʣʘʭ. 

7. ʈʘʟʨʘʙʦʪʘʥ ʠ ʨʝʘʣʠʟʦʚʘʥ ʘʣʛʦʨʠʪʤ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ 

ʜʣʷ ʛʝʦʤʝʪʨʠʠ ñʰʝʧʯʫʱʝʡ ʛʘʣʝʨʝʠò. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʩ ʧʦʤʦʱʴʶ 

ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʧʦʜʭʦʜʘ ʤʦʞʥʦ ʧʨʦʚʦʜʠʪʴ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʪʦʥʢʠʭ ʦʙʲʝʢʪʦʚ ʥʘ ʚʦʛʥʫʪʳʭ 

ʩʬʝʨʠʯʝʩʢʠʭ ʧʦʚʝʨʭʥʦʩʪʷʭ. 

ʆʩʥʦʚʥʳʝ ʧʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ: 

1. ʄʝʪʦʜʠʯʝʩʢʠ ʨʘʟʨʘʙʦʪʘʥ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʨʝʘʣʠʟʦʚʘʥ ʤʝʪʦʜ 

ʣʘʙʦʨʘʪʦʨʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ ʥʘ ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʤ 

ʠʟʣʫʯʝʥʠʠ ʚ ʘʙʩʦʨʙʮʠʦʥʥʦʤ ʠ ʬʘʟʦʚʦʤ ʢʦʥʪʨʘʩʪʝ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʦʙʲʝʢʪʦʚ ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ ʩ ʨʘʟʨʝʰʝʥʠʝʤ ʜʦ 10 ʤʢʤ ʧʨʠ ʧʦʣʝ ʟʨʝʥʠʷ 

ʜʦ 20 ʤʤ. 

2. ʉʦʟʜʘʥʥʘʷ ʤʝʪʦʜʠʢʘ ʧʦʣʫʯʝʥʠʷ, ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʠ 

ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ, ʛʜʝ ʧʨʠʤʝʥʝʥ ʬʦʨʤʘʣʠʟʤ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ 

(WavePropaGator, WPG). 

3. ʉʦʟʜʘʥʥʳʡ ʤʝʪʦʜ ʥʝʡʨʦʩʝʪʝʚʦʡ ʩʝʛʤʝʥʪʘʮʠʠ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ 

ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʨʝʢʦʥʩʪʨʫʢʮʠʡ, ʧʦʚʳʰʘʶʱʠʡ ʪʦʯʥʦʩʪʴ 

ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʧʦʣʫʯʘʝʤʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. 

4. ʈʘʟʨʘʙʦʪʘʥʥʳʝ ʠʪʝʨʘʮʠʦʥʥʳʝ ʤʝʪʦʜʳ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ 

ʨʝʢʦʥʩʪʨʫʢʮʠʠ, ʧʦʟʚʦʣʷʶʱʠʝ ʚʳʧʦʣʥʷʪʴ ʨʝʢʦʥʩʪʨʫʢʮʠʶ ʚ ʫʩʣʦʚʠʷʭ 

ʥʝʧʦʣʥʳʭ ʜʘʥʥʳʭ ʠ ʥʝʩʪʘʥʜʘʨʪʥʳʭ ʛʝʦʤʝʪʨʠʷʭ: ʦʛʨʘʥʠʯʝʥʥʦʤ ʧʦʣʝ 

ʟʨʝʥʠʷ ʜʝʪʝʢʪʦʨʘ ʠʣʠ ʧʨʠ ʥʘʣʠʯʠʠ ʜʝʬʝʢʪʥʳʭ ʟʦʥ ʥʘ ʜʝʪʝʢʪʦʨʝ, ʪʦʧʦ-
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ʪʦʤʦʛʨʘʬʠʠ, ʜʠʥʘʤʠʯʝʩʢʠʭ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʘʭ ʠ ʚ 

ʩʬʝʨʠʯʝʩʢʦʡ ʛʝʦʤʝʪʨʠʠ ñʰʝʧʯʫʱʝʡ ʛʘʣʝʨʝʠò. 

5. ʈʝʟʫʣʴʪʘʪʳ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʵʣʝʤʝʥʪʦʚ 

ʣʠʤʙʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʯʝʣʦʚʝʢʘ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʤʝʪʦʜʦʚ ʠ ʧʦʜʭʦʜʦʚ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʠ ʦʙʨʘʙʦʪʢʠ 

ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ. 

ʉʪʝʧʝʥʴ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ 

ʩʣʝʜʫʶʱʠʤ: 

Å ʪʝʦʨʝʪʠʯʝʩʢʠ ʦʙʦʩʥʦʚʘʥʳ ʧʨʠʤʝʥʷʝʤʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʤʝʪʦʜʠʢʠ 

ʠ ʘʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ; ʨʝʟʫʣʴʪʘʪʳ, ʠʟʣʦʞʝʥʥʳʝ ʚ ʜʠʩʩʝʨʪʘʮʠʠ, 

ʧʦʣʫʯʝʥʳ ʥʘ ʩʦʚʨʝʤʝʥʥʦʤ ʦʙʦʨʫʜʦʚʘʥʠʠ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʢʣʘʩʩʘ; 

Å ʚʩʝ ʟʘʷʚʣʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʚʝʜʫʱʠʭ ʥʘʫʯʥʳʭ 

ʞʫʨʥʘʣʘʭ ʠ ʧʨʦʰʣʠ ʢʨʠʪʠʯʝʩʢʫʶ ʦʮʝʥʢʫ ʨʝʮʝʥʟʝʥʪʦʚ; 

Å ʯʘʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ ʨʘʙʦʪʝ ʧʦʜʪʚʝʨʞʜʝʥʘ 

ʥʝʟʘʚʠʩʠʤʳʤʠ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʤʠ ʛʨʫʧʧʘʤʠ. 

ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ.  

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʦʢʣʘʜʳʚʘʣʠʩʴ ʥʘ ʤʝʞʜʫʥʘʨʦʜʥʦʡ 

ʢʦʥʬʝʨʝʥʮʠʠ ʧʦ ʪʝʭʥʠʯʝʩʢʦʤʫ ʟʨʝʥʠʶ (International Conference on Machine 

Vision, ICMV), ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʧʦ ʨʝʥʪʛʝʥʦʚʩʢʦʤʫ ʠʟʣʫʯʝʥʠʶ, 

XTOP ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ñʕʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʳʝ ʪʝʭʥʦʣʦʛʠʠ ʠ 

ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʦʧʪʠʢʘ ʚ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʝò (ʂʕʃʊ), ʚʩʝʨʦʩʩʠʡʩʢʦʡ ʥʘʫʯʥʦ-

ʧʨʘʢʪʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʧʨʦʠʟʚʦʜʠʪʝʣʝʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʪʝʭʥʠʢʠ, 

ʤʝʞʜʫʥʘʨʦʜʥʦʤ ʢʦʥʛʨʝʩʩʝ ʧʦ ʤʠʢʨʦʩʢʦʧʠʠ (Microscience Microscopy 

Congress), ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʧʦ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʬʠʟʠʢʝ 

(International Conference on Electron, Positron, Neutron and X ï ray Scattering 

under External Influences), ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʈʘʜʠʘʮʠʦʥʥʘʷ 

ʬʠʟʠʢʘ ʪʚʸʨʜʦʛʦ ʪʝʣʘè, ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʧʦ ʨʝʥʪʛʝʥʦʚʩʢʦʤʫ 

ʠʟʣʫʯʝʥʠʶ (International Conference on Radiation in Various Fields of Research, 

RAD), ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ñʌʠʟʠʢʘ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʩʦʩʪʦʷʥʠʡò, 

ʥʘʫʯʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ çɸʢʪʫʘʣʴʥʳʝ ʚʦʧʨʦʩʳ 

ʤʦʨʬʦʛʝʥʝʟʘ ʚ ʥʦʨʤʝ ʠ ʧʘʪʦʣʦʛʠʠè, ʤʝʞʜʫʥʘʨʦʜʥʦʤ ʥʘʫʯʥʦʤ ʩʝʤʠʥʘʨʝ ʠ 

ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʤʦʣʦʜʝʞʥʦʡ ʥʘʫʯʥʦʡ ʰʢʦʣʝ-ʩʝʤʠʥʘʨʝ çʉʦʚʨʝʤʝʥʥʳʝ 
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ʤʝʪʦʜʳ ʘʥʘʣʠʟʘ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʜʘʥʥʳʭ ʠ ʘʢʪʫʘʣʴʥʳʝ ʧʨʦʙʣʝʤʳ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʦʧʪʠʢʠè, ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ñɺʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ʠʟʣʫʯʝʥʠʷ ʩ ʪʚʝʨʜʳʤ ʪʝʣʦʤò, ʤʝʞʜʫʥʘʨʦʜʥʦʤ ʩʠʤʧʦʟʠʫʤʝ ñʅʘʥʦʬʠʟʠʢʘ ʠ 

ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʘò, ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʧʦ ʠʥʜʫʩʪʨʠʘʣʴʥʦʡ 

ʪʦʤʦʛʨʘʬʠʠ (Conference on Industrial Computed Tomography, iCT), 

ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʧʦ ʩʠʥʭʨʦʪʨʦʥʥʦʤʫ ʠʟʣʫʯʝʥʠʶ (Synchrotron 

and Free electron laser Radiation: generation and application, SFR), 

ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ñʈʝʥʪʛʝʥʦʚʩʢʘʷ ʦʧʪʠʢʘò, ʥʘ ʈʦʩʩʠʡʩʢʦʤ 

ʂʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʤ ʂʦʥʛʨʝʩʩʝ, ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʧʦ 

ʢʦʤʧʴʶʪʝʨʥʦʡ ʪʦʤʦʛʨʘʬʠʠ ñʈʝʥʪʛʝʥʦʩʢʦʧʠʷ ʠ ʢʦʤʧʴʶʪʝʨʥʘʷ ʪʦʤʦʛʨʘʬʠʷò, 

ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʧʦ ʨʝʥʪʛʝʥʦʚʩʢʦʤʫ ʠʟʣʫʯʝʥʠʶ ʈʉʅʕ, ʈʉʅʕ-

ʅɹʀʂʉ ʠ ʜʨʫʛʠʝ. 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ 

ɺ ʜʠʩʩʝʨʪʘʮʠʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʟʘʷʚʣʝʥʥʦʡ 

ʪʝʤʝ, ʧʦʣʫʯʝʥʥʳʝ ʩʘʤʠʤ ʘʚʪʦʨʦʤ ʠʣʠ ʧʦʜ ʝʛʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʳʤ 

ʨʫʢʦʚʦʜʩʪʚʦʤ. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʧʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ, 

ʦʪʨʘʞʘʶʪ ʧʝʨʩʦʥʘʣʴʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ ʚ ʦʧʫʙʣʠʢʦʚʘʥʥʳʝ ʨʘʙʦʪʳ. ʈʷʜ 

ʦʧʦʨʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʣʫʯʝʥ ʩʦʚʤʝʩʪʥʦ ʩ ʩʦʘʚʪʦʨʘʤʠ ï ʥʝʟʘʚʠʩʠʤʳʤʠ 

ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ (ʄ.ɺ. ʏʫʢʘʣʠʥʘ, ɼ.ʇ. ʅʠʢʦʣʘʝʚ, ɼ.ɸ. ɿʦʣʦʪʦʚ, ʖ.ʉ. 

ʂʨʠʚʦʥʦʩʦʚ, ʀ.ɺ. ʗʢʠʤʯʫʢ, ʃ.ɺ. ʉʘʤʦʡʣʦʚʘ, ʄ.ɺ. ɻʨʠʛʦʨʴʝʚ) ʠ ʩʪʫʜʝʥʪʘʤʠ 

ʠʣʠ ʘʩʧʠʨʘʥʪʘʤʠ, ʨʘʙʦʪʘʚʰʠʤʠ ʧʦʜ ʨʫʢʦʚʦʜʩʪʚʦʤ ʘʚʪʦʨʘ (ɸ.ɺ. ʍʘʬʠʟʦʚ, 

ɸ.ʖ. ɻʨʠʛʦʨʴʝʚ), ʢʘʞʜʦʤʫ ʠʟ ʢʦʪʦʨʳʭ ʘʚʪʦʨ ʚʳʨʘʞʘʝʪ ʠʩʢʨʝʥʥʶʶ 

ʙʣʘʛʦʜʘʨʥʦʩʪʴ. 

ʇʫʙʣʠʢʘʮʠʠ 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ ʠʟʣʦʞʝʥʳ ʚ 65 ʩʪʘʪʴʷʭ ʚ 

ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʞʫʨʥʘʣʘʭ ʠ ʪʝʟʠʩʘʭ 70 ʜʦʢʣʘʜʦʚ. 

ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʜʠʩʩʝʨʪʘʮʠʠ ɼʠʩʩʝʨʪʘʮʠʷ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, 

ʯʝʪʳʨʸʭ ʛʣʘʚ ʠ ʟʘʢʣʶʯʝʥʠʷ. ʇʦʣʥʳʡ ʦʙʲʸʤ ʜʠʩʩʝʨʪʘʮʠʠ ʩʦʩʪʘʚʣʷʝʪ 302 

ʩʪʨʘʥʠʮ, ʚʢʣʶʯʘʷ 139 ʨʠʩʫʥʢʦʚ ʠ 8 ʪʘʙʣʠʮ. ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ ʩʦʜʝʨʞʠʪ 286 

ʥʘʠʤʝʥʦʚʘʥʠʷ. 
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ɻʣʘʚʘ 1. ʉʦʚʨʝʤʝʥʥʳʝ ʤʝʪʦʜʳ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ (ʃʠʪʝʨʘʪʫʨʥʳʡ ʦʙʟʦʨ) 

1.1 ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʷ 

ʈʝʥʪʛʝʥʦʚʩʢʘʷ (ʢʦʤʧʴʶʪʝʨʥʘʷ ʪʦʤʦʛʨʘʬʠʷ) ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʷʚʣʷʝʪʩʷ 

ʚʘʞʥʳʤ ʥʝʨʘʟʨʫʰʘʶʱʠʤ ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ ʚ ʤʝʜʠʮʠʥʝ, 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʥʘʫʯʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ. ʄʘʪʝʤʘʪʠʯʝʩʢʠʝ ʦʩʥʦʚʳ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʪʦʤʦʛʨʘʬʠʠ ʙʳʣʠ ʟʘʣʦʞʝʥʳ ʟʘʜʦʣʛʦ ʜʦ ʧʦʷʚʣʝʥʠʷ ʧʝʨʚʳʭ 

ʪʦʤʦʛʨʘʬʦʚ. ɺ 1917 ʛʦʜʫ ʤʘʪʝʤʘʪʠʢ ʀ. ʈʘʜʦʥ ʧʨʝʜʣʦʞʠʣ ʤʝʪʦʜ ʨʝʰʝʥʠʷ 

ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ ʠʥʪʝʛʨʘʣʴʥʦʡ ʛʝʦʤʝʪʨʠʠ [2], ʧʦʟʚʦʣʷʶʱʠʡ ʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴ 

(ʨʝʢʦʥʩʪʨʫʠʨʦʚʘʪʴ) ʤʥʦʛʦʤʝʨʥʳʝ ʬʫʥʢʮʠʠ ʧʦ ʠʭ ʠʥʪʝʛʨʘʣʴʥʳʤ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ. ʆʜʥʘʢʦ ʧʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʵʪʦʪ ʧʦʜʭʦʜ ʧʦʣʫʯʠʣ 

ʪʦʣʴʢʦ ʩ ʧʦʷʚʣʝʥʠʝʤ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʫʩʪʘʥʦʚʦʢ, ʧʦʟʚʦʣʷʶʱʠʭ ʧʦʣʫʯʘʪʴ 

ʙʦʣʴʰʦʝ ʯʠʩʣʦ ʚʳʩʦʢʦʢʘʯʝʩʪʚʝʥʥʳʭ ʩʥʠʤʢʦʚ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʚʥʫʪʨʝʥʥʝʡ ʩʪʨʫʢʪʫʨʳ ʨʝʘʣʴʥʳʭ ʦʙʲʝʢʪʦʚ, ʠ 

ʙʳʩʪʨʦʜʝʡʩʪʚʫʶʱʠʭ ʕɺʄ, ʩʧʦʩʦʙʥʳʭ ʵʪʠ ʩʥʠʤʢʠ ʦʙʨʘʙʘʪʳʚʘʪʴ. ɺ 1956 ʛʦʜʫ 

ɹʨʝʡʩʚʝʣʣ ʧʨʠʤʝʥʠʣ ʵʪʠ ʤʝʪʦʜʳ ʜʣʷ ʨʝʰʝʥʠʷ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʠ 

ʨʘʜʠʦʘʩʪʨʦʥʦʤʠʠ [3]. ɺ 1963 ʛʦʜʫ ʘʤʝʨʠʢʘʥʩʢʠʡ ʬʠʟʠʢ ɸ. ʂʦʨʤʘʢ ʧʦʚʪʦʨʥʦ 

(ʥʦ ʦʪʣʠʯʥʳʤ ʦʪ ʈʘʜʦʥʘ ʩʧʦʩʦʙʦʤ) ʨʝʰʠʣ ʟʘʜʘʯʫ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʛʦ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ [4], ʘ ʚ 1969 ʛʦʜʫ ʘʥʛʣʠʡʩʢʠʡ ʠʥʞʝʥʝʨ-ʬʠʟʠʢ ɻ. ʍʘʫʥʩʬʠʣʜ 

ʠʟ ʬʠʨʤʳ EMI Ltd. ʩʢʦʥʩʪʨʫʠʨʦʚʘʣ çʕʄʀ-ʩʢʘʥʝʨè (EMI-scanner) ð ʧʝʨʚʳʡ 

ʢʦʤʧʴʶʪʝʨʥʳʡ ʨʝʥʪʛʝʥʦʚʩʢʠʡ ʪʦʤʦʛʨʘʬ, ʯʴʠ ʢʣʠʥʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠʷ 

ʧʨʦʰʣʠ ʚ 1972 ʛʦʜʫ [5], [6]. ɺ 1979 ʛʦʜʫ ʂʦʨʤʘʢ ʠ ʍʘʫʥʩʬʠʣʜ çʟʘ ʨʘʟʨʘʙʦʪʢʫ 

ʢʦʤʧʴʶʪʝʨʥʦʡ ʪʦʤʦʛʨʘʬʠʠè ʙʳʣʠ ʫʜʦʩʪʦʝʥʳ ʅʦʙʝʣʝʚʩʢʦʡ ʧʨʝʤʠʠ ʧʦ 

ʬʠʟʠʦʣʦʛʠʠ ʠ ʤʝʜʠʮʠʥʝ. 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʙʘʟʦʚʳʝ ʘʣʛʦʨʠʪʤʳ ʦʙʨʘʪʥʦʛʦ ʧʨʦʝʮʠʨʦʚʘʥʠʷ, 

ʣʝʞʘʱʠʝ ʚ ʦʩʥʦʚʘʥʠʠ ʧʨʦʮʝʜʫʨʳ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ, ʙʳʣʠ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʨʘʟʨʘʙʦʪʘʥʳ ʠ ʠʩʩʣʝʜʦʚʘʥʳ ɺʘʡʥʰʪʝʡʥʦʤ [7] ʠ ɻʦʨʜʦʥʦʤ [8]. 

ʀʜʝʷ ʧʦʣʫʯʝʥʠʷ ʪʨʸʭʤʝʨʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ ʧʦ ʥʘʙʦʨʫ ʨʝʥʪʛʝʥʦʚʩʢʠʭ 

ʧʨʦʝʢʮʠʡ ʙʫʢʚʘʣʴʥʦ ʚʠʪʘʣʘ ʚ ʚʦʟʜʫʭʝ ʠ ʧʨʦʨʘʙʘʪʳʚʘʣʘʩʴ ʥʘʫʯʥʳʤʠ ʛʨʫʧʧʘʤʠ 

ʚ ʨʘʟʥʳʭ ʩʪʨʘʥʘʭ. ʅʘʧʨʠʤʝʨ, ʚ ʉʉʉʈ ʧʝʨʠʦʜ 1956ï1957 ʛʛ. ʧʨʦʬʝʩʩʦʨ ʉ.ʀ. 

ʊʝʪʝʣʴʙʘʫʤ, ɹ.ʀ. ʂʦʨʝʥʙʣʶʤ, ɸ.ɸ. ʊʶʪʠʥ ʠ ʜʨ. ʩʦʟʜʘʣʠ ʤʘʢʝʪ ʦʜʥʦʛʦ ʠʟ 

ʧʝʨʚʳʭ ʪʦʤʦʛʨʘʬʦʚ [9]. ʆʥʠ ʠʩʩʣʝʜʦʚʘʣʠ ʩʣʫʯʘʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʙʣʠʟʢʦʛʦ 

ʨʘʩʧʦʣʦʞʝʥʠʷ ʨʘʩʭʦʜʷʱʝʛʦʩʷ ʠʩʪʦʯʥʠʢʘ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʢʦʛʜʘ 
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ʦʙʲʝʢʪ ʦʙʣʫʯʘʝʪʩʷ ʫʟʢʠʤ ʚʝʝʨʦʦʙʨʘʟʥʳʤ ʧʫʯʢʦʤ. ʇʨʠ ʨʘʚʥʦʤʝʨʥʦʤ 

ʚʨʘʱʝʥʠʠ ʦʙʲʝʢʪʘ ʚʦʢʨʫʛ ʦʩʠ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʠʩʩʣʝʜʫʝʤʦʤʫ ʩʣʦʶ, ʥʘ 

ʬʦʪʦʧʣʝʥʢʝ, ʧʝʨʝʤʝʱʘʶʱʝʡʩʷ ʧʘʨʘʣʣʝʣʴʥʦ ʵʪʦʡ ʦʩʠ, ʧʦʣʫʯʘʝʪʩʷ 

ʨʝʥʪʛʝʥʦʰʠʬʨʦʛʨʘʤʤʘ, ʟʘʢʣʶʯʘʶʱʘʷ ʚ ʩʝʙʝ ʜʘʥʥʳʝ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ ʠʟʦʙʨʘʞʝʥʠʷ ʩʣʦʷ [10]. 

ɺ ʢʦʥʮʝ 1980ʭ - ʥʘʯʘʣʝ 1990ʭ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʷ ʧʨʠʭʦʜʠʪ ʥʘ 

ʩʠʥʭʨʦʪʨʦʥʥʳʝ ʠʩʪʦʯʥʠʢʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʗʚʣʷʷʩʴ ʟʥʘʯʠʪʝʣʴʥʦ 

ʙʦʣʝʝ ʷʨʢʠʤʠ ʠʩʪʦʯʥʠʢʘʤʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʯʝʤ ʨʝʥʪʛʝʥʦʚʩʢʘʷ 

ʪʨʫʙʢʘ, ʩʠʥʭʨʦʪʨʦʥʳ ʧʦʟʚʦʣʠʣʠ ʩʜʝʣʘʪʴ ʟʥʘʯʠʪʝʣʴʥʳʡ ʩʢʘʯʦʢ ʚ ʢʘʯʝʩʪʚʝ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ [11ï15]. ʇʦʣʫʯʘʝʤʳʝ 

ʤʠʢʨʦʪʦʤʦʛʘʨʬʠʯʝʩʢʠʝ ʠʟʦʙʨʘʞʝʥʠʷ ʜʦʩʪʠʛʘʣʠ ʨʘʟʨʝʰʝʥʠʷ ʜʦ 5 ʤʢʤ ʟʘ ʩʯʸʪ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʝʥʪʛʝʥʦʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ (ʥʘʧʨʠʤʝʨ, ʘʩʩʠʤʝʪʨʠʯʥʦ 

ʩʨʝʟʘʥʥʳʭ ʦʪʨʘʞʘʶʱʠʭ ʢʨʠʩʪʘʣʣʦʚ)[11]. ʄʝʞʜʫ ʪʝʤ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʨʝʥʪʛʝʥʦʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʜʣʷ ʩʝʨʠʡʥʳʭ ʣʘʙʦʨʘʪʦʨʥʳʭ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʦʚ ʦʢʘʟʘʣʦʩʴ ʥʝʨʝʥʪʘʙʝʣʴʥʦ ʠʟ-ʟʘ ʩʣʦʞʥʦʩʪʠ ʠʭ ʶʩʪʠʨʦʚʢʠ ʠ 

ʵʢʩʧʣʫʘʪʘʮʠʠ. 

ʄʘʩʩʦʚʦʝ ʧʨʦʚʝʜʝʥʠʝ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʥʘʯʘʣʦʩʴ 

ʣʠʰʴ ʚ ʥʘʯʘʣʝ 2000-ʭ ʛʦʜʦʚ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʥʝʩʢʦʣʴʢʠʤʠ ʦʙʩʪʦʷʪʝʣʴʩʪʚʘʤʠ. 

ɺʦ-ʧʝʨʚʳʭ, ʧʦʷʚʠʣʠʩʴ ʜʦʩʪʫʧʥʳʝ ʜʚʫʤʝʨʥʳʝ ʚʳʩʦʢʦʨʘʟʨʝʰʘʶʱʠʝ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʜʝʪʝʢʪʦʨʳ ʩ ʨʘʟʤʝʨʦʤ ʧʠʢʩʝʣʷ ʧʦʨʷʜʢʘ 10-100 ʤʢʤ ʠ 

ʯʘʩʪʦʪʦʡ ʩʯʠʪʳʚʘʥʠʷ ʢʘʜʨʘ ʤʝʥʝʝ 1 ʩʝʢʫʥʜʳ [16, 17]. ɺʦ-ʚʪʦʨʳʭ, ʙʳʣʠ 

ʨʘʟʨʘʙʦʪʘʥʳ ʤʠʢʨʦʬʦʢʫʩʥʳʝ ʠʩʪʦʯʥʠʢʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, 

ʧʦʟʚʦʣʷʶʱʠʝ ʧʦʣʫʯʘʪʴ ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʠʟʦʙʨʘʞʝʥʠʷ ʩ ʨʘʟʨʝʰʝʥʠʝʤ ʦʢʦʣʦ 10 

ʤʢʤ [18]. ɺ-ʪʨʝʪʴʠʭ, ʧʦʷʚʠʣʠʩʴ ʜʦʩʪʫʧʥʳʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʝ 

ʚʳʯʠʩʣʠʪʝʣʴʥʳʝ ʩʠʩʪʝʤʳ ʩʧʦʩʦʙʥʳʝ ʧʨʦʠʟʚʦʜʠʪʴ ʪʦʤʦʛʨʘʬʠʯʝʩʢʫʶ 

ʨʝʢʦʥʩʪʨʫʢʮʠʶ ʠ ʚʠʟʫʘʣʠʟʘʮʠʶ ʟʘ ʨʘʟʫʤʥʦʝ ʚʨʝʤʷ (ʩʨʘʚʥʠʤʦʝ ʩʦ ʚʨʝʤʝʥʝʤ 

ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʷ). ʀʥʪʝʨʝʩʥʳʤ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʦʜʥʠ ʠʟ ʧʝʨʚʳʭ 

ʣʘʙʦʨʘʪʦʨʥʳʭ ʤʠʢʨʪʦʪʦʤʦʛʨʘʬʦʚ ʷʚʣʷʣʠʩʴ ʧʨʠʩʪʘʚʢʘʤʠ ʢ ʵʣʝʢʪʨʦʥʥʳʤ 

ʤʠʢʨʦʩʢʦʧʘʤ [19], ʘʧʧʘʨʘʪʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʢʦʪʦʨʳʭ ʨʘʟʚʠʚʘʣʘʩʴ ʦʪʜʝʣʴʥʳʤ 

ʦʪ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʫʩʪʘʥʦʚʦʢ ʧʫʪʸʤ. 

ɺ ʤʠʢʨʦʪʦʤʦʛʨʘʬʘʭ ʪʦʛʦ ʚʨʝʤʝʥʠ ʯʘʱʝ ʚʩʝʛʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʩʭʝʤʳ 

ʢʦʥʪʘʢʪʥʦʡ ʠʣʠ ʧʨʦʝʢʮʠʦʥʥʦʡ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ. ɺ ʩʭʝʤʝ ʢʦʥʪʘʢʪʥʦʡ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ ʠʩʩʣʝʜʫʝʤʳʡ ʦʙʨʘʟʝʮ ʧʦʤʝʱʘʝʪʩʷ ʙʣʠʟʢʦ ʢ ʜʝʪʝʢʪʦʨʫ. 
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ʋʚʝʣʠʯʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ ʦʙʲʝʢʪʘ ʧʨʠ ʵʪʦʤ ʥʝ ʧʨʦʠʩʭʦʜʠʪ, ʘ 

ʜʦʩʪʠʛʘʝʤʦʝ ʨʘʟʨʝʰʝʥʠʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚ ʦʩʥʦʚʥʦʤ ʨʘʟʨʝʰʝʥʠʝʤ ʜʝʪʝʢʪʦʨʘ ʠ 

ʨʘʩʭʦʜʠʤʦʩʪʴʶ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ. ʇʨʠ ʧʨʦʝʢʮʠʦʥʥʦʡ ʞʝ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ ʦʙʲʝʢʪ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʤʝʱʘʶʪ ʙʣʠʟʢʦ ʢ ʠʩʪʦʯʥʠʢʫ 

ʠʟʣʫʯʝʥʠʷ ʥʝʙʦʣʴʰʦʛʦ ʨʘʟʤʝʨʘ, ʥʦ ʩ ʙʦʣʴʰʦʡ ʨʘʩʭʦʜʠʤʦʩʪʴʶ, ʘ ʜʝʪʝʢʪʦʨ 

ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʥʘ ʥʝʢʦʪʦʨʦʤ ʨʘʩʩʪʦʷʥʠʠ ʦʪ ʦʙʲʝʢʪʘ [20]. ʋʚʝʣʠʯʝʥʠʝ ʚ ʵʪʦʤ 

ʩʣʫʯʘʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʦʦʪʥʦʰʝʥʠʝʤ ʨʘʩʩʪʦʷʥʠʡ ʠʩʪʦʯʥʠʢ-ʦʙʲʝʢʪ ʠ ʦʙʲʝʢʪ-

ʜʝʪʝʢʪʦʨ. ʕʪʘ, ʪʘʢ ʥʘʟʳʚʘʝʤʘʷ, ʢʦʥʠʯʝʩʢʘʷ ʩʭʝʤʘ ʩʢʘʥʠʨʦʚʘʥʠʷ ʧʨʠʤʝʥʷʝʪʩʷ 

ʧʦʯʪʠ ʚʦ ʚʩʝʭ ʤʝʜʠʮʠʥʩʢʠʭ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʪʦʤʦʛʨʘʬʘʭ [21, 22]. ʈʘʟʨʝʰʝʥʠʝ 

ʵʪʦʡ ʩʭʝʤʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʘʟʤʝʨʦʤ ʠʩʪʦʯʥʠʢʘ, ʛʝʦʤʝʪʨʠʝʡ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠ 

ʨʘʟʨʝʰʝʥʠʝʤ ʜʝʪʝʢʪʦʨʘ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʩʦʚʨʝʤʝʥʥʳʭ ʤʠʢʨʦʬʦʢʫʩʥʳʭ ʪʨʫʙʦʢ 

ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʛʘʪʴ ʨʘʟʨʝʰʝʥʠʷ ʜʦ ʜʦʣʝʡ ʤʠʢʨʦʥʘ (0.3 ʤʢʤ) [23]. 

ʂ ʥʘʯʘʣʫ 2000-ʭ ʛʦʜʦʚ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʯʝʩʢʠʝ ʩʪʘʮʠʠ ʝʩʪʴ ʫʞʝ ʧʦʯʪʠ ʥʘ 

ʚʩʝʭ ʩʠʥʭʨʦʪʨʦʥʘʭ ʤʠʨʘ: ESRF [24, 25], PSI SLS [26, 27] ʠ ANKA [28] ʠ ʜʨ. 

ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʨʘʟʨʝʰʝʥʠʷ ʚ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʩʭʝʤʘʭ ʥʘʯʠʥʘʶʪ 

ʧʨʠʤʝʥʷʪʴ ʫʚʝʣʠʯʠʚʘʶʱʠʝ ʨʝʥʪʛʝʥʦʦʧʪʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ: ʟʦʥʥʳʝ ʧʣʘʩʪʠʥʢʠ 

ʌʨʝʥʝʣʷ, ʧʨʝʣʦʤʣʷʶʱʫʶ ʦʧʪʠʢʫ, ʟʝʨʢʘʣʘ ʂʠʨʢʧʘʪʨʠʢʘ-ɹʘʝʟʘ (ʂɹ-ʟʝʨʢʘʣʘ) 

ʠʣʠ ʘʩʠʤʤʝʪʨʠʯʥʳʝ ʦʪʨʘʞʘʶʱʠʝ ʢʨʠʩʪʘʣʣʳ [29]. ɺʳʙʦʨ ʧʨʠʤʝʥʷʝʤʳʭ 

ʨʝʥʪʛʝʥʦʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʟʘʚʠʩʠʪ ʦʪ ʨʘʟʣʠʯʥʳʭ ʧʘʨʘʤʝʪʨʦʚ 

ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ: ʥʝʦʙʭʦʜʠʤʦʛʦ ʨʘʟʨʝʰʝʥʠʷ, ʧʦʣʷ ʟʨʝʥʠʷ, 

ʵʥʝʨʛʠʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠ ʪ.ʜ. 
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ʈʠʩʫʥʦʢ 1.1: ɼʠʘʛʨʘʤʤʘ, ʩʫʤʤʠʨʫʶʱʘʷ ʪʝʢʫʱʠʝ ʚʦʟʤʦʞʥʦʩʪʠ (ʪʦʯʢʠ) ʠ 

ʧʦʪʝʥʮʠʘʣ ʜʘʣʴʥʝʡʰʝʛʦ ʨʘʟʚʠʪʠʷ (ʟʦʥʳ) ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʦʚ ʚʠʟʫʘʣʠʟʘʮʠʠ ʚ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. ʇʨʠʚʝʜʝʥʳ ʜʘʥʥʳʝ ʜʣʷ ʂɹ-ʟʝʨʢʘʣ (KB optics) 

[30], ʟʦʥʥʳʭ ʧʣʘʩʪʠʥʦʢ ʌʨʝʥʝʣʷ (Fresnel zone plate) ʥʘ ʩʠʥʭʨʦʪʨʦʥʥʳʭ [31ï

34] ʠ ʣʘʙʦʨʘʪʦʨʥʳʭ [35] ʠʩʪʦʯʥʠʢʘʭ, ʤʥʦʛʦʩʣʦʡʥʳʭ ʃʘʫʵ ʟʦʥʥʳʭ ʧʣʘʩʪʠʥʢʘʭ 

[36], ʘʩʠʤʤʝʪʨʠʯʥʦ ʩʨʝʟʘʥʥʳʭ ʢʨʠʩʪʘʣʣʘʭ (Bragg magnifiers) [37], 

ʩʦʩʪʘʚʥʳʭ ʣʠʥʟ (compound lenses) [38, 39], ʠʟʤʝʨʝʥʠʷ ʚ ʢʦʥʫʩʥʦʤ ʧʫʯʢʝ [40], 

ʠ ʢʦʛʝʨʝʥʪʥʘʷ ʜʠʬʨʘʢʮʠʦʥʥʘʷ ʚʠʟʫʘʣʠʟʘʮʠʷ (Coherent diffration imaging) [41ï

43]. ʈʘʩʯʝʪʥʳʝ ʟʥʘʯʝʥʠʷ ʧʦʢʘʟʘʥʳ ʥʝ ʟʘʢʨʘʰʝʥʥʳʤʠ ʩʠʤʚʦʣʘʤʠ, ʠʟʤʝʨʝʥʥʳʝ 

- ʟʘʢʨʘʰʝʥʥʳʤʠ ʩʠʤʚʦʣʘʤʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʮʚʝʪʘ, ʢʨʫʛʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʠʥʭʨʦʪʨʦʥʘʤ, ʘ ʢʚʘʜʨʘʪʠʢʠ - ʣʘʙʦʨʘʪʦʨʥʳʤ ʠʩʪʦʯʥʠʢʘʤ. 

ɼʠʘʛʨʘʤʤʘ ʚʟʷʪʘ ʠʟ ʦʙʟʦʨʘ [29]. 

ɺ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʟʦʥʥʳʝ ʧʣʘʩʪʠʥʢʠ ʌʨʝʥʝʣʷ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʜʣʷ ʬʦʢʫʩʠʨʦʚʢʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠ ʧʦʣʫʯʝʥʠʷ ʫʚʝʣʠʯʝʥʥʳʭ 

ʠʟʦʙʨʘʞʝʥʠʡ [44, 45]. ʂ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʨʘʟʨʝʰʝʥʠʝ ʟʦʥʥʳʭ ʧʣʘʩʪʠʥʦʢ 

ʚ ʤʷʛʢʦʤ ʜʠʘʧʘʟʦʥʝ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʜʦʩʪʠʛʣʦ 10 ʥʤ [46, 47]. 

ʇʨʠʤʝʥʝʥʠʝ ʵʪʠʭ ʧʣʘʩʪʠʥʦʢ [48] ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ ʨʝʥʪʛʝʥʦʚʩʢʠʤʠ 

ʠʩʪʦʯʥʠʢʘʤʠ ʩ ʚʨʘʱʘʶʱʠʤʩʷ ʘʥʦʜʦʤ ʧʦʟʚʦʣʠʣʦ ʩʦʟʜʘʪʴ ʣʘʙʦʨʘʪʦʨʥʳʡ 

ʨʝʥʪʛʝʥʦʚʩʢʠʡ ʤʠʢʨʦʪʦʤʦʛʨʘʬ ʩ ʨʘʟʨʝʰʝʥʠʝʤ 30 ʥʤ ʧʨʠ ʧʦʣʝ ʟʨʝʥʠʷ 5 ʤʢʤ 

[49]. 
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ʊʦʤʦʛʨʘʬʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʟʦʥʥʳʭ ʧʣʘʩʪʠʥʦʢ ʚʳʧʦʣʥʷʝʪʩʷ ʠ ʥʘ 

ʩʠʥʭʨʦʪʨʦʥʥʳʭ ʠʩʪʦʯʥʠʢʘʭ [50, 51]. ʅʘʧʨʠʤʝʨ, ʚ 2004 ʛʦʜʫ ʚʳʧʦʣʥʝʥʘ 

ʪʨʸʭʤʝʨʥʘʷ ʨʝʢʦʥʩʪʨʫʢʮʠʷ ʢʣʝʪʢʠ ʩ ʨʘʟʨʝʰʝʥʠʝʤ ʧʦʨʷʜʢʘ 30 ʥʤ [52, 53]. 

ɺʳʩʦʢʦʝ ʨʘʟʨʝʰʝʥʠʝ ʟʦʥʥʳʭ ʧʣʘʩʪʠʥʦʢ ʜʝʣʘʝʪ ʠʭ ʦʯʝʥʴ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ 

ʤʠʢʨʦ- ʠ ʥʘʥʦʪʦʤʦʛʨʘʬʠʠ, ʥʦ ʦʛʨʦʤʥʘʷ ʩʪʦʠʤʦʩʪʴ ʠ ʩʣʦʞʥʦʩʪʴ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʥʝ ʧʦʟʚʦʣʷʶʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʠʭ ʚ ʤʘʩʩʦʚʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ. ʂʨʦʤʝ ʪʦʛʦ, 

ʟʦʥʥʳʝ ʧʣʘʩʪʠʥʢʠ ʦʧʪʠʤʠʟʠʨʦʚʘʥʳ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʤʷʛʢʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʤ ʜʠʘʧʘʟʦʥʝ 0.1-20 ʢʵɺ ʠ ʥʝ ʧʦʜʭʦʜʷʪ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʩʠʣʴʥʦ ʧʦʛʣʦʱʘʶʱʠʭ ʦʙʲʝʢʪʦʚ. 

ɼʣʷ ʩʦʟʜʘʥʠʷ ʚʳʩʦʢʦʨʘʟʨʝʰʘʶʱʝʛʦ ʤʠʢʨʦʩʢʦʧʘ ʥʘ ʙʦʣʴʰʠʭ ʵʥʝʨʛʠʷʭ 

ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ Kɹ-ʟʝʨʢʘʣʘ. ʅʘʧʨʠʤʝʨ, ʚ [30] ʦʧʠʩʘʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

Kɹ-ʟʝʨʢʘʣʘ ʜʣʷ ʩʦʟʜʘʥʠʷ ʟʫʤ-ʤʠʢʨʦʩʢʦʧʘ, ʩʧʦʩʦʙʥʦʛʦ ʦʙʝʩʧʝʯʠʪʴ 

ʨʘʟʨʝʰʝʥʠʝ 90 ʥʤ ʧʨʠ ʵʥʝʨʛʠʠ 20,5 ʢʵɺ. 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʙʲʝʢʪʦʚ ʚ ʞʸʩʪʢʦʤ ʜʠʘʧʘʟʦʥʝ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʶʪ ʘʩʠʤʤʝʪʨʠʯʥʦ-ʩʨʝʟʘʥʥʳʝ ʢʨʠʩʪʘʣʣʳ (Bragg 

magnifiers) ʠʣʠ ʩʦʩʪʘʚʥʳʝ ʧʨʝʣʦʤʣʷʶʱʠʝ ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʣʠʥʟʳ (Compound 

Refraction Lenses, CRLs). 

ʀʜʝʶ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʠʬʨʘʢʮʠʠ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ 

ʘʩʠʤʤʝʪʨʠʯʥʦ ʩʨʝʟʘʥʥʦʤ ʢʨʠʩʪʘʣʣʝ ʚʧʝʨʚʳʝ ʚʳʩʢʘʟʘʣ Bottinger ʚ 1982 ʛ [54]. 

ʆʥ ʧʦʢʘʟʘʣ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʠʪʴ ʪʘʢʠʤ ʩʧʦʩʦʙʦʤ 20-70 - ʢʨʘʪʥʦʝ 

ʫʚʝʣʠʯʝʥʠʝ. ʇʦʜʦʙʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʩ ʧʦʣʫʯʝʥʠʝʤ 5-ʢʨʘʪʥʦʛʦ ʫʚʝʣʠʯʝʥʠʷ 

ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʫʩʢʦʨʠʪʝʣʝ Spring 8 ʚ 1999 ʛʦʜʫ [55]. 

ɼʘʥʥʳʡ ʤʝʪʦʜ ʧʦʣʫʯʝʥʠʷ ʫʚʝʣʠʯʝʥʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʘʢʪʫʘʣʝʥ ʠ ʧʦ ʩʝʡ 

ʜʝʥʴ. ɺ ʯʘʩʪʥʦʩʪʠ ʵʪʦ ʧʦʢʘʟʳʚʘʝʪ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʩʪʘʪʴʷ [56], ʧʦʩʚʷʱʝʥʥʘʷ 

ʜʦʩʪʠʞʝʥʠʶ ʩʫʙʤʠʢʨʦʥʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʘʩʠʤʤʝʪʨʠʯʥʦʡ 

ʜʠʬʨʘʢʮʠʠ, ʘ ʪʘʢʞʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʨʘʙʦʪʘ [57], ʚ ʢʦʪʦʨʦʡ ʥʘ 

ʩʠʥʭʨʦʪʨʦʥʝ Swiss Light Source ʧʦʣʫʯʝʥʦ ʫʚʝʣʠʯʝʥʠʝ ʨʘʚʥʦʝ 100. 

ʆʜʥʘʢʦ, ʚ ʣʘʙʦʨʘʪʦʨʥʳʭ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʤʠʢʨʦʪʦʤʦʛʨʘʬʘʭ 

ʘʩʠʤʤʝʪʨʠʯʥʦ-ʩʨʝʟʘʥʥʳʝ ʢʨʠʩʪʘʣʣʳ ʧʨʠʤʝʥʷʶʪʩʷ ʨʝʜʢʦ [ɸ58, ɸ59] ʚʚʠʜʫ 

ʪʦʛʦ, ʯʪʦ ʪʘʢʠʝ ʩʭʝʤʳ ʪʨʫʜʥʦ ʥʘʩʪʨʘʠʚʘʪʴ ʠ ʦʥʠ ʦʯʝʥʴ ʯʫʚʩʪʚʠʪʝʣʴʥʳ ʢ 

ʤʝʭʘʥʠʯʝʩʢʠʤ ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʥʝʩʪʘʙʠʣʴʥʦʩʪʷʤ. 
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ʆʜʥʠʤ ʠʟ ʩʘʤʳʭ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʚ 

ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʩʭʝʤʘʭ ʷʚʣʷʶʪʩʷ ʧʨʝʣʦʤʣʷʶʱʠʝ ʣʠʥʟʳ [60]. ʕʪʦ ʤʦʛʫʪ 

ʙʳʪʴ ʢʘʢ ʧʘʨʘʙʦʣʠʯʝʩʢʠʝ ʩʦʩʪʘʚʥʳʝ ʣʠʥʟʳ [61ï63], ʪʘʢ ʠ ʤʥʦʛʦʵʣʝʤʝʥʪʥʳʝ 

ʧʫʟʳʨʴʢʦʚʳʝ ʣʠʥʟʳ [64ï66]. ʆʙʣʘʜʘʷ ʚʳʩʦʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʚ ʞʸʩʪʢʦʤ 

ʜʠʘʧʘʟʦʥʝ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʘʨʘʙʦʣʠʯʝʩʢʠʝ ʩʦʩʪʘʚʥʳʝ ʣʠʥʟʳ 

ʧʦʟʚʦʣʷʶʪ ʜʦʩʪʠʛʘʪʴ ʨʘʟʨʝʰʝʥʠʷ ʣʫʯʰʝ 100 ʥʤ [39]. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʥʘʥʦʤʝʪʨʦʚʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʠʟʦʙʨʘʞʘʶʱʠʝ ʤʝʪʦʜʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʠʬʨʘʢʮʠʠ ʢʦʛʝʨʝʥʪʥʦʛʦ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ (Coherent Diffraction Imaging, CDI), ʠ ʩʘʤʳʤ 

ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʤ ʠʟ ʥʠʭ ʷʚʣʷʝʪʩʷ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʧʪʠʭʦʛʨʘʠʬʷ [67, 68]. 

ʄʝʪʦʜ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʨʝʛʠʩʪʨʘʮʠʠ ʩʝʨʠʠ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ 

ʦʙʲʝʢʪʘ ʚ ʟʦʥʝ ʜʠʬʨʘʢʮʠʠ ʌʨʘʫʥʛʦʬʝʨʘ. ʇʦ ʥʘʙʦʨʫ ʪʘʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ 

ʧʨʦʠʩʭʦʜʠʪ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʨʝʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʦʙʲʝʢʪʘ [69], ʧʨʠʯʸʤ ʤʝʞʜʫ 

ʦʙʲʝʢʪʦʤ ʠ ʜʝʪʝʢʪʦʨʦʤ ʥʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʥʠʢʘʢʠʝ ʦʧʪʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ ʠ 

ʨʘʟʨʝʰʝʥʠʝ ʧʦʣʫʯʘʝʤʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʟʘʚʠʩʠʪ ʦʪ ʢʘʯʝʩʪʚʘ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʧʫʯʢʘ ʠ ʨʘʟʨʝʰʝʥʠʷ ʜʝʪʝʢʪʦʨʘ. ʅʘ ʠʩʪʦʯʥʠʢʘʭ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʯʝʪʚʸʨʪʦʛʦ ʧʦʢʦʣʝʥʠʷ ʠ ʣʘʟʝʨʘʭ ʥʘ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʘʭ ʧʪʠʭʦʛʨʘʬʠʷ 

ʤʦʞʝʪ ʧʦʟʚʦʣʷʪʴ ʜʦʩʪʠʛʘʪʴ ʨʘʟʨʝʰʝʥʠʷ ʚ ʥʝʩʢʦʣʴʢʦ ʥʘʥʦʤʝʪʨʦʚ ʚ ʞʸʩʪʢʦʤ 

ʜʠʘʧʘʟʦʥʝ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ [70]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʯʝʪʳʨʝ ʦʩʥʦʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷ ʨʘʟʚʠʪʠʷ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʪʦʤʦʛʨʘʬʠʠ: 

Å ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʷ ʥʘ ʫʩʪʘʥʦʚʢʘʭ ʢʣʘʩʩʘ ñʤʝʛʘʩʘʝʥʩò (ʩʠʥʭʨʦʪʨʦʥʘʭ ʠ 

ʣʘʟʝʨʘʭ ʥʘ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʘʭ), ʛʜʝ ʜʦʩʪʠʛʘʝʪʩʷ ʥʘʠʣʫʯʰʝʝ 

ʨʘʟʨʝʰʝʥʠʝ (ʚʧʣʦʪʴ ʜʦ ʝʜʠʥʠʮ ʥʘʥʦʤʝʪʨʦʚ); 

Å ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʷ ʥʘ ʣʘʙʦʨʘʪʦʨʥʳʭ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʫʩʪʘʥʦʚʢʘʭ 

(ʨʘʟʨʝʰʝʥʠʝ ʦʪ ʩʦʪʝʥ ʥʘʥʦʤʝʪʨʦʚ ʜʦ ʩʦʪʝʥ ʤʠʢʨʦʥ); 

Å ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʷ ʜʣʷ ʥʝʨʘʟʨʫʰʘʶʱʝʛʦ ʢʦʥʪʨʦʣʷ (ʨʘʟʨʝʰʝʥʠʝ ʦʪ ʩʦʪʝʥ 

ʤʠʢʨʦʥ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʤʠʣʣʠʤʝʪʨʦʚ); 

Å ʤʝʜʠʮʠʥʩʢʘʷ ʪʦʤʦʛʨʘʬʠʷ (ʨʘʟʨʝʰʝʥʠʝ ʦʪ ʩʦʪʝʥ ʤʠʢʨʦʥ ʜʦ ʥʝʩʢʦʣʴʢʠʭ 

ʤʠʣʣʠʤʝʪʨʦʚ). 
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ʅʦ ʚ ʥʝʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʛʦ ʥʘ ʢʘʢʦʡ ʫʩʪʘʥʦʚʢʝ ʧʨʦʠʩʭʦʜʠʪ 

ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʪʨʸʭʤʝʨʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ 

ʦʙʲʝʢʪʘ ʥʝʦʙʭʦʜʠʤʦ: 

1. ɿʘʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʚ ʦʮʠʬʨʦʚʘʥʥʦʤ ʚʠʜʝ ʥʘʙʦʨ ʨʝʥʪʛʝʥʦʚʩʢʠʭ 

ʠʟʦʙʨʘʞʝʥʠʡ 

2. ʇʨʦʠʟʚʝʩʪʠ ʚʳʯʠʩʣʝʥʠʷ ʦʙʲʸʤʥʦʡ ʩʪʨʫʢʪʫʨʳ ʦʙʲʝʢʪʘ ʧʦ ʥʘʙʦʨʫ ʵʪʠʭ 

ʠʟʦʙʨʘʞʝʥʠʡ. 

ʇʨʦʚʝʜʸʤ ʧʨʠʚʝʜʸʥ ʢʨʘʪʢʠʡ ʦʙʟʦʨ ʧʦ ʢʘʞʜʦʤʫ ʠʟ ʵʪʠʭ ʵʪʘʧʦʚ, 

ʥʝʦʙʭʦʜʠʤʳʡ ʜʣʷ ʠʟʣʦʞʝʥʠʷ ʦʩʥʦʚʥʦʡ ʯʘʩʪʠ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ. 

1.2 ʄʝʭʘʥʠʟʤʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ ʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ 

ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʷ ʦʙʣʘʜʘʝʪ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʧʝʨʝʜ 

ʜʨʫʛʠʤʠ ʚʠʜʘʤʠ ʥʝʨʘʟʨʫʰʘʶʱʝʛʦ ʢʦʥʪʨʦʣʷ ʚ ʪʦʤ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʩʣʝʜʦʚʘʪʴ 

ʩʪʨʫʢʪʫʨʫ ʥʝʧʨʦʟʨʘʯʥʳʭ ʚ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ ʦʙʲʝʢʪʦʚ. ʇʨʠ ʵʪʦʤ 

ʧʦʣʫʯʘʝʤʳʝ ʪʨʸʭʤʝʨʥʳʝ ʠʟʦʙʨʘʞʝʥʠʷ ʤʦʛʫʪ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʪʴʩʷ ʯʝʣʦʚʝʢʦʤ 

ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʧʝʮʠʘʣʴʥʳʭ ʟʥʘʥʠʡ. ʈʘʩʩʤʦʪʨʠʤ ʤʝʭʘʥʠʟʤʳ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ (ʧʨʦʝʢʮʠʡ) ʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ. 

ʈʘʩʧʨʦʩʪʨʘʥʷʷʩʴ ʚ ʦʙʲʝʢʪʝ, ʨʝʥʪʛʝʥʦʚʩʢʦʝ ʠʟʣʫʯʝʥʠʝ ʤʦʞʝʪ 

ʧʦʛʣʦʱʘʪʴʩʷ, ʧʨʝʣʦʤʣʷʪʴʩʷ ʠʣʠ ʚʦʟʙʫʞʜʘʪʴ ʚʪʦʨʠʯʥʦʝ ʠʟʣʫʯʝʥʠʝ [71]. 

ʇʦʛʣʦʱʝʥʠʝ ʠ ʧʨʝʣʦʤʣʝʥʠʝ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ 

ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʩʨʝʜʘʭ ʤʦʞʥʦ ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʩ 

ʧʦʤʦʱʴʶ ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ, ʢʦʪʦʨʳʡ ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ 

ʚʠʜʝ:  

ὲ ρ ‏ Ὥ‍ȟ 1.1 

  ʛʜʝ ʝʜʠʥʠʯʥʳʡ ʜʝʢʨʝʤʝʥʪ ʧʨʝʣʦʤʣʝʥʠʷ ‏ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʫʛʣʦʚʫʶ 

ʚʝʣʠʯʠʥʫ ʦʪʢʣʦʥʝʥʠʷ ʣʫʯʝʡ, ʘ ʢʦʵʬʬʠʮʠʝʥʪ ‍ ʩʚʷʟʘʥ ʩ ʣʠʥʝʡʥʳʤ 

ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʧʦʛʣʦʱʝʥʠʷ ʩʦʦʪʥʦʰʝʥʠʝʤ ‘ . 
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1.2.1 ɸʙʩʦʨʙʮʠʦʥʥʳʡ ʢʦʥʪʨʘʩʪ 

ʇʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʯʝʨʝʟ ʦʙʲʝʢʪ ʨʝʥʪʛʝʥʦʚʩʢʦʝ ʠʟʣʫʯʝʥʠʝ ʤʦʞʝʪ 

ʤʝʥʷʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠ ʥʘʧʨʘʚʣʝʥʠʝ, ʧʦʛʣʦʱʘʪʴʩʷ, ʨʘʩʩʝʠʚʘʪʴʩʷ ʠʣʠ 

ʧʨʝʣʦʤʣʷʪʴʩʷ ʦʙʲʝʢʪʦʤ. ʇʨʝʦʙʣʘʜʘʶʱʠʤ ʵʬʬʝʢʪʦʤ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ 

ʩʣʘʙʦʫʧʦʨʷʜʦʯʝʥʥʳʭ ʦʙʲʝʢʪʦʚ ʷʚʣʷʝʪʩʷ ʧʦʛʣʦʱʝʥʠʝ [71, 72]. ʌʠʟʠʯʝʩʢʠʝ 

ʤʝʭʘʥʠʟʤʳ, ʢʦʪʦʨʳʝ ʧʨʠʚʦʜʷʪ ʢ ʦʩʣʘʙʣʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ 

(ʫʤʝʥʴʰʝʥʠʶ ʢʦʣʠʯʝʩʪʚʘ ʬʦʪʦʥʦʚ), ʠʟʤʝʨʷʝʤʦʤʫ ʜʝʪʝʢʪʦʨʦʤ ʧʦʟʘʜʠ 

ʦʜʥʦʨʦʜʥʦʛʦ ʦʙʲʝʢʪʘ, ʦʙʳʯʥʦ ʦʧʠʩʳʚʘʶʪʩʷ ʦʜʥʠʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ 

ʦʩʣʘʙʣʝʥʠʷ ‘ , ʢʦʪʦʨʦʝ ʩʢʣʘʜʳʚʘʝʪʩʷ ʠʟ ʩʣʝʜʫʶʱʠʭ ʩʦʩʪʘʚʣʷʶʱʠʭ: 

‘ ‘ ‘ ‘ ‘  , 

ʛʜʝ ‘  - ʚʢʣʘʜ ʫʧʨʫʛʦʛʦ (ʨʵʣʝʝʚʩʢʦʛʦ) ʨʘʩʩʝʷʥʠʷ, ‘  - ʥʝʫʧʨʫʛʦʝ 

(ʢʦʤʧʪʦʥʦʚʩʢʦʛʦ) ʨʘʩʩʝʷʥʠʝ, ‘  - ʬʦʪʦʵʣʝʢʪʨʠʯʝʩʢʦʝ ʨʘʩʩʝʷʥʠʝ ʩ 

ʚʳʙʠʚʘʥʠʝʤ ʬʦʪʦʵʣʝʢʪʨʦʥʘ ʠ ʠʩʧʫʩʢʘʥʠʝʤ ʚʪʦʨʠʯʥʦʛʦ (ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ) 

ʬʦʪʦʥʘ, ‘  - ʧʨʦʮʝʩʩʘ ʦʙʨʘʟʦʚʘʥʠʷ ʵʣʝʢʪʨʦʥ-ʧʦʟʠʪʨʦʥʥʳʭ ʧʘʨ. 

ʈʝʘʣʴʥʳʡ ʚʢʣʘʜ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʩʫʤʤʘʨʥʦʝ ʩʝʯʝʥʠʝ 

ʨʘʟʣʠʯʝʥ ʠ ʟʘʚʠʩʠʪ ʦʪ ʪʠʧʘ ʘʪʦʤʦʚ ʠ ʵʥʝʨʛʠʠ ʬʦʪʦʥʦʚ, ʫʯʘʩʪʚʫʶʱʠʭ ʚ 

ʧʨʦʮʝʩʩʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʥʘ ʨʠʩ. 1.2 ʧʦʢʘʟʘʥʳ 

ʪʝʦʨʝʪʠʯʝʩʢʠ ʨʘʩʩʯʠʪʘʥʥʳʝ ʩʝʯʝʥʠʷ ʨʘʩʩʝʷʥʠʷ ʬʦʪʦʥʦʚ ʩ ʨʘʟʣʠʯʥʦʡ ʵʥʝʨʛʠʝʡ 

ʥʘ ʤʦʣʝʢʫʣʝ ʚʦʜʳ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʤʝʨʝʥʥʳʝ 

ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ. [71] 
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ʈʠʩʫʥʦʢ 1.2: ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩʝʯʝʥʠʡ ʨʘʩʩʝʷʥʠʷ ʬʦʪʦʥʘ ʥʘ 

ʩʚʦʙʦʜʥʦʤ ʘʪʦʤʝ ʫʛʣʝʨʦʜʘ ʦʪ ʵʥʝʨʛʠʠ ʬʦʪʦʥʘ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 10 ʵɺ ʜʦ 100 

ɻʵɺ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʤʝʨʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʤʘʩʩʦʚʦʛʦ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ. ʊʦʯʢʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʜʘʥʥʳʝ, ʘ ʣʠʥʠʠ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ [„  ð ʦʙʨʘʟʦʚʘʥʠʝ ʵʣʝʢʪʨʦʥ-

ʧʦʟʠʪʨʦʥʥʳʭ ʧʘʨ; „  ð ʥʝʫʧʨʫʛʦʝ ʨʘʩʩʝʷʥʠʝ (ʵʬʬʝʢʪ ʂʦʤʧʪʦʥʘ); „  ð 

ʫʧʨʫʛʦʝ (ʨʵʣʝʝʚʩʢʦʝ) ʨʘʩʩʝʷʥʠʝ; „  ð ʬʦʪʦʵʬʬʝʢʪ]. ʈʠʩʫʥʦʢ ʚʟʷʪ ʠʟ [71] 

ʀʟ ʨʠʩ. 1.2 ʩʣʝʜʫʝʪ, ʯʪʦ ʫʧʨʫʛʦʝ (ʨʵʣʝʝʚʩʢʦʝ) ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʬʦʪʦʥʘ ʩ 

ʘʪʦʤʦʤ ʫʛʣʝʨʦʜʘ ʤʘʣʦ ʤʝʥʷʝʪʩʷ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʵʥʝʨʛʠʡ ʠ ʥʝ ʧʨʠʚʦʜʠʪ 

ʢ ʧʦʛʣʦʱʝʥʠʶ, ʯʪʦ ʝʩʪʝʩʪʚʝʥʥʦ ʧʨʠ ʙʦʣʴʰʦʡ ʨʘʟʥʠʮʝ ʤʘʩʩ ʬʦʪʦʥʘ ʠ ʘʪʦʤʘ. 

ʕʬʬʝʢʪ ʧʦʛʣʦʱʝʥʠʷ ʟʘ ʩʯʝʪ ʦʙʨʘʟʦʚʘʥʠʷ ʵʣʝʢʪʨʦʥ-ʜʳʨʦʯʥʳʭ (ʵʣʝʢʪʨʦʥ-

ʧʦʟʠʪʨʦʥʥʳʭ) ʧʘʨ, ʪ.ʝ. ʤʝʭʘʥʠʟʤ ʊʦʤʧʩʦʥʘ, ʥʘʯʠʥʘʝʪ ʜʘʚʘʪʴ ʟʘʤʝʪʥʳʡ ʚʢʣʘʜ 

ʚ ʧʦʛʣʦʱʝʥʠʝ ʪʦʣʴʢʦ ʜʣʷ ʬʦʪʦʥʦʚ ʩ ʵʥʝʨʛʠʝʡ ʙʦʣʴʰʝ 1 ʄʵɺ, ʢʦʪʦʨʳʝ ʥʠ ʚ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʥʠ ʚ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ ʥʝ ʠʩʧʦʣʴʟʫʶʪʩʷ. 

ʉʝʯʝʥʠʝ ʥʝʫʧʨʫʛʦʛʦ (ʢʦʤʧʪʦʥʦʚʩʢʦʛʦ) ʨʘʩʩʝʷʥʠʷ ʩʪʘʥʦʚʠʪʩʷ ʩʨʘʚʥʠʤʳʤ ʩ 

ʩʝʯʝʥʠʝʤ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʪʘʢʞʝ ʧʨʠ ʜʦʚʦʣʴʥʦ ʚʳʩʦʢʦʡ 

ʵʥʝʨʛʠʠ ʬʦʪʦʥʦʚ (ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʙʦʣʝʝ100 ʢʵɺ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʠ ʨʘʩʯʝʪʳ, 

ʠ ʵʢʩʧʝʨʠʤʝʥʪ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʧʨʠ ʵʥʝʨʛʠʠ ʬʦʪʦʥʦʚ, ʧʨʠʤʝʥʷʝʤʳʭ ʜʣʷ 
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ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʠ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ, ʠʭ ʧʦʛʣʦʱʝʥʠʝ ʚ ʚʝʱʝʩʪʚʝ, 

ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʬʦʪʦʵʬʬʝʢʪʦʤ. 

ʅʘ ʨʠʩ. 1.3 ʧʨʝʜʩʪʘʚʣʝʥʘ ʧʨʦʩʪʘʷ ʤʦʜʝʣʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʠ ʦʩʣʘʙʣʝʥʠʷ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʦʙʲʝʢʪʝ. 

 

ʈʠʩʫʥʦʢ 1.3: ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʤʦʜʝʣʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʠ 

ʦʩʣʘʙʣʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʦʙʲʝʢʪʝ 

ɺ ʨʘʤʢʘʭ ʵʪʦʡ ʤʦʜʝʣʠ ʧʦʣʥʦʝ ʦʩʣʘʙʣʝʥʠʝ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʦʛʦ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʣʫʯʘ ʤʦʞʥʦ ʨʘʩʩʯʠʪʘʪʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ʀʥʪʝʥʩʠʚʥʦʩʪʴ 

ʠʟʣʫʯʝʥʠʷ, ʢʦʪʦʨʘʷ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʢʦʣʠʯʝʩʪʚʫ ʬʦʪʦʥʦʚ, ʧʦʩʣʝ 

ʧʨʦʭʦʞʜʝʥʠʷ ʨʘʩʩʪʦʷʥʠʷ ῳὼ ʯʝʨʝʟ ʦʙʲʝʢʪ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ 

Ὅὼ ῳὼ Ὅὼ ‘ὼὍὼῳὼ 

ʯʪʦ ʚ ʧʨʝʜʝʣʴʥʦʤ ʧʝʨʝʭʦʜʝ ʜʘʸʪ 

ÄὍ

Ὅὼ
‘Äὼ 

ʇʦʩʣʝ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʧʦʣʫʯʘʝʤ ʟʘʢʦʥ ɹʫʛʝʨʘ-ʃʘʤʙʝʨʪʘ-ɹʝʨʘ 

Ὅὼ ὍÅ ȟ 

ʛʜʝ Ὅ Ὅπ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ ʜʦ ʧʘʜʝʥʠʷ ʥʘ ʦʙʲʝʢʪ. 

ʃʠʥʝʡʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ ‘ ʟʘʚʠʩʠʪ ʦʪ ʩʦʩʪʘʚʘ ʠ ʧʣʦʪʥʦʩʪʠ 

ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʲʝʢʪʘ. ʆʙʝ ʵʪʠ ʚʝʣʠʯʠʥʳ ʤʦʛʫʪ ʧʨʠʥʠʤʘʪʴ ʨʘʟʥʳʝ ʟʥʘʯʝʥʠʷ ʚ 

ʦʙʲʝʤʝ ʠʟʫʯʘʝʤʦʛʦ ʦʙʨʘʟʮʘ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʢʦʵʬʬʠʮʠʝʥʪ ʣʠʥʝʡʥʦʛʦ 
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ʦʩʣʘʙʣʝʥʠʷ ‘ ʷʚʣʷʝʪʩʷ ʬʫʥʢʮʠʝʡ ʦʪ ʢʦʦʨʜʠʥʘʪʳ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ 

ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ, ʪʦ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ  

Ὅί ὍπÅ᷿ 1.2 

  ʊʦʛʜʘ (1.2) ʤʦʞʥʦ ʧʝʨʝʧʠʩʘʪʴ ʚ ʚʠʜʝ 

ÌÏÇ
Ὅί

Ὅπ
‘ὼÄὼȟ 

ʛʜʝ ʩʣʝʚʘ ʩʪʦʠʪ ʚʝʣʠʯʠʥʘ, ʢʦʪʦʨʫʶ ʤʦʞʥʦ ʠʟʤʝʨʠʪʴ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ, ʘ 

ʧʦʜ ʠʥʪʝʛʨʘʣʦʤ ʩʧʨʘʚʘ ʩʪʦʠʪ ʠʩʢʦʤʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʦʩʣʘʙʣʝʥʠʷ. 

ʆʪʦʙʨʘʞʝʥʠʝ ʬʫʥʢʮʠʠ, ʟʘʜʘʥʥʦʡ ʥʘ ʧʣʦʩʢʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʳʭ ʯʠʩʝʣ 

Ὑ, ʚʦ ʤʥʦʞʝʩʪʚʦ ʝʝ ʣʠʥʝʡʥʳʭ ʠʥʪʝʛʨʘʣʦʚ ʥʘʟʳʚʘʝʪʩʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ 

ʈʘʜʦʥʘ:  

ὖ ὸ Ὢ
ȟ line 

ὼȟώὨί 1.3 

  ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʟʘʜʘʯʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʥʝʠʟʚʝʩʪʥʦʡ ʬʫʥʢʮʠʠ ʩʚʦʜʠʪʩʷ 

ʢ ʦʙʨʘʪʥʦʤʫ ʧʨʝʦʙʨʘʟʦʚʘʥʠʶ ʈʘʜʦʥʘ [73]. 

ʅʘ ʧʨʘʢʪʠʢʝ ʟʥʘʯʝʥʠʷ ʠʥʪʝʛʨʘʣʦʚ ʤʦʞʥʦ ʚʳʯʠʩʣʠʪʴ ʪʦʣʴʢʦ ʜʣʷ 

ʢʦʥʝʯʥʦʛʦ ʯʠʩʣʘ ʧʨʷʤʳʭ ὒ. ʈʘʩʧʦʣʦʞʝʥʠʝ ʵʪʠʭ ʧʨʷʤʳʭ (ʜʘʣʝʝ - ʩʭʝʤʘ 

ʩʢʘʥʠʨʦʚʘʥʠʷ) ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʦʥʩʪʨʫʢʮʠʝʡ ʧʨʠʙʦʨʘ, ʥʘ ʢʦʪʦʨʦʤ ʧʨʦʠʟʚʦʜʷʪʩʷ 

ʠʟʤʝʨʝʥʠʷ. 

ʅʫʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ‘ ʟʘʚʠʩʠʪ ʥʝ ʪʦʣʴʢʦ ʦʪ ʢʦʦʨʜʠʥʘʪʳ, ʥʦ ʠ ʦʪ 

ʵʥʝʨʛʠʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ (ʪ.ʝ. ‘ ‘Ὁȟὼ). ʉʣʝʜʦʚʘʪʝʣʴʥʦ, (1.2), 

ʜʦʣʞʥʦ ʙʳʪʴ ʨʘʩʰʠʨʝʥʦ ʜʦ 

 

Ὅί Ὅ ὉÅ᷿ ȟ ÄὉ 1.4 

 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ (1.2) ʚʤʝʩʪʦ (1.4) ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʚ 

ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʤ ʠʟʦʙʨʘʞʝʥʠʠ ʘʨʪʝʬʘʢʪʦʚ (ʦʙʲʝʢʪʦʚ, ʢʦʪʦʨʳʭ ʥʘ ʩʘʤʦʤ ʜʝʣʝ 
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ʥʝʪ ʚ ʠʩʩʣʝʜʫʝʤʦʡ ʩʪʨʫʢʪʫʨʝ). ʅʝʩʤʦʪʨʷ ʥʘ ʵʪʦ, ʠʤʝʥʥʦ ʜʘʥʥʳʡ ʧʦʜʭʦʜ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʣʠʭʨʦʤʘʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʩʝʨʠʡʥʳʭ 

ʪʦʤʦʛʨʘʬʘʭ, ʪ.ʢ. ʧʦʟʚʦʣʷʝʪ ʫʚʝʣʠʯʠʪʴ ʧʦʪʦʢ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʢʚʘʥʪʦʚ ʠ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʩʦʢʨʘʪʠʪʴ ʚʨʝʤʷ ʧʨʦʚʝʜʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ. 

ʅʫʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ (1.2) ʦʧʠʩʳʚʘʝʪ ʠʟʤʝʥʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʠʟʣʫʯʝʥʠʷ ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʯʝʨʝʟ ʦʙʲʝʢʪ, ʥʦ ʜʝʣʘʝʪ ʵʪʦ ʚ ʧʨʠʙʣʠʞʝʥʠʠ, ʯʪʦ 

ʠʟʣʫʯʝʥʠʝ ʜʚʠʞʝʪʩʷ ʧʦ ʧʨʷʤʦʣʠʥʝʡʥʦʡ ʪʨʘʝʢʪʦʨʠʠ. ʅʘ ʩʘʤʦʤ ʞʝ ʜʝʣʝ 

ʨʝʥʪʛʝʥʦʚʩʢʦʝ ʠʟʣʫʯʝʥʠʝ ʧʨʝʣʦʤʣʷʝʪʩʷ ʠ ʠʥʪʝʨʬʝʨʠʨʫʝʪ ʚ ʦʙʲʝʢʪʝ ʠ ʟʘ ʩʯʸʪ 

ʵʪʦʛʦ ʷʚʣʝʥʠʷ ʬʦʨʤʠʨʫʝʪʩʷ ñʬʘʟʦʚʳʡ ʢʦʥʪʨʘʩʪò. 

1.2.2 ʌʘʟʦʚʳʡ ʢʦʥʪʨʘʩʪ 

ʂʦʥʝʯʥʦ, ʚ ʠʟʦʙʨʘʞʝʥʠʷʭ ʨʝʘʣʴʥʳʭ ʦʙʲʝʢʪʦʚ ʚʩʝʛʜʘ ʧʨʠʩʫʪʩʪʚʫʶʪ ʠ 

ʬʘʟʦʚʳʡ ʠ ʘʙʩʦʨʙʮʠʦʥʥʳʡ ʢʦʥʪʨʘʩʪ. ʅʦ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʩʪʘʨʘʶʪʩʷ ʚʳʙʨʘʪʴ 

ʧʘʨʘʤʝʪʨʳ ʪʘʢ, ʯʪʦʙʳ ʧʨʝʦʙʣʘʜʘʣ ʪʦʣʴʢʦ ʦʜʠʥ ʠʟ ʚʠʜʦʚ ʢʦʥʪʨʘʩʪʘ. ʇʨʠ ʵʪʦʤ 

ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʝ ʩʭʝʤʳ ʠʩʧʦʣʴʟʫʶʪ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʣʘʙʦ ʧʦʛʣʦʱʘʶʱʠʭ 

ʦʙʲʝʢʪʦʚ, ʥʘʧʨʠʤʝʨ ʤʷʛʢʠʭ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʪʢʘʥʝʡ ʚ ʠʥʪʝʨʚʘʣʝ ʵʥʝʨʛʠʡ 10-

100 ʢʵɺ [74]. ʉʫʱʝʩʪʚʫʶʪ ʨʘʟʣʠʯʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʩʧʦʩʦʙʳ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʬʘʟʦʚʦʛʦ ʢʦʥʪʨʘʩʪʘ [75] : ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ 

ʠʥʪʝʨʬʝʨʦʤʝʪʨʳ, ʊʘʣʴʙʦ ʠʥʪʝʨʬʝʨʦʤʝʪʨʳ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʨʝʬʨʘʢʮʠʦʥʥʳʭ 

ʩʭʝʤ [76, 77] ʠ ʤʝʪʦʜ ʦʩʝʚʦʡ (inline) ʛʦʣʦʛʨʘʬʠʠ. ɼʘʣʴʥʝʡʰʝʝ ʨʘʩʩʤʦʪʨʝʥʠʝ 

ʬʘʟʦʚʦʛʦ ʢʦʥʪʨʘʩʪʘ ʙʫʜʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʚ ʢʦʥʪʝʢʩʪʝ ʤʝʪʦʜʘ inline 

ʛʦʣʦʛʨʘʬʠʠ, ʢʘʢ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʤʦʛʦ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʬʘʟʦʢʦʥʪʨʘʩʪʥʦʡ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ. 

ʌʘʟʦʚʳʡ ʩʜʚʠʛ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʚʦʣʥʳ, ʧʨʦʰʝʜʰʝʡ ʯʝʨʝʟ ʦʙʨʘʟʝʮ, ʟʘʚʠʩʠʪ 

ʦʪ ʚʘʨʠʘʮʠʡ ʜʝʢʨʝʤʝʥʪʘ ʧʨʝʣʦʤʣʝʥʠʷ ‏ (ʩʤ. (1.1)) ʚʥʫʪʨʠ ʦʙʨʘʟʮʘ ʠ ʦʪ ʝʛʦ 

ʪʦʣʱʠʥʳ. ɺ ʩʣʫʯʘʝ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʦʛʦ ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʧʫʯʢʘ, 

ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ ʚʜʦʣʴ ʦʩʠ z, ʠʟʤʝʥʝʥʠʝ ʬʘʟʳ • ʚ ʦʪʩʫʪʩʪʚʠʠ 

ʧʦʛʣʦʱʝʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʦ ʚ ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʝ:  

•ὼȟώ
ς“

‗
ὼȟώȟᾀὨᾀȟ‏ 1.5 
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ʛʜʝ ʠʥʪʝʛʨʘʣ ʙʝʨʝʪʩʷ ʧʦ ʚʩʝʡ ʪʦʣʱʠʥʝ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʲʝʢʪʘ. ʋʛʣʦʚʘʷ 

ʚʝʣʠʯʠʥʘ ʦʪʢʣʦʥʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ ʚ ʥʘʧʨʘʚʣʝʥʠʠ, 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʦʩʠ z, ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʦʧʪʠʢʠ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ: 

 

‌ὼȟώ
‗

ς“
ᶯȟ•ὼȟώ ȟ 1.6 

 

ʆʪʤʝʪʠʤ, ʯʪʦ ʚ ʨʝʥʪʛʝʥʦʚʩʢʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʷ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʪʢʘʥʝʡ 

ʟʥʘʯʝʥʠʷ ‏ ʥʘʭʦʜʷʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ‏ ρπ ρπ [74], ʠ ʥʘʙʝʛ ʬʘʟʳ ʟʘ ʩʯʝʪ 

ʠʟʤʝʥʝʥʠʷ ʪʦʣʱʠʥʳ ʦʙʨʘʟʮʘ ʧʨʠʚʦʜʠʪ ʢ ʦʪʢʣʦʥʝʥʠʶ ʣʫʯʝʡ ʥʘ ʫʛʣʳ ‌, 

ʨʘʚʥʳʝ ʜʦʣʷʤ ʫʛʣʦʚʳʭ ʩʝʢʫʥʜ. ʉʠʪʫʘʮʠʷ ʤʝʥʷʝʪʩʷ ʥʘ ʛʨʘʥʠʮʘʭ ʦʙʲʝʢʪʘ, ʛʜʝ 

ʧʨʦʠʩʭʦʜʠʪ ʙʳʩʪʨʦʝ ʠʟʤʝʥʝʥʠʝ ʬʘʟʳ ʚʦʣʥʳ, ʠ ʧʨʦʠʟʚʦʜʥʘʷ ʚ ʚʳʨʘʞʝʥʠʠ 

(1.6) ʤʝʥʷʝʪʩʷ ʩʢʘʯʢʦʤ. ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʣʫʯʠ, ʦʪʢʣʦʥʝʥʥʳʝ ʥʘ ʛʨʘʥʠʮʘʭ ʥʘ 

ʤʘʢʩʠʤʘʣʴʥʳʝ ʫʛʣʳ ‌, ʨʝʟʢʦ ʫʩʠʣʠʚʘʶʪ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʫʶ ʢʘʨʪʠʥʫ, 

ʨʝʛʠʩʪʨʠʨʫʝʤʫʶ ʜʝʪʝʢʪʦʨʦʤ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʵʬʬʝʢʪ ʬʘʟʦʚʦʛʦ ʢʦʥʪʨʘʩʪʘ ʥʘ 

ʠʟʦʙʨʘʞʝʥʠʷʭ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʚʠʜʝ ʧʦʜʯʝʨʢʠʚʘʥʠʷ ʚʥʝʰʥʠʭ ʠ ʚʥʫʪʨʝʥʥʠʭ 

ʛʨʘʥʠʮ ʦʙʲʝʢʪʘ. 

ɺ ʩʣʫʯʘʝ ʢʦʥʠʯʝʩʢʦʡ ʛʝʦʤʝʪʨʠʠ ʧʫʯʢʘ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ ʦʪ 

ʪʦʯʝʯʥʦʛʦ ʠʩʪʦʯʥʠʢʘ, ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʧʣʦʩʢʦʩʪʠ ʜʝʪʝʢʪʦʨʘ ʚ 

ʧʨʠʙʣʠʞʝʥʠʠ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʦʧʪʠʢʠ ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʦ ʚ ʚʠʜʝ [78]: 

 

Ὅὼȟώ ὍὩ᷿ ȟȟ ρ
Ὑ‗

ς“ὓ
ᶯ•ὼȟώ ױ 1.7 

 

ʛʜʝ Ὅ - ʠʥʪʝʥʩʠʚʥʦʩʪʴ, ʨʝʛʠʩʪʨʠʨʫʝʤʘʷ ʜʝʪʝʢʪʦʨʦʤ, ʚ ʦʪʩʫʪʩʪʚʠʠ 

ʦʙʨʘʟʮʘ, ʧʨʦʝʢʮʠʦʥʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ὓ Ὑ Ὑ ȾὙ, Ὑ - ʨʘʩʩʪʦʷʥʠʝ ʦʪ 

ʠʩʪʦʯʥʠʢʘ ʜʦ ʦʙʨʘʟʮʘ, Ὑ - ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʦʙʨʘʟʮʘ ʜʦ ʜʝʪʝʢʪʦʨʘ. ʆʪʤʝʪʠʤ, ʯʪʦ 

ʚʳʨʘʞʝʥʠʝ (1.5) ʫʯʠʪʳʚʘʝʪ ʢʘʢ ʚʣʠʷʥʠʝ ʬʘʟʦʚʦʛʦ ʢʦʥʪʨʘʩʪʘ, ʪʘʢ ʠ 

ʧʦʛʣʦʱʝʥʠʷ, ʧʨʠ ʵʪʦʤ ʬʘʟʦʚʳʡ ʢʦʥʪʨʘʩʪ ʣʠʥʝʡʥʦ ʫʩʠʣʠʚʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 
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ʜʣʠʥʳ ʚʦʣʥʳ ‗, ʘ ʪʘʢʞʝ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʨʘʩʩʪʦʷʥʠʷ Ὑ ʤʝʞʜʫ ʦʙʨʘʟʮʦʤ ʠ 

ʜʝʪʝʢʪʦʨʦʤ. ɺ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʦʙʨʘʟʝʮ ʨʘʩʧʣʦʞʝʥ ʚʧʣʦʪʥʫʶ ʢ ʜʝʪʝʢʪʦʨʫ Ὑ

π, ʚʳʨʘʞʝʥʠʝ (1.7) ʧʦʢʘʟʳʚʘʝʪ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚ ʨʝʞʠʤʝ ʘʙʩʦʨʙʮʠʦʥʥʦʛʦ 

ʢʦʥʪʨʘʩʪʘ. 

1.2.2.1 Inline ʬʘʟʦʚʳʡ ʢʦʥʪʨʘʩʪ. ʂʦʨʨʝʢʮʠʷ ʇʘʛʘʥʠʥʘ. 

ɼʣʷ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʚ 

ʧʨʠʙʣʠʞʝʥʠʠ (1.7), ʯʘʩʪʦ ʧʨʠʤʝʥʷʝʪʩʷ ʤʝʪʦʜ ʧʨʝʜʣʦʞʝʥʥʳʡ ʇʘʛʘʥʠʥʳʤ [79]. 

ʉʫʪʴ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʩʦʩʪʦʠʪ ʚ ʩʣʝʜʫʶʱʝʤ. ʇʫʩʪʴ ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʠʩʪʦʯʥʠʢʘ 

ʜʦ ʦʙʲʝʢʪʘ Ὑ, ʘ ʦʪ ʦʙʲʝʢʪʘ ʜʣʷ ʜʝʪʝʢʪʦʨʘ Ὑ. ɹʫʜʝʤ ʩʯʠʪʘʪʴ, ʯʪʦ ʦʩʴ 

ʨʘʩʩʪʦʷʥʠʡ z ʣʝʞʠʪ ʚ ʧʣʦʩʢʦʩʪʠ ʨʠʩʫʥʢʘ ʠ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʠʩʪʦʯʥʠʢ ʠ ʦʩʴ 

ʚʨʘʱʝʥʠʷ ʦʙʨʘʟʮʘ, ʧʨʠʯʝʤ ʢʦʦʨʜʠʥʘʪʘ z=0 ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʝʩʪʦʧʦʣʦʞʝʥʠʶ 

ʜʝʪʝʢʪʦʨʘ ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʘʙʩʦʨʙʮʠʦʥʥʦʛʦ ʢʦʥʪʨʘʩʪʘ. (ʩʤ. ʨʠʩ. 1.4). 

 

ʈʠʩʫʥʦʢ 1.4: ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘ [79] 

ʇʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ ʪʦʯʝʯʥʳʡ ʠʩʪʦʯʥʠʢ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʫʜʘʣʝʥ ʦʪ 

ʦʙʨʘʟʮʘ ʥʘ ʙʝʩʢʦʥʝʯʥʦʝ ʨʘʩʩʪʦʷʥʠʝ, ʘ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʚʦʜʠʪʩʷ ʚ 

ʧʘʨʘʣʣʝʣʴʥʳʭ ʣʫʯʘʭ. ʂʘʢ ʠʟʚʝʩʪʥʦ, ʥʘʧʨʠʤʝʨ, ʠʟ [80], ʨʘʩʩʤʘʪʨʠʚʘʷ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʠʟʣʫʯʝʥʠʷ ʩ ʧʦʤʦʱʴʶ ʘʧʧʘʨʘʪʘ ʚʦʣʥʦʚʦʡ ʦʧʪʠʢʠ, ʤʦʞʥʦ 
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ʧʦʣʫʯʠʪʴ ʫʨʘʚʥʝʥʠʝ, ʩʚʷʟʳʚʘʶʱʝʝ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠ ʬʘʟʫ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʚʦʣʥ 

ʚ ʣʶʙʦʡ ʪʦʯʢʝ ʧʨʦʩʪʨʘʥʩʪʚʘ: 

 

ᶯ ὍἺȟ ᾀᶯ•Ἲȟ ᾀ
ς“

‗

Ћ

Ћᾀ
ὍἺȟᾀȟ 1.8 

 

ʛʜʝ Ἲ ʦʟʥʘʯʘʝʪ ʨʘʜʠʫʩ-ʚʝʢʪʦʨ, ʣʝʞʘʱʠʡ ʚ ʧʣʦʩʢʦʩʪʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ 

ʦʩʠ z. 

ʀʟ ʟʘʢʦʥʘ ɹʫʛʝʨʘ-ʃʘʤʙʝʨʪʘ-ɹʝʨʘ ʩʣʝʜʫʝʪ, ʯʪʦ ʥʘ ʜʝʪʝʢʪʦʨʝ ʩʪʦʷʱʝʤ 

ʧʨʷʤʦ ʟʘ ʦʙʲʝʢʪʦʤ ʟʥʘʯʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʩʣʝʜʫʶʱʠʤ 

ʦʙʨʘʟʦʤ: 

 

ὍἺȟ ᾀ π ὍὩ Ἲ ױ 1.9 

 

ʛʜʝ ὝἺ  - ʪʦʣʱʠʥʘ ʯʘʩʪʠ ʦʙʨʘʟʮʘ, ʯʝʨʝʟ ʢʦʪʦʨʫʶ ʧʨʦʭʦʜʠʪ 

ʨʝʥʪʛʝʥʦʚʩʢʠʡ ʣʫʯ, ʥʘʯʠʥʘʷ ʩ ʢʦʦʨʜʠʥʘʪʳ Ἲ; Ὅ  - ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʩʪʦʯʥʠʢʘ 

ʠʟʣʫʯʝʥʠʷ; ʘ ‘ ï ʢʦʵʬʬʠʮʠʝʥʪ ʣʠʥʝʡʥʦʛʦ ʦʩʣʘʙʣʝʥʠʷ. ɼʣʷ ʫʧʨʦʱʝʥʠʷ 

ʚʳʢʣʘʜʦʢ ʩʯʠʪʘʝʤ, ʯʪʦ ʠʟʣʫʯʝʥʠʝ ʤʦʥʦʭʨʦʤʘʪʠʯʥʦ, ʘ ʦʙʨʘʟʝʮ ʦʜʥʦʨʦʜʝʥ ʩ 

ʪʦʯʢʠ ʟʨʝʥʠʷ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ. 

ʇʨʠ ʦʪʩʫʪʩʪʚʠʠ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʚʥʫʪʨʠ ʦʙʨʘʟʮʘ, ʤʦʞʥʦ ʫʪʚʝʨʞʜʘʪʴ, 

ʠʟʤʝʥʝʥʠʝ ʬʘʟʳ ʚʦʣʥʳ ʚʥʫʪʨʠ ʦʙʨʘʟʮʘ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʪʦʣʱʠʥʝ: 

 

•Ἲȟ ᾀ π
ς“

‗
ὝἺ‏ ȟ 1.10 

 

ʛʜʝ ‏ ʷʚʣʷʝʪʩʷ ʦʪʢʣʦʥʝʥʠʝʤ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʧʦʢʘʟʘʪʝʣʷ 

ʧʨʝʣʦʤʣʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʦʪ ʝʜʠʥʠʮʳ. 
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ʇʦʜʩʪʘʚʠʚ (1.9) ʠ (1.10) ʚ (1.8), ʚ ʪʦʯʢʝ Ὑ ʧʦʣʫʯʠʤ ʩʣʝʜʫʶʱʝʝ 

ʚʳʨʘʞʝʥʠʝ: 

 

Ὑ‏

 ‘
ᶯ ρὩ Ἲ

ὍἺȟ ᾀ Ὑ

Ὅ
1.11 

 

ʉ ʧʦʤʦʱʴʶ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʩʣʝʜʫʶʱʠʝ 

ʚʳʨʘʞʝʥʠʷ [79]:  

ừ
Ừ

ứ ὍὩ Ἲ
Ὅ

ς“
ꞈὩ Ἲ Ὡἳ ἺὨἳ

ὍἺȟ ᾀ Ὑ
ρ

ς“
ꞈὍἺȟ ᾀ Ὑ Ὡἳ ἺὨἳ

 1.12 

 

ʛʜʝ ἳ  - ʧʨʦʝʢʮʠʷ ʚʦʣʥʦʚʳʭ ʚʝʢʪʦʨʦʚ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʥʘ ʧʣʦʩʢʦʩʪʴ 

ʜʝʪʝʢʪʦʨʘ. 

ʉ ʫʯʝʪʦʤ (1.11) (1.10) ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ: 

 

ꞈὩ Ἲ ‘
ꞈ
ὍἺȟ ᾀ Ὑ

Ὅ
Ὑ‏ȿἳȿ ‘

1.13 

 

ʀʟ ʚʳʨʘʞʝʥʠʷ (1.13) ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʪʦʣʱʠʥʫ ʦʙʨʘʟʮʘ, ʢʦʪʦʨʫʶ ʧʨʦʰʝʣ 

ʣʫʯ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʪʦʯʢʝ Ἲ: 

 

ὝἺ
ρ

‘
ÌÎꞈ  ‘

ꞈ
ὍἺȟ ᾀ Ὑ

Ὅ
Ὑ‏ȿἳȿ ‘

1.14 
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ɺ ʩʣʫʯʘʝ, ʝʩʣʠ ʠʩʪʦʯʥʠʢ ʥʝ ʫʜʘʣʝʥ ʥʘ ʙʝʩʢʦʥʝʯʥʦʩʪʴ, ʥʫʞʥʦ ʫʯʝʩʪʴ, ʯʪʦ 

ʧʫʯʦʢ ʥʝ ʧʘʨʘʣʣʝʣʝʥ ʠ ʧʨʦʠʩʭʦʜʠʪ ʫʚʝʣʠʯʝʥʠʝ ʣʠʥʝʡʥʦʛʦ ʨʘʟʤʝʨʘ 

ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʝʢʮʠʡ ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ὓ Ὑ Ὑ ȾὙ:  

Ὅ Ἲȟ ᾀ
ρ

ὓ
Ὅ
Ἲ

ὓ
ȟ
ᾀ

ὓ
1.15 

 

ʊʦʛʜʘ (1.14) ʧʨʠʤʝʪ ʚʠʜ: 

 

ὝἺ
ρ

‘
ÌÎꞈ  ‘

ꞈὓ
ὍὓἺȟ ᾀ Ὑ

Ὅ
Ὑ‏ȿἳȿȾὓ ‘

1.16 

 

ɺʳʨʘʞʝʥʠʝ (1.16) ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʝ ʬʠʟʠʯʝʩʢʠʝ ʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ 

ʚʝʣʠʯʠʥʳ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʪʦʣʴʢʦ ʪʦʯʥʦ ʟʥʘʷ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ 

ʦʙʨʘʟʮʘ ʠ ʩʭʝʤʫ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʆʩʦʙʝʥʥʦ ʵʪʦ ʪʨʫʜʥʦ ʩʜʝʣʘʪʴ ʜʣʷ 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʫʜʦʙʥʝʝ ʨʘʙʦʪʘʪʴ ʩ 

ʫʧʨʦʱʸʥʥʳʤ ʚʳʨʘʞʝʥʠʝʤ (1.16): 

 

ὝἺ ḐÌÎꞈ  
ꞈὍὓἺȟ ᾀ Ὑ

Ὢȿἳȿ
1.17 

 

ʄʘʪʝʤʘʪʠʯʝʩʢʠʡ ʩʤʳʩʣ ʚʳʨʘʞʝʥʠʷ (1.17) ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ 

ʠʟʦʙʨʘʞʝʥʠʝ ʚ ʘʙʩʦʨʙʮʠʦʥʥʦʤ ʢʦʥʪʨʘʩʪʝ ʤʦʞʝʪ ʙʳʪʴ ʚʳʯʠʩʣʝʥʦ ʧʫʪʸʤ 

ʯʘʩʪʦʪʥʦʡ ʬʠʣʴʪʨʘʮʠʠ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ, ʥʘ ʢʦʪʦʨʳʭ ʚʠʜʥʳ 

ʢʦʥʪʫʨʳ ʛʨʘʥʠʮ, ʪ.ʝ. ʧʨʝʦʙʣʘʜʘʶʪ ʚʳʩʦʢʠʝ ʌʫʨʴʝ ʯʘʩʪʦʪʳ. ɽʩʣʠ ʥʦʨʤʠʨʦʚʘʪʴ 

ʌʫʨʴʝ-ʦʙʨʘʟ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʧʨʝʦʙʣʘʜʘʣʠ ʤʦʜʳ ʥʠʟʢʠʭ ʯʘʩʪʦʪ, ʪʦ 

ʢʦʥʪʨʘʩʪ, ʩʚʷʟʘʥʥʳʡ ʩ ʦʩʣʘʙʣʝʥʠʝʤ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ, ʢʦʪʦʨʳʡ 
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ʥʝʟʥʘʯʠʪʝʣʝʥ ʧʨʠ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ ʚ ʬʘʟʦʚʦʤ ʢʦʥʪʨʘʩʪʝ ʤʦʞʝʪ ʙʳʪʴ 

ʫʚʝʣʠʯʝʥ. 

ɽʜʠʥʩʪʚʝʥʥʳʤ ʚʦʧʨʦʩʦʤ ʦʩʪʘʸʪʩʷ ʧʦʜʙʦʨ ʚʠʜʘ ʬʫʥʢʮʠʠ ʥʦʨʤʠʨʦʚʢʠ 

Ὢȿἳȿ. ʀʟ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʩʤʳʩʣʘ ʩʣʝʜʫʝʪ, ʯʪʦ ʚ ʢʘʯʝʩʪʚʝ ʥʘʠʙʦʣʝʝ 

ʧʨʦʩʪʦʛʦ ʚʘʨʠʘʥʪʘ, ʤʦʞʝʪ ʙʳʪʴ ʚʳʙʨʘʥʘ ʬʫʥʢʮʠʷ ʩʣʝʜʫʶʱʝʛʦ ʚʠʜʘ: 

 

Ὢȿἳȿ ὒȿἳȿ ‐ȟ 1.18 

 

ʛʜʝ L, ‐ - ʟʘʯʘʩʪʫʶ ʵʤʧʠʨʠʯʝʩʢʠ ʦʧʨʝʜʝʣʷʝʤʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ, 

ʢʦʥʪʨʦʣʠʨʫʶʱʠʝ ʢʘʯʝʩʪʚʦ ʠʪʦʛʦʚʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ. ʏʝʤ ʙʦʣʴʰʝ ʟʥʘʯʝʥʠʝ L ʠ 

ʥʠʞʝ ʟʥʘʯʝʥʠʝ ‐, ʪʝʤ ʩʠʣʴʥʝʝ ʙʫʜʫʪ ʧʦʜʘʚʣʷʪʴʩʷ ʥʠʟʢʠʝ ʯʘʩʪʦʪʳ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʚʳʩʦʢʠʤʠ. 

ɺ ʧʨʦʛʨʘʤʤʝ ʦʙʨʘʙʦʪʢʠ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ANKAphase [81] 

ʜʣʷ ʦʜʥʦʨʦʜʥʳʭ ʧʦ ʩʦʩʪʘʚʫ ʤʘʪʝʨʠʘʣʦʚ ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʩʣʝʜʫʶʱʠʝ ʟʥʘʯʝʥʠʷ ὒ ‍Ⱦ‏ , ‐ ‗ᾀȾτ“ 

ʆʧʠʩʘʥʥʳʝ ʚʳʰʝ ʤʝʪʦʜʳ, ʧʦʟʚʦʣʷʶʪ ʧʨʝʦʙʨʘʟʦʚʘʪʴ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʝ 

ʠʟʦʙʨʘʞʝʥʠʷ (1.7) ʪʘʢ, ʯʪʦʙʳ ʤʦʞʥʦ ʙʳʣʦ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʪʴ ʠʭ ʢʘʢ 

ʠʥʪʝʛʨʘʣʳ ʚʜʦʣʴ ʧʨʷʤʳʭ ʣʠʥʠʡ (1.2) ʠ ʩʜʝʣʘʪʴ ʠʭ ʟʘʧʠʩʴ ʧʦʭʦʞʠʤʠ ʥʘ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʈʘʜʦʥʘ (1.3). 

1.3 ʄʝʪʦʜʳ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ 

ɼʦ ʥʝʜʘʚʥʝʛʦ ʚʨʝʤʝʥʠ ʤʝʪʦʜʳ ʨʝʢʦʥʩʪʨʫʢʮʠʠ, ʧʨʠʤʝʥʷʝʤʳʝ ʚ 

ʪʦʤʦʛʨʘʬʠʠ, ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʜʚʝ ʙʦʣʴʰʠʝ ʛʨʫʧʧʳ - ʠʥʪʝʛʨʘʣʴʥʳʝ ʠ 

ʘʣʛʝʙʨʘʠʯʝʩʢʠʝ [72, 82]. ʆʙʝ ʵʪʠ ʛʨʫʧʧʳ ʘʣʛʦʨʠʪʤʦʚ ʦʩʥʦʚʳʚʘʶʪʩʷ ʥʘ 

ʧʦʩʪʨʦʝʥʠʠ ʬʠʟʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ. ɺ 

ʠʥʪʝʛʨʘʣʴʥʳʭ ʤʝʪʦʜʘʭ ʚʩʸ ʨʘʩʩʤʦʪʨʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʚ ʥʝʧʨʝʨʳʚʥʦʡ ʬʦʨʤʝ, ʘ 

ʜʠʩʢʨʝʪʠʟʘʮʠʷ ʚʳʧʦʣʥʷʝʪʩʷ ʥʘ ʢʦʥʝʯʥʦʤ ʵʪʘʧʝ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʡ ʨʝʘʣʠʟʘʮʠʠ 

ʘʣʛʦʨʠʪʤʘ ʨʝʢʦʥʩʪʨʫʢʮʠʠ. ɸʣʛʝʙʨʘʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʨʝʢʦʥʩʪʨʫʢʮʠʠ 

ʠʟʥʘʯʘʣʴʥʦ ʷʚʣʷʶʪʩʷ ʯʠʩʣʝʥʥʳʤʠ ʧʦʜʭʦʜʘʤʠ ʠ ʠʩʧʦʣʴʟʫʶʪ ʘʧʧʘʨʘʪ 

ʣʠʥʝʡʥʳʭ ʘʣʛʝʙʨʘʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ ʠ ʠʪʝʨʘʮʠʦʥʥʳʝ ʩʧʦʩʦʙʳ ʠʭ ʨʝʰʝʥʠʷ. 

ʅʦ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʧʦʧʫʣʷʨʥʳʤʠ ʩʪʘʥʦʚʷʪʩʷ ʥʝʡʨʦʩʝʪʝʚʳʝ ʤʝʪʦʜʳ 
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ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʠ ʦʙʨʘʙʦʪʢʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʜʘʥʥʳʭ [83], ʢʦʪʦʨʳʝ 

ʦʧʠʨʘʶʪʩʷ ʥʘ ʤʝʪʦʜʳ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʠ, ʯʘʩʪʦ, ʥʝ ʧʦʟʚʦʣʷʶʪ ʧʦʩʪʨʦʠʪʴ 

ʤʦʜʝʣʴ ʩʚʦʝʡ ʨʘʙʦʪʳ ʚ ʚʠʜʝ ʠʥʪʝʨʧʨʝʪʠʨʫʝʤʦʤ ʯʝʣʦʚʝʢʦʤ. ʅʠʞʝ 

ʧʨʠʚʦʜʠʪʴʩʷ ʦʙʟʦʨ ʥʘʠʙʦʣʝʝ ʧʦʧʫʣʷʨʥʳʭ ʤʝʪʦʜʦʚ ʨʝʢʦʥʩʪʨʫʢʮʠʠ. 

1.3.1 ʀʥʪʝʛʨʘʣʴʥʳʝ ʤʝʪʦʜʳ ʨʝʢʦʥʩʪʨʫʢʮʠʠ 

ʀʥʪʝʛʨʘʣʴʥʳʝ ʤʝʪʦʜʳ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʚʳʧʦʣʥʷʶʪ ʨʝʢʦʥʩʪʨʫʢʮʠʶ 

ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ ʧʦ ʥʘʙʦʨʫ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʭ ʧʨʦʝʢʮʠʡ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʟʘʧʠʩʠ ʦʙʨʘʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʈʘʜʦʥʘ, 

ʜʠʩʢʨʝʪʠʟʦʚʘʥʥʦʡ ʥʘ ʵʪʘʧʝ ʧʨʘʢʪʠʯʝʩʢʦʡ ʨʝʘʣʠʟʘʮʠʠ ʘʣʛʦʨʠʪʤʘ 

ʨʝʢʦʥʩʪʨʫʢʮʠʠ [1, 73]. ʄʝʪʦʜ ʩʚʸʨʪʢʠ ʠ ʦʙʨʘʪʥʦʡ ʧʨʦʝʢʮʠʠ (Filtered 

BackProjections, FBP) ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ 

ʨʝʘʣʠʟʫʝʤʳʤ ʚ ʤʝʜʠʮʠʥʩʢʠʭ ʪʦʤʦʛʨʘʬʘʭ ʠ ʤʠʢʨʦʪʦʤʦʛʨʘʬʘʭ [73]. ɺ ʦʩʥʦʚʝ 

ʤʝʪʦʜʘ ʣʝʞʠʪ ʧʨʦʝʢʮʠʦʥʥʘʷ ʪʝʦʨʝʤʘ (Fourier Slice Theorem [84]), ʩʦʛʣʘʩʥʦ 

ʢʦʪʦʨʦʡ ʦʜʥʦʤʝʨʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʌʫʨʴʝ ʧʨʦʝʢʮʠʦʥʥʳʭ ʜʘʥʥʳʭ ʧʦ 

ʢʦʦʨʜʠʥʘʪʝ ‚: 

ὖ‰ȟ‫ Ὠ᷿‚ὴ‰ȟ‚Ὡ ḀὨὼὨώὪὼȟώὩ  

(ʛʜʝ ÆØȟÙ - ʬʫʥʢʮʠʷ ʦʙʲʝʢʪʘ, ὴ•ȟ‚ - ʥʘʙʦʨ ʧʨʦʝʢʮʠʦʥʥʳʭ ʜʘʥʥʳʭ) 

ʵʢʚʠʚʘʣʝʥʪʥʦ ʜʚʫʤʝʨʥʦʤʫ ʧʨʝʦʙʨʘʟʦʚʘʥʠʶ ʌʫʨʴʝ ʬʫʥʢʮʠʠ ʦʙʲʝʢʪʘ, 

ʚʳʨʘʞʝʥʥʦʡ ʯʝʨʝʟ ʧʦʣʷʨʥʳʝ ʢʦʦʨʜʠʥʘʪʳ: 

Ὂ‫ȟ‫ ḀὨὼὨώὪὼȟώὩ  

ʠʣʠ 

ὖ•ȟ‫ Ὂ‫ȟ‫  

T.e. ʜʣʷ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʠʟʦʙʨʘʞʝʥʠʷ (ʬʫʥʢʮʠʠ ʦʙʲʝʢʪʘ) Ὢὼȟώ 

ʜʦʩʪʘʪʦʯʥʦ ʧʨʠʤʝʥʠʪʴ ʦʙʨʘʪʥʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʌʫʨʴʝ ʢ ὖ•ȟ‫  :  

Ὢὼȟώ Ὠ᷿•᷿Ὠȟ‫Ὡ•‫0 ‫ 1.19 

  ʛʜʝ ˡ‫  - ʯʘʩʪʦʪʥʳʡ ʬʠʣʴʪʨ. 

ʅʘʧʨʠʤʝʨ, [73] ʦʧʨʝʜʝʣʷʝʪ  ‫  ʜʣʷ ʩʣʫʯʘʷ ʧʘʨʘʣʣʝʣʴʥʦʡ ʩʭʝʤʳ 

ʵʢʩʧʝʨʠʤʝʥʪʘ, ʢʘʢ 
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 ‫
‫ ‐ȿ‫ȿȟȿ‫ȿ ‫

πȟȿ‫ȿ ‫
 

ʛʜʝ ʧʘʨʘʤʝʪʨ ‐ɴ πȟρ, ʘ ‫ - ʤʘʢʩʠʤʘʣʴʥʘʷ ʯʘʩʪʦʪʘ ʚʳʙʦʨʢʠ, 

ʦʛʨʘʥʠʯʝʥʥʘʷ ʪʝʦʨʝʤʦʡ ʂʦʪʝʣʴʥʠʢʦʚʘ, 4 - ʣʠʥʝʡʥʳʡ ʨʘʟʤʝʨ ʢʘʥʘʣʘ 

ʜʝʪʝʢʪʦʨʘ. ɺ ʪʦʞʝ ʚʨʝʤʷ, ʜʨʫʛʠʝ ʘʚʪʦʨʳ, ʥʘʧʨʠʤʝʨ [1], ʧʨʝʜʣʘʛʘʶʪ 

 ‫
ȿ‫ȿȟȿ‫ȿ ‫

πȟȿ‫ȿ ‫
 

ʊʘʢʘʷ ʬʦʨʤʘ ʬʠʣʴʪʨʘ ʜʠʢʪʫʝʪʩʷ ʷʢʦʙʠʘʥʦʤ ʧʝʨʝʭʦʜʘ ʦʪ ʜʝʢʘʨʪʦʚʦʡ 

ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ ʢ ʧʦʣʷʨʥʦʡ. 

ʅʘ ʧʨʘʢʪʠʢʝ ʜʣʷ ʨʝʰʝʥʠʷ (1.19) ʧʨʠʤʝʥʷʝʪʩʷ, ʪʘʢ ʥʘʟʳʚʘʝʤʳʡ, ʤʝʪʦʜ 

ʩʚʸʨʪʢʠ ʠ ʦʙʨʘʪʥʦʡ ʧʨʦʝʢʮʠʠ. 

ʇʫʩʪʴ  ‫  ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʬʦʨʤʝ (1.6), ὑ‚ - ʌʫʨʴʝ-ʦʙʨʘʟ ʵʪʦʡ 

ʬʫʥʢʮʠʠ. ʊʦʛʜʘ ʧʨʦʠʟʚʝʜʝʥʠʝ  ‫  ʥʘ ʌʫʨʴʝ-ʦʙʨʘʟ ʧʨʦʝʢʮʠʠ ʤʦʞʥʦ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʌʫʨʴʝ-ʦʙʨʘʟ ʩʚʸʨʪʢʠ ʧʨʦʝʢʮʠʠ ʩ ʬʫʥʢʮʠʝʡ ὑ‚ : 

Ὢὼȟώ Ὠ᷿•᷿Ὠ‚ὑ‚ ‚ ὴ•ȟ‚ 

ʛʜʝ ‚ ὼÃÏÓ• ώÓÉÎ• ʠ 

ὑ‚ Ὠ᷿‫ȿ‫ȿὩ
ρ

ςὝ

ÓÉÎς“‚ȾςὝ

ς“‚ȾςὝ

ρ

τὝ

ÓÉÎ“‚ȾςὝ

“‚ȾςὝ
 

ʆʪʩʫʪʩʪʚʠʝ ʙʳʩʪʨʦʜʝʡʩʪʚʫʶʱʠʭ ʕɺʄ ʚ 1970-ʳʭ ʛʦʜʘʭ, ʢʦʛʜʘ ʧʦʷʚʠʣʠʩʴ 

ʧʝʨʚʳʝ ʤʝʜʠʮʠʥʩʢʠʝ ʪʦʤʦʛʨʘʬʳ, ʩʜʝʣʘʣʦ ʤʝʪʦʜ ʩʚʸʨʪʢʠ ʠ ʦʙʨʘʪʥʳʭ 

ʧʨʦʝʢʮʠʡ ʩʪʘʥʜʘʨʪʦʤ ʜʝ-ʬʘʢʪʦ ʜʣʷ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʜʘʥʥʳʭ. 

ʋʜʦʙʩʪʚʦ ʤʝʪʦʜʘ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʧʨʦʮʝʩʩ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʤʦʞʝʪ ʠʜʪʠ 

ʧʨʘʢʪʠʯʝʩʢʠ ʧʘʨʘʣʣʝʣʴʥʦ ʩ ʠʟʤʝʨʝʥʠʝʤ, ʚʳʯʠʩʣʝʥʠʝ ʦʙʨʘʪʥʦʡ ʧʨʦʝʢʮʠʠ 

ʧʦʩʣʝ ʬʠʣʴʪʨʘʮʠʠ ʤʦʞʝʪ ʧʨʦʠʟʚʦʜʠʪʴʩʷ ʚʦ ʚʨʝʤʷ ʨʝʛʠʩʪʨʘʮʠʠ ʩʣʝʜʫʶʱʝʡ 

ʧʨʦʝʢʮʠʠ, ʘ ʟʘʪʝʤ ʨʝʟʫʣʴʪʘʪ ʨʘʩʯʝʪʘ ʩʫʤʤʠʨʫʝʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 

ʷʯʝʡʢʘʭ ʧʘʤʷʪʠ. ʀ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʵʪʦʪ ʤʝʪʦʜ ʧʨʠʤʝʥʷʝʪʩʷ ʚ ʙʦʣʴʰʠʥʩʪʚʝ 

ʩʝʨʠʡʥʳʭ ʪʦʤʦʛʨʘʬʦʚ [85] ʠ ʨʝʘʣʠʟʦʚʘʥ ʚ ʧʦʧʫʣʷʨʥʳʭ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ 

ʧʘʢʝʪʘʭ [86ï88]. 
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ʆʩʥʦʚʥʘʷ ʧʨʦʙʣʝʤʘ ʧʨʠ ʧʨʠʤʝʥʝʥʠʠ ʠʥʪʝʛʨʘʣʴʥʳʭ ʤʝʪʦʜʦʚ 

ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʠʭ ʪʨʫʜʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʪʴ ʜʣʷ ʫʯʸʪʘ 

ʘʧʨʠʦʨʥʳʭ ʜʘʥʥʳʭ ʦʙ ʦʙʲʝʢʪʝ, ʢʘʢ ʪʦ ʥʘʣʠʯʠʝ ʰʫʤʦʚ ʥʘ ʨʝʥʪʛʝʥʦʚʩʢʠʭ 

ʠʟʦʙʨʘʞʝʥʠʷʭ, ʥʘʣʠʯʠʝ ʩʠʣʴʥʦʧʦʛʣʦʱʘʶʱʠʭ ʚʢʣʶʯʝʥʠʡ ʚ ʦʙʲʝʢʪʝ ʠ ʪ.ʜ [89]. 

ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʭʦʨʦʰʠʭ ʨʝʟʫʣʴʪʘʪʦʚ ʨʝʢʦʥʩʪʨʫʢʮʠʠ 

ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʧʨʦʝʢʮʠʠ ʜʦʣʞʥʳ ʙʳʪʴ ʦʯʠʱʝʥʳ ʦʪ ʰʫʤʦʚ ʥʘ ʩʪʘʜʠʠ 

ʧʨʝʜʦʙʨʘʙʦʪʢʠ, ʘ ʘʨʪʝʬʘʢʪʳ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʤʦʞʥʦ ʫʤʝʥʴʰʠʪʴ ʪʦʣʴʢʦ 

ʧʦʩʪʦʙʨʘʙʦʪʢʦʡ ʨʝʢʦʥʩʪʨʫʠʨʦʚʘʥʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ. ɸʣʛʝʙʨʘʠʯʝʩʢʠʝ ʞʝ 

ʤʝʪʦʜʳ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʧʦʟʚʦʣʷʶʪ ʫʩʪʨʘʥʠʪʴ ʵʪʠ ʥʝʜʦʩʪʘʪʢʠ. 

1.3.2 ɸʣʛʝʙʨʘʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʨʝʢʦʥʩʪʨʫʢʮʠʠ 

ɸʣʛʝʙʨʘʠʯʝʩʢʠʡ ʤʝʪʦʜ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ (ART ï Algebraic Reconstruction 

Technique) ʙʳʣ ʚʧʝʨʚʳʝ ʧʨʝʜʣʦʞʝʥ ɻʦʨʜʦʥʦʤ, ɹʝʥʜʝʨʦʤ ʠ ʍʝʨʤʘʥʦʤ ʚ [90] 

ʢʘʢ ʤʝʪʦʜ ʜʣʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʪʨʸʭʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʳ ʦʙʲʝʢʪʘ ʠʟ ʩʥʠʤʢʦʚ 

ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʬʦʪʦʛʨʘʬʠʡ. ʕʪʦʪ ʤʝʪʦʜ ʙʳʣ 

ʩʦʟʜʘʥ ʚ ʧʨʦʪʠʚʦʚʝʩ ʬʫʨʴʝ-ʤʝʪʦʜʘʤ, ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʚ ʪʝ ʜʥʠ ʠ 

ʧʦʟʚʦʣʷʚʰʠʤ ʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴ ʪʦʣʴʢʦ ʦʯʝʥʴ ʦʛʨʘʥʠʯʝʥʥʳʡ ʢʣʘʩʩ ʦʙʲʝʢʪʦʚ. 

ɺ ʪʦ ʚʨʝʤʷ ʢʘʢ ʬʫʨʴʝ-ʤʝʪʦʜʳ ʨʘʩʩʤʘʪʨʠʚʘʶʪ ʟʘʜʘʯʫ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ 

ʦʙʲʝʢʪʘ ʚ ʦʙʨʘʪʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ, ʘʣʛʝʙʨʘʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʜʝʡʩʪʚʫʶʪ ʚʩʝʛʜʘ ʚ 

ʧʨʷʤʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ. ʂʨʠʪʝʨʠʝʤ ʧʨʘʚʠʣʴʥʦʩʪʠ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʦʙʲʝʢʪʘ ʚ 

ʘʣʛʝʙʨʘʠʯʝʩʢʠʭ ʤʝʪʦʜʘʭ ʷʚʣʷʝʪʩʷ ʩʦʚʧʘʜʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ 

ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʧʨʦʝʢʮʠʡ, ʩ ʧʨʦʝʢʮʠʷʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʦʪ ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʛʦ 

ʦʙʲʝʢʪʘ. 

ʇʨʝʜʩʪʘʚʠʤ ʧʦʩʪʘʥʦʚʢʫ ʟʘʜʘʯʠ ʚ ʬʦʨʤʘʣʴʥʦʤ ʚʠʜʝ. ʀʟʚʝʩʪʥʦ (ʥʘʧʨʠʤʝʨ, 

[91]), ʯʪʦ ʟʘʜʘʯʫ ʘʙʩʦʨʙʮʠʦʥʥʦʡ ʪʦʤʦʛʨʘʬʠʠ ʚ ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʤ ʩʣʫʯʘʝ 

ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʚ ʚʠʜʝ ʩʠʩʪʝʤʳ ʣʠʥʝʡʥʳʭ ʘʣʛʝʙʨʘʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ. 

 

ὡὠ ὖȟ 1.20 

 

ʛʜʝ ὠ ï ʥʝʠʟʚʝʩʪʥʳʡ ʩʪʦʣʙʝʮ ʨʘʟʤʝʨʥʦʩʪʠ NĬ1 ʩʦʜʝʨʞʘʱʠʡ ʟʥʘʯʝʥʠʷ 

ʚʩʝʭ ὔ ὲ ʟʥʘʯʝʥʠʡ ʨʝʥʪʛʝʥʦʦʧʪʠʯʝʩʢʦʡ ʧʣʦʪʥʦʩʪʠ ʵʣʝʤʝʥʪʦʚ ʦʙʲʸʤʘ 

(ʚʦʢʩʝʣʝʡ) ʚ nĬnĬn ʩʝʪʢʝ ʨʝʢʦʥʩʪʨʫʢʮʠʠ. ὖ ï ʚʝʢʪʦʨ, ʩʦʩʪʦʷʱʠʡ ʠʟ Ὑ ρ 
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ʵʣʝʤʝʥʪʦʚ ʠ ʩʦʜʝʨʞʘʱʠʡ ʜʘʥʥʳʝ ʚʩʝʭ ʧʨʦʝʢʮʠʡ. Ὑ ὓ Ὑ . ɻʜʝ ὓ ï ʯʠʩʣʦ 

ʧʨʦʝʢʮʠʡ, Ὑ  ï ʯʠʩʣʦ ʵʣʝʤʝʥʪʦʚ ʚ ʦʜʥʦʡ ʧʨʦʝʢʮʠʠ, ὡ ï ʤʘʪʨʠʮʘ ʨʘʟʤʝʨʦʤ 

Ὑ ὔ  ʩʦʜʝʨʞʘʱʘʷ ʚʝʩʦʚʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ύ , ʢʦʪʦʨʳʝ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʠʟ 

ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʛʦ ʠʟʤʝʨʝʥʠʷ ʠ ʢʘʞʜʳʡ ʠʟ 

ʢʦʪʦʨʳʭ ʧʨʝʜʩʪʘʚʣʷʝʪ ʤʝʨʫ ʚʣʠʷʥʠʷ ʵʣʝʤʝʥʪʘ ʦʙʲʸʤʘ ὺ ʥʘ ʣʫʯ ὶ, 

ʧʨʦʭʦʜʷʱʠʡ ʯʝʨʝʟ ʧʠʢʩʝʣʴ ὴ (ʩʤ. ʨʠʩ. 1.5). ʊ.ʦ. (1.20) ʧʝʨʝʧʠʩʳʚʘʝʪʩʷ ʢʘʢ  

ύ ὺ ύ ὺ ύ ὺ Ễ ύ ὺ ὴ
ύ ὺ ύ ὺ ύ ὺ Ễ ύ ὺ ὴ

ȣ
ύ ὺ ύ ὺ ὺ Ễ ύ ὺ ὴ

1.21 

 

 

ʈʠʩʫʥʦʢ 1.5: ʇʫʯʦʢ ὦ, ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʡʩʷ ʚʜʦʣʴ ʣʫʯʘ ὶ, ʧʨʦʭʦʜʷʱʠʡ ʯʝʨʝʟ 
ʧʠʢʩʝʣʴ ὴ ʧʨʦʝʢʮʠʠ ὖ, ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʚʦʢʩʝʣʝʤ ὺ. 

ʇʨʠ ʨʝʰʝʥʠʷʭ ʨʝʘʣʴʥʳʭ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʟʘʜʘʯ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ 

(1.21) ʯʘʩʪʦ ʙʳʚʘʝʪ ʥʝ ʜʦʦʧʨʝʜʝʣʝʥʘ ʠʣʠ ʥʝ ʩʦʛʣʘʩʦʚʘʥʘ ʠ ʠʤʝʝʪ ʦʛʨʦʤʥʳʡ 
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ʨʘʟʤʝʨ, ʧʦʵʪʦʤʫ ʜʣʷ ʥʘʭʦʞʜʝʥʠʷ ὠ ʝʸ ʯʘʩʪʦ ʬʦʨʤʫʣʠʨʫʶʪ ʚ ʚʠʜʝ 

ʦʧʪʠʤʠʟʘʮʠʦʥʥʦʡ ʟʘʜʘʯʠ 

ὠ ÁÒÇÍÉÎὡ᷆ὠ ὖ᷆ȟ 

ʪ.ʝ. ʠʱʫʪ ʪʘʢʦʡ ʦʙʲʝʢʪ, ʧʨʦʝʢʮʠʦʥʥʳʝ ʜʘʥʥʳʝ ʦʪ ʢʦʪʦʨʦʛʦ ʤʘʢʩʠʤʘʣʴʥʦ 

ʩʦʚʧʘʜʘʶʪ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʧʨʦʝʢʮʠʷʤʠ (ʤʠʥʠʤʠʟʠʨʫʶʪ ʦʰʠʙʢʫ 

ʨʝʧʨʦʝʢʮʠʠ ʧʦ ὒ ʥʦʨʤʝ). 

ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʠʭ ʩʠʩʪʝʤ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʦʜ ʂʘʮʟʤʘʨʟʘ [92], 

ʧʨʝʜʣʦʞʝʥʥʳʡ ʚ 1937 ʛ ʠ ʷʚʣʷʶʱʠʡʩʷ ʦʜʥʦʡ ʠʟ ʚʘʨʠʘʮʠʡ ʤʝʪʦʜʘ 

ʛʨʘʜʠʝʥʪʥʦʛʦ ʩʧʫʩʢʘ. ɺ ʵʪʦʡ ʨʘʙʦʪʝ ʦʧʠʩʘʥʘ ʠʪʝʨʘʮʠʦʥʥʘʷ ʧʨʦʮʝʜʫʨʘ 

ʚʳʯʠʩʣʝʥʠʷ ʠʩʢʦʤʳʭ ʟʥʘʯʝʥʠʡ ὠ. ʅʘ Ὧ-ʦʤ ʰʘʛʝ ʠʪʝʨʘʮʠʠ ʨʝʰʝʥʠʝ ʚʳʛʣʷʜʠʪ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ 

 

ὺ ὺ ‗
ὴ В ύ ὺ

В ύ
1.22 

 

ɻʜʝ ‗ - ʨʝʣʘʢʩʘʮʠʦʥʥʳʡ ʬʘʢʪʦʨ, ʦʙʳʯʥʦ ʚʳʙʠʨʘʝʤʳʡ ʠʟ ʠʥʪʝʨʚʘʣʘ 

πȢπȟρȢπ. 

ʅʘ ʧʨʘʢʪʠʢʝ ʚʤʝʩʪʦ (1.22) ʯʘʩʪʦ ʧʨʠʤʝʥʷʶʪ ʙʦʣʝʝ ʙʳʩʪʨʦ ʩʭʦʜʷʱʠʡʩʷ 

ʤʝʪʦʜ SIRT (Simultanious ART) [93] 

ם ם ‗

В
ὴ В ύ ὺ
В ύᶰ ύ

В ύᶰ
 

ɼʨʫʛʠʝ ʤʦʜʠʬʠʢʘʮʠʠ ʘʣʛʦʨʠʪʤʘ ART ʧʦʟʚʦʣʷʶʪ ʠʟʤʝʥʷʪʴ ʧʦʣʫʯʘʝʤʳʝ 

ʜʘʥʥʳʝ ʥʘ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ, ʯʪʦʙʳ ʦʥʠ ʫʜʦʚʣʝʪʚʦʨʷʣʠ ʥʝʢʦʪʦʨʳʤ 

ʠʥʚʘʨʠʘʥʪʘʤ. ʅʘʧʨʠʤʝʨ, ʤʝʪʦʜ RegART (Regularized ART) [ɸ94] ʧʨʦʠʟʚʦʜʠʪ 

ʤʝʜʠʘʥʥʫʶ ʬʠʣʴʪʨʘʮʠʶ ʥʘ ʢʘʞʜʦʤ ʰʘʛʝ ʘʣʛʦʨʠʪʤʘ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʠʟʙʘʚʠʪʴʩʷ ʦʪ ʦʜʠʥʦʯʥʳʭ ʚʩʧʣʝʩʢʦʚ ʨʝʥʪʛʝʥʦʦʧʪʠʯʝʩʢʦʡ ʧʣʦʪʥʦʩʪʠ ʠ ʪʝʤ 

ʩʘʤʳʤ ʧʦʣʫʯʠʪʴ ʙʦʣʝʝ ʜʦʩʪʦʚʝʨʥʦʝ ʨʝʰʝʥʠʝ. 
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1.3.3 ʅʝʡʨʦʩʝʪʝʚʳʝ ʤʝʪʦʜʳ ʨʝʢʦʥʩʪʨʫʢʮʠʠ 

ʇʨʝʞʜʝ ʯʝʤ ʨʘʩʩʢʘʟʳʚʘʪʴ ʦ ʤʝʪʦʜʘʭ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ 

ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʪʦʤʦʛʨʘʬʠʠ ʥʘʜʦ ʚʢʨʘʪʮʝ ʦʧʨʝʜʝʣʠʪʴ, ʯʪʦ ʵʪʦ ʪʘʢʦʝ. 

ʄʘʰʠʥʥʦʝ ʦʙʫʯʝʥʠʝ - ʵʪʦ ʢʣʘʩʩ ʤʝʪʦʜʦʚ, ʭʘʨʘʢʪʝʨʥʦʡ ʯʝʨʪʦʡ ʢʦʪʦʨʳʭ 

ʷʚʣʷʝʪʩʷ ʥʝ ʧʨʷʤʦʝ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ, ʘ ʦʙʫʯʝʥʠʝ ʟʘ ʩʯʸʪ ʧʨʠʤʝʥʝʥʠʷ ʨʝʰʝʥʠʡ 

ʤʥʦʞʝʩʪʚʘ ʩʭʦʜʥʳʭ ʟʘʜʘʯ [95]. ʆʙʫʯʝʥʠʝ ʪʘʢʠʭ ʘʣʛʦʨʠʪʤʦʚ ʯʘʱʝ ʚʩʝʛʦ 

ʧʨʦʠʩʭʦʜʠʪ ʧʦ ʧʨʝʮʝʜʝʥʪʘʤ, ʠ ʦʩʥʦʚʘʥʦ ʥʘ ʚʳʷʚʣʝʥʠʠ ʵʤʧʠʨʠʯʝʩʢʠʭ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʚ ʜʘʥʥʳʭ. ɼʣʷ ʪʘʢʠʭ ʤʝʪʦʜʦʚ ʯʘʩʪʦ ʥʝʣʴʟʷ ʚʳʧʠʩʘʪʴ ʷʚʥʫʶ 

ʬʦʨʤʫʣʫ, ʧʦ ʢʦʪʦʨʦʡ ʧʨʦʠʩʭʦʜʷʪ ʚʳʯʠʩʣʝʥʠʷ, ʥʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʵʪʦ, ʦʥʠ 

ʭʦʨʦʰʦ ʩʝʙʷ ʧʦʢʘʟʳʚʘʶʪ ʚ ʧʨʠʢʣʘʜʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ. 

ʏʘʩʪʦ ʠʟ ʤʝʪʦʜʦʚ ʪʨʘʜʠʮʠʦʥʥʦʛʦ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʚʳʜʝʣʷʶʪ 

ʛʣʫʙʦʢʦʝ ʦʙʫʯʝʥʠʝ ï ʵʪʦ ʧʦʜʤʥʦʞʝʩʪʚʦ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ, ʚ ʢʦʪʦʨʦʤ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʩʧʝʮʠʘʣʴʥʳʝ ʘʣʛʦʨʠʪʤʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ, ʥʘʟʳʚʘʝʤʳʝ 

ʥʝʡʨʦʥʥʳʤʠ ʩʝʪʷʤʠ, ʩʤʦʜʝʣʠʨʦʚʘʥʥʳʝ ʧʦ ʦʙʨʘʟʮʫ ʯʝʣʦʚʝʯʝʩʢʦʛʦ ʤʦʟʛʘ. 

ʄʝʪʦʜʳ ʛʣʫʙʦʢʦʛʦ ʦʙʫʯʝʥʠʷ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʨʝʰʝʥʠʝ ʙʦʣʝʝ ʩʣʦʞʥʳʭ ʟʘʜʘʯ, 

ʜʣʷ ʚʳʧʦʣʥʝʥʠʷ ʢʦʪʦʨʳʭ ʦʙʳʯʥʦ ʪʨʝʙʫʝʪʩʷ ʯʝʣʦʚʝʯʝʩʢʠʡ ʠʥʪʝʣʣʝʢʪ. 

ʅʘʧʨʠʤʝʨ, ʩ ʧʦʤʦʱʴʶ ʛʣʫʙʦʢʦʛʦ ʦʙʫʯʝʥʠʷ ʤʦʞʥʦ ʦʧʠʩʳʚʘʪʴ ʠʟʦʙʨʘʞʝʥʠʷ, 

ʧʝʨʝʚʦʜʠʪʴ ʜʦʢʫʤʝʥʪʳ ʠʣʠ ʪʨʘʥʩʢʨʠʙʠʨʦʚʘʪʴ ʟʚʫʢʦʚʦʡ ʬʘʡʣ ʚ ʪʝʢʩʪ [95]. ɺ 

ʜʘʣʴʥʝʡʰʝʤ ʧʦ ʪʝʢʩʪʫ ʥʝʡʨʦʩʝʪʝʚʳʝ ʤʝʪʦʜʳ ʠ ʤʝʪʦʜʳ ʛʣʫʙʦʢʦʛʦ ʤʘʰʠʥʥʦʛʦ 

ʦʙʫʯʝʥʠʷ ʙʫʜʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʢʘʢ ʩʠʥʦʥʠʤʳ. 

ʅʝʡʨʦʩʝʪʝʚʳʝ ʤʝʪʦʜʳ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʜʘʥʥʳʭ 

ʷʚʣʷʶʪʩʷ ʦʯʝʥʴ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʟʘʰʫʤʣʸʥʥʳʭ 

ʠʣʠ ʨʘʟʨʝʞʝʥʥʳʭ ʧʨʦʝʢʮʠʡ [83, 96ï99]. ʆʩʦʙʝʥʥʦʩʪʴʶ ʪʘʢʠʭ ʘʣʛʦʨʠʪʤʦʚ, 

ʦʪʥʦʩʷʱʠʭʩʷ ʢ ʢʣʘʩʩʫ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ, ʥʫʞʥʦ ʦʪʥʝʩʪʠ ʪʦ, ʯʪʦ ʧʨʠ ʠʭ 

ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʠ ʥʝ ʟʘʢʣʘʜʳʚʘʝʪʩʷ ʬʠʟʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʵʢʩʧʝʨʠʤʝʥʪʘ ʚ ʷʚʥʦʤ 

ʚʠʜʝ, ʘ ʧʨʦʠʩʭʦʜʠʪ ʦʙʫʯʝʥʠʝ ʥʘ ʧʘʨʘʭ ʩʠʥʦʛʨʘʤʤʘ-ʨʝʢʦʥʩʪʨʫʢʮʠʷ [83]. ʍʦʪʷ, 

ʢʦʥʝʯʥʦ, ʧʨʠʩʫʪʩʪʚʠʝ ʚʥʫʪʨʠ ʥʝʡʨʦʩʝʪʠ ʩʣʦʸʚ ʨʝʘʣʠʟʫʶʱʠʭ ʧʨʦʮʝʜʫʨʫ 

ʧʨʷʤʦʛʦ ʠ ʦʙʨʘʪʥʦʛʦ ʧʨʦʝʮʠʨʦʚʘʥʠʷ (LPDR (learned primal dual 

reconstruction) [100] ʠ TiraFL [101] ʠ FBPconvNet [102]), ʚ ʥʝʢʦʪʦʨʦʤ ʩʤʳʩʣʝ 

ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʬʠʟʠʯʝʩʢʦʡ ʤʦʜʝʣʴʶ ʵʢʩʧʝʨʠʤʝʥʪʘ. 

ʅʝʡʨʦʩʝʪʝʚʳʝ ʘʣʛʦʨʠʪʤʳ ʦʯʝʥʴ ʙʳʩʪʨʦ ʨʘʟʚʠʚʘʶʪʩʷ ʠ ʩʪʘʥʦʚʷʪʩʷ ʙʦʣʝʝ 

ʫʩʪʦʡʯʠʚʳʤʠ [103], ʦʜʥʘʢʦ ʠʭ ʧʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʯʘʩʪʦ ʦʛʨʘʥʠʯʝʥʦ 

ʪʝʤ ʜʦʤʝʥʦʤ, ʥʘ ʠʟʦʙʨʘʞʝʥʠʷʭ ʠʟ ʢʦʪʦʨʦʛʦ ʦʥʠ ʦʙʫʯʝʥʳ. ʅʘʧʨʠʤʝʨ, 
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ʘʣʛʦʨʠʪʤ, ʦʙʫʯʝʥʥʳʡ ʥʘ ʜʘʥʥʳʭ ʤʘʣʦʨʘʢʫʨʩʥʦʡ ʪʦʤʦʛʨʘʬʠʠ ʣʸʛʢʠʭ ʯʝʣʦʚʝʢʘ 

[104], ʙʫʜʝʪ ʧʣʦʭʦ ʨʘʙʦʪʘʪʴ ʥʘ ʪʦʤʦʛʨʘʤʤʘʭ ʥʝʨʘʟʨʫʰʘʶʱʝʛʦ ʢʦʥʪʨʦʣʷ 

ʪʝʭʥʠʯʝʩʢʠʭ ʜʝʪʘʣʝʡ [105]. ʅʝʩʦʤʥʝʥʥʦ, ʵʪʠ ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʤʝʪʦʜʳ ʚ ʩʢʦʨʦʤ 

ʙʫʜʫʱʝʤ ʩʤʦʛʫʪ ʧʦʪʝʩʥʠʪʴ ʢʣʘʩʩʠʯʝʩʢʠʝ ʧʦʜʭʦʜʳ ʢ ʨʝʢʦʥʩʪʨʫʢʮʠʠ, ʥʦ ʧʦʢʘ 

ʦʥʠ ʥʦʩʷʪ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʭʘʨʘʢʪʝʨ. 

ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʞʝ ʨʘʙʦʪʝ ʥʝʡʨʦʩʝʪʝʚʳʝ ʘʣʛʦʨʠʪʤʳ ʠ ʘʣʛʦʨʠʪʤʳ 

ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʠʩʧʦʣʴʟʫʶʪʩʷ ʥʝ ʜʣʷ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ, 

ʘ ʜʣʷ ʩʝʛʤʝʥʪʘʮʠʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʨʝʢʦʥʩʪʨʫʢʮʠʡ, ʧʨʦʚʝʜʸʥʥʳʭ ʧʦ ʥʘʙʦʨʫ 

ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ. 

1.3.4 ʇʦʜʭʦʜʳ ʘʥʘʣʠʟʘ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ 

ʤʝʪʦʜʘʭ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ 

ɼʘʥʥʦʝ ʩʝʤʝʡʩʪʚʦ ʘʣʛʦʨʠʪʤʦʚ ʨʘʙʦʪʘʝʪ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʩ ʫʞʝ 

ʨʝʢʦʥʩʪʨʫʠʨʦʚʘʥʥʳʤʠ ʠʟʦʙʨʘʞʝʥʠʷʤʠ. ɹʦʣʴʰʠʥʩʪʚʦ ʘʣʛʦʨʠʪʤʦʚ (ʠʥʘʯʝ 

ʛʦʚʦʨʷ ï ʤʦʜʝʣʝʡ) ʧʨʠʥʠʤʘʶʪ ʥʘ ʚʭʦʜ ʥʝ ʪʦʣʴʢʦ ʠʟʦʙʨʘʞʝʥʠʝ, ʥʦ ʠ 

ʧʘʨʘʤʝʪʨʳ, ʢʦʪʦʨʳʝ ʥʘʧʨʷʤʫʶ ʠʣʠ ʢʦʩʚʝʥʥʦ ʙʫʜʫʪ ʚʣʠʷʪʴ ʥʘ ʧʦʣʫʯʘʝʤʳʡ 

ʨʝʟʫʣʴʪʘʪ. ʇʦʠʩʢ ʵʪʠʭ ʧʘʨʘʤʝʪʨʦʚ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩʪʦʭʘʩʪʠʯʝʩʢʠʤ ʦʙʨʘʟʦʤ 

ʧʫʪʝʤ ʩʨʘʚʥʝʥʠʷ ʚʳʭʦʜʘ ʘʣʛʦʨʠʪʤʦʚ ʩ ʘʥʥʦʪʠʨʦʚʘʥʥʳʤ ʯʝʣʦʚʝʢʦʤ 

ʠʟʦʙʨʘʞʝʥʠʝʤ ʠ ʦʧʪʠʤʠʟʘʮʠʝʡ ʬʫʥʢʮʠʠ ʧʦʪʝʨʴ. ʕʪʦʪ ʧʦʠʩʢ ʥʘʟʳʚʘʝʪʩʷ 

ʦʙʫʯʝʥʠʝʤ. ʆʙʫʯʝʥʥʘʷ ʤʦʜʝʣʴ, ʚ ʧʦʩʣʝʜʩʪʚʠʠ, ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥʘ ʢ 

ʥʦʚʳʤ, ʥʝʠʩʧʦʣʴʟʦʚʘʥʥʳʤ ʜʣʷ ʦʙʫʯʝʥʠʷ ʜʘʥʥʳʤ ʜʣʷ ʠʟʚʣʝʯʝʥʠʷ ʠʟ ʥʠʭ 

ʠʥʬʦʨʤʘʮʠʠ, ʥʘʧʨʠʤʝʨ ʩʝʛʤʝʥʪʘʮʠʠ. ʉʝʛʤʝʥʪʘʮʠʷ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ 

ʠʟʦʙʨʘʞʝʥʠʡ ʧʦʟʚʦʣʷʝʪ ʣʦʢʘʣʠʟʦʚʘʪʴ ʠ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʥʘ ʠʟʦʙʨʘʞʝʥʠʷʭ 

ʨʘʟʣʠʯʥʳʝ ʢʣʘʩʩʳ ʦʙʲʝʢʪʦʚ (ʥʘʧʨʠʤʝʨ, ʤʷʛʢʠʝ ʪʢʘʥʠ, ʢʦʩʪʠ, ʭʨʷʱʠ), ʯʪʦ 

ʥʝʦʙʭʦʜʠʤʦ, ʜʣʷ ʯʠʩʣʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʠ ʚʠʟʫʘʣʠʟʘʮʠʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ 

ʨʝʢʦʥʩʪʨʫʢʮʠʠ. 

ɼʣʷ ʦʙʫʯʝʥʠʷ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʫ ʠʩʩʣʝʜʦʚʘʪʝʣʷ ʪʘʢʞʝ ʝʩʪʴ ʜʘʪʘʩʝʪ 

(ʥʘʙʦʨ ʜʘʥʥʳʭ) ʜʣʷ ʦʙʫʯʝʥʠʷ ʠ ʧʨʦʚʝʨʢʠ ʩʦʟʜʘʥʥʦʡ ʤʦʜʝʣʠ (ʚʘʣʠʜʘʮʠʠ). 

ɼʘʪʘʩʝʪ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʝʢʦʪʦʨʳʝ ʠʟʦʙʨʘʞʝʥʠʷ ʘʥʥʦʪʠʨʦʚʘʥʥʳʝ, ʯʘʱʝ 

ʚʩʝʛʦ, ʨʫʯʥʳʤ ʩʧʦʩʦʙʦʤ, ʪ.ʝ. ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ ʥʠʭ ʠʤʝʝʪʩʷ ʢʘʨʪʳ, ʥʘʟʳʚʘʝʤʳʝ 

ʤʘʩʢʘʤʠ. ʂʘʞʜʳʡ ʚʦʢʩʝʣʴ ʤʘʩʢʠ ʚʟʘʠʤʥʦ-ʦʜʥʦʟʥʘʯʥʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʠʩʭʦʜʥʦʤʫ ʠʟʦʙʨʘʞʝʥʠʶ ʠ ʥʝʩʝʪ ʚ ʩʝʙʝ ʠʥʬʦʨʤʘʮʠʶ ʦ ʪʠʧʝ ʦʙʲʝʢʪʘ ʥʘ 

ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʤ ʠʟʦʙʨʘʞʝʥʠʠ. ʈʘʟʤʝʨ ʜʘʪʘʩʝʪʦʚ ʟʘʚʠʩʠʪ ʦʪ ʧʨʠʤʝʥʷʝʤʦʛʦ 

ʘʣʛʦʨʠʪʤʘ ʦʙʫʯʝʥʠʷ. ɹʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʜʘʥʥʳʭ ʚ ʜʘʪʘʩʝʪʝ ʤʦʞʝʪ (ʥʦ ʥʝ 
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ʚʩʝʛʜʘ) ʫʚʝʣʠʯʠʪʴ ʪʦʯʥʦʩʪʴ ʨʝʰʝʥʠʷ, ʦʜʥʘʢʦ ʧʨʠ ʵʪʦʤ ʟʘʤʝʪʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ 

ʚʨʝʤʷ ʦʙʫʯʝʥʠʷ ʠ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʪʨʝʙʦʚʘʥʠʷ ʢ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤ ʨʝʩʫʨʩʘʤ. ɺ 

ʩʚʷʟʠ ʩ ʤʘʣʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʧʘʨʘʤʝʪʨʦʚ (ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʥʝʡʨʦʩʝʪʷʤʠ), ʚ 

ʦʩʥʦʚʥʦʤ ʜʣʷ ʦʙʫʯʝʥʠʷ ʤʦʜʝʣʠ ʜʘʥʥʦʛʦ ʪʠʧʘ ʭʚʘʪʘʝʪ ʧʦʨʷʜʢʘ 1ï10 

ʠʟʦʙʨʘʞʝʥʠʡ. 

ʉʝʡʯʘʩ ʩʫʱʝʩʪʚʫʶʪ ʪʨʠ ʠʟʚʝʩʪʥʳʭ ʧʨʦʛʨʘʤʤʥʳʭ ʢʦʤʧʣʝʢʩʘ ʜʣʷ 

ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʠ ʝʛʦ ʧʨʠʤʝʥʝʥʠʷ ʚ ʪʦʤʦʛʨʘʬʠʠ ʩ ʫʜʦʙʥʳʤ ʜʣʷ 

ʥʝʧʦʜʛʦʪʦʚʣʝʥʥʦʛʦ ʧʦʣʴʟʦʚʘʪʝʣʷ ʠʥʪʝʨʬʝʡʩʦʤ: 

Å Ilastik [106], 

Å SurVos [107], 

Å deepImageJ [108]. 

ɼʚʘ ʧʦʩʣʝʜʥʠʭ ʨʘʟʨʘʙʦʪʘʥʳ ʚ ʆʢʩʬʦʨʜʩʢʦʤ ʫʥʠʚʝʨʩʠʪʝʪʝ ʠ 

ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʳ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʤʠʢʨʦʩʢʦʧʠʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʭ, 

ʩʚʷʟʘʥʥʳʭ ʩ ʨʝʥʪʛʝʥʦʚʩʢʠʤ ʠʟʣʫʯʝʥʠʝʤ. Ilastik ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʥʘʠʙʦʣʝʝ 

ʘʢʪʠʚʥʦ ʨʘʟʚʠʚʘʝʪʩʷ ʠ ʠʤʝʝʪ ʥʘʠʙʦʣʝʝ ʫʜʦʙʥʳʡ ʠʥʪʝʨʬʝʡʩ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ 

ʧʦʣʴʟʦʚʘʪʝʣʝʤ, ʧʦʵʪʦʤʫ ʠʤʝʥʥʦ Ilastik ʠ ʙʫʜʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ 

ʜʘʣʴʥʝʡʰʝʛʦ ʠʟʣʦʞʝʥʠʷ. 

1.3.5 ʇʦʜʭʦʜʳ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʪʝʦʨʠʠ ʛʣʫʙʦʢʦʛʦ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ 

ʂʘʢ ʙʳʣʦ ʥʘʧʠʩʘʥʦ ʚʳʰʝ, ʧʦʜ ʛʣʫʙʦʢʠʤ ʤʘʰʠʥʥʳʤ ʦʙʫʯʝʥʠʝʤ ʜʣʷ 

ʩʝʛʤʝʥʪʘʮʠʠ ʠʟʦʙʨʘʞʝʥʠʡ ʧʦʥʠʤʘʶʪ ʧʨʠʤʝʥʝʥʠʝ ʥʝʡʨʦʩʝʪʝʚʳʭ ʪʝʭʥʦʣʦʛʠʡ. 

ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʩʫʱʝʩʪʚʫʶʱʠʭ ʨʘʥʝʝ ʪʝʤ, ʯʪʦ ʠʩʩʣʝʜʦʚʘʪʝʣʴ 

ʥʝ ʬʦʨʤʠʨʫʝʪ ʚʨʫʯʥʫʶ ʧʨʠʟʥʘʢʠ, ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʦʪʦʨʳʭ ʜʦʣʞʥʦ 

ʧʨʠʥʠʤʘʪʴʩʷ ʨʝʰʝʥʠʝ ʦ ʩʝʛʤʝʥʪʘʮʠʠ ʠʟʦʙʨʘʞʝʥʠʷ. ʉʭʦʜʩʪʚʦ ʩ ʤʝʪʦʜʘʤʠ 

ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʧʨʝʜʩʢʘʟʘʪʝʣʴʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʠʟʚʝʩʪʠ ʦʙʫʯʝʥʠʝ ʥʘ 

ʪʨʝʥʠʨʦʚʦʯʥʦʤ ʥʘʙʦʨʝ ʜʘʥʥʳʭ: ʥʘʙʦʨʝ ʧʘʨ {çʠʩʭʦʜʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝè, 

çʧʨʝʜʧʦʣʘʛʘʝʤʳʡ ʨʝʟʫʣʴʪʘʪ ʩʝʛʤʝʥʪʘʮʠʠè}. 

ʇʦʩʪʨʦʝʥʠʝ ʥʝʡʨʦʩʝʪʝʚʦʛʦ ʘʣʛʦʨʠʪʤʘ ʩʦʩʪʦʠʪ ʠʟ ʩʣʝʜʫʶʱʠʭ ʰʘʛʦʚ: - 

ʚʳʙʦʨ ʘʨʭʠʪʝʢʪʫʨʳ ʥʝʡʨʦʩʝʪʠ, - ʧʦʜʙʦʨ ʬʫʥʢʮʠʠ ʧʦʪʝʨʴ, - ʚʳʙʦʨ ʬʫʥʢʮʠʠ 

ʧʦʜʙʠʨʘʶʱʝʡ ʚʝʩʘ ʤʦʜʝʣʠ (ʦʧʪʠʤʠʟʘʪʦʨʘ). 
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ʇʦʜ ʘʨʭʠʪʝʢʪʫʨʦʡ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ ʧʦʜʨʘʟʫʤʝʚʘʝʪʩʷ ʩʪʨʦʛʠʡ ʥʘʙʦʨ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ, ʢʦʪʦʨʳʡ ʩʦʚʝʨʰʘʝʪʩʷ ʩʦ ʚʭʦʜʥʳʤʠ ʜʘʥʥʳʤʠ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʤʘʩʢʠ ʩʝʛʤʝʥʪʘʮʠʠ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʫʜʝʪ ʨʘʩʩʤʦʪʨʝʥʘ ʘʨʭʠʪʝʢʪʫʨʘ ʩʝʪʠ U-Net [109], 

ʢʦʪʦʨʘʷ ʩʧʨʦʝʢʪʠʨʦʚʘʥʘ ʜʣʷ ʨʘʙʦʪʳ ʩ ʤʝʜʠʮʠʥʩʢʠʤʠ ʠ ʙʠʦʣʦʛʠʯʝʩʢʠʤʠ 

ʠʟʦʙʨʘʞʝʥʠʷʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʨʝʥʪʛʝʥʦʚʩʢʠʤʠ ʤʝʪʦʜʘʤʠ, ʘ ʪʘʢʞʝ ʜʣʷ 

ʤʝʪʦʜʦʚ ʤʠʢʨʦʩʢʦʧʠʠ. ɸʨʭʠʪʝʢʪʫʨʘ ʥʝʡʨʦʩʝʪʠ ʩʭʝʤʘʪʠʯʥʦ ʠʟʦʙʨʘʞʝʥʘ ʥʘ 

ʨʠʩ. 1.6. ʆʥʘ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʯʘʩʪʝʡ: ʵʥʢʦʜʝʨʘ, ʢʦʪʦʨʳʡ ʩʞʠʤʘʝʪ 

ʨʝʢʦʥʩʪʨʫʠʨʦʚʘʥʥʦʝ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʚ ʚʝʢʪʦʨ ʧʨʠʟʥʘʢʦʚ, ʠ 

ʜʝʢʦʜʝʨʘ, ʩ ʧʦʤʦʱʴʶ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʢʦʪʦʨʦʛʦ ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʝʰʘʶʱʝʝ 

ʧʨʘʚʠʣʦ ʜʣʷ ʩʝʛʤʝʥʪʘʮʠʠ. 

 

ʈʠʩʫʥʦʢ 1.6: ɸʨʭʠʪʝʢʪʫʨʘ ʩʝʪʠ U-Net [109]  

ʌʫʥʢʮʠʝʡ ʧʦʪʝʨʴ (loss function) ʧʨʠ ʦʙʫʯʝʥʠʠ ʩʝʪʠ [95] ʥʘʟʳʚʘʶʪ 

ʤʝʪʨʠʢʫ, ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʦʡ ʤʦʞʥʦ ʦʮʝʥʠʪʴ, ʥʘʩʢʦʣʴʢʦ ʩʠʣʴʥʦ ʚʳʭʦʜ 

ʥʝʡʨʦʩʝʪʠ, ʪ.ʝ., ʚ ʥʘʰʝʤ ʩʣʫʯʘʝ, ʤʘʩʢʘ ʩʝʛʤʝʥʪʘʮʠʠ, ʦʪʣʠʯʘʝʪʩʷ ʦʪ 

çʠʩʪʠʥʥʦʛʦ ʚʝʨʥʦʛʦè, ʨʘʟʤʝʯʝʥʥʦʛʦ ʯʝʣʦʚʝʢʦʤ. ʏʝʤ ʤʝʥʴʰʝ ʟʥʘʯʝʥʠʝ ʵʪʦʡ 

ʬʫʥʢʮʠʠ, ʪʝʤ ʙʦʣʴʰʝ ʩʭʦʜʩʪʚʦ ʤʝʞʜʫ ʵʪʠʤʠ ʠʟʦʙʨʘʞʝʥʠʷʤʠ. ʇʦʜʙʦʨ 

ʬʫʥʢʮʠʠ ʧʦʪʝʨʴ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʥʝʪʨʠʚʠʘʣʴʥʦʡ ʟʘʜʘʯʝʡ, ʠ ʝʝ ʨʝʰʝʥʠʝ ʟʘʚʠʩʠʪ 

ʦʪ ʦʙʲʝʢʪʘ (ʠʣʠ ʩʝʤʝʡʩʪʚʘ ʦʙʲʝʢʪʦʚ) ʠʩʩʣʝʜʦʚʘʥʠʷ. ʄʳ ʠʩʧʦʣʴʟʫʝʤ ʚ 

ʢʘʯʝʩʪʚʝ ʬʫʥʢʮʠʠ ʧʦʪʝʨʴ ʢʦʵʬʬʠʮʠʝʥʪ ɼʘʡʩʘ [110], ʪ.ʢ. ʵʪʘ ʬʫʥʢʮʠʷ ʭʦʨʦʰʦ 
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ʟʘʨʝʢʦʤʝʥʜʦʚʘʣʘ ʩʝʙʷ ʧʨʠ ʦʙʫʯʝʥʠʠ ʥʝʡʨʦʩʝʪʝʡ. ɽʩʣʠ ʧʨʠʥʷʪʴ ʟʘ ʚʳʭʦʜ 

(ʧʨʝʜʩʢʘʟʘʥʠʝ) ʥʝʡʨʦʩʝʪʠ ʠʟʦʙʨʘʞʝʥʠʝ A, ʘ ʟʘ çʠʩʪʠʥʥʦʝ ʟʥʘʯʝʥʠʝè - B, ʪʦ 

ʢʦʵʬʬʠʮʠʝʥʪ ɼʘʡʩʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʘʢ:  

Ὠ
ὃ᷊ὄ

ὃ᷾ὄ
ȟ 1.23 

 

ʕʪʘ ʤʝʪʨʠʢʘ (1.23) ʤʦʞʝʪ ʙʳʪʴ ʧʨʦʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥʘ ʩʣʝʜʫʶʱʠʤ 

ʦʙʨʘʟʦʤ: ʦʥʘ ʧʨʠʥʠʤʘʝʪ ʟʥʘʯʝʥʠʝ 1 ʚ ʩʣʫʯʘʝ ʠʜʝʘʣʴʥʦʡ ʩʝʛʤʝʥʪʘʮʠʠ ʠ 0 ï ʚ 

ʩʣʫʯʘʝ ʘʙʩʦʣʶʪʥʦ ʥʝʚʝʨʥʦʡ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʦʧʨʝʜʝʣʝʥʠʷ ʬʫʥʢʮʠʠ ʧʦʪʝʨʴ (loss 

function), ʥʘʠʣʫʯʰʫʶ ʧʨʝʜʩʢʘʟʘʪʝʣʴʥʫʶ ʩʠʣʫ ʥʝʡʨʦʩʝʪʴ ʠʤʝʝʪ, ʢʦʛʜʘ 

ʟʥʘʯʝʥʠʷ ʬʫʥʢʮʠʠ ʧʦʪʝʨʴ ʤʠʥʠʤʘʣʴʥʳ. ʄʠʥʠʤʠʟʘʮʠʷ ʟʥʘʯʝʥʠʷ Ὠ ʧʨʦʚʦʜʠʪʩʷ 

ʧʫʪʸʤ ʚʘʨʴʠʨʦʚʘʥʠʷ ʚʝʩʦʚ ʥʝʡʨʦʩʝʪʠ ʠ ʧʦʠʩʢʘ ʦʧʪʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ 

ʤʝʪʦʜʦʤ ʦʙʨʘʪʥʦʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ (backpropagation) [111]. ʀʜʝʷ ʵʪʦʛʦ 

ʤʝʪʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦʠʩʢʝ ʧʨʦʠʟʚʦʜʥʦʡ ʩʣʦʞʥʦʡ ʬʫʥʢʮʠʠ Ὠ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʝʸ ʢʦʵʬʬʠʮʠʝʥʪʦʚ (ʚʝʩʦʚ). ʕʪʘ ʬʫʥʢʮʠʷ ʤʦʞʝʪ ʙʳʪʴ ʥʘʡʜʝʥʘ, ʝʩʣʠ 

ʧʦʜʩʪʘʚʠʪʴ ʚ (1.23) ʚʩʶ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ, ʦʧʨʝʜʝʣʝʥʥʳʭ 

ʘʨʭʠʪʝʢʪʫʨʦʡ U-Net. ɸʥʘʣʠʪʠʯʝʩʢʠ ʚʳʯʠʩʣʠʪʴ ʧʨʦʠʟʚʦʜʥʫʶ ʩʣʦʞʥʦʡ 

ʬʫʥʢʮʠʠ Ὠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʝʸ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʯʝʥʴ ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ, ʧʦʵʪʦʤʫ 

ʜʣʷ ʧʦʠʩʢʘ ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʯʠʩʣʝʥʥʳʡ ʤʝʪʦʜ ʛʨʘʜʠʝʥʪʥʦʛʦ 

ʩʧʫʩʢʘ. 

ʈʝʘʣʠʟʘʮʠʷ ʘʣʛʦʨʠʪʤʘ ʛʨʘʜʠʝʥʪʥʦʛʦ ʩʧʫʩʢʘ ʪʘʢʞʝ ʠʤʝʝʪ ʤʥʦʞʝʩʪʚʦ 

ʚʘʨʠʘʮʠʡ: ʩʪʦʭʘʩʪʠʯʝʩʢʠʡ ʛʨʘʜʠʝʥʪʥʳʡ ʩʧʫʩʢ (SGD)[112], root mean square 

propagation (RMSProp) [112] ʠ ʪ.ʜ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ, ʝʛʦ ʠʜʝʶ 

ʤʦʞʥʦ ʦʧʠʩʘʪʴ ʚʳʨʘʞʝʥʠʝʤ [113]: 

ύ ύ ‌
ЋὨ

Ћύ
 ױ

ʚ ʢʦʪʦʨʦʤ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʚʝʩʦʚ ʟʘʚʠʩʠʪ ʦʪ ʧʨʦʠʟʚʦʜʥʦʡ 

ʬʫʥʢʮʠʠ Ὠ ʠʟ ʚʳʨʘʞʝʥʠʷ (1.23) ʠ ʧʘʨʘʤʝʪʨʘ ʩʢʦʨʦʩʪʠ ʩʧʫʩʢʘ ‌, ʙʦʣʴʰʠʝ 

ʚʝʣʠʯʠʥʳ ʢʦʪʦʨʦʛʦ ʧʨʠʚʦʜʷʪ ʢ ʙʦʣʴʰʝʡ ʩʢʦʨʦʩʪʠ ʤʠʥʠʤʠʟʘʮʠʠ ʘʣʛʦʨʠʪʤʘ, 

ʥʦ ʤʝʥʴʰʝʡ ʚʝʨʦʷʪʥʦʩʪʠ ʧʦʧʘʩʪʴ ʚ ʣʦʢʘʣʴʥʳʡ ʤʠʥʠʤʫʤ ʤʘʣʦʡ ʰʠʨʠʥʳ. 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʩʧʦʣʴʟʫʷ ʘʣʛʦʨʠʪʤ ʦʙʨʘʪʥʦʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ, 

ʥʝʡʨʦʩʝʪʴ ʦʧʨʝʜʝʣʷʝʪ ʦʧʪʠʤʘʣʴʥʳʝ ʚʝʩʘ ʜʣʷ ʨʝʰʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʟʘʜʘʯʠ 

(ʪ.ʝ. çʦʙʫʯʘʝʪʩʷè). ɿʘʪʝʤ, ʧʦʣʫʯʝʥʥʫʶ ʦʙʫʯʝʥʥʫʶ ʥʝʡʨʦʩʝʪʴ ʤʦʞʥʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʩʝʛʤʝʥʪʘʮʠʠ ʨʘʥʝʝ ʥʝʨʘʟʤʝʯʝʥʥʳʭ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ 

ʠʟʦʙʨʘʞʝʥʠʡ. 

ʅʝʡʨʦʩʝʪʝʚʦʡ ʧʦʜʭʦʜ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʩʣʦʞʥʳʤ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʠʥʪʝʨʧʨʝʪʘʮʠʠ, ʦʜʥʘʢʦ ʭʦʨʦʰʦ ʧʦʜʭʦʜʠʪ ʜʣʷ ʨʝʰʝʥʠʷ ʥʝʪʨʠʚʠʘʣʴʥʳʭ ʟʘʜʘʯ 

ʩʝʛʤʝʥʪʘʮʠʠ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʣʘʩʩʠʯʝʩʢʠʭ ʘʣʛʦʨʠʪʤʦʚ. 

1.4 ʆʛʨʘʥʠʯʝʥʥʦʝ ʧʦʣʝ ʟʨʝʥʠʷ 

ɺ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ ʢʘʯʝʩʪʚʦ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʟʘʚʠʩʠʪ ʦʪ 

ʤʥʦʛʠʭ ʬʘʢʪʦʨʦʚ. ʀʩʪʦʯʥʠʢʠ ʧʨʦʙʣʝʤ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʩʣʝʜʫʶʱʠʝ 

ʛʨʫʧʧʳ: ʥʝʩʦʚʝʨʰʝʥʩʪʚʦ ʦʙʦʨʫʜʦʚʘʥʠʷ [72, 114ï116], ʥʘʣʠʯʠʝ ʩʠʣʴʥʦ 

ʧʦʛʣʦʱʘʶʱʠʭ ʦʙʣʘʩʪʝʡ ʚ ʦʙʲʝʢʪʝ (ʥʘʨʫʰʘʶʱʠʭ ʣʠʥʝʡʥʦʩʪʴ ʨʝʛʠʩʪʨʘʮʠʠ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʩʠʛʥʘʣʘ) [117] ʠʣʠ ʥʝʩʪʘʙʠʣʴʥʦʩʪʴ ʩʘʤʦʛʦ ʦʙʲʝʢʪʘ ʚʦ ʚʨʝʤʷ 

ʩʢʘʥʠʨʦʚʘʥʠʷ [23], ʘ ʪʘʢʞʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʘʣʛʦʨʠʪʤʦʚ ʨʝʢʦʥʩʪʨʫʢʮʠʠ, ʧʣʦʭʦ 

ʘʜʘʧʪʠʨʦʚʘʥʥʳʭ ʢ ʪʝʢʫʱʠʤ ʫʩʣʦʚʠʷʤ ʠʟʤʝʨʝʥʠʡ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʭʦʨʦʰʠʭ 

ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʢʣʘʩʩʠʯʝʩʢʠʭ ʘʣʛʦʨʠʪʤʦʚ ʨʝʢʦʥʩʪʨʫʢʮʠʠ [1] 

ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʚʩʝ ʚʘʞʥʝʡʰʠʝ ʢʦʤʧʦʥʝʥʪʳ ʢʘʣʠʙʨʦʚʘʥʥʦʛʦ ʪʦʤʦʛʨʘʬʘ 

ʨʘʙʦʪʘʣʠ ʩʪʘʙʠʣʴʥʦ, ʦʙʲʝʢʪ ʥʝ ʜʚʠʛʘʣʩʷ, ʦʪʥʦʰʝʥʠʝ ʩʠʛʥʘʣ/ʰʫʤ 

ʨʝʛʠʩʪʨʠʨʫʝʤʳʭ ʩʠʛʥʘʣʦʚ ʙʳʣʦ ʚʳʩʦʢʠʤ, ʢʦʣʠʯʝʩʪʚʦ ʫʛʣʦʚ ʧʨʦʝʢʮʠʠ ʙʳʣʦ 

ʜʦʩʪʘʪʦʯʥʳʤ, ʠʟʦʙʨʘʞʝʥʠʝ ʪʝʥʠ ʦʙʲʝʢʪʘ ʜʣʷ ʢʘʞʜʦʛʦ ʫʛʣʘ ʧʨʦʝʢʮʠʠ 

ʧʦʣʥʦʩʪʴʶ ʧʦʤʝʱʘʣʦʩʴ ʚ ʦʢʥʦ ʧʦʟʠʮʠʦʥʥʦ-ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʜʝʪʝʢʪʦʨʘ. ɽʩʣʠ 

ʧʦʩʣʝʜʥʝʝ ʪʨʝʙʦʚʘʥʠʝ ʥʘʨʫʰʝʥʦ, ʪʦ ʩʦʙʨʘʥʥʳʝ ʜʘʥʥʳʝ ʤʦʛʫʪ ʙʳʪʴ 

ʥʝʧʦʣʥʳʤʠ [ɸ118, 119, 120]. ʆʜʥʘʢʦ ʯʘʩʪʦ ʚʦʟʥʠʢʘʝʪ ʩʠʪʫʘʮʠʷ, ʢʦʛʜʘ ʦʙʲʝʢʪ 

ʥʝ ʧʦʤʝʱʘʝʪʩʷ ʚ ʧʦʣʝ ʟʨʝʥʠʷ ʜʝʪʝʢʪʦʨʘ ʠ ʧʨʷʤʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʢʣʘʩʩʠʯʝʩʢʠʭ ʘʣʛʦʨʠʪʤʦʚ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʧʨʠʚʦʜʠʪ ʢ ʧʦʪʝʨʝ ʢʘʯʝʩʪʚʘ 

ʠʟʦʙʨʘʞʝʥʠʷ. ʇʝʨʩʧʝʢʪʠʚʥʳʤ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʥʝʡʨʦʥʥʳʭ 

ʩʝʪʝʡ ʜʣʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʩʠʥʦʛʨʘʤʤʳ [121], ʦʜʥʘʢʦ, ʚ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʪʘʢʠʝ ʘʣʛʦʨʠʪʤʳ ʦʙʣʘʜʘʶʪ ʦʯʝʥʴ ʥʠʟʢʠʤ ʙʳʩʪʨʦʜʝʡʩʪʚʠʝʤ ʠ 

ʦʙʫʯʝʥʥʳʝ ʥʝʡʨʦʩʝʪʠ ʧʣʦʭʦ ʤʘʩʰʪʘʙʠʨʫʶʪʩʷ ʥʘ ʠʟʦʙʨʘʞʝʥʠʷ ʨʘʟʥʳʭ 

ʨʘʟʤʝʨʦʚ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʨʝʢʦʥʩʪʨʫʢʮʠʡ ʦʙʲʝʢʪʘ, 

ʧʨʝʚʳʰʘʶʱʝʛʦ ʧʦʣʝ ʟʨʝʥʠʷ ʦʩʚʝʱʘʶʱʝʛʦ ʝʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ ʠ/ʠʣʠ 
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ʜʝʪʝʢʪʦʨʘ, ʙʝʟ ʫʱʝʨʙʘ ʜʣʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ, ʨʘʥʝʝ ʙʳʣʦ 

ʦʧʠʩʘʥʦ ʥʝʩʢʦʣʴʢʦ ʧʦʜʭʦʜʦʚ [122]. ʆʧʠʰʝʤ ʪʨʠ ʦʩʥʦʚʥʳʭ ʠʟ ʥʠʭ: ʣʦʢʘʣʴʥʳʡ 

ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʡ ʧʦʜʭʦʜ, ʧʨʦʝʢʮʠʦʥʥʦ-ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʡ ʧʦʜʭʦʜ ʠ 

ʩʠʥʦʛʨʘʤʤ-ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʡ ʧʦʜʭʦʜ. ʕʪʠ ʤʝʪʦʜʳ ʩʙʦʨʘ ʜʘʥʥʳʭ 

(ʧʨʦʠʣʣʶʩʪʨʠʨʦʚʘʥʥʳʝ ʥʘ ʨʠʩ. 1.7) ʠʤʝʶʪ ʩʣʝʜʫʶʱʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ: 

1. ʃʦʢʘʣʴʥʘʷ ʪʦʤʦʛʨʘʬʠʷ (Local tomography acquisition, LTA). ʕʪʦʪ 

ʧʦʜʭʦʜ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦʣʫʯʝʥʠʠ ʠ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʩʝʨʠʠ ʣʦʢʘʣʴʥʳʭ 

ʪʦʤʦʛʨʘʤʤ ʧʦʜʦʙʣʘʩʪʝʡ ʦʙʨʘʟʮʘ ʧʫʪʝʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʨʘʟʤʝʱʝʥʠʷ 

ʢʘʞʜʦʡ ʧʦʜʦʙʣʘʩʪʠ ʥʘ ʦʩʠ ʚʨʘʱʝʥʠʷ [123, 124] (ʤʝʪʦʜ III ʠʟ [123]). ʕʪʦ 

ʪʘʢʞʝ ʠʟʚʝʩʪʥʦ ʢʘʢ ʪʦʤʦʛʨʘʬʠʷ ʫʩʝʯʝʥʥʦʛʦ ʦʙʲʝʢʪʘ [125] ʠʣʠ 

ʚʥʫʪʨʝʥʥʷʷ ʪʦʤʦʛʨʘʬʠʷ [73]. ɺ ʪʘʢʦʡ ʩʭʝʤʝ ʦʩʦʙʝʥʥʦʩʪʠ ʟʘ ʧʨʝʜʝʣʘʤʠ 

ʨʝʢʦʥʩʪʨʫʠʨʦʚʘʥʥʦʡ ʦʙʣʘʩʪʠ ʧʨʠʩʫʪʩʪʚʫʶʪ ʪʦʣʴʢʦ ʚ ʥʝʙʦʣʴʰʦʤ 

ʧʦʜʤʥʦʞʝʩʪʚʝ ʧʦʣʫʯʝʥʥʳʭ ʧʨʦʝʢʮʠʡ. ʇʦʵʪʦʤʫ ʦʥʠ ʣʠʰʴ ʩʣʘʙʦ ʚʣʠʷʶʪ 

ʥʘ ʣʦʢʘʣʴʥʳʡ ʦʙʲʝʤ ʨʝʢʦʥʩʪʨʫʢʮʠʠ, ʭʦʪʷ ʠ ʚʥʦʩʷʪ ʥʝʢʦʪʦʨʳʝ 

ʘʨʪʝʬʘʢʪʳ ʠʟʦʙʨʘʞʝʥʠʷ [122]. ʇʦʩʣʝ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʵʪʠ ʣʦʢʘʣʴʥʳʝ 

ʨʝʢʦʥʩʪʨʫʠʨʦʚʘʥʥʳʝ ʦʙʲʝʤʳ ʪʦʤʦʛʨʘʤʤʳ ʩʰʠʚʘʶʪʩʷ ʚʤʝʩʪʝ, ʯʪʦʙʳ 

ʨʝʢʦʥʩʪʨʫʠʨʦʚʘʪʴ ʧʦʣʥʳʡ ʪʨʝʭʤʝʨʥʳʡ ʦʙʲʝʤ. 

2. ʉʙʦʨ ʜʘʥʥʳʭ ʧʫʪʸʤ ʦʙʲʝʜʠʥʝʥʠʷ ʧʨʦʝʢʮʠʡ (Projection-oriented 

acquisition, POA). ɺ ʵʪʦʤ ʧʦʜʭʦʜʝ ʩʦʙʠʨʘʶʪ ʤʦʟʘʠʢʫ ʜʚʫʤʝʨʥʳʭ 

ʠʟʦʙʨʘʞʝʥʠʡ ʜʣʷ ʢʘʞʜʦʛʦ ʫʛʣʘ ʧʨʦʝʢʮʠʠ, ʧʦʩʣʝ ʯʝʛʦ ʵʪʠ ʠʟʦʙʨʘʞʝʥʠʷ 

ʩʰʠʚʘʶʪʩʷ ʚʤʝʩʪʝ, ʯʪʦʙʳ ʩʦʟʜʘʪʴ ʝʜʠʥʫʶ ʜʚʫʤʝʨʥʫʶ ʧʨʦʝʢʮʠʶ ʜʣʷ 

ʵʪʦʛʦ ʫʛʣʘ ʧʦʚʦʨʦʪʘ ʦʙʲʝʢʪʘ. ɿʘʪʝʤ ʵʪʠ ʧʨʦʝʢʮʠʠ ʤʦʞʥʦ ʦʙʲʝʜʠʥʠʪʴ, 

ʯʪʦʙʳ ʩʦʟʜʘʪʴ ʩʠʥʦʛʨʘʤʤʫ ʚʩʝʛʦ ʪʨʝʭʤʝʨʥʦʛʦ ʦʙʲʝʤʘ ʠ ʚʳʧʦʣʥʠʪʴ 

ʪʦʤʦʛʨʘʬʠʯʝʩʢʫʶ ʨʝʢʦʥʩʪʨʫʢʮʠʶ. ʕʪʦʪ ʧʦʜʭʦʜ (ʤʝʪʦʜ I [123]) 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ, ʥʘʧʨʠʤʝʨ, ʚ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʩʭʝʤʝ ʩ ʟʦʥʥʦʡ 

ʧʣʘʩʪʠʥʢʦʡ ʌʨʝʥʝʣʷ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʨʘʟʨʝʰʝʥʠʝʤ ʤʝʥʝʝ 100 ʥʤ 

[126, 127]. 

3. ʉʙʦʨ ʜʘʥʥʳʭ ʧʫʪʸʤ ʦʙʲʝʜʠʥʝʥʠʷ ʩʠʥʦʛʨʘʤʤ (Sinogram-oriented 

acquisition, POA). ɺ ʵʪʦʤ ʧʦʜʭʦʜʝ ʜʘʥʥʳʝ ʩʦʙʠʨʘʶʪʩʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʠʢʩʠʨʦʚʘʥʥʳʭ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʠ ʚʝʨʪʠʢʘʣʴʥʦʡ 

ʧʦʟʠʮʠʡ ʜʝʪʝʢʪʦʨʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʙʲʝʢʪʘ, ʦʩʫʱʝʩʪʚʣʷʶʱʝʛʦ ʧʦʣʥʳʡ 

ʦʙʦʨʦʪ. ɿʘʪʝʤ ʜʝʪʝʢʪʦʨ (ʠʣʠ ʦʙʲʝʢʪ) ʧʝʨʝʭʦʜʠʪ ʢ ʩʣʝʜʫʶʱʠʤ 

ʢʦʦʨʜʠʥʘʪʘʤ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʜʨʫʛʦʛʦ ʥʘʙʦʨʘ ʜʘʥʥʳʭ ʧʨʠ ʧʦʣʥʦʤ 

ʧʦʚʦʨʦʪʝ ʦʙʲʝʢʪʘ [128]. ʇʨʠ ʩʙʦʨʝ ʜʘʥʥʳʭ ʧʦ ʪʘʢʦʤʫ ʘʣʛʦʨʠʪʤʫ (ʤʝʪʦʜ 
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V [123]]), ʢʘʞʜʳʡ ʨʷʜ ʚʨʘʱʝʥʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʜʦʙʣʘʩʪʴ ʧʦʣʥʦʡ 

ʪʨʝʭʤʝʨʥʦʡ ʩʠʥʦʛʨʘʤʤʳ, ʢʦʪʦʨʘʷ ʷʚʣʷʝʪʩʷ ʧʦʣʥʦʡ ʧʦ ʫʛʣʫ ʠ ʥʝʧʦʣʥʦʡ 

ʧʦ ʢʦʦʨʜʠʥʘʪʝ. ɿʘʪʝʤ ʵʪʠ ʥʘʙʦʨʳ ʧʨʦʝʢʮʠʡ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʩʦʙʦʡ 

çʢʦʣʴʮʦ ʚ ʮʠʣʠʥʜʨʝè, ʜʦʣʞʥʳ ʙʳʪʴ ʚʳʨʦʚʥʝʥʳ ʠ ʩʦʙʨʘʥʳ ʚʤʝʩʪʝ ʧʝʨʝʜ 

ʨʝʢʦʥʩʪʨʫʢʮʠʝʡ ʧʦʣʥʦʛʦ ʪʨʝʭʤʝʨʥʦʛʦ ʦʙʲʝʤʘ [128]. ʨʠʩ. 1.7 ʜʘʝʪ 

ʥʘʛʣʷʜʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ ʢʘʞʜʦʤ ʠʟ ʵʪʠʭ ʪʨʝʭ ʤʝʪʦʜʦʚ. 

 

ʈʠʩʫʥʦʢ 1.7: ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʩʨʘʚʥʝʥʠʝ ʪʨʝʭ ʤʝʪʦʜʦʚ ʩʙʦʨʘ ʜʘʥʥʳʭ ʚ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʢʦʤʧʴʶʪʝʨʥʦʡ ʪʦʤʦʛʨʘʬʠʠ ʦʙʨʘʟʮʦʚ, ʨʘʟʤʝʨ ʢʦʪʦʨʳʭ 

ʧʨʝʚʳʰʘʝʪ ʧʣʦʱʘʜʴ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ ʠ ʨʘʟʤʝʨ ʜʝʪʝʢʪʦʨʘ. ɺ ʥʠʞʥʝʤ 

ʨʷʜʫ ʨʠʩʫʥʢʘ ʧʦʢʘʟʘʥʳ ʧʦʟʠʮʠʠ ʦʙʣʘʩʪʝʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʚʥʫʪʨʠ ʦʙʲʝʢʪʘ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʩʝʨʠʷʤ ʧʨʦʝʢʮʠʡ, ʘ ʚ ʚʝʨʭʥʝʤ ʨʷʜʫ ʨʠʩʫʥʢʘ ʧʦʢʘʟʘʥʳ 

ʩʠʥʦʛʨʘʤʤʳ ʠʟ ʦʜʥʦʡ ʩʝʨʠʠ ʧʨʦʝʢʮʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʧʨʠ ʚʨʘʱʝʥʠʠ ʦʙʲʝʢʪʘ. 

ʇʨʠ ʣʦʢʘʣʴʥʦʤ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʤ ʧʦʜʭʦʜʝ (LTA) ʮʝʥʪʨ ʚʨʘʱʝʥʠʷ 

ʧʦʤʝʱʘʝʪʩʷ ʚ ʠʩʩʣʝʜʫʝʤʫʶ ʧʦʜʦʙʣʘʩʪʴ ʦʙʲʝʢʪʘ, ʧʦʩʣʝ ʯʝʛʦ ʚʳʧʦʣʥʷʝʪʩʷ 

ʚʨʘʱʝʥʠʝ ʦʙʲʝʢʪʘ ʠ ʨʝʢʦʥʩʪʨʫʢʮʠʷ ʧʦ ʧʦʣʫʯʝʥʥʦʡ ʯʘʩʪʠʯʥʦʡ ʩʠʥʦʛʨʘʤʤʝ. ɺ 

ʧʦʜʭʦʜʝ ʧʨʦʝʢʮʠʦʥʥʦ-ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʩʙʦʨʘ ʜʘʥʥʳʭ (POA), ʢʘʢ ʧʦʢʘʟʘʥʦ ʚ 

ʩʨʝʜʥʝʤ ʩʪʦʣʙʮʝ, ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʤʦʟʘʠʯʥʳʡ ʥʘʙʦʨ ʧʨʦʝʢʮʠʦʥʥʳʭ 

ʠʟʦʙʨʘʞʝʥʠʡ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʦʙʲʝʢʪ ʧʝʨʝʤʝʱʘʝʪʩʷ ʧʦʧʝʨʝʢ ʥʘʧʨʘʚʣʝʥʠʷ 
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ʦʩʚʝʱʝʥʠʷ; ʟʘʪʝʤ ʦʙʲʝʢʪ ʩʣʝʛʢʘ ʧʦʚʦʨʘʯʠʚʘʝʪʩʷ ʚʦʢʨʫʛ ʝʛʦ ʦʙʱʝʛʦ ʮʝʥʪʨʘ, 

ʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʧʦʚʪʦʨʷʝʪʩʷ. ɺ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʤ ʤʝʪʦʜʝ ʩʙʦʨʘ 

ʜʘʥʥʳʭ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʤ ʥʘ ʩʠʥʦʛʨʘʤʤʫ (SOA), ʧʦʢʘʟʘʥʥʦʤ ʩʧʨʘʚʘ, ʮʝʥʪʨ 

ʚʨʘʱʝʥʠʷ ʧʝʨʝʤʝʱʘʝʪʩʷ ʚ ʩʤʝʱʝʥʥʦʝ ʧʦʣʦʞʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʩʪʦʯʥʠʢʘ 

ʦʩʚʝʱʝʥʠʷ ʠ ʜʝʪʝʢʪʦʨʘ, ʘ ʦʙʲʝʢʪ ʧʦʚʦʨʘʯʠʚʘʝʪʩʷ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʜʘʥʥʳʭ ʠʟ 

ʦʙʣʘʩʪʠ ʢʦʣʴʮʘ ʚʥʫʪʨʠ ʮʠʣʠʥʜʨʘ. ʇʦʜʭʦʜʳ POA ʠ SOA ʧʨʝʜʧʦʣʘʛʘʶʪ 

ʤʝʥʴʰʝʝ ʧʝʨʝʢʨʳʪʠʝ ʦʙʣʫʯʝʥʠʷ, ʯʪʦ ʩʥʠʞʘʝʪ ʜʦʟʫ ʦʙʣʫʯʝʥʠʷ. ʂʨʦʤʝ ʪʦʛʦ, 

SOA ʦʙʳʯʥʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʩʢʦʨʦʩʪʴ ʩʙʦʨʘ ʜʘʥʥʳʭ, ʧʦʩʢʦʣʴʢʫ 

ʪʨʝʙʫʝʪ ʤʝʥʴʰʝ ʧʦʩʪʫʧʘʪʝʣʴʥʳʭ ʜʚʠʞʝʥʠʡ ʦʪ ʧʨʝʜʤʝʪʥʦʛʦ ʩʪʦʣʠʢʘ. [129] 

ɺ ʜʘʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʥʦʚʳʡ 

ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʳʡ ʤʝʪʦʜ ʣʦʢʘʣʴʥʦʡ ʪʦʤʦʛʨʘʬʠʠ (LTA), ʢʦʪʦʨʳʡ 

ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʫʣʫʯʰʝʥʠʝ ʢʘʯʝʩʪʚʘ ʠʟʦʙʨʘʞʝʥʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ ʠ ʧʦʟʚʦʣʷʝʪ ʨʘʩʰʠʨʠʪʴ ʧʦʣʝ ʟʨʝʥʠʷ ʪʦʤʦʛʨʘʬʠʠ 

ʜʘʞʝ ʧʨʠ ʦʜʥʦʤ ʩʢʘʥʝ. ʄʝʪʦʜ ʠʩʧʦʣʴʟʫʝʪ ʛʠʧʦʪʝʟʫ ʦ ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʠ 

ʦʧʠʩʘʥʠʷ ʦʙʲʝʢʪʘ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʧʨʦʝʢʮʠʡ (ʩʠʥʦʛʨʘʤʤ) ʠ ʧʨʦʩʪʨʘʥʩʪʚʝ 

ʨʝʢʦʥʩʪʨʫʢʮʠʠ. ɺʭʦʜʥʳʤʠ ʜʘʥʥʳʤʠ ʜʣʷ ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʘʣʛʦʨʠʪʤʘ ʷʚʣʷʶʪʩʷ 

ʥʝʧʦʣʥʳʝ ʜʘʥʥʳʝ, ʘ ʚʳʭʦʜʥʳʤʠ - ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʠ 

ʜʦʚʝʨʠʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʜʣʷ ʚʩʝʭ ʧʠʢʩʝʣʝʡ ʠʟʦʙʨʘʞʝʥʠʷ (ʥʘʜʝʞʥʦʩʪʴ 

ʨʝʢʦʥʩʪʨʫʢʮʠʠ). 

1.5 ɺʨʝʤʷʨʘʟʨʝʰʘʶʱʘʷ (4D) ʪʦʤʦʛʨʘʬʠʷ 

ʊʨʘʜʠʮʠʦʥʥʦ ʚ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ 

ʦʙʲʝʢʪ ʦʩʪʘʝʪʩʷ ʥʝʠʟʤʝʥʥʳʤ, ʘ ʜʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʭʦʜʝ ʠʟʤʝʨʝʥʠʡ, 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʪʨʝʭʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʳ ʵʪʦʛʦ ʦʙʲʝʢʪʘ. 

ʇʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʩʪʘʮʠʦʥʘʨʥʦʩʪʠ ʦʙʲʝʢʪʘ ʧʝʨʝʩʪʘʝʪ ʙʳʪʴ ʚʝʨʥʳʤ ʧʨʠ 

ʠʟʫʯʝʥʠʠ ʜʠʥʘʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʦʙʲʝʢʪ ʦʧʠʩʳʚʘʝʪʩʷ ʥʝ 

ʦʜʥʠʤ ʪʨʝʭʤʝʨʥʳʤ ʮʠʬʨʦʚʳʤ ʠʟʦʙʨʘʞʝʥʠʝʤ, ʘ ʩʝʨʠʝʡ ʪʘʢʠʭ ʨʝʢʦʥʩʪʨʫʢʮʠʡ. 

ʂʘʞʜʘʷ ʠʟ ʥʠʭ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʦʩʪʦʷʥʠʶ ʦʙʲʝʢʪʘ ʚ ʦʧʨʝʜʝʣʝʥʥʳʡ ʤʦʤʝʥʪ 

ʚʨʝʤʝʥʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʝʪʦʜ 3D-ʪʦʤʦʛʨʘʬʠʠ ʧʨʝʚʨʘʱʘʝʪʩʷ ʚ ʤʝʪʦʜ 4D-

ʪʦʤʦʛʨʘʬʠʠ (3D + ʚʨʝʤʷ). ʆʜʥʠʤ ʠʟ ʧʝʨʚʳʭ ʥʘʧʨʘʚʣʝʥʠʡ, ʚ ʢʦʪʦʨʦʤ 

ʚʦʟʥʠʢʣʘ ʟʘʜʘʯʘ ʤʦʥʠʪʦʨʠʥʛʘ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʦʙʲʝʢʪʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʩʣʝʞʝʥʠʷ ʟʘ ʘʥʘʪʦʤʠʯʝʩʢʠʤʠ ʩʪʨʫʢʪʫʨʘʤʠ, ʙʳʣʘ ʤʝʜʠʮʠʥʘ [130]. 

ʅʘʙʣʶʜʝʥʠʷ ʚʝʣʠʩʴ ʟʘ ʜʠʥʘʤʠʢʦʡ ʨʘʟʚʠʪʠʷ ʘʥʦʤʘʣʠʡ ʦʨʛʘʥʦʚ. ɺʨʝʤʷ 

ʥʘʙʣʶʜʝʥʠʷ ʟʘ ʦʙʲʝʢʪʦʤ, ʢʦʪʦʨʦʝ ʧʨʦʜʦʣʞʘʣʦʩʴ ʚ ʪʝʯʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʯʘʩʦʚ, 

ʜʥʝʡ ʠʣʠ ʥʝʜʝʣʴ, ʙʳʣʦ ʨʘʟʜʝʣʝʥʦ ʥʘ ʠʥʪʝʨʚʘʣʳ, ʚ ʪʝʯʝʥʠʝ ʢʘʞʜʦʛʦ ʠʟ 
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ʢʦʪʦʨʳʭ ʧʨʦʚʦʜʠʣʦʩʴ ʦʜʥʦ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ. ɺ ʪʝʯʝʥʠʝ ʵʪʦʛʦ 

ʠʥʪʝʨʚʘʣʘ ʦʙʲʝʢʪ ʩʯʠʪʘʣʩʷ ʥʝʠʟʤʝʥʷʝʤʳʤ, ʥʘʭʦʜʷʱʠʤʩʷ ʚ 

ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʦʤ ʩʦʩʪʦʷʥʠʠ. ɼʣʷ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʦʛʦ 

ʦʙʲʝʢʪʘ ʠʟ ʥʘʙʦʨʘ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʝʢʮʠʡ ʠʩʧʦʣʴʟʫʶʪʩʷ ʘʣʛʦʨʠʪʤʳ, 

ʨʘʟʨʘʙʦʪʘʥʥʳʝ ʜʣʷ ʪʨʘʜʠʮʠʦʥʥʦʡ ʪʦʤʦʛʨʘʬʠʠ [131]. ɽʩʣʠ ʞʝ ʦʙʲʝʢʪ ʷʚʣʷʝʪʩʷ 

ʥʝʩʪʘʮʠʦʥʘʨʥʳʤ, ʪʦ ʟʘʜʘʯʘ ʚʨʝʤʷʨʘʟʨʝʰʘʶʱʠʝʡ ʪʦʤʦʛʨʘʬʠʠ ʬʦʨʤʫʣʠʨʫʝʪʩʷ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: ʚʦʩʩʪʘʥʦʚʠʪʴ ʮʠʬʨʦʚʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʦʙʲʝʢʪʘ ʚ 

ʨʘʟʣʠʯʥʳʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ. 

ɺ ʥʘʯʘʣʝ 2000-ʭ ʛʦʜʦʚ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʘʷ ʢʦʥʠʯʝʩʢʘʷ ʢʦʤʧʴʶʪʝʨʥʘʷ 

ʪʦʤʦʛʨʘʬʠʷ ʚ ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ ʙʳʣʘ ʨʝʘʣʠʟʦʚʘʥʘ ʘʧʧʘʨʘʪʥʦ [132], ʚ ʥʝʡ 

ʚʨʝʤʷ ʥʘʙʣʶʜʝʥʠʷ ʟʘ ʦʙʲʝʢʪʦʤ ʠ ʚʨʝʤʷ ʩʢʘʥʠʨʦʚʘʥʠʷ ʪʦʤʦʛʨʘʬʘ ʩʪʘʥʦʚʷʪʩʷ 

ʦʜʥʠʤ ʧʝʨʠʦʜʦʤ ʚʨʝʤʝʥʠ. ɺ ʵʪʦʡ ʨʘʙʦʪʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʩ ʧʨʳʛʘʶʱʠʤ ʤʷʯʦʤ 

ʜʣʷ ʛʦʣʴʬʘ ʠ ʬʘʥʪʦʤʦʤ ʤʝʭʘʥʠʯʝʩʢʦʡ ʢʠʩʪʠ ʨʫʢʠ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ 

ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʧʨʦʝʢʮʠʡ ʦʪ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʦʙʲʝʢʪʘ ʚ ʨʝʘʣʴʥʦʤ 

ʚʨʝʤʝʥʠ. ʂʘʞʜʦʝ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʦʝ 3D ʠʟʦʙʨʘʞʝʥʠʝ ʙʳʣʦ ʚʦʩʩʪʘʥʦʚʣʝʥʦ 

ʤʝʪʦʜʦʤ ʌʝʣʴʜʢʘʤʧʘ (FDK) [131]. ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʥʘʷ ʚʦʟʤʦʞʥʦʩʪʴ 

ʘʧʧʘʨʘʪʥʦʛʦ ʨʝʰʝʥʠʷ ʜʣʷ ʩʙʦʨʘ ʧʨʦʝʢʮʠʡ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʛʦ 

ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʛʦ ʤʝʪʦʜʘ ʦʪʢʨʳʣʘ ʥʦʚʳʝ ʧʝʨʩʧʝʢʪʠʚʳ ʜʣʷ ʝʛʦ ʧʨʠʤʝʥʝʥʠʷ ʚ 

ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʜʠʥʘʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ. ɹʳʣʦ ʚʚʝʜʝʥʦ ʧʦʥʷʪʠʝ ʤʦʜʝʣʠ 

ʩʘʤʦʛʦ ʧʨʦʮʝʩʩʘ. ʊʘʢ, ʤʦʜʝʣʴ ʜʚʠʞʝʥʠʷ ʯʝʣʦʚʝʯʝʩʢʦʛʦ ʦʨʛʘʥʘ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ 

ʩʚʦʡʩʪʚʝ ʩʦʭʨʘʥʝʥʠʷ ʣʦʢʘʣʴʥʦʛʦ ʦʙʲʝʤʘ ʪʢʘʥʠ, ʫʯʠʪʳʚʘʣʘʩʴ ʧʨʠ 

ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʳʭ ʩʦʩʪʦʷʥʠʡ ʦʨʛʘʥʘ ʚ ʨʘʙʦʪʝ [133]. 

ɼʨʫʛʠʤ ʪʠʧʦʤ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʷʚʣʷʶʪʩʷ ʧʝʨʠʦʜʠʯʝʩʢʠ 

ʧʦʚʪʦʨʷʶʱʠʝʩʷ ʧʨʦʮʝʩʩʳ [134ï136]. ɼʣʷ ʪʘʢʠʭ ʧʨʦʮʝʩʩʦʚ ʠʟʤʝʨʷʶʪʩʷ 

ʧʨʦʝʢʮʠʠ ʟʘ ʥʝʩʢʦʣʴʢʦ ʧʝʨʠʦʜʦʚ. ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʩʥʷʪʳʝ ʧʨʦʝʢʮʠʠ 

ʧʝʨʝʩʪʨʘʠʚʘʶʪʩʷ ʧʦ ʬʘʟʘʤ ʧʨʦʮʝʩʩʘ ʪʘʢ, ʯʪʦʙʳ ʦʥʠ ʧʨʠʥʘʜʣʝʞʘʣʠ ʦʜʥʦʤʫ ʠ 

ʪʦʤʫ ʞʝ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʦʤʫ ʩʦʩʪʦʷʥʠʶ, ʧʦʩʣʝ ʯʝʛʦ ʧʨʠʤʝʥʷʝʪʩʷ ʦʜʠʥ ʠʟ 

ʤʝʪʦʜʦʚ ʨʝʢʦʥʩʪʨʫʢʮʠʠ, ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʜʣʷ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʩʣʫʯʘʷ [137]. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʜʠʥʘʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʥʘ ʩʠʥʭʨʦʪʨʦʥʥʳʭ ʩʪʘʥʮʠʷʭ 

ʪʘʢʞʝ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʦʪʜʝʣʴʥʳʡ ʢʣʘʩʩ ʟʘʜʘʯ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʤʦʞʥʦ ʟʥʘʯʠʪʝʣʴʥʦ ʩʦʢʨʘʪʠʪʴ ʚʨʝʤʷ ʧʦʣʫʯʝʥʠʷ 

ʧʨʦʝʢʮʠʠ [138ï140]. ʊʦʤʦʛʨʘʬʠʯʝʩʢʠʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʩ ʥʘʩʝʢʦʤʳʤʠ [141ï

143] ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʚʦʟʤʦʞʥʦʩʪʴ ʥʘʙʣʶʜʝʥʠʷ ʟʘ ʜʚʠʞʝʥʠʝʤ ʠʭ 
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ʢʦʥʝʯʥʦʩʪʝʡ ʙʝʟ ʧʨʠʤʝʥʝʥʠʷ ʩʧʝʮʠʘʣʴʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʨʝʢʦʥʩʪʨʫʢʮʠʠ. 

ʃʘʙʦʨʘʪʦʨʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʠʟʫʯʝʥʠʶ ʨʘʙʦʪʳ ʛʨʫʧʧ ʤʳʰʮ, ʦʪʚʝʯʘʶʱʠʭ 

ʟʘ ʨʘʟʣʠʯʥʳʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʜʝʡʩʪʚʠʷ, ʪʘʢʞʝ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʤʝʣʢʠʭ 

ʞʠʚʦʪʥʳʭ [144]. 

ɺ ʵʪʦ ʞʝ ʚʨʝʤʷ ʥʘʯʘʣʦʩʴ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʘʣʛʦʨʠʪʤʠʯʝʩʢʦʡ ʯʘʩʪʠ 

ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ, ʧʨʠʤʝʥʷʝʤʳʭ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ 

ʦʙʲʝʢʪʦʚ. ɹʳʣ ʧʨʝʜʣʦʞʝʥ ʘʣʛʦʨʠʪʤ ʨʘʩʯʝʪʘ ʧʦʣʷ ʧʨʷʤʦʡ ʠ ʦʙʨʘʪʥʦʡ 

ʜʝʬʦʨʤʘʮʠʠ ʜʣʷ ʠʟʫʯʝʥʠʷ ʧʝʨʠʦʜʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʚ 

ʦʙʲʝʢʪʝ [145]. ʆʥ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʫʪʦʯʥʠʪʴ ʨʝʟʫʣʴʪʘʪ ʨʝʢʦʥʩʪʨʫʢʮʠʠ 

ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ ʚ ʩʝʨʠʠ. ʇʨʝʜʩʪʘʚʣʝʥ ʧʦʜʭʦʜ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-

ʚʨʝʤʝʥʥʦʡ ʨʝʛʫʣʷʨʠʟʘʮʠʠ ʜʣʷ ʠʟʫʯʝʥʠʷ ʥʝʧʝʨʠʦʜʠʯʝʩʢʠʭ ʠʟʤʝʥʝʥʠʡ 

ʩʦʩʪʦʷʥʠʷ ʦʙʲʝʢʪʘ [146]. ʇʨʦʝʢʮʠʠ, ʠʟʤʝʨʝʥʥʳʝ ʚʦ ʚʩʝʭ ʚʨʝʤʝʥʥʳʭ ʢʘʜʨʘʭ, 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʘʣʛʦʨʠʪʤʘʭ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʚʤʝʩʪʝ, ʘ ʥʝ ʧʦ ʦʯʝʨʝʜʠ. 

ʈʝʟʫʣʴʪʘʪ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʷʚʣʷʝʪʩʷ ʬʫʥʢʮʠʝʡ ʧʨʦʩʪʨʘʥʩʪʚʘ ʠ ʚʨʝʤʝʥʠ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʠʟʤʝʨʝʥʠʷʭ ʩʭʝʤʳ ʧʦʣʫʯʝʥʠʷ ʥʝʦʜʥʦʨʦʜʥʳʭ ʧʨʦʝʢʮʠʡ [147] 

ʧʦʟʚʦʣʠʣʦ ʫʚʝʣʠʯʠʪʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ. ʋʩʣʦʚʠʷ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʠ ʚʨʝʤʝʥʥʦʛʦ ʰʪʨʘʬʘ ʦʙʲʝʜʠʥʷʶʪʩʷ ʚ ʦʜʠʥ 

ʨʝʛʫʣʷʨʠʟʠʨʫʶʱʠʡ ʯʣʝʥ. ɼʘʣʴʥʝʡʰʝʝ ʜʦʙʘʚʣʝʥʠʝ ʚ ʘʣʛʦʨʠʪʤ ʨʝʢʦʥʩʪʨʫʢʮʠʠ 

ʢʫʩʦʯʥʦ-ʧʦʩʪʦʷʥʥʦʡ ʬʫʥʢʮʠʠ ʜʣʷ ʨʘʟʜʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʩʪʘʮʠʦʥʘʨʥʳʭ ʠ 

ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʦʙʣʘʩʪʝʡ ʦʙʲʝʢʪʘ ʧʦʟʚʦʣʠʣʦ ʧʦʚʳʩʠʪʴ ʪʦʯʥʦʩʪʴ 

ʨʝʢʦʥʩʪʨʫʢʮʠʠ, ʯʪʦ ʙʳʣʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʥʘ ʜʘʥʥʳʭ ʥʝʡʪʨʦʥʥʦʡ 

ʪʦʤʦʛʨʘʬʠʠ [109]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʩʫʱʝʩʪʚʫʝʪ ʜʚʘ ʧʦʜʭʦʜʘ ʢ ʨʝʘʣʠʟʘʮʠʠ 

4D- ʪʦʤʦʛʨʘʬʠʠ. ɸʧʧʘʨʘʪʥʳʡ ʧʦʜʭʦʜ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʚʝʨʭʙʳʩʪʨʦʤ 

ʠʟʤʝʨʝʥʠʠ ʥʝʩʢʦʣʴʢʠʭ ʧʦʣʥʳʭ ʥʘʙʦʨʦʚ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʝʢʮʠʡ, ʚʦ ʚʨʝʤʷ 

ʢʦʪʦʨʦʛʦ ʦʙʲʝʢʪ ʩʯʠʪʘʝʪʩʷ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʳʤ. ɺʳʧʦʣʥʷʝʪʩʷ ʥʝ ʦʜʠʥ, ʘ 

ʥʝʩʢʦʣʴʢʦ ʧʦʚʦʨʦʪʦʚ ʛʝʥʪʨʠ ʚʦʢʨʫʛ ʦʙʲʝʢʪʘ ʠʣʠ ʚʨʘʱʝʥʠʡ ʦʙʲʝʢʪʘ, ʝʩʣʠ 

ʩʠʩʪʝʤʘ ʠʟʣʫʯʘʪʝʣʴ-ʜʝʪʝʢʪʦʨ ʥʝʧʦʜʚʠʞʥʘ. ɸʣʛʦʨʠʪʤʳ 3D ʨʝʢʦʥʩʪʨʫʢʮʠʠ 

ʧʨʠʤʝʥʷʶʪʩʷ ʥʝʟʘʚʠʩʠʤʦ ʜʣʷ ʢʘʞʜʦʛʦ ʥʘʙʦʨʘ ʧʨʦʝʢʮʠʡ. ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ 

ʠʟʤʝʨʝʥʠʡ ʪʨʝʙʫʝʪʩʷ ʟʦʥʜʠʨʦʚʘʥʠʝ ʩ ʚʳʩʦʢʠʤ ʧʦʪʦʢʦʤ ʠʟʣʫʯʝʥʠʷ ʠ ʦʯʝʥʴ 

ʙʳʩʪʨʳʝ ʠ ʜʦʨʦʛʠʝ ʜʝʪʝʢʪʦʨʳ. 

ɺʦ ʚʪʦʨʦʤ ʧʦʜʭʦʜʝ ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʨʘʙʦʪʳ ʚʦʟʣʘʛʘʝʪʩʷ ʥʘ ʠʩʧʦʣʴʟʫʝʤʳʝ 

ʘʣʛʦʨʠʪʤʳ ʨʝʢʦʥʩʪʨʫʢʮʠʠ. ɺ ɻʣʘʚʝ 4 ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʧʨʝʜʣʘʛʘʝʪʩʷ ʙʳʩʪʨʳʡ, 
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ʥʦʚʳʡ ʘʣʛʦʨʠʪʤ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʦʧʪʠʤʠʟʘʮʠʠ. ʂʘʢ ʠ ʚ ʧʨʝʜʳʜʫʱʠʭ 

ʨʘʙʦʪʘʭ [109], ʚ ʘʣʛʦʨʠʪʤʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʠʥʬʦʨʤʘʮʠʷ ʦ ʩʪʘʮʠʦʥʘʨʥʳʭ 

ʦʙʣʘʩʪʷʭ, ʥʦ ʚʤʝʩʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʯʣʝʥʘ ʨʝʛʫʣʷʨʠʟʘʮʠʠ, ʧʨʦʠʩʭʦʜʠʪ 

ʦʙʥʦʚʣʝʥʠʝ ʯʘʩʪʠ ʩʠʥʦʛʨʘʤʤʳ, ʚʳʯʠʩʣʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʪʝʢʫʱʝʛʦ ʨʝʰʝʥʠʷ, 

ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʠʟʤʝʨʝʥʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ. ɸʣʛʦʨʠʪʤ ʨʘʙʦʪʘʝʪ ʜʦʩʪʘʪʦʯʥʦ 

ʙʳʩʪʨʦ, ʪʘʢ ʢʘʢ ʥʦʚʦʝ ʨʝʰʝʥʠʝ, ʦʧʠʩʳʚʘʶʱʝʝ ʩʣʝʜʫʶʱʝʝ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʦʝ 

ʩʦʩʪʦʷʥʠʝ ʦʙʲʝʢʪʘ, ʩʪʨʦʠʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʦʣʴʢʦ ʦʜʥʦʡ ʧʨʦʝʢʮʠʠ. 

ʆʜʥʘʢʦ, ʧʨʝʜʣʘʛʘʝʤʳʡ ʘʣʛʦʨʠʪʤ ʥʘʢʣʘʜʳʚʘʝʪ ʙʦʣʝʝ ʞʝʩʪʢʠʝ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ 

ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʩʢʦʨʦʩʪʴʶ ʠʩʩʣʝʜʫʝʤʦʛʦ ʧʨʦʮʝʩʩʘ ʠ ʚʨʝʤʝʥʝʤ 

ʠʟʤʝʨʝʥʠʷ ʦʜʥʦʡ ʧʨʦʝʢʮʠʠ. ɺʨʝʤʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʨʝʤʝʥʝʤ 

ʵʢʩʧʦʟʠʮʠʠ ʦʜʥʦʛʦ ʢʘʨʜʘ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʠʟʤʝʥʝʥʠʷ ʚ ʠʩʩʣʝʜʫʝʤʦʤ 

ʦʙʲʝʢʪʝ ʧʨʦʠʩʭʦʜʷʪ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦ ʢʦʣʠʯʝʩʪʚʦ ʚʝʱʝʩʪʚʘ (ʠ ʧʦʛʣʦʱʝʥʠʝ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʪʦʤ ʯʠʩʣʝ) ʚ ʢʘʞʜʦʡ ʪʦʯʢʝ ʦʙʲʝʢʪʘ ʥʝ 

ʫʤʝʥʴʰʘʝʪʩʷ ʩʦ ʚʨʝʤʝʥʝʤ. ʂ ʪʘʢʠʤ ʧʨʦʮʝʩʩʘʤ ʦʪʥʦʩʷʪʩʷ, ʥʘʧʨʠʤʝʨ, ʪʝʯʝʥʠʝ 

ʞʠʜʢʦʩʪʠ ʚ ʥʝʢʦʪʦʨʳʭ ʧʦʨʠʩʪʳʭ ʩʨʝʜʘʭ [148, 149], ʨʦʩʪ ʢʨʠʩʪʘʣʣʦʚ ʠ 3D-

ʧʝʯʘʪʴ. 

1.6 ʈʝʟʶʤʝ ʣʠʪʝʨʘʪʫʨʥʦʛʦ ʦʙʟʦʨʘ 

ʀʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʝ ʨʘʙʦʪʳ ʚ ʩʦʚʨʝʤʝʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ ʚʝʜʫʪʩʷ ʚ ʥʝʩʢʦʣʴʢʠʭ ʥʘʧʨʘʚʣʝʥʠʷʭ: ʫʣʫʯʰʝʥʠʝ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ, ʧʦʚʳʰʝʥʠʝ ʢʦʥʪʨʘʩʪʥʦʩʪʠ ʧʦʣʫʯʘʝʤʳʭ 

ʨʝʢʦʥʩʪʨʫʢʮʠʡ, ʫʤʝʥʴʰʝʥʠʝ ʚʨʝʤʝʥʠ/ʜʦʟʳ ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʡ. ɼʣʷ 

ʨʘʟʚʠʪʠʷ ʵʪʠʭ ʥʘʧʨʘʚʣʝʥʠʡ ʫʞʝ ʥʝʜʦʩʪʘʪʦʯʥʦ ʪʦʣʴʢʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʘʤʳʝ 

ʪʦʯʥʳʝ ʘʧʧʘʨʘʪʥʳʝ ʨʝʰʝʥʠʷ ʠʣʠ ʩʘʤʳʝ ʙʳʩʪʨʳʝ ʚʳʯʠʩʣʠʪʝʣʠ. ʉʦʚʨʝʤʝʥʥʳʡ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʘʧʧʘʨʘʪʥʦ-ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʤʧʣʝʢʩ, 

ʦʙʲʝʜʠʥʷʶʱʠʡ ʚ ʩʝʙʝ ʦʧʪʠʤʘʣʴʥʳʝ ʘʧʧʘʨʘʪʫʨʥʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ ʜʣʷ ʩʙʦʨʘ 

ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ ʠ ʘʣʛʦʨʠʪʤʳ ʦʙʨʘʙʦʪʢʠ ʠʟʦʙʨʘʞʝʥʠʡ, 

ʫʧʨʘʚʣʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʤ ʠ ʧʨʦʚʝʜʝʥʠʷ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ. 

ʀʤʝʥʥʦ ʨʘʟʚʠʪʠʶ ʪʘʢʠʭ ʤʝʪʦʜʦʚ ʜʣʷ ʨʘʩʰʠʨʝʥʠʷ ʚʦʟʤʦʞʥʦʩʪʝʡ 

ʣʘʙʦʨʘʪʦʨʥʦʡ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ ʠ ʧʦʩʚʷʱʝʥʘ ʵʪʘ ʜʠʩʩʝʨʪʘʮʠʦʥʥʘʷ ʨʘʙʦʪʘ. 
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ɻʣʘʚʘ 2. ʇʨʦʚʝʜʝʥʠʝ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʅʘʩʪʦʷʱʘʷ ʛʣʘʚʘ ʧʦʩʚʷʱʝʥʘ ʦʧʠʩʘʥʠʶ ʨʘʟʚʠʪʳʭ ʚ ʭʦʜʝ ʚʳʧʦʣʥʝʥʠʷ 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʧʦʜʭʦʜʦʚ ʢ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʧʦʣʫʯʝʥʠʷ 

ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ. ʇʨʠʚʝʜʝʥʦ ʦʙʦʩʥʦʚʘʥʠʝ ʧʨʝʠʤʫʱʝʩʪʚʘ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʧʦʣʠʭʨʦʤʘʪʠʯʥʳʤ ʠʟʣʫʯʝʥʠʝʤ. ʆʙʦʩʥʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʢʨʠʩʪʘʣʣʦʚ-ʤʦʥʦʭʨʦʤʘʪʦʨʦʚ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ ʨʘʟʨʝʰʝʥʠʝʤ ʧʦʨʷʜʢʘ 10 ʤʢʤ. ʆʧʠʩʘʥʘ ʢʦʥʩʪʨʫʢʮʠʷ 

ʩʦʟʜʘʥʥʦʛʦ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʤʠʢʨʦʪʦʤʦʛʨʘʬʘ. ʇʦʢʘʟʘʥʦ, 

ʯʪʦ ʧʨʦʚʝʜʝʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʝʩʢʦʣʴʢʠʭ ʵʥʝʨʛʠʡ 

ʠʟʣʫʯʝʥʠʷ ʤʦʞʝʪ ʧʦʟʚʦʣʠʪʴ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ 

ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʲʝʢʪʦʚ. ʇʨʦʚʝʜʝʥʦ ʢʦʤʧʣʝʢʩʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʟʚʦʥʢʦʚ 

ʭʨʷʱʝʧʘʣʦʛʦ ʛʝʢʢʦʥʘ ʠ ʦʙʨʘʟʮʦʚ ʢʦʩʪʝʡ ʢʠʩʪʝʡ ʢʦʥʝʯʥʦʩʪʝʡ. 

2.1 ʄʝʪʦʜʠʢʘ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ ʥʘ ʣʘʙʦʨʘʪʦʨʥʳʭ 

ʠʩʪʦʯʥʠʢʘʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʨʠʩʪʘʣʣʘ-ʤʦʥʦʭʨʦʤʘʪʦʨʘ 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ ʧʦʟʚʦʣʷʝʪ ʢʦʨʨʝʢʪʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʝʪʦʜʳ ʦʙʨʘʱʝʥʠʷ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʈʘʜʦʥʘ ʠ ʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴ ʟʥʘʯʝʥʠʝ ʣʠʥʝʡʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʦʩʣʘʙʣʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʠʩʧʦʣʴʟʫʝʤʦʡ ʜʣʠʥʝ ʚʦʣʥʳ. 

ɺ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ ʩʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʩʧʦʩʦʙʦʚ 

ʧʦʣʫʯʠʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʝ (ʠʣʠ ñʨʦʟʦʚʦʝò) ʠʟʣʫʯʝʥʠʝ: 

ʧʦʛʣʦʱʘʶʱʠʝ ʬʠʣʴʪʨʳ ʠ ʢʨʠʩʪʘʣʣʳ ʤʦʥʦʭʨʦʤʘʪʦʨʳ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ 

ʧʦʛʣʦʱʘʶʱʠʭ ʬʠʣʴʪʨʦʚ ʧʦʟʚʦʣʷʝʪ ʫʤʝʥʴʰʠʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʤʷʛʢʦʡ ʯʘʩʪʠ 

ʩʧʝʢʪʨʘ, ʥʦ ʦʩʪʘʚʣʷʝʪ ʞʸʩʪʢʫʶ ʩʦʩʪʘʚʣʷʶʱʫʶ ʪʦʨʤʦʟʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʇʨʠ 

ʨʘʟʨʘʙʦʪʢʝ ʤʝʪʦʜʠʢʠ ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʡ ʤʳ ʠʩʧʦʣʴʟʦʚʘʣʠ ʢʨʠʩʪʘʣʣʳ 

ʤʦʥʦʭʨʦʤʘʪʦʨʳ, ʪ.ʢ. ʦʥʠ ʧʦʟʚʦʣʷʶʪ ʚʳʨʝʟʘʪʴ ʠʟ ʩʧʝʢʪʨʘ ʦʜʥʫ ʠʣʠ ʥʝʩʢʦʣʴʢʦ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʣʠʥʠʡ, ʫʙʨʘʚ ʤʷʛʢʫʶ ʠ ʞʸʩʪʢʠʝ ʯʘʩʪʠ ʪʦʨʤʦʟʥʦʛʦ 

ʩʧʝʢʪʨʘ ʠ ʪʝʤ ʩʘʤʳʤ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʰʘʶʪ ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʩʪʴ. 
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ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʩʦʚʨʝʤʝʥʥʳʭ ʣʘʙʦʨʘʪʦʨʥʳʭ ʤʠʢʨʦʪʦʤʦʛʨʘʬʦʚ, ʘ ʪʘʢʞʝ ʚ 

ʤʝʜʠʮʠʥʩʢʠʭ ʪʦʤʦʛʨʘʬʘʭ ʠ ʪʦʤʦʛʨʘʬʘʭ ʜʣʷ ʜʝʬʝʢʪʦʩʢʦʧʠʠ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʞʝʩʪʢʦʝ ʪʦʨʤʦʟʥʦʝ ʨʝʥʪʛʝʥʦʚʩʢʦʝ ʠʟʣʫʯʝʥʠʝ ʩ ʜʦʩʪʘʪʦʯʥʦ ʰʠʨʦʢʠʤ 

ʩʧʝʢʪʨʘʣʴʥʳʤ ʩʦʩʪʘʚʦʤ (ʤʘʢʩʠʤʫʤ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ ~0,2A) 

[ɸ150]. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʧʨʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʤ 

ʠʩʩʣʝʜʦʚʘʥʠʠ ʥʝ ʫʜʘʝʪʩʷ ʧʦʣʫʯʠʪʴ ʠʩʪʠʥʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʣʠʥʝʡʥʦʛʦ ʦʩʣʘʙʣʝʥʠʷ ‘, ʧʦʩʢʦʣʴʢʫ ʨʘʟʥʳʝ ʜʣʠʥʳ ʚʦʣʥ ʟʦʥʜʠʨʫʶʱʝʛʦ 

ʠʟʣʫʯʝʥʠʷ ʦʩʣʘʙʣʷʶʪʩʷ ʚ ʦʙʨʘʟʮʝ ʧʦ-ʨʘʟʥʦʤʫ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʚ ʧʨʦʚʦʜʠʤʳʭ ʥʘʤʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʨʝʥʪʛʝʥʦʚʩʢʦʝ ʠʟʣʫʯʝʥʠʝ ʤʦʥʦʭʨʦʤʘʪʠʟʠʨʫʝʤʦʝ ʢʨʠʩʪʘʣʣʦʤ. ɺ 

ʵʪʦʤ ʩʣʫʯʘʝ ʨʝʥʪʛʝʥʦʚʩʢʠʡ ʤʠʢʨʦʪʦʤʦʛʨʘʬ ʩʦʩʪʦʠʪ ʠʟ ʠʩʪʦʯʥʠʢʘ, 

ʤʦʥʦʭʨʦʤʘʪʦʨʘ, ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʧʦʟʠʮʠʦʥʥʦ-ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʜʝʪʝʢʪʦʨʘ (ʩʤ. ʨʠʩ. 2.1). 

 

ʈʠʩʫʥʦʢ 2.1: ʉʭʝʤʘ ʧʨʦʚʝʜʝʥʠʷ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʛʦ ʠʟʤʝʨʝʥʠʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʨʠʩʪʘʣʣʘ-ʤʦʥʦʭʨʦʤʘʪʦʨʘ. 1-ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʪʨʫʙʢʘ, 2-ʙʣʦʢ 

ʢʨʠʩʪʘʣʣʘïʤʦʥʦʭʨʦʤʘʪʦʨʘ, 3- ʠʩʩʣʝʜʫʝʤʳʡ ʦʙʲʝʢʪ ʥʘ ʛʦʥʠʦʤʝʪʨʠʯʝʩʢʦʤ 

ʩʪʦʣʠʢʝ, 4- ʜʚʫʤʝʨʥʳʡ ʜʝʪʝʢʪʦʨ. 

ʇʨʠ ʧʦʣʫʯʝʥʠʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʧʨʦʝʢʮʠʦʥʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʛʣʘʚʥʳʤʠ 

ʬʘʢʪʦʨʘʤʠ, ʚʣʠʷʶʱʠʤʠ ʥʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ, ʷʚʣʷʶʪʩʷ ʨʘʟʤʝʨ 

ʠʩʪʦʯʥʠʢʘ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʨʘʩʭʦʜʠʤʦʩʪʴ ʠʟʣʫʯʝʥʠʷ, ʨʘʟʨʝʰʝʥʠʝ 

ʜʝʪʝʢʪʦʨʘ ʠ ʨʘʩʧʦʣʦʞʝʥʠʝ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ ʤʝʞʜʫ ʠʩʪʦʯʥʠʢʦʤ ʠ 

ʜʝʪʝʢʪʦʨʦʤ (ʛʝʦʤʝʪʨʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ). ʈʘʟʣʠʯʠʝ ʧʘʨʘʤʝʪʨʦʚ ʢʨʠʩʪʘʣʣʦʚ-

ʤʦʥʦʭʨʦʤʘʪʦʨʦʚ ʧʨʝʜʲʷʚʣʷʶʪ ʩʧʝʮʠʬʠʯʝʩʢʠʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʨʘʩʧʦʣʦʞʝʥʠʶ 

ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ ʤʝʞʜʫ ʠʩʪʦʯʥʠʢʦʤ ʠ ʜʝʪʝʢʪʦʨʦʤ. ʅʘʧʨʠʤʝʨ, 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʨʠʩʪʘʣʣʘ ʧʠʨʦʛʨʘʬʠʪʘ, ʚ ʩʠʣʫ ʥʝʩʦʚʝʨʰʝʥʩʪʚʘ ʝʛʦ 

ʩʪʨʫʢʪʫʨʳ, ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʠʥʪʝʥʩʠʚʥʳʡ ʨʘʩʭʦʜʷʱʠʡʩʷ ʧʫʯʦʢ, ʠ ʚʳʙʨʘʪʴ 
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ʪʘʢʦʝ ʨʘʩʩʪʦʷʥʠʝ, ʥʘ ʢʦʪʦʨʦʤ ʚʩʷ ʦʙʣʘʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʫʜʝʪ ʦʩʚʝʱʝʥʘ. ʇʨʠ 

ʵʪʦʤ ʢʘʞʜʘʷ ʪʦʯʢʘ ʦʙʲʝʢʪʘ ʙʫʜʝʪ ʥʝʩʢʦʣʴʢʦ ʨʘʟʤʳʚʘʪʴʩʷ ʥʘ ʜʝʪʝʢʪʦʨʝ (ʚʚʠʜʫ 

ʧʦʷʚʣʝʥʠʷ ʧʦʣʫʪʝʥʝʡ), ʘ ʰʠʨʠʥʘ ʩʧʝʢʪʨʘ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʤʦʞʝʪ 

ʩʦʩʪʘʚʠʪʴ ς ̞̋ˏ ʜʣʷ ʨʘʙʦʯʝʡ ʣʠʥʠʠ ὓέὑ, 17.5 ʢʵɺ (ʧʨʠ ʨʘʟʦʨʠʝʥʪʘʮʠʠ 

ʧʣʦʩʢʦʩʪʝʡ ʢʨʠʩʪʘʣʣʘ ʧʠʨʦʛʨʘʬʠʪʘ πȢτᶼ). 

ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʧʦʣʫʯʘʝʤʳʭ ʠʟʦʙʨʘʞʝʥʠʡ (ʜʦ 

ʜʦʩʪʠʞʝʥʠʷ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ, ʥʘʯʠʥʘʶʱʠʭ ʚʥʦʩʠʪʴ ʚʢʣʘʜ ʧʨʠ 

ʠʩʩʣʝʜʦʚʘʥʠʠ ʦʙʲʝʢʪʦʚ ʤʠʢʨʦʥʥʦʛʦ ʨʘʟʤʝʨʘ) ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʘʟʤʝʨʘʤʠ 

ʧʦʣʫʪʝʥʝʡ, ʚʦʟʥʠʢʘʶʱʠʭ ʠʟ-ʟʘ ʢʦʥʝʯʥʦʛʦ ʨʘʟʤʝʨʘ ʠʩʪʦʯʥʠʢʘ ʠ ʨʘʩʭʦʜʠʤʦʩʪʠ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ. ɺʣʠʷʥʠʝ ʵʪʦʛʦ ʨʘʟʤʳʪʠʷ ʫʤʝʥʴʰʘʝʪʩʷ ʧʦ ʤʝʨʝ 

ʫʚʝʣʠʯʝʥʠʷ ʦʪʥʦʰʝʥʠʷ ʨʘʩʩʪʦʷʥʠʡ ñʨʝʥʪʛʝʥʦʚʩʢʘʷ ʪʨʫʙʢʘ ï ʦʙʨʘʟʝʮò ʠ 

ñʦʙʨʘʟʝʮ ï ʜʝʪʝʢʪʦʨò. ɺ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʵʪʦ ʩʦʦʪʥʦʰʝʥʠʝ ʙʦʣʴʰʝ 100 (ʚ ʩʣʫʯʘʝ, 

ʢʦʛʜʘ ʨʘʟʤʝʨ ʠʩʪʦʯʥʠʢʘ 1ʭ1 ʤʤ, ʘ ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʵʣʝʤʝʥʪʘ ʜʝʪʝʢʪʦʨʘ 9ʭ9 

ʤʢʤ), ʠʤ ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ. ɺ ʩʦʙʨʘʥʥʦʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʩʭʝʤʝ ʵʪʘ 

ʚʝʣʠʯʠʥʘ ʥʝ ʧʨʝʚʳʰʘʣʘ 20 (ʠʩʪʦʯʥʠʢ-ʦʙʨʘʟʝʮ - 100 ʩʤ, ʦʙʨʘʟʝʮ-ʜʝʪʝʢʪʦʨ - ʥʝ 

ʙʦʣʝʝ 5 ʩʤ). ʕʪʘ ʚʝʣʠʯʠʥʘ ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʣʠʥʝʡʥʳʤʠ ʨʘʟʤʝʨʘʤʠ 

ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʛʦʥʠʦʤʝʪʨʘ. ɺ ʜʘʥʥʳʭ ʫʩʣʦʚʠʷʭ ʨʘʟʤʳʪʠʝ ʠʟʦʙʨʘʞʝʥʠʷ ʟʘ 

ʩʯʸʪ ʧʨʦʝʢʮʠʦʥʥʦʛʦ ʫʚʝʣʠʯʝʥʠʷ ʥʘ ʫʯʘʩʪʢʝ ʦʪ ʦʙʨʘʟʮʘ ʜʦ ʜʝʪʝʢʪʦʨʘ ʥʝ 

ʧʨʝʚʳʰʘʝʪ 5%, ʯʪʦ ʧʨʠ ʣʠʥʝʡʥʦʤ ʨʘʟʤʝʨʝ ʧʠʢʩʝʣʷ 9 ʤʢʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʚʝʣʠʯʠʥʝ 0.45 ʤʢʤ. 

ʆʪʤʝʪʠʤ ʥʝʢʦʪʦʨʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʤʝʨʝʥʥʳʝ ʥʘ ʜʚʫʭʢʨʠʩʪʘʣʴʥʦʤ 

ʩʧʝʢʪʨʦʤʝʪʨʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʧʨʠʤʝʥʝʥʠʝʤ 

ʨʘʟʣʠʯʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʤʦʥʦʭʨʦʤʘʪʦʨʦʚ. ʋʛʣʦʚʘʷ ʨʘʩʭʦʜʠʤʦʩʪʴ ʥʘ ʜʣʠʥʝ 

ʚʦʣʥʳ ʜʣʷ ʤʦʥʦʭʨʦʤʘʪʦʨʦʚ ʠʟ ʢʨʝʤʥʠʷ, ʬʪʦʨʠʜʘ ʣʠʪʠʷ ʠ ʧʠʨʦʣʠʪʠʯʝʩʢʦʛʦ 

ʛʨʘʬʠʪʘ ʩʦʩʪʘʚʠʣʘ 7, 150 ʠ 3300 ʫʛʣʦʚʳʭ ʩʝʢʫʥʜ [151, ɸ152]. ʇʨʠ ʵʪʦʤ 

ʤʘʢʩʠʤʫʤʳ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩʦʦʪʥʦʩʷʪʩʷ ʢʘʢ 

1:0.3:0.6, ʘ ʠʥʪʝʛʨʘʣʴʥʳʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʢʘʢ 1:10:200 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺʠʜʥʦ, 

ʯʪʦ ʧʠʨʦʣʠʪʠʯʝʩʢʠʡ ʛʨʘʬʠʪ ʦʙʝʩʧʝʯʠʚʘʝʪ ʤʘʢʩʠʤʘʣʴʥʫʶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʠʟʣʫʯʝʥʠʷ, ʧʨʠ ʵʪʦʤ ʧʦʟʚʦʣʷʝʪ ʠʩʩʣʝʜʦʚʘʪʴ ʦʙʲʝʢʪʳ ʨʘʟʤʝʨʦʤ ʜʦ 2 ʩʤ. 

ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʦʮʝʥʢʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʥʘʰʝʡ 

ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ ʟʦʣʦʪʦʡ ʩʝʪʢʠ ʩ ʨʘʟʤʝʨʦʤ 

ʧʨʦʚʦʣʦʢʠ 16 ʤʢʤ. ʀʟ ʨʠʩ. 2.2 ʚʠʜʥʦ, ʯʪʦ ʧʨʦʚʦʣʦʯʢʠ ʭʦʨʦʰʦ ʨʘʟʨʝʰʘʶʪʩʷ. 
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ʈʠʩʫʥʦʢ 2.2: ʆʮʝʥʢʘ ʨʘʟʨʝʰʝʥʠʷ ʨʝʥʪʛʝʥʦʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʨʠʩʪʘʣʣʘ ʧʠʨʦʛʨʘʬʠʪʘ. ʉʣʝʚʘ: ʨʝʥʪʛʝʥʦʚʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ 

ʟʦʣʦʪʦʡ ʩʝʪʢʠ ʩ ʨʘʟʤʝʨʦʤ ʧʨʦʚʦʣʦʯʝʢ 16 ʤʢʤ. ʉʧʨʘʚʘ: ʫʚʝʣʠʯʝʥʥʳʡ 

ʬʨʘʛʤʝʥʪ ʠʟʦʙʨʘʞʝʥʠʷ 

ɺ ʨʘʙʦʪʝ [ɸ152] ʥʘʤʠ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚʩʝ ʫʧʦʤʷʥʫʪʳʝ ʚʳʰʝ 

ʤʦʥʦʭʨʦʤʘʪʦʨʳ ʧʦʟʚʦʣʷʶʪ ʚʦʩʩʪʘʥʦʚʠʪʴ ʟʥʘʯʝʥʠʝ ʧʦʛʣʦʱʝʥʠʷ ʠʟʤʝʨʝʥʥʳʭ 

ʧʨʦʚʦʣʦʯʝʢ ʩ ʪʦʯʥʦʩʪʴʶ ʣʫʯʰʝ 5%. ʋʯʠʪʳʚʘʷ, ʯʪʦ ʨʘʟʤʝʨ ʧʠʢʩʝʣʷ ʥʘʰʝʛʦ 

ʜʝʪʝʢʪʦʨʘ ʨʘʚʝʥ 9 ʤʢʤ, ʪʦ ʜʘʣʴʥʝʡʰʝʝ ʫʣʫʯʰʝʥʠʝ ʨʝʥʪʛʝʥʦʦʧʪʠʯʝʩʢʦʛʦ 

ʨʘʟʨʝʰʝʥʠʷ ʥʝ ʮʝʣʝʩʦʦʙʨʘʟʥʦ, ʪ.ʢ. ʨʝʘʣʴʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʦʛʨʘʥʠʯʝʥʦ 

ʚʝʣʠʯʠʥʦʡ ʧʦʣʫʪʦʨʘ ʨʘʟʤʝʨʦʚ ʧʠʢʩʝʣʷ. 

ʆʮʝʥʠʪʴ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʯʝʩʢʦʝ ʨʘʟʨʝʰʝʥʠʝ ʩʣʦʞʥʝʝ, ʪ.ʢ. 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʤʝʪʦʜʘ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ 

ʟʘʚʠʩʠʪ ʦʪ ʤʥʦʛʠʭ ʧʘʨʘʤʝʪʨʦʚ: ʚʟʘʠʤʥʦʛʦ ʨʘʩʧʦʣʦʞʝʥʠʷ ʠʩʪʦʯʥʠʢʘ, ʦʙʲʝʢʪʘ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʜʝʪʝʢʪʦʨʘ, ʨʘʟʤʝʨʘ ʠʩʪʦʯʥʠʢʘ, ʨʘʟʨʝʰʝʥʠʷ ʜʝʪʝʢʪʦʨʘ, 

ʢʦʣʠʯʝʩʪʚʘ ʧʨʦʝʢʮʠʡ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʜʣʷ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ, ʠ 

ʘʣʛʦʨʠʪʤʘ ʨʝʢʦʥʩʪʨʫʢʮʠʠ. ʉʣʦʞʥʝʝ ʚʩʝʛʦ ʦʮʝʥʠʪʴ ʚʣʠʷʥʠʝ ʘʣʛʦʨʠʪʤʘ 

ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʠʩʪʦʯʥʠʢʘ ʢʦʥʝʯʥʦʛʦ 

ʨʘʟʤʝʨʘ. ʊʦʤʦʛʨʘʬʠʯʝʩʢʠʝ ʘʣʛʦʨʠʪʤʳ ʜʝʣʷʪʩʷ ʥʘ ʪʝ, ʢʦʪʦʨʳʝ ʧʦʜʜʝʨʞʠʚʘʶʪ 

ʛʝʦʤʝʪʨʠʶ ʩ ʧʨʦʪʷʞʸʥʥʳʤʠ ʠʩʪʦʯʥʠʢʘʤʠ, ʥʦ ʧʘʨʘʣʣʝʣʴʥʳʤ ʧʫʯʢʦʤ (FPB, 
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SIRT, SART ʠ ʜʨ.) ʠ ʪʝ ʘʣʛʦʨʠʪʤʳ, ʢʦʪʦʨʳʝ ʨʘʙʦʪʘʶʪ ʩ ʪʦʯʝʯʥʳʤʠ 

ʠʩʪʦʯʥʠʢʘʤʠ, ʥʦ ʨʘʩʭʦʜʷʱʠʤʠʩʷ ʧʫʯʢʘʤʠ (FDK, SIRT, SART ʠ ʜʨ.). 

 

ʈʠʩʫʥʦʢ 2.3: ʀʣʣʶʩʪʨʘʮʠʷ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʩʭʝʤʳ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ 

ʧʨʦʝʢʮʠʦʥʥʳʭ ʜʘʥʥʳʭ ʩ ʧʨʦʪʷʞʸʥʥʳʤ ʠʩʪʦʯʥʠʢʦʤ (ʩʚʝʨʭʫ) ʠ 

ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʩ ʪʦʯʝʯʥʳʤ ʠʩʪʦʯʥʠʢʦʤ. 

ɼʣʷ ʦʮʝʥʢʠ ʧʦʣʫʯʘʝʤʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʜʚʫʭʵʪʘʧʥʦʝ 

ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ. ʉʥʘʯʘʣʘ ʙʳʣ ʩʤʦʜʝʣʠʨʦʚʘʥ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʡ 

ʵʢʩʧʝʨʠʤʝʥʪ ʩ ʧʨʦʪʷʞʸʥʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʩʤ ʨʠʩ. 2.3 (ʩʚʝʨʭʫ), ʘ ʧʦʪʦʤ 

ʧʨʦʚʝʜʝʥʘ ʧʨʦʮʝʜʫʨʘ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʚ ʧʨʠʙʣʠʞʝʥʠʠ 

ʪʦʯʝʯʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʩʤ ʨʠʩ. 2.3 (ʩʥʠʟʫ). 

ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʩʣʝʜʫʶʱʘʷ 

ʛʝʦʤʝʪʨʠʷ: 

Å ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʪʨʫʙʢʘ Seifert DX-Mo 12x0.4S ʩ ʤʦʣʠʙʜʝʥʦʚʳʤ ʘʥʦʜʦʤ ʠ 

ʵʬʬʝʢʪʠʚʥʳʤ ʨʘʟʤʝʨʦʤ ʠʩʪʦʯʥʠʢʘ 0.4 ʥʘ 1.2 ʤʤ (ʧʨʦʝʢʮʠʷ ñʪʦʯʢʘò - 0.4 

ʥʘ 0.4 ʤʤ) 
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Å ʯʝʨʝʟ 100 ʤʤ ʱʝʣʴ ʰʠʨʠʥʦʡ 1.5 ʤʤ ʠ ʧʦʩʣʝ ʥʝʸ ʤʦʥʦʭʨʦʤʘʪʦʨ - 

ʢʨʠʩʪʘʣʣ ʧʠʨʦʣʠʪʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ, ʚʳʨʝʟʘʶʱʠʡ ʣʠʥʠʶ ρχȢυ ς ʢʵɺ 

(ʨʘʟʦʨʠʝʥʪʘʮʠʷ ʧʣʦʩʢʦʩʪʝʡ ʢʨʠʩʪʘʣʣʘ ʧʠʨʦʛʨʘʬʠʪʘ πȢτᶼ) 

Å ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʢʨʠʩʪʘʣʣʘ-ʤʦʥʦʭʨʦʤʘʪʦʨʘ ʜʦ ʦʙʲʝʢʪʘ 100 ʤʤ, ʦʪ ʦʙʲʝʢʪʘ 

ʜʦ ʜʝʪʝʢʪʦʨʘ - 10 ʤʤ 

Å ʨʘʟʤʝʨ ʧʠʢʩʝʣʷ ʜʝʪʝʢʪʦʨʘ - 9 ʤʢʤ. 

Å ʢʦʣʠʯʝʩʪʚʦ ʤʦʜʝʣʠʨʫʝʤʳʭ ʧʨʦʝʢʮʠʡ - 360. 

ɺ ʢʘʯʝʩʪʚʝ ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʦʜʝʣʴʥʦʛʦ ʦʙʲʝʢʪʘ ʙʳʣ ʚʳʙʨʘʥ ʢʫʙ, 

ʩʦʩʪʦʷʱʠʡ ʠʟ ʤʘʣʝʥʴʢʠʭ ʢʫʙʠʢʦʚ ʨʘʟʤʝʨʦʤ 15 ʤʢʤ (ʩʤ ʨʠʩ. 2.4 ʩʣʝʚʘ). ʕʪʦ 

ʧʦʟʚʦʣʠʪ ʦʮʝʥʠʪʴ ʜʦʩʪʠʛʘʝʪʩʷ ʣʠ ʚ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ 

ʨʘʟʨʝʰʝʥʠʝ ʩʨʘʚʥʠʤʦʝ ʩ ʧʨʦʝʢʮʠʦʥʥʳʤ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʨʝʥʪʛʝʥʦʚʩʢʠʭ 

ʧʨʦʝʢʮʠʡ ʧʨʦʚʦʜʠʣʦʩʴ ʤʝʪʦʜʦʤ ʄʦʥʪʝ-ʂʘʨʣʦ, ʢʦʛʜʘ ʥʘ ʠʩʪʦʯʥʠʢʝ ʠʟʣʫʯʝʥʠʷ 

ʩʣʫʯʘʡʥʦ ʚʳʙʠʨʘʣʘʩʴ ʪʦʯʢʘ ʠ ʠʟ ʥʝʸ ʩ ʧʦʤʦʱʴʶ ʧʘʢʝʪʘ Astra Toolbox [87] ʚ 

ʧʨʠʙʣʠʞʝʥʠʠ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʦʧʪʠʢʠ ʨʘʩʧʨʦʩʪʨʘʥʷʣʩʷ ʢʦʥʠʯʝʩʢʠʡ ʧʫʯʦʢ, 

ʬʦʨʤʠʨʫʶʱʠʡ ʪʝʥʝʚʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʲʝʢʪʘ. ʇʦʩʣʝ ʵʪʦʛʦ 

10000 ʧʦʣʫʯʝʥʥʳʭ ʧʨʦʝʢʮʠʡ ʩʫʤʤʠʨʦʚʘʣʦʩʴ ʠ ʧʦʣʫʯʘʣʘʩʴ ʦʜʥʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʧʨʦʝʢʮʠʷ (ʩʤ ʨʠʩ. 2.4 ʩʧʨʘʚʘ). ʅʘ ʧʨʦʝʢʮʠʠ ʚʠʜʥʦ, ʯʪʦ ʠʟ-

ʟʘ ʨʘʩʭʦʜʠʤʦʩʪʠ ʧʫʯʢʘ ʠʟʦʙʨʘʞʝʥʠʝ ʙʣʠʞʝ ʢ ʢʨʘʷʤ ʦʙʲʝʢʪʘ ʩʪʘʥʦʚʠʪʩʷ 

ʨʘʟʤʳʪʳʤ, ʯʪʦ ʠ ʦʙʲʷʩʥʷʝʪʩʷ ʥʘʣʠʯʠʝʤ ʧʦʣʫʪʝʥʝʡ. 
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ʈʠʩʫʥʦʢ 2.4: (ʉʣʝʚʘ) ʉʝʯʝʥʠʝ ʤʦʜʝʣʴʥʦʛʦ ʦʙʲʝʢʪʘ. (ʉʧʨʘʚʘ) ʈʝʥʪʛʝʥʦʚʩʢʘʷ 

ʧʨʦʝʢʮʠʷ ʚ ʢʦʥʠʯʝʩʢʦʡ ʩʭʝʤʝ ʩ ʧʨʦʪʷʞʸʥʥʳʤ ʠʩʪʦʯʥʠʢʦʤ 

ɺʪʦʨʳʤ ʰʘʛʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʳʣʦ ʧʨʦʚʝʜʝʥʠʝ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ 

ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʧʦ ʥʘʙʦʨʫ ʧʦʣʫʯʝʥʥʳʭ ʪʝʥʝʚʳʭ ʧʨʦʝʢʮʠʡ ʠ ʘʥʘʣʠʟ 

ʧʦʣʫʯʝʥʥʦʛʦ ʨʝʟʫʣʴʪʘʪʘ. ʊʦʤʦʛʨʘʬʠʯʝʩʢʘʷ ʨʝʢʦʥʩʪʨʫʢʮʠʷ ʧʨʦʚʦʜʠʣʘʩʴ 

ʤʝʪʦʜʦʤ FDK (Feldkamp, Davis, and Kress [131]) ʷʚʣʷʶʱʠʤʩʷ ʜʝ-ʬʘʢʪʦ 

ʩʪʘʥʜʘʨʪʥʳʤ ʚʳʙʦʨʦʤ ʧʨʠ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʚ ʢʦʥʫʩʥʦʡ ʩʭʝʤʝ. 
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ʈʠʩʫʥʦʢ 2.5: ʊʦʤʦʛʨʘʬʠʯʝʩʢʘʷ ʨʝʢʦʥʩʪʨʫʢʮʠʷ ʤʦʜʝʣʴʥʦʛʦ ʦʙʲʝʢʪʘ ʚ ʩʭʝʤʝ ʩ 

ʧʨʦʪʷʞʸʥʥʳʤ ʠʩʪʦʯʥʠʢʦʤ. (ʉʚʝʨʭʫ ʩʣʝʚʘ) ʄʦʜʝʣʴʥʳʡ ʦʙʲʝʢʪ, (ʩʚʝʨʭʫ 

ʩʧʨʘʚʘ) ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʡ ʦʙʲʝʢʪ, (ʩʥʠʟʫ) ʩʝʯʝʥʠʝ ʚʜʦʣʴ ʚʳʜʝʣʝʥʥʳʭ ʣʠʥʠʡ 

ʅʘ ʨʠʩ. 2.5 ʚʠʜʥʦ, ʯʪʦ ʚʩʝ ʤʝʣʢʠʝ ʜʝʪʘʣʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʲʝʢʪʘ 

ʨʘʟʨʝʰʘʶʪʩʷ, ʠ ʠʭ ʨʘʟʤʝʨʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʟʥʘʯʝʥʠʷʤ, ʟʘʣʦʞʝʥʥʳʤ ʚ ʤʦʜʝʣʠ. 

ʂʦʥʝʯʥʦ, ʥʘ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʧʨʠʩʫʪʩʪʚʫʶʪ ʠʩʢʘʞʝʥʠʷ (ʘʨʪʝʬʘʢʪʳ), 

ʟʘʢʣʶʯʘʶʱʠʝʩʷ ʚ ʥʘʣʠʯʠʠ ʧʦʩʪʦʷʥʥʦʛʦ ʬʦʥʦʚʦʛʦ ʩʠʛʥʘʣʘ ʥʘ ʨʝʢʦʥʩʪʨʫʢʮʠʠ 

ʠ ʟʘʥʠʞʝʥʠʠ ʟʥʘʯʝʥʠʷ ʧʦʛʣʦʱʝʥʠʷ (ʩʤ ʨʠʩ. 2.5 ʚʥʠʟʫ). ʅʦ ʵʪʦ ʦʙʲʷʩʥʷʝʪʩʷ 
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ʪʝʤ, ʯʪʦ ʨʘʟʤʝʨ ʨʘʟʨʝʰʘʝʤʳʭ ʜʝʪʘʣʝʡ ʥʘ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʨʘʚʝʥ ʚʩʝʛʦ ʜʚʫʤ 

ʧʠʢʩʝʣʷʤ ʜʝʪʝʢʪʦʨʘ. 

2.2 ɺʳʙʦʨ ʵʥʝʨʛʠʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ɺ ʨʘʙʦʪʝ [ɸ153] ʘʚʪʦʨʦʤ ʧʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ ʚʳʙʦʨʘ ʦʧʪʠʤʘʣʴʥʦʡ ʵʥʝʨʛʠʠ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ. ɺ ʢʘʯʝʩʪʚʝ ʢʨʠʪʝʨʠʷ ʚʳʙʦʨʘ ʠʟʣʫʯʝʥʠʷ ʚʳʩʪʫʧʘʝʪ 

ʠʜʝʷ ʦ ʪʦʤ, ʯʪʦ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʠʥʬʦʨʤʘʪʠʚʥʳʭ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ ʠ 

ʤʠʢʨʦʪʦʤʦʛʨʘʤʤ ʥʝʦʙʭʦʜʠʤ ʦʧʪʠʤʘʣʴʥʳʡ ʚʳʙʦʨ ʵʥʝʨʛʠʠ ʟʦʥʜʠʨʫʶʱʝʛʦ 

ʠʟʣʫʯʝʥʠʷ. ʆʥʦ ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʥʝ ʜʦʣʞʥʦ ʩʠʣʴʥʦ ʧʦʛʣʦʱʘʪʴʩʷ 

ʠʩʩʣʝʜʫʝʤʳʤ ʦʙʲʝʢʪʦʤ, ʘ ʩ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ ʜʦʣʞʥʦ ʬʦʨʤʠʨʦʚʘʪʴ 

ʢʦʥʪʨʘʩʪʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʚʥʫʪʨʝʥʥʝʡ ʩʪʨʫʢʪʫʨʳ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʲʝʢʪʘ. 

ʇʨʦʚʝʜʝʤ ʚʳʙʦʨ ʵʬʬʝʢʪʠʚʥʦʡ ʵʥʝʨʛʠʠ ʟʦʥʜʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ. ɺ 

ʪʘʙʣ. 2.1 ʧʨʠʚʝʜʝʥʦ ʩʦʧʦʩʪʘʚʣʝʥʠʝ ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʠʥ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʧʦʛʣʦʱʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʚʝʱʝʩʪʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ. ʉʣʝʜʫʝʪ 

ʫʢʘʟʘʪʴ, ʯʪʦ ʚ ʪʘʙʣʠʮʝ ʧʨʠʚʝʜʝʥʳ ʟʥʘʯʝʥʠʷ ʚʝʣʠʯʠʥʳ , ρȾ‘ (‘- ʣʠʥʝʡʥʳʡ 

ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ). ʇʨʠ ʨʘʩʯʝʪʝ ʚʝʣʠʯʠʥ L ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʘʥʥʳʝ ʦ 

ʩʦʩʪʘʚʝ ʠ ʧʣʦʪʥʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ [154]. ʂʘʢ ʧʨʘʚʠʣʦ, 

ʨʘʟʣʠʯʠʝ ʚ ʧʦʛʣʦʱʝʥʠʠ ʚʦʟʨʘʩʪʘʝʪ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʙʦʣʝʝ ʤʷʛʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ. ʆʜʥʘʢʦ ʚʦʟʨʘʩʪʘʝʪ ʠ ʩʘʤʘ ʚʝʣʠʯʠʥʘ ʣʠʥʝʡʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʧʦʛʣʦʱʝʥʠʷ. 

ʊʘʙʣʠʮʘ 2.1: ʍʘʨʘʢʪʝʨʥʳʝ ʜʣʠʥʳ ʧʦʛʣʦʱʝʥʠʷ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ 

ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ.  

 ɺʦʜʘ ɻʣʶʢʦʟʘ ɹʝʣʦʢ ʃʠʧʠʜʳ ὅὥὅὕ 

E(ʕʚ) L(ʤʤ) L(ʤʤ) L(ʤʤ) L(ʤʤ) L(ʤʤ) 

5000 0,234 0,194/ 0,233 0,500 0,029 

5500 0,313 0,260 0,311 0,670 0,038 

6500 0,522 0,435 0,516 1,123 0,059 

7000 0,655 0,547 0,647 1,413 0,073 

8000 0,989 0,826 0,972 2,135 0,106 

17500 10,162 8,246 9,406 18,924 0,983 

22000 17,753 13,876 15,821 28,805 1,896 
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 ɺʦʜʘ ɻʣʶʢʦʟʘ ɹʝʣʦʢ ʃʠʧʠʜʳ ὅὥὅὕ 

30000 30,904 22,623 26,036 40,752 4,505 

ʆʮʝʥʠʤ ʧʨʠʤʝʨʥʳʡ ʨʘʟʤʝʨ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʜʣʠʥʳ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ. ʇʦʩʢʦʣʴʢʫ ʙʦʣʴʰʠʥʩʪʚʦ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ 

ʩʦʜʝʨʞʘʪ ʚ ʩʝʙʝ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʚʦʜʳ, ʧʨʠʚʝʜʝʤ ʥʦʤʦʛʨʘʤʤʫ (ʨʠʩ. 2.6), 

ʩʚʷʟʳʚʘʶʱʫʶ ʜʣʠʥʫ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ ʩ ʚʝʣʠʯʠʥʦʡ ʧʦʛʣʦʱʝʥʠʷ ʩʣʦʝʤ ʚʦʜʳ 

ʠʣʠ ʢʨʝʤʥʠʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʝʛʦ ʪʦʣʱʠʥʘʭ. ʇʨʠʤʝʤ, ʢʘʢ ʢʨʠʪʝʨʠʡ ʪʦʣʱʠʥʳ 

ʦʙʲʝʢʪʘ, ʪʘʢʦʝ ʝʛʦ ʟʥʘʯʝʥʠʝ, ʧʨʠ ʢʦʪʦʨʦʤ ʠʟʣʫʯʝʥʠʝ ʦʩʣʘʙʣʷʝʪʩʷ ʚ 10 ʨʘʟ. ʀʟ 

ʨʠʩ. 2.6 ʪʘʢʞʝ ʚʠʜʥʦ, ʯʪʦ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʙʲʝʢʪʦʚ ʨʘʟʥʦʡ ʧʨʠʨʦʜʳ ʥʫʞʥʦ 

ʚʳʙʠʨʘʪʴ ʣʠʙʦ ʨʘʟʥʳʝ ʵʥʝʨʛʠʠ ʟʦʥʜʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ, ʣʠʙʦ ʧʦʜʙʠʨʘʪʴ 

ʦʙʨʘʟʮʳ ʨʘʟʥʦʛʦ ʨʘʟʤʝʨʘ. ʅʘʧʨʠʤʝʨ, ʧʨʠ ʧʦʜʛʦʪʦʚʢʝ ʦʙʨʘʟʮʦʚ ʢʨʝʤʥʠʝʚʳʝ 

ʦʙʲʝʢʪʳ ʥʘʜʦ ʧʦʜʙʠʨʘʪʴ ʧʨʠʤʝʨʥʦ ʚ 10 ʨʘʟ ʤʝʥʴʰʝ ʧʦ ʨʘʟʤʝʨʫ, ʯʝʤ 

ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʪʢʘʥʠ. 
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ʈʠʩʫʥʦʢ 2.6: ʂ ʚʳʙʦʨʫ ʦʧʪʠʤʘʣʴʥʦʡ ʜʣʠʥʳ ʚʦʣʥʳ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʤʘʪʝʨʠʘʣʘ ʠ ʨʘʟʤʝʨʘ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʲʝʢʪʘ. 

ɺʳʙʦʨ ʠʤʝʥʥʦ ʪʘʢʦʡ ʚʝʣʠʯʠʥʳ ʧʦʛʣʦʱʝʥʠʷ ʦʙʫʩʣʦʚʣʝʥ ʞʝʣʘʝʤʦʡ 

ʪʦʯʥʦʩʪʴʶ ʦʧʨʝʜʝʣʝʥʠʷ ʧʣʦʪʥʦʩʪʠ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʘ ʪʘʢʞʝ ʩʪʨʝʤʣʝʥʠʝʤ 

ʫʤʝʥʴʰʠʪʴ ʣʫʯʝʚʫʶ ʥʘʛʨʫʟʢʫ, ʩ ʜʨʫʛʦʡ. 

ʉʦʙʳʪʠʷ ʨʝʛʠʩʪʨʘʮʠʠ ʢʘʞʜʦʛʦ ʠʟ ʬʦʪʦʥʦʚ, ʧʦʧʘʚʰʠʭ ʚ ʜʝʪʝʢʪʦʨ, ʥʠʢʘʢ 

ʥʝ ʩʚʷʟʘʥʳ ʤʝʞʜʫ ʩʦʙʦʡ. ʇʦʵʪʦʤʫ ʚʝʨʦʷʪʥʦʩʪʴ ʨʝʛʠʩʪʨʘʮʠʠ ʬʦʪʦʥʦʚ 

ʧʦʜʯʠʥʷʝʪʩʷ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʇʫʘʩʩʦʥʘ, ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʦʰʠʙʢʘ ʜʣʷ N 

ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʭ ʬʦʪʦʥʦʚ ʤʦʞʝʪ ʙʳʪʴ ʦʮʝʥʝʥʘ ʢʘʢ Ѝὔ. ʊʦ ʝʩʪʴ ʜʣʷ 

ʞʝʣʘʝʤʦʡ ʪʦʯʥʦʩʪʠ ʥʝ ʭʫʞʝ 10% ʤʳ ʜʦʣʞʥʳ ʟʘʬʠʢʩʠʨʦʚʘʪʴ ʥʝ ʤʝʥʝʝ 100 
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ʬʦʪʦʥʦʚ. ʇʨʠ ʫʩʣʦʚʠʠ ʦʩʣʘʙʣʝʥʠʷ ʧʘʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ρπ ʨʘʟ 

ʚʳʰʝʫʢʘʟʘʥʥʦʝ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ ʧʨʠʚʦʜʠʪ ʢ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʧʘʜʘʶʱʝʤ 

ʧʫʯʢʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ρπ ʬʦʪʦʥʦʚ ʚ ʷʯʝʡʢʫ. ɼʠʥʘʤʠʯʝʩʢʠʡ ʜʠʘʧʘʟʦʥ 

ʩʦʚʨʝʤʝʥʥʳʭ ʜʝʪʝʢʪʦʨʦʚ ʙʣʠʟʦʢ ʢ ʜʘʥʥʦʡ ʚʝʣʠʯʠʥʝ, ʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʝʩʴʤʘ 

ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ ʧʦʣʫʯʠʪʴ ʨʝʟʫʣʴʪʘʪ ʩ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ. 

ʆʙʲʝʜʠʥʷʷ ʫʧʦʤʷʥʫʪʳʝ ʚʳʰʝ ʦʛʨʘʥʠʯʝʥʠʷ, ʤʳ ʧʨʠʭʦʜʠʤ ʢ ʚʳʚʦʜʫ, ʯʪʦ 

ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʢʦʥʪʨʘʩʪʥʦʩʪʠ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ 

ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʘ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʦʙʲʝʢʪʘʭ, ʩʣʝʜʫʝʪ 

ʚʳʙʠʨʘʪʴ ʪʘʢʫʶ ʵʥʝʨʛʠʶ ʠʟʣʫʯʝʥʠʷ, ʯʪʦʙʳ ʧʦʛʣʦʱʝʥʠʝ ʝʛʦ ʠʩʩʣʝʜʫʝʤʳʤ 

ʦʙʨʘʟʮʦʤ ʥʝ ʧʨʝʚʳʰʘʣʦ 10. 

ʇʨʠʚʝʜʸʤ ʩʦʦʙʨʘʞʝʥʠʷ, ʧʦʟʚʦʣʷʶʱʠʝ ʦʮʝʥʠʪʴ ʧʦʛʣʦʱʘʝʤʫʶ ʦʙʨʘʟʮʦʤ 

ʜʦʟʫ. ʆʧʨʝʜʝʣʠʤ ʢʦʣʠʯʝʩʪʚʦ ʬʦʪʦʥʦʚ, ʢʦʪʦʨʦʝ ʜʦʣʞʥʦ ʧʦʛʣʦʪʠʪʴʩʷ ʚ ʩʣʦʝ 

ʚʝʱʝʩʪʚʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʝʛʦ ʧʦʢʘʟʘʪʝʣʷ ʧʦʛʣʦʱʝʥʠʷ ʩ ʪʦʯʥʦʩʪʴʶ ʥʝ ʥʠʞʝ 

ʟʘʜʘʥʥʦʡ. ʇʫʩʪʴ ὔ -ʯʠʩʣʦ ʬʦʪʦʥʦʚ, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʦʝ ʜʝʪʝʢʪʦʨʦʤ ʧʨʠ 

ʦʪʩʫʪʩʪʚʠʠ ʦʙʨʘʟʮʘ, ʘ ὔ- ʧʨʠ ʥʘʣʠʯʠʠ ʦʙʨʘʟʮʘ. ʀʟ ʵʢʩʧʝʨʠʤʝʥʪʘ ʣʠʥʝʡʥʳʡ 

ʧʦʢʘʟʘʪʝʣʴ ʧʦʛʣʦʱʝʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʨʘʩʩʯʠʪʘʥ ʧʦ ʬʦʨʤʫʣʝ: 

‘
ρ

ὒ
ÌÎ
ὔ

ὔ
ȟ 

ʛʜʝ ὒ - ʪʦʣʱʠʥʘ ʦʙʲʝʢʪʘ. 

ʅʘʡʜʸʤ ʦʰʠʙʢʫ ʧʦ ʬʦʨʤʫʣʝ ʢʦʩʚʝʥʥʳʭ ʠʟʤʝʨʝʥʠʡ: 

ῳ‘
ρ

ὒ

ῳὔ

ὔ

ῳὔ

ὔ
 

ʠ ʝʩʣʠ ῳὍ Ὅ, ʪʦ 

ῳ‘
ρ

ὒ

ρ

ὔ

ρ

ὔ
Ȣ 

ɽʩʣʠ ʤʳ ʭʦʪʠʤ ʦʧʨʝʜʝʣʠʪʴ 

‘ 
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ʩ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʦʰʠʙʢʦʡ ὥ (ʪ.ʝ. ῳ‘ ὥ‘), ʪʦ ʥʝʦʙʭʦʜʠʤʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʬʦʪʦʥʦʚ ʚ ʧʘʜʘʶʱʝʤ ʥʘ ʦʙʨʘʟʝʮ ʧʫʯʢʝ ʜʦʣʞʥʦ ʙʳʪʴ  

ὔ
ρ

ὥὒ‘
ρ Ὡ 2.1 

  ɿʘʚʠʩʠʤʦʩʪʴ ʯʠʩʣʘ ʬʦʪʦʥʦʚ, ʧʦʛʣʦʱʝʥʥʳʭ ʦʜʥʦʨʦʜʥʳʤ ʦʙʨʘʟʮʦʤ 

(ʚʦʜʘ), ʦʪ ʨʘʟʤʝʨʦʚ ʦʙʲʝʢʪʘ ʠ ʵʥʝʨʛʠʠ ʟʦʥʜʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʥʘ ʨʠʩ. 2.7 

 

ʈʠʩʫʥʦʢ 2.7: ʃʦʛʘʨʠʬʤ ʯʠʩʣʘ ʧʦʛʣʦʱʝʥʥʳʭ ʬʦʪʦʥʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʨʘʟʤʝʨʘ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʲʝʢʪʘ ʠ ʵʥʝʨʛʠʠ ʢʚʘʥʪʦʚ ʟʦʥʜʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ 

ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʦʰʠʙʢʝ ʠʟʤʝʨʝʥʠʡ. 

ʆʮʝʥʠʤ ʜʦʟʫ, ʧʦʣʫʯʘʝʤʫʶ ʙʠʦʣʦʛʠʯʝʩʢʠʤ ʦʙʲʝʢʪʦʤ ʧʨʠ ʦʧʨʝʜʝʣʝʥʠʠ 

ʝʛʦ ʨʝʥʪʛʝʥʦʦʧʪʠʯʝʩʢʦʡ ʧʣʦʪʥʦʩʪʠ ʩ ʟʘʜʘʥʥʦʡ ʪʦʯʥʦʩʪʴʶ. ʇʦʛʣʦʱʝʥʥʘʷ ʜʦʟʘ 

(D) ʨʘʚʥʘ ʦʪʥʦʰʝʥʠʶ ʩʨʝʜʥʝʡ ʵʥʝʨʛʠʠ dE, ʧʝʨʝʜʘʥʥʦʡ ʠʦʥʠʟʠʨʫʶʱʠʤ 

ʠʟʣʫʯʝʥʠʝʤ ʚʝʱʝʩʪʚʫ ʚ ʵʣʝʤʝʥʪʘʨʥʦʤ ʦʙʲʝʤʝ, ʢ ʤʘʩʩʝ dm ʚʝʱʝʩʪʚʘ ʚ ʵʪʦʤ 

ʦʙʲʝʤʝ:  
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2.2 

  ʇʦʛʣʦʱʝʥʥʘʷ ʵʥʝʨʛʠʷ - ʯʠʩʣʦ ʧʦʛʣʦʱʝʥʥʳʭ ʚ ʦʙʨʘʟʮʝ ʬʦʪʦʥʦʚ, 

ʫʤʥʦʞʝʥʥʦʝ ʥʘ ʵʥʝʨʛʠʶ ʦʜʥʦʛʦ ʬʦʪʦʥʘ. ɼʣʷ ʨʘʩʯʸʪʦʚ ʟʘʤʝʥʠʤ 

ʙʠʦʣʦʛʠʯʝʩʢʠʡ ʦʙʨʘʟʝʮ ʢʫʙʦʤ ʚʦʜʳ ʩʦ ʩʪʦʨʦʥʦʡ L=1 ʩʤ. ɺ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʦʧʪʠʢʝ ʭʦʨʦʰʠʤ ʦʪʥʦʰʝʥʠʝʤ ʧʦʣʝ ʟʨʝʥʠʷ ʢ ʨʘʟʨʝʰʝʥʠʶ ʷʚʣʷʝʪʩʷ ʟʥʘʯʝʥʠʝ 

1000 [155]. ʇʫʩʪʴ ʤʳ ʭʦʪʠʤ ʩʦʩʪʘʚʠʪʴ ʢʘʨʪʫ ʧʣʦʪʥʦʩʪʠ ʦʙʲʝʢʪʘ ʩ 

ʨʘʟʨʝʰʝʥʠʝʤ 1000 ʥʘ 1000 ʵʣʝʤʝʥʪʦʚ ʠ ʪʦʯʥʦʩʪʴʶ ʥʝ ʭʫʞʝ 10%. ʊʦʛʜʘ ʜʦʟʘ, 

ʧʦʣʫʯʘʝʤʘʷ ʵʪʠʤ ʦʙʲʝʢʪʦʤ, ʙʫʜʝʪ ʨʘʚʥʘ 1 ɻʨʵʡ ʧʨʠ ʜʣʠʥʝ ʚʦʣʥʳ 

ʟʦʥʜʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ‗ ρὃ. 

ʈʘʟʥʳʝ ʜʠʘʧʘʟʦʥʳ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʦ-ʨʘʟʥʦʤʫ 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʩ ʚʝʱʝʩʪʚʦʤ. ɼʣʠʥʥʦʚʦʣʥʦʚʦʝ ʠʟʣʫʯʝʥʠʝ ʷʚʣʷʝʪʩʷ 

ʩʣʠʰʢʦʤ ʤʷʛʢʠʤ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʚ ʟʘʤʝʪʥʦʤ ʢʦʣʠʯʝʩʪʚʝ ʧʨʦʡʪʠ ʩʢʚʦʟʴ 

ʦʙʲʝʢʪ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʠ, ʧʦʵʪʦʤʫ, ʣʠʰʴ ʫʚʝʣʠʯʠʚʘʝʪ ʧʦʛʣʦʱʝʥʥʫʶ ʜʦʟʫ, ʥʝ 

ʧʨʠʥʦʩʷ ʥʠʢʘʢʦʡ ʠʥʬʦʨʤʘʮʠʠ. ʂʦʨʦʪʢʦʚʦʣʥʦʚʦʝ ʠʟʣʫʯʝʥʠʝ, ʥʘʦʙʦʨʦʪ, ʩʣʘʙʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʦʙʲʝʢʪʦʤ ʠ ʧʦʵʪʦʤʫ ʥʝʦʙʭʦʜʠʤʦ ʙʦʣʴʰʦʝ ʯʠʩʣʦ ʬʦʪʦʥʦʚ 

ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʥʫʞʥʦʛʦ ʢʦʥʪʨʘʩʪʘ. 

ʇʦʩʪʨʦʠʤ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʛʣʦʱʝʥʥʦʡ ʜʦʟʳ, ʧʦʣʫʯʘʝʤʦʡ ʦʙʲʝʢʪʦʤ 

ʨʘʟʤʝʨʦʤ 10 ʤʤ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʟʦʥʜʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʨʠʩ. 2.8. ʀʟ 

ʛʨʘʬʠʢʘ ʚʠʜʥʦ, ʯʪʦ ʧʨʠʚʝʜʝʥʥʳʝ ʚʳʰʝ ʢʘʯʝʩʪʚʝʥʥʳʝ ʩʦʦʙʨʘʞʝʥʠʷ ʦʪʣʠʯʥʦ 

ʧʦʜʪʚʝʨʞʜʘʶʪʩʷ ʯʠʩʣʝʥʥʳʤʠ ʦʮʝʥʢʘʤʠ ʠ ʩʫʱʝʩʪʚʫʝʪ ʤʠʥʠʤʫʤ ʧʦʛʣʦʱʝʥʥʦʡ 

ʜʦʟʳ ʜʣʷ ʙʠʦʣʦʛʠʯʝʩʢʦʛʦ ʦʙʲʝʢʪʘ ʨʘʟʤʝʨʦʤ ʦʢʦʣʦ 10 ʤʤ, ʠ ʵʪʦʪ ʤʠʥʠʤʫʤ 

ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʜʣʠʥʝ ʚʦʣʥʳ 1A. 
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ʈʠʩʫʥʦʢ 2.8: ɿʘʚʠʩʠʤʦʩʪʴ ʜʦʟʳ, ʧʦʛʣʦʱʝʥʥʦʡ ʦʙʲʝʢʪʦʤ ʨʘʟʤʝʨʦʤ 10 ʤʤ, ʦʪ 

ʜʣʠʥʳ ʚʦʣʥʳ ʟʦʥʜʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ. 

ɼʨʫʛʠʤ ʠʥʪʝʨʝʩʥʳʤ ʬʘʢʪʦʤ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʜʣʷ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʜʣʠʥʳ 

ʚʦʣʥʳ ʩʫʱʝʩʪʚʫʝʪ ʦʧʪʠʤʘʣʴʥʳʡ ʨʘʟʤʝʨ ʦʙʲʝʢʪʘ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ. 

ʇʨʠʚʝʜʸʥʥʘʷ ʥʠʞʝ ʨʠʩ. 2.9 ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʜʣʷ ʜʣʠʥʳ ʚʦʣʥʳ 

1A, ʦʧʪʠʤʘʣʴʥʳʤʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʶʪʩʷ ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʦʙʲʝʢʪʳ 

ʨʘʟʤʝʨʦʤ 10-30 ʤʤ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʤʳ ʚʠʜʠʤ, ʯʪʦ (2.1) ʠ (2.2) ʩʚʷʟʳʚʘʶʪ 

ʤʝʞʜʫ ʩʦʙʦʡ ʧʦʛʣʦʱʸʥʥʫʶ ʜʦʟʫ, ʨʘʟʤʝʨ ʦʙʲʝʢʪʘ ʠ ʜʣʠʥʫ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ. 
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ʈʠʩʫʥʦʢ 2.9: ɿʘʚʠʩʠʤʦʩʪʴ ʧʦʛʣʦʱʝʥʥʦʡ ʜʦʟʳ ʦʪ ʨʘʟʤʝʨʘ ʦʙʲʝʢʪʘ ʥʘ ʜʣʠʥʝ 

ʚʦʣʥʳ ʟʦʥʜʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ 1A. 

ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʯʠʩʣʝʥʥʳʭ ʦʮʝʥʦʢ ʤʳ ʠʩʧʦʣʴʟʦʚʘʣʠ ʣʠʥʝʡʥʳʡ 

ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ ʚʦʜʳ. ʆʜʥʘʢʦ ʚʳʰʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ (ʩʤ. ʪʘʙʣ. 2.1), 

ʯʪʦ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ ʣʠʥʝʡʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ 

ʧʦʛʣʦʱʝʥʠʷ ʚʦʜʳ ʦʯʝʥʴ ʙʣʠʟʦʢ ʢ ʪʘʢʦʚʳʤ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ. ʀʭ ʵʪʦʛʦ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʧʨʠ ʜʘʥʥʦʡ ʪʦʯʥʦʩʪʠ 

ʠʟʤʝʨʝʥʠʡ ʤʠʥʠʤʘʣʴʥʘʷ ʜʦʟʘ ʦʙʣʫʯʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʠʤʝʥʥʦ ʚ ʜʠʘʧʘʟʦʥʝ 

ʜʣʠʥ ʚʦʣʥ 0.5-1.5 ɸ, ʢʦʪʦʨʳʡ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʣʘʙʦʨʘʪʦʨʥʳʭ 

ʩʪʨʫʢʪʫʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ. ʕʪʦʪ ʚʳʚʦʜ, ʠʩʭʦʜʷ ʠʟ ʩʦʚʝʨʰʝʥʥʦ ʠʥʳʭ 

ʩʦʦʙʨʘʞʝʥʠʡ, ʙʳʣ ʪʘʢʞʝ ʥʝʟʘʚʠʩʠʤʦ ʧʦʣʫʯʝʥ ʚ [13]. 
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ʇʨʦʚʝʜʸʥʥʳʝ ʯʠʩʣʝʥʥʳʝ ʦʮʝʥʢʠ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ ʨʘʟʤʝʨʦʤ 10-20 ʤʤ ʩ ʨʘʟʨʝʰʝʥʠʝʤ 10-15 ʤʢʤ ʤʦʞʥʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʨʝʥʪʛʝʥʦʦʧʪʠʯʝʩʢʠʝ ʩʭʝʤʳ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʢʨʠʩʪʘʣʣʘ 

ʤʦʥʦʭʨʦʤʘʪʦʨʘ. ʇʨʠ ʵʪʦʤ ʦʢʘʟʳʚʘʝʪʩʷ ʚʦʟʤʦʞʥʳʤ ʥʝ ʪʦʣʴʢʦ 

ʚʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʪʨʸʭʤʝʨʥʫʶ ʩʪʨʫʢʪʫʨʫ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʲʝʢʪʘ, ʥʦ ʠ 

ʠʟʚʣʝʢʘʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦʙ ʠʩʪʠʥʥʦʤ ʟʥʘʯʝʥʠʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʣʠʥʝʡʥʦʛʦ 

ʦʩʣʘʙʣʝʥʠʷ. 

2.3 ɺʣʠʷʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʷ ʥʘ ʢʘʯʝʩʪʚʦ 

ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ. 

ʂʘʯʝʩʪʚʦ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʝ ʪʦʣʴʢʦ 

ʘʧʧʘʨʘʪʥʳʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʤʠʢʨʦʪʦʤʦʛʨʘʬʘ, ʥʦ ʠ 

ʟʘʰʫʤʣʝʥʥʦʩʪʴʶ ʠʩʭʦʜʥʳʭ ʧʨʦʝʢʮʠʡ, ʢʦʣʠʯʝʩʪʚʦʤ ʧʨʦʝʢʮʠʡ ʠ ʘʣʛʦʨʠʪʤʦʤ 

ʨʝʢʦʥʩʪʨʫʢʮʠʠ. ɺ ʨʝʘʣʴʥʳʭ, ʦʛʨʘʥʠʯʝʥʥʳʭ ʧʦ ʚʨʝʤʝʥʠ, ʣʘʙʦʨʘʪʦʨʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʥʝʚʦʟʤʦʞʥʦ ʦʜʥʦʚʨʝʤʝʥʥʦ ʦʙʝʩʧʝʯʠʪʴ ʚʳʩʦʢʦʝ ʩʦʦʪʥʦʰʝʥʠʝ 

ʩʠʛʥʘʣ/ʰʫʤ ʠ ʧʦʣʫʯʠʪʴ ʙʦʣʴʰʦʝ ʯʠʩʣʦ ʧʨʦʝʢʮʠʦʥʥʳʭ ʫʛʣʦʚ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ 

ʪʝʤ, ʯʪʦ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʚʨʝʤʝʥʠ ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʡ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʯʠʩʣʘ ʧʨʦʝʢʮʠʡ ʯʠʩʣʦ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʢʚʘʥʪʦʚ, ʧʨʠʭʦʜʷʱʠʭʩʷ ʥʘ ʢʘʞʜʫʶ 

ʧʨʦʝʢʮʠʶ, ʙʫʜʝʪ ʫʤʝʥʴʰʘʪʴʩʷ, ʘ ʟʥʘʯʠʪ ʙʫʜʝʪ ʫʤʝʥʴʰʘʪʩɹʷ ʩʦʦʪʥʦʰʝʥʠʝ 

ʩʠʛʥʘʣ-ʰʫʤ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʚʳʩʦʢʦʤ ʫʨʦʚʥʝ ʰʫʤʦʚ, ʠʥʦʛʜʘ 

ʚʳʛʦʜʥʦʡ ʷʚʣʷʝʪʩʷ ʩʪʨʘʪʝʛʠʷ ʦʙʲʝʜʠʥʝʥʠʷ (bining) ʧʠʢʩʝʣʝʡ ʜʝʪʝʢʪʦʨʘ, 

ʫʤʝʥʴʰʘʶʱʘʷ ʰʫʤʳ ʟʘ ʩʯʸʪ ʫʚʝʣʠʯʝʥʠʷ ʧʣʦʱʘʜʠ ʧʠʢʩʝʣʷ. ʊ.ʦ. ʧʨʠ 

ʧʣʘʥʠʨʦʚʘʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘ ʩʣʝʜʫʝʪ ʠʩʢʘʪʴ ʦʧʪʠʤʫʤ, ʤʝʞʜʫ ʢʘʯʝʩʪʚʦʤ 

ʦʜʥʦʡ ʧʨʦʝʢʮʠʠ ʠ ʢʦʣʠʯʝʩʪʚʦʤ ʧʨʦʝʢʮʠʡ. ʅʘ ʵʪʦʪ ʚʳʙʦʨ ʙʫʜʫʪ ʚʣʠʷʪʴ ʠ 

ʩʚʦʡʩʪʚʘ ʚʳʙʨʘʥʥʦʛʦ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʘʣʛʦʨʠʪʤʘ ʨʝʢʦʥʩʪʨʫʢʮʠʠ, ʚʘʞʥʦʡ 

ʯʘʩʪʴʶ ʩʘʤʦʛʦ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ. 

ɺ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʚʣʠʷʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʚʝʜʝʥʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘ (ʩʦʦʪʥʦʰʝʥʠʝ ñʩʠʛʥʘʣ-ʰʫʤò ʚ ʧʦʣʫʯʘʝʤʳʭ ʧʨʦʝʢʮʠʷʭ, 

ʢʦʣʠʯʝʩʪʚʦ ʧʦʣʫʯʘʝʤʳʭ ʧʨʦʝʢʮʠʡ, ʢʦʣʠʯʝʩʪʚʦ ʧʠʢʩʝʣʝʡ ʚ ʢʘʞʜʦʡ ʧʨʦʝʢʮʠʠ) 

ʥʘ ʨʝʟʫʣʴʪʘʪ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʚ ʨʘʟʣʠʯʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʥʘ ʣʘʙʦʨʘʪʦʨʥʳʭ ʠ 

ʩʠʥʭʨʦʪʨʦʥʥʳʭ ʠʩʪʦʯʥʠʢʘʭ. 

ʈʘʩʩʤʦʪʨʠʤ ʨʝʘʣʴʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ʥʘ ʤʠʢʨʦʪʦʤʦʛʨʘʬʝ ʊʦʤʘʩ, 

ʢʦʥʩʪʨʫʢʮʠʷ ʢʦʪʦʨʦʛʦ ʦʧʠʩʘʥʘ ʚʳʰʝ. ʇʨʠ ʪʠʧʠʯʥʳʭ ʫʩʣʦʚʠʷʭ ʧʨʦʚʝʜʝʥʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘ (ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʪʨʫʙʢʘ ʩ ʤʦʣʠʙʜʝʥʦʚʳʤ ʘʥʦʜʦʤ ʨʘʙʦʪʘʶʱʘʷ ʚ 
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ʨʝʞʠʤ 40 ʢɺ/40ʤɸ, ʤʦʥʦʭʨʦʤʘʪʦʨ ʠʟ ʧʠʨʦʣʠʪʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ, ʨʘʩʩʪʦʷʥʠʝ 

ʠʩʪʦʯʥʠʢ-ʜʝʪʝʢʪʦʨ 1 ʤʝʪʨ, ʜʝʪʝʢʪʦʨ ʍimea xiRay11) ʚ ʦʜʠʥ ʧʠʢʩʝʣʴ ʜʝʪʝʢʪʦʨʘ 

ʨʘʟʤʝʨʦʤ 9ʭ9 ʤʢʤ, ʥʘ ʨʘʩʩʪʦʷʥʠʠ 1 ʤʝʪʨ ʦʪ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ ʧʦʧʘʜʘʝʪ 7 

ʢʚʘʥʪʦʚ ʚ ʩʝʢʫʥʜʫ. ʇʨʠ ʚʨʝʤʝʥʠ ʧʨʦʚʝʜʝʥʠʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʧʦʨʷʜʢʘ ʦʜʥʦʛʦ ʯʘʩʘ, ʥʘ ʦʙʲʝʢʪ ʫʧʘʜʸʪ ςȢψẗρπ ʢʚʘʥʪʦʚ. 

ɼʣʷ ʪʝʩʪʠʨʦʚʘʥʠʷ ʨʘʟʨʘʙʘʪʳʚʘʝʤʳʭ ʘʣʛʦʨʠʪʤʦʚ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʙʳʣ 

ʚʳʙʨʘʥ ʩʪʘʥʜʘʨʪʥʳʡ ʤʦʜʝʣʴʥʳʡ ʦʙʲʝʢʪ, ʠʩʧʦʣʴʟʫʝʤʳʡ ʜʣʷ ʪʝʩʪʠʨʦʚʘʥʠʷ 

ʘʣʛʦʨʠʪʤʦʚ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʚ ʪʦʤʦʛʨʘʬʠʠ - ʬʘʥʪʦʤ ʐʝʧʧʘ-ʃʦʛʘʥʘ (ʩʤ. 

ʨʠʩ. 2.10) [156]. ʆʥ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʠ ʛʦʣʦʚʳ ʯʝʣʦʚʝʢʘ 

ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʠ ʪʝʩʪʠʨʦʚʘʥʠʠ ʘʣʛʦʨʠʪʤʦʚ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ 

ʠʟʦʙʨʘʞʝʥʠʡ. 

 

ʈʠʩʫʥʦʢ 2.10: ʌʘʥʪʦʤ ʐʝʧʧʘ-ʃʦʛʘʥʘ 

ʈʘʩʩʤʦʪʨʠʤ ʪʦʤʦʛʨʘʬʠʯʝʩʢʫʶ ʨʝʢʦʥʩʪʨʫʢʮʠʶ, ʚʳʧʦʣʥʝʥʥʫʶ ʧʦ 180 

ʧʨʦʝʢʮʠʷʤ (ʫʛʣʦʚʦʡ ʰʘʛ 1 ʛʨʘʜʫʩ). ʈʝʢʦʥʩʪʨʫʢʮʠʷ ʠ ʝʸ ʩʝʯʝʥʠʝ, ʚʳʧʦʣʥʝʥʥʦʝ 

ʚʜʦʣʴ ʧʫʥʢʪʠʨʥʦʡ ʣʠʥʠʠ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 2.11. ʅʘ ʜʚʫʤʝʨʥʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ 

ʚʠʜʥʳ ʚʩʝ ʦʩʥʦʚʥʳʝ ʜʝʪʘʣʠ ʬʘʥʪʦʤʘ, ʥʦ ʥʘ ʩʝʯʝʥʠʠ ʠʟʦʙʨʘʞʝʥʠʷ ʚʠʜʥʦ, ʯʪʦ 
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ʧʨʠʩʫʪʩʪʚʫʝʪ ʤʥʦʛʦ ʰʫʤʦʚ. ʅʘʜʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʣʠʷʥʠʝ ʜʚʫʤʝʨʥʦʛʦ ʰʫʤʘ ʥʘ 

ʟʨʠʪʝʣʴʥʦʝ ʚʦʩʧʨʠʷʪʠʝ ʥʘʙʣʶʜʘʪʝʣʷ ʠʟʫʯʘʣʦʩʴ ʦʯʝʥʴ ʤʥʦʛʠʤʠ 

ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ (ʩʤ., ʥʘʧʨʠʤʝʨ, [157]) ʠ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʡ ʰʫʤ, ʧʦʚʳʰʘʝʪ ʯʸʪʢʦʩʪʴ ʠʟʦʙʨʘʞʝʥʠʷ ʜʣʷ ʯʝʣʦʚʝʯʝʩʢʦʛʦ 

ʛʣʘʟʘ. 

 

ʈʠʩʫʥʦʢ 2.11: ʈʝʢʦʥʩʪʨʫʢʮʠʷ ʬʘʥʪʦʤʘ ʐʝʧʧʘ-ʃʦʛʘʥʘ, ʚʳʧʦʣʥʝʥʥʘʷ ʧʨʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʣʘʙʦʨʘʪʦʨʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʧʦ 180 ʧʨʦʝʢʮʠʷʤ ʚʳʧʦʣʥʝʥʥʘʷ 

ʤʝʪʦʜʦʤ FBP ʠ ʩʝʯʝʥʠʝ, ʚʳʧʦʣʥʝʥʥʦʝ ʚʜʦʣʴ ʧʫʥʢʪʠʨʥʦʡ ʣʠʥʠʠ. 

ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʚʦʟʥʠʢʘʝʪ ʚʦʧʨʦʩ, ʢʘʢ ʦʮʝʥʠʚʘʪʴ ʢʘʯʝʩʪʚʦ 

ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʨʝʢʦʥʩʪʨʫʢʮʠʡ? ɼʣʷ ʵʪʦʛʦ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʘʢ 

ʤʠʥʠʤʫʤ ʜʚʘ ʧʦʜʭʦʜʘ. ʇʝʨʚʳʡ ʢʨʠʪʝʨʠʡ ʢʘʯʝʩʪʚʘ, ʵʪʦ ʯʠʩʣʝʥʥʦʝ ʩʦʚʧʘʜʝʥʠʝ 

ʤʦʜʝʣʴʥʦʛʦ ʦʙʲʝʢʪʘ ʠ ʨʝʢʦʥʩʪʨʫʢʮʠʠ. ɺ ʢʘʯʝʩʪʚʝ ʪʘʢʦʛʦ ʯʠʩʣʝʥʥʦʛʦ 
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ʢʨʠʪʝʨʠʷ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ (mean squared 

error, MSE), ʨʘʩʩʯʠʪʳʚʘʝʤʦʝ ʢʘʢ: 

-3%
ρ

ὲ
ὼ ώ Ȣ 

ʛʜʝ ὼ , ώ - ʧʠʢʩʝʣʠ ʠʩʭʦʜʥʦʛʦ ʠ ʨʝʢʦʥʩʪʨʫʠʨʦʚʘʥʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ. ʏʝʤ 

ʤʝʥʴʰʝ ʵʪʘ ʤʝʪʨʠʢʘ, ʪʝʤ ʪʦʯʥʝʝ ʚʦʩʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʠʟʦʙʨʘʞʝʥʠʝ ʚ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʤ ʩʤʳʩʣʝ. 

ʀʥʦʛʜʘ ʞʝ, ʜʣʷ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ ʚʘʞʥʦ, ʯʪʦʙʳ ʜʝʪʘʣʠ ʠ 

ʩʪʨʫʢʪʫʨʘ ʠʟʦʙʨʘʞʝʥʠʷ ʨʘʟʣʠʯʘʣʠʩʴ ʯʝʣʦʚʝʢʦʤ, ʧʫʩʪʴ ʜʘʞʝ ʬʠʟʠʯʝʩʢʠʝ 

ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ ʚʦʩʩʪʘʥʦʚʣʝʥʳ ʥʝʧʨʘʚʠʣʴʥʦ. ʇʨʠʤʝʨʦʤ 

ʪʘʢʦʛʦ ʩʣʫʯʘʷ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʠʜʝʥʪʠʬʠʢʘʮʠʷ ʦʧʫʭʦʣʝʡ ʚʨʘʯʦʤ, ʢʦʪʦʨʳʡ 

ʚʠʟʫʘʣʴʥʦ ʠʱʝʪ ʭʘʨʘʢʪʝʨʥʳʝ ʜʝʪʘʣʠ ʥʘ ʨʝʢʦʥʩʪʨʫʢʮʠʠ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʪʦʛʦ, ʥʘʩʢʦʣʴʢʦ ʩʪʨʫʢʪʫʨʥʦ ʩʦʭʨʘʥʷʝʪʩʷ ʠʟʦʙʨʘʞʝʥʠʝ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʠʥʜʝʢʩ ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʭʦʜʩʪʚʘ (structure similarity, SSIM) [158]. ʀʥʜʝʢʩ 

ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʭʦʜʩʪʚʘ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʤʝʪʦʜʦʚ ʠʟʤʝʨʝʥʠʷ ʩʭʦʞʝʩʪʠ 

ʤʝʞʜʫ ʜʚʫʤʷ ʠʟʦʙʨʘʞʝʥʠʷʤʠ ʠ ʷʚʣʷʝʪʩʷ ʨʘʟʚʠʪʠʝʤ ʪʨʘʜʠʮʠʦʥʥʳʭ ʤʝʪʦʜʦʚ, 

ʪʘʢʠʭ ʢʘʢ PSNR (ʧʠʢʦʚʦʝ ʦʪʥʦʰʝʥʠʝ ʩʠʛʥʘʣʘ ʢ ʰʫʤʫ, peak signal-to-noise 

ratio) ʠ ʤʝʪʦʜ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʡ ʦʰʠʙʢʠ (MSE), ʢʦʪʦʨʳʝ ʦʢʘʟʘʣʠʩʴ 

ʥʝʩʦʚʤʝʩʪʠʤʳ ʩ ʬʠʟʠʦʣʦʛʠʝʡ ʯʝʣʦʚʝʯʝʩʢʦʛʦ ʚʦʩʧʨʠʷʪʠʷ. 

 

33)-ὼȟώ
ς‘‘ ὧ ς„ ὧ

‘ ‘ ὧ „ „ ὧ
ȟ 

ʛʜʝ - ‘ - ʩʨʝʜʥʝʝ ὼ, 

Å ‘ - ʩʨʝʜʥʝʝ ώ, 

Å „  - ʜʠʩʧʝʨʩʠʷ ὼ, 

Å „  - ʜʠʩʧʝʨʩʠʷ ώ, 

Å „  - ʢʦʚʘʨʠʘʮʠʷ ὼ ʠ ώ, 

Å ὧ Ὧὒ ȟὧ Ὧὒ  
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Å ὒ - ʜʠʥʘʤʠʯʝʩʢʠʡ ʜʠʘʧʘʟʦʥ ʧʠʢʩʝʣʝʡ, 

Å Ὧ πȟπρ ʠ Ὧ πȟπσ - ʢʦʥʩʪʘʥʪʳ. 

  SSIM-ʠʥʜʝʢʩ ʣʝʞʠʪ ʚ ʧʨʝʜʝʣʘʭ ʦʪ 0 ʜʦ +1. ɿʥʘʯʝʥʠʝ +1 ʜʦʩʪʠʛʘʝʪʩʷ 

ʪʦʣʴʢʦ ʧʨʠ ʧʦʣʥʦʡ ʘʫʪʝʥʪʠʯʥʦʩʪʠ ʠʟʦʙʨʘʞʝʥʠʡ. 

ʇʨʦʚʝʜʝʤ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ. ɺ ʢʘʯʝʩʪʚʝ 

ʤʦʜʝʣʴʥʦʛʦ ʦʙʲʝʢʪʘ ʨʘʩʩʤʦʪʨʠʤ ʦʧʠʩʘʥʥʳʡ ʚʳʰʝ ʬʘʥʪʦʤ ʐʝʧʧʘ-ʃʦʛʘʥʘ. 

ʊ.ʢ. ʵʪʦʪ ʬʘʥʪʦʤ ʷʚʣʷʝʪʩʷ ʜʚʫʤʝʨʥʳʤ, ʪʦ ʥʘ ʥʝʛʦ ʚ ʤʦʜʝʣʠʨʫʝʤʦʤ 

ʵʢʩʧʝʨʠʤʝʥʪʝ ʙʫʜʝʪ ʧʨʠʭʦʜʠʪʩɹʷ ρπ ʢʚʘʥʪʦʚ (ʜʝʣʠʤ ʧʦʣʥʦʝ ʯʠʩʣʦ ʢʚʘʥʪʦʚ 

ςȢψẗρπ ʥʘ ʢʦʣʠʯʝʩʪʚʦ ʩʪʨʦʢ ʜʝʪʝʢʪʦʨʘ). ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʙʫʜʝʤ 

ʚʘʨʴʠʨʦʚʘʪʴ ʫʛʣʦʚʦʡ ʰʘʛ ʧʦʚʦʨʦʪʘ ʚ ʜʠʘʧʘʟʦʥʝ 0.05, 0.1, 0.25, 0.5 ʠ 1 ʛʨʘʜʫʩ. 

ʀʤʝʥʥʦ ʵʪʠ ʟʥʘʯʝʥʠʷ ʯʘʩʪʦ ʧʨʠʤʝʥʷʶʪʩʷ ʥʘ ʧʨʘʢʪʠʢʝ. ʆʪ ʢʦʣʠʯʝʩʪʚʘ ʫʛʣʦʚ 

ʧʦʚʦʨʦʪʘ ʟʘʚʠʩʠʪ ʢʦʣʠʯʝʩʪʚʦ ʢʚʘʥʪʦʚ, ʧʨʠʭʦʜʷʱʠʭʩʷ ʥʘ ʦʜʥʫ ʧʨʦʝʢʮʠʶ, ʠ 

ʢʘʯʝʩʪʚʦ ʨʝʢʦʥʩʪʨʫʢʮʠʠ. ɸ ʢʦʣʠʯʝʩʪʚʦ ʧʠʢʩʝʣʝʡ ʚ ʜʝʪʝʢʪʦʨʝ (ʧʨʠ 

ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʣʠʥʝʡʥʦʤ ʨʘʟʤʝʨʝ ʜʝʪʝʢʪʦʨʘ) ʙʫʜʝʤ ʚʘʨʴʠʨʦʚʘʪʴ ʚ ʜʠʘʧʘʟʦʥʝ 

128, 256, 512, 1024, 2048, 4096. ʏʝʤ ʙʦʣʴʰʝ ʢʦʣʠʯʝʩʪʚʦ ʧʠʢʩʝʣʝʡ, ʪʝʤ ʙʦʣʴʰʝ 

ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ, ʥʦ ʧʨʠ ʵʪʦʤ ʤʝʥʴʰʝ ʯʠʩʣʦ 

ʢʚʘʥʪʦʚ, ʧʨʠʭʦʜʷʱʠʭʩʷ ʚ ʢʘʞʜʳʡ ʧʠʢʩʝʣʴ ʠ ʙʦʣʴʰʝ ʢʦʣʠʯʝʩʪʚʦ ʰʫʤʦʚ. 

ʇʨʦʚʝʜʷ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʧʦʧʨʦʙʫʝʤ ʥʘʡʪʠ 

ʪʘʢʦʝ ʟʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ, ʯʪʦʙʳ ʟʥʘʯʝʥʠʷ ʢʨʠʪʝʨʠʝʚ MSE ʠ SSIM ʙʳʣʠ 

ʦʧʪʠʤʘʣʴʥʳʤʠ. ɼʣʷ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʠʩʧʦʣʴʟʫʝʤ ʩʘʤʳʡ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʡ 

ʘʣʛʦʨʠʪʤ ʨʝʢʦʥʩʪʨʫʢʮʠʠ FPB. 
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ʈʠʩʫʥʦʢ 2.12: (ʘ) ɿʘʚʠʩʠʤʦʩʪʴ ʤʝʪʨʠʢ SSIM ʠ MSE ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʧʠʢʩʝʣʝʡ 

ʜʝʪʝʢʪʦʨʘ ʠ ʫʛʣʦʚʦʛʦ ʰʘʛʘ. (ʙ,ʚ,ʛ) ʧʨʠ ʢʦʣʠʯʝʩʪʚʝ ʢʚʘʥʪʦʚ ρπ. 
ʈʝʢʦʥʩʪʨʫʢʮʠʠ ʧʨʠ ʧʘʨʘʤʝʪʨʘʭ ʦʪʤʝʯʝʥʥʳʭ ʥʘ (ʘ) ʙʫʢʚʘʤʠ ʙ,ʚ,ʛ. 

ʅʘ ʨʠʩ. 2.11ʘ ʧʦʢʘʟʘʥʦ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʦʚ MSE ʠ SSIM ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʫʛʣʦʚ ʠ ʧʠʢʩʝʣʝʡ. ʃʫʯʰʠʤʠ ʤʦʞʥʦ ʩʯʠʪʘʪʴ 
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ʧʘʨʘʤʝʪʨʳ, ʣʝʞʘʱʠʝ ʚ ʧʨʘʚʦʤ ʥʠʞʥʝʤ ʫʛʣʝ ʨʠʩʫʥʢʘ (ʤʘʢʩʠʤʫʤ SSIM, 

ʤʠʥʠʤʫʤ MSE). ʀʟ ʧʨʦʚʝʜʸʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʩ ʤʘʣʳʤ ʯʠʩʣʦʤ ʢʚʘʥʪʦʚ 

ʚʠʜʥʦ, ʯʪʦ ʢʘʯʝʩʪʚʦ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʙʦʣʴʰʝ ʟʘʚʠʩʠʪ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʧʠʢʩʝʣʝʡ 

ʜʝʪʝʢʪʦʨʘ, ʯʝʤ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʫʛʣʦʚ (ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ ʠʭ ʜʦʩʪʘʪʦʯʥʦ ʜʣʷ 

ʨʝʢʦʥʩʪʨʫʢʮʠʠ). ʇʨʠ ʙʦʣʴʰʦʤ ʢʦʣʠʯʝʩʪʚʝ ʧʠʢʩʝʣʝʡ ʨʝʢʦʥʩʪʨʫʢʮʠʷ ʷʚʣʷʝʪʩʷ 

ʦʯʝʥʴ ʰʫʤʥʦʡ (ʩʤ. ʨʠʩ. 2.12ʙ) ʚ ʥʝʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʯʠʩʣʘ ʫʛʣʦʚ. 

ʆʧʪʠʤʘʣʴʥʳʤʠ, ʧʦ ʧʨʝʜʣʦʞʝʥʥʳʤ ʢʨʠʪʝʨʠʷʤ, ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʨʝʢʦʥʩʪʨʫʢʮʠʠ 

ʚ ʪʦʯʢʘʭ ñʚò (ʩʤ. ʨʠʩ. 2.12ʚ) (ʦʧʪʠʤʘʣʴʥʳʡ MSE) ʠ ñʛò (ʩʤ. 

ʨʠʩ. 2.12ʛ)(ʦʧʪʠʤʘʣʴʥʳʡ SSIM). 

ʊʫʪ ʥʫʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʟʘʰʫʤʣʸʥʥʦʤ ʩʠʛʥʘʣʝ ʥʠʢʘʢʘʷ 

ʦʧʪʠʤʠʟʘʮʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʥʝ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʟʥʘʯʝʥʠʷ SSIM ʙʦʣʝʝ 0.82. 

ʈʘʩʩʤʦʪʨʠʤ, ʢʘʢ ʠʟʤʝʥʠʪʩʷ ʢʘʯʝʩʪʚʦ ʨʝʢʦʥʩʪʨʫʢʮʠʠ, ʝʩʣʠ ʤʳ ʫʚʝʣʠʯʠʤ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ ʚ 100 ʨʘʟ, ʯʪʦ ʧʨʠʤʝʨʥʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʠʩʪʦʯʥʠʢʫ ʩ 

ʚʨʘʱʘʶʱʠʤʩʷ ʘʥʦʜʦʤ. 
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ʈʠʩʫʥʦʢ 2.13: (ʘ) ɿʘʚʠʩʠʤʦʩʪʴ ʤʝʪʨʠʢ SSIM ʠ MSE ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʧʠʢʩʝʣʝʡ 

ʜʝʪʝʢʪʦʨʘ ʠ ʫʛʣʦʚʦʛʦ ʰʘʛʘ. (ʙ,ʚ) ʥʘ ʠʩʪʦʯʥʠʢʝ ʩ ʚʨʘʱʘʶʱʠʤʩʷ ʘʥʦʜʦʤ ʧʨʠ 

ʢʦʣʠʯʝʩʪʚʝ ʢʚʘʥʪʦʚ ρπ. ʈʝʢʦʥʩʪʨʫʢʮʠʠ ʧʨʠ ʧʘʨʘʤʝʪʨʘʭ ʦʪʤʝʯʝʥʥʳʭ ʥʘ 
(ʘ) ʙʫʢʚʘʤʠ ʙ,ʚ. 

ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʤʳ ʚʠʜʠʤ ʜʚʘ ʦʧʪʠʤʘʣʴʥʳʭ ʨʝʞʠʤʘ ʧʨʦʚʝʜʝʥʠʷ 

ʠʟʤʝʨʝʥʠʷ. ɺ ʨʝʞʠʤʝ 1024 ʧʠʢʩʝʣʷ ʧʨʠ ʫʛʣʦʚʦʤ ʰʘʛʝ 0.25 ʛʨʘʜʫʩʘ (ʩʤ. 

ʨʠʩ. 2.13ʙ) ʥʘʙʣʶʜʘʶʪʩʷ ʦʧʪʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ SSIM ʠ MSE, ʥʦ 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʰʫʤʳ ʨʝʢʦʥʩʪʨʫʢʮʠʠ. ɺ ʩʣʫʯʘʝ 512 ʧʠʢʩʝʣʝʡ ʧʨʠ ʫʛʣʦʚʦʤ 

ʰʘʛʝ 0.25 ʛʨʘʜʫʩʘ (ʩʤ. ʨʠʩ. 2.13ʚ) ʥʘʙʣʶʜʘʶʪʩʷ ʤʘʢʩʠʤʫʤ SSIM ʠ ʤʠʥʠʤʫʤ 

ʰʫʤʦʚ, ʥʦ ʟʥʘʯʝʥʠʷ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʚ ʤʘʢʩʠʤʫʤʘʭ (ʛʨʘʥʠʮʘ ʬʘʥʪʦʤʘ) ʥʝ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʦʜʝʣʠ. 
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ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʥʘ ʩʠʥʭʨʦʪʨʦʥʥʦʤ 

ʠʩʪʦʯʥʠʢʝ (ʜʦ ρπ ʢʚʘʥʪʦʚ ʥʘ ʵʢʩʧʝʨʠʤʝʥʪ) (ʩʤ. ʨʠʩ. 2.14ʘ) ʤʳ ʚʠʜʠʤ, ʯʪʦ 

ʟʥʘʯʝʥʠʝ ʤʝʪʨʠʢʠ SSIM ʧʨʠʙʣʠʞʘʝʪʩʷ ʢ 1 ʠ ʦʧʪʠʤʘʣʴʥʳʤʠ ʷʚʣʷʶʪʩʷ 

ʨʘʟʨʝʰʝʥʠʷ ʜʝʪʝʢʪʦʨʘ 2048 ʠ 4096 ʧʠʢʩʝʣʝʡ ʠ ʫʛʣʦʚʦʡ ʰʘʛ 0.05 ʛʨʘʜʫʩʘ. 

 

ʈʠʩʫʥʦʢ 2.14: (ʘ) ɿʘʚʠʩʠʤʦʩʪʴ ʤʝʪʨʠʢ SSIM ʠ MSE ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʧʠʢʩʝʣʝʡ 

ʜʝʪʝʢʪʦʨʘ ʠ ʫʛʣʦʚʦʛʦ ʰʘʛʘ. (ʙ,ʚ) ʧʨʠ ʢʦʣʠʯʝʩʪʚʝ ʢʚʘʥʪʦʚ ρπ. 

ʈʝʢʦʥʩʪʨʫʢʮʠʠ ʧʨʠ ʧʘʨʘʤʝʪʨʘʭ ʦʪʤʝʯʝʥʥʳʭ ʥʘ (ʘ) ʙʫʢʚʘʤʠ ʙ,ʚ. 

ɺ ʢʘʯʝʩʪʚʝ ʨʝʟʶʤʝ ʧʦ ʜʘʥʥʦʤʫ ʨʘʟʜʝʣʫ ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʝ ʚʩʝʛʜʘ 

ʫʤʝʥʴʰʝʥʠʝ ʧʠʢʩʝʣʷ ʜʝʪʝʢʪʦʨʘ ʠ ʫʚʝʣʠʯʝʥʠʝ ʯʠʩʣʘ ʫʛʣʦʚ ʷʚʣʷʝʪʩʷ 

ʦʧʪʠʤʘʣʴʥʦʡ ʩʪʨʘʪʝʛʠʝʡ ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʡ. ʇʨʦʚʝʜʝʥʠʝ ʦʧʪʠʤʠʟʘʮʠʠ 
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ʧʘʨʘʤʝʪʨʦʚ ʵʢʩʧʝʨʠʤʝʥʪʘ ʥʘ ʦʩʥʦʚʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʦʞʝʪ ʧʦʚʳʩʠʪʴ 

ʢʘʯʝʩʪʚʦ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ. ʂʦʥʝʯʥʦ, ʙʦʨʦʪʴʩʷ ʩ ʰʫʤʘʤʠ ʥʘ 

ʠʟʦʙʨʘʞʝʥʠʠ ʤʦʞʥʦ ʬʠʣʴʪʨʘʮʠʝʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʥʘ ʩʪʘʜʠʠ ʧʦʩʪʦʙʨʘʙʦʪʢʠ 

[ɸɸ159], ʥʦ ʧʨʠ ʵʪʦʤ ʚʘʞʥʦ ʥʝ ʧʦʪʝʨʷʪʴ ʜʝʪʘʣʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʲʝʢʪʘ 

[ɸ160],[ɸ161] ʠ [ɸ162]. 

2.4 ʈʘʟʨʘʙʦʪʢʘ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʤʠʢʨʦʪʦʤʦʛʨʘʬʘ 

ɺ ʀʥʩʪʠʪʫʪʝ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʠ ʌʅʀʎ ñʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʬʦʪʦʥʠʢʘò 

ʈɸʅ ʨʘʥʝʝ [ɸ153] ʙʳʣʦ ʩʦʟʜʘʥʦ ʥʝʩʢʦʣʴʢʦ ʧʨʦʪʦʪʠʧʦʚ ʣʘʙʦʨʘʪʦʨʥʳʭ 

ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʪʦʤʦʛʨʘʬʦʚ, ʧʦʟʚʦʣʷʶʱʠʭ ʠʩʩʣʝʜʦʚʘʪʴ ʦʙʲʝʢʪʳ ʨʘʟʤʝʨʦʤ ʦʪ 

0.1 ʜʦ 100 ʤʤ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʦʪ 1 ʜʦ 100 ʤʢʤ. ɸʚʪʦʨ 

ʧʨʠʥʠʤʘʣ ʫʯʘʩʪʠʝ ʚ ʨʘʟʨʘʙʦʪʢʝ ʢʦʥʩʪʨʫʢʮʠʠ ʵʪʠʭ ʤʠʢʨʦʪʦʤʦʛʨʘʬʦʚ, 

ʩʦʟʜʘʚʘʣ ʧʨʦʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʵʪʠʤʠ ʧʨʠʙʦʨʘʤʠ ʠ 

ʦʙʨʘʙʦʪʢʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʜʘʥʥʳʭ. ʆʧʳʪ ʵʢʩʧʣʫʘʪʘʮʠʠ ʪʘʢʠʭ ʧʨʠʙʦʨʦʚ 

ʧʦʢʘʟʘʣ, ʯʪʦ ʚ ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ ʥʘʠʙʦʣʝʝ ʚʦʩʪʨʝʙʦʚʘʥʥʳʤʠ ʷʚʣʷʶʪʩʷ 

ʠʟʤʝʨʝʥʠʷ ʩ ʨʘʟʨʝʰʝʥʠʝʤ ʦʢʦʣʦ 10 ʤʢʤ ʠ ʧʦʣʝʤ ʟʨʝʥʠʷ 10-20 ʤʤ. 

ʇʦʩʣʝ ʦʪʨʘʙʦʪʢʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʩʭʝʤ ʠ ʚʳʙʦʨʘ ʦʧʪʠʤʘʣʴʥʳʭ 

ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʨʝʰʝʥʠʡ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʠ ʩʦʟʜʘʥ ʥʦʚʳʡ 

ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʡ ʪʦʤʦʛʨʘʬ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʨʝʛʫʣʷʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ 

ʚʦʟʤʦʞʥʦʩʪʴʶ ʨʝʘʣʠʟʦʚʳʚʘʪʴ ʚ ʜʘʣʴʥʝʡʰʝʤ ʥʦʚʳʝ ʩʭʝʤʳ ʠʟʤʝʨʝʥʠʡ. 

ʆʩʥʦʚʥʳʤ ʮʝʣʴʶ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʵʪʦʛʦ ʧʨʠʙʦʨʘ ʙʳʣʘ ʠʜʝʷ ʩʦʟʜʘʥʠʷ ñʧʨʠʙʦʨʘ 

ʩ ʦʜʥʦʡ ʢʥʦʧʢʦʡò. ɺ ʵʪʦʤ ʧʨʠʙʦʨʝ ʚʩʝ ʧʝʨʝʤʝʱʝʥʠʷ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ, 

ʫʩʪʘʥʦʚʢʘ ʨʝʞʠʤʦʚ ʠʩʪʦʯʥʠʢʘ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʧʦʣʫʯʝʥʠʝ 

ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʧʨʦʝʢʮʠʡ, ʧʝʨʝʜʘʯʘ ʜʘʥʥʳʭ ʥʘ ʩʝʨʚʝʨ ʦʙʨʘʙʦʪʢʠ ʠ 

ʚʠʟʫʘʣʠʟʘʮʠʠ ʜʘʥʥʳʭ ʜʦʣʞʥʳ ʧʨʦʭʦʜʠʪʴ ʚ ʘʚʪʦʤʘʪʠʯʝʩʢʦʤ ʨʝʞʠʤʝ. 

ʄʠʢʨʦʪʦʤʦʛʨʘʬ ʧʦʣʫʯʠʣ ʥʘʟʚʘʥʠʝ ñʊʆʄɸʉò (ʪʦʤʦʛʨʘʬ 

ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʡ) ʈʝʟʫʣʴʪʘʪʳ ʧʨʦʜʝʣʘʥʥʦʡ ʨʘʙʦʪʳ ʧʦʜʨʦʙʥʦ ʠʟʣʦʞʝʥʳ ʚ 

[ɸ163] ʠ [ɸ164]. ʅʠʞʝ ʙʫʜʫʪ ʠʟʣʦʞʝʥʳ ʧʦʣʫʯʝʥʥʳʝ ʘʚʪʦʨʦʤ ʨʝʟʫʣʴʪʘʪʳ ʧʨʠ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʪʝʭʥʠʯʝʩʢʦʡ ʯʘʩʪʠ ʧʨʠʙʦʨʘ, ʧʨʦʛʨʘʤʤʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʧʦ 

ʫʧʨʘʚʣʝʥʠʶ ʯʘʩʪʷʤʠ ʧʨʠʙʦʨʘ, ʩʙʦʨʘ ʜʘʥʥʳʭ ʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ 

ʨʝʢʦʥʩʪʨʫʢʮʠʠ. 

ɺ ʢʦʥʩʪʨʫʢʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʤʠʢʨʦʪʦʤʦʛʨʘʬʘ ʧʨʠʥʮʠʧʠʘʣʴʥʦ 

ʥʝʦʙʭʦʜʠʤʳʤʠ ʯʘʩʪʷʤʠ ʷʚʣʷʶʪʩʷ ʠʩʪʦʯʥʠʢ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ 

ʩʠʩʪʝʤʦʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ, ʩʠʩʪʝʤʘ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ 
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ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ ʠ ʜʝʪʝʢʪʦʨ, ʨʝʛʠʩʪʨʠʨʫʶʱʠʡ ʧʨʦʰʝʜʰʝʝ ʯʝʨʝʟ ʦʙʲʝʢʪ 

ʠʟʣʫʯʝʥʠʝ. ʇʨʠ ʚʳʙʦʨʝ ʘʧʧʘʨʘʪʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʫʟʣʦʚ ʤʠʢʨʦʪʦʤʦʛʨʘʬʘ 

ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʠʭ ʘʚʪʦʤʘʪʠʟʘʮʠʠ. ʇʝʨʝʯʠʩʣʠʤ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʩʥʦʚʥʳʭ ʫʟʣʦʚ ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʛʦ ʤʠʢʨʦʪʦʤʦʛʨʘʬʘ 

(ʨʠʩ. 2.15) 

 

ʈʠʩʫʥʦʢ 2.15: ʉʭʝʤʘ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʤʠʢʨʦʪʦʤʦʛʨʘʬʘ ʊʆʄɸʉ: 1 ï ʠʩʪʦʯʥʠʢ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ (ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʪʨʫʙʢʘ), 2 ï ʙʣʦʢ ʤʦʥʦʭʨʦʤʘʪʦʨʘ, 

3 ï ʚʘʢʫʫʤʥʳʡ ʧʫʪʴ (ʢʦʣʣʠʤʘʪʦʨ), 4 ï ʚʘʢʫʫʤʥʳʡ ʥʘʩʦʩ, 5 ï ʠʟʫʯʘʝʤʳʡ 

ʦʙʨʘʟʝʮ ʠ ʩʠʩʪʝʤʘ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ, 6 ï ʨʝʥʪʛʝʥʦʚʩʢʠʡ ʜʝʪʝʢʪʦʨ XIMEA 

xiRAY11, 7 ï ʟʦʥʘ ʣʦʢʘʣʴʥʦʡ ʨʘʜʠʘʮʠʦʥʥʦʡ ʟʘʱʠʪʳ, 8 ï ʩʮʠʥʪʠʣʣʷʪʦʨ ʠ 

ʦʧʪʠʯʝʩʢʘʷ ʩʠʩʪʝʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠʟʦʙʨʘʞʝʥʠʷ, 9 ï ʩʝʥʩʦʨ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʩ ʩʠʩʪʝʤʦʡ ʩʯʠʪʳʚʘʥʠʷ ʠ ʦʭʣʘʞʜʝʥʠʷ. 

 

ʈʠʩʫʥʦʢ 2.16: ʌʦʪʦʛʨʘʬʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʤʠʢʨʦʪʦʤʦʛʨʘʬʘ ʊʆʄɸʉ. ʉʣʝʚʘ 

- ʦʙʱʠʡ ʚʠʜ, ʩʧʨʘʚʘ - ʟʦʥʘ ʨʘʟʤʝʱʝʥʠʷ ʦʙʨʘʟʮʘ 
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ʀʩʪʦʯʥʠʢ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʣʘʙʦʨʘʪʦʨʥʳʭ 

ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʤʠʢʨʦʪʦʤʦʛʨʘʬʦʚ ʩ ʤʠʢʨʦʬʦʢʫʩʥʳʤʠ ʠʩʪʦʯʥʠʢʘʤʠ ʠʟʣʫʯʝʥʠʷ 

ʚ ʢʦʥʩʪʨʫʢʮʠʠ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʤʠʢʨʦʪʦʤʦʛʨʘʬʘ ʠʩʧʦʣʴʟʦʚʘʥʳ ʪʨʘʜʠʮʠʦʥʥʳʝ 

ʪʨʫʙʢʠ, ʧʨʠʤʝʥʷʝʤʳʝ ʚ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʤ ʘʥʘʣʠʟʝ, ʩ ʨʘʟʤʝʨʦʤ ʬʦʢʫʩʥʦʛʦ 

ʧʷʪʥʘ ʧʦʨʷʜʢʘ 0.4 Ĭ 0.4 ʤʤ. ʕʪʦ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʚʦʜʠʪʴ ʠʟʤʝʨʝʥʠʷ ʢʘʢ 

ʥʘ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʦʤ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʤ ʠʟʣʫʯʝʥʠʠ (ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʢʨʠʩʪʘʣʣʘ-ʤʦʥʦʭʨʦʤʘʪʦʨʘ), ʪʘʢ ʠ ʥʘ ʧʦʣʠʭʨʦʤʘʪʠʯʝʩʢʦʤ ʪʦʨʤʦʟʥʦʤ 

ʠʟʣʫʯʝʥʠʠ. ʄʦʥʦʭʨʦʤʘʪʠʯʝʩʢʦʝ ʠʟʣʫʯʝʥʠʝ ʧʦʟʚʦʣʷʝʪ ʠʟʤʝʨʠʪʴ ʠʩʪʠʥʥʦʝ 

ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʣʠʥʝʡʥʦʛʦ ʦʩʣʘʙʣʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, 

ʯʪʦ ʚʘʞʥʦ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʠʟʫʯʘʝʤʦʛʦ ʦʙʲʝʢʪʘ 

[ɸ165]. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʧʦʣʠʭʨʦʤʘʪʠʯʝʩʢʦʛʦ ʩʧʝʢʪʨʘ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ 

ʫʚʝʣʠʯʠʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʫʯʢʘ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠ ʪʝʤ ʩʘʤʳʤ 

ʩʦʢʨʘʪʠʪʴ ʵʢʩʧʦʟʠʮʠʶ ʦʜʥʦʛʦ ʢʘʜʨʘ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʩʦʦʪʥʦʰʝʥʠʷ ʩʠʛʥʘʣï

ʰʫʤ. 

ɺ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʥ 

ʣʘʙʦʨʘʪʦʨʥʳʡ ʨʝʥʪʛʝʥʦʚʩʢʠʡ ʠʩʪʦʯʥʠʢ GE ISOVOLT 3003 ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ 

ʟʘʤʝʥʳ ʪʨʫʙʦʢ ʩ ʨʘʟʣʠʯʥʳʤʠ ʘʥʦʜʘʤʠ: Cr (Ὁ  = 5 ʢʵɺ), Cu (Ὁ  = 8 ʢʵɺ), Mo 

(Ὁ = 17.4 ʢʵɺ) ʠ Ag (Ὁ  = 22 ʢʵɺ). ʂʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚʳʰʝ ʵʪʦʪ ʥʘʙʦʨ 

ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʠ ʷʚʣʷʝʪʩʷ ʦʧʪʠʤʘʣʴʥʳʤ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʦʙʲʝʢʪʦʚ ʨʘʟʤʝʨʦʤ ʦʪ 1 ʜʦ 100 ʤʤ ʧʨʠ ʨʘʟʨʝʰʝʥʠʠ ʜʦ 1 ʤʢʤ [ɸ166, ɸ167]. 

ʆʧʠʩʘʥʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʤʦʞʥʦ ʫʧʨʘʚʣʷʪʴ ʯʝʨʝʟ ʧʦʨʪ RS-232. ʈʝʘʣʠʟʫʶʪʩʷ 

ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʟʤʝʨʝʥʠʡ ʬʫʥʢʮʠʠ: ʫʩʪʘʥʦʚʠʪʴ ʠʣʠ ʧʦʣʫʯʠʪʴ 

ʪʝʢʫʱʠʝ ʟʥʘʯʝʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ʠ ʪʦʢʘ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʪʨʫʙʢʠ, 

ʚʢʣʶʯʠʪʴ/ʚʳʢʣʶʯʠʪʴ ʚʳʩʦʢʦʝ ʥʘʧʨʷʞʝʥʠʝ. 

ɹʣʦʢ ʫʧʨʘʚʣʝʥʠʷ ʟʘʩʣʦʥʢʦʡ, ʦʙʦʨʫʜʦʚʘʥʥʳʡ ʨʝʣʝ Ke-USB24R, ʧʦʟʚʦʣʷʝʪ 

ʧʦʩʨʝʜʩʪʚʦʤ ʪʝʢʩʪʦʚʳʭ ʢʦʤʘʥʜ ʯʝʨʝʟ ʚʠʨʪʫʘʣʴʥʳʡ ʧʦʨʪ RS-232 ʟʘʢʨʳʚʘʪʴ ʠ 

ʦʪʢʨʳʚʘʪʴ ʟʘʩʣʦʥʢʫ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ. 

ʉʠʩʪʝʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ ʩʦʩʪʦʠʪ ʠʟ ʙʣʦʢʘ ʱʝʣʝʡ, 

ʢʨʠʩʪʘʣʣʘ-ʤʦʥʦʭʨʦʤʘʪʦʨʘ ʠ ʚʘʢʫʫʤʥʦʛʦ ʢʦʣʣʠʤʘʪʦʨʘ. ʇʨʝʜʥʘʟʥʘʯʝʥʠʝ ʵʪʦʡ 

ʩʠʩʪʝʤʳ ï ʩʬʦʨʤʠʨʦʚʘʪʴ ʧʫʯʦʢ ʥʫʞʥʦʡ ʛʝʦʤʝʪʨʠʠ ʠ ʵʥʝʨʛʠʠ ʥʘ ʦʙʲʝʢʪʝ, 

ʥʘʭʦʜʷʱʝʤʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ ʧʨʠʤʝʨʥʦ 1 ʤ ʦʪ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʪʨʫʙʢʠ. ɺ 

ʢʘʯʝʩʪʚʝ ʢʨʠʩʪʘʣʣʘ-ʤʦʥʦʭʨʦʤʘʪʦʨʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʠʨʦʣʠʪʠʯʝʩʢʠʡ ʛʨʘʬʠʪ 

(ʩʨʝʜʥʷʷ ʤʦʥʦʭʨʦʤʘʪʠʟʘʮʠʷ ʧʫʯʢʘ, ʜʠʘʤʝʪʨ ʧʷʪʥʘ ʟʘʩʚʝʪʢʠ ʥʘ ʦʙʲʝʢʪʝ ʦʢʦʣʦ 
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2 ʩʤ) ʠʣʠ ʤʦʥʦʢʨʠʩʪʘʣʣ ʢʨʝʤʥʠʷ (ʚʳʩʦʢʘʷ ʩʪʝʧʝʥʴ ʤʦʥʦʭʨʦʤʘʪʠʟʘʮʠʠ, 

ʜʠʘʤʝʪʨ ʧʷʪʥʘ ʟʘʩʚʝʪʢʠ ʥʘ ʦʙʲʝʢʪʝ ʦʢʦʣʦ 0.2 ʩʤ). ɺʦʟʤʦʞʝʥ ʨʝʞʠʤ 

ʠʟʤʝʨʝʥʠʡ ʙʝʟ ʤʦʥʦʭʨʦʤʘʪʦʨʘ (ʧʨʠ ʵʪʦʤ ʜʦʩʪʠʛʘʝʪʩʷ ʤʘʢʩʠʤʘʣʴʥʘʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʫʯʢʘ, ʨʘʟʤʝʨ ʧʷʪʥʘ ʥʘ ʦʙʲʝʢʪʝ ʦʛʨʘʥʠʯʝʥ ʚʳʭʦʜʥʳʤ ʦʢʥʦʤ 

ʢʦʣʣʠʤʘʪʦʨʘ ʜʦ 5 ʩʤ). ɺʘʢʫʫʤʠʨʦʚʘʥʥʳʡ ʢʦʣʣʠʤʘʪʦʨ ʧʝʨʝʤʝʥʥʦʡ ʜʣʠʥʳ (ʦʪ 

70 ʜʦ 90 ʩʤ) ʧʦʟʚʦʣʷʝʪ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʫʤʝʥʴʰʠʪʴ ʧʦʛʣʦʱʝʥʠʝ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʚʦʟʜʫʭʝ, ʘ ʩ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʫʤʝʥʴʰʘʝʪ 

ʨʘʩʩʝʷʥʠʝ ʠ ʧʦʚʳʰʘʝʪ ʨʘʜʠʘʮʠʦʥʥʫʶ ʙʝʟʦʧʘʩʥʦʩʪʴ ʪʦʤʦʛʨʘʬʘ ʚ ʮʝʣʦʤ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʢʨʠʩʪʘʣʣʘ ʧʠʨʦʛʨʘʬʠʪʘ ʚ ʩʠʣʫ ʥʝʩʦʚʝʨʰʝʥʩʪʚʘ ʝʛʦ 

ʩʪʨʫʢʪʫʨʳ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʠʪʴ ʨʘʩʭʦʜʷʱʠʡʩʷ ʧʫʯʦʢ ʠ ʚʳʙʨʘʪʴ ʪʘʢʦʝ 

ʨʘʩʩʪʦʷʥʠʝ, ʥʘ ʢʦʪʦʨʦʤ ʚʩʷ ʦʙʣʘʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʫʜʝʪ ʦʩʚʝʱʝʥʘ. ʇʨʠ ʵʪʦʤ 

ʢʘʞʜʘʷ ʪʦʯʢʘ ʦʙʲʝʢʪʘ ʙʫʜʝʪ ʥʝʩʢʦʣʴʢʦ ʨʘʟʤʳʚʘʪʴʩʷ ʥʘ ʜʝʪʝʢʪʦʨʝ. ɺʣʠʷʥʠʝ 

ʨʘʟʤʳʪʠʷ ʫʤʝʥʴʰʘʝʪʩʷ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʦʪʥʦʰʝʥʠʷ ʨʘʩʩʪʦʷʥʠʡ 

ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʪʨʫʙʢʘïʦʙʨʘʟʝʮ ʠ ʦʙʨʘʟʝʮïʜʝʪʝʢʪʦʨ. ʂʘʢ ʫʞʝ ʦʪʤʝʯʘʣʦʩʴ 

ʚʳʰʝ, ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʵʪʦ ʩʦʦʪʥʦʰʝʥʠʝ ʙʦʣʴʰʝ 100 (ʨʘʟʤʝʨ ʠʩʪʦʯʥʠʢʘ 1Ĭ1 

ʤʤ, ʘ ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʵʣʝʤʝʥʪʘ ʜʝʪʝʢʪʦʨʘ ~10Ĭ10 ʤʢʤ), ʠʤ ʤʦʞʥʦ 

ʧʨʝʥʝʙʨʝʯʴ. ʆʜʥʘʢʦ ʚ ʩʦʙʨʘʥʥʦʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʩʭʝʤʝ ʵʪʘ ʚʝʣʠʯʠʥʘ ʥʝ 

ʧʨʝʚʳʰʘʣʘ 20. ʆʥʘ ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʣʠʥʝʡʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ʠʩʧʦʣʴʟʫʝʤʦʛʦ 

ʛʦʥʠʦʤʝʪʨʘ, ʥʝ ʧʦʟʚʦʣʷʶʱʠʤʠ ʧʦʤʝʩʪʠʪʴ ʜʝʪʝʢʪʦʨ ʚʧʣʦʪʥʫʶ ʢ ʦʙʲʝʢʪʫ. ɺ 

ʜʘʥʥʳʭ ʫʩʣʦʚʠʷʭ ʨʘʟʤʳʪʠʝ ʠʟʦʙʨʘʞʝʥʠʷ ʟʘ ʩʯʝʪ ʧʨʦʝʢʮʠʦʥʥʦʛʦ ʫʚʝʣʠʯʝʥʠʷ 

ʥʘ ʫʯʘʩʪʢʝ ʦʪ ʦʙʨʘʟʮʘ ʜʦ ʜʝʪʝʢʪʦʨʘ ʥʝ ʧʨʝʚʳʰʘʝʪ 5%, ʯʪʦ ʧʨʠ ʣʠʥʝʡʥʦʤ 

ʨʘʟʤʝʨʝ ʧʠʢʩʝʣʷ 9 ʤʢʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʝʣʠʯʠʥʝ 0.45 ʤʢʤ. ʕʪʘ ʯʘʩʪʴ 

ʪʦʤʦʛʨʘʬʘ ʥʝ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʘ, ʠ ʧʦʩʣʝ ʶʩʪʠʨʦʚʢʠ ʝʝ ʧʘʨʘʤʝʪʨʳ ʥʝ 

ʤʝʥʷʶʪʩʷ. 

ɺʨʘʱʝʥʠʝ ʠ ʛʦʨʠʟʦʥʪʘʣʴʥʦʝ ʩʤʝʱʝʥʠʝ ʦʙʨʘʟʮʘ. ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ 

ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʥʝʦʙʭʦʜʠʤʦ ʚʨʘʱʘʪʴ ʦʙʨʘʟʝʮ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʦʩʠ (ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʚʝʨʪʠʢʘʣʴʥʦʡ). ɺʨʘʱʝʥʠʝ ʦʙʨʘʟʮʘ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʰʘʛʦʚʳʤ ʜʚʠʛʘʪʝʣʝʤ ʯʝʨʝʟ ʯʝʨʚʷʯʥʫʶ ʧʝʨʝʜʘʯʫ ʩ 

ʧʝʨʝʜʘʪʦʯʥʳʤ ʯʠʩʣʦʤ 90 ʰʘʛʦʚ ʥʘ ʛʨʘʜʫʩ. ʕʪʦ ʩ ʫʯʝʪʦʤ ʚʦʟʤʦʞʥʦʩʪʠ 

ʜʨʦʙʣʝʥʠʷ ʰʘʛʘ ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʯʴ ʜʠʩʢʨʝʪʥʦʩʪʠ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ 0.01Á. 

ʐʘʛʦʚʳʤ ʜʚʠʛʘʪʝʣʝʤ ʫʧʨʘʚʣʷʝʪ ʢʦʥʪʨʦʣʣʝʨ 8SMC4-USB (ʩʦʚʤʝʩʪʠʤʳʡ ʩ 

ʢʦʥʪʨʦʣʣʝʨʘʤʠ ʬʠʨʤʳ Standa). 
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ɼʣʷ ʧʦʣʥʦʡ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʥʝʦʙʭʦʜʠʤʦ 

ʠʟʤʝʨʷʪʴ ʧʨʦʬʠʣʴ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ ʚ ʦʪʩʫʪʩʪʚʠʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʲʝʢʪʘ. 

ɺ ʢʦʥʩʪʨʫʢʮʠʠ ʤʠʢʨʦʪʦʤʦʛʨʘʬʘ ʵʪʦ ʨʝʘʣʠʟʦʚʘʥʦ ʧʫʪʝʤ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ 

ʩʜʚʠʛʘ ʦʙʨʘʟʮʘ ʠʟ ʧʦʣʷ ʟʨʝʥʠʷ ʜʝʪʝʢʪʦʨʘ. 

ɼʝʪʝʢʪʦʨ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ. ɺ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʨʘʥʝʝ 

ʧʨʦʪʦʪʠʧʘʭ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʤʠʢʨʦʪʦʤʦʛʨʘʬʦʚ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ 

ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʜʚʫʤʝʨʥʳʝ ʜʝʪʝʢʪʦʨʳ ʧʨʷʤʦʛʦ ʩʯʝʪʘ ʥʘ ʦʩʥʦʚʝ CCD-ʩʝʥʩʦʨʦʚ. 

ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ ʵʪʦʛʦ ʪʦʤʦʛʨʘʬʘ ʙʳʣʘ ʧʨʝʜʫʩʤʦʪʨʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ 

ʧʨʠʤʝʥʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʜʝʪʝʢʪʦʨʦʚ ʩʦ ʩʮʠʥʪʠʣʣʷʪʦʨʘʤʠ, 

ʧʨʝʦʙʨʘʟʫʶʱʠʤʠ ʨʝʥʪʛʝʥʦʚʩʢʦʝ ʠʟʣʫʯʝʥʠʝ ʚ ʚʠʜʠʤʳʡ ʩʚʝʪ, ʨʝʛʠʩʪʨʠʨʫʝʤʳʡ 

ʩʚʝʪʦʯʫʚʩʪʚʠʪʝʣʴʥʳʤ ʩʝʥʩʦʨʦʤ. ʕʪʦʪ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʦʧʪʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ ʚʠʜʠʤʦʛʦ ʜʠʘʧʘʟʦʥʘ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ/ʫʤʝʥʴʰʝʥʠʷ 

ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ. ʂʨʦʤʝ ʪʦʛʦ, ʠʩʢʣʶʯʘʝʪʩʷ ʧʦʧʘʜʘʥʠʝ ʞʝʩʪʢʦʛʦ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʩʝʥʩʦʨ ʠ ʝʛʦ ʨʘʜʠʘʮʠʦʥʥʦʝ ʧʦʚʨʝʞʜʝʥʠʝ, ʠ 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩʨʦʢ ʩʣʫʞʙʳ ʜʝʪʝʢʪʦʨʘ. 

ɺ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʚ ʪʦʤʦʛʨʘʬʝ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʚʘ ʜʝʪʝʢʪʦʨʘ. 

ʇʝʨʚʳʡ ï ʢʦʤʤʝʨʯʝʩʢʠ ʜʦʩʪʫʧʥʳʡ ʨʝʥʪʛʝʥʦʚʩʢʠʡ ʜʝʪʝʢʪʦʨ XIMEA xiRay11. 

ʆʥ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʠʟʦʙʨʘʞʝʥʠʷ ʩ ʨʘʟʨʝʰʝʥʠʝʤ 9 ʤʢʤ ʧʨʠ ʧʦʣʝ ʟʨʝʥʠʷ 36 

Ĭ 24 ʤʤ. ʉʝʥʩʦʨ ʦʭʣʘʞʜʘʝʪʩʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʤ ʵʣʝʤʝʥʪʦʤ ʇʝʣʴʪʝ, ʯʪʦ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʠʟʢʠʡ ʫʨʦʚʝʥʴ ʰʫʤʦʚ. ʉʯʠʪʳʚʘʥʠʝ ʩʠʛʥʘʣʘ ʩ 11-

ʤʝʛʘʧʠʢʩʝʣʴʥʦʛʦ ʩʝʥʩʦʨʘ ʚʦʟʤʦʞʥʦ ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ ʧʨʦʮʝʩʩʦʤ ʝʛʦ 

ʥʘʢʦʧʣʝʥʠʷ, ʜʦʩʪʠʞʠʤʘʷ ʩʢʦʨʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʢʘʜʨʦʚ ʜʦ 1.9 ʢʘʜʨ/ʩ. ɼʝʪʝʢʪʦʨ 

ʧʦʜʢʣʶʯʘʝʪʩʷ ʢ ʢʦʤʧʴʶʪʝʨʫ ʯʝʨʝʟ ʠʥʪʝʨʬʝʡʩ IEEE1394, ʘ ʧʨʠʣʘʛʘʝʤʦʝ 

ʧʨʦʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʢʘʜʨʳ ʠ ʫʧʨʘʚʣʷʪʴ ʜʝʪʝʢʪʦʨʦʤ 

ʩ ʧʦʤʦʱʴʶ ʷʟʳʢʦʚ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ Python, C++, MATLAB. 

ʆʧʠʩʘʥʥʳʡ ʜʝʪʝʢʪʦʨ ʧʦʜʭʦʜʠʪ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ, ʦʜʥʘʢʦ ʝʛʦ ʤʦʥʦʣʠʪʥʘʷ ʢʦʥʩʪʨʫʢʮʠʷ ʧʨʝʧʷʪʩʪʚʫʝʪ 

ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʫʚʝʣʠʯʝʥʥʳʭ 

ʠʟʦʙʨʘʞʝʥʠʡ. 

ɹʳʩʪʨʳʡ ʨʝʥʪʛʝʥʦʚʩʢʠʡ ʜʝʪʝʢʪʦʨ. ɺ ʨʘʤʢʘʭ ʩʦʚʤʝʩʪʥʦʛʦ ʨʦʩʩʠʡʩʢʦ-

ʛʝʨʤʘʥʩʢʦʛʦ ʧʨʦʝʢʪʘ ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʈʌ ñʈʘʟʚʠʪʠʝ 

ʤʝʪʦʜʦʚ ʠ ʦʙʦʨʫʜʦʚʘʥʠʷ ʩʚʝʨʭʙʳʩʪʨʦʡ ʪʦʤʦʛʨʘʬʠʠ ʠ ʩʪʨʦʙʦʩʢʦʧʠʠ ʜʣʷ 

ʚʨʝʤʷʨʘʟʨʝʰʘʶʱʝʛʦ ʠʤʠʜʞʠʥʛʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʠʥʭʨʦʪʨʦʥʥʳʭ ʠ 



81 

 

 

 

ʣʘʙʦʨʘʪʦʨʥʳʭ ʠʩʪʦʯʥʠʢʦʚò ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʙʳʩʪʨʳʡ ʨʝʥʪʛʝʥʦʚʩʢʠʡ ʜʝʪʝʢʪʦʨ, 

ʧʦʟʚʦʣʷʶʱʠʡ ʧʦʣʫʯʘʪʴ ʜʦ 500 ʢʘʜʨ/ʩ ʧʨʠ ʝʤʢʦʩʪʠ ʤʘʪʨʠʮʳ 4 ʄʧ ʠʣʠ 30 

ʢʘʜʨ/ʩ ʧʨʠ ʝʤʢʦʩʪʠ 20 ʄʧ ʠ ʜʣʠʪʝʣʴʥʦʤ ʚʨʝʤʝʥʠ ʠʟʤʝʨʝʥʠʷ. ʆʩʦʙʝʥʥʦʩʪʴʶ 

ʜʘʥʥʦʡ ʨʘʟʨʘʙʦʪʢʠ ʙʳʣʘ ʩʠʩʪʝʤʘ ʧʨʝʜʦʙʨʘʙʦʪʢʠ ʠ ʩʞʘʪʠʷ ʜʘʥʥʳʭ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ ʜʝʪʝʢʪʦʨʝ ʩ ʧʦʤʦʱʴʶ ʧʨʦʮʝʩʩʦʨʘ FPGA, ʯʪʦ ʧʦʟʚʦʣʠʣʦ 

ʜʦʩʪʠʯʴ ʦʧʠʩʘʥʥʳʭ ʚʳʰʝ ʩʢʦʨʦʩʪʝʡ ʧʦʣʫʯʝʥʠʷ ʜʘʥʥʳʭ [168]. 

ɺ ʨʘʟʨʘʙʦʪʘʥʥʦʤ ʪʦʤʦʛʨʘʬʝ ʚ ʢʘʯʝʩʪʚʝ ʩʝʥʩʦʨʘ ʜʝʪʝʢʪʦʨʘ ʠʩʧʦʣʴʟʦʚʘʥ 

ʯʠʧ (ʤʠʢʨʦʩʭʝʤʘ) CMOSIS CMV 20000, ʩ ʨʘʟʨʝʰʝʥʠʝʤ 6.4 ʤʢʤ ʧʨʠ ʧʦʣʝ 

ʟʨʝʥʠʷ 5120 Ĭ 3840 ʧʠʢʩʝʣʝʡ. ɺ ʢʘʯʝʩʪʚʝ ʫʚʝʣʠʯʠʚʘʶʱʝʡ ʦʧʪʠʯʝʩʢʦʡ 

ʩʠʩʪʝʤʳ ʙʳʣ ʚʳʙʨʘʥ ʤʘʢʨʦ-ʦʙʲʝʢʪʠʚ Canon EF-S 60mm f/2.8 Macro USM. 

ʆʙʲʝʢʪʠʚ ʠʤʝʝʪ ʧʦʣʝ ʟʨʝʥʠʷ 35 ʤʤ ʧʨʠ ʨʘʟʨʝʰʝʥʠʠ ʜʦ 5 ʤʢʤ, ʯʪʦ ʠʜʝʘʣʴʥʦ 

ʧʦʜʭʦʜʠʪ ʜʣʷ ʩʝʥʩʦʨʘ CIMOSIS CMV 20000. ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʢʦʨʦʩʪʥʦʛʦ ʩʝʥʩʦʨʘ CIMOSIS CMV 4000 ʩ ʙʦʣʝʝ ʚʳʩʦʢʠʤ 

ʨʘʟʨʝʰʝʥʠʝʤ ʠ ʙʦʣʴʰʠʤ ʫʚʝʣʠʯʝʥʠʝʤ ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʫʚʝʣʠʯʠʚʘʶʱʠʝ ʦʙʲʝʢʪʠʚʳ. ɺ ʢʘʯʝʩʪʚʝ ʪʘʢʦʛʦ ʦʙʲʝʢʪʠʚʘ ʙʳʣ ʚʳʙʨʘʥ 

ʤʘʢʨʦʦʙʲʝʢʪʦʚ Canon MP-E 65mm f/2.8 1-5x Macro Photo, ʧʦʟʚʦʣʷʶʱʠʡ 

ʜʦʩʪʠʛʘʪʴ ʨʘʟʨʝʰʝʥʠʷ ʜʦ 1 ʤʢʤ, ʥʦ ʦʙʣʘʜʘʶʱʠʡ ʤʝʥʴʰʠʤ ʧʦʣʝʤ ʟʨʝʥʠʷ. 

ʉʠʩʪʝʤʘ ʨʘʜʠʘʮʠʦʥʥʦʡ ʙʝʟʦʧʘʩʥʦʩʪʠ. ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʣʘʙʦʨʘʪʦʨʥʳʡ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬ ʦʙʣʘʜʘʝʪ ʵʬʬʝʢʪʠʚʥʦʡ ʟʘʱʠʪʦʡ ʦʪ ʠʦʥʠʟʠʨʫʶʱʝʛʦ 

ʠʟʣʫʯʝʥʠʷ ʩ ʵʥʝʨʛʠʝʡ ʜʦ 70 ʢʵɺ. ʕʪʦ ʜʦʩʪʠʛʘʝʪʩʷ ʧʫʪʝʤ ʧʨʠʤʝʥʝʥʠʷ ʜʚʫʭ 

ʢʦʥʪʫʨʦʚ ʟʘʱʠʪʳ. ʃʦʢʘʣʴʥʘʷ ʙʠʦʟʘʱʠʪʘ ʥʘʢʨʳʚʘʝʪ ʦʙʣʘʩʪʴ ʠʩʩʣʝʜʫʝʤʦʛʦ 

ʦʙʨʘʟʮʘ ʠ ʜʝʪʝʢʪʦʨʘ ï ʪʝ ʤʝʩʪʘ, ʛʜʝ ʧʨʦʠʩʭʦʜʠʪ ʤʘʢʩʠʤʘʣʴʥʦʝ ʨʘʩʩʝʷʥʠʝ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ. ɺʪʦʨʦʡ ʢʦʥʪʫʨ ʧʦʢʨʳʚʘʝʪ ʚʝʩʴ ʤʠʢʨʦʪʦʤʦʛʨʘʬ 

ʮʝʣʠʢʦʤ ʠ ʦʙʦʨʫʜʦʚʘʥ ʩʠʩʪʝʤʦʡ ʟʘʢʨʳʪʠʷ ʟʘʩʣʦʥʢʠ ʚ ʩʣʫʯʘʝ ʥʘʨʫʰʝʥʠʷ 

ʮʝʣʦʩʪʥʦʩʪʠ ʟʘʱʠʪʳ. 

ɸʚʪʦʤʘʪʠʟʘʮʠʷ ʠ ʫʜʘʣʝʥʥʳʡ ʜʦʩʪʫʧ ʢ ʪʦʤʦʛʨʘʬʫ. ʇʨʠ ʧʦʜʙʦʨʝ 

ʘʧʧʘʨʘʪʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʪʦʤʦʛʨʘʬʘ ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʣʠ ʚʦʟʤʦʞʥʦʩʪʠ 

ʫʧʨʘʚʣʷʪʴ ʠʤʠ ʩ ʧʝʨʩʦʥʘʣʴʥʦʛʦ ʢʦʤʧʴʶʪʝʨʘ. ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʧʨʦʛʨʘʤʤʥʳʝ 

ʤʦʜʫʣʠ ʫʧʨʘʚʣʝʥʠʷ ʥʝ ʢʦʥʬʣʠʢʪʦʚʘʣʠ ʤʝʞʜʫ ʩʦʙʦʡ, ʦʥʠ ʙʳʣʠ ʠʟʦʣʠʨʦʚʘʥʳ 

ʧʦʩʨʝʜʩʪʚʦʤ ʪʝʭʥʦʣʦʛʠʠ ʢʦʥʪʝʡʥʝʨʥʦʡ ʠʟʦʣʷʮʠʠ ʧʨʦʛʨʘʤʤ Docker [169]. ʕʪʦ 

ʦʙʝʩʧʝʯʠʣʦ ʥʝʟʘʚʠʩʠʤʦʩʪʴ ʨʘʙʦʪʳ ʢʘʞʜʦʛʦ ʤʦʜʫʣʷ ʦʪ ʦʩʪʘʣʴʥʳʭ ʠ ʧʦʚʳʩʠʣʦ 

ʩʪʘʙʠʣʴʥʦʩʪʴ ʨʘʙʦʪʳ ʠ ʟʘʱʠʱʝʥʥʦʩʪʴ ʩʠʩʪʝʤʳ ʚ ʮʝʣʦʤ. 
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ɼʣʷ ʢʘʞʜʦʛʦ ʘʧʧʘʨʘʪʥʦʛʦ ʤʦʜʫʣʷ ʙʳʣʘ ʥʘʧʠʩʘʥʘ ʫʧʨʘʚʣʷʶʱʘʷ 

ʧʨʦʛʨʘʤʤʘ-ʩʝʨʚʝʨ ʜʣʷ ʠʥʪʝʛʨʘʮʠʠ ʩ ʩʠʩʪʝʤʦʡ Tango [170]. Tango ï 

ʨʘʟʨʘʙʦʪʘʥʥʘʷ ʥʘ ʩʠʥʭʨʦʪʨʦʥʝ ESRF ʧʨʦʛʨʘʤʤʥʘʷ ʩʠʩʪʝʤʘ ʜʣʷ ʦʙʲʝʜʠʥʝʥʠʷ 

ʨʘʟʣʠʯʥʳʭ ʘʧʧʘʨʘʪʥʳʭ ʫʟʣʦʚ ʚ ʝʜʠʥʳʡ ʠʟʤʝʨʠʪʝʣʴʥʳʡ ʢʦʤʧʣʝʢʩ. ʇʨʦʛʨʘʤʤʳ 

ʫʧʨʘʚʣʝʥʠʷ ʥʘʧʠʩʘʥʳ ʥʘ ʷʟʳʢʘʭ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ C++ ʠ Python ʩ 

ʚʦʟʤʦʞʥʦʩʪʴʶ ʚʳʟʦʚʘ ʧʨʦʮʝʜʫʨ ʠʟ ʷʟʳʢʘ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ Python. ɼʣʷ 

ʧʨʦʚʝʜʝʥʠʷ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʧʨʦʛʨʘʤʤʥʳʡ 

ʤʦʜʫʣʴ ñʕʢʩʧʝʨʠʤʝʥʪò, ʧʦʟʚʦʣʷʶʱʠʡ ʫʧʨʘʚʣʷʪʴ ʵʢʩʧʝʨʠʤʝʥʪʦʤ, ʥʝ 

ʦʙʨʘʱʘʷʩʴ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʢ ʘʧʧʘʨʘʪʥʳʤ ʢʦʤʧʦʥʝʥʪʘʤ. ʄʦʜʫʣʴ ʧʨʦʚʝʜʝʥʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʟʘʧʫʩʢʘʝʪʩʷ ʥʘ ʩʝʨʚʝʨʝ ʩ ʩʝʪʝʚʦʛʦ ʧʦʨʪʘ ʠ ʧʨʠʥʠʤʘʝʪ 

ʨʘʟʣʠʯʥʳʝ ʚʠʜʳ ʟʘʧʨʦʩʦʚ (ʢʘʞʜʳʡ ʚʠʜ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʦʥʢʨʝʪʥʦʤʫ ʜʝʡʩʪʚʠʶ 

ʥʘ ʪʦʤʦʛʨʘʬʝ, ʥʘʧʨʠʤʝʨ, ʚʢʣʶʯʝʥʠʝ/ʚʳʢʣʶʯʝʥʠʝ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ, 

ʦʪʢʨʳʪʠʝ ʟʘʩʣʦʥʢʠ ʠ ʪʘʢ ʜʘʣʝʝ). ɺʩʝ ʘʜʨʝʩʘ, ʧʦ ʢʦʪʦʨʳʤ ʧʨʠʥʠʤʘʶʪʩʷ 

ʟʘʧʨʦʩʳ, ʠʤʝʶʪ ʚʠʜ: //server_address/tomograph//<ʯʘʩʪʴ ʘʜʨʝʩʘ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʢʦʥʢʨʝʪʥʦʤʫ ʜʝʡʩʪʚʠʶ>. ʇʨʠʤʝʨ ï ʬʫʥʢʮʠʷ, ʚʢʣʶʯʘʶʱʘʷ 

ʠʩʪʦʯʥʠʢ ʠʟʣʫʯʝʥʠʷ ʪʦʤʦʛʨʘʬʘ: //remote/tomograph/1/source/power-on. 

ʉʧʠʩʦʢ ʚʩʝʭ ʜʦʩʪʫʧʥʳʭ ʜʝʡʩʪʚʠʡ: 

Å ʚʢʣʶʯʝʥʠʝ/ʚʳʢʣʶʯʝʥʠʝ ʪʦʤʦʛʨʘʬʘ; 

Å ʚʢʣʶʯʝʥʠʝ/ʚʳʢʣʶʯʝʥʠʝ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʩʪʦʯʥʠʢʘ; 

Å ʫʩʪʘʥʦʚʠʪʴ/ʧʦʣʫʯʠʪʴ ʟʥʘʯʝʥʠʝ ʥʘʧʨʷʞʝʥʠʷ/ʪʦʢʘ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʠʩʪʦʯʥʠʢʘ; 

Å ʦʪʢʨʳʪʴ/ʟʘʢʨʳʪʴ ʟʘʩʣʦʥʢʫ; 

Å ʠʟʤʝʥʠʪʴ/ʧʦʣʫʯʠʪʴ ʛʦʨʠʟʦʥʪʘʣʴʥʦʝ/ʫʛʣʦʚʦʝ ʧʦʣʦʞʝʥʠʝ ʦʙʨʘʟʮʘ; 

Å ʧʨʠʥʷʪʴ ʪʝʢʫʱʝʝ ʫʛʣʦʚʦʝ ʧʦʣʦʞʝʥʠʝ ʟʘ ñʥʦʣʴ ʦʪʩʯʝʪʘò; 

Å ʫʩʪʘʥʦʚʠʪʴ ʵʢʩʧʦʟʠʮʠʶ ʧʦʣʫʯʝʥʠʷ ʦʜʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʠʟʦʙʨʘʞʝʥʠʷ; 

Å ʧʦʣʫʯʠʪʴ ʦʜʥʦ ʨʝʥʪʛʝʥʦʚʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ; 

Å ʥʘʯʘʪʴ/ʦʩʪʘʥʦʚʠʪʴ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʝ ʠʟʤʝʨʝʥʠʝ ʩ ʟʘʜʘʥʥʳʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘ. 

ʇʨʦʛʨʘʤʤʥʳʡ ʤʦʜʫʣʴ ñʍʨʘʥʠʣʠʱʝò ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʦʭʨʘʥʝʥʠʝ ʯʝʨʝʟ 

ʘʚʪʦʨʠʟʠʨʦʚʘʥʥʳʡ ʜʦʩʪʫʧ ʢ ʧʨʦʚʝʜʝʥʥʳʤ ʠʟʤʝʨʝʥʠʷʤ ʯʝʨʝʟ ʚʝʙ-ʠʥʪʝʨʬʝʡʩ. 

ʊʦʤʦʛʨʘʬʠʯʝʩʢʘʷ ʨʝʢʦʥʩʪʨʫʢʮʠʷ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʞʝʪ 



83 

 

 

 

ʧʨʦʚʦʜʠʪʴʩʷ ʤʝʪʦʜʦʤ FBP ʠʣʠ ʘʣʛʝʙʨʘʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ CGLS ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʠʜʝʦʢʘʨʪʳ ʜʣʷ ʫʩʢʦʨʝʥʠʷ ʚʳʯʠʩʣʝʥʠʡ. ʆʩʥʦʚʥʳʝ 

ʨʘʟʨʘʙʦʪʘʥʥʳʝ ʘʚʪʦʨʦʤ ʵʪʘʧʳ ʦʙʨʘʙʦʪʢʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʜʘʥʥʳʭ ʦʧʠʩʘʥʳ ʚ 

[ɸ164]. 

ɼʣʷ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʚʥʫʪʨʝʥʥʝʡ ʩʪʨʫʢʪʫʨʳ ʦʙʲʝʢʪʘ ʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʪʦʤʦʛʨʘʬʠʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʥʘʙʦʨ ʝʛʦ ʪʝʥʝʚʳʭ ʧʨʦʝʢʮʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʧʫʪʝʤ 

ʦʩʚʝʱʝʥʠʷ ʦʙʲʝʢʪʘ ʨʝʥʪʛʝʥʦʚʩʢʠʤʠ ʣʫʯʘʤʠ ʩ ʨʘʟʣʠʯʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ. 

ʄʘʪʝʤʘʪʠʯʝʩʢʠ ʟʘʜʘʯʘ ʢʦʤʧʴʶʪʝʨʥʦʡ ʪʦʤʦʛʨʘʬʠʠ ʩʚʦʜʠʪʩʷ ʢ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʶ ʬʫʥʢʮʠʠ ʥʝʩʢʦʣʴʢʠʭ ʧʝʨʝʤʝʥʥʳʭ ʧʦ ʠʟʚʝʩʪʥʳʤ ʠʥʪʝʛʨʘʣʘʤ 

ʦʪ ʥʝʸ ʚʜʦʣʴ ʥʝʢʦʪʦʨʳʭ ʪʨʘʝʢʪʦʨʠʡ (ʯʘʱʝ ʚʩʝʛʦ ʧʨʷʤʳʭ) [2] 

ɺ ʨʘʟʨʘʙʦʪʘʥʥʦʤ ʣʘʙʦʨʘʪʦʨʥʦʤ ʤʠʢʨʦʪʦʤʦʛʨʘʬʝ ñʊʆʄɸʉò 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʘʣʛʝʙʨʘʠʯʝʩʢʘʷ ʧʨʦʮʝʜʫʨʘ ʨʝʢʦʥʩʪʨʫʢʮʠʠ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ 

ʤʝʪʦʜʝ ʩʦʧʨʷʞʸʥʥʳʭ ʛʨʘʜʠʝʥʪʦʚ (CGLS) ʠʟ ʧʘʢʝʪʘ ñASTRA Toolboxò [87]. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʢʦʨʨʝʢʪʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʥʘ 

ʠʩʭʦʜʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʥʘʢʣʘʜʳʚʘʶʪʩʷ ʩʣʝʜʫʶʱʠʝ 

ʥʝʦʙʭʦʜʠʤʳʝ ʪʨʝʙʦʚʘʥʠʷ: 

1. ʀʥʪʝʛʨʘʣʴʥʦʝ ʧʦʛʣʦʱʝʥʠʝ ʦʙʲʝʢʪʘ ʥʝ ʜʦʣʞʥʦ ʤʝʥʷʪʴʩʷ ʚʦ ʚʨʝʤʷ 
ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ (ʩʦʭʨʘʥʝʥʠʝ ʠʥʚʘʨʠʘʥʪʘ ʈʘʜʦʥʘ) (ʩʤ. (2.3)) 

2. ʆʩʴ ʚʨʘʱʝʥʠʷ ʦʙʲʝʢʪʘ ʜʦʣʞʥʘ ʙʳʪʴ ʚʝʨʪʠʢʘʣʴʥʦʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʪʨʦʢ 
ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʜʝʪʝʢʪʦʨʘ ʠ ʨʘʩʧʦʣʘʛʘʪʴʩʷ ʧʦ ʮʝʥʪʨʫ ʜʝʪʝʢʪʦʨʘ 

ʅʘʨʫʰʝʥʠʝ ʵʪʠʭ ʪʨʝʙʦʚʘʥʠʡ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʘʨʪʝʬʘʢʪʦʚ 

(ʦʰʠʙʦʢ) ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ. 

ʄʦʜʫʣʴ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ. ʄʦʜʫʣʴ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ 

ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʧʦʟʚʦʣʷʝʪ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʠ ʢʦʨʨʝʢʪʠʨʦʚʘʪʴ ʩʦʭʨʘʥʝʥʠʝ 

ʠʥʚʘʨʠʘʥʪʘ ʈʘʜʦʥʘ ʥʘ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʧʨʦʝʢʮʠʷʭ. ʅʘ ʵʪʦʤ ʵʪʘʧʝ ʧʨʦʠʩʭʦʜʠʪ 

ʧʨʦʮʝʜʫʨʘ ʢʦʨʨʝʢʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʧʨʦʝʢʮʠʡ: ʫʜʘʣʝʥʠʝ ʪʝʤʥʦʚʦʛʦ ʪʦʢʘ 

ʜʝʪʝʢʪʦʨʘ ʠ ʥʦʨʤʠʨʦʚʢʘ ʜʘʥʥʳʭ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʘʜʘʶʱʝʛʦ 

ʠʟʣʫʯʝʥʠʷ ʚ ʦʪʩʫʪʩʪʚʠʠ ʦʙʲʝʢʪʘ. ʅʘ ʨʠʩ. 2.17 ʧʨʝʜʩʪʘʚʣʝʥʳ ʭʘʨʘʢʪʝʨʥʳʝ 

ʥʝʦʙʨʘʙʦʪʘʥʥʳʝ ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʠʟʦʙʨʘʞʝʥʠʷ: ʨʝʥʪʛʝʥʦʚʩʢʠʡ ʧʫʯʦʢ ʙʝʟ 

ʦʙʲʝʢʪʘ, ʪʝʤʥʦʚʦʡ ʪʦʢ ʜʝʪʝʢʪʦʨʘ (ʠʟʦʙʨʘʞʝʥʠʝ ʚ ʦʪʩʫʪʩʪʚʠʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʧʫʯʢʘ) ʠ ʠʟʦʙʨʘʞʝʥʠʝ ʦʙʲʝʢʪʘ. 
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ʈʠʩʫʥʦʢ 2.17: ʇʨʠʤʝʨ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ, ʧʦʩʪʫʧʘʶʱʠʭ ʥʘ ʚʭʦʜ 

ʤʦʜʫʣʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ. 

ʅʘ ʨʠʩ. 2.18 ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʦʨʤʠʨʦʚʘʥʥʘʷ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʧʨʦʝʢʮʠʷ 

ʦʙʲʝʢʪʘ ʩ ʢʦʨʨʝʢʮʠʝʡ ʥʘ ʬʦʨʤʫ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ ʠ ʩʦʙʩʪʚʝʥʥʳʡ ʰʫʤ 

ʜʝʪʝʢʪʦʨʘ. 
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ʈʠʩʫʥʦʢ 2.18: ʇʨʠʤʝʨ ʥʦʨʤʠʨʦʚʘʥʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ. 

ʄʦʜʫʣʴ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʪʘʢʞʝ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʝʨʠʪʴ 

ʫʨʦʚʝʥʴ ʩʪʘʙʠʣʴʥʦʩʪʠ ʧʫʯʢʘ ʥʘ ʨʘʟʥʳʭ ʧʨʦʝʢʮʠʷʭ ʠ ʧʦ ʞʝʣʘʥʠʶ 

ʧʦʣʴʟʦʚʘʪʝʣʷ ʧʨʦʚʝʩʪʠ ʥʦʨʤʠʨʦʚʢʫ ʧʦ ʪʝʤ ʦʙʣʘʩʪʷʤ ʢʘʜʨʘ, ʥʘ ʢʦʪʦʨʳʭ ʥʝʪ 

ʠʟʦʙʨʘʞʝʥʠʷ ʦʙʲʝʢʪʘ. ʆʧʠʩʘʥʥʘʷ ʧʨʦʮʝʜʫʨʘ ʧʦʟʚʦʣʷʝʪ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʦ 

ʥʝʠʟʤʝʥʥʦʩʪʠ ʬʦʨʤʳ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ ʩʢʦʨʨʝʢʪʠʨʦʚʘʪʴ ʠʟʤʝʥʝʥʠʝ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ, ʧʨʦʠʩʭʦʜʷʱʠʝ ʚ ʭʦʜʝ ʜʣʠʪʝʣʴʥʳʭ ʠʟʤʝʥʝʥʠʡ, ʠ ʪʝʤ ʩʘʤʳʤ 

ʧʦʜʘʚʠʪʴ ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʢʦʣʴʮʝʚʳʝ ʘʨʪʝʬʘʢʪʳ ʥʘ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ 

ʨʝʢʦʥʩʪʨʫʢʮʠʷʭ [171, 172]. ɺ ʵʪʦʤ ʞʝ ʤʦʜʫʣʝ ʧʨʦʠʩʭʦʜʠʪ ʧʨʦʚʝʨʢʘ 

ʠʥʚʘʨʠʘʥʪʘ ʧʦʛʣʦʱʝʥʠʷ ʦʙʲʝʢʪʘ ʧʨʠ ʝʛʦ ʧʦʚʦʨʦʪʝ ʚ ʧʨʦʮʝʩʩʝ 

ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ. ɼʝʣʦ ʚ ʪʦʤ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ ʧʨʦʚʝʜʝʥʠʷ 

ʠʟʤʝʨʝʥʠʷ ʦʙʨʘʟʝʮ ʚʨʘʱʘʝʪʩʷ ʚʦʢʨʫʛ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʦʩʠ, ʦʜʥʘʢʦ ʧʨʠ ʵʪʦʤ 

ʜʦʣʞʝʥ ʩʦʭʨʘʥʷʪʴʩʷ ʠʥʚʘʨʠʘʥʪ ʈʘʜʦʥʘ (ʠʥʪʝʛʨʘʣʴʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ 

ʣʠʥʝʡʥʦʛʦ ʦʩʣʘʙʣʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʦʙʲʝʢʪʦʤ):  
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Ì᷿ÎὍȾὍὨὸḀ‘ὼȟώὨίὨὸḀ‘ὼȟώὨὼὨώὙ, 2.3 

  ʛʜʝ Ὅ - ʥʘʯʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʨʷʤʦʣʠʥʝʡʥʦʛʦ ʣʫʯʘ, ʘ Ὅ ï ʝʛʦ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʦʩʣʝ ʧʨʦʭʦʞʜʝʥʠʷ ʯʝʨʝʟ ʦʙʲʝʢʪ, ʘ ‘ - ʣʠʥʝʡʥʳʡ 

ʢʦʵʬʬʠʮʠʝʥʪ ʦʩʣʘʙʣʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʦʙʲʝʢʪʦʤ. ʊ.ʦ. ʩʫʤʤʘ ʧʦ 

ʚʩʝʤ ʢʘʥʘʣʘʤ ʣʦʛʘʨʠʬʤʠʨʦʚʘʥʥʦʡ ʧʨʦʝʢʮʠʡ ʥʝ ʜʦʣʞʥʘ ʟʘʚʠʩʝʪʴ ʦʪ ʥʦʤʝʨʘ 

ʧʨʦʝʢʮʠʠ. ʅʘʨʫʰʝʥʠʝ ʵʪʦʛʦ ʠʥʚʘʨʠʘʥʪʘ ʛʦʚʦʨʠʪ ʦ ʥʘʨʫʰʝʥʠʠ ʩʪʘʙʠʣʴʥʦʩʪʠ 

ʟʦʥʜʠʨʫʶʱʝʛʦ ʧʫʯʢʘ ʠʣʠ ʦ ʧʦʷʚʣʝʥʠʠ ʵʬʬʝʢʪʦʚ ʦʪʣʠʯʥʳʭ ʦʪ ʧʦʛʣʦʱʝʥʠʷ ï 

ʥʘʧʨʠʤʝʨ, ʨʘʩʩʝʷʥʠʷ ʠʣʠ ʦʪʨʘʞʝʥʠʷ [ɸ173, 174, ɸ175]. ʄʦʜʫʣʴ 

ʧʨʝʜʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʧʨʦʠʟʚʦʜʠʪ ʢʦʨʨʝʢʮʠʶ ʠʟʤʝʥʝʥʠʷ ʠʥʚʘʨʠʘʥʪʘ ʈʘʜʦʥʘ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

Ὅ ὼȟώ
Ὅὼȟώ

В Ὅȟ ὼȟώ

В В Ὅȟ ὼȟώ

ὔ
,  

ʛʜʝ Ὅ ï ʧʨʦʝʢʮʠʷ ʥʦʤʝʨ ὲ, ὔ ï ʧʦʣʥʦʝ ʯʠʩʣʦ ʧʨʦʝʢʮʠʡ. 

ʇʨʠʤʝʨ ʠʩʭʦʜʥʦʡ ʩʠʥʦʛʨʘʤʤʳ, ʩʢʦʨʨʝʢʪʠʨʦʚʘʥʥʦʡ ʩʠʥʦʛʨʘʤʤʳ ʠ 

ʟʥʘʯʝʥʠʝ ʠʥʚʘʨʠʘʥʪʘ ʈʘʜʦʥʘ ʜʦ ʠ ʧʦʩʣʝ ʢʦʨʨʝʢʮʠʠ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 2.19 
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ʈʠʩʫʥʦʢ 2.19: ʉʣʝʚʘ ʩʚʝʨʭʫ ï ʠʩʭʦʜʥʘʷ ʩʠʥʦʛʨʘʤʤʘ, ʩʣʝʚʘ ʩʥʠʟʫ ï 

ʩʢʦʨʨʝʢʪʠʨʦʚʘʥʥʘʷ ʩʠʥʦʛʨʘʤʤʘ, ʩʧʨʘʚʘ ï ʟʥʘʯʝʥʠʝ ʠʥʚʘʨʠʘʥʪʘ ʈʘʜʦʥʘ ʜʦ ʠ 

ʧʦʩʣʝ ʧʨʦʮʝʜʫʨʳ ʢʦʨʨʝʢʮʠʠ. 

ʄʦʜʫʣʴ ʧʦʠʩʢʘ ʫʛʣʘ ʥʘʢʣʦʥʘ ʦʩʠ ʚʨʘʱʝʥʠʷ ʦʙʲʝʢʪʘ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʩʪʦʣʙʮʦʚ ʜʝʪʝʢʪʦʨʘ. ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʜʣʷ 

ʫʧʨʦʱʝʥʠʷ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʦʧʝʨʘʮʠʡ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʦʩʴ ʚʨʘʱʝʥʠʷ 

ʦʙʲʝʢʪʘ ʚʝʨʪʠʢʘʣʴʥʘ (ʧʘʨʘʣʣʝʣʴʥʘ ʩʪʦʣʙʮʘʤ ʜʝʪʝʢʪʦʨʘ). ʆʜʥʘʢʦ ʵʪʦ ʥʝ ʚʩʝʛʜʘ 

ʪʘʢ ʠ ʘʚʪʦʨʦʤ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʘʣʛʦʨʠʪʤ ʧʦʠʩʢʘ ʦʩʠ ʚʨʘʱʝʥʠʷ ʦʙʲʝʢʪʘ. 

ɸʣʛʦʨʠʪʤ, ʨʝʘʣʠʟʦʚʘʥʥʳʡ ʚ ʵʪʦʤ ʤʦʜʫʣʝ, ʦʩʥʦʚʘʥ ʥʘ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ ʚ 

ʧʘʨʘʣʣʝʣʴʥʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʤ ʧʫʯʢʝ ʧʨʠ ʧʦʚʦʨʦʪʝ ʦʙʲʝʢʪʘ ʥʘ 180Á ʚʦʢʨʫʛ 

ʩʚʦʝʡ ʦʩʠ ʝʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʩʪʘʥʦʚʠʪʴʩʷ ʟʝʨʢʘʣʴʥʦ 

ʦʪʦʙʨʘʞʸʥʥʳʤ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʟʦʙʨʘʞʝʥʠʷ ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʠ 0Á (ʨʠʩ. 2.20). 

ʀʩʭʦʜʷ ʠʟ ʵʪʦʛʦ, ʧʨʦʠʩʭʦʜʠʪ ʦʧʪʠʤʠʟʘʮʠʦʥʥʳʡ ʧʦʠʩʢ ʤʠʥʠʤʫʤʘ ʜʚʫʤʝʨʥʦʡ 
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ʬʫʥʢʮʠʠ ʨʘʟʣʠʯʠʷ ʜʚʫʭ ʠʟʦʙʨʘʞʝʥʠʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʘ ʧʨʠ ʠʭ 

ʚʟʘʠʤʥʦʤ ʧʦʚʦʨʦʪʝ ʠ ʩʜʚʠʛʝ. ɺ ʢʘʯʝʩʪʚʝ ʤʠʥʠʤʠʟʠʨʫʝʤʦʡ ʬʫʥʢʮʠʠ ʙʳʣʦ 

ʚʳʙʨʘʥʦ ʥʦʨʤʘʣʠʟʦʚʘʥʥʦʝ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʦʪʢʣʦʥʝʥʠʝ (NRMSD) ʧʦ 

ʚʩʝʚʦʟʤʦʞʥʳʤ ʩʜʚʠʛʘʤ ʠ ʫʛʣʘʤ ʥʘʢʣʦʥʘ ʦʩʠ. ʅʘ ʨʠʩ. 2.21 ʧʦʢʘʟʘʥʦ ʟʥʘʯʝʥʠʝ 

ʤʠʥʠʤʠʟʠʨʫʝʤʦʡ ʬʫʥʢʮʠʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʨʝʜʧʦʣʘʛʘʝʤʦʛʦ ʧʦʣʦʞʝʥʠʷ ʦʩʠ 

ʚʨʘʱʝʥʠʷ, ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʫʛʣʝ ʥʘʢʣʦʥʘ ʦʩʠ. ɺ ʨʝʘʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ 

ʫʛʦʣ ʥʘʢʣʦʥʘ ʤʦʞʝʪ ʩʦʩʪʘʚʣʷʪʴ ʜʦ 0.5 ʛʨʘʜʫʩʦʚ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʪʝʨʝ 

ʨʘʟʨʝʰʝʥʠʷ ʧʦ ʢʨʘʷʤ ʦʙʲʝʢʪʘ ʜʦ 4 ʧʠʢʩʝʣʝʡ ʧʨʠ ʨʘʟʤʝʨʝ ʜʝʪʝʢʪʦʨʘ 1000 ʥʘ 

1000 ʧʠʢʩʝʣʝʡ. ɺʥʝʜʨʝʥʠʝ ʵʪʦʡ ʢʦʨʨʝʢʮʠʠ ʧʦʟʚʦʣʠʣʦ ʩʫʱʝʩʪʚʝʥʥʦ ʫʣʫʯʰʠʪʴ 

ʢʘʯʝʩʪʚʦ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʠ ʧʦʣʥʦʩʪʴʶ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʪʴ ʧʨʦʮʝʩʩ ʦʙʨʘʙʦʪʢʠ. 

 

ʈʠʩʫʥʦʢ 2.20: ʘ ïʧʨʦʝʢʮʠʷ ʧʨʠ ʫʛʣʝ 0 ʛʨʘʜʫʩʦʚ, ʙ ïʧʨʦʝʢʮʠʷ ʧʨʠ ʫʛʣʝ 180 

ʛʨʘʜʫʩʦʚ, ʚ-ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʠʟʦʙʨʘʞʝʥʠʷʤʠ ʙʝʟ ʢʦʨʨʝʢʮʠʠ ʦʩʠ ʚʨʘʱʝʥʠʷ, ʛ-

ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʠʟʦʙʨʘʞʝʥʠʷʤʠ ʧʦʩʣʝ ʢʦʨʨʝʢʮʠʠ ʦʩʠ ʚʨʘʱʝʥʠʷ. 
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ʈʠʩʫʥʦʢ 2.21: ɿʥʘʯʝʥʠʝ ʤʠʥʠʤʠʟʠʨʫʝʤʦʡ ʬʫʥʢʮʠʠ ʦʪʣʠʯʠʷ ʤʝʞʜʫ 

ʠʟʦʙʨʘʞʝʥʠʷʤʠ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʜʚʠʛʘ ʦʩʠ ʚʨʘʱʝʥʠʷ. 

ʅʘ ʨʠʩ. 2.22 ʧʦʢʘʟʘʥʳ ʩʣʦʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ 

ʙʠʦʣʦʛʠʯʝʩʢʦʛʦ ʦʙʲʝʢʪʘ ʜʦ ʠ ʧʦʩʣʝ ʧʨʝʜʦʙʨʘʙʦʪʢʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʧʨʦʝʢʮʠʡ. 

ɺʠʜʥʦ, ʯʪʦ ʧʨʠʤʝʥʸʥʥʳʝ ʢʦʨʨʝʢʮʠʠ ʧʦʟʚʦʣʠʣʠ ʩʫʱʝʩʪʚʝʥʥʦ ʫʣʫʯʰʠʪʴ 

ʢʘʯʝʩʪʚʦ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ: ʫʜʘʣʦʩʴ ʠʟʙʘʚʠʪʴʩʷ ʦʪ 

ʩʝʨʧʦʚʠʜʥʳʭ ʘʨʪʝʬʘʢʪʦʚ ʥʘ ʧʦʛʣʦʱʘʶʱʠʭ ʚʢʣʶʯʝʥʠʷʭ ʠ ʧʦʚʳʩʠʪʴ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ. 
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ʈʠʩʫʥʦʢ 2.22: ʉʣʝʚʘ - ʪʦʤʦʛʨʘʬʠʯʝʩʢʘʷ ʨʝʢʦʥʩʪʨʫʢʮʠʷ ʩʣʦʷ ʦʙʲʝʢʪʘ ʙʝʟ 

ʧʨʠʤʝʥʝʥʠʷ ʢʦʨʨʝʢʮʠʡ, ʩʧʨʘʚʘ - ʪʦʤʦʛʨʘʬʠʯʝʩʢʘʷ ʨʝʢʦʥʩʪʨʫʢʮʠʷ ʪʦʛʦ ʞʝ 

ʩʣʦʷ ʦʙʲʝʢʪʘ ʧʦʩʣʝ ʧʨʠʤʝʥʝʥʠʷ ʢʦʨʨʝʢʮʠʡ. 

ʀʩʪʦʯʥʠʢʘʤʠ ʘʨʪʝʬʘʢʪʦʚ ʥʘ ʪʦʤʦʛʨʘʬʠʠ ʪʘʢʞʝ ʷʚʣʷʶʪʩʷ ʪʘʢʠʝ ʬʘʢʪʦʨʳ, 

ʢʘʢ ʜʚʠʞʝʥʠʝ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ ʚʦ ʚʨʝʤʝʥʠ (thermal drift) [ɸ176], 

ʩʠʣʴʥʦʧʦʛʣʘʱʘʶʱʠʝ ʚʢʣʶʯʝʥʠʷ (metal-like artifacts) [ɸ177, ɸ178], ʵʬʬʝʢʪ 

ʧʦʷʚʣʝʥʠʷ ʯʘʰʝʚʠʜʥʳʭ ʘʨʪʝʬʘʢʪʦʚ ʥʘ ʧʦʣʠʭʨʦʤʘʪʠʯʥʦʤ ʠʟʣʫʯʝʥʠʠ (beam 

hardening) [ɸ177, ɸ178]. ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ ʥʘʰʝʛʦ ʧʨʠʙʦʨʘ ʤʳ ʩʪʘʨʘʣʠʩʴ 

ʧʦʜʙʠʨʘʪʴ ʫʩʣʦʚʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʚʣʠʷʥʠʝʤ ʵʪʠʭ 

ʬʘʢʪʦʨʦʚ ʤʦʞʥʦ ʙʳʣʦ ʧʨʝʥʝʙʨʝʯʴ ʠ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʦʙʝʩʧʝʯʝʥʠʠ ʵʪʠ 

ʢʦʨʨʝʢʮʠʠ ʥʝ ʙʳʣʠ ʨʝʘʣʠʟʦʚʘʥʳ. 

2.5 ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ ʜʣʷ ʚʳʜʝʣʝʥʠʷ ʦʙʣʘʩʪʝʡ, ʨʘʟʣʠʯʘʶʱʠʭʩʷ ʧʦ 

ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ. 

ʆʧʠʩʘʥʥʳʡ ʚʳʰʝ ʤʠʢʨʦʪʦʤʦʛʨʘʬ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʠʟʤʝʨʝʥʠʷ ʢʘʢ ʚ 

ʧʦʣʠʭʨʦʤʘʪʠʯʥʦʤ, ʪʘʢ ʠ ʚ ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʤ ʠʣʠ ñʨʦʟʦʚʦʤò ʩʧʝʢʪʨʝ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʕʪʦ ʦʪʣʠʯʘʝʪ ʝʛʦ ʦʪ ʧʨʠʙʦʨʦʚ ʤʝʜʠʮʠʥʩʢʦʡ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʪʦʤʦʛʨʘʬʠʠ, ʧʨʦʤʳʰʣʝʥʥʳʭ ʪʦʤʦʛʨʘʬʦʚ ʠ ʣʘʙʦʨʘʪʦʨʥʳʭ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʦʚ, ʠʩʧʦʣʴʟʫʶʱʠʭ ʪʦʯʝʯʥʳʝ (ʤʠʢʨʦʬʦʢʫʩʥʳʝ) ʠʩʪʦʯʥʠʢʠ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʅʘʟʚʘʥʥʳʝ ʧʨʠʙʦʨʳ ʧʦʟʚʦʣʷʶʪ ʧʨʦʚʦʜʠʪʴ 

ʠʟʤʝʨʝʥʠʷ ʣʠʰʴ ʚ ʧʦʣʠʭʨʦʤʘʪʠʯʥʦʤ ʰʠʨʦʢʦʤ ʩʧʝʢʪʨʝ ʵʥʝʨʛʠʡ (ʯʘʩʪʠʯʥʘʷ 

ʤʦʥʦʭʨʦʤʘʪʠʟʘʮʠʷ ʚʦʟʤʦʞʥʘ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʧʦʛʣʦʱʘʶʱʠʭ ʬʠʣʴʪʨʦʚ). 

ɺʚʠʜʫ ʠʟʣʦʞʝʥʥʳʭ ʚʳʰʝ ʦʙʩʪʦʷʪʝʣʴʩʪʚ (1.4), ʧʦʣʠʭʨʦʤʘʪʠʯʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ 
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ʜʝʣʘʝʪ ʥʝʚʦʟʤʦʞʥʳʤ (ʠʣʠ ʢʨʘʡʥʝ ʟʘʪʨʫʜʥʠʪʝʣʴʥʳʤ) ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʵʪʠʭ 

ʤʝʪʦʜʠʢ ʜʣʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʢʦʣʠʯʝʩʪʚʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʬʠʟʠʯʝʩʢʠʭ ʚʝʣʠʯʠʥ 

(ʧʣʦʪʥʦʩʪʠ, ʥʦʤʝʨʘ ʭʠʤʠʯʝʩʢʦʛʦ ʵʣʝʤʝʥʪʘ, ʣʠʥʝʡʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʦʩʣʘʙʣʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠ ʪ.ʜ. ʠ ʪ.ʧ.), ʘ ʧʦʟʚʦʣʷʝʪ ʚʳʯʠʩʣʠʪʴ 

ʪʦʣʴʢʦ ʥʝʢʦʝ ʫʩʨʝʜʥʸʥʥʦʝ ʦʩʣʘʙʣʝʥʠʝ ʠ ʚ ʜʘʣʴʥʝʡʰʝʤ ʩʨʘʚʥʠʚʘʪʴ ʝʛʦ ʩ 

ʵʪʘʣʦʥʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʘʷ ʰʢʘʣʘ 

ʍʘʫʥʩʬʝʣʴʜʘ ʩʪʨʦʠʪʩʷ ʧʫʪʸʤ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʧʦʛʣʦʱʝʥʠʷ ʦʙʲʝʢʪʘ ʩ 

ʧʦʛʣʦʱʝʥʠʝʤ ʚʦʜʳ [179]. 

ɺ [ɸ180] ʠ [ɸ165] ʥʘʤʠ ʧʨʦʚʝʜʸʥ ʘʥʘʣʠʟ ʥʝʢʦʪʦʨʳʭ ʘʩʧʝʢʪʦʚ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʘʙʩʦʨʙʮʠʦʥʥʦʡ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ ʜʣʷ ʚʳʜʝʣʝʥʠʷ ʦʙʣʘʩʪʝʡ, 

ʨʘʟʣʠʯʘʶʱʠʭʩʷ ʧʦ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ. ɺ ʵʪʦʡ ʨʘʙʦʪʝ ʘʚʪʦʨʦʤ ʚʳʧʦʣʥʝʥʳ 

ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʚʳʢʣʘʜʢʠ, ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʯʝʩʢʠʝ ʵʢʩʧʝʨʠʤʝʥʪʳ, ʦʙʨʘʙʦʪʢʘ 

ʠʟʦʙʨʘʞʝʥʠʡ ʠ ʩʦʚʤʝʱʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʣʫʯʝʥʥʳʤʠ ʤʝʪʦʜʘʤʠ. 

ʂʘʢ ʙʳʣʦ ʫʢʘʟʘʥʦ (1.2) ʧʦʛʣʦʱʝʥʠʝ ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ Ὅ ʚ ʦʜʥʦʨʦʜʥʦʤ ʧʦ ʩʦʩʪʘʚʫ ʠ ʧʣʦʪʥʦʩʪʠ ʦʙʨʘʟʮʝ ʦʧʠʩʳʚʘʝʪʩʷ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

) )ÅØÐ‘Ä )ÅØÐÎ‘Ä , 

ʛʜʝ Ὅ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʘʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ, ‘ - ʣʠʥʝʡʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ 

ʦʩʣʘʙʣʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, Ὠ ï ʪʦʣʱʠʥʘ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ, 

‘ ςÒ‗Æ ï ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʝ ʩʝʯʝʥʠʝ ʨʘʩʩʝʷʥʠʷ, Î ρ .Ò‗ Æ ÉÆ 

ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʝʣʦʤʣʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, Ὢ Ὢ ὭὪ ï 

ʘʪʦʤʥʳʡ ʬʘʢʪʦʨ ʨʘʩʩʝʷʥʠʷ, ὶ ï ʢʣʘʩʩʠʯʝʩʢʠʡ ʨʘʜʠʫʩ ʵʣʝʢʪʨʦʥʘ, ‗ ï ʜʣʠʥʘ 

ʚʦʣʥʳ ʠʩʩʣʝʜʫʝʤʦʛʦ ʠʟʣʫʯʝʥʠʷ, ὔ ï ʯʠʩʣʦ ʨʘʩʩʝʠʚʘʶʱʠʭ ʯʘʩʪʠʮ. 

ʀʣʠ  

‘

”
Ḑὤ‗Ὢ , 2.4 

  ʛʜʝ Ὢ ï ʵʬʬʝʢʪʠʚʥʦʝ ʯʠʩʣʦ ʵʣʝʢʪʨʦʥʦʚ ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʨʘʩʩʝʷʥʠʠ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʵʥʝʨʛʠʡ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʵʥʝʨʛʝʪʠʯʝʩʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ ʚ ʧʦʣʦʩʘʭ ʤʝʞʜʫ 
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ʩʢʘʯʢʘʤʠ ʧʦʛʣʦʱʝʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʘ 

ʛʣʘʜʢʦʡ ʬʫʥʢʮʠʝʡ [71]: 

‘

”
Ḑὤ‗ 

ɺ ʩʣʫʯʘʝ, ʝʩʣʠ ʦʙʲʝʤ ʥʝʦʜʥʦʨʦʜʝʥ ʧʦ ʵʣʝʤʝʥʪʥʦʤʫ ʩʦʩʪʘʚʫ, ʪʦ ʣʠʥʝʡʥʳʡ 

ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ ʨʘʚʝʥ ʩʫʤʤʝ ʚʢʣʘʜʦʚ ʩʦʩʪʘʚʣʷʶʱʠʭ ʦʙʲʝʤʦʚ: 

‘ ‘ ‘” , 

ʛʜʝ ‘ ī ʤʘʩʩʦʚʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʦʩʣʘʙʣʝʥʠʷ i-ʦʛʦ ʵʣʝʤʝʥʪʘ, ” ī 

ʧʣʦʪʥʦʩʪʴ i-ʦʛʦ ʵʣʝʤʝʥʪʘ. 

ʈʘʩʩʤʦʪʨʠʤ ʙʝʟ ʦʛʨʘʥʠʯʝʥʠʷ ʦʙʱʥʦʩʪʠ ʤʦʜʝʣʴʥʳʡ ʦʙʲʝʢʪ, ʩʦʩʪʦʷʱʠʡ ʠʟ 

ʜʚʫʭ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ. 

ʇʫʩʪʴ ʧʣʦʪʥʦʩʪʠ ʵʪʠʭ ʵʣʝʤʝʥʪʦʚ ʚ ʪʦʯʢʘʭ ὃ ʠ ὄ ʨʘʚʥʳ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

”  ʠ ”ȟὭ ρȟς. 

ʊʦʛʜʘ ʧʦʛʣʦʱʝʥʠʝ ʚ ʵʪʠʭ ʪʦʯʢʘʭ ‘ȟ ‘ȟ”ȟ ‘ȟ”ȟ. 

ʂʦʥʪʨʘʩʪ ʧʦʛʣʦʱʝʥʠʡ ʤʝʞʜʫ ʵʪʠʤʠ ʪʦʯʢʘʤʠ ʙʫʜʝʪ ʨʘʚʝʥ  

+
‘

‘

‘” ‘”

‘” ‘”
2.5 

  ɽʩʣʠ ʵʣʝʤʝʥʪʳ ʨʘʩʧʦʣʦʞʝʥʳ ʨʘʚʥʦʤʝʨʥʦ ʧʦ ʦʙʲʝʢʪʫ, ʪ.ʝ. ʝʩʣʠ ”

” ”, ʪʦ ʚʳʨʘʞʝʥʠʝ (2.5) ʧʨʝʚʨʘʱʘʝʪʩʷ ʚ  

+
‘

‘

‘” ‘”

‘” ‘”
ρȢ 2.6 

  ʉʣʝʜʫʝʪ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʵʪʦ ʩʦʦʪʥʦʰʝʥʠʝ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ 

ʧʘʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʝʩʣʠ ʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʨʘʩʧʨʝʜʝʣʝʥ 

ʧʦ ʠʩʩʣʝʜʫʝʤʦʤʫ ʦʙʨʘʟʮʫ ʨʘʚʥʦʤʝʨʥʦ, ʪʦ ʢʦʥʪʨʘʩʪ ʚ ʧʦʛʣʦʱʝʥʠʠ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʙʫʜʝʪ ʧʦʩʪʦʷʥʝʥ. 
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ʆʜʥʘʢʦ ʝʩʣʠ ʩʦʦʪʥʦʰʝʥʠʝ ʧʣʦʪʥʦʩʪʝʡ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ 

ʠʟʤʝʥʷʝʪʩʷ ʦʪ ʪʦʯʢʠ ʢ ʪʦʯʢʝ, ʪʦ ʩʦʦʪʥʦʰʝʥʠʝ ʢʦʥʪʨʘʩʪʦʚ ʤʝʞʜʫ ʵʪʠʤʠ 

ʪʦʯʢʘʤʠ ʧʨʠ ʨʘʟʥʳʭ ʵʥʝʨʛʠʷʭ ʧʘʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʙʫʜʝʪ ʨʘʟʥʦʝ. 

ʇʫʩʪʴ ὑ ʠ ὑ  ʢʦʵʬʬʠʮʠʝʥʪʳ ʠʟ ʩʦʦʪʥʦʰʝʥʠʷ (2.5) ʧʨʠ ʠʟʤʝʨʷʝʤʳʭ 

ʜʣʠʥʘʭ ʚʦʣʥ ‗ ʠ ‗ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʊʦʛʜʘ, ʧʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ (2.4) ʠ 

ʫʯʠʪʳʚʘʷ, ʯʪʦ ʧʣʦʪʥʦʩʪʴ ʚʝʱʝʩʪʚʘ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʧʘʜʘʶʱʝʛʦ 

ʠʟʣʫʯʝʥʠʷ, ʧʦʣʫʯʘʝʤ:  

ὑ

ὑ

‘” ‘” ‘” ‘”

‘” ‘” ‘” ‘”

ὤὪȟ” ὤὪȟ” ὤὪȟ” ὤὪȟ”

ὤὪȟ” ὤὪȟ” ὤὪȟ” ὤὪȟ”
ȟ 2.7 

 

ʛʜʝ ὤ  ʘʪʦʤʥʳʡ ʥʦʤʝʨ Ὥ-ʦʛʦ ʵʣʝʤʝʥʪʘ, Ὢȟ  ʨʝʘʣʴʥʘʷ ʯʘʩʪʴ ʘʪʦʤʥʦʛʦ 

ʬʘʢʪʦʨʘ ʨʘʩʩʝʷʥʠʷ ʿ-ʦʛʦ ʵʣʝʤʝʥʪʘ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ ‗. 

ɺʚʠʜʫ ʪʦʛʦ, ʯʪʦ ʟʥʘʯʝʥʠʝ ʘʪʦʤʥʦʛʦ ʬʘʢʪʦʨʘ ʨʘʩʩʝʷʥʠʷ Ὢ ʟʘʚʠʩʠʪ ʦʪ 

ʜʣʠʥʳ ʚʦʣʥʳ, ʩʦʦʪʥʦʰʝʥʠʝ (2.4) ʥʝ ʙʫʜʝʪ ʨʘʚʥʦ ʝʜʠʥʠʮʝ ʧʨʠ ” ” ʚ 

ʪʦʯʢʘʭ ὃ ʠ ὄ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʚʦʜʷ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘ ʨʘʟʥʳʭ 

ʜʣʠʥʘʭ ʚʦʣʥ ʠ ʚʳʯʠʩʣʷʷ ʢʦʥʪʨʘʩʪ ʤʝʞʜʫ ʨʘʟʣʠʯʥʳʤʠ ʦʙʣʘʩʪʷʤʠ ʦʙʨʘʟʮʘ, ʤʳ 

ʤʦʞʝʤ ʣʦʢʘʣʠʟʦʚʘʪʴ ʦʙʣʘʩʪʠ, ʛʜʝ ʭʠʤʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ ʨʘʩʧʦʣʦʞʝʥʳ 

ʥʝʨʘʚʥʦʤʝʨʥʦ. ʕʪʦ ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʘʢʠʭ ʦʙʲʝʢʪʦʚ, ʛʜʝ 

ʚʝʣʠʯʠʥʘ ʧʦʛʣʦʱʝʥʠʷ ʦʙʨʘʟʮʘ ʚ ʩʨʝʜʥʝʤ ʥʝ ʤʝʥʷʝʪʩʷ, ʥʦ ʣʦʢʘʣʴʥʦ ʤʝʥʷʝʪʩʷ 

ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ. ʊʘʢʠʤʠ ʦʙʲʝʢʪʘʤʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʦʛʫʪ ʙʳʪʴ, 

ʥʘʧʨʠʤʝʨ, ʦʙʨʘʟʮʳ ʢʦʩʪʥʦʡ ʪʢʘʥʠ ʞʠʚʦʪʥʳʭ, ʢʦʪʦʨʳʝ ʧʦʙʳʚʘʣʠ ʚ 

ʥʝʚʝʩʦʤʦʩʪʠ. ʄʠʢʨʦʪʦʤʦʛʨʘʬʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʘʢʠʭ ʦʙʨʘʟʮʦʚ ʤʦʛʫʪ 

ʙʳʪʴ ʵʬʬʝʢʪʠʚʥʦ ʜʦʧʦʣʥʝʥʳ ʣʦʢʘʣʴʥʳʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʤʝʪʦʜʘʤʠ 

ʨʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ (ʈʌɸ), ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ (ʈʕʄ). ʆʧʠʩʘʥʠʷ ʪʘʢʠʭ ʦʙʲʝʢʪʦʚ ʠ ʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʫʜʫʪ 

ʧʨʠʚʝʜʝʥʳ ʚ ʩʣʝʜʫʶʱʝʤ ʨʘʟʜʝʣʝ. 
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2.6 ʀʩʩʣʝʜʦʚʘʥʠʝ ʭʚʦʩʪʦʚʳʭ ʧʦʟʚʦʥʢʦʚ ʭʨʷʱʝʧʘʣʦʛʦ ʛʝʢʢʦʥʘ 

ʥʘ ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʤ ʠʟʣʫʯʝʥʠʠ 

ʅʠʞʝ ʧʨʠʚʝʜʝʥʳ ʦʧʠʩʘʥʠʷ ʢʦʩʪʥʦʛʦ ʘʧʧʘʨʘʪʝ ʛʝʢʢʦʥʦʚ, ʚʳʧʦʣʥʝʥʥʦʝ 

ʥʘʤʠ ʚ ʮʠʢʣʝ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʨʘʙʦʪ [ɸ180, ɸ181, ɸ182]. ɺ [ɸ180] ʥʘʤʠ 

ʚʧʝʨʚʳʝ ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʢʩʠʤʘʣʴʥʳʭ ʭʚʦʩʪʦʚʳʭ ʧʦʟʚʦʥʢʦʚ 

ʭʨʷʱʝʧʘʣʦʛʦ ʛʝʢʢʦʥʘ (Chondrodactylus turneri) ʢʘʢ ʛʠʩʪʦʣʦʛʠʯʝʩʢʠʤʠ 

ʤʝʪʦʜʘʤʠ, ʪʘʢ ʠ ʬʠʟʠʯʝʩʢʠʤʠ, ʚʢʣʶʯʘʷ ʨʝʥʪʛʝʥʦʚʩʢʫʶ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʶ ʥʘ 

ʨʘʟʥʳʭ ʜʣʠʥʘʭ ʚʦʣʥ ʠ ʵʣʝʤʝʥʪʥʳʡ ʘʥʘʣʠʟ. ʇʦʜʛʦʪʦʚʢʘ ʦʙʨʘʟʮʦʚ ʠ 

ʛʠʩʪʦʣʦʛʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʅʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʤ 

ʀʥʩʪʠʪʫʪʝ ʤʦʨʬʦʣʦʛʠʠ ʯʝʣʦʚʝʢʘ ʈɸʄʅ, ʘ ʈʌɸ ʠʟʤʝʨʝʥʠʷ ʚ ʅʘʮʠʦʥʘʣʴʥʦʤ 

ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʤ ʮʝʥʪʨʝ ñʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪò, ʈʕʄ ʠʟʤʝʨʝʥʠʷ 

ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʌʅʀʎ ñʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ ʠ ʬʦʪʦʥʠʢʘò ʈɸʅ. 

ɺ ʢʘʯʝʩʪʚʝ ʦʙʨʘʟʮʦʚ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʢʦʩʪʠ 

ʧʨʦʢʩʠʤʘʣʴʥʳʭ ʭʚʦʩʪʦʚʳʭ ʧʦʟʚʦʥʢʦʚ ʭʨʷʱʝʧʘʣʦʛʦ ʛʝʢʢʦʥʘ (Chondrodactylus 

turneri Gray, 1864). ʅʘʟʚʘʥʠʝ ʠʤʝʝʪ ʤʥʦʛʦʯʠʩʣʝʥʥʳʝ ʩʠʥʦʥʠʤʳ, ʠʟ ʢʦʪʦʨʳʭ 

ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʡ ʠ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʡ ï Pachydactylus turneri 

(ʪʦʣʩʪʦʧʘʣʳʡ ʛʝʢʢʦʥ). ɸʥʛʣʠʡʩʢʠʡ ʵʢʚʠʚʘʣʝʥʪ ʥʘʟʚʘʥʠʷ ï Turnerôs Thick-toed 

Gecko, ʥʝʤʝʮʢʠʡ ï Turners Dickfingergecko. ʍʨʷʱʝʧʘʣʳʝ ʛʝʢʢʦʥʳ ʦʙʠʪʘʶʪ ʚ 

ʎʝʥʪʨʘʣʴʥʦʡ ʠ ʖʞʥʦʡ ɸʬʨʠʢʝ, ʥʘʩʝʣʷʷ ʨʘʟʥʦʦʙʨʘʟʥʳʝ ʙʠʦʪʦʧʳ: ʦʪ 

ʢʘʤʝʥʠʩʪʦʡ ʧʫʩʪʳʥʠ ʜʦ ʫʚʣʘʞʥʝʥʥʳʭ ʙʝʨʝʛʦʚ ʨʝʢ. ʆʙʱʘʷ ʜʣʠʥʘ ʪʝʣʘ ʦʪ 

ʢʦʥʯʠʢʘ ʥʦʩʘ ʜʦ ʢʦʥʯʠʢʘ ʭʚʦʩʪʘ 15-20 ʩʤ, ʰʠʨʠʥʘ ʛʦʣʦʚʳ ï 2.5ï3.0 ʩʤ, ʚʝʩ ï 

17ï28 ʛ. ʕʪʠ ʨʝʧʪʠʣʠʠ ʙʳʣʠ ʚʧʝʨʚʳʝ ʧʨʝʜʣʦʞʝʥʳ ʥʘʤʠ ʠ ʫʩʧʝʰʥʦ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʴʥʦʛʦ ʦʙʲʝʢʪʘ ʜʣʷ ʠʟʫʯʝʥʠʷ ʘʤʥʠʦʪ ʥʘ 

ʥʝʧʠʣʦʪʠʨʫʝʤʳʭ ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʘʭ (ʂɸ) ʩʝʨʠʠ ñʌʆʊʆʅ-ʄò ˉ2 (ʄ2) ʠ 

ˉ3 (ʄ3) (2005 ʛʦʜ, 16 ʩʫʪʦʢ ʠ 2007 ʛʦʜ, 12 ʩʫʪʦʢ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). 

ɺ 16-ʩʫʪʦʯʥʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʥʘ ʙʦʨʪʫ ʂɸ ñʌʆʊʆʅ-ʄò ˉ2, ʛʜʝ 

ʦʙʲʝʢʪʦʤ ʙʳʣʠ ʨʝʧʪʠʣʠʠ ï ʪʦʣʩʪʦʧʘʣʳʝ ʛʝʢʢʦʥʳ ï ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʤʠʥʝʨʘʣʴʥʦʛʦ ʦʙʤʝʥʘ ʧʨʦʠʟʚʦʜʠʣʠʩʴ ʧʘʨʘʣʣʝʣʴʥʦ ʨʦʩʩʠʡʩʢʠʤʠ ʠ 

ʘʤʝʨʠʢʘʥʩʢʠʤʠ ʫʯʘʩʪʥʠʢʘʤʠ ʧʨʦʝʢʪʘ, ʤʥʝʥʠʷ ʢʦʪʦʨʳʭ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʣʠʷʥʠʷ 

ʬʘʢʪʦʨʦʚ ʢʦʩʤʠʯʝʩʢʦʛʦ ʧʦʣʝʪʘ ʥʘ ʢʦʩʪʠ ʩʢʝʣʝʪʘ ʨʘʩʭʦʜʷʪʩʷ. ɸʤʝʨʠʢʘʥʩʢʘʷ 

ʩʪʦʨʦʥʘ ʧʨʠʰʣʘ ʢ ʚʳʚʦʜʫ ʦ ʟʥʘʯʠʪʝʣʴʥʦʤ ʫʤʝʥʴʰʝʥʠʠ ʦʙʲʝʤʘ ʛʫʙʯʘʪʦʡ 

ʢʦʩʪʥʦʡ ʪʢʘʥʠ ʫ ʧʦʣʝʪʥʳʭ ʞʠʚʦʪʥʳʭ (F - flight) ʠ ʚ ʛʨʫʧʧʝ ʩʠʥʭʨʦʥʥʦʛʦ (S - 

synchronous) ʢʦʥʪʨʦʣʷ (ʧʣʝʯʝʚʘʷ ʠ ʙʝʜʨʝʥʥʘʷ ʢʦʩʪʠ) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 
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ʙʘʟʘʣʴʥʳʤ ʢʦʥʪʨʦʣʝʤ. ʈʦʩʩʠʡʩʢʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʠ ʥʝ ʚʳʷʚʠʣʠ ʟʘʤʝʪʥʦʡ 

ʜʝʤʠʥʝʨʘʣʠʟʘʮʠʠ ʚ ʢʦʩʪʷʭ ʛʝʢʢʦʥʦʚ [ɸ183]. 

ʆʜʥʠʤ ʠʟ ʚʦʟʤʦʞʥʳʭ ʦʙʲʷʩʥʝʥʠʡ ʩʪʦʣʴ ʥʝʩʭʦʜʥʳʭ ʚʳʚʦʜʦʚ ʧʨʠ 

ʠʩʩʣʝʜʦʚʘʥʠʠ ʦʜʥʦʛʦ ʠ ʪʦʛʦ ʞʝ ʤʘʪʝʨʠʘʣʘ ʷʚʣʷʝʪʩʷ ʨʘʟʣʠʯʠʝ ʤʝʪʦʜʠʢ. 

ɸʤʝʨʠʢʘʥʩʢʠʝ ʘʚʪʦʨʳ ʧʨʠʤʝʥʠʣʠ ʜʣʷ ʠʟʫʯʝʥʠʷ ʢʦʩʪʝʡ Scanco Medical 

microCT40 scanner (20-50 ʢʵɺ) ï ʧʨʠʙʦʨ, ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʠ ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʡ 

ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʤʝʜʠʮʠʥʝ, ʩʧʝʢʪʨ ʠʟʣʫʯʝʥʠʷ ʢʦʪʦʨʦʛʦ ʜʦʩʪʘʪʦʯʥʦ 

ʰʠʨʦʢ, ʯʪʦʙʳ ʧʦʣʫʯʝʥʥʳʡ ʨʝʟʫʣʴʪʘʪ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʣ ʥʝ ʩʪʦʣʴʢʦ ʦ 

ʜʝʤʠʥʝʨʘʣʠʟʘʮʠʠ, ʩʢʦʣʴʢʦ ʦ ʧʦʪʝʨʝ ʙʝʣʢʦʚʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʢʦʩʪʠ. ʕʪʦʪ ʬʘʢʪ 

ʢʦʩʚʝʥʥʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʦʪʤʝʯʝʥʥʳʤʠ ʚ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʠʟʤʝʥʝʥʠʷʤʠ 

ʦʨʛʘʥʦʚ ʞʝʣʫʜʦʯʥʦ-ʢʠʰʝʯʥʦʛʦ ʪʨʘʢʪʘ [ɸ183, 184]. 

ʈʝʧʪʠʣʠʠ, ʙʣʘʛʦʜʘʨʷ ʠʭ ʥʝʧʨʠʭʦʪʣʠʚʦʩʪʠ, ʤʘʣʳʤ ʨʘʟʤʝʨʘʤ, 

ʧʨʠʥʘʜʣʝʞʥʦʩʪʠ ʢ ʘʤʥʠʦʪʘʤ ʠ ʨʷʜʫ ʜʨʫʛʠʭ ʮʝʥʥʳʭ ʢʘʯʝʩʪʚ, ʷʚʣʷʶʪʩʷ ʦʯʝʥʴ 

ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʤ ʤʦʜʝʣʴʥʳʤ ʦʙʲʝʢʪʦʤ, ʧʨʝʞʜʝ ʚʩʝʛʦ ï ʜʣʷ 

ʧʨʦʜʦʣʞʠʪʝʣʴʥʳʭ ʦʨʙʠʪʘʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʘ ʥʝʧʠʣʦʪʠʨʫʝʤʳʭ ʂɸ 

[ɸ180]. ɻʝʢʢʦʥʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʜʣʷ ʦʨʙʠʪʘʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʦʩʦʙʳʡ 

ʠʥʪʝʨʝʩ, ʧʦʩʢʦʣʴʢʫ ʧʨʠʢʨʝʧʣʷʶʪʩʷ ʘʜʛʝʟʠʚʥʳʤʠ ʧʦʜʧʘʣʴʮʝʚʳʤʠ 

ʧʣʘʩʪʠʥʢʘʤʠ ʢ ʣʶʙʳʤ ʧʦʚʝʨʭʥʦʩʪʷʤ ʠ ʥʝ ʧʦʜʚʝʨʞʝʥʳ ʚʣʠʷʥʠʶ ʬʣʦʪʘʮʠʠ. 

ʆʜʥʘʢʦ ʚʦʧʨʦʩ ʦ ʚʦʟʤʦʞʥʳʭ ʠʟʤʝʥʝʥʠʷʭ ʢʦʩʪʥʦʡ ʪʢʘʥʠ ʧʦʜ ʚʣʠʷʥʠʝʤ 

ʬʘʢʪʦʨʦʚ ʢʦʩʤʠʯʝʩʢʦʛʦ ʧʦʣʝʪʘ ʦʩʪʘʝʪʩʷ ʩʧʦʨʥʳʤ ʠ ʥʫʞʜʘʝʪʩʷ ʚ ʜʘʣʴʥʝʡʰʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʷʭ. ɺʦʟʤʦʞʥʦ, ʜʝʤʠʥʝʨʘʣʠʟʘʮʠʷ ʩʢʝʣʝʪʘ ʧʦʩʣʝ ʧʨʝʙʳʚʘʥʠʷ ʚ 

ʢʦʩʤʦʩʝ ʩʣʘʙʦ ʚʳʨʘʞʝʥʘ ʠʣʠ ʦʪʩʫʪʩʪʚʫʝʪ ʫ ʭʨʷʱʝʧʘʣʳʭ ʛʝʢʢʦʥʦʚ ʧʦʪʦʤʫ, ʯʪʦ 

ʙʣʘʛʦʜʘʨʷ ʘʜʛʝʟʠʠ ʦʥʠ ʩʦʭʨʘʥʷʶʪ ʚ ʥʝʚʝʩʦʤʦʩʪʠ ʢʘʢ ʨʝʘʢʮʠʶ ʦʧʦʨʳ, ʪʘʢ ʠ 

ʣʦʢʦʤʦʮʠʶ, ʭʘʨʘʢʪʝʨʥʫʶ ʜʣʷ ʥʠʭ ʚ ʥʘʟʝʤʥʳʭ ʫʩʣʦʚʠʷʭ. ʇʨʠ ʵʪʦʤ ʭʚʦʩʪ ʫ 

ʭʨʷʱʝʧʘʣʳʭ ʛʝʢʢʦʥʦʚ ʥʝ ʷʚʣʷʝʪʩʷ ʭʚʘʪʘʪʝʣʴʥʳʤ ʠ ʨʝʜʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ 

ʦʧʦʨʳ ʧʨʠ ʣʦʢʦʤʦʮʠʠ. ɺ ʦʩʥʦʚʥʦʤ ʦʥ ʠʛʨʘʝʪ ʨʦʣʴ ʙʘʣʘʥʩʠʨʘ, ʩʨʝʜʩʪʚʘ 

ʢʦʤʤʫʥʠʢʘʮʠʠ ʠ ʤʝʩʪʘ ʜʣʷ ʭʨʘʥʝʥʠʷ ʟʘʧʘʩʦʚ ʞʠʨʘ. ʇʦʵʪʦʤʫ ʠʩʧʳʪʳʚʘʝʤʳʝ 

ʠʤ ʤʝʭʘʥʠʯʝʩʢʠʝ ʥʘʛʨʫʟʢʠ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʳʤʠ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʥʘʰʠʤʠ ʧʨʝʜʳʜʫʱʠʤʠ ʦʙʲʝʢʪʘʤʠ - ʧʣʝʯʝʚʦʡ ʠ ʙʦʣʴʰʝʙʝʨʮʦʚʦʡ 

ʢʦʩʪʷʤʠ, ʘ ʪʘʢʞʝ ʢʦʩʪʷʤʠ ʛʨʫʜʥʳʭ ʧʦʟʚʦʥʢʦʚ, ʠʩʩʣʝʜʦʚʘʥʥʳʡ ʨʘʥʝʝ [184]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʩʚʝʪʝ ʠʤʝʶʱʠʭʩʷ ʜʘʥʥʳʭ ʧʨʝʜʩʪʘʚʣʷʣʦ ʠʥʪʝʨʝʩ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʠʤʝʥʥʦ ʚ ʭʚʦʩʪʦʚʳʭ 
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ʧʦʟʚʦʥʢʘʭ ʭʨʷʱʝʧʘʣʳʭ ʛʝʢʢʦʥʦʚ ʩ ʮʝʣʴʶ ʚʳʷʚʣʝʥʠʷ ʚʦʟʤʦʞʥʦʡ 

ʜʝʤʠʥʝʨʘʣʠʟʘʮʠʠ ʠʣʠ ʝʝ ʦʪʩʫʪʩʪʚʠʷ. 

ɻʠʩʪʦʣʦʛʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ. 10-ʤʠʢʨʦʥʥʳʝ ʧʦʧʝʨʝʯʥʳʝ ʩʨʝʟʳ ʭʚʦʩʪʘ 

ʧʦʣʫʯʝʥʳ ʧʦʩʣʝ 2-ʥʝʜʝʣʴʥʦʡ ʜʝʢʘʣʴʮʠʥʘʮʠʠ ʠ ʦʢʨʘʰʝʥʳ 4-ʤʷ ʨʘʟʥʳʤʠ 

ʤʝʪʦʜʘʤʠ: ʪʨʦʡʥʳʤ ʦʢʨʘʰʠʚʘʥʠʝʤ ʧʦ ʄʘʣʣʦʨʠ, ʛʝʤʘʪʦʢʩʠʣʠʥ-ʵʦʟʠʥʦʤ ʧʦ 

ʕʨʣʠʭʫ, ʤʝʪʦʜʦʤ ʈʦʤʝʡʩʘ ʠ ʤʝʪʦʜʦʤ ɺʘʥ-ɻʠʟʦʥʘ. ʅʘ ʛʠʩʪʦʣʦʛʠʯʝʩʢʦʤ 

ʫʨʦʚʥʝ ʦʪʣʠʯʠʡ ʤʝʞʜʫ ʛʨʫʧʧʘʤʠ ʥʝ ʚʳʷʚʣʝʥʦ (ʨʠʩ. 2.23). 

 

ʈʠʩʫʥʦʢ 2.23: ʉʣʝʚʘ: ʆʙʟʦʨʥʘʷ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʷ ʧʦʧʝʨʝʯʥʦʛʦ ʩʨʝʟʘ ʭʚʦʩʪʘ 

ʭʨʷʱʝʧʘʣʦʛʦ ʛʝʢʢʦʥʘ (ʩʤʦʥʪʠʨʦʚʘʥʘ ʠʟ 10-ʠ ʩʥʠʤʢʦʚ). ʆʢʨʘʰʠʚʘʥʠʝ 

ʤʝʪʦʜʦʤ ɺʘʥ-ɻʠʟʦʥʘ, ʦʙʲʝʢʪʠʚ - 1.6ʭ. ɼʣʠʥʘ ʤʘʩʰʪʘʙʥʦʡ ʯʝʨʪʳ - 1 ʤʤ. 

ʉʧʨʘʚʘ: ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʷ ʧʦʧʝʨʝʯʥʦʛʦ ʩʨʝʟʘ ʯʝʨʝʟ ʭʚʦʩʪʦʚʦʡ ʧʦʟʚʦʥʦʢ 

ʭʨʷʱʝʧʘʣʦʛʦ ʛʝʢʢʦʥʘ. ʆʢʨʘʰʠʚʘʥʠʝ ʛʝʤʘʪʦʢʩʠʣʠʥ-ʵʦʟʠʥʦʤ, ʦʙʲʝʢʪʠʚ - 5ʭ. 

ɼʣʠʥʘ ʤʘʩʰʪʘʙʥʦʡ ʯʝʨʪʳ - 300 ʤʢʤ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ ʮʝʣʝʩʦʦʙʨʘʟʥʦʩʪʴ ʠ 

ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʧʨʦʚʝʜʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʯʝʩʢʦʛʦ 

ʘʥʘʣʠʟʘ ʦʧʠʩʘʥʥʳʭ ʚʳʰʝ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʩʦʚʤʝʩʪʥʦ ʩ ʠʟʫʯʝʥʠʝʤ ʠʭ 

ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ. 

ʈʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʳʡ ʘʥʘʣʠʟ. ʈʌɸ ï ʦʜʠʥ ʠʟ ʩʦʚʨʝʤʝʥʥʳʭ 

ʩʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʭ ʥʝʨʘʟʨʫʰʘʶʱʠʭ ʤʝʪʦʜʦʚ, ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ 

ʜʝʪʝʢʪʠʨʦʚʘʪʴ ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝ ʵʣʝʤʝʥʪʳ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʩ 

ʤʘʩʩʦʚʳʤʠ ʜʦʣʷʤʠ ʦʪ ρπ ʜʦ 100% (ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ 

ʵʢʩʧʝʨʠʤʝʥʪʘ). ʄʝʪʦʜ ʦʩʥʦʚʘʥ ʥʘ ʨʝʛʠʩʪʨʘʮʠʠ ʠ ʧʦʩʣʝʜʫʶʱʝʤ ʘʥʘʣʠʟʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʛʦ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʩʧʝʢʪʨʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʚʦʟʜʝʡʩʪʚʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʦʙʨʘʟʝʮ. ʈʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʳʝ 
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ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʨʝʥʪʛʝʥʦʚʩʢʦʤ ʜʠʬʨʘʢʪʦʤʝʪʨʝ SmartLab ʩ 

ʚʨʘʱʘʶʱʠʤʩʷ ʘʥʦʜʦʤ (ʠʟʣʫʯʝʥʠʝ ὓέὑ‌, ʵʥʝʨʛʠʷ ʠʟʣʫʯʝʥʠʷ 17.5 ʢʵɺ) ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʜʝʪʝʢʪʦʨʘ XPIPS. ʄʦʥʦʭʨʦʤʘʪʠʟʘʮʠʷ 

ʠ ʢʦʣʣʠʤʘʮʠʷ ʠʟʣʫʯʝʥʠʷ ʦʙʝʩʧʝʯʠʚʘʣʠʩʴ ʬʦʢʫʩʠʨʫʶʱʠʤ ʜʠʬʨʘʢʮʠʦʥʥʳʤ 

ʟʝʨʢʘʣʦʤ ʠ ʜʚʫʢʨʘʪʥʳʤ ʤʦʥʦʭʨʦʤʘʪʦʨʦʤ Ge(220). ʕʢʩʧʝʨʠʤʝʥʪʳ 

ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʫʩʣʦʚʠʷʭ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʠʣʠ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ 

ʬʣʫʦʨʝʩʮʝʥʪʥʳʡ ʩʠʛʥʘʣ ʦʪ ʚʩʝʛʦ ʦʙʲʝʤʘ ʦʙʨʘʟʮʦʚ. ʆʙʨʘʟʮʳ ʨʘʟʤʝʱʘʣʠʩʴ ʥʘ 

ʧʦʣʠʨʦʚʘʥʥʳʭ ʢʨʝʤʥʠʝʚʳʭ ʠ ʩʘʧʬʠʨʦʚʳʭ ʧʣʘʩʪʠʥʘʭ ʩ ʠʟʚʝʩʪʥʳʤ 

ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ. ɺʣʠʷʥʠʝ ʧʦʜʣʦʞʝʢ ʥʘ ʬʣʫʦʨʝʩʮʝʥʪʥʳʝ ʩʧʝʢʪʨʳ 

ʠʩʢʣʶʯʘʣʦʩʴ ʧʦʜʙʦʨʦʤ ʫʩʣʦʚʠʡ ʵʢʩʧʝʨʠʤʝʥʪʘ (ʫʛʦʣ ʧʘʜʝʥʠʷ ʠʟʣʫʯʝʥʠʷ 

πȢςυ, ʨʘʟʤʝʨ ʱʝʣʝʡ ʧʝʨʝʜ ʦʙʨʘʟʮʦʤ 0.1 Ĭ 10 ʤʤ). ʆʙʨʘʙʦʪʢʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʧʝʢʪʨʦʚ ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʳ 

PyMCA (ESRF), ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʦʩʫʱʝʩʪʚʠʪʴ ʢʘʯʝʩʪʚʝʥʥʳʡ ʘʥʘʣʠʟ ʩʦʩʪʘʚʘ 

ʦʙʨʘʟʮʦʚ ʠ ʜʘʪʴ ʧʨʝʜʚʘʨʠʪʝʣʴʥʫʶ ʢʦʣʠʯʝʩʪʚʝʥʥʫʶ ʦʮʝʥʢʫ. 

ʀʩʩʣʝʜʦʚʘʥʦ 4 ʦʙʨʘʟʮʘ: S3-M2 ʠ F3-M2 ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘ ʄ2 ʠ ʦʙʨʘʟʮʳ 

S1-M3 ʠ F1-M3 ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘ ʄ3 (F ï ʧʦʣʸʪʥʘʷ ʛʨʫʧʧʘ, S ï ʦʪʣʦʞʝʥʥʳʡ 

ʩʠʥʭʨʦʥʥʳʡ ʢʦʥʪʨʦʣʴ, ʄ2 ï ʩʧʫʪʥʠʢ çʌʆʊʆʅ-ʄè ˉ2, ʣʝʪʘʚʰʠʡ 16 ʩʫʪʦʢ, ʘ 

ʄ3 - çʌʆʊʆʅ-ʄè ˉ3, ʣʝʪʘʚʰʠʡ 12 ʩʫʪʦʢ). ʅʘ ʨʠʩ. 2.24 ʧʨʠʚʝʜʝʥʳ 

ʧʦʣʫʯʝʥʥʳʝ ʩʧʝʢʪʨʳ. 

 

ʈʠʩʫʥʦʢ 2.24: ʌʣʫʦʨʝʩʮʝʥʪʥʳʝ ʩʧʝʢʪʨʳ ʦʪ ʦʙʨʘʟʮʦʚ ʭʚʦʩʪʦʚʳʭ ʧʦʟʚʦʥʢʦʚ 

ʭʨʷʱʝʧʘʣʦʛʦ ʛʝʢʢʦʥʘ: ʘ) S3-M2 ʠ F3-M2 ʠʟ ʩʝʨʠʠ ʄ2, ʙ) S1-M3 ʠ F1-M3 ʠʟ 

ʩʝʨʠʠ ʄ3. 

ʇʨʠʩʫʪʩʪʚʠʝ ʥʘ ʚʩʝʭ ʩʧʝʢʪʨʘʭ ʧʠʢʘ ʦʪ ʘʨʛʦʥʘ ʦʙʫʩʣʦʚʣʝʥʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʚʦʟʜʫʭʦʤ, ʘ ʥʘʣʠʯʠʝ ʧʠʢʘ ʦʪ 
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ʥʠʢʝʣʷ ʦʙʲʷʩʥʷʝʪʩʷ ʢʦʥʩʪʨʫʢʪʠʚʥʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʠʩʧʦʣʴʟʫʝʤʦʛʦ 

ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʜʝʪʝʢʪʦʨʘ. ʈʘʟʣʠʯʠʝ ʚ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚʳʭʦʜʘ 

ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʦʪ Ca (ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʵʣʝʤʝʥʪʘ 

ʢʦʩʪʥʦʡ ʤʘʪʨʠʮʳ) ʜʣʷ ʦʙʨʘʟʮʦʚ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʠʥʜʠʚʠʜʫʘʣʴʥʳʤʠ 

ʠʟʤʝʥʝʥʠʷʤʠ ʠʭ ʧʣʦʪʥʦʩʪʠ. ʇʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ 

ʦʙʝʠʭ ʩʝʨʠʷʭ ʦʪʣʠʯʠʷ ʚ ʵʣʝʤʝʥʪʥʦʤ ʩʦʩʪʘʚʝ ʧʦʣʝʪʥʦʛʦ (F) ʠ ʩʠʥʭʨʦʥʥʦʛʦ (S) 

ʦʙʨʘʟʮʦʚ ʚ ʨʘʤʢʘʭ ʦʜʥʦʡ ʩʝʨʠʠ ʥʝʟʥʘʯʠʪʝʣʴʥʳ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ 

ʠʥʜʠʚʠʜʫʘʣʴʥʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʦʙʲʝʢʪʦʚ. ɺ ʩʦʩʪʘʚʝ ʦʙʨʘʟʮʦʚ ʩʝʨʠʠ ʄ2 

ʦʙʥʘʨʫʞʝʥʦ ʥʘʣʠʯʠʝ ʩʣʝʜʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ: Ca, Zn, Fe, Sr, Cu, As, Pb, Br, S. 

ʆʪʣʠʯʠʝ ʤʝʞʜʫ ʦʙʨʘʟʮʘʤʠ F3-M2 ʠ S3-M2 ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʠʟʤʝʥʝʥʠʠ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚʳʭʦʜʘ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʦʪ ʵʣʝʤʝʥʪʦʚ: Cu, Pb, S, Sr. ɺ ʩʦʩʪʘʚʝ 

ʦʙʨʘʟʮʦʚ ʩʝʨʠʠ ʄ3 ʦʙʥʘʨʫʞʝʥʳ ʩʣʝʜʫʶʱʠʝ ʵʣʝʤʝʥʪʳ: Ca, Zn, Fe, Sr, Cu, S. 

ʈʘʟʥʠʮʘ ʚ ʩʦʩʪʘʚʝ ʦʙʨʘʟʮʦʚ F1-M3 ʠ S1-M3 ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʚʳʭʦʜʘ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʦʪ Fe, Zn, Sr.  ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʜʣʷ ʩʝʨʠʡ 

ʄ2 ʠ ʄ3 ʚʳʷʚʠʣʦ ʩʣʝʜʫʶʱʠʝ ʦʩʦʙʝʥʥʦʩʪʠ: 

Å ʫʚʝʣʠʯʝʥʠʝ ʩʠʛʥʘʣʘ ʦʪ Ca ʠ Sr ʜʣʷ ʦʙʨʘʟʮʦʚ ʩʝʨʠʠ ʄ3; 

Å ʦʪʩʫʪʩʪʚʠʝ ʚ ʩʦʩʪʘʚʝ ʦʙʨʘʟʮʦʚ ʩʝʨʠʠ ʄ3 ʵʣʝʤʝʥʪʦʚ As, Pb, Br; 

Å ʩʥʠʞʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʠʛʥʘʣʘ ʦʪ Cu ʚ ʦʙʨʘʟʮʘʭ ʩʝʨʠʠ ʄ3. ʊʘʢʦʝ 

ʨʘʟʣʠʯʠʝ ʚ ʩʦʩʪʘʚʝ ʦʙʨʘʟʮʦʚ ʤʦʞʝʪ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥʦ ʦʩʦʙʝʥʥʦʩʪʷʤʠ 

ʧʨʦʚʝʜʝʥʠʷ ʦʨʙʠʪʘʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʤʝʪʦʜʦʚ ʧʦʜʛʦʪʦʚʢʠ ʠ 

ʭʨʘʥʝʥʠʷ ʦʙʨʘʟʮʦʚ. 

ʈʘʩʪʨʦʚʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ. ʇʨʦʚʝʜʝʥʳ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʦʙʨʘʟʮʦʚ S3-M2 ʠ S1-M3 ʤʝʪʦʜʦʤ 

ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (Quanta 200 3D, FEI, USA) ʩ ʜʝʪʝʢʪʦʨʦʤ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʤʠʢʨʦʘʥʘʣʠʟʘ (EDAX, USA) . 

ʕʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʡ ʤʠʢʨʦʘʥʘʣʠʟ ʚʳʧʦʣʥʷʣʩʷ ʚ ʫʩʣʦʚʠʷʭ ʚʘʢʫʫʤʘ ( ρπ 

ʪʦʨʨ), ʯʪʦ ʧʦʟʚʦʣʷʣʦ ʧʨʦʚʦʜʠʪʴ ʨʝʛʠʩʪʨʘʮʠʶ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʩʠʛʥʘʣʘ, ʚ ʪʦʤ ʯʠʩʣʝ ʦʪ ʣʝʛʢʠʭ ʵʣʝʤʝʥʪʦʚ (ʥʘʯʠʥʘʷ ʦʪ 

ʙʝʨʠʣʣʠʷ). ɻʣʫʙʠʥʘ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 

30 ʢɺ ʧʦʨʷʜʢʘ 5-6 ʤʢʤ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʩʣʝʜʦʚʘʪʴ ʪʦʣʴʢʦ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʝ 

ʦʙʣʘʩʪʠ. ʌʦʪʦʛʨʘʬʠʠ ʦʙʨʘʟʮʦʚ ʥʘ ʨʠʩ. 2.25 ʫʢʘʟʳʚʘʶʪ, ʯʪʦ ʧʦʚʝʨʭʥʦʩʪʴ 

ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ ʠʤʝʝʪ ʩʣʦʞʥʦʝ ʩʪʨʦʝʥʠʝ, ʯʪʦ ʠʩʢʣʶʯʘʝʪ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʫʶ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʭ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʚ 
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ʦʪʜʝʣʴʥʦ ʚʟʷʪʳʭ ʦʙʣʘʩʪʷʭ ʠ ʚ ʯʘʩʪʥʦʩʪʠ ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ, ʛʜʝ ʠ 

ʨʘʩʧʦʣʦʞʝʥʘ ʢʦʩʪʥʘʷ ʪʢʘʥʴ ʧʦʟʚʦʥʢʘ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʣʠ 

ʥʘʣʠʯʠʝ ʵʣʝʤʝʥʪʦʚ C, O, Na, Al, Ca, K, Mg, P, Cl (ʨʠʩ. 2.25). ɹʳʣʦ 

ʦʙʥʘʨʫʞʝʥʦ ʨʘʟʣʠʯʠʝ ʚ ʩʦʩʪʘʚʝ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ, ʢʦʪʦʨʦʝ ʤʦʞʝʪ 

ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥʦ ʤʠʢʨʦʥʝʦʜʥʦʨʦʜʥʦʩʪʷʤʠ ʧʦʚʝʨʭʥʦʩʪʠ ʚʳʟʚʘʥʥʳʤʠ 

ʠʥʜʠʚʠʜʫʘʣʴʥʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʚʳʭʦʜʘ ʬʣʫʦʨʝʩʮʝʥʮʠʠ ʦʪ 

ʙʦʣʝʝ ʪʷʞʝʣʳʭ ʵʣʝʤʝʥʪʦʚ (ʩ ʵʥʝʨʛʠʝʡ ʚʳʰʝ 4 ʢʵɺ) ʥʘʭʦʜʠʣʘʩʴ ʥʘ ʧʨʝʜʝʣʝ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʩʠʩʪʝʤʳ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ. 

 

ʈʠʩʫʥʦʢ 2.25: ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʷ ʠ ʬʣʫʦʨʝʩʮʝʥʪʥʳʡ ʩʧʝʢʪʨ: ʘ) ʦʪ ʦʙʨʘʟʮʘ 

S1-M3, ʙ) ʦʪ ʦʙʨʘʟʮʘ S1-M2 

ʉʪʦʣʴ ʩʫʱʝʩʪʚʝʥʥʦʝ ʨʘʟʣʠʯʠʝ ʚ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʦ ʭʠʤʠʯʝʩʢʦʤ 

ʩʦʩʪʘʚʝ ʦʙʨʘʟʮʦʚ ʠʟ ʠʩʩʣʝʜʦʚʘʥʠʡ ʈʌɸ ʠ ʈʕʄ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ 

ʥʝʦʜʥʦʨʦʜʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʵʣʝʤʝʥʪʦʚ ʚ ʦʙʨʘʟʮʘʭ ï ʪ.ʝ. ʤʦʞʥʦ ʩʜʝʣʘʪʴ 

ʚʳʚʦʜ, ʯʪʦ ʪʷʞʝʣʳʝ ʵʣʝʤʝʥʪʳ ʩʢʦʥʮʝʥʪʨʠʨʦʚʘʥʳ ʚ ʛʣʫʙʠʥʝ ʦʙʨʘʟʮʘ, ʯʪʦ 

ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʧʨʝʜʩʪʘʚʣʝʥʥʳʤʠ ʥʠʞʝ ʜʘʥʥʳʤʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ. 
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ɸʙʩʦʨʙʮʠʦʥʥʘʷ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʷ. ʊʦʤʦʛʨʘʬʠʯʝʩʢʠʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʙʲʝʤʥʦʡ ʩʪʨʫʢʪʫʨʳ ʦʙʨʘʟʮʦʚ ʢʦʩʪʥʦʡ ʪʢʘʥʠ ʞʠʚʦʪʥʳʭ, 

ʧʦʙʳʚʘʚʰʠʭ ʚ ʫʩʣʦʚʠʷʭ ʤʠʢʨʦʛʨʘʚʠʪʘʮʠʠ, ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʥʘ ʣʘʙʦʨʘʪʦʨʥʦʤ 

ʨʝʥʪʛʝʥʦʚʩʢʦʤ ʤʠʢʨʦʪʦʤʦʛʨʘʬʝ ʚ ʀʂ ʈɸʅ ʠ ʥʘ ʩʠʥʭʨʦʪʨʦʥʥʳʭ ʩʪʘʥʮʠʷʭ 

çʄʝʜʠʘʥʘè ʠ çʈʊ-ʄʊè [ɸ185] ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè. 

ʉʠʥʭʨʦʪʨʦʥʥʳʝ ʩʪʘʥʮʠʠ çʄʝʜʠʘʥʘè ʠ çʈʊ-ʄʊè ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʪʘʢʠʭ ʨʘʙʦʪ 

ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚʧʝʨʚʳʝ. ʊʠʧʠʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ 

ʚʥʫʪʨʝʥʥʝʡ ʩʪʨʫʢʪʫʨʳ ʦʙʨʘʟʮʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 2.26. 

 

ʈʠʩʫʥʦʢ 2.26: ʊʦʤʦʛʨʘʬʠʯʝʩʢʘʷ ʨʝʢʦʥʩʪʨʫʢʮʠʷ ʧʦʟʚʦʥʢʦʚ ʛʝʢʢʦʥʘ: (ʩʚʝʨʭʫ 

ʩʣʝʚʘ) ʦʙʨʘʟʝʮ F4-M2, (ʩʚʝʨʭʫ ʩʧʨʘʚʘ) ʦʙʨʘʟʝʮ S4-M2, (ʩʥʠʟʫ ʩʣʝʚʘ) ʦʙʨʘʟʝʮ 

F5-M3, (ʩʥʠʟʫ ʩʧʨʘʚʘ) ʦʙʨʘʟʝʮ F4-M3. (ʮʚʝʪʦʚʘʷ ʰʢʘʣʘ ʚ ʤʤ ). 
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ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʝʪʦʜʦʤ ʩʝʣʝʢʪʠʚʥʦʡ ʧʦ ʭʠʤʠʯʝʩʢʦʤʫ 

ʩʦʩʪʘʚʫ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ ʧʨʦʚʦʜʠʣʠʩʴ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʥʘ ʨʘʟʣʠʯʥʳʭ ʵʥʝʨʛʠʷʭ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ 

(5.4, 8.0 ʠ 12.0 ʢʵɺ). ʎʝʣʝʩʦʦʙʨʘʟʥʦʩʪʴ ʧʨʦʚʝʜʝʥʠʷ ʵʪʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʜʣʷ 

ʚʳʷʚʣʝʥʠʷ ʨʘʟʣʠʯʠʡ ʚ ʭʠʤʠʯʝʩʢʦʤ ʩʦʩʪʘʚʝ ʦʙʨʘʟʮʦʚ ʦʙʦʩʥʦʚʘʥʘ ʚʳʰʝ. 

ʇʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʥʘ ʧʝʨʠʬʝʨʠʡʥʳʭ ʫʯʘʩʪʢʘʭ 

ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ ʥʝ ʩʦʜʝʨʞʠʪʩʷ ʵʣʝʤʝʥʪʦʚ ʩ ʘʪʦʤʥʳʤ ʥʦʤʝʨʦʤ ʙʦʣʝʝ 

20 (ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʘʪʦʤʘʤ ʢʘʣʴʮʠʷ) ʠʣʠ ʠʭ ʢʦʥʮʝʥʪʨʘʮʠʷ ʤʝʥʴʰʝ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʤʝʪʦʜʘ. ʕʪʦ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʜʘʥʥʳʤʠ ʨʘʩʪʨʦʚʦʡ 

ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. ʂʨʦʤʝ ʪʦʛʦ, ʦʙʥʘʨʫʞʝʥʦ ʩʫʱʝʩʪʚʝʥʥʦʝ 

ʫʤʝʥʴʰʝʥʠʝ (ʚ 3ï5 ʨʘʟ) ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʚ ʦʙʨʘʟʮʘʭ ʩʝʨʠʠ ʄ2 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʨʘʟʮʘʤʠ ʩʝʨʠʠ ʄ3. ʕʪʦ ʤʦʞʝʪ 

ʛʦʚʦʨʠʪʴ ʦ ʪʦʤ, ʯʪʦ ʬʠʢʩʘʮʠʷ ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ ʧʦʣʝʪʘ ʚ ʢʦʩʤʦʩ ʧʨʦʚʦʜʠʣʘʩʴ ʚ 

ʨʘʩʪʚʦʨʘʭ, ʧʦ-ʨʘʟʥʦʤʫ ʚʣʠʷʶʱʠʭ ʥʘ ʩʪʨʫʢʪʫʨʫ ʦʙʨʘʟʮʦʚ. ʋʤʝʥʴʰʝʥʠʝ 

ʩʨʝʜʥʝʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ ʥʘ ʦʙʨʘʟʮʘʭ ʩʝʨʠʠ ʄ2 ʧʦʟʚʦʣʠʣʦ, 

ʦʜʥʘʢʦ, ʦʙʥʘʨʫʞʠʪʴ ʚ ʥʠʭ ʦʙʣʘʩʪʠ, ʧʦʛʣʦʱʘʶʱʠʝ ʩʫʱʝʩʪʚʝʥʥʦ ʩʠʣʴʥʝʝ 

ʦʩʪʘʣʴʥʦʡ ʢʦʩʪʥʦʡ ʪʢʘʥʠ (ʨʠʩ. 2.26 ʩʚʝʨʭʫ). ʕʪʦ ʤʦʞʝʪ ʛʦʚʦʨʠʪʴ ʦ ʪʦʤ, ʯʪʦ 

ʠʤʝʥʥʦ ʚ ʵʪʠʭ ʦʙʣʘʩʪʷʭ (ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʙʣʠʞʝ ʢ ʮʝʥʪʨʘʣʴʥʦʤʫ ʢʘʥʘʣʫ 

ʧʦʟʚʦʥʢʘ) ʣʦʢʘʣʠʟʦʚʘʥʳ ʪʷʞʝʣʳʝ ʵʣʝʤʝʥʪʳ, ʦʙʥʘʨʫʞʝʥʥʳʝ ʤʝʪʦʜʦʤ ʈʌɸ. 

ʅʘʤʠ ʚʧʝʨʚʳʝ ʧʨʦʚʝʜʝʥʦ ʢʦʤʧʣʝʢʩʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ 

ʤʠʢʨʦʛʨʘʚʠʪʘʮʠʠ ʥʘ ʧʨʦʮʝʩʩʳ, ʧʨʦʠʩʭʦʜʷʱʠʝ ʚ ʵʣʝʤʝʥʪʘʭ ʦʧʦʨʥʦ-

ʜʚʠʛʘʪʝʣʴʥʦʛʦ ʘʧʧʘʨʘʪʘ (ʧʨʦʢʩʠʤʘʣʴʥʳʭ ʭʚʦʩʪʦʚʳʭ ʧʦʟʚʦʥʢʘʭ) ʭʨʷʱʝʧʘʣʦʛʦ 

ʛʝʢʢʦʥʘ. ɺ ʧʨʦʚʝʜʝʥʥʦʡ ʨʘʙʦʪʝ ʜʘʥʥʳʝ ʪʨʘʜʠʮʠʦʥʥʳʭ ʛʠʩʪʦʣʦʛʠʯʝʩʢʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʦʧʦʩʪʘʚʣʷʣʠʩʴ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ, ʘ ʪʘʢʞʝ ʨʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ ʠ ʜʘʥʥʳʤʠ 

ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʫʩʣʦʚʠʡ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠ ʩʧʦʩʦʙʦʚ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʧʨʝʧʘʨʘʪʦʚ ʧʦʛʣʦʱʘʶʱʘʷ 

ʧʣʦʪʥʦʩʪʴ ʥʘʟʚʘʥʥʳʭ ʧʦʟʚʦʥʢʦʚ ʤʦʞʝʪ ʟʘʤʝʪʥʦ ʤʝʥʷʪʴʩʷ. ɺʳʷʚʣʝʥʳ ʦʙʣʘʩʪʠ 

ʧʦʚʳʰʝʥʥʦʡ ʧʣʦʪʥʦʩʪʠ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʙʣʠʞʝ ʢ ʮʝʥʪʨʘʣʴʥʦʤʫ ʢʘʥʘʣʫ 

ʧʦʟʚʦʥʢʘ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʦʦʪʥʦʰʝʥʠʝ ʧʦʛʣʦʱʝʥʠʡ ʥʘ ʨʘʟʥʳʭ 

ʫʯʘʩʪʢʘʭ ʢʦʩʪʥʦʡ ʪʢʘʥʠ ʠʟʤʝʥʷʝʪʩʷ ʧʨʠ ʚʘʨʴʠʨʦʚʘʥʠʠ ʜʣʠʥʳ ʚʦʣʥʳ 

ʟʦʥʜʠʨʫʶʱʝʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʕʪʦ ʢʦʩʚʝʥʥʦ ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʚ ʦʙʲʝʤʝ ʢʦʩʪʝʡ. ɺ 
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ʵʪʦʤ ʩʤʳʩʣʝ ʫʩʪʘʥʦʚʣʝʥʘ ʢʦʨʨʝʣʷʮʠʷ ʜʘʥʥʳʭ ʨʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ 

ʘʥʘʣʠʟʘ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ. 

ʇʦ ʜʘʥʥʳʤ ʨʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ ʚʧʝʨʚʳʝ ʫʩʪʘʥʦʚʣʝʥ ʬʘʢʪ 

ʥʘʣʠʯʠʷ ʚ ʜʘʥʥʳʭ ʩʪʨʫʢʪʫʨʘʭ ʨʷʜʘ ʪʷʞʝʣʳʭ ʵʣʝʤʝʥʪʦʚ (Fe, Ni, Cu , Zn, Br, Sr) 

ʠ ʚʳʷʚʣʝʥʘ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʴ ʠʭ ʨʘʩʧʨʝʜʝʣʝʥʠʷ. ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʜʘʥʥʳʭ 

ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʠ ʨʝʥʪʛʝʥʦ-ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦʢʘʟʳʚʘʶʪ, 

ʯʪʦ ʵʪʠ ʵʣʝʤʝʥʪʳ ʨʘʩʧʦʣʦʞʝʥʳ ʚ ʛʣʫʙʠʥʝ ʢʦʩʪʥʦʡ ʪʢʘʥʠ (ʷʚʥʦ ʛʣʫʙʞʝ, ʯʝʤ ʥʘ 

ʨʘʩʩʪʦʷʥʠʠ 10 ʤʢʤ ʦʪ ʝʝ ʧʦʚʝʨʭʥʦʩʪʠ), ʯʪʦ ʪʘʢʞʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʝʟʫʣʴʪʘʪʘʤ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ. 

ʇʨʦʚʝʜʸʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʟʚʦʣʷʶʪ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʚʳʷʚʣʝʥʥʳʝ 

ʦʙʣʘʩʪʠ ʧʦʚʳʰʝʥʥʦʡ ʧʣʦʪʥʦʩʪʠ (ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ) ʚʦʟʤʦʞʥʦ, 

ʷʚʣʷʶʪʩʷ ʧʝʨʚʠʯʥʳʤʠ ʮʝʥʪʨʘʤʠ ʦʩʩʠʬʠʢʘʮʠʠ. 

ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʤʝʪʦʜʠʢʘ ʚ ʜʘʣʴʥʝʡʰʝʤ ʧʨʠʤʝʥʷʣʘʩʴ ʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʢʦʩʪʥʦʡ ʪʢʘʥʠ ʜʨʫʛʠʭ ʞʠʚʦʪʥʳʭ, ʥʘʧʨʠʤʝʨ ʤʦʥʛʦʣʴʩʢʦʡ ʧʝʩʯʘʥʠʢʠ [ɸ186], 

[ɸ187] ʠ [ɸ188]. 

2.7 ʀʩʩʣʝʜʦʚʘʥʠʝ ʦʙʨʘʟʮʦʚ ʢʦʩʪʝʡ ʢʠʩʪʝʡ ʢʦʥʝʯʥʦʩʪʝʡ 

ʄʝʪʦʜʠʢʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʨʘʟʥʳʭ ʵʥʝʨʛʠʷʭ ʙʳʣʘ ʧʨʠʤʝʥʝʥʘ ʜʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʠʥʘʤʠʢʠ ʨʘʟʚʠʪʠʷ ʢʦʩʪʝʡ ʢʠʩʪʝʡ ʢʦʥʝʯʥʦʩʪʝʡ ʥʘ ʨʘʟʥʳʭ 

ʩʪʘʜʠʷʭ ʵʤʙʨʠʦʥʘʣʴʥʦʛʦ ʨʘʟʚʠʪʠʷ [ɸ165]. 

ʄʦʨʬʦʛʝʥʝʟ ʦʙʨʘʟʦʚʘʥʠʷ ʢʠʩʪʠ ʨʫʢʠ ʯʝʣʦʚʝʢʘ ʥʘʯʠʥʘʝʪʩʷ ʩ ʟʘʢʣʘʜʢʠ 

ʧʘʣʴʮʝʚʦʡ ʧʣʘʩʪʠʥʢʠ, ʢʦʪʦʨʘʷ ʬʦʨʤʠʨʫʝʪʩʷ ʚ ʚʠʜʝ ʤʝʟʝʥʭʠʤʘʣʴʥʦʛʦ 

ʩʢʦʧʣʝʥʠʷ ʧʨʦʭʦʥʜʨʘʣʴʥʳʭ ʢʣʝʪʦʢ, ʦʢʨʫʞʸʥʥʳʭ ʵʢʪʦʜʝʨʤʦʡ. ɺʥʫʪʨʠ 

ʦʜʥʦʨʦʜʥʦʛʦ ʩʢʦʧʣʝʥʠʷ ʤʝʟʝʥʭʠʤʳ ʧʦ ʥʝʧʦʥʷʪʥʳʤ ʜʦ ʥʘʩʪʦʷʱʝʛʦ ʚʨʝʤʝʥʠ 

ʧʨʠʯʠʥʘʤ ʧʦʷʚʣʷʶʪʩʷ ʦʙʣʘʩʪʠ ʢʦʤʧʘʢʪʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʢʣʝʪʦʢ, ʢʦʪʦʨʳʝ 

ʨʘʩʧʨʝʜʝʣʝʥʳ ʚ ʬʦʨʤʝ ʫʧʣʦʱʸʥʥʦʡ ʣʦʧʘʪʢʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʟʘʢʣʘʜʢʝ 

ʙʫʜʫʱʠʭ ʵʣʝʤʝʥʪʦʚ ʩʢʝʣʝʪʘ. ɺ ʵʪʦʡ ʟʦʥʝ ʯʝʨʝʟ 4-6 ʜʥʝʡ ʥʘʯʠʥʘʝʪʩʷ 

ʢʦʤʧʘʢʪʠʟʘʮʠʷ ʩʢʝʣʝʪʦʛʝʥʥʦʡ ʤʝʟʝʥʭʠʤʳ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʨʘʩʧʦʣʦʞʝʥʠʝʤ 

ʬʘʣʘʥʛ ʧʘʣʴʮʝʚ, ʧʷʩʪʥʳʭ ʠ ʟʘʧʷʩʪʥʳʭ ʢʦʩʪʝʡ. ʕʪʘ ʩʢʝʣʝʪʦʛʝʥʥʘʷ ʤʝʟʝʥʭʠʤʘ 

ʠʤʝʝʪ ʦʙʱʝʝ ʧʨʦʠʩʭʦʞʜʝʥʠʝ ʩ ʦʢʨʫʞʘʶʱʝʡ ʝʸ ʤʝʟʝʥʭʠʤʦʡ, ʥʦ ʧʦ 

ʥʝʠʟʚʝʩʪʥʳʤ ʧʨʠʯʠʥʘʤ ʧʨʦʷʚʣʷʝʪ ʪʦʧʦʣʦʛʠʯʝʩʢʠ ʚʳʨʘʞʝʥʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʢ 

ʩʢʣʝʠʚʘʥʠʶ, ʢʦʪʦʨʘʷ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʤʝʟʝʥʭʠʤʘʣʴʥʳʭ 
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ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʦʚ ʙʫʜʫʱʠʭ ʵʣʝʤʝʥʪʦʚ ʩʢʝʣʝʪʘ ʢʠʩʪʠ. ʆʜʥʘʢʦ, ʥʝʩʤʦʪʨʷ ʥʘ 

ʤʦʨʬʦʣʦʛʠʯʝʩʢʫʶ ʜʠʬʬʝʨʝʥʮʠʨʦʚʢʫ ʠ ʢʦʤʧʘʢʪʠʟʘʮʠʶ ʤʝʟʝʥʭʠʤʳ, ʚ ʟʦʥʘʭ 

ʙʫʜʫʱʠʭ ʢʦʩʪʝʡ, ʙʠʦʭʠʤʠʯʝʩʢʠʝ ʩʦʙʳʪʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʵʪʠʤ ʷʚʣʝʥʠʷʤ 

ʧʦʢʘ ʥʝʠʟʚʝʩʪʥʳ. ʇʝʨʚʳʤ ʧʨʠʟʥʘʢʦʤ ʜʠʬʬʝʨʝʥʮʠʨʦʚʢʠ ʩʢʝʣʝʪʦʛʝʥʥʦʡ 

ʤʝʟʝʥʭʠʤʳ ʷʚʣʷʝʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝ ʨʳʭʣʦʛʦ ʵʤʙʨʠʦʥʘʣʴʥʦʛʦ ʭʨʷʱʘ, ʚ 

ʢʦʪʦʨʦʤ ʥʘʯʠʥʘʝʪ ʥʘʢʘʧʣʠʚʘʪʴʩʷ ʚʥʝʢʣʝʪʦʯʥʳʡ ʢʘʣʴʮʠʡ. ʃʦʢʘʣʠʟʘʮʠʷ ʦʯʘʛʦʚ 

ʧʝʨʚʠʯʥʦʡ ʢʘʣʴʮʠʬʠʢʘʮʠʠ ʟʘʢʣʘʜʦʢ ʩʢʝʣʝʪʘ ʢʠʩʪʠ ʜʦ ʥʘʩʪʦʷʱʝʛʦ ʚʨʝʤʝʥʠ 

ʥʝʠʟʚʝʩʪʥʘ. ɼʦ ʩʠʭ ʧʦʨ ʥʝʪ ʦʪʚʝʪʘ ʥʘ ʧʨʠʥʮʠʧʠʘʣʴʥʳʡ ʚʦʧʨʦʩ ʦ 

ʩʫʱʝʩʪʚʦʚʘʥʠʠ ʤʥʦʞʝʩʪʚʘ ʟʦʥ ʧʝʨʚʠʯʥʦʛʦ ʦʪʣʦʞʝʥʠʷ ʢʘʣʴʮʠʷ ʠʣʠ ʦʜʥʦʡ 

ʧʝʨʚʠʯʥʦʡ ʦʙʣʘʩʪʠ. ɺʳʩʢʘʟʳʚʘʣʦʩʴ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ ʩʫʱʝʩʪʚʫʶʪ 

ʘʚʪʦʥʦʤʥʳʝ ʦʯʘʛʠ ʦʩʩʠʬʠʢʘʮʠʠ ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ ʧʘʣʴʮʝʚ, ʧʷʩʪʴʷ ʠ ʟʘʧʷʩʪʴʷ. 

ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʚ ʮʝʣʴ ʨʘʙʦʪʳ ʚʭʦʜʠʣʦ ʚʳʷʚʣʝʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʯʘʛʦʚ ʧʝʨʚʠʯʥʦʛʦ ʦʪʣʦʞʝʥʠʷ ʢʘʣʴʮʠʷ ʠ ʩʦʧʫʪʩʪʚʫʶʱʠʭ 

ʵʣʝʤʝʥʪʦʚ ʚ ʢʠʩʪʠ ʯʝʣʦʚʝʢʘ [189]. 

ʆʩʥʦʚʥʳʤ ʵʪʘʧʦʤ ʦʧʨʝʜʝʣʝʥʠʷ ʟʦʥ ʢʦʩʪʝʡ ʢʠʩʪʠ ʨʫʢʠ ʵʤʙʨʠʦʥʦʚ ʠ 

ʧʣʦʜʦʚ ʯʝʣʦʚʝʢʘ ʷʚʣʷʝʪʩʷ ʦʮʝʥʢʘ ʨʘʟʤʝʨʦʚ ʦʯʘʛʦʚ ʘʛʨʝʛʘʮʠʠ ʦʩʪʝʦʮʠʪʦʚ, 

ʩʦʯʝʪʘʶʱʝʡʩʷ ʩ ʨʝʟʦʨʙʮʠʝʡ ʠ ʟʘʤʝʱʝʥʠʝʤ ʭʨʷʱʘ. ʇʦʷʚʣʝʥʠʝ ʤʝʞʢʣʝʪʦʯʥʦʛʦ 

ʚʝʱʝʩʪʚʘ ʢʦʩʪʠ, ʩʦʜʝʨʞʘʱʝʛʦ ʢʘʣʴʮʠʡ ʠ ʬʦʩʬʦʨ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʳʭ 

ʩʪʨʫʢʪʫʨʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʧʦʢʘʟʘʣʦ, ʯʪʦ ʦʧʪʠʤʘʣʴʥʳʤʠ ʦʙʲʝʢʪʘʤʠ ʷʚʣʷʶʪʩʷ 

ʵʧʠʬʠʟʳ ʠ ʜʠʘʬʠʟʳ ʧʘʣʴʮʝʚ, ʘ ʪʘʢʞʝ ʧʷʩʪʥʳʝ ʠ ʟʘʧʷʩʪʥʳʝ ʢʦʩʪʠ ʢʠʩʪʠ ʨʫʢʠ. 

ɺ ʵʪʠʭ ʟʦʥʘʭ ʤʦʞʥʦ ʦʞʠʜʘʪʴ ʟʥʘʯʠʤʦʛʦ ʠʟʤʝʥʝʥʠʷ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ 

ʤʘʪʨʠʢʩʘ, ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʦʚʳʭ ʩʢʦʧʣʝʥʠʡ ʦʩʪʝʦʮʠʪʦʚ ʠ ʥʘʯʘʣʘ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʛʫʙʯʘʪʦʡ ʢʦʩʪʠ. ʇʦʷʚʣʝʥʠʝ ʟʦʥ ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʝʞʢʣʝʪʦʯʥʦʛʦ 

ʧʣʦʪʥʦʛʦ ʤʘʪʨʠʢʩʘ ʥʘ ʤʝʩʪʝ ʭʨʷʱʘ ʧʨʝʜʧʦʣʘʛʘʝʪ ʚ ʚʳʙʨʘʥʥʳʭ ʦʙʲʝʢʪʘʭ 

ʜʦʩʪʘʪʦʯʥʳʡ ʫʨʦʚʝʥʴ ʠʟʤʝʥʝʥʠʷ ʩʠʛʥʘʣʘ ʜʣʷ ʚʳʧʦʣʥʝʥʠʷ ʘʥʘʣʠʪʠʯʝʩʢʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ. 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʧʨʦʚʝʜʸʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʦ ʚʳʙʨʘʥʦ 56 ʦʙʨʘʟʮʦʚ 

ʩʢʝʣʝʪʘ, ʠʥʪʝʛʨʠʨʦʚʘʥʥʳʭ ʚ ʢʠʩʪʠ ʧʨʘʚʦʡ ʨʫʢʠ ʵʤʙʨʠʦʥʦʚ ʠ ʧʣʦʜʦʚ ʯʝʣʦʚʝʢʘ 

ʩ 11 ʧʦ 18 ʥʝʜʝʣʠ ʨʘʟʚʠʪʠʷ, ʢʦʪʦʨʳʝ ʧʨʠʛʦʜʥʳ ʜʣʷ ʠʟʫʯʝʥʠʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʣʘʙʦʨʘʪʦʨʥʳʭ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʠʩʪʦʯʥʠʢʦʚ ʠ ʩʠʥʭʨʦʥʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ. ʅʘ ʵʪʠʭ ʩʪʘʜʠʷʭ ʨʘʟʚʠʪʠʷ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʦʩʥʦʚʥʳʝ ʵʪʘʧʳ 

ʧʝʨʚʠʯʥʦʛʦ ʦʪʣʦʞʝʥʠʷ ʢʘʣʴʮʠʷ ʚ ʵʤʙʨʠʦʥʘʣʴʥʦʡ ʭʨʷʱʝʚʦʡ ʪʢʘʥʠ, ʟʦʥʳ 

ʨʝʟʦʨʙʮʠʠ ʭʨʷʱʘ ʠ ʚʪʦʨʠʯʥʦʡ ʦʩʩʠʬʠʢʘʮʠʠ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʚʳʙʨʘʥʥʳʡ 
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ʤʘʪʝʨʠʘʣ ʘʜʝʢʚʘʪʥʦ ʦʪʨʘʞʘʝʪ ʜʠʥʘʤʠʢʫ ʧʝʨʚʠʯʥʦʡ ʢʘʣʴʮʠʬʠʢʘʮʠʠ ʠ 

ʧʣʦʜʥʦʛʦ ʦʩʪʝʦʛʝʥʝʟʘ ʢʦʩʪʝʡ ʢʠʩʪʠ ʚʝʨʭʥʝʡ ʢʦʥʝʯʥʦʩʪʠ ʯʝʣʦʚʝʢʘ. 

ɻʠʩʪʦʣʦʛʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʧʦʜʛʦʪʦʚʢʘ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʘʩʴ 

ʀʥʩʪʠʪʫʪʝ ʤʦʨʬʦʣʦʛʠʠ ʯʝʣʦʚʝʢʘ ʈɸʄʅ. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʚ ʦʙʨʘʟʮʝ ʢʦʩʪʥʦʡ 

ʪʢʘʥʠ ʯʝʣʦʚʝʯʝʩʢʦʛʦ ʵʤʙʨʠʦʥʘ ʤʝʪʦʜʦʤ ʈʌɸ ʧʨʦʚʝʜʝʥʘ ʨʝʛʠʩʪʨʘʮʠʷ 

ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʩʠʛʥʘʣʘ ʧʨʠ ʩʢʘʥʠʨʦʚʘʥʠʠ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʠ ʨʝʥʪʛʝʥʦʚʩʢʠʤ 

ʧʫʯʢʦʤ ʨʘʟʤʝʨʘʤʠ 0.5Ĭ0.5 ʤʤ. ʆʜʥʦʚʨʝʤʝʥʥʦ ʩ ʬʣʫʦʨʝʩʮʝʥʪʥʳʤʠ ʩʧʝʢʪʨʘʤʠ 

ʨʝʛʠʩʪʨʠʨʦʚʘʣʘʩʴ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ, ʧʨʦʰʝʜʰʝʛʦ ʩʢʚʦʟʴ 

ʦʙʨʘʟʝʮ. 

ʅʠʞʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ Ca ʠ Zn (ʨʠʩ. 2.27). 

ʅʘʣʦʞʝʥʠʝ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʠ ʧʨʦʰʝʜʰʝʛʦ ʩʠʛʥʘʣʘ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʜʘʥʥʳʝ 

ʵʣʝʤʝʥʪʳ ʨʘʩʧʨʝʜʝʣʝʥʳ ʥʝʨʘʚʥʦʤʝʨʥʦ ʧʦ ʜʣʠʥʝ ʧʘʣʴʮʝʚ. ʅʘʙʣʶʜʘʝʪʩʷ ʷʨʢʦ 

ʚʳʨʘʞʝʥʥʘʷ ʘʩʠʤʤʝʪʨʠʷ ʚ ʨʘʩʧʦʣʦʞʝʥʠʠ ʉʘ ʠ Zn ʤʝʞʜʫ çʧʨʘʚʦʡè ʠ çʣʝʚʦʡè 

ʩʪʦʨʦʥʳ ʢʠʩʪʠ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥʦ ʩʧʝʮʠʬʠʢʦʡ ʧʨʦʮʝʩʩʦʚ ʝʝ 

ʬʦʨʤʠʨʦʚʘʥʠʷ. 
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ʈʠʩʫʥʦʢ 2.27: ʂʘʨʪʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ 

ʩʠʛʥʘʣʘ ʦʪ ʘʪʦʤʦʚ (ʩʣʝʚʘ ʩʚʝʨʭʫ) Ca ʠ (ʩʣʝʚʘ ʚʥʠʟʫ)(ʮʚʝʪʥʦʡ ʢʦʥʪʫʨ) ʠ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʨʦʰʝʜʰʝʛʦ ʧʫʯʢʘ (ʯʝʨʥʳʡ ʢʦʥʪʫʨ) ʜʣʷ ʦʙʨʘʟʮʘ ʢʦʩʪʥʦʡ 

ʪʢʘʥʠ ʢʠʩʪʠ ʨʫʢʠ ʵʤʙʨʠʦʥʘ. ʉʧʨʘʚʘ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʵʪʦʛʦ ʞʝ ʦʙʲʝʢʪʘ ʧʦ 

ʜʘʥʥʳʤ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʤʠʢʨʦʪʤʦʛʨʘʬʠʠ. 

ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ 

ʣʘʙʦʨʘʪʦʨʥʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʤ ʤʠʢʨʦʪʦʤʦʛʨʘʬʝ ʚ ʀʂ ʈɸʅ ʠ ʥʘ 

ʩʠʥʭʨʦʪʨʦʥʥʦʡ ʩʪʘʥʮʠʠ çʈʊ-ʄʊè ʚ ʂʎ ʉʀ ʦʙʨʘʟʮʦʚ ʢʦʩʪʥʦʡ ʪʢʘʥʠ ʧʨʠ 

ʵʥʝʨʛʠʷʭ 8, 17.5 ʠ 20 ʂʵɺ (ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʣʠʥʘʤ ʚʦʣʥ 1.54, 0.71 ʠ 0.5 ɸ). 

ʆʜʠʥ ʠʟ ʦʙʨʘʟʮʦʚ ʠʩʩʣʝʜʦʚʘʣʩʷ ʪʘʢʞʝ ʥʘ ʨʝʥʪʛʝʥʦʚʩʢʦʤ ʤʠʢʨʦʪʦʤʦʛʨʘʬʝ 

Xradia VersaXRM-500 ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 60 ʂʵɺ ʠ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʤ ʨʘʟʨʝʰʝʥʠʠ ~2 ʤʢʤ. ɺ ʧʦʩʣʝʜʥʝʤ ʩʣʫʯʘʝ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ 

ʠʟʣʫʯʝʥʠʷ ʥʝ ʧʦʟʚʦʣʷʣ ʧʦʣʫʯʠʪʴ ʠʩʪʠʥʥʦʝ ʟʥʘʯʝʥʠʝ ʣʠʥʝʡʥʦʛʦ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ ‘, ʦʜʥʘʢʦ ʦʙʝʩʧʝʯʠʚʘʣʘʩʴ ʚʳʩʦʢʘʷ ʩʪʝʧʝʥʴ 

ʜʝʪʘʣʠʟʘʮʠʠ ʠʟʫʯʘʝʤʦʛʦ ʦʙʲʝʢʪʘ. 
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ʊʠʧʠʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʦʙʲʝʢʪʦʚ ʥʘ ʨʘʟʥʳʭ ʵʪʘʧʘʭ 

ʨʘʟʚʠʪʠʷ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 2.28 

 

ʈʠʩʫʥʦʢ 2.28: ʈʝʟʫʣʴʪʘʪʳ ʨʝʢʦʥʩʪʨʫʢʮʠʠ 3-ʭ ʢʠʩʪʝʡ ʢʦʥʝʯʥʦʩʪʠ ʯʝʣʦʚʝʢʘ ʩ 

11 ʧʦ 16 ʥʝʜʝʣʠ. ɼʣʠʥʘ ʚʦʣʥʳ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ɚ = 0.5A. 

ɸ ʥʘ ʨʠʩ. 2.29 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʦʜʥʦʛʦ ʠ ʪʦʛʦ ʞʝ 

ʦʙʲʝʢʪʘ ʥʘ ʨʘʟʣʠʯʥʳʭ ʜʣʠʥʘʭ ʚʦʣʥ. ʕʪʦʪ ʨʠʩʫʥʦʢ ʠʣʣʶʩʪʨʠʨʫʝʪ 
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ʟʥʘʯʠʪʝʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ ʧʦʛʣʦʱʘʶʱʝʛʦ ʢʦʥʪʨʘʩʪʘ ʧʨʠ ʩʤʝʥʝ ʜʣʠʥʳ ʚʦʣʥʳ 

ʟʦʥʜʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ. 

 

ʈʠʩʫʥʦʢ 2.29: ʊʦʤʦʛʨʘʬʠʯʝʩʢʠʝ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʢʠʩʪʠ ʢʦʥʝʯʥʦʩʪʠ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʨʝʭ ʨʘʟʣʠʯʥʳʭ ʜʣʠʥ ʚʦʣʥ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ: ʘ) ɚ = 

1.54A, ʙ) ɚ = 0.71A, ʚ) ɚ = 0.5A. 
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ʅʘ ʨʠʩ. 2.30 ʧʨʝʜʩʪʘʚʣʝʥʦ ʩʝʯʝʥʠʝ ʦʜʥʦʛʦ ʠʟ ʦʙʲʝʢʪʦʚ ʠ ʩʦʦʪʥʦʰʝʥʠʝ 

ʧʦʛʣʦʱʝʥʠʡ ʚ ʥʝʤ ʥʘ ʨʘʟʥʳʭ ʜʣʠʥʘʭ ʚʦʣʥ. ʄʳ ʚʠʜʠʤ, ʯʪʦ ʧʨʠ ʠʟʤʝʥʝʥʠʠ 

ʜʣʠʥʳ ʚʦʣʥʳ ʚ ʨʘʟʣʠʯʥʳʭ ʯʘʩʪʷʭ ʢʦʩʪʥʦʡ ʪʢʘʥʠ ʧʦʛʣʦʱʝʥʠʝ ʤʝʥʷʝʪʩʷ ʥʝ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ. ʕʪʦ, ʧʦ ʚʩʝʡ ʚʠʜʠʤʦʩʪʠ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ 

ʩʠʣʴʥʦ ʧʦʛʣʦʱʘʶʱʠʝ ʵʣʝʤʝʥʪʳ (ʩ ʙʦʣʴʰʠʤ ʘʪʦʤʥʳʤ ʥʦʤʝʨʦʤ) 

ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʚ ʥʘʠʙʦʣʝʝ ʚ ʧʣʦʪʥʳʭ ʫʯʘʩʪʢʘʭ ʢʦʩʪʥʦʡ ʪʢʘʥʠ. 

 

ʈʠʩʫʥʦʢ 2.30: ʆʜʥʦ ʠʟ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʩʝʯʝʥʠʡ ʦʙʨʘʟʮʘ ʢʦʩʪʥʦʡ ʪʢʘʥʠ 

ʢʠʩʪʠ ʵʤʙʨʠʦʥʘ ʠ ʩʦʦʪʥʦʰʝʥʠʝ ʧʦʛʣʦʱʝʥʠʡ ʥʘ ʨʘʟʥʳʭ ʜʣʠʥʘʭ ʚʦʣʥ. 
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ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʨʘʚʥʠʪʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʥʘ ʨʘʟʣʠʯʥʳʭ ʠʩʪʦʯʥʠʢʘʭ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʣʷ ʧʦʣʥʦʮʝʥʥʦʛʦ ʘʥʘʣʠʟʘ 

ʜʠʬʬʝʨʝʥʮʠʨʫʶʱʠʭʩʷ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʪʢʘʥʝʡ ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʥʝʩʢʦʣʴʢʦ ʜʣʠʥ ʚʦʣʥ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʧʦʣʫʯʘʪʴ ʨʘʟʣʠʯʥʫʶ ʜʝʪʘʣʠʟʘʮʠʶ 

ʦʙʲʝʢʪʦʚ, ʨʘʟʣʠʯʘʶʱʠʭʩʷ ʧʦ ʚʝʣʠʯʠʥʝ ʧʦʛʣʦʱʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʣʷ ʤʷʛʢʠʭ ʵʤʙʨʠʦʥʘʣʴʥʳʭ ʪʢʘʥʝʡ 

ʦʧʪʠʤʘʣʴʥʳʤ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʨʫʙʦʢ ʩ Cu ʘʥʦʜʦʤ, ʘ ʜʣʷ ʘʥʘʣʠʟʘ 

ʦʩʩʠʬʠʮʠʨʦʚʘʥʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩʢʝʣʝʪʘ ʩ ʦʪʣʦʞʝʥʠʷʤʠ ʛʠʜʨʦʢʩʠʘʧʧʘʪʠʪʘ - ʩ 

Ag ʠ Mo ʘʥʦʜʘʤʠ. ʉʨʘʚʥʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʨʘʟʣʠʯʥʳʤ ʩʧʦʩʦʙʦʤ 3D 

ʨʝʢʦʥʩʪʨʫʢʮʠʡ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʙʳʩʪʨʳʡ ʨʦʩʪ ʢʠʩʪʠ ʨʫʢʠ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʸʪ 

ʧʨʠʵʧʠʬʠʟʘʨʥʳʭ ʟʦʥ ʜʠʘʬʠʟʦʚ, ʩʘʤʠʭ ʵʧʠʬʠʟʦʚ ʠ ʘʥʘʣʦʛʠʯʥʳʭ ʦʙʣʘʩʪʝʡ 

ʜʠʩʪʘʣʴʥʳʭ ʬʘʣʘʥʛ ʧʘʣʴʮʝʚ. ʇʨʠ ʵʪʦʤ ʩʘʤʳʝ ʜʠʩʪʘʣʴʥʳʝ ʫʯʘʩʪʢʠ ʧʘʣʴʮʝʚ 

ʩʦʜʝʨʞʘʪ ʤʥʦʛʦ ʚʥʝʢʣʝʪʦʯʥʦʛʦ ʤʘʪʨʠʢʩʘ ʠ ʤʝʜʣʝʥʥʦ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʚ 

ʨʘʟʤʝʨʘʭ. ʇʘʨʘʣʣʝʣʴʥʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʣʷ ʘʥʘʣʠʟʘ ʢʠʩʪʝʡ ʨʫʢ ʵʤʙʨʠʦʥʦʚ ʥʘ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʝ Xradia VersaXRM-500 ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʦ ʚʦʟʤʦʞʥʦʩʪʴ 

ʧʨʠʤʝʥʝʥʠʷ ʵʪʦʛʦ ʤʝʪʦʜʘ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʷʛʢʠʭ ʪʢʘʥʝʡ ʚ ʩʣʦʞʥʳʭ 

ʩʠʪʫʘʮʠʷʭ ʧʨʠ ʥʝʚʳʩʦʢʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʧʣʦʪʥʦʩʪʠ ʦʙʲʝʢʪʘ. ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʘʥʘʣʠʟ ʜʠʥʘʤʠʢʠ ʨʘʟʚʠʪʠʷ ʢʠʩʪʠ ʢʦʥʝʯʥʦʩʪʠ ʯʝʣʦʚʝʢʘ ʩ 11 ʧʦ 

16 ʥʝʜʝʣʠ ʦʥʪʦʛʝʥʝʟʘ ʚ ʦʙʣʘʩʪʷʭ, ʣʝʞʘʱʠʭ ʤʝʞʜʫ ʟʦʥʘʤʠ ʧʝʨʚʠʯʥʦʡ 

ʦʩʩʠʬʠʢʘʮʠʠ. ʀʟʫʯʝʥʠʝ 3D ʨʝʢʦʥʩʪʨʫʢʮʠʡ ʧʦʟʚʦʣʠʣʦ ʫʩʪʘʥʦʚʠʪʴ, ʯʪʦ ʚʥʝ ʟʦʥ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʚʥʝʢʣʝʪʦʯʥʦʛʦ ʤʘʪʨʠʢʩʘ ʩʫʱʝʩʪʚʫʶʪ ʨʘʥʝʝ ʥʝʠʟʚʝʩʪʥʳʝ 

ʦʙʨʘʟʦʚʘʥʠʷ ʧʨʦʛʥʦʩʪʠʨʫʶʱʠʝ ʥʘʧʨʘʚʣʝʥʠʝ ʜʠʬʬʝʨʝʥʮʠʨʦʚʢʠ ʦʩʪʝʦʙʣʘʩʪʦʚ 

(ʨʠʩ. 2.31). 
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ʈʠʩʫʥʦʢ 2.31: ʈʝʢʦʥʩʪʨʫʢʮʠʷ ʣʘʜʦʥʠ ʯʝʣʦʚʝʯʝʩʢʦʛʦ ʵʤʙʨʠʦʥʘ ʧʦʣʫʯʝʥʥʘʷ ʥʘ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʝ Xradia VersaXRM-500 

ʇʨʠ ʘʥʘʣʠʟʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʙʠʦʣʦʛʘʤʠ ʠʟ ʀʥʩʪʠʪʫʪʘ 

ʤʦʨʬʦʣʦʛʠʠ ʯʝʣʦʚʝʢʘ ʈɸʄʅ ʚʧʝʨʚʳʝ ʫʩʪʘʥʦʚʣʝʥʳ ʥʝʟʘʚʠʩʠʤʦʝ ʧʝʨʚʠʯʥʦʝ 

ʦʪʣʦʞʝʥʠʝ ʢʘʣʴʮʠʷ ʠ ʧʦʩʣʝʜʫʶʱʘʷ ʦʩʩʠʬʠʢʘʮʠʷ ʬʘʣʘʥʛ ʧʘʣʴʮʝʚ ʢʠʩʪʠ ʨʫʢʠ 

ʯʝʣʦʚʝʢʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʢʦʩʪʠ ʧʷʩʪʴʷ ʠ ʟʘʧʷʩʪʴʷ ʥʘʯʠʥʘʶʪ ʥʘʢʘʧʣʠʚʘʪʴ 

ʵʣʝʤʝʥʪʳ ʤʘʪʨʠʢʩʘ ʥʘ ʥʝʩʢʦʣʴʢʦ ʥʝʜʝʣʴ ʧʦʟʞʝ, ʯʝʤ ʬʘʣʘʥʛʠ 

ʜʠʬʬʝʨʝʥʮʠʨʫʶʱʠʭʩʷ ʧʘʣʴʮʝʚ ʠ ʢʦʩʪʠ ʧʨʝʜʧʣʝʯʴʷ. ʆʙʥʘʨʫʞʝʥʦ ʥʦʚʦʝ 

ʤʦʨʬʦʛʝʥʝʪʠʯʝʩʢʦʝ ʷʚʣʝʥʠʝ ʥʘʢʦʧʣʝʥʠʷ ʢʘʣʴʮʠʷ ʠ ʬʦʩʬʦʨʘ ʚ ʟʦʥʘʭ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʜʠʩʪʘʣʴʥʳʭ ʬʘʣʘʥʛ ʠ ʥʦʛʪʝʚʦʛʦ ʣʦʞʘ ʧʘʣʴʮʝʚ. ɸʥʘʣʠʟ 

ʜʠʥʘʤʠʢʠ ʨʘʟʚʠʪʠʷ ʢʠʩʪʠ ʢʦʥʝʯʥʦʩʪʠ ʯʝʣʦʚʝʢʘ ʩ 11 ʧʦ 16 ʥʝʜʝʣʠ ʦʥʪʦʛʝʥʝʟʘ 

ʧʦʢʘʟʘʣ, ʯʪʦ ʚʥʝ ʟʦʥ ʬʦʨʤʠʨʦʚʘʥʠʷ ʚʥʝʢʣʝʪʦʯʥʦʛʦ ʤʘʪʨʠʢʩʘ ʩʫʱʝʩʪʚʫʶʪ 

ʨʘʥʝʝ ʥʝʠʟʚʝʩʪʥʳʝ ʦʙʨʘʟʦʚʘʥʠʷ ʧʨʦʛʥʦʩʪʠʨʫʶʱʠʝ ʥʘʧʨʘʚʣʝʥʠʝ 

ʜʠʬʬʝʨʝʥʮʠʨʦʚʢʠ ʦʩʪʝʦʙʣʘʩʪʦʚ. 

2.8 ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʛʣʘʚʳ 2 

ɺ ʥʘʩʪʦʷʱʝʡ ʛʣʘʚʝ ʧʨʝʜʩʪʘʚʣʝʥʦ ʦʧʠʩʘʥʠʝ ʨʘʟʚʠʪʳʭ ʚ ʭʦʜʝ ʚʳʧʦʣʥʝʥʠʷ 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʧʦʜʭʦʜʦʚ ʚ ʣʘʙʦʨʘʪʦʨʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʤʠʨʦʪʦʤʦʛʨʘʬʠʠ. ʇʨʦʚʝʜʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʨʝʥʪʛʝʥʦʦʧʪʠʯʝʩʢʦʛʦ ʪʨʘʢʪʘ 
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ʣʘʙʦʨʘʪʦʨʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʤʠʢʨʦʪʦʤʦʛʨʘʬʘ. ʇʨʦʚʝʜʝʥʥʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʧʨʦʝʢʮʠʡ ʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ 

ʧʦʜʪʚʝʨʞʜʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʦʚ-ʤʦʥʦʭʨʦʤʘʪʦʨʦʚ ʜʣʷ 

ʧʨʦʚʝʜʝʥʠʷ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ ʨʘʟʨʝʰʝʥʠʝʤ ʧʦʨʷʜʢʘ 10 

ʤʢʤ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʧʨʦʚʝʜʸʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʦʟʜʘʥʘ ʢʦʥʩʪʨʫʢʮʠʷ 

ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʤʠʢʨʦʪʦʤʦʛʨʘʬʘ ñʊʦʤʘʩò. 

ɸʧʧʘʨʘʪʫʨʥʳʝ ʠ ʧʨʦʛʨʘʤʤʥʳʝ ʨʝʰʝʥʠʷ ʧʨʠʤʝʥʸʥʥʳʝ ʚ ʤʠʢʨʦʪʦʤʦʛʨʘʬʝ 

ʧʦʟʚʦʣʷʶʪ ʧʨʦʚʦʜʠʪʴ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʝ ʠʟʤʝʨʝʥʠʷ ʚ ʨʝʞʠʤʝ ʫʜʘʣʸʥʥʦʛʦ 

ʜʦʩʪʫʧʘ ʢ ʧʨʠʙʦʨʫ. ʈʘʟʨʘʙʦʪʘʥʥʳʝ ʤʝʪʦʜʳ ʦʙʨʘʙʦʪʢʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ 

ʜʘʥʥʳʭ ʧʦʟʚʦʣʷʶʪ ʩʢʦʨʨʝʢʪʠʨʦʚʘʪʴ ʚʦʟʤʦʞʥʳʝ ʥʘʨʫʰʝʥʠʷ ʶʩʪʠʨʦʚʢʠ 

ʧʨʠʙʦʨʘ ʠ ʧʦʚʳʩʠʪʴ ʢʘʯʝʩʪʚʦ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʡ ʨʝʢʦʥʩʪʨʫʢʮʠʠ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʙʦʣʝʝ ʠʥʬʦʨʤʘʪʠʚʥʳʝ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʝ 

ʨʝʟʫʣʴʪʘʪʳ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʦʣʠʭʨʦʤʘʪʠʯʥʳʤ ʠʟʣʫʯʝʥʠʝʤ. ʏʠʩʣʝʥʥʦ ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʦʚʝʜʝʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʥʝʩʢʦʣʴʢʠʭ ʵʥʝʨʛʠʡ ʠʟʣʫʯʝʥʠʷ ʤʦʞʝʪ ʧʦʟʚʦʣʠʪʴ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ 

ʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʠʟʫʯʘʝʤʳʭ ʦʙʲʝʢʪʦʚ. 

ʇʨʦʚʝʜʝʥʦ ʢʦʤʧʣʝʢʩʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʟʚʦʥʢʦʚ ʭʨʷʱʝʧʘʣʦʛʦ ʛʝʢʢʦʥʘ ʠ 

ʦʙʨʘʟʮʦʚ ʢʦʩʪʝʡ ʢʠʩʪʝʡ ʢʦʥʝʯʥʦʩʪʝʡ ʥʘ ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʤ 

ʠʟʣʫʯʝʥʠʠ ʥʘ ʵʥʝʨʛʠʷʭ 5.4, 8.0 ʠ 12.0 ʢʵɺ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘ 

ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʤ ʠʟʣʫʯʝʥʠʠ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʜʘʥʥʳʤʠ ʨʘʩʪʨʦʚʦʡ 

ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʠ ʨʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ. 

ʅʘ ʧʨʠʤʝʨʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʙʨʘʟʮʦʚ ʢʦʩʪʝʡ ʢʠʩʪʝʡ ʢʦʥʝʯʥʦʩʪʝʡ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʧʨʝʜʣʦʞʝʥʥʘʷ ʤʝʪʦʜʠʢʘ ʠʟʤʝʨʝʥʠʡ ʤʝʪʦʜʦʤ 

ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʡ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ 

ʢʘʨʪʠʨʦʚʘʥʠʷ ʥʝʢʦʪʦʨʳʭ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʚʚʠʜʫ ʦʪʣʠʯʠʷ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʢʦʥʪʨʘʩʪʘ ʥʘ ʨʘʟʥʳʭ ʵʥʝʨʛʠʷʭ ʠʟʣʫʯʝʥʠʷ. 
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ɻʣʘʚʘ 3. ʌʘʟʦʢʦʥʪʨʘʩʪʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʠʦʣʦʛʠʯʝʩʢʠʭ 

ʦʙʲʝʢʪʦʚ 

ɺ ʥʘʩʪʦʷʱʝʡ ʛʣʘʚʝ ʧʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʚʝʜʝʥʠʷ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ 

ʠʟʤʝʨʝʥʠʡ ʥʘ ʨʘʟʨʘʙʦʪʘʥʥʦʤ ʤʠʢʨʦʪʦʤʦʛʨʘʬʝ ñʊʦʤʘʩò. ʆʧʠʩʘʥʦ 

ʨʘʟʨʘʙʦʪʘʥʥʦʝ ʧʨʦʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ WavePropaGator (WPG) ʜʣʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ, ʧʦʣʫʯʘʝʤʳʭ ʥʘ 

ʩʠʥʭʨʦʪʨʦʥʥʦʤ ʠʟʣʫʯʝʥʠʠ. ʆʧʠʩʘʥʳ ʤʝʪʦʜʳ ʩʝʛʤʝʥʪʘʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ 

ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ ʤʝʪʦʜʘʤʠ ʤʘʰʠʥʥʦʛʦ 

ʦʙʫʯʝʥʠʷ. ʆʧʠʩʘʥʳ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʣʝʤʝʥʪʦʚ ʣʠʤʙʠʯʝʩʢʦʡ 

ʩʠʩʪʝʤʳ ʯʝʣʦʚʝʢʘ. 

3.1 ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʝ ʊʆʄɸʉ 

ɺ ʧʨʝʜʳʜʫʱʝʡ ʛʣʘʚʝ ʨʘʩʩʤʦʪʨʝʥʳ ʚʦʟʤʦʞʥʦʩʪʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʛʦ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʙʲʝʢʪʦʚ ʩ ʧʦʤʦʱʴʶ ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʪʘʢʦʡ ʧʦʜʭʦʜ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʢʦʣʠʯʝʩʪʚʝʥʥʦ 

ʠʩʩʣʝʜʦʚʘʪʴ ʚʥʫʪʨʝʥʥʶʶ ʩʪʨʫʢʪʫʨʫ ʦʙʲʝʢʪʦʚ. ʆʜʥʘʢʦ ʠʥʦʛʜʘ ʚʦʟʥʠʢʘʝʪ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚ ʠʩʢʫʩʩʪʚʝʥʥʦʤ ʠʟʤʝʥʝʥʠʠ (ʫʩʠʣʝʥʠʠ) ʢʦʥʪʨʘʩʪʘ 

ʧʦʣʫʯʘʝʤʳʭ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ ʠ ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʨʝʢʦʥʩʪʨʫʢʮʠʡ. 

ɼʣʷ ʵʪʦʛʦ ʚʤʝʩʪʦ ʘʙʩʦʨʙʮʠʦʥʥʦʡ ʪʦʤʦʛʨʘʬʠʠ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ 

ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʬʘʟʦʢʦʥʪʨʘʩʪʥʘʷ ʪʦʤʦʛʨʘʬʠʷ. ɺ ʵʪʦʤ ʤʝʪʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʟʘʤʝʪʥʳʡ ʵʬʬʝʢʪ ʚ ʬʦʨʤʠʨʦʚʘʥʠʝ ʠʟʦʙʨʘʞʝʥʠʡ ʚʥʦʩʠʪ ʥʝ ʦʩʣʘʙʣʝʥʠʝ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʦʙʲʝʢʪʦʤ, ʘ ʧʨʝʣʦʤʣʝʥʠʝ, ʠʣʠ ʠʥʪʝʨʬʝʨʝʥʮʠʷ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʚʳʟʚʘʥʥʳʝ ʬʘʟʦʚʳʤ ʥʘʙʝʛʦʤ. ʉʘʤʦʡ ʧʦʧʫʣʷʨʥʦʡ 

ʩʭʝʤʦʡ ʨʝʛʠʩʪʨʘʮʠʠ ʬʘʟʦʚʦʛʦ ʢʦʥʪʨʘʩʪʘ ʥʘ ʧʨʘʢʪʠʢʝ ʷʚʣʷʝʪʩʷ ʣʠʥʝʡʥʳʡ 

ʬʘʟʦʚʳʡ ʢʦʥʪʨʘʩʪ (inilne ʠʣʠ propagation based ʚ ʘʥʛʣʦʷʟʳʯʥʦʡ ʣʠʪʝʨʘʪʫʨʝ) ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʣʘʙʦʨʘʪʦʨʥʳʭ ʤʠʢʨʦʬʦʢʫʩʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʠʣʠ ʩʠʥʭʨʦʪʨʦʥʥʳʭ 

ʠʩʪʦʯʥʠʢʦʚ. ɺʘʞʥʳʤ ʜʦʩʪʦʠʥʩʪʚʦʤ ʵʪʦʛʦ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʧʨʦʩʪʦʪʘ ʝʛʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʨʝʘʣʠʟʘʮʠʠ, ʥʝ ʪʨʝʙʫʶʱʘʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʣʦʞʥʳʭ 

ʨʝʥʪʛʝʥʦʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ. ʆʙʟʦʨ ʜʨʫʛʠʭ ʤʝʪʦʜʦʚ ʧʦʣʫʯʝʥʠʷ 

ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʧʨʠʚʝʜʸʥ ʚ ɻʣʘʚʝ.1. 

ɺ ʨʘʙʦʪʝ [ɸ190] ʤʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʥʘ ʨʘʟʨʘʙʦʪʘʥʥʦʤ ʤʠʢʨʦʪʦʤʦʛʨʘʬʝ 

ñʊʦʤʘʩò ʤʦʞʥʦ ʧʨʦʚʦʜʠʪʴ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʠʦʣʦʛʠʯʝʩʢʠʭ 
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ʦʙʲʝʢʪʦʚ ʚ inline ʩʭʝʤʝ ʬʘʟʦʚʦʛʦ ʢʦʥʪʨʘʩʪʘ. ʅʠʞʝ ʧʨʠʚʝʜʝʥʦ ʢʨʘʪʢʦʝ 

ʠʟʣʦʞʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. 

 

ʈʠʩʫʥʦʢ 3.1: ʉʭʝʤʘ ʨʝʛʠʩʪʨʘʮʠʠ ʬʘʟʦʚʦʛʦ ʢʦʥʪʨʘʩʪʘ ʥʘ ʤʠʢʨʦʪʦʤʦʛʨʘʬʝ 

ʊʆʄɸʉ. 1 ï ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʪʨʫʙʢʘ, 2 ï ʱʝʣʝʚʘʷ ʘʧʝʨʪʫʨʘ, 3 ï ʠʩʩʣʝʜʫʝʤʳʡ 

ʦʙʨʘʟʝʮ, 4 ï CCD ʜʝʪʝʢʪʦʨ. 

ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 3.1. ɺ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ 

ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʩʪʘʥʜʘʨʪʥʘʷ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʪʨʫʙʢʘ ʩ ʤʦʣʠʙʜʝʥʦʚʳʤ ʘʥʦʜʦʤ. 

ʈʘʟʤʝʨ ʧʨʦʝʢʮʠʠ ʬʦʢʫʩʥʦʛʦ ʧʷʪʥʘ ʪʨʫʙʢʠ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʦʩʠ z ʩʦʩʪʘʚʣʷʣ 

1.2ʭ0.4 ʤʤ. ʇʝʨʝʜ ʪʨʫʙʢʦʡ ʫʩʪʘʥʘʚʣʠʚʘʣʘʩʴ ʱʝʣʴ ʨʘʟʤʝʨʦʤ 0.04 ʤʤ, ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʬʦʨʤʠʨʦʚʘʣʩʷ ʢʦʥʠʯʝʩʢʠʡ ʧʫʯʦʢ. ʀʩʩʣʝʜʫʝʤʳʡ ʦʙʨʘʟʝʮ 

ʫʩʪʘʥʘʚʣʠʚʘʣʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ Ὑ ʦʪ ʠʩʪʦʯʥʠʢʘ, ʢʦʪʦʨʦʝ ʚ ʥʘʰʠʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʩʦʩʪʘʚʣʷʣʦ Ὑ = (1300ï1500) ʤʤ. ʈʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʦʙʨʘʟʮʦʤ 

ʠ ʜʝʪʝʢʪʦʨʦʤ ʚ ʨʝʞʠʤʝ ʬʘʟʦʚʦʛʦ ʢʦʥʪʨʘʩʪʘ ʚʘʨʴʠʨʦʚʘʣʦʩʴ ʚ ʧʨʝʜʝʣʘʭ Ὑ = 

(400ï600 ʤʤ) ʜʣʷ ʨʘʟʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. ʀʟʣʫʯʝʥʠʝ ʨʝʛʠʩʪʨʠʨʦʚʘʣʦʩʴ CCD 

ʜʝʪʝʢʪʦʨʦʤ XIMEA xiRAY11 ʩ ʨʘʟʤʝʨʦʤ ʧʠʢʩʝʣʷ 9ʭ9 ʤʢʤ. ʉʲʝʤʢʘ 

ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʚ ʧʦʣʠʭʨʦʤʘʪʠʯʝʩʢʦʤ ʧʫʯʢʝ ʩ ʫʩʢʦʨʷʶʱʠʤ ʥʘʧʨʷʞʝʥʠʝʤ 45 

ʢɺ. ʉʨʝʜʥʝʝ ʚʨʝʤʷ ʩʲʝʤʢʠ ʦʜʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ ʩʦʩʪʘʚʣʷʣʦ 50 ʩʝʢʫʥʜ. 

ɺ ʢʘʯʝʩʪʚʝ ʪʝʩʪʦʚʦʛʦ ʦʙʲʝʢʪʘ ʙʳʣʘ ʚʟʷʪʘ ʧʣʘʩʪʠʢʦʚʘʷ ʪʨʫʙʢʘ, ʫ ʢʦʪʦʨʦʡ 

ʚʥʝʰʥʠʡ ʨʘʜʠʫʩ ʩʦʩʪʘʚʣʷʣ Ὑ  = 1.5 ʤʤ ʠ ʚʥʫʪʨʝʥʥʠʡ ʨʘʜʠʫʩ Ὑ  = 0.9 ʤʤ. 
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ʀʟʤʝʨʝʥʠʷ ʧʣʘʩʪʠʢʦʚʦʡ ʪʨʫʙʢʠ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʚ ʨʝʞʠʤʝ ʬʘʟʦʚʦʛʦ ʠ 

ʘʙʩʦʨʙʮʠʦʥʥʦʛʦ ʢʦʥʪʨʘʩʪʘ. ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʩʥʠʤʢʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 3.2. 

ʅʘ ʬʘʟʦʢʦʥʪʨʘʩʪʥʦʤ ʠʟʦʙʨʘʞʝʥʠʠ ʪʨʫʙʢʠ (ʨʠʩ. 3.2ʘ) ʛʨʘʥʠʮʳ ʤʝʞʜʫ 

ʤʘʪʝʨʠʘʣʦʤ ʪʨʫʙʢʠ ʠ ʚʦʟʜʫʭʦʤ ʧʦʜʯʝʨʢʥʫʪʳ ʪʝʤʥʳʤʠ ʠ ʩʚʝʪʣʳʤʠ ʷʨʢʠʤʠ 

ʣʠʥʠʷʤʠ. ʂʨʦʤʝ ʵʪʦʛʦ, ʥʘ ʬʘʟʦʢʦʥʪʨʘʩʪʥʦʤ ʠʟʦʙʨʘʞʝʥʠʠ ʧʨʦʷʚʠʣʘʩʴ ʥʘʜʧʠʩʴ 

(ʨʠʩ. 3.2ʘ ʚʥʫʪʨʠ ʧʫʥʢʪʠʨʥʦʡ ʣʠʥʠʠ), ʩʜʝʣʘʥʥʘʷ ʧʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ ʪʨʫʙʢʠ 

ʧʦʩʨʝʜʩʪʚʦʤ ʚʳʜʘʚʣʠʚʘʥʠʷ ʚ ʧʣʘʩʪʠʢʝ ʥʘ ʚʥʝʰʥʝʡ ʩʪʝʥʢʝ ʪʨʫʙʢʠ. ɼʘʥʥʘʷ 

ʥʘʜʧʠʩʴ ʥʝ ʧʨʦʷʚʣʷʝʪʩʷ ʥʘ ʘʙʩʦʨʙʮʠʦʥʥʦʤ ʠʟʦʙʨʘʞʝʥʠʠ ʨʠʩ. 3.2ʙ. 

 

ʈʠʩʫʥʦʢ 3.2: ʅʦʨʤʠʨʦʚʘʥʥʳʡ ʨʝʥʪʛʝʥʦʚʩʢʠʡ ʩʥʠʤʦʢ ʧʣʘʩʪʠʢʦʚʦʡ ʪʨʫʙʢʠ. (ʘ) 

ï ʬʘʟʦʢʦʥʪʨʘʩʪʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ (Ὑ = 1300 ʤʤ, Ὑ = 600 ʤʤ); (ʙ) ï 

ʘʙʩʦʨʙʮʠʦʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ (Ὑ = 1300 ʤʤ, Ὑ = 0 ʤʤ). ɿʥʘʯʝʥʠʝ 

ʫʩʢʦʨʷʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ 45 ʢɺ. 
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ʈʠʩʫʥʦʢ 3.3: ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ (ʢʨʫʞʢʠ) ʠ ʨʘʩʯʝʪʥʳʝ (ʣʠʥʠʷ) ʧʨʦʬʠʣʠ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ, ʩʜʝʣʘʥʥʳʝ ʧʦ ʨʝʥʪʛʝʥʦʚʩʢʠʤ ʠʟʦʙʨʘʞʝʥʠʷʤ ʧʣʘʩʪʠʢʦʚʦʡ 

ʪʨʫʙʢʠ. (ʘ) ï ʜʣʷ ʬʘʟʦʢʦʥʪʨʘʩʪʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ, (ʙ) ï ʜʣʷ ʘʙʩʦʨʙʮʠʦʥʥʦʛʦ 

ʠʟʦʙʨʘʞʝʥʠʷ. 

ʅʘ ʨʠʩ. 3.3 ʧʨʝʜʩʪʘʚʣʝʥʳ ʧʨʦʬʠʣʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ, ʧʦʩʪʨʦʝʥʥʳʝ ʧʦ 

ʥʦʨʤʠʨʦʚʘʥʥʳʤ ʠʟʦʙʨʘʞʝʥʠʷʤ ʧʣʘʩʪʠʢʦʚʦʡ ʪʨʫʙʢʠ (ʨʠʩ. 3.2) ʚʜʦʣʴ ʣʠʥʠʡ 

ˍ  ̱ʠ ˏ ,ˏ ʘ ʪʘʢʞʝ ʨʝʟʫʣʴʪʘʪʳ ʠʭ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʨʘʩʯʝʪʘ ʧʦ ʚʳʨʘʞʝʥʠʷʤ 

(1.5), (1.6). ɺ ʩʣʫʯʘʝ ʘʙʩʦʨʙʮʠʦʥʥʦʛʦ ʢʦʥʪʨʘʩʪʘ (ʨʠʩ. 3.3ʙ), ʜʣʷ 

ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʨʘʩʯʝʪʘ ʧʨʦʬʠʣʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʧʣʦʩʢʦʩʪʠ ʜʝʪʝʢʪʦʨʘ 

ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʚʳʨʘʞʝʥʠʝ (1.7), ʧʨʠ ʵʪʦʤ ʧʨʠʥʠʤʘʣʦʩʴ ʟʥʘʯʝʥʠʝ Ὑ = 0. 

ʇʦʩʢʦʣʴʢʫ ʤʘʪʝʨʠʘʣ ʧʣʘʩʪʠʢʦʚʦʡ ʪʨʫʙʢʠ ʥʝ ʙʳʣ ʠʟʚʝʩʪʝʥ, ʪʦ ʧʨʠ ʨʘʩʯʝʪʝ 

ʧʨʦʬʠʣʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʨʦʚʦʜʠʣʘʩʴ ʧʨʦʮʝʜʫʨʘ ʤʠʥʠʤʠʟʘʮʠʠ, ʛʜʝ ʚ ʢʘʯʝʩʪʚʝ 

ʧʘʨʘʤʝʪʨʘ ʙʨʘʣʘʩʴ ʤʥʠʤʘʷ ʯʘʩʪʴ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ‍. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʵʬʬʝʢʪʠʚʥʦʝ ʟʥʘʯʝʥʠʝ ‍, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʧʦʛʣʦʱʝʥʠʶ ʦʙʨʘʟʮʘ ʚ 

ʧʦʣʠʭʨʦʤʘʪʠʯʝʩʢʦʤ ʩʧʝʢʪʨʝ, ʩʦʩʪʘʚʠʣʦ πȢρωρπ. ʇʨʠ ʨʘʩʯʝʪʝ ʧʨʦʬʠʣʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʫʩʣʦʚʠʷʭ ʬʘʟʦʚʦʛʦ ʢʦʥʪʨʘʩʪʘ (ʨʠʩ. 3.3 ʩʣʝʚʘ) ʟʥʘʯʝʥʠʝ 

ʜʝʢʨʝʤʝʥʪʘ ʧʨʝʣʦʤʣʝʥʠʷ ʨʘʩʩʯʠʪʳʚʘʣʦʩʴ ʧʦ ʪʘʙʣʠʯʥʳʤ ʜʘʥʥʳʤ ʜʣʷ ʯʠʩʪʦʛʦ 

ʧʦʣʠʵʪʠʣʝʥʘ ‏ πȢςτφρπ, ʜʣʠʥʘ ʚʦʣʥʳ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʘ ʤʘʢʩʠʤʫʤʫ 

ʵʥʝʨʛʠʠ ʧʦʣʠʭʨʦʤʘʪʠʯʝʩʢʦʛʦ ʩʧʝʢʪʨʘ ‗ πȢτρρπ  ʤ, ʨʘʩʩʪʦʷʥʠʝ ʦʙʨʘʟʝʮ 

- ʜʝʪʝʢʪʦʨ Ὑ = 600 ʤʤ, ʚʝʣʠʯʠʥʘ ʧʨʦʝʢʮʠʦʥʥʦʛʦ ʫʚʝʣʠʯʝʥʠʷ M = 1.46. ʂʨʦʤʝ 

ʵʪʦʛʦ ʧʨʦʬʠʣʴ ʠʥʪʝʥʩʠʚʥʦʩʪʠ, ʨʘʩʩʯʠʪʘʥʥʳʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

(eq:phase_contr_im_1), ʠʥʪʝʛʨʠʨʦʚʘʣʩʷ ʩ ʫʯʝʪʦʤ ʣʠʥʝʡʥʦʛʦ ʨʘʟʤʝʨʘ ʧʠʢʩʝʣʷ 

ʜʝʪʝʢʪʦʨʘ, ʨʘʚʥʦʛʦ 9 ʤʢʤ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 



116 

 

 

 

ʠʟʤʝʨʝʥʥʳʝ ʧʨʦʬʠʣʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʥʘ ʨʠʩ. 3.3, ʠ ʠʭ 

ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʨʘʩʯʝʪ ʥʘʭʦʜʷʪʩʷ ʚ ʭʦʨʦʰʝʤ ʩʦʛʣʘʩʠʠ. 

 

ʈʠʩʫʥʦʢ 3.4: ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʩʥʠʤʢʠ ʧʦʯʢʠ ʢʫʩʪʘʨʥʠʢʘ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʝʞʠʤʝ: 

ʘ ï ʘʙʩʦʨʙʮʠʦʥʥʦʛʦ ʢʦʥʪʨʘʩʪʘ (Ὑ = 1500, Ὑ = 0 ʤʤ), ʙ ï ʬʘʟʦʚʦʛʦ 

ʢʦʥʪʨʘʩʪʘ (Ὑ = 1500, Ὑ = 400 ʤʤ). 

ʀʟʦʙʨʘʞʝʥʠʝ ʨʘʩʧʫʩʢʘʶʱʝʡʩʷ ʧʦʯʢʠ ʢʫʩʪʘʨʥʠʢʘ, ʩʥʷʪʦʝ ʚ 

ʬʘʟʦʢʦʥʪʨʘʩʪʥʦʤ ʠ ʘʙʩʦʨʙʮʠʦʥʥʦʤ ʨʝʞʠʤʘʭ, ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 3.4. ʅʘ 

ʬʘʟʦʢʦʥʪʨʘʩʪʥʦʤ ʠʟʦʙʨʘʞʝʥʠʠ (ʨʠʩ. 3.4ʙ) ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʤʥʦʛʦʯʠʩʣʝʥʥʳʝ 

ʛʨʘʥʠʮʳ ʤʝʞʜʫ ʦʪʜʝʣʴʥʳʤʠ ʣʝʧʝʩʪʢʘʤʠ ʧʦʯʢʠ, ʧʦʜʯʝʨʢʥʫʪʳʝ 

ʠʥʪʝʨʬʝʨʝʥʮʠʝʡ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ. ɼʘʥʥʳʡ ʵʬʬʝʢʪ ʥʝ ʧʨʦʷʚʣʷʝʪʩʷ ʥʘ 

ʩʥʠʤʢʝ ʨʠʩ. 3.4ʘ. ʊʘʢʞʝ, ʚ ʢʘʯʝʩʪʚʝ ʜʝʤʦʥʩʪʨʘʮʠʠ ʚʦʟʤʦʞʥʦʩʪʝʡ 

ʧʨʝʜʣʦʞʝʥʥʦʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʩʭʝʤʳ ʬʘʟʦʚʦʛʦ ʢʦʥʪʨʘʩʪʘ, ʥʘ ʨʠʩ. 3.5. 

ʧʦʢʘʟʘʥʳ ʠʟʦʙʨʘʞʝʥʠʷ çʟʣʘʪʦʛʣʘʟʢʠè - ʯʣʝʥʠʩʪʦʥʦʛʦʛʦ ʥʘʩʝʢʦʤʦʛʦ ʠʟ ʦʪʨʷʜʘ 

ʩʝʪʯʘʪʦʢʨʳʣʳʭ. ʅʘ ʨʠʩ. 3.5ʙ ʙʦʣʝʝ ʦʪʯʝʪʣʠʚʦ ʚʠʜʥʦ ʚʥʫʪʨʝʥʥʝʝ ʩʪʨʦʝʥʠʝ 

ʥʘʩʝʢʦʤʦʛʦ ʠ ʦʯʝʨʪʘʥʠʷ ʪʨʝʭ ʧʘʨ ʝʛʦ ʥʦʞʝʢ. ʊʘʢʞʝ, ʥʘ ʬʘʟʦʢʦʥʪʨʘʩʪʥʦʤ 

ʠʟʦʙʨʘʞʝʥʠʠ ʧʨʦʷʚʣʷʝʪʩʷ ʩʝʪʴ ʪʦʥʯʘʡʰʠʭ ʞʠʣʦʢ ʥʘ ʢʨʳʣʴʷʭ, ʢʦʪʦʨʘʷ ʥʝ 

ʚʠʜʥʘ ʚ ʨʝʞʠʤʝ ʘʙʩʦʨʙʮʠʦʥʥʦʛʦ (ʨʠʩ. 3.5ʘ) ʢʦʥʪʨʘʩʪʘ. 
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ʈʠʩʫʥʦʢ 3.5: ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʩʥʠʤʢʠ ʥʘʩʝʢʦʤʦʛʦ (ñʟʣʘʪʦʛʣʘʟʢʘò), ʧʦʣʫʯʝʥʥʳʝ 

ʚ ʨʝʞʠʤʝ: ʘ - ʘʙʩʦʨʙʮʠʦʥʥʦʛʦ ʢʦʥʪʨʘʩʪʘ Ὑ ρυππȟὙ π ʤʤ , ʙ - 

ʬʘʟʦʚʦʛʦ ʢʦʥʪʨʘʩʪʘ Ὑ ρυππȟὙ τππ ʤʤ . 

ɺ ʢʦʥʮʝ ʵʪʦʡ ʛʣʘʚʳ ʙʫʜʫʪ ʧʨʠʚʝʜʝʥʳ ʜʘʥʥʳʝ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʵʣʝʤʝʥʪʦʚ ʣʠʤʙʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʯʝʣʦʚʝʢʘ, ʧʨʦʚʝʜʸʥʥʳʭ ʥʘ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʝ ʊʆʄɸʉ. 

ʅʘʤʠ ʧʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ çin-lineè ʤʝʪʦʜʘ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʬʘʟʦʚʦʛʦ ʢʦʥʪʨʘʩʪʘ ʥʘ ʣʘʙʦʨʘʪʦʨʥʦʤ ʠʩʪʦʯʥʠʢʝ ʩʦ 

ʩʪʘʥʜʘʨʪʥʦʡ ʰʠʨʦʢʦʬʦʢʫʩʥʦʡ ʪʨʫʙʢʦʡ. ʕʬʬʝʢʪ ʬʘʟʦʚʦʛʦ ʢʦʥʪʨʘʩʪʘ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥ ʢʘʢ ʥʘ ʠʟʤʝʨʝʥʥʳʭ ʧʨʦʝʢʮʠʷʭ ʪʝʩʪʦʚʳʭ ʦʙʲʝʢʪʦʚ, ʪʘʢ ʠ ʚ 

ʧʦʣʫʯʝʥʥʦʤ ʪʦʤʦʛʨʘʬʠʯʝʩʢʦʤ ʠʟʦʙʨʘʞʝʥʠʠ ʦʙʨʘʟʮʘ ʵʧʠʬʠʟʘ ʛʦʣʦʚʥʦʛʦ 

ʤʦʟʛʘ ʯʝʣʦʚʝʢʘ. 

3.2 ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ 

ʃʘʙʦʨʘʪʦʨʥʳʝ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʯʝʩʢʠʝ ʠʟʤʝʨʠʪʝʣʴʥʳʝ ʢʦʤʧʣʝʢʩʳ ʚ 

ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʦʡ ʧʨʦʚʦʜʠʤʳʭ ʥʘʤʠ ʥʘʫʯʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ. ɿʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʦʙʨʘʟʮʦʚ ʤʦʞʝʪ ʙʳʪʴ ʠʩʩʣʝʜʦʚʘʥʦ ʚ 

ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ, ʦʜʥʘʢʦ ʙʳʚʘʶʪ ʩʣʫʯʘʠ, ʢʦʛʜʘ ʧʦʣʫʯʠʪʴ ʨʝʟʫʣʴʪʘʪ ʚ 

ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ ʥʝʚʦʟʤʦʞʥʦ ʠʣʠ ʦʯʝʥʴ ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ. ʕʪʦ 

ʧʨʦʠʩʭʦʜʠʪ, ʥʘʧʨʠʤʝʨ, ʢʦʛʜʘ ʪʨʝʙʫʝʪʩʷ ʧʦʣʫʯʠʪʴ ʚʳʩʦʢʦʝ (ʩʫʙʤʠʢʨʦʥʥʦʝ) 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ, ʠʩʩʣʝʜʦʚʘʪʴ ʦʯʝʥʴ ʩʣʘʙʦʢʦʥʪʨʘʩʪʥʳʝ ʦʙʲʝʢʪʳ 

ʠʣʠ ʫʟʥʘʪʴ ʪʦʯʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʚ 

ʦʙʨʘʟʮʝ. ɼʣʷ ʪʘʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʥʝʦʙʭʦʜʠʤʦ ʧʨʠʙʝʛʘʪʴ ʢ ʠʩʧʦʣʴʟʦʚʘʥʠʶ 

ʩʠʥʭʨʦʪʨʦʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʠʟʣʫʯʝʥʠʷ (ʉʀ) ʠʣʠ ʣʘʟʝʨʦʚ ʥʘ ʩʚʦʙʦʜʥʳʭ 
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ʵʣʝʢʪʨʦʥʘʭ (Free Electoron Lasers - FEL). ʊʘʢʠʝ ʠʩʪʦʯʥʠʢʠ ʠʟʣʫʯʝʥʠʷ 

ʷʚʣʷʶʪʩʷ ʩʫʱʝʩʪʚʝʥʥʦ ʢʦʛʝʨʝʥʪʥʳʤʠ, ʧʦʵʪʦʤʫ ʧʣʘʥʠʨʦʚʘʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ʥʘ ʥʠʭ, ʨʘʟʨʘʙʦʪʢʘ ʠ ʥʘʩʪʨʦʡʢʘ ʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ, ʷʚʣʷʝʪʩʷ ʥʝʧʨʦʩʪʦʡ 

ʟʘʜʘʯʝʡ, ʪʨʝʙʫʶʱʝʡ, ʟʘʯʘʩʪʫʶ ʧʨʦʚʝʜʝʥʠʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

3.2.1 ʆʧʠʩʘʥʠʝ ʩʦʟʜʘʥʥʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ ñWavePropaGatorò 

(WPG) 

ʅʠʞʝ ʙʫʜʝʪ ʦʧʠʩʘʥ ʩʦʟʜʘʥʥʳʡ ʚ ʨʘʤʢʘʭ ʩʦʚʤʝʩʪʥʦʡ ʨʘʙʦʪʳ ʩ 

ʩʦʪʨʫʜʥʠʢʘʤʠ ɽʚʨʦʧʝʡʩʢʦʛʦ ʣʘʟʝʨʘ ʥʘ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʘʭ (XFEL) 

ʧʨʦʛʨʘʤʤʥʳʡ ʧʘʢʝʪ ñWavePropaGatorò (WPG), ʢʦʪʦʨʳʡ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʠʥʪʝʨʘʢʪʠʚʥʫʶ ʧʨʦʛʨʘʤʤʥʫʶ ʩʨʝʜʫ (framework) ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʢʦʛʝʨʝʥʪʥʦʛʦ ʠ ʯʘʩʪʠʯʥʦ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ [ɸ191]. ʇʨʦʛʨʘʤʤʘ ʩʚʦʙʦʜʥʦ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʚ ʚʠʜʝ 

ʠʩʭʦʜʥʳʭ ʢʦʜʦʚ ʠ ʩʢʦʤʧʠʣʠʨʦʚʘʥʥʳʭ ʤʦʜʫʣʝʡ 

https://github.com/samoylv/WPG. WPG ʠʩʧʦʣʴʟʫʝʪ ʙʠʙʣʠʦʪʝʢʫ Synchrotron 

Radiation Workshop (SRW) C/C++ [192] ʠ ʝʝ ʧʨʠʚʷʟʢʫ ʢ ʷʟʳʢʫ 

ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ Python ʜʣʷ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ. ɸʚʪʦʨʦʤ ʥʘʧʠʩʘʥʘ ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʜʘ 

WPG. 

ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʣʘʟʝʨʥʳʝ ʫʩʪʘʥʦʚʢʠ ʥʘ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʘʭ ʩʦʟʜʘʶʪ 

ʠʟʣʫʯʝʥʠʝ ʩ ʫʥʠʢʘʣʴʥʦʡ ʢʦʤʙʠʥʘʮʠʝʡ ʩʚʦʡʩʪʚ, ʪʘʢʠʭ ʢʘʢ ʵʢʩʪʨʝʤʘʣʴʥʘʷ 

ʧʠʢʦʚʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʦʣʷ, ʫʣʴʪʨʘʢʦʨʦʪʢʘʷ ʜʣʠʪʝʣʴʥʦʩʪʴ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʠʤʧʫʣʴʩʘ ʠ ʚʳʩʦʢʘʷ ʩʪʝʧʝʥʴ ʧʦʧʝʨʝʯʥʦʡ ʢʦʛʝʨʝʥʪʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ XFEL. 

ʇʦʵʪʦʤʫ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʥʦʚʘʷ ʠ ʩʧʝʮʠʬʠʯʝʩʢʘʷ ʢʦʤʙʠʥʘʮʠʷ ʪʨʝʙʦʚʘʥʠʡ ʢ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʦʧʪʠʢʝ. ʂʨʦʤʝ ʪʦʛʦ, ʢʦʥʝʯʥʳʝ ʩʪʘʥʮʠʠ ʥʘ ʫʩʪʘʥʦʚʢʘʭ XFEL 

ʜʦʧʫʩʢʘʶʪ ʦʯʝʥʴ ʨʘʟʥʦʦʙʨʘʟʥʳʝ ʢʦʤʧʦʥʦʚʢʠ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʚʢʣʶʯʘʪʴ 

ʤʥʦʛʦʢʨʠʩʪʘʣʴʥʳʝ ʤʦʥʦʭʨʦʤʘʪʦʨʳ, ʣʠʥʠʠ ʨʘʩʱʝʧʣʝʥʠʷ ʠ ʟʘʜʝʨʞʢʠ ʧʫʯʢʘ, 

ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʤ ʚʦʟʜʝʡʩʪʚʠʝʤ ʠʟʣʫʯʝʥʠʷ 

(pump and probe) [ɸ193], ʤʦʥʦʭʨʦʤʘʪʦʨʳ ʜʣʷ ʩʭʝʤ ʛʝʥʝʨʘʮʠʠ (X-ray self-

seeding) ʞʝʩʪʢʦʛʦ ʠ ʤʷʛʢʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ [194] , ʘ ʪʘʢʞʝ 

ʨʘʟʣʠʯʥʫʶ ʬʦʢʫʩʠʨʫʶʱʫʶ ʦʧʪʠʢʫ. ɼʣʷ ʧʨʘʚʠʣʴʥʦʛʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ 

ʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʠ ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʚʩʝ 

ʬʘʢʪʦʨʳ, ʚʣʠʷʶʱʠʝ ʥʘ ʩʚʦʡʩʪʚʘ ʧʫʯʢʘ ʧʦʩʣʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʯʝʨʝʟ 

ʦʧʪʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ. ɺʦʣʥʦʚʳʝ ʬʨʦʥʪʳ ʞʝʩʪʢʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ FEL 

https://github.com/samoylv/WPG
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ʧʦʜʚʝʨʞʝʥʳ ʠʩʢʘʞʝʥʠʷʤ, ʚʳʟʚʘʥʥʳʤ ʥʝʩʦʚʝʨʰʝʥʩʪʚʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʦʧʪʠʢʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʚʣʠʷʥʠʝʤ ʥʝʠʜʝʘʣʴʥʦʡ ʟʝʨʢʘʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

([195, 196]). ɹʦʣʝʝ ʪʦʛʦ, ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʠʥʪʝʥʩʠʚʥʳʭ ʧʦʣʝʡ 

ʩʬʦʢʫʩʠʨʦʚʘʥʥʳʭ ʠʤʧʫʣʴʩʦʚ XFEL ʠʤʝʝʪ ʨʝʰʘʶʱʝʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʠʭ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ ʟʘ ʦʜʠʥ 

ʠʤʧʫʣʴʩ [197, 198]. 

ʌʦʨʤʘʣʠʟʤ ʚʦʣʥʦʚʦʡ ʦʧʪʠʢʠ ʷʚʣʷʝʪʩʷ ʝʩʪʝʩʪʚʝʥʥʳʤ ʠ ʥʘʜʝʞʥʳʤ 

ʩʧʦʩʦʙʦʤ ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤʳ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʭ ʵʬʬʝʢʪʦʚ, ʥʝʠʟʙʝʞʥʳʭ 

ʧʨʠ ʢʦʛʝʨʝʥʪʥʦʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʧʫʯʢʘ [192, 199]. ʎʝʣʴʶ ʩʦʟʜʘʚʘʝʤʦʛʦ 

ʧʘʢʝʪʘ WPG - ʧʨʝʜʦʩʪʘʚʠʪʴ ʫʜʦʙʥʳʡ ʧʨʦʛʨʘʤʤʥʳʡ ʧʨʦʜʫʢʪ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʣʶʙʦʡ ʫʯʝʥʳʡ, ʟʘʥʠʤʘʶʱʠʡʩʷ ʧʨʦʝʢʪʠʨʦʚʘʥʠʝʤ ʦʧʪʠʢʠ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ FEL, ʥʝ ʠʤʝʷ ʩʧʝʮʠʘʣʴʥʦʛʦ ʦʧʳʪʘ ʚ ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʝʪʘʭ 

ʚʦʣʥʦʚʦʡ ʦʧʪʠʢʠ. ʇʘʢʝʪ ʧʦʩʪʨʦʝʥ ʥʘ ʙʘʟʝ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ 

Synchrotron Radiation Workshop (SRW) ʩ ʦʪʢʨʳʪʳʤ ʠʩʭʦʜʥʳʤ ʢʦʜʦʤ [192], 

ʢʦʪʦʨʦʝ ʘʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʠ ʠʥʬʨʘʢʨʘʩʥʳʭ 

ʩʠʥʭʨʦʪʨʦʥʥʳʭ ʩʪʘʥʮʠʡ (ʙʠʤʣʘʡʥʦʚ, beamline) ʥʘ ʠʩʪʦʯʥʠʢʘʭ 

ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʇʘʢʝʪ SRW ʠʩʧʦʣʴʟʫʝʪ ʙʳʩʪʨʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ 

ʌʫʨʴʝ (ɹʇʌ, FFT) [200] ʠ ʬʦʨʤʘʣʠʟʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʣʥʦʚʳʭ ʬʨʦʥʪʦʚ 

(ʧʨʦʧʘʛʘʪʦʨʦʚ, porpagator) ʜʣʷ ʘʢʢʫʨʘʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʛʝʥʝʨʘʮʠʠ 

ʧʦʣʥʦʩʪʴʶ ʠ ʯʘʩʪʠʯʥʦ ʢʦʛʝʨʝʥʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠ 

ʝʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʯʝʨʝʟ ʨʘʟʣʠʯʥʳʝ ʪʠʧʳ ʦʧʪʠʢʠ. ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʧʘʢʝʪ 

WPG ʩʧʦʩʦʙʝʥ ʨʘʩʩʯʠʪʳʚʘʪʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʠʤʧʫʣʴʩʦʚ SASE XFEL, ʯʪʦ 

ʪʨʝʙʫʝʪ ʛʦʨʘʟʜʦ ʙʦʣʴʰʠʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ, ʯʝʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ 

ʪʨʘʜʠʮʠʦʥʥʳʭ ʧʫʯʢʦʚ ʉʀ. 

ɺ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʳ ʜʣʷ WPG ʤʳ ʠʩʧʦʣʴʟʫʝʤ ʩʪʨʫʢʪʫʨʳ ʷʟʳʢʘ 

ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ Python (https://www.python.org/). ʕʪʠ ʩʪʨʫʢʪʫʨʳ 

ʧʨʝʜʦʩʪʘʚʣʷʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʦʧʠʩʳʚʘʪʴ ʦʧʪʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ ʥʘ ʤʝʪʘʷʟʳʢʝ 

ʧʦʥʷʪʥʦʤ ʯʝʣʦʚʝʢʫ, ʪʘʢ ʯʪʦ ʧʦʣʥʳʡ ʙʠʤʣʘʡʥ ʩ ʜʝʩʷʪʢʦʤ ʦʧʪʠʯʝʩʢʠʭ 

ʵʣʝʤʝʥʪʦʚ ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʨʦʛʨʘʤʤʠʨʦʚʘʥ ʥʘ ʦʜʥʦʡ ʩʪʨʘʥʠʮʝ ʪʝʢʩʪʘ. ʊʘʢʠʝ 

ʩʢʨʠʧʪʳ ʤʦʞʥʦ ʣʝʛʢʦ ʩʦʟʜʘʚʘʪʴ ʠ ʤʦʜʠʬʠʮʠʨʦʚʘʪʴ, ʥʝ ʚʜʘʚʘʷʩʴ ʚ ʜʝʪʘʣʠ 

ʨʝʘʣʠʟʘʮʠʠ. ʂʨʦʤʝ ʪʦʛʦ, ʵʪʦ ʧʦʟʚʦʣʷʝʪ ʦʧʳʪʥʦʤʫ ʧʦʣʴʟʦʚʘʪʝʣʶ ʩʦʟʜʘʚʘʪʴ ʥʘ 

Python ʧʨʦʧʘʛʘʪʦʨʳ ʜʣʷ ʥʦʚʳʭ ʪʠʧʦʚ ʦʧʪʠʢʠ ʜʣʷ ʠʭ ʜʘʣʴʥʝʡʰʝʛʦ ʚʢʣʶʯʝʥʠʷ 

ʚ ʨʘʟʨʘʙʘʪʳʚʘʝʤʳʝ ʠʣʠ ʩʫʱʝʩʪʚʫʶʱʠʝ ʙʠʤʣʘʡʥʳ. ʉʢʨʠʧʪʳ ʬʨʝʡʤʚʦʨʢʘ 

WPG ʤʦʞʥʦ ʟʘʧʫʩʢʘʪʴ ʢʘʢ ʚ ʠʥʪʝʨʘʢʪʠʚʥʦʡ ʩʨʝʜʝ Jupyter notebook, ʩʦʯʝʪʘʷ 

https://www.python.org/
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ʚʳʧʦʣʥʝʥʠʝ ʢʦʜʘ, ʥʘʩʳʱʝʥʥʳʡ ʪʝʢʩʪ, ʤʘʪʝʤʘʪʠʢʫ ʠ ʛʨʘʬʠʢʠ ʚ ʦʜʥʦʤ ʬʘʡʣʝ, 

ʪʘʢ ʠ ʚ ʨʝʞʠʤʝ ʧʘʢʝʪʥʦʛʦ ʬʘʡʣʘ Python ʠʣʠ IPython. WPG ʪʘʢʞʝ ʚʢʣʶʯʘʝʪ 

ʤʦʜʫʣʠ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ XFEL, ʢʦʪʦʨʳʝ 

ʫʯʠʪʳʚʘʶʪ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʠʤʧʫʣʴʩʦʚ XFEL [ɸ201] ʯʝʨʝʟ ʦʧʪʠʯʝʩʢʠʝ 

ʵʣʝʤʝʥʪʳ ʙʠʤʣʘʡʥʘ ʠ ʦʙʝʩʧʝʯʠʚʘʶʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʩʫʱʝʩʪʚʫʶʱʠʤʠ 

ʧʨʦʛʨʘʤʤʘʤʠ, ʥʘʧʨʠʤʝʨ ʤʦʜʝʣʠʨʫʶʱʠʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʦʙʨʘʟʮʦʤ 

SingFEL, PMI [ɸ202]. 

3.2.2 ʂʦʛʝʨʝʥʪʥʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ 

ʂʨʘʪʢʦ ʠʟʣʦʞʠʤ ʦʩʥʦʚʳ ʤʝʪʦʜʦʚ ʨʘʩʯʝʪʘ, ʨʝʘʣʠʟʦʚʘʥʥʳʭ ʚ SRW 

([192, 203ï205]), ʢʦʪʦʨʳʝ ʥʘʠʙʦʣʝʝ ʘʢʪʫʘʣʴʥʳ ʜʣʷ ʧʨʠʣʦʞʝʥʠʡ FEL ʠ 

ʜʦʩʪʫʧʥʳ ʯʝʨʝʟ ʠʥʪʝʨʬʝʡʩ WPG. 

ɼʣʷ ʤʘʣʳʭ ʫʛʣʦʚ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʠʟʣʫʯʝʥʠʷ (ʧʘʨʘʢʩʠʘʣʴʥʳʝ ʧʫʯʢʠ) ʠ 

ʥʘʙʣʶʜʝʥʠʷ ʝʛʦ ʧʦʧʝʨʝʯʥʳʭ ʢʦʤʧʦʥʝʥʪ ʚ ʩʚʦʙʦʜʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʦʪ ʪʦʯʢʠ 

ὶ ʜʦ ʪʦʯʢʠ ὶ ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥʦ ʚ ʪʝʨʤʠʥʘʭ ʧʨʠʥʮʠʧʘ ɻʶʡʛʝʥʩʘīʌʨʝʥʝʣʷ 

ʚ ʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ ʢʘʢ ʠʥʪʝʛʨʘʣ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝʤ ʧʦ ʧʣʦʩʢʦʩʪʠ   , 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʦʩʠ z (ʦʩʠ ʧʫʯʢʘ): 

 

Ὁ ὶȟ ‫
Ὥ‫

ς“ὧ
Ὁ ὶȟ ‫

 Ὡ
ȿ ȿ

ȿὶ ὶȿ
Ὠ  3.1 

 

ɺʦʣʥʦʚʦʝ ʧʦʣʝ ʚ ʧʣʦʩʢʦʩʪʠ ʥʘʙʣʶʜʝʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʦ ʚ ʙʦʣʝʝ 

ʦʙʱʝʤ ʚʠʜʝ ʢʘʢ 

 

Ὁ ὼȟώȟ‫ ὨὼὨώἕὼȟώȟὼȟώȟ‫
 

 

Ὁ ὼȟώȟ‫  3.2 

 

ʛʜʝ ʷʜʨʦ ἕὼȟὼȟώȟώȟ‫  ʟʘʜʘʝʪʩʷ ʢʘʢ 

 



121 

 

 

 

ἕὼȟώȟὼȟώȟ‫
ὭὯ

ς“ᾀ
Ὡ 3.3 

 

ʂʘʢ ʙʫʜʝʪ ʧʦʢʘʟʘʥʦ ʚ ʩʣʝʜʫʶʱʠʭ ʨʘʟʜʝʣʘʭ, ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʯʝʨʝʟ 

ʙʦʣʴʰʠʥʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʦʧʪʠʢʠ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ 

ʚʠʜʝ ʠʥʪʝʛʨʘʣʘ ʩʚʝʨʪʢʠ (3.2). ʀʩʧʦʣʴʟʫʷ ʤʦʜʫʣʴʥʳʡ ʧʦʜʭʦʜ ʌʫʨʴʝ-ʦʧʪʠʢʠ, 

ʦʧʠʩʘʥʠʝ ʚʩʝʡ ʦʧʪʠʯʝʩʢʦʡ ʩʭʝʤʳ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʦ ʢʘʢ ʥʘʙʦʨ 

ʧʨʦʧʘʛʘʪʦʨʦʚ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʦʪʜʝʣʴʥʳʤ ʦʧʪʠʯʝʩʢʠʤ ʢʦʤʧʦʥʝʥʪʘʤ, 

ʢʦʪʦʨʳʝ ʟʘʪʝʤ ʤʦʛʫʪ ʙʳʪʴ ʯʠʩʣʝʥʥʦ ʨʘʩʩʯʠʪʘʥʳ ʩ ʧʦʤʦʱʴʶ ʘʣʛʦʨʠʪʤʘ 

ʜʚʫʤʝʨʥʦʛʦ ɹʇʌ. 

ʇʨʝʜʩʪʘʚʣʝʥʠʝ (3.3) ʪʘʢʞʝ ʧʦʟʚʦʣʷʝʪ ʘʥʘʣʠʪʠʯʝʩʢʠ ʦʧʠʩʘʪʴ 

ʢʚʘʜʨʘʪʠʯʥʳʡ ʬʘʟʦʚʳʡ ʯʣʝʥ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʤʦʜʝʣʠʨʦʚʘʪʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚ 

ʩʚʦʙʦʜʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʩ ʫʤʝʥʴʰʝʥʥʦʡ ʯʘʩʪʦʪʦʡ ʜʠʩʢʨʝʪʠʟʘʮʠʠ [205] . ʕʪʦ 

ʟʥʘʯʠʪʝʣʴʥʦ ʫʣʫʯʰʘʝʪ ʪʝʭʥʠʯʝʩʢʫʶ ʦʩʫʱʝʩʪʚʠʤʦʩʪʴ ʠ ʥʘʜʝʞʥʦʩʪʴ ʤʝʪʦʜʘ 

ʦʧʪʠʢʠ ʌʫʨʴʝ. 

3.2.3 ʊʦʥʢʠʝ ʦʧʪʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ 

ʄʥʦʛʠʝ ʦʧʪʠʯʝʩʢʠʝ ʢʦʤʧʦʥʝʥʪʳ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ ʤʦʛʫʪ ʙʳʪʴ 

ʦʧʠʩʘʥʳ ʢʘʢ ʪʦʥʢʠʝ ʦʧʪʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ, ʪ.ʝ. ʢʘʢ ʣʠʥʝʡʥʳʝ ʬʠʣʴʪʨʳ, 

ʢʦʪʦʨʳʝ ʠʟʤʝʥʷʶʪ ʘʤʧʣʠʪʫʜʫ ʠ/ʠʣʠ ʬʘʟʫ ʚʦʣʥʦʚʦʛʦ ʧʦʣʷ ʚ ʧʣʦʩʢʦʩʪʠ, 

ʥʦʨʤʘʣʴʥʦʡ ʢ ʥʘʧʨʘʚʣʝʥʠʶ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ. ɼʣʷ ʪʦʥʢʠʭ ʦʧʪʠʯʝʩʢʠʭ 

ʵʣʝʤʝʥʪʦʚ ʷʜʨʦ (3.3) ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ 

ἕὼȟώȟὼȟώȟ‫ ἢὼȟώȟὼ‏‫ ὼ ώ‏ ώ ȟ 

ʛʜʝ ἢὼȟώȟ‫  - ʢʦʤʧʣʝʢʩʥʘʷ ʬʫʥʢʮʠʷ ʧʨʦʧʫʩʢʘʥʠʷ, ʘ ‏ -‏ -

ʬʫʥʢʮʠʷ. ʅʘʧʨʠʤʝʨ, ʬʫʥʢʮʠʷ ʧʨʦʧʫʩʢʘʥʠʷ ʜʣʷ ʪʦʥʢʦʡ ʣʠʥʟʳ ʜʘʝʪʩʷ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ 

ἢὼȟώȟ‫ Ὡ  

ʛʜʝ ὼȟώ  - ʢʦʦʨʜʠʥʘʪʳ ʮʝʥʪʨʘ ʣʠʥʟʳ, Ὢ ʠ Ὢ - ʬʦʢʫʩʥʳʝ ʨʘʩʩʪʦʷʥʠʷ ʚ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʠ ʚʝʨʪʠʢʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʷʭ. 
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ʇʨʦʧʫʩʢʘʥʠʝ ʜʣʷ ʜʚʫʤʝʨʥʦʡ ʧʘʨʘʙʦʣʠʯʝʩʢʦʡ ʣʠʥʟʳ ʩ ʨʝʬʨʘʢʮʠʝʡ (CRL) 

[206] ʟʘʜʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ 

ἢὼȟώȟ‫ Ὡ ȟ ὶ ὥ 

ʛʜʝ ʢʦʤʧʣʝʢʩʥʳʡ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʣʠʥʟʳ ʨʘʚʝʥ ὲ

ρ ‏ Ὥ‍, ʘ ʪʦʣʱʠʥʘ CRL ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʮʝʥʪʨʘ ʣʠʥʟʳ ὶ

ὼ ώ, Ὑ - ʨʘʜʠʫʩ ʚʝʨʰʠʥʳ ʧʘʨʘʙʦʣʳ, ὔ - ʦʙʱʝʝ ʢʦʣʠʯʝʩʪʚʦ ʦʪʜʝʣʴʥʳʭ 

ʧʘʨʘʙʦʣʠʯʝʩʢʠʭ ʣʠʥʟ, Ὠ - ʤʠʥʠʤʘʣʴʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʜʚʫʤʷ ʧʘʨʘʙʦʣʘʤʠ, 

ὥ - ʘʧʝʨʪʫʨʘ ʣʠʥʟʳ. 

3.2.4 ʇʨʦʪʷʞʸʥʥʳʝ (ʪʦʣʩʪʳʝ) ʦʧʪʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ 

ʄʝʪʦʜ ʚʦʣʥʦʚʦʡ ʦʧʪʠʢʠ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʪʨʘʞʘʶʱʠʭ ʟʝʨʢʘʣ ʦʩʥʦʚʘʥ 

ʥʘ ʣʦʢʘʣʴʥʦʤ ʩʪʘʮʠʦʥʘʨʥʦ-ʬʘʟʦʚʦʤ ʧʨʠʙʣʠʞʝʥʠʠ [207]. ʗʜʨʦ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ 

ʚ ʚʠʜʝ 

ἕὼȟώȟὼȟώȟ‫

ḙἑὼȟώȟ‫Ὡ ȟ ȟ ȟ ȟ ὼ‏ ὼ ὼȟώ ώ‏ ώ ὼȟώ  

ʛʜʝ ἑ - ʤʘʪʨʠʯʥʘʷ ʬʫʥʢʮʠʷ, ʦʧʨʝʜʝʣʷʶʱʘʷ ʣʦʢʘʣʴʥʳʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 

ʘʤʧʣʠʪʫʜ ʢʦʤʧʦʥʝʥʪʦʚ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʪ.ʝ. ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʤʝʞʜʫ 

ʚʭʦʜʥʦʡ ὼȟώ  ʠ ʚʳʭʦʜʥʦʡ ὼȟώ  ʧʣʦʩʢʦʩʪʷʤʠ, ʚʢʣʶʯʘʷ ʦʪʨʘʞʝʥʠʝ ʦʪ 

ʟʝʨʢʘʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ɿʜʝʩʴ ὼ ὼȟώ  ʠ ώ ὼȟώ  ʩʢʘʣʷʨʥʳʝ ʬʫʥʢʮʠʠ, 

ʦʧʨʝʜʝʣʷʶʱʠʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʢʦʦʨʜʠʥʘʪ ʜʣʷ ʪʦʯʝʢ ʚ ʧʦʧʝʨʝʯʥʳʭ 

ʧʣʦʩʢʦʩʪʷʭ ʜʦ ʠ ʧʦʩʣʝ ʦʧʪʠʯʝʩʢʦʛʦ ʵʣʝʤʝʥʪʘ. ʉʢʘʣʷʨʥʘʷ ʬʫʥʢʮʠʷ 

Ώὼȟὼȟώȟώȟ‫  ʦʧʨʝʜʝʣʷʝʪ ʦʧʪʠʯʝʩʢʠʡ ʧʫʪʴ ʤʝʞʜʫ ʪʦʯʢʘʤʠ ʚʦ ʚʭʦʜʥʦʡ ʠ 

ʚʳʭʦʜʥʦʡ ʧʣʦʩʢʦʩʪʷʭ. ʕʪʠ ʪʨʠ ʬʫʥʢʮʠʠ ʤʦʛʫʪ ʙʳʪʴ ʥʘʡʜʝʥʳ ʩ ʧʦʤʦʱʴʶ 

ʘʩʠʤʧʪʦʪʠʯʝʩʢʦʛʦ ʨʘʟʣʦʞʝʥʠʷ ʠʥʪʝʛʨʘʣʘ ʌʨʝʥʝʣʷī ʂʠʨʭʛʦʬʘ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ 

ʟʝʨʢʘʣʘ, ʘ ʠʤʝʥʥʦ, ʧʨʠʙʣʠʞʝʥʠʷ ʩʪʘʮʠʦʥʘʨʥʦʡ ʬʘʟʳ, ʢʦʪʦʨʦʝ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʧʨʠʥʮʠʧ ʌʝʨʤʘ ʜʣʷ ʟʝʨʢʘʣʴʥʦʛʦ ʦʪʨʘʞʝʥʠʷ, ʚʳʨʘʞʝʥʥʳʡ ʚ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʬʦʨʤʝ. ʊʦʯʢʘ ʩʪʘʮʠʦʥʘʨʥʦʡ ʬʘʟʳ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʤʦʞʝʪ ʙʳʪʴ 

ʥʘʡʜʝʥʘ ʢʘʢ ʪʦʯʢʘ ʧʝʨʝʩʝʯʝʥʠʷ ʣʫʯʘ ʠʟ ʪʦʯʢʠ ὼȟώ  ʥʘ ʚʭʦʜʥʦʡ ʧʣʦʩʢʦʩʪʠ ʚ 

ʥʘʧʨʘʚʣʝʥʠʠ, ʦʧʨʝʜʝʣʷʝʤʦʤ ʣʦʢʘʣʴʥʳʤ ʛʨʘʜʠʝʥʪʦʤ ʬʘʟʳ ʧʦʣʷ ʚʭʦʜʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ, ʩ ʟʝʨʢʘʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, ʠ ʥʘʭʦʞʜʝʥʠʷ ʝʛʦ ʧʝʨʝʩʝʯʝʥʠʷ ʩ 

ʚʳʭʦʜʥʦʡ ʧʣʦʩʢʦʩʪʴʶ ʚ ʪʦʯʢʝ ὼȟώ  ʟʘ ʟʝʨʢʘʣʦʤ. ʅʘ ʧʦʩʣʝʜʥʝʤ ʵʪʘʧʝ 
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ʢʦʤʧʦʥʝʥʪʳ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʧʝʨʝʩʯʠʪʳʚʘʶʪʩʷ ʥʘ ʪʨʝʙʫʝʤʦʡ ʜʝʢʘʨʪʦʚʦʡ 

ʩʝʪʢʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʚʫʤʝʨʥʦʡ ʠʥʪʝʨʧʦʣʷʮʠʠ. 

ɼʣʷ ʨʝʰʝʪʦʢ [207] (ʩʣʝʜʫʝʪ ʫʯʠʪʳʚʘʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʬʘʟʦʚʳʡ ʩʜʚʠʛ 

ῳ ὼȟώȟ:ʩʚʷʟʘʥʥʳʡ ʩ ʦʪʨʘʞʝʥʠʝʤ ,‫ 

ἕὼȟώȟὼȟώȟ‫

ḙἑὼȟώȟ‫Ὡ ȟ ȟ ȟ ȟ ȟ ȟ ὼ‏ ὼ ὼȟώ ώ‏ ώ ὼȟώ  

ʕʪʘ ʬʫʥʢʮʠʷ ʦʧʠʩʳʚʘʝʪ ʬʘʟʦʚʳʡ ʩʜʚʠʛ, ʚʥʦʩʠʤʳʡ ʨʝʰʸʪʢʘʤʠ ʚ 

ʧʦʧʝʨʝʯʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ: 

ɝ ὼȟώȟ‫ ς“άὔὼȟώȟ‫  

ʛʜʝ ά - ʧʦʨʷʜʦʢ ʜʠʬʨʘʢʮʠʠ, ʘ ὔὼȟώȟ‫  ʵʬʬʝʢʪʠʚʥʦʝ ʯʠʩʣʦ ʢʘʥʘʚʦʢ 

ʜʣʷ ʜʘʥʥʦʡ ʪʦʯʢʠ ʧʝʨʝʩʝʯʝʥʠʷ. ɼʣʷ ʨʝʰʝʪʢʠ ʩ ʧʝʨʝʤʝʥʥʳʤ ʰʘʛʦʤ (VLS) ʩ 

ʧʣʦʪʥʦʩʪʴʶ ʢʘʥʘʚʦʢ, ʢʦʪʦʨʘʷ ʠʟʤʝʥʷʝʪʩʷ ʚʜʦʣʴ ñʧʨʦʜʦʣʴʥʦʛʦò ʥʘʧʨʘʚʣʝʥʠʷ 

ʧʦʚʝʨʭʥʦʩʪʠ ʨʝʰʝʪʢʠ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʦʣʠʥʦʤʦʤ ὲ-ʛʦ ʧʦʨʷʜʢʘ, ”ὼ

В ὥὼ ʵʬʬʝʢʪʠʚʥʦʝ ʯʠʩʣʦ ʢʘʥʘʚʦʢ, ʩʚʷʟʘʥʥʦʝ ʩ ʧʨʦʜʦʣʴʥʳʤ ʧʦʣʦʞʝʥʠʝʤ 

ὼὼȟώȟ‫   ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʨʝʰʝʪʢʠ, ʷʚʣʷʝʪʩʷ 

 ὔὼȟώȟ‫ ”ὼὨὼ
ὥ

Ὧ ρ
ὼ ὼȟώȟ‫  

ʇʨʦʭʦʞʜʝʥʠʝ ʠʤʧʫʣʴʩʦʚ XFEL ʯʝʨʝʟ ʠʜʝʘʣʴʥʳʡ ʢʨʠʩʪʘʣʣ ʩ ʫʯʸʪʦʤ 

ʜʠʬʨʘʢʮʠʠ ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥʦ ʚ ʨʘʤʢʘʭ ʧʦʜʭʦʜʘ ʌʫʨʴʝ-ʦʧʪʠʢʠ [208] . ɼʣʷ 

ʵʪʦʛʦ ʠʟʚʝʩʪʥʳʡ ʠʟ ʜʠʥʘʤʠʯʝʩʢʦʡ ʪʝʦʨʠʠ ʜʠʬʨʘʢʮʠʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ 

ʧʨʦʧʘʛʘʪʦʨ ʧʨʠʤʝʥʷʝʪʩʷ ʢ ʘʤʧʣʠʪʫʜʘʤ ʌʫʨʴʝ ʚʦʣʥʦʚʦʛʦ ʧʦʣʷ ʚ ʦʙʨʘʪʥʦʤ 

ʧʨʦʩʪʨʘʥʩʪʚʝ. ʊʦʛʜʘ ʨʝʟʫʣʴʪʠʨʫʶʱʠʡ ʚʦʣʥʦʚʦʡ ʬʨʦʥʪ ʚ ʨʝʘʣʴʥʦʤ 

ʧʨʦʩʪʨʘʥʩʪʚʝ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥ ʩ ʧʦʤʦʱʴʶ ʦʙʨʘʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 

ʌʫʨʴʝ. ʇʦʜʨʦʙʥʦʩʪʠ ʨʝʘʣʠʟʘʮʠʠ ʩʤ. ʚ [209]; ʧʝʨʚʳʝ ʧʨʘʢʪʠʯʝʩʢʠʝ 

ʧʨʠʣʦʞʝʥʠʷ ʵʪʦʛʦ ʤʦʜʫʣʷ SRW ʙʳʣʠ ʦʧʠʩʘʥʳ ʚ [210, 211] 

ʈʝʘʣʠʟʦʚʘʥʥʳʝ ʚ WPG ʦʧʪʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ ʧʝʨʝʯʠʩʣʝʥʳ ʚ 3.1. 
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ʊʘʙʣʠʮʘ 3.1: ʆʧʪʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ (ʧʨʦʧʘʛʘʪʦʨʳ), ʜʦʩʪʫʧʥʳʝ ʚ WPG. 

ʇʘʨʘʤʝʪʨʳ ʧʦʢʘʟʘʥʳ ʞʠʨʥʳʤ ʢʫʨʩʠʚʦʤ, ʘ ʥʘʟʚʘʥʠʷ ʧʨʦʧʘʛʘʪʦʨʦʚ - 

ʢʫʨʩʠʚʦʤ.  

ʆʧʪʠʯʝʩʢʠʡ 

ʵʣʝʤʝʥʪ 

ʅʘʟʚʘʥʠʝ 

ʧʨʦʧʘʛʘʪʦʨʘ 

ʇʘʨʘʤʝʪʨʳ 

ʬʫʥʢʮʠʠ 

ʂʦʤʤʝʥʪʘʨʠʠ 

ʉʚʦʙʦʜʥʦʝ 

ʧʨʦʩʪʨʘʥʩʪʚʦ 

Drift  ʈʘʩʩʪʦʷʥʠʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ɺ ʙʦʣʴʰʠʥʩʪʚʝ 

ʩʣʫʯʘʝʚ 

ʨʝʢʦʤʝʥʜʫʝʪʩʷ 

ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʧʦʣʫʘʥʘʣʠʪʠʯʝʩʢʦʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ 

ʑʝʣʠ, 

ʜʠʘʬʨʘʛʤʳ 

Aperture ʑʝʣʴ ʠʣʠ 

ʜʠʘʬʨʘʛʤʘ, ʬʦʨʤʘ 

(ʧʨʷʤʦʫʛʦʣʴʥʘʷ ʠʣʠ 

ʢʨʫʛʣʘʷ), ʰʠʨʠʥʘ 

ʱʝʣʠ, ʚʳʩʦʪʘ, 

ʢʦʦʨʜʠʥʘʪʳ 

ʮʝʥʪʨʘ ʱʝʣʠ 

ɼʣʷ ʢʨʫʛʣʦʡ 

ʘʧʝʨʪʫʨʳ ʚ 

ʢʘʯʝʩʪʚʝ ʜʠʘʤʝʪʨʘ 

ʘʧʝʨʪʫʨʳ 

ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʪʦʣʴʢʦ ʰʠʨʠʥʘ 

ʱʝʣʠ 

ʇʣʦʩʢʦʝ 

ʵʣʣʠʧʪʠʯʝʩʢʦʝ 

ʟʝʨʢʘʣʦ 

ʩʢʦʣʴʟʷʱʝʛʦ 

ʧʘʜʝʥʠʷ 

Mirror_elliptical  ʆʨʠʝʥʪʘʮʠʷ, p ʠ q, 

ʨʘʩʩʪʦʷʥʠʷ ʜʦ 

ʠʩʪʦʯʥʠʢʘ ʠ 

ʬʦʢʫʩʘ, ʫʛʦʣ 

ʧʘʜʝʥʠʷ ʚ ʮʝʥʪʨʝ 

ʟʝʨʢʘʣʘ, ʫʛʦʣ 

ʩʤʝʱʝʥʠʷ, ʜʣʠʥʘ 

ʟʝʨʢʘʣʘ 

 

ʊʦʥʢʘʷ ʣʠʥʟʘ Lens ʌʦʢʫʩʥʳʝ 

ʨʘʩʩʪʦʷʥʠʷ ʚ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʠ 

ʚʝʨʪʠʢʘʣʴʥʦʡ 

ʧʣʦʩʢʦʩʪʠ, ʘ ʪʘʢʞʝ 

ʢʦʦʨʜʠʥʘʪʳ 

ʮʝʥʪʨʘ ʣʠʥʟʳ 

ʄʦʞʝʪ 

ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʩʘʛʠʪʪʘʣʴʥʦʛʦ 

ʠʟʛʠʙʘ ʚ ʧʣʦʩʢʦʤ 

ʵʣʣʠʧʪʠʯʝʩʢʦʤ 

ʟʝʨʢʘʣʝ ʠʣʠ ʜʣʷ 

ʧʨʠʙʣʠʞʝʥʥʦʡ 



125 

 

 

 

ʆʧʪʠʯʝʩʢʠʡ 

ʵʣʝʤʝʥʪ 

ʅʘʟʚʘʥʠʝ 

ʧʨʦʧʘʛʘʪʦʨʘ 

ʇʘʨʘʤʝʪʨʳ 

ʬʫʥʢʮʠʠ 

ʂʦʤʤʝʥʪʘʨʠʠ 

ʬʦʢʫʩʠʨʦʚʢʠ 

ʩʬʝʨʠʯʝʩʢʠʤ 

ʟʝʨʢʘʣʦʤ 

ɿʝʨʢʘʣʦ ʩ 

ʟʘʜʘʥʥʳʤ 

ʦʪʢʣʦʥʝʥʠʝʤ ʦʪ 

ʠʜʝʘʣʴʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ 

WF_dist ʂʦʦʨʜʠʥʘʪʥʘʷ 

ʩʝʪʢʘ ʠ ʨʘʟʤʝʨʳ 

ɼʣʷ ʚʥʝʩʝʥʠʷ 

ʠʩʢʘʞʝʥʠʡ 

ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ, 

ʚʳʟʚʘʥʥʳʭ 

ʦʩʪʘʪʦʯʥʳʤʠ 

ʦʰʠʙʢʘʤʠ ʚʳʩʦʪʳ 

ʧʦʚʝʨʭʥʦʩʪʠ, 

ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʧʦʜʭʦʜ ʬʘʟʦʚʦʛʦ 

ʵʢʨʘʥʘ [212]. 

ʈʝʰʝʪʢʘ VLS ʩ 

ʧʨʝʤʝʥʥʳʤ 

ʰʘʛʦʤ 

VLS_grating ʇʦʜʣʦʞʢʘ 

(ʟʝʨʢʘʣʴʥʳʡ 

ʨʘʩʧʨʦʩʪʨʘʥʠʪʝʣʴ), 

ʜʠʬʨʘʢʮʠʦʥʥʳʡ 

ʧʦʨʷʜʦʢ m, 

ʧʣʦʪʥʦʩʪʴ 

ʰʪʨʠʭʦʚ Ὣ ʚ 

ʮʝʥʪʨʝ ʨʝʰʝʪʢʠ, Ἧἳ 

, k=1é4, 

ʢʦʵʬʬʠʮʠʝʥʪʳ 

ʧʦʣʠʥʦʤʘ 

ʧʣʦʪʥʦʩʪʠ 

ʰʪʨʠʭʦʚ: Ὣ Ὣ

Ὣὼ Ὣὼ

Ὣὼ Ὣὼ 

 

ʂʨʠʩʪʘʣʣʠʯʝʩʢʠʡ 

ʤʦʥʦʭʨʦʤʘʪʦʨ 

Xtal ʄʝʞʧʣʦʩʢʦʩʪʥʦʝ 

ʨʘʩʩʪʦʷʥʠʝ 

ʚʳʙʨʘʥʥʦʛʦ 
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ʆʧʪʠʯʝʩʢʠʡ 

ʵʣʝʤʝʥʪ 

ʅʘʟʚʘʥʠʝ 

ʧʨʦʧʘʛʘʪʦʨʘ 

ʇʘʨʘʤʝʪʨʳ 

ʬʫʥʢʮʠʠ 

ʂʦʤʤʝʥʪʘʨʠʠ 

ʙʨʵʛʛʦʚʩʢʦʛʦ 

ʦʪʨʘʞʝʥʠʷ H. 

ʌʫʨʴʝ-

ʢʦʤʧʦʥʝʥʪʳ 

ʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ, 

ʪʦʣʱʠʥʘ 

ʢʨʠʩʪʘʣʣʘ, ʫʛʦʣ 

ʘʩʠʤʤʝʪʨʠʠ, 

ʦʪʢʣʦʥʝʥʠʝ ʫʛʣʘ 

ʧʘʜʝʥʠʷ ʦʪ ʮʝʥʪʨʘ 

ʢʨʠʚʦʡ ʢʘʯʘʥʠʷ 

ʉʦʩʪʘʚʥʘʷ 

ʧʨʝʣʦʤʣʷʶʱʘʷ 

ʣʠʥʟʘ (CRL) 

CRLs ʆʙʷʟʘʪʝʣʴʥʳʝ 

ʧʘʨʘʤʝʪʨʳ: 

ʦʨʠʝʥʪʘʮʠʷ 

ʧʣʦʩʢʦʩʪʠ 

ʬʦʢʫʩʠʨʦʚʢʠ (1 - 

ʜʣʷ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ, 2 - 

ʜʣʷ ʚʝʨʪʠʢʘʣʴʥʦʡ, 3 

- ʜʣʷ ʦʙʝʠʭ), ʜʣʠʥʘ 

ʟʘʪʫʭʘʥʠʷ, ʬʦʨʤʘ 

(ʧʘʨʘʙʦʣʠʯʝʩʢʘʷ 

ʠʣʠ ʩʬʝʨʠʯʝʩʢʘʷ), 

ʜʠʘʤʝʪʨʳ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʠ 

ʚʝʨʪʠʢʘʣʴʥʦʡ 

ʘʧʝʨʪʫʨʘ, ʨʘʜʠʫʩ 

ʧʘʨʘʙʦʣʳ, 

ʢʦʣʠʯʝʩʪʚʦ CRL 

(ʦʪʚʝʨʩʪʠʡ), 

ʪʦʣʱʠʥʘ ʣʠʥʟʳ ʚ 

ʇʨʠʤʝʯʘʥʠʝ: 

ʧʘʨʘʤʝʪʨʳ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ 

ʜʠʘʧʘʟʦʥʘ 

ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʪʦʣʴʢʦ ʚ ʪʦʤ 

ʩʣʫʯʘʝ, ʝʩʣʠ ʜʣʠʥʘ 

ʟʘʪʫʭʘʥʠʷ ʠ 

ʷʚʣʷʶʪʩʷ 

ʤʘʩʩʠʚʘʤʠ. ʊʦʛʜʘ 

ʫʯʠʪʳʚʘʝʪʩʷ 

ʵʬʬʝʢʪ ʜʠʩʧʝʨʩʠʠ 

CRLs. 
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ʆʧʪʠʯʝʩʢʠʡ 

ʵʣʝʤʝʥʪ 

ʅʘʟʚʘʥʠʝ 

ʧʨʦʧʘʛʘʪʦʨʘ 

ʇʘʨʘʤʝʪʨʳ 

ʬʫʥʢʮʠʠ 

ʂʦʤʤʝʥʪʘʨʠʠ 

ʚʝʨʰʠʥʝ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ 

ʧʘʨʘʤʝʪʨʳ: 

ʧʣʦʩʢʠʡ 

ʤʘʩʩʠʚ/ʩʧʠʩʦʢ 

ʢʦʦʨʜʠʥʘʪ ʠ 

ʨʘʜʠʫʩʦʚ ʮʝʥʪʨʘ 

ʧʫʩʪʦʪʳ: [x1 , y1 , 

r1 , x2 , y2 , r2 , é], 

ʥʘʯʘʣʴʥʘʷ ʵʥʝʨʛʠʷ 

ʬʦʪʦʥʦʚ, 

ʢʦʥʝʯʥʘʷ ʵʥʝʨʛʠʷ 

ʬʦʪʦʥʦʚ. 

3.2.5 ʆʧʠʩʘʥʠʝ ʧʨʦʮʝʩʩʘ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ 

ɺ WPG ʤʦʜʝʣʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ ʨʝʘʣʠʟʦʚʘʥʘ ʩ 

ʧʦʤʦʱʴʶ ʜʚʫʭ ʢʣʘʩʩʦʚ, Wavefront() ʠ Beamline(), ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 3.6. 
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ʈʠʩʫʥʦʢ 3.6: ʆʙʱʘʷ ʩʭʝʤʘ ʚʟʘʠʤʦʩʚʷʟʠ ʩʪʨʫʢʪʫʨ WPG 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʦʧʨʝʜʝʣʠʪʴ ʥʘʯʘʣʴʥʳʡ 

ʚʦʣʥʦʚʦʡ ʬʨʦʥʪ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʙʳʪʴ, ʥʘʧʨʠʤʝʨ, ʛʘʫʩʩʦʚʳʤ ʩʪʘʮʠʦʥʘʨʥʳʤ 

ʠʣʠ ʟʘʚʠʩʷʱʠʤ ʦʪ ʚʨʝʤʝʥʠ ʢʦʨʦʪʢʠʤ ʠʤʧʫʣʴʩʦʤ, ʨʘʩʩʯʠʪʘʥʥʳʤ ʩ ʧʦʤʦʱʴʶ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʙʠʙʣʠʦʪʝʯʥʳʭ ʬʫʥʢʮʠʡ, ʠʣʠ ʠʤʧʫʣʴʩʦʤ XFEL, ʥʘʧʨʠʤʝʨ, 

ʠʟ ʙʘʟʳ ʜʘʥʥʳʭ XPD [ɸ201], ʠʣʠ ʣʶʙʳʤ ʜʨʫʛʠʤ ʚʥʝʰʥʠʤ ʚʦʣʥʦʚʳʤ ʧʦʣʝʤ, 

ʦʧʨʝʜʝʣʝʥʥʳʤ ʥʘ ʨʘʚʥʦʤʝʨʥʦʡ ʜʝʢʘʨʪʦʚʦʡ ʩʝʪʢʝ. ʉʣʝʜʫʶʱʠʤ ʰʘʛʦʤ ʩʣʝʜʫʝʪ 

ʦʧʠʩʘʪʴ ʙʠʤʣʘʡʥ (beamline), ʢʦʪʦʨʳʡ ʷʚʣʷʝʪʩʷ ʥʘʙʦʨʦʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ 

ʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ (ʧʨʦʧʘʛʘʪʦʨʦʚ) ʧʨʝʦʙʨʘʟʫʶʱʠʤʠ ʚʦʣʥʦʚʦʡ ʬʨʦʥʪ 

ʦʜʠʥ ʟʘ ʦʜʥʠʤ. ʆʩʥʦʚʥʦʡ ʨʘʙʦʯʠʡ ʧʨʦʮʝʩʩ WPG ʧʦʢʘʟʘʥ ʥʘ ʨʠʩ. 3.7. 
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ʈʠʩʫʥʦʢ 3.7: ʉʭʝʤʘ ʨʘʙʦʯʝʛʦ ʧʨʦʮʝʩʩʘ ʨʘʩʯʸʪʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʣʥʦʚʦʛʦ 

ʬʨʦʥʪʘ: ʚʦʣʥʦʚʦʡ ʬʨʦʥʪ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʚʜʦʣʴ ʙʠʤʣʘʡʥʘ, ʢʦʪʦʨʳʡ 

ʦʧʠʩʳʚʘʝʪʩʷ ʢʘʢ ʢʦʥʪʝʡʥʝʨ ʧʨʦʧʘʛʘʪʦʨʦʚ. ɺʚʝʨʭʫ: ʧʨʦʩʪʦʡ, ñʣʠʥʝʡʥʳʡò 

ʨʝʞʠʤ ʨʘʩʯʸʪʦʚ ʜʣʷ ʦʙʳʯʥʦʛʦ ʧʫʯʢʘ; ʚʥʠʟʫ: ʧʫʯʦʢ ʩ ʜʚʫʤʷ ʚʝʪʚʷʤʠ, 

ʥʘʧʨʠʤʝʨ, ʣʠʥʠʠ XFEL ʩ ʨʘʟʜʝʣʝʥʠʝʤ ʠ ʟʘʜʝʨʞʢʦʡ. 

3.2.5.1 ʉʪʨʫʢʪʫʨʘ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ 

ɺʦʣʥʦʚʦʡ ʬʨʦʥʪ (Wavefront) ʚ WPG ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʪʨʸʭʤʝʨʥʳʡ 

ʤʘʩʩʠʚ ʟʥʘʯʝʥʠʡ ʥʘʧʨʷʞʸʥʥʦʩʪʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ ʤʝʪʘʜʘʥʥʳʝ, 

ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʦʧʠʩʘʥʠʷ ʠʤʧʫʣʴʩʘ. ɺʦʣʥʦʚʦʡ ʬʨʦʥʪ ʤʦʞʝʪ ʙʳʪʴ ʩʦʭʨʘʥʸʥ 

ʠ ʧʨʦʯʠʪʘʥ ʠʟ ʬʘʡʣʘ HDF5. HDF5 - ʷʚʣʷʝʪʩʷ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʤ ʬʦʨʤʘʪʦʤ 

ʭʨʘʥʝʥʠʷ ʠʝʨʘʨʭʠʯʝʩʢʠʭ ʤʥʦʛʦʤʝʨʥʳʭ ʤʘʩʩʠʚʦʚ. ʉʪʨʫʢʪʫʨʘ ʬʘʡʣʘ ʚʦʣʥʦʚʦʛʦ 

ʬʨʦʥʪʘ HDF5, ʢʦʪʦʨʘʷ ʦʧʠʩʘʥʘ ʚ ʛʣʦʩʩʘʨʠʠ wpg/glossary.py, ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ 

ʦʪʦʙʨʘʞʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ Python ʚ HDF5. 

ʌʘʡʣ WPG wavefront HDF5 ʩʦʜʝʨʞʠʪ ʦʙʷʟʘʪʝʣʴʥʳʝ ʠ ʥʝʦʙʷʟʘʪʝʣʴʥʳʝ 

ʩʝʢʮʠʠ, ʦʧʠʩʘʥʥʳʝ ʥʠʞʝ. 

ʂ ʦʩʥʦʚʥʳʤ ʛʨʫʧʧʘʤ ʦʪʥʦʩʷʪʩʷ: 

Å ʜʘʥʥʳʝ (data)ī ʩʦʜʝʨʞʘʪ ʜʚʘ ʪʨʝʭʤʝʨʥʳʭ ʤʘʩʩʠʚʘ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ 

ʧʦʣʝʡ ʩ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʠ ʚʝʨʪʠʢʘʣʴʥʦʡ ʧʦʣʷʨʠʟʘʮʠʷʤʠ, arrEhor ʠ 

arrEver. 
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Å ʧʘʨʘʤʝʪʨʳ (params)ī ʩʦʜʝʨʞʠʪ ʜʝʢʘʨʪʦʚʫʶ ʩʝʪʢʫ ʜʘʥʥʳʭ ʚʦʣʥʦʚʦʛʦ 

ʬʨʦʥʪʘ, ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʪ.ʜ. 

ʅʝʦʙʷʟʘʪʝʣʴʥʳʝ ʛʨʫʧʧʳ, ʦʩʦʙʝʥʥʦ ʨʝʢʦʤʝʥʜʫʝʤʳʝ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʧʨʠ ʠʤʠʪʘʮʠʦʥʥʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʦʪ ʥʘʯʘʣʘ ʜʦ ʢʦʥʮʘ: 

Å ʠʩʪʦʨʠʷ (history) ī ʩʦʜʝʨʞʠʪ ʩʩʳʣʢʫ ʥʘ ʨʦʜʠʪʝʣʴʩʢʠʡ ʚʦʣʥʦʚʦʡ ʬʨʦʥʪ, 

ʝʩʣʠ ʦʥ ʩʫʱʝʩʪʚʫʝʪ, ʠ ʠʝʨʘʨʭʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʩ ʧʘʨʘʤʝʪʨʘʤʠ 

ʨʦʜʠʪʝʣʴʩʢʦʛʦ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ ʠ ʩʩʳʣʢʦʡ ʥʘ ʝʛʦ ʜʘʥʥʳʝ. 

Å ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʠʥʬʦʨʤʘʮʠʷ (info) ī ʥʝʢʦʪʦʨʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ 

ʧʨʦʠʩʭʦʞʜʝʥʠʠ ʪʝʢʫʱʝʛʦ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ. 

Å misc ī ʠʥʬʦʨʤʘʮʠʷ ʜʣʷ ʚʠʟʫʘʣʴʥʦʛʦ ʢʦʥʪʨʦʣʷ ʧʘʨʘʤʝʪʨʦʚ ʚʦʣʥʦʚʦʛʦ 

ʬʨʦʥʪʘ (ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠ ʪ.ʜ.) 

Å ʚʝʨʩʠʷ (version)ī ʚʝʨʩʠʷ ʛʣʦʩʩʘʨʠʷ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ 

3.2.6 ʇʨʠʤʝʨ ʦʧʠʩʘʥʠʷ ʨʝʘʣʴʥʦʛʦ ʙʠʤʣʘʡʥʘ 

ʇʨʠʤʝʨ ʦʧʨʝʜʝʣʝʥʠʷ ʙʠʤʣʘʡʥʘ SASE3 XFEL ʚʢʣʶʯʘʶʱʠʡ ʜʚʘ 

ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʩʜʚʠʛʘʶʱʠʭ ʟʝʨʢʘʣʘ (M1 ʠ M2), ʚʝʨʪʠʢʘʣʴʥʦʝ 

ʬʦʢʫʩʠʨʫʶʱʝʝ ʟʝʨʢʘʣʦ M3, ʘ ʪʘʢʞʝ ʛʦʨʠʟʦʥʪʘʣʴʥʳʝ ʠ ʚʝʨʪʠʢʘʣʴʥʳʝ ʱʝʣʠ 

ʧʦʢʘʟʘʥ ʥʘ ʨʠʩ. 3.8. 
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ʈʠʩʫʥʦʢ 3.8: ʇʨʠʤʝʨ ʦʧʠʩʘʥʠʷ ʙʠʤʣʘʡʥʘ ʚʢʣʶʯʘʶʱʠʡ ʜʚʘ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ 

ʦʬʩʝʪʥʳʭ ʟʝʨʢʘʣʘ (M1 ʠ M2), ʚʝʨʪʠʢʘʣʴʥʦʝ ʬʦʢʫʩʠʨʫʶʱʝʝ ʟʝʨʢʘʣʦ M3, ʘ 

ʪʘʢʞʝ ʛʦʨʠʟʦʥʪʘʣʴʥʳʝ ʠ ʚʝʨʪʠʢʘʣʴʥʳʝ ʱʝʣʠ. 

ʅʘʰʘ ʙʠʙʣʠʦʪʝʢʘ ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʩʧʝʮʠʘʣʴʥʳʝ ʠʥʩʪʨʫʤʝʥʪʳ ʜʣʷ 

ʦʙʣʝʛʯʝʥʠʷ ʥʘʩʪʨʦʡʢʠ ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʠ ʜʝʣʘʝʪ ʵʪʦʪ ʧʨʦʮʝʩʩ 

ʙʦʣʝʝ ʧʨʦʟʨʘʯʥʳʤ ʜʣʷ ʧʦʣʴʟʦʚʘʪʝʣʷ, ʯʝʤ ʦʨʠʛʠʥʘʣʴʥʘʷ ʙʠʙʣʠʦʪʝʢʘ SRW. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʤʝʪʦʜ Use_PP() (use propagation parameters) ʧʨʠʥʠʤʘʝʪ ʚ ʢʘʯʝʩʪʚʝ 

ʘʨʛʫʤʝʥʪʦʚ ʦʜʠʥ ʠʣʠ ʥʝʩʢʦʣʴʢʦ ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ, ʦʧʨʝʜʝʣʝʥʥʳʭ 

ʧʦʣʴʟʦʚʘʪʝʣʝʤ ʜʣʷ ʜʘʥʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʵʣʝʤʝʥʪʘ (ʩʤ. ʨʠʩ. 3.8), ʠ 

ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʬʫʥʢʮʠʶ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʦʩʥʦʚʥʦʡ ʙʠʙʣʠʦʪʝʢʠ ʩ ʧʦʣʥʳʤ 

ʥʘʙʦʨʦʤ ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ, ʠʩʧʦʣʴʟʫʷ ʠʭ ʟʥʘʯʝʥʠʷ ʧʦ ʫʤʦʣʯʘʥʠʶ. 

ʅʘʧʨʠʤʝʨ, ʢʦʤʘʥʜʘ bl.append(Drift(50.), 

Use_PP(semi_analytical_treachment=1)) ʜʦʙʘʚʣʷʝʪ ʢ ʙʠʤʣʘʡʥʫ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚ ʧʫʩʪʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʥʘ 50 ʤ ʠ ʫʩʪʘʥʘʚʣʠʚʘʝʪ ʨʘʩʯʝʪʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʣʫʘʥʘʣʠʪʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ, ʦʧʠʩʘʥʥʦʡ ʚʳʰʝ. 

ɼʣʷ ʥʘʩʪʨʦʡʢʠ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ɹʇʌ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʘʨʘʤʝʪʨʳ 

zoom ʠ sampling (ʨʠʩ. 3.8). ʂʘʢ ʠ ʚʦ ʚʩʝʭ ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʘʭ ʩ 
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ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʠʩʢʨʝʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ, ʧʨʘʚʠʣʴʥʘʷ 

ʜʠʩʢʨʝʪʠʟʘʮʠʷ ʩʠʛʥʘʣʘ ʚ ʧʨʷʤʦʤ ʠ ʦʙʨʘʪʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʷʚʣʷʝʪʩʷ 

ʢʨʠʪʠʯʝʩʢʦʡ ʜʣʷ ʢʦʨʨʝʢʪʥʳʭ ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʝʪʦʚ (ʩʤ., ʥʘʧʨʠʤʝʨ, [213]). ɺ 

ʦʧʪʠʤʘʣʴʥʦʤ ʩʣʫʯʘʝ ʥʝʦʙʭʦʜʠʤʦ ʩʙʘʣʘʥʩʠʨʦʚʘʪʴ ʚʳʙʦʨʢʫ ʜʦ ʫʨʦʚʥʷ, ʭʦʨʦʰʦ 

ʠʟʚʝʩʪʥʦʛʦ ʠʟ ʪʝʦʨʝʤʳ ʦ ʚʳʙʦʨʢʝ ʅʘʡʢʚʠʩʪʘ-ʐʝʥʥʦʥʘ ([214]). 

ɼʣʷ ʢʦʥʪʨʦʣʷ ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʤʦʞʥʦ ʦʙʨʘʪʠʪʴʩʷ ʢ ʧʨʝʜʩʪʘʚʣʝʥʠʶ 

ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ ʚ ʦʙʨʘʪʥʦʤ Q-ʧʨʦʩʪʨʘʥʩʪʚʝ: ʫʛʣʦʚʦʡ ʩʧʝʢʪʨ ʤʦʞʝʪ ʙʳʪʴ 

ʚʠʟʫʘʣʠʟʠʨʦʚʘʥ ʩ ʧʦʤʦʱʴʶ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʙʠʙʣʠʦʪʝʯʥʳʭ ʫʪʠʣʠʪ, 

ʧʨʠʤʝʨʳ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʦʞʥʦ ʥʘʡʪʠ ʚ ʦʙʨʘʟʮʘʭ FEL beamline ʚ ʜʦʢʫʤʝʥʪʘʭ 

WPG http://wpg.readthedocs.org/en/latest/real_beamlines.html. 

3.2.7 ʇʨʠʤʝʨʳ ʠʩʧʦʣʴʟʦʚʘʥʠʷ WPG 

3.2.7.1 ɺʠʟʫʘʣʠʟʘʮʠʷ ʠʤʧʫʣʴʩʘ FEL 

ʅʘ ʨʠʩ. 3.9 ʧʦʢʘʟʘʥʦ ʨʘʩʩʯʠʪʘʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠ ʬʘʟʳ 

ʠʤʧʫʣʴʩʘ XFEL ʥʘ ʚʳʭʦʜʝ ʦʥʜʫʣʷʪʦʨʘ SASE3 ʩ ʤʘʢʩʠʤʘʣʴʥʦʡ ʜʣʠʥʦʡ 

ʘʢʪʠʚʥʳʭ ʩʝʛʤʝʥʪʦʚ 130 ʤ, ʠʟʚʣʝʯʝʥʥʦʛʦ ʠʟ ʙʘʟʳ ʜʘʥʥʳʭ XPD [ɸ201] ʠ 

ʚʠʟʫʘʣʠʟʠʨʦʚʘʥʥʦʛʦ ʧʘʢʝʪʦʤ WPG . ɼʘʥʥʳʝ FEL ʙʳʣʠ ʩʤʦʜʝʣʠʨʦʚʘʥʳ ʩ 

ʧʦʤʦʱʴʶ ʢʦʜʘ FAST [215] ʜʣʷ ʵʥʝʨʛʠʠ ʬʦʪʦʥʦʚ 800 ʵɺ, ʟʘʨʷʜʘ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʧʫʯʢʘ 250 ʧʂʣ ʠ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʦʚ 14 ɻʵɺ. ʄʦʞʥʦ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ, ʯʪʦ 

ʩʜʚʠʛ ʥʘʤʥʦʛʦ ʤʝʥʴʰʝ, ʯʝʤ ʨʘʟʤʝʨ ʧʷʪʥʘ. ʇʨʠ ʵʪʦʤ ʤʦʞʥʦ ʟʘʤʝʪʠʪʴ, ʯʪʦ 

ʠʤʧʫʣʴʩ ʧʦʩʣʝ ʢʦʥʠʯʝʩʢʦʛʦ ʦʥʜʫʣʷʪʦʨʘ [216] ʢʦʨʦʯʝ ʠ ʙʦʣʝʝ ʩʢʦʣʣʠʤʠʨʦʚʘʥ. 

http://wpg.readthedocs.org/en/latest/real_beamlines.html
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ʈʠʩʫʥʦʢ 3.9: ʇʨʠʤʝʨ ʪʨʝʭʤʝʨʥʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ: ɼʣʷ 

ʦʥʜʫʣʷʪʦʨʘ SASE3 ʩ ʦʧʨʝʜʝʣʝʥʥʦʡ ʤʘʢʩʠʤʘʣʴʥʦʡ ʜʣʠʥʦʡ ʘʢʪʠʚʥʳʭ 

ʩʝʛʤʝʥʪʦʚ 130 ʤ ʠʩʧʦʣʴʟʫʶʪʩʷ ʩʤʦʜʝʣʠʨʦʚʘʥʥʳʝ ʜʘʥʥʳʝ ʠʤʧʫʣʴʩʦʚ XFEL, 

ʚʟʷʪʳʝ ʠʟ ʙʘʟʳ ʜʘʥʥʳʭ XPD : ʵʥʝʨʛʠʷ ʬʦʪʦʥʦʚ 800 ʵɺ, ʟʘʨʷʜ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʧʫʯʢʘ 250 ʧʂʣ ʠ ʵʥʝʨʛʠʷ ʵʣʝʢʪʨʦʥʦʚ 14 ɻʵɺ. ɺʝʨʭʥʠʡ ʨʷʜ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʦʥʜʫʣʷʪʦʨʫ ʙʝʟ ʩʫʞʝʥʠʷ ʠ ʵʥʝʨʛʠʠ ʠʤʧʫʣʴʩʘ 8 ʤɼʞ, ʘ ʥʠʞʥʠʡ ʨʷʜ - 

ʦʥʜʫʣʷʪʦʨʫ ʩ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʤ ʩʫʞʝʥʠʝʤ ʠ ʵʥʝʨʛʠʝʡ ʠʤʧʫʣʴʩʘ 17 ʤɼʞ. a, 

c: ɺʝʨʪʠʢʘʣʴʥʳʝ ʩʝʯʝʥʠʷ ʬʘʟʳ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʤʧʫʣʴʩʘ; b, d: ʩʤʝʱʝʥʠʝ 

ʮʝʥʪʨʘ ʤʘʩʩ ʠʤʧʫʣʴʩʘ ʦʪ ʩʨʝʟʘ ʢ ʩʨʝʟʫ. ɺʨʝʤʷ ʩʨʝʟʦʚ ʚʳʜʝʣʝʥʦ ʮʚʝʪʦʤ, ʘ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʨʝʜʩʪʘʚʣʝʥʘ ʨʘʟʤʝʨʦʤ ʢʨʫʞʢʦʚ. 

3.2.7.2 ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʙʠʤʣʘʡʥʘ SCS SASE3 

ʅʘ ʨʠʩ. 3.10 ʧʦʢʘʟʘʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʚʦʢʨʫʛ ʧʦʟʠʮʠʠ ʦʙʨʘʟʮʘ ʥʘ ʩʪʘʥʮʠʠ SCS ʥʘ ɽʚʨʦʧʝʡʩʢʦʤ XFEL. ɺ ʢʘʯʝʩʪʚʝ 

ʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʚ ʜʘʥʥʦʤ ʧʨʠʤʝʨʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʩʜʚʠʛʘʶʱʝʝ ʠ 

ʨʘʩʧʨʝʜʝʣʠʪʝʣʴʥʦʝ ʟʝʨʢʘʣʘ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ ʧʫʯʢʘ, ʚʝʨʪʠʢʘʣʴʥʳʝ ʟʝʨʢʘʣʘ 
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ʤʦʥʦʭʨʦʤʘʪʦʨʘ ʤʷʛʢʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʱʝʣʠ ʚ ʚʝʨʪʠʢʘʣʴʥʦʤ ʠ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʬʦʢʫʩʘʭ, ʘ ʪʘʢʞʝ ʤʠʢʨʦʬʦʢʫʩʠʨʫʶʱʠʝ 

ʟʝʨʢʘʣʘ ʂʠʨʢʧʘʪʨʠʢʘī ɹʘʝʟʘ ʚʙʣʠʟʠ ʧʦʟʠʮʠʠ ʦʙʨʘʟʮʘ. 

 

ʈʠʩʫʥʦʢ 3.10: ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚʦʢʨʫʛ ʧʦʟʠʮʠʠ ʦʙʨʘʟʮʘ 

ʩʪʘʥʮʠʠ SCS SASE3. ʃʝʚʳʡ ʨʠʩʫʥʦʢ (a, c): ʑʝʣʠ ʚ ʚʝʨʪʠʢʘʣʴʥʦʤ ʠ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ ʬʦʢʫʩʝ ʧʦʣʥʦʩʪʴʶ ʦʪʢʨʳʪʳ. ʇʨʘʚʳʡ ʨʠʩʫʥʦʢ (b, d): ʆʙʝ 

ʱʝʣʠ ʦʯʠʩʪʢʠ ʟʘʢʨʳʪʳ ʜʦ ʟʘʟʦʨʘ ʚ 50 ʤʠʢʨʦʤʝʪʨʦʚ. ʈʘʟʨʝʟʳ, 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʝ ʦʧʪʠʯʝʩʢʦʡ ʦʩʠ ʥʘ (c) ʠ (d), ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʦʣʦʞʝʥʠʷʤ 

-6, 0 ʠ 6 ʤʤ ʚʦʢʨʫʛ ʬʦʢʫʩʘ. 

ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʙʳʣʠ ʫʯʪʝʥʳ ʵʬʬʝʢʪʳ ʦʪʩʝʯʢʠ ʜʣʷ ʚʩʝʭ ʦʧʪʠʯʝʩʢʠʭ 

ʵʣʝʤʝʥʪʦʚ, ʚ ʢʘʯʝʩʪʚʝ ʚʭʦʜʥʦʛʦ ʠʤʧʫʣʴʩʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʛʘʫʩʩʦʚʩʢʠʡ ʧʫʯʦʢ ʩ 

ʨʘʩʭʦʜʠʤʦʩʪʴʶ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʠʟʣʫʯʝʥʠʶ XFEL SASE3 ʩ ʟʘʨʷʜʦʤ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ 100 ʧʂʣ ʠ ʵʥʝʨʛʠʝʡ ʵʣʝʢʪʨʦʥʦʚ 17,5 ɻʵɺ. ʅʘ ʣʝʚʦʡ ʯʘʩʪʠ 

ʨʠʩ. 3.10 ʧʦʢʘʟʘʥʘ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʫʯʢʘ ʚ ʨʘʡʦʥʝ ʧʦʟʠʮʠʠ ʬʦʢʫʩʠʨʦʚʢʠ ʧʨʠ 

ʧʦʣʥʦʩʪʴʶ ʦʪʢʨʳʪʳʭ ʦʪʩʝʢʘʶʱʠʭ ʱʝʣʷʭ. ɺʝʨʪʠʢʘʣʴʥʳʝ ʩʝʯʝʥʠʷ ʧʫʯʢʘ 

ʜʝʤʦʥʩʪʨʠʨʫʶʪ (ʩʣʝʚʘ ʥʘʧʨʘʚʦ) ʥʘʣʠʯʠʝ ʘʩʠʤʤʝʪʨʠʯʥʳʭ ʢʨʳʣʴʝʚ ʚ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ, ʘ ʨʘʟʤʝʨ ʬʦʢʫʩʘ ʥʝʤʥʦʛʦ ʫʚʝʣʠʯʝʥ ʚ 

ʚʝʨʪʠʢʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ. ʇʨʠ ʟʘʢʨʳʪʠʠ ʱʝʣʝʡ ʦʯʠʩʪʢʠ (ʧʨʘʚʘʷ ʯʘʩʪʴ 

ʨʠʩʫʥʢʘ) ʬʦʢʫʩ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ ʦʜʥʦʨʦʜʥʳʤ ʠ ʫʤʝʥʴʰʘʝʪʩʷ ʚ ʚʝʨʪʠʢʘʣʴʥʦʡ 

ʧʣʦʩʢʦʩʪʠ. ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ ʵʪʦʤ ʧʨʠʤʝʨʝ, ʦʪʩʝʢʘʶʱʠʝ ʱʝʣʠ ʤʦʛʫʪ 
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ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʚʣʠʷʥʠʷ ʠʩʢʘʞʝʥʠʡ ʧʨʦʬʠʣʷ ʦʪ ʟʝʨʢʘʣ ʙʝʟ 

ʧʦʪʝʨʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. 

3.2.7.3 ʄʦʜʫʣʴ ʜʣʷ ʩʢʚʦʟʥʦʛʦ (start-to-end) ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ XFEL 

ʄʦʜʫʣʴ prop ʯʠʩʣʝʥʥʦ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪ ʜʘʥʥʳʝ ʚʦʣʥʦʚʦʛʦ ʧʦʣʷ FEL ʦʪ 

ʚʳʭʦʜʘ ʦʥʜʫʣʷʪʦʨʘ, ʯʝʨʝʟ ʦʧʪʠʢʫ ʙʠʤʣʘʡʥʘ ʜʦ ʧʦʟʠʮʠʠ ʦʙʨʘʟʮʘ, ʠʩʧʦʣʴʟʫʷ 

ʤʦʜʫʣʴ Python multiprocessing. ʂʘʞʜʳʡ ʬʘʡʣ ʠʟ ʨʘʙʦʯʝʡ ʜʠʨʝʢʪʦʨʠʠ 

ʦʙʨʘʙʘʪʳʚʘʝʪʩʷ ʦʜʥʠʤ ʩʚʦʙʦʜʥʳʤ ʷʜʨʦʤ ʧʨʦʮʝʩʩʦʨʘ. ʅʘ ʩʦʚʨʝʤʝʥʥʳʭ ʇʂ 

ʠʣʠ ʩʝʨʚʝʨʘʭ ʵʪʦ ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʫʩʢʦʨʠʪʴ ʚʳʯʠʩʣʝʥʠʷ. ʆʜʥʘʢʦ 

ʟʘʛʨʫʟʢʘ ʧʘʤʷʪʠ ʢʘʞʜʳʤ ʧʨʦʮʝʩʩʦʤ ʤʦʞʝʪ ʩʪʘʪʴ ʫʟʢʠʤ ʤʝʩʪʦʤ: ʥʝʦʙʭʦʜʠʤʘʷ 

ʧʘʤʷʪʴ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʢʦʨʦʪʢʦʛʦ ʠʤʧʫʣʴʩʘ 30 ʬʩ XFEL ʤʦʞʝʪ ʧʨʝʚʳʰʘʪʴ 8 

ɻʙ ʜʣʷ ʙʠʤʣʘʡʥʘ, ʚʢʣʶʯʘʶʱʝʛʦ ʩʫʙʤʠʢʨʦʤʝʪʨʦʚʫʶ ʬʦʢʫʩʠʨʫʶʱʫʶ ʦʧʪʠʢʫ, 

ʪʘʢʫʶ ʢʘʢ ʟʝʨʢʘʣʴʥʘʷ ʩʠʩʪʝʤʘ ʂʠʨʢʧʘʪʨʠʢʘīɹʘʝʟʘ ʩʪʘʥʮʠʠ SPB-SFX ʥʘ 

ɽʚʨʦʧʝʡʩʢʦʤ XFEL [217]. ʄʦʜʫʣʴ ʙʳʣ ʫʩʧʝʰʥʦ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʝʘʣʴʥʦʡ ʩʠʩʪʝʤʳ ʟʝʨʢʘʣ ʥʘ XFEL [ɸ218], ʦʪʨʘʞʘʶʱʠʭ 

ʢʨʠʩʪʘʣʣʦʚ [ɸ219] ʠ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦ ʚʠʟʫʘʣʠʟʘʮʠʠ ʦʜʥʦʡ ʙʠʦʤʦʣʝʢʫʣʳ ʥʘ 

ʧʨʠʙʦʨʝ SPB ʠ ʪʝʧʝʨʴ ʷʚʣʷʝʪʩʷ ʯʘʩʪʴʶ ʩʠʩʪʝʤʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ simS2E 

[ɸ202]. 

3.2.8 ʇʨʠʤʝʥʝʥʠʝ WPG ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ 

ʠʟʦʙʨʘʞʝʥʠʡ 

ʌʘʟʦʚʳʡ ʢʦʥʪʨʘʩʪ ʥʘ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʠʟʦʙʨʘʞʝʥʠʷʭ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ 

ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʦʙʣʘʩʪʝʡ, ʩʣʘʙʦ ʦʪʣʠʯʘʶʱʠʭʩʷ ʧʦ ʧʦʛʣʦʱʝʥʠʶ ʠ ʛʨʘʥʠʮ 

ʤʝʞʜʫ ʥʠʤʠ. ʇʨʠ ʧʣʘʥʠʨʦʚʘʥʠʠ ʠʟʤʝʨʝʥʠʡ ʚ inline ʩʭʝʤʝ ʩʣʝʜʫʝʪ ʧʨʘʚʠʣʴʥʦ 

ʧʦʜʙʠʨʘʪʴ ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʦʙʲʝʢʪʘ ʜʦ ʜʝʪʝʢʪʦʨʘ ʠʟʣʫʯʝʥʠʷ, ʠʥʘʯʝ ʢʦʥʪʨʘʩʪ 

ʙʫʜʝʪ ʥʝʜʦʩʪʘʪʦʯʥʳʤ ʠʣʠ ʠʟʦʙʨʘʞʝʥʠʝ ʤʦʞʝʪ ʨʘʟʨʫʰʠʪʴʩʷ. ʆʙʳʯʥʦʡ 

ʧʨʘʢʪʠʢʦʡ ʷʚʣʷʝʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʧʦʜʙʦʨ ʵʪʠʭ ʨʘʩʩʪʦʷʥʠʡ. ʅʦ ʠʥʦʛʜʘ, 

ʥʘʧʨʠʤʝʨ, ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʙʳʩʪʨʦʧʨʦʪʝʢʘʶʱʠʭ ʧʨʦʮʝʩʩʦʚ, ʧʨʠ ʢʦʪʦʨʳʭ 

ʦʙʨʘʟʝʮ ʤʦʞʝʪ ʙʳʪʴ ʨʘʟʨʫʰʝʥ, ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʦʜʠʪʴ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ. ɺ ʨʘʙʦʪʘʭ [ɸ220, ɸ221], [ɸ222] ʦʧʠʩʘʥ ʵʢʩʧʝʨʠʤʝʥʪ ʧʦ 

ʨʘʜʠʦʛʨʘʬʠʠ ʩʧʝʮʠʘʣʴʥʦ ʧʦʜʛʦʪʦʚʣʝʥʥʦʡ ʤʠʰʝʥʠ ʩ ʤʦʜʫʣʷʮʠʷʤʠ, ʰʠʨʦʢʦ 

ʠʩʧʦʣʴʟʫʝʤʦʡ ʚ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʈʵʣʝʷ-ʊʝʡʣʦʨʘ ʜʣʷ ʮʝʣʝʡ 

ʣʘʙʦʨʘʪʦʨʥʦʡ ʘʩʪʨʦʬʠʟʠʢʠ [223]. ɸʚʪʦʨʦʤ ʚ ʵʪʦʡ ʨʘʙʦʪʝ ʚʳʧʦʣʥʝʥʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʠʟʫʯʘʝʤʳʭ ʦʙʲʝʢʪʦʚ. 
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ʇʦʜʛʦʪʦʚʣʝʥʥʳʝ ʤʠʰʝʥʠ ʩʦʩʪʦʷʣʠ ʠʟ: ʩʣʦʷ ʙʨʦʤʠʨʦʚʘʥʥʦʛʦ ʧʣʘʩʪʠʢʘ, 

ʧʨʠʢʨʝʧʣʝʥʥʦʛʦ ʢ ʪʦʥʢʦʡ ʟʦʣʦʪʦʡ ʬʦʣʴʛʝ (~1 ʤʢʤ), ʠʩʧʦʣʴʟʫʝʤʦʡ ʚ ʢʘʯʝʩʪʚʝ 

ʨʘʜʠʘʮʠʦʥʥʦʛʦ ʵʢʨʘʥʘ; ʧʣʘʩʪʠʢʦʚʦʛʦ ʘʙʣʷʪʦʨʘ ʠ ʪʦʥʢʦʡ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ 

ʫʜʘʨʥʦʡ ʪʨʫʙʢʠ (1 Ⱦ̄ὧ̍ ), ʟʘʧʦʣʥʝʥʥʦʡ ʉH-ʧʝʥʦʡ ʥʠʟʢʦʡ ʧʣʦʪʥʦʩʪʠ (200 

̍Ⱦ̄ὧ̍ ). ʅʘ ʚʩʶ ʧʦʚʝʨʭʥʦʩʪʴ ʙʨʦʤʠʨʦʚʘʥʥʦʛʦ ʧʣʘʩʪʠʢʦʚʦʛʦ ʩʣʦʷ (1.54 Ⱦ̄

ὧ̍ ) ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʢʣʘʜʳʚʘʣʘʩʴ ʤʦʜʫʣʷʮʠʷ ʩ ʩʠʥʫʩʦʠʜʘʣʴʥʳʤ 

ʧʨʦʬʠʣʝʤ. ʉʭʝʤʘ ʤʠʰʝʥʠ ʠʟʦʙʨʘʞʝʥʘ ʥʘ ʨʠʩ. 3.11. 

 

ʈʠʩʫʥʦʢ 3.11: ʉʭʝʤʘ ʤʠʰʝʥʠ, ʠʩʩʣʝʜʫʝʤʦʡ ʤʝʪʦʜʦʤ ʬʘʟʦʚʦʛʦ ʢʦʥʪʨʘʩʪʘ 

[ɸ220]  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʥʘ ʈʃʉʕ SACLA (ʗʧʦʥʠʷ) ʣʠʥʠʠ ʧʫʯʢʘ 

BL3 (E=10.1 ʢʵɺ) [ɸ220]. ɿʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʥʘ ʜʝʪʝʢʪʦʨʝ LiF 
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ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 3.12. ɼʚʝ ʦʙʣʘʩʪʠ ʙʳʣʠ ʫʚʝʣʠʯʝʥʳ (ʢʨʘʩʥʘʷ ʠ ʩʠʥʷʷ 

ʚʳʥʦʩʢʠ), ʯʪʦʙʳ ʣʫʯʰʝ ʨʘʟʣʠʯʠʪʴ ʩʪʨʫʢʪʫʨʥʳʝ ʜʝʪʘʣʠ ʤʠʰʝʥʠ ʠ 

ʤʥʦʞʝʩʪʚʝʥʥʳʝ ʤʝʣʢʠʝ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ. ʅʘ ʨʠʩ. 3.12 ʚʠʜʥʦ ʥʘʣʠʯʠʝ 

ʚʦʟʜʫʰʥʦʛʦ ʧʫʟʳʨʷ, ʧʨʠʢʨʝʧʣʝʥʥʦʛʦ ʢ ʤʦʜʫʣʠʨʦʚʘʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʤʠʰʝʥʠ. ɻʨʘʥʠʮʘ ʤʝʞʜʫ ʚʦʟʜʫʰʥʳʤ ʢʫʧʦʣʦʤ ʠ CH-ʧʝʥʦʡ ʨʘʟʣʠʯʠʤʘ, 

ʥʝʩʤʦʪʨʷ ʥʘ ʥʠʟʢʦʝ ʧʦʛʣʦʱʝʥʠʝ ʠʟʣʫʯʝʥʠʷ 10 ʢʵɺ ʚ ʥʝʡ (ʤʝʥʝʝ 1 % ʥʘ ʢʨʘʷʭ). 

ɺʠʜʠʤʳʡ ʥʘʢʣʦʥ ʤʦʜʫʣʷʮʠʡ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ çCHBr-CHè ʥʘ ʨʠʩ. 3.12 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʘʣʠʯʠʝ ʫʛʣʦʚʦʛʦ ʩʤʝʱʝʥʠʷ ʤʠʰʝʥʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ ʧʫʯʢʘ 

ʈʃʉʕ (5.3Á ʠ 3.9Á ʜʣʷ ʦʩʝʡ x ʠ y ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) 

 

ʈʠʩʫʥʦʢ 3.12: ʀʟʦʙʨʘʞʝʥʠʝ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʤʠʰʝʥʠ, ʟʘʨʝʛʠʩʪʠʨʦʚʘʥʥʦʝ ʥʘ 

ʜʝʪʝʢʪʦʨ, ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʦʜʥʠʤ ʠʤʧʫʣʴʩʦʤ ʈʃʉʕ SACLA 

ɸʚʪʦʨʦʤ ʚ ʵʪʦʡ ʨʘʙʦʪʝ ʚʳʧʦʣʥʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ 

ʠʟʦʙʨʘʞʝʥʠʡ ʠʟʫʯʘʝʤʳʭ ʦʙʲʝʢʪʦʚ. ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʘʢʦʡ ʩʪʨʫʢʪʫʨʳ WPG 

ʙʳʣʘ ʜʦʧʦʣʥʝʥʘ ʧʨʦʧʨʘʛʘʪʦʨʦʤ ʜʣʷ ʮʠʣʠʥʜʨʠʯʝʩʢʦʛʦ ʦʙʲʝʢʪʘ. ʌʫʥʢʮʠʷ 

ʧʨʦʧʫʩʢʘʥʠʷ ʪʘʢʦʛʦ ʦʙʲʝʢʪʘ ʟʘʧʠʩʳʚʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

ἢὼȟώȟ‫ Ὡ
ᶻ

, if ȿὼ ὼȿ Ὑ

ρȟ if ȿὼ ὼȿ Ὑ
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ʛʜʝ Ὑ - ʨʘʜʠʫʩ ʮʠʣʣʠʥʜʨʠʯʝʩʢʦʛʦ ʦʙʲʝʢʪʘ, ὼ - ʢʦʦʨʜʠʥʘʪʘ ʝʛʦ ʮʝʥʪʨʘ. 

 

ʈʠʩʫʥʦʢ 3.13: ʉʨʘʚʥʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ (ʘ), ʧʦʣʫʯʝʥʥʦʛʦ 

ʥʘ ʢʨʠʩʪʘʣʣʝ LiF, ʩ ʨʘʩʯʝʪʥʳʤ [ɸ220] (ʙ) . ɺʥʠʟʫ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚʜʦʣʴ ʤʦʜʫʣʷʮʠʡ CHBr. ɺ ʦʙʦʠʭ ʩʣʫʯʘʷʭ 

ʥʘʙʣʶʜʘʝʪʩʷ ʫʩʠʣʝʥʠʝ ʬʘʟʦʚʦʛʦ ʢʦʥʪʨʘʩʪʘ ʥʘ ʢʨʘʷʭ ʤʠʰʝʥʠ 

ʂʘʢ ʚʠʜʥʦ, ʤʦʜʝʣʴ ʦʯʝʥʴ ʭʦʨʦʰʦ ʚʦʩʩʦʟʜʘʝʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ 

ʠʟʦʙʨʘʞʝʥʠʝ ʩ ʫʯʝʪʦʤ ʧʦʛʣʦʱʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʯʘʩʪʝʡ ʤʠʰʝʥʠ. ʕʪʦʪ ʧʨʠʤʝʨ 

ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʧʨʦʛʨʘʤʤʥʳʡ ʧʘʢʝʪ WPG ʤʦʞʝʪ 

ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ ʨʝʘʣʴʥʳʭ ʦʙʲʝʢʪʦʚ ʩʣʦʞʥʦʡ 

ʩʪʨʫʢʪʫʨʳ. 

3.2.9 ɼʦʩʪʫʧʥʦʩʪʴ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʠ ʜʦʢʫʤʝʥʪʘʮʠʷ 

ʌʨʝʡʤʚʦʨʢ WPG ʥʘʜʝʞʥʦ ʨʘʙʦʪʘʝʪ ʧʦʜ Linux, Microsoft Windows ʠ 

Apple Mac OS X. ʀʩʧʦʣʴʟʦʚʘʥʠʝ Jupyter notebook [224] ʚ ʢʘʯʝʩʪʚʝ ʚʝʙ-

ʠʥʪʝʨʬʝʡʩʘ ʧʦʟʚʦʣʷʝʪ ʧʦʣʴʟʦʚʘʪʝʣʷʤ ʟʘʧʫʩʢʘʪʴ ʢʦʜ ʢʘʢ ʥʘ ʫʜʘʣʝʥʥʦʤ 

ʩʝʨʚʝʨʝ, ʪʘʢ ʠ ʥʘ ʣʦʢʘʣʴʥʳʭ ʧʝʨʩʦʥʘʣʴʥʳʭ ʢʦʤʧʴʶʪʝʨʘʭ. ʄʦʞʥʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʦʧʫʣʷʨʥʳʝ ʙʠʙʣʠʦʪʝʢʠ Python (ʪʘʢʠʝ ʢʘʢ scipy, numpy, 

matplotlib) ʜʣʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʠ ʧʦʩʣʝʜʫʶʱʝʡ ʦʙʨʘʙʦʪʢʠ, ʘ ʪʘʢʞʝ ʜʣʷ 

ʚʠʟʫʘʣʠʟʘʮʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

ɺʦʣʥʦʚʳʝ ʬʨʦʥʪʳ ʩʦʭʨʘʥʷʶʪʩʷ ʚ ʬʦʨʤʘʪʝ HDF5 ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʡ 

ʦʙʨʘʙʦʪʢʠ ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʦʪ ʥʘʯʘʣʘ ʜʦ ʢʦʥʮʘ. ʌʦʨʤʘʪ 
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HDF5 ʧʦʟʚʦʣʷʝʪ ʭʨʘʥʠʪʴ ʠʩʪʦʨʠʶ ʨʘʩʯʝʪʦʚ ʚ ʦʜʥʦʤ ʬʘʡʣʝ, ʯʪʦ ʦʙʣʝʛʯʘʝʪ 

ʢʦʤʤʫʥʠʢʘʮʠʶ ʤʝʞʜʫ ʨʘʟʣʠʯʥʳʤʠ ʥʘʫʯʥʳʤʠ ʛʨʫʧʧʘʤʠ ʠ ʧʝʨʝʢʨʝʩʪʥʫʶ 

ʧʨʦʚʝʨʢʫ ʩ ʜʨʫʛʠʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʀʩʭʦʜʥʳʡ ʢʦʜ WPG 

https://github.com/samoylv/WPG , ʘ ʪʘʢʞʝ ʨʫʢʦʚʦʜʩʪʚʦ ʧʦ ʫʩʪʘʥʦʚʢʝ ʠ 

ʧʨʠʤʝʨʳ ʧʨʠʤʝʥʝʥʠʷ https://wpg.readthedocs.org/en/latest/ ʷʚʣʷʶʪʩʷ 

ʦʪʢʨʳʪʳʤʠ ʠ ʜʦʩʪʫʧʥʳ ʚ ʀʥʪʝʨʥʝʪʝ. 

3.3 ʄʝʪʦʜʳ ʩʝʛʤʝʥʪʘʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ ʤʝʪʦʜʘʤʠ ʤʘʰʠʥʥʦʛʦ 

ʦʙʫʯʝʥʠʷ 

3.3.1 ʆʙʨʘʙʦʪʢʘ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʩ ʧʦʤʦʱʴʶ ʢʦʨʨʝʢʮʠʠ 

ʇʘʛʘʥʠʥʘ 

ʂʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚʳʰʝ, ʬʘʟʦʢʦʥʪʨʘʩʪʥʘʷ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʷ ʧʦʟʚʦʣʷʝʪ 

ʧʦʚʳʩʠʪʴ ʢʦʥʪʨʘʩʪʥʦʩʪʴ ʨʝʢʦʥʩʪʨʫʠʨʦʚʘʥʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ. ʆʜʥʘʢʦ 

ʧʦʚʳʰʝʥʠʝ ʢʦʥʪʨʘʩʪʥʦʩʪʠ ʠʟʦʙʨʘʞʝʥʠʡ ʯʘʩʪʦ ʥʦʩʠʪ ʚʠʟʫʘʣʴʥʳʡ ʭʘʨʘʢʪʝʨ, 

ʚʳʨʘʞʘʶʱʠʡʩʷ ʚ ʧʦʜʩʚʝʯʠʚʘʥʠʠ ʛʨʘʥʠʮ ʥʘ ʠʟʦʙʨʘʞʝʥʠʠ (ʩʤ. ʨʠʩ. 3.4, 

ʨʠʩ. 3.37). 

ʇʦʣʫʯʝʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʤʦʞʥʦ ʥʘʟʚʘʪʴ ñʢʦʥʪʫʨʥʦʡò ʪʦʤʦʛʨʘʬʠʝʡ. 

ʗʨʢʠʝ ʢʦʥʪʫʨʳ ʧʦʟʚʦʣʷʶʪ ʚʠʟʫʘʣʴʥʦ ʧʦʚʳʩʠʪʴ ʢʘʯʝʩʪʚʦ ʩʣʘʙʦʢʦʥʪʨʘʩʪʥʳʭ 

ʠʟʦʙʨʘʞʝʥʠʡ, ʯʪʦ ʜʝʣʘʝʪ ʤʝʪʦʜ ʩʭʦʞʠʤ ʩ ʛʠʩʪʦʣʦʛʠʯʝʩʢʦʡ ʚʠʟʫʘʣʠʟʘʮʠʝʡ. 

ʆʜʥʘʢʦ, ʘʚʪʦʤʘʪʠʯʝʩʢʘʷ ʩʝʛʤʝʥʪʘʮʠʷ ʪʘʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ ʠ ʠʟʚʣʝʯʝʥʠʝ 

ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʙʲʝʢʪʘ ʟʘʪʨʫʜʥʠʪʝʣʴʥʘ. 

ɺ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʙʫʜʫʪ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʟʨʘʙʦʪʢʠ ʤʝʪʦʜʘ 

ʘʚʪʦʤʘʪʠʯʝʩʢʦʡ ʩʝʛʤʝʥʪʘʮʠʠ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ 

ʠʟʦʙʨʘʞʝʥʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʣʘʩʩʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʠ ʤʝʪʦʜʦʚ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ. 

ɿʘʜʘʯʘ ʤʘʩʩʦʚʦʡ ʘʚʪʦʤʘʪʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ 

ʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ ʚʦʟʥʠʢʣʘ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʥʝʩʢʦʣʴʢʠʭ ʜʝʩʷʪʢʦʚ 

ʪʳʩʷʯ ʩʝʯʝʥʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʥʘʤʠ ʚʦ ʚʪʦʨʦʡ ʧʦʣʦʚʠʥʝ 2018 ʛʦʜʘ ʧʨʠ 

ʧʨʦʚʝʜʝʥʠʠ ʠʟʤʝʨʝʥʠʡ ʥʘ ʩʠʥʭʨʦʪʨʦʥʝ PSI SLS (ʐʚʝʡʮʘʨʠʷ) ʩ ʨʘʟʨʝʰʝʥʠʝʤ 

3 ʤʢʤ. ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʳʩʪʫʧʘʣʠ ʦʧʠʩʘʥʥʳʝ ʚʳʰʝ ʦʙʨʘʟʮʳ 

ʧʦʟʚʦʥʦʯʥʦʡ ʢʦʩʪʠ ʛʝʢʢʦʥʘ, ʫʯʘʩʪʚʦʚʘʚʰʝʛʦ ʚ ʦʨʙʠʪʘʣʴʥʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ 

çɹʀʆʅ-ʄ1è. ʉʠʥʭʨʦʪʨʦʥʥʳʝ ʠʩʪʦʯʥʠʢʠ ʦʙʣʘʜʘʶʪ ʙʦʣʴʰʝʡ ʢʦʛʝʨʝʥʪʥʦʩʪʴʶ 

https://github.com/samoylv/WPG
https://wpg.readthedocs.org/en/latest/
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ʠ ʷʨʢʦʩʪʴʶ ʧʫʯʢʘ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʯʝʤ ʣʘʙʦʨʘʪʦʨʥʳʝ ʠʩʪʦʯʥʠʢʠ, ʘ 

ʫʨʦʚʝʥʴ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʥʘ ʩʠʥʭʨʦʪʨʦʥʥʳʭ ʩʪʘʥʮʠʷʭ ʟʘʯʘʩʪʫʶ 

ʧʨʝʚʳʰʘʝʪ ʣʘʙʦʨʘʪʦʨʥʳʝ ʘʥʘʣʦʛʠ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʠ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʯʝʩʢʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʜʦʩʪʠʛʘʪʴ ʤʠʢʨʦʥʥʦʛʦ ʠ ʩʫʙʤʠʢʨʦʥʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ, ʧʨʦʪʠʚ 

10-100 ʤʢʤ ʥʘ ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʪʘʥʦʚʢʘʭ. ɿʘʜʘʯʝʡ ʘʚʪʦʤʘʪʠʯʝʩʢʦʡ 

ʩʝʛʤʝʥʪʘʮʠʠ ʪʘʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ ʷʚʣʷʝʪʩʷ ʧʦʩʪʨʦʝʥʠʷ ʙʠʥʘʨʥʦʛʦ 

ʠʟʦʙʨʘʞʝʥʠʷ (ʤʘʩʢʠ) ʦʪʜʝʣʷʶʱʝʛʦ ʪʢʘʥʠ ʦʙʨʘʟʮʘ ʦʪ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ. ʇʦ 

ʪʘʢʦʡ ʤʘʩʢʝ ʤʦʞʥʦ ʨʘʩʩʯʠʪʳʚʘʪʴ ʦʙʲʸʤ ʪʢʘʥʠ, ʝʸ ʧʦʨʠʩʪʦʩʪʴ, ʤʦʨʬʦʣʦʛʠʶ 

ʩʪʨʫʢʪʫʨʳ ʠ ʜʨʫʛʠʝ ʧʘʨʘʤʝʪʨʳ. 

ʅʘ ʨʠʩʫʥʢʝ ʨʠʩ. 3.14 ʧʦʢʘʟʘʥ ʧʨʠʤʝʨ ʠʟʦʙʨʘʞʝʥʠʷ ʢʦʩʪʠ ʛʝʢʢʦʥʘ [ɸ225] 

ʧʦʣʫʯʝʥʥʦʡ ʚ ʬʘʟʦʚʦʤ ʢʦʥʪʨʘʩʪʝ ʥʘ ʩʠʥʭʨʦʪʨʦʥʝ ʥʘ ʵʥʝʨʛʠʠ 50 ʢʵɺ. ʅʘ 

ʥʦʨʤʠʨʦʚʘʥʥʦʤ ʠʟʦʙʨʘʞʝʥʠʠ ʭʦʨʦʰʦ ʚʠʜʥʳ ʧʝʨʝʧʘʜʳ ʷʨʢʦʩʪʠ ʥʘ ʛʨʘʥʠʮʘʭ 

ʦʙʲʝʢʪʘ, ʧʨʠ ʵʪʦʤ ʘʙʩʦʨʙʮʠʦʥʥʳʡ ʢʦʥʪʨʘʩʪ ʧʦʯʪʠ ʥʝ ʧʨʦʷʚʣʷʝʪʩʷ. 
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ʈʠʩʫʥʦʢ 3.14: ɼʝʤʦʥʩʪʨʘʮʠʷ ʬʘʟʦʢʦʥʪʨʘʩʪʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʢʦʩʪʠ ʛʝʢʢʦʥʘ, 

ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʩʠʥʭʨʦʪʨʦʥʝ ʧʨʠ ʵʥʝʨʛʠʠ 50 ʢʵɺ 

ʅʘ ʨʠʩ. 3.15 ʧʦʢʘʟʘʥʘ ʪʦʤʦʛʨʘʬʠʯʝʩʢʘʷ ʨʝʢʦʥʩʪʨʫʢʮʠʷ ʧʦ ʜʘʥʥʳʤ 

ʬʘʟʦʢʦʥʪʨʘʩʪʥʦʡ ʪʦʤʦʛʨʘʬʠʠ. ʉʝʯʝʥʠʝ, ʧʨʦʚʝʜʸʥʥʦʝ ʯʝʨʝʟ ʨʝʢʦʥʩʪʨʫʢʮʠʶ (ʚ 

ʥʠʞʥʝʡ ʯʘʩʪʠ ʨʠʩ. 3.15 ʩʧʨʘʚʘ), ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʭʦʨʦʰʠʤ ʢʦʥʪʨʘʩʪʦʤ 

ʦʙʣʘʜʘʶʪ ʛʨʘʥʠʮʳ, ʥʦ ʧʦʛʣʦʱʝʥʠʝ ʚʥʫʪʨʠ ʢʦʩʪʠ ʧʦʯʪʠ ʥʝ ʦʪʣʠʯʘʝʪʩʷ ʦʪ 

ʧʦʛʣʦʱʝʥʠʷ ʚʥʝ ʢʦʩʪʠ. ɼʣʷ ʚʠʟʫʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʙʨʘʟʮʘ ʵʪʦʛʦ ʯʘʩʪʦ 

ʜʦʩʪʘʪʦʯʥʦ, ʥʦ ʧʨʠ ʵʪʦʤ ʧʦʨʦʛʦʚʘʷ ʩʝʛʤʝʥʪʘʮʠʷ ʦʙʨʘʟʮʘ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʯʠʩʣʝʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʙʨʘʟʮʘ (ʦʙʲʝʤ ʪʢʘʥʝʡ, ʧʦʨʠʩʪʦʩʪʴ ʠ ʪ.ʜ.) ʟʘʯʘʩʪʫʶ 

ʥʝʚʦʟʤʦʞʥʘ. 






















































































































































































































































































































