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ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʟʘʜʘʯʘ ʢʦʩʚʝʥʥʦʛʦ ʠʟʤʝʨʝʥʠʷ 

ʪʝʤʧʝʨʘʪʫʨʳ ʟʦʥʳ ʧʦʜʣʦʞʢʠ, ʦʙʣʫʯʘʝʤʦʡ ʠʤʧʫʣʴʩʥʳʤ ʣʘʟʝʨʦʤ, ʟʘʢʣʶʯʘʶʱʘʷ ʚ 

ʠʟʤʝʨʝʥʠʠ ʜʘʚʣʝʥʠʷ ʟʚʫʢʦʚʦʡ ʚʦʣʥʳ, ʚʦʟʥʠʢʘʶʱʝʡ ʧʨʠ ʥʘʛʨʝʚʝ ʘʪʤʦʩʬʝʨʳ ʥʘʜ 

ʧʦʜʣʦʞʢʦʡ. ɼʘʚʣʝʥʠʝ ʟʚʫʢʦʚʦʡ ʚʦʣʥʳ, ʜʝʬʦʨʤʠʨʫʷ ʤʝʤʙʨʘʥʫ ʤʠʢʨʦʬʦʥʘ, 

ʦʪʢʣʦʥʷʝʪ ʝʝ; ʦʪʢʣʦʥʝʥʠʝ ʠʟʤʝʨʷʝʪʩʷ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʦʧʪʠʯʝʩʢʦʡ ʜʚʫʭʣʫʯʝʚʦʡ 

ʠʥʪʝʨʬʝʨʝʥʮʠʠ. 

ʀʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ ʚ ʟʦʥʝ ʦʙʣʫʯʝʥʠʷ 

ʧʣʦʱʘʜʴʶ ʥʝ ʙʦʣʝʝ 20x20 ʤʢʤ
2
, ʧʨʠ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠʤʧʫʣʴʩʘ ʦʙʣʫʯʝʥʠʷ 105· ʥʩ 

ʠ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘʛʨʝʚʘ ʧʦʚʝʨʭʥʦʩʪʠ 800 ï 1500 ʂ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʣʦʞʥʫʶ 

ʪʝʭʥʠʯʝʩʢʫʶ ʟʘʜʘʯʫ. ɺʦʟʤʦʞʥʳʝ ʤʝʪʦʜʳ ʠʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ: 

- ʇʦ ʪʝʧʣʦʚʦʤʫ ʠʟʣʫʯʝʥʠʶ ʪʝʣʘ, 

- ʇʦ ʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʦʪʨʘʞʘʪʝʣʴʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ, 

- ʇʦ ʣʘʟʝʨʥʦʡ ʪʝʨʤʦʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʫʧʨʫʛʦʡ ʜʝʬʦʨʤʘʮʠʠ ʦʙʣʫʯʘʝʤʦʛʦ 
ʫʯʘʩʪʢʘ ʧʦʚʝʨʭʥʦʩʪʠ, 

- ʇʦ ʪʝʨʤʦʨʝʟʠʩʪʠʚʥʦʤʫ ʵʬʬʝʢʪʫ, 

- ʇʦ ʧʨʦʮʝʩʩʘʤ ʚ ʘʪʤʦʩʬʝʨʝ ʚʙʣʠʟʠ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ, ʠ ʜʨ. 

 



ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʝ [1], ʧʨʠ ʣʘʟʝʨʥʦʤ ʠʤʧʫʣʴʩʥʦʤ ʥʘʛʨʝʚʘʥʠʠ ʧʦʜʣʦʞʢʠ 

ʚ ʘʪʤʦʩʬʝʨʝ ʛʘʟʦʚ ʧʨʠ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠʤʧʫʣʴʩʦʚ ʧʦʨʷʜʢʘ ʥʘʥʦʩʝʢʫʥʜ 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʡ ʩʣʦʡ ʘʪʤʦʩʬʝʨʳ ʪʦʣʱʠʥʦʡ 1ï5 ʤʢʤ ʥʘʛʨʝʚʘʝʪʩʷ ʟʘ ʩʯʝʪ 

ʪʝʧʣʦʧʝʨʝʜʘʯʠ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ, ʜʘʚʣʝʥʠʝ ʚ ʥʝʤ ʚʦʟʨʘʩʪʘʝʪ, ʚ 

ʘʪʤʦʩʬʝʨʝ ʥʘʜ ʧʦʜʣʦʞʢʦʡ ʚʦʟʥʠʢʘʝʪ ʫʜʘʨʥʘʷ ʚʦʣʥʘ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ʤʦʣʝʢʫʣʷʨʥʦ-ʢʠʥʝʪʠʯʝʩʢʦʡ ʪʝʦʨʠʝʡ ʛʘʟʦʚ ʜʘʚʣʝʥʠʝ ʥʘʜ ʧʦʚʝʨʭʥʦʩʪʴʶ 

ʢʨʘʪʢʦʚʨʝʤʝʥʥʦ ʥʘ ʚʨʝʤʷ ʜʝʡʩʪʚʠʷ ʠʤʧʫʣʴʩʘ ʣʘʟʝʨʥʦʛʦ ʥʘʛʨʝʚʘʥʠʷ ʚʳʨʘʩʪʘʝʪ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʫʚʝʣʠʯʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ, ʪ.ʝ. ʧʨʠ ʥʘʯʘʣʴʥʦʤ ʜʘʚʣʝʥʠʠ, 

ʨʘʚʥʦʤ ʥʦʨʤʘʣʴʥʦʤʫ ʘʪʤʦʩʬʝʨʥʦʤʫ ʜʘʚʣʝʥʠʶ, ʜʦ 2ï3 ʘʪʤʦʩʬʝʨ ʚ ʥʘʯʘʣʴʥʳʡ 

ʤʦʤʝʥʪ ʚ ʩʣʦʝ ʛʘʟʘ ʪʦʣʱʠʥʦʡ ʧʨʠʤʝʨʥʦ 1 ʤʢʤ. 

ʌʨʦʥʪ ʚʦʟʙʫʞʜʘʝʤʦʡ ʧʨʠ ʵʪʦʤ ʟʚʫʢʦʚʦʡ ʚʦʣʥʳ ʦʢʘʞʝʪʩʷ ʚ ʥʘʯʘʣʝ ʝʛʦ 

ʜʚʠʞʝʥʠʷ ʧʘʨʘʣʣʝʣʴʥʳʤ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ, ʧʨʠ ʫʜʘʣʝʥʠʠ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ 

ʬʨʦʥʪ ʧʨʠʥʠʤʘʝʪ ʩʬʝʨʠʯʝʩʢʫʶ ʬʦʨʤʫ, ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʢʦʣʝʙʘʥʠʡ ʥʘ ʬʨʦʥʪʝ 

ʚʦʣʥʳ ʫʙʳʚʘʝʪ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʢʚʘʜʨʘʪʫ ʧʨʦʡʜʝʥʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ; ʜʘʚʣʝʥʠʝ ʚ 

ʚʦʣʥʝ ʠʟʤʝʥʷʝʪʩʷ ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʨʘʩʩʪʦʷʥʠʶ: 

0~r

R
p p

r
,   (1) 

ʛʜʝ 
0p  ï ʘʤʧʣʠʪʫʜʘ ʠʟʙʳʪʦʯʥʦʛʦ ʜʘʚʣʝʥʠʷ ʚ ʦʙʣʫʯʘʝʤʦʡ ʦʙʣʘʩʪʠ ʧʨʠ 

ʣʘʟʝʨʥʦʤ ʦʙʣʫʯʝʥʠʠ; 
rp  ï ʘʤʧʣʠʪʫʜʘ ʜʘʚʣʝʥʠʷ ʥʘ ʫʜʘʣʝʥʠʠ r ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ; R 

ï ʪʦʣʱʠʥʘ ʥʘʛʨʝʚʘʝʤʦʛʦ ʵʥʝʨʛʠʝʡ  ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩʣʦʷ ʘʪʤʦʩʬʝʨʳ. 

ɼʘʚʣʝʥʠʝ ʚ ʟʚʫʢʦʚʦʡ ʚʦʣʥʝ ʤʦʞʝʪ ʫʚʝʣʠʯʠʚʘʪʴʩʷ ʤʥʦʛʦʢʨʘʪʥʦ ʧʨʠ 

ʥʘʛʨʝʚʘʥʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ʜʝʩʦʨʙʮʠʠ ʛʘʟʘ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʧʨʠ 

ʧʨʦʭʦʞʜʝʥʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʩ ʨʘʟʣʦʞʝʥʠʝʤ ʨʝʘʛʝʥʪʦʚ ʠ 

ʚʳʜʝʣʝʥʠʝʤ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ [1]. 

ɺ ʢʘʯʝʩʪʚʝ ʟʥʘʯʝʥʠʡ 
0p  ʠ R ʠʩʧʦʣʴʟʫʝʤ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʘ ʫʜʘʨʥʦʡ ʚʦʣʥʳ 

ʚ ʘʪʤʦʩʬʝʨʝ ʚʦʟʜʫʭʘ, ʚʦʟʥʠʢʘʶʱʝʡ ʧʨʠ ʠʤʧʫʣʴʩʥʦʤ ʣʘʟʝʨʥʦʤ ʣʦʢʘʣʴʥʦʤ 

ʥʘʛʨʝʚʘʥʠʠ ʧʦʜʣʦʞʢʠ, ʚʳʧʦʣʥʝʥʥʳʝ ʚ [1]. ʇʨʠ ʣʘʟʝʨʥʦʤ ʠʤʧʫʣʴʩʝ 

ʜʣʠʪʝʣʴʥʦʩʪʴʶ 6 ʥʩ ʠ ʤʦʱʥʦʩʪʴʶ 7 23 10 /ɺʪ ʩʤÖ  ʚʦʟʥʠʢʘʝʪ ʫʜʘʨʥʘʷ ʚʦʣʥʘ, 

ʩʧʘʜʘʶʱʘʷ ʧʦ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩ ʨʘʩʩʪʦʷʥʠʝʤ; ʠʟʙʳʪʦʯʥʦʝ ʜʘʚʣʝʥʠʝ  ʚ ʚʦʣʥʝ  
5

0 10    p ʇʘº ʥʘ ʨʘʩʩʪʦʷʥʠʠ 2,5R ʤʢʤ=  ʦʪ ʮʝʥʪʨʘ ʦʙʣʫʯʘʝʤʦʡ ʟʦʥʳ. ʇʦʣʫʯʠʤ

0 0,25p R ʇʘ ʤ= Ö. 

ʇʨʦʠʟʚʝʜʸʤ ʦʮʝʥʢʫ ʯʘʩʪʦʪʳ ʟʚʫʢʦʚʳʭ ʚʦʣʥ, ʚʦʟʙʫʞʜʘʝʤʳʭ ʚ ʘʪʤʦʩʬʝʨʝ 

ʫʜʘʨʥʦʡ ʚʦʣʥʦʡ. ʀʤʧʫʣʴʩ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʜʣʠʪʝʣʴʥʦʩʪʴʶ t ʠʤʝʝʪ 

ʢʦʣʦʢʦʣʦʦʙʨʘʟʥʫʶ ʬʦʨʤʫ; ʠʤʧʫʣʴʩʳ ʩʣʝʜʫʶʪ ʩ ʧʝʨʠʦʜʦʤ 
lT , ʜʣʠʪʝʣʴʥʦʩʪʴ 

ʢʦʪʦʨʦʛʦ ʚʝʣʠʢʘ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʠʤʧʫʣʴʩʘ 
lTt . ɿʚʫʢʦʚʘʷ ʚʦʣʥʘ 

ʩʦʟʜʘʸʪʩʷ  ʟʘ ʩʯʸʪ ʥʘʛʨʝʚʘʥʠʷ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʘʪʤʦʩʬʝʨʳ ʦʪ ʧʦʜʣʦʞʢʠ, ʠ 

ʜʣʠʪʝʣʴʥʦʩʪʴ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʠʤʧʫʣʴʩʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʚʥʘ 10 15st º - t. 

ɽʩʣʠ ʧʦʜʚʝʨʛʥʫʪʴ ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʠʤʧʫʣʴʩ ʌʫʨʴʝ-ʨʘʟʣʦʞʝʥʠʶ ʥʘ 

ʛʘʨʤʦʥʠʯʝʩʢʠʝ ʩʦʩʪʘʚʣʷʶʱʠʝ ʠ ʚʟʷʪʴ ʠʟ ʨʷʜʘ ʧʝʨʚʳʡ ʛʘʨʤʦʥʠʯʝʩʢʠʡ ʯʣʝʥ 

1cosA tw , ʩʯʠʪʘʷ A  ʘʤʧʣʠʪʫʜʦʡ ʠʟʙʳʪʦʯʥʦʛʦ ʜʘʚʣʝʥʠʷ ʚ ʟʚʫʢʦʚʦʡ ʚʦʣʥʝ, ʪʦ 

ʤʦʞʥʦ ʟʥʘʯʝʥʠʝ ʜʣʠʪʝʣʴʥʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʠʤʧʫʣʴʩʘ, ʦʧʨʝʜʝʣʸʥʥʦʡ ʥʘ 

ʧʦʣʫʚʳʩʦʪʝ, ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʩʯʠʪʘʪʴ ʨʘʚʥʳʤ ʧʦʣʦʚʠʥʝ ʧʝʨʠʦʜʘ ʢʦʣʝʙʘʥʠʡ 

ʛʘʨʤʦʥʠʯʝʩʢʦʛʦ ʯʣʝʥʘ ʨʷʜʘ: 



1

1 1

1

2 2
s

T

f

p
t º = =

w
    (2) 

ɿʜʝʩʴ 
1w  ï ʢʨʫʛʦʚʘʷ ʯʘʩʪʦʪʘ, 

1T  ï ʧʝʨʠʦʜ ʢʦʣʝʙʘʥʠʡ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

1 / sw =p t; ( )1 1/ 2 sf = t
. 

ʆʢʦʥʯʘʪʝʣʴʥʦ ʧʦʣʫʯʠʤ, ʠʩʧʦʣʴʟʫʷ (1) ʠ (2): 

0
1cos cosr

s

P R t
p p t

r

å õ
º w = pæ ö

tç ÷
   (3) 

ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʟʚʫʢʦʚʦʡ ʚʦʣʥʳ ʩ ʠʟʤʝʨʠʪʝʣʴʥʳʤ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʤ 

(ʤʠʢʨʦʬʦʥʦʤ) ʟʘʚʠʩʠʪ ʦʪ ʦʪʥʦʰʝʥʠʷ ʜʣʠʥʳ 
ʟʚl  ʟʚʫʢʦʚʦʡ ʚʦʣʥʳ ʢ ʧʦʧʝʨʝʯʥʳʤ 

ʨʘʟʤʝʨʘʤ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ. ɼʣʠʥʘ ʟʚʫʢʦʚʦʡ ʚʦʣʥʳ  ʨʘʚʥʘ: 

ʚ ʟʚ 1ʟ ʩ Tl º Ö    (4) 

ʯʘʩʪʦʪʘ ʟʚʫʢʘ f1 ʨʘʚʥʘ 

1

1
.

2 s

f º
t

    (5) 

ɿʜʝʩʴ ʟʚc  ï ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ. ʇʨʠ ʜʣʠʪʝʣʴʥʦʩʪʠ ʣʘʟʝʨʥʦʛʦ ʠʤʧʫʣʴʩʘ t = 6 ʥʩ, 

ts = 100 ʥʩ, 
ʟʚc 330º ʤ/ʩ (ʚ ʘʪʤʦʩʬʝʨʝ ʚʦʟʜʫʭʘ ʧʨʠ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ), 

ʧʦʣʫʯʠʤ: 6
1 5 10f = Ö  ɻʮ,  5

ʚ 6,6 10ʟ

-l = Ö  ʤ. ʇʦʣʫʯʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ʜʣʠʥʳ ʚʦʣʥʳ 

ʤʥʦʛʦ ʤʝʥʴʰʝ ʨʘʟʤʝʨʘ ʧʦʧʝʨʝʯʥʠʢʘ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ, ʠ 

ʵʬʬʝʢʪʳ ʜʠʬʨʘʢʮʠʠ ʟʚʫʢʦʚʦʡ ʚʦʣʥʳ ʥʘ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝ ʤʦʞʥʦ ʥʝ ʫʯʠʪʳʚʘʪʴ. 

ɿʚʫʢʦʚʫʶ ʚʦʣʥʫ ʥʝʦʙʭʦʜʠʤʦ ʥʘʧʨʘʚʠʪʴ ʥʦʨʤʘʣʴʥʦ ʢ ʯʫʚʩʪʚʠʪʝʣʴʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ, ʪʦ ʝʩʪʴ, ʬʨʦʥʪʦʤ ʚʦʣʥʳ ʧʘʨʘʣʣʝʣʴʥʦ 

ʧʦʚʝʨʭʥʦʩʪʠ. ɺ ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ ʬʘʟʳ ʚʦʣʥʳ ʥʘ ʨʘʟʥʳʭ ʫʯʘʩʪʢʘʭ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʙʫʜʫʪ ʨʘʟʣʠʯʥʳʤʠ, ʯʪʦ ʫʭʫʜʰʠʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ. ɼʣʷ ʠʟʤʝʨʝʥʠʷ ʟʚʫʢʦʚʦʛʦ ʜʘʚʣʝʥʠʷ ʚ ʛʘʟʘʭ ʠʩʧʦʣʴʟʫʶʪ 

ʤʝʤʙʨʘʥʥʳʝ ʤʠʢʨʦʬʦʥʳ. ʉʭʝʤʘ ʫʩʪʨʦʡʩʪʚʘ ʤʠʢʨʦʬʦʥʘ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ʈʠʩ. 1. ʄʠʢʨʦʬʦʥ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʟʚʫʢʦʚʦʡ ʚʦʣʥʳ: 

1 ï ʤʝʤʙʨʘʥʘ, 2 ï ʢʦʨʧʫʩ ʤʠʢʨʦʬʦʥʘ, 3 ï ʦʪʚʝʨʩʪʠʝ ʜʣʷ ʚʳʨʘʚʥʠʚʘʥʠʷ ʜʘʚʣʝʥʠʡ 



ʇʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʧʝʨʝʤʝʥʥʦʛʦ ʜʘʚʣʝʥʠʷ ʟʚʫʢʘ ʤʝʤʙʨʘʥʘ ʠʩʧʳʪʳʚʘʝʪ 

ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʜʚʠʞʝʥʠʷ; ʢʨʘʡʥʠʝ ʧʦʣʦʞʝʥʠʷ ʤʝʤʙʨʘʥʳ ʦʙʦʟʥʘʯʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 

ʰʪʨʠʭʦʚʳʤʠ ʣʠʥʠʷʤʠ. ʅʘʠʙʦʣʴʰʝʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ ʢ ʜʘʚʣʝʥʠʶ ʟʚʫʢʘ, ʪʦ 

ʝʩʪʴ, ʥʘʠʙʦʣʴʰʠʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʟʚʫʢʦʚʦʛʦ ʜʘʚʣʝʥʠʷ ʚ 

ʧʝʨʝʤʝʱʝʥʠʝ ʤʝʤʙʨʘʥʳ, ʦʙʣʘʜʘʶʪ ʘʙʩʦʣʶʪʥʦ ʛʠʙʢʠʝ ʤʝʤʙʨʘʥʳ [2], [3]. ɺ 

ʥʘʰʝʤ ʩʣʫʯʘʝ ʚʘʞʥʳʤ ʷʚʣʷʝʪʩʷ ʦʪʩʫʪʩʪʚʠʝ ʚ ʪʘʢʠʭ ʤʝʤʙʨʘʥʘʭ ʧʨʠ ʤʘʣʳʭ 

ʦʪʢʣʦʥʝʥʠʷʭ ʦʪ ʧʦʣʦʞʝʥʠʷ ʨʘʚʥʦʚʝʩʠʷ ʫʧʨʫʛʠʭ ʧʨʦʪʠʚʦʜʘʚʣʝʥʠʡ ʤʝʤʙʨʘʥʳ, 

ʢʦʪʦʨʳʝ ʦʙʳʯʥʦ ʦʙʝʩʧʝʯʠʚʘʶʪʩʷ ʠʣʠ ʩʦʙʩʪʚʝʥʥʦʡ ʫʧʨʫʛʦʩʪʴʶ ʤʝʤʙʨʘʥʳ, ʠʣʠ 

ʫʧʨʫʛʦʩʪʴʶ, ʧʨʠʜʘʥʥʦʡ ʝʡ ʟʘ ʩʯʸʪ ʨʘʩʪʷʞʝʥʠʷ ʥʘ ʦʧʦʨʥʦʤ ʢʦʣʴʮʝ. ʄʦʞʥʦ ʪʘʢʞʝ 

ʥʝ ʫʯʠʪʳʚʘʪʴ ʧʨʦʪʠʚʦʜʘʚʣʝʥʠʝ ʛʘʟʦʚʦʡ ʩʨʝʜʳ ʟʘ ʤʝʤʙʨʘʥʦʡ, ʪʘʢ ʢʘʢ 

ʧʝʨʝʤʝʱʝʥʠʝ ʤʝʤʙʨʘʥʳ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʠʞʝ, ʤʥʦʛʦ ʤʝʥʴʰʝ ʜʣʠʥʳ ʚʦʣʥʳ ʟʚʫʢʘ 

ʠ ʤʝʥʴʰʝ ʜʣʠʥʳ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʤʦʣʝʢʫʣ ʚ ʛʘʟʝ. 

ɺ ʘʙʩʦʣʶʪʥʦ ʛʠʙʢʦʡ ʤʝʤʙʨʘʥʝ ʝʸ ʩʨʝʜʥʷʷ ʯʘʩʪʴ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʩʠʣʳ 

ʜʘʚʣʝʥʠʷ ʟʚʫʢʘ ʚʝʜʸʪ ʩʝʙʷ ʢʘʢ ʠʥʝʨʪʥʘʷ ʤʘʩʩʘ, ʠ ʝʸ ʧʝʨʝʤʝʱʝʥʠʷ ʦʧʨʝʜʝʣʷʶʪʩʷ 

ʚʪʦʨʳʤ ʟʘʢʦʥʦʤ ʅʴʶʪʦʥʘ: 
2

2

d x
F m

dt
= ,    (6) 

ʛʜʝ F  ï ʩʠʣʘ, ʜʝʡʩʪʚʫʶʱʘʷ ʥʘ ʤʝʤʙʨʘʥʫ, m  ï ʤʘʩʩʘ ʜʚʠʞʫʱʝʡʩʷ ʯʘʩʪʠ 

ʤʝʤʙʨʘʥʳ, 
2

2

d x

dt
 ï ʫʩʢʦʨʝʥʠʝ ʤʝʤʙʨʘʥʳ ʧʦ ʥʘʧʨʘʚʣʝʥʠʶ x . ɿʜʝʩʴ ʩʠʣʘ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʜʘʚʣʝʥʠʝʤ ʟʚʫʢʘ: 

1cosrF S t= r w   (7) 

ʤʘʩʩʘ  

m Sd= r,    (8) 

S  ï ʧʣʦʱʘʜʴ ʩʨʝʜʥʝʡ ʯʘʩʪʠ ʤʝʤʙʨʘʥʳ, d  ʠ r ï ʪʦʣʱʠʥʘ ʠ ʧʣʦʪʥʦʩʪʴ 

ʤʝʤʙʨʘʥʳ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʋʯʠʪʳʚʘʷ (8) ʠ (7), ʧʦʣʫʯʠʤ: 
2

2

2

2

1

1

cos ,

cos .

r

r

d x
p t d

dt

d x p
t

dt d

w = r

= w
r

   (9) 

ʈʝʰʝʥʠʝʤ ʵʪʦʛʦ ʫʨʘʚʥʝʥʠʷ ʷʚʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝ: 

txx 10 cosw= ,     (10) 

ʛʜʝ  

0 2
1

rx
d

r
=
rw

   (11) 

0x  ï ʘʤʧʣʠʪʫʜʘ ʢʦʣʝʙʘʥʠʡ ʤʝʤʙʨʘʥʳ. 

ʈʘʩʯʸʪ ʟʥʘʯʝʥʠʷ ʘʤʧʣʠʪʫʜʳ ʢʦʣʝʙʘʥʠʡ ʤʝʤʙʨʘʥʳ, ʠʤʝʶʱʝʡ ʧʣʦʪʥʦʩʪʴ 
3 310 /ʢʛ ʤr= , ʪʦʣʱʠʥʫ 710d ʤ-= ʠ ʨʘʩʧʦʣʦʞʝʥʥʦʡ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 310r ʤ-=  ʦʪ 

ʬʦʢʘʣʴʥʦʛʦ ʧʷʪʥʘ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʧʨʠ 0 0,25p R ʇʘ ʤ= Ö [1] ʠ 30,25 10rp = Öʇʘ 
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0 2,5 10x ʤ-º Ö . ʀʟʤʝʨʝʥʠʝ ʪʘʢʦʛʦ ʤʘʣʦʛʦ ʟʥʘʯʝʥʠʷ ʘʤʧʣʠʪʫʜʳ 

ʢʦʣʝʙʘʥʠʡ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʤʠʢʨʦʬʦʥʘ ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ. 



ʈʘʩʩʤʦʪʨʠʤ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʜʘʚʣʝʥʠʷ ʚ 

ʟʚʫʢʦʚʦʡ ʚʦʣʥʝ ʤʝʤʙʨʘʥʥʳʭ ʤʠʢʨʦʬʦʥʦʚ ʩ ʦʧʪʠʯʝʩʢʠʤ ʠʟʤʝʨʝʥʠʝʤ 

ʧʝʨʝʤʝʱʝʥʠʷ ʤʝʤʙʨʘʥʳ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʜʘʚʣʝʥʠʷ, ʢʘʢ ʥʘ ʨʠʩ. 2. 

 

 

ʈʠʩ. 2.  ɸʢʫʩʪʦʦʧʪʠʯʝʩʢʠʡ ʜʘʪʯʠʢ ʜʘʚʣʝʥʠʷ 

 

ʇʨʠʥʮʠʧ ʜʝʡʩʪʚʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʤʠʢʨʦʬʦʥʘ ʩʦʩʪʦʠʪ ʚ ʩʣʝʜʫʶʱʝʤ. 

ʀʟʣʫʯʝʥʠʝ ʣʘʟʝʨʥʦʛʦ ʜʠʦʜʘ  ʚʦʜʠʪʩʷ ʚ ʦʧʪʠʯʝʩʢʦʝ ʚʦʣʦʢʥʦ ʠ, ʧʨʦʭʦʜʷ ʯʝʨʝʟ 

ʚʦʣʦʢʦʥʥʳʡ ʨʘʟʚʝʪʚʠʪʝʣʴ, ʜʦʩʪʠʛʘʝʪ ʩʝʥʩʦʨʘ, ʚ ʢʘʯʝʩʪʚʝ ʢʦʪʦʨʦʛʦ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʜʚʫʭʣʫʯʝʚʦʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨ. ɿʝʨʢʘʣʘʤʠ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʷʚʣʷʶʪʩʷ ʪʦʨʝʮ 

ʦʧʪʠʯʝʩʢʦʛʦ ʚʦʣʦʢʥʘ ʠ ʤʝʪʘʣʣʠʟʠʨʦʚʘʥʥʘʷ ʤʝʤʙʨʘʥʘ. ʇʨʠ ʵʪʦʤ ʯʘʩʪʴ ʠʟʣʫʯʝʥʠʷ 

(ʦʧʦʨʥʳʡ ʩʠʛʥʘʣ) ʦʪʨʘʞʘʝʪʩʷ ʦʪ ʪʦʨʮʘ ʚʦʣʦʢʥʘ, ʘ ʜʨʫʛʘʷ ʝʛʦ ʯʘʩʪʴ 

(ʠʟʤʝʨʷʝʤʳʡ), ʦʪʨʘʞʘʷʩʴ ʦʪ ʟʝʨʢʘʣʘ, ʚʦʟʚʨʘʱʘʝʪʩʷ ʦʙʨʘʪʥʦ ʚ ʦʧʪʦʚʦʣʦʢʥʦ. ʆʙʘ 

ʠʟʣʫʯʝʥʠʷ ʠʥʪʝʨʬʝʨʠʨʫʶʪ ʤʝʞʜʫ ʩʦʙʦʡ, ʯʪʦ ʬʠʢʩʠʨʫʝʪʩʷ ʬʦʪʦʜʝʪʝʢʪʦʨʦʤ ʚ 

ʚʠʜʝ ʠʟʤʝʥʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʨʘʩʩʪʦʷʥʠʷ d ʤʝʞʜʫ 

ʪʦʨʮʦʤ ʚʦʣʦʢʥʘ ʠ ʤʝʤʙʨʘʥʦʡ: 

1 2 1 22 cos(4 )
d

I I I I I= + + p
l

,   (12) 

ʛʜʝ 1I  ʠ 2I ï ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʡ, ʦʪʨʘʞʝʥʥʦʛʦ ʦʪ ʪʦʨʮʘ ʚʦʣʦʢʥʘ ʠ 

ʚʦʟʚʨʘʱʝʥʥʦʛʦ ʚ ʚʦʣʦʢʥʦ ʧʦʩʣʝ ʦʪʨʘʞʝʥʠʷ ʦʪ ʟʝʨʢʘʣʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ;  

l ï ʜʣʠʥʘ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ ʣʘʟʝʨʘ. 

1 1 0I R I= ,    (13) 

()2

2 1 0(1 )I R RT d I= - ,   (14) 

ʛʜʝ  0I ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ, ʧʦʜʚʦʜʠʤʦʛʦ ʢ ʪʦʨʮʫ ʚʦʣʦʢʥʘ;  

1R  ʠ Rï ʢʦʵʬʬʠʮʠʝʥʪʳ ʦʪʨʘʞʝʥʠʷ ʪʦʨʮʘ ʚʦʣʦʢʥʘ ʠ ʟʝʨʢʘʣʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; 

()dT  ï ʧʦʪʝʨʠ, ʚʦʟʥʠʢʘʶʱʠʝ ʠʟ-ʟʘ ʨʘʩʭʦʜʠʤʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʚ  ʩʚʦʙʦʜʥʦʤ 

ʧʨʦʩʪʨʘʥʩʪʚʝ ʠ ʟʘʚʠʩʷʱʠʝ ʦʪ ʨʘʩʩʪʦʷʥʠʷ d . 

ɺʠʜʥʦʩʪʴ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʡ ʢʘʨʪʠʥʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʦʦʪʥʦʰʝʥʠʝʤ 

1 2

1 2

I I
V

I I

-
=
+

.    (15) 



ʀʟ ʬʦʨʤʫʣʳ ʚʠʜʥʦ, ʯʪʦ ʧʦʣʝʟʥʳʡ ʩʠʛʥʘʣ ʙʫʜʝʪ ʥʘʠʙʦʣʴʰʠʤ ʚ ʩʣʫʯʘʝ 

ʨʘʚʝʥʩʪʚʘ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ 1I  ʠ 2I  ʠʥʪʝʨʬʝʨʠʨʫʶʱʠʭ ʣʫʯʝʡ, ʪ.ʝ. ʧʨʠ ʥʝʢʦʪʦʨʦʤ 

ʦʧʪʠʤʘʣʴʥʦʤ ʨʘʩʩʪʦʷʥʠʠ d  ʠʣʠ ʧʨʠ ʦʧʪʠʤʘʣʴʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʘʭ ʦʪʨʘʞʝʥʠʷ. ɺ 

ʩʣʫʯʘʝ ʨʘʚʝʥʩʪʚʘ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʠʥʪʝʨʬʝʨʠʨʫʶʱʠʭ ʣʫʯʝʡ ʫʨʘʚʥʝʥʠʝ (14) 

ʫʧʨʦʱʘʝʪʩʷ: 

12 1 cos(4 )
d

I I
å õ

= +æ ö
ç ÷

p
l

.     (16) 

ʇʨʠ ʧʦʧʘʜʘʥʠʠ ʟʚʫʢʦʚʦʡ ʚʦʣʥʳ ʥʘ ʤʝʤʙʨʘʥʫ ʧʦʩʣʝʜʥʷʷ ʧʨʠʭʦʜʠʪ ʚ 

ʢʦʣʝʙʘʪʝʣʴʥʦʝ ʜʚʠʞʝʥʠʝ, ʠ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʟʝʨʢʘʣʘʤʠ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ 

ʠʟʤʝʥʷʝʪʩʷ ʧʦ ʟʘʢʦʥʫ: 

0 0 1cosd d x t= + w ,     (17) 

ʛʜʝ 
0d  - ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʟʝʨʢʘʣʘʤʠ ʧʨʠ ʠʭ ʥʝʧʦʜʚʠʞʥʦʤ ʩʦʩʪʦʷʥʠʠ. 

ʇʨʠʤʝʤ, ʯʪʦ 
0

2
d m=

l
, ʛʜʝ m - ʮʝʣʦʝ ʯʠʩʣʦ. ʇʦʜʩʪʘʚʠʚ ʧʦʩʣʝʜʥʝʝ ʚʳʨʘʞʝʥʠʝ ʚ 

(17) ʠ (16), ʧʦʣʫʯʠʤ: 

0 1
0

cos
2 1 cos(4 )

x t
I I

å õ
= +æ ö

ç ÷

w
p

l
.    (18) 

ʇʨʠʥʠʤʘʷ ʟʥʘʯʝʥʠʝ ʘʨʛʫʤʝʥʪʘ ʢʦʩʠʥʫʩʘ ʤʘʣʦʡ ʚ ʩʨʘʚʥʝʥʠʠ ʩ / 2p  

ʚʝʣʠʯʠʥʦʡ, ʧʨʝʜʩʪʘʚʠʤ ʢʦʩʠʥʫʩ ʧʝʨʚʳʤʠ ʜʚʫʤʷ ʯʣʝʥʘʤʠ ʨʘʟʣʦʞʝʥʠʷ ʝʛʦ ʚ ʨʷʜ. 

ɼʣʷ ʘʤʧʣʠʪʫʜʳ ʧʝʨʝʤʝʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʤʦʞʥʦ ʥʘʡʪʠ 

ʚʳʨʘʞʝʥʠʝ: 
2 2

20 0
0 02 2 16

x x
I I I

å õ å õ
= =æ ö æ ö

ç ÷ ç ÷
p p
l l

.   (19) 

ʇʦʜʩʪʘʚʠʤ ʚ ʫʨʘʚʥʝʥʠʝ (19) ʥʘʡʜʝʥʥʦʝ ʚʳʰʝ ʟʥʘʯʝʥʠʝ 
0x  ʠ ʧʨʠʤʝʤ, ʯʪʦ 

1=l  ʤʢʤ; ʧʦʣʫʯʠʤ 3

0/ 2 10I I -= Ö . ʋʯʠʪʳʚʘʷ (19) ʠ (18), ʥʘʡʜʸʤ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʤʠʢʨʦʬʦʥʘ ʢ ʚʦʟʜʝʡʩʪʚʠʶ ʟʚʫʢʦʚʳʭ ʚʦʣʥ: 
2 2 2

0 0

2 2 2 2 4

1

/ 16 16 r

r r

I I x p
S

p p d
= = =

p p

l l r w
.   (20) 

ɼʣʷ ʚʳʯʠʩʣʝʥʥʳʭ ʚʳʰʝ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʦʚ ʤʠʢʨʦʬʦʥʘ ʝʛʦ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʨʘʚʥʘ  64 10S -= Ö (ʦʪʥ. ʝʜʠʥʠʮ)/ʇʘ ʥʘ ʯʘʩʪʦʪʝ ʩʠʛʥʘʣʘ 6

1 5 10f = Ö  

ɻʮ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʝʜʩʪʘʚʣʝʥ ʘʥʘʣʠʟ ʨʘʙʦʪʳ ʦʧʪʦʚʦʣʦʢʦʥʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ 

ʤʠʢʨʦʬʦʥʘ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʛʦ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʚʦʟʥʠʢʘʶʱʠʭ  ʧʨʠ ʠʤʧʫʣʴʩʥʦʤ 

ʣʘʟʝʨʥʦʤ ʥʘʛʨʝʚʘʥʠʠ ʧʦʜʣʦʞʝʢ ʚ ʧʨʦʮʝʩʩʝ ʦʩʘʞʜʝʥʠʷ ʪʦʥʢʠʭ ʧʣʸʥʦʢ ʟʚʫʢʦʚʳʭ 

ʚʦʣʥ ʚ ʘʪʤʦʩʬʝʨʝ ʥʘ ʯʘʩʪʦʪʝ ʧʦʨʷʜʢʘ ʥʝʩʢʦʣʴʢʠʭ ʄɻʮ ʠ ʧʦʟʚʦʣʷʶʱʝʛʦ ʨʝʰʘʪʴ 

ʟʘʜʘʯʫ ʢʦʩʚʝʥʥʦʛʦ ʠʟʤʝʨʝʥʠʷ ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʠʟʣʫʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʦʜʣʦʞʢʠ. 
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ʇʨʝʜʩʪʘʚʣʝʥʳ ʚʳʨʘʞʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʘʙʝʨʨʘʮʠʡ ʩʝʜʴʤʦʛʦ ʠ ʜʝʚʷʪʦʛʦ ʧʦʨʷʜʢʦʚ 

ʦʙʲʝʤʥʦʛʦ ʛʦʣʦʛʨʘʤʤʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʵʣʝʤʝʥʪʘ. ʇʦʢʘʟʘʥʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʫʯʝʪʘ ʘʙʝʨʨʘʮʠʡ 

ʜʝʚʷʪʦʛʦ ʧʦʨʷʜʢʘ ʜʣʷ ʛʦʣʦʛʨʘʤʤʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʩ ʦʪʥʦʩʠʪʝʣʴʥʳʤ ʦʪʚʝʨʩʪʠʝʤ 

ʙʦʣʴʰʝ 1 : 1. ʆʪʤʝʯʘʝʪʩʷ, ʯʪʦ ʠʟʤʝʥʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʤʦʛʫʪ ʙʳʪʴ ʩʢʦʨʨʝʢʪʠʨʦʚʘʥʳ 

ʦʪʜʝʣʴʥʳʝ ʪʠʧʳ ʘʙʝʨʨʘʮʠʡ. 

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʛʦʣʦʛʨʘʤʤʥʳʡ ʦʧʪʠʯʝʩʢʠʡ ʵʣʝʤʝʥʪ, ʘʙʝʨʨʘʮʠʠ ʚʳʩʰʠʭ ʧʦʨʷʜʢʦʚ, 

ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ ʘʙʝʨʨʘʮʠʠ. 

 

HIGHER-ORDER ABERRATIONS OF VOLUME HOLOGRAPHIC OPTICAL ELEMENT 
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The formulas for coefficients of the seventh and ninth order aberrations for volume 

holographic optical element are presented. It is shown that aberrations of the ninth order for 

holographic optical element with relative aperture greater then 1:1 are necessary taken into account. 

It is noted that same types of aberrations can be corrected by change of temperature. 
 

Key words: holographic optical element, higher-order aberrations, deformation aberrations. 

 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʬʦʢʫʩʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʛʦʣʦʛʨʘʤʤʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʵʣʝʤʝʥʪʘ 

(ɻʆʕ) ʦʯʝʥʴ ʙʳʩʪʨʦ ʫʤʝʥʴʰʘʝʪʩʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʨʘʙʦʯʝʡ ʜʣʠʥʳ ʚʦʣʥʳ. ʇʨʠ 

ʵʪʦʤ ʚʦʟʨʘʩʪʘʝʪ ʚʝʣʠʯʠʥʘ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʦʪʚʝʨʩʪʠʷ ɻʆʕ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ 

ʘʙʝʨʨʘʮʠʡ ʚʳʩʰʠʭ ʧʦʨʷʜʢʦʚ. ʊʘʢʞʝ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʜʣʷ ʩʚʝʪʦʩʠʣʴʥʦʛʦ ʪʦʥʢʦʛʦ 

ɻʆʕ ʚʦʟʤʦʞʥʦ ʠʩʧʨʘʚʣʝʥʠʝ ʩʬʝʨʠʯʝʩʢʠʭ ʘʙʝʨʨʘʮʠʡ ʪʨʝʪʴʝʛʦ, ʧʷʪʦʛʦ ʠ 

ʩʝʜʴʤʦʛʦ ʧʦʨʷʜʢʦʚ [1-3]. ɺʳʨʘʞʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʘʙʝʨʨʘʮʠʡ ʚʳʩʰʠʭ 

ʧʦʨʷʜʢʦʚ ʪʦʥʢʦʛʦ ɻʆʕ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ [4,5]. ʆʜʥʘʢʦ ʧʨʠ ʨʘʩʯʝʪʝ ʘʙʝʨʨʘʮʠʡ 

ʦʙʲʝʤʥʦʛʦ ɻʆʕ ʪʨʝʙʫʝʪʩʷ ʫʯʠʪʳʚʘʪʴ ʝʛʦ ʪʦʣʱʠʥʫ ʠ ʩʝʣʝʢʪʠʚʥʳʝ ʩʚʦʡʩʪʚʘ [6,7]. 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʨʘʩʯʝʪ ʘʙʝʨʨʘʮʠʡ ʚʳʩʰʠʭ ʧʦʨʷʜʢʦʚ  ʦʙʲʝʤʥʦʛʦ ɻʆʕ ʩ 

ʦʪʥʦʩʠʪʝʣʴʥʳʤ ʦʪʚʝʨʩʪʠʝʤ 1:1 ʠ ʙʦʣʝʝ. 

ʅʘ ʨʠʩ. 1ʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʨʘʙʦʯʘʷ ʩʭʝʤʘ ʧʨʦʧʫʩʢʘʶʱʝʛʦ ʦʙʲʝʤʥʦʛʦ ɻʆʕ, ʛʜʝ 

ʈc(xc,yc,zc) ï ʪʦʯʢʘ ʧʨʝʜʤʝʪʘ, ʈi(xi,yi,zi) ï ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʝʡ ʪʦʯʢʘ 

ʠʟʦʙʨʘʞʝʥʠʷ, M(x,y,z) ï ʧʨʦʠʟʚʦʣʴʥʘʷ ʪʦʯʢʘ ʦʙʲʝʤʥʦʛʦ ɻʆʕ. ʆʩʴ ʆz ʜʝʢʘʨʪʦʚʦʡ 

ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ ʥʘ ʨʠʩʫʥʢʝ 1 ʷʚʣʷʝʪʩʷ ʦʧʪʠʯʝʩʢʦʡ ʦʩʴʶ ʠ ʥʘʧʨʘʚʣʝʥʘ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʦʚʝʨʭʥʦʩʪʷʤ ɻʆʕ. ʇʣʦʩʢʦʩʪʴ ʢʦʦʨʜʠʥʘʪ ʭʆʫ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ 

ʮʝʥʪʨ ɻʆʕ. ʅʘ ʨʠʩ. 1ʙ ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʭʝʤʘ ʟʘʧʠʩʠ ʦʙʲʝʤʥʦʛʦ ʧʨʦʧʫʩʢʘʶʱʝʛʦ 

ɻʆʕ ʦʧʦʨʥʦʡ ʠ ʦʙʲʝʢʪʥʦʡ ʩʬʝʨʠʯʝʩʢʠʤʠ ʚʦʣʥʘʤʠ, ʛʜʝ Pr(0,0,zr) ï ʪʦʯʝʯʥʳʡ 
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ʠʩʪʦʯʥʠʢ ʦʧʦʨʥʦʡ (ʨʝʬʝʨʝʥʪʥʦʡ) ʚʦʣʥʳ, Pʦ(0,0,zʦ) ï ʪʦʯʝʯʥʳʡ ʠʩʪʦʯʥʠʢ 

ʦʙʲʝʢʪʥʦʡ ʚʦʣʥʳ, M'(x',y',z') ï ʪʦʯʢʘ ʦʙʲʝʤʘ ɻʆʕ ʧʨʠ ʟʘʧʠʩʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ 

ʪʦʯʢʝ M(x,y,z) ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ. ʆʙʦʟʥʘʯʠʤ ʨʘʩʩʪʦʷʥʠʷ ʚ ʨʘʙʦʯʝʡ ʩʭʝʤʝ ʢʘʢ: 

ʈcM = lc, Mʈi = l i, ʘ ʨʘʩʩʪʦʷʥʠʷ, ʫʢʘʟʘʥʥʳʝ ʚ ʩʭʝʤʝ ʟʘʧʠʩʠ, ʢʘʢ: PrM' = lr, M'Pʦ = 

lʦ, ʛʜʝ x'=x/mx, y'=y/my, z'=z/mz (mx, my, mz ï ʢʦʵʬʬʠʮʠʝʥʪʳ ʫʩʘʜʢʠ ʠʣʠ 

ʥʘʙʫʭʘʥʠʷ ʦʙʲʝʤʥʦʛʦ ɻʆʕ ʚʜʦʣʴ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʦʩʝʡ ʜʝʢʘʨʪʦʚʦʡ ʩʠʩʪʝʤʳ 

ʢʦʦʨʜʠʥʘʪ). 

 

 

ɼʣʷ ʦʙʲʝʤʥʦʛʦ ʦʩʝʚʦʛʦ ɻʆʕ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʘʷ ʬʫʥʢʮʠʷ V(x,y,z) 

ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʚʠʜʝ [4] 

V(x,y,z) = lc ï zc Ñ (li ï zi) ï km(x,y,z)ɚc/nc,   (1) 

ʛʜʝ m(x,y,z) = nʦ(lr ï zr Ñ (lʦ ï zʦ))/ɚʦ ï ʢʦʣʠʯʝʩʪʚʦ ʧʝʨʠʦʜʦʚ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʦʜʫʣʷʮʠʠ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ, 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʛʣʦʱʝʥʠʷ ʠʣʠ ʪʦʣʱʠʥʳ ʦʙʲʝʤʥʦʛʦ ɻʆʕ; nʦ ʠ nc ï  ʥʘʯʘʣʴʥʦʝ ʠ 

ʩʨʝʜʥʝʝ ʢʦʥʝʯʥʦʝ ʟʥʘʯʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ; ɚʦ ï ʜʣʠʥʘ ʚʦʣʥʳ ʣʘʟʝʨʘ, 

ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʧʨʠ ʟʘʧʠʩʠ; ɚʩ ï ʨʘʙʦʯʘʷ ʜʣʠʥʘ ʚʦʣʥʳ; k ï ʧʦʨʷʜʦʢ ʜʠʬʨʘʢʮʠʠ.  

ɺ ʩʠʣʫ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʠ ʫʛʣʦʚʦʡ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʦʙʲʝʤʥʳʭ ɻʆʕ 

ʧʨʘʢʪʠʯʝʩʢʠʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʣʫʯʘʡ, ʢʦʛʜʘ ʧʦʧʝʨʝʯʥʳʝ ʨʘʟʤʝʨʳ 

(ʜʠʘʤʝʪʨ) ʦʙʲʝʤʥʦʛʦ ɻʆʕ ʥʘʤʥʦʛʦ ʤʝʥʴʰʝ ʨʘʩʩʪʦʷʥʠʡ zc, zi ʜʦ ʧʣʦʩʢʦʩʪʝʡ 

ʧʨʝʜʤʝʪʘ ʠ ʠʟʦʙʨʘʞʝʥʠʷ, ʥʦ ʙʦʣʴʰʝ ʨʘʟʤʝʨʦʚ ʧʨʝʜʤʝʪʘ ʠ ʠʟʦʙʨʘʞʝʥʠʷ. ʂʨʦʤʝ 

ʵʪʦʛʦ ʩʯʠʪʘʝʤ, ʯʪʦ ʧʨʠ ʟʘʧʠʩʠ ʦʪʢʣʦʥʝʥʠʝ ʦʪ ʦʧʪʠʯʝʩʢʦʡ ʦʩʠ ʠʩʪʦʯʥʠʢʦʚ 

ʦʧʦʨʥʦʡ ʠ ʦʙʲʝʢʪʥʦʡ ʚʦʣʥ ʤʝʥʴʰʝ ʧʦʧʝʨʝʯʥʳʭ ʨʘʟʤʝʨʦʚ ʦʙʲʝʤʥʦʛʦ ɻʆʕ, ʘ 

ʨʘʟʤʝʨʳ ɻʆʕ ʤʥʦʛʦ ʤʝʥʴʰʝ ʨʘʩʩʪʦʷʥʠʡ zr, zʦ ʦʪ ʥʝʝ ʜʦ ʠʩʪʦʯʥʠʢʦʚ ʦʧʦʨʥʦʡ ʠ 

ʦʙʲʝʢʪʥʦʡ ʚʦʣʥ. ʊʘʢʞʝ ʩʯʠʪʘʝʤ, ʯʪʦ ʪʦʣʱʠʥʘ ɻʆʕ ʤʥʦʛʦ ʤʝʥʴʰʝ ʨʘʩʩʪʦʷʥʠʡ zr, 

zʦ. ɺʳʨʘʞʝʥʠʷ ʜʣʷ ʨʘʩʩʪʦʷʥʠʡ lʩ ʤʦʛʫʪ ʙʳʪʴ ʨʘʟʣʦʞʝʥʳ ʚ ʨʷʜ ʧʦ ʚʝʣʠʯʠʥʘʤ 

ʤʘʣʦʩʪʠ xʩ/zʩ, yʩ/zʩ, x/zʩ, y/zʩ, z/zʩ, ʘ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʨʘʩʩʪʦʷʥʠʷ lr ï ʧʦ ʚʝʣʠʯʠʥʘʤ 

ʤʘʣʦʩʪʠ xr/zr, yr/zr, x/zr, y/zr, z/zr. ɸʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ, ʨʘʟʣʘʛʘʷ ʚʳʨʘʞʝʥʠʷ ʜʣʷ 

ʨʘʩʩʪʦʷʥʠʡ li, lo ʠ ʧʦʜʩʪʘʚʣʷʷ ʚ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʫʶ ʬʫʥʢʮʠʶ (1), ʧʦʣʫʯʘʝʤ  

V(x,y,z)  = V1t(x,y) + V1v(x,y,z) + V3t(x,y) + V3v(x,y,z) + 

+ V5t(x,y) + V5v(x,y,z) + V7t(x,ʫ) + V7v(x,ʫ,z) + V9t(x,ʫ) + V9v(x,ʫ,z) + é,       (2) 

ʛʜʝ  V1t(x,y) = x
2
F200/2 + y

2
F020/2 ï xB100

 
ï yB010

 
ï ʯʣʝʥʳ ʨʘʟʣʦʞʝʥʠʷ, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʘʙʝʨʨʘʮʠʠ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʪʦʥʢʦʛʦ ʦʩʝʚʦʛʦ ɻʆʕ;  

ʘ)                                                                             ʙ) 

ʈʠʩ. 1. ʈʘʙʦʯʘʷ ʩʭʝʤʘ (ʘ) ʠ ʩʭʝʤʘ ʟʘʧʠʩʠ (ʙ) ʧʨʦʧʫʩʢʘʶʱʝʛʦ ʦʙʲʝʤʥʦʛʦ ɻʆʕ 
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V1v(x,y,z) = (x
2
/2)(zF201

 
+ z

2
F202) + (y

2
/2)(zF021

 
+ z

2
F022) ï ʭzB101 ï ʭz

2
B102 ï 

ʫzB011 ï ʫz
2
B012 ï ʯʣʝʥʳ ʨʘʟʣʦʞʝʥʠʷ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʦʙʲʝʤʥʳʝ ʘʙʝʨʨʘʮʠʠ 

ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ; 

V3t(x,y) = ï (x
4
/8)S400 ï (x

2
y

2
/4)S220 ï (y

4
/8)S040 + (x

3
/2)C300 + (x

2
y/2)C210 + 

+ (y
2
x/2)C120 + (y

3
/2)C030 ï (x

2
/2)A200 ï xyA110 ï (y

2
/2)A020 ï 

ï (x
2
/4)(E200 ï (y

2
/4)E020

 
ï (x/2)D100 ï (y/2)D010   (3) 

- ʯʣʝʥʳ ʨʘʟʣʦʞʝʥʠʷ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʘʙʝʨʨʘʮʠʠ ʪʨʝʪʴʝʛʦ ʧʦʨʷʜʢʘ 

ʪʦʥʢʦʛʦ ʦʩʝʚʦʛʦ ɻʆʕ; 

V3v(x,y,z) = ï (x
4
/8)(3zS401 + 6z

2
S402) ï (x

2
y

2
/4)(3zS221 + 6z

2
S222) ï 

ï (y
4
/8)(3zS041 + 6z

2
S042) + (x

3
/2)(3zC301 + 6z

2
C302) + (x

2
y/2)(3zC211 + 6z

2
C212) +  

+ (xy
2
/2)(3zC121

  
+ 6z

2
C122) + (y

3
/2)(3zC031 + 6z

2
C032) ï 

ï (x
2
/2)(3zA201 + 6z

2
A202) ï xy(3zA111

 
+ 6z

2
A112) ï (y

2
/2)(3zA021

 
+ 6z

2
A022) ï 

ï (x
2
/4)(3zE201 + 6z

2
E202) ï (y

2
/4)(3zE021 + 6z

2
E022) +

  

+ (x/2)(3zD101
 
+ 6z

2
D102) + (y/2)(3zD011

 
+ 6z

2
D012)   (4) 

V5t(x,y), V7t(x,ʫ), V9t(x,ʫ) ï ʯʣʝʥʳ ʨʘʟʣʦʞʝʥʠʷ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʘʙʝʨʨʘʮʠʠ 

ʧʷʪʦʛʦ, ʩʝʜʴʤʦʛʦ ʠ ʜʝʚʷʪʦʛʦ ʧʦʨʷʜʢʦʚ ʪʦʥʢʦʛʦ ʦʩʝʚʦʛʦ ɻʆʕ;  

V5v(x,y,z), V7v(x,ʫ,z), V9v(x,ʫ,z) ï ʯʣʝʥʳ ʨʘʟʣʦʞʝʥʠʷ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ 

ʦʙʲʝʤʥʳʝ ʘʙʝʨʨʘʮʠʠ ʧʷʪʦʛʦ, ʩʝʜʴʤʦʛʦ ʠ ʜʝʚʷʪʦʛʦ ʧʦʨʷʜʢʦʚ. 

ɺ ʦʪʣʠʯʠʝ ʦʪ [3] ʚ ʚʳʨʘʞʝʥʠʠ (2) ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʘʷ ʬʫʥʢʮʠʷ V(x,y,z) 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʚʠʜʝ ʩʫʤʤʳ  ʯʣʝʥʦʚ ʨʘʟʣʦʞʝʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʨʘʟʥʳʤ 

ʧʦʨʷʜʢʘʤ ʘʙʝʨʨʘʮʠʡ, ʧʨʠʯʝʤ ʚ ʷʚʥʦʤ ʚʠʜʝ ʚʳʜʝʣʝʥʳ ʪʠʧʳ ʦʙʲʝʤʥʳʭ 

ʘʙʝʨʨʘʮʠʡ. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʡ ʬʫʥʢʮʠʝʡ ʪʦʥʢʦʛʦ ɻʆʕ, ʚ (2) 

ʫʯʪʝʥʳ ʪʦʣʱʠʥʘ, ʠʟʤʝʥʝʥʠʷ ʪʦʣʱʠʥʳ (ʫʩʘʜʢʘ), ʠʟʤʝʥʝʥʠʝ ʨʘʟʤʝʨʦʚ ʠ 

ʠʟʤʝʥʝʥʠʝ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʦʙʲʝʤʥʦʛʦ ɻʆʕ. ʇʦ ʘʥʘʣʦʛʠʠ ʩ ʠʟʚʝʩʪʥʳʤʠ 

ʘʙʝʨʨʘʮʠʦʥʥʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʪʦʥʢʦʛʦ ɻʆʕ ʘʙʝʨʨʘʮʠʦʥʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ 

ʚ V3t(x,y), V3v(x,y,z) ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʣʝʜʫʶʱʠʤ ʪʠʧʘʤ ʘʙʝʨʨʘʮʠʡ ʪʨʝʪʴʝʛʦ 

ʧʦʨʷʜʢʘ [3]: Sijk
 
ï ʩʬʝʨʠʯʝʩʢʦʡ ʘʙʝʨʨʘʮʠʠ, Cijk ï ʢʦʤʝ, A ijk ï ʘʩʪʠʛʤʘʪʠʟʤʫ, Eijk ï 

ʢʨʠʚʠʟʥʝ ʧʦʚʝʨʭʥʦʩʪʠ ʠʟʦʙʨʘʞʝʥʠʷ, Dijk ï ʜʠʩʪʦʨʩʠʠ, ʛʜʝ ʠʥʜʝʢʩʳ  i,j,k 

ʩʦʚʧʘʜʘʶʪ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʠʥʜʝʢʩʘʤʠ ʘʙʝʨʨʘʮʠʦʥʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ. 

ʀʥʜʝʢʩʳ  i,j,k ʪʘʢʞʝ ʩʦʚʧʘʜʘʶʪ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʩ ʧʦʢʘʟʘʪʝʣʷʤʠ ʩʪʝʧʝʥʠ 

ʧʝʨʝʤʝʥʥʳʭ x, y, z ʚ V3t(x,y), V3v(x,y,z). ɸʥʘʣʠʪʠʯʝʩʢʠʝ ʚʳʨʘʞʝʥʠʷ ʯʣʝʥʦʚ 

ʨʘʟʣʦʞʝʥʠʷ V5t(x,y), V5v(x,y,z), V7t(x,y), V7v(x,y,z), V9t(x,y), V9v(x,y,z) ʠ ʠʭ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʘʙʝʨʨʘʮʠʡ ʧʨʠʚʝʜʝʥʳ ʚ ʧʨʠʣʦʞʝʥʠʠ. ɺʳʨʘʞʝʥʠʷ ʜʣʷ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʨʠ ʠʥʜʝʢʩʝ k = 0 ʩʦʚʧʘʜʘʶʪ ʩ ʠʟʚʝʩʪʥʳʤʠ  ʚʳʨʘʞʝʥʠʷʤʠ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʘʙʝʨʨʘʮʠʡ ʚʳʩʰʠʭ ʧʦʨʷʜʢʦʚ ʪʦʥʢʦʛʦ ɻʆʕ [3-5]. 

ʅʘ ʨʠʩ. 2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʘʩʯʝʪʥʳʝ ʟʥʘʯʝʥʠʷ ʧʝʨʚʳʭ ʩʬʝʨʠʯʝʩʢʠʭ 

ʘʙʝʨʨʘʮʠʡ ʩʝʜʴʤʦʛʦ (ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ) ʠ ʜʝʚʷʪʦʛʦ (ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ) ʧʦʨʷʜʢʦʚ 

ʦʙʲʝʤʥʦʛʦ ɻʆʕ ʩ ʦʪʥʦʩʠʪʝʣʴʥʳʤ ʦʪʚʝʨʩʪʠʝʤ ʧʨʠʤʝʨʥʦ 1:1 ʥʘ ʨʘʙʦʯʝʡ ʜʣʠʥʝ 

ʚʦʣʥʳ 532 ʥʤ. ʈʘʜʠʫʩ ʩʬʝʨʠʯʝʩʢʦʡ ʘʙʝʨʨʘʮʠʠ ʜʝʚʷʪʦʛʦ ʧʦʨʷʜʢʘ ʧʨʝʚʳʰʘʝʪ 

ʘʙʝʨʨʘʮʠʶ ʩʝʜʴʤʦʛʦ ʧʦʨʷʜʢʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʨʘʩʯʝʪʝ ʦʙʲʝʤʥʳʭ ɻʆʕ ʩ 

ʦʪʥʦʩʠʪʝʣʴʥʳʤ ʦʪʚʝʨʩʪʠʝʤ 1:1 ʠ ʙʦʣʝʝ ʪʨʝʙʫʝʪʩʷ ʫʯʠʪʳʚʘʪʴ ʘʙʝʨʨʘʮʠʠ ʜʝʚʷʪʦʛʦ 

ʧʦʨʷʜʢʘ. 

 



ȹʭ, ʤʤ 

ȹy, 

ʤʤ 0,3 

0,3 0 

ʈʠʩ. 2. ʉʬʝʨʠʯʝʩʢʘʷ ʘʙʝʨʨʘʮʠʷ 

ʩʝʜʴʤʦʛʦ ʠ ʜʝʚʷʪʦʛʦ ʧʦʨʷʜʢʦʚ 

ɺ ʚʳʨʘʞʝʥʠʷʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ʘʙʝʨʨʘʮʠʡ ʚ ʷʚʥʦʤ ʚʠʜʝ ʤʦʞʥʦ 

ʚʳʜʝʣʠʪʴ ʩʦʩʪʘʚʣʷʶʱʠʝ 

ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʦʡ ʠ ʭʨʦʤʘʪʠʯʝʩʢʦʡ 

ʘʙʝʨʨʘʮʠʡ ʠ ʘʙʝʨʨʘʮʠʡ, ʚʦʟʥʠʢʘʶʱʠʭ 

ʠʟ-ʟʘ ʠʟʤʝʥʝʥʠʷ ʩʨʝʜʥʝʛʦ ʧʦʢʘʟʘʪʝʣʷ 

ʧʨʝʣʦʤʣʝʥʠʷ ʠ ʨʘʟʤʝʨʦʚ ʦʙʲʝʤʥʦʛʦ 

ɻʆʕ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʠ 

ʪʝʨʤʦʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʘʙʝʨʨʘʮʠʡ. ʊʘʢ, 

ʩʨʝʜʥʠʡ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ nc 

ʦʙʲʝʤʥʦʛʦ ɻʆʕ ʤʦʞʝʪ ʙʳʪʴ 

ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʚʠʜʝ [8] 

nc =  no + ȹnf  + ȹnt
 
 + ȹnd, 

ʛʜʝ no ï ʥʘʯʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ, ȹnf ʠ ȹnt ï 

ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʝ ʠ ʪʝʨʤʦʠʥʜʫʮʠʨʦʚʘʥʥʦʝ ʠʟʤʝʥʝʥʠʷ  ʧʦʢʘʟʘʪʝʣʷ 

ʧʨʝʣʦʤʣʝʥʠʷ,
 
ȹnd ï ʠʟʤʝʥʝʥʠʝ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʠʟ-ʟʘ ʜʝʬʦʨʤʘʮʠʠ 

ʦʙʲʝʤʥʦʛʦ ɻʆʕ. 

ʀʟʤʝʥʝʥʠʝ ʨʘʟʤʝʨʦʚ ʛʦʣʦʛʨʘʤʤʥʦʛʦ ʵʣʝʤʝʥʪʘ ʚʜʦʣʴ ʢʘʞʜʦʡ ʠʟ ʦʩʝʡ 

ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʚʠʜʝ ʢʦʵʬʬʠʮʠʝʥʪʘ [8] 

m = 1 + ȹmf  + ȹmt
 
 + ȹmd, 

ʛʜʝ ȹmf, ȹmt ï ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʝ ʠ 

ʪʝʨʤʦʠʥʜʫʮʠʨʦʚʘʥʥʦʝ ʠʟʤʝʥʝʥʠʷ ʨʘʟʤʝʨʦʚ,
 
 ȹmd ï ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ 

ʨʘʟʤʝʨʦʚ ʠʟ-ʟʘ ʜʝʬʦʨʤʘʮʠʠ ʦʙʲʝʤʥʦʛʦ ɻʆʕ. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʚ ʦʪʣʠʯʠʝ ʦʪ ʪʦʥʢʦʛʦ ɻʆʕ ʧʨʠ ʨʘʩʯʝʪʝ ʘʙʝʨʨʘʮʠʡ ʦʙʲʝʤʥʦʛʦ 

ɻʆʕ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʝʛʦ ʩʝʣʝʢʪʠʚʥʦʩʪʴ [3]. ɺ ʧʝʨʚʦʤ ʧʨʠʙʣʠʞʝʥʠʠ 

ʢʦʦʨʜʠʥʘʪʳ (ʭ,ʫ) ʢʨʘʡʥʠʭ ʦʪ ʦʧʪʠʯʝʩʢʦʡ ʦʩʠ ʪʦʯʝʢ ʧʘʜʝʥʠʷ ʣʫʯʝʡ, ʜʣʷ ʢʦʪʦʨʳʭ 

ʚʳʧʦʣʥʷʝʪʩʷ ʫʩʣʦʚʠʝ ʣʦʢʘʣʴʥʦʡ ʩʝʣʝʢʪʠʚʥʦʩʪʠ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʝʣʠʯʠʥʳ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʙʲʝʤʥʳʭ ʤʦʥʦʭʨʦʤʘʪʠʯʝʩʢʠʭ ʘʙʝʨʨʘʮʠʡ ʠ ʪʦʣʱʠʥʳ 

ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʡ ʩʨʝʜʳ ʦʧʨʝʜʝʣʷʶʪʩʷ ʚ ʥʝʧʘʨʘʢʩʠʘʣʴʥʦʡ ʦʙʣʘʩʪʠ ʜʣʷ 

ʦʙʲʝʤʥʦʛʦ ʦʩʝʚʦʛʦ ɻʆʕ ʠʟ ʬʦʨʤʫʣ  

ʭ = (ɝʭlc/(3 źS401/8 + 3́ z
2
S402/4))

1/4
, 

ʫ = (ɝʫlc/(3 źS041/8 + 3́ z
2
S042/4))

1/4
.   (5) 

ʇʨʠ ʦʮʝʥʦʯʥʳʭ ʨʘʩʯʝʪʘʭ ʣʦʢʘʣʴʥʳʝ ʚʝʣʠʯʠʥʳ ɝʭ ʠ ɝʫ ʤʦʞʥʦ ʧʨʠʥʷʪʴ 

ʨʘʚʥʳʤʠ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ .́ 

ʀʟ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʡ ʬʫʥʢʮʠʠ V(x,y,z) ʦʙʲʝʤʥʦʛʦ ɻʆʕ ʤʦʛʫʪ ʙʳʪʴ 

ʦʧʨʝʜʝʣʝʥʳ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʘʙʝʨʨʘʮʠʠ ȹʭ, ȹʫ ʪʦʯʝʢ ʠʟʦʙʨʘʞʝʥʠʷ ʧʦ ʠʟʚʝʩʪʥʳʤ 

ʬʦʨʤʫʣʘʤ 

ȹʭ å zi(ÖV(x,y,z)/Öx), 

ȹʫ å zi(ÖV(x,y,z)/Öʫ). 

ɺʝʣʠʯʠʥʳ ʘʙʝʨʨʘʮʠʡ  ȹʭ, ȹʫ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʩ ʫʯʝʪʦʤ (5). ʇʨʠ ʵʪʦʤ 

ʧʦʣʫʯʘʝʤ, ʯʪʦ ʜʠʩʪʦʨʩʠʷ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʧʦʧʝʨʝʯʥʳʭ ʨʘʟʤʝʨʦʚ ʠ ʩʝʣʝʢʪʠʚʥʦʩʪʠ 

ʦʙʲʝʤʥʦʛʦ ɻʆʕ. ʆʪʤʝʪʠʤ ʯʪʦ, ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʦʙʲʝʤʥʦʛʦ ɻʆʕ ʧʨʠʚʦʜʠʪ ʢ 

ʫʤʝʥʴʰʝʥʠʶ ʚʩʝʭ ʘʙʝʨʨʘʮʠʡ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʘʙʝʨʨʘʮʠʷʤʠ 

ʪʦʥʢʦʛʦ ɻʆʕ ʠʟ-ʟʘ ʫʤʝʥʴʰʝʥʠʷ  ʦʙʲʝʤʘ ɻʆʕ, ʚ ʢʦʪʦʨʦʤ ʝʱʝ ʚʳʧʦʣʥʷʝʪʩʷ 



ʫʩʣʦʚʠʝ ʜʠʬʨʘʢʮʠʠ ɹʨʵʛʛʘ. ɸʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ 

ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʘʙʝʨʨʘʮʠʡ ʧʷʪʦʛʦ ʧʦʨʷʜʢʘ ʠ ʙʦʣʝʝ ʚʳʩʰʠʭ 

ʧʦʨʷʜʢʦʚ. 

ɺʳʨʘʞʝʥʠʷ, ʦʧʠʩʳʚʘʶʱʠʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʭʨʦʤʘʪʠʯʝʩʢʠʝ ʘʙʝʨʨʘʮʠʠ, ʪʦ 

ʝʩʪʴ ʦʪʢʣʦʥʝʥʠʝ ʢʦʦʨʜʠʥʘʪ ʣʫʯʝʡ ʚ ʧʣʦʩʢʦʩʪʠ ʠʟʦʙʨʘʞʝʥʠʷ ʥʘ ʚʝʣʠʯʠʥʳ ȹʭɚ, 

ȹzɚ ʦʪ ʧʘʨʘʢʩʠʘʣʴʥʦʡ ʪʦʯʢʠ ʠʟʦʙʨʘʞʝʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ  ʚʳʯʠʩʣʝʥʠʝʤ 

ʯʘʩʪʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ ʧʦ ʜʣʠʥʝ ʚʦʣʥʳ ɚʩ  ʠʟ ʚʳʨʘʞʝʥʠʡ ʜʣʷ  ȹʭ ʠ ȹz 

ȹʭɚ = (Ö(ȹʭ)/Öɚʩ)ȹɚʩ, 

ȹzɚ = (Ö(ȹz)/Öɚʩ)ȹɚʩ,   (6) 

ʛʜʝ ȹɚʩ ï ʠʟʤʝʥʝʥʠʝ ʨʘʙʦʯʝʡ ʜʣʠʥʳ ʚʦʣʥʳ ʦʙʲʝʤʥʦʛʦ ʦʩʝʚʦʛʦ ɻʆʕ ʦʪ 

ʟʘʜʘʥʥʦʛʦ ʟʥʘʯʝʥʠʷ. ʆʪʤʝʪʠʤ, ʯʪʦ ʧʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʘʙʝʨʨʘʮʠʡ ʧʝʨʚʦʛʦ ʠ 

ʪʨʝʪʴʝʛʦ ʧʦʨʷʜʢʦʚ ʦʙʲʝʤʥʦʛʦ ʦʩʝʚʦʛʦ ɻʆʕ ʦʪ ʨʘʙʦʯʝʡ ʜʣʠʥʳ ʚʦʣʥʳ ɚʩ ʚ ʷʚʥʦʤ 

ʚʠʜʝ ʟʘʚʠʩʷʪ ʪʦʣʴʢʦ ʢʦʵʬʬʠʮʠʝʥʪʳ Fijk ʠ Sijk. ʀʟ (6), ʩʣʝʜʫʝʪ, ʯʪʦ ʭʨʦʤʘʪʠʯʝʩʢʠʝ 

ʘʙʝʨʨʘʮʠʠ ʦʙʲʝʤʥʦʛʦ ɻʆʕ ʩʢʣʘʜʳʚʘʶʪʩʷ ʠʟ ʭʨʦʤʘʪʠʯʝʩʢʠʭ ʘʙʝʨʨʘʮʠʡ ʪʦʥʢʦʛʦ 

ɻʆʕ ʠ ʦʙʲʝʤʥʦʡ ʭʨʦʤʘʪʠʯʝʩʢʦʡ ʘʙʝʨʨʘʮʠʠ, ʟʘʚʠʩʷʱʝʡ ʦʪ ʪʦʣʱʠʥʳ ɻʆʕ. 

ʆʙʲʝʤʥʘʷ ʭʨʦʤʘʪʠʯʝʩʢʘʷ ʘʙʝʨʨʘʮʠʷ ʟʘʚʠʩʠʪ ʦʪ ʪʦʣʱʠʥʳ ɻʆʕ ʚ ʧʝʨʚʦʤ 

ʧʨʠʙʣʠʞʝʥʠʠ ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ. 

ɺʳʨʘʞʝʥʠʷ, ʦʧʠʩʳʚʘʶʱʠʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ ʘʙʝʨʨʘʮʠʠ 

ȹʭd, ȹʫd ʦʙʲʝʤʥʦʛʦ ʦʩʝʚʦʛʦ ɻʆʕ, ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ  ʠʟ ȹʭ ʠ ȹʫ ʚʳʯʠʩʣʝʥʠʝʤ 

ʯʘʩʪʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ ʧʦ ʥʘʧʨʷʞʝʥʠʶ ů 

ȹʭd = (Ö(ȹʭ)/Öů)ȹů, 

ȹʫd = (Ö(ȹʫ)/Öů)ȹů,   (7) 

ʛʜʝ ȹů ï ʠʟʤʝʥʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʚ ʦʙʲʝʤʝ ɻʆʕ. 

ʀʟ (7) ʧʦʣʫʯʘʝʤ ʩʣʝʜʫʶʱʠʝ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʠʟʤʝʥʝʥʠʷ 

ʢʦʦʨʜʠʥʘʪ ȹʭd, ȹʫd, ȹzd ʣʫʯʘ ʚ ʧʣʦʩʢʦʩʪʠ ʠʟʦʙʨʘʞʝʥʠʷ ʠʟ-ʟʘ ʠʟʤʝʥʝʥʠʷ ʥʘ ȹů 

ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʦʙʲʝʤʥʦʛʦ ʦʩʝʚʦʛʦ ɻʆʕ: 

1) ʧʨʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʡ ʘʙʝʨʨʘʮʠʠ ʧʦʣʦʞʝʥʠʷ 

ȹzd = (Özi/Öů)ȹů = (kɛ/mʭ
2
)(1/zr Ñ 1/zʦ)(2ȹmx,d/mx + ȹnd/no)zi

2
, 

ȹzd = (Özi/Öů)ȹů = (kɛ/mʫ
2
)(1/zr Ñ 1/zʦ)(2ȹmʫ,d/mʫ + ȹnd/no)zi

2
, 

2) ʧʨʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʡ ʘʙʝʨʨʘʮʠʠ ʫʚʝʣʠʯʝʥʠʷ 

ȹxd = (B100
 
+ zB101 + z

2
B102)ȹzd, 

ȹʫd = (B010
 
+ zB011 + z

2
B012)ȹzd, 

3) ʧʨʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʡ ʜʝʬʦʢʫʩʠʨʦʚʢʝ 

ȹʭd = (ÖF200/Öů + zÖF201/Öů + z
2
ÖF202/Öů)xziȹů + (F200 + zF201 + z

2
F202)ʭȹzd, 

ȹyd = (ÖF020/Öů + zÖF021/Öů + z
2
ÖF022/Öů)yziȹů + (F200 + zF021 + z

2
F022)yȹzd, 

ʛʜʝ ÖF200/Öů =  kɛ(1/zr Ñ 1/zʦ)(2ȹmx,d + ȹnd/no)/ȹů; 

ÖF201/Öů  = kɛ(1/zr
2
  Ñ 1/zʦ

2
)(2ȹmx,d + ȹmz,d + ȹnd/no)/ȹů; 

ÖF202/Öů = kɛ(1/zr 
3 
Ñ 1/zʦ

3
)(2ȹmx,d + 2ȹmz,d + ȹnd/no)/ȹů; 

ÖF020/Öů =  kɛ(1/zr Ñ 1/zʦ)(2ȹmʫ,d + ȹnd/no)/ȹů; 

ÖF021/Öů  = kɛ(1/zr
2
  Ñ 1/zʦ

2
)(2ȹmʫ,d + ȹmz,d + ȹnd/no)/ȹů; 

ÖF022/Öů = kɛ(1/zr 
3 
Ñ 1/zʦ

3
)(2ȹmʫ,d + 2ȹmz,d + ȹnd/no)/ȹů; 

4) ʧʨʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʡ ʩʬʝʨʠʯʝʩʢʦʡ ʘʙʝʨʨʘʮʠʠ ʪʨʝʪʴʝʛʦ ʧʦʨʷʜʢʘ  

ȹʭd = (ÖS400/Öů + 3zÖS401/Öů + 6z
2
ÖS402/Öů)x

3
ziȹů/2 +  

+ (S400 + 3zS401 + 6z
2
S402)x

3
ȹzd/2 + 

+ (ÖS220/Öů + 3zÖS221/Öů + 6z
2
ÖS222/Öů)xʫ

2
ziȹů/2 + (S220 + 3zS221 + 



+ 6z
2
S222)xʫ

2
ȹzd/2, 

ȹyd = (ÖS040/Öů + 3zÖS041/Öů + 6z
2
ÖS042/Öů)y

3
ziȹů/2 + 

+ (S400 + 3zS041 + 6z
2
S042)y

3
ȹzd/2 + 

+ (ÖS220/Öů + 3zÖS221/Öů + 6z
2
ÖS222/Öů)yʭ

2
ziȹů/2 + (S220 + 3zS221 + 

+ 6z
2
S222)yʭ

2
ȹzd/2, 

ʛʜʝ ÖS400/Öů =
 
kɛ(1/zr

3 
 Ñ 1/zʦ

3
)(4ȹmx,d + ȹnd/no)/ȹů; 

ÖS401/Öů =
 
kɛ(1/zr

4  
Ñ 1/zʦ

4
)(4ȹmx,d + ȹmz,d + ȹnd/no)/ȹů; 

ÖS402/Öů =
 
kɛ(1/zr

5 
 Ñ 1/zʦ

5
)(4ȹmx,d + 2ȹmz,d + ȹnd/no)/ȹů; 

ÖS040/Öů =
 
kɛ(1/zr

3 
 Ñ 1/zʦ

3
)(4ȹmʫ,d + ȹnd/no)/ȹů; 

ÖS041/Öů =
 
kɛ(1/zr

4  
Ñ 1/zʦ

4
)(4ȹmʫ,d + ȹmz,d + ȹnd/no)/ȹů; 

ÖS042/Öů =
 
kɛ(1/zr

5 
 Ñ 1/zʦ

5
)(4ȹmʫ,d + 2ȹmz,d + ȹnd/no)/ȹů; 

5) ʧʨʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʡ ʢʦʤʝ ʪʨʝʪʴʝʛʦ ʧʦʨʷʜʢʘ   

ȹʭd = 3(C300 + 3zC301 + 6z
2
C302) x

2
ȹzd/2 + (C210

 
+ 3zC211 + 6z

2
C212)xyȹzd + 

+ (C120 + 3zC121
 
+ 6z

2
C122)y

2
ȹzd/2, 

ȹʫd = (C210
  
+ 3zC211 + 6z

2
C212)x

2
ȹzd/2 + (C120

 
+ 3zC121

 
+ 6z

2
C122)ʭyȹzd + 

+ 3(C030 + 3zC031 + 6z
2
C032)y

2
ȹzd/2; 

6) ʧʨʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʤ ʘʩʪʠʛʤʘʪʠʟʤʝ ʪʨʝʪʴʝʛʦ ʧʦʨʷʜʢʘ 

ȹʭd = (A200
 
+ 3zA201 + 6z

2
A202)xȹzd + (A110 + 3zA111

 
+ 6z

2
A112)yȹzd, 

ȹʫd = (A110 + 3zA111
 
+ 6z

2
A112)xȹzd + (A020 + 3zA021

 
+ 6z

2
A022)yȹzd; 

7) ʧʨʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʡ ʢʨʠʚʠʟʥʝ ʧʦʚʝʨʭʥʦʩʪʠ ʠʟʦʙʨʘʞʝʥʠʷ ʪʨʝʪʴʝʛʦ 

ʧʦʨʷʜʢʘ 

ȹʭd = (E200
 
+ 3zE201

 
+ 6z

2
E202)xȹzd/2, 

ȹʫd = (E200
 
+ 3zE201

 
+ 6z

2
E202)ʫȹzd/2; 

8) ʧʨʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʡ ʜʠʩʪʦʨʩʠʠ ʪʨʝʪʴʝʛʦ ʧʦʨʷʜʢʘ 

ȹʭd = (D100
 
+ 3zD101

 
+ 6z

2
D102)ȹzd/2, 

ȹʫd = (D100
 
+ 3zD101

 
+ 6z

2
D102)ȹzd/2. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʚʝʣʠʯʠʥʘ ʜʠʩʪʦʨʩʠʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʨʘʟʤʝʨʦʚ ʦʙʲʝʤʥʦʛʦ 

ʦʩʝʚʦʛʦ ɻʆʕ ʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʝʣʠʯʠʥʦʡ ʜʝʬʦʨʤʘʮʠʦʥʥʦʡ ʘʙʝʨʨʘʮʠʠ ʧʦʣʦʞʝʥʠʷ 

ȹzd. 

ɺʘʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʚʳʨʘʞʝʥʠʡ ʜʝʬʦʨʤʘʮʠʦʥʥʦʡ 

ʘʙʝʨʨʘʮʠʠ ʦʙʲʝʤʥʦʛʦ ɻʆʕ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʦʥʠ  ʧʦʟʚʦʣʷʶʪ ʧʦʣʫʯʠʪʴ 

ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʚʝʣʠʯʠʥʳ ʵʪʠʭ ʘʙʝʨʨʘʮʠʡ, ʩʨʘʚʥʠʪʴ ʠʭ ʩ ʟʘʜʘʥʥʳʤʠ 

ʜʦʧʫʩʪʠʤʳʤʠ ʧʦʛʨʝʰʥʦʩʪʷʤʠ. ɸʥʘʣʠʪʠʯʝʩʢʠʝ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʨʘʩʯʝʪʘ 

ʪʝʨʤʦʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʠ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʘʙʝʨʨʘʮʠʡ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ 

ʠʟ ʚʳʨʘʞʝʥʠʡ ʜʣʷ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʘʙʝʨʨʘʮʠʡ ʟʘʤʝʥʦʡ ʚ ʥʠʭ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ 

ʠʟʤʝʥʝʥʠʡ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʫʩʘʜʢʠ ʥʘ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʳʝ ʠ ʪʝʨʤʦʠʥʜʫʮʠʨʦʚʘʥʥʳʝ ʠʟʤʝʥʝʥʠʷ.  

ʇʦʣʫʯʝʥʥʳʝ ʚ ʷʚʥʦʤ ʚʠʜʝ ʚʳʨʘʞʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʘʙʝʨʨʘʮʠʠ 

ʧʦʟʚʦʣʷʶʪ ʚʳʷʚʠʪʴ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʢʦʤʧʝʥʩʘʮʠʠ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʳʭ, 

ʪʝʨʤʦʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʠ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʘʙʝʨʨʘʮʠʡ ʠ ʫʩʪʘʥʦʚʠʪʴ ʙʦʣʝʝ 

ʦʧʪʠʤʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʦʙʲʝʤʥʳʭ ɻʆʕ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, 

ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʘʷ, ʪʝʨʤʦʠʥʜʫʮʠʨʦʚʘʥʥʘʷ ʠ ʜʝʬʦʨʤʘʮʠʦʥʥʘʷ ʩʬʝʨʠʯʝʩʢʠʝ 

ʘʙʝʨʨʘʮʠʠ ʚʟʘʠʤʥʦ ʢʦʤʧʝʥʩʠʨʫʶʪʩʷ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʚʝʣʠʯʠʥʫ  

DT = [Ñ(1/zc
i+j+kï1

 ï 1/zi
 i+j+kï1

)/(lc/lo + ælc/lo)(1/zr
i+j+kï1 

ï 1/zʦ
i+j+kï1

) + 1 ï 

i(Dmx,f + Dmx,d) ï j(Dmy,f +Dmy,d) ï k(Dmz,f
 
 + Dmz,d) ï Dnʩ,f/no ï  



ïDnʩ,d/no]/(iaʭ + + jay + kaz + Önʩ,f/noÖʊ + Önʩ,d/noÖʊ),   (8) 

ʛʜʝ aʭ, ay, az ï ʢʦʵʬʬʠʮʠʝʥʪʳ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʚʜʦʣʴ ʦʩʝʡ Ox, 

Oy, Oz; Önʩ,f/noÖʊ ï ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʳʡ ʪʝʨʤʦʦʧʪʠʯʝʩʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ 

ʦʙʲʝʤʥʦʛʦ ʦʩʝʚʦʛʦ ɻʆʕ; Önʩ,d/noÖʊ ï ʜʝʬʦʨʤʘʮʠʦʥʥʳʡ ʪʝʨʤʦʦʧʪʠʯʝʩʢʠʡ 

ʢʦʵʬʬʠʮʠʝʥʪ ʦʙʲʝʤʥʦʛʦ ʦʩʝʚʦʛʦ ɻʆʕ; Dmx,f, Dmx,d Dmy,f, Dmy,d, Dmz,f, Dmz,d ï 

ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʝ ʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʝ ʠʟʤʝʥʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʫʩʘʜʢʠ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʝʡ ʆʭ, ʆʫ, Oz; Dnʩ,f, Dnʩ,d ï ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʝ ʠ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʝ ʠʟʤʝʥʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ. 

ʌʦʨʤʫʣʘ (8) ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʠ ʣʦʢʘʣʴʥʦ ʧʨʠ ʥʝʦʜʥʦʨʦʜʥʦʤ 

ʠʟʤʝʥʝʥʠʠ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʠ ʫʩʘʜʢʠ ɻʆʕ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʪʨʝʙʫʝʪʩʷ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʧʦʣʷ ʪʝʤʧʝʨʘʪʫʨ DT(x,y,z) 

ʚ ʦʙʲʝʤʝ ɻʆʕ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʨʘʙʦʪʝ ʧʦʣʫʯʝʥʳ ʚʳʨʘʞʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʙʲʝʤʥʳʭ 

ʘʙʝʨʨʘʮʠʡ ʩʝʜʴʤʦʛʦ ʠ ʜʝʚʷʪʦʛʦ ʧʦʨʷʜʢʦʚ ʦʙʲʝʤʥʦʛʦ ʛʦʣʦʛʨʘʤʤʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ 

ʵʣʝʤʝʥʪʘ. ʇʦʢʘʟʘʥʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʫʯʝʪʘ ʘʙʝʨʨʘʮʠʡ ʜʝʚʷʪʦʛʦ ʧʦʨʷʜʢʘ ʜʣʷ 

ʛʦʣʦʛʨʘʤʤʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʩ ʦʪʥʦʩʠʪʝʣʴʥʳʤ ʦʪʚʝʨʩʪʠʝʤ ʙʦʣʴʰʝ 1:1. 

ɺ ʷʚʥʦʤ ʚʠʜʝ ʚʳʜʝʣʝʥʳ ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ ʘʙʝʨʨʘʮʠʠ ʦʙʲʝʤʥʦʛʦ ʛʦʣʦʛʨʘʤʤʥʦʛʦ 

ʦʧʪʠʯʝʩʢʦʛʦ ʵʣʝʤʝʥʪʘ. ʇʦʣʫʯʝʥʦ, ʚʳʨʘʞʝʥʠʝ, ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ, ʧʨʠ 

ʢʦʪʦʨʦʡ ʤʦʛʫʪ ʙʳʪʴ ʩʢʦʨʨʝʢʪʠʨʦʚʘʥʳ ʦʪʜʝʣʴʥʳʝ ʪʠʧʳ ʘʙʝʨʨʘʮʠʡ. 
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ʇʨʠʣʦʞʝʥʠʝ 

ʏʣʝʥʳ ʨʘʟʣʦʞʝʥʠʷ ʧʷʪʦʛʦ ʧʦʨʷʜʢʘ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʡ ʬʫʥʢʮʠʠ ʦʙʲʝʤʥʦʛʦ ɻʆʕ 

V5t(x,ʫ) = (S600x
6 
+ 3S420x

4
y

2 
+ 3S240x

2
y

4
 + S060y

6
)/16 + 3(S400x

4
 + 2S220x

2
y

2
 
 
+ S040y

4
)/16 ï 

ï 3(ʉ500x
5
 + 2ʉ320x

3 
y

2
 + ʉ140xy

4 
+ ʉ410x

4
y + 2ʉ230x

2 
y

3
 + ʉ050y

5
)/8 ï 

ï 3(C300x
3
 + C210x

2
y + C120xy

2
 + C030y

3
)/4 + 3(ɸ200x

2
 + 2ɸ110xy + ɸ020y

2
)/4 +  

+ 3(E200x
2
 + E020y

2
)/16 ï 3(D100x + D010y)/8 + 

+ 3(P400x
4
 + P220x

2
y

2
 + 2P310x

3
y + 2P130xy

3
 + P040y

4
)/4 ï 

(Z300x
3
 + 3Z210x

2
y + 3Z120xy

2
 + Z030y

3
)/2, 



 

V5v
 
(x,ʫ,z) = 5z(S601x

6
+ 3S421x

4
y

2
 + 3S241x

2
y

4
 + S061y

6
)/16 + 

+ 15z(S401x
4
 + 2S221x

2
y

2
 + S041y

4
)/16 ï 

ï 15z(ʉ501x
5
 + 2ʉ321x

3 
y

2
 + ʉ141xy

4
 + ʉ411x

4
y + 2ʉ231x

2 
y

3
 + ʉ051y

5
)/8 ï 

ï 15z(C301x
3
 + C211x

2
y + C121xy

2
 + C031y

3
)/4 + 

+ 15z(ɸ201x
2
  + 2ɸ111xy + ɸ021y

2
)/4 + 15z(E201x

2
 + E201y

2
)/16 ï 

ï 15z(D101x + D011y)/8 + 

+ 15z(P401x
4
 + P221x

2
y

2
 + 2P311x

3
y + 2P131xy

3
 + P041y

4
)/4 + 

5z(Z301x
3
 + 3Z211x

2
y) + 3Z121xy

2
 + Z031y

3
)/2, 

ʛʜʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʘʙʝʨʨʘʮʠʡ ʧʷʪʦʛʦ ʧʦʨʷʜʢʘ ʦʙʲʝʤʥʦʛʦ ʦʩʝʚʦʛʦ ɻʆʕ: 

Sijk = 1/zc
5+k  
Ñ 1/zi

5+k  
ï (kɛ/mx

i
my

j
mz

k
)(1/zr

5+k  
Ñ 1/zo

5+k 
)    (ijk = 600; 601; 060; 061; 420; 421, 240, 

241), 

Sijk = (xc
2
 + yc

2
)/zc

5+k  
Ñ (xi

2
 + yi

2
)/zi

5+k     
                              (ijk = 400; 401; 040; 041; 220; 221), 

Cijk = xc(xc
2
 + yc

2
)
(5-i-j)/2

/zc
5+k

 Ñ xi(xi
2
 + yi

2
)
(5-i-j)/2

/zi
5+k 

          (ijk = 500; 501; 320; 321; 140; 141; 300; 

301; 210; 211), 

Cijk = yc(xc
2
 + yc

2
)
(5-i-j)/2

/zc
5+k

 Ñ yi(xi
2
 + yi

2
)
(5-i-j)/2

/zi
5+k 

          (ijk = 050; 051; 230; 231; 410; 411; 030; 

031; 120; 121), 

A ijk = xc
i
yc

j
(xc

2
 + yc

2
)/zc

5+k
 Ñ xi

i
yi

j
(xi

2
 + yi

2
)/zi

5+k 
                 (ijk = 200; 201; 020; 021; 110; 111), 

Eijk = (xc
2
 + yc

2
)
2
/zc

5+k
 Ñ (xi

2
 + yi

2
)
2
/zi

5+k 
                              (ijk = 200; 201; 020; 021), 

Dijk = xc
i
yc

j
(xc

2
 + yc

2
)
2
/zc

5+k
 Ñ xi

i
yi

j
(xi

2
 + yi

2
)
2
/zi

5+k 
               (ijk = 100; 101; 010; 011), 

Pijk = xc
i/2

yc
j/2

/zc
5+k

 Ñ xi
i/2

yi
j/2

/zi
5+k   

                                        (ijk = 400; 401; 040; 041), 

Pijk = xcyc/zc
5+k

 Ñ xiyi/zi
5+k     

                                                  (ijk = 310; 311; 130; 131), 

Pijk  = (xc
2
 + yc

2
)/zc

5+k
 Ñ (xi

2 
+ yi

2
)/zi

5+k    
                               (ijk = 220; 221), 

Zijk = xc
i
yc

j
(xc

2
 + yc

2
)
4-i-j

/zc
5+k

 Ñ xi
i
yi

j
(xi

2
 + yi

2
)
4-i-j

/zi
5+k 

         (ijk = 300; 301; 210; 211; 120; 121; 030; 

031). 

 

ʏʣʝʥʳ ʨʘʟʣʦʞʝʥʠʷ ʩʝʜʴʤʦʛʦ ʧʦʨʷʜʢʘ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʡ ʬʫʥʢʮʠʠ ʦʙʲʝʤʥʦʛʦ ɻʆʕ 

V7t(x,ʫ) = ï 5(S800
 
x

8
+ 4S620x

6
y

2
 + 6S440x

4
y

4
 + 4S260x

2
y

6
 + S080y

8
)/128 ï 

ï 5(S600x
6 
+ 3S420x

4
y

2
 + 3S240x

2
y

4
 + S060y

6
)/32 ï 15(S400x

4 
+ 2S220x

2
y

2
 + S040y

4
)/64 ï 

+ 5(C700x
7 
+ 3C520x

5
y

2
 + 3C340x

3
y

4
 + C160xy

6
 + C610x

6
y + 3C430x

4
y

3
 + 3C250x

2
y

5
 + C070y

7
)/16 + 

+ 15(ʉ500x
5
 + ʉ410x

4
y + 2ʉ320x

3
y

2
 + 2ʉ230x

2
y

3
 + ʉ140xy

4
 + ʉ050y

5
)/16 + 

+ 15(C300x
3
 + C210x

2
y + C120xy

2
 + C030y

3
)/16 ï 

ï 15(ɸ200x
2
 + 2ɸ110xy + ɸ020y

2
)/16 ï 5(E200x

2 
+ E020y

2
)/32 + 5(D100x + D010y)/16 ï 

ï 15(P600x
6
 + 2P510x

5
y + P420x

4
y

2
 + 2P420x

4
y

2
 + 4P330x

3
y

3
 + 2P240x

2
y

4
 + P240x

2
y

4
 + 2P150xy

5
 + 

+ P060y
6
) /16 + 5(P500x

5
 + 3P410x

4 
y + P320x

3
y

2
 +  P230x

2
y

3
 + 3P140xy

4
 + P050y

5
)/4 ï 

ï 15(P400x
4
 + 2P310x

3
y + P220x

2
y

2
 + 2P130xy

3
 + P040y

4
)/8 ï 

ï 5(Z400x
4
 + 4Z310x

3 
y + 6Z220x

2
y

2
 + 4Z130xy

3
 + Z040y

4
)/8 + 

+ 5(Z300x
3
 + 3Z210x

2 
y + 3Z120xy

2
 + Z030y

3
)/4, 

 

V7v(x,ʫ,z) = ï 35z(S801
 
x

8 
+ 4S621x

6
y

2
 + 6S441x

4
y

4
 + 4S261x

2
y

6
 + S081y

8
)/128 ï 

ï 35z(S601x
6 
+ 3S421x

4
y

2
 + 3S241x

2
y

4
 + S061y

6
)/32 ï 105z(S401x

4 
+ 2S221x

2
y

2
 + S041y

4
)/64 ï 

+ 35z(C701x
7 
+ 3C521x

5
y

2
 + 3C341x

3
y

4
 + C161xy

6
 + C611x

6
y + 3C431x

4
y

3
 + 3C251x

2
y

5
 + C071y

7
)/16 + 

+ 105z(ʉ501x
5
 + ʉ411x

4
y + 2ʉ321x

3
y

2
 + 2ʉ231x

2
y

3
 + ʉ141xy

4
 + ʉ051y

5
)/16 + 

+ 105z(C301x
3
 + C211x

2
y + C121xy

2
 + C031y

3
)/16 ï 

ï 105z(ɸ201x
2
 + 2ɸ111xy + ɸ021y

2
)/16 ï 35z(E201x

2 
+ E021y

2
)/32 + 35z(D101x + D011y)/16 ï 

ï 105z(P601x
6
 + 2P511x

5
y + P421x

4
y

2
 + 2P421x

4
y

2
 + 4P331x

3
y

3
 + 2P241x

2
y

4
 + P241x

2
y

4
 + 2P151xy

5
 + 

+ P061y
6
) /16 + 35z(P501x

5
 + 3P411x

4 
y + P321x

3
y

2
 +  P231x

2
y

3
 + 3P141xy

4
 + P051y

5
)/4 ï 

ï 105z(P401x
4
 + 2P311x

3
y + P221x

2
y

2
 + 2P131xy

3
 + P041y

4
)/8 ï 

ï 35z(Z401x
4
 + 4Z311x

3 
y + 6Z221x

2
y

2
 + 4Z131xy

3
 + Z041y

4
)/8 + 

+ 35z(Z301x
3
 + 3Z211x

2 
y + 3Z121xy

2
 + Z031y

3
)/4, 

 

ʛʜʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʘʙʝʨʨʘʮʠʡ ʩʝʜʴʤʦʛʦ ʧʦʨʷʜʢʘ ʦʙʲʝʤʥʦʛʦ ʦʩʝʚʦʛʦ ɻʆʕ: 



Sijk = 1/zc
7+k  
Ñ 1/zi

7+k  
ï (kɛ/mx

i
my

j
mz

k
)(1/zr

7+k  
Ñ 1/zo

7+k 
)    (ijk = 800; 801; 080; 081; 620; 621, 260, 

261, 440, 441), 

Sijk = (xc
2
 + yc

2
)/zc

7+k  
Ñ (xi

2
 + yi

2
)/zi

7+k     
                              (ijk = 600; 601; 060; 061; 420; 421, 240, 

241), 

Sijk = (xc
2
 + yc

2
)
2
/zc

7+k  
Ñ (xi

2
 + yi

2
)
2
/zi

7+k     
                           (ijk = 400; 401; 040; 041; 220; 221), 

Cijk = xc(xc
2
 + yc

2
)
(7-i-j)/2

/zc
7+k

 Ñ xi(xi
2
 + yi

2
)
(7-i-j)/2

/zi
7+k 

         (ijk = 700; 701; 520; 521; 340; 341; 160; 

161; 500; 501; 320; 321; 140; 141; 300; 301; 120; 121),      

Cijk = yc(xc
2
 + yc

2
)
(7-i-j)/2

/zc
7+k

 Ñ yi(xi
2
 + yi

2
)
(7-i-j)/2

/zi
7+k 

         (ijk = 070; 071; 250; 251; 430; 431; 610; 

611; 050; 051; 230; 231; 410; 411; 030; 031; 210; 211), 

A ijk = xc
i
yc

j
(xc

2
 + yc

2
)
2
/zc

7+k
 Ñ xi

i
yi

j
(xi

2
 + yi

2
)
2
/zi

7+k 
              (ijk = 200; 201; 020; 021; 110; 111), 

Eijk = (xc
2
 + yc

2
)
3
/zc

7+k
 Ñ (xi

2
 + yi

2
)
3
/zi

7+k 
                             (ijk = 200; 201; 020; 021), 

Dijk = xc
i
yc

j
(xc

2
 + yc

2
)
3
/zc

7+k
 Ñ xi

i
yi

j
(xi

2
 + yi

2
)
3
/zi

7+k 
              (ijk = 100; 101; 010; 011), 

Zijk = xc
i
yc

j
(xc

2
 + yc

2
)
4-i-j

/zc
7+k

 Ñ xi
i
yi

j
(xi

2
 + yi

2
)
4-i-j

/zi
7+k 

        (ijk = 400; 401; 310; 311; 220; 221; 

130;131;  040; 041; 300; 301; 210; 211; 120; 121; 030; 031), 

Pijk = xc
i-4

yc
j
/zc

7+k
 Ñ xi

i-4
yi

j
/zi

7+k   
                                           (ijk = 600; 601); 

Pijk = xc
i
yc

j-4
/zc

7+k
 Ñ xi

i
yi

j-4
/zi

7+k   
                                           (ijk = 060; 061); 

Pijk = xcyc/zc
7+k

 Ñ xiyi/zi
7+k     

                                                 (ijk = 510; 511; 330; 331; 150; 151); 

Pijk  = (2xc
2
 + yc

2
)/zc

7+k
 Ñ (2xi

2 
+ yi

2
)/zi

7+k    
                          (ijk = 420; 421); 

Pijk  = (xc
2
 + 2yc

2
)/zc

7+k
 Ñ (xi

2  
+ 3yi

2
)/zi

7+k
                            (ijk = 240; 241);              

Pijk = xc
i-3

yc
j
/zc

7+k
 Ñ xi

i-3
yi

j
/zi

7+k                                                                    
(ijk = 500; 501; 410; 411); 

Pijk = xc
i
yc

j-3
/zc

7+k
 Ñ xi

i
yi

j-3
/zi

7+k   
                                           (ijk = 050; 051; 140; 141); 

Pijk = (3xcyc
2
 + xc

3
)/zc

7+k
 Ñ (3xiyi

2 
+ xi

3
)/zi

7+k
                       (ijk = 320; 321); 

Pijk = (3xc
2
yc + yc

3
)/zc

7+k
 Ñ (3xi

2
yi

  
+ yi

3
)/zi

7+k
                       (ijk = 230; 231); 

Pijk = xc
i-2

yc
j
(xc

2
 + yc

2
)/zc

7+k
 Ñ xi

i-2
yi

j
(xi

2
 + yi

2
)/zi

7+k     
           (ijk = 400; 401; 310; 311); 

Pijk = xc
i
yc

j-2
(xc

2
 + yc

2
)/zc

7+k
 Ñ xi

i
yi

j-2
(xi

2
 + yi

2
)/zi

7+k   
            (ijk = 040; 041; 130; 131); 

Pijk = (xc
2
 + yc

2
)
2
/zc

7+k
 Ñ (xi

2
 + yi

2
)
2
/zi

7+k 
                              (ijk = 420; 421; 240; 241). 

 

ʏʣʝʥʳ ʨʘʟʣʦʞʝʥʠʷ ʜʝʚʷʪʦʛʦ ʧʦʨʷʜʢʘ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʡ ʬʫʥʢʮʠʠ ʦʙʲʝʤʥʦʛʦ ɻʆʕ 

V9t(x,y) = + 7(S1000x
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+ 5S820x
8
y

2
 + 10S640x

6
y

4
 + 10S460x

4
y
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 + 5S280x

2
y

8
 + S0100y

10
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 + 35(S800 

x
8
 + 4S620x

6
y
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 + 6S440x

4
y

4
 + 4S260x

2
y

6
 + S080y

8
)/256 + 

+ 35(S600x
6
 
 
+ 3S420x

4
y

2
 + 3S240x

2
y
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 + S060y

6
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4
 + 2S220 x
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 +  

+ S040y
4
)/128 ï 35(C900x

9
 
 
+ 4C720x

7
y

2
 + 6C540x

5
y

4
 + 4C360x

3
y

6
 + C180ʭy

8
 + C810x

8
ʫ

 
+  

+ 4C630x
6
y

3
 + 6C450x

4
y

5
 + 4C270x

2
y

7
 + C090y

9
)/128 ï 35(C700x

7
 + C610x

6
y + 3C520x

5
y

2
 +  3C430x

4
y

3
 + 

+3C340x
3
y

4
 + 3C250x

2
y

5
 + C160xy

6
 + C070y

7
)/32 ï 105(ʉ500x

5
 + ʉ410x

4
y + 

+ 2ʉ320x
3
y

2
 + 2ʉ230x

2
y

3
 + ʉ140xy

4
 + ʉ050y

5
)/64 ï 35(ʉ300x

3
 + ʉ210x

2
y + ʉ120xy

2
 + 

+ ʉ030y
3
)/32 + 35(A200x

2
 + 2A110xy + A020y

2
)/32 + 35(E200x

2 
+ E020y

2
)/256 ï  

ï 35(D100x + D010y)/128 + 35(P800x
8
 + 2P710x

7
y + P620x

6
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 + 6P530x

5
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3
 + 3P440x

4
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4 
+ 

+ 6P350x
3
y

5
 + P260x

2
y
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 + 2P170xy

7
 + P080y

8
)/32 + 105(P600x

6
 + 2P510x

5
y + P420x

4
y

2
 + 

+ 4P330x
3
y

3
 + P240x

2
y

4
 + 2P150xy
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 + P060y

6
)/32 + 35(Q600x

6 
+ 4Q510x

5
y + Q420x

4
y

2
 + 

+ 4Q330x
3
y

3
 + Q240x

2
y

4
 + 4Q150xy

5
 + Q060y

6
)/16 + 105(P400x

4
 + 2P310x

3
y + P220x

2
y

2
 + 

+ 2P130xy
3
 + P040y

4
)/32 ï 35(P700x

7
 + 3P610x

6
y + P520x

5
y

2
 + P430x

4
y

3
 + P340x

3
y

4
 + 

+ P250x
2
y

5  
+ 3P160xy
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 + P070y

7
)/16 ï 35(P500x

5
 + 3P410x

4
y + P320x

3
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2
 + P230x

2
y

3
 + 

+ 3P140xy
4  

+ P050y
5
)/8 ï 7(Z500x

5
 + 5L410x

4 
y + 10Z320

 
x

3
y

2
 + 10Z230x

2
y

3
 + 5Z140xy

4
 + 

+ Z050y
5
)/8 + 35(Z400x

4
 + 4Z310x

3
y + 6Z220x

2
y

2
 + 4Z130xy

3
 + Z040y

4
)/16 ï 35(Z300x

3
 + 

+ 3Z210x
2
y + 3Z120xy

2
 + Z030y

3
)/16, 

 

V9v(x,y,z) = 63(S1001x
10

+ 5S821x
8
y

2
 + 10S641x

6
y

4
 + 10S461x

4
y

6
 + 5S281x

2
y

8
 + 

+ S0101y
10

)z/256
 
 + 35(S801 x

8
 + 4S621x

6
y

2
 + 6S441x

4
y

4
 + 4S261x

2
y

6
 + S081y

8
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+ 35(S601x
6
 
 
+ 3S421x

4
y

2
 + 3S241x

2
y

4
 + S061y

6
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4
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2
y

2
 +  
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4
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9
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7
y

2
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5
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4
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3
y

6
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8
ʫ

 
+  
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6
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3
 + 6C451x

4
y
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2
y
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 + 

+ 3C431x
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y
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 + 3C341x

3
y

4
 + 3C251x

2
y

5
 + C161xy

6
 + C071y

7
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5
 + ʉ411x

4
y + 



+ 2ʉ321x
3
y

2
 + 2ʉ231x

2
y

3
 + ʉ141xy

4
 + ʉ051y

5
)z/64 ï 35(ʉ301x

3
 + ʉ211x

2
y + ʉ121xy

2
 + 

+ ʉ031y
3
)z/32 + 35(A201x

2
 + 2A111xy + A021y

2
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+ E021y

2
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8
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7
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6
y

2
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5
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4
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+ 
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2
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8
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5
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4
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2
 + 
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3
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2
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6
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5
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3
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4
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4
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3
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 + 
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7
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 + 3P411x

4
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3
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2
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2
y

3
 + 

+ 3P141xy
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+ P051y
5
)z/8 ï 7(Z501x

5
 + 5L411x

4 
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x

3
y

2
 + 10Z231x

2
y

3
 + 5Z141xy

4
 + 

+ Z051y
5
)z/8 + 35(Z401x

4
 + 4Z311x

3
y + 6Z221x

2
y

2
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3
 + Z041y

4
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 + 

+ 3Z211x
2
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2
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3
)z/16, 

 

ʛʜʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʘʙʝʨʨʘʮʠʡ ʜʝʚʷʪʦʛʦ ʧʦʨʷʜʢʘ ʦʙʲʝʤʥʦʛʦ ʦʩʝʚʦʛʦ ɻʆʕ: 

Sijk = 1/zc
9+k  
Ñ 1/zi

9+k  
ï (kɛ/mx

i
my

j
mz

k
)(1/zr

9+k  
Ñ 1/zo

9+k 
)   (ijk = 1000; 1001; 0100; 0101; 820; 821, 

280, 281, 640, 641, 460, 461), 

Sijk = (xc
2
 + yc

2
)
(10-i-j)/2

/zc
9+k  
Ñ (xi

2
 + yi

2
)
(10-i-j)/2

/zi
9+k     

         (ijk = 800; 801; 080; 081; 620; 621, 260, 

261, 440, 441), 

Cijk = xc(xc
2
 + yc

2
)
(9-i-j)/2

/zc
9+k

 Ñ xi(xi
2
 + yi

2
)
(9-i-j)/2

/zi
9+k 

        (ijk = 900; 901; 720; 721; 540; 541; 360; 
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Polymer film containing phosphor can be applied in various types of reception systems and 

sensors. This article discusses some of the characteristics of the optical signal transformation in 

polymer films with additives of phosphor. Also addresses the ability to control the output radiation 

by magnetic fields. 

 

Key words: polymer film, phosphor. 

 

ʈʘʥʝʝ ʚ ʨʘʙʦʪʘʭ [1ï3] ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʚʨʝʤʝʥʥʳʝ ʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʣʠʤʝʨʥʳʭ ʧʣʝʥʦʢ ʩ ʣʶʤʠʥʦʬʦʨʘʤʠ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʢʦʣʠʯʝʩʪʚʝʥʥʘʷ ʦʮʝʥʢʘ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʟʘʪʫʭʘʥʠʷ ʠʟʣʫʯʝʥʠʷ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʝʛʦ 

ʩʧʝʢʪʨʘ ʧʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ  ʠʟʣʫʯʝʥʠʷ ʚ ʧʨʷʤʦʫʛʦʣʴʥʳʭ ʧʦʣʠʤʝʨʥʳʭ 

ʧʣʝʥʢʘʭ. 

ʂʘʢ ʠʟʚʝʩʪʥʦ [4] ʟʘʪʫʭʘʥʠʝ ʠʟʣʫʯʝʥʠʷ ʚ ʤʘʪʝʨʠʘʣʝ ʦʧʪʠʯʝʩʢʦʛʦ ʚʦʣʥʦʚʦʜʘ 

ʦʧʠʩʳʚʘʝʪʩʷ ʟʘʢʦʥʦʤ ɹʫʛʝʨʘ. 

ʈʚʳʭ=AĀʈʚʭ exp(-ŬĀ L)    (1) 

ʛʜʝ Ŭ - ʢʦʵʬʬʠʮʠʝʥʪ ʦʩʣʘʙʣʝʥʠʷ; ʈʚʭ ʠ ʈʚʳʭ - ʚʭʦʜʥʘʷ ʠ ʚʳʭʦʜʥʘʷ ʤʦʱʥʦʩʪʠ. 

ɼʣʷ ʧʨʦʚʝʨʢʠ ʧʨʠʤʝʥʠʤʦʩʪʠ ʵʪʦʛʦ ʟʘʢʦʥʘ ʠ ʧʦʣʫʯʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʦʮʝʥʦʢ ʟʘʪʫʭʘʥʠʷ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʩʭʝʤʘ ʠʟʤʝʨʝʥʠʡ, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʥʘ ʨʠʩ. 1. 

 

 

ʈʠʩ. 1. ʉʭʝʤʘ ʠʟʤʝʨʝʥʠʡ, ʋʌʉɼ ï ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʳʡ ʩʚʝʪʦʜʠʦʜʘ, ʀʄ ï 

ʠʟʤʝʨʠʪʝʣʴ ʤʦʱʥʦʩʪʠ, ʇʃ ï ʧʣʝʥʢʘ ʩ ʣʶʤʠʥʦʬʦʨʦʤ 

 

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʵʪʦʡ ʩʭʝʤʦʡ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʠʟʤʝʨʝʥʠʷ ʟʘʚʠʩʠʤʦʩʪʠ 

ʈʚʳʭ ʦʪ  ʜʣʠʥʳ L ʜʣʷ 12 ʚʠʜʦʚ ʧʣʝʥʦʢ, ʜʣʠʥʦʡ ʦʪ 10 ʜʦ 80 ʤʤ ʠ ʪʦʣʱʠʥʦʡ ʦʪ 0,08 

ʜʦ 0,15 ʤʤ. 

ʊʘʢ ʜʣʷ ʧʣʸʥʢʠ ʠʟ ʇʄʄɸ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʣʶʤʠʥʦʬʦʨʘ POPOP ʪʘʢʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 2. ɼʣʷ ʧʣʝʥʢʠ ʜʣʠʥʦʡ 9 ʤʤ ʟʘʚʠʩʠʤʦʩʪʴ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 3. 

ɼʣʷ ʦʮʝʥʢʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ Ŭ ʚ ʬʦʨʤʫʣʝ (1) ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʠʥʪʝʨʧʦʣʷʮʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʢʨʠʚʦʡ ʩ ʧʦʤʦʱʴʶ ʧʦʜʙʦʨʘ ʚʝʣʠʯʠʥʳ Ŭ ʠ ʦʮʝʥʢʠ ʤʠʥʠʤʫʤʘ 

ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʛʦ ʦʪʢʣʦʥʝʥʠʷ ʤʝʞʜʫ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʠ  ʨʘʩʯʝʪʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʴʶ. 

 



 

ʈʠʩ. 2. ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʟʘʚʠʩʠʤʦʩʪʠ ʈʚʳʭ ʦʪ l ʜʣʷ ʧʣʝʥʢʠ ʠʟ ʇʄʄɸ ʩ 

ʜʦʙʘʚʣʝʥʠʝʤ ʣʶʤʠʥʦʬʦʨʘ POPOP 

 

 

 

ʈʠʩ. 3. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʟʘʚʠʩʠʤʦʩʪʠ ʈʚʳʭ ʦʪ l ʜʣʷ ʧʣʝʥʢʠ ʠʟ ʘʢʨʠʣʦʚʦʛʦ 

ʧʦʣʠʤʝʨʘ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʣʶʤʠʥʦʬʦʨʘ POPOP 

 

ʊʘʢ ʜʣʷ ʇʄʄɸ (ʨʠʩ. 2) ʢʦʵʬʬʠʮʠʝʥʪ Ŭ ʩʦʩʪʘʚʣʷʝʪ 0,02, ʘ 

ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʝʩʢʦʝ ʦʪʢʣʦʥʝʥʠʝ ʥʝ ʙʦʣʝʝ 6,2%, ʜʣʷ ʘʢʨʠʣʦʚʦʛʦ ʧʦʣʠʤʝʨʘ 

(ʨʠʩ. 3) ʢʦʵʬʬʠʮʠʝʥʪ Ŭ ʙʣʠʟʦʢ ʢ 0,23, ʘ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʝʩʢʦʝ ʦʪʢʣʦʥʝʥʠʝ ʥʝ 

ʙʦʣʝʝ 3,05%. 

ɹʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʧʣʝʥʢʠ, ʩʦʜʝʨʞʘʱʠʝ ʨʘʟʣʠʯʥʳʝ ʣʶʤʠʥʦʬʦʨʳ. 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʧʣʝʥʢʘʭ, ʩʦʜʝʨʞʘʱʠʭ ʣʶʤʠʥʦʬʦʨ ʈʦʜʘʤʠʥ 6g, 

ʟʘʪʫʭʘʥʠʝ ʩʠʛʥʘʣʘ ʧʨʦʠʩʭʦʜʠʪ ʟʥʘʯʠʪʝʣʴʥʦ ʩʠʣʴʥʝʝ, ʯʝʤ ʚ ʧʣʝʥʢʘʭ, ʩʦʜʝʨʞʘʱʠʭ 

ʈʆʈʆʈ. 
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ɿʘʤʝʥʘ ʠʟʤʝʨʠʪʝʣʷ ʤʦʱʥʦʩʪʠ ʥʘ ʩʧʝʢʪʨʦʤʝʪʨ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʩ ʫʜʘʣʝʥʠʝʤ 

ʦʙʣʘʩʪʠ ʟʘʩʚʝʪʢʠ ʦʪ ʪʦʨʮʘ ʚʦʣʥʦʚʦʜʘ ʫ ʧʣʝʥʢʠ ʩ ʣʶʤʠʥʦʬʦʨʦʤ ʠʟʤʝʥʷʝʪʩʷ 

ʩʧʝʢʪʨ ʩʠʛʥʘʣʘ ʥʘ ʪʦʨʮʝ ʚʦʣʥʦʚʦʜʘ. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ ʥʘʣʠʯʠʝʤ 

ʧʦʛʣʦʱʝʥʠʷ ʚ ʢʦʨʦʪʢʦʚʦʣʥʦʚʦʡ ʦʙʣʘʩʪʠ ʧʝʨʝʠʟʣʫʯʘʝʤʦʛʦ ʩʧʝʢʪʨʘ. ʅʘ ʨʠʩ. 4 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨʳ ʧʦʛʣʦʱʝʥʠʷ ʣʶʤʠʥʦʬʦʨʘʤʠ ʠ ʩʧʝʢʪʨʘʣʴʥʳʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʦʱʥʦʩʪʠ ʧʨʠʥʠʤʘʝʤʦʛʦ ʩʠʛʥʘʣʘ ʥʘ ʪʦʨʮʘʭ ʧʣʘʥʘʨʥʳʭ 

ʧʨʠʝʤʥʠʢʦʚ ʩ ʣʶʤʠʥʦʬʦʨʦʤ ʈʦʜʘʤʠʥ 6g ʠ ʈʆʈʆʈ. 

 

ʘ) ʙ)  

ʈʠʩ. 4 ï ʉʧʝʢʪʨʘʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʦʱʥʦʩʪʠ ʧʨʠʥʠʤʘʝʤʦʛʦ ʩʠʛʥʘʣʘ 

(ʥʦʨʤʠʨʦʚʘʥʥʳʡ ʧʦ ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʝ ʩʧʝʢʪʨʘ) ʩ ʪʦʨʮʘ ʧʣʘʥʘʨʥʦʛʦ ʧʨʠʝʤʥʠʢʘ ʩ 

ʣʶʤʠʥʦʬʦʨʦʤ: ʘ) ʈʦʜʘʤʠʥ 6g; ʙ) ʈʆʈʆʈ 

 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 4 ʩʧʝʢʪʨʳ ʧʦʛʣʦʱʝʥʠʷ ʣʶʤʠʥʦʬʦʨʘ ʈʦʜʘʤʠʥ 6g (ʨʠʩ. 4ʘ) 

ʠ ʩʧʝʢʪʨʳ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʟʥʘʯʠʪʝʣʴʥʦ ʧʝʨʝʩʝʢʘʶʪʩʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʈʆʈʆʈ 

(ʨʠʩ. 4ʙ), ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʩʦʩʪʘʚʘ 

ʚʳʭʦʜʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. 

ʋʧʨʘʚʣʝʥʠʝ ʧʣʝʥʦʯʥʳʤʠ ʧʨʠʝʤʥʠʢʘʤʠ ʚʦʟʤʦʞʥʦ ʟʘ ʩʯʝʪ ʦʪʢʣʦʥʝʥʠʷ 

ʩʚʦʙʦʜʥʦʛʦ ʢʦʥʮʘ ʧʣʝʥʢʠ ʦʪ ʥʘʯʘʣʴʥʦʛʦ ʧʦʣʦʞʝʥʠʷ, ʯʪʦ ʠʟʤʝʥʷʝʪ ʩʪʝʧʝʥʴ 

ʧʦʩʪʫʧʣʝʥʠʷ ʩʠʛʥʘʣʘ, ʚʳʭʦʜʷʱʝʛʦ ʩ ʪʦʨʮʘ ʧʣʝʥʢʠ ʥʘ ʙʣʠʟ ʨʘʩʧʦʣʦʞʝʥʥʳʝ 

ʵʣʝʤʝʥʪʳ. 

ɼʣʷ ʦʮʝʥʢʠ ʚʦʟʤʦʞʥʦʩʪʠ ʫʧʨʘʚʣʝʥʠʷ ʧʘʨʘʤʝʪʨʘʤʠ ʚʳʭʦʜʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʠʟ ʪʦʨʮʘ ʧʣʝʥʢʠ ʙʳʣ ʚʳʧʦʣʥʝʥ ʵʢʩʧʝʨʠʤʝʥʪ ʧʦ ʚʣʠʷʥʠʶ ʧʦʩʪʦʷʥʥʦʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʯʘʩʪʠʮʳ ʞʝʣʝʟʘ ʨʘʟʤʝʨʦʤ ʤʝʥʝʝ 400 ʥʤ ʨʘʟʤʝʱʝʥʥʳʭ ʚ 

ʧʣʝʥʢʝ ʠʟ ʧʦʣʠʚʠʥʠʣʦʚʦʛʦ ʩʧʠʨʪʘ ʪʦʣʱʠʥʦʡ 100 ʤʢʤ. ʂʦʥʮʝʥʪʨʘʮʠʷ ʢʣʘʩʪʝʨʦʚ 

ʠʟ ʪʘʢʠʭ ʯʘʩʪʠʮ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 1 ʰʪ/ʤʤ
3
. 

ɺʝʣʠʯʠʥʘ ʦʪʢʣʦʥʝʥʠʷ ʪʦʨʮʘ ʧʣʝʥʢʠ ʜʣʠʥʦʡ 40 ʤʤ ʠ ʰʠʨʠʥʦʡ 10 ʤʤ ʧʨʠ 

ʧʨʠʙʣʠʞʝʥʠʠ ʧʦʩʪʦʷʥʥʦʛʦ ʤʘʛʥʠʪʘ ʩ ʧʦʪʦʢʦʤ ʦʢʦʣʦ 10 ʤʊʣ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ 

ʈʠʩ.5. ʄʘʛʥʠʪʥʳʡ ʧʦʪʦʢ ʧʣʝʥʢʠ ʧʨʠʚʦʜʠʪ ʢ ʝʝ ʤʘʢʩʠʤʘʣʴʥʦʤʫ ʦʪʢʣʦʥʝʥʠʶ ʥʘ 

10% ʦʪ ʝʝ ʜʣʠʥʳ. 

 



 

ʈʠʩ. 5. ɻʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ ʘʤʧʣʠʪʫʜʳ ʦʪʢʣʦʥʝʥʠʷ ʧʣʝʥʢʠ ʧʨʠ ʧʨʠʙʣʠʞʝʥʠʠ 

ʤʘʛʥʠʪʘ 

 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʩʣʝʜʫʶʱʠʝ ʚʳʚʦʜʳ: 

ʆʩʣʘʙʣʝʥʠʝ ʠʟʣʫʯʝʥʠʷ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʚ ʧʦʣʠʤʝʨʥʳʭ ʧʣʝʥʢʘʭ ʜʦʩʪʘʪʦʯʥʦ 

ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʝʪʩʷ ʟʘʢʦʥʦʤ ɹʫʛʝʨʘ; 

ɼʣʷ ʫʚʝʣʠʯʝʥʠʷ ʦʧʪʠʤʘʣʴʥʦʡ ʜʣʠʥʥʳ ʧʣʘʥʘʨʥʦʛʦ ʧʨʠʝʤʥʠʢʘ, ʥʝʦʙʭʦʜʠʤ 

ʧʦʜʙʦʨ ʣʶʤʠʥʦʬʦʨʘ ʩ ʤʠʥʠʤʘʣʴʥʳʤ ʧʝʨʝʢʨʳʪʠʝʤ ʩʧʝʢʪʨʘ ʧʦʛʣʦʱʝʥʠʷ ʠ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ. ʊʘʢʞʝ ʥʝʦʙʭʦʜʠʤ ʧʦʜʙʦʨ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʨʦʧʫʩʢʘʥʠʷ 

ʧʦʣʠʤʝʨʥʦʡ ʤʘʪʨʠʮʳ. 

ʇʨʠʤʝʥʝʥʠʝ ʤʘʛʥʠʪʥʳʭ ʥʘʥʦʯʘʩʪʠʮ ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʫʧʨʘʚʣʝʥʠʝ 

ʩʠʛʥʘʣʦʤ ʟʘ ʩʯʝʪ ʦʪʢʣʦʥʝʥʠʷ ʩʚʦʙʦʜʥʦʛʦ ʢʦʥʮʘ ʚʦʣʥʦʚʦʜʘ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʠʤʝʥʷʪʴ ʜʘʥʥʳʡ ʚʠʜ ʧʣʝʥʦʢ ʚ ʨʘʟʣʠʯʥʳʭ 

ʩʝʥʩʦʨʥʳʭ ʩʠʩʪʝʤʘʭ. 

 
ɹʀɹʃʀʆɻʈɸʌʀʏɽʉʂʀʁ ʉʇʀʉʆʂ 

1. ɻʦʣʫʙʝʥʢʦʚ ɸ.ɸ., ʇʣʶʩʥʠʥ ɺ.ʌ., ʇʦʣʣʝʨ ɹ.ɺ. ʧʨʠʝʤʥʠʢʠ ʋʌ ʠʟʣʫʯʝʥʠʷ ʥʘ ʦʩʥʦʚʝ 
ʨʘʩʪʚʦʨʘ ʣʶʤʠʥʦʬʦʨʘ ʚ ʧʣʝʥʢʝ. ɺ ʩʙ. ʜʦʢʣ. VII ʄʅʊʂ çʈʘʜʠʦʣʦʢʘʮʠʷ. ʅʘʚʠʛʘʮʠʷ. ʉʚʷʟʴè, 

ʠʟʜ. ɺɻʋ ʪ. 2 ʩʪʨ. 1262 ï 1269, ɺʦʨʦʥʝʞ 2001. 

2. ɹ.ɺ.ʇʦʣʣʝʨ, ʖ.ɼ.ʂʦʣʦʤʥʠʢʦʚ, ɼ.ɽ.ʊʨʫʰʝʥʢʦ. ʀʃʌ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ, 

ʄʝʞʜʫʥʘʨʦʜʥʳʡ ʥʘʫʯʥʳʡ ʢʦʥʛʨʝʩʩ çɻʝʦ ï ʉʠʙʠʨʴ ï 2006, ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʣʘʥʘʨʥʳʭ 

ʧʦʣʠʤʝʨʥʳʭ ʘʥʪʝʥʥ ʩ ʣʶʤʠʥʦʬʦʨʘʤʠ ʜʣʷ ʣʘʟʝʨʥʳʭ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʩʠʩʪʝʤ. 

3. ɺʦʣʦʢʦʥʥʦïʦʧʪʠʯʝʩʢʠʝ ʜʘʪʯʠʢʠ. ɺ. ʀ. ɹʫʩʫʨʠʥ, ʖ. ʈ. ʅʦʩʦʚ. ʄʦʩʢʚʘ 

ʵʥʝʨʛʦʘʪʦʤʠʟʜʘʪ, 1990 ʛʦʜ. ʉʪʨ 21 

4. ɸ.ɹ. ʇʦʣʣʝʨ, ɹ.ɺ. ʇʦʣʣʝʨ, ɸ.ɽ. ʂʫʩʘʢʠʥʘ ʆ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʠ ʥʘʢʦʧʣʝʥʠʠ ʩʚʝʪʘ ʚ 
ʩʣʦʷʭ ʣʶʤʠʥʦʬʦʨʦʚ ʜʣʠʪʝʣʴʥʦʛʦ ʧʦʩʣʝʩʚʝʯʝʥʠʷ. ɻɽʆ-ʉʠʙʠʨʴ ï 2011. ʊ.5. 

ʉʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʦʝ ʧʨʠʙʦʨʦʩʪʨʦʝʥʠʝ, ʤʝʪʨʦʣʦʛʠ ʷ, ʪʝʧʣʦʬʠʟʠʢʘ, ʤʠʢʨʦ ʪʝʭʥʠʢʘ, ʥʘʥʦ 

ʪʝʭʥʦʣʦʛʠʠ. ʏ. 2.: ʩʙ. ʤʘʪʝʨ. VII  ʄʝʞʜʫʥʘʨ. ʅʘʫʯʥ. ʂʦʥʛʨʝʩʩʘ çɻɽʆ-ʉʠʙʠʨʴ ï 2011è, 19-29 

ʘʧʨʝʣʷ 2011 ʛ. ʅʦʚʦʩʠʙʠʨʩʢ.- ʅʦʚʦʩʠʙʠʨʩʢ: ʉɻɻɸ, 2011 ʩ. 69 ï 74. 

 

É ɸ.ɺ. ɹʨʠʪʚʠʥ, ɸ.ɹ. ʇʦʣʣʝʨ, ɹ.ɺ. ʇʦʣʣʝʨ, ɸ.ɽ. ʂʫʩʘʪʢʠʥʘ, 2012 



ʋɼʂ 53.082.16, 531.3 

 

MEMS-ʉɽʅʉʆʈʓ ʆʈʀɽʅʊɸʎʀʀ ʀ ʇɸʈɸʄɽʊʈʆɺ ɼɺʀɾɽʅʀʗ 

 

ɻʝʥʥʘʜʠʡ ɸʣʝʢʩʘʥʜʨʦʚʠʯ ʉʳʨʝʮʢʠʡ 

ʉʠʙʠʨʩʢʘʷ ʛʦʩʫʜʘʨʩʪʚʝʥʥʘʷ ʛʝʦʜʝʟʠʯʝʩʢʘʷ ʘʢʘʜʝʤʠʷ, 630108, ʛ. ʅʦʚʦʩʠʙʠʨʩʢ, ʫʣ. 

ʇʣʘʭʦʪʥʦʛʦ, 10, ʢʘʥʜʠʜʘʪ ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ ʢʘʬʝʜʨʳ ʥʘʥʦʩʠʩʪʝʤ ʠ ʦʧʪʦʪʝʭʥʠʢʠ, 

ʪʝʣ. 8-913-897-35-87, e-mail: sga-2002@mail.ru 

 

ɺ ʩʪʘʪʴʝ ʨʘʩʩʤʦʪʨʝʥʳ ʧʨʠʥʮʠʧʳ ʧʦʩʪʨʦʝʥʠʷ ʠ ʚʘʞʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʦʚʨʝʤʝʥʥʳʭ 

MEMS-ʩʝʥʩʦʨʦʚ ʦʨʠʝʥʪʘʮʠʠ ʧʘʨʘʤʝʪʨʦʚ ʜʚʠʞʝʥʠʷ. 

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: MEMS, ʮʠʬʨʦʚʦʡ ʢʦʤʧʘʩ, ʮʠʬʨʦʚʦʡ ʛʠʨʦʩʢʦʧ ʠ ʘʢʩʝʣʝʨʦʤʝʪʨ. 

 

MEMS-SENSORS OF ORIENTATION AND OF MOVEMENT PARAMETERS 

 

Gennady A. Syreckiy 

Siberian State Academy of Geodesy, 10 Parchomenko, Novosibirsk, 630108, senior teacher, 

department of nanosystems and optotechnik, tel. 8-913-896-35-87, e-mail: sga-2002@mail.ru 

 

In article describes the principles of construction and the important characteristics modern 

MEMS-sensors of orientation and of movement parameters. 

 

Key words: MEMS, digital compass, digital gyroscope and accelerometer sensor. 

 

ʅʳʥʝ ʜʣʷ ʩʦʟʜʘʥʠʷ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʤʠʥʠʘʪʶʨʥʳʭ ʜʘʪʯʠʢʦʚ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʪʝʭʥʦʣʦʛʠʠ ʤʠʢʨʦʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ð ʩʠʩʪʝʤ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ 

ʩʦʙʦʡ ʚʟʘʠʤʦʫʚʷʟʘʥʥʦʝ ʦʙʲʝʜʠʥʝʥʠʝ ʤʠʢʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʠ ʤʠʢʨʦʵʣʝʢʪʨʦʥʥʳʭ 

ʢʦʤʧʦʥʝʥʪʦʚ (Micro Electro Mechanical System, MEMS) ʥʘ ʦʜʥʦʤ ʢʨʝʤʥʠʝʚʦʤ 

ʢʨʠʩʪʘʣʣʝ, ʚ ʢʦʨʧʫʩʝ ʦʜʥʦʡ ʤʠʢʨʦʩʭʝʤʳ. ʈʘʟʣʠʯʘʶʪ ʥʝ ʪʦʣʴʢʦ MEMS, ʥʦ  ʠ 3D-

MEMS ʪʝʭʥʦʣʦʛʠʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʢʦʤʧʦʥʝʥʪʦʚ ʪʘʢʠʭ ʩʠʩʪʝʤ. ʇʨʠʯʝʤ, ʚ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ʢʦʨʧʫʩʝ ʦʜʥʦʡ ʤʠʢʨʦʩʭʝʤʳ ʤʦʛʫʪ ʩʦʜʝʨʞʘʪʴʩʷ ʜʚʘ ʠ ʙʦʣʝʝ 3-

ʦʩʝʚʳʭ ʜʘʪʯʠʢʦʚ ʨʘʟʣʠʯʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʚʝʣʠʯʠʥ. ɼʣʷ ʜʘʪʯʠʢʦʚ, ʩʦʟʜʘʥʥʳʭ ʧʦ 

ʫʢʘʟʘʥʥʳʤ ʪʝʭʥʦʣʦʛʠʷʤ, ʭʘʨʘʢʪʝʨʥʦ ʥʠʟʢʦʝ ʩʦʙʩʪʚʝʥʥʦʝ ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʝ.  

MEMS-ʩʝʥʩʦʨʳ, ʧʨʦʠʟʚʦʜʠʤʳʝ ʤʥʦʞʝʩʪʚʦʤ ʟʘʨʫʙʝʞʥʳʭ ʢʦʤʧʘʥʠʡ, 

ʥʘʭʦʜʷʪ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʧʨʠʙʦʨʘʭ ʠ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʭ ʩʠʩʪʝʤʘʭ 

ʨʘʟʣʠʯʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʢʘʢ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʪʘʢ ʠ ʚ ʠʟʜʝʣʠʷʭ 

ʚʦʝʥʥʦʛʦ ʠ ʛʨʘʞʜʘʥʩʢʦʛʦ ʥʘʟʥʘʯʝʥʠʷ. ʅʘʧʨʠʤʝʨ, ʠʤʠ ʦʩʥʘʱʘʶʪʩʷ ʘʚʪʦʥʦʤʥʳʝ 

ʪʨʘʥʩʧʦʨʪʥʳʝ ʩʨʝʜʩʪʚʘ, ʤʦʙʠʣʴʥʳʝ ʜʦʤʘʰʥʠʝ ʨʦʙʦʪʳ, ʩʤʘʨʪʬʦʥʳ Apple iPhone 

4,  ʵʣʝʢʪʨʦʵʥʮʝʬʘʣʦʛʨʘʬʠʯʝʩʢʠʝ ʛʘʨʥʠʪʫʨʳ ʢʦʤʧʘʥʠʠ Emotiv Systems ʠ ʩʝʛʚʝʠ. 

ʆʥʠ ʧʨʠʤʝʥʷʶʪʩʷ ʠ ʚ ʤʦʜʝʣʷʭ ʫʩʪʨʦʡʩʪʚ, ʢʦʥʩʪʨʫʠʨʫʝʤʳʭ ʥʘ ʙʘʟʝ 

ʨʦʙʦʪʦʪʝʭʥʠʯʝʩʢʠʭ ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʭ ʥʘʙʦʨʦʚ (http://laurensvalk.com/nxt-2_0-

only/anyway; http://legolab.daimi.au.dk/DigitalControl.dir/NXT/Sensors.html).  

ɼʘʥʥʘʷ ʩʪʘʪʴʷ ʧʦʩʚʷʱʝʥʘ ʢʨʘʪʢʦʤʫ ʠʟʣʦʞʝʥʠʶ ʧʨʠʥʮʠʧʦʚ ʜʝʡʩʪʚʠʷ ʠ 

ʚʘʞʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʘʢʠʭ ʪʠʧʦʚ MEMS-ʩʝʥʩʦʨʦʚ, ʢʘʢ ʮʠʬʨʦʚʦʡ ʢʦʤʧʘʩ, 

ʛʠʨʦʩʢʦʧ ʠ ʘʢʩʝʣʝʨʦʤʝʪʨ. 
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ʎʠʬʨʦʚʦʡ ʢʦʤʧʘʩ. ʂʦʤʧʘʩ, ʢʘʢ ʠʟʚʝʩʪʥʦ, ʧʨʝʜʥʘʟʥʘʯʝʥ ʜʣʷ ʦʨʠʝʥʪʘʮʠʠ ʥʘ 

ʤʝʩʪʥʦʩʪʠ ʠ ʟʘʜʘʥʠʷ ʢʫʨʩʘ ʜʚʠʞʝʥʠʷ ʦʙʲʝʢʪʘ ʧʦ ʟʝʤʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʯʝʪʳʨʝʭ ʩʪʦʨʦʥ ʛʦʨʠʟʦʥʪʘ. 

ʇʝʨʚʠʯʥʳʤ ʠʟʤʝʨʠʪʝʣʴʥʳʤ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʤ ʢʦʤʧʘʩʘ ʩʣʫʞʘʪ, ʯʘʱʝ ʚʩʝʛʦ, 

ʯʝʪʳʨʝ  ʤʘʛʥʠʪʦʨʝʟʠʩʪʦʨʘ (ʥʘʧʨʠʤʝʨ, ʤʠʢʨʦʩʭʝʤʘ HMC52L 216), ʩʦʝʜʠʥʝʥʥʳʭ 

ʚ ʤʦʩʪʦʚʫʶ ʩʭʝʤʫ. ʋ ʤʘʛʥʠʪʦʨʝʟʠʩʪʦʨʦʚ ʨʝʟʠʩʪʦʨʦʚ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʤʝʥʷʝʪʩʷ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʥʜʫʢʮʠʠ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʆʙʨʘʙʦʪʢʘ 

ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʩʠʛʥʘʣʦʚ, ʩʥʠʤʘʝʤʳʭ ʩ ʜʠʘʛʦʥʘʣʠ ʤʦʩʪʘ, ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ 

ʚʩʪʨʦʝʥʥʳʤ ʣʠʙʦ ʚʥʝʰʥʠʤ ʤʠʢʨʦʢʦʥʪʨʦʣʣʝʨʦʤ (ʥʘʧʨʠʤʝʨ, PIC16F677 

ʢʦʤʧʘʥʠʠ Microchip). ʇʦʩʨʝʜʩʪʚʦʤ ʪʘʢʦʛʦ ʢʦʤʧʘʩʘ ʤʦʞʥʦ ʦʧʨʝʜʝʣʷʪʴ ʥʝ ʪʦʣʴʢʦ 

ʘʟʠʤʫʪ, ʥʦ ʠ ʠʟʤʝʨʷʪʴ ʠʥʜʫʢʮʠʶ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 

ʅʘ ʨʠʩ. 1 ʧʦʢʘʟʘʥ ʚʥʝʰʥʠʡ ʚʠʜ ʮʠʬʨʦʚʦʛʦ ʜʚʫʭʦʩʥʦʛʦ ʢʦʤʧʘʩʘ HiTechnic 

Compass Sensor, ʢʦʤʧʦʥʝʥʪʳ ʢʦʥʩʪʨʫʢʮʠʠ ʠ ʦʩʴ ʦʪʩʯʝʪʘ ʘʟʠʤʫʪʘ. 

 

 

ʈʠʩ. 1. ʎʠʬʨʦʚʦʡ ʢʦʤʧʘʩ HiTechnic Compass Sensor 
ʘ ð ʚʥʝʰʥʠʡ ʚʠʜ; ʙ ð ʦʪʩʯʝʪ ʘʟʠʤʫʪʘ; ʚ ð ʢʦʤʧʦʥʝʥʪʳ ʜʘʪʯʠʢʘ 

 

ʊʦʯʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʥʘʧʨʘʚʣʝʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 0
0
 ʜʦ 359

0
 ʩʦʩʪʘʚʣʷʝʪ 1

0
. 

ʇʝʨʝʜʘʯʘ ʜʘʥʥʳʭ, ʦʨʛʘʥʠʟʫʝʤʘʷ ʤʠʢʨʦʢʦʥʪʨʦʣʣʝʨʦʤ PIC16F677 ʜʘʪʯʠʢʘ, 

ʧʨʦʠʩʭʦʜʠʪ ʧʦ ʮʠʬʨʦʚʦʤʫ ʧʨʦʪʦʢʦʣʫ ʩʚʷʟʠ I
2
C. ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ 

ʦʙʥʦʚʣʷʶʪʩʷ ʩ ʯʘʩʪʦʪʦʡ 100 ʨʘʟ ʚ ʩʝʢʫʥʜʫ. ʎʠʬʨʦʚʦʡ ʢʦʤʧʘʩ ʤʦʞʝʪ ʨʘʙʦʪʘʪʴ ʚ 

ʦʜʥʦʤ ʠʟ ʜʚʫʭ ʧʨʦʛʨʘʤʤʥʦ ʟʘʜʘʚʘʝʤʳʭ ʨʝʞʠʤʦʚ: ʨʝʞʠʤ ʠʟʤʝʨʝʥʠʷ 

(ʘʙʩʦʣʶʪʥʦʛʦ ʣʠʙʦ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ); ʨʝʞʠʤ ʢʘʣʠʙʨʦʚʢʠ. ɺ ʨʝʞʠʤʝ ʢʘʣʠʙʨʦʚʢʠ 

(ʚʳʧʦʣʥʝʥʠʷ ʚʩʪʨʦʝʥʥʦʡ ʬʫʥʢʮʠʠ) ʚʳʯʠʩʣʷʝʪʩʷ ʠ ʩʦʭʨʘʥʷʝʪʩʷ ʚ ʢʦʤʧʘʩʝ 

ʢʦʨʨʝʢʪʠʨʫʶʱʝʝ ʩʤʝʱʝʥʠʝ, ʪ.ʝ. ʢʦʤʧʘʩ ʩ ʦʧʨʝʜʝʣʝʥʥʦʡ ʧʦʛʨʝʰʥʦʩʪʴʶ 

ʢʦʤʧʝʥʩʠʨʫʝʪ ʚʣʠʷʥʠʷ ʘʥʦʤʘʣʠʡ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʚʳʟʚʘʥʥʳʭ ʚʥʝʰʥʠʤ 

ʦʢʨʫʞʝʥʠʝʤ ʜʘʪʯʠʢʘ (ʥʘʧʨʠʤʝʨ, ʵʣʝʢʪʨʦʤʦʪʦʨʘʤʠ, ʘʢʢʫʤʫʣʷʪʦʨʥʳʤʠ ʙʘʪʘʨʝʷʤʠ 

ʠ ʤʝʪʘʣʣʠʯʝʩʢʠʤʠ ʢʦʥʩʪʨʫʢʮʠʷʤʠ). 

ʎʠʬʨʦʚʦʡ ʛʠʨʦʩʢʦʧ. ɻʠʨʦʩʢʦʧʳ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʩʪʘʙʠʣʠʟʘʮʠʠ 

ʥʘʧʨʘʚʣʝʥʠʷ ʜʚʠʞʝʥʠʷ, ʠʟʤʝʨʝʥʠʷ ʧʦʚʦʨʦʪʥʦʡ ʩʢʦʨʦʩʪʠ ʠ ʫʛʣʘ ʥʘʢʣʦʥʘ ʪʝʣʘ ʚ 

ʠʥʝʨʮʠʘʣʴʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ. 

ɺʘʞʥʝʡʰʠʤʠ ʪʝʭʥʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʩʦʚʨʝʤʝʥʥʳʭ ʛʠʨʦʩʢʦʧʦʚ 

ʷʚʣʷʶʪʩʷ ʩʣʝʜʫʶʱʠʝ: ʜʠʘʧʘʟʦʥ ʫʛʣʦʚʳʭ ʩʢʦʨʦʩʪʝʡ, ʛʨʘʜ/ʩ; ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ, 

ʛʨʘʜ/ʩ; ʥʝʣʠʥʝʡʥʦʩʪʴ ʤʘʩʰʪʘʙʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ, %FS(full-scale); 

ʤʘʢʩʠʤʘʣʴʥʳʡ ʚʳʭʦʜʥʦʡ ʩʠʛʥʘʣ, ɺ; ʚʨʝʤʷ ʟʘʧʫʩʢʘ, ʩ; ʧʦʣʦʩʘ ʧʨʦʧʫʩʢʘʥʠʷ, ɻʮ; 

ʫʜʘʨʦʧʨʦʯʥʦʩʪʴ, g/ʤʩ; ʚʠʙʨʦʫʩʪʦʡʯʠʚʦʩʪʴ, g, RMS (gravity root mean square, 



ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʦʝ ʟʥʘʯʝʥʠʝ ʚʠʙʨʘʮʠʦʥʥʦʛʦ ʫʩʢʦʨʝʥʠʷ (ʉʂʆ), ʦʮʝʥʠʚʘʝʤʦʝ ʚ 

ʝʜʠʥʠʮʘʭ ʫʩʢʦʨʝʥʠʷ ʩʚʦʙʦʜʥʦʛʦ ʧʘʜʝʥʠʷ); ʥʘʧʨʷʞʝʥʠʝ ʧʠʪʘʥʠʷ, ɺ. 

ʆʩʥʦʚʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʪʨʘʜʠʮʠʦʥʥʦʛʦ ʛʠʨʦʩʢʦʧʘ 

(http://en.wikipedia.org/wiki/Gyroscope) ʩʣʫʞʠʪ ʢʘʨʜʘʥʦʚ ʧʦʜʚʝʩ ʩ ʨʘʟʤʝʱʝʥʥʳʤ 

ʚʥʫʪʨʠ ʝʛʦ ʚʨʘʱʘʶʱʠʤʩʷ ʪʝʣʦʤ. ʂʘʨʜʘʥʦʚ ʧʦʜʚʝʩ ʧʦʟʚʦʣʷʝʪ ʟʘʢʨʝʧʣʝʥʥʦʤʫ 

ʚʥʫʪʨʠ ʝʛʦ ʚʨʘʱʘʶʱʝʤʫʩʷ ʪʝʣʫ (ʥʘʧʨʠʤʝʨ, ʜʠʩʢʫ) ʩʦʭʨʘʥʷʪʴ ʥʝʠʟʤʝʥʥʦʝ 

ʥʘʧʨʘʚʣʝʥʠʝ ʦʩʠ ʚʨʘʱʝʥʠʷ ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʦʨʠʝʥʪʘʮʠʠ ʩʘʤʦʛʦ ʧʦʜʚʝʩʘ ʠ ʧʨʠ 

ʦʪʩʫʪʩʪʚʠʠ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʥʝʸ ʤʦʤʝʥʪʦʚ ʚʥʝʰʥʠʭ ʩʠʣ. 

ʂʘʢ ʠʟʚʝʩʪʥʦ, ʧʨʠ ʚʨʘʱʝʥʠʠ ʪʝʣ ʤʦʛʫʪ ʚʦʟʥʠʢʘʪʴ ʧʨʝʮʝʩʩʠʷ, ʥʫʪʘʮʠʷ ʠ 

ʩʠʣʘ ʂʦʨʠʦʣʠʩʘ. ʅʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʵʬʬʝʢʪʘ ʂʦʨʠʦʣʠʩʘ ʩʪʨʦʠʪʩʷ ʤʥʦʞʝʩʪʚʦ 

MEMS ʛʠʨʦʩʢʦʧʦʚ. 

ʅʘ ʨʠʩ. 2. ʧʨʠʚʝʜʝʥʳ ʧʨʠʤʝʨʳ ʤʝʭʘʥʠʯʝʩʢʠʭ ʨʝʟʦʥʘʪʦʨʦʚ MEMS-

ʛʠʨʦʩʢʦʧʦʚ, ʚʦʟʙʫʞʜʘʝʤʳʭ ʠʟʚʥʝ ʠ ʨʝʘʛʠʨʫʶʱʠʭ ʥʘ ʂʦʨʠʦʣʠʩʘ (ʧʦʚʦʨʦʪʥʦʝ) 

ʫʩʢʦʨʝʥʠʝ. ʋʧʨʘʚʣʝʥʠʝ ʠ ʠʟʤʝʨʝʥʠʝ ʢʦʣʝʙʘʥʠʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʵʣʝʤʝʥʪʘ (ʏʕ) 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʦʙʳʯʥʦ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ. ɽʤʢʦʩʪʥʳʝ 

ʜʘʪʯʠʢʠ ʩʠʩʪʝʤʳ ʧʦʟʚʦʣʷʶʪ ʠʟʤʝʨʠʪʴ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʝ ʫʛʣʦʚʳʝ ʢʦʣʝʙʘʥʠʷ ʏʕ 

ʧʦ ʦʙʦʙʱʝʥʥʳʤ ʢʦʦʨʜʠʥʘʪʘʤ. ʋʛʣʦʚʳʝ ʢʦʣʝʙʘʥʠʷ ʚʦʟʙʫʞʜʘʶʪʩʷ ʩ ʧʦʤʦʱʴʶ 

ʩʦʟʜʘʚʘʝʤʦʛʦ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʤ ʧʨʠʚʦʜʦʤ ʤʦʤʝʥʪʘ ʄ. ʈʠʩ. 3 ʧʦʷʩʥʷʝʪ 

ʧʨʠʥʮʠʧʳ ʨʘʙʦʪʳ ʥʝʢʦʪʦʨʳʭ ʛʠʨʦʩʢʦʧʦʚ ʩ ʦʜʥʦʡ ʦʩʴʶ. 

 

 

ʈʠʩ. 2. ʇʨʠʤʝʨʳ ʢʦʥʩʪʨʫʢʮʠʡ ʤʝʭʘʥʠʯʝʩʢʠʭ ʨʝʟʦʥʘʪʦʨʦʚ MEMS-ʩʝʥʩʦʨʦʚ ʫʛʣʦʚ: 
ʘ ð ʧʨʦʩʪʦʡ ʙʘʣʦʯʥʳʡ (ʦʜʠʥʦʯʥʦʡ ʩʪʨʫʥʳ) ʦʩʮʠʣʣʷʪʦʨ; ʙ ð ʩʙʘʣʘʥʩʠʨʦʚʘʥʥʳʡ ʤʦʩʪ; 

ʚ ð ʮʠʣʠʥʜʨʠʯʝʩʢʘʷ ʦʙʦʣʦʯʢʘ 

 

ɺ ʦʩʥʦʚʝ ʦʙʨʘʙʦʪʢʠ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʩʠʛʥʘʣʦʚ ʩʦʚʨʝʤʝʥʥʳʭ ʛʠʨʦʩʢʦʧʦʚ 

ʣʝʞʠʪ ʤʘʪʝʤʘʪʠʯʝʩʢʠʡ ʘʧʧʘʨʘʪ ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʤʝʭʘʥʠʢʠ (ʦʙʳʯʥʦ ʥʘ ʦʩʥʦʚʝ 

ʫʛʣʦʚ ʕʡʣʝʨʘ) ʠʣʠ ʢʚʘʪʝʨʥʠʦʥʦʚ, ʧʦʩʨʝʜʩʪʚʦʤ ʢʦʪʦʨʳʭ ʫʩʪʨʘʥʷʝʪʩʷ ʵʬʬʝʢʪ 

ʂʘʨʜʘʥʦʚʘ ʧʦʜʚʝʩʘ ʠ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʦʩʪʦʪʘ ʚʳʯʠʩʣʝʥʠʷ ʥʘʧʨʘʚʣʷʶʱʠʭ 

ʢʦʩʠʥʫʩʦʚ. 

 



 

ʈʠʩ. 3. ʏʕ ʦʜʥʦʦʩʝʚʦʛʦ ʛʠʨʦʩʢʦʧʘ 
ʘ ð ʩ ʯʫʚʩʪʚʠʪʝʣʴʥʦʡ ʤʘʩʩʦʡ ʠ ʝʤʢʦʩʪʥʳʤʠ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷʤʠ; ʙ ð ʢʘʤʝʨʪʦʥʥʦʛʦ ʪʠʧʘ  

 

ʊʘʢ, ʧʝʨʝʩʯʝʪ ʢʦʦʨʜʠʥʘʪ ʪʦʯʢʠ ʪʝʣʘ (), ʦʧʨʝʜʝʣʝʥʥʦʡ ʚ 

ʥʘʚʠʛʘʮʠʦʥʥʦʡ (ʦʧʦʨʥʦʡ, ʥʝʧʦʜʚʠʞʥʦʡ) ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ, ʢ ʢʦʦʨʜʠʥʘʪʘʤ ʚ 

ʩʚʷʟʘʥʥʦʡ ʉʂ(), ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ 

 . 

ɼʣʷ ʚʳʧʦʣʥʝʥʠʷ ʦʙʨʘʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʢʦʦʨʜʠʥʘʪ ʧʨʝʜʥʘʟʥʘʯʝʥʘ 

ʪʨʘʥʩʧʦʥʠʨʦʚʘʥʥʘʷ ʤʘʪʨʠʮʘ , ʛʜʝ 
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ʅʘ ʨʠʩ. 4 ʧʨʠʚʝʜʝʥʘ ʢʦʥʩʪʨʫʢʮʠʷ ʤʠʢʨʦʩʭʝʤʳ 3-ʭ ʦʩʝʚʦʛʦ 

ʛʠʨʦʩʢʦʧʠʯʝʩʢʦʛʦ MEMS-ʜʘʪʯʠʢʘ L3G4200D ʢʦʤʧʘʥʠʠ STMicroelectronics ʠ ʝʛʦ 

ʬʫʥʢʮʠʦʥʘʣʴʥʘʷ ʩʭʝʤʘ. 

ʈʘʙʦʪʘ ʚʨʘʱʘʶʱʝʛʦʩʷ ʛʠʨʦʩʢʦʧʘ ʦʩʥʦʚʘʥʘ ʥʘ ʧʝʨʠʦʜʠʯʝʩʢʦʤ ʜʚʠʞʝʥʠʠ ʚ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ ʯʝʪʳʨʝʭ ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʤʘʩʩ ʄ1, ʄ2, ʄ3 ʠ ʄ4. 

ʇʦʜ ʜʝʡʩʪʚʠʝʤ ʩʠʣ ʂʘʨʠʦʣʠʩʘ ʧʨʦʠʩʭʦʜʠʪ ʠʭ ʦʪʢʣʦʥʝʥʠʝ ʦʪ ʧʨʷʤʦʣʠʥʝʡʥʦʛʦ 

ʜʚʠʞʝʥʠʷ, ʬʠʢʩʠʨʫʝʤʦʝ ʚ ʧʦʟʠʮʠʷʭ Y, P ʠ R ʤʠʢʨʦʩʭʝʤʳ. ɺ ʧʦʟʠʮʠʷʭ 

ʠʟʤʝʥʝʥʠʝ ʧʦʣʦʞʝʥʠʷ ʤʘʩʩ ʬʠʢʩʠʨʫʝʪʩʷ ʝʤʢʦʩʪʥʳʤʠ ʜʘʪʯʠʢʘʤʠ, 

ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʥʘʜ ʧʦʟʠʮʠʷʤʠ. ʇʨʠʨʘʱʝʥʠʝ ʝʤʢʦʩʪʠ ʢʘʞʜʦʛʦ ʜʘʪʯʠʢʘ 

ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʚʥʘʯʘʣʝ ʚ ʥʘʧʨʷʞʝʥʠʝ, ʢʦʪʦʨʦʝ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ 

ʧʨʠʢʣʘʜʳʚʘʝʤʦʡ ʢ ʜʘʪʯʠʢʫ ʫʛʣʦʚʦʡ ʩʢʦʨʦʩʪʠ, ʘ ʟʘʪʝʤ ð ʚ 16-ʙʠʪʥʳʡ ʢʦʜ, 

ʩʦʭʨʘʥʷʝʤʳʡ ʚʦ ʚʥʫʪʨʝʥʥʠʭ ʨʝʛʠʩʪʨʘʭ ASIC-ʧʨʦʮʝʩʩʦʨʘ. 

 

 

ʈʠʩ. 4. MEMS-ʛʠʨʦʩʢʦʧ L3G4200D ʚ ʢʦʨʧʫʩʝ LGA (Land Grid Array) 
ʘ ð ʚʠʜ ʩʚʝʨʭʫ; ʙ ð ʚʠʜ ʦʩʥʦʚʘʥʠʷ ; ʚ ð ʬʫʥʢʮʠʦʥʘʣʴʥʘʷ ʩʭʝʤʘ 

 

ɸʢʩʝʣʝʨʦʤʝʪʨ. ʆʥ ʷʚʣʷʝʪʩʷ ʫʩʪʨʦʡʩʪʚʦʤ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʥʘʢʣʦʥʘ, 

ʠʟʤʝʥʝʥʠʡ ʧʦʣʦʞʝʥʠʷ ʦʙʲʝʢʪʘ (ʥʘʧʨʠʤʝʨ, ʧʨʠ ʫʩʢʦʨʝʥʠʠ 1é2g), ʣʠʥʝʡʥʳʭ ʠ 

ʚʨʘʱʘʪʝʣʴʥʳʭ ʩʚʦʙʦʜʥʳʭ ʧʘʜʝʥʠʡ (1g), ʧʝʨʝʛʨʫʟʦʢ, ʚʠʙʨʘʮʠʡ ʠ ʫʜʘʨʦʚ. 

ɻʣʘʚʥʘʷ ʯʘʩʪʴ ʘʢʩʝʣʝʨʦʤʝʪʨʘ ð ʜʘʪʯʠʢ ʩʢʦʨʦʩʪʠ. ʆʩʥʦʚʦʡ ʙʦʣʴʰʠʥʩʪʚʘ 

ʪʘʢʠʭ ʜʘʪʯʠʢʦʚ ʩʣʫʞʠʪ ʝʤʢʦʩʪʥʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʳʡ ʵʣʝʤʝʥʪ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʡ 

ʩʦʙʦʡ ʤʠʢʨʦʤʝʭʘʥʠʯʝʩʢʫʶ ʩʠʩʪʝʤʫ, ʢʦʪʦʨʘʷ ʩʬʦʨʤʠʨʦʚʘʥʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʢʨʝʤʥʠʝʚʦʡ ʧʦʜʣʦʞʢʠ. ʏʕ ʩʦʩʪʦʠʪ ʠʟ ʮʝʥʪʨʘʣʴʥʦʡ ʧʣʘʩʪʠʥʳ, ʟʘʢʨʝʧʣʝʥʥʦʡ ʧʨʠ 

ʧʦʤʦʱʠ ʫʧʨʫʛʠʭ ʵʣʝʤʝʥʪʦʚ, ʠ ʪʨʝʭ ʥʝʧʦʜʚʠʞʥʳʭ ʧʣʘʩʪʠʥ (ʜʚʝ ʦʩʥʦʚʥʳʝ ʠ ʦʜʥʘ 

ʥʫʞʥʘ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʬʫʥʢʮʠʠ ʩʘʤʦʪʝʩʪʠʨʦʚʘʥʠʷ). ɺ ʩʦʚʦʢʫʧʥʦʩʪʠ ʦʙʨʘʟʫʝʪʩʷ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʘʷ ʝʤʢʦʩʪʴ. ʎʝʥʪʨʘʣʴʥʘʷ ʧʣʘʩʪʠʥʘ ʦʙʣʘʜʘʝʪ ʯʫʚʩʪʚʠʪʝʣʴʥʦʡ 

ʤʘʩʩʦʡ ʠ ʤʦʞʝʪ ʩʤʝʱʘʪʴʩʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʫʩʢʦʨʝʥʠʷ, ʠʟʤʝʥʷʷ ʪʝʤ ʩʘʤʳʤ ʩʚʦʝ 



ʧʦʣʦʞʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʧʦʜʚʠʞʥʳʭ ʧʣʘʩʪʠʥ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ 

ʝʤʢʦʩʪʠ ʤʠʢʨʦʢʦʥʜʝʥʩʘʪʦʨʘ. ʇʦʜʚʠʞʥʘʷ ʧʣʘʩʪʠʥʘ ʥʘʭʦʜʠʪʩʷ ʚ ʩʨʝʜʥʝʤ 

ʧʦʣʦʞʝʥʠʠ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʫʩʢʦʨʝʥʠʷ. 

ʇʨʠʤʝʨʦʤ 3-ʦʩʝʚʦʛʦ ʘʥʘʣʦʛʦʚʦʛʦ ʘʢʩʝʣʝʨʦʤʝʪʨʘ ʩʣʫʞʠʪ  

ʵʥʝʨʛʦʵʢʦʥʦʤʠʯʥʳʡ ʯʠʧ LIS344ALH ʦʪ ʢʦʤʧʘʥʠʠ STMicroelectronics. 

ʀʥʝʨʮʠʘʣʴʥʳʡ ʜʘʪʯʠʢ ʚʢʣʁʯʘʝʪ ʚ ʩʝʙʷ ʝʤʢʦʩʪʥʦʡ ʏʕ ʠ ʙʣʦʢ ʦʙʨʘʙʦʪʢʠ ʩʠʛʥʘʣʘ. 

ʀʟʤʝʨʝʥʠʷ ʧʨʦʠʟʚʦʜʷʪʩʷ LIS344ALH ʚ ʦʜʥʦʤ ʠʟ ʜʚʫʭ ʧʨʦʛʨʘʤʤʥʦ ʟʘʜʘʚʘʝʤʳʭ 

ʜʠʘʧʘʟʦʥʦʚ: Ñ2g/Ñ6g. ʅʘʜʝʣʝʥ ʬʫʥʢʮʠʝʡ ʩʘʤʦʪʝʩʪʠʨʦʚʘʥʠʷ. ʅʘʧʨʷʞʝʥʠʝ 

ʧʠʪʘʥʠʷ ʯʠʧʘ: 2,4 ɺ...3,6.  ʊʝʤʧʝʨʘʪʫʨʥʳʡ ʜʠʘʧʘʟʦʥ: -40ÁC...+85Áʉ. 
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ʅʘʟʘʨ ɸʣʝʢʩʘʥʜʨʦʚʠʯ ʅʠʢʦʣʘʝʚ 
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ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʛʝʥʝʨʘʮʠʷ ʩʫʙʤʠʣʣʠʤʝʪʨʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʷʚʣʷʝʪʩʷ 

ʚʘʞʥʦʡ ʟʘʜʘʯʝʡ ʜʣʷ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʧʨʠʢʣʘʜʥʳʭ ʟʘʜʘʯ. ɺ ʵʪʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ 

ʣʝʞʠʪ ʤʥʦʞʝʩʪʚʦ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʠ ʚʨʘʱʘʪʝʣʴʥʳʭ ʫʨʦʚʥʝʡ ʤʦʣʝʢʫʣ, ʯʪʦ 

ʦʪʢʨʳʚʘʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʠ ʘʥʘʣʠʟʫ ʩʦʩʪʘʚʘ ʠ 

ʩʪʨʫʢʪʫʨʳ ʤʦʣʝʢʫʣ. ʊʘʢʦʝ ʠʟʣʫʯʝʥʠʝ ʙʦʣʝʝ ʜʣʠʥʥʦʚʦʣʥʦʚʦʝ ʯʝʤ ʠʥʬʨʘʢʨʘʩʥʦʝ, 

ʠʤʝʝʪ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʧʨʦʥʠʢʘʶʱʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʠ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʝʛʦ 

ʜʣʷ ʙʝʩʢʦʥʪʘʢʪʥʦʛʦ ʢʦʥʪʨʦʣʷ ʠ ʧʦʠʩʢʘ ʚʟʨʳʚʯʘʪʳʭ ʚʝʱʝʩʪʚ. 

ʆʪʜʝʣʴʥʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʛʝʥʝʨʘʮʠʷ ʠʤʧʫʣʴʩʥʦʛʦ ʩʫʙʤʠʣʣʠʤʝʪʨʦʚʦʛʦ 

ʠʟʣʫʯʝʥʠʷ. ʋʩʪʘʥʦʚʢʠ ʧʦ ʛʝʥʝʨʘʮʠʠ ʠʤʧʫʣʴʩʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩʣʦʞʥʳ ʚ 

ʠʩʧʦʣʥʝʥʠʠ ʠ ʠʤʝʶʪ ʚʳʩʦʢʫʶ ʩʪʦʠʤʦʩʪʴ, ʥʦ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʥʝʧʨʝʨʳʚʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ, ʠʤʧʫʣʴʩʥʳʡ ʨʝʞʠʤ ʧʦʟʚʦʣʷʝʪ ʩʦʙʠʨʘʪʴ ʠʥʬʦʨʤʘʮʠʶ ʦ ʛʣʫʙʠʥʝ ʠ 

ʧʦʢʘʟʘʪʝʣʝ ʧʨʝʣʦʤʣʝʥʠʷ ʦʙʲʝʢʪʘ. ʂ ʪʦʤʫ ʞʝ, ʚ ʠʤʧʫʣʴʩʥʦʤ ʨʝʞʠʤʝ ʤʘʣʘʷ 

ʯʘʩʪʦʪʘ ʠʟʣʫʯʝʥʠʷ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʚʨʝʤʝʥʥʦʡ ʘʥʘʣʠʟ ʠʟʣʫʯʝʥʠʷ. ʂʨʦʤʝ 

ʘʤʧʣʠʪʫʜʳ ʩʠʛʥʘʣʘ, ʪʘʢʞʝ ʤʦʞʝʪ ʙʳʪʴ ʟʘʬʠʢʩʠʨʦʚʘʥʘ ʬʘʟʘ ʚʦʣʥʳ. ʊʘʢʠʝ 

ʠʟʤʝʨʝʥʠʷ ʧʦʟʚʦʣʷʶʪ ʥʘʧʨʷʤʫʶ ʠʟʤʝʨʷʪʴ ʩʜʚʠʛ ʬʘʟ, ʚʥʦʩʠʤʳʡ ʦʙʲʝʢʪʦʤ 

ʠʩʩʣʝʜʦʚʘʥʠʡ. 

ʄʥʦʛʠʝ ʠʟ ʤʝʪʦʜʦʚ ʛʝʥʝʨʘʮʠʠ ʠʤʧʫʣʴʩʥʦʛʦ ʩʫʙʤʠʣʣʠʤʝʪʨʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʦʩʥʦʚʘʥʳ ʥʘ ʬʦʪʦʛʘʣʴʚʘʥʠʯʝʩʢʦʤ ʵʬʬʝʢʪʝ ɼʝʤʙʝʨʘ. ʉʫʪʴ ʵʬʬʝʢʪʘ ʟʘʢʣʶʯʘʝʪʩʷ 

ʚ ʪʦʤ, ʯʪʦ ʧʨʠ ʧʦʛʣʦʱʝʥʠʠ ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʚʦʟʥʠʢʘʶʪ ʥʦʩʠʪʝʣʠ ʟʘʨʷʜʘ, ʢʦʪʦʨʳʝ ʜʠʬʬʫʥʜʠʨʫʶʪ ʚʛʣʫʙʴ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ. ʇʦʜʚʠʞʥʦʩʪʴ ʵʣʝʢʪʨʦʥʦʚ, ʢʘʢ ʧʨʘʚʠʣʦ, ʙʦʣʴʰʝ, ʯʝʤ ʜʳʨʦʢ ʠ 

ʦʥʠ ʙʳʩʪʨʝʝ ʠ ʛʣʫʙʞʝ ʧʨʦʥʠʢʘʶʪ ʚ ʤʘʪʝʨʠʘʣ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʤ 

ʩʣʦʝ ʚʦʟʥʠʢʘʝʪ ʢʨʘʪʢʦʚʨʝʤʝʥʥʦʝ ʨʘʟʜʝʣʝʥʠʝ ʟʘʨʷʜʦʚ, ʛʝʥʝʨʠʨʫʶʱʝʝ ʠʤʧʫʣʴʩ 

ʩʫʙʤʠʣʣʠʤʝʪʨʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ. ɺ ʢʣʘʩʩʠʯʝʩʢʦʤ ʵʬʬʝʢʪʝ ɼʝʤʙʝʨʘ ʢʦʣʝʙʘʥʠʷ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʥʘʧʨʘʚʣʝʥʳ ʚʛʣʫʙʴ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ, ʘ 

ʤʘʢʩʠʤʫʤ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʥʘʧʨʘʚʣʝʥ ʚʜʦʣʴ ʧʦʚʝʨʭʥʦʩʪʠ, ʯʪʦ 

ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ ʟʘ ʩʯʝʪ ʧʦʛʣʦʱʝʥʠʷ ʚʥʫʪʨʠ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ. ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʧʦʚʳʩʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ, ʤʦʞʥʦ 

çʨʘʟʚʝʨʥʫʪʴè ʧʦʣʫʯʠʚʰʠʝʩʷ ʜʠʧʦʣʠ ʚʜʦʣʴ ʧʦʚʝʨʭʥʦʩʪʠ, ʪʦʛʜʘ ʤʘʢʩʠʤʫʤ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʣʫʯʝʥʠʷ ʙʫʜʝʪ ʥʘʧʨʘʚʣʝʥ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʦʚʝʨʭʥʦʩʪʠ. 
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ʉʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʩʧʦʩʦʙʦʚ ʨʘʟʚʝʨʥʫʪʴ ʜʠʧʦʣʠ[
1
]. ʆʜʠʥ ʠʟ ʥʠʭ ʟʘʢʣʶʯʘʝʪʩʷ 

ʚ ʪʦʤ, ʯʪʦ ʝʩʣʠ ʥʘʥʝʩʪʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʥʝʧʨʦʟʨʘʯʥʦʝ 

ʤʝʪʘʣʣʠʯʝʩʢʦʝ ʧʦʢʨʳʪʠʝ ʩ ʨʝʟʢʦʡ ʛʨʘʥʠʮʝʡ, ʪʦ ʥʘ ʛʨʘʥʠʮʝ ʵʣʝʢʪʨʦʥʳ ʙʳʩʪʨʝʝ 

ʜʳʨʦʢ ʜʠʬʬʫʥʜʠʨʫʶʪ ʧʦʜ ʧʦʢʨʳʪʠʝ ʠ ʚʦʟʥʠʢʘʝʪ ʨʘʟʜʝʣʝʥʠʝ ʟʘʨʷʜʘ ʚʜʦʣʴ 

ʧʦʚʝʨʭʥʦʩʪʠ. ʇʨʠ ʥʘʥʝʩʝʥʠʠ ʥʘʙʦʨʘ ʣʠʥʝʡʥʳʭ ʧʦʣʦʩ ʥʝʧʨʦʟʨʘʯʥʦʛʦ ʧʦʢʨʳʪʠʷ 

ʠʟʣʫʯʝʥʠʝ ʛʝʥʝʨʠʨʫʝʪʩʷ ʥʘ ʢʘʞʜʦʡ ʠʟ ʛʨʘʥʠʮ, ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʜʦʣʞʥʘ ʨʝʟʢʦ 

ʧʦʚʳʰʘʪʴʩʷ, ʥʦ ʠʟʣʫʯʝʥʠʝ ʦʪ ʜʚʫʭ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʭ ʛʨʘʥʠʮ ʦʜʥʦʡ ʧʦʣʦʩʳ ʚ 

ʜʘʣʴʥʝʡ ʟʦʥʝ ʠʥʪʝʨʬʝʨʠʨʫʝʪ ʜʝʩʪʨʫʢʪʠʚʥʦ. 

ʆʜʥʦ ʠʟ ʨʝʰʝʥʠʡ ʧʨʦʙʣʝʤʳ ʜʝʩʪʨʫʢʪʠʚʥʦʡ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʪʦʤ, ʯʪʦʙʳ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʛʝʥʝʨʘʮʠʠ ʪʦʣʴʢʦ ʦʜʥʫ ʛʨʘʥʠʮʫ ʧʦʣʦʩʳ. ʅʘʧʨʠʤʝʨ, 

ʧʨʠʤʝʥʷʣʦʩʴ ʧʦʢʨʳʪʠʝ ʚ ʚʠʜʝ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʣʠʥʝʡʥʦʡ ʨʝʰʝʪʢʠ ʩ 

ʘʩʩʠʤʝʪʨʠʯʥʳʤ ʧʨʦʬʠʣʝʤ ʰʪʨʠʭʦʚ [2]. ʅʦ ʚ ʪʘʢʦʡ ʧʦʩʪʘʥʦʚʢʝ ʵʢʩʧʝʨʠʤʝʥʪʘ 

ʝʩʪʴ ʦʯʝʚʠʜʥʳʡ ʥʝʜʦʩʪʘʪʦʢ ï ʚʳʩʦʢʠʝ ʧʦʪʝʨʠ ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʥʘ ʧʦʛʣʦʱʝʥʠʝ ʠ ʦʪʨʘʞʝʥʠʝ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʦʡ. ɺ ʥʘʩʪʦʷʱʝʡ 

ʨʘʙʦʪʝ ʦʙʩʫʞʜʝʥ ʩʧʦʩʦʙ ʥʘʩʪʨʦʡʢʠ ʦʧʪʠʯʝʩʢʦʡ ʩʭʝʤʳ ʜʣʷ ʛʝʥʝʨʘʮʠʠ 

ʩʫʙʤʠʣʣʠʤʝʪʨʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʧʦʟʚʦʣʷʶʱʝʡ ʧʦʚʳʩʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ (ʌʃʀ). ɺ 

ʜʘʥʥʦʤ ʤʝʪʦʜʝ ʌʃʀ ʬʦʢʫʩʠʨʫʝʪʩʷ ʨʘʩʪʨʦʤ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʤʠʢʨʦʣʠʥʟ ʥʘ ʢʨʘʷ 

ʟʦʥ ʣʠʥʝʡʥʦʡ ʙʠʥʘʨʥʦʡ ʘʤʧʣʠʪʫʜʥʦʡ ʨʝʰʝʪʢʠ, ʩʬʦʨʤʠʨʦʚʘʥʥʦʡ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʛʝʥʝʨʘʮʠʷ ʩʫʙʤʠʣʣʠʤʝʪʨʦʚʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʪʦʣʴʢʦ ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʦʣʦʩ ʧʨʠ 

ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʝʝ ʥʠʟʢʠʭ ʧʦʪʝʨʷʭ ʵʥʝʨʛʠʠ ʌʃʀ. 

ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʤʝʪʦʜʘ ʙʳʣʘ ʠʟʛʦʪʦʚʣʝʥ ʨʘʩʪʨ 

ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʤʠʢʨʦʣʠʥʟ ʩ ʧʝʨʠʦʜʦʤ 10 ʠ 15 ʤʢʤ ʠ ʬʦʢʫʩʦʤ 20 ʤʢʤ ʠ 30 ʤʢʤ 

ʠ ʣʠʥʝʡʥʘʷ ʨʝʰʝʪʢʘ ʠʟ ʥʝʧʨʦʟʨʘʯʥʳʭ ʧʦʣʦʩʦʢ ʟʦʣʦʪʘ ʩ ʪʘʢʠʤ ʞʝ ʧʝʨʠʦʜʦʤ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʩʪʠʥ InSb(Ge) ʠ InAs. ɼʣʷ ʩʦʚʤʝʱʝʥʠʷ ʩʬʦʢʫʩʠʨʦʚʘʥʥʳʭ 

ʧʫʯʢʦʚ ʩ ʢʨʘʷʤʠ ʣʠʥʝʡʥʦʡ ʨʝʰʝʪʢʠ ʙʳʣʘ ʩʦʟʜʘʥʘ ʫʩʪʘʥʦʚʢʘ ʩʦʚʤʝʱʝʥʠʷ, ʛʜʝ ʥʘ 

ʚʨʝʤʷ ʥʘʩʪʨʦʡʢʠ ʧʫʯʦʢ ʬʝʤʪʦʩʝʢʫʥʜʥʦʛʦ ʠʤʧʫʣʴʩʥʦʛʦ ʣʘʟʝʨʘ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 

1.55 ʤʢʤ ʙʳʣ ʟʘʤʝʥʝʥ ʥʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʣʘʟʝʨ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 632 ʥʤ. 

ɼʣʷ ʢʦʥʪʨʦʣʷ ʩʦʚʤʝʱʝʥʠʷ ʧʦ ʚʠʟʫʘʣʴʥʦʤʫ ʠʟʦʙʨʘʞʝʥʠʶ ʠʩʧʦʣʴʟʦʚʘʣʩʷ 

ʵʬʬʝʢʪ ʄʫʘʨʘ. ʇʦ ʰʠʨʠʥʝ ʠ ʦʨʠʝʥʪʘʮʠʠ ʤʫʘʨʦʚʳʭ ʧʦʣʦʩ ʤʦʞʥʦ ʩʫʜʠʪʴ ʦ 

ʩʪʝʧʝʥʠ ʧʘʨʘʣʣʝʣʴʥʦʩʪʠ ʨʝʰʝʪʢʠ ʤʠʢʨʦʣʠʥʟ ʠ ʘʤʧʣʠʪʫʜʥʦʡ ʟʦʣʦʪʦʡ ʨʝʰʝʪʢʠ 

(ʨʠʩ.1). ʇʨʠ ʠʜʝʘʣʴʥʦ ʩʦʚʤʝʱʝʥʥʳʭ ʨʝʰʝʪʢʘʭ ʰʠʨʠʥʘ ʧʦʣʦʩ ʄʫʘʨʘ ʩʪʨʝʤʠʪʩʷ 

ʢ ʙʝʩʢʦʥʝʯʥʦʩʪʠ, ʘ ʠʭ ʥʘʧʨʘʚʣʝʥʠʝ ʩʦʚʧʘʜʘʝʪ ʩ ʦʨʠʝʥʪʘʮʠʝʡ ʩʦʚʤʝʱʘʝʤʳʭ 

ʨʝʰʝʪʦʢ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʚʦʨʘʯʠʚʘʷ ʨʝʰʝʪʢʫ ʠ ʜʦʙʠʚʰʠʩʴ ʤʘʢʩʠʤʘʣʴʥʦ 

ʚʦʟʤʦʞʥʦʡ ʰʠʨʠʥʳ ʧʦʣʦʩ, ʤʳ ʩʯʠʪʘʝʤ ʦʙʨʘʟʮʳ ʩʦʚʤʝʱʝʥʥʳʤʠ ʧʦ 

ʥʘʧʨʘʚʣʝʥʠʶ (ʨʠʩ. 2). 

ʆ ʧʦʧʘʜʘʥʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʚ ʬʦʢʫʩ ʤʠʢʨʦʣʠʥʟ ʪʘʢʞʝ 

ʤʦʞʥʦ ʩʫʜʠʪʴ ʧʦ ʧʦʚʝʜʝʥʠʶ ʧʦʣʦʩ ʄʫʘʨʘ. ʏʝʤ ʤʝʥʴʰʝ ʰʠʨʠʥʘ  ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʚʝʪʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ, ʪʝʤ ʧʦʣʦʩʳ ʙʦʣʝʝ 

ʢʦʥʪʨʘʩʪʥʳʝ. 

ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʧʦʣʫʯʠʪʴ ʢʦʣʠʯʝʩʪʚʝʥʥʦʝ ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʢʘʯʝʩʪʚʘ 

ʥʘʩʪʨʦʡʢʠ ʩʠʩʪʝʤʳ, ʧʦʩʣʝ ʚʠʟʫʘʣʴʥʦʛʦ ʥʘʙʣʶʜʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʠʟʤʝʨʝʥʠʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʪʨʘʞʝʥʥʦʛʦ ʦʪ ʨʝʰʝʪʦʢ ʩʚʝʪʘ. ʇʨʠ ʠʜʝʘʣʴʥʦ ʩʬʦʢʫʩʠʨʦʚʘʥʥʦʡ 

ʠ ʩʦʚʤʝʱʝʥʥʦʡ ʩʠʩʪʝʤʝ ʛʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʪʨʘʞʝʥʥʦʛʦ ʩʚʝʪʘ 



ʦʪ ʩʜʚʠʛʘ ʨʝʰʝʪʦʢ ʜʦʣʞʝʥ ʧʨʝʜʩʪʘʚʣʷʪʴ ʩʦʙʦʡ ʤʝʘʥʜʨ. ʄʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʦʣʞʥʦ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʧʦʧʘʜʘʥʠʶ ʩʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ ʧʷʪʥʘ ʥʘ 

ʟʦʣʦʪʦʝ ʧʦʢʨʳʪʠʝ, ʘ ʤʠʥʠʤʘʣʴʥʦʝ ï ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ. 

 

  

ʈʠʩ. 1. ʇʦʣʦʩʳ ʄʫʘʨʘ ʧʨʠ ʧʣʦʭʦʤ 

ʩʦʚʤʝʱʝʥʠʠ ʦʨʠʝʥʪʘʮʠʠ ʦʙʨʘʟʮʦʚ 

ʈʠʩ. 2. ʐʠʨʦʢʘʷ ʧʦʣʦʩʘ ʄʫʘʨʘ ʧʨʠ 

ʩʦʥʘʧʨʘʚʣʝʥʥʳʭ ʨʝʰʝʪʢʘʭ 

 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʣʫʯʝʥʥʳʡ ʛʨʘʬʠʢ ʜʣʷ ʨʝʰʝʪʢʠ 15 ʤʢʤ ʧʨʝʜʩʪʘʚʣʝʥ 

ʥʘ ʨʠʩ. 3. ʋʯʘʩʪʢʠ ʧʦʩʪʦʷʥʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ 

ʰʠʨʠʥʘ ʧʷʪʥʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʙʳʣʘ ʤʝʥʴʰʝ ʰʠʨʠʥʳ ʧʦʣʦʩʳ 

ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʧʦʢʨʳʪʠʷ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʪʦʯʥʦʛʦ ʨʘʟʤʝʨʘ ʧʷʪʥʘ ʤʳ 

ʚʦʩʧʦʣʴʟʦʚʘʣʠʩʴ ʤʝʪʦʜʦʤ ʥʦʞʘ ʌʫʢʦ. ʋʩʨʝʜʥʝʥʥʘʷ ʰʠʨʠʥʘ ʧʷʪʥʘ ʧʦ ʫʨʦʚʥʶ e
-2
 

ʩʦʩʪʘʚʠʣʘ 3 ʤʢʤ. 

 

 

ʈʠʩ. 3. ɻʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʪʨʘʞʝʥʥʦʛʦ ʦʪ ʦʙʨʘʟʮʘ ʩʚʝʪʦʚʦʛʦ 

ʧʫʯʢʘ ʦʪ ʢʦʦʨʜʠʥʘʪʳ ʚʟʘʠʤʥʦʛʦ ʩʜʚʠʛʘ ʨʝʰʝʪʦʢ 

 




























































































































































































































































































































































































































































































