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J<< ?B>4?PAOI < <AF97D4?PAOI CD<;A4>B6 8?S CB?GK9A<S
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>4DF <AHBD@4J<BAAB= C?BFABEF< CD< 4A4?<;9 <;B5D4:9A<=

EJ9A”

6. 19-29-09092 – “ B89?< < @9FB8O >B@CPRF9DAB7B ;D9A<S 6

;484K4I B59EC9K9A<S <AHBD@4J<BAAB= 59;BC4EABEF< 8?S <A­

8GEFD<< 4.0”

*9?PR 84AAB= D45BFO S6?S9FES <EE?98B64A<9 E6B=EF6 A9=­

DBAAOI E9F9=, 6>?RK4RM<I E?B< CDS@B7B < FD4AECBA<DB64AAB7B

CD9B5D4;B64A<= )4H4 CD< D9L9A<< CD<>?48AOI ;484K >B@CPRF9D­

AB7B ;D9A<S.

�?S 8BEF<:9A<S QFB= J9?< CBEF46?9AO < D9L9AO E?98GRM<9

;484K<:

1. �EE?98B64A<9 FD4AEHBD@4J<< D9J9CF<6AB7B CB?S CD< 8B546­

?9A<< E?BS 5OEFDB7B CD9B5D4;B64A<S )4H4. 1FB A9B5IB8<@B

8?S @BF<6<DB64AAB7B CBEFDB9A<S A9=DBE9F96OI 4DI<F9>FGD

CD< D9L9A<< CD<>?48AOI ;484K.

2. �;GK9A<9 ECBEB5B6 < BEB59AABEF9= D4ECDBEFD4A9A<S 7D4­

8<9AF4 K9D9; E?B< 5OEFDB7B CD9B5D4;B64A<S )4H4. �9;

F4>B7B ECBEB54 B5GK9A<9 A9=DBAAB= E9F< 6 end-to-end D9­

:<@9 A96B;@B:AB. "J9A<FP 6OK<E?<F9?PAGR E?B:ABEFP <

CD4>F<K9E>GR CD<@9A<@BEFP.

3. %B;84A<9 E9@9=EF64 A9=DBE9F96OI 4DI<F9>FGD 8?S D9L9A<S

A45BD4 CD4>F<K9E><I ;484K. �4AAO9 4DI<F9>FGDO 8B?:AO

5OFP B5NSEA<@O E FBK>< ;D9A<S >?4EE<K9E>B7B <ECB?P;B64­

A<S <AF97D4?PAOI BC9D4FBDB6.

4. �EE?98B64A<9 CB6989A<S E9F9= CD98?B:9AAOI 4DI<F9>FGD

CD< D9L9A<< <@< CD<>?48AOI ;484K >B@CPRF9DAB7B ;D9­

A<S: CB<E> 6AGFD9AA9= FBK>< EIB84, CB<E> 6A9LA9= FBK><

EIB84, 89F9>J<S 6OCG>?OI B5N9>FB6. #B>4;4FP, KFB A9=DBE9­

F< D4;D45BF4AAOI 4DI<F9>FGD B59EC9K<64RF >BA>GD9AFAB9

>4K9EF6B CD< @9APL9@ >B?<K9EF69 B5GK49@OI C4D4@9FDB6

</<?< CD< FD95B64A<< @9APL97B >B?<K9EF64 6OK<E?<F9?P­

AOI @BMABEF9=.

!4GKA4S AB6<;A4:



9

1. � D45BF9 6C9D6O9 CDB6989AB <EE?98B64A<9 FD4AEHBD@4J<<

D9J9CF<6AB7B CB?S A9=DBAAB= E9F< CD< 8B546?9A<< 6 A99 E?B­

96 CDS@B7B < FD4AECBA<DB64AAB7B 5OEFDB7B CD9B5D4;B64A<S

)4H4. #B>4;4AB, KFB 8?S FB7B, KFB5O A9=DBAA4S E9FP 5O?4

ECBEB5A4 D9L4FP ;484K< >B@CPRF9DAB7B ;D9A<S, 99 D9J9CF<6­

AB9 CB?9 8B?:AB B5?484FP 8BEF4FBKAO@ D4;@9DB@.

2. � D45BF9 CD98?B:9A4 AB64S 4DI<F9>FGD4 E9F9= EB E?BS@<

CDS@B7B CD9B5D4;B64A<S )4H4, 4 F4>:9 @9FB8 99 <ECB?P;B­

64A<S 8?S D9L9A<S ;484K< CB<E>4 6A9LA9= FBK>< EIB84.

3. � D45BF9 6C9D6O9 CD98?B:9A4 4DI<F9>FGD4 A9=DBAAB= E9­

F< E <ECB?P;B64A<9@ FD4AECBA<DB64AAB7B CD9B5D4;B64A<S

)4H4 8?S D9L9A<S ;484K >B@CPRF9DAB7B ;D9A<S < CB>4;4­

AB, KFB F4>4S 4DI<F9>FGD4 ECBEB5A4 D9L4FP ;484K< CB<E>4

6AGFD9AA<I FBK9> EIB84 < E9@4AF<K9E>B= E97@9AF4J<< K9FO­

D9IG7B?PAOI B5N9>FB6 E CD96BEIB8AO@ >4K9EF6B@, CD< QFB@

B5?484S A4 864 CBDS8>4 @9APL<@ >B?<K9EF6B@ B5GK49@OI

C4D4@9FDB6.

4. #D< CD<@9A9A<< <;69EFAB= F9IAB?B7<< C9D9ABE4 ;A4A<= 8?S

domain adaptation 6OS6?9A AB6O= QHH9>F: C9D9ABE ;A4A<=

GEC9LAB CDB<EIB8<F, AB 8?S 6OEB>BGDB6A96OI, 4 A9 8?S A<;­

>BGDB6A96OI CD<;A4>B6.

#D4>F<K9E>4S ;A4K<@BEFP D45BFO CB8F69D:849FES F9@, KFB

@9FB8O B5GK9A<S A9=DBAAOI E9F9= E <ECB?P;B64A<9@ <EE?98B64A­

AOI 6 D45BF9 E?B96 CD9B5D4;B64A<S )4H4 5O?< 6A98D9AO 6 E<EF9@G

B5GK9A<S A9=DBAAOI E9F9=, <ECB?P;G9@GR 6 >B@C4A<< """ “%@4DF

1A8:<AE %9D6<E”. 1FB CB;6B?<?B 6A98D<FP CD98?B:9AAO9 4DI<­

F9>FGDO 6 G:9 <@9RM<9ES D9L9A<S 8?S B5D45BF>< <;B5D4:9A<= <

D4ECB;A464A<S 8B>G@9AFB6, >BFBDO9 <AF97D<DB64AO 6 <AHBD@4J<­

BAAGR <AHD4EFDG>FGDG DS84 >B@@9DK9E><I BD74A<;4J<=, 4 F4>:9 6

DS8 <AHBD@4J<BAAOI D9L9A<= 7BEG84DEF69AAOI EFDG>FGD $BEE<=­

E>B= (989D4J<<.

%BBF69FEF6<9 8<EE9DF4J<< C4ECBDFG A4GKAB= EC9­

J<4?PABEF<. � EBBF69FEF6<< E HBD@G?B= EC9J<4?PABEF< 1.2.2

“ 4F9@4F<K9E>B9 @B89?<DB64A<9, K<E?9AAO9 @9FB8O < >B@C?9>EO
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CDB7D4@@” (F9IA<K9E><9 A4G><) 6 D45BF9 6OCB?A9AB <EE?98B64­

A<9 E?BS CD9B5D4;B64A<S )4H4, CD<6989AB 8B>4;4F9?PEF6B FB7B,

KFB FD4AECBA<DB64AAO= BC9D4FBD 8?S 5OEFDB7B CD9B5D4;B64A<S

)4H4 6OCB?AS9FES E FB= :9 E?B:ABEFPR, KFB < CDS@B=, D4;D45B­

F4AO 4DI<F9>FGDO E F4><@< E?BS@< < <EE?98B64AO <I E6B=EF64.

$45BF4 EBBF69FEF6G9F E?98GRM<@ CGA>F4@ C4ECBDF4 EC9J<4?PAB­

EF<: C. 2 “$4;D45BF>4, B5BEAB64A<9 < F9EF<DB64A<9 QHH9>F<6AOI

6OK<E?<F9?PAOI @9FB8B6 E CD<@9A9A<9@ EB6D9@9AAOI >B@CPR­

F9DAOI F9IAB?B7<=”, C. 3 “$94?<;4J<S QHH9>F<6AOI K<E?9AAOI

@9FB8B6 < 4?7BD<F@B6 6 6<89 >B@C?9>EB6 CDB5?9@AB-BD<9AF<DB64A­

AOI CDB7D4@@ 8?S CDB6989A<S 6OK<E?<F9?PAB7B Q>EC9D<@9AF4”, C.

7 “�4K9EF69AAO9 <?< 4A4?<F<K9E><9 @9FB8O <EE?98B64A<S @4F9@4­

F<K9E><I @B89?9= (F9IA<K9E><9 A4G><)”.

M9FB8B?B7<S < @9FB8O <EE?98B64A<S. � D45BF9 <ECB?P­

;GRFES @9FB8O J<HDB6B= B5D45BF>< <;B5D4:9A<=, @9FB8O EFB­

I4EF<K9E>B= A9CD9DO6AB= BCF<@<;4J<<, @9FB8O EF4F<EF<K9E>B7B

4A4?<;4. �E9 D9;G?PF4FO B5BEAB6O64RFES HBD@4?PAB-898G>F<6AB

?<5B 6OK<E?<F9?PAO@ Q>EC9D<@9AFB@.

"EAB6AO9 CB?B:9A<S, 6OABE<@O9 A4 ;4M<FG:

1. �6989A<9 E?B96 CDS@B7B < FD4AECBA<DB64AAB7B 5OEFDB­

7B CD9B5D4;B64A<S )4H4 CB;6B?S9F E89?4FP D9J9CF<6AO@

CB?9@ 6OIB8AOI A9=DBAB6 6E9 6IB8AB9 <;B5D4:9A<9 59; G69­

?<K9A<S K<E?4 B5GK49@OI C4D4@9FDB6.

2. #D< CB@BM< CD98EF46?9AAB= 4DI<F9>FGDO )4HA9F @B:AB

CBEFDB<FP >BA9KAGR >4DFG CD<;A4>B6, >BFBD4S E CB@BMPR

>GEBKAB-CDB9>F<6AOI CD9B5D4;B64A<= BFB5D4:49FES 6 59E­

>BA9KAGR C?BE>BEFP, EB89D:4MGR <EIB8AB9 <;B5D4:9A<9,

KFB CB;6B?S9F D45BF4FP 6 FB@ K<E?9 < E 59E>BA9KAB G84?9A­

AO@< FBK>4@<.

3. �ECB?P;B64A<9 >B@5<A4J<< CDS@B7B < FD4AECBA<DB64AAB7B

CD9B5D4;B64A<= )4H4 6 A9=DBAAB= E9F< CB;6B?S9F CBEFDB­

<FP 46FB>B8<DB6M<>, ECBEB5AO= GK<FO64FP <AF97D4?PAO9

CD<;A4><, AB A9 <@9RM<= 8BCB?A<F9?PAOI B5GK49@OI C4­

D4@9FDB6.
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4. #D< B5GK9A<< 5?B>B6 E69DFBKAOI E?B96, D4;89?9AAOI E?BS­

@< CD9B5D4;B64A<S )4H4 8?S D9L9A<S ;484K< CB<E>4 FBK><

EIB84, A4>BC?9A<9 EC9J<H<KAOI 8?S >BA>D9FAOI <;B5D4­

:9A<= CD<;A4>B6 CDB<EIB8<F 6 C9D6B@ 5?B>9 E69DFBKAOI

E?B96, 6 FB 6D9@S >4> 6FBDB= < FD9F<= 5?B>< @B:AB <ECB?P­

;B64FP 8?S D9L9A<S FB= :9 ;484K< A4 84AAOI <; 8DG7B7B

8B@9A4.

�BEFB69DABEFP CB?GK9AAOI D9;G?PF4FB6 CB8F69D:849FES EB­

BF69FEF6<9@ F9BD9F<K9E><I < Q>EC9D<@9AF4?PAOI D9;G?PF4FB6, CDB­

89@BAEFD<DB64AAOI 6 D45BF9, GEC9LAB= 4CDB54J<9= D9;G?PF4FB6 <

6A98D9A<9@ 6 >B@@9DK9E><9 E<EF9@O D4ECB;A464A<S 8B>G@9AFB6.

�CDB54J<S D45BFO. "EAB6AO9 D9;G?PF4FO D45BFO 8B>?48O­

64?<EP < B5EG:84?<EP A4 E?98GRM<I >BAH9D9AJ<SI:

1.  9:8GA4DB8AB= >BAH9D9AJ<< “International Conference on

Machine Vision” (ICMV) 6 2016-@, 2017-@ < 2019-@ 7B84I.

2.  9:8GA4DB8AB= >BAH9D9AJ<< “International Conference on

Document Analysis and Recognition” (ICDAR) 6 2019-@ 7B8G.

3.  9:8GA4DB8AB= >BAH9D9AJ<< “International Conference on

Image Processing” (ICIP) 6 2020-@ 7B8G.

�<KAO= 6>?48. �E9 BEAB6AO9 D9;G?PF4FO, <;?B:9AAO9 6 84A­

AB= D45BF9, 5O?< CB?GK9AO ?<KAB 46FBDB@. #BEF4AB6>4 ;484K <

B5EG:89A<9 D9;G?PF4FB6 CDB6B8<?<EP EB6@9EFAB E A4GKAO@ DG>B6B­

8<F9?9@. � [7] 46FBDB@ CD98EF46?9AB 8B>4;4F9?PEF6B 6OCB?A<@BEF<

FD4AECBA<DB64AAB7B CD9B5D4;B64A<S )4H4 E F4>B= :9 4E<@CFBF<­

K9E>B= E?B:ABEFPR, >4> < 5OEFDB9 CDS@B9 CD9B5D4;B64A<9 )4H4.

� [3, 4] 4A4?<;<DG9FES CD9B5D4;B64A<9 )4H4 6 >4K9EF69 E?BS A9=­
DBAAB= E9F< 8?S D9L9A<S ;484K CB<E>4 6AGFD9AA9= FBK>< EIB84

< >?4EE<H<>4J<< <;B5D4:9A<=, EB89D:4M<I ?<A<<. � [5] 46FBDB@

CD98?4749FES 4DI<F9>FGD4 )4HA9F < ECBEB5 99 CD<@9A9A<S 8?S

D9L9A<S ;484K< CB<E>4 6A9LA<I FBK9> EIB84 A4 <;B5D4:9A<SI, EB­

89D:4M<I 8B>G@9AFO. � [2,6,7] 46FBDB@ CD98?4749FES 4DI<F9>FGD4
)4HQA>B89D, 789 D9L4RFES ;484K< CB<E>4 @4L<ABK<F49@B= ;BAO,

CB<E>4 6AGFD9AA9= FBK>< EIB84 < E9@4AF<K9E>B= E97@9AF4J<<. �

[1] 46FBD <EE?98G9F CDB5?9@G C9D9ABE4 ;A4A<= @9:8G 84AAO@< <;
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D4;?<KAOI 8B@9AFB6 8?S E9F< 4DI<F9>FGDO )4HA9F. � QFB= D45BF9

D4EE@4FD<649FES 864 8B@9A4 (<;B5D4:9A<S 8B>G@9AFB6 < <;B5D4:9­

A<S 8BDB7 E 6<89B D97<EFD4FBDB6) < CB>4;O649FES, KFB A4>BC?9A<9

;A4A<= CDB<EIB8<F 6 E?BSI, <8GM<I CBE?9 CD9B5D4;B64A<S CD<­

;A4>B6 6 CDBEFD4AEF6B (s,t). � [8] 6OCB?A9AB <EE?98B64A<9 E?BS

5OEFDB7B CD9B5D4;B64A<S )4H4 6 ;484K9 >?4EE<H<>4J<< <;B5D4:9­

A<= < BCG5?<>B64AB 59; EB46FBDEF64. � [9,10] CD<6B8SFES EEO?>< A4

E6<89F9?PEF6B B D97<EFD4J<< CDB7D4@@O 8?S 1� < C4F9AF %,�.

#G5?<>4J<<. "EAB6AO9 D9;G?PF4FO CB F9@9 8<EE9DF4J<<

BCG5?<>B64AO 6 8 C9K4FAOI <;84A<SI, 1 <; D45BF <;84AO 6 :GD­

A4?4I, D9>B@9A8B64AAOI ���, 7 – 6 <;84A<SI, <A89>E<DG9@OI 6

Web of Science < Scopus. &4>:9 CB?GK9AB E6<89F9?PEF6B B D97<EFD4­

J<< CDB7D4@@O 8?S Q?9>FDBAAOI 6OK<E?<F9?PAOI @4L<A (1� )

< C4F9AF %,�.

"5N9@ < EFDG>FGD4 D45BFO. �<EE9DF4J<S EBEFB<F <; 66989­

A<S, K9FOD9I 7?46 7?46, ;4>?RK9A<S < B8AB7B CD<?B:9A<S. #B?AO=

B5N9@ 8<EE9DF4J<< EBEF46?S9F 123 EFD4A<JO, 6>?RK4S 38 D<EGA>B6

< 9 F45?<J. %C<EB> ?<F9D4FGDO EB89D:<F 95 A4<@9AB64A<=.
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�?464 1. �AF97D4?PAO9 BC9D4FBDO < @4L<AAB9 B5GK9A<9

1.1  4L<AAB9 B5GK9A<9 6 B5D45BF>9 <;B5D4:9A<=

 4L<AAB9 B5GK9A<9 - D4;89? A4G><, <;GK4RM<= 4?7BD<F@O,

>BFBDO9 @B7GF G?GKL4FP E6B< I4D4>F9D<EF<>< CB @9D9 A4>BC?9A<S

84AAOI [1]. &4><9 4?7BD<F@O L<DB>B <ECB?P;GRFES 6 F9I E?GK4­

SI, >B784 K9F>4S @4F9@4F<K9E>4S CBEF4AB6>4 ;484K< A96B;@B:A4

<?< E?<L>B@ FDG8A4, AB EGM9EF6G9F ECBEB5 CB?GK<FP B5GK4RM<9

84AAO9 6 8BEF4FBKAB@ B5N9@9. !9B5IB8<@O= B5N9@ 84AAOI E<?P­

AB ;46<E<F < BF ;484K<, < BF <ECB?P;G9@B7B 4?7BD<F@4. &4><9

4?7BD<F@O 9EF9EF69AAO@ B5D4;B@ CB8IB8SF 8?S D9L9A<S ;484K

CD98E>4;4A<S E4@OI D4;AOI EB5OF<= CB A4>BC?9AAB= EF4F<EF<>9,

5G8P FB 54A>DBEF6B 54A>4, CB7B84 <?< ;45B?9649@BEFP ?R89= [2,

3, 4]. �DB@9 QFB7B, ;484K< B5D45BF>< <;B5D4:9A<=, F4><9 >4> E97­

@9AF4J<S, D4ECB;A464A<9, FQ7<DB64A<9 < CDBK<9, ?97>B D9L49@O9

K9?B69>B@ 9EF9EF69AAO@ B5D4;B@, CB8IB8SF 8?S EB;84A<S B5GK4R­

M97B A45BD4 84AAOI, IBFS FBKAB7B 4?7BD<F@4 <I D9L9A<S @O A9

;A49@ < BFABE<@ QF< ;484K< > EH9D9 <E>GEEF69AAB7B <AF9??9>F4.

� D94?PABEF< > @9FB84@ @4L<AAB7B B5GK9A<S BFABESF A9 FB?P­

>B E?GK4<, >B784 4?7BD<F@ <;@9AS9FES, A4>4C?<64S BCOF 6 CDBJ9EE9

HGA>J<BA<DB64A<S, AB < E?GK4<, >B784 4?7BD<F@ A4EFD4<649FES “B8­

ABD4;B6B”, <@9S C9D98 EB5B= A45BD CD<@9DB6, 789 <;69EFAO 6IB8AO9

84AAO9 < AG:AO= BF69F, 4 ;484K4 EBEFB<F 6 CB<E>9 C4D4@9FDB6,

CD< >BFBDOI 6OIB8 4?7BD<F@4 5O? 5O @4>E<@4?PAB CD<5?<:9A >

BF69FG.

� QFB@ E@OE?9 @4L<AAB9 B5GK9A<9 CD4>F<K9E>< A9 BF?<K49FES

BF 846AB <;69EFAB= ;484K< <89AF<H<>4J<< C4D4@9FDB6, 789 D9KP

<89F B5 GEFDB=EF64I, EI9@4 D45BFO >BFBDOI ;46<E<F BF A9<;69EFAOI

C4D4@9FDB6. !45?R84S 6OIB8O GEFDB=EF64 CD< D4;?<KAOI 6IB84I,

@O @B:9@ CBCOF4FPES BCD989?<FP ;A4K9A<S C4D4@9FDB6.
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� B5B<I E?GK4SI CBEF4AB6>4 ;484K< 6O7?S8<F E?98GRM<@

B5D4;B@. �@99FES HGA>J<S (4?7BD<F@, GEFDB=EF6B), >BFBD4S CD9­

B5D4;G9F 6IB8AO9 84AAO9 X 6 6OIB8AO9 Y : Y = F (X,W ), 789

X = (xj), j ∈ [0,J) – 69>FBD 6IB8AOI 84AAOI, Y = (yk), j ∈ [0,K) –

69>FBD 6OIB8AOI 84AAOI,W = (w0, ..., wM−1) – 69>FBD A9<;69EFAOI

C4D4@9FDB6. &4>:9 84A A45BD CD<@9DB6 {〈Xi,Yi〉},i = 0,...,N − 1.

&D95G9FES A4=F< F4><9 ;A4K9A<S W , KFB5O 8?S Yi = F (Xi,W )

;A4K9A<9 D4EEB7?4EB64A<S 5O?B @<A<@4?PAO@. $4;G@99FES, D4EEB­

7?4EB64A<9 8B?:AB 5OFP BCD989?9AB. � CD<@9DG, D4EEB7?4EB64A<9

S @B:AB BCD989?<FP E?98GRM<@ B5D4;B@ 1.1:

S(W ) =
∑

i

|Yi − F (Xi,W )|. (1.1)

&4> <?< <A4K9, @O <@99@ ;484KG CB<E>4 ;A4K9A<= W , 84RM<I
@<A<@G@ HGA>J<< S A4 84AAB@ @AB:9EF69.

�F4>, ;484K< @4L<AAB7B B5GK9A<S < <89AF<H<>4J<< C4D4@9F­

DB6 CB?ABEFPR EB6C484RF. $4;G@99FES, 6 ;484K9 <89AF<H<>4J<<

C4D4@9FDB6 A<>FB A9 ;4CD9M49F >BDD9>F<DB64FP C4D4@9FDO GEFDB=­

EF64 CD< CB?GK9A<< AB6OI 84AAOI, >4> < 6 @4L<AAB@ B5GK9A<<.

�BCDBE FB?P>B 6 A4?<K<< QHH9>F<6AOI 4?7BD<F@B6 < D94?PAB7B

6D9@9A< A4 F4>GR >BDD9>F<DB6>G. � FB :9 6D9@S CD4>F<>4 D9L9A<S

QF<I 86GI ;484K EGM9EF69AAB D4;?<KA4. � ;484K4I <89AF<H<>4J<<

C4D4@9FDB6 HGA>J<S F (X,W ) B5OKAB 8BEF4FBKAB E?B:A4 (A4­

CD<@9D, BC<EO649FES 8<HH9D9AJ<4?PAO@< GD46A9A<S@<), K<E?B

C4D4@9FDB6M A969?<>B, 4 C4D4@9FDO GA<>4?PAO. !4CDBF<6, >B?<­

K9EF6B C4D4@9FDB6 6 ;484K4I @4L<AAB7B B5GK9A<S K4EFB EBEF46?S9F

@<??<BAO < @<??<4D8O. #D< QFB@ E4@< C4D4@9FDO D4;5<64RFES A4

ED46A<F9?PAB A95B?PLB9 K<E?B B8ABDB8AOI 7DGCC.

#D< 6E9I D4;?<K<SI CD4>F<> A9 E?98G9F ;45O64FP B CB?AB=

<89AF<KABEF< @4F9@4F<K9E><I CBEF4AB6B> < B 6B;@B:ABEF< C9D9­

ABE<FP A9>BFBDO9 @9FB8O, 4 <AB784 < D9;G?PF4FO <; B8AB= B5?4EF<

6 8DG7GR. � K4EFABEF<, 6 A9>BFBDOI ;484K4I D9KP @B:9F <8F< A9

FB?P>B B5 <89AF<H<>4J<< C4D4@9FDB6, AB < B5 “<89AF<H<>4J<<
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@B89?<” (A4CD<@9D, D97G?SFBD4), >B784 HGA>J<S F (X,W ) @B:9F

@9ASFP E6BR EFDG>FGDG.

�<8<DGRM<9 CB;<J<< 6 D9L9A<< @AB7<I ;484K <E>GEEF69AAB­

7B <AF9??9>F4 A4 84AAO= @B@9AF ;4A<@4RF 4?7BD<F@O, >BFBDO9

F4> <?< <A4K9 6>?RK4RF 6 E95S A9=DBAAO9 E9F<, 4 <AB784 < <E­

>?RK<F9?PAB <; A<I EBEFBSM<9. �89EP D4EE@4FD<64RFES E4@O9

D4;ABDB8AO9 ;484K<: CD98E>4;4A<9 EB5OF<=, E9@4AF<K9E>4S E97@9A­

F4J<S [5], 5<A4D<;4J<S [6], >?4EE<H<>4J<S <;B5D4:9A<= < @AB7<9

8DG7<9. � CBE?98A99 6D9@S E CB@BMPR A9=DBAAOI E9F9= EF4?< D9­

L4FP 9M9 < ;484K< 79A9D4J<< 84AAOI [7] < 84:9 4F4> A4 8DG7<9

A9=DBAAO9 E9F< [8, 9].

#D<K<A FB@G A9E>B?P>B, < BEAB6AGR 6O89?<FP FS:9?B. %<?P­

AB 6B;DBEL<9 6OK<E?<F9?PAO9 @BMABEF< CDBJ9EEBDB6 < 6<89B>4DF,

BFABE<F9?PA4S GA<69DE4?PABEFP < G8B5AO9 B5M98BEFGCAO9 <AEFDG­

@9AFO 8?S B5GK9A<S 6 EB6B>GCABEF< E A4?<K<9@ ;4@9FAB7B >B?<K9­

EF64 B5GK4RM<I A45BDB6 84AAOI 6 BF>DOFB@ 8BEFGC9 D4;6S;O64RF

DG>< <EE?98B64F9?S@. � “@B8G?PABEFP” A9=DBAAOI E9F9= CB;6B?S­

9F <EE?98B64F9?S@ < D4;D45BFK<>4@ <ECB?P;B64FP A9=DBAAO9 E9F<

6 E6B<I 4?7BD<F@4I, A9 68464SEP 6 CB8DB5ABEF< <I GEFDB=EF64.

%B6D9@9AAO9 <AEFDG@9AFO, <@9RM<9ES 6 BF>DOFB@ 8BEFGC9, A9

FD95GRF BF D4;D45BFK<>4 <?< <EE?98B64F9?S IBFP E>B?P>B-FB 7?G­

5B>B7B CBA<@4A<S CD<AJ<CB6 D45BFO < B5GK9A<S A9=DBAAOI E9F9=,

AB CB;6B?SRF <I 5B?99 <?< @9A99 GEC9LAB <ECB?P;B64FP 6 >4K9­

EF69 5?B>B6 6 4?7BD<F@4I 5B?99 6OEB>B7B GDB6AS. 1FB CD<69?B >

A9>BFBDB@G “;4@GEBD<64A<R” 54;O CG5?<>4J<= A4 F9@G D9L9A<S

;484K CD< CB@BM< A9=DBAAOI E9F9=, F4> >4> CBS6<?BEP BK9AP 5B?P­

LB9 >B?<K9EF6B CG5?<>4J<=, 6 >BFBDOI CD98?474RFES F9 <?< <AO9

@B8<H<>4J<< 59; B5NSEA9A<S CD<K<A, CBK9@G QFB 8B?:AB 5O?B ED4­

5BF4FP < >4><9 <@9AAB @9I4A<;@O CD<69?< > G?GKL9A<R J9?96OI

CB>4;4F9?9=.

�BB5M9, E@9L9A<9 7<CBF9;, FBKAB CBEF46?9AAOI < 6BECDB<;­

6B8<@OI Q>EC9D<@9AFB6 < K<EFB <A:9A9DAOI “BF>DOF<=” (“@O

E89?4?< F4> < CB?GK<?BEP IBDBLB”), K4M9 6E97B A9 EBCDB6B:­

84RM<IES FBKAO@ BC<E4A<9@, BK9AP I4D4>F9DAB 8?S AOA9LA97B
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B7DB@AB7B @4EE<64 CG5?<>4J<=, CBE6SM9AAOI A9=DBE9F96O@ 4?­

7BD<F@4@. �?S F4><I <A:9A9DAOI CG5?<>4J<= F<C<KAB A4?<K<9

6 @B89?SI E>DOFOI/A9BC<E4AAOI C4D4@9FDB6, <;@9A9A<9 >BFB­

DOI @B:9F ;4@9FAB 6?<SFP A4 <I <FB7B6B9 >4K9EF6B. %GM9EF6GRF

84:9 D45BFO, BCG5?<>B64AAO9 6 >BFBDOI D9;G?PF4FO CDS@B CDB­

F<6BD9K4F 8DG7 8DG7G. � D45BF9 [10] CD<6B8SFES CD<@9DO F4><I

CDBF<6BD9K4M<I 8DG7 8DG7G CG5?<>4J<= A4 CD<@9D9 ;484K< CBEFDB­

9A<S BC<E4F9?S <;B5D4:9A<S.

&9@4 A9=DBAAOI E9F9= BK9AP IBDBLB CB>DOF4 ?<F9D4FGDB=, >4>

EB EFBDBAO F9BD<<, F4> < EB EFBDBAO CD4>F<>< [11]. &9@ A9 @9A99,

IBF9?BEP 5O B5D4F<FP 6A<@4A<9 A4 B8<A 64:AO= @B@9AF: CBCG?SD­

ABEFP A9=DBAAOI E9F9= ABE<F E>4K>BB5D4;AO= I4D4>F9D. %B7?4EAB

B5M9CD<ASFB@G @A9A<R <@9?B @9EFB FD< 6OD4:9AAOI 6B?AO, 869

<; >BFBDOI CB>4;4AO A4 $<E. 1.1, 6;SFB@G <; >A<7< [12]. #9D64S

6B?A4 CD<IB8<FES A4 1940− 1960-9 7B8O. �@9AAB FB784 5O?< D4;D4­

5BF4AO C9D6O9 @B89?<, 6 FB@ K<E?9 C9DJ9CFDBA $B;9A5?4FF4 [13].

�FBD4S 6B?A4 A4K4?4EP 6 1980-9 7B8O < 5O?4 E6S;4A4 E B5D9F9A<9@

A9=DBAAO@< E9FS@< 7?G5<AO. &B784 :9 @9FB8 B5D4FAB7B D4ECDB­

EFD4A9A<S BL<5>< 5O? CD<@9A9A 8?S B5GK9A<S @B89?< E B8A<@

<?< 86G@S E>DOFO@< E?BS@< [14]. &D9FPS 6B?A4 A4K4?4EP ED46­

A<F9?PAB A9846AB, 6 2006-@ 7B8G [15, 16], < CDB8B?:49FES 8B E<I

CBD. 1FB 6B?A4 “7?G5B>B7B B5GK9A<S” < E69DFBKAOI A9=DBAAOI E9­

F9=. � CBE?98A99 6D9@S EGM9EF6G9F F9A89AJ<S A4;O64FP “7?G5B><@

B5GK9A<9@” FB?P>B F9 4?7BD<F@O, >BFBDO9 EB;84AO 8?S D45BFO A4

<EIB8AOI 84AAOI, 4 A9 A4 <A:9A9DAB-6OK<E?9AAOI CD<;A4>4I.

1.2 �4DFO < 69>FBD4 CD<;A4>B6

#D9:89 K9@ C9D9=F< > D4EE@BFD9A<R EFDG>FGDO A9=DBAAOI

E9F9= < BEB59AABEF9= CB6989A<S F9I <?< <AOI 4DI<F9>FGD, EFB­

<F EBED98BFBK<FPES A4 E?98GRM9@ 6BCDBE9: >4><@< EGMABEFS@<

BC9D<DGRF A9=DBAAO9 E9F< 6 J9?B@ < BF89?PAO9 E?B< 6 K4EFAB­
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Ðèñóíîê 1.1 � Äâå èç òðåõ âîëí ðàçâèòèÿ íåéðîííûõ ñåòåé.

EF<? &4> >4> 6E9 89F4?< EB6D9@9AAOI A9=DBAAOI E9F9= CB8DB5AB

BC<E4AO 6 B7DB@AB@ >B?<K9EF69 <EFBKA<>B6, B8A<@ <; E4@OI CBCG­

?SDAOI ED98< >BFBDOI S6?S9FES >A<74 �G8H9?BG [12], D4EE@BFD<@

?<LP A9>BFBDO9 CBASF<S, A9B5IB8<@O9 8?S 84?PA9=L97B <;?B:9­

A<S. �E?< 6B 6IB8AOI 84AAOI @B:AB ;484FP E<EF9@G >BBD8<A4F

>4>, A4CD<@9D, A4 <;B5D4:9A<<, FB F4><9 84AAO9 5G89@ A4;O­

64FP >4DFB= CD<;A4>B6 (feature map). $4;@9DABEFP F4>B= >4DFO

64DP<DG9FES 6 ;46<E<@BEF< BF F<C4 84AAOI, E >BFBDO@< <89F D4­

5BF4. �?S CBE?98B64F9?PABEF9= E<7A4?B6 QF4 D4;@9DABEFP @B:9F

5OFP 98<A<J9=, 8?S <;B5D4:9A<= 86B=>B=, 8?S CDBEFD4AEF69AAOI

<;B5D4:9A<= FDB=>B=. �DB@9 QFB7B, CB8B5AO9 >4DFO @B7GF 5OFP

@AB7B>4A4?PAO@<, F.9. @B:9F <@9FPES @AB7B >4DF E B8<A4>B6B= E<­

EF9@B= >BBD8<A4F. �IB8B@ < 6OIB8B@ E69DFBKAOI E?B96 A9=DBAAB=

E9F<, K4M9 6E97B, S6?SRFES >4DFO CD<;A4>B6. �E?< 6E9 Q?9@9AFO

6IB8AOI 84AAOI E9F< <?< E?BS A9?P;S G?B:<FP 6 E<EF9@G >BBD8<­

A4F, FB FB784 QFB A4;O649FES 69>FBD CD<;A4>B6 (feature vector). %
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Ðèñóíîê 1.2 � Ïðèìåíåíèå ÿäðà ñâåðòî÷íîãî ôèëüòðà ðàçìåðîì 2× 2 ê ìíîãî�

êàíàëüíîé êàðòå ïðèçíàêîâ.

CB8B5AB= EFDG>FGDB= 84AAOI, >4> CD46<?B, D45BF4RF CB?ABE6S;­

AO9 E?B<. �97>B ;4@9F<FP, KFB ?R54S >4DF4 CD<;A4>B6 S6?S9FES

69>FBDB@ CD<;A4>B6, AB A9 A4B5BDBF. 1?9@9AFO >4DFO CD<;A4>B6

6 86G@9DAB@ E?GK49 A4;O64RFES C<>E9?S@<, 4 6 FD9I@9DAB@ – 6B>­

E9?S@<. #4D4@9FDO 86G@9DAOI >4DF CD<;A4>B6 B5OKAB ;484RFES

FD9@S ;A4K9A<S@<: L<D<A4, 6OEBF4 < >B?<K9EF6B. &4><@ B5D4;B@,

B5B;A4K9A<9 10×10×32 7B6BD<F B FB@, KFB >4DF4 <@99F 10 C<>E9?9=

6 L<D<AG < 6 6OEBFG, 4 >B?<K9EF6B >4DF D46AB 32.

!9=DBAAO9 E9F< EBEFBSF <; D4;?<KAOI E?B96 < HGA>J<= 4>F<­

64J<=, >BFBDO9 FB:9 CD98EF46?SRFES 6 6<89 BF89?PAB7B E?BS, AB

6E9-F4>< <@9RF CD<AJ<C<4?PAB9 BF?<K<9. %4@O9 CBCG?SDAO9 6<8O

B5GK49@OI E?B96 - E69DFBKAO= E?B= < CB?ABE6S;AO= E?B=. �4:8O=

6OIB8 QF<I E?B96 S6?S9FES 6;69L9AAB= EG@@B= A9>BFBDB= B5?4EF<

6IB8AB7B 69>FBD4 CD<;A4>B6, >4> CB>4;4AB A4 $<E. 1.2, <, E?98B­

64F9?PAB, E4@ E?B= S6?S9FES ?<A9=AO@ CD9B5D4;B64A<9@ 6IB8AB7B

69>FBD4. �?S FB7B, KFB5O CBE?98B64F9?PAO9 ?<A9=AO9 E?B< A9?P;S

5O?B E69EF< > 98<AEF69AAB@G ?<A9=AB@G CD9B5D4;B64A<R, @9:8G

A<@< 6E9784 EF46SF A9?<A9=AGR HGA>J<R 4>F<64J<<, >BFBD4S 89­

?49F F4>B9 EI?BCO64A<9 A96B;@B:AO@. #D<AJ<C<4?PAO@ BF?<K<9@
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E69DFBKAB7B E?BS BF CB?ABE6S;AB7B S6?S9FES K4EFP 6IB84, CB >BFB­

DB= EK<F49FES D9;G?PF4F: 8?S E69DFBKAB7B E?BS QFB, >4> CD46<?B,

A95B?PLB9 B>AB A4 6IB8AB= >4DF9 CD<;A4>B6, 4 8?S CB?ABE6S;AB7B

– 69EP 69>FBD CD<;A4>B6. (BD@4?PAB, ?R5B= E69DFBKAO= E?B= @B:­

AB 6 FBKABEF< CD98EF46<FP 6 6<89 CB?ABE6S;AB7B, AB, F9@ A9 @9A99,

<@9AAB CBS6?9A<9 :9EF>B7B B7D4A<K9A<S A4 ?B>4?<;4J<R CD<;A4­

>B6 84?B BK9D98AB= FB?KB> > D4;6<F<R 7?G5B>B7B B5GK9A<S [17].

1FB CDB<;BL?B ED4;G CB A9E>B?P><@ CD<K<A4@. �B-C9D6OI, 6 F4>B9

B7D4A<K9A<9 A9S6AB 6EFDB9AB FD95B64A<9 > 6O89?9A<R ?B>4?PAOI

CD<;A4>B6, 6B-6FBDOI, >B?<K9EF6B B5GK49@OI C4D4@9FDB6 E<?PAB

EB>D4M49FES. &4><@ B5D4;B@ 6 4DI<F9>FGDG A9=DBAAB= E9F< ;4L<­

649FES “E?B:A4S D97G?SD<;4J<S”, >BFBD4S A9 CDBEFB FD95G9F BF E9F<

EC9J<H<K9E>B7B CB6989A<S (6O89?9A<S ?B>4?PAOI CD<;A4>B6 6 84A­

AB@ E?GK49), 4 ;45<D49F G A99 6B;@B:ABEFP D45BF4FP <A4K9. �M9

B8A<@ A9@4?B64:AO@ H4>FB@ S6?S9FES FB, KFB CD< B5GK9A<< C4D4­

@9FDB6 E69DFBKAB7B H<?PFD4 >4:84S FBK>4 CD<?B:9A<S CBDB:849F

7D48<9AF. � D9;G?PF4F9 CB?GK49FES, KFB 8?S 84AAB7B H<?PFD4 >B­

?<K9EF6B QHH9>F<6AOI B5GK4RM<I CD<@9DB6 D46AB >B?<K9EF6G

CD<?B:9A<= H<?PFD4, KFB EGM9EF69AAB 5B?PL9, K9@ >B?<K9EF6B

<;B5D4:9A<=. � E4@B@ 89?9, CD< B5GK9A<< E69DFBKAB7B H<?PFD4

EA4K4?4 6OK<E?S9FES 7D48<9AF B5GK49@OI C4D4@9FDB6 8?S >4:8B=

FBK>< CD<?B:9A<S H<?PFD4 CB BF89?PABEF<, ;4F9@ 6E9 QFB EG@@<­

DG9FES < ?<LP CBFB@ CDB<EIB8<F B5AB6?9A<9 ;A4K9A<= C4D4@9FDB6.

"F89?PAB 6O89?<@ >?4EE A9=DBAAOI E9F9=, >BFBDO9 EBEFBSF

FB?P>B <; E?B96, 6OK<E?9A<9 6OIB84 >BFBDOI CDB<EIB8<F <E>?RK<­

F9?PAB CB A9>BFBDB@G >BA9KAB@G B>AG 6IB8AB= >4DFO CD<;A4>B6.

&4><9 E9F< A4;O64RFES CB?ABE69DFBKAO@<, < <I BF?<K<F9?PAB=

BEB59AABEFPR S6?S9FES FB, KFB BA< @B7GF 5OFP CD<@9A9AO > <;B5­

D4:9A<S@ ?R5B7B D4;@9D4 (E @<A<@4?PAO@ D4;@9DB@, ;484649@O@

>BAH<7GD4J<9= E?B96). �OIB8B@ F4>B= E9F< S6?SRFES >4DFO CD<­

;A4>B6, 4 ;A4K9A<S 6 A<I A9EGF E@OE?B6GR A47DG;>G, ;484AAGR

HGA>J<9= CBF9DP < D4;@9F>B=.
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1.3 �AF97D4?PAO9 CD9B5D4;B64A<S < B5D45BF>4 <;B5D4:9A<=

� ;484K4I B5D45BF>< <;B5D4:9A<= A4 84AAO= @B@9AF EGM9­

EF6G9F @AB:9EF6B <A:9A9DAOI 4?7BD<F@B6, >BFBDO9 6>?RK4RF 6

E95S D4;?<KAO9 <AF97D4?PAO9 CD9B5D4;B64A<S. %R84 6IB8SF < 4?­

7BD<F@O B5D45BF>< <;B5D4:9A<=, 6OIB8B@ >BFBDOI FB:9 S6?S9FES

<;B5D4:9A<9, AB B5?484RM99 8BCB?A<F9?PAO@< E6B=EF64@< (BFEGF­

EF6<9@ LG@4, 5<A4DAB= EFDG>FGDB= < F.C.), < 4?7BD<F@O CB<E>4 A4

<;B5D4:9A<< D4;?<KAOI B5N9>FB6. �?46AO@< CD9<@GM9EF64@< F4­

><I 4?7BD<F@B6 B5OKAB S6?SRFES E>BDBEFP D45BFO < CBASFABEFP

CD<AJ<C4 89=EF6<S <, E?98B64F9?PAB, CD98E>4;G9@BEFP CB6989A<S

[18, 19, 20, 21].

!4CD<@9D, 6 D45BF9 [22] BC<E4AB, >4> @B:AB <ECB?P;B64FP 8<E­

>D9F<;B64AAB9 CD9B5D4;B64A<9 $48BA4 8?S CB<E>4 FBK9> EIB84 A4

8B>G@9AF9. �6FBDO CD98?474RF 4?7BD<F@, 6 >BFBDB@ EC9D64 6O­

89?SRF 7D4A<JO B5N9>FB6 A4 <;B5D4:9A<< (59; A9=DBAAOI E9F9=)

< 89?4RF CD9B5D4;B64A<9 $48BA4, 4 ;4F9@ 6 CDBEFD4AEF69 $48BA4

<MGF ?B>4?PAO9 @4>E<@G@O, >BFBDO9 EBBF69FEF6GRF CDS@O@ ?<­

A<S@ A4 <EIB8AB@ <;B5D4:9A<<. �<A<<, >BFBDO9 C9D9E9>4RFES 6

B8AB= FBK>9, CBDB:84RF @4>E<@G@O, ?9:4M<9 A4 B8AB= CDS@B=.

�89EP CB8D4;G@9649FES, KFB 8B>G@9AF EB89D:<F 8BEF4FBKAB Q?9@9A­

FB6 E CDS@B?<A9=AO@< C4D4??9?PAO@< 7D4A<J4@<, CDB8B?:9A<S

>BFBDOI CBDB:84RF >4> @<A<@G@ 869 FBK>< EIB84: 7BD<;BAF4?P­

AGR < 69DF<>4?PAGR.

�4@9F<@, KFB 6O89?9A<9 7D4A<J, 6 FB@ K<E?9 < CDS@B?<­

A9=AOI, A4 <;B5D4:9A<< – ;484K4, >BFBD4S IBDBLB D9L49FES

CB?ABE69DFBKAO@< A9=DBAAO@< E9FS@< [23], 4 CB<E> FBK>< EIB84 E

<ECB?P;B64A<9@ CD9B5D4;B64A<S $48BA4 – 6O5BD @4>E<@G@B6 CBE?9

CD98B5D45BF>< <;B5D4:9A<S (CB846?9A<9 LG@B6, ?B:AOI @4>E<@G­

@B6 < F.C.), F.9., CBE?9 BC9D4J<<, >BFBDGR A9=DBE9FP ECBEB5A4 89?4FP

IBDBLB [24, 25].

1FBF < @AB:9EF6B 8DG7<I CD<@9DB6 CB8F4?><64RF > BK96<8­

AB@G 6BCDBEG: 4 @B:AB ?< EB;84FP 4?7BD<F@, >BFBDO= 5O B5?484?
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CD9<@GM9EF64@< B5B<I @9FB8B6? "5N98<A9A<9 CB8IB8B6 A4CD4L<­

649FES E4@B EB5B=, CBFB@G KFB CDB5?9@B= >?4EE<K9E><I 4?7BD<F@B6

S6?S9FES C?BI4S GEFB=K<6BEFP > A9<894?PABEF< 6IB8AOI 84AAOI, 6

QFB :9 6D9@S, A9=DBE9F96O9 46FBQA>B89DO IBDBLB E95S ;4D9>B@9A­

8B64?< 6 ;484K9 B5D45BF>< <;B5D4:9A<=.

� 84AAB= D45BF9 6 >4K9EF69 <AF97D4?PAB7B CD9B5D4;B64A<S

5G89F D4EE@BFD9AB CD9B5D4;B64A<9 )4H4. 1FB CD9B5D4;B64A<9 S6­

?S9FES 8<E>D9F<;4J<9= CD9B5D4;B64A<S $48BA4, 6 >BFBDB= C4D4@9F­

D<;4J<< CDS@OI @B7GF A9E>B?P>B D4;?<K4FPES 6 ;46<E<@BEF< BF

D94?<;4J<<. $4EE@BFD<@ QF< CD9B5D4;B64A<S < <I E@OE? CB8DB5A99.

1.3.1 #D9B5D4;B64A<9 $48BA4

#D9B5D4;B64A<9 $48BA4 – <AF97D4?PAB9 CD9B5D4;B64A<9 HGA>­

J<< @AB7<I C9D9@9AAOI, >BFBDO9 6C9D6O9 5O?B 66989AB �B74AAB@

$48BAB@ 6 1917-@ 7B8G. "C<EO649@B9 6 A9CD9DO6AB@ CDBEFD4AEF69

8?S HGA>J<< 86GI C9D9@9AAOI f (x,y), QFB CD9B5D4;B64A<9 B5?484­

9F CDBEFO@ 79B@9FD<K9E><@ E@OE?B@ – QFB <AF97D4? BF HGA>J<<

68B?P CDS@B=, C9DC9A8<>G?SDAB= 69>FBDG n = (cosϕ,sinϕ) < CDB­

IB8SM9= A4 D4EEFBSA<< ρ BF A4K4?4 >BBD8<A4F.

R(ρ,ϕ) =

∞∫

−∞

f (ρ cosϕ− z sinϕ,ρ sinϕ + z cosϕ)dz (1.2)

!4 $<E. 1.3 CDB<??REFD<DB64AB CD<@9A9A<9 HBD@G?O 1.2. �B­

B5M9 7B6BDS, CD9B5D4;B64A<9 $48BA4 <@99F 5B?PLB9 ;A4K9A<9 6

H<;<>9 <, 6 K4EFABEF<, 6 >B@CPRF9DAB= FB@B7D4H<<, F4> >4> CB­

?GK9A<9 A45BD4 CDB9>J<= B5N9>F4 CD< CBEF9C9AAB @9ASRM9@ES

G7?9 CDB9J<DB64A<S BK9AP EIB8AB E 6OK<E?9A<9@ CD9B5D4;B64A<S

$48BA4 BF B5N9>F4, 4 D9L9A<9 ;484K< >B@CPRF9DAB= FB@B7D4H<<

E6S;4AB E B5D4M9A<9@ CD9B5D4;B64A<S $48BA4.
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Ðèñóíîê 1.3 � Âû÷èñëåíèå ïðåîáðàçîâàíèÿ Ðàäîíà îò ôóíêöèè äâóõ ïåðåìåí�

íûõ.

1.3.2 #D9B5D4;B64A<9 )4H4

#D9B5D4;B64A<9 )4H4 6 86G@9DAB@ E?GK49 @B:AB D4EE@4F­

D<64FP >4> 8<E>D9F<;4J<R CD9B5D4;B64A<S $48BA4. � D45BF9 [26]

CB8DB5AB BC<E4AO B54 CD9B5D4;B64A<S.

%FB<F B7B6BD<FPES, KFB E4@B CB E959 CD9B5D4;B64A<9 )4H4

CB8D4;G@9649F EG@@<DB64A<9 A9 FB?P>B CB CDS@O@, AB < CB D4;­

?<KAO@ 79B@9FD<K9E><@ CD<@<F<64@ (Q??<CEO, B>DG:ABEF<...), 4

B5B5M9AAB9 CD9B5D4;B64A<9 )4H4, CD98?B:9AAB9 �4??4D8B@ 6 1981

7B8G [27], 8BCGE>49F 6B;@B:ABEFP <ECB?P;B64A<S L45?BAB6 < 5B­
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Ðèñóíîê 1.4 � Íåñîáñòâåííûå (ñëåâà) è ñîáñòâåííàÿ (ñïðàâà) òî÷êè ñõîäà.

?99 B5M9= HBD@O. &4><@ B5D4;B@, D9;G?PF4FB@ CD9B5D4;B64A<S

)4H4 S6?S9FES @AB:9EF6B ;A4K9A<= 6O5D4AAB= BC9D4J<< 8?S C<>­

E9?9= (B5OKAB QFB EG@@4 <AF9AE<6ABEF9=), CB8IB8SM<I CB8 L45?BA.

$4;@9DABEFP F4>B7B D9;G?PF4F4 BCD989?S9FES >B?<K9EF6B@ C4D4@9F­

DB6 L45?BA4 < 8?S E?GK4S EG@@<DB64A<S CB CDS@O@ D46AB 86G@.

�A4K9A<9 6 >4:8B= FBK>9 D9;G?PF<DGRM97B CDBEFD4AEF64 @B:9F

D4EE@4FD<64FPES, >4> >B?<K9EF6B 7B?BEB6 ;4 FB, KFB <@9AAB ;484A­

AO= CD<@<F<6 E F4><@< C4D4@9FD4@< CD<EGFEF6G9F A4 <EIB8AB@

<;B5D4:9A<<. "FER84 CB?GK4RFES 7B?BEB64F9?PAO9 EI9@O, BF69FB@

>BFBDOI S6?SRFES CB?B:9A<9 < C4D4@9FDO <E>B@B7B B5N9>F4.

� 84AAB= D45BF9 @O 5G89@ D4EE@4FD<64FP CD9B5D4;B64A<9

)4H4 A9 >4> ECBEB5 CB<E>4 B5N9>FB6, 4 >4> BC9D4J<R A48 <;B5­

D4:9A<9@, D9;G?PF4FB@ >BFBDB= FB:9 S6?S9FES <;B5D4:9A<9@, AB

6 8DG7<I >BBD8<A4F4I. � E?GK49 <AF97D<DB64A<S CB CDS@O@, >B­

FBDO= < 5G89F D4EE@4FD<64FPES, CD9B5D4;B64A<9 )4H4 S6?S9FES

A45BDB@ EG@@ <AF9AE<6ABEF9= C<>E9?9= A4 <EIB8AB@ <;B5D4:9A<<,

G?B:9AAOI 6 >BBD8<A4FAGR E<EF9@G, 789 CB BES@ BF?B:9AO C4D4­

@9FDO CDS@OI. �OK<E?9A<9 F4>B7B CD9B5D4;B64A<S FD<6<4?PAO@

4?7BD<F@B@ <@99F E?B:ABEFP O(n3), 789 n - ?<A9=AO= D4;@9D 6IB8­
AB7B <;B5D4:9A<S.

�4> G:9 5O?B E>4;4AB, CD9B5D4;B64A<S )4H4 K4EFB <ECB?P;G­

9FES 6 4?7BD<F@4I CB<E>4 CDS@OI <?< BFD9;>B6 A4 <;B5D4:9A<<.
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%GM9EF6GRF < 4?7BD<F@O, EB89D:4M<9 6 E959 CBE?98B64F9?PAO9

CD<@9A9A<S F4>B7B CD9B5D4;B64A<S. � B5D45BF>9 <;B5D4:9A<=

>?4EE<K9E><@ CD<@9DB@ 4?7BD<F@4, <ECB?P;GRM97B 86B=AB9 CD9­

B5D4;B64A<9 )4H4, S6?S9FES CB<E> FBK>< EIB84 A4 <;B5D4:9A<<.

�?S FB7B, KFB5 B5NSEA<FP, KFB F4>B9 FBK>4 EIB84 A9B5IB8<@B CD98­

EF46<FP 869 C4D4??9?PAO@ CDS@O9 6 FD9I@9DAB@ CDBEFD4AEF69 <

ECDB9J<DB64FP 97B A4 CDB9>F<6AGR C?BE>BEFP. &BK>4 C9D9E9K9A<S

F4><I CDS@OI A4 QFB= C?BE>BEF< < 5G89F FBK>B= EIB84. &4>4S FBK>4

@B:9F A4IB8<FPES >4> 6 J9AFD9 <;B5D4:9A<S, F4> < 5OFP 59E>BA9K­

AB G84?9A4. $4;89?S9FES 864 D4;AOI E?GK4S: FBK>4 EIB84 ?9:<F

6AGFD< <;B5D4:9A<S (EB5EF69AA4S) <?< EA4DG:< (A9EB5EF69AA4S).

!4 D<EGA>9 1.4 CB>4;4AO A9EB5EF69AAO9, B5D4;B64AAO9 CDB8B?­

:9A<S@< EFBDBA <EIB8AB CDS@BG7B?PAB7B B5N9>F4, < EB5EF69AA4S,

B5D4;B64AA4S C9D9E9K9A<9@ CDB8B?:9A<= >D496 8BDB7<.

"F89?PAO@ A4CD46?9A<9@ S6?S9FES A9 CDBEFB <ECB?P;B64A<9

CD9B5D4;B64A<S )4H4, AB 97B B5GK9A<9. � D45BF4I [28, 29] 46FBDO

CD98EF46?SRF A9=DBE9F96O9 @B89?< 8?S 5B?99 FBA>B= A4EFDB=><

L45?BAB6, CB >BFBDO@ 89?49FES BC9D4J<S. �DB@9 QFB7B, F4>B= CB8­

IB8 CB;6B?S9F 5B?99 <?< @9A99 G8B5AB HBD@4?<;B64FP >BA>D9FAB9

CD<@9A9A<9 B5B5M9AAB7B CD9B5D4;B64A<S )4H4 < B5N98<A<FP 97B E

B5GK9AAO@< CBDB74@< 8?S CBEFDB9A<S 7B?BEB64F9?PAB= EI9@O.

1.3.3 �OEFDB9 CD9B5D4;B64A<9 )4H4

�?S 6OK<E?9A<S EG@@ CB D4;?<KAO@ CDS@O@ A4 <;B5D4:9­

A<< EGM9EF6G9F 5OEFDO= 4?7BD<F@ <?< 5OEFDB9 CD9B5D4;B64A<9

)4H4 (�#) 6 84?PA9=L9@), 6OK<E?9A<9 >BFBDB7B <@99F 4E<@CFB­

F<K9E>GR E?B:ABEFP O(n2 ∗ log(n)). 1FBF 4?7BD<F@ 5O? 6C9D6O9
CD98?B:9A 6 1992-@ 7B8G �DQ=8< [30]. 'E>BD9A<9 8BEF<749FES ;4 EK9F

CB6FBDAB7B <ECB?P;B64A<S K4EF<KAOI EG@@ CB BFD9;>4@ CDS@OI,

AB 8?S QFB7B A9B5IB8<@B, KFB5O CDS@O9 EBEFBS?< <; D9>GDD9AFAOI

C4FF9DAB6. &4>B9 CD98EF46?9A<9 CD<6B8<F > FB@G, KFB E G69?<K9A<­
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Ðèñóíîê 1.5 � Áûñòðîå ïðåîáðàçîâàíèå Õàôà îò èçîáðàæåíèÿ ñ åäèíñòâåííîé

òî÷êîé. Ñõåìàòè÷íîå èçîáðàæåíèå.

9@ D4;@9D4 <;B5D4:9A<S A4>4C?<649FES BL<5>4 [31]. �B>4;4AB, KFB

QF4 BL<5>4 E DBEFB@ D4;@9D4 6IB8AB7B <;B5D4:9A<S D4EF9F ?<LP

?B74D<H@<K9E>< < 6B @AB7<I 4?7BD<F@4I B>4;O649FES A9EGM9EF69A­

AB=.

�ECB?P;B64A<9 84AAB7B 4?7BD<F@4 <@99F A9>BFBDO9 BEB59AAB­

EF<, B8AB= <; >BFBDOI S6?S9FES A4?<K<9 “<;?B@4” CD< C9D9IB89 BF

CD9<@GM9EF69AAB 7BD<;BAF4?PAOI > CD9<@GM9EF69AAB 69DF<>4?P­

AO@ CDS@O@. � D45BF9 [32] 8B>4;4AB, KFB D9;G?PF4F 6OCB?A9A<S

�#) CB 6E9@G 8<4C4;BAG G7?B6 5G89F <@9FP >4> @<A<@G@ B8<A F4­

>B= “<;?B@”. !4 D<EGA>9 1.5 CD<6989A D9;G?PF4F CD9B5D4;B64A<S CB

6E9@ G7?4@ BF <;B5D4:9A<S E 98<AEF69AAB= FBK>B=.  B:AB 6<89FP,

KFB D9;G?PF4FB@ S6?S9FES A9 CDS@4S, 4 ?B@4A4S.

#B8DB5A99 5OEFDB9 CD9B5D4;B64A<9 )4H4 5G89F D4EE@BFD9AB 6

7?469 2, 789 5G89F 84AB K9F>B9 BCD989?9A<9 D9>GDD9AFAOI C4FF9D­

AB6, 4 F4> :9 6OC<E4AO HBD@G?O C9D9IB84 FBK9> 6 CDS@O9, CDS@OI

6 FBK>< < 8B>4;4AO A9>BFBDO9 E6B=EF64 QFB7B CD9B5D4;B64A<S.



26

1.4 �AF97D4?PAO9 CD9B5D4;B64A<S < A9=DBAAO9 E9F<

%B6D9@9AAO9 A9=DBAAO9 E9F< BFABE<F9?PAB GEC9LAB D9L4RF

CBEF46?9AAO9 ;484K<, AB <AB784 B5?484RF KD9;@9DAB= E?B:ABEFPR.

� A9>BFBDOI ;484K4I <ECB?P;GRFES D4;?<KAO9 D97G?SD<;4J<< < <E­

>GEF69AAO9 B7D4A<K9A<S 8?S FB7B, KFB5 BFE9KP ;4698B@B A969DAO9

D9L9A<S < GCDBEF<FP @B89?P.

� E?GK49 E CD<@9A9A<9@ <AF97D4?PAOI BC9D4FBDB6 ;484FP S6­

AB9 B7D4A<K9A<9 A4 CB6989A<9 E9F< @B:AB CGF9@ <ECB?P;B64A<S

?<A9=AB7B BC9D4FBD4 >4>B7B-A<5G8P <AF97D4?PAB7B CD9B5D4;B64A<S

@9:8G E?BS@<, F9@ E4@O@ 6OAG8<6 A9=DBAAGR E9FP BC9D<DB64FP

EFDB7B BCD989?9AAO@ 6<8B@ CD<;A4>B6. &9@ A9 @9A99, <ECB?P;B­

64A<9 CD98BCD989?9AAOI ?<A9=AOI CD9B5D4;B64A<= 6 A9=DBAAOI

E9FSI 6 S6AB@ 6<89 – 8B6B?PAB Q>;BF<K9E>4S F9@4, >BFBD4S D98­

>B <EE?98G9FES. �B;@B:AB, QFB K4EF<KAB E6S;4AB E F9@, KFB 6

7?G5B><I A9=DBAAOI E9FSI, 9E?< AG:AB, F4>GR DB?P ECBEB5AO

6OCB?ASFP CB?ABE6S;AO9 E?B<. "8A4>B, 9E?< D4EE@4FD<64FP B5D4­

5BF>G 5B?PL<I <;B5D4:9A<= (D4;@9DB@ 5B?PL9 100×100 C<>E9?9=)

CD< CB@BM< A9=DBAAOI E9F9=, F4><9 CB8IB8O F9DSRF CD4>F<K9E>GR

CD<@9A<@BEFP. �B-C9D6OI, CB?ABE6S;AO9 E?B< EF4AB6SFES A98BCG­

EF<@B 5B?PL<@<. !4CD<@9D, 8?S >4DFO CD<;A4>B6 100 × 100 × 64

F4>B= E?B= 5O <@9? CD<@9DAB 4 ∗ 1011 B5GK49@OI C4D4@9FDB6, KFB
ED46A<@B E >DGCA9=L<@< <; <;69EFAOI E9F9= [33, 34] J9?<>B@ <

A9CD<9@?9@B 8?S B8AB7B E?BS. �B-6FBDOI, >4> E?98EF6<9, D4EF9F

D<E> C9D9B5GK9A<S. �-FD9FP<I, 7?G5B><9 CB?ABE69DFBKAO9 4DI<F9>­

FGDO 5?47B84DS >B?<K9EF6G E?B96 @B7GF A45<D4FP ;A4K<F9?PAO=

D4;@9D D9J9CF<6AB7B CB?S. 1FB CD<6B8<F > FB@G, KFB CB8B5AO9 E9­

F< ECBEB5AO BC9D<DB64FP <AHBD@4J<9= E L<DB>B= ;BAO 6IB8AB7B

<;B5D4:9A<S < CD<A<@4FP 6B 6A<@4A<9 CD<;A4>< >DGCAB7B D4;@9­

D4, F9@ E4@O@, EA<:4S >4K9EF69AAB9 D4;?<K<9 E E9FPR, 6 >BFBDB=

<AF97D4?PAO= BC9D4FBD CD<EGFEF6G9F 6 CDS@B@ 6<89. "8A4>B F4>4S

E9FP 5G89F 7DB@B;8>B= < 99 @B:AB 5G89F E89?4FP ?97K9, @9APL9 <
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Ðèñóíîê 1.6 � Ñõåìà îáðàòíîãî ãíîìîíè÷åñêîãî ïðîåöèðîâàíèÿ.

CBASFA99, 9E?< <ECB?P;B64FP >BDD9>FAO= <AF97D4?PAO= BC9D4FBD,

9E?< QFB, >BA9KAB, CB8IB8<F 8?S D9L49@B= ;484K<.

%GM9EF6GRF D45BFO, >BFBDO9 A9 <ECB?P;GRF CD9B5D4;B64A<9

)4H4 6 S6AB@ 6<89, AB, F9@ A9 @9A99, <ECB?P;GRF CDB9J<DB64­

A<9 A4 EH9DG 6 B5B5M9AAOI >BBD8<A4F4I.  O D4EE@BFD<@ 84?99

J9?O= >?4EE D45BF, CD98EF46?SRM<I D4;?<KAO9 @B8<H<>4J<< 4?7B­

D<F@B6, >BFBDO9 6 B5M<I K9DF4I @B:AB BC<E4FP FD9@S BEAB6AO@<

L474@<: A4=F< 7D4A<JO A4 <EIB8AB@ <;B5D4:9A<<, ECDB9J<DB64FP

A4 CB?GEH9DG, A4=F< FBK>< EIB84 A4 CDB9>J<<. #D4>F<K9E>4S CD<­

@9A<@BEFP F4><I @9FB8B6 EGM9EF69AAO@ B5D4;B@ ;46<E<F BF <I

4?7BD<F@<K9E>B7B EBEF464, AB, 6 J9?B@, BA< EFD484RF BF A98BEF4FBK­

AB= GEFB=K<6BEF< > D4;?<KAO@ A9<894?PABEFS@ 6IB8AOI 84AAOI:

SD>BEFAO= <?< 79B@9FD<K9E><= LG@, A4?<K<9 CDBF<6BD9K<6B= <A­

HBD@4J<< A4 <;B5D4:9A<<, >BFBDO9 6E9784 6 FB= <?< <AB= @9D9

CD<EGFEF6GRF 6 <;B5D4:9A<SI D94?PAOI EJ9A.

!4CD<@9D, 6 D45BF9 [35] 46FBDO EA4K4?4 <A:9A9DAO@ @9FB­

8B@ A4IB8<?< CDS@O9 A4 <;B5D4:9A<< (<ECB?P;B64?ES 4?7BD<F@,

6>?RK4RM<= 6 E95S <AF97D4?PAO= BC9D4FBD A48 <;B5D4:9A<9@).

#BE?9 QFB7B CDB9J<DB64?< <;B5D4:9A<9 @9FB8B@, CBIB:<@ A4 B5­

D4FAB9 7AB@BA<K9E>B9 CDB9J<DB64A<9 >4> CB>4;4AB A4 $<E. 1.6, <

84?99, G:9 A4 74GEEB6B= EH9D9, GK<?< A9=DBAAGR E9FP. � D45BF9 CB­

>4;4AB, KFB CD9<@GM9EF6B@ F4>B7B CB8IB84 S6?S9FES 6B;@B:ABEFP
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D45BF4FP A4 D4;ABDB8AOI 84AAOI, F4> >4> A4 74GEEB6B= EH9D9 G:9

A9F CD<;A4>B6, EC9J<H<KAOI ;484K9. �DB@9 QFB7B, L47 CDB9J<DB­

64A<S CB;6B?S9F C9D969EF< 59E>BA9KAB9 <EIB8AB9 CDBEFD4AEF6B 6

>BA9KAGR B5?4EFP < B5?97K<FP D45BFG E 59E>BA9KAB G84?9AAO@< FBK­

>4@<. "8A4>B BA< :9 CD<;A4RF, KFB F4>B= CB8IB8 <@99F E?45BEFP:

@9FB8 6O89?9A<S <EIB8AOI CDS@OI E<?PAB ;46<E<@ BF 84AAOI, FD9­

5G9F FBA>B= A4EFDB=><. � D45BF9 [36], A4B5BDBF, 46FBDO CD<@9ASRF

A9=DBAAGR E9FP 8?S 89F9>J<< 7D4A<J A4 <;B5D4:9A<< < ?<LP ;4­

F9@ <ECB?P;GRF CD9B5D4;B64A<9 )4H4 < <A:9A9DAO9 @9FB8O 8?S

CB?GK9A<S H<A4?PAB7B D9;G?PF4F4.

� D45BF9 [37] BC<E4AB <ECB?P;B64A<9 BC9D4FBD4 CDB9J<DB64­

A<S A4 EH9DG 6 B5B5M9AAOI >BBD8<A4F4I CDS@OI, CD9864D<F9?PAB

A4=89AAOI E CB@BMPR CB?ABE69DFBKAB= A9=DBAAB= E9F<. #BE?9 QFB­

7B G:9 > CB?GEH9D9 CD<@9AS9FES “>BA<K9E>4S” E69DF>4, H<?PFDO

>BFBDB= EC9J<4?PAO@ B5D4;B@ CD<@9ASRFES 6 “>BA<K9E>B@ CDB­

EFD4AEF69”, 789 CDS@4S 6 <EIB8AB@ <;B5D4:9A<< @B:9F 5OFP BCD9­

89?9A4 ?B>4?PAO@< CD<;A4>4@<. &9@ E4@O@, CB?GK49FES A9>BFBDB9

<AF97D4?PAB9 CD9B5D4;B64A<9@ <EIB8AB7B <;B5D4:9A<S. "EF46L4­

SES K4EFP EI9@O CD98EF46?S9F <; E95S 9M9 B8AG A9=DBAAGR E9FP.

� IBFS 46FBDO GF69D:84RF, KFB 6ES @B89?P @B:9F 5OFP B5GK9A4

end-to-end, 6 D45BF9 A9 BC<E4AB ECBEB5B6 C9D984K< 7D48<9AFB6 K9­

D9; BF89?PAO9 99 Q?9@9AFO.
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89F9>J<S 6OCG>?OI B5N9>FB6. #B>4;4FP, KFB A9=DBE9F< D4;­

D45BF4AAOI 4DI<F9>FGD ECBEB5AO CB>4;O64FP >BA>GD9AFAB9

>4K9EF6B CD< @9APL9@ >B?<K9EF69 B5GK49@OI C4D4@9FDB6

</<?< CD< FD95B64A<< @9APL97B >B?<K9EF64 6OK<E?<F9?P­

AOI @BMABEF9=.
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�?464 2. �#) >4> E?B= A9=DBAAB= E9F<

2.1 " D9J9CF<6AOI CB?SI

#D9:89 K9@ C9D9IB8<FP > 89F4?S@ CBEFDB9A<S A9=DBAAOI E9­

F9= E <ECB?P;B64A<9@ 5OEFDB7B CD9B5D4;B64A<S )4H4, BEF4AB6<@ES

CB8DB5A99 A4 F4>B@ 64:AB@ CBASF<<, >4> D9J9CF<6AB9 CB?9. $9J9C­

F<6AO@ CB?9@ A9=DBA4 A4;O649FES 6?<SRM99 A4 D9;G?PF<DGRM99

;A4K9A<9 @AB:9EF6B Q?9@9AFB6 97B 6IB84. !4CD<@9D, 8?S E69DFBK­

AB7B H<?PFD4 97B D9J9CF<6AO@ CB?9@ S6?S9FES B>AB, CB >BFBDB@G

CDB<EIB8<F 6OK<E?9A<9. �E?< A9=DBAO <@9RF CDBEFD4AEF69AAB9

GCBDS8BK9A<9, @B:AB 7B6BD<FP B HBD@9 < D4;@9D9 D9J9CF<6AB7B

CB?S (8?S E69DFBKAB7B E?BS QFB CDS@BG7B?PA<>, D4;@9D >BFBDB­

7B D469A D4;@9DG B>A4 H<?PFD4). �B784 7B6BD<FES B D9J9CF<6AB@

CB?9 A9=DBAAB= E9F<, <@99FES 6 6<8G D9J9CF<6AB9 CB?9 99 6OIB8­

AOI A9=DBAB6 BFABE<F9?PAB 6IB8AB7B <;B5D4:9A<S. �@9AAB <; A97B

BCD989?S9FES @4>E<@4?PAO= D4;@9D CD<;A4>B6, >BFBDO9 84AA4S

E9FP ECBEB5A4 4A4?<;<DB64FP.

�E?< D4;@9D4 D9J9CF<6AB7B CB?S A98BEF4FBKAB 8?S FB7B, KFB5

BI64F<FP >4>B=-FB B5N9>F J9?<>B@, FB A9=DBAA4S E9FP A9 E@B­

:9F <ECB?P;B64FP 6ER <AHBD@4J<R B5 B5N9>F9 A9;46<E<@B BF

>B?<K9EF64 B5GK49@OI C4D4@9FDB6, >B?<K9EF64 E?B96 < 8DG7<I 99

I4D4>F9D<EF<>. 1FBF H4>F 89?49F ;484KG 4A4?<;4 HBD@O < D4;@9D4

D9J9CF<6AB7B CB?S E9F< A9BFN9@?9@B= K4EFPR CBEFDB9A<S BCF<­

@4?PAOI 4DI<F9>FGD.

�?S E9F< E CB?ABE6S;AO@< E?BS@< D9J9CF<6AO@ CB?9@ S6?S­

9FES 69EP 99 6IB8, 4 8?S CB?ABE69DFBKAB= A9=DBAAB= E9F< D9J9C­

F<6AO@ CB?9@ S6?S9FES CDS@BG7B?PA<>, D4;@9D >BFBDB7B @B:AB

6OK<E?<FP, ;A4S C4D4@9FDO <ECB?P;G9@OI E69DFBKAOI E?B96. %I9­

@4F<KAB A4>BC?9A<9 D4;@9D4 D9J9CF<6AB7B CB?S <;B5D4:9AB A4

$<E. 2.1. $4;@9DO F4>B7B CDS@BG7B?PA<>4 8?S @AB7BE?B=AB= E9F<

@B:AB CBEK<F4FP CB HBD@G?4@ 2.1.
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Ðèñóíîê 2.1 � Îáðàçîâàíèå ðåöåïòèâíîãî îêíà â ïîëíîñâåðòî÷íîé ñåòè.

{
ki = ki−1 ∗ si−1/ai−1

Ri = Ri−1 + (fi − 1) ∗ ki−1,
(2.1)

789 R0 = 1 < k0 = 1. &4><@ B5D4;B@ CB?GK49FES, KFB EF4A84DF­

AO9 CB?ABE69DFBKAO9 E9F< A9 6E9784 <@9RF ECBEB5ABEFP D9L<FP

;484KG <, 6BB5M9 7B6BDS, <I 4DI<F9>FGD4 8B?:A4 5OFP EC9J<4?P­

AO@ B5D4;B@ CB8B5D4A4.  B:AB 8B5<FPES GA<69DE4?PABEF<, E89?46

D9J9CF<6AB9 CB?9 BK9AP 5B?PL<@, AB, 6B-C9D6OI, QFB A974F<6AB BF­

D4;<FES A4 >4K9EF69 D45BFO E @4?9AP><@< B5N9>F4@<, 4, 6B-6FBDOI,

CD<6989F > FB@G, KFB 4DI<F9>FGD4 B>4:9FES C9D9GE?B:A9A4 < D9L9­

A<9 C9D9EF4A9F 5OFP BCF<@4?PAO@.

�?S A9>BFBDOI E?GK496 D9L<FP QFG CDB5?9@G @B:AB CGF9@

8B546?9A<S E?B96 <AF97D4?PAOI CD9B5D4;B64A<=. $4EE@BFD<@ CDB­

EFB= CD<@9D: 84A4 HGA>J<S, >BFBD4S 69;89 D46A4 AG?R >DB@9 86GI

FBK9> x0 < x1, 6 >BFBDOI BA4 D46A4 98<A<J9, >4> CB>4;4AB A4

D<EGA>9 2.2 E?964. !9B5IB8<@B CBEFDB<FP F4>B= E69DFBKAO= E?B=

(E69DFBKAGR E9FP), >BFBD4S 5O?4 5O ECBEB5A4 8?S >4:8B= FBK>< x
E>4;4FP, A4IB8<FES ?< QF4 FBK>4 @9:8G x0 < x1 <?< A9F. �?S CD<AS­

F<S F4>B7B D9L9A<S 5?B>G E69DFBKAOI E?B96 A9B5IB8<@B 6<89FP B59

FBK><, <A4K9 D9L<FP ;484KG A9F 6B;@B:ABEF<. &4><@ B5D4;B@, E9FP

E D9J9CF<6AO@ CB?9@ 6 FD< C<>E9?S A<>B784 A9 E@B:9F D9L<FP CB­

EF46?9AAGR ;484KG, 9E?< D4EEFBSA<9 @9:8G x0 < x1 5B?PL9. &9C9DP
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Ðèñóíîê 2.2 � Îäíîìåðíàÿ ôóíêöèÿ ñ äâóìÿ åäèíè÷íûìè òî÷êàìè (ñëåâà) è åå

èíòåãðàë (ñïðàâà).

CDB<AF97D<DG9@ QFG HGA>J<R, >4> CB>4;4AB A4 D<EGA>9 2.2 ECD464.

#BE?9 F4>B7B CD9B5D4;B64A<S CBEF46?9AAGR ;484KG @B:AB D9L<FP

G:9 E9FPR E 98<A<KAO@ D9J9CF<6AO@ CB?9@: 9E?< ;A4K9A<9 D46­

AB 98<A<J9, ;A4K<F FBK>4 ?9:<F @9:8G x0 < x1, <A4K9 – EA4DG:<.

&4><@ B5D4;B@ CDBEFB9 <AF97D4?PAB9 CD9B5D4;B64A<9 CB;6B?S9F

E9DP9;AB EA<;<FP FD95B64A<9 > A9=DBAAB= E9F< CD< D9L9A<< A9>B­

FBDOI ;484K. �BA9KAB, F4>B7B :9 QHH9>F4 @B:AB 5O?B 8B5<FPES

CB?ABE6S;AO@ E?B9@, AB QFB 5O, 6B-C9D6OI, A4?B:<?B B7D4A<K9A<S

A4 8?<AG D4EE@4FD<649@B7B BFD9;>4 (F4> >4> CB?ABE6S;AO= E?B=

FD95G9F 6E9784 6IB8 H<>E<DB64AAB7B D4;@9D4) <, 6B-6FBDOI, 8B54­

6<?B 5O B7DB@AB9 >B?<K9EF6B (n2, 789 n - 8?<A4 BFD9;>4) B5GK49@OI
C4D4@9FDB6. �AF97D4?PAB9 CD9B5D4;B64A<9 CB;6B?S9F 8BEF<7AGFP

J9?<, A9 6ABE<F B7D4A<K9A<= A4 8?<AG < 6BB5M9 A9 <@99F B5GK4­

9@OI C4D4@9FDB6.

� >4K9EF69 F4>B7B <AF97D4?4 CD< B5D45BF>9 86G@9DAOI >4DF

CD<;A4>B6 @B:AB <ECB?P;B64FP �#). $9J9CF<6AB9 CBE?9 E9F< EB

E?BS@< �#) CD98EF46?S9F <; E95S E?B:AGR EFDG>FGDG, 6 >BFBDGR

6IB8SF 6E9 C<>E9?< <;B5D4:9A<S. �9?B 6 FB@, KFB 9E?< 8?S >4:8B7B

Q?9@9AF4 >4DFO CD<;A4>B6 8B CD<@9A9A<S �#) D9J9CF<6AO@ CB?9@

S6?S9FES J9AFD<DB64AAO= A4 A9@ CDS@BG7B?PA<> <; 6IB8AB= >4DFO

CD<;A4>B6, FB CBE?9 CD<@9A9A<S �#) D9J9CF<6AO@ CB?9@ >4:8B7B

Q?9@9AF4 6OIB84 S6?SRFES 6E9 C<>E9?< EBBF69FEF6GRM9= CDS@B=

A4 <EIB8AB= >4DF9 CD<;A4>B6.

�E?< C9D98 F4><@ E?B9@ 9EFP E69DFBKAO9 E?B<, FB CB?GK49FES,

KFB D9J9CF<6AB9 CB?9 6 >4:8B= FBK>9 CDS@B= QFB A4 E4@B@ 89?9
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Ðèñóíîê 2.3 � Îáðàçîâàíèå ðåöåïòèâíîãî îêíà ïðè íàëè÷èè îäíîãî ñëîÿ áûñò�

ðîãî ïðåîáðàçîâàíèÿ Õàôà.

A9>BFBDO= CDS@BG7B?PA<>, D4;@9D >BFBDB7B ;46<E<F BF >BAH<7GD4­

J<< F9I E4@OI E?B96. � E4@4 CDS@4S FD4AEHBD@<DG9FES 6 CB?BEG

E L<D<AB=, D46AB= 8?<A9 CDB9>J<< CDS@BG7B?PA<>4 A4 ABD@4?P >

CDS@B=. � D45BF9 [32] 8B>4;4AB, KFB 8?S CB6OL9A<S DB54EFABEF<

CB<E>4 CDS@OI A4 <;B5D4:9A<< E CB@BMPR <AF97D4?PAOI CD9B5D4­

;B64A<= A9B5IB8<@B <ECB?P;B64A<9 B>BAAOI BC9D4J<=. �4> @B:AB

6<89FP, A9=DBAA4S E9FP EB E?B9@ 5OEFDB7B CD9B5D4;B64A<S )4H4

CBE?9 E69DFBKAB7B 5?B>4 ECBEB5A4 >4> D4; E89?4FP <@9AAB F4>B9

CD9B5D4;B64A<9. !4 $<E. 2.3 (E69DIG) EI9@4F<K9E>< <;B5D4:9AB D9­

J9CF<6AB9 CB?9 6 6<89 CB?BEO.

"F89?PAB D4EE@BFD<@ <;@9A9A<9 D9J9CF<6AB7B CB?S CD< 8B­

546?9A<< E69DFBKAB7B 5?B>4 CBE?9 E?BS 5OEFDB7B CD9B5D4;B64A<S

)4H4. �?S QFB7B A9B5IB8<@B D4EE@BFD9FP A9 B8<A C<>E9?P 6OIB­

84, 4 CDS@BG7B?PAO= 5?B>. �89EP D4;@9DABEF< x < y 5G8GF <@9FP
D4;AO= E@OE?, CBQFB@G 5G89@ D4EE@4FD<64FP <I CB BF89?PABEF<.

�BBD8<A4F4 x >B8<DG9F E86<7 CDS@B= A4 <EIB8AB@ <;B5D4:9A<< <,
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F9@ E4@O@, D4EL<D9A<9 D9J9CF<6AB7B CB?S CB QFB= >BBD8<A4F9 CB­

E?9 �#) E?BS CD<6B8<F > D4EL<D9A<R CB?BEO (F.9. D9J9CF<6AB7B

CB?S J9AFD4?PAB7B C<>E9?S), <;B5D4:9AB A4 $<E. 2.3, EA<;G-E?9­

64. �A4K9 B5EFB<F 89?B E D4EL<D9A<9@ CB y: QFB CD<6B8<F A9 >
E86<74@ <EIB8AB= CB?BEO, 4 > 6D4M9A<S@. &4><@ B5D4;B@, D9;G?P­

F<DGRM99 D9J9CF<6AB9 CB?9 >BAEFDG>J<< “5?B> E69DFB> – �#) –

5?B> E69DFB>” – QFB A45BD CB?BEB> A4 <;B5D4:9A<<, J9AFDO >BFBDOI

CDBIB8SF K9D9; B5MGR FBK>G, 4 >B?<K9EF6B BCD989?S9FES 6OEBFB=

D9J9CF<6AB7B CB?S 6FBDB7B E69DFBKAB7B 5?B>4, <;B5D4:9AB A4 $<E.

2.3, EA<;G-ECD464.

�E?< :9 CBE?9 C9D6B7B CD9B5D4;B64A<S )4H4 <89F 6FBDB9, FB

HBD@4 D9J9CF<6AB7B CB?S EF4AB6<FES 9M9 E?B:A99 < CB;6B?S9F D9­

L4FP A9>BFBDO9 ;484K<, 8?S >BFBDOI FD95G9FES <AHBD@4J<S EB

6E97B 6IB8AB7B <;B5D4:9A<S. �E?< E69DFBKAO9 E?B< BFEGFEF6GRF,

D9J9CF<6AO@ CB?9@ 6OIB84 6FBDB7B CD9B5D4;B64A<S 5G89F CGK9>

CDS@OI, C9D9E9>4RM<IES 6 B8AB= FBK>9.

&4><9 HBD@O D9J9CF<6AOI CB?9= G E9F9=, <ECB?P;GRM<I 5OEF­

DB9 CD9B5D4;B64A<9 )4H4 6 6<89 E?B96, CB;6B?SRF E9FS@ B5D9F4FP

E6B=EF64, ;4@9FAB BF?<K4RM<9ES BF E6B=EF6 >?4EE<K9E><I CB?AB­

E69DFBKAOI E9F9=.

2.2 #DS@B9 �#)

�G89@ EK<F4FP, KFB <EIB8AB9 <;B5D4:9A<9 <@99F D4;@9D (h,h).

�?7BD<F@<K9E>< 6 CD9B5D4;B64A<< 69EP 8<4C4;BA G7?B6 89?<FES A4

K9FOD9 K9F69DF<, >4:84S <; >BFBDOI 6OK<E?S9FES A9;46<E<@B. �

E?GK49 >648D4FAB7B <;B5D4:9A<S QFB H1 : [−45, 0], H2 : [0, 45],
H3 : [45, 90], H4 : [90, 135]. %D4;G B7B6BD<@ES, KFB CD< 6OK<E?9A<<

EG@@O 68B?P CDS@OI 5G89@ EK<F4FP, KFB <;B5D4:9A<9 CDB8B?:4­

9FES 6B 6E9 EFBDBAO AG?S@<. �?S K9F69DF< H1 CDS@4S ;4849FES

FBK>4@< x0 < x1 A4 69DIA9= < A<:A9= 7D4A<J4I <;B5D4:9A<S, >BBD­

8<A4F4 x0 ;4849F A9CBED98EF69AAB E86<7, 4 D4;ABEFP x1 − x0 ;4849F
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Ðèñóíîê 2.4 � Äèàïàçîíû óãëîâ äëÿ âû÷èñëåíèÿ ÁÏÕ ïî ÷åòâåðòÿì.

E@9M9A<9 t. &4> >4> 8?S >4:8B= <; K9F69DF9= CB CBEFDB9A<R CB?G­

K49FES h G7?B6 (8?S t ∈ [0, h]), FB CB?GK49FES, KFB CD< B5N98<A9A<<

6E9I K9F69DF9= 6 B8AB <;B5D4:9A<9 (B5OKAB G7B? BF>?48O649FES

CB 69DF<>4?<) 97B D4;@9D CB 69DF<>4?< CB?GK49FES A4 FD< C<>E9­

?S @9APL9, K9@ EG@@4DAO= D4;@9D 6E9I K9F69DF9=. � D45BF9 F4>:9

5G89F <ECB?P;B64FPESH12 8?S CD9B5D4;B64A<S CB CB?B6<A9 8<4C4;B­

A4, EBEFBSM97B <; CD9<@GM9EF69AAB 69DF<>4?PAOI CDS@OI, < H34 –

8?S CD9<@GM9EF69AAB 7BD<;BAF4?PAOI EBBF69FEF69AAB. �<4C4;BAO

G7?B6 CB>4;4AO A4 D<EGA>9 2.4.

�?S H12, >BFBDO= EBBF69FEF6G9F CD9<@GM9EF69AAB 69DF<>4?P­

AO@ ?<A<S@ A4 <;B5D4:9A<<, @B:AB CBEK<F4FP >BBD8<A4FO D9;G?P­
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Ðèñóíîê 2.5 � Ïåðåõîä ïðÿìîé â òî÷êó ïðè áûñòðîì ïðåîáðàçîâàíèè Õàôà.

F<DGRM9= FBK>< (s, t) 8?S CDS@B?<A9=AB7B E97@9AF4 (x0, 0)−(x1, h−
1) A4 6IB8AB@ <;B5D4:9A<< E CB@BMPR GD46A9A<S 2.2:

{
s = x0
t = h− (x1 − x0)

(2.2)

�?S H34 E97@9AF CDS@B= ;4849FES >4> (0, y0) − (h, y1), 4 (s, t)
@B7GF 5OFP 6OK<E?9AO E CB@BMPR GD46A9A<S 2.3:

{
s = y0
t = h− (y0 − y1)

(2.3)

$4EE@BFD<@ CD9B5D4;B64A<9 H12 CB8DB5A99 A4 CD<@9D9 <;B5­

D4:9A<S D4;@9DB@ h × h >4> CB>4;4AB A4 D<EGA>9 2.5. &BK>4 x0
A4IB8<FES A4 69DI9= EFBDBA9, 4 FBK>4 x1 – A4 A<:A9=. &4><@ B5­
D4;B@, EB7?4EAB HBD@G?9 2.2, 69DF<>4?PAO9 CDS@O9 A4 <EIB8AB@

<;B5D4:9A<< C9D9=8GF 6 FBK><, ?9:4M<9 A4 6OEBF9 h A4 D9;G?PF<­

DGRM9@ <;B5D4:9A<< (?<A<S l0 A4 <EIB8AB@ <;B5D4:9A<<), CDS@O9

CB8 G7?B@ −45 C9D9=8GF 6 FBK>< A4 6OEBF9 0 A4 D9;G?PF<DGRM9@

<;B5D4:9A<< (?<A<S l1), 4 CDS@O9 CB8 G7?B@ 45 C9D9=8GF 6 FBK><

A4 6OEBF9 2h (?<A<S l2) A4 D9;G?PF<DGRM9@ <;B5D4:9A<<.
!4 D<EGA>9 2.6 E?964 CB>4;4AB <EIB8AB9 <;B5D4:9A<9. !4 A9@

@B:AB 6<89FP FBK>< (E69DIG F9@A99, EA<;G SDK9). �4:84S <; QF<I

FBK9> C9D9IB8<F 6 ?B@4AGR A4 J9AFD4?PAB= < CD46B= >4DF<A>4I
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E EBBF69FEF6GRM9= <AF9AE<6ABEFPR. � J9AFD9 CB>4;4A D9;G?PF4F

�#). �E?< CBE@BFD9FP A4 D9;G?PF<DGRM99 <;B5D4:9A<9, FB @B:AB

6<89FP, KFB E4@4 >4DF<A>4, IBFP < S6?S9FES J9?PAB=, AB C9D9IB8<F

K9D9; ?96O= >D4= <;B5D4:9A<= < CDB8B?:49FES ECD464 6 A<:A9= <

69DIA9= K4EFSI. % FBK>< ;D9A<S B5D45BF>< F4>B7B <;B5D4:9A<S >4>

69>FBD4 QFB A9 <7D49F DB?<. "8A4>B 6 A4L9= D45BF9 @O 5G89@ CDB­

6B8<FP B>BAAO9 BC9D4J<< A48 F4><@ <;B5D4:9A<9@. �?S FB7B, KFB5

@B:AB 5O?B CD<@9ASFP EF4A84DFAO9 @9FB8O 59; 8BCB?A<F9?PAOI

E?B:ABEF9=, 5G89@ 89?4FP “J9AFD<B64A<9”, F.9. J<>?<K9E><= E86<7

EFDB> A4 69?<K<AG, ;46<ESMGR BF G7?4 (69DF<>4?PAB= >BBD8<A4­

FO). &4>B= E86<7 CB;6B?S9F J9AFD<DB64FP CB?GK9AAB9 <;B5D4:9A<9

< <ECB?P;B64FP EF4A84DFAO9 E69DFBKAO9 E?B< 8?S 97B >BDD9>FAB=

B5D45BF><. &4>B= E86<7 6OK<E?S9FES CB HBD@G?9 2.4, 4 D9;G?PF4F

97B CD<@9A9A<S CB>4;4A A4 D<EGA>9 ECD464:

{
dv(t) = h− t/2
dh(t) = t/2

(2.4)

� F4>B@ E?GK49 HBD@G?O 2.2 < 2.3 8?S CD9<@GM9EF69AAB

69DF<>4?PAOI < CD9<@GM9EF69AAB 7BD<;BAF4?PAOI CDS@OI EBBF69F­

EF69AAB @B8<H<J<DGRFES 8B546?9A<9@ E86<74:

{
s = x0 + dv(t)

t = h− (x1 − x0)
(2.5)

{
s = y0 + dh(t)

t = w − (y0 − y1)
(2.6)

"F@9F<@, KFB CD< E86<79 C<>E9?<;B64AAOI CDS@OI @B:9F A4­

5?R84FPES QHH9>F “D4EK9E><”, CDB89@BAEFD<DB64AAO= A4 D<EGA>9

2.7. �;GK9A<9 QFB= CDB5?9@O < EF9C9A< 99 6?<SA<S A4 >4K9EF6B D4­

5BFO A9=DBAAOI E9F9= A4IB8<FES ;4 CD989?4@< 84AAB= 8<EE9DF4J<<

< 5G89F CD98@9FB@ CBE?98GRM<I <EE?98B64A<=.
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Ðèñóíîê 2.6 � Èñõîäíîå èçîáðàæåíèå (ñëåâà), ÁÏÕ áåç ñäâèãà (â öåíòðå), ÁÏÕ

ñî ñäâèãîì (ñïðàâà).

Ðèñóíîê 2.7 � Îáðàçîâàíèå �ðàñ÷åñêè� ïðè ñäâèãå ïèêñåëèçîâàííîé ïðÿìîé.
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2.3 �<48<K9E><9 C4FF9DAO CDS@OI 6 �#)

#9D98 F4@ >4> C9D9=F< > D4EE@BFD9A<R FD4AECBA<DB64AAB7B

�#) A9B5IB8<@B CB8DB5AB BEF4AB6<FPES A4 FB@, >4> EFDBSFES C4F­

F9DAO CDS@OI, CB >BFBDO@ CDB<EIB8<F EG@@<DB64A<9 6 5OEFDB@

CD9B5D4;B64A<< )4H4. � BF?<K<9 BF >?4EE<K9E>B= C4D4@9FD<;4J<<

6 CD9B5D4;B64A<< $48BA4, 789 >4:84S CDS@4S ;4849FES 99 G7?B@

α < D4EEFBSA<9@ BF J9AFD4 ρ, 6 �#) >4:84S CDS@4S ;4849FES

99 A4K4?PAB= FBK>B= A4 EFBDBA9 <;B5D4:9A<S s < E86<7B@ >BA9K­

AB= FBK>< A4 CDBF<6BCB?B:AB= EFBDBA9 (69DF<>4?PAO9 EFBDBAO

8?S 7BD<;BAF4?PAOI CDS@OI < 7BD<;BAF4?PAO9 8?S 69DF<>4?PAOI)

BFABE<F9?PAB A4K4?PAB= t. � D4EE@4FD<649@B@ CD9B5D4;B64A<< <E­

CB?P;G9FES F4> A4;O649@O= 8<48<K9E><= C4FF9DA CDS@OI, >BFBDO=

S6?S9FES D9>GD9AFAO@, KFB, 6 E6BR BK9D98P, CB;6B?S9F CB6FBDAB

<ECB?P;B64FP K4EF<KAO9 EG@@O < G?GKL<FP 4E<@CFBF<>G 4?7BD<F­

@4. �@9AAB QFB < 89?49F 84AAB9 CD9B5D4;B64A<9 “5OEFDO@”.  9:8G

FBK>4@< 6 CDBEFD4AEF69 (ρ,ϕ) < (s,t) <@99FES 6;4<@BB8AB;A4KA4S

E6S;P, >BFBDGR @B:AB 6OD4;<FP 6 6<89 GD46A9A<= 2.7 [60]:

{
tan(ϕ) = −(ht )

p

ρ = sh√
t2+h2

,
(2.7)

789 h - EFBDBA4 <;B5D4:9A<S, 4 p CD<A<@49F ;A4K9A<9 1 <?< −1

6 ;46<E<@BEF< BF D4EE@4FD<649@B= K9F69DF< CD9B5D4;B64A<S.

� D45BF9 [30] 849FES 4A4?<F<K9E>B9 BCD989?9A<9 F4><I C4F­

F9DAB6. �?S CDBEFBFO 5G89@ D4EE@4FD<64FP FB?P>B E?GK4= >648­

D4FAB7B <;B5D4:9A<S EB EFBDBAB= h = 2p. $4EE@BFD<@ 86B<KAB9

CD98EF46?9A<9 ;A4K9A<= x < t, F.9. A45BD AG?9= < 98<A<J F4><9, KFB:

t =

p−1∑

r=0

tr2
r; x =

p−1∑

i=0

xi2
i (2.8)

&B784 @B:AB BCD989?<FP @4FD<JGH(x,t), >BFBD4S 5O ;48464?4

E@9M9A<9 >4:8B7B C<>E9?S 6 C4FF9DA9 8?<AO 2p:
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Ðèñóíîê 2.8 � Âñå âîçìîæíûå ïàòòåðíû äëÿ äëèíû 4.

H(x,t) =

p−1∑

r=0

tr[
2rx

2p − 1
], (2.9)

789 x – AB@9D C<>E9?S 6 C4FF9DA9, 4 t – E@9M9A<9 CBE?98A97B

C<>E9?S BFABE<F9?PAB C9D6B7B.

#D<@9DO C4FF9DAB6 8?S p = 2 <;B5D4:9AO A4 D<EGA>9 2.8.

#B QFB@G D<EGA>G @B:AB 6<89FP, KFB, A4CD<@9D, H(0,0) = 0,

H(3,3) = 3, H(1,2) = 1 < F.8. #B8DB5AB9 BC<E4A<9 ECBEB54 CBEFDB­

9A<S 8<48<K9E><I C4FF9DAB6 < A9>BFBDO9 97B E6B=EF64 CB8DB5AB

BC<E4AO 6 D45BF9 [61].

� E?GK49, 9E?< <;B5D4:9A<9 A9 >648D4FAB9 </<?< 97B D4;@9D

A9 CD98EF46<@ >4> 2p, 789 p – J9?B9, BC<E4AAO9 @9FB8O CBEFDB9A<S

CDS@B= 6 CD98EF46?9AAB@ 6<89 CD<@9A<FP A9?P;S. &9@ A9 @9A99,

EGM9EF6GRF 4CCDB>E<@4J<< < 484CF4J<< QF<I 4?7BD<F@, <EE?98B­

64A<9 >BFBDOI ?9:<F ;4 CD989?4@< 84AAB= D45BFO < A9 FD95G9FES

8?S 4A4?<;4 D45BFBECBEB5ABEF< A9=DBE9F96OI 4DI<F9>FGD, >BFBDO9

5G8GF D4EE@BFD9AO.

2.4 $4ECDBEFD4A9A<9 7D48<9AF4 K9D9; �#)

�?S FB7B, KFB5O A9=DBAAO9 E9F< @B:AB 5O?B GK<FP @9FB84@<

7D48<9AFAB7B ECGE>4, A9B5IB8<@B G@9FP D4ECDBEFD4ASFP 7D48<9AF

K9D9; 6E9 E?B< (;4 <E>?RK9A<9@ A9>BFBDOI BEB5OI E?GK496, A4­

CD<@9D, K9D9; C9D6O= E?B= 6 E9F< D4ECDBEFD4A9A<9 7D48<9AF4 A9
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FD95G9FES). � >4K9EF69 AB6B7B E?BS 6 84AAB= D45BF9 D4EE@4FD<64­

9FES E?B=, 6OCB?ASRM<= 5OEFDB7B CD9B5D4;B64A<S )4H4 8?S >4DF

CD<;A4>B6. �4> 5O?B CB>4;4AB 6B 66989A<<, >4:8O= Q?9@9AF 6OIB­

84 F4>B= BC9D4J<< S6?S9FES ?<A9=AB= >B@5<A4J<9= 6E9I Q?9@9AFB6

6IB84 E 69EB@ 0 <?< 1, F. 9. CD98EF46?S9F EB5B= EG@@G A9>BFBDOI <;

A<I. � F4>B@ 6<89 CD9B5D4;B64A<9 S6?S9FES ?<A9=AO@ BC9D4FBDB@

< @B:9F 5OFP ;4C<E4AB 6 6<89 @4FD<JO. �E?< 669EF< CD46<?B CD9­

B5D4;B64A<S >4DFO CD<;A4>B6 6 69>FBD, FB @B:AB D4EE@4FD<64FP

5OEFDB9 CD9B5D4;B64A<9 )4H4, >4> G@AB:9A<9 6IB8AB7B 69>FBD4

A4 F4>GR @4FD<JG.

#D< D94?<;4J<< 5G8GM<I E?B96 5G89F <ECB?P;B64A 5OEFDO=

4?7BD<F@, AB 8?S 8B>4;4F9?PEF64 A9>BFBDOI E6B=EF6 CDS@B7B <

FD4AECBA<DB64AAB7B BC9D4FBDB6 �#) 5G89F <ECB?P;B64FPES @4F­

D<KA4S ;4C<EP BC9D4FBD4. 1FB CB;6B?<F <ECB?P;B64FP ?<A9=AGR

4?795DG < D45BFG E @4FD<J4@< 6 S6AB@ 6<89.

&4> >4> �#) S6?S9FES ?<A9=AO@ BC9D4FBDB@, FB CD< 6OCB?A9­

A<< A9=DBAAB= E9F< F4>B= E?B= @B:AB D4EE@4FD<64FP >4> BC9D4J<R

G@AB:9A<S 6IB8AB7B 69>FBD4 CD<;A4>B6 A4 @4FD<JG 69EB6 (>BFBDO9

8?S 84AAB7B BC9D4FBD4 CD98BCD989?9AO < D46AO ?<5B 0, ?<5B 1).

�?S B5GK9A<S CD98O8GM<I E?B96 A9B5IB8<@B A4 A<I C9D98464FP

7D48<9AF K9D9; F4>B= E?B= CD< B5D4FAB@ D4ECDBEFD4A9A<< BL<5><.

1F4 BC9D4J<S 8BEF<749FES CGF9@ G@AB:9A<S 69>FBD4 6IB8SM97B E

CBE?98GRM97B E?BS 7D48<9AF4 A4 FD4AECBA<DB64AAGR @4FD<JG BC9­

D4FBD4.

�M9 B8A<@ 64:AO@ 4EC9>FB@ S6?S9FES FB, KFB FD4AECBA<­

DB64AAO= BC9D4FBD @B:AB <ECB?P;B64FP A9 FB?P>B 8?S D4ECDB­

EFD4A9A<S 7D48<9AF4, AB < 6 >4K9EF69 BC9D4J<< E?BS. &B784,

CD< D4ECDBEFD4A9A<< 7D48<9AF4, 5G89F <ECB?P;B64FPES FD4AECB­

A<DB64AAO= BF A97B, F.9. CDS@B= BC9D4FBD. 1FB E6B=EF6B 5G89F

<ECB?P;B64AB 8?S D4EL<D9A<S E9@9=EF64 D4EE@4FD<649@OI A9=­

DBE9F96OI 4DI<F9>FGD, CBEFDB9AAOI E <ECB?P;B64A<9@ CDS@B7B <

FD4AECBA<DB64AAB7B �#).
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2.5 &D4AECBA<DB64AAB9 �#)

� 84AB@ D4;89?9 5G89F D4EE@BFD9A BC9D4FBD FD4AECBA<DB64A­

AB7B �OEFDB7B CD9B5D4;B64A<S )4H4 < 8B>4;4AB, KFB CD<@9A9A<9

F4>B7B BC9D4FBD4 <89AF<KAB E?98GRM9= CBE?98B64F9?PABEF< BC9D4­

J<=: BFD4:9A<9 6IB8AB7B <;B5D4:9A<S BFABE<F9?PAB 69DF<>4?PAB=

BE<, CD<@9A9A<9 CDS@B7B BC9D4FBD4 5OEFDB7B CD9B5D4;B64A<S )4­

H4, BFD4:9A<9 D9;G?PF4F4 BFABE<F9?PAB 69DF<>4?PAB= BE<. &4><@

B5D4;B@, FD4AECBA<DB64AAO= BC9D4FBD @B:9F 5OFP CBEK<F4A A9

CDBEFB E F4>B= :9 4E<@CFBF<K9E>B= E?B:ABEFPR, 4 F9@< :9 E4­

@O@< HGA>J<S@<, KFB < CDS@B= [62]. �?47B84DS QFB@G @B:AB

E B8<A4>B6B= QHH9>F<6ABEFPR <ECB?P;B64FP E?B< >4> CDS@B7B,

F4> < FD4AECBA<DB64AAB7B �#), 4 6B;@B:ABEFP C9D9<ECB?P;B64A<S

D94?<;4J<= HGA>J<= IBFP < A9 B59M49F E9DP9;AB= CD4>F<K9E>B=

;A4K<@BEF<, F9@ A9 @9A99, CD98EF46?S9F G8B5EF6B 8?S A4C<E4A<S <

BF?48>< CDB7D4@@O, D94?<;GRM9= QFBF HGA>J<BA4?.

�?S A4K4?4 ;4@9F<@, KFB 9E?< GF69D:89A<9 69DAB 8?S >4>B=-FB

<; K9F69DF9=, FB BAB 69DAB 8?S 6E9I, F4> >4> B8<A 8<4C4;BA G7­

?B6 6 8DG7B= C9D96B8<FES CGF9@ BFD4:9A<S < CB6BDBF4 <EIB8AB7B

<;B5D4:9A<S. � 84?PA9=L9@ 8B>4;4F9?PEF69 5G89@ D4EE@4FD<64FP

CD9B5D4;B64A<9 6 B8AB= K9F69DF<.

�?S 8B>4;4F9?PEF64 84AAB7B GF69D:89A<S A9B5IB8<@B D4EE@BF­

D9FP CDS@B= < FD4AECBA<DB64AAO= BC9D4FBDO �#) 6 @4FD<KAB@

6<89. �?S FB7B, KFB5 CD98EF46<FP >4DFG CD<;A4>B6 6 6<89 69>FB­

D4, CDBAG@9DG9@ 99 Q?9@9AFO F4><@ B5D4;B@, KFB EA4K4?4 AB@9D

CB?GK4F 6E9 Q?9@9AFO C9D6B= EFDB>< E?964 A4CD46B, ;4F9@ 6FBDB=

< F.8.: Ii∗n+j := Ĩij, i,j = 1,n, Ĩ ∈ X . &B784 @AB:9EF6B 6E9I >4DF

CD<;A4>B6 D4;@9D4 (n,n) @B:9F 5OFP D4EE@BFD9AB >4> 69>FBDAB9
CDBEFD4AEF6B X , 6 >BFBDB@ <@99FES n ∗ n 54;<EAOI 69>FBDB6. "C9­
D4J<< EG@@O, G@AB:9A<S A4 K<E?B < E>4?SDAB7B CDB<;6989A<S 8?S

F4><I 69>FBDB6 BCD989?9AO.

�A4K9A<9 >4:8B7B Q?9@9AF4 D9;G?PF<DGRM9= >4DFO CD<;A4­

>B6 S6?S9FES ?<A9=AB= >B@5<A4J<9= ;A4K9A<= Q?9@9AFB6 6IB8AB=
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Ðèñóíîê 2.9 � Ìàòðèöà ñìåùåíèÿ ïàòòåðíîâ

>4DFO CD<;A4>B6, 4 D9;G?PF<DGRM4S >4DF4 CD<;A4>B6, E?98B64F9?P­

AB, 89=EF6<9 BC9D4J<< �#) @B:9F 5OFP D4EE@BFD9AB >4> 89=EF6<9

?<A9=AB7B BC9D4FBD4 A : X → X . "5B;A4K<@ A @4FD<JG A .

�G89@ F4>:9 A4;O64FP @4FD<JG A @4FD<J9= 5OEFDB7B CD9B5D4;B­
64A<S )4H4.  4FD<J4 �D4@@4 8?S X 98<A<KA4S, E?98B64F9?PAB,

A ∗ (FD4AECBA<DB64A<9 BF A ) QFB AT .

$4EE@BFD<@ @4FD<JG H(x, t), 66989AAGR 6 D4;89?9 2.3 < ;484R­

MGR F4A79AJ<4?PAO= E86<7 C<>E9?S BFABE<F9?PAB EF4DFB6B= FBK><

6 ;46<E<@BEF< BF 8?<AO C4FF9DA4 < AB@9D4 C<>E9?S 6 A9@. !4CD<­

@9D, 8?S >4DF<A>< 4 ∗ 4 F4>4S @4FD<J4 5G89F <@9FP D4;@9D 4 ∗ 4,

CBFB@G KFB 6E9 D4EE@4FD<649@O9 8<E>D9FAO9 CDS@O9 5G8GF <@9FP

8?<AG 4 < >B?<K9EF6B 6B;@B:AOI E86<7B6 @9:8G C9D6O@ < CBE?98­

A<@ Q?9@9AFB@ FB:9 4. #B BE< x BF>?48O649FES AB@9D Q?9@9AF4 6

C4FF9DA9, 4 CB BE< t – 97B E86<7 BFABE<F9?PAB C9D6B7B. #B?GK49FES,

KFB 8?S E@9M9A<S 0 C4FF9DA <@99F CDBEFB CDS@B?<A9=AO= 6<8, 4

8?S, A4CD<@9D, E@9M9A<S 2 AG?96B= C<>E9?P A9 E@9M49FES, E?98G­

RM<9 864 E@9M4RFES A4 B8AG CB;<J<R < CBE?98A<= 9M9 A4 B8AG.

#D<@9D F4>B= @4FD<JO 8?S 8?<AO 4 CD98EF46?9A4 A4 $<E. 2.9.

�9@@4 1. H(x,t) = H(t,x) 8?S H<>E<DB64AAB7B n. �DG7<@< E?B64­
@<, @4FD<J4, EBEF46?9AA4S <; E86<7B6 C4FF9DAB6 E<@@9FD<KA4.

�B>4;4F9?PEF6B QFB= ?9@@O 5O?B CD<6989AB 6 D45BF9 [63], AB

BAB BEAB64AB A4 8DG7B@ BCD989?9A<< C4FF9DA4, 4 6 D45BF9 [61]

<ECB?P;G9FES F4>B9 :9 BCD989?9A<9 C4FF9DA4, AB GF69D:89A<9 <E­

CB?P;G9FES 59; 8B>4;4F9?PEF64.
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�B>4;4F9?PEF6B. ▶ �4@9A<@ 69>FBD x 97B D4;?B:9A<9@ CB EF9C9­
AS@ 86B=>< < ;4F9@ ;4@9A<@ BEF4FB> 6AGFD< BC9D4J<< B>DG7?9A<S

EG@@B= BEF4F>B6:

H(x,t) =

p−1∑

r=0

tr[
2rx

2p − 1
] =

p−1∑

r=0

tr[

p−1∑

i=0

2rxi2
i

2p − 1
]. (2.10)

�4@9F<@, KFB ∀y ∈ R
2y

2p−1 = 2y−p + 2y−p

2p−1, <, E?98B64F9?PAB

∀r = 0,p− 1 :

{{xi2
r2i

2p − 1
}, i = 0,p− 1} = {{ xi2

i

2p − 1
}, i = 0,p− 1} =: S (2.11)

 B:AB ;4@9F<FP 864 64:AOI E6B=EF64 S: FB?P>B B8<A Q?9@9AF

6 S @B:9F 5OFP 5B?PL9, K9@ 1
2:

xp−12
p−1

2p−1 , 4 9M9 EG@@4 Q?9@9AFB6 6 S
A9 @B:9F 5OFP 5B?PL9, K9@ 1:

p−1∑

i=0

xi2
i

2p − 1
⩽

p−1∑

i=0

2i

2p − 1
=

1

2p − 1
(

p−1∑

i=0

2i) = 1. (2.12)

#9D9C<L9@ 2.10 6 E?98GRM9@ 6<89:

[

p−1∑

i=0

xi2
r2i

2p − 1
] = [

p−1∑

i=0

(bxi2
r2i

2p − 1
c+{xi2

r2i

2p − 1
})] =

p−1∑

i=0

bxi2
r2i

2p − 1
c+[

p−1∑

i=0

{xi2
r2i

2p − 1
}].

(2.13)

 B:AB ;4@9F<FP, KFB 9E?< {y} < 1
2, FB784 byc = [y]. �; QF<I

86GI E6B=EF6 S @B:AB ;4>?RK<FP E?98GRM99:

p−1∑

i=0

bxi2
r2i

2p − 1
c =

p−1∑

i=0

[
xi2

r2i

2p − 1
]− xp−1−r (2.14)

<

p−1∑

i=0

{xi2
r2i

2p − 1
} = xp−1−r (2.15)
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Ðèñóíîê 2.10 � Ìàòðèöà ÁÏÕ, èñõîäíàÿ ñëåâà, ïðåîáðàçîâàííàÿ ñïðàâà.

� D9;G?PF4F9, >B@5<A<DGS 2.10, 2.13, 2.14 < 2.15:

H(x,t)
2.10
=

∑p−1
r=0 tr[

∑p−1
i=0

2rxi2
i

2p−1 ]
2.13
=

2.13
=

∑p−1
r=0 tr(

∑p−1
i=0 bxi2

r2i

2p−1 c + [
∑p−1

i=0{xi2
r2i

2p−1 }])
2.14,2.15
=

2.14,2.15
=

∑p−1
r=0 tr(

∑p−1
i=0 [

xi2
r2i

2p−1 ]) =

=
∑p−1

r=0

∑p−1
i=0 trxi[

2r2i

2p−1]) = H(t,x) (2.16)

◀

$4EE@BFD<@ @4FD<JG 5OEFDB7B CD9B5D4;B64A<S )4H4 >4> 5?BK­

AGR @4FD<JG B, 6 >BFBDB= >4:8O= 5?B> <@99F D4;@9D (n,n) >4>
CB>4;4AB A4 <;B5D4:9A<< 2.10 E?964. �?B>< Bi,j 5G89@ B5B;A4K4FP

>4> (i,j) 5?B><.

A =




B1,1 B1,2 · · · B1,n

B2,1 B2,2 · · · B2,n
... ... . . . ...

Bn,1 Bn,2 · · · Bn,n




�9@@4 2. �?B>< @4FD<JO E<@@9FD<KAO.



51

�B>4;4F9?PEF6B. ▶ Am,q – CDB9>J<S 6IB8AB7B C<>E9?S q A4 6OIB8­
AB= C<>E9?P m, E?98B64F9?PAB Bi,j – QFB CDB9>J<S EFDB>< 6IB8AOI

C<>E9?9= {(j − 1) ∗ n + k, k = 1,n} A4 EFDB>G 6OIB8AOI C<>E9?9=
{(i− 1) ∗ n + k, k = 1,n}. &B784

(Bi,j)k,l =

{
1 , H(k,l) = n− i + j (mod n)

0 6 CDBF<6AB@ E?GK49

789 H – D4A99 BCD989?9AA4S HGA>J<S E@9M9A<S. %B7?4EAB ?9@­

@9 1 H(k,l) = H(l,k), 4 ;A4K<F Bi,j E<@@9FD<KA4. ◀

�9@@4 3. Bi,j = Bi+k−1(mod n)+1,j+k−1(mod n)+1 8?S 6E9I i,j =

1,n, k = 0,n− 1.

▶

�D4M9A<9 6IB8AB7B <;B5D4:9A<S J<>?<K9E>< BFABE<F9?PAB

69DF<>4?PAB= BE< CD<6989F > EBBF69FEF6GRM9@G 6D4M9A<R 6OIB8­

AB7B <;B5D4:9A<S. %FB?5JO @4FD<JO 5OEFDB7B CD9B5D4;B64A<S

)4H4 QFB 6OIB8AO9 <;B5D4:9A<S <; X E 54;<EAO@< 69>FBD4@< <

EFB?5J4@< xi < xi+n, E?98B64F9?PAB, 6D4M9A<9 BFABE<F9?PAB 69DF<­

>4?PAB= BE< A4 n C<>E9?9= CD<6B8<F > FB@G, KFB Aij = Ai+n,j+n.

&4><@ B5D4;B@ 6 @4FD<J9 B Q?9@9AFO, A4IB8SM<9ES A4 B8AB= 8<4­

7BA4?< D46AO.

◀

"5B;A4K<@ n × n 5?B>B6 @4FD<JO AC >4> B̃ij (>4> CB>4;4AB

A4 <;B5D4:9A<< 2.10 ECD464), 4 5?B>< @4FD<JO CAC >4> B̂ij.

�9@@4 4. AC E<@@9FD<KA4.

�B>4;4F9?PEF6B. ▶ #D46B9 G@AB:9A<9 @4FD<JO A A4 @4FD<JG

C C9D9EF46?S9F EFB?5JO @4FD<JO A. �B?99 FB7B, <; BCD989?9A<S

@4FD<JO C @B:AB ;4>?RK<FP, KFB F4>B9 G@AB:9A<9 C9D9EF46?S­

9F EFB?5JO < @4FD<JO B, F.9. A9 <;@9AS9F D4ECB?B:9A<9 EFB?5JB6

@4FD<JO A 6AGFD< <I 7DGCC {(i − 1) ∗ n + k,k = 1,n}, i = 1,n.

Bi,j = B̃n+1−i,j, B̃j,n+1−i = Bn+1−j,n+1−i = B(i,j)+(1,1)×(n+1−i−j). �;

?9@@O 3 E?98G9F, KFB Bi,j = B(i,j)+(1,1)×(n+1−i−j), E?98B64F9?PAB B̃
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E<@@9FD<KA4. �; ?9@@O 2 E?98G9F, KFB Bi,j E<@@9FD<KAO < FB784

AC FB:9 E<@@9FD<KA4. ◀

&9BD9@4 1. "5B;A4K<@ C BC9D4FBD BFD4:9A<S <;B5D4:9A<S:
C ei∗n+j = e(n+1−i)∗n+j, 789 i,j = 1,n. &B784 C A C = A ∗ (<?<
CAC = AT , 789 C @4FD<J4 <; C ).

�4@9F<@, KFB C = C−1, 4 FB784 AT QFB FB:9 @4FD<J4 <; A 6

54;<E9 < C xi >. �?S 8B>4;4F9?PEF64 <ECB?P;G9@ ?9@@O 1, 2, 3, 4.

�B>4;4F9?PEF6B. ▶ Bi,j = B̃n+1−i,j. �; ?9@@O 4 E?98G9F, KFB

@4FD<J4 AC E<@@9FD<KA4, 4 ;A4K<F B̃n+1−i,j = B̃j,n+1−i. �96B9

G@AB:9A<9 @4FD<JOAC A4 @4FD<JG C C9D9EF46?S9F EFDB>< @4FD<J

AC < B̃. &B784 Bi,j = B̃j,n+1−i = B̂j,n+1−(n+1−i) = B̂j,i. �; ?9@@O 2

E?98G9F, KFB Bi,j E<@@9FD<KAO, 4 ;A4K<F CAC = AT . ◀

&4><@ B5D4;B@, CDS@B9 < FD4AECBA<DB64AAB9 5OEFDB9 CD9­

B5D4;B64A<9 )4H4 @B:AB 6OK<E?SFP A9 FB?P>B E B8<A4>B6B=

4E<@CFBF<K9E>B= E?B:ABEFPR, AB < <ECB?P;B64FP 8?S QFB7B B5MGR

D94?<;4J<R. 1FB CB;6B?<F, 6B-C9D6OI, EFDB<FP QHH9>F<6AO9 4D­

I<F9>FGDO A9=DBAOAI E9F9= E <ECB?P;B64A<9@ FD4AECBA<DB64AB7B

CD9B5D4;B64A<S 6 6<89 E?BS, 6B-6FBDOI, 5OEFD99 GK<FP A9=DBAAO9

E9F<, F4> >4> CD< D4ECDBEFD4A9A<< 7D48<9AF4 BF E?BS CDS@B7B CD9­

B5D4;B64A<S A9B5IB8<@B 6OK<E?SFP FD4AECBA<DB64AAB9 8?S A97B.

2.6 �A64D<4AFABEFP > CB;<J<< 6 )4H9 < $48BA9

!9B5IB8<@B GCB@SAGFP 9M9 B8AB E6B=EF6B CDBEFD4AEF64 (s,t),
BF?<K4RM99 97B BF CDBEFD4AEF64 (ρ,ϕ), 789 CB BE< x BF?B:9A E86<7,

4 CB BE< y BF?B:9A G7B?. #4D4@9FD t, <ECB?P;G9@O= 8?S ;484A<S

G7?4 6 5OEFDB@ CD9B5D4;B64A<< )4H4 IBFP < B8AB;A4KAB E6S;4A E

G7?B@, AB CD98EF46?S9F A9 G7B?, 4 E86<7 @9:8G A4K4?B@ < >BAJB@
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Ðèñóíîê 2.11 � Ïðèðàùåíèå óãëà íåëèíåéíî çàâèñèò îò ñäâèãà.

C4FF9DA4, EBBF69FEF6GRM97B ;484649@B= CDS@B=. � <FB79 CB?GK49F­

ES, KFB CD<D4M9A<9 G7?4 CD< <;@9A9A<< t A9 CBEFBSAAB < ;46<E<F

BF F9>GM97B ;A4K9A<S t:

dα = f (s), (2.17)

1FBF QHH9>F CDB<??REFD<DB64A A4 $<E. 2.11, <; >BFBDB7B A4­

7?S8AB SEAB, CBK9@G F4> CDB<EIB8<F. �89EP dα1 > dα2. 1FB, 6 E6BR

BK9D98P, CD<6B8<F > FB@G, KFB A4 )4H-B5D4;9 CBS6?SRFES A9B8AB­

DB8ABEF<: D4;AO9 FBK>< 6 ;46<E<@BEF< BF >BBD8<A4FO s 5G8GF <@9FP

D4;?<KAO9 D9J9CF<6AO9 CB?S.

&4>B= BEB59AABEF< ?<L9A D9;G?PF4F CD9B5D4;B64A<S $48B­

A4, F4> >4> G7B? CD< 97B 6OK<E?9A<< <;@9AS9FES E CBEFBSAAB=

E>BDBEFPR. � 5B?PLB@ >B?<K9EF69 <A:9A9DAOI 4?7BD<F@B6 QF4 BEB­

59AABEFP A9 <7D49F BEB5B= DB?<, AB 6 D4EE@4FD<649@B@ E?GK49 QFB,

69DBSFAB, A9 F4>. �9?B 6 FB@, KFB B5GK49@O9 E69DFBKAO9 H<?PFDO

<@9RF B>A4 ;4D4A99 ;484AAB7B D4;@9D4 < IBDBLB <;69EFAB, KFB <I

E?45O@ @9EFB@ S6?S9FES BFEGFEF6<9 GEFB=K<6BEF< > @4ELF45<DB64­

A<R. �89EP <@99FES CBIB:4S CDB5?9@4 <, E?98B64F9?PAB, D4;G@AB
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Ðèñóíîê 2.12 � Ïðèìåðû èçîáðàæåíèé è ðåçóëüòàòîâ ÁÏÕ äëÿ íèõ.

CD98CB?B:<FP, KFB B5GK9A<9 E69DFBKAOI H<?PFDB6 @B:9F EFB?>­

AGFPES E BCD989?9AAO@< FDG8ABEFS@<. "8A4>B QFB <EE?98B64A<9

F4>:9 6OIB8<F ;4 D4@>< 84AAB= 8<EE9DF4J<< < CD98EF46?S9F EB5B=

F9@G 8?S 84?PA9=L<I <EE?98B64A<=.

2.7 %BID4A9A<9 <AHBD@4J<<

#D9:89 K9@ C9D9=F< > EB;84A<R < B5GK9A<R A9=DBAAOI E9­

F9= E <ECB?P;B64A<9@ E?B96 CDS@B7B < FD4AECBA<DB64AAB7B �#),

BEF4AB6<@ES 9M9 A4 B8AB@ 6BCDBE9: 7B8<FES ?< )4H-B5D4; <;B5D4­

:9A<S 8?S <ECB?P;B64A<S 6 >4K9EF69 6IB84 A9=DBAAB= E9F<, F4>

>4> CD<@9A9A<9 �#) > <EIB8AB@G <;B5D4:9A<R 97B EGM9EF69A­

AB FD4AEHBD@<DG9F. �;B5D4:9A<S FD4AEHBD@<DGRFES A4EFB?P>B,

KFB K9?B69> (>4> @<A<@G@ A9CB87BFB6?9AAO=) A9 6 EBEFBSA<< <I

G;A464FP. !4 $<E. 2.12 CB>4;4AO CD<@9DO <;B5D4:9A<= < <I CD9B5­

D4;B64A<= 8?S 5G>6 (E?964) < D4;?<KAOI B5N9>FB6 (ECD464).

#D9:89 K9@ <;GK4FP BEB59AABEF< CB6989A<S A9=DBAAOI E9­

F9= EB E?B9@ 5OEFDB7B CD9B5D4;B64A<S )4H4 6AGFD<, A9B5IB8<@B

G598<FPES, KFB 6ES EC9J<H<K9E>4S <AHBD@4J<S, A9B5IB8<@4S 8?S

>?4EE<H<>4J<<, EBID4AS9FES. �?S QFB7B 5O?4 CDB6989A4 E9D<S
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Q>EC9D<@9AFB6 [64, 65], J9?PR >BFBDOI 5O?B GEF4AB6<FP, KFB )4H­

B5D4; <;B5D4:9A<S CD<7B89A 8?S <ECB?P;B64A<S 6 >4K9EF69 6IB84

8?S E?B96 A9=DBAAB= E9F<.

� QF<I Q>EC9D<@9AF4I <ECB?P;B64?4EP E69DFBKA4S A9=DBAA4S

E9FP, EBEFBSM4S <; 86GI 69F69= (6 >4:8B= CB E69DFBKAB@G E?BR

< CB E?BR CG?<A74). �I 6OIB8O >BA>4F9A<DB64?<EP < CB8464?<EP

A4 6IB8 CB?ABE6S;AB@G E?BR. �E9 H<?PFDO 6 B5B<I 69F6SI <@9?<

H<>E<DB64AAO= D4;@9D 5 × 5, 4 <I >B?<K9EF6B <;@9AS?BEP. �?S

B8AB= 69F6< >B?<K9EF6B H<?PFDB6 D46AS?BEP 16, 32, 64 <?< 128, 4

8?S 6FBDB= – 4, 8, 16 <?< 32 EBBF69FEF69AAB. �B?<K9EF6B B5GK49@OI

C4D4@9FDB6 6 CB?ABE6S;AB@ E?B9 <;@9AS?BEP, F4> >4> D4;@9D 97B

6IB84 6 >4:8B@ Q>EC9D<@9AF9 5O? D4;AO@, CBFB@G KFB ;46<E9? BF

>B?<K9EF64 H<?PFDB6.

� C9D6B@ A45BD9 Q>EC9D<@9AFB6 <ECB?P;B64?BEP <EIB8AB9 <;B5­

D4:9A<9 6 >4K9EF69 6IB84 8?S B59<I 69F69= E9F<. �B 6FBDB@ A45BD9

Q>EC9D<@9AFB6 6 >4K9EF69 6IB84 B8AB= <; 69F69= E9F< <ECB?P;B64?­

ES )4H-B5D4; <;B5D4:9A<S. �4:AB ;4@9F<FP, KFB 6 F4>B@ E?GK49

C488<A7 5G89F <@9FP A9E>B?P>B 8DG7B= E@OE?, F4> >4> ?B>4?P­

AO9 ;46<E<@BEF< @9:8G C<>E9?S@< 6 <EIB8AB@ CDBEFD4AEF69 < 6

)4H-CDBEFD4AEF69 D4;?<K4RFES. !4 6FBDGR 69F6P E9F< 6E9 F4>:9

CB8464?BEP <EIB8AB9 <;B5D4:9A<9.

$9;G?PF4FO QF<I Q>EC9D<@9AFB6 EB5D4AO 6 &45?<J9 1 8?S A4­

5BDB6 84AAOI CIFAR-10 < 8?S F9>EFB6OI EFDB>. �?S CB846?9A<S

QHH9>FB6, E6S;4AAOI EB E?GK4=AB= <A<J<4?<;4J<9= CD< B5GK9A<<

6E9 Q>EC9D<@9AFO 5O?< CDB6989AO 10 D4;, 4 <I D9;G?PF4FO GED98A9­

AO. #B D9;G?PF4F4@ 6<8AB, KFB ;4@9A4 K4EF< 6IB8B6 A4 )4H-B5D4;

<;B5D4:9A<S CB;6B?S9F G?GKL<FP >4K9EF6B CD< 6E9I D4EE@BFD9A­

AOI >B?<K9EF64I H<?PFDB6. �; D9;G?PF4FB6 F4>:9 E?98G9F, KFB

C9D96B8 <;B5D4:9A<S 6 )4H-B5D4; CB;6B?S9F E69DFBKAB= E9F< CB?G­

K<FP <; <;B5D4:9A<S 5B?PL9 <AHBD@4J<< CD< EBID4A9A<< B5M97B

K<E?4 H<?PFDB6, KFB 89?49F <89R <ECB?P;B64A<S F4><I <;B5D4:9­

A<= 6 >4K9EF69 6IB8B6 E69DFBKAOI E?B96 C9DEC9>F<6AB=. "EB59AAB

QFB @B:9F 5OFP 64:AB 6 CD<?B:9A<SI, 789 >D<F<K9E>< 64:A4 CDB­
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<;6B8<F9?PABEFP (A4CD<@9D, 6 [66]) < 6 E?GK4SI, >B784 <ECB?P;GRFES

EC9J<4?PAO9 @9FB8O GE>BD9A<S D45BFO [67, 68, 69, 70].

Òàáëèöà 1 � Òî÷íîñòü ðàçëè÷íûõ íåéðîñåòåâûõ àðõèòåêòóð ïðè íàëè÷èè è îò�

ñóòñòâèè ðåçóëüòàòîâ ïðåîáðàçîâàíèÿ Õàôà âî âõîäå âòîðîé âåòâè íà íàáîðàõ

äàííûõ CIFAR-10 è ñòðîêàõ èç ðóññêîãî ïàñïîðòà. Nsource � êîëè÷åñòâî ôèëü�

òðîâ â âåòâè äëÿ èñõîäíîãî èçîáðàæåíèÿ, Nhough � êîëè÷åñòâî ôèëüòðîâ â âåòâè

äëÿ ïðåîáðàçîâàíèÿ Õàôà.

N Nsource Nhough

CIFAR-10 Russian passport

Error rate, Error rate, Error rate Error rate

without Hough with Hough without Hough with Hough

1 16 4 47.5% 43.4% 7.2% 6.9%

2 32 8 43.8% 42.7% 6.5% 6.3%

3 64 16 40.3% 37.9% 6.2% 6.2%

4 128 32 35.7% 34.1% 6.1% 6.0%

�; F45?<JO 1 6<8AB, KFB <ECB?P;B64A<9 D9;G?PF4F4 CD9B5­

D4;B64A<S )4H4 6 >4K9EF69 6IB84 A4 K4EFP H<?PFDB6 6@9EFB

BD<7<A4?PAB7B <;B5D4:9A<S CB;6B?S9F A9=DBAAB= E9F< CB?GK<FP

5B?PL9 <AHBD@4J<< <; 6IB84 <, E?98B64F9?PAB, G?GKL<FP >4K9EF6B

D45BFO. � IBFS G?GKL9A<9 >4K9EF64 A9;A4K<F9?PAB, BAB CD<EGFEF6G­

9F 6B 6E9I E?GK4SI. �DB@9 QFB7B, A< <;B5D4:9A<S E A45BD4 84AAOI

CIFAR-10, A< <;B5D4:9A<S 5G>6 CB E6B9= EGF< A9 AG:84RFES 6

#D9B5D4;B64A<< )4H4, F4> >4> BA< @4?9AP><9 CB D4;@9DG.  B:­

AB ;4@9F<FP, KFB 6?<SA<9 F9@ 5B?PL9, K9@ @9APL9 H<?PFDB6 6 E9F<

6 J9?B@, KFB FB:9 A9 CDBF<6BD9K<F 7<CBF9;9: K9@ E9FP E?B:A99, F9@

5B?PL9 <AHBD@4J<< BA4 ECBEB5A4 CB?GK<FP <; <;B5D4:9A<S E4@4

CB E959 < F9@ @9APL9 8B546<FES BF 6IB8B6, CD9B5D4;B64AAOI )4­

HB@.

&4><@ B5D4;B@, 84:9 6 E?GK49, >B784 CD<K<AO 8?S QFB7B A9

BK96<8AO, <ECB?P;B64A<9 #D9B5D4;B64A<S )4H4 6 >B@5<A4J<< EB

E69DFBKAO@< A9=DBAAO@< E9FS@< CB;6B?S9F E9F< CB?GK<FP D9?9­

64AFAGR <AHBD@4J<R.
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2.8 $9;G?PF4FO 7?46O 2

� 84AAB= 7?469 CB8DB5AB D4EE@BFD9AB 5OEFDB9 CD9B5D4;B64­

A<9 )4H4 < C4D4@9FD<;4J<S (s, t) 97B 6OIB8AB7B CDBEFD4AEF64 <

CB>4;4AB, KFB CD< <ECB?P;B64A<< QFB7B CD9B5D4;B64A<S 6 6<89

E?BS A9=DBAAB= E9F< 8?S B5GK9A<S A9B5IB8<@B 6OK<E?SFP FD4AE­

CBA<DB64AAB9 5OEFDB9 CD9B5D4;B64A<9 )4H4. � 7?469 CD<6B8<FES

8B>4;4F9?PEF6B FB7B, KFB FD4AECBA<DB64AAB9 CD9B5D4;B64A<9 F4>:9

@B:9F 5OFP 6OK<E?9AB 5OEFDB, F.9. EB E?B:ABEFPR O(n2 ∗ log(n)),
4 A9 O(n3), >4> 6 A4<6AB= D94?<;4J<<. #DB6989AAO= 4A4?<; @B8<­

H<>4J<< D9J9CF<6AB7B CB?S 6OIB8AOI A9=DBAB6 6 A9=DBAAB= E9F<

EB E?B9@ 5OEFDB7B CD9B5D4;B64A<S )4H4 CB>4;4?, 8B546?9A<9 CD9­

B5D4;B64A<S )4H4 EGM9EF69AAB 97B G69?<K<649F.

�AO@< E?B64@<, 6 7?469 2 5O?B:

1. #B>4;4AB, KFB 8B546?9A<9 E?BS 5OEFDB7B CD9B5D4;B64A<S

)4H4 @9:8G E69DFBKAO@< E?BS@< A9=DBAAB= E9F< >4D8<­

A4?PAO@ B5D4;B@ @9AS9F D4;@9D < EFDG>FGDG D9J9CF<6AB7B

CB?S A9=DBAB6, KFB, 6 F9BD<<, ECBEB5AB A489?<FP D9;G?PF<­

DGRMGR A9=DBAAGR E9FP AB6O@< E6B=EF64@<.

2. #B>4;4A4 6B;@B:ABEFP CBEFDB9A<S 5OEFDB7B FD4AECBA<DB­

64AAB7B BC9D4FBD4 8?S 5OEFDB7B CD9B5D4;B64A<S )4H4. 1FB,

6B-C9D6OI, CB;6B?S9F QHH9>F<6AB D4ECDBEFD4ASFP 7D48<9AF

K9D9; F4>B= E?B= CD< B5GK9A<<, 4, 6B-6FBDOI, CB;6B?S9F

C9D96B8<FP CD<;A4>< <; CDBEFD4AEF64 (s,t) B5D4FAB 6 CDB­

EFD4AEF6B (x,y), KFB 5G89F <ECB?P;B64FPES CD< EBEF46?9A<<

4DI<F9>FGD A9=DBAAOI E9F9= 6 84?PA9=L9@.

3. #D<6989AB 8B>4;4F9?PEF6B FB7B, KFB 4?7BD<F@ FD4AECBA<­

DB64AAB7B BC9D4FBD4 8?S 5OEFDB7B CD9B5D4;B64A<S )4H4

<@99F F4>GR :9 4E<@CFBF<K9E>GR E?B:ABEFP, >4> < CDS@B9

5OEFDB9 CD9B5D4;B64A<9 )4H4, F.9. O(n2 ∗ log(n)).
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�?464 3. �DI<F9>FGDO E9F9= E �#) < ECBEB5O <I CD<@9A9A<S

� 84AAB= 7?469 5G8GF D4EE@BFD9AO 4DI<F9>FGDO A9=DBAAOI

E9F9=, <ECB?P;GRM<9 E?B< CDS@B7B < FD4AECBA<DB64AAB7B �#).

�4> 5O?B CB>4;4AB 6 CD98O8GM<I 7?464I, <A:9A9DAO9 4?7BD<F@O,

<ECB?P;GRM<9 <AF97D4?PAO9 CD9B5D4;B64A<S, 6EFD9K4RFES CB6E9­

@9EFAB, 4 ;484K9= 84AAB= D45BFO S6?S9FES 6EFD4<64A<9 5OEFDB7B

CD9B5D4;B64A<S )4H4 6 A9=DBAAO9 E9F< < <EE?98B64A<9 E6B=EF6 <

6B;@B:ABEF9= F4><I E9F9=. "EAB6O64SEP A4 CD98EF46?9AAOI 6 7?4­

69 2 E6B=EF64I 5OEFDB7B CD9B5D4;B64A<S )4H4 5G89F EB;84A E?B=

A9=DBAAB= E9F<, EB69DL4RM<= QFB CD9B5D4;B64A<9 A48 >4DF4@<

CD<;A4>B6. �?47B84DS QFB@G E?BR, A9=DBAA4S E9FP E@B:9F D45BF4FP

CB B5D4;G EBBF69FEF6GRM97B 4?7BD<F@.

$4EE@BFD<@ FD< CD<AJ<C<4?PAB D4;AOI 64D<4AF4 <ECB?P;B­

64A<S F4>B7B A9=DBE9F96B7B 4?7BD<F@4, >BFBDO9 BCD989?SRFES

BEB59AABEFS@< CBEF4AB6>< ;484K<.

� C9D6B@ 64D<4AF9 5G89F BEGM9EF6?SFPES CB<E> 6A9LA<I FBK9>

EIB84. &4>4S ;484K4 6B;A<>49F, A4CD<@9D, CD< 4A4?<;9 FD9I@9DAOI

EJ9A <?< HBFB7D4H<< 8B>G@9AFB6 6 CDB<;6B?PAB= BD<9AF4J<< 6

CDBEFD4AEF69. � CB846?SRM9@ 5B?PL<AEF69 E?GK496 F4><9 <;B5­

D4:9A<S EB89D:4F FBK>< EIB84, >BFBDO9 ?9:4F ;4 <I CD989?4@<

(6C?BFP 8B 59E>BA9KABEF<). �I A4IB:89A<9 CB;6B?S9F BJ9A<FP CB­

;<J<< B5N9>FB6 <AF9D9E4 6 >48D9 <, E?98B64F9?PAB, >D<F<K9E><

64:AB 8?S 84?PA9=L97B 4A4?<;4 <;B5D4:9A<S. &4>, A4CD<@9D, CD<

B5D45BF>9 <;B5D4:9A<= E 8B>G@9AFB@ FBK>< EIB84 B5D4;GRFES 97B

EFBDBA4@< < EFDB>4@< F9>EF4 6 A9@. �E?< F4><9 FBK>< A4=F<, FB

@B:AB 84?99 CDB69EF< “D9>F<H<>4J<R” <;B5D4:9A<S [71] 8?S 84?P­

A9=L9= B5D45BF><. �484K4 CB<E>4 6A9LA<I FBK9> EIB84 CD< 4A4?<;9

<;B5D4:9A<= 7BDB8E><I EJ9A, A4CD<@9D, 6B;A<>49F CD< C9D986<­

:9A<< 59EC<?BFAB7B ED98EF64, >BFBDB@G A9B5IB8<@B ;A4FP E6BR

BD<9AF4J<R < BD<9AF<DB64FPES 6 CDBEFD4AEF69.

�?4EE<K9E><= 4?7BD<F@ CB<E>4 A9EB5EF69AAB= FBK>< EIB84

54;<DG9FES A4 CBE?98B64F9?PAB@ CD<@9A9A<< 86GI �#). #9D6B9
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CD9B5D4;B64A<9 849F @4>E<@G@O 6 CB;<J<SI, EBBF69FEF6GRM<I CDS­

@O@ ?<A<S@ A4 <EIB8B@ <;B5D4:9A<<, 4 6FBDB9 849F @4>E<@G@O 6

CB;<J<SI, EBBF69FEF6GRM<I FBK>4@ EIB84. !9B5IB8<@B BF@9F<FP,

KFB @9:8G A<@< 9M9 A9B5IB8<@B A9>BFBDB9 A9?<A9=AB9 CD9B5D4­

;B64A<9, <A4K9 6 E<?G <A64D<4AF4 $48BA4 6FBDB9 CD9B5D4;B64A<9

A9 5G89F <@9FP E@OE?4. !4 QFB@ < 5G89F 54;<DB64FPES C9D64S 4D­

I<F9>FGD4, A4;64AA4S )4HA9F. �4:AB= 89F4?PR FGF S6?S9FES FB,

KFB A9B5IB8<@ 4?7BD<F@, ECBEB5AO= >BDD9>FAB B5D454FO64FP FBK­

><, ?9:4M<9 6 59E>BA9KABEF<, E K9@ ?97>B ECD46<FES CD98?4749@4S

A9=DBE9F964S 4DI<F9>FGD4. � B5M<I K9DF4I F4>4S E9FP EBEFB<F

<; CBE?98B64F9?PABEF< E69DFBKAOI E?B96 < E?B96 CDS@B7B �#).

�;-;4 EC9J<H<>< �#) F4>4S E9FP EBEFB<F <; A9E>B?P><I 69F69=

(5G89F CB8DB5AB BC<E4AB 84?99 6 CGA>F9 3.2), 6OIB8B@ >4:8B= <;

>BFBDOI S6?S9FES 86G@9DA4S >4DF4 CD<;A4>B6, >4:84S FBK>4 >B­

FBDB= EBBF69FEF6G9F BCD989?9AAB= FBK>9 6 >BBD8<A4F4I <EIB8AB7B

<;B5D4:9A<S, F.9. @B:9F 5OFP 6 FB@ K<E?9 < ;4 CD989?4@< H4>F<­

K9E>B= >4DF<A><. "5GK49FES E9FP F4><@ B5D4;B@, KFB5O 6 FBK>4I,

EBBF69FEF6GRM<I CB;<J<S@ FBK9> EIB84 6 C?BE>BEF< 6IB8AB7B <;B5­

D4:9A<S, ;A4K9A<S 5O?< @4>E<@4?PAO@<.

�B 6FBDB@ 64D<4AF9 FBK>4 EIB84 6AGFD9AASS. $9L9A<9 F4>B=

;484K< K4EFB A9B5IB8<@B CD< 4A4?<;9, A4CD<@9D, 8BDB:AOI EJ9A,

EASFOI E 6<89BD97<EFD4FBD4. !4=89AA4S FBK>4 EIB84 BF 8BDB7<

(D9?PEB6, EF9A FBAA9?S) @B:9F CB;6B?<FP 59EC<?BFAB@G ED98EF6G

86<74FPES 6 ;484AAB@ A4CD46?9A<< </<?< >BAFDB?<DB64FP E6BR

CB;<J<R BFABE<F9?PAB >D496 8BDB7<. &4><9 <;B5D4:9A<S, EB89D­

:4M<9 FBK>G, EBBF69FEF6GRMGR C9D9E9K9A<R CDB8B?:9A<= >D496

8BDB7<, K4EFB 6 CB;<J<< E4@B= FBK>< EIB84 K4EFB A9 EB89D:4F

>4>GR-?<5B D9?964AFAGR <AHBD@4J<R. 1FB 89?49F D9L9A<9 84A­

AB= ;484K< ?B>4?PAO@< @9FB84@< A96B;@B:AO@. �?S D9L9A<S

F4>B= ;484K< F4>:9 @B:AB <ECB?P;B64FP 4?7BD<F@, 54;<DGRM<=­

ES A4 86GI CBE?98B64F9?PAOI CD<@9A9A<SI �#), AB F4> >4> A9F

A9B5IB8<@BEF< B5D454FO64FP FBK><, ?9:4M<9 6 59E>BA9KABEF<, 6

4DI<F9>FGD9 E9F< QFB @B:AB GK9EFP < E89?4FP 99 ;A4K<F9?PAB 5B?99

G8B5AB= 6 <ECB?P;B64A<<. �?S D9L9A<S F4>B= ;484K< CD98?4749F­
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ES CB?ABE69DFBKA4S 4DI<F9>FGD4 )4HQA>B89D, 54;<DGRM4SES A4

CD<@9A9A<< CDS@B7B < FD4AECBA<DB64AAB7B �#) > <;B5D4:9A<R

<, F9@ E4@O@, 6B;6D4M4RM4S BF69F 6 <EIB8AOI >BBD8<A4F4I. #B

4A4?B7<< E CD98O8GM9= 4DI<F9>FGDB= 6 QFB= 4DI<F9>FGD9 F4>:9

CD98CB?4749FES BF69F E9F< 6 6<89 86G@9DAB= >4DFO CD<;A4>B6. �?46­

AB9 BF?<K<9 ;4>?RK49FES 6 FB@, KFB QF4 >4DF4 CD<;A4>B6 6 F9I :9

E4@OI >BBD8<A4F4I < F4>B7B :9 D4;@9D4 >4> < <EIB8AB9 <;B5D4:9­

A<9 <, E?98B64F9?PAB, <E>B@O9 FBK>< A4IB8SFES CGF9@ 54A4?PAB7B

6;SF<S >BBD8<A4F C<>E9?9=, ;A4K9A<S 6 >BFBDOI CD98EF46?SRF EB­

5B= ?B>4?PAO9 @4>E<@G@O.

�BCB?A<F9?PAB EFB<F ;4@9F<FP, KFB 6OIB8O F4><I E9F9= CB;­

6B?SRF <E>4FP A9 B8<A @4>E<@G@ A4 D9;G?PF<DGRM9= >4DF9 CD<­

;A4>B6, 4, 6BB5M9 7B6BDS, E>B?P>B G7B8AB <, F9@ E4@O@, CB?GK4FP

A45BD 4?PF9DA4F<6 E <I GE?B6AB= G69D9AABEFPR, F.9. E9F< B59<I 4DI<­

F9>FGD CD<7B8AO 8?S CB<E>4 @AB:9EF69AAOI FBK9> EIB84 6 D4@>4I

D9L49@B= ;484K<.

&D9F<= 64D<4AF – E9@4AF<K9E>4S E97@9AF4J<S <;B5D4:9A<=,

F.9. >?4EE<H<>4J<S >4:8B7B C<>E9?S CB CD<;A4>G CD<A48?9:ABEF<

FB@G <?< <AB@G B5N9>FG. !4<5B?99 >4K9EF69AAO9 D9L9A<S CB8B5AB=

;484K< CB>4;O64RF U-Net-CB8B5AO9 E9F<, AB @O CDB89@BAEFD<DG­

9@, KFB <ECB?P;B64A<9 HoughEncoder E9F< ;89EP CB;6B?S9F EGM9­

EF69AAB G?GKL<FP D4;?<KAO9 >4K9EF64 <FB7B6B7B D9L9A<S, F4><9

>4> >B?<K9EF6B B5GK49@OI C4D4@9FDB6, >4K9EF6B D45BFO. � 84AAB@

E?GK49 6OIB8B@ E9F< S6?S9FES 86G@9DA4S @AB7B>4A4?PA4S >4DF4

CD<;A4>B6 6 >4:8B@ C<>E9?9 >BFBDB= A4IB8<FES D4ECD989?9A<9

CE968B69DBSFABEF9= CD<A48?9:ABEF< 84AAB7B C<>E9?S > EBBF69F­

EF6GRM9@G >?4EEG.

3.1 #B?ABE6S;A4S E9FP EB E?BS@< �#)

�?S D9L9A<S ;484K< ?B>4?<;4J<< FBK>< EIB84 6AGFD< <;B5­

D4:9A<S >?4EE<K9E><= 4?7BD<F@ F4>:9 EB89D:<F 6 E959 86B=AB9
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CD9B5D4;B64A<9 )4H4. � BF?<K<9 BF CB<E>4 6A9LA9= FBK>< EIB84,

6FBDB9 CD9B5D4;B64A<9 )4H4 89?49FES CB CD9<@GM9EF69AAB 7BD<­

;BAF4?PAO@ CDS@O@. �4?99, 8?S ?B>4?<;4J<< B5N9>F4 E ;484AAB=

FBKABEFPR @B:AB D4;5<FP D9;G?PF<DGRM99 <;B5D4:9A<9 A4 D9­

L9F>G E EBBF69FEF6GRM<@ >B?<K9EF6B@ SK99>. �E?< 7B6BD<FP CDB

CBEFDB9A<9 A9=DBE9F96B7B 4?7BD<F@4, FB 8?S QFB7B E?GK4S @B:AB 6

>BA9J A9=DBAAB= E9F< 8B546<FP CB?ABE6S;AO9 E?B<, 789 >B?<K9EF6B

6OIB8B6 CBE?98A97B CB?ABE6S;AB7B E?BS 8B?:AB EB6C484FP E >B?<­

K9EF6B@ SK99> D9L9F><. � F4>B@ E?GK49 QFG E9FP @B:AB GK<FP >4>

>?4EE<H<>4FBD: BA4 8B?:A4 >?4EE<H<J<DB64FP 6IB8AO9 <;B5D4:9­

A<S CB AB@9DG SK9=><, 6 >BFBDGR CBC4849F FBK>4 EIB84.

�4AAO= CB8IB8 S6?S9FES E4@B= CDBEFB= 484CF4J<9= <ECB?P;B­

64A<S A9=DBAAB= E9F< E �#) > ;484K9 CB<E>4 6AGFD9AA<I FBK9>

EIB84 < <@99F DS8 E9DP9;AOI A98BEF4F>B6 [72]. !4?<K<9 CB?­

ABE6S;AOI E?B96 CD<6B8<F > B7DB@AB@G >B?<K9EF6G B5GK49@OI

C4D4@9FDB6, KFB CD<6B8<F >4> > G69?<K9A<R E4@B= E9F<, F4> < >

FD95B64A<R 5B?PL97B >B?<K9EF64 B5GK4RM<I 84AAOI. �B?99 FB7B,

F4>4S E9FP 5G89F <@9FP E>?BAABEFP C9D9B5GK4FPES A4 CB;<J<SI, >B­

FBDOI CD98EF46?9AB 5B?PL9, 4 6 E<?G EC9J<H<>< A9>BFBDOI ;484K

8<E54?4AE 6 84AAOI 6CB?A9 6B;@B:9A. &4>, A4CD<@9D, CD< CB<E>9

FBK>< EIB84 A4 8BDB79 BA4 5G89F K4M9 5?<:9 > E9D98<A9 <;B5D4:9­

A<S. �BCB?A<F9?PAO9 CDB5?9@O 6B;A<>4RF <;-;4 A4?<K<S SK99>:

K9@ <I 5B?PL9, F9@ 5B?PL9 B5GK49@OI C4D4@9FDB6 6 E9F< < 6OL9

L4AE A4 BL<5>G, 4 K9@ <I @9APL9, F9@ A<:9 FBKABEFP CD46<?P­

AB7B BF69F4.

&9@ A9 @9A99, F4>4S 4DI<F9>FGD4 5G89F D4EE@BFD9A4 6 Q>EC9D<­

@9AF4I 6 >4K9EF69 EF4DFB6B= FBK>< 8?S A9>BFBDOI ;484K < CB;6B?<F

CDB<;69EF< >BDD9>FAB9 ED46A9A<9 E G:9 BCG5?<>B64AAO@< D9;G?P­

F4F4@<.
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3.2 �DI<F9>FGD4 )4HA9F

%D98< ;484K CB<E>4 FBK9> EIB84 CB<E> 6A9LA9= FBK>< EIB84

S6?S9FES 64:AO@ K4EFO@ E?GK49@. &4>4S ;484K4 K4EFB 6B;A<>4­

9F CD< 4A4?<;9 79B@9FD<K9E><I FD9I@9DAOI EJ9A CB 86G@9DAO@

<;B5D4:9A<S@ (HBFB7D4H<S@), A4CD<@9D, CD< 6BEEF4AB6?9A<< 79B­

@9FD<K9E>B= EI9@O 6 FD9I@9DAB@ CDBEFD4AEF69 6 7BDB84I <?< CD<

CB<E>9 BD<9AF4J<< 8B>G@9AF4 8?S 97B CBE?98GRM97B 6OCD46?9­

A<S. &.9. 8?S A4IB:89A<S 6BB5D4:49@OI FBK9>, 6 >BFBDOI 5O

C9D9E9>?<EP CDS@O9. A4 >BFBDOI ?9:4F CDBF<6BCB?B:AO9 EFBDB­

AO 8B>G@9AF4. "EB59AABEFPR F4><I FBK9> S6?S9FES FB, KFB BA<

BK9AP K4EFB A4IB8SFES 84?9>B ;4 CD989?4@< <;B5D4:9A<S (6C?BFP

8B 59E>BA9KABEF<) <, E?98B64F9?PAB, CDBEFO@< @9FB84@< B5D45BF­

>< <;B5D4:9A<= <I A9 A4=F<. �?S D9L9A<S QFB= ;484K< A9B5IB8<@

4?7BD<F@, ECBEB5AO= D9L4FP QFG CDB5?9@G.

)BFS 4DI<F9>FGD4 E CB?ABE6S;AO@ E?B9@ A4 >BAJ9, >4> BC<E4­

AB 6 CD98O8GM9= E9>J<<, < ECBEB5A4 D9L4FP ;484KG, BA4, >4> G:9

5O?B E>4;4AB D4A99, B5?4849F DS8B@ EGM9EF69AAOI D4;ABDB8AOI

A98BEF4F>B6. �BCB?A<F9?PAB > A<@, F4>4S 4DI<F9>FGD4 A9 CB8D4;G­

@9649F A<>4>B= ;46<E<@BEF< @9:8G BF69F4@< 6 EBE98A<I C<>E9?SI,

KFB CDBF<6BD9K<F CD<DB89 ;484K<.

� >4K9EF69 D4;6<F<S 4DI<F9>FGDO @B:AB BF>4;4FPES BF CB?AB­

E6S;AOI E?B96. �DI<F9>FGD4, CD<6989AA4S 6 &45?<J9 2, @B:9F 5OFP

<ECB?P;B64A4 8?S ;484K< CB<E>4 A9EB5EF69AAOI FBK9> EIB84 [73].

#D98EF46?9AA4S 4DI<F9>FGD4 A9=DBAAB= E9F< BEAB64A4 A4

<ECB?P;B64A<< E?BS 5OEFDB7B CD9B5D4;B64A<S )4H4, >BFBDO= C9­

D96B8<F >4DFO CD<;A4>B6 <; (x,y) >BBD8<A4F 6 (s,t). &4> >4> 6

D4EE@4FD<649@B@ E?GK49 QFBF E?B= S6?S9FES ?<A9=AO@ BC9D4FB­

DB@, FB B5D4FAB9 D4ECDBEFD4A9A<9 7D48<9AF4 K9D9; A97B @B:9F 5OFP

6OCB?A9AB CGF9@ FD4AECBA<DB64A<S @4FD<JO BC9D4FBD4. �4:AO@

H4>FB@ S6?S9FES FB, KFB 8B546?9A<9 F4>B7B E?BS A9 G69?<K<649F

>B?<K9EF6B B5GK49@OI C4D4@9FDB6 6 E9F<, 4 ?<LP CB;6B?S9F 9= D4­

5BF4FP E CD<;A4>4@< 6 8DG7B@ CDBEFD4AEF69.
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Òàáëèöà 2 � Àðõèòåêòóðà Õàôíåò

%?B<

# Òèï Ïàðàìåòðû Ôóíêöèÿ

àêòèâàöèè

1 ñâåðò 12 ôèëüòðû 5×5, øàã 1×1, áåç ðàñøèðåíèÿ relu

2 ñâåðò 12 ôèëüòðû 5×5, øàã 2×2, áåç ðàñøèðåíèÿ relu

3 ñâåðò 12 ôèëüòðû 5×5, øàã 1×1, áåç ðàñøèðåíèÿ relu

4 ÁÏÕ H12 äëÿ âåðòèêàëüíûõ, H34 äëÿ ãîðèçîí�

òàëüíûõ

-

5 ñâåðò 12 ôèëüòðû 3×9, øàã 1×1, áåç ðàñøèðåíèÿ relu

6 ñâåðò 12 ôèëüòðû 3×5, øàã 1×1, áåç ðàñøèðåíèÿ relu

7 ñâåðò 12 ôèëüòðû 3×9, øàã 1×1, áåç ðàñøèðåíèÿ relu

8 ñâåðò 12 ôèëüòðû 3×5, øàã 1×1, áåç ðàñøèðåíèÿ relu

9 ÁÏÕ H34 -

10 ñâåðò 16 ôèëüòðû 5×5, øàã 3×3, áåç ðàñøèðåíèÿ relu

11 ñâåðò 16 ôèëüòðû 5×5, øàã 3×3, áåç ðàñøèðåíèÿ relu

12 ñâåðò 1 ôèëüòðû 5×5, øàã 1×1, áåç ðàñøèðåíèÿ 1− rbf

�ECB?P;GS HBD@G?O 2.5, 2.6, 2.4, @B:AB 6OK<E?<FP ;46<­

E<@BEFP @9:8G >BBD8<A4F4@< FBK9> < >BBD8<A4F4@< E97@9AFB6

CDS@OI @9:8G 6IB8AO@< < D9;G?PF<DGRM<@< >4DF4@< CD<;A4>B6.

�4:84S FBK>4 A4 6IB8AB= >4DF9 CD<;A4>B6 C9D9IB8<F 6 D4;?<KAO9

E97@9AFO 8?S H12 < H34. �E?< FBK>4 A4 <EIB8AB= >4DF9 CD<;A4>B6

;484A4 >BBD8<A4F4@< (x,y), FB >BBD8<A4FO D9;G?PF<DGRM<I E97@9A­

FB6 @B7GF 5OFP 6OK<E?9AO E CB@BMPR E?98GRM<I HBD@G?:





s = x +
(α− h)y

h
+ dv(α)

α = [0; 2h− 1]
(3.1)





s = y −
(α− w)x

w
+ dh(α)

α = [0; 2w − 1]
(3.2)
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�ECB?P;GS GD46A9A<S 2.6, 2.5, 2.4, 3.1, 3.2 6B;@B:AB 6O69EF<

GD46A9A<S 8?S ;46<E<@BEF< >BBD8<A4F FBK>< 6 <EIB8AB@ CDBEFD4A­

EF69 < 6 CDBEFD4AEF69 86B=AB7B CD9B5D4;B64A<S )4H4 Hm(Hn):





s′ =
3h

2
+

4hx− w(2y + h)

2(h− 2y)

α
′ =

(2y + h)(w + h)

2y − h

(3.3)





s′ =
3w

2
+

4wy + h(2x− 3w)

2(2x− w)

α
′ =

(2x− 3w)(w + h)

2x− w

(3.4)

'D46A9A<9 3.3 EBBF69FEF6G9F CD9B5D4;B64A<R H34(H12), 4 GD46­

A9A<9 3.4 – H34(H34).

#D< <;69EFAOI s′ < α
′ @B:AB 6OK<E?<FP >BBD8<A4FO FBK><

A4 <EIB8AB@ <;B5D4:9A<< (>BBD8<A4FA4S E<EF9@4 >BFBDB7B CB8­

69D7?4EP 86B=AB@G CD9B5D4;B64A<R )4H4) E CB@BMPR E?98GRM<I

GD46A9A<= 8?S H34(H12) < H34(H34) EBBF69FEF69AAB:





x =
α
′w + (3h− 2s′)(w + h)

2(α′ − (w + h))

y =
h(α′ + w + h)

2(α′ − (w + h))

(3.5)





x =
w(α′ − 3(w + h))

2(α′ − (w + h))

y =
α
′h + (3w − 2s′)(w + h)

2(α′ − (w + h))

(3.6)
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3.3 �DI<F9>FGD4 )4HQA>B89D

�DI<F9>FGD4, BC<E4AA4S 6 E9>J<< 3.2, S6?S9FES GA<69DE4?PAB=

< ECBEB5A4 A4IB8<FP 6 FB@ K<E?9 < EB5EF69AAO9 FBK>< EIB84, AB 8B­

6B?PAB E?B:A4. � E?GK49, >B784 <;69EFAB, KFB FBK>4 EIB84 A4IB8<FES

6AGFD< <;B5D4:9A<S, @B:AB E89?4FP CDBM9, F4> >4> A9F A9B5­

IB8<@BEF< C4D4@9FD<;B64FP 6ER 59E>BA9KAGR C?BE>BEFP. �4@9A4

6FBDB7B CD9B5D4;B64A<S )4H4 A4 FD4AECBA<DB64AAB9 CD<6989F > FB­

@G, KFB E9FP EF4A9F CB?ABE69DFBKAO@ QA>B89DB@, 6O84RM<@ BF69F

6 F9I :9 >BBD8<A4F4I, KFB < 6IB8AB9 <;B5D4:9A<9, AB EBID4A<F ECB­

EB5ABEFP BC9D<DB64FP <AF97D4?PAO@< CD<;A4>4@<. �DI<F9>FGDG,

CBEFDB9AAB@G CB F4>B@G CD<AJ<CG, 5G89@ A4;O64FP )4HQA>B89­

DB@ [74]. �DB@9 QFB7B, F4>4S 4DI<F9>FGD4 ECBEB5A4 D9L4FP ;484KG

>?4EE<H<>4J<< C<>E9?9= 6IB8AB7B <;B5D4:9A<S <, E?98B64F9?PAB,

@B:9F 5OFP CD<@9A<@4 8?S D9L9A<S ;484K< E9@4AF<K9E>B= E97@9A­

F4J<<. � B5M<I K9DF4I 4DI<F9>FGD4 F4>B= E9F< CD98EF46?9A4 A4

D<EGA>9 3.1.

�ECB?P;B64AAO= 6 D45BF9 CD<@9D F4>B= 4DI<F9>FGDO CB8DB5­

AB BC<E4A 6 F45?<J9 3. (GA>J<S 4>F<64J<< softsign <ECB?P;B64?4EP

6 E<?G 99 CDBEFBFO, 69;89 A9AG?96B= CDB<;6B8AB= < B7D4A<K9AAB­

EF< 6OIB8AB7B ;A4K9A<S. ,47 0.5 × 0.5 B;A4K49F, KFB 84AAO= E?B=

S6?S9FES E69DFBKAO@ E?B9@ EC9J<4?PAB7B 6<84, CD<@9A9A<9 >BFB­

DB7B CD<6B8<F > >D4FAB@G G69?<K9A<R D4;@9D4 >4DF CD<;A4>B6.

&4><9 E?B< A4;O64RF “4C>BA6B?RJ<9=”, “89>BA6B?RJ<9=” [75] <?<

84:9 “FD4AECBA<DB64AAB= E69DF>B=” [76]. �EFP A9>BFBDO9 D4;?<K<S

6 FB@, >4><@ >BA>D9FAB B5D4;B@ BA< G69?<K<64RF D4;@9D <;B5D4­

:9A<S, AB EGFP G A<I B8A4: E89?4FP <;B5D4:9A<9 5B?PL97B D4;@9D4

<, CB 6B;@B:ABEF<, CB846<FP 4DF9H4>F “L4I@4FAB= 8BE><”.

� 84AAB= >BA>D9FAB= 4DI<F9>FGD9 CSFO= E?B= 6OCB?AS9F CD9­

B5D4;B64A<9 E<EF9@O >BBD8<A4F A4 >4DF4I CD<;A4>B6 EB7?4EAB

GD46A9A<S@ 2.5 < 2.6, 4 E?B= 10 CDB<;6B8<F FD4AECBA<DB64AAB9

CD9B5D4;B64A<9 )4H4 <, F9@ E4@O@, 6B;6D4M49F >BBD8<A4FAGR E<­

EF9@G B5D4FAB <; (s, t) 6 (x, y). %?B< 6, 7, 8, 9, 6 <FB79, D45BF4RF
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Ðèñóíîê 3.1 � Àðõèòåêòóðà Õàôýíêîäåðà â îáùèõ ÷åðòàõ. Áëîêè 1 è 7 - âõîä è

âûõîä ñîîòâåòñâåííî. Áëîê 2 - ñâåðòî÷íûå ñëîè, ðàáîòàþùèå ñ èñõîäíûì èçîá�

ðàæåíèåì. Áëîêè 3 è 5 ñëîè ïðÿìîãî è òðàíñïîíèðîâàííîãî ÁÏÕ. Áëîê 4 -

ñâåðòî÷íûå ñëîè, ðàáîòàþùèå â êîîðäèíàòàõ (s, t). Áëîê 6 - ñâåðòî÷íûé áëîê,

ðàáîòàþùèé â êîîðäèíàòàõ (x,y), íî óæå ñ ãëîáàëüíûìè ïðèçíàêàìè.

A4 >4DF4I CD<;A4>B6 6 >BBD8<A4F4I (s,t) < 6OK<E?SRF E?B:AO9

A9?<A9=AO9 CD<;A4>< CB D4;?<KAO@ ?<A9=K4FO@ EFDG>FGDAO@ Q?9­

@9AF4@ A4 6IB8AB@ <;B5D4:9A<<. !9E@BFDS A4 FB, KFB E4@< CB E959

QF< E?B< E69DFBKAO9 < D45BF4RF FB?P>B E ?B>4?PAO@< CD<;A4>4@<,

5?47B84DS E89?4AAB= FD4AEHBD@4J<< E<EF9@O >BBD8<A4F BA< CB EG­

F< D45BF4RF G:9 E <AF97D4?PAO@< CD<;A4>4@< 68B?P D4;?<KAOI

CDS@OI ?<A<= A4 <EIB8AB@ <;B5D4:9A<<. �DB@9 QFB7B, EGM9EF6G­

RF D45BFO, CB>4;O64RM<9, KFB B>BAAO9 BC9D4J<< A9B5IB8<@O 6

FB@ E?GK49, >B784 84AAO9 ;4LG@?9AO < EB89D:4F 6 E959 ?B:AO9

CD<@9DO [32]. �B 6E9I E69DFBKAOI E?BSI <ECB?P;B64?BEP D4EL<D9­

A<9 >4DF CD<;A4>B6 (C488<A7) 6 D9:<@9 BFD4:9A<S 8?S EBID4A9A<S

D4;@9DB6 < <;59:4A<S CBS6?9A<S ?B:AOI 7D4A<J A4 >D4SI. � <FB79,

CD< B5D45BF>9 <;B5D4:9A<S A9=DBAAB= E9FPR F4>B= 4DI<F9>FGDO

D4;@9D 6OIB8AOI >4DF CD<;A4>B6 EBBF69FEF6G9F D4;@9DG 6IB8AOI,
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Òàáëèöà 3 � Àðõèòåêòóðà íåéðîííîé ñåòè Õàôýíêîäåð

# Òèï Ïàðàìåòðû Ôóíêöèÿ àêòèâàöèè

1 ñâåðò 4 ôèëüòðû 3× 3, øàã 1× 1 softsign

2 ñâåðò 8 ôèëüòðû 3× 3, øàã 2× 2 softsign

3 ñâåðò 16 ôèëüòðû 3× 3, øàã 2× 2 softsign

4 ñâåðò 16 ôèëüòðû 3× 3, øàã 1× 1 softsign

5 ÁÏÕ � �

6 ñâåðò 16 ôèëüòðû 3× 3, øàã 1× 1 softsign

7 ñâåðò 16 ôèëüòðû 3× 3, øàã 1× 1 softsign

8 ñâåðò 16 ôèëüòðû 3× 3, øàã 1× 1 softsign

9 ñâåðò 16 ôèëüòðû 3× 3, øàã 1× 1 softsign

10 ÒÁÏÕ � �

11 ñâåðò 8 ôèëüòðû 3× 3, øàã 0.5× 0.5 softsign

12 ñâåðò 4 ôèëüòðû 3× 3, øàã 0.5× 0.5 softsign

13 ñâåðò 4 ôèëüòðû 3× 3, øàã 1× 1 softsign

14 ñâåðò 2 ôèëüòðû 3× 3, øàã 1× 1 softmax

4 E4@4 E9FP, E?98B64F9?PAB, @B:9F 5OFP <ECB?P;B64A4 >4> 46FB­

QA>B89D. � FB :9 6D9@S, 5?47B84DS CD<EGFEF6<R E?B96 CDS@B7B

< FD4AECBA<DB64AAB7B CD9B5D4;B64A<= )4H4, D9;G?PF4F 6 >4:8B=

FBK>9 D4EK<FO649FES <EIB8S A9 <; A9>BFBDB7B CDS@BG7B?PAB7B D9­

J9CF<6AB7B B>A4 (>4> 8?S EF4A84DFAOI CB?ABE69DFBKAOI E9F9=), 4

<EIB8S <; ?<A9=K4FOI CD<;A4>B6, EB5D4AAOI CB8 D4;?<KAO@< G7­

?4@< < E D4;?<KAO@< E86<74@<. � D9;G?PF4F9, D9J9CF<6AB9 CB?9

E9F< E<?PAB BF?<K49FES BF FB7B, >BFBDB9 A45<D49FES <@9RM<@<ES

E69DFBKAO@< E?BS@<.

�?47B84DS F4>B= 4DI<F9>FGD9, CD<;A4>< 6 ED98A9@ 5?B>9 E?B­

96 )4HQA>B89D4 6O7?S8SF EB69DL9AAB A9 F4>, >4> 6 EF4A84DFAOI

CB?ABE69DFBKAOI 4DI<F9>FGD4I. �E?< 6 E9FSI F4><I 4DI<F9>FGD,

>4> UNet, 6IB8AB9 <;B5D4:9A<9 FD4AEHBD@<DG9FES 6 BF69F BFAB­

E<F9?PAB @BABFBAAB, 6 )4HQA>B89D9 6E9 <A4K9: 9EFP FD< 5?B>4

E?B96, D4;89?9AAOI E?BS@< 5OEFDB7B CD9B5D4;B64A<S )4H4, >B­

FBDO9 6OCB?ASRF CD<AJ<C<4?PAB D4;AO9 DB?<. !4 D<EGA>9 3.2

CB>4;4A4 ED46A<F9?PA4S FD4AEHBD@4J<S CD<;A4>B6 6 CD98?B:9A­
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Ðèñóíîê 3.2 � Òðàíñôîðìàöèÿ ïðèçíàêîâ â Õàôýíêîäåðå è â UNet.

AB= E9F< < 6 E9F< 4DI<F9>FGDO UNet. %A<;G A4IB8SFES >4DFO

CD<;A4>B6, 6;SFO9 <; E?B96 )4HQA>B89D4: 6IB8AB9 <;B5D4:9A<9,

>4DFO CD<;A4>B6 C9D98 E?B9@ CDS@B7B CD9B5D4;B64A<S, >4DFO CD<­

;A4>B6 CBE?9 E?BS CDS@B7B CD9B5D4;B64A<S, >4DFO CD<;A4>B6 C9D98

E?B9@ FD4AECBA<DB64AAB7B CD9B5D4;B64A<S, >4DFO CD<;A4>B6 CBE?9

E?BS FD4AECBA<DB64AAB7B CD9B5D4;B64A<S < D9;G?PF4F. %69DIG CB­

>4;4A4 FD4AEHBD@4J<S CD<;A4>B6 6 >?4EE<K9E>B= CB?ABE69DFBKAB=

E9F<.  B:AB 6<89FP, KFB 6 )4HQA>B89D9 CDB<EIB8<F C9D9IB8 6 (s,t)
>BBD8<A4FO, 4 CBFB@ 6BEEF4A46?<649FES <EIB8A4S EFDG>FGD4. &4­

><@ B5D4;B@, QF4 E9FP ECBEB5A4 <ECB?P;B64FP 7?B54?PAO9 CD<;A4><

8?S CBEFDB9A<S BF69F4 6 >4:8B= ?B>4?PAB= FBK9>.

3.4 �EE?98B64A<9 6B;@B:ABEF9= )4HQA>B89D4

� C4D47D4H9 2.1 CD<6B8<?BEP D4EEG:89A<9, EB7?4EAB >BFBDB­

@G <ECB?P;B64A<9 <AF97D4?4 BF B8AB@9DAB= HGA>J<< CB;6B?S9F

D9L<FP CDB5?9@G B7D4A<K9AABEF< D9J9CF<6AB7B CB?S 8?S A9>BFB­

DOI ;484K. % FBK>< ;D9A<S D9J9CF<6AB7B CB?S CB?GK49FES, KFB 6

>4:8B= FBK>9 <AF97D4?4 D9J9CF<6AB9 CB?9 – <AF9D64? BF A4K4?4 8B

6;SFB= FBK><. � E?GK49 �#) >4:84S FBK>4 QFB EG@@4 ;A4K9A<= 6B

6E9I C<>E9?SI, ?9:4M<I A4 A9>BFBDB= CDS@B=. &4><@ B5D4;B@, D9­
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Ðèñóíîê 3.3 � Ïðèìåðû êîíòóðîâ äëÿ ýêñïåðèìåíòîâ.

Ðèñóíîê 3.4 � Ïðèìåðû èäåàëîâ äëÿ êîíòóðîâ ñ èçîáðàæåíèÿ 3.3.

J9CF<6AB9 CB?9 >4:8B= FBK>< CBE?9 �#) – QFB <AF9D64? BF A4K4?4

8B >BAJ4. �E?< 5O D4EE@4FD<649@4S B5?4EFP A9 5O?4 B7D4A<K9A4,

@B:AB 5O?B 5O 7B6BD<FP, KFB 8?S <AF97D4?4 D9J9CF<6AB9 CB?9 –

?GK, 4 8?S CD9B5D4;B64A<S )4H4 – CDS@4S.

$4EE@BFD<@ 86G@9DAO= E?GK4=: CGEFP 84A >BAFGD 6OCG>?B7B

K9FOD9IG7B?PA<>4, >4> CB>4;4AB A4 D<EGA>9 3.3. #BEF46<@ C9D98

A9=DBAAB= E9FPR E?98GRMGR ;484KG: A9B5IB8<@B ;4>D4E<FP 6AGF­

D9AARR K4EFP K9FOD9IG7B?PA<>4. �?S QFB7B > >4:8B= <; F4>B=

>4DF<AB> E89?49@ <894? 6 6<89 F4>B7B :9 K9FOD9IG7B?PA<>4, AB

FB?P>B ;4>D4L9AAB7B. #D<@9DO <894?B6 8?S F9I :9 K9FOD9IG7B?P­

A<>B6 CDB89@BAEFD<DB64AO A4 D<EGA>9 3.4.

"K96<8AB, KFB 8?S CD<ASF<S D9L9A<S, A4IB8<FES ?< >4:84S

6;SF4S FBK>4 6AGFD< K9FOD9IG7B?PA<>4 <?< EA4DG:<, 8?S 6OIB8­

AB7B A9=DBA4 A9B5IB8<@B <@9FP D9J9CF<6AB9 CB?9 8BEF4FBKAB7B

D4;@9D4. �98P 9E?< FBK>4 K9DA4S, 4 6 99 D9J9CF<6AB9 CB?9 A9 CBC4?<



70

Ðèñóíîê 3.5 � Îòâåòû ïîëíîñâåðòî÷íîé ñåòè äëÿ èçîáðàæåíèé 3.3.

Ðèñóíîê 3.6 � Îòâåòû Õàôýíêîäåðà äëÿ èçîáðàæåíèé 3.3.

A<>4><9 7D4A<JO, FB CDBEFB A9F 6B;@B:ABEF< E89?4FP 6O6B8 B 99

@9EFBA4IB:89A<<. �?S <??REFD4J<< QFB7B 5O?4 B5GK9A4 B5OKA4S

CB?ABE69DFBKA4S E9FP E A95B?PL<@ D9J9CF<6AO@ CB?9@, >BFBD4S,

B:<849@B, A9 E@B7?4 D9L<FP ;484KG. !4 6OIB89 F4>B= E9F< 5O?<

CB?GK9AO <;B5D4:9A<S, >4> CB>4;4AB A4 D<EGA>9 3.5.

&9C9DP 8B546<@ 6 84AAGR A9=DBAAGR E9FP E?B= CDS@B7B �#)

(8?S FD4AEHBD@4J<< D9J9CF<6AB7B CB?S) CBE?9 C9D6B7B E69DFBKAB­

7B E?BS < E?B= FD4AECBA<DB64AAB7B �#) (8?S FB7B, KFB5O CB?GK<FP

6OIB8 6 >BBD8<A4F4I (x, y), 4 A9 (s, t)) CBE?9 K9F69DB7B E69DFBKAB­

7B E?BS. !9E@BFDS A4 FB, KFB >B?<K9EF6B B5GK49@OI C4D4@9FDB6 A9

<;@9A<?BEP, D9J9CF<6AB9 CB?9 6OIB8AOI A9=DBAB6 EF4?B CD<AJ<­

C<4?PAB <AO@. &9C9DP A4 >4:8GR FBK>G 6OIB84 @B:9F CB6?<SFP

?R54S FBK>4 6IB84, < ;484K4 CB ;4>D4L<64A<R K9FOD9IG7B?PA<>4

8?S A9=DBAAB= E9F< EF4AB6<FES D9L49@B=. #D<@9DO BF69FB6 F4>B=

E9F< CB>4;4AO A4 D<EGA>9 3.6.
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3.5 �?<SA<9 E?BS CD9B5D4;B64A<S )4H4 A4 FD95G9@B9 >B?<K9EF6B

BC9D4J<=

"F89?PAB D4EE@BFD<@ 6OK<E?<F9?PAGR E?B:ABEFP CD98?4­

749@OI E?B96 6 ED46A9A<< E 8DG7<@< E?BS@< A9=DBAAB= E9F<.

�B?<K9EF6B FD95G9@OI BC9D4J<= - O(cs2 log s), 789 c – >B?<K9EF6B
>4A4?B6 <;B5D4:9A<S, s – ?<A9=AO= D4;@9D <;B5D4:9A<S. �?S

E69DFBKAB7B E?BS FD95G9FES CBDS8>4 O(cs2f 2m) BC9D4J<=, 789 f

– ?<A9=AO= D4;@9D H<?PFD4, m – >B?<K9EF6B H<?PFDB6. %BBFAB­

L9A<9 @9:8G 6OK<E?<F9?PAO@< E?B:ABEFS@< E69DFBKAB7B < �#)

E?B96 D46AB f2m
log s. %?98B64F9?PAB, 8B546?9A<9 E?BS 5OEFDB7B CD9B5D4­

;B64A<S )4H4 6ABE<F A95B?PLB= 6>?48 6 E?B:ABEFP E9F<, >BFBDO=

F9@ @9APL9, K9@ E?B:A99 E69DFBKA4S K4EFP A9=DBAAB= E9F<. "8A4>B

CD9B5D4;B64A<9 )4H4 CB 6E9@G 8<4C4;BAG G7?B6 G69?<K<649F C?B­

M48P >4DF CD<;A4>B6 CD<@9DAB 6 8 D4;, KFB, 59;GE?B6AB, E>4:9FES

A4 6D9@9A< 6OCB?A9A<S E69DFBKAOI E?B96 CB A<@. �?S D9L9A<S

QFB= CDB5?9@O ;4C?4A<DB64AB <EE?98B64A<9, E6S;4AAB9 E CD9B5D4­

;B64A<9@ CD<;A4>B6, CB?GK9AAOI E CB@BMPR E?B96 �#) <; (s,t)

>BBD8<A4F 6 (ρ,ϕ) >BBD8<A4FO, >BFBDB9 CB;6B?<?B 5O ;484FP L47

E86<74 < G7?4 < CB8B5D4FP BCF<@4?PAO= D4;@9D >4DF CD<;A4>B6.

1FB <EE?98B64A<9 6 8<EE9DF4J<R A9 6IB8<F.

3.6 #9D9ABE ;A4A<=

�A<@4F9?PAB9 <;GK9A<9 E6B=EF6 >4DF CD<;A4>B6 CBE?9 E?BS

CDS@B7B �#) CB;6B?S9F ;4@9F<FP, KFB 8?S K9?B69>4 BA< 6<;G4?P­

AB A9D4;?<K<@O CD< D9L9A<< EIB:<I ;484K A4 84AAOI D4;?<KAB=

CD<DB8O [77]. &4>4S 7<CBF9;4 IBDBLB EB7?4EG9FES E 4A4?B7<KAO@

6BCDBEB@ CD< D9L9A<< ;484K< <A:9A9DAO@ 4?7BD<F@B@: CBE?9 C9D­

6B7B �#), 9E?< @O, A4CD<@9D, <M9@ A9EB5EF69AAGR FBK>G EIB84,

A4 >4DF9 CD<;A4>B6 A4IB8SFES C<>< <AF9AE<6ABEF< 6 @9EF4I, EBBF­
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69FEF6GRM<I D4;?<KAO@ CDS@O@ A4 <EIB8AB@ <;B5D4:9A<<, 4 E4@

ECBEB5 CB?GK9A<S QF<I CDS@OI G:9 A9 <7D49F DB?<, F.9. CB?GK4­

9FES, KFB, <;6?9>4S <; D4;AOI 84AAOI CDS@O9 D4;AO@ ECBEB5B@,

A4 CB?GK9AAOI CD<;A4>4I FBK>G EIB84 @B:AB 84?99 <E>4FP B5M<@

4?7BD<F@B@.

�B;6D4M4SEP > A9=DBAAB= E9F< EB E?BS@< �#), @B:AB CD98­

CB?B:<FP, KFB 5B?PL4S K4EFP <AHBD@4J<<, >BFBD4S EC9J<H<KA4

8?S >BA>D9FAOI 84AAOI, 6O89?S9FES <@9AAB C9D6O@ 5?B>B@ E69D­

FB>, 4 BEF4?PA4S K4EFP E9F< G:9 D45BF49F A4 CD<;A4>4I 5B?99

6OEB>B7B GDB6AS <, A4 E4@B@ 89?9, B CD<DB89 84AAOI A<K97B <

A9 ;A49F. #B?GK49FES, KFB 9E?< D9L4FP EIB:<9 ;484K< (A4CD<@9D,

CB<E> A9EB5EF69AAB= FBK>< EIB84) A4 84AAOI D4;AB= CD<DB8O, FB

@B:AB 8?S D4;AOI 84AAOI CBEFDB<FP D4;AO9 A45BDO E69DFB> 8?S

C9D6B7B 5?B>4 E9F<, 4 84?PA9=L<9 E?B< B5GK4FP G:9 A4 E@9L4AAOI

84AAOI, F9@ E4@O@ G69?<K<6 B5GK4RMGR 6O5BD>G < 99 B5MABEFP

CGF9@ C9D9ABE4 ;A4A<= <; B8AB7B 8B@9A4 84AAOI 6 8DG7B=.

�?S CDB69D>< QFB= 7<CBF9;O CDB6989@ E9D<R Q>EC9D<@9AFB6

CB CB<E>G A9EB5EF69AAB= FBK>< EIB84, 4 6 >4K9EF69 86GI 8B@9AB6

84AAOI 6B;P@9@ <;B5D4:9A<S 8B>G@9AFB6 < <;B5D4:9A<S 8BDB7 E

6<89BD97<EFD4FBDB6. &4> >4> 6B 6FBDB@ A45BD9 84AAOI FBK>4 EIB84

EB5EF69AA4S, FB BA< 5G8GF C9D989?4AO F4><@ B5D4;B@, KFB5 BA4 EF4­

?4 6A9LA9=. %I9@4 C9D989?O64A<S 84AAOI <;B5D4:9A4 A4 D<EGA>9

3.7. %A4K4?4 A4IB8<FES CDS@BG7B?PA4S ;BA4 A4 <;B5D4:9A<<, 8?S

>BFBDB= <@9RM4SES FBK>4 EIB84 S6?S9FES 6A9LA9=, < CDB9>F<6AB

FD4AEHBD@<DG9FES > <EIB8AB@G D4;@9DG.

�?S 6E9I <;B5D4:9A<= 5O?4 EB;84A4 D4;@9F>4, EBEFBSM4S <;

A9E>B?P><I CDS@OI, B5D4;GRM<I <E>B@O= CGK9>. #D<@9DO >B@­

C?9>FB6 F4><I <;B5D4:9A<= 8?S 8B>G@9AFB6 (E69DIG) < 8BDB7

(EA<;G) CB>4;4AO A4 D<EGA>9 3.8. �E9 <;B5D4:9A<S <@9RF D4;@9D

300× 300, 4 FBK>4 EIB84 G84?9A4 BF >D4S A9 @9A99, K9@ A4 100 C<>­

E9?9=. � A45BD9 <;B5D4:9A<= E 8B>G@9AF4@< 6 B5M9= E?B:ABEF<

12800 <;B5D4:9A<=, 4 E 8BDB74@< 3800 <;B5D4:9A<=. 90% CBE?98A<I

6 84AAB= ;484K9 5G89@ D4EE@4FD<64FP J9?96O@ A45BDB@ 84AAOI, A4
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Ðèñóíîê 3.7 � Ñïîñîá ïåðåâîäà ñîáñòâåííîé òî÷êè ñõîäà â íåñîáñòâåííóþ äëÿ

èçîáðàæåíèé äîðîã.

Ðèñóíîê 3.8 � Ïðèìåðû èçîáðàæåíèé ñ ñîîòâåòñòâóþùåé ðàçìåòêîé äëÿ äîêó�

ìåíòîâ (ñâåðõó) è äëÿ äîðîã (ñíèçó).

>BFBDB@ A9B5IB8<@B D9L<FP ;484KG CB<E>4 69DF<>4?PAB= FBK>< EIB­

84, 4 10% 5G89@ <ECB?P;B64FP 8?S B5GK9A<S.

�?S D9L9A<S QFB= ;484K< 5O?4 EB;84A4 A9=DBAA4S E9FP A4

54;9 4DI<F9>FGDO )4HA9F, CB8DB5AB BC<E4AAB= 6 C4D47D4H9 3.2,

EBEFBSM4S <; FD9I 5?B>B6 E69DFBKAOI E?B96, D4;89?9AAOI E?BS@<

5OEFDB7B CD9B5D4;B64A<S )4H4 [73]. � QFB= E9F< 6 B5M9= E?B:AB­

EF< 3.1 × 104 B5GK49@OI C4D4@9FDB6, AB FB?P>B 7.5 × 103 <; A<I

A4IB8SFES 6 C9D6B@ 5?B>9 E69DFBKAOI E?B96.

"L<5>B= 6 84AAB@ E?GK49 5G89@ EK<F4FP BF>?BA9A<9 A4=­

89AAB= FBK>< EIB84 BF 99 <894?PAB= CB;<J<<. 'K<FO64S D4;@9D
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<;B5D4:9A<S < G84?9AABEFP FBK>< @B:AB 7B6BD<FP, KFB BL<5>4 6

15 C<>E9?9= S6?S9FES CD<9@?9@B=.

� <FB79 5O?B CDB6989AB FD< Q>EC9D<@9AF4. � C9D6B@ Q>EC9D<­

@9AF9 A9=DBAA4S E9FP B5GK4?4EP A4 B5GK4RM9= K4EF< <;B5D4:9A<=

8BDB7. �B 6FBDB@ Q>EC9D<@9AF9 E9FP GK<?4EP A4 <;B5D4:9A<SI 8B­

>G@9AFB6, 4 6 FD9FP9@ Q>EC9D<@9AF9 8?S CDB69D>< 7<CBF9;O B

6B;@B:ABEF< C9D9ABE4 ;A4A<= C4D4@9FDO 8?S 6FBDB7B < FD9FP97B

5?B>B6 E69DFBKAOI E?B96 5O?< 6;SFO <; E9F<, B5GK9AAB= A4 8B>G­

@9AF4I, 4 C4D4@9FDO C9D6B7B 5?B>4 5O?< 8BB5GK9AO A4 B5GK4RM9=

K4EF< <;B5D4:9A<= 8BDB7. $9;G?PF4FO D45BFO QF<I FD9I E9F9= A4

B5GK4RM9= < A4 F9EFB6B= K4EFSI A45BD4 84AAOI E 8BDB74@< E6989­

AO 6 F45?<J9 7.

Òàáëèöà 4 � Ñðàâíåíèå îøèáêè â òðåõ ýêñïåðèìåíòàõ

Ýêñïåðèìåíò Îøèáêà íà îáó÷àþùèõ äàííûõ Îøèáêà íà òåñòîâûõ äàííûõ

Ïåðâûé 14.8 17.2

Âòîðîé 24.2 23.8

Òðåòèé 15.3 12.6

!4<6AB9 B5GK9A<9 6E9= E9F< A4 10% 84AAOI, F.9. A4 380

<;B5D4:9A<SI (C9D6O= Q>EC9D<@9AF) B:<849@B A9 849F IBDBL97B

>4K9EF64, F4> >4> QFB7B BK9AP @4?B 8?S B5GK9A<S. �DB@9 QFB7B,

BL<5>4 A4 B5GK4RM9= K4EF< ;4@9FAB @9APL9, K9@ A4 F9EFB6B=, KFB

7B6BD<F B FB@, KFB E9FP C9D9B5GK<?4EP <;-;4 A98BEF4F>4 84AAOI.

%9FP, B5GK9AA4S J9?<>B@ A4 8B>G@9AF4I B:<849@B <@99F 6OEB­

>GR BL<5>G A4 B59<I K4EFSI A45BD4 84AAOI E 8BDB74@< (6FBDB=

Q>EC9D<@9AF). � 6BF 8BB5GK9A<9 ?<LP K4EF< E9F< A4 A95B?PLB@

>B?<K9EF69 D9?964AFAOI <;B5D4:9A<= (FD9F<= Q>EC9D<@9AF) 849F

@<A<@4?PAGR BL<5>G < A47?S8AB 89@BAEFD<DG9F H4>F C9D9ABE4

;A4A<= @9:8G 8B@9A4@< 84AAOI <;B5D4:9A<= 8B>G@9AFB6 < 8BDB7.
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3.7 $9;G?PF4FO 7?46O 3

� 84AAB= 7?469 D4;D45BF4AO 4DI<F9>FGDO A9=DBAAOI E9F9=, <E­

CB?P;GRM<I CD98?B:9AAO9 D4A99 E?B< CDS@B7B < FD4AECBA<DB64A­

AB7B 5OEFDB7B CD9B5D4;B64A<S )4H4. �?S >4:8B= <; 4DI<F9>FGD

BC<E4AO ECBEB5O 99 CD<@9A9A<S < E?GK4<, >B784 <@9AAB 99 CD<­

@9A9A<9 B5BEAB64AB, <EIB8S <; >BAH<7GD4J<< E?B96 < >B@5<A4J<<

CDS@B7B < FD4AECBA<DB64AAB7B 5OEFDB7B CD9B5D4;B64A<S )4H4.

1. #D98?B:9A4 4DI<F9>FGD4 )4HA9F, EB89D:4M4S 6 E959 69F6<

E CBE?98B64F9?PAO@< CDS@O@< 5OEFDO@< CD9B5D4;B64A<­

S@< )4H4, D4;89?9AAO@< E69DFBAKAO@< E?BS@<. &4>4S

4DI<F9>FGD4 E9F< CB;6B?S9F A4IB8<FP 6A9LA<9 FBK>< EIB84,

6 FB@ K<E?9 < 59E>BA9KAB G84?9AAO9 5?47B84DS CD<@9A9A<R

86GI CBE?98B64F9?PAOI 5OEFDOI CD9B5D4;B64A<= )4H4.

2. �?S 4DI<F9>FGDO )4HA9F D4;D45BF4A @9FB8 BFB5D4:9A<S

D9;G?PF4F4 A9=DBAAB= E9F< >BA9KAB7B D4;@9D4 A4 59E>B­

A9KAGR C?BE>BEFP, 6>?RK4RMGR <EIB8AB9 <;B5D4:9A<9, E

CB@BMPR >GEBKABCDB9>F<6AB7B CD9B5D4;B64A<S. �?46AO@

CD9<@GM9EF6B@ F4>B7B BFB5D4:9A<S S6?S9FES ECBEB5ABEFP

BC<EO64FP 59E>BA9KAB G84?9AAO9 FBK>< EIB84. �?47B84DS

QFB@G <I @B:AB B5D454FO64FP B5OKAO@< @9FB84@<.

3. #D98?B:9A4 4DI<F9>FGD4 )4HQA>B89D E BC<E4A<9@ 7D4A<J

CD<@9A<@BEF< < CD<AJ<C4 D45BFO. &4>4S E9FP CB;6B?S­

9F CB?GK<FP D9;G?PF4F 6 <EIB8AOI >BBD8<A4F4I, 5?47B84DS

6>?RK9A<R 6 E95S E?BS FD4AECBA<DB64AAB7B 5OEFDB7B CD9­

B5D4;B64A<S )4H4. &4>4S E9FP IBDBLB CB8IB8<F 8?S @AB7<I

;484K E9@4AF<K9E>B= E97@9AF4J<< < CB<E>4 6AGFD9AA<I FB­

K9> EIB84.

4. #B>4;4AB, KFB CD<;A4>< 6 CDBEFD4AEF69 (s, t) <@9RF B5­

M<= 6<8 8?S 6IB8AOI <;B5D4:9A<= D4;?<KAB= CD<DB8O, KFB

CB;6B?S9F D4EL<D<FP B5GK4RM<9 84AAO9 8?S >BA>D9FAB=

;484K< 84AAO@< <; 8DG7<I B5?4EF9=. &4>:9 QFB CB;6B?S9F

<ECB?P;B64FP C9D9ABE ;A4A<=, A4>BC?9AAOI 6 CBE?98A<I E?B­
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SI (6 BF?<K<9 BF EF4A84DFAB7B C9D9ABE4, 789, >4> CD46<?B,

GK4EF6GRF D4AA<9 E?B<), E B8AB= ;484K< A4 8DG7GR. #DB­

6989A CB8F69D:84RM<= QFB Q>EC9D<@9AF E <ECB?P;B64A<9@

86GI EGM9EF69AAB D4;?<K4RM<IES A45BDB6 84AAOI (<;B5­

D4:9A<S 8B>G@9AFB6 < <;B5D4:9A<S E 6<89BD97<EFD4FBD4

46FB@B5<?S).
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�?464 4. #D4>F<K9E><9 CD<@9A9A<S A9=DBAAOI E9F9= D4;D45BF4AAOI

4DI<F9>FGD

� QFB@ D4;89?9 5G8GF D4EE@BFD9AO ECBEB5O CD<@9A9A<S A9=­

DBAAOI E9F9= D4;D45BF4AAOI 4DI<F9>FGD E <ECB?P;B64A<9@ E?B96

CDS@B7B < FD4AECBA<DB64AAB7B 5OEFDB7B CD9B5D4;B64A<S )4H4,

BC<E4AAOI 6 7?469 3. &4><9 E9F< ECBEB5AO GK<FO64FP <AF97D4?PAO9

CD<;A4>< 68B?P ?<A9=K4FOI Q?9@9AFB6 A4 <;B5D4:9A<< <, E?98B64­

F9?PAB, BEB59AAB IBDBLB CB8IB8SF 8?S D9L9A<S DS84 ;484K.

4.1 #B<E> 6AGFD9AA9= FBK>< EIB84 CB?ABE6S;AB= E9FPR E �#)

� >4K9EF69 C9D6B7B Q>EC9D<@9AF4 8?S CB<E>4 FBK>< EIB84 D4E­

E@BFD<@ ;484KG CB<E>4 FBK>< EIB84 A4 <;B5D4:9A<SI, CB?GK9AAOI

E >4@9DO 6<89BD97<EFD4FBD4 FD4AECBDFAB7B ED98EF64 [78]. &4><9

<;B5D4:9A<S, >4> CD46<?B, EB89D:4F 98<AEF69AAGR FBK>G EIB84,

A4IB8SMGRES 6AGFD< <;B5D4:9A<S, >4> CB>4;4AB A4 D<EGA>9 4.2.

� >?4EE<K9E><I 4?7BD<F@4I B5D45BF>< <;B5D4:9A<= >?RK9­

6O@ @B@9AFB@ 6 CB<E>9 FBK>< EIB84 S6?S9FES <ECB?P;B64A<9

CD9B5D4;B64A<S )4H4 864 D4;4. �4> <;69EFAB, CD< F4>B@ CD9B5D4;B­

64A<< CDS@O9 C9D9IB8SF 6 FBK><, 4 CDS@O9, >BFBDO9 C9D9E9>4RFES

6 B8AB= FBK>9 A4 <EIB8AB@ <;B5D4:9A<< C9D9IB8SF 6 FBK><,

?9:4M<9 A4 B8AB= CDS@B=.  4>E<@G@ A4 D9;G?PF4F9 6FBDB7B CD9B5­

D4;B64A<S 5G89F EBBF69FEF6B64FP FBK>9 EIB84.

&4> >4> 6 D9H9D9AEAB= D45BF9 [39] QF4 ;484K4 D9L4?4EP CGF9@

CB>DOF<S <EIB8AB7B <;B5D4:9A<S D9L9F>B= < BCD989?9A<9@ SK9=­

><, 6 >BFBDB= A4IB8<FES FBK>4 EIB84, FB 8?S >BDD9>FAB7B ED46A9A<S

@O 89?4< F4>:9. %C9D64 @O CBCDB5B64?< <ECB?P;B64FP CD98?B:9A­

AGR 4DI<F9>FGDG AlexNet, AB 6CBE?98EF6<< CBAS?<, KFB ;4S6?9AAB9

>4K9EF6B @B:9F 5OFP 8BEF<7AGFB < 5B?99 CDBEFB= 4DI<F9>FGDB= A9=­

DBAAB= E9F<. �DI<F9>FGD4 A9=DBAAB= E9F< EBEFBS?4 <; 4 E69DFBKAOI
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Ðèñóíîê 4.1 � Ñòàíäàðòíàÿ è ìîäèôèöèðîâàííàÿ àðõèòåêòóðû.

E?B96 < B8AB7B CB?ABE6S;AB7B. �?46AB9 BF?<K<9 A4L9= 54;B6B= 4D­

I<F9>FGDO BF AlexNet EBEFB<F 6 @9APL9@ >B?<K9EF69 H<?PFDB6 6

E69DFBKAOI E?BSI < 6E97B ?<LP B8AB@ CB?ABE6S;AB@ E?B9.

#BE?9 B5GK9A<S 54;B6B= E9F< 5O?4 B5GK9A4 E9FP E AB6B= 4D­

I<F9>FGDB=. �?46AO@ AB6B66989A<9@ 5O?B CD<EGFEF6<9 86GI E?B96

�#), >BFBDO9 @O 8B546<?< @9:8G E69DFBKAO@< E?BS@<. %I9@O 54­

;B6B= < G?GKL9AAB= 4DI<F9>FGD CD98EF46?9AO A4 EI9@9 4.1. %FB<F

BF@9F<FP, KFB 8?S B5GK9A<S E9F9= @O <ECB?P;B64?< E<?PAB <;@9­

A9AAGR 69DE<R CUDA-Convnet [79].

� D9;G?PF4F9 84AAB= D45BFO 5O? D94?<;B64A G?GKL9AAO= 4?­

7BD<F@ B5GK9A<S E69DFBKAB= A9=DBAAO= E9F< K9D9; E?B< 5OEFDB7B

CD9B5D4;B64A<S )4H4. )BFS QFBF 6<8 E?BS @B:9F 5OFP BCD989?9A

>4> CB?ABE6S;AO= < F9BD9F<K9E>< ;89EP A9 AG:AB A<K97B <;B5D9­

F4FP, @4FD<J4 F4>B7B E?BS 5G89F 5G89F EBEFBSFP <; n2 Q?9@9AFB6,

789 n = w ∗ h ∗ c – 8?<A4 6IB8AB7B 69>FBD4. !4CD<@9D, 8?S <;B5­

D4:9A<S D4;@9DB@ 100 × 100 × 20 (BFABE<F9?PAB A95B?PLB7B 8?S

E69DFBKAB= A9=DBAAB= E9F<) @4FD<J4 69EB6 5G89F <@9FP 4 ∗ 1010
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(à) (á) (â) (ã) (ä)

Ðèñóíîê 4.2 � Ïðèìåðû èç íåéðîííîé ñåòè: à) Âõîäíîå èçîáðàæåíèå; á) Èäå�

àëüíîå èçîáðàæåíèå; â) ÁÏÕ èäåàëüíîãî èçîáðàæåíèÿ; ã) ÁÏÕ èñõîäíîãî

èçîáðàæåíèÿ; ä) ÁÏÕ èñõîäíîãî èçîáðàæåíèÿ ïîñëå ïðèìåíåíèÿ îáó÷åííûõ

ñâåðòî÷íûõ ñëîåâ.

Q?9@9AFB6. $94?<;B64AAO= CB8IB8 CB;6B?S9F CBEK<F4FP CDS@B= <

B5D4FAO= CDBIB8O K9D9; E?B= �#) 59; <ECB?P;B64A<S F4>B7B 6<­

84 @4FD<J.

!4 D<EGA>9 4.2 CB>4;4AO CD<@9DO D45BFO CD98?B:9AAB7B 4?­

7BD<F@4 < A47?S8AB CD98EF46?9AB A4;A4K9A<9 E?BS �#). $<E. 4.2 4)

CB>4;O649F <EIB8AO9 <;B5D4:9A<S; A4 5) CD98EF46?9AB <894?PAB9

<;B5D4:9A<9 – 59?4S FBK>4 A4 K9DAB@ HBA9 6 @9EF9 CD98CB?4749@B=

FBK>< EIB84, 6) – <894?PA4S ?<A<S, A4 >BFBDB= D4ECB?474RFES 6E9

FBK>< 6 )4H-CDBEFD4AEF69, EBBF69FEF6GRM<9 ?<A<S@, CDBIB8SM<@

K9D9; FBK>G EIB84 A4 <894?PAB@ <;B5D4:9A<<. 7) – �#) <EIB8AB7B

<;B5D4:9A<S, 8) – �#) <EIB8AB7B <;B5D4:9A<S CBE?9 B5GK9AAOI

E69DFBKAOI E?B96. �<8AB, KFB E <ECB?P;B64A<9@ CD98?B:9AAB7B

@9FB84 @B:AB B5GK<FP E69DFBKAO9 E?B< 6O89?SFP CB8IB8SM<9 CDS­

@O9 < 7D4A<JO < CBE?9 QFB7B D9L4FP ;484KG.

�M9 D4; BF@9F<@, KFB G E?BS �#) A9F B5GK49@OI >BQHH<J<9A­

FB6, CBQFB@G BA A9 GE?B:AS9F 4DI<F9>FGDG E9F< 6 C?4A9 >B?<K9EF64
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69EB6. �E9 BC9D4J<< A4 QFB@ E?B9 CD98BCD989?9AO < A9 @9ASRFES

6 CDBJ9EE9 B5GK9A<S.

4.2 �484K<, D9L49@O9 6 CDBJ9EE9 B5D45BF>< <;B5D4:9A<=

8B>G@9AFB6

*<HDB64S B5D45BF>4 <;B5D4:9A<= 8B>G@9AFB6 E J9?PR <;6?9­

K9A<S <; A<I <AHBD@4J<< – 64:A4S EBEF46?SRM4S @AB7<I CDBJ9E­

EB6. !4CD<@9D, 8B>G@9AF K4EFB AG:AB A4=F< A4 <;B5D4:9A<< <

<ECD46<FP CDB9>F<6AB9 <E>4:9A<9 8?S FB7B, KFB5 QHH9>F<6AB E9D<­

4?<;B64FP 97B <?< 8?S FB7B, KFB5 D4ECB;A4FP F9>EFB6O9 CB?S. #B<E>

BCD989?9AAOI D<7<8AOI B5N9>FB6 A4 G:9 A4=89AAB@ 8B>G@9AF9 –

K4EFB 6B;A<>4RM4S ;484K4. � QFB= E9>J<< D4EE@BFD<@ D4;?<KAO9

;484K<, 6B;A<>4RM<9 CD< J<HDB6B= B5D45BF>9 8B>G@9AFB6, >BFB­

DO9 @B:AB D9L4FP E CB@BMPR A9=DBAAOI E9F9=, EB89D:4M<I 6

E959 E?B< CDS@B7B < FD4AECBA<DB64AAB7B 5OEFDB7B CD9B5D4;B64A<S

)4H4.

4.2.1 #B<E> 6A9LA<I FBK9> EIB84 8?S 8B>G@9AFB6

$4EE@BFD<@ ;484KG BCD989?9A<S BD<9AF4J<< 8B>G@9AF4 A4

<;B5D4:9A<<. &4>4S ;484K4 9EF9EF69AAO@ B5D4;B@ 6B;A<>49F, A4­

CD<@9D, CD< BJ<HDB6>9 84AAOI E 8B>G@9AFB6, F4> >4> BCD989­

?9AAO9 CB;<J<S < BD<9AF4J<S CB;6B?SRF A4=F< AG:AO= D97<BA

<;B5D4:9A<S, CD<69EF< 8B>G@9AF > CDS@BG7B?PAB= HBD@9 < EBID4­

A<FP <?< D4ECB;A4FP 97B, F4> >4> 6 F4>B@ 6<89 QFB 89?4FP CDBM9

< A489:A9=. �?S FB7B, KFB5 A4=F< BD<9AF4J<R B5N9>F4 @B:AB ?<­

5B A4=F< 97B >D4S < E4@ K9FOD9IG7B?PA<>, ?<5B :9 A4=F< FBK><

EIB84. #9D6B9 A9 6E9784 6B;@B:AB, F4> >4> >D4S @B7GF 5OFP ;4­

E?BA9AO >4><@<-?<5B B5N9>F4@< A4 <;B5D4:9A<< <?< :9 6BB5M9
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6OIB8<FP ;4 97B CD989?O. &BK>< EIB84 6 F4>B@ E?GK49 @B:AB 6E9

D46AB A4=F<, F4> >4> BA< B5D4;B64AO EFDB>4@< F9>EF4, A4K4?4­

@< 6OD46A9AAOI F9>EFB6OI CB?9=, 84:9 Q?9@9AF4@< 5G>6. &4><@

B5D4;B@, <;B5D4:9A<9 8B>G@9AF4 EB89D:<F 869 FBK>< EIB84 (69D­

F<>4?PA4S < 7BD<;BAF4?PA4S). �9B@9FD<K9E>B9 @9EFB F4><I FBK9> 6

B5OKAB@ E?GK49 ?9:<F 84?9>B ;4 CD989?4@< >4DF<A>< 6C?BFP 8B

59E>BA9KABEF<. +9@ @9APL9 CDS@BG7B?PA<> 8B>G@9AF4 CB869D:9A

CDB9>F<6AO@ <E>4:9A<S@, F9@ 84?PL9 QF< FBK>< A4IB8SFES.

&4>4S ;484K4 @B:9F 5OFP D9L9A4 E CB@BMPR A9=DBAAB= E9F< E

4DI<F9>FGDB= )4HA9F, BC<E4AAB= 6 D4;89?9 3.2. 1F4 E9FP A4 6OIB89

<@99F 869 86G@9DAO9 >4DFO CD<;A4>B6. �ECB?P;GS GD46A9A<S 3.3 <

3.4 @B:AB CB;<J<< @4>E<@G@B6 A4 EBBF69FEF6GRM<I 6OIB84 C9D9­

69EF< 6 CB;<J<< FBK9> EIB84 6 >BBD8<A4F4I <EIB8AB7B <;B5D4:9A<S.

�?S B5GK9A<S A9=DBAAB= E9F< < 99 F9EF<DB64A<S 5O?B <E­

CB?P;B64AB 864 D4;AOI A45BD4 84AAOI, A4IB8SM<IES 6 BF>DOFB@

8BEFGC9. #9D6O= <; A<I MIDV-500, BA EBEFB<F <; <;B5D4:9A<= 8B­

>G@9AFB6 [80]. 1F< <;B5D4:9A<S 5O?< CB?GK9AO E CB@BMPR >4@9D

D4;?<KAOI @B5<?PAOI GEFDB=EF6 <, E?98B64F9?PAB, EB89D:4F EC9J<­

H<K9E><9 <E>4:9A<S, F4><9 >4> CDB9>F<6AB9 <E>4:9A<9. !9E>B?P>B

CD<@9DB6 F4><I <;B5D4:9A<= CB>4;4AB A4 $<E. 4.3. %4@< 8B>G@9A­

FO B5OKAB E89?4AO <; C?4EF<>4 <?< C?BFAB7B >4DFBA4 < CBQFB@G

EBID4ASRF C?BE>GR CDS@BG7B?PAGR HBD@G. &4><@ B5D4;B@, QFBF

A45BD 84AAOI <894?PAB CB8IB8<F 8?S CBEF46?9AAB= ;484K<. #9D­

6O9 30 <; 50 F<CB6 8B>G@9AFB6 5O?< <ECB?P;B64AO 8?S B5GK9A<S

(7217 <;B5D4:9A<=), 4 BEF4?PAO9 20 5O?< <ECB?P;B64AO 8?S F9EF<­

DB64A<S (4748 <;B5D4:9A<=). #D< F4>B@ D4;5<9A<< A9 EGM9EF6G9F

F4>B7B F<C4 8B>G@9AF4, <;B5D4:9A<S >BFBDB7B 5O B8AB6D9@9AAB CB­

C4?< < 6 B5GK4RM<=, < 6 F9EFB6O= A45BDO 84AAOI. �DB@9 QFB7B, 6E9

<;B5D4:9A<S, A4 >BFBDOI 5B?PL9 B8AB7B G7?4 8B>G@9AF4 6OIB8<F

<; ;BAO 6<8<@BEF< 5O?< G5D4AO. �BCB?A<F9?PAB, <;B5D4:9A<S 5O­

?< BF@4ELF45<DB64AO F4>, KFB5 <I L<D<A4 D46AS?4EP 400 C<>E9?9=.

&4> >4> A4 C9D6B@ A45BD9 84AAOI A9F BCG5?<>B64AAOI D9­

;G?PF4FB6 6 D4EE@4FD<649@B= ;484K9 <, E?98B64F9?PAB, A96B;@B:AB

>B?<K9EF69AAB BJ9A<FP CD98?B:9AAO= CB8IB8, 5O? <ECB?P;B64A
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Ðèñóíîê 4.3 � Ïðèìåðû èç íàáîðà äàííûõ MIDV-500.

6FBDB= A45BD 84AAOI. 1FB A45BD ICDAR 2011, >BFBDO= <ECB?P­

;B64?ES 6 EBD96AB64A<< CB 6OCDS@?9A<R 8B>G@9AFB6 [81]. 1F<

<;B5D4:9A<S 5O?< BF@4ELF45<DB64AO F4>, KFB5O <I L<D<A4 EB­

EF46?S?4 500 C<>E9?9=. "EB59AABEFPR QFB7B A45BD4 S6?S9FES FB,

KFB >DB@9 CDB9>F<6AOI <E>4:9A<=, 6 A9@ 9M9 CD98EF46?9AO <

D4;?<KAO9 <;7<5O, A9 BC<EO649@O9 8DB5AB-?<A9=AO@< CD9B5D4;B­

64A<S@<. � IBFS CD98?4749@O= @9FB8 <89B?B7<K9E>< A9 8B?:9A

G@9FP F4>B9 <ECD46?SFP, 97B GEFB=K<6BEFP > A4?<K<R CB8B5AOI

<E>4:9A<= F4>:9 <@99F 6OEB>GR J9AABEFP < 74D4AF<DG9F 97B CD<­

@9A<@BEFP 6 D94?PAOI CD<?B:9A<SI, 789 84AAO9 6E9784 EFD484RF

ED4;G @AB:9EF6B@ A9EB69DL9AEF6. #D<@9DO F4><I <;B5D4:9A<= CB­

>4;4AO A4 $<E. 4.4. �4> @B:AB 6<89FP, <;B5D4:9A<S <; QF<I 86GI

A45BDB6 84AAOI EGM9EF69AAB D4;AO9, AB, 84:9 5G8GK< B5GK9AAB=

A4 C9D6B@ A45BD9 84AAOI, A9=DBAA4S E9FP BC<EO649@B= 4DI<F9>FG­

DO ECBEB5A4 CB>4;4FP 5B?99 6OEB>B9 >4K9EF6B A4 6FBDB@ A45BD9,

KFB 8B>4;O649F 99 6OEB>GR B5B5M4RMGR ECBEB5ABEFP.

#DB6989AAO= Q>EC9D<@9AF EBEFBS? <; 86GI K4EF9=. � C9D6B=

K4EF< B5GK9AA4S A9=DBAA4S E9FP 5O?4 CD<@9A9A4 > F9EFB6B= K4EF<

A45BD4 84AAOI MIDV-500 < BJ9A9AB >4K9EF6B BCD989?9A<S A9EB5­

EF69AAOI FBK9> EIB84. �?S QFB7B, E CB@BMPR A4=89AAOI FBK9>

EIB84, <;B5D4:9A<9 8B>G@9AF4 5O?B CD<6989AB > CDS@BG7B?PAB@G <

;4F9@ BJ9A9A4 EF9C9AP 97B CDS@BG7B?PABEF<. +9@ ?GKL9 5O?< A4=­

89AO FBK>< EIB84, F9@ 5?<:9 > CDS@BG7B?PA<>G 8B?:9A CB?GK<FPES

8B>G@9AF. �?S K<E?9AAB= BJ9A>< 5O?B CB8EK<F4AB 864 D4EEFBSA<S:

d1 < d2 EB7?4EAB E?98GRM<@ HBD@G?4@ (N – >B?<K9EF6B <;B5D4­

:9A<=):
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Òàáëèöà 5 � Ðåçóëüòàòû íà íàáîðå äàííûõ MIDV-500.

Train Train corrected Test Test corrected

d1(
◦) 2.56 1.63 2.70 1.65

d2(
◦) 5.76 0.93 4.77 0.91

Ðèñóíîê 4.4 � Ïðèìåðû èçîáðàæåíèé èç íàáîðà äàííûõ ICDAR 2011.

d1 =
1

4N

N−1∑

j=0

3∑

i=0

|90◦ − α
j
i | (4.1)

d2 =
1

2N

N−1∑

j=0

|αj
v| + |αj

h| (4.2)

$4EEFBSA<9 d1 CB>4;O649F ED98A99 BF>?BA9A<9 G7?B6 <ECD46?9A­

AB7B 8B>G@9AF4 BF 90◦ A9;46<E<@B BF 97B BD<9AF4J<<, >4> 6<8AB <;
HBD@G?O 4.1. $4EEFBSA<9 d2, A4B5BDBF, CB>4;O649F A4E>B?P>B IBDB­

LB 5O?4 <ECD46?9A4 BD<9AF4J<S 8B>G@9AF4 A9;46<E<@B BF EF9C9A<

97B CDS@BG7B?PABEF<, >4> @B:AB 6<89FP <; HBD@G?O 4.2. +9@ @9AP­

L9 QF< ;A4K9A<S, F9@ FBKA99 5O?4 CDB6989A4 >BDD9>F<DB6>4 HBD@O

< BD<9AF4J<<. � F45?<J9 5 CD98EF46?9AO D9;G?PF4FO < 8?S <EIB8­

AOI, < 8?S <ECD46?9AAOI <;B5D4:9A<= 8B>G@9AFB6, KFB5 @B:AB

5O?B BJ9A<FP QHH9>F BF <ECD46?9A<S. �A4?B7<KAO9 D9;G?PF4FO

8?S B5GK4RM97B A45BD4 84AAOI ;89EP CD<6989AO 8?S 89@BAEFD4­

J<< FB7B, KFB C9D9B5GK9A<S A9 CDB<;BL?B: >4K9EF6B D45BFO E9F<

CD<@9DAB B8<A4>B6B9.

�FBD4S K4EFP Q>EC9D<@9AF4 5O?4 CDB6989A4 8?S 89@BAEFD4J<<

6OEB>B7B >4K9EF64 6 ED46A9A<< E BCG5?<>B64AAO@< D9;G?PF4F4@<

< 8?S 8B>4;4F9?PEF64 E<?PAB= B5B5M4RM9= ECBEB5ABEF< CD98?4­

749@B7B D9L9A<S. �?S QFB7B <;B5D4:9A<S <; A45BD4 84AAOI (100
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Òàáëèöà 6 � Ðåçóëüòàòû íà íàáîðå äàííûõ ICDAR 2011.

Äàííûå Èñõîäíûå [83] [84] Ïðåäëàãàåìûé ìåòîä

Ðàñïîçíàíî (%) 31.3 49.6 50.1 59.7

5<A4DAOI <;B5D4:9A<= EFD4A<J E F9>EFB@ 6 D4;?<KAOI 64D<4AF4I

;4CB?A9A<S, F4><I >4> B8A4 <?< 869 >B?BA><, A4?<K<9 D<EGA>B6 <?<

F45?<J) CB EBD96AB64A<R 6 6OCDS@?9A<< <;B5D4:9A<= ICDAR 2011

5O?< 6 D4;?<KAOI 6<84I CB84AO A4 6IB8 A9=DBAAB= E9F< < <ECD46?9­

AO. �4F9@, 8?S BJ9A>< >4K9FE64 <ECD46?9A<S, A4 A<I 5O? ;4CGM9A

Tesseract OCR 69DE<< 3.02 [82]. %D46A9A<9 D9;G?PF4FB6 CDB6B8<?BEP

E BCG5?<>B64AAO@< 6 D45BF4I [83, 84] ;A4K9A<S@<. �; CB?GK9AAOI

D9;G?PF4FB6, >BFBDO9 CB>4;4AO 6 F45?<J9 6, @B:AB 6<89FP, KFB 84­

:9 5G8GK< B5GK9AAB= A4 EB6E9@ 8DG7<I 84AAOI, A9=DBAA4S E9FP

ECD46<?4EP E ;484K9= < CB>4;4?4 ?GKL99 >4K9EF6B. &4>B9 6B;@B:­

AB 5?47B84DS BEB59AABEFS@ 4DI<F9>FGDO: IBFP E4@< <;B5D4:9A<S

< D4;AO9, AB >?RK96O9 Q?9@9AFO, >BFBDO9 < <ECB?P;GRFES A9=DBA­

AB= E9FPR 8?S CB<E>4 BF69F4 EIB:< (69DF<>4?PAO9 LFD<I< 5G>6,

EFDB><, A4K4?4 EFDB>). �4:AB ;4@9F<FP, KFB F4><9 CD<;A4>< A9

<A64D<4AFO BFABE<F9?PAB @4ELF45<DB64A<S, 4 ;A4K<F A9B5IB8<@B

;A4FP <I CD<@9DAO= D4;@9D 8?S GEC9LAB7B CD<@9A9A<S @9FB84.

!4 $<E. 4.5 CB>4;4A CDBJ9EE 6OCDS@?9A<S <;B5D4:9A<S E CB@B­

MPR A9=DBAAB= E9F< CD98?B:9AAB= 4DI<F9>FGDO. #9D6O= EFB?59J

EB89D:<F 6IB8AO9 <;B5D4:9A<S, 6FBDB= – 6IB8 C9D6B7B �#) E?BS

(FGF <;B5D4:9A4 FB?P>B B8A4 >4DF4 CD<;A4>B6 <; 69F6< 8?S 7B­

D<;BAF4?PAOI FBK9> EIB84 8?S G8B5EF64 6<;G4?<;4J<<). &D9F<=

EFB?59J 4A4?B7<KAB CB>4;O649F 6IB8 6FBDB7B �#) E?BS < CB­

E?98A<=, K9F69DFO=, CB>4;O649F D9;G?PF<DGRM99 <ECD46?9AAB9 E

CB@BMPR A4=89AAOI FBK9> EIB84 <;B5D4:9A<9. �;B5D4:9A<S E

69F6< 8?S 7BD<;BAF4?PAOI FBK9> EIB84 5O?< 6O5D4AO 8?S 6<;G4?<­

;4J<<? F4> >4> 8?S QF<I FBK9> CD<;A4>B6 5B?PL9 (7BD<;BAF4?PAO9

EFDB>< F9>EF4) <, E?98B64F9?PAB, <??REFD4J<< A47?S8A99.
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Ðèñóíîê 4.5 � Ïðîöåññ âûïðàâëåíèÿ äîêóìåíòà. Ñâåðõó � ICDAR 2011, ñíèçó

� MIDV-500.

4.2.2 %9@4AF<K9E>4S E97@9AF4J<S <;B5D4:9A<= 8B>G@9AFB6

� C4D47D4H9 3.4 5O? CDB6989A Q>EC9D<@9AF, 89@BAEFD<DGR­

M<= 6B;@B:ABEF< 4DI<F9>FGDO A9=DBAAB= E9F< EB E?BS@< CDS@B7B

< FD4AECBA<DB64AAB7B �#). �BA9KAB, F4@ D4EE@4FD<64?ES E<?PAB

GCDBM9AAO= E?GK4=, >BFBDO=, F9@ A9 @9A99, 849F BEAB64A<S CB?4­

74FP, KFB CB8B5AB= 4DI<F9>FGD9 5G89F ;4@9FAB CDBM9 ECD46<FPES E

A9>BFBDO@< 6<84@< ;484K< E9@4AF<K9E>B= E97@9AF4J<<.

$4EE@BFD<@ ;484KG E9@4AF<K9E>B= E97@9AF4J<< <;B5D4:9A<=

8B>G@9AFB6. �4> < 6 D4EE@BFD9AB@ D4A99 CD<@9D9 5G89@ GK<FP E9FP

F4><@ B5D4;B@, KFB5 BA4 @B7?4 >4:8O= C<>E9?P >?4EE<H<J<DB64FP

>4> CD<A48?9:4M<= 8B>G@9AFG <?< :9 CD<A48?9:4M<= HBAG.

�?S Q>EC9D<@9AF4 5O? <ECB?P;B64A A45BD 84AAOI MIDV-500

[80]. 1FB BF>DOFO= A45BD 84AAOI, EB89D:4M<= D4E>48DB6>< >B­

DBF><I 6<89B. !4 QF<I 6<89B EA<@4?<EP D4;?<KAO9 8B>G@9AFO 50

F<CB6 6 D4;AOI GE?B6<S 6 FB@ K<E?9 EB E?B:AO@< HBA4@<. �BCB?­

A<F9?PAO@ 5BAGEB@ 84AAB7B A45BD4 84AAOI S6?S9FES FB, KFB 6<89B
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E 8B>G@9AF4@< D4;AOI F<CB6 D4;89?9AO 8DG7 BFABE<F9?PAB 8DG74

< 6B;@B:AB CBEFDB<FP F9EFB6O= < B5GK4RM<= A45BDO F4>, KFB5O

BA< A9 C9D9E9>4?<EP CB <ECB?P;B64AAO@ F<C4@ 8B>G@9AF4. #9D6O9

30 F<CB6 8B>G@9AFB6 5O?< BFA9E9AO 6 B5GK4RMGR 6O5BD>G, 4 6FB­

DO9 20 – 6 F9EFB6GR. �E9 <;B5D4:9A<S 5O?< C9D96989AO > E9DB@G

CGF9@ GED98A9A<S <AF9AE<6ABEF9= CB >4A4?4@ < BF@4ELF45<DB64AO

> D4;@9DG 256× 256. "5M99 >B?<K9EF6B <;B5D4:9A<= 6 B5GK4RM9=

6O5BD>9 – 7217, 4 6 F9EFB6B= – 4748.

�BCB?A<F9?PAB 5O? <ECB?P;B64A 9M9 B8<A EIB:<= A45BD 84A­

AOI MIDV-2019 [85]. 1FB EIB:<= A45BD 84AAOI, AB 8B>G@9AFO

A4 <;B5D4:9A<SI CB869D:9AO 5B?99 E<?PAO@ CDB9>F<6AO@ <E>4­

:9A<S@. �?S FB7B, KFB5 CD98EF46<FP <E>4:9A<S F4>B= E<?O 6

B5GK4RM9@ A45BD9 84AAOI, FG84 5O?< 8B546?9AO <;B5D4:9A<S B8­

AB7B F<C4 8B>G@9AFB6 (120 <;B5D4:9A<=).

�?S F9EF<DB64A<S 5O?B B5GK9AB FD< A9=DBAAOI E9F<: )4H­

QA>B89D (B5B;A4K9A “HE”), CB?ABE69DFBKA4S E9FP E >BAH<7GD4J<9=

E69DFB> >4> G )4HQA>B89D4, AB 59; E?B96 CDS@B7B < FD4AECBA<DB­

64AAB7B �#) (B5B;A4K9A “HE*”) < EF4A84DFA4S UNet E9FP. �E9 FD<

A9=DBAAOI E9F< B5GK4?<EP 6 B8<A4>B6OI GE?B6<SI A4 B8<A4>B6OI

84AAOI: <;B5D4:9A<S 30 F<CB6 8B>G@9AFB6 <; MIDV-500 < 1 F<C4

8B>G@9AFB6 <; MIDV-2019. #D< B5GK9A<< 8?S 6E9I FD9I <ECB?P;B­

64?<EP B8A< < F9 :9 D4;8GF<S A4 ?9FG [86] < >4:84S E9FP GK<?4EP

CB 200. �BCB?A<F9?PAB, 84AAO= Q>EC9D<@9AF 5O? CDB6989A CB CSFP

D4; 8?S >4:8B= E9F< < 6;SFB ED98A99 >4K9EF6B 8?S 5B?PL9= 8B­

EFB69DABEF<.

"J9A>4 D9;G?PF4F4 CDB6B8<?4EP E CB@BMPR BJ9A>< ED98A97B

BFABL9A<S C9D9E9K9A<S A4=89AAOI < <894?PAOI ;BA 8B>G@9AF4 > <I

B5N98<A9A<R, MIoU (mean Intersection over Union), 6OK<E?S9@B7B

CB HBD@G?9 4.3.

MIoU =
1

N

N−1∑

i=0

Ai ∩Gi

Ai ∪Gi
, (4.3)

� HBD@G?9 4.3 Ai – A4=89AA4S ;BA4 8B>G@9AF4, Gi – <EF<AA4S

;BA4 8B>G@9AF4, N – B5M99 >B?<K9EF6B <;B5D4:9A<=.
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Òàáëèöà 7 � Ñðàâíèòåëüíûå ðåçóëüòàòû, MIoU

Ñåòü Êîëè÷åñòâî ïàðàìåòðîâ Êà÷åñòâî MIDV-500 Êà÷åñòâî MIDV-2019

UNet 1.96× 106 0.94 0.86

HE* 1.48× 104 0.91 0.74

HE 1.48× 104 0.96 0.89

Ðèñóíîê 4.6 � Ñðàâíåíèå ðàáîòû Õàôýíêîäåðà è UNet â ñëîæíûõ ñëó÷àÿõ.

Âõîäíîå èçîáðàæåíèå (ñëåâà), ðåçóëüòàò UNet (â öåíòðå), ðåçóëüòàò Õàôýíêî�

äåðà (ñïðàâà).

%D46A<F9?PAO9 I4D4>F9D<EF<>< E FBK>< ;D9A<S >B?<K9EF64

B5GK49@OI C4D4@9FDB6 < CB?GK9AAB7B >4K9EF64 CD<6989AO 6 F45?<­

J9 7. �; D9;G?PF4FB6 @B:AB 6<89FP, KFB CD< 6 132 D4;4 @9APL9 >B­

?<K9EF69 B5GK49@OI C4D4@9FDB6 )4HQA>B89D 6E9 D46AB CB>4;O649F

5B?PL99 >4K9EF6B, K9@ EF4A84DFA4S CB?ABE69DFBKA4S 4DI<F9>FGD4.

�BCB?A<F9?PAB @B:AB 6<89FP, KFB CB?ABE69DFBKA4S E9FP, D46A4S

CB >B?<K9EF6G B5GK49@OI C4D4@9FDB6 )4HQA>B89DG CB>4;O649F, A4­

B5BDBF, IG8L<= D9;G?PF4F.
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Ðèñóíîê 4.7 � Ïðèìåðû èçîáðàæåíèé äîêóìåíòîâ ñ ìàøèíî÷èòåìîé çîíîé.

!4 <;B5D4:9A<< 4.6 CD<6989A CD<@9D D45BFO )4HQA>B89D4

< Unet A4 A9>BFBDOI E?B:AOI E?GK4SI. !4 CD<@9D9 E69DIG A4

HBA9 A4IB8<FES B5N9>F, H4>F<K9E>< S6?SRM<=ES 6FBDO@ 8B>G@9A­

FB@, AB >BFBDB7B A9 5O?B 6 D4;@9F>9. �AF9D9EAB, KFB UNet ;89EP

CB>4;4?4 A9489>64FAO= D9;G?PF4F, 6 FB 6D9@S >4> )4HQA>B89D

E A9>BFBDB= G69D9AABEFPR CB8E69F<? B59 EGMABEF<, KFB 6 J9?B@

69DAB. � CD<@9D9 EA<;G CB>4;4A 8B>G@9AF, J9?BEFABEFP >BFBDB7B

A4DGL4RF HBFB7D4H<S < C4?9J 6 >B@5<A4J<<. �<8AB, KFB UNet A9

ECD46<?ES E ;4>D4E>B= <@9AAB QFB7B D97<BA4, 6 FB 6D9@S >4> )4H­

QA>B89D 6O89D:4? K9FOD9IG7B?PABEFP ;BAO.

4.2.3 �ECB?P;B64A<9 )4HQA>B89D4 8?S CB<E>4  +�

�DG7B= ;484K9 6 D4ECB;A464A<< 8B>G@9AFB6 S6?S9FES CB<E> @4­

L<ABK<F49@B= ;BAO ( +�, MRZ, Machine Readable Zone). 1F4 ;BA4

A4C9K4F4A4 EC9J<4?PAO@ LD<HFB@ < EB89D:<F 6 E959 BEAB6AGR <A­

HBD@4J<R 8B>G@9AF4 8?S FB7B, KFB5 @B:AB 5O?B 6 46FB@4F<K9E>B@

D9:<@9 5OEFDB < A489:AB 99 CDBK<F4FP. #D<@9DO 8B>G@9AFB6 E

F4>B= ;BAB= CD98EF46?9AO A4 D<EGA>9 4.7.

 4L<ABK<F49@4S ;BA4 EBEFB<F <; 86GI <?< FD9I ED46A<F9?PAB

8?<AAOI EFDB> F9>EF4. 'K<FO64S, KFB A4 <;B5D4:9A<SI 8B>G@9AFB6

K4EFB 5O64RF 5?<>< <?< ;4E?BASRM<9 B5N9>FO, FB 8?S >BDD9>FAB7B

CB<E>4 F4>B= ;BAO A9B5IB8<@B 6<89FP 99 6ER, F.9. <@9FP D9J9C<6AB9

CB?9, ED46A<@B9 E D4;@9DB@ <;B5D4:9A<S. !4CDBF<6, )4HQA>B89D

849F A4@ @9I4A<;@ GK9F4 <AF97D4?PAOI CD<;A4>B6 E <ECB?P;B64A<­
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9@ B5OKAOI E69DFBKAOI E?B96. &4><@ B5D4;B@, QFBF B5N9>F IBDBLB

CB8IB8<F 8?S FB7B, KFB5 97B <E>4FP E CB@BMPR B8AB= <; D4;D45B­

F4AAOI 4DI<F9>FGD: HoughEncoder [87].

�?S CDB6989A<S Q>EC9D<@9AF4 < >BDD9>FAB7B ED46A9A<S E <@9­

RM<@<ES D9;G?PF4F4@< 5O? <ECB?P;B64A D4A99 BCG5?<>B64AAO=

A45BD E<AF9F<K9E><I 84AAOI [88]. � QFB@ A45BD9 84AAOI EB89D:<F­

ES 456000 <;B5D4:9A<= 8B>G@9AFB6, 6;SFOI <; <AF9DA9F4 (Google

Images), >BFBDO9 CB@9K9AO, >4> E6B5B8AO9 > <ECB?P;B64A<R <

D4ECDBEFD4A9A<R. %?GK4=AB E79A9D<DB64AAO= F9>EF (AB G8B6?9F6B­

DSRM<= FD95B64A<S@ EF4A84DF4) 8?S @4L<ABK<F49@B= ;BAO 5O?

CB@9M9A 6 A<:ARR K4EFP 8B>G@9AF4 E CB@BMPR @9FB8B6 B5D45BF­

>< <;B5D4:9A<=, 4 E4@B <;B5D4:9A<9 8B>G@9AF4 5O?B CB@9M9AB

A4 E?GK4=AO= HBA. � H<A4?PAO@ <;B5D4:9A<S@ 8?S <@<F4J<<

A4FGD4?PABEF< 5O?< CD<@9A9AO D4;?<KAO9 CD9B5D4;B64A<S 8?S @B­

89?<DB64A<S <E>4:9A<=, EBBF69FEF6GRM<I F9@, KFB CBS6?SRFES A4

A4FGD4?PAOI HBFB7D4H<SI 8B>G@9AF4: CDB9>F<6AB9 <E>4:9A<9, 48­

8<F<6AO= LG@, D4;@OF<9. #D<@9DO <;B5D4:9A<= <; QFB7B A45BD4

84AAOI CD98EF46?9AO A4 $<EGA>9 4.7.

�?S ED46A9A<S >4K9EF64 D45BFO A4 QFB@ A45BD9 84AAOI A9=­

DBAA4S E9FP 8B?:A4 69DAGFP >4DFG E9@4AF<K9E>B= E97@9AF4J<<

(5<A4DAGR @4E>G), 789 >4:8O= C<>E9?P 5O? 5O BFA9E9A ?<5B >

@4L<ABK<F49@B= ;BA9, ?<5B > HBAG (;89EP HBAB@ EK<F49FES 6E9,

KFB A9 CBC4849F 6 C9D6O= >?4EE, F.9. 8DG7<9 C<>E9?< 8B>G@9AF4 FB­

:9 HBA). #BE?9 CB?GK9A<S F4>B= >4DFO 6O;O64?ES 4?7BD<F@ E5BD4

>B@CBA9AF E6S;4AABEF< < D4ECB;A464A<S <; BD<7<A4?PAB= D45BFO

[88], D9;G?PF4FB@ >BFBDB7B S6?S?BEP >4K9EF6B D4ECB;A464A<S EFDB>.

1F4 K4EFP 4?7BD<F@4 5O?4 A9<;@9AAB= 8?S 6E9I FD9I 64D<4AFB6

CB<E>4 >4DFO E9@4AF<K9E>B= E97@9AF4J<<: CD98?4749@O= )4HQA>B­

89D, BEAB64AAO= A4 5<A4D<;4J<< @9FB8 [89], BEAB64AAO= A4 BEB5OI

FBK>4I YAPE @9FB8 [90].

�?S B5GK9A<S )4HQA>B89D4 5O?B E?GK4=AB 6;SFB 10% <;B5­

D4:9A<= <; <ECB?P;B64AAB7B A45BD4 84AAOI < 6DGKAGR EB;84A4

8?S A<I D4;@9F>4 CB;<J<< EFDB> @4L<ABK<F9@B= ;BAO. �E9 <;B5­

D4:9A<S 5O?< CD<6989AO > D4;@9DG 180 × 180, 4 ;A4K9A<S CB
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Ðèñóíîê 4.8 � Èçâëå÷åíèå èçîáðàæåíèÿ ìàøè÷èòàåìîé çîíû: èñõîäíîå èçîáðà�

æåíèå, êàðòà ñåìàíòè÷åñêîé ñåãìåíòàöèè, íàëîæåííàÿ íà èçîáðàæåíèå êàðòà,

çîíû ñòðîê, ìàøèíî÷èòåìàÿ çîíà, èçâëå÷åííîå èçîáðàæåíèå ìàøèíî÷èòåìîé çî�

íû.

>4A4?4@ 5O?< GED98A9AO. $9;G?PF<DGRM<= D4;@9D <;B5D4:9A<S

5O? CB8B5D4A Q@C<D<K9E>< <EIB8S <; 86GI EBB5D4:9A<=. #9D6B9:

9E?< A4 <;B5D4:9A<< K9?B69> ?97>B A4IB8<F @4L<ABK<F49@GR ;B­

AG, FB 8B?:A4 ECD46<FPES < E9FP, < 6FBDB9: K9@ @9APL9 D4;@9D

<;B5D4:9A<S, F9@ @9APL9 A4 A9@ <AHBD@4J<< <, E?98B64F9?PAB,

F9@ CDBM9 D9L<FP ;484KG 6 E?GK49, 9E?< <E>B@O9 84AAO9 A9 CBF9­

DSAO. �?S B5GK9A<S E9F< <ECB?P;B64?4EP mIOU HGA>J<S CBF9DP

(mean Intersection Over Union). �?S G?GKL9A<S B5GK9A<S > 84A­

AO@ CD<@9AS?<EP D4;8GF<S A4 ?9FG, >BFBDO9 CD98EF46?S?< EB5B=

54;B6O9 CD9B5D4;B64A<S <;B5D4:9A<S: CDB9>F<6AO9 <E>4:9A<S, CB­

6BDBF, E86<7. �?47B84DS F4><@ <E>4:9A<S@ CB;<J<S <E>B@B= ;BAO

A4 <EIB8AB@ <;B5D4:9A<< 5O?4 @9A99 CD98E>4;G9@B=. !9=DBAA4S

E9FP B5GK4?4EP 660 QCBI E D4;@9DB@ @<A<54FK4 64.
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&4><@ B5D4;B@, 4?7BD<F@ EBEFB<F <; E?98GRM<I L47B6: CB<E>

>4DFO E9@4AF<K9E>B= E97@9AF4J<<, 4A4?<; >B@CBA9AF E6S;4AABEF<

6 A9=, A4?B:9A<9 A4 <EIB8AB9 <;B5D4:9A<9 < <;6?9K9A<9 <;B5D4:9­

A<S @4L<ABK<F49@B= ;BAO. %I9@4F<KAB 69EP CDBJ9EE <;B5D4:9A

A4 $<EGA>9 4.8. #B?GK9AAB9 <;B5D4:9A<9 @4L<ABK<F9@B= ;BAO

CB8464?BEP A4 6IB8 4?7BD<F@G E97@9AF4J<< < D4ECB;A464A<S < <;­

@9DS?BEP D9;G?PF<DGRM99 >4K9EF6B. $9;G?PF4FO ED46A9A<S @9FB8B6

CB<E>4 @4L<ABK<F49@B= ;BAO CD<6989AO 6 F45?<J9 8.

Òàáëèöà 8 � Ñðàâíèòåëüíûå ðåçóëüòàòû ðàñïîçíàâàíèÿ ìàøèíî÷èòàåìîé çîíû

ïðè ðàçíûõ ìåòîäàõ ïîèñêà.

Ìåòîä ïîèñêà Ìåòîä ñåãìåíòàöèè Êà÷åñòâî, %

Áàçîâûé [88] Áàçîâûé [88] 56.0

Ñ YAPE [90] Áàçîâûé [88] 94.2

Ñ áèíàðèçàöèåé [89] Áàçîâûé [88] 97.8

Ïðåäëàãàåìûé (Õàôýíêîäåð) Áàçîâûé [88] 98.1

4.3 #B<E> 6AGFD9AA9= FBK>< EIB84 A4 <;B5D4:9A<SI 8BDB7<

� QFB= E9>J<< BC<L9@ D9L9A<9 ;484K< CB<E>4 6AGFD9AA9= FBK­

>< EIB84 A4 <;B5D4:9A<SI 8BDB7 E CB@BMPR A9=DBAAB= E9F< E

4DI<F9>FGDB=, BC<E4AAB= 6 E9>J<< 3.3.

�?S CDB6989A<S Q>EC9D<@9AF4 <ECB?P;B64?<EP 84AAO9, CD98B­

EF46?9AAO9 46FBD4@< D45BFO [39]. 1F< 84AAO9 EB89D:4F 6 E959 <;B5­

D4:9A<S, CB?GK9AAO9 E 6<89BD97<EFD4FBDB6 FD4AECBDFAOI ED98EF6

6 D4;?<KAOI GE?B6<SI (7BDB8E><9 8BDB7<, @9:8G7BDB8A<9 FD4EEO,

CDBE9?BKAO9 8BDB7<). �EIB8AO9 6<89B 5O?< 6;SFO 46FBD4@< E 6<­

89BIBEF<A74 YouTube < D4;5<FO A4 CBE?98B64F9?PABEF< >48DB6.

$4;@9DO <;B5D4:9A<= EBEF46?SRF 300 × 300 C<>E9?B6. �E97B A4­

5BD 84AAOI EB89D:<F 9972 <;B5D4:9A<=, >BFBDO9 5O?< E?GK4=AO@

B5D4;B@ D4;89?9AO A4 B5GK4RMGR (8974 <;B5D4:9A<=) < F9EFB6GR
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Ðèñóíîê 4.9 � Ïðèìåðû èçîáðàæåíèé.

(998 <;B5D4:9A<=) 6O5BD><. #D<@9DO F4><I <;B5D4:9A<= CB>4;4­

AO A4 $<E. 4.9. �?S BJ9A>< >4K9EF64 CD98?B:9AAB7B D9L9A<S 5O?4

<ECB?P;B64A4 @9FB8<>4 BJ9A><, BC<E4AA4S 46FBD4@< A45BD4 84A­

AOI: <;B5D4:9A<9 D4;5<64?BEP A4 10 × 10, 20 × 20 < 30 × 30 SK99>

< EK<F4?BEP, KFB BF69F CD46<?PAO=, 9E?< BA CBC4849F 6 CD46<?P­

AGR SK9=>G.

� D9;G?PF4F9 5O? CB?GK9A G?GKL9AAO= 4?7BD<F@ B5GK9A<S

A9=DBAAB= E9F< EB E?BS@< CDS@B7B < FD4AECBA<DB64AAB7B CD9B5­

D4;B64A<S )4H4. �?47B84DS <ECB?P;B64A<R 5OEFDB7B 4?7BD<F@4 <

8?S FD4AECBA<DB64AAOI 69DE<= BC9D4FBD4, 6OK<E?<F9?PA4S E?B:­

ABEFP 5O?4 CBA<:9A4 E (n3) 8B O(n2log(n)).

!4 D<EGA>9 4.10 CB>4;4AO CD<@9DO D45BFO CD98?B:9AAB7B

4?7BD<F@4 < 6<;G4?<;<DB64A E@OE? �#) E?BS. &4> >4> CDB@9:G­

FBKAO9 >4DFO CD<;A4>B6 @AB7B>4A4?PAO9, 8?S <??REFD4J<= 5O?<

6O5D4AO BF89?PAO9 >4A4?O, >BFBDO= >4;4?<EP <AHBD@4F<6A99. !4

(a) CB>4;4AB <EIB8AB9 <;B5D4:9A<9, A4 (b) >4DF4 CD<;A4>B6 CBE?9

C9D6B7B 5?B>4 E69DFBKAOI E?B96, A4 (c) D9;G?PF4F E?BS �#), A4
(d) 6OIB8 6FBDB7B 5?B>4 E69DFBKAOI E?B96, A4 (e) 6OIB8 FD4AE­

CBA<DB64AAB7B �#) E?BS <, A4>BA9J, A4 (f ) CB>4;4A D9;G?PF4F

D45BFO E9F<. �?47B84DS F4>B= 4DI<F9>FGD9, A9=DBAA4S E9FP ECB­

EB5A4 6O5<D4FP D9?964AFAO9 CDS@B?<A9=AO9 GK4EF>< A4 6IB8AB@

<;B5D4:9A<< < B5N98<ASFP <I 6 FBK>< EIB84.
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Ðèñóíîê 4.10 � Ïðèìåðû êàðò ïðèçíàêîâ ñ ðàçíûõ ñëîåâ íåéðîííîé ñåòè: à)

âõîä ñåòè; á) âûõîä ïåðâîãî áëîêà ñâåðòî÷íûõ ñëîåâ; c) âûõîä ïðÿìîãî ÁÏÕ;

d) âõîä òðàíñïîíèðîâàííîãî ÁÏÕ; e) âûõîä òðàíñïîíèðîâàííîãî ÁÏÕ; f) âûõîä

ñåòè.

� F45?<J9 9 CB>4;4AO D9;G?PF4FO C9D6B7B Q>EC9D<@9AF4 8?S

54;B6B= (F.9. 6;SFB= <; BCG5?<>B64AAB= D45BFO) < CD98?B:9AAB=

4DI<F9>FGD A9=DBAAOI E9F9= 8?S D4;?<KAOI D4;@9DB6 D9L9F>< <

>B?<K9EF64 D4EE@4FD<649@OI 4?PF9DA4F<6 BF69F4. #D98?B:9AA4S

E9FP CB>4;O649F 5B?PL99 >4K9EF6B <, KFB BK9AP 64:AB, 99 >4K9EF6B

CD4>F<K9E>< A9 ;46<E<F BF D4;@9D4 D9L9F>< 6 BF?<K<9 BF E9F< E

CB?ABE6S;AO@ E?B9@. 1FB 8BEF<749FES 5?47B84DS 99 CB?ABE69DFBK­

AB= CD<DB89 < E<?PAB @9APL9= E>?BAABEF< > C9D9B5GK9A<R.

�?S 89@BAEFD4J<< CD96BEIB8EF64 CD98?B:9AAB7B @9FB84 <

<EE?98B64A<S 97B GEFB=K<6BEF< > D4;?<KAO@ <E>4:9A<S@ <;B5­
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Òàáëèöà 9 � Ñðàâíåíèå îøèáîê ïðåäñòàâëåííîãî ìåòîäà ñ áàçîâûì

Ðàçìåð ðåøåòêè
Áàçîâûé

òîï 1, %

Áàçîâûé

òîï 5, %

Ïðåäëîæåííûé

òîï 1, %

Ïðåäëîæåííûé

òîï 5, %

10× 10 31.7 5.2 1.5 0.7

20× 20 44.5 16.1 5.4 2.3

30× 30 52.9 25.6 6.2 3.1

Ðèñóíîê 4.11 � Ïðèìåðû äîáàâëåííûõ â èçîáðàæåíèÿ èñêàæåíèé, ïðèçâàííûõ

ñäåëàòü íåâîçìîæíûì ëîêàëüíûé ïîèñê òî÷êè ñõîäà.

D4:9A<S 5O? CDB6989A 8BCB?A<F9?PAO= Q>EC9D<@9AF. �?S QFB7B

59; C9D9GK<64A<S A9=DBAAB= E9F< 5O? @B8<H<J<DB64A F9EFB6O=

A45BD 84AAOI E?98GRM<@ B5D4;B@: CDS@BG7B?PAO9 ;BAO D4;AB7B

D4;@9D4 6B>DG7 <E>B@B= FBK>< EIB84 5O?< D4;@OFO 74GEEB6O@ E7?4­

:<64A<9@ F4>, KFB5O <I A96B;@B:AB 5O?B D4;?<K<FP <EIB8S <;

?B>4?PAB= B>D9EFABEF< <;B5D4:9A<S. #D<@9DO F4><I @B8<H<J<­

DB64AAOI <;B5D4:9A<= CB>4;4AO A4 D<EGA>9 4.11.

$9;G?PF4FO QFB7B Q>EC9D<@9AF4 K4EF<KAB CD98EF46?9AO A4 D<­

EGA>9 4.12. !4 7D4H<>4I CB>4;4A4 ;46<E<@BEFP BL<5>< BF D4;@9D4

D4;@OFB= B5?4EF< 6B>DG7 FBK>< EIB84 8?S D4;?<KAOI D4;@9DB6 D9­

L9F><. �97>B @B:AB 6<89FP, KFB CD98?B:9AA4S A9=DBAA4S E9FP,

6BB5M9 7B6BDS, A9 FD95G9F A4?<K<S B5?4EF< <;B5D4:9A<S, A4

>BFBDB@ A4IB8<FES A9CBED98EF69AAB E4@4 FBK>4 EIB84. 1FB 89@BA­

EFD<DG9F B8AB <; 7?46AOI E6B=EF6 QFB= E9F<: ECBEB5ABEFP 6 >4:8B=

?B>4?PAB= FBK>9 CD<A<@4FP D9L9A<9, <EIB8S <; 7?B54?PAOI CD<;A4­

>B6, 59; <ECB?P;B64A<S 8BCB?A<F9?PAOI B5GK49@OI C4D4@9FDB6.



95

(à) 10× 10 (á) 20× 20 (â) 30× 30

Ðèñóíîê 4.12 � Äåãðàäàöèÿ êà÷åñòâà ïðè ïîð÷å èçîáðàæåíèÿ äëÿ ðåøåòîê ðàç�

ëè÷íîãî ðàçìåðà.

�B?99 FB7B, D4EE@4FD<649@O= E?GK4=, >B784 FBK>4 EIB84 @B­

:9F B>4;4FPES ;4>DOF4, K4EFB 6EFD9K49FES 6 D94?PAOI E<FG4J<SI:

BA4 @B:9F 5OFP ;47BDB:9A4 ;84A<9@, 8DG7B= @4L<AB= <?< CDB­

EFB H<;<K9E>< BFEGFEF6B64FP <;-;4 D9?P9H4 @9EFABEF<. � F4><I

E?GK4SI EF4A84DFAO9 @9FB8O B>4;O64RFES CB?ABEFPR A9CD<@9A<­

@O@<, >B784 CD98?B:9AAO= 6E9 9M9 @B:9F ECD46<FPES E ;484K9=.

&4><@ B5D4;B@, <ECB?P;B64A<9 E?B96 CDS@B7B < FD4AECBA<DB64AAB­

7B CD9B5D4;B64A<S )4H 6 A9=DBAAB= E9F< A9 FB?P>B G?GKL49F 99

>4K9EF6B < G@9APL49F >B?<K9EF6B B5GK49@OI C4D4@9FDB6, AB 9M9

< EGM9EF69AAB D4EL<DS9F B5?4EFP CD<@9A9A<S CGF9@ 8B546?9A<S

CD<AJ<C<4?PAB AB6OI >4K9EF6.

4.4 #D4>F<K9E>B9 CD<@9A9A<9

4.4.1 "5M99 BC<E4A<9 E<EF9@O B5GK9AS<

�?S CDB6989A<S 6E9I Q>EC9D<@9AFB6 ;4 54;B6GR E<EF9@G B5G­

K9A<S 5O?4 6;SF4 @B8<H<J<DB64AA4S 69DE<S CudaConvnet [79].

1F4 E<EF9@4 IBDBL4 F9@, KFB CD< CD4>F<K9E>< CB?AB@ A45BD9
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HGA>J<BA4?PABEF< 6 C?4A9 B5GK9A<S E9F9= CDS@B7B D4ECDBEFD4A9­

A<S BL<5>< <@99F ED46A<F9?PAB A95B?PLB= < CDBEFB= <EIB8AO=

>B8. 1FB 89?49F 99 ?97>B= 8?S CBA<@4A<S < @B8<H<J<DB64A<S,

4 Q>EC9D<@9AFO A4 54;B6OI BF>DOFOI A45BD4I CB>4;O64RF, KFB

state-of-the-art >4K9EF6B 8BEF<749FES. &4>:9 QF4 E<EF9@4 5O?4 <E­

CB?P;B64A4 < CB>4;4?4 E6BR QHH9>F<6ABEFP 6B @AB7<I E@9:AOI

D45BF4I A4GKAB7B >B??9>F<64 [91, 92, 93]. � E4@B= E<EF9@9 A9=DBA­

A4S E9FP D94?<;B64AA4 >4> @4EE<6 B5N9>FB6 F<C4 “E?B=”, >4:8O=

<; >BFBDOI B5?4849F E6B<@< C4D4@9FD4@< < C9D9@9AAO@<, 6>?R­

K4S 6IB8AO9 84AAO9 8?S E9F< < HGA>J<< CBF9DP. (4>F<K9E><, QFB

S6?S9FES 86GE6S;AO@ EC<E>B@ E?B96, 5?47B84DS K9@G G8B5AB B5IB­

8<FP E9FP, 84:9 9E?< BA4 EBEFB<F <; @AB7<I 69F69=.

�4AA4S E<EF9@4 B5GK9A<S <ECB?P;B64?4EP < CDB8B?:49F <E­

CB?P;B64FPES 8?S B5GK9A<S A9=DBAAOI E9F9= A4GKAB= 7DGCCB=

?45BD4FBD<< 9.2 (�* �' $�!, 4 F4>:9 >B@C4A<9= Smart Engines

Service 6 >B@@9DK9E><I J9?SI. �@99FES E6<89F9?PEF6B B D97<EFD4­

J<< CDB7D4@@O 8?S 1� [94]. �DB@9 QFB7B, 46FBDB@ 8<EE9DF4J<<

< >B??9>F<6B@ 6OCGM9AB @AB:9EF6B CG5?<>4J<=, 8?S 8BEF<:9A<S

D9;G?PF4FB6 6 >BFBDOI 5O?4 <ECB?P;B64A4 D4;D45BF4AA4S E<EF9@4

B5GK9A<S A9=DBAAOI E9F9=. �BEF<7AGFB9 state-of-the-art >4K9EF6B 6B

@AB7<I ;484K4I 7B6BD<F B 6OEB>B@ GDB6A9 D45BFO E<EF9@O < 99 EB­

BF69FEF6<< ;4S6?9AAB@G >4K9EF6G.

� QFG E<EF9@G 5O? 8B546?9A E?B= 5OEFDB7B CD9B5D4;B64A<S

)4H4 EB E?98GRM<@< C4D4@9FD4@<: 8<4C4;BA G7?B6, <ECB?P;B64­

A<9 6OD46A<64A<S, A4CD46?9A<9. �E9 QF< C4D4@9FDO CB8DB5AB 5O?<

BC<E4AO 6 7?469 2.

4.4.2 %<EF9@4 SmartID Reader

$4;D45BF4AAO9 A9=DBAAO9 E9F< 6 >4K9EF69 CD4>F<K9E>B7B 6A98­

D9A<S 6EFD4<64?<EP 6 E<EF9@G D4ECB;A464A<S SmartID Reader,

D4;D45BF4AAGR BD74A<;4J<9= Smart Engines Service. 1FB E<EF9@4
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D4ECB;A464A<S 8B>G@9AFB6, IBFS FB?P>B D4ECB;A464A<9@ 99 HGA>­

J<BA4? A9 B7D4A<K<649FES. �DB@9 A97B, BA4 9M9 ECBEB5A4 CDB69DSFP

A9>BFBDO9 CD<;A4>< 8B>G@9AFB6 A4 A4?<K<9 CB889?B>, 4 API CB;6B­

?S9F EFDB<FP @AB7BHGA>J<BA4?PAO9 D9L9A<S, 6>?RK4RM<9 6 E95S,

A4CD<@9D, E69D>G HBFB7D4H<< 6 8B>G@9AF9 E ?<JB@ C9D98 >4@9DB=.

SmartID Reader EBEFB<F <; A9E>B?P><I >DGCAOI, BFABE<F9?PAB

A9;46<E<@OI 5?B>B6:

1. #B<E> B5N9>F4 A4 <;B5D4:9A<<. 1F< HGA>J<< CD<;64AO CB;­

6B?SFP A4IB8<FP A4 <;B5D4:9A<< 8B>G@9AF (<?< 7B6BD<FP

B5 97B BFEGFEF6<<). �?S CB<E>4 8DG7<I B5N9>FB6 BA< FB:9

<ECB?P;GRFES: 8?S CB<E>4 ?<J <?< 54D>B8B6, A4CD<@9D.

2. �O89?9A<9 F9>EF4. �?S 84?PA9=L97B D4ECB;A464A<S CBE?9

A4IB:89A<S 8B>G@9AF4 <?< :9 CDS@B ED4;G A4 6IB8AB@

<;B5D4:9A<< A9B5IB8<@B ?B>4?<;B64FP F9>EFB6O9 84AAO9.

� QFB@ 5?B>9 CDB<EIB8<F A4IB:89A<9 K9FOD9IG7B?PA<>B6

F9>EF4 8?S 84?PA9=L9= B5D45BF><.

3. $4ECB;A464A<9 EFDB>. (GA>J<< 84AAB7B 5?B>4 CD<A<@4RF

A4 6IB8 <;B5D4:9A<9 EFDB>< < 6 >4K9EF69 BF69F4 6B;6D4M4­

RF EFDB>G, 789 8?S >4:8B7B ;A4>B@9EF4 G>4;4A A9 FB?P>B

E<@6B?, AB < 97B BJ9A>B= 6@9EF9 E 4?PF9DA4F<6AO@< 64D<4A­

F4@< BF69F4 < <I BJ9A>4@< EBBF69FEF69AAB.

4. #BEFB5D45BF>4 D9;G?PF4FB6 D4ECB;A464A<S. �89EP ;489=EF6B­

64AO D4;ABB5D4;AO9 4?7BD<F@O, CB;6B?SRM<9 6 A4EFD4<­

649@B@ D9:<@9 ;484FP A9>BFBDO9 E9@4AF<K9E><9 CD46<?4,

>BFBDO@ BF69F B5S;4A CB8K<ASFPES. % GK9FB@ D4ECD989?9­

A<S BJ9AB> 6E9I 6B;@B:AOI E<@6B?B6 EFDB<FES A4<5B?99

CD468BCB8B5AO= D9;G?PF4F. 1F< CD46<?4 @B7GF 6>?RK4FP 6

E95S ;484AAO9 69DBSFABEF< EC9J<H<K9E><I CBE?98B64F9?P­

ABEF9= E<@6B?B6, CDB69D>G E?B64D9=, 46FB;4@9AO < CDBK99.

5. %D46A9A<9 <;B5D4:9A<= B5N9>FB6. *9?P QFB7B 5?B>4 - G@9FP

BF69K4FP A4 6BCDBE: B8AB < FB :9 ?< <;B5D4:9AB A4 CD98EF46­

?S9@OI <;B5D4:9A<SI? %CBEB5 CBEFDB9A<S BF69F4 @B:9F

E<?PAB BF?<K4FPES 6 ;46<E<@BEF< BF CBEF4AB6>< ;484K<, A4­

CD<@9D, CD< ED46A9A<< H?47B6 EFD4A A4 8B>G@9AF 4I < CD<
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ED46A9A<< ?<J A4 HBFB7D4H<SI 8B?:AO <ECB?P;B64FPES EB­

69DL9AAB D4;AO9 @B89?<.

6. �AF97D4J<S D9;G?PF4FB6. &4> >4> E<EF9@4 D45BF49F A9 E 98<­

A<KAO@< <;B5D4:9A<S@<, 4 E 6<89BCBFB>B@, FB A9B5IB8<@B

G@9FP B5N98<ASFP BF69FO D45BFO D4;?<KAOI CB8E<EF9@ E

D4;AOI >48DB6 6 B8<A BF69F, BF84649@O= CB?P;B64F9?R. &4>

>4> BF69FO 9EF9EF69AAO@ B5D4;B@ @B7GF 69EP@4 EGM9EF69A­

AB <;@9ASFPES BF >48D4 > >48DG, FB ;89EP <ECB?P;G9FES DS8

A9FD<6<4?PAOI 4?7BD<F@B6, CB;6B?SRM<I, A4CD<@9D, CD<

A9>BFBDOI B5EFBSF9?PEF64I EB5D4FP CD46<?PAO= BF69F 84:9

6 E?GK49, >B784 6E9 BF69FO E >48DB6 CB BF89?PABEF< A969D­

AO9.

�E9 A9=DBAAO9 E9F<, <ECB?P;G9@O9 6 QFB= E<EF9@9 B5GK9AO <

6BECDB<;6B8SFES E CB@BMPR D4;D45BF4AAB= E<EF9@O B5GK9A<S A9=­

DBAAOI E9F9= < A9>BFBDO9 <; A<I 6>?RK4RF (<?< @B7GF 6>?RK4FP)

E?B< CDS@B7B < FD4AECBA<DB64AAB7B 5OEFDB7B CD9B5D4;B64A<S )4­

H4.

4.5 $9;G?PF4FO 7?46O 4

� 84AAB= 7?469 D4EE@BFD9AO CD4>F<K9E><9 CD<@9A9A<S A9=DBA­

AOI E9F9=, CBEFDB9AAOI E <ECB?P;B64A<9@ CD98EF46?9AAOI 6 7?469 3

4DI<F9>FGD. � IB89 QFB7B 5O?< 8BEF<7AGFO E?98GRM<9 D9;G?PF4FO:

1. $9L9A4 ;484K4 CB<E>4 6A9LA<I (6>?RK4S A9EB5EF69AAO9) FB­

K9> EIB84 A4 <;B5D4:9A<< E <ECB?P;B64A<9@ A9=DBAAB= E9F<

4DI<F9>FGDO )4HA9F. #B>4;4AB, KFB CBEFDB9AA4S end-to-end

@B89?P CB;6B?S9F EGM9EF69AAB G?GKL<FP >4K9EF6B 6 ED46A9­

A<< E <A:9A9DAO@ CB8IB8B@, <ECB?P;GRM<@ 4A4?B7<KAO=

4?7BD<F@.

2. $9L9A4 ;484K4 E9@4AF<K9E>B= E97@9AF4J<< E CB@BMPR A9=­

DBAAB= E9F< 4DI<F9>FGDO )4HQA>B89D, >BFBD4S CB>4;4?4

ECBEB5ABEFP 8B5<FPES 5B?PL97B >4K9EF64, K9@ EF4A84DF­
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A4S CB?ABE69DFBKA4S E9FP, <@9S A4 864 CBDS8>4 @9APL9

B5GK49@OI C4D4@9FDB6. �?47B84DS 4A4?<;G CD<;A4>B6 6

>BBD8<A4F4I (s, t), A9=DBAA4S E9FP ECBEB5A4 <ECB?P;B64FP
5B?99 D9?964AFAO9 CD<;A4><, KFB CB;6B?S9F ;A4K<F9?PAB EB­

>D4F<FP 6 A9= >B?<K9EF6B B5GK49@OI C4D4@9FDB6.

3. $9L9A4 ;484K4 CB<E>4 6AGFD9AA9= FBK>< EIB84 E CB@BMPR

A9=DBAAB= E9F< 4DI<F9>FGDO )4HQA>B89D. #DB89@BAEFD<DB­

64AB, KFB 5?47B84DS <ECB?P;B64A<R <AF97D4?PAOI CD<;A4­

>B6 F4>4S A9=DBAA4S E9FP ECBEB5A4 D9L4FP ;484KG, 84:9

9E?< ?B>4?PA4S B5?4EFP CD46<?PAB= FBK>< A4 <;B5D4:9­

A<< ;4698B@B <ECBDK9A4. 1FB EB7?4EG9FES E CD98E>4;4A<9@

CB6989A<S A9=DBAAB= E9F< 6 F4>B@ E?GK49, BEAB64AAB@ A4

Q?9@9AF4I 4?7BD<F@4 CB<E>4 FBK9> EIB84 E CB@BMPR 86GI

CD9B5D4;B64A<= )4H4.

4. $9L9A4 ;484K4 CB<E>4 @4L<ABK<F49@B= ;BAO A4 <;B5D4:9­

A<< E CB@BMPR A9=DBAAB= E9F< 4DI<F9>FGDO )4HQA>B89D. �

QFB= ;484K9 CDB89@BAEFD<DB64AB, KFB, 5?47B84DS <ECB?P;B­

64A<R <AF97D4?PAOI CD<;A4>B6, E9FP, <@9S A4 864 CBDS8>4

@9APL9 >BQHH<J<9AFB6, K9@ EF4A84DFA4S CB?ABE69DFBKA4S,

ECBEB5A4 D9L<FP ;484KG E >BA>GD9AFABECBEB5AO@ >4K9­

EF6B@.

5. %B;84A CDB7D4@@AO= >B@C?9>E 8?S B5GK9A<S < 6BECDB<;69­

89A<= A9=DBAAOI E9F9=, 6>?RK4RM<I 6 E95S QHH9>F<6AO9

D94?<;4J<< E?B96 CDS@B7B < FD4AECBA<DB64AAB7B 5OEFDB7B

CD9B5D4;B64A<S )4H4 [94], 4 F4>:9 CB?GK9A C4F9A %,� [95].
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�4>?RK9A<9

� 84AAB= D45BF9 <;GK4?ES 6BCDBE <ECB?P;B64A<S <AF97D4?PAOI

BC9D4FBDB6 6 >4K9EF69 E?BS A9=DBAAB= E9F<. �?S CDB6989A<S 6E9I

Q>EC9D<@9AFB6 D4EE@4FD<64?BEP 5OEFDB9 CD9B5D4;6B4A<9 )4H4 6

>4K9EF69 <AF97D4?PAB7B BC9D4FBD4. �?S CBEFDB9A<S QHH9>F<6AOI

4DI<F9>FGD A9=DBAAOI E9F9= E <ECB?P;B64A<9@ F4>B7B BC9D4FBD4 6

>4K9EF69 E?BS 5O?B CDB6989AB 89F4?PAB9 <;GK9A<9 5OEFDB7B CD9B5­

D4;B64A<S )4H4, 97B <@C?9@9AF4J<=, 4 F4>:9 FD4AECBA<DB64A<S.

1FB CB;6B?<?B EB;84FP 6OK<E?<F9?PAB QHH9>F<6AGR <@C?9@9AF4­

J<R E?B96 CDS@B7B < FD4AECBA<DB64AAB7B CD9B5D4;B64A<S )4H4. �

D45BF9 CDB6989A 4A4?<; EFDG>FGDO D9J9CF<6AB7B CB?S A9=DBAAB=

E9F< CD< A4?<K<< F4><I E?B96 6 A9=, <; >BFBDB7B E?98G9F, KFB F4­

><9 4DI<F9>FGDO 5G8GF <@9FP CD9<@GM9EF64 6 BCD989?9AAB@ >DG79

;484K. �BCB?A<F9?PAB 6 D45BF9 8B>4;4AB, KFB 6OCB?A9A<9 FD4AE­

CBA<DB64AAB7B 5OEFDB7B CD9B5D4;B64A<S )4H4 F4>:9 6B;@B:AB EB

E?B:ABEFPR O(n2 ∗ log(n)), 4 A9 O(n3).

% <ECB?P;B64A<9@ D4;D45BF4AAOI < <;GK9AAOI E?B96 5O?B

EB;846AB 869 BEAB6AO9 A9=DBE9F96O9 4DI<F9>FGDO: )4HA9F < )4­

HQA>B89D, BF69K4RM<9 D4;AO@ ;484K4@. )4HA9F – 4DI<F9>FGD4 E

<ECB?P;B64A<9@ 86GI CBE?98B64F9?PAOI E?B96 5OEFDB7B CD9B5D4;B­

64A<S )4H4, D4;89?9AAOI 5?B>4@< E69DFBKAOI E?B96. �?47B84DS

E6B9= 4DI<F9>FGD9, >BBD8<A4FO 6 >4DF9 CD<;A4>B6 BF69F4 F4>B= E9­

F< E6S;4AO >GEBKAB-CDB9>F<6AO@ CD9B5D4;B64A<9@ E >BBD8<A4F4@<

<EIB8AB7B <;B5D4:9A<S, 4 59E>BA9KAB G84?9AAO9 FBK>< C9D9IB8SF 6

FBK>< E >BA9KAO@< >BBD8<A4F4@<. 1FB 89?49F F4>GR 4DI<F9>FGDG

BEB59AAB G8B5AB= 8?S CB<E>4 A9EB5EF69AAOI FBK9> EIB84. �FB­

D4S 4DI<F9>FGD4, )4HQA>B89D, EB89D:<F 6 E959 CBE?98B64F9?PAB9

CD<@9A9A<9 E?B96 CDS@B7B < FD4AECBA<DB64AAB7B 5OEFDB7B CD9­

B5D4;B64A<S )4H4, D4;89?9AAO9 5?B>4@< E69DFBKAOI H<?PFDB6,

KFB, 6 CDBF<6BCB?B:ABEFP 4DI<F9>FGD9 )4HA9F, CB;6B?S9F CB?G­

K<FP D9;G?PF<DGRMGR >4DFG CD<;A4>B6 6 >BBD8<A4F4I <EIB8AB7B

<;B5D4:9A<S. 1FB G8B5AB 6 E?GK4SI, >B784, A4CD<@9D, A9B5IB8<­
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@B A4=F< B5N9>F, 74D4AF<DB64AAB ?9:4M<= 6AGFD< <;B5D4:9A<S.

"59 4DI<F9>FGDO A9=DBAAOI E9F9= 8?S CBEFDB9A<S BF69F4 ECBEB5­

AO GK<FO64FP <AF97D4?PAO9 CD<;A4>< CB 6E9@G <;B5D4:9A<R, 4

A9 6 ?B>4?PAB= B>D9EFABEF<, >4> QFB CDB<EIB8<F 8?S EF4A84DFAOI

CB?ABE69DFBKAOI E9F9=.

1HH9>F<6ABEFP D4;D45BF4AAOI A9=DBE9F96OI 4DI<F9>FGD 5O­

?4 CB8F69D:89A4 D4;?<KAO@< Q>EC9D<@9AF4@<. $4EE@4FD<64?<EP

;484K< CB<E>4 A9EB5EF69AAOI FBK9> EIB84 A4 8B>G@9AF4I, 789

5O?B CDB89@BAEFD<DB64AB CD96BEIB8EF6B end-to-end EI9@O C9D98

<A:9A9DAO@ 4?7BD<F@B@, ;484K4 E9@4AF<K9E>B= E97@9AF4J<< <;B5­

D4:9A<= 8B>G@9AF4, 789 5O?B CB>4;4AB, KFB A9=DBAA4S E9FP 4DI<­

F9>FGDO )4HQA>B89D 8BEF<749F ?GKL97B >4K9EF64 6 ED46A9A<< EB

EF4A84DFAB= 4DI<F9>FGDB= UNet, 84:9 <@9S A4 864 CBDS8>4 @9APL9

B5GK49@OI C4D4@9FDB6. �BCB?A<F9?PAO= Q>EC9D<@9AF CB CB<E>G

6AGFD9AA9= FBK>< EIB84 A4 <;B5D4:9A<SI 8BDB7< CB>4;4?, KFB 84:9

9E?< “<ECBDF<FP” 6IB8AO9 84AAO9, ;4>DO6 E4@G FBK>G EIB84, A9=DBA­

A4S E9FP 4DI<F9>FGDO )4HQA>B89D 6E9 D46AB ECBEB5A4 99 A4=F<, KFB

CB?ABEFPR EB7?4EG9FES E 6O6B84@<, E89?4AAO@< CD< D4EEG:89A<<

B FD4AEHBD@4J<< D9J9CF<6AOI CB?9=.

� IB89 D45BFO A48 8<EE9DF4J<9= 5O?< EB;84AO <@C?9@9AF4­

J<<, 6BL98L<9 6 ;4D97<EFD<DB64AAGR E<EF9@G B5GK9A<S A9=DBAAOI

E9F9=, E CB@BMPR >BFBDB= 5O?< B5GK9AO A9=DBAAO9 E9F<, 6EFDB9A­

AO9 6 89=EF6GRM99 >B@@9DK9E>B9 D9L9A<9.

�BA>D9FA99, 6 8<EE9DF4J<<:

1. #B>4;4AB, KFB 8B546?9A<9 6 E9FP 86GI E?B96 CD9B5D4;B64A<S

)4H4 CBE?98B64F9?PAB, D46AB >4> < 8B546?9A<9 CBE?98B64­

F9?PAB E?B96 CD9B5D4;B64A<S )4H4 < FD4AECBA<DB64AAB7B

CD9B5D4;B64A<S )4H4 6 @AB7BE?B=AGR E69DFBKAGR E9FP 89­

?49F D9J9CF<6AO@ CB?9@ >4:8B7B 6OIB8AB7B A9=DBA4 6E9

<;B5D4:9A<9.

2. #D<6989AB 8B>4;4F9?PEF6B 6B;@B:ABEF< CBEFDB9A<S 5OEFDB­

7B FD4AECBA<DB64AAB7B BC9D4FBD4 8?S 5OEFDB7B CD9B5D4;B­

64A<S )4H4, 6OCB?AS9@B7B EB E?B:ABEFPR O(n2 ∗ log(n)).
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1FB CB;6B?S9F QHH9>F<6AB D4ECDBEFD4ASFP 7D48<9AF K9D9;

E?B= CD9B5D4;B64A<S )4H4 CD< B5GK9A<<.

3. #D98?B:9A4 4DI<F9>FGD4 )4HA9F, EB89D:4M4S 6 E959 69F6<

E CBE?98B64F9?PAB D4ECB?B:9AAO@< E?BS@< 5OEFDB7B CD9B5­

D4;B64A<S )4H4, D4;89?9AAO@< 5?B>4@< E69DFBKAOI E?B96,

4 F4>:9 @9FB8 99 CD<@9A9A<S, CB;6B?SRM<= >B8<DB64FP A4

6OIB89 6ER C?BE>BEFP 6IB8AB7B <;B5D4:9A<S, 6>?RK4S 59E­

>BA9KAB G84?9AAO9 FBK><. #D98?B:9AAO@ @9FB8B@ D9L9A4

;484K4 CB<E>4 6A9LA<I (6>?RK4S A9EB5EF69AAO9) FBK9> EIB­

84 A4 <;B5D4:9A<<. #B>4;4AB, KFB CBEFDB9AA4S end-to-end

@B89?P CB;6B?S9F EB>D4F<FP BL<5>G A4 20% 6 ED46A9A<< E

<A:9A9DAO@ CB8IB8B@, <ECB?P;GRM<@ 4A4?B7<KAO= 4?7B­

D<F@.

4. #D98?B:9A4 4DI<F9>FGD4 )4HQA>B89D, EB89D:4M4S 6 E959

E?B< CDS@B7B < FD4AECBA<DB64AAB7B 5OEFDB7B CD9B5D4;B­

64A<S )4H4, D4;89?9AAO9 5?B>4@< E69DFBKAOI E?B96, KFB

CB;6B?S9F 9= 5OFP E9FPR F<C4 “46FB>B8<DB6M<>”. #D98?B­

:9AA4S 4DI<F9>FGD4 6 ;484K9 E9@4AF<K9E>B= E97@9AF4J<<

CDB89@BAEFD<DB64?4 ?GKL99 >4K9EF6B (0.96 CDBF<6 0.94

MIoU) CD< CD<@9DAB 6 100 D4; @9APL9@ K<E?9 B5GK49@OI

C4D4@9FDB6, 6 ED46A9A<< EB EF4A84DFAB= CB?ABE69DFBKAB=

E9FPR. &4>:9 D9L9A4 ;484K4 CB<E>4 6AGFD9AA9= FBK>< EIB­

84, 789, 6 ED46A9A<< EB EF4A84DFAB= A9=DBAAB= E9FPR,

BL<5>4 B>4;4?4EP CD<@9DAB 6 2 D4;4 @9APL9 6B 6E9I

Q>EC9D<@9AF4I. #DB89@BAEFD<DB64AB, KFB 5?47B84DS <ECB?P­

;B64A<R <AF97D4?PAOI CD<;A4>B6 F4>4S A9=DBAA4S E9FP

ECBEB5A4 D9L4FP ;484KG CB<E>4 FBK>< EIB84, 84:9 9E?< 6

?B>4?PAB= B>D9EFABEF< <E>B@B= FBK>< A9F D9?964AFAOI CD<­

;A4>B6.

5. #B>4;4AB, KFB C9D9ABE B5GK9AAOI 69EB6 CBE?98A<I E?B96

E9F< )4HA9F CB;6B?S9F 59; CBF9D< >4K9EF64 CD<@9ASFP 99

> 84AAO@ <; 8DG7B7B 8B@9A4 (<EE?98B64?<EP 8B@9AO <;B5­

D4:9A<= 8B>G@9AFB6 < <;B5D4:9A<= E 6<89BD97<EFD4FBD4

46FB@B5<?S). 1FB 89@BAEFD<DG9F, KFB C9D9ABE ;A4A<= 6 E9­
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FSI F4><I 4DI<F9>FGD 6B;@B:9A, >4> < 6 >?4EE<K9E><I E9FSI,

AB CDB<EIB8<F 6 7?G5B><I E?BSI, D45BF4RM<I E CD<;A4>4@<

6 CDBEFD4AEF69 )4H4, 4 A9 6 C9D6OI E?BSI, >4> QFB CDB<EIB­

8<F 6 D4A99 <EE?98B64AAOI 4DI<F9>FGD4I.

6. %B;84A CDB7D4@@AO= >B@C?9>E 8?S B5GK9A<S < 6BECDB<;69­

89A<= A9=DBAAOI E9F9=, 6>?RK4RM<I 6 E95S QHH9>F<6AO9

D94?<;4J<< E?B96 CDS@B7B < FD4AECBA<DB64AAB7B CD9B5D4;B­

64A<S )4H4. �E9 CD4>F<K9E><9 D9;G?PF4FO, CD<6989AAO9 6

D45BF9, 5O?< CB?GK9AO E 97B <ECB?P;B64A<9@.
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%C<EB> EB>D4M9A<= < GE?B6AOI B5B;A4K9A<=

#D9B5D4;B64A<9 $48BA4 – EB7?4EAB BCD989?9A<R E C4D4@9F­

D<;4J<9= (ρ,ϕ). � CD9B5D4;B64A<< $48BA4: ρ – D4EEFBSA<9 BF J9AFD4

<;B5D4:9A<S 8B CDS@B=; ϕ – G7B? A4>?BA4 CDS@B=.

#D9B5D4;B64A<9 )4H4 – 8<E>D9FAB9 CD9B5D4;B64A<9 D48BA4

E C4D4@9FD<;4J<9= (ρ,ϕ). � CD9B5D4;B64A<< )4H4: s – E86<7 C9D­
6B= FBK>< CDS@B= A4 EFBDBA9 "A4K4?4"; t – E86<7 CBE?98A9= FBK><

CDS@B= A4 CDBF<6BCB?B:AB= EFBDBA9 (BFABE<F9?PAB A4K4?4).

�OEFDB9 CD9B5D4;B64A<9 )4H4, �#) – 8<E>D9FAB9 CD9B5­

D4;B64A<9 $48BA4 E C4D4@9FD<;4J<9= (s,t). �A7?BS;OKAO= 4A4?B7

A4;64A<S Fast Hough Transform, FHT.

�?7BD<F@ �D988< – 4?7BD<F@ 6OK<E?9A<S 5OEFDB7B CD9B5­

D4;B64A<S )4H4, <@9RM<= E?B:ABEFP O(n2 ∗ log(n)), 6 BF?<K<9 BF
A4<6AB7B ECBEB54 6OK<E?9A<S EB E?B:ABEFPR O(n3).

&D4AECBA<DB64AAB9 5OEFDB9 CD9B5D4;B64A<9 )4H4 –

BC9D4J<S, CB?GK49@4S 6 D9;G?PF4F9 FD4AECBA<DB64A<S @4FD<JO

BC9D4FBD4 �#) < 99 CD<@9A9A<S. �ECB?P;G9FES >4> 8?S BEGM9EF6­

?9A<S B5D4FAB7B D4ECDBEFD4A9A<S 7D48<9AF4 CD< B5GK9A<< E9F9= EB

E?B9@ �#), F4> < >4> E4@BEFBSF9?PA4S BC9D4J<S 8?S CD9B5D4;B64­

A<S CDBEFD4AEF64 <; (s,t) 6 (x,y). �A7?BS;OKAO= 4A4?B7 A4;64A<S

Transposed Fast Hough Transform, TFHT.

�9>FBD CD<;A4>B6 – 6<8 84AAOI, >BFBDO@< BC9D<DGRF E?B<

A9=DBAAOI E9F9=. #B8D4;G@9649F, KFB Q?9@9AFO A9 ;46<ESF 8DG7 BF

8DG74.

�4DF4 CD<;A4>B6 – 6<8 84AAOI, >BFBDO@< BC9D<DGRF E?B<

A9=DBAAB= E9F<. "5OKAB <@9RFES 66<8G 86GI@9DAO9. &4><@ B5D4­

;B@, EBE98A<9 Q?9@9AFO <@9RF E6S;P 8DG7 E 8DG7B@, F4> >4> K4EFB

CD<A48?9:4F B8AB@G B5N9>FG <?< EFDG>FGD9.

#B?ABE6S;AO= E?B= – 6<8 E?BS A9=DBAAB= E9F<, 6 >BFBDB@

>4:8O= Q?9@9AF 6OIB84 S6?S9FES ?<A9=AB= >B@5<A4J<9= 6E9I 6IB­

8B6. $94?<;G9FES 6 6<89 G@AB:9A<S 69>FBD4 6IB84 A4 @4FD<JG 69EB6

E 8B546?9A<9@ 69>FBD4 54=9EB6.
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%69DFBKAB= E?B= – 6<8 E?BS A9=DBAAB= E9F<, 789 >4:8O= Q?9­

@9AF 6OIB8AB= >4DFO CD<;A4>B6 S6?S9FES ?<A9=AB= >B@5<A4J<9=

Q?9@9AFB6 6IB8AB= >4DFO CD<;A4>B6, B7D4A<K9AAOI B>AB@ (H<?P­

FDB@), D4ECB?B:9AAO@ 6 EBBF69FEF6GRM9= CB;<J<<. � E69DFBKAB@

E?B9: ff – D4;@9D B>A4 H<?PFD4; s – L47 CD<?B:9A<S H<?PFD4;

n – >B?<K9EF6B H<?PFDB6; p – C488<A7 6IB8AB7B <;B5D4:9A<S; a –
H4>FBD G69?<K9A<S D4;@9D4 <;B5D4:9A<S, 89>BA6B?RJ<<.

%?B= CG??<A74 – 6<8 E?BS A9=DBAAB= E9F<, CD<@9AS9@O=

> >4DF9 CD<;A4>B6. "C9D4J<S CBIB:4 A4 CD<@9A9A<9 E69DFBKAB7B

H<?PFD4, AB 6@9EFB 6;69L9AAB= EG@@O @B:9F 5OFP ED98A99, @<­

A<@G@, @4>E<@G@, @98<4A4 < F.8. "5OKAB <ECB?P;G9FES BC9D4J<S

@4>E<@G@4 E J9?PR CBA<:9A<S D4;@9DABEF< >4DFO CD<;A4>B6.

#488<A7 – B8<A <; C4D4@9FDB6 E69DFBKAB7B E?BS (@B:9F

5OFP CD<@9A9A > E?BR CG??<A74 < > ?R5O@ 8DG7<@ B>BAAO@ E?B­

S@). !4?<K<9 C488<A74 B;A4K49F, KFB C9D98 CD<@9A9A<9@ H<?PFDB6

>4DF<A>4 D4EL<DS9FES (<?< EG:49FES 6 E?GK49 BFD<J4F9?PAB7B C48­

8<A74). � ;46<E<@BEF< BF D9:<@4, 6 D4EL<D9AAB= ;BA9 @B7GF 5OFP

AG?<, ED98A99 CB <;B5D4:9A<R, ;9D>4?PAB9 BFD4:9A<9 EB89D:<@B7B

< F.C. +4M9 6E97B <ECB?P;G9FES C488<A7 AG?S@<.

(GA>J<S 4>F<64J<< – A9?<A9=A4S HGA>J<S, CD<@9AS9@4S

@9:8G ?<A9=AO@< E?BS@< A9=DBAAB= E9F<. %4@O9 K4EFB <ECB?P;G­

9@O9: ReLU f (x) = max(0, x), softsign f (x) = x/(1 + |x|).
U-Net – 4DI<F9>FGD4 CB?ABE69DFBKAB= A9=DBAAB= E9F<. %B89D­

:<F 6 E959 864 >?RK96OI Q?9@9AF4, A4?<K<9 >BFBDOI 89?49F ?R5GR

E9FP U-Net-CB8B5AB=. #9D6O=: C9D64S K4EFP E9F< G@9APL49F D4;@9D

>4DF CD<;A4>B6, G69?<K<64S >B?<K9EF6B >4A4?B6, 4 6FBD4S, A4B5B­

DBF, G69?<K<649F D4;@9D, G@9APL4S >B?<K9EF6B >4A4?B6. �FBDB=:

8B546?9A<9 >4DF CD<;A4>B6 > >4DF4@ EBBF69FEF6GRM97B D4;@9D4,

CDBL98L<@ K9D9; G@9APL9A<9-G69?<K9A<9 D4;@9D4. &4><@ B5D4;B@

E9FP ECBEB5A4 A9 F9DSFP @9?><9 89F4?< <;B5D4:9A<S.

$9J9CF<6AB9 CB?9 A9=DBA4 – ;BA4 A4 <EIB8AB= >4DF9 CD<;A4­

>B6, Q?9@9AFO >BFBDB= @B7GF 6?<SFP A4 ;A4K9A<9 6 84AAB@ A9=DBA9.

&BK>4 EIB84 – 6BB5D4:49@4S FBK>4 A4 86GI@9DAB= CDB9>J<<

FD9I@9DAB= EJ9AO, 6 >BFBDB= C9D9E9>4RFES CDS@O9, C4D4??9?P­
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AO9 6 <EIB8AB= EJ9A9. #D< D45BF9 E <;B5D4:9A<S@< 5O649F 86GI

6<8B6. �AGFD9AASS FBK>4 EIB84 – FBK>4 EIB84, >BFBD4S A4IB8<F­

ES 6AGFD< D4EE@4FD<649@B7B <;B5D4:9A<S. �A9LASS FBK>4 EIB84

– FBK>4 EIB84, >BFBD4S A4IB8<FES ;4 CD989?4@< D4EE@4FD<649@B­

7B <;B5D4:9A<S. +4EFAO@ E?GK49@ 6A9LA9= FBK>< EIB84 S6?S9FES

A9EB5EF69AA4S FBK>4 EIB84, >BFBD4S A4IB8<FES A4 59E>BA9KAB@ G84­

?9A<<.

#B?ABE69DFBKA4S A9=DBAA4S E9FP – E9FP 59; CB?ABE6S;AOI

E?B96.  B:9F 5OFP CD<@9A9A4 > <;B5D4:9A<R CDB<;6B?PAB7B D4;­

@9D4. $4;@9D 6OIB84 ;46<E<F BF D4;@9D4 6IB84.
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>�?LD4%FD4E>64=<5, �� >�,$�-����>l, ��� �4=> >$� �F>DOF<5>, ��

>�47?D><54=>>, �6D47<�E><� 54=> D476<F<O, PJSC Emirates NBD Bank;

E>F>6OE >?5D4F>D>6 ��� >�&%>, <<�574$>=>>, >�O<?5?�><> (F>D7>64O <4D>4

<�<?4==>);

6 E>EF4 65 46F><4F<7< D>64= =>= E<EF5<O ?4E?>DF=>7> >>=FD>?O <<%4?%4 � ll,

?D54=47=4G5= =>= <O >EGM5EF6?5= <O 46F><4F<G5E>> 7> ?4E?>DF=>7> >��&$��/

?4EE46<D>6, E?54GNl?<E G5D57 7>EG44DEF65==GN 7D4=<FG $>EE<=E>>= $545D4F<<;

(Turkish Airlines, Croatia airlines).

�5?5D4?L=O= 4<D5>F>D
��� <%<4DF -=46?=E %5D6<E>>

�D?474D>6 �?44<<?D �<>F>D>6<G

&: +7 (495) 649-82-60

�: office@Smartengines,ru

https://Smarten gi nes, rG

��� %<4DF -=46<=E %5D6<E 1 1 731 2, 7>D>4 �>E>64,

��$�: 1,167746085297 ?D->F60-�5F<O �>7O5DO, 4, 9

�==:7728328449
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�>F B 6A98D9A<< D9;G?PF4FB6 8<EE9DF4J<BAAB= D45BFO 6 89S­

F9?PABEFP #�" “�&�”.
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�>F B 6A98D9A<< D9;G?PF4FB6 8<EE9DF4J<BAAB= D45BFO 6 <A­

HBD@4J<BAAO9 E<EF9@O < @B5<?PAO9 CD<?B:9A<S �" “&<AP>BHH

�4A>”.


