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RXR JQiBp�iBQM

AM `2+2Mi v2�`b- i?2 �#BHBiv Q7 M2m`�H M2irQ`Fb iQ H2�`M Bb #2BM; `2�HBx2/ QrBM; iQ
i?2 /2p2HQTK2Mib BM i2+?MQHQ;v i?�i r2`2 MQi T`2b2Mi r?2M M2m`�H M2irQ`F r�b }`bi
+QM+2Tim�HBx2/X �TTHB+�iBQMb Q7 M2m`�H M2irQ`Fb +�M #2 7QmM/ 7`QK bT�K /2i2+iBQM BM
2K�BHb- i?2 T`QD2+iBQM Q7 ?Qmb2 T`B+2b- iQ `2+QKK2M/2` bvbi2Kb BM KmbB+ Q` pB/2Q bi`2�KBM;
b2`pB+2bX h?2 QM2 i?�i +�m;?i i?2 BK�;BM�iBQM Q7 T2QTH2 �M/ K�/2 i?2K i?BMF i?�i
M2m`�H M2irQ`Fb �`2 i`mHv H2�`MBM; BM i?2 HBi2`�H b2Mb2 Q7 i?2 rQ`/- Bb i?2 �TTHB+�iBQM
Q7 +QMpQHmiBQM�H M2m`�H M2irQ`F U*LLVX *LL Bb � bT2+B�H ivT2 Q7 M2m`�H M2irQ`F i?�i
Bb bT2+B}+�HHv /2bB;M2/ iQ ?�M/H2 BK�;2bX h?2 bBKTH2bi �TTHB+�iBQM Q7 *LL Bb BK�;2
+H�bbB}+�iBQM- r?2`2 Bi i`B2b iQ Tmi � H�#2H QM i?2 TB+im`2 Bi ?�b ǳb22MǴX Ai r�b /2p2HQT2/
BM i?2 RNNyb #mi /B/ MQi HBp2 iQ Bib 7mHH TQi2MiB�H /m2 iQ i?2 HBKBi�iBQM BM i?2 +QKTmiBM;
`2bQm`+2b UG2*mM 2i �HX- RNN3VX AM kyRk- r?2M i?2 +QKTmiBM; TQr2` r�b }M�HHv `2�/v- *LL
?�b #22M BKT`Qp2/ �M/ T`QTQb2/ �;�BM UE`Bx?2pbFv 2i �HX- kyRkVX AKK2/B�i2Hv- Bi r�b �#H2
iQ QmiT2`7Q`K �HH i?2 H2�/BM; BK�;2 +H�bbB}+�iBQM K2i?Q/b �i i?2 iBK2X AM 7Qm` v2�`b bBM+2
Bib `2bm`;2M+2- Bi r�b �#H2 iQ bm`T�bb ?mK�M@H2p2H T2`7Q`K�M+2 BM BK�;2 +H�bbB}+�iBQM U>2
2i �HX- kyReVX 6`QK i?�i TQBMi QMr�`/- i?2 +�T�#BHBiB2b Q7 M2m`�H M2irQ`Fb �`2 miBHBx2/ BM
K�Mv /Bz2`2Mi �TTHB+�iBQMbX AM QM2 2t�KTH2- *LL Bb mb2/ BM 7�+B�H `2+Q;MBiBQM iQ mMHQ+F
2H2+i`QMB+ /2pB+2bX AM �MQi?2` 2t�KTH2- *LL Bb mb2/ BM �miQMQKQmb /`BpBM;- r?B+? Bb
�`;m�#Hv QM2 Q7 i?2 KQbi /B{+mHi i�bFb iQ T`Q;`�K /m2 iQ i?2 b?22` MmK#2` Q7 p�`B�#H2bX

�b `2b2�`+?2`b i`v iQ Tmb? i?2 HBKBib Q7 *LL +�T�#BHBiv- i?2 �`+?Bi2+im`2 Q7 *LLb
+QMiBMm2 iQ ;`Qr BM /2Ti? �M/ +QKTH2tBivX *QMb2[m2MiHv- i?2v `2[mB`2 � H�`;2 �KQmMi
Q7 /�i� �M/ +QKTmi�iBQM�H TQr2` iQ i`�BM T`QT2`HvX "B; +QKT�MB2b bm+? �b :QQ;H2 GG*
?�p2 �++2bb iQ K�bbBp2 �KQmMib Q7 `2bQm`+2b iQ T2`7Q`K H�`;2@b+�H2 2tT2`BK2Mib r?2`2�b
MQ`K�H BMbiBimiBQMb bm+? �b mMBp2`bBiB2b /Q MQiX lbBM; � /22T *LL �`+?Bi2+im`2 iQ i`�BM
�M/ mb2 7Q` �M �TTHB+�iBQM i�F2b � bB;MB}+�Mi �KQmMi Q7 iBK2X 6m`i?2`KQ`2- bT2+B�HBx2/
�TTHB+�iBQMb bm+? �b imKQ` /2i2+iBQM ?�p2 � HBKBi2/ �KQmMi Q7 /�i�b2i BK�;2bX � /22T
M2irQ`F i`�BM2/ QM � bK�HH /�i�b2i ?�b b2p2`�H `2/mM/�Mi r2B;?ib i?�i H2�/ iQ T`Q#H2Kb



k

bm+? �b Qp2`}iiBM;- r?B+? Bb i?2 M2irQ`F T2`72+iHv B/2MiB7vBM; i?2 r?QH2 i`�BMBM; /�i�b2i
#mi 7�BHb iQ ;2M2`�HBx2 iQ /�i�b2ib Bi ?�b MQi b22MX JQ`2Qp2`- i?2 /22T �`+?Bi2+im`2b +�MMQi
#2 /2THQv2/ BMiQ /2pB+2b i?�i ?�p2 HBKBi2/ K2KQ`v U2X;X- bm`p2BHH�M+2 +�K2`�bVX � bK�HH
M2irQ`F b?QmH/ �//`2bb i?2 T`Q#H2K #mi ?�M/@2M;BM22`BM; � bK�HH M2irQ`F i?�i T2`7Q`Kb
QM T�` rBi? /22T M2irQ`Fb Bb MQi � bBKTH2 i�bFX h?2 r�v M2m`�H M2irQ`Fb H2�`M Bb MQi
v2i 7mHHv mM/2`biQQ/- r?B+? K�F2b Bi /B{+mHi iQ /2p2HQT 2t�+iHv � ?B;?@T2`7Q`KBM; bK�HH
�`+?Bi2+im`2X >2M+2- ?�M/@2M;BM22`BM; � M2irQ`F `2[mB`2b MmK2`Qmb i`B�H@�M/@2``Q` �M/
2tT2`iBb2X

.m`BM; i?2 /2p2HQTK2Mi Q7 M2m`�H M2irQ`Fb BM i?2 RN3yb- i?2`2 �`2 /Bz2`2Mi K2i?@
Q/b T`QTQb2/ iQ i`�BM Bib r2B;?ibX PM2 Q7 i?2 K2i?Q/b- BMbTB`2/ #v M�im`�H b2H2+iBQM-
Bb +�HH2/ M2m`Q2pQHmiBQMX lMHBF2 i?2 K�i?2K�iB+�H �TT`Q�+?2b iQ M2irQ`F i`�BMBM; bm+?
�b #�+FT`QT�;�iBQM- M2m`Q2pQHmiBQM mb2b � TQTmH�iBQM Q7 +�M/B/�i2 bQHmiBQMb- r?2`2 Bi
Kmi�i2b i?2 #2bi Q` }ii2bi bQHmiBQMb `2T2�i2/Hv 7Q` b2p2`�H ;2M2`�iBQMb iQ �``Bp2 �i i?2
QTiBK�H bQHmiBQMX aBM+2 M2m`Q2pQHmiBQM /Q2b MQi +QKTmi2 �Mvi?BM;- Bi +�M QTiBKBx2 �Mv
T�`�K2i2` Q7 i?2 M2m`�H M2irQ`F BM+Hm/BM; i?2 �`+?Bi2+im`2X AM kyyk- � K2i?Q/ +�HH2/
M2m`Q2pQHmiBQM Q7 �m;K2MiBM; iQTQHQ;B2b UL1�hV r�b �#H2 iQ bm++2bb7mHHv QTiBKBx2 i?2
M2m`�H M2irQ`F r2B;?ib �M/ �`+?Bi2+im`2 iQ;2i?2` �M/ bm#b2[m2MiHv �+?B2p2/ i?2 bi�i2@
Q7@i?2@�`i T2`7Q`K�M+2 QM i?2 /Qm#H2 TQH2 #�H�M+BM; rBi?Qmi p2HQ+Biv i�bF- r?B+? r�b
� p2`v /B{+mHi #2M+?K�`F Uai�MH2v �M/ JBBFFmH�BM2M- kyykVX L2m`Q2pQHmiBQM +�M 2z2+@
iBp2Hv QTiBKBx2 i?2 �`+?Bi2+im`2 Q7 M2m`�H M2irQ`FbX h?2`27Q`2- M2m`Q2pQHmiBQM +�M �HbQ
TQi2MiB�HHv /Bb+Qp2` bK�HH *LL �`+?Bi2+im`2b i?�i ?�p2 T2`7Q`K�M+2b +HQb2 iQ i?Qb2 Q7 i?2
+QMp2MiBQM�H /22T *LL M2irQ`FbX

AM i?Bb bim/v- M2m`Q2pQHmiBQM K2i?Q/b i?�i /Bb+Qp2` QTiBK�H *LL �`+?Bi2+im`2b
�`2 2tTHQ`2/X h?2 i2+?MB[m2b T`QTQb2/ �`2 BMbTB`2/ #v i?2 BMimBiBQMb BM i?2 L1�h T�@
T2` Uai�MH2v �M/ JBBFFmH�BM2M- kyykVX JQ`2Qp2`- QM2 Q7 i?2 �/p�Mi�;2b Q7 mbBM; � +QMp2M@
iBQM�H /22T M2irQ`F Bb i`�Mb72` H2�`MBM;X h?2 r2B;?ib Q7 i?2 /22T M2irQ`Fb i`�BM2/ rBi?
H�`;2@b+�H2 /�i�b2ib �`2 �p�BH�#H2 QMHBM2X lbBM; i?2 i`�BM2/ r2B;?ib U2X;X- �b T`2i`�BMBM;
r2B;?ibV ivTB+�HHv H2�/b iQ i`�BMBM; �M/ T2`7Q`K�M+2 #QQbiX >Qr2p2`- � +mbiQKBx2/ M2i@
rQ`F �`+?Bi2+im`2 /2p2HQT2/ #v M2m`Q2pQHmiBQM +�MMQi miBHBx2 i?2 i`�BM2/ r2B;?ib #2+�mb2
Bib �`+?Bi2+im`2 Bb /Bz2`2MiX h?mb- p�`BQmb i2+?MB[m2b iQ miBHBx2 i?2 i`�BM2/ r2B;?ib QM
� M2m`Q2pQHmiBQM@T`Q/m+2/ M2irQ`F �`2 2tT2`BK2Mi2/X AM �//BiBQM- �Hi2`M�iBp2 r�vb iQ
i`�Mb72` i?2 H2�`MBM; Q7 � i`�BM2/ M2irQ`F iQ i?2 M2m`Q2pQHmiBQM@T`Q/m+2/ M2irQ`F �`2
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2KT?�bBx2/X 6BM�HHv- i?2 �#BHBiv Q7 M2m`Q2pQHmiBQM iQ QTiBKBx2 i?2 �`+?Bi2+im`2 Q7 � *LL
7Q` bT2+B}+ �TTHB+�iBQMb Bb 2t�KBM2/X

RXk P#D2+iBp2b

RX *QK#BM2 *LL �M/ L2m`Q2pQHmiBQM iQ QTiBKBx2 i?2 r2B;?ib �M/ �`+?Bi2+im`2 �miQ@
K�iB+�HHvX

kX 1KTHQv i`�Mb72` H2�`MBM; BMimBiBQM iQ `2/m+2 *LL@L2m`Q2pQHmiBQM i`�BMBM; iBK2X

jX �TTHv i?2 +`2�i2/ �H;Q`Bi?K iQ � bT2+B}+ T`Q#H2KX U2X;X +H�bbB}+�iBQM Q7 KB+`Qb+QTB+
BK�;2bV

RXj a+QT2 Q7 qQ`F

RX S`Q/m+2 � MQp2H *QMpQHmiBQM�H L2m`�H L2irQ`F �`+?Bi2+im`2 /2p2HQT2/ mbBM; i`�Mb@
72` H2�`MBM; BMimBiBQM �M/ M2m`Q2pQHmiBQM i2+?MB[m2bX

kX lb2 ;QQ/ T`�+iB+2b BM .22T G2�`MBM; iQ BKT`Qp2 i?2 �++m`�+v �M/ `2/m+2 i?2 +QK@
Tmi�iBQM�H iBK2X

U�V �+?B2p2 �M �++m`�+v Q7 ± 8W +QKT�`2/ iQ *:S@*LL �H;Q`Bi?K- � H2�/BM;
L2m`Q2pQHmiBQM@*LL +QK#BM�iBQM mbBM; i?2 *A6�_@Ry /�i�b2iX

U#V �+?B2p2 dyW i`�BMBM; iBK2 r?2M +QKT�`2/ iQ i?�i Q7 i?2 *:S@*LL �H;Q`Bi?KX

U+V �+?B2p2 �i H2�bi 38W �++m`�+v 7`QK i?2 bT2+B}+ �TTHB+�iBQM Q7 i?2 �H;Q`Bi?K

RX9 amKK�`v �M/ ai`m+im`2 Q7 i?2 h?2bBb

h?2 `2bi Q7 i?2 /Bbb2`i�iBQM Bb Q`;�MBx2/ �b 7QHHQrbX h?2 M2ti +?�Ti2` `2pB2rb i?2
`2H�i2/ rQ`F �M/ i?2Q`B2b BM �`iB}+B�H M2m`�H M2irQ`Fb �M/ +QMpQHmiBQM�H M2m`�H M2irQ`FbX
JQ`2Qp2`- i?2 /�i�b2ib �M/ /�i� �m;K2Mi�iBQMb +QKKQMHv mb2/ BM *LL �`2 /Bb+mbb2/X
J2i?Q/b Q7 H2�`MBM; 7`QK � i`�BM2/ M2irQ`F �`2 �HbQ 2tTHQ`2/ BM i?Bb +?�Ti2`X 6m`i?2`@
KQ`2- M2m`Q2pQHmiBQM �M/ M2m`Q2pQHmiBQM �TT`Q�+?2b iQ *LL �`2 2t�KBM2/X AM *?�Ti2`
j- i?2 *LL 2tT2`BK2Mib QM bT2+B�HBx2/ �TTHB+�iBQMb �`2 /2b+`B#2/X >2`2- K2i?Q/b �`2
T`QTQb2/ iQ BKT`Qp2 i?2 i`�BMBM; �M/ miBHBx�iBQM Q7 i?2 *LLX AM *?�Ti2` 9- /Bz2`2Mi M2m@
`Q2pQHmiBQM �TT`Q�+?2b iQ *LL- K2i?Q/b iQ miBHBx2 i?2 H2�`MBM; Q7 � i`�BM2/ M2irQ`F- �M/
M2m`Q2pQHmiBQM �TTHB+�iBQM K2i?Q/b �`2 T`QTQb2/X *?�Ti2` 8 /2b+`B#2b i?2 2tT2`BK2Mib
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i?�i 2p�Hm�i2 i?2 2z2+iBp2M2bb Q7 i?2 �TT`Q�+?2b �M/ K2i?Q/b T`QTQb2/ BM i?2 T`2pBQmb
+?�Ti2`X aT2+B}+ �TTHB+�iBQMb Q7 i?2 M2m`Q2pQHmiBQM@T`Q/m+2/ *LL �`2 /2KQMbi`�i2/ BM
*?�Ti2` eX 6BM�HHv- i?2 H�bi +?�Ti2` /Bb+mbb2b i?2 HBKBi�iBQMb �M/ 7mim`2 /B`2+iBQMb Q7 i?2
bim/v �M/ i?2M +QM+Hm/2b i?2 /Bbb2`i�iBQMX



*>�Sh1_ AA

"�*E:_PlL. ELPqG1.:1 �L. _1G�h1.

qP_E

AM i?Bb +?�Ti2`- i?2 HBi2`�im`2 �M/ i?2Q`B2b 7`QK K�+?BM2 H2�`MBM; K2i?Q/b iQ M2m@
`Q2pQHmiBQM �TT`Q�+?2b iQ *LL �`2 /Bb+mbb2/X AM a2+iBQM kXR- K�+?BM2 H2�`MBM; K2i?Q/b
�`2 BMi`Q/m+2/X a2+iBQM kXk /2b+`B#2b � #`B27 ?BbiQ`v Q7 i?2 �`iB}+B�H M2m`�H M2irQ`F /2@
p2HQTK2Mi �M/ �HbQ i?2 i?2Q`v i?�i �++QKT�MB2b BiX h?2 /2p2HQTK2Mi Q7 � bT2+B�H ivT2 Q7
M2m`�H M2irQ`F +�HH2/ +QMpQHmiBQM�H M2m`�H M2irQ`F BM i?2 RNNyb �M/ Bib `2bm`;2M+2 BM kyRk
Bb /Bb+mbb2/ BM a2+iBQM kXjX �//BiBQM�HHv- i?2 #�bB+ #mBH/BM; #HQ+Fb �M/ i?2 QT2`�iBQM Q7
*LL �`2 2t�KBM2/X .Bz2`2Mi �TTHB+�iBQMb Q7 *LL �`2 �HbQ `2pB2r2/ BM i?Bb b2+iBQMX 6m`@
i?2`KQ`2- i?Bb b2+iBQM �M�Hvx2b i?2 pmHM2`�#BHBiv Q7 *LLX AM a2+iBQM kX9- i?2 /�i�b2ib �M/
/�i� �m;K2Mi�iBQMb- r?B+? �`2 7mM/�K2Mi�H +QKTQM2Mib Q7 *LL i`�BMBM; �`2 /Bb+mbb2/X
h?2 i2+?MB[m2b i?�i miBHBx2 � i`�BM2/ *LL iQ 2z2+iBp2Hv i`�BM � /Bz2`2Mi M2irQ`F �`2
`2pB2r2/ BM a2+iBQM kX8X 1pQHmiBQM�`v �H;Q`Bi?Kb r?B+? QTiBKBx2 i?2 +QMM2+iBQM r2B;?ib
�M/ �`+?Bi2+im`2b Q7 i?2 �`iB}+B�H M2m`�H M2irQ`F �`2 2tTHQ`2/ BM a2+iBQM kXeX 6BM�HHv- i?2
�TTHB+�iBQM Q7 i?2 2pQHmiBQM�`v �H;Q`Bi?Kb iQ *LL Bb 2t�KBM2/ BM a2+iBQM kXdX

kXR J�+?BM2 G2�`MBM;

J�+?BM2 H2�`MBM; Bb � bB;MB}+�Mi +QMi`B#miQ` iQ i?2 BM7Q`K�iBQM �;2X Ai Bb T�`iB+@
mH�`Hv m#B[mBiQmb BM /B;Bi�H /2pB+2b U2X;X- +QKTmi2`b- bK�`iT?QM2bV i?�i Bi ?�b #2+QK2
T�`i Q7 2p2`v/�v HB72X 1�`Hv K�+?BM2 H2�`MBM; �TTHB+�iBQMb �`2 b22M BM bT�K /2i2+iBQM BM
2K�BHb- T`B+2 T`2/B+iBQMb- 2i+X �7i2`r�`/- Bi ?�b /2p2HQT2/ iQ ?�M/H2 p2`v +QKTHB+�i2/
i�bFb bm+? �b �miQMQKQmb /`BpBM; �M/ M�im`�H H�M;m�;2 T`Q+2bbBM;X J�+?BM2 H2�`MBM; Bb
}`bi /2}M2/ �b i?2 bim/v Q7 ;BpBM; +QKTmi2`b i?2 �#BHBiv iQ H2�`M rBi?Qmi �Mv 2tTHB+Bi
T`Q;`�KKBM; Ua�Km2H- RN8NVX AM �MQi?2` /2}MBiBQM- K�+?BM2 H2�`MBM; Bb i?2 bim/v Q7
�H;Q`Bi?Kb i?�i �miQK�iB+�HHv BKT`Qp2 rBi? 2tT2`B2M+2 �M/ /�i� mb�;2 UJBi+?2HH- RNNdVX
AM i?2 2�`Hv /2p2HQTK2Mib Q7 K�+?BM2 H2�`MBM;- i?2 +H�bbB+�H K�+?BM2 H2�`MBM; �H;Q`Bi?Kb
�`2 i?Q`Qm;?Hv 2tTHQ`2/- r?B+? BM+Hm/2 HBM2�` `2;`2bbBQM- HQ;BbiB+ `2;`2bbBQM- F@M2�`2bi
M2B;?#Q`b UF@LLV- /2+BbBQM i`22b- bmTTQ`i p2+iQ` K�+?BM2b UaoJV- 2i+X AM HBM2�` `2@



e

I1

I2

…

In

O1

O2

O3

Nucleus
Dendrite

Axon

Axon Terminal

Myelin Sheath

Schwann Cell

6B;m`2 kXR, *QKT�`BbQM Q7 � M2m`QM �M/ � M2m`�H M2irQ`F MQ/2X

;`2bbBQM- Bi mb2b � HBM2�` 7mM+iBQM iQ }i /�i�b2ib U2X;X- ?Qmb2 T`B+2bV �M/ T`2/B+i p�Hm2b
;Bp2M BMTmib UE2MM2v �M/ E22TBM;- RNekVX GQ;BbiB+ `2;`2bbBQM Bb � bBKTH2 +H�bbB}+�iBQM
�H;Q`Bi?K i?�i T`2/B+ib i?2 H�#2H Q7 �M BMTmi mbBM; #BM�`v Uy Q` RV QmiTmib UL2H/2` �M/
q2//2`#m`M- RNdkVX h?2 F@LL mb2b HQ+�H �TT`QtBK�iBQM 7Q` +H�bbB}+�iBQM �M/ `2;`2bbBQM
�TTHB+�iBQMb U�HiK�M- RNNkVX .2+BbBQM i`22 Bb #�b2/ QM � i`22 bi`m+im`2 i?�i �HbQ bQHp2b
+H�bbB}+�iBQM �M/ `2;`2bbBQM T`Q#H2Kb UZmBMH�M- RN3eVX aoJ mb2b F2`M2Hb iQ /2`Bp2 �
M2r ?vT2`TH�M2 7Q` �M 2MiB`2 i`�BMBM; /�i� �M/ HBM2�`Hv b2T�`�i2 i?2K BMiQ i?2B` `2bT2+@
iBp2 H�#2Hb U"Qb2` 2i �HX- RNNkVX >Qr2p2`- i?2`2 Bb �M �H;Q`Bi?K mM/2` K�+?BM2 H2�`MBM;
i?�i ?�b Tmb?2/ i?2 #QmM/�`B2b BM i?2 }2H/X h?Bb BKK2Mb2Hv TQTmH�` �H;Q`Bi?K Bb +�HH2/
M2m`�H M2irQ`FX L2m`�H M2irQ`F Bb � KQ/2H BMbTB`2/ #v i?2 M2m`QMb BMbB/2 i?2 ?mK�M
#`�BM U_Qb2M#H�ii- RN8dc JBMbFv �M/ S�T2`i- RNeNVX *QK#BM2/ rBi? i?2 #�+FT`QT�;�iBQM
i`�BMBM; K2i?Q/ U_mK2H?�`i 2i �HX- RN3eV- � ?m;2 �KQmMi Q7 /�i�- �M/ TQr2`7mH +QKTmi@
BM; K�+?BM2b- M2m`�H M2irQ`F 2M�#H2b � rB/2 p�`B2iv Q7 �TTHB+�iBQMb `�M;BM; 7`QK bBKTH2
7�+2 /2i2+iBQM iQ #2BM; i?2 +Q`2 BM �miQMQKQmb /`BpBM;- r?B+? Bb p2`v bQT?BbiB+�i2/ /m2
iQ i?2 b?22` MmK#2` Q7 T�`�K2i2`b Uum`ib2p2` 2i �HX- kykyVX

kXk �`iB}+B�H L2m`�H L2irQ`F

�`iB}+B�H M2m`�H M2irQ`F U�LLV- 7mHHv +QMM2+i2/ M2m`�H M2irQ`F- Q` bBKTHv M2m`�H
M2irQ`F Bb � K�+?BM2 H2�`MBM; �H;Q`Bi?K r?Qb2 �`+?Bi2+im`2 Bb BMbTB`2/ #v M2m`QM +QMM2+@
iBQMb BM i?2 ?mK�M #`�BM �b b?QrM BM 6B;X kXRX Ai Bb � bmT2`pBb2/ H2�`MBM; �H;Q`Bi?K i?�i



d

Input Layer Output Layer

Hidden Layers

6B;m`2 kXk, �`iB}+B�H L2m`�H L2irQ`F �`+?Bi2+im`2 1t�KTH2X

M22/b �M �#mM/�Mi �KQmMi Q7 /�i� iQ 7mHHv miBHBx2 Bib +�T�#BHBiB2bX qBi? i?2 /2p2HQTK2Mi
Q7 TQr2`7mH +QKTmiBM; K�+?BM2b �M/ i?2 �p�BH�#BHBiv Q7 K�bbBp2 �KQmMib Q7 /�i� BM i?2
T�bi /2+�/2- M2m`�H M2irQ`F ?�b �+?B2p2/ i`2K2M/Qmb bm++2bb BM i?2 K�Mv +QKTH2t �T@
THB+�iBQMb U2X;X- H�M;m�;2 i`�MbH�iBQMV r?2`2 +H�bbB+�H K�+?BM2 H2�`MBM; �H;Q`Bi?Kb ?�p2
7�BH2/X � M2m`�H M2irQ`F Bb +QKTQb2/ Q7 �M BMTmi H�v2`- ?B//2M H�v2`b- �M/ �M QmiTmi H�v2`X
h?2 BMTmi H�v2` +QMbBbib Q7 MQ/2b i?�i +Q``2bTQM/ iQ i?2 MmK#2` Q7 BMTmibX h?2 MmK#2`
Q7 H�v2`b �M/ MQ/2b BM i?2 ?B//2M H�v2`b /2T2M/b QM i?2 /2bB;M Q7 i?2 �`+?Bi2+im`2X aBKBH�`
iQ i?2 BMTmi H�v2`- i?2 MmK#2` Q7 MQ/2b BM i?2 QmiTmi H�v2` +Q``2bTQM/b iQ i?2 QmiTmi
`2[mB`2/ #v i?2 T`Q#H2KX AM 2p2`v H�v2`- i?2 MQ/2b �`2 �HH +QMM2+i2/ iQ i?2 MQ/2b Q7 i?2
M2ti H�v2` �b /2TB+i2/ BM 6B;X kXkX 1bb2MiB�HHv- 2�+? MQ/2 Q` M2m`QM BM � M2m`�H M2irQ`F
`2T`2b2Mib � K�i?2K�iB+�H 7mM+iBQM #v +QKTmiBM; i?2 r2B;?i2/ bmK Q7 Bib BMTmiX � H�`;2`
r2B;?i BKTHB2b KQ`2 BKT�+i QM i?2 M2m`QM QmiTmiX �7i2` i?2 r2B;?i2/ bmK Bb Q#i�BM2/- Bi
Bb 72/ iQ � MQMHBM2�` 7mM+iBQM +QKKQMHv FMQrM �b i?2 �+iBp�iBQM 7mM+iBQM U2X;X- aB;KQB/-
_2GlV iQ KQ/2H +QKTH2t 7mM+iBQMb r?BH2 +QMi`QHHBM; i?2 MmK2`B+�H `2T`2b2Mi�iBQM UBX2X-
HBKBi iQ +QKTmi�#H2 p�Hm2bV U>BMiQM 2i �HX- kyyeVX h?2 M2irQ`F H2�`Mb #v QTiBKBxBM; i?2
r2B;?ib Q7 i?2 MQ/2b mbBM; #�+FT`QT�;�iBQM rBi? `2bT2+i iQ i?2 M2irQ`F +Qbi U_mK2H?�`i
2i �HX- RN3eVX PrBM; iQ i?2 b2[m2M+2 Q7 +QKTH2t 7mM+iBQMb Q7 �HH i?2 MQ/2b BM 2p2`v H�v2`-
i?2 M2m`�H M2irQ`F +�M ?�M/H2 /B{+mHi �M/ +QKTHB+�i2/ �TTHB+�iBQMbX

kXkXR .2p2HQTK2Mib BM �LL

�Hi?Qm;? i?2 KQMmK2Mi�H T`Q;`2bb BM M2m`�H M2irQ`F Bb `2+2MiHv #2BM; `2�HBx2/ BM
i?2 H�bi /2+�/2- i?2 B/2� Bib2H7 Bb �b QH/ �b Qi?2` K�+?BM2 H2�`MBM; �H;Q`Bi?KbX AM RN83-



3

6`�MF _Qb2M#H�ii Tm#HBb?2/ � `2TQ`i /2b+`B#BM; i?2 T`BKBiBp2 7Q`K Q7 M2m`�H M2irQ`F +�HH2/
T2`+2Ti`QM U_Qb2M#H�ii- RN83VX qBi? i?2 �BK Q7 mM/2`bi�M/BM; i?2 ?mK�M #`�BM- _Qb2M@
#H�ii 2tT2`BK2Mi2/ QM M2m`�H M2irQ`F rBi? QM2 Q` irQ i`�BM�#H2 H�v2`b QMHvX >2 i`�BM2/
i?2 M2irQ`F #v �/DmbiBM; i?2 BMTmi r2B;?ib Q7 i?2 M2m`QMb /2T2M/BM; QM i?2B` 2z2+ib QM
i?2 QmiTmibX h?2 r2B;?ib i?�i +QMi`B#mi2 iQ i?2 +Q``2+i M2m`�H M2irQ`F +H�bbB}+�iBQM r2`2
BM+`2�b2/ r?2`2�b i?2 Qi?2` r2B;?ib r2`2 /2+`2�b2/X >Qr2p2`- /m2 iQ i?2 bBKTHB+Biv Q7
Bib M2irQ`F �`+?Bi2+im`2- T2`+2Ti`QM +QmH/ MQi KQ/2H � +QKTH2t `2�H@rQ`H/ �TTHB+�iBQM
i?�i Bi r�b bmTTQb2/ iQ /Q UJBMbFv �M/ S�T2`i- RNeNVX �bB/2 7`QK i?2 +QKTmi�iBQM�H
HBKBi�iBQM �i i?2 iBK2- i?2 bBKTH2 ?BHH@+HBK#BM; �H;Q`Bi?K mb2/ iQ i`�BM T2`+2Ti`QMb +QmH/
MQi b+�H2 iQ /22T M2irQ`FbX AM RN3e- _mK2H?�`i 2i �HX URN3eV BMi`Q/m+2/ � K2i?Q/ +�HH2/
#�+FT`QT�;�iBQM- r?B+? +QmH/ i`�BM /22T M2irQ`Fb 2z2+iBp2HvX "�+FT`QT�;�iBQM mb2b T�`@
iB�H /2`Bp�iBp2b iQ +QKTmi2 i?2 ;`�/B2Mib Q7 i?2 2``Q` 7mM+iBQM bi�`iBM; 7`QK i?2 QmiTmi
H�v2` T`QT�;�iBM; #�+Fr�`/ mMiBH i?2 b2+QM/ H�v2`X h?2 ;`�/B2Mib 7`QK i?2 T`2pBQmb H�v2`
�`2 `2mb2/ iQ +QKTmi2 i?2 ;`�/B2Mib Q7 i?2 +m``2Mi H�v2`X lbBM; i?2 ;`�/B2Mib iQ �bb2bb
i?2 +QMi`B#miBQM Q7 i?2 r2B;?ib iQ i?2 +Q``2+i �M/ r`QM; �Mbr2`- i?2 r2B;?ib �`2 Mm/;2/
�++Q`/BM;Hv iQ Tmb? i?2 M2irQ`F iQr�`/ i?2 +Q``2+i �Mbr2`X h?2 BMi`Q/m+iBQM Q7 #�+F@
T`QT�;�iBQM ?�b �HHQr2/ /22T M2m`�H M2irQ`F iQ /2p2HQT ;QQ/ BMi2`M�H `2T`2b2Mi�iBQMb Q7
/�i�b2ib bBKBH�` iQ i?2 ?�M/@2M;BM22`2/ 72�im`2b i?�i `2[mB`2/ 2tT2`iBb2 iQ /2bB;MX >Qr@
2p2`- i?2 T`Q#H2K Q7 `2bi`B+i2/ +QKTmi�iBQM�H `2bQm`+2b T2`bBbi2/ �M/ i?2`2#v HBKBi2/
i?2 mb�#BHBiv Q7 i?2 /22T M2irQ`Fb �i i?2 iBK2X AM kyRk- r?2M i?2 +QKTmiBM; TQr2` Q7
HQr@+Qbi T`Q+2bbQ`b ?�/ #22M 2MQm;?- � /22T M2m`�H M2irQ`F +�HH2/ �H2tL2i /2HBp2`2/ �
#`2�Fi?`Qm;? T2`7Q`K�M+2 BM � `2MQrM2/ BK�;2 +H�bbB}+�iBQM +QKT2iBiBQM UE`Bx?2pbFv
2i �HX- kyRkVX h?2 /22T M2m`�H M2irQ`F +QK#BM2/ rBi? � H�`;2 /�i�b2i �M/ +QKTmiBM;
TQr2` i?`Qm;? T�`�HH2H T`Q+2bbBM; ?�b ;`2�iHv `2/m+2/ i?2 2``Q` `�i2 iQ R8XjWc r?2`2�b
i?2 b2+QM/@#2bi K2i?Q/ Bb �TT`QtBK�i2Hv RyW �T�`iX aBM+2 i?2M- M2m`�H M2irQ`Fb ?�p2
#22M miBHBx2/ BM � rB/2 p�`B2iv Q7 �TTHB+�iBQMbX .Bz2`2Mi p�`B�iBQMb Q7 M2m`�H M2irQ`Fb �`2
2KTHQv2/ iQ i�+FH2 /Bz2`2Mi T`Q#H2Kb U2X;X- +QMpQHmiBQM�H M2m`�H M2irQ`F 7Q` BK�;2b �M/
`2+m``2Mi M2m`�H M2irQ`F 7Q` M�im`�H H�M;m�;2 T`Q+2bbBM;VX

kXkXk AKTH2K2Mi�iBQM

�`iB}+B�H M2m`�H M2irQ`F +QKTmi2b i?2 T`2/B+iBQM QM �M BMTmi #v 7Q`r�`/ T`QT�;�@
iBQMX hQ /2KQMbi`�i2 � bBKTH2 7Q`r�`/ T`QT�;�iBQM- +QMbB/2` �M �`+?Bi2+im`2 +QKTQb2/
Q7 �M BMTmi H�v2`- � ?B//2M H�v2` rBi? QM2 MQ/2- �M/ �M QmiTmi H�v2` �b BHHmbi`�i2/ BM



N

w bx ŷ

Input Output

6B;m`2 kXj, aBKTH2 �`iB}+B�H L2m`�H L2irQ`F �`+?Bi2+im`2X

6B;X kXjX h?2 T`2/B+iBQM Bb +QKTmi2/ #v KmHiBTHvBM; i?2 BMTmi x rBi? i?2 r2B;?i w �M/
i?2M �//BM; i?2 #B�b bX h?2 `2bmHi Bb KQ/B}2/ #v �M �+iBp�iBQM 7mM+iBQM σX 6Q`K�HHv- i?2
T`2/B+iBQM ŷ Bb +�H+mH�i2/ �b

ŷ = σ(wx+ b), UkXRV

r?2`2 i?2 �+iBp�iBQM 7mM+iBQM σ +�M #2 � bB;KQB/ 7mM+iBQM Q` � `2+iB}2/ HBM2�` mMBi U_2GlVX
AM `2+2Mi �TTHB+�iBQMb- i?2 _2Gl Bb 7�pQ`2/ /m2 iQ Bib �#BHBiv iQ /2+`2�b2 i?2 i`�BMBM;
iBK2 UL�B` �M/ >BMiQM- kyRyVX h?2 bB;KQB/ 7mM+iBQM �M/ i?2 _2Gl 7mM+iBQM �`2 /2}M2/
�b

σ(z) =
1

1 + e−z
UkXkV

�M/

σ(z) = max(0, z) UkXjV

`2bT2+iBp2HvX lbBM; ;`�/B2Mi /2b+2Mi- i?2 M2irQ`F Bb QTiBKBx2/ #v KBMBKBxBM; i?2 +Qbi
7mM+iBQM Q` i?2 HQbb 7mM+iBQM

J(w, b) = − 1

m

m∑

i=1

y(i) HQ; ŷ(i) + (1− y(i)) HQ;(1− ŷ(i)), UkX9V

r?2`2 m Bb i?2 /�i�b2i bBx2X
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#2 �#H2 iQ �/Dmbi i?2 r2B;?ib �M/ #B�b2b bm+? i?�i i?2 HQbb /2+`2�b2bX "27Q`2 2tTH�BMBM;
#�+FT`QT�;�iBQM- �b � b?Q`i?�M/- i?2 2[m�iBQM i?�i Bb 72/ iQ i?2 �+iBp�iBQM 7mM+iBQM Bb
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`2T`2b2Mi2/ �b

z = wx+ b UkX8V

�M/ i?2 T`2/B+iBQM �b

ŷ = a = σ(z). UkXeV

LQ`K�HHv- i?2 T`2/B+iBQM Bb MQi �Hr�vb �+iBp�i2/ #mi 7Q` i?2 bBKTHB+Biv Q7 i?2 2t�KTH2- Bi
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Figure 2.1: (No padding, unit strides) Convolving a 3 ⇥ 3 kernel over a 4 ⇥ 4
input using unit strides (i.e., i = 4, k = 3, s = 1 and p = 0).

Figure 2.2: (Arbitrary padding, unit strides) Convolving a 4⇥ 4 kernel over a
5 ⇥ 5 input padded with a 2 ⇥ 2 border of zeros using unit strides (i.e., i = 5,
k = 4, s = 1 and p = 2).

Figure 2.3: (Half padding, unit strides) Convolving a 3⇥ 3 kernel over a 5⇥ 5
input using half padding and unit strides (i.e., i = 5, k = 3, s = 1 and p = 1).

Figure 2.4: (Full padding, unit strides) Convolving a 3⇥ 3 kernel over a 5⇥ 5
input using full padding and unit strides (i.e., i = 5, k = 3, s = 1 and p = 2).
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6B;m`2 kX9, � j × j }Hi2` br22TBM; �+`Qbb � 9 × 9 BK�;2 `2bmHiBM; BM � k × k QmiTmi U.mKQmHBM
�M/ oBbBM- kyReVX
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6B;m`2 kX8, *QMpQHmiBQM�H L2m`�H L2irQ`F �`+?Bi2+im`2 1t�KTH2X

�M/ i?2 /2`Bp�iBp2 Q7 i?2 HQbb L(a, y) rBi? `2bT2+i iQ b Bb

db =
∂L(a, y)

∂b
= dz, UkXR9V

r?2`2 dw �M/ db �`2 i?2B` b?Q`i?�M/b `2bT2+iBp2HvX h?2 r2B;?i �M/ #B�b �`2 mT/�i2/ #v
bm#i`�+iBM; i?2 dw �M/ db iQ i?2 i?2B` +m``2Mi p�Hm2bX h?2 `2bT2+iBp2 +QKTmi�iBQMb �`2
/2}M2/ �b

w = w − αdw UkXR8V

�M/

b = b− αdb, UkXReV

r?2`2 α Bb i?2 H2�`MBM; `�i2X h?2 #�+FT`QT�;�iBQM �H;Q`Bi?K `mMb 7Q` K�Mv 2TQ+?b mMiBH
i?2 r2B;?i �M/ #B�b Q7 i?2 M2irQ`F +QMp2`;2X
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kXj *QMpQHmiBQM�H L2m`�H L2irQ`F

h?2 +QMpQHmiBQM�H M2m`�H M2irQ`F U*LLV Bb � ivT2 Q7 M2m`�H M2irQ`F i?�i bT2+B�HBx2b
BM BK�;2 �TTHB+�iBQMbX AK�;2 �TTHB+�iBQMb �`2 T`Q#H2K�iB+ iQ �LLb #2+�mb2 �LLb i�F2
�M BK�;2 �b T2` TBt2H BMTmiX 6Q` 2t�KTH2- � bK�HH kyy × kyy _:" BK�;2 Bb 2[mBp�H2Mi iQ
kyy × kyy × j = Rky-yyy BMTmi MQ/2bX q?2M i?2 BMTmi MQ/2b �`2 KmHiBTHB2/ rBi? i?2 }`bi
?B//2M H�v2`- r?B+? K�v +QMbBbib Q7 � `2H�iBp2Hv HQr MmK#2` Q7 R-yyy MQ/2b- i?2 MmK#2` Q7
T�`�K2i2`b bm//2MHv #2+QK2b Rky-yyy-yyy UrBi?Qmi i?2 #B�b i2`KVX h?2 +QKTmi�iBQM�H
+Qbi Q7 i?2 �LL BM i?Bb +�b2 Bb +QMbB/2`�#Hv 2tT2MbBp2X �b � bQHmiBQM- *LL mb2b }Hi2`b
Q` F2`M2Hb �b Bib H2�`M�#H2 T�`�K2i2`b BMbi2�/ Q7 MQ/2 r2B;?ibX AM �M BK�;2- � TBt2H
ivTB+�HHv ?�b ?B;? +Q``2H�iBQMb rBi? Bib M2B;?#Q`BM; TBt2Hb �M/ i?Bb +�M #2 2tTHQBi2/ #v
b?�`BM; i?2 T�`�K2i2`b Q7 i?2 TBt2Hb i?`Qm;? br22TBM; � }Hi2` �+`Qbb i?2 BK�;2 �b b?QrM
BM 6B;X kX9 UG2*mM 2i �HX- RNN3VX � H�v2` BM *LL Bb +QKTQb2/ Q7 � ;`QmT Q7 }Hi2`b +�HH2/
i?2 +QMpQHmiBQM�H #HQ+FX "v b?�`BM; i?2 72�im`2b �KQM; BK�;2 TBt2Hb mbBM; +QMpQHmiBQM�H
#HQ+Fb BMbi2�/ Q7 QM2@iQ@QM2 +QMM2+iBQMb- i?2 +QKTmi�iBQM�H +Qbi /`QTb /`�K�iB+�HHvX hQ
BHHmbi`�i2 i?2 /Bz2`2M+2 BM T�`�K2i2` +QmMi- � +QKKQM }`bi +QMpQHmiBQM�H #HQ+F K�v ?�p2 �
}Hi2` bBx2 Q7 d × d rBi? e9 +?�MM2Hb UBX2X- i?2 MmK#2` Q7 }Hi2`bVX h?2 MmK#2` Q7 T�`�K2i2`b
BM i?2 }`bi H�v2` Bb d × d × j U_:" +?�MM2HbV × e9- r?B+? Bb QMHv N-9y3 U2t+Hm/BM; i?2
#B�b i2`KV +QKT�`2/ iQ Rky-yyy-yyyX �bB/2 7`QK i?2 +QMpQHmiBQM�H #HQ+F- �MQi?2` #�bB+
#HQ+F mb2/ BM *LL Bb +�HH2/ i?2 TQQHBM; #HQ+F Q` bm#b�KTHBM;X h?2 TQQHBM; #HQ+Fb T`QpB/2
i`�MbH�iBQM�H BMp�`B�M+2- r?B+? K�F2b i?2 M2irQ`F `Q#mbi iQ bK�HH bT�iB�H /Bz2`2M+2b BM i?2
BK�;2 #v /2+`2�bBM; i?2 BK�;2 `2bQHmiBQMX 1z2+iBp2Hv- i?2 M2irQ`F +�M b22 H�`;2` TQ`iBQMb
Q7 i?2 BK�;2 /m2 iQ i?2 H�`;2` `2+2TiBp2 }2H/ Q7 i?2 M2irQ`F Ui?`Qm;? /2+`2�b2/ BK�;2
`2bQHmiBQMVX JQ`2Qp2`- i?Bb �HHQrb i?2 M2irQ`F iQ /2p2HQT KQ`2 +QKTH2t `2T`2b2Mi�iBQMb Q7
i?2 BK�;2 �b i?2 /2Ti? Q7 i?2 M2irQ`F BM+`2�b2bX � bBKTH2 *LL �`+?Bi2+im`2 Bb 2t?B#Bi2/
BM 6B;X kX8X AM i?Bb };m`2- i?2 *LL �`+?Bi2+im`2 +QMbBbib Q7 irQ b2ib Q7 +QMpQHmiBQM�H
#HQ+F@TQQHBM; #HQ+F +QK#BM�iBQMb �M/ � 7mHHv +QMM2+i2/ U6*V H�v2` rBi? i?2 bQ7iK�t �i
i?2 2M/X

oBbm�HBxBM; i?2 `2bmHib QM 2�+? H�v2` b?Qrb ?Qr i?2 *LL �`+?Bi2+im`2 H2�`Mb �b
/2TB+i2/ BM 6B;X kXeX AM i?2 }`bi H�v2`- i?2 M2irQ`F H2�`Mb i?2 #�bB+ bi`m+im`2 Q7 i?2
BK�;2b bm+? �b ?Q`BxQMi�H 2/;2b �M/ p2`iB+�H 2/;2bX h?2 }Hi2`b BM i?Bb H�v2` 7mM+iBQM �b
2/;2 /2i2+iQ`b U2X;X- aQ#2H s- aQ#2H uVX PM i?2 bm++22/BM; H�v2`- i?2 M2irQ`F bi�`ib iQ
H2�`M +QKTH2t bi`m+im`2b bm+? �b +B`+mH�` �M/ `2+i�M;mH�` b?�T2b- r?B+? K�v ?�p2 #22M
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Visualizing and Understanding Convolutional Networks

Layer 2

Layer 1

Layer 3

Layer 4 Layer 5

Figure 2. Visualization of features in a fully trained model. For layers 2-5 we show the top 9 activations in a random subset
of feature maps across the validation data, projected down to pixel space using our deconvolutional network approach.
Our reconstructions are not samples from the model: they are reconstructed patterns from the validation set that cause
high activations in a given feature map. For each feature map we also show the corresponding image patches. Note:
(i) the the strong grouping within each feature map, (ii) greater invariance at higher layers and (iii) exaggeration of
discriminative parts of the image, e.g. eyes and noses of dogs (layer 4, row 1, cols 1). Best viewed in electronic form.

6B;m`2 kXe, oBbm�HBx�iBQM Q7 i?2 *LL 72�im`2b QM 2p2`v H�v2` Uw2BH2` �M/ 62`;mb- kyR9VX
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6B;m`2 kXd, L2Q+Q;MBi`QM �`+?Bi2+im`2 U6mFmb?BK�- RN3yVX

2ti`�+i2/ 7`QK r?22Hb- #�HHb- 2i+X hQr�`/ i?2 H�bi H�v2`b- Bi +�M MQr /2i2+i KQ`2 +QKTHB@
+�i2/ 72�im`2b bm+? �b /Q; 7�+2b �M/ ~Qr2`bX h?mb- i?2 *LL ?�b � bi`m+im`2/ QT2`�iBQM-
BM r?B+? Bi H2�`Mb 7`QK i?2 #�bB+ bi`m+im`2b Q7 �M BK�;2 iQ +QKTHB+�i2/ bi`m+im`2b Uw2BH2`
�M/ 62`;mb- kyR9VX

kXjXR .2p2HQTK2Mib BM *LL

h?2 `QQib Q7 *LL +�M #2 i`�+2/ #�+F iQ i?2 M2Q+Q;MBi`QMX AM RN3y- EmMB?BFQ
6mFmb?BK� T`QTQb2/ i?2 M2Q+Q;MBi`QM- r?B+? Bb BMbTB`2/ #v i?2 pBbm�H M2`pQmb bvbi2K
7QmM/ BM p2`i2#`�i2bX h?2 M2Q+Q;MBi`QM bi`m+im`2- �b b22M BM 6B;X kXd- Bb +QKTQb2/ Q7 �H@
i2`M�iBM; bBKTH2 +2HHb Ua@+2HHb Q` HQr2` Q`/2` ?vT2`+QKTH2t +2HHbV �M/ +QKTH2t +2HHb U*@+2HHb
Q` ?B;?2` Q`/2` ?vT2`+QKTH2t +2HHbV- r?B+? KBKB+ i?2 T`Q+2bbBM; i?�i Q++m`b BM i?2 #BQHQ;@
B+�H bBKTH2 +2HHb �M/ +QKTH2t +2HHbX h?2 Tm`TQb2 Q7 i?2 a@+2HHb- bBKBH�` iQ � +QMpQHmiBQM�H
#HQ+F- Bb iQ T2`7Q`K 72�im`2 2ti`�+iBQM- r?2`2�b i?2 *@+2HHb- bBKBH�` iQ � TQQHBM; #HQ+F-
T`QpB/2 iQH2`�M+2 iQ TQbBiBQM +?�M;2bX hQ;2i?2`- i?2 HQ+�H 72�im`2b 2ti`�+i2/ #v i?2 a@+2HHb
U2X;X- +�i H2;V �`2 BMi2;`�i2/ #v i?2 *@+2HHb iQ 7Q`K ;HQ#�H 72�im`2b U2X;X- +�iV U6mFmb?BK�-
RN3yVX

h?2 Q`B;BM�H BKTH2K2Mi�iBQM Q7 i?2 *LL- r?2`2 Bib M�K2 Bb +QBM2/- Bb i?2 G2L2i
/2p2HQT2/ #v u�MM G2+mM �M/ ?Bb i2�K #2ir22M RN3N iQ RNN3X Ai Bb 2tT2`BK2Mi2/ rBi?
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6B;m`2 kX3, G2L2i@8 �`+?Bi2+im`2 UG2*mM 2i �HX- RNN3VX

Figure 2: An illustration of the architecture of our CNN, explicitly showing the delineation of responsibilities
between the two GPUs. One GPU runs the layer-parts at the top of the figure while the other runs the layer-parts
at the bottom. The GPUs communicate only at certain layers. The network’s input is 150,528-dimensional, and
the number of neurons in the network’s remaining layers is given by 253,440–186,624–64,896–64,896–43,264–
4096–4096–1000.

neurons in a kernel map). The second convolutional layer takes as input the (response-normalized
and pooled) output of the first convolutional layer and filters it with 256 kernels of size 5⇥ 5⇥ 48.
The third, fourth, and fifth convolutional layers are connected to one another without any intervening
pooling or normalization layers. The third convolutional layer has 384 kernels of size 3 ⇥ 3 ⇥
256 connected to the (normalized, pooled) outputs of the second convolutional layer. The fourth
convolutional layer has 384 kernels of size 3 ⇥ 3 ⇥ 192 , and the fifth convolutional layer has 256
kernels of size 3⇥ 3⇥ 192. The fully-connected layers have 4096 neurons each.

4 Reducing Overfitting

Our neural network architecture has 60 million parameters. Although the 1000 classes of ILSVRC
make each training example impose 10 bits of constraint on the mapping from image to label, this
turns out to be insufficient to learn so many parameters without considerable overfitting. Below, we
describe the two primary ways in which we combat overfitting.

4.1 Data Augmentation

The easiest and most common method to reduce overfitting on image data is to artificially enlarge
the dataset using label-preserving transformations (e.g., [25, 4, 5]). We employ two distinct forms
of data augmentation, both of which allow transformed images to be produced from the original
images with very little computation, so the transformed images do not need to be stored on disk.
In our implementation, the transformed images are generated in Python code on the CPU while the
GPU is training on the previous batch of images. So these data augmentation schemes are, in effect,
computationally free.

The first form of data augmentation consists of generating image translations and horizontal reflec-
tions. We do this by extracting random 224⇥ 224 patches (and their horizontal reflections) from the
256⇥256 images and training our network on these extracted patches4. This increases the size of our
training set by a factor of 2048, though the resulting training examples are, of course, highly inter-
dependent. Without this scheme, our network suffers from substantial overfitting, which would have
forced us to use much smaller networks. At test time, the network makes a prediction by extracting
five 224 ⇥ 224 patches (the four corner patches and the center patch) as well as their horizontal
reflections (hence ten patches in all), and averaging the predictions made by the network’s softmax
layer on the ten patches.

The second form of data augmentation consists of altering the intensities of the RGB channels in
training images. Specifically, we perform PCA on the set of RGB pixel values throughout the
ImageNet training set. To each training image, we add multiples of the found principal components,

4This is the reason why the input images in Figure 2 are 224⇥ 224⇥ 3-dimensional.
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6B;m`2 kXN, �H2tL2i �`+?Bi2+im`2 UE`Bx?2pbFv 2i �HX- kyRkVX

i?2 ?�M/r`Bii2M bBM;H2@/B;Bi /�i�b2i +QKKQMHv FMQrM �b i?2 JLAah /�i�b2iX AM i?Bb
rQ`F- i?2 +QMpQHmiBQM�H #HQ+Fb �M/ TQQHBM; #HQ+Fb Ubm#b�KTHBM;V �`2 T`QTQb2/ �b i?2
#�bB+ #mBH/BM; #HQ+Fb Q7 *LLX h?2 G2L2i �`+?Bi2+im`2- �b b?QrM BM 6B;X kX3- +QMbBbib Q7
*QMp@SQQH@*QMp@SQQH@6*@6* #HQ+FbX 1�+? +QMpQHmiBQM�H #HQ+F ?�b � }Hi2` bBx2 Q7 8 × 8-
�M/ i?2 TQQHBM; ivT2 mb2/ i?2M Bb �p2`�;2 TQQHBM;X h?2 iQi�H MmK#2` Q7 T�`�K2i2`b Bb
ey-yyy UG2*mM 2i �HX- RNN3VX

h?2 TQi2MiB�H Q7 *LL Bb Tm#HB+Hv `2�HBx2/ 7`QK i?2 rQ`F Q7 �H2t E`Bx?2pbFv QM ?Bb
�H2tL2i BM kyRkX Ai K�`Fb i?2 #2;BMMBM; Q7 *LL bmT2`BQ`Biv Qp2` i?2 i`�/BiBQM�H BK�;2
T`Q+2bbBM; i2+?MB[m2b BM p�`BQmb BK�;2@`2H�i2/ �TTHB+�iBQMbX �H2tL2i Bb � `2BM7Q`+2/ *LL
�`+?Bi2+im`2 rBi? KQ`2 H�v2`b �b BHHmbi`�i2/ BM 6B;X kXN- �M/ ?�b � K�bbBp2 ey KBHHBQM T�@
`�K2i2`bX AM i?�i v2�`- Bi Bb mb2/ �b �M 2Mi`v iQ i?2 AK�;2L2i *QKT2iBiBQM- r?2`2 Bi
b?�ii2`b i?2 Q#D2+i `2+Q;MBiBQM `2+Q`/b #v HQ;;BM; BM R8XjW 2``Q` `�i2- r?B+? Bb HQr2` i?�M
i?�i Q7 i?2 b2+QM/ #2bi #v �HKQbi RRW UE`Bx?2pbFv 2i �HX- kyRkVX aBM+2 i?2M- 2M?�M+2/
*LL p�`B�iBQMb ?�p2 /QKBM�i2/ i?2 +QKT2iBiBQM BM i?2 2MbmBM; v2�`b �M/ bm#b2[m2MiHv
`2/m+2/ i?2 2``Q` `�i2 7m`i?2` iQ jX8dW- �i r?B+? i?2 *LL 2t+22/b ?mK�M@H2p2H T2`7Q`@
K�M+2 U>2 2i �HX- kyReVX

�bB/2 7`QK i?2 ?m;2 �KQmMi Q7 i`�BMBM; T�`�K2i2`b Q7 i?2 �H2tL2i �`+?Bi2+im`2-
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6B;m`2 kXRy, o:: �`+?Bi2+im`2 UaBKQMv�M �M/ wBbb2`K�M- kyR9#VX

r?B+? Bb K�BMHv +`2/Bi2/ 7Q` Bib `2K�`F�#H2 T2`7Q`K�M+2- i?2`2 �`2 �HbQ b2p2`�H ;QQ/
T`�+iB+2b i?�i E`Bx?2pbFv 2i �HX UkyRkV BMi`Q/m+2/ iQ BKT`Qp2 i?2 T2`7Q`K�M+2 Q7 �H2tL2iX
h?2B` F2v +QMi`B#miBQMb �`2 i?2 7QHHQrBM;, 6B`bi- i?2v 2KTHQv i?2 _2Gl U`2+iB}2/ HBM2�`
mMBiV UL�B` �M/ >BMiQM- kyRyV �b i?2 �+iBp�iBQM 7mM+iBQM BMbi2�/ Q7 tanh- r?B+? Bb i?2
bi�M/�`/ �i i?2 iBK2X lbBM; _2Gl- i?2 �H2tL2i +�M `2�+? k8W 2``Q` `�i2 bBt iBK2b 7�bi2`
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Figure 2: Inception module

ber of filters in the previous stage. The merging of output
of the pooling layer with outputs of the convolutional lay-
ers would lead to an inevitable increase in the number of
outputs from stage to stage. While this architecture might
cover the optimal sparse structure, it would do it very inef-
ficiently, leading to a computational blow up within a few
stages.

This leads to the second idea of the Inception architec-
ture: judiciously reducing dimension wherever the compu-
tational requirements would increase too much otherwise.
This is based on the success of embeddings: even low di-
mensional embeddings might contain a lot of information
about a relatively large image patch. However, embed-
dings represent information in a dense, compressed form
and compressed information is harder to process. The rep-
resentation should be kept sparse at most places (as required
by the conditions of [2]) and compress the signals only
whenever they have to be aggregated en masse. That is,
1×1 convolutions are used to compute reductions before
the expensive 3×3 and 5×5 convolutions. Besides being
used as reductions, they also include the use of rectified lin-
ear activation making them dual-purpose. The final result is
depicted in Figure 2(b).

In general, an Inception network is a network consist-
ing of modules of the above type stacked upon each other,
with occasional max-pooling layers with stride 2 to halve
the resolution of the grid. For technical reasons (memory

efficiency during training), it seemed beneficial to start us-
ing Inception modules only at higher layers while keeping
the lower layers in traditional convolutional fashion. This is
not strictly necessary, simply reflecting some infrastructural
inefficiencies in our current implementation.

A useful aspect of this architecture is that it allows for
increasing the number of units at each stage significantly
without an uncontrolled blow-up in computational com-
plexity at later stages. This is achieved by the ubiquitous
use of dimensionality reduction prior to expensive convolu-
tions with larger patch sizes. Furthermore, the design fol-
lows the practical intuition that visual information should
be processed at various scales and then aggregated so that
the next stage can abstract features from the different scales
simultaneously.

The improved use of computational resources allows for
increasing both the width of each stage as well as the num-
ber of stages without getting into computational difficulties.
One can utilize the Inception architecture to create slightly
inferior, but computationally cheaper versions of it. We
have found that all the available knobs and levers allow for
a controlled balancing of computational resources resulting
in networks that are 3− 10× faster than similarly perform-
ing networks with non-Inception architecture, however this
requires careful manual design at this point.

5. GoogLeNet

By the“GoogLeNet” name we refer to the particular in-
carnation of the Inception architecture used in our submis-
sion for the ILSVRC 2014 competition. We also used one
deeper and wider Inception network with slightly superior
quality, but adding it to the ensemble seemed to improve the
results only marginally. We omit the details of that network,
as empirical evidence suggests that the influence of the ex-
act architectural parameters is relatively minor. Table 1 il-
lustrates the most common instance of Inception used in the
competition. This network (trained with different image-
patch sampling methods) was used for 6 out of the 7 models
in our ensemble.

All the convolutions, including those inside the Incep-
tion modules, use rectified linear activation. The size of the
receptive field in our network is 224×224 in the RGB color
space with zero mean. “#3×3 reduce” and “#5×5 reduce”
stands for the number of 1×1 filters in the reduction layer
used before the 3×3 and 5×5 convolutions. One can see
the number of 1×1 filters in the projection layer after the
built-in max-pooling in the pool proj column. All these re-
duction/projection layers use rectified linear activation as
well.

The network was designed with computational efficiency
and practicality in mind, so that inference can be run on in-
dividual devices including even those with limited compu-
tational resources, especially with low-memory footprint.
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6B;m`2 kXRR, AM+2TiBQM JQ/mH2 Uax2;2/v 2i �HX- kyR8VX

o:: M2irQ`F Uo::@L2iVX h?2 Q#D2+iBp2 Q7 o::@L2i Bb iQ bB;MB}+�MiHv BM+`2�b2 i?2
/2Ti? Q7 i?2 M2irQ`F �M/ `2/m+2 i?2 i`�BMBM; iBK2X o::@L2i ?�b Rj3 KBHHBQM T�`�K2i2`b-
r?B+? Bb irB+2 i?2 bBx2 Q7 �H2tL2iX q?BH2 biBHH 7QHHQrBM; i?2 #2bi T`�+iB+2b 2bi�#HBb?2/ BM
i?2 �H2tL2i BKTH2K2Mi�iBQM- i?2 F2v /Bz2`2M+2 BM o::@L2i Bb i?2 mb2 Q7 bK�HH j × j }Hi2`b
i?`Qm;?Qmi i?2 �`+?Bi2+im`2 BMbi2�/ Q7 i?2 p�`vBM; }Hi2` bBx2b URR × RR- 8 × 8- �M/ j × jVX
q?BHbi i?2 }Hi2`b �`2 bK�HH- i?2 MmK#2` Q7 +?�MM2Hb Bb BM+`2�b2/ +QMbB/2`�#Hv iQ `2THB+�i2
i?2 `2+2TiBp2 }2H/ Q7 �H2tL2iX h?2 o::@L2i �`+?Bi2+im`2 Bb b?QrM BM 6B;X kXRyX h?2
bBKTHB+Biv �M/ mMB7Q`KBiv Q7 o::@L2i �`2 Bib MQp2H +QMi`B#miBQMX AM i2`Kb Q7 T2`7Q`K�M+2-
Bi vB2H/b � iQT@8 2``Q` `�i2 Q7 dXjkW BM i?2 AK�;2L2i +QKT2iBiBQM- 2�`MBM; i?2K i?2 }`bi
`mMM2`@mT UaBKQMv�M �M/ wBbb2`K�M- kyR9#VX

�MQi?2` K�BM *LL /2p2HQT2/ BM kyR9 Bb i?2 :QQ;G2L2i M2irQ`FX Ai Bb 2p2M /22T2`
i?�M i?2 o::@L2i #mi Bi 2KTHQvb � KQ/mH2 +�HH2/ BM+2TiBQM iQ `2[mB`2 7�` 72r2` T�`�K@
2i2`b U9 KBHHBQMVX h?2 BM+2TiBQM KQ/mH2- �b b?QrM BM 6B;X kXRR- +QK#BM2b +QMpQHmiBQM�H
#HQ+Fb rBi? /Bz2`2Mi }Hi2` bBx2b iQ �pQB/ /2+B/BM; QM � bT2+B}+ bBx2X Ai bBKTHv �HHQrb i?2
i`�BMBM; T`Q+2bb iQ /2+B/2 r?B+? T�`�K2i2`b �`2 iQ #2 miBHBx2/X h?2 QmiTmib 7`QK i?2
/Bz2`2Mi +QMpQHmiBQM�H #HQ+Fb �`2 +QK#BM2/ #v +QM+�i2M�iBM; i?2K iQ;2i?2`- i?2`2#v BM@
+`2�bBM; i?2 +?�MM2H bBx2X aBM+2 �7i2` i?2 +QM+�i2M�iBQM i?2 QmiTmi bBx2 #2+QK2b H�`;2-
Bi Bb `2;mH�i2/ #v mbBM; � R × R +QMpQHmiBQM UGBM 2i �HX- kyRjV- r?B+? Bb i?2 +`BiB+�H QT@
2`�iBQM 7Q` F22TBM; i?2 MmK#2` Q7 T�`�K2i2`b HQrX h?2 R × R +QMpQHmiBQM K�M�;2b i?2
/BK2MbBQM�HBiv #v `2/m+BM; i?2 +?�MM2H bBx2 �M/ +QMb2[m2MiHv `2/m+2b i?2 +QKTmi�iBQM�H
+Qbi QM i?2 j × j �M/ 8 × 8 +QMpQHmiBQMbX 6m`i?2`KQ`2- Bi �HbQ �ii2Mm�i2b `2/mM/�Mi
}Hi2`bX h?2 :QQ;G2L2i �`+?Bi2+im`2 Bb +QKTQb2/ Q7 bi�+F2/ BM+2TiBQM KQ/mH2b �b b?QrM
BM 6B;X kXRkX Ai �HbQ mb2b �mtBHB�`v +H�bbB}2`b /m`BM; i`�BMBM;- �b b22M BM i?2 �//BiBQM�H
bQ7iK�t H�v2`b- iQ 2Mbm`2 i?�i i?2 H�v2`b BM i?2 KB//H2 �`2 H2�`MBM; T`QT2`HvX AM i2`Kb Q7
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• A linear layer with softmax loss as the classifier (pre-
dicting the same 1000 classes as the main classifier, but
removed at inference time).

A schematic view of the resulting network is depicted in
Figure 3.

6. Training Methodology

GoogLeNet networks were trained using the DistBe-
lief [4] distributed machine learning system using mod-
est amount of model and data-parallelism. Although we
used a CPU based implementation only, a rough estimate
suggests that the GoogLeNet network could be trained to
convergence using few high-end GPUs within a week, the
main limitation being the memory usage. Our training used
asynchronous stochastic gradient descent with 0.9 momen-
tum [17], fixed learning rate schedule (decreasing the learn-
ing rate by 4% every 8 epochs). Polyak averaging [13] was
used to create the final model used at inference time.

Image sampling methods have changed substantially
over the months leading to the competition, and already
converged models were trained on with other options, some-
times in conjunction with changed hyperparameters, such
as dropout and the learning rate. Therefore, it is hard to
give a definitive guidance to the most effective single way
to train these networks. To complicate matters further, some
of the models were mainly trained on smaller relative crops,
others on larger ones, inspired by [8]. Still, one prescrip-
tion that was verified to work very well after the competi-
tion, includes sampling of various sized patches of the im-
age whose size is distributed evenly between 8% and 100%
of the image area with aspect ratio constrained to the inter-
val [ 3

4
,

4

3
]. Also, we found that the photometric distortions

of Andrew Howard [8] were useful to combat overfitting to
the imaging conditions of training data.

7. ILSVRC 2014 Classification Challenge
Setup and Results

The ILSVRC 2014 classification challenge involves the
task of classifying the image into one of 1000 leaf-node cat-
egories in the Imagenet hierarchy. There are about 1.2 mil-
lion images for training, 50,000 for validation and 100,000
images for testing. Each image is associated with one
ground truth category, and performance is measured based
on the highest scoring classifier predictions. Two num-
bers are usually reported: the top-1 accuracy rate, which
compares the ground truth against the first predicted class,
and the top-5 error rate, which compares the ground truth
against the first 5 predicted classes: an image is deemed
correctly classified if the ground truth is among the top-5,
regardless of its rank in them. The challenge uses the top-5
error rate for ranking purposes.

�����

����
	
	��
��

��
����
�
���
��

�������������

����
�
���
��

����
�
���
��

�������������

��
����
�
���
��

����
�
���
��

����
�
���
��

����
�
���
��

��
����
�
���
��

���� ������

����
�
���
��

����
!
!��
��

����
�
���
��

����
�
���
��

����
�
���
��

����
�
���
��

��
����
�
���
��

���� ������

����
�
���
��

����
!
!��
��

����
�
���
��

��
����
�
���
��

����
�
���
��

����
�
���
��

����
�
���
��

��
����
�
���
��

���� ������

����
�
���
��

����
!
!��
��

����
�
���
��

����
�
���
��

����
�
���
��

����
�
���
��

��
����
�
���
��

"����#�����
!
!��
��

���� ������

����
�
���
��

����
!
!��
��

����
�
���
��

����
�
���
��

����
�
���
��

����
�
���
��

��
����
�
���
��

���� ������

����
�
���
��

����
!
!��
��

����
�
���
��

����
�
���
��

����
�
���
��

����
�
���
��

��
����
�
���
��

���� ������

����
�
���
��

����
!
!��
��

����
�
���
��

����
�
���
��

����
�
���
��

����
�
���
��

��
����
�
���
��

"����#�����
!
!��
��

���� ������

����
�
���
��

����
!
!��
��

����
�
���
��

��
����
�
���
��

����
�
���
��

����
�
���
��

����
�
���
��

��
����
�
���
��

���� ������

����
�
���
��

����
!
!��
��

����
�
���
��

����
�
���
��

����
�
���
��

����
�
���
��

��
����
�
���
��

���� ������

����
�
���
��

����
!
!��
��

����
�
���
��

"����#�����
	
	��
��

$�

����
�
���
��

$�

$�

��%���
"���������

��%���
&

����
�
���
��

$�

$�

��%���
"���������

��%���
�

��%���
"���������

��%���
�

Figure 3: GoogLeNet network with all the bells and whistles.
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• A linear layer with softmax loss as the classifier (pre-
dicting the same 1000 classes as the main classifier, but
removed at inference time).

A schematic view of the resulting network is depicted in
Figure 3.

6. Training Methodology

GoogLeNet networks were trained using the DistBe-
lief [4] distributed machine learning system using mod-
est amount of model and data-parallelism. Although we
used a CPU based implementation only, a rough estimate
suggests that the GoogLeNet network could be trained to
convergence using few high-end GPUs within a week, the
main limitation being the memory usage. Our training used
asynchronous stochastic gradient descent with 0.9 momen-
tum [17], fixed learning rate schedule (decreasing the learn-
ing rate by 4% every 8 epochs). Polyak averaging [13] was
used to create the final model used at inference time.

Image sampling methods have changed substantially
over the months leading to the competition, and already
converged models were trained on with other options, some-
times in conjunction with changed hyperparameters, such
as dropout and the learning rate. Therefore, it is hard to
give a definitive guidance to the most effective single way
to train these networks. To complicate matters further, some
of the models were mainly trained on smaller relative crops,
others on larger ones, inspired by [8]. Still, one prescrip-
tion that was verified to work very well after the competi-
tion, includes sampling of various sized patches of the im-
age whose size is distributed evenly between 8% and 100%
of the image area with aspect ratio constrained to the inter-
val [ 3

4
,

4

3
]. Also, we found that the photometric distortions

of Andrew Howard [8] were useful to combat overfitting to
the imaging conditions of training data.

7. ILSVRC 2014 Classification Challenge
Setup and Results

The ILSVRC 2014 classification challenge involves the
task of classifying the image into one of 1000 leaf-node cat-
egories in the Imagenet hierarchy. There are about 1.2 mil-
lion images for training, 50,000 for validation and 100,000
images for testing. Each image is associated with one
ground truth category, and performance is measured based
on the highest scoring classifier predictions. Two num-
bers are usually reported: the top-1 accuracy rate, which
compares the ground truth against the first predicted class,
and the top-5 error rate, which compares the ground truth
against the first 5 predicted classes: an image is deemed
correctly classified if the ground truth is among the top-5,
regardless of its rank in them. The challenge uses the top-5
error rate for ranking purposes.
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Figure 3: GoogLeNet network with all the bells and whistles.
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Figure 2. Residual learning: a building block.

are comparably good or better than the constructed solution
(or unable to do so in feasible time).

In this paper, we address the degradation problem by
introducing a deep residual learning framework. In-
stead of hoping each few stacked layers directly fit a
desired underlying mapping, we explicitly let these lay-
ers fit a residual mapping. Formally, denoting the desired
underlying mapping as H(x), we let the stacked nonlinear
layers fit another mapping of F(x) := H(x)−x. The orig-
inal mapping is recast into F(x)+x. We hypothesize that it
is easier to optimize the residual mapping than to optimize
the original, unreferenced mapping. To the extreme, if an
identity mapping were optimal, it would be easier to push
the residual to zero than to fit an identity mapping by a stack
of nonlinear layers.

The formulation of F(x)+x can be realized by feedfor-
ward neural networks with “shortcut connections” (Fig. 2).
Shortcut connections [2, 33, 48] are those skipping one or
more layers. In our case, the shortcut connections simply
perform identity mapping, and their outputs are added to
the outputs of the stacked layers (Fig. 2). Identity short-
cut connections add neither extra parameter nor computa-
tional complexity. The entire network can still be trained
end-to-end by SGD with backpropagation, and can be eas-
ily implemented using common libraries (e.g., Caffe [19])
without modifying the solvers.

We present comprehensive experiments on ImageNet
[35] to show the degradation problem and evaluate our
method. We show that: 1) Our extremely deep residual nets
are easy to optimize, but the counterpart “plain” nets (that
simply stack layers) exhibit higher training error when the
depth increases; 2) Our deep residual nets can easily enjoy
accuracy gains from greatly increased depth, producing re-
sults substantially better than previous networks.

Similar phenomena are also shown on the CIFAR-10 set
[20], suggesting that the optimization difficulties and the
effects of our method are not just akin to a particular dataset.
We present successfully trained models on this dataset with
over 100 layers, and explore models with over 1000 layers.

On the ImageNet classification dataset [35], we obtain
excellent results by extremely deep residual nets. Our 152-
layer residual net is the deepest network ever presented on
ImageNet, while still having lower complexity than VGG
nets [40]. Our ensemble has 3.57% top-5 error on the

ImageNet test set, and won the 1st place in the ILSVRC
2015 classification competition. The extremely deep rep-
resentations also have excellent generalization performance
on other recognition tasks, and lead us to further win the
1st places on: ImageNet detection, ImageNet localization,
COCO detection, and COCO segmentation in ILSVRC &
COCO 2015 competitions. This strong evidence shows that
the residual learning principle is generic, and we expect that
it is applicable in other vision and non-vision problems.

2. Related Work
Residual Representations. In image recognition, VLAD
[18] is a representation that encodes by the residual vectors
with respect to a dictionary, and Fisher Vector [30] can be
formulated as a probabilistic version [18] of VLAD. Both
of them are powerful shallow representations for image re-
trieval and classification [4, 47]. For vector quantization,
encoding residual vectors [17] is shown to be more effec-
tive than encoding original vectors.

In low-level vision and computer graphics, for solv-
ing Partial Differential Equations (PDEs), the widely used
Multigrid method [3] reformulates the system as subprob-
lems at multiple scales, where each subproblem is respon-
sible for the residual solution between a coarser and a finer
scale. An alternative to Multigrid is hierarchical basis pre-
conditioning [44, 45], which relies on variables that repre-
sent residual vectors between two scales. It has been shown
[3, 44, 45] that these solvers converge much faster than stan-
dard solvers that are unaware of the residual nature of the
solutions. These methods suggest that a good reformulation
or preconditioning can simplify the optimization.

Shortcut Connections. Practices and theories that lead to
shortcut connections [2, 33, 48] have been studied for a long
time. An early practice of training multi-layer perceptrons
(MLPs) is to add a linear layer connected from the network
input to the output [33, 48]. In [43, 24], a few interme-
diate layers are directly connected to auxiliary classifiers
for addressing vanishing/exploding gradients. The papers
of [38, 37, 31, 46] propose methods for centering layer re-
sponses, gradients, and propagated errors, implemented by
shortcut connections. In [43], an “inception” layer is com-
posed of a shortcut branch and a few deeper branches.

Concurrent with our work, “highway networks” [41, 42]
present shortcut connections with gating functions [15].
These gates are data-dependent and have parameters, in
contrast to our identity shortcuts that are parameter-free.
When a gated shortcut is “closed” (approaching zero), the
layers in highway networks represent non-residual func-
tions. On the contrary, our formulation always learns
residual functions; our identity shortcuts are never closed,
and all information is always passed through, with addi-
tional residual functions to be learned. In addition, high-
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Figure 3. Example network architectures for ImageNet. Left: the
VGG-19 model [40] (19.6 billion FLOPs) as a reference. Mid-
dle: a plain network with 34 parameter layers (3.6 billion FLOPs).
Right: a residual network with 34 parameter layers (3.6 billion
FLOPs). The dotted shortcuts increase dimensions. Table 1 shows
more details and other variants.

Residual Network. Based on the above plain network, we
insert shortcut connections (Fig. 3, right) which turn the
network into its counterpart residual version. The identity
shortcuts (Eqn.(1)) can be directly used when the input and
output are of the same dimensions (solid line shortcuts in
Fig. 3). When the dimensions increase (dotted line shortcuts
in Fig. 3), we consider two options: (A) The shortcut still
performs identity mapping, with extra zero entries padded
for increasing dimensions. This option introduces no extra
parameter; (B) The projection shortcut in Eqn.(2) is used to
match dimensions (done by 1×1 convolutions). For both
options, when the shortcuts go across feature maps of two
sizes, they are performed with a stride of 2.

3.4. Implementation
Our implementation for ImageNet follows the practice

in [21, 40]. The image is resized with its shorter side ran-
domly sampled in [256, 480] for scale augmentation [40].
A 224×224 crop is randomly sampled from an image or its
horizontal flip, with the per-pixel mean subtracted [21]. The
standard color augmentation in [21] is used. We adopt batch
normalization (BN) [16] right after each convolution and
before activation, following [16]. We initialize the weights
as in [12] and train all plain/residual nets from scratch. We
use SGD with a mini-batch size of 256. The learning rate
starts from 0.1 and is divided by 10 when the error plateaus,
and the models are trained for up to 60× 104 iterations. We
use a weight decay of 0.0001 and a momentum of 0.9. We
do not use dropout [13], following the practice in [16].

In testing, for comparison studies we adopt the standard
10-crop testing [21]. For best results, we adopt the fully-
convolutional form as in [40, 12], and average the scores
at multiple scales (images are resized such that the shorter
side is in {224, 256, 384, 480, 640}).

4. Experiments
4.1. ImageNet Classification

We evaluate our method on the ImageNet 2012 classifi-
cation dataset [35] that consists of 1000 classes. The models
are trained on the 1.28 million training images, and evalu-
ated on the 50k validation images. We also obtain a final
result on the 100k test images, reported by the test server.
We evaluate both top-1 and top-5 error rates.

Plain Networks. We first evaluate 18-layer and 34-layer
plain nets. The 34-layer plain net is in Fig. 3 (middle). The
18-layer plain net is of a similar form. See Table 1 for de-
tailed architectures.

The results in Table 2 show that the deeper 34-layer plain
net has higher validation error than the shallower 18-layer
plain net. To reveal the reasons, in Fig. 4 (left) we com-
pare their training/validation errors during the training pro-
cedure. We have observed the degradation problem - the
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Figure 2: A deep DenseNet with three dense blocks. The layers between two adjacent blocks are referred to as transition layers and change
feature-map sizes via convolution and pooling.

ResNets can improve its performance provided the depth is
sufficient [42]. FractalNets also achieve competitive results
on several datasets using a wide network structure [17].

Instead of drawing representational power from ex-
tremely deep or wide architectures, DenseNets exploit the
potential of the network through feature reuse, yielding con-
densed models that are easy to train and highly parameter-
efficient. Concatenating feature-maps learned by different

layers increases variation in the input of subsequent layers
and improves efficiency. This constitutes a major difference
between DenseNets and ResNets. Compared to Inception
networks [36, 37], which also concatenate features from dif-
ferent layers, DenseNets are simpler and more efficient.

There are other notable network architecture innovations
which have yielded competitive results. The Network in
Network (NIN) [22] structure includes micro multi-layer
perceptrons into the filters of convolutional layers to ex-
tract more complicated features. In Deeply Supervised Net-
work (DSN) [20], internal layers are directly supervised
by auxiliary classifiers, which can strengthen the gradients
received by earlier layers. Ladder Networks [27, 25] in-
troduce lateral connections into autoencoders, producing
impressive accuracies on semi-supervised learning tasks.
In [39], Deeply-Fused Nets (DFNs) were proposed to im-
prove information flow by combining intermediate layers
of different base networks. The augmentation of networks
with pathways that minimize reconstruction losses was also
shown to improve image classification models [43].

3. DenseNets
Consider a single image x0 that is passed through a con-

volutional network. The network comprises L layers, each
of which implements a non-linear transformation H`(·),
where ` indexes the layer. H`(·) can be a composite func-
tion of operations such as Batch Normalization (BN) [14],
rectified linear units (ReLU) [6], Pooling [19], or Convolu-
tion (Conv). We denote the output of the `

th layer as x`.

ResNets. Traditional convolutional feed-forward net-
works connect the output of the `

th layer as input to the
(` + 1)th layer [16], which gives rise to the following
layer transition: x` = H`(x`�1). ResNets [11] add a
skip-connection that bypasses the non-linear transforma-
tions with an identity function:

x` = H`(x`�1) + x`�1. (1)

An advantage of ResNets is that the gradient can flow di-
rectly through the identity function from later layers to the
earlier layers. However, the identity function and the output
of H` are combined by summation, which may impede the
information flow in the network.

Dense connectivity. To further improve the information
flow between layers we propose a different connectivity
pattern: we introduce direct connections from any layer
to all subsequent layers. Figure 1 illustrates the layout of
the resulting DenseNet schematically. Consequently, the
`
th layer receives the feature-maps of all preceding layers,
x0, . . . ,x`�1, as input:

x` = H`([x0,x1, . . . ,x`�1]), (2)

where [x0,x1, . . . ,x`�1] refers to the concatenation of the
feature-maps produced in layers 0, . . . , `�1. Because of its
dense connectivity we refer to this network architecture as
Dense Convolutional Network (DenseNet). For ease of im-
plementation, we concatenate the multiple inputs of H`(·)
in eq. (2) into a single tensor.

Composite function. Motivated by [12], we define H`(·)
as a composite function of three consecutive operations:
batch normalization (BN) [14], followed by a rectified lin-
ear unit (ReLU) [6] and a 3⇥ 3 convolution (Conv).

Pooling layers. The concatenation operation used in
Eq. (2) is not viable when the size of feature-maps changes.
However, an essential part of convolutional networks is
down-sampling layers that change the size of feature-maps.
To facilitate down-sampling in our architecture we divide
the network into multiple densely connected dense blocks;
see Figure 2. We refer to layers between blocks as transition

layers, which do convolution and pooling. The transition
layers used in our experiments consist of a batch normal-
ization layer and an 1⇥1 convolutional layer followed by a
2⇥2 average pooling layer.

Growth rate. If each function H` produces k feature-
maps, it follows that the `th layer has k0+k⇥ (`�1) input
feature-maps, where k0 is the number of channels in the in-
put layer. An important difference between DenseNet and
existing network architectures is that DenseNet can have
very narrow layers, e.g., k = 12. We refer to the hyper-
parameter k as the growth rate of the network. We show in
Section 4 that a relatively small growth rate is sufficient to
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Figure 1: Top1 vs. network. Single-crop top-1 vali-
dation accuracies for top scoring single-model archi-
tectures. We introduce with this chart our choice of
colour scheme, which will be used throughout this
publication to distinguish effectively different archi-
tectures and their correspondent authors. Notice that
networks of the same group share the same hue, for
example ResNet are all variations of pink.

Figure 2: Top1 vs. operations, size / parameters.

Top-1 one-crop accuracy versus amount of operations
required for a single forward pass. The size of the
blobs is proportional to the number of network pa-
rameters; a legend is reported in the bottom right cor-
ner, spanning from 5⇥10

6 to 155⇥10
6 params. Both

these figures share the same y-axis, and the grey dots
highlight the centre of the blobs.

single run of VGG-161 (Simonyan & Zisserman, 2014) and GoogLeNet (Szegedy et al., 2014) are
8.70% and 10.07% respectively, revealing that VGG-16 performs better than GoogLeNet. When
models are run with 10-crop sampling,2 then the errors become 9.33% and 9.15% respectively, and
therefore VGG-16 will perform worse than GoogLeNet, using a single central-crop. For this reason,
we decided to base our analysis on re-evaluations of top-1 accuracies3 for all networks with a single
central-crop sampling technique (Zagoruyko, 2016).

For inference time and memory usage measurements we have used Torch7 (Collobert et al., 2011)
with cuDNN-v5 (Chetlur et al., 2014) and CUDA-v8 back-end. All experiments were conducted on
a JetPack-2.3 NVIDIA Jetson TX1 board (nVIDIA): an embedded visual computing system with
a 64-bit ARM R� A57 CPU, a 1 T-Flop/s 256-core NVIDIA Maxwell GPU and 4 GB LPDDR4
of shared RAM. We use this resource-limited device to better underline the differences between
network architecture, but similar results can be obtained on most recent GPUs, such as the NVIDIA
K40 or Titan X, to name a few. Operation counts were obtained using an open-source tool that we
developed (Paszke, 2016). For measuring the power consumption, a Keysight 1146B Hall effect
current probe has been used with a Keysight MSO-X 2024A 200MHz digital oscilloscope with a
sampling period of 2 s and 50 kSa/s sample rate. The system was powered by a Keysight E3645A
GPIB controlled DC power supply.

3 RESULTS

In this section we report our results and comparisons. We analysed the following DDNs: AlexNet
(Krizhevsky et al., 2012), batch normalised AlexNet (Zagoruyko, 2016), batch normalised Network
In Network (NIN) (Lin et al., 2013), ENet (Paszke et al., 2016) for ImageNet (Culurciello, 2016),
GoogLeNet (Szegedy et al., 2014), VGG-16 and -19 (Simonyan & Zisserman, 2014), ResNet-18,
-34, -50, -101 and -152 (He et al., 2015), Inception-v3 (Szegedy et al., 2015) and Inception-v4
(Szegedy et al., 2016) since they obtained the highest performance, in these four years, on the
ImageNet (Russakovsky et al., 2015) challenge.

1 In the original paper this network is called VGG-D, which is the best performing network. Here we prefer
to highlight the number of layer utilised, so we will call it VGG-16 in this publication.

2 From a given image multiple patches are extracted: four corners plus central crop and their horizontal
mirrored twins.

3 Accuracy and error rate always sum to 100, therefore in this paper they are used interchangeably.
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Filter Bank Layer - FCSG: the input of a filter bank
layer is a 3D array with n1 2D feature maps of size n2×n3.
Each component is denoted xijk, and each feature map is
denoted xi. The output is also a 3D array, y composed of
m1 feature maps of size m2×m3. A filter in the filter bank
kij has size l1 × l2 and connects input feature map xi to
output feature map yj . The module computes:

yj = gj tanh(
∑

i

kij ∗ xi) (1)

where tanh is the hyperbolic tangent non-linearity, ∗ is the
2D discrete convolution operator and gj is a trainable scalar
coefficient. By taking into account the borders effect, we
have m1 = n1− l1 +1, and m2 = n2− l2 +1. This layer is
denoted by FCSG because it is composed of a set of convo-
lution filters (C), a sigmoid/tanh non-linearity (S), and gain
coefficients (G). In the following, superscripts are used to
denote the size of the filters. For instance, a filter bank layer
with 64 filters of size 9x9, is denoted as: 64F 9×9

CSG.
Rectification Layer - Rabs: This module simply applies
the absolute value function to all the components of its in-
put: yijk = |xijk|. Several rectifying non-linearities were
tried, including the positive part, and produced similar re-
sults.
Local Contrast Normalization Layer - N : This module
performs local subtractive and divisive normalizations, en-
forcing a sort of local competition between adjacent fea-
tures in a feature map, and between features at the same
spatial location in different feature maps. The subtrac-
tive normalization operation for a given site xijk com-
putes: vijk = xijk −

∑
ipq wpq.xi,j+p,k+q, where wpq is

a Gaussian weighting window (of size 9x9 in our exper-
iments) normalized so that

∑
ipq wpq = 1. The divisive

normalization computes yijk = vijk/max(c,σjk) where
σjk = (

∑
ipq wpq.v2

i,j+p,k+q)
1/2. For each sample, the

constant c is set to the mean(σjk) in the experiments. The
denominator is the weighted standard deviation of all fea-
tures over a spatial neighborhood. The local contrast nor-
malization layer is inspired by computational neuroscience
models [24, 20].
Average Pooling and Subsampling Layer - PA: The pur-
pose of this layer is to build robustness to small distor-
tions, playing the same role as the complex cells in mod-
els of visual perception. Each output value is yijk =∑

pq wpq.xi,j+p,k+q, where wpq is a uniform weighting
window (“boxcar filter”). Each output feature map is then
subsampled spatially by a factor S horizontally and verti-
cally. In this work, we do not consider pooling over fea-
ture types, but only over the spatial dimensions. Therefore,
the numbers of input and output feature maps are identical,
while the spatial resolution is decreased. Disregarding the
border effects in the boxcar averaging, the spatial resolution
is decreased by the down-sampling ratio S in both direc-
tions, denoted by a superscript, so that, an average pooling

Figure 1. A example of feature extraction stage of the type FCSG−

Rabs − N − PA. An input image (or a feature map) is passed

through a non-linear filterbank, followed by rectification, local

contrast normalization and spatial pooling/sub-sampling.

layer with 4x4 down-sampling is denoted: P 4×4
A .

Max-Pooling and Subsampling Layer - PM : building lo-
cal invariance to shift can be performed with any symmetric
pooling operation. The max-pooling module is similar to
the average pooling, except that the average operation is re-
placed by a max operation. In our experiments, the pooling
windows were non-overlapping. A max-pooling layer with
4x4 down-sampling is denoted P 4×4

M .

2.1. Combining Modules into a Hierarchy
Different architectures can be produced by cascading the

above-mentioned modules in various ways. An architec-
ture is composed of one or two stages of feature extraction,
each of which is formed by cascading a filtering layer with
different combinations of rectification, normalization, and
pooling. Recognition architectures are composed of one or
two such stages, followed by a classifier, generally a multi-
nomial logistic regression.
FCSG −PA This is the basic building block of tra-
ditional convolutional networks, alternating tanh-squashed
filter banks with average down-sampling layers [14, 10].
A complete convolutional network would have several se-
quences of “FCSG - PA” followed by by a linear classifier.
FCSG −Rabs −PA The tanh-squashed filter bank is
followed by an absolute value non-linearity, and by an av-
erage down-sampling layer.
FCSG −Rabs −N−PA The tanh-squashed filter bank
is followed by an absolute value non-linearity, by a lo-
cal contrast normalization layer and by an average down-
sampling layer.
FCSG −PM This is also a typical building block of con-
volutional networks, as well as the basis of the HMAX and
other architectures [28, 25], which alternate tanh-squashed
filter banks with max-pooling layers.

3. Training Protocol
Given a particular architecture, a number of training pro-

tocols have been considered and tested. Each protocol is
identified by a letter R, U, R+, or U+. A single letter (e.g.
R) indicates an architecture with a single stage of feature
extraction, followed by a classifier, while a double letter
(e.g. RR) indicates an architecture with two stages of fea-
ture extraction followed by a classifier:
Random Features and Supervised Classifier - R and
RR: The filters in the feature extraction stages are set to
random values and kept fixed (no feature learning takes
place), and the classifier stage is trained in supervised mode.
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Figure 1.1: Computing the output values of a discrete convolution.
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Figure 1.2: Computing the output values of a discrete convolution for N = 2,
i1 = i2 = 5, k1 = k2 = 3, s1 = s2 = 2, and p1 = p2 = 1.
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Figure 2.5: (No zero padding, arbitrary strides) Convolving a 3⇥ 3 kernel over
a 5⇥ 5 input using 2⇥ 2 strides (i.e., i = 5, k = 3, s = 2 and p = 0).

Figure 2.6: (Arbitrary padding and strides) Convolving a 3 ⇥ 3 kernel over a
5⇥ 5 input padded with a 1⇥ 1 border of zeros using 2⇥ 2 strides (i.e., i = 5,
k = 3, s = 2 and p = 1).

Figure 2.7: (Arbitrary padding and strides) Convolving a 3 ⇥ 3 kernel over a
6⇥ 6 input padded with a 1⇥ 1 border of zeros using 2⇥ 2 strides (i.e., i = 6,
k = 3, s = 2 and p = 1). In this case, the bottom row and right column of the
zero padded input are not covered by the kernel.

(a) The kernel has to slide two steps

to the right to touch the right side of

the input (and equivalently downwards).

Adding one to account for the initial ker-

nel position, the output size is 3⇥ 3.

(b) The kernel has to slide one step of

size two to the right to touch the right

side of the input (and equivalently down-

wards). Adding one to account for the

initial kernel position, the output size is

2⇥ 2.

Figure 2.8: Counting kernel positions.
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Figure 2.1: (No padding, unit strides) Convolving a 3 ⇥ 3 kernel over a 4 ⇥ 4
input using unit strides (i.e., i = 4, k = 3, s = 1 and p = 0).

Figure 2.2: (Arbitrary padding, unit strides) Convolving a 4⇥ 4 kernel over a
5 ⇥ 5 input padded with a 2 ⇥ 2 border of zeros using unit strides (i.e., i = 5,
k = 4, s = 1 and p = 2).

Figure 2.3: (Half padding, unit strides) Convolving a 3⇥ 3 kernel over a 5⇥ 5
input using half padding and unit strides (i.e., i = 5, k = 3, s = 1 and p = 1).

Figure 2.4: (Full padding, unit strides) Convolving a 3⇥ 3 kernel over a 5⇥ 5
input using full padding and unit strides (i.e., i = 5, k = 3, s = 1 and p = 2).
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Figure 2.1: (No padding, unit strides) Convolving a 3 ⇥ 3 kernel over a 4 ⇥ 4
input using unit strides (i.e., i = 4, k = 3, s = 1 and p = 0).

Figure 2.2: (Arbitrary padding, unit strides) Convolving a 4⇥ 4 kernel over a
5 ⇥ 5 input padded with a 2 ⇥ 2 border of zeros using unit strides (i.e., i = 5,
k = 4, s = 1 and p = 2).

Figure 2.3: (Half padding, unit strides) Convolving a 3⇥ 3 kernel over a 5⇥ 5
input using half padding and unit strides (i.e., i = 5, k = 3, s = 1 and p = 1).

Figure 2.4: (Full padding, unit strides) Convolving a 3⇥ 3 kernel over a 5⇥ 5
input using full padding and unit strides (i.e., i = 5, k = 3, s = 1 and p = 2).
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a) Input: 4x4, Filter: 3x3, Padding: valid, Stride: 1, Output: 2x2 

b) Input: 5x5, Filter: 3x3, Padding: same, Stride: 1, Output: 5x5 

c) Input: 5x5, Filter: 3x3, Padding: valid, Stride: 2, Output: 2x2 
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kX h?2 bi`B/2 Q7 k `2/m+2b i?2 QmiTmi bBx2 iQ ?�H7 Q7 i?2 BMTmi bBx2X AMbi2�/ Q7 KmHiBTHvBM;
i?2 }Hi2` T�`�K2i2`b rBi? i?2 Qp2`H�TT2/ �`2� Q7 i?2 BK�;2- TQQHBM; bBKTHv i�F2b i?2
�p2`�;2 Q7 i?2 BK�;2 p�Hm2b BM i?2 Qp2`H�TT2/ �`2� 7Q` i?2 �p2`�;2 TQQHBM; Q` i�F2b i?2
H�`;2bi MmK#2` 7Q` i?2 K�t TQQHBM; �b b?QrM BM 6B;X kXkyX aBM+2 i?2 }Hi2` /Q2b MQi M22/
iQ H2�`M �Mvi?BM;- i?2 TQQHBM; #HQ+F /Q2b MQi ?�p2 H2�`M�#H2 T�`�K2i2`bX AM KQ/2`M *LL
BKTH2K2Mi�iBQMb- K�t TQQHBM; Bb ;2M2`�HHv 7�pQ`2/ Qp2` i?2 �p2`�;2 TQQHBM; #2+�mb2 rBi?
K�t TQQHBM;- i?2 72�im`2 i?�i ?�b i?2 ?B;?2bi +QMi`B#miBQM Bb 2ti`�+i2/ UE`Bx?2pbFv 2i �HX-
kyRkVX
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kXjXkXj _2+iB}2/ GBM2�` lMBi

�7i2` i?2 +QMpQHmiBQM QT2`�iBQM Bb T2`7Q`K2/- i?2 QmiTmi Bb T�bb2/ i?`Qm;? �M
�+iBp�iBQM 7mM+iBQMX h?2 +QMp2MiBQM�H �+iBp�iBQM 7mM+iBQM mb2/ BM *LL Bb i?2 `2+iB}2/
HBM2�` mMBi U_2GlV UL�B` �M/ >BMiQM- kyRyVX h?2 _2Gl ;`�T? Bb BHHmbi`�i2/ BM 6B;X kXkR
�M/ i?2 QT2`�iBQM Bb /2}M2 �b K�t(0, x)- r?2`2 x Bb i?2 BMTmiX h?2 _2Gl 7mM+iBQM QmiTmib
i?2 b�K2 p�Hm2 �b i?2 BMTmi �b HQM; �b i?2 BMTmi p�Hm2 Bb TQbBiBp2X >Qr2p2`- Bi `2TH�+2b
M2;�iBp2 BMTmi p�Hm2b rBi? yX h?2 �/p�Mi�;2b Q7 _2Gl �`2 i?�i Bi `2/m+2b p�MBb?BM;
;`�/B2Mib- BM+`2�b2b bT�`bBiv BM `2T`2b2Mi�iBQMb U/m2 iQ i?2 `2KQp�H Q7 M2;�iBp2 p�Hm2bV-
r?B+? ?2HTb BM /2Mb2 `2T`2b2Mi�iBQMb- �M/ `2/m+2b +QKTmi�iBQM�H iBK2 UE`Bx?2pbFv 2i �HX-
kyRkVX

kXjXkX9 "�i+? LQ`K�HBx�iBQM

hQ bT22/ mT i?2 i`�BMBM; T`Q+2bb- i?2 i`�BMBM; b2i Bb MQ`K�HBx2/ �++Q`/BM; iQ i?2B`
p�`B�M+2b iQ rB/2M i?2 +QMiQm`b Q7 i?2 H2�`MBM; T`Q#H2K �M/ i?2`2#v- 2�b2 i?2 QTiBKBx�iBQM
7Q` �H;Q`Bi?Kb bm+? �b ;`�/B2Mi /2b+2MiX h?2 ?B//2M H�v2`b �`2 �HbQ MQ`K�HBx2/ iQ BKT`Qp2
i?2 i`�BMBM; #mi i?2 b?m|BM; Q7 /�i�b2ib 2p2`v i`�BMBM; 2TQ+? +?�M;2b i?2 /Bbi`B#miBQM
Q7 i?2 ?B//2M M2m`QMb- r?B+? +�mb2b i?2 BMi2`M�H +Qp�`B�i2 b?B7iX *QMbB/2` � M2irQ`F
i?�i Bb i`�BM2/ rBi? #BM�`v +H�bbB}+�iBQM iQ /2i2+i i?2 T`2b2M+2 Q7 � /Q;X 6Q` BMbi�M+2-
irQ +QMb2+miBp2 #�i+?2b ?�p2 /Bz2`2Mi `2T`2b2Mi�iBQMb Q7 � /Q;X h?2 }`bi #�i+? +QMi�BMb
i?2 7�+2b Q7 � /Q; �M/ i?2 b2+QM/ #�i+? +QMi�BMb i?2 7mHH #Q/v Q7 � /Q;X A7 i?2 irQ
#�i+?2b �`2 72/ iQ i?2 M2irQ`F- i?2 72�im`2 bT�+2 Q7 i?2 ?B//2M H�v2` 7Q` 2p2`v #�i+? rBHH
?�p2 � +QMbB/2`�#H2 b?B7i BM i?2 /Bbi`B#miBQM +�HH2/ +Qp�`B�i2 b?B7iX h?Bb bHQrb /QrM i?2
i`�BMBM; #2+�mb2 i?2 ?B//2M H�v2`b M22/ iQ H2�`M /Bz2`2Mi /Bbi`B#miBQMb 2p2`v iBK2 mMiBH Bi
+QMp2`;2bX hQ �pQB/ i?2 H�`;2 +?�M;2b BM /Bbi`B#miBQM- i?2 QmiTmi BM i?2 ?B//2M H�v2`b �`2
MQ`K�HBx2/ mbBM; #�i+? MQ`K�HBx�iBQM UAQz2 �M/ ax2;2/v- kyR8VX "�i+? MQ`K�HBx�iBQM Bb
MQ`K�HHv �TTHB2/ iQ i?2 QmiTmi Q7 i?2 ?B//2M H�v2`b #27Q`2 i?2 �+iBp�iBQM 7mM+iBQMX Ai Bb
BKTH2K2Mi2/ mbBM; i?2 �H;Q`Bi?K RX AM i?2 �H;Q`Bi?K- i?2 H2�`M�#H2 T�`�K2i2`b γ �M/ β

�`2 mb2/ iQ +?�M;2 i?2 K2�M Q7 i?2 /Bbi`B#miBQM �M/ H2�`M i?2 �TT`QT`B�i2 p�Hm2b i?�i }i
i?2 ?B//2M H�v2` /Bbi`B#miBQMX �b � `2bmHi- #�i+? MQ`K�HBx�iBQM HQr2`b i?2 +Qp�`B�i2 b?B7i
Q7 i?2 ?B//2M H�v2` /Bbi`B#miBQM #v }tBM; i?2 K2�M �M/ p�`B�M+2X .2bTBi2 i?2 +?�M;2b
BM i?2 /Bbi`B#miBQM �b i?2 BMTmi +?�M;2b- i?2 K2�M �M/ p�`B�M+2 bi�v i?2 b�K2- r?B+?
bi�#BHBx2b i?2 QmiTmi p�Hm2bX Ai �HbQ ?2HTb H2bb2M i?2 2z2+i Q7 i?2 +?�M;2b BM i?2 T`2pBQmb
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�H;Q`Bi?K R "�i+? LQ`K�HBxBM; h`�Mb7Q`K �TTHB2/ iQ i?2 QmiTmi x Qp2` � KBMB@#�i+?X UAQz2
�M/ ax2;2/v- kyR8V
AMTmi, o�Hm2b Q7 x Qp2` � KBMB@#�i+?, B = {x1...m}c

S�`�K2i2`b iQ #2 H2�`M2/, γ,β

PmiTmi, {yi = "Lγ,β(xi)}
R, µB ← 1

m

∑m
i=1 xi ! KBMB@#�i+? K2�M

k, σ2
B ← 1

m

∑m
i=1(xi − µB)2 ! KBMB@#�i+? p�`B�M+2

j, x̂i ← xi−µB√
σ2
B+ε

! MQ`K�HBx2
9, yi ← γx̂i + β ≡ "Lγ,β(xi) ! b+�H2 �M/ b?B7i

0.5:0.95 0.5 0.75 S M L 1 10 100 S M L
Fast R-CNN [5] train 19.7 35.9 - - - - - - - - - -
Fast R-CNN[1] train 20.5 39.9 19.4 4.1 20.0 35.8 21.3 29.5 30.1 7.3 32.1 52.0
Faster R-CNN[15] trainval 21.9 42.7 - - - - - - - - - -
ION [1] train 23.6 43.2 23.6 6.4 24.1 38.3 23.2 32.7 33.5 10.1 37.7 53.6
Faster R-CNN[10] trainval 24.2 45.3 23.5 7.7 26.4 37.1 23.8 34.0 34.6 12.0 38.5 54.4
SSD300 [11] trainval35k 23.2 41.2 23.4 5.3 23.2 39.6 22.5 33.2 35.3 9.6 37.6 56.5
SSD512 [11] trainval35k 26.8 46.5 27.8 9.0 28.9 41.9 24.8 37.5 39.8 14.0 43.5 59.0
YOLOv2 [11] trainval35k 21.6 44.0 19.2 5.0 22.4 35.5 20.7 31.6 33.3 9.8 36.5 54.4

Table 5: Results on COCO test-dev2015. Table adapted from [11]

Type Filters Size/Stride Output
Convolutional 32 3 ⇥ 3 224 ⇥ 224

Maxpool 2 ⇥ 2/2 112 ⇥ 112
Convolutional 64 3 ⇥ 3 112 ⇥ 112

Maxpool 2 ⇥ 2/2 56 ⇥ 56
Convolutional 128 3 ⇥ 3 56 ⇥ 56
Convolutional 64 1 ⇥ 1 56 ⇥ 56
Convolutional 128 3 ⇥ 3 56 ⇥ 56

Maxpool 2 ⇥ 2/2 28 ⇥ 28
Convolutional 256 3 ⇥ 3 28 ⇥ 28
Convolutional 128 1 ⇥ 1 28 ⇥ 28
Convolutional 256 3 ⇥ 3 28 ⇥ 28

Maxpool 2 ⇥ 2/2 14 ⇥ 14
Convolutional 512 3 ⇥ 3 14 ⇥ 14
Convolutional 256 1 ⇥ 1 14 ⇥ 14
Convolutional 512 3 ⇥ 3 14 ⇥ 14
Convolutional 256 1 ⇥ 1 14 ⇥ 14
Convolutional 512 3 ⇥ 3 14 ⇥ 14

Maxpool 2 ⇥ 2/2 7 ⇥ 7
Convolutional 1024 3 ⇥ 3 7 ⇥ 7
Convolutional 512 1 ⇥ 1 7 ⇥ 7
Convolutional 1024 3 ⇥ 3 7 ⇥ 7
Convolutional 512 1 ⇥ 1 7 ⇥ 7
Convolutional 1024 3 ⇥ 3 7 ⇥ 7

Convolutional 1000 1 ⇥ 1 7 ⇥ 7
Avgpool Global 1000
Softmax

Table 6: Darknet-19.

We use a weight decay of 0.0005 and momentum of 0.9.
We use a similar data augmentation to YOLO and SSD with
random crops, color shifting, etc. We use the same training
strategy on COCO and VOC.

4. Stronger
We propose a mechanism for jointly training on classi-

fication and detection data. Our method uses images la-
belled for detection to learn detection-specific information
like bounding box coordinate prediction and objectness as
well as how to classify common objects. It uses images with
only class labels to expand the number of categories it can
detect.

During training we mix images from both detection and
classification datasets. When our network sees an image
labelled for detection we can backpropagate based on the
full YOLOv2 loss function. When it sees a classification
image we only backpropagate loss from the classification-
specific parts of the architecture.

This approach presents a few challenges. Detection
datasets have only common objects and general labels, like
“dog” or “boat”. Classification datasets have a much wider
and deeper range of labels. ImageNet has more than a hun-
dred breeds of dog, including “Norfolk terrier”, “Yorkshire
terrier”, and “Bedlington terrier”. If we want to train on
both datasets we need a coherent way to merge these labels.

Most approaches to classification use a softmax layer
across all the possible categories to compute the final prob-
ability distribution. Using a softmax assumes the classes
are mutually exclusive. This presents problems for combin-
ing datasets, for example you would not want to combine
ImageNet and COCO using this model because the classes
“Norfolk terrier” and “dog” are not mutually exclusive.

We could instead use a multi-label model to combine the
datasets which does not assume mutual exclusion. This ap-
proach ignores all the structure we do know about the data,
for example that all of the COCO classes are mutually ex-
clusive.

Hierarchical classification. ImageNet labels are pulled
from WordNet, a language database that structures concepts
and how they relate [12]. In WordNet, “Norfolk terrier” and
“Yorkshire terrier” are both hyponyms of “terrier” which is
a type of “hunting dog”, which is a type of “dog”, which is
a “canine”, etc. Most approaches to classification assume a
flat structure to the labels however for combining datasets,
structure is exactly what we need.

WordNet is structured as a directed graph, not a tree, be-
cause language is complex. For example a “dog” is both
a type of “canine” and a type of “domestic animal” which
are both synsets in WordNet. Instead of using the full graph
structure, we simplify the problem by building a hierarchi-
cal tree from the concepts in ImageNet.

To build this tree we examine the visual nouns in Ima-
geNet and look at their paths through the WordNet graph to
the root node, in this case “physical object”. Many synsets
only have one path through the graph so first we add all of
those paths to our tree. Then we iteratively examine the
concepts we have left and add the paths that grow the tree
by as little as possible. So if a concept has two paths to the
root and one path would add three edges to our tree and the
other would only add one edge, we choose the shorter path.
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6B;m`2 kXkk, uPGPpk �`+?Bi2+im`2 U.�`FM2i@RNV U_2/KQM �M/ 6�`?�/B- kyRdVX

?B//2M H�v2`b- �M/ i?mb- �HHQrb 7�bi2` �M/ bi�#H2 i`�BMBM;X

kXjXj �TTHB+�iBQMb

kXjXjXR uPGP P#D2+i .2i2+iBQM

h?2 �`+?Bi2+im`2b T`2pBQmbHv /Bb+mbb2/ �`2 �HH �TTHB2/ iQ BK�;2 +H�bbB}+�iBQMX >Qr@
2p2`- i?2`2 �`2 �HbQ Qi?2` bB;MB}+�Mi rQ`Fb BM i?2 /2p2HQTK2Mi Q7 *LL 7Q` Qi?2` �TTHB@
+�iBQMb bm+? �b Q#D2+i /2i2+iBQMX P#D2+i /2i2+iBQM HQ+�i2b Q#D2+ib BM �M BK�;2 U2X;X- +�`b-
#BF2bV �M/ TH�+2b #QmM/BM; #Qt2b �M/ H�#2Hb QM i?2KX PM2 Q7 i?2 BKTQ`i�Mi *LLb /2@
p2HQT2/ 7Q` Q#D2+i /2i2+iBQM Bb +�HH2/ uPGP UvQm QMHv HQQF QM+2V U_2/KQM �M/ 6�`?�/B-
kyRdVX uPGP +QK#BM2b i?2 #QmM/BM; #Qt `2;`2bbBQM �M/ +H�bbB}+�iBQM BM i?2 b�K2 M2i@
rQ`F- r?B+? K�F2b Bi 7�bi �M/ bmBi�#H2 7Q` `2�H@iBK2 T`Q+2bbBM;X h?2 uPGPpk- r?B+? Bb
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Figure 3: Bounding boxes with dimension priors and location
prediction. We predict the width and height of the box as offsets
from cluster centroids. We predict the center coordinates of the
box relative to the location of filter application using a sigmoid
function.

turns the 26⇥ 26⇥ 512 feature map into a 13⇥ 13⇥ 2048
feature map, which can be concatenated with the original
features. Our detector runs on top of this expanded feature
map so that it has access to fine grained features. This gives
a modest 1% performance increase.

Multi-Scale Training. The original YOLO uses an input
resolution of 448⇥ 448. With the addition of anchor boxes
we changed the resolution to 416⇥416. However, since our
model only uses convolutional and pooling layers it can be
resized on the fly. We want YOLOv2 to be robust to running
on images of different sizes so we train this into the model.

Instead of fixing the input image size we change the net-
work every few iterations. Every 10 batches our network
randomly chooses a new image dimension size. Since our
model downsamples by a factor of 32, we pull from the
following multiples of 32: {320, 352, ..., 608}. Thus the
smallest option is 320 ⇥ 320 and the largest is 608 ⇥ 608.
We resize the network to that dimension and continue train-
ing.

This regime forces the network to learn to predict well
across a variety of input dimensions. This means the same
network can predict detections at different resolutions. The
network runs faster at smaller sizes so YOLOv2 offers an
easy tradeoff between speed and accuracy.

At low resolutions YOLOv2 operates as a cheap, fairly
accurate detector. At 288⇥ 288 it runs at more than 90 FPS
with mAP almost as good as Fast R-CNN. This makes it
ideal for smaller GPUs, high framerate video, or multiple
video streams.

At high resolution YOLOv2 is a state-of-the-art detector
with 78.6 mAP on VOC 2007 while still operating above
real-time speeds. See Table 3 for a comparison of YOLOv2
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Figure 4: Accuracy and speed on VOC 2007.

with other frameworks on VOC 2007. Figure 4
Further Experiments. We train YOLOv2 for detection

on VOC 2012. Table 4 shows the comparative performance
of YOLOv2 versus other state-of-the-art detection systems.
YOLOv2 achieves 73.4 mAP while running far faster than
competing methods. We also train on COCO and compare
to other methods in Table 5. On the VOC metric (IOU =
.5) YOLOv2 gets 44.0 mAP, comparable to SSD and Faster
R-CNN.

Detection Frameworks Train mAP FPS
Fast R-CNN [5] 2007+2012 70.0 0.5
Faster R-CNN VGG-16[15] 2007+2012 73.2 7
Faster R-CNN ResNet[6] 2007+2012 76.4 5
YOLO [14] 2007+2012 63.4 45
SSD300 [11] 2007+2012 74.3 46
SSD500 [11] 2007+2012 76.8 19
YOLOv2 288⇥ 288 2007+2012 69.0 91
YOLOv2 352⇥ 352 2007+2012 73.7 81
YOLOv2 416⇥ 416 2007+2012 76.8 67
YOLOv2 480⇥ 480 2007+2012 77.8 59
YOLOv2 544⇥ 544 2007+2012 78.6 40

Table 3: Detection frameworks on PASCAL VOC 2007.
YOLOv2 is faster and more accurate than prior detection meth-
ods. It can also run at different resolutions for an easy tradeoff
between speed and accuracy. Each YOLOv2 entry is actually the
same trained model with the same weights, just evaluated at a dif-
ferent size. All timing information is on a Geforce GTX Titan X
(original, not Pascal model).

3. Faster
We want detection to be accurate but we also want it to be

fast. Most applications for detection, like robotics or self-
driving cars, rely on low latency predictions. In order to
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6B;m`2 kXkj, uPGPpk S2`7Q`K�M+2 QM S�a*�G oP* kyyd .�i�b2i U_2/KQM �M/ 6�`?�/B-
kyRdVX

� MQi�#H2 p2`bBQM Q7 i?2 M2irQ`F- ?�b �+?B2p2/ deX3W K�S UK2�M �p2`�;2 T`2+BbBQMV QM
S�a*�G oP* kyyd /�i�b2i �i ed 6Sa U7`�K2b T2` b2+QM/VX q?2M i?2 6Sa Bb `2/m+2/
iQ 9y- Bib K�S BM+`2�b2b iQ d3XeW- r?B+? Bb #2ii2` i?�M Bib +QMi2KTQ`�`v M2irQ`FbX h?2
uPGPpk ?�b �M �`+?Bi2+im`2 +�HH2/ .�`FM2i@RN 7Q` Bib 72�im`2 2ti`�+iBQMX .�`FM2i@RN
?�b RN +QMpQHmiBQM�H #HQ+Fb rBi? 8 K�t TQQHBM; b+�ii2`2/ BM i?2 KB//H2 �b BHHmbi`�i2/ BM
6B;X kXkkX h?2 BKT`Qp2K2Mib Q7 uPGPpk Qp2` Bib T`2/2+2bbQ` �`2 i?2 7QHHQrBM;, 6B`bi- Bi
mb2b +QMpQHmiBQMb rBi? �M+?Q` #Qt2b i?�i BKT`Qp2 i?2 #QmM/BM; #Qt T`2/B+iBQMbX a2+QM/-
Bi 2KTHQvb kk9 × kk9 BK�;2b 7Q` i`�BMBM; i?2 72�im`2 2ti`�+iBQM M2irQ`F QM BK�;2 +H�b@
bB}+�iBQM- �M/ i?2M- 993 × 993 BK�;2b 7Q` }M2@imMBM; i?2 M2irQ`F QM Q#D2+i /2i2+iBQM-
�HH Q7 r?B+? K�F2b i?2 i`�BMBM; 2�bB2` �M/ `�Bb2b i?2 K�S #v 9WX h?B`/- Bi mb2b #�i+?
MQ`K�HBx�iBQM QM �HH +QMpQHmiBQM�H #HQ+FbX 6Qm`i?- Bi miBHBx2b /BK2MbBQM +Hmbi2`b- r?B+?
i�F2 �/p�Mi�;2 Q7 i?2 #QmM/BM; #Qt T�ii2`Mb �KQM; /Bz2`2Mi T`Q#H2K /QK�BMb iQ +`2�i2
#2ii2` #QmM/BM; #Qt bBx2b i?�i }i i?2 /2i2+i2/ Q#D2+iX qBi? i?2b2 BKT`Qp2K2Mib- i?2
uPGPpk QmiT2`7Q`Kb Qi?2` Q#D2+i /2i2+iBQM M2irQ`Fb �b `2TQ`i2/ BM 6B;X kXkjX h?2 2t@
�KTH2 BK�;2 Q#D2+i /2i2+iBQMb �`2 b?QrM BM 6B;X kXk9X >Qr2p2`- uPGPpk ?�b � T`Q#H2K
/2i2+iBM; bK�HH Q#D2+ib i?�i �`2 +HQb2 iQ 2�+? Qi?2`X h?2 uPGPpj �//`2bb2b i?2 HBKB@
i�iBQMb Q7 uPGPpk #v �TTHvBM; i?2 /2p2HQTK2Mib BM *LL 7Q` BK�;2 +H�bbB}+�iBQMX h?2
KQbi /BbiBM+i +?�M;2 BM uPGPpj Bb i?2 mb2 Q7 bFBT +QMM2+iBQMbX Aib 72�im`2 2ti`�+iBQM
M2irQ`F- .�`FM2i@8j- ?�b 8j +QMpQHmiBQM�H #HQ+Fb i?�i 2KTHQv bFBT +QMM2+iBQMbX Ai Bb
+QMbB/2`�#Hv /22T2` i?�M .�`FM2i@RNX *QMb2[m2MiHv- Bi bQHp2b i?2 T`Q#H2K rBi? bK�HH
Q#D2+i /2i2+iBQM �M/ QM+2 KQ`2 BKT`Qp2b i?2 T2`7Q`K�M+2X h?2 uPGPpj �`+?Bi2+im`2 Bb
b?QrM BM 6B;X kXk8 �M/ Bib T2`7Q`K�M+2 +QKT�`BbQM iQ Qi?2` Q#D2+i /2i2+iBQM M2irQ`Fb Bb
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Abstract
We introduce YOLO9000, a state-of-the-art, real-time

object detection system that can detect over 9000 object

categories. First we propose various improvements to the

YOLO detection method, both novel and drawn from prior

work. The improved model, YOLOv2, is state-of-the-art on

standard detection tasks like PASCAL VOC and COCO. Us-

ing a novel, multi-scale training method the same YOLOv2

model can run at varying sizes, offering an easy tradeoff

between speed and accuracy. At 67 FPS, YOLOv2 gets

76.8 mAP on VOC 2007. At 40 FPS, YOLOv2 gets 78.6

mAP, outperforming state-of-the-art methods like Faster R-

CNN with ResNet and SSD while still running significantly

faster. Finally we propose a method to jointly train on ob-

ject detection and classification. Using this method we train

YOLO9000 simultaneously on the COCO detection dataset

and the ImageNet classification dataset. Our joint training

allows YOLO9000 to predict detections for object classes

that don’t have labelled detection data. We validate our

approach on the ImageNet detection task. YOLO9000 gets

19.7 mAP on the ImageNet detection validation set despite

only having detection data for 44 of the 200 classes. On the

156 classes not in COCO, YOLO9000 gets 16.0 mAP. But

YOLO can detect more than just 200 classes; it predicts de-

tections for more than 9000 different object categories. And

it still runs in real-time.

1. Introduction
General purpose object detection should be fast, accu-

rate, and able to recognize a wide variety of objects. Since
the introduction of neural networks, detection frameworks
have become increasingly fast and accurate. However, most
detection methods are still constrained to a small set of ob-
jects.

Current object detection datasets are limited compared
to datasets for other tasks like classification and tagging.
The most common detection datasets contain thousands to
hundreds of thousands of images with dozens to hundreds
of tags [3] [10] [2]. Classification datasets have millions
of images with tens or hundreds of thousands of categories
[20] [2].

We would like detection to scale to level of object clas-
sification. However, labelling images for detection is far
more expensive than labelling for classification or tagging
(tags are often user-supplied for free). Thus we are unlikely

Figure 1: YOLO9000. YOLO9000 can detect a wide variety of
object classes in real-time.
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Figure 2. Bounding boxes with dimension priors and location
prediction. We predict the width and height of the box as offsets
from cluster centroids. We predict the center coordinates of the
box relative to the location of filter application using a sigmoid
function. This figure blatantly self-plagiarized from [15].

is not the best but does overlap a ground truth object by
more than some threshold we ignore the prediction, follow-
ing [17]. We use the threshold of .5. Unlike [17] our system
only assigns one bounding box prior for each ground truth
object. If a bounding box prior is not assigned to a ground
truth object it incurs no loss for coordinate or class predic-
tions, only objectness.

2.2. Class Prediction
Each box predicts the classes the bounding box may con-

tain using multilabel classification. We do not use a softmax
as we have found it is unnecessary for good performance,
instead we simply use independent logistic classifiers. Dur-
ing training we use binary cross-entropy loss for the class
predictions.

This formulation helps when we move to more complex
domains like the Open Images Dataset [7]. In this dataset
there are many overlapping labels (i.e. Woman and Person).
Using a softmax imposes the assumption that each box has
exactly one class which is often not the case. A multilabel
approach better models the data.

2.3. Predictions Across Scales
YOLOv3 predicts boxes at 3 different scales. Our sys-

tem extracts features from those scales using a similar con-
cept to feature pyramid networks [8]. From our base fea-
ture extractor we add several convolutional layers. The last
of these predicts a 3-d tensor encoding bounding box, ob-
jectness, and class predictions. In our experiments with
COCO [10] we predict 3 boxes at each scale so the tensor is
N ⇥N ⇥ [3 ⇤ (4 + 1+ 80)] for the 4 bounding box offsets,
1 objectness prediction, and 80 class predictions.

Next we take the feature map from 2 layers previous and
upsample it by 2⇥. We also take a feature map from earlier
in the network and merge it with our upsampled features
using concatenation. This method allows us to get more
meaningful semantic information from the upsampled fea-
tures and finer-grained information from the earlier feature
map. We then add a few more convolutional layers to pro-
cess this combined feature map, and eventually predict a
similar tensor, although now twice the size.

We perform the same design one more time to predict
boxes for the final scale. Thus our predictions for the 3rd
scale benefit from all the prior computation as well as fine-
grained features from early on in the network.

We still use k-means clustering to determine our bound-
ing box priors. We just sort of chose 9 clusters and 3
scales arbitrarily and then divide up the clusters evenly
across scales. On the COCO dataset the 9 clusters were:
(10⇥13), (16⇥30), (33⇥23), (30⇥61), (62⇥45), (59⇥
119), (116⇥ 90), (156⇥ 198), (373⇥ 326).

2.4. Feature Extractor
We use a new network for performing feature extraction.

Our new network is a hybrid approach between the network
used in YOLOv2, Darknet-19, and that newfangled residual
network stuff. Our network uses successive 3⇥ 3 and 1⇥ 1
convolutional layers but now has some shortcut connections
as well and is significantly larger. It has 53 convolutional
layers so we call it.... wait for it..... Darknet-53!

Type
Convolutional
Convolutional
Convolutional
Convolutional
Residual
Convolutional
Convolutional
Convolutional
Residual
Convolutional
Convolutional
Convolutional
Residual
Convolutional
Convolutional
Convolutional
Residual
Convolutional
Convolutional
Convolutional
Residual
Avgpool
Connected
Softmax

Filters
32
64
32
64

128
64

128

256
128
256

512
256
512

1024
512

1024

Size
3 × 3
3 × 3 / 2
1 × 1
3 × 3

3 × 3 / 2
1 × 1
3 × 3

3 × 3 / 2
1 × 1
3 × 3

3 × 3 / 2
1 × 1
3 × 3

3 × 3 / 2
1 × 1
3 × 3

Global
1000

Output
256 × 256
128 × 128

128 × 128
64 × 64

64 × 64
32 × 32

32 × 32
16 × 16

16 × 16
8 × 8

8 × 8

1×

2×

8×

8×

4×

Table 1. Darknet-53.
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YOLOv3: An Incremental Improvement

Joseph Redmon, Ali Farhadi
University of Washington

Abstract

We present some updates to YOLO! We made a bunch

of little design changes to make it better. We also trained

this new network that’s pretty swell. It’s a little bigger than

last time but more accurate. It’s still fast though, don’t

worry. At 320 ⇥ 320 YOLOv3 runs in 22 ms at 28.2 mAP,

as accurate as SSD but three times faster. When we look

at the old .5 IOU mAP detection metric YOLOv3 is quite

good. It achieves 57.9 AP50 in 51 ms on a Titan X, com-

pared to 57.5 AP50 in 198 ms by RetinaNet, similar perfor-

mance but 3.8⇥ faster. As always, all the code is online at

https://pjreddie.com/yolo/.

1. Introduction
Sometimes you just kinda phone it in for a year, you

know? I didn’t do a whole lot of research this year. Spent
a lot of time on Twitter. Played around with GANs a little.
I had a little momentum left over from last year [12] [1]; I
managed to make some improvements to YOLO. But, hon-
estly, nothing like super interesting, just a bunch of small
changes that make it better. I also helped out with other
people’s research a little.

Actually, that’s what brings us here today. We have
a camera-ready deadline [4] and we need to cite some of
the random updates I made to YOLO but we don’t have a
source. So get ready for a TECH REPORT!

The great thing about tech reports is that they don’t need
intros, y’all know why we’re here. So the end of this intro-
duction will signpost for the rest of the paper. First we’ll tell
you what the deal is with YOLOv3. Then we’ll tell you how
we do. We’ll also tell you about some things we tried that
didn’t work. Finally we’ll contemplate what this all means.

2. The Deal
So here’s the deal with YOLOv3: We mostly took good

ideas from other people. We also trained a new classifier
network that’s better than the other ones. We’ll just take
you through the whole system from scratch so you can un-
derstand it all.
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Figure 1. We adapt this figure from the Focal Loss paper [9].
YOLOv3 runs significantly faster than other detection methods
with comparable performance. Times from either an M40 or Titan
X, they are basically the same GPU.

2.1. Bounding Box Prediction
Following YOLO9000 our system predicts bounding

boxes using dimension clusters as anchor boxes [15]. The
network predicts 4 coordinates for each bounding box, tx,
ty , tw, th. If the cell is offset from the top left corner of the
image by (cx, cy) and the bounding box prior has width and
height pw, ph, then the predictions correspond to:

bx = �(tx) + cx

by = �(ty) + cy

bw = pwe
tw

bh = phe
th

During training we use sum of squared error loss. If the
ground truth for some coordinate prediction is t̂* our gra-
dient is the ground truth value (computed from the ground
truth box) minus our prediction: t̂* � t*. This ground truth
value can be easily computed by inverting the equations
above.

YOLOv3 predicts an objectness score for each bounding
box using logistic regression. This should be 1 if the bound-
ing box prior overlaps a ground truth object by more than
any other bounding box prior. If the bounding box prior

1
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Figure 3. Images that combine the content of a photograph with the style of several well-known artworks. The images were created by

finding an image that simultaneously matches the content representation of the photograph and the style representation of the artwork.

The original photograph depicting the Neckarfront in Tübingen, Germany, is shown in A (Photo: Andreas Praefcke). The painting that

provided the style for the respective generated image is shown in the bottom left corner of each panel. B The Shipwreck of the Minotaur

by J.M.W. Turner, 1805. C The Starry Night by Vincent van Gogh, 1889. D Der Schrei by Edvard Munch, 1893. E Femme nue assise by

Pablo Picasso, 1910. F Composition VII by Wassily Kandinsky, 1913.
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Figure 10: Top: Our CELEBA-HQ results. Next five rows: Nearest neighbors found from the train-
ing data, based on feature-space distance. We used activations from five VGG layers, as suggested
by Chen & Koltun (2017). Only the crop highlighted in bottom right image was used for comparison
in order to exclude image background and focus the search on matching facial features.
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Fig. 5. !alitative results of full-head reenactment: our approach enables full-frame target video portrait synthesis under full 3D head pose control. The
output video portraits are photo-realistic and hard to distinguish from real videos. Note that even the shadow in the background of the second row moves
consistently with the modified foreground head motion. In the sequence at the top, we only transfer the translation in the camera plane, while we transfer the
full 3D translation for the sequence at the bo"om. For full sequences, please refer to our video. Obama video courtesy of the White House (public domain).

Input OursNearest Neighbor

Fig. 6. Comparison to a nearest-neighbor approach in parameter space (pose
and expression). Our results have higher quality and are temporally more
coherent (see supplemental video). For the nearest-neighbor approach, it is
di#icult to find the right trade-o# between pose and expression. This leads
to many results with one of the two dimensions not being well-matched.
The results are also temporally unstable, since the nearest neighbor abruptly
changes, especially for small training sets.

Reenactment under full head control. Our approach is the !rst that
can photo-realistically transfer the full 3D head pose (spatial position
and rotation), facial expression, as well as eye gaze and eye blinking
of a captured source actor to a target actor video. Figure 5 shows
some examples of full-head reenactment between di"erent source
and target actors. Here, we use the full target video for training
and the source video as the driving sequence. As can be seen, the
output of our approach achieves a high level of realism and faithfully
mimics the driving sequence, while still retaining the mannerisms
of the original target actor. Note that the shadow in the background
moves consistently with the position of the actor in the scene, as
shown in Figure 5 (second row). We also demonstrate the high
quality of our results and evaluate our approach quantitatively in a
self-reenactment scenario, see Figure 7. For the quantitative analysis,

we use two thirds of the target video for training and one third for
testing. We capture the face in the training and driving video with
our model-based tracker, and then render the conditioning images,
which serve as input to our network for synthesizing the output. For
further details, please refer to Section 7.2. Note that the synthesized
results are nearly indistinguishable from the ground truth.

Facial Reenactment and Video Dubbing. Besides full-head reen-
actment, our approach also enables facial reenactment. In this ex-
periment, we replace the expression coe#cients of the target actor
with those of the source actor before synthesizing the conditioning
input to our rendering-to-video translation network. Here, the head
pose and position, and eye gaze remain unchanged. Figure 8 shows
facial reenactment results. Observe that the face expression in the
synthesized target video nicely matches the expression of the source
actor in the driving sequence. Please refer to the supplemental video
for the complete video sequences.
Our approach can also be applied to visual dubbing. In many

countries, foreign-language movies are dubbed, i.e., the original
voice of an actor is replaced with that of a dubbing actor speaking
in another language. Dubbing often causes visual discomfort due
to the discrepancy between the actor’s mouth motion and the new
audio track. Even professional dubbing studios achieve only approx-
imate audio alignment at best. Visual dubbing aims at altering the
mouth motion of the target actor to match the new foreign-language
audio track spoken by the dubber. Figure 9 shows results where
we modify the facial motion of actors speaking originally in Ger-
man to adhere to an English translation spoken by a professional
dubbing actor, who was !lmed in a dubbing studio [Garrido et al.
2015]. More precisely, we transfer the captured facial expressions

ACM Trans. Graph., Vol. 37, No. 4, Article 163. Publication date: August 2018.

6B;m`2 kXkN, 6�+B�H 2tT`2bbBQMb �M/ ?2�/ KQp2K2Mib i`�Mb72` UEBK 2i �HX- kyR3VX

i?2KX a2p2`�H bim/B2b �`2 /QM2 iQ mM/2`bi�M/ �M/ i`v iQ T`2p2Mi i`�Mb72`�#BHBiv Uax2;2/v
2i �HX- kyRjc "B;;BQ 2i �HX- kyRjc :QQ/72HHQr 2i �HX- kyR8c S�T2`MQi 2i �HX- kyRec GBm 2i �HX-
kyRec S�T2`MQi 2i �HX- kyRdc JQQb�pB@.2x7QQHB 2i �HX- kyRdc h`�Kĕ` 2i �HX- kyRdc .QM; 2i �HX-
kyR3c .2KQMiBb 2i �HX- kyRNVX h?2 +?�`�+i2`BbiB+b Q7 M2irQ`Fb rBi? ?B;? i`�Mb72`�#BHBiv
#2ir22M i?2K �`2 i?2 7QHHQrBM;, 6B`bi- M2irQ`Fb i2M/ iQ +QMp2`;2 BMiQ bBKBH�` 7mM+iBQMb
r?2M i`�BM2/ rBi? i?2 b�K2 /�i�b2i /2bTBi2 i?2B` /Bz2`2M+2b BM i?2 �`+?Bi2+im`2- T�`�K2@
i2`b- ?vT2`T�`�K2i2`b b2iiBM;b- 2i+ U:QQ/72HHQr 2i �HX- kyR8c JQQb�pB@.2x7QQHB 2i �HX- kyRdc
h`�Kĕ` 2i �HX- kyRdVX a2+QM/- +QKTH2t M2irQ`Fb �`2 KQ`2 bmb+2TiB#H2 iQ i`�Mb72`�#BHBiv
i?�M bBKTH2 M2irQ`Fb �M/ i?2 bFBT +QMM2+iBQMb +�M #2 2KTHQv2/ iQ BM+`2�b2 i`�Mb72`�#BH@
Biv U.2KQMiBb 2i �HX- kyRNc qm 2i �HX- kyRNVX h?B`/- i?2 M2irQ`Fb rBi? ?B;? i`�Mb72`�#BHBiv
Q7 �/p2`b�`B�H 2t�KTH2b 2t?B#Bi �HB;M2/ ;`�/B2Mib UGBm 2i �HX- kyRec .2KQMiBb 2i �HX- kyRNVX
G�biHv- i?2 2ti2Mi Q7 i`�Mb72`�#BHBiv Bb +Q``2H�i2/ iQ i?2 bBKBH�`Biv Q7 M2irQ`F �`+?Bi2+im`2bX
L2irQ`Fb rBi? ?B;? �`+?Bi2+im`�H bBKBH�`Biv i2M/ iQ ?�p2 ?B;? i`�Mb72`�#BHBiv US�T2`MQi
2i �HX- kyRec h`�Kĕ` 2i �HX- kyR3VX

h?2`2 �`2 K�Mv T`QTQb2/ bQHmiBQMb iQ �//`2bb i?2 T`Q#H2K Q7 �/p2`b�`B�H �ii�+FbX
6`QK i?2 BMTmi T2`bT2+iBp2- i?2 BMTmi BK�;2b �`2 }Hi2`2/ iQ `2KQp2 i?2 2z2+ib Q7 i?2
T2`im`#�iBQM +�mb2/ #v i?2 �/p2`b�`B�H �ii�+FbX h?Bb HBM2 Q7 i2+?MB[m2b BM+Hm/2b- CS1:
+QKT`2bbBQM U.�b 2i �HX- kyRdV- #Bi b[m22xBM; Usm 2i �HX- kyRdV- #BH�i2`�H }Hi2`BM; UsB2 2i �HX-
kyRNV- 2i+X �MQi?2` T`QTQb2/ bQHmiBQM Bb iQ BM+Hm/2 �/p2`b�`B�H 2t�KTH2b BM i?2 i`�BMBM;
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Everybody Dance Now

CAROLINE CHAN, UC Berkeley
SHIRY GINOSAR, UC Berkeley
TINGHUI ZHOU, UC Berkeley
ALEXEI A. EFROS, UC Berkeley

Source SubjectTarget Subject 1 Target Subject 2Source Subject Target Subject 1 Target Subject 2

Fig. 1. Motion transfer from a source onto two target subjects.

This paper presents a simple method for “do as I do" motion transfer: given
a source video of a person dancing we can transfer that performance to a
novel (amateur) target after only a few minutes of the target subject perform-
ing standard moves. We pose this problem as a per-frame image-to-image
translation with spatio-temporal smoothing. Using pose detections as an
intermediate representation between source and target, we learn a mapping
from pose images to a target subject’s appearance. We adapt this setup for
temporally coherent video generation including realistic face synthesis. Our
video demo can be found at https://youtu.be/PCBTZh41Ris.

Additional Key Words and Phrases: Motion transfer, Video generation, Gen-
erative adversarial networks

1 INTRODUCTION
We propose a method to transfer motion between human subjects
in di�erent videos. Given two videos – one of a target person whose
appearance we wish to synthesize, and the other of a source subject
whose motion we wish to impose onto our target person – we
transfer motion between these subjects via an end to end pixel-based
pipeline. This is in contrast to approaches over the last two decades
which employ nearest neighbor search [4, 9] or retarget motion

Authors’ addresses: Caroline Chan, UC Berkeley; Shiry Ginosar, UC Berkeley; Tinghui
Zhou, UC Berkeley; Alexei A. Efros, UC Berkeley.

in 3D [7, 13, 26, 30]. With our framework, we create a variety of
videos, enabling untrained amateurs to spin and twirl like ballerinas,
perform martial arts kicks or dance as vibrantly as pop stars.
To transfer motion between two video subjects in a frame-by-

frame manner, we must learn a mapping between images of the two
individuals. Our goal is therefore to discover an image-to-image
translation [14] between the source and target sets. However, we
do not have corresponding pairs of images of the two subjects
performing the same motions to supervise learning this translation
directly. Even if both subjects perform the same routine, it is still
unlikely to have an exact frame to frame body-pose correspondence
due to body shape and stylistic di�erences unique to each subject.

We observe that keypoint-based pose, which inherently encodes
body position but not appearance, can serve as an intermediate
representation between any two subjects. Compatible with our ob-
jective, poses preserve motion signatures over time while abstract-
ing away as much subject identity as possible. We therefore design
our intermediate representation to be pose stick �gures such as in
Figure 2. From the target video, we obtain pose detections [5, 27, 35]
for each frame yielding a set of (pose stick �gure, target person image)
corresponding pairs. With this aligned data we are able to learn
an image-to-image translation model between pose stick �gures

, Vol. 1, No. 1, Article . Publication date: August 2018.
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Figure 1: Two-stream architecture for video classification.

strongly associated with particular objects. In fact, as will be shown in Sect. 6, action classification
from still frames (the spatial recognition stream) is fairly competitive on its own. Since a spatial
ConvNet is essentially an image classification architecture, we can build upon the recent advances
in large-scale image recognition methods [15], and pre-train the network on a large image classifica-
tion dataset, such as the ImageNet challenge dataset. The details are presented in Sect. 5. Next, we
describe the temporal stream ConvNet, which exploits motion and significantly improves accuracy.

3 Optical flow ConvNets
In this section, we describe a ConvNet model, which forms the temporal recognition stream of our
architecture (Sect. 2). Unlike the ConvNet models, reviewed in Sect. 1.1, the input to our model is
formed by stacking optical flow displacement fields between several consecutive frames. Such input
explicitly describes the motion between video frames, which makes the recognition easier, as the
network does not need to estimate motion implicitly. We consider several variations of the optical
flow-based input, which we describe below.

(a) (b) (c) (d) (e)

Figure 2: Optical flow. (a),(b): a pair of consecutive video frames with the area around a mov-
ing hand outlined with a cyan rectangle. (c): a close-up of dense optical flow in the outlined area;
(d): horizontal component dx of the displacement vector field (higher intensity corresponds to pos-
itive values, lower intensity to negative values). (e): vertical component dy . Note how (d) and (e)
highlight the moving hand and bow. The input to a ConvNet contains multiple flows (Sect. 3.1).

3.1 ConvNet input configurations
Optical flow stacking. A dense optical flow can be seen as a set of displacement vector fields dt

between the pairs of consecutive frames t and t+ 1. By dt(u, v) we denote the displacement vector
at the point (u, v) in frame t, which moves the point to the corresponding point in the following
frame t + 1. The horizontal and vertical components of the vector field, dxt and dyt , can be seen
as image channels (shown in Fig. 2), well suited to recognition using a convolutional network. To
represent the motion across a sequence of frames, we stack the flow channels dx,yt of L consecutive
frames to form a total of 2L input channels. More formally, let w and h be the width and height
of a video; a ConvNet input volume I⌧ 2 Rw⇥h⇥2L for an arbitrary frame ⌧ is then constructed as
follows:

I⌧ (u, v, 2k � 1) = dx⌧+k�1(u, v), (1)
I⌧ (u, v, 2k) = dy⌧+k�1(u, v), u = [1;w], v = [1;h], k = [1;L].

For an arbitrary point (u, v), the channels I⌧ (u, v, c), c = [1; 2L] encode the motion at that point
over a sequence of L frames (as illustrated in Fig. 3-left).

Trajectory stacking. An alternative motion representation, inspired by the trajectory-based de-
scriptors [29], replaces the optical flow, sampled at the same locations across several frames, with

3

6B;m`2 kXjR, hrQ@bi`2�K �`+?Bi2+im`2 7Q` oB/2Q *H�bbB}+�iBQM UaBKQMv�M �M/ wBbb2`K�M- kyR9�VX

b2i Q7 i?2 M2irQ`F- FMQrM �b �/p2`b�`B�H i`�BMBM; U:QQ/72HHQr 2i �HX- kyR8VX h?2 MQi�#H2
�/p2`b�`B�H i`�BMBM; K2i?Q/b �`2 7`22 �/p2`b�`B�H i`�BMBM; Ua?�7�?B 2i �HX- kyRNV �M/ 7�bi
�/p2`b�`B�H i`�BMBM; UqQM; 2i �HX- kyRNVX �/p2`b�`B�H i`�BMBM; rQ`Fb r2HH BM K�FBM; i?2
M2irQ`F `Q#mbi iQ �/p2`b�`B�H 2t�KTH2b #mi i?2 �//BiBQM�H i`�BMBM; +Qbi UBX2X- �/p2`b�`B�H
2t�KTH2b ;2M2`�iBQM �M/ �//BiBQM�H i`�BMBM; BK�;2bV Bb i?2 K�BM /`�r#�+FX 6m`i?2`KQ`2-
i?2`2 �`2 p�`BQmb T`QTQb2/ bQHmiBQMb iQ i�+FH2 bT2+B}+�HHv i?2 i`�Mb72`�#BHBiv Q7 �/p2`b�`B�H
2t�KTH2bX aBM+2 i?2 �HB;M2/ ;`�/B2Mib Q7 M2irQ`Fb BM/B+�i2 ?B;? i`�Mb72`�#BHBiv- bQK2
bim/B2b bm;;2bi `2p2`bBM; i?2 /B`2+iBQM Q7 i?2 ;`�/B2Mib UE�`Bv�TT� �M/ Zm`2b?B- kyRNc
C�Hr�M� 2i �HX- kykyVX JQ`2Qp2`- 2pQHpBM; �M �`+?Bi2+im`2 i?�i Bb `Q#mbi iQ i`�Mb72`�#BHBiv
Bb �HbQ `2+2MiHv BMi`Q/m+2/ #v � ?�M/7mH Q7 bim/B2bX .2p�;mTi�Tm 2i �HX UkykyV T`QTQb2/
iQ mb2 /Bz2`2MiB�#H2 �`+?Bi2+im`2 b2�`+? U.�_haV UGBm 2i �HX- kyR3�V iQ }M/ �`+?Bi2+im`2b
i?�i �`2 `Q#mbi iQ i`�Mb72`�#BHBivX EQiv�M �M/ o�`;�b UkykyV mb2/ M2m`Q2pQHmiBQM iQ
b2�`+? 7Q` `Q#mbi M2irQ`FbX hQ K�F2 i?2 b2�`+? 2z2+iBp2 �M/ H2bb 2t?�mbiBp2- b2p2`�H
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+ .007⇥ =

x sign(rxJ(✓,x, y))
x+

✏sign(rxJ(✓,x, y))
“panda” “nematode” “gibbon”

57.7% confidence 8.2% confidence 99.3 % confidence

Figure 1: A demonstration of fast adversarial example generation applied to GoogLeNet (Szegedy
et al., 2014a) on ImageNet. By adding an imperceptibly small vector whose elements are equal to
the sign of the elements of the gradient of the cost function with respect to the input, we can change
GoogLeNet’s classification of the image. Here our ✏ of .007 corresponds to the magnitude of the
smallest bit of an 8 bit image encoding after GoogLeNet’s conversion to real numbers.

Let ✓ be the parameters of a model, x the input to the model, y the targets associated with x (for
machine learning tasks that have targets) and J(✓,x, y) be the cost used to train the neural network.
We can linearize the cost function around the current value of ✓, obtaining an optimal max-norm
constrained pertubation of

⌘ = ✏sign (rxJ(✓,x, y)) .

We refer to this as the “fast gradient sign method” of generating adversarial examples. Note that the
required gradient can be computed efficiently using backpropagation.

We find that this method reliably causes a wide variety of models to misclassify their input. See
Fig. 1 for a demonstration on ImageNet. We find that using ✏ = .25, we cause a shallow softmax
classifier to have an error rate of 99.9% with an average confidence of 79.3% on the MNIST (?) test
set1. In the same setting, a maxout network misclassifies 89.4% of our adversarial examples with
an average confidence of 97.6%. Similarly, using ✏ = .1, we obtain an error rate of 87.15% and
an average probability of 96.6% assigned to the incorrect labels when using a convolutional maxout
network on a preprocessed version of the CIFAR-10 (Krizhevsky & Hinton, 2009) test set2. Other
simple methods of generating adversarial examples are possible. For example, we also found that
rotating x by a small angle in the direction of the gradient reliably produces adversarial examples.

The fact that these simple, cheap algorithms are able to generate misclassified examples serves as
evidence in favor of our interpretation of adversarial examples as a result of linearity. The algorithms
are also useful as a way of speeding up adversarial training or even just analysis of trained networks.

5 ADVERSARIAL TRAINING OF LINEAR MODELS VERSUS WEIGHT DECAY

Perhaps the simplest possible model we can consider is logistic regression. In this case, the fast
gradient sign method is exact. We can use this case to gain some intuition for how adversarial
examples are generated in a simple setting. See Fig. 2 for instructive images.

If we train a single model to recognize labels y 2 {�1, 1} with P (y = 1) = �
�
w>x+ b

�
where

�(z) is the logistic sigmoid function, then training consists of gradient descent on

Ex,y⇠pdata⇣(�y(w>x+ b))

where ⇣(z) = log (1 + exp(z)) is the softplus function. We can derive a simple analytical form for
training on the worst-case adversarial perturbation of x rather than x itself, based on gradient sign

1This is using MNIST pixel values in the interval [0, 1]. MNIST data does contain values other than 0 or
1, but the images are essentially binary. Each pixel roughly encodes “ink” or “no ink”. This justifies expecting
the classifier to be able to handle perturbations within a range of width 0.5, and indeed human observers can
read such images without difficulty.

2 See https://github.com/lisa-lab/pylearn2/tree/master/pylearn2/scripts/
papers/maxout. for the preprocessing code, which yields a standard deviation of roughly 0.5.
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6B;m`2 kXjk, �/p2`b�`B�H �ii�+F 1t�KTH2X � M2irQ`F i?�i +H�bbB}2b i?2 T�M/� BK�;2 �b � T�M/�
+�M #2 7QQH2/ #v �//BM; i?2 +�H+mH�i2/ BK�;2 T2`im`#�iBQM BM i?2 KB//H2 iQ i?2 T�M/� BK�;2X
h?2 QmiTmi BK�;2 biBHH `2b2K#H2b � T�M/� iQ i?2 ?mK�M 2v2b #mi +�mb2b i?2 M2irQ`F iQ KBbH�#2H
Bi �b � ;B##QM rBi? ?B;? +QM}/2M+2 U:QQ/72HHQr 2i �HX- kyR8VX

rQ`Fb BM+Q`TQ`�i2/ �/p2`b�`B�H i`�BMBM; BM i?2 �`+?Bi2+im`2 b2�`+?X GBm �M/ CBM UkykRV
miBHBx2/ .�_ha rBi? �/p2`b�`B�H i`�BMBM;- BM r?B+? i?2v 7QmM/ KQ`2 `Q#mbi M2irQ`Fb
i?�M rBi?Qmi �/p2`b�`B�H i`�BMBM;X Pi?2` bim/B2b 2KTHQv2/ QM2b?Qi M2m`�H �`+?Bi2+im`2
b2�`+? U*�B 2i �HX- kyRNV rBi? �/p2`b�`B�H i`�BMBM; iQ }M/ � 7�KBHv Q7 `Q#mbi M2irQ`Fb U:mQ
2i �HX- kykyc sB2 2i �HX- kykRVX

kX9 .�i�b2ib �M/ .�i� �m;K2Mi�iBQMb

.�i�b2ib �`2 BKTQ`i�Mi +QKTQM2Mib Q7 i?2 /22T M2m`�H M2irQ`FX �b /22T M2m`�H
M2irQ`F +QMiBMm2b iQ ;`Qr BM /2Ti?- i?2 bBx2 Q7 i?2 /�i�b2ib �HbQ BM+`2�b2b iQ 2z2+iBp2Hv
i`�BM i?2 M2irQ`F T�`�K2i2`b Q` r2B;?ibX qBi? bm{+B2Mi /�i�b2i BK�;2b- � /22T M2m`�H
M2irQ`F +�M ?B;?Hv T2`7Q`K i�bFb bm+? �b BK�;2 `2+Q;MBiBQM- Q#D2+i /2i2+iBQMX h?2`2
�`2 b2p2`�H +QMp2MiBQM�H /�i�b2ib mb2/ iQ #2M+?K�`F i?2 T2`7Q`K�M+2 Q7 � M2irQ`F U2X;X-
*A6�_@Ry- AK�;2L2iVX h?2b2 FBM/b Q7 /�i�b2ib ?�p2 H�`;2 bBx2b #2+�mb2 i?2v +�M #2 2�bBHv
+QHH2+i2/X 6Q` 2t�KTH2- AK�;2L2i Bb � +QKTBH�iBQM Q7 MQ`K�H BK�;2b i?�i +�M #2 i�F2M
7`QK 2p2`v/�v HB72 bBim�iBQMb U2X;X- � r�HFBM; /Q;V U_mbb�FQpbFv 2i �HX- kyR8VX *QMp2`b2Hv-
i?2`2 �`2 /�i�b2ib i?�i �`2 Q#i�BM2/ 7`QK bT2+B�HBx2/ �TTHB+�iBQMb �M/ i?mb ?�p2 HBKBi2/
/�i�b2ibX 6Q` 2t�KTH2- s@`�v Q7 +�M+2` imKQ` ?�b HBKBi2/ /�i�b2ib #2+�mb2 Bi `2[mB`2b �
bT2+B}+ K�+?BM2 iQ +QHH2+i /�i� �M/ TQbBiBp2 2t�KTH2b �`2 `2H�iBp2Hv b+�`+2X hQ 2ti2M/ �
HBKBi2/ /�i�b2i- � i2+?MB[m2 +�HH2/ /�i� �m;K2Mi�iBQM Bb 2KTHQv2/X �M 2t�KTH2 Q7 /�i�
�m;K2Mi�iBQM Bb ?Q`BxQMi�HHv ~BTTBM; �M BK�;2- r?B+? +`2�i2b � KB``Q`2/ p2`bBQM Q7 i?2
BK�;2 �b � M2r 2t�KTH2X h?Bb i2+?MB[m2 +�M �HbQ #2 �TTHB2/ iQ +QMp2MiBQM�H /�i�b2ib
iQ 7m`i?2` BKT`Qp2 i?2 T2`7Q`K�M+2 Q7 � M2irQ`FX E`Bx?2pbFv 2i �HX UkyRkV 2KTHQv2/
?Q`BxQMi�H ~BT BM i?2B` rQ`F QM �H2tL2i- r?B+? b?�ii2`2/ i?2 BK�;2 +H�bbB}+�iBQM `2+Q`/b
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6B;m`2 kXjj, JLAah .�i�b2i 1t�KTH2b UGBK 2i �HX- kyReVX

BM i?2 AK�;2L2i +QKT2iBiBQM �i i?2 iBK2X

kX9XR *QKKQM .�i�b2ib �M/ aT2+B�HBx2/ .�i�b2i

h?2 +QKKQM /�i�b2ib miBHBx2/ BM +QMpQHmiBQM�H M2m`�H M2irQ`F U*LLV �`2 BMi`Q@
/m+2/ ?2`2X h?2 /�i�b2ib �`2 JLAah- *A6�_@Ry- 6JLAah- �M/ EJLAah- r?B+? �`2
mb2/ iQ i`�BM � M2irQ`F 7Q` BK�;2 +H�bbB}+�iBQMX AM �//BiBQM- � bT2+B�HBx2/ /�i�b2i QM
/�M;2`Qmb Q#D2+ib s@`�v Bb �HbQ BMi`Q/m+2/- r?B+? Bb mb2/ 7Q` Q#D2+i /2i2+iBQMX

kX9XRXR JLAah .�i�b2i

h?2 JLAah /�i�b2i +QMbBbib Q7 ?�M/r`Bii2M bBM;H2@/B;Bi BK�;2b �b BHHmbi`�i2/ BM
6B;X kXjjX Ai ?�b Ry +H�bb2b +Q``2bTQM/BM; iQ 2�+? y@N /B;BibX 1�+? BK�;2 Bb #H�+F �M/
r?Bi2 �M/ i?2 bBx2 Bb k3 × k3 TBt2HbX h?2 i`�BMBM; b2i ?�b ey-yyy BK�;2b �M/ i?2 i2bi b2i
?�b Ry-yyy BK�;2b UG2*mM 2i �HX- RNN3VX

kX9XRXk *A6�_@Ry .�i�b2i

h?2 *A6�_@Ry /�i�b2i Bb +QKT`Bb2/ Q7 M�im`�H BK�;2b �b b?QrM BM 6B;X kXj9X h?2
/�i�b2i ?�b Ry +H�bb2b- r?B+? �`2 �B`TH�M2- �miQKQ#BH2- #B`/- +�i- /22`- /Q;- 7`Q;- ?Q`b2-
b?BT- �M/ i`m+FX 1�+? BK�;2 Bb +QHQ`2/ rBi? i?2 bBx2 Q7 jk × jk TBt2HbX h?2 i`�BMBM; b2i
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< BDFN WR AOH[ KUL]KHYVN\'V KRPH SDJH

7KH CIFA5-10 DQG CIFA5-100 DUH ODEHOHG VXEVHWV RI WKH 80 PLOOLRQ WLQ\ LPDJHV GDWDVHW. 7KH\ ZHUH FROOHFWHG E\
AOH[ KUL]KHYVN\, 9LQRG NDLU, DQG GHRIIUH\ HLQWRQ.

The CIFAR-10 dataset
7KH CIFA5-10 GDWDVHW FRQVLVWV RI 60000 32[32 FRORXU LPDJHV LQ 10 FODVVHV, ZLWK 6000 LPDJHV SHU FODVV. 7KHUH DUH
50000 WUDLQLQJ LPDJHV DQG 10000 WHVW LPDJHV. 

 
7KH GDWDVHW LV GLYLGHG LQWR ÀYH WUDLQLQJ EDWFKHV DQG RQH WHVW EDWFK, HDFK ZLWK 10000 LPDJHV. 7KH WHVW EDWFK
FRQWDLQV H[DFWO\ 1000 UDQGRPO\-VHOHFWHG LPDJHV IURP HDFK FODVV. 7KH WUDLQLQJ EDWFKHV FRQWDLQ WKH UHPDLQLQJ
LPDJHV LQ UDQGRP RUGHU, EXW VRPH WUDLQLQJ EDWFKHV PD\ FRQWDLQ PRUH LPDJHV IURP RQH FODVV WKDQ DQRWKHU.
BHWZHHQ WKHP, WKH WUDLQLQJ EDWFKHV FRQWDLQ H[DFWO\ 5000 LPDJHV IURP HDFK FODVV. 

 
HHUH DUH WKH FODVVHV LQ WKH GDWDVHW, DV ZHOO DV 10 UDQGRP LPDJHV IURP HDFK:
aiUSlane

aXWRmRbile

biUd

caW

deeU

dRg

fURg

hRUVe

VhiS

WUXck

7KH FODVVHV DUH FRPSOHWHO\ PXWXDOO\ H[FOXVLYH. 7KHUH LV QR RYHUODS EHWZHHQ DXWRPRELOHV DQG WUXFNV. "AXWRPRELOH"
LQFOXGHV VHGDQV, 689V, WKLQJV RI WKDW VRUW. "7UXFN" LQFOXGHV RQO\ ELJ WUXFNV. NHLWKHU LQFOXGHV SLFNXS WUXFNV.

DRZQORad

II \RX'UH JRLQJ WR XVH WKLV GDWDVHW, SOHDVH FLWH WKH WHFK UHSRUW DW WKH ERWWRP RI WKLV SDJH. 
 VeUViRn Si]e md5VXm

CIFA5-10 S\WKRQ YHUVLRQ 163 MB F58I30108I718I92721DI3E95H74349D
CIFA5-10 MDWODE YHUVLRQ 175 MB 70270DI85842F9H89EE428HF9976F926
CIFA5-10 ELQDU\ YHUVLRQ (VXLWDEOH IRU C SURJUDPV) 162 MB F32D1G4DE5G03I1284E67883H8G87530

BaVeOLQe UeVXOWV

<RX FDQ ÀQG VRPH EDVHOLQH UHSOLFDEOH UHVXOWV RQ WKLV GDWDVHW RQ WKH SURMHFW SDJH IRU FXGD-FRQYQHW. 7KHVH UHVXOWV
ZHUH REWDLQHG ZLWK D FRQYROXWLRQDO QHXUDO QHWZRUN. BULHÁ\, WKH\ DUH 18% WHVW HUURU ZLWKRXW GDWD DXJPHQWDWLRQ DQG
11% ZLWK. AGGLWLRQDOO\, JDVSHU 6QRHN KDV D QHZ SDSHU LQ ZKLFK KH XVHG BD\HVLDQ K\SHUSDUDPHWHU RSWLPL]DWLRQ WR
ÀQG QLFH VHWWLQJV RI WKH ZHLJKW GHFD\ DQG RWKHU K\SHUSDUDPHWHUV, ZKLFK DOORZHG KLP WR REWDLQ D WHVW HUURU UDWH RI
15% (ZLWKRXW GDWD DXJPHQWDWLRQ) XVLQJ WKH DUFKLWHFWXUH RI WKH QHW WKDW JRW 18%.

OWheU UeVXOWV
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6B;m`2 kXj9, *A6�_@Ry .�i�b2i 1t�KTH2b UE`Bx?2pbFv 2i �HX- kyyNVX

?�b 8y-yyy BK�;2b- r?2`2�b i?2 i2bi b2i ?�b Ry-yyy BK�;2b UE`Bx?2pbFv 2i �HX- kyyNVX

kX9XRXj 6JLAah .�i�b2i

h?2 6�b?BQM@JLAah U6JLAahV /�i�b2i Bb +`2�i2/ iQ #2+QK2 �M �Hi2`M�iBp2 iQ i?2
JLAah /�i�b2i- r?B+? ?�b #2+QK2 � bBKTH2 /�i�b2i 7Q` /22T M2m`�H M2irQ`FX JQbi /22T
M2irQ`Fb +�M 2�bBHv �+?B2p2 NNW �++m`�+v QM i?2 JLAah i2bi b2i �M/ 6JLAah i`B2b iQ
T`QpB/2 � ?�`/2` /�i�b2iX h?2 2t�KTH2 BK�;2b �`2 b?QrM BM 6B;X kXj8X aBKBH�` iQ JLAah-
Bi ?�b Ry +H�bb2b M�K2Hv, i@b?B`i- i`Qmb2`- TmHHQp2`- /`2bb- +Q�i- b�M/�H- b?B`i- bM2�F2`- #�;-
�M/ �MFH2 #QQiX 1�+? BK�;2 Bb ;`�vb+�H2 rBi? i?2 bBx2 Q7 k3 × k3 TBt2HbX h?2 /�i�b2i ?�b
ey-yyy i`�BMBM; BK�;2b �M/ Ry-yyy i2bi BK�;2b UsB�Q 2i �HX- kyRdVX

kX9XRX9 EJLAah .�i�b2i

h?2 Emxmb?BDB@JLAah UEJLAahV +QMi�BMb QH/ C�T�M2b2 +?�`�+i2` r`BiBM; �b /2@
TB+i2/ BM 6B;X kXjeX h?2 /�i�b2i +QMi�BMb Ry +H�bb2b rBi? 2�+? +H�bb `2T`2b2MiBM; � ?B`�;�M�
+?�`�+i2` �b b22M QM i?2 H27iKQbi +QHmKM BM 6B;X kXjeX 1�+? BK�;2 ?�b #H�+F �M/ r?Bi2
+QHQ`b rBi? i?2 bBx2 Q7 k3 × k3 TBt2HbX h?Bb /�i�b2i �HbQ ?�b ey-yyy i`�BMBM; BK�;2b �M/
Ry-yyy i2bi BK�;2b U*H�Mmr�i 2i �HX- kyR3VX
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6B;m`2 kXj8, 6JLAah .�i�b2i 1t�KTH2b UsB�Q 2i �HX- kyRdVX

kX9XRX8 .�M;2`Qmb P#D2+ib s@`�v .�i�b2i

h?2 /�M;2`Qmb Q#D2+ib s@`�v /�i�b2i +QMi�BMb i?2 s@`�v Q7 #�MM2/ Q#D2+ib BM �B`@
TQ`ibX h?2 /�i�b2i +H�bb2b �`2 b+BbbQ`b- FMBp2b- �M/ #QiiH2bX 1p2`v BK�;2 Bb ;`�vb+�H2 rBi?
�M �p2`�;2 bBx2 Q7 eyy × eyy TBt2Hb QM i?2 H2M;i? �M/ rB/i?X �b b22M BM 6B;X kXjd- �M
BK�;2 K�v +QMi�BM �M Q#D2+i- irQ Qp2`H�TTBM; Q#D2+ib- Q` KmHiBTH2 Qp2`H�TTBM; Q#D2+ibX
aBM+2 i?Bb /�i�b2i Bb 7Q` Q#D2+i /2i2+iBQM- i?2 #QmM/BM; #Qt �M/ +H�bb BM7Q`K�iBQM Q7 2�+?
Q#D2+i BM �M BK�;2 �`2 `2+Q`/2/ BM i?2 H�#2HbX h?2 /�i�b2i ?�b eek i`�BMBM; b2i BK�;2b
�M/ 99k i2bi b2i BK�;2bX 6m`i?2`KQ`2- iQ BM+`2�b2 i?2 HBKBi2/ /�i�b2i bBx2- i?2`2 �`2 �HbQ
bvMi?2bBx2/ /�M;2`Qmb Q#D2+ib s@`�v BK�;2b- r?B+? �`2 b?QrM BM 6B;X kXj3X h?2 bvMi?2@
bBx2/ BK�;2b �`2 +`2�i2/ #v �TTHvBM; i`�/BiBQM�H BK�;2 T`Q+2bbBM; i2+?MB[m2b QM i?2 `�r
s@`�v BK�;2b �M/ +QK#BMBM; i?2 Q#D2+ib 2ti`�+i2/X h?2 bvMi?2bBx2/ BK�;2b T`QpB/2 �M
�//BiBQM�H jyRy BK�;2b iQ i?2 i`�BMBM; b2i UwQm 2i �HX- kyR3VX

kX9Xk .�i� �m;K2Mi�iBQMb

AM kyRk- �H2tL2i BM+Bi2/ i?2 `2bm`;2M+2 Q7 BMi2`2bi BM *LLb r?2M Bi �++QKTHBb?2/
M2r `2+Q`/b BM BK�;2 +H�bbB}+�iBQM r?BHbi #2�iBM; i`�/BiBQM�H BK�;2 T`Q+2bbBM; i2+?MB[m2bX
Ai +`2/Bi2/ /�i� T`2T�`�iBQM �b QM2 Q7 i?2 `2�bQMb 7Q` Bib bm++2bbX AM /�i� T`2T�`�iBQM-
/�i� �m;K2Mi�iBQMb �`2 �TTHB2/ iQ i?2 i`�BMBM; BK�;2b U2X;X- KB``Q`BM;- +`QTTBM;- 2i+XV
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MenX 

0

6B;m`2 kXje, EJLAah .�i�b2i 1t�KTH2b U*H�Mmr�i 2i �HX- kyR3VX

iQ K�F2 i?2 M2irQ`F BMp�`B�Mi iQ BK�;2 T2`im`#�iBQMbX "v �TTHvBM; bBKTH2 ;2QK2i`B+
i`�Mb7Q`K�iBQMb iQ i?2 BK�;2b- i?2 bK�HH +?�M;2b BM i?2 BK�;2b +�M bB;MB}+�MiHv 2ti2M/
i?2 i`�BMBM; /�i�b2i- �M/ i?2`2#v- BM+`2�b2 M2irQ`F �++m`�+vX � /22T M2irQ`F +�M Qp2`}i
� /�i�b2i /m2 iQ i?2 b?22` MmK#2` Q7 Bib r2B;?ib #mi /�i� �m;K2Mi�iBQMb +�M `2/m+2
Qp2`}iiBM; #v �Hi2`BM; i?2 BMTmi BK�;2 BM 2p2`v 2TQ+? UE`Bx?2pbFv 2i �HX- kyRkVX h?2`27Q`2-
i?2 M2irQ`F Bb 7Q`+2/ iQ H2�`M QMHv i?2 BKTQ`i�Mi 72�im`2b Q7 � /�i�b2iX 6m`i?2`KQ`2-
/�i� �m;K2Mi�iBQMb �`2 BMp�Hm�#H2 iQ bT2+B�HBx2/ �M/ HBKBi2/ /�i�b2ib bm+? �b /�M;2`Qmb
Q#D2+ib s@`�v- r?B+? Bb /Bb+mbb2/ BM a2+iBQM kX9XRX8X h?`Qm;? /�i� �m;K2Mi�iBQMb- KQ`2
BM7Q`K�iBQM +�M #2 2ti`�+i2/ 7`QK � bK�HH /�i�b2iX

kX9XkXR h`�BMBM; a2i .�i� �m;K2Mi�iBQMb

hvTB+�HHv- /�i� �m;K2Mi�iBQMb �`2 �TTHB2/ iQ i?2 i`�BMBM; BK�;2b /m`BM; i?2 M2irQ`F
i`�BMBM; T`Q+2bbX Ai +`2�i2b Kv`B�/b Q7 BK�;2 p�`B�iBQMb i?`Qm;? bBKTH2 BK�;2 T2`im`#�@
iBQMb U2X;X- ~BTTBM;- `Qi�iBQM- 2i+XV iQ 2ti`�+i KQ`2 BM7Q`K�iBQM 7`QK i?2 /�i�b2i U1bi2p�
2i �HX- kyRdVX AM �//BiBQM- i?2 K�DQ`Biv Q7 /�i� �m;K2Mi�iBQMb �`2 /2p2HQT2/ 7Q` i?2 BK�;2
+H�bbB}+�iBQM Ua?Q`i2M �M/ E?Qb?;Q7i��`- kyRNVX h?2 /�i� �m;K2Mi�iBQMb i?�i KQ/B7v
i?2 b?�T2 Q7 i?2 BK�;2 �`2 +�HH2/ ;2QK2i`B+ i`�Mb7Q`K�iBQMX h?2 2t�KTH2b Q7 ;2QK2i`B+
i`�Mb7Q`K�iBQM- �b b?QrM BM 6B;X kXjN- �`2 ?Q`BxQMi�H ~BT- `Qi�iBQM- +`QTTBM;- b+�HBM;- 2i+X
AM +QMi`�bi- i?2`2 �`2 /�i� �m;K2Mi�iBQMb i?�i �/Dmbi i?2 _:" +?�MM2Hb Q7 �M BK�;2 iQ
?B;?HB;?i Q` �++2Mim�i2 � T�`iB+mH�` BK�;2 72�im`2X h?2b2 �`2 +�HH2/ +QHQ` bT�+2 i`�Mb@
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a) Single object

b) Two overlapping objects

c) Multiple overlapping objects

6B;m`2 kXjd, _�r .�M;2`Qmb P#D2+ib s@`�v AK�;2 1t�KTH2b UwQm 2i �HX- kyR3VX

7Q`K�iBQM Q` T?QiQK2i`B+ �m;K2Mi�iBQMX h?2 2t�KTH2b Q7 i?2b2 �m;K2Mi�iBQMb �`2 r?Bi2
#�H�M+2- ?BbiQ;`�K 2[m�HBx�iBQM- 2i+X �b 2t?B#Bi2/ BM 6B;X kX9y Uqm 2i �HX- kyR8c JBFQƈ�@
D+xvF �M/ :`Q+?QrbFB- kyR3VX 6BM�HHv- i?2`2 �`2 /�i� �m;K2Mi�iBQMb i?�i BMi`Q/m+2 MQBb2
iQ i?2 BK�;2 iQ K�F2 i?2 M2irQ`F `Q#mbiX 1t�KTH2b Q7 i?2b2 /�i� �m;K2Mi�iBQMb �`2
`�M/QK 2`�bBM; �M/ +miQmi `2;mH�`Bx�iBQM- r?B+? T�i+? �M BK�;2 rBi? � `�M/QK #HQ+Fě
mbm�HHv #H�+Fě iQ `2KQp2 BM7Q`K�iBQM 7`QK i?2 BK�;2 U.2o`B2b �M/ h�vHQ`- kyRdc w?QM;
2i �HX- kykyVX h?`Qm;? i?2 BK�;2 Q++HmbBQMb- i?2b2 �m;K2Mi�iBQMb ?2HT i?2 M2irQ`F iQ
7Q+mb �HbQ QM Qi?2` T�`ib Q7 �M BK�;2 #27Q`2 /2+B/BM; QM � H�#2HX h?2b2 �m;K2Mi�iBQMb
�`2 b?QrM BM 6B;X kX9RX

_2+2Mi �/p�M+2b BM /�i� �m;K2Mi�iBQM 7Q+mb QM +QK#BMBM; irQ Q` KQ`2 BK�;2b iQ
+`2�i2 � M2r BK�;2X AM QM2 bim/v- irQ BK�;2b �`2 +`m/2Hv +QK#BM2/ #v i�FBM; i?2 T2`@
TBt2H �p2`�;2 Q7 irQ BK�;2bX lM2tT2+i2/Hv- i?Bb ?�b `2bmHi2/ BM �M �++m`�+v BM+`2�b2 BM
*A6�_@Ry #2M+?K�`F- �Hi?Qm;? i?2 b+B2MiB}+ #�bBb Bb biBHH QM;QBM; `2b2�`+? UAMQm2- kyR3VX
� KQ`2 BMimBiBp2 �TT`Q�+? Bb iQ +QK#BM2 BK�;2b mbBM; �HT?� #H2M/BM;X AM �HT?� #H2M/BM;-
�M BK�;2 Bb im`M2/ i`�MbHm+2Mi iQ �HHQr Bi iQ #2 Qp2`H�B/ QM iQT Q7 �MQi?2` BK�;2X AM i?Bb
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a) Single objects

b) Two overlapping objects

c) Multiple overlapping objects

6B;m`2 kXj3, avMi?2bBx2/ .�M;2`Qmb P#D2+ib s@`�v AK�;2 1t�KTH2b UwQm 2i �HX- kyR3VX

Original Image Horizontal Flip

Random Crop Scaling

Rotation

6B;m`2 kXjN, :2QK2i`B+ h`�Mb7Q`K�iBQM 1t�KTH2bX

r�v- i?2 BK�;2b �`2 biBHH pBbm�HHv mM/2`bi�M/�#H2X h?Bb i2+?MB[m2 ?�b �HbQ BM+`2�b2/ i?2
M2irQ`F T2`7Q`K�M+2 Uw?�M; 2i �HX- kyRdVX o�`BQmb K2i?Q/b iQ KBt irQ BK�;2b �`2 7m`i?2`
2tTHQ`2/ BM i?2 rQ`F Q7 amKK2`b �M/ .BMM22M UkyRNV- r?B+? Bb b?QrM BM 6B;X kX9kX PM2 Q7
i?2B` #2bi BK�;2 BMi2;`�iBQM r�b �#H2 iQ `2/m+2 i?2 *A6�_@Ry 2``Q` #v RXeWX AMi2`2biBM;Hv-
h�F�?�b?B 2i �HX UkykyV ?�p2 +QK#BM2/ 9 /Bz2`2Mi BK�;2b #v +`QTTBM; 2�+? BK�;2 rBi? �
bT2+B}+ bBx2 bm+? i?�i i?2 9 BK�;2b +�M #2 �``�M;2/ iQ 7Q`K �M BK�;2X *QMb2[m2MiHv- i?2
H�#2H 7Q` i?2 T`Q/m+2/ BK�;2 Bb � bQ7i H�#2H rBi? +H�bb p�Hm2b /2T2M/BM; QM i?2 `�iBQ Q7
2�+? BK�;2 BM i?2 BMi2;`�i2/ BK�;2X h?2 bQ7i H�#2H 7Q`+2b i?2 M2irQ`F iQ +QM+2Mi`�i2 QM
9 /Bz2`2Mi �`2�b Q7 �M BK�;2 QM 2p2`v BK�;2 2t�KTH2X �b � `2bmHi- i?2 M2irQ`F 7Q+mb2b
QM pBi�H TQ`iBQMb Q7 �M BK�;2 �M/ `2K�`F�#Hv BM+`2�b2b T2`7Q`K�M+2X h?2 2t�KTH2 BK�;2
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6B;m`2 kX9y, *QHQ` aT�+2 h`�Mb7Q`K�iBQM 1t�KTH2b UJBFQƈ�D+xvF �M/ :`Q+?QrbFB- kyR3VX

6B;m`2 kX9R, _�M/QK 1`�bBM; 1t�KTH2bX

Bb b?QrM BM 6B;X kX9jX

kX9XkXk h2bi@iBK2 �m;K2Mi�iBQMb

�Hi?Qm;? MQi p2`v +QKKQM- /�i� �m;K2Mi�iBQMb +�M �HbQ #2 �TTHB2/ iQ i?2 i2bi
b2i BK�;2b #27Q`2 M2irQ`F 2p�Hm�iBQMX h?Bb T`Q+2/m`2 Bb +�HH2/ i2bi@iBK2 �m;K2Mi�iBQMX
h2bi@iBK2 �m;K2Mi�iBQMb �HHQr � KQ`2 `Q#mbi M2irQ`F T`2/B+iBQM #v b?QrBM; KmHiBTH2
pB2rTQBMib Q7 �M BK�;2 `�i?2` i?�M QMHv �M mMT2`im`#2/ BK�;2X AM bi�iBbiB+b- i2bi@iBK2
�m;K2Mi�iBQMb �`2 +QKT�`2/ iQ 2Mb2K#H2 H2�`MBM;- BM r?B+? KmHiBTH2 KQ/2Hb +`2�i2 �
+QMb2Mbmb QM i?2 }M�H T`2/B+iBQMX AM +QMi`�bi- /22T M2m`�H M2irQ`F mb2b �M BK�;2 i?�i Bb
�m;K2Mi2/ iQ 7Q`K �M 2Mb2K#H2 Q7 pB2rTQBMibX h?2 2p�Hm�iBQM Q7 i?2 M2irQ`F QM �HH i?2
�m;K2Mi2/ BK�;2b Bb �p2`�;2/ iQ Q#i�BM i?2 }M�H M2irQ`F T`2/B+iBQMX _�/Qb�pQpB+ 2i �HX
UkyR3V BKTH2K2Mi2/ i?Bb �TT`Q�+? iQ H�#2H mMH�#2H2/ BK�;2b 7`QK i?2 BMi2`M2i �M/ mb2
i?2b2 Tb2m/Q@H�#2Hb iQ i`�BM � b2KB@bmT2`pBb2/ M2irQ`FX AM �//BiBQM- i2bi@iBK2 �m;K2Mi�@
iBQMb �`2 mb2/ iQ �TTHv i?2 Ry@+`QT i2biBM; T`Q+2/m`2 QM �H2tL2i �M/ _2bL2i UE`Bx?2pbFv
2i �HX- kyRkc >2 2i �HX- kyReVX h?2 Ry@+`QT i2biBM; T`Q+2/m`2 �m;K2Mib � i2bi BK�;2 #v
i�FBM; �M BK�;2 +`QT QM 2�+? BK�;2 +Q`M2`- +2Mi2`- �M/ �HbQ i?2 2[mBp�H2Mi QM i?2 BK�;2
?Q`BxQMi�H ~BTX h?2 �p2`�;2 Q7 i?2 T`2/B+iBQMb QM �HH i?2 Ry �m;K2Mi2/ BK�;2b Bb mb2/ �b
i?2 }M�H T`2/B+iBQMX JQ`2Qp2`- i2bi@iBK2 �m;K2Mi�iBQMb +�M �HbQ K2�bm`2 i?2 `Q#mbiM2bb
Q7 � M2irQ`F- BM r?B+? i?2 /`QT BM �++m`�+v Q7 i?2 M2irQ`F BM/B+�i2b Bib b2MbBiBpBiv iQ
BK�;2 T2`im`#�iBQMb UJBM? 2i �HX- kyR3VX 6m`i?2`KQ`2- i2bi@iBK2 �m;K2Mi�iBQMb mbBM;
;2QK2i`B+ i`�Mb7Q`K�iBQMb �`2 7QmM/ iQ #2 2z2+iBp2 BM +H�bbB7vBM; bFBM H2bBQM UJ�ibmM�;�
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6B;m`2 kX9k, AK�;2 JBtBM; 1t�KTH2bX GBM2�` K2i?Q/b b?Qrb �HT?� #H2M/BM;X :2M2`�HBx2/ b?Qrb
/Bz2`2Mi BK�;2 KBtBM; K2i?Q/b UamKK2`b �M/ .BMM22M- kyRNVX

2i �HX- kyRdV- �M/ i?2b2 �`2 KQ`2 2z2+iBp2 r?2M +QK#BM2/ rBi? /�i� �m;K2Mi�iBQM BM i?2
i`�BMBM; T?�b2 US2`2x 2i �HX- kyR3VX

kX8 G2�`MBM; 7`QK i`�BM2/ L2irQ`Fb

kX8XR h`�Mb72` G2�`MBM;

h`�Mb72` H2�`MBM; Bb � K2i?Q/ BM /22T M2m`�H M2irQ`F BM r?B+? i?2 H2�`MBM; Q7 �
M2irQ`F QM � T�`iB+mH�` i�bF Bb `2Tm`TQb2/ 7Q` �MQi?2` i�bFX h?2 KQiBp�iBQM Q7 i`�Mb72`
H2�`MBM; Bb �ii`B#mi2/ iQ i?2 ?B2`�`+?B+�H M�im`2 Q7 `2T`2b2Mi�iBQMb BM *LLX 6`QK i?2 }`bi
H�v2` iQ i?2 H�bi H�v2` Q7 � M2irQ`F- i?2 72�im`2b 2ti`�+i2/ ;`Qr BM +QKTH2tBivX S�`iB+m@
H�`Hv- i?2 BMBiB�H H�v2`b �+i �b HQr@H2p2H 72�im`2 2ti`�+iQ`b bm+? �b 2/;2 /2i2+iQ`b- r?2`2�b
i?2 }M�H H�v2`b /2i2+i +QKTH2t 72�im`2b bm+? �b 7�+2b Uw2BH2` �M/ 62`;mb- kyR9VX h?Bb
H2�`MBM; #2?�pBQ` Bb +QKKQM iQ *LLb- r?B+? �HHQrb i?2 `2mb2 Q7 i?2 i`�BM2/ r2B;?ib
iQ �MQi?2` �TTHB+�iBQM �b BMBiB�HBx�iBQMX �b � `2bmHi- i?2 M2irQ`F ?�b 7�bi2` +QMp2`;2M+2
�M/ ?B;?2` T2`7Q`K�M+2 BKT`Qp2K2Mi- 2bT2+B�HHv r?2M i?2 M2r /�i�b2i Bb bBKBH�` iQ i?2
T`2pBQmb /�i�b2i i?2 M2irQ`F Bb i`�BM2/ QMX h?2 i`�Mb72` H2�`MBM; +�M 2t?B#Bi i?`22 TQ@
i2MiB�H #2M2}ib- r?B+? �`2 � ?B;?2` bi�`i- ?B;?2` bHQT2- �M/ ?B;?2` �bvKTiQi2 �b b?QrM BM
6B;X kX99 UhQ``2v �M/ a?�pHBF- kyRyVX � ?B;?2` bi�`i BKTHB2b � ?B;?2` bi�`iBM; �++m`�+v-
� ?B;?2` bHQT2 BKTHB2b � bi22T2` `�i2 Q7 M2irQ`F BKT`Qp2K2Mi- �M/ � ?B;?2` �bvKTiQi2
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Data Augmentation using Random Image Cropping
and Patching for Deep CNNs

Ryo Takahashi, Takashi Matsubara, Member, IEEE, and Kuniaki Uehara,

Abstract—Deep convolutional neural networks (CNNs) have
achieved remarkable results in image processing tasks. However,
their high expression ability risks overfitting. Consequently,
data augmentation techniques have been proposed to prevent
overfitting while enriching datasets. Recent CNN architectures
with more parameters are rendering traditional data augmen-
tation techniques insufficient. In this study, we propose a new
data augmentation technique called random image cropping and

patching (RICAP) which randomly crops four images and patches
them to create a new training image. Moreover, RICAP mixes
the class labels of the four images, resulting in an advantage
of the soft labels. We evaluated RICAP with current state-of-
the-art CNNs (e.g., the shake-shake regularization model) by
comparison with competitive data augmentation techniques such
as cutout and mixup. RICAP achieves a new state-of-the-art test
error of 2.19% on CIFAR-10. We also confirmed that deep CNNs
with RICAP achieve better results on classification tasks using
CIFAR-100 and ImageNet, an image-caption retrieval task using
Microsoft COCO, and other computer vision tasks.

Index Terms—Data Augmentation, Image Classification, Con-
volutional Neural Network, Image-Caption Retrieval

I. INTRODUCTION

Deep convolutional neural networks (CNNs) [1] have led to
significant achievement in the fields of image classification and
image processing owing to their numerous parameters and rich
expression ability [2], [3]. A recent study demonstrated that
the performance of CNNs is logarithmically proportional to the
number of training samples [4]. Conversely, without enough
training samples, CNNs with numerous parameters have a
risk of overfitting because they memorize detailed features
of training images that cannot be generalized [2], [5]. Since
collecting numerous samples is prohibitively costly, data aug-
mentation methods have been commonly used [6], [7]. Data
augmentation increases the variety of images by manipulating
them in several ways such as flipping, resizing, and random
cropping [8]–[11]. Color jitter changes the brightness, contrast,
and saturation, and color translating alternates intensities of
RGB channels using principal component analysis (PCA) [12].
Dropout on the input layer [13] is a common technique
that injects noise into an image by dropping pixels and a
kind of data augmentations [14]. Unlike conventional data
augmentation techniques, dropout can disturb and mask the
features of original images. Many recent studies have proposed
new CNN architectures that have many more parameters [15]–
[19], and the above traditional data augmentation techniques
have become insufficient.

R. Takahashi, T. Matsubara, and K. Uehara are with Graduate
School of System Informatics, Kobe University, 1-1 Rokko-dai, Nada,
Kobe, Hyogo, 657-8501 Japan. E-mails: takahashi@ai.cs.kobe-u.ac.jp,
matsubara@phoenix.kobe-u.ac.jp, and uehara@kobe-u.ac.jp.

  

Fig. 1. Conceptual explanation of the proposed random image cropping
and patching (RICAP) data augmentation. Four training images are randomly
cropped as denoted by the red shaded areas, and patched to construct a new
training image (at center). The size of the final image is identical to that of
the original one (e.g., 32⇥ 32 for the CIFAR dataset [8]). These images are
collected from the training set of the ImageNet dataset [24].

Therefore, nowadays, new data augmentation techniques
have attracted increasing attention [20]–[22]. Cutout [20]
randomly masks a square region in an image at every training
step and thus changes the apparent features. Cutout is an
extension of dropout on the input layer that can achieve better
performance. Random erasing [21] also masks a subregion in
an image like cutout. Unlike cutout, it randomly determines
whether to mask a region as well as the size and aspect ratio
of the masked region. Mixup [22] alpha-blends two images
to form a new image, regularizing the CNN to favor simple
linear behavior in-between training images. In addition to an
increase in the variety of images, mixup behaves as soft labels
as it mixes the class labels of two images with the ratio
� : 1� � [23]. These new data augmentation techniques have
been applied to modern deep CNNs and have broken records,
demonstrating the importance of data augmentation.

In this study, as a further advancement in data augmentation,
we propose a novel method called random image cropping
and patching (RICAP). RICAP crops four training images
and patches them to construct a new training image; it selects
images and determines the cropping sizes randomly, where the
size of the final image is identical to that of the original image.
A conceptual explanation is shown in Fig. 1. RICAP also
mixes class labels of the four images with ratios proportional

ar
X

iv
:1

81
1.

09
03

0v
2 

 [c
s.C

V
]  

27
 A

ug
 2

01
9

6B;m`2 kX9j, 6Qm` BK�;2b �`2 +QK#BM2/ rBi? p�`vBM; `�iBQ bBx2b iQ 7Q`K �M BK�;2 Uh�F�?�b?B
2i �HX- kykyVX

Given

Data

Source-Task
Knowledge

Learn

Target Task

Fig. 1. Transfer learning is machine learning with an additional source of information
apart from the standard training data: knowledge from one or more related tasks.

The goal of transfer learning is to improve learning in the target task by
leveraging knowledge from the source task. There are three common measures by
which transfer might improve learning. First is the initial performance achievable
in the target task using only the transferred knowledge, before any further learn-
ing is done, compared to the initial performance of an ignorant agent. Second is
the amount of time it takes to fully learn the target task given the transferred
knowledge compared to the amount of time to learn it from scratch. Third is the
final performance level achievable in the target task compared to the final level
without transfer. Figure 2 illustrates these three measures.

If a transfer method actually decreases performance, then negative transfer
has occurred. One of the major challenges in developing transfer methods is
to produce positive transfer between appropriately related tasks while avoiding
negative transfer between tasks that are less related. A section of this chapter
discusses approaches for avoiding negative transfer.

When an agent applies knowledge from one task in another, it is often nec-
essary to map the characteristics of one task onto those of the other to specify
correspondences. In much of the work on transfer learning, a human provides
this mapping, but some methods provide ways to perform the mapping auto-
matically. Another section of the chapter discusses work in this area.

pe
rfo

rm
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training

with transfer
without transfer

higher start

higher slope higher asymptote

Fig. 2. Three ways in which transfer might improve learning.

2

6B;m`2 kX99, SQi2MiB�H #2M2}ib Q7 i`�Mb72` H2�`MBM; UhQ``2v �M/ a?�pHBF- kyRyVX

BKTHB2b � ?B;?2` +QMp2`;2M+2 p�Hm2X

h?2`2 �`2 irQ K2i?Q/b iQ �TTHv i`�Mb72` H2�`MBM; iQ � M2irQ`FX h?2 }`bi K2i?Q/ Bb
72�im`2 2ti`�+iBQM- BM r?B+? i?2 i`�BM2/ M2irQ`F Bb miBHBx2/ �b � }t2/ 72�im`2 2ti`�+iQ`X AM
72�im`2 2ti`�+iBQM- i?2 r2B;?ib Q7 � i`�BM2/ M2irQ`F �`2 7`Qx2M �M/ QMHv i?2 H�bi H�v2` Bb
mb2/ iQ i`�BM i?2 M2irQ`F QM � M2r /�i�b2iX h?Bb K2i?Q/ Bb T�`iB+mH�`Hv 2z2+iBp2 r?2M i?2
T`2pBQmb /�i�b2i �M/ i?2 M2r /�i�b2i b?�`2 72�im`2b U2X;X- rQH7 /�i�b2i �M/ /Q; /�i�b2iV
#2+�mb2 QMHv i?2 H�bi H�v2`- r?B+? /Bz2`2MiB�i2b i?2 /�i�b2ib- Bb M22/2/ iQ #2 `2i`�BM2/X
AM �//BiBQM- i?Bb i2+?MB[m2 Bb �HbQ mb27mH 7Q` bK�HH /�i�b2ib U2X;X- K2/B+�H s@`�vbVX lbBM;
i?2 H2�`MBM; Q7 � M2irQ`F QM H�`;2@b+�H2 �M/ +?�HH2M;BM; /�i�b2ib +�M ?2HT bK�HH /�i�b2ib
+QKT2Mb�i2 7Q` i?2 H�+F Q7 MmK#2`b BM i`�BMBM; � /22T M2irQ`FX h?2 b2+QM/ K2i?Q/ Bb }M2@
imMBM;X 6BM2@imMBM; Bb bBKBH�` iQ 72�im`2 2ti`�+iBQM #mi i?2 K�BM /Bz2`2M+2 Bb i?2 `2i`�BMBM;
Q7 i`�BM2/ M2irQ`F r2B;?ibX .2T2M/BM; QM i?2 bBx2 �M/ bBKBH�`Biv Q7 i?2 M2r /�i�b2i iQ
i?2 T`2pBQmb /�i�b2i- i?2 M2irQ`F H�v2`b iQ #2 `2i`�BM2/ +�M #2 �/Dmbi2/X A7 i?2 M2r
/�i�b2i Bb bK�HH- i?2 }`bi 72r H�v2`b- r?B+? 2ti`�+i ;2M2`B+ 72�im`2b- +�M #2 }t2/ iQ �pQB/
Qp2`}iiBM;X >Qr2p2`- r?2M i?2 M2r /�i�b2i Bb H�`;2- i?2 r?QH2 M2irQ`F +�M #2 `2i`�BM2/-
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6B;m`2 kX98, .Bz2`2M+2 #2ir22M i?2 ?�`/ �M/ bQ7i H�#2Hb BM FMQrH2/;2 /BbiBHH�iBQM UGBm 2i �HX-
kyR3#VX

BM r?B+? i?2 i`�BM2/ r2B;?ib �`2 miBHBx2/ �b BMBiB�HBx�iBQMX *QKT�`2/ iQ BMBiB�HBxBM; i?2
M2irQ`F rBi? `�M/QK r2B;?ib- i?2 i`�BM2/ r2B;?ib +�M �++2H2`�i2 i?2 M2irQ`F +QMp2`;2M+2
�M/ BKT`Qp2 T2`7Q`K�M+2X h?Bb Bb �ii`B#mi2/ iQ i?2 KBMBK�H �/DmbiK2Mib M22/2/ BM i?2
M2irQ`F r2B;?ib bBM+2 i?2b2 �`2 �H`2�/v imM2/ �b QTTQb2/ iQ `�M/QK r2B;?ibX

h`�Mb72` H2�`MBM; Bb � TQr2`7mH i2+?MB[m2 iQ 7�+BHBi�i2 i?2 i`�BMBM; Q7 � /22T M2irQ`FX
h?2 bBKBH�`Biv Q7 /�i�b2ib BM *LL K�F2b Bi � bi�M/�`/ T`Q+2/m`2 iQ i`�BM M2irQ`FbX
�Hi?Qm;? i?2 2{+B2M+v Q7 i`�Mb72` H2�`MBM; /2+`2�b2b �b i?2 M2r i�bF #2+QK2b KQ`2
�M/ KQ`2 /Bz2`2Mi i?�M i?2 BMBiB�H i�bF- Bi Bb biBHH #2M2}+B�H iQ BMBiB�HBx2 i?2 M2irQ`F rBi?
i`�BM2/ r2B;?ib `�i?2` i?�M `�M/QK r2B;?ibX 6BM�HHv- BM bQK2 i�bFb- }M2@imMBM; � M2irQ`F
/Q2b MQi ?�KT2` i?2 T2`7Q`K�M+2 Q7 i?2 M2irQ`F QM Bib BMBiB�H i�bF UuQbBMbFB 2i �HX- kyR9c
a?�`B7 _�x�pB�M 2i �HX- kyR9VX

kX8Xk EMQrH2/;2 .BbiBHH�iBQM

o2`v /22T M2irQ`Fb ?�p2 �+?B2p2/ `2K�`F�#H2 bm++2bb BM p�`BQmb }2H/b bm+? �b +QK@
Tmi2` pBbBQMX >Qr2p2`- i?2 +QKTH2tBiv i?�i �++QKT�MB2b p2`v /22T M2irQ`Fb ?�b ?BM/2`2/
i?2 /2THQvK2Mi Q7 i?2b2 M2irQ`Fb iQ `2�H@HB72 �TTHB+�iBQMb- T�`iB+mH�`Hv QM bK�HH /2pB+2b
bm+? �b bm`p2BHH�M+2 +�K2`�bX hQ �//`2bb i?Bb FBM/ Q7 Bbbm2- � KQ/2H +QKT`2bbBQM K2i?Q/
Bb T`QTQb2/ iQ i`�Mb72` i?2 BM7Q`K�iBQM 7`QK � H�`;2 KQ/2H iQ � bK�HH KQ/2H rBi?Qmi bm#@
bi�MiB�H �++m`�+v /`QT #v i`�BMBM; i?2 bK�HH KQ/2H iQ BKBi�i2 i?2 #2?�pBQ` Q7 i?2 H�`;2
KQ/2H U"m+BHm� 2i �HX- kyyeVX h?2 B/2� Q7 mbBM; � H�`;2 KQ/2H iQ i2�+? � bK�HH KQ/2H Bb
H�i2` FMQrM �b FMQrH2/;2 /BbiBHH�iBQM BM i?2 /22T M2m`�H M2irQ`F HBi2`�im`2 U>BMiQM 2i �HX-
kyR8VX h?2 +QM+2Ti Q7 FMQrH2/;2 /BbiBHH�iBQM Bb iQ i`�BM � bim/2Mi M2irQ`F iQ BKBi�i2 ?Qr
i?2 i2�+?2` M2irQ`F 2p�Hm�i2b �M BMTmi iQ ;�BM T2`7Q`K�M+2 +QKT�`�#H2 iQ i?2 i2�+?2`
M2irQ`FX h?2 bmT2`pBbBQM bB;M�H 7`QK � i2�+?2` M2irQ`F- r?B+? Bb `272``2/ iQ �b FMQrH@
2/;2- ;mB/2b i?2 bim/2Mi M2irQ`F BM BKBi�iBM; i?2 i2�+?2` M2irQ`FX 6Q` 2t�KTH2- BM �M
BK�;2 +H�bbB}+�iBQM i�bF- i?2 HQ;Bib UBX2X- }M�H H�v2` QmiTmiV Q7 � i2�+?2` M2irQ`F +QMi�BM
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6B;m`2 kX9e, o�MBHH� EMQrH2/;2 .BbiBHH�iBQM S`Q+2bb U:Qm 2i �HX- kykRVX

FMQrH2/;2 i?�i Bb MQi 7QmM/ BM i?2 i`�BMBM; /�i�b2iX AM � /�i�b2i b2i- � /Q; BK�;2 ?�b
� QM2@?Qi H�#2H Q7 QM2 7Q` i?2 /Q; +H�bb �M/ x2`Q 7Q` i?2 Qi?2` +H�bb2bX >Qr2p2`- BM i?2
i2�+?2` 2p�Hm�iBQM- i?2 /Q; +H�bb K�v ?�p2 � ?B;? T`Q#�#BHBiv �M/ HQr T`Q#�#BHBiv 7Q` i?2
+�i +H�bb #mi i?2 T`Q#�#BHBiv 7Q` i?2 +�` +H�bb Bb K�Mv iBK2b HQr2` i?�M i?2 +�iX h?Bb
/Bz2`2M+2 BM H�#2HBM; Bb b?QrM BM 6B;X kX98X AM �MQi?2` 2t�KTH2- i?2 i2�+?2` 2p�Hm�iBQM
QM ?�M/r`Bii2M /B;Bi e K�v #2 +HQb2` iQ /B;Bi 3 i?�M /B;Bi RX h?Bb +H�bb2b `2H�iBQMb?BT
H2�`M2/ #v i?2 i2�+?2` Bb FMQrM �b i?2 /�`F FMQrH2/;2X

� ivTB+�H FMQrH2/;2 /BbiBHH�iBQM b2i@mT +QMbBbib Q7 � H�`;2 �M/ i`�BM2/ i2�+?2` M2i@
rQ`F �M/ � bK�HH M2irQ`FX hQ b?�`2 i?2 FMQrH2/;2 H2�`M2/ #v i?2 i2�+?2` M2irQ`F iQ
i?2 bim/2Mi M2irQ`F- /m`BM; i?2 bim/2Mi M2irQ`F i`�BMBM;- �M BMTmi BK�;2 Bb 72/ iQ #Qi?
i?2 i2�+?2` �M/ bim/2Mi M2irQ`FbX h?2B` `2bT2+iBp2 HQ;Bib �`2 +QKT�`2/ �M/ i?2 +�H+m@
H�i2/ /Bz2`2M+2 #2+QK2b i?2 /BbiBHH�iBQM HQbbX 6m`i?2`KQ`2- i?2 bim/2Mi biBHH +�H+mH�i2b
i?2 +`Qbb@2Mi`QTv HQbb QM Bib 2p�Hm�iBQM �M/ i?2 ;`QmM/ i`mi? H�#2H- r?B+? Bb MQr `272``2/
iQ �b i?2 bim/2Mi HQbbX h?2 M2r HQbb Q7 i?2 bim/2Mi M2irQ`F Bb i?2 bmK Q7 i?2 bim/2Mi
HQbb �M/ /BbiBHH�iBQM HQbbX h?2 bmKK�`v Q7 i?2 i`�BMBM; T`Q+2bb Bb b?QrM BM 6B;X kX9eX
�//BM; i?2 /BbiBHH�iBQM HQbb iQ i?2 ivTB+�H +`Qbb@2Mi`QTv HQbb 2M+Qm`�;2b i?2 bim/2Mi iQ MQi
QMHv H2�`M i?2 +Q``2+i H�#2Hb Q7 i?2 BK�;2b #mi �HbQ H2�`M ?Qr i?2 BK�;2b +H�bb2b `2H�i2 iQ
Qi?2` +H�bb2bX �b � `2bmHi- i?2 bim/2Mi M2irQ`F +�M T2`7Q`K #2ii2` rBi? i2�+?2` M2irQ`F
FMQrH2/;2 i?�M bBKTHv `2HvBM; QM i?2 /�i�b2i H�#2HbX
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kXe 1pQHmiBQM�`v *QKTmi�iBQM

kXeXR :2M2iB+ �H;Q`Bi?K

:2M2iB+ �H;Q`Bi?K Bb � K2i�?2m`BbiB+ �TT`Q�+? iQ b2�`+? 7Q` QTiBKBx2/ bQHmiBQMb iQ
T`Q#H2Kb- BMbTB`2/ #v M�im`�H b2H2+iBQMX Ai mb2b � TQTmH�iBQM Q7 TQi2MiB�H bQHmiBQMb i?�i
mM/2`;Q � b2`B2b Q7 b2H2+iBQM- +`QbbQp2`- �M/ Kmi�iBQM QT2`�iQ`b 7Q` K�Mv ;2M2`�iBQMb iQ
b2�`+? 7Q` i?2 }ii2bi BM/BpB/m�H Q` QTiBK�H bQHmiBQM UJBi+?2HH- RNN3VX � bBKTH2 ;2M2iB+
�H;Q`Bi?K T`Q+2bb +�M #2 bmKK�`Bx2/ #v i?2 7QHHQrBM; bi2Tb,

ai2T RX _�M/QKHv ;2M2`�i2 � TQTmH�iBQM Q7 TQi2MiB�H bQHmiBQMb UiQ � T`Q#H2KV

ai2T kX *�H+mH�i2 i?2 }iM2bb Q7 2�+? BM/BpB/m�H BM i?2 TQTmH�iBQM

ai2T jX a2H2+i i?2 BM/BpB/m�Hb #�b2/ QM i?2B` }iM2bb

ai2T 9X �TTHv i?2 ;2M2iB+ QT2`�iQ`b iQ i?2 b2H2+i2/ BM/BpB/m�Hb iQ T`Q/m+2 +?BH/`2M

ai2T 8X _2TH�+2 i?2 BM/BpB/m�Hb BM i?2 TQTmH�iBQM rBi? i?2 +?BH/`2M

ai2T eX _2T2�i i?2 T`Q+2bb 7`QK ai2T k 7Q` i?2 M2ti ;2M2`�iBQM mMiBH i?2 }M�H ;2M2`�iBQM
+QmMi Bb `2�+?2/

AM ai2T R- i?2 BM/BpB/m�Hb BM � TQTmH�iBQM �`2 ;2M2`�i2/ mbBM; :huS1 U;2MQivT2
Q` +?`QKQbQK2bV- r?B+? +�``B2b i?2 ;2M2iB+ +Q/2b Q7 � bQHmiBQM- �M/ ShuS1 UT?2MQivT2V-
r?B+? Bb i?2 T?vbB+�H K�MB72bi�iBQM Q7 i?2 ;2MQivT2 UA#� 2i �HX- kyyNVX 6Q` 2t�KTH2- i?2
:huS1 +�M `2T`2b2Mi i?2 MmK#2` Q7 MQ/2b �M/ H�v2`b BM � M2m`�H M2irQ`F �M/ ShuS1
+�M `2T`2b2Mi i?2 �+im�H M2m`�H M2irQ`F rBi? Bib +QMM2+iBQMb �M/ r2B;?ibX AM ai2T k-
}iM2bb Bb � K2�bm`2 Q7 i?2 +�T�#BHBiv Q7 �M BM/BpB/m�H iQ �//`2bb i?2 K�BM T`Q#H2K U2X;X-
�++m`�+vVX h?2 }iM2bb Q7 2�+? BM/BpB/m�H Bb +QKTmi2/ iQ `2+Q;MBx2 BM/BpB/m�Hb i?�i +�M
TQi2MiB�HHv #`BM; i?2 TQTmH�iBQM +HQb2` iQ i?2 QTiBK�H bQHmiBQMX AM ai2T j- #�b2/ QM
i?2 }iM2bb- i?2 BM/BpB/m�Hb �`2 b2H2+i2/ iQ mM/2`;Q ;2M2iB+ QT2`�iQ`b i?�i rBHH 7Q`K i?2
M2r TQTmH�iBQMX h?2`2 �`2 K�Mv r�vb iQ T2`7Q`K b2H2+iBQM #mi i?2 +QKKQM i2+?MB[m2b
�`2 `QmH2ii2@r?22H b2H2+iBQM �M/ iQm`M�K2Mi b2H2+iBQMX h?2 `QmH2ii2@r?22H b2H2+iBQM- �HbQ
FMQrM �b i?2 }iM2bb@T`QTQ`iBQM�i2 b2H2+iBQM- Bb i?2 bBKTH2bi b2H2+iBQM K2i?Q/X Ai +`2�i2b
� `QmH2ii2 r?2`2 i?2 T`Q#�#BHBiv Q7 2�+? BM/BpB/m�H iQ #2 +?Qb2M Bb T`QTQ`iBQM�H iQ Bib
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A B C D E F A B C d E F

a b c d e f a d c b e f

A B C D E F

1 2 3 4 5 6

A B C 4 5 6

1 2 3 D E F

Mutation

Inversion

Crossover

6B;m`2 kX9d, :2M2iB+ PT2`�iQ`b UA#� 2i �HX- kyyNVX

}iM2bbX h?2 T`Q#�#BHBiv Q7 2�+? BM/BpB/m�H #2BM; b2H2+i2/ Bb +QKTmi2/ �b

pi =
fi∑
f
, UkXRdV

r?2`2 fi Bb i?2 }iM2bb Q7 i?2 i@i? BM/BpB/m�HX h?2 `QmH2ii2@r?22H Bb ǳbTmMǴ �M/ i?2 BM/B@
pB/m�H- r?B+? Bb `2T`2b2Mi2/ #v i?2 �`2� r?2`2 i?2 ǳ#�HHǴ H�M/b- Bb b2H2+i2/X PM i?2 Qi?2`
?�M/- iQm`M�K2Mi b2H2+iBQM ?QH/b � iQm`M2v 7Q` St MmK#2` Q7 `�M/QKHv +?Qb2M BM/BpB/m�Hb
i?�i rBHH +QKT2i2 mbBM; i?2B` }iM2bb2bX h?2 St Bb i?2 bBx2 Q7 2�+? iQm`M2v �M/ i?2 MmK#2`
Q7 iQm`M2vb Bb 2[mBp�H2Mi iQ i?2 MmK#2` Q7 BM/BpB/m�HbX h?2 ǳrBMM2`Ǵ Q7 2�+? iQm`M2v
#2+QK2b i?2 b2H2+i2/ BM/BpB/m�HX Pi?2` b2H2+iBQM K2i?Q/b BM+Hm/2 i?2 2HBi2 bi`�i2;v- BM
r?B+? i?2 #2bi BM/BpB/m�H BM i?2 +m``2Mi TQTmH�iBQM Bb +�``B2/ Qp2` iQ i?2 M2ti ;2M2`�iBQM
rBi?Qmi Kmi�iBQMbX h?2 +QM+2Ti #2?BM/ i?Bb Bb iQ ;m�`�Mi22 i?�i i?2 M2ti TQTmH�iBQM
/Q2b MQi BM+m` T2`7Q`K�M+2 /2;`�/�iBQM /m2 iQ Kmi�iBQMbX �MQi?2` b2H2+iBQM K2i?Q/ Bb
i?2 bi2�/v@bi�i2 b2H2+iBQM r?2`2 QMHv � +2`i�BM MmK#2` Q7 HQr@T2`7Q`KBM; BM/BpB/m�Hb �`2
`2TH�+2/ #v i?2 +?BH/`2MX

AM ai2T 9- 2�+? b2H2+i2/ BM/BpB/m�H Bb �TTHB2/ rBi? � ;2M2iB+ QT2`�iQ`- r?B+? +�M
#2 Kmi�iBQM- BMp2`bBQM- Q` +`QbbQp2`X h?2 ;2M2iB+ QT2`�iQ`b �`2 BMbTB`2/ #v #BQHQ;B+�H
`2T`Q/m+iBQMX Jmi�iBQM �M/ BMp2`bBQM ?�p2 Q`B;BM�i2/ 7`QK �b2tm�H `2T`Q/m+iBQM- r?2`2�b
+`QbbQp2` ?�b Q`B;BM�i2/ 7`QK b2tm�H `2T`Q/m+iBQM U6QMi�M�`B �M/ J2B`- RNNyc *QHHBMb
�M/ C2z2`bQM- RNNkVX �Hi?Qm;? i?2 BKTH2K2Mi�iBQM Q7 ;2M2iB+ QT2`�iQ`b /2T2M/b QM i?2
T`QT2`iB2b Q7 BM/BpB/m�Hb- i?2 +QM+2Ti Q7 ;2M2iB+ QT2`�iQ`b +�M bBKTHv #2 BHHmbi`�i2/ QM
� :huS1X 6Q` BMbi�M+2- i?2 :huS1 Q7 2p2`v BM/BpB/m�H BM � TQTmH�iBQM Bb `2T`2b2Mi2/
#v � bBt@+?�`�+i2` bi`BM;X �b b?QrM BM 6B;X kX9d- Kmi�iBQM +?�M;2b QM2 Q7 i?2 +?�`�+i2`b
BMiQ �MQi?2` FBM/- BMp2`bBQM br�Tb irQ +?�`�+i2`b BMbB/2 i?2 bi`BM;- �M/ +`QbbQp2` mb2b irQ
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BM/BpB/m�Hb r?B+? 2t+?�M;2 Q` ǳ+`QbbǴ � +2`i�BM bm#b2i Q7 i?2 bi`BM; UA#� 2i �HX- kyyNVX �7i2`
2�+? b2H2+i2/ BM/BpB/m�H Bb 2pQHp2/- i?2v `2TH�+2 i?2 +m``2Mi BM/BpB/m�Hb BM i?2 TQTmH�iBQM
7Q` i?2 M2ti ;2M2`�iBQM �b BM ai2T 8X h?2 T`Q+2bb 7`QK ai2T k `2T2�ib mMiBH i?2 }M�H
;2M2`�iBQM +QmMi Bb `2�+?2/ Q` i?2 i2`KBM�iBQM +`Bi2`BQM Bb K2iX

kXeXk L2m`Q2pQHmiBQM

L2m`Q2pQHmiBQM Bb i?2 2pQHmiBQM Q7 �`iB}+B�H M2m`�H M2irQ`F mbBM; ;2M2iB+ �H;Q`Bi?KX
AM i?2 RN3yb- #�+FT`QT�;�iBQM r�b � TQTmH�` �H;Q`Bi?K iQ i`�BM �`iB}+B�H M2m`�H M2irQ`FX
>Qr2p2`- /2bTBi2 i?2 bm++2bb Q7 #�+FT`QT�;�iBQM- Bi Bb pmHM2`�#H2 iQ ;2iiBM; i`�TT2/ BM �
HQ+�H KBMBKmK Q7 �M 2``Q` 7mM+iBQMX JQ`2Qp2`- Bi +�MMQi }M/ i?2 ;HQ#�H KBMBKmK Q7 �
KmHiBKQ/�H �M/fQ` MQM/Bz2`2MiB�#H2 2``Q` 7mM+iBQMb U>2`ix 2i �HX- kyR3VX hQ �//`2bb i?Bb
Bbbm2- � bK�HH ;`QmT Q7 `2b2�`+?2`b �/QTib i?2 ;2M2iB+ �H;Q`Bi?K iQ QTiBKBx2 i?2 +QMM2+iBQM
r2B;?ibX h?Bb Bb +�HH2/ }t2/@iQTQHQ;v M2m`Q2pQHmiBQM- r?2`2 i?2 �`+?Bi2+im`2 Bb T`2+QM@
+2Bp2/ �M/ QMHv i?2 +QMM2+iBQM r2B;?ib �`2 KQ/B}2/X 1pQHpBM; i?2 +QMM2+iBQM r2B;?ib �b
� K2i?Q/ Q7 M2irQ`F i`�BMBM; ?�b irQ T?�b2bX 6B`bi Bb i?2 `2T`2b2Mi�iBQM Q7 i?2 +QMM2+iBQM
r2B;?ib- r?B+? +�M #2 #BM�`v `2T`2b2Mi�iBQM U>QHH�M/ 2i �HX- RNNkc :QH/#2`; �M/ >QHH�M/-
RN33V Q` `2�H@MmK#2` `2T`2b2Mi�iBQM UJQMi�M� 2i �HX- RN3Nc "�`iH2ii �M/ .QrMb- RNNyVX
a2+QM/ Bb i?2 2pQHmiBQM�`v T`Q+2bb BM r?B+? i?2 ;2M2iB+ QT2`�iQ`b Q` b2�`+? QT2`�iQ`b U2X;X-
Kmi�iBQM- +`QbbQp2`V �`2 mb2/ BM +QMDmM+iBQM rBi? i?2 `2T`2b2Mi�iBQM b+?2K2 Uu�Q- RNNNVX
1pQHmiBQM�`v i`�BMBM; Bb �M �ii`�+iBp2 �TT`Q�+? #2+�mb2 Bi +�M rQ`F #2ii2` QM +QKTH2t-
KmHiBKQ/�H- �M/ MQM/Bz2`2MiB�#H2 bm`7�+2bX 6m`i?2`KQ`2- Bi +�M #2 �TTHB2/ /B`2+iHv iQ
/Bz2`2Mi FBM/b Q7 �LL U2X;X- `2+m``2Mi �LLV- 2HBKBM�iBM; i?2 M22/ iQ /2p2HQT � i`�BMBM;
K2i?Q/X AM bQK2 bim/B2b- 2pQHmiBQM�`v i`�BMBM; Bb 2p2M +QK#BM2/ rBi? #�+FT`QT�;�iBQM
iQ ;2M2`�i2 #2ii2` `2bmHibX h?2 ;2M2iB+ �H;Q`Bi?K Bb miBHBx2/ iQ HQ+�i2 ;QQ/ `2;BQMb BM
bT�+2 UM2�`@QTiBK�H BMBiB�H +QMM2+iBQM r2B;?ibV �M/ i?2M #�+FT`QT�;�iBQM T2`7Q`Kb i?2
HQ+�H b2�`+? #v }M2@imMBM; i?2 BMBiB�H r2B;?ib U"2H2r 2i �HX- RNNRc G22- RNNec hQT+?v �M/
G2#2/FQ- RNNdVX

�Hi?Qm;? i?2 +QMM2+iBQM r2B;?ib +�M #2 i`�BM2/ r2HH mbBM; M2m`Q2pQHmiBQM- i?2
+�T�#BHBiv Q7 �M �LL iQ T`Q+2bb BM7Q`K�iBQM /2T2M/b QM Bib �`+?Bi2+im`2 Q` iQTQHQ;vX JQbi
Q7 i?2 iQTQHQ;v /2bB;MBM; T`Q+2bb `2HB2b QM ?mK�M 2tT2`iBb2 �M/ 2tT2`B2M+2X >Qr2p2`-
i?2 iQTQHQ;v +�M #2 /2bB;M2/ mbBM; M2m`Q2pQHmiBQMX �miQK�iB+ iQTQHQ;v /2bB;M ?�b irQ
ivT2bX h?2 }`bi ivT2 Bb i?2 +QMbi`m+iBp2 �H;Q`Bi?K- r?2`2 Bi bi�`ib rBi? i?2 bK�HH2bi
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Node 1
Sensor
Input

Node 2
Sensor
Input

Node 3
Sensor
Input

Node 4
Hidden
Hidden

Node 5
Hidden
Output

In 1
Out 4
Weight 0.7
Enabled
Innov 1

In 2
Out 4
Weight 0.5
Enabled
Innov 3

In 2
Out 5
Weight 0.5
DISAB
Innov 4

In 3
Out 5
Weight 0.2
Enabled
Innov 5

In 4 In 5
Out 5 Out 4
Weight 0.4 Weight 0.6
Enabled Enabled
Innov 6 Innov 10

  

Genome (Genotype)
Node

Genes
Connect.

Genes

Network (Phenotype)

1 2 3

4

5

Fig. 1. A genotype to phenotype mapping example. The third
gene is disabled, so the connection that it specifies (between
nodes 2 and 5) is not expressed in the phenotype.
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3−>5
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4−>5
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4−>5

4−>5

3−>4

3−>6 6−>5

DIS

DIS

DIS

DIS DIS

1

1

1

1

3

3

3

3

4

4

4

4

5

5

5

5

6

6

6

6

7

8 9

Mutate Add Connection

Mutate Add Node

Fig. 2. The two types of structural mutation in NEAT. Both
types, adding a connection and adding a node, are illustrated
with the genes above their phenotypes. The top number in each
genome is the innovation number of that gene. These numbers
identify the original historical ancestor of each gene, making it
possible to find matching genes during crossover. New genes are
assigned new increasingly higher numbers.

or not the connection gene is expressed (an enable bit), and
an innovation number, which allows finding corresponding
genes during crossover (as will be explained below). Al-
though the experiments in this paper evolve networks with
a single output, NEAT can evolve networks with any number
of inputs or outputs.

Mutation in NEAT can change both connection weights
and network structures. Connection weights mutate as in
any NE system, with each connection either perturbed or not.
Structural mutations, which expand the genome, occur in two
ways (figure 2). In the add connection mutation, a single new
connection gene is added connecting two previously uncon-
nected nodes. In the add node mutation an existing connec-
tion is split and the new node placed where the old connection

used to be. The old connection is disabled and two new con-
nections are added to the genome. This method of adding
nodes was chosen in order to integrate new nodes immedi-
ately into the network.

Through mutation, genomes of varying sizes are created,
sometimes with completely different connections specified at
the same positions. The next section explains how NEAT can
cross over such diverse genomes.

B. Tracking Genes through Historical Markings

In order to perform crossover, the system must be able to tell
which genes match up between any individuals in the popula-
tion. The key observation is that two genes that have the same
historical origin represent the same structure (although possi-
bly with different weights), since they were both derived from
the same ancestral gene from some point in the past. Thus,
all a system needs to do to know which genes line up with
which is to keep track of the historical origin of every gene in
the system.

Tracking the historical origins requires very little compu-
tation. Whenever a new gene appears (through structural mu-
tation), a global innovation number is incremented and as-
signed to that gene. The innovation numbers thus represent
a chronology of every gene in the system. As an example,
let us say the two mutations in figure 2 occurred one after
another in the system. The new connection gene created in
the first mutation is assigned the number , and the two new
connection genes added during the new node mutation are
assigned the numbers and . In the future, whenever these
genomes crossover, the offspring will inherit the same inno-
vation numbers on each gene; innovation numbers are never
changed. Thus, the historical origin of every gene in the sys-
tem is known throughout evolution.

The historical markings give NEAT a powerful new capa-
bility, effectively solving the problem of competing conven-
tions for disparate topologies (the “Holy Grail” in neuroevo-
lution [14]). The system now knows exactly which genes
match up with which (figure 3). Genes that do not match are
either disjoint or excess, depending on whether they occur
within or outside the range of the other parent’s innovation
numbers. When crossing over, the genes in both genomes
with the same innovation numbers are lined up. Genes that
do not match are inherited from the more fit parent, or if they
are equally fit, from both parents randomly. This way, histor-
ical markings allow NEAT to perform crossover without the
need for expensive topological analysis.

The method of crossover presented here is notable for its
simplicity. Any two structures can be combined in a princi-
pled manner without the need for any topological analysis,
even though the problem appears to be a topology combina-
tion problem. By recasting the problem as a problem of his-
torical matching, it becomes tractable and significantly sim-
pler to solve.

6B;m`2 kX93, L1�h :2M2iB+ 1M+Q/BM; Uai�MH2v �M/ JBBFFmH�BM2M- kyykVX

M2irQ`F +QM};m`�iBQM U2X;X- KBMBKmK H�v2`- KBMBKmK MQ/2bV �M/ ;`�/m�HHv K�F2b Bi
+QKTH2tX PM i?2 Qi?2` ?�M/- i?2 b2+QM/ ivT2 Bb i?2 /2bi`m+iBp2 �H;Q`Bi?K r?2`2 Bi
/Q2b i?2 QTTQbBi2X Ai bi�`ib rBi? i?2 KQbi +QKTH2t M2irQ`Fb �M/ ;`�/m�HHv `2KQp2b
i?2 mMM2+2bb�`v +QKTQM2MibX aBKBH�` iQ i?2 +QMM2+iBQM r2B;?ib 2pQHmiBQM- �`+?Bi2+im`2
2pQHmiBQM ?�b irQ T?�b2bX h?2 }`bi T?�b2 Bb �`+?Bi2+im`2 ;2MQivT2 `2T`2b2Mi�iBQMX q?2M
�HH i?2 /2i�BHb Q7 i?2 �`+?Bi2+im`2 UMmK#2` Q7 ?B//2M H�v2`b- +QMM2+iBQM- 2i+XV �`2 2M+Q/2/-
Bi Bb +�HH2/ /B`2+i 2M+Q/BM; Uq?BiH2v 2i �HX- RNNyc JBHH2` 2i �HX- RN3NVX >Qr2p2`- B7 bQK2
/2i�BHb �`2 QKBii2/ U2X;X- +QMM2+iBQM /2i�BHbV �M/ H27i 7Q` i?2 i`�BMBM; T`Q+2bb iQ /2+B/2-
Bi Bb +�HH2/ BM/B`2+i 2M+Q/BM; UEBi�MQ- RNNyc >�`T 2i �HX- RN3NVX h?2 b2+QM/ T?�b2 Bb i?2
;2M2iB+ QT2`�iQ`b mb2/ iQ 2pQHp2 i?2 �`+?Bi2+im`2X 1pQHpBM; i?2 �`+?Bi2+im`2b ?�b b?QrM
iQ #2 2z2+iBp2 BM �TTHB+�iBQMb bm+? �b bmT2`pBb2/ i`�BMBM; U*?2M 2i �HX- RNNjV #mi Bi ?�b
/B{+mHiB2b BM 2p�Hm�iBM; i?2 }iM2bb +Q``2+iHv /m2 iQ i?2 �#b2M+2 Q7 r2B;?ib BM7Q`K�iBQM
�M/ bm#b2[m2MiHv K�F2b i?2 2pQHmiBQM BM2{+B2Mi U�M;2HBM2 2i �HX- RNN9VX �b � `2bmHi- i?2`2
�`2 b2p2`�H rQ`Fb Tm#HBb?2/ QM 2pQHpBM; i?2 iQTQHQ;v �M/ r2B;?ib bBKmHi�M2QmbHv UEQx�
�M/ _B+2- RNNRc �M;2HBM2 2i �HX- RNN9c u�Q �M/ GBm- RNN3- RNNdVX

h?2 �/p�Mi�;2 Q7 2pQHpBM; #Qi? i?2 iQTQHQ;v �M/ r2B;?ib Qp2` � }t2/ iQTQHQ;v
�M/ 2pQHpBM; r2B;?ib Bb MQi v2i }`KHv 2bi�#HBb?2/X :`m�m 2i �HX URNNeV ?�p2 �`;m2/
i?�i 2pQHpBM; i?2 iQTQHQ;v b�p2b iBK2 �M/ 2zQ`i QM �TTHvBM; i`B�H@�M/@2``Q` QM iQTQHQ;v
/2bB;M BM }t2/@iQTQHQ;v M2m`Q2pQHmiBQMX h?2v bmTTQ`i2/ i?Bb �`;mK2Mi #v bQHpBM; i?2
?�`/2bi TQH2@#�H�M+BM; #2M+?K�`F �i i?2 iBK2 mbBM; i?2B` T`QTQb2/ K2i?Q/ +�HH2/ +2HHmH�`
2M+Q/BM;X >Qr2p2`- i?2 b�K2 #2M+?K�`F r�b H�i2` bQHp2/ #v � }t2/@iQTQHQ;v K2i?Q/
+�HH2/ 2M7Q`+2/ bm#TQTmH�iBQMb i?�i Bb 8 iBK2b 7�bi2`X h?2`27Q`2- i?2 �`;mK2Mi 7Q` 2pQHpBM;
�`+?Bi2+im`2 ?�b #22M MmHHB}2/ U:QK2x 2i �HX- RNNNVX
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5

Fig. 1. A genotype to phenotype mapping example. The third
gene is disabled, so the connection that it specifies (between
nodes 2 and 5) is not expressed in the phenotype.
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Fig. 2. The two types of structural mutation in NEAT. Both
types, adding a connection and adding a node, are illustrated
with the genes above their phenotypes. The top number in each
genome is the innovation number of that gene. These numbers
identify the original historical ancestor of each gene, making it
possible to find matching genes during crossover. New genes are
assigned new increasingly higher numbers.

or not the connection gene is expressed (an enable bit), and
an innovation number, which allows finding corresponding
genes during crossover (as will be explained below). Al-
though the experiments in this paper evolve networks with
a single output, NEAT can evolve networks with any number
of inputs or outputs.

Mutation in NEAT can change both connection weights
and network structures. Connection weights mutate as in
any NE system, with each connection either perturbed or not.
Structural mutations, which expand the genome, occur in two
ways (figure 2). In the add connection mutation, a single new
connection gene is added connecting two previously uncon-
nected nodes. In the add node mutation an existing connec-
tion is split and the new node placed where the old connection

used to be. The old connection is disabled and two new con-
nections are added to the genome. This method of adding
nodes was chosen in order to integrate new nodes immedi-
ately into the network.

Through mutation, genomes of varying sizes are created,
sometimes with completely different connections specified at
the same positions. The next section explains how NEAT can
cross over such diverse genomes.

B. Tracking Genes through Historical Markings

In order to perform crossover, the system must be able to tell
which genes match up between any individuals in the popula-
tion. The key observation is that two genes that have the same
historical origin represent the same structure (although possi-
bly with different weights), since they were both derived from
the same ancestral gene from some point in the past. Thus,
all a system needs to do to know which genes line up with
which is to keep track of the historical origin of every gene in
the system.

Tracking the historical origins requires very little compu-
tation. Whenever a new gene appears (through structural mu-
tation), a global innovation number is incremented and as-
signed to that gene. The innovation numbers thus represent
a chronology of every gene in the system. As an example,
let us say the two mutations in figure 2 occurred one after
another in the system. The new connection gene created in
the first mutation is assigned the number , and the two new
connection genes added during the new node mutation are
assigned the numbers and . In the future, whenever these
genomes crossover, the offspring will inherit the same inno-
vation numbers on each gene; innovation numbers are never
changed. Thus, the historical origin of every gene in the sys-
tem is known throughout evolution.

The historical markings give NEAT a powerful new capa-
bility, effectively solving the problem of competing conven-
tions for disparate topologies (the “Holy Grail” in neuroevo-
lution [14]). The system now knows exactly which genes
match up with which (figure 3). Genes that do not match are
either disjoint or excess, depending on whether they occur
within or outside the range of the other parent’s innovation
numbers. When crossing over, the genes in both genomes
with the same innovation numbers are lined up. Genes that
do not match are inherited from the more fit parent, or if they
are equally fit, from both parents randomly. This way, histor-
ical markings allow NEAT to perform crossover without the
need for expensive topological analysis.

The method of crossover presented here is notable for its
simplicity. Any two structures can be combined in a princi-
pled manner without the need for any topological analysis,
even though the problem appears to be a topology combina-
tion problem. By recasting the problem as a problem of his-
torical matching, it becomes tractable and significantly sim-
pler to solve.

6B;m`2 kX9N, ai`m+im`�H Jmi�iBQMb BM L1�h Uai�MH2v �M/ JBBFFmH�BM2M- kyykVXEvolving NN’s through Augmenting Topologies

Figure 1: The competing conventions problem. The two networks compute the same
exact function even though their hidden units appear in a different order and are repre-
sented by different chromosomes, making them incompatible for crossover. The figure
shows that the two single-point recombinations are both missing one of the 3 main
components of each solution. The depicted networks are only 2 of the 6 possible per-
mutations of hidden unit orderings.

We now turn to several specific problems with TWEANNs and address each in
turn.

2.2 Competing Conventions

One of the main problems for NE is the Competing Conventions Problem (Montana and
Davis, 1989; Schaffer et al., 1992), also known as the Permutations Problem (Radcliffe,
1993). Competing conventions means having more than one way to express a solution
to a weight optimization problem with a neural network. When genomes represent-
ing the same solution do not have the same encoding, crossover is likely to produce
damaged offspring.

Figure 1 depicts the problem for a simple 3-hidden-unit network. The three hid-
den neurons A, B, and C, can represent the same general solution in 3! = 6 different
permutations. When one of these permutations crosses over with another, critical in-
formation is likely to be lost. For example, crossing [A,B, C] and [C, B, A] can result
in [C,B,C], a representation that has lost one third of the information that both of the
parents had. In general, for n hidden units, there are n! functionally equivalent solu-
tions. The problem can be further complicated with differing conventions, i.e., [A,B, C]
and [D,B,E], which share functional interdependence on B.

An even more difficult form of competing conventions is present in TWEANNs,
because TWEANN networks can represent similar solutions using entirely different
topologies, or even genomes of different sizes. Because TWEANNs do not satisfy strict
constraints on the kinds of topologies they produce, proposed solutions to the com-
peting conventions problem for fixed or constrained topology networks such as nonre-
dundant genetic encoding (Thierens, 1996) do not apply. Radcliffe (1993) goes as far as
calling an integrated scheme combining connectivity and weights the “Holy Grail in
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6B;m`2 kX8y, *`QbbQp2` T`Q#H2K BM iQTQHQ;v 2pQHpBM; �H;Q`Bi?KbX Ai Bb T`Q#H2K�iB+ /m2 iQ i?2
KBbbBM; BM7Q`K�iBQM r?2M irQ M2irQ`F T�`ib �`2 `2+QK#BM2/ Uai�MH2v �M/ JBBFFmH�BM2M- kyykVX

� b2KBM�H rQ`F i?�i 2bi�#HBb?2/ i?2 BKTQ`i�M+2 Q7 iQTQHQ;v �M/ r2B;?ib 2pQHm@
iBQM Bb T`QTQb2/ #v ai�MH2v �M/ JBBFFmH�BM2M UkyykV +�HH2/ M2m`Q2pQHmiBQM Q7 �m;K2MiBM;
iQTQHQ;B2b UL1�hVX h?2 �mi?Q`b �bb2`i2/ i?�i B7 i?2 2pQHmiBQM Q7 i?2 bi`m+im`2 �HQM; rBi?
i?2 +QMM2+iBQM r2B;?ib Bb T`QT2`Hv /2bB;M2/- i?2M Bi +�M bB;MB}+�MiHv 2M?�M+2 i?2 T2`7Q`@
K�M+2 Q7 i?2 M2irQ`FX AM QM2 Q7 i?2 L1�h T2`7Q`K�M+2 2p�Hm�iBQMb- Bi ?�b QmiT2`7Q`K2/
i?2 H2�/BM; }t2/@iQTQHQ;v M2m`Q2pQHmiBQM BM i?2 bi�M/�`/ /Qm#H2 TQH2 #�H�M+BM; rBi?Qmi
p2HQ+Biv i�bF- r?B+? /m2 iQ Bib /B{+mHiv- QMHv irQ �H;Q`Bi?Kb r2`2 �#H2 iQ bQHp2 Bi �i i?2
iBK2X aT2+B}+�HHv- L1�h Bb k8 iBK2b 7�bi2` i?�M +2HHmH�` 2M+Q/BM; �M/ 8 iBK2b 7�bi2` i?�M
2M7Q`+2/ bm#TQTmH�iBQMbX L1�h ?�b i?`22 +`m+B�H �bT2+ib i?�i �`2 `2bTQMbB#H2 7Q` Bib bm+@
+2bbX 6B`bi Bb i`�+FBM; i?2 ;2M2b Q7 � M2irQ`F i?`Qm;? ?BbiQ`B+�H K�`FBM;X 1p2`v M2irQ`F
BM/BpB/m�H BM L1�h Bb 2M+Q/2/ mbBM; /B`2+i 2M+Q/BM; �b b?QrM BM 6B;X kX93 �M/ `2+Q`/2/
BM i?2 ?BbiQ`B+�H K�`FBM;X h?2 Kmi�iBQMb �TTHB2/ QM i?2 M2irQ`Fb �`2 �// MQ/2 �M/ �//
+QMM2+iBQM �b b?QrM BM 6B;X kX9NX >BbiQ`B+�H K�`FBM; �HbQ �HHQrb #2ii2` +`QbbQp2` Q7 irQ
M2irQ`Fb- r?B+? Bb T`2pBQmbHv QKBii2/ BM iQTQHQ;v 2pQHpBM; �H;Q`Bi?Kb /m2 iQ i?2 /2i`B@
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Fig. 3. Matching up genomes for different network topologies
using innovation numbers. Although Parent 1 and Parent 2
look different, their innovation numbers (shown at the top of
each gene) tell us which genes match up with which without the
need for topological analysis.

C. Protecting Innovation through Speciation
Adding new structure to a network usually initially reduces
fitness. However, NEAT speciates the population, so that in-
dividuals compete primarily within their own niches instead
of with the population at large. This way, topological innova-
tions are protected and have time to optimize their structure
before they have to compete with other niches in the popu-
lation. Speciation is commonly used in multimodal function
optimization and in coevolution of modular systems, where
its main function is to preserve diversity [8, 12]. We bring the
idea to TWEANNs, where its main task is to protect innova-
tion.

Historical markings make it possible for the system to di-
vide the population into species based on topological simi-
larity. The number of excess and disjoint genes between a
pair of genomes is a natural measure of their compatibility.
The more disjoint two genomes are, the less evolutionary his-
tory they share, and thus the less compatible they are. There-
fore, we can measure the compatibility distance of differ-
ent structures in NEAT as a simple linear combination of the
number of excess ( ) and disjoint ( ) genes, as well as the
average weight differences of matching genes ( ):

(1)

The coefficients , , and adjust the importance of the
three factors, and the factor , the number of genes in the
larger genome, normalizes for genome size.

The distance measure allows us to speciate using a com-
patibility threshold . Genomes are tested one at a time; if
a genome’s distance to a randomly chosen member of the
species is less than , it is placed into this species. Each
genome is placed into the first species where this condition is
satisfied, so that no genome is in more than one species.

As the reproduction mechanism for NEAT, we use explicit
fitness sharing [4], where organisms in the same species must
share the fitness of their niche, making it difficult for any one
species to take over the population. The original fitnesses are
first adjusted by dividing by the number of individuals in the
species. Species then grow or shrink depending on whether
their average adjusted fitness is above or below the population
average:

(2)

where and are the old and the new number of indi-
viduals in species , is the adjusted fitness of individual
in species , and is the mean adjusted fitness in the entire
population. The best-performing % of each species is ran-
domly mated to generate offspring, replacing the entire
population of the species. 1

D. Minimizing Dimensionality
TWEANN algorithms typically start with an initial popula-
tion of random topologies [2, 7, 21, 22]. Such topological
diversity must be introduced from the start because new struc-
ture frequently does not survive in these methods, which do
not protect innovation. However, it is not clear that such di-
versity is necessary or useful. A population of random topolo-
gies has a great deal of structure that has not withstood a sin-
gle fitness evaluation. Therefore, there is no way to know if
any of such structure is necessary. It is costly though because
the more connections a network contains, the higher the num-
ber of dimensions that need to be searched to optimize the
network. Therefore, with random topologies the algorithm
may waste a lot of effort by optimizing unnecessarily com-
plex structures.

In contrast, NEAT begins with a uniform population of net-
works with no hidden nodes. Because NEAT protects inno-
vation using speciation, it can start this way, minimally, and
grow new structure only as necessary. New structure is intro-
duced incrementally as structural mutations occur, and only
those structures survive that are found to be useful through
fitness evaluations. This way, NEAT searches through a min-
imal number of weight dimensions, significantly reducing the
number of generations necessary to find a solution.

In rare cases when the fitness of the entire population does not
improve for more than 20 generations, only the top two species are
allowed to reproduce, refocusing the search into the most promising
spaces.

6B;m`2 kX8R, *`QbbQp2` T`QTQb2/ BM L1�hX h?2 M2irQ`Fb �`2 2bb2MiB�HHv +QK#BM2/ mbBM; i?2
?BbiQ`B+�H K�`FBM; iQ T`2p2Mi HQbb BM BM7Q`K�iBQM Uai�MH2v �M/ JBBFFmH�BM2M- kyykVX

K2Mi�H 2z2+i Q7 `2+QK#BMBM; T�`ib Q7 irQ M2irQ`Fb �b BHHmbi`�i2/ BM 6B;X kX8yX AM +QMi`�bi
iQ +QKKQM +`QbbQp2` i2+?MB[m2b- i?2 +`QbbQp2` T`QTQb2/ BM L1�h 2bb2MiB�HHv +QK#BM2b
i?2 �`+?Bi2+im`2 Q7 irQ M2irQ`Fb iQ �pQB/ HQbb BM BM7Q`K�iBQM �b b?QrM BM 6B;X kX8RX a2+@
QM/- bBM+2 ?BbiQ`B+�H K�`FBM; +�M /BpB/2 � TQTmH�iBQM BMiQ bT2+B2b #�b2/ QM iQTQHQ;B+�H
bBKBH�`Biv- L1�h T`QTQb2b bT2+B�iBQM iQ T`Qi2+i /Bp2`bBivX AM bT2+B�iBQM- BM/BpB/m�Hb rBi?
bBKBH�` iQTQHQ;B2b +QKT2i2 rBi?BM i?2B` QrM MB+?2 BMbi2�/ Q7 i?2 r?QH2 TQTmH�iBQMX AM i?Bb
r�v- i?2 2K2`;BM; bi`m+im`2b �`2 T`Qi2+i2/ 7`QK #2BM; 2HBKBM�i2/ #v i?2 `2B;MBM; bi`m+@
im`2 BKK2/B�i2Hv �M/ �HHQr i?2K iQ /2p2HQT #27Q`2 +QKT2iBM; rBi? Qi?2` MB+?2b BM i?2
TQTmH�iBQMX G�biHv- Bi KBMBKBx2b i?2 /BK2MbBQM�HBiv Q7 M2irQ`Fb #v BMBiB�HBxBM; i?2 TQTmH�@
iBQM rBi? i?2 KQbi #�bB+ M2irQ`F bi`m+im`2ěMQ ?B//2M MQ/2bX hvTB+�HHv- M2m`Q2pQHmiBQM
�H;Q`Bi?Kb BMBiB�HBx2 i?2 TQTmH�iBQM rBi? `�M/QK iQTQHQ;B2b U�M;2HBM2 2i �HX- RNN9c :`m�m
2i �HX- RNNeV #mi Bi Bb MQi FMQrM r?2i?2` i?2 `�M/QK iQTQHQ;B2b �`2 M2+2bb�`v iQ T`Q/m+2
;QQ/ M2irQ`FbX JQ`2Qp2`- i?2b2 �`2 +QbiHv iQ QTiBKBx2 bBM+2 KQ`2 +QMM2+iBQMb BM � M2irQ`F
+Q``2bTQM/ iQ KQ`2 /BK2MbBQMb iQ #2 b2�`+?2/X >Qr2p2`- #v BMBiB�HBxBM; 7`QK i?2 KQbi
#�bB+ M2irQ`F bi`m+im`2- L1�h �pQB/b QTiBKBxBM; �M/ #mBH/BM; 7`QK mMM2+2bb�`v `�M/QK
bi`m+im`2b �M/ QMHv K�BMi�BMb bi`m+im`2b i?�i �`2 `2H2p�Mi iQ i?2 T`Q#H2KX AM �//BiBQM- #v
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Figure 1. A two-stage network (S = 2, (K1,K2) = (4, 5)) and the encoded binary string (best viewed in color PDF). The default input
and output nodes (see Section 3.1.1) and the connections from and to these nodes are marked in red and green, respectively. We only
encode the connections in the effective parts (regions with light blue background). Within each stage, the number of convolutional filters
is a constant (32 in Stage 1, 64 in Stage 2), and the spatial resolution remains unchanged (32 ⇥ 32 in Stage 1, 16 ⇥ 16 in Stage 2). Each
pooling layer down-samples the data by a factor of 2. ReLU and batch normalization are added after each convolution.

We borrow this idea to define a family of networks which
can be encoded into fixed-length binary strings. A network
is composed of S stages, and the s-th stage, s = 1, 2, . . . , S,
contains Ks nodes, denoted by vs,ks , ks = 1, 2, . . . ,Ks.
The nodes within each stage are ordered, and we only
allow connections from a lower-numbered node to a higher-
numbered node. Each node corresponds to a convolutional
operation, which takes place after element-wise summing
up all its input nodes (lower-numbered nodes that are con-
nected to it). After convolution, batch normalization [15]
and ReLU [17] are followed, which are verified efficient in
training very deep neural networks [29]. We do not encode
the fully-connected part of a network.

In each stage, we use 1 + 2 + . . .+ (Ks � 1) =
1
2Ks (Ks � 1) bits to encode the inter-node connections.
The first bit represents the connection between (vs,1, vs,2),
then the following two bits represent the connection be-
tween (vs,1, vs,3) and (vs,2, vs,3), etc. This process con-
tinues until the last Ks � 1 bits are used to represent the
connection between vs,1, vs,2, . . . , vs,Ks�1 and vs,Ks . For
1 6 i < j 6 Ks, if the code corresponding to (vs,i, vs,j) is
1, there is an edge connecting vs,i and vs,j , i.e., vs,j takes
the output of vs,i as a part of the element-wise summation,
and vice versa.

Figure 1 illustrates two examples of network encod-
ing. To summarize, a S-stage network with Ks nodes at
the s-th stage is encoded into a binary string with length
L = 1

2

P
sKs (Ks � 1). Equivalently, there are in total

2L possible network structures. This number may be very
large. In the CIFAR10 experiments (see Section 4.2), we
have S = 3 and (K1,K2,K3) = (3, 4, 5), therefore L = 19

and 2L = 524,288. It is computationally intractable to
enumerate all these structures and find the optimal one(s).
In the following parts, we adopt the genetic algorithm to
efficiently explore good candidates in this large space.

3.1.1 Technical Details

To make every binary string valid, we define two default
nodes in each stage. The default input node, denoted as vs,0,
receives data from the previous stage, performs convolution,
and sends its output to every node without a predecessor,
e.g., vs,1. The default output node, denoted as vs,Ks+1,
receives data from all nodes without a successor, e.g., vs,Ks ,
sums up them, performs convolution, and sends its output
to the pooling layer. Note that the connections between the
ordinary nodes and the default nodes are not encoded.

There are two special cases. First, if an ordinary node
vs,i is isolated (i.e., it is not connected to any other ordinary
nodes vs,j , i 6= j), then it is simply ignored, i.e., it is not
connected to the default input node nor the default output
node (see the B2 node in Figure 1). This is to guarantee
that a stage with more nodes can simulate all structures
represented by a stage with fewer nodes. Second, if there
are no connections at a stage, i.e., all bits in the binary string
are 0, then the convolutional operation is performed only
once, not twice (one for the default input node and one for
the default output node).
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Figure 2. The basic building blocks of VGGNet [29] and
ResNet [10] can be encoded as binary strings defined in Sec-
tion 3.1.

3.1.2 Examples and Limitations

Many popular network structures can be represented us-
ing the proposed encoding scheme. Examples include
VGGNet [29], ResNet [10], and a modified variant of
DenseNet [13], which are illustrated in Figure 2.

Currently, only convolutional and pooling operations are
considered, which makes it impossible to generate some
tricky network modules such as Maxout [8]. Also, the size
of convolutional filters is fixed within each stage, which
limits our network from incorporating multi-scale informa-
tion as in the inception module [32]. However, we note that
all the encoding-based approaches have such limitations.
Our approach can be easily modified to include more types
of layers and more flexible inter-layer connections. As
shown in experiments, we can achieve competitive recogni-
tion performance using merely these basic building blocks.

As shown in a recent published work using reinforce-
ment learning to explore neural architecture [45], this type
of methods often require heavy computation to traverse
the huge solution space. Fortunately, our method can be
easily generalized and scaled up, which is done via learning
the architecture on a small dataset and transfer the learned
information to large-scale datasets. Please refer to the
experimental part for details.

3.2. Genetic Operations
The flowchart of the genetic process is shown in Al-

gorithm 1. It starts with an initialized generation of N
randomized individuals. Then, we perform T rounds, or
T generations, each of which consists of three operations,
i.e., selection, mutation and crossover. The fitness function
of each individual is evaluated via training-from-scratch on
the reference dataset.

3.2.1 Initialization

We initialize a set of randomized models {M0,n}Nn=1. Each
model is a binary string with L bits, i.e., M0,n : b0,n 2
{0, 1}L. Each bit in each individual is independently sam-
pled from a Bernoulli distribution: bl0,n ⇠ B(0.5), l =
1, 2, . . . , L. After this, we evaluate each individual (see
Section 3.2.4) to obtain their fitness function values.

As we shall see in Section 4.1.3, different strategies of
initialization do not impact the genetic performance too
much. Even starting with a naive initialization (all individ-
uals are all-zero strings), the genetic process can discover
quite competitive structures with crossover and mutation.

3.2.2 Selection

The selection process is performed at the beginning of every
generation. Before the t-th generation, the n-th individual
Mt�1,n is assigned a fitness function, which is defined as
the recognition rate rt�1,n obtained in the previous genera-
tion or initialization. rt�1,n directly impacts the probability
that Mt�1,n survives the selection process.

We perform a Russian roulette process to determine
which individuals survive. Each individual in the next gen-
eration Mt,n is determined independently by a non-uniform
sampling over the set {Mt�1,n}Nn=1. The probability of
sampling Mt�1,n is proportional to rt�1,n � rt�1,0, where
rt�1,0 = minNn=1 {rt�1,n} is the minimal fitness function
value in the previous generation. This means that the best
individual has the largest probability of being selected, and
the worst one is always eliminated. As the number of
individuals N remains unchanged, each individual in the
previous generation may be selected multiple times.

3.2.3 Mutation and Crossover

The mutation process of an individual Mt,n involves flip-
ping each bit independently with a probability qM. In
practice, qM is often small, e.g., 0.05, so that mutation is
not likely to change one individual too much. This is to
preserve the good properties of a survived individual while
providing an opportunity of trying out new possibilities.

The crossover process involves changing two individuals
simultaneously. Instead of considering each bit individu-
ally, the basic unit in crossover is a stage, which is motivated
by the need to retain the local structures within each stage.
Similar to mutation, each pair of corresponding stages are
exchanged with a small probability qC.

Both mutation and crossover are implemented by an
overall flowchart (see Algorithm 1). The probabilities of
mutation and crossover for each individual (or pair) are pM
and pC, respectively. We understand that there are many
different ways of mutation and crossover. As shown in
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We keep the fully-connected part of the above network
unchanged, and set S = 3 and (K1,K2,K3) = (3, 4, 5).
Similarly, the first convolutional layer within each stage re-
mains the same as in the original LeNet, and other convolu-
tional layers take the kernel size 3⇥3 and the same channel
number. The length L of each binary string is 19, which
means that there are 219 = 524,288 possible individuals.

We create an initial generation with N = 20 individuals,
and run the genetic process for T = 50 rounds. Other
parameters are set to be pM = 0.8, qM = 0.05, pC = 0.2
and qC = 0.2. The mutation and crossover parameters qM
and qC are set to be smaller because the strings become
longer. The maximal number of explored individuals is
20⇥ (50 + 1) = 1,020 ⌧ 524,288. The training phase of
each individual takes an average of 0.4 hour, and the entire
genetic process takes about 17 GPU-days.

We perform two individual genetic processes. The re-
sults of one process are summarized in Table 2. As in
the MNIST experiments, all the important statistics (e.g.,
average and median accuracies) grow from generation to
generation. We also report the best network structures in
the table, and visualize the best structures throughout these
two processes in Figure 5.

4.2.2 Comparison to Densely-Connected Nets

Under our encoding scheme, a straightforward way of net-
work construction is to set all bits to be 1, which leads to a
network in which any two layers within the same stage are
connected. This network produces a 76.84% recognition
rate, which is a little bit lower than those reported in Table 2.
Considering that the densely-connected network requires
heavier computational overheads, we conclude that the ge-
netic algorithm helps to find more effective and efficient
structures than the dense connections.

4.2.3 Observation

In Figure 5, we plot the the network structures learned from
two individual genetic processes. The structures learned
by the genetic algorithm are quite different from the manu-
ally designed ones, although some manually designed local
structures are observed, like the chain-shaped networks,
multi-path networks and highway networks. We emphasize
that these two networks are obtained by independent genetic
processes, which demonstrates that our genetic process gen-
erally converges to similar network structures.

4.3. CIFAR and SVHN Experiments
We apply the networks learned from the CIFAR10 ex-

periments to more small-scale datasets. We test three
datasets, i.e., CIFAR10, CIFAR100 and SVHN. CI-
FAR100 is an extension to CIFAR10 containing 100 finer-
grained categories. It has the same numbers of training
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Figure 5. Two network structures learned from the two indepen-
dent genetic processes (best viewed in color PDF).

and testing images as CIFAR10, and these images are also
uniformly distributed over 100 categories.

SVHN (Street View House Numbers) [25] is a large
collection of 32 ⇥ 32 RGB images, i.e., 73,257 training
samples, 26,032 testing samples, and 531,131 extra train-
ing samples. We preprocess the data as in the previous
work [25], i.e., selecting 400 samples per category from the
training set as well as 200 samples per category from the
extra set, using these 6,000 images for validation, and the
remaining 598,388 images as training samples. We also use
Local Contrast Normalization (LCN) for preprocessing [8].

We evaluate the best network structure in each genera-
tion of the genetic process. We resume using a large number
of filters at each stage, i.e., the three stages and the first
fully-connected layer are equipped with 64, 128, 256 and
1024 filters, respectively. The training strategy, include the
numbers of epochs and learning rates, remains the same as
in the previous experiments.
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the �tnesses of the o�springs do not improve. In the neutral muta-
tion, we change only the genes of the inactive nodes without the
modi�cation of the phenotype.

We use the modi�ed (1 + �) evolutionary strategy (with � = 2
in our experiments) in the above arti�ce. The procedure of our
modi�ed algorithm is as follows:

(1) Generate an initial individual at random as parent P , and
train the CNN represented by P followed by assigning the
validation accuracy as the �tness.

(2) Generate a set of � o�springs C by applying the forced
mutation to P .

(3) Train the � CNNs represented by o�springs C in parallel,
and assign the validation accuracies as the �tness.

(4) Apply the neutral mutation to parent P .
(5) Select an elite individual from the set of P and C , and then

replace P with the elite individual.
(6) Return to step 2 until a stopping criterion is satis�ed.

Table 1: The node functions and abbreviated symbols used
in the experiments.

Node type Symbol Variation
ConvBlock CB (C 0, k) C 0 2 {32, 64, 128}

k 2 {3 ⇥ 3, 5 ⇥ 5}
ResBlock RB (C 0, k) C 0 2 {32, 64, 128}

k 2 {3 ⇥ 3, 5 ⇥ 5}
Max pooling MP –
Average pooling AP –
Summation Sum –
Concatenation Concat –
C 0: Number of output channels
k : Receptive �eld size (kernel size)

4 EXPERIMENTS AND RESULTS
4.1 Dataset
We test ourmethod on the image classi�cation task using the CIFAR-
10 dataset in which the number of classes is 10. The numbers of
training and test images are 50, 000 and 10, 000, respectively, and
the size of images is 32 ⇥ 32.

We consider two experimental scenarios: the default scenario
and the small-data scenario. The default scenario uses the default
numbers of the training images, whereas the small-data scenario
assumes that we use only 5, 000 images as the learning data.

In the default scenario, we randomly sample 45, 000 images from
the training set to train the CNN, and we use the remaining 5, 000
images for the validation set of the CGP �tness evaluation. In the
small-data scenario, we randomly sample 4, 500 images for the
training and 500 images for the validation.
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Figure 4: The CNN architectures designed by our method on the default scenario.

shortcut connections, such as ResNet. Based on these observations,
we can say that our method can also �nd the architecture similar
to one designed by human experts, and that model shows a better
performance.

Besides, while the ResNet has a very deep 110-layer architecture,
CGP-CNN (ResSet) has a relatively shallow and wide architecture.
We guess from this result that the number of output channels of
ResBlock in the proposed method is one of the contributive param-
eters for improving the classi�cation accuracy on the CIFAR-10
dataset.

For CGP-CNN (ResSet) on the default scenario, it takes about
14 days to complete the optimization of the CNN architecture. We
observed a training time di�ers for each individual because various
structures are generated by our method during the optimization.

4.4 Result of the Small-data Scenario
In the small-data scenario, we compare our method with VGG and
ResNet. We have trained VGG and ResNet models by the same
setting of the re-training method in the proposed method; it is
based on the training method of the ResNet [10].

Table 4 shows the comparison of error rates in the small-data
scenario. We observe that our methods, CGP-CNN (ConvSet) and
CGP-CNN (ResSet), can �nd better architectures than VGG and
ResNet. It is obvious that VGG and ResNet are inadequate for the
small-data scenario because these architectures are designed for a
relatively large amount of data. Meanwhile, our method can tune
the architecture depending on the data size. Figure 5 illustrates
the CGP-CNN (ConvSet) architecture constructed by using the
proposed method. As seen in Figure 5, our method has found a
wider structure than that in the default scenario.

Additionally, we have re-trained this model with the 50, 000
training data and achieved a 8.05% error rate on the test data. It sug-
gests that the proposed method may be used to design a relatively
good general architecture even with a small dataset. For CGP-CNN
(ResSet) on the small scenario, it takes about �ve days to complete
the optimization of the CNN architecture.

5 CONCLUSION
In this paper, we have attempted to take a GP-based approach for
designing the CNN architectures and have veri�ed its potential. The
proposed method constructs the CNN architectures based on CGP

6B;m`2 kX8e, h?2 M2irQ`Fb T`Q/m+2/ #v i?2 *:S@*LL QM irQ +QM};m`�iBQMb Uam;�MmK� 2i �HX-
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i`�Mb72`�#BHBiv Q7 �/p2`b�`B�H 2t�KTH2b UEQiv�M �M/ o�`;�b- kykyVX

kX3 amKK�`v

AM bmKK�`v- i?Bb +?�Ti2` bi�`ib rBi? i?2 /Bb+mbbBQM �#Qmi �LL �b �M �H;Q`Bi?K
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h?2 /2p2HQTK2Mib BM *LL bm+? �b i`�BMBM; i2+?MB[m2b- �`+?Bi2+im`2 +?�M;2b- �`2 +�`27mHHv
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6m`i?2`KQ`2- bBM+2 i`�BMBM; � /22T *LL M2irQ`F `2[mB`2b � bB;MB}+�Mi �KQmMi Q7 /�i� �M/
+QKTmi�iBQM�H `2bQm`+2b- i�FBM; �/p�Mi�;2 Q7 i?2 H2�`MBM; Q7 � i`�BM2/ M2irQ`F iQ 2z2+@
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Fig. 2. Comparison between the proposed aggressive selection and mutation strategy
(right) vs conventional tournament selection and mutation strategy (left). Each colored
ball denotes an individual, the number within each ball denotes its fitness score, red
dashed arrows denote a copy and green solid arrows denote mutations.

Other related works on automatically discovering network structures in-
clude reinforcement learning [21,22] based approaches and Bayesian optimiza-
tion [23,24,25] based approaches. We refer the readers to [15] for more discussion
and references.

3 Our Approach

The proposed algorithm follows the standard flow of neuro-evolution, i.e., popu-
lation initialization, individual selection, reproduction, mutation/cross-over, and
fitness score evaluation. The individuals in the initial population are simple neu-
ral network structures with only one global pooling layer or one fully connected
layer. We use an acyclic graph to encode an individual with each node in the
graph representing a basic operation or connection including convolution, pool-
ing, fully connected, concatenation and skip. Those operations are standard in
the neural network literature. Please refer to Figure 3 for examples of individuals
represented by a graph. We also use the prediction performance on a validation
data as fitness score.

However, different from [14,15,13], we are not only exploring how to imple-
ment a genetic/evolutionary algorithm for optimizing deep convolutional neural
networks, but also exploring how to reduce the computational costs under the
framework of neuro-evolution without imposing strong restriction on the search
space. Next, we will present our strategies for reducing the computational costs.

3.1 Aggressive selection and mutation

A potential issue in traditional selection strategies (e.g., tournament selection
or sampling-based selection) is that weak individuals might survive for a long
period. While this feature is helpful to increase the diversity of the population,
however it may waste a lot of time to train these weak individuals that will
eventually be eliminated. We propose to eliminate these weak individuals at

6B;m`2 kX8d, *QKT�`BbQM Q7 iQm`M�K2Mi b2H2+iBQM �M/ �;;`2bbBp2 b2H2+iBQMX h?2 �;;`2bbBp2 b2H2+@
iBQM i�F2b i?2 }ii2bi BM/BpB/m�Hb BM i?2 TQTmH�iBQM �M/ i?2b2 BM/BpB/m�Hb �`2 Kmi�i2/ /Bz2`2MiHv
iQ T`Q/m+2 +?BH/`2MX UGB 2i �HX- kyR3VX8 Li, Xiong, Ren, Zhang, Wang, Yang
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Fig. 3. Example of how a neural network structure mutates to new ones after undergo-
ing different mutation operations: add convolution, add concatenate and add skip.
The dotted squares mark added convolution layer “Conv3”, concatenate layer “Con-
cat1” and skip layer “Skip1”.

– add dropout: For this operation, we limit its position to be immediately
after a fully connected layer. For simplicity, we set dropout ratio to 0.5.

Note that applying some mutation operations (e.g., alter stride, add pooling)
may result in inconsistency of feature map dimensions. In this situation, we will
adopt the following strategies to address the above issue: i) adding additional
padding pixel; ii) adding a 1× 1 convolution layer to adjust channel numbers. If
it still results in an invalid network structure, we simply apply a mutation again.

In Figure 3, we show an example of how a neural network structure evolves
to new ones after undergoing some mutation operations: add convolution,

add concatenate, add skip. We use the dotted square to mark the new layers.
Clearly, we could see that as network evolves, we can explore the diverse neural
network structures and obtain neural network structure with potential better
performance.

3.3 Training strategy

To evaluate the fitness score of each individual, a standard approach is to use
existing optimization algorithms off-the-shelf to learn the weight parameters.
Training a CNN may take tens of thousands gradient descent iterations to achieve
a good local minimum. However, we observe that “deep” training (i.e., setting
a very stringent condition for stopping the training process) is not necessary
during the evolution since our goal is to have a ranked list of individuals for
selection. Therefore, a rough estimate of the prediction performance for each
individual is sufficient for driving the evolution.

To reduce the training time of each individual during the evolution, we ex-
plore a different learning rate decay strategy to train a deep neural network.
There are two popular strategies for decaying the learning rate. One method is
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Approach Test Acc Comp Cost

SOTA [31] 0.8280 -
LS-Evolution [15] 0.7700 >65,000 GPUH
NA-Evolution 0.6560 552 GPUH
AG-Evolution 0.6804 184 GPUH

Table 5. Comparison of test accuracy and computational cost on CIFAR-100 dataset.
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Fig. 5. Test Accuracy vs Generation Number on MNIST, SVHN, CIFAR-10, CIFAR-
100 dataset

works are multiple path networks with concatenation and skip connections sim-
ilar to GoogleNet [17] and ResNet [16].
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THB2/ iQ i?2 BK�;2b /m`BM; i2bi@iBK2X h?2b2 7Qm` �m;K2Mi�iBQMb �`2 +QHH2+iBp2Hv /2MQi2/
�b SQbi@i`�BMBM; /�i� �m;K2Mi�iBQMb USQbi@h.�VX

aBKTH2 Q#D2+ib �//BiBQM UaP�V Bb � /�i� �m;K2Mi�iBQM i?�i �miQK�iB+�HHv +QK#BM2b
Q#D2+ib 7`QK /Bz2`2Mi BK�;2b BMiQ � #H�MF BK�;2 +�Mp�b �`#Bi`�`BHvX aBM+2 i?2 Q#D2+ib �`2
7`QK s@`�v BK�;2b- i?2 Q#D2+ib +�M Qp2`H�TX h?2 Qp2`H�TTBM; �`2� Bb /2�Hi rBi? #v �TTHvBM;
i?2 /�`F2bi TBt2H #2ir22M i?2 irQ BK�;2bX AM i?2 b2+QM/ /�i� �m;K2Mi�iBQM- r?B+? Bb
[m�/`�Mi �//BiBQM UZ�V- �M BK�;2 Bb /BpB/2/ BMiQ 7Qm` T�`ib Q` [m�/`�MibX �Hi?Qm;?
i?2`2 Bb � TQbbB#BHBiv i?�i �M Q#D2+i BMbB/2 i?2 BK�;2 Bb +mi BMiQ KmHiBTH2 T�`ib- i?2 TB2+2
Q7 i?�i Q#D2+i BM � [m�/`�Mi rBHH `2i�BM Bib H�#2H �b HQM; �b i?2 �`2� Q7 i?2 T�`i Bb KQ`2 i?�M
j8W Q7 i?2 iQi�H �`2� Q7 i?2 r?QH2 Q#D2+iX am#b2[m2MiHv- i?2 [m�/`�Mi- r?B+? Bb QM2@7Qm`i?
Q7 i?2 BK�;2 Bb TH�+2/ QM � #H�MF BK�;2 +�Mp�b iQ #2+QK2 � M2r BK�;2 U/2MQi2/ �b [m�/
BK�;2VX JQ`2Qp2`- i?2 [m�/ BK�;2 +�M #2 TQTmH�i2/ rBi? i?2 2ti`�+i2/ Q#D2+ib 7`QK aP�X
h?2 BMimBiBQM Q7 i?2 Z� /�i� �m;K2Mi�iBQM Bb iQ #`2�F i?2 T�ii2`M Q7 Q#D2+i �``�M;2K2MibX
aBM+2 i?2 s@`�v /�i�b2i ?�b HBKBi2/ BK�;2b- KQbi Q7 i?2 BK�;2b i2M/ iQ HQQF bBKBH�` �M/
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/Bz2` QMHv rBi? bQK2 /BbTH�+2/ Q#D2+ibX h?Bb bBKBH�`Biv K�F2b i?2 M2irQ`F �bbQ+B�i2 i?2
Q#D2+ib iQ;2i?2` �M/ i?2 /2i2+iBQM `�i2 /`QTb r?2M i?2v �`2 b2T�`�i2/X 6m`i?2`KQ`2- i?2
/BpBbBQM ?2HTb i?2 M2irQ`F /2i2+i � T�`iB�HHv `2T`2b2Mi2/ Q#D2+iX "Qi? i?2 aP� �M/ Z�
/�i� �m;K2Mi�iBQMb �`2 b?QrM BM 6B;X jXRX

AM i?2 SQbi@h.�- i?2 �m;K2Mi�iBQMb �`2 �TTHB2/ iQ i?2 i2bi b2i BK�;2b /m`BM;
M2irQ`F 2p�Hm�iBQMX h?Bb ?2HTb BM+`2�b2 i?2 +QM}/2M+2 Q7 � M2irQ`F /m`BM; i?2 T`2/B+iBQM
#v b?QrBM; K�Mv pB2rTQBMib Q7 i?2 b�K2 BK�;2 iQ i?2 M2irQ`FX �Hi?Qm;? i?2 i2bi b2i
BK�;2b �`2 ivTB+�HHv mMiQm+?2/ iQ ?�p2 � 7�B` K2�bm`2 Q7 i?2 M2irQ`F T2`7Q`K�M+2- i?2
;Q�H Q7 SQbi@h.� Bb MQi iQ BM+`2�b2 i?2 M2irQ`F T2`7Q`K�M+2 mM`2�bQM�#Hv �M/ +QKT�`2
Bi iQ Qi?2` M2irQ`FbX AMbi2�/- i?2 �BK Q7 SQbi@h.� Bb iQ 2ti2M/ i?2 M2irQ`F +�T�#BHBiv
iQ /2i2+i Q#D2+ib i?�i Bb +H2�`Hv #QmM/2/ #v i?2 HBKBi2/ /�i�b2iX �M BM+`2�b2 BM i?2
M2irQ`F T2`7Q`K�M+2 Bb BKTQ`i�Mi BM `2�H@HB72 �TTHB+�iBQMb bm+? �b BM /�M;2`Qmb Q#D2+ib
s@`�v /2i2+iBQMX

h?2 }`bi SQbi@h.� Bb i?2 [m�/`�Mi +QKTmi�iBQM UZ*VX aBKBH�` iQ Z�- i?2 BMTmi
BK�;2 Bb /BpB/2/ BMiQ [m�/`�Mib �M/ 7Q`K [m�/ BK�;2bX h?2 BK�;2 �M/ Bib +Q``2bTQM/BM;
[m�/ BK�;2b �`2 72/ iQ i?2 M2irQ`F iQ }M/ /�M;2`Qmb Q#D2+ibX h?2 [m�/ BK�;2b �`2
bmTTQ`i BK�;2b- r?B+? T`QpB/2 �//BiBQM�H pB2rTQBMib 7Q` i?2 M2irQ`F BM +�b2 Bi 7�BHb iQ
/2i2+i �HH i?2 /�M;2`Qmb Q#D2+ib BM i?2 mM+mi BK�;2X hQ i2bi i?2 2z2+iBp2M2bb Q7 i?2
Z* /�i� �m;K2Mi�iBQM- irQ /�i�b2ib Q7 +QKT�`BbQM �`2 miBHBx2/X h?2 }`bi /�i�b2i Bb
i?2 Q`B;BM�H i2bi b2i �M/ i?2 b2+QM/ /�i�b2i Bb i?2 +QK#BM�iBQM Q7 i?2 Q`B;BM�H i2bi b2i
BK�;2b �M/ [m�/ BK�;2bX hQ }HH i?2 b2+QM/ i2bi b2i- 2�+? BK�;2 BM i?2 i2bi b2i �M/ Bib
+Q``2bTQM/BM; [m�/ BK�;2b- �b � ;`QmT- �`2 +QKT�`2/X A7 i?2 Q`B;BM�H i2bi BK�;2 ?�b
?B;?2` �++m`�+v- r?B+? K2�Mb i?2 M2irQ`F T`QT2`Hv B/2MiB}2b i?2 Q#D2+ib- Bi rBHH #2 �//2/
iQ i?2 b2+QM/ /�i�b2iX >Qr2p2`- B7 i?2 [m�/ BK�;2b ?�p2 ?B;?2` �++m`�+v +QHH2+iBp2Hv-
r?B+? K2�Mb i?2 M2irQ`F B/2MiB}2b i?2 Q#D2+ib #2ii2` r?2M /BpB/2/ BMiQ [m�/`�Mib- i?2M
i?2b2 BK�;2b �`2 �//2/ iQ i?2 b2+QM/ b2iX h?2 T`Q+2bb `2T2�ib mMiBH �HH i?2 BK�;2b BM i?2
i2bi b2i �`2 T`Q+2bb2/X �7i2`r�`/- i?2 +QKTH2i2 b2+QM/ b2i Bb 2p�Hm�i2/ �M/ +QKT�`2/ iQ
i?2 T2`7Q`K�M+2 Q7 i?2 }`bi /�i�b2iX h?2 T`Q+2bb /2b+`B#2/ Bb bmKK�`Bx2/ #v 2[m�iBQMb
UjXRV �M/ UjXkVX

G2i Ii #2 �M BMTmi BK�;2- Q(Ii) �b i?2 +Q``2bTQM/BM; [m�/ BK�;2b Q7 Ii- O �b
i?2 QmiTmi /�i�b2i Q7 i?2 Z* T`Q+2/m`2- �M/ AP (Ii) �b i?2 �++m`�+v Q` K2�M �p2`�;2
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Post-training Data Augmentations 
                 Input Image Post-TDA Output Notes 

QC 
 
 

  

 

 

 

 

 

 

 

An input image is divided equally into 

four parts. Each will be inserted to a 

blank canvas with the size similar to 

the input image size. 

ZC 
 

  

 

 

 

 

 

 

 

Zoom: .8x, .9x, 1x, 1.1x, 1.2x 

 

The input image undergoes zooming 

and the magnification level that has the 

highest object detection will be used. 

ZQC  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    Zoom: .8x, .9x, 1x, 1.1x, 1.2x 

Each quad image will undergo 

magnification. The quad magnification 

that has the highest accuracy will be 

used.  

6B;m`2 jXk, .Bz2`2Mi SQbi@h.� �`2 b?QrM ?2`2X AM [m�/`�Mi +QKTmi�iBQM- i?2 BMTmi BK�;2 Bb
/BpB/2/ BMiQ [m�/`�Mib �b bmTTQ`i BK�;2bX AM xQQK +QKTmi�iBQM- i?2 BK�;2 Bb xQQK2/ BMiQ 9
H2p2Hb iQ Q#i�BM i?2 QTiBK�H K�;MB}+�iBQMX AM xQQK2/ [m�/ +QKTmi�iBQM- i?2 [m�/ BK�;2b �`2
xQQK2/ BMiQ 9 H2p2Hb iQ Q#i�BM i?2 QTiBK�H K�;MB}+�iBQM Q7 2�+? [m�/ BK�;2X

T`2+BbBQM UK�SV 7mM+iBQMX :Bp2M � b2i Q7 i2bi BK�;2b {I1, I2, . . . , IN}, O UBX2X- b2+QM/ b2iV
Bb +QMbi`m+i2/ �b

O :=
N⋃

i=1

Si, UjXRV

r?2`2

Si :=






{Ii} B7 AP (Ii) ≥ AP (Q(Ii))

Q(Ii) B7 AP (Ii) < AP (Q(Ii))
. UjXkV

h?2 2t�KTH2 BK�;2b �`2 b?QrM BM 6B;X jXk �M/ i?2 T`Q+2bb +�M #2 pBbm�HBx2/ BM 6B;X jXjX
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!" #$ %! ≥ #$(( %! )

!" #$ %! < #$(( %! )

%!

((%!)

Test Set
%"

%#...
%!...
%$

NewDataset
%"

((%#)

...

6B;m`2 jXj, hQ }HH � M2r /�i�b2i rBi? i?2 +QK#BM�iBQM Q7 i?2 Q`B;BM�H �M/ [m�/ BK�;2b- 2�+?
BK�;2 BM i?2 i2bi b2i Bb +QKT�`2/ rBi? Bib +Q``2bTQM/BM; [m�/ BK�;2b i?`Qm;? i?2B` �++m`�+vX A7
i?2 Q`B;BM�H i2bi BK�;2 ?�b ?B;?2` �++m`�+v i?�M i?2 +Q``2bTQM/BM; [m�/ BK�;2b +QHH2+iBp2Hv- i?2
Q`B;BM�H BK�;2 rBHH #2 �//2/ iQ i?2 /�i�b2iX Pi?2`rBb2- i?2 [m�/ BK�;2b rBHH #2 �//2/ iQ i?2
/�i�b2i BMbi2�/ Q7 i?2 Q`B;BM�H BK�;2X

h?2 b2+QM/ SQbi @h.� Bb xQQK +QKTmi�iBQM Uw*VX AM i?Bb /�i� �m;K2Mi�iBQM- i?2
BK�;2 Bb K�;MB}2/ iQ /Bz2`2Mi K�;MB}+�iBQM bBx2b iQ H2i i?2 M2irQ`F }M/ Q#D2+ib BM i?2
bBx2 i?�i K�i+?2b Bib H2�`M2/ 72�im`2bX A7 i?2 M2irQ`F /2i2+ib �M Q#D2+i BM � /Bz2`2Mi
K�;MB}+�iBQM i?�M i?2 Q`B;BM�H BK�;2 bBx2- Bi BKTHB2b i?�i i?2`2 Bb � bHB;?i KBbK�i+?
#2ir22M i?2 i`�BMBM; b2i �M/ i?2 i2bi b2iX �Hi?Qm;? i?2 M2irQ`F Bb i`�BM2/- Bi Bb MQi
Q#D2+i bBx2 BMp�`B�Mi 2MQm;? /m2 iQ � HBKBi2/ /�i�b2iX aBKBH�` iQ Z*- i?2 2z2+iBp2M2bb Q7
w* Bb [m�MiB}2/ #v +QKT�`BM; irQ /�i�b2ib- r?B+? �`2 +QKT`Bb2/ Q7 }`bi- i?2 Q`B;BM�H i2bi
b2i BK�;2b- �M/ b2+QM/- i?2 +QK#BM�iBQM Q7 Q`B;BM�H �M/ xQQK2/ i2bi b2i BK�;2bX "27Q`2
}HHBM; i?2 b2+QM/ b2i- 2�+? BK�;2 BM i?2 i2bi b2i Bb K�;MB}2/ BMiQ 7Qm` K�;MB}+�iBQM H2p2Hb
UBX2X- X3t- XNt- RXRt- �M/ RXktVX hQ;2i?2` rBi? i?2 Q`B;BM�H BK�;2 UBX2X- RtV- i?2`2 �`2 }p2
BK�;2b i?�i �`2 2p�Hm�i2/ #v i?2 M2irQ`FX 6Q` 2�+? i2bi BK�;2- i?2 K�;MB}+�iBQM H2p2H
i?�i ?�b i?2 ?B;?2bi �++m`�+v Bb �//2/ iQ i?2 b2+QM/ b2iX �7i2` i?2 b2+QM/ b2i Bb +QKTH2i2/-
Bi Bb 2p�Hm�i2/ #v i?2 M2irQ`F �b � r?QH2 /�i�b2i �M/ +QKT�`2/ rBi? i?2 }`bi /�i�b2iX
h?2 w* BK�;2b �`2 b?QrM BM 6B;X jXkX h?2 T`Q+2bb 2M+�TbmH�i2/ #v 2[m�iBQMb UjXjV �M/
UjX9VX h?2 Ii �M/ AP (Ii) /2}MBiBQMb �`2 i?2 B/2MiB+�H iQ i?2 Z* 2[m�iBQMbX G2i Z(Ii) #2
i?2 xQQK2/ BK�;2b Q7 Ii UBX2X- 7Qm` K�;MB}+�iBQM H2p2Hb �M/ Q`B;BM�H bBx2V- �M/ O �b i?2
QmiTmi /�i�b2i Q7 w* K2i?Q/X :Bp2M � b2i Q7 i2bi BK�;2b {I1, I2, . . . , IN}, O Bb +QMbi`m+i2/
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�b

O :=
N⋃

i=1

Si, UjXjV

r?2`2

Si := {�`;K�tĪ∈Z(Ii)�S(Ī)}. UjX9V

h?2 i?B`/ SQbi@h.� Bb i?2 xQQK2/ [m�/ +QKTmi�iBQM UwZ*V- r?B+? Bb i?2 +QK#B@
M�iBQM Q7 i?2 T`2pBQmb K2i?Q/bX AM wZ*- i?2 BK�;2b �`2 /BpB/2/ BMiQ [m�/`�Mib- �M/ i?2
[m�/ BK�;2b �`2 T`2b2Mi2/ BM 7Qm` K�;MB}+�iBQM H2p2Hb �b BM w*X >2M+2- i?2 [m�/ BK�;2b
+�M ;Bp2 7Q+mb iQ +2`i�BM TQ`iBQMb Q7 �M BK�;2 �M/ i?2 +Q``2bTQM/BM; K�;MB}+�iBQM +�M
;Bp2 � rB/2` Q#D2+i bBx2 `2T`2b2Mi�iBQMX aBKBH�` iQ Z*- i?2 BK�;2b T`Q/m+2/ #v wZ* �`2
mb2/ �b bmTTQ`i BK�;2b /m`BM; �TTHB+�iBQMX �;�BM- i?2`2 �`2 irQ /�i�b2ib Q7 +QKT�`BbQM
�b 2tTH�BM2/ BM i?2 T`2pBQmb K2i?Q/bX hQ }HH i?2 b2+QM/ b2i- 2�+? i2bi b2i BK�;2 Bb /BpB/2/
BMiQ [m�/`�MibX h?2M- 2p2`v [m�/ BK�;2 Bb bm#D2+i2/ iQ KmHiBTH2 K�;MB}+�iBQM H2p2Hb-
�M/ i?2 bBx2 i?�i ?�b i?2 ?B;?2bi �++m`�+v Bb mb2/X �b � `2bmHi- i?2 [m�/ BK�;2b +�M ?�p2
/Bz2`2Mi K�;MB}+�iBQM H2p2HbX �7i2`r�`/- i?2 Q`B;BM�H i2bi b2i BK�;2 Bb +QKT�`2/ iQ Bib
+Q``2bTQM/BM; bBx2@QTiBKBx2/ [m�/ BK�;2b iQ }HH i?2 b2+QM/ b2i bBKBH�` iQ Z*X h?2 wZ*
BK�;2b �`2 b?QrM BM 6B;X jXkX h?2 wZ* T`Q+2bb Bb bmKK�`Bx2/ BM 2[m�iBQMb UjX8VĜ UjXdV-
BM r?B+? 2[m�iBQM UjXeV +QKT�`2b i?2 i2bi BK�;2b �M/ i?2B` +Q``2bTQM/BM; xQQK2/ [m�/
BK�;2b- �M/ 2[m�iBQM UjXdV Q#i�BMb i?2 #2bi K�;MB}+�iBQM H2p2H Q7 2�+? [m�/ BK�;2X

h?2 Ii- Q(Ii)- AP (Ii) �`2 /2}M2/ BM i?2 T`2pBQmb K2i?Q/bX G2i Z(q) #2 i?2 }p2
K�;MB}+�iBQMb Q7 � [m�/ BK�;2 bBKBH�` iQ i?2 w*- Ti �b i?2 b2H2+i2/ xQQK2/ [m�/ BK�;2b
rBi? i?2 ?B;?2bi �++m`�+B2b- �M/ O �b i?2 QmiTmi /�i�b2i Q7 wZ*X :Bp2M � b2i Q7 i2bi
BK�;2b {I1, I2, . . . , IN}, O Bb T`Q/m+2/ �b

O :=
N⋃

i=1

Si, UjX8V

r?2`2

Si :=






{Ii} B7 AP (Ii) ≥ AP (Ti)

Ti B7 AP (Ii) < AP (Ti)
UjXeV
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�M/

Ti := {�`;K�tĪ∈Z(q)AP (Ī) | q ∈ Q(Ii)}. UjXdV

h?2 }M�H SQbi@h.� Bb i?2 [m�/ �M/ xQQK +QKTmi�iBQM UZw*VX Zw* Bb i?2 +QK@
#BM�iBQM Q7 xQQK +QKTmi�iBQM �M/ xQQK2/ [m�/ +QKTmi�iBQMX h?2 w* QmiTmib i?2 #2bi
K�;MB}+�iBQM 7Q` 2�+? i2bi b2i BK�;2- r?2`2�b wZ* QmiTmib i?2 #2bi K�;MB}+�iBQM 7Q` i?2
+Q``2bTQM/BM; [m�/ BK�;2bX 1bb2MiB�HHv- Zw* +QK#BM2b i?2 �/p�Mi�;2b Q7 w* �M/ wZ*
iQ T`Q/m+2 �M QTiBK�H /�i�b2i +QM};m`�iBQMX �b T2`7Q`K2/ BM i?2 T`2pBQmb SQbi@h.�
K2i?Q/b- i?2 Zw* 2KTHQvb irQ /�i�b2ib iQ K2�bm`2 Bib 2z2+iBp2M2bbX hQ +`2�i2 i?2 b2+@
QM/ b2i- i?2 QmiTmi /�i�b2i Q7 w* QM � ;Bp2M i2bi b2i Bb +QKT�`2/ iQ i?2 QmiTmi /�i�b2i Q7
wZ* QM i?2 b�K2 i2bi b2iX q?B+?2p2` ?�b i?2 ?B;?2` �++m`�+v #2ir22M i?2 BK�;2 �M/ Bib
+Q``2bTQM/BM; [m�/ BK�;2b +QHH2+iBp2Hv �`2 �//2/ iQ i?2 b2+QM/ b2i �b b?QrM BM 6B;X jXjX
Ai b?QmH/ #2 MQi2/ i?�i wZ* mb2b i?2 Q`B;BM�H i2bi BK�;2b �M/ MQi i?2B` #2bi@K�;MB}2/
BK�;2 +QmMi2`T�`iX h?2 Zw* T`Q+2bb Bb bmKK�`Bx2/ BM 2[m�iBQMb UjX3V Ĝ UjXRRVX 1[m�iBQM
UjXNV 2p�Hm�i2b i?2 BK�;2b T`Q/m+2/ #v 2[m�iBQMb UjXRyV �M/ UjXRRV �M/ i�F2b i?2 #2bi
BK�;2 `2T`2b2Mi�iBQMX 1[m�iBQM UjXRyV T`Q/m+2b i?2 #2bi K�;MB}+�iBQM Q7 i2bi BK�;2b �M/
2[m�iBQM UjXRRV T`Q/m+2b i?2 #2bi K�;MB}+�iBQM Q7 i?2B` +Q``2bTQM/BM; [m�/ BK�;2bX

h?2 Ii- Q(Ii)- AP (Ii)- Z(Ii)- �M/ Z(q) �`2 /2}M2/ BM i?2 T`2pBQmb K2i?Q/bX G2i
Gi #2 i?2 b2H2+i2/ K�;MB}+�iBQM Q7 �M BMTmi i2bi BK�;2 bBKBH�` iQ w* QmiTmi- �M/ Ti #2
i?2 +Q``2bTQM/BM; b2H2+i2/ xQQK2/ [m�/ BK�;2b B/2MiB+�H iQ wZ* QmiTmiX :Bp2M � b2i Q7
i2bi BK�;2b {I1, I2, . . . , IN}- i?2 QmiTmi /�i�b2i Q7 Zw* 2tT2`BK2Mi O Bb +QMbi`m+i2/ �b

O :=
N⋃

i=1

Si, UjX3V

r?2`2

Si :=






Gi B7 AP (Gi) ≥ AP (Ti)

Ti B7 AP (Gi) < AP (Ti)
, UjXNV

Gi := {�`;K�tK̄∈Z(Ii)�S(K̄)}, UjXRyV
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Raw Images

Synthesized Images

6B;m`2 jX9, _�r �M/ bvMi?2bBx2/ BK�;2b Q7 /�M;2`Qmb Q#D2+ib s@`�v UwQm 2i �HX- kyR3VX

�M/

Ti := {�`;K�tĪ∈Z(q)AP (Ī) | q ∈ Q(Ii)}. UjXRRV

jXRXR S`2@h.� �M/ SQbi@h.� 1tT2`BK2Mib

h?2`2 �`2 bBt 2tT2`BK2Mib +QM/m+i2/ iQ 2p�Hm�i2 2�+? /�i� �m;K2Mi�iBQM T`QTQb2/X
h?2 /�i�b2i miBHBx2/ BM i?2 2tT2`BK2Mib Bb i?2 /�M;2`Qmb Q#D2+ib s@`�v �b /Bb+mbb2/ BM
a2+iBQM kX9XRX8X 6`QK i?2 /�i�b2i T�T2` UwQm 2i �HX- kyR3V- i?`22 2tT2`BK2Mi `2bmHib
�`2 Q#i�BM2/ �b #2M+?K�`FbX h?2 }`bi 2tT2`BK2Mi mb2/ � `�r s@`�v /�i�b2i- r?B+? ?�b
eek i`�BMBM; BK�;2b �M/ 99k i2bi BK�;2b- QM i?2 uPGPpkX *QMp2`b2Hv- i?2 b2+QM/ �M/
i?B`/ 2tT2`BK2Mib 2KTHQv2/ bvMi?2bBx2/ BK�;2b UBX2X- BK�;2b +`2�i2/ 7`QK T`Q+2bbBM; i?2
i`�BMBM; BK�;2bV- r?B+? �`2 jjR �M/ jyRy BK�;2b `2bT2+iBp2Hv BM �//BiBQM iQ i?2 `�r
BK�;2bX h?2 2t�KTH2 `�r �M/ bvMi?2bBx2/ BK�;2b �`2 b?QrM BM 6B;X jX9X >Qr2p2`- bBM+2
i?2 M2irQ`F mb2/ BM i?2 2tT2`BK2Mib Bb uPGPpj- irQ �//BiBQM�H #2M+?K�`Fb �`2 T`Q/m+2/X
h?2 }`bi uPGPpj #2M+?K�`F mb2b i?2 `�r /�i�b2i QMHv- r?2`2�b i?2 b2+QM/ uPGPpj
#2M+?K�`F mb2b i?2 `�r /�i�b2i rBi? �//BiBQM�H 8yy bvMi?2bBx2/ BK�;2bX h?2 #2M+?K�`Fb
�`2 bmKK�`Bx2/ BM h�#H2 jXRX



ed

h�#H2 jXR, h?2 #2M+?K�`F 7Q` i?2 /�M;2`Qmb Q#D2+ib s@`�vX h?2 �++m`�+B2b QM uPGPpk �`2
Q#i�BM2/ 7`QK i?2 `2bmHib BM i?2 /�M;2`Qmb Q#D2+ib s@`�v T�T2`- r?2`2�b i?2 uPGPpj `2bmHib
�`2 T`Q/m+2/X

"2M+?K�`F .2i�BHb �++m`�+v

uPGPpk _�r .�i�b2i Ueek h`�BM a2i- 99k h2bi a2iV 39XkyW
uPGPpkYavMi?R _�r .�i�b2i Y jjR avMi?2bBx2/ h`�BM a2i 39XNRW
uPGPpkYavMi?k _�r .�i�b2i Y jyRy avMi?2bBx2/ h`�BM a2i 3eX9kW
uPGPpj _�r .�i�b2i Ueek h`�BM a2i- 99k h2bi a2iV 39XeeW
uPGPpjYavMi?R _�r .�i�b2i Y 8yy avMi?2bBx2/ h`�BM a2i 3eXkRW

h�#H2 jXk, h?2 #2M+?K�`Fb �`2 +QKT�`2/ rBi? i?2 aP� `2bmHibX h?2 aP� ?�b i?`22 +QM};m`�@
iBQMb- r?B+? �`2 `�r /�i�b2i rBi? R@k Q#D2+ib- `�r /�i�b2i rBi? j@9 Q#D2+ib- �M/ `�r /�i�b2i rBi?
j@9 Q#D2+ib �M/ +H�bb #�H�M+BM;X �//BM; aP� rBi? +H�bb #�H�M+BM; BKT`Qp2b i?2 T2`7Q`K�M+2 Q7
i?2 M2irQ`FX

"2M+?K�`F �++m`�+v

uPGPpk 39XkyW
uPGPpkYavMi?R 39XNRW
uPGPpkYavMi?k 3eX9kW
uPGPpj 39XeeW
uPGPpjYavMi?R 3eXkRW

aP� �++m`�+v

_�r Y aP� R@k 3jXRNW
_�r Y aP� j@9 3eX9RW
_�r Y aP� j@9 rBi? *" 3dX8yW

jXRXRXR aP� 1tT2`BK2Mi

AM i?2 aP� 2tT2`BK2Mi- i?2 Q#D2+ib �`2 2ti`�+i2/ 7`QK i?2 i`�BMBM; b2i �M/ `�M@
/QKHv �//2/ iQ i?2 i`�BMBM; BK�;2b iQ +`2�i2 M2r BK�;2b �miQK�iB+�HHvX h?2`2 �`2 i?`22
+QM};m`�iBQMb Q7 aP� mb2/X h?2 }`bi +QM};m`�iBQM �//b R@k Q#D2+ib `�M/QKHv iQ BK�;2b-
r?2`2�b i?2 b2+QM/ �M/ i?B`/ +QM};m`�iBQMb �// j@9 Q#D2+ibX >Qr2p2`- i?2 i?B`/ +QM};@
m`�iBQM �//b Q#D2+ib rBi? +H�bb #�H�M+BM; UBX2X- mbBM; KQ`2 Q#D2+ib 7`QK +H�bb2b i?�i ?�p2
HQr �++m`�+B2bVX 6Q` 2�+? +QM};m`�iBQM- 8yy BK�;2b �`2 ;2M2`�i2/ �M/ �//2/ iQ i?2 `�r
/�i�b2i �b /�i�b2i 2ti2MbBQM /m`BM; i`�BMBM;X

h?2 2tT2`BK2Mi `2bmHib BM h�#H2 jXk b?Qr i?�i �//BM; KQ`2 Q#D2+ib UBX2X- aP� j@9V



e3

h�#H2 jXj, h?2 #2M+?K�`Fb �`2 +QKT�`2/ rBi? i?2 Z� `2bmHibX h?2 Z� ?�b irQ +QM};m`�iBQMb-
r?B+? �`2 `�r /�i�b2i rBi? [m�/ BK�;2b- �M/ `�r /�i�b2i rBi? [m�/ BK�;2b �M/ aP� Q#D2+ibX
1ti2M/BM; i?2 /�i�b2i rBi? [m�/ BK�;2b BKT`Qp2b i?2 T2`7Q`K�M+2 Q7 i?2 M2irQ`FX

"2M+?K�`F �++m`�+v

uPGPpk 39XkyW
uPGPpkYavMi?R 39XNRW
uPGPpkYavMi?k 3eX9kW
uPGPpj 39XeeW
uPGPpjYavMi?R 3eXkRW

Z� �++m`�+v

_�r Y Z� 3eXdyW
_�r Y Z� Y aP� 3dXyyW

iQ i?2 i`�BMBM; BK�;2b `2BM7Q`+2b i?2 Q#D2+i 72�im`2b iQ i?2 M2irQ`F- r?B+? `2bmHib BM ?B;?
�++m`�+B2bX JQ`2Qp2`- B7 i?2 Q#D2+ib �`2 +QMb+BQmbHv �//2/ i?`Qm;? +H�bb #�H�M+BM;- i?2
M2irQ`F +�M BKT`Qp2 Bib H2�`MBM; QM r2�F +H�bb2bX 6Q` 2t�KTH2- i?2 M2irQ`F ?�b HQr �++m@
`�+B2b QM i?2 b+BbbQ`b �M/ FMB72 +H�bb2b #2+�mb2 i?2v HQQF bBKBH�`X amTTHvBM; aP� Q#D2+ib
KQ`2 QM b+BbbQ`b �M/ FMBp2b BKT`Qp2b M2irQ`F T2`7Q`K�M+2X h?2 /Bz2`2M+2 #2ir22M aP�
�M/ bvMi?2bBxBM; BK�;2b Bb i?�i bvMi?2bBxBM; BK�;2b `2[mB`2b 2tT2`iBb2 �M/ BK�;2 T`Q+2bb@
BM; iQ +QK#BM2 BK�;2b- BM r?B+? i?2 bvMi?2bBx2/ BK�;2b +�M HQQF /Bz2`2Mi i?�M i?2 `�r
BK�;2bX >2M+2- 2p2M �//BM; �TT`QtBK�i2Hv jyyy bvMi?2bBx2/ BK�;2b UuPGPpkYavMi?kV
K�v MQi bB;MB}+�MiHv BKT`Qp2 i?2 M2irQ`F T2`7Q`K�M+2X h?2 `2bmHib b?Qr i?�i aP� +�M
#2 � bm#biBimi2 7Q` bvMi?2bBxBM; BK�;2bX

jXRXRXk Z� 1tT2`BK2Mi

AM i?2 Z� 2tT2`BK2Mi- i?2 [m�/ BK�;2b Q7 i?2 i`�BMBM; BK�;2b �`2 +QHH2+i2/- �M/
i?2M- 8yy [m�/ BK�;2b �`2 `�M/QKHv b2H2+i2/ �b /�i�b2i 2ti2MbBQMX h?2 Z� ?�b irQ
+QM};m`�iBQMb- r?B+? �`2 [m�/ BK�;2b QMHv �M/ [m�/ BK�;2b +QK#BM2/ rBi? aP� Q#D2+ibX
�b b?QrM BM h�#H2 jXj- �//BM; [m�/ BK�;2b iQ i?2 i`�BMBM; b2i bHB;?iHv BM+`2�b2b i?2
M2irQ`F �++m`�+v Qp2` i?2 uPGPpjYavMi?RX JQ`2Qp2`- �//BM; aP� Q#D2+ib iQ i?2 [m�/
BK�;2b bHB;?iHv BM+`2�b2b i?2 M2irQ`F �++m`�+v 2p2M KQ`2 i?�M [m�/ BK�;2b QMHvX h?2
Z� `2bmHib �`2 +QKT�`�#H2 iQ i?Qb2 Q7 i?2 aP�- r?B+? BKTHB2b i?�i �Hi?Qm;? i?2 /Bz2`2Mi
72�im`2b �`2 ?B;?HB;?i2/ #2ir22M i?2 Z� �M/ aP�- i?2 Qmi+QK2 Bb biBHH bBKBH�`X h?2 aP�



eN

h�#H2 jX9, h?2 Z* /�i� �m;K2Mi�iBQM K2i?Q/ Bb �TTHB2/ QM i?2 Z� i`�BM2/ M2irQ`Fb #2+�mb2
Z* miBHBx2b [m�/ BK�;2bX h?2M- i?2 `2bmHib �`2 +QKT�`2/ rBi? i?2 uPGPpjYavMi?R �M/ i?2
Z� i`�BM2/ M2irQ`FbX lbBM; [m�/ BK�;2b �b �//BiBQM�H pB2rTQBMib 7Q` i?2 M2irQ`F BKT`Qp2b Bib
�#BHBiv iQ /2i2+i Q#D2+ibX

"2M+?K�`F �++m`�+v

uPGPpjYavMi?R 3eXkRW
_�r Y Z� 3eXdyW
_�r Y Z� Y aP� 3dXyyW

Z* �++m`�+v

_�r Y Z� 33XkeW
_�r Y Z� Y aP� 3dX9yW

?2HTb i?2 M2irQ`F H2�`M #v `2BM7Q`+BM; r?QH2 Q#D2+i `2T`2b2Mi�iBQMb- r?2`2�b Z� ?2HTb
i?2 M2irQ`F H2�`M #v i2�+?BM; +`QTT2/ Q#D2+i `2T`2b2Mi�iBQMbX

jXRXRXj Z* 1tT2`BK2Mi

h?2 Z* /�i� �m;K2Mi�iBQM Bb 2p�Hm�i2/ �b /2b+`B#2/ BM a2+iBQM jXRX aBM+2 Z*
Bb � SQbi@h.�- Bi miBHBx2b i`�BM2/ M2irQ`Fb i?�i Bi rBHH i`v iQ BKT`Qp2 i?2 T2`7Q`K�M+2X
6Q` i?2 Z* 2tT2`BK2Mi- i?2 M2irQ`Fb 2KTHQv2/ �`2 i?2 Z� i`�BM2/ M2irQ`Fb #2+�mb2
i?2b2 �`2 i`�BM2/ rBi? [m�/ BK�;2bX h?2 `2bmHib BM h�#H2 jX9 /2KQMbi`�i2 i?�i mbBM;
[m�/ BK�;2b Q7 2p2`v i2bi BK�;2 �b �//BiBQM�H pB2rTQBMib 7Q` i?2 M2irQ`F BKT`Qp2b i?2
T2`7Q`K�M+2 Q7 i?2 M2irQ`FX .2bTBi2 i?2 M2irQ`F #2BM; i`�BM2/ rBi? HBKBi2/ BK�;2b- i?2
M2irQ`F H2�`MBM; +�M #2 2ti2M/2/ #v T`QpB/BM; /Bz2`2Mi pB2rTQBMib Q7 i?2 b�K2 BK�;2X
LQi�#Hv- i?2 BKT`Qp2K2Mi BM i?2 M2irQ`F i`�BM2/ #v i?2 b2+QM/ +QM};m`�iBQM Q7 Z� ?�b
� bK�HH BKT`Qp2K2Mi �7i2` mbBM; Z*X h?Bb Bb �ii`B#mi2/ iQ i?2 �//BiBQM�H aP� Q#D2+ib
i?�i i?2 M2irQ`F ?�b iQ H2�`M �bB/2 7`QK i?2 +`QTT2/ Q#D2+i `2T`2b2Mi�iBQMX

jXRXRX9 w* 1tT2`BK2Mi

h?2 w* /�i� �m;K2Mi�iBQM Bb 2p�Hm�i2/ �b /2b+`B#2/ BM a2+iBQM jXRX aBM+2 w* /Q2b
MQi miBHBx2 BK�;2 /BpBbBQM �b BM Z*- �Mv i`�BM2/ M2irQ`F +�M #2 miBHBx2/ rBi? w*X hQ
i2bi i?2 2z2+iBp2M2bb Q7 i?2 w* K2i?Q/- i?2 uPGPpj- #2bi aP� M2irQ`F U7`QK a2+@
iBQM jXRXRXRV- �M/ #2bi Z� M2irQ`F U7`QK a2+iBQM jXRXRXkV �`2 �TTHB2/ rBi? w*X �b b?QrM
BM h�#H2 jX8- Q#i�BMBM; i?2 QTiBK�H K�;MB}+�iBQM Q7 i2bi BK�;2b bB;MB}+�MiHv BKT`Qp2b i?2



dy

h�#H2 jX8, h?2 w* K2i?Q/ Bb �TTHB2/ QM i?2 uPGPpj- #2bi aP� M2irQ`F- �M/ #2bi Z� M2i@
rQ`FX h?2 `2bmHib �`2 +QKT�`2/ rBi? i?2 b�K2 M2irQ`Fb iQ +QM}`K r?2i?2` w* BKT`Qp2b i?2
T2`7Q`K�M+2 Q7 i?2 M2irQ`FbX h?2 `2bmHib b?Qr i?�i w* +�M T`QpB/2 i?2 Q#D2+i bBx2 i?�i }ib i?2
72�im`2b H2�`M2/ #v i?2 M2irQ`F- i?2`2#v BKT`QpBM; i?2 M2irQ`F T2`7Q`K�M+2X

"2M+?K�`F �++m`�+v

uPGPpj 39X3eW
aP� U"2biV 3dX8yW
Z� U"2biV 3dXyyW

w* �++m`�+v

uPGPpj 33XdkW
aP� U"2biV 33XN3W
Z� U"2biV 3NXykW

h�#H2 jXe, h?2 wZ* /�i� �m;K2Mi�iBQM Bb �TTHB2/ iQ Z� i`�BM2/ M2irQ`Fb #2+�mb2 wZ* miBHBx2b
[m�/ BK�;2bX h?2 `2bmHib �`2 +QKT�`2/ rBi? i?2 uPGPpjYavMi?R- #2bi aP� M2irQ`F- �M/
#2bi Z� M2irQ`FX S`QpB/BM; i?2 �TT`QT`B�i2 bBx2 Q7 i?2 [m�/ BK�;2b mbBM; wZ* BKT`Qp2b i?2
T2`7Q`K�M+2 Q7 i?2 M2irQ`FX

"2M+?K�`F �++m`�+v

uPGPpjYavMi?R 3eXkRW
Z� U"2biV 3dXyyW
Z* U"2biV 33XkeW

wZ* �++m`�+v

_�r Y Zm�/ 3NXNRW
_�r Y Zm�/ Y aP� 33X3eW

T2`7Q`K�M+2 Q7 �HH i?2 M2irQ`Fb i2bi2/X 6m`i?2`KQ`2- i?2 `2bmHib BKTHv i?�i i?2 M2irQ`Fb
?�p2 H2�`M2/ i?2 Q#D2+i 72�im`2b T`QT2`Hv #mi /m2 iQ i?2 bK�HH /�i�b2i- i?2 Q#D2+i bBx2
p�`B�iBQM Bb MQi r2HH `2T`2b2Mi2/X h?2`27Q`2- w* +�M ?2HT M2irQ`Fb i`�BM2/ rBi? HBKBi2/
/�i�b2ib iQ B/2MiB7v Q#D2+ib i?�i ?�p2 bBx2b /Bz2`2Mi 7`QK i?2 /�i�b2iX

jXRXRX8 wZ* 1tT2`BK2Mi

h?2 T2`7Q`K�M+2 Q7 wZ* Bb 2p�Hm�i2/ �b /2TB+i2/ BM a2+iBQM jXRX AM +QMi`�bi iQ
w*- i?2 wZ* bm#D2+ib i?2 [m�/ BK�;2b iQ /Bz2`2Mi K�;MB}+�iBQM BMbi2�/ Q7 i?2 Q`B;BM�H
BK�;2 QMHvX h?2 M2irQ`Fb 7`QK i?2 Z� 2tT2`BK2Mi �`2 mb2/ iQ �TTHv wZ* #2+�mb2 wZ*



dR

h�#H2 jXd, h?2 Zw* /�i� �m;K2Mi�iBQM K2i?Q/ Bb �TTHB2/ iQ M2irQ`Fb i`�BM2/ #v Z� #2+�mb2 Bi
miBHBx2b [m�/ BK�;2bX aBM+2 Zw* Bb i?2 +QK#BM�iBQM Q7 i?2 SQbi@h.� K2i?Q/b- i?2 Zw* `2bmHib
�`2 +QKT�`2/ rBi? �HH i?2 #2bi SQbi@h.� M2irQ`FbX h?2 `2bmHib b?Qr i?�i i?2 Zw* +�M T`QpB/2
� rB/2 `2T`2b2Mi�iBQM Q7 �M BK�;2- �M/ i?2`27Q`2 �+?B2p2 bB;MB}+�Mi BKT`Qp2K2Mi BM i?2 M2irQ`F
T2`7Q`K�M+2 +QKT�`2/ iQ T`2pBQmb SQbi@h.� K2i?Q/bX

"2M+?K�`F �++m`�+v

uPGPpjYavMi?R 3eXkRW
Z* U"2biV 3dX9yW
w* U"2biV 3NXykW
wZ* U"2biV 33X3eW

Zw* �++m`�+v

_�r Y Zm�/ NRXk8W
_�r Y Zm�/ Y aP� NyXjNW

miBHBx2b [m�/ BK�;2bX h?2 #�b2HBM2b �`2 i?2 uPGPpjYavMi?R- #2bi Z� M2irQ`F- �M/ #2bi
Z* M2irQ`FX �b b?QrM BM h�#H2 jXe- i?2 wZ* K2i?Q/ BKT`Qp2b i?2 T2`7Q`K�M+2 Q7 i?2
M2irQ`FbX q?2M i?2 Z� `2bmHib �`2 +QKT�`2/ rBi? wZ* `2bmHib- i?2 �++m`�+v BM+`2�b2 Bb
+QMbBbi2MiX h?2`27Q`2- Q#i�BMBM; i?2 T`QT2` [m�/ BK�;2 bBx2 +�M T`2p2Mi TQbbB#H2 Q#D2+i
bBx2 KBbK�i+?2b- r?B+? `2bmHib BM #2ii2` M2irQ`F /2i2+iBQMX

jXRXRXe Zw* 1tT2`BK2Mi

h?2 T2`7Q`K�M+2 Q7 Zw* /�i� �m;K2Mi�iBQM Bb 2p�Hm�i2/ �b /2TB+i2/ BM a2+iBQM jXRX
h?2 Zw* Bb i?2 +mHKBM�iBQM Q7 �HH i?2 SQbi@h.� K2i?Q/b- BM r?B+? � i2bi BK�;2 Bb `2T`2@
b2Mi2/ BM KmHiBTH2 r�vbX h?2 #2bi K�;MB}+�iBQM Q7 � i2bi BK�;2 �M/ i?2 #2bi K�;MB}+�iBQM
Q7 Bib +Q``2bTQM/BM; [m�/ BK�;2b �`2 mb2/ iQ ?2HT i?2 M2irQ`F /2i2+i i?2 Q#D2+ib BM i?2
BK�;2X h?2 Zw* `2bmHib �`2 +QKT�`2/ iQ uPGPpjYavMi?R �M/ �HH i?2 T`2pBQmb SQbi@
h.� K2i?Q/bX h?2 `2bmHib BM h�#H2 jXd /2KQMbi`�i2 � bB;MB}+�Mi BKT`Qp2K2Mi T`QpB/2/
#v i?2 Zw* K2i?Q/X h?2 rB/2 p�`B2iv Q7 pB2rTQBMib BM Zw* ?�b ?2HT2/ i?2 M2irQ`F
/2i2+i Q#D2+ib KQ`2 �++m`�i2HvX AM T�`iB+mH�`- r?2M i?2 Zw* `2bmHi Bb +QKT�`2/ rBi?
i?2 uPGPpjYavMi?R `2bmHi- i?2`2 Bb � `2K�`F�#H2 BM+`2�b2 Q7 8W BM �++m`�+vX h?2b2
BKT`Qp2K2Mib +�MMQi bBKTHv #2 Q#i�BM2/ #v i`�BMBM; � M2irQ`F rBi? � HBKBi2/ /�i�b2i `2@
;�`/H2bb Q7 i?2 MmK#2` Q7 2TQ+?b �M/ ?vT2`T�`�K2i2`b imMBM;X h?2`27Q`2- i?2 SQbi@h.�
K2i?Q/b �`2 ?2HT7mH iQ i?2 M2irQ`F /m`BM; i?2 �TTHB+�iBQM- 2bT2+B�HHv i?2 Zw* K2i?Q/X
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h�#H2 jX3, h?2 bmKK�`v Q7 2tT2`BK2Mib `2bmHiX �KQM; i?2 /�i� �m;K2Mi�iBQMb �TTHB2/ QM i?2
i`�BMBM; b2i- i?2 aP� /�i� �m;K2Mi�iBQM vB2H/b i?2 #2bi �++m`�+vX PM i?2 Qi?2` ?�M/- �KQM; i?2
/�i� �m;K2Mi�iBQMb �TTHB2/ QM i2bi@iBK2- i?2 Zw*- r?B+? Bb i?2 +QK#BM�iBQM Q7 �HH SQbi@h.�
K2i?Q/b- vB2H/b i?2 #2bi �++m`�+vX

S`2@h.�

uPGPpkYavMi?k uPGPpjYavMi?R aP� U"2biV Z� U"2biV

�++m`�+v 3eX9kW 3eXkRW 3dX8yW 3dXyyW

SQbi@h.�

Z* U"2biV w* U"2biV wZ* U"2biV Zw* U"2biV

�++m`�+v 33XkeW 3NXykW 3NXNRW NRXk8W

jXRXk 1tT2`BK2Mib amKK�`v

h?2`2 �`2 /Bz2`2Mi r�vb iQ 2ti`�+i KQ`2 BM7Q`K�iBQM 7`QK � HBKBi2/ /�i�b2iX AM
i?2 Q`B;BM�H T�T2` Q7 i?2 /�M;2`Qmb Q#D2+ib s@`�v- i?2 �mi?Q`b mb2/ bvMi?2bBx2/ BK�;2b
iQ 2ti2M/ i?2 BK�;2 +QmMiX >Qr2p2`- bvMi?2bBxBM; BK�;2b `2[mB`2b FMQrH2/;2 BM BK�;2
T`Q+2bbBM; �M/ iBK2 iQ /2bB;M M2r BK�;2bX JQ`2Qp2`- i?2 bvMi?2bBx2/ BK�;2b K�v HQQF /B7@
72`2Mi 7`QK i?2 `�r BK�;2 �b b22M BM 6B;X jX9- r?B+? `2bmHib BM � bK�HH BM+`2�b2 BM �++m`�+v
2p2M rBi? bm#bi�MiB�HHv KQ`2 BK�;2b U2X;X- uPGPpkYavMi?kVX h?2 /�i� �m;K2Mi�iBQMb
BM i?2 S`2@h.� �`2 T`QTQb2/ iQ /`�r Qmi KQ`2 BM7Q`K�iBQM 7`QK � HBKBi2/ /�i�b2iX Ai
mb2b i?2 #QmM/BM; #Qt BM7Q`K�iBQM 7`QK i?2 H�#2Hb Q7 i?2 i`�BMBM; b2i iQ �miQK�iB+�HHv
Q#i�BM i?2 Q#D2+ib BM �M BK�;2 �M/ �ii�+? i?2K iQ i?2 i`�BMBM; b2i BK�;2b `�M/QKHv iQ
+`2�i2 M2r BK�;2bX aBM+2 i?2 Q#D2+ib 2ti`�+i2/ /Q MQi mM/2`;Q BK�;2 T`Q+2bbBM;- i?2
T`Q/m+2/ BK�;2b K�i+? i?2 i`�BMBM; b2i BK�;2bX �b b?QrM BM h�#H2 jX3- 2p2M � bBKTH2
aP� K2i?Q/ +�M QmiT2`7Q`K M2irQ`Fb rBi? bvMi?2bBx2/ BK�;2bX h?2`27Q`2- i?2 T`QTQb2/
S`2@h.� K2i?Q/b +�M ?2HT M2irQ`Fb BM+`2�b2 i?2B` �++m`�+v /m`BM; i`�BMBM;X

L2irQ`Fb i?�i �`2 i`�BM2/ QM HBKBi2/ /�i�b2ib +�M QMHv `2�+? � +2`i�BM �++m`�+v
+2BHBM;X �7i2` `2�+?BM; i?�i +2`i�BM �++m`�+v- 2p2M rBi? M2irQ`F KQ/B}+�iBQM- ?vT2`@
T�`�K2i2`b imMBM;- HQM;2` i`�BMBM; iBK2b- Q` /�i� �m;K2Mi�iBQMb- i?2 �++m`�+v +�MMQi
BM+`2�b2 bm#bi�MiB�HHvX h?2 +�mb2 Q7 i?2 T`Q#H2K Bb i?2 bK�HH /�i�b2i- BM r?B+? i?2 72�@
im`2 i?�i +�M #2 2ti`�+i2/ �`2 }MBi2X Ai Bb QM2 Q7 i?2 `2�bQMb r?v i?2 bm++2bb Q7 /22T
M2m`�H M2irQ`Fb Bb T`2/B+�i2/ QM � /22T M2irQ`F �M/ K�bbBp2 /�i�b2iX aBM+2 BM bT2+B�HBx2/
�TTHB+�iBQMb- i?2 /�i�b2i Bb mbm�HHv HBKBi2/- SQbi@h.� �`2 T`QTQb2/X SQbi@h.� �`2 /�i�
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6B;m`2 jX8, �K2`B+�M >�M/ aB;M G�M;m�;2 U�HT?�#2iV U�#M2`- kyR9VX

�m;K2Mi�iBQMb i?�i �`2 �TTHB2/ /m`BM; i2bi@iBK2X Ai �BKb iQ T`QpB/2 i?2 M2irQ`F rBi? KmH@
iBTH2 pB2rTQBMib Q7 i?2 i2bi BK�;2 iQ BM+`2�b2 Bib +?�M+2b Q7 /2i2+iBM; Q#D2+ibX 1bb2MiB�HHv-
i?2 SQbi@h.� i`v iQ K�i+? i?2 BK�;2 iQ i?2 72�im`2b H2�`M2/ #v i?2 M2irQ`FX AM �TTHB+�@
iBQMb bm+? �b #�;;�;2 +?2+Fb- Bi Bb BKTQ`i�Mi iQ /2i2+i /�M;2`Qmb Q#D2+ib- �M/ SQbi@h.�
BM+`2�b2 i?�i TQbbB#BHBivX �b b22M BM h�#H2 jX3- i?2 Zw* ?�b �+?B2p2/ NRXk8W- r?B+? Bb �
bm#bi�MiB�H 8W BM+`2�b2 7`QK i?2 uPGPpj #2M+?K�`FX h?Bb BM+`2�b2 +�MMQi #2 �+?B2p2/
#v i`�BMBM; QM i?2 HBKBi2/ /�i�b2i �HQM2X >2M+2- i?2 T`QTQb2/ SQbi@h.� K2i?Q/b +�M
bB;MB}+�MiHv ?2HT M2irQ`Fb i`�BM2/ QM HBKBi2/ /�i�b2ib 2ti2M/ i?2B` +�T�#BHBivX

jXk >�M/ aB;M G�M;m�;2 .2i2+iBQM �M/ _2+Q;MBiBQM

�HT?�#2i ?�M/ bB;M H�M;m�;2- �b b?QrM BM 6B;X jX8- Bb mb2/ #v ?2�`BM;@BKT�B`2/
BM/BpB/m�Hb iQ +QKKmMB+�i2 rQ`/b i?�i /Q MQi ?�p2 � ;2bim`2 bm+? �b T`QT2` M�K2bX
.2p2HQTK2Mib BM +QKTmi2` pBbBQM ?�p2 K�/2 Bi TQbbB#H2 iQ HQ+�i2 �M/ B/2MiB7v ?�M/ bB;M�Hb
BM �M BK�;2 Q` bi`2�K Q7 BK�;2b UBX2X- � pB/2QVX AM i?Bb b2+iBQM- � K2i?Q/ Bb T`QTQb2/ iQ
/2i2+i i?2 HQ+�iBQM Q7 � ?�M/ BM �M BK�;2- �M/ bm#b2[m2MiHv B/2MiB7v BiX h?2 `2H�iBp2
[mB+FM2bb Q7 >��` *�b+�/2b +QKT�`2/ iQ � /22T *LL Bb miBHBx2/ iQ HQ+�HBx2 � ?�M/ BM �M
BK�;2- �M/ i?2M- i?2 �#BHBiv Q7 *LL iQ +H�bbB7v BK�;2b rBi? ?B;? �++m`�+v Bb miBHBx2/ iQ
B/2MiB7v i?2 H2ii2` i?�i i?2 +`QTT2/ ?�M/ BK�;2 `2T`2b2MibX
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(a) Ib) 

3. Center-surround features 

4. Not used, but used in [3.4,51 sc 
Fgr2. Feat& px" dsimple haar-like and center-wnamd 

fean~m. Black areas have regab% and white areas pmhe 
wi$ts 

features for an image of size MH, while a 45" rotated feature 
generates 

Table 1 Usts the number of features for a window size of 24x24 

window foi 
each  prolotype, 

2.2 Fast Feature Computation 
All wr features can be computed very fast in constant time for any 
size by means of two auxiliary images. For upright rectangles the 
auxiliary image is the S w n m e d A ~ a  Table SAT(x,y). SAT(x,y) is 
denned as the sum of the pixels of the upright rectangle ranging 
from the top left comer at (0.0) to the bottom right comer at (x.9 
(see Figure 3a) [SI: 

Fig 3, (a)Upngrl~AreaTa~(24l)and(b)RcC?rcd 
SwnmedArea Tah'e(RSA7) calculaDonsdlemed 
uw pxel a m  d upqM (c) am rotated (d) recraqlcs 

From this the pixel suiit ufany upright rectangle i= (x,y, u.h.0) can 
be deierrnined by four trble luokups (SUI. alsu Figure 314: 

RrcSum(r) = SARx- 1.y- I j+SAT(x- U 1.y. h- I )  
SAqx- 1 .y+ h- I 1 -.SA q x +  IC-  I .y- I I 

This insight wa) firri published in 151 
For 15" rutdled reciangler the auxiliary inldge is  drfined as the 
Roraid Summed Arra bble RSA7(x.y). I t  givcs ilic sum of thr 
pixels uf the reciangle roiated by 45' wiih ihc right mmi cornrr at 
(xV, and extending i i l l  the boundaries of the image (see Figure 3h). 

RS.AI(x,))= I ~ X J J  
x~x.x6"-,-, ,  

11 ran be calculated wiih 1\11) pdsses wcr  all pixcls The f i r51 p a s  
from left tu righi and top tu bottom dcierniincs 

RSA Q x , ~ )  = RSAnx- 1.y- I )-RSA7(x- I . y ) - / ( x , y j - R S A ~ x .  2.y- I )  

\\ith 

RSA I ( -  I ,y)  = RSA ?( 2,y) = R.$A q x ,  - 1 1 = 0 , 

whereas ihe wrund pass fruni the righi to left and boiturn tu top 
calculaier 

RSA7tx.yJ = RSA7(x,yJ- RS.4 n x -  1.p I ,-RSrll(x-Z,y, 

From 11115 Ihe pixel sum of an) roiaied rrciangle r=(x,y, w,h,45"~ 
can be deiprmined by four iablc lookups (see alsa F~gure 3(dJ and 
Figure 1): 

RecSum(r)= RSAqx+ ":p it')* RSARx-h,y+ h j  

-RSA T(.r,y)-KSAT(x+ w- h,y- U I hj 

S A T v l =  Z Wd1. 2.3 Fast Lighting Correction 
x'sr,y'sy The special propenies of the haar-like features also enable fast 

contrast stretching of the form It can be calculated with one pass over all pixels from left to right 
and top to bottom by means of 

SAqx,y)=SA~x,y-l)+Saqx-l,y)+lcx,y)-SAqx-l,y-l) 
, E R + .  

p can easily be determined by means of SAT(x.y). Computing o , 
however. involves the sum of squared pixels. It can easily be 
derived by lculating a second set of SAT and RSAT auxiliary 
images for X x , y ) .  Then, calculating o for any window requires 

I - 901 
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6B;m`2 jXe, >��`@HBF2 62�im`2b UGB2M?�`i �M/ J�v/i- kyykVX

6B;m`2 jXd, >��` *�b+�/2b BKTH2K2Mi2/ QM ?�M/ bB;M H�M;m�;2X

hQ /2i2+i i?2 ?�M/ BM �M BK�;2- � >��` *H�bbB}2` �H;Q`Bi?K Bb 2KTHQv2/ UoBQH� �M/
CQM2b- kyyRVX � >��` *H�bbB}2` mb2b � b2i Q7 +�b+�/2 7mM+iBQMb- r?B+? �`2 i`�BM2/ mbBM;
MmK2`Qmb TQbBiBp2 BK�;2b UBX2X- BK�;2b rBi? i?2 i�`;2i Q#D2+iV �M/ M2;�iBp2 BK�;2b UBK�;2b
rBi?Qmi i?2 i�`;2i Q#D2+iV- iQ /2i2+i i?2 i�`;2i Q#D2+ib BM BK�;2bX .m`BM; i`�BMBM;- >��`@
HBF2 72�im`2b �`2 +QHH2+i2/ iQ 2ti`�+i 72�im`2b- r?B+? �`2 +�H+mH�i2/ QM �/D�+2Mi `2+i�M;mH�`
`2;BQMb �i � /BbiBM+i HQ+�iBQM BM � /2i2+iBQM rBM/QrX h?2 bmK Q7 TBt2H BMi2MbBiB2b BM 2�+?
`2;BQM �M/ i?2 /Bz2`2M+2 #2ir22M i?2 bmKb �`2 +QMb2+miBp2Hv +�H+mH�i2/X h?2b2 72�im`2b
K2�bm`2 i?2 /Bz2`2M+2 BM BMi2MbBiv #2ir22M i?2 /2bB`2/ `2;BQMbX h?2 >��`@HBF2 72�im`2b �`2
b?QrM BM 6B;X jXeX AMi2;`�H BK�;2b �`2 �HbQ 2KTHQv2/ iQ 2ti`�+i 72�im`2b 7`QK H�`;2 BK�;2bX
�7i2`r�`/- �/�#QQbi i`�BMBM; Bb BKTH2K2Mi2/ iQ i`�BM i?2 +H�bbB}2` iQ mb2 i?2 72�im`2b
i?�i #2bi /2i2+i i?2 i�`;2i Q#D2+ibX 6BM�HHv- � b2`B2b Q7 r2�F +H�bbB}2`b �`2 +QK#BM2/ mbBM;
+�b+�/BM; +H�bbB}2`b iQ +`2�i2 � bi`QM; +H�bbB}2`X h?2 >��` *�b+�/2b BKTH2K2Mi2/ QM i?2
?�M/ bB;M H�M;m�;2 /2i2+iBQM +�M #2 b22M BM 6B;X jXdX

�7i2` i?2 ?�M/ `2;BQM Bb 2ti`�+i2/ 7`QK i?2 BK�;2- Bi Bb 72/ iQ i?2 *LL iQ B/2MiB7v
i?2 H2ii2` Bi `2T`2b2MibX h?2 *LL �`+?Bi2+im`2 Bb K�/2 mT Q7 irQ +QMb2+miBp2 +QMpQHmiBQM@
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6B;m`2 jX3, >�M/ aB;M G�M;m�;2 .2i2+iBQM �M/ _2+Q;MBiBQM avbi2KX

TQQHBM; #HQ+Fb- 7QHHQr2/ #v � 7mHHv +QMM2+i2/ H�v2` �M/ � bQ7iK�t H�v2`X h?2 M2irQ`F
�`+?Bi2+im`2 Bb bK�HH #2+�mb2 i?2`2 �`2 HBKBi2/ i`�BMBM; BK�;2bX h?2 /�i�b2i +QMbBbib Q7
kyy BK�;2b T2` H2ii2` BM i?2 1M;HBb? �HT?�#2i- BM r?B+? irQ T2`bQMb +QMi`B#mi2/ 2t�+iHv
?�H7 Q7 i?2 /�i�b2iX h?2 H2ii2` C �M/ w �`2 2t+Hm/2/ #2+�mb2 i?2v M22/ ?�M/ KQiBQMb iQ
`2T`2b2Mi i?2 H2ii2`X � iQi�H Q7 93yy BK�;2b �`2 /BpB/2/ BMiQ 9jky i`�BMBM; BK�;2b �M/ 93y
i2bi BK�;2bX 1�+? BK�;2 ?�b � bBx2 Q7 kyy × kyy TBt2HbX h?2 i`�BMBM; 2TQ+? Bb b2i iQ 8y-
�M/ i?2 H2�`MBM; `�i2 Bb yXyyNX h?2 QTiBKBx2` mb2/ Bb �/�K QTiBKBx2`X

h?2 Qp2`�HH ?�M/ bB;M H�M;m�;2 /2i2+iBQM �M/ `2+Q;MBiBQM bvbi2K Bb bmKK�`Bx2/ BM
i?2 7QHHQrBM; bi2Tb,

ai2T RX h?2 pB/2Q +QKBM; 7`QK i?2 r2#+�K Bb i`2�i2/ �b � bi`2�K Q7 BK�;2b

ai2T kX >��` *�b+�/2b Bb mb2/ iQ 2ti`�+i i?2 ?�M/ `2;BQM 7`QK i?2 BK�;2X

ai2T jX h?2 ?�M/ BK�;2 Bb T`2@T`Q+2bb2/ mbBM; i?`2b?QH/BM; �M/ KQ`T?QHQ;B+�H QT2`�iQ`b
iQ `2KQp2 i?2 #�+F;`QmM/X

ai2T 9X h?2 T`2@T`Q+2bb2/ ?�M/ BK�;2 Bb 72/ iQ i?2 *LL 7Q` +H�bbB}+�iBQMX

ai2T 8X h?2 QmiTmi H2ii2` Bb /BbTH�v2/ QM i?2 b+`22MX

h?2 T`Q+2bb Bb b?QrM BM 6B;X jX3X

h?2 i2bi b2i `2bmHib �`2 /BbTH�v2/ BM 6B;X jXNX h?2 iQi�H �++m`�+v QM i?2 BK�;2b 7`QK
i?2 }`bi T2`bQM �M/ b2+QM/ T2`bQM �`2 N8X9kW �M/ 3jXjjW `2bT2+iBp2HvX h?2 +QK#BM2/
�++m`�+v Bb 3NXj3WX JQbi Q7 i?2 H2ii2`b �`2 +Q``2+iHv +H�bbB}2/ #v i?2 *LL #mi Bi ?�b bQK2
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6B;m`2 jXN, �++m`�+B2b QM >�M/ aB;M G�M;m�;2 h2bi a2iX

T`Q#H2Kb rBi? BK�;2b i?�i HQQF bBKBH�`X 6Q` 2t�KTH2- i?2 H2ii2`b E �M/ o ?�p2 bBKBH�`
b?�T2b BM ?�M/ bB;M H�M;m�;2- �b r2HH �b H2ii2`b J �M/ LX �b � `2bmHi- i?2 *LL i2M/b iQ
b2H2+i � H2ii2` Qp2` i?2 Qi?2` �b b22M BM i?2 H2ii2`b J �M/ L `2bmHibX L2p2`i?2H2bb- �b �
?�M/ bB;M H�M;m�;2 /2i2+iBQM �M/ `2+Q;MBiBQM bvbi2K- i?2 T`QTQb2/ K2i?Q/ Bb bm++2bb7mHX

jXj amKK�`v

AM i?Bb +?�Ti2`- MQp2H /�i� �m;K2Mi�iBQMb QM #Qi? i`�BMBM; �M/ i2bi@iBK2 �`2 T`Q@
TQb2/ iQ BKT`Qp2 i?2 Q#D2+i /2i2+iBQM Q7 � M2irQ`F i`�BM2/ QM � HBKBi2/ /�i�b2iX h?2 /�i�
�m;K2Mi�iBQM K2i?Q/b BM i?2 i`�BMBM; BKT`Qp2 i?2 �++m`�+v Q7 � M2irQ`F #v �miQK�iB@
+�HHv ;2M2`�iBM; M2r BK�;2b mbBM; i?2 Q#D2+ib 2ti`�+i2/ BM i?2 i`�BMBM; b2i �M/ �//BM; i?2
M2r BK�;2b iQ i?2 i`�BMBM; b2iX h?2`27Q`2- i?2 M2irQ`F +�M H2�`M KQ`2 BM7Q`K�iBQM 7`QK
i?2 i`�BMBM; b2iX AM �//BiBQM- i?2 /�i� �m;K2Mi�iBQM K2i?Q/b BM i?2 i2bi@iBK2 BKT`Qp2
i?2 T2`7Q`K�M+2 Q7 � M2irQ`F #v T`2b2MiBM; /Bz2`2Mi pB2rTQBMib Q7 i?2 BMTmi BK�;2 bm+?
�b K�;MB7vBM; i?2 BK�;2 BM /Bz2`2Mi H2p2HbX "v K�i+?BM; i?2 BMTmi BK�;2 �ii`B#mi2b rBi?
i?2 H2�`MBM; Q7 i?2 M2irQ`F- i?2 M2irQ`F +�M /2i2+i Q#D2+ib #2ii2`X h?2b2 K2i?Q/b �`2
p�Hm�#H2 iQ M2irQ`Fb i?�i ?�p2 i?2B` T2`7Q`K�M+2 HBKBi2/ #v � bK�HH /�i�b2iX AM �MQi?2`
�TTHB+�iBQM BM i?2 +?�Ti2`- i?2 *LL Bb T`QTQb2/ iQ +QK#BM2 rBi? >��` *�b+�/2b 7Q` ?�M/
bB;M H�M;m�;2 /2i2+iBQM �M/ `2+Q;MBiBQMX h?2 7�bi Q#D2+i /2i2+iBQM Q7 >��` *�b+�/2b �M/
i?2 �++m`�i2 BK�;2 +H�bbB}+�iBQM Q7 *LL T`Q/m+2 � /2+2Mi ?�M/ bB;M H�M;m�;2 /2i2+iBQM
`2+Q;MBiBQM bvbi2KX
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L1l_P1oPGlhAPL 6P_ *LL h1*>LAZl1a �L.

�SSGA*�hAPLa

L2m`Q2pQHmiBQM Bb � TQr2`7mH �TT`Q�+? iQ �miQK�iB+�HHv /2bB;M �M QTiBK�H M2irQ`F
�`+?Bi2+im`2X Ai mb2b 2pQHmiBQM�`v �H;Q`Bi?Kb iQ }M/ �`+?Bi2+im`2b i?�i vB2H/ i?2 #2bi
�++m`�+B2b �M/ +�M +QKT2i2 rBi? i?2 #2bi ?�M/@2M;BM22`2/ M2irQ`Fb bm+? �b _2bL2i UamM
2i �HX- kykyVX AM a2+iBQM 9XR- /Bz2`2Mi T`QTQb2/ i2+?MB[m2b iQ �TTHv M2m`Q2pQHmiBQM iQ
*LL �`2 +�`27mHHv 2tTH�BM2/X JQ`2Qp2`- i?2 T`QTQb2/ K2i?Q/b iQ miBHBx2 i?2 H2�`MBM; Q7 �
i`�BM2/ M2irQ`F iQ M2m`Q2pQHmiBQM@T`Q/m+2/ M2irQ`Fb �`2 /Bb+mbb2/ BM a2+iBQM 9XkX �bB/2
7`QK BK�;2 +H�bbB}+�iBQM- M2m`Q2pQHmiBQM +�M �HbQ #2 miBHBx2/ BM /Bz2`2Mi �TTHB+�iBQMb bm+?
�b Q#D2+i /2i2+iBQM �M/ �/p2`b�`B�H /272Mb2X AM a2+iBQM 9Xj- i?2 T`QTQb2/ M2m`Q2pQHmiBQM
K2i?Q/b iQ /Bb+Qp2` QTiBK�H *LL �`+?Bi2+im`2b 7Q` /Bz2`2Mi �TTHB+�iBQMb �`2 2tTH�BM2/
BM /2i�BHX

9XR L2m`Q2pQHmiBQM h2+?MB[m2b

h?2 M2m`Q2pQHmiBQM 7`�K2rQ`F /2bB;M2/ 7Q` +QMpQHmiBQM�H M2m`�H M2irQ`F U*LLV
+�M #2 bmKK�`Bx2/ #v i?2 7QHHQrBM; bi2TbX

ai2T RX AMBiB�HBx2 � TQTmH�iBQM Q7 M2irQ`Fb

ai2T kX h`�BM i?2 BM/BpB/m�H M2irQ`Fb

ai2T jX 1p�Hm�i2 2�+? M2irQ`F mbBM; � }iM2bb 7mM+iBQM

ai2T 9X a2H2+i �M/ Kmi�i2 i?2 }i BM/BpB/m�Hb iQ 7Q`K i?2 M2ti TQTmH�iBQM 7Q` i?2 M2ti
;2M2`�iBQM

ai2T 8X _2T2�i i?2 T`Q+2bb BM ai2T k mMiBH i?2 2M/ Q7 i?2 b2i ;2M2`�iBQM

h?2`2 �`2 irQ +QM};m`�iBQMb Q7 M2m`Q2pQHmiBQM i2bi2/- r?B+? �`2 ;2M2`B+ M2m`Q2pQHmiBQM
�M/ bi2�/v@bi�i2 M2m`Q2pQHmiBQMX .2T2M/BM; QM i?2 +QM};m`�iBQM- i?2 bi2Tb �`2 �TTHB2/
/Bz2`2MiHvX



d3

Conv
Filt: 5x5
Out: 32

Conv
Filt: 5x5
Out: 32

Conv
Filt: 5x5
Out: 64

Summ.

Summ.

Concat.

FC
Out: 500

FC
Out: 10Input

(a) Simple Hand-engineered Network 

(Reference Network)

(b) Simple Hand-engineered Network 

(Additional Baseline Network)

6B;m`2 9XR, "�bB+ L2irQ`F 7Q` L2m`Q2pQHmiBQM AMBiB�HBx�iBQMX

Generation N
Population

Cv Cv Cv Pl Cv

Fitness: 42Network #2

Fitness: 51Network #3

Cv Cv Cv Sn Pl

Fitness: 53Network #4

Cv Pl Ct Cv Pl

…

Fitness: 45Network #1

Cv Cv Pl Cv Pl

1. Train until the k-th 
network.

Tournament
Selection

Fitness: 45
Network #1

Tournament Size

Fitness: 42
Network #2

Fitness: 53
Network #4

2. Perform tournament 
selection until k-1 

networks are chosen.

Mutate 

Fitness: 48Network #6

Cv Cv Pl Cv Cv

Fitness: 53Network #4

Cv Pl Ct Cv Pl

. . .

3. Mutate all the selected 
networks

Generation N+1
Population

Fitness: 57New Network #1

Cv Cv Cv Sn Pl

(Elite)

Fitness: n/aNew Network #2

Cv Cv Cv Sn Pl Cv

. . .

4. Fill the new population 
with the elite network and 

mutated networks.

Fitness: 51Network #3

Cv Cv Cv Sn Pl

Randomly 
Choose 

Networks

6B;m`2 9Xk, :2M2`B+ M2m`Q2pQHmiBQM T`Q+2bbX h?2 T`Q+2bb bi�`ib #v i`�BMBM; �HH i?2 M2irQ`Fb BM
i?2 TQTmH�iBQM �M/ Q#i�BMBM; i?2B` }iM2bb UBX2X- �++m`�+vVX am#b2[m2MiHv- M2irQ`Fb �`2 `�M/QKHv
b2H2+i2/ rBi? i?2 iQm`M�K2Mi bBx2 U2X;X- i?`22 M2irQ`FbVX h?2 }ii2bi M2irQ`F BM i?2 iQm`M�K2Mi
rBHH }HH � bHQi BM i?2 Kmi�iBQM �`2�- r?B+? ?�b � iQi�H Q7 UTQTmH�iBQM bBx2 KBMmb QM2V bHQibX h?2
iQm`M�K2Mi +QMiBMm2b mMiBH �HH i?2 bHQib �`2 }HH2/X h?2M- i?2 M2irQ`Fb BM i?2 Kmi�iBQM �`2� �`2
Kmi�i2/ QM2 #v QM2 �M/ #2+QK2 T�`i Q7 i?2 M2r TQTmH�iBQM 7Q` i?2 M2ti ;2M2`�iBQMX h?2 H�bi
M2r TQTmH�iBQM bHQi 7Q` i?2 M2ti ;2M2`�iBQM Bb }HH2/ #v i?2 }ii2bi BM/BpB/m�H 7`QK i?2 T`2pBQmb
;2M2`�iBQM rBi?Qmi Kmi�iBQMX

9XRXR :2M2`B+ L2m`Q2pQHmiBQM

AM i?2 ;2M2`B+ M2m`Q2pQHmiBQM- i?2 M2irQ`Fb- r?B+? 7Q`K i?2 TQTmH�iBQM BM ai2T R-
�`2 �HH BMBiB�HBx2/ iQ ?�p2 � #�bB+ M2irQ`F �`+?Bi2+im`2 �b b?QrM BM 6B;X 9XRX h?2 BMimBiBQM
#2?BM/ i?Bb Bb iQ H2i i?2 M2irQ`Fb ;`Qr BMiQ +QKTHB+�i2/ bi`m+im`2b i?�i bmBi i?2 /�i�b2i
BMbi2�/ Q7 bi�`iBM; 7`QK mMQTiBKBx2/ +QKTHB+�i2/ bi`m+im`2b Uai�MH2v �M/ JBBFFmH�BM2M-
kyykVX JQ`2Qp2`- i?Bb b2iiBM; b�p2b +QKTmi�iBQM�H +Qbib #v bHQrHv ;`QrBM; i?2 M2irQ`F
�`+?Bi2+im`2bX AM ai2T k- �HH i?2 M2irQ`Fb �`2 i`�BM2/ mbBM; i?2 bi�M/�`/ *LL i`�BMBM;
T`Q+2/m`2X am#b2[m2MiHv BM ai2T j- 2�+? M2irQ`F BM i?2 TQTmH�iBQM Bb 2p�Hm�i2/ rBi? �
}iM2bb 7mM+iBQM- r?B+? Bb i?2 M2irQ`F �++m`�+v QM i?2 i2bi b2iX h?2 b2H2+iBQM BM ai2T 9
Bb bT2+B}+ iQ ;2M2`B+ M2m`Q2pQHmiBQMX �7i2` �bbB;MBM; i?2 }iM2bb iQ 2�+? M2irQ`F- �HH i?2
M2irQ`Fb BM i?2 TQTmH�iBQM �`2 `2TH�+2/ #v M2irQ`Fb mbBM; iQm`M�K2Mi b2H2+iBQM 2t+2Ti
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Select 
better 

Fitness

Mutation

Fitness: 36Network #1

Spectrum: 

Cv Cv Cv

Pool 
0

Strd 
0

Sum 
0

Conc. 
0

Conv 
3

Fitness: 37Network #2

Spectrum: 
Pool 

1
Strd 

0
Sum 

0
Conc. 

1
Conv 

3

Fitness: 33Network #3

Spectrum: 
Pool 

1
Strd 

0
Sum 

0
Conc. 

0
Conv 

2

Fitness: 36New Network #1

Spectrum: 
Pool 

0
Strd 

0
Sum 

0
Conc. 

0
Conv 

3

Mutate  
Each 

Network

Fitness: 36Child Network 

Spectrum: 
Pool 

1
Strd 

0
Sum 

0
Conc. 

0
Conv 

2

Fitness: 37New Network #2

Spectrum: 
Pool 

1
Strd 

0
Sum 

0
Conc. 

1
Conv 

3

Fitness: 33Network #3

Spectrum: 
Pool 

1
Strd 

0
Sum 

0
Conc. 

0
Conv 

2

Get 
Closest 
Network 

using  
Spectrum

Fitness: 36New Network #3 
(Child Network)

Spectrum: 
Pool 

1
Strd 

0
Sum 

0
Conc. 

0
Conv 

2

4

Selection

Fitness: 36Child Network

Spectrum: 
Pool 

1
Strd 

0
Sum 

0
Conc. 

0
Conv 

2

Cv Pl Cv

2

Cv Pl Cv

Generation N
Population

…

Train Child Network

1

3

Generation N+1
Population

6B;m`2 9Xj, ai2�/v@bi�i2 M2m`Q2pQHmiBQM T`Q+2bbX h?2 T`Q+2bb bi�`ib #v i`�BMBM; �HH i?2 BM/BpB/@
m�Hb BM i?2 TQTmH�iBQM �M/ Q#i�BMBM; i?2B` �++m`�+vX L2ti- 2�+? M2irQ`F BM i?2 TQTmH�iBQM rBHH
T`Q/m+2 � +?BH/ M2irQ`F i?`Qm;? Kmi�iBQM- �M/ 2p2`v +?BH/ Bb i`�BM2/ iQ Q#i�BM Bib }iM2bbX 1�+?
+?BH/ Bb +QKT�`2/ iQ i?2 �`+?Bi2+im`�HHv +HQb2bi M2irQ`F BM i?2 TQTmH�iBQM mbBM; i?2 bT2+i`mKX A7
i?2 +?BH/ ?�b #2ii2` }iM2bb- Bi `2TH�+2b i?2 �`+?Bi2+im`�HHv +HQb2bi M2irQ`F BM i?2 TQTmH�iBQMX �7@
i2` �HH i?2 +?BH/`2M M2irQ`Fb �`2 2p�Hm�i2/- i?2 T`Q+2bb `2T2�ib 7`QK i?2 }`bi M2irQ`F T`Q/m+BM;
� +?BH/ M2irQ`F- r?B+? BKTHB2b � M2r ;2M2`�iBQMX

7Q` i?2 H�bi QM2X AM i?2 iQm`M�K2Mi b2H2+iBQM- � bm#b2i Q7 i?2 TQTmH�iBQM Bb Q#i�BM2/ �M/
i?2 #2bi M2irQ`F BM/BpB/m�H BM i?2 bm#b2i }HHb i?2 M2irQ`F TQTmH�iBQM bHQi �b 2tTH�BM2/
BM a2+iBQM kXeXRX h?Bb T`Q+2/m`2 `2T2�ib iQ }HH i?2 M2r TQTmH�iBQM mMiBH i?2 T2MmHiBK�i2
M2irQ`F bHQiX �7i2`r�`/- i?2b2 M2irQ`Fb �`2 Kmi�i2/ �b T�`i Q7 i?2 2pQHmiBQM T`Q+2bbX 6Q`
i?2 H�bi M2irQ`F bHQi BM i?2 M2r TQTmH�iBQM- i?2 #2bi M2irQ`F �HbQ FMQrM �b i?2 2HBi2 BM i?2
T`2pBQmb TQTmH�iBQM Bb +�``B2/ Qp2` iQ i?2 M2r TQTmH�iBQM rBi?Qmi �Mv Kmi�iBQM- r?B+?
Bb �HbQ +�HH2/ 2HBiBbi b2H2+iBQMX h?Bb 2Mbm`2b i?�i i?2 T2`7Q`K�M+2 Q7 i?2 M2r TQTmH�iBQM
/Q2b MQi /2+`2�b2 QM i?2 M2ti ;2M2`�iBQMX h?2 T`Q+2bb 7`QK ai2T k Bb `2T2�i2/ mMiBH i?2
H�bi ;2M2`�iBQMX h?2 ;2M2`B+ M2m`Q2pQHmiBQM BKTH2K2Mi�iBQM Bb b?QrM BM 6B;X 9XkX

9XRXk ai2�/v@bi�i2 L2m`Q2pQHmiBQM

ai2�/v@bi�i2 M2m`Q2pQHmiBQM Bb BMbTB`2/ #v i?2 bi2�/v@bi�i2 ;2M2iB+ �H;Q`Bi?K U�;�TB2
�M/ q`B;?i- kyR9c o�`;�b �M/ Jm`�i�- kyReVX :2M2`B+ M2m`Q2pQHmiBQM Bb � ;QQ/ �TT`Q�+?
r?2M i?2 MmK#2` Q7 M2irQ`F BM/BpB/m�Hb Bb H�`;2 2MQm;? iQ #2 �#H2 iQ }M/ TQi2MiB�H
#2bi �`+?Bi2+im`2b BM � H�`;2 b2�`+? bT�+2X >Qr2p2`- bBM+2 *LLb ?�p2 BM?2`2MiHv /22T
�`+?Bi2+im`2b iQ 2z2+iBp2Hv H2�`M i?2 /�i�b2i 72�im`2b- i`�BMBM; 2�+? M2irQ`F BM i?2 TQT@
mH�iBQM `2T2�i2/Hv 2p2`v ;2M2`�iBQM Bb +QKTmi�iBQM�HHv 2tT2MbBp2 �M/ iBK2@+QMbmKBM;X
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�b � bQHmiBQM iQ i?Bb Bbbm2- bi2�/v@bi�i2 M2m`Q2pQHmiBQM Bb T`QTQb2/X AM ai2T R- BMbi2�/
Q7 BMBiB�HBxBM; i?2 M2irQ`Fb rBi? i?2 #�bB+ M2irQ`F �`+?Bi2+im`2 �b BM ;2M2`B+ M2m`Q2pQHm@
iBQM- i?2v �`2 BMBiB�HBx2/ iQ ?�p2 /Bp2`b2 �`+?Bi2+im`2b mbBM; i?2 bT2+i`mK@#�b2/ MB+?BM;
K2i?Q/ Uo�`;�b �M/ Jm`�i�- kyReVX 1�+? M2irQ`F �`+?Bi2+im`2 Bb `2T`2b2Mi2/ #v �M �`@
`�v +�HH2/ bT2+i`mKX h?2 bT2+i`mK +QMbBbib Q7 i?2 M2irQ`F T`QT2`iB2b M�K2Hv, MmK#2` Q7
+QMpQHmiBQM�H #HQ+Fb- MmK#2` Q7 TQQHBM; #HQ+Fb- MmK#2` Q7 bi`B/2/ +QMpQHmiBQM�H #HQ+Fb-
MmK#2` Q7 bmKK�iBQM #HQ+Fb- �M/ MmK#2` Q7 +QM+�i2M�iBQM #HQ+FbX h?2 /Bbi�M+2 #2ir22M
irQ M2irQ`Fb Bb K2�bm`2/ #v +�H+mH�iBM; i?2 1m+HB/2�M /Bbi�M+2 #2ir22M i?2B` `2bT2+iBp2
bT2+i`mKX h?2 /Bbi�M+2 #2ir22M M2irQ`Fb N1, N2- Bb +QKTmi2/ �b

dbT2+(N1, N2) = ‖bT2+(N1)− bT2+(N2)‖, U9XRV

r?2`2 bT2+(Ni) /2MQi2b i?2 bT2+i`mK Q7 M2irQ`F Ni �M/ ‖ · ‖ Bb i?2 1m+HB/2�M MQ`KX
L2ti- BM bi2T k- i?2 M2irQ`Fb BM i?2 TQTmH�iBQM �`2 i`�BM2/ rBi? i?2 bi�M/�`/ *LL
i`�BMBM;X �7i2`r�`/- i?2 T`Q+2bb +?�M;2b 7`QK i?2 ivTB+�H M2m`Q2pQHmiBQM BKTH2K2Mi�iBQMX
1�+? M2irQ`F BM i?2 TQTmH�iBQM T`Q/m+2b irQ iQ i?`22 +?BH/`2M M2irQ`Fb #v �;;`2bbBp2
Kmi�iBQM UBX2X- KmHiBTH2 Kmi�iBQMb QM i?2 M2irQ`FVX h?2 +?BH/`2M �`2 �HbQ i`�BM2/ �M/
i?2B` }iM2bb UBX2X- i2bi b2i �++m`�+vV Bb +QKT�`2/ iQ i?2 +HQb2bi M2irQ`F BM i?2 TQTmH�iBQM
mbBM; i?2 bT2+i`mKX A7 � +?BH/ M2irQ`F ?�b #2ii2` }iM2bb i?�M Bib +HQb2bi M2irQ`F- i?2 +?BH/
`2TH�+2b Bi BM i?2 TQTmH�iBQMX h?2 T`Q+2bb 7`QK M2irQ`Fb T`Q/m+BM; +?BH/`2M iQ +?BH/`2M
`2TH�+BM; BM/BpB/m�Hb BM i?2 TQTmH�iBQM Bb `2T2�i2/ i?`Qm;? �HH i?2 ;2M2`�iBQMbX � #�bB+
BKTH2K2Mi�iBQM Q7 i?2 bi2�/v@bi�i2 M2m`Q2pQHmiBQM Bb b?QrM BM 6B;X 9XjX

*QMi`�`v iQ ;2M2`B+ M2m`Q2pQHmiBQM- bi2�/v@bi�i2 M2m`Q2pQHmiBQM /Q2b MQi `2Hv QM
i?2 TQTmH�iBQM bBx2 iQ 2M+Qm`�;2 /Bp2`bBiv �KQM; i?2 M2irQ`Fb �M/ }M/ i?2 #2bi �`+?Bi2+@
im`2bX AMbi2�/- i?2 +QK#BM�iBQM Q7 /Bp2`b2 TQTmH�iBQM BMBiB�HBx�iBQM- �;;`2bbBp2 Kmi�iBQM-
�M/ BM/BpB/m�H M2irQ`F `2TH�+2K2Mi r?2M Bi Bb QmiT2`7Q`K2/- �HHQrb bi2�/v@bi�i2 M2m@
`Q2pQHmiBQM iQ #2 2z2+iBp2 2p2M QM � bK�HH TQTmH�iBQM U2X;X- bi2�/v@bi�i2 �M/ ;2M2`B+
M2m`Q2pQHmiBQM mbBM; 7Qm` �M/ ir2Hp2 M2irQ`Fb `2bT2+iBp2HvVX A7 /Bp2`b2 TQTmH�iBQM BMB@
iB�HBx�iBQM �M/ �;;`2bbBp2 Kmi�iBQM �`2 �TTHB2/ BM ;2M2`B+ M2m`Q2pQHmiBQM rBi? � bK�HH
TQTmH�iBQM- i?2 M2irQ`Fb rBHH bBKTHv +QMp2`;2 BMiQ bBKBH�` �`+?Bi2+im`2b /m2 iQ TQTm@
H�iBQM `2TH�+2K2Mi 2p2`v ;2M2`�iBQM �M/ 7�BH iQ 2pQHp2 BMiQ ;QQ/ M2irQ`F �`+?Bi2+im`2bX
JQ`2Qp2`- i?2 M2irQ`Fb BM i?2 bi2�/v@bi�i2 M2m`Q2pQHmiBQM �`2 i`�BM2/ QMHv QM+2 mMHBF2
BM i?2 ;2M2`B+ M2m`Q2pQHmiBQM r?2`2 i?2 r?QH2 TQTmH�iBQM Bb i`�BM2/X 6BM�HHv- BM bi2�/v@
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bi�i2 M2m`Q2pQHmiBQM- i?2 BM/BpB/m�Hb BM i?2 TQTmH�iBQM �`2 2Mbm`2/ iQ ?�p2 #2ii2` �++m`�+v
�HQM; rBi? i?2 ;2M2`�iBQMbX

h?2 Kmi�iBQMb BM #Qi? M2m`Q2pQHmiBQM +QM};m`�iBQMb �`2 /QM2 #v �//BM;- KQ/B7v@
BM;- Q` /2H2iBM; � +QMpQHmiBQM�H #HQ+F- TQQHBM; #HQ+F- Q` bi`B/2/ +QMpQHmiBQM�H #HQ+FX AM
�//BiBQM- i?2 bmKK�iBQM #HQ+F- r?B+? bmKb i?2 QmiTmi +?�MM2Hb Q7 irQ T`BQ` #HQ+Fb- �M/
i?2 +QM+�i2M�iBQM #HQ+F- r?B+? +QM+�i2M�i2b i?2 QmiTmi +?�MM2Hb Q7 irQ T`BQ` #HQ+Fb �`2
�//2/ �b bFBT +QMM2+iBQM #HQ+FbX AM i?2 bmKK�iBQM #HQ+F- B7 i?2 QmiTmi +?�MM2Hb Q7 irQ
T`BQ` #HQ+Fb /Q MQi K�i+?- i?2 bK�HH2` QmiTmi +?�MM2H Bb T�//2/ rBi? x2`Q2b iQ K�i+?
i?2 H�`;2` QmiTmi +?�MM2H #27Q`2 �//BM; i?2K iQ;2i?2`X

9Xk G2�`MBM; 7`QK i`�BM2/ L2irQ`Fb J2i?Q/b

lbBM; i?2 H2�`MBM; Q7 � i`�BM2/ M2irQ`F Bb #2M2}+B�H 7Q` BKT`QpBM; i?2 i`�BMBM; �M/
T2`7Q`K�M+2 Q7 �MQi?2` M2irQ`FX PM2 Q7 i?2 r2HH@FMQrM i2+?MB[m2b i?�i mb2b i?Bb +QM+2Ti
Bb i`�Mb72` H2�`MBM;X h?2 F2v B/2� BM i`�Mb72` H2�`MBM; Bb iQ `2mb2 i?2 r2B;?ib Q` 72�im`2b
2ti`�+i2/ 7`QK � /�i�b2i iQ �MQi?2` /�i�b2i BM Q`/2` iQ `2/m+2 i`�BMBM; iBK2 �M/ +QKT2M@
b�i2 7Q` i?2 72�im`2b T`QpB/2/ #v � bK�HH /�i�b2iX h`�Mb72` H2�`MBM; Bb 2z2+iBp2 BM *LLb
#2+�mb2 *LLb b?�`2 i?2 b�K2 HQr@H2p2H 72�im`2 2ti`�+iQ` BM i?2B` }`bi 72r H�v2`bX h`�Mb72`
H2�`MBM; K�F2b bi�M/�`/ M2irQ`Fb U2X;X- _2bL2iV- 2p2M rBi? p2`v /22T �`+?Bi2+im`2b mb27mH
iQ i`�BM rBi? /Bz2`2Mi /�i�b2ibX >Qr2p2`- i`�Mb72` H2�`MBM; Bb MQi /B`2+iHv �++2bbB#H2 iQ
M2m`Q2pQHmiBQM@T`Q/m+2/ M2irQ`Fb /m2 iQ i?2 +QKTH2tBiv Q7 i?2B` �`+?Bi2+im`2bX h?2`2@
7Q`2- irQ i`�Mb72` H2�`MBM; K2i?Q/b �`2 KQ/B}2/ iQ �TTHv iQ M2m`Q2pQHmiBQM@T`Q/m+2/
M2irQ`FbX AM �//BiBQM- �MQi?2` i2+?MB[m2 i?�i mb2b i?2 H2�`MBM; Q7 � i`�BM2/ M2irQ`F-
r?B+? Bb +�HH2/ FMQrH2/;2 /BbiBHH�iBQM- Bb �HbQ �TTHB2/ iQ M2m`Q2pQHmiBQM@T`Q/m+2/ M2i@
rQ`FbX AM FMQrH2/;2 /BbiBHH�iBQM- BMbi2�/ Q7 mbBM; i?2 r2B;?ib Q7 � i`�BM2/ M2irQ`F- i?2
`2bTQMb2 Q7 � i`�BM2/ M2irQ`F U2X;X- HQ;BibV iQ �M BMTmi Bb mb2/ iQ ;mB/2 i?2 H2�`MBM; Q7 i?2
i�`;2i M2irQ`FX qBi? i?Bb K2i?Q/- i?2 H2�`MBM; Q7 � i`�BM2/ M2irQ`F +�M #2 i`�Mb72``2/
iQ � M2irQ`F 2p2M rBi? � /Bz2`2Mi �`+?Bi2+im`2X

9XkXR h`�Mb72` G2�`MBM;

h?2`2 �`2 irQ ivT2b Q7 i`�Mb72` H2�`MBM; K2i?Q/b BM+Q`TQ`�i2/ iQ M2m`Q2pQHmiBQM
i`�BMBM;X h?2 }`bi ivT2 Bb }M2@imMBM;- r?2`2 i?2 r2B;?ib Q7 � M2irQ`F i`�BM2/ QM � /B7@
72`2Mi /�i�b2i U2X;X- AK�;2L2i /�i�b2iV �`2 mb2/ �b BMBiB�H r2B;?ib Q7 i?2 i�`;2i M2irQ`FX
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L2ti- i?2 i�`;2i M2irQ`F Bb 2pQHp2/ mbBM; M2m`Q2pQHmiBQM iQ 7m`i?2` QTiBKBx2 Bib �`+?Bi2+@
im`2 iQ i?2 /�i�b2i BM �//BiBQM iQ i?2 r2B;?ib QTiBKBx�iBQM Q7 i?2 i`�BMBM; T`Q+2bbX h?2
b2+QM/ ivT2 Q7 i`�Mb72` H2�`MBM; Bb 72�im`2 2ti`�+iBQMX AM 72�im`2 2ti`�+iBQM- i?2 r2B;?ib
i`�Mb72``2/ iQ i?2 i�`;2i M2irQ`F �`2 7`Qx2MX am#b2[m2MiHv- i?2 M2irQ`F Bb 2pQHp2/ mbBM;
M2m`Q2pQHmiBQM r?BH2 F22TBM; i?2 r2B;?ib 7`QK i?2 i`�BM2/ M2irQ`F i?2 b�K2 i?`Qm;? i?2
;2M2`�iBQMbX L2m`Q2pQHmiBQM 2bb2MiB�HHv �//b #HQ+Fb i?�i �`2 M2+2bb�`v iQ BKT`Qp2 i?2
T2`7Q`K�M+2 Q7 i?2 i�`;2i M2irQ`FX

9XkXk EMQrH2/;2 .BbiBHH�iBQM

AM FMQrH2/;2 /BbiBHH�iBQM- �b /Bb+mbb2/ BM a2+iBQM kX8Xk- i?2 H2�`MBM; Q7 � i`�BM2/
M2irQ`F Q` i2�+?2` M2irQ`F Bb b?�`2/ iQ �MQi?2` M2irQ`F Q` bim/2Mi M2irQ`F i?`Qm;?
i?2B` HQ;Bib U>BMiQM 2i �HX- kyR8VX "Qi? M2irQ`Fb �`2 72/ rBi? i?2 b�K2 BK�;2 �M/ i?2
HQ;Bib UBX2X- i?2 QmiTmi Q7 i?2 H�bi H�v2`V Q7 2�+? M2irQ`F Bb 72/ iQ i?2 KQ/B}2/ bQ7iK�tX
h?2 KQ/B}2/ bQ7iK�t 7mM+iBQM ?�b � T�`�K2i2` +�HH2/ i2KT2`�im`2 /2MQi2/ �b h- r?B+?
`2;mH�i2b i?2 BKTQ`i�M+2 Q7 2�+? HQ;BibX h?2 KQ/B}2/ bQ7iK�t Bb 7Q`K�HHv /2}M2/ �b

pi =
2tT(zi/h)∑
j 2tT(zj/h)

, U9XkV

r?2`2 zi /2MQi2b i?2 HQ;Bib Q7 � M2irQ`F �i i@i? +H�bb- pi /2MQi2b i?2 T`Q#�#BHBiv Q7 �M
BMTmi #2HQM;BM; iQ i@i? +H�bb- �M/ h �b i?2 i2KT2`�im`2X q?2M h → ∞- i?2 T`Q#�#BHBiv
#2ir22M i?2 +H�bb2b #2+QK2b i?2 b�K2X >Qr2p2`- r?2M h → 0- i?2 T`Q#�#BHBiv #2ir22M
i?2 +H�bb2b #2+QK2b � QM2@?Qi H�#2H- i?�i Bb i?2 +H�bb rBi? i?2 ?B;?2bi T`Q#�#BHBiv ?�b
� p�Hm2 Q7 R r?BH2 Qi?2` +H�bb2b #2+QK2 x2`QX aBM+2 BM FMQrH2/;2 /BbiBHH�iBQM- i?2 +H�bb
T`Q#�#BHBiv �bbB;MK2Mi Q7 i?2 i2�+?2` M2irQ`F Bb iQ #2 i�m;?i iQ i?2 bim/2Mi M2irQ`F- i?2
h b?QmH/ T`QT2`Hv #2 �/Dmbi2/X am#b2[m2MiHv- i?2 /BbiBHH�iBQM HQbb- r?B+? 2M+Qm`�;2b i?2
bim/2Mi M2irQ`F iQ K�i+? Bib HQ;Bib rBi? i?2 i2�+?2` M2irQ`F- Bb /2}M2/ �b

LD(p(zt,h), p(zs,h)) =
∑

i

−pi(zti,h)HQ;(pi(zsi,h)), U9XjV

r?2`2 zt �M/ zs �`2 i?2 HQ;Bib Q7 i?2 i2�+?2` M2irQ`F �M/ bim/2Mi M2irQ`F `2bT2+iBp2HvX
h?2 /BbiBHH�iBQM HQbb Bb �//2/ iQ i?2 +`Qbb@2Mi`QTv HQbb Q7 i?2 bim/2Mi M2irQ`F- r?B+? K�F2b
i?2 iQi�H HQbb /2}M2/ �b

L = LCE + LD. U9X9V
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h?2 +QK#BM�iBQM Q7 i?2 irQ HQbb2b 2M+Qm`�;2b i?2 bim/2Mi M2irQ`F iQ QTiBKBx2 Bib T�@
`�K2i2`b MQi QMHv iQ QmiTmi +Q``2+i BK�;2 H�#2Hb #mi �HbQ QmiTmi HQ;Bib bBKBH�` iQ i?�i
Q7 i?2 i2�+?2` M2irQ`FX h?Bb K2i?Q/ Bb i2bi2/ rBi? M2m`Q2pQHmiBQM@T`Q/m+2/ M2irQ`Fb iQ
2p�Hm�i2 r?2i?2` � i`�BM2/ M2irQ`F +�M ?2HT BKT`Qp2 i?2 T2`7Q`K�M+2 Q7 M2m`Q2pQHmiBQM@
T`Q/m+2/ M2irQ`FbX

9Xj L2m`2QpQHmiBQM �TTHB+�iBQMb

hQ +QM+`2i2Hv /2KQMbi`�i2 i?2 2z2+iBp2M2bb Q7 M2m`Q2pQHmiBQM BM /Bb+Qp2`BM; QTiBK�H
M2irQ`F �`+?Bi2+im`2b- Bi Bb �TTHB2/ iQ irQ bT2+B}+ T`Q#H2Kb BM /22T M2m`�H M2irQ`FbX 6B`bi-
M2m`Q2pQHmiBQM Bb mb2/ iQ }M/ ;QQ/ �`+?Bi2+im`2b 7Q` /2i2+iBM; /�M;2`Qmb Q#D2+ib BM s@`�v
BK�;2bX a2+QM/- M2m`Q2pQHmiBQM Bb i�bF2/ iQ }M/ M2irQ`F �`+?Bi2+im`2b i?�i �`2 `Q#mbi iQ
i?2 i`�Mb72`�#BHBiv Q7 �/p2`b�`B�H 2t�KTH2bX

9XjXR s@`�v P#D2+i .2i2+iBQM

AM i?Bb �TTHB+�iBQM- � *LL Bb 72/ rBi? s@`�v BK�;2b i?�i +QMi�BM /�M;2`Qmb Q#D2+ibX
h?2 �BK Q7 *LL Bb iQ T2`7Q`K Q#D2+i /2i2+iBQM- r?B+? Bb +`2�iBM; � #QmM/BM; #Qt �`QmM/
/�M;2`Qmb Q#D2+ib r?BH2 +Q``2+iHv H�#2HBM; i?2K BM i?2 T`Q+2bbX AM +QMi`�bi iQ BK�;2
+H�bbB}+�iBQM- Q#D2+i /2i2+iBQM Bb KQ`2 +QKTHB+�i2/ #2+�mb2 Bi +QK#BM2b HQ+�HBx�iBQM Q7
Q#D2+ib �M/ BK�;2 +H�bbB}+�iBQMX AM �//BiBQM- �TTHB+�iBQMb i?�i mb2 bT2+B�HBx2/ BK�;2b
bm+? �b s@`�v /�i�b2ib �b b?QrM BM 6B;X kXjd- i2M/ iQ ?�p2 � HBKBi2/ MmK#2` Q7 BK�;2bX
h?Bb Bb /m2 iQ i?2 /B{+mHiv BM /�i� +QHH2+iBQM �M/ b+�`+Biv Q7 `2bQm`+2b U2X;X- +�M+2`
imKQ`bVX AM i?2 +�b2 Q7 /�M;2`Qmb Q#D2+ib s@`�vb- +QKT�MB2b �`2 `2Hm+i�Mi iQ /BpmH;2 bm+?
/�i�b2ib Tm#HB+Hv Qp2` i?2 `BbF Q7 D2QT�`/BxBM; b2+m`BivX h?mb- i�+FHBM; i?Bb Bbbm2 Bb � ;QQ/
K2�bm`2 7Q` i?2 +�T�#BHBiv Q7 M2m`Q2pQHmiBQMX

hQ +QK#BM2 Q#D2+i HQ+�HBx�iBQM �M/ BK�;2 +H�bbB}+�iBQM BM *LLb- i?2`2 �`2 bT2+B�H@
Bx2/ M2irQ`F �`+?Bi2+im`2b �M/ i`�BMBM; 2p�Hm�iBQMb iQ 2z2+iBp2Hv 2ti`�+i i?2 M2+2bb�`v
BM7Q`K�iBQM 7`QK i?2 /�i�b2iX PM2 Q7 i?2 KQbi bm++2bb7mH BKTH2K2Mi�iBQMb Q7 Q#D2+i /2@
i2+iBQM BM *LL Bb i?2 uPGP �H;Q`Bi?K U_2/KQM �M/ 6�`?�/B- kyR3VX h?2 uPGPpj ?�b
� M2irQ`F �`+?Bi2+im`2 +�HH2/ .�`FM2i@8j �b b22M BM 6B;X 9X9X Ai Bb �M Bi2`�iBQM 7`QK Bib
T`2pBQmb p2`bBQM i?�i miBHBx2b bFBT +QMM2+iBQMb iQ +`2�i2 � /22T M2irQ`FX h?2 uPGPpj
?�b 8j +QMpQHmiBQM�H #HQ+Fb �b QTTQb2/ iQ RN 7`QK i?2 T`2pBQmb p2`bBQMX h?2 BKT`Qp2K2Mi
bQHp2b /Bz2`2Mi T`Q#H2Kb BM+Hm/BM; i?2 �#BHBiv iQ /2i2+i bK�HH Q#D2+ibX
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6B;m`2 9X9, uPGPpj L2irQ`F �`+?Bi2+im`2X

�TTHvBM; � /22T uPGPpj M2irQ`F iQ � bT2+B�HBx2/ �TTHB+�iBQM bm+? �b /�M;2`Qmb
Q#D2+ib s@`�v /2i2+iBQM- r?B+? ?�b HBKBi2/ BK�;2b- K�v MQi #2 QTiBK�HX Ai Bb #2+�mb2 �
HBKBi2/ /�i�b2i /Q2b MQi M22/ � /22T M2irQ`F �`+?Bi2+im`2X h?2 uPGPpj �`+?Bi2+im`2 +�M
#2 /BpB/2/ BMiQ irQ b2+iBQMb �b b22M BM 6B; 9X9X h?2 }`bi b2+iBQM- r?B+? +QMbiBimi2b i?2 #mHF
Q7 i?2 �`+?Bi2+im`2- Bb bBKBH�` iQ i?2 �`+?Bi2+im`2 Q7 _2bL2i rBi? bFBT +QMM2+iBQMb 2p2`v
72r +QMpQHmiBQM�H #HQ+FbX h?Bb b2+iBQM Bb /2MQi2/ �b #�+F#QM2X h?2 b2+QM/ b2+iBQM- r?B+?
Bb +QKT`Bb2/ Q7 2p�Hm�iBQM #HQ+Fb- mTb�KTHBM; #HQ+Fb- �M/ HQM; bFBT +QMM2+iBQMb 7`QK i?2
#�+F#QM2 Bb /2MQi2/ �b 2p�Hm�iBQMX h?2 2p�Hm�iBQM Bb `2bTQMbB#H2 7Q` +�H+mH�iBM; i?2 HQbb Q7
BMTmi BK�;2bX aBM+2 i?2 #�+F#QM2 ?�b MmK2`Qmb +QMpQHmiBQM�H #HQ+Fb- M2m`Q2pQHmiBQM Bb
T`QTQb2/ iQ +`2�i2 � bm#biBimi2 �`+?Bi2+im`2 i?�i K�BMi�BMb Q` BKT`Qp2b i?2 T2`7Q`K�M+2 Q7
i?2 Q`B;BM�H #�+F#QM2 r?BH2 `2/m+BM; i?2 MmK#2` Q7 #HQ+Fb �M/ QTiBKBxBM; i?2 �`+?Bi2+im`2
iQ i?2 bT2+B}+ /�i�b2i UBX2X- /�M;2`Qmb Q#D2+ib s@`�vVX

h?2 M2m`Q2pQHmiBQM +QM};m`�iBQM mb2/ BM i?Bb �TTHB+�iBQM Bb i?2 ;2M2`B+ M2m`Q2pQHm@
iBQMX lM/2` i?Bb +QM};m`�iBQM- i?2`2 �`2 irQ K2i?Q/b T`QTQb2/ iQ +`2�i2 � M2r #�+F#QM2
7Q` i?2 uPGPpjX h?2 }`bi K2i?Q/ mb2b � /Bz2`2Mi /�i�b2i �M/ �TTHB+�iBQM UBX2X- *A6�_@
Ry /�i�b2i �M/ BK�;2 +H�bbB}+�iBQMV iQ +`2�i2 � M2irQ`F mbBM; M2m`Q2pQHmiBQM- �M/ i?2M-
i?2 T`Q/m+2/ M2irQ`F `2TH�+2b i?2 uPGPpj #�+F#QM2X h?2 b2+QM/ K2i?Q/- QM i?2 Qi?2`
?�M/- `2TH�+2b i?2 #�+F#QM2 Q7 uPGPpj rBi? � #�bB+ M2irQ`F �M/ mb2b KmHiBTH2 +QTB2b
Q7 Bi iQ 7Q`K � M2m`Q2pQHmiBQM TQTmH�iBQMX h?2 TQTmH�iBQM Q7 uPGPpj M2irQ`Fb rBi? �
#�bB+ #�+F#QM2 mM/2`;Q2b M2m`Q2pQHmiBQM r?2`2 i?2 #�+F#QM2 Kmi�i2b 2p2`v ;2M2`�iBQM
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�H;Q`Bi?K k �H;Q`Bi?K 7Q` L1*LL@*Ry
AMTmi, b, #�bB+ M2irQ`F- s, bBx2 Q7 TQTmH�iBQM- l, K�t M2irQ`F #HQ+F +QmMi- t, i`�BMBM; H2M;i?
PmiTmi, F , QmiTmi M2irQ`F

R, P = {N1, N2, ..., Ns} &AMBiB�HBx2 i?2 �HH i?2 M2irQ`Fb rBi? i?2 M2irQ`F �`+?Bi2+im`2 b
k, 7Q` i = 1, 2, ..., (l·t) /Q
j, 7Q` 2�+? N BM P /Q
9, N = h`�BMUNV
8, 2M/ 7Q`
e, B7 i KQ/ t = 0 i?2M
d, 7Q` j = 1, 2, ..., s /Q
3, Cj = 1p�Hm�i2UNjV &1p�Hm�i2 i?2 }iM2bb Q7 2�+? M2irQ`F- r?B+? Bb i?2 �++m`�+v
N, 2M/ 7Q`

Ry, 7Q` j = 1, 2, ..., s /Q
RR, Mj = hQm`M�K2Mia2H2+iBQMUC,P V
Rk, 2M/ 7Q`
Rj, 7Q` j = 1, 2, ..., s /Q
R9, Nj = Jmi�iBQMUMjV
R8, 2M/ 7Q`
Re, 2M/ B7
Rd, 2M/ 7Q`
R3, 7Q` j = 1, 2, ..., s /Q
RN, Cj = 1p�Hm�i2UNjV
ky, 2M/ 7Q`
kR, `2im`M a2H2+i"2biUC,P V &a2H2+i i?2 #2bi M2irQ`F mbBM; i?2 }iM2bb

iQ QTiBKBx2 i?2 �`+?Bi2+im`2 iQ i?2 /�i�b2iX h?2 }`bi �M/ b2+QM/ K2i?Q/b �`2 bmKK�`Bx2/
BM �H;Q`Bi?Kb k �M/ j `2bT2+iBp2HvX

AM �H;Q`Bi?K k- i?2 M2m`Q2pQHmiBQM TQTmH�iBQM Bb BMBiB�HBx2/ rBi? s MmK#2` Q7 BM@
/BpB/m�H M2irQ`FbX �HH i?2 BM/BpB/m�H M2irQ`Fb ?�p2 i?2 b�K2 #�bB+ �`+?Bi2+im`2 bX h?2
M2irQ`Fb �`2 i`�BM2/ rBi? i?2 *A6�_@Ry /�i�b2i 7Q` t 2TQ+?b �M/ i?2 M2irQ`Fb �`2 2p�Hm@
�i2/ 7Q` }iM2bb- r?B+? Bb i?2 BK�;2 +H�bbB}+�iBQM �++m`�+vX �7i2`r�`/- s− 1 M2irQ`Fb �`2
b2H2+i2/ mbBM; iQm`M�K2Mi b2H2+iBQMX h?2 b2H2+i2/ BM/BpB/m�Hb �`2 Kmi�i2/ �M/ `2TH�+2b
i?2 +m``2Mi BM/BpB/m�Hb BM i?2 M2ti ;2M2`�iBQM Q7 TQTmH�iBQMX 6Q` i?2 H�bi BM/BpB/m�H bHQi
BM i?2 TQTmH�iBQM- i?2 2HBi2 BM/BpB/m�H 7`QK i?2 +m``2Mi TQTmH�iBQM Bb +QTB2/ iQ i?2 M2ti
;2M2`�iBQM Q7 i?2 TQTmH�iBQMX h?2M- i?2 +v+H2 7`QK i?2 i`�BMBM; Q7 M2irQ`Fb BM i?2 TQTm@
H�iBQM `2T2�ib l iBK2bX �7i2` i?2 2pQHmiBQM ?�b }MBb?2/- i?2 #2bi BM/BpB/m�H M2irQ`F F BM
i?2 TQTmH�iBQM Bb `2im`M2/ �M/ #2+QK2b i?2 uPGPpj #�+F#QM2X

*QMp2`b2Hv- BM �H;Q`Bi?K j- M2m`Q2pQHmiBQM /B`2+iHv 2pQHp2b � TQTmH�iBQM Q7 uPGPpj
M2irQ`Fb rBi? � #�bB+ #�+F#QM2X .m`BM; BMBiB�HBx�iBQM- i?2 TQTmH�iBQM Bb }HH2/ rBi? s

MmK#2` Q7 i?2 b�K2 uPGPpj M2irQ`F rBi? � #�bB+ #�+F#QM2X 1�+? BM/BpB/m�H BM i?2
TQTmH�iBQM Bb i`�BM2/ rBi? i?2 /�M;2`Qmb Q#D2+ib s@`�v /�i�b2i 7Q` t 2TQ+?b �M/ bm#b2@



3e

�H;Q`Bi?K j �H;Q`Bi?K 7Q` L1*LL@s_
AMTmi, b, uPGPpj rBi? #�bB+ #�+F#QM2- s, bBx2 Q7 TQTmH�iBQM- l, K�t M2irQ`F #HQ+F +QmMi- t,

i`�BMBM; H2M;i?- e, `2}M2 2TQ+? +QmMi
PmiTmi, F , QmiTmi M2irQ`F

R, P = {N1, N2, ..., Ns} &AMBiB�HBx2 i?2 �HH i?2 M2irQ`Fb rBi? i?2 M2irQ`F �`+?Bi2+im`2 b
k, 7Q` i = 1, 2, ..., (l·t) /Q
j, 7Q` 2�+? N BM P /Q
9, N = h`�BMUNV
8, 2M/ 7Q`
e, B7 i KQ/ t = 0 i?2M
d, 7Q` j = 1, 2, ..., s /Q
3, Cj = 1p�Hm�i2UNjV &1p�Hm�i2 i?2 }iM2bb Q7 2�+? M2irQ`F- r?B+? Bb i?2 �++m`�+v
N, 2M/ 7Q`

Ry, M4a2H2+i"2biUC,P V &a2H2+i i?2 #2bi M2irQ`F mbBM; i?2 }iM2bb
RR, 7Q` j = 1, 2, ..., s /Q
Rk, B7 j = 1 i?2M
Rj, Nj 4 M
R9, 2M/ B7
R8, Nj 4 Jmi�i2UMV
Re, 2M/ 7Q`
Rd, 2M/ B7
R3, 2M/ 7Q`
RN, 7Q` j = 1, 2, ..., s /Q
ky, Cj = 1p�Hm�i2UNjV
kR, 2M/ 7Q`
kk, K4a2H2+i"2biUC,P V
kj, 7Q` i = 1, 2, ..., e /Q
k9, K = h`�BMUKV &_2}MBM; i?2 #2bi M2irQ`F
k8, 2M/ 7Q`
ke, `2im`M K

[m2MiHv 2p�Hm�i2/ 7Q` }iM2bbX aBM+2 i?2 �TTHB+�iBQM Bb Q#D2+i /2i2+iBQM- i?2 }iM2bb Bb i?2
K2�M �p2`�;2 T`2+BbBQM Q7 i?2 M2irQ`FX AM +QMi`�bi iQ �H;Q`Bi?K k- QMHv i?2 #2bi M2irQ`F
7`QK i?2 +m``2Mi TQTmH�iBQM Bb Kmi�i2/ 2p2`v iBK2 iQ }HH i?2 s − 1 TQTmH�iBQM bHQib 7Q`
i?2 M2ti ;2M2`�iBQMX h?2 `2�bQM #2?BM/ i?Bb Bb i?2 +QMbB/2`�#Hv ?B;? +QKTmi�iBQM�H +Qbi
Q7 i`�BMBM; � uPGPpj M2irQ`F +QKT�`2/ iQ � `2;mH�` *LL 7Q` BK�;2 +H�bbB}+�iBQMX h?2
}M�H TQTmH�iBQM bHQi 7Q` i?2 M2ti ;2M2`�iBQM Bb �;�BM }HH2/ #v i?2 #2bi M2irQ`F 7`QK i?2
+m``2Mi M2irQ`F rBi?Qmi Kmi�iBQMbX �7i2` i?2 2pQHmiBQM- i?2 #2bi M2irQ`F Bb Q#i�BM2/
7`QK i?2 TQTmH�iBQM �M/ i`�BM2/ 7m`i?2` 7Q` e 2TQ+?bX h?2 `2}M2/ M2irQ`F Bb `2im`M2/ �b
F X

9XjXk h`�Mb72`�#BHBiv Q7 �/p2`b�`B�H 1t�KTH2b .272Mb2

PM2 Q7 i?2 KQbi BMi`B;mBM; T`Q#H2Kb BM /22T M2m`�H M2irQ`Fb Bb �/p2`b�`B�H �ii�+Fb
�b /Bb+mbb2/ BM a2+iBQM kXjX9X �/p2`b�`B�H �ii�+Fb +�M 7QQH i?2 M2irQ`F BMiQ KBb+H�bbB7vBM;
BK�;2b #v bHB;?iHv T2`im`#BM; i?2 BK�;2 TBt2Hb- r?B+? �`2 MQi pBbB#H2 iQ i?2 ?mK�M 2v2X
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6m`i?2`KQ`2- �M �ii�+F2/ BK�;2- FMQrM �b �/p2`b�`B�H 2t�KTH2- /2bB;M2/ 7Q` � bT2+B}+
M2irQ`F +�M �biQMBb?BM;Hv 7QQH �MQi?2` M2irQ`F rBi?Qmi �//BiBQM�H T2`im`#�iBQMbX hQ
+QK#�i i?2 i`�Mb72`�#BHBiv Q7 �/p2`b�`B�H 2t�KTH2b- KQbi `2b2�`+?2b 7Q+mb QM BKT`QpBM;
i?2 M2irQ`F i`�BMBM; T`Q+2bb U2X;X- �/p2`b�`B�H i`�BMBM;V Q` }Hi2`BM; i?2 BMTmi BK�;2b U2X;X-
CS1: +QKT`2bbBQMV U:mQ 2i �HX- kyR3c a?�7�?B 2i �HX- kyRNc qQM; 2i �HX- kyRNVX >Qr@
2p2`- i?2`2 �`2 `2+2Mi �M/ HBKBi2/ `2b2�`+?2b i?�i i`v iQ }M/ M2irQ`Fb i?�i �`2 `Q#mbi
iQ �/p2`b�`B�H 2t�KTH2b 7`QK i?2 �`+?Bi2+im`2 T2`bT2+iBp2X h?mb- �b � +QMi`B#miBQM iQ
i?2 HBi2`�im`2- � K2i?Q/ iQ mb2 M2m`Q2pQHmiBQM iQ }M/ `Q#mbi M2irQ`F �`+?Bi2+im`2b Bb
T`QTQb2/X

�Hi?Qm;? KQbi bi�M/�`/ M2irQ`Fb U2X;X- _2bL2i- .2Mb2L2i- 2i+XV b?�`2 i`�Mb72`@
�#BHBiv Q7 �/p2`b�`B�H 2t�KTH2b #2ir22M i?2K- Bi ?�b #22M 2KTB`B+�HHv Q#b2`p2/ i?�i i?2
2ti2Mi Q7 i`�Mb72`�#BHBiv /2T2M/b QM i?2 bBKBH�`Biv Q7 i?2 M2irQ`F �`+?Bi2+im`2X h?2 KQ`2
�`+?Bi2+im`�H bBKBH�`BiB2b irQ M2irQ`Fb b?�`2- i?2 ?B;?2` i?2 i`�Mb72`�#BHBiv Q7 �/p2`b�`B�H
2t�KTH2b Bb b?�`2/ #2ir22M i?2KX h?2`27Q`2- M2m`Q2pQHmiBQM Bb T`QTQb2/ iQ }M/ M2i@
rQ`F �`+?Bi2+im`2b i?�i +�M `2bBbi i`�Mb72`�#BHBivX >Qr2p2`- mbBM; M2m`Q2pQHmiBQM �HQM2 iQ
}M/ bm+? M2irQ`Fb `2[mB`2b +QKTH2t Kmi�iBQM T`Q+2/m`2b �M/ � H�`;2 MmK#2` Q7 ;2M2`�@
iBQMb UEQiv�M �M/ o�`;�b- kykyVX hQ K�F2 i?2 �`+?Bi2+im`2 b2�`+? 2{+B2Mi- � i2+?MB[m2
+�HH2/ ;`�/B2Mi KBb�HB;MK2Mi U:JV Bb +QK#BM2/ rBi? M2m`Q2pQHmiBQMX h?2 M2irQ`Fb i?�i
b?�`2 ?B;? i`�Mb72`�#BHBiv #2ir22M i?2K �HbQ 2t?B#Bi �HB;M2/ BMTmi ;`�/B2Mib UGBm 2i �HX-
kyRec .2KQMiBb 2i �HX- kyRNVX h?2 ;`�/B2Mi KBb�HB;MK2Mi i2+?MB[m2 �HB;Mb i?2 /B`2+iBQM Q7
BMTmi ;`�/B2Mib Q7 � M2irQ`F QTTQbBi2 iQ i?Qb2 Q7 i?2 M2irQ`F r?2`2 i?2 �/p2`b�`B�H 2t�K@
TH2b �`2 ;2M2`�i2/X lbBM; i?Bb i2+?MB[m2 �HQM2 +�M K�F2 � M2irQ`F `Q#mbi #mi +QK#BMBM;
Bi rBi? M2m`Q2pQHmiBQM T`Q/m+2b � bB;MB}+�MiHv KQ`2 `Q#mbi M2irQ`F �b /2KQMbi`�i2/ BM
i?2 2tT2`BK2MibX JQ`2Qp2`- :J �HHQrb M2m`Q2pQHmiBQM iQ mb2 bBKTH2` M2irQ`F Kmi�iBQMb
�M/ � bK�HH2` MmK#2` Q7 ;2M2`�iBQMb i?�M i?2 T`2pBQmb bim/vX 6Q`K�HHv- M2m`Q2pQHmiBQM
rBi? :J Bb T`QTQb2/ iQ }M/ M2irQ`Fb i?�i �`2 `Q#mbi iQ i?2 i`�Mb72`�#BHBiv Q7 �/p2`b�`B�H
2t�KTH2b 7Q` i?Bb �TTHB+�iBQMX

h?2 M2m`Q2pQHmiBQM +QM};m`�iBQM miBHBx2/ BM i?Bb �TTHB+�iBQM Bb i?2 bi2�/v@bi�i2
M2m`Q2pQHmiBQMX �b bm+?- Bi 7QHHQrb i?2 M2m`Q2pQHmiBQM T`Q+2bb /2b+`B#2/ BM a2+iBQM 9XRXkX
h?2 K�BM /Bz2`2M+2b BM i?2 M2m`Q2pQHmiBQM BKTH2K2Mi�iBQM Q7 i?Bb �TTHB+�iBQM �`2 i?2
i`�BMBM; T`Q+2/m`2 �M/ i?2 }iM2bb 7mM+iBQMX �b K2MiBQM2/ #27Q`2- :J Bb +QK#BM2/ rBi?
M2m`Q2pQHmiBQM- �M/ Bi Bb /QM2 #v �//BM; i?2 :J HQbb iQ i?2 +`Qbb@2Mi`QTv HQbb Q7 i?2 M2i@
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rQ`F #2BM; i`�BM2/X hQ +�H+mH�i2 i?2 :J HQbb- i?2 M2irQ`F i?�i ;2M2`�i2b i?2 �/p2`b�`B�H
2t�KTH2b- /2MQi2/ �b `272`2M+2 M2irQ`F- Bb 2KTHQv2/X .m`BM; i?2 i`�BMBM; Q7 � M2irQ`F-
i?2 BK�;2b 72/ iQ i?2 M2irQ`F �`2 �HbQ 72/ iQ i?2 `272`2M+2 M2irQ`FX �7i2`r�`/- i?2 +QbBM2
bBKBH�`Biv Q7 i?2 BMTmi ;`�/B2Mib Q7 i?2 M2irQ`F #2BM; i`�BM2/ �M/ i?2 `272`2M+2 M2irQ`F
�`2 Q#i�BM2/ �b i?2 :J HQbb L:J- r?B+? K2�bm`2b ?Qr Km+? i?2 BMTmi ;`�/B2Mib �`2
KBb�HB;M2/X 6Q`K�HHv- ;Bp2M � /�i�b2i D- i?2 �p2`�;2 +QbBM2 bBKBH�`Biv Q7 M2irQ`Fb fc �M/
fr �`2 +�H+mH�i2/ �b 7QHHQrb,

L:J =
1

|D|
∑

(x,y)∈D

〈∇x'fc(x, y),∇x'fr(x, y)〉
‖∇x'fc(x, y)‖, ‖∇x'fr(x, y)‖

, U9X8V

r?2`2 |D| /2MQi2b i?2 bBx2 Q7 /�i�b2i- 〈·, ·〉 /2MQi2b i?2 BMM2` T`Q/m+i Q7 p2+iQ`b- �M/ ‖ · ‖
Bb i?2 1m+HB/2�M MQ`KX h?2 iQi�H M2irQ`F HQbb Q7 i?2 M2irQ`F #2BM; i`�BM2/ #2+QK2b

L = L*1 + λL:J, U9XeV

r?2`2 λ Bb � ?vT2`T�`�K2i2`X h?2 λ ?vT2`T�`�K2i2` Bb �/Dmbi2/ +�`27mHHv �++Q`/BM; iQ
i?2 +?�`�+i2`BbiB+b Q7 � /�i�b2iX A7 λ Bb iQQ H�`;2- i?2 M2irQ`F /Q2b MQi H2�`M i?2 +Q``2+i
BK�;2 H�#2Hb #2+�mb2 Bi QMHv 7Q+mb2b QM i?2 KBb�HB;MK2Mi Q7 BMTmi ;`�/B2MibX AM +QMi`�bi-
B7 i?2 λ Bb iQQ bK�HH- i?2 M2irQ`F 7�BHb iQ KBb�HB;M Bib BMTmi ;`�/B2Mib rBi? `2bT2+i iQ i?2
`272`2M+2 M2irQ`FX qBi? i?2 :J HQbb �//2/ iQ i?2 iQi�H HQbb Q7 � M2irQ`F- i?2 M2irQ`F
Bb 2M+Qm`�;2/ iQ ?�p2 KBb�HB;M2/ BMTmi ;`�/B2Mib rBi?Qmi 2tTHB+BiHv BMi2`72`BM; rBi? i?2
M2irQ`F H2�`MBM; T`Q+2bb �M/ r2B;?ibX AM i?Bb r�v- i?2 M2irQ`F r2B;?ib +�M +QMp2`;2 BMiQ
p�Hm2b i?�i H2�`M i?2 +Q``2+i H�#2Hb Q7 BK�;2b r?BH2 ?�pBM; KBb�HB;M2/ BMTmi ;`�/B2Mib
rBi? `2bT2+i iQ i?2 `272`2M+2 M2irQ`FX h?2 M2irQ`Fb i`�BM2/ rBi? i?2 :J HQbb �`2 i?2
BM/BpB/m�Hb BM i?2 M2m`Q2pQHmiBQM TQTmH�iBQM �M/ i?2B` +?BH/`2MX

aBM+2 i?2 i�bF Q7 M2m`Q2pQHmiBQM Bb iQ }M/ M2irQ`Fb i?�i �`2 `Q#mbi iQ i`�Mb72`�#BH@
Biv Q7 �/p2`b�`B�H �ii�+Fb r?BH2 K�BMi�BMBM; ;QQ/ �++m`�+v QM mMT2`im`#2/ BK�;2b- i?2
�++m`�+v QM mMT2`im`#2/ BK�;2b UBX2X- +H2�M �++m`�+vV �M/ �++m`�+v QM �/p2`b�`B�H 2t�K@
TH2b UBX2X- �/p2`b�`B�H �++m`�+vV �`2 #Qi? mb2/ iQ 2p�Hm�i2 i?2 }iM2bb Q7 � M2irQ`FX h?2
}iM2bb Q7 � M2irQ`F Bb /2}M2/ �b i?2 KBMBKmK #2ir22M +H2�M �++m`�+v �M/ �/p2`b�`B�H
�++m`�+vX

F = KBM(A*G,A�.), U9XdV
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�H;Q`Bi?K 9 L2m`Q2pQHmiBQM rBi? :J
AMTmi, s, bBx2 Q7 TQTmH�iBQM- n, MmK#2` Q7 +?BH/`2M iQ T`Q/m+2- d, KBMBKmK M2irQ`F /Bbi�M+2-

g, MmK#2` Q7 ;2M2`�iBQMb
PmiTmi, F , 2pQHp2/ M2irQ`Fb �7i2` M2m`Q2pQHmiBQM

R, P = {N1, N2, ..., Ns} & AMBiB�HBx2 i?2 TQTmH�iBQM #v s +�M/B/�i2 M2irQ`Fb N1, . . . , Ns rBi?
KBMBKmK M2irQ`F /Bbi�M+2 dX

k, 7Q` t = 1, 2, . . . , g /Q
j, 7Q` 2�+? N BM P /Q
9, {C1, C2, . . . , Cn} = Kmi�iBQM(N)
8, 7Q` j = 1, 2, . . . , n /Q
e, Nj = i`�BM(Cj) & h`�BM rBi? HQbb 1[X U9XeVX
d, N∗ = �`; KBM

N ′∈P
dbT2+(N ′, Cj) & 6BM/ i?2 +HQb2bi M2irQ`F

3, B7 F(N∗) < F(Cj) i?2M
N, _2TH�+2 N∗ rBi? Cj X

Ry, 2M/ B7
RR, 2M/ 7Q`
Rk, 2M/ 7Q`
Rj, 2M/ 7Q`
R9, `2im`M P

r?2`2 A*G Bb i?2 +H2�M �++m`�+v �M/ A�. Bb i?2 �/p2`b�`B�H �++m`�+vX "v mbBM; i?2
KBMBKmK #2ir22M i?2 +H2�M �M/ �/p2`b�`B�H �++m`�+B2b- i?2 HQr2` #QmM/ Q7 #Qi? �++m`�+B2b
rBHH �Hr�vb BM+`2�b2 i?`Qm;? i?2 +Qm`b2 Q7 2pQHmiBQMX A7 i?2 }iM2bb Bb MQi /2bB;M2/ T`QT2`Hv-
i?2 M2m`Q2pQHmiBQM i2M/b iQ T`BQ`BiBx2 QM2 �++m`�+v Qp2` i?2 Qi?2`X >Qr2p2`- i?2 T`QTQb2/
}iM2bb 7mM+iBQM ;Bp2b T`BQ`Biv iQ #Qi? p�Hm2b bQ i?�i i?2 M2irQ`F /Q2b MQi `2/m+2 i?2
i`�Mb72`�#BHBiv Q7 �/p2`b�`B�H 2t�KTH2b �i i?2 +Qbi Q7 +H2�M �++m`�+vX

h?2 M2m`Q2pQHmiBQM rBi? :J 7`�K2rQ`F Bb bmKK�`Bx2/ BM �H;Q`Bi?K 9X :Bp2M
� TQTmH�iBQM s- MmK#2` Q7 +?BH/`2M n- KBMBKmK M2irQ`F /Bbi�M+2 d- �M/ MmK#2` Q7
;2M2`�iBQMb g- i?2 T`Q+2bb bi�`ib #v BMBiB�HBxBM; � TQTmH�iBQM Q7 s M2irQ`Fb rBi? � KBMBKmK
M2irQ`F /Bbi�M+2 Q7 d iQ 2�+? Qi?2`X 1�+? M2irQ`F BM i?2 TQTmH�iBQM T`Q/m+2b n +?BH/`2M
i?`Qm;? �;;`2bbBp2 Kmi�iBQMX am#b2[m2MiHv- 2�+? +?BH/ Bb i`�BM2/ rBi? :J �M/ +QKT�`2/
iQ i?2 M2irQ`F BM i?2 TQTmH�iBQM P rBi? i?2 H2�bi M2irQ`F /Bbi�M+2X A7 i?2`2 �`2 KmHiBTH2
M2irQ`Fb rBi? i?2 H2�bi M2irQ`F /Bbi�M+2- i?2 }`bi +HQb2bi M2irQ`F Bb mb2/X >Qr2p2`-
i?2 T`Q#�#BHBiv i?�i i?Bb rBHH Q++m` Bb HQr /m2 iQ i?2 +QK#BM�iBQM Q7 �;;`2bbBp2 Kmi�iBQM
�M/ bT2+i`mK@#�b2/ MB+?BM;X .m`BM; i?2 +QKT�`BbQM- B7 i?2 +?BH/ ?�b #2ii2` }iM2bb i?�M
i?2 +HQb2bi M2irQ`F- i?2 +?BH/ `2TH�+2b i?2 +HQb2bi M2irQ`F BM i?2 TQTmH�iBQMX h?2 +v+H2
+QMiBMm2b mMiBH i?2 H�bi ;2M2`�iBQMX �i i?2 2M/ Q7 i?2 T`Q+2bb- i?2 TQTmH�iBQM Q7 2pQHp2/
M2irQ`Fb Bb `2im`M2/ �b QmiTmi F X h?2 2pQHp2/ M2irQ`Fb BM F �`2 i`�BM2/ 7m`i?2` iQ `2}M2
i?2 r2B;?ibX
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9X9 amKK�`v

AM bmKK�`v- i?Bb +?�Ti2` T`2b2Mib i?2 /Bz2`2Mi M2m`Q2pQHmiBQM �TT`Q�+? iQ *LL
i2+?MB[m2b- r?B+? �`2 ;2M2`B+ M2m`Q2pQHmiBQM �M/ bi2�/v@bi�i2 M2m`Q2pQHmiBQMX JQ`2Qp2`-
i?2 K2i?Q/b i?�i mb2 � i`�BM2/ M2irQ`F iQ ?2HT BKT`Qp2 i?2 i`�BMBM; Q7 �MQi?2` M2i@
rQ`F bm+? �b i`�Mb72` H2�`MBM; �`2 /Bb+mbb2/X h?2 i2+?MB[m2b iQ �TTHv i?2b2 K2i?Q/b iQ
M2m`Q2pQHmiBQM@T`Q/m+2/ M2irQ`Fb �`2 T`QTQb2/X 6BM�HHv- i?2 T`QTQb2/ K2i?Q/b iQ mb2
M2m`Q2pQHmiBQM iQ /Bb+Qp2` QTiBK�H M2irQ`F �`+?Bi2+im`2b bT2+B}+�HHv 7Q` /�M;2`Qmb Q#@
D2+ib s@`�v /2i2+iBQM �M/ i`�Mb72`�#BHBiv Q7 �/p2`b�`B�H 2t�KTH2b /272Mb2 �TTHB+�iBQMb �`2
�HbQ 2tTH�BM2/ BM i?Bb +?�Ti2`X
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L1l_P1oPGlhAPL 6P_ *LL 1sS1_AJ1Lha

AM i?2 M2m`Q2pQHmiBQM 7Q` *LL 2tT2`BK2Mib- i?2 K2i?Q/b /2i�BH2/ BM *?�Ti2` 9 �`2
/2KQMbi`�i2/X h?2 2tT2`BK2Mib �`2 /BpB/2/ BMiQ irQ T�`ibX h?2 }`bi T�`i- M2m`Q2pQHmiBQM
i2+?MB[m2b- 2t�KBM2b i?2 /Bz2`2Mi BKTH2K2Mi�iBQMb Q7 M2m`Q2pQHmiBQM- r?B+? Bb /Bb+mbb2/
BM a2+iBQM 8XRX h?2 b2+QM/ T�`i- G2�`MBM; 7`QK i`�BM2/ M2irQ`Fb- 2tTHQ`2b i?2 2z2+ib Q7
�//BM; i`�Mb72` H2�`MBM;- �M/ FMQrH2/;2 /BbiBHH�iBQM iQ M2m`Q2pQHmiBQM- r?B+? Bb 2t�KBM2/
BM a2+iBQM 8XkX

8XR L2m`Q2pQHmiBQM h2+?MB[m2b

L2m`Q2pQHmiBQM Bb �M �H;Q`Bi?K mb2/ iQ 2pQHp2 M2irQ`F �`+?Bi2+im`2b iQ QTiBKBx2
i?2K 7Q` � T�`iB+mH�` /�i�b2i Q` �TTHB+�iBQMX h?2`2 �`2 irQ +QM};m`�iBQMb Q7 M2m`Q2pQ@
HmiBQM UL1V i?�i �`2 2tT2`BK2Mi2/ rBi? BM i?Bb b2+iBQMX h?2 }`bi +QM};m`�iBQM Bb ;2M2`B+
M2m`Q2pQHmiBQM- �M/ i?2 b2+QM/ Bb bi2�/v@bi�i2 M2m`Q2pQHmiBQM- r?B+? �`2 #Qi? /Bb+mbb2/
BM a2+iBQMb 9XRXR �M/ 9XRXk `2bT2+iBp2HvX h?2 M2m`Q2pQHmiBQM@T`Q/m+2/ *LL- /2MQi2/
�b L1*LL- �`2 ;2M2`�i2/ rBi? i?2 7QHHQrBM; 2tT2`BK2Mi ?vT2`T�`�K2i2`bX AM i?2 }`bi
+QM};m`�iBQM- i?2 TQTmH�iBQM Bb BMBiB�HBx2/ iQ ?�p2 Ry M2irQ`Fb- 2�+? rBi? i?2 #�bB+ �`@
+?Bi2+im`2 �b b?QrM BM 6B;X 9XRX h?2 b2H2+iBQM K2i?Q/ Bb iQm`M�K2Mi b2H2+iBQM rBi? �
iQm`M�K2Mi bBx2 Q7 i?`22X h?2 K�tBKmK #HQ+F U2X;X- +QMpQHmiBQM�H #HQ+FV +QmMi 7Q` 2�+?
M2irQ`F Bb jy #HQ+Fb- 2t+Hm/BM; i?2 7mHHv +QMM2+i2/ H�v2`bX h?2 #�i+? bBx2 Bb }t2/ �i Rk3-
�M/ i?2 QTiBKBx2` Bb biQ+?�biB+ ;`�/B2Mi /2b+2Mi Ua:.VX AM i?2 b2+QM/ +QM};m`�iBQM- i?2
TQTmH�iBQM +QmMi Bb 7Qm` M2irQ`Fb i?�i �`2 `�M/QKHv /2bB;M2/ iQ ?�p2 �i H2�bi � M2irQ`F
/Bbi�M+2 Q7 9 iQ 2�+? Qi?2`X 1�+? M2irQ`F BM i?2 TQTmH�iBQM T`Q/m+2b irQ +?BH/`2M 2p2`v
;2M2`�iBQMX h?2 iQi�H MmK#2` Q7 ;2M2`�iBQMb Bb jy- �M/ i?2 K�tBKmK #HQ+F +QmMi 7Q`
2�+? M2irQ`F Bb jyX aBKBH�` iQ i?2 }`bi +QM};m`�iBQM- i?2 #�i+? Bb }t2/ iQ Rk3- �M/ i?2
QTiBKBx2` Bb a:.X 6Q` i?2 Qi?2` ?vT2`T�`�K2i2`b bm+? �b H2�`MBM; `�i2- i?2v �`2 }t2/ iQ
i?2 /27�mHi SvhQ`+? .LL HB#`�`v US�bxF2 2i �HX- kyRNV b2iiBM;b rBi?Qmi }M2@imMBM;b iQ
2bi�#HBb? �M Q#D2+iBp2 +QKT�`BbQM #2ir22M i?2 M2irQ`FbX 6Q` 2�+? +QM};m`�iBQM- i?2 #2bi
M2irQ`F T`Q/m+2/ Bb i`�BM2/ 7m`i?2` 7Q` 8yy 2TQ+?b 7`QK b+`�i+? iQ 2Mbm`2 i?�i i?2 �+@
+m`�+B2b +QMp2`;2 BMiQ bi�#H2 p�Hm2bX h?2 ?vT2`T�`�K2i2` b2iiBM;b 7Q` 2�+? +QM};m`�iBQM



Nk

h�#H2 8XR, L2m`Q2pQHmiBQM ?vT2`T�`�K2i2` b2iiBM;bX

SQTmH�iBQM L2irQ`F AMBiX Jmi�iBQMb T2` :2MX :2M2`�iBQMb

:2M2`B+ L1 Ry #�bB+ N M2irQ`Fb k8
ai2�/v@bi�i2 L1 9 `�M/QK 3 M2irQ`Fb jy

J�t "HQ+Fb "�i+? aBx2 PTiBKBx2` 6BM2@imMBM; 1TQ+?

:2M2`B+ L1 jy Rk3 a:. 8yy
ai2�/v@bi�i2 L1 jy Rk3 a:. 8yy

h�#H2 8Xk, h?2 L1*LL M2irQ`Fb 2pQHp2/ mbBM; i?2 ;2M2`B+ M2m`Q2pQHmiBQM �M/ bi2�/v@bi�i2
M2m`Q2pQHmiBQM �`2 +QKT�`2/X 6m`i?2`KQ`2- i?2 _2bL2i@R3 �M/ _2bL2i@j9 �`2 �HbQ mb2/ �b
#�b2HBM2bX G2�`MBM; 7`QK � i`�BM2/ M2irQ`F Bb �HbQ 2KTHQv2/ #v mbBM; i`�Mb72` H2�`MBM; �M/
FMQrH2/;2 /BbiBHH�iBQM QM i?2 M2irQ`FbX h?2 L1*LL M2irQ`Fb ?�p2 T2`7Q`K2/ #2ii2` i?�M i?2
_2bL2i M2irQ`Fb QM �HH +QKT�`BbQMbX

_2bL2i �M/ L1*LL L2irQ`Fb

_2bL2i@R3 _2bL2i@j9 :2M2`B+ L1 ai2�/v@bi�i2 L1

�++m`�+v 3NXkRW 3NXk8W NRX8NW NRXyyW

_2bL2i L2irQ`Fb rBi? h`�Mb72` G2�`MBM;

_2bL2i@R3YhG _2bL2i@j9YhG

�++m`�+v 33Xd3W 3NX3dW

_2bL2i �M/ L1*LL L2irQ`Fb rBi? EMQrH2/;2 .BbiBHH�iBQM

_2bL2i@R3YE. _2bL2i@j9YE. :2M2`B+ L1YE. ai2�/v@bi�i2 L1YE.

�++m`�+v NyXNNW NRXNyW NkX3dW NkXj3W

�`2 bmKK�`Bx2/ BM h�#H2 8XRX

h?2 M2irQ`F �`+?Bi2+im`2b T`Q/m+2/ #v i?2 ;2M2`B+ L1 �M/ bi2�/v@bi�i2 L1 �`2
+QKT�`2/ iQ i?2 _2bL2i@R3 �M/ _2bL2i@j9X h?2 _2bL2i M2irQ`Fb �`2 i`�BM2/ rBi? i?2
b�K2 b2iiBM;b �b i?2 L1*LL M2irQ`FbX AM i2`Kb Q7 #HQ+F +QmMi- i?2 L1*LL Bb �#Qmi i?2
b�K2 �b i?2 _2bL2i@R3 r?2M �HH i?2 #HQ+Fb U2X;X- +QMpQHmiBQM�H- bFBT +QMM2+iBQM- 2i+XV �`2
+QmMi2/X JQ`2Qp2`- bBM+2 i?2 mb2 Q7 i`�Mb72` H2�`MBM; Bb � +QKKQM T`�+iB+2 BM i?2 i`�BMBM;
Q7 bi�M/�`/ M2irQ`Fb bm+? �b _2bL2i- Bi Bb �HbQ 2KTHQv2/ �b � +QKT�`BbQMX 6Q` i?2 i`�Mb72`
H2�`MBM; b2iiBM;b- i?2 i`�BM2/ M2irQ`F r2B;?ib �`2 Q#i�BM2/ 7`QK i`�BMBM; i?2 _2bL2i QM
i?2 AK�;2L2i /�i�b2iX h?2 i`�BM2/ r2B;?ib �`2 mb2/ �b T`2@i`�BMBM; Q` BMBiB�HBx�iBQM iQ i?2
_2bL2i M2irQ`FbX AM HBM2 rBi? H2�`MBM; 7`QK � i`�BM2/ M2irQ`F- FMQrH2/;2 /BbiBHH�iBQM- �b



Nj

/Bb+mbb2/ BM a2+iBQM 9XkXk Bb �HbQ �TTHB2/ QM L1*LL �M/ _2bL2i M2irQ`FbX AM FMQrH2/;2
/BbiBHH�iBQM- i?2 i2�+?2` M2irQ`F miBHBx2/ Bb `2}M2/ BM *A6�_@Ry iQ ?�p2 �M �++m`�+v Q7
N9Xj3WX

�b `2TQ`i2/ BM h�#H2 8Xk- i?2 L1*LL M2irQ`Fb 7`QK #Qi? L1 +QM};m`�iBQMb Qmi@
T2`7Q`K i?2 _2bL2i M2irQ`FbX AM T�`iB+mH�`- /2bTBi2 ?�pBM; 72r2` #HQ+Fb i?�M _2bL2i@j9-
i?2 QTiBKBx2/ L1*LL M2irQ`F �`+?Bi2+im`2b ?�p2 ?B;?2` �++m`�+B2b i?�M _2bL2i@j9X
h`�BMBM; i?2 _2bL2i@j9 rBi? i`�Mb72` H2�`MBM; bHB;?iHv BKT`Qp2b Bib T2`7Q`K�M+2 #mi Bi Bb
biBHH HQr2` i?�M L1*LL M2irQ`FbX h?2 FMQrH2/;2 /BbiBHH�iBQM BKT`Qp2b #Qi? i?2 _2bL2i
�M/ L1*LL M2irQ`F �++m`�+B2b �M/ i?2 BM+`2�b2 Bb `Qm;?Hv i?2 b�K2 7Q` �HH i?2 M2irQ`Fb
r?2M +QKT�`2/ iQ i?2B` p�MBHH� p2`bBQMbX h?mb- i?2 L1*LL M2irQ`Fb ?�p2 i?2 #2bi T2`@
7Q`K�M+2 BM �HH +QKT�`BbQMbX h?2 `2bmHib /2KQMbi`�i2 i?�i i?2 irQ +QM};m`�iBQMb Q7 L1
�`2 +�T�#H2 Q7 T`Q/m+BM; M2irQ`F �`+?Bi2+im`2b i?�i +�M T2`7Q`K �i i?2 b�K2 H2p2H �b
bi�M/�`/ M2irQ`Fb bm+? �b _2bL2i #mi rBi? �M QTiBKBx2/ �`+?Bi2+im`2X

h?2 M2irQ`F �`+?Bi2+im`2b T`Q/m+2/ #v ;2M2`B+ L1 �M/ bi2�/v@bi�i2 L1 �`2 b?QrM
BM 6B;X 8XR �M/ 8XkX h?2 L1*LL 7`QK ;2M2`B+ L1 ?�b � iQi�H Q7 ke #HQ+Fb- r?B+? Bb
+QKT`Bb2/ Q7 Rd +QMpQHmiBQM�H #HQ+Fb- k TQQHBM; #HQ+Fb- 8 bFBT +QMM2+iBQM #HQ+Fb- �M/ k
7mHHv +QMM2+i2/ H�v2`bX PM i?2 Qi?2` ?�M/- i?2 L1*LL 7`QK bi2�/v@bi�i2 L1 ?�b � iQi�H
Q7 jk #HQ+Fb- r?B+? +QMbBbi Q7 N +QMpQHmiBQM #HQ+Fb- d TQQHBM; #HQ+Fb- R9 bFBT +QMM2+iBQM
#HQ+Fb- �M/ k 7mHHv +QMM2+i2/ H�v2`bX h?2 L1*LL 7`QK ;2M2`B+ L1 Bb 2pQHp2/ 7Q` k8
?Qm`b- r?2`2�b i?2 bi2�/v@bi�i2 L1*LL Bb 2pQHp2/ 7Q` dR ?Qm`bX h?2b2 2pQHmiBQM T2`B@
Q/b �`2 bm#bi�MiB�HHv HQr2` i?�M *:S@*LL- BM r?B+? i?2 b?Q`i2bi 2pQHmiBQM T2`BQ/ iQQF
RjXd /�vb Uam;�MmK� 2i �HX- kyRdVX AM �//BiBQM- i?2 ?B;?2bi �++m`�+v 7Q` i?2 *:S@*LL
M2irQ`F- r?B+? Bb N9XykW- Bb QMHv ?B;?2` i?�M L1*LL M2irQ`F #v RXR8WX JQ`2Qp2`- +QK@
T�`2/ iQ ;2M2`B+ L1*LL- i?2 bi2�/v@bi�i2 L1*LL ?�b ?B;?2` �`+?Bi2+im`�H +QKTH2tBivX
h?Bb Bb �ii`B#mi2/ iQ i?2 �;;`2bbBp2 Kmi�iBQM �M/ bT2+i`mK@#�b2/ MB+?BM; �TTHB2/ iQ i?2
TQTmH�iBQM M2irQ`FbX h?2 �;;`2bbBp2 Kmi�iBQM +`2�i2b bQT?BbiB+�i2/ #HQ+F +QK#BM�iBQMb
i?`Qm;? `2T2�i2/ Kmi�iBQMb- r?2`2�b bT2+i`mK@#�b2/ MB+?BM; �HHQrb p2`v /Bz2`2Mi �`+?B@
i2+im`2b iQ bm`pBp2 �HQM; rBi? i?2 ;2M2`�iBQMbX AM +QMi`�bi- ;2M2`B+ L1 mb2b QMHv QM2
Kmi�iBQM 2p2`v ;2M2`�iBQMX 6m`i?2`KQ`2- Bi �HbQ mb2b iQm`M�K2Mi b2H2+iBQM BM � `2H�iBp2Hv
bK�HH TQTmH�iBQM UBX2X- Ry BM/BpB/m�HbV i?�i H2ib � T�`iB+mH�` #HQ+F +QK#BM�iBQM T`2p�BH
�KQM; i?2 BM/BpB/m�Hb �M/ bm`pBp2 �HQM; rBi? i?2 ;2M2`�iBQMbX 6Q` i?2b2 `2�bQMb- i?2 M2i@
rQ`F �`+?Bi2+im`2 T`Q/m+2/ #v ;2M2`B+ L1 i2M/b iQ #2 `2H�iBp2Hv bBKTH2` i?�M bi2�/v@bi�i2
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C

C
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S
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C

C

T

T

T

F

F

B

C

C

C

C

B

P

C

C

B

P

S

T

F

Convolutional Block

Strided Convolutional Block

Pooling Block

Summation Block

Concatenation Block

Fully-connected Block

P

ARCH93

Input

6B;m`2 8XR, :2M2`B+ L1 T`Q/m+2/ M2irQ`FX

M2irQ`F �`+?Bi2+im`2 #mi KQ`2 +QKTHB+�i2/ i?�M bi�M/�`/ M2irQ`Fb U2X;X- o::VX

8Xk G2�`MBM; 7`QK i`�BM2/ L2irQ`Fb

liBHBxBM; i?2 H2�`MBM; Q7 � i`�BM2/ M2irQ`F Bb +QMbB/2`2/ QM2 Q7 i?2 ;QQ/ T`�+iB+2b
BM i`�BMBM; /22T M2m`�H M2irQ`FbX ai�M/�`/ M2irQ`Fb U2X;X- _2bL2i- o::- 2i+XV �`2 +QK@
KQMHv i`�BM2/ QM H�`;2@b+�H2 /�i�b2ib bm+? �b AK�;2L2iX h?2 M2irQ`F H2�`MBM; Q` r2B;?ib
�+[mB`2/ 7`QK i?2b2 i`�BMBM;b +�M #2 miBHBx2/ iQ i`�BM i?2 M2irQ`F QM M2r �TTHB+�iBQMb bm+?
�b *A6�_@Ry- s@`�v /�i�b2ib- 2i+X h?Bb K2i?Q/ Bb +�HH2/ i`�Mb72` H2�`MBM; �b /Bb+mbb2/ BM
a2+iBQM kX8XRX h?2 }`bi 72r H�v2`b Q7 � M2irQ`F- `2;�`/H2bb Q7 i?2 /�i�b2i- QT2`�i2 BM i?2
b�K2 r�v �b � HQr@H2p2H 72�im`2 2ti`�+iQ`X �b � `2bmHi- i?2 r2B;?ib QM i?2b2 H�v2`b +�M
#2 mb2/ /B`2+iHv �b r2B;?ib BMBiB�HBx�iBQM Q` T`2@i`�BMBM; iQ i`�BM i?2 M2irQ`F QM � M2r
/�i�b2iX 6m`i?2`KQ`2- B7 i?2 M2r /�i�b2i Bb bBKBH�` iQ i?2 /�i�b2i i?2 M2irQ`F r2B;?ib �`2
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C

C

C

S

B
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T

P

S

T

T

T

T

S

F

F

B

C

C

CS

C

T

T

S

P

P

T

P

P

P

C

B

P

S

T

F

Convolutional Block

Strided Convolutional Block

Pooling Block

Summation Block

Concatenation Block

Fully-connected Block

Input

6B;m`2 8Xk, ai2�/v@bi�i2 L1 T`Q/m+2/ M2irQ`FX

i`�BM2/ rBi?- i?2b2 r2B;?ib Q7 i?2 M2irQ`F +�M #2 2MiB`2Hv 7`Qx2M 2t+2Ti 7Q` i?2 H�bi H�v2`
iQ i`�BM QM i?2 M2r /�i�b2i- r?B+? Bb +�HH2/ 72�im`2 2ti`�+iBQMX AKTH2K2MiBM; i`�Mb72`
H2�`MBM; +�M �++2H2`�i2 M2irQ`F +QMp2`;2M+2 �M/ `2/m+2 i`�BMBM; iBK2X AM i?Bb 2tT2`B@
K2Mi- i?2 r�vb iQ BM+Q`TQ`�i2 i`�Mb72` H2�`MBM; iQ L1 �`2 2tTHQ`2/X :2M2`�HHv- i`�Mb72`
H2�`MBM; +�MMQi #2 mb2/ BM L1 #2+�mb2 i?2 M2irQ`F �`+?Bi2+im`2 +?�M;2b 2p2`v ;2M2`�iBQM
BM L1X h?2 r2B;?ib Q7 � bi�M/�`/ M2irQ`F U2X;X- _2bL2iV bBKTHv +�MMQi }i i?Qb2 Q7 i?2
L1*LL M2irQ`FX h?mb- /Bz2`2Mi K2i?Q/b �`2 2tT2`BK2Mi2/ rBi?X

AM �//BiBQM- �MQi?2` i2+?MB[m2- r?B+? mb2b i?2 H2�`MBM; Q7 � i`�BM2/ M2irQ`F iQ
i2�+? �MQi?2` M2irQ`F- +�HH2/ FMQrH2/;2 /BbiBHH�iBQM Bb 2KTHQv2/X AM FMQrH2/;2 /BbiBHH�@
iBQM �b /Bb+mbb2/ BM a2+iBQM kX8Xk- BMbi2�/ Q7 mbBM; i?2 r2B;?ib Q7 i?2 i`�BM2/ M2irQ`F-
i?2 M2irQ`F Bb mb2/ �b � i2�+?2` iQ ?2HT �MQi?2` M2irQ`F Q` bim/2Mi M2irQ`F +QMp2`;2



Ne

h�#H2 8Xj, h?2 #�b2HBM2 M2irQ`Fb �`2 _2bL2i@R3 `2+`2�i2/ mbBM; b2H7@BKTH2K2Mi2/ #HQ+Fb UL"V-
L1*LL rBi? 9y #HQ+Fb- �M/ _2bL2i@R3- r?B+? Bb 2pQHp2/ mbBM; bi2�/v@bi�i2 L1 iQ ?�p2 9y
#HQ+FbX

"�b2HBM2 L2irQ`Fb

_2bL2i@R3UL"V L1*LL@9y _2bL2i@R3UL"VYL1

�++m`�+v 3eXdjW NyXk3W NRX93W

iQ #2ii2` r2B;?ibX h?2 HQ;Bib Q` i?2 p�Hm2b BM i?2 H�bi H�v2` Q7 � i2�+?2` M2irQ`F `2~2+i
i?2 7mM+iBQM Bi `2T`2b2MibX "v 2M+Qm`�;BM; i?2 bim/2Mi M2irQ`F iQ 2KmH�i2 i?2 HQ;Bib Q7
i?2 i2�+?2` M2irQ`F- i?2 bim/2Mi M2irQ`F +�M 2z2+iBp2Hv H2�`M #2ii2` r2B;?ib �M/ bm#b2@
[m2MiHv- T2`7Q`K #2ii2`X AM i?Bb b2+iBQM- FMQrH2/;2 /BbiBHH�iBQM Bb �HbQ 2tT2`BK2Mi2/ iQ
?2HT M2irQ`Fb H2�`M- 2bT2+B�HHv i?2 L1*LL M2irQ`Fb- r?B+? +�MMQi MQ`K�HHv mb2 i`�Mb72`
H2�`MBM; iQ H2�`M 7`QK i`�BM2/ M2irQ`FbX

8XkXR L2irQ`F "�b2HBM2b

6Q` i?2 #�b2HBM2b- i?2`2 �`2 i?`22 M2irQ`Fb mb2/- r?B+? �`2 i`�BM2/ rBi? i?2 b�K2
b2iiBM;b �b BM a2+iBQM 8XRX h?2 }`bi M2irQ`F Bb � _2bL2i@R3 M2irQ`F #mi `2BKTH2K2Mi2/
mbBM; i?2 #HQ+Fb miBHBx2/ BM L1- r?B+? Bb /2MQi2/ �b _2bL2i@R3UL"VX h?2`2 �`2 bHB;?i
/Bz2`2M+2b #2ir22M i?2 Q`B;BM�H _2bL2i@R3 �M/ _2bL2i@R3UL"V i?�i +QMi`B#mi2/ iQ i?2
/BT BM i?2 �++m`�+v Q7 _2bL2i@R3UL"VX >Qr2p2`- bBM+2 i?2 #HQ+Fb BM L1 �`2 mb2/- _2bL2i@
R3UL"V �`+?Bi2+im`2 +�M #2 2pQHp2/ mbBM; L1X h?2 _2bL2i@R3UL"V ?�b �TT`QtBK�i2Hv jy
#HQ+FbX h?2 b2+QM/ M2irQ`F Bb L1*LL 2pQHp2/ rBi? 9y #HQ+FbX G�biHv- i?2 i?B`/ M2irQ`F
Bb _2bL2i@R3UL"V- r?B+? Bb 2pQHp2/ mbBM; L1 7Q` ky ;2M2`�iBQMb iQ ;�BM Ry KQ`2 #HQ+FbX
h?2 BMimBiBQM Q7 +`2�iBM; i?2 H�bi M2irQ`F Bb iQ `2}M2 i?2 _2bL2i �`+?Bi2+im`2 mbBM; L1X

h?2 �++m`�+B2b Q7 i?2 #�b2HBM2 M2irQ`Fb �`2 b?QrM BM h�#H2 8XjX h?2 `2bmHib b?Qr
i?�i mbBM; � bm++2bb7mH ?�M/@2M;BM22`2/ �`+?Bi2+im`2 bm+? �b _2bL2i@R3 rBi? L1 +�M 2pQHp2
BMiQ � #2ii2` M2irQ`FX �Hi?Qm;? L1*LL@9y �M/ _2bL2i@R3UL"VYL1 ?�p2 i?2 b�K2 #HQ+F
+QmMi- i?2 H�ii2` T2`7Q`Kb #2ii2`X h?2 `2bmHib �HbQ /2KQMbi`�i2/ i?�i � ;QQ/ M2irQ`F
�`+?Bi2+im`2 +�M #2 mb2/ �b � bi�`iBM; �`+?Bi2+im`2 7Q` L1X AMbi2�/ Q7 BM?2`BiBM; i?2 r2B;?ib
iQ H2�`M #2ii2` �b BM i`�Mb72` H2�`MBM;- i?2 M2irQ`F �`+?Bi2+im`2 +�M #2 BM?2`Bi2/ iQ 2pQHp2
#2ii2`X h?2 _2bL2i@R3UL"VYL1 M2irQ`F �`+?Bi2+im`2 +�M #2 b22M BM 6B;X 8XjX �7i2`
i?2 2pQHmiBQM- _2bL2i@R3UL"VYL1 QMHv K�BMi�BMb i?2 _2bL2i bi`m+im`2 7Q` i?2 }`bi 72r
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Convolutional Block

Strided Convolutional Block

Pooling Block

Summation Block
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S

C
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C
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Continue to A

A
ResNet Blocks

Arrangement

Input

6B;m`2 8Xj, h?Bb M2irQ`F Bb _2bL2i@R3UL"V- r?B+? Bb 2pQHp2/ mbBM; L1 iQ �// Ry KQ`2 #HQ+FbX
h?2 #HQ+Fb BMbB/2 i?2 ;`22M /Qii2/ `2+i�M;H2 `2b2K#H2b i?2 _2bL2i �`+?Bi2+im`2X

#HQ+Fb �b b?QrM BMbB/2 i?2 ;`22M /Qii2/ `2+i�M;H2X AM i?2 2MiB`2iv Q7 i?2 �`+?Bi2+im`2- Bi
+�M #2 Q#b2`p2/ i?�i L1 TQTmH�i2/ i?2 M2irQ`F rBi? �#mM/�Mi bFBT +QMM2+iBQM #HQ+Fb
HBMFBM; /Bz2`2Mi T�`ib Q7 i?2 �`+?Bi2+im`2X

8XkXk L1*LL L2irQ`Fb rBi? h`�Mb72` G2�`MBM;

hQ mM/2`bi�M/ i?2 2z2+ib Q7 i`�Mb72` H2�`MBM; QM i?2 2pQHmiBQM Q7 M2irQ`Fb mbBM; L1-
irQ i`�Mb72` H2�`MBM; +QM};m`�iBQMb �`2 2tT2`BK2Mi2/X 1�+? +QM};m`�iBQM ?�b i`�BMBM;
b2iiBM;b i?�i �`2 i?2 b�K2 �b BM a2+iBQM 8XRX h?2 }`bi +QM};m`�iBQM Bb i?2 }M2@imMBM;-
BM r?B+? i?2 M2irQ`Fb �`2 BMBiB�HBx2/ rBi? i?2 r2B;?ib Q7 i?2 M2irQ`F i`�BM2/ QM �MQi?2`
/�i�b2iX AM i?Bb 2tT2`BK2Mi- i?2 r2B;?ib +QK2 7`QK i?2 AK�;2L2i /�i�b2i i`�BMBM;X lM/2`



N3

h�#H2 8X9, h?2 `2bmHib Q7 +QK#BMBM; i`�Mb72` H2�`MBM; rBi? L1 �`2 b?QrM #2HQrX �//BM; }M2@
imMBM; i`�Mb72` H2�`MBM; iQ L1 /Q2b MQi BKT`Qp2 i?2 �++m`�+v- r?2`2�b �//BM; 72�im`2 2ti`�+iBQM
i`�Mb72` H2�`MBM; iQ L1 bHB;?iHv BKT`Qp2b i?2 �++m`�+v Q7 i?2 M2irQ`F +QKT�`2/ iQ i?2 #�b2HBM2X

6BM2@imMBM; hG 62�im`2 2ti`�+iBQM hG

_2bL2i@R3UL"V _2bL2i@R3UL"VYL1 _2bL2i@R3UL"V _2bL2i@R3UL"VYL1

�++m`�+v 3dX39W 3dXd3W ddXNNW 33Xj3W

i?2 }M2@imMBM;- irQ M2irQ`Fb �`2 miBHBx2/X h?2 }`bi M2irQ`F Bb bBKTHv mbBM; i?2 i`�BM2/
r2B;?ib �b BMBiB�HBx�iBQM �M/ i?2M i`�BM MQ`K�HHvX h?2 b2+QM/ M2irQ`F Bb �HbQ BMBiB�HBx2/ #v
i?2 i`�BM2/ r2B;?ib #mi mM/2`;Q2b 2pQHmiBQM bBKBH�` iQ i?2 #�b2HBM2 M2irQ`FX h?2 b2+QM/
i`�Mb72` H2�`MBM; +QM};m`�iBQM Bb i?2 72�im`2 2ti`�+iBQMX Ai �HbQ mb2b irQ M2irQ`Fb �b BM
i?2 }`bi +QM};m`�iBQM #mi i?2 K�BM /Bz2`2M+2 Bb i?2 7`22xBM; Q7 T�`�K2i2`bX 6Q` i?2 }`bi
M2irQ`F- �7i2` BMBiB�HBxBM; Bi rBi? i?2 i`�BM2/ r2B;?ib- i?2 T�`�K2i2`b �`2 7`Qx2M 2t+2Ti
7Q` i?2 H�bi H�v2`X aBKBH�`Hv- i?2 b2+QM/ M2irQ`F �HbQ ?�b 7`Qx2M r2B;?ib #mi i?2 #HQ+Fb
i?�i �`2 �//2/ /m`BM; 2pQHmiBQM +�M #2 i`�BM2/X 6m`i?2`KQ`2- B7 �M Q`B;BM�H #HQ+F i?�i
?�b � 7`Qx2M r2B;?i Bb `2TH�+2/ /m`BM; 2pQHmiBQM- i?2 `2TH�+2K2Mi #HQ+F +�M #2 i`�BM2/
�;�BMX h?2 `2bmHib �`2 b?QrM BM h�#H2 8X9X

�b 2tT2+i2/- mbBM; i?2 i`�Mb72` H2�`MBM; �b }M2@imMBM; iQ _2bL2i@R3UL"V vB2H/b
#2ii2` T2`7Q`K�M+2X lbBM; i?2 i`�BM2/ r2B;?ib �b BMBiB�HBx�iBQM T`QpB/2b � ;QQ/ bi�`iBM;
TQBMi 7Q` i?2 M2irQ`F i?�M H2�`MBM; 7`QK `�M/QK r2B;?ibX >Qr2p2`- �//BM; L1 iQ i?2
b�K2 M2irQ`F U_2bL2i@R3UL"VYL1V /Q2b MQi BKT`Qp2 i?2 T2`7Q`K�M+2- r?B+? Bb �HbQ �i@
i`B#mi2/ iQ i?2 i`�BM2/ r2B;?ibX aBM+2 i?2 _2bL2i@R3UL"V +�M MQr +QMp2`;2 #2ii2` /m2 iQ
i?2 i`�BM2/ r2B;?ib- r?2M mbBM; bi2�/v@bi�i2 L1- i?2 +?BH/ M2irQ`Fb +�MMQi 2�bBHv `2TH�+2
i?2B` T�`2MibX Ai `2bmHib BM K�Mv ;2M2`�iBQMb T�bbBM; BM L1 rBi?Qmi +?�M;2 BM i?2 TQTmH�@
iBQM M2irQ`FbX AM +QMi`�bi iQ }M2@imMBM;- i?2 72�im`2 2ti`�+iBQM i`�Mb72` H2�`MBM; `2bmHi2/
BM � /2+`2�b2 BM T2`7Q`K�M+2 7Q` _2bL2i@R3UL"VX qBi? QMHv i?2 }M�H H�v2` Q7 i?2 M2irQ`F
#2BM; �p�BH�#H2 iQ i`�BM- Bi b?Qrb i?�i i?2 r2B;?ib BM i?2 }M�H H�v2` �`2 MQi 2MQm;? iQ b?B7i
i?2 M2irQ`F H2�`MBM; 7`QK AK�;2L2i iQ *A6�_@RyX >Qr2p2`- i?2 /B{+mHiv BM i`�BMBM;
i?2 M2irQ`F rBi? 72�im`2 2ti`�+iBQM Bb i�F2M �/p�Mi�;2 Q7 #v L1X aBM+2 i?2 M2irQ`Fb BM
i?2 L1 TQTmH�iBQM +�MMQi +QMp2`;2 2�bBHv- i?2b2 +�M #2 bBKTHv `2TH�+2/ #v i?2B` +?BH/`2M
M2irQ`FbX h?2 #2ii2` 2pQHmiBQM T`Q+2bb `2bmHi2/ BM � M2irQ`F U_2bL2i@R3UL"VYL1V i?�i
?�b i?2 ?B;?2bi �++m`�+v �KQM; i?2 7Qm` M2irQ`FbX h?2 2tT2`BK2Mib BM/B+�i2 i?�i mbBM;
i`�Mb72` H2�`MBM; rBi? L1 +�M bHB;?iHv BKT`Qp2 T2`7Q`K�M+2 #mi i?2v �`2 MQi p2`v +QK@



NN

h�#H2 8X8, h?2 M2irQ`Fb 7`QK i?2 #�b2HBM2 BM h�#H2 8Xj �`2 `2i`�BM2/ rBi? FMQrH2/;2 /BbiBHH�iBQMX
h?2 i2�+?2` M2irQ`F Bb `2}M2/ rBi? *A6�_@Ry- r?B+? ?�b N9Xj3W �++m`�+vX �HH Q7 i?2 M2irQ`Fb
?�p2 `2K�`F�#Hv BM+`2�b2/ i?2B` T2`7Q`K�M+2X

EMQrH2/;2 .BbiBHH�iBQM

_2bL2i@R3UL"V L1*LL@9y _2bL2i@R3UL"VYL1

�++m`�+v 33XydW NRXdNW NjXkNW

T�iB#H2 rBi? 2�+? Qi?2`X A7 i?2 _2bL2i@R3UL"VYL1 7`QK 72�im`2 2ti`�+iBQM Bb +QKT�`2/
iQ i?2 _2bL2i@R3UL"VYL1 7`QK i?2 #�b2HBM2- i?2 /Bz2`2M+2 Bb jXRW- r?B+? b?Qrb i?�i
L1 +�M T2`7Q`K #2ii2` rBi?Qmi i`�Mb72` H2�`MBM;X h?mb- � /Bz2`2Mi K2i?Q/ b?QmH/ #2
2KTHQv2/ iQ H2�`M 7`QK � i`�BM2/ M2irQ`FX

8XkXj L1*LL L2irQ`Fb rBi? EMQrH2/;2 .BbiBHH�iBQM

h?2 H�bi K2i?Q/ iQ H2�`M 7`QK � i`�BM2/ M2irQ`F Bb FMQrH2/;2 /BbiBHH�iBQMX AM
+QMi`�bi iQ i`�Mb72` H2�`MBM;- r?B+? b?�`2b M2irQ`F H2�`MBM; i?`Qm;? M2irQ`F r2B;?ib-
FMQrH2/;2 /BbiBHH�iBQM b?�`2b M2irQ`F H2�`MBM; #v i2�+?BM; � bim/2Mi M2irQ`F iQ 2p�Hm�i2
BMTmib bBKBH�` iQ i?2 i2�+?2`X �b 2tTH�BM2/ BM a2+iBQM 9XkXk- i?2 HQ;Bib Q7 i?2 i2�+?2`
M2irQ`F �M/ i?2 bim/2Mi M2irQ`F �`2 +QKT�`2/- �M/ i?2 /Bz2`2M+2 #2+QK2b �M �//BiBQM�H
HQbb iQ i?2 bim/2Mi M2irQ`F iQ 2M+Qm`�;2 i?2 bim/2Mi iQ QmiTmi HQ;Bib bBKBH�` iQ i?2
i2�+?2`X aBM+2 QMHv HQ;Bib �`2 #2BM; +QKT�`2/ BM FMQrH2/;2 /BbiBHH�iBQM- Bi +�M #2 �TTHB2/
iQ L1*LL M2irQ`Fb 2�bBHvX AM i?2 2tT2`BK2Mib- i?2 M2irQ`Fb BM i?2 #�b2HBM2 �`2 `2i`�BM2/
rBi? FMQrH2/;2 /BbiBHH�iBQM �b bim/2Mi M2irQ`FbX h?2 i2�+?2` M2irQ`F Bb i?2 b�K2 M2irQ`F
mb2/ BM a2+iBQM 8XR- r?B+? Bb `2}M2/ BM *A6�_@Ry iQ ?�p2 �M �++m`�+v Q7 N9Xj3WX h?2
`2bmHib �`2 `2TQ`i2/ BM h�#H2 8X8X

h?2 `2bmHib /2KQMbi`�i2 i?�i b?�`BM; i?2 H2�`MBM; Q7 i?2 i2�+?2` M2irQ`F i?`Qm;?
FMQrH2/;2 /BbiBHH�iBQM +�M MQi�#Hv BM+`2�b2 i?2 T2`7Q`K�M+2 Q7 M2irQ`FbX h?2 _2bL2i@
R3UL"VYL1 ?�b `2K�`F�#Hv �+?B2p2/ NjXkNW �++m`�+v- r?B+? ?�b BM+`2�b2/ #v RX3RW
7`QK i?2 #�b2HBM2 `2bmHiX 6m`i?2`KQ`2- i?2 BM+`2�b2 Bb �TT`QtBK�i2Hv i?2 b�K2 7Q` i?2
Qi?2` irQ M2irQ`FbX h?2`27Q`2- FMQrH2/;2 /BbiBHH�iBQM Bb � TQr2`7mH K2i?Q/ iQ ;mB/2 i?2
M2irQ`Fb iQ H2�`M #2ii2` r2B;?ib i?�M bBKTHv `2HvBM; QM i?2 i`�BMBM; /�i�b2iX AM �//BiBQM-
FMQrH2/;2 /BbiBHH�iBQM Bb � bmBi�#H2 i2+?MB[m2 iQ K�F2 i?2 L1*LL M2irQ`Fb H2�`M 7`QK �
i`�BM2/ /�i�b2i bBM+2 �Mv M2irQ`F �`+?Bi2+im`2 +�M #2 mb2/ mMHBF2 BM i`�Mb72` H2�`MBM;X



Ryy

8Xj amKK�`v

AM i?Bb +?�Ti2`- i?2 M2m`Q2pQHmiBQM i2+?MB[m2b- r?B+? �`2 ;2M2`B+ M2m`Q2pQHmiBQM
�M/ bi2�/v@bi�i2 M2m`Q2pQHmiBQM- �`2 2tT2`BK2Mi2/ rBi?X h?2 `2bmHib b?Qr i?�i #Qi?
i2+?MB[m2b ?�p2 T`Q/m+2/ M2irQ`F �`+?Bi2+im`2b i?�i ?�p2 `2K�`F�#H2 T2`7Q`K�M+2b BM
i?2 *A6�_@Ry /�i�b2iX JQ`2Qp2`- i`�BMBM; i?2 M2m`Q2pQHmiBQM@T`Q/m+2/ M2irQ`Fb rBi?
FMQrH2/;2 /BbiBHH�iBQM 7m`i?2` BKT`Qp2b i?2 M2irQ`F T2`7Q`K�M+2bX AM +QMi`�bi- i`�Mb@
72` H2�`MBM; /Q2b MQi T`QpB/2 bm#bi�MiB�H #2M2}ib iQ M2m`Q2pQHmiBQM@T`Q/m+2/ M2irQ`F
i`�BMBM;X



*>�Sh1_ oA

L1l_P1oPGlhAPL 6P_ *LL �SSGA*�hAPLa

h?2 M2m`Q2pQHmiBQM 7Q` *LL �TTHB+�iBQMb �`2 2tT2`BK2Mib BM r?B+? M2m`Q2pQHmiBQM
Bb 2KTHQv2/ BM `2�H@rQ`H/ *LL T`Q#H2KbX h?2 }`bi �TTHB+�iBQM Bb /Bb+mbb2/ BM a2+iBQM eXRX
AM i?Bb �TTHB+�iBQM- M2m`Q2pQHmiBQM Bb mb2/ iQ 2pQHp2 bK�HH #�+F#QM2b UM2irQ`F �`+?Bi2+@
im`2bV i?�i `2TH�+2 i?2 /22T #�+F#QM2 Q7 uPGPpjX h?2 bK�HH #�+F#QM2 Bb QTiBKBx2/ iQ
i?2 /�M;2`Qmb Q#D2+ib s@`�v /�i�b2i- r?B+? ?�b HBKBi2/ BK�;2b- mMHBF2 i?2 H�`;2 #�+F#QM2
Q7 uPGPpj- r?B+? ?�b `2/mM/�Mi T�`�K2i2`bX h?2 b2+QM/ �TTHB+�iBQM Bb 2tTQmM/2/ BM
a2+iBQM eXkX h?Bb �TTHB+�iBQM mb2b M2m`Q2pQHmiBQM iQ 2pQHp2 `Q#mbi M2irQ`Fb i?�i `2/m+2
i?2 i`�Mb72`�#BHBiv Q7 �/p2`b�`B�H 2t�KTH2bX �/p2`b�`B�H 2t�KTH2b �`2 BK�;2b ;2M2`�i2/
#v �/p2`b�`B�HHv �ii�+FBM; � M2irQ`F- �M/ i?2b2 BK�;2b +�M �HbQ 7QQH Qi?2` M2irQ`Fb rBi?@
Qmi �Mv KQ/B}+�iBQMX >Qr2p2`- i?2 2ti2Mi Q7 i?2 i`�Mb72`�#BHBiv Q7 �/p2`b�`B�H 2t�KTH2b
UBX2X- 7QQHBM; Qi?2` M2irQ`FbV p�`B2b rBi? i?2 �`+?Bi2+im`2 /2bB;MX h?2`27Q`2- M2m`Q2pQHm@
iBQM Bb miBHBx2/ iQ /Bb+Qp2` 2t+2TiBQM�H �`+?Bi2+im`2b i?�i +�M HQr2` i?2 i`�Mb72`�#BHBiv Q7
�/p2`b�`B�H 2t�KTH2b bB;MB}+�MiHvX

eXR L1*LL 7Q` s@`�v P#D2+i .2i2+iBQM

AM i?Bb �TTHB+�iBQM- i?2 uPGPpj M2irQ`F Bb +QKT�`2/ iQ i?2 uPGPpj M2irQ`F i?�i
?�b Bib #�+F#QM2 `2TH�+2/ rBi? L1*LL UBX2X- M2m`Q2pQHmiBQM@T`Q/m+2/ *LLV M2irQ`FX
�b b?QrM BM 6B;X 9X9- i?2 uPGPpj #�+F#QM2- r?B+? Bb 2M+HQb2/ rBi? � /�b?2/ `2+i�M@
;H2- ?�b � /22T �`+?Bi2+im`2 rBi? 3R #HQ+Fb �M/ bFBT +QMM2+iBQMb bBKBH�` iQ _2bL2iX hQ
2t�KBM2 i?2 bB;MB}+�M+2 Q7 i?2 #�+F#QM2 iQ i?2 r?QH2 uPGPpj �`+?Bi2+im`2- /Bz2`2Mi
#�+F#QM2b Q7 uPGPpj �`2 +`2�i2/ 7`QK i?2 Q`B;BM�H uPGPpj #�+F#QM2 #v i`BKKBM; BiX
h?2 }`bi M2irQ`F Bb uPGPpj rBi? i`�Mb72` H2�`MBM; r2B;?ib UBX2X- r2B;?ib T`2@i`�BM2/ QM
AK�;2L2iVX h?2 b2+QM/ uPGPpj M2irQ`F Bb bBKTHv i?2 Q`B;BM�H M2irQ`F rBi? `�M/QK
BMBiB�HBx�iBQMX h?2 i?B`/ M2irQ`F Bb +�HH2/ uPGP J2/- r?B+? Bb uPGPpj #mi ?�b Bib
#�+F#QM2 i`BKK2/ iQ K�i+? i?2 #HQ+F +QmMi Q7 i?2 L1*LL #�+F#QM2bX h?2 H�bi M2irQ`F
Bb uPGP hBMv- r?B+? Bb � M2irQ`F `2b2K#HBM; uPGPpkX Ai /Q2b MQi miBHBx2 bFBT +QMM2+@
iBQMb �M/ +QMi�BMb QMHv QM2 2p�Hm�iBQM #HQ+FX 6Q` i?2 L1*LL #�+F#QM2b- i?2`2 �`2 i?`22
M2irQ`Fb mb2/ BM i?2 2tT2`BK2Mi- r?B+? �`2 �HH ;2M2`�i2/ mbBM; i?2 ;2M2`B+ M2m`Q2pQHm@



Ryk

h�#H2 eXR, GBbi Q7 uPGP M2irQ`Fb �M/ L1*LL M2irQ`Fb rBi? i?2B` /2b+`BTiBQMX

L2irQ`F .2b+`BTiBQM

uPGPpjYhG uPGPpj �`+?X rBi? h`�Mb72` G2�`MBM;
uPGPpj uPGPpj �`+?X rBi? `�M/QK BMBiB�HBx�iBQM
uPGP J2/ uPGPpj �`+?X rBi? #�+F#QM2 bB;MB}+�MiHv /2+`2�b2/
uPGP hBMv �`+?Bi2+im`2 i?�i `2b2K#H2b uPGPpk

L1*LL@*Ry "�+F#QM2 T`Q/m+2/ #v �H;X k rBi? uPGPpj 2p�Hm�iBQM
L1*LL@s_R "�+F#QM2 T`Q/m+2/ #v �H;X j rBi? uPGPpj 2p�Hm�iBQM
L1*LL@s_k "�+F#QM2 T`Q/m+2/ #v �H;X j rBi? uPGPpj 2p�Hm�iBQM

h�#H2 eXk, uPGP L2irQ`Fb �M/ L1*LL L2irQ`Fb "HQ+F *QmMibX

L2irQ`F "HQ+F *QmMi

uPGPpjYhG Rye #HQ+Fb
uPGPpj Rye #HQ+Fb
uPGP J2/ 88 #HQ+Fb
uPGP hBMv kj #HQ+Fb

L1*LL@*Ry 9N #HQ+Fb Uk9 #�+F#QM2 Y k8 2p�Hm�iBQMV
L1*LL@s_R 9d #HQ+Fb Ukk #�+F#QM2 Y k8 2p�Hm�iBQMV
L1*LL@s_k 8y #HQ+Fb Uk8 #�+F#QM2 Y k8 2p�Hm�iBQMV

iBQMX h?2 }`bi QM2 Bb L1*LL@*Ry- r?B+? Bb 2pQHp2/ mbBM; �H;Q`Bi?K kX h?2 b2+QM/ �M/
i?B`/ M2irQ`Fb �`2 L1*LL@s_R �M/ L1*LL@s_k- r?B+? �`2 2pQHp2/ mbBM; i?2 �H;Q@
`Bi?K j rBi? bHB;?i KQ/B}+�iBQMb BM i?2 M2m`Q2pQHmiBQM T�`�K2i2`bX h?2 bmKK�`v Q7 i?2
M2irQ`Fb 2tT2`BK2Mi2/ rBi? Bb b?QrM BM h�#H2 eXRX

h?2 uPGPpj ?�b � iQi�H Q7 Rye #HQ+Fb- r?B+? +QMbBbi Q7 +QMpQHmiBQM�H #HQ+Fb-
mTb�KTHBM; #HQ+Fb- bFBT +QMM2+iBQMb- 2i+X uPGP J2/ �M/ uPGP hBMv ?�p2 88 #HQ+Fb
�M/ kj #HQ+Fb `2bT2+iBp2HvX *QMp2`b2Hv- i?2 L1*LL@*Ry #�+F#QM2 ?�b k9 #HQ+Fb i?�i
�`2 +QKT`Bb2/ Q7 +QMpQHmiBQM�H #HQ+Fb- TQQHBM; #HQ+Fb- bmKK�iBQM #HQ+Fb- 2i+X q?2M i?2
L1*LL@*Ry Bb +QK#BM2/ rBi? i?2 uPGPpj 2p�Hm�iBQM- r?B+? ?�b k8 #HQ+Fb- i?2 iQi�H
�`+?Bi2+im`2 #HQ+F +QmMi #2+QK2b 9N #HQ+FbX L1*LL@s_R �M/ L1*LL@s_k ?�p2 9d �M/
8y #HQ+Fb `2bT2+iBp2HvX h?2 bmKK�`v Q7 i?2 M2irQ`F #HQ+F +QmMib Bb b?QrM BM h�#H2 eXkX

6m`i?2`KQ`2- i?2 T�`�K2i2` bBx2 Q7 2�+? M2irQ`F- K2�bm`2/ BM K2;�#vi2b UJ"V Bb
�HbQ +QKT�`2/X 6Q` i?2 uPGP M2irQ`Fb- uPGPpj ?�b i?2 H�`;2bi T�`�K2i2` bBx2 rBi?
k9k J"- 7QHHQr2/ #v uPGP J2/ rBi? Rje J" �M/ uPGP hBMv rBi? j9 J"X 6Q` i?2
L1*LL M2irQ`Fb- L1*LL@*Ry ?�b 9e J" QM i?2 #�+F#QM2 �M/ 9k J" QM i?2 2p�Hm�iBQM
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C
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C
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C
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S

B

C

C

C

T

T

T

B

C

C

C

C

B

P

C

C

B

P
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Convolutional Block

Strided Convolutional Block

Pooling Block

Summation Block

Concatenation Block
P

NECNN-10

Input

6B;m`2 eXR, L1*LL@*Ry L2irQ`F �`+?Bi2+im`2X

i?�i Bb 33 J" BM iQi�HX L1*LL@s_R �M/ L1*LL@s_k ?�p2 � iQi�H Q7 RNd J" �M/ Rd9
J" `2bT2+iBp2HvX LQi�#Hv- L1*LL@*Ry ?�b � HQr T�`�K2i2` bBx2 /2bTBi2 ?�pBM; � bBKBH�`
#HQ+F +QmMi rBi? L1*LL@s_ M2irQ`FbX h?Bb Bb /m2 iQ i?2 2pQHmiBQM T`Q+2bb BM �H;Q`Bi?K
k- r?B+? �HHQrb KQ`2 bFBT +QMM2+iBQMb i?�i ?�p2 #HQ+Fb BM Bi �b b?QrM BM 6B;X eXRX PM i?2
Qi?2` ?�M/- L1*LL@s_ M2irQ`Fb T`Q/m+2/ mbBM; �H;Q`Bi?K j ?�p2 � KQ`2 +QMbi`�BM2/
2pQHmiBQM #2+�mb2 i?2 M2irQ`Fb �`2 �H`2�/v +QMM2+i2/ iQ i?2 uPGPpj 2p�Hm�iBQMX h?2
2z2+ib Q7 i?2 +QMbi`�BMi QM L1*LL@s_ M2irQ`Fb `2bmHi2/ BM 72r2` bFBT +QMM2+iBQMb �b
b?QrM BM 6B;X eXk- r?B+? ?�b T`2b2`p2/ i?2 T�`�K2i2` bBx2 QM 2p2`v #HQ+FX h?2 bmKK�`v
Q7 i?2 M2irQ`F T�`�K2i2` bBx2b Bb b?QrM BM h�#H2 eXjX

h?2 i`�BMBM; T�`�K2i2`b mb2/ 7Q` �HH i?2 M2irQ`Fb �`2 i?2 b�K2 iQ 2bi�#HBb? �M
Q#D2+iBp2 +QKT�`BbQMX h?2 #�i+? bBx2 Bb }t2/ iQ jk �M/ i?2 BMTmi bBx2 Bb Rk3X h?2 /�i�
�m;K2Mi�iBQM miBHBx2/ Bb ?Q`BxQMi�H ~BT QMHvX hQ Q#i�BM i?2 `2bmHib- 2p2`v M2irQ`F Bb
i`�BM2/ 7Q` Ryyy 2TQ+?b KmHiBTH2 iBK2b �M/ �p2`�;2/X h?2 K2i`B+ mb2/ iQ K2�bm`2 i?2
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P
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P
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P
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P
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P
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P
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NECNN-XR1 NECNN-XR2 

Input Input

6B;m`2 eXk, L1*LL@s_R �M/ L1*LL@s_k L2irQ`F �`+?Bi2+im`2bX

T2`7Q`K�M+2 Q7 i?2 M2irQ`Fb Bb i?2 K2�M �p2`�;2 T`2+BbBQM UK�SV- r?B+? Bb i?2 bi�M/�`/
K2i`B+ BM Q#D2+i /2i2+iBQMX h?2 /�i�b2i 2KTHQv2/ Bb i?2 /�M;2`Qmb Q#D2+ib s@`�v- r?B+?
?�b eek i`�BMBM; BK�;2b �M/ 99k i2biBM; BK�;2bX 1�+? BK�;2 ?�b �M �p2`�;2 bBx2 Q7 eyy
× eyy TBt2HbX h?2 2t�KTH2 `�r s@ BK�;2b �`2 b?QrM BM 6B;X jX9X

h?2 `2bmHib Q7 i?2 i`�BMBM; �`2 b?QrM BM h�#H2 eX9X uPGPpj ?�b �M K�S Q7 8kXNWX
>Qr2p2`- BMBiB�HBxBM; uPGPpj rBi? i`�Mb72` H2�`MBM; BM+`2�b2b Bib K�S iQ e8XRWX uPGP
J2/ �M/ uPGP hBMv ?�p2 HQr K�Sb rBi? 9dXNW �M/ 9dXdW `2bT2+iBp2HvX JQ`2Qp2`-
L1*LL@*Ry- L1*LL@s_R- �M/ L1*LL@s_k ?�p2 /2+2Mi K�Sb rBi? eyX3W- ejX3W-
�M/ ekX8W `2bT2+iBp2HvX



Ry8

h�#H2 eXj, uPGP L2irQ`Fb �M/ L1*LL L2irQ`Fb S�`�K2i2` aBx2bX

L2irQ`F S�`�K2i2`b aBx2 UJ"V

uPGPpjYhG k9k
uPGPpj k9k
uPGP J2/ Rje
uPGP hBMv j9

L1*LL@*Ry 33 U9e #�+F#QM2 Y 9k 2p�Hm�iBQMV
L1*LL@s_R RNd UR88 #�+F#QM2 Y 9k 2p�Hm�iBQMV
L1*LL@s_k Rd9 URjk #�+F#QM2 Y 9k 2p�Hm�iBQMV

h�#H2 eX9, h?2 K�S Q7 i?2 uPGP M2irQ`Fb �M/ L1*LL M2irQ`FbX uPGPpjYhG ?�b i?2
?B;?2bi K�S �KQM; i?2 uPGP M2irQ`Fb- r?2`2�b L1*LL@s_R ?�b i?2 ?B;?2bi K�S �KQM;
i?2 L1*LL M2irQ`FbX

L2irQ`F �++m`�+v UK�SV

uPGPpjYhG e8XRW
uPGPpj 8kXNW
uPGP J2/ 9dXNW
uPGP hBMv 9dXdW

L1*LL@*Ry eyX3W
L1*LL@s_R ejX3W
L1*LL@s_k ekX8W

h?2 T2`7Q`K�M+2 Q7 i?2 uPGP M2irQ`Fb Bb rBi?BM i?2 2tT2+i�iBQMb #2+�mb2 r?2M
bBKBH�`Hv bi`m+im`2/ M2irQ`Fb U2X;X- +QMpQHmiBQM@+QMpQHmiBQM �M/ +QMpQHmiBQM@+QMpQHmiBQM@
+QMpQHmiBQM M2irQ`FbV i?�i K�BMHv /Bz2` BM /2Ti? �`2 +QKT�`2/- i?2 /22T2` M2irQ`F mbm@
�HHv +Q``2bTQM/b iQ #2ii2` �++m`�+vX >Qr2p2`- /2T2M/BM; QM i?2 bBx2 Q7 i?2 /�i�b2i- i?2
/22T2` M2irQ`F K�v #2+QK2 � /Bb�/p�Mi�;2X q?2M i?2 /�i�b2i bBx2 Bb HBKBi2/- i?2 /22T2`
M2irQ`F +�MMQi #2 T`QT2`Hv i`�BM2/ �b Bi i2M/b iQ Qp2`}i i?2 /�i�b2i �M/ +QMb2[m2MiHv
7�BHb iQ ;2M2`�HBx2X AM i?Bb 2tT2`BK2Mi- i?2 Q#D2+i /2i2+iBQM �TTHB+�iBQM Bb +QKTHB+�i2/
2MQm;? iQ T`2p2Mi i?2 Qp2`}iiBM; Q7 uPGPpjX >Qr2p2`- i?2 #�+F#QM2 Q7 uPGPpj Bb
biBHH `2/mM/�Mi �b Q#b2`p2/ BM i?2 T2`7Q`K�M+2 Q7 bK�HH �M/ QTiBKBx2/ L1*LL M2irQ`FbX
h?2 T`Q/m+2/ #�+F#QM2b UBX2X- L1*LL M2irQ`FbV �`2 /2bB;M2/ iQ ?�p2 +QKT�`�#H2 T2`@
7Q`K�M+2b rBi? i?2 mM�Hi2`2/ uPGPpjX lM2tT2+i2/Hv- i?2 L1*LL M2irQ`Fb ?�p2 Qmi@
T2`7Q`K2/ i?2 uPGPpj #v �i H2�bi dWX Ai b?Qrb i?�i i?2 HBKBi2/ /�i�b2i +�MMQi 7mHHv
i`�BM i?2 /22T �`+?Bi2+im`2 Q7 i?2 uPGPpjX >Qr2p2`- uPGPpj rBi? i`�Mb72` H2�`MBM;
r2B;?ib ?�b T2`7Q`K2/ i?2 #2bi- �M/ Bi Bb �ii`B#mi2/ iQ i?2 r2B;?ib i?�i �`2 `2}M2/ mb@
BM; �MQi?2` /�i�b2i UBX2X- AK�;2L2iVX h?2 M2irQ`F H�v2`b Q` #HQ+Fb BM uPGPpjYhG �`2



Rye

h�#H2 eX8, h?2 K�S Q7 i?2 uPGPpjYhG �M/ L1*LL@*Ry M2irQ`Fb r?2M i`�BM2/ QM � #B;;2`
BMTmi bBx2 Q7 9Re × 9Re TBt2HbX

L2irQ`F �++m`�+v UK�SV

uPGPpjYhG 3eXeW
L1*LL@*Ry 39XyW

i`�BM2/ 72�im`2 2ti`�+iQ`b- r?B+? �`2 `2}M2/ #v i?2 HBKBi2/ s@`�v /�i�b2iX AM i?2 +�b2 Q7
uPGPpj- i?2 HBKBi2/ s@`�v /�i�b2i mb2/ iQ +`2�i2 Bib 72�im`2 2ti`�+iQ`b +�MMQi +QKT2i2
rBi? i?2 72�im`2 2ti`�+iQ`b Q7 uPGPpjYhGX

h?2 L1*LL #�+F#QM2b ?�p2 �+?B2p2/ #2ii2` K�S i?�M i?2 uPGP M2irQ`Fb rBi?
i?2 2t+2TiBQM Q7 uPGPpjYhGX .2bTBi2 ?�pBM; � HQr2` MmK#2` Q7 #HQ+Fb +QKT�`2/ iQ
uPGPpj- i?2 L1*LL M2irQ`Fb miBHBx2 bFBT +QMM2+iBQMb �M/ KmHiBTH2 #HQ+Fb BM i?2 bFBT
+QMM2+iBQMb iQ +QKT2Mb�i2 7Q` i?2 H�+F Q7 /2Ti?X 6m`i?2`KQ`2- i?2 bK�HH #�+F#QM2 T`Q@
pB/2/ #v i?2 L1*LL M2irQ`Fb ?�b K�/2 i?2 i`�BMBM; T`Q+2bb 2�bB2` i?�M /22T M2irQ`Fb-
2bT2+B�HHv rBi? i?2 HBKBi2/ /�M;2`Qmb Q#D2+ib s@`�v /�i�b2iX

6BM�HHv- i?2 `2bmHib T`2b2Mi2/ �`2 BM i?2 `�M;2 Q7 ∼eyW #2+�mb2 Q7 i?2 bK�HH BMTmi
bBx2 i?�i Bb Rk3X A7 i?2 BMTmi bBx2 Bb BM+`2�b2/ iQ 9Re U/27�mHi BK�;2 bBx2 7Q` uPGPV-
i?2 �++m`�+v BM+`2�b2b BMiQ i?2 `�M;2 Q7 ∼3yW #2+�mb2 i?2 �++m`�+v Bb /B`2+iHv T`QTQ`@
iBQM�H iQ i?2 BMTmi bBx2X >Qr2p2`- 7Q` i?2 b�F2 Q7 7�bi2` +QKTmi�iBQM BM i?Bb T`QQ7 Q7
+QM+2Ti- � bK�HH2` BMTmi bBx2 Bb miBHBx2/X h�#H2 eX8 b?Qrb i?2 K�S Q7 i?2 L1*LL@*Ry
�M/ uPGPpjYhG M2irQ`Fb r?2M i`�BM2/ mbBM; i?2 BMTmi bBx2 Q7 9Re × 9Re TBt2HbX

eXk L1*LL �b h`�Mb72`�#BHBiv Q7 �/p2`b�`B�H 1t�KTH2b .272Mb2

AM i?Bb �TTHB+�iBQM- M2m`Q2pQHmiBQM UL1V Bb miBHBx2/ iQ 2pQHp2 M2irQ`F �`+?Bi2+im`2b
i?�i �`2 `Q#mbi iQ i?2 i`�Mb72`�#BHBiv Q7 �/p2`b�`B�H 2t�KTH2bX S�`iB+mH�`Hv- M2m`Q2pQHmiBQM
Bb +QK#BM2/ rBi? ;`�/B2Mi KBb�HB;MK2Mi U:JV iQ T`Q/m+2 �`+?Bi2+im`2b i?�i ?�p2 ?B;?
�++m`�+v QM mMT2`im`#2/ BK�;2b UBX2X- +H2�M �++m`�+vV �M/ ?B;? `Q#mbiM2bb iQ �/p2`b�`B�H
2t�KTH2b UBX2X- �/p2`b�`B�H �++m`�+vV ;2M2`�i2/ #v � `272`2M+2 M2irQ`FX 6Qm` M2irQ`Fb
�`2 #2BM; +QKT�`2/- r?B+? �`2 i?2 7QHHQrBM;, UBV irQ L1Y:J M2irQ`Fb- r?B+? �`2 i?2
iQT irQ M2irQ`Fb T`Q/m+2/ #v i?2 L1 rBi? :J K2i?Q/ �b bmKK�`Bx2/ BM �H;Q`Bi?K 9c
� `272`2M+2 M2irQ`F- r?B+? Bb 2KTHQv2/ iQ ;2M2`�i2 i?2 �/p2`b�`B�H 2t�KTH2bc �M/ UBBBV �



Ryd

`272`2M+2 M2irQ`F rBi? :J- r?B+? Bb � M2irQ`F i?�i ?�b i?2 b�K2 �`+?Bi2+im`2 �b i?2
`272`2M+2 M2irQ`F �M/ Bb i`�BM2/ rBi? :JX h?2 M2irQ`Fb BM UBBV �M/ UBBBV �`2 +QHH2+iBp2Hv
/2MQi2/ �b i?2 #�b2HBM2 M2irQ`FbX

hQ Q#i�BM i?2 L1Y:J M2irQ`Fb- bi2�/v@bi�i2 M2m`Q2pQHmiBQM Bb 2KTHQv2/X h?2 L1
TQTmH�iBQM Bb BMBiB�HBx2/ rBi? 7Qm` Q` }p2 M2irQ`F BM/BpB/m�Hb +�HH2/ +�M/B/�i2 M2irQ`FbX
h?2 �`+?Bi2+im`2 Q7 i?2 +�M/B/�i2 M2irQ`Fb Bb `�M/QKHv /2bB;M2/ iQ ?�p2 �i H2�bi � M2irQ`F
/Bbi�M+2 Q7 7Qm` iQ 2�+? Qi?2`X 1�+? +�M/B/�i2 M2irQ`F Bb i`�BM2/ 7Q` ky 2TQ+?bX .m`BM; i?2
i`�BMBM; Q7 i?2 M2irQ`Fb- i?2 #�i+? bBx2 Bb b2i iQ Rk3- �M/ i?2 `2K�BMBM; ?vT2`T�`�K2i2`b
U2X;X- H2�`MBM; `�i2V �`2 b2i iQ i?2 /27�mHi SvhQ`+? .LL HB#`�`v b2iiBM;b US�bxF2 2i �HX-
kyRNV rBi?Qmi }M2@imMBM;X h?Bb Bb /QM2 iQ K�BMi�BM �M Q#D2+iBp2 +QKT�`BbQM #2ir22M
i?2 L1Y:J M2irQ`Fb �M/ i?2 #�b2HBM2 M2irQ`FbX h?2 L1 2pQHp2b i?2 M2irQ`Fb 7Q`
8y ;2M2`�iBQMb- r?2`2 2�+? +�M/B/�i2 M2irQ`F T`Q/m+2b irQ +?BH/`2M i?`Qm;? �;;`2bbBp2
Kmi�iBQM UBX2X- KmHiBTH2 Kmi�iBQMb QM � M2irQ`FVX am#b2[m2MiHv- i?2 +?BH/`2M �`2 i`�BM2/
rBi? :J 7Q` ky 2TQ+?bX LQi2 i?�i i?2 MmK#2` Q7 2TQ+?b BM+`2�b2b #v }p2 2p2`v Ry
;2M2`�iBQMb iQ �++QmMi 7Q` i?2 M2irQ`F +QKTH2tBiv Q7 i?2 +�M/B/�i2 M2irQ`Fb �7i2` b2p2`�H
;2M2`�iBQMbX h?Bb BKTH2K2Mi�iBQM �HbQ ?2HTb HQr2` i?2 +QKTmi�iBQM�H +Qbi �M/ iBK2 bBM+2
i?2 bBKTH2 M2irQ`Fb BM i?2 }`bi 72r ;2M2`�iBQMb +�M +QMp2`;2 rBi? bK�HH 2TQ+?bX �i i?2
2M/ Q7 i?2 L1 T`Q+2bb- i?2 iQT irQ M2irQ`Fb 7`QK i?2 }M�H TQTmH�iBQM �`2 `2}M2/ #v
i`�BMBM; i?2K 7Q` �MQi?2` Ryyy 2TQ+?b iQ 2Mbm`2 i?�i i?2 +H2�M �++m`�+v �M/ �/p2`b�`B�H
�++m`�+v +QMp2`;2 iQ � bi�#H2 p�Hm2X �7i2`r�`/- i?2 `2}M2/ M2irQ`Fb �`2 mb2/ �b i?2
L1Y:J M2irQ`FbX

hrQ K�BM 2tT2`BK2Mib �`2 2tTHQ`2/ BM i?Bb �TTHB+�iBQMX h?2 }`bi 2tT2`BK2Mi miB@
HBx2b � 7mHH@/�i�b2i- �M/ i?2 b2+QM/ 2tT2`BK2Mi miBHBx2b � `2/m+2/@/�i�b2iX AM i?2 }`bi
2tT2`BK2Mi- i?2 7QHHQrBM; /�i�b2ib �`2 mb2/, *A6�_@Ry- JLAah- �M/ EJLAahX AM �/@
/BiBQM- _2bL2i@R3- o::- .2Mb2L2i- �M/ a[m22x2L2i UA�M/QH� 2i �HX- kyReV �`2 mb2/ �b
M2irQ`F KQ/2HbX h?2 #�b2HBM2 M2irQ`Fb �M/ i?2 L1Y:J M2irQ`Fb �`2 2p�Hm�i2/ mbBM;
i?2 /�i�b2ib �M/ i?2 �/p2`b�`B�H 2t�KTH2b ;2M2`�i2/ #v i?2 `272`2M+2 M2irQ`F �M/ i?2
BMi`Q/m+2/ M2irQ`F KQ/2HbX h?2 2p�Hm�iBQM K2i`B+b mb2/ iQ K2�bm`2 i?2 T2`7Q`K�M+2 Q7
i?2 #�b2HBM2 �M/ L1Y:J M2irQ`Fb �`2 i?2 +H2�M �++m`�+v- r?B+? Bb i?2 T2`+2Mi�;2 Q7
+Q``2+iHv +H�bbB}2/ BK�;2b QM � i2bi b2i- �M/ �/p2`b�`B�H �++m`�+v- r?B+? Bb i?2 T2`+2Mi�;2
Q7 +Q``2+iHv +H�bbB}2/ BK�;2b QM �M �/p2`b�`B�HHv �ii�+F2/ i2bi b2iX h?2 }`bi 2tT2`BK2Mi
/2KQMbi`�i2b i?�i i?2 L1Y:J M2irQ`Fb ?�p2 MQi�#Hv ?B;?2` �/p2`b�`B�H �++m`�+B2b i?�M



Ry3

h�#H2 eXe, h?2 +H2�M �++m`�+v �M/ �/p2`b�`B�H �++m`�+v Q7 i?2 #�b2HBM2 M2irQ`Fb �M/ L1Y:J
M2irQ`Fb i`�BM2/ rBi? � 7mHH /�i�b2i Bb b?QrM ?2`2X AM i?Bb i�#H2- i?2 7mHH *A6�_@Ry /�i�b2i
Bb 2KTHQv2/X h?2 L1Y:J M2irQ`Fb ?�p2 `2K�`F�#Hv ?B;?2` �/p2`b�`B�H �++m`�+v UBX2X- HQr2`
i`�Mb72`�#BHBiv Q7 �/p2`b�`B�H 2t�KTH2bV i?�M i?2 `272`2M+2 M2irQ`F rBi?Qmi :J U_27X L2irQ`FV
�M/ rBi? :J U_27X L2irQ`FY:JVX

_27X L2iX _27X L2iXY:J L1Y:J L2iX R L1Y:J L2iX k

*H2�M �++X d3X9yW 3yX3kW 3RXyNW 3yXekW
�/pX �++X UL∞@S:.V kjXRyW 9kXNyW 89XRkW 8jXkdW

i?2 #�b2HBM2 M2irQ`Fb r?BH2 K�BMi�BMBM; ;QQ/ +H2�M �++m`�+vX

AM i?2 b2+QM/ 2tT2`BK2Mi- i?2 `2/m+2/ p2`bBQMb Q7 i?2 �7Q`2K2MiBQM2/ /�i�b2ib �`2
2KTHQv2/ iQ i2bi r?2i?2` i?2 M2m`Q2pQHmiBQM rBi? :J K2i?Q/ +�M �HbQ rQ`F r2HH rBi?
HBKBi2/ /�i�b2ibX a2p2`�H bT2+B�HBx2/ �TTHB+�iBQMb miBHBx2 HBKBi2/ /�i�b2ib UPT2`B�MQ 2i �HX-
kykyc a?�BF?BM� �M/ E?Qp�MQp�- kyRdc w?�M; �M/ GBM;- kyR3c P? 2i �HX- kykyc q�M; 2i �HX-
kykyV bm+? �b i?2 /�M;2`Qmb Q#D2+ib s@`�v �M/ Bi Bb BKTQ`i�Mi i?�i i?2 T`QTQb2/ K2i?Q/
Bb /�i�b2i bBx2 �;MQbiB+X aBM+2 i?2 /�i�b2ib mb2/ �`2 HBKBi2/- i?2 #�b2HBM2 M2irQ`Fb �`2
`2TH�+2/ #v bBKTH2 ?�M/@2M;BM22`2/ M2irQ`Fb iQ +QKT2Mb�i2 7Q` i?2 /�i�b2i bBx2X h?2
b2+QM/ 2tT2`BK2Mi /2KQMbi`�i2b i?�i 2p2M rBi? � HBKBi2/ /�i�b2i- i?2 T`Q/m+2/ L1Y:J
M2irQ`Fb +�M biBHH �ii�BM ?B;? +H2�M �++m`�+v �M/ ;QQ/ �/p2`b�`B�H �++m`�+vX

eXkXR 6mHH@.�i�b2i 1tT2`BK2Mi

eXkXRXR *H2�M �++m`�+v �M/ �/p2`b�`B�H �++m`�+v

AM i?Bb bm#b2+iBQM- i?2 +H2�M �++m`�+B2b �M/ �/p2`b�`B�H �++m`�+B2b Q7 i?2 #�b2HBM2
�M/ L1Y:J M2irQ`Fb i`�BM2/ QM 7mHH@/�i�b2i �`2 +QKT�`2/X 6Q` i?2 `272`2M+2 M2irQ`F-
_2bL2i@j9 Bb 2KTHQv2/X h?2 `272`2M+2 M2irQ`F- iQ;2i?2` rBi? S:. rBi? L∞ MQ`K UL∞@
S:.V �`2 mb2/ iQ ;2M2`�i2 i?2 �/p2`b�`B�H 2t�KTH2 2[mBp�H2Mi Q7 �HH i?2 i2bi b2i BK�;2b
BM *A6�_@RyX h?2 `2bmHib Q7 i?2 #�b2HBM2 M2irQ`Fb �M/ L1Y:J M2irQ`Fb �`2 b?QrM BM
h�#H2 eXeX q?2M i?2 +H2�M �++m`�+B2b �`2 +QKT�`2/- i?2 L1Y:J M2irQ`Fb ?�p2 ?B;?2`
`2bmHib i?�M i?2 `272`2M+2 M2irQ`FX JQ`2Qp2`- Bi Bb MQi2rQ`i?v i?�i i?2 L1Y:J M2irQ`Fb
?�p2 �+?B2p2/ � `2K�`F�#H2 BM+`2�b2 BM i?2 �/p2`b�`B�H �++m`�+v rBi? � /Bz2`2M+2 Q7 �i
H2�bi jRW �;�BMbi i?2 `272`2M+2 M2irQ`F �M/ RRW �;�BMbi i?2 `272`2M+2 M2irQ`F rBi? :JX
h?2 `2bmHib QM i?2 `272`2M+2 M2irQ`F rBi? :J BM/B+�i2 i?�i i?2 L1 +�M bm++2bb7mHHv }M/
KQ`2 `Q#mbi M2irQ`F �`+?Bi2+im`2b- r?B+? ?2HT :J iQ KBb�HB;M BMTmi ;`�/B2Mib #2ii2`-
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(dist. from Ref. Net. : 1.297)
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RN + GM: 0.687 NE + GM: 1.297
Difference with Reference Network

Reference Network + GM NE + GM Network 

Reference NetworkOriginal Image
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Reference NetworkOriginal Image

(dist. from Ref. Net. : 0.687)

6B;m`2 eXj, AMi2;`�i2/ ;`�/B2Mib UamM/�`�`�D�M 2i �HX- kyRdV Q7 i?2 `272`2M+2 M2irQ`F- `272`2M+2
M2irQ`F rBi? :J- �M/ L1Y:J M2irQ`F b?Qr i?2 7Q+mb �`2�b Q7 2p2`v M2irQ`F mbBM; i?2 `2H�iBp2
p�Hm2b BM i?2 `�M;2 Q7 [−1, 1]X h?`Qm;? i?2 +QKT�`BbQM Q7 i?2 +QHQ`b QM i?2 b�K2 TBt2H HQ+�iBQMb- Bi
+�M #2 Q#b2`p2/ i?�i i?2 7Q+mb �`2�b Q7 i?2 `272`2M+2 M2irQ`F rBi? :J UHQr2` H27iV �M/ L1Y:J
M2irQ`F UHQr2` `B;?iV ?�p2 +QKTH2K2Mi�`v +QHQ`b iQ i?�i Q7 i?2 `272`2M+2 M2irQ`F- r?B+? bm;;2bib
/BbbBKBH�`Biv BM i?2 BMTmi ;`�/B2MibX JQ`2Qp2`- i?2 iQi�H TBt2H /Bbi�M+2 Q7 i?2 L1Y:J M2irQ`F
URXkNdV �;�BMbi i?2 `272`2M+2 M2irQ`F Bb ?B;?2` i?�M i?�i Q7 i?2 `272`2M+2 M2irQ`F rBi? :J
UyXe3dVX Ai BKTHB2b i?�i i?2 L1Y:J M2irQ`F BMTmi ;`�/B2Mib �`2 KQ`2 /BbbBKBH�` iQ i?Qb2 Q7 i?2
`272`2M+2 M2irQ`FX

i?�M i?2 `272`2M+2 M2irQ`F �`+?Bi2+im`2X

h?2 +�T�#BHBiv Q7 :J iQ KBb�HB;M BMTmi ;`�/B2Mib Q7 M2irQ`Fb +�M #2 pBbm�HHv +QM@
}`K2/ mbBM; BMi2;`�i2/ ;`�/B2Mib UamM/�`�`�D�M 2i �HX- kyRdVX AM 6B;X eXj- i?2`2 �`2 i?`22
M2irQ`Fb mb2/- r?B+? �`2 i?2 `272`2M+2 M2irQ`F- `272`2M+2 M2irQ`F rBi? :J- �M/ i?2
L1Y:J M2irQ`FX 1�+? M2irQ`F b?Qrb Bib BMTmi ;`�/B2Mib p�Hm2b i?`Qm;? i?2 +QHQ` Qp2`@
H�v QM i?2 TBt2Hb Q7 i?2 2t�KTH2 BK�;2X h?2 `2/ +QHQ` BM/B+�i2b � M2;�iBp2 /B`2+iBQM-
r?2`2�b ;`22M BM/B+�i2b � TQbBiBp2 /B`2+iBQMX A7 i?2 mTT2` `B;?i #Qt Bb Q#b2`p2/- Bi +�M #2
b22M i?�i i?2 +QHQ` Q7 i?2 TBt2Hb BM i?2 `272`2M+2 M2irQ`F +?�M;2b BMiQ i?2 +QKTH2K2Mi�`v
+QHQ` BM i?2 `272`2M+2 rBi? :J �M/ L1Y:J M2irQ`FbX h?2 +?�M;2 BM TBt2H +QHQ`b b?Qrb
i?�i i?2 /B`2+iBQM Q7 i?2 BMTmi ;`�/B2Mi #2+QK2b i?2 QTTQbBi2X h?2 b�K2 Q++m``2M+2 +�M
#2 Q#b2`p2/ BM Qi?2` #Qt2b- r?B+? BKTHB2b i?�i :J +�M bm++2bb7mHHv 2M+Qm`�;2 M2irQ`Fb
iQ KBb�HB;M i?2B` BMTmi ;`�/B2Mib rBi? `2bT2+i iQ i?2 `272`2M+2 M2irQ`FX AM �//BiBQM- i?2
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h�#H2 eXd, h?2 �/p2`b�`B�H `Q#mbiM2bb Q7 i?2 #�b2HBM2 M2irQ`Fb �M/ L1Y:J M2irQ`F �;�BMbi
i?2 �/p2`b�`B�H 2t�KTH2b 7`QK /Bz2`2Mi M2irQ`Fb �`2 T`2b2Mi2/ ?2`2X L1Y:J M2irQ`F b?Qrb
+QMbBbi2Mi `Q#mbiM2bb r?BH2 i?2 irQ #�b2HBM2b /Q MQiX

_27X L2irQ`F _27X L2irQ`FY:J L1Y:J L2irQ`F

_2bL2i@R3 jeX39W 9dX9yW 8jXNNW
o:: 9kXN3W 8kXj8W 88XkjW
.2Mb2L2i jeXedW 93X99W 8jXNjW
a[m22x2L2i 99XkjW 8kX93W 88XyNW

iQi�H TBt2H /Bbi�M+2 Q7 i?2 L1Y:J M2irQ`F rBi? i?2 `272`2M+2 M2irQ`F Bb ?B;?2` i?�M
i?Qb2 Q7 i?2 `272`2M+2 M2irQ`F rBi? :J rBi? i?2 `272`2M+2 M2irQ`F URXkNd �M/ yXe3d `2@
bT2+iBp2HvVX h?mb- i?2 T`QTQb2/ L1 rBi? :J 7`�K2rQ`F +�M }M/ M2irQ`F �`+?Bi2+im`2b
i?�i KBb�HB;M BMTmi ;`�/B2Mib #2ii2` i?�M i?2 `272`2M+2 M2irQ`F �`+?Bi2+im`2X

eXkXRXk h`�Mb72`�#BHBiv Q7 �/p2`b�`B�H 1t�KTH2b ;2M2`�i2/ 7`QK ai�M/�`/ L2i@
rQ`Fb

h?2 `Q#mbiM2bb Q7 i?2 L1Y:J M2irQ`Fb Bb �HbQ i2bi2/ rBi? i?2 �/p2`b�`B�H 2t�KTH2b
;2M2`�i2/ #v Qi?2` M2irQ`FbX AM �//BiBQM iQ i?2 `272`2M+2 M2irQ`F U_2bL2i@j9V- i?2`2 �`2
7Qm` b2ib Q7 �/p2`b�`B�H 2t�KTH2b ;2M2`�i2/ 7`QK i?2 *A6�_@Ry i2bi b2i mbBM; i?2 M2irQ`F
KQ/2Hb M�K2Hv, _2bL2i@R3- o::- .2Mb2L2i- �M/ a[m22x2L2iX AM h�#H2 eXd- i?2 `272`2M+2
M2irQ`F 2t?B#Bib i?2 HQr2bi �/p2`b�`B�H �++m`�+B2b- r?B+? /2KQMbi`�i2b Bib pmHM2`�#BHBiv
iQ i?2 i`�Mb72`�#BHBiv Q7 �/p2`b�`B�H 2t�KTH2b 7`QK i?2 M2irQ`F KQ/2HbX h`�BMBM; i?2
`272`2M+2 M2irQ`F �`+?Bi2+im`2 rBi? :J BKT`Qp2b i?2 �/p2`b�`B�H �++m`�+B2b #v 8@RyW
/2T2M/BM; QM i?2 M2irQ`F ivT2X >Qr2p2`- i?2 L1Y:J M2irQ`F ?�b `2K�`F�#Hv +QMbBbi2Mi
�/p2`b�`B�H �++m`�+B2b UHQr2bi i`�Mb72`�#BHBivV- `2;�`/H2bb Q7 i?2 �`+?Bi2+im`2 ivT2 Q7 i?2
bQm`+2 Q7 �/p2`b�`B�H 2t�KTH2bX h?2b2 �++m`�+B2b ?�p2 bB;MB}+�MiHv QmiT2`7Q`K2/ i?2
`272`2M+2 M2irQ`F �M/ `272`2M+2 M2irQ`F rBi? :J- r?B+? Bb �ii`B#mi2/ iQ i?2 bmT2`BQ`
M2irQ`F T`Q/m+2/ #v i?2 L1 rBi? :J K2i?Q/X

�//BiBQM�HHv- Bi ?�b #22M Q#b2`p2/ i?�i i?2 `2bmHib BM h�#H2 eXd bmTTQ`i i?2 B/2� i?�i
i?2 2ti2Mi Q7 i`�Mb72`�#BHBiv p�`B2b /2T2M/BM; QM i?2 ivT2 �M/ bBKBH�`Biv Q7 i?2 M2irQ`FbX
6Q` 2t�KTH2- i?2 `272`2M+2 M2irQ`F ?�b � ?B;?2` i`�Mb72`�#BHBiv Q7 �/p2`b�`B�H 2t�KTH2b
7`QK i?2 _2bL2i@R3 i?�M i?2 o:: M2irQ`FX h?Bb Bb #2+�mb2 i?2 `272`2M+2 M2irQ`F- r?B+?
mb2b i?2 _2bL2i@j9 �`+?Bi2+im`2- b?�`2b bBKBH�`BiB2b rBi? i?2 _2bL2i@R3- r?B+? #Qi? mb2
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h�#H2 eX3, h?2 #�b2HBM2 M2irQ`Fb �M/ i?2 L1Y:J M2irQ`F T`Q/m+2/ BM a2+iBQM eXkXRXR �`2
`2i`�BM2/ mbBM; JLAah �M/ EJLAah /�i�b2ibX �KQM; i?2 M2irQ`Fb- i?2 L1Y:J M2irQ`F ?�b
i?2 #2bi +H2�M �++m`�+v �M/ �/p2`b�`B�H �++m`�+vX

JLAah

_27X L2iX _27X L2iXY:J L1Y:J L2iX

*H2�M �++X NdXdRW NdXdjW NNXRyW
�/pX �++XUL∞@S:.V 3dXNyW N8X8yW N3XRyW

EJLAah

_27X L2iX _27X L2iXY:J L1Y:J L2iX

*H2�M �++ N8XeNW NeXyeW NdX8RW
�/pX �++XUL∞@S:.V d8X3yW 3NXRyW N9X9yW

bFBT +QMM2+iBQMbX o:: /Q2b MQi 2KTHQv bFBT +QMM2+iBQMbX h?2`27Q`2- i?2 /Bz2`2M+2 BM
�`+?Bi2+im`2 ?�b K�/2 �/p2`b�`B�H 2t�KTH2b 7`QK i?2 o:: H2bb 2z2+iBp2 QM i?2 `272`2M+2
M2irQ`FX h?Bb Q#b2`p�iBQM �HbQ ?QH/b i`m2 QM .2Mb2L2i- r?B+? mb2b bFBT +QMM2+iBQMb-
�M/ a[m22x2L2i- r?B+? /Q2b MQi mb2 bFBT +QMM2+iBQMb bBKBH�` iQ _2bL2iX h?2 `272`2M+2
M2irQ`F Bb KQ`2 pmHM2`�#H2 iQ �/p2`b�`B�H 2t�KTH2b 7`QK .2Mb2L2i i?�M a[m22x2L2iX AM
+QMi`�bi- i?Qm;? i?2 L1Y:J M2irQ`F 2KTHQvb bFBT +QMM2+iBQMb- Bi Bb /2bB;M2/ BM bm+? �
r�v i?�i Bi +�M `2bBbi �/p2`b�`B�H �ii�+Fb 7`QK M2irQ`Fb rBi? bFBT +QMM2+iBQMbX JQ`2Qp2`-
Bi Bb �HbQ `Q#mbi iQ �/p2`b�`B�H �ii�+Fb 7`QK M2irQ`Fb rBi?Qmi bFBT +QMM2+iBQM- `2bmHiBM;
BM � +QMbBbi2MiHv `Q#mbi M2irQ`FX

eXkXRXj _2bmHib QM Qi?2` .�i�b2ib

h?2 L1Y:J M2irQ`Fb T`Q/m+2/ BM a2+iBQM eXkXRXR �`2 i2bi2/ #v `2i`�BMBM; UBX2X-
i`�BMBM; 7`QK b+`�i+?V i?2K rBi? /Bz2`2Mi /�i�b2ib- r?B+? �`2 JLAah �M/ EJLAah
/�i�b2ibX aBKBH�` iQ i?2 T`2pBQmb 2tT2`BK2Mi- i?2 �/p2`b�`B�H 2t�KTH2b 7Q` 2�+? /�i�b2i
�`2 Q#i�BM2/ #v �/p2`b�`B�HHv �ii�+FBM; �HH i?2 i2bi b2i BK�;2b mbBM; i?2 `272`2M+2 M2irQ`F
�M/ S:. rBi? L∞ MQ`KX h?2 L1Y:J M2irQ`F- �b b?QrM BM h�#H2 eX3- ?�b �+?B2p2/
`2K�`F�#H2 +H2�M �M/ �/p2`b�`B�H �++m`�+B2b QM #Qi? /�i�b2ib- r?B+? �;`22b rBi? i?2
`2bmHib BM h�#H2 eXeX �Hi?Qm;? i?2 L1Y:J M2irQ`F �`+?Bi2+im`2 Bb QTiBKBx2/ 7Q` i?2
*A6�_@Ry /�i�b2i- Bi ?�b QmiT2`7Q`K2/ i?2 `272`2M+2 M2irQ`F rBi? :J BM �HH +QKT�`BbQMb
QM /Bz2`2Mi /�i�b2ibX h?Bb T2`7Q`K�M+2 Bb �ii`B#mi2/ iQ i?2 �#mM/�Mi 72�im`2b T`QpB/2/ #v
*A6�_@Ry iQ 2pQHp2 � T�`iB+mH�`Hv `Q#mbi L1Y:J M2irQ`FX h?mb- i?2 L1Y:J M2irQ`F
+�M �/Dmbi Bib T�`�K2i2`b iQ i?2 72�im`2b Q7 /Bz2`2Mi /�i�b2ib bm+? �b JLAah �M/ biBHH
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h�#H2 eXN, h?2 +H2�M �++m`�+v �M/ �/p2`b�`B�H �++m`�+v Q7 #�b2HBM2 M2irQ`Fb- �M �//BiBQM�H
#�b2HBM2 M2irQ`F i?�i Bb � bBKTH2 ?�M/@2M;BM22`2/ M2irQ`F rBi? :J U/2MQi2/ �b >1X L2iX
Y:JV- �M/ L1Y:J M2irQ`F i`�BM2/ rBi? � `2/m+2/ /�i�b2i UBX2X- `2/m+2/ *A6�_@RyV Bb b?QrM
?2`2X h?2 `2bmHib b?Qr i?�i i?2 L1Y:J M2irQ`Fb ?�p2 i?2 #2bi +H2�M �++m`�+v r?BH2 ?�pBM;
+QKT�`�#H2 �/p2`b�`B�H �++m`�+v rBi? `272`2M+2 M2irQ`F rBi? :JX

_27X L2iX _27X L2iXY:J >1X L2iXY:J L1Y:J L2iX R L1Y:J L2iX k

*H2�M �++X 8yXyyW 8jX9yW 88X9yW 8dX3yW 8eXkyW
�/pX �++X 3X3yW ejXyeW 9jXjkW ejXRdW ejX8eW

K�BMi�BM � ;QQ/ T2`7Q`K�M+2X

eXkXk _2/m+2/@.�i�b2i 1tT2`BK2Mi

eXkXkXR *H2�M �++m`�+v �M/ �/p2`b�`B�H �++m`�+v

AM i?Bb bm#b2+iBQM- i?2 +H2�M �++m`�+v �M/ �/p2`b�`B�H �++m`�+v Q7 i?2 #�b2HBM2 �M/
L1Y:J M2irQ`Fb i`�BM2/ QM � `2/m+2/ /�i�b2i �`2 +QKT�`2/X hQ +`2�i2 � `2/m+2/
*A6�_@Ry /�i�b2i- i?2 7mHH *A6�_@Ry i`�BMBM; b2i Bb /2+`2�b2/ 7`QK 8y-yyy BK�;2b /QrM iQ
Ry-yyy BK�;2b UR-yyy BK�;2b T2` H�#2HV- �M/ i?2 i2bi b2i 7`QK Ry-yyy BK�;2b /QrM iQ R-yyy
BK�;2b URyy BK�;2b T2` H�#2HVX h?2 �/p2`b�`B�H 2t�KTH2b 7`QK i?2 `2/m+2/ i2bi b2i �`2
;2M2`�i2/ �;�BM mbBM; i?2 `272`2M+2 M2irQ`F �M/ i?2 S:. rBi? L∞ MQ`KX qBi? � HBKBi2/
/�i�b2i- i?2 `272`2M+2 M2irQ`F Bb +?�M;2/ BMiQ � bBKTH2 ?�M/@2M;BM22`2/ M2irQ`F #2+�mb2
� /22T M2irQ`F bm+? �b _2bL2i@j9 Bb ?�`/ iQ i`�BM mbBM; � bK�HH /�i�b2iX AM �//BiBQM
iQ i?2 #�b2HBM2 M2irQ`Fb- r?B+? �`2 i?2 `272`2M+2 M2irQ`F �M/ `272`2M+2 M2irQ`F rBi?
:J- �MQi?2` bBKTH2 ?�M/@2M;BM22`2/ M2irQ`F rBi? :J Bb BMi`Q/m+2/X h?2 bBKTH2 ?�M/@
2M;BM22`2/ M2irQ`Fb +QMbBbi Q7 +QMpQHmiBQM�H #HQ+Fb- TQQHBM; #HQ+Fb- �M/ bFBT +QMM2+iBQM
#HQ+Fb i?�i �`2 MQ KQ`2 i?�M Ry #HQ+Fb BM iQi�HX h?2 �`+?Bi2+im`2 /2i�BH Q7 i?2 bBKTH2
?�M/@2M;BM22`2/ M2irQ`Fb Bb b?QrM BM 6B;X eX9X

�b `2TQ`i2/ BM h�#H2 eXN- i?2 M2irQ`Fb i?�i �`2 i`�BM2/ rBi? :J �+?B2p2 #2ii2`
+H2�M �++m`�+v i?�M i?2 `272`2M+2 M2irQ`FX AM T�`iB+mH�`- i?2 L1Y:J M2irQ`Fb ?�p2
�+?B2p2/ #2ii2` +H2�M �++m`�+v i?�M �HH i?2 M2irQ`FbX h?Bb `2bmHi +QM}`Kb i?2 +�T�+@
Biv Q7 M2m`Q2pQHmiBQM iQ }M/ #2ii2` �M/ QTiBK�H M2irQ`F �`+?Bi2+im`2bX h?2 �/p2`b�`B�H
�++m`�+B2b Q7 i?2 `272`2M+2 M2irQ`F rBi? :J �M/ i?2 L1Y:J M2irQ`Fb �`2 +QKT�`�@
#H2 #mi i?2v �`2 bm`T`BbBM;Hv ?B;?2` i?�M i?2B` `2bT2+iBp2 +H2�M �++m`�+B2bX �Hi?Qm;?
i?Bb `2bmHi Bb +QmMi2`BMimBiBp2- Bi ?�b MQi #22M Q#b2`p2/ BM i?2 7mHH@/�i�b2i 2tT2`BK2MiX
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Conv
Filt: 5x5
Out: 32

Conv
Filt: 5x5
Out: 32

Conv
Filt: 5x5
Out: 64

Summ.

Summ.

Concat.

FC
Out: 500

FC
Out: 10

Input

(a) Simple Hand-engineered Network 

(Reference Network)

(b) Simple Hand-engineered Network 

(Additional Baseline Network)

Conv
Filt: 5x5
Out: 32

Conv.
Filt: 3x3
Out: 32

Str: 2

Max
Pool

Concat.

Conv
Filt: 5x5
Out: 32

Conv
Filt: 5x5
Out: 32

Concat.

FC
Out: 500

FC
Out: 10

Input

6B;m`2 eX9, aBKTH2 >�M/@2M;BM22`2/ L2irQ`Fb �`+?Bi2+im`2X

>2M+2- i?Bb #2?�pBQ` Bb `2;�`/2/ �b /BbiBM+i iQ HBKBi2/ /�i�b2ibX 6BM�HHv- i?2 L1Y:J
M2irQ`Fb ?�p2 #2ii2` �/p2`b�`B�H �++m`�+v i?�M i?2 ?�M/@2M;BM22`2/ M2irQ`F rBi? :J-
r?B+? b?Qrb i?�i i?2 2ti2Mi Q7 i`�Mb72`�#BHBiv Q7 �/p2`b�`B�H 2t�KTH2b +�M #2 `2/m+2/
r?2M i?2 M2irQ`F �`+?Bi2+im`2 Bb T`QT2`Hv /2bB;M2/X

eXkXkXk _2bmHib QM .Bz2`2Mi �/p2`b�`B�H �ii�+F J2i?Q/b

hQ 2t�KBM2 i?2 BKT�+i Q7 i?2 ivT2 Q7 �/p2`b�`B�H �ii�+F QM i?2 `Q#mbiM2bb Q7 i?2
L1Y:J M2irQ`Fb T`Q/m+2/ BM a2+iBQM eXkXkXR- /Bz2`2Mi �/p2`b�`B�H �ii�+Fb �`2 i2bi2/X
h?2`2 �`2 i?`22 �/p2`b�`B�H �ii�+Fb i2bi2/- r?B+? �`2 S:. rBi? L∞ MQ`K- S:. rBi? L2

MQ`K UL2@S:.V- �M/ 6:aJX 1�+? �/p2`b�`B�H �ii�+F ;2M2`�i2b Bib �/p2`b�`B�H 2t�KTH2b
QM �HH i?2 `2/m+2/ *A6�_@Ry i2bi b2i BK�;2bX h?2 2p�Hm�iBQM K2i`B+ mb2/ BM i?Bb 2tT2`@
BK2Mi Bb i?2 7QQHBM; `�i2 #2+�mb2 rBi? i?2 bK�HH /�i�b2i- i?2 �p2`�;2 +H2�M �++m`�+v Bb
`2H�iBp2Hv HQr- �M/ i?2 ?B;? KBb+H�bbB}+�iBQM Q7 i?2 mMT2`im`#2/ BK�;2b +�M Q#b+m`2 i?2
�+im�H T2`7Q`K�M+2 Q7 i?2 M2irQ`Fb QM �/p2`b�`B�H 2t�KTH2bX h?2 7QQHBM; `�i2 Bb #�b2/



RR9

h�#H2 eXRy, h?2 7QQHBM; `�i2 mM/2` i?`22 �/p2`b�`B�H �ii�+F K2i?Q/b UHQr2` Bb #2ii2`VX L1Y:J
M2irQ`Fb T2`7Q`K #2bi 7Q` KQbi Q7 i?2 �ii�+F K2i?Q/bX

_27X L2iXY:J >1X L2iXY:J L1Y:J L2iX R L1Y:J L2iX k

L∞@S:. RdX9kW jyXkeW ReXRyW R3XddW
L2@S:. jeXy9W jeX9RW k3X3jW jRXRNW
6:aJ eNXydW 89XjeW eyXkeW e8XkRW

QM i?2 `�iBQ Q7 BK�;2b i?�i +?�M;2b H�#2Hb r?2M �/p2`b�`B�HHv �ii�+F2/X Ai BKTHB2b i?�i
i?2 BK�;2b #27Q`2 #2BM; �/p2`b�`B�HHv �ii�+F2/ +�M #2 +Q``2+iHv +H�bbB}2/ #v i?2 M2irQ`FX
6Q` 2�+? �/p2`b�`B�H �ii�+F K2i?Q/- i?2 7QQHBM; `�i2 Q7 � M2irQ`F 7`QK i?2 #�b2HBM2 �M/
L1Y:J M2irQ`Fb Bb +QKTmi2/ #v 2ti`�+iBM; �HH i?2 BK�;2b i?�i �`2 +Q``2+iHv H�#2H2/ #v
#Qi? i?2 M2irQ`F #2BM; i2bi2/ �M/ i?2 `272`2M+2 M2irQ`FX L2ti- i?2 2ti`�+i2/ BK�;2b �`2
�/p2`b�`B�HHv �ii�+F2/ mbBM; i?2 �/p2`b�`B�H �ii�+F K2i?Q/ iQ ;2M2`�i2 �/p2`b�`B�H 2t�K@
TH2bX am#b2[m2MiHv- i?2 �/p2`b�`B�H BK�;2b �`2 2p�Hm�i2/ #v i?2 M2irQ`F #2BM; i2bi2/- �M/
i?2 T2`+2Mi�;2 Q7 KBbH�#2H2/ �/p2`b�`B�H 2t�KTH2b Bb Q#i�BM2/ �b i?2 7QQHBM; `�i2 `2bmHiX

�b b?QrM BM h�#H2 eXRy- i?2 7QQHBM; `�i2 `2bmHib BM i?2 L∞@S:. �;`22b rBi? h�@
#H2 eXN �b 2tT2+i2/X L2@S:. mbm�HHv ;2M2`�i2b r2�F2` �/p2`b�`B�H �ii�+Fb i?�M i?2 L∞@
S:.X *QMb2[m2MiHv- i?2 M2irQ`Fb i`�BM2/ rBi? :J ?�p2 HQr2` `2bmHib QM L2@S:. i?�M
L∞@S:. #2+�mb2 i?2 BMTmi ;`�/B2Mib Q7 i?2 `272`2M+2 M2irQ`F �`2 KQ`2 bmb+2TiB#H2 iQ
L∞@S:.X h?2 bi`QM;2` i?2 �/p2`b�`B�H �ii�+F- i?2 KQ`2 2z2+iBp2 KBb�HB;MK2Mi Q7 BMTmi
;`�/B2Mib #2+QK2b BM `2/m+BM; i`�Mb72`�#BHBivX aiBHH- �KQM; i?2 M2irQ`Fb- i?2 L1Y:J
M2irQ`Fb ?�p2 i?2 HQr2bi 7QQHBM; `�i2 QM L2@S:. �/p2`b�`B�H �ii�+FX h?2 6:aJ �/p2`b�`@
B�H �ii�+F Bb i?2 r2�F2bi �KQM; i?2 i?`22 i2+?MB[m2bX hQ 2�bBHv +QKT�`2 i?2 T2`7Q`K�M+2
Q7 i?2 M2irQ`Fb BM 6:aJ- Bib T2`im`#�iBQM H2p2H Bb �/Dmbi2/ iQ QmiTmi bi`QM;2` �/p2`b�`B�H
�ii�+Fb #mi rBi? p2`v Q#pBQmb BK�;2 T2`im`#�iBQMb iQ i?2 ?mK�M T2`+2TiBQMX h?2 ?�M/@
2M;BM22`2/ M2irQ`F rBi? :J ?�b QmiT2`7Q`K2/ �HH i?2 M2irQ`Fb rBi? i?2 HQr2bi 7QQHBM;
`�i2 mM2tT2+i2/HvX PM2 Q7 i?2 `2�bQMb L1Y:J M2irQ`Fb ?�p2 MQi T2`7Q`K2/ #2bi Bb /m2
iQ i?2 �/p2`b�`B�H �ii�+F K2i?Q/ mb2/ BM i?2 2pQHmiBQM- r?B+? Bb L∞@S:.X >Qr2p2`- i?2
L1Y:J M2irQ`Fb biBHH ?�p2 T2`7Q`K2/ #2ii2` i?�M i?2 `272`2M+2 M2irQ`F rBi? :JX
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h�#H2 eXRR, h?2 7QQHBM; `�i2 Q7 i?2 #�b2HBM2 M2irQ`Fb �M/ L1Y:J M2irQ`F �`2 +QKT�`2/ iQ
/Bz2`2Mi �/p2`b�`B�H /272Mb2 K2i?Q/bX h?2 7`22 �/p2`b�`B�H i`�BMBM; �M/ 7�bi �/p2`b�`B�H i`�BMBM;
�`2 /2MQi2/ �b �XhX U6`22V �M/ �XhX U6�biV `2bT2+iBp2Hv BM i?Bb i�#H2X h?2 `2bmHib b?Qr i?�i
L1Y:J M2irQ`Fb +�M T2`7Q`K #2ii2` i?�M Qi?2` �/p2`b�`B�H /272Mb2 K2i?Q/b UHQr2` Bb #2ii2`VX

_27X L2iX _27X L2iXY:J >1X L2iXY:J L1Y:J L2iX

L∞@S:. 38XyyW kkX3yW k9XkyW kkX9yW

CS1: *QKTX "BH�i2`�H 6BHiX �XhX U6`22V �XhX U6�biV

L∞@S:. 39X9W 93X3yW 8RXyyW 9jX3yW

eXkXkXj *QKT�`BbQM rBi? ai�M/�`/ �/p2`b�`B�H .272Mb2 J2i?Q/b

h?2 L1Y:J M2irQ`Fb �`2 +QKT�`2/ iQ b2p2`�H �/p2`b�`B�H /272Mb2 K2i?Q/b iQ
K2�bm`2 i?2 2z2+iBp2M2bb Q7 i?2 T`QTQb2/ L1 rBi? :J K2i?Q/X AM i?2 �/p2`b�`B�H /2@
72Mb2 ;`QmT- i?2`2 �`2 irQ BK�;2 }Hi2`BM; K2i?Q/b- r?B+? �`2 CS1: +QKT`2bbBQM U:mQ
2i �HX- kyR3V �M/ #BH�i2`�H }Hi2`BM; UsB2 2i �HX- kyRNV- �M/ irQ �/p2`b�`B�H i`�BMBM; K2i?@
Q/b- r?B+? �`2 7`22 �/p2`b�`B�H i`�BMBM; Ua?�7�?B 2i �HX- kyRNV �M/ 7�bi �/p2`b�`B�H i`�BM@
BM; UqQM; 2i �HX- kyRNV i?�i �`2 2KTHQv2/X �HH i?2 �/p2`b�`B�H /272Mb2 K2i?Q/b �`2 �TTHB2/
QM i?2 `272`2M+2 M2irQ`F iQ 2p�Hm�i2 i?2 T2`7Q`K�M+2 Q7 2�+? �/p2`b�`B�H /272Mb2 K2i?Q/X
aBM+2 i?2 /�i�b2i Bb biBHH HBKBi2/- i?2 7QQHBM; `�i2 Bb mb2/ �b i?2 2p�Hm�iBQM K2i`B+X AM +QM@
i`�bi iQ i?2 BK�;2 2ti`�+iBQM K2i?Q/ T`2b2Mi2/ BM a2+iBQM eXkXkXk- i?2 BK�;2b 2ti`�+i2/
7Q` i?Bb 2tT2`BK2Mi �`2 Q#i�BM2/ 7`QK i?2 `2/m+2/ *A6�_@Ry i2bi b2i i?�i �`2 +Q``2+iHv
+H�bbB}2/ #v i?2 `272`2M+2 M2irQ`F QMHvX am#b2[m2MiHv- i?2 2ti`�+i2/ BK�;2b �`2 �/p2`b�`@
B�HHv �ii�+F2/ mbBM; i?2 `272`2M+2 M2irQ`F �M/ i?2 L∞@S:.X h?2 �/p2`b�`B�H 2t�KTH2b
;2M2`�i2/ �`2 mb2/ 7Q` �HH i?2 �/p2`b�`B�H /272Mb2 K2i?Q/b- BM+Hm/BM; i?2 #�b2HBM2 �M/
L1Y:J M2irQ`Fb �b r2HHX LQi2 i?�i i?2 7QQHBM; `�i2 /2b+`B#2/ BM i?Bb b2+iBQM Bb KQ/B}2/
iQ �++QmMi 7Q` i?2 BK�;2 }Hi2`BM; K2i?Q/b i?�i +�MMQi +H�bbB7v BK�;2b QM i?2B` QrMX

AM h�#H2 eXRR- i?2 `2bmHib b?Qr i?�i i?2 BK�;2 }Hi2`BM; i2+?MB[m2b- bT2+B}+�HHv i?2
CS1: +QKT`2bbBQM- /Q MQi /2KQMbi`�i2 � bi`QM; �/p2`b�`B�H �ii�+F /m2 iQ i?2 T�bbBp2
M�im`2 Q7 i?2 /272Mb2 i2+?MB[m2X >Qr2p2`- i?2 L1Y:J M2irQ`F b?Qrb bi`QM; /272Mb2
#2+�mb2 i?2 L1 rBi? :J K2i?Q/ �+iBp2Hv b2�`+?2b 7Q` i?2 �`+?Bi2+im`�H bQHmiBQMb- r?B+?
K�F2b i?2 M2irQ`F Bi T`Q/m+2b `Q#mbi 2p2M rBi? i?2 bi`QM; �/p2`b�`B�H �ii�+Fb bm+? �b
L∞@S:.X AM i?2 +�b2 Q7 7�bi �M/ 7`22 �/p2`b�`B�H i`�BMBM; K2i?Q/b- i?2 HBKBi2/ /�i�b2i
?�b ?BM/2`2/ i?2 �#BHBiv Q7 i?2b2 i2+?MB[m2b iQ T`Q/m+2 ;QQ/ `2bmHibX Pi?2`rBb2- � H�`;2
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h�#H2 eXRk, h?2 #�b2HBM2 M2irQ`Fb �M/ i?2 L1Y:J M2irQ`F T`Q/m+2/ BM a2+iBQM eXkXkXR �`2
`2i`�BM2/ mbBM; Qi?2` /�i�b2ib UBX2X- JLAah- 6JLah- �M/ EJLAah /�i�b2iVX �Hi?Qm;? i?2
`2bmHib #2ir22M i?2 `272`2M+2 M2irQ`F rBi? :J �M/ L1Y:J M2irQ`F �`2 +QKT�`�#H2 BM i?2
6JLAah �M/ EJLAah /�i�b2ib- i?2 L1Y:J M2irQ`F +QMbBbi2MiHv T2`7Q`Kb r2HH QM +H2�M
�++m`�+v �M/ �/p2`b�`B�H �++m`�+v �+`Qbb �HH i?2 /�i�b2ibX

JLAah

_27X L2iX _27X L2iXY:J L1Y:J L2iX

*H2�M �++X NjXkyW NkXjyW 3NXRyW
�/pX �++XUL∞@S:.V ejX9yW ddXyyW 39X8yW

6JLAah

_27X L2iX _27X L2iXY:J L1Y:J L2iX

*H2�M �++ 33XNyW 38XNyW 3dXyyW
�/pX �++XUL∞@S:.V 8RXkyW 3kXNyW 3RXNyW

EJLAah

_27X L2iX _27X L2iXY:J L1Y:J L2iX

*H2�M �++X 38X9yW 3eX3yW 3eXeyW
�/pX �++XUL∞@S:.V 8eXNyW 3jX8yW 3jXdyW

/�i�b2i bm+? �b i?2 7mHH *A6�_@Ry �TTHB2/ QM �/p2`b�`B�H i`�BMBM; i2+?MB[m2b T`Q/m+2b
;QQ/ T2`7Q`K�M+2X >Qr2p2`- r?2M mbBM; � HBKBi2/ /�i�b2i- #�H�M+BM; i?2 +H2�M �++m`�+v
�M/ i?2 �/p2`b�`B�H �++m`�+v QM i?2 �/p2`b�`B�H i`�BMBM; i2+?MB[m2b T`Q/m+2b 7QQHBM; `�i2b
i?�i �`2 bB;MB}+�MiHv ?B;?2` i?�M i?Qb2 Q7 i?2 `272`2M+2 M2irQ`F rBi? :J- ?�M/@2M;BM22`2/
M2irQ`F rBi? :J- �M/ L1Y:J M2irQ`FX

eXkXkX9 _2bmHib QM Qi?2` .�i�b2ib

h?2 `Q#mbiM2bb Q7 i?2 L1Y:J M2irQ`Fb T`Q/m+2/ BM a2+iBQM eXkXkXR Bb i2bi2/ rBi?
/Bz2`2Mi `2/m+2/ /�i�b2ib- bBKBH�` iQ i?2 2tT2`BK2Mi BM a2+iBQM eXkXRXjX h?2 /�i�b2ib mb2/
BM i?Bb 2tT2`BK2Mi �`2 i?2 JLAah- 6JLAah- �M/ EJLAah /�i�b2ibX 1�+? /�i�b2i- �b BM
a2+iBQM eXkXkXR- Bb `2/m+2/ iQ i?2 b�K2 i`�BMBM; b2i �M/ i2bi b2i +QmMib �b BM i?2 `2/m+2/
*A6�_@Ry /�i�b2i �M/ i?2 �/p2`b�`B�H 2t�KTH2b �`2 ;2M2`�i2/ BM i?2 b�K2 K�MM2`X �b
b?QrM BM h�#H2 eXRk- i?2 `272`2M+2 M2irQ`F ?�b i?2 #2bi +H2�M �++m`�+B2b BM i?2 JLAah
�M/ 6JLAah /�i�b2ib BM 2t+?�M;2 7Q` i?2 rQ`bi �++m`�+B2b QM Bib �/p2`b�`B�H �++m`�+B2b
+QmMi2`T�`ibX AM +QMi`�bi- i?2 `272`2M+2 M2irQ`F rBi? :J �M/ i?2 L1Y:J M2irQ`F ?�p2
K�M�;2/ iQ #�H�M+2 i?2 +H2�M �M/ �/p2`b�`B�H �++m`�+B2b rBi? i?2 2t+2TiBQM Q7 i?2 JLAah
/�i�b2i- BM r?B+? i?2 `272`2M+2 M2irQ`F rBi? :J ?�b � bB;MB}+�MiHv HQr2` �/p2`b�`B�H
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�++m`�+v i?�M i?2 L1Y:J M2irQ`FX h?2 /2+2Mi T2`7Q`K�M+2 Q7 i?2 L1Y:J M2irQ`F
QM /�i�b2ib i?�i Bi Bb MQi QTiBKBx2/ 7Q` Bb �ii`B#mi2/ iQ i?2 HBKBi2/ 72�im`2b T`QpB/2/
#v i?2 `2/m+2/ *A6�_@Ry /�i�b2iX lMHBF2 i?2 L1Y:J M2irQ`F T`Q/m+2/ 7Q` i?2 7mHH
*A6�_@Ry /�i�b2i- i?2 L1Y:J M2irQ`F T`Q/m+2/ 7Q` i?2 `2/m+2/ *A6�_@Ry /�i�b2i Bb
`2H�iBp2Hv mM`2}M2/X

eXj amKK�`v

AM i?Bb +?�Ti2`- i?2 2tT2`BK2Mib +QM/m+i2/ QM miBHBxBM; M2m`Q2pQHmiBQM iQ /Bb+Qp2`
QTiBK�H �`+?Bi2+im`2b 7Q` /Bz2`2Mi �TTHB+�iBQMb �`2 /Bb+mbb2/X AM i?2 }`bi �TTHB+�iBQM-
M2m`Q2pQHmiBQM }M/b bK�HH M2irQ`F �`+?Bi2+im`2b i?�i +�M `2TH�+2 i?2 /22T #�+F#QM2 Q7
uPGPpj rBi?Qmi � /2+`2�b2 BM T2`7Q`K�M+2X JQ`2Qp2`- i?2 bBx2 Q7 i?2 bK�HH M2irQ`F
�`+?Bi2+im`2 Bb H2bb i?�M ?�H7 i?2 uPGPpj #�+F#QM2X AM i?2 b2+QM/ �TTHB+�iBQM- M2m@
`Q2pQHmiBQM +QK#BM2/ rBi? ;`�/B2Mi KBb�HB;MK2Mi /Bb+Qp2`b M2irQ`Fb i?�i �`2 `Q#mbi iQ
i?2 i`�Mb72`�#BHBiv Q7 �/p2`b�`B�H 2t�KTH2bX h?2 L1Y:J M2irQ`Fb 2p2M QmiT2`7Q`K i?2
`272`2M+2 M2irQ`F i`�BM2/ rBi? ;`�/B2Mi KBb�HB;MK2MiX h?Bb +?�Ti2` /2KQMbi`�i2b i?�i
M2m`Q2pQHmiBQM ?�b � p�Hm�#H2 +QMi`B#miBQM BM �miQK�iB+�HHv /2bB;MBM; M2irQ`Fb 7Q` bT2@
+B}+ �TTHB+�iBQMbX
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*PL*GlaAPL �L. 6lhl_1 qP_E

h?2 bm++2bb Q7 � +QMpQHmiBQM�H M2m`�H M2irQ`F Bb T`2/B+�i2/ QM Bib p2`v /22T �`+?B@
i2+im`2 �M/ � H�`;2 /�i�b2i i?�i i`�BMb BiX �Hi?Qm;? i?Bb +QK#BM�iBQM ?�b H2/ iQ �+?B2pBM;
;`2�i T2`7Q`K�M+2 BM p�`BQmb �TTHB+�iBQMb �M/ 2p2M bm`T�bbBM; ?mK�M@H2p2H T2`7Q`K�M+2 BM
BK�;2 +H�bbB}+�iBQM- Bi `2[mB`2b � +QMbB/2`�#H2 �KQmMi Q7 +QKTmi�iBQM�H TQr2`X >Qr2p2`-
i?Bb �KQmMi Q7 `2bQm`+2b Bb MQi �++2bbB#H2 iQ KQbi `2b2�`+?2`bX JQ`2Qp2`- i?2 p2`v /22T
M2irQ`F �`+?Bi2+im`2 Bb MQi �Hr�vb i?2 QTiBK�H /2Ti? iQ i`�BM /Bz2`2Mi /�i�b2ib- 2bT2+B�HHv
bT2+B}+ �TTHB+�iBQMb r?B+? ?�p2 HBKBi2/ /�i�b2ibX 6m`i?2`KQ`2- /2bB;MBM; � bK�HH M2irQ`F
i?�i +�M +QKT2i2 rBi? /22T M2irQ`Fb `2[mB`2b 2tT2`iBb2 �M/ � ;`2�i 2zQ`i BM i`B�H@�M/@
2``Q` bBM+2 i?2 BMM2` rQ`FBM;b Q7 i?2 M2irQ`F �`2 MQi v2i 7mHHv mM/2`biQQ/X h?2`27Q`2- Bi
Bb T2`iBM2Mi iQ /2p2HQT �`+?Bi2+im`2b i?�i �`2 QTiBKBx2/ iQ /�i�b2ib �M/ T2`7Q`K �b r2HH
�b p2`v /22T �M/ +QKTH2t M2irQ`FbX

L2m`Q2pQHmiBQM Bb � K2i?Q/ i?�i 2KTHQvb � ;2M2iB+ �H;Q`Bi?K iQ b2�`+? �M/ QTiB@
KBx2 i?2 +QMM2+iBQM r2B;?ib �M/ �`+?Bi2+im`2 Q7 �M �`iB}+B�H M2m`�H M2irQ`FX lbBM; i?2
;mB/2HBM2b BM L1�h- r?B+? Bb QM2 Q7 i?2 #2bi BKTH2K2Mi�iBQMb Q7 M2m`Q2pQHmiBQM- i?2 �`@
+?Bi2+im`2 Q7 i?2 +QMpQHmiBQM�H M2m`�H M2irQ`F QTiBKBx2/ rBi? M2m`Q2pQHmiBQM Bb T`QTQb2/X
h?2 2tT2`BK2Mib QM M2m`Q2pQHmiBQM i2+?MB[m2b /2KQMbi`�i2/ i?�i M2m`Q2pQHmiBQM /Bb+Qp@
2`b M2irQ`F �`+?Bi2+im`2b i?�i T2`7Q`K QM T�` rBi? bi�M/�`/ M2irQ`Fb bm+? �b _2bL2iX
JQ`2Qp2`- i`�Mb72` H2�`MBM; Bb � +QKKQM i2+?MB[m2 iQ miBHBx2 i?2 H2�`MBM; Q7 � i`�BM2/
M2irQ`F iQ �MQi?2` M2irQ`FX >Qr2p2`- bBM+2 M2m`Q2pQHmiBQM T`Q/m+2b /Bz2`2Mi �`+?Bi2+@
im`2b- Bi +�MMQi miBHBx2 i?2 i`�BM2/ r2B;?ibX AMbi2�/- FMQrH2/;2 /BbiBHH�iBQM +�M #2 mb2/ iQ
;mB/2 i?2 i`�BMBM; Q7 � M2m`Q2pQHmiBQM@T`Q/m+2/ M2irQ`F rBi? � i`�BM2/ M2irQ`F �b +QM@
}`K2/ #v i?2 2tT2`BK2MibX h?`Qm;? FMQrH2/;2 /BbiBHH�iBQM- i?2 M2m`Q2pQHmiBQM@T`Q/m+2/
M2irQ`F +�M ?�p2 T2`7Q`K�M+2 #QQbibX 6BM�HHv- M2m`Q2pQHmiBQM Bb �HbQ i2bi2/ iQ QTiBKBx2
i?2 +QMpQHmiBQM�H M2m`�H M2irQ`F �`+?Bi2+im`2 7Q` bT2+B}+ �TTHB+�iBQMb UBX2X- /�M;2`Qmb Q#@
D2+i s@`�v /2i2+iBQMVX AM QM2 �TTHB+�iBQM- M2m`Q2pQHmiBQM 2bi�#HBb?2/ i?�i Bi +�M /Bb+Qp2`
M2irQ`Fb i?�i �`2 bB;MB}+�MiHv bK�HH2` i?�M i?2 bi�M/�`/ /22T M2irQ`Fb �M/ biBHH ?�p2
+QKT�`�#H2 T2`7Q`K�M+2X AM �MQi?2` �TTHB+�iBQM- M2m`Q2pQHmiBQM 7QmM/ �`+?Bi2+im`2b i?�i
�`2 `Q#mbi iQ i?2 i`�Mb72`�#BHBiv Q7 �/p2`b�`B�H �ii�+Fb- T�`iB+mH�`Hv r?2M +QK#BM2/ rBi?
;`�/B2Mi KBb�HB;MK2MiX
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h?2 2tT2`BK2Mib �M/ �TTHB+�iBQMb +QM/m+i2/ 7Q` M2m`Q2pQHmiBQM T`Qp2/ i?�i Bi +�M
bB;MB}+�MiHv ?2HT i?2 +QMpQHmiBQM�H M2m`�H M2irQ`F iQ � ;`2�i 2ti2MiX Ai ?2HTb `2b2�`+?2`b
iQ ?�`M2bb i?2 �#BHBiv Q7 � +QMpQHmiBQM�H M2m`�H M2irQ`F i?�i �++QKKQ/�i2b i?2B` `2[mB`2@
K2Mib rBi?Qmi M22/BM; +QMbB/2`�#H2 +QKTmi�iBQM `2bQm`+2b �M/ 2tT2`iBb2X J�Mv 7mim`2
/B`2+iBQMb +�M #2 2tTHQ`2/ BM M2m`Q2pQHmiBQM 7Q` +QMpQHmiBQM�H M2m`�H M2irQ`FbX 6Q` 2t@
�KTH2- i?2 2pQHmiBQMb Q7 i?2 �`+?Bi2+im`2 �M/ i?2 QTiBKBx�iBQM Q7 r2B;?ib mbBM; #�+FT`QT@
�;�iBQM K�v #2 bim/B2/ 7m`i?2` iQ mM/2`bi�M/ i?2B` `2H�iBQMb?BTX q?2M Bi Bb mM/2`biQQ/-
i?2 #�bB+ #mBH/BM; #HQ+Fb Q7 +QMpQHmiBQM�H M2m`�H M2irQ`Fb +�M #2 2bi�#HBb?2/ �M/ 2p2M
i?2 i`�BM2/ r2B;?ib +�M #2 i`�Mb72``2/ �M/ miBHBx2/X 6m`i?2`KQ`2- Bi +�M Qz2` bQK2 mM@
/2`bi�M/BM; QM ?Qr i?2 M2irQ`Fb H2�`M /m`BM; i`�BMBM;X �HH Q7 i?2b2 �`2 +QMbB/2`2/ �b �
+QMiBMm�iBQM Q7 i?Bb bim/vX
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�#M2`- LX kyR9X h?2`2 QM+2 r�b � p2`#, i?2 T`2/B+�iBp2 +Q`2 Q7 TQbb2bbBp2 �M/ MQKBM�H@
Bx�iBQM bi`m+im`2b BM �K2`B+�M bB;M H�M;m�;2X aB;M H�M;m�;2 � HBM;mBbiB+b Rd Uye
kyR9V,

�;�TB2- �X �M/ q`B;?i- �X >X kyR9X h?2Q`2iB+�H �M�HvbBb Q7 bi2�/v bi�i2 ;2M2iB+ �H;Q`Bi?KbX
�TTHB+�iBQMb Q7 K�i?2K�iB+b 8NX8 UkyR9V, 8yNĜ8k8X

�HiK�M- LX aX RNNkX �M BMi`Q/m+iBQM iQ F2`M2H �M/ M2�`2bi@M2B;?#Q` MQMT�`�K2i`B+
`2;`2bbBQMX h?2 �K2`B+�M bi�iBbiB+B�M 9eXj URNNkV, Rd8ĜR38X

�M;2HBM2- SX CX- a�mM/2`b- :X JX- �M/ SQHH�+F- CX "X RNN9X �M 2pQHmiBQM�`v �H;Q`Bi?K i?�i
+QMbi`m+ib `2+m``2Mi M2m`�H M2irQ`FbX A111 i`�Mb�+iBQMb QM M2m`�H M2irQ`Fb 8XR
URNN9V, 89Ĝe8X

"�`iH2ii- SX �M/ .QrMb- hX RNNyX h`�BMBM; � M2m`�H M2irQ`F rBi? � ;2M2iB+ �H;Q`Bi?KX
lMBp2`bBiv Q7 Zm22MbH�M/X

"2H2r- _X- J+AM2`M2v- CX- �M/ a+?`�m/QHT?- LX RNNRX 1pQHpBM; M2irQ`Fb, mbBM; ;2M2iB+
�H;Q`Bi?Kb rBi? +QMM2+iBQMBbi H2�`MBM;X

"B;;BQ- "X- *Q`QM�- AX- J�BQ`+�- .X- L2HbQM- "X- ȑ`M/BÉ- LX- G�bFQp- SX- :B�+BMiQ- :X- �M/
_QHB- 6X kyRjX 1p�bBQM �ii�+Fb �;�BMbi K�+?BM2 H2�`MBM; �i i2bi iBK2X AM CQBMi
2m`QT2�M +QM72`2M+2 QM K�+?BM2 H2�`MBM; �M/ FMQrH2/;2 /Bb+Qp2`v BM /�i�#�b2b-
TTX j3dĜ9ykX ,

"Qb2`- "X 1X- :mvQM- AX JX- �M/ o�TMBF- oX LX RNNkX � i`�BMBM; �H;Q`Bi?K 7Q` QTiBK�H
K�`;BM +H�bbB}2`bX AM S`Q+22/BM;b Q7 i?2 �MMm�H rQ`Fb?QT QM +QKTmi�iBQM�H
H2�`MBM; i?2Q`v- TTX R99ĜR8kX ,

"m+BHm�- *X- *�`m�M�- _X- �M/ LB+mH2b+m@JBxBH- �X kyyeX JQ/2H +QKT`2bbBQMX AM
S`Q+22/BM;b Q7 i?2 �*J aA:E.. BMi2`M�iBQM�H +QM72`2M+2 QM FMQrH2/;2
/Bb+Qp2`v �M/ /�i� KBMBM;- TTX 8j8Ĝ89RX , �*JX

*�B- >X- :�M- *X- q�M;- hX- w?�M;- wX- �M/ >�M- aX kyRNX PM+2@7Q`@�HH, i`�BM QM2 M2irQ`F
�M/ bT2+B�HBx2 Bi 7Q` 2{+B2Mi /2THQvK2MiX AM AMi2`M�iBQM�H +QM72`2M+2 QM H2�`MBM;
`2T`2b2Mi�iBQMbX ,
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*�MxB�MB- �X- S�bxF2- �X- �M/ *mHm`+B2HHQ- 1X kyReX �M �M�HvbBb Q7 /22T M2m`�H M2irQ`F
KQ/2Hb 7Q` T`�+iB+�H �TTHB+�iBQMbX �`sBp T`2T`BMi �`sBp,Rey8Xyded3 UkyReV,

*?�M- *X- :BMQb�`- aX- w?Qm- hX- �M/ 17`Qb- �X �X kyRNX 1p2`v#Q/v /�M+2 MQrX AM
S`Q+22/BM;b Q7 i?2 A111f*o6 BMi2`M�iBQM�H +QM72`2M+2 QM +QKTmi2` pBbBQM- TTX
8NjjĜ8N9kX , A111X

*?2M- .X- :BH2b- *X GX- amM- :X@wX- *?2M- >X- G22- uX@*X- �M/ :Qm/`2�m- JX qX RNNjX *QM@
bi`m+iBp2 H2�`MBM; Q7 `2+m``2Mi M2m`�H M2irQ`FbX AM A111 BMi2`M�iBQM�H +QM72`2M+2
QM M2m`�H M2irQ`Fb- TTX RRNeĜRkyRX , A111X

*H�Mmr�i- hX- "Q#2`@A`Bx�`- JX- EBi�KQiQ- �X- G�K#- �X- u�K�KQiQ- EX- �M/ >�- .X kyR3X
.22T H2�`MBM; 7Q` +H�bbB+�H D�T�M2b2 HBi2`�im`2X �`sBp T`2T`BMi �`sBp,R3RkXyRdR3
UkyR3V,

*QHHBMb- _X CX �M/ C2z2`bQM- .X _X RNNkX h?2 2pQHmiBQM Q7 b2tm�H b2H2+iBQM �M/ 72K�H2
+?QB+2X AM hQr�`/ � T`�+iB+2 Q7 �miQMQKQmb bvbi2Kb, T`Q+22/BM;b Q7 i?2 }`bi
2m`QT2�M +QM72`2M+2 QM �`iB}+B�H HB72- TTX jkdĜjjeX ,

.�b- LX- a?�M#?Q;m2- JX- *?2M- aX@hX- >Q?K�M- 6X- *?2M- GX- EQmM�pBb- JX 1X- �M/
*?�m- .X >X kyRdX E22TBM; i?2 #�/ ;mvb Qmi, T`Qi2+iBM; �M/ p�++BM�iBM; /22T
H2�`MBM; rBi? DT2; +QKT`2bbBQMX �`sBp T`2T`BMi �`sBp,Rdy8XykNyy UkyRdV,

.2KQMiBb- �X- J2HBb- JX- SBMiQ`- JX- C�;B2HbFB- JX- "B;;BQ- "X- PT`2�- �X- LBi�@_Qi�`m- *X-
�M/ _QHB- 6X kyRNX q?v /Q �/p2`b�`B�H �ii�+Fb i`�Mb72`\ 2tTH�BMBM; i`�Mb72`�#BH@
Biv Q7 2p�bBQM �M/ TQBbQMBM; �ii�+FbX AM S`Q+22/BM;b Q7 i?2 la1LAs +QM72`2M+2
QM b2+m`Biv bvKTQbBmK- TTX jkRĜjj3X ,

.2p�;mTi�Tm- *X- �;�`r�H- .X- JBii�H- :X- �M/ "�H�bm#`�K�MB�M- oX LX kykyX PM
�/p2`b�`B�H `Q#mbiM2bb, � M2m`�H �`+?Bi2+im`2 b2�`+? T2`bT2+iBp2X �`sBp T`2T`BMi
�`sBp,kyydXy39k3 UkykyV,

.2o`B2b- hX �M/ h�vHQ`- :X qX kyRdX AKT`Qp2/ `2;mH�`Bx�iBQM Q7 +QMpQHmiBQM�H M2m`�H
M2irQ`Fb rBi? +miQmiX �`sBp T`2T`BMi �`sBp,Rdy3Xy988k UkyRdV,

.QM;- uX- GB�Q- 6X- S�M;- hX- am- >X- w?m- CX- >m- sX- �M/ GB- CX kyR3X "QQbiBM; �/p2`b�`B�H
�ii�+Fb rBi? KQK2MimKX AM S`Q+22/BM;b Q7 i?2 A111 +QM72`2M+2 QM +QKTmi2`
pBbBQM �M/ T�ii2`M `2+Q;MBiBQM- TTX NR38ĜNRNjX , A111X
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.mKQmHBM- oX �M/ oBbBM- 6X kyReX � ;mB/2 iQ +QMpQHmiBQM �`Bi?K2iB+ 7Q` /22T H2�`MBM;X
�`sBp T`2T`BMi �`sBp,ReyjXydk38 UkyReV,

1bi2p�- �X- EmT`2H- "X- LQpQ�- _X �X- EQ- CX- ar2ii2`- aX JX- "H�m- >X JX- �M/ h?`mM- aX
kyRdX .2`K�iQHQ;Bbi@H2p2H +H�bbB}+�iBQM Q7 bFBM +�M+2` rBi? /22T M2m`�H M2irQ`FbX
pQHmK2 89k- TTX RR8ĜRR3X , L�im`2 Sm#HBb?BM; :`QmTX

6QMi�M�`B- CX 6X �M/ J2B`- _X RNNyX h?2 2z2+i Q7 H2�`MBM; QM i?2 2pQHmiBQM Q7 �b2tm�H
TQTmH�iBQMbX *QKTH2t bvbi2Kb 9X9 URNNyV,

6mFmb?BK�- EX RN3yX L2Q+Q;MBi`QM, � b2H7 Q`;�MBxBM; M2m`�H M2irQ`F KQ/2H 7Q` � K2+?�@
MBbK Q7 T�ii2`M `2+Q;MBiBQM mM�z2+i2/ #v b?B7i BM TQbBiBQMX "BQHQ;B+�H +v#2`M2iB+b
jeX9 URN3yV, RNjěkykX

:�ivb- GX �X- 1+F2`- �X aX- �M/ "2i?;2- JX kyReX AK�;2 bivH2 i`�Mb72` mbBM; +QMpQHm@
iBQM�H M2m`�H M2irQ`FbX AM h?2 A111 +QM72`2M+2 QM +QKTmi2` pBbBQM �M/ T�ii2`M
`2+Q;MBiBQMX , A111X

:QH/#2`;- .X 1X �M/ >QHH�M/- CX >X RN33X :2M2iB+ �H;Q`Bi?Kb �M/ K�+?BM2 H2�`MBM;X
URN33V,

:QK2x- 6X CX- JBBFFmH�BM2M- _X- 2i �HX RNNNX aQHpBM; MQM@K�`FQpB�M +QMi`QH i�bFb rBi?
M2m`Q2pQHmiBQMX AM AC*�A- pQHmK2 NN- TTX Rj8eĜRjeRX ,

:QQ/72HHQr- AX- a?H2Mb- CX- �M/ ax2;2/v- *X kyR8X 1tTH�BMBM; �M/ ?�`M2bbBM; �/p2`b�`B�H
2t�KTH2bX AM AMi2`M�iBQM�H +QM72`2M+2 QM H2�`MBM; `2T`2b2Mi�iBQMbX ,

:QQ/72HHQr- AX- SQm;2i@�#�/B2- CX- JB`x�- JX- sm- "X- q�`/2@6�`H2v- .X- Px�B`-
aX- *Qm`pBHH2- �X- �M/ "2M;BQ- uX kykyX :2M2`�iBp2 �/p2`b�`B�H M2irQ`FbX
*QKKmMB+�iBQMb Q7 i?2 �+K ejXRR UkykyV, RjNĜR99X

:Qm- CX- um- "X- J�v#�MF- aX CX- �M/ h�Q- .X kykRX EMQrH2/;2 /BbiBHH�iBQM, � bm`p2vX
AMi2`M�iBQM�H DQm`M�H Q7 +QKTmi2` pBbBQM RkNXe UkykRV, Rd3NĜR3RNX

:`m�m- 6X- q?BiH2v- .X- �M/ Sv2�ii- GX RNNeX � +QKT�`BbQM #2ir22M +2HHmH�` 2M+Q/BM; �M/
/B`2+i 2M+Q/BM; 7Q` ;2M2iB+ M2m`�H M2irQ`FbX AM S`Q+22/BM;b Q7 i?2 }`bi �MMm�H
+QM72`2M+2 QM ;2M2iB+ T`Q;`�KKBM;- TTX 3RĜ3NX ,

:mQ- *X- _�M�- JX- *Bbb2- JX- �M/ p�M /2` J��i2M- GX kyR3X *QmMi2`BM; �/p2`b�`B�H
BK�;2b mbBM; BMTmi i`�Mb7Q`K�iBQMbX AM AMi2`M�iBQM�H +QM72`2M+2 QM H2�`MBM;
`2T`2b2Mi�iBQMbX ,
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:mQ- JX- u�M;- uX- sm- _X- GBm- wX- �M/ GBM- .X kykyX q?2M M�b K22ib `Q#mbiM2bb, BM
b2�`+? Q7 `Q#mbi �`+?Bi2+im`2b �;�BMbi �/p2`b�`B�H �ii�+FbX AM S`Q+22/BM;b Q7 i?2
A111f*o6 +QM72`2M+2 QM +QKTmi2` pBbBQM �M/ T�ii2`M `2+Q;MBiBQM- TTX ejRĜe9yX
, A111X

>�`T- aX �X- a�K�/- hX- �M/ :m?�- �X RN3NX hQr�`/b i?2 ;2M2iB+ bvMi?2bBb Q7 M2m@
`�H M2irQ`FX AM S`Q+22/BM;b Q7 i?2 i?B`/ BMi2`M�iBQM�H +QM72`2M+2 QM :2M2iB+
�H;Q`Bi?Kb- TTX jeyĜjeNX ,

>2- EX- w?�M;- sX- _2M- aX- �M/ amM- CX kyReX .22T `2bB/m�H H2�`MBM; 7Q` BK�;2 `2+Q;@
MBiBQMX AM S`Q+22/BM;b Q7 i?2 A111 +QM72`2M+2 QM +QKTmi2` pBbBQM �M/ T�ii2`M
`2+Q;MBiBQM- TTX ddyĜdd3X , A111X

>2`ix- CX- E`Q;?- �X- �M/ S�HK2`- _X :X kyR3X AMi`Q/m+iBQM iQ i?2 i?2Q`v Q7 M2m`�H
+QKTmi�iBQMX *_* S`2bbX

>BMiQM- :X- oBMv�Hb- PX- �M/ .2�M- CX kyR8X .BbiBHHBM; i?2 FMQrH2/;2 BM � M2m`�H M2irQ`FX
�`sBp T`2T`BMi �`sBp,R8yjXyk8jR UkyR8V,

>BMiQM- :X 1X- PbBM/2`Q- aX- �M/ h2?- uX@qX kyyeX � 7�bi H2�`MBM; �H;Q`Bi?K 7Q` /22T
#2HB27 M2ibX L2m`�H +QKTmi�iBQM R3Xd UkyyeV, R8kdĜR889X

>QHH�M/- CX >X 2i �HX RNNkX �/�Ti�iBQM BM M�im`�H �M/ �`iB}+B�H bvbi2Kb, �M BMi`Q/m+iQ`v
�M�HvbBb rBi? �TTHB+�iBQMb iQ #BQHQ;v- +QMi`QH- �M/ �`iB}+B�H BMi2HHB;2M+2X

>m�M;- :X- GBm- wX- o�M .2` J��i2M- GX- �M/ q2BM#2`;2`- EX ZX kyRdX .2Mb2Hv +QMM2+i2/
+QMpQHmiBQM�H M2irQ`FbX AM S`Q+22/BM;b Q7 i?2 A111 +QM72`2M+2 QM +QKTmi2`
pBbBQM �M/ T�ii2`M `2+Q;MBiBQM- TTX 9dyyĜ9dy3X , A111X

A�M/QH�- 6X LX- >�M- aX- JQbF2rB+x- JX qX- �b?`�7- EX- .�HHv- qX CX- �M/ E2mix2`- EX
kyReX a[m22x2M2i, �H2tM2i@H2p2H �++m`�+v rBi? 8yt 72r2` T�`�K2i2`b �M/I yX8
K# KQ/2H bBx2X �`sBp T`2T`BMi �`sBp,ReykXydjey UkyReV,

A#�- >X- >�b2;�r�- uX- �M/ S�mH- hX EX kyyNX �TTHB2/ ;2M2iB+ T`Q;`�KKBM; �M/ K�+?BM2
H2�`MBM;X *_* S`2bbX

AMQm2- >X kyR3X .�i� �m;K2Mi�iBQM #v T�B`BM; b�KTH2b 7Q` BK�;2b +H�bbB}+�iBQMX �`sBp
T`2T`BMi �`sBp,R3yRXykNkN UkyR3V,
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AQz2- aX �M/ ax2;2/v- *X kyR8X "�i+? MQ`K�HBx�iBQM, �++2H2`�iBM; /22T M2irQ`F i`�BMBM;
#v `2/m+BM; BMi2`M�H +Qp�`B�i2 b?B7iX AM AMi2`M�iBQM�H +QM72`2M+2 QM K�+?BM2
H2�`MBM;- TTX 993Ĝ98eX ,

C�Hr�M�- JX �X- �F?i�`- LX- "2MM�KQmM- JX- �M/ JB�M- �X kykyX P`i?Q;QM�H /22T KQ/2Hb
�b /272Mb2 �;�BMbi #H�+F@#Qt �ii�+FbX A111 �++2bb 3 UkykyV, RRNd99ĜRRNd8dX

C�``2ii- EX- E�pmF+mQ;Hm- EX- G2*mM- uX- 2i �HX kyyNX q?�i Bb i?2 #2bi KmHiB@bi�;2
�`+?Bi2+im`2 7Q` Q#D2+i `2+Q;MBiBQM\ AM A111 Rki? BMi2`M�iBQM�H +QM72`2M+2 QM
+QKTmi2` pBbBQM- TTX kR9eĜkR8jX , A111X

E�`Bv�TT�- aX �M/ Zm`2b?B- JX EX kyRNX AKT`QpBM; �/p2`b�`B�H `Q#mbiM2bb Q7 2Mb2K#H2b
rBi? /Bp2`bBiv i`�BMBM;X �`sBp T`2T`BMi �`sBp,RNyRXyNN3R UkyRNV,

E�``�b- hX- �BH�- hX- G�BM2- aX- �M/ G2?iBM2M- CX kyRdX S`Q;`2bbBp2 ;`QrBM; Q7 ;�Mb
7Q` BKT`Qp2/ [m�HBiv- bi�#BHBiv- �M/ p�`B�iBQMX �`sBp T`2T`BMi �`sBp,RdRyXRyRNe
UkyRdV,

E2MM2v- CX 6X �M/ E22TBM;- 1X RNekX GBM2�` `2;`2bbBQM �M/ +Q``2H�iBQMX J�i?2K�iB+b Q7
bi�iBbiB+b R URNekV, k8kĜk38X

EBK- >X- :�``B/Q- SX- h2r�`B- �X- sm- qX- h?B2b- CX- LB2bbM2`- JX- Sû`2x- SX- _B+?�`/i- *X-
wQHH?ƺ72`- JX- �M/ h?2Q#�Hi- *X kyR3X .22T pB/2Q TQ`i`�BibX �*J i`�Mb�+iBQMb
QM ;`�T?B+b jdX9 UkyR3V, RĜR9X

EBi�MQ- >X RNNyX .2bB;MBM; M2m`�H M2irQ`Fb mbBM; ;2M2iB+ �H;Q`Bi?Kb rBi? ;`�T? ;2M2`�@
iBQM bvbi2KX *QKTH2t bvbi2Kb 9 URNNyV, 9eRĜ9deX

EQiv�M- aX �M/ o�`;�b- .X oX kykyX 1pQHpBM; `Q#mbi M2m`�H �`+?Bi2+im`2b iQ /272M/ 7`QK
�/p2`b�`B�H �ii�+FbX *1l_ rQ`Fb?QT T`Q+22/BM;b ke9y UkykyV,

EQx�- CX _X �M/ _B+2- CX SX RNNRX :2M2iB+ ;2M2`�iBQM Q7 #Qi? i?2 r2B;?ib �M/ �`+?Bi2+@
im`2 7Q` � M2m`�H M2irQ`FX AM AMi2`M�iBQM�H DQBMi +QM72`2M+2 QM M2m`�H M2irQ`Fb-
pQHmK2 k- TTX jNdĜ9y9X , A111X

E`Bx?2pbFv- �X- >BMiQM- :X- 2i �HX kyyNX G2�`MBM; KmHiBTH2 H�v2`b Q7 72�im`2b 7`QK iBMv
BK�;2bX UkyyNV,

E`Bx?2pbFv- �X- amibF2p2`- AX- �M/ >BMiQM- :X 1X kyRkX AK�;2M2i +H�bbB}+�iBQM rBi? /22T
+QMpQHmiBQM�H M2m`�H M2irQ`FbX AM �/p�M+2b BM M2m`�H BM7Q`K�iBQM T`Q+2bbBM;
bvbi2Kb- TTX RyNdĜRRy8X ,
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G2*mM- uX- "QiiQm- GX- "2M;BQ- uX- �M/ >�zM2`- SX RNN3X :`�/B2Mi@#�b2/ H2�`MBM; �TTHB2/
iQ /Q+mK2Mi `2+Q;MBiBQMX S`Q+22/BM;b Q7 i?2 A111 3eXRR URNN3V, kkd3Ĝkjk9X

G22- aX@qX RNNeX Pz@HBM2 `2+Q;MBiBQM Q7 iQi�HHv mM+QMbi`�BM2/ ?�M/r`Bii2M MmK2`�Hb
mbBM; KmHiBH�v2` +Hmbi2` M2m`�H M2irQ`FX A111 i`�Mb�+iBQMb QM T�ii2`M �M�HvbBb
�M/ K�+?BM2 BMi2HHB;2M+2 R3Xe URNNeV, e93Ĝe8kX

GB- wX- sBQM;- sX- _2M- wX- w?�M;- LX- q�M;- sX- �M/ u�M;- hX kyR3X �M �;;`2bbBp2 ;2M2iB+
T`Q;`�KKBM; �TT`Q�+? 7Q` b2�`+?BM; M2m`�H M2irQ`F bi`m+im`2 mM/2` +QKTmi�@
iBQM�H +QMbi`�BMibX �`sBp T`2T`BMi �`sBp,R3yeXyy38R UkyR3V,

GB2M?�`i- _X �M/ J�v/i- CX kyykX �M 2ti2M/2/ b2i Q7 ?��`@HBF2 72�im`2b 7Q` `�TB/ Q#@
D2+i /2i2+iBQMX AM S`Q+22/BM;b Q7 BMi2`M�iBQM�H +QM72`2M+2 QM BK�;2 T`Q+2bbBM;-
pQHmK2 RX , A111X

GBK- aX@>X- uQmM;- aX- �M/ S�iiQM- _X kyReX �M �M�HvbBb Q7 BK�;2 biQ`�;2 bvbi2Kb 7Q`
b+�H�#H2 i`�BMBM; Q7 /22T M2m`�H M2irQ`FbX ,

GBM- JX- *?2M- ZX- �M/ u�M- aX kyRjX L2irQ`F BM M2irQ`FX �`sBp T`2T`BMi �`sBp,RjRkX99yy
UkyRjV,

GBm- >X- aBKQMv�M- EX- �M/ u�M;- uX kyR3�X .�`ib, /Bz2`2MiB�#H2 �`+?Bi2+im`2 b2�`+?X AM
AMi2`M�iBQM�H +QM72`2M+2 QM H2�`MBM; `2T`2b2Mi�iBQMbX ,

GBm- CX �M/ CBM- uX kykRX JmHiB@Q#D2+iBp2 b2�`+? Q7 `Q#mbi M2m`�H �`+?Bi2+im`2b �;�BMbi
KmHiBTH2 ivT2b Q7 �/p2`b�`B�H �ii�+FbX L2m`Q+QKTmiBM; 98j UkykRV, djĜ39X

GBm- sX- q�M;- sX- �M/ J�irBM- aX kyR3#X AKT`QpBM; i?2 BMi2`T`2i�#BHBiv Q7 /22T M2m`�H
M2irQ`Fb rBi? FMQrH2/;2 /BbiBHH�iBQMX AM A111 BMi2`M�iBQM�H +QM72`2M+2 QM /�i�
KBMBM; rQ`Fb?QTb- TTX Ny8ĜNRkX , A111X

GBm- uX- *?2M- sX- GBm- *X- �M/ aQM;- .X kyReX .2HpBM; BMiQ i`�Mb72`�#H2 �/p2`b�`B�H
2t�KTH2b �M/ #H�+F@#Qt �ii�+FbX �`sBp T`2T`BMi �`sBp,ReRRXykddy UkyReV,

J�/`v- �X- J�F2HQp- �X- a+?KB/i- GX- hbBT`�b- .X- �M/ oH�/m- �X kyR3X hQr�`/b /22T
H2�`MBM; KQ/2Hb `2bBbi�Mi iQ �/p2`b�`B�H �ii�+FbX AM AMi2`M�iBQM�H +QM72`2M+2 QM
H2�`MBM; `2T`2b2Mi�iBQMbX ,

J�ibmM�;�- EX- >�K�/�- �X- JBM�;�r�- �X- �M/ EQ;�- >X kyRdX AK�;2 +H�bbB}+�iBQM
Q7 K2H�MQK�- M2pmb �M/ b2#Q``?2B+ F2`�iQbBb #v /22T M2m`�H M2irQ`F 2Mb2K#H2X
�`sBp T`2T`BMi �`sBp,RdyjXyjRy3 UkyRdV,
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JBFQƈ�D+xvF- �X �M/ :`Q+?QrbFB- JX kyR3X .�i� �m;K2Mi�iBQM 7Q` BKT`QpBM; /22T
H2�`MBM; BM BK�;2 +H�bbB}+�iBQM T`Q#H2KX AM AMi2`M�iBQM�H BMi2`/Bb+BTHBM�`v T?/
rQ`Fb?QT- TTX RRdĜRkkX , A111X

JBHH2`- :X 6X- hQ//- SX JX- �M/ >2;/2- aX lX RN3NX .2bB;MBM; M2m`�H M2irQ`Fb mbBM;
;2M2iB+ �H;Q`Bi?KbX AM A*:�- pQHmK2 3N- TTX jdNĜj39X ,

JBM?- hX LX- aBMM- JX- G�K- >X hX- �M/ qBbim#�- JX kyR3X �miQK�i2/ BK�;2 /�i�
T`2T`Q+2bbBM; rBi? /22T `2BM7Q`+2K2Mi H2�`MBM;X �`sBp T`2T`BMi �`sBp,R3yeXy833e
UkyR3V,

JBMbFv- JX �M/ S�T2`i- aX RNeNX S2`+2Ti`QM, �M BMi`Q/m+iBQM iQ +QKTmi�iBQM�H ;2QK2i`vX
h?2 JAh S`2bb- *�K#`B/;2- 2tT�M/2/ 2/BiBQM RNX33 URNeNV, kX

JBi+?2HH- JX RNN3X �M BMi`Q/m+iBQM iQ ;2M2iB+ �H;Q`Bi?KbX JAh T`2bbX

JBi+?2HH- hX RNNdX J�+?BM2 H2�`MBM;X URNNdV,

JQMi�M�- .X CX- .�pBb- GX- 2i �HX RN3NX h`�BMBM; 722/7Q`r�`/ M2m`�H M2irQ`Fb mbBM; ;2M2iB+
�H;Q`Bi?KbX AM AC*�A- pQHmK2 3N- TTX dekĜdedX ,

JQQb�pB@.2x7QQHB- aX@JX- 6�rxB- �X- 6�rxB- PX- �M/ 6`Qbb�`/- SX kyRdX lMBp2`b�H �/p2`@
b�`B�H T2`im`#�iBQMbX AM S`Q+22/BM;b Q7 i?2 A111 +QM72`2M+2 QM +QKTmi2` pBbBQM
�M/ T�ii2`M `2+Q;MBiBQM- TTX Rde8ĜRddjX , A111X

L�B`- oX �M/ >BMiQM- :X 1X kyRyX _2+iB}2/ HBM2�` mMBib BKT`Qp2 `2bi`B+i2/ #QHixK�MM
K�+?BM2bX AM S`Q+22/BM;b Q7 i?2 BMi2`M�iBQM�H +QM72`2M+2 QM K�+?BM2 H2�`MBM;-
TTX 3ydĜ3R9X ,

L2H/2`- CX �X �M/ q2//2`#m`M- _X qX RNdkX :2M2`�HBx2/ HBM2�` KQ/2HbX CQm`M�H Q7 i?2
`Qv�H bi�iBbiB+�H bQ+B2iv, a2`B2b � Rj8Xj URNdkV, jdyĜj39X

P?- uX- S�`F- aX- �M/ u2- CX *X kykyX .22T H2�`MBM; +QpB/@RN 72�im`2b QM +t` mbBM;
HBKBi2/ i`�BMBM; /�i� b2ibX A111 i`�Mb�+iBQMb QM K2/B+�H BK�;BM; jNX3 UkykyV,
ke33ĜkdyyX

PT2`B�MQ- EX _X :X- A#�- >X- �M/ SQ`�- qX kykyX L2m`Q2pQHmiBQM �`+?Bi2+im`2 #�+F#QM2 7Q`
t@`�v Q#D2+i /2i2+iBQMX AM A111 bvKTQbBmK b2`B2b QM +QKTmi�iBQM�H BMi2HHB;2M+2-
TTX kkNeĜkjyjX , A111X
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S�T2`MQi- LX- J+.�MB2H- SX- �M/ :QQ/72HHQr- AX kyReX h`�Mb72`�#BHBiv BM K�+?BM2 H2�`MBM;,
7`QK T?2MQK2M� iQ #H�+F@#Qt �ii�+Fb mbBM; �/p2`b�`B�H b�KTH2bX �`sBp T`2T`BMi
�`sBp,Rey8Xydkdd UkyReV,

S�T2`MQi- LX- J+.�MB2H- SX- :QQ/72HHQr- AX- C?�- aX- *2HBF- wX "X- �M/ ar�KB- �X kyRdX
S`�+iB+�H #H�+F@#Qt �ii�+Fb �;�BMbi K�+?BM2 H2�`MBM;X AM S`Q+22/BM;b Q7 i?2
�*J QM �bB� +QM72`2M+2 QM +QKTmi2` �M/ +QKKmMB+�iBQMb b2+m`Biv- TTX 8yeĜ
8RNX , �*JX

S�bxF2- �X- :`Qbb- aX- J�bb�- 6X- G2`2`- �X- "`�/#m`v- CX- *?�M�M- :X- EBHH22M- hX- GBM-
wX- :BK2Hb?2BM- LX- �MiB;�- GX- .2bK�BbQM- �X- EQT7- �X- u�M;- 1X- .2oBiQ-
wX- _�BbQM- JX- h2D�MB- �X- *?BH�KFm`i?v- aX- ai2BM2`- "X- 6�M;- GX- "�B- CX- �M/
*?BMi�H�- aX kyRNX SviQ`+?, �M BKT2`�iBp2 bivH2- ?B;?@T2`7Q`K�M+2 /22T H2�`MBM;
HB#`�`vX AM q�HH�+?- >X- G�`Q+?2HH2- >X- "2v;2HxBK2`- �X- /Ƕ�H+?û@"m+- 6X- 6Qt-
1X- �M/ :�`M2ii- _X U2/XV- �/p�M+2b BM M2m`�H BM7Q`K�iBQM T`Q+2bbBM; bvbi2Kb-
TTX 3yk9Ĝ3yj8X , *m``�M �bbQ+B�i2b- AM+X

S2`2x- 6X- o�b+QM+2HQb- *X- �pBH�- aX- �M/ o�HH2- 1X kyR3X .�i� �m;K2Mi�iBQM 7Q` bFBM
H2bBQM �M�HvbBbX AM P_ kXy +QMi2ti@�r�`2 QT2`�iBM; i?2�i2`b- +QKTmi2` �bbBbi2/
`Q#QiB+ 2M/Qb+QTv- +HBMB+�H BK�;2@#�b2/ T`Q+2/m`2b- �M/ bFBM BK�;2 �M�HvbBb- TTX
jyjĜjRRX , aT`BM;2`X

ZmBMH�M- CX _X RN3eX AM/m+iBQM Q7 /2+BbBQM i`22bX J�+?BM2 H2�`MBM; RXR URN3eV, 3RĜRyeX

_�/Qb�pQpB+- AX- .QHH�`- SX- :B`b?B+F- _X- :FBQt�`B- :X- �M/ >2- EX kyR3X .�i� /BbiBHH�iBQM,
hQr�`/b QKMB@bmT2`pBb2/ H2�`MBM;X AM S`Q+22/BM;b Q7 i?2 A111 +QM72`2M+2 QM
+QKTmi2` pBbBQM �M/ T�ii2`M `2+Q;MBiBQM- TTX 9RRNĜ9Rk3X , A111X

_2/KQM- CX �M/ 6�`?�/B- �X kyRdX uQHQNyyy, #2ii2`- 7�bi2`- bi`QM;2`X AM S`Q+22/BM;b Q7
i?2 A111 +QM72`2M+2 QM +QKTmi2` pBbBQM �M/ T�ii2`M `2+Q;MBiBQM- TTX dkejĜdkdRX
, A111X

_2/KQM- CX �M/ 6�`?�/B- �X kyR3X uQHQpj, �M BM+`2K2Mi�H BKT`Qp2K2MiX �`sBp T`2T`BMi
�`sBp,R3y9Xykded UkyR3V,

_Qb2M#H�ii- 6X RN8dX h?2 T2`+2Ti`QM- � T2`+2BpBM; �M/ `2+Q;MBxBM; �miQK�iQM T`QD2+i
T�`�X *Q`M2HH �2`QM�miB+�H G�#Q`�iQ`vX

_Qb2M#H�ii- 6X RN83X h?2 T2`+2Ti`QM, � T`Q#�#BHBbiB+ KQ/2H 7Q` BM7Q`K�iBQM biQ`�;2 �M/
Q`;�MBx�iBQM BM i?2 #`�BMX Sbv+?QHQ;B+�H `2pB2r e8Xe URN83V, j3eX
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_mK2H?�`i- .X 1X- >BMiQM- :X 1X- �M/ qBHHB�Kb- _X CX RN3eX G2�`MBM; `2T`2b2Mi�iBQMb #v
#�+F@T`QT�;�iBM; 2``Q`bX L�im`2 jkjXey33 URN3eV, 8jjĜ8jeX

_mbb�FQpbFv- PX- .2M;- CX- am- >X- E`�mb2- CX- a�i?22b?- aX- J�- aX- >m�M;- wX- E�`T�i?v-
�X- E?QbH�- �X- "2`Mbi2BM- JX- 2i �HX kyR8X AK�;2M2i H�`;2 b+�H2 pBbm�H `2+Q;MBiBQM
+?�HH2M;2X AMi2`M�iBQM�H DQm`M�H Q7 +QKTmi2` pBbBQM RR8Xj UkyR8V, kRRĜk8kX

a�Km2H- �X GX RN8NX aQK2 bim/B2b BM K�+?BM2 H2�`MBM; mbBM; i?2 ;�K2 Q7 +?2+F2`bX A"J
DQm`M�H Q7 `2b2�`+? �M/ /2p2HQTK2Mi jXj URN8NV, kRyĜkkNX

a?�7�?B- �X- L�DB#B- JX- :?B�bB- �X- sm- wX- .B+F2`bQM- CX- aim/2`- *X- .�pBb- GX aX- h�vHQ`-
:X- �M/ :QH/bi2BM- hX kyRNX �/p2`b�`B�H i`�BMBM; 7Q` 7`225 AM S`Q+22/BM;b
Q7 i?2 BMi2`M�iBQM�H +QM72`2M+2 QM M2m`�H BM7Q`K�iBQM T`Q+2bbBM; bvbi2Kb- TTX
jj83ĜjjeNX ,

a?�BF?BM�- hX �M/ E?Qp�MQp�- LX �X kyRdX >�M/HBM; HBKBi2/ /�i�b2ib rBi? M2m`�H M2irQ`Fb
BM K2/B+�H �TTHB+�iBQMb, � bK�HH@/�i� �TT`Q�+?X �`iB}+B�H BMi2HHB;2M+2 BM K2/B+BM2
d8 UkyRdV, 8RĜejX

a?�`B7 _�x�pB�M- �X- �xBxTQm`- >X- amHHBp�M- CX- �M/ *�`HbbQM- aX kyR9X *MM 72�im`2b
Qz@i?2@b?2H7, �M �biQmM/BM; #�b2HBM2 7Q` `2+Q;MBiBQMX AM S`Q+22/BM;b Q7 i?2 A111
+QM72`2M+2 QM +QKTmi2` pBbBQM �M/ T�ii2`M `2+Q;MBiBQM rQ`Fb?QTb- TTX 3yeĜ3RjX
, A111X

a?Q`i2M- *X �M/ E?Qb?;Q7i��`- hX JX kyRNX � bm`p2v QM BK�;2 /�i� �m;K2Mi�iBQM 7Q`
/22T H2�`MBM;X pQHmK2 e- TX eyX , aT`BM;2`X

aBKQMv�M- EX �M/ wBbb2`K�M- �X kyR9�X hrQ@bi`2�K +QMpQHmiBQM�H M2irQ`Fb 7Q` �+iBQM
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Sl"GA*�hAPL

AMi2`M�iBQM�H CQm`M�H Sm#HB+�iBQM

RX E2pBM _B+?�`/ :X PT2`B�MQ- q�M+?�H2`K SQ`�- >BiQb?B A#�- �M/ >B`Qb?B E2`�X
1pQHpBM; �`+?Bi2+im`2b rBi? :`�/B2Mi JBb�HB;MK2Mi iQr�`/ GQr �/p2`b�`B�H h`�Mb@
72`�#BHBivX AM kykR A111 �++2bbX

AMi2`M�iBQM�H *QM72`2M+2 Sm#HB+�iBQMb

RX E2pBM _B+?�`/ :X PT2`B�MQ- >BiQb?B A#�- �M/ q�M+?�H2`K SQ`�X L2m`Q2pQHmiBQM
�`+?Bi2+im`2 "�+F#QM2 7Q` s@`�v P#D2+i .2i2+iBQMX AM kyky A111 avKTQbBmK a2`B2b
QM *QKTmi�iBQM�H AMi2HHB;2M+2 Uaa*AVX

kX E2pBM _B+?�`/ :X PT2`B�MQ- S�MM Jv� >Km2- q�M+?�H2`K SQ`�- �M/ am`22 SmK`BMX
�K2`B+�M �HT?�#2i >�M/ aB;M G�M;m�;2 .2i2+iBQM �M/ _2+Q;MBiBQM lbBM; >��`
*�b+�/2b �M/ *QMpQHmiBQM�H L2m`�H L2irQ`FbX AM kyR3 RRi? _2;BQM�H *QM72`2M+2 QM
1H2+i`B+�H �M/ 1H2+i`QMB+ 1M;BM22`BM;X
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oBi�

L�J1 E2pBM _B+?�`/ :X PT2`B�MQ

.�h1 P6 "A_h> kR 62#`m�`v RNNk

SG�*1 P6 "A_h> �MiBTQHQ *Biv- _Bx�H- S?BHBTTBM2b

ALahAhlhAPLa �hh1L.1. .2 G� a�HH2 lMBp2`bBiv @ J�MBH�- S?BHBTTBM2b

>PJ1 �.._1aa "j Ge SBM2b >BHH aiX _B/;2KQMi 1t2+X oBHHX *�BMi�

_Bx�H- S?BHBTTBM2b
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