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L;mv2M a�Q J�B

lM _Q#Qi +m`B2mt TQm` HǶ�TT`2MiBbb�;2 �+iB7 T�` #�#BHH�;2 /ǶQ#D2+iB7b , +?QBbB` /2 K�MBĕ`2
bi`�iû;B[m2 [mQB- +QKK2Mi- [m�M/ 2i /2 [mB �TT`2M/`2

G2b /û}b TQm` pQB` /2b `Q#Qib QTû`�Mi /�Mb HǶ2MpB`QMM2K2Mi /2 iQmb H2b DQm`b /2b ?mK�BMb 2i bm` mM2
HQM;m2 /m`û2 bQmHB;M2Mi HǶBKTQ`i�M+2 /2 H2m` �/�Ti�iBQM �mt +?�M;2K2Mib [mB T2mp2Mi āi`2 BKT`ûpBbB#H2b
�m KQK2Mi /2 H2m` +QMbi`m+iBQMX AHb /QBp2Mi āi`2 +�T�#H2 /2 b�pQB` [m2HH2b T�`iB2b û+?�MiBHHQMM2`- 2i [m2Hb
ivT2b /2 +QKTûi2M+2b BH � BMiû`āi ¨ �+[mû`B`X lM2 K�MBĕ`2 /2 +QHH2+i2` /2b /QMMû2b 2bi /2 /û+B/2` T�` bQB@
KāK2 Qɍ 2tTHQ`2`X lM2 �mi`2 K�MBĕ`2 2bi /2 b2 `û7û`2` ¨ mM K2MiQ`X LQmb �TT2HQMb +2b /2mt K�MBĕ`2b
/2 +QHH2+i2` /2b /QMMû2b /2b KQ/2b /Ƕû+?�MiBHHQMM�;2X G2 T`2KB2` KQ/2 /Ƕû+?�MiBHHQMM�;2 +Q``2bTQM/
¨ /2b �H;Q`Bi?K2b /ûp2HQTTûb /�Mb H� HBiiû`�im`2 TQm` �miQK�iB[m2K2Mi TQmbb2` HǶ�;2Mi p2`b /2b T�`iB2b
BMiû`2bb�Mi2b /2 HǶ2MpB`QMM2K2Mi Qm p2`b /2b ivT2b /2 +QKTûi2M+2b miBH2bX .2 i2Hb �H;Q`Bi?K2b bQMi �TT2Hûb
/2b �H;Q`Bi?K2b /2 +m`BQbBiû �`iB}+B2HH2 Qm KQiBp�iBQM BMi`BMbĕ[m2X G2 /2mtBĕK2 KQ/2 +Q``2bTQM/ �m ;mB/�;2
bQ+B�H Qm HǶBKBi�iBQM- Qɍ mM T�`i2M�B`2 ?mK�BM BM/B[m2 Qɍ 2tTHQ`2` 2i Qɍ M2 T�b 2tTHQ`2`X

LQmb �pQMb +QMbi`mBi mM2 �`+?Bi2+im`2 �H;Q`Bi?KB[m2 BMi`BMbĕ[m2K2Mi KQiBpû2 TQm` �TT`2M/`2 +QKK2Mi
T`Q/mB`2 T�` b2b �+iBQMb /2b 2z2ib 2i +QMbû[m2M+2b p�`Bû2bX AH �TT`2M/ /2 K�MBĕ`2 �+iBp2 2i 2M HB;M2 2M
+QHH2+i�Mi /2b /QMMû2b [mǶBH +?QBbBi 2M miBHBb�Mi THmbB2m`b KQ/2b /Ƕû+?�MiBHHQMM�;2X �m MBp2�m /m K2i�
�TT`2MiBbb�;2- BH �TT`2M/ /2 K�MBĕ`2 �+iBp2 [m2HH2 bi`�iû;B2 /Ƕû+?�MiBHHQMM�;2 2bi THmb 2{+�+2 TQm` �KûHBQ`2`
b� +QKTûi2M+2 2i ;ûMû`�HBb2` ¨ T�`iB` /2 bQM 2tTû`B2M+2 ¨ mM ;`�M/ ûp2Mi�BH /Ƕ2z2ibX S�` �TT`2MiBbb�;2 T�`
BMi2`�+iBQM- BH �+[mB2`i /2 KmHiBTH2b +QKTûi2M+2b /2 K�MBĕ`2 bi`m+im`û2- 2M /û+Qmp`�Mi T�` HmB@KāK2 H2b
bû[m2M+2b /ûp2HQTT2K2Mi�H2X

JQib +Hûb , �TT`2MiBbb�;2 �+iB7- �TT`2MiBbb�;2 BMi2`�+iB7- �TT`2MiBbb�;2 T�` BKBi�iBQM-
2tTHQ`�iBQM Q`B2Miû2 T�` Q#D2+iB7b- +QHH2+i2 /2 /QMMû2b- �TT`2MiBbb�;2 T�` /ûKQMbi`�iBQM

� *m`BQmb _Q#Qi G2�`M2` 7Q` AMi2`�+iBp2 :Q�H@"�##HBM;

h?2 +?�HH2M;2b TQb2/ #v `Q#Qib QT2`�iBM; BM ?mK�M 2MpB`QMK2Mib QM � /�BHv #�bBb �M/ BM i?2 HQM;@i2`K
TQBMi Qmi i?2 BKTQ`i�M+2 Q7 �/�TiBpBiv iQ +?�M;2b r?B+? +�M #2 mM7Q`2b22M �i /2bB;M iBK2X h?2 `Q#Qi Kmbi
H2�`M +QMiBMmQmbHv BM �M QT2M@2M/2/- MQM@bi�iBQM�`v �M/ ?B;? /BK2MbBQM�H bT�+2X Ai Kmbi #2 �#H2 iQ FMQr
r?B+? T�`ib iQ b�KTH2 �M/ r?�i FBM/ Q7 bFBHHb �`2 BMi2`2biBM; iQ H2�`MX PM2 r�v Bb iQ /2+B/2 r?�i iQ 2tTHQ`2
#v QM2b2H7X �MQi?2` r�v Bb iQ `272` iQ � K2MiQ`X q2 M�K2 i?2b2 irQ r�vb Q7 +QHH2+iBM; /�i� b�KTHBM; KQ/2bX
h?2 }`bi b�KTHBM; KQ/2 +Q``2bTQM/ iQ �H;Q`Bi?Kb /2p2HQT2/ BM i?2 HBi2`�im`2 BM Q`/2` iQ �miQMQKQmbHv /`Bp2
i?2 `Q#Qi BM BMi2`2biBM; T�`ib Q7 i?2 2MpB`QMK2Mi Q` mb27mH FBM/b Q7 bFBHHbX am+? �H;Q`Bi?Kb �`2 +�HH2/ �`iB}+B�H
+m`BQbBiv Q` BMi`BMbB+ KQiBp�iBQM �H;Q`Bi?KbX h?2 b2+QM/ b�KTHBM; KQ/2 +Q``2bTQM/b iQ bQ+B�H ;mB/�M+2 Q`
BKBi�iBQM r?2`2 i?2 i2�+?2` BM/B+�i2b r?2`2 iQ 2tTHQ`2 �b r2HH �b r?2`2 MQi iQ 2tTHQ`2X ai�`iBM; 7`QK
i?2 bim/v Q7 i?2 `2H�iBQMb?BTb #2ir22M i?2b2 irQ +QM+m``2Mi K2i?Q/b- r2 2M/2/ mT #mBH/BM; �M �H;Q`Bi?KB+
�`+?Bi2+im`2 rBi? � ?B2`�`+?B+�H H2�`MBM; bi`m+im`2- +�HH2/ aQ+B�HHv :mB/2/ AMi`BMbB+ JQiBp�iBQM Ua:AJVX

q2 ?�p2 #mBHi �M BMi`BMbB+�HHv KQiBp�i2/ �+iBp2 H2�`M2` r?B+? H2�`Mb ?Qr Bib �+iBQMb +�M T`Q/m+2 p�`B2/
+QMb2[m2M+2b Q` Qmi+QK2bX Ai �+iBp2Hv H2�`Mb QMHBM2 #v b�KTHBM; /�i� r?B+? Bi +?QQb2b #v mbBM; b2p2`�H
b�KTHBM; KQ/2bX PM i?2 K2i�@H2p2H- Bi �+iBp2Hv H2�`Mb r?B+? /�i� +QHH2+iBQM bi`�i2;v Bb KQbi 2{+B2Mi 7Q`
BKT`QpBM; Bib +QKT2i2M+2 �M/ ;2M2`�HBbBM; 7`QK Bib 2tT2`B2M+2 iQ � rB/2 p�`B2iv Q7 Qmi+QK2bX h?2 BMi2`�+iBp2
H2�`M2` i?mb H2�`Mb KmHiBTH2 i�bFb BM � bi`m+im`2/ K�MM2`- /Bb+Qp2`BM; #v Bib2H7 /2p2HQTK2Mi�H b2[m2M+2bX

E2vrQ`/b , �+iBp2 H2�`MBM;- BMi2`�+iBp2 H2�`MBM;- BKBi�iBQM H2�`MBM;- ;Q�H@Q`B2Mi2/
2tTHQ`�iBQM- /�i�@+QHH2+iBQM- 2tTHQ`�iBQM- T`Q;`�KKBM; #v /2KQMbi`�iBQM
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L;mv2M a�Q J�B

lM _Q#Qi +m`B2mt TQm` HǶ�TT`2MiBbb�;2 �+iB7 T�` #�#BHH�;2
/ǶQ#D2+iB7b , +?QBbB` /2 K�MBĕ`2 bi`�iû;B[m2 [mQB- +QKK2Mi-

[m�M/ 2i /2 [mB �TT`2M/`2
�#bi`�+i

G2b /û}b TQm` pQB` /2b `Q#Qib QTû`�Mi /�Mb HǶ2MpB`QMM2K2Mi /2 iQmb H2b DQm`b /2b ?mK�BMb 2i
bm` mM2 HQM;m2 /m`û2 bQmHB;M2Mi HǶBKTQ`i�M+2 /2 H2m` �/�Ti�iBQM �mt +?�M;2K2Mib [mB T2mp2Mi āi`2
BKT`ûpBbB#H2b �m KQK2Mi /2 H2m` +QMbi`m+iBQMX *Ƕ2bi TQm`[mQB- H2b `Q#Qib /QBp2Mi āi`2 +�T�#H2b
/Ƕ�TT`2M/`2 +QMiBMm2HH2K2Mi /�Mb /2b 2bT�+2b BM}MBb- MQM@bi�iBQMM�B`2b 2i /2 ;`�M/2 /BK2MbBQMX AH
H2m` 2bi BKTQbbB#H2 /Ƕ2tTHQ`2` iQmi bQM 2MpB`QMM2K2Mi TQm` �TT`2M/`2 T2M/�Mi H� /m`û2 HBKBiû2 /2
b� pB2X SQm` āi`2 miBH2 2i �+[mû`B` /2b +QKTûi2M+2b- H2 `Q#Qi /QBi �m +QMi`�B`2 āi`2 +�T�#H2 /2 b�pQB`
[m2HH2b T�`iB2b û+?�MiBHHQMM2`- 2i [m2Hb ivT2b /2 +QKTûi2M+2b BH � BMiû`āi ¨ �+[mû`B`X lM2 K�MBĕ`2 /2
+QHH2+i2` /2b /QMMû2b 2bi /2 /û+B/2` T�` bQB@KāK2 Qɍ 2tTHQ`2`X lM2 �mi`2 K�MBĕ`2 2bi /2 b2 `û7û`2` ¨
mM K2MiQ`X LQmb �TT2HQMb +2b /2mt K�MBĕ`2b /2 +QHH2+i2` /2b /QMMû2b /2b KQ/2b /Ƕû+?�MiBHHQMM�;2X
G2 T`2KB2` KQ/2 /Ƕû+?�MiBHHQMM�;2 +Q``2bTQM/ ¨ /2b �H;Q`Bi?K2b /ûp2HQTTûb /�Mb H� HBiiû`�im`2
TQm` �miQK�iB[m2K2Mi TQmbb2` HǶ�;2Mi p2`b /2b T�`iB2b BMiû`2bb�Mi2b /2 HǶ2MpB`QMM2K2Mi Qm p2`b
/2b ivT2b /2 +QKTûi2M+2b miBH2bX .2 i2Hb �H;Q`Bi?K2b bQMi �TT2Hûb /2b �H;Q`Bi?K2b /2 +m`BQbBiû
�`iB}+B2HH2 Qm KQiBp�iBQM BMi`BMbĕ[m2X G2 /2mtBĕK2 KQ/2 /Ƕû+?�MiBHHQMM�;2 +Q``2bTQM/ �m ;mB/�;2
bQ+B�H Qm HǶBKBi�iBQM- Qɍ mM T�`i2M�B`2 ?mK�BM BM/B[m2 Qɍ 2tTHQ`2` 2i Qɍ M2 T�b 2tTHQ`2`X .ǶmM2 ûim/2
/2b HB2Mb 2Mi`2 +2b /2mt Kûi?Q/2b +QM+m``2Mi2b- MQmb �pQMb }M�H2K2Mi +QMbi`mBi mM2 �`+?Bi2+im`2
�H;Q`Bi?KB[m2 Qɍ H2b /2mt KQ/2b bǶ2Mi`2KāH2Mi 2M mM bi`m+im`2 ?Bû`�`+?B[m2- �TT2Hû2 aQ+B�HHv
:mB/2/ AMi`BMbB+ JQiBp�iBQM Ua:AJVX

LQmb �pQMb +QMÏm mM2 Kûi?Q/2 �p�M+û2 TQm` +QK#BM2` �TT`2MiBbb�;2 T�` ;mB/�;2 bQ+B�H 2i
KQiBp�iBQM BMi`BMbĕ[m2- TQm` HǶ�TT`2MiBbb�;2 iQmi �m HQM; /2 H� pB2 /2 KmHiBTH2b +QKTûi2M+2bX
*2ii2 +QK#BM�BbQM � ûiû +QMbi`mBi2 /�Mb mM +QMi2ti2 THmb ;ûMû`�H /Ƕ�TT`2MiBbb�;2 bi`�iû;B[m2-
Qɍ HǶ�;2Mi +?QBbBi +QKK2Mi �TT`2M/`2 H2 KB2mt T�`KB /Bzû`2Mib KQ/2b /Ƕ�TT`2MiBbb�;2X LQi`2
�TT`Q+?2 +QMbBbi2 ¨ T2`K2ii`2 ¨ HǶ�;2Mi /2 /û+B/2` 2M HB;M2 /2b �bT2+ib /2 /2 bQM BMi2`�+iBQM �p2+ bQM
2MpB`QMM2K2Mi T?vbB[m2 2i bQ+B�H, [mQB 2i +QKK2Mi �TT`2M/`2c [mQB- [m�M/- +QKK2Mi 2i [mB BKBi2`X
LQmb T`ûb2Mi2`QMb THmbB2m`b BKTHûK2Mi�iBQMb /2 a:AJ [mB miBHBb2Mi THmbB2m`b `2T`ûb2Mi�iBQMb 2i
�H;Q`Bi?K2b TQm` b2b /Bzû`2Mi2b bQmb@T�`iB2bX

1M 2z2i- MQmb �pQMb +QMbi`mBi mM2 �`+?Bi2+im`2 �H;Q`Bi?KB[m2 BMi`BMbĕ[m2K2Mi KQiBpû2 TQm`
�TT`2M/`2 +QKK2Mi T`Q/mB`2 T�` b2b �+iBQMb /2b 2z2ib 2i +QMbû[m2M+2b p�`Bû2bX S�` 2t2KTH2- H2
`Q#Qi �TT`2M/ ¨ D2i2` mM2 #�HH2 ¨ /Bp2`b2b /Bbi�M+2b- 2M �bbQ+B�Mi mM2 /Bbi�M+2 U+QMbû[m2M+2V �p2+ mM
KQmp2K2Mi bTû+B}[m2 U�+iBQMVX AH �TT`2M/ /2 K�MBĕ`2 �+iBp2 2i 2M HB;M2 2M +QHH2+i�Mi /2b /QMMû2b
[mǶBH +?QBbBi 2M miBHBb�Mi THmbB2m`b KQ/2b /Ƕû+?�MiBHHQMM�;2X �m MBp2�m /m K2i� �TT`2MiBbb�;2-
BH �TT`2M/ /2 K�MBĕ`2 �+iBp2 [m2HH2 bi`�iû;B2 /Ƕû+?�MiBHHQMM�;2 2bi THmb 2{+�+2 TQm` �KûHBQ`2`
b� +QKTûi2M+2 2i ;ûMû`�HBb2` ¨ T�`iB` /2 bQM 2tTû`B2M+2 ¨ mM ;`�M/ ûp2Mi�BH /2 +QMbû[m2M+2bX
S�` �TT`2MiBbb�;2 T�` BMi2`�+iBQM- BH �+[mB2`i /2 KmHiBTH2b +QKTûi2M+2b /2 K�MBĕ`2 bi`m+im`û2- 2M
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L;mv2M a�Q J�B

/û+Qmp`�Mi T�` HmB@KāK2 H2b bû[m2M+2b /ûp2HQTT2K2Mi�H2X 1M ûim/B�Mi a:AJ- MQmb +QMi`B#mQMb ¨
/Bzû`2Mib /QK�BM2b /2 HǶ�TT`2MiBbb�;2 �miQK�iB[m2,

Ç �TT`2MiBbb�;2 T�` BKBi�iBQM, LQmb 2tTHQ`QMb H2b [m2biBQMb [mQB- +QKK2Mi- [m�M/ 2i [mB
BKBi2`X LQmb T`QTQbQMb mM2 bi`m+im`2 mMB}û2 TQm` �#Q`/2` +2b [m2biBQMb 7QM/�K2Mi�H2b
/2 HǶ�TT`2MiBbb�;2 T�` BKBi�iBQMX S�` �TT`2MiBbb�;2 bi`�iû;B[m2- H2 +?QBt 2M HB;M2 /2b
QTiBQMb T2`K2i mM THmb ;`�M/ T`Q;`ĕb 2M +QKTûi2M+2X 1M T�`iB+mHB2`- TQm` HǶ�TT`2MiBbb�;2
BMi2`�+iB7- MQmb �M�HvbQMb 2i B/2MiB}QMb H2b �p�Mi�;2b ¨ +QK#BM2` 2tTHQ`�iBQM �miQMQK2 2i
;mB/�;2 bQ+B�HX LQmb +QMbi`mBbQMb mM �;2Mi [mB /û+B/2 T�` HmB@KāK2 [m�M/ BMi2`�;B` �p2+ H2b
2Mb2B;M�MibX

Ç �TT`2MiBbb�;2 KmHiB@i�+?2 2i #�#BHH�;2 /ǶQ#D2+iB7b, a:AJ T2mi /û+Qmp`B` H� bi`m+im`2
/2 bQM 2MpB`QMM2K2Mi T�` 2tTHQ`�iBQM Q`B2Miû2 T�` Q#D2+iB7bX LQmb T`QTQbQMb mM2 �`+?Bi2+im`2
mMB}û2 TQm` �#Q`/2` ¨ H� 7QBb HǶBKBi�iBQM /2 +QMbû[m2M+2 2i HǶ2tTHQ`�iBQM �miQMQK2 /2
+QMbû[m2M+2bX

Ç �TT`2MiBbb�;2 �+iB7, MQmb ûim/BQMb /Bzû`2Mib MBp2�mt /Ƕ�TT`2MiBbb�;2 �+iB7, HǶ�;2Mi /û+B/2
[m2HH2 �+iBQM 2tû+mi2`- [m2H Q#D2+iB7 b2 }t2`- 2i [m2H KQ/2 miBHBb2`X a2b /û+BbBQMb bQMi 2M HB;M2-
TQmbbû2b T�` H� +m`BQbBiû �`iB}+B2HH2- 2M K2bm`�Mi 2KTB`B[m2K2Mi bQM T`Q;`ĕb 2M �TT`2MiBbb�;2X

Ç �TT`2MiBbb�;2 ?Bû`�`+?B[m2, MQmb T`QTQbQMb mM2 �`+?Bi2+im`2 ?Bû`�`+?B[m2 TQm` �TT`2M@
/`2 bm` THmbB2m`b MBp2�mt, H2b TQHBiB[m2b- H2b +QMbû[m2M+2b 2i H2b KQ/2b /Ƕû+?�MiBHHQMM�;2X
GǶ�;2Mi /û+B/2 �+iBp2K2Mi 2i /2 K�MBĕ`2 ?Bû`�`+?B[m2 [mQB 2i +QKK2Mi �TT`2M/`2- 2M b2
#�b�Mi bm` b2b K2bm`2b /2 bQM T`Q;`ĕb 2M �TT`2MiBbb�;2X

G� i?ĕb2 2bi bi`m+im`û2 /2 H� K�MBĕ`2 bmBp�Mi2X LQmb 7Q`K�HBbQMb /Ƕ�#Q`/ /�Mb H2 +?�TBi`2 R
H2 T`Q#HĕK2 /�Mb H2 +QMi2ti2 /2 H� `Q#QiB[m2 +Q;MBiBp2 /ûp2HQTT2K2Mi�H2X *Ƕ2bi mM /QK�BM2 /2
`2+?2`+?2 [mB � ¨ H� 7QBb TQm` #mi /2b bvbiĕK2b /Ƕ�TT`2MiBbb�;2 `Q#QiB[m2 2{+�+2b 2M bǶBMbTB`�Mi
/2b b+B2M+2b +Q;MBiBp2b 2i /2 H� Tbv+?QHQ;B2 /ûp2HQTT2K2Mi�H2- 2i H� KQ/ûHBb�iBQM 2i H� p�HB/�iBQM
/2 i?ûQ`B2b /2 b+B2M+2b +Q;MBiBp2b 2i /2 Tbv+?QHQ;B2 /ûp2HQTT2K2Mi�H2 ¨ HǶ�B/2 /2 `Q#QibX .�Mb
H2 +?�TBi`2 k- MQmb BHHmbi`QMb H2 T`Q#HĕK2 �m[m2H MQmb pQmHQMb `ûTQM/`2 T�` mM2 2tTû`B2M+2 Qɍ H2
`Q#Qi B*m# �TT`2M/ ¨ `2+QMM�ŗi`2 /2b Q#D2ib 2M j. T�` K�MBTmH�iBQMX 1MbmBi2- MQmb T`ûb2MiQMb
bm++2bbBp2K2Mi i`QBb �`+?Bi2+im`2b �H;Q`Bi?KB[m2b- +?�+mM2 T2`K2ii�Mi ¨ HǶ�;2Mi /2 T`2M/`2 THmb
/2 /û+BbBQMb �+iBp2b +QM+2`M�Mi b� bi`�iû;B2 /Ƕ�TT`2MiBbb�;2X LQi`2 #mi /�Mb H2m` +QM+2TiBQM
2bi mM �TT`2MiBbb�;2 KmHiB@i�+?2b `�TB/2 2i T`û+BbX G2m` +QM+2TiBQM 2bi 7QM/û bm` /2b ûim/2b
/ûp2HQTT2K2Mi�H2 bm` H� KQiBp�iBQM BMi`BMbĕ[m2 2i HǶ�TT`2MiBbb�;2 T�` BKBi�iBQMX

hQmi /Ƕ�#Q`/- MQmb �pQMb +QMbi`mBi mM2 �`+?Bi2+im`2 �H;Q`Bi?KB[m2 [mB �TT`2M/ [mQB 2i +QKK2Mi
�TT`2M/`2- �TT2Hû2 aQ+B�HHv :mB/2/ AMi`BMbB+ JQiBp�iBQM #v .2KQMbi`�iBQM Ua:AJ@.- JQiBp�iBQM
AMi`BMbĕ[m2 :mB/û2 aQ+B�H2K2Mi T�` .ûKQMbi`�iBQMbVX 1HH2 2tTHQ`2 /2 K�MBĕ`2 �+iBp2 H2b 2bT�+2b /2b
TQHBiB[m2b 2i /2b 2z2ib- 2M miBHBb�Mi ¨ H� 7QBb �TT`2MiBbb�;2 T�` BKBi�iBQM 2i 2tTHQ`�iBQM �miQMQK2
Q`B2Miû2 T�` Q#D2+iB7X G� +QM+2TiBQM /2 a:AJ@. T2`K2i /Ƕ�M�Hvb2` H� +QKTHûK2Mi�`Biû 2Mi`2
+2b /2mt KQ/2b /Ƕû+?�MiBHHQMM�;2X SmBb- MQmb ûim/BQMb H� [m2biBQM /2 [m�M/ BKBi2` �m i`�p2`b

Bp
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Apprentissage actif ExpérExpériences Résultats

SGIM-D cf. chapitre 3hapitre 3 - apprend avec une plus grande précision et plus 
rapidement

- utilise les démonstrations pour biaiser son exploration 

cf. chapitre 3hapitre 3 - apprend avec une plus grande précision et plus 
rapidement

- utilise les démonstrations pour biaiser son exploration 
rapidement

- utilise les démonstrations pour biaiser son exploration 
dans les espaces des politiques et des conséquences

- utilise l’exploration autonome pour palier aux 
problèmes de correspondance

- utilise l’exploration autonome pour compenser 
l’insuffisance des démonstrations

SGIM-IM cf. section 4.1ection 4.1 - apprentissage interactif
- auto-ajuste le rythme de ses demandes d’aide 

(en fonction du coût d’une démonstration)

cf. section 4.1ection 4.1 - apprentissage interactif
- auto-ajuste le rythme de ses demandes d’aide 

(en fonction du coût d’une démonstration)

- apprentissage interactif
- auto-ajuste le rythme de ses demandes d’aide 

(en fonction du coût d’une démonstration)
- testé sur des environnements déterministes et 

stochastiques.

SGIM-ACTS cf. 
section 4.3

- appentissage interactif avec plusieurs 
enseignants
- apprentissage de plusieurs types de tâches

cf. 
section 4.3

- appentissage interactif avec plusieurs 
enseignants
- apprentissage de plusieurs types de tâches
- testé sur des espaces continus et discretscf. 

chapitre 5

- apprentissage de plusieurs types de tâches
- testé sur des espaces continus et discrets
- testé en simulation et sur des robots
- modélisation du développement des enfants

cf. 
chapitre 1

- modélisation du développement des enfants

Résumé

6B;m`2 yXyXR, h`QBb �`+?Bi2+im`2b �H;Q`Bi?KB[m2b bQMi T`ûb2Miû2b �p2+ /Bp2`b2b 2tTû`B2M+2bX

/2 H� /û+BbBQM bmTTHûK2Mi�B`2 /2 [m2H KQ/2 /Ƕû+?�MiBHHQMM�;2 +?QBbB` /2 K�MBĕ`2 �+iBp2X LQi`2
MQmp2�m bvbiĕK2- �TT2Hû a:AJ rBi? AMi2`�+iBp2 H2�`MBM; �i i?2 J2i� H2p2H Ua:AJ@AJ- a:AJ
�p2+ K2i�@�TT`2MiBbb�;2 AMi2`�+iB7V- T2`K2i ¨ HǶ�;2Mi /Ƕ2tTHQ`2` /2 K�MBĕ`2 BMi2`�+iBp2- �+iBp2 2i
?Bû`�`+?B[m2- H2b 2bT�+2b /2b TQHBiB[m2b- /2b 2z2ib 2i /2b KQ/2b /Ƕû+?�MiBHHQMM�;2bX 6BM�H2K2Mi-
MQmb �KûHBQ`QMb a:AJ@. 2i a:AJ@AJ TQm` Q#i2MB` mM bvbiĕK2 [mB �TT`2M/ +QKK2Mi- [m�M/- [mQB
2i [mB BKBi2`X a:AJ rBi? �+iBp2 *?QB+2 Q7 h2�+?2` �M/ ai`�i2;v Ua:AJ@�*ha- a:AJ �p2+ *?QBt
�+iB7 /Ƕ1Mb2B;M�Mi 2i /2 ai`�iû;B2V 2bi H� p2`bBQM +QKTHĕi2 /2 HǶ�TT`2MiBbb�;2 �+iB7X GǶ�;2Mi /û+B/2 /2
iQmb H2b �bT2+ib /2 b� bi`�iû;B2 /Ƕ�TT`2MiBbb�;2X a:AJ@�*ha ûim/B2 H2 +�b Qɍ THmbB2m`b 2Mb2B;M�Mib
bQMi /BbTQMB#H2b 2i [m2 THmbB2m`b KQ/2b /Ƕû+?�MiBHHQMM�;2 T2mp2Mi āi`2 +?QBbBbX a:AJ@AJ 2i a:AJ@
�*ha bQMi /û+`Bib /�Mb H2 +?�TBi`2 9X 6BM�H2K2Mi- �HQ`b [m2 /�Mb H2b +?�TBi`2b T`û+û/2Mib MQmb
�pBQMb TQm` #mi H� +QMbi`m+iBQM /ǶmM2 BMi2HHB;2M+2 �`iB}+B2HH2 TQm` �TT`2M/`2 /2 K�MBĕ`2 �miQMQK2
H2 HQM; /2 H� pB2- H2 +?�TBi`2 8 KQMi`2 [m2 HǶ�`+?Bi2+im`2 +QMÏm2 T2mi b2`pB` TQm` KQ/ûHBb2` 2i
KB2mt +QKT`2M/`2 H2 /ûp2HQTT2K2Mi /2b 2M7�MibX LQmb miBHBbQMb H2b �H;Q`Bi?K2b /ûp2HQTTûb TQm`
ûim/B2` mM T?ûMQKĕM2 /û+`Bi T�` H� Tbv+?QHQ;B2 BM7�MiBH2 , H2 /ûp2HQTT2K2Mi /2 H� pQ+�HBb�iBQM
T�` H2b #û#ûbX LQmb BHHmbi`QMb +QKK2Mi mM �;2Mi BM+�`Mû 2i /Qiû /2 HǶ�H;Q`Bi?K2 a:AJ@�*ha
T2mi �TT`2M/`2 ¨ pQ+�HBb2` 2i +QKK2Mi mM2 bû[m2M+2 /ûp2HQTT2K2Mi�H2 T2mi M�ŗi`2X *2ii2 ûim/2
KQMi`2 �mbbB [m2 HǶ�`+?Bi2+im`2 �H;Q`Bi?KB[m2 a:AJ@�*ha T2mi āi`2 BKTHûK2Miû2 �p2+ mM2 �mi`2
`2T`ûb2Mi�iBQM /ǶmM KQ/ĕH2 2i mM �mi`2 �H;Q`Bi?K2 /ǶQTiBKBb�iBQMX 1M +QM+HmbBQM- H2b HBKBi2b 2i
/ûp2HQTT2K2Mib TQbbB#H2b /2 MQb +QMi`B#miBQMb bQMi /Bb+miûb 2M +?�TBi`2 eX

JQib +Hûb , �TT`2MiBbb�;2 �+iB7- �TT`2MiBbb�;2 BMiû`�+iB7- �TT`2MiBbb�;2 T�` BKBi�iBQM-
2tTHQ`�iBQM Q`B2Miû2 T�` Q#D2+iB7b- +QHH2+i2 /2 /QMMû2b- 2tTHQ`�iBQM- �TT`2MiBbb�;2 T�`
/ûKQMbi`�iBQM

p
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� *m`BQmb _Q#Qi G2�`M2` 7Q`
AMi2`�+iBp2 :Q�H@"�##HBM;

�#bi`�+i

h?2 +?�HH2M;2b TQb2/ #v `Q#Qib QT2`�iBM; BM ?mK�M 2MpB`QMK2Mib QM � /�BHv #�bBb �M/ BM i?2
HQM;@i2`K TQBMi Qmi i?2 BKTQ`i�M+2 Q7 �/�TiBpBiv iQ +?�M;2b r?B+? +�M #2 mM7Q`2b22M �i /2bB;M
iBK2X h?2`27Q`2- i?2 `Q#Qi Kmbi H2�`M +QMiBMmQmbHv BM �M QT2M@2M/2/- MQM@bi�iBQM�`v �M/ ?B;?
/BK2MbBQM�H bT�+2X Ai +�M MQi TQbbB#Hv 2tTHQ`2 �HH Bib 2MpB`QMK2Mi iQ H2�`M �#Qmi 2p2`vi?BM; rBi?BM
� HB72@iBK2X hQ #2 mb27mH �M/ �+[mB`2 bFBHHb- i?2 `Q#Qi Kmbi QM i?2 +QMi`�`v #2 �#H2 iQ FMQr r?B+?
T�`ib iQ b�KTH2 �M/ r?�i FBM/ Q7 bFBHHb �`2 BMi2`2biBM; iQ H2�`MX PM2 r�v Bb iQ /2+B/2 r?�i iQ
2tTHQ`2 #v QM2b2H7X �MQi?2` r�v Bb iQ `272` iQ � K2MiQ`X q2 M�K2 i?2b2 irQ r�vb Q7 +QHH2+iBM; /�i�
b�KTHBM; KQ/2bX h?2 }`bi b�KTHBM; KQ/2 +Q``2bTQM/ iQ �H;Q`Bi?Kb /2p2HQT2/ BM i?2 HBi2`�im`2 BM
Q`/2` iQ �miQMQKQmbHv /`Bp2 i?2 `Q#Qi BM BMi2`2biBM; T�`ib Q7 i?2 2MpB`QMK2Mi Q` mb27mH FBM/b Q7
bFBHHbX am+? �H;Q`Bi?Kb �`2 +�HH2/ �`iB}+B�H +m`BQbBiv Q` BMi`BMbB+ KQiBp�iBQM �H;Q`Bi?KbX h?2 b2+QM/
b�KTHBM; KQ/2 +Q``2bTQM/ iQ bQ+B�H ;mB/�M+2 Q` BKBi�iBQM r?2`2 i?2 i2�+?2` BM/B+�i2b r?2`2 iQ
2tTHQ`2 �b r2HH �b r?2`2 MQi iQ 2tTHQ`2X ai�`iBM; 7`QK i?2 bim/v Q7 i?2 `2H�iBQMb?BTb #2ir22M i?2b2
irQ +QM+m``2Mi K2i?Q/b- r2 2M/2/ mT #mBH/BM; �M �H;Q`Bi?KB+ �`+?Bi2+im`2 r?2`2 `2H�iBQMb?BTb
#2ir22M i?2 irQ KQ/2b BMi2`irBM2 BMiQ � ?B2`�`+?B+�H H2�`MBM; bi`m+im`2- +�HH2/ aQ+B�HHv :mB/2/
AMi`BMbB+ JQiBp�iBQM Ua:AJVX

q2 /2p2HQT2/ �M �/p�M+2/ i2+?MB[m2 iQ +QK#BM2 H2�`MBM; #v bQ+B�H ;mB/�M+2 �M/ BMi`BMbB+
KQiBp�iBQM- 7Q` HB72@HQM; H2�`MBM; Q7 KmHiBTH2 bFBHHbX h?Bb +QK#BM�iBQM ?�b #22M /2bB;M2/ BM � KQ`2
;2M2`�H +QMi2ti Q7 bi`�i2;B+ H2�`MBM;- r?2`2 i?2 H2�`MBM; �;2Mi +?QQb2b ?Qr iQ H2�`M #2bi #2ir22M
/Bz2`2Mi H2�`MBM; KQ/2bX Pm` �TT`Q�+? 2M�#H2/ i?2 H2�`M2` iQ /2+B/2 QMHBM2 �#Qmi Bib BMi2`�+iBQM
rBi? Bib T?vbB+�H �M/ bQ+B�H 2MpB`QMK2Mi, r?�i �M/ ?Qr iQ H2�`Mc r?�i- r?2M- ?Qr �M/ r?QK
iQ BKBi�i2X q2 rBHH T`2b2Mi b2p2`�H BKTH2K2Mi�iBQMb Q7 a:AJ mbBM; /Bz2`2Mi `2T`2b2Mi�iBQMb �M/
�H;Q`Bi?Kb 7Q` Bib /Bz2`2Mi 7mM+iBQMbX

AM/22/- r2 ?�p2 #mBHi �M BMi`BMbB+�HHv KQiBp�i2/ �+iBp2 H2�`M2` r?B+? H2�`Mb ?Qr Bib �+iBQMb +�M
T`Q/m+2 p�`B2/ +QMb2[m2M+2b Q` Qmi+QK2bX 6Q` BMbi�M+2- i?2 `Q#Qi H2�`Mb iQ i?`Qr � #�HH �i /Bz2`2Mi
/Bbi�M+2b- #v �bbQ+B�iBM; � /Bbi�M+2 UQmi+QK2V iQ � bT2+B}+ KQp2K2Mi U�+iBQMVX Ai �+iBp2Hv H2�`Mb
QMHBM2 #v b�KTHBM; /�i� r?B+? Bi +?QQb2b #v mbBM; b2p2`�H b�KTHBM; KQ/2bX PM i?2 K2i�@H2p2H- Bi
�+iBp2Hv H2�`Mb r?B+? /�i� +QHH2+iBQM bi`�i2;v Bb KQbi 2{+B2Mi 7Q` BKT`QpBM; Bib +QKT2i2M+2 �M/
;2M2`�HBbBM; 7`QK Bib 2tT2`B2M+2 iQ � rB/2 p�`B2iv Q7 Qmi+QK2bX h?2 BMi2`�+iBp2 H2�`M2` i?mb H2�`Mb
KmHiBTH2 i�bFb BM � bi`m+im`2/ K�MM2`- /Bb+Qp2`BM; #v Bib2H7 /2p2HQTK2Mi�H b2[m2M+2bX "v bim/vBM;
a:AJ- r2 +QMi`B#mi2 iQ /Bz2`2Mi }2H/b Q7 K�+?BM2 H2�`MBM;,

Ç BKBi�iBQM H2�`MBM;, r2 2tTHQ`2 i?2 [m2biBQMb Q7 r?�i- ?Qr- r?2M �M/ r?Q iQ BKBi�i2X q2 T`QTQb2 �
mMB}2/ bi`m+im`2 iQ �//`2bb bBKmHi�M2QmbHv i?2b2 7mM/�K2Mi�H [m2biBQMb Q7 BKBi�iBQM H2�`MBM;X h?2
bi`�i2;B+ H2�`M2` +?QQb2b QMHBM2 i?2 QTiBQMb i?�i 2M�#H2 KQbi +QKT2i2M+2 T`Q;`2bbX AM T�`iB+mH�`- BM

BBB
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BMi2`�+iBp2 H2�`MBM; , r2 �M�Hvb2 �M/ B/2MiB7v �/p�Mi�;2b Q7 +QK#BMBM; �miQMQKQmb �M/ bQ+B�HHv
;mB/2/ 2tTHQ`�iBQM- �M/ #mBH/ �M �;2Mi r?B+? /2+B/2b #v Bib2H7 r?2M iQ BMi2`�+i rBi? i2�+?2`bX

Ç KmHiB@i�bF H2�`MBM; �M/ ;Q�H@/B`2+i2/ H2�`MBM;, a:AJ +�M /Bb+Qp2` i?2 bi`m+im`2 Q7 Bib
2MpB`QMK2Mi #v � ;Q�H@Q`B2Mi2/ 2tTHQ`�iBQMX q2 T`QTQb2 � mMB}2/ �`+?Bi2+im`2 iQ �TT`Q�+? ;Q�H@
Q`B2Mi2/ BKBi�iBQM H2�`MBM; �M/ ;Q�H@/B`2+i2/ �miQMQKQmb 2tTHQ`�iBQMX

Ç �+iBp2 H2�`MBM;, r2 BMp2biB;�i2 /Bz2`2Mi H2p2Hb Q7 �+iBp2 H2�`MBM;, i?2 H2�`M2` /2+B/2b r?B+? �+iBQM
iQ i�F2- r?B+? ;Q�H iQ �BK- �M/ r?B+? KQ/2 iQ T2`7Q`KX Aib /2+BbBQMb �`2 K�/2 QMHBM2- /`Bp2M #v
�`iB}+B�H +m`BQbBiv #�b2/ QM Bib KQMBiQ`BM; Q7 i?2 H2�`MBM; T`Q;`2bbX

Ç ?B2`�`+?B+�H H2�`MBM;, r2 T`QTQb2 � ?B2`�`+?B+�H H2�`MBM; �`+?Bi2+im`2 iQ H2�`M QM b2p2`�H H2p2Hb,
TQHB+v- Qmi+QK2- �M/ b�KTHBM; KQ/2X h?2 H2�`M2` `2HB2b QM ?B2`�`+?B+�H �+iBp2 /2+BbBQMb Q7 r?�i
�M/ ?Qr iQ H2�`M /`Bp2M #v 2KTB`B+�H 2p�Hm�iBQM Q7 H2�`MBM; T`Q;`2bbX

h?Bb i?2bBb Bb bi`m+im`2/ �b 7QHHQrbX q2 }`bi 7Q`K�HBb2 BM *?�Ti2` R � +QKTmi�iBQM�H 7`�K2rQ`F BM i?2
+QMi2ti Q7 +Q;MBiBp2 /2p2HQTK2Mi�H `Q#QiB+bX h?Bb Bb � }2H/ r?B+? #Qi? #mBH/b 2{+B2Mi `Q#Qi H2�`M2`b mbBM;
BMbTB`�iBQM 7`QK +Q;MBiBp2 b+B2M+2 �M/ /2p2HQTK2Mi�H Tbv+?QHQ;v- �M/ KQ/2Hb �M/ i2bib +Q;MBiBp2 b+B2M+2 �M/
/2p2HQTK2Mi�H Tbv+?QHQ;v i?2Q`B2b mbBM; `Q#QiB+ H2�`M2`bX AM *?�Ti2` k- r2 BHHmbi`�i2 i?2 [m2biBQM r2 �//`2bb
BM Qm` +QKTmi�iBQM�H 7`�K2rQ`F rBi? �M 2tT2`BK2Mi r?2`2 i?2 B*m# `Q#Qi H2�`Mb iQ `2+Q;MBb2 j. Q#D2+ib
#v K�MBTmH�iBQMX h?2M r2 T`2b2Mi bm++2bbBp2Hv i?`22 �H;Q`Bi?KB+ �`+?Bi2+im`2b- 2�+? QM2 �HHQrBM; i?2 �;2Mi
iQ i�F2 KQ`2 �+iBp2 +QMi`QH Q7 Bib H2�`MBM; bi`�i2;vX q2 ?�p2 #mBHi i?2b2 �H;Q`Bi?Kb 7Q` [mB+F �M/ �++m`�i2
KmHiB@i�bF H2�`MBM;- ;`QmM/BM; i?2B` /2bB;Mb QM /2p2HQTK2Mi�H bim/B2b Q7 BMi`BMbB+ KQiBp�iBQM �M/ BKBi�iBQM
H2�`MBM;X 6B`biHv- r2 /2bB;M �M �H;Q`Bi?KB+ �`+?Bi2+im`2 r?B+? H2�`Mb r?�i �M/ ?Qr iQ H2�`M- +�HH2/ aQ+B�HHv
:mB/2/ AMi`BMbB+ JQiBp�iBQM #v .2KQMbi`�iBQM Ua:AJ@.VX Ai �+iBp2Hv 2tTHQ`2b TQHB+v �M/ Qmi+QK2 bT�+2b
mbBM; #Qi? BKBi�iBQM H2�`MBM; �M/ ;Q�H@Q`B2Mi2/ �miQMQKQmb 2tTHQ`�iBQMX h?2 /2bB;M Q7 a:AJ@. �HHQrb �M
�M�HvbBb Q7 i?2 +QKTH2K2Mi�`Biv #2ir22M i?2b2 irQ b�KTHBM; KQ/2bX a2+QM/Hv- r2 2tTHQ`2 i?2 [m2biBQM Q7
r?2M iQ BKBi�i2 #v �//BiBQM�HHv �+iBp2Hv H2�`MBM; r?B+? Q7 i?2 irQ b�KTHBM; KQ/2b iQ mb2X Pm` M2r bvbi2K-
+�HH2/ a:AJ rBi? AMi2`�+iBp2 H2�`MBM; �i i?2 J2i� H2p2H Ua:AJ@AJV �HHQrb i?2 BMi2`�+iBp2 H2�`M2` iQ �+iBp2Hv
�M/ ?B2`�`+?B+�HHv 2tTHQ`2 i?2 TQHB+v- Qmi+QK2- �M/ �HbQ b�KTHBM; KQ/2 bT�+2X 6BM�HHv- r2 2ti2M/ a:AJ@AJ
BMiQ � bvbi2K r?B+? H2�`Mb ?Qr- r?2M- r?�i �M/ r?Q iQ BKBi�i2X a:AJ rBi? �+iBp2 *?QB+2 Q7 h2�+?2`
�M/ ai`�i2;v Ua:AJ@�*haV Bb � +QKTH2i2 �+iBp2 H2�`M2`- /2+B/BM; QM �HH �bT2+ib Q7 Bib bi`�i2;B+ H2�`MBM;X
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R � ai`�i2;B+ G2�`M2` 7Q` GB72@GQM; G2�`MBM; R
RXR S`BM+BTH2b Q7 GB72@GQM; G2�`MBM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X k

RXRXR h?2 *?�HH2M;2b Q7 GB72@GQM; G2�`MBM; X X X X X X X X X X X X X X X X X X X X X X X X X X k
RXRXk *Q;MBiBp2 .2p2HQTK2Mi�H _Q#QiB+b X X X X X X X X X X X X X X X X X X X X X X X X X X X 9

RXk J2i?Q/b 7Q` GB72@GQM; G2�`MBM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X e
RXkXR �+iBp2 G2�`MBM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X d
RXkXk AMi`BMbB+ JQiBp�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3
RXkXj h2H2QHQ;B+�H G2�`MBM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ry
RXkX9 aQ+B�H :mB/�M+2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ry

RXkX9XR q?�i\ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RR
RXkX9Xk >Qr\ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rj
RXkX9Xj q?2M\ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R9
RXkX9X9 q?Q\ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R8

RXj GBKBi�iBQMb Q7 1�+? J2i?Q/ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Re
RXjXR GBKBi�iBQMb Q7 aQ+B�H :mB/�M+2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Re
RXjXk GBKBi�iBQMb Q7 AMi`BMbB+ JQiBp�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X Re
RXjXj *QK#BMBM; aQ+B�H :mB/�M+2 �M/ AMi`BMbB+ JQiBp�iBQM X X X X X X X X X X X X X X X X X Rd

RX9 ai`�i2;B+ G2�`MBM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RN
RX9XR .2}MBiBQM Q7 i?2 ai`�i2;B+ G2�`MBM; X X X X X X X X X X X X X X X X X X X X X X X X X X X RN
RX9Xk 6Q`K�HBb�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ky

RX9XkXR 1t�KTH2b Q7 G2�`MBM; S`Q#H2Kb X X X X X X X X X X X X X X X X X X X X X X X ky
RX9XkXk 6Q`K�HBb�iBQM Q7 i?2 G2�`MBM; S`Q#H2K X X X X X X X X X X X X X X X X X X X kR
RX9XkXj 6Q`K�HBb�iBQM Q7 i?2 ai`�i2;B+ G2�`M2` X X X X X X X X X X X X X X X X X X X kk
RX9XkX9 1t�KTH2b Q7 ai`�i2;B+ G2�`M2`b X X X X X X X X X X X X X X X X X X X X X X X kj
RX9XkX8 �H;Q`Bi?KB+ �`+?Bi2+im`2 7Q` � ai`�i2;B+ G2�`M2` X X X X X X X X X X X X X kj

k G2�`MBM; iQ _2+Q;MBb2 j. P#D2+ib #v *m`BQbBiv@.`Bp2M J�MBTmH�iBQM kd
kXR S`Q#H2K .2b+`BTiBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X k3

kXRXR 1tT2`BK2Mi�H S`QiQ+QH X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X k3
kXRXk J�i?2K�iB+�H 6Q`K�HBb�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jy

kXk J2i?Q/b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jy
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kXkXR a+2M2 S2`+2TiBQM �M/ G2�`MBM; �H;Q`Bi?K X X X X X X X X X X X X X X X X X X X X X X X jy
kXkXk �+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jj
kXkXj .2+BbBQM J�FBM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jj
kXkX9 a:AJ@�*ha �`+?Bi2+im`2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X j9

kXj 1tT2`BK2Mi�H _2bmHib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X je
kXjXR 1tT2`BK2Mi�H SH�i7Q`K X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X je
kXjXk 1p�Hm�iBQM Q7 i?2 G2�`MBM; S`Q+2bb X X X X X X X X X X X X X X X X X X X X X X X X X X X je
kXjXj _2bmHib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X je

kX9 *QM+HmbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jN

j G2�`MBM; BM *QKTH2t *QMiBMmQmb 1MpB`QMK2Mib 9y
jXR � S�bbBp2 G2�`M2` "2M2}iiBM; 7`QK i?2 *QK#BM�iBQM Q7 AKBi�iBQM G2�`MBM; �M/ �miQMQKQmb

1tTHQ`�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9R
jXRXR *?Qb2M a�KTHBM; JQ/2b 7Q` � S�bbBp2 G2�`M2` X X X X X X X X X X X X X X X X X X X X X 9k

jXRXRXR aQ+B�H :mB/�M+2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9k
jXRXRXk �miQMQKQmb 1tTHQ`�iBQM rBi? AMi`BMbB+ JQiBp�iBQM X X X X X X X X X X X X 9j

jXRXk S`Q#H2K ai�i2K2Mi �M/ �bbmKTiBQMb 7Q` JQiQ` G2�`MBM; X X X X X X X X X X X X X X X 9j
jXRXj a:AJ@. Pp2`pB2r X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 98
jXRX9 a:AJ@. �`+?Bi2+im`2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9d

jXRX9XR GQr2` G2p2H , SQHB+v aT�+2 1tTHQ`�iBQM X X X X X X X X X X X X X X X X X X 93
jXRX9Xk >B;?2` G2p2H , �+iBp2 :Q�H "�##HBM; 7Q` Pmi+QK2 aT�+2 1tTHQ`�iBQM X X 93

jXk h?2 6Bb?BM; _Q/ 1tT2`BK2Mi X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8R
jXkXR JQiQ` S`BKBiBp2b �M/ *Q``2bTQM/2M+2 J�TTBM; X X X X X X X X X X X X X X X X X X X X 8R
jXkXk JBKB+ � SQHB+v X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8k
jXkXj S2`7Q`K�M+2 J2�bm`2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8j
jXkX9 :Q�H@.B`2+i2/ SQHB+v PTiBKBb�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X 89

jXkX9XR :HQ#�H 1tTHQ`�iBQM _2;BK2 X X X X X X X X X X X X X X X X X X X X X X X X X 89
jXkX9Xk GQ+�H PTiBKBb�iBQM _2;BK2 X X X X X X X X X X X X X X X X X X X X X X X X X 89

jXkX8 aiQ+?�biB+ 1MpB`QMK2Mi X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8d
jXj 1tT2`BK2Mi�H S`QiQ+QH X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 83

jXjXR *QKT�`BbQM Q7 G2�`MBM; �H;Q`Bi?Kb X X X X X X X X X X X X X X X X X X X X X X X X X X X 83
jXjXk 1p�Hm�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 83
jXjXj .2KQMbi`�iBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ey

jX9 1tT2`BK2Mi�H _2bmHib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X eR
jX9XR "2ii2` S`2+BbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X eR
jX9Xk � qB/2 _�M;2 Q7 Pmi+QK2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ej
jX9Xj .2T2M/2M+2 QM i?2 aBx2 Q7 i?2 Pmi+QK2 aT�+2 X X X X X X X X X X X X X X X X X X X X X e9
jX9X9 A/2MiB}+�iBQM Q7 i?2 AMi2`2biBM; am#bT�+2b X X X X X X X X X X X X X X X X X X X X X X X ee

jX8 �M�HvbBb Q7 i?2 "QQibi`�TTBM; 1z2+i X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ed
jX8XR Pmi+QK2 aT�+2 1tTHQ`�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ed

jX8XRXR .2T2M/2M+2 Q7 i?2 S2`7Q`K�M+2 QM i?2 h2�+?2` X X X X X X X X X X X X X X ed
jX8XRXk .Bz2`2M+2 BM i?2 1tTHQ`2/ Pmi+QK2 aT�+2b X X X X X X X X X X X X X X X X e3
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jX8Xk SQHB+v aT�+2 1tTHQ`�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X e3
jX8XkXR .2T2M/2M+2 Q7 a:AJ@. S2`7Q`K�M+2 QM i?2 Zm�HBiv Q7 .2KQMbi`�iBQMb dy
jX8XkXk �M�HvbBb Q7 i?2 .2KQMbi`�i2/ JQp2K2Mib X X X X X X X X X X X X X X X X X dy

jXe S`2HBKBM�`v _2bmHib QM � S?vbB+�H _Q#Qi X X X X X X X X X X X X X X X X X X X X X X X X X X X X dR
jXd "2M2}ib Q7 i?2 *QK#BM�iBQM, *QM+HmbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X dj

9 AMi2`�+iBp2 ai`�i2;B+ G2�`M2` d8
9XR q?�i Bb AMi2`�+iBp2 G2�`MBM;\ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X de
9Xk AMi2`�+iBp2 G2�`MBM; �i i?2 J2i� G2p2H , a:AJ@AJ X X X X X X X X X X X X X X X X X X X X X X X dd

9XkXR �H;Q`Bi?K .2b+`BTiBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X dd
9XkXRXR a:AJ@AJ Pp2`pB2r X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X dd
9XkXRXk a2H2+i "2?�pBQm` X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3y

9XkXk �B` >Q+F2v 1tT2`BK2Mi X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3R
9XkXkXR �B` >Q+F2v 1tT2`BK2Mi�H a2imT X X X X X X X X X X X X X X X X X X X X X X X 3R
9XkXkXk 1tT2`BK2Mi�H S`QiQ+QH X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3k
9XkXkXj _2bmHib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3j
9XkXkX9 �+iBp2 *?QB+2 Q7 "2?�pBQm` X X X X X X X X X X X X X X X X X X X X X X X X X 3j

9XkXj 6Bb?BM; 1tT2`BK2Mi X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 39
9XkXjXR 1tT2`BK2Mi�H a2imT X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 39
9XkXjXk _2bmHib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 38

9XkX9 .Bb+mbbBQM �M/ *QM+HmbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3d
9Xj a:AJ@�*ha X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 33

9XjXR �+iBp2Hv G2�`MBM; q?2M- q?Q �M/ q?�i iQ AKBi�i2 X X X X X X X X X X X X X X X X X X 3N
9XjXRXR *?QB+2 7Q` aQ+B�H :mB/�M+2 X X X X X X X X X X X X X X X X X X X X X X X X X X 3N
9XjXRXk AMi2`�+iBp2 G2�`MBM; "�b2/ QM AMi`BMbB+ JQiBp�iBQM X X X X X X X X X X X X 3N

9XjXk �H;Q`Bi?K .2b+`BTiBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ny
9XjXkXR �`+?Bi2+im`2 PmiHBM2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ny
9XjXkXk >B2`�`+?B+�H ai`m+im`2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X Nj
9XjXkXj SQHB+v aT�+2 1tTHQ`�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X N9
9XjXkX9 a�KTHBM; JQ/2 �M/ Pmi+QK2 aT�+2 1tTHQ`�iBQM X X X X X X X X X X X X X N9

9XjXj h?`QrBM; �M/ SH�+BM; � "�HH X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ne
9XjXjXR 1tT2`BK2Mi�H a2imT X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ne
9XjXjXk a2p2`�H h2�+?2`b �M/ a�KTHBM; JQ/2b X X X X X X X X X X X X X X X X X X X N3
9XjXjXj *QKT�`BbQM Q7 G2�`MBM; �H;Q`Bi?Kb X X X X X X X X X X X X X X X X X X X X N3
9XjXjX9 _2bmHib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ryj
9XjXjX8 *QM+HmbBQM �M/ .Bb+mbbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X Ry9

8 AHHmbi`�iBQM QM � .2p2HQTK2Mi�H a2[m2M+2 7Q` oQ+�HBb�iBQM Ry8
8XR .2p2HQTK2Mi Q7 oQ+�HBb�iBQM rBi? AMi`BMbB+ JQiBp�iBQM �M/ aQ+B�H AMi2`�+iBQM X X X X X X X X Rye

8XRXR oQ+�HBb�iBQM- AMi`BMbB+ JQiBp�iBQM �M/ aQ+B�H AMi2`�+iBQM X X X X X X X X X X X X X X X Ryd
8XRXk .2p2HQTK2Mi Q7 oQ+�HBb�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRy
8XRXj � *QKTmi�iBQM�H JQ/2H Q7 i?2 .2p2HQTK2Mi Q7 oQ+�HBb�iBQM X X X X X X X X X X X X X RRy
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8Xk JQ/2H X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRk
8XkXR a2MbQ`BKQiQ` avbi2K X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRk

8XkXRXR oQ+�H h`�+i �M/ �m/BiQ`v avbi2K X X X X X X X X X X X X X X X X X X X X X X RRk
8XkXRXk .vM�KB+�H S`QT2`iB2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RR8
8XkXRXj oQ+�HBb�iBQM *H�bbB}+�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X RRd

8XkXk AMi2`M�H a2MbQ`BKQiQ` JQ/2H X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RR3
8XkXj AMi`BMbB+�HHv JQiBp�i2/ �+iBp2 1tTHQ`�iBQM X X X X X X X X X X X X X X X X X X X X X X X RRN
8XkX9 AKBi�iBQM avbi2K X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rkj

8Xj _2bmHib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rk8
8XjXR 1K2`;2M+2 Q7 /2p2HQTK2Mi�H b2[m2M+2b BM �miQMQKQmb pQ+�H 2tTHQ`�iBQM X X X X X X Rk8
8XjXk AM~m2M+2 Q7 i?2 �m/BiQ`v 1MpB`QMK2Mi X X X X X X X X X X X X X X X X X X X X X X X X X RkN

8X9 *QM+HmbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rjj
8X8 .Bb+mbbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rj8

e *QM+HmbBQM Rje
eXR E2vMQi2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rje

eXRXR avMQTbBb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rje
eXRXk amKK�`v X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rjd
eXRXj _2bmHi X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RjN
eXRX9 h�F2@�r�v J2bb�;2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RjN

eXk Pm` �TT`Q�+?- Bib GBKBi�iBQMb �M/ 1ti2MbBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X RjN
eXkXR J�BM *QMi`B#miBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RjN
eXkXk P`B;BM�HBiv Q7 Qm` �TT`Q�+? X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R9y
eXkXj *QKTH2K2Mi�`v aim/B2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R9R
eXkX9 GBKBi�iBQMb �M/ 1ti2MbBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R9R
eXkX8 AKT�+i X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R9j

eXj CQm`M�H S�T2`b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R8e
eX9 *QM72`2M+2 S�T2`b rBi? S`Q+22/BM;b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R8e
eX8 Pi?2` AMi2`M�iBQM�H Sm#HB+ S`2b2Mi�iBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R8d

Bt



GBbi Q7 �H;Q`Bi?Kb

RX9XR a:AJ �`+?Bi2+im`2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X k9
kXkXR a:AJ@�*ha 7Q` .Bb+`2i2 Pmi+QK2b aT�+2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X j8
kXkXk (R) 4 :Q�H AMi2`2bi J�TTBM;UR,H, b, γV X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X j8
kXkXj (χ, bg) 4 a2H2+i G�#2H �M/ a�KTHBM; JQ/2UR V X X X X X X X X X X X X X X X X X X X X X X X X X X je
jXRXR a:AJ@. X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9e
jXRXk (R) 4 lT/�i2_2;BQMbUR, (c, a), γV ) X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8y
jXkXR (D) 4 JBKB+ SQHB+vUbd, cV X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8j
jXkXk ((a, b, c)) 4 1t2+mi2Uc, bV a2i +QMi2ti c �M/ T2`7Q`K TQHB+v T�`�K2i2`b b X X X X X X X X X X X X 8j
jXkXj GQ+�HPTiBKBx�iBQM �H;Q`Bi?K mbBM; L2H/2`@J2�/ bBKTH2t �H;Q`Bi?K X X X X X X X X X X X X X X X 88
jXkX9 (D) 4 :Q�H@.B`2+i2/ SQHB+v PTiBKBx�iBQMUc, ag, p(b|a),HVX a2�`+? 7Q` TQHB+B2b iQ `2�+? ag BM

+QMi2ti c r?BH2 #mBH/BM; KQ/2H X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8e
jXkX8 (Klbest ) 4 GQ+�H.�i�Uag,HVX _2i`B2p2 7`QK i?2 K2KQ`v H 2tT2`B2M+2b BM i?2 HQ+�HBiv Q7 ag X 8e
9XkXR a:AJ@AJ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X dN
9XkXk (χ) 4 a2H2+ia�KTHBM;JQ/2U∆S ,∆AV X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3y
9XjXR a:AJ@�*ha X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X NR
9XjXk (R) 4 lT/�i2 Pmi+QK2 �M/ a�KTHBM; JQ/2 AMi2`2bi J�TTBM;UR,H, ag, progressg,χV X X X X N8
8XkXR a2H7@2tTHQ`�iBQM rBi? �+iBp2 ;Q�H #�##HBM; UbiQ+?�biB+ a�::@_A�* �`+?Bi2+im`2VX X X X X X X X Rkj
8XkXk ai`�i2;B+ �+iBp2 2tTHQ`�iBQM U�+iBp2 ;Q�H #�##HBM; �M/ BKBi�iBQM rBi? biQ+?�biB+ a:AJ@�*ha

�`+?Bi2+im`2VX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rk9

t



GBbiBM; Q7 };m`2b

yXyXR h`QBb �`+?Bi2+im`2b �H;Q`Bi?KB[m2b bQMi T`ûb2Miû2b �p2+ /Bp2`b2b 2tTû`B2M+2bX X X X X X X X X p

RXkXR G2�`MBM; 7Q`r�`/ KQ/2H 7Q` KQiQ` +QMi`QH +QMbBbib BM T`2/B+iBM; i?2 Qmi+QK2b Q7 i?2 2t2+miBQM
Q7 � ;Bp2M TQHB+B2b BM � ;Bp2M +QMi2tiX G2�`MBM; BMp2`b2 KQ/2H +QMbBbib BM +?QQbBM; � ;QQ/
TQHB+v iQ T`Q/m+2 � ;Bp2M Qmi+QK2 7`QK � ;Bp2M +QMi2tiX JQ/2Hb +�M #2 biQ+?�biB+ , `2T2�iBM;
π3 BM +QMi2ti C2 +�M H2�/ iQ /Bz2`2Mi Qmi+QK2b A3 �M/ A4X JQ/2Hb +�M #2 `2/mM/�Mi ,
#Qi? TQHB+B2b π1 �M/ π2 T`Q/m+2 Qmi+QK2 A2 7`QK +QMi2ti C2X h?2 2MpB`QMK2Mi +�M #2
BM?QKQ;2M2Qmb rBi? `2�+?�#H2 �M/ mM`2�+?�#H2 T�`ib BM i?2 Qmi+QK2 bT�+2X X X X X X X X X X e

RXjXR *QK#BMBM; bQ+B�H ;mB/�M+2 �M/ BMi`BMbB+ KQiBp�iBQM iQ Qp2`+QK2 i?2 HBKBi�iBQMb Q7 2�+?
b�KTHBM; KQ/2 i�F2M b2T�`�i2HvX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R3

RX9XR h?2 bi`�i2;B+ H2�`M2` b�KTH2b /�i� #v �+iBp2Hv +?QQbBM; p�`BQmb �bT2+ib Q7 Bib 2tTHQ`�iBQM-
bm+? �b Bib b�KTHBM; KQ/2- i?2 Qmi+QK2 iQ 7Q+mb QM- i?2 TQHB+v iQ i`v- i?2 i2�+?2` iQ H2�`M
7`QKX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ky

RX9Xk h?2 bi`�i2;B+ H2�`M2` b�KTH2b /�i� #v +?QQbBM; TQBMib UDeV rBi? � b�KTHBM; KQ/2- �M/ i?2M
b2H2+iBM; �KQM; i?2 TQBMib UDe,As,BsV i?�i #2HQM; iQ � ;Q�H bm#bT�+2 As×BsX X X X X X X X kk

RX9Xj h?`22 �H;Q`Bi?KB+ �`+?Bi2+im`2b �`2 T`2b2Mi2/ rBi? p�`BQmb BHHmbi`�iBp2 2tT2`BK2MibX h?2
/2i�BHb Q7 2�+? �H;Q`Bi?K �M/ 2tT2`BK2Mi +�M #2 `2�/ BM i?2 +Q``2bTQM/BM; b2+iBQM Q` +?�Ti2`X
1�+? �H;Q`Bi?KB+ �`+?Bi2+im`2 �HHQrb i?2 �;2Mi iQ i�F2 �+iBp2 +QMi`QH Q7 p�`BQmb �bT2+ib Q7
Bib H2�`MBM; bi`�i2;v- �M/ iQ i2bi ?vTQi?2b2b �#Qmi �+iBp2 H2�`MBM;X X X X X X X X X X X X X X X k8

kXRXR h?2 bi`�i2;B+ H2�`M2` b�KTH2b /�i� #v �+iBp2Hv +?QQbBM; irQ �bT2+ib Q7 Bib 2tTHQ`�iBQM, Bib
b�KTHBM; KQ/2 �M/ i?2 Q#D2+i iQ 7Q+mb QMX X X X X X X X X X X X X X X X X X X X X X X X X X X X X k3

kXRXk h?2 Q#D2+ib mb2/ /m`BM; i?2 2tT2`BK2Mib, bQK2 +QHQm`2/ +m#2b- � v2HHQr +�`- � ;`2v /Q;- �
pBQH2if#Hm2 #�HH- � `2/ #2�`X G27i �M/ `B;?i BK�;2b `2bT2+iBp2Hv b?Qr i?2 7`QMif`2�` bB/2b Q7
i?2 Q#D2+ibX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X kN

kXkXR h?2 pBbm�H BM7Q`K�iBQM Bb T`Q+2bb2/ i?`Qm;? � ?B2`�`+?v Q7 H�v2`b- r?B+? 2H�#Q`�i2 i?2 +�K2`�
BK�;2b iQ 2ti`�+i i?2 2MiBiB2b BM i?2 b+2M2X h?2 T`QT`BQ+2TiBp2 BM7Q`K�iBQM 7`QK i?2 `Q#Qi
Bb mb2/ 7Q` +�i2;Q`BbBM; i?2 2MiBiB2bX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jk

kXkXk hBK2 ~Qr +?�`i Q7 a:AJ@�*ha- r?B+? +QK#BM2b AMi`BMbB+ JQiBp�iBQM �M/ aQ+B�H :mB/�M+2
2tTHQ`�iBQM KQ/2b BMiQ k H�v2`b, i?2 b�KTHBM; KQ/2 �M/ Q#D2+i bT�+2 B 2tTHQ`�iBQM- �M/
i?2 BK�;2 bT�+2 A 2tTHQ`�iBQMX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X j9

kXjXR � TQ`iBQM Q7 i?2 /�i�#�b2 Q7 Q#D2+ib pB2rb mb2/ 7Q` 2p�Hm�iBM; i?2 `2+Q;MBiBQM T2`7Q`K�M+2,
T`2+Bb2Hv- i?2 BK�;2b `2H�i2/ iQ i?2 +m#2bX X X X X X X X X X X X X X X X X X X X X X X X X X X X X jd

tB
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kXjXk a:AJ@�*ha pb _�M/QK, `2+Q;MBiBQM T2`7Q`K�M+2- BX2X i?2 MmK#2` Q7 BK�;2b Q7 i?2
2p�Hm�iBQM /�i�#�b2 +Q``2+iHv `2+Q;MBb2/ #v i?2 irQ 2tTHQ`�iBQM KQ/2b rBi? irQ /Bz2`2Mi
`2bTQMb2b Q7 i?2 i2�+?2` Ub22 i2tiVX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jd

kXjXj 7@K2�bm`2 QM i?2 2p�Hm�iBQM /�i�#�b2- rBi? `2bT2+i iQ iBK2X h?2 #QiiQK T�`i Q7 i?2 THQi
b?Qrb i?2 K�MBTmH�i2/ Q#D2+i �i 2�+? iBK2bi2TX X X X X X X X X X X X X X X X X X X X X X X X X X j3

jXyXR h?2 bi`�i2;B+ H2�`M2` b�KTH2b /�i� #v +?QQbBM; � ;Q�H Qmi+QK2 �M/ TQHB+v iQ i`vX X X X X X X 9R
jXRXR _2T`2b2Mi�iBQM Q7 i?2 T`Q#H2KX h?2 2MpB`QMK2Mi +�M 2pQHp2 7`QK +QMi2ti bi�i2 C iQ �M

Qmi+QK2 bi�i2 A #v K2�Mb Q7 i?2 H2�`M2`Ƕb �+iBQMb rBi? TQHB+v π Q` i?2 i2�+?2`Ƕb ζX h?2
H2�`M2` �M/ i?2 i2�+?2` ?�p2 � T`BQ`B /Bz2`2Mi TQHB+v bT�+2bX h?2 H2�`M2` 2biBK�i2b p(b|a, c)X
"v BKBi�iBQM- i?2 H2�`M2` +�M i�F2 �/p�Mi�;2 Q7 i?2 /2KQMbi`�iBQMb U+-ζ-adV Q7 i?2 i2�+?2`
iQ BKT`Qp2 Bib 2biBK�iBQM p(b|a, c)X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 99

jXRXk hBK2 ~Qr +?�`i Q7 a:AJ@. BMiQ j H�v2`b i?�i T2`i�BM iQ i?2 ?mK�M@K�+?BM2 BMi2`7�+2 UKQ/2
H2p2HV- i?2 Qmi+QK2 bT�+2 2tTHQ`�iBQM �M/ i?2 TQHB+v bT�+2 2tTHQ`�iBQM `2bT2+iBp2HvX h?2
�`+?Bi2+im`2 +QK#BM2b bm#@KQ/mH2b 7Q` BMi`BMbB+�HHv KQiBp�i2/ H2�`MBM; �M/ bQ+B�HHv ;mB/2/
H2�`MBM; BM #Qi? i?2 TQHB+v �M/ Qmi+QK2b bT�+2bX X X X X X X X X X X X X X X X X X X X X X X X X 9d

jXkXR 1tT2`BK2Mi�H b2imT rBi? � `Q#Qi �`K ?QH/BM; � }b?BM; +�M rBi? � ~2tB#H2 rB`2 UbBKmH�i2/
#v jy 7`22 `2pQHmi2 DQBMibVX h?2 `Q#Qi +�M T`Q/m+2 � KQp2K2Mi Q7 Bib e .P6 �`K #v
b2iiBM; i?2 `2�H MmK#2` p�Hm2b b Q7 Bib k8 /BK2MbBQM�H KQiQ` T`BKBiBp2X h?2M- Bi +�M Q#b2`p2
i?2 2z2+ifQmi+QK2 Q7 bm+? � KQp2K2Mi- #v Q#b2`pBM; r?2`2 i?2 ~Q�i ?�b �``Bp2/ BM i?2
;Q�HfQmi+QK2 bT�+2- BX2X QM i?2 bm`7�+2 Q7 i?2 r�i2` r?B+? Bb � k. bT�+2X lbBM; a:AJ@
.- r?B+? +QK#BM2b BMi`BMbB+�HHv KQiBp�i2/ �+iBp2 H2�`MBM; �M/ ?mK�M /2KQMbi`�iBQM- i?2
`Q#Qi ?�b iQ H2�`M i?2 +QKTH2t BMp2`b2 KQ/2H K�TTBM; �HH ;Q�HbfQmi+QK2b iQ i?2 �/2[m�i2
k8 /BK2MbBQM�H T�`�K2i2`b Q7 KQiQ` KQp2K2MiX X X X X X X X X X X X X X X X X X X X X X X X X X 8R

jXkXk J�TTBM; Q7 i?2 /2KQMbi`�iBQMb ;Bp2M #v i?2 ?mK�M i2�+?2` #v i?2 `Q#QiX >Q`BxQMi�H
�tBb, iBK2- p2`iB+�H �tBb, DQBMi �M;H2 U#2bi b22M BM +QHQ`bVX �`2 THQii2/ 7Q` k /Bz2`2Mi DQBMi
i`�D2+iQ`B2b Q7 � ?mK�M /2KQMbi`�iQ`- i?2 /2KQMbi`�i2/ i`�D2+iQ`v- �M/ i?2 +Q``2bTQM/BM;
KQp2K2Mi T�`�K2i2`b �M/ i`�D2+iQ`v K�TT2/ #v i?2 `Q#QiX 6Q` � /2KQMbi`�i2/ i`�D2+iQ`v
uHd- T�`�K2i2`b u1, u2, u3, u4 KBMBKBb2 2[X jXdX h?2M i?2 T�`�K2i2`b u1, u2, u3, u4 ;2M2`�i2
i?2 i`�D2+iQ`v 2t2+mi2/ #v i?2 `Q#Qi u(t) �++Q`/BM; iQ 1[m�iBQM 9XRX 6Q` DQBMi i`�D2+iQ`v
R- i?2 K�TTBM; ?�b � ?B;? 2``Q` p�Hm2- r?BH2 7Q` DQBMi i`�D2+iQ`v k- i?2 K�TTBM; ?�b � HQr
2``Q` p�Hm2X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8k

jXkXj Pmi+QK2b 7Q` j /Bz2`2Mi TQHB+v T�`�K2i2`b Qp2` ky `2T2iBiBQMb Q7 i?2 b�K2 KQp2K2Mi-
`2T`2b2Mi2/ BM i?2 k@. bT�+2 AX ai�M/�`/ /2pB�iBQMb �`2 7Q` 2�+? TQHB+v T�`�K2i2`b-
`2bT2+iBp2Hv UyXyy8- yXyjjV 7Q` b1- UyXydRe- yXy9RV 7Q` b2- �M/ UyXyRe- y XyReV 7Q` b3 U#2bi
b22M BM +QHQ`bVX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8d

tBB
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jXjXR U#2bi b22M BM +QHQ`bV U�V, h?2 2tT2`BK2Mi +QKT�`2b i?2 T2`7Q`K�M+2 Q7 b2p2`�H 2tTHQ`�iBQM
�H;Q`Bi?Kb, _�M/QK 2tTHQ`�iBQM Q7 i?2 TQHB+v bT�+2 B- �miQMQKQmb 2tTHQ`�iBQM a�::@
_A�*- G2�`MBM; 7`QK P#b2`p�iBQM- AKBi�iBQM H2�`MBM; �M/ a:AJ@.X h?2 +QKT�`BbQM Bb
K�/2 i?`Qm;? i?2 b�K2 2tT2`BK2Mi�H /m`�iBQM U8yyy TQHB+B2b T2`7Q`K2/ #v i?2 `Q#QiV-
i?`Qm;? i?2 b�K2 i2�+?BM; 7`2[m2M+v U2p2`v jy TQHB+B2bV �M/ i?`Qm;? `2;mH�` 2p�Hm�iBQM
U2p2`v Ryyy TQHB+B2bVX U#V, J�T BM i?2 k. Qmi+QK2 bT�+2 A Q7 i?2 #2M+?K�`F TQBMib mb2/
iQ �bb2bb i?2 T2`7Q`K�M+2 Q7 i?2 `Q#Qi, #v K2�bm`BM; ?Qr +HQb2 i?2v +�M `2�+? 2�+? Q7 i?2b2
TQBMibX U+V, J�Tb BM i?2 k. Qmi+QK2 bT�+2 A Q7 i?2 i2�+?BM; b2ib mb2/ BM a:AJ@.- #v
i?`22 /2KQMbi`�iQ`bX .2KQMbi`�iQ` R Bb � a�::@_A�* H2�`M2`- r?BH2 /2KQMbi`�iQ` k Bb �M
QTiBKBb2/ a�::@_A�* H2�`M2`- �M/ /2KQMbi`�iQ` j Bb � ?mK�M i2�+?2`X X X X X X X X X X X X 8N

jXjXk .2KQMbi`�iBQM #v FBM2bi?2iB+bX � ?mK�M /2KQMbi`�iQ` K�MBTmH�i2b � T?vbB+�H `Q#Qi r?B+?
Bb +QMM2+i2/ iQ � T?vbB+�H bBKmH�iQ`X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ey

jX9XR U#2bi b22M BM +QHQ`bV 1p�Hm�iBQM Q7 i?2 T2`7Q`K�M+2 Q7 i?2 `Q#Qi mM/2` i?2 H2�`MBM;
�H;Q`Bi?Kb, `�M/QK 2tTHQ`�iBQM- a�::@_A�*- BKBi�iBQM �M/ a:AJ@. U7Q` i?2 ?mK�M
/2KQMbi`�iQ` jX q2 THQii2/ i?2 K2�M /Bbi�M+2 iQ i?2 #2M+?K�`F TQBMib Qp2` b2p2`�H `mMb
Q7 i?2 2tT2`BK2Mi rBi? Bib p�`B�M+2 2``Q`#�`X X X X X X X X X X X X X X X X X X X X X X X X X X X ek

jX9Xk >BbiQ;`�Kb Q7 i?2 TQbBiBQMb 2tTHQ`2/ #v i?2 }b?BM; `Q/ BMbB/2 i?2 k. Qmi+QK2 bT�+2 (a1, a2)X
1�+? +QHmKM `2T`2b2Mib � /Bz2`2Mi H2�`MBM; �H;Q`Bi?K, `�M/QK BMTmi T�`�K2i2`b- a�::
_A�* �M/ a:AJ@.X q2 THQii2/ i?2 ?BbiQ;`�K 7Q` QM2 2t�KTH2 `mM Q7 i?2 2tT2`BK2Mi Q7
2�+? �H;Q`Bi?KX AM i?2 +�b2 Q7 a:AJ@. Uj`/ +QHmKMV- r2 �HbQ ;`�T?2/ i?2 /2KQMbi`�i2/
Qmi+QK2b rBi? #H�+F +`Qbb2bX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X e9

jX9Xj 1p�Hm�iBQM Q7 i?2 T2`7Q`K�M+2 Q7 i?2 `Q#Qi BM i?2 +�b2 Q7 � H�`;2 Qmi+QK2 bT�+2 UA =

[−100, 100]2 Bb 104 iBK2b H�`;2` i?�M i?2 `2�+?�#H2 bT�+2- #mi r2 QMHv THQii2/ ?2`2 i?2
/Bbi`B#miBQM QM i?2 bm#bT�+2 [−1, 1]2V- mM/2` i?2 H2�`MBM; �H;Q`Bi?Kb, `�M/QK 2tTHQ`�iBQM-
a�::@_A�* �M/ a:AJ@.X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X e8

jX9X9 .Bbi`B#miBQM Q7 �HH i?2 ;Q�Hb b2i #v i?2 ?B;?2` H2p2H /m`BM; H2�`MBM; BM � H�`;2 bT�+2X 1�+?
+QHmKM b?Qrb i?2 /Bbi`B#miBQM Q7 �M 2tT2`BK2Mi�H `mM Q7 i?2 a�::@_A�* �H;Q`Bi?K U+QH RV
Q` a:AJ@. U+QH kVX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ee

jX8XR a:AJ@.Ƕb T2`7Q`K�M+2 /2T2M/b QM i?2 /2KQMbi`�iQ` X X X X X X X X X X X X X X X X X X X X X X ed
jX8Xk >BbiQ;`�K Q7 i?2 Qmi+QK2b 2tTHQ`2/ #v i?2 }b?BM; `Q/ BMbB/2 i?2 k. Qmi+QK2 bT�+2X 1�+?

�H;Q`Bi?K Bb BHHmbi`�i2/ #v k 2t�KTH2 2tT2`BK2MibX X X X X X X X X X X X X X X X X X X X X X X X eN
jX8Xj 1p�Hm�iBQM Q7 i?2 T2`7Q`K�M+2 Q7 i?2 `Q#Qi H2�`MBM; rBi? j /Bz2`2Mi /2KQMbi`�iQ`b- mM/2`

i?2 H2�`MBM; �H;Q`Bi?Kb, a:AJ@.- P#b2`p�iBQM �M/ AKBi�iBQMX X X X X X X X X X X X X X X X X eN
jX8X9 SHQi 7Q` i?2 /2KQMbi`�iBQMb Q7 i?2 i`�D2+iQ`B2b 7Q` DQBMi R Up2`iB+�H �tBb, DQBMi �M;H2b-

?Q`BxQMi�H �tBb, iBK2VX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X dy
jXeXR � e .P6 `Q#Qi �`K mb2/ BM Qm` }b?BM; 2tT2`BK2MiX X X X X X X X X X X X X X X X X X X X X X X dR
jXeXk h?2 `Q#Qi Q#b2`p2b i?2 }M�H TQbBiBQM Q7 i?2 #�HH �7i2` Bib KQp2K2Mi- �M/ H2�`Mb r?B+?

KQp2K2Mi +�M `2�+? /Bz2`2Mi TQbBiBQMb QM i?2 ~QQ`X h?2 +�K2`� Bb TH�+2/ �#Qp2 i?2 rB/2
bm`7�+2- �M/ +�M QMHv b22 i?2 r?Bi2 bm`7�+2 r?B+? K�i2`B�HBb2b i?2 Qmi+QK2 bT�+2 AX X X X X dk

jXeXj Pmi+QK2b `2�+?2/ #v i?2 `2/ #�HH B7 Bi bi�#BHBb2b QM i?2 ~QQ`X h?2 �tBb �`2 i?2 irQ /BK2MbBQMb
Q7 i?2 ~QQ` AX h?2 `2;BQM pBbB#H2 #v i?2 +�K2`� Bb MQ`K�HBb2/ bQ i?�i A = [0, 1]2X X X X X X dj

jXeX9 J2�M 2``Q` QM �M 2tT2`BK2Mi 7Q` 2�+? �H;Q`Bi?K- rBi? `2bT2+i iQ iBK2X X X X X X X X X X X X dj

tBBB
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9XkXR h?2 bi`�i2;B+ H2�`M2` b�KTH2b /�i� #v �+iBp2Hv +?QQbBM; QM i?2 i?`22 H2p2Hb QM Bib 2tTHQ`�iBQM
bT�+2, Bib b�KTHBM; KQ/2- i?2 Q#D2+i iQ 7Q+mb QM �M/ i?2 TQHB+v iQ i`vX X X X X X X X X X X X X dd

9XkXk hBK2 ~Qr +?�`i Q7 a:AJ@AJ- r?B+? +QK#BM2b AMi`BMbB+ JQiBp�iBQM �M/ aQ+B�H G2�`MBM; BMiQ
j H�v2`b i?�i T2`i�BM iQ i?2 ?mK�M@K�+?BM2 BMi2`7�+2- i?2 Qmi+QK2 bT�+2 2tTHQ`�iBQM �M/
i?2 �+iBQM bT�+2 2tTHQ`�iBQM `2bT2+iBp2HvX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X d3

9XkXj �B` >Q+F2v h�#H2, i?2 i�bF bT�+2 Bb /2}M2/ �b i?2 iQT #Q`/2` Q7 i?2 b[m�`2X h?2 Tm+F
KQp2b BM bi`�B;?i HBM2 rBi?Qmi 7`B+iBQM mMiBH Bi ?Bib 2Bi?2` i?2 K�HH2i- i?2 i�#H2 #Q`/2`b Q` i?2
Q#bi�+H2 TH�+2/ QM i?2 `B;?i bB/2X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3R

9XkX9 *QKT�`BbQM Q7 b2p2`�H H2�`MBM; �H;Q`Bi?KbX 1�+? #Qt `2T`2b2Mib i?2 +?`QMQHQ;v Q7 i?2
�/QTi2/ KQ/2b Ui?2 };m`2b +Q``2bTQM/ iQ i?2 MmK#2` Q7 �+iBQMb 2tT2`BK2Mi2/ BM i?2 2TBbQ/2VX
h?2 };m`2b ?2`2 �`2 ;Bp2M 7Q` i?2 6Bb?BM; 2tT2`BK2MiVX X X X X X X X X X X X X X X X X X X X X 3k

9XkX8 1p�Hm�iBQM Q7 i?2 T2`7Q`K�M+2 Q7 i?2 `Q#Qi rBi? `2bT2+i iQ i?2 MmK#2` Q7 �+iBQMb T2`7Q`K2/-
mM/2` /Bz2`2Mi H2�`MBM; �H;Q`Bi?KbX q2 THQii2/ i?2 K2�M /Bbi�M+2 iQ i?2 #2M+?K�`F b2i rBi?
Bib bi�M/�`/ /2pB�iBQM 2``Q`#�`X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3j

9XkXe Rf "2?�pBQm`b +?Qb2M i?`Qm;? iBK2 #v a:AJ@AJ, T2`+2Mi�;2 Q7 iBK2b 2�+? KQ/2 Bb +?Qb2M
rBi? `2bT2+i iQ i?2 MmK#2` Q7 �+iBQMb T2`7Q`K2/ UbmKK2/ Qp2` Ryy #BMb �M/ �p2`�;2/ Qp2`
b2p2`�H `mMb Q7 a:AJ@AJV kf h?2 �p2`�;2 T`Q;`2bb K�/2 #v bQ+B�HHv ;mB/2/ �M/ BMi`BMbB+�HHv
KQiBp�i2/ KQ/2b ∆S �M/ ∆A X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 39

9XkXd 6Bb?BM; 2tT2`BK2Mi�H b2imTX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 38
9XkX3 1p�Hm�iBQM Q7 i?2 T2`7Q`K�M+2 Q7 i?2 `Q#Qi rBi? `2bT2+i iQ i?2 MmK#2` Q7 �+iBQMb T2`7Q`K2/-

mM/2` i?2 H2�`MBM; �H;Q`Bi?Kb, `�M/QK 2tTHQ`�iBQM- a�::@_A�*- a:AJ@AJ- a:AJ@. rBi?
� /2KQMbi`�iBQM 2p2`v J 4 jy KQp2K2Mib- �M/ a:AJ@. rBi? � /2KQMbi`�iBQM 2p2`v J 4
3y KQp2K2Mib UiQ 2[m�H i?2 iQi�H MmK#2` Q7 /2KQMbi`�iBQMb Q7 a:AJ@AJVX q2 THQii2/ i?2
K2�M /Bbi�M+2 rBi? Bib bi�M/�`/ /2pB�iBQM 2``Q`#�`X X X X X X X X X X X X X X X X X X X X X X X X 3e

9XkXN �M�HvbBb Q7 i?2 }b?BM; 2tT2`BK2MiX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3d
9XjXR h?2 bi`�i2;B+ H2�`M2` b�KTH2b /�i� #v �+iBp2Hv +?QQbBM; r?2i?2` iQ 2tTHQ`2 #v �miQMQKQmb

2tTHQ`�iBQM Q` bQ+B�H ;mB/�M+2X A7 Bi 2tTHQ`2b #v �miQMQKQmb 2tTHQ`�iBQM- Bi /2+B/2b � ;Q�H
Qmi+QK2 �M/ � TQHB+v iQ i`vX A7 Bi 2tTHQ`2b rBi? bQ+B�H ;mB/�M+2- Bi +?QQb2b r?2i?2` iQ BKBi�i2
i?2 /2KQMbi`�i2/ TQHB+v Q` i?2 /2KQMbi`�i2/ Qmi+QK2X X X X X X X X X X X X X X X X X X X X X X 33

9XjXk 1KmH�iBQM �M/ JBKB+`v 7Q` KQiQ` H2�`MBM;X AM 2KmH�iBQM- i?2 H2�`M2` i`B2b iQ `2T`Q/m+2 i?2
Qmi+QK2 /2KQMbi`�i2/ #v i?2 i2�+?2` rBi?Qmi i`vBM; iQ `2T`Q/m+2 i?2 i2�+?2`Ƕb TQHB+v- #mi
mb2b Bib QrM KQp2K2MiX AM 2KmH�iBQM- i?2 H2�`M2` `2T`Q/m+2b i?2 /2KQMbi`�i2/ TQHB+v Q`
KQp2K2Mi- rBi?Qmi i`vBM; iQ `2T`Q/m+2 i?2 /2KQMbi`�i2/ Qmi+QK2X X X X X X X X X X X X X X X Ny

9XjXj hBK2 ~Qr +?�`i Q7 a:AJ@�*ha- r?B+? +QK#BM2b AMi`BMbB+ JQiBp�iBQM �M/ JBKB+FBM; �M/
1KmH�iBQM BMiQ j H�v2`b i?�i T2`i�BM iQ i?2 b�KTHBM; KQ/2- i?2 Qmi+QK2 bT�+2 �M/ i?2 TQHB+v
bT�+2 2tTHQ`�iBQM `2bT2+iBp2HvX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Nk

9XjX9 h?2 b2H2+iBQM Q7 Qmi+QK2 �M/ b�KTHBM; KQ/2 Bb #�b2/ QM � T�`iBiBQM Q7 i?2 Qmi+QK2 bT�+2
rBi? `2bT2+i iQ /Bz2`2Mi +QKT2i2M+2 T`Q;`2bb H2p2HbX q2 BHHmbi`�i2 rBi? i?2 +�b2 Q7 �M
Qmi+QK2 bT�+2 Q7 j /Bz2`2Mi ivT2b Q7 Qmi+QK2bX A = A1 ∪ A2 ∪ A3 r?2`2 A1 ⊂ R2-
T2 ⊂ R �M/ T3 ⊂ R3X � Bb T�`iBiBQM2/ BM `2;BQMb Ri iQ r?B+? �`2 �bbQ+B�i2/ K2�bm`2b Q7
+QKT2i2M+2b γ 7Q` 2�+? KQ/2X h?2 Ǵa2H2+i :Q�H Pmi+QK2 �M/ a�KTHBM; JQ/2Ǵ 7mM+iBQM
+?QQb2b i?2 U`2;BQM- KQ/2V T�B` i?�i K�F2b i?2 KQbi +QKT2i2M+2 T`Q;`2bbX X X X X X X X X X X Ne

tBp
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9XjX8 �M �`K- /2b+`B#2/ #v Bib �M;H2 φ- Bb +QMi`QHH2/ #v � KQiQ` T`BKBiBp2 rBi? R9 +QMiBMmQmb
T�`�K2i2`b Ui�FBM; #QmM/2/ p�Hm2bV i?�i /2i2`KBM2 i?2 2pQHmiBQM Q7 Bib �++2H2`�iBQM φ̈ X �
#�HH Bb ?2H/ #v i?2 �`K �M/ i?2M `2H2�b2/ �i i?2 2M/ Q7 i?2 KQiBQMX h?2 Q#D2+iBp2 Q7 i?2
`Q#Qi Bb iQ H2�`M i?2 K�TTBM; #2ir22M i?2 T�`�K2i2`b Q7 i?2 KQiQ` T`BKBiBp2 �M/ irQ ivT2b
Q7 Qmi+QK2b ?2 +�M T`Q/m+2, � #�HH i?`QrM �i /Bbi�M+2 t �M/ ?2B;?i ?- Q` � #�HH TH�+2/ �i
i?2 �`K iBT �i �M;H2 φ rBi? p2HQ+Biv bK�HH2` i?�M |vmax|X X X X X X X X X X X X X X X X X X X X Nd

9XjXe *QKT�`BbQM Q7 b2p2`�H H2�`MBM; �H;Q`Bi?Kb X X X X X X X X X X X X X X X X X X X X X X X X X X X X NN
9XjXd J2�M 2``Q` 7Q` i?2 /Bz2`2Mi H2�`MBM; �H;Q`Bi?Kb �p2`�;2/ Qp2` i?2 irQ bm# Qmi+QK2 bT�+2b

U}M�H p�`B�M+2 p�Hm2 ∆ Bb BM/B+�i2/ BM i?2 H2;2M/V X X X X X X X X X X X X X X X X X X X X X X X X Ryy
9XjX3 J2�M 2``Q` 7Q` i?2 /Bz2`2Mi H2�`MBM; �H;Q`Bi?Kb 7Q` 2�+? Q7 i?2 i?`QrBM; Qmi+QK2b �M/

TH�+BM; Qmi+QK2b b2T�`�i2HvX h?2 H2;2M/ Bb i?2 b�K2 �b BM 6B;m`2 9XjXdX X X X X X X X X X X RyR
9XjXN a�KTHBM; JQ/2 +?Qb2M #v a:AJ@�*ha i?`Qm;? iBK2, T2`+2Mi�;2 Q7 iBK2b 2�+? KQ/2 Bb

+?Qb2M 7Q` b2p2`�H `mMb Q7 i?2 2tT2`BK2MiX X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ryk
9XjXRy hvT2b Q7 Qmi+QK2 +?Qb2M #v a:AJ@�*ha i?`Qm;? iBK2, T2`+2Mi�;2 Q7 iBK2b 2�+? FBM/ Q7

Qmi+QK2 Bb +?Qb2M 7Q` b2p2`�H `mMb Q7 i?2 2tT2`BK2MiX X X X X X X X X X X X X X X X X X X X X X X Ryk
9XjXRR *QMbBbi2M+v BM i?2 +?QB+2 Q7 Qmi+QK2- i2�+?2` �M/ KQ/2, T2`+2Mi�;2 Q7 iBK2b 2�+? b�KTHBM;

KQ/2- i2�+?2` �M/ Qmi+QK2 �`2 +?Qb2M Qp2` �HH i?2 ?BbiQ`v Q7 i?2 `Q#QiX X X X X X X X X X X X Ryj

8XRXR h?2 bi`�i2;B+ H2�`M2` b�KTH2b /�i� #v +?QQbBM; QM i?2 j H2p2Hb Q7 Bib 2tTHQ`�iBQM bT�+2, r?B+?
b�KTHBM; KQ/2 iQ mb2- i?2 bQmM/ iQ T`Q/m+2- �M/ i?2 KQiQ` +QKK�M/ iQ mb2X X X X X X X X X Rye

8XRXk h?2 }`bi v2�` Q7 BM7�Mi pQ+�H /2p2HQTK2MiX X X X X X X X X X X X X X X X X X X X X X X X X X X X RRy
8XkXR aT22+? T`Q/m+iBQM ;2M2`�H T`BM+BTH2bX h?2 pQ+�H 7QH/ pB#`�iBQM #v i?2 HmM; �B` ~Qr T`QpB/2b

� bQm`+2 bB;M�H, � +QKTH2t bQmM/ r�p2 rBi? 7mM/�K2Mi�H 7`2[m2M+v F0X �++Q`/BM; iQ i?2
pQ+�H i`�+i b?�T2- �+iBM; �b � `2bQM�iQ`- i?2 ?�`KQMB+b Q7 i?2 bQm`+2 7mM/�K2Mi�H 7`2[m2M+v
�`2 b2H2+iBp2Hv �KTHB}2/ Q` 7�/2/X h?2 HQ+�H K�tBK� Q7 i?2 `2bmHiBM; bT2+i`mK �`2 +�HH2/
i?2 7Q`K�Mib- Q`/2`2/ 7`QK i?2 HQr2` iQ i?2 ?B;?2` 7`2[m2M+B2bX h?2v #2HQM; iQ i?2 K�DQ`
72�im`2b Q7 bT22+? T2`+2TiBQMX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRj

8XkXk �`iB+mH�iQ`v /BK2MbBQMb +QMi`QHHBM; pQ+�H i`�+i b?�T2 URy /BK2MbBQMb- 7`QK H27i iQ `B;?i �M/
iQT iQ #QiiQKV- �/�Ti2/ 7`QK i?2 /Q+mK2Mi�iBQM Q7 i?2 .Ao� bQm`+2 +Q/2X 1�+? bm#THQi
b?Qrb � b�;Bii�H +QMiQm` Q7 i?2 pQ+�H i`�+i- r?2`2 r2 +�M B/2MiB7v i?2 MQb2 �M/ i?2 HBTb QM
i?2 `B;?i bB/2X "QH/ +QMiQm`b +Q``2bTQM/ iQ � TQbBiBp2 p�Hm2 Q7 i?2 �`iB+mH�iQ`v T�`�K2i2`-
i?2 irQ i?BM +QMiQm`b �`2 7Q` � MmHH UM2mi`�H TQbBiBQMV �M/ M2;�iBp2 p�Hm2bX h?2b2 /BK2MbBQMb
;HQ#�HHv +Q``2bTQM/ iQ i?2 /BK2MbBQMb Q7 KQp2K2Mib Q7 i?2 ?mK�M pQ+�H i`�+i �`iB+mH�iQ`bX
6Q` 2t�KTH2- Art1 K�BMHv +QMi`QHb i?2 D�r ?2B;?i- r?2`2�b Art3 `�i?2` +QMi`QHb i?2 iQM;m2
7`QMi@#�+F TQbBiBQMX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RR9

tp
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8XkXj �M BHHmbi`�iBp2 pQ+�HBx�iBQM 2t�KTH2X �V �`iB+mH�`Q`v i`�D2+iQ`B2b Q7 8 �`iB+mH�iQ`b /m`BM;
i?2 3yyKb Q7 i?2 pQ+�HBx�iBQM U9 �`iB+mH�iQ`b- 7`QK art4 iQ art7 �`2 MQi THQii2/ 7Q` i?2 b�F2
Q7 `2�/�#BHBiv #mi /BbTH�v i?2 b�K2 i`�D2+iQ`v �b art2VX *B`+H2b �i k8y �M/ 3yyKb `2T`2b2Mib
i?2 p�Hm2b Q7 i?2 }`bi �M/ b2+QM/ +QKK�M/b- `2bT2+iBp2Hv- 7Q` 2�+? i`�D2+iQ`vX h?2 }`bi
+QKK�M/b �`2 �+iBp2 7`QK y iQ k8yKb �M/ b2+QM/ QM2b 7`QK k8y iQ 3yyKb- �b `2T`2b2Mi2/ #v
/Qii2/ #H�+F #Qt2bX h?2 i`�D2+iQ`B2b �`2 +QKTmi2/ #v i?2 b2+QM/ Q`/2` /vM�KB+�H 2[m�iBQM
U8XRV- bi�`iBM; BM � M2mi`�H TQbBiBQM U�HH �`iB+mH�iQ`b b2i iQ yVX "V _2bmHiBM; pQ+�H i`�+i b?�T2b
�i i?2 2M/ Q7 2�+? +QKK�M/- BX2X �i k8y �M/ 3yyKbX 1�+? bm#THQi /BbTH�vb � b�;Bii�H pB2r
rBi? i?2 MQb2 �M/ i?2 HBTb QM i?2 H27i bB/2X h?2 iQM;m2 Bb i?2`27Q`2 iQ i?2 `B;?i Q7 i?2 HQr2` HBTX
*V aQmM/ r�p2 `2bmHiBM; 7`QK i?2 pQ+�HBx�iBQMX .V h`�D2+iQ`B2b Q7 i?2 j �m/BiQ`v T�`�K2i2`b-
i?2 BMi2MbBiv I �M/ i?2 irQ }`bi 7Q`K�Mib F1 �M/ F2X .Qii2/ #H�+F #Qt2b `2T`2b2Mi i?2 irQ
T2`+2TiBQM iBK2 rBM/QrbX h?2 �;2Mi T2`+2Bp2b i?2 K2�M p�Hm2 Q7 i?2 �m/BiQ`v T�`�K2i2`b
BM 2�+? iBK2 rBM/Qr- `2T`2b2Mi2/ #v i?2 +B`+H2b �i k8y �M/ e8yKbX X X X X X X X X X X X X X X RRe

8XkX9 AHHmbi`�iBQM Q7 BM+`2K2Mi�H H2�`MBM; �M/ BM72`2M+2 BM i?2 b2MbQ`BKQiQ` KQ/2H BM � iQv k@
/BK2MbBQM�H b2MbQ`BKQiQ` bT�+2X h?2 };m`2 ?�b i?`22 +QHmKMb- +Q``2bTQM/BM; iQ i?2 bi�i2
Q7 � H2�`MBM; �;2Mi �7i2` 500- 1000 �M/ 1500 b2MbQ`BKQiQ` 2tT2`BK2Mib Ut = 500, 1000, 1500VX
1�+? +QHmKM Bb /BpB/2/ BM i?`22 T�M2Hb �- " �M/ *- �b BM/B+�i2/ BM i?2 KB//H2 +QHmKM
U#Qt2/ H2ii2`b BM ;`�v T�M2HbVX s@�tBb UM bT�+2V �M/ v@�tBb US bT�+2V Q7 � �`2 b?�`2/ #v
" �M/ *- `2bT2+iBp2HvX �V h?2 mMFMQrM 7mM+iBQM s = f(m) Bb `2T`2b2Mi2/ #v i?2 #Hm2
+m`p2X h?2 `2/ TQBMib �`2 i?2 b2MbQ`BKQiQ` 2tT2`BK2Mib K�/2 �i i?Bb bi�;2 UBX2X mMiBH i?2
+Q``2bTQM/BM; iBK2 BM/2t tV, r?2M m Bb T`Q/m+2/- s = f(m)+ ϵ Bb T2`+2Bp2/- r?2`2 ϵ Bb ?2`2
� :�mbbB�M MQBb2 rBi? � bi�M/�`/ /2pB�iBQM Q7 0.5X h?2 2HHBTb2b `2T`2b2Mi i?2 bi�i2 Q7 GSM

H2�`M2/ 7`QK i?2 b2MbQ`BKQiQ` 2tT2`BK2Mib- r?B+? Bb ?2`2 � :JJ rBi? e +QKTQM2Mib U2�+?
2HHBTb2 `2T`2b2Mib � k. :�mbbB�MVX "V h?2 i?`22 p2`iB+�HHv@�HB;M2/ THQib b?Qr i?2 KQiQ`
/Bbi`B#miBQMb GSM (M | sg) 7Q` j /Bz2`2Mi ;Q�Hb- s1 = −9.0 UiQTV- s2 = 0.0 UKB//H2V- �M/
s3 = 8.0 U#QiiQKV- BM 2�+? Q7 i?`22 +QHmKMb UBX2X �i i?2 i?`22 iBK2 BM/2t2bVX h?2v �`2
BM72``2/ 7`QK GSM BM � mbBM; "�v2bB�M BM72`2M+2X *V h?2 T`Q#�#BHBiv /Bbi`B#miBQMb QM S

U`Qi�i2/ Ny /2;`22b �MiB@+HQ+FrBb2V `2bmHiBM; 7`QK b�KTHBM; KQiQ` +QM};m`�iBQMb �++Q`/BM;
iQ GSM (M | sg)- iQ `2�+? i?2 i?`22 ;Q�Hb s1- s2- �M/ s3- i?2 b?�/2 Q7 ;`2v Q7 2�+? QM2
+Q``2bTQM/BM; iQ i?�i mb2/ BM ", i?Bb K2�Mb 7Q` 2t�KTH2 i?�i- �i � ;Bp2M iBK2 BM/2t t-
T`Q/m+BM; KQiQ` +QKK�M/b �++Q`/BM; iQ i?2 /Bbi`B#miBQM GSM (M | s3) UT�M2H "- #QiiQKV
rBHH `2bmHi BM b2MbQ`v +QMb2[m2M+2b 7QHHQrBM; i?2 /�`F2` /Bbi`B#miBQM BM T�M2H *X h?2 i?`22
+QMbB/2`2/ ;Q�Hb s1- s2 �M/ s3 �`2 `2T`2b2Mi2/ #v i?2 i?`22 ?Q`BxQMi�H `2/ HBM2b- r?B+? �`2
i?2 b�K2 BM i?2 i?`22 +QHmKMbX h?2 /Bbi`B#miBQMb BM * i?mb `2~2+i ?Qr i?2 H2�`M2` Bb �#H2
iQ `2�+? QM2 Q7 i?2 i?`22 +QMbB/2`2/ ;Q�Hb mbBM; i?2 +m``2Mi bi�i2 Q7 Bib b2MbQ`BKQiQ` KQ/2H,
r2 Q#b2`p2 i?�i �i t = 500- Bi +�M QMHv `2�+? s2 = 0c �i t = 1000- Bi +�M �HbQ `2�+? s1 = −9

�M/ �i t = 1500 Bi +�M `2�+? i?Qb2 i?`22 ;Q�HbX X X X X X X X X X X X X X X X X X X X X X X X X X Rky

tpB



L;mv2M a�Q J�B GAahAL: P6 6A:l_1a

8XkX8 AHHmbi`�iBQM Q7 BMi2`2bi /Bbi`B#miBQM +QKTmi�iBQMX hQT@H27i, i?2 `2+2Mi ?BbiQ`v Q7 +QKT2i2M+2b
Q7 i?2 �;2Mi- +Q``2bTQM/BM; iQ #Hm2 TQBMib BM i?2 bT�+2 T × S × C- r?2`2 T Bb i?2 bT�+2 Q7
`2+2Mi iBK2 BM/2t2b UBM R+V- S i?2 bT�+2 Q7 `2+2MiHv +?Qb2M ;Q�Hb sg UKQMQ@/BK2MbBQM�H BM
i?Bb iQv 2t�KTH2V �M/ C i?2 bT�+2 Q7 `2+2Mi +QKT2i2M+2b Q7 `2�+?BM; i?Qb2 ;Q�Hb UBM R+VX
6Q` i?2 b�F2 Q7 i?2 BHHmbi`�iBQM- i?2 +QKT2i2M+2 p�`B�iBQMb Qp2` iBK2 �`2 ?2`2 ?�M/@/2}M2/
Ubm`7 bm`7�+2V �M/ T`QTQ`iBQM�H iQ i?2 p�Hm2b BM S UBM+`2�b2b 7Q` TQbBiBp2 p�Hm2b- /2+`2�b2b 7Q`
M2;�iBp2 p�Hm2bVX q2 i`�BM � :JJ Q7 e +QKTQM2Mib- GIM - iQ H2�`M i?2 DQBMi /Bbi`B#miBQM
Qp2` T ×S×C- `2T`2b2Mi2/ #v i?2 bBt j. 2HHBTb2bX S`QD2+iBQMb Q7 i?2b2 2HHBTb2b �`2 b?QrM BM
k. bT�+2b S×C �M/ T ×C BM i?2 iQT@`B;?i �M/ #QiiQK@H27i THQibX hQ `2~2+i i?2 +QKT2i2M+2
T`Q;`2bb BM i?Bb /�i�b2i- r2 i?2M #B�b i?2 r2B;?i Q7 2�+? :�mbbB�M iQ 7�pQ` i?Qb2 r?B+?
/BbTH�v � ?B;?2` +QKT2i2M+2 T`Q;`2bb- i?�i r2 K2�bm`2 �b i?2 +Qp�`B�M+2 #2ir22M iBK2 �M/
+QKT2i2M+2 7Q` 2�+? :�mbbB�M UBM i?2 2t�KTH2 i?2 Tm`TH2 2HHBTb2 b?Qrb i?2 ?B;?2` +Qp�`B�M+2
BM i?2 #QiiQK@H27i THQiVX q2 r2B;?i i?2 :�mbbB�Mb rBi? � M2;�iBp2 +Qp�`B�M+2 #2ir22M iBK2
T �M/ +QKT2i2M+2 C U#Hm2- #H�+F �M/ `2/ 2HHBTb2bV rBi? � M2;HB;B#H2 7�+iQ`- bm+? i?�i i?2v
/Q MQi +QMi`B#mi2 iQ i?2 KBtim`2X lbBM; "�v2bB�M BM72`2M+2 BM i?Bb #B�b2/ :JJ- r2 }M�HHv
+QKTmi2 i?2 /Bbi`B#miBQM Qp2` i?2 ;Q�H bT�+2 S- GIM (S)- i?mb 7�pQ`BM; `2;BQMb Q7 S /BbTH�vBM;
i?2 ?B;?2bi +QKT2i2M+2 T`Q;`2bb U#QiiQK@`B;?iVX X X X X X X X X X X X X X X X X X X X X X X X X X Rkk

8XjXR a2H7@Q`;�MBx�iBQM Q7 pQ+�H /2p2HQTK2Mi�H bi�;2bX �i 2�+? iBK2 bi2T t Ut@�tBbV- i?2 T2`+2Mi�;2
Q7 2�+? pQ+�HBx�iBQM +H�bb #2ir22M t �M/ t+30.000 Bb THQii2/ Uv@�tBbV- BM � +mKmH�iBp2 K�MM2`
UbmK iQ RyyWVX oQ+�HBx�iBQM +H�bb2b �`2 /2}M2/ BM b2+iBQM 8XkXRXjX _QK�M MmK2`�Hb b?Qrb
i?`22 /BbiBM+i /2p2HQTK2Mi�H bi�;2bX A, K�BMHv MQ T?QM�iBQM Q` mM�`iB+mH�i2/ pQ+�HBx�iBQMbX
AA, K�BMHv mM�`iB+mH�i2/X AAA, K�BMHv �`iB+mH�i2/X h?2 #QmM/�`B2b #2ir22M i?2b2 bi�;2b �`2
MQi T`2T`Q;`�KK2/ �M/ �`2 ?2`2 K�Mm�HHv b2i #v i?2 �mi?Q`b- HQQFBM; �i b?�`T i`�MbBiBQMb
#2ir22M `2H�iBp2Hv ?QKQ;2M2Qmb T?�b2bX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rke

8XjXk 1pQHmiBQM Q7 i?2 /Bbi`B#miBQM Q7 �m/BiQ`v ;Q�Hb- KQiQ` +QKK�M/b �M/ bQmM/b �+im�HHv
T`Q/m+2/ Qp2` i?2 HB72 iBK2 Q7 � pQ+�H �;2Mi Ui?2 b�K2 �;2Mi �b BM 6B;m`2 8XjXRVX h?2
p�`B�#H2b �`2 BM i?`22 ;`QmTb U?Q`BxQMi�H `2/ HBM2bV, i?2 ;Q�Hb +?Qb2M #v i?2 �;2Mi BM HBM2 j
Q7 �H;Q`Bi?K 8XkXR UiQT ;`QmTV- i?2 KQiQ` +QKK�M/b Bi BM72``2/ iQ `2�+? i?2 ;Q�Hb mbBM;
Bib BMp2`b2 KQ/2H BM HBM2 9 UKB//H2 ;`QmTV- �M/ i?2 �+im�H T2`+2TiBQMb `2bmHiBM; 7`QK i?2
KQiQ` +QKK�M/b i?`Qm;? i?2 bvMi?2bBx2` BM HBM2 8 U#QiiQK ;`QmTVX h?2`2 �`2 irQ +QHmKMb
URbi �M/ kM/V- #2+�mb2 Q7 i?2 b2[m2MiB�H M�im`2 Q7 pQ+�HBx�iBQMb UirQ KQiQ` +QKK�M/b T2`
pQ+�HBx�iBQMVX 1�+? bm#THQi b?Qrb i?2 /2MbBiv Q7 i?2 p�Hm2b i�F2M #v 2�+? T�`�K2i2` Uv@
�tBbV Qp2` i?2 HB72 iBK2 Q7 i?2 �;2Mi Ut@�tBb- BM MmK#2` Q7 pQ+�HBx�iBQMb bBM+2 i?2 bi�`iVX Ai
Bb +QKTmi2/ mbBM; �M ?BbiQ;`�K QM i?2 /�i� UrBi? Ryy #BMb T2` �tBbV- QM r?B+? r2 �TTHv
� j@#BMb rB/2 :�mbbB�M }Hi2`X h?2 /�`F2` i?2 +QHQ`- i?2 /2Mb2` i?2 /�i�, 2X;X i?2 �m/BiQ`v
T�`�K2i2` I �+im�HHv `2�+?2/ #v i?2 b2+QM/ +QKK�M/ UI(2)- H�bi `Qr BM ǵ_2�+?2/Ǵ- kM/
+QHmKMV- 2bT2+B�HHv i�F2b p�Hm2b �`QmM/ y Uv@�tBbV mMiBH �TT`QtBK�i2Hv 150.000th pQ+�HBx�iBQM
Ut@�tBbV- i?2M Bi i�F2b `�i?2` p�Hm2b �`QmM/ RX h?2 i?`22 /2p2HQTK2Mi�H bi�;2b Q7 6B;m`2
8XjXR �`2 `2TQ`i2/ �i i?2 iQTX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rkd

8XjXj h?2 irQ pQ+�HBx�iBQMb Q7 i?2 �/mHi h2�+?2` R mb2/ BM 6B;m`2 8XjX9 - rBi? i?2 b�K2 +QMp2MiBQM
�b BM 6B;m`2 8XkXj X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RkN
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8XjX9 oQ+�HBx�iBQMb Q7 i?2 H2�`MBM; �;2Mi BM i?2 2�`Hv �M/ K�im`2 bi�;2b Q7 pQ+�H /2p2HQTK2MiX
�V �HH �m/BiQ`v Qmi+QK2b s T`Q/m+2/ #v i?2 �;2Mi BM Bib 2�`Hv bi�;2 Q7 pQ+�HBx�iBQM �`2
`2T`2b2Mi2/ #v #Hm2 /Qib BM i?2 e@/BK2MbBQM�H bT�+2 Q7 i?2 �m/BiQ`v Qmi+QK2bX h?2 �/mHi
bQmM/b �`2 `2T`2b2Mi2/ BM `2/ +B`+H2bX h?2 �+im�HHv T`Q/m+2/ �m/BiQ`v Qmi+QK2b QMHv +Qp2`
� bK�HH �`2� Q7 T?vbB+�HHv TQbbB#H2 �m/BiQ`v Qmi+QK2b- �M/ +Q``2bTQM/ KQbiHv iQ I(2) = 0-
r?B+? `2T`2b2Mi pQr2H@+QMbQM�Mi Q` +QMbQM�Mi@+QMbQM�Mi ivT2b Q7 bvHH�#H2bX "V h?2 �m/BiQ`v
Qmi+QK2b T`Q/m+2/ #v i?2 BM7�Mi BM Bib K�im`2 bi�;2 Q7 pQ+�HBx�iBQM +Qp2` � Km+? H�`;2` �`2�
Q7 �m/BiQ`v Qmi+QK2b �M/ 2ti2M/ BM T�`iB+mH�` Qp2` �`2�b BM r?B+? pQ+�HBx�iBQMb Q7 i?2 bQ+B�H
T22` �`2 HQ+�i2/X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rjy

8XjX8 S`Q;`2bb K�/2 #v 2�+? bi`�i2;v rBi? `2bT2+i iQ i?2 MmK#2` Q7 mT/�i2b Q7 i?2 b2MbQ`BKQiQ`
KQ/2H GSM X h?2b2 p�Hm2b ?�p2 #22M bKQQi?2M2/ Qp2` � rBM/Qr Q7 Ryy mT/�i2bX 6Q` t < 450-
i?2 �;2Mi K�F2b MQ T`Q;`2bb mbBM; 2KmH�iBQM bi`�i2;vX �7i2` t = 450- #Qi? bi`�i2;B2b 2M�#H2
i?2 �;2Mi iQ K�F2 T`Q;`2bbX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RjR

8XjXe S2`+2Mi�;2 Q7 iBK2b 2�+? bi`�i2;v Bb +?Qb2M rBi? `2bT2+i iQ i?2 MmK#2` Q7 mT/�i2b Q7 i?2
b2MbQ`BKQiQ` KQ/2H GSM X h?2b2 p�Hm2b ?�p2 #22M bKQQi?2M2/ Qp2` � rBM/Qr Q7 Ryy mT/�i2bX
6Q` t < 450- i?2 �;2Mi K�BMHv mb2b b2H7@2tTHQ`�iBQM bi`�i2;vX q?2M Bib FMQrH2/;2 2M�#H2b Bi
iQ K�F2 T`Q;`2bb BM 2KmH�iBQM- Bi +?QQb2b 2KmH�iBQM bi`�i2;v mMiBH Bi +�M 2KmH�i2 i?2 �K#B2Mi
bQmM/b r2HH U�M/ Bib +QKT2i2M+2 T`Q;`2bb /2+`2�b2bVX X X X X X X X X X X X X X X X X X X X X X X RjR

8XjXd oQ+�HBx�iBQMb Q7 i?2 H2�`MBM; �;2Mi BM i?2 2�`Hv �M/ K�im`2 bi�;2 Q7 pQ+�HBx�iBQM BM irQ
/Bz2`2Mi bT22+? 2MpB`QMK2Mib Uh2�+?2` k �M/ h2�+?2` jVX � �M/ *V �HH �m/BiQ`v Qmi+QK2b
T`Q/m+2/ #v i?2 pQ+�H H2�`M2` BM Bib 2�`Hv bi�;2 Q7 pQ+�H /2p2HQTK2Mi �`2 `2T`2b2Mi2/ #v #Hm2
/Qib BM i?2 e@/BK2MbBQM�H bT�+2 Q7 i?2 �m/BiQ`v Qmi+QK2bX h?2 bQmM/b Q7 i?2 2MpB`QMK2Mi �`2
`2T`2b2Mi2/ BM `2/ +B`+H2bX h?2 �m/BiQ`v Qmi+QK2b QMHv +Qp2` � bK�HH �`2�- �M/ /Q MQi /2T2M/
QM i?2 bT22+? 2MpB`QMK2MiX " �M/ .V h?2 �m/BiQ`v Qmi+QK2b T`Q/m+2/ #v i?2 BM7�Mi BM Bib
K�im`2 bi�;2 Q7 pQ+�H /2p2HQTK2Mi +Qp2` � H�`;2` �`2� Q7 �m/BiQ`v Qmi+QK2- r?B+? /2T2M/
QM i?2 bT22+? 2MpB`QMK2MiX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rjk

eXRXR h?`22 �H;Q`Bi?KB+ �`+?Bi2+im`2b �`2 T`2b2Mi2/ rBi? p�`BQmb BHHmbi`�iBp2 2tT2`BK2MibX h?2
/2i�BHb Q7 2�+? �H;Q`Bi?K �M/ 2tT2`BK2Mi +�M #2 `2�/ BM i?2 +Q``2bTQM/BM; b2+iBQM Q` +?�Ti2`X
1�+? �H;Q`Bi?KB+ �`+?Bi2+im`2 �HHQrb i?2 �;2Mi iQ i�F2 �+iBp2 +QMi`QH Q7 p�`BQmb �bT2+ib Q7 Bib
H2�`MBM; bi`�i2;vX 1�+? Q7 i?2 `2bmHib T`2b2Mi2/ �HHQr mb iQ T`2b2Mi �bT2+ib Q7 i?2 �/p�Mi�;2b
7Q` � 7mHHv �+iBp2 bvbi2K- i?�i +�M /2+B/2 QM �HH �bT2+ib Q7 Bib H2�`MBM; bi`�i2;vX X X X X X X X Rj3
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G2tB+QM

amKK�`v Q7 i?2 MQi�iBQMb mb2/ i?`Qm;?Qmi i?Bb K�Mmb+`BTiX h?2v �`2 BMi`Q/m+2/ BM RX9Xk UT�;2 kyV- �M/
i?2B` mb2 K�v p�`v /2T2M/BM; QM i?2 2t�KTH2 �i ?�M/X

�-# biQ+?�biB+ p�`B�#H2b
p(b|a) +QM/BiBQM�H T`Q#�#BHBiv /Bbi`B#miBQM Q7 b ;Bp2M a

L H2�`MBM; �H;Q`Bi?Kb
χ ∈ X b�KTHBM; KQ/2b
ψ ∈ Ψ 7Q+mb 7mM+iBQMb

J +Qbi 7mM+iBQM
Ie K2�M +Qbi �i 2TBbQ/2 e- 7mM+iBQM iQ KBMBKBb2
De /�i� b2i +QHH2+i2/ �i 2TBbQ/2 e

H ?BbiQ`v Q7 i?2 H2�`MBM; �;2Mi U2TBbQ/B+ K2KQ`vV

�H;Q`Bi?K �+`QMvKb 7`2[m2MiHv mb2/

a:AJ aQ+B�HHv :mB/2/ AMi`BMbB+ JQiBp�iBQM
a:AJ@. aQ+B�HHv :mB/2/ AMi`BMbB+ JQiBp�iBQM #v .2KQMbi`�iBQM

a:AJ@AJ aQ+B�HHv :mB/2/ AMi`BMbB+ JQiBp�iBQM rBi? AMi2`�+iBp2 H2�`MBM; �i i?2 J2i�@H2p2H
a:AJ@�*ha aQ+B�HHv :mB/2/ AMi`BMbB+ JQiBp�iBQM rBi? �+iBp2 *?QB+2 Q7 h2�+?2` �M/ ai`�i2;v
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�+FMQrH2/;K2Mib

h?2`2 �`2 K�Mv T2QTH2 iQ i?�MF 7Q` +QMi`B#miBM; iQ i?Bb /Bbb2`i�iBQM �M/ iQ Kv v2�`b BM i?2 T?/ T`Q;`�KX
6Q`2KQbi Bb Pm/2v2` SB2``2@up2b- r?Q ?�b #22M Kv T`BM+BT�H ;mB/2 i?`Qm;?Qmi i?2 T�bi i?`22 v2�`bX

SB2``2@up2b ?�b #22M �M �K�xBM; K2MiQ` 7`QK r?QK A ?�p2 H2�`M2/ � HQiX Cmbi iQ +Bi2 � 72r TQBMib i?�i
bi�M/ Qmi, i?2 r�v ?2 +?QQb2b �M/ i�+FH2b `2b2�`+? T`Q#H2Kb- ?Qr ?2 BMi2`�+ib rBi? K2K#2`b Q7 i?2 i2�K-
�M/ 2bT2+B�HHv ?Qr ?2 +QKKmMB+�i2b �#Qmi `2b2�`+? i?`Qm;? b+B2MiB}+ T�T2`b- T`2b2Mi�iBQMb �M/ K�bb K2/B�X

A �K p2`v ;`�i27mH iQ �HH rBi? +QHH�#Q`�iQ`b rBi? r?QK A ?�/ i?2 +?�M+2 iQ i2�K mTX JQmHBM@6`B2` *HûK2Mi
T�iB2MiHv b?�`2/ ?Bb BMbB;?i BM BM7�Mi /2p2HQTK2Mi BM pQ+�HBb�iBQM �M/ ?Bb QmiHQQF QM BMi`BMbB+ KQiBp�iBQMX
"�`�M2b �/`B2M K2MiQ`2/ K2 /m`BM; Kv }`bi KQMi?b rBi? ?Bb 2M/H2bb #2�KBM; 2Mi?mbB�bKX JQbi Q7 Kv rQ`F
rQmH/ MQi ?�p2 #22M TQbbB#H2 rBi?Qmi i?2 ?2HT Q7 6m/�H S�mH- 6Q;; >�vH22- h?QK�b >m2i �M/ 2bT2+B�HHv
"û+?m Cû`QK2X h?2v Qz2`2/ mM7�BHBM; bmTTQ`i r?BH2 +QM/m+iBM; 2tT2`BK2Mib rBi? K2- 2bT2+B�HHv 7Q` i?2
}b?BM; `Q#QiX A rQmH/ �HbQ HBF2 iQ i?�MF Ap�H/B a2`2M�- .`QMBQm �H�BM- GvQ#Qp� L�i�HB�- :û`�`/2�mt@oB`2i
.�KB2M- 6BHHB�i .�pB/- S�/QBb oBM+2Mi �M/ aB;�m/ PHBpB2` 7Q` i?2 irQ KQMi?b A bT2Mi rBi? i?2 B*m#X Ai ?�/
#22M � /`2�K 7Q` K2 iQ rQ`F rBi? i?2 B*m#- �M/ i?2b2 72r r22Fb r2 bT2Mi iQ;2i?2` r2`2 p2`v BMi2Mb2 �M/
KQbi +2`i�BMHv K2KQ`�#H2X A �K p2`v ;`�i27mH 7Q` i?2B` i2�K bTB`Bi �M/ bmTTQ`iBM; Kv +`�xv rQ`F b+?2/mH2X

� bT2+B�H i?�MFb iQ a�M+?2x J�`B2- _Q#BM L�i�HB2 �M/ C�?B2` LB+QH�b 7Q` i?2B` /BHB;2M+2 BM ?2HTBM; K2
?QT �`QmM/ i?2 rQ`H/X A ?�p2 �HbQ 2�`M2biHv �TT`2+B�i2/ i?2 bmTTQ`i AM`B� ;�p2 mbX AM`B� Bb /2}MBi2Hv � p2`v
+QK7Q`i�#H2 rQ`FTH�+2- 2bT2+B�HHv rBi? i?2B` p2`v 7�M+v M2r #mBH/BM;X A r�b Hm+Fv iQ #2 T�`i Q7 i?2 6HQr2`b
i2�K- Q7 r?QK A `2K2K#2` KQbi i?2 b+B2MiB}+ /Bb+mbbBQMb- i?2 T�bbBQM Q7 �HH 7Q` Qm` `2b2�`+? iQTB+bX A rQmH/
HBF2 iQ bBM;H2 Qmi *2/2`#Q`; h?QK�b r?Q ?�b �Hr�vb T`QpB/2/ K2 rBi? ;QQ/ B/2�b BM i?2 Q`B2Mi�iBQMb Q7 Kv
rQ`FX q?2M2p2` A M22/2/ M2r BMbTB`�iBQM- A +QmH/ /Bb+mbb rBi? ?BK �M/ `2Hv QM ?Bb �/pB+2X A rQmH/ HBF2 iQ
i?�MF .2;`Bb h?QK�b 7Q` �HH i?2 p2`v T�bbBQM�i2 +QMp2`b�iBQMb �#Qmi `2BM7Q`+2K2Mi H2�`MBM; �M/ �`iB}+B�H
BMi2HHB;2M+2X >Bb 2�`M2bi 2Mi?mbB�bK �M/ ?Bb `2�/BM2bb iQ /Bb+mbb 7Q` HQM; ?Qm`b Qp2` � i2� �`2 `2T`2b2Mi�iBp2
Q7 i?2 i2�KǶb bTB`BiX A rQmH/ HBF2 iQ K2MiBQM _Qm�M2i SB2``2- i?2 }`bi T2`bQM Q7 i?2 i2�K r?QK A ?�p2 K2i-
�M/ ?�b �Hr�vb b?�`2/ ?Bb 2tT2`B2M+2 iQ �/pBb2 K2X A rQmH/ HBF2 iQ i?�MF �HH i?Qb2 r?Q K�F2 i?Bb i2�K
� biBKmH�iBM; �M/ `2H�t2/ 2MpB`QMK2Mi, G�pBQH2 C2`2Kv- GQT2b J�Mm2H- J�M;BM PHBpB2`- :`BxQm CQM�i?�M-
G�T2v`2 J�ii?B2m- Gv PHBpB2`- GQmBb i2M "Qb+?- "ûMm`2�m 6�#B2M- 6Q`2biB2` aû#�biB2M- aT`�m2H CQM�i?�M-
.�MB2�m 6�#B2M- *�p�BHHû .�KB�M- .2p�mt hBKQi?û2- JQM;2 �H2t�M/`2 �M/ aQHû@"H�M+Q "H�Bb2X

.m`BM; i?2b2 i?`22 v2�`b- A r�b �#H2 iQ Tm#HBb? � 72r T�T2`b QrBM; iQ K�Mv `2�/2`b �M/ i?2B` +QKK2MibX
hQ +Bi2 � 72r M�K2b, aimHT 6`22F- GQT2b J�Mm2H- .2;`Bb h?QK�b- "ûMm`2�m 6�#B2M- 6Q;; >�vH22XXX

6BM�HHv- i?2 r`BiBM; Q7 i?Bb /Bbb2`i�iBQM #2M2}ii2/ 7`QK Bib MmK2`Qmb `2�/2`b �M/ i?2B` ?2HT7mH 722/#�+FX A
rBb? iQ i?�MF i?2 `2pB2r2`b- .2K2`Bb uB�MMBb �M/ :�mbbB2` S?BHBTT2- �M/ i?2 K2K#2`b Q7 i?2 Dm`v- q`2/2
"`Bii�- ai�bb2 PHBpB2` �M/ aB;�m/ PHBpB2`- 7Q` i?2B` T2`mb�H �M/ /2i�BH2/ +QKK2MibX .2;`Bb h?QK�b- *2/2`#Q`;
h?QK�b- JQmHBM@6`B2` *HûK2Mi- "�`�M2b �/`B2M �M/ >BM�mi s�pB2` ?2HT2/ K2 +QMbB/2`�#Hv `�Bb2 i?2 bi�M/�`/
Q7 i?Bb /Bbb2`i�iBQMX

tt
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*H�m/2 a?�MMQM

1
� ai`�i2;B+ G2�`M2` 7Q` GB72@GQM; G2�`MBM;

*QMi2Mib
RXR S`BM+BTH2b Q7 GB72@GQM; G2�`MBM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X k

RXRXR h?2 *?�HH2M;2b Q7 GB72@GQM; G2�`MBM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X k
RXRXk *Q;MBiBp2 .2p2HQTK2Mi�H _Q#QiB+b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9

RXk J2i?Q/b 7Q` GB72@GQM; G2�`MBM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X e
RXkXR �+iBp2 G2�`MBM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X d
RXkXk AMi`BMbB+ JQiBp�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3
RXkXj h2H2QHQ;B+�H G2�`MBM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ry
RXkX9 aQ+B�H :mB/�M+2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ry

RXkX9XR q?�i\ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RR
RXkX9Xk >Qr\ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rj
RXkX9Xj q?2M\ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R9
RXkX9X9 q?Q\ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R8

RXj GBKBi�iBQMb Q7 1�+? J2i?Q/ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Re
RXjXR GBKBi�iBQMb Q7 aQ+B�H :mB/�M+2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Re
RXjXk GBKBi�iBQMb Q7 AMi`BMbB+ JQiBp�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Re
RXjXj *QK#BMBM; aQ+B�H :mB/�M+2 �M/ AMi`BMbB+ JQiBp�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X Rd

RX9 ai`�i2;B+ G2�`MBM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RN
RX9XR .2}MBiBQM Q7 i?2 ai`�i2;B+ G2�`MBM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RN
RX9Xk 6Q`K�HBb�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ky

RX9XkXR 1t�KTH2b Q7 G2�`MBM; S`Q#H2Kb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ky
RX9XkXk 6Q`K�HBb�iBQM Q7 i?2 G2�`MBM; S`Q#H2K X X X X X X X X X X X X X X X X X X X X X X X X X X X kR
RX9XkXj 6Q`K�HBb�iBQM Q7 i?2 ai`�i2;B+ G2�`M2` X X X X X X X X X X X X X X X X X X X X X X X X X X X kk
RX9XkX9 1t�KTH2b Q7 ai`�i2;B+ G2�`M2`b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X kj
RX9XkX8 �H;Q`Bi?KB+ �`+?Bi2+im`2 7Q` � ai`�i2;B+ G2�`M2` X X X X X X X X X X X X X X X X X X X X X kj

_Q#Qib �`2 2tT2+i2/ iQ /2�H rBi? � rB/2 p�`B2iv Q7 i�bFb HBF2 K�MBTmH�iBM; Q#D2+ib Q` BMi2`�+iBM; rBi?
?mK�Mb BM � +?�M;BM; 2MpB`QMK2MiX qBi? i?Bb QmiHQQF- MQi �HH `2H2p�Mi BM7Q`K�iBQM Bb FMQrM �i /2bB;M iBK2X
qBi?Qmi #2BM; `2T`Q;`�KK2/ #v i?2 /2bB;M2`- `Q#Qib b?QmH/ #2 �#H2 #v BMi2`�+iBM; rBi? i?2 T?vbB+�H �M/
bQ+B�H 2MpB`QMK2Mi- iQ H2�`M +mKmH�iBp2Hv MQp2H bFBHHb i?�i r2`2 MQi BMBiB�HHv T`Q;`�KK2/- BM � r�v i?�i
Bb �M�HQ;Qmb iQ ?mK�M /2p2HQTK2MiX h?Bb +?�HH2M;2 `�Bb2b i?2 Bbbm2- �KQM; Qi?2`b- Q7 2tTHQ`�iBQMX a2H7@
2tT2`BK2Mi�iBQM �M/ H2�`MBM; #v bQ+B�H BMi2`�+iBQM �`2 2bb2MiB�H iQ 2tTHQ`2 i?2 2MpB`QMK2MiX

AM b2+iBQM R- r2 /Bb+mbb i?2 T`BM+BTH2b �M/ K2+?�MBbKb 7Q` K�+?BM2b iQ H2�`M i?`Qm;?Qmi i?2B` HBp2bX h?2
+?�HH2M;2b Q7 HB72@HQM; H2�`MBM; Tmi BMiQ `2HB27 i?2 BKTQ`i�M+2 Q7 /�i� +QHH2+iBQM bi`�i2;v 7Q` H2�`MBM;X AM
b2+iBQM k- r2 T`2b2Mi irQ ivT2b Q7 /�i� +QHH2+iBQM KQ/2b- �M/ KQiBp�i2 Qm` bim/v Q7 +QK#BMBM; i?2b2 irQ
KQ/2b BM b2+iBQM jX 6BM�HHv- BM b2+iBQM 9- r2 T`2b2Mi i?2 7`�K2rQ`F Q7 bi`�i2;B+ H2�`MBM; r?B+? Bb Qm` �BKX
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L;mv2M a�Q J�B � ai`�i2;B+ G2�`M2` 7Q` GB72@GQM; G2�`MBM;

RXR S`BM+BTH2b Q7 GB72@GQM; G2�`MBM;

h?2 T`QKBb2 Q7 T2`bQM�H `Q#Qib QT2`�iBM; BM ?mK�M 2MpB`QMK2Mib iQ BMi2`�+i rBi? T2QTH2 QM � /�BHv #�bBb
TQBMib Qmi i?2 BKTQ`i�M+2 Q7 �/�TiBpBivX h?2 `Q#Qi +�M MQ HQM;2` bBKTHv #2 �HH@T`Q;`�KK2/ BM �/p�M+2
#v 2M;BM22`b- �M/ `2T`Q/m+2 �+iBQMb T`2/2bB;M2/ BM 7�+iQ`B2bX Ai M22/b iQ �/�Ti iQ Bib +?�M;BM; �M/ QT2M@
2M/2/ 2MpB`QMK2Mi- K�i+? Bib #2?�pBQm` �M/ H2�`M M2r bFBHHb �b i?2 2MpB`QMK2Mi �M/ mb2`bǶ M22/b 2pQHp2-
BM � r�v r?B+? +�M b2H/QK #2 T`2/B+i�#H2 �i /2bB;M iBK2X h?2`27Q`2 �/�Ti�iBQM �M/ H2�`MBM; M22/
iQ i�F2 TH�+2 �HH �HQM; Bib HB72 iBK2X h?Bb Bb ;2M2`�HHv `272``2/ iQ �b HB72@HQM; H2�`MBM;X h?2 H2�`M2`
b?QmH/ #2 �#H2 iQ �++QKTHBb? M2+2bb�`v bFBHHb- mMbT2+B}2/ �i /2bB;M- BM /Bz2`2Mi 2MpB`QMK2Mi bi�i2b- rBi?Qmi
`2[mB`BM; � bT2+B�HBb2/ 2M;BM22` iQ `2T`Q;`�K Q` `2imM2 �HH i?2 H2�`MBM; T�`�K2i2`b #v ?�M/X GB72@HQM;
H2�`MBM; BMpQHp2b KmHiB@i�bF H2�`MBM; #mi �HbQ �+iBp2 +?QB+2 Q7 i�bFb iQ #2 H2�`M2/X 6`QK Qm` bim/B2b Q7 i?2
+�T�+Biv Q7 #BQHQ;B+�H �;2Mib 7Q` HB72@HQM; H2�`MBM;- r2 +�M B/2MiB7v b2p2`�H +?�HH2M;2b r?B+? �`iB}+B�H �;2Mib
?�p2 iQ 7�+2X J2+?�MBbKb #�b2/ QM i?2Q`B2b Q7 M�im`�H BMi2HHB;2M+2 ?�p2 i?mb ;Bp2M `Bb2 iQ i?2
M2r }2H/ Q7 +Q;MBiBp2 /2p2HQTK2Mi�H `Q#QiB+b- rBi?BM r?B+? b+QT2 r2 7�HHX

RXRXR h?2 *?�HH2M;2b Q7 GB72@GQM; G2�`MBM;

1zQ`ib BM #mBH/BM; T2`bQM�H `Q#Qib BKTHv }`bi #mBH/BM; �M 2{+B2Mi �`iB}+B�H BMi2HHB;2M+2 r?B+? +�M H2�`M �M/
�/�Ti iQ Bib 2MpB`QMK2MiX

�`iB}+B�H BMi2HHB;2M+2 Bb i?2 #`�M+? Q7 +QKTmi2` b+B2M+2 r?B+? bim/B2b �M/ /2bB;Mb BMi2HHB;2Mi �;2MibX h?2
}2H/ r�b 7QmM/2/ QM i?2 ?vTQi?2bBb i?�i � +2Mi`�H T`QT2`iv Q7 M�im`�H BMi2HHB;2M+2 +�M #2 /2b+`B#2/ T`2+Bb2Hv
2MQm;? i?�i Bi +�M #2 bBKmH�i2/ #v � K�+?BM2X h?mb i?2 ?mK�M KBM/ Bb b22M �b i?2 `272`2M+2 �M/ i?2 KQ/2H
7Q` BMi2HHB;2Mi bvbi2KbX hQ #mBH/ �M BMi2HHB;2Mi �`iB}+B�H bvbi2K r2 +QmH/ i?mb ;2i BMbTB`�iBQM 7`QK ?mK�MbX

�+im�HHv- ?mK�Mb �`2 MQi #Q`M rBi? �HH i?2B` bFBHHbX h?2v H2�`M i?`Qm;?Qmi +?BH/?QQ/ iQ �/mHi?QQ/
�M/ i?2B` #`�BMb +?�M;2 +QMbi�MiHvX h?Bb Bb `272``2/ iQ �b M2m`QTH�biB+BivX L2m`QM�H bim/B2b ?�p2
?�p2 +H�bbB}2/ i?2b2 +?�M;2b BMiQ i?`22 +�i2;Q`B2b, RV +?�M;2b BM i?2 7mM+iBQM�H Q`;�MBb�iBQM Q7 i?2 #`�BM
r?2M i?2 bi`2M;i? Q7 2tBbiBM; bvM�TiB+ +QMM2+iBQMb p�`B2b- +�HH2/ 7mM+iBQM�H TH�biB+Bivc kV +?�M;2b BM bvM�TiB+
+QMM2+iBQMb +�HH2/ bi`m+im`�H TH�biB+Biv c jV #B`i? Q7 #`�BM +2HHb- +�HH2/ M2m`Q;2M2bBbX 6Q` BMbi�M+2- :HQ#mb
�M/ a+?2B#2H URNedV b?Qr2/ i?�i /2T`BpBM; `�##Bib Q7 pBbm�H biBKmHB 2Mi�BHb +?�M;2b BM bTBM2 KQ`T?QHQ;v
BM i?2 pBbm�H +Q`i2tX JQ`2 ;2M2`�HHv- H2�`MBM; �M/ K2KQ`v +QMbQHB/�iBQM Bb +QMiBMmQmbHv Q++m``BM; U.m/�B-
kyRkVX lM7Q`imM�i2Hv- bQK2iBK2b K�H�/�TiBp2 TH�biB+Biv Q++m`b �M/ `2bmHib BM T?2MQK2M� BM r?B+? � T2`bQM
+QMiBMm2b iQ 722H T�BM Q` b2Mb�iBQM rBi?BM � T�`i Q7 i?2B` #Q/v r?B+? ?�b #22M �KTmi�i2/X h?Bb T?2MQK2M�
?�b #22M M�K2/ i?2 T?�MiQK HBK# �M/ ?�b #22M 2ti2MbBp2Hv /2b+`B#2/ BM U_�K�+?�M/`�M- RNNNVX h?Bb
+�T�+Biv Q7 i?2 #`�BM iQ �/�Ti ?�b H2/ iQ rQ`Fb BM i`2�iK2Mi Q7 #`�BM /�K�;2 bm+? �b b2MbQ`v bm#biBimiBQMX
A7 QM2 b2Mb2 Bb /�K�;2/- �MQi?2` b2Mb2 +�M bQK2iBK2b i�F2 Qp2`X 6Q` BMbi�M+2- "�+?@v _Bi� URNedV bim/B2/
?Qr iQ bm#biBimi2 � `2iBM� rBi? bFBM �M/ iQm+? `2+2TiQ`bX

6`QK i?2b2 Q#b2`p�iBQMb BM Qm` #2?�pBQm` �M/ BM Qm` #`�BM- Bi Bb `2�bQM�#H2 iQ �M�Hvb2 �M/ T`QTQb2
K2+?�MBbKb iQ 2KmH�i2 bm+? BMi2HHB;2M+2 BM K�+?BM2b �M/ `Q#QibX h?2b2 K2+?�MBbKb ?�p2 iQ 7�+2 i?2
+?�HH2M;2b Q7 ,

Ç biQ+?�biB+Biv, i?2 b�K2 �+iBQM `2T2�i2/ #v �M �;2Mi b2p2`�H iBK2b +�M +�mb2 /Bz2`2Mi Qmi+QK2bX
h?2b2 Qmi+QK2b +�M �HbQ Q++m` rBi? p�`vBM; /2H�vX h?2 iBK2 �i r?B+? i?2 �;2Mi `2+2Bp2b Q` T2`+2Bp2b
i?2 `2bmHiBM; bi�i2 +�M #2 biQ+?�biB+X h?2 K�TTBM; #2ir22M i?2 �+iBQM TQHB+B2b �M/ i?2 Qmi+QK2b Bb
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;2M2`�HHv MQi � bBKTH2 7mM+iBQM- � QM2 iQ QM2 K�TTBM;X Ai Bb ;2M2`�HHv #2ii2` /2b+`B#2/ #v � T`Q#�#BHBiv
/2MbBiv #2ir22M TQHB+B2b �M/ Qmi+QK2bX

Ç ?B;?@/BK2MbBQM�HBiv, L2r #Q`Mb }M/ i?2Kb2Hp2b BM � Ǵ#HQQKBM; �M/ #mxxBM; +QM7mbBQMǴ �b /2b+`B#2/
#v UC�K2b- R3NyVX h?2v ?�p2 iQ };m`2 Qmi i?2 K2�MBM; Q7 �HH i?2 bQmM/b- iQm+?2b- bK2HHb- i�bi2b-
+QHQm`b- BK�;2bXXX �M/ H2�`M ?Qr iQ mb2 i?2B` bQK2 e8y Kmb+H2b- BM Q`/2` iQ +QMi`QH i?2B` b2MbQ`BKQiQ`
bT�+2X SQHB+B2b i?�i i?2 H2�`MBM; �;2Mi +�M T2`7Q`K �M/ Qmi+QK2b i?�i +�M #2 `2bmHi2/ K�v HB2 BM p2`v
?B;?@/BK2MbBQM�H bT�+2bX h?2 pQHmK2b Q7 i?2b2 bT�+2b BM+`2�b2 �b i?2B` /BK2MbBQM�HBiB2b ;`QrX h?2
H2�`M2` 7�+2b r?�i ?�b #22M M�K2/ i?2 +m`b2 Q7 /BK2MbBQM�HBiv U"Bb?QT- kyydVX a�KTHBM; �M/ H2�`MBM;
/2+`2�b2b BM 2{+B2M+v �b i?2 /BK2MbBQM�HBiv Q7 i?2 2MpB`QMK2Mi BM+`2�b2bX 6Q` 2t�KTH2- `�M/QK
KQiQ` 2tTHQ`�iBQM Bb #QmM/ iQ 7�BH 7Q` #mBH/BM; 7Q`r�`/ Q` BMp2`b2 KQ/2Hb i?`Qm;? `2;`2bbBQM BM ?B;?@
/BK2MbBQM- �b b?Qr2/ "�`�M2b �M/ Pm/2v2` UkyRjVX h?mb- /Bb+Qp2`BM; bi`m+im`2 BM i?2B` b2MbQ`BKQiQ`
bT�+2 �M/ H2�`MBM; M2r bFBHHb BM bm+? �M 2MpB`QMK2Mi +�M b22K /�mMiBM;X

Ç mMH2�`M�#BHBiv, h?2`2 �`2 p2`v H�`;2 `2;BQMb Q7 i?2 b2MbQ`BKQiQ` bT�+2b 7Q` r?B+? T`2/B+iBp2 Q`
+QMi`QH KQ/2Hb +�MMQi #2 H2�`Mi �i � ;Bp2M KQK2Mi BM iBK2 Q` 2p2M �i �Mv KQK2Mi BM iBK2X aQK2
Qi?2` `2;BQMb Q7 i?2 b2MbQ`BKQiQ` bT�+2 �`2 mMH2�`M�#H2 �i � ;Bp2M KQK2Mi Q7 iBK2f/2p2HQTK2Mi- #mi
K�v #2+QK2 H2�`M�#H2 H�i2` QMX 6Q` BMbi�M+2- H2�`MBM; iQ TH�v i2MMBb Bb BKTQbbB#H2 7Q` � +?BH/ r?Q
/Q2b MQi 2p2M FMQr ?Qr iQ ;`�bT � bTQQMX Ai QMHv #2+QK2b TQbbB#H2 H�i2` r?2M i?2 +?BH/ ?�b �+[mB`2/
M2+2bb�`v bFBHHb i?�i ?2 +�M `2mb2 iQ TH�v i2MMBbX aQK2 Q7 i?2b2 `2;BQMb Q7 i?2 b2MbQ`BKQiQ` bT�+2 �`2
/2}MBiBp2Hv mMH2�`M�#H2X 6Q` 2t�KTH2- i`vBM; iQ +QMi`QH i?2 KQp2K2Mi Q7 i?2 bmM Bb BKTQbbB#H2 7Q`
#�#B2b �b r2HH �b �/mHibX �M BM/BpB/m�H Bb MQi iQH/ �i #B`i? i?2 �/2[m�i2 +�mb�H ;`QmTBM;b Q7 p�`B�#H2b
?2 K�v Q#b2`p2 MQ` r?�i ?2 +�M +QMi`QHX _�i?2`- ?2 /Bb+Qp2`b #v ?BKb2H7 r?B+? �`2 i?2 b2MbB#H2
+Q``2H�iBQMb �M/ +�mb�HBiB2bX

Ç mM#QmM/2/M2bb, 1p2M B7 i?2 H2�`MBM; �;2Mi r2`2 iQH/ r?�i Bb H2�`M�#H2 �M/ r?�i Bb MQi �i � KQK2Mi
BM iBK2- i?2 b2i Q7 H2�`M�#H2 �bbQ+B�iBQMb #2ir22M KQiQ` +QKK�M/b �M/ b2MbQ`v 722/#�+F Bb biBHH BM}MBi2
�M/ +�M MQi #2 �HH i2bi2/ rBi?BM � HB72iBK2X G2i mb i�F2 i?2 2t�KTH2 Q7 � #�#v i`vBM; iQ 2tTHQ`2 ?Bb
2MpB`QMK2Mi- #Qi? Rf K�TTBM; KQiQ` +QKK�M/b iQ b2MbQ`v 722/#�+F- r?B+? r2 +�HH FMQrH2/;2 Q`
T`2/B+iBp2 KQ/2H- �M/ kf K�TTBM; b2MbQ`v 722/#�+F iQ KQiQ` +QKK�M/b r?B+? r2 +�HH bFBHHb Q` BMp2`b2
KQ/2HbX q2`2 i?2 #�#v #2 ;Bp2M � #�HH- i?2`2 Bb � p2`v H�`;2 �KQmMi Q7 #Qi? FMQrH2/;2 �M/ bFBHHb
iQ #2 H2�`Mi, H2�`MBM; iQ i?`Qr i?2 #�HH BM p�`BQmb #Qt2b BM i?2 `QQK- �i p�`BQmb /Bbi�M+2b- rBi? �
p�`BQmb MmK#2` Q7 #QmM+2b- mbBM; p�`BQmb T�`ib Q7 i?2 #Q/v U?�M/b- b?QmH/2`b- ?2�/- H2;b- XXXVX LQr
BK�;BM2 r?�i i?2 b�K2 +?BH/ K�v H2�`M rBi? �HH i?2 Qi?2` iQvb �M/ Q#D2+ib BM i?2 `QQK- i?2M rBi? �HH
i?2 Q#D2+ib BM i?2 ?Qmb2 �M/ QM 1�`i?X 1p2M rBi? MQ BM+`2�b2 Q7 +QKTH2tBiv- i?2 +?BH/ +QmH/ #�bB+�HHv
�Hr�vb }M/ bQK2i?BM; iQ H2�`MX �+im�HHv- i?Bb rQmH/ 2p2M �TTHv B7 i?2`2 rQmH/ #2 MQ Q#D2+ib Q` MQ
?Qmb2 �`QmM/ i?2 +?BH/, i?2 b2i Q7 bFBHHb ?2 +QmH/ H2�`M iQ /Q rBi? ?Bb bQH2 QrM #Q/v- +QM+2Tim�HBb2/ �b
�M ǳQ#D2+ifiQQHǴ iQ #2 /Bb+Qp2`2/ �M/ H2�`Mi- Bb �H`2�/v mM#QmM/2/X >2 i?mb /Bb+Qp2`b i?2 b2MbQ`BKQiQ`
bT�+2 Q7 ?Bb QrM #Q/v- r?B+? Bb +�HH2/ ?Bb T`QT`BQ+2TiBQMX G2�`MBM; BM 2p2`v/�v ?mK�M 2MpB`QMK2Mi
i?mb TQb2b i?2 T`Q#H2K Q7 QT2M@2M/2/ H2�`MBM;, i?2 H2�`M2` Kmbi /2+B/2 r?�i bFBHH Bi b?QmH/ BKT`Qp2
�M/ r?B+? M2r bFBHH ?2 b?QmH/ 2tTHQ`2X Ai #�H�M+2b #2ir22M bT2+B�HBb�iBQM �M/ ;2M2`�HBb�iBQM- #2ir22M
;QQ/ K�bi2`v Q7 bFBHHb �M/ � K�bi2`v Q7 � rB/2 p�`B2iv Q7 bFBHHbX AM QT2M@2M/2/ H2�`MBM;- 2tTHQ`BM; �HH
HQ+�HBiB2b BM � HB72iBK2 rBi? � +QMbi�Mi /2MbBiv Bb BKTQbbB#H2X h?2 B/2MiB}+�iBQM Q7 BMi2`2biBM; bm#bT�+2b
#2+QK2b +`m+B�HX
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RXRXk *Q;MBiBp2 .2p2HQTK2Mi�H _Q#QiB+b

hQ �//`2bb i?2 T`Q#H2K Q7 `Q#QiB+ H2�`MBM; BM M�im`�H 2MpB`QMK2Mib- �TT`Q�+?2b BMbTB`2/ #v M�im`�H BMi2HHB;2Mi
bvbi2Kb ?�p2 /2p2HQT2/X UGmM;�`2HH� 2i �HX- kyyjc �b�/� 2i �HX- kyyNc S72B72` �M/ a+?2B2`- RNNNc Pm/2v2`-
kyRR#V ?�p2 `2T?`�b2/ i?2 T`Q#H2K �b, *�M � `Q#Qi H2�`M HBF2 � +?BH/\ *�M Bi H2�`M � p�`B2iv Q7 M2r bFBHHb �M/
M2r FMQrH2/;2 mMbT2+B}2/ �i /2bB;M iBK2 �M/ BM � T�`iB�HHv mMFMQrM �M/ +?�M;BM; 2MpB`QMK2Mi\ >Qr +�M
Bi /Bb+Qp2` Bib #Q/v �M/ Bib `2H�iBQMb?BTb rBi? i?2 T?vbB+�H �M/ bQ+B�H 2MpB`QMK2Mi\ >Qr +�M Bib +Q;MBiBp2
+�T�+BiB2b +QMiBMmQmbHv /2p2HQT rBi?Qmi i?2 BMi2`p2MiBQM Q7 �M 2M;BM22`\ q?�i +�M Bi H2�`M i?`Qm;? M�im`�H
bQ+B�H BMi2`�+iBQMb rBi? ?mK�Mb\ h�FBM; BMbTB`�iBQM 7`QK /2p2HQTK2Mi�H Tbv+?QHQ;v- M2m`Qb+B2M+2b-
#BQHQ;v �M/ HBM;mBbiB+b- i?2b2 �TT`Q�+?2b mb2 T`BM+BTH2b Q7 ,

Ç /2p2HQTK2Mi , Bi BM/B+�i2b i?2 T`Q;`2bbBp2 2pQHmiBQM Q7 �#BHBiB2b �M/ bFBHHbX AM/22/- U?mK�M Q` Q7
Qi?2` bT2+B2bV #�#B2bǶ �#BHBiB2b �`2 7�` 7`QK i?2 �/mHibǶX AMi2HHB;2M+2 Bb �+[mB`2/ i?`Qm;? � T`QHQM;2/
T2`BQ/ Q7 K�im`�iBQM �M/ ;`Qri? /m`BM; r?B+? � bBM;H2 72`iBHBb2/ 2;; }`bi im`Mb BMiQ �M 2K#`vQ-
i?2M ;`Qrb BMiQ � M2r#Q`M #�#v- �M/ 2p2Mim�HHv #2+QK2b �M �/mHi BM/BpB/m�H r?B+?- ivTB+�HHv #27Q`2
;`QrBM; QH/ �M/ /vBM;- `2T`Q/m+2bX 1p2M BM �/mHi?QQ/- i?2 ?mK�M #`�BM +?�M;2b �M/ �/�Tib iQ i?2
+?�M;2b Q7 ?Bb #Q/v �M/ 2MpB`QMK2MiX h?2 T`Q+2bb2b mM/2`HvBM; /2p2HQTK2Mi�H +?�M;2b �`2 BM?2`2MiHv
`Q#mbi �M/ ~2tB#H2 �b /2KQMbi`�i2/ #v i?2 �K�xBM; �#BHBiv Q7 #BQHQ;B+�H Q`;�MBbKb iQ /2pBb2 �/�TiBp2
bQHmiBQMb iQ +QT2 rBi? 2MpB`QMK2Mi�H +?�M;2b BM iBK2 �M/ bT�+2 �M/ ;m�`�Mi22 i?2B` bm`pBp�HX "2+�mb2
2pQHmiBQM ?�b b2H2+i2/ /2p2HQTK2Mi �b i?2 T`Q+2bb i?`Qm;? r?B+? iQ `2�HBb2 bQK2 Q7 i?2 ?B;?2bi FMQrM
7Q`Kb Q7 BMi2HHB;2M+2- Bi Bb `2�bQM�#H2 iQ �bbmK2 i?�i /2p2HQTK2Mi Bb K2+?�MBbiB+�HHv +`m+B�H iQ 2KmH�i2
bm+? BMi2HHB;2M+2 BM K�+?BM2b �M/ Qi?2` ?mK�M@K�/2 �`i27�+ibX JQ`2 T`2+Bb2Hv- Bi Bb BKTQbbB#H2 iQ
T`2@T`Q;`�K �HH bFBHHb iQ T`2T�`2 �;2Mib iQ �HH bBim�iBQMbX PM i?2 +QMi`�`v- i?2v M22/ �/�Ti�iBQM
K2+?�MBbKb iQ 2pQHp2 �M/ /2p2HQT BM i?2B` T2`bQM�H 2MpB`QMK2Mi- i?`Qm;? /2p2HQTK2Mi�H bi�;2b �b
/2b+`B#2/ #v SB�;2i USB�i2`- RN8kVX

Ç �+iBQM T2`+2TiBQM HQQT, KQp2K2Mib �`2 KQ/mH�i2/ #v T2`+2Tim�H BM7Q`K�iBQM iQ BMbm`2 �
7mM+iBQM�HHv Q`;�MBb2/ �M/ �/�Ti2/ `2bTQMb2X *QMp2`b2Hv- �b r2 KQp2 �M/ BM~m2M+2 i?2 2MpB`QMK2Mi-
i?2 T2`+2Tim�H BM7Q`K�iBQM p�`B2bX S2`+2TiBQM �M/ �+iBQM 7Q`K � +QMiBMmQmb HQQTX �++Q`/BM; iQ :B#bQM
URN3eV, Ǵr2 Kmbi T2`+2Bp2 BM Q`/2` iQ KQp2- #mi r2 Kmbi �HbQ KQp2 BM Q`/2` iQ T2`+2Bp2ǴX h?2 +v+H2
Q7 T2`+2Tim�H +?�M;2b �M/ KQiQ` `2bTQMb2b Bb /vM�KB+ �M/ +QMiBMmQmbX JQp2K2Mi Bb 2bb2MiB�H 7Q`
T2`+2Tim�H /2p2HQTK2MiX >2H/ �M/ >2BM URNejV b?Qr2/ i?�i T`2b2MiBM; pBbm�H biBKmHB `2bmHiBM; 7`QK
T�bbBp2 KQiBQM �M/ MQi 7`QK Bib QrM KQiBQM iQ � +�i /2T`Bp2/ i?2 +�i 7`QK Bib �#BHBiv iQ KQp2 #v Bib2H7X
a2H7@T`Q/m+2/ KQp2K2Mi rBi? Bib +Q``2bTQM/BM; pBbm�H 722/#�+F Bb M2+2bb�`v 7Q` i?2 /2p2HQTK2Mi Q7
pBbm�HHv@;mB/2/ #2?�pBQm`X h?Bb 2tT2`BK2Mi i?mb QmiHBM2b i?2 BKTQ`i�M+2 Q7 i?2 T2`+2TiBQM@�+iBQM
HQQTX

Ç 2M�+iBpBbK , BMi`Q/m+2/ #v o�`2H� 2i �HX URNNRV- 2M�+iBpBbK ?vTQi?2bBb2b i?�i +Q;MBiBQM Bb #�b2/
QM bBim�i2/- 2K#Q/B2/ �;2MibX Ai Bb � i?2Q`2iB+�H �TT`Q�+? iQ mM/2`bi�M/BM; i?2 KBM/ r?B+?
2KT?�bBb2b i?2 r�v i?�i Q`;�MBbKb �M/ ?mK�M KBM/ Q`;�MBb2 i?2Kb2Hp2b #v BMi2`�+iBM; rBi? i?2
2MpB`QMK2MiX 1M�+iBpBbK i?mb mb2b i?2 MQiBQM Q7 2K#Q/BK2Mi U"`QQFb- RNNRc S72B72` �M/ a+?2B2`-
RNNNV �M/ �+iBQM 7Q` +Q;MBiBQM- r?B+? ?vTQi?2bBb2b i?�i i?2 KBM/ Bb H�`;2Hv /2i2`KBM2/ #v i?2 7Q`K
Q7 i?2 Q`;�MBbKǶb #Q/v �M/ i?2 �+iBQMb Bi +�M /QX h?2 2K#Q/B2/ +Q;MBiBQM Bb ;`QmM/2/ QM b2H7@
2tT2`B2M+2X 1M�+iBpBbK Bb �HbQ `2H�i2/ iQ i?2 MQiBQM Q7 bBim�i2/ +Q;MBiBQM- r?B+? �`;m2b i?�i FMQrBM;
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Bb BMb2T�`�#H2 7`QK /QBM; �b �HH FMQrH2/;2 Bb bBim�i2/ BM �+iBpBiv #QmM/ iQ bQ+B�H- +mHim`�H �M/ T?vbB+�H
+QMi2tibX h?2 r�v r2 +QM+2Tim�HBb2 �M/ `2�bQM /2T2M/b QM Ǵi?2 FBM/b Q7 #Q/B2b r2 ?�p2- i?2 FBM/b
Q7 2MpB`QMK2Mib r2 BM?�#Bi- �M/ i?2 bvK#QHB+ bvbi2Kb r2 BM?2`Bi- r?B+? �`2 i?2Kb2Hp2b ;`QmM/2/ BM
Qm` 2K#Q/BK2MiǴUCQ?MbQM- RN3dVX h?2 KBM/ #mBH/b 7`QK i?2 T2`bQM�H ?BbiQ`v Q7 2�+? �;2Mi Q7 ?Bb
b2MbQ`BKQiQ` T2`+2TiBQM- �M/ Bb MQi K2`2 K�MBTmH�iBQM Q` QT2`�iBQMb Q7 �#bi`�+iBQMbX _2b2�`+?2`b
7`QK M2m`Qb+B2M+2- �Mi?`QTQHQ;v- HBM;mBbiB+b- T?BHQbQT?v- Tbv+?QHQ;v- +QKTmi2` b+B2M+2- �`iB}+B�H
BMi2HHB;2M+2 �M/ `Q#QiB+b +QMp2`;2 iQ i?2 +QM+HmbBQM i?�i #`�BMb- 2MpB`QMK2Mib �M/ #Q/B2b �`2 +QmTH2/X
*Q;MBiBp2 T`Q+2bb2b 2K2`;2 7`QK i?2 2pQHmiBQM Q7 � #Q/v rBi? bT2+B}+ BMBiB�H b2MbQ`BKQiQ` +�T�+BiB2b
BMi2`�+iBM; rBi? Bib 2MpB`QMK2MiX

Ç i`B�H@�M/@2``Q`, i?Bb B/2� +QK2b 7`QK i?2 2M�+iBpBbK +QM+2TiX h`B�H@�M/@2``Q` Bb +?�`�+i2`Bb2/ #v
`2T2�i2/ �ii2KTib mMiBH bm++2bb Q` �#�M/QMK2MiX h?Q`M/BF2 UR3N3V Q#b2`p2/ i?2 #2?�pBQm` Q7 +�ib
i`vBM; iQ 2b+�T2 7`QK ?QK2@K�/2 TmxxH2 #Qt2b �M/ 2bi�#HBb?2/ i?�i i?2B` #2?�pBQm` Bb BKT`Qp2/ #v
2tT2`B2M+2X �b i?2 �;2Mi H2�`Mb 7`QK Bib T2`bQM�H 2tT2`B2M+2- Bi M22/b iQ �+i QM i?2 2MpB`QMK2Mi
iQ K2�bm`2 i?2 Qmi+QK2 Q7 Bib �+iBQMb iQ BKT`Qp2 Bib FMQrH2/;2 �#Qmi i?2 2MpB`QMK2MiX h`B�H �M/
2``Q` +�M #2 b22M �b QM2 Q7 i?2 irQ #�bB+ �TT`Q�+?2b iQ T`Q#H2K bQHpBM; Q` FMQrH2/;2 �+[mBbBiBQM- BM
+QMi`�bi iQ �M �TT`Q�+? mbBM; BMbB;?i �M/ i?2Q`vX

_Q#QiB+ �TT`Q�+?2b mbBM; i?2b2 T`BM+BTH2b- �M/ KQ`2 ;2M2`�HHv BMbTB`�iBQM 7`QK M�im`�H BMi2HHB;2Mi bvbi2Kb
�`2 +�HH2/ +Q;MBiBp2 /2p2HQTK2Mi�H `Q#QiB+b- �HbQ FMQrM �b 2TB;2M2iB+ `Q#QiB+bX Ai Bb � ?B;?Hv BMi2`/Bb+BTHBM�`v
bm#}2H/ Q7 `Q#QiB+b BM r?B+? B/2�b 7`QK �`iB}+B�H BMi2HHB;2M+2- /2p2HQTK2Mi�H Tbv+?QHQ;v- M2m`Qb+B2M+2- �M/
/vM�KB+�H bvbi2Kb i?2Q`v TH�v � TBpQi�H `QH2 BM KQiBp�iBM; i?2 `2b2�`+?X h?2 K�BM ;Q�H Q7 /2p2HQTK2Mi�H
`Q#QiB+b Bb iQ KQ/2H i?2 /2p2HQTK2Mi Q7 BM+`2�bBM;Hv +QKTH2t +Q;MBiBp2 T`Q+2bb2b �M/ iQ mM/2`bi�M/ ?Qr
bm+? T`Q+2bb2b 2K2`;2 i?`Qm;? T?vbB+�H �M/ bQ+B�H BMi2`�+iBQM BM M�im`�H �M/ �`iB}+B�H bvbi2KbX Ai i?mb HBMFb
�`iB}+B�H iQ M�im`�H bvbi2Kb �M/ +QMp2`b2HvX PM i?2 QM2 ?�M/- Bi i�`;2ib i�bF@BM/2T2M/2Mi �`+?Bi2+im`2b
�M/ H2�`MBM; K2+?�MBbKb 7Q` �`iB}+B�H bvbi2Kb i?�i 2M�#H2 i?2K iQ H2�`M M2r i�bFb mMFMQrM iQ i?2
/2bB;M2`fT`Q;`�KK2`- �HHQrBM; i?2 +QKTH2tBiv Q7 �+[mB`2/ bFBHHb iQ BM+`2�b2 T`Q;`2bbBp2Hv BM HB72@HQM; H2�`MBM;X
hQ #mBH/ 2{+B2Mi K�+?BM2b- Bi i�F2b BMbTB`�iBQM 7`QK i?2 HBpBM; rQ`H/X +Q;MBiBp2 /2p2HQTK2Mi�H `Q#QiB+b
�TT`Q�+?2b ?�p2 `2+2MiHv ;`QrM TQTmH�` #2+�mb2 Q7 i?2B` T`QKBbBM; `2bmHib iQ #mBH/ 2{+B2Mi �`iB}+B�H
BMi2HHB;2M+2 bvbi2Kb iQ 2pQHp2 BM /�BHv 2MpB`QMK2MibX PM i?2 Qi?2` ?�M/- +Q;MBiBp2 /2p2HQTK2Mi�H `Q#QiB+b
mb2b K�+?BM2b �b iQQHb 7Q` mM/2`bi�M/BM; i?2 HBpBM;X _Q#Qib �`2 ivTB+�HHv 2KTHQv2/ �b i2biBM; TH�i7Q`Kb 7Q`
i?2Q`2iB+�H KQ/2Hb Q7 i?2 2K2`;2M+2 �M/ /2p2HQTK2Mi Q7 �+iBQM �M/ +Q;MBiBQMX A7 � KQ/2H Bb BMbi�MiB�i2/
BM � bvbi2K 2K#2//2/ BM i?2 `2�H rQ`H/- � HQi +�M #2 H2�`M2/ �#Qmi Bib bi`2M;i?b �M/ TQi2MiB�H ~�rbX
lMHBF2 2pQHmiBQM�`v `Q#QiB+b r?B+? QT2`�i2b QM T?vHQ;2M2iB+ iBK2 b+�H2b �M/ TQTmH�iBQMb Q7 K�Mv BM/BpB/m�Hb-
/2p2HQTK2Mi�H `Q#QiB+b +�TBi�HBb2b QM ǳb?Q`iǴ QMiQ;2M2iB+ iBK2 b+�H2b �M/ bBM;H2 BM/BpB/m�Hb Q` bK�HH ;`QmTb
Q7 BM/BpB/m�HbX .2p2HQTK2Mi�H `Q#QiB+b /2p2HQTb +QKTmi�iBQM�H bvbi2Kb iQ KQ/2H �M/ 2tT2`BK2Mi i?2Q`B2b
7`QK /2p2HQTK2Mi�H b+B2M+2b r?B+? MQi QMHv �`2 � K2�Mb iQ #mBH/ KQ`2 p2`b�iBH2 �M/ �/�TiBp2 K�+?BM2b-
#mi �`2 �HbQ �b K2�Mb iQ 2p�Hm�i2 i?2 +Q?2`2M+2 Q7 i?2b2 �H;Q`Bi?Kb �M/ � K2�Mb iQ 2tTHQ`2 �Hi2`M�iBp2
2tTH�M�iBQMb 7Q` mM/2`bi�M/BM; #BQHQ;B+�H /2p2HQTK2MiX

Pm` rQ`F Bb ;`QmM/2/ QM i?2 T`BM+BTH2b Q7 /2p2HQTK2Mi�H H2�`MBM;- 2K#Q/BK2Mi �M/ i`B�H �M/ 2``Q`X JQ`2
T`2+Bb2Hv- Qm` �TT`Q�+? #2HQM;b iQ +Q;MBiBp2 /2p2HQTK2Mi�H `Q#QiB+b- HBMFBM; M�im`�H �M/ �`iB}+B�H bvbi2Kb
BM #Qi? /B`2+iBQMbX AM +?�Ti2`b k iQ 9- r2 �BK �i #mBH/BM; �M 2{+B2Mi /�i� +QHH2+iBQM bi`�i2;v 7Q` �`iB}+B�H
bvbi2Kb H2�`MBM; #v mbBM; i?2Q`B2b Q7 +Q;MBiBp2 b+B2M+2b QM M�im`�H bvbi2KbX AM +?�Ti2` 8- r?BH2 i2biBM; i?�i
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42

Unreachable Space of Outcomes (Unlearnable)

6B;m`2 RXkXR, G2�`MBM; 7Q`r�`/ KQ/2H 7Q` KQiQ` +QMi`QH +QMbBbib BM T`2/B+iBM; i?2 Qmi+QK2b Q7 i?2
2t2+miBQM Q7 � ;Bp2M TQHB+B2b BM � ;Bp2M +QMi2tiX G2�`MBM; BMp2`b2 KQ/2H +QMbBbib BM +?QQbBM; � ;QQ/
TQHB+v iQ T`Q/m+2 � ;Bp2M Qmi+QK2 7`QK � ;Bp2M +QMi2tiX JQ/2Hb +�M #2 biQ+?�biB+ , `2T2�iBM; π3 BM
+QMi2ti C2 +�M H2�/ iQ /Bz2`2Mi Qmi+QK2b A3 �M/ A4X JQ/2Hb +�M #2 `2/mM/�Mi , #Qi? TQHB+B2b π1
�M/ π2 T`Q/m+2 Qmi+QK2 A2 7`QK +QMi2ti C2X h?2 2MpB`QMK2Mi +�M #2 BM?QKQ;2M2Qmb rBi? `2�+?�#H2
�M/ mM`2�+?�#H2 T�`ib BM i?2 Qmi+QK2 bT�+2X

Qm` /�i� +QHH2+iBQM bvbi2K Bb biBHH 2{+B2Mi rBi? �MQi?2` BMbi�MiB�iBQM- r2 b?Qr i?�i Qm` bvbi2K +�M KQ/2H
i?2 /2p2HQTK2Mi Q7 pQ+�HBb�iBQM Q#b2`p2/ BM +?BH/ Tbv+?QHQ;v �M/ i?mb mb2 �M �H;Q`Bi?KB+ �`+?Bi2+im`2 iQ
bim/v +?BH/ /2p2HQTK2MiX

GB72@HQM; H2�`MBM; #v `Q#Qib iQ �+[mB`2 KmHiBTH2 bFBHHb BM mMbi`m+im`2/ 2MpB`QMK2Mib TQb2b +?�HH2M;2b Q7
MQi QMHv T`2/B+iBM; i?2 +QMb2[m2M+2b Q` Qmi+QK2b Q7 i?2B` �+iBQMb QM i?2 2MpB`QMK2Mi- #mi �HbQ H2�`MBM;
r?B+? �+iBQMb +�mb2 /2bB`2/ Qmi+QK2bX h?2 b2i Q7 TQbbB#H2 Qmi+QK2b +�M #2 BM H�`;2 �M/ ?B;?@/BK2MbBQM�H
b2MbQ`BKQiQ` bT�+2b- r?BH2 i?2 T?vbB+�H 2K#2//BM; Q7 `Q#Qib �HHQrb QMHv HBKBi2/ iBK2 7Q` +QHH2+iBM; i`�BMBM;
/�i�X hQ �//`2bb i?2b2 +?�HH2M;2b Q7 HB72@HQM; H2�`MBM;- r2 ;2i BMbTB`2/ KQ`2 bT2+B}+�HHv #v i?2 T`BM+BTH2b Q7
�+iBp2 H2�`MBM;- BMi`BMbB+ KQiBp�iBQM- i2H2QHQ;B+�H H2�`MBM;- �M/ bQ+B�HHv ;mB/2/ H2�`MBM;X AM i?2 M2ti b2+iBQM-
r2 /2b+`B#2 BM /2i�BH ?Qr i?2b2 BMbTB`�iBQMb ?�p2 BM~m2M+2/ K�+?BM2 H2�`MBM;- �M/ ?Qr Bi BM~m2M+2b Qm`
rQ`FX

RXk J2i?Q/b 7Q` GB72@GQM; G2�`MBM;

_Q#Qi �`2 B/2�HHv �#H2 iQ T2`7Q`K b2p2`�H i�bFb- �M/ iQ H2�`M i�bFb +mKmH�iBp2HvX u2iX H2�`MBM; Q7 M2r �+iBQM
bFBHHb Bb � /B{+mHi T`Q#H2K #2+�mb2 i?2B` b2MbQ`BKQiQ` bT�+2b �`2 H�`;2 �M/ ?B;?@/BK2MbBQM�H- �M/ �i i?2 b�K2
iBK2 i?2B` T?vbB+�H 2K#2//BM; �HHQrb QMHv HBKBi2/ iBK2 7Q` +QHH2+iBM; i`�BMBM; /�i�X h?mb- H2�`MBM; Kmbi #2
�bbQ+B�i2/ iQ K2+?�MBbKb 7Q` ;mB/2/ 2tTHQ`�iBQMX 1tTHQ`�iBQM K2i?Q/b /2p2HQT2/ BM i?2 `2+2Mi v2�`b
+�M #2 +H�bbB}2/ BMiQ irQ BMi2`�+iBM; ivT2b Q7 ;mB/�M+2, RV bQ+B�HHv ;mB/2/ 2tTHQ`�iBQM UL2?�MBp
�M/ .�mi2M?�?M- kyydc "BHH�`/ 2i �HX- kyydc �`;�HH 2i �HX- kyyNVc kV BMi2`M�HHv ;mB/2/ 2tTHQ`�iBQM �M/
BM T�`iB+mH�` BMi`BMbB+�HHv KQiBp�i2/ 2tTHQ`�iBQM Ua+?KB/?m#2`- RNNR�c "�`iQ 2i �HX- kyy9#c Pm/2v2`
2i �HX- kyydVX q2 +�HH i?2b2 irQ K2i?Q/b 7Q` /�i� +QHH2+iBQM b�KTHBM; KQ/2bX

AM i?Bb b2+iBQM r2 /2i�BH i?2 ;2M2`�H K2i?Q/b 7Q` H2�`MBM;- rBi? � T�`iB+mH�` 7Q+mb QM KQiQ` H2�`MBM;X h?2

e
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`Q#Qi M22/b iQ FMQr ?Qr iQ �+i QM Bib 2MpB`QMK2Mi iQ T`Q/m+2 /Bz2`2Mi 2z2+ib Q` Qmi+QK2b- Bi ?�b iQ �/�Ti
Bib �+iBQMb �M/ KQp2K2Mib iQ i?2 bi�i2 Q7 i?2 2MpB`QMK2Mi �M/ iQ i?2 i�bF iQ +QKTH2i2X AM i?2 7QHHQrBM;- r2
`272` iQ ,

Ç i?2 bi�i2 Q7 i?2 2MpB`QMK2Mi T`BQ` iQ i?2 �+iBQM �b i?2 +QMi2ti CX q2 MQi2 C i?2 b2i Q7 �HH TQbbB#H2
bi�i2b i?�i +�M /2b+`B#2 i?2 2MpB`QMK2MiX

Ç i?2 �+iBQMb Q7 i?2 `Q#Qi �b � TQHB+v πX SQHB+B2b �`2 ;2M2`�HHv bT2�FBM; T`Q#�#BHBiv /Bbi`B#miBQMb Q7
T2`7Q`KBM; +2`i�BM KQiBQMb 7Q` i?2 `Q#QiX AM Qm` rQ`F- r2 K�BMHv mb2 � T�`�K2i2`Bb2/ 2M+Q/BM; Q7
KQp2K2MiX q2 bT2+B7v � KQp2K2Mi #v � p2+iQ` Q7 `2�H MmK#2`b r?B+? �`2 T�`�K2i2`b Q7 � +QMbi`�BM2/
HQr2`@H2p2H KQiQ` +QMi`QHH2`- �HbQ +�HH2/ KQiQ` T`BKBiBp2X JQiQ` T`BKBiBp2b +QMbBbi BM i?Bb bim/v BM
BMM�i2 Q` �+[mB`2/ M2m`�HHv 2K#2//2/ KQiQ` �M/ Kmb+H2 bvM2`;B2b mb2/ #v ?mK�Mb 7Q` +QMi`QH U/Ƕ�p2HH�
2i �HX- kyyec q2Bbb �M/ 6H�M/2`b- kyy9VX q2 MQi2 P i?2 b2i Q7 TQHB+B2b �p�BH�#H2 iQ i?2 `Q#QiX

Ç i?2 2z2+i Q7 i?2 `Q#QiǶb �+iBQM- Q` 2MpB`QMK2Mi +?�M;2 �b �M Qmi+QK2 AX �M Qmi+QK2 i?mb /2b+`B#2b
i?2 bi�i2 Q` bi�i2 +?�M;2 Q7 i?2 2MpB`QMK2Mi �7i2` �M �+iBQMX q2 MQi2 A i?2 b2i Q7 �HH TQbbB#H2 Qmi+QK2bX
q2 bmTTQb2 i?�i A Bb T2`+2Bp�#H2 #v i?2 `Q#QiX

JQiQ` H2�`MBM; +QKT`Bb2b #Qi? Rf H2�`MBM; iQ T`2/B+i i?2 Qmi+QK2b Q7 QM2Ƕb TQHB+B2b ;Bp2M � +QMi2ti Ui?Bb
Bb +�HH2/ � 7Q`r�`/ KQ/2H- b22 6B;m`2 RXkXRV �M/ kf H2�`MBM; +QMi`QH TQHB+B2b iQ T`Q/m+2 /2bB`2/ Qmi+QK2b
/2T2M/BM; QM i?2 +QMi2ti Ui?Bb Bb +�HH2/ �M BMp2`b2 KQ/2H Q` � +QMi`QH KQ/2HVX h?2b2 KQ/2Hb +�M #2 biQ+?�biB+,
�b BHHmbi`�i2/ BM 6B;m`2 RXkXR i?2 2t2+miBQM Q7 TQHB+v π3 BM i?2 b�K2 +QMi2ti C2 +�M H2�/ iQ /Bz2`2Mi Qmi+QK2b
A3 �M/ A4 X h?2 KQ/2H +�M �HbQ #2 `2/mM/�Mi, 7`QK +QMi2ti C2- /Bz2`2Mi TQHB+B2b π1 �M/ π2 H2�/ iQ i?2
b�K2 Qmi+QK2 A2X h?2 2MpB`QMK2Mi +�M ?�p2 mMH2�`M�#H2 T�`ib- �M/ i?2 H2�`MBM; �;2Mi ?�b iQ /2i2+i i?BbX

AM i?2 7QHHQrBM; bm#b2+iBQMb- r2 BMi`Q/m+2 i?2 MQiBQMb Q7 �+iBp2 H2�`MBM; �M/ i2H2QHQ;B+�H H2�`MBM;- i?2M
/2b+`B#2 2tBbiBM; rQ`Fb BM BMi`BMbB+ KQiBp�iBQM �M/ bQ+B�H ;mB/�M+2X h?2 /2b+`BTiBQM �M/ �M�HvbBb Q7 i?2b2
K2i?Q/b ?�p2 #22M T�`iB�HHv Tm#HBb?2/ BM UL;mv2M �M/ Pm/2v2`- kyRj�VX

RXkXR �+iBp2 G2�`MBM;

h?2 +?�HH2M;2b Q7 ?B;?@/BK2MbBQM�HBiv- mMH2�`M�#BHBiv �M/ mM#QmM/2/M2bb QmiHBM2 i?2 BKTQ`i�M+2 Q7 /�i�
+QHH2+iBQM 7Q` H2�`MBM;X 6`QK i?Bb Q#b2`p�iBQM +QK2b i?2 B/2� i?�i � H2�`M2`- r?B+? MQi QMHv T`Q+2bb2b i?2
/�i� i?�i �`2 ;Bp2M iQ ?BK iQ mT/�i2 Bib FMQrH2/;2 #mi Bb �HbQ �HHQr2/ iQ +?QQb2 i?2 /�i� 7`QK r?B+? iQ
H2�`M- +�M �+?B2p2 ;`2�i2` �++m`�+v rBi? 72r2` i`�BMBM; /�i�X am+? � bvbi2K ?�b #22M 7Q`K�HBb2/ mM/2` i?2
M�K2 Q7 �+iBp2 H2�`M2`X

�+iBp2 H2�`MBM; r�b BMBiB�HHv /2p2HQT2/ BM i?2 }2H/ Q7 bi�iBbiB+�H H2�`MBM; 7Q` +H�bbB}+�iBQM �M/ `2;`2bbBQM
H2�`MBM; T`Q#H2Kb r?2`2 i?2 +Qbi Q7 [m2`vBM; � ;Bp2M /�i� TQBMi 7Q` Bib H�#2H Q` QmiTmi p�Hm2 Bb ?B;?X h?2`27Q`2
}M/BM; bi`�i2;B2b iQ KBMBKBb2 i?2 MmK#2` Q7 [m2`B2b �M/ i?2`27Q`2 K�tBKBbBM; i?2 mb27mHM2bb Q7
2�+? 2tT2`BK2Mi #2+QK2b 2bb2MiB�HX � H�`;2 /Bp2`bBiv Q7 +`Bi2`B� +�M #2 mb2/ iQ K2�bm`2 i?2 mb27mHM2bb Q7 �
[m2`v- bm+? �b i?2 mMB7Q`KBiv Q7 i?2 b�KTHBM; /2MbBiv Uq?Bi2?2�/- RNNRV- i?2 K�tBKBb�iBQM Q7 i?2 T`2/B+iBQM
2``Q`b Uh?`mM- RNN8V i?2 K�tBKBb�iBQM Q7 i?2 KQ/2H p�`B�M+2 U*Q?M 2i �HX- RNNeV- i?2 K�tBKBb�iBQM Q7 i?2
2tT2+i2/ BKT`Qp2K2Mi UCQM2b 2i �HX- RNN3V- p�Hm2 Q7 /2KQMbi`�iBQM Ua?QM 2i �HX- kyydV XXX Ai ?�b #22M T`Qp2/
i?�i �M �+iBp2 H2�`M2` QmiT2`7Q`Kb � T�bbBp2 H2�`M2` U\a?QM 2i �HX- kyydVX

6Q` 2K#2//2/ `Q#Qib H2�`MBM; p�`BQmb bFBHHb- �+[mB`BM; M2r /�i� ?�b � +Qbi BM iBK2 �M/ 2M2`;vX h?2
H2�`MBM; �;2Mi i?2`27Q`2 ?�b iQ /2+B/2 7Q` BMbi�M+2 BM r?B+? Q`/2` ?2 b?QmH/ 7Q+mb QM H2�`MBM; ?Qr iQ

d
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�+?B2p2 i?2 /Bz2`2Mi Qmi+QK2b- ?Qr Km+? iBK2 ?2 +�M bT2M/ iQ H2�`M iQ �+?B2p2 �M Qmi+QK2 Q` r?B+? /�i�
+QHH2+iBQM KQ/2b iQ mb2 7Q` H2�`MBM; iQ �+?B2p2 � ;Bp2M Qmi+QK2X h?2 }2H/ Q7 +Q;MBiBp2 /2p2HQTK2Mi�H `Q#QiB+b
?�b /2p2HQT2/ AMi`BMbB+ KQiBp�iBQM �H;Q`Bi?Kb r?B+? +�M #2 +QM+2Tim�HBb2/ �b �+iBp2 H2�`MBM; K2+?�MBbKbX
AMi`BMbB+ KQiBp�iBQM �H;Q`Bi?Kb �`2 � r�v iQ ;mB/2 2tTHQ`�iBQMb Q7 i?2 2MpB`QMK2Mi BM � b2H7@Q`;�MBb2/ K�MM2`-
�b r2 2tTH�BM BM i?2 M2ti bm#b2+iBQMX

RXkXk AMi`BMbB+ JQiBp�iBQM

�TT`Q�+?2b iQ `Q#Qi bFBHH H2�`MBM; #�b2/ QM QTiBKBb�iBQM �M/ `2BM7Q`+2K2Mi H2�`MBM; i2+?MB[m2b ?�p2 #22M
rB/2Hv bim/B2/ `2+2MiHvX AM `2BM7Q`+2K2Mi H2�`MBM;- QM2 ?�b �bbmK2/ i?�i �M 2M;BM22` T`QpB/2b K�Mm�HHv
� `2r�`/ 7mM+iBQM i?�i Bb �bbQ+B�i2/ iQ � T`2@/2}M2/ bT2+B}+ i�bF UEQ#2` 2i �HX- kyRyc S2i2`b �M/ a+?��H-
kyy3c a+?��H 2i �HX- kyyjc aimHT �M/ a+?��H- kyRRVX PM+2 i?2 `2r�`/ 7mM+iBQM Bb /2}M2/- i2+?MB[m2b �HHQrBM;
2{+B2Mi �M/ 7�bi mb2 Q7 i`�BMBM; /�i� ?�p2 #22M 2H�#Q`�i2/- bm+? �b M�im`�H �+iQ`@+`BiB+ �`+?Bi2+im`2b US2i2`b
�M/ a+?��H- kyy3V- T�i? BMi2;`�H �TT`Q�+?2b Uh?2Q/Q`Qm 2i �HX- kyRyV Q` �/p�M+2/ "H�+F "Qt QTiBKBb�iBQM
i2+?MB[m2b UaimHT �M/ aB;�m/- kyRkVX AM QTiBKBb�iBQM- biQ+?�biB+ K2i?Q/b ?�p2 #22M /2p2HQT2/ K�BMHv iQ
`2�+? � ;Bp2M ;Q�HX 6Q` BMbi�M+2- 2pQHmiBQM�`v �H;Q`Bi?Kb ?�p2 #22M /2p2HQT2/ bBM+2 >QHH�M/ URNd8V ?�b
H2�`M2/ � #BM�`v +H�bbB}+�iBQM i�bF rBi? � ;2M2`B+ TQTmH�iBQM@#�b2/ K2i�?2m`BbiB+ QTiBKBx�iBQM �H;Q`Bi?KX
JQ`2 `2+2Miv *Qp�`B�M+2 J�i`Bt �/�Ti�iBQM 1pQHmiBQM ai`�i2;v U*J�@1aV U>�Mb2M �M/ Pbi2`K2B2`- kyyRV
?�p2 #22M T`Qp2M p2`v 2{+B2Mi BM `2�+?BM; K�tBKBbBM; � ;Bp2M }iM2bb 7mM+iBQM- Q` BM Qi?2` rQ`/b BM `2�+?BM;
� T`2/2i2`KBM2/ ;Q�HX q?BH2 i?2b2 i2+?MB[m2b K�v b22K iQ `2Hv H2bb QM i?2 ?mK�M 2tT2`i- i?2v biBHH `2[mB`2
�M 2M;BM22` iQ T`QpB/2 � bT2+B}+ `2r�`/ Q` }iM2bb 7mM+iBQM �bbQ+B�i2/ iQ 2�+? M2r T�`iB+mH�` i�bF iQ H2�`MX

AM Q`/2` iQ �HHQr `Q#Qib iQ H2�`M KQ`2 �miQMQKQmbHv � rB/2` /Bp2`bBiv Q7 i�bFb- /2}M2/ ?2`2 �b ;Q�Hb BM
� T�`�K2i2`Bb2/ Qmi+QK2 bT�+2- K2i?Q/b ?�p2 #22M /2pBb2/ 7Q` H2�`MBM; 7Q`r�`/ �M/ BMp2`b2 KQ/2HbX PM+2
H2�`Mi- i?2b2 7Q`r�`/ �M/ BMp2`b2 KQ/2Hb +�M i?2M #2 mb2/ BM +QMDmM+iBQM rBi? 7Q` 2t�KTH2 TH�MMBM; K2i?Q/b
BM Q`/2` iQ `2�+? ;Q�HbX u2i- 2tTHQ`�iBQM Bb � 7mM/�K2Mi�H +?�HH2M;2 iQ �+?B2p2 i?2 �miQMQKQmb H2�`MBM; Q7
bm+? 7Q`r�`/ �M/ BMp2`b2 KQ/2Hb BM ?B;?@/BK2MbBQM�H `Q#QibX h?Bb Bb r?v K2i?Q/b Q7 �+iBp2 2tTHQ`�iBQM
�M/ H2�`MBM; ?�p2 `2+2MiHv #22M /2p2HQT2/ BM i?2 }2H/b Q7 /2p2HQTK2Mi�H `Q#QiB+b �M/ `Q#Qi H2�`MBM; UGQT2b
�M/ Pm/2v2`- kyRyV- `2mbBM; bQK2 Q7 i?2 +QM+2Tib 2H�#Q`�i2/ BM i?2 bi�iBbiB+�H �+iBp2 H2�`MBM; 7`�K2rQ`F
U62/Q`Qp- RNdkc *Q?M 2i �HX- RNNec _Qv �M/ J+*�HHmK- kyyRVX h?2b2 K2i?Q/b �`2 BMbTB`2/ #v BMi`BMbB+
KQiBp�iBQM BM Tbv+?QHQ;vX

AMi`BMbB+ KQiBp�iBQM r�b /2b+`B#2/ BM Uq?Bi2- RN8NV , ǳq?BH2 i?2 Tm`TQb2 Bb MQi FMQrM iQ �MBK�H Q` +?BH/-
�M BMi`BMbB+ M22/ iQ /2�H rBi? i?2 2MpB`QMK2Mi b22Kb iQ 2tBbi �M/ b�iBb7�+iBQM Ui?2 722HBM; Q7 2{+�+vV Bb /2`Bp2/
7`QK BiXǴ AMi`BMbB+ KQiBp�iBQMb �`2 MQi ?QK2Qbi�iB+, i?2 ;2M2`�H i2M/2M+v iQ 2tTHQ`2 Bb MQi � +QMbmKK�iQ`v
`2bTQMb2 iQ � bi`2bb7mH T2`im`#�iBQM Q7 i?2 Q`;�MBbKǶb #Q/vX Ai i`B;;2`b bTQMi�M2Qmb 2tTHQ`�iBQM �M/ +m`BQbBiv
BM ?mK�MbX 6Q` U_v�M �M/ .2+B- kyyy�V- ǳAMi`BMbB+ KQiBp�iBQM Bb /2}M2/ �b i?2 /QBM; Q7 �M �+iBpBiv 7Q` Bib
BM?2`2Mi b�iBb7�+iBQM `�i?2` i?�M 7Q` bQK2 b2T�`�#H2 +QMb2[m2M+2X q?2M BMi`BMbB+�HHv KQiBp�i2/- � T2`bQM
Bb KQp2/ iQ �+i 7Q` i?2 7mM Q` +?�HH2M;2 2Mi�BH2/ `�i?2` i?�M #2+�mb2 Q7 2ti2`M�H T`Q/m+ib- T`2bbm`2b Q`
`2r�`/ǴX AMi`BMbB+ KQiBp�iBQM Bb iQ #2 +QMi`�bi2/ rBi? 2ti`BMbB+ KQiBp�iBQM- r?B+? Bb ǳ� +QMbi`m+i i?�i
T2`i�BMb r?2M2p2` �M �+iBpBiv Bb /QM2 BM Q`/2` iQ �ii�BM bQK2 b2T�`�#H2 Qmi+QK2X 1ti`BMbB+ KQiBp�iBQM i?mb
+QMi`�bib rBi? BMi`BMbB+ KQiBp�iBQM- r?B+? `272`b iQ /QBM; �M �+iBpBiv bBKTHv 7Q` i?2 2MDQvK2Mi Q7 i?2 �+iBpBiv
Bib2H7- `�i?2` i?�M Bib BMbi`mK2Mi�H p�Hm2Ǵ U_v�M �M/ .2+B- kyyy�VX AM U"2`HvM2- RNe8V- "2`HvM2 T`QTQb2b
�M BMi2;`�iBQM Q7 i?2b2 KQiBp�iBQMb, ǳh?2 T`Q#�#BHBiv �M/ /B`2+iBQM Q7 bT2+B}+ 2tTHQ`�iQ`v `2bTQMb2b +�M
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�TT�`2MiHv #2 BM~m2M+2/ #v K�Mv T`QT2`iB2b Q7 2ti2`M�H biBKmH�iBQM- �b r2HH �b #v K�Mv BMi`�Q`;�MBbK
p�`B�#H2bX h?2v +�M- MQ /Qm#i- #2 BM~m2M+2/ #v biBKmHmb BMi2MbBiv- +QHQ`- TBi+?- �M/ �bbQ+B�iBQM rBi?
#BQHQ;B+�H ;`�iB}+�iBQM �M/ TmMBb?K2Mi- XXX (#mi) i?2 T�`�KQmMi /2i2`KBM�Mib Q7 bT2+B}+ 2tTHQ`�iBQM �`2-
?Qr2p2`- � ;`QmT Q7 biBKmHmb T`QT2`iB2b iQ r?B+? r2 +QKKQMHv `272` #v bm+? rQ`/b �b MQp2Hiv- +?�M;2-
bm`T`BbBM;M2bb- BM+QM;`mBiv- +QKTH2tBiv- �K#B;mBiv �M/ BM/BbiBM+iBp2M2bbX Ǵ

AMi`BMbB+ KQiBp�iBQM Bb +H2�`Hv pBbB#H2 BM vQmM; BM7�Mib- i?�i +QMbBbi2MiHv i`v iQ ;`�bT- i?`Qr Q` HB+F M2r
Q#D2+ib i?2v 2M+QmMi2`X 1p2M ?mK�M �/mHib �`2 biBHH Q7i2M BMi`BMbB+�HHv KQiBp�i2/ r?BH2 i?2v TH�v +?2bb Q`
KmbB+X

am+? KQiBp�iBQMb �`2 Q#pBQmbHv mb27mH- bBM+2 i?2v �`2 BM+2MiBp2b iQ H2�`M K�Mv bFBHHb i?�i rBHH TQi2MiB�HHv
#2 `2�/BHv �p�BH�#H2 H�i2` QM 7Q` +?�HH2M;2b �M/ i�bFb r?B+? �`2 MQi v2i 7Q`2b22�#H2X AM Q`/2` iQ /2p2HQT
BM �M QT2M@2M/2/ K�MM2` bQ �b iQ H2�`M � rB/2 p�`B2iv Q7 i�bFb �M/ iQ H2�`M KQ`2 �M/ KQ`2
+QKTH2t i�bFb �miQMQKQmbHv- rBi?Qmi #2BM; iQH/ bi2T #v bi2T ?Qr iQ H2�`M i?2B` 2H2K2Mi�`v
+QKTQM2Mib �M/ +QK#BM2 i?2K BMiQ +QKTH2t i�bFb- `Q#Qib b?QmH/ +2`i�BMHv #2 2[mBTT2/ rBi?
BMi`BMbB+ KQiBp�iBQM bvbi2Kb- 7Q`KBM; i?2 +Q`2 Q7 �M �`+?Bi2+im`2 7Q` i�bF@BM/2T2M/2Mi H2�`MBM;X
*QKTmi�iBQM�H �`+?Bi2+im`2b #�b2/ QM BMi`BMbB+ KQiBp�iBQM ?�p2 #22M /2p2HQT2/ bBM+2 i?2 RNNyb- �M/ +�M #2
+�i2;Q`Bb2/ #�b2/ QM i?2 K2�bm`2b i?�i �`2 mb2/ #v i?2 H2�`MBM; �;2Mi iQ 2p�Hm�i2 i?2 BMi`BMbB+ BMi2`2biBM;M2bb
Q7 �M �+iBpBiv Q` � bBim�iBQMX h?`22 #`Q�/ ivT2b Q7 K2�bm`2b Q7 BMi2`2biBM;M2bb +�M +?�`�+i2`Bb2 BMi`BMbB+
KQiBp�iBQM �M/ Bib K2�bm`2 Q7 BMi2`2bi UPm/2v2` �M/ E�TH�M- kyydc "�H/�bb�``2 �M/ JB`QHHB- kyRj�V ,

Ç EMQrH2/;2@#�b2/ KQ/2Hb- BM r?B+? BMi2`2biBM;M2bb Bb `2H�i2/ iQ i?2 /Bz2`2M+2 #2ir22M i?2 Qmi+QK2
Q#b2`p2/ �M/ i?2 2tT2+i�iBQM Q7 i?2 `Q#QiX qBi?BM i?Bb �TT`Q�+?- FMQrH2/;2 �M/ 2tT2+i�iBQMb
�`2 `2T`2b2Mi2/ BM �M BM7Q`K�iBQM i?2Q`2iB+ 7`�K2rQ`F �M/ � T`2/B+iBQM 7`�K2rQ`FX 6Q` BMbi�M+2-
UEHvm#BM 2i �HX- kyy3V /2}M2/ � K2�bm`2 7Q` i?2 K�tBKmK �KQmMi Q7 BM7Q`K�iBQM i?�i �M �;2Mi
+QmH/ b2M/ 7`QK Bib �+im�iQ`b iQ Bib b2MbQ`b pB� i?2 2MpB`QMK2Mi- +�HH2/ 2KTQr2`K2MiX J2�bm`2b
bm+? �b KBMBKBb�iBQM Q7 i?2 T`2/B+iBQM 2``Q`- HQ+�H /2MbBiv Q7 �H`2�/v b�KTH2/ TQBMib- /2+`2�b2 Q7 i?2
;HQ#�H p�`B�M+2- KBMBKBb�iBQM Q7 i?2 KQ/2H mM+2`i�BMiv XXX ?�p2 �HbQ #22M mb2/ U"�`iQ 2i �HX- kyy9#c
Pm/2v2`- kyRR�VX AM UPm/2v2` 2i �HX- kyydc a+?KB/?m#2`- kyRy- RNNR�V- T�`�K2i2`b Q7 KQiQ` TQHB+B2b
�`2 +?Qb2M 7Q` 2tT2`BK2Mi�iBQM bQ i?�i i?2 Q#b2`p2/ +QMb2[m2M+2b BM i?2 Qmi+QK2 bT�+2 T`QpB/2
K�tBK�H BKT`Qp2K2Mi Q7 i?2 [m�HBiv Q7 i?2 H2�`M2/ 7Q`r�`/ KQ/2H- r?B+? Bb i?2M BMp2`i2/ 7Q` +QMi`QH
r?2M M22/2/X

Ç *QKT2i2M+2@#�b2/ KQ/2Hb- BM r?B+? BMi2`2biBM;M2bb Bb `2H�i2/ iQ i?2 /2;`22 Q7 T2`7Q`K�M+2f+QKT2i2M+2
Q7 �M �;2Mi 7Q` b2H7@/2i2`KBM2/ i�bFbX h?2v �`2 /B`2+iHv BMbTB`2/ #v i?2Q`B2b Q7 �z2+i�M+2 Uq?Bi2-
RN8NV Q` +QKT2i2M+2 �M/ b2H7@/2i2`KBM�iBQM U_v�M �M/ .2+B- kyyy�VX 6Q` BMbi�M+2- U_QH7 2i �HX- kyRyV
?�b /2p2HQT2/ H2�`MBM; �H;Q`Bi?Kb #�b2/ QM K2�bm`2b Q7 +QKT2i2M+2 7Q` i�bFb T`2@/2i2`KBM2/ #v
i?2 /2bB;M2`X U"�`�M2b �M/ Pm/2v2`- kyRjV r2Mi 7m`i?2` �M/ /2p2HQT2/ ;Q�H@Q`B2Mi2/ 2tTHQ`�iBQM
�H;Q`Bi?Kb r?2`2 i?2 �;2Mi b2H7@/2i2`KBM2b ;Q�Hb r?2`2 i?2v K�F2 KQ`2 +QKT2i2M+2 T`Q;`2bbX

Ç JQ`T?QHQ;B+�H KQ/2Hb- r?2`2 BMi2`2biBM;M2bb Bb `2H�i2/ iQ i?2 bi`m+im`�H `2H�iBQMb?BT �KQM; KmHiBTH2
b2MbQ`BKQiQ` +?�MM2Hb- iQ +QKT�`2 BM7Q`K�iBQM +?�`�+i2`BbBM; b2p2`�H TB2+2b Q7 biBKmHB T2`+2Bp2/ �i i?2
b�K2 iBK2 BM b2p2`�H T�`ib Q7 i?2 b2MbQ`v BMTmiX 6Q` BMbi�M+2 aTQ`Mb �M/ GmM;�`2HH� UkyyeV bim/B2/
?Qr p�`BQmb BM7Q`K�iBQM@i?2Q`2iB+ +Qbi 7mM+iBQMb iQ #2 QTiBKBb2/ #v � b2MbQ`BKQiQ` bvbi2K �HHQr2/
p�`BQmb +QQ`/BM�i2/ #2?�pBQm` iQ b2H7@Q`;�MBb2X
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am+? K2i?Q/b BMbTB`2/ #v BMi`BMbB+ KQiBp�iBQM `2+2MiHv H2/ iQ MQp2H `Q#QiB+ �M/ K�+?BM2 �+iBp2 H2�`MBM;
K2i?Q/b r?B+? QmiT2`7Q`K i`�/BiBQM�H �+iBp2 H2�`MBM; K2i?Q/bX

RXkXj h2H2QHQ;B+�H G2�`MBM;

EMQrH2/;2@#�b2/ BMi`BMbB+ KQiBp�iBQM ?�b /2p2HQT2/ BM i?2 `2+2Mi v2�`bX u2i- i?2b2 K2i?Q/b r2`2 b?QrM
iQ #2+QK2 BM2{+B2Mi r?2M /BK2MbBQM BM+`2�b2b BM U"�`�M2b �M/ Pm/2v2`- kyRjV- �M/ i?2b2 HBKBi�iBQMb
r2`2 �//`2bb2/ #v +QKT2i2M+2@#�b2/ �TT`Q�+?2b r?2`2 BMbi2�/ Q7 T2`7Q`KBM; �+iBp2 KQiQ` #�##HBM;-
T�`�K2i2`Bb2/ i�bFb r2`2 �+iBp2Hv b�KTH2/ i?`Qm;? �+iBp2 ;Q�H #�##HBM;- i?2M ;2M2`�iBM; HQr2`@H2p2H ;Q�H
/B`2+i2/ 2tTHQ`�iBQMX h?2b2 �TT`Q�+?2b �`2 BMbTB`2/ #v Tbv+?QHQ;B+�H bim/B2b ?B;?HB;?iBM; i2H2QHQ;B+�H
�TT`Q�+?2b U*bB#`�- kyyjV r?B+? +QMbB/2` �+iBQMb �b ;Q�H@Q`B2Mi2/X AM/22/- � b2`B2b Q7 2tT2`BK2Mib }M/b
i?�i BM7�Mib +QMM2+i �+iBQMb iQ #Qi? i?2B` �Mi2+2/2Mib U+QMi2tiV �M/ i?2B` +QMb2[m2Mib UQmi+QK2V U*bB#`�-
kyyjc *bB#`� �M/ :2`;2Hv- kyydVX h?mb- 2p2`v H2�`MBM; 2TBbQ/2 +�M #2 /2b+`B#2/ �b (+QMi2ti)(TQHB+v)(Qmi+QK2)X
:Q�H #�##HBM; ?�b #22M b?QrM `2+2MiHv iQ +QMbB/2`�#Hv 7�bi2M H2�`MBM; #v 2tTHQBiBM; i?2 b2MbQ`BKQiQ`
`2/mM/�M+B2b �M/ i?2 HQr2` /BK2MbBQM�HBiv Q7 Qmi+QK2 bT�+2b U"�`�M2b �M/ Pm/2v2`- kyRjc _QH7 2i �HX-
kyRyc "�`�M2b �M/ Pm/2v2`- kyRy�VX 6Q` 2t�KTH2- rBi? i?2 a�::@_A�* �`+?Bi2+im`2 r?B+? r2 `2@mb2 BM
i?Bb i?2bBb- Bi r�b b?QrM ?Qr `Q#Qib +QmH/ H2�`M QKMB/B`2+iBQM�H [m�/`mT2/ r�HFBM; Ui?mb H2�`MBM; iQ }M/
i?2 T�`�K2i2`b Q7 KQiQ` TQHB+B2b iQ �+?B2p2 i?2 r?QH2 p�`B2iv Q7 TQbbB#H2 /BbTH�+2K2Mi i�bFbV Q` H2�`M BMp2`b2
�`K FBM2K�iB+b rBi? b2p2`�H /Qx2M /BK2MbBQMb Ui?mb H2�`MBM; i?2 T�`�K2i2`b Q7 KQiQ` TQHB+B2b iQ `2�+? �HH
bT�iB�H ;Q�Hb TQbbB#H2 BM i?2 pBbm�H Qmi+QK2 bT�+2V U"�`�M2b �M/ Pm/2v2`- kyRjVX

RXkX9 aQ+B�H :mB/�M+2

AM Q`/2` iQ #mBH/ � `Q#Qi i?�i +�M H2�`M �M/ �/�Ti iQ ?mK�M 2MpB`QMK2Mi- i?2 KQbi bi`�B;?i7Q`r�`/ r�v
KB;?i #2 i?2 FMQrH2/;2 i`�Mb72` 7`QK � ?mK�M BMiQ � K�+?BM2X >mK�Mb �M/ K�Mv �MBK�Hb /Q MQi Dmbi
H2�`M � i�bF #v i`B�H �M/ 2``Q`X _�i?2` i?2v 2ti`�+i FMQrH2/;2 �#Qmi ?Qr iQ �TT`Q�+? � T`Q#H2K 7`QK
r�i+?BM; Qi?2` T2QTH2 T2`7Q`KBM; � bBKBH�` i�bFX "2?�pBQm`�H Tbv+?QHQ;v bim/B2b Uq?Bi2M- kyyyc hQK�b2HHQ
�M/ *�`T2Mi2`- kyydV ?B;?HB;?i i?2 T`Q+2bb2b i?`Qm;? r?B+? i?2 #2?�pBQm` Q7 �M BM/BpB/m�H β K�v
+QK2 iQ #2 HBF2 αǶb- bm+? �b KBKB+`v- biBKmHmb 2M?�M+2K2Mi- BKBi�iBQM Q` 2KmH�iBQMX AKBi�iBQM
Bb � K2+?�MBbK i?�i rBiM2bb2b 2K2`;BM; `2T`2b2Mi�iBQM�H +�T�#BHBiB2b USB�;2i �M/ *QQF- RN8kVX

G2�`MBM; � TQHB+v 7`QK /2KQMbi`�iBQMb T`QpB/2/ #v � i2�+?2` Bb +QKKQMHv `272``2/ iQ �b S`Q;`�KKBM; #v
.2KQMbi`�iBQM US#.V Q` BKBi�iBQM H2�`MBM; UL2?�MBp �M/ .�mi2M?�?M- kyydc "BHH�`/ 2i �HX- kyydc �`;�HH 2i �HX-
kyyNVX S#. i�`;2ib �M BKTHB+Bi K2�Mb Q7 i`�BMBM; � K�+?BM2- bm+? i?�i 2tTHB+Bi �M/ i2/BQmb T`Q;`�KKBM;
Q7 � i�bF #v � ?mK�M mb2` +�M #2 KBMBKBb2/X Ai Bb �M BMimBiBp2 K2/BmK Q7 +QKKmMB+�iBQM 7Q` ?mK�Mb- r?Q
�H`2�/v mb2 /2KQMbi`�iBQMb iQ i2�+? Qi?2` ?mK�MbX Ai +�M BM T`BM+BTH2 Qz2` � M�im`�H K2�Mb Q7 i2�+?BM;
K�+?BM2b i?�i rQmH/ #2 �++2bbB#H2 iQ MQM 2tT2`ibX 6Q` BMbi�M+2 i`�D2+iQ`v �M/ F2v7`�K2 /2KQMbi`�iBQMb
?�p2 #22M b?QrM iQ #2 2{+B2Mi �M/ 2�bv iQ mb2 7Q` MQM@2tT2`ib U�F;mM 2i �HX- kyRkVX h?�i Bb r?v b2p2`�H
rQ`Fb BM+Q`TQ`�i2 ?mK�M BMTmi iQ ;mB/2 i?2 `Q#Qi H2�`MBM; T`Q+2bbX

AKBi�iBQM H2�`MBM; ?�b #22M /2p2HQT2/ �`QmM/ i?`22 K�BM +?�HH2M;2bX h?2 }`bi +?�HH2M;2 i�F2b i?2
pB2rTQBMi Q7 +QKTmi�iBQM�H KQiQ` +QMi`QH- H2�`MBM; 7`QK /2KQMbi`�iBQM Bb � ?B;?Hv +QKTH2t T`Q#H2K i?�i
`2[mB`2b iQ K�T � T2`+2Bp2/ �+iBQM i?�i Bb ;Bp2M BM �M 2ti2`M�H UrQ`H/V +QQ`/BM�i2 7`�K2 BMiQ � iQi�HHv
/Bz2`2Mi BMi2`M�H 7`�K2 Q7 `272`2M+2 iQ �+iBp�i2 KQiQM2m`QMb �M/ bm#b2[m2MiHv Kmb+H2bX h?Bb +?�HH2M;2
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BMpQHp2b i?2 `2K�TTBM; Q7 i?2 /2KQMbi`�iBQM BM i?2 H2�`M2`Ƕb `272`2M+2- i?2 /2i2+iBQM Q7 i?2 `B;?i `272`2M+2- i?2
+Q``2bTQM/2M+2 T`Q#H2KbXXX am+? � +?�HH2M;2 ?�b T`QTQb2/ i`�D2+iQ`v@#�b2/ S#. r?2`2 bi�iBbiB+�H `2;`2bbBQM
i2+?MB[m2b �`2 mb2/ iQ KQ/2H i?2 BMp�`B�M+2b Q7 /2KQMbi`�i2/ KQp2K2Mib U"BHH�`/ 2i �HX- kyydc :`QHHK�M �M/
C2MFBMb- kyRyc *?2`MQp� �M/ o2HQbQ- kyyNc GQT2b 2i �HX- kyyN+c *2/2`#Q`; �M/ Pm/2v2`- kyRkc *�HBMQM- kyyN�c
*�HBMQM 2i �HX- kyydc S2i2`b �M/ a+?��H- kyy3V- Q` BMp2`b2 `2BM7Q`+2K2Mi H2�`MBM; �TT`Q�+?2b U�##22H �M/
L;- kyy9c o2`K� �M/ _�Q- kyyec J�M;BM �M/ Pm/2v2`- kyRkV r?2`2 QM2 �ii2KTib iQ �+?B2p2 ;Q�H BKBi�iBQM
#v BM72``BM; i?2 ?B//2M +Qbi 7mM+iBQM K�tBKBb2/ #v i?2 /2KQMbi`�i2/ KQp2K2Mi UGQT2b 2i �HX- kyRyVX h?2
b2+QM/ +?�HH2M;2 Bb �#Qmi i?2 2tTHQBi�iBQM Q7 � /2KQMbi`�iBQM iQ ;2M2`�HBb2 �M/ �/�Ti Bi iQ �TTHv iQ /Bz2`2Mi
bBim�iBQMb Q` /Bz2`2Mi i�bFbX6Q` BMbi�M+2- T`BQ` rQ`Fb ?�p2 ;Bp2M � ?mK�M i`�BM2` +QMi`QH Q7 i?2 `2BM7Q`+2K2Mi
H2�`MBM; `2r�`/ U"HmK#2`; 2i �HX- kyykc E�TH�M 2i �HX- kyykV- T`QpB/2 �/pB+2 U*HQmb2 �M/ li;Qz- RNNkV- Q`
i2H2QT2`�i2 i?2 �;2Mi /m`BM; i`�BMBM; UaK�`i �M/ E�2H#HBM;- kyykVX � i?B`/ +?�HH2M;2 Bb iQ bim/v BKBi�iBQM
7`QK � bQ+B�H BMi2`�+iBQM �M/ � +QKKmMB+�iBQM TQBMi Q7 pB2rX :�mbbB2` 2i �HX UkyydV 7Q` BMbi�M+2 ?�p2 HQQF2/
BMiQ i?2 2KQiBQM�H +QKKmMB+�iBQM `�i?2` i?�M i?2 2tTHB+Bi +QMi2Mi Q7 i?2 K2bb�;2X L�/2H 2i �HX Ukyy9V
?�p2 bim/B2/ i?2 +Q@/2p2HQTK2Mi Q7 BKBi�iBQM �M/ +QKKmMB+�iBQM- 2bT2+B�HHv ?Qr BKBi�iBQM +�M 2M?�M+2
+QKKmMB+�iBQMX AM i?Bb /Bbb2`i�iBQM- r2 rBHH +QM+2Mi`�i2 QM i?2 b2+QM/ +?�HH2M;2X

JQ`2 T`2+Bb2Hv BM i?2 +QMi2ti Q7 KQiQ` H2�`MBM;- r2 +�M 7Q`K�HBb2 i?2 ;mB/�M+2 Q7 � ?mK�M i2�+?2` iQ
#QQbi i?2 H2�`MBM; Q7 i?2 `2H�iBQMb?BT #2ir22M i?2 Qmi+QK2b A ∈ A �M/ i?2 TQHB+B2b π ∈ P BM +QMi2tib C ∈ CX

�b BM K�Mv �TT`Q�+?2b �M/ 7Q` i?2 b�F2 Q7 +H�`Biv- r2 �bbmK2 BM i?Bb b2+iBQM i?�i i?2 +Q``2bTQM/2M+2
T`Q#H2K Bb bQHp2/- �M/ /Q MQi /Bz2`2MiB�i2 i?2 bi�i2- Qmi+QK2 �M/ TQHB+v bT�+2b #2ir22M i?2 `Q#Qi �M/
i2�+?2`X h?Bb +Q``2bTQM/2M+2 T`Q#H2K rBHH #2 T�`iB�HHv bim/B2/ BM i?2 2tT2`BK2Mib Q7 M2ti +?�Ti2`bX

L2p2`i?2H2bb- #Qi? i?2 ?mK�M �M/ i?2 `Q#Qi ?�p2 �+[mB`2/ /Bz2`2Mi FMQrH2/;2- r?B+? +?�M;2b i?`Qm;?Qmi
i?2B` BMi2`�+iBQMX q2 +�M /2b+`B#2 i?Bb BMi2`�+iBQM �b i?2 r�v BM7Q`K�iBQM ~Qrb #2ir22M i?2 ?mK�M �M/ i?2
`Q#Qi- BMi2MiBQM�HHv Q` mMBMi2MiBQM�HHv,

Ç i?2 ?mK�M i2�+?2`Ƕb #2?�pBQm` Q` BM7Q`K�iBQM ~Qr 7`QK i?2 ?mK�M iQ i?2 `Q#Qi- siH X

Ç i?2 `Q#Qi H2�`M2`Ƕb #2?�pBQm` Q` BM7Q`K�iBQM ~Qr 7`QK i?2 `Q#Qi iQ i?2 i2�+?2`- siRX

AM Q`/2` iQ /2}M2 i?2 bQ+B�H BMi2`�+iBQM i?�i r2 rBb? iQ +QMbB/2`- H2i mb +?�`�+i2`Bb2 i?2 /Bz2`2Mi TQbbB#BHBiB2b
Q7 BM7Q`K�iBQM ~Qr �b `2pB2r2/ BM U�`;�HH 2i �HX- kyyNc "BHH�`/ 2i �HX- kyydc a+?��H 2i �HX- kyyjc GQT2b 2i �HX-
kyyN#V rBi? `2bT2+i iQ, r?�i- ?Qr- r?2M �M/ r?Q iQ BKBi�i2X h?Bb +�i2;Q`Bb�iBQM ?�p2 #22M BMi`Q/m+2/
BM U.�mi2M?�?M �M/ L2?�MBp- kyykc "`2�x2�H �M/ a+�bb2HH�iB- kyykVX AM i?Bb bim/v- r2 QMHv 2t�KBM2 i?2
TQbbB#BHBiB2b Q7 i?2 BM7Q`K�iBQM ~Qr 7`QK i?2 ?mK�M iQ i?2 `Q#Qi siH X AMi2MiBQM�H +QKKmMB+�iBQM 7`QK
i?2 `Q#Qi iQ i?2 ?mK�M Bb � 7mM/�K2Mi�H �bT2+i Q7 bQ+B�H H2�`MBM; U*?2`MQp� �M/ o2HQbQ- kyyNc h?QK�x-
kyyeV- �M/ rBHH #2 bim/B2/ BM +?�Ti2` 9X SH2�b2 �HbQ MQi2 i?�i i?2 +m``2Mi `2pB2r �M/ i?2 rQ`F T`2b2Mi2/ BM
i?Bb i?2bBb /Q2b MQi �BK �i 7`B2M/Hv ?mK�M@`Q#Qi BMi2`�+iBQM- i?2 bQ+B�H `mH2b 7Q` � +QK7Q`i�#H2 �M/ M�im`�H
BMi2`�+iBQM Q` ;Q�H mM/2`bi�M/BM; �M/ BMi2MiBQM�HBivX >2`2- r2 7Q+mb KQ`2 QM i?2 KQ/�HBiB2b 7Q` 2{+B2M+v iQ
+QMp2v +QMi2Mi #v ?mK�M@`Q#Qi BMi2`�+iBQM- r?B+? Bb bmKK�`Bb2/ BM h�#H2 RXkXRX

RXkX9XR q?�i\

G2i mb 2t�KBM2 i?2 i�`;2i Q7 i?2 BM7Q`K�iBQM ;Bp2M #v i?2 i2�+?2`- Q` K�i?2K�iB+�HHv bT2�FBM;- i?2 bT�+2
QM r?B+? ?2 QT2`�i2bX h?Bb +�M #2 2Bi?2` i?2 TQHB+v- +QMi2ti Q` Qmi+QK2 bT�+2b- Q` +QK#BM�iBQMb Q7 i?2KX
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q?�i SQHB+v bT�+2
*QMi2ti bT�+2
Pmi+QK2 bT�+2

>Qr .2KQMbi`�iBQM �i � HQr@H2p2H
.2KQMbi`�iBQM �i � ?B;?@H2p2H
�/pB+2
_2r�`/
G�#2HHBM; U+?X kV

q?2M "�i+? H2�`MBM; 6Bt2/ 7`2[m2M+v U+?X jV
"2;BMMBM; Q7 i?2 H2�`MBM; T`Q+2bb

AMi2`�+iBp2 G2�`MBM; �i i?2 i2�+?2`Ƕb BMBiB�iBp2
G2�`MBM; �i i?2 H2�`M2`Ƕb BMBiB�iBp2 U+?X 9- 8V

q?Q .2+B/2 r?Q iQ BKBi�i2 U+?X 9 V

h�#H2 RXkXR, .Bz2`2Mi ivT2b Q7 bQ+B�H BMi2`�+iBQMX AM #QH/ �`2 i?2 ivT2b Q7 bQ+B�H BMi2`�+iBQM 2t�KBM2/
BM i?Bb K�Mmb+`BTi UrBi? �M BM/B+�iBQM Q7 r?B+? +?�Ti2` iQ `272` iQ B7 Bi Bb bT2+B}+ iQ � +?�Ti2`V

UAV SQHB+v aT�+2, J�Mv bQ+B�H H2�`MBM; bim/B2b i�`;2i i?2 TQHB+v bT�+2 PX 6Q` BMbi�M+2- BM T`Q;`�KKBM;
#v /2KQMbi`�iBQM US#.V- siH b?Qrb i?2 `B;?i TQHB+v iQ T2`7Q`K BM Q`/2` iQ `2�+? � ;Bp2M ;Q�HX �b �M
BHHmbi`�iBQM- r?2M i2�+?BM; ?Qr iQ TH�v i2MMBb- vQm` +Q�+? +QmH/ b?Qr vQm ?Qr iQ ?Bi � #�+F?�M/ #v �
/2KQMbi`�iBQM- Q` #v i�FBM; vQm` ?�M/ �M/ /B`2+iBM; vQm` KQp2K2MiX h?Bb �TT`Q�+? `2H�i2b iQ irQ H2p2Hb Q7
bQ+B�H H2�`MBM;, KBKB+`v- BM r?B+? i?2 H2�`M2` +QTB2b i?2 TQHB+B2b Q7 Qi?2`b rBi?Qmi �M �TT`2+B�iBQM Q7 i?2B`
Tm`TQb2- �M/ BKBi�iBQM- BM r?B+? i?2 H2�`M2` `2T`Q/m+2b i?2 TQHB+B2b �M/ i?2 Qmi+QK2b- �b 7Q`K�HBb2/ BM UGQT2b
2i �HX- kyyN#c *�HH �M/ *�`T2Mi2`- kyykc q?Bi2M- kyyyVX h?2 TQHB+B2b /2KQMbi`�i2/ +�M #2 KBKB+F2/ 7�Bi?7mHHv
U*�FK�F 2i �HX- kyyNV- #2 b�p2/ �b +Q``2+iBQMb 7Q` i?2 +m``2Mi bBim�iBQM U*?2`MQp� �M/ o2HQbQ- kyyNV- 7Q`K
�M BMBiB�H /�i�b2i QM r?B+? iQ #mBH/ mTQM KQ`2 +QKTHB+�i2/ #2?�pBQm`U�`;�HH 2i �HX- kyy3- kyRRV- Q` BM/B+�i2
� HQ+�HBiv iQ bi�`i �M QTiBKmK b2�`+? US2i2`b �M/ a+?��H- kyy3VX h?2 BM7Q`K�iBQM +�M #2 � i`�D2+iQ`v Q`
TQHB+vUS2i2`b �M/ a+?��H- kyy3V- ?B;?@H2p2H BMbi`m+iBQMb Uh?QK�x- kyyeV Q` ?B;?@H2p2H �/pB+2U�`;�HH 2i �HX-
kyy3- kyRRVX Ai +�M T2`i�BM iQ i?2 2MiB`2 TQHB+v- Q` QMHv � T�`i Q7 Bi U�`;�HH 2i �HX- kyy3- kyRRc LB+QH2b+m
�M/ J�i�`B+- kyyjc h?QK�x- kyyeVX h?2 HBi2`�im`2 Q7i2M +QMbB/2`b i?�i i�`;2iBM; i?2 TQHB+v bT�+2 Bb i?2
KQbi /B`2+iBp2 �M/ 2{+B2Mi K2i?Q/X >Qr2p2`- Bi `2HB2b QM i?2 ?mK�M i2�+?2`Ƕb 2tT2`iBb2- r?B+? #2�`b
HBKBi�iBQMb bm+? �b �K#B;mBiv- BKT`2+BbBQM- mM/2`@QTiBK�HBiv Q` i?2 +Q``2bTQM/2M+2 T`Q#H2KX 6m`i?2`KQ`2-
i?2 BMi2`�+iBQM Bb KQ`2 2z2+iBp2 �i +Q``2+iBM; pBbBi2/ bBim�iBQMb- i?�M 2tTHQ`BM; mM/2KQMbi`�i2/ �`2�b Q7 C
�M/ AX

UAAV *QMi2ti aT�+2, h?2 i2�+?2` +�M b?Qr BMi2`2biBM; +QMi2tib C ∈ C BM r?B+? i?2 H2�`M2` rBHH ?�p2
iQ rQ`F QmiX hQ BHHmbi`�i2- vQm` i2MMBb +Q�+? +QmH/ i`�BM vQm bT2+B}+�HHv 7Q` bBim�iBQMb r?2`2 vQm �`2 M2�`
i?2 #�b2HBM2 r?BH2 i?2 #�HH 7�HHb M2�` i?2 M2iX uQm` +Q�+? rQmH/ +`2�i2 i?Bb bBim�iBQM 7Q` vQm iQ ?�M/H2-
rBi?Qmi b�vBM; r?B+? TQHB+v iQ T2`7Q`KX .m`BM; BM7�Mi@T�`2Mi DQBMi TH�v rBi? iQvb- T�`2Mib �`2 �#H2 iQ
TH�v � `QH2 BM i?2 b2H2+iBQM Q7 i?2 �ii2M/2/ Q#D2+ib BM i?2 ?B;?Hv +Hmii2`2/ 2MpB`QMK2MiX h?2b2 T`Q+2bb2b Q7
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pBbm�H b2H2+iBQM �`2 `2�HBb2/ #v BKTHB+Bi Q` 2tTHB+Bi ǳbQ+B�H +m2bǴ HBF2 TQBMiBM; Q` ;�x2@7QHHQrBM; UaH�i2` �M/
G2rBb- kyyec hQK�b2HHQ �M/ *�`T2Mi2`- kyydVX am+? bQ+B�H H2�`MBM; �`2 +H�bbB}2/ �b biBKmHmb 2M?�M+2K2Mi
Q` Q#b2`p�iBQM�H +QM/BiBQMBM; Uq?Bi2M- kyyyVX h?2 i2�+?2` +�M b2H2+i Q#D2+ib iQ #2 �ii2M/2/ iQ U*�FK�F
2i �HX- kyyNV- bi`m+im`2 i?2 2MpB`QMK2Mi #v /2}MBM; H�M/K�`F bi�i2b Uh?QK�x- kyyeV- BM/B+�i2 /2bB`�#BHBiv
Q7 +QMi2tib i?`Qm;? `2BM7Q`+2K2Mi bB;M�Hb Uh?QK�x �M/ "`2�x2�H- kyy3V- Q` ;Bp2 �/pB+2 U�`;�HH 2i �HX- kyy3-
kyRRVX �+iBM; QM i?2 +QMi2ti bT�+2 2M�#H2b i?2 H2�`M2` iQ 2tTHQ`2 M2r bBim�iBQMbX

UAAAV Pmi+QK2 aT�+2, h?2 i?B`/ FBM/ Q7 BM7Q`K�iBQM Bb �#Qmi TQbbB#H2 Qmi+QK2b A ∈ A- �M/ Bb `2H�i2/
iQ ;Q�H@/B`2+i2/ 2tTHQ`�iBQM- r?2`2 i?2 H2�`M2` 7Q+mb2b QM /Bb+Qp2`BM; /Bz2`2Mi Qmi+QK2b BMbi2�/ Q7 /Bz2`2Mi
K2�Mb Q7 +QKTH2iBM; i?2 b�K2 ;Q�HX h?Bb T2`i�BMb iQ i?2 2KmH�iBQM H2p2H Q7 bQ+B�H H2�`MBM;- r?2`2 i?2
Q#b2`p2` rBiM2bb2b bQK2QM2 T`Q/m+2 � `2bmHi QM �M Q#D2+i- #mi i?2M 2KTHQvb ?Bb QrM TQHB+v `2T2`iQB`2 iQ
`2T`Q/m+2 i?2 `2bmHi- �b 7Q`K�HBb2/ BM UGQT2b 2i �HX- kyyN#c *�HH �M/ *�`T2Mi2`- kyykc q?Bi2M- kyyyc L2?�MBp
�M/ .�mi2M?�?M- kyydVX uQm` i2MMBb +Q�+? +QmH/ �bF vQm iQ ?Bi rBi? i?2 #�HH i?2 `B;?i +Q`M2` Q7 i?2 +Qm`i-
r?2`2p2` vQm `2+2Bp2/ i?2 #�HH- r?B+?2p2` b?Qi vQm mb2X :Q�H@/B`2+i2/ �TT`Q�+?2b �HHQr i?2 i2�+?2` iQ `2b2i
;Q�Hb U�`;�HH 2i �HX- kyy3V- iQ `2[m2bi i?2 2t2+miBQM Q7 ;Q�HbUh?QK�x- kyyeV Q` iQ H�#2H ;Q�H bi�i2b Uh?QK�x-
kyyec h?QK�x �M/ "`2�x2�H- kyy3VX h?2 H2�`M2` +�M BM72` 7`QK i?2 /2KQMbi`�iBQMb i?2 ;Q�H #v TQbBiBQM�H
�M/ 7Q`+2 T`Q}H2b iQ B`QM �M/ QT2M /QQ`b UEQ`Kmb?2p 2i �HX- kyRRV- Q` #v mbBM; BMp2`b2 `2BM7Q`+2K2Mi H2�`MBM;
UGQT2b 2i �HX- kyRRVX h?Bb �TT`Q�+? Bb 2bb2MiB�H iQ H2�`M KmHiBTH2 i�bFbf;Q�Hb- �M/ �HH i?2 KQ`2 BMi2`2biBM;
�b Bi Bb BMbTB`2/ #v Tbv+?QHQ;B+�H #2?�pBQm`b Uq?Bi2M- kyyyc hQK�b2HHQ �M/ *�`T2Mi2`- kyydc *bB#`�- kyyjVX
h?2 /`�r#�+F Bb i?�i i?2 H2�`MBM; M22/b � TQHB+v `2T2`iQB`2 H�`;2 2MQm;? iQ #2 mb2/ iQ `2�+? p�`BQmb ;Q�Hb-
#27Q`2 Bi BKT`Qp2bX

RXkX9Xk >Qr\

q?B+?2p2` i?2 i�`;2i- i?2 BM7Q`K�iBQM +�M #2 +QKKmMB+�i2/ 7`QK i?2 i2�+?2` iQ i?2 H2�`M2` BM b2p2`�H r�vb,

UAV .2KQMbi`�iBQM �i � HQr H2p2H, h?2 i2�+?2` �+ib QM i?2 2MpB`QMK2Mi Q7 i?2 2tT2`BK2Mi �M/
T2`7Q`Kb i?2 �+iBQMfKQp2K2Mi ?BKb2H7 Q` b?Qrb i?2 i�bF Q` +QMi2ti U*�FK�F 2i �HX- kyyNc *?2`MQp� �M/
o2HQbQ- kyyNc S2i2`b �M/ a+?��H- kyy3V , i?2 BM7Q`K�iBQM ~Qr siH ∈ C ∪ P ∪ AX h?Bb �TT`Q�+? Bb i?2 KQbi
M�im`�H 7Q` MQM@2tT2`i i2�+?2`b- �M/ `2[mB`2b HBiiH2 i`�BMBM; 7Q` i?2 i2�+?2`X >Qr2p2`- /2KQMbi`�iBQMb �`2
;2M2`�HHv �bbmK2/ Q7 ?B;? [m�HBiv- r?2`2�b BM `2�HBiv- i?2v +�M #2 �K#B;mQmb- mMbm++2bb7mH Q` bm#QTiBK�H BM
+2`i�BM �`2�bX J2i?Q/b iQ 2HBKBM�i2 mMM2+2bb�`v Q` BM2{+B2Mi T�`ib Q7 i?2 i2�+?2`Ƕb 2t2+miBQM- iQ �//`2bb
i?2 �K#B;mBiB2b- �`2 `2[mB`2/X

UAAV .2KQMbi`�iBQM �i � ?B;? H2p2H, h?2 i2�+?2` b?Qrb i?2 +QMi2tifTQHB+vf;Q�H �i � bvK#QHB+ H2p2HX
� H�M;m�;2 T`QiQ+QH Q7i2M 2M�#H2b BMbi`m+iBQMb Q7 TQHB+B2b ULB+QH2b+m �M/ J�i�`B+- kyyjc h?QK�x- kyyec
h?QK�x �M/ "`2�x2�H- kyy3c �`;�HH 2i �HX- kyy3- kyRRV- Q` bm;;2biBQMb Q7 ;Q�Hb Uh?QK�x- kyyec h?QK�x �M/
"`2�x2�H- kyy3VX AM i?Bb +�b2- siH ∈ C̃ Q` P̃ Q` Ã- r?B+? #2�` � /B`2+i i`�Mb7Q`K�iBQM iQ C,P �M/ AX �
?B;?@H2p2H �TT`Q�+? b22Kb KQ`2 M�im`�H #v i?2 mb2 Q7 � H�M;m�;2- #mi Bi Bb /2T2M/�Mi QM i?2 T`2/2}M2/
+QKKmMB+�iBQM +?�MM2H �M/ Q7i2M H�+Fb ~2tB#BHBiv 7Q` M2r bBim�iBQMb Q` +?�M;BM; 2MpB`QMK2MibX Ai �HbQ 7Q`+2b
i?2 i2�+?2` iQ 7QHHQr i?Bb H�M;m�;2 b+?2K2- �M/ 2Mi�BHb � i`�BMBM; Q7 i?2 i2�+?2` #27Q`2 ?2 +�M 2{+B2MiHv
+QKKmMB+�i2 rBi? i?2 `Q#QiX
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UAAAV �/pB+2, h?2 i2�+?2` b?Qrb i?2 /2bB`2/ +QMi2tifTQHB+vf;Q�H BM/B`2+iHvX >2 /Q2b MQi b?Qr i?2 `B;?i
/2bB`2/ bi�i2 #mi BM/B+�i2b ?Qr iQ �TT`Q�+? i?�i bi�i2 U�`;�HH 2i �HX- kyy3- kyRRVX siH Bb � 7mM+iBQM Q7
i?2 +QMi2tifTQHB+vf;Q�H 2tT2`B2M+2/ #v i?2 `Q#Qi �M/ i?2 /2bB`2/ p�Hm2X �/pB+2 Bb �M 2{+B2Mi r�v Q7
T`QpB/BM; BMbi`m+iBQMb �i � ?B;?@H2p2H 2p2M 7Q` +QMiBMmQmb 2MpB`QMK2Mib- r?BH2 �pQB/BM; i?2 HBKBi�iBQMb Q7 i?2
/2KQMbi`�iQ`Ƕb T2`7Q`K�M+2- �b r2HH �b i?2 `2@+`2�iBQM Q7 /B{+mHi Q` /�M;2`Qmb bi�i2bX L2p2`i?2H2bb �/pB+2 Bb
�M BM/B`2+i r�v Q7 ;BpBM; BMbi`m+iBQMb- r?B+? K�v #2 BKT`2+Bb2 �M/ HBKBi2/ #v i?2 H�M;m�;2 /2}MBiBQM- r?B+?
�;�BM H�+Fb ~2tB#BHBiv �M/ `2[mB`2b i?2 i2�+?2` �/�TiBM; iQ BiX

UAoV _2r�`/, _2r�`/@HBF2 bB;M�Hb UsiH ∈ RV Q` Ǵ;QQ/ Q` #�/Ǵ BM/B+�iBQMb UsiH ∈ {−1; 1}V �`2 +QKKQM
BM `2BM7Q`+2K2Mi@#�b2/ �TT`Q�+?2b- r?B+? #2M2}i +QMbB/2`�#Hv 7`QK i?2 7Q`K�HBbK Q7 `2BM7Q`+2K2Mi H2�`MBM;
ULB+QH2b+m �M/ J�i�`B+- kyyjc h?QK�x- kyyec h?QK�x �M/ "`2�x2�H- kyy3VX h?2v 2�bBHv +QmTH2 bQ+B�H H2�`MBM;
rBi? i2+?MB[m2b Q7 H2�`MBM; 7`QK 2tT2`B2M+2X >Qr2p2`- /2}MBM; i?2 `2r�`/ 7mM+iBQM Bb FMQrM iQ #2 MQM@
i`BpB�HX 1bT2+B�HHv- ?mK�M i2�+?2`b i2M/ iQ ;Bp2 �MiB+BT�iQ`v �M/ �bvKK2i`B+�HHv TQbBiBp2 `2r�`/b Uh?QK�x-
kyyeVX h�FBM; BMiQ �++QmMi i?2 MQM@J�`FQpB�M #2?�pBQm` Q7 ?mK�M #2BM;b rQmH/ BM/m+2 ?B;? +QKTH2tBiv BM
i?2 `2BM7Q`+2K2Mi H2�`MBM; 7`�K2rQ`FX 6m`i?2`KQ`2- `2BM7Q`+2K2Mi H2�`MBM; `2b2�`+? ?�b bQ 7�` 7Q+mb2/ QM
`2�+?BM; � bBM;H2 ;Q�H A ∈ A- �M/ MQi � b2i Q7 ;Q�HbX

UoV G�#2HHBM;, � 72r rQ`Fb ?�p2 H�#2HH2/ T`2pBQmbHv `2�+?2/ ;Q�Hb iQ ?2HT bi`m+im`2 i?2 2MpB`QMK2Mi
�M/ 7�+BHBi�i2 +QKKmMB+�iBQM #2ir22M i?2 i2�+?2` �M/ i?2 H2�`M2` Uh?QK�x- kyyec h?QK�x �M/ "`2�x2�H-
kyy3VX AM i?Bb +�b2- siH i�F2b /Bb+`2i2 p�Hm2b i?�i bvK#QHBb2 i?2 /Bz2`2Mi +H�bb2bX

RXkX9Xj q?2M\

h?2 iBKBM; Q7 i?2 BMi2`�+iBQM p�`B2b rBi? `2bT2+i iQ Bib iBKBM; rBi?BM �M 2TBbQ/2 (+QMi2ti)(TQHB+v)(Qmi+QK2)-
�M/ rBi? `2bT2+i iQ Bib ;2M2`�H �+iBpBiv /m`BM; i?2 r?QH2 H2�`MBM; T`Q+2bbX

UAV hBKBM; rBi?BM �M �+iBpBiv 2TBbQ/2, A7 r2 +QMbB/2` i?�i 2�+? �+iBpBiv 2TBbQ/2 BMpQHp2b � `2�/BM;
Q7 i?2 +QMi2ti bi�i2 Q7 i?2 2MpB`QMK2Mi- #27Q`2 T2`7Q`KBM; � TQHB+v- �M/ }MBb?2b #v Q#b2`pBM; i?2 Qmi+QK2
BM i?2 2MpB`QMK2Mi- r2 +�M +H�bbB7v i?2 p�`BQmb ivT2b Q7 iBKBM; Q7 i?2 BMi2`�+iBQM BMiQ irQ ivT2b,

Ç 622/#�+F, � T�bi@/B`2+i2/ K2bb�;2 BM7Q`Kb i?2 H2�`M2` �#Qmi Bib T�bi #2?�pBQm`X h?2 +?`QMQHQ;v
rQmH/ #2 (C)(π)(siH )(T) Q` (C)(π)(C)(siH )X h?2b2 K2bb�;2b +�M #2 ;QQ/f#�/ �bb2bbK2Mib QM Bib T�bi
#2?�pBQm` Uh?QK�x- kyyec h?QK�x �M/ "`2�x2�H- kyy3c LB+QH2b+m �M/ J�i�`B+- kyyjc GQT2b 2i �HX-
kyRRV- � b+�H�` `2r�`/ ;Bp2M #v i?2 ?mK�M i2�+?2` Uh?QK�x- kyyeV- � +Q``2+iBQM /2KQMbi`�iBQM
U*?2`MQp� �M/ o2HQbQ- kyyNV- �M �/pB+2 iQ KQ/mH�i2 i?2 r`QM; #2?�pBQm` U�`;�HH 2i �HX- kyy3- kyRRV-
Q` � H�#2H Q7 T`2pBQmbHv `2�+?2/ ;Q�Hb Uh?QK�x- kyyec h?QK�x �M/ "`2�x2�H- kyy3VX �++Q`/BM; iQ
?Bb T�`iB�H FMQrH2/;2 Q7 i?2 BMi2`M�H bi�i2 Q7 H2�`MBM; Q7 i?2 `Q#Qi- i?2 ?mK�M �/�Tib ?Bb i2�+?BM;X
>Qr2p2`- i?2 `Q#Qi i`B�H TQHB+v +�M #2 iBK2 +QMbmKBM; r?2M Bi Bb p2`v 7�` 7`QK �Mv ;QQ/ bQHmiBQMX

Ç 622/7Q`r�`/, � 7mim`2@/B`2+i2/ K2bb�;2 BM7Q`Kb i?2 H2�`M2` #27Q`2 /2+B/BM; Bib 7mim`2 #2?�pBQm`X h?2
+?`QMQHQ;v rQmH/ #2 (C)(siH )(π)(T)X h?2b2 K2bb�;2b �`2 +QKKQMHv BMbi`m+iBp2 /2KQMbi`�iBQMb Q7 ;QQ/
2t�KTH2 #2?�pBQm`bU*�FK�F 2i �HX- kyyNc *?2`MQp� �M/ o2HQbQ- kyyNVX LQi QMHv ?�p2 #2?�pBQm`�H
bim/B2b b?QrM i?�i ?mK�M i2�+?2`b i2M/ iQ ;Bp2 7mim`2@/B`2+i2/ K2bb�;2b Uh?QK�x- kyyeV- 722/7Q`r�`/

R9



L;mv2M a�Q J�B � ai`�i2;B+ G2�`M2` 7Q` GB72@GQM; G2�`MBM;

K2bb�;2b �HbQ b22K KQ`2 BMbi`m+iBp2 rBi? `2bT2+i iQ i?2 BKK2/B�i2 7mim`2 #2?�pBQm` Q7 i?2 `Q#QiX
>Qr2p2` i?2v /Q MQi i�F2 BMiQ �++QmMi �Mv BM7Q`K�iBQM ~Qr 7`QK i?2 `Q#Qi iQ i?2 i2�+?2`X

UAAV :2M2`�H iBKBM; /m`BM; i?2 r?QH2 H2�`MBM; T`Q+2bb, h?2 `?vi?K Q7 bQ+B�H BMi2`�+iBQM p�`B2b
+QMbB/2`�#Hv �KQM; bim/B2b Q7 bQ+B�H H2�`MBM;,

Ç �i � }t2/ 7`2[m2M+v, AM +H�bbB+�H BKBi�iBQM H2�`MBM;- i?2 H2�`M2` mb2b � /2KQMbi`�iBQM iQ BKT`Qp2 Bib
H2�`MBM; �i 2p2`v TQHB+v Bi T2`7Q`KbU�`;�HH 2i �HX- kyy3- kyRRc *�FK�F 2i �HX- kyyNVX h?Bb bQHmiBQM
Bb BHH@�/�Ti2/ iQ i?2 i2�+?2`Ƕb �p�BH�#BHBiv Q` i?2 M22/b Q7 i?2 H2�`M2`- r?Q `2[mB`2b KQ`2 bmTTQ`i BM
/B{+mHi bBim�iBQMbX h?Qm;?- i?Bb +QMiBMmQmb BMi2`�+iBQM �HHQrb bi2�/v #QQibi`�TTBM; Q7 i?2 H2�`MBM;
�M/ �/�Ti�iBQM iQ +?�M;BM; 2MpB`QMK2MibX

Ç "2;BMMBM; Q7 H2�`MBM;, � HBKBi2/ MmK#2` Q7 2t�KTH2b Bb ;Bp2M iQ BMBiB�HBb2 i?2 H2�`MBM;- �b � #�bB+
#2?�pBQm`b `2T2`iQB`2 U�`;�HH 2i �HX- kyy3- kyRRV- Q` � b�KTH2 #2?�pBQm` iQ #2 QTiBKBb2/US2i2`b �M/
a+?��H- kyy3c EQ`Kmb?2p 2i �HX- kyRyVX h?2 H2�`M2` Bb 2M/Qr2/ rBi? bQK2 #�bB+ +QKT2i2M+2 #27Q`2
b2H7@2tTHQ`�iBQMX L2p2`i?2H2bb- B7 i?2 BMi2`�+iBQMb �`2 `2bi`B+i2/ iQ i?2 #2;BMMBM;- i?2 H2�`M2` +QmH/
7�+2 /B{+mHiB2b �/�TiBM; iQ +?�M;2b BM i?2 2MpB`QMK2MiX

Ç �i i?2 i2�+?2`Ƕb BMBiB�iBp2, h?2 i2�+?2` �HQM2 /2+B/2b r?2M ?2 BMi2`�+ib rBi? i?2 `Q#QiUh?QK�x- kyyeVX
AM KQbi 2t�KTH2b- i?2 i2�+?2` ;Bp2b +Q``2+iBQMb r?2M b22BM; 2``Q`b UEQ2MB; 2i �HX- kyRyc *�FK�F 2i �HX-
kyRyV- iQ `2bi`B+i ?mK�M BMi2`p2MiBQMb iQ r?2M Bi Bb M22/2/X L2p2`i?2H2bb- Bi biBHH Bb iBK2 +QMbmKBM;
�b ?2 M22/b iQ KQMBiQ` i?2 `Q#QiǶb 2``Q`b iQ ;Bp2 �/2[m�i2 BM7Q`K�iBQM iQ i?2 H2�`M2`X

Ç �i i?2 H2�`M2`Ƕb BMBiB�iBp2, h?2 H2�`M2` +�M `2[m2bi 7Q` i?2 i2�+?2`Ƕb ?2HT BM �M �K#B;mQmb U*?2`MQp�
�M/ o2HQbQ- kyyNc *�FK�F 2i �HX- kyRyV Q` mMFMQrMUh?QK�x- kyyeV bBim�iBQM- Q` r?2M ?2 2biBK�i2b
i?�i i?2 /2KQMbi`�iBQM #`BM; BM KQ`2 BM7Q`K�iBQM i?�M b2H7@2tTHQ`�iBQM- �b BM a?QM 2i �HX UkyydVX
aQK2 bim/B2b �HbQ K�F2 i?2 H2�`M2` mb2 i?2 i2�+?2`Ƕb K2bb�;2b QMHv r?2M i?2 K2bb�;2b �TTHv iQ ?Bb
bBim�iBQMX AM ;Q�H@#�b2/ BKBi�iBQM Q` ;Q�H@#�b2/ KBKB+FBM;- i?2 H2�`M2` QMHv 7QHHQrb i?2 i2�+?2` r?2M
?2 Q#b2`p2b i?�i i?2 i2�+?2` +QKTH2i2b i?2 ;Q�H i?�i i?2 H2�`M2` �BKb �i U*�FK�F 2i �HX- kyyNVX h?Bb
�TT`Q�+? Bb i?2 KQbi #2M2}+B�H iQ i?2 H2�`M2`- 7Q` i?2 BM7Q`K�iBQM �``Bp2b �b Bi M22/b i?2K- �M/ i?2
i2�+?2` M22/b MQi KQMBiQ` i?2 T`Q+2bbX

h?2b2 9 ivT2b +�M #2 +H�bbB}2/ BMiQ k H�`;2` ;`QmTb,

Ç #�i+? H2�`MBM;- r?2`2 i?2 /�i� T`QpB/2/ iQ i?2 H2�`M2` Bb /2+B/2/ #27Q`2 i?2 H2�`MBM; T?�b2- �M/ Bb
;Bp2M BM/2T2M/2MiHv Q7 i?2 H2�`MBM; T`Q;`2bb- ;2M2`�HHv BM i?2 #2;BMMBM; Q7 i?2 H2�`MBM; T?�b2X

Ç BMi2`�+iBp2 H2�`MBM;- r?2`2 i?2 mb2` BMi2`�+ib rBi? i?2 BM+`2K2Mi�HHv H2�`MBM; `Q#Qi- 2Bi?2` �i i?2
i2�+?2`Ƕb Q` i?2 H2�`M2`Ƕb BMBiB�iBp2X h?Bb +�b2 rBHH #2 bim/B2/ 2ti2MbBp2Hv BM +?�Ti2` 9- r?2M r2 /2bB;M
H2�`MBM; �H;Q`Bi?Kb r?2`2 i?2 �;2Mi `2[m2bib /2KQMbi`�iBQMb iQ i2�+?2`bX

RXkX9X9 q?Q\

q?BH2 KQbi bQ+B�H ;mB/�M+2 bim/B2b QMHv +QMbB/2` � bBM;H2 i2�+?2`- BM M�im`�H 2MpB`QMK2Mib- � ?Qmb2?QH/
`Q#Qi BM `2�HBiv BMi2`�+ib rBi? b2p2`�H mb2`bX JQ`2Qp2`- #2BM; �#H2 iQ `2[m2bi ?2HT iQ /Bz2`2Mi 2tT2`ib Bb �HbQ
�M 2{+B2Mi r�v iQ �//`2bb i?2 T`Q#H2K Q7 i?2 `2HB�#BHBiv Q7 i?2 i2�+?2`X AKBi�iBQM H2�`MBM; bim/B2b Q7i2M
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`2Hv QM i?2 [m�HBiv Q7 i?2 /2KQMbi`�iBQMb- r?2`2�b BM `2�HBiv � i2�+?2` +�M #2 T2`7Q`K�Mi 7Q` bQK2 Qmi+QK2b
#mi MQi 7Q` Qi?2`bX .2KQMbi`�iBQMb +�M #2 �K#B;mQmb- mMbm++2bb7mH Q` bm#QTiBK�H BM +2`i�BM �`2�bX GBF2
bim/2Mib r?Q H2�`M 7`QK /Bz2`2Mi i2�+?2`b r?Q �`2 2tT2`ib BM i?2 /Bz2`2Mi iQTB+b Q7 � +m``B+mHmK- � `Q#Qi
H2�`M2` b?QmH/ #2 �#H2 iQ /2i2`KBM2 Bib #2bi i2�+?2` 7Q` i?2 /Bz2`2Mi Qmi+QK2b Bi r�Mib iQ �+?B2p2X hQ Qm`
FMQrH2/;2- QMHv a?QM 2i �HX UkyydV ?�b T`QTQb2/ � 7`�K2rQ`F iQ 2M�#H2 i?2 H2�`MBM; �;2Mi iQ /2+B/2 r?Q iQ
BKBi�i2X h?2v T`QTQb2/ �M �+iBp2 BKBi�iBQM H2�`MBM; �H;Q`Bi?K iQ /2+B/2 r?2M iQ �bF 7Q` /2KQMbi`�iBQMb 7`QK
mM?2HT7mH /2KQMbi`�iQ`bX h?Bb +QmH/ i?2Q`2iB+�HHv #2 mb2/ iQ /2+B/2 7`QK r?QK iQ BKBi�i2X L2p2`i?2H2bb-
i?2B` 2tT2`BK2Mib ?�p2 QMHv mb2/ � bBM;H2 i2�+?2`X

hrQ +H�bbB+�H 7�KBHB2b Q7 �TT`Q�+?2b iQ HB72@HQM; H2�`MBM;- BMi`BMbB+ KQiBp�iBQM �M/ BKBi�iBQM H2�`MBM;-
?�p2 /2p2HQT2/ rBi? p�`BQmb BKTH2K2Mi�iBQMbX "Qi? 7�KBHB2b b?Qr p2`v T`QKBbBM; `2bmHibX L2p2`i?2H2bb- �b
BHHmbi`�i2/ BM 6B;m`2 RXjXR- 2�+? Q7 i?2K #2�`b BKTQ`i�Mi HBKBi�iBQMbX

RXj GBKBi�iBQMb Q7 1�+? J2i?Q/

AM i?Bb b2+iBQM- r2 /2b+`B#2 i?2 HBKBi�iBQMb Q7 2�+? Q7 i?2 b�KTHBM; KQ/2b K2MiBQM2/ �#Qp2- i?2M 2p�Hm�i2
i?2 �/p�Mi�;2b Q7 +QK#BMBM; i?2K iQ;2i?2`X

RXjXR GBKBi�iBQMb Q7 aQ+B�H :mB/�M+2

AM bQ+B�HHv ;mB/2/ bvbi2Kb- H2�`MBM; ?�b #22M bi`QM;Hv `2HvBM; QM i?2 BMpQHp2K2Mi Q7 i?2 ?mK�M mb2`X >Qr2p2`-
i?2 KQ`2 /2T2M/2Mi QM i?2 ?mK�M i?2 bvbi2K- i?2 KQ`2 +?�HH2M;BM; H2�`MBM; 7`QK BMi2`�+iBQMb rBi? � ?mK�M
Bb- /m2 iQ HBKBi�iBQMb bm+? �b ?mK�M T�iB2M+2- �ii2MiBQM- K2KQ`v- Q` i?2 bT�`bBiv Q7 i2�+?BM; /�i�b2ib- i?2
�#b2M+2 Q7 i2�+?BM; 7Q` bQK2 bm#bT�+2b- �K#B;mQmb �M/ bm#QTiBK�H ?mK�M BMTmi- +Q``2bTQM/2M+2 T`Q#H2Kb-
2i+- �b ?B;?HB;?i2/ BM UL2?�MBp �M/ .�mi2M?�?M- kyydVX h?Bb Bb QM2 Q7 i?2 `2�bQMb r?v BM KQbi �TT`Q�+?2b iQ
`Q#Qi H2�`MBM; Q7 KQiQ` bFBHHb- 2Bi?2` BM i`�D2+iQ`v #�b2/ �TT`Q�+?2b Q` BMp2`b2 `2BM7Q`+2K2Mi H2�`MBM;- QMHv
� 72r KQp2K2Mib Q` KQiQ` TQHB+B2b r2`2 H2�`Mi BM �Mv bBM;H2 bim/B2bX AM+`2�bBM; i?2 H2�`M2`Ƕb �miQMQKv
7`QK ?mK�M ;mB/�M+2 +QmH/ �//`2bb i?2b2 HBKBi�iBQMbX

RXjXk GBKBi�iBQMb Q7 AMi`BMbB+ JQiBp�iBQM

GBF2rBb2- BMi`BMbB+�HHv KQiBp�i2/ �+iBp2 2tTHQ`�iBQM K2i?Q/b 7Q` H2�`MBM; 7Q`r�`/ �M/ BMp2`b2 KQ/2Hb biBHH ?�p2
HBKBi�iBQMbX AM T�`iB+mH�`- i?2v �//`2bb QMHv T�`iB�HHv i?2 +?�HH2M;2b Q7 mMH2�`M�#BHBiv �M/ mM#QmM/2/M2bb-
r?B+? `Bb2b rBi? i?2 mb2 Q7 `2�H ?B;?@/BK2MbBQM�H #Q/B2b rBi? +QMiBMmQmb b2MbQ`BKQiQ` +?�MM2Hb �M/ �M QT2M@
2M/2/ 2MpB`QMK2MiX 1bT2+B�HHv- r?�i2p2` i?2 K2�bm`2 mb2/- +QKTmiBM; K2�MBM;7mH K2�bm`2b Q7 BMi2`2bi
Bb QMHv #�b2/ QM i?2 2p�Hm�iBQM Q7 T2`7Q`K�M+2b Q7 T`2/B+iBp2 KQ/2Hb Q` Q7 bFBHHbX Ai i?mb `2[mB`2b �
b�KTHBM; /2MbBiv r?B+? /2+`2�b2b Bib 2{+B2M+v �b /BK2MbBQM�HBiv ;`QrbX :Q�H@Q`B2Mi2/ BMi`BMbB+ KQiBp�iBQM
?�b BKT`Qp2/ i?2 T2`7Q`K�M+2 Q7 H2�`MBM; �;2Mib BM ?B;?@/BK2MbBQM�H TQHB+v bT�+2b- ;mB/BM; i?2 TQHB+v
bT�+2 2tTHQ`�iBQM #v i?2 Qmi+QK2 bT�+2 2tTHQ`�iBQMX L2p2`i?2H2bb Bi `2K�BMb BM2{+B2Mi BM ?B;?@/BK2MbBQM�H
Qmi+QK2b bT�+2 �M/ BM mM#QmM/2/ 2tTHQ`�#H2 bT�+2X qBi?Qmi �//BiBQM�H K2+?�MBbKb- i?2 B/2MiB}+�iBQM Q7
H2�`M�#H2 xQM2b rBi? FMQrH2/;2 Q` +QKT2i2M+2 T`Q;`2bb #2+QK2b H2bb �M/ H2bb 2{+B2Mi �b /BK2MbBQM�HBiv
;`QrbX
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h?2`27Q`2- +QKTH2K2Mi�`v /2p2HQTK2Mi�H K2+?�MBbKb M22/ iQ +QMbi`�BM i?2 ;`Qri? Q7 i?2 bBx2 �M/
+QKTH2tBiv Q7 T`�+iB+�HHv 2tTHQ`�#H2 bT�+2b �M/ bi`m+im`2 i?2 2MpB`QMK2Mi �M/ i?2 H2�`MBM; b2[m2M+2- #v
;mB/BM; i?2K `�TB/Hv iQr�`/ H2�`M�#H2 bm#bT�+2b �M/ �r�v 7`QK mMH2�`M�#H2 bm#bT�+2bX q2 �`;m2 i?�i
bQ+B�H ;mB/�M+2- H2p2`�;BM; FMQrH2/;2 �M/ bFBHHb Q7 Qi?2`b- +�M #2 F2v 7Q` #QQibi`�TTBM; i?2 BMi`BMbB+�HHv
KQiBp�i2/ H2�`MBM; Q7 bm+? KQ/2HbX 6Q` 2t�KTH2- �/2[m�i2 ?mK�M /2KQMbi`�iBQM Q7 bFBHHb- �b r2 rBHH b?Qr BM
i?Bb i?2bBb- +�M ?2HT i?2 H2�`M2` iQ B/2MiB7v r?B+? T�`i Q7 i?2 Qmi+QK2 bT�+2 �`2 `2�+?�#H2 �M/ H2�`M�#H2- �b
r2HH �b iQ T`QpB/2 2t�KTH2b Q7 KQiQ` i`�D2+iQ`B2b mb27mH iQ `2�+? T�`iB+mH�` ;Q�Hb- �M/ r?B+? +�M #2 7m`i?2`
2tTHQ`2/ #v i?2 `Q#Qi iQ `2�+? b2H7@/2i2`KBM2/ M2�`#v ;Q�HbX

RXjXj *QK#BMBM; aQ+B�H :mB/�M+2 �M/ AMi`BMbB+ JQiBp�iBQM

h?mb- r?BH2 BMi`BMbB+ KQiBp�iBQM �M/ bQ+B�HHv ;mB/2/ H2�`MBM; ?�p2 bQ 7�` Q7i2M #22M bim/B2/ b2T�`�i2Hv BM
/2p2HQTK2Mi�H `Q#QiB+b �M/ `Q#Qi H2�`MBM; HBi2`�im`2- r2 #2HB2p2 i?2B` BMi2;`�iBQM ?�b ?B;? TQi2MiB�HX h?2B`
+QK#BM�iBQM +QmH/ Tmb? i?2 `2bT2+iBp2 HBKBib Q7 2�+? 7�KBHv Q7 2tTHQ`�iBQM K2+?�MBbKb r2 bi�i2/ �#Qp2X

aQ+B�H ;mB/�M+2 +�M /`Bp2 � H2�`M2` BMiQ M2r BMi`BMbB+�HHv KQiBp�iBM; bT�+2b Q` �+iBpBiB2b r?B+? Bi K�v
+QMiBMm2 iQ 2tTHQ`2 �HQM2 �M/ 7Q` i?2B` QrM b�F2- #mi KB;?i ?�p2 /Bb+Qp2`2/ QMHv /m2 iQ bQ+B�H ;mB/�M+2X 6Q`
2t�KTH2- `�M/QK mMB7Q`K 2tTHQ`�iBQM Q7 i?2 bT�+2 Q7 KQp2K2Mib #v � i2MMBb TH�v2` ?�b HQr T`Q#�#BHBiv iQ
K�FBM; i?2 #�HH #QmM+2 QM i?2 QTTQbBi2 +Qm`iX h?2 TH�v2` ?�b ?B;?2` T`Q#�#BHBiv Q7 TmiiBM; i?2 #�HH Qmi Q7
i?2 +Qm`i Q` 2p2M Q7 MQi ?BiiBM; i?2 #�HH �i �HHX u2i- � ?mK�M K�v /2KQMbi`�i2 2�`Hv QM iQ i?2 `Q#Qi bT2+B}+
KQp2K2Mib i?�i �HHQr iQ iQm+? i?2 #�HH rBi? i?2 `�+F2i �M/ Tmi Bi BM i?2 QTTQbBi2 +Qm`i- �M/ i?2M i?2 `Q#Qi
K�v H�i2` QM 2tTHQ`2 p�`B�iBQMb Q7 i?2b2 KQp2K2Mib i?`Qm;? +m`BQbBiv- �HHQrBM; i?2 `2�+?BM; Q7 ;Q�Hb +HQb2 iQ
i?2 /2KQMbi`�i2/ #QmM+BM; TQbBiBQMbX

*QMp2`b2Hv- BMi`BMbB+�HHv KQiBp�i2/ H2�`MBM; +�M #mBH/ QM BM7Q`K�iBQM T`QpB/2/ #v ?mK�M /2KQMbi`�@
iQ`bfi2�+?2`b- bm+? �b 2t�KTH2b Q7 KQp2K2Mib Q` ;Q�Hb iQ `2�+?- iQ i?2M bTQMi�M2QmbHv 2tTHQ`2 MQp2H
KQp2K2Mib �HHQrBM; iQ `2�+? bBKBH�` ;Q�Hb BM � `2}M2/ K�MM2` Q` iQ `2�+? Qi?2` b2H7@/2}M2/ ;Q�Hb rBi?
i?2 ?2HT Q7 i?2b2 #QQibi`�TTBM; bi`m+im`2 T`QpB/2/ #v ?mK�MbX AM T`BM+BTH2- �b ?mK�M /2KQMbi`�iBQMb
�`2 QMHv mb2/ �b � #B�b 7Q` 7m`i?2` �miQMQKQmb 2tTHQ`�iBQM- BMi`BMbB+�HHv KQiBp�i2/ H2�`MBM; +�M 2p2M mb2
BM7Q`K�iBQM 7`QK ?mK�M i2�+?2`b rBi? HBKBi2/ bFBHHb- �M/ BKT`Qp2 Qp2` i?2b2 /2KQMbi`�i2/ bFBHHb #v H2�`MBM;
iQ �+?B2p2 � ?B;?2` /Bp2`bBiv Q7 ;Q�Hb rBi? KQ`2 2{+B2Mi KQp2K2MibX

h?mb- r?BH2 b2H7@2tTHQ`�iBQM �HQM2 i2M/b iQ `2bmHi BM � #`Q�/2` `2T2`iQB`2 Q7 bFBHHb UBX2X +�T�+Biv iQ `2�+?
K�Mv ;Q�Hb BM �M Qmi+QK2 bT�+2V- �M/ r?BH2 2tTHQ`�iBQM ;mB/2/ #v � ?mK�M i2�+?2` i2M/b iQ #2 KQ`2
bT2+B�HBb2/ �M/ `2bmHiBM; BM 72r2` i�bFb i?�i �`2 H2�`Mi 7�bi2`- +QK#BMBM; #Qi? +�M #`BM; Qmi � bvbi2K i?�i
�+[mB`2b � /Bp2`bBiv Q7 bFBHHb rBi? 7�bi #QQibi`�TTBM; i?�MFb iQ ?mK�M ;mB/�M+2- �M/ i?2 TQbbB#BHBiv QM i?2
HQM;@i2`K iQ #B�b i?2 bvbi2K iQr�`/b H2�`MBM; KQ`2 T`2+Bb2Hv bFBHHb BM i?2 T`272``2/ �`2�b Q7 i?2 mb2`X AM/22/-
LB+QH2b+m �M/ J�i�`B+ UkyyjV b?Qr2/ i?�i i?2 +QK#BM�iBQM Q7 2tT2`B2M+2/ /2KQMbi`�iBQM �M/ �miQMQKQmb
H2�`MBM;- �M/ KQ`2 ;2M2`�HHv i?2 BM+Q`TQ`�iBQM Q7 KmHiBTH2 K2�Mb 7Q` `Q#Qi BMbi`m+iBQM �M/ H2�`MBM; �`2 Km+?
7�bi2` �M/ T`2+Bb2 K2i?Q/b 7Q` H2�`MBM; �M/ `2}MBM; T`2pBQmbHv H2�`M2/ i�bFbX

h?2 +QK#BM�iBQM Q7 �miQMQKQmb H2�`MBM; �M/ BKBi�iBQM H2�`MBM; Q7 +QMiBMmQmb ?B;?@/BK2MbBQM�H KQiQ`
bFBHHb r�b T`2pBQmbHv bim/B2/ BM UEQ#2` 2i �HX- kyRyc S2i2`b �M/ a+?��H- kyy3c a+?��H 2i �HX- kyyjc aimHT �M/
a+?��H- kyRRV- #mi i?Bb r�b /QM2 QMHv BM i?2 +QMi2ti Q7 `2BM7Q`+2K2Mi H2�`MBM; 7Q` QM2 bFBHH- /2}M2/ �b QM2 ;Q�H
BM i?2 Qmi+QK2 bT�+2- �M/ /B/ MQi `2Hv QM �+iBp2 BMi`BMbB+�HHv KQiBp�i2/ H2�`MBM; Q7 7Q`r�`/ Q` BMp2`b2 KQ/2HbX
6Q` 2t�KTH2- UEQ#2` 2i �HX- kyRyV T`2b2Mi2/ �H;Q`Bi?Kb i?�i �HHQr � `Q#Qi iQ H2�`M ?Qr iQ i?`Qr � #�HH �i �
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autonomous exploration independent of human effort ✓
learning adapted to the agent’s own body ✓

good for multi-task learning ✓
unboundedness of the explorable space !

! teaching dataset is sparse & suboptimal
! correspondence problems
! single goal
✓demonstrations highlight efficient 
localities

Socially Guided Exploration Modes Intrinsically Motivated Exploration Modes

✓Learn complex motor skills to achieve various outcomes
✓Robust to the sparsity of the teaching set
✓Robust to the suboptimal data input
✓Robust to the correspondance problems
✓Good for high-dimensional policy & outcome spaces
✓Self-discovery of the structure of the environment & property of teachers

Combining social guidance and intrinsic motivation

6B;m`2 RXjXR, *QK#BMBM; bQ+B�H ;mB/�M+2 �M/ BMi`BMbB+ KQiBp�iBQM iQ Qp2`+QK2 i?2 HBKBi�iBQMb Q7 2�+?
b�KTHBM; KQ/2 i�F2M b2T�`�i2HvX

T`2@bT2+B}2/ HQ+�iBQM- #v }M/BM; �/2[m�i2 T�`�K2i2`b Q7 � KQiQ` T`BKBiBp2 mbBM; � ?mK�M /2KQMbi`�iBQM �b
#QQibi`�TTBM; �M/ i?2M 7m`i?2` QTiBKBb�iBQM i?`Qm;? 2TBbQ/B+ `2BM7Q`+2K2Mi H2�`MBM;X _2+2MiHv- 2ti2MbBQMb
Q7 i?2b2 �TT`Q�+?2b ?�p2 #22M T`2b2Mi2/ iQ �HHQr � `Q#Qi iQ ;2M2`�HBb2 KQiQ` T`BKBiBp2b iQ MQp2H ;Q�Hb i?�i
�`2 +HQb2 iQ � b2i Q7 ;Q�Hb T`2pBQmbHv H2�`Mi rBi? i?2b2 K2i?Q/b- �M/ H2p2`�;BM; `2;`2bbBQM i2+?MB[m2b UEQ#2`
2i �HX- kyRkc /� aBHp� 2i �HX- kyRkVX 6Q` 2t�KTH2- BM UEQ#2` 2i �HX- kyRkV- � `Q#Qi +�M ;2M2`�HBb2 iQ i?`Qr � #�HH
+HQb2 iQ � 72r ;Q�Hb Bi ?�b �H`2�/v H2�`MiX u2i- BM UEQ#2` 2i �HX- kyRyc S2i2`b �M/ a+?��H- kyy3c a+?��H 2i �HX-
kyyjc aimHT �M/ a+?��H- kyRRV- � ?mK�M 2M;BM22` ?�b iQ T`QpB/2 K�Mm�HHv � `2T2`iQB`2 Q7 ;Q�Hb +�`27mHHv
+?Qb2M- �M/ i?2 `Q#Qi Bb MQi �#H2 iQ H2�`M T�`�K2i2`b Q7 KQiQ` T`BKBiBp2b iQ `2�+? ;Q�Hb i?�i �`2 7�` �r�v
7`QK i?2b2 T`2@bT2+B}2/ ;Q�HbX AM ULB+QH2b+m �M/ J�i�`B+- kyyjV- i?2 `Q#Qi r�b H2�`MBM; i�bFb �i � ?B;? H2p2H
#v +QK#BMBM; HQr@/BK2MbBQM�H T�`�K2i`Bx2/ TQHB+B2bX "2bB/2b- MQ K2i?Q/ 7Q` �+iBp2 H2�`MBM; r2`2 mb2/ BM
UEQ#2` 2i �HX- kyRkc /� aBHp� 2i �HX- kyRkc LB+QH2b+m �M/ J�i�`B+- kyyjVX

�M �+iBp2 BKBi�iBQM H2�`MBM; �H;Q`Bi?K ?�b #22M /2p2HQT2/ BM Ua?QM 2i �HX- kyydV- r?B+? +QK#BM2b
b2H7@2tTHQ`�iBQM �M/ b2H7@2tTHQ`�iBQM BM i?2 `2BM7Q`+2K2Mi H2�`MBM; 7`�K2rQ`FX J2�bm`2b Q7 p�Hm2 Q7
/2KQMbi`�iBQMb #�b2/ QM BM7Q`K�iBQM i?2Q`v �HHQrb i?2 H2�`MBM; �;2Mi iQ /2+B/2 r?2i?2` Bi Bb KQ`2 T`Q}i�#H2
iQ 2tTHQ`2 �miQMQKQmbHv Q` `2[m2bi ?2HT 7`QK � �@T`BQ`B MQM ?2HT7mH K2MiQ`X lM7Q`imM�i2Hv i?2 �H;Q`Bi?K
?�b #22M /2bB;M2/ BM /Bb+`2i2- K�x2@HBF2 2MpB`QMK2Mib- iQ H2�`M ?Qr iQ T`Q/m+2 � bBM;H2 Qmi+QK2X h?2
+?�HH2M;2 Q7 +QKTH2t 2MpB`QMK2Mib �M/ Q7 H2�`MBM; p�`BQmb bFBHHb ?�p2 MQi #22M �//`2bb2/X � +QK#BM�iBQM Q7
bQ+B�H H2�`MBM; rBi? BMi`BMbB+ KQiBp�iBQM�H /`Bp2b r�b T`QTQb2/ �M/ bim/B2/ #v h?QK�x 2i �HX Uh?QK�x �M/
"`2�x2�H- kyy3c h?QK�x- kyyeV- rBi? � bvbi2K +�HH2/ aQ+B�HHv :mB/2/ 1tTHQ`�iBQMX AM i?Bb rQ`F- � `Q#Qi r�b
+�T�#H2 iQ H2�`M b2p2`�H bFBHHb /2}M2/ �b b2[m2M+2b Q7 /Bb+`2i2 �+iBQMb- �M/ �b � `2bmHi Q7 #Qi? bQ+B�H /B�HQ;m2
rBi? � ?mK�M �M/ b2H7@2tTHQ`�iBQM mbBM; � ?B2`�`+?B+�H `2BM7Q`+2K2Mi H2�`MBM; �H;Q`Bi?KX h?2 7Q+mb Q7 i?Bb
bim/v r�b QM i?2 [m�HBi�iBp2 /vM�KB+b Q7 H2�`MBM; �M/ i2�+?BM; BM i?2 ~Qr Q7 ?mK�M@`Q#Qi BMi2`�+iBQM- �M/
QM i?2 /2bB;M Q7 � 7mHH BMi2;`�i2/ +Q;MBiBp2 �`+?Bi2+im`2X q?BH2 � T?vbB+�H `Q#Qi r�b mb2/- i?2 bi�i2 Q7 i?2
2MpB`QMK2Mi �b r2HH �b `Q#Qi �+iBQMb r2`2 /Bb+`2i2 �M/ 72r BM MmK#2`X �HbQ- bBM+2 Bi r�b MQi i?2 7Q+mb
Q7 i?2b2 bim/B2b- i?2 K2+?�MBbKb 7Q` �+iBp2 H2�`MBM;- 7Q` 2X;X K2�bm`BM; MQp2Hiv �M/ K�bi2`v- r2`2 F2Ti
`m/BK2Mi�`v �M/ i�BHQ`2/ 7Q` bK�HH /Bb+`2i2 bi�i2@�+iBQM bT�+2bX
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q2 rQmH/ HBF2 iQ �//`2bb i?2 H2�`MBM; Q7 bFBHHb iQ �+?B2p2 p�`BQmb Qmi+QK2b BM i?2 +�b2 Q7 �M
mM#QmM/2/- MQM@T`2b2i �M/ +QMiBMmQmb 2MpB`QMK2MiX �b BHHmbi`�i2/ BM 6B;m`2 RXjXR- #v K2`;BM;
bQ+B�HHv ;mB/2/ 2tTHQ`�iBQM �M/ BMi`BMbB+ KQiBp�iBQM- r2 �BK �i � bvbi2K `Q#mbi iQ i?2 bT�`bBiv Q7 i2�+?BM;
/�i�b2ib- iQ bm#QTiBK�H /�i� BMTmi �M/ +Q``2bTQM/2M+2 T`Q#H2Kb- r?BH2 #2BM; ;QQ/ BM ?B;?@/BK2MbBQM�H
bT�+2b �M/ �miQK�iB+�HHv /Bb+Qp2`BM; i?2 `2�+?�#H2 bT�+2X

RX9 ai`�i2;B+ G2�`MBM;

q2 BMi`Q/m+2/ BM i?2 T`2pBQmb b2+iBQMb irQ 7�KBHB2b Q7 2tTHQ`�iBQM KQ/2b r?B+? ?�p2 #22M /2p2HQT2/ `2+2MiHv
rBi? T`QKBbBM; `2bmHib- #mi �HbQ rBi? i?2B` QrM HBKBi�iBQMbX L2p2`i?2H2bb- +QK#BMBM; i?2K +QmH/ �HHQr iQ
Qp2`+QK2 i?2b2 HBKBi�iBQMbX q2 i?mb /2pBb2 � H2�`M2` r?B+? ?�b iQ H2�`M ?Qr iQ bi`�i2;B+�HHv +QK#BM2 i?2b2
2tTHQ`�iBQM KQ/2b BMiQ �M 2{+B2Mi �H;Q`Bi?KX q2 +�HH i?Bb H2�`M2` � bi`�i2;B+ H2�`M2`- r?B+? r2 /2}M2 �M/
7Q`K�HBb2 BM i?Bb b2+iBQMX

RX9XR .27BMBiBQM Q7 i?2 ai`�i2;B+ G2�`MBM;

q2 +QMbB/2` i?2 T`Q#H2K Q7 �M 2K#2//2/ �;2Mi H2�`MBM; iQ T`Q/m+2 � rB/2 `�M;2 Q7 Qmi+QK2b rBi? b2p2`�H
b�KTHBM; KQ/2bX AM i?2 +�b2 Q7 Qm` 2p2`v/�v 2MpB`QMK2Mib- i?2 b2MbQ`BKQiQ` bT�+2b �`2 H�`;2 �M/ +�MMQi
#2 �HH b�KTH2/ rBi?BM � HB72iBK2X h?2 H2�`M2` b?QmH/ /Bb+Qp2` i?2 T`QT2`iB2b Q7 i?2 2MpB`QMK2Mi �M/ +?QQb2
�/�TiBp2Hv Bib b�KTHBM; KQ/2X hQ #2 �#H2 iQ H2�`M 7Q` �HH Qmi+QK2b �M/ ;2M2`�HBb2- i?2 �;2Mi ?�b
iQ /2+B/2 #Qi? r?�i �M/ ?Qr iQ H2�`M �i i?2 b�K2 iBK2- �M/ BM r?B+? Q`/2`X

h?2 H2�`MBM; �;2Mi ?�b iQ /2+B/2 7Q` BMbi�M+2 BM r?B+? Q`/2` ?2 b?QmH/ 7Q+mb QM H2�`MBM; ?Qr iQ �+?B2p2
i?2 /Bz2`2Mi Qmi+QK2b- ?Qr Km+? iBK2 ?2 +�M bT2M/ iQ H2�`M iQ �+?B2p2 �M Qmi+QK2 Q` r?B+? /�i� +QHH2+iBQM
KQ/2 iQ mb2 7Q` H2�`MBM; iQ �+?B2p2 � ;Bp2M Qmi+QK2X h?2b2 [m2biBQMb +�M #2 7Q`K�HBb2/ mM/2` i?2 MQiBQM Q7
bi`�i2;B+ H2�`MBM; UGQT2b �M/ Pm/2v2`- kyRkVX

PM2 T2`bT2+iBp2 Bb H2�`MBM; iQ �+?B2p2 p�`B2/ Qmi+QK2bX Ai �BKb �i b2H2+iBM; r?B+? Qmi+QK2 iQ bT2M/ iBK2
QMX � ivTB+�H +H�bbB}+�iBQM r�b T`QTQb2/ BM U_2B+?�`i 2i �HX- kyy3c ZB 2i �HX- kyy3V r?2`2 �+iBp2 H2�`MBM;
K2i?Q/b BKT`Qp2/ i?2 Qp2`�HH [m�HBiv Q7 i?2 H2�`MBM;X AM b2[m2MiB�H T`Q#H2Kb �b BM `Q#QiB+b- T`Q/m+BM; �M
Qmi+QK2 ?�b #22M KQ/2HH2/ �b � HQ+�H T`2/B+iBp2 7Q`r�`/ KQ/2H UPm/2v2` 2i �HX- kyydV- �M QTiBQM U"�`iQ
2i �HX- kyy9#V- Q` � `2;BQM BM � T�`�K2i2`Bb2/ ;Q�HfQTiBQM bT�+2 U"�`�M2b �M/ Pm/2v2`- kyRjVX AM i?2b2 rQ`Fb
2�+? b�KTHBM; �M/ H2�`MBM; Q7 �M Qmi+QK2 2Mi�BHb � +QbiX h?2 H2�`MBM; �;2Mi ?�b iQ /2+B/2 r?B+? Qmi+QK2 iQ
2tTHQ`2fQ#b2`p2 M2tiX >Qr2p2` KQbi bim/B2b mbBM; i?Bb T2`bT2+iBp2 /Q MQi +QMbB/2` b2p2`�H b�KTHBM; KQ/2bX

�MQi?2` T2`bT2+iBp2 Bb H2�`MBM; ?Qr iQ H2�`M- #v K�FBM; 2tTHB+Bi i?2 +?QB+2 �M/ /2T2M/2M+2 Q7 i?2
H2�`MBM; T2`7Q`K�M+2 QM i?2 K2i?Q/X 6Q` BMbi�M+2- "�`�K 2i �HX Ukyy9V b2H2+i2/ �KQM; /Bz2`2Mi H2�`MBM;
#2?�pBQm`b /2T2M/BM; QM i?2 `2bmHib 7Q` /Bz2`2Mi Qmi+QK2bX _2#;mMb 2i �HX UkyRRV BKTH2K2Mi2/ � +QMi`QH
#�b2/ QM BM7Q`K�iBQM ;�BM iQ +H�bbB7v +�i2;Q`B2b Q7 Q#D2+ib BM � `QQKX a?QM 2i �HX UkyydV T`QTQb2/ �M
�+iBp2 BKBi�iBQM H2�`MBM; �H;Q`Bi?K r?B+? �HHQrb i?2 H2�`M2` iQ �+iBp2Hv +?QQb2 r?2i?2` iQ b2H7@2tTHQ`2 Q`
`2[m2bi � /2KQMbi`�iBQM- #�b2/ QM +QKTmi�iBQMb Q7 p�Hm2 Q7 /2KQMbi`�iBQMX >Qr2p2` KQbi bim/B2b mbBM; i?Bb
T2`bT2+iBp2 +QMbB/2` � bBM;H2 Qmi+QK2X a?QM 2i �HX UkyydV 7Q+mb2b QMHv QM i?2 b2�`+? Q7 �M �+iBQM iQ T2`7Q`K-
�M/ MQi QM i?2 Q#D2+ifQmi+QK2 i?2 �+iBQM Bb /B`2+i2/ iQX

AM/22/- i?2b2 rQ`Fb ?�p2 MQi �//`2bb2/ i?2 H2�`MBM; Q7 #Qi? ?Qr iQ H2�`M �M/ r?�i iQ H2�`M- iQ b2H2+i �i i?2
b�K2 iBK2 r?B+? Qmi+QK2 iQ bT2M/ iBK2 QM- �M/ r?B+? H2�`MBM; K2i?Q/ iQ mb2X PMHv UGQT2b �M/ Pm/2v2`-

RN



L;mv2M a�Q J�B � ai`�i2;B+ G2�`M2` 7Q` GB72@GQM; G2�`MBM;

Imitate 
Policy ?

Which 
teacher?

Which 
outcome ?

Decide an Action

Sampling 
Mode Level

Policy 
Space

Exploration

auton 
explo

social 
guidance

Autonomous Explo.
Social Guidance

Imitate or 
self-decide 
outcome?

Which 
policy?

Outcome 
Space

Exploration

Which 
Sampling mode?

6B;m`2 RX9XR, h?2 bi`�i2;B+ H2�`M2` b�KTH2b /�i� #v �+iBp2Hv +?QQbBM; p�`BQmb �bT2+ib Q7 Bib
2tTHQ`�iBQM- bm+? �b Bib b�KTHBM; KQ/2- i?2 Qmi+QK2 iQ 7Q+mb QM- i?2 TQHB+v iQ i`v- i?2 i2�+?2` iQ
H2�`M 7`QKX

kyRkV bim/B2b i?2 7`�K2rQ`F Q7 i?2b2 [m2biBQMbX h?2v 2tT2`BK2Mi2/ QM � iQv 2t�KTH2 rBi? � /Bb+`2i2 �M/
}MBi2 MmK#2` Q7 bi�i2b- Qmi+QK2b �M/ b�KTHBM; KQ/2bX q2 rQmH/ HBF2 iQ BMp2biB;�i2 BM i?Bb /B`2+iBQM- �M/
/2pBb2 � bvbi2K r?B+? H2�`Mb bBKmHi�M2QmbHv #Qi? ?Qr �M/ r?�i iQ H2�`M 7Q` +QMiBMmQmb- ?B;?@/BK2MbBQM�H
�M/ +QKTH2t 2MpB`QMK2MibX

q2 T`2b2Mi � bvbi2K i?�i �HHQrb � `Q#Qi iQ H2�`M � /Bp2`b2 `2T2`iQB`2 Q7 TQHB+B2b iQ +QKTH2i2 � /Bp2`bBiv
Q7 Qmi+QK2bX hQ #2 �#H2 iQ ;2M2`�HBb2 7`QK b�KTH2/ /�i� iQ i?2 r?QH2 bT�+2- Bi ?�b iQ +QHH2+i /�i� BM �M
2{+B2Mi K�MM2`X Ai �HbQ ?�b iQ /Bb+Qp2` i?2 bi`m+im`2 Q7 i?2 2MpB`QMK2Mi �M/ i?2 T`QT2`iB2b Q7 i2�+?2`b- BM
Q`/2` iQ �miQK�iB+�HHv b2H2+i i?2 KQbi �/�Ti2/ bi`�i2;v �M/ i?2 #2bi i2�+?2`b 7Q` � ;Bp2M Qmi+QK2- �M/ BM
Q`/2` iQ �miQK�iB+�HHv /Bb+Qp2` i?2 2�bv- `2�+?�#H2 �M/ /B{+mHi Qmi+QK2bX

q2 rBHH T`2b2Mi BM i?Bb i?2bBb �M �H;Q`Bi?KB+ �`+?Bi2+im`2 +�HH2/ a:AJ UaQ+B�HHv :mB/2/ AMi`BMbB+
JQiBp�iBQMV 7Q` � H2�`MBM; �;2Mi iQ bi`�i2;B+�HHv b�KTH2 Bib 2MpB`QMK2Mi- #v �+iBp2Hv �M/ 2KTB`B+�HH
+?QQbBM; p�`BQmb �bT2+ib Q7 Bib 2tTHQ`�iBQM- bm+? �b Bib b�KTHBM; KQ/2- i?2 Qmi+QK2 iQ 7Q+mb
QM- i?2 TQHB+v iQ i`v- i?2 i2�+?2` iQ H2�`M 7`QKX �HH i?2b2 �+iBp2 +?QB+2b +�M #2 bmKK�`Bb2/ BM 6B;m`2
RX9XRX

RX9Xk 6Q`K�HBb�iBQM

"27Q`2 T`QTQbBM; �H;Q`Bi?Kb 7Q` bi`�i2;B+ H2�`MBM;- r2 7Q`K�HBb2 i?2 H2�`MBM; T`Q#H2K �M/ mb2 i?2 b�K2
7Q`K�HBb�iBQM iQ `2r`Bi2 i?2 /2}MBiBQM Q7 � bi`�i2;B+ H2�`M2`X 6B`bi H2i mb /2b+`B#2 �M/ KQ/2H i?2 T`Q#H2K iQ
#2 H2�`M2/ #v i?2 �;2MiX

RX9XkXR 1t�KTH2b Q7 G2�`MBM; S`Q#H2Kb

hvTB+�HHv 7Q` `Q#QiB+ +QMi`QH- r2 H2�`M � `2H�iBQMb?BT #2ir22M � i�bF bT�+2 A �M/ � DQBMi bT�+2 BX h?Bb
`2H�iBQMb?BT +�M #2 `2T`2b2Mi2/ �b � T`Q#�#BHBiv /Bbi`B#miBQM p̃(b|a)X Ai `2T`2b2Mib i?2 BMp2`b2 FBM2K�iB+
K�TTBM;- r?B+? +�M #2 p2`v `2/mM/�Mi 7Q` `Q#Qib rBi? ?B;? /2;`22 Q7 7`22/QKX 6Q` 2p2`v 2M/@2z2+iQ`
TQbBiBQM a- i?2 `Q#Qi M22/b iQ FMQr �i H2�bi QM2 DQBMi TQbBiBQM b i?�i 2M�#H2b Bi iQ `2�+? aX Ai i?mb ?�b iQ
KBMBKBb2 i?2 K2�M /Bbi�M+2 J #2ir22M i?2 ;Q�H 2M/@2z2+iQ` TQbBiBQMb a �M/ i?2 TQbBiBQMb `2�+?2/ #v DQBMi

ky



L;mv2M a�Q J�B � ai`�i2;B+ G2�`M2` 7Q` GB72@GQM; G2�`MBM;

+QM};m`�iBQM b �b +QKTmi2/ mbBM; Bib +m``2Mi BMi2`M�H KQ/2H pe(b|a)X
AM � i2MMBb ;�K2- i?2 i�bF bT�+2 A Bb i?2 i2MMBb +Qm`i r?2`2 a Bb i?2 TQbBiBQM r?2`2 i?2 #�HH #QmM+2b- r?BH2

B Bb i?2 TQHB+v bT�+2 r?2`2 b Bb �Mv TQbbB#H2 /BbTH�+2K2Mi �M/ `�+F2i ?�M/HBM;X q?2M vQm H2�`M iQ TH�v
i2MMBb- vQm ivTB+�HHv i`�BM iQ #2 �#H2 iQ Tmi i?2 #�HH 2p2`vr?2`2 QM i?2 i2MMBb +Qm`i, 7�` Q` M2�` i?2 M2bi-
`B;?i Q` H27iXXX � ;QQ/ i2MMBb TH�v2` Bb �#H2 iQ `mM �M/ ?Bi i?2 #�HH rBi? TQHB+v b bQ �b iQ K�F2 i?2 #�HH #QmM+2
�i �Mv TQbBiBQM a- �M/ KBMBKBb2 i?2 /Bbi�M+2 #2ir22M i?2 ;Q�H �M/ i?2 2z2+iBp2 TQbBiBQMbX >2`2 r2 MQi2 J

i?2 2m+HB/B�M /Bbi�M+2 #2ir22M irQ #QmM+BM; TQbBiBQMbX h?2 T?vbB+b Q7 i?2 #�HH ?BiiBM; i?2 `�+F2i �M/ Bib
i`�D2+iQ`v +�M #2 /2b+`B#2/ #v � T`Q#�#BHBiv /Bbi`B#miBQM p̃(a, b)X Ai Bb mbm�HHv /Bz2`2Mi 7`QK i?2 T`Q#�#BHBiv
/Bbi`B#miBQM pe(b|a) Q7 i?2 +QMi`QH KQ/2H BM i?2 KBM/ Q7 i?2 H2�`M2`X h?2 H2�`M2` `2T`2b2Mib rBi? pe(b|a)

r?B+? TQHB+v b Bb i?2 KQbi HBF2Hv iQ K�F2 i?2 #�HH #QmM+2 �i TQbBiBQM aX h`�BMBM; +QMbBbib BM �+[mB`BM; /�i�
iQ H2�`M pe(b|a)X

hQ i`�BM 7Q` i2MMBb- vQm +�M bT2M/ ?Qm`b i`vBM; iQ ?Bi i?2 #�HH mbBM; 7Q`2?�M/X AM i?Bb +�b2- vQm +QM+2Mi`�i2
QM � bT2+B}+ bm#bT�+2 Q7 i?2 TQHB+v bT�+2 BX h?2M vQm +�M bT2M/ ?Qm`b i`vBM; iQ K�F2 i?2 #�HH #QmM+2
`B;?i #2?BM/ i?2 M2biX AM i?Bb +�b2- vQm +QM+2Mi`�i2 QM � bT2+B}+ bm#bT�+2 Q7 AX h?Bb /2+BbBQM iQ 7Q+mb QM
bm#`2;BQMb Q7 A Q` B Bb ?2`2�7i2` MQi2/ ψX hQ K�F2 T`Q;`2bb BM i2MMBb- vQm +�M �HbQ i`�BM BM +�bm�H ;�K2b
�miQMQKQmbHv rBi? � 7`B2M/- Q` vQm +�M �HbQ �ii2M/ H2bbQMb rBi? � +Q�+?X h?Bb b2+QM/ +?QB+2 +QMbiBimi2b �
b�KTHBM; KQ/2 �M/ rBHH #2 MQi2/ χ ?2`2�7i2`X "Qi? +?QB+2b `2T`2b2Mi � /�i� +QHH2+iBQM bi`�i2;v 7Q` H2�`MBM;X

AM i?2 M2ti b2+iBQM- r2 rBHH 7Q`K�HBb2 i?Bb /2b+`BTiBQMX

RX9XkXk 6Q`K�HBb�iBQM Q7 i?2 G2�`MBM; S`Q#H2K

G2i mb +QMbB/2` irQ `�M/QK p�`B�#H2b a �M/ b- r?B+? i�F2 p�Hm2b BM TQbbB#Hv +QMiBMmQmb- KmHiB@/BK2MbBQM�H
bT�+2b A �M/ BX h?2 H2�`M2` ?�b iQ 2biBK�i2 i?2 +QM/BiBQM�H T`Q#�#BHBiv /Bbi`B#miBQM p̃(b|a) Q7 i?2
irQ p�`B�#H2b a ∧ b- #v +QHH2+iBM; � b2i Q7 Q#b2`p�iBQMb U�-#V BM H2�`MBM; 2TBbQ/2bX �M 2TBbQ/2 Bb �
bi2T Q7 /�i� +QHH2+iBQM r?B+? +�M T`QpB/2 � b2i Q7 Q#b2`p�iBQMbX Aib 2biBK�i2 �i 2TBbQ/2 e Bb pe(b|a)X
q2 �bbmK2 i?2 �;2Mi FMQrb � bmT2`pBb2/ H2�`MBM; �H;Q`Bi?K L i?�i BKT`Qp2b rBi? � /�i� b2i De =

{(ae,1, be,1), (ae,2, be,2), (ae,3, be,3)...} Bib 2biBK�i2 pe+1 = L(pe,De)X
q2 +QMbB/2` i?�i i?2 H2�`MBM; Bb 2{+B2Mi B7 Ie =

∫

A
p(a)J(a, p̃(a|argmaxb(pe(b|a)))da Bb KBMBK�H- r?2`2 C Bb

� +Qbi 7mM+iBQMX 6Q`K�HHv- C Bb � 7mM+iBQM /2+`2�bBM; rBi? `2bT2+i iQ p- �M/ /2}M2/ �b,

J : A× [0, 1] → R

(a, p) (→ J(a, p)
URXRV

kR



L;mv2M a�Q J�B � ai`�i2;B+ G2�`M2` 7Q` GB72@GQM; G2�`MBM;

A x B
( D e ) : p o i n t s 
se lected by a 
sampling mode !

As x Bs
(De,As,Bs) : points 
selected by focus 
function "e,As,Bs

6B;m`2 RX9Xk, h?2 bi`�i2;B+ H2�`M2` b�KTH2b /�i� #v +?QQbBM; TQBMib UDeV rBi? � b�KTHBM; KQ/2- �M/
i?2M b2H2+iBM; �KQM; i?2 TQBMib UDe,As,BsV i?�i #2HQM; iQ � ;Q�H bm#bT�+2 As×BsX
RX9XkXj 6Q`K�HBb�iBQM Q7 i?2 ai`�i2;B+ G2�`M2`

AM i?Bb b2+iBQM- r2 7Q`K�HBb2 Qm` �TT`Q�+? 7Q` � bi`�i2;B+ H2�`M2`- r?B+? r2 b+?2K�iBb2 BM 6B;m`2 RX9XkX 6Q`
i?2 H2�`MBM; �H;Q`Bi?K L iQ BKT`Qp2 i?2 KQ/2H 2biBK�iBQM pe- i?2 �;2Mi M22/b iQ +QHH2+i /�i�X q2 bmTTQb2 i?2
�;2Mi ?�b b2p2`�H /�i� +QHH2+iBQM KQ/2b i?�i ;2M2`�i2 /�i� b2ib ;Bp2M i?2 +m``2Mi 2biBK�iBQM peX A7 r2 MQi2
C = [0, 1]A×B i?2 bT�+2 Q7 7mM+iBQMb A×B → [0, 1]- �M/ (A×B)N i?2 bT�+2 Q7 �HH b2ib Q7 T�B`b (a, b) ∈ A×B-
� b�KTHBM; KQ/2 +�M #2 7Q`K�HBb2/ BM i2`Kb Q7 /�i� +QHH2+iBQM �b � 7mM+iBQM ,

χ : C → (A×B)N

pe (→ De = {(ae,1, be,1), (ae,2, be,2), (ae,3, be,3)...(ae,n, be,n)}

hQ H2�`M #2ii2`- i?2 bvbi2K +�M /2+B/2 iQ 7Q+mb QM bm#`2;BQMb As ⊂ A �M/ Bs ⊂ B iQ BKT`Qp2 Bib 2biBK�iBQM
Q7 pe(a, b) QM i?2b2 bm#`2;BQMb �i �M 2TBbQ/2 e,

pe,As×Bs : A×B → [0, 1]

(a, b) (→ pe(a, b) B7 (a, b) ∈ (As×Bs)

0 Qi?2`rBb2

q2 +�M /2}M2 � 7Q+mb 7mM+iBQM QM bm#`2;BQM As × Bs �b � 7mM+iBQM b�KTHBM; 7`QK � /�i�b2i De rBi? �
T`Q#�#BHBiv /Bbi`B#miBQM pe,As,Bs,

ψe,As×Bs : (A×B)N → (A×B)N

De = {(ae,1, be,1)...(ae,n, be,n)} (→ De,As,Bs = { ∀(a, b) ∈ De,

F22T (a.b) rBi? T`Q#�X pe,As×Bs(a, b)}

h?mb /�i� +QHH2+iBQM KQ/2b �M/ 7Q+mb 7mM+iBQMb ;2M2`�i2 /�i� bQ i?�i L H2�`Mb pe+1 = L(pe,ψe,As×Bs(χ(pe)))X
G2i mb MQi2 Ψ �M/ X i?2 b2i Q7 �HH 7Q+mb 7mM+iBQMb �M/ KQ/2bX � T`BQ`B Ψ ⊂ ((A×B)N)2 �M/ X ⊂ ((A×B)N)C X
h?2 ;Q�H Q7 Qm` �H;Q`Bi?KB+ �`+?Bi2+im`2 Bb iQ H2�`M pe+1 = L(pe,χ(ψ(pe))) �M/ KBMBKBb2 Ie+1 =
∫

A
p(a) J(a, p̃(a|argmaxb(pe+1(b|a))) da- #v H2�`MBM; QM i?2 K2i�@H2p2H r?B+? ψ �M/ χ 2M?�M+2 #2bi i?2

H2�`MBM;X JQ`2 T`2+Bb2Hv- r2 rBHH +QMbB/2` irQ r�vb Q7 /2i2`KBMBM; /�i� +QHH2+iBQM bi`�i2;B2b, 7Q` χ- Qm`
�;2Mi +?QQb2b r?B+? b�KTHBM; KQ/2 χ iQ T2`7Q`K 7`QK � b2i Q7 T`2/2}M2/ KQ/2bc r?BH2 7Q` ψ- Qm` �;2Mi
#mBH/b BM+`2K2Mi�HHv Bib 7Q+mb 7mM+iBQM #v #mBH/BM; T�`iBiBQMb Q7 A �M/ BX
hQ bmK mT- r2 /2i2`KBM2 � K2i�@H2�`MBM; �H;Q`Bi?KB+ �`+?Bi2+im`2 ,

M : CN × (A×B)N ×ΨN ×XN → Ψ× X

((pe, pe−1, ...p1),

(De−1,De−2, ..,D1),

(ψe−1,ψe−2, ...,ψ1),

(χe−1,χe−2, ...χ1))

(→ (ψe,χe) = argmin(ψe,χe)(Ie+1)

iQ KBMBKBb2 Ie+1 =
∫

A
p(a) J(a, p̃(a|argmaxb[L(pe,ψe ◦ χe ◦ pe(b|a))]) ) daX

kk
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RX9XkX9 1t�KTH2b Q7 ai`�i2;B+ G2�`M2`b

� bmKK�`v Q7 i?2b2 MQi�iBQMb +�M #2 7QmM/ QM T�;2 tBtX q2 BHHmbi`�i2 i?2 MQi�iBQMb BMi`Q/m+2/ rBi? i?`22
H2�`MBM; 2t�KTH2b,

Ç h?2 }`bi QM2 `2bmK2b i?2 2t�KTH2 Q7 H2�`MBM; i2MMBb T`2pBQmbHv K2MiBQM2/X

Ç h?2 b2+QM/ 2t�KTH2 +QMbB/2`b ?Qr � `Q#Qi +�M H2�`M iQ `2+Q;MBb2 j. Q#D2+ib rBi? �HH Bib /Bz2`2Mi
TQBMib Q7 pB2rX h?2 `Q#Qi Bb �HHQr2/ iQ K�MBTmH�i2 Q#D2+ib Q` �bF ?mK�Mb iQ K�MBTmH�i2 i?2K iQ
�+[mB`2 KQ`2 /�i�X q?�i /�i� +QHH2+iBQM bi`�i2;v 2M�#H2 Bi iQ +Q``2+iHv H�#2H BK�;2b Q7 /Bz2`2Mi
Q#D2+ib mM/2` /Bz2`2Mi TQBMib Q7 pB2r �M/ �i /Bz2`2Mi TQbBiBQMb\ h?Bb 2t�KTH2 Bb bim/B2/ BM /2i�BH BM
+?�Ti2` kX

Ç h?2 i?B`/ 2t�KTH2 BHHmbi`�i2b ?Qr � `Q#Qi +�M H2�`M ?Qr iQ K�MBTmH�i2 � }b?BM; `Q/- Q` BM Qi?2`
rQ`/b- ?Qr iQ KQp2 Bib `Q#QiB+ �`K iQ K�F2 i?2 ~Q�i H�M/ �i �Mv /2bB`2/ TQbBiBQM QM i?2 bm`7�+2 Q7
i?2 r�i2`X h?Bb 2t�KTH2 Bb bim/B2/ BM /2i�BH BM +?�Ti2` jX

6Q` i?2b2 2t�KTH2b- i?2 7mM+iBQMb �`2 /2}M2/ �b bmKK�`Bb2/ BM i?2 i�#H2 #2HQrX
S`Q#H2K h2MMBb P#D2+i `2+Q;MBiBQM #v �+iBp2

K�MBTmH�iBQM
6Bb?BM;

� TQbBiBQM r?2`2 i?2 #�HH
#QmM+2b

BK�;2 �`K KQp2K2Mi

# TH�v2` /BbTH�+2K2Mi �M/
`�+F2i ?�M/HBM;

Q#D2+i TQbBiBQM Q7 i?2 ~Q�i QM i?2
bm`7�+2 Q7 i?2 r�i2`

L

G2�`MBM; �H@
;Q`Bi?K

� bmT2`pBb2/ H2�`MBM; �H;Q@
`Bi?K

+H�bbB}+�iBQM �H;Q`Bi?K HQ+�HHv@r2B;?i2/ H2�`MBM;
#�b2/ QM i?2 F@M2�`2bi
M2B;?#Qm`b

X

a�KTHBM;
KQ/2b

TH�v +�bm�HHv- ?B`2 � +Q�+? Tmb? i?2 Q#D2+i- /`QT i?2
Q#D2+i- �bF � ?mK�M iQ K�@
MBTmH�i2 i?2 Q#D2+i

BKBi�iBQM- BMi`BMbB+�HHv KQiB@
p�i2/ 2tTHQ`�iBQM

Ψ

6Q+mb 7mM+@
iBQMb

i`�BM QM #�+F?�M/- i`�BM QM
7Q`2?�M/- Tmi i?2 #�HH 7�` i?2
M2bi- Tmi i?2 #�HH M2�` i?2
M2bi- Tmi i?2 #�HH BM i?2 `B;?i
?�H7- Tmi i?2 #�HH BM i?2 H27i
?�H7-XXX

+?QQb2 r?B+? Q#D2+i iQ K�@
MBTmH�i2

� TQbBiBQM Q7 i?2 bm`7�+2 Q7 i?2
r�i2` iQ `2�+? rBi? i?2 ?QQF

RX9XkX8 �H;Q`Bi?KB+ �`+?Bi2+im`2 7Q` � ai`�i2;B+ G2�`M2`

AM Qm` �TT`Q�+?- � H2�`M2` +�M i?mb /2+B/2 QM i?2b2 b�KTHBM; KQ/2b rBi? �M �H;Q`Bi?KB+ bi`m+im`2 /2b+`B#2/
BM �H;Q`Bi?K RX9XRX Ai H2�`Mb #v 2TBbQ/2b r?2`2 Bi ;2M2`�i2b � b2i Q7 Q#b2`p�iBQMb UHBM2 eVX h?2b2 M2r /�i�
�HHQr i?2 mT/�i2 Q7 Bib KQ/2H p rBi? i?2 ;Bp2M H2�`MBM; �H;Q`Bi?K L UHBM2 dVX h?Bb M2r 2biBK�iBQM rBHH
Q`B2Mi Bib /�i� +QHH2+iBQM Q7 i?2 M2ti 2TBbQ/2 #v 7Q+mbBM; QM � `2;BQM Q7 i?2 2MpB`QMK2Mi �M/ +?QQbBM; �
b�KTHBM; KQ/2 UHBM2 NVX h?`22 �H;Q`Bi?KB+ �`+?Bi2+im`2b 7QHHQrBM; i?2b2 ;mB/2HBM2b rBHH #2 T`2b2Mi2/- 2�+?

kj



L;mv2M a�Q J�B � ai`�i2;B+ G2�`M2` 7Q` GB72@GQM; G2�`MBM;

�H;Q`Bi?K RX9XR a:AJ �`+?Bi2+im`2
R, AMBiB�HBx�iBQM, BMBiB�HBb2 i?2 7Q+mb �M/ KQ/�H 7mM+iBQMb ψ1 ∈ Ψ �M/ χ1 ∈ X

k, AMBiB�HBx�iBQM, BMBiB�HBb2 i?2 2biBK�i2/ T`Q#�#BHBiv /Bbi`B#miBQM (a, b) (→ p1(a, b)

j, AMBiB�HBx�iBQM, BMBiB�HBb2 i?2 ?BbiQ`v H← (p1, ∅, ∅, ∅)

9, e← 1

8, r?BH2 i`m2 /Q
e, ;2M2`�i2 � b2i Q7 Q#b2`p�iBQMb (a, b) , De ← ψe(χe(pe))

d, G2�`MBM;, pe+1 ← L(pe,De)

3, �TT2M/ pe+1,De,ψe,χe iQ H

N, J2i�@G2�`MBM;, (ψe+1,χe+1)←M(H)

Ry, e← e+ 1

RR, 2M/ r?BH2

QM2 �HHQrBM; i?2 �;2Mi iQ i�F2 KQ`2 �+iBp2 +QMi`QH Q7 Bib H2�`MBM; bi`�i2;v- �b BHHmbi`�i2/ BM 6B;m`2 RX9XjX
q?2`2�b i?2 �H;Q`Bi?KB+ �`+?Bi2+im`2 a:AJ@�*ha UaQ+B�HHv :mB/2/ AMi`BMbB+ JQiBp�iBQM rBi? �+iBp2 +?QB+2
Q7 h2�+?2` �M/ ai`�i2;vV Bb � 7mHHv �+iBp2 bvbi2K- i?�i +�M /2+B/2 QM �HH �bT2+ib Q7 Bib H2�`MBM; bi`�i2;v- r2
�HbQ T`2b2Mi2/ k bBKTH2` �`+?Bi2+im`2b i?�i K�F2 72r2` �+iBp2 +?QB+2bX a:AJ@. UaQ+B�HHv :mB/2/ AMi`BMbB+
JQiBp�iBQM #v .2KQMbi`�iBQMV K�F2b i?2 72r2bi �+iBp2 +?QB+2bX a:AJ@. QMHv K�F2b +?QB+2b r?2M Bi
2tTHQ`2b �miQMQKQmbHv- Q7 r?B+? Qmi+QK2 iQ 7Q+mb QM- �M/ r?B+? TQHB+v iQ i`vX h?Bb bBKTH2
�`+?Bi2+im`2 �HHQr2/ mb iQ i2bi r?2i?2` i?2 +QK#BM�iBQM Q7 �miQMQKQmb BMi`BMbB+�HHv KQiBp�i2/ 2tTHQ`�iBQM
�M/ bQ+B�HHv ;mB/2/ 2tTHQ`�iBQM +QmH/ #QQibi`�T i?2 H2�`MBM; T`Q+2bbX h?2 bBKTH2 �`+?Bi2+im`2 �HHQr2/ mb
iQ �M�Hvb2 i?2 `2�bQMb Q7 i?Bb #QQibi`�TTBM; 2z2+iX h?2M- r2 /2bB;M2/ a:AJ@AJ UaQ+B�HHv :mB/2/ AMi`BMbB+
JQiBp�iBQM rBi? AMi2`�+iBp2 H2�`MBM; �i i?2 J2i�@H2p2HVX a:AJ@AJ +�M /2+B/2 QM �M �//BiBQM�H �bT2+i
Q7 Bib H2�`MBM; bi`�i2;v, r?2M iQ BKBi�i2 �M/ r?2M iQ 2tTHQ`2 �miQMQKQmbHvX q2 i2bi2/ URV i?2
?vTQi?2bBb �+iBp2 H2�`MBM; #�b2/ QM 2KTB`B+�H K2�bm`2 Q7 +QKT2i2M+2 T`Q;`2bb +QmH/ #2 mb2/ �i i?2 K2i�@
H2p2H- iQ +?QQb2 i?2 #2bi b�KTHBM; KQ/2c �M/ UkV i?�i +QKT2i2M+2 T`Q;`2bb +�M #2 �M 2KTB`B+�H K2�bm`2
7Q` bBKmHi�M2Qmb �+iBp2 +?QB+2b QM i?2 j H2p2Hb Q7 Bib 2tTHQ`�iBQM Q7 TQHB+v- Qmi+QK2 �M/ b�KTHBM; KQ/2bX
6BM�HHv- r2 #mBHi a:AJ@�*ha iQ 7mHHv /2+B/2 QM r?�i �M/ ?Qr iQ H2�`Mc r?�i- r?2M �M/ r?QK
iQ BKBi�i2X q2 i2bi2/ ?Qr � bi`�i2;B+ H2�`M2` +QmH/ �/�Ti BM � +QKTH2t ?B;?@/BK2MbBQM�H +QMiBMmQmb
2MpB`QMK2Mi rBi? b2p2`�H i2�+?2`b iQ H2�`M �M QT2M@2M/2/ MmK#2` Q7 i�bFb �M/ i�bFb Q7 /Bz2`2Mi ivT2bX

k9
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A

puck initial 
position

pu
ck

 tr
aje

cto
ry

 impact of the puck (outcome) a

obstacle

mallet trajectory

Air Hockey Table

(t=0),b0=(u0,v0)

t1,b1=(u1,v1)

t3,b3=(u3,v3)

t4,b4=(u4,v4)

t2,b2=(u2,v2)

u

v

A

puck initial 
position

pu
ck

 tr
aje

cto
ry

 impact of the puck (outcome) a

obstacle

mallet trajectory

Air Hockey Table

(t=0),b0=(u0,v0)

t1,b1=(u1,v1)

t3,b3=(u3,v3)

t4,b4=(u4,v4)

t2,b2=(u2,v2)

u

v

Φ
h

x

v

ob
st
ac
le

Φ
h

x

v

ob
st
ac
le

Active learning ExperimenExperimental setup Hypotheses to test

SGIM-D cf. chapter 3hapter 3 - Can a combination of autonomous exploration 
and social guidance bootstrap learning?

- What are the properties of this combination 

cf. chapter 3hapter 3 - Can a combination of autonomous exploration 
and social guidance bootstrap learning?

- What are the properties of this combination 

- Can a combination of autonomous exploration 
and social guidance bootstrap learning?

- What are the properties of this combination 
that bootstrap the learning process?

SGIM-IM cf. section 4.1ection 4.1 - Can competence progress be a measure for an 
active choice of when to imitate?

- Can an learner make empirical active choice 

cf. section 4.1ection 4.1 - Can competence progress be a measure for an 
active choice of when to imitate?

- Can an learner make empirical active choice 

- Can competence progress be a measure for an 
active choice of when to imitate?

- Can an learner make empirical active choice 
on the 3 levels of its exploration to learn 
effectively?

SGIM-ACTS cf. 
section 4.3

- Can competence progress be a measure for an   
active choice of what, when, whom to imitate?

- Can the leaner adapt to  in a high-dimensional 

cf. 
section 4.3

- Can competence progress be a measure for an   
active choice of what, when, whom to imitate?

- Can the leaner adapt to  in a high-dimensional 
continuous environment with several cf. 

chapter 5

- Can the leaner adapt to  in a high-dimensional 
continuous environment with several 
teachers to learn an open-ended number of 
tasks and tasks of different types.

cf. 
chapter 1

tasks and tasks of different types.

Hypothesis

6B;m`2 RX9Xj, h?`22 �H;Q`Bi?KB+ �`+?Bi2+im`2b �`2 T`2b2Mi2/ rBi? p�`BQmb BHHmbi`�iBp2 2tT2`BK2MibX h?2 /2i�BHb Q7 2�+? �H;Q`Bi?K �M/
2tT2`BK2Mi +�M #2 `2�/ BM i?2 +Q``2bTQM/BM; b2+iBQM Q` +?�Ti2`X 1�+? �H;Q`Bi?KB+ �`+?Bi2+im`2 �HHQrb i?2 �;2Mi iQ i�F2 �+iBp2 +QMi`QH Q7
p�`BQmb �bT2+ib Q7 Bib H2�`MBM; bi`�i2;v- �M/ iQ i2bi ?vTQi?2b2b �#Qmi �+iBp2 H2�`MBM;X

k8



L;mv2M a�Q J�B � ai`�i2;B+ G2�`M2` 7Q` GB72@GQM; G2�`MBM;

h?Bb i?2bBb Bb bi`m+im`2/ �b 7QHHQrbX q2 T`2b2Mi bm++2bbBp2Hv i?`22 �H;Q`Bi?KB+ �`+?Bi2+im`2b- 2�+? QM2
�HHQrBM; i?2 �;2Mi iQ i�F2 KQ`2 �+iBp2 +QMi`QH Q7 Bib H2�`MBM; bi`�i2;vX q2 ?�p2 #mBHi i?2b2 �H;Q`Bi?Kb
7Q` [mB+F �M/ �++m`�i2 KmHiB@i�bF H2�`MBM;- ;`QmM/BM; i?2B` /2bB;Mb QM /2p2HQTK2Mi�H bim/B2b Q7 BMi`BMbB+
KQiBp�iBQM �M/ BKBi�iBQM H2�`MBM;X 6BM�HHv- r2 2ti2M/ a:AJ@AJ iQ � bvbi2K r?B+? H2�`Mb ?Qr- r?2M- r?�i
�M/ r?Q iQ BKBi�i2X a:AJ rBi? �+iBp2 *?QB+2 Q7 h2�+?2` �M/ ai`�i2;v Ua:AJ@�*haV +QMbB/2`b i?2 +�b2
r?2M KQ`2 i2�+?2`b �`2 �p�BH�#H2 �M/ KQ`2 KQ/2b +�M #2 +?Qb2MX h?2 }`bi QM2 T`2b2Mi2/ BM *?�Ti2` j- +�HH2/
7Q` aQ+B�HHv :mB/2/ AMi`BMbB+ JQiBp�iBQM #v .2KQMbi`�iBQM Ua:AJ@.V- �+iBp2Hv 2tTHQ`2b TQHB+v �M/ Qmi+QK2
bT�+2b mbBM; #Qi? BKBi�iBQM H2�`MBM; �M/ ;Q�H@Q`B2Mi2/ �miQMQKQmb 2tTHQ`�iBQMX h?2 /2bB;M Q7 a:AJ@.
�HHQrb �M �M�HvbBb Q7 i?2 +QKTH2K2Mi�`Biv #2ir22M i?2b2 irQ b�KTHBM; KQ/2bX a:AJ@. i?mb �Mbr2`b i?2
[m2biBQMb Q7 r?�i �M/ ?Qr iQ H2�`MX h?2 b2+QM/ QM2- +�HH2/ a:AJ rBi? AMi2`�+iBp2 H2�`MBM; �i i?2 J2i�
H2p2H Ua:AJ@AJV- �HHQrb i?2 BMi2`�+iBp2 H2�`M2` iQ �+iBp2Hv 2tTHQ`2 i?2 TQHB+v- Qmi+QK2- �M/ �HbQ b�KTHBM;
KQ/2 bT�+2X a:AJ@AJ H2�`Mb r?2M iQ BKBi�i2 #v �//BiBQM�HHv +?QQbBM; �+iBp2Hv r?B+? Q7 i?2 irQ b�KTHBM;
KQ/2b iQ mb2X h?2 i?B`/ QM2- +�HH2/ a:AJ rBi? �+iBp2 *?QB+2 Q7 h2�+?2` �M/ ai`�i2;v Ua:AJ@�*haV-
2ti2M/b a:AJ@AJ �M/ +QMbB/2`b i?Bb �+iBp2 +?QB+2 r?2M KQ`2 i2�+?2`b �`2 �p�BH�#H2 �M/ KQ`2 KQ/2b +�M #2
+?Qb2MX a:AJ@�*ha 2tTHQ`2b i?2 [m2biBQMb Q7 ?Qr- r?2M- r?�i �M/ r?Q iQ BKBi�i2X a:AJ@AJ �M/
a:AJ@�*ha �`2 /2b+`B#2/ BM *?�Ti2` 9X 6BM�HHv- r?BH2 BM i?2 T`2pBQmb +?�Ti2`b r2 �BK2/ �i �H;Q`Bi?KB+
2{+B2M+v 7Q` #mBH/BM; �`iB}+B�H bvbi2Kb- +?�Ti2` 8 2tTHQ`2b ?Qr i?2 a:AJ �`+?Bi2+im`2 +�M #2 mb27mH iQ
KQ/2H �M/ mM/2`bi�M/ #2ii2` BM7�Mi /2p2HQTK2MiX q2 mb2 i?2 /2p2HQT2/ �H;Q`Bi?Kb iQ bim/v �M Q#b2`p�iBQM
BM +?BH/ Tbv+?QHQ;v, i?2 /2p2HQTK2Mi Q7 pQ+�HBb�iBQM BM #�#B2bX q2 BHHmbi`�i2 ?Qr �M 2K#Q/B2/ �;2Mi mbBM;
a:AJ@�*ha +�M H2�`M iQ pQ+�HBb2 �M/ i?2 2K2`;2M+2 Q7 � /2p2HQTK2Mi�H b2[m2M+2X h?Bb rQ`F �HbQ bim/B2b
r?2i?2` i?2 �H;Q`Bi?KB+ �`+?Bi2+im`2 a:AJ@�*ha +�M #2 BMbi�MiB�i2/ rBi? /Bz2`2Mi KQ/2H `2T`2b2Mi�iBQMb
�M/ QTiBKBb�iBQM �H;Q`Bi?KbX 6BM�HHv- i?2 HBKBib �M/ TQbbB#H2 2ti2MbBQMb Q7 i?2b2 +QMi`B#miBQMb �`2 /Bb+mbb2/
BM *?�Ti2` eX

AM i?Bb BMi`Q/m+iBQM +?�Ti2`- r2 2tTH�BM2/ i?2 #�+F;`QmM/ Q7 Qm` bim/v, ?Qr +�M �;2Mib H2�`M iQ T2`7Q`K
p�`BQmb bFBHHb BM HB72@HQM; H2�`MBM;\ am+? H2�`MBM; 7�+2b i?2 T`Q#H2K Q7 �M QT2M@2M/2/ H2�`MBM; BM � H�`;2
�M/ +QKTH2t 2MpB`QMK2MiX h?2 b2�`+? bT�+2 Bb p2`v H�`;2 r?2`2�b i?2 �;2Mi QMHv ?�b � HBKBi2/ HB72@iBK2X
Pm` B/2� Bb iQ K�F2 i?2 �;2Mi H2�`M QMHBM2 �M/ BM+`2K2Mi�HHv iQ +?QQb2 r?�i iQ H2�`M �M/ ?Qr iQ H2�`M BiX
q2 M�K2 Qm` �;2Mi � bi`�i2;B+ H2�`M2`X Ai H2�`Mb � /�i� +QHH2+iBQM bi`�i2;v BMbTB`2/ #v H2�`MBM; T`Q+2bb2b
#v ?mK�Mb r?Q 2tTHQ`2 i?2B` 2MpB`QMK2Mib ;mB/2/ #v #Qi? bQ+B�H ;mB/�M+2 �M/ BMi`BMbB+ KQiBp�iBQMX Pm`
�TT`Q�+? i?mb #2HQM;b iQ �+iBp2 H2�`MBM; �M/ /2p2HQTK2Mi�H +Q;MBiBp2 `Q#QiB+bX AM i?2 M2ti +?�Ti2`- r2
BHHmbi`�i2 i?Bb �TT`Q�+? #v � bBKTH2 +�b2 bim/v BM /Bb+`2i2 bT�+2b A �M/ B- r?2`2 i?2 ?mK�MQB/ `Q#Qi B*m#
H2�`Mb iQ `2+Q;MBb2 j. Q#D2+ib #v �+iBp2 K�MBTmH�iBQMX

ke



(Z)mQB[m2 T2`bQMM2 M2 TmBbb2 T�`p2MB` ¨ iQmi b�pQB`- BH 7�mi
Mû�MKQBMb [mǶBH bQBi TQbbB#H2 /2 iQmi �TT`2M/`2X

h�HH2v`�M/- _�TTQ`i bm` HǶBMbi`m+iBQM Tm#HB[m2-
b2Ti2K#`2 RdNR

2
G2�`MBM; iQ _2+Q;MBb2 j. P#D2+ib #v

*m`BQbBiv@.`Bp2M J�MBTmH�iBQM
*QMi2Mib

kXR S`Q#H2K .2b+`BTiBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X k3
kXRXR 1tT2`BK2Mi�H S`QiQ+QH X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X k3
kXRXk J�i?2K�iB+�H 6Q`K�HBb�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jy

kXk J2i?Q/b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jy
kXkXR a+2M2 S2`+2TiBQM �M/ G2�`MBM; �H;Q`Bi?K X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jy
kXkXk �+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jj
kXkXj .2+BbBQM J�FBM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jj
kXkX9 a:AJ@�*ha �`+?Bi2+im`2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X j9

kXj 1tT2`BK2Mi�H _2bmHib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X je
kXjXR 1tT2`BK2Mi�H SH�i7Q`K X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X je
kXjXk 1p�Hm�iBQM Q7 i?2 G2�`MBM; S`Q+2bb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X je
kXjXj _2bmHib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X je

kX9 *QM+HmbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X jN

q2 BHHmbi`�i2 i?2 7Q`K�H /2b+`BTiBQM Q7 � bi`�i2;B+ H2�`M2` 7`QK +?�Ti2` R- #v � bBKTH2 +�b2 bim/v
r?2`2 i?2 �;2Mi 2biBK�i2b i?2 T`Q#�#BHBiv /Bbi`B#miBQM Qp2` /Bb+`2i2 `�M/QK p�`B�#H2b a �M/ bX h?2 `Q#Qi
H2�`Mb iQ �bbQ+B�i2 � +�K2`� pB2r rBi? �M Q#D2+i #v 2TBbQ/2b r?2`2 Bi +QHH2+ib M2r /�i� Q7 BK�;2b
�M/ H�#2HbX �i 2�+? 2TBbQ/2- Bi ?�b iQ /2+B/2 r?B+? Q#D2+i Bi r�Mib iQ H2�`M KQ`2- r?B+? K�MBTmH�iBQM iQ mb2
�b �M 2tTHQ`�iBQM KQ/2 iQ +QHH2+i M2r pBbm�H /�i� �#Qmi i?2 Q#D2+iX PM+2 i?2 Q#D2+i ?�b #22M K�MBTmH�i2/-
i?2 `Q#Qi �+[mB`2b � M2r BK�;2 Q7 i?2 Q#D2+i- 7Q` r?B+? Bi +QKTmi2b Bib +QKT2i2M+2 �i `2+Q;MBbBM; i?2 `B;?i
Q#D2+iX h?Bb M2r /�i� Bb mb2/ iQ BKT`Qp2 i?2 `2+Q;MBiBQM �H;Q`Bi?K �M/ H2�`M iQ #2ii2` /BbiBM;mBb? #2ir22M
Q#D2+ib- r?BH2 Bi Bb �HbQ mb2/ iQ mT/�i2 i?2 K2i�@H2�`MBM; bvbi2K r?B+? /2+B/2b �+iBp2Hv ?Qr iQ K�MBTmH�i2
Q#D2+ibX AM i?Bb b2+iBQM- r2 7Q+mb- MQi QM i?2 +H�bbB}+�iBQM �H;Q`Bi?K r?B+? Bb /2b+`B#2/ BM b2+iBQM kXkXR- #mi
QM i?2 2tTHQ`�iBQM K2i?Q/, ?Qr /Q2b i?2 `Q#Qi ;2M2`�i2 M2r BK�;2b #v /2+B/BM; � K�MBTmH�iBp2 KQ/2\

�7i2` � T`2b2Mi�iBQM Q7 i?2 H2�`MBM; T`Q#H2K BM b2+iBQM kXR- r2 /2b+`B#2 i?2 �H;Q`Bi?Kb mb2/ BM b2+iBQM
kXkX 6BM�HHv BM b2+iBQM kXj- r2 T`2b2Mi i?2 `2bmHib Q7 i?2 H2�`MBM; 2tT2`BK2MiX h?2 `2bmHib T`2b2Mi2/ BM
i?Bb +?�Ti2` ?�p2 #22M T�`iB�HHv Tm#HBb?2/ BM UL;mv2M 2i �HX- kyRjV �M/ Ap�H/B 2i �HX UkyRjVX h?2v �`2 T�`i
Q7 � +QHH�#Q`�iBQM rBi? i?2 J�+bB S`QD2+i- r?2`2 r2 ?�/ � +2Mi`�H `QH2 BM /2bB;MBM; �M/ +�``vBM; Qmi i?2
2tT2`BK2Mib- �M/ BM 2p�Hm�iBM; i?2 +m`BQbBiv �M/ i?2 BMi2`�+iBQM bvbi2KX

kd



L;mv2M a�Q J�B G2�`MBM; iQ _2+Q;MBb2 j. P#D2+ib #v *m`BQbBiv@.`Bp2M J�MBTmH�iBQM

x

x

Which object ?
= 

Which subspace ?

Decide an Action

ing 
vel

licy 
ace
ion

Autonomous Explo.
Social Guidance

Which object ?
= 

Which subspace ?

x

ome 
ace
ion

Which manipulation ? 
=

Which sampling mode?

6B;m`2 kXRXR, h?2 bi`�i2;B+ H2�`M2` b�KTH2b /�i� #v �+iBp2Hv +?QQbBM; irQ �bT2+ib Q7 Bib 2tTHQ`�iBQM,
Bib b�KTHBM; KQ/2 �M/ i?2 Q#D2+i iQ 7Q+mb QMX

kXR S`Q#H2K .2b+`BTiBQM

h?Bb T`QD2+i �BKb �i H2�`MBM; iQ `2+Q;MBb2 Q#D2+ib i?`Qm;? K�MBTmH�iBQMX Aib HQM;@i2`K ;Q�H Bb iQ H2�`M iQ
`2+Q;MBb2 Q#D2+ib rBi? Bib pBbm�H 72�im`2b #mi �HbQ #v i?2B` `2bTQMb2 iQ �+iBQMb QM i?2K- Q` BM Qi?2` i2`Kb
i?2B` �zQ`/�M+2X AM � }`bi bi2T- r2 H2�p2 Qmi i?2 �zQ`/�M+2 +?�`�+i2`BbiB+b Q7 i?2 Q#D2+ib- �M/ r2 /2bB;M �M
2tT2`BK2Mi 7Q` H2�`MBM; iQ `2+Q;MBb2 Q#D2+ib #v `2p2�HBM; Bib pBbm�H 72�im`2b i?`Qm;? K�MBTmH�iBQMX AM i?Bb
b2+iBQM- r2 /2b+`B#2 b?Q`iHv Qm` 2tT2`BK2Mi- i?2M `2@7Q`KmH�i2 i?2 ;2M2`�H 7Q`K�HBb�iBQM Q7 b2+iBQM RX9Xk 7Q`
i?2 T�`iB+mH�` +�b2 Q7 +H�bbB}+�iBQM rBi? b2p2`�H /�i� b�KTHBM; bi`�i2;B2b r?B+? 2M+�TbmH�i2b Qm` `2+Q;MBiBQM
H2�`MBM; T`Q#H2KX AM i?Bb bim/v- �b bmKK�`Bb2/ BM 6B;m`2 kXRXR- Qm` bi`�i2;B+ bim/2Mi K�F2b �+iBp2 +?QB+2b
�i 2�+? 2TBbQ/2 �#Qmi, r?B+? b�KTHBM; KQ/2 iQ mb2- �M/ r?B+? Q#D2+i iQ 7Q+mb QMX

kXRXR 1tT2`BK2Mi�H S`QiQ+QH

AM i?Bb 2tT2`BK2Mi- � `Q#Qi H2�`Mb iQ `2+Q;MBb2 Q#D2+ib b ∈ B �M/ i?2B` j/ pB2rb a ∈ A #v BMi2`�+iBM; rBi? i?2
Q#D2+ib Q` � +�`2;Bp2`X �i 2�+? 2TBbQ/2- i?2 `Q#Qi +�M /2+B/2 iQ T2`7Q`K i?2 �+iBQMb �miQMQKQmbHv Q` iQ �bF
i?2 +�`2;Bp2` iQ K�MBTmH�i2 �M Q#D2+i BM Q`/2` iQ +QHH2+i M2r /�i� �M/ BKT`Qp2 Bib +H�bbB}+�iBQM �H;Q`Bi?KX
S`2+Bb2Hv- i?2 bvbi2K +?QQb2b �M Q#D2+i iQ K�MBTmH�i2 QrBM; iQ 7mM+iBQM ψ- �M/ � b�KTHBM; KQ/2 QrBM; iQ
7mM+iBQM χ �KQM; i?2 7QHHQrBM;,

Ç χ1 , Tmb? i?2 Q#D2+i +?Qb2M #v ψ

Ç χ2 , i�F2 i?2 Q#D2+i ψ- HB7i Bi- �M/ H2i Bi 7�HH QM i?2 i�#H2

Ç χ3 , �bF i?2 ?mK�M iQ K�MBTmH�i2 � Q#D2+i bT2+B}2/ #v ψ

AM i?2 2tT2`BK2Mi- i?2 ?mK�M }`bi T`2b2Mib �M/ H�#2Hb 2�+? Q7 i?2 Q#D2+ib QM2 #v QM2 �M/ H2ib i?2 B*m#
K�MBTmH�i2 i?2KX �i �Mv iBK2- i?2 `Q#Qi +�M �bF i?2 +�`2;Bp2` iQ brBi+? iQ � bT2+B}+ Q#D2+iX Ai i?mb FMQrb
r?B+? Q#D2+i b Bi Bb K�MBTmH�iBM;X .m`BM; i?2 2t2+miBQM Q7 i?2 �+iBQM- i?2 pBbBQM T`Q+2bbBM; bvbi2K Bb BM�+iBp2X
q?2M i?2 �+iBQM Bb +QKTH2i2/- i?2 Q#D2+i Bb ;2M2`�HHv BKKQ#BH2 QM i?2 i�#H2 UMQi�#Hv- BM � /Bz2`2Mi TQb2V-
�M/ i?2 pBbBQM bvbi2K Bb i`B;;2`2/X �7i2` 2�+? K�MBTmH�iBQM- i?2 `Q#Qi i2bib r?B+? Q#D2+i Bi �bbQ+B�i2b rBi?

k3
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i?2 M2r Q#D2+i BK�;2- +QKTmi2b � +QM}/2M+2 K2�bm`2 QM Bib +�T�#BHBiv iQ `2+Q;MBb2 i?2 Q#D2+i- �M/ b2M/b i?2
2p�Hm�iBQM `2bmHib iQ i?2 +m`BQbBiv bvbi2K- #27Q`2 ;�i?2`BM; M2r FMQrH2/;2 �#Qmi i?2 Q#D2+i �M/ mT/�iBM;
Bib `2+Q;MBiBQM KQ/2H L rBi? i?2 FMQrM H�#2H bX .2T2M/BM; QM i?2 T`Q;`2bb- i?2 bi`�i2;B+ H2�`MBM; bvbi2K
#�b2/ QM +m`BQbBiv /2+B/2b i?2 M2ti �+iBQM iQ i`B;;2`X

6B;m`2 kXRXk, h?2 Q#D2+ib mb2/ /m`BM; i?2 2tT2`BK2Mib, bQK2 +QHQm`2/ +m#2b- � v2HHQr +�`- � ;`2v
/Q;- � pBQH2if#Hm2 #�HH- � `2/ #2�`X G27i �M/ `B;?i BK�;2b `2bT2+iBp2Hv b?Qr i?2 7`QMif`2�` bB/2b Q7 i?2
Q#D2+ibX

h?2 Q#D2+ib b mb2/ BM i?2 2tT2`BK2Mib �`2 b?QrM BM };m`2 kXRXk, MQi�#Hv- bQK2 Q#D2+ib �`2 KQ`2
ǳ+?�HH2M;BM;Ǵ iQ `2+Q;MBb2 #2+�mb2 i?2B` �TT2�`�M+2 Bb /Bz2`2Mi /2T2M/BM; QM i?2B` bB/2 U;2M2`�HHv i?2B`
+QHQm`- #mi �HbQ i?2B` bBx2 @ BM i?2 +�b2 Q7 +m#2b �M/ #2�`VX h?2 bT�+2 Q7 Q#D2+ib B Bb i?2 7QHHQrBM; b2i ,

Ç � ;`2v /Q;@b?�T2/ bimz2/ iQvX Aib +QHQm` �M/ b?�T2 �`2 [mBi2 /Bz2`2Mi 7`QK i?2 Qi?2`b- �M/ Bi Bb
i?2`27Q`2 2�bv iQ `2+Q;MBb2 BiX

Ç � Tm`TH2 �M/ #Hm2 +QHQm`2/ #�HHX h?2 +QHQm`b �M/ b?�T2 �`2 [mBi2 /Bz2`2Mi 7`QK i?2 Qi?2` Q#D2+ib- bQ
Bi Bb [mBi2 2�bv iQ /BbiBM;mBb?X >Qr2p2`- #2+�mb2 i?2 irQ bB/2b Q7 i?2 #�HH �`2 Q7 /Bz2`2Mi +QHQm`b- KQ`2
b�KTH2b �`2 `2[mB`2/ iQ �bbQ+B�i2 i?2 /Bz2`2Mi pB2rb iQ i?2 #�HHX

Ç � `2/ i2//v #2�`X Aib +QHQm` �M/ b?�T2 �`2 [mBi2 2�bv iQ `2+Q;MBb2- #mi Bi +�M #2 +QM7mb2/ rBi? i?2
+m#2b r?B+? �HbQ ?�p2 `2/ T�`ibX

Ç � v2HHQr +�`X h?Bb iQv Qz2`b MmK2`Qmb pB2rb /2T2M/BM; QM Bib Q`B2Mi�iBQM �M/ TQbBiBQM QM i?2 i�#H2X
q2 2tT2+i bm+? � iQv iQ �`Qmb2 i?2 BMi2`2bi Q7 �M �;2Mi #2+�mb2 Q7 Bib `B+? ǳT2`+2TiBp2 �zQ`/�M+2ǴX
JQ`2Qp2`- i?2 iQv ?�b i?2 b�K2 +QHQm` �b T�`ib Q7 i?2 +m#2b- �M/ �HKQbi i?2 b�K2 b?�T2 �b bQK2
pB2rb Q7 i?2 +m#2b Ur?2M � H�i2`�H pB2r b?Qrb QMHv i?2 v2HHQr +m#2bVX h?mb Bib +H�bbB}+�iBQM K�v #2
/B{+mHiX

Ç � T�i+?rQ`F Q7 v2HHQr@`2/@;`22M +m#2bX h?Bb iQv �HbQ Qz2`b MmK2`Qmb pB2rb /2T2M/BM; QM Bib
Q`B2Mi�iBQM �M/ TQbBiBQMX h?Bb Q#D2+i Bb i?2 KQbi i`B+Fv iQ `2+Q;MBb2 �b Bi +�M #2 +QM7mb2/ rBi?
#Qi? i?2 +�` �M/ i?2 i2//v #2�`X

kN
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kXRXk J�i?2K�iB+�H 6Q`K�HBb�iBQM

Pm` �;2Mi H2�`Mb iQ �bbQ+B�i2 � +�K2`� pB2r a ∈ A rBi? �M Q#D2+i b ∈ BX Ai i?mb ?�b iQ 2biBK�i2 i?2
T`Q#�#BHBiv /Bbi`B#miBQM p̃(b|a)- r?B+? `2T`2b2Mib i?2 `2�H B/ Q7 i?2 BK�;2X �i 2�+? 2TBbQ/2 e- Bi ;2ib � M2r
Q#D2+i pB2r �M/ Bi mT/�i2b Bib 2biBK�i2 pe(b|a)X

h?mb B Bb i?2 b2i Q7 Q#D2+ib iQ #2 `2+Q;MBb2/X A Bb i?2 bT�+2 Q7 �HH TQbbB#H2 `;#@/ BK�;2bX AM Qm`
2tT2`BK2Mi�H b2iiBM;- �b 2�+? BK�;2 Bb Q7 `2bQHmiBQM 480 × 640- A Bb Q7 /BK2MbBQM 4 × 480 × 640X h?2 bT�+2
A Q7 BK�;2b ;2M2`�i2/ rBi? i?2 p�`BQmb Q#D2+ib Bb BM}MBi2- �b �M BM}MBiv Q7 BK�;2b +Q``2bTQM/ iQ i?2 b�K2
Q#D2+i b22M i?`Qm;? /Bz2`2Mi �M;H2b- TQbBiBQMb �M/ /Bbi�M+2bX

G2i γe(a) #2 � K2�bm`2 Q7 +QKT2i2M+2 �i `2+Q;MBbBM; i?2 `B;?i Q#D2+i BM BK�;2 a rBi? i?2 2biBK�iBQM peX
Ai +Q``2bTQM/b iQ i?2 BMp2`b2 Q7 i?2 +Qbi 7mM+iBQM J BMi`Q/m+2/ BM b2+iBQM RX9X JQ`2 T`2+Bb2Hv γe(a) Bb i?2
BMp2`b2 Q7 J(a, p̃(α|argmaxb(pe(b|a))X Pm` ;Q�H Bb iQ `2+Q;MBb2 �HH Q#D2+ib- BX2X iQ K�tBKBb2,

Ie =
∑

a

p(a)γe(a) UkXRV

r?2`2 p(a) Bb � T`Q#�#BHBiv Qp2` A i?�i a �TT2�`b iQ i?2 `Q#QiX h?2 �;2Mi Bb 2M/Qr2/ rBi? � H2�`MBM;
�H;Q`Bi?K L 7Q` `2+Q;MBbBM; /Bz2`2Mi pB2rb Q7 Q#D2+ibX h?2 H2�`M2` Kmbi b�KTH2 BK�;2b Q7 2�+? Q#D2+i iQ
;Bp2 /�i� iQ i?Bb `2+Q;MBiBQM �H;Q`Bi?K LX q?BH2 +H�bbB+�H �+iBp2 H2�`MBM; K2i?Q/b +?QQb2 BK�;2b a ∈ A �M/
i?2M �bF 7Q` i?2B` H�#2Hb b ∈ B- Qm` K2i?Q/ K�BMHv 2tTHQ`2b i?2 Q#D2+i bT�+2 B #v +?QQbBM; }`bi �M Q#D2+i
U7mM+iBQM ψ Q7 b2+iBQM RX9XkV- �M/ ;2M2`�iBM; BK�;2b rBi? j /Bz2`2Mi b�KTHBM; KQ/2b χ , Bi +�M Tmb? i?2
Q#D2+i- HB7i �M/ /`QT i?2 Q#D2+i- Q` Bi +�M �bF � ?mK�M iQ K�MBTmH�i2 �M Q#D2+iX h?2b2 /Bz2`2Mi KQ/2b ?�p2
/Bz2`2Mi +Qbib κ(χ) i?�i i�F2 BMiQ �++QmMi i?2 iBK2 +Qbi- 2M2`;v +Qbi- +�`2;Bp2` 2zQ`i Q7 2�+? KQ/2X AM i?Bb
bim/v ∀χ,κ(χ) �`2 b2i iQ i?2 b�K2 p�Hm2 RX

hQ bmKK�`Bb2- Ψ =
⋃

b∈B

((A× {b})Z)2 �M/ X Bb � b2i Q7 j T`2/2}M2/ b�KTHBM; KQ/2bX �i 2�+? 2TBbQ/2 i?2

`Q#Qi ?�b iQ /2+B/2 QM � /�i� +QHH2+iBQM K2i?Q/, r?B+? Q#D2+i Bi r�Mib iQ H2�`M KQ`2- r?B+? K�MBTmH�iBQM
iQ mb2 �b � b�KTHBM; KQ/2 iQ ;2M2`�i2 M2r b�KTH2 /�i�- BM Q`/2` iQ H2�`M iQ /BbiBM;mBb? #2ir22M Q#D2+ibX AM
i?2 M2ti b2+iBQM- r2 /2b+`B#2 i?2 H2�`MBM; �H;Q`Bi?K L �M/ i?2 K2i�@H2�`MBM; K2i?Q/ A 7Q` 2tTHQ`�iBQMX

kXk J2i?Q/b

AM i?Bb b2+iBQM- r2 7Q+mb- �7i2` � b?Q`i /2b+`BTiBQM Q7 i?2 +H�bbB}+�iBQM �H;Q`Bi?K L BM b2+iBQM kXkXR �M/
i?2 +QMi`QH bvbi2K BM b2+iBQM kXkXk- QM i?2 2tTHQ`�iBQM K2i?Q/ A, ?Qr i?2 `Q#Qi ;2M2`�i2b M2r BK�;2b #v
/2+B/BM; � KQ/2 Q7 K�MBTmH�iBQMX

kXkXR a+2M2 S2`+2TiBQM �M/ G2�`MBM; �H;Q`Bi?K

h?2 T2`+2Tim�H bvbi2K Q7 i?2 `Q#Qi Bb � _:"@. b2MbQ` TH�+2/ Qp2` i?2 �`2� r?2`2 i?2 BMi2`�+iBQM rBi?
Q#D2+ib �M/ +�`2;Bp2`b i�F2b TH�+2X 6`QK i?2b2 +�K2`� BK�;2b �`2 2ti`�+i2/ 72�im`2bX � H2�`MBM; �H;Q`Bi?K
L i?2M K�F2b bi�iBbiB+�H BM72`2M+2b iQ �bbQ+B�i2 i?2b2 72�im`2b rBi? Q#D2+ibX

h?2 Q#D2+i H2�`MBM; �M/ `2+Q;MBiBQM KQ/mH2 ?�b #22M /2bB;M2/ rBi? i?2 +QMbi`�BMib Q7 /2p2HQTK2Mi�H
`Q#QiB+b BM KBM/X Ai mb2b KBMBK�H T`BQ` FMQrH2/;2 Q7 i?2 2MpB`QMK2MiX � b?Q`i Qp2`pB2r Bb ;Bp2M ?2`2X
.2i�BHb +�M #2 7QmM/ BM UGvm#Qp� �M/ 6BHHB�i- kyRkVX

jy
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�HH BM7Q`K�iBQM �#Qmi i?2 pBbm�H b+2M2 Bb BM+`2K2Mi�HHv �+[mB`2/ �b BHHmbi`�i2/ BM 6B;X kXkXRX h?2 K�BM
T`Q+2bbBM; bi2Tb BM+Hm/2 i?2 /2i2+iBQM Q7 T?vbB+�H 2MiBiB2b BM i?2 pBbm�H bT�+2 �b T`QiQ@Q#D2+ib- H2�`MBM; i?2B`
�TT2�`�M+2- �M/ +�i2;Q`BbBM; i?2KX

�i i?2 }`bi bi�;2 Q7 Qm` bvbi2K i?2 pBbm�H b+2M2 Bb b2;K2Mi2/ BMiQ T`QiQ@Q#D2+ib USvHvb?vM- kyyRV i?�i
+Q``2bTQM/ iQ mMBib Q7 pBbm�H �ii2MiBQM /2}M2/ 7`QK +Q?2`2Mi KQiBQM �M/ �TT2�`�M+2X �bbmKBM; i?�i i?2
pBbm�H �ii2MiBQM Q7 i?2 `Q#Qi Bb KQbiHv �ii`�+i2/ #v KQiBQM- T`QiQ@Q#D2+i /2i2+iBQM bi�`ib 7`QK QTiB+�H ~Qr
2biBK�iBQM- r?BH2 B;MQ`BM; i?2 `2;BQMb Q7 i?2 b+2M2 i?�i �`2 7�` �r�v �++Q`/BM; iQ i?2 +QMbi`�BMib Q7 i?2
`Q#QiǶb rQ`FbT�+2X h?2M- � i`�+F2` Bb mb2/ iQ 2ti`�+i 72�im`2b BMbB/2 KQpBM; `2;BQMb �M/ iQ ;`QmT i?2K
#�b2/ QM i?2B` `2H�iBp2 KQiBQM �M/ /Bbi�M+2X 1�+? +Hmbi2` Q7 +Q?2`2MiHv KQpBM; TQBMib Bb �bbQ+B�i2/ rBi? QM2
T`QiQ@Q#D2+i �M/ Bib +QMiQm` Bb /2}M2/ �++Q`/BM; iQ i?2 p�`B�iBQM Q7 /2Ti?X 1�+? T`QiQ@Q#D2+i Bb i?2`27Q`2
i`�+F2/ �+`Qbb 7`�K2b �M/ }M�HHv B/2MiB}2/ �b �M �H`2�/v FMQrM Q` � M2r 2MiBivX

1�+? T`QiQ@Q#D2+i �TT2�`�M+2 Bb BM+`2K2Mi�HHv �M�Hvb2/ #v 2ti`�+iBM; HQr@H2p2H pBbm�H 72�im`2b �M/
;`QmTBM; i?2K BMiQ � ?B2`�`+?B+�H `2T`2b2Mi�iBQMX �b � #�bBb Q7 i?2 72�im`2 ?B2`�`+?v r2 mb2 al_6 TQBMib U"�v
2i �HX- kyyeV �M/ +QHQm` Q7 bmT2`TBt2Hb UJB+mbBF �M/ EQb2+F�- kyyNV Q#i�BM2/ #v b2;K2MiBM; i?2 b+2M2 BMiQ
`2;BQMb Q7 bBKBH�` �/D�+2Mi TBt2HbX h?2b2 HQr@H2p2H 72�im`2b �`2 ;`QmT2/ BMiQ T�B`b �M/ i`BTH2b BM+Q`TQ`�iBM;
HQ+�H ;2QK2i`v �M/ +�HH2/ KB/@72�im`2bX "Qi? HQr@ �M/ KB/@H2p2H 72�im`2b �`2 [m�MiBb2/ BMiQ /B+iBQM�`B2b
Q7 pBbm�H rQ`/bX h?2 "�; Q7 pBbm�H qQ`/b �TT`Q�+? rBi? BM+`2K2Mi�H /B+iBQM�`B2b U6BHHB�i- kyydV Bb mb2/ iQ
+?�`�+i2`Bb2 i?2 �TT2�`�M+2 Q7 2MiBiB2b 7`QK /Bz2`2Mi pB2rTQBMib i?�i r2 +�HH pB2rbX oB2rb �`2 2M+Q/2/ #v i?2
Q++m``2M+2 7`2[m2M+v Q7 2ti`�+i2/ KB/@72�im`2bX �M Qp2`�HH 2MiBiv �TT2�`�M+2 Bb +?�`�+i2`Bb2/ #v � KmHiB@pB2r
KQ/2H +QMbi`m+i2/ #v i`�+FBM; �M 2MiBiv �+`Qbb 7`�K2b �M/ +QHH2+iBM; Bib pB2rb Q++m``2M+2 7`2[m2M+vX

"2bB/2b i`�+FBM;- i?2 �bbQ+B�iBQM Q7 i?2 +m``2Mi pB2r iQ �M 2MiBiv +�M �HbQ #2 #�b2/ QM �TT2�`�M+2
`2+Q;MBiBQM r?2M �M Q#D2+i �TT2�`b BM i?2 }2H/ Q7 pB2rX AM i?Bb +�b2- �TT2�`�M+2@#�b2/ pB2r `2+Q;MBiBQM
Bb T2`7Q`K2/ }`bi- mbBM; �HH 2ti`�+i2/ KB/@72�im`2b iQ T�`iB+BT�i2 BM � pQiBM; T`Q+2/m`2 i?�i mb2b i?2 h6@A.6
Uh2`K@6`2[m2M+v @ AMp2`b2 .Q+mK2Mi 6`2[m2M+vV UaBpB+ �M/ wBbb2`K�M- kyyjV �M/ � K�tBKmK HBF2HB?QQ/
�TT`Q�+?X A7 i?2 `2+Q;MBiBQM HBF2HB?QQ/ Bb ?B;?- i?2 pB2r Bb B/2MiB}2/ �b i?2 KQbi T`Q#�#H2 �KQM; �H`2�/v
FMQrM pB2rbc Qi?2`rBb2- � M2r pB2r Bb +`2�i2/X h?2M- �TT2�`�M+2@#�b2/ 2MiBiv `2+Q;MBiBQM Bb T2`7Q`K2/
mbBM; �M Q++m``2M+2 bi�iBbiB+b Q7 pB2rb �KQM; FMQrM 2MiBiB2bX

lbBM; i?2 �#BHBiv iQ +�i2;Q`Bb2 2MiBiB2b- i?2 KQ/2Hb Q7 Q#D2+ib T`2pBQmbHv +QMbi`m+i2/ /m`BM; i?2B`
Q#b2`p�iBQM +�M #2 BKT`Qp2/ /m`BM; `Q#Qi BMi2`�+iBp2 �+iBQMbX aBM+2 i?2 K�MBTmH�i2/ Q#D2+i /Q2b MQi +?�M;2
/m`BM; i?2 `Q#Qi �+iBQM- Bib +Q``2bTQM/BM; KQ/2H +�M #2 mT/�i2/ rBi? `2+Q;MBb2/ pB2rbX h?2 mT/�i2b
rBi? `2+Q;MBb2/ pB2rb `2/m+2 MQBb2 BM Q#D2+i KQ/2Hb- r?BH2 i?2 mT/�i2b rBi? M2r pB2rb �HHQr i?2 `Q#Qi iQ
�++mKmH�i2 pB2rb +Q``2bTQM/BM; iQ mMb22M T2`bT2+iBp2b Q7 i?2 Q#D2+ibX

�i 2�+? BK�;2 a ∈ A b22M- L +QKTmi2b i?2 HBF2HB?QQ/ 7Q` 2�+? �H`2�/v FMQrM pB2r- �M/ `2im`Mb i?2 irQ
?B;?2bi HBF2HB?QQ/ K2�bm`2b pm1, pm2- �b r2HH �b i?2 Q#D2+ib bm1, bm2 Q7 i?2 Q#D2+ib �bbQ+B�i2/ rBi? i?2 pB2rb-
�M/ i?2 MmK#2` nm1, nm2 Q7 FMQrM pB2rb 7Q` 2�+? Q7 i?2 Q#D2+ibX �b i?`Qm;? bQ+B�H BMi2`�+iBQM- i?2 +�`2;Bp2`
i2�+?2b iQ i?2 B*m# i?2 Q#D2+i bg Q7 i?2 Q#D2+i ?2 Bb K�MBTmH�iBM;- i?2 `Q#Qi +�M 2biBK�i2 Bib +QKT2i2M+2
�i /BbiBM;mBb?BM; bg 7`QK Qi?2` Q#D2+ib- rBi? i?2 /BbbBKBH�`Biv Q7 HBF2HB?QQ/ K2�bm`2b #2ir22M i?2 Rbi Q#D2+i
�bbQ+B�i2/ �M/ i?2 kM/ Q#D2+i �bbQ+B�i2/- �M/ #v 2biBK�iBM; Bib ;�BM Q7 BM7Q`K�iBQM �#Qmi i?2 Q#D2+i #v
+QHH2+iBM; M2r pB2rbX q2 +QMbB/2` i?�i i?2 +QKT2i2M+2 Bb ?B;? r?2M i?2 H2�`M2`Ƕb iQT irQ �Mbr2`b �`2
+Q``2+iX AM i?Bb +�b2- Bib +QKT2i2M+2 b?QmH/ #2 T`QTQ`iBQM�H iQ Bib +QM}/2M+2- Q` T`Q#�#BHBiv Q7 ;BpBM; i?2b2
+Q``2+i �Mbr2`bX A7 �KQM; Bib iQT irQ �Mbr2`b- Bi QMHv ;2ib QM2 `B;?i- i?2 +QKT2i2M+2 Bb HQr2` �M/ b?QmH/
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identifiedLentity

Rn1

Rn2

Rn4

Rn5

vision proprioception

Rn3

view level

HSVL
mid-features

SURF
mid-features

HSVL
superpixels

SURF
points

identifiedLview

mid-levelL
dictionary

low-levelL
dictionary

mid-level
dictionary

low-levelL
dictionary

entity level

feature level

proto-object level

segmentedLproto-object

KLTLpointsdepthLcontours

opticalLflowdepthLdata

category level
object 

6B;m`2 kXkXR, h?2 pBbm�H BM7Q`K�iBQM Bb T`Q+2bb2/ i?`Qm;? � ?B2`�`+?v Q7 H�v2`b- r?B+? 2H�#Q`�i2 i?2
+�K2`� BK�;2b iQ 2ti`�+i i?2 2MiBiB2b BM i?2 b+2M2X h?2 T`QT`BQ+2TiBp2 BM7Q`K�iBQM 7`QK i?2 `Q#Qi Bb
mb2/ 7Q` +�i2;Q`BbBM; i?2 2MiBiB2bX

jk
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#2 `2H�i2/ iQ i?2 `�iBQ #2ir22M i?2 T`Q#�#BHBiv Q7 i?2 +Q``2+i �Mbr2` �M/ i?2 BM+Q``2+i �Mbr2`X 6BM�HHv- B7
Bib iQT irQ �Mbr2`b �`2 BM+Q``2+i- Bi ;2ib � HQr b+Q`2X h?2 +QKT2i2M+2 �i `2+Q;MBbBM; Q#D2+i bg BM BK�;2 a Bb
i?mb /2}M2/ �b

γ(b, a) =nm1 × pm1 + c1 B7 bg = bm1 = bm2

nm1 × pm1/(1 + pm2) + c1 B7 bg = bm1, bg ̸= bm2

nm2 × pm2/(1 + pm1) + c1 B7 bg ̸= bm1, bg = bm2

c1 B7 bg ̸= b1, bg ̸= bm2

r?2`2 c1 Bb � +QMbi�Mi- b2i iQ @R BM Qm` 2tT2`BK2MiX γ +Q``2bTQM/b iQ i?2 BMp2`b2 Q7 i?2 +Qbi 7mM+iBQM J

BMi`Q/m+2/ BM b2+iBQM RX9X

kXkXk �+iBQM

�M �+iBQM KQ/mH2 +QMi`QHHBM; i?2 `Q#Qi 2tTQb2b � b2i Q7 ?B;? H2p2H +QKK�M/b iQ i?2 T2`+2TiBp2 �M/ +Q;MBiBp2
KQ/mH2bX Ai �+ib �b BMi2`K2/B�i2 +QMi`QHH2` 7Q` bT22+? �M/ KQiQ` DQBMibX JQ/mH2b +�M b2M/ +QKK�M/b iQ i?2
`Q#Qi- bT2+B7vBM; i?2 ivT2 Q7 �+iBQM �M/ � p�`B�#H2 HBbi Q7 T�`�K2i2`b Ui?2 Q#D2+i T`QT2`iB2b- 2X;X HQ+�iBQM QM
i?2 i�#H2- Q`B2Mi�iBQMc 2i+XVX �+iBQMb +�M #2 bBKTH2 U7Q` 2t�KTH2 i?2 T`BKBiBp2b Tmb?- bT2�FV #mi �HbQ KQ`2
+QKTH2t U�b i�FBM; �M Q#D2+i- HB7iBM; Bi �M/ /`QTTBM; Bi QM i?2 i�#H2VX JQ`2 bT2+B}+�HHv BM Qm` 2tT2`BK2Mi-
r2 mb2 k KQiQ` T`BKBiBp2b T�`�K2i2`Bb2/ #v i?2 Q#D2+i TQbBiBQM 7Q` Tmb?BM; �M/ /`QTTBM; �M Q#D2+i- �M/ �
bT22+? T`BKBiBp2 T�`�K2i2`Bb2/ #v i?2 Q#D2+i H�#2HX

kXkXj .2+BbBQM J�FBM;

.Bz2`2MiHv 7`QK UAp�H/B 2i �HX- kyRkV- r?2`2 bQ+B�H ;mB/�M+2 r�b `2bi`B+i2/ iQ i?2 K2`2 2t2+miBQM Q7 +QKK�M/b
`2+2Bp2/ 7`QK i?2 +�`2;Bp2`- BM i?Bb bim/v i?2 `Q#Qi i�F2b Bib /2+BbBQMb �miQMQKQmbHv #�b2/ QM BMi`BMbB+
KQiBp�iBQM �M/ +m`BQbBivX q2 ?2`2BM�7i2` /2b+`B#2 BM /2i�BH i?2 aQ+B�HHv :mB/2/ AMi`BMbB+ JQiBp�iBQM rBi?
�+iBp2 *?QB+2 Q7 h2�+?2` �M/ ai`�i2;v Ua:AJ@�*haV �H;Q`Bi?KX

Pm` H2�`M2` BKT`Qp2b Bib 2biBK�iBQM p Q7 p̃ iQ K�tBKBb2 I =
∑

a P (a)γ(a) #Qi? #v b2H7@2tTHQ`BM; A �M/
B bT�+2bX Ai ;2M2`�i2b M2r T2`+2TiBQM b�KTH2b #v K�MBTmH�iBM; i?2 Q#D2+ib �M/ #v �bFBM; 7Q` ?2HT iQ �
+�`2;Bp2`- r?Q ?�M/b i?2 Q#D2+ib iQ i?2 `Q#QiX q?2M �M Q#D2+i Bb TH�+2/ QM i?2 i�#H2- � `;#@/ BK�;2 a ∈ A Bb
`2i`B2p2/ �i 2�+? bi2TX a:AJ@�*ha H2�`Mb #v 2TBbQ/2b /m`BM; r?B+? Bi �+iBp2Hv +?QQb2b #Qi? �M Q#D2+i b ∈ B

iQ H2�`M iQ `2+Q;MBb2 �M/ � b�KTHBM; KQ/2 χ #2ir22M, Tmb?BM; i?2 Q#D2+i- i�FBM; �M/ /`QTTBM; i?2 Q#D2+i
Q` �bFBM; i?2 +�`2;Bp2` iQ K�MBTmH�i2 i?2 Q#D2+iX 6Q` 2�+? Q#D2+i b Bi ?�b /2+B/2/ iQ 2tTHQ`2- Bi �HbQ +?QQb2b
i?2 KQ/2 χ r?B+? K�tBKBb2b Bib +QKT2i2M+2 T`Q;`2bb Q` interest- /2}M2/ �b i?2 HQ+�H +QKT2i2M+2 T`Q;`2bb-
Qp2` � bHB/BM; iBK2 rBM/Qr Q7 δ 7Q` �M Q#D2+i b rBi? KQ/2 χ �i +Qbi κ(χ)X A7 i?2 +QKT2i2M+2 K2�bm`2/ 7Q`
Q#D2+i b rBi? KQ/2 χ +QMbiBimi2 i?2 HBbi R(b,χ) = {γ1, ...γN},

interest(b,χ) =
1

κ(χ)

∣

∣

∣

∣

∣

∣

⎛

⎝

N− δ
2

∑

j=N−δ

γj

⎞

⎠−

⎛

⎝

N
∑

j=N− δ
2

γj

⎞

⎠

∣

∣

∣

∣

∣

∣

δ
UkXkV
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h?Bb b�KTHBM; KQ/2 2M�#H2b i?2 H2�`M2` iQ ;2M2`�i2 M2r b�KTH2b a BM bm#bT�+2b Q7 AX h?2 a:AJ@�*ha
H2�`M2` 2tTHQ`2b T`272`2MiB�HHv Q#D2+ib r?2`2 Bi K�F2b T`Q;`2bb i?2 7�bi2biX Ai b�KTH2b pB2rb 7`QK i?2 Q#D2+i
iQ BKT`Qp2 Bib pBbBQM bvbi2K- `2@mbBM; �M/ QTiBKBbBM; i?2 `2+Q;MBiBQM �H;Q`Bi?K #mBHi i?`Qm;? Bib /Bz2`2Mi
2tTHQ`�iBQM KQ/2bX

h?Bb #2?�pBQm`�H /2b+`BTiBQM Q7 a:AJ@�*ha Bb +QKTH2i2/ BM i?2 M2ti b2+iBQM #v i?2 /2b+`BTiBQM Q7 Bib
�`+?Bi2+im`2X

kXkX9 a:AJ@�*ha �`+?Bi2+im`2

Request  to
caregiver

ar

Object & 
Sampling Mode

 Interest Mapping

Sampling 
Mode & 
Object 
Space

Exploration

Image Space
Exploration

autonomous
exploration

Autonomous 
Sampling Mode

Social Guidance 
Sampling Mode Select 

Object & 
Sampling Mode

progress

interaction with 
teacher

bg

br

p,p!

ar

bg

br

p,p !

γ γ

6B;m`2 kXkXk, hBK2 ~Qr +?�`i Q7 a:AJ@�*ha- r?B+? +QK#BM2b AMi`BMbB+ JQiBp�iBQM �M/ aQ+B�H
:mB/�M+2 2tTHQ`�iBQM KQ/2b BMiQ k H�v2`b, i?2 b�KTHBM; KQ/2 �M/ Q#D2+i bT�+2 B 2tTHQ`�iBQM- �M/
i?2 BK�;2 bT�+2 A 2tTHQ`�iBQMX

a:AJ@�*ha Bb �M �H;Q`Bi?K #�b2/ QM BMi2`�+iBp2 H2�`MBM; �M/ BMi`BMbB+ KQiBp�iBQMX Ai H2�`Mb iQ `2+Q;MBb2
/Bz2`2Mi Q#D2+ib #v �+iBp2Hv +?QQbBM; r?B+? Q#D2+i b ∈ B iQ 7Q+mb QM UψV- �M/ r?B+? b�KTHBM; KQ/2 χ iQ
�/QTi iQ H2�`M HQ+�H BMp2`b2 �M/ 7Q`r�`/ KQ/2HbX Aib �`+?Bi2+im`2 Bb b2T�`�i2/ BMiQ irQ H2p2Hb �b /2b+`B#2/ BM
�H;Q`Bi?K kXkXR,

Ç � JQ/2 �M/ G�#2H aT�+2 1tTHQ`�iBQM H2p2H r?B+? /2+B/2b �+iBp2Hv r?B+? Q#D2+i bg iQ b2i �b � ;Q�H- r?B+?
b�KTHBM; KQ/2 χ iQ �/QTi- �M/ r?B+? Q#D2+i iQ K�MBTmH�i2 X hQ KQiBp�i2 Bib +?QB+2- Bi �bbQ+B�i2b iQ
2�+? b ∈ B �M BMi2`2bi H2p2H 7Q` 2�+? KQ/2 U:Q�H AMi2`2bi J�TTBM;VX �b /2i�BH2/ BM �H;Q`Bi?K kXkXk-
i?2 BMi2`2bi Bb +QKTmi2/ �b i?2 +QKT2i2M+2 T`Q;`2bb �i `2+Q;MBbBM; i?2 Q#D2+i b rBi? i?2 bi`�i2;v χ

Qp2` � iBK2 rBM/Qr Q7 δX �b /2b+`B#2/ BM �H;Q`Bi?K kXkXj- i?2 7mM+iBQM Ua2H2+i G�#2H �M/ JQ/2V
b2H2+ib Q#D2+ib �M/ bi`�i2;B2b biQ+?�biB+�HHv K�BMHv �++Q`/BM; iQ i?2B` +QKT2i2M+2 T`Q;`2bb UHBM2 3VX
hQ 2Mbm`2 � KBMBKmK Q7 2tTHQ`�iBQM- Bi bQK2iBK2b b2H2+ib `�M/QKHv �Mv Q#D2+ib �M/ KQ/2b UHBM2 8VX
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Ç � AK�;2 aT�+2 1tTHQ`�iBQM H2p2H i?�i 2tTHQ`2b A- �++Q`/BM; iQ i?2 Q#D2+i bg �M/ b�KTHBM; KQ/2
χ +?Qb2M #v i?2 JQ/2 �M/ G�#2H aT�+2 1tTHQ`�iBQM H2p2HX qBi? 2�+? +?Qb2M KQ/2fK�MBTmH�iBQM-
/Bz2`2Mi b�KTH2b (ar, br) �`2 ;2M2`�i2/ iQ KBMBKBb2 γ- r?BH2 BKT`QpBM; Bib 2biBK�iBQM Q7 pe �M/
/Bb+`BKBM�iBM; bg 7`QK Qi?2` Q#D2+ibX Ai }M�HHv `2im`Mb i?2 +QKT2i2M+2 K2�bm`2 γ(bg) iQ i?2 JQ/2
�M/ G�#2H aT�+2 1tTHQ`�iBQM H2p2HX

�H;Q`Bi?K kXkXR a:AJ@�*ha 7Q` .Bb+`2i2 Pmi+QK2b aT�+2b
R, AMTmi, s1, s2, ... , �p�BH�#H2 b�KTHBM; KQ/2b rBi? +Qbi κiX
k, AMBiB�HBx�iBQM, R← bBM;H2iQM {B}X
j, AMBiB�HBx�iBQM, H← 2KTiv 2TBbQ/B+ K2KQ`v Q7 b2ib Q7 �bbQ+B�iBQMb U�-#VX
9, HQQT
8, χi, bg ← a2H2+i G�#2H �M/ a�KTHBM; JQ/2(R)

e, `2T2�i
d, B7 χi Bb � aQ+B�H :mB/�M+2 H2�`MBM; KQ/2 i?2M
3, (ar, br, bg)← AMi2`�+i rBi? +�`2;Bp2` rBi? KQ/2 χiX
N, 2Hb2 B7 χi Bb �M �miQMX 1tTHQ`�iBQM H2�`MBM; KQ/2 i?2M

Ry, (ar, br, bg)← S2`7Q`K �+iBQM rBi? KQ/2 χiX
RR, 2M/ B7
Rk, G2�`MBM;, lT/�i2 p rBi? (ar, br)X
Rj, γ ← *QKT2i2M+2 7Q` bg

R9, mMiBH 2M/ Q7 i`B�Hb 7Q` i?2 b�K2 Q#D2+i
R8, J2i�@G2�`MBM;, R← lT/�i2 :Q�H AMi2`2bi J�TTBM;(R,H, bg, γ)

Re, 2M/ HQQT

�H;Q`Bi?K kXkXk (R) 4 :Q�H AMi2`2bi J�TTBM;UR,H, b, γV
R, BMTmi, b, b2i Q7 Q#D2+ib �M/ +Q``2bTQM/BM; interest(b,χ) 7Q` 2�+? bi`�i2;v χX
k, BMTmi, δ , � iBK2 rBM/Qr mb2/ iQ +QKTmi2 i?2 BMi2`2biX
j, �// γ iQ R(b,χ)- i?2 HBbi Q7 +QKT2i2M+2 K2�bm`2b 7Q` Q#D2+i b ∈ B rBi? bi`�i2;v χX
9, *QKTmi2 i?2 M2r p�Hm2 Q7 +QKT2i2M+2 T`Q;`2bb Q7 b,

interest(b,χ) = 1
κ(χ)

∣

∣

∣

∣

∣

∣

∣

∣

∣

⎛

⎜

⎜

⎜

⎝

N− δ
2

∑

j=N−δ

γj

⎞

⎟

⎟

⎟

⎠

−

⎛

⎜

⎜

⎝

N
∑

j=N− δ
2

γj

⎞

⎟

⎟

⎠

∣

∣

∣

∣

∣

∣

∣

∣

∣

δ

e, `2im`M R i?2 b2i Q7 �HH R(b,χ)
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�H;Q`Bi?K kXkXj (χ, bg) 4 a2H2+i G�#2H �M/ a�KTHBM; JQ/2UR V
R, BMTmi, R, b2i Q7 `2;BQMb Rn �M/ +Q``2bTQM/BM; interestRn

(χ) 7Q` 2�+? bi`�i2;v χX
k, T�`�K2i2`b, 0 ≤ p1 ≤ 1 , T`Q#�#BHBiv 7Q` `�M/QK KQ/2X
j, p← `�M/QK p�Hm2 #2ir22M y �M/ RX
9, B7 p < p1 i?2M
8, 1Mbm`2 � KBMBKmK Q7 2tTHQ`�iBQM- BX2X ,
e, *?QQb2 χ �M/ bg ∈ B `�M/QKHv
d, 2Hb2
3, 6Q+mb QM �`2�b Q7 ?B;?2bi +QKT2i2M+2 T`Q;`2bb- BX2X ,
N, ∀(χ, nV- Pn(χ)←

interestRn (χ)−KBM(interestRi
)

∑|Rn|
i=1

interestRi
(χ)−KBM(interestRi

)

Ry, (b,χ)← argmaxn,χPn(χ)

RR, 2M/ B7
Rk, `2im`M (b,χ)

kXj 1tT2`BK2Mi�H _2bmHib

kXjXR 1tT2`BK2Mi�H SH�i7Q`K

1tT2`BK2Mib �`2 +�``B2/ Qmi rBi? � 8j .P6 7mHH@#Q/v ?mK�MQB/ `Q#Qi- +�HH2/ B*m# UL�i�H2 2i �HX- kyRkVX
h?2 r?QH2 mTT2`@#Q/v ?�b #22M mb2/ BM Qm` 2tT2`BK2Mib, ?2�/- iQ`bQ- �`Kb �M/ ?�M/b- 7Q` � iQi�H Q7 9R
.P6X h?�MFb iQ T`QtBK�H 7Q`+2 b2MbBM;- i?2 K�BM DQBMib U�`Kb- iQ`bQV �`2 +QKTHB�Mi UAp�H/B 2i �HX- kyRkVX

�HH bQ7ir�`2 KQ/mH2b mb2/ BM i?2 2tT2`BK2Mib Q7 i?Bb +?�Ti2` #2HQM; iQ i?2 J�*aB bQ7ir�`2
�`+?Bi2+im`2 UAp�H/B 2i �HX- kyRkVX

kXjXk 1p�Hm�iBQM Q7 i?2 G2�`MBM; S`Q+2bb

hQ 2p�Hm�i2 i?2 2{+B2M+v Q7 Qm` �H;Q`Bi?K- r2 +QKT�`2 Qm` a:AJ@�*ha 2tTHQ`�iBQM �`+?Bi2+im`2 rBi? i?2
`�M/QK �H;Q`Bi?K r?2`2 i?2 �;2Mi rQmH/ +?QQb2 �i 2�+? 2TBbQ/2 � `�M/QK Q#D2+i �M/ � `�M/QK KQ/2X hQ
2p�Hm�i2 i?2 2{+B2M+v Q7 2�+? �H;Q`Bi?K- r2 7`22x2 i?2 H2�`MBM; T`Q+2bb �7i2` 2�+? 2TBbQ/2 �M/ 2p�Hm�i2 i?2
+H�bbB}+�iBQM �++m`�+v QM �M BK�;2 /�i�#�b2- K�/2 mT Q7 e9 BK�;2b Q7 2�+? Q#D2+i BM /Bz2`2Mi TQbBiBQMb �M/
Q`B2Mi�iBQMb #mBHi BM/2T2M/2MiHv 7`QK i?2 H2�`MBM; T`Q+2bb Ub22 6B;m`2 kXjXR 7Q` � b�KTH2VX

kXjXj _2bmHib

q2 +QM/m+i2/ i?2 2tT2`BK2Mib rBi? 2�+? Q7 i?2 �H;Q`Bi?Kb Ua:AJ@�*ha �M/ `�M/QKV mM/2` irQ +QM/BiBQMb,
rBi? �M mM#B�b2/ i2�+?2` r?Q b?Qrb Q#D2+ib iQ i?2 H2�`M2` mM/2` /Bz2`2Mi �M;H2bc �M/ rBi? � #B�b2/ i2�+?2`
r?Q �Hr�vb b?Qrb i?2 b�K2 pB2r Q7 2�+? Q#D2+iX q2 THQi `2bmHib 7Q` 2�+? +�b2 Q7 2tTHQ`�iBQM- b�KTHBM;
KQ/2 �M/ i2�+?2`- /2i�BHBM; i?2 H2�`MBM; T2`7Q`K�M+2 b2T�`�i2/ #v Q#D2+iX q2 THQi i?2 7@K2�bm`2 UBX2X i?2
?�`KQMB+ K2�M Q7 T`2+BbBQM �M/ `2+�HH Up�M _BDb#2`;2M- RNdNVV �M/ i?2 MmK#2` Q7 BK�;2b +Q``2+iHv `2+Q;MBb2/
BM i?2 2p�Hm�iBQM /�i�#�b2X

je
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6B;m`2 kXjXR, � TQ`iBQM Q7 i?2 /�i�#�b2 Q7 Q#D2+ib pB2rb mb2/ 7Q` 2p�Hm�iBM; i?2 `2+Q;MBiBQM
T2`7Q`K�M+2, T`2+Bb2Hv- i?2 BK�;2b `2H�i2/ iQ i?2 +m#2bX
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SGIM−ACTS : unbiased human teacher
Random : unbiased human teacher
SGIM−ACTS : biased human teacher
Random : biased human teacher

6B;m`2 kXjXk, a:AJ@�*ha pb _�M/QK, `2+Q;MBiBQM T2`7Q`K�M+2- BX2X i?2 MmK#2` Q7 BK�;2b Q7 i?2
2p�Hm�iBQM /�i�#�b2 +Q``2+iHv `2+Q;MBb2/ #v i?2 irQ 2tTHQ`�iBQM KQ/2b rBi? irQ /Bz2`2Mi `2bTQMb2b Q7
i?2 i2�+?2` Ub22 i2tiVX
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�b b?QrM BM 6B;m`2 kXjXk i?2 T`Q;`2bb BM `2+Q;MBiBQM Bb #2ii2` rBi? a:AJ@�*ha i?�M rBi? `�M/QK
2tTHQ`�iBQM- 7Q` #Qi? i2�+?2`bX �i i?2 2M/ Q7 i?2 2tT2`BK2Mib- i?2 a:AJ@�*ha H2�`M2` Bb �#H2 iQ +Q``2+iHv
`2+Q;MBb2 i?2 Q#D2+ib BM 8d Qp2` e9 BK�;2b- �;�BMbi 8y BM i?2 +�b2 Q7 i?2 `�M/QK H2�`M2`X
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U+V _�M/QK 2tTHQ`�iBQM rBi?
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U/V _�M/QK 2tTHQ`�iBQM rBi?
#B�b2/ i2�+?2`

6B;m`2 kXjXj, 7@K2�bm`2 QM i?2 2p�Hm�iBQM /�i�#�b2- rBi? `2bT2+i iQ iBK2X h?2 #QiiQK T�`i Q7 i?2
THQi b?Qrb i?2 K�MBTmH�i2/ Q#D2+i �i 2�+? iBK2bi2TX

6B;m`2 kXjXj THQib ?Qr r2HH i?2 bvbi2K +�M /BbiBM;mBb? Q#D2+ib- �M/ r?B+? Q#D2+ib Bi K�MBTmH�i2b 7Q`
2t�KTH2 2tT2`BK2Mib mM/2` /Bz2`2Mi +QM/BiBQMbX q2 +�M b22 BM 6B;m`2 kXjXj�- kXjXj#- kXjXj+ �M/ kXjXj/
i?�i i?2 `�M/QK H2�`M2` Q7i2M brBi+?2b Q#D2+ib- �M/ 2tTHQ`2b 2[m�HHv �HH Q#D2+ib- r?BH2 i?2 a:AJ@�*ha
H2�`M2` 7Q+mb2b QM Q#D2+ib 7Q` HQM;2` T2`BQ/b Q7 iBK2X q2 MQi2 i?�i a:AJ@�*ha K�MBTmH�i2b KQ`2 i?2
+m#2b- 2bT2+B�HHv r?2M Bib +QKT2i2M+2 T`Q;`2bb BM+`2�b2bX AM/22/- �b bi�i2/ �#Qp2- i?2 +m#2 Bb i?2 KQbi
+QKTH2t Q7 Q#D2+ib #2+�mb2 Bi Qz2`b p2`v /Bz2`2Mi pB2rb /m2 iQ Bib p�`BQmb +QHQm`b- #mi �HbQ #2+�mb2 Bi +�M
2�bBHv #2 +QM7mb2/ rBi? Qi?2` Q#D2+ib i?�i #2�` i?2 b�K2 +QHQm`bX J�MBTmH�iBM; Bi #`BM;b 2p2`v iBK2 KQ`2
BM7Q`K�iBQM �#Qmi i?2 Q#D2+i bBM+2 i?2B` �TT2�`�M+2 +?�M;2b bm#bi�MiB�HHv /2T2M/BM; QM i?2 �+iBQM U� 7`QMi�H
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L;mv2M a�Q J�B G2�`MBM; iQ _2+Q;MBb2 j. P#D2+ib #v *m`BQbBiv@.`Bp2M J�MBTmH�iBQM

pB2r +QMbBbib Q7 7Qm` +m#2b- r?BH2 � H�i2`�H pB2r +QMbBbib Q7 irQ +m#2b QMHv- �M/ /2T2M/BM; QM i?2 bB/2 Bi
+QmH/ #2 v2HHQr Q` `2/f;`22MV- �M/ BKT`Qp2b Bib /Bb+`BKBM�iBQM 7`QK Qi?2` Q#D2+ibX h?2 B*m# ?�b bT2Mi 89W
�M/ 8RW Q7 Bib iBK2 H2�`MBM; �#Qmi +m#2b rBi? a:AJ@�*ha 7Q` #Qi? i2�+?2`bX h?2 bvbi2K i?mb �HHQ+�i2b
KQ`2 iBK2 7Q` i?2 /B{+mHiB2bX

Pp2`�HH- i?2 B*m# 7Q+mb2b Bib �ii2MiBQM QM +QKTH2t Q#D2+ib- �bFBM; ?mK�M BMi2`p2MiBQM Q` K�MBTmH�iBM;
�miQMQKQmbHv iQ BKT`Qp2 Bib `2+Q;MBiBQM +�T�#BHBivX 6B;m`2 kXjXj� +H2�`Hv BHHmbi`�i2b i?Bb K2+?�MBbK, i?2
`2/ #2�` U+v�M HBM2V Bb 2�bBHv `2+Q;MBb2/- ?2M+2 i?2 `Q#Qi /Q2b MQi �bF �;�BM iQ BMi2`�+i rBi? i?2 Q#D2+i QM+2
Bi Bb H2�`Mic +QMp2`b2Hv- i?2 +m#2b U;`22M HBM2V �`2 /B{+mHi iQ `2+Q;MBb2- ?2M+2 i?2 `Q#Qi 7Q+mb2b KQ`2 QM i?2KX

*QMp2`b2Hv- �b b?QrM BM 6B;m`2 kXjXj+- BM i?2 ǳ`�M/QKǴ +�b2 i?2 `Q#Qi /Q2b MQi 7Q+mb QM �Mv T�`iB+mH�`
Q#D2+iX >2M+2- i?2 `2+Q;MBiBQM T2`7Q`K�M+2 �i i?2 2M/ Q7 i?2 2tT2`BK2Mi Bb rQ`b2- #2+�mb2 i?2 ǳ/B{+mHiǴ
Q#D2+ib Ubm+? �b i?2 +m#2b @ ;`22M HBM2V �`2 MQi bm{+B2MiHv 2tTHQ`2/X

6m`i?2`KQ`2- i?2 a:AJ@�*ha �H;Q`Bi?K Bb `Q#mbi iQ i?2 [m�HBiv Q7 i?2 i2�+?BM;- 7Q` i?2 `2+Q;MBiBQM
T2`7Q`K�M+2 Bb ?B;? BM #Qi? +�b2bX q?2i?2` i?2 i2�+?2` ?2HTb #v b?QrBM; M2r pB2rb Q7 Q#D2+ib �M/ #`BM;BM;
M2r BM7Q`K�iBQM- i?2 H2�`M2` BKT`Qp2b Bib /Bb+`BKBM�iBQM Q7 Q#D2+ibX h?Bb Bb iQ +QMi`�bi rBi? i?2 +�b2 Q7 i?2
`�M/QK �H;Q`Bi?K r?Q Bb /2T2M/2Mi QM i?2 i2�+?2`X q2 +�M b22 i?�i i?2 7@K2�bm`2b Q7 6B;m`2 kXjXj/ �`2
HQr2` i?�M BM 6B;m`2 kXjXj+X �;�BM- a:AJ@�*ha Bb �#H2 iQ `2+Q;MBb2 ?Qr T`Q}i�#H2 � i2�+?2` +�M #2- �M/
+?QQb2 iQ i�F2 �/p�Mi�;2 Q7 ?BK Q` MQiX

kX9 *QM+HmbBQM

AM i?Bb +?�Ti2`- r2 /2b+`B#2/ � K2i?Q/ iQ +?QQb2 �+iBp2Hv � /�i� +QHH2+iBQM bi`�i2;v BM Q`/2` iQ H2�`M 7�bi
?Qr iQ `2+Q;MBb2 Q#D2+ib- r?B+? 2tTHQBib +m`BQbBiv iQ ;mB/2 2tTHQ`�iBQM �M/ K�MBTmH�iBQM- bm+? i?�i i?2
`Q#Qi +�M BKT`Qp2 Bib FMQrH2/;2 Q7 Q#D2+ib �M/ i�F2 �/p�Mi�;2 Q7 i2�+?2`b BM �M �miQMQKQmb �M/ 2{+B2Mi
r�vX h?2 �miQMQKQmb KQ/2 /`Bp2M #v BMi`BMbB+ KQiBp�iBQM ?�b #22M 7`mBi7mHHv BMi2;`�i2/ BM i?2 *Q;MBiBp2
�`+?Bi2+im`2 /2p2HQT2/ BM i?2 J�*aB T`QD2+iX 1tT2`BK2Mi�H `2bmHib b?Qr i?2 2z2+iBp2M2bb Q7 Qm` �TT`Q�+?,
i?2 ?mK�MQB/ B*m# Bb MQr +�T�#H2 Q7 /2+B/BM; �miQMQKQmbHv r?B+? �+iBQMb Kmbi #2 T2`7Q`K2/ QM Q#D2+ib
BM Q`/2` iQ BKT`Qp2 Bib FMQrH2/;2- `2[mB`BM; � KBMBK�H �bbBbi�M+2 7`QK Bib +�`2;Bp2`X

AM i?Bb 2tT2`BK2Mi- i?2 `Q#Qi H2�`Mb Q#D2+i +�i2;Q`B2b #�b2/ QM pB2rb Q7 i?2 Q#D2+ib �M/ pBbm�H +?�`�+i2`BbiB+b
2ti`�+i2/ 7`QK i?2 BK�;2bX J�MBTmH�iBQM ?2`2 Bb � K2�Mb Q7 `2p2�HBM; i?2b2 /Bz2`2Mi pB2rb �M/ pBbm�H
+?�`�+i2`BbiB+bX � 7QHHQr mT bim/v b?QmH/ mb2 � KQ`2 /2p2HQTK2Mi�H �TT`Q�+? �M/ bim/v ?Qr �;2Mib +�M
`2+Q;MBb2 Q#D2+ib rBi? `2bT2+i iQ i?2B` pBbm�H +?�`�+i2`BbiB+b #mi �HbQ i?2B` �zQ`/�M+2- Q` i?2B` T?vbB+�H
`2bTQMb2 iQ p�`BQmb K�MBTmH�iBQMbX

AM +QM+HmbBQM- BM i?2 HQM;@i2`K a:AJ@�*ha �H;Q`Bi?K vB2H/b #2ii2` T2`7Q`K�M+2b- #2+�mb2 Bi
7�+BHBi�i2b H2�`MBM; �HH Q#D2+ib /2/B+�iBM; KQ`2 iBK2 �M/ 2zQ`ib iQ i?2 +QKTHB+�i2/ Q#D2+ibX
:mB/BM; /�i� +QHH2+iBQM rBi? a:AJ@�*ha vB2H/b iQ #2ii2` `2bmHib i?�M _�M/QK 2tTHQ`�iBQM BM i?2 +�b2 Q7
/Bb+`2i2 p�`B�#H2bX AM i?2 M2ti +?�Ti2`- r2 2ti2M/ i?Bb +�b2 rBi? i?2 bim/v Q7 i?2 +QK#BM�iBQM Q7 BMi`BMbB+
KQiBp�iBQM �M/ bQ+B�H ;mB/�M+2 7Q` H2�`MBM; i?2 T`Q#�#BHBiv /2MbBiv 7Q` +QMiBMmQmb �M/ ?B;?@/BK2MbBQM�H
bT�+2bX

jN



(A)H 7�mi #B2M [m2 HǶQM BMi2`TQH2c HǶ2tTû`B2M+2 M2 MQmb /QMM2 [mǶmM +2`i�BM MQK#`2
/2 TQBMib BbQHûb- BH 7�mi H2b `ûmMB` T�` mM i`�Bi +QMiBMmc +Ƕ2bi mM2 pû`Bi�#H2
;ûMû`�HBb�iBQMX J�Bb QM 7�Bi THmb- H� +Qm`#2 [m2 HǶQM i`�+2`� T�bb2`� 2Mi`2 H2b
TQBMib Q#b2`pûb 2i T`ĕb /2 +2b TQBMibc 2HH2 M2 T�bb2`� T�b T�` +2b TQBMib 2mt@
K2K2bX �BMbB QM M2 b2 #Q`M2 T�b ¨ ;ûMû`�HBb2` HǶ2tTû`B2M+2- QM H� +Q``B;2c

>2M`B SQBM+�`û- G� b+B2M+2 2i HǶ?vTQi?ĕb2-RNyk- `ûû/BiBQM 6H�KK�`BQM S�`Bb
RNe3- TX R8N 3

G2�`MBM; BM *QKTH2t *QMiBMmQmb
1MpB`QMK2Mib

*QMi2Mib
jXR � S�bbBp2 G2�`M2` "2M2}iiBM; 7`QK i?2 *QK#BM�iBQM Q7 AKBi�iBQM G2�`MBM; �M/ �miQMQKQmb 1tTHQ`�iBQM X X 9R

jXRXR *?Qb2M a�KTHBM; JQ/2b 7Q` � S�bbBp2 G2�`M2` X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9k
jXRXRXR aQ+B�H :mB/�M+2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9k
jXRXRXk �miQMQKQmb 1tTHQ`�iBQM rBi? AMi`BMbB+ JQiBp�iBQM X X X X X X X X X X X X X X X X X X X X 9j

jXRXk S`Q#H2K ai�i2K2Mi �M/ �bbmKTiBQMb 7Q` JQiQ` G2�`MBM; X X X X X X X X X X X X X X X X X X X X X X X X 9j
jXRXj a:AJ@. Pp2`pB2r X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 98
jXRX9 a:AJ@. �`+?Bi2+im`2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9d

jXRX9XR GQr2` G2p2H , SQHB+v aT�+2 1tTHQ`�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X 93
jXRX9Xk >B;?2` G2p2H , �+iBp2 :Q�H "�##HBM; 7Q` Pmi+QK2 aT�+2 1tTHQ`�iBQM X X X X X X X X X X 93

jXk h?2 6Bb?BM; _Q/ 1tT2`BK2Mi X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8R
jXkXR JQiQ` S`BKBiBp2b �M/ *Q``2bTQM/2M+2 J�TTBM; X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8R
jXkXk JBKB+ � SQHB+v X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8k
jXkXj S2`7Q`K�M+2 J2�bm`2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8j
jXkX9 :Q�H@.B`2+i2/ SQHB+v PTiBKBb�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 89

jXkX9XR :HQ#�H 1tTHQ`�iBQM _2;BK2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 89
jXkX9Xk GQ+�H PTiBKBb�iBQM _2;BK2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 89

jXkX8 aiQ+?�biB+ 1MpB`QMK2Mi X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8d
jXj 1tT2`BK2Mi�H S`QiQ+QH X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 83

jXjXR *QKT�`BbQM Q7 G2�`MBM; �H;Q`Bi?Kb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 83
jXjXk 1p�Hm�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 83
jXjXj .2KQMbi`�iBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ey

jX9 1tT2`BK2Mi�H _2bmHib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X eR
jX9XR "2ii2` S`2+BbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X eR
jX9Xk � qB/2 _�M;2 Q7 Pmi+QK2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ej
jX9Xj .2T2M/2M+2 QM i?2 aBx2 Q7 i?2 Pmi+QK2 aT�+2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X e9
jX9X9 A/2MiB}+�iBQM Q7 i?2 AMi2`2biBM; am#bT�+2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ee

jX8 �M�HvbBb Q7 i?2 "QQibi`�TTBM; 1z2+i X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ed
jX8XR Pmi+QK2 aT�+2 1tTHQ`�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X ed

jX8XRXR .2T2M/2M+2 Q7 i?2 S2`7Q`K�M+2 QM i?2 h2�+?2` X X X X X X X X X X X X X X X X X X X X X X ed
jX8XRXk .Bz2`2M+2 BM i?2 1tTHQ`2/ Pmi+QK2 aT�+2b X X X X X X X X X X X X X X X X X X X X X X X X e3

jX8Xk SQHB+v aT�+2 1tTHQ`�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X e3
jX8XkXR .2T2M/2M+2 Q7 a:AJ@. S2`7Q`K�M+2 QM i?2 Zm�HBiv Q7 .2KQMbi`�iBQMb X X X X X X X X X dy
jX8XkXk �M�HvbBb Q7 i?2 .2KQMbi`�i2/ JQp2K2Mib X X X X X X X X X X X X X X X X X X X X X X X X X dy

jXe S`2HBKBM�`v _2bmHib QM � S?vbB+�H _Q#Qi X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X dR
jXd "2M2}ib Q7 i?2 *QK#BM�iBQM, *QM+HmbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X dj
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x

x

Which 
outcome ?

Decide an Action

Sampling 
Mode Level

Policy 
Space

Exploration

auton 
explo

social 
guidance

Autonomous Explo.
Social Guidance

x

Which 
policy?

Outcome 
Space

Exploration

x

6B;m`2 jXyXR, h?2 bi`�i2;B+ H2�`M2` b�KTH2b /�i� #v +?QQbBM; � ;Q�H Qmi+QK2 �M/ TQHB+v iQ i`vX

�7i2` /2b+`B#BM; i?2 [m2biBQMb r2 �//`2bb BM +?�Ti2` R- r2 BHHmbi`�i2/ Qm` �TT`Q�+? BM +?�Ti2` k rBi? �M
2tT2`BK2Mi r?2`2 i?2 ?mK�MQB/ B*m# K�MBTmH�i2b Q#D2+ib BM Q`/2` iQ ;�i?2` KQ`2 BM7Q`K�iBQM iQ `2+Q;MBb2
Q#D2+ib 7`QK i?2B` /Bz2`2Mi pB2rbX q2 b?Qr2/ i?�i �M �+iBp2 bi`�i2;B+ H2�`M2` +�M BM/22/ 2M?�M+2 H2�`MBM; #v
+?QQbBM; i?2 �TT`QT`B�i2 /�i� +QHH2+iBQM bi`�i2;vX L2p2`i?2H2bb- i?2 bT�+2b +QMbB/2`2/ #v i?2 +H�bbB}+�iBQM
�H;Q`Bi?K r2`2 /Bb+`2i2X q2 rQmH/ HBF2 iQ 2ti2M/ i?Bb rQ`F iQ +QMiBMmQmb bT�+2bX q2 }`bi �M�Hvb2 r?2i?2`
+QK#BMBM; �miQMQKQmb BMi`BMbB+�HHv KQiBp�i2/ 2tTHQ`�iBQM �M/ bQ+B�HHv ;mB/2/ 2tTHQ`�iBQM Bb �/p�Mi�;2Qmb
BM +QMiBMmQmb ?B;?@/BK2MbBQM�H bT�+2b- �b +QMD2+im`2/ BM b2+iBQM RXjXj Q7 +?�Ti2` RX

AM i?Bb +?�Ti2`- r2 /2bB;M � T�bbBp2 H2�`M2` BM i?2 b2Mb2 i?�i Bi /Q2b MQi �+iBp2Hv +?QQb2 Bib b�KTHBM; KQ/2
#2ir22M �miQMQKQmb 2tTHQ`�iBQM Q` bQ+B�HHv ;mB/2/ 2tTHQ`�iBQM- �Hi?Qm;? Bi K�F2b �+iBp2 +?QB+2b r?2`2 iQ
b�KTH2 BM i?2 b2H7@2tTHQ`�iBQM KQ/2X Ai QMHv �+iBp2Hv +?QQb2b r?B+? bm#`2;BQMb Q7 i?2 2MpB`QMK2Mi iQ 7Q+mb
QMX h?2b2 �+iBp2 +?QB+2b �`2 bmKK�`Bb2/ BM 6B;m`2 jXyXRX q2 /2b+`B#2 BM b2+iBQM jXR bm+? � ;Q�H@Q`B2Mi2/
�H;Q`Bi?KB+ �`+?Bi2+im`2- +�HH2/ aQ+B�HHv :mB/2/ AMi`BMbB+ JQiBp�iBQM #v .2KQMbi`�iBQM Ua:AJ@.VX q2 i?2M
BKTH2K2Mi Bi 7Q` � }b?BM; `Q#Qi r?B+? r2 /2b+`B#2 BM b2+iBQM jXkX h?2 `2bmHib `2TQ`i2/ BM b2+iBQM jXj �M/
jX9 b?Qr i?�i i?2 H2�`MBM; �H;Q`Bi?K 7Q` KQiQ` +QMi`QH Bb 2M?�M+2/ #v i?2 +QK#BM�iBQM Q7 i?2 irQ b�KTHBM;
KQ/2bX h?mb BM b2+iBQM jX8- r2 BMp2biB;�i2 i?2 `2�bQMb Q7 i?Bb #QQibi`�TTBM; 2z2+i- �M/ �M�Hvb2 i?2 BM~m2M+2
Q7 /2KQMbi`�iBQMb QM i?2 H2�`MBM; T`Q+2bbX h?2 `2bmHib T`2b2Mi2/ BM i?Bb +?�Ti2` ?�p2 #22M T�`iB�HHv T`2b2Mi2/
BM UL;mv2M 2i �HX- kyRR�c L;mv2M �M/ Pm/2v2`- kyRk�- kyRj�VX

jXR � S�bbBp2 G2�`M2` "2M27BiiBM; 7`QK i?2 *QK#BM�iBQM Q7
AKBi�iBQM G2�`MBM; �M/ �miQMQKQmb 1tTHQ`�iBQM

�b �`;m2/ BM b2+iBQM RXjXj- +QK#BMBM; BMi`BMbB+�HHv KQiBp�i2/ 2tTHQ`�iBQM �M/ bQ+B�HHv ;mB/2/ 2tTHQ`�iBQM +�M
#2 #2M2}+B�H iQ H2�`M /2MbBiv /Bbi`B#miBQMb BM +QMiBMmQmb ?B;?@/BK2MbBQM�H bT�+2b- bm+? �b ?B;?Hv `2/mM/�Mi
KQiQ` +QMi`QHbX

AM i?Bb +?�Ti2`- r2 T`2b2Mi �M �H;Q`Bi?KB+ �`+?Bi2+im`2- +�HH2/ aQ+B�HHv :mB/2/ AMi`BMbB+
JQiBp�iBQM #v .2KQMbi`�iBQM Ua:AJ@.V- i?�i �HHQrb � `Q#Qi iQ H2�`M � /Bp2`b2 `2T2`iQB`2
Q7 T�`�K2i2`Bb2/ KQiQ` T`BKBiBp2b- BM ?B;?@/BK2MbBQM�H +QMiBMmQmb bT�+2b bBKBH�` iQ i?Qb2 mb2/
BM UEQ#2` 2i �HX- kyRyc S2i2`b �M/ a+?��H- kyy3c a+?��H 2i �HX- kyyjc aimHT �M/ a+?��H- kyRRc EQ#2` 2i �HX- kyRkc
/� aBHp� 2i �HX- kyRkV- #mi �HHQrBM; iQ `2�+? � /Bp2`bBiv Q7 ;Q�Hb r?B+? bT�Mb i?2 r?QH2 `2�+?�#H2
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Qmi+QK2 bT�+2X h?Bb bvbi2K rBHH `2@mb2 `2;`2bbBQM i2+?MB[m2b �HHQrBM; iQ ;2M2`�HBb2 KQiQ` T`BKBiBp2b iQ
;Q�Hb +HQb2 iQ T`2pBQmbHv H2�`Mi ;Q�Hb- HBF2 BM UEQ#2` 2i �HX- kyRkc /� aBHp� 2i �HX- kyRkV- #mi rBHH �HHQr iQ
b2H7@;2M2`�i2 �M/ H2�`M �+iBp2Hv ;Q�Hb i?�i �`2 �HbQ 7�` 7`QK i?Qb2 ;Bp2M #v ?mK�MbX h?Bb bvbi2K rBHH �HbQ
H2p2`�;2 2{+B2Mi i2+?MB[m2b 7Q` �+iBp2 H2�`MBM; Q7 BMp2`b2 KQ/2Hb mbBM; ;Q�H #�##HBM; U"�`�M2b �M/ Pm/2v2`-
kyRjc _QH7 2i �HX- kyRyc "�`�M2b �M/ Pm/2v2`- kyRy�V- #mi 2ti2M/ i?2K rBi? � i2+?MB+�H BMi2;`�iBQM rBi?
`Q#Qi H2�`MBM; #v /2KQMbi`�iBQM i2+?MB[m2b U"BHH�`/ 2i �HX- kyydVX h?mb- r?BH2 i?2 +QK#BM�iBQM Q7 bQ+B�H
;mB/�M+2 �M/ BMi`BMbB+ KQiBp�iBQM Bb bBKBH�` BM bTB`Bi iQ i?2 QM2 2tTHQ`2/ BM Uh?QK�x �M/ "`2�x2�H- kyy3V- Bi
rBHH #2 i2+?MB+�HHv p2`v /Bz2`2Mi �M/ �TTHB2/ iQ H2�`MBM; b2MbQ`BKQiQ` bFBHHb BM +QMiBMmQmb ?B;?@/BK2MbBQM�H
bT�+2b KQ`2 �HBF2 i?2 rQ`F BM UEQ#2` 2i �HX- kyRkc /� aBHp� 2i �HX- kyRkc aimHT �M/ a+?��H- kyRRVX

hQ #2ii2` BMi2;`�i2 T`Q;`�KKBM; #v /2KQMbi`�iBQM �M/ BMi`BMbB+ KQiBp�iBQM- BM b2+iBQM jXRXR- r2 }`bi
KQiBp�i2 Qm` +?QB+2 Q7 bQ+B�H BMi2`�+iBQM- �M/ i?2 BMi`BMbB+ KQiBp�iBQM �H;Q`Bi?K i?�i r2 mb2X AM jXRXk- r2
`2@7Q`KmH�i2 Qm` 7Q`K�HBb�iBQM Q7 b2+iBQM RX9Xk 7Q` i?2 H2�`MBM; Q7 �M BMp2`b2 +QMi`QHX q2 i?2M T`2b2Mi �M
Qp2`pB2r Q7 Qm` a:AJ@. �H;Q`Bi?K- #27Q`2 /2i�BHBM; Bib �`+?Bi2+im`2X

jXRXR *?Qb2M a�KTHBM; JQ/2b 7Q` � S�bbBp2 G2�`M2`

AM i?Bb +?�Ti2`- r2 i�+FH2 � KQiQ` +QMi`QH H2�`MBM; T`Q#H2K iQ H2�`M i?2 BMp2`b2 KQ/2H r?B+? �bbQ+B�i2b �M
Qmi+QK2 A ∈ A BM � +QMi2ti C ∈ C iQ � TQHB+v π ∈ P X

jXRXRXR aQ+B�H :mB/�M+2

�KQM; �HH i?2 TQbbB#BHBiB2b Q7 bQ+B�H ;mB/�M+2 /2i�BH2/ BM b2+iBQM RXkX9 Q7 +?�Ti2` R- BM i?2 KQ/2H �M/
2tT2`BK2Mib T`2b2Mi2/ BM i?Bb +?�Ti2`- r2 +?QQb2 iQ mb2 � 722/7Q`r�`/ bB;M�H- �b Bi Bb KQ`2 M�im`�H 7Q`
?mK�M i2�+?2`bX �KQM; i?2 TQbbB#HBHBiB2b Q7 bQ+B�H ;mB/�M+2- Qm` T`2b2i BKBi�iBQM KQ/2 Bb,

Ç q?�i, q2 QTi2/ 7Q` �M BM7Q`K�iBQM ~Qr i�`;2iBM; #Qi? TQHB+v �M/ Qmi+QK2 bT�+2b- iQ 2M�#H2 i?2
#B;;2bi T`Q;`2bb 7Q` i?2 H2�`M2`X �b r2 r�Mi i?2 H2�`M2` iQ �++QKTHBb? MQi QMHv � bBM;H2 ;Q�H #mi iQ
#2 2{+B2Mi QM � H�`;2 p�`B2iv Q7 ;Q�Hb- r2 +?QQb2 iQ #QQibi`�T Bib H2�`MBM; rBi? BM7Q`K�iBQM i�`;2iBM;
i?2 i�bF bT�+2X 6m`i?2`KQ`2- r2 �HbQ r�Mi i?2 H2�`MBM; T`Q+2bb iQ #2M2}i 7`QK i?2 bQ+B�H BMi2`�+iBQM
2�`HvX aQ i?�i i?2 H2�`M2` #mBH/b Bib TQHB+v `2T2`iQB`2 [mB+FHv- r2 +?QQb2 iQ i�`;2i i?2 TQHB+v bT�+2
P iQQX >2`2- i?2 H2�`M2` /Q2b MQi +?QQb2 iQ i�F2 BMiQ �++QmMi bT2+B}+�HHv #2ir22M TQHB+v
Q` Qmi+QK2 bT�+2- #mi mb2b #Qi? �i i?2 b�K2 iBK2X h?Bb �+iBp2 +?QB+2 rBHH #2 +QMbB/2`2/ BM
b2+iBQM 9XjX

Ç >Qr, �b r2 rBb? BM i?2 KQ/2H �M/ 2tT2`BK2Mib T`2b2Mi2/ #2HQr- iQ �//`2bb i?2 H2�`MBM; 7Q` H�`;2-
+QKTH2t �M/ +QMiBMmQmb 2MpB`QMK2Mib- bQ i?�i i?2 `Q#Qi H2�`Mb � rB/2 p�`B2iv Q7 ;Q�Hbfi�bFb- r2
QTi 7Q` HQr@H2p2H /2KQMbi`�iBQMbX aQ �b iQ KBMBKBb2 i?2 +Q``2bTQM/2M+2 Bbbm2b- r2 i2H2QT2`�i2 Qm`
`Q#Qi mbBM; FBM�2bi?2iB+ /2KQMbi`�iBQMb- r?BH2 `2+Q`/BM; 7`QK Bib QrM b2MbQ`bX h?Bb +?QB+2 �pQB/b
�Mv bvK#QHB+ i?mb /Bb+`2i2 `2T`2b2Mi�iBQMb Q7 TQHB+B2b Q` i?2 2MpB`QMK2Mi- Q` � T`2b2i H�M;m�;2 iQ
+QKKmMB+�i2 �i i?2 ?B;?@H2p2HX

Ç q?2M, �Hi?Qm;? BMi2`�+iBp2 H2�`MBM; �i 2Bi?2` i?2 H2�`M2`Ƕb Q` i?2 i2�+?2`Ƕb BMBiB�iBp2 b22Kb
BMi2`2biBM; i?2Q`2iB+�HHv- Bi BMi`Q/m+2b +QK#BM�iQ`B�HHv K�Mv p�`B�MibX 6Q` bBKTHB+Biv `2�bQMb- r2
b2i i?2 BMi2`�+iBQM �i `2;mH�` 7`2[m2M+v- �HHQrBM; 2�bB2` �bb2bbK2Mi Q7 Qm` a:AJ@. �H;Q`Bi?K �M/
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+QKT�`BbQM rBi? Qi?2` H2�`MBM; �H;Q`Bi?KbX �M BMi2`�+iBp2 H2�`M2` /2+B/BM; �miQMQKQmbHv r?2M iQ
BKBi�i2 rBHH #2 bim/B2/ BM b2+iBQM 9XkX

Ç q?Q, AM i?Bb T`QQ7@Q7@+QM+2Ti bim/v- r2 /2HB#2`�i2Hv B;MQ`2/ i?2 r?Q [m2biBQM- r?B+? 2t�KBM2b +�b2b
Q7 KmHiBTH2 i2�+?2`bX h?Bb p2`v biBKmH�iBM; [m2biBQM v2i `2[mB`2b � b2T�`�i2 2t�KBM�iBQM iQ �pQB/ iQQ
Km+? +QKTH2tBiv BM � bBM;H2 bim/vX h?Bb [m2biBQM rBHH #2 i�+F2/ BM b2+iBQM 9XjX 6Q` MQr- r2 QMHv
+QMbB/2` � bBM;H2 i2�+?2`X

jXRXRXk �miQMQKQmb 1tTHQ`�iBQM rBi? AMi`BMbB+ JQiBp�iBQM

6Q` i?2 BMi`BMbB+ KQiBp�iBQM KQ/2- �b `2pB2r2/ BM b2+iBQM RXk- � rB/2 p�`B2iv Q7 BMi`BMbB+ KQiBp�iBQM
�H;Q`Bi?Kb ?�p2 #22M /2p2HQT2/ #�b2/ QM FMQrH2/;2- +QKT2i2M+2 Q` KQ`T?QHQ;vX PM2 Q7 i?2 bi�i2@Q7@i?2@�`i
�H;Q`Bi?Kb- i?2 a2H7@�/�TiBp2 :Q�H :2M2`�iBQM@_Q#mbi AMi2HHB;2Mi �/�TiBp2 *m`BQbBiv Ua�::@_A�*V- Bb �M
BKTH2K2Mi�iBQM Q7 BMi`BMbB+ KQiBp�iBQMb #�b2/ QM K2�bm`2b Q7 +QKT2i2M+2 T`Q;`2bb U"�`�M2b �M/ Pm/2v2`-
kyRjVX Ai 2{+B2MiHv H2�`Mb 7Q`r�`/ �M/ BMp2`b2 KQ/2Hb iQ `2�+? � rB/2 `�M;2 Q7 ;Q�Hb BM +QMiBMmQmb ?B;?@
/BK2MbBQM�H bT�+2b BM+Hm/BM; #Qi? 2�bv �M/ mMH2�`M�#H2 bm#T�`ib Ub22 U_QH7 2i �HX- kyRyV 7Q` �MQi?2` `2H�i2/
;Q�H 2tTHQ`�iBQM �H;Q`Bi?KVX JQ`2Qp2`- Bib ?B2`�`+?B+�H bi`m+im`2 T`QTQb2b k H2p2Hb Q7 H2�`MBM; i�`;2iBM;
i?2 Qmi+QK2 �M/ TQHB+v bT�+2b `2bT2+iBp2HvX Aib ;Q�H /B`2+i2/M2bb �HHQrb #B/B`2+iBQM�H K�TTBM; iQ Qm`
bQ+B�H BMi2`�+iBQM `2T`2b2Mi�iBQM �b (+QMi2ti)(TQHB+v)(Qmi+QK2)- 7Q` +QK#BMBM; bQ+B�H ;mB/�M+2 �M/ BMi`BMbB+
KQiBp�iBQMX

jXRXk S`Q#H2K ai�i2K2Mi �M/ �bbmKTiBQMb 7Q` JQiQ` G2�`MBM;

q2 TH�+2 Qm`b2Hp2b BM �M 2TBbQ/B+ KQiQ` H2�`MBM; 7`�K2rQ`FX �b 2tTH�BM2/ BM b2+iBQM RXk- r2 /2b+`B#2 �
iBK2bi2T �b � /�i� i`BTH2i (+QMi2ti)(TQHB+v)(Qmi+QK2)X GBF2 BM UEQ#2` 2i �HX- kyRkc /� aBHp� 2i �HX- kyRkc aimHT
�M/ a+?��H- kyRRV- � `Q#Qi Bb T`QpB/2/ rBi? � T�`�K2i2`Bb2/ 2M+Q/BM; Q7 �M Qmi+QK2 bT�+2 UBX2X Bi T2`+2Bp2b
i?2 2z2+i Q7 Bib KQp2K2Mi �b � p2+iQ` Q` `2�H MmK#2`b- 2X;X r?2`2 i?2 i2MMBb #�HH #QmM+2bV �b r2HH �b �
T�`�K2i2`Bb2/ 2M+Q/BM; Q7 KQp2K2MiX h?2 `Q#Qi ?�b iQ H2�`M i?2 BMp2`b2 KQ/2H K�TTBM; �HH ;Q�Hb
BM i?2 Qmi+QK2 bT�+2 iQ +Q``2bTQM/BM; �/2[m�i2 T�`�K2i2`b Q7 KQp2K2MibX >B;?@/BK2MbBQM�HBiv
BM i?Bb b2iiBM; +QM+2`Mb i?2 /BK2MbBQM�HBiv Q7 i?2 p2+iQ` Q7 T�`�K2i2`b 7Q` T`Q/m+BM; KQp2K2Mib- r?B+? +�M
#2 /Bz2`2Mi 7`QK i?2 �+im�H MmK#2` Q7 /2;`22b Q7 7`22/QK Q7 i?2 `Q#Qi bBM+2 KQiQ` T`BKBiBp2b +QMi`QH i?2
iBK2 2pQHmiBQM Q7 p�Hm2b BM 2�+? /2;`22 Q7 7`22/QK- �M/ i?Bb iBK2 2pQHmiBQM +�M #2 2M+Q/2/ rBi? KmHiBTH2
T�`�K2i2`bX 6Q` 2t�KTH2- BM i?2 }b?BM; 2tT2`BK2Mi #2HQr- � `Q#Qi T`Q/m+2b � KQp2K2Mi Q7 Bib e .P6 �`K
#v b2iiBM; i?2 `2�H MmK#2` p�Hm2b Q7 Bib k8 /BK2MbBQM�H KQiQ` T`BKBiBp2b- r?B+? +QMi`QHb i?2 2pQHmiBQM Q7 2�+?
.P6 p�Hm2b #v b2iiBM;b i�`;2ib �i /Bz2`2Mi iBK2b U;HQ#�H /m`�iBQM #2BM; �HbQ QM2 Q7 i?2b2 T�`�K2i2`bVX h?2M-
Bi +�M Q#b2`p2 i?2 Qmi+QK2 Q7 bm+? � KQp2K2Mi #v Q#b2`pBM; r?2`2 i?2 ~Q�i ?�b �``Bp2/ BM i?2 Qmi+QK2
bT�+2- BX2X QM i?2 bm`7�+2 Q7 i?2 r�i2` r?B+? Bb � k. p�Hm2X lbBM; a:AJ@.- �M/ i?mb +QK#BMBM; BMi`BMbB+�HHv
KQiBp�i2/ H2�`MBM; �M/ ?mK�M /2KQMbi`�iBQM- i?2 `Q#Qi ?�b iQ H2�`M i?2 +QKTH2t BMp2`b2 KQ/2H K�TTBM;
�HH ;Q�HbfQmi+QK2b UBX2X k. i�`;2ib QM i?2 r�i2`V iQ �/2[m�i2 T�`�K2i2`b Q7 KQiQ` KQp2K2MiX

JQ`2 7Q`K�HHv r2 `2mb2 i?2 MQi�iBQMb Q7 b2+iBQM RX9 �M/ bT2+B7v i?2K 7Q` T`Q#H2Kb Q7 KQiQ` H2�`MBM;X G2i
mb +QMbB/2` �M �;2Mi H2�`MBM; KQiQ` bFBHHb- BX2X ?Qr iQ BM/m+2 �Mv TQbbB#H2 ;Q�Hfi�bFfQmi+QK2 A ∈ A 7`QK
;Bp2M +QMi2tib bi�i2b C ∈ C rBi? KQiQ` T`Q;`�Kb π ∈ P U6B;m`2 jXRXRVX q2 T�`�K2i2`Bb2 i?2 +QMi2ti
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P
πb1

πb2

πb3

P’ Ϛ1

Ϛ2

Goal Space
=

Space of 
Outcomes

C’
1

Reachable 
Space of 
Effects

A
a1

Imitation

Policy Space of Learner

Policy Space of Teacher

Context 
Space a2

a3

a42

6B;m`2 jXRXR, _2T`2b2Mi�iBQM Q7 i?2 T`Q#H2KX h?2 2MpB`QMK2Mi +�M 2pQHp2 7`QK +QMi2ti bi�i2 C iQ
�M Qmi+QK2 bi�i2 A #v K2�Mb Q7 i?2 H2�`M2`Ƕb �+iBQMb rBi? TQHB+v π Q` i?2 i2�+?2`Ƕb ζX h?2 H2�`M2`
�M/ i?2 i2�+?2` ?�p2 � T`BQ`B /Bz2`2Mi TQHB+v bT�+2bX h?2 H2�`M2` 2biBK�i2b p(b|a, c)X "v BKBi�iBQM- i?2
H2�`M2` +�M i�F2 �/p�Mi�;2 Q7 i?2 /2KQMbi`�iBQMb U+-ζ-adV Q7 i?2 i2�+?2` iQ BKT`Qp2 Bib 2biBK�iBQM
p(b|a, c)X

bT�+2 rBi? T�`�K2i2`b c ∈ C- �M/ i?2 Qmi+QK2 bT�+2 rBi? T�`�K2i2`b a ∈ AX � TQHB+v πb Bb /2b+`B#2/ #v
KQiQ` T`BKBiBp2b T�`�K2i2`Bb2/ #v b ∈ BX 6Q` � +QMi2ti T�`�K2i2` c ∈ C- i?2 T`Q#�#BHBiv Q7 i?�i i?2 TQHB+v
T�`�K2i2` b T`Q/m+2b i?2 Qmi+QK2 Q7 T�`�K2i2` a Bb p̃(a|b, c)- r?2`2 i?2 T`Q#�#BHBiv /2MbBiv p̃ `2T`2b2Mib i?2
T?vbB+b Q7 i?2 2MpB`QMK2Mi r?B+? i?2 �;2Mi 2biBK�i2bX h?2 �bbQ+B�iBQM (c, b, a) +Q``2bTQM/b iQ � H2�`MBM;
2t2KTH�` i?�i rBHH #2 K2KQ`Bb2/X

h?2 �;2Mi 7Q+mb2b QM H2�`MBM; i?2 BMp2`b2 KQ/2H �M/ #mBH/b Bib +m``2Mi 2biBK�i2 p(be|a, c)X Ai i`B2b iQ }M/
�i H2�bi QM2 �/2[m�i2 TQHB+v T�`�K2i2` b iQ +QKTH2i2 2p2`v ;Q�HfQmi+QK2 a ∈ A 7`QK +QMi2tib c- q2 MQi2
i?�i i?2 BMp2`b2 Q7 i?2 KQ/2H- KB;?i MQi #2 � 7mM+iBQM- 7Q` i?2 7Q`r�`/ KQ/2H +�M #2 ?B;?Hv `2/mM/�MiX G2i
mb /2}M2 D � /Bbi�M+2 K2�bm`2 QM A×AX h?2 T2`7Q`K�M+2 Q7 � TQHB+v πb �i T`Q/m+BM; i?2 Qmi+QK2 a 7`QK
+QMi2ti c Bb K2�bm`2/ #v i?2 +Qbi 7mM+iBQM J(a, b, c) /2}M2/ �b � K2�M /Bbi�M+2 #2ir22M a �M/ i?2 Qmi+QK2
πb,

J : A×B × C → R

(a, b, c) (→ J(a, b, c) =
∫

α
D(a,α)p(α|b, c)dα

UjXRV

G2�`MBM; �M BMp2`b2 KQ/2H K2�Mb i?�i i?2 �;2Mi 2M/2�pQm`b iQ KBMBKBb2 ,

I =

∫

a∈A,c∈C

P (a, c)minb(J(a, b, c)) da dc UjXkV

r?2`2 P (a, c) Bb � T`Q#�#BHBiv /2MbBiv /Bbi`B#miBQM Qp2` A×CX � T`BQ`B mMFMQrM iQ i?2 H2�`M2`- P (a, c) +�M
/2b+`B#2 i?2 T`Q#�#BHBiv Q7 c Q++m``BM; Q` i?2 `2�+?�#H2 bT�+2 7Q` a Q` � `2;BQM Q7 BMi2`2biX

LQi2 i?�i BM i?Bb b2+iBQM- r2 ?�p2 /2b+`B#2/ Qm` K2i?Q/ QMHv �bbmKBM; � KQiQ` H2�`MBM; T`Q#H2K- �M/
rBi?Qmi bT2+B7vBM; � T�`iB+mH�` +?QB+2 Q7 TQHB+v `2T`2b2Mi�iBQM- H2�`MBM; �H;Q`Bi?K L Q` Qmi+QK2 bT�+2
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T`QT2`iB2bX h?2b2 /2bB;Mb +�M BM/22/ #2 /2+B/2/ �++Q`/BM; iQ i?2 �TTHB+�iBQM �i ?�M/X
:HQ#�HHv- i?2 H2�`M2` i`B2b iQ H2�`M iQ `2�+? �HH `2�+?�#H2 ;Q�HbfQmi+QK2b a- �M/ iQ ;2M2`�HBb2 QM i?2 r?QH2

Qmi+QK2 bT�+2X h?2 H2�`M2` /Q2b MQi BMBiB�HHv FMQr r?B+? Qmi+QK2b +�M #2 T`Q/m+2/ Q` MQi- bQ Bi �i i?2
b�K2 iBK2 H2�`Mb Bib QrM HBKBib Q7 `2�+?�#BHBivX

6Q` i?2 bi`�i2;B+ H2�`M2` BM i?Bb +?�Ti2`- X Bb � b2i Q7 k T`2/2}M2/ KQ/2b /2b+`B#2/ BM i?2 T`2pBQmb b2+iBQM
Ub2+iBQM jXRXRV,

Ç BKBi�iBQM Q7 /2KQMbi`�iBQMb UχdemV Q7 #Qi? TQHB+v �M/ Qmi+QK2 Q7 i?2 bBM;H2 i2�+?2`X

Ç �miQMQKQmb 2tTHQ`�iBQM rBi? BMi`BMbB+ KQiBp�iBQM UχautoV #�b2/ QM a�::@_A�* �H;Q`Bi?KX

L2p2`i?2H2bb- BM i?Bb +?�Ti2` i?2 H2�`M2` /Q2b +?QQb2 r?2M iQ BMi2`�+i rBi? i?2 i2�+?2`X Ai /Q2b MQi /2+B/2
QM Bib KQ/2- �M/ i?2 +?�M;2b Q7 #2ir22M χdem �M/ χauto �`2 T`2/2}M2/ �b 2tTH�BM2/ BM b2+iBQM jXRXRXRX h?2
�miQK�iB+ /2+BbBQM QM i?2 b�KTHBM; KQ/2 Bb bim/B2/ BM +?�Ti2` 9

h?Bb T`Q#H2K bi�i2K2Mi 2M�#H2b � /2b+`BTiBQM Q7 �M �+iBp2 H2�`MBM; �H;Q`Bi?K K2`;BM; BMi`BMbB+ KQiBp�iBQM
rBi? bQ+B�H ;mB/�M+2 rBi? i2�+?2`Ƕb /2KQMbi`�iBQMbX q2 i?mb /2bB;M i?2 aQ+B�HHv :mB/2/ AMi`BMbB+ JQiBp�iBQM
#v .2KQMbi`�iBQM Ua:AJ@.V �H;Q`Bi?K r?B+? �Hi2`M�i2b #2ir22M irQ KQ/2bX

h?2 �+iBp2 +?QB+2 Q7 bi`�i2;v Q7 a:AJ@. `2bB/2b BM Bib 7Q+mb 7mM+iBQM χ r?B+? Bi #mBH/b #�b2/ QM Bib
2tT2`B2M+2- �b r2 2tTH�BM ?2`2�7i2`X

jXRXj a:AJ@. Pp2`pB2r

a:AJ@. BKT`Qp2b Bib 2biBK�iBQM p(b|a, c) iQ KBMBKBb2 I #Qi? #v b2H7@2tTHQ`BM; i?2 TQHB+v �M/ Qmi+QK2 bT�+2
�M/ #v BKBi�iBM; /2KQMbi`�iBQMb U+-ζ-adVX

qBi? i?2 b2H7@2tTHQ`�iBQM KQ/2- Bi �+iBp2Hv b2H7@;2M2`�i2b ;Q�Hb ag ∈ A #v biQ+?�biB+�HHv +?QQbBM; i?2 ;Q�Hb
7Q` r?B+? Bib 2KTB`B+�H 2p�Hm�iBQM Q7 H2�`MBM; T`Q;`2bb Bb K�tBK�HX 6Q` 2�+? ag- i?2 `Q#Qi 2tTHQ`2b i?`Qm;?
;Q�H@/B`2+i2/ QTiBKBb�iBQM r?B+? TQHB+v πb +�M BM/m+2 i?2 ;Bp2M ;Q�H ag BM +QMi2ti cX h?2 2tTHQ`�iBQM Q7 i?2
TQHB+v T�`�K2i2` bT�+2 T`QpB/2b /�i� iQ BKT`Qp2 Bib 2biBK�iBQM Q7 i?2 BMp2`b2 KQ/2H p(b|a, c)- i?�i Bi +�M mb2
H�i2` QM iQ `2�+? Qi?2` ;Q�HbX h?Bb �miQMQKQmb 2tTHQ`�iBQM KQ/2 Bb QMHv BMi2``mTi2/ r?2M i?2 i2�+?2` ;Bp2b
� /2KQMbi`�iBQM [cd, ζd, ad]- r?2M Bi brBi+?2b iQ i?2 bQ+B�H ;mB/�M+2 KQ/2X

qBi? i?2 bQ+B�H ;mB/�M+2 KQ/2- Qm` a:AJ@. H2�`M2` KBKB+b i?2 /2KQMbi`�i2/ TQHB+v 7Q` � b?Q`i r?BH2-
�M/ K2KQ`Bb2b i?2 /2KQMbi`�i2/ Qmi+QK2f;Q�H �b BMi2`2biBM;- #27Q`2 `2bmKBM; Bib �miQMQKQmb 2tTHQ`�iBQMX
Ai i?2M ;2M2`�i2b � M2r ;Q�H- i�FBM; BMiQ �++QmMi �HH Bib ?BbiQ`v- �miQMQKQmb �M/ bQ+B�H 2tTHQ`�iBQM T?�b2b
�HBF2X Ai +?QQb2b � ;Q�H rBi? i?2 ?B;?2bi BMi2`2bi H2p2H- r?B+? Bb /2}M2/ �b i?2 +QKT2i2M+2 T`Q;`2bbX

h?2 a:AJ@. H2�`M2` rQmH/ i?mb i`v iQ 2tTHQ`2 ;Q�Hb r?2`2 Bi K�F2b T`Q;`2bb i?2 7�bi2biX
6Q` 2�+? ;Q�H i?�i Bi /22Kb BMi2`2biBM;- Bi rQmH/ i`v /Bz2`2Mi TQHB+B2b iQ `2�+? Bi- mbBM; i?2 TQHB+v
`2T2`iQB`2 Q7 Bib T�bi �miQMQKQmb 2tTHQ`�iBQM Q` i?2 TQHB+B2b bm;;2bi2/ #v i?2 i2�+?2`Ƕb /2KQMbi`�iBQMbX PM+2
Bib +QKT2i2M+2 7Q` i?2b2 2�bv ;Q�Hb Bb ?B;?- Bi MQ HQM;2` K�F2b T`Q;`2bb- �M/ �b Bib BMi2`2bi H2p2H 7Q` i?2K
/`QTb- Bi T`Q;`2bbBp2Hv �BKb �i KQ`2 /B{+mHi ;Q�Hb �M/ 2tT�M/b Bib b2�`+? BM i?2 Qmi+QK2 bT�+2X h?2 ?mK�M
i2�+?2` #QQbib Bib H2�`MBM; #v BM/B+�iBM; TQHB+B2b iQ T2`7Q`K- bQ i?�i Bib +QKT2i2M+2 H2p2H BM+`2�b2b- #mi �HbQ
#v BM/B+�iBM; BMi2`2biBM; ;Q�HbfQmi+QK2b iQ 2KmH�i2- iQ Q`B2Mi Bib b2�`+? BM i?2 Qmi+QK2 bT�+2X
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�H;Q`Bi?K jXRXR a:AJ@.
R, AMBiB�HBx�iBQM, R← bBM;H2iQM C ×A

k, AMBiB�HBx�iBQM, AMBi�HBb2 p1 iQ � ?QKQ;2M2Qmb T`Q#�#BHBiv /2MbBiv
j, AMBiB�HBx�iBQM, H ← 2KTiv 2TBbQ/B+ K2KQ`v U+QHH2+iBQM Q7 2TBbQ/2b Q7 `2�+?2/ Qmi+QK2 a rBi? TQHB+v

T�`�K2i2` b BM +QMi2ti c- (c, b, a)V
9, HQQT
8, _2i`B2p2 b�KTHBM; KQ/2 χ
e, B7 χ = Imitation i?2M
d, aQ+B�H G2�`MBM; JQ/2
3, `2T2�i
N, (ad, bd, cd)← *Q``2bTQM/2M+2 Q7 i?2 i2�+?2`Ƕb /2KQMbi`�iBQM

Ry, 1KmH�i2 :Q�H, ag ← ad

RR, D ← JBKB+ SQHB+v Ubd, cV
Rk, p← L(p,D)

Rj, mMiBH 1M/ Q7 bQ+B�H BMi2`�+iBQM
R9, 2Hb2
R8, AMi`BMbB+ JQiBp�iBQM JQ/2
Re, J2�bm`2 +m``2Mi +QMi2ti c

Rd, ag ← .2+B/2 � ;Q�H rBi? � T`Q#�#BHBiv T`QTQ`iBQM�H iQ Bib �bbQ+B�i2/ 2tT2+i2/ +QKT2i2M+2 T`Q;`2bb
R3, `2T2�i
RN, D ← :Q�H@.B`2+i2/ SQHB+v PTiBKBb�iBQM(c, ag, p,H)

ky, p← L(p,D)

kR, mMiBH h2`KBM�i2 `2�+?BM; Q7 ag
kk, 2M/ B7
kj, �TT2M/ D iQ H

k9, R← lT/�i2 :Q�H AMi2`2bi J�TTBM;(R,H, c, ag)

k8, 2M/ HQQT
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Mimic a Policy

Outcome 
 Interest Mapping

Outcome 
Space

Exploration

Policy 
Space

Exploration

χ = explore 
autonomously

Autonomous 
Sampling Mode

Socially Guided 
Sampling Mode

Get Sampling 
Mode χ 

χ = imitate teacher

J J

bd

Sampling 
Mode Level

Correspondence

agad

br

 p(a, b) : Goal Directed
Policy Optimisation

br

p !(a, b) : Environment

ar ar

Emulate 
a Goal

Decide a Goal

ad

p !(a, b) : Environment

L

Learning the
Model

ag

6B;m`2 jXRXk, hBK2 ~Qr +?�`i Q7 a:AJ@. BMiQ j H�v2`b i?�i T2`i�BM iQ i?2 ?mK�M@K�+?BM2 BMi2`7�+2
UKQ/2 H2p2HV- i?2 Qmi+QK2 bT�+2 2tTHQ`�iBQM �M/ i?2 TQHB+v bT�+2 2tTHQ`�iBQM `2bT2+iBp2HvX h?2
�`+?Bi2+im`2 +QK#BM2b bm#@KQ/mH2b 7Q` BMi`BMbB+�HHv KQiBp�i2/ H2�`MBM; �M/ bQ+B�HHv ;mB/2/ H2�`MBM;
BM #Qi? i?2 TQHB+v �M/ Qmi+QK2b bT�+2bX

jXRX9 a:AJ@. �`+?Bi2+im`2

aQ+B�HHv :mB/2/ AMi`BMbB+ JQiBp�iBQM #v .2KQMbi`�iBQM Ua:AJ@.V Bb �M �H;Q`Bi?K i?�i K2`;2b T`Q;`�KKBM;
#v /2KQMbi`�iBQM �b bQ+B�H BMi2`�+iBQM KQ/2 rBi? i?2 a�::@_A�* �H;Q`Bi?K �b BMi`BMbB+ KQiBp�iBQM KQ/2-
7Q` i?2 H2�`MBM; Q7 HQ+�H BMp2`b2 �M/ 7Q`r�`/ KQ/2Hb BM +QKTH2t- ?B;?@/BK2MbBQM�H �M/ +QMiBMmQmb bT�+2bX Aib
�`+?Bi2+im`2 Bb b2T�`�i2/ BMiQ i?`22 H�v2`b r?2`2 bm#@KQ/mH2b Q7 2�+? b�KTHBM; KQ/2 BMi2`�+i U6B;m`2
9XjXj �M/ �H;Q`Bi?K jXRXRV ,

Ç �M BMi2`7�+2 rBi? i?2 i2�+?2`- r?B+? K�M�;2b i?2 ǴT?vbB+�HǴ BMi2`�+iBQM rBi? i?2 i2�+?2` �M/
/2i2`KBM2b i?2 KQ/2 Q7 i?2 �;2MiX Ai /2i2+ib i?�i i?2 i2�+?2` T2`7Q`Kb � /2KQMbi`�iBQM �M/
i`�MbH�i2b Bi BMiQ T�`�K2i2`b 7Q` i?2 `Q#QiX h?2 BKTH2K2Mi�iBQM BMi2`7�+2 Bb bT2+B}+ iQ 2�+? `Q#Qi �M/
2tT2`BK2Mi�H b2iiBM;- �M/ rBHH #2 /2i�BH2/ bT2+B}+�HHv 7Q` i?2 2tT2`BK2Mi�H b2imT BM b2+iBQM jXkXRX

Ç � ?B;?2` H2p2H Q7 �+iBp2 H2�`MBM;- i?2 Pmi+QK2 aT�+2 1tTHQ`�iBQM H2p2H r?B+? /`Bp2b i?2 2tTHQ`�iBQM Q7
i?2 Qmi+QK2 bT�+2X Ai b2ib ;Q�Hb ag /2T2M/BM; QM i?2B` BMi2`2bi H2p2Hb i?�i Bb #�b2/ QM i?2 +QKT2i2M+2
Q7 T`2pBQmb ;Q�Hb- `2i`B2p2b 7`QK i?2 i2�+?2` BM7Q`K�iBQM �#Qmi ;Q�Hb- �M/ K�Tb A BM i2`Kb Q7 BMi2`2bi
H2p2HX Ai H2�`Mb �i � HQM;2` iBK2 b+�H2X Aib bi`m+im`2 Bb /2i�BH2/ BM bm#b2+iBQM jXRX9XkX

Ç � HQr2` H2p2H Q7 �+iBp2 H2�`MBM;- i?2 SQHB+v aT�+2 1tTHQ`�iBQM H2p2H i?�i 2tTHQ`2b i?2 TQHB+v T�`�K2i2`
bT�+2 B iQ BKT`Qp2 Bib 2biBK�iBQM Q7 p(b|ag, c) �M/ i?2 KQ`2 ;2M2`�H BMp2`b2 KQ/2H p(b|a, c)X q?BH2
BMi2`�+iBM; rBi? i?2 i2�+?2`- Bi rQmH/ KBKB+ ?Bb TQHB+B2b ζd- r?2`2�b /m`BM; b2H7@2tTHQ`�iBQM- Bi rQmH/
�ii2KTi iQ `2�+? i?2 ;Q�Hb ag b2i #v i?2 Pmi+QK2 aT�+2 1tTHQ`�iBQM H2p2HX Ai H2�`Mb �i � b?Q`i2` iBK2
b+�H2X Aib bi`m+im`2 Bb b?Q`iHv /2b+`B#2/ BM bm#b2+iBQM jXRX9XR �M/ /2i�BH2/ 7Q` Qm` BKTH2K2Mi�iBQM BM
b2+iBQM 9XkXjXRX
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jXRX9XR GQr2` G2p2H , SQHB+v aT�+2 1tTHQ`�iBQM

h?2 SQHB+v aT�+2 1tTHQ`�iBQM b2�`+?2b i?2 TQHB+v T�`�K2i2`b bT�+2 B ?Qr iQ `2�+? i?2 ;Q�H
ag b2i #v i?2 ?B;?2` H2p2H Q` KBKB+b i?2 /2KQMbi`�i2/ TQHB+v ζd- �M/ `2im`Mb iQ i?2 Pmi+QK2
aT�+2 1tTHQ`�iBQM H2p2H i?2 K2�bm`2 Q7 +QKT2i2M+2 �i `2�+?BM; agX

h?2 BKTH2K2Mi�iBQM /2i�BHb rBHH /2T2M/ QM i?2 2tT2`BK2Mi�H b2imT- #mi K�BMHv- i?2 SQHB+v aT�+2
1tTHQ`�iBQM H2p2H +QMi�BMb k 7mM+iBQMb,

Ç h?2 JBKB+ SQHB+v 7mM+iBQM i�F2b �b BMTmi � TQHB+v T�`�K2i2` bd /2KQMbi`�i2/ #v i?2 i2�+?2` �M/ i`B2b
iQ `2T2�i BiX h?Bb 7mM+iBQM +�M #2 +?�M;2/ iQ K�i+? Qi?2` bQ+B�H BMi2`�+iBQM KQ/2bX �M BKTH2K2Mi�iBQM
Bb /2b+`B#2/ 7Q` Qm` 2tT2`BK2Mi�H b2iiBM; BM bm#b2+iBQM jXkXkX

Ç h?2 :Q�H@.B`2+i2/ SQHB+v PTiBKBb�iBQM 7mM+iBQM b2�`+?2b 7Q` TQHB+v T�`�K2i2`b b i?�i ;mB/2 i?2 bvbi2K
iQr�`/ i?2 ;Q�H ag BM i?2 ;Bp2M +QMi2ti c #v RV #mBH/BM; HQ+�H BMp2`b2 p(b|a, c) KQ/2H /m`BM; 2tTHQ`�iBQM
i?�i +�M #2 `2@mb2/ 7Q` H�i2` ;Q�Hb �M/ kV b2H2+iBM; M2r TQHB+B2b /2T2M/BM; QM BMi2`2biBM;M2bb K2�bm`2b
Q7 TQHB+B2b rBi? `2bT2+i iQ i?2 +m``2Mi ;Q�H iQ ;2i � #2ii2` 2biBK�i2 Q7 b (→ J(ag, b, c)X J�BMHv- Bi
+�M #2 BKTH2K2Mi2/ #v +H�bbB+�H �miQMQKQmb H2�`MBM; K2i?Q/b K2MiBQM2/ 2�`HB2` r?B+? H2�`M 7Q` �
bBM;H2 ;Q�H QMHv bm+? �b i?2 *Qbi@`2;mH�`Bx2/ E2`M2H _2;`2bbBQM UEQ#2` 2i �HX- kyRyV- 1TBbQ/B+ L�im`�H
SQHB+v :`�/B2Mi �H;Q`Bi?K US2i2`b �M/ a+?��H- kyy3V- Q` SAk UaimHT �M/ a+?��H- kyRRVX �M 2t�KTH2
Bb T`2b2Mi2/ 7Q` Qm` 2tT2`BK2Mi�H b2iiBM; BM bm#b2+iBQM jXkX9X h?Bb 7mM+iBQM KBMBKBb2b b (→ J(ag, b, c)X

jXRX9Xk >B;?2` G2p2H , �+iBp2 :Q�H "�##HBM; 7Q` Pmi+QK2 aT�+2
1tTHQ`�iBQM

h?2 Pmi+QK2 aT�+2 1tTHQ`�iBQM `2HB2b QM 722/#�+F 7`QK i?2 SQHB+v aT�+2 1tTHQ`�iBQM H2p2H iQ
/2+B/2 r?B+? ;Q�H ag ∈ A Bb BMi2`2biBM; iQ 7Q+mb QMX Ai 2tTHQ`2b A mbBM; i2�+?2`Ƕb /2KQMbi`�iBQMb
Q7 Qmi+QK2b U1KmH�i2 � :Q�HV �M/ b2H7@/2i2`KBM2b � ;Q�H U.2+B/2 � :Q�HV mbBM; +QKT2i2M+2 K2�bm`2b- KQ`2
T`2+Bb2Hv +QKT2i2M+2 BKT`Qp2K2Mi r?B+? Bi K�Tb QM C ×A U:Q�H AMi2`2bi J�TTBM;VX

UAV :Q�H AMi2`2bi J�TTBM; 6mM+iBQM hQ /2i2`KBM2 r?B+? ;Q�Hb Bi b?QmH/ �ii2KTi BM Q`/2` iQ #2ii2`
;2M2`�HBb2 7Q` i?2 r?QH2 Qmi+QK2 bT�+2- i?2 �;2Mi b2H7@bi`m+im`2b i?2 Qmi+QK2 bT�+2 BM iQ /Bz2`2Mi
`2;BQMb /2T2M/BM; QM Bib H2p2H Q7 BMi2`2biX Ai �bbB;Mb � +QKT2i2M+2 γc,ag

iQ 2�+? ;Q�H ag 2tTHQ`2/ BM
+QMi2ti c- �b � K2�bm`2 Q7 ?Qr +HQb2 i?2 H2�`M2` +�M `2�+? ag,

γc,ag
= min(c,b,ag)∈HJ(ag, b, c) UjXjV

r?2`2 H Bb i?2 HBbi Q7 �HH i?2 +QHH2+i2/ /�i� (c, b, a)X
�HQM; rBi? i?2 2biBK�i2/ BMp2`b2 KQ/2H p(b|a, c)- a:AJ@. 2biBK�i2b �i i?2 b�K2 iBK2 i?2 BMi2`2bi K�TTBM;

7mM+iBQM Qp2` C×A U�H;Q`Bi?K jXRXR- HX k9VV iQ #mBH/ Bib 7Q+mb 7mM+iBQM ψX AM Qm` �TT`Q�+?- r?BH2 p(b|a, c)

Bb 2biBK�i2/ �b � +QKTH2t 7mM+iBQM- r2 KQ/2H i?2 BMi2`2bi K�TTBM; �b � TB2+2rBb2 +QMbi�Mi 7mM+iBQMX
G2i mb +QMbB/2` � T�`iBiBQM

⊎

i Ri = C × AX 1�+? Ri +QMi�BMb �ii2KTi2/ ;Q�Hb ;Bp2M � +QMi2ti
{(ct1 , at1), (ct2 , at2), ... (ctk , atk)}Ri

Q7 +QKT2i2M+2b {γt1 , γt2 , ..., γtk}Ri
- BM/2t2/ #v i?2B` `2H�iBp2 iBK2 Q`/2`

Q7 2tT2`BK2Mi�iBQM t1 < t2 < ... < tk BMbB/2 bm#bT�+2 RiX
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�M 2biBK�iBQM Q7 BMi2`2bi Bb +QKTmi2/ 7Q` 2�+? `2;BQM Ri �b i?2 HQ+�H +QKT2i2M+2 T`Q;`2bb- Qp2` � bHB/BM;
iBK2 rBM/Qr Q7 i?2 ζ KQ`2 `2+2Mi ;Q�Hb �ii2KTi2/ BMbB/2 Ri,

interesti =

∣

∣

∣

∣

∣

∣

⎛

⎝

|Ri|−
ζ
2

∑

j=|Ri|−ζ

γj

⎞

⎠−

⎛

⎝

|Ri|
∑

j=|Ri|−
ζ
2

γj

⎞

⎠

∣

∣

∣

∣

∣

∣

ζ
UjX9V

"v mbBM; � /2`Bp�iBp2- i?2 BMi2`2bi +QMbB/2`b i?2 p�`B�iBQM Q7 +QKT2i2M+2b- �M/ #v mbBM; �M �#bQHmi2 p�Hm2-
Bi +QMbB/2`b +�b2b Q7 BM+`2�bBM; �M/ /2+`2�bBM; +QKT2i2M+2bX AM a:AJ@.- r2 rBHH mb2 i?2 i2`K +QKT2i2M+2
T`Q;`2bb rBi? Bib ;2M2`�H K2�MBM; iQ /2MQi2 i?Bb BM+`2�b2 �M/ /2+`2�b2 Q7 +QKT2i2M+2bX �M BM+`2�bBM;
+QKT2i2M+2 bB;MB}2b i?�i i?2 2tT2+i2/ +QKT2i2M+2 ;�BM BM Ri Bb BKTQ`i�MiX h?2`27Q`2- b2H2+iBM; M2r ;Q�Hb
BM `2;BQMb Q7 ?B;? +QKT2i2M+2 T`Q;`2bb +QmH/ #`BM; #Qi? � ?B;? BM7Q`K�iBQM ;�BM 7Q` i?2 H2�`M2/ KQ/2H- �M/
�HbQ /`Bp2 i?2 `2�+?BM; Q7 T`2pBQmbHv mM�+?B2p2/ ;Q�HbX .2T2M/BM; QM i?2 bi�`iBM; TQbBiBQM �M/ TQi2MiB�H
2pQHmiBQM Q7 i?2 2MpB`QMK2Mi- � /2+`2�b2 Q7 +QKT2i2M+2b BMbB/2 �H`2�/v r2HH@`2�+?2/ `2;BQMb +�M �`Bb2X AM
i?Bb +�b2- i?2 bvbi2K b?QmH/ #2 �#H2 iQ 7Q+mb �;�BM BM i?2b2 `2;BQMb iQ �ii2KTi iQ `2@2bi�#HBb? � ?B;? H2p2H Q7
+QKT2i2M+2 BMbB/2X h?Bb 2tTH�BMb i?2 mb27mHM2bb Q7 +QMbB/2`BM; i?2 �#bQHmi2 p�Hm2 Q7 i?2 +QKT2i2M+2 T`Q;`2bb
�b b?QrM BM 2[m�iBQM 9XjX

"�b2/ QM i?Bb /2}MBiBQM Q7 BMi2`2bi- i?2 KQ/mH2 #mBH/b �M BMi2`2bi H2p2H K�TTBM;- �i 2�+? M2r Qmi+QK2 ag

+?Qb2M �b ;Q�H Q` T`Q/m+2/ #v �miQMQKQmb 2tTHQ`�iBQM Q` �i 2�+? ;Q�H ad Q#b2`p2/ BM bQ+B�H ;mB/�M+2X Ai
T�`iBiBQMb C × A BMiQ bm#bT�+2b- bQ �b iQ K�tBK�HHv /Bb+`BKBM�i2 �`2�b �++Q`/BM; iQ i?2B` H2p2Hb Q7 BMi2`2bi-
�b /2b+`B#2/ BM U"�`�M2b �M/ Pm/2v2`- kyRjVX q2 mb2 � `2+m`bBp2 bTHBi Q7 i?2 bT�+2- 2�+? bTHBi Q++m``BM; QM+2
� K�tBK�H MmK#2` Q7 ;Q�Hb ?�p2 #22M �ii2KTi2/ BMbB/2X 1�+? bTHBi K�tBKBb2b i?2 /Bz2`2M+2 Q7 i?2 BMi2`2bi
K2�bm`2 BM i?2 irQ `2bmHiBM; bm#bT�+2b- �M/ 2�bBHv b2T�`�i2b �`2�b Q7 /Bz2`2Mi BMi2`2bi- �M/ i?mb- Q7 /Bz2`2Mi
`2�+?BM; /B{+mHiv U+7X �H;Q`Bi?K jXRXkVX

h?2 T�`iBiBQM Q7 C × A Bb /QM2 `2+m`bBp2Hv �M/ bQ �b iQ K�tBK�HHv /Bb+`BKBM�i2 �`2�b �++Q`/BM; iQ i?2B`
H2p2Hb Q7 BMi2`2biX � bTHBi Bb i`B;;2`2/ QM+2 � MmK#2` Q7 Qmi+QK2b gmax ?�b #22M �ii2KTi2/ BMbB/2 � `2;BQM
Rn rBi? i?2 b�K2 bi`�i2;v σX h?2 bTHBi b2T�`�i2b �`2�b Q7 /Bz2`2Mi BMi2`2bi H2p2Hb �M/ /Bz2`2Mi `2�+?BM;
/B{+mHiB2bX h?2 bTHBi Q7 � `2;BQM Rn BMiQ Rn+1 �M/ Rn+2 Bb /QM2 #v b2H2+iBM; �KQM; K `�M/QKHv ;2M2`�i2/
bTHBib- � bTHBi /BK2MbBQM j �M/ i?2M � TQbBiBQM vj bm+? i?�i,

Ç �HH i?2 τ ∈ Rn+1 ?�p2 � Di? +QKTQM2Mi bK�HH2` i?�M pDc

Ç �HH i?2 τ ∈ Rn+2 ?�p2 � Di? +QKTQM2Mi ?B;?2` i?�M pDc

Ç Ai K�tBKBb2b i?2 [m�MiBiv Qual(j, vj) = |Rn+1|.|Rn+2| |interestRn+1((σ)) − interestRn+2
(σ)|- r?2`2

|Ri| Bb i?2 bBx2 Q7 i?2 `2;BQM Ric

UAAV .2+B/2 � :Q�H 6mM+iBQM h?2 .2+B/2 � :Q�H 7mM+iBQM mb2b i?2 BMi2`2bi H2p2H K�TTBM; iQ b2H2+i
i?2 M2ti ;Q�H iQ T2`7Q`K U�H;Q`Bi?K jXRXR- HX RdVVX :Q�Hb �`2 +?Qb2M biQ+?�biB+�HHv �++Q`/BM; iQ
i?2B` BMi2`2bi H2p2H- rBi? 2Bi?2` Q7 i?2 7QHHQrBM; KQ/2b,

Ç JQ/2URV, � +?Qb2M `�M/QK ;Q�H BMbB/2 � `2;BQM r?B+? Bb b2H2+i2/ rBi? � T`Q#�#BHBiv T`QTQ`iBQM�H iQ
Bib BMi2`2bi p�Hm2X h?2 T`Q#�#BHBiv Q7 b2H2+iBM; i?2 `2;BQM Rn i?�i +QMi�BMb i?2 +m``2Mi +QMi2ti c Bb,
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�H;Q`Bi?K jXRXk (R) 4 lT/�i2_2;BQMbUR, (c, a), γV )
R, BMTmi, R, b2i Q7 `2;BQMb �M/ +Q``2bTQM/BM; interestX
k, BMTmi, (c, a), +QMi2ti �M/ 2z2+i Q7 i?2 H2�`MBM; 2t2KTH�`X
j, BMTmi, γ, +QKT2i2M+2 �i `2�+?BM; a BM +QMi2ti cX
9, T�`�K2i2`, gMax , i?2 K�tBK�H MmK#2` Q7 2H2K2Mib BMbB/2 � `2;BQMX
8, T�`�K2i2`, ζ , � iBK2 rBM/Qr mb2/ iQ +QKTmi2 i?2 BMi2`2biX
e, 6BM/ i?2 `2;BQM Rn ∈ R bm+? i?�i (c, a) ∈ RnX
d, �// γ iQ RnX
3, *QKTmi2 i?2 M2r p�Hm2 Q7 interestn Q7 Rn �++Q`/BM; iQ 2�+? (ci, ai) ∈ Rn Q7 +QKT2i2M+2 γi bm+? i?�i,

interestn =

∣

∣

∣

∣

∣

∣

∣

∣

∣

⎛

⎜

⎜

⎜

⎝

|Rn|−
ζ
2

∑

i=|Rn|−ζ

γi

⎞

⎟

⎟

⎟

⎠

−

⎛

⎜

⎜

⎜

⎝

|Rn|
∑

i=|Rn|−
ζ
2

γi

⎞

⎟

⎟

⎟

⎠

∣

∣

∣

∣

∣

∣

∣

∣

∣

ζ

Ry, B7 |Rn| > gmax i?2M
RR, aTHBi RnX
Rk, 2M/ B7
Rj, `2im`M R

Pn =
interestn −KBM(interesti)

∑|Rn|
i=1 interesti −KBM(interesti)

UjX8V

Ç JQ/2UkV, � b2H2+i2/ `�M/QK ;Q�H BMbB/2 i?2 r?QH2 bT�+2 AX

Ç JQ/2UjV, � }`bi b2H2+i2/ `2;BQM �++Q`/BM; iQ i?2 BMi2`2bi p�Hm2 UHBF2 BM mode(1)V �M/ i?2M � ;2M2`�i2/
M2r ;Q�H +HQb2 iQ i?2 �H`2�/v 2tT2`BK2Mi2/ QM2 r?B+? `2+2Bp2/ i?2 HQr2bi +QKT2i2M+2 2biBK�iBQM
minRn

(γti)X

UAAAV 1KmH�i2 � :Q�H 6mM+iBQM �i 2�+? /2KQMbi`�iBQM- i?2 H2�`M2` Q#b2`p2b MQi QMHv i?2 TQHB+v
T2`7Q`K2/- #mi �HbQ Bib Qmi+QK2 adX Ai ?2M+27Q`r�`/ +QMbB/2`b i?Bb Qmi+QK2 �b � TQi2MiB�H ;Q�H- �M/ �bbB;Mb
�M BMi2`2bi H2p2H �++Q`/BM; iQ Bib QrM TQHB+v `2T2`iQB`2 �M/ KQ/2H Bi ?�b #mBHi U�H;Q`Bi?K jXRXR- HX RyVVX

h?2 �#Qp2 /2b+`BTiBQM Bb /2i�BH2/ 7Q` a:AJ@.Ƕb +?QB+2 Q7 BKBi�iBM; i2�+?2`bǶ HQr@H2p2H /2KQMbi`�iBQMb Q7
Qmi+QK2b �M/ TQHB+B2bX am+? � bi`m+im`2 rQmH/ `2K�BM bmBi�#H2 7Q` Qi?2` +?QB+2b Q7 bQ+B�H BMi2`�+iBQM KQ/2b-
�M/ r2 QMHv ?�p2 iQ +?�M;2 i?2 +QMi2Mi Q7 i?2 1KmH�i2 � :Q�H 7mM+iBQM- �M/ +?�M;2 i?2 JBKB+ � SQHB+v
7mM+iBQM iQ K�i+? i?2 +?Qb2M KQ/2X

AM i?2 7QHHQrBM; b2+iBQM- r2 BHHmbi`�i2 i?2 T`BM+BTH2 Q7 a:AJ@. i?`Qm;? � T`QQ7@Q7@+QM+2Ti 2tT2`BK2Mi-
r?2`2 Qm` `Q#Qi H2�`Mb ?Qr iQ }b?X

8y



L;mv2M a�Q J�B G2�`MBM; BM *QKTH2t *QMiBMmQmb 1MpB`QMK2Mib

Policy:
Example of trajectory followed by a joint 

a
1 a

2

a
3

a
4

duration

float

Estimated Reachable Area

Outcome Space
-1

1

-1
1

u u
uu

6B;m`2 jXkXR, 1tT2`BK2Mi�H b2imT rBi? � `Q#Qi �`K ?QH/BM; � }b?BM; +�M rBi? � ~2tB#H2 rB`2
UbBKmH�i2/ #v jy 7`22 `2pQHmi2 DQBMibVX h?2 `Q#Qi +�M T`Q/m+2 � KQp2K2Mi Q7 Bib e .P6 �`K #v
b2iiBM; i?2 `2�H MmK#2` p�Hm2b b Q7 Bib k8 /BK2MbBQM�H KQiQ` T`BKBiBp2X h?2M- Bi +�M Q#b2`p2 i?2
2z2+ifQmi+QK2 Q7 bm+? � KQp2K2Mi- #v Q#b2`pBM; r?2`2 i?2 ~Q�i ?�b �``Bp2/ BM i?2 ;Q�HfQmi+QK2
bT�+2- BX2X QM i?2 bm`7�+2 Q7 i?2 r�i2` r?B+? Bb � k. bT�+2X lbBM; a:AJ@.- r?B+? +QK#BM2b
BMi`BMbB+�HHv KQiBp�i2/ �+iBp2 H2�`MBM; �M/ ?mK�M /2KQMbi`�iBQM- i?2 `Q#Qi ?�b iQ H2�`M i?2 +QKTH2t
BMp2`b2 KQ/2H K�TTBM; �HH ;Q�HbfQmi+QK2b iQ i?2 �/2[m�i2 k8 /BK2MbBQM�H T�`�K2i2`b Q7 KQiQ`
KQp2K2MiX

jXk h?2 6Bb?BM; _Q/ 1tT2`BK2Mi

AM i?Bb b2+iBQM r2 /2b+`B#2 Qm` 2tT2`BK2Mi�H b2imT rBi? i?2 2MpB`QMK2MiǶb /2b+`BTiBQM- �M/ i?2M /2i�BH ?Qr
a:AJ@. 7mM+iBQMb �/�Ti 7Q` i?Bb bT2+B}+ b2imTX

AM i?Bb BHHmbi`�iBQM 2tT2`BK2Mi- r2 +QMbB/2` � bBKmH�i2/ e /2;`22b@Q7@7`22/QK `Q#QiB+ �`K ?QH/BM; � }b?BM;
`Q/ U6B;m`2 jXkXRVX h?2 �BK Bb i?�i Bi H2�`Mb ?Qr iQ `2�+? �Mv TQBMi QM i?2 bm`7�+2 Q7 i?2 r�i2`
rBi? i?2 ~Q�i �i i?2 iBT Q7 i?2 }b?BM; HBM2X h?Bb Bb �M BMp2`b2 KQ/2H BM � +QMiBMmQmb �M/ mM#QmM/2/
2MpB`QMK2Mi Q7 � +QKTH2t bvbi2K i?�i +�M ?�`/Hv #2 /2b+`B#2/ #v T?vbB+�H 2[m�iBQMbX

AM Qm` 2tT2`BK2Mi- i?2 +QMi2ti bT�+2 C /2b+`B#2b i?2 BMBiB�H �+im�iQ`fDQBMi TQbBiBQMb �M/ bi�i2 Q7 i?2 }b?BM;
`Q/X A = [−1, 1]2 Bb � k@. bT�+2 i?�i /2b+`B#2b i?2 TQbBiBQM Q7 i?2 ~Q�i r?2M Bi `2�+?2b i?2 r�i2`X 6Q` 2�+?
TQbBiBQM a ∈ A- Bi ?�b iQ H2�`M � M2r ;Q�H , rBi? r?B+? KQp2K2Mi πb ?2 +�M TH�+2 i?2 ~Q�i +HQb2bi iQ aX h?2
`Q#Qi #�b2 Bb TQbBiBQM2/ �i Uy-yV �M/ Bi �Hr�vb bi�`ib rBi? i?2 b�K2 +QM};m`�iBQM corgX

jXkXR JQiQ` S`BKBiBp2b �M/ *Q``2bTQM/2M+2 J�TTBM;

o�`B�#H2 b /2b+`B#2b i?2 T�`�K2i2`b Q7 i?2 KQiQ` T`BKBiBp2b Q7 i?2 DQBMib- /2}MBM; 7Q` 2�+? DQBMi 9 b+�H�`
T�`�K2i2`b i?�i `2T`2b2Mi i?2 DQBMi TQbBiBQMb �i t = 0- t = δ

3 -t = 2δ
3 �M/ t = δX h?2b2 9 T�`�K2i2`b

u1, u2, u3, u4 ;2M2`�i2 � i`�D2+iQ`v 7Q` i?2 DQBMi #v :�mbbB�M /Bbi�M+2 r2B;?iBM;,

u(t) =
4

∑

i=0

wi(t)ui
∑4

j=0 wj(t)
rBi? wi(t) = eσ∗|t−

iδ
3
|2 ,σ > 0 UjXeV
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6B;m`2 jXkXk, J�TTBM; Q7 i?2 /2KQMbi`�iBQMb ;Bp2M #v i?2 ?mK�M i2�+?2` #v i?2 `Q#QiX >Q`BxQMi�H
�tBb, iBK2- p2`iB+�H �tBb, DQBMi �M;H2 U#2bi b22M BM +QHQ`bVX �`2 THQii2/ 7Q` k /Bz2`2Mi DQBMi i`�D2+iQ`B2b
Q7 � ?mK�M /2KQMbi`�iQ`- i?2 /2KQMbi`�i2/ i`�D2+iQ`v- �M/ i?2 +Q``2bTQM/BM; KQp2K2Mi T�`�K2i2`b
�M/ i`�D2+iQ`v K�TT2/ #v i?2 `Q#QiX 6Q` � /2KQMbi`�i2/ i`�D2+iQ`v uHd- T�`�K2i2`b u1, u2, u3, u4
KBMBKBb2 2[X jXdX h?2M i?2 T�`�K2i2`b u1, u2, u3, u4 ;2M2`�i2 i?2 i`�D2+iQ`v 2t2+mi2/ #v i?2 `Q#Qi
u(t) �++Q`/BM; iQ 1[m�iBQM 9XRX 6Q` DQBMi i`�D2+iQ`v R- i?2 K�TTBM; ?�b � ?B;? 2``Q` p�Hm2- r?BH2 7Q`
DQBMi i`�D2+iQ`v k- i?2 K�TTBM; ?�b � HQr 2``Q` p�Hm2X

1�+? Q7 i?2 e DQBMibǶ i`�D2+iQ`B2b Bb /2i2`KBM2/ #v 9 T�`�K2i2`bX �MQi?2` T�`�K2i2` b2ib δX h?2`27Q`2 �
TQHB+v Bb `2T`2b2Mi2/ #v 6 × 4 + 1 = 25 T�`�K2i2`b, b = (b1, b2, ...b25)X B = [0, 1]25X h?Bb +?QB+2 Q7 i�FBM;
QMHv 9 b�KTH2b Q7 i?2 KQp2K2Mi i`�D2+iQ`v Bb �`#Bi`�`BHv- �M/ Qi?2` T�`�K2i`Bb�iBQMb ?�p2 #22M �HbQ mb2/ BM
Qi?2` bim/B2b UL;mv2M �M/ Pm/2v2`- kyRk2-+VX

"2+�mb2 Qm` 2tT2`BK2Mi mb2b 7Q` 2�+? i`B�H i?2 b�K2 +QMi2ti corg- Qm` bvbi2K K2KQ`Bb2b �7i2` 2t2+miBM;
2p2`v TQHB+v T�`�K2i2` b- bBKTHv i?2 +QMi2ti@7`22 �bbQ+B�iBQM (b, a)X

lTQM Q#b2`p�iBQM Q7 � /2KQMbi`�iBQM (ζHd, aHd)- i?2 *Q``2bTQM/2M+2 7mM+iBQM }`bi +QKTmi2b i?2
T�`�K2i2`b bd i?�i 2M�#H2 ?BK iQ `2T`Q/m+2 i?2 i2�+?2`Ƕb TQHB+v ζd +HQb2bi U�H;Q`Bi?K jXRXR- HX NVVX

6`QK ζHd- Bi +�M 2ti`�+i 7Q` 2�+? DQBMi � i`�D2+iQ`v uHd(t) �M/ i?2 /m`�iBQM Q7 i?2 i`�D2+iQ`v δX hQ K�T �
;Bp2M DQBMi i`�D2+iQ`v uHd(t) BMiQ Qm` `Q#QiǶb T�`�K2i2`Bb2/ /vM�KB+ KQiQ` T`BKBiBp2- r2 M22/ iQ /2i2`KBM2
i?2 9 T�`�K2i2`b u1, u2, u3, u4 bQ �b iQ KBMBKBb2 i?2 2``Q` U6B;m`2 jXkXkV,

d =

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

uHd(t)−
4

∑

i=0

wi(t)ui
∑4

j=0 wj(t)

∣

∣

∣

∣

∣

∣

∣

∣

∣

∣

2

UjXdV

bd Bb i?mb i?2 b2i Q7 T�`�K2i2`b u1, u2, u3, u4 7Q` 2�+? Q7 i?2 e DQBMib- �M/ δ- r?B+? KBMBKBb2 d #v i?2
i`mbi@`2;BQM@`2~2+iBp2 �H;Q`Bi?K /2b+`B#2/ BM U*QH2K�M �M/ GB- RNN9- RNNeVX

jXkXk JBKB+ � SQHB+v

h?2 JBKB+ � SQHB+v 7mM+iBQM U+7X �H;Q`Bi?K jXkXR �M/ 6B;m`2 9XjXjV i`B2b iQ KBKB+ � /2KQMbi`�iBQM (ζd, ad)

#v `2T2�iBM; i?2 Q#b2`p2/ TQHB+v rBi? TQHB+v T�`�K2i2`b bMimic = bd + brand rBi? � `�M/QK KQp2K2Mi
T�`�K2i2` p�`B�iBQM |brand| < ϵ �M/ πbd Bb i?2 +HQb2bi TQHB+v iQ `2T`Q/m+2 ζd U �H;Q`Bi?K jXkXR- HX 8VX
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�7i2` � }t2/ MmK#2` Q7 2t2+miBQMb- a:AJ@. +QKTmi2b Bib +QKT2i2M+2 �i `2�+?BM; i?2 ;Q�H BM/B+�i2/ #v
i?2 i2�+?2` ad U+7X 1[m�iBQM jXjVX h?Bb 7mM+iBQM i?mb K�F2b �M 2biBK�i2 Q7 J(ad, p̃(b|ad))X h?2M- Bi b?B7ib
#�+F iQ i?2 �miQMQKQmb 2tTHQ`�iBQM KQ/2X h?2 K2�bm`2 Q7 +QKT2i2M+2 `2im`M2/ Bb /2}M2/ ?2`2�7i2`X

�H;Q`Bi?K jXkXR (D) 4 JBKB+ SQHB+vUbd, cV
R, AMTmi, nIm , /m`�iBQM Q7 i?2 BKBi�iBQM T?�b2c
k, AMTmi, i?`2b?QH/b, ϵmaxc
j, AMBiB�HBb2, D ← 2KTiv HBbi Q7 (a, b, c)
9, 7Q` nbMimic iBK2b /Q
8, brand ← `�M/QK p2+iQ` bm+? i?�i |brand| < ϵmax

e, b← bd + brand

d, (a, b, c)← 1t2+mi2 Uc, bV
3, �// (a, b, c) iQ D

N, 2M/ 7Q`
Ry, `2im`M D

�H;Q`Bi?K jXkXk ((a, b, c)) 4 1t2+mi2Uc, bV
a2i +QMi2ti c �M/ T2`7Q`K TQHB+v T�`�K2i2`b b

R, AMBiB�HBb2 `Q#Qi �i c

k, S2`7Q`K TQHB+v Q7 T�`�K2i2`b bX
j, J2�bm`2 Qmi+QK2 a BM i?2 Qmi+QK2 bT�+2
9, flagInteraction← +?2+F 7Q` � i2�+?2`Ƕb /2KQMbi`�iBQM
8, `2im`M (a, b, c)

jXkXj S2`7Q`K�M+2 J2�bm`2

q2 /2}M2 D �b i?2 2m+HB/B�M /Bbi�M+2 D(ag, a) #2ir22M irQ TQbBiBQMb QM i?2 bm`7�+2 Q7 i?2 r�i2`- �M/
MQ`K�HBb2/ #v i?2 /Bbi�M+2 #2ir22M i?2 Q`B;BM�H TQbBiBQM aorg �M/ i?2 ;Q�H, D(aorg, ag)X h?Bb �HHQrb- 7Q`
BMbi�M+2- iQ ;Bp2 i?2 b�K2 +QKT2i2M+2 H2p2H r?2M +QMbB/2`BM; � ;Q�H �i RFK 7`QK i?2 Q`B;BM TQbBiBQM i?�i
i?2 `Q#Qi �TT`Q�+?2b �i yXRFK- �M/ � ;Q�H �i RyyK i?�i i?2 `Q#Qi �TT`Q�+?2b �i RyK,

D(ag, a) =

⎧

⎪

⎨

⎪

⎩

−1 B7 D(a,ag)
D(ag,aorg)

> 1

− D(a,ag)
D(ag,aorg)

Qi?2`rBb2
UjX3V

>2`2- Qm` /B`2+i KQ/2H p(a|b) QMHv +QMbB/2`b i?2 k8 T�`�K2i2`b b = (b1, b2, ...b25) �b BMTmib Q7 i?2 bvbi2K-
�M/ � TQbBiBQM BM a = (a1, a2) �b QmiTmiX q2 rBb? iQ #mBH/ i?2 2biBK�i2 BMp2`b2 KQ/2H p(b|a) #v mbBM; i?2
7QHHQrBM; QTiBKBb�iBQM K2+?�MBbK 7Q` ;Q�H@/B`2+i2/ H2�`MBM; ULV �M/ 2tTHQ`�iBQM- r?B+? +�M #2 /BpB/2/ BMiQ
irQ /Bz2`2Mi `2;BK2bX
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jXkX9 :Q�H@.B`2+i2/ SQHB+v PTiBKBb�iBQM

h?2 :Q�H@.B`2+i2/ SQHB+v PTiBKBb�iBQM 7mM+iBQM U+7X �H;Q`Bi?K jXkX9 �M/ 6B;m`2 9XjXjV H2�`Mb
iQ `2�+? i?2 ;Q�H ag ;2M2`�i2/ #v i?2 Pmi+QK2 aT�+2 1tTHQ`�iBQM H2p2HX h?Bb 7mM+iBQM +�M #2
BKTH2K2Mi2/ #v �Mv bBM;H2 Qmi+QK2 H2�`MBM; �H;Q`Bi?KX *H�bbB+�H `2BM7Q`+2K2Mi K2i?Q/b bm+? �b M�im`�H
�+iQ`@+`BiB+ �`+?Bi2+im`2b US2i2`b �M/ a+?��H- kyy3V- T�i? BMi2;`�H �TT`Q�+?2b Uh?2Q/Q`Qm 2i �HX- kyRyV Q`
�/p�M+2/ "H�+F "Qt QTiBKBb�iBQM i2+?MB[m2b UaimHT �M/ aB;�m/- kyRkV- Q` 2pQHmiBQM�`v �H;Q`Bi?Kb bm+? �b
*J�@1a U>�Mb2M �M/ Pbi2`K2B2`- kyyRV +QmH/ #2 mb2/X 6Q` i?2 b�F2 Q7 T`QpBM; i?�i i?2 2{+B2M+v Q7 Qm`
a:AJ@. �H;Q`Bi?K `2HB2b QM Bib ;2M2`�H bi`m+im`2- �M/ MQi bQ Km+? QM Bib T2`@;Q�H H2�`MBM; �H;Q`Bi?K- r2
+?QQb2 � H2�`MBM; �H;Q`Bi?K #�b2/ QM M2�`2bi M2B;?#Qm`b- �M/ � bBKmH�i2/ �MM2�HBM; 2tTHQ`�iBQM K2i?Q/
i?�i #mBH/b K2KQ`v@#�b2/ HQ+�H /B`2+i �M/ BMp2`b2 KQ/2HbX aBKmH�i2/ �MM2�HBM; Bb � ;2M2`B+ T`Q#�#BHBbiB+
K2i�?2m`BbiB+ 7Q` i?2 ;HQ#�H QTiBKBb�iBQM T`Q#H2K Q7 HQ+�iBM; � ;QQ/ �TT`QtBK�iBQM iQ i?2 ;HQ#�H QTiBKmK
#v bHQrHv /2+`2�bBM; i?2 T`Q#�#BHBiv Q7 �++2TiBM; rQ`b2 bQHmiBQMb �b Bi 2tTHQ`2b i?2 bQHmiBQM bT�+2X JQ`2
T`2+Bb2Hv- a:AJ@. rQmH/ i2M/ iQ /Q ;HQ#�H 2tTHQ`�iBQM Q7 i?2 TQHB+v bT�+2 B7 i?2 +m``2Mi ;Q�H ?�b M2p2` #22M
�TT`Q�+?2/- #mi B7 Bi ?�b `2�+?2/ Qmi+QK2b M2�` i?2 +m``2Mi ;Q�H- a:AJ@. rQmH/ /Q KQ`2 HQ+�H QTiBKBb�iBQMX
a:AJ@. mb2b HQ+�HHv r2B;?i2/ `2;`2bbBQM BM Q`/2` iQ BM72` i?2 KQiQ` TQHB+v T�`�K2i2`b +Q``2bTQM/BM; iQ �
;Bp2M MQp2H T�`�K2i`Bx2/ i�bF- �M/ #�b2/ QM i?2 T`2pBQmbHv H2�`Mi +Q``2bTQM/2M+2b #2ir22M TQHB+v �M/
i�bF T�`�K2i2`bX GQ+�H QTiBKBb�iBQM Bb ?2`2 BKTH2K2Mi2/ rBi? i?2 L2H/2`@J2�/ bBKTH2t �H;Q`Bi?K i?�i Bb
bmKK�`Bb2/ BM �H;Q`Bi?K jXkXj �M/ /2i�BH2/ BM UG�;�`B�b 2i �HX- RNN3V Ai �HbQ bQK2iBK2b /Q2b ;HQ#�H `�M/QK
2tTHQ`�iBQM iQ �pQB/ HQ+�H KBMBK�X Ai #mBH/b K2KQ`v@#�b2/ HQ+�H /B`2+i �M/ BMp2`b2 KQ/2Hb- mbBM; HQ+�HHv
r2B;?i2/ H2�`MBM; rBi? � ;�mbbB�M F2`M2H bm+? i?�i T`2b2Mi2/ BM U�iF2bQM 2i �HX- RNNdVX

hQ /2+B/2 r?B+? KQ/2 Bb i`B;;2`2/ ;Bp2M � ;Q�H ag- r2 2t�KBM2 i?2 K2KQ`v Q7 i?2 bvbi2K- �M/ +QMbB/2`
i?�i i?2 +HQb2bi QM2 ?�b #22M �#H2 iQ `2�+? ag- i?2 KQ`2 i?2 bvbi2K b?QmH/ 7Q+mb QM HQ+�H QTiBKBb�iBQMX PM
i?2 +QMi`�`v- B7 /m`BM; i?2 bvbi2KǶb ?BbiQ`v- Bi ?�b M2p2` `2�+?2/ � TQBMi +HQb2 2MQm;? iQ i?2 ;Q�H ag- Bi b?QmH/
T`272` ;HQ#�H 2tTHQ`�iBQMX

h?2 bvbi2K +QMiBMmQmbHv 2biBK�i2b i?2 /Bbi�M+2 #2ir22M i?2 ;Q�H ag �M/ i?2 +HQb2bi �H`2�/v `2�+?2/
TQbBiBQM ac, D(ac, ag)X h?2 bvbi2K ?�b � T`Q#�#BHBiv T`QTQ`iBQM�H iQ D(ac, ag) Q7 #2BM; BM i?2 :HQ#�H
1tTHQ`�iBQM `2;BK2- �M/ i?2 +QKTH2K2Mi�`v T`Q#�#BHBiv Q7 #2BM; BM i?2 GQ+�H PTiBKBb�iBQM `2;BK2X

jXkX9XR :HQ#�H 1tTHQ`�iBQM _2;BK2

AM i?2 ;HQ#�H 2tTHQ`�iBQM `2;BK2- i?2 bvbi2K Dmbi TB+Fb `�M/QK TQHB+v T�`�K2i2`b b ∈ T iQ 2tTHQ`2 i?2
TQHB+v bT�+2 U�H;Q`Bi?K jXkX9- HX 8VX

jXkX9Xk GQ+�H PTiBKBb�iBQM _2;BK2

h?2 HQ+�H QTiBKBb�iBQM `2;BK2 U�H;Q`Bi?K jXkX9- HX NV `2T`2b2Mib i?2 H2�`MBM; �H;Q`Bi?K LX Ai mb2b i?2
K2KQ`v /�i� iQ BM72` HQ+�HHv BMp2`b2 KQ/2Hb p(b|a)X :Bp2M i?2 ?B;? `2/mM/�M+v Q7 i?2 T`Q#H2K- r2 +?QQb2 �
HQ+�H �TT`Q�+? �M/ 2tTHQ`2 �`QmM/ i?2 TQi2MiB�HHv KQ`2 `2HB�#H2 /�i� /2i2`KBM2/ �b `Qm;?#Hv i?2
F@M2�`2bi M2B;?#Qm`b U�H;Q`Bi?K jXkX8VX JQ`2 T`2+Bb2Hv- U�H;Q`Bi?K jXkX8- HX jV- r2 }`bi +QKTmi2 i?2
b2i H Q7 i?2 hmax M2�`2bi M2B;?#Qm`b Q7 ag �M/ i?2B` +Q``2bTQM/BM; KQp2K2Mi T�`�K2i2`b mbBM; �M �LL
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�H;Q`Bi?K jXkXj GQ+�HPTiBKBx�iBQM �H;Q`Bi?K mbBM; L2H/2`@J2�/ bBKTH2t �H;Q`Bi?K
R, G2i tUBV /2MQi2 i?2 HBbi Q7 TQBMib BM i?2 +m``2Mi bBKTH2t- B 4 R-XXX-MYRX
k, AMBiB�HBb2 i?2 TQBMib Q7 i?2 i?2 bBKTH2t rBi? i?2 /�i� ;Bp2M #v GQ+�H.�i�
j, `2T2�i
9, P`/2` i?2 TQBMib BM i?2 bBKTH2t 7`QK HQr2bi 7mM+iBQM p�Hm2 7UtURVV iQ ?B;?2bi 7UtUMYRVVX �i 2�+? bi2T

BM i?2 Bi2`�iBQM- i?2 �H;Q`Bi?K /Bb+�`/b i?2 +m``2Mi rQ`bi TQBMi tUMYRV- �M/ �++2Tib �MQi?2` TQBMi
BMiQ i?2 bBKTH2tX (P`- BM i?2 +�b2 Q7 bi2T jN #2HQr- Bi +?�M;2b �HH M TQBMib rBi? p�Hm2b �#Qp2 7UtURVV)X

8, :2M2`�i2 i?2 `2~2+i2/ TQBMi ` 4 kK Ĝ tUMYRV- r?2`2 m =
∑

x(i)/n- B 4 RXXXM- �M/ +�H+mH�i2 7U`VX
e, B7 f(x(1)) ≤ f(r) < f(x(n)) i?2M
d, �++2Ti ` �M/ i2`KBM�i2 i?Bb Bi2`�iBQMX _2~2+i
3, 2M/ B7
N, B7 f(r) < f(x(1)) i?2M

Ry, +�H+mH�i2 i?2 2tT�MbBQM TQBMi b, s = m+ 2(m− x(n+ 1))

RR, +�H+mH�i2 7UbV
Rk, B7 f(s) < f(r) i?2M
Rj, �++2Ti b �M/ i2`KBM�i2 i?2 Bi2`�iBQMX 1tT�M/
R9, 2Hb2
R8, �++2Ti ` �M/ i2`KBM�i2 i?2 Bi2`�iBQMX _2~2+i
Re, 2M/ B7
Rd, 2M/ B7
R3, B7 f(r) ≥ f(x(n)) i?2M
RN, T2`7Q`K � +QMi`�+iBQM #2ir22M K �M/ i?2 #2ii2` Q7 tUMYRV �M/ `,
ky, B7 7U`V I 7UtUMYRVV UBX2X- ` Bb #2ii2` i?�M x(n+ 1)V i?2M
kR, +�H+mH�i2 c = m+ (r −m)/2 �M/ +�H+mH�i2 7U+V
kk, 2M/ B7
kj, B7 f(c) < f(r) i?2M
k9, �++2Ti + �M/ i2`KBM�i2 i?2 Bi2`�iBQMX *QMi`�+i QmibB/2
k8, 2Hb2
ke, +QMiBMm2 rBi? ai2T jN Ua?`BMFVX
kd, 2M/ B7
k3, B7 f(r) ≥ f(x(n+ 1)) i?2M
kN, +�H+mH�i2 cc = m+ (x(n+1)−m

2

jy, +�H+mH�i2 f(cc)

jR, B7 f(cc) < f(x(n+ 1)) i?2M
jk, �++2Ti ++
jj, i2`KBM�i2 i?2 Bi2`�iBQMX *QMi`�+i BMbB/2
j9, 2Hb2
j8, +QMiBMm2 rBi? ai2T jN Ua?`BMFVX
je, 2M/ B7
jd, 2M/ B7
j3, 2M/ B7
jN, *�H+mH�i2 i?2 M TQBMib v(i) = x(1) + (x(i)− x(1))/2

9y, +�H+mH�i2 7UpUBVV- B 4 k-XXX-MYRX
9R, h?2 bBKTH2t �i i?2 M2ti Bi2`�iBQM Bb tURV- pUkV-XXX-pUMYRVX a?`BMF
9k, mMiBH KBMBKBb�iBQM
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�H;Q`Bi?K jXkX9 (D) 4 :Q�H@.B`2+i2/ SQHB+v PTiBKBx�iBQMUc, ag, p(b|a),HVX
a2�`+? 7Q` TQHB+B2b iQ `2�+? ag BM +QMi2ti c r?BH2 #mBH/BM; KQ/2H

R, AMBiB�HBb2, D ← 2KTiv HBbi Q7 (c, b, a)
k, (aclose, bclose, cclose)← a2�`+? BM H 7Q` i?2 aclose +HQb2bi iQ ag

j, mLow ← KQ/2 ;HQ#�H@2tTHQ`�iBQM Q` HQ+�H@QTiBKBx�iBQM rBi? T`Q#�#BHBiv ∝ J(ag, bclose, cclose)

9, B7 mLow 4 ;HQ#�H@2tTHQ`�iBQM i?2M
8, �+iBQM T�`�K2i2` a← `�M/QK KQp2K2Mi T�`�K2i2`b
e, (c, b, a)← 1t2+mi2Uc, bV
d, �// (a, b, c) iQ D

3, 2Hb2 B7 mLow 4 HQ+�H@QTiBKBx�iBQM i?2M
N, D ← GQ+�HPTiBKBx�iBQMUc, ag, p(b|a),HV

Ry, 2M/ B7
RR, `2im`M D

K2i?Q/ UJmD� �M/ GQr2- kyyNV- r?B+? Bb #�b2/ QM � i`22 bTHBi mbBM; i?2 F@K2�Mb T`Q+2bb ,

H = {(a, b)1, (a, b)2, ..., (a, b)hmax
} ⊂ (A×B)hmax UjXNV

h?2M- 7Q` 2�+? 2H2K2Mi (a, b)h ∈ H- r2 +QKTmi2 Bib `2HB�#BHBivX G2i mb +QMbB/2` i?2 b2i Kh r?B+? +QMi�BMb i?2
M2�`2bi M2B;?#Qm`b Q7 bh rBi?BM distN Q7 bh BM i?2 K2KQ`v b2i H rBi? `2bT2+i iQ MQ`K ||.||2 U�H;Q`Bi?K
jXkX8- HX 9V ,

Kh = {(a, b)1, (a, b)2, ..., (a, b)kmax
} UjXRyV

�b i?2 `2HB�#BHBiv Q7 i?2 HQ+�H KQ/2H /2T2M/b #Qi? QM i?2 FMQrH2/;2 Q7 i?2 HQ+�HBiv �M/ i?2 `2T`Q/m+B#BHBiv
Q7 i?2 KQp2K2Mi /m2 iQ MQM@HBM2�` MQBb2 i?�i T`Q/m+2b bK�HH p�`B�iBQMb BM a Q7 K�;MBim/2 /2T2M/BM; QM b

U6B;m`2 jXkXjV- r2 /2}M2 7Q` 2�+? 2H2K2Mi (a, b)h ∈ H- Bib `2HB�#BHBiv �b dist(ah, ag) +α× varh- r?2`2 varl Bb
i?2 p�`B�M+2 Q7 i?2 b2i Kh- �M/ α Bb � +QMbi�Mi b2i iQ yX8 BM Qm` 2tT2`BK2MiX q2 +?QQb2 i?2 bK�HH2bi p�Hm2-
�b i?2 KQbi `2HB�#H2 b2i (a, b)best U�H;Q`Bi?K jXkX8- HX 8VX

�H;Q`Bi?K jXkX8 (Klbest ) 4 GQ+�H.�i�Uag,HVX
_2i`B2p2 7`QK i?2 K2KQ`v H 2tT2`B2M+2b BM i?2 HQ+�HBiv Q7 ag

R, BMTmi, i?`2b?QH/b /BbiJ- /BbiL
k, :2i 7`QK i?2 K2KQ`v i?2 M2�`2bi M2B;?#Qm`b Q7 ag,

j, H ← {(ah, bh, ch) ∈ H|

{

J(ag, bh, ch) < distM

J(ag, bh, ch) < J(ah, b, c), ∀(a, b, c) ∈ H−H
}

9, ∀(ah, bh, ch) ∈ L- Kl ← {(a, b, c) ∈ H|||b− bh| < distN}

8, a2H2+i i?2 #2bi HQ+�HBiv ,lbest ← argmin(GQ+�HZm�HBiv(Kl, ag)V
e, `2im`M Klbest

AM i?2 HQ+�HBiv Q7 i?2 b2i (a, b)best- r2 BMi2`TQH�i2 mbBM; i?2 kmax 2H2K2Mib Q7 Kbest iQ +QKTmi2 i?2 TQHB+v
+Q``2bTQM/BM; iQ ag , bg =

∑kmax

k=1 βkbk r?2`2 βk ∝ Gaussian(dist(ak, ag)) Bb � MQ`K�HBb2/ :�mbbB�M Q7 i?2
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b
b
b

a

a

6B;m`2 jXkXj, Pmi+QK2b 7Q` j /Bz2`2Mi TQHB+v T�`�K2i2`b Qp2` ky `2T2iBiBQMb Q7 i?2 b�K2 KQp2K2Mi-
`2T`2b2Mi2/ BM i?2 k@. bT�+2 AX ai�M/�`/ /2pB�iBQMb �`2 7Q` 2�+? TQHB+v T�`�K2i2`b- `2bT2+iBp2Hv
UyXyy8- yXyjjV 7Q` b1- UyXydRe- yXy9RV 7Q` b2- �M/ UyXyRe- y XyReV 7Q` b3 U#2bi b22M BM +QHQ`bVX

2m+HB/B�M /Bbi�M+2 #2ir22M ak �M/ i?2 ;Q�H agX
q2 2t2+mi2 TQHB+v Q7 T�`�K2i2` ag U�H;Q`Bi?K jXkX8- HX eV�M/ +QMiBMm2 rBi? i?2 L2H/2`@J2�/ bBKTH2t

�H;Q`Bi?K UG�;�`B�b 2i �HX- RNN3V- iQ KBMBKBb2 i?2 /Bbi�M+2 Q7 i?2 Qmi+QK2 a2 iQ i?2 ;Q�H agX h?Bb �H;Q`Bi?K
mb2b � bBKTH2t Q7 ke TQBMib 7Q` k8@/BK2MbBQM�H p2+iQ`b bX Ai }`bi K�F2b � bBKTH2t �`QmM/ i?2 BMBiB�H ;m2bb bg

rBi? i?2 bk, k = 1, ...kmaxX Ai i?2M mT/�i2b i?2 bBKTH2t rBi? TQBMib �`QmM/ i?2 HQ+�HBiv mMiBH i?2 /Bbi�M+2 iQ
KBMBKBb2 7�HHb #2HQr � i?`2b?QH/X

jXkX8 aiQ+?�biB+ 1MpB`QMK2Mi

�HH i?2 2tT2`BK2Mi�H b2imT ?�b #22M /2bB;M2/ 7Q` � e .P6 `Q#Qi �`K BM i?2 `2�H rQ`H/X L2p2`i?2H2bb- iQ
#2 �#H2 iQ +QHH2+i bi�iBbiB+b i?`Qm;? MmK2`Qmb 2tT2`BK2Mib- r2 #mBHi � KQ/2H Q7 Qm` e .P6 �`K QM o@_1S
T?vbB+�H bBKmH�iQ` U6`22b2V- r?B+? mb2b � P.1 T?vbB+b 2M;BM2 i?�i mT/�i2b 2p2`v 8y KbX

.m2 iQ biQ+?�biB+Biv Q7 i?2 bBKmH�i2/ 2tT2`BK2Mi�H b2imT- `2T2iBiBQMb Q7 i?2 b�K2 KQp2K2Mi /Q MQi H2�/
iQ i?2 b�K2 2t�+i Qmi+QK2X JQ`2Qp2`- i?2 biQ+?�biB+Biv /Q2b MQi 7QHHQr � mMB7Q`K /Bbi`B#miBQM `mH2
�M/ +�M MQi #2 KQ/2HH2/ #v � bBKTH2 :�mbbB�MX h?2 bi�M/�`/ /2pB�iBQM p�`B2b �HQM; i?2 /Bz2`2Mi /BK2MbBQMb
�M/ /2T2M/b QM i?2 /vM�KB+ T`QT2`iB2b Q7 i?2 KQp2K2Mi T2`7Q`K2/ U6B;m`2 jXkXjVX h?2 K2�M p�`B�M+2
Q7 i?2 +QMi`QH bvbi2K Q7 i?2 `Q#Qi Bb 2biBK�i2/ iQ yXydj 7Q` K2�bm`2b Q7 Ry �ii2KTib Q7 ky `�M/QK TQHB+v
T�`�K2i2`b- r?BH2 i?2 `2�+?�#H2 �`2� bT�Mb #2ir22M @R �M/ R 7Q` 2�+? /BK2MbBQM Q7 AX

h?Bb }b?BM; 2tT2`BK2Mi 7Q+mb2b QM i?2 H2�`MBM; Q7 BMp2`b2 KQ/2Hb BM � +QMiBMmQmb bT�+2- �M/ /2�Hb rBi?
?B;?@/BK2MbBQM�H �M/ ?B;?Hv `2/mM/�Mi KQ/2HbX Pm` b2imT Bb �HH i?2 KQ`2 BMi2`2biBM; �b � `2�H@rQ`H/ }b?BM;
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`Q/Ƕb �M/ ~2tB#H2 HBM2Ƕb /vM�KB+b rQmH/ #2 /B{+mHi iQ KQ/2HX h?2 KQ/2H Q7 � }b?BM; `Q/ BM i?2 bBKmH�iQ`
KB;?i #2 K�i?2K�iB+�HHv +QKTmi2/X >Qr2p2`- hQ `2T`2b2Mi i?2 +QKTH2tBiv Q7 i?2 }b?BM; HBM2 K�MBTmH�i2/
#v i?2 `Q#Qi �`K- r2 KQ/2HH2/ Bi �b � b2i Q7 jy b2;K2Mib �M/ jy `2pQHmi2 DQBMib- r?B+? H2�/b iQ +QKTH2t
KQp2K2Mib ?�`/ iQ T`2/B+iX 1p2M i?Qm;? i?2 /B`2+i K�TTBM; ?�b #22M KQ/2HH2/ #v i?2 bBKmH�iQ`- i?2
BMp2`b2 KQ/2H- r?B+? Bb 2p2M KQ`2 +QKTHB+�i2/ /m2 iQ `2/mM/�M+v �M/ biQ+?�biB+Biv- Bb v2i iQ
H2�`MX "2bB/2b- Qm` }b?BM; 2MpB`QMK2MiǶb biQ+?�biB+Biv /Bbi`B#miBQM Bb ?�`/ iQ KQ/2HX h?mb H2�`MBM; /B`2+iHv
i?2 Qmi+QK2 Q7 QM2Ƕb TQHB+B2b Bb �HH i?2 KQ`2 �/p�Mi�;2QmbX

h?2 M2ti b2+iBQM /2b+`B#2b ?Qr r2 2p�Hm�i2 i?2 a:AJ@. �H;Q`Bi?K mbBM; i?2 }b?BM; 2tT2`BK2Mi�H b2imTX

jXj 1tT2`BK2Mi�H S`QiQ+QH

AM i?Bb b2+iBQM- r2 /2i�BH i?2 2tT2`BK2Mib r2 +�``v rBi? Qm` }b?BM; `Q#Qi b2imT iQ 2p�Hm�i2 a:AJ@. �M/
?Qr r2 T`QpB/2 Qm` H2�`M2` rBi? /2KQMbi`�iBQMbX

jXjXR *QKT�`BbQM Q7 G2�`MBM; �H;Q`Bi?Kb

hQ �bb2bb i?2 2{+B2M+v Q7 a:AJ@.- r2 /2+B/2 iQ +QKT�`2 i?2 T2`7Q`K�M+2 Q7 b2p2`�H 2tTHQ`�iBQM �H;Q`Bi?Kb
U6B;m`2 jXjXR�V,

Ç _�M/QK 2tTHQ`�iBQM , i?`Qm;?Qmi i?2 2tT2`BK2Mi- i?2 `Q#Qi TB+Fb TQHB+B2b `�M/QKHv BM i?2 TQHB+v
T�`�K2i2` bT�+2 BX

Ç a�::@_A�*, i?`Qm;?Qmi i?2 2tT2`BK2Mi- i?2 `Q#Qi 2tTHQ`2b �miQMQKQmbHv- rBi?Qmi i�FBM; BMiQ
�++QmMi �Mv /2KQMbi`�iBQM #v i?2 i2�+?2`- �M/ Bb /`Bp2M #v BMi`BMbB+ KQiBp�iBQM X

Ç AKBi�iBQM H2�`MBM;, 2p2`v iBK2 i?2 `Q#Qi b22b � M2r /2KQMbi`�iBQM bd Q7 i?2 i2�+?2`- Bi `2T2�ib
i?2 TQHB+v r?BH2 K�FBM; bK�HH p�`B�iBQMb, bMimic = bd + brand rBi? brand � `�M/QK KQp2K2Mi
T�`�K2i2` p�`B�iBQM- bQ i?�i |brand| < ϵX Ai F22Tb QM `2T2�iBM; i?Bb /2KQMbi`�iBQM mMiBH Bi b22b �
M2r /2KQMbi`�iBQM 2p2`v L TQHB+B2b- �M/ i?2M bi�`ib BKBi�iBM; i?2 M2r /2KQMbi`�iBQMX

Ç P#b2`p�iBQM H2�`MBM;, i?2 `Q#Qi /Q2b MQi K�F2 �Mv TQHB+v- #mi QMHv r�i+?2b i?2 i2�+?2`Ƕb
/2KQMbi`�iBQMbX

Ç a:AJ@., i?2 `Q#QiǶb KQ/2 Bb � KBtim`2 #2ir22M AKBi�iBQM H2�`MBM; �M/ a�::@_A�*X q?2M i?2
`Q#Qi b22b � M2r /2KQMbi`�iBQM- Bi KBKB+b i?2 TQHB+v- #mi QMHv 7Q` � b?Q`i r?BH2X h?2M- Bi `2bmK2b Bib
�miQMQKQmb 2tTHQ`�iBQM- mMiBH Bi b22b � M2r /2KQMbi`�iBQM #v i?2 i2�+?2`X Aib �miQMQKQmb 2tTHQ`�iBQM
T?�b2b i�F2 BMiQ �++QmMi �HH Bib ?BbiQ`v 7`QK #Qi? i?2 �miQMQKQmb �M/ BKBi�iBQM T?�b2bX

6Q` 2�+? 2tT2`BK2Mi- r2 H2i i?2 `Q#Qi T2`7Q`K 8yyy TQHB+B2b BM iQi�H- �M/ 2p�Hm�i2 Bib T2`7Q`K�M+2 2p2`v
Ryyy TQHB+B2b- mbBM; i?2 K2i?Q/ /2b+`B#2/ #2HQrX

jXjXk 1p�Hm�iBQM

�7i2` b2p2`�H `mMb Q7 _�M/QK 2tTHQ`�iBQMb- a�::@_A�* �M/ a:AJ@.- r2 /2i2`KBM2/ i?2 �TT�`2Mi `2�+?�#H2
bT�+2 #�bBM; QM i?2 b2i Q7 �HH i?2 `2�+?2/ TQBMib BM i?2 ;Q�HfQmi+QK2 bT�+2- r?B+? K�F2b mT bQK2 jyyXyyy
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Benchmark : the points used to assess the learning performance are generated randomly and uniformly in the reacheable space

a1

a2 0

0

-1
-1

1

1

Robot Demonstrator 1
Robot Demonstrator 2

Robotic Arm
Human Demonstrator 3a1

a2

(a) Comparison of several learning algorithms

(b) Benchmark set (c) Demonstration sets

6B;m`2 jXjXR, U#2bi b22M BM +QHQ`bV U�V, h?2 2tT2`BK2Mi +QKT�`2b i?2 T2`7Q`K�M+2 Q7 b2p2`�H
2tTHQ`�iBQM �H;Q`Bi?Kb, _�M/QK 2tTHQ`�iBQM Q7 i?2 TQHB+v bT�+2 B- �miQMQKQmb 2tTHQ`�iBQM a�::@
_A�*- G2�`MBM; 7`QK P#b2`p�iBQM- AKBi�iBQM H2�`MBM; �M/ a:AJ@.X h?2 +QKT�`BbQM Bb K�/2 i?`Qm;?
i?2 b�K2 2tT2`BK2Mi�H /m`�iBQM U8yyy TQHB+B2b T2`7Q`K2/ #v i?2 `Q#QiV- i?`Qm;? i?2 b�K2 i2�+?BM;
7`2[m2M+v U2p2`v jy TQHB+B2bV �M/ i?`Qm;? `2;mH�` 2p�Hm�iBQM U2p2`v Ryyy TQHB+B2bVX
U#V, J�T BM i?2 k. Qmi+QK2 bT�+2 A Q7 i?2 #2M+?K�`F TQBMib mb2/ iQ �bb2bb i?2 T2`7Q`K�M+2 Q7 i?2
`Q#Qi, #v K2�bm`BM; ?Qr +HQb2 i?2v +�M `2�+? 2�+? Q7 i?2b2 TQBMibX
U+V, J�Tb BM i?2 k. Qmi+QK2 bT�+2 A Q7 i?2 i2�+?BM; b2ib mb2/ BM a:AJ@.- #v i?`22 /2KQMbi`�iQ`bX
.2KQMbi`�iQ` R Bb � a�::@_A�* H2�`M2`- r?BH2 /2KQMbi`�iQ` k Bb �M QTiBKBb2/ a�::@_A�* H2�`M2`-
�M/ /2KQMbi`�iQ` j Bb � ?mK�M i2�+?2`X
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x

Simulator
Demonstration by 

kinesthetics

ar

6B;m`2 jXjXk, .2KQMbi`�iBQM #v FBM2bi?2iB+bX � ?mK�M /2KQMbi`�iQ` K�MBTmH�i2b � T?vbB+�H `Q#Qi
r?B+? Bb +QMM2+i2/ iQ � T?vbB+�H bBKmH�iQ`X

TQBMibX q2 i?2M iBH2/ i?2 `2�+?�#H2 bT�+2 BMiQ bK�HH `2+i�M;H2b- �M/ ;2M2`�i2/ � TQBMi `�M/QKHv BM 2�+?
iBH2X q2 i?mb Q#i�BM2/ � b2i Q7 j83 ;Q�H TQBMib BM i?2 Qmi+QK2 bT�+2- `2T`2b2Mi�iBp2 Q7 i?2 `2�+?�#H2 bT�+2
U6B;m`2 jXjXR#VX q2 rBHH mb2 i?2b2 TQBMib iQ K2�bm`2 ?Qr +HQb2 i?2 bvbi2K +�M ;2i iQ 2�+? Q7 i?2b2 TQBMib
rBi?,

meanag∈BenchmarkSet(D(ag, ar)) UjXRRV

r?2`2 ar Bb i?2 Qmi+QK2 Q#b2`p2/ #v i?2 `Q#Qi r?2M �ii2KTiBM; iQ T`Q/m+2 Qmi+QK2 agX

jXjXj .2KQMbi`�iBQMb

6Q` /2KQMbi`�iBQMb- r2 mb2/ FBM2bi?2iB+bX h?2 ?mK�M i2�+?2` T?vbB+�HHv KQp2b i?2 `Q#Qi- mbBM; #Qi?
i?2 T?vbB+�H `Q#Qi �M/ Bib KQ/2H BM i?2 bBKmH�iQ`X h?2 KQ/2H BM i?2 bBKmH�iQ` Bb i2H2@QT2`�i2/ #v i?2 i2�+?2`
i?`Qm;? i?2 T?vbB+�H `Q#Qi- �b Bb b?QrM BM 6B;m`2 jXjXk �M/ BM ?iiT,ffvQmimX#2fGHna@mPyF.yX h?2 ?mK�M
bm#D2+i Bb T`2b2Mi2/ rBi? � ;`B/ Q7 TQBMib iQ `2�+? QM i?2 bm`7�+2 Q7 i?2 r�i2`- �M/ ?2 ?�b iQ K�MBTmH�i2 i?2
T?vbB+�H `Q#Qi iQ TH�+2 i?2 bBKmH�iQ`Ƕb }b?BM; `Q/ M2�`2bi QM2 Q7 i?Qb2 TQBMiX �7i2` � ?�#Bim�iBQM T?�b2- r2
`2+Q`/ i?2 i`�D2+iQ`B2b Q7 2�+? Q7 i?2 DQBMib- �M/ i?2 TQbBiBQM Q7 i?2 ~Q�i r?2M iQm+?BM; i?2 bm`7�+2 Q7 i?2
r�i2`X q2 Q#i�BM2/ � i2�+?BM; b2i U6B;m`2 jXjXR+V 7`QK �M 2tT2`i i2�+?2` Q7 Rkd b�KTH2bX

AM Q`/2` iQ �M�Hvb2 i?2 bT2+B}+ T`QT2`iB2b Q7 ?mK�M /2KQMbi`�iBQMb +QKT�`2/ iQ `�M/QK /2KQMbi`�iBQMb BM

ey
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i?2 a:AJ@. �H;Q`Bi?K- r2 �HbQ T`2T�`2/ irQ Qi?2` b2ib Q7 /2KQMbi`�iBQMb- 2p2MHv /Bbi`B#mi2/ BM i?2 `2�+?�#H2
bT�+2- �M/ i�F2M 7`QK � TQQH Q7 /�i� 7`QK b2p2`�H `mMb Q7 a�::@_A�*- mbBM; i?2 T`2pBQmb a�::@_A�*
H2�`M2`b �b i2�+?2`bX

h?mb r2 ?�p2 8 /2KQMbi`�iBQM b2ib U6B;m`2 jXjXRV,

Ç /2KQMbi`�iQ` R, a�::@_A�* H2�`M2`b r?Q MQr i2�+? BM `2im`M Qm` a:AJ@. `Q#QiX h?2v +?QQb2
/2KQMbi`�iBQMb `�M/QKHv �KQM; i?2B` K2KQ`v 2t2KTH�`b (b, a)X Ai rQmH/ BHHmbi`�i2 i?2 +�b2 Q7 �
M�Bp2 i2�+?2` BM � +QMi2ti Q7 `Q#Qi iQ `Q#Qi i2�+?BM;X

Ç /2KQMbi`�iQ` k, a�::@_A�* H2�`M2`b r?Q MQr i2�+? BM `2im`M Qm` a:AJ@.- #mi +�`27mHHv +?QQb2
�KQM; i?2B` K2KQ`v 2t2KTH�`b (b, a) i?�i �`2 KQbi `2HB�#H2X h?2 2p2MHv /Bbi`B#mi2/ /2KQMbi`�iBQMb
KBMBKBb2 i?2 p�`B�M+2 Q7 a Qp2` b2p2`�H `2@2t2+miBQMb Q7 i?2 b�K2 TQHB+v πbX Ai rQmH/ BHHmbi`�i2 i?2 +�b2
Q7 � KQ`2 2pQHmi2 i2�+?2` BM � b+2M�`BQ Q7 `Q#Qi iQ `Q#Qi i2�+?BM;X q2 #mBHi Bi i�FBM; BMbTB`�iBQM 7`QK
Qm` Q#b2`p�iBQMb Q7 i?2 /2KQMbi`�iQ` j- iQ Q#i�BM � +�b2 ?�H7r�v #2ir22M i?2 irQ Qi?2` /2KQMbi`�iQ`b
BM Q`/2` iQ �M�Hvb2 i?2 bT2+B}+ T`QT2`iB2b Q7 ?mK�M /2KQMbi`�iBQMbX

Ç /2KQMbi`�iQ` j, � ?mK�M i2�+?2` r?Q i`B2b iQ ;Bp2 /2KQMbi`�iBQMb (ζd, ad) 2p2MHv /Bbi`B#mi2/ BM i?2
`2�+?�#H2 bT�+2 Q7 AX h?2b2 /2KQMbi`�iBQMb �`2 i?2M T`Q+2bb2/ #v i?2 H2�`M2` �b 2tTH�BM2/ BM b2+iBQM
jXkXRX h?2 /2KQMbi`�iQ` r�b QM2 Q7 i?2 �mi?Q`b- r?Q ?Qr2p2` ?�b MQ 2tT2`B2M+2 BM }b?BM;X h?2
/2KQMbi`�iBQMb mb2/ r2`2 +�Tim`2/ QMHv �7i2` � 72r �ii2KTi i`B�Hb- i?2`27Q`2 Bi /Q2b MQi ;Bp2 2MQm;?
iBK2 iQ i?2 /2KQMbi`�iQ` iQ ;2i T`Q}+B2Mi �i i?Bb }b?BM; i�bFX h?2 i2�+?BM; b2i Bb +QKTQb2/ Q7 Rkd
b�KTH2bX

Ç /2KQ 9, BM i?Bb b2i- i?2 /2KQMbi`�iQ` j QMHv b2H2+ib /2KQMbi`�iBQMb r?2`2 a1d < 0 UBM i?2 #QiiQK
T�`iV

Ç /2KQ 8, i?2 /2KQMbi`�iQ` j QMHv b2H2+ib /2KQMbi`�iBQMb r?2`2 a1d > 0 UBM i?2 mTT2` T�`iVX

�b rBi? i?2 2p�Hm�iBQM b2i- r2 /2}M2 � iBH2 Q7 i?2 `2�+?�#H2 bT�+2X h?2 i2�+?2` Q#b2`p2b i?2 2tTHQ`�iBQM Q7
i?2 H2�`M2`- �M/ ;Bp2b iQ i?2 H2�`M2` � /2KQMbi`�iBQM #2HQM;BM; iQ � bm#bT�+2 `�M/QKHv +?Qb2M �KQM; i?Qb2
Bi ?�b 2tTHQ`2/ i?2 H2�biX h?Bb i2�+?BM; KQ/2 Bb � bBKTH2 �H;Q`Bi?K 7Q` �+iBp2 i2�+?BM;- �M/ +�M ;`Qr KQ`2
2H�#Q`�i2 i�FBM; BMbTB`�iBQM 7`QK i?2 }2H/ Q7 �H;Q`Bi?KB+ h2�+?BM; U*�FK�F �M/ GQT2b- kyRkc *�FK�F �M/
h?QK�x- kyRyVX

h?2 bBKmH�iBQM /�i� �M/ �M�HvbBb Q7 i?2 `2bmHib �`2 T`2b2Mi2/ BM i?2 7QHHQrBM; b2+iBQMX

jX9 1tT2`BK2Mi�H _2bmHib

AM i?Bb b2+iBQM- 7Q` 2p2`v bBKmH�iBQM QM i?2 }b?BM; 2tT2`BK2Mi b2imT- 8yyy KQp2K2Mib �`2 T2`7Q`K2/- �M/
/2KQMbi`�iBQMb i�F2M 7`QK 2Bi?2` Q7 i?2 /2KQMbi`�iQ` j �`2 ;Bp2M �i }t2/ 7`2[m2M+v 2p2`v jy KQp2K2MibX
h?2 T2`7Q`K�M+2 r�b �bb2bb2/ QM i?2 b�K2 #2M+?K�`F b2i 2p2`v Ryyy KQp2K2Mib U6B;m`2 jXjXR�VX

jX9XR "2ii2` S`2+BbBQM

6B;m`2 jX9XR `2T`2b2Mib ?Qr +HQb2 i?2 H2�`M2` +�M ;2i iQ �Mv ;Q�HfQmi+QK2 Q7 i?2 `2�+?�#H2 bT�+2 BM A- �i
i?2 b�K2 iBK2bi2T Q7 H2�`MBM; �M/- BM i?2 +�b2 Q7 bQ+B�H ;mB/�M+2- rBi? i?2 b�K2 �KQmMi Q7 BM7Q`K�iBQM ;Bp2M

eR
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ERROR PLOT OF DIFFERENT EXPLORATION ALGORITHMS 
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ERROR PLOT FOR DIFFERENT TEACHERS6B;m`2 jX9XR, U#2bi b22M BM +QHQ`bV 1p�Hm�iBQM Q7 i?2 T2`7Q`K�M+2 Q7 i?2 `Q#Qi mM/2` i?2 H2�`MBM;
�H;Q`Bi?Kb, `�M/QK 2tTHQ`�iBQM- a�::@_A�*- BKBi�iBQM �M/ a:AJ@. U7Q` i?2 ?mK�M /2KQMbi`�iQ` jX
q2 THQii2/ i?2 K2�M /Bbi�M+2 iQ i?2 #2M+?K�`F TQBMib Qp2` b2p2`�H `mMb Q7 i?2 2tT2`BK2Mi rBi? Bib
p�`B�M+2 2``Q`#�`X
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#v i?2 i2�+?2`X Ai THQib i?2 K2�M /Bbi�M+2 2``Q` Q7 i?2 �ii2KTib iQ `2�+? i?2 TQBMib BM i?2 #2M+?K�`F b2i-
rBi? `2bT2+i iQ i?2 H2�`MBM; iBK2 UMmK#2` Q7 KQp2K2Mib T2`7Q`K2/ #v i?2 `Q#QiVX h?2 2``Q`b �`2 �p2`�;2/
QM �HH TQBMib BM i?2 #2M+?K�`F- �M/ �HbQ QM /Bz2`2Mi `mMb Q7 i?2 2tT2`BK2MiX h?2 8 �H;Q`Bi?Kb �`2 `�MF2/ ,

Ç G2�`MBM; 7`QK P#b2`p�iBQM T2`7Q`Kb i?2 rQ`bi, i?Bb Bb QM i?2 QM2 ?�M/ /m2 iQ i?2 bK�HH MmK#2` Q7
b�KTH2b- �b i?2 H2�`M2` /Q2b MQi �+[mB`2 2tT2`B2M+2 QM Bib QrM #mi QMHv i?`Qm;? Q#b2`p�iBQM Q7 Qi?2`bX
Ai Bb QM i?2 Qi?2` ?�M/ /m2 iQ i?2 +Q``2bTQM/2M+2 T`Q#H2KbX aBM+2 i?2 H2�`M2` �M/ i2�+?2` /Q MQi
?�p2 i?2 b�K2 TQHB+v T`BKBiBp2b- i?2 `Q#Qi +�M MQi `2T`Q/m+2 2t�+iHv i?2 i2�+?2`Ƕb KQp2K2MibX

Ç _�L.PJ T2`7Q`Kb #2ii2` #2+�mb2 i?2 H2�`M2` �+[mB`2b KQ`2 /�i� i?`Qm;? Bib QrM 2tT2`B2M+2-
�Hi?Qm;? i?2 2tTHQ`�iBQM Bb iQi�HHv `�M/QKX

Ç a�::@_A�* /2+`2�b2b bB;MB}+�MiHv i?2 2``Q` p�Hm2 +QKT�`2/ iQ _�M/QK 1tTHQ`�iBQMX LQi QMHv ?�b
i?2 �bvKTiQiB+ T2`7Q`K�M+2 BKT`Qp2/- #mi a�::@_A�* �HbQ H2�`Mb 7�bi2` 7`QK i?2 #2;BMMBM;X

Ç AKBi�iBQM G2�`MBM; �HbQ /2+`2�b2b bB;MB}+�MiHv i?2 2``Q` p�Hm2 +QKT�`2/ iQ _�M/QK 1tTHQ`�iBQMX
Aib 2``Q` H2p2H Bb +QKT�`�#H2 iQ a�::@_A�*X h?2`27Q`2- �miQMQKQmb 2tTHQ`�iBQM- �M/ H2�`MBM; i?�i
?2�pBHv /2T2M/b QM i?2 i2�+?2`Ƕb /2KQMbi`�iBQMb �`2 +QKT�`�#H2 BM i2`Kb Q7 T2`7Q`K�M+2X q2 +�M
MQi2 i?�i i?2 2``Q` p�`B�M+2 Q7 AKBi�iBQM G2�`MBM; Bb +QMbB/2`�#Hv bK�HH2` i?�M i?�i Q7 a�::@_A�*-
#2+�mb2 r2 mb2 i?2 b�K2 /2KQMbi`�iQ` rBi? i?2 b�K2 /2KQMbi`�iBQM b2i- �Hi?Qm;? i?2 Q`/2` Q7
/2KQMbi`�iBQMb +?�M;2bX h?2 2``Q` p�`B�M+2 Bb HBF2Hv iQ BM+`2�b2 B7 r2 +�``v Qmi Qm` 2tT2`BK2Mib
rBi? p�`BQmb /2KQMbi`�iQ`bX

Ç a:AJ@. T2`7Q`Kb #2bi �M/ ?�Hp2b i?2 2``Q` p�Hm2 +QKT�`2/ iQ _�M/QK 1tTHQ`�iBQMX Aib �bvKTiQiB+
2``Q` �TT`Q�+?2b i?2 MQBb2 H2p2H Q7 i?2 biQ+?�biB+ 2MpB`QMK2MiX LQi QMHv Bb i?2 2``Q` H2p2H HQr2`
�bvKTiQiB+�HHv- #mi Bi /`QTb 7`QK i?2 #2;BMMBM; Q7 i?2 H2�`MBM; T`Q+2bbX a:AJ@. T2`7Q`Kb #2ii2`
i?�M Tm`2 �miQMQKQmb 2tTHQ`�iBQM �M/ Tm`2 bQ+B�HHv ;mB/2/ 2tTHQ`�iBQMX

h?2 +QK#BM�iBQM Q7 �miQMQKQmb 2tTHQ`�iBQM �M/ bQ+B�HHv ;mB/2/ 2tTHQ`�iBQM ?�b i?mb
#QQibi`�TT2/ i?2 H2�`MBM; iQ /2+`2�b2 i?2 T2`7Q`K�M+2 2``Q` #mi �HbQ iQ BKT`Qp2 i?2 H2�`MBM;
bT22/X

jX9Xk � qB/2 _�M;2 Q7 Pmi+QK2b

hQ pBbm�HBb2 i?2 bm#bT�+2b 2tTHQ`2/ #v 2�+? H2�`MBM; �H;Q`Bi?K- r2 THQi i?2 ?BbiQ;`�K Q7 i?2 TQbBiBQMb Q7 i?2
~Q�i a BM i?2 Qmi+QK2 bT�+2 A r?2M Bi `2�+?2b i?2 r�i2` U6B;m`2 jX9XkVX 1�+? +QHmKM `2T`2b2Mib � /Bz2`2Mi
�H;Q`Bi?K- �M/ r2 `2T`2b2Mi2/ 7Q` 2�+? k 2t�KTH2 2tT2`BK2Mi `mMbX h?2 Rbi +QHmKM b?Qrb i?�i � M�im`�H
TQbBiBQM HB2b �`QmM/ ac = (0, 0.5) BM i?2 +�b2 Q7 �M 2tTHQ`�iBQM rBi? `�M/QK KQp2K2Mi T�`�K2i2`bX JQbi
KQp2K2Mi T�`�K2i2`b K�T iQ � TQbBiBQM Q7 i?2 ~Q�i �`QmM/ i?�i +2Mi`�H TQbBiBQMX h?2 b2+QM/ +QHmKM b?Qrb
i?2 ?BbiQ;`�K BM i?2 Qmi+QK2 bT�+2 Q7 i?2 2tTHQ`2/ TQBMib mM/2` a�::@_A�* �H;Q`Bi?KX *QKT�`2/ iQ
`�M/QK 2tTHQ`�iBQM- a�::@_A�* ?�b BM+`2�b2/ i?2 2tTHQ`2/ bT�+2- �M/ KQbi Q7 �HH- +Qp2`b KQ`2 mMB7Q`KHv
i?2 2tTHQ`�#H2 bT�+2X "2bB/2b- i?2 2tTHQ`�iBQM +?�M;2b i?`Qm;? iBK2 �b i?2 bvbi2K }M/b M2r BMi2`2biBM;
bm#bT�+2b iQ 7Q+mb QM �M/ 2tTHQ`2X AMi`BMbB+�HHv KQiBp�i2/ 2tTHQ`�iBQM ?�b `2bmHi2/ BM � rB/2` `2T2`iQB`2
7Q` i?2 `Q#QiX a:AJ@. 2p2M 2KT?�bBb2b i?Bb Qmi+QK2, i?2 2tTHQ`2/ bT�+2 2p2M BM+`2�b2b 7m`i?2`- rBi?
� #`Q�/2` `�M;2 Q7 Qmi+QK2b +Qp2`2/, i?2 KBMBKmK �M/ K�tBKmK /Bbi�M+2b iQ i?2 +2Mi`2 ?�p2

ej
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RANDOM INPUT PARAMETERS SAGG-RIAC SGIM-D
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 HISTOGRAM OF THE INDUCED EFFECTS

(D) PROPERTIES OF THE DEMONSTRATIONS: 

0-1 1 0-1 1 0-1 1

�
�

a1

a2 a2 a2

6B;m`2 jX9Xk, >BbiQ;`�Kb Q7 i?2 TQbBiBQMb 2tTHQ`2/ #v i?2 }b?BM; `Q/ BMbB/2 i?2 k. Qmi+QK2
bT�+2 (a1, a2)X 1�+? +QHmKM `2T`2b2Mib � /Bz2`2Mi H2�`MBM; �H;Q`Bi?K, `�M/QK BMTmi T�`�K2i2`b-
a�:: _A�* �M/ a:AJ@.X q2 THQii2/ i?2 ?BbiQ;`�K 7Q` QM2 2t�KTH2 `mM Q7 i?2 2tT2`BK2Mi Q7 2�+?
�H;Q`Bi?KX AM i?2 +�b2 Q7 a:AJ@. Uj`/ +QHmKMV- r2 �HbQ ;`�T?2/ i?2 /2KQMbi`�i2/ Qmi+QK2b rBi?
#H�+F +`Qbb2bX

`2bT2+iBp2Hv /2+`2�b2/ �M/ BM+`2�b2/X 6m`i?2`KQ`2- i?2 2tTHQ`2/ bT�+2 Bb KQ`2 mMB7Q`KHv 2tTHQ`2/- �`QmM/
KmHiBTH2 +2Mi`2bX

h?2 2t�KBM�iBQM Q7 i?2 2tTHQ`2/ T�`ib Q7 A b?Qr i?�i `�M/QK 2tTHQ`�iBQM QMHv `2�+?2b � `2bi`B+i2/
bm#bT�+2 Q7 A- r?BH2 a�::@_A�* �M/ a:AJ@. BM+`2�b2 i?Bb 2tTHQ`2/ bT�+2X h?Bb /Bz2`2M+2 Bb K�BMHv
2tTH�BM2/ #v i?2 7�+i i?�i KQbi TQHB+B2b K�T iQ � `2bi`B+i2/ bm#bT�+2 Q7 A- �M/ QM i?2 +QMi`�`v- i?2 Qi?2`
T�`ib Q7 i?2 `2�+?�#H2 bT�+2 +�M QMHv #2 `2�+?2/ #v � p2`v bK�HH bm#b2i Q7 TQHB+v T�`�K2i2`b BM BX AM Qi?2`
rQ`/b- rBi? `�M/QK KQp2K2Mib- i?2 ~Q�i ?�b ?B;? +?�M+2b Q7 H�M/BM; M2�` i?�i M�im`�H TQbBiBQMX hQ K�F2
Bi `2�+? Qi?2` �`2�b Q7 i?2 bm`7�+2 Q7 i?2 r�i2`- i?2 �`K M22/b iQ T2`7Q`K [mBi2 bT2+B}+ KQp2K2MibX a:AJ@.
?B;?HB;?ib i?2b2 �`2�b QrBM; iQ Bib Qmi+QK2 bT�+2 2tTHQ`�iBQM �M/ iQ /2KQMbi`�iBQMbX h?2 i2�+?2` ;Bp2b �
/2KQMbi`�iBQM i?�i i`B;;2`b i?2 `Q#QiǶb BMi2`2bi �M/ Bi Bb ;QBM; iQ 7Q+mb Bib �ii2MiBQM QM i?�i �`2� T`QpB/2/
i?�i HQ+�H 2tTHQ`�iBQM BKT`Qp2b Bib +QKT2i2M+2 BM i?Bb bm#bT�+2X q2 �HbQ MQi2 i?�i i?2 /2KQMbi`�iBQMb
Q++m``2/ QMHv QM+2 2p2`v jy KQp2K2MibX 1p2M �M Q++�bBQM�H T`2b2M+2 Q7 i?2 i2�+?2`- r?Q /Q2b MQi M22/ iQ
KQMBiQ` +QMiBMmQmbHv i?2 `Q#Qi- +�M bB;MB}+�MiHv BKT`Qp2 i?2 T2`7Q`K�M+2 Q7 i?2 �miQMQKQmb 2tTHQ`�iBQMX

jX9Xj .2T2M/2M+2 QM i?2 aBx2 Q7 i?2 Pmi+QK2 aT�+2

hQ i2bi r?2i?2` Qm` �H;Q`Bi?Kb �`2 b+�H�#H2 iQ H�`;2 bT�+2b- r2 THQii2/ i?2 K2�M /Bbi�M+2 2``Q` iQ i?2
#2M+?K�`F b2i- 7Q` � /Bz2`2Mi Qmi+QK2 bT�+2 U6B;m`2 jX9XjVX h?Bb iBK2- i?2 #QmM/�`B2b Q7 2�+? /BK2MbBQM
?�p2 #22M KmHiBTHB2/ #v Ryy- r?B+? K2�Mb i?�i i?2 bBx2 Q7 A ?�b #22M KmHiBTHB2/ #v 104X q2 +�M Q#b2`p2
i?2 2z2+ib QM i?2 T2`7Q`K�M+2 Q7 i?2 a�::@_A�* H2�`M2`X 1p2M i?Qm;? Bib K2�M 2``Q` Bb HQr2` i?�M i?2
`�M/QK H2�`M2`- Bi ?�b BM+`2�b2/ +QKT�`2/ iQ i?2 +�b2 Q7 i?2 bK�HH2` Qmi+QK2 bT�+2X PM i?2 Qi?2` ?�M/-
a:AJ@. biBHH H2�`Mb iQ `2�+? �Mv TQBMi rBi? ;QQ/ T`2+BbBQMX Aib K2�M 2``Q` Bb bB;MB}+�MiHv HQr2` i?�M i?2
QM2 Q7 i?2 a�::@_A�* Q` i?2 `�M/QK H2�`M2`bX *QMb2[m2MiHv- i?2 bQ+B�H ;mB/�M+2 T�`i Q7 a:AJ@.
?�b ?2HT2/ Bi b+�H2 iQ H�`;2` bT�+2b #v �HHQrBM; i?2 `Q#Qi iQ BM72` KQ`2 [mB+FHv r?B+? T�`ib Q7
i?2 Qmi+QK2 bT�+2 �`2 �+im�HHv `2�+?�#H2 �M/ H2�`M�#H2X

e9
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ERROR PLOT FOR A LARGE TASK SPACE
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RANDOM
SAGG�RIAC
SGIM�D demonstrator 3

6B;m`2 jX9Xj, 1p�Hm�iBQM Q7 i?2 T2`7Q`K�M+2 Q7 i?2 `Q#Qi BM i?2 +�b2 Q7 � H�`;2 Qmi+QK2 bT�+2 UA =
[−100, 100]2 Bb 104 iBK2b H�`;2` i?�M i?2 `2�+?�#H2 bT�+2- #mi r2 QMHv THQii2/ ?2`2 i?2 /Bbi`B#miBQM QM
i?2 bm#bT�+2 [−1, 1]2V- mM/2` i?2 H2�`MBM; �H;Q`Bi?Kb, `�M/QK 2tTHQ`�iBQM- a�::@_A�* �M/ a:AJ@.X
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SAGG-RIAC SGIM-D

-10 0-1 11

0

-1

1

1
a2 a2

a1

6B;m`2 jX9X9, .Bbi`B#miBQM Q7 �HH i?2 ;Q�Hb b2i #v i?2 ?B;?2` H2p2H /m`BM; H2�`MBM; BM � H�`;2 bT�+2X
1�+? +QHmKM b?Qrb i?2 /Bbi`B#miBQM Q7 �M 2tT2`BK2Mi�H `mM Q7 i?2 a�::@_A�* �H;Q`Bi?K U+QH RV Q`
a:AJ@. U+QH kVX

jX9X9 A/2MiB7B+�iBQM Q7 i?2 AMi2`2biBM; am#bT�+2b

hQ BMp2biB;�i2 i?2 `2�bQMb Q7 i?2 /Bz2`2M+2 BM T2`7Q`K�M+2 #2ir22M a�::@_A�* �M/ a:AJ@.- 2bT2+B�HHv
i?2B` /Bz2`2Mi /2T2M/2M+2 QM i?2 Qmi+QK2 bT�+2 bBx2- r2 +�M 2t�KBM2 i?2 bvbi2KǶb 2tTHQ`�iBQM Q7 i?2
Qmi+QK2 bT�+2X 6B;m`2 jX9X9 THQib i?2 /Bbi`B#miBQM Q7 �HH i?2 ;Q�Hb ag ∈ A +?Qb2M /m`BM; i?2 Qmi+QK2 bT�+2
2tTHQ`�iBQM Q7 a�::@_A�* �M/ a:AJ@.X h?2 ;Q�Hb +?Qb2M #v i?2 a�::@_A�* H2�`M2` HQQF /BbQ`;�MBb2/-
�M/ +Qp2` �HH i?2 Qmi+QK2 bT�+2 A- #2+�mb2 Bi M22/b iQ b�KTH2 �i � KBMBKmK /2MbBiv #27Q`2 +QKTmiBM;
K2�MBM;7mH K2�bm`2b Q7 BMi2`2bi- �M/ }M/ bm#bT�+2b r?2`2 Bi +�M �+im�HHv H2�`MX PM i?2 +QMi`�`v- i?2 a:AJ@
. H2�`M2` QMHv +?QQb2b Bib ;Q�Hb �`QmM/ i?2 `2�+?�#H2 bT�+2X h?mb i?2 i2�+?2` ?�b ?2HT2/ i?2 a:AJ@. H2�`M2`
iQ B/2MiB7v �M/ i�`;2i i?2 `2�+?�#H2 bT�+2X

AM +QM+HmbBQM- a:AJ@. BKT`Qp2b i?2 T`2+BbBQM Q7 i?2 bvbi2K 2p2M rBi? HBiiH2 BMi2`p2MiBQM
7`QK i?2 i2�+?2`- �M/ ?2HTb TQBMi Qmi F2v bm#`2;BQMb iQ #2 2tTHQ`2/X h?2 i2�+?2` bm++2bb7mHHv
i`�Mb72`b ?Bb FMQrH2/;2 iQ i?2 H2�`M2` �M/ #QQibi`�Tb �miQMQKQmb 2tTHQ`�iBQM `Q#mbiHv- 2p2M BM H�`;2 Qmi+QK2
bT�+2bX h?Bb #QQibi`�TTBM; Bb �HH i?2 KQ`2 2{+B2Mi i?�M i?2 /2KQMbi`�iBQMb +?Qb2M #v i?2 i2�+?2` 2M?�M+2
;2M2`�HBb�iBQM- 7Q` BMbi�M+2 i?`Qm;? bBKBH�`Biv Q7 i?2 TQHB+B2b /2KQMbi`�i2/X �Hi?Qm;? i?Bb 2t�KTH2 ?�b
b?QrM i?�i a:AJ@. +�M +QKTH2i2 QM2 ivT2 Q7 ;Q�Hb QMHv- bim/B2b BM i?2 M2ti +?�Ti2` b?Qr i?�i Bi +�M H2�`M
BM /Bz2`2Mi FBM/b Q7 Qmi+QK2 bT�+2X

h?2 BHHmbi`�iBQM 2tT2`BK2Mi +QM/m+i2/ b?Qr2/ ;QQ/ T2`7Q`K�M+2 Q7 a:AJ@. BM H2�`MBM; �HH i?2 BM}MBiv
Q7 ;Q�Hb /2}M2/ #v i?2 Qmi+QK2 bT�+2 A- +QKT�`2/ iQ Tm`2 �miQMQKQmb 2tTHQ`�iBQM �M/ bQ+B�HHv ;mB/2/
K2i?Q/b- BM i2`Kb Q7 T`2+BbBQM �M/ 2tTHQ`2/ �`2�X JQ`2Qp2`- �M�HvbBb b?Qr2/ i?�i QM i?2 QM2 ?�M/- Bi #2M2}ib
7`QK ?mK�M i2�+?2`Ƕb /2KQMbi`�iBQMb r?B+? Q`B2Mi Bib 2tTHQ`�iBQM iQr�`/b bK�HH bm#bT�+2b Q7 TQHB+B2b �M/
;Q�Hb- �M/ 2M�#H2 � 7�bi2` B/2MiB}+�iBQM Q7 BMi2`2biBM; bm#bT�+2bX PM i?2 Qi?2` ?�M/- b2H7 2tT2`BK2Mi�iBQM
?2HTb Bi #2 KQ`2 `Q#mbi iQ /2KQMbi`�iBQMb [m�HBivX

ee
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6B;m`2 jX8XR, a:AJ@.Ƕb T2`7Q`K�M+2 /2T2M/b QM i?2 /2KQMbi`�iQ`

jX8 �M�HvbBb Q7 i?2 "QQibi`�TTBM; 1772+i

AM i?2 T`2pBQmb b2+iBQM- r2 b?Qr2/ i?�i a:AJ@. +�M #2M2}i 7`QK � #QQibi`�TTBM; 2z2+i i?�i +QK2b 7`QK i?2
+QK#BM�iBQM Q7 bQ+B�H ;mB/�M+2 �M/ BMi`BMbB+ KQiBp�iBQMX >Qr2p2`- bQ+B�H ;mB/�M+2 ?2�pBHv /2T2M/b QM i?2
[m�HBiv Q7 i?2 /2KQMbi`�iBQMX q2 T`QTQb2 iQ BMp2biB;�i2 BM i?Bb b2+iBQM i?2 `2�bQMb �M/ HBKBi�iBQMb Q7 i?Bb
#QQibi`�TTBM; 2z2+i- #v bim/vBM; i?2 T2`7Q`K�M+2 Q7 a:AJ@. rBi? i?2 /Bz2`2Mi i2�+?2`b /2}M2/ BM jXjXjX

h?2 /Bz2`2Mi i2�+?2`b BM~m2M+2 i?2 2tTHQ`�iBQM Q7 #Qi? i?2 Qmi+QK2 bT�+2 �M/ i?2 TQHB+v bT�+2X

jX8XR Pmi+QK2 aT�+2 1tTHQ`�iBQM

jX8XRXR .2T2M/2M+2 Q7 i?2 S2`7Q`K�M+2 QM i?2 h2�+?2`

G2i mb 2t�KBM2 ?Qr i?2 H2�`MBM; Q7 i?2 b�K2 a:AJ@. �H;Q`Bi?K /Bz2`b BM i?2 +�b2 Q7 p�`BQmb i2�+?2`bX
6B;m`2 jX8XR b?Qrb i?�i 2``Q` `�i2b /2T2M/ QM i?2 i2�+?2`bX h?2 /Bz2`2M+2 #2ir22M i2�+?2`b R- k �M/ j rBHH
#2 2t�KBM2/ BM i?2 7QHHQrBM; b2+iBQMX q2 ?2`2 2t�KBM2 i?2 KQ`2 BMi2`2biBM; +QMi`�bi #2ir22M /2KQMbi`�iQ`b
j- 9 �M/ 8X �HH i?`22 /2KQMbi`�iBQM b2ib +QK2 7`QK ?mK�M i2�+?2` i2H2QT2`�iBQM- rBi? /2KQMbi`�iBQMb 9
�M/ 8 #2BM; i?2 bm#b2ib Q7 /2KQMbi`�iBQMb j 7Q` a1d < 0 �M/ a1d > 0 `2bT2+iBp2HvX L2p2`i?2H2bb- i?2 2``Q`
THQi 7Q` /2KQMbi`�iQ` 9 Bb bBKBH�` iQ i?�i Q7 /2KQMbi`�iQ` j- r?2`2�b i?2 2``Q` `�i2 7Q` /2KQMbi`�iQ` 8 Bb
BM #2ir22M i?2 2``Q` THQi Q7 � `�M/QK Q` � a�::@_A�* H2�`M2`X h?2`27Q`2- i?2 bm#bT�+2 Q7 A +Qp2`2/ #v
/2KQMbi`�iBQMb Bb � K�BM 7�+iQ` iQ i?2 H2�`M2`Ƕb T2`7Q`K�M+2X

ed
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jX8XRXk .B772`2M+2 BM i?2 1tTHQ`2/ Pmi+QK2 aT�+2b

hQ pBbm�HBb2 ?Qr i?2 i2�+?2`b BM~m2M+2 i?2 bm#bT�+2b 2tTHQ`2/ #v 2�+? H2�`MBM; �H;Q`Bi?K- r2 THQi i?2
?BbiQ;`�K Q7 i?2 TQbBiBQMb a BM i?2 Qmi+QK2 bT�+2 A Q7 i?2 ~Q�i r?2M Bi `2�+?2b i?2 r�i2` U6B;m`2 jX8XkVX
1�+? +QHmKM `2T`2b2Mib � /Bz2`2Mi �H;Q`Bi?K Q` i2�+?2`X q2 `2T`2b2Mi 7Q` 2�+? k 2t�KTH2 2tT2`BK2Mi `mMbX
h?2 Rbi +QHmKM b?Qrb i?�i � M�im`�H TQbBiBQM HB2b �`QmM/ ac = (0, 0.5) BM i?2 +�b2 Q7 �M 2tTHQ`�iBQM rBi?
`�M/QK KQp2K2Mi T�`�K2i2`bX JQbi KQp2K2Mi T�`�K2i2`b K�T iQ � TQbBiBQM Q7 i?2 ~Q�i �`QmM/ i?�i +2Mi`�H
TQbBiBQMX h?Bb Bb /m2 iQ i?2 +QM};m`�iBQM Q7 i?2 }b?BM; `Q/ r?B+? BMBiB�H bi�i2 Bb +HQb2 iQ i?2 r�i2` bm`7�+2X
h?2`27Q`2- KQbi `�M/QK KQp2K2Mib rQmH/ 2�bBHv /`QT i?2 ~Q�i BMiQ i?2 r�i2`X PM i?2 +QMi`�`v- iQ `2�+?
TQbBiBQMb 7�` 7`QK ac- i?2 `Q#Qi ?�b iQ K�F2 [mBi2 bT2+B}+ KQp2K2Mib iQ HB7i i?2 `Q/ �M/ K�F2 i?2 ~Q�i `2�+?
7�`i?2` �`2�bX h?2 b2+QM/ +QHmKM b?Qrb i?2 ?BbiQ;`�K BM i?2 Qmi+QK2 bT�+2 Q7 i?2 2tTHQ`2/ TQBMib mM/2`
a�::@_A�* �H;Q`Bi?KX *QKT�`2/ iQ `�M/QK 2tTHQ`�iBQM- a�::@_A�* ?�b BM+`2�b2/ i?2 2tTHQ`2/ bT�+2-
�M/ KQbi Q7 �HH- +Qp2`b KQ`2 mMB7Q`KHv i?2 2tTHQ`�#H2 bT�+2X "2bB/2b- i?2 2tTHQ`�iBQM +?�M;2b i?`Qm;? iBK2
�b i?2 bvbi2K }M/b M2r BMi2`2biBM; bm#bT�+2b iQ 7Q+mb QM �M/ 2tTHQ`2X AMi`BMbB+�HHv KQiBp�i2/ 2tTHQ`�iBQM
?�b `2bmHi2/ BM � rB/2` `2T2`iQB`2 7Q` i?2 `Q#QiX a:AJ@. U/2KQMbi`�iQ` j �M/ 9V 2p2M 2KT?�bBb2b i?Bb
2z2+i, i?2 2tTHQ`2/ bT�+2 2p2M BM+`2�b2b 7m`i?2`- rBi? � #`Q�/2` `�M;2 Q7 `�/Bmb +Qp2`2/, i?2 KBMBKmK
�M/ K�tBKmK /Bbi�M+2b iQ i?2 +2Mi`2 ?�p2 `2bT2+iBp2Hv /2+`2�b2/ �M/ BM+`2�b2/X 6m`i?2`KQ`2- i?2 2tTHQ`2/
bT�+2 Bb KQ`2 mMB7Q`KHv 2tTHQ`2/- �`QmM/ KmHiBTH2 +2Mi`2bX h?2 2t�KBM�iBQM Q7 i?2 2tTHQ`2/ T�`ib Q7 A

b?Qr i?�i `�M/QK 2tTHQ`�iBQM QMHv `2�+?2b � `2bi`B+i2/ bm#bT�+2 Q7 A- r?BH2 a:AJ@. BM+`2�b2b i?Bb 2tTHQ`2/
bT�+2 QrBM; iQ Bib Qmi+QK2 bT�+2 2tTHQ`�iBQM �M/ iQ /2KQMbi`�iBQMbX >Qr2p2`- i?2 +�b2 Q7 /2KQMbi`�iQ`
8 Ua:AJ@.V- /2KQMbi`�iBQMb �`2 ;Bp2M QMHv BM bm#bT�+2b a1d > 0 Q7 A i?�i �`2 Q7i2M `2�+?2/ #v `�M/QK
Q` a�::@_A�* 2tTHQ`�iBQMX 6B;m`2 jX8Xk b?Qrb � Qmi+QK2 bT�+2 2tTHQ`�iBQM r?B+? Bb #`Q�/2` i?�M i?2
`�M/QK H2�`M2`- #mi biBHH KQ`2 `2bi`B+i2/ i?�M i?2 a�::@_A�* H2�`M2`X AM/22/- i?Bb a:AJ@. H2�`M2` QMHv
2tTHQ`2b �`QmM/ i?2 /2KQMbi`�i2/ �`2� �M/ M2;H2+ib Qi?2` T�`ib Q7 i?2 Qmi+QK2 bT�+2X .2KQMbi`�iBQMb 7Q`
2�bv ;Q�Hb 2Mi�BH TQQ` T2`7Q`K�M+2 7Q` i?2 H2�`M2`- r?2`2�b /2KQMbi`�iBQMb 7Q` /B{+mHi ;Q�Hb 2M?�M+2 #2ii2`
T`Q;`2bbX

h?2`27Q`2- QM2 Q7 i?2 K�BM #QQibi`�TTBM; 7�+iQ`b Q7 a:AJ@. Bb i?2 Qmi+QK2 bT�+2 2tTHQ`�iBQMX h?2
i2�+?2` BM~m2M+2b i?2 2tTHQ`�iBQM Q7 /B{+mHi Qmi+QK2b- 2Bi?2` #v 2M+Qm`�;BM; Bi rBi?
/2KQMbi`�iBQMb Q7 /B{+mHi ;Q�Hb- Q` #v ?BM/2`BM; Bi 7`QK 7Q+mbBM; �ii2MiBQM iQQ Km+? QM
i?2 2�bv ;Q�HbX

jX8Xk SQHB+v aT�+2 1tTHQ`�iBQM

6B;m`2 jX8Xj �HbQ b?Qrb i?�i i?2`2 �`2 /Bz2`2M+2b BM i?2 2``Q` THQib 7Q` i?2 +�b2 Q7 i2�+?2`b R- k �M/ j-
2p2M i?Qm;? i?2B` /2KQMbi`�iBQMb +Qp2` i?2 b�K2 bm#bT�+2 BM AX G2i mb 2t�KBM2 i?2 /Bz2`2M+2 #2ir22M i?2
i2�+?2`b R- k �M/ jX

e3
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RANDOM INPUT 
PARAMETERS SAGG-RIAC SGIM-D

demonstrator 3
SGIM-D

demonstrator 4

0

0

-1-1

1

1 0-1 1 0-1 1 0-1 1 0-1 1 -1

0

-1

1

SGIM-D
demonstrator 5

a2 a2 a2 a2 a2

a1

a1

6B;m`2 jX8Xk, >BbiQ;`�K Q7 i?2 Qmi+QK2b 2tTHQ`2/ #v i?2 }b?BM; `Q/ BMbB/2 i?2 k. Qmi+QK2 bT�+2X
1�+? �H;Q`Bi?K Bb BHHmbi`�i2/ #v k 2t�KTH2 2tT2`BK2MibX

HIST

�
�

ERROR PLOT FOR DIFFERENT TEACHERS

6B;m`2 jX8Xj, 1p�Hm�iBQM Q7 i?2 T2`7Q`K�M+2 Q7 i?2 `Q#Qi H2�`MBM; rBi? j /Bz2`2Mi /2KQMbi`�iQ`b-
mM/2` i?2 H2�`MBM; �H;Q`Bi?Kb, a:AJ@.- P#b2`p�iBQM �M/ AKBi�iBQMX

eN
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ERROR PLOT FOR A LARGE TASK SPACE

Robot Demonstrator 1 Robot Demonstrator 2 Human Demonstrator 3

time time time

PROPERTIES OF THE DEMONSTRATIONS: 
Trajectories for joint 1

�
�

6B;m`2 jX8X9, SHQi 7Q` i?2 /2KQMbi`�iBQMb Q7 i?2 i`�D2+iQ`B2b 7Q` DQBMi R Up2`iB+�H �tBb, DQBMi �M;H2b-
?Q`BxQMi�H �tBb, iBK2VX

jX8XkXR .2T2M/2M+2 Q7 a:AJ@. S2`7Q`K�M+2 QM i?2 Zm�HBiv Q7 .2KQMbi`�@
iBQMb

q2 THQi i?2 K2�M 2``Q` Q7 i?2 bQ+B�HHv ;mB/2/ �H;Q`Bi?Kb 7Q` Qm` j /Bz2`2Mi /2KQMbi`�iQ`b U6B;m`2 jX8XjVX
6B`bi Q7 �HH- r2 MQiB+2 i?�i 7Q` �HH j i2�+?2`b- a:AJ@. T2`7Q`Kb #2ii2` i?�M i?2 Qi?2` �H;Q`Bi?Kb Ui@i2bi
rBi? p < 0.05 7Q` i?2 2``Q` UK2�M /Bbi�M+2 iQ i?2 ;Q�HbV �i i48yyyVX a:AJ@. Bb i?2`27Q`2 `Q#mbi rBi?
`2bT2+i iQ i?2 [m�HBiv Q7 i?2 /2KQMbi`�iBQM �b i?2 i2�+?2` QMHv ;mB/2b i?2 H2�`M2` iQr�`/b BMi2`2biBM;
�+iBQM Q` 2z2+i bm#bT�+2b- �M/ i?2 H2�`M2` H2bb2Mb Bib /2T2M/2M+2 QM i?2 i2�+?2` QrBM; iQ b2H7@2tTHQ`�iBQMX
aiBHH- �KQM; i?2 j /2KQMbi`�iBQM b2ib r2 mb2/- bQK2 T2`7Q`K BM �p2`�;2 #2ii2` i?�M Qi?2`bX �b 2tT2+i2/-
i?2 /2KQMbi`�iBQMb R i?�i �`2 +?Qb2M `�M/QKHv #QQibi`�T H2bb i?�M i?2 /2KQMbi`�iBQMb k i?�i ?�p2 bK�HH2`
p�`B�M+2 Ui@i2bi rBi? p < 0.05VX q2 �HbQ MQi2 i?�i i?2 ?mK�M /2KQMbi`�iBQMb UjV- �HbQ #QQibi`�T #2ii2`
i?�M /2KQMbi`�iBQMb R Ui@i2bi rBi? p < 0.05VX h?Bb `2bmHi b22Kb �i }`bi bB;?i bm`T`BbBM;- �b i?2 `2bmHib
Q7 H2�`MBM; #v Q#b2`p�iBQM b22K iQ BM/B+�i2 i?2 +QMi`�`v, /2KQMbi`�iQ` R Q` k �`2 KQ`2 #2M2}+B�H iQ i?2
Q#b2`p�iBQM H2�`M2` Ui@i2bi rBi? p < 0.05V- bBM+2 /2KQMbi`�iQ` jǶb �+iBQMb +�M #2 MQi 2�bBHv `2T`Q/m+2/ /m2
iQ +Q``2bTQM/2M+2 T`Q#H2KbX

jX8XkXk �M�HvbBb Q7 i?2 .2KQMbi`�i2/ JQp2K2Mib

hQ mM/2`bi�M/ i?2 `2�bQMb Q7 i?Bb `2bmHi- H2i mb 2t�KBM2 i?2 /Bz2`2Mi /2KQMbi`�iBQMbX 6B;m`2 jX8X9 THQib i?2
i`�D2+iQ`B2b Q7 i?2 /2KQMbi`�iBQMbX q2 +�M b22 i?�i /2KQMbi`�iBQMb b?Qr /Bz2`2Mi /Bbi`B#miBQM +?�`�+i2`BbiB+b
BM i?2 i`�D2+iQ`v T`Q}H2X h?2 KQbi MQiB+2�#H2 /Bz2`2M+2 Bb i?2 +�b2 Q7 /2KQMbi`�iQ` jX q?2`2�b i?2
i`�D2+iQ`B2b Q7 /2KQMbi`�iQ`b R �M/ k b22K /BbQ`;�MBb2/- i?2 DQBMi p�Hm2 i`�D2+iQ`B2b Q7 /2KQMbi`�iQ` j �`2
�HH KQMQiQMQmb- �M/ b22K iQ ?�p2 i?2 b�K2 b?�T2- QMHv b+�H2/ iQ K�i+? /Bz2`2Mi }M�H p�Hm2bX AM/22/- i?2
+QKT�`BbQM Q7 i?2 /2KQMbi`�iBQMb b2i j iQ `�M/QK KQp2K2Mib rBi? �LPo� UE`x�MQrbFB- RN33V BM/B+�i2b
i?�i r2 +�M `2D2+i i?2 ?vTQi?2bBb i?�i /2KQMbi`�iBQM b2i j +QK2b 7`QK � `�M/QK /Bbi`B#miBQM Up = 4.10−40VX
h?2 /2KQMbi`�iBQMb b2i j Bb MQi `�M/QKHv ;2M2`�i2/ #mi �`2 r2HH bi`m+im`2/ �M/ `2;mH�`X h?2`27Q`2- i?2
?mK�M /2KQMbi`�iQ` b?Qrb � #B�b i?`Qm;? ?Bb /2KQMbi`�iBQMb iQ i?2 `Q#Qi- �M/ Q`B2Mib i?2 2tTHQ`�iBQM
iQr�`/b /Bz2`2Mi bm#bT�+2b Q7 i?2 TQHB+v bT�+2X AM/22/- i?2 �LPo� �M�HvbBb Q7 i?2 KQp2K2Mib T�`�K2i2`b

dy
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6B;m`2 jXeXR, � e .P6 `Q#Qi �`K mb2/ BM Qm` }b?BM; 2tT2`BK2MiX

a T2`7Q`K2/ /m`BM; i?2 H2�`MBM; `2p2�Hb i?�i i?2v ?�p2 /Bz2`2Mi /Bbi`B#miBQMb rBi? b2T�`�i2 K2�MbX "2+�mb2
?Bb /2KQMbi`�iBQMb ?�p2 i?2 b�K2 b?�T2- i?2v #2HQM; iQ � bK�HH2`- /2Mb2` �M/ KQ`2 bi`m+im`2/ bm#b2i Q7
i`�D2+iQ`B2b 7`QK r?B+? Bb 2�bB2` 7Q` i?2 H2�`M2` iQ ;2M2`�HBb2- �M/ #mBH/ mTQM 7m`i?2` FMQrH2/;2X JQ`2Qp2`-
i?Bb +QKT�`�iBp2 bim/v ?B;?HB;?ib �MQi?2` �/p�Mi�;2 Q7 a:AJ@., Bib `Q#mbiM2bb iQ i?2 [m�HBiv Q7
/2KQMbi`�i2/ TQHB+B2bX h?2 T2`7Q`K�M+2 p�`B2b /2T2M/BM; QM i?2 i2�+?2`- #mi biBHH Bb bB;MB}+�MiHv #2ii2`
i?�M i?2 a�::@_A�* Q` BKBi�iBQM H2�`M2`X

jXe S`2HBKBM�`v _2bmHib QM � S?vbB+�H _Q#Qi

AM �//BiBQM iQ i?2b2 `2bmHib BM bBKmH�iBQM- r2 �HbQ bi�`i2/ iQ K�F2 i?2 b�K2 2tT2`BK2Mib rBi? � T?vbB+�H e
.P6 `Q#Qi U6B;m`2 jXeXRVX hQ i?Bb `Q#Qi r2 �ii�+?2/ � `2�H }b?BM; `Q/ �M/ � rB`2X �i i?2 2M/ Q7 i?2 rB`2-
Bb TH�+2/ � `2/ #�HH- r?B+? TQbBiBQM Bb i`�+F2/ #v � +�K2`� 7`QK �#Qp2 i?2 ~QQ`X h?2 `Q#Qi +�M i?mb H2�`M
iQ i?`Qr i?2 `2/ #�HH �Mvr?2`2 QM i?2 }2H/ Q7 pB2r Q7 i?2 +�K2`�- r?B+? Bb `2T`2b2Mi2/ #v i?2 r?Bi2 bm`7�+2
QM 6B;m`2 jXeXkX h?Bb `2;BQM pBbB#H2 #v i?2 +�K2`� Bb MQ`K�HBb2/ bQ i?�i A = [0, 1]2X h?2 `Q#Qi +QMbB/2`b
i?�i Bi `2�+?2/ i?2 Qmi+QK2 bT�+2 A QMHv r?2M i?2 #�HH `2�+?2b i?2 ~QQ` �M/ bi�#BHBb2b BM i?2 }2H/ Q7 pB2r
Q7 i?2 +�K2`�X A7 i?2 #�HH Bb biBHH BM i?2 �B`- Q` Bb QmibB/2 i?2 }2H/ Q7 pB2r Q7 i?2 +�K2`�- Bi +QMbB/2`b Bi ?�b
`2�+?2/ �M Qmi+QK2 r?B+? Bb /Bbi�Mi 7`QK A 7`QK � +QMbi�Mi- b2i iQ RyyX

AM i?Bb 2tT2`BK2Mi- r2 +QMi`QHH2/ i?2 `Q#Qi #v T�`�K2i2`Bb2/ /vM�KB+ i`�D2+iQ`B2b iQQ- #mi i?Bb iBK2 i?2
MmK#2` Q7 T�`�K2i2`b Bb 89X h?2 TQHB+v bT�+2 Bb B = [0, 1]52X

S`2HBKBM�`v `2bmHib b?Qr i?�i r?BH2 `�M/QK 2tTHQ`�iBQM �M/ a�::@_A�* b2H/QK iQm+? i?2 ~QQ`- a:AJ@.
`2�+?2b i?2 ~QQ` Km+? KQ`2 Q7i2MX �`2 `2T`2b2Mi2/ BM 6B;m`2 jXeXj i?2 TQBMib i?�i r2`2 `2�+?2/ #v i?2 `2/
#�HH QM i?2 ~QQ`X h?2v +Qp2` � ;`2�i2` bm`7�+2 BM i?2 +�b2 Q7 a:AJ@. i?�M BM i?2 +�b2 Q7 `�M/QK 2tTHQ`�iBQM
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L;mv2M a�Q J�B G2�`MBM; BM *QKTH2t *QMiBMmQmb 1MpB`QMK2Mib

Outcome space A

position of the float 
= outcome a

Fishing rod and 
flexible wire

6B;m`2 jXeXk, h?2 `Q#Qi Q#b2`p2b i?2 }M�H TQbBiBQM Q7 i?2 #�HH �7i2` Bib KQp2K2Mi- �M/ H2�`Mb r?B+?
KQp2K2Mi +�M `2�+? /Bz2`2Mi TQbBiBQMb QM i?2 ~QQ`X h?2 +�K2`� Bb TH�+2/ �#Qp2 i?2 rB/2 bm`7�+2-
�M/ +�M QMHv b22 i?2 r?Bi2 bm`7�+2 r?B+? K�i2`B�HBb2b i?2 Qmi+QK2 bT�+2 AX

dk



L;mv2M a�Q J�B G2�`MBM; BM *QKTH2t *QMiBMmQmb 1MpB`QMK2Mib

Q` �miQMQKQmb 2tTHQ`�iBQMX q2 �HbQ THQii2/ BM 6B;m`2 jXeX9 i?2 K2�M 2``Q` Q7 2�+? �H;Q`Bi?KX Ai b?Qrb
i?�i `�M/QK 2tTHQ`�iBQM �M/ a�::@_A�* K�F2 i?2 b�K2 H2p2H Q7 2``Q`bX Ai +�M #2 2tTH�BM2/ #v i?2 7�+i
i?�i KQbi KQp2K2Mib /Q MQi K�F2 i?2 ~Q�i iQm+? i?2 ~QQ` /m2 iQ i?2 H�`;2 /BK2MbBQM�HBiv Q7 i?2 TQHB+v
bT�+2X PM i?2 +QMi`�`v- QrBM; iQ /2KQMbi`�iBQMb- a:AJ@. H2�`Mb [mB+FHv ?Qr iQ `2�+? i?2 ~QQ`- �M/ Bib
2``Q` H2p2H Bb 8 iQ Ry iBK2b bK�HH2`X h?2b2 �`2 QMHv T`2HBKBM�`v `2bmHibX JQ`2 2tT2`BK2Mib b?QmH/ +QM}`K
i?2b2 `2bmHib- �M/ 2M�#H2 bi�iBbiB+�H �M�HvbBbX

U�V Pmi+QK2b `2�+?2/ #v `�M/QK
2tTHQ`�iBQMX

U#V Pmi+QK2b `2�+?2/ #v
a�::@_A�*

U+V Pmi+QK2b `2�+?2/ #v
a:AJ@.

6B;m`2 jXeXj, Pmi+QK2b `2�+?2/ #v i?2 `2/ #�HH B7 Bi bi�#BHBb2b QM i?2 ~QQ`X h?2 �tBb �`2 i?2 irQ
/BK2MbBQMb Q7 i?2 ~QQ` AX h?2 `2;BQM pBbB#H2 #v i?2 +�K2`� Bb MQ`K�HBb2/ bQ i?�i A = [0, 1]2X

U�V 1``Q` 7Q` `�M/QK 2tTHQ`�iBQMX U#V 1``Q` 7Q` a�::@_A�* U+V 1``Q` 7Q` a:AJ@.

6B;m`2 jXeX9, J2�M 2``Q` QM �M 2tT2`BK2Mi 7Q` 2�+? �H;Q`Bi?K- rBi? `2bT2+i iQ iBK2X

jXd "2M27Bib Q7 i?2 *QK#BM�iBQM, *QM+HmbBQM

h?Bb +?�Ti2` BMi`Q/m+2/ aQ+B�HHv :mB/2/ AMi`BMbB+ JQiBp�iBQM #v .2KQMbi`�iBQM- a:AJ@.- �M �`+?Bi2+im`2
7Q` QMHBM2 �+iBp2 H2�`MBM; Q7 BMp2`b2 KQ/2Hb BM +QMiBMmQmb ?B;?@/BK2MbBQM�H `Q#QiB+ b2MbQ`BKQiQ` bT�+2b- �M/
�HHQrBM; � `Q#Qi iQ H2�`M KmHiBTH2 ;Q�Hb �M/ ;2M2`�HBb2 Qp2` � +QMiBMmQmb 2Mb2K#H2 Q7 ;Q�HbX a:AJ@. 2{+B2MiHv
+QK#BM2b bQ+B�H ;mB/�M+2 �M/ BMi`BMbB+ KQiBp�iBQM KQ/2b QM #Qi? i?2 TQHB+v �M/ ;Q�H 2tTHQ`�iBQM H2p2HbX Ai

dj



L;mv2M a�Q J�B G2�`MBM; BM *QKTH2t *QMiBMmQmb 1MpB`QMK2Mib

�+iBp2Hv b�KTH2b ;Q�Hb r?BH2 �/�TiBM; iQ i?2 /B{+mHiv Q7 /Bz2`2Mi bm#bT�+2bX h?2 �M�HvbBb Q7 i?2 T`QT2`iB2b
Q7 i?Bb +QK#BM�iBQM b?Qrb i?�i i?2 /2KQMbi`�iBQMb bi`m+im`2 �M/ Q`B2Mi i?2 2tTHQ`�iBQM iQr�`/b � bm#bT�+2
Q7 i?2 TQHB+v bT�+2- BM/2T2M/2MiHv Q7 r?2i?2` i?2 /2KQMbi`�iBQMb +�M #2 2t�+iHv `2T`Q/m+2/ #v i?2 H2�`M2`
Q` MQiX a:AJ@. �HbQ i�F2b �/p�Mi�;2 Q7 i?2 BMi`BMbB+�HHv KQiBp�i2/ �miQMQKQmb 2tTHQ`�iBQM iQ BKT`Qp2 Bib
T2`7Q`K�M+2 �M/ ;�BM T`2+BbBQM BM i?2 �#b2M+2 Q7 i?2 i2�+?2` 7Q` � rB/2 `�M;2 Q7 Qmi+QK2bf;Q�HbX Ai Bb �M
Q`B;BM�H �H;Q`Bi?K BM i?�i Bi Bb �i i?2 b�K2 iBK2 �M �+iBp2 H2�`MBM; bvbi2K Q7 BMp2`b2 KQ/2Hb #2M2}iBM; 7`QK
?mK�M /2KQMbi`�iBQMb- �M/ �HbQ � S#. bvbi2K r?B+? +�M H2�`M �M/ ;2M2`�HBb2 iQ M2r ;Q�HbX Pm` bBKmH�iBQM
BM/B+�i2b i?�i a:AJ@. bm++2bb7mHHv H2�`Mb KQiQ` +QMi`QH 2p2M BM �M 2tT2`BK2Mi�H b2imT �b +QKTH2t �b ?�pBM;
� +QMiBMmQmb k8@/BK2MbBQM�H TQHB+v T�`�K2i2` bT�+2X

AM i?Bb }`bi bi2T- 7Q` i?2 b�F2 Q7 +QKT�`BbQM Q7 a:AJ@. iQ Qi?2` �H;Q`Bi?Kb- r2 /Q MQi bim/v 7m`i?2`
i?2 2z2+ib Q7 /Bz2`2Mi T�`�K2i2`b Q7 bQ+B�H BMi2`�+iBQM QM i?2 T2`7Q`K�M+2 Q7 i?2 `Q#Qi- 7Q` BMbi�M+2 i?2
BKT�+i Q7 i?2 7`2[m2M+v Q7 i?2 /2KQMbi`�iBQMb ;Bp2M #v i?2 i2�+?2`X h?2 T�`�K2i2`b Q7 i?2 i2�+?BM;- bm+? �b
i?2 `�iBQM�H2b 7Q` b2H2+iBM; iBKBM; Q7 i?2 bQ+B�H BMi2`�+iBQM �M/ /2KQMbi`�iBQMb ?�p2 MQi #22M +?Qb2M BM i?Bb
+?�Ti2` iQ QTiBKBb2 a:AJ@.X AM Qi?2` rQ`/b- mbBM; i?2 MQi�iBQMb Q7 i?2 7Q`K�HBb�iBQM Q7 b2+iBQM RX9Xk- χe r�b
MQi /2i2`KBM2/ #v i?2 H2�`MBM; �;2Mi- #mi r�b ?�M/@+Q/2/X � KQ`2 T`2+Bb2 bim/v Q7 i?2 i2�+?BM; T�`�K2i2`b-
�M/ �M QTiBKBb�iBQM rBi? `2bT2+i iQ χe �`2 mM/2`i�F2M BM i?2 M2ti +?�Ti2`X JQ`2Qp2`- r2 +QmH/ 2tTHQ`2 BM
/2Ti? i?2 /2T2M/2M+v Q7 a:AJ@. QM i?2 i2�+?2`X *�b2b Q7 bT�`b2 i2�+?2`b- r?2`2 i?2 /2KQMbi`�iBQMb #2HQM;
iQ � bK�HH bm#bT�+2 QMHv- Q` �`2 BM bK�HH2` MmK#2` ?�p2 #22M bim/B2/ BM i?Bb +?�Ti2`X am+? bim/B2b BHHmbi`�i2
i?2 KQbi ;2M2`�H +�b2 r?2M i?2 ?mK�M i2�+?2` +�M MQi T2`7Q`K 2p2`vi?BM;- #mi Bb QMHv T`Q}+B2Mi BM � bK�HH
bm#b2i Q7 ;Q�HbX q2 +�M �HbQ 2ti2M/ i?2 rQ`F rBi? � H2�`M2` r?Q b2H7@/2i2`KBM2b r?2i?2` iQ i�F2 BMiQ �++QmMi
� /2KQMbi`�iBQM Q` MQi- i�FBM; BMbTB`�iBQM 7`QK +?BH/ Tbv+?QHQ;v bim/B2b i?�i b?Qr HBKBi�iBQMb Q7 i?2 `QH2 Q7
T�`2Mib Usm 2i �HX- kyRRVX am+? rQ`F QM i?2 �miQK�iB+ /2i2`KBM�iBQM Q7 i?2 }2H/ Q7 +QKT2i2M+2 Q7 /Bz2`2Mi
/2KQMbi`�iQ`b- �M/ i?2 /2+BbBQM r?2i?2` iQ i�F2 BMiQ �++QmMi i?2B` /2KQMbi`�iBQMb rBHH #2 bim/B2/ 7m`i?2`
BM b2+iBQM 9XjX

JQbi Q7 �HH- r2 QMHv +QMbB/2`2/ BM i?Bb +?�Ti2` � p2`v bBKTH2 BMi2`�+iBQM b+2M�`BQ #2ir22M i?2 H2�`M2` �M/
i?2 i2�+?2`- �M/ r2 /B/ MQi i�F2 BMiQ �++QmMi BMi2`�+iBp2 H2�`MBM; U*?2`MQp� �M/ o2HQbQ- kyyNc h?QK�x-
kyyec LB+QH2b+m �M/ J�i�`B+- kyyjV- r?2`2 i?2 H2�`M2` �bFb 7Q` BM7Q`K�iBQM r?2M M22/2/X JQ`2 ;2M2`�HHv-
2tTHQ`BM; �M/ 2p�Hm�iBM; bvbi2K�iB+�HHv i?2 Qi?2` b+2M�`BQb BM r?B+? � ?mK�M i2�+?2` +�M #2 BMpQHp2/- �b
K2MiBQM2/ BM b2+iBQM RXkX9- b?QmH/ #2 BMbi`m+iBp2X �M BMi2`2biBM; �M;H2 iQ bim/v rQmH/ �HbQ #2 i?2 brBi+?BM;
#2ir22M KBKB+FBM;- BKBi�iBQM �M/ 2KmH�iBQM KQ/2bX AM i?Bb +?�Ti2`- i?2 `Q#Qi KBKB+b i?2 i2�+?2` 7Q` �
}t2/ �KQmMi Q7 iBK2- �M/ �7i2`r�`/b- a:AJ@. i�F2b BMiQ �++QmMi i?2b2 M2r /�i� QMHv 7`QK i?2 ;Q�H TQBMi
Q7 pB2r- �b BM 2KmH�iBQMX � KQ`2 M�im`�H �M/ �miQMQKQmb �H;Q`Bi?K 7Q` brBi+?BM; #2ir22M Q` +QK#BMBM;
i?2b2 /Bz2`2Mi KQ/2b Bb b?QrM iQ BKT`Qp2 i?2 2{+B2M+v Q7 i?2 bvbi2K BM i?2 M2ti +?�Ti2`X

d9



�M 2tT2`i Bb � T2`bQM r?Q ?�b 7QmM/ Qmi #v ?Bb QrM T�BM7mH
2tT2`B2M+2 �HH i?2 KBbi�F2b i?�i QM2 +�M K�F2 BM � p2`v
M�``Qr }2H/X

LB2Hb "Q?`

4
AMi2`�+iBp2 ai`�i2;B+ G2�`M2`

*QMi2Mib
9XR q?�i Bb AMi2`�+iBp2 G2�`MBM;\ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X de
9Xk AMi2`�+iBp2 G2�`MBM; �i i?2 J2i� G2p2H , a:AJ@AJ X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X dd

9XkXR �H;Q`Bi?K .2b+`BTiBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X dd
9XkXRXR a:AJ@AJ Pp2`pB2r X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X dd
9XkXRXk a2H2+i "2?�pBQm` X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3y

9XkXk �B` >Q+F2v 1tT2`BK2Mi X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3R
9XkXkXR �B` >Q+F2v 1tT2`BK2Mi�H a2imT X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3R
9XkXkXk 1tT2`BK2Mi�H S`QiQ+QH X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3k
9XkXkXj _2bmHib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3j
9XkXkX9 �+iBp2 *?QB+2 Q7 "2?�pBQm` X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3j

9XkXj 6Bb?BM; 1tT2`BK2Mi X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 39
9XkXjXR 1tT2`BK2Mi�H a2imT X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 39
9XkXjXk _2bmHib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 38

9XkX9 .Bb+mbbBQM �M/ *QM+HmbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3d
9Xj a:AJ@�*ha X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 33

9XjXR �+iBp2Hv G2�`MBM; q?2M- q?Q �M/ q?�i iQ AKBi�i2 X X X X X X X X X X X X X X X X X X X X X X X X X X X 3N
9XjXRXR *?QB+2 7Q` aQ+B�H :mB/�M+2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 3N
9XjXRXk AMi2`�+iBp2 G2�`MBM; "�b2/ QM AMi`BMbB+ JQiBp�iBQM X X X X X X X X X X X X X X X X X X X X 3N

9XjXk �H;Q`Bi?K .2b+`BTiBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ny
9XjXkXR �`+?Bi2+im`2 PmiHBM2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ny
9XjXkXk >B2`�`+?B+�H ai`m+im`2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Nj
9XjXkXj SQHB+v aT�+2 1tTHQ`�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X N9
9XjXkX9 a�KTHBM; JQ/2 �M/ Pmi+QK2 aT�+2 1tTHQ`�iBQM X X X X X X X X X X X X X X X X X X X X X N9

9XjXj h?`QrBM; �M/ SH�+BM; � "�HH X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ne
9XjXjXR 1tT2`BK2Mi�H a2imT X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ne
9XjXjXk a2p2`�H h2�+?2`b �M/ a�KTHBM; JQ/2b X X X X X X X X X X X X X X X X X X X X X X X X X X X N3
9XjXjXj *QKT�`BbQM Q7 G2�`MBM; �H;Q`Bi?Kb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X N3
9XjXjX9 _2bmHib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ryj
9XjXjX8 *QM+HmbBQM �M/ .Bb+mbbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Ry9
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L;mv2M a�Q J�B AMi2`�+iBp2 ai`�i2;B+ G2�`M2`

AM i?2 T`2pBQmb +?�Ti2`- r2 b?Qr2/ i?�i i?2 +QK#BM�iBQM Q7 irQ 2tTHQ`�iBQM KQ/2b- bQ+B�H ;mB/�M+2 �M/
BMi`BMbB+ KQiBp�iBQM- #QQibi`�T i?2 H2�`MBM; Q7 `2/mM/�Mi BMp2`b2 KQ/2Hb BM +QMiBMmQmb ?B;?@/BK2MbBQM�H
bT�+2bX L2p2`i?2H2bb- i?2 �H;Q`Bi?KB+ �`+?Bi2+im`2 mb2/- a:AJ@. UaQ+B�HHv :mB/2/ AMi`BMbB+ JQiBp�iBQM #v
.2KQMbi`�iBQMV Bb � T�bbBp2 bvbi2K rBi? `2bT2+i iQ Bib i2�+?2`X Ai QMHv BKBi�i2b r?2M i?2 i2�+?2` /2+B/2b
iQ ;Bp2 � /2KQMbi`�iBQM �M/ /Q2b MQi i`v iQ QTiBKBb2 i?2 /Bz2`2Mi T�`�K2i2`b Q7 bQ+B�H BMi2`�+iBQM- bm+? �b
i?2 7`2[m2M+v Q7 i?2 /2KQMbi`�iBQMb #v `2[m2biBM; i?2 i2�+?2`Ƕb ?2HTX a:AJ@. /Q2b MQi H2�`M r?B+? K2i?Q/
2M�#H2b Bi iQ T2`7Q`K #2biX AM Qi?2` rQ`/b- a:AJ@. �//`2bb2b i?2 T`Q#H2K Q7 r?�i �M/ ?Qr iQ H2�`M- #mi
/Q2b MQi �Mbr2` i?2 [m2biBQMb Q7 r?�i- r?2M- r?Q iQ BKBi�i2X lbBM; i?2 MQi�iBQMb Q7 i?2 7Q`K�HBb�iBQM
Q7 b2+iBQM RX9Xk- 7Q` 2�+? H2�`MBM; 2TBbQ/2 e- a:AJ@. QMHv /2i2`KBM2b Bib TQBMi Q7 7Q+mb ψe- �M/ /Q2b MQi
/2i2`KBM2 Bib b�KTHBM; KQ/2 χeX

AM i?Bb +?�Ti2`- r2 /2bB;M �H;Q`Bi?KB+ �`+?Bi2+im`2b iQ �//`2bb i?2b2 HBKBi�iBQMb #v �HHQrBM; i?2 �;2Mi
iQ K�F2 �M BM+`2�bBM; MmK#2` Q7 /2+BbBQMb �#Qmi Bib H2�`MBM; K2i?Q/ �M/ BMi2`�+iBQM rBi?
i2�+?2`bX q2 i?mb /2bB;M �M BMi2`�+iBp2 H2�`M2` �b r2 2tTH�BM BM b2+iBQM 9XRX AM b2+iBQM 9Xk- r2 }`bi
T`QTQb2 �M �`+?Bi2+im`2 +�HH2/ aQ+B�HHv :mB/2/ AMi`BMbB+ JQiBp�iBQM rBi? AMi2`�+iBp2 G2�`MBM; �i i?2 J2i�
H2p2H Ua:AJ@AJV- r?B+? /2i2`KBM2b Bib b�KTHBM; KQ/2 χe #v /2+B/BM; r?2M iQ BKBi�i2X h?2M BM b2+iBQM 9Xj-
r2 /2bB;M aQ+B�HHv :mB/2/ AMi`BMbB+ JQiBp�iBQM rBi? �+iBp2 *?QB+2 Q7 h2�+?2` �M/ ai`�i2;v Ua:AJ@�*haV-
r?B+? /2i2`KBM2b Bib #2?�pBQm` χe #v �+iBp2Hv /2+B/BM; r?2M- r?�i �M/ r?Q iQ BKBi�i2X

9XR q?�i Bb AMi2`�+iBp2 G2�`MBM;\

�M BMi2`�+iBp2 H2�`M2` MQi QMHv HBbi2Mb iQ i?2 i2�+?2`- #mi �+iBp2Hv `2[m2bib 7Q` i?2 BM7Q`K�iBQM Bi
M22/b �M/ r?2M Bi M22/b ?2HTX am+? BMi2`�+iBQM mTQM i?2 H2�`M2`Ƕb BMBiB�iBp2 ?�b #22M b?QrM iQ #2
� 7mM/�K2Mi�H �bT2+i Q7 bQ+B�H ;mB/�M+2X lM/2` i?2 BMi2`�+iBp2 H2�`MBM; �TT`Q�+?- i?2 `Q#Qi +�M +QK#BM2
T`Q;`�KKBM; #v /2KQMbi`�iBQM- H2�`MBM; #v 2tTHQ`�iBQM �M/ imiQ` ;mB/�M+2X a2p2`�H rQ`Fb BM BMi2`�+iBp2
H2�`MBM; ?�p2 +QMbB/2`2/ 2ti`� `2BM7Q`+2K2Mi bB;M�Hb Uh?QK�x �M/ "`2�x2�H- kyy3V- �+iBQM `2[m2bib U:`QHHK�M
�M/ C2MFBMb- kyRyc GQT2b 2i �HX- kyyN�V Q` /Bb�K#B;m�iBQM �KQM; �+iBQMb U*?2`MQp� �M/ o2HQbQ- kyyNVX AM
U*�FK�F 2i �HX- kyRyV i?2 +QKT�`BbQM Q7 � `Q#Qi i?�i ?�b i?2 QTiBQM iQ �bF i?2 mb2` 7Q` 722/#�+F- iQ
i?2 T�bbBp2 `Q#Qi- b?Qrb � #2ii2` �++m`�+v �M/ 72r2` /2KQMbi`�iBQMbX *?2`MQp� �M/ o2HQbQ UkyyNV b?Qrb
i?�i � H2�`MBM; �;2Mi r?B+? �+iBp2Hv `2[mB`2b /2KQMbi`�iBQMb 7`QK ?mK�M i2�+?2`b #v B/2MiB7vBM; mM+2`i�BM
bi�i2b- `2[mB`2b 72r2` /2KQMbi`�iBQMb i?�M �M �;2Mi r?B+? H2�`Mb 7`QK /2KQMbi`�iBQMb ;Bp2M �i i?2 i2�+?2`Ƕb
BMBiB�iBp2X h?2`27Q`2- `2[m2biBM; /2KQMbi`�iBQMb r?2M Bi Bb M22/2/ +�M H2bb2M i?2 /2T2M/2M+2 QM i?2 i2�+?2`
�M/ `2/m+2 i?2 [m�MiBiv Q7 i?2 /2KQMbi`�iBQMb `2[mB`2/X h?Bb �TT`Q�+? Bb i?2 KQbi #2M2}+B�H iQ i?2 H2�`M2`
7Q` i?2 BM7Q`K�iBQM �``Bp2b �b Bi M22/b BiX Ai Bb �HbQ #2M2}+B�H iQ i?2 i2�+?2` r?Q MQ HQM;2` M22/b iQ KQMBiQ`
i?2 H2�`MBM; T`Q+2bb iQ QTiBKBb2 ?Bb i2�+?BM;X

L2p2`i?2H2bb- KQbi Q7 i?2b2 rQ`Fb �//`2bb K�BMHv QMHv i?2 [m2biBQM Q7 r?2M iQ BKBi�i2X h?Bb Bb r?v r2
/2bB;M �M BMi2`�+iBp2 H2�`MBM; �H;Q`Bi?Kb rBi? BMi`BMbB+�HHv KQiBp�i2/ `Q#Qi H2�`M2`b- r?B+? /2+B/2 i?2Kb2Hp2b
}`biHv r?2M Bi Bb KQbi #2M2}+B�H iQ BKBi�i2 i?2 i2�+?2` rBi? �H;Q`Bi?K a:AJ@AJ- #mi �HbQ BM i?2 b2+iBQM
9Xj r?�i �M/ r?Q iQ BKBi�i2 rBi? �H;Q`Bi?K a:AJ@�*haX

de
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x

x

Which 
outcome ?

Decide an Action

Sampling 
Mode Level

Policy 
Space

Exploration

auton 
explo

social 
guidance

Autonomous Explo.
Social Guidance

x

Which 
policy?

Outcome 
Space

Exploration

Which 
Sampling mode?

6B;m`2 9XkXR, h?2 bi`�i2;B+ H2�`M2` b�KTH2b /�i� #v �+iBp2Hv +?QQbBM; QM i?2 i?`22 H2p2Hb QM Bib
2tTHQ`�iBQM bT�+2, Bib b�KTHBM; KQ/2- i?2 Q#D2+i iQ 7Q+mb QM �M/ i?2 TQHB+v iQ i`vX

9Xk AMi2`�+iBp2 G2�`MBM; �i i?2 J2i� G2p2H , a:AJ@AJ

a:AJ@AJ UaQ+B�HHv :mB/2/ AMi`BMbB+ JQiBp�iBQM rBi? AMi2`�+iBp2 H2�`MBM; �i i?2 J2i� H2p2HV Bb �M �H;Q`Bi?K
i?�i K2`;2b BMi2`�+iBp2 H2�`MBM; �b bQ+B�H BMi2`�+iBQM- rBi? i?2 a�::@_A�* �H;Q`Bi?K Q7 BMi`BMbB+ KQiBp�iBQM
U"�`�M2b �M/ Pm/2v2`- kyRjV- iQ H2�`M HQ+�H BMp2`b2 �M/ 7Q`r�`/ KQ/2Hb BM +QKTH2t- `2/mM/�Mi- ?B;?@
/BK2MbBQM�H �M/ +QMiBMmQmb bT�+2bX q2 }`bi /2b+`B#2 BM b2+iBQM 9XkXR i?2 /2bB;M Q7 Qm` a:AJ@AJ �H;Q`Bi?K-
r?B+? �+iBp2Hv +?QQb2b i?2 #2bi 2tTHQ`�iBQM KQ/2 #2ir22M BMi`BMbB+�HHv KQiBp�i2/ 2tTHQ`�iBQM
�M/ BKBi�iBQM H2�`MBM;X h?2M r2 b?Qr i?�i a:AJ@AJ 2{+B2MiHv `2[m2bib 7Q` i?2 i2�+?2`Ƕb /2KQMbi`�iBQMb
iQ +QKTH2i2 � rB/2 `�M;2 Q7 i�bFb- r?BH2 #2BM; bT2+B�HBb2/ BM bT2+B}+ bm#bT�+2b i?`Qm;? k 2tT2`BK2Mi�H b2imTb,
�M �B` ?Q+F2v ;�K2 �M/ � }b?BM; bFBHH H2�`MBM; BM b2+iBQMb 9XkXk �M/ 9XkXj `2bT2+iBp2HvX h?2 `2bmHib T`2b2Mi2/
BM i?Bb b2+iBQM ?�p2 #22M Tm#HBb?2/ BM UL;mv2M �M/ Pm/2v2`- kyRk+VX

9XkXR �H;Q`Bi?K .2b+`BTiBQM

AM i?Bb b2+iBQM #�b2/ QM i?2 7Q`K�HBb�iBQM Q7 b2+iBQM jXR- r2 /2b+`B#2 i?2 a:AJ@AJ �H;Q`Bi?KB+ �`+?Bi2+im`2-
r?B+? +QK#BM2b #Qi? BMi`BMbB+ KQiBp�iBQM �M/ BKBi�iBQM H2�`MBM;- HBF2 a:AJ@.X h?2 /Bz2`2M+2 #2BM; i?�i
a:AJ@AJ #mBH/b mT �M BMi2`�+iBp2 H2�`M2` /2+B/BM; �+iBp2Hv r?B+? KQ/2 iQ mb2 �i 2�+? /�i� b�KTHBM; 2TBbQ/2
iQ H2�`M KQiQ` bFBHHbX �b bmKK�`Bb2/ BM 6B;m`2 \\- i?2 �+iBp2 H2�`M2` /2+B/2b QM Bib b�KTHBM; KQ/2- Bib ;Q�H
Qmi+QK2 �M/ i?2 TQHB+v iQ i`vX

9XkXRXR a:AJ@AJ Pp2`pB2r

a:AJ@AJ H2�`Mb #v 2TBbQ/2b /m`BM; r?B+? Bi b2H2+ib r?B+? Q7 i?2 irQ T`2b2i b�KTHBM; KQ/2b iQ mb2- #2ir22M
BMi`BMbB+�HHv KQiBp�i2/ UχautoV Q` bQ+B�HHv ;mB/2/ UχdemV 2tTHQ`�iBQMX h?mb X Bb � b2i Q7 k T`2/2}M2/ b�KTHBM;
KQ/2b �b /2b+`B#2/ BM b2+iBQM jXRXRX h?2 �H;Q`Bi?KB+ �`+?Bi2+im`2 Bb bmKK�`Bb2/ BM 6B;m`2 9XkXkX

AM �M 2TBbQ/2 rBi? i?2 BMi`BMbB+ KQiBp�iBQM KQ/2- Bi 2tTHQ`2b �miQMQKQmbHv 7QHHQrBM; i?2 a�::@
_A�* �H;Q`Bi?K U"�`�M2b �M/ Pm/2v2`- kyRjVX Ai �+iBp2Hv b2H7@;2M2`�i2b � ;Q�H ag r?2`2 Bib +QKT2i2M+2
BKT`Qp2K2Mi Bb K�tBK�H- i?2M 2tTHQ`2b r?B+? TQHB+v πb +�M �+?B2p2 ag #2biX h?2 a:AJ@AJ H2�`M2` 2tTHQ`2b
T`272`2MiB�HHv ;Q�H i�bFb r?B+? �`2 2�bv iQ `2�+? �M/ r?2`2 Bi K�F2b T`Q;`2bb i?2 7�bi2biX Ai i`B2b /Bz2`2Mi

dd
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TQHB+B2b iQ �TT`Q�+? i?2 b2H7@/2i2`KBM2/ i�bF ag- `2@mbBM; �M/ QTiBKBbBM; i?2 2biBK�iBQM Q7 J #mBHi i?`Qm;?
Bib T�bi �miQMQKQmb �M/ bQ+B�HHv ;mB/2/ 2tTHQ`�iBQMbX h?2 2TBbQ/2 2M/b �7i2` � }t2/ /m`�iBQM

AM �M 2TBbQ/2 rBi? i?2 bQ+B�HHv ;mB/2/ 2tTHQ`�iBQM KQ/2- Qm` a:AJ@AJ H2�`M2` Q#b2`p2b i?2 /2KQMbi`�iBQM
[ζd, ad]- K2KQ`Bb2b i?Bb i�bF ad �b � TQbbB#H2 ;Q�H- �M/ KBKB+b i?2 i2�+?2` #v T2`7Q`KBM; TQHB+B2b πb iQ
`2T`Q/m+2 ζd- 7Q` � }t2/ /m`�iBQMX h?Bb KQ/2 ?B;?HB;?ib mb27mH i�bFb- �M/ i2�+?2b i?2 H2�`M2` �i H2�bi QM2
r�v iQ +QKTH2i2 � M2r i�bF- r?2`2�b b2H7@2tTHQ`�iBQM ?�b HQr +?�M+2 Q7 /Bb+Qp2`BM; mb27mH i�bFbX

h?2 /Bz2`2M+2 rBi? a:AJ@. Bb i?�i i?2 a:AJ@AJ H2�`M2` �+iBp2Hv /2+B/2b QM � K2i� H2p2H r?B+? KQ/2
iQ +?QQb2 �++Q`/BM; iQ i?2 `2+2Mi H2�`MBM; T`Q;`2bb 2M�#H2/ #v 2�+? KQ/2X A7 Bi ?�b `2+2MiHv K�/2 i?2
KQbi T`Q;`2bb BM i?2 BMi`BMbB+ KQiBp�iBQM KQ/2- Bi T`272`b 2tTHQ`BM; �miQMQKQmbHvX *QMp2`b2Hv- B7 i?2
/2KQMbi`�iBQMb /Q MQi 2M�#H2 ?BK iQ K�F2 ?B;?2` T`Q;`2bb2b i?�M #v �miQMQKQmb H2�`MBM; UHBKBi2/ i2�+?2`-
Q` BM�TT`QT`B�i2 i2�+?2`V Bi rQmH/ T`272` �miQMQKQmb 2tTHQ`�iBQMX

Mimic  a Policy

Outcome 
 Interest Mapping

Outcome 
Space

Exploration

Policy 
Space

Exploration

χ = explore 
autonomously

Autonomous 
Exploration 
Mode

Socially Guided 
Exploration 
Mode

Choose 
Sampling Mode χ 

progress

χ = imitate teacher

J J

bd

Sampling 
Mode Level

Correspondence

agad

br

 p(a, b) : Goal Directed
Policy Optimisation

br

p !(a, b) : Environment

ar ar

Emulate 
a Goal

Decide a Goal

ad

p !(a, b) : Environment

L

Learning the
Model

ag

6B;m`2 9XkXk, hBK2 ~Qr +?�`i Q7 a:AJ@AJ- r?B+? +QK#BM2b AMi`BMbB+ JQiBp�iBQM �M/ aQ+B�H G2�`MBM;
BMiQ j H�v2`b i?�i T2`i�BM iQ i?2 ?mK�M@K�+?BM2 BMi2`7�+2- i?2 Qmi+QK2 bT�+2 2tTHQ`�iBQM �M/ i?2
�+iBQM bT�+2 2tTHQ`�iBQM `2bT2+iBp2HvX

Aib �`+?Bi2+im`2 Bb b2T�`�i2/ BMiQ i?`22 H�v2`b U6B;m`2 9XkXkV- irQ Q7 r?B+? �`2 #�b2/ QM a:AJ@. ,

Ç Pmi+QK2 aT�+2 1tTHQ`�iBQM , h?Bb H2p2H Q7 �+iBp2 H2�`MBM; /`Bp2b i?2 2tTHQ`�iBQM Q7 i?2 Qmi+QK2
bT�+2X qBi? i?2 �miQMQKQmb 2tTHQ`�iBQM KQ/2- Bi b2ib ;Q�Hb ag /2T2M/BM; QM i?2 BMi2`2bi H2p2H Q7
T`2pBQmb ;Q�Hb U.2+B/2 � :Q�HVX qBi? i?2 bQ+B�HHv ;mB/2/ 2tTHQ`�iBQM KQ/2- Bi `2i`B2p2b 7`QK i?2
i2�+?2` BM7Q`K�iBQM �#Qmi /2KQMbi`�i2/ 2z2+ib ad U1KmH�i2 � :Q�HVX h?2M- Bi K�Tb A BM i2`Kb Q7
BMi2`2bi H2p2H U:Q�H AMi2`2bi J�TTBM;VX Ai H2�`Mb �i � HQM;2` iBK2 b+�H2X

Ç �+iBQM aT�+2 1tTHQ`�iBQM , h?Bb HQr2` H2p2H Q7 H2�`MBM; 2tTHQ`2b i?2 TQHB+v T�`�K2i2`b bT�+2 B iQ
#mBH/ �M �+iBQM `2T2`iQB`2 �M/ HQ+�H KQ/2HbX qBi? i?2 bQ+B�HHv ;mB/2/ 2tTHQ`�iBQM KQ/2- Bi BKBi�i2b i?2
/2KQMbi`�i2/ �+iBQMb ζd UAKBi�i2 �M �+iBQMV- r?BH2 /m`BM; b2H7@2tTHQ`�iBQM- i?2 :Q�H@.B`2+i2/ SQHB+v
PTiBKBb�iBQM 7mM+iBQM �ii2KTib iQ `2�+? i?2 ;Q�Hb ag b2i #v i?2 h�bF aT�+2 1tTHQ`�iBQM H2p2H- i?2M-
Bi `2im`Mb i?2 K2�bm`2 Q7 +QKT2i2M+2 �i `2�+?BM; ad Q` agX

6Q` /2i�BHb QM i?2b2 irQ H�v2`b- TH2�b2 `272` iQ jXRX9X AM i?2 7QHHQrBM; T�`�;`�T?b- r2 /2b+`B#2 i?2 i?B`/
H�v2`, i?2 b�KTHBM; KQ/2 b2H2+iBQMX

d3
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�H;Q`Bi?K 9XkXR a:AJ@AJ
R, AMBiB�HBx�iBQM, R← bBM;H2iQM C ×A

k, AMBiB�HBx�iBQM, H← 2KTiv 2TBbQ/B+ K2KQ`v U+QHH2+iBQM Q7 2TBbQ/2b U+-#-�VV
j, AMBiB�HBx�iBQM, ∆S , T`Q;`2bb p�Hm2b K�/2 #v bQ+B�H ;mB/�M+2 KQ/2
9, AMBiB�HBx�iBQM, ∆A , T`Q;`2bb p�Hm2b K�/2 #v BMi`BMbB+ KQiBp�iBQM KQ/2
8, AMBiB�HBx�iBQM, e← 1

e, HQQT
d, χe ← a2H2+i a�KTHBM; JQ/2(∆S ,∆A)

3, B7 χe == χdemo i?2M
N, aQ+B�H G2�`MBM; JQ/2

Ry, /2KQ ← �bF �M/ T2`+2Bp2 /2KQMbi`�iBQM
RR, (cd, bd, ad)← *Q``2bTQM/2M+2 U/2KQV
Rk, 1KmH�i2 :Q�H, ag ← ad

Rj, γi ← *QKT2i2M+2 7Q` ag

R9, De ← JBKB+ SQHB+m(bdV
R8, γ ← *QKT2i2M+2 7Q` ag

Re, pe+1 ← L(pe,De)

Rd, �// γ − γi iQ bi�+F ∆S

R3, 2Hb2
RN, AMi`BMbB+ JQiBp�iBQM JQ/2
ky, ag ← .2+B/2 � ;Q�H(R)

kR, γi ← *QKT2i2M+2 7Q` ag

kk, `2T2�i
kj, De ← :Q�H@.B`2+i2/ SQHB+v PTiBKBb�iBQM(ag)
k9, pe+1 ← L(pe,De)

k8, mMiBH h2`KBM�i2 `2�+?BM; Q7 ag
ke, γ ← *QKT2i2M+2 7Q` ag

kd, �// γ − γi iQ bi�+F ∆A

k3, 2M/ B7
kN, �TT2M/ De iQ H

jy, R← lT/�i2 :Q�H AMi2`2bi J�TTBM;(R,H, c, ag)

jR, e← e+ 1

jk, 2M/ HQQT

dN
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9XkXRXk a2H2+i "2?�pBQm`

�H;Q`Bi?K 9XkXk (χ) 4 a2H2+ia�KTHBM;JQ/2U∆S,∆AV
BMTmi, ∆S , T`Q;`2bb p�Hm2b K�/2 #v bQ+B�H H2�`MBM; JQ/2
BMTmi, ∆A , T`Q;`2bb p�Hm2b K�/2 #v BMi`BMbB+ KQiBp�iBQM H2�`MBM; JQ/2
QmiTmi, χ , +?Qb2M JQ/2
T�`�K2i2`, nbMin , /m`�iBQM Q7 i?2 BMBiB�iBQM T?�b2
T�`�K2i2`, ns , rBM/Qr 7`�K2 7Q` KQMBiQ`BM; T`Q;`2bb
T�`�K2i2`, cost , +Qbi Q7 `2[m2biBM; � /2KQMbi`�iBQM
AMBiB�iBQM T?�b2
B7 aQ+B�H G2�`MBM; �M/ AMi`BMbB+ JQiBp�iBQM JQ/2b ?�p2 MQi #22M +?Qb2M 2�+? nbMin iBK2b v2i i?2M

ps← 0.5

2Hb2
S2`K�M2Mi T?�b2
wa← �p2`�;2UH�bi ns 2H2K2Mib Q7 ∆AV
ws← average(H�bi ns2H2K2Mib Q7 ∆S)

cost

ps← min(0.9,max(0.1, ws
ws+wa ))

2M/ B7
χ← χdem rBi? T`Q#�#BHBiv ps

`2im`M χ

� K2i� H2p2H �+iBp2Hv +?QQb2b i?2 #2bi b�KTHBM; KQ/2 #�b2/ QM i?2 `2+2Mi T`Q;`2bb K�/2
#v 2�+? Q7 i?2KX �b BM a:AJ@.- X Bb � b2i Q7 irQ T`2/2}M2/ b�KTHBM; KQ/2b �b /2i�BH2/ BM b2+iBQM jXRXR,

Ç BMi`BMbB+�HHv KQiBp�i2/ 2tTHQ`�iBQM UχautoV

Ç bQ+B�HHv ;mB/2/ 2tTHQ`�iBQM UχdemV

6Q` 2�+? 2TBbQ/2 e- i?2 H2�`M2` K2�bm`2b Bib +QKT2i2M+2 T`Q;`2bb 7Q` ;Q�H a U�H;Q`Bi?K 9XkXR- HBM2b Rd
�M/ kdV �b i?2 /Bz2`2M+2 #2ir22M i?2 +QKT2i2M+2 #27Q`2 �Mv �ii2KTi iQ `2�+? ag UHBM2b Rj �M/ kRV �M/
i?2 +QKT2i2M+2 �7i2` BKBi�iBQM Q` ;Q�H@/B`2+i2/ TQHB+v QTiBKBb�iBQM UHBM2b R8 �M/ keVX h?2 H2�`M2` �//b i?Bb
T`Q;`2bb p�Hm2 iQ bi�+Fb ∆A Q` ∆S X h?2 T`272`2M+2 7Q` 2�+? KQ/2 Bb +QKTmi2/ �b i?2 �p2`�;2 QM � rBM/Qr
7`�K2 Q7 i?2 H�bi ns T`Q;`2bb p�Hm2b Q7 ∆A �M/ ∆S X "2bB/2b- BM Q`/2` iQ HBKBi i?2 `2HB�M+2 QM i?2 i2�+?2`-
r2 T2M�HBb2 i?2 T`272`2M+2 7Q` bQ+B�H ;mB/�M+2 rBi? � cost 7�+iQ` U�H;Q`Bi?K 9XkXk- HBM2b Rk �M/ RjVX h?2
KQ/2b �`2 b2H2+i2/ biQ+?�biB+�HHv rBi? � T`Q#�#BHBiv T`QTQ`iBQM�H iQ i?2B` T`272`2M+2 UHBM2 dVX h?2`27Q`2-
�miQMQKQmb 2tTHQ`�iBQM Bb T`272``2/ B7 Bi T`QpB/2/ ?B;?2bi +QKT2i2M+2 T`Q;`2bb BM i?2 `2+2Mi T�bi- r?BH2
bQ+B�H ;mB/�M+2 Bb T`272``2/ QMHv B7 Bib T`Q;`2bb r2`2 cost iBK2b ?B;?2`X

q2 �TTHB2/ Qm` ?B2`�`+?B+�H a:AJ@AJ �H;Q`Bi?K rBi? k H�v2`b Q7 �+iBp2 H2�`MBM; iQ k BHHmbi`�iBQM
2tT2`BK2Mib BM b2+iBQMb 9XkXk �M/ 9XkXjX AM i?2 M2ti b2+iBQM- r2 `2TQ`i Qm` }`bi 2tT2`BK2Mi rBi? �M �B`
?Q+F2v ;�K2X

3y
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9XkXk �B` >Q+F2v 1tT2`BK2Mi

q2 }`bi �TTHv a:AJ@AJ iQ Qm` �B` ?Q+F2v ;�K2- r?B+? b2imT Bb /2b+`B#2/ BM b2+iBQM 9XkXkXRX h?2M r2 `2TQ`i
i?2 2tT2`BK2Mi�H `2bmHib BM b2+iBQM 9XkXkXjX

9XkXkXR �B` >Q+F2v 1tT2`BK2Mi�H a2imT

A

puck initial 
position

pu
ck

 tr
aje

cto
ry

 impact of the puck (outcome) a

obstacle

mallet trajectory

Air Hockey Table

(t=0),b0=(u0,v0)

t1,b1=(u1,v1)

t3,b3=(u3,v3)

t4,b4=(u4,v4)

t2,b2=(u2,v2)

u

v

6B;m`2 9XkXj, �B` >Q+F2v h�#H2, i?2 i�bF bT�+2 Bb /2}M2/ �b i?2 iQT #Q`/2` Q7 i?2 b[m�`2X h?2 Tm+F KQp2b
BM bi`�B;?i HBM2 rBi?Qmi 7`B+iBQM mMiBH Bi ?Bib 2Bi?2` i?2 K�HH2i- i?2 i�#H2 #Q`/2`b Q` i?2 Q#bi�+H2 TH�+2/ QM i?2
`B;?i bB/2X

UAV .2b+`BTiBQM Q7 i?2 1MpB`QMK2Mi G2i mb BHHmbi`�i2 i?2 a:AJ@AJ �H;Q`Bi?KB+ bi`m+im`2 rBi? �M
2t�KTH2 Q7 � bBKmH�i2/ b[m�`2 �B` ?Q+F2v i�#H2 i?�i +QMi�BMb �M Q#bi�+H2 U6B;m`2 9XkXjVX �Hr�vb bi�`iBM;
rBi? i?2 b�K2 TQbBiBQM �M/ p2HQ+Biv- i?2 Tm+F KQp2b BM bi`�B;?i HBM2 rBi?Qmi 7`B+iBQMX h?2 Qmi+QK2 i?2 �;2Mi
+�M Q#b2`p2 Bb i?2 TQbBiBQM Q7 i?2 BKT�+i r?2M i?2 Tm+F +QHHB/2b rBi? i?2 iQT #Q`/2` Q7 i?2 i�#H2X A Bb i?mb
i?2 iQT #Q`/2` Q7 i?2 i�#H2- K�TT2/ BMiQ i?2 [−1, 1] b2;K2MiX q2 MQi2 i?�i i?2 bm#`2;BQM ?B//2M #v i?2
Q#bi�+H2 Bb /B{+mHi iQ `2�+?X

q2 +QMi`QH i?2 K�HH2i rBi? � T�`�K2i2`Bb2/ i`�D2+iQ`v /2i2`KBM2/ #v 8 F2v TQbBiBQMb b0, b1, b2, b3, b4 ∈

[−1, 1]2 �i iBK2b t0 = 0 < t1 < t2 < t3 < t4X h?2 2t2+mi2/ i`�D2+iQ`v Bb ;2M2`�i2/ #v :�mbbB�M /Bbi�M+2
r2B;?iBM;,

ζ(t) =
5

∑

i=0

wi(t)bi
∑5

j=0 wj(t)
rBi? wi(t) = eχ∗|t−ti|

2

,χ > 0 U9XRV

h?2`27Q`2- i?2 TQHB+v T�`�K2i2` bT�+2 B = Rn �M/ A = [−1, 1]X B Bb Q7 /BK2MbBQM n = 14 �M/ A Q7
/BK2MbBQM RX h?2 H2�`M2` K�Tb r?B+? i`�D2+iQ`v Q7 i?2 K�HH2i rBi? T�`�K2i2` b = (b1, ..., b14) BM/m+2b �
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Social Learning Episode Intrinsic Motivation Episode Social Learning Episode Intrinsic Motivation Episode Social Learning Episode

Social Learning Episode Intrinsic Motivation Episode Intrinsic Motivation Episode Intrinsic Motivation Episode Intrinsic Motivation EpisodeSocial Learning Episode Social Learning Episode

6B;m`2 9XkX9, *QKT�`BbQM Q7 b2p2`�H H2�`MBM; �H;Q`Bi?KbX 1�+? #Qt `2T`2b2Mib i?2 +?`QMQHQ;v Q7 i?2
�/QTi2/ KQ/2b Ui?2 };m`2b +Q``2bTQM/ iQ i?2 MmK#2` Q7 �+iBQMb 2tT2`BK2Mi2/ BM i?2 2TBbQ/2VX h?2
};m`2b ?2`2 �`2 ;Bp2M 7Q` i?2 6Bb?BM; 2tT2`BK2MiVX

+QHHBbBQM rBi? i?2 iQT #Q`/2` �i TQbBiBQM aX h?Bb Bb �M BMp2`b2 KQ/2H Q7 � ?B;?Hv `2/mM/�Mi K�TTBM;- r?B+?
Bb �HH i?2 KQ`2 BMi2`2biBM; i?�M i?2 Q#bi�+H2 BMi`Q/m+2b /Bb+QMiBMmBiB2b BM i?2 KQ/2HX

UAAV .2KQMbi`�iBQMb �M/ 1p�Hm�iBQM q2 bBKmH�i2 � i2�+?2` #v mbBM; i?2 H2�`MBM; /�i� (ζd, ad)

i�F2M 7`QK � `�M/QK 2tTHQ`2` �M/ BMi`BMbB+�HHv KQiBp�i2/ 2tTHQ`2` #�b2/ QM a�::@_A�* �H;Q`Bi?K U"�`�M2b
�M/ Pm/2v2`- kyRjV �b /2i�BH2/ H�i2` BM b2+iBQM jXRXRXkX q2 +?QQb2 8yy /2KQMbi`�iBQMb bQ i?�i ad Bb 2p2MHv
/Bbi`B#mi2/ BM [0.5, 1]X h?2 i2�+?2` Bb i?mb bT2+B�HBb2/ BM � `2bi`B+i2/ /QK�BM Q7 AX h?2 /2KQMbi`�iBQMb Q7
i?�i #�i+? �`2 ;Bp2M iQ i?2 H2�`M2` BM � `�M/QK Q`/2`X

q2 �bb2bb Qm` �;2Mi #v K2�bm`BM; ?Qr +HQb2 Bi +�M `2�+? � #2M+?K�`F b2i i?�i /2}M2b i?2 mb2`Ƕb `2;BQM
Q7 BMi2`2biX AM i?Bb +�b2- i?2 #2M+?K�`F b2i Bb /Bbi`B#mi2/ Qp2` T = [−1, 1] �M/ TH�+2/ 2p2`v yXy8- iQ ;2i i?2
K2�M 2``Q` �i `2�+?BM; i?2b2 #2M+?K�`F TQBMibX

9XkXkXk 1tT2`BK2Mi�H S`QiQ+QH

AM i?2 b�K2 T`BM+BTH2 �b BM *?�Ti2` j 7Q` a:AJ@.- ?2`2- iQ �bb2bb i?2 2{+B2M+v Q7 a:AJ@AJ- r2 +QKT�`2
i?2 T2`7Q`K�M+2 Q7 b2p2`�H H2�`MBM; �H;Q`Bi?Kb U6B;m`2 9XjXeV,

Ç _�M/QK 2tTHQ`�iBQM, i?`Qm;?Qmi i?2 2tT2`BK2Mi- i?2 `Q#Qi TB+Fb TQHB+v T�`�K2i2`b `�M/QKHv BM BX

Ç a�::@_A�*, i?`Qm;?Qmi i?2 2tT2`BK2Mi- i?2 `Q#Qi 2tTHQ`2b �miQMQKQmbHv- rBi?Qmi i�FBM; BMiQ
�++QmMi �Mv /2KQMbi`�iBQM- �M/ Bb /`Bp2M #v BMi`BMbB+ KQiBp�iBQMX

Ç a:AJ@AJ, BMi2`�+iBp2 H2�`MBM; r?2`2 i?2 `Q#Qi H2�`Mb #v �+iBp2Hv +?QQbBM; #2ir22M bQ+B�HHv ;mB/2/
2tTHQ`�iBQM KQ/2 Q` BMi`BMbB+ KQiBp�iBQM KQ/2X

Ç a:AJ@., i?2 `Q#QiǶb KQ/2 Bb � KBtim`2 #2ir22M AKBi�iBQM H2�`MBM; �M/ a�::@_A�*- �b /2i�BH2/ BM
b2+iBQM jXRX q?2M i?2 `Q#Qi b22b � M2r /2KQMbi`�iBQM- Bi BKBi�i2b i?2 i`�D2+iQ`v 7Q` � b?Q`i r?BH2X
h?2M- Bi `2bmK2b Bib �miQMQKQmb 2tTHQ`�iBQM- mMiBH Bi b22b � M2r /2KQMbi`�iBQM #v i?2 i2�+?2`- r?B+?
Q++m`b 2p2`v J �+iBQMb 2tT2`BK2Mi2/ #v i?2 `Q#QiX

6Q` 2�+? 2tT2`BK2Mi BM Qm` �B` ?Q+F2v b2imT- r2 H2i i?2 `Q#Qi T2`7Q`K 3yyy �+iBQMb BM iQi�HX q2 2p�Hm�i2
Bib T2`7Q`K�M+2 2p2`v Ryyy �+iBQMbX 6Q` i?2 �B` ?Q+F2v 2tT2`BK2Mi- r2 b2i i?2 T�`�K2i2`b Q7 a:AJ@AJ iQ,
cost = 100 �M/ ns = 20X h?2 T�`�K2i2`b Q7 a:AJ@. �`2 b2i iQ J4 Ry �M/ J4 Ryy r?B+? �`2 i?2 #2bi �M/
rQ`bi T�`�K2i2`b Q7 a:AJ@. �++Q`/BM; iQ 6B;m`2 9XkX8X
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9XkXkXj _2bmHib

6B;m`2 9XkX8 THQib i?2 K2�M /Bbi�M+2 2``Q` Q7 i?2 �ii2KTib iQ ?Bi i?2 #Q`/2` �i i?2 #2M+?K�`F TQBMib- rBi?
`2bT2+i iQ i?2 MmK#2` Q7 �+iBQMb T2`7Q`K2/ #v i?2 K�HH2iX Ai b?Qrb i?�i a:AJ@AJ T2`7Q`Kb bB;MB}+�MiHv
#2ii2`- �M/ 7�bi2` i?�M _�M/QK 2tTHQ`�iBQM Q` a�::@_A�* Ui@i2bi QM i?2 }M�H /Bbi�M+2 2``Q` rBi? p < 0.05VX
Ai /BpB/2b #v � 7�+iQ` Q7 Ry i?2 }M�H 2``Q` p�Hm2 +QKT�`2/ iQ a�::@_A�*X JQ`2Qp2`- Bib 2``Q` `�i2 Bb bK�HH2`
bBM+2 i?2 p2`v #2;BMMBM;X a:AJ@AJ ?�b i�F2M �/p�Mi�;2 Q7 i?2 /2KQMbi`�iBQMb p2`v 7�bi iQ #2 �#H2 iQ ?Bi
i?2 Tm+F �M/ TH�+2 Bi QM i?2 iQT #Q`/2`- BMbi2�/ Q7 K�FBM; `�M/QK KQp2K2Mib r?B+? ?�p2 HBiiH2 T`Q#�#BHBiv
Q7 ?BiiBM; i?2 Tm+F- H2i �HQM2 TH�+BM; Bi �i � /2bB`2/ TQbBiBQMX Aib T2`7Q`K�M+2 Bb +HQb2 iQ a:AJ@. rBi? i?2
#2bi T�`�K2i2`bX a:AJ@AJ K�M�;2b iQ imM2 Bib T2`+2Mi�;2 Q7 bQ+B�H BMi2`�+iBQM bQ �b iQ i�F2 KQbi �/p�Mi�;2
Q7 i?2 /2KQMbi`�iBQMbX
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6B;m`2 9XkX8, 1p�Hm�iBQM Q7 i?2 T2`7Q`K�M+2 Q7 i?2 `Q#Qi rBi? `2bT2+i iQ i?2 MmK#2` Q7 �+iBQMb T2`7Q`K2/-
mM/2` /Bz2`2Mi H2�`MBM; �H;Q`Bi?KbX q2 THQii2/ i?2 K2�M /Bbi�M+2 iQ i?2 #2M+?K�`F b2i rBi? Bib bi�M/�`/
/2pB�iBQM 2``Q`#�`X

9XkXkX9 �+iBp2 *?QB+2 Q7 "2?�pBQm`

�b 7Q` i?2 KQ/2 �/QTi2/- 6B;m`2 9XkXe b?Qrb j T?�b2bX AM i?2 }`bi T�`i- /2KQMbi`�iBQM `2[m2bib �`2 mb27mH
BM i?2 #2;BMMBM;- �b 2�+? BM/B+�i2 iQ i?2 H2�`M2` r?B+? FBM/ Q7 �+iBQMb +�M K�F2 i?2 K�HH2i ?Bi i?2 Tm+F iQ
TH�+2 Bi BM A �M/ BM/m+2 � ?B;? +QKT2i2M+2 T`Q;`2bb p�Hm2X ∆S ≫ ∆A- #mi �miQMQKQmb H2�`MBM; biBHH K�F2b
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;QQ/ T`Q;`2bbX �b i?2 T`Q;`2bb Q7 �miQMQKQmb H2�`MBM; /2+`2�b2b- i?2 MmK#2` Q7 `2[m2bib 7Q` /2KQMbi`�iBQMb
BM+`2�b2 7Q` 1500 < t < 4000X X AM i?2 b2+QM/ T�`i- i?2 T`Q;`2bb #v i?2 bQ+B�HHv ;mB/2/ 2tTHQ`�iBQM KQ/2
/2+`2�b2b �M/ p�`B2b HBF2 i?2 T`Q;`2bb Q7 �miQMQKQmb H2�`MBM;X ∆S ≈ ∆AX h?2 #QQibi`�TTBM; 2z2+i 2M�#H2/
#v /2KQMbi`�iBQMb ?�b /2+`2�b2/X h?2`27Q`2- T`272`2M+2 7Q` �miQMQKQmb 2tTHQ`�iBQM BM+`2�b2bX

Progress made by autonomous learning strategy
Progress made by social learning strategy
% times autonomous learning strategy is chosen
% times social learning strategy is chosen
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6B;m`2 9XkXe, Rf "2?�pBQm`b +?Qb2M i?`Qm;? iBK2 #v a:AJ@AJ, T2`+2Mi�;2 Q7 iBK2b 2�+? KQ/2 Bb +?Qb2M
rBi? `2bT2+i iQ i?2 MmK#2` Q7 �+iBQMb T2`7Q`K2/ UbmKK2/ Qp2` Ryy #BMb �M/ �p2`�;2/ Qp2` b2p2`�H `mMb Q7
a:AJ@AJV kf h?2 �p2`�;2 T`Q;`2bb K�/2 #v bQ+B�HHv ;mB/2/ �M/ BMi`BMbB+�HHv KQiBp�i2/ KQ/2b ∆S �M/ ∆A

AM i?Bb 2tT2`BK2Mi�H b2iiBM;- i?2 H2�`M2` +�M [mB+FHv BKT`Qp2 Bib T2`7Q`K�M+2 #v � +QK#BM�iBQM Q7
/2KQMbi`�iBQMb �M/ �miQMQKQmb 2tTHQ`�iBQMX h?2 /2KQMbi`�iBQMb }`bi #QQibi`�T �miQMQKQmb H2�`MBM;-
i?mb /2KQMbi`�iBQMb �`2 T`272``2/ iQ b2H7@2tTHQ`�iBQMX AM i?2 2M/- �b `2[m2bib 7Q` /2KQMbi`�iBQMb MQ HQM;2`
?2HT BKT`Qp2 i?2 `Q#QiǶb bFBHH- i?2 H2�`M2` T`272`b iQ BKT`Qp2 Bib H2�`MBM; #v BMi`BMbB+ KQiBp�iBQMX h?2 a:AJ@
AJ H2�`M2` b?Qrb �M BKT`Qp2K2Mi BM #Qi? i?2 /2+`2�b2 Q7 i?2 }M�H 2``Q` p�Hm2- �M/ i?2 bT22/
Q7 H2�`MBM;- BM i?Bb #QmM/2/ �M/ /2i2`KBMBbiB+ 2MpB`QMK2MiX G2i mb BHHmbi`�i2 a:AJ@AJ BM � biQ+?�biB+
2MpB`QMK2MiX

9XkXj 6Bb?BM; 1tT2`BK2Mi

9XkXjXR 1tT2`BK2Mi�H a2imT

AM i?Bb b2+QM/ 2tT2`BK2Mi- r2 +QMbB/2` � bBKmH�i2/ e /2;`22b@Q7@7`22/QK `Q#QiB+ �`K ?QH/BM; � }b?BM; `Q/
U6B;m`2 9XkXdV r?B+? r2 mb2/ BM b2+iBQM 9Xk Q7 +?�Ti2` 9X q2 bmK mT #`B2~v i?2 K�BM TQBMib Q7 i?Bb
2tT2`BK2Mi�H b2imTX

h?2 �BK Bb i?�i Bi H2�`Mb ?Qr iQ `2�+? �Mv TQBMi QM i?2 bm`7�+2 Q7 i?2 r�i2` rBi? i?2 ~Q�i �i i?2 iBT
Q7 i?2 }b?BM; HBM2X A = [−1, 1]2 Bb � k@. bT�+2 i?�i /2b+`B#2b i?2 TQbBiBQM Q7 i?2 ~Q�i r?2M Bi `2�+?2b i?2
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Policy:
Example of trajectory followed by a joint 

a
1 a

2

a
3

a
4

duration

float

Estimated Reachable Area

Outcome Space
-1

1

-1
1

u u
uu

6B;m`2 9XkXd, 6Bb?BM; 2tT2`BK2Mi�H b2imTX

r�i2`X h?2 `Q#Qi #�b2 Bb }t�i2/ �i Uy-yVX h?2 �+iBQMb �`2 T�`�K2i`Bx2/ KQiQ` T`BKBiBp2b /2}M2/ 7Q` 2�+?
DQBMi #v 9 b+�H�` T�`�K2i2`b i?�i `2T`2b2Mi i?2 DQBMi TQbBiBQMb �i t = 0- t = η

3 -t = 2η
3 �M/ t = ηX h?2b2 9

T�`�K2i2`b b1, b2, b3, b4 ;2M2`�i2 � i`�D2+iQ`v 7Q` i?2 DQBMi #v :�mbbB�M /Bbi�M+2 r2B;?iBM;X h?2`27Q`2 � b2i
Q7 k9 T�`�K2i2`b /2i2`KBM2 i?2 KQp2K2Mi Q7 i?2 e DQBMib Q7 i?2 `Q#QiX � /2i�BH2/ �M�HvbBb Q7 i?Bb bBKmH�iBQM
2MpB`QMK2Mi +�M #2 7QmM/ BM b2+iBQM 9XkX

9XkXjXk _2bmHib

UAV S`2+BbBQM BM i?2 2tTHQ`�iBQM Q7 i?2 `2�+?�#H2 bT�+2 q2 `mM i?2 bBKmH�iBQM Q7 i?2 bBKmH�iBQM
2MpB`QMK2MiX 6Q` 2p2`v bBKmH�iBQM QM i?2 }b?BM; 2tT2`BK2Mi b2imT- 8yyy KQp2K2Mib �`2 T2`7Q`K2/X >mK�M
/2KQMbi`�iBQMb �`2 i�F2M 7`QK /2KQMbi`�iQ` j Q7 b2+iBQM jXjXj �M/ �bb2bbBM; ?Qr +HQb2 i?2 `Q#Qi +�M `2�+?
i?2 #2M+?K�`F b2i /2}M2/ BM b2+iBQM jXjXk #v K2�bm`BM; 2``Q` 2p2`v Ryyy KQp2K2MibX Pm` a:AJ@AJ H2�`M2`
T�`�K2i2`b �`2 b2i iQ, cost = 2 �M/ ns = 15X

q2 2t�KBM2 ?Qr +HQb2 i?2 H2�`M2` +�M ;2i iQ �Mv TQBMi Q7 i?2 `2�+?�#H2 bT�+2 BM A- rBi? `2bT2+i iQ i?2
MmK#2` Q7 �+iBQMb T2`7Q`K2/ #v i?2 `Q#Qi U6B;m`2 9XkX3V- �M/ rBi? `2bT2+i iQ i?2 MmK#2` Q7 /2KQMbi`�iBQMb
;Bp2M #v i?2 i2�+?2` U6B;m`2 9XkXN#VX

_�L.PJ T2`7Q`Kb i?2 rQ`bi- r?BH2 a�::@_A�* /2+`2�b2b bB;MB}+�MiHv i?2 2``Q` p�Hm2 +QKT�`2/ iQ
_�L.PJ Ui@i2bi rBi? p < 0.05VX LQi QMHv ?�b i?2 �bvKTiQiB+ T2`7Q`K�M+2 BKT`Qp2/- #mi a�::@_A�*
�HbQ H2�`Mb 7�bi2` 7`QK i?2 #2;BMMBM;X _2[m2biBM; /2KQMbi`�iBQMb 2p2`v 3y �+iBQMb T2`7Q`K2/ Ua:AJ@.
J43yV #QQibi`�Tb bHB;?iHv i?2 H2�`MBM; 2``Q`X AM i?Bb +�b2- i?2 bQ+B�HHv ;mB/2/ 2tTHQ`�iBQM KQ/2 QMHv K�F2b

38



L;mv2M a�Q J�B AMi2`�+iBp2 ai`�i2;B+ G2�`M2`

6B;m`2 9XkX3, 1p�Hm�iBQM Q7 i?2 T2`7Q`K�M+2 Q7 i?2 `Q#Qi rBi? `2bT2+i iQ i?2 MmK#2` Q7 �+iBQMb T2`7Q`K2/-
mM/2` i?2 H2�`MBM; �H;Q`Bi?Kb, `�M/QK 2tTHQ`�iBQM- a�::@_A�*- a:AJ@AJ- a:AJ@. rBi? � /2KQMbi`�iBQM 2p2`v
J 4 jy KQp2K2Mib- �M/ a:AJ@. rBi? � /2KQMbi`�iBQM 2p2`v J 4 3y KQp2K2Mib UiQ 2[m�H i?2 iQi�H MmK#2`
Q7 /2KQMbi`�iBQMb Q7 a:AJ@AJVX q2 THQii2/ i?2 K2�M /Bbi�M+2 rBi? Bib bi�M/�`/ /2pB�iBQM 2``Q`#�`X

mT dW Q7 i?2 iQi�H iBK2- rBi? eR /2KQMbi`�iBQMb `2[m2bibX a:AJ@AJ T2`7Q`Kb #2ii2` i?�M a�::@_A�*
Ui@i2bi rBi? p < 0.05VX h?2 K�BM /Bz2`2M+2 HB2b BM i?2 #2;BMMBM; Q7 i?2 H2�`MBM; T`Q+2bb- r?2`2 Bi +QmH/ i�F2
�/p�Mi�;2 Q7 i?2 i2�+?2` iQ ;mB/2 ?BK �M/ /Bb+Qp2` i?2 `2�+?�#H2 bT�+2X qBi? 8k /2KQMbi`�iBQMb `2[m2bi2/
BM �p2`�;2- a:AJ@AJ v2i T2`7Q`Kb #2ii2` i?�M a:AJ@.UJ43yV rBi? p < 0.5- QrBM; iQ Bib �+iBp2 +?QB+2 Q7
KQ/2- i?�i }ib #2ii2` Bib M22/bX A7 r2 BM+`2�b2 i?2 MmK#2` Q7 /2KQMbi`�iBQMb iQ Rek Ua:AJ@. J4jyV- �M/
H2i i?2 `Q#Qi �/QTi i?2 bQ+B�HHv ;mB/2/ 2tTHQ`�iBQM KQ/2 kyW Q7 i?2 iBK2- i?2v BM/22/ 2{+B2MiHv #QQibi`�T
i?2 �miQMQKQmb H2�`MBM;X a:AJ@AJ K�M�;2b iQ `2[m2bi � 7�B` �KQmMi Q7 /2KQMbi`�iBQMb �M/ biBHH Q#i�BM �
T2`7Q`K�M+2 BM #2ir22M i?2 k a:AJ@. T�`�K2i2`bX

LQi QMHv ?�b i?2 2``Q` /2+`2�b2/- #mi i?2 2tTHQ`2/ bT�+2 ?�b �HbQ BM+`2�b2/X 6B;m`2 9XkXN� THQib i?2
?BbiQ;`�K Q7 i?2 TQbBiBQMb Q7 i?2 ~Q�i a ∈ A r?2M Bi `2�+?2b i?2 r�i2`X h?2 }`bi +QHmKM b?Qrb i?�i �
M�im`�H TQbBiBQM HB2b �`QmM/ ac = (−0.5, 0) BM i?2 +�b2 Q7 `�M/QK 2tTHQ`�iBQM , KQbi �+iBQMb K�T iQ � `2;BQM
�`QmM/ ac 7Q` i?2 �+iBQM bT�+2 /Q2b MQi K�T HBM2�`Hv iQ i?2 i�bF bT�+2X �b i?2 BMBiB�H TQbBiBQM Q7 i?2 ~Q�i
Bb +HQb2 iQ i?2 bm`7�+2 Q7 i?2 r�i2`- i?2 `Q#Qi M22/b iQ HB7i Bi rBi? [mBi2 bT2+B}+ KQp2K2Mib iQ i?`Qr Bi 7�`
�r�v- r?2`2�b KQbi KQp2K2Mib rQmH/ K�F2 i?2 ~Q�i iQm+? i?2 r�i2` BKK2/B�i2Hv- �`QmM/ i?2 `2;BQM Q7 acX

3e



L;mv2M a�Q J�B AMi2`�+iBp2 ai`�i2;B+ G2�`M2`

h?2 b2+QM/ +QHmKM b?Qr i?�i a�::@_A�* ?�b BM+`2�b2/ i?2 2tTHQ`2/ bT�+2- �M/ KQbi Q7 �HH- +Qp2`b KQ`2
mMB7Q`KHv i?2 2tTHQ`�#H2 bT�+2X a:AJ@. �M/ a:AJ@AJ 2KT?�bBb2 i?2 BM+`2�b2 2p2M 7m`i?2` �b � #`Q�/2`
`�M;2 Q7 `�/Bmb +Qp2`2/ BM i?2 2tTHQ`2/ bT�+2X

RANDOM INPUT 
PARAMETERS

1 0-1 1 0-1 1 0-1 1 0-1 1

SAGG-RIAC SGIM-D SGIM-IM

U�V >BbiQ;`�K Q7 i?2 i�bFb
2tTHQ`2/ #v i?2 }b?BM; `Q/ BMbB/2
i?2 k. 2z2+ib bT�+2X 1�+?
�H;Q`Bi?K Bb BHHmbi`�i2/ #v k
2t�KTH2 2tT2`BK2MibX

10 20 30 40 50 60
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intrinsic motivation strategy = g,  social learning strategy = r

 

 

Intrinsic Motivation Strategy
Social Learning Strategy

U+V a�KTHBM; JQ/2 +?Qb2M
i?Qm;? iBK2, T2`+2Mi�;2 Q7
iBK2b 2�+? KQ/2 Bb +?Qb2M
rBi? `2bT2+i iQ i?2 MmK#2` Q7
�+iBQMb T2`7Q`K2/

6B;m`2 9XkXN, �M�HvbBb Q7 i?2 }b?BM; 2tT2`BK2MiX

UAAV S2`7Q`K�M+2 Q7 i?2 AMi2`�+iBQM h?2 bBKTH2 +QMbB/2`�iBQM Q7 T2`7Q`K�M+2 rBi? `2bT2+i iQ iBK2
bT2Mi #v i?2 `Q#Qi Kmbi #2 +QKTH2i2/ #v +QMbB/2`�iBQMb �#Qmi i?2 HQ�/ Q7 rQ`F 7Q` i?2 i2�+?2`X � `Q#Qi
i?�i +QMbi�MiHv `2[m2bib 7Q` ?2HT rQmH/ [mB+FHv 2t+22/ i?2 iBK2 �M/ 2zQ`i � mb2` Bb `2�/v iQ /2pQi2 iQ i2�+?X
h?2`27Q`2- r2 Kmbi 2t�KBM2 i?2 T2`7Q`K�M+2 Q7 i?2 H2�`M2` rBi? `2bT2+i iQ i?2 MmK#2` Q7 i?2 /2KQMbi`�iBQMb
;Bp2MX 6B;m`2 9XkXN# b?Qrb i?�i r?BH2 7Q` i?2 }`bi /2KQMbi`�iBQMb a:AJ@AJ �M/ a:AJ@.UJ43yV T2`7Q`K
i?2 b�K2 T`Q;`2bb- � /Bz2`2M+2 [mB+FHv �b a:AJ@AJ `2[m2bib 72r2` /2KQMbi`�iBQMbX 1�+? /2KQMbi`�iBQM ?�b
� #2ii2` BKT�+i QM i?2 T2`7Q`K�M+2 Q7 i?2 `Q#Qi- �b Bib 2``Q` THQi BM 6B;m`2 9XkXN# Bb #2HQr i?2 QM2 Q7
a:AJ@.X

AM/22/- 6B;m`2 9XkXN+ b?Qrb i?�i i?2 /2KQMbi`�iBQMb �`2 �+iBp2Hv `2[m2bi2/ BM i?2 #2;BMMBM; Q7 i?2
H2�`MBM; T`Q+2bb- r?2M i?2 /2KQMbi`�iBQMb 2M?�M+2 i?2 KQbi T`Q;`2bb #v b?QrBM; ?Qr iQ �pQB/ i?2 +2Mi`�H
`2;BQM �`QmM/ acX h?2 `2[m2bib i?2M /2+`2�b2 �b i?2 `Q#Qi �+[mB`2b � ;QQ/ FMQrH2/;2 Q7 i?2 2tTHQ`�#H2
bT�+2- �M/ +�M �miQMQKQmbHv b2�`+? �`QmM/ i?2 �H`2�/v 2tTHQ`2/ HQ+�HBiB2bX

AM i?Bb }b?BM; 2tT2`BK2Mi- i?2 a:AJ@AJ H2�`M2`Ƕb �+iBp2 +?QB+2 Q7 2tTHQ`�iBQM KQ/2 2M�#H2/ Bi iQ
i�F2 �/p�Mi�;2 Q7 i?2 i2�+?2` iQ `2[m2bi /2KQMbi`�iBQMb- r?BH2 +�`27mHHv +?QQbBM; r?2M i?2 i2�+?2`Ƕb
/2KQMbi`�iBQMb 2M?�M+2 i?2 KQbi H2�`MBM; T`Q;`2bb- BM Q`/2` iQ H2bb2M Bib /2T2M/2M+2 QM i?2 i2�+?2`X

9XkX9 .Bb+mbbBQM �M/ *QM+HmbBQM

q2 b?Qr2/ i?`Qm;? irQ BHHmbi`�iBQM 2tT2`BK2Mib i?�i i?2 aQ+B�HHv :mB/2/ AMi`BMbB+ JQiBp�iBQM rBi?
AMi2`�+iBp2 H2�`MBM; �i i?2 J2i� H2p2H �H;Q`Bi?K +QmH/ H2�`M iQ +QKTH2i2 KmHiBTH2 i�bFb BM #Qi? /2i2`KBMBbiB+
�M/ biQ+?�biB+ 2MpB`QMK2MibX Ai +�M �HbQ K�M�;2 i?2 BMi2`�+iBQM rBi? #Qi? � ?mK�M i2�+?2` r?Qb2
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Imitate 
Policy ?

Which 
teacher?

Which 
outcome ?

Decide an Action

Sampling 
Mode Level

Policy 
Space

Exploration

auton 
explo

social 
guidance

Autonomous Explo.
Social Guidance

Imitate or 
self-decide 
outcome?

Which 
policy?

Outcome 
Space

Exploration

Which 
Sampling mode?

6B;m`2 9XjXR, h?2 bi`�i2;B+ H2�`M2` b�KTH2b /�i� #v �+iBp2Hv +?QQbBM; r?2i?2` iQ 2tTHQ`2 #v
�miQMQKQmb 2tTHQ`�iBQM Q` bQ+B�H ;mB/�M+2X A7 Bi 2tTHQ`2b #v �miQMQKQmb 2tTHQ`�iBQM- Bi /2+B/2b �
;Q�H Qmi+QK2 �M/ � TQHB+v iQ i`vX A7 Bi 2tTHQ`2b rBi? bQ+B�H ;mB/�M+2- Bi +?QQb2b r?2i?2` iQ BKBi�i2
i?2 /2KQMbi`�i2/ TQHB+v Q` i?2 /2KQMbi`�i2/ Qmi+QK2X

/2KQMbi`�iBQMb +�M MQi #2 2t�+iHv `2T`Q/m+2/ #v ?BK- �M/ � bT2+B�HBb2/ i2�+?2` r?Q QMHv ;Bp2b
/2KQMbi`�iBQMb BM � `2bi`B+i2/ bm#bT�+2 Q7 i?2 i�bF bT�+2X AM #Qi? 2tT2`BK2Mib- Qm` `Q#Qi H2�`Mb
2{+B2MiHv �M/ 7�bi2` �HH TQbbB#H2 i�bFb- BM +QMiBMmQmb i�bF �M/ �+iBQM bT�+2bX h?2 `Q#Qi +QmH/ H2�`M ?B;?@
/BK2MbBQM�H KQ/2Hb 7Q` ?B;?Hv `2/mM/�Mi T`Q#H2Kb- r?B+? +QMbiBimi2b � ivTB+�H Bbbm2 7Q` ?mK�MQB/ `Q#Qib
r?Q 2pQHp2 BM +QMiBMmQmb �M/ MQM@T`2b2i 2MpB`QMK2Mib �M/ r?Q ?�p2 iQ +QMi`QH i?2B` MmK2`Qmb /2;`22b Q7
7`22/QK rBi? ?B;? `2/mM/�M+vX h?2 a:AJ@AJ H2�`M2` +�M ?�M/H2 Bib BMi2`�+iBQM rBi? ?mK�M mb2`b QrBM; iQ
BMi2`�+iBp2 H2�`MBM;X Ai �miQK�iB+�HHv #�H�M+2b H2�`MBM; #v BKBi�iBQM �M/ �miQMQKQmb H2�`MBM;- #v
i�FBM; BM �++QmMi #Qi? Bib M22/ �M/ i?2 +Qbi Q7 �M BMi2`�+iBQM- bQ �b iQ KBMBKBb2 i?2 i2�+?2`Ƕb
2zQ`i �M/ K�tBKBb2 i?2 BKT�+i Q7 2�+? /2KQMbi`�iBQMX Ai i?mb Qz2`b � ~2tB#H2 BMi2`�+iBQM #2ir22M
� `Q#Qi �M/ i?2 ?mK�M mb2`bX

h?2 aQ+B�HHv :mB/2/ AMi`BMbB+ JQiBp�iBQM rBi? AMi2`�+iBp2 H2�`MBM; �i i?2 J2i� H2p2H �H;Q`Bi?K ?�b � j@
H�v2`2/ ?B2`�`+?B+�H bi`m+im`2 r?B+? BM+Hm/2b irQ H2p2Hb Q7 �+iBp2 H2�`MBM;X "�b2/ QM Bib 2tTHQ`�iBQM BM i?2
�+iBQM bT�+2- Bi �+iBp2Hv +?QQb2b BM i?2 i�bF bT�+2 r?B+? ;Q�Hb +QmH/ #2 BMi2`2biBM; iQ i�`;2i- �M/ b2H2+ib QM �
K2i� H2p2H #2ir22M �miQMQKQmb BMi`BMbB+�HHv KQiBp�i2/ Q` bQ+B�HHv ;mB/2/ 2tTHQ`�iBQM KQ/2bX Ai +�M �+iBp2Hv
BMi2`�+i rBi? i?2 i2�+?2` BMbi2�/ Q7 #2BM; � T�bbBp2 bvbi2KX h?Bb bi`m+im`2 +QmH/ 2�bBHv #2 2ti2M/2/ iQ i�F2
BMiQ �++QmMi KQ`2 +QKTH2t bQ+B�H BMi2`�+iBQM b+2M�`BQb- bm+? �b �M BMi2`�+iBQM rBi? b2p2`�H i2�+?2`b- r?2`2
i?2 H2�`M2` +�M +?QQb2 r?Q Bi b?QmH/ BKBi�i2X h?Bb Bb i?2 �BK Q7 i?2 M2ti b2+iBQMX

9Xj a:AJ@�*ha

S`2pBQmbHv- r2 T`QTQb2/ iQ BMp2biB;�i2 i?2 `2H�iBQMb?BT #2ir22M BKBi�iBQM �M/ BMi`BMbB+�HHv@KQiBp�i2/
2tTHQ`�iBQM rBi? � ǳT�bbBp2Ǵ H2�`M2` a:AJ@.- i?2M rBi? �M i?2 BMi2`�+iBp2 H2�`M2` a:AJ@AJ r?B+? /2+B/2b
r?2M iQ BKBi�i2X q2 MQr rQmH/ HBF2 iQ �HHQr i?2 H2�`M2` iQ /2+B/2 QM KQ`2 [m2biBQMb �#Qmi Bib BMi2`�+iBQM iQ
�+iBp2Hv +?QQb2 �i i?2 b�K2 iBK2 ?Qr- r?2M- r?�i �M/ r?Q iQ BKBi�i2X h?2b2 �+iBp2 +?QB+2b �`2 bmKK�`Bb2/
BM 6B;m`2 9XjXRX h?2 `2bmHib b?QrM BM i?Bb b2+iBQM ?�p2 #22M T`2b2Mi2/ BM UL;mv2M �M/ Pm/2v2`- kyRk/VX

AM i?Bb b2+iBQM- r2 }`bi /2i�BH Qm` M2r T`Q#H2K- i?2M /2b+`B#2 i?2 T`QTQb2/ �H;Q`Bi?KB+ �`+?Bi2+im`2- +�HH2/
aQ+B�HHv :mB/2/ AMi`BMbB+ JQiBp�iBQM rBi? �+iBp2 *?QB+2 Q7 h2�+?2` �M/ ai`�i2;v Ua:AJ@�*haVX 6BM�HHv-
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r2 �M�Hvb2 Bib KQ/2 BM �M 2tT2`BK2Mi�H b2imT r?2`2 i?2 H2�`M2` +�M �+?B2p2 /Bz2`2Mi ivT2b Q7 Qmi+QK2bX

9XjXR �+iBp2Hv G2�`MBM; q?2M- q?Q �M/ q?�i iQ AKBi�i2

9XjXRXR *?QB+2 7Q` aQ+B�H :mB/�M+2

hQ �//`2bb i?2 7Qm` 7mM/�K2Mi�H [m2biBQMb Q7 BKBi�iBQM H2�`MBM; �b 7Q`KmH�i2/ BM U.�mi2M?�?M �M/ L2?�MBp-
kyykc "`2�x2�H �M/ a+�bb2HH�iB- kyykV- r2 +?QQb2 �KQM; �HH i?2 TQbbB#BHBiB2b Q7 bQ+B�H ;mB/�M+2 /2i�BH2/ BM
b2+iBQM RXkX9 Q7 +?�Ti2` R,

Ç q?�i, q2 QTi2/ 7Q` �M BM7Q`K�iBQM ~Qr i�`;2iBM; #Qi? TQHB+v �M/ Qmi+QK2 bT�+2b- iQ 2M�#H2 i?2
#B;;2bi T`Q;`2bb 7Q` i?2 H2�`M2`X Ai +�M BKBi�i2 iQ `2T`Q/m+2 2Bi?2` � /2KQMbi`�i2/ TQHB+v Q` Qmi+QK2X
*QMi`�`BHv iQ a:AJ@. �M/ a:AJ@AJ r?B+? BKBi�i2 #Qi? �i i?2 b�K2 iBK2 rBi?Qmi +?QQbBM;- a:AJ@
�*ha +�M /2+B/2 r?2i?2` iQ KBKB+ �M/ 2KmH�i2 #v H2�`MBM; r?�i Bb i?2 KQbi BMi2`2biBM; BM7Q`K�iBQMX
1KmH�iBQM �M/ JBKB+`v �`2 BHHmbi`�i2/ BM 6B;m`2 9XjXkX

Ç q?2M, AMi2`�+iBp2 H2�`MBM; �i i?2 H2�`M2`Ƕb BMBiB�iBp2 b22Kb i?2 KQbi M�im`�H BMi2`�+iBQM �TT`Q�+?-
i?2 KQbi 2{+B2Mi 7Q` H2�`MBM; �M/ H2bb +QbiHv 7Q` i?2 i2�+?2` i?�M B7 ?2 rQmH/ ?�p2 iQ KQMBiQ` i?2
H2�`M2`Ƕb T`Q;`2bb iQ �/�Ti ?Bb /2KQMbi`�iBQMbX �b rBi? a:AJ@AJ- i?2 `Q#Qi ?�b iQ H2�`M r?2M Bi Bb
mb27mH iQ BKBi�i2X

Ç q?Q, AMi2`�+iBp2 H2�`MBM; r?2`2 i?2 H2�`M2` +�M +?QQb2 r?Q iQ BMi2`�+i rBi? �M/ iQ r?QK iQ �bF 7Q`
?2HT- Bb �M BKTQ`i�Mi KQ/2 +?QB+2 BM H2�`MBM;- �M/ ?�b MQi #22M i�+F2/ #v a:AJ@. Q` a:AJ@AJX
h?Bb �BKb �i �//`2bbBM; T`Q#H2Kb Q7 bm#QTiBK�H ?mK�M BMTmib r?B+? Q++m` #2+�mb2 ?mK�M i2�+?2`b
�`2 ;2M2`�HHv 2tT2`i QMHv BM bT2+B}+ /QK�BMb �M/ MQi QM �HH FBM/b Q7 bFBHHbX

q2 T`QTQb2 �M �TT`Q�+? rBi? �+iBp2 H2�`MBM; 7Q` p�`B2/ Qmi+QK2b rBi? KmHiBTH2 KQ/2b- KmHiBTH2 i2�+?2`b-
rBi? � bi`m+im`2/ +QMiBMmQmb Qmi+QK2 bT�+2 U2K#2//BM; bm#@bT�+2b rBi? /Bz2`2Mi T`QT2`iB2bVX h?2 KQ/2b
r2 +QMbB/2` �`2 �miQMQKQmb b2H7@2tTHQ`�iBQM- 2KmH�iBQM �M/ KBKB+FBM;- #v BMi2`�+iBp2 H2�`MBM; rBi? b2p2`�H
i2�+?2`bX >2`2�7i2` r2 /2b+`B#2 i?2 /2bB;M Q7 Qm` a:AJ@�*ha UaQ+B�HHv :mB/2/ AMi`BMbB+ JQiBp�iBQM rBi?
�+iBp2 *?QB+2 Q7 h2�+?2` �M/ ai`�i2;vV �H;Q`Bi?KX h?2M r2 b?Qr i?`Qm;? �M BHHmbi`�iBQM 2tT2`BK2Mi i?�i
a:AJ@�*ha 2{+B2MiHv H2�`Mb iQ `2�HBb2 /Bz2`2Mi ivT2b Q7 Qmi+QK2b BM +QMiBMmQmb Qmi+QK2 bT�+2b- �M/ Bi
+Q?2`2MiHv b2H2+ib i?2 `B;?i i2�+?2` iQ H2�`M 7`QKX

9XjXRXk AMi2`�+iBp2 G2�`MBM; "�b2/ QM AMi`BMbB+ JQiBp�iBQM

hQ bQHp2 i?2 T`Q#H2K 7Q`K�HBb2/ �#Qp2- r2 T`QTQb2 � bvbi2K- +�HH2/ aQ+B�HHv :mB/2/ AMi`BMbB+ JQiBp�iBQM rBi?
�+iBp2 *?QB+2 Q7 h2�+?2` �M/ ai`�i2;v Ua:AJ@�*haV i?�i �HHQrb �M QMHBM2 BMi2`�+iBp2 H2�`MBM; Q7 BMp2`b2
KQ/2Hb BM +QMiBMmQmb ?B;?@/BK2MbBQM�H `Q#QiB+ b2MbQ`BKQiQ` bT�+2b rBi? KmHiBTH2 i2�+?2`b- �M/ 2tTHQ`�iBQM
KQ/2bX a:AJ@�*ha H2�`Mb p�`BQmb Qmi+QK2b rBi? /Bz2`2Mi ivT2b Q7 Qmi+QK2b- �M/ ;2M2`�HBb2b 7`QK b�KTH2/
/�i� iQ +QMiBMmQmb b2ib Q7 Qmi+QK2bX

h2+?MB+�HHv- r2 �/QTi � K2i?Q/ Q7 ;2M2`�HBb�iBQM Q7 TQHB+B2b 7Q` M2r Qmi+QK2b bBKBH�` iQ UEQ#2` 2i �HX-
kyRkc /� aBHp� 2i �HX- kyRkVX q?2`2�b BM i?2B` �TT`Q�+?2b i?2 �H;Q`Bi?Kb mb2 � TQQH Q7 2t�KTH2b ;Bp2M #v i?2
i2�+?2` T`2b2i 7`QK i?2 #2;BMMBM; Q7 i?2 2tT2`BK2Mi iQ H2�`M Qmi+QK2b bT2+B}2/ #v i?2 2M;BM22` Q7 i?2 `Q#Qi-
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Forward 
Model

Inverse 
Model

Reachable 
Outcome Space 

b1

b2 b3

a1
a2

a3

Space of 
Outcomes

Ϛ1

Ϛ2

a4

Mimicry

Policy Space 
of Learner

Policy Space 
of Teacher

b4
B

A

B’

Emulation

6B;m`2 9XjXk, 1KmH�iBQM �M/ JBKB+`v 7Q` KQiQ` H2�`MBM;X AM 2KmH�iBQM- i?2 H2�`M2` i`B2b iQ `2T`Q/m+2
i?2 Qmi+QK2 /2KQMbi`�i2/ #v i?2 i2�+?2` rBi?Qmi i`vBM; iQ `2T`Q/m+2 i?2 i2�+?2`Ƕb TQHB+v- #mi mb2b
Bib QrM KQp2K2MiX AM 2KmH�iBQM- i?2 H2�`M2` `2T`Q/m+2b i?2 /2KQMbi`�i2/ TQHB+v Q` KQp2K2Mi-
rBi?Qmi i`vBM; iQ `2T`Q/m+2 i?2 /2KQMbi`�i2/ Qmi+QK2X

BM � #�i+? H2�`MBM; K2i?Q/c BM Qm` +�b2- i?2 a:AJ@�*ha �H;Q`Bi?K /2+B/2b #v Bib2H7 r?B+? Qmi+QK2b Bi M22/b
iQ H2�`M KQ`2 iQ #2ii2` ;2M2`�HBb2 7Q` i?2 r?QH2 Qmi+QK2 bT�+2- HBF2 BM UPm/2v2` 2i �HX- kyydc "�`iQ 2i �HX-
kyy9#c "�`�M2b �M/ Pm/2v2`- kyRjVX JQ`2Qp2`- a:AJ@�*ha �+iBp2Hv `2[m2bib i?2 i2�+?2`Ƕb /2KQMbi`�iBQMb
QMHBM2- #v +?QQbBM; QMHBM2 i?2 #2bi 2tTHQ`�iBQM KQ/2- bBKBH�`Hv iQ U"�`�K 2i �HX- kyy9V- 2t+2Ti i?�i r2 /Q
MQi H2�`M rBi? � /Bb+`2i2 Qmi+QK2 bT�+2 7Q` � +H�bbB}+�iBQM T`Q#H2K- #mi rBi? � +QMiBMmQmb Qmi+QK2 bT�+2X
a:AJ@�*ha �HbQ BMi2`�+ib rBi? b2p2`�H i2�+?2`b �M/ mb2b b2p2`�H bQ+B�H ;mB/�M+2 K2i?Q/b- BM �M BMi2`�+iBp2
H2�`MBM; �TT`Q�+?X

9XjXk �H;Q`Bi?K .2b+`BTiBQM

h?2 T`QTQb2/ �H;Q`Bi?K- a:AJ@�*ha ?�b �H`2�/v #22M mb2/ BM b2+iBQM kXR Q7 +?�Ti2` k BM i?2 +�b2 Q7
/Bb+`2i2 p�`B�#H2bX AM i?Bb b2+iBQM- r2 /2b+`B#2 i?2 a:AJ@�*ha �`+?Bi2+im`2 BM i?2 +�b2 Q7 KQiQ` +QMi`QH
BM +QMiBMmQmb 2MpB`QMK2Mib #v ;BpBM; � #2?�pBQm`�H QmiHBM2 BM b2+iBQM 9XjXkXR- #27Q`2 /2b+`B#BM; Bib ;2M2`�H
bi`m+im`2 BM b2+iBQM 9XjXkXkX q2 i?2M /2i�BH i?2 /Bz2`2Mi 7mM+iBQMb BM b2+iBQMb 9XjXkXj �M/ 9XjXkX9X h?2 Qp2`�HH
�`+?Bi2+im`2 Bb bmKK�`Bb2/ BM �H;Q`Bi?K 9XjXR �M/ Bb BHHmbi`�i2/ BM 6B;m`2 9XjXjX

9XjXkXR �`+?Bi2+im`2 PmiHBM2

AM i?Bb b2+iBQM- #�b2/ QM i?2 7Q`K�HBb�iBQM Q7 b2+iBQM jXRXk mbBM; � bBM;H2 +QMi2ti- r2 /2b+`B#2 i?2 �`+?Bi2+im`2
Q7 a:AJ@�*ha r?B+? K2`;2b BMi`BMbB+�HHv KQiBp�i2/ b2H7@2tTHQ`�iBQM rBi? BMi2`�+iBp2 H2�`MBM; 7Q` bQ+B�HHv
;mB/2/ 2tTHQ`�iBQMX AM i?2 +�b2 Q7 bQ+B�H ;mB/�M+2- � i2�+?2` T2`7Q`Kb �M Q#b2`p2/ i`�D2+iQ`v ζ r?B+? �+?B2p2b
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�H;Q`Bi?K 9XjXR a:AJ@�*ha
AMTmi, i?2 /Bz2`2Mi KQ/2b χα, ...χκX
AMBiB�HBx�iBQM, T�`iBiBQM Q7 Qmi+QK2 bT�+2 R← bBM;H2iQM A

AMBiB�HBx�iBQM, 2TBbQ/B+ K2KQ`v U+QHH2+iBQM Q7 T`Q/m+2/ Qmi+QK2bV H← 2KTiv K2KQ`v
AMBiB�HBx�iBQM, e← 1

HQQT
ai,χ← a2H2+i :Q�H Pmi+QK2 �M/ a�KTHBM; JQ/2(R)

B7 χ = JBKB+ i2�+?2` i KQ/2 i?2M
(ζd, ad)← �bF �M/ Q#b2`p2 /2KQMbi`�iBQM iQ i2�+?2` iX
γ1 ← *QKT2i2M+2 7Q` ag

De ← JBKB+ �+iBQM(ζdV
pe+1 ← L(pe,De)

γ2 ← *QKT2i2M+2 7Q` ag

2Hb2 B7 χ = 1KmH�i2 i2�+?2` i KQ/2 i?2M
(ζd, ad)← �bF �M/ Q#b2`p2 /2KQMbi`�iBQM iQ i2�+?2` iX
1KmH�iBQM, ag ← ad

γ1 ← *QKT2i2M+2 7Q` ag

De ← :Q�H@.B`2+i2/ SQHB+v PTiBKBb�iBQM(ag)
pe+1 ← L(pe,De)

γ2 ← *QKT2i2M+2 7Q` ag

2Hb2
χ = AMi`BMbB+ JQiBp�iBQM KQ/2
ag ← ai

γ1 ← *QKT2i2M+2 7Q` ag

De ← :Q�H@.B`2+i2/ SQHB+v PTiBKBb�iBQM(ag)
pe+1 ← L(pe,De)

γ2 ← *QKT2i2M+2 7Q` ag

2M/ B7
nbA← MmK#2` Q7 2TBbQ/2b BM De

prog ← 2(sig(αp ∗
γ2−γ1

|Ti|·nbA
)− 1)

�TT2M/ De iQ H

R← lT/�i2 Pmi+QK2 �M/ a�KTHBM; JQ/2 AMi2`2bi J�TTBM;(R,H, ag, prog,χ)

e← e+ 1

2M/ HQQT

NR
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Request  to 
teacher n

Mimic

Outcome & 
Sampling Mode

 Interest Mapping
Outcome 

Space
Exploration

Policy 
Space

Exploration

χ  = explore 
autonomously

Autonomous 
Sampling Mode

Socially Guided 
Sampling Mode

SGIM

Select
Goal Outcome 

&Sampling Mode

progress

χ  = mimic teacher i

J J

bd

χ  = emulate teacher i

Request  to 
teacher n

ad

Sampling 
Mode Level Correspondence Correspondence

agag

Emulate

 p(a, b) : Goal Directed
Policy Optimisation

ag ← ad

br br

p !(a, b) : Environment

ar ar

p !(a, b) : Environment

L

Learning the
Model

6B;m`2 9XjXj, hBK2 ~Qr +?�`i Q7 a:AJ@�*ha- r?B+? +QK#BM2b AMi`BMbB+ JQiBp�iBQM �M/ JBKB+FBM;
�M/ 1KmH�iBQM BMiQ j H�v2`b i?�i T2`i�BM iQ i?2 b�KTHBM; KQ/2- i?2 Qmi+QK2 bT�+2 �M/ i?2 TQHB+v
bT�+2 2tTHQ`�iBQM `2bT2+iBp2HvX

�M Qmi+QK2 adX LQi2 i?�i i?2 Q#b2`p2/ i`�D2+iQ`v KB;?i #2 BKTQbbB#H2 7Q` i?2 H2�`M2` iQ `2@2t2+mi2- �M/ ?2
+�M QMHv �TT`Q�+? Bi #2bi rBi? � TQHB+v πbd X

h?2 �;2Mi H2�`Mb iQ �+?B2p2 /Bz2`2Mi ivT2b Q7 Qmi+QK2b #v �+iBp2Hv +?QQbBM; r?B+? Qmi+QK2b iQ 7Q+mb QM
�M/ b2i �b ;Q�Hb UψV- r?B+? b�KTHBM; KQ/2 iQ �/QTi �M/ iQ r?B+? i2�+?2` iQ �bF 7Q` ?2HT UχVX Ai H2�`Mb HQ+�H
BMp2`b2 �M/ 7Q`r�`/ KQ/2Hb BM +QKTH2t- `2/mM/�Mi �M/ +QMiBMmQmb bT�+2bX

a:AJ@�*ha H2�`Mb #v 2TBbQ/2b /m`BM; r?B+? Bi �+iBp2Hv +?QQb2b bBKmHi�M2QmbHv �M Qmi+QK2 ag ∈ A

iQ T`Q/m+2 �M/ � 2tTHQ`�iBQM KQ/2 rBi? � bT2+B}+ i2�+?2` UAAAVVX Aib KQ/2 bT�+2 X Bb /2}M2/ #v i?2b2
T`2b2i b�KTHBM; KQ/2b , BMi`BMbB+�HHv KQiBp�i2/ 2tTHQ`�iBQM- KBKB+`v 7`QK i2�+?2` R- 2KmH�iBQM Q7 i2�+?2`
R- KBKB+`v 7`QK i2�+?2` k- 2KmH�iBQM Q7 i2�+?2` k XXXX

AM �M 2TBbQ/2 rBi? � KBKB+FBM; KQ/2 U`2/ �``Qrb BM 6B;m`2 9XjXj �M/ �H;Q`Bi?K 9XjXR- HBM2 dV- Qm`
a:AJ@�*ha H2�`M2` �+iBp2Hv b2H7@;2M2`�i2b � ;Q�H ag r?2`2 Bib +QKT2i2M+2 BKT`Qp2K2Mi Bb K�tBK�H U+7X
UAAAVVX h?2 a:AJ@�*ha H2�`M2` 2tTHQ`2b T`272`2MiB�HHv ;Q�H Qmi+QK2b 2�bv iQ `2�+? �M/ r?2`2 Bi K�F2b
T`Q;`2bb i?2 7�bi2biX h?2 b2H2+i2/ i2�+?2` �Mbr2`b Bib `2[m2bi rBi? � /2KQMbi`�iBQM [ζd, ad] iQ T`Q/m+2 �M
Qmi+QK2 ad i?�i Bb +HQb2bi iQ ag U+7X b2+iBQM jXkXkVX h?2 `Q#Qi KBKB+b i?2 i2�+?2` iQ `2T`Q/m+2 ζd- 7Q` � }t2/
/m`�iBQM- #v T2`7Q`KBM; TQHB+B2b πb r?B+? �`2 bK�HH p�`B�iBQMb Q7 �M �TT`QtBK�iBQM Q7 ζdX

AM �M 2TBbQ/2 rBi? �M 2KmH�iBQM KQ/2 UTm`TH2 �``Qrb BM 6B;m`2 9XjXj �M/ �H;Q`Bi?K 9XjXR- HBM2
RjV- Qm` a:AJ@�*ha H2�`M2` Q#b2`p2b 7`QK i?2 b2H2+i2/ i2�+?2` � /2KQMbi`�iBQM [ζd, ad]X Ai i`B2b /Bz2`2Mi
TQHB+B2b mbBM; ;Q�H@/B`2+i2/ QTiBKBb�iBQM �H;Q`Bi?Kb iQ �TT`Q�+? i?2 Q#b2`p2/ Qmi+QK2 ad- rBi?Qmi i�FBM;
BMiQ �++QmMi i?2 /2KQMbi`�i2/ TQHB+v ζdX Ai `2@mb2b �M/ QTiBKBb2b Bib TQHB+v `2T2`iQB`2 #mBHi i?`Qm;? Bib T�bi
�miQMQKQmb �M/ bQ+B�HHv ;mB/2/ 2tTHQ`�iBQMb U+7X b2+iBQM jXkX9VX h?2 2TBbQ/2 2M/b �7i2` � }t2/ /m`�iBQMX

AM �M 2TBbQ/2 rBi? i?2 BMi`BMbB+ KQiBp�iBQM KQ/2 U#Hm2 �``Qrb BM 6B;m`2 9XjXj �M/ �H;Q`Bi?K 9XjXR-
HBM2 kRV- Bi 2tTHQ`2b �miQMQKQmbHv 7QHHQrBM; i?2 a�::@_A�* �H;Q`Bi?K U"�`�M2b �M/ Pm/2v2`- kyRjVX Ai
�+iBp2Hv b2H7@;2M2`�i2b � ;Q�H ag r?2`2 Bib +QKT2i2M+2 BKT`Qp2K2Mi Bb K�tBK�H U+7X b2+iBQM UAAAVV- �b BM i?2
KBKB+FBM; KQ/2X h?2M- Bi 2tTHQ`2b r?B+? TQHB+v πb +�M �+?B2p2 ag #2biX Ai i`B2b /Bz2`2Mi TQHB+B2b iQ �TT`Q�+?
i?2 b2H7@/2i2`KBM2/ Qmi+QK2 ag- �b BM i?2 2KmH�iBQM KQ/2 U+7X b2+iBQM jXkX9VX h?2 2TBbQ/2 2M/b �7i2` � }t2/
/m`�iBQMX h?2 BMi`BMbB+ KQiBp�iBQM �M/ 2KmH�iBQM KQ/2b /Bz2` K�BMHv #v i?2 r�v i?2 ;Q�H Qmi+QK2 Bb +?Qb2MX

�M 2ti2MbBp2 bim/v Q7 i?2 `QH2 Q7 i?2b2 /Bz2`2Mi 2tTHQ`�iBQM KQ/2b +�M #2 7QmM/ BM b2+iBQM jX8 Q7 +?�Ti2`
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jX h?mb i?2 KBKB+`v 2tTHQ`�iBQM BM+`2�b2b i?2 H2�`M2`Ƕb TQHB+v `2T2`iQB`2 QM r?B+? iQ #mBH/ mT 2KmH�iBQM
�M/ b2H7@2tTHQ`�iBQM- r?BH2 #B�bBM; i?2 TQHB+v bT�+2 2tTHQ`�iBQMX .2KQMbi`�iBQMb rBi? bi`m+im`2/ TQHB+v b2ib-
bBKBH�` TQHB+v b?�T2b- #B�b i?2 TQHB+v bT�+2 2tTHQ`�iBQM iQ BMi2`2biBM; bm#bT�+2b- i?�i �HHQr i?2 `Q#Qi iQ
Qp2`+QK2 ?B;?@/BK2MbBQM�HBiv �M/ `2/mM/�M+v Bbbm2b �M/ BMi2`TQH�i2 iQ ;2M2`�HBb2 BM +QMiBMmQmb Qmi+QK2
bT�+2bX qBi? 2KmH�iBQM H2�`MBM;- i?2 i2�+?2` BM~m2M+2b i?2 2tTHQ`�iBQM Q7 i?2 Qmi+QK2 bT�+2X >2 +�M ?BM/2`
i?2 2tTHQ`�iBQM Q7 bm#bT�+2b �ii`�+iBM; i?2 H2�`M2`Ƕb �ii2MiBQM iQ Qi?2` bm#bT�+2bX PM i?2 +QMi`�`v- ?2 +�M
2M+Qm`�;2 i?2B` 2tTHQ`�iBQM #v K�FBM; /2KQMbi`�iBQMb BM i?Qb2 bm#bT�+2bX a2H7@2tTHQ`�iBQM Bb 2bb2MiB�H iQ
#mBH/ mT QM i?2b2 /2KQMbi`�iBQMb iQ Qp2`+QK2 +Q``2bTQM/2M+2 T`Q#H2Kb �M/ +QHH2+i KQ`2 /�i� iQ �+[mB`2
#2ii2` T`2+BbBQM �++Q`/BM; iQ i?2 2K#Q/BK2Mi Q7 i?2 `Q#QiX

h?Bb KQ/2�H /2b+`BTiBQM Q7 a:AJ@�*ha Bb 7QHHQr2/ BM i?2 M2ti b2+iBQM #v i?2 /2b+`BTiBQM Q7 Bib �`+?Bi2+im`2X

9XjXkXk >B2`�`+?B+�H ai`m+im`2

a:AJ@�*ha BKT`Qp2b Bib 2biBK�iBQM Q7 i?2 BMp2`b2 KQ/2H BM `Q#Qi +QMi`QH p(b|a) iQ KBMBKBb2 I =
∫

A
p(a)J(a, p̃(a|argmaxb(p(b|a)))da #v 2tTHQ`BM; rBi? i?2 /Bz2`2Mi b�KTHBM; KQ/2b i?2 Qmi+QK2 �M/ TQHB+v

bT�+2bX GBF2 a:AJ@AJ- Bib �`+?Bi2+im`2 Bb b2T�`�i2/ BMiQ i?`22 H�v2`b,

Ç � a�KTHBM; JQ/2 1tTHQ`�iBQM H2p2HX GBF2 BM a:AJ@AJ- i?Bb K2i�@H2p2H H�v2` /2+B/2b QM i?2 /�i�
+QHH2+iBQM bi`�i2;v Q7 i?2 �;2Mi #�b2/ QM i?2 722/#�+F 7`QK i?2 Qi?2` H�v2`bX AM a:AJ@�*ha- Bi
/2+B/2b QM KQ`2 �bT2+ib Q7 Bib bQ+B�H BMi2`�+iBQMX Ai �+iBp2Hv +?QQb2b r?B+? 2tTHQ`�iBQM b�KTHBM;
KQ/2 χ iQ mb2 #2ir22M BMi`BMbB+ KQiBp�iBQM- 2KmH�iBQM �M/ KBKB+`v- �M/ r?B+? i2�+?2` iQ �bF 7Q`
/2KQMbi`�iBQMb Ua2H2+i :Q�H Pmi+QK2 �M/ a�KTHBM; JQ/2VX AM � ;Q�H@Q`B2Mi2/ �TT`Q�+?- Bi K�Tb A

BM i2`Kb Q7 BMi2`2bi H2p2H 7Q` 2�+? b�KTHBM; KQ/2 UPmi+QK2 �M/ a�KTHBM; JQ/2 AMi2`2bi J�TTBM;V iQ
F22T i`�+F r?B+? b�KTHBM; KQ/2 �M/ r?B+? bm#bT�+2 Q7 A H2�/b iQ i?2 #2bi H2�`MBM; T`Q;`2bbX

Ç �M Pmi+QK2 aT�+2 1tTHQ`�iBQM H2p2H r?B+? KBMBKBb2b I #v 2tTHQ`BM; AX Ai /2+B/2b �+iBp2Hv r?2`2
iQ 7Q+mb BM i?2 Qmi+QK2 bT�+2X JQ`2 T`2+Bb2Hv Bi +?QQb2b 7Q` r?B+? Qmi+QK2 ag iQ iQ KBMBKBb2
J(ag, argmaxb(p(b|ag))) �++Q`/BM; iQ i?2 �/QTi2/ b�KTHBM; KQ/2 χX AM i?2 +�b2 Q7 �M 2KmH�iBQM
b�KTHBM; KQ/2- Bi b2ib i?2 Q#b2`p2/ Qmi+QK2 Q7 i?2 /2KQMbi`�iBQM ad �b � ;Q�HX AM i?2 +�b2 Q7
KBKB+`v �M/ BMi`BMbB+ KQiBp�iBQM b�KTHBM; KQ/2b- Bi b2H7@/2i2`KBM2b � ;Q�H ag b2H2+i2/ #v i?2 a2H2+i
:Q�H Pmi+QK2 �M/ a�KTHBM; JQ/2 7mM+iBQMX

Ç � SQHB+v aT�+2 1tTHQ`�iBQM H2p2H r?B+? 2tTHQ`2b i?2 TQHB+v T�`�K2i2`b bT�+2 B iQ �+?B2p2 ag Q` ad

b2i #v i?2 Pmi+QK2 aT�+2 1tTHQ`�iBQM H�v2`- �M/ ;2ib � #2ii2` 2biBK�i2 Q7 i?2 7Q`r�`/ KQ/2H iQ
#mBH/ Bib +QMi`QH KQ/2HX JQ`2 7Q`K�HHv- Bi BKT`Qp2b Bib 2biBK�iBQM Q7 J(ag, p̃(ag|b)) �M/ i?mb #mBH/
Bib +QMi`QH TQHB+v p(b|ag)X qBi? i?2 KBKB+`v 2tTHQ`�iBQM b�KTHBM; KQ/2- Bi KBKB+b i?2 /2KQMbi`�i2/
i`�D2+iQ`v ζd #v i?2 +?Qb2M i2�+?2` iQ 2biBK�i2 p̃(a, b) �`QmM/ i?2 HQ+�HBiv Q7 ζd UJBKB+`vVX qBi?
i?2 2KmH�iBQM �M/ �miQMQKQmb 2tTHQ`�iBQM b�KTHBM; KQ/2- i?2 :Q�H@.B`2+i2/ SQHB+v PTiBKBb�iBQM
7mM+iBQM KBMBKBb2b J(ag, p̃(ag|b))) rBi? `2bT2+i iQ bX Ai }M�HHv `2im`Mb iQ i?2 a�KTHBM; JQ/2 �M/
Pmi+QK2 aT�+2 1tTHQ`�iBQM H2p2H i?2 K2�bm`2 Q7 +QKT2i2M+2 T`Q;`2bb 7Q` `2�+?BM; ag Q` adX

h?2 2tTHQ`�iBQM BM i?2 i?`22 H2p2Hb Bb i?2 F2v iQ i?2 `Q#mbiM2bb Q7 a:AJ@�*ha BM ?B;? /BK2MbBQM�H TQHB+v
bT�+2bX

Nj
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9XjXkXj SQHB+v aT�+2 1tTHQ`�iBQM

h?2 TQHB+v bT�+2 2tTHQ`�iBQM Bb +�``B2/ Qmi #v irQ 7mM+iBQMb- i?2 JBKB+ � SQHB+v �M/ :Q�H@.B`2+i2/ SQHB+v
PTiBKBb�iBQM 7mM+iBQMbX h?2v ?�p2 #22M /2i�BH2/ BM b2+iBQMb jXkXk UT�;2 8kV �M/ jXkX9 UT�;2 89VX

9XjXkX9 a�KTHBM; JQ/2 �M/ Pmi+QK2 aT�+2 1tTHQ`�iBQM

h?2 a�KTHBM; JQ/2 �M/ Pmi+QK2 aT�+2 1tTHQ`�iBQM Q7 a:AJ@�*ha #2�`b ?B;? `2b2K#H�M+2 rBi? a:AJ@AJX
>Qr2p2`- i?2 +?QB+2 Q7 b�KTHBM; KQ/2 �M/ Q7 ;Q�H Qmi+QK2 ?�b #22M mMB}2/ mM/2` � b�K2 /2+BbBQM T`Q+2bb #v
K�TTBM; i?2 Pmi+QK2 �M/ a�KTHBM; JQ/2 aT�+2b BM i2`Kb Q7 BMi2`2biX Ai �HbQ ?�b � M2r 7mM+iBQM- 1KmH�iBQM-
r?B+? BKTH2K2Mib � M2r b�KTHBM; KQ/2X

UAV 1KmH�iBQM AM i?2 2KmH�iBQM b�KTHBM; KQ/2- i?2 H2�`M2` 2tTHQ`2b Qmi+QK2b ad i?�i ?2 Q#b2`p2/ 7`QK
i?2 /2KQMbi`�iBQMb, ag ← adX h?2 H2�`M2` i`B2b iQ �+?B2p2 ad #v ;Q�H@Q`B2Mi2/ TQHB+v QTiBKBb�iBQM- r?B+?
�HHQrb /�i� +QHH2+iBQM �M/ mT/�iBM; Q7 i?2 +QMi`QH KQ/2H p(b|ad)X

UAAV Pmi+QK2 �M/ a�KTHBM; JQ/2 AMi2`2bi J�TTBM; A Bb T�`iBiBQM2/ �++Q`/BM; iQ BMi2`2bi H2p2HbX
q2 MQi2 R = {Ri, A = ∪iRi} � T�`iBiBQM Q7 AX 6Q` 2�+? Qmi+QK2 a 2tTHQ`2/ rBi? b�KTHBM; KQ/2 χ- i?2
H2�`M2` 2p�Hm�i2b Bib +QKT2i2M+2 T`Q;`2bb- r?2`2 +QKT2i2M+2 K2�bm`2 �bb2bb2b ?Qr +HQb2 Bi +�M `2�+? a,
γa,χ = min(A,b)∈HJ(a, b)X � ?B;? p�Hm2 Q7 γa,χ K2�Mb � ;QQ/ +QKT2i2M+2 �i `2�+?BM; i?2 ;Q�H a #v b�KTHBM;
KQ/2 χX

6Q` 2�+? 2TBbQ/2- Bi +�M +QKTmi2 Bib +QKT2i2M+2 7Q` i?2 ;Q�H Qmi+QK2 �i i?2 #2;BMMBM; Q7 i?2 2TBbQ/2 γ1a,χ
�M/ i?2 2M/ Q7 i?2 2TBbQ/2 γ2a,χ �7i2` i`vBM; nbA KQp2K2Mib �M/ K2�bm`2 Bib +QKT2i2M+2 T`Q;`2bb,

prog = 2(sig(αp ∗
γ1a,χ − γ

2
a,χ

|Ai| · nbA
)− 1) rBi? sig(x) =

ex + e−x

2
U9XkV

r?2`2 αp Bb � +QMbi�Mi �M/ |Ai| Bb i?2 bBx2 Q7 i?2 bm#bT�+2 AiX
A Bb T�`iBiBQM2/ bQ �b iQ K�tBK�HHv /Bb+`BKBM�i2 �`2�b �++Q`/BM; iQ i?2B` +QKT2i2M+2 T`Q;`2bb- �b /2b+`B#2/

BM �H;Q`Bi?K 9XjXk �M/ U"�`�M2b �M/ Pm/2v2`- kyRjVX 6Q` 2�+? b�KTHBM; KQ/2 χ- r2 /2}M2 � +Qbi κ(χ)-
r?B+? �`2 r2B;?ib 7Q` i?2 +QKTmi�iBQM Q7 i?2 BMi2`2bi Q7 2�+? `2;BQM Q7 i?2 Qmi+QK2 bT�+2X κ(χ) `2T`2b2Mib
i?2 T`272`2M+2 Q7 i?2 i2�+?2`b iQ ?2HT i?2 `Q#Qi Q` MQi- Q` i?2 +Qbi BM iBK2 �M/ 2M2`;v XXX Q7 2�+? b�KTHBM;
KQ/2- �M/ BM i?Bb bim/v κ(χ) �`2 b2i iQ �`#Bi`�`v +QMbi�Mi p�Hm2bX

q2 +QKTmi2 i?2 BMi2`2bi �b i?2 HQ+�H +QKT2i2M+2 T`Q;`2bb- Qp2` � bHB/BM; iBK2 rBM/Qr Q7 i?2 δ KQbi
`2+2Mi ;Q�Hb �ii2KTi2/ BMbB/2 Ri rBi? b�KTHBM; KQ/2 χ r?B+? #mBH/b i?2 HBbi Q7 +QKT2i2M+2 T`Q;`2bb K2�bm`2b
Ri(χ) = {progress1, ...progress|Ri(χ)|},

interestRi
(χ) =

mean|Ri(χ)|
j=|Ri(χ)|−δ

progressj

κ(χ)
U9XjV

h?2 T�`iBiBQM Q7 A Bb /QM2 `2+m`bBp2Hv �M/ bQ �b iQ K�tBK�HHv /Bb+`BKBM�i2 �`2�b �++Q`/BM; iQ i?2B` H2p2Hb
Q7 BMi2`2biX � bTHBi Bb i`B;;2`2/ QM+2 � MmK#2` Q7 Qmi+QK2b gmax ?�b #22M �ii2KTi2/ BMbB/2 Rn rBi? i?2
b�K2 KQ/2 χ U�H;Q`Bi?K 9XjXk- HBM2 RkVX h?2 bTHBi b2T�`�i2b �`2�b Q7 /Bz2`2Mi BMi2`2bi H2p2Hb �M/ /Bz2`2Mi

N9
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`2�+?BM; /B{+mHiB2b UHBM2 RjVX h?2 bTHBi Q7 � `2;BQM Rn BMiQ Rn+1 �M/ Rn+2 Bb /QM2 #v b2H2+iBM; �KQM; K
`�M/QKHv ;2M2`�i2/ bTHBib- � bTHBi /BK2MbBQM j ∈ |A| �M/ i?2M � TQbBiBQM vj Ur2 bmTTQb2 i?�i Rn ⊂ Ai ⊂ A

rBi? Ai � M@/BK2MbBQM�H bT�+2V bm+? i?�i,

Ç �HH i?2 a ∈ Rn+1 ?�p2 � Di? +QKTQM2Mi bK�HH2` i?�M pDc

Ç �HH i?2 a ∈ Rn+2 ?�p2 � Di? +QKTQM2Mi ?B;?2` i?�M pDc

Ç Ai K�tBKBb2b i?2 [m�MiBiv Qual(j, vj) = |Rn+1|.|Rn+2| |interestRn+1((χ)) − interestRn+2
(χ)|- r?2`2

|Ri| Bb i?2 bBx2 Q7 i?2 `2;BQM Ric

�H;Q`Bi?K 9XjXk (R) 4 lT/�i2 Pmi+QK2 �M/ a�KTHBM; JQ/2 AMi2`2bi
J�TTBM;UR,H, ag, progressg,χV

BMTmi, R, b2i Q7 `2;BQMb Rn �M/ +Q``2bTQM/BM; interestRn
(χ) 7Q` 2�+? b�KTHBM; KQ/2 χX

BMTmi, ag, progressg, ;Q�H Qmi+QK2 Q7 i?2 2TBbQ/2 �M/ Bib T`Q;`2bb K2�bm`2X
BMTmi, H, i?2 b2i Q7 �HH Q#b2`p2/ Qmi+QK2b /m`BM; i?2 2TBbQ/2 �M/ i?2B` T`Q;`2bb K2�bm`2b (ar, progressr)X

BMTmi, χ, b�KTHBM; KQ/2 �M/ i2�+?2` mb2/ /m`BM; i?2 2TBbQ/2X
T�`�K2i2`, gMax , i?2 K�tBK�H MmK#2` Q7 2H2K2Mib BMbB/2 � `2;BQMX
T�`�K2i2`, δ , � iBK2 rBM/Qr mb2/ iQ +QKTmi2 i?2 BMi2`2biX
7Q` �HH (a, progress) ∈ {H, (ag, progressg)} /Q

6BM/ i?2 `2;BQM Rn ∈ R bm+? i?�i a ∈ RnX
�// progress BM Rn(χ)- i?2 HBbi Q7 +QKT2i2M+2 T`Q;`2bb K2�bm`2b Q7 2tT2`BK2Mib a ∈ Rn rBi? b�KTHBM;
KQ/2 χX
*QKTmi2 i?2 M2r p�Hm2 Q7 +QKT2i2M+2 T`Q;`2bb Q7 Rn(χ),

interestRn
(χ) =

mean|Rn|
i=|Rn|−δ

progressi
κ(χ)

B7 |Rn(χ)| > gmax i?2M
R← aTHBi RnX

2M/ B7
2M/ 7Q`
`2im`M R

UAAAV a2H2+i :Q�H Pmi+QK2 �M/ a�KTHBM; JQ/2 AM Q`/2` iQ #�H�M+2 2tTHQBi�iBQM �M/ 2tTHQ`�iBQM-
i?2 M2ti ;Q�H Qmi+QK2 �M/ KQ/2 �`2 b2H2+i2/ �++Q`/BM; iQ QM2 Q7 i?2 j KQ/2b- +?Qb2M biQ+?�biB+�HHv rBi?
`2bT2+iBp2Hv T`Q#�#BHBiB2b TR- Tk �M/ Tj,

Ç KQ/2 R, +?QQb2 χ �M/ a ∈ A `�M/QKHvX Ai 2Mbm`2b � KBMBKmK Q7 2tTHQ`�iBQM Q7 i?2 7mHH KQ/2 �M/
Qmi+QK2 bT�+2bX

Ç KQ/2 k, +?QQb2 i?2 `2;BQM Rn(χV �M/ i?mb i?2 KQ/2 χ rBi? � T`Q#�#BHBiv T`QTQ`iBQM�H iQ Bib BMi2`2bi
p�Hm2 interestRn

(χV,

N8
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T1 T2 T3

R1 R2

R3 R4

R5 R10

R6 R7 R8

R9

Self-exploration Mode

Mimicry of Teacher 1 Mode

Emulation of Teacher 2 Mode

Task Space

Selected Region and 
Sampling Mode

6B;m`2 9XjX9, h?2 b2H2+iBQM Q7 Qmi+QK2 �M/ b�KTHBM; KQ/2 Bb #�b2/ QM � T�`iBiBQM Q7 i?2 Qmi+QK2
bT�+2 rBi? `2bT2+i iQ /Bz2`2Mi +QKT2i2M+2 T`Q;`2bb H2p2HbX q2 BHHmbi`�i2 rBi? i?2 +�b2 Q7 �M Qmi+QK2
bT�+2 Q7 j /Bz2`2Mi ivT2b Q7 Qmi+QK2bX A = A1 ∪ A2 ∪ A3 r?2`2 A1 ⊂ R2- T2 ⊂ R �M/ T3 ⊂ R3X
� Bb T�`iBiBQM2/ BM `2;BQMb Ri iQ r?B+? �`2 �bbQ+B�i2/ K2�bm`2b Q7 +QKT2i2M+2b γ 7Q` 2�+? KQ/2X h?2
Ǵa2H2+i :Q�H Pmi+QK2 �M/ a�KTHBM; JQ/2Ǵ 7mM+iBQM +?QQb2b i?2 U`2;BQM- KQ/2V T�B` i?�i K�F2b i?2
KQbi +QKT2i2M+2 T`Q;`2bbX

Pn(χ) =
interestRn

(χ)−KBM(interestRi
)

∑|Rn|
i=1 interestRi

(χ)−KBM(interestRi
)

U9X9V

�M Qmi+QK2 a Bb i?2M ;2M2`�i2/ `�M/QKHv BMbB/2 RnX h?Bb KQ/2 mb2b 2tTHQBi�iBQM iQ +?QQb2 i?2 `2;BQM
rBi? ?B;?2bi BMi2`2bi K2�bm`2X

Ç KQ/2 j, i?2 KQ/2 �M/ `2;BQMb �`2 b2H2+i2/ HBF2 BM KQ/2 k- #mi i?2 Qmi+QK2 a ∈ Rn Bb ;2M2`�i2/ +HQb2
iQ i?2 �H`2�/v 2tT2`BK2Mi2/ QM2 r?B+? `2+2Bp2/ i?2 HQr2bi +QKT2i2M+2 2biBK�iBQMX h?Bb KQ/2 �HbQ
mb2b 2tTHQBi�iBQM iQ +?QQb2 i?2 #2bi Qmi+QK2 �M/ KQ/2 rBi? `2bT2+i iQ BMi2`2bi K2�bm`2bX

q2 BHHmbi`�i2 BM i?2 7QHHQrBM; b2+iBQM i?Bb ?B2`�`+?B+�H �H;Q`Bi?K i?`Qm;? �M BHHmbi`�iBQM 2t�KTH2 r?2`2 �
`Q#Qi H2�`Mb iQ i?`Qr � #�HH Q` iQ TH�+2 Bi �i /Bz2`2Mi �M;H2b rBi? d b�KTHBM; KQ/2b, BMi`BMbB+�HHv KQiBp�i2/
2tTHQ`�iBQM- KBKB+`v 7`QK j i2�+?2`b �M/ 2KmH�iBQM 7`QK j i2�+?2`bX

9XjXj h?`QrBM; �M/ SH�+BM; � "�HH

9XjXjXR 1tT2`BK2Mi�H a2imT

AM Qm` bBKmH�i2/ 2tT2`BK2Mi�H b2imT- r2 ?�p2 � R /2;`22@Q7@7`22/QK �`K TH�+2 � #�HH �i /Bz2`2Mi �M;H2b Q`
i?`Qr i?2 #�HH #v +QMi`QHHBM; Bib �M;mH�` �++2H2`�iBQM φ̈ U6B;m`2 9XjX8VX h?2 iBK2 2pQHmiBQM Q7 Bib �M;mH�`
�++2H2`�iBQM Bb /2b+`B#2/ rBi? KQiQ` T`BKBiBp2b /2i2`KBM2/ #v R9 T�`�K2i2`bX B ⊂ R14 �b /2b+`B#2/ BM
T�`�;`�T? UAVX h?2 Qmi+QK2 bT�+2 Bb +QKTQb2/ Q7 k ivT2b Q7 Qmi+QK2b A = A1 ∪ A2- i?�i r2 /2i�BH BM
T�`�;`�T? UAAV �M/ T�`�;`�T? UAAAVX

UAV SQHB+v S�`�K2i2` aT�+2 ai�`iBM; 7`QK �M;H2 φ = 0- i?2 `Q#Qi +�M +QMi`QH Bib �M;mH�` �++2H2`�iBQM
φ̈X Aib KQp2K2Mi Bb T�`�K2i2`Bb2/ #v b = (φ̈1, t1, ...φ̈7, t7) r?B+? /2}M2b i?2 �++2H2`�iBQM Q7 i?2 �`K 7Q` i?2
d /m`�iBQMb tiX Ai i?mb /2}M2b φ̈(t) �b � TB2+2rBb2 +QMbi�Mi 7mM+iBQMX h?2 TQHB+v T�`�K2i2` bT�+2 B Bb
�`#Bi`�`BHv b2i iQ � R9 /BK2MbBQM�H bT�+2X

Ne
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Φ
h

x

v

ob
st
ac
le

6B;m`2 9XjX8, �M �`K- /2b+`B#2/ #v Bib �M;H2 φ- Bb +QMi`QHH2/ #v � KQiQ` T`BKBiBp2 rBi? R9 +QMiBMmQmb
T�`�K2i2`b Ui�FBM; #QmM/2/ p�Hm2bV i?�i /2i2`KBM2 i?2 2pQHmiBQM Q7 Bib �++2H2`�iBQM φ̈ X � #�HH Bb ?2H/ #v i?2
�`K �M/ i?2M `2H2�b2/ �i i?2 2M/ Q7 i?2 KQiBQMX h?2 Q#D2+iBp2 Q7 i?2 `Q#Qi Bb iQ H2�`M i?2 K�TTBM; #2ir22M
i?2 T�`�K2i2`b Q7 i?2 KQiQ` T`BKBiBp2 �M/ irQ ivT2b Q7 Qmi+QK2b ?2 +�M T`Q/m+2, � #�HH i?`QrM �i /Bbi�M+2 t
�M/ ?2B;?i ?- Q` � #�HH TH�+2/ �i i?2 �`K iBT �i �M;H2 φ rBi? p2HQ+Biv bK�HH2` i?�M |vmax|X

UAAV h?`QrBM; Pmi+QK2b h?2 }`bi ivT2 Q7 Qmi+QK2b Bb i?2 /Bz2`2Mi /Bbi�M+2 t �M/ ?2B;?i ? �i r?B+?
i?2 #�HH J +�M #2 i?`QrMX A1 = {(x, h)} Bb � +QMiBMmQmb bT�+2 Q7 /BK2MbBQM kX h?2 #�HH- BMBiB�HHv BM i?2
`Q#QiǶb ?�M/ Bb }`bi �++2H2`�i2/ #v i?2 `Q#Qi �`K- �M/ i?2M �miQK�iB+�HHv `2H2�b2/,

Ç �i TQbBiBQM O⃗M t=0 r?B+? Bb i?2 TQbBiBQM Q7 i?2 iBT Q7 i?2 �`K-

Ç rBi? p2HQ+Biv dO⃗M
dt t=0

r?B+? K�;MBim/2 Bb i?2 p2HQ+Biv Q7 i?2 �`K- �M/ r?B+? /B`2+iBQM Bb i?2 i�M;2Mi
Q7 i?2 �`K KQp2K2MiX

h?2M- i?2 #�HH 7�HHb mM/2` ;`�pBiv 7Q`+2- /2b+`B#2/ #v i?2 2[m�iBQM,

O⃗M t =
g⃗

2
· t2 +

dO⃗M

dt t=0
· t+ O⃗M t=0, U9X8V

r?2`2 g⃗ Bb i?2 ;`�pBiv 7Q`+2X t Bb i?2`27Q`2 +QKTmi2/ 7Q` timpact- i?2 iBK2 r?2M i?2 #�HH iQm+?2b i?2 ;`QmM/-
Q` BM Qi?2` rQ`/b i?2 bQHmiBQM iQ i?2 kM/ TQHvMQKB�H 2[m�iBQM,

−g

2
· t2 +

dz

dt t=0
· t+ zt=0 = 0 U9XeV

h?2 K�tBKmK ?2B;?i Bb �HbQ /B`2+iHv +QKTmi2/ #v 2[m�iBQM,

h = zt=0 +
(dOM

dt t=0
)2

2g
; U9XdV

hQ K�F2 i?2 i?`QrBM; H2bb i`BpB�H- r2 �HbQ �//2/ � r�HH �b �M Q#bi�+H2 �i t4 RyX h?2 #�HH +�M #QmM+2 QM
i?2 r�HH mbBM; �M BKKQ#BH2 r�HH KQ/2H �M/ 2H�biB+ +QHHBbBQMX

Nd
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UAAAV SH�+BM; Pmi+QK2b h?2 b2+QM/ ivT2 Q7 Qmi+QK2b Bb TH�+BM; � #�HH �i /Bz2`2Mi �M;H2b φX h?2`27Q`2
T2 Bb Q7 /BK2MbBQM RX hQ �+?B2p2 �M Qmi+QK2 BM T2- i?2 `Q#Qi ?�b iQ biQT Bib �`K BM � /B`2+iBQM φ #27Q`2
`2H2�bBM; i?2 #�HH- BX2X Bi H2�`Mb iQ `2�+? φ �i � bK�HH p2HQ+Biv |v| < |vmax|X

�Mv TQHB+v rQmH/ KQp2 i?2 �`K iQ � }M�H �M;H2 φ- #mi iQ ǴTH�+2Ǵ i?2 #�HH �i �M �M;H2- Bi �HbQ M22/b iQ
`2�+? � p2HQ+Biv bK�HH2` i?�M |vmax|X h?2`27Q`2 TH�+BM; � #�HH Bb /B{+mHiX

h?2 `Q#Qi H2�`Mb r?B+? �`K KQp2K2Mi Bi M22/b iQ T2`7Q`K iQ 2Bi?2` TH�+2 �i � ;Bp2M �M;H2 φ Q` iQ i?`Qr �
#�HH �i � ;Bp2M ?2B;?i �M/ /Bbi�M+2X J�i?2K�iB+�HHv bT2�FBM;- Bi H2�`Mb ?B;?Hv `2/mM/�Mi K�TTBM;b #2ir22M
� R9@/BK2MbBQM�H TQHB+v bT�+2 �M/ � mMBQM Q7 � R. �M/ � k. +QMiBMmQmb Qmi+QK2 bT�+2bX

AM Qm` 2tT2`BK2Mi�H b2imT- i?2 Qmi+QK2 bT�+2 Bb i?mb i?2 mMBQM Q7 irQ +QMiBMmQmb bT�+2b Q7 /Bz2`2Mi
/BK2MbBQM�HBiB2b- `2H�i2/ iQ i?`QrBM; �M/ TH�+BM; bFBHHb- r?B+? K�F2b Bi +QKTH2t #2+�mb2 Q7 i?2 +QMiBMmQmb
�M/ +QKTQbBi2 M�im`2 Q7 i?2 bT�+2X h?2 +QKTH2tBiv Q7 i?2 TH�+BM; Q7 i?2 #�HH /2T2M/b QM i?2 T?vbB+b Q7
i?2 #Q/v �M/ QM i?2 bi`m+im`2 Q7 KQiQ` +QKK�M/bX q2 +?QQb2 iQ +QMi`QH i?2 `Q#Qi #v �M;mH�` �++2H2`�iBQM
iQ 2KT?�bBb2 i?2 /Bz2`2M+2 BM i?2 2�b2 Q7 +QMi`QH #2ir22M i?2 Ǵi?`QrBM; Qmi+QK2bǴ r?B+? `2[mB`2 `�i?2`
� p2HQ+Biv +QMi`QH- �M/ i?2 ǴTH�+BM; Qmi+QK2bǴ r?B+? `2[mB`2 `�i?2` � TQbBiBQM +QMi`QHX :Bp2M i?2 KQiQ`
+QMi`QH #v �++2H2`�iBQM �M/ i?2 2M+Q/BM; Q7 KQiQ` T`BKBiBp2b- i?2 TH�+BM; Qmi+QK2b �`2 i?mb KQ`2 /B{+mHi
iQ �+?B2p2 i?�M i?2 i?`QrBM; Qmi+QK2bX

9XjXjXk a2p2`�H h2�+?2`b �M/ a�KTHBM; JQ/2b

q2 +`2�i2 bBKmH�i2/ i2�+?2`b #v #mBH/BM; j /2KQMbi`�iBQM b2ib 7`QK r?B+? iQ TB+F � `�M/QK /2KQMbi`�iBQM
r?2M �bF2/ #v i?2 H2�`M2` ,

Ç i2�+?2` R ?�b H2�`M2/ ?Qr iQ i?`Qr � #�HH rBi? a�::@_A�*X h?2 i2�+?2` R ?�b i?2 b�K2 KQiQ`
T`BKBiBp2b 2M+Q/BM; �b i?2 H2�`M2`- �M/ i?2 `Q#Qi Q#b2`p2b 7`QK i?2 /2KQMbi`�i2/ i`�D2+iQ`B2b /B`2+iHv
i?2 /2KQMbi`�i2/ bd = (φ̈1, t1, ...φ̈7, t7)X

Ç i2�+?2` k Bb �M 2tT2`i BM TH�+BM;- T`Q;`�KK2/ #v �M 2tTHB+Bi 2[m�iBQM iQ TH�+2 �i �Mv �M;H2 rBi? �
MmHH p2HQ+BivX h?2 i2�+?2` k iQQ ?�b i?2 b�K2 KQiQ` T`BKBiBp2b 2M+Q/BM; �b i?2 H2�`M2`- �M/ i?2 `Q#Qi
Q#b2`p2b 7`QK i?2 /2KQMbi`�i2/ i`�D2+iQ`B2b /B`2+iHv i?2 /2KQMbi`�i2/ bd = (φ̈1, t1, ...φ̈7, t7)X

Ç i2�+?2` j Bb �M 2tT2`i BM TH�+BM;- 2t+2Ti i?�i BM i?Bb +�b2 i?2 H2�`M2` 7�+2b +Q``2bTQM/2M+2 T`Q#H2Kb
�M/ KBbBMi2`T`2ib i?2 irQ T�`�K2i2`b φ̈6 �M/ φ̈7 �b i?2 QTTQbBi2 p�Hm2bX AM i?Bb 2tT2`BK2Mi- r2 /Q
MQi �ii2KTi iQ bQHp2 i?Bb +Q``2bTQM/2M+2 T`Q#H2KX q2 �HbQ MQi2 i?�i r?BH2 i?2 H2�`M2` ?�b Bbbm2b
KBKB+FBM; i2�+?2` j- ?2 ?�b MQ Bbbm2b 2KmH�iBM; i2�+?2` j- �b i?2 Qmi+QK2 bT�+2 T�`�K2i`Bb�iBQM Bb
i?2 b�K2X

h?2`27Q`2 BM Qm` 2tT2`BK2Mi- i?2 BMi2`�+iBp2 H2�`M2` +�M +?QQb2 #2ir22M i?2 d b�KTHBM; KQ/2b Q7 X ,
a�::@_A�* �miQMQKQmb 2tTHQ`�iBQM- 2KmH�iBQM Q7 2�+? Q7 i?2 j i2�+?2`b Q` KBKB+`v Q7 2�+? Q7 i?2 j
i2�+?2`bX

9XjXjXj *QKT�`BbQM Q7 G2�`MBM; �H;Q`Bi?Kb

hQ �bb2bb i?2 2{+B2M+v Q7 a:AJ@�*ha- r2 /2+B/2 iQ +QKT�`2 i?2 T2`7Q`K�M+2 Q7 b2p2`�H H2�`MBM; �H;Q`Bi?Kb
U6B;m`2 9XjXeV,

N3



L;mv2M a�Q J�B AMi2`�+iBp2 ai`�i2;B+ G2�`M2`

Demo 1 Mimic Demo 1 Mimic Demo 1 Mimic Demo 1 Mimic Demo 1 MimicMimic teacher 1

AutonomousSAGG-RIAC

Random ActionsRandom

Demo

Demo 2 Emulate Demo 2 Emulate Demo 2 Emulate Demo 2 Emulate Demo 2 EmulateEmulate teacher 2

Demo 2 Emulate Autonomous Demo 2 Mimic Demo 1 Mimic Demo 1 EmulateSGIM-ACTS

# actions

6B;m`2 9XjXe, *QKT�`BbQM Q7 b2p2`�H H2�`MBM; �H;Q`Bi?Kb

Ç _�M/QK 2tTHQ`�iBQM , i?`Qm;?Qmi i?2 2tT2`BK2Mi- i?2 `Q#Qi H2�`Mb #v TB+FBM; TQHB+v T�`�K2i2`b
`�M/QKHvX Ai 2tTHQ`2b `�M/QKHv i?2 TQHB+v T�`�K2i2` bT�+2 BX

Ç a�::@_A�* , i?`Qm;?Qmi i?2 2tT2`BK2Mi- i?2 `Q#Qi mb2b �+iBp2 ;Q�H@#�##HBM; iQ 2tTHQ`2
�miQMQKQmbHv- rBi?Qmi i�FBM; BMiQ �++QmMi �Mv /2KQMbi`�iBQM #v i?2 i2�+?2`- �M/ Bb /`Bp2M #v
BMi`BMbB+ KQiBp�iBQMX

Ç KBKB+`v , �i � `2;mH�` 7`2[m2M+v- i?2 H2�`M2` /2i2`KBM2b � ;Q�H ag r?2`2 H2�`MBM; T`Q;`2bb Bb K�tBK�H-
�M/ `2[m2bib iQ i?2 +?Qb2M i2�+?2` � /2KQMbi`�iBQMX h?2 i2�+?2` b2H2+ib �KQM; ?Bb /�i� b2i �
/2KQMbi`�iBQM [ζd, ad] bQ i?�i ad = argmina∈{DemoSet}||ag−a||X h?2 H2�`M2` KBKB+b i?2 /2KQMbi`�i2/
TQHB+v ζd #v `2T2�iBM; i?2 KQp2K2Mi rBi? bK�HH p�`B�iBQMbX

Ç 2KmH�iBQM , �i � `2;mH�` 7`2[m2M+v- i?2 H2�`M2` /2i2`KBM2b � ;Q�H ag r?2`2 H2�`MBM; T`Q;`2bb Bb
K�tBK�H- �M/ `2[m2bib iQ i?2 +?Qb2M i2�+?2` � /2KQMbi`�iBQMX h?2 i2�+?2` b2H2+ib �KQM; ?Bb /�i� b2i
� /2KQMbi`�iBQM [ζd, ad] bQ i?�i ad = argmina∈{DemoSet}||ag − a||X h?2 H2�`M2` i`B2b iQ `2T`Q/m+2 i?2
Qmi+QK2 adX

Ç a:AJ@�*ha , BMi2`�+iBp2 H2�`MBM; r?2`2 i?2 `Q#Qi H2�`Mb #v �+iBp2Hv +?QQbBM; #2ir22M BMi`BMbB+
KQiBp�iBQM KQ/2 Q` QM2 Q7 i?2 bQ+B�HHv ;mB/2/ 2tTHQ`�iBQM KQ/2b rBi? i?2 +?Qb2M i2�+?2`, KBKB+FBM;
Q` 2KmH�iBQMX

q2 `mM bBKmH�iBQMb rBi? i?2 7QHHQrBM; T�`�K2i2`bX h?2 +Qbib Q7 �HH bQ+B�HHv ;mB/2/ KQ/2b κ(χ) �`2 b2i
iQ 2- �M/ i?2 +Qbi Q7 BMi`BMbB+ KQiBp�iBQM Bb b2i iQ RX h?2 T`Q#�#BHBiB2b 7Q` i?2 /Bz2`2Mi KQ/2b Q7 b2H2+iBM;
� `2;BQM Q7 i?2 Qmi+QK2 bT�+2 �M/ � KQ/2 �`2, TR 4 yXy8- Tk 4 yXd �M/ Tj 4 yXk8X Pi?2` T�`�K2i2`b �`2
ϵ = 0.05, gmax = 10- αp = 1000 �M/ vmax = 0.01X

6Q` 2�+? 2tT2`BK2Mi- r2 H2i i?2 `Q#Qi T2`7Q`K 3yyy �+iBQMb BM iQi�H- �M/ 2p�Hm�i2 Bib T2`7Q`K�M+2 2p2`v
Ryyy �+iBQMb- #v `2[mB`BM; i?2 bvbi2K iQ T`Q/m+2 Qmi+QK2b 7`QK � #2M+?K�`F b2i i?�i Bb 2p2MHv /Bbi`B#mi2/
BM i?2 Qmi+QK2 bT�+2 �M/ BM/2T2M/2Mi 7`QK i?2 H2�`MBM; /�i�X

NN



L;mv2M a�Q J�B AMi2`�+iBp2 ai`�i2;B+ G2�`M2`

6B;m`2 9XjXd, J2�M 2``Q` 7Q` i?2 /Bz2`2Mi H2�`MBM; �H;Q`Bi?Kb �p2`�;2/ Qp2` i?2 irQ bm# Qmi+QK2
bT�+2b U}M�H p�`B�M+2 p�Hm2 ∆ Bb BM/B+�i2/ BM i?2 H2;2M/V X

Ryy



L;mv2M a�Q J�B AMi2`�+iBp2 ai`�i2;B+ G2�`M2`
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6B;m`2 9XjX3, J2�M 2``Q` 7Q` i?2 /Bz2`2Mi H2�`MBM; �H;Q`Bi?Kb 7Q` 2�+? Q7 i?2 i?`QrBM; Qmi+QK2b �M/
TH�+BM; Qmi+QK2b b2T�`�i2HvX h?2 H2;2M/ Bb i?2 b�K2 �b BM 6B;m`2 9XjXdX

RyR



L;mv2M a�Q J�B AMi2`�+iBp2 ai`�i2;B+ G2�`M2`

6B;m`2 9XjXN, a�KTHBM; JQ/2 +?Qb2M #v a:AJ@�*ha i?`Qm;? iBK2, T2`+2Mi�;2 Q7 iBK2b 2�+? KQ/2
Bb +?Qb2M 7Q` b2p2`�H `mMb Q7 i?2 2tT2`BK2MiX
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Chosen Tasks
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Task : Throwing 
Task : Placing

6B;m`2 9XjXRy, hvT2b Q7 Qmi+QK2 +?Qb2M #v a:AJ@�*ha i?`Qm;? iBK2, T2`+2Mi�;2 Q7 iBK2b 2�+?
FBM/ Q7 Qmi+QK2 Bb +?Qb2M 7Q` b2p2`�H `mMb Q7 i?2 2tT2`BK2MiX

Ryk



L;mv2M a�Q J�B AMi2`�+iBp2 ai`�i2;B+ G2�`M2`

6B;m`2 9XjXRR, *QMbBbi2M+v BM i?2 +?QB+2 Q7 Qmi+QK2- i2�+?2` �M/ KQ/2, T2`+2Mi�;2 Q7 iBK2b 2�+?
b�KTHBM; KQ/2- i2�+?2` �M/ Qmi+QK2 �`2 +?Qb2M Qp2` �HH i?2 ?BbiQ`v Q7 i?2 `Q#QiX

9XjXjX9 _2bmHib

h?2 +QKT�`BbQM Q7 i?2b2 7Qm` H2�`MBM; �H;Q`Bi?Kb BM 6B;m`2 9XjXd b?Qrb i?�i a:AJ@�*ha /2+`2�b2b Bib
+mKmH�iBp2 2``Q` 7Q` #Qi? TH�+BM; �M/ i?`QrBM;X Ai T2`7Q`Kb #2ii2` i?�M �miQMQKQmb 2tTHQ`�iBQM #v `�M/QK
b2�`+? Q` BMi`BMbB+ KQiBp�iBQM- �M/ #2ii2` i?�M �Mv bQ+B�HHv ;mB/2/ 2tTHQ`�iBQM rBi? �Mv i2�+?2`X 6B;m`2
9XjX3 /2i�BHb i?�i a:AJ@�*ha 2``Q` `�i2 7Q` #Qi? TH�+BM; �M/ i?`QrBM; Bb HQrX 6Q` i?`QrBM;- a:AJ@�*ha
T2`7Q`Kb i?2 #2bi BM i2`Kb Q7 2``Q` `�i2 �M/ bT22/ #2+�mb2 Bi +QmH/ }M/ i?2 `B;?i b�KTHBM; KQ/2X q2 �HbQ
MQi2 i?�i `�M/QK 2tTHQ`�iBQM �M/ a�::@_A�* �HbQ T2`7Q`K r2HH 7Q` bQHpBM; i?2 kM/ /2;`22 TQHvMQKB�H
1[m�iBQM U9X8V iQ �+?B2p2 i?`QrBM; Qmi+QK2bX q?BH2 KBKB+FBM; �M/ 2KmH�iBM; i2�+?2` R /2+`2�b2b i?2
2``Q` �b 2tT2+i2/- KBKB+FBM; �M/ 2KmH�iBM; � i2�+?2` r?Q Bb 2tT2`i BM �MQi?2` FBM/ Q7 Qmi+QK2b �M/ Bb
#�/ BM i?�i Qmi+QK2 H2�p2b � ?B;? 2``Q` `�i2X 6Q` TH�+BM;- a:AJ@�*ha K�F2b H2bb 2``Q` i?�M �HH Qi?2`
�H;Q`Bi?KbX AM/22/- �b r2 2tT2+i2/- KBKB+FBM; i?2 i2�+?2` k- �M/ 2KmH�iBM; i2�+?2`b k �M/ j 2M?�M+2b HQr
2``Q` `�i2b- r?BH2 KBKB+FBM; � i2�+?2` rBi? +Q``2bTQM/2M+2 T`Q#H2K Ui2�+?2` jV Q` �M 2tT2`i QM �MQi?2`
Qmi+QK2 Ui2�+?2` RV ;Bp2b TQQ` `2bmHiX q2 �HbQ MQi2 i?�i 7Q` #Qi? Qmi+QK2b- KBKB+`v /Q2b MQi H2�/ iQ
BKTQ`i�Mi H2�`MBM; T`Q;`2bb- �M/ i?2 2``Q` +m`p2 Bb �HKQbi ~�iX h?Bb Bb /m2 iQ i?2 H�+F Q7 2tTHQ`�iBQM r?B+?
H2�/b i?2 H2�`M2` iQ �bF /2KQMbi`�iBQMb 7Q` Qmi+QK2b QMHv BM � bK�HH bm#bT�+2X

AM/22/- r2 b22 BM 6B;m`2 9XjXN r?B+? BHHmbi`�i2b i?2 T2`+2Mi�;2 iBK2b 2�+? KQ/2 Bb +?Qb2M #v a:AJ@
�*ha rBi? `2bT2+i iQ iBK2- i?�i KBKB+`v Q7 i2�+?2` j- r?B+? H�+Fb 2{+B2M+v #2+�mb2 Q7 i?2 +Q``2bTQM/2M+2
T`Q#H2K- Bb b2H/QK +?Qb2M #v a:AJ@�*haX JBKB+`v �M/ 2KmH�iBQM Q7 i2�+?2` R Bb �HbQ HBiiH2 mb2/ #2+�mb2
�miQMQKQmb H2�`MBM; H2�`Mb [mB+FHv i?`QrBM; Qmi+QK2bX h2�+?2`b k �M/ j �`2 2t�+iHv i?2 b�K2 rBi? `2bT2+i
iQ i?2 Qmi+QK2b i?2v /2KQMbi`�i2- �M/ �`2 2KmH�i2/ BM i?2 b�K2 T`QTQ`iBQMX h?Bb };m`2 �HbQ b?Qrb i?�i
i?2 KQ`2 i?2 H2�`M2` +mKmH�i2b FMQrH2/;2- i?2 KQ`2 �miQMQKQmb ?2 ;`Qrb , ?Bb T2`+2Mi�;2 Q7 �miQMQKQmb
H2�`MBM; BM+`2�b2b bi2�/BHvX

LQi QMHv /Q2b ?2 +?QQb2 i?2 `B;?i b�KTHBM; KQ/2b- #mi �HbQ i?2 `B;?i Qmi+QK2 iQ +QM+2Mi`�i2 QMX 6B;m`2
9XjXRy b?Qrb i?�i ?2 +QM+2Mi`�i2b BM i?2 2M/ KQ`2 QM TH�+BM;- r?B+? �`2 KQ`2 /B{+mHiX

6BM�HHv- 6B;m`2 9XjXRR b?Qrb i?2 T2`+2Mi�;2 Q7 iBK2b Qp2` �HH i?2 2tT2`BK2Mib r?2`2 ?2 +?QQb2b �i i?2
b�K2 iBK2 2�+? Qmi+QK2 ivT2- � b�KTHBM; KQ/2 �M/ � i2�+?2`X q2 +�M b22 i?�i 7Q` i?2 TH�+BM; Qmi+QK2b-

Ryj



L;mv2M a�Q J�B AMi2`�+iBp2 ai`�i2;B+ G2�`M2`

?2 b2H/QK `2[m2bib ?2HT 7`QK i?2 i2�+?2` R- �b ?2 H2�`Mb i?�i i2�+?2` R /Q2b MQi FMQr ?Qr iQ TH�+2 i?2 #�HHX
GBF2rBb2- #2+�mb2 Q7 i?2 +Q``2bTQM/2M+2 T`Q#H2Kb- ?2 /Q2b MQi KBKB+ i2�+?2` jX "mi ?2 H2�`Mb i?�i KBKB+FBM;
i2�+?2` k �M/ 2KmH�iBM; i2�+?2`b k �M/ j �`2 mb27mH 7Q` TH�+BM; Qmi+QK2bX 6Q` i?2 i?`QrBM; Qmi+QK2b- ?2 mb2b
bHB;?iHv KQ`2 i?2 �miQMQKQmb 2tTHQ`�iBQM KQ/2- �b ?2 +�M H2�`M 2{+B2MiHv #v ?BKb2H7X h?2 ?B;? T2`+2Mi�;2
7Q` i?2 Qi?2` KQ/2b Bb /m2 iQ i?2 7�+i i?�i i?2 i?`QrBM; Qmi+QK2b �`2 2�bv iQ H2�`M- i?2`27Q`2 �`2 H2�`M2/ BM
i?2 #2;BMMBM; r?2M � HQi Q7 b�KTHBM; Q7 �HH TQbbB#H2 KQ/2b Bb +�``B2/ QmiX a:AJ@�*ha Bb i?2`27Q`2 +QMbBbi2Mi
BM Bib +?QB+2 Q7 Qmi+QK2b - b�KTHBM; KQ/2b �M/ i2�+?2`bX

9XjXjX8 *QM+HmbBQM �M/ .Bb+mbbBQM

q2 T`2b2Mi2/ i?2 a:AJ@�*ha UaQ+B�HHv :mB/2/ AMi`BMbB+ JQiBp�iBQM rBi? �+iBp2 *?QB+2 Q7 h2�+?2`
�M/ ai`�i2;vV �H;Q`Bi?K i?�i 2{+B2MiHv �M/ �+iBp2Hv +QK#BM2b �miQMQKQmb b2H7@2tTHQ`�iBQM �M/ BMi2`�+iBp2
H2�`MBM;- iQ �//`2bb i?2 H2�`MBM; Q7 KmHiBTH2 Qmi+QK2b- rBi? Qmi+QK2b Q7 /Bz2`2Mi ivT2b- �M/ rBi? /Bz2`2Mi
b�KTHBM; KQ/2bX AM T�`iB+mH�`- Bi H2�`Mb �+iBp2Hv iQ /2+B/2 QM i?2 7mM/�K2Mi�H [m2biBQMb Q7 T`Q;`�KKBM;
#v /2KQMbi`�iBQM, r?�i �M/ ?Qr iQ H2�`Mc #mi �HbQ r?�i- ?Qr- r?2M �M/ r?Q iQ BKBi�i2X h?Bb BMi2`�+iBp2
H2�`M2` /2+B/2b 2{+B2MiHv �M/ +Q?2`2MiHv r?2i?2` iQ mb2 bQ+B�H ;mB/�M+2X Ai H2�`Mb r?2M iQ �bF 7Q`
/2KQMbi`�iBQM- r?�i FBM/ Q7 /2KQMbi`�iBQMb U�+iBQM iQ KBKB+ Q` Qmi+QK2 iQ 2KmH�i2V �M/
r?Q iQ �bF 7Q` /2KQMbi`�iBQMb- �KQM; i?2 �p�BH�#H2 i2�+?2`bX Aib ?B2`�`+?B+�H �`+?Bi2+im`2 #2�`b
i?`22 H2p2HbX h?2 HQr2` H2p2H 2tTHQ`2b i?2 TQHB+v T�`�K2i2`b bT�+2 iQ #mBH/ bFBHHb 7Q` /2i2`KBM2/ ;Q�H Qmi+QK2bX
h?2 mTT2` H2p2H 2tTHQ`2b i?2 Qmi+QK2 bT�+2 iQ 2p�Hm�i2 7Q` r?B+? Qmi+QK2b ?2 K�F2b i?2 #2bi T`Q;`2bbX �
K2i�@H2p2H �+iBp2Hv +?QQb2b i?2 Qmi+QK2 �M/ b�KTHBM; KQ/2 i?�i H2�/b iQ i?2 #2bi +QKT2i2M+2 T`Q;`2bbX q2
b?Qr2/ i?`Qm;? Qm` BHHmbi`�iBQM 2t�KTH2 i?�i a:AJ@�*ha +�M 7Q+mb QM i?2 Qmi+QK2 r?2`2 Bi H2�`Mb
i?2 KQbi- r?BH2 +?QQbBM; i?2 KQbi �TT`QT`B�i2 �bbQ+B�i2/ b�KTHBM; KQ/2X h?2 �+iBp2 H2�`M2` +�M
2tTHQ`2 2{+B2MiHv � +QKTQbBi2 �M/ +QMiBMmQmb Qmi+QK2 bT�+2 iQ #2 �#H2 iQ ;2M2`�HBb2 7Q` M2r Qmi+QK2b Q7
i?2 Qmi+QK2 bT�+2bX

a:AJ@�*ha ?�b #22M b?QrM �M 2{+B2Mi K2i?Q/ 7Q` H2�`MBM; rBi? KmHiBTH2 i2�+?2`b �M/ KmHiBTH2 Qmi+QK2
ivT2bX h?2 MmK#2` Q7 Qmi+QK2b mb2/ BM i?2 2tT2`BK2Mi Bb BM}MBi2- rBi? � +QMiBMmQmb Qmi+QK2 bT�+2 i?�i Bb
K�/2 Q7 k ivT2b Q7 Qmi+QK2b- #mi �HH i?2 7Q`K�HBbK �M/ 7`�K2rQ`F Bb BM T`BM+BTH2 b+�H�#H2 iQ � ?B;?2` MmK#2`
Q7 ivT2b Q7 Qmi+QK2bX GBF2rBb2- i?2 K2i?Q/ b?QmH/ �TTHv iQ /QK2biB+ Q` BM/mbi`B�H `Q#Qib r?Q mbm�HHv
BMi2`�+i rBi? � }MBi2 MmK#2` Q7 i2�+?2`bX 1p2M BM i?2 +�b2 Q7 +Q``2bTQM/2M+2 T`Q#H2Kb- i?2 bvbi2K biBHH
i�F2b �/p�Mi�;2 Q7 i?2 /2KQMbi`�iBQMb iQ #B�b Bib 2tTHQ`�iBQM Q7 i?2 Qmi+QK2 bT�+2X q?2M i?2 /Bb+`2T�M+B2b
#2ir22M i?2 i2�+?2` �M/ i?2 H2�`M2` �`2 bK�HH- /2KQMbi`�iBQMb �/p�Mi�;2QmbHv #B�b i?2 2tTHQ`�iBQM Q7 i?2
Qmi+QK2 bT�+2- �b �`;m2/ BM b2+iBQM jX8 UT�;2 edVX 6mim`2 rQ`F b?QmH/ i2bi a:AJ@�*ha QM KQ`2 +QKTH2t
2MpB`QMK2Mib- �M/ rBi? `2�H T?vbB+�H `Q#Qib �M/ 2p2`v/�v ?mK�M mb2`bX

Ai rQmH/ �HbQ #2 BMi2`2biBM; iQ +QKT�`2 i?2 Qmi+QK2b b2H2+i2/ #v Qm` bvbi2K iQ /2p2HQTK2Mi�H #2?�pBQm`�H
bim/B2b- �M/ ?B;?HB;?i /2p2HQTK2Mi�H i`�D2+iQ`B2bX � }`bi +�b2 bim/v Bb /2b+`B#2/ BM i?2 M2ti b2+iBQM- r?2`2
r2 b?Qr i?�i mbBM; a:AJ@�*ha 7Q` �M �;2Mi H2�`MBM; iQ T`Q/m+2 bQmM/b 2Mi�BHb /2p2HQTK2Mi�H b2[m2M+2b
i?�i �`2 [m�HBi�iBp2Hv bmTTQ`i2/ #v /2p2HQTK2Mi�H Tbv+?QHQ;v bim/B2bX
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AMbi2�/ Q7 i`vBM; iQ T`Q/m+2 � T`Q;`�KK2 iQ bBKmH�i2 i?2 �/mHi KBM/- r?v MQi
`�i?2` i`v iQ T`Q/m+2 QM2 r?B+? bBKmH�i2b i?2 +?BH/Ƕb\ A7 i?Bb r2`2 i?2M bm#D2+i2/
iQ �M �TT`QT`B�i2 +Qm`b2 Q7 2/m+�iBQM- QM2 rQmH/ Q#i�BM i?2 �/mHi #`�BM (XXX) Pm`
?QT2 Bb i?�i i?2`2 Bb bQ HBiiH2 K2+?�MBbK BM i?2 +?BH/ #`�BM i?�i bQK2i?BM; HBF2 Bi
+�M #2 2�bBHv T`Q;`�KK2/X h?2 �KQmMi Q7 rQ`F BM i?2 2/m+�iBQM r2 +�M �bbmK2-
�b � }`bi �TT`QtBK�iBQM- iQ #2 Km+? i?2 b�K2 �b 7Q` i?2 ?mK�M +?BH/X

hm`BM;- �XJX URN8yVX *QKTmiBM; K�+?BM2`v �M/ BMi2HHB;2M+2X JBM/-
GAsUkjeV,9jjĜ9e 5

AHHmbi`�iBQM QM � .2p2HQTK2Mi�H a2[m2M+2 7Q`
oQ+�HBb�iBQM

*QMi2Mib
8XR .2p2HQTK2Mi Q7 oQ+�HBb�iBQM rBi? AMi`BMbB+ JQiBp�iBQM �M/ aQ+B�H AMi2`�+iBQM X X X X X X X X X X X X X X X X X X Rye

8XRXR oQ+�HBb�iBQM- AMi`BMbB+ JQiBp�iBQM �M/ aQ+B�H AMi2`�+iBQM X X X X X X X X X X X X X X X X X X X X X X X X Ryd
8XRXk .2p2HQTK2Mi Q7 oQ+�HBb�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRy
8XRXj � *QKTmi�iBQM�H JQ/2H Q7 i?2 .2p2HQTK2Mi Q7 oQ+�HBb�iBQM X X X X X X X X X X X X X X X X X X X X X X RRy

8Xk JQ/2H X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRk
8XkXR a2MbQ`BKQiQ` avbi2K X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRk

8XkXRXR oQ+�H h`�+i �M/ �m/BiQ`v avbi2K X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRk
8XkXRXk .vM�KB+�H S`QT2`iB2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RR8
8XkXRXj oQ+�HBb�iBQM *H�bbB}+�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRd

8XkXk AMi2`M�H a2MbQ`BKQiQ` JQ/2H X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RR3
8XkXj AMi`BMbB+�HHv JQiBp�i2/ �+iBp2 1tTHQ`�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RRN
8XkX9 AKBi�iBQM avbi2K X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rkj

8Xj _2bmHib X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rk8
8XjXR 1K2`;2M+2 Q7 /2p2HQTK2Mi�H b2[m2M+2b BM �miQMQKQmb pQ+�H 2tTHQ`�iBQM X X X X X X X X X X X X X X X Rk8
8XjXk AM~m2M+2 Q7 i?2 �m/BiQ`v 1MpB`QMK2Mi X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RkN

8X9 *QM+HmbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rjj
8X8 .Bb+mbbBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rj8

AM i?Bb +?�Ti2`- r2 �TTHv i?2 �H;Q`Bi?KB+ �`+?Bi2+im`2 a:AJ@�*ha /2b+`B#2/ BM i?2 T`2pBQmb +?�Ti2`- iQ
�MQi?2` H2�`MBM; T`Q#H2K, i?2 /2p2HQTK2Mi Q7 pQ+�HBb�iBQM BM #�#B2bX

h?2 }`bi +QMi`B#miBQM Q7 Qm` rQ`F Bb iQ b?Qr i?�i i?2 �H;Q`Bi?KB+ �`+?Bi2+im`2 a:AJ@�*ha Bb MQi bT2+B}+
iQ � T�`iB+mH�` BMbi�M+B�iBQM Q7 i?2 /Bz2`2Mi 7mM+iBQMb /2b+`B#2/ BM i?2 T`2pBQmb +?�Ti2`X q2 BKTH2K2Mi
a:AJ@�*ha rBi? � /Bz2`2Mi KQ/2H `2T`2b2Mi�iBQM �M/ � /Bz2`2Mi H2�`MBM; �H;Q`Bi?K- �M/
b?Qr Bib 2{+B2M+vX

h?2 b2+QM/ +QMi`B#miBQM Bb 2TBbi2KQHQ;B+�HX q?BH2 i?2 T`2pBQmb +?�Ti2`b �BK2/ �i #mBH/BM; �`iB}+B�H bvbi2Kb
7Q` HB72@HQM; H2�`MBM;- i?Bb bim/v b?Qrb i?�i i?2 /2p2HQT2/ �`+?Bi2+im`2 +�M #2 mb27mH iQ KQ/2H �M/
mM/2`bi�M/ #2ii2` BM7�Mi /2p2HQTK2MiX q2 mb2 i?2 /2p2HQT2/ �H;Q`Bi?Kb iQ ;Bp2 �M BMbB;?i BM �M
Bbbm2 BM +?BH/ Tbv+?QHQ;v, ?Qr /Q +?BH/`2M H2�`M iQ pQ+�HBb2- /2p2HQTBM; 7`QK mM/BbiBM;mBb?�#H2 bQmM/b iQ
H�M;m�;2@/2T2M/2Mi rQ`/b\ q2 BHHmbi`�i2 i?�i a:AJ@�*ha `2T`Q/m+2b � /2p2HQTK2Mi�H i`�D2+iQ`v �b � bB/2
2z2+iX Ai +QmH/ i?mb KQ/2H +?BH/ /2p2HQTK2MiX h?2 rQ`F T`2b2Mi2/ BM i?Bb +?�Ti2` ?�b #22M bm#KBii2/ BM
UJQmHBM@6`B2` 2i �HX- �++2Ti2/V 7Q` r?B+? r2 TH�v2/ � +2Mi`�H `QH2 BM i?2 /2bB;M Q7 i?2 H2�`MBM; T�`�/B;K �M/
i?2 �bb2bbK2Mi Q7 i?2 BM~m2M+2 Q7 i?2 KQi?2` iQM;m2 QM i?2 /2p2HQTK2Mi Q7 pQ+�HBb�iBQMX
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Which 
policy?

x

Which sound?
=

 Which outcome ?

Decide an Action

Sampling 
Mode Level

Policy 
Space

Exploration

auton 
explo

social 
guidance

Autonomous Explo.
Social Guidance

x

Which 
policy?

Outcome 
Space

Exploration

Which 
Sampling mode?

6B;m`2 8XRXR, h?2 bi`�i2;B+ H2�`M2` b�KTH2b /�i� #v +?QQbBM; QM i?2 j H2p2Hb Q7 Bib 2tTHQ`�iBQM bT�+2,
r?B+? b�KTHBM; KQ/2 iQ mb2- i?2 bQmM/ iQ T`Q/m+2- �M/ i?2 KQiQ` +QKK�M/ iQ mb2X

8XR .2p2HQTK2Mi Q7 oQ+�HBb�iBQM rBi? AMi`BMbB+ JQiBp�iBQM
�M/ aQ+B�H AMi2`�+iBQM

qBi?BM i?2 ;Q�Hb Q7 +Q;MBiBp2 /2p2HQTK2Mi�H `Q#QiB+b- i?Bb +?�Ti2` �BKb �i mM/2`bi�M/BM; i?2 HBpBM;
mbBM; �`iB}+B�H bvbi2KbX q2 /2p2HQT2/ a:AJ@�*ha BMbTB`2/ #v /2p2HQTK2Mi�H b+B2M+2 r?B+? Bb MQi QMHv
� K2�Mb iQ #mBH/ KQ`2 p2`b�iBH2 �M/ �/�TiBp2 K�+?BM2bX AM i?Bb +?�Ti2`- a:AJ@�*ha Bb �HbQ � K2�Mb iQ
2p�Hm�i2 i?2 +Q?2`2M+2 Q7 i?2Q`B2b i`vBM; iQ mM/2`bi�M/ #BQHQ;B+�H /2p2HQTK2Mi QM i?2 QM2 ?�M/- �M/ i?2b2
bim/B2b QM #BQHQ;B+�H /2p2HQTK2Mi rBHH p�HB/�i2 i?2 +Q?2`2M+2 Q7 a:AJ@�*ha QM i?2 Qi?2` ?�M/X

AM i?2b2 2tT2`BK2Mib- r2 #`B/;2 i?2 ;�T #2ir22M irQ Bbbm2b BM BM7�Mi /2p2HQTK2Mi, pQ+�H /2p2HQTK2Mi �M/
BMi`BMbB+ KQiBp�iBQMX q2 T`QTQb2 �M/ 2tT2`BK2Mi�HHv i2bi i?2 ?vTQi?2bBb i?�i ;2M2`�H K2+?�MBbKb Q7
BMi`BMbB+�HHv KQiBp�i2/ bTQMi�M2Qmb 2tTHQ`�iBQM- �HbQ +�HH2/ +m`BQbBiv@/`Bp2M H2�`MBM;- +�M b2H7@
Q`;�MBx2 /2p2HQTK2Mi�H bi�;2b /m`BM; 2�`Hv pQ+�H H2�`MBM;X q2 BMi`Q/m+2 � +QKTmi�iBQM�H KQ/2H
Q7 BMi`BMbB+�HHv KQiBp�i2/ pQ+�H 2tTHQ`�iBQM- r?B+? �HHQrb i?2 H2�`M2` iQ �miQMQKQmbHv bi`m+im`2 Bib QrM
pQ+�H 2tT2`BK2Mib- �M/ i?mb Bib QrM H2�`MBM; b+?2/mH2- i?`Qm;? � /`Bp2 iQ K�tBKBx2 +QKT2i2M+2 T`Q;`2bbX
h?Bb KQ/2H `2HB2b QM � T?vbB+�H KQ/2H Q7 i?2 pQ+�H i`�+i- i?2 �m/BiQ`v bvbi2K �M/ i?2 �;2MiǶb KQiQ` +QMi`QH
�b r2HH �b pQ+�HBx�iBQMb Q7 bQ+B�H T22`bX q2 T`2b2Mi +QKTmi�iBQM�H 2tT2`BK2Mib i?�i b?Qr ?Qr bm+? �
K2+?�MBbK +�M 2tTH�BM i?2 �/�TiBp2 i`�MbBiBQM 7`QK pQ+�H b2H7@2tTHQ`�iBQM rBi? HBiiH2 BM~m2M+2 7`QK i?2
bT22+? 2MpB`QMK2Mi- iQ � H�i2` bi�;2 r?2`2 pQ+�H 2tTHQ`�iBQM #2+QK2b BM~m2M+2/ #v pQ+�HBx�iBQMb Q7 T22`bX
qBi?BM i?2 BMBiB�H b2H7@2tTHQ`�iBQM T?�b2- r2 b?Qr i?�i � b2[m2M+2 Q7 pQ+�H T`Q/m+iBQM bi�;2b b2H7@
Q`;�MBx2b- �M/ b?�`2b T`QT2`iB2b rBi? /�i� 7`QK BM7�Mi /2p2HQTK2Mi�H Tbv+?QHQ;v, i?2 pQ+�H
H2�`M2` }`bi /Bb+Qp2`b ?Qr iQ +QMi`QH T?QM�iBQM- i?2M 7Q+mb2b QM pQ+�H p�`B�iBQMb Q7 mM�`iB+mH�i2/ bQmM/b- �M/
}M�HHv �miQK�iB+�HHv /Bb+Qp2`b �M/ 7Q+mb2b QM #�##HBM; rBi? �`iB+mH�i2/ T`QiQ@bvHH�#H2bX �b i?2 pQ+�H H2�`M2`
#2+QK2b KQ`2 T`Q}+B2Mi �i T`Q/m+BM; +QKTH2t bQmM/b- BKBi�iBM; pQ+�HBx�iBQMb Q7 T22`b bi�`ib iQ T`QpB/2
?B;? H2�`MBM; T`Q;`2bb 2tTH�BMBM; �M �miQK�iB+ b?B7i 7`QK b2H7@2tTHQ`�iBQM iQ pQ+�H BKBi�iBQMX 6Q`
i?Bb �BK- UJQmHBM@6`B2` 2i �HX- �++2Ti2/V 2ti2M/2/ �M 2tBbiBM; BKTH2K2Mi�iBQM Q7 � T`Q#�#BHBbiB+ 7`�K2rQ`F
7Q` �miQMQKQmb 2tTHQ`�iBQM /2p2HQT2/ #v UJQmHBM@6`B2` �M/ Pm/2v2`- kyRj�-#V �M/ mb2/ Bi 7Q` i?2 b2i Q7
2tT2`BK2Mib UkVX h?2 �mi?Q` Q7 i?Bb i?2bBb i?2M BM+Hm/2/ � bQ+B�H ;mB/�M+2 K2+?�MBbK iQ 2ti2M/ iQ a:AJ@
�*ha �H;Q`Bi?K �M/ bim/v i?2 BM~m2M+2 Q7 i?2 KQi?2` iQM;m2 QM i?2 /2p2HQTK2Mi Q7 pQ+�HBb�iBQM 7Q` i?2 b2i
Q7 2tT2`BK2Mib URVX AM i?Bb bim/v- i?2 +?QB+2b K�/2 #v i?2 �+iBp2 H2�`M2` �`2 bmKK�`Bb2/ BM 6B;m`2 8XRXRX

Rye
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8XRXR oQ+�HBb�iBQM- AMi`BMbB+ JQiBp�iBQM �M/ aQ+B�H AMi2`�+iBQM

1�`Hv QM- #�#B2b b22K iQ 2tTHQ`2 pQ+�HBx�iBQMb �b B7 Bi r�b � ;�K2 BM Bib2H7- �b `2TQ`i2/ #v PHH2` UPHH2`- kyyyV
r?Q +Bi2b irQ bim/B2b 7`QK i?2 RNi? +2Mim`v,

ǳ(�i) i?`22 KQMi?b r2`2 ?2�`/- 7Q` i?2 }`bi iBK2- i?2 HQm/ �M/ ?B;? +`QrBM; bQmM/b-
mii2`2/ #v i?2 +?BH/ bTQMi2�M2QmbHv- (Ę) i?2 +?BH/ b22K2/ iQ i�F2 TH2�bm`2 BM K�FBM; bQmM/bXǴ
UaB;BbKmM/- RNdRV

ǳ(>2) }`bi K�/2 i?2 bQmM/ KK bTQMi�M2QmbHv #v #HQrBM; MQBbBHv rBi? +HQb2/ HBTbX h?Bb
�Kmb2/ (?BK) �M/ r�b � /Bb+Qp2`v 7Q` (?BK)XǴR Uh�BM2- RNdRV

am+? TH�v rBi? ?Bb pQ+�H i`�+i- r?2`2 i?2 #�#v /Bb+Qp2`b i?2 bQmM/b ?2 +�M K�F2- 2+?Q2b Qi?2` 7Q`Kb Q7
#Q/v TH�v- bm+? �b 2tTHQ`�iBQM Q7 �`K KQp2K2Mib Q` ?Qr ?2 +�M iQm+?- ;`�bT- KQmi? Q` i?`Qr Q#D2+ibX h?2
+QM+2Ti Q7 BMi`BMbB+ KQiBp�iBQM ?�b #22M T`QTQb2/ BM Tbv+?QHQ;v iQ �++QmMi 7Q` bm+? bTQMi�M2Qmb 2tTHQ`�iBQM
U"2`HvM2- RN89c .2+B �M/ _v�M- RN38c _v�M �M/ .2+B- kyyy�c *bBFbx2MiKB?�HvB- RNNdc :QiiHB2# 2i �HX- kyRjV,

ǳAMi`BMbB+ KQiBp�iBQM Bb /2}M2/ �b i?2 /QBM; Q7 �M �+iBpBiv 7Q` Bib BM?2`2Mi b�iBb7�+iBQM `�i?2`
i?�M 7Q` bQK2 b2T�`�#H2 +QMb2[m2M+2X q?2M BMi`BMbB+�HHv KQiBp�i2/- � T2`bQM Bb KQp2/ iQ
�+i 7Q` i?2 7mM Q` +?�HH2M;2 2Mi�BH2/ `�i?2` i?�M #2+�mb2 Q7 2ti2`M�H T`Q/m+ib- T`2bbm`2b Q`
`2r�`/XǴ U_v�M �M/ .2+B- kyyy�V

AMi`BMbB+ KQiBp�iBQM `272`b iQ � K2+?�MBbK Tmb?BM; BM/BpB/m�Hb iQ b2H2+i �M/ 2M;�;2 BM �+iBpBiB2b 7Q` i?2B`
QrM b�F2 #2+�mb2 i?2v �`2 BM?2`2MiHv BMi2`2biBM; UBM QTTQbBiBQM iQ 2ti`BMbB+ KQiBp�iBQM- r?B+? `272`b iQ /QBM;
bQK2i?BM; #2+�mb2 Bi H2�/b iQ � b2T�`�#H2 Qmi+QK2VX � F2v B/2� Q7 `2+2Mi �TT`Q�+?2b iQ BMi`BMbB+ KQiBp�iBQM
Bb i?�i H2�`MBM; T`Q;`2bb BM b2MbQ`BKQiQ` �+iBpBiB2b +�M ;2M2`�i2 BMi`BMbB+ `2r�`/b BM �M/ 7Q` Bib2H7- �M/ /`Bp2
bm+? bTQMi�M2Qmb 2tTHQ`�iBQM U:QiiHB2# 2i �HX- kyRjVX G2�`MBM; T`Q;`2bb `272`b iQ i?2 BM7�MiǶb BKT`Qp2K2Mi Q7
?Bb T`2/B+iBQMb Q` +QMi`QH Qp2` �+iBpBiv i?2v T`�+iB+2- r?B+? +�M �HbQ #2 /2b+`B#2/ �b `2/m+iBQM Q7 mM+2`i�BMiv
U6`BbiQM 2i �HX- kyRkVX

�Hi?Qm;? bTQMi�M2Qmb pQ+�H 2tTHQ`�iBQM Bb �M B/2MiB}2/ T?2MQK2MQM- Q++m``BM; BM i?2 2�`Hv bi�;2b Q7
BM7�Mi /2p2HQTK2Mi- i?2 bT2+B}+ K2+?�MBbKb Q7 bm+? 2tTHQ`�iBQM �M/ i?2 `QH2 Q7 BMi`BMbB+ KQiBp�iBQM 7Q`
i?2 bi`m+im`�iBQM Q7 2�`Hv pQ+�H /2p2HQTK2Mi ?�b MQi `2+2Bp2/ Km+? �ii2MiBQM bQ 7�` iQ Qm` FMQrH2/;2X
q2 T`QTQb2 i?�i K2+?�MBbKb Q7 BMi`BMbB+�HHv KQiBp�i2/ bTQMi�M2Qmb 2tTHQ`�iBQM- r?B+? r2 �HbQ `272` iQ �b
+m`BQbBiv@/`Bp2M H2�`MBM;- TH�v �M BKTQ`i�Mi `QH2 BM bT22+? �+[mBbBiBQM- #v /`BpBM; i?2 BM7�Mi iQ 7QHHQr �
b2H7@Q`;�MBx2/ /2p2HQTK2Mi�H b2[m2M+2 r?B+? rBHH �HHQr ?BK iQ T`Q;`2bbBp2Hv H2�`M iQ +QMi`QH ?Bb pQ+�H i`�+iX
h?Bb Bb iQ Qm` FMQrH2/;2 � H�`;2Hv mM2tTHQ`2/ ?vTQi?2bBbX h?2 ;Q�H Q7 i?Bb �`iB+H2 Bb iQ 7Q`K�HBx2 BM /2i�BH
i?Bb ?vTQi?2bBb �M/ bim/v ;2M2`�H T`QT2`iB2b Q7 bm+? K2+?�MBbKb BM +QKTmi2` 2tT2`BK2MibX

a2p2`�H +QKTmi�iBQM�H KQ/2Hb Q7 bT22+? /2p2HQTK2Mi- r?2`2 bT22+? �+[mBbBiBQM Bb Q`;�MBx2/ �HQM; �
/2p2HQTK2Mi�H T�i?r�v- ?�p2 #22M 2H�#Q`�i2/ bQ 7�`X h?2v ?�p2 b?QrM ?Qr bm+? bi�;2@HBF2 Q`;�MBx�iBQM
+�M 2�b2 i?2 �+[mBbBiBQM Q7 +QKTH2t `2�HBbiB+ bT22+? bFBHHbX

h?2 .Ao� KQ/2H U:m2Mi?2` 2i �HX- RNN3c :m2Mi?2`- kyyeV- �b r2HH �b E`ƺ;2`Ƕb KQ/2H UE`ƺ;2` 2i �HX- kyyNV-
T`QTQb2 �`+?Bi2+im`2b T�`iHv BMbTB`2/ #v M2m`QHBM;mBbiB+bX h?2v BMpQHp2 irQ H2�`MBM; T?�b2bX h?2 }`bi QM2

Rq2 ?�p2 +?�M;2/ i?2 ;2M/2` Q7 i?2 bm#D2+i iQ � K�H2 BM i?Bb [mQi�iBQM- BM Q`/2` iQ 7QHHQr i?2 +QMp2MiBQM
Q7 i?2 T`2b2Mi �`iB+H2X h?`Qm;?Qmi i?Bb T�T2`- r2 rBHH mb2 ǳ?2Ǵ 7Q` �M BM7�Mi- ǳb?2Ǵ 7Q` � +�`2;Bp2` U2X;X i?2
KQi?2`V �M/ ǳBiǴ 7Q` � H2�`MBM; �;2Mi Ui?2 KQ/2HVX
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Bb �M�HQ;Qmb iQ BM7�Mi #�##HBM; �M/ +Q``2bTQM/b iQ b2KB@`�M/QK �`iB+mH�iQ` KQp2K2Mib T`Q/m+BM; �m/BiQ`v
�M/ bQK�iQb2MbQ`v 722/#�+FbX h?Bb Bb mb2/ iQ imM2 i?2 +Q``2bTQM/2M+2b #2ir22M `2T`2b2Mi�iBQM K�Tb rBi?BM
� M2m`�H M2irQ`F X AM i?2 b2+QM/ T?�b2- i?2 pQ+�H H2�`M2` Bb T`2b2Mi2/ rBi? 2ti2`M�H bT22+? bQmM/b �M�HQ;Qmb
iQ �M �K#B2Mi H�M;m�;2 �M/ H2�`Mb ?Qr iQ T`Q/m+2 i?2K �/2[m�i2HvX h?2 1HBD� KQ/2H U>Qr�`/ �M/ J2bbmK-
kyRRV �HbQ /BbiBM;mBb?2b b2p2`�H H2�`MBM; T?�b2bX AM i?2 }`bi T?�b2 Q7 2tTHQ`�iBQM- i?2 �;2Mi Bb /`Bp2M #v
� `2r�`/ 7mM+iBQM- BM+Hm/BM; BMi`BMbB+ `2r�`/b bm+? �b bQmM/ b�HB2M+2 �M/ /Bp2`bBiv- �b r2HH �b �`iB+mH�iQ`v
2zQ`iX o�`BQmb T�`�K2i2`Bx�iBQMb Q7 i?Bb `2r�`/ 7mM+iBQM �HHQrb i?2 KQ/2H iQ T`Q/m+2 pQ+�HBx�iBQMb BM HBM2
rBi? PHH2`Ƕb pQ+�H /2p2HQTK2Mi�H bi�;2b Q7 BM7�MibX AM � bm#b2[m2Mi T?�b2- i?2 bQmM/b T`Q/m+2/ #v i?2
KQ/2H �ii`�+i i?2 �ii2MiBQM Q7 � +�`2;Bp2`- T`QpB/BM; �M 2ti2`M�H `2BM7Q`+2K2Mi bB;M�HX Pi?2` KQ/2Hb �HbQ
mb2 � `2BM7Q`+2K2Mi bB;M�H- 2Bi?2` 7`QK ?mK�M HBbi2M2`b UbQ+B�H `2BM7Q`+2K2Mi Uq�`H�mKQMi- kyRj- kyRkVV Q`
#�b2/ QM bQmM/ b�HB2M+v UBMi`BMbB+ `2BM7Q`+2K2Mi Uq�`H�mKQMi- kyRkVV- �M/ b?Qr ?Qr i?Bb +�M BM~m2M+2 �
bTBFBM; M2m`�H M2irQ`F iQ T`Q/m+2 +�MQMB+�H bvHH�#H2bX am+? +QKTmi�iBQM�H KQ/2Hb Q7 bT22+? �+[mBbBiBQM
T`2@/2i2`KBM2 i?2 ;HQ#�H Q`/2`BM; �M/ iBKBM; Q7 H2�`MBM; 2tT2`B2M+2b- r?B+? �KQmMib iQ T`2T`Q;`�KBM; i?2
/2p2HQTK2Mi�H b2[m2M+2X lM/2`bi�M/BM; ?Qr � pQ+�H /2p2HQTK2Mi�H b2[m2M+2 +�M #2 7Q`K2/ Bb biBHH � K�DQ`
Kvbi2`v iQ bQHp2- �M/ i?Bb �`iB+H2 �ii2KTib � }`bi bi2T BM i?Bb /B`2+iBQMX

q2 #mBH/ QM `2+2Mi KQ/2Hb Q7 bFBHH H2�`MBM; BM Qi?2` KQ/�HBiB2b U2X;X HQ+QKQiBQM Q` Q#D2+i K�MBTmH�iBQMV-
r?2`2 Bi r�b b?QrM i?�i K2+?�MBbKb Q7 BMi`BMbB+�HHv KQiBp�i2/ H2�`MBM; +�M b2H7@Q`;�MBx2 /2p2HQTK2Mi�H
T�i?r�vb- �/�TiBp2Hv ;mB/BM; 2tTHQ`�iBQM �M/ H2�`MBM; BM ?B;?@/BK2MbBQM�H b2MbQ`BKQiQ` bT�+2b- BMpQHpBM;
?B;?Hv `2/mM/�Mi �M/ MQM@HBM2�` K�TTBM;b UPm/2v2` 2i �HX- kyydc "�`�M2b �M/ Pm/2v2`- kyRjc Pm/2v2` 2i �HX-
kyRjc :QiiHB2# 2i �HX- kyRjVX am+? KQ/2Hb +QM+`2i2Hv 7Q`K�HBx2 +QM+2Tib Q7 BMi`BMbB+ KQiBp�iBQM /2b+`B#2/
BM i?2 Tbv+?QHQ;v HBi2`�im`2 BMiQ �H;Q`Bi?KB+ �`+?Bi2+im`2b i?�i +�M #2 2tT2`BK2Mi2/ BM +QKTmi2`b �M/
`Q#Qib Ua+?KB/?m#2`- RNNR#c "�`iQ 2i �HX- kyy9#c Pm/2v2` �M/ E�TH�M- kyydc "�H/�bb�``2- kyRRVX .2i�BH2/
/Bb+mbbBQMb Q7 i?2 2M;BM22`BM; �bT2+ib Q7 bm+? BMi`BMbB+ KQiBp�iBQM K2+?�MBbKb- +�bi2/ BM i?2 bi�iBbiB+�H
7`�K2rQ`F Q7 �+iBp2 H2�`MBM;- ?�p2 #22M `2+2MiHv Tm#HBb?2/ �M/ b?Qr2/ i?2B` �H;Q`Bi?KB+ 2{+B2M+v iQ H2�`M
b2MbQ`BKQiQ` +QQ`/BM�iBQM bFBHHb BM `2/mM/�Mi MQM@HBM2�` ?B;?@/BK2MbBQM�H K�TTBM;b U"�H/�bb�``2 �M/ JB`QHHB-
kyRj�c "�`�M2b �M/ Pm/2v2`- kyRjc a`Bp�bi�p� 2i �HX- kyRjVX

AM/22/- i`�MbTQb2/ BM +m`BQbBiv@/`Bp2M H2�`MBM; K�+?BM2b Ua+?KB/?m#2`- RNNR#c "�`iQ 2i �HX- kyy9#c
a+?KB/?m#2`- kyRyc a+?2K#`B 2i �HX- kyydc J2``B+F �M/ J�?2`- kyyNc >�`i- kyyNc aiQmi �M/ "�`iQ- kyRyV
�M/ `Q#Qib UPm/2v2` 2i �HX- kyydc "�`�M2b �M/ Pm/2v2`- kyRjV- i?2b2 /2p2HQTK2Mi�H K2+?�MBbKb ?�p2 #22M
b?QrM iQ vB2H/ ?B;?Hv 2{+B2Mi H2�`MBM; Q7 BMp2`b2 KQ/2Hb BM ?B;?@/BK2MbBQM�H `2/mM/�Mi b2MbQ`BKQiQ` bT�+2b
U"�`�M2b �M/ Pm/2v2`- kyRj- kyRy�VX h?2b2 bT�+2b b?�`2 K�Mv K�i?2K�iB+�H T`QT2`iB2b rBi? pQ+�H bT�+2bX
1{+B2Mi p2`bBQMb Q7 bm+? K2+?�MBbKb �`2 #�b2/ QM i?2 �+iBp2 +?QB+2 Q7 H2�`MBM; 2tT2`BK2Mib i?�i K�tBKBx2
H2�`MBM; T`Q;`2bb- 2X;X BKT`Qp2K2Mi Q7 T`2/B+iBQMb Q` Q7 +QKT2i2M+2b iQ `2�+? ;Q�Hb Ua+?KB/?m#2`- RNNR#c
Pm/2v2` 2i �HX- kyydc Pm/2v2` �M/ E�TH�M- kyydc "�`�M2b �M/ Pm/2v2`- kyRjc a`Bp�bi�p� 2i �HX- kyRjVX am+?
H2�`MBM; 2tT2`BK2Mib �`2 +�HH2/ ǳT`Q;`2bb MB+?2bǴ UPm/2v2` 2i �HX- kyydVX

u2i- #2vQM/ Tm`2 +QMbB/2`�iBQMb Q7 H2�`MBM; 2{+B2M+v- 2tTHQ`�iBQM /`Bp2M #v BMi`BMbB+ `2r�`/b K2�bm`BM;
H2�`MBM; T`Q;`2bb r�b �HbQ b?QrM iQ b2H7@Q`;�MBx2 bi`m+im`2/ /2p2HQTK2Mi�H T�i?r�vb- #Qi? #2?�pBQ`�HHv
�M/ +Q;MBiBp2HvX AM/22/- bm+? K2+?�MBbKb �miQK�iB+�HHv /`Bp2 i?2 bvbi2K iQ 2tTHQ`2 �M/ H2�`M }`bi 2�bv
bFBHHb- �M/ i?2M T`Q;`2bbBp2Hv 2tTHQ`2 bFBHHb Q7 BM+`2�bBM; +QKTH2tBiv UPm/2v2` 2i �HX- kyydVX h?2v ?�p2
#22M b?QrM iQ ;2M2`�i2 �miQK�iB+�HHv #2?�pBQm`�H �M/ +Q;MBiBp2 /2p2HQTK2Mi�H bi`m+im`2b �M/ ?�p2 #22M
�M�Hvx2/ BM `2H�iBQM iQ i?2B` bBKBH�`BiB2b rBi? BM7�Mi /2p2HQTK2Mi UPm/2v2` 2i �HX- kyydc E�TH�M �M/ Pm/2v2`-
kyy8c Pm/2v2` �M/ E�TH�M- kyyec JQmHBM@6`B2` �M/ Pm/2v2`- kyRkVX 6Q` 2t�KTH2- BM i?2 SH�v;`QmM/
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1tT2`BK2Mi- � +m`BQbBiv@/`Bp2M H2�`MBM; `Q#Qi r�b b?QrM iQ b2H7@Q`;�MBx2 Bib QrM H2�`MBM; 2tT2`B2M+2b BMiQ
� b2[m2M+2 Q7 #2?�pBQm`�H �M/ +Q;MBiBp2 bi�;2b r?2`2 Bi bTQMi�M2QmbHv �+[mB`2/ p�`BQmb �zQ`/�M+2b �M/
bFBHHb Q7 BM+`2�bBM; +QKTH2tBiv UPm/2v2` 2i �HX- kyydVX Ai r�b �HbQ b?QrM ?Qr Bi +QmH/ /Bb+Qp2` �M/ 7Q+mb
QM 2H2K2Mi�`v pQ+�H BMi2`�+iBQM rBi? � T22` �b � bTQMi�M2Qmb +QMb2[m2M+2 Q7 Bib ;2M2`�H /`Bp2 iQ 2tTHQ`2
bBim�iBQMb r?2`2 Bi +�M BKT`Qp2 Bib T`2/B+iBQMb UPm/2v2` �M/ E�TH�M- kyyeVX 6Q+mbBM; QM pQ+�H BMi2`�+iBQMb
r�b i?mb 2tTH�BM2/ �b � bT2+B�H +�b2 Q7 7Q+mbBM; QM �M �+iBpBiv i?�i T`QpB/2b H2�`MBM; T`Q;`2bb UBX2X �
T�`iB+mH�` T`Q;`2bb MB+?2VX h?Bb i?2`27Q`2 �HHQr2/ iQ ;2M2`�i2 bQK2 MQp2H ?vTQi?2b2b iQ 2tTH�BM BM7�Mi
/2p2HQTK2Mi- 7`QK i?2 #2?�pBQm`�H UPm/2v2` �M/ E�TH�M- kyyeV- +Q;MBiBp2 UE�TH�M �M/ Pm/2v2`- kyy8V Q`
#`�BM +B`+mBi`v UE�TH�M �M/ Pm/2v2`- kyydV T2`bT2+iBp2b Ub22 U:QiiHB2# 2i �HX- kyRjV 7Q` � `2pB2r QM i?2b2
MQp2H T2`bT2+iBp2bVX AMi`BMbB+�HHv KQiBp�i2/ bTQMi�M2Qmb H2�`MBM; ?�b �HbQ #22M +QK#BM2/ rBi? K2+?�MBbKb Q7
BKBi�iBQM H2�`MBM; rBi?BM i?2 a:AJ@�*ha �`+?Bi2+im`2- �b /2i�BH2/ BM UL;mv2M �M/ Pm/2v2`- kyRk/VX AM i?Bb
KQ/2H- 7Q`KmH�i2/ rBi?BM i?2 7`�K2rQ`F Q7 bi`�i2;B+ H2�`MBM; UGQT2b �M/ Pm/2v2`- kyRkV- � ?B2`�`+?B+�H �+iBp2
H2�`MBM; �`+?Bi2+im`2 �HHQrb �M BMi2`�+iBp2 H2�`MBM; �;2Mi iQ +?QQb2 #v Bib2H7 r?2M iQ 2tTHQ`2 �miQMQKQmbHv-
�M/ r?2M- r?�i �M/ r?Q iQ BKBi�i2- #�b2/ QM K2�bm`2b Q7 +QKT2i2M+2 T`Q;`2bbX

�Hi?Qm;? BMi`BMbB+ KQiBp�iBQM �M/ bQ+B�HHv ;mB/2/ H2�`MBM; ?�p2 �H`2�/v #22M +QMbB/2`2/ BM +QKTmi�iBQM�H
KQ/2Hb bT2+B}+�HHv bim/vBM; bT22+? �+[mBbBiBQM- iQ Qm` FMQrH2/;2- i?2v ?�p2 bQ 7�` #22M +QMbB/2`2/ �b irQ
/BbiBM+i H2�`MBM; T?�b2b rBi? � ?�`/@+Q/2/ brBi+? #2ir22M i?2K U2X;X U:m2Mi?2` 2i �HX- RNN3c :m2Mi?2`- kyyec
E`ƺ;2` 2i �HX- kyyNc >Qr�`/ �M/ J2bbmK- kyRRVVX AM Qi?2` rQ`/b- i?2 2tBbi2M+2 Q7 /BbiBM+i /2p2HQTK2Mi�H
bi�;2b r�b T`2bmTTQb2/ BM i?2b2 KQ/2HbX AM +QMi`�bi- i?2b2 /BbiBM+i H2�`MBM; T?�b2b 2K2`;2 7`QK i?2
SH�v;`QmM/ 1tT2`BK2Mi- 2p2M i?Qm;? QMHv � bBKTHBbiB+ pQ+�H bvbi2K r�b +QMbB/2`2/ UQMHv TBi+? �M/ /m`�iBQM
r2`2 +QMi`QHH2/- �M/ MQ T?vbB+�H KQ/2H Q7 i?2 pQ+�H i`�+i r�b mb2/c KQ/2HBM; Q7 bT22+? �+[mBbBiBQM T2` b2
r�b MQi i?2 7Q+mb Q7 i?Bb bim/vVX

Pm` K�BM +QMi`B#miBQM BM i?Bb T�T2` Bb iQ b?Qr ?Qr K2+?�MBbKb Q7 BMi`BMbB+�HHv KQiBp�i2/ 2tTHQ`�iBQM
�TTHB2/ QM � `2�HBbiB+ �`iB+mH�iQ`v@�m/BiQ`v bvbi2K b2H7@Q`;�MBx2b �miQMQKQmbHv BMiQ +Q?2`2Mi pQ+�H
/2p2HQTK2Mi�H b2[m2M+2bX h?Bb 7QHHQrb i?2 �TT`Q�+? Q7 Qm` T`2pBQmb rQ`Fb UJQmHBM@6`B2` �M/ Pm/2v2`- kyRk-
kyRj�-#V- r?B+? r2`2 T`2HBKBM�`v bim/B2b HBKBi2/ iQ pQr2H T`Q/m+iBQM �M/ 7Q+mbBM; QMHv QM �miQMQKQmb
H2�`MBM;- BX2X rBi?Qmi +QMbB/2`BM; � bm``QmM/BM; �K#B2Mi H�M;m�;2X

AM bm+? � +QM+2Tim�H 7`�K2rQ`F- /2p2HQTK2Mi�H bi`m+im`2b �`2 M2Bi?2` H2�`Mi 7`QK ǳi�#mH� `�b�Ǵ MQ`
� T`2@/2i2`KBM2/ `2bmHi Q7 �M BMM�i2 ǳT`Q;`�KǴ, i?2v b2H7@Q`;�MBx2 Qmi Q7 i?2 /vM�KB+ BMi2`�+iBQM
#2ir22M +QMbi`�BM2/ +Q;MBiBp2 K2+?�MBbKb UBM+Hm/BM; +m`BQbBiv- H2�`MBM;- �M/ �#bi`�+iBQMV- i?2 KQ`T?QHQ;B+�H
T`QT2`iB2b Q7 i?2 #Q/v- �M/ i?2 T?vbB+�H �M/ bQ+B�H 2MpB`QMK2Mi r?B+? Bib2H7 Bb +QMbi`�BM2/ �M/ Q`/2`2/ #v
i?2 /2p2HQTK2Mi�H H2p2H Q7 i?2 Q`;�MBbK UPm/2v2` 2i �HX- kyydc h?2H2M �M/ aKBi?- RNNeVX h?mb- i?2 �TT`Q�+?
r2 i�F2 +�M #2 pB2r2/ �b �M BMbi�MiB�iBQM Q7 i?2 +QM+2Ti Q7 2TB;2M2bBb- BM i?2 b2Mb2 T`QTQb2/ #v U:QiiHB2#-
RNNRVX

h?2 bim/v Q7 bm+? � /vM�KB+�H bvbi2Kb �TT`Q�+?- r?2`2 +m`BQbBiv@/`Bp2M H2�`MBM; Bb �M BKTQ`i�Mi 7Q`+2-
+�M i�F2 �KTH2 �/p�Mi�;2 Q7 +QKTmi2` KQ/2HBM; �b � `2b2�`+? iQQHX >2`2 BM T�`iB+mH�`- Bi +�M ?2HT iQ
mM/2`bi�M/ #2ii2` i?2 /vM�KB+b mM/2`HvBM; 2�`Hv pQ+�H /2p2HQTK2Mi- �M/ BM T�`iB+mH�` mM/2`bi�M/ r?�i �`2
i?2 K2+?�MBbKb r?B+? ;2M2`�i2 i?2 /2p2HQTK2Mi�H b2[m2M+2UbV BM pQ+�H T`Q/m+iBQMb �M/ +�T�#BHBiB2b Q#b2`p2/
BM BM7�MibX AM T�`iB+mH�`- Bi +�M ?2HT iQ mM/2`bi�M/ r?�i Bb i?2 T`2+Bb2 `QH2 Q7 BMi`BMbB+ KQiBp�iBQMX

AM i?2 M2ti b2+iBQMb Q7 i?Bb BMi`Q/m+iBQM- r2 bmKK�`Bx2 T`QT2`iB2b Q7 pQ+�H /2p2HQTK2Mi /m`BM; i?2 }`bi
v2�` �M/ /2b+`B#2 i?2 ;2M2`�H T`BM+BTH2b Q7 i?2 +QKTmi�iBQM�H KQ/2H r2 bim/v BM i?Bb �`iB+H2X
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8XRXk .2p2HQTK2Mi Q7 oQ+�HBb�iBQM

Pleasure, enjoyment etc …  seems to play a role in early vocal development (e.g. Oller, 2000). However, the role of intrinsic 

Age

0-3m: 
squeals, growls, yeals

3-7m: 
vowels

7-10m: 
language-independent 
proto-syllabes

10m: 
influence by ambient 
language

12m: 
1st words

6B;m`2 8XRXk, h?2 }`bi v2�` Q7 BM7�Mi pQ+�H /2p2HQTK2MiX

.2bTBi2 BMi2`@BM/BpB/m�H p�`B�iBQMb BM BM7�Mi pQ+�H /2p2HQTK2Mi U2X;X UoB?K�M 2i �HX- RN3eVV- bi`QM;
`2;mH�`BiB2b BM i?2 ;HQ#�H bi`m+im`�iBQM Q7 pQ+�H /2p2HQTK2Mi �`2 B/2MiB}2/ UPHH2`- kyyyc Em?H- kyy9VX AM
i?Bb �`iB+H2- r2 �/QTi i?2 pB2r 7`QK PHH2` UPHH2`- kyyyV �b r2HH �b Em?H UEm?H- kyy9VX 6B;m`2 8XRXk
b+?2K�iBx2b i?Bb pQ+�H /2p2HQTK2Mi /m`BM; i?2 }`bi v2�` Q7 BM7�MiX Ai +�M #2 bmKK�`Bx2/ �b 7QHHQrbX 6B`bi-
mMiBH i?2 �;2 Q7 �TT`QtBK�i2Hv j KQMi?b- �M BM7�Mi T`Q/m+2b MQM@bT22+? bQmM/b HBF2 b[m2�Hb- ;`QrHb �M/
v2�HbX .m`BM; i?Bb T2`BQ/- ?2 b22Kb iQ H2�`M iQ +QMi`QH BM7`�bi`m+im`�H bT22+? T`QT2`iB2b- 2X;X T?QM�iBQM
�M/ T`BKBiBp2 �`iB+mH�iBQM UPHH2`- kyyyVX h?2M- 7`QK j iQ d KQMi?b- ?2 #2;BMb iQ T`Q/m+2 pQr2H@HBF2 bQmM/b
UQ` [m�bB@pQr2HbV r?BH2 ?2 T`Q#�#Hv H2�`Mb iQ +QMi`QH ?Bb pQ+�H i`�+i `2bQM�M+2bX �i d KQMi?b- +�MQMB+�H
#�##HBM; 2K2`;2b r?2`2 r2HH@iBK2/ b2[m2M+2b Q7 T`QiQ@bvHH�#H2b �`2 K�bi2`2/X "mi Bi Bb QMHv �`QmM/ i?2 �;2
Q7 Ry KQMi?b i?�i BM7�Mi pQ+�H T`Q/m+iBQMb #2+QK2 KQ`2 BM~m2M+2/ #v i?2 �K#B2Mi H�M;m�;2- H2�/BM; iQ }`bi
rQ`/ T`Q/m+iBQMb �`QmM/ R v2�` Q7 �;2X

hrQ 72�im`2b Q7 i?Bb /2p2HQTK2Mi�H bF2i+? �`2 T�`iB+mH�`Hv b�HB2MiX

Ç AM7�Mib b22K iQ }`bi TH�v rBi? i?2B` pQ+�H i`�+ib BM � `2H�iBp2Hv H�M;m�;2@BM/2T2M/2Mi r�v- �M/ i?2M
�`2 T`Q;`2bbBp2Hv BM~m2M+2/ #v i?2 �K#B2Mi bT22+? bQmM/bX

Ç AM i?2 BMBiB�H T?�b2- r?2M bQmM/b T`Q/m+2/ #v i?2B` T22`b BM~m2M+2 HBiiH2 i?2B` pQ+�HBx�iBQMb- BM7�Mib
b22K iQ H2�`M bFBHHb Q7 BM+`2�bBM; +QKTH2tBiv, MQ`K�H T?QM�iBQM- i?2M [m�bB@pQr2Hb �M/ }M�HHv T`QiQ@
bvHH�#H2bX �++Q`/BM; iQ PHH2` UPHH2`- kyyyV- bm+? � b2[m2M+2 /BbTH�vb � bQ@+�HH2/ M�im`�H- Q` HQ;B+�H
?B2`�`+?vX 6Q` 2t�KTH2- Bi Bb BKTQbbB#H2 iQ K�bi2` [m�bB@pQr2H T`Q/m+iBQM rBi?Qmi T`2pBQmbHv K�bi2`BM;
MQ`K�H T?QM�iBQMX

8XRXj � *QKTmi�iBQM�H JQ/2H Q7 i?2 .2p2HQTK2Mi Q7 oQ+�HBb�iBQM

hQ �`iB+mH�i2 ?vTQi?2b2b �#Qmi i?2 TQbbB#H2 `QH2b Q7 BMi`BMbB+ KQiBp�iBQM BM i?2 }`bi v2�` Q7 pQ+�H /2p2HQTK2Mi-
r2 #mBH/ ?2`2 � +QKTmi�iBQM�H KQ/2H Q7 �M BMi`BMbB+�HHv KQiBp�i2/ pQ+�HBxBM; �;2Mi- BM +QMi�+i rBi?
pQ+�HBx�iBQMb Q7 T22`bX AM i?2 KQ/2H- �M BM/BpB/m�H bT22+? H2�`M2` ?�b i?2 7QHHQrBM; +?�`�+i2`BbiB+b- /2b+`B#2/
BM /2i�BH BM M2ti b2+iBQMb,

Ç Ai 2K#2/b � `2�HBbiB+ KQ/2H Q7 � ?mK�M pQ+�H i`�+i, i?2 �`iB+mH�iQ`v bvMi?2bBx2` mb2/ BM i?2 .Ao�
KQ/2H U:m2Mi?2` 2i �HX- kyyeVX h?Bb KQ/2H T`QpB/2b i?2 r�v iQ T`Q/m+2 b2[m2M+2b Q7 pQ+�H +QKK�M/b
�M/ iQ +QKTmi2 +Q``2bTQM/BM; b2[m2M+2b Q7 �+QmbiB+ 72�im`2b- #Qi? BM KmHiB@/BK2MbBQM�H +QMiBMmQmb
/QK�BMbX

Ç Ai 2K#2/b � /vM�KB+�H KQ/2H 7Q` T`Q/m+BM; KQiBQMb Q7 i?2 pQ+�H i`�+i- #�b2/ QM � �M Qp2`@/�KT2/
bT`BM;@K�bb KQ/2HX h?Bb KQ/2H /2b+`B#2b /vM�KB+�H �bT2+ib bm+? �b +Q@�`iB+mH�iBQM BM b2[m2M+2b Q7
pQ+�H i�`;2ibX
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Ç Ai Bb �#H2 iQ Bi2`�iBp2Hv H2�`M � T`Q#�#BHBbiB+ b2MbQ`BKQiQ` KQ/2H Q7 i?2 �`iB+mH�iQ`v@�m/BiQ`v
`2H�iBQMb?BTb �++Q`/BM; iQ Bib QrM 2tT2`B2M+2 rBi? i?2 pQ+�H i`�+i KQ/2HX "2+�mb2 i?2 b2MbQ`BKQiQ`
H2�`MBM; Bb Bi2`�iBp2 /m`BM; i?2 HB72 iBK2 Q7 i?2 �;2Mi- Bi rBHH }`bi #2 BM2{+B2Mi �i mbBM; i?Bb KQ/2H 7Q`
+QMi`QH- �M/ i?2M T`Q;`2bb2b #v H2�`MBM; 7`QK Bib QrM 2tT2`B2M+2X

Ç Ai Bb 2[mBTT2/ rBi? �M BMi`BMbB+�HHv KQiBp�i2/ 2tTHQ`�iBQM K2+?�MBbK- r?B+? �HHQrb Bi iQ ;2M2`�i2
�M/ b2H2+i Bib QrM �m/BiQ`v ;Q�H b2[m2M+2bX am+? K2+?�MBbK BM+Hm/2b � +�T�#BHBiv iQ 2KTB`B+�HHv
K2�bm`2 Bib QrM +QKT2i2M+2 T`Q;`2bb iQ `2�+? b2[m2M+2b Q7 ;Q�HbX h?2M- �M �+iBQM b2H2+iBQM bvbi2K
biQ+?�biB+�HHv b2H7@b2H2+ib i�`;2i ;Q�Hb i?�i K�tBKBx2 +QKT2i2M+2 T`Q;`2bbX

Ç Ai Bb �#H2 iQ ?2�` bQmM/b Q7 � bBKmH�i2/ �K#B2Mi H�M;m�;2- �M/ Bib BMi`BMbB+ KQiBp�iBQM bvbi2K Bb �HbQ
mb2/ iQ /2+B/2 r?2i?2` iQ b2H7@2tTHQ`2 b2H7@;2M2`�i2/ �m/BiQ`v ;Q�Hb- Q` iQ i`v iQ 2KmH�i2 �/mHi bQmM/bX
h?Bb +?QB+2 Bb �HbQ #�b2/ QM � K2�bm`2 Q7 +QKT2i2M+2 T`Q;`2bb 7Q` 2�+? bi`�i2;vX

h?2M- r2 T`2b2Mi 2tT2`BK2Mib �HHQrBM; mb iQ bim/v ?Qr i?2 /2p2HQTK2Mi�H bi`m+im`�iBQM Q7 2�`Hv pQ+�H
2tTHQ`�iBQM +QmH/ #2 b2H7@Q`;�MBx2/ BM �M BMi`BMbB+�HHv KQiBp�i2/ bT22+? H2�`M2`- mM/2` i?2 BM~m2M+2 Q7 bQmM/b
BM i?2 2MpB`QMK2Mi �M/ +QMbi`�BM2/ #v i?2 T?vbB+�H T`QT2`iB2b Q7 i?2 b2MbQ`BKQiQ` bvbi2KX

AM � }`bi b2`B2b Q7 2tT2`BK2Mib- r2 +QMbB/2` � bT22+? H2�`M2` r?Q Bb MQi 2tTQb2/ iQ 2ti2`M�H bT22+? bQmM/bX
h?Bb �HHQrb i?2 bim/v Q7 i?2 `QH2 Q7 BMi`BMbB+ KQiBp�iBQM BM/2T2M/2MiHv Q7 �Mv bQ+B�H BM~m2M+2X q2 b?Qr
?Qr � +Q;MBiBp2 �`+?Bi2+im`2 7Q` BMi`BMbB+�HHv KQiBp�i2/ �miQMQKQmb 2tTHQ`�iBQM Ua�::@_A�*- U"�`�M2b �M/
Pm/2v2`- kyRjc JQmHBM@6`B2` �M/ Pm/2v2`- kyRj#VV- �TTHB2/ iQ H2�`MBM; iQ +QMi`QH �M �`iB+mH�iQ`v bvMi?2bBx2`
UBX2X � pQ+�H i`�+i KQ/2H �#H2 iQ T`Q/m+2 bT22+? bQmM/b 7`QK �`iB+mH�iQ`v +QM};m`�iBQMbV- +�M b2H7@Q`;�MBx2
+Q?2`2Mi pQ+�H /2p2HQTK2Mi�H b2[m2M+2bX h?Bb rQ`F 2ti2M/b T`2HBKBM�`v bim/B2b UJQmHBM@6`B2` �M/ Pm/2v2`-
kyRk- kyRj#-�V i?`Qm;? i?2 mb2 Q7 � /Bz2`2Mi pQ+�H i`�+i KQ/2H �M/ � KQ`2 +QKTH2t KQ/2H Q7 KQiBQM +QMi`QH
/vM�KB+b rBi? �M Qp2`/�KT2/ bT`BM;@K�bb /vM�KB+�H bvbi2K- T`QpB/BM; i?2 �;2Mi rBi? � KQ`2 `2�HBbiB+ �M/
TQr2`7mH K2+?�MBbK iQ T`Q/m+2 UmMV�`iB+mH�i2/ bQmM/bX

AM � b2+QM/ b2`B2b Q7 2tT2`BK2Mib- i?2 bT22+? H2�`M2` Bb 2tTQb2/ iQ bT22+? bQmM/b 7`QK Bib 2MpB`QMK2MiX
h?2 +Q;MBiBp2 �`+?Bi2+im`2 Bb 2ti2M/2/ iQ bi`�i2;B+ BMi2`�+iBp2 BMi`BMbB+�HHv KQiBp�i2/ H2�`MBM; Ua:AJ@�*ha-
UL;mv2M �M/ Pm/2v2`- kyRk/VV- r?2`2 BMi`BMbB+ KQiBp�iBQM Bb �HbQ mb2/ #v i?2 H2�`M2` iQ /2+B/2 r?2M iQ b2H7@
2tTHQ`2 �M/ r?2M iQ i`v iQ BKBi�i2 bQmM/b BM i?2 2MpB`QMK2MiX AM i?2 T`2b2Mi bim/v- r2 bmTTQb2 i?�i i?2
bQmM/b Q7 i?2 �/mHi �`2 /B`2+iHv BKBi�#H2 Ur2 /Q MQi �++QmMi 7Q` i?2 TBi+? �M/ 7Q`K�Mi /Bz2`2M+2b #2ir22M
BM7�Mib �M/ �/mHib 7Q` BMbi�M+2VX q2 b?Qr i?�i i?2 bvbi2K }`bi 7Q+mb2b QM b2H7@2tTHQ`�iBQM Q7 pQ+�HBx�iBQMX
Ai H�i2` QM b?B7ib iQ pQ+�H BKBi�iBQM- r?B+? i?2M BM~m2M+2b Bib pQ+�H H2�`MBM; BM r�vb i?�i �`2 bT2+B}+ iQ i?2
bT22+? 2MpB`QMK2MiX u2i- BM i?Bb T�T2`- r2 /Q MQi bim/v i?2 bQ+B�H BMi2`�+iBQM �bT2+i Q7 i?2 i2�+?2` �M/- BM
T�`iB+mH�`- r2 /Q MQi KQ/2H i?2 #2?�pBQ` Q7 i?2 �/mHi BM `2bTQMb2 iQ i?2 H2�`M2` #2?�pBQ`X

Pm` �BK Bb iQ bim/v ?Qr BKTQ`i�Mi �bT2+ib Q7 BM7�Mi pQ+�H /2p2HQTK2Mi BM i?2 }`bi v2�` Q7 HB72- /2b+`B#2/
BM i?2 T`2pBQmb b2+iBQM- +QmH/ #2 2tTH�BM2/ #v i?2 BMi2`�+iBQM #2ir22M i?2b2 #mBH/BM; #HQ+Fb, �M BMi`BMbB+
KQiBp�iBQM bvbi2K- � /vM�KB+ KQiQ` bvbi2K �bbQ+B�i2/ iQ KQ`T?QHQ;B+�H �M/ T?vbBQHQ;B+�H +QMbi`�BMib- �M
BKBi�iBQM bvbi2K �M/ � bvbi2K 7Q` H2�`MBM; � b2MbQ`BKQiQ` KQ/2H Qmi Q7 T?vbB+�H 2tT2`BK2MibX q2 rBHH b?Qr
i?�i +QKT2i2M+2 T`Q;`2bb #�b2/ �miQMQKQmb 2tTHQ`�iBQM Bb �#H2 iQ T`QpB/2 � mMB}2/ 2tTH�M�iBQM 7Q` #Qi?
i?2 i2M/2M+v iQ T`Q/m+2 pQ+�HBx�iBQMb Q7 BM+`2�bBM; +QKTH2tBiv �M/ i?2 T`Q;`2bbBp2 BM~m2M+2 Q7 i?2 �K#B2Mi
�/mHi bQmM/bX AKBi�iBM; �/mHi bQmM/b #2+QK2b BMi2`2biBM; 7Q` i?2 bT22+? H2�`M2` QMHv r?2M #�bB+ bT22+?
T`Q/m+iBQM T`BM+BTH2b ?�p2 #22M T`2pBQmbHv K�bi2`2/X *QMi`�`BHv iQ 2tBbiBM; KQ/2Hb Q7 bT22+? �+[mBbBiBQM
r2 /2b+`B#2/ bQ 7�`- Qm` �BK Bb MQi iQ `2T`Q/m+2 BM7�Mi pQ+�HBx�iBQMb BM � T?QM2iB+�HHv /2i�BH2/ K�MM2`- #mi
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`�i?2` iQ bm;;2bi �M ?vTQi?2bBb �#Qmi ?Qr � bm++2bbBQM Q7 /BbiBM+i /2p2HQTK2Mi�H bi�;2b +�M b2H7@Q`;�MBx2
�miQMQKQmbHvX >Qr�`/ � J2bbmKǶb KQ/2H U>Qr�`/ �M/ J2bbmK- kyRRV 7Q` 2t�KTH2- b?Qrb ?Qr /BbiBM+i
T�`�K2i2`Bx�iBQMb Q7 �M BMi`BMbB+ `2r�`/ 7mM+iBQM +�M 2M�#H2 � pQ+�H �;2Mi iQ /Bb+Qp2` b2p2`�H ivT2 Q7 bQmM/b
+Q?2`2Mi rBi? Q#b2`p2/ /2p2HQTK2Mi�H bi�;2b BM BM7�MibX h?2b2 T�`�K2i2`Bx�iBQMb ?Qr2p2`- �`2 ?�`/@+Q/2/X
AM +QMi`�bi- Qm` KQ/2H Bb MQi /2bB;M2/ iQ `2T`Q/m+2 T`2+Bb2Hv BM7�Mi pQ+�HBx�iBQMb rBi?BM /BbiBM+i pQ+�HBx�iBQM
bi�;2b- #mi `�i?2` iQ mM/2`bi�M/ ?Qr i?2 i`�MbBiBQM 7`QK QM2 bi�;2 iQ �MQi?2` +�M #2 2tTH�BM2/ #v � /`Bp2
iQ K�tBKBx2 i?2 +QKT2i2M+2 T`Q;`2bb iQ `2�+? b2H7@;2M2`�i2/ Q` �K#B2Mi �m/BiQ`v ;Q�HbX AM +QMb2[m2M+2- i?2
brBi+? 7`QK b2H7@;2M2`�i2/ �m/BiQ`v ;Q�Hb iQ i?2 BKBi�iBQM Q7 �/mHi bQmM/b Bb MQi ?�`/@+Q/2/ BM Qm` KQ/2H-
#mi 2K2`;2b �b � #v@T`Q/m+i Q7 i?2 /`Bp2 iQ 7Q+mb QM T`Q;`2bb MB+?2bX

8Xk JQ/2H

AM i?Bb b2+iBQM- r2 /2b+`B#2 i?2 KQ/2Hb i?�i r2 mb2 7Q` i?2 pQ+�H i`�+i �M/ �m/BiQ`v bB;M�HbX q2 /2b+`B#2
i?2 H2�`MBM; Q7 i?2 BMi2`M�H KQ/2H Q7 i?2 b2MbQ`BKQiQ` K�TTBM;- �M/ i?2 BMi`BMbB+ KQiBp�iBQM K2+?�MBbK
r?B+? �HHQrb i?2 H2�`M2` iQ /2+B/2 �/�TiBp2Hv r?B+? pQ+�HBx�iBQM iQ 2tT2`BK2Mi �i ;Bp2M KQK2Mib /m`BM; Bib
/2p2HQTK2Mi- �M/ r?2i?2` iQ /Q bQ i?`Qm;? b2H7@2tTHQ`�iBQM Q` i?`Qm;? BKBi�iBQM Q7 2ti2`M�H bQmM/bX

8XkXR a2MbQ`BKQiQ` avbi2K

8XkXRXR oQ+�H h`�+i �M/ �m/BiQ`v avbi2K

Pm` +QKTmi�iBQM�H KQ/2H BMpQHp2b i?2 �`iB+mH�iQ`v bvMi?2bBx2` Q7 i?2 .Ao� KQ/2H /2b+`B#2/ BM U:m2Mi?2`
2i �HX- kyyeVk #�b2/ QM J�2/�Ƕb KQ/2H UJ�2/�- RN3NVX qBi?Qmi ;QBM; BMiQ i2+?MB+�H /2i�BHb- i?2 KQ/2H
+Q``2bTQM/b iQ � +QKTmi�iBQM�H �TT`QtBK�iBQM Q7 i?2 ;2M2`�H bT22+? T`Q/m+iBQM T`BM+BTH2b BHHmbi`�i2/ BM
6B;m`2 8XkXRX h?2 KQ/2H `2+2Bp2b Rj �`iB+mH�iQ`v T�`�K2i2`b �b BMTmiX h?2 }`bi Ry �`2 7`QK � T`BM+BT�H
+QKTQM2Mi �M�HvbBb US*�V T2`7Q`K2/ QM b�;Bii�H +QMiQm`b Q7 BK�;2b Q7 i?2 pQ+�H i`�+i Q7 � ?mK�M bT2�F2`-
�HHQrBM; iQ `2+QMbi`m+i i?2 b�;Bii�H +QMiQm` Q7 i?2 pQ+�H i`�+i 7`QK � Ry@/BK2MbBQM�H p2+iQ`X h?2 2z2+i Q7 i?2
Ry �`iB+mH�iQ`v T�`�K2i2`b 7`QK i?2 S*� QM i?2 pQ+�H i`�+i b?�T2 Bb /BbTH�v2/ 6B;m`2 8XkXkX AM i?Bb bim/v-
r2 rBHH QMHv mb2 i?2 d }`bi T�`�K2i2`b Ui?2 2z2+i Q7 i?2 Qi?2`b QM i?2 pQ+�H i`�+i b?�T2 Bb M2;HB;B#H2V- }tBM;
i?2 j H�bi BM i?2 M2mi`�H TQbBiBQM Up�Hm2 0 BM i?2 bQ7ir�`2VX h?`Qm;? �M �`2� 7mM+iBQM- �bbQ+B�iBM; b2+iBQMb Q7
i?2 pQ+�H i`�+i rBi? i?2B` `2bT2+iBp2 �`2�- i?2 KQ/2H +�M +QKTmi2 i?2 j }`bi 7Q`K�Mib Q7 i?2 `2bmHi2/ bB;M�H
B7 T?QM�iBQM Q++m`bX S?QM�iBQM Bb +QMi`QHH2/ i?`Qm;? i?2 j H�bi T�`�K2i2`b, ;HQii�H T`2bbm`2 +QMi`QHHBM; i?2
BMi2MbBiv Q7 i?2 bB;M�H U7`QK [mB2i iQ HQm/V- pQB+BM; +QMi`QHHBM; i?2 pQB+2 U7`QK pQB+2H2bb iQ pQB+2/V �M/ TBi+?
+QMi`QHHBM; i?2 iQM2 U7`QK HQr@TBi+?2/ iQ ?B;?@TBi+?2/VX Ai Bb i?2M �#H2 iQ +QKTmi2 i?2 7Q`K�Mib Q7 i?2 bB;M�H
U�KQM; Qi?2` �m/BiQ`v �M/ bQK�iQ@b2MbQ`v 72�im`2bV i?`Qm;? i?2 �`2� 7mM+iBQMX AM i?Bb bim/v- r2 QMHv mb2
i?2 ;HQii�H T`2bbm`2 �M/ pQB+BM; T�`�K2i2`bX AM �//BiBQM iQ i?2 d �`iB+mH�iQ`v T�`�K2i2`b 7`QK i?2 S*�- �
pQ+�H +QKK�M/ Bb i?2`27Q`2 /2}M2/ #v � N@/BK2MbBQM�H p2+iQ`X 6`QK i?2 pQ+�H +QKK�M/- i?2 bvMi?2bBx2`
+QKTmi2b i?2 �m/BiQ`v �M/ bQK�iQb2MbQ`v +QMb2[m2M+2b Q7 i?2 KQiQ` +QKK�M/- i?mb �TT`QtBK�iBM; i?2
bT22+? T`Q/m+iBQM T`BM+BTH2b Q7 6B;m`2 8XkXRX
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L;mv2M a�Q J�B AHHmbi`�iBQM QM � .2p2HQTK2Mi�H a2[m2M+2 7Q` oQ+�HBb�iBQM

6B;m`2 8XkXR, aT22+? T`Q/m+iBQM ;2M2`�H T`BM+BTH2bX h?2 pQ+�H 7QH/ pB#`�iBQM #v i?2 HmM; �B` ~Qr
T`QpB/2b � bQm`+2 bB;M�H, � +QKTH2t bQmM/ r�p2 rBi? 7mM/�K2Mi�H 7`2[m2M+v F0X �++Q`/BM; iQ i?2
pQ+�H i`�+i b?�T2- �+iBM; �b � `2bQM�iQ`- i?2 ?�`KQMB+b Q7 i?2 bQm`+2 7mM/�K2Mi�H 7`2[m2M+v �`2
b2H2+iBp2Hv �KTHB}2/ Q` 7�/2/X h?2 HQ+�H K�tBK� Q7 i?2 `2bmHiBM; bT2+i`mK �`2 +�HH2/ i?2 7Q`K�Mib-
Q`/2`2/ 7`QK i?2 HQr2` iQ i?2 ?B;?2` 7`2[m2M+B2bX h?2v #2HQM; iQ i?2 K�DQ` 72�im`2b Q7 bT22+?
T2`+2TiBQMX

PM i?2 T2`+2TiBQM bB/2 Q7 Qm` KQ/2H- r2 mb2 i?2 }`bi irQ 7Q`K�Mib Q7 i?2 bB;M�H- F1 �M/ F2- �TT`QtBK�i2Hv
b+�H2/ #2ir22M @R �M/ RX q2 �HbQ /2}M2 � i?B`/ T�`�K2i2` I r?B+? K2�bm`2b i?2 BMi2MbBiv UQ` T?QM�iBQM
H2p2HV Q7 i?2 �m/BiQ`v Qmi+QK2X I Bb bmTTQb2/ iQ #2 0 r?2M i?2 �;2Mi T2`+2Bp2b MQ bQmM/- �M/ 1 r?2M Bi
T2`+2Bp2b � bQmM/X h2+?MB+�HHv- I = 1 B7 �M/ QMHv B7 irQ +QM/BiBQMb �`2 +?2+F2/, URV #Qi? T`2bbm`2 �M/ pQB+BM;
T�`�K2i2`b �`2 �#Qp2 � }t2/ i?`2b?QH/ UMmHH p�Hm2V �M/ UkV i?2 pQ+�H i`�+i Bb MQi +HQb2/ UBX2X i?2 �`2� 7mM+iBQM
Bb TQbBiBp2 2p2`vr?2`2VX AM ?mK�M bT22+? BM/22/- i?2 7Q`K�Mib �`2 MQi K2�bm`�#H2 r?2M T?QM�iBQM Bb mM/2`
� +2`i�BM i?`2b?QH/X q2 KQ/2H i?Bb #v b2iiBM; i?�i r?2M I = 0- i?2 7Q`K�Mib /Q MQi 2tBbi �MvKQ`2 �M/ �`2
b2i iQ 0X h?Bb /`�biB+ bBKTHB}+�iBQM Bb v2i �`;m�#H2 BM i2`K Q7 `2�HBbK- #mi r?�i r2 r�Mi iQ KQ/2H ?2`2 Bb

k �p�BH�#H2 QMHBM2 �i ?iiT,ffrrrX#mX2/mfbT22+?H�#fbQ7ir�`2f/Bp�@bQm`+2@+Q/2X .Ao� Bb � +QKTH2i2
M2m`Q+QKTmi�iBQM�H KQ/2H Q7 bT22+? �+[mBbBiBQM- BM r?B+? r2 QMHv mb2 i?2 bvMi?2bBx2` +QKTmiBM; i?2
�`iB+mH�iQ`v@iQ@�m/BiQ`v 7mM+iBQMX
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6B;m`2 8XkXk, �`iB+mH�iQ`v /BK2MbBQMb +QMi`QHHBM; pQ+�H i`�+i b?�T2 URy /BK2MbBQMb- 7`QK H27i iQ `B;?i
�M/ iQT iQ #QiiQKV- �/�Ti2/ 7`QK i?2 /Q+mK2Mi�iBQM Q7 i?2 .Ao� bQm`+2 +Q/2X 1�+? bm#THQi b?Qrb
� b�;Bii�H +QMiQm` Q7 i?2 pQ+�H i`�+i- r?2`2 r2 +�M B/2MiB7v i?2 MQb2 �M/ i?2 HBTb QM i?2 `B;?i bB/2X
"QH/ +QMiQm`b +Q``2bTQM/ iQ � TQbBiBp2 p�Hm2 Q7 i?2 �`iB+mH�iQ`v T�`�K2i2`- i?2 irQ i?BM +QMiQm`b
�`2 7Q` � MmHH UM2mi`�H TQbBiBQMV �M/ M2;�iBp2 p�Hm2bX h?2b2 /BK2MbBQMb ;HQ#�HHv +Q``2bTQM/ iQ i?2
/BK2MbBQMb Q7 KQp2K2Mib Q7 i?2 ?mK�M pQ+�H i`�+i �`iB+mH�iQ`bX 6Q` 2t�KTH2- Art1 K�BMHv +QMi`QHb
i?2 D�r ?2B;?i- r?2`2�b Art3 `�i?2` +QMi`QHb i?2 iQM;m2 7`QMi@#�+F TQbBiBQMX
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i?2 7�+i i?�i MQ +QMi`QH Q7 i?2 7Q`K�Mi p�Hm2b +�M #2 H2�`Mi r?2M MQ T?QM�iBQM Q++m`bX

8XkXRXk .vM�KB+�H S`QT2`iB2b

aT22+? T`Q/m+iBQM �M/ T2`+2TiBQM �`2 /vM�KB+�H T`Q+2bb2b �M/ i?2 T`BM+BTH2b Q7 6B;m`2 8XkXR ?�p2 iQ #2
2ti2M/2/ rBi? i?Bb `2bT2+iX >mK�Mb +QMi`QH i?2B` pQ+�H i`�+i #v p�`B�iBQMb BM Kmb+H2 �+iBp�iBQMb /m`BM; �
pQ+�HBx�iBQM- KQ/mH�iBM; i?2 T`Q/m+2/ bQmM/ BM � +QKTH2t r�vX *HQbm`2 Q` QT2MBM; KQp2K2Mib /m`BM; �
T�`iB+mH�` pQ+�HBx�iBQM- +QmTH2/ rBi? p�`B�iBQMb BM T?QM�iBQM H2p2H- �`2 �#H2 iQ ;2M2`�i2 � rB/2 p�`B2iv Q7
KQ/mH�i2/ bQmM/bX q2 i?mb /2}M2 � pQ+�HBx�iBQM �b � i`�D2+iQ`v Q7 i?2 N KQiQ` T�`�K2i2`b Qp2` iBK2- H�biBM;
800 KBHHBb2+QM/b- 7`QK r?B+? i?2 �`iB+mH�iQ`v bvMi?2bBx2` Bb �#H2 iQ +QKTmi2 i?2 +Q``2bTQM/BM; i`�D2+iQ`B2b
BM i?2 �m/BiQ`v bT�+2 UBX2X i`�D2+iQ`B2b BM i?2 j@/BK2MbBQM�H bT�+2 Q7 F1- F2 �M/ IVX h?2 �;2Mi Bb �#H2 iQ
+QMi`QH i?Bb i`�D2+iQ`v #v b2iiBM; k +QKK�M/b 7Q` 2�+? �`iB+mH�iQ`, QM2 7`QK 0 iQ 250ms- i?2 Qi?2` QM2 7`QK
250 iQ 800msX h?2M- i?2 KQiQ` bvbi2K Bb KQ/2H2/ �b �M Qp2`/�KT2/ bT`BM;@K�bb bvbi2K /`Bp2M #v i?2
7QHHQrBM; b2+QM/@Q`/2` /vM�KB+�H 2[m�iBQM,

ẍ+ 2ζω0ẋ+ ω2
0(x−m) = 0, U8XRV

r?2`2 x Bb � KQiQ` T�`�K2i2`- �M/ m Bb i?2 +QKK�M/ 7Q` i?�i KQiQ` T�`�K2i2`X ζ Bb b2i iQ 1.01- 2Mbm`BM;
i?�i i?2 bvbi2K Bb Qp2`/�KT2/ UMQ Qb+BHH�iBQMV- �M/ ω0 iQ 2π

0.8 U0.8 #2BM; i?2 /m`�iBQM Q7 i?2 pQ+�HBx�iBQM
BM b2+QM/bVX h?mb- i?2 �;2MiǶb TQHB+v 7Q` � pQ+�HBx�iBQM Bb /2}M2/ #v irQ p2+iQ`b m1 �M/ m2 UQM2 7Q` 2�+?
+QKK�M/V Q7 N `2�H p�Hm2b 2�+? UQM2 7Q` 2�+? KQiQ` T�`�K2i2`VX h?2 TQHB+v bT�+2 Bb R3@/BK2MbBQM�HX h?2
}`bi +QKK�M/ Bb �TTHB2/ 7Q` i?2 #2;BMMBM; Q7 i?2 pQ+�HBx�iBQM iQ 250ms- i?2 b2+QM/ QM2 7`QK 250ms iQ
800msX

6B;m`2 8XkXj� BHHmbi`�i2b i?2 T`Q+2bb #v b?QrBM; � ivTB+�H bvHH�#B+ pQ+�HBx�iBQMX AM i?Bb BHHmbi`�iBp2
2t�KTH2- i?2 +QMi`QHH2/ �`iB+mH�iQ`b �`2 i?2 }`bi �M/ i?B`/ �`iB+mH�iQ`b Q7 6B;m`2 8XkXk U`Qm;?Hv +QMi`QHHBM;
i?2 D�r ?2B;?i �M/ i?2 iQM;m2 7`QMif#�+F /BK2MbBQMbV- �b r2HH �b T`2bbm`2 �M/ pQB+BM;X h?2 irQ H�bi QM2b �`2
b2i iQ yX8 �M/ yXd `2bT2+iBp2Hv- 7Q` #Qi? +QKK�M/b- iQ �HHQr T?QM�iBQM iQ Q++m`X h?2 ǳD�r T�`�K2i2`Ǵ Uart1
QM i?2 };m`2V Bb b2i iQ 2.0 UD�r +HQb2/V 7Q` i?2 }`bi +QKK�M/ �M/ iQ −3.0 7Q` i?2 b2+QM/ QM2 UD�r QT2MVX
q2 Q#b2`p2 i?�i i?2b2 +QKK�M/b- [mBi2 7�` 7`QK i?2 M2mi`�H TQbBiBQM- �`2 MQi +QKTH2i2Hv `2�+?2/ #v i?2
KQiQ` bvbi2KX h?Bb Bb /m2 iQ i?2 T�`iB+mH�` /vM�KB+b Q7 i?2 bvbi2K- /2}M2/ rBi? ζ �M/ ω0 BM i?2 /vM�KB+�H
bvbi2KX 6Q` i?2 i?B`/ �`iB+mH�iQ` Uart3V- i?2 +QKK�M/b �`2 #Qi? �i 2.0X q2 Q#b2`p2 i?�i- r?2`2�b i?2 p�Hm2
2.0 +�MMQi #2 �+?B2p2/ +QKTH2i2Hv �i 250ms- Bi +�M ?Qr2p2` #2 `2�+?2/ #27Q`2 i?2 2M/ Q7 i?2 pQ+�HBx�iBQMX

h?Bb KQiQ` bvbi2K BKTHB2b BMi2`�+iBQM #2ir22M i?2 irQ +QKK�M/b- BX2X � 7Q`K Q7 +Q@�`iB+mH�iBQMX AM/22/-
� ;Bp2M KQiQ` +QM};m`�iBQM K�v bQK2iBK2b #2 ?�`/2` iQ `2�+? B7 Bi Bb b2i �b i?2 }`bi +QKK�M/- #2+�mb2 iBK2
�HHQ+�i2/ iQ `2�+? i?2 }`bi +QKK�M/ Bb H2bb i?�M 7Q` i?2 b2+QM/ +QKK�M/X _2p2`b2Hv- bQK2 KQp2K2Mib K�v
#2 ?�`/2` iQ +QMi`QH BM i?2 b2+QM/ +QKK�M/ #2+�mb2 i?2 }M�H �`iB+mH�iQ` TQbBiBQMb rBHH /2T2M/ #Qi? QM i?2
}`bi �M/ i?2 b2+QM/ +QKK�M/b U2X;X- Bi Bb ?�`/2` iQ `2�+? i?2 p�Hm2 −3.0 7Q` i?2 b2+QM/ +QKK�M/ B7 i?2 }`bi
+QKK�M/ Bb b2i iQ 2.0- i?�M B7 i?2 }`bi +QKK�M/ Bb b2i iQ −3.0- �b b22M BM i?2 2t�KTH2 Q7 6B;m`2 8XkXj VX

h?2b2 +?�`�+i2`BbiB+b �`2 i?2 `2bmHib Q7 KQ/2HBM; bT22+? T`Q/m+iBQM �b � /�KT2/ bT`BM;@K�bb bvbi2K
U1[X 8XRV- r?B+? Bb � +QKKQM T`�+iB+2 BM i?2 HBi2`�im`2 UJ�`F2v- RNN9c "Q2`bK�- RNN3c >Qr�`/ �M/ J2bbmK-
kyRRVX

6B;m`2 8XkXj" b?Qrb i?2 `2bmHiBM; pQ+�H i`�+i b?�T2 �i i?2 2M/ Q7 i?2 k +QKK�M/b UBX2X �i 250ms �M/ �i
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A

B

C

D

6B;m`2 8XkXj, �M BHHmbi`�iBp2 pQ+�HBx�iBQM 2t�KTH2X �V �`iB+mH�`Q`v i`�D2+iQ`B2b Q7 8 �`iB+mH�iQ`b
/m`BM; i?2 3yyKb Q7 i?2 pQ+�HBx�iBQM U9 �`iB+mH�iQ`b- 7`QK art4 iQ art7 �`2 MQi THQii2/ 7Q` i?2 b�F2
Q7 `2�/�#BHBiv #mi /BbTH�v i?2 b�K2 i`�D2+iQ`v �b art2VX *B`+H2b �i k8y �M/ 3yyKb `2T`2b2Mib i?2 p�Hm2b
Q7 i?2 }`bi �M/ b2+QM/ +QKK�M/b- `2bT2+iBp2Hv- 7Q` 2�+? i`�D2+iQ`vX h?2 }`bi +QKK�M/b �`2 �+iBp2
7`QK y iQ k8yKb �M/ b2+QM/ QM2b 7`QK k8y iQ 3yyKb- �b `2T`2b2Mi2/ #v /Qii2/ #H�+F #Qt2bX h?2
i`�D2+iQ`B2b �`2 +QKTmi2/ #v i?2 b2+QM/ Q`/2` /vM�KB+�H 2[m�iBQM U8XRV- bi�`iBM; BM � M2mi`�H TQbBiBQM
U�HH �`iB+mH�iQ`b b2i iQ yVX "V _2bmHiBM; pQ+�H i`�+i b?�T2b �i i?2 2M/ Q7 2�+? +QKK�M/- BX2X �i k8y
�M/ 3yyKbX 1�+? bm#THQi /BbTH�vb � b�;Bii�H pB2r rBi? i?2 MQb2 �M/ i?2 HBTb QM i?2 H27i bB/2X h?2
iQM;m2 Bb i?2`27Q`2 iQ i?2 `B;?i Q7 i?2 HQr2` HBTX *V aQmM/ r�p2 `2bmHiBM; 7`QK i?2 pQ+�HBx�iBQMX .V
h`�D2+iQ`B2b Q7 i?2 j �m/BiQ`v T�`�K2i2`b- i?2 BMi2MbBiv I �M/ i?2 irQ }`bi 7Q`K�Mib F1 �M/ F2X
.Qii2/ #H�+F #Qt2b `2T`2b2Mi i?2 irQ T2`+2TiBQM iBK2 rBM/QrbX h?2 �;2Mi T2`+2Bp2b i?2 K2�M p�Hm2
Q7 i?2 �m/BiQ`v T�`�K2i2`b BM 2�+? iBK2 rBM/Qr- `2T`2b2Mi2/ #v i?2 +B`+H2b �i k8y �M/ e8yKbXRRe
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800msVX q2 Q#b2`p2 i?�i i?2 pQ+�H i`�+i Bb +HQb2/ �i i?2 2M/ Q7 i?2 }`bi +QKK�M/- QT2M �i i?2 2M/ Q7 i?2
b2+QM/ QM2X

6B;m`2 8XkXj* b?Qrb i?2 `2bmHiBM; bQmM/X q2 Q#b2`p2 i?�i i?2`2 Bb MQ bQmM/ /m`BM; pQ+�H i`�+i +HQbm`2X
6B;m`2 8XkXj. b?Qrb i?2 `2bmHiBM; i`�D2+iQ`B2b Q7 �m/BiQ`v T�`�K2i2`bX AM Qm` 2tT2`BK2Mib- r2 KQ/2H

i?2 �m/BiQ`v T2`+2TiBQM Q7 i?2 �;2Mi Q7 Bib QrM pQ+�HBx�iBQM �b i?2 K2�M p�Hm2 Q7 2�+? T�`�K2i2` A- 6R
�M/ 6k BM irQ /Bz2`2Mi iBK2 rBM/Qrb H�biBM; 150ms, i?2 }`bi QM2 7`QK 250 iQ 400ms- i?2 b2+QM/ QM2
7`QK 650 iQ 800msX h?2 �m/BiQ`v `2T`2b2Mi�iBQM Q7 � pQ+�HBx�iBQM Bb i?2`27Q`2 � e@/BK2MbBQM�H p2+iQ`
(I(1), I(2), F1(1), F1(2), F2(1), F2(2))X S2`+2Bp2/ �m/BiQ`v p�Hm2b �`2 `2T`2b2Mi2/ #v +B`+H2b QM 6B;m`2
8XkXj.X LQi2 i?�i i?2 �;2Mi /Q2b MQi ?�p2 �Mv T2`+2TiBQM Q7 r?�i ?�TT2Mb #27Q`2 250ms- �M/ i?�i I(1)

�M/ I(2) +�M i�F2 +QMiBMmQmb p�Hm2b BM [0, 1] /m2 iQ i?2 �p2`�;BM; BM � ;Bp2M T2`+2TiBQM iBK2 rBM/QrX q2
rBHH `272` iQ i?2 T2`+2Bp2/ ǳT?QM2Ǵ Q7 � ;Bp2M +QKK�M/ 7Q` i?2 T2`+2TiBQM Q++m``BM; �`QmM/ i?2 2M/ Q7 i?�i
+QKK�M/- �Hi?Qm;? bm+? �M �bbQ+B�iBQM rBHH MQi #2 �bbmK2/ BM i?2 BMi2`M�H b2MbQ`BKQiQ` KQ/2H Q7 i?2 �;2MiX
AM/22/- i?Bb b2MbQ`BKQiQ` bvbi2K ?�b i?2 BMi2`2biBM; T`QT2`iv i?�i i?2 T2`+2TiBQMb BM #Qi? iBK2 rBM/Qrb
/2T2M/ QM #Qi? KQiQ` +QKK�M/bX AM i?2 2t�KTH2 Q7 6B;m`2 8XkXj- i?2 T2`+2TiBQM 7Q` i?2 }`bi +QKK�M/-
BX2X i?2 K2�M �m/BiQ`v p�Hm2b #2ir22M 250 �M/ 400ms- rQmH/ MQi #2 i?2 b�K2 B7 i?2 b2+QM/ KQiQ` +QKK�M/
/B/ MQi +�mb2 i?2 pQ+�H i`�+i QT2MBM;X

8XkXRXj oQ+�HBb�iBQM *H�bbB7B+�iBQM

q2 /2}M2 i?`22 ivT2b Q7 T?QM2b- �++Q`/BM; iQ i?2 p�Hm2 Q7 I 7Q` � ;Bp2M +QKK�M/X AM i?Bb /2b+`BTiBQM- r2 mb2
+QKKQM +QM+2Tib HBF2 pQr2Hb Q` +QMbQM�Mib iQ K�F2 �M �M�HQ;v rBi? i?2 ?mK�M ivT2b Q7 T?QM2b- �Hi?Qm;?
i?Bb �M�HQ;v Bb HBKBi2/X

Ç h?Qb2 r?2`2 I > 0.9, - BX2X T?QM�iBQM Q++m`b /m`BM; �HKQbi �HH i?2 150ms Q7 T2`+2TiBQM �`QmM/ i?2
2M/ Q7 i?2 +QKK�M/X q2 +�HH i?2K ƘoQr2Hb UoVX

Ç h?Qb2 r?2`2 I < 0.1- BX2X i?2`2 Bb �HKQbi MQ T?QM�iBQM /m`BM; i?2 150ms Q7 T2`+2TiBQM �`QmM/ i?2
2M/ Q7 i?2 +QKK�M/X q2 +�HH i?2K LQM2 ULVX

Ç h?Qb2 r?2`2 0.1 < I < 0.9- BX2X T?QM�iBQM Q++m`b T�`iB�HHv /m`BM; i?2 yXR8b Q7 T2`+2TiBQM �`QmM/
i?2 2M/ Q7 i?2 +QKK�M/X h?Bb K2�Mb i?�i i?2 T?QM�iBQM H2p2H I ?�b brBi+?2/ /m`BM; i?�i T2`BQ/X
h?Bb +�M #2 /m2 2Bi?2` iQ � +HQbm`2 Q` QT2MBM; Q7 i?2 pQ+�H i`�+i- Q` iQ p�`B�iBQMb BM i?2 T`2bbm`2 �M/
pQB+BM; T�`�K2i2`bX q2 +�HH i?2K *QMbQM�Mib U*V- �Hi?Qm;? i?2v �`2 bQK2iBK2b KQ`2 +QKT�`�#H2 iQ
� bQ`i Q7 T`QbQ/v Ur?2M /m2 iQ � p�`B�iBQM BM i?2 T?QM�iBQM H2p2HVX

h?Bb +H�bbB}+�iBQM rBHH #2 mb2/ �b � iQQH 7Q` i?2 �M�HvbBb Q7 i?2 `2bmHib BM b2+iBQM 8Xj- #mi Bb M2p2` FMQrM #v
i?2 �;2Mi Ur?B+? QMHv ?�b �++2bb iQ i?2 p�Hm2b Q7 I- F1 �M/ F2VX

h?mb- 2�+? pQ+�HBx�iBQM T`Q/m+2/ #v i?2 �;2Mi- #2HQM;b iQ i?2 +QK#BM�iBQM Q7 k Q7 i?2b2 j ivT2b U#2+�mb2
� pQ+�HBx�iBQM +Q``2bTQM/b iQ k +QKK�M/bV- BX2X i?2`2 �`2 32 = 9 ivT2b Q7 pQ+�HBx�iBQMb, oo- oL- o*- Lo-
LL- L*- *o- *L- **X

h?2M- r2 bm;;2bi iQ ;`QmT i?2b2 N ivT2b BMiQ j +H�bb2bX

Ç h?2 +H�bb LQ S?QM�iBQM +QMi�BMb QMHv LL, i?2 �;2Mi ?�b MQi T`Q/m+2/ �M �m/B#H2 bQmM/X h?Bb Bb
/m2 2Bi?2` iQ i?2 7�+i i?2 T`2bbm`2 �M/ pQB+BM; KQiQ` p�`B�#H2b ?�p2 M2p2` #22M bm{+B2MiHv ?B;? UMQi
#Qi? TQbBiBp2- �b 2tTH�BM2/ BM i?2 /2b+`BTiBQM Q7 i?2 KQiQ` bvbi2KV /m`BM; i?2 irQ 150ms T2`+2TiBQM
T2`BQ/b- Q` i?�i i?2 pQ+�H i`�+i r�b iQi�HHv +HQb2/X
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Ç h?2 +H�bb lM�`iB+mH�i2/ +QMi�BMb oL- Lo- *L- L*, i?2 pQ+�HBx�iBQM Bb MQi r2HH@7Q`K2/X 1Bi?2` i?2
}`bi Q` i?2 b2+QM/ +QKK�M/ T`Q/m+2b � T?QM2 Q7 ivT2 LQM2 UI < 0.1- b22 �#Qp2VX

Ç h?2 +H�bb �`iB+mH�i2/ +QMi�BMb *o- o*- oo �M/ **, i?2 pQ+�HBx�iBQM Bb r2HH@7Q`K2/- BM i?2 b2Mb2 i?�i
i?2`2 Bb MQ LQM2 T?QM2X S?QM�iBQM Bb KQ/mH�i2/ BM KQbi +�b2b UBX2X 2t+2Ti BM i?2 `�`2 +�b2 r?2`2
i?2 irQ +QKK�M/b Q7 � oo �`2 p2`v bBKBH�`VX LQi2 i?�i �++Q`/BM; iQ i?2 /2}MBiBQM Q7 +QMbQM�Mib-
T?QM�iBQM M2+2bb�`BHv Q++m`b BM #Qi? i?2 T2`+2TiBQM iBK2 rBM/QrbX

Ai Bb BKTQ`i�Mi iQ MQi2 i?�i i?2 �m/BiQ`v p�Hm2b Q7 i?2b2 pQ+�HBx�iBQM +H�bb2b bT�M bm#bT�+2b Q7 BM+`2�bBM;
+QKTH2tBivX AM/22/- r?2`2�b p�`BQmb �`iB+mH�iQ`v +QM};m`�iBQMb #2HQM; iQ i?2 LQ S?QM�iBQM +H�bb- i?2B`
�bbQ+B�i2/ �m/BiQ`v p�Hm2b �`2 �Hr�vb MmHH- BM/m+BM; � y@/BK2MbBQM�H �m/BiQ`v bm#bT�+2 UBX2X � TQBMiVX
_2;�`/BM; i?2 lM�`iB+mH�i2/ +H�bb- i?2 �bbQ+B�i2/ �m/BiQ`v p�Hm2b bT�M � j@/BK2MbBQM�H bm#bT�+2 #2+�mb2
�i H2�bi QM2 +QKK�M/ T`Q/m+2b � T?QM2 Q7 ivT2 LQM2 UBX2X i?2 +Q``2bTQM/BM; �m/BiQ`v p�Hm2b �`2 MmHHVX
6BM�HHv- BM i?2 �`iB+mH�i2/ +H�bb2b- i?2 �m/BiQ`v p�Hm2b bT�M i?2 2MiB`2 e@/BK2MbBQM�H �m/BiQ`v bT�+2X h?2b2
T`QT2`iB2b rBHH ?�p2 BKTQ`i�Mi +QMb2[m2M+2b 7Q` i?2 H2�`MBM; Q7 � b2MbQ`BKQiQ` KQ/2H #v i?2 �;2Mi- �b r2
rBHH b22X

8XkXk AMi2`M�H a2MbQ`BKQiQ` JQ/2H

h?2 b2MbQ`BKQiQ` BMi2`M�H KQ/2H �M/ i?2 BMi`BMbB+ KQiBp�iBQM bvbi2K r?B+? 7QHHQr r2`2 }`biHv /2b+`B#2/ BM
+QM72`2M+2 T�T2`b UJQmHBM@6`B2` �M/ Pm/2v2`- kyRj#-�V BM � KQ`2 ;2M2`�H +QMi2ti r?2`2 i?2 ;Q�H r�b iQ
+QKT�`2 p�`BQmb 2tTHQ`�iBQM bi`�i2;B2bX AM i?Bb T�T2`- r2 mb2 i?2 �+iBp2 ;Q�H 2tTHQ`�iBQM bi`�i2;v Ĝ �M�HQ;
iQ i?2 a�::@_A�* �H;Q`Bi?K BM U"�`�M2b �M/ Pm/2v2`- kyRj- kyRy�VX

.m`BM; Bib HB72 iBK2- i?2 �;2Mi Bi2`�iBp2Hv mT/�i2b �M BMi2`M�H b2MbQ`BKQiQ` KQ/2H #v Q#b2`pBM; i?2 �m/BiQ`v
`2bmHib Q7 Bib pQ+�H 2tT2`BK2MibX q2 /2MQi2 KQiQ` +QKK�M/b M �M/ b2MbQ`v T2`+2TiBQMb SX q2 +�HH
f : M → S i?2 mMFMQrM 7mM+iBQM /2}MBM; i?2 T?vbB+�H T`QT2`iB2b Q7 i?2 2MpB`QMK2Mi UBM+Hm/BM; i?2 �;2MiǶb
#Q/vVX q?2M i?2 �;2Mi T`Q/m+2b � KQiQ` +QKK�M/ m ∈ M - Bi i?2M T2`+2Bp2b s = f(m) ∈ S- KQ/mHQ �M
2MpB`QMK2Mi�H MQBb2 �M/ b2MbQ`BKQiQ` +QMbi`�BMibX AM i?2 b2MbQ`BKQiQ` bvbi2K /2}M2/ BM i?2 T`2pBQmb b2+iBQM-
M Bb R3@/BK2MbBQM�H �M/ S Bb e@/BK2MbBQM�HX f +Q``2bTQM/b iQ i?2 i`�Mb7Q`K�iBQM /2}M2/ b2+iBQM 8XkXR �M/
BHHmbi`�i2/ 6B;m`2 8XkXj- �M/ ?�b � :�mbbB�M MQBb2 rBi? � bi�M/�`/ /2pB�iBQM Q7 0.01X "v +QHH2+iBM; (m, s)

T�B`b i?`Qm;? pQ+�H 2tT2`BK2Mib- i?2 �;2Mi H2�`Mb i?2 DQBMi T`Q#�#BHBiv /Bbi`B#miBQM /2}M2/ Qp2` i?2 2MiB`2
b2MbQ`BKQiQ` bT�+2 SM Ui?2`27Q`2 k9@/BK2MbBQM�HVX h?Bb /Bbi`B#miBQM Bb 2M+Q/2/ BM � :�mbbB�M JBtim`2 JQ/2H
U:JJV Q7 k3 +QKTQM2Mib- BX2X � r2B;?i2/ bmK Q7 k3 KmHiBp�`B�i2 MQ`K�H /Bbi`B#miBQMbjX G2i mb MQi2 GSM

i?Bb :JJX Ai Bb H2�`Mi mbBM; �M QMHBM2 p2`bBQM Q7 i?2 1tT2+i�iBQM@J�tBKBx�iBQM U1JV �H;Q`Bi?K U.2KTbi2`
2i �HX- RNddV T`QTQb2/ #v U*�HBMQM- kyyN#V r?2`2 BM+QKBM; /�i� �`2 +QMbB/2`2/ BM+`2K2Mi�HHvX 1�+? mT/�i2
Bb 2t2+mi2/ QM+2 2�+? smnstep U49yyV pQ+�HBx�iBQMb �`2 +QHH2+i2/X GSM Bb i?mb `2}M2/ BM+`2K2Mi�HHv /m`BM;
i?2 �;2Mi HB72- mT/�iBM; 2�+? iBK2 � MmK#2` smnstep Q7 M2r (m, s) T�B`b �`2 +QHH2+i2/X JQ`2Qp2`- r2 �/�Ti2/
i?Bb QMHBM2 p2`bBQM Q7 1J iQ BMi`Q/m+2 � H2�`MBM; `�i2 T�`�K2i2` α r?B+? /2+`2�b2b HQ;�`Bi?KB+�HHv 7`QK 0.1

iQ 0.01 Qp2` iBK2X α �HHQrb iQ b2i i?2 `2H�iBp2 r2B;?i Q7 i?2 M2r H2�`MBM; /�i� rBi? `2bT2+i iQ i?2 QH/ QM2bX
h?Bb :JJ BMi2`M�H KQ/2H Bb mb2/ iQ bQHp2 i?2 BMp2`b2 T`Q#H2K Q7 BM72``BM; KQiQ` +QKK�M/b m ∈ M

i?�i �HHQr i?2 H2�`M2` iQ `2�+? � ;Bp2M �m/BiQ`v ;Q�H sg ∈ SX 6`QK i?Bb b2MbQ`BKQiQ` KQ/2H GSM - i?2

jq2 2KTB`B+�HHv +?Qb2 � MmK#2` Q7 +QKTQM2Mib r?B+? Bb � bmBi�#H2 i`�/2@Qz #2ir22M H2�`MBM; +�T�+Biv
�M/ +QKTmi�iBQM�H +QKTH2tBivX
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�;2Mi +�M +QKTmi2 i?2 /Bbi`B#miBQM Q7 i?2 KQiQ` p�`B�#H2b FMQrBM; � ;Bp2M �m/BiQ`v ;Q�H iQ `2�+? sg- MQi2/
GSM (M | sg)X h?Bb Bb /QM2 #v "�v2bB�M BM72`2M+2 QM i?2 DQBMi /Bbi`B#miBQM- �M/ `2bmHib BM � M2r :JJ Qp2`
i?2 KQiQ` p�`B�#H2b M Ub22 2X;X U*�HBMQM- kyyN#VV- 7`QK r?B+? i?2 �;2Mi +�M b�KTH2 +QM};m`�iBQMb BM M X

h?2 r?QH2 T`Q+2bb Bb BHHmbi`�i2/ 6B;m`2 8XkX9- QM � iQv 2t�KTH2 rBi? KQMQ@/BK2MbBQM�H M �M/ SX :Bp2M
i?2 +m``2Mi bi�i2 Q7 i?2 b2MbQ`BKQiQ` KQ/2H- i?2 �;2Mi i`B2b iQ �+?B2p2 i?`22 ;Q�Hb- s1 = −9- s2 = 0- �M/
s3 = 8- BX2X i?`22 TQBMib BM S U?Qr i?2 �;2Mi Bb ;QBM; iQ b2H7@;2M2`�i2 bm+? ;Q�Hb rBi? BMi`BMbB+ KQiBp�iBQM
rBHH #2 2tTH�BM2/ #2HQrVX �i i?2 #2;BMMBM; Q7 i?2 HB72 iBK2- i?2 KQ/2H Bb p2`v TQQ` �i }M/BM; � ;QQ/ bQHmiBQM
#2+�mb2 i?2 :JJ Bb i`�BM2/ rBi? QMHv � 72r /�i�- MQi M2+2bb�`BHv +QM+2Mi`�i2/ BM i?2 `2;BQMb mb27mH iQ
�+?B2p2 i?2 ;Q�HbX 6Q` 2t�KTH2- �i t = 500- i?2 �;2Mi Bb QMHv �#H2 iQ +Q``2+iHv `2�+? s2 = 0 #mi Bb BM2{+B2Mi
�i `2�+?BM; s1 = −9 �M/ s3 = 8- �b b?QrM #v i?2 /Bbi`B#miBQMb Qp2` S BM i?2 iQT H27i +Q`M2` U`Qi�i2/ Ny
/2;`22b �MiB@+HQ+FrBb2V X h?2M Bi #2+QK2b #2ii2` �M/ #2ii2` r?BH2 i?2 �;2Mi T`Q/m+2b M2r pQ+�HBx�iBQMb-
+Qp2`BM; � H�`;2` T�`i Q7 i?2 b2MbQ`BKQiQ` bT�+2, �i t = 1500- i?2 �;2Mi Bb �#H2 iQ `2�+? i?2 i?`22 ;Q�HbX

h?2 b2MbQ`BKQiQ` bvbi2K r2 bT2+B}2/ BM i?2 T`2pBQmb b2+iBQM- ?Qr2p2`- BMpQHp2b � k9@/BK2MbBQM�H
b2MbQ`BKQiQ` bT�+2 UR3 �`iB+mH�`Q`v /BK2MbBQMb �M/ e �m/BiQ`v QM2bVX JQ`2Qp2`- �b r2 ?�p2 �H`2�/v MQi2/-
i?2 i?`22 pQ+�HBx�iBQM +H�bb2b r2 /2}M2/ ULQ S?QM�iBQM- lM�`iB+mH�i2/ �M/ �`iB+mH�i2/V bT�M bm#bT�+2b Q7
i?2 e@/BK2MbBQM�H �m/BiQ`v bT�+2 rBi? BM+`2�bBM; /BK2MbBQM�HBivX G2�`MBM; �M BMp2`b2 KQ/2H mbBM; :JJb
rBi? � }t2/ MmK#2` Q7 :�mbbB�Mb Bb ?�`/2`- BX2X `2[mB`2b KQ`2 b2MbQ`BKQiQ` 2tT2`BK2Mib- �b i?2 bT�MM2/
�m/BiQ`v bm#bT�+2 Bb Q7 ?B;?2` /BK2MbBQM�HBivX �Hi?Qm;? r2 /Q MQi T`QpB/2 K�i?2K�iB+�H �`;mK2Mib iQ i?Bb
+H�BK BM i?Bb T�T2`- Bi b22Kb +H2�` i?�i H2�`MBM; �M BMp2`b2 KQ/2H iQ T`Q/m+2 LQ S?QM�iBQM `2[mB`2b 72r2`
H2�`MBM; /�i� i?�M H2�`MBM; �M BMp2`b2 KQ/2H iQ T`Q/m+2 p�`BQmb �`iB+mH�i2/ pQ+�HBx�iBQMb- #2+�mb2 i?2 `�M;2
Q7 b2MbQ`v 2z2+i Bb Km+? H�`;2` BM i?2 b2+QM/ +�b2X

8XkXj AMi`BMbB+�HHv JQiBp�i2/ �+iBp2 1tTHQ`�iBQM

AM Q`/2` iQ T`QpB/2 i`�BMBM; /�i� iQ i?2 b2MbQ`BKQiQ` KQ/2H r2 Dmbi /2b+`B#2/- i?2 �;2Mi �miQMQKQmbHv �M/
�/�TiBp2Hv /2+B/2b r?B+? pQ+�H 2tT2`BK2Mib iQ K�F2X h?2 F2v B/2� Bb iQ b2H7@;2M2`�i2 �M/ +?QQb2 ;Q�Hb 7Q`
r?B+? i?2 H2�`M2` T`2/B+ib i?�i 2tT2`BK2Mib iQ `2�+? i?2b2 ;Q�Hb rBHH H2�/ iQ K�tBK�H +QKT2i2M+2 T`Q;`2bbX

h?2 bT2+B}+ KQ/2H r2 mb2 BM i?2 }`bi b2`B2b Q7 2tT2`BK2Mib Ub2+iBQM jXRV Bb � T`Q#�#BHBbiB+ p2`bBQM Q7 i?2
a�::@_A�* �`+?Bi2+im`2 U"�`�M2b �M/ Pm/2v2`- kyRj- kyRy�VX h?Bb �`+?Bi2+im`2 r�b Bib2H7 /2`Bp2/ �b �
7mM+iBQM�H KQ/2H UPm/2v2` �M/ E�TH�M- kyydc :QiiHB2# 2i �HX- kyRjV Q7 i?2Q`B2b BM Tbv+?QHQ;v U"2`HvM2- RN89c
.2+B �M/ _v�M- RN38c _v�M �M/ .2+B- kyyy�c *bBFbx2MiKB?�HvB- RNNdV r?B+? /2b+`B#2 bTQMi�M2Qmb 2tTHQ`�iBQM
�M/ +m`BQbBiv BM ?mK�MbX Ai +QK#BM2b irQ T`BM+BTH2b, RV ;Q�H #�##HBM;- �HbQ +�HH2/ ;Q�H 2tTHQ`�iBQMc kV �+iBp2
H2�`MBM; /`Bp2M #v i?2 K�tBKBx�iBQM Q7 2KTB`B+�HHv K2�bm`2/ H2�`MBM; T`Q;`2bb Ur?B+? +Q``2bTQM/b iQ i?2
�+iBp2 ;Q�H bi`�i2;v BM UJQmHBM@6`B2` �M/ Pm/2v2`- kyRj#-�VVX AM T`�+iB+2- i?2 H2�`M2` b2H7@;2M2`�i2b Bib QrM
�m/BiQ`v ;Q�Hb BM i?2 b2MbQ`v bT�+2 SX PM2 ;Q�H Bb ?2`2 � b2[m2M+2 Q7 irQ �m/BiQ`v i�`;2ib 2M+Q/2/ BM � e@
/BK2MbBQM�H p2+iQ` sg = (I(1), I(2), F1(1), F1(2), F2(1), F2(2)) Ub22 b2+iBQM 8XkXRVX 6Q` 2�+? ;Q�H- Bi mb2b i?2
+m``2Mi b2MbQ`BKQiQ` 2biBK�iBQM iQ BM72` � KQiQ` T`Q;`�K m ∈M BM Q`/2` iQ `2�+? i?�i ;Q�HX h?`Qm;? i?2
b2MbQ`BKQiQ` bvbi2K- i?Bb T`Q/m+2b � pQ+�HBx�iBQM �M/ i?2 �;2Mi T2`+2Bp2b i?2 �m/BiQ`v Qmi+QK2 s ∈ S- ?2M+2
� M2r (m, s) i`�BMBM; /�i�X :Q�Hb �`2 b2H2+i2/ biQ+?�biB+�HHv bQ �b iQ K�tBKBx2 i?2 2tT2+i2/ +QKT2i2M+2
T`Q;`2bb UBX2X i?2 H2�`M2` Bb BMi2`2bi2/ BM ;Q�Hb r?2`2 Bi T`2/B+ib Bi +�M BKT`Qp2 K�tBK�HHv Bib +QKT2i2M+2
iQ `2�+? i?2K �i � T�`iB+mH�` KQK2Mi Q7 Bib /2p2HQTK2MiVX h?Bb �HHQrb i?2 H2�`M2` iQ �pQB/ bT2M/BM; iQQ
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S

s=f(m)

t=500 t=1000 t=1500
A

B

C

GSM(M | s1)

GSM(M | s2)

GSM(M | s3)

s1=-9

s2=0

s3=8

6B;m`2 8XkX9, AHHmbi`�iBQM Q7 BM+`2K2Mi�H H2�`MBM; �M/ BM72`2M+2 BM i?2 b2MbQ`BKQiQ` KQ/2H BM � iQv
k@/BK2MbBQM�H b2MbQ`BKQiQ` bT�+2X h?2 };m`2 ?�b i?`22 +QHmKMb- +Q``2bTQM/BM; iQ i?2 bi�i2 Q7 �
H2�`MBM; �;2Mi �7i2` 500- 1000 �M/ 1500 b2MbQ`BKQiQ` 2tT2`BK2Mib Ut = 500, 1000, 1500VX 1�+?
+QHmKM Bb /BpB/2/ BM i?`22 T�M2Hb �- " �M/ *- �b BM/B+�i2/ BM i?2 KB//H2 +QHmKM U#Qt2/ H2ii2`b BM ;`�v
T�M2HbVX s@�tBb UM bT�+2V �M/ v@�tBb US bT�+2V Q7 � �`2 b?�`2/ #v " �M/ *- `2bT2+iBp2HvX �V h?2
mMFMQrM 7mM+iBQM s = f(m) Bb `2T`2b2Mi2/ #v i?2 #Hm2 +m`p2X h?2 `2/ TQBMib �`2 i?2 b2MbQ`BKQiQ`
2tT2`BK2Mib K�/2 �i i?Bb bi�;2 UBX2X mMiBH i?2 +Q``2bTQM/BM; iBK2 BM/2t tV, r?2M m Bb T`Q/m+2/-
s = f(m) + ϵ Bb T2`+2Bp2/- r?2`2 ϵ Bb ?2`2 � :�mbbB�M MQBb2 rBi? � bi�M/�`/ /2pB�iBQM Q7 0.5X h?2
2HHBTb2b `2T`2b2Mi i?2 bi�i2 Q7 GSM H2�`M2/ 7`QK i?2 b2MbQ`BKQiQ` 2tT2`BK2Mib- r?B+? Bb ?2`2 � :JJ
rBi? e +QKTQM2Mib U2�+? 2HHBTb2 `2T`2b2Mib � k. :�mbbB�MVX "V h?2 i?`22 p2`iB+�HHv@�HB;M2/ THQib
b?Qr i?2 KQiQ` /Bbi`B#miBQMb GSM (M | sg) 7Q` j /Bz2`2Mi ;Q�Hb- s1 = −9.0 UiQTV- s2 = 0.0 UKB//H2V-
�M/ s3 = 8.0 U#QiiQKV- BM 2�+? Q7 i?`22 +QHmKMb UBX2X �i i?2 i?`22 iBK2 BM/2t2bVX h?2v �`2 BM72``2/
7`QK GSM BM � mbBM; "�v2bB�M BM72`2M+2X *V h?2 T`Q#�#BHBiv /Bbi`B#miBQMb QM S U`Qi�i2/ Ny /2;`22b
�MiB@+HQ+FrBb2V `2bmHiBM; 7`QK b�KTHBM; KQiQ` +QM};m`�iBQMb �++Q`/BM; iQ GSM (M | sg)- iQ `2�+? i?2
i?`22 ;Q�Hb s1- s2- �M/ s3- i?2 b?�/2 Q7 ;`2v Q7 2�+? QM2 +Q``2bTQM/BM; iQ i?�i mb2/ BM ", i?Bb K2�Mb
7Q` 2t�KTH2 i?�i- �i � ;Bp2M iBK2 BM/2t t- T`Q/m+BM; KQiQ` +QKK�M/b �++Q`/BM; iQ i?2 /Bbi`B#miBQM
GSM (M | s3) UT�M2H "- #QiiQKV rBHH `2bmHi BM b2MbQ`v +QMb2[m2M+2b 7QHHQrBM; i?2 /�`F2` /Bbi`B#miBQM
BM T�M2H *X h?2 i?`22 +QMbB/2`2/ ;Q�Hb s1- s2 �M/ s3 �`2 `2T`2b2Mi2/ #v i?2 i?`22 ?Q`BxQMi�H `2/ HBM2b-
r?B+? �`2 i?2 b�K2 BM i?2 i?`22 +QHmKMbX h?2 /Bbi`B#miBQMb BM * i?mb `2~2+i ?Qr i?2 H2�`M2` Bb �#H2 iQ
`2�+? QM2 Q7 i?2 i?`22 +QMbB/2`2/ ;Q�Hb mbBM; i?2 +m``2Mi bi�i2 Q7 Bib b2MbQ`BKQiQ` KQ/2H, r2 Q#b2`p2
i?�i �i t = 500- Bi +�M QMHv `2�+? s2 = 0c �i t = 1000- Bi +�M �HbQ `2�+? s1 = −9 �M/ �i t = 1500 Bi
+�M `2�+? i?Qb2 i?`22 ;Q�HbX
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Km+? iBK2 QM mM`2�+?�#H2 Q` i`BpB�H ;Q�Hb- �M/ T`Q;`2bbBp2Hv 2tTHQ`2 b2H7@;2M2`�i2/ ;Q�Hbfi�bFb Q7 BM+`2�bBM;
+QKTH2tBivX �b � +QMb2[m2M+2- i?2 H2�`M2` b2H7@2tTHQ`2b �M/ H2�`Mb QMHv bm#@T�`ib Q7 i?2 b2MbQ`BKQiQ` bT�+2
i?�i �`2 bm{+B2Mi 7Q` `2�+?�#H2 ;Q�Hb, i?Bb �HHQrb iQ H2p2`�;2 i?2 `2/mM/�M+v Q7 i?2b2 bT�+2b #v #mBH/BM;
/2Mb2 im#2b Q7 H2�`MBM; /�i� QMHv r?2`2 Bi Bb M2+2bb�`v 7Q` +QMi`QHX

q2 /2}M2 i?2 +QKT2i2M+2 c �bbQ+B�i2/ iQ � T�`iB+mH�` 2tT2`BK2Mi (m, s) iQ `2�+? i?2 ;Q�H sg �b c =

comp(sg, s) = e−∥sg−s∥X h?Bb K2�bm`2 Bb BM [0, 1] �M/ 2tTQM2MiB�HHv BM+`2�b2b iQr�`/b 1 r?2M i?2 1m+HB/2�M
/Bbi�M+2 #2ir22M i?2 ;Q�H �M/ i?2 �+im�H `2�HBx�iBQM s = f(m) + ϵ i2M/b iQ 0X

h?2 K2�bm`2 Q7 +QKT2i2M+2 T`Q;`2bb mb2b �MQi?2` :JJ- GIM - H2�`Mi mbBM; i?2 +H�bbB+�H p2`bBQM Q7 1J
QM i?2 `2+2Mi ;Q�Hb �M/ i?2B` �bbQ+B�i2/ +QKT2i2M+2bX h?Bb :JJ T`QpB/2b �M BMi2`2bi /Bbi`B#miBQM GIM (S)

mb2/ iQ b�KTH2 ;Q�Hb BM i?2 �m/BiQ`v bT�+2 S K�tBKBxBM; i?2 +QKT2i2M+2 T`Q;`2bb BM i?2 `2+2Mi b2MbQ`BKQiQ`
2tT2`BK2Mib Q7 i?2 �;2MiX h?Bb r�b }`biHv 7Q`K�HBx2/ BM UJQmHBM@6`B2` �M/ Pm/2v2`- kyRj#-�VX AM i?Bb T�T2`-
r2 T`QpB/2 � ;`�T?B+�H 2tTH�M�iBQM Q7 i?2 T`Q+2bb BM 6B;m`2 8XkX8X

6QHHQrBM; �HH i?2 T`2pBQmb /2}MBiBQMb- r2 MQr +QMbB/2` i?�i i?2 �;2Mi TQbb2bb2b i?2 7QHHQrBM; �#BHBiB2b,

Ç S`Q/m+BM; � +QKTH2t pQ+�HBx�iBQM- b2[m2M+BM; irQ KQiQ` +QKK�M/b BMi2`TQH�i2/ BM � /vM�KB+�H
bvbi2KX Ai Bb 2M+Q/2/ #v � R3@/BK2MbBQM�H KQiQ` +QM};m`�iBQM m ∈M X

Ç S2`+2BpBM; i?2 e@/BK2MbBQM�H �m/BiQ`v +QMb2[m2M+2 s = f(m) + ϵ ∈ S- +QKTmi2/ #v �M �`iB+mH�`Q`v
bvMi?2bBx2`X f Bb mMFMQrM iQ i?2 �;2MiX

Ç Ai2`�iBp2Hv H2�`MBM; � b2MbQ`BKQiQ` KQ/2H 7`QK HQib Q7 (m, s) T�B`b Bi +QHH2+ib #v pQ+�HBxBM; i?`Qm;?
iBK2X Ai Bb 2M+Q/2/ BM � :JJ GSM Qp2` i?2 k9@/BK2MbBQM�H b2MbQ`BKQiQ` bT�+2 M × SX

Ç *QMi`QHBM; Bib pQ+�H i`�+i iQ �+?B2p2 � T�`iB+mH�` ;Q�H sgX h?Bb Bb /QM2 #v +QKTmiBM; GSM (M | sg)-
i?2 /Bbi`B#miBQM Qp2` i?2 KQiQ` bT�+2 M FMQrBM; � ;Q�H iQ �+?B2p2 sgX

Ç �+iBp2Hv +?QQbBM; ;Q�Hb iQ `2�+? BM i?2 b2MbQ`v bT�+2 S #v H2�`MBM; �M BMi2`2bi KQ/2H GIM BM i?2
`2+2Mi ?BbiQ`v Q7 2tT2`B2M+2bX "v b�KTHBM; BM i?2 BMi2`2bi /Bbi`B#miBQM GIM (S)- i?2 �;2Mi 7�pQ`b ;Q�Hb
BM `2;BQMb Q7 S r?B+? K�tBKBx2b i?2 +QKT2i2M+2 T`Q;`2bbX

h?Bb �;2Mi Bb i?mb �#H2 iQ �+i �i irQ /Bz2`2Mi H2p2HbX �i � ?B;? H2p2H- Bi +?QQb2b �m/BiQ`v ;Q�Hb iQ `2�+?
�++Q`/BM; iQ Bib BMi2`2bi KQ/2H GIM K�tBKBxBM; i?2 +QKT2i2M+2 T`Q;`2bbX �i � HQr2` H2p2H- Bi �ii2KTib
iQ `2�+? i?Qb2 ;Q�Hb mbBM; "�v2bB�M BM72`2M+2 Qp2` Bib b2MbQ`BKQiQ` KQ/2H GSM - �M/ BM+`2K2Mi�HHv `2}M2b
i?Bb H�ii2` rBi? Bib M2r 2tT2`B2M+2bX h?2 +QK#BM�iBQM Q7 #Qi? H2p2Hb `2bmHib BM � b2H7@2tTHQ`�iBQM �H;Q`Bi?K
U�H;Q`Bi?K 8XkXRVX

h?2 �;2Mi bi�`ib BM HBM2 R rBi? MQ 2tT2`B2M+2 BM pQ+�HBxBM;X "Qi? :JJb ?�p2 iQ #2 BMBiB�HBx2/ BM Q`/2`
iQ #2 mb2/X hQ /Q i?Bb- i?2 �;2Mi �+[mB`2b � }`bi b2i Q7 (m, s) T�B`b- #v b�KTHBM; BM M �`QmM/ i?2 M2mi`�H
p�Hm2b Q7 i?2 �`iB+mH�iQ`b Ub22 6B;m`2 8XkXkVX _2;�`/BM; i?2 T`2bbm`2 �M/ pQB+BM; KQiQ` T�`�K2i2`b- r2
+QMbB/2` i?�i i?2 M2mi`�H p�Hm2 Bb �i −0.25- r?B+? H2�/b iQ MQ T?QM�iBQM U`2+�HH i?�i #Qi? i?2b2 T�`�K2i2`b
?�p2 iQ #2 TQbBiBp2 7Q` T?QM�iBQM iQ Q++m`- b2+iBQM 8XkXRVX h?Bb KQ/2Hb i?2 7�+i i?�i i?2 �;2Mi /Q2b MQi
T?QM�i2 BM Bib M2mi`�H +QM};m`�iBQM- �M/ ?�b �i H2�bi iQ `�Bb2 i?2 T`2bbm`2 �M/ pQB+BM; T�`�K2i2`b iQ #2 �#H2
/Q /Q BiX h?2 �;2Mi i?2M 2t2+mi2b i?Bb }`bi b2i Q7 KQiQ` +QM};m`�iBQMb UKQbiHv MQi T?QM�iQ`vV- Q#b2`p2b
i?2 b2MbQ`v +QMb2[m2M+2b- �M/ BMBiB�HBb2b GSM rBi? i?2 +Q``2bTQM/BM; (m, s) T�B`b mbBM; BM+`2K2Mi�H 1JX
GIM Bb BMBiB�HBb2/ #v b2iiBM; i?2 BMi2`2bi /Bbi`B#miBQM GIM (S) iQ i?2 /Bbi`B#miBQMb Q7 i?2 bQmM/b Bi Dmbi
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6B;m`2 8XkX8, AHHmbi`�iBQM Q7 BMi2`2bi /Bbi`B#miBQM +QKTmi�iBQMX hQT@H27i, i?2 `2+2Mi ?BbiQ`v Q7
+QKT2i2M+2b Q7 i?2 �;2Mi- +Q``2bTQM/BM; iQ #Hm2 TQBMib BM i?2 bT�+2 T × S × C- r?2`2 T Bb i?2 bT�+2
Q7 `2+2Mi iBK2 BM/2t2b UBM R+V- S i?2 bT�+2 Q7 `2+2MiHv +?Qb2M ;Q�Hb sg UKQMQ@/BK2MbBQM�H BM i?Bb iQv
2t�KTH2V �M/ C i?2 bT�+2 Q7 `2+2Mi +QKT2i2M+2b Q7 `2�+?BM; i?Qb2 ;Q�Hb UBM R+VX 6Q` i?2 b�F2 Q7 i?2
BHHmbi`�iBQM- i?2 +QKT2i2M+2 p�`B�iBQMb Qp2` iBK2 �`2 ?2`2 ?�M/@/2}M2/ Ubm`7 bm`7�+2V �M/ T`QTQ`iBQM�H
iQ i?2 p�Hm2b BM S UBM+`2�b2b 7Q` TQbBiBp2 p�Hm2b- /2+`2�b2b 7Q` M2;�iBp2 p�Hm2bVX q2 i`�BM � :JJ Q7 e
+QKTQM2Mib- GIM - iQ H2�`M i?2 DQBMi /Bbi`B#miBQM Qp2` T × S × C- `2T`2b2Mi2/ #v i?2 bBt j. 2HHBTb2bX
S`QD2+iBQMb Q7 i?2b2 2HHBTb2b �`2 b?QrM BM k. bT�+2b S×C �M/ T ×C BM i?2 iQT@`B;?i �M/ #QiiQK@H27i
THQibX hQ `2~2+i i?2 +QKT2i2M+2 T`Q;`2bb BM i?Bb /�i�b2i- r2 i?2M #B�b i?2 r2B;?i Q7 2�+? :�mbbB�M iQ
7�pQ` i?Qb2 r?B+? /BbTH�v � ?B;?2` +QKT2i2M+2 T`Q;`2bb- i?�i r2 K2�bm`2 �b i?2 +Qp�`B�M+2 #2ir22M
iBK2 �M/ +QKT2i2M+2 7Q` 2�+? :�mbbB�M UBM i?2 2t�KTH2 i?2 Tm`TH2 2HHBTb2 b?Qrb i?2 ?B;?2` +Qp�`B�M+2
BM i?2 #QiiQK@H27i THQiVX q2 r2B;?i i?2 :�mbbB�Mb rBi? � M2;�iBp2 +Qp�`B�M+2 #2ir22M iBK2 T �M/
+QKT2i2M+2 C U#Hm2- #H�+F �M/ `2/ 2HHBTb2bV rBi? � M2;HB;B#H2 7�+iQ`- bm+? i?�i i?2v /Q MQi +QMi`B#mi2
iQ i?2 KBtim`2X lbBM; "�v2bB�M BM72`2M+2 BM i?Bb #B�b2/ :JJ- r2 }M�HHv +QKTmi2 i?2 /Bbi`B#miBQM Qp2`
i?2 ;Q�H bT�+2 S- GIM (S)- i?mb 7�pQ`BM; `2;BQMb Q7 S /BbTH�vBM; i?2 ?B;?2bi +QKT2i2M+2 T`Q;`2bb
U#QiiQK@`B;?iVX
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�H;Q`Bi?K 8XkXR a2H7@2tTHQ`�iBQM rBi? �+iBp2 ;Q�H #�##HBM; UbiQ+?�biB+ a�::@_A�*
�`+?Bi2+im`2VX

R, BMBiB�HBb2 GSM �M/ GIM

k, r?BH2 i`m2 /Q
j, sg ∼ GIM (S)

9, m ∼ GSM (M | sg)

8, s = f(m) + ϵ

e, c = comp(sg, s)

d, update(GSM , (m, s))

3, update(GIM , (sg, c))

N, 2M/ r?BH2

T`Q/m+2/ rBi? i?Bb }`bi b2i Q7 2tT2`B2M+2bX h?mb- �i i?2 }`bi Bi2`�iBQM Q7 i?2 �H;Q`Bi?K- i?2 �;2Mi i`B2b iQ
�+?B2p2 �m/BiQ`v ;Q�Hb +Q``2bTQM/BM; iQ i?2 bQmM/b Bi T`Q/m+2/ /m`BM; i?2 BMBiB�HBb�iBQM T?�b2X h?2M- BM
i?2 bm#b2[m2Mi Bi2`�iBQMb- i?2 BMi2`2bi /Bbi`B#miBQM GIM (S) `2~2+ib i?2 +QKT2i2M+2 T`Q;`2bb K2�bm`2- �M/
Bb +QKTmi2/ �b 2tTH�BM2/ �#Qp2X

GBM2 j- i?2 �;2Mi i?mb b2H2+ib biQ+?�biB+�HHv sg ∈ S rBi? ?B;? BMi2`2bi p�Hm2bX h?2M Bi mb2b GSM (M | sg)

iQ b�KTH2 � pQ+�HBx�iBQM m ∈M iQ `2�+? sg UHBM2 9VX h?2 2t2+miBQM Q7 m rBHH �+im�HHv T`Q/m+2 �M �m/BiQ`v
Qmi+QK2 s UHBM2 8V- �M/ � +QKT2i2M+2 K2�bm`2 iQ `2�+? i?2 ;Q�H- c = comp(sg, s)- Bb +QKTmi2/ UHBM2 eVX h?Bb
�HHQrb Bi iQ mT/�i2 i?2 b2MbQ`BKQiQ` KQ/2H GSM rBi? i?2 M2r (m, s) T�B`b UHBM2 dVX 6BM�HHv- Bi mT/�i2b i?2
BMi2`2bi KQ/2H GIM UHBM2 3V rBi? i?2 +QKT2i2M+2 c iQ `2�+? sg

�H;Q`Bi?K 8XkXR rBHH #2 `mM �M/ i?2 `2bmHib �M�Hvx2/ BM b2+iBQM 8XjXRX

8XkX9 AKBi�iBQM avbi2K

AM H�M;m�;2 �+[mBbBiBQM �M/ pQ+�HBx�iBQM- i?2 bQ+B�H 2MpB`QMK2Mi TH�vb M�im`�HHv �M BKTQ`i�Mi `QH2X h?mb r2
+QMbB/2` �M �+iBp2 bT22+? H2�`M2` i?�i MQi QMHv +�M b2H7@2tTHQ`2 Bib b2MbQ`BKQiQ` bT�+2- #mi +�M �HbQ H2�`M
#v BKBi�iBQMX AM � b2+QM/ b2`B2b Q7 2tT2`BK2Mib Ub2+iBQM jXkV- r2 2ti2M/ i?2 T`2pBQmb KQ/2H #v BMi2;`�iBM;
i?2 T`2pBQmb H2�`MBM; �H;Q`Bi?K BM i?2 a:AJ@�*ha �`+?Bi2+im`2- r?B+? ?�b #22M T`QTQb2/ BM UL;mv2M �M/
Pm/2v2`- kyRk/VX

q2 +QMbB/2` ?2`2 i?�i i?2 H2�`MBM; �;2Mi +�M mb2 QM2 Q7 irQ H2�`MBM; bi`�i2;B2b- r?B+? Bi +?QQb2b �/�TiBp2Hv,

Ç 2tTHQ`2 �miQMQKQmbHv rBi? BMi`BMbB+�HHv KQiBp�i2/ ;Q�H #�##HBM;- �b /2b+`B#2/ T`2pBQmbHv-

Ç Q` 2tTHQ`2 rBi? BKBi�iBQM H2�`MBM;X q2 /BbiBM;mBb? KBKB+`v- BM r?B+? i?2 H2�`M2` +QTB2b i?2 TQHB+B2b Q7
Qi?2`b rBi?Qmi �M �TT`2+B�iBQM Q7 i?2B` Tm`TQb2- 7`QK 2KmH�iBQM- r?2`2 i?2 Q#b2`p2` rBiM2bb2b bQK2QM2
T`Q/m+BM; �M Qmi+QK2- #mi i?2M 2KTHQvb Bib QrM TQHB+v `2T2`iQB`2 iQ `2T`Q/m+2 i?2 Qmi+QK2- �b
7Q`K�HBx2/ BM UGQT2b 2i �HX- kyyN#c *�HH �M/ *�`T2Mi2`- kyykc q?Bi2M- kyyyc L2?�MBp �M/ .�mi2M?�?M-
kyydVX �b i?2 H2�`M2` � T`BQ`B +�M MQi Q#b2`p2 i?2 pQ+�H i`�+i Q7 i?2 /2KQMbi`�iQ`- Bi +�M QMHv 2KmH�i2
i?2 /2KQMbi`�iQ` #v i`vBM; iQ `2T`Q/m+2 i?2 �m/BiQ`v Qmi+QK2 Q#b2`p2/- #v mbBM; Bib QrM K2�Mb-
}M/BM; Bib QrM TQHB+v iQ `2T`Q/m+2 i?2 Qmi+QK2X q2 +QMbB/2` i?�i i?2 /2KQMbi`�iQ` Ui?2 bQ+B�H T22`V
?�b � }MBi2 b2i Q7 �m/BiQ`v Qmi+QK2b- �M/ 2p2`v iBK2 i?2 H2�`M2` +?QQb2b iQ H2�`M #v bQ+B�H ;mB/�M+2-
Bi +?QQb2b �i `�M/QK �M �m/BiQ`v Qmi+QK2 �KQM; i?2 b2i iQ 2KmH�i2X
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h?2 H2�`M2` +�M KQMBiQ` i?2 +QKT2i2M+2 T`Q;`2bb `2bmHiBM; 7`QK mbBM; 2�+? Q7 i?2 bi`�i2;B2bX h?Bb K2�bm`2
Bb mb2/ iQ /2+B/2 r?B+? bi`�i2;v Bb i?2 #2bi T`Q;`2bb MB+?2 �i � ;Bp2M KQK2Mi, � bi`�i2;v Bb +?Qb2M rBi? �
T`Q#�#BHBiv /B`2+iHv /2T2M/BM; QM Bib �bbQ+B�i2/ 2tT2+i2/ +QKT2i2M+2 T`Q;`2bbX h?mb- +QKT2i2M+2 T`Q;`2bb
Bb mb2/ �i irQ ?B2`�`+?B+�H H2p2Hb Q7 �+iBp2 H2�`MBM;- 7Q`KBM; r?�i Bb +�HH2/ bi`�i2;B+ H2�`MBM; UGQT2b �M/
Pm/2v2`- kyRkV, �i i?2 ?B;?2`@H2p2H- Bi Bb mb2/ iQ /2+B/2 r?2M iQ 2tTHQ`2 �miQMQKQmbHv- �M/ r?2M iQ BKBi�i2c
�i i?2 HQr2`@H2p2H- B7 b2H7@2tTHQ`�iBQM Bb b2H2+i2/- Bi Bb mb2/ iQ /2+B/2 r?B+? ;Q�H iQ b2H7@2tTHQ`2 U�b BM i?2
T`2pBQmb KQ/2HVX aBM+2 +QKT2i2M+2 T`Q;`2bb Bb � MQM@bi�iBQM�`v K2�bm`2 �M/ Bb +QMiBMmQmbHv `2@2p�Hm�i2/-
i?2 BM/BpB/m�H H2�`Mb iQ +?QQb2 #Qi? i?2 bi`�i2;v χ ∈ {autonomousnexploration, socialnguidance} �M/ i?2
�m/BiQ`v ;Q�Hb sg ∈ S iQ i�`;2i- #v +?QQbBM; r?B+? +QK#BM�iBQM 2M�#H2b ?B;?2bi +QKT2i2M+2 T`Q;`2bbX

6Q` i?2 T�`iB+mH�` BKTH2K2Mi�iBQM Q7 a:AJ@�*ha Q7 i?Bb T�T2`- r2 mb2 i?2 b�K2 7Q`K�HBbK �M/
BKTH2K2Mi�iBQM �b BM �H;Q`Bi?K 8XkXR �M/ +QMbB/2` i?�i i?2 bi`�i2;v Bb �MQi?2` +?QB+2 K�/2 #v i?2
�;2MiX h?Bb H2�/b iQ �H;Q`Bi?K 8XkXk- r?2`2 i?2 BMi2`2bi KQ/2H GIM MQr H2�`Mb �M BMi2`2bi /Bbi`B#miBQM
�b BM b2+iBQM 8XkXjX h?2 /Bz2`2M+2 Bb i?�i i?2 bT�+2 Q7 BMi2`2bi Bb MQr i?2 mMBQM Q7 i?2 bi`�i2;v bT�+2
{autonomousnexploration, socialnguidance} �M/ i?2 �m/BiQ`v bT�+2 SX q2 +�HH StrS i?Bb M2r bT�+2
StrS = {autonomousnexploration, socialnguidance} × S X >2M+2 GIM Bb � /Bbi`B#miBQM Qp2` StrS

U�H;Q`Bi?K 8XkXk- HBM2 jVX A7 i?2 b2H7@2tTHQ`�iBQM bi`�i2;v Bb +?Qb2M Uχ = autonomousnexplorationV-
i?2 �;2Mi �+ib �b BM �H;Q`Bi?K 8XkXRX A7 i?2 bQ+B�H ;mB/�M+2 bi`�i2;v Bb +?Qb2M Uχ = socialnguidance- HBM2
9V- i?2 H2�`M2` i?2M 2KmH�i2b �M �m/BiQ`v /2KQMbi`�iBQM sg ∈ S +?Qb2M `�M/QKHv �KQM; i?2 /2KQMbi`�iBQM
b2i Q7 �/mHi bQmM/b UHBM2 8V- Qp2`r`BiBM; sg Q7 HBM2 jX Ai i?2M mb2b Bib b2MbQ`BKQiQ` KQ/2H GSM iQ +?QQb2 �
pQ+�HBx�iBQM m ∈ M iQ `2�+? sg- #v /`�rBM; �++Q`/BM; iQ i?2 /Bbi`B#miBQM GSM (M | sg) UHBM2 dV- �b BM i?2
b2H7@2tTHQ`�iBQM bi`�i2;vX h?2 2t2+miBQM Q7 m rBHH T`Q/m+2 �M �m/BiQ`v Qmi+QK2 s UHBM2 3V- 7`QK r?B+? Bi
mT/�i2b Bib KQ/2Hb GIM �M/ GSM UHBM2b Ry �M/ RRVX

�H;Q`Bi?K 8XkXk ai`�i2;B+ �+iBp2 2tTHQ`�iBQM U�+iBp2 ;Q�H #�##HBM; �M/ BKBi�iBQM rBi?
biQ+?�biB+ a:AJ@�*ha �`+?Bi2+im`2VX

R, AMBiB�HBb2 GSM �M/ GIM

k, r?BH2 i`m2 /Q
j, (χ, sg) ∼ GIM (StrS)

9, B7 Uχ = socialnguidanceV i?2M
8, sg ← `�M/QK �m/BiQ`v /2KQMbi`�iBQM 7`QK i?2 �K#B2Mi H�M;m�;2
e, 2M/ B7
d, m ∼ GSM (M |sg)

3, s = f(m) + ϵ

N, c = comp(sg, s)

Ry, update(GSM , (m, s))

RR, update(GIM , (χ, sg, c))

Rk, 2M/ r?BH2

h?mb- i?Bb M2r 2tTHQ`�iBQM �H;Q`Bi?K Bb �m;K2Mi2/ rBi? v2i �MQi?2` H2p2H Q7 H2�`MBM;- �HHQrBM; iQ +?QQb2
#2ir22M /Bz2`2Mi 2tTHQ`�iBQM bi`�i2;B2bX h?Bb bi`�i2;v +?QB+2 KQ`2Qp2` mb2b i?2 b�K2 K2+?�MBbK �b i?2
+?QB+2 Q7 �m/BiQ`v ;Q�Hb- #v K2�Mb Q7 i?2 BMi2`2bi KQ/2H GIM X

�H;Q`Bi?K 8XkXk rBHH #2 `mM �M/ i?2 `2bmHib �M�Hvx2/ BM b2+iBQM 8XjXkX
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8Xj _2bmHib

h?2 `2bmHib Q7 Qm` 2tT2`BK2Mib �`2 T`2b2Mi2/ BM i?Bb b2+iBQMX q2 }`bi `mM 2tT2`BK2Mib r?2`2 Qm` �;2Mi
H2�`Mb BM � Tm`2 b2H7@2tTHQ`�iBQM KQ/2 U�H;Q`Bi?K 8XkXRV- rBi?Qmi �Mv bQ+B�H 2MpB`QMK2Mi Q` bQmM/b iQ
BKBi�i2X AM � b2+QM/ iBK2- r2 BMi`Q/m+2 �M �m/BiQ`v 2MpB`QMK2Mi iQ bim/v i?2 BM~m2M+2 Q7 �K#B2Mi H�M;m�;2
U�H;Q`Bi?K 8XkXkVX

8XjXR 1K2`;2M+2 Q7 /2p2HQTK2Mi�H b2[m2M+2b BM �miQMQKQmb pQ+�H 2tTHQ@
`�iBQM

q2 `�M N BM/2T2M/2Mi bBKmH�iBQMb Q7 �H;Q`Bi?K 8XkXR rBi? i?2 b�K2 T�`�K2i2`b #mi /Bz2`2Mi `�M/QK
b22/b- Q7 240.000 pQ+�HBx�iBQMb 2�+?9X JQbi Q7 i?2b2 N bBKmH�iBQMb /BbTH�v i?2 7Q`K�iBQM Q7 � /2p2HQTK2Mi�H
b2[m2M+2- �b r2 rBHH b22X "27Q`2 /2b+`B#BM; i?2 `2;mH�`BiB2b �M/ p�`B�iBQMb Q#b2`p2/ BM i?Bb b2i Q7 bBKmH�iBQMb-
H2i mb }`bi �M�Hvb2 � T�`iB+mH�` QM2 r?2`2 i?2 /2p2HQTK2Mi�H b2[m2M+2 Bb +H2�`Hv Q#b2`p�#H2X 6B;m`2 8XjXR
2t?B#Bib bm+? � bBKmH�iBQMX q2 Q#b2`p2 i?`22 +H2�` /2p2HQTK2Mi�H bi�;2b- BX2 i?`22 `2H�iBp2Hv ?QKQ;2M2Qmb
T?�b2b rBi? `�i?2` b?�`T i`�MbBiBQMbX h?2b2 bi�;2b �`2 MQi T`2@T`Q;`�KK2/- #mi 2K2`;2 7`QK i?2 BMi2`�+iBQM
Q7 i?2 pQ+�H T`Q/m+iBQMb Q7 i?2 b2MbQ`BKQiQ` bvbi2K- H2�`MBM; rBi?BM i?2 b2MbQ`BKQiQ` KQ/2H- �M/ i?2 �+iBp2
+?QB+2 Q7 ;Q�Hb #v BMi`BMbB+�HHv KQiBp�i2/ �+iBp2 2tTHQ`�iBQMX 6B`bi UmMiBH ≃ 30.000 pQ+�HBx�iBQMbV- i?2 �;2Mi
T`Q/m+2b K�BMHv KQiQ` +QKK�M/b r?B+? `2bmHib BM MQ T?QM�iBQM Q` BM mM�`iB+mH�i2/ pQ+�HBx�iBQMb UBM i?2
b2Mb2 Q7 i?2 +H�bb2b /2}M2/ b2+iBQM 8XkXRXjVX a2+QM/ UmMiBH ≃ 150.000 pQ+�HBx�iBQMbV- T?QM�iBQM �HKQbi �Hr�vb
Q++m`b- #mi i?2 pQ+�HBx�iBQMb �`2 KQbiHv mM�`iB+mH�i2/X h?B`/- Bi T`Q/m+2b K�BMHv �`iB+mH�i2/ pQ+�HBx�iBQMbX

h?2 �;2Mi 2tTHQ`2b Bib b2MbQ`BKQiQ` bT�+2 #v T`Q/m+BM; pQ+�HBx�iBQMb Q7 BM+`2�bBM; +QKTH2tBivX h?2 +H�bb
MQ T?QM�iBQM Bb BM/22/ i?2 2�bB2bi iQ H2�`M iQ T`Q/m+2 7Q` irQ `2�bQMb, i?2 `2bi TQbBiBQMb Q7 i?2 T`2bbm`2
�M/ pQB+BM; KQiQ` T�`�K2i2`b /Q MQi �HHQr T?QM�iBQM U#Qi? �`QmM/ −0.25 �i i?2 BMBiB�HBb�iBQM Q7 i?2 �;2Mi-
HBM2 R Q7 �H;Q`Bi?K 8XkXRV c �M/ i?2`2 Bb MQ p�`B�iBQMb QM i?2 7Q`K�Mi p�Hm2b- r?B+? K�F2b i?2 +QMi`QH i�bF
i`BpB�H �b bQQM �b i?2 �;2Mi ?�b � #Bi Q7 2tT2`B2M+2X h?2`2 Bb KQ`2 iQ H2�`M rBi? mM�`iB+mH�i2/ pQ+�HBx�iBQMb-
r?2`2 7Q`K�Mi p�Hm2b �`2 p�`vBM; BM �i H2�bi QM2 T�`i Q7 i?2 pQ+�HBx�iBQM- �M/ biBHH KQ`2 rBi? �`iB+mH�i2/ QM2b
r?2`2 i?2v �`2 p�`vBM; BM #Qi? T�`ib U7Q` i?2 }`bi �M/ b2+QM/ +QKK�M/VX

6B;m`2 8XjXk b?Qrb r?�i ?�TT2Mb BM i?2 T�`iB+mH�` bBKmH�iBQM Q7 6B;m`2 8XjXR BM KQ`2 /2i�BHbX
h?Bb /2p2HQTK2Mi�H b2[m2M+2 Bb /BpB/2/ BMiQ j bi�;2b- A- AA �M/ AAA- bi�;2b #2BM; b2T�`�i2/ #v p2`iB+�H /�`F

HBM2b QM 6B;m`2 8XjXk- B/2MiB+�H QM 2�+? bm#THQi Ubi�;2 #QmM/�`B2b �`2 i?2 b�K2 i?�M BM 6B;m`2 8XjXRVX
AM bi�;2 A- mMiBH �TT`QtBK�i2Hv jyXyyy pQ+�HBx�iBQMb- i?2 �;2Mi T`Q/m+2b K�BMHv MQ T?QM�iBQM �M/

mM�`iB+mH�i2/ pQ+�HBx�iBQMbX q2 Q#b2`p2 i?�i i?2 �;2Mi b2i ;Q�Hb 7Q` I(1) 2Bi?2` �`QmM/ 0- 2Bi?2` �`QmM/
1- r?2`2�b i?2 ;Q�Hb 7Q` I(2) bi�v �`QmM/ 0 UH�bi `Qr BM ǳ:Q�HbǴVX "v i`vBM; iQ �+?B2p2 i?2b2 ;Q�Hb- i?2 �;2Mi
T`Q;`2bbBp2Hv `2}M2b Bib b2MbQ`BKQiQ` KQ/2H �M/ T`Q;`2bb2b #v `�BbBM; i?2 p�Hm2b Q7 i?2 T`2bbm`2 �M/ pQB+BM;
KQiQ` T�`�K2i2` BM i?2 }`bi +QKK�M/ UirQ H�bi `Qrb Q7 i?2 b2+iBQM ǳJQiQ` +QKK�M/bǴ- Rbi +QHmKMVX Pi?2`
�`iB+mH�iQ`b `2K�BM �`QmM/ i?2 M2mi`�H TQbBiBQM Up�Hm2 yVX h?2 �;2Mi Bb H2�`MBM; iQ T?QM�i2X h?2 T2`+2Mi�;2b

91�+? bBKmH�iBQM BMpQHp2b b2p2`�H ?Qm`b Q7 +QKTmiBM; QM � /2bFiQT +QKTmi2`- /m2 iQ i?2 +QKTH2tBiv Q7
�H;Q`Bi?K 8XkXR- BM T�`iB+mH�` BM i?2 "�v2bB�M BM72`2M+2 �M/ mT/�i2 T`Q+2/m`2bX

Rk8



L;mv2M a�Q J�B AHHmbi`�iBQM QM � .2p2HQTK2Mi�H a2[m2M+2 7Q` oQ+�HBb�iBQM

0 0.5 1 1.5 2 2.5
0

20

40

60

80

100

× 10
5Number of vocalisations

Cl
as

s 
cu

m
ul

at
iv

e 
pe

rc
en

ta
ge

I II III
No Phonation
Unarticulated
Articulated

6B;m`2 8XjXR, a2H7@Q`;�MBx�iBQM Q7 pQ+�H /2p2HQTK2Mi�H bi�;2bX �i 2�+? iBK2 bi2T t Ut@�tBbV- i?2
T2`+2Mi�;2 Q7 2�+? pQ+�HBx�iBQM +H�bb #2ir22M t �M/ t + 30.000 Bb THQii2/ Uv@�tBbV- BM � +mKmH�iBp2
K�MM2` UbmK iQ RyyWVX oQ+�HBx�iBQM +H�bb2b �`2 /2}M2/ BM b2+iBQM 8XkXRXjX _QK�M MmK2`�Hb b?Qrb
i?`22 /BbiBM+i /2p2HQTK2Mi�H bi�;2bX A, K�BMHv MQ T?QM�iBQM Q` mM�`iB+mH�i2/ pQ+�HBx�iBQMbX AA, K�BMHv
mM�`iB+mH�i2/X AAA, K�BMHv �`iB+mH�i2/X h?2 #QmM/�`B2b #2ir22M i?2b2 bi�;2b �`2 MQi T`2T`Q;`�KK2/
�M/ �`2 ?2`2 K�Mm�HHv b2i #v i?2 �mi?Q`b- HQQFBM; �i b?�`T i`�MbBiBQMb #2ir22M `2H�iBp2Hv ?QKQ;2M2Qmb
T?�b2bX

hvT2b Q7 bQmM/b
T`Q/m+2/

ai�;2 A ai�;2 AA ai�;2 AAA ai�;2 Ao

LQ T?QM�iBQM@
lM�`iB+mH�i2/

d y k y

lM�`iB+mH�i2/ y d y j
�`iB+mH�i2/ y k 9 y
Pi?2` k y R y

h�#H2 8XjXR, *QmMi Q7 pQ+�HBx�iBQM bi�;2b BM N bBKmH�iBQMbX h?2 ǳivT2b Q7 bQmM/b T`Q/m+2/Ǵ
U}`bi +QHmKM Q7 i?2 i�#H2V +Q``2bTQM/ iQ i?2 KQbi T`QKBM2Mi +H�bb BM � ;Bp2M bi�;2- r?2`2 bi�;2b
�`2 K�Mm�HHv b2i- HQQFBM; �i b?�`T i`�MbBiBQMb #2ir22M `2H�iBp2Hv ?QKQ;2M2Qmb T?�b2bX h?2b2
/2p2HQTK2Mi�H bi�;2b �`2 i?2`27Q`2 bm#D2+iBp2 iQ � +2`i�BM 2ti2Mi- BM i?2 b2Mb2 i?�i �MQi?2` Q#b2`p2`
+QmH/ ?�p2 b2i /Bz2`2Mi QM2b U#mi ?QT27mHHv �HbQ rQmH/ Q#b2`p2 K�DQ` bi`m+im`�H +?�M;2bVX ǳLQ
T?QM�iBQM@lM�`iB+mH�i2/Ǵ K2�Mb � KBt #2ir22M LQ T?QM�iBQM �M/ lM�`iB+mH�i2/ +H�bb2b U�b /2}M2/
BM b2+iBQM 8XkXRXj BM i?�i bi�;2X � MmK#2` x BM � +2HH K2�Mb i?Bb ivT2 Q7 pQ+�HBx�iBQMb U`QrV
�TT2�`b x iBK2b �i i?2 nth bi�;2 Q7 /2p2HQTK2Mi U+QHmKMV BM i?2 b2i Q7 N bBKmH�iBQMbX hrQ iQ 7Qm`
/2p2HQTK2Mi�H bi�;2b r2`2 B/2MiB}2/ BM 2�+? bBKmH�iBQM- 2tTH�BMBM; r?v i?2 ǳai�;2 AǴ �M/ ǳai�;2
AAǴ +QHmKMb bmK mT iQ N Ui?2 iQi�H MmK#2` Q7 bBKmH�iBQMbV- #mi MQi i?2 ǳai�;2 AAAǴ �M/ ǳai�;2 AoǴ
+QHmKMbX
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6B;m`2 8XjXk, 1pQHmiBQM Q7 i?2 /Bbi`B#miBQM Q7 �m/BiQ`v ;Q�Hb- KQiQ` +QKK�M/b �M/ bQmM/b �+im�HHv
T`Q/m+2/ Qp2` i?2 HB72 iBK2 Q7 � pQ+�H �;2Mi Ui?2 b�K2 �;2Mi �b BM 6B;m`2 8XjXRVX h?2 p�`B�#H2b �`2 BM
i?`22 ;`QmTb U?Q`BxQMi�H `2/ HBM2bV, i?2 ;Q�Hb +?Qb2M #v i?2 �;2Mi BM HBM2 j Q7 �H;Q`Bi?K 8XkXR UiQT
;`QmTV- i?2 KQiQ` +QKK�M/b Bi BM72``2/ iQ `2�+? i?2 ;Q�Hb mbBM; Bib BMp2`b2 KQ/2H BM HBM2 9 UKB//H2
;`QmTV- �M/ i?2 �+im�H T2`+2TiBQMb `2bmHiBM; 7`QK i?2 KQiQ` +QKK�M/b i?`Qm;? i?2 bvMi?2bBx2` BM
HBM2 8 U#QiiQK ;`QmTVX h?2`2 �`2 irQ +QHmKMb URbi �M/ kM/V- #2+�mb2 Q7 i?2 b2[m2MiB�H M�im`2 Q7
pQ+�HBx�iBQMb UirQ KQiQ` +QKK�M/b T2` pQ+�HBx�iBQMVX 1�+? bm#THQi b?Qrb i?2 /2MbBiv Q7 i?2 p�Hm2b
i�F2M #v 2�+? T�`�K2i2` Uv@�tBbV Qp2` i?2 HB72 iBK2 Q7 i?2 �;2Mi Ut@�tBb- BM MmK#2` Q7 pQ+�HBx�iBQMb
bBM+2 i?2 bi�`iVX Ai Bb +QKTmi2/ mbBM; �M ?BbiQ;`�K QM i?2 /�i� UrBi? Ryy #BMb T2` �tBbV- QM r?B+?
r2 �TTHv � j@#BMb rB/2 :�mbbB�M }Hi2`X h?2 /�`F2` i?2 +QHQ`- i?2 /2Mb2` i?2 /�i�, 2X;X i?2 �m/BiQ`v
T�`�K2i2` I �+im�HHv `2�+?2/ #v i?2 b2+QM/ +QKK�M/ UI(2)- H�bi `Qr BM ǵ_2�+?2/Ǵ- kM/ +QHmKMV-
2bT2+B�HHv i�F2b p�Hm2b �`QmM/ y Uv@�tBbV mMiBH �TT`QtBK�i2Hv 150.000th pQ+�HBx�iBQM Ut@�tBbV- i?2M Bi
i�F2b `�i?2` p�Hm2b �`QmM/ RX h?2 i?`22 /2p2HQTK2Mi�H bi�;2b Q7 6B;m`2 8XjXR �`2 `2TQ`i2/ �i i?2
iQTX
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Q7 pQ+�HBx�iBQM #2HQM;BM; iQ 2�+? pQ+�HBx�iBQM +H�bb Bb T`QpB/2/ h�#H2 8XjXkX

LL *L L* oL Lo oo *o o* **

98Xj W RjX9 W yXe W R3XN W 9X8 W NXN W eXe W yXd W yXk W

h�#H2 8XjXk, S2`+2Mi�;2 Q7 pQ+�HBx�iBQM +H�bb2b T`Q/m+2/ BM bi�;2 A Q7 i?2 bim/B2/ /2p2HQTK2Mi�H
b2[m2M+2X

h?2M- BM bi�;2 AA- 7`QK 30.000 iQ �TT`QtBK�i2Hv 150.000 pQ+�HBx�iBQMb- i?2 �;2Mi Bb K�BMHv BMi2`2bi2/
BM T`Q/m+BM; pQ+�HBx�iBQMb r?B+? #2;BM rBi? � oQr2Hb UI(1) > 0.9- b22 i?2 /2}MBiBQM Q7 T?QM2 ivT2b BM
b2+iBQM 8XkXRXjV �M/ }MBb? rBi? � LQM2 UI(2) < 0.1VX .m`BM; i?Bb bi�;2- Bi H2�`Mb iQ T`Q/m+2 `2H�iBp2Hv ?B;?
F1(1) p�Hm2b- BM T�`iB+mH�` #v /2+`2�bBM; i?2 Art1(1) T�`�K2i2` U�TT`QtBK�i2Hv +QMi`QHHBM; i?2 D�r ?2B;?i-
b22 6B;m`2 8XkXkVX _2;�`/BM; i?2 b2+QM/ +QKK�M/- �Hi?Qm;? i?2 �;2Mi b2H7@;2M2`�i2b p�`BQmb ;Q�Hb 7Q`
F1(2) �M/ F2(2)- �M/ T`Q/m+2b p�`BQmb KQiQ` +QKK�M/b iQ i`v iQ `2�+? i?2K- i?2 bQmM/ T`Q/m+2/ KQbiHv
+Q``2bTQM/b iQ � LQM2 UI(2) = 0- �M/ i?2`27Q`2 F1(2) = F2(2) = 0VX h?Bb Bb /m2 #Qi? iQ i?2 M2;�iBp2 p�Hm2 Q7
i?2 pQB+BM; T�`�K2i2` UH�bi `Qr BM ǳJQiQ` +QKK�M/bǴ- b2+QM/ +QHmKMV- �M/ iQ i?2 7�+i i?�i i?2 pQ+�H i`�+i
Q7i2M 2M/b BM � +HQb2/ +QM};m`�iBQM /m2 iQ i?2 TQQ` [m�HBiv Q7 i?2 b2MbQ`BKQiQ` KQ/2H BM i?Bb `2;BQM U#2+�mb2
T?QM�iBQM Q++m`b p2`v `�`2Hv 7Q` i?2 b2+QM/ +QKK�M/- H2�pBM; i?2 �;2Mi rBi?Qmi �M �/2[m�i2 H2�`MBM; b2iVX
.m`BM; i?Bb bi�;2- i?2 �;2Mi 2tTHQ`2b � HBKBi2/ T�`i Q7 i?2 b2MbQ`BKQiQ` bT�+2 #Qi? BM iBK2 UbQmM/ QMHv
7Q` i?2 }`bi +QKK�M/V �M/ bT�+2 U�`QmM/ i?2 M2mi`�H TQbBiBQMV- mMiBH Bi }M�HHv K�M�;2b iQ T?QM�i2 KQ`2
;HQ#�HHv �i i?2 2M/ Q7 i?Bb bi�;2X h?Bb +QmH/ #2 +Q``2H�i2/ iQ i?2 �+[mBbBiBQM Q7 �`iB+mH�i2/ pQ+�HBx�iBQMbX
h?2 T2`+2Mi�;2b Q7 pQ+�HBx�iBQM #2HQM;BM; iQ 2�+? pQ+�HBx�iBQM +H�bb Bb T`QpB/2/ BM h�#H2 8XjXjX

LL *L L* oL Lo oo *o o* **

9Xy W keXN W yXR W ekXk W yXR W jX9 W yX8 W kX8 W yXk W

h�#H2 8XjXj, S2`+2Mi�;2 Q7 pQ+�HBx�iBQM +H�bb2b T`Q/m+2/ BM bi�;2 AA Q7 i?2 bim/B2/ /2p2HQTK2Mi�H
b2[m2M+2X

6BM�HHv- BM bi�;2 AAA UmMiBH 150.000 iQ i?2 2M/V- T?QM�iBQM �HKQbi �Hr�vb Q++m`b /m`BM; #Qi? i?2 T2`+2TiBQM
iBK2 rBM/Qrb Ub22 I /2MbBiB2b- #Qi? 7Q` ;Q�Hb �M/ `2�+?2/ p�Hm2bVX h?Bb Bb Km+? ?�`/2` iQ �+?B2p2 7Q` irQ
`2�bQMb, }`biHv #2+�mb2 i?2`2 Bb � M22/ iQ +QMi`QH � b2[m2M+2 Q7 k �`iB+mH�iQ`b KQp2K2Mi BM Q`/2` iQ `2�+?
irQ 7Q`K�Mi p�Hm2b BM b2[m2M+2 UBX2X F1(1)- F1(2)- F2(1)- F2(2)V BMbi2�/ Q7 QM2 BM i?2 T`2pBQmb bi�;2 Ui?2
b2+QM/ +QKK�M/ H2�/BM; iQ MQ bQmM/V- �M/ b2+QM/Hv #2+�mb2 i?2 TQbBiBQM Q7 i?2 �`iB+mH�iQ`b `2�+?2/ 7Q`
i?2 b2+QM/ +QKK�M/ �HbQ /2T2M/b QM i?2 TQbBiBQM Q7 i?2 �`iB+mH�iQ`b `2�+?2/ 7Q` i?2 }`bi QM2 U� FBM/ Q7
+Q�`iB+mH�iBQM /m2 iQ i?2 /vM�KB+�H T`QT2`iB2b Q7 i?2 KQiQ` bvbi2KVX q2 Q#b2`p2 i?�i i?2 `�M;2 Q7 p�Hm2b
2tTHQ`2/ BM i?2 b2MbQ`BKQiQ` bT�+2 Bb H�`;2` i?�M 7Q` i?2 T`2pBQmb bi�;2 U#Qi? BM KQiQ` �M/ �m/BiQ`v bT�+2bVX
h?2 T2`+2Mi�;2b Q7 pQ+�HBx�iBQMb #2HQM;BM; iQ 2�+? pQ+�HBx�iBQM +H�bb Bb T`QpB/2/ BM h�#H2 8XjX9X

Rk3



L;mv2M a�Q J�B AHHmbi`�iBQM QM � .2p2HQTK2Mi�H a2[m2M+2 7Q` oQ+�HBb�iBQM

8XjXk AM7Hm2M+2 Q7 i?2 �m/BiQ`v 1MpB`QMK2Mi

AM � b2+QM/ b2i Q7 2tT2`BK2Mib- r2 BMi2;`�i2/ � bQ+B�H 2MpB`QMK2Mi T`QpB/BM; � b2i Q7 �/mHi pQ+�HBx�iBQMbX
�b 2tTH�BM2/ BM b2+iBQM 8XkX9- i?2 H2�`M2` ?�b �M �//BiBQM�H +?QB+2, Bi +�M 2tTHQ`2 �miQMQKQmbHv- Q` 2KmH�i2
i?2 �/mHi pQ+�HBx�iBQMbX �M ǳ�K#B2Mi H�M;m�;2Ǵ Bb ?2`2 KQ/2H2/ �b � b2i Q7 irQ bT22+? bQmM/bX hQ K�F2
Bi +Q?2`2Mi rBi? ?mK�M H�M;m�;2 �M/ i?2 H2�`MBM; T`Q+2bb Q#b2`p2/ BM /2p2HQTK2Mi- r2 +?Qb2 bT22+?@HBF2
bQmM/b- ivTB+�HHv pQr2H Q` +QMbQM�Mi@pQr2H bQmM/bX AM i2`Kb Q7 Qm` b2MbQ`BKQiQ` /2b+`BTiBQMb- i?2 �/mHi
bQmM/b +Q``2bTQM/ iQ I1 rBi? HQr p�Hm2b �M/ I2 rBi? ?B;? p�Hm2bX 6B;m`2 8XjXj b?Qrb bm+? pQ+�HBx�iBQMb
+Q``2bTQM/BM; iQ i?Qb2 mb2/ #v h2�+?2` 1 BM 6B;m`2 8XjX9 X

Time (ms)

Articulatory trajectories
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Auditory trajectories
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Vocal tract

at 250ms

Vocal tract

at 250ms

Vocal tract

at 800ms

Adult vocalization 1 Adult vocalization 2

6B;m`2 8XjXj, h?2 irQ pQ+�HBx�iBQMb Q7 i?2 �/mHi h2�+?2` R mb2/ BM 6B;m`2 8XjX9 - rBi? i?2 b�K2
+QMp2MiBQM �b BM 6B;m`2 8XkXj X

6B;m`2 8XjX9 b?Qrb � bB;MB}+�Mi 2pQHmiBQM BM i?2 �;2MiǶb pQ+�HBx�iBQMbX AM i?2 2�`Hv bi�;2
Q7 Bib /2p2HQTK2Mi- Bi +�M QMHv K�F2 � 72r bQmM/bX JQbi bQmM/b +Q``2bTQM/ iQ bK�HH p�Hm2b Q7
I1(2), F1(1), F1(2), F2(1) �M/ F2(2)- �b BM i?2 }`bi /2p2HQTK2Mi�H bi�;2 Q7 i?2 T`2pBQmb 2tT2`BK2Mi Ub22
h�#H2 8XjXk �M/ 6B;m`2 8XjXkVX h?2`27Q`2 i?2 �;2Mi Bb MQi �#H2 iQ `2T`Q/m+2 i?2 �K#B2Mi bQmM/b Q7 Bib
2MpB`QMK2MiX AM +QMi`�bi- BM H�i2` T2`BQ/b Q7 Bib /2p2HQTK2Mi- Bib pQ+�HBx�iBQMb +Qp2` � rB/2` `�M;2 Q7 bQmM/b-
rBi? MQi�#Hv I(1) �M/ I(2) #Qi? TQbBiBp2- r?B+? K2�Mb Bi MQr T`Q/m+2b KQ`2 �`iB+mH�i2/ bQmM/bX h?2
/2p2HQTK2Mi Q7 pQ+�HBx�iBQMb 7Q` � b2H7@2tTHQ`BM; �;2Mi BM i?2 H�bi b2+iBQM b?Qr2/ i?�i Bi T`Q;`2bbBp2Hv r�b
�#H2 iQ T`Q/m+2 �`iB+mH�i2/ pQ+�HBx�iBQMb- r?B+? r2 Q#b2`p2/ �i iBK2b �i i?2 2M/ Q7 Bib /2p2HQTK2MiX h?Bb

LL *L L* oL Lo oo *o o* **

RXe W jXd W yXR W RkXR W yX3 W edX8 W eX8 W eX3 W yX3 W

h�#H2 8XjX9, S2`+2Mi�;2 Q7 pQ+�HBx�iBQM +H�bb2b T`Q/m+2/ BM bi�;2 AAA Q7 i?2 bim/B2/ /2p2HQTK2Mi�H
b2[m2M+2X

RkN



L;mv2M a�Q J�B AHHmbi`�iBQM QM � .2p2HQTK2Mi�H a2[m2M+2 7Q` oQ+�HBb�iBQM

sounds
reached

adult
sounds

A. First vocalizations B. Mature vocalizations

Te
ac

he
r 1

I(1) I(1) F1(1)F1(1) F2(1) F2(1)

I(2) F1(2) F2(2) I(2) F1(2) F2(2)

6B;m`2 8XjX9, oQ+�HBx�iBQMb Q7 i?2 H2�`MBM; �;2Mi BM i?2 2�`Hv �M/ K�im`2 bi�;2b Q7 pQ+�H
/2p2HQTK2MiX �V �HH �m/BiQ`v Qmi+QK2b s T`Q/m+2/ #v i?2 �;2Mi BM Bib 2�`Hv bi�;2 Q7 pQ+�HBx�iBQM
�`2 `2T`2b2Mi2/ #v #Hm2 /Qib BM i?2 e@/BK2MbBQM�H bT�+2 Q7 i?2 �m/BiQ`v Qmi+QK2bX h?2 �/mHi bQmM/b
�`2 `2T`2b2Mi2/ BM `2/ +B`+H2bX h?2 �+im�HHv T`Q/m+2/ �m/BiQ`v Qmi+QK2b QMHv +Qp2` � bK�HH �`2� Q7
T?vbB+�HHv TQbbB#H2 �m/BiQ`v Qmi+QK2b- �M/ +Q``2bTQM/ KQbiHv iQ I(2) = 0- r?B+? `2T`2b2Mi pQr2H@
+QMbQM�Mi Q` +QMbQM�Mi@+QMbQM�Mi ivT2b Q7 bvHH�#H2bX "V h?2 �m/BiQ`v Qmi+QK2b T`Q/m+2/ #v i?2
BM7�Mi BM Bib K�im`2 bi�;2 Q7 pQ+�HBx�iBQM +Qp2` � Km+? H�`;2` �`2� Q7 �m/BiQ`v Qmi+QK2b �M/ 2ti2M/
BM T�`iB+mH�` Qp2` �`2�b BM r?B+? pQ+�HBx�iBQMb Q7 i?2 bQ+B�H T22` �`2 HQ+�i2/X

2z2+i ?�b #22M `2BM7Q`+2/ #v i?2 2MpB`QMK2Mi, rBi? �`iB+mH�i2/ pQ+�HBx�iBQMb iQ 2KmH�i2- Bi T`Q/m+2b i?Bb
+H�bb KQ`2 `2;mH�`HvX

�MQi?2` BKTQ`i�Mi `2bmHi Bb i?�i K�im`2 pQ+�HBx�iBQMb +�M MQr `2T`Q/m+2 i?2 �K#B2Mi bQmM/b Q7
i?2 2MpB`QMK2Mi, i?2 `2;BQMb Q7 i?2 bQmM/b T`Q/m+2/ #v i?2 H2�`M2` U#Hm2 /QibV Qp2`H�T i?2 i2�+?2`Ƕb
/2KQMbi`�iBQMb U`2/ +B`+H2bVX Ai b22Kb i?�i- /m`BM; i?2 }`bi pQ+�HBx�iBQMb- i?2 �;2Mi +�MMQi 2KmH�i2 i?2
�K#B2Mi bQmM/b #2+�mb2 i?2v �`2 iQQ 7�` �r�v 7`QK Bib TQbbB#H2 T`Q/m+iBQMb- �M/ i?mb Bi +�M ?�`/Hv K�F2
�Mv T`Q;`2bb �M/ �TT`Q�+? i?2b2 /2KQMbi`�iBQMbX 6B;m`2 8XjX8 +QM}`Kb i?Bb BMi2`T`2i�iBQMX AM i?2
#2;BMMBM;- i?2 �;2Mi K�F2b MQ T`Q;`2bb rBi? 2KmH�iBQM- �M/ Bi Bb QMHv �`QmM/ t = 450 i?�i Bi K�F2b T`Q;`2bb
rBi? i?2 2KmH�iBQM bi`�i2;vX �i i?�i TQBMi- �b r2 +�M b22 BM 6B;m`2 8XjXe- Bi mb2b 2[m�HHv #Qi? bi`�i2;B2bX
h?Bb 2M�#H2b i?2 �;2Mi iQ K�F2 +QMbB/2`�#H2 T`Q;`2bb 7`QK t = 450 iQ t = 800X AM/22/- QM+2 Bib K�bi2`v
BKT`Qp2b �M/ i?2 b2i Q7 bQmM/b Bi +�M T`Q/m+2 BM+`2�b2b- Bi i?2M BM+`2�bBM;Hv 2KmH�i2b �K#B2Mi bQmM/bX PM+2
Bi K�M�;2b iQ 2KmH�i2 i?2 �K#B2Mi bQmM/b r2HH- �M/ i?mb Bib +QKT2i2M+2 T`Q;`2bb /2+`2�b2b- Bi mb2b H2bb i?2
2KmH�iBQM bi`�i2;v �M/ KQ`2 i?2 b2H7@2tTHQ`�iBQM bi`�i2;vX

hQ �M�Hvb2 #2ii2` i?Bb 2KmH�iBQM T?2MQK2MQM �M/ �bb2bb i?2 BM~m2M+2 Q7 i?2 �K#B2Mi H�M;m�;2- r2
`mM i?2 b�K2 2tT2`BK2Mi rBi? /Bz2`2Mi �+QmbiB+ 2MpB`QMK2MibX q2 mb2/ irQ Qi?2` b2ib Q7 bT22+? bQmM/
/2KQMbi`�iBQMb 7`QK bBKmH�i2/ T22`b- �M/ �M�Hvb2/ i?2 �m/BiQ`v T`Q/m+iBQMb Q7 i?2 �;2Mi BM 6B;m`2 8XjXdX
h?2 }`bi T`QT2`iv i?�i +�M #2 MQi2/ Bb i?�i BM i?2 2�`Hv T?�b2 Q7 i?2 pQ+�H 2tTHQ`�iBQM U6B;m`2 8XjXdX �
�M/ *V- i?2 �m/BiQ`v T`Q/m+iBQMb Q7 i?2 irQ �;2Mib �`2 �HBF2- �M/ /Q MQi /2T2M/ QM i?2 bT22+? 2MpB`QMK2MiX
PM i?2 +QMi`�`v- i?2 K�im`2 pQ+�HBx�iBQMb p�`v rBi? `2bT2+i iQ i?2 bT22+? 2MpB`QMK2MiX qBi? h2�+?2` R- i?2
T`Q/m+iBQMb ?�p2 i?2B` p�Hm2b F2(1) �M/ F2(2) �HQM; i?2 �tBb 7Q`K2/ #v i?2 /2KQMbi`�iBQM U6B;m`2 8XjX9X
�- H�bi +QHmKMVX *QKT�`�iBp2Hv- h2�+?2` kǶb bT22+? bQmM/b ?�p2 /Bz2`2Mi F1(1), F1(2), F2(1) �M/ F2(2)X �b
`2T`2b2Mi2/ BM 6B;m`2 8XjXdX "- i?2 irQ bT22+? bQmM/b MQr /Bz2` K�BMHv #v i?2B` F1(1) UBMbi2�/ Q7 F1(2)V

Rjy
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6B;m`2 8XjX8, S`Q;`2bb K�/2 #v 2�+? bi`�i2;v rBi? `2bT2+i iQ i?2 MmK#2` Q7 mT/�i2b Q7 i?2
b2MbQ`BKQiQ` KQ/2H GSM X h?2b2 p�Hm2b ?�p2 #22M bKQQi?2M2/ Qp2` � rBM/Qr Q7 Ryy mT/�i2bX 6Q`
t < 450- i?2 �;2Mi K�F2b MQ T`Q;`2bb mbBM; 2KmH�iBQM bi`�i2;vX �7i2` t = 450- #Qi? bi`�i2;B2b 2M�#H2
i?2 �;2Mi iQ K�F2 T`Q;`2bbX

6B;m`2 8XjXe, S2`+2Mi�;2 Q7 iBK2b 2�+? bi`�i2;v Bb +?Qb2M rBi? `2bT2+i iQ i?2 MmK#2` Q7 mT/�i2b Q7
i?2 b2MbQ`BKQiQ` KQ/2H GSM X h?2b2 p�Hm2b ?�p2 #22M bKQQi?2M2/ Qp2` � rBM/Qr Q7 Ryy mT/�i2bX
6Q` t < 450- i?2 �;2Mi K�BMHv mb2b b2H7@2tTHQ`�iBQM bi`�i2;vX q?2M Bib FMQrH2/;2 2M�#H2b Bi iQ K�F2
T`Q;`2bb BM 2KmH�iBQM- Bi +?QQb2b 2KmH�iBQM bi`�i2;v mMiBH Bi +�M 2KmH�i2 i?2 �K#B2Mi bQmM/b r2HH U�M/
Bib +QKT2i2M+2 T`Q;`2bb /2+`2�b2bVX

RjR
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First vocalizations
A

Mature vocalizations

Te
ac

he
r 2

I(1) I(1) F1(1)F1(1) F2(1) F2(1)

I(2) F1(2) F2(2) I(2) F1(2) F2(2)

Te
ac

he
r 3

I(1) I(1) F1(1)F1(1) F2(1) F2(1)

I(2) F1(2) F2(2) I(2) F1(2) F2(2)
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6B;m`2 8XjXd, oQ+�HBx�iBQMb Q7 i?2 H2�`MBM; �;2Mi BM i?2 2�`Hv �M/ K�im`2 bi�;2 Q7 pQ+�HBx�iBQM BM
irQ /Bz2`2Mi bT22+? 2MpB`QMK2Mib Uh2�+?2` k �M/ h2�+?2` jVX � �M/ *V �HH �m/BiQ`v Qmi+QK2b
T`Q/m+2/ #v i?2 pQ+�H H2�`M2` BM Bib 2�`Hv bi�;2 Q7 pQ+�H /2p2HQTK2Mi �`2 `2T`2b2Mi2/ #v #Hm2 /Qib BM
i?2 e@/BK2MbBQM�H bT�+2 Q7 i?2 �m/BiQ`v Qmi+QK2bX h?2 bQmM/b Q7 i?2 2MpB`QMK2Mi �`2 `2T`2b2Mi2/
BM `2/ +B`+H2bX h?2 �m/BiQ`v Qmi+QK2b QMHv +Qp2` � bK�HH �`2�- �M/ /Q MQi /2T2M/ QM i?2 bT22+?
2MpB`QMK2MiX " �M/ .V h?2 �m/BiQ`v Qmi+QK2b T`Q/m+2/ #v i?2 BM7�Mi BM Bib K�im`2 bi�;2 Q7 pQ+�H
/2p2HQTK2Mi +Qp2` � H�`;2` �`2� Q7 �m/BiQ`v Qmi+QK2- r?B+? /2T2M/ QM i?2 bT22+? 2MpB`QMK2MiX

Rjk
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�M/ BM i?2B` bm#bT�+2 (F2(1), F2(2)) i?2 bT22+? bQmM/b ?�p2 �TT`QtBK�i2Hv `Qi�i2/ 7`QK i?Qb2 Q7 h2�+?2` RX
h?2 T`Q/m+2/ �m/BiQ`v Qmi+QK2b Q7 i?2 H2�`M2` HQQF HBF2 i?2v ?�p2 +?�M;2/ BM i?2 b�K2 r�vX q?2`2�b i?2
`2�+?2/ bT�+2 U#Hm2 �`2�V b22K2/ iQ #2 �HQM; �tBb 6RUkV �M/ 6kUkV �M/ HBiiH2 QM 6RURV Q` 6kURV 7Q` h2�+?2`
R- Bi ?�b 2ti2M/2/ Bib 2tTHQ`�iBQM �HQM; 6RUkV �M/ 6kUkV 7Q` h2�+?2` kX qBi? h2�+?2` j- i?2 /2KQMbi`�iBQMb
�`2 KQ`2 HQ+�HBb2/ BM i?2 �m/BiQ`v bT�+2- rBi? F1(1) < 0 �M/ F2(2) > 0X h?2 2z2+i r2 Q#b2`p2 BM 6B;m`2
8XjXdX . Bb i?�i i?2 2tTHQ`�iBQM Bb KQ`2 HQ+�HBb2/ iQQ, i?2 2tTHQ`2/ bT�+2 Bb KQ`2 Q`B2Mi2/ iQr�`/ �`2�b
r?2`2 F1(1) < 0 �M/ F2(2) > 0X h?mb- i?2b2 i?`22 2t�KTH2b bi`QM;Hv bm;;2bi � T`Q;`2bbBp2 BM~m2M+2 Q7 i?2
�m/BiQ`v 2MpB`QMK2Mi- BM i?2 b2Mb2 i?�i i?2 }`bi pQ+�HBx�iBQMb BM 6B;m`2 8XjX9 �M/ 8XjXd �`2 p2`v bBKBH�`-
r?2`2�b r2 Q#b2`p2 � +H2�` BM~m2M+2 Q7 i?2 bT22+? 2MpB`QMK2Mi QM i?2 T`Q/m+2/ pQ+�HBx�iBQMb BM H�i2` bi�;2bX

�HiQ;2i?2`- i?2 `2bmHib Q7 i?2b2 2tT2`BK2Mib T`QpB/2 � +QKTmi�iBQM�H bmTTQ`i iQ i?2 ?vTQi?2bBb i?�i i?2
T`Q;`2bbBp2 BM~m2M+2 Q7 i?2 �K#B2Mi H�M;m�;2 Q#b2`p2/ BM BM7�Mi pQ+�HBx�iBQMb +�M #2 /`Bp2M #v �M BMi`BMbB+
KQiBp�iBQM iQ K�tBKBx2 +QKT2i2M+2 T`Q;`2bbX �i 2�`Hv /2p2HQTK2Mi�H bi�;2b- �ii2KTib iQ BKBi�i2 �/mHi
pQ+�HBx�iBQMb �`2 +2`i�BMHv H�`;2Hv mMbm++2bb7mH #2+�mb2 #�bB+ bT22+? T`BM+BTH2b- bm+? �b T?QM�iBQM- �`2 MQi
v2i K�bi2`2/X AM i?Bb +�b2- 7Q+mbBM; QM bBKTH2` ;Q�Hb T`Q#�#Hv vB2H/b #2ii2` T`Q;`2bb MB+?2b i?�M �M BKBi�iBp2
#2?�pBQ`X q?BH2 i?2v �`2 T`Q;`2bbBp2Hv K�bi2`2/- i?2 BMi2`2bi BM i?2b2 ;Q�Hb /2+`2�b2b r?2`2�b i?2 �#BHBiv iQ
BKBi�i2 �/mHi pQ+�HBx�iBQMb BM+`2�b2bX AKBi�iBQM i?mb #2+QK2b � M2r T`Q;`2bb MB+?2 iQ 2tTHQ`2

8X9 *QM+HmbBQM

Pm` K�BM +QMi`B#miBQM rBi? `2bT2+i iQ T`2pBQmb +QKTmi�iBQM�H KQ/2Hb Q7 bT22+? �+[mBbBiBQM Bb i?�i r2 /Q MQi
T`2bmTTQb2 i?2 2tBbi2M+2 Q7 bm++2bbBp2 /2p2HQTK2Mi�H bi�;2b- #mi `�i?2` i?2v +�M 2K2`;2 7`QK
�M BMi`BMbB+ /`Bp2 iQ K�tBKBx2 i?2 +QKT2i2M+2 T`Q;`2bbX q2 b?Qr2/ i?�i pQ+�H /2p2HQTK2Mi�H
bi�;2b +�M b2H7@Q`;�MBx2 �miQMQKQmbHv- 7`QK bBKTH2 b2MbQ`BKQiQ` �+iBpBiB2b iQ KQ`2 +QKTH2t
QM2bX h?2 �;2Mi bi�`ib T`Q/m+BM; MQ T?QM�iBQM �M/ mM�`iB+mH�i2/ pQ+�HBx�iBQMb- r?B+? �`2 2�bv iQ T`Q/m+2
#2+�mb2 HBKBi2/ BM i?2 `�M;2 Q7 i?2B` �m/BiQ`v 2z2+ibX h?Bb +�M #2 `2H�i2/ iQ i?2 }`bi bi�;2 BM BM7�Mi pQ+�H
/2p2HQTK2Mi U6B;m`2 8XRXkV- r?2`2 i?2 �;2Mi T`Q/m+2b MQM bT22+?@bQmM/b U2X;X ;`QrHb- b[m2�HbXXXV #27Q`2
H2�`MBM; T?QM�iBQM �M/ i?2M T`Q/m+2b MQi r2HH@�`iB+mH�i2/ [m�bB@pQr2HbX G�i2` QM- QM+2 i?2 �;2Mi /Q2b MQi
T`Q;`2bb Km+? BM T`Q/m+BM; mM�`iB+mH�i2/ pQ+�HBx�iBQMb- Bi 7Q+mb2b QM KQ`2 +QKTH2t pQ+�HBx�iBQMb Q7 i?2
�`iB+mH�i2/ +H�bbX h?2 `2�bQM Bb i?�i- /m2 iQ i?2 T`QT2`iB2b Q7 i?2 b2MbQ`BKQiQ` bvbi2K �M/ BMi2`M�H KQ/2H-
i?2 K�bi2`BM; Q7 +QKTH2t i�bFb `2[mB`2 }`bi i?2 K�bi2`BM; Q7 bBKTH2` i�bFb BM Q`/2` iQ vB2H/ bB;MB}+�Mi
+QKT2i2M+2 T`Q;`2bb- bQ i?�i i?2b2 +QKTH2t i�bFb �`2 b2H2+i2/ �b BMi2`2biBM; ;Q�HbX

q2 �HbQ b?Qr2/ i?�i BMi`BMbB+�HHv KQiBp�i2/ 2tTHQ`�iBQM +�M H2�/ iQ � T`Q;`2bbBp2 BMi2`2bi iQr�`/b i?2
bQmM/b Q7 i?2 �K#B2Mi H�M;m�;2X q?2`2�b i?2 }`bi pQ+�HBx�iBQMb �`2 K�BMHv i?2 `2bmHi Q7 b2H7@2tTHQ`�iBQM-
i?2v T`Q;`2bbBp2Hv H2�/ iQ K�bi2`BM; M2+2bb�`v bT22+? T`BM+BTH2b U2X;X T?QM�iBQMVX h?Bb T`Q;`2bbBp2 K�bi2`BM;
�HHQrb BM im`M iQ K�F2 bB;MB}+�Mi T`Q;`2bb BM �/mHi@bT22+? BKBi�iBQM- r?B+? 2tTH�BMb r?v i?2 pQ+�H H2�`M2`
bi�`ib iQ +?QQb2 KQ`2 Q7i2M �b i�`;2ib i?2 bQmM/ Q7 Bib 2MpB`QMK2MiX *QKT2i2M+2@T`Q;`2bb #�b2/
+m`BQbBiv@/`Bp2M 2tTHQ`�iBQM +QmH/ i?mb 2tTH�BM � T`Q;`2bbBp2 BM~m2M+2 Q7 i?2 �K#B2Mi H�M;m�;2
QM BM7�Mi pQ+�HBx�iBQMbX

q2 i?2`27Q`2 b?Qr2/ i?�i BMi`BMbB+�HHv KQiBp�i2/ �+iBp2 2tTHQ`�iBQM +�M b2H7@Q`;�MBx2 � +Q?2`2Mi
/2p2HQTK2Mi�H b2[m2M+2- rBi?Qmi �Mv 2ti2`M�H +HQ+F Q` T`2b2i bT2+B}+�iBQM Q7 i?Bb b2[m2M+2X h?Bb TQbbB#H2
`QH2 Q7 BMi`BMbB+ KQiBp�iBQM- T`QpB/BM; � K2+?�MBbK iQ /Bb+Qp2` �miQMQKQmbHv M2+2bb�`v /2p2HQTK2Mi�H bi�;2b

Rjj
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iQ bi`m+im`2 i?2 H2�`MBM; T`Q+2bb- Bb ?2`2 p�HB/�i2/ +QKTmi�iBQM�HHvX q2 #2HB2p2 i?�i Bi +QmH/ #2 Q7 K�DQ`
BMi2`2bi 7Q` mM/2`bi�M/BM; i?2 bi`m+im`�iBQM Q7 2�`Hv pQ+�H /2p2HQTK2Mi BM BM7�MibX aT22+? �+[mBbBiBQM Bb bm+?
� +QKTH2t i�bF i?�i BMi`BMbB+ KQiBp�iBQM +QmH/ #2 � +`m+B�H +QKTQM2Mi iQ K�F2 Bi TQbbB#H2 BM i?2 BM7�MiǶb
}`bi v2�` Q7 HB72X

Pm` KQ/2H- ?Qr2p2`- ?�b � MmK#2` Q7 HBKBi�iBQMbX 6B`biHv- Qm` KQ/2HBM; +?QB+2b Q7 i?2 �`iB+mH�iQ`v �M/
�m/BiQ`v `2T`2b2Mi�iBQMb- �b r2HH �b i?2 BKTH2K2Mi�iBQM Q7 i?2 i`�Mb7Q`K�iBQM 7`QK i?2 7Q`K2` iQ i?2 H�ii2`-
Bb bQK2r?�i H2bb `2�HBbiB+ i?�M BM bQK2 T`2pBQmb KQ/2Hb, �`iB+mH�iQ`v i`�D2+iQ`B2b �`2 bT2+B}2/ mbBM; irQ
+QKK�M/b T2` �`iB+mH�iQ` rBi? }t2/ /m`�iBQMb �M/ i?2 �m/BiQ`v `2T`2b2Mi�iBQM mb2b QMHv i?`22 �+QmbiB+
T�`�K2i2`b Ui?2 BMi2MbBiv �M/ i?2 irQ }`bi 7Q`K�MibV �p2`�;2/ BM }t2/ �M/ `2H�iBp2Hv �`#Bi`�`v T2`+2TiBQM
iBK2 rBM/QrbX JQ`2Qp2`- i?2 7�+i i?�i 7Q`K�Mi p�Hm2b �`2 b2i iQ 0 r?2M2p2` i?2 BMi2MbBiv Q7 i?2 bB;M�H Bb MmHH
+�M �TT2�` [mBi2 mM`2�HBbiB+X �Hi?Qm;? T`2pBQmb KQ/2Hb Q7i2M T`QpB/2 KQ`2 K2iB+mHQmb BKTH2K2Mi�iBQMb Q7 i?2
b2MbQ`BKQiQ` bvbi2K- BM+Hm/BM; 2X;X TBi+? Q` i�+iBH2 BM7Q`K�iBQM- r?�i Bb BKTQ`i�Mi iQ mb Bb � b2MbQ`BKQiQ`
bvbi2K r?2`2 �HH pQ+�HBx�iBQMb �`2 MQi 2[m�HHv 2�bv iQ H2�`M BM i2`Kb Q7 +QMi`QHX am+? � `2[mB`2K2Mi Bb
+2`i�BMHv M2+2bb�`v 7Q` � +H2�` /2p2HQTK2Mi�H b2[m2M+2 iQ 2K2`;2X a2+QM/Hv- r2 /B/ MQi i`2�i � K�DQ` Bbbm2
BM bT22+? �+[mBbBiBQM `2b2�`+?- i?2 bQ@+�HH2/ +Q``2bTQM/2M+2 T`Q#H2K, ?Qr i?2 +?BH/ Bb �#H2 iQ `2H�i2 Bib
QrM pQ+�HBx�iBQMb iQ �/mHi pQ+�HBx�iBQMb- r?2`2�b i?2 pQ+�H i`�+i Q7 i?2 +?BH/ Bb p2`v /Bz2`2Mi BM bBx2 �M/
;2QK2i`v i?�M i?2 QM2 Q7 �M �/mHi- �M/ i?2`27Q`2 i?2 bT2+i`�H +?�`�+i2`BbiB+b Q7 i?2 T`Q/m+2/ bQmM/b �`2
/Bz2`2MiX aQHmiBQMb iQ Qp2`+QK2 i?Bb T`Q#H2K ?�p2 #22M T`QTQb2/- ;2M2`�HHv #�b2/ QM �/mHi 722/#�+F Q`
`27Q`KmH�iBQMb �bbQ+B�i2/ rBi? BM7�Mi T`Q/m+iBQMb UAb?B?�`� 2i �HX- kyyNc JBm`� 2i �HX- kyRkc >Qr�`/ �M/
J2bbmK- kyRRVX h?Bb Bb QmibB/2 i?2 b+QT2 Q7 i?Bb T�T2` r?2`2 Qm` 7Q+mb Bb QM i?2 b2H7@Q`;�MBx�iBQM Q7 i?2
/2p2HQTK2Mi�H b2[m2M+2 BM bm++2bbBp2 bi�;2b Q7 BM+`2�bBM; +QKTH2tBivX 1ti2M/BM; Qm` KQ/2H iQ i?2 BMi2`�+iBQM
rBi? `2�H ?mK�Mb rQmH/ /2}MBi2Hv `2[mB`2 iQ +QMbB/2` i?Bb Bbbm2X

6m`i?2` rQ`Fb rBHH +QMbB/2` ?B;?2`@/BK2MbBQM�H b2MbQ`BKQiQ` bT�+2b 7Q` KQ`2 `2�HBbKX 6Q` 2t�KTH2-
i?2 7`22 bQ7ir�`2 S`��i U"Q2`bK�- kyRkV Bb � TQr2`7mH iQQH �HHQrBM; iQ bvMi?2bBx2 � bT22+? bB;M�H 7`QK
� i`�D2+iQ`v BM � kN@/BK2MbBQM�H bT�+2 Q7 `2bTB`�iQ`v �M/ Q`Q@7�+B�H Kmb+H2bX LmK2`Qmb �+QmbiB+ 72�im`2b
+�M BM im`M #2 2ti`�+i2/ 7`QK i?2 bvMi?2bBx2/ bQmM/- �KQM; r?B+? i?2 J2H@7`2[m2M+v +2Tbi`�H +Q2{+B2Mib
UJ6**- U.�pBb �M/ J2`K2Hbi2BM- RN3yVVX Ai rQmH/ �HbQ #2 BMi2`2biBM; iQ bim/v i?2 2z2+i Q7 � pQ+�H i`�+i
;`QrBM; /m`BM; i?2 H2�`MBM; T`Q+2bb- iQ bim/v B7 Qm` BMi`BMbB+�HHv KQiBp�i2/ �;2Mi +QmH/ `2@2tTHQ`2 QMHv T�`ib
Q7 i?2 b2MbQ`BKQiQ` bT�+2 r?B+? r2`2 i?2 KQbi �z2+i2/ #v i?2 pQ+�H i`�+i b?�T2 +?�M;2X :2M2`�HHv- r2 #2HB2p2
i?�i � /2p2HQTK2Mi�H `Q#QiB+b �TT`Q�+? �TTHB2/ iQ � `2�HBbiB+ �`iB+mH�iQ`v KQ/2H +�M �TT`QT`B�i2Hv K�M�;2
i?2 H2�`MBM; T`Q+2bb Q7 � +QKTH2t �M/ +?�M;BM; K�TTBM; BM ?B;?@/BK2MbBQM�H bT�+2b- �M/ i?�i Q#b2`p2/
/2p2HQTK2Mi�H b2[m2M+2b +�M H2�/ iQ BMi2`2biBM; +QKT�`BbQMb rBi? BM7�Mi /�i� �M/ T`2/B+iBQMbX _2;�`/BM;
i?2 T`2b2Mi bim/v- bm+? � T`2/B+iBQM +QmH/ #2 i?�i � ?mK�M BM7�Mi b?QmH/ #2 BM~m2M+2/ #v �/mHi bQmM/b 2�`HB2`
B7 i?2v r2`2 2�bB2` iQ T`Q/m+2 i?�M r2HH@7Q`K2/ bvHH�#H2bX 6Q` 2t�KTH2- QM2 +QmH/ BK�;BM2 �M 2tT2`BK2Mi BM
r?B+? � p2`v vQmM; BM7�Mi Bb Tmi BM �M 2MpB`QMK2Mi r?2`2 ?2 ?2�`b 2ti2`M�H bQmM/b i?�i �`2 bBKTH2` i?�M
pQr2Hbf+QMbQM�MibfbvHH�#H2b U2X;X ;`QrHbV �M/ i2bi r?2i?2` ?Bb pQ+�HBx�iBQMb #2+QK2 BM~m2M+2/ #v 2ti2`M�H
2MpB`QMK2Mi 2�`HB2` �M/fQ` B7 r2 +�M K2�bm`2 � ;`2�i2` BMi2`2bi i?�M BM � MQ`K�H bT22+? 2MpB`QMK2MiX
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8X8 .Bb+mbbBQM

AM i?Bb +?�Ti2`- r2 b?Qr2/ i?�i i?2 a:AJ@�*ha `2K�BMb 2{+B2Mi rBi? �MQi?2` BKTH2K2Mi�iBQM Q7 i?2
/Bz2`2Mi KQ/mH2b mbBM; � T`Q#�#BHBbiB+ 7`�K2rQ`F �M/ KQ`2 T`2+Bb2Hv rBi? :�mbbB�M JBtim`2 JQ/2HbX q2
�HbQ b?Qr2/ i?�i a:AJ@�*ha +�M #2 mb27mH iQ KQ/2H �M/ mM/2`bi�M/ #2ii2` BM7�Mi /2p2HQTK2MiX
JQ`2Qp2`- r2 b?Qr2/ i?�i BMi`BMbB+�HHv KQiBp�i2/ �+iBp2 2tTHQ`�iBQM +�M b2H7@Q`;�MBb2 � HQ;B+�H
/2p2HQTK2Mi�H b2[m2M+2- +Q?2`2Mi rBi? /2p2HQTK2Mi�H /2b+`BTiBQMbX h?Bb T�`iHv p�HB/�i2b i?2
+Q?2`2M+2 Q7 a:AJ@�*haX JQbi Q7 �HH- i?2 /2p2HQTK2Mi�H b2[m2M+2 2K2`;2/ rBi?Qmi �Mv 2ti2`M�H
+HQ+F Q` T`2b2i bT2+B}+�iBQM Q7 i?Bb b2[m2M+2X h?Bb TQbbB#H2 `QH2 Q7 BMi`BMbB+ KQiBp�iBQMb- T`QpB/BM;
� K2+?�MBbK iQ /Bb+Qp2` �miQMQKQmbHv M2+2bb�`v /2p2HQTK2Mi�H bi�;2b iQ bi`m+im`2 i?2 H2�`MBM; T`Q+2bb-
Bb ?2`2 p�HB/�i2/ +QKTmi�iBQM�HHvX q2 #2HB2p2 i?�i Bi +QmH/ #2 Q7 K�DQ` BMi2`2bi 7Q` mM/2`bi�M/BM; i?2
bi`m+im`BM; Q7 2�`Hv /2p2HQTK2Mi BM BM7�Mib 7Q` pQ+�HBb�iBQM Q` Qi?2` bFBHHbX

Rj8



(h)?2`2 �`2 MQr BM i?2 rQ`H/ K�+?BM2b i?�i i?BMF- i?�i
H2�`M �M/ i?�i +`2�i2X JQ`2Qp2`- i?2B` �#BHBiv iQ /Q i?2b2
i?BM;b Bb ;QBM; iQ BM+`2�b2 `�TB/Hv mMiBH @ BM � pBbB#H2 7mim`2
@ i?2 `�M;2 Q7 T`Q#H2Kb i?2v +�M ?�M/H2 rBHH #2 +Q2ti2MbBp2
rBi? i?2 `�M;2 iQ r?B+? i?2 ?mK�M KBM/ ?�b #22M �TTHB2/X

L2r2HH �M/ aBKQM- RN83 6
*QM+HmbBQM

*QMi2Mib
eXR E2vMQi2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rje

eXRXR avMQTbBb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rje
eXRXk amKK�`v X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X Rjd
eXRXj _2bmHi X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RjN
eXRX9 h�F2@�r�v J2bb�;2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RjN

eXk Pm` �TT`Q�+?- Bib GBKBi�iBQMb �M/ 1ti2MbBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RjN
eXkXR J�BM *QMi`B#miBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X RjN
eXkXk P`B;BM�HBiv Q7 Qm` �TT`Q�+? X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R9y
eXkXj *QKTH2K2Mi�`v aim/B2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R9R
eXkX9 GBKBi�iBQMb �M/ 1ti2MbBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R9R
eXkX8 AKT�+i X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R9j

eXj CQm`M�H S�T2`b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R8e
eX9 *QM72`2M+2 S�T2`b rBi? S`Q+22/BM;b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R8e
eX8 Pi?2` AMi2`M�iBQM�H Sm#HB+ S`2b2Mi�iBQMb X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X R8d

eXR E2vMQi2

eXRXR avMQTbBb

Pm` HQM;@i2`K Tm`TQb2 Bb iQ 2M�#H2 H2�`MBM; �;2Mib iQ T2`7Q`K p�`BQmb i�bFb �M/ �/�Ti iQ i?2B` +?�M;BM;
2MpB`QMK2Mi �M/ mb2`b- r?B+? Bb M�K2/ HB72@HQM; H2�`MBM;X � K�BM +?�HH2M;2 Q7 HB72@HQM; H2�`MBM; Bb iQ
2tTHQ`2 rBi?BM � HBKBi2/ HB72@iBK2 iQ H2�`M QT2M@2M/2/ bFBHHb BM � iQQ H�`;2 +QMiBMmQmb ?B;?@/BK2MbBQM�H bT�+2
/2b+`B#BM; ?mK�MbǶ 2p2`v/�v 2MpB`QMK2MiX q2 T`QTQb2/ i?2 B/2� Q7 � /�i� +QHH2+iBQM bi`�i2;v BMbTB`2/
#v ?mK�M H2�`MBM; #v +QK#BMBM; bQ+B�H ;mB/�M+2 �M/ 2tTHQ`�iBQM #�b2/ QM �`iB}+B�H +m`BQbBiv- �HbQ +�HH2/
BMi`BMbB+ KQiBp�iBQMX q2 i?mb /2bB;M2/ �M �H;Q`Bi?KB+ �`+?Bi2+im`2 r?B+?- #v +QK#BMBM; BMi`BMbB+ KQiBp�iBQM
�M/ BKBi�iBQM H2�`MBM;- �HHQrb HB72@HQM; �/�TiBp2 H2�`MBM; #2+�mb2 Bi H2�`Mb 7�bi2` �M/ rBi? #2ii2` T`2+BbBQMX
Ai T2`7Q`Kb � rB/2 `�M;2 Q7 i�bFb #v bi`m+im`BM; i?2 bQ+B�H �M/ T?vbB+�H 2MpB`QMK2MiX h?2 i�F2@�r�v K2bb�;2
Bb i?�i � `Q#Qi H2�`MBM; rBi? �`iB}+B�H +m`BQbBiv �M/ bQ+B�H ;mB/�M+2 #2M2}ib 7`QK i?2 ?mK�M
#B�b �M/ �i i?2 b�K2 iBK2 Bb �#H2 iQ /2i2+i BMi2`2biBM; bm#bT�+2b iQ `2}M2 Bib FMQrH2/;2X
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eXRXk amKK�`v

AM/22/- iQ ?�p2 H2�`MBM; �;2Mib �/�Ti �M/ 2pQHp2 BM 2MpB`QMK2Mib �b +QKTH2t �M/ +?�M;BM; �b Qm`b- r2
�//`2bb i?2 T`Q#H2K Q7 HB72@HQM; H2�`MBM;- �M/ �/QTi K2i?Q/b Q7 +Q;MBiBp2 /2p2HQTK2Mi�H `Q#QiB+bX q2 ?�p2
�`;m2/ BM +?�Ti2` R i?�i bi`�i2;B+ H2�`MBM; Bb +`m+B�H 7Q` +QHH2+iBM; /�i� BM +QKTH2t- +QMiBMmQmb-
`2/mM/�Mi �M/ biQ+?�biB+ 2MpB`QMK2MibX q2 B/2MiB}2/ irQ 7�KBHB2b Q7 H2�`MBM; K2i?Q/b BM `Q#QiB+b- BMi`BMbB+
KQiBp�iBQM �M/ bQ+B�H ;mB/�M+2- r?B+? r2 +�HH /�i� +QHH2+iBQM KQ/2bX ai�`iBM; 7`QK i?2 �M�HvbBb Q7 i?2b2 irQ
KQ/2b- r2 +QMD2+im`2/ i?�i +QK#BMBM; #Qi? /�i� +QHH2+iBQM KQ/2b BMiQ � bi`�i2;B+ `Q#Qi H2�`M2` +�M Tmb?
Qz i?2 HBKBib Q7 2�+? Q7 i?2b2 K2i?Q/b i�F2M b2T�`�i2HvX "�b2/ QM T`BM+BTH2b Q7 H2�`MBM; #v i`B�H@�M/@2``Q`-
2M�+iBpBbK- �M/ /2p2HQTK2Mi- r2 mb2/ i?2Q`B2b Q7 BKBi�iBQM H2�`MBM;- BMi`BMbB+ KQiBp�iBQM �M/ i2H2QHQ;B+�H
H2�`MBM;X q2 /2bB;M2/ � bi`�i2;B+ +m`BQmb `Q#Qi H2�`M2` 7Q` BMi2`�+iBp2 ;Q�H@#�##HBM; iQ 2tTHQ`2 �`2�b Q7 i?2
bT�+2 r?2`2 Bi H2�`Mb i?2 KQbi- BX2X r?2`2 Bi K�F2b KQbi +QKT2i2M+2 T`Q;`2bbX Pm` �;2Mi bi`�i2;B+�HHv H2�`Mb
#v ;Q�H@#�##HBM;- BX2X #v ;Q�H@Q`B2Mi2/ 2tTHQ`�iBQM Q7 i?2 Qmi+QK2b T`Q/m+2/ �b QTTQb2/ iQ i?2 2tTHQ`�iBQM
Q7 i?2 �+im�iQ` bT�+2- �M/ #v BMi2`�+iBp2 H2�`MBM;- BX2X #v �+iBp2Hv `2[m2biBM; 7Q` bQ+B�H ;mB/�M+2 r?2M Bi
M22/bX q2 T`QTQb2/ �M �H;Q`Bi?KB+ �`+?Bi2+im`2- +�HH2/ aQ+B�HHv :mB/2/ AMi`BMbB+ JQiBp�iBQM Ua:AJVX Aib
/Bz2`2Mi BKTH2K2Mi�iBQMb �`2 bim/B2/ BM +?�Ti2`b k iQ 8X �b bmKK�`Bb2/ BM 6B;m`2 eXRXR- r2 T`2b2Mi i?`22
�H;Q`Bi?KB+ �`+?Bi2+im`2b- r?2`2 a:AJ@�*ha Bb i?2 7mHHv �+iBp2 H2�`M2`- +?QQbBM; �HH �bT2+ib Q7 Bib b�KTHBM;
bi`�i2;vX a:AJ@. �M/ a:AJ@AJ �`2 bBKTH2` p2`bBQMb r?2`2 i?2 �+iBp2 H2�`M2` K�F2b 72r2` +?QB+2b �#Qmi Bib
b�KTHBM; bi`�i2;vX

q2 }`bi BHHmbi`�i2/ BM +?�Ti2` k- a:AJ 7Q` � bBKTH2 +�b2 rBi? /Bb+`2i2 bT�+2bX q2 BKTH2K2Mi2/ �M �+iBp2
H2�`MBM; �H;Q`Bi?K 7Q` i?2 ?mK�MQB/ `Q#Qi B*m# iQ �+iBp2Hv +?QQb2 /�i� +QHH2+iBQM KQ/2bX q2 b?Qr2/ i?�i
i?2 �+iBp2 bi`�i2;B+ H2�`M2` +?QQb2b � ;QQ/ b�KTHBM; bi`�i2;v �M/ 2{+B2MiHv ;�i?2`b BM7Q`K�iBQM
iQ `2+Q;MBb2 j. Q#D2+ib #v K�MBTmH�iBQMX

AM +?�Ti2` j- r2 BMp2biB;�i2/ KQ`2 T`2+Bb2Hv �#Qmi i?2 `2H�iBQMb?BT #2ir22M �miQMQKQmb BMi`BMbB+�HHv
KQiBp�i2/ /�i� +QHH2+iBQM KQ/2 �M/ bQ+B�HHv ;mB/2/ /�i� +QHH2+iBQM KQ/2X q2 #mBHi �M �;2Mi r?B+? ?�b
iQ H2�`M ?Qr iQ T`Q/m+2 � rB/2 p�`B2iv Q7 Qmi+QK2b- i?�i +�M mb2 #Qi? KQ/2b T�bbBp2HvX h?Bb }`bi
�`+?Bi2+im`2 r�b +�HH2/ aQ+B�HHv :mB/2/ AMi`BMbB+ JQiBp�iBQM #v .2KQMbi`�iBQM Ua:AJ@.VX q2 b?Qr2/ i?�i
i?2 +QK#BM�iBQM Q7 i?2 irQ KQ/2b BKT`Qp2b i?2 T2`7Q`K�M+2 7Q` KQiQ` +QMi`QH H2�`MBM;- BM
i2`Kb Q7 �++m`�+v #mi KQbiHv BM i2`Kb Q7 bT22/X h?2 H2�`M2` 2M/b mT rBi? #2ii2` `2bmHib #mi �HbQ H2�`Mb
7�bi2`X h?Bb /Bz2`2M+2 Bb �HH i?2 ;`2�i2` �b i?2 2MpB`QMK2Mi Bb H�`;2X Pm` �M�HvbBb b?Qrb i?�i i?2 H2�`M2` i?mb
#2M2}ib 7`QK /2KQMbi`�iBQMb r?B+? ;mB/2 Bi iQ BMi2`2biBM; bm#bT�+2b Q7 i?2 Qmi+QK2 �M/ i?2
TQHB+v bT�+2b- �M/ BM i?2 K2�Mr?BH2 i?2 H2�`M2` �HbQ #2M2}ib 7`QK b2H7@2tTHQ`�iBQM iQ ;�BM BM �++m`�+v
BM i?2 �#b2M+2 Q7 /2KQMbi`�iBQMb �M/ +QKT2Mb�i2 7Q` +Q``2bTQM/2M+2 T`Q#H2Kb Q` i?2 bT�`bBiv
Q7 /2KQMbi`�iBQM b2ibX

AM +?�Ti2` 9- r2 BMp2biB;�i2/ ?Qr i?Bb H2�`M2` +�M /2+B/2 bi`�i2;B+�HHv iQ BMi2`�+i rBi? i2�+?2`b- iQ #2 �
7mHHv �+iBp2 H2�`M2` +?QQbBM; � b�KTHBM; KQ/2X q2 }`bi /2bB;M2/ �M �+iBp2 H2�`MBM; �H;Q`Bi?KB+ �`+?Bi2+im`2
7Q` irQ T`2b2i b�KTHBM; KQ/2b- +�HH2/ aQ+B�HHv :mB/2/ AMi`BMbB+ JQiBp�iBQM rBi? AMi2`�+iBp2 H2�`MBM; �i i?2
J2i� H2p2H Ua:AJ@AJVX a:AJ@AJ +?QQb2b i?2 KQbi mb27mH /�i� +QHH2+iBQM KQ/2 #�b2/ QM +QKT2i2M+2 T`Q;`2bb
K2�bm`2bX q2 b?Qr2/ i?�i #�b2/ QM K2�bm`2b Q7 +QKT2i2M+2 T`Q;`2bb- Bi +�M +?QQb2 r?2M iQ `2[m2bi 7Q`
/2KQMbi`�iBQMb- BM irQ /2i2`KBMBbiB+ �M/ biQ+?�biB+ 2MpB`QMK2MibX

h?2M- r2 2ti2M/2/ Bib T`2`Q;�iBp2b #v BM+`2�bBM; i?2 MmK#2` Q7 TQbbB#H2 b�KTHBM; KQ/2b- �M/ i?mb �HHQrBM;
Bi iQ +?QQb2 r?Q iQ BKBi�i2 �M/ r?�i iQ BKBi�i2- r?2M b2p2`�H i2�+?2`b �`2 �p�BH�#H2- �M/ r?2M Bi
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Active learning ExperimentExperimental setup Results

SGIM-D cf. chapter 3hapter 3 - learns as well or better precision, more reliably, faster
- uses demonstrations to bias its search in the policy 

and outcome spaces

cf. chapter 3hapter 3 - learns as well or better precision, more reliably, faster
- uses demonstrations to bias its search in the policy 

and outcome spaces
- uses demonstrations to bias its search in the policy 

and outcome spaces
- uses self-exploration to overcome correspondence 

problems
- uses self-exploration to compensate sparsity of 

demonstration set

SGIM-IM cf. section 4.1ection 4.1 - interactive learning
- self-adjust the timing of resquests for help (to 

the cost of a request for demonstration)

cf. section 4.1ection 4.1 - interactive learning
- self-adjust the timing of resquests for help (to 

the cost of a request for demonstration)

- interactive learning
- self-adjust the timing of resquests for help (to 

the cost of a request for demonstration)
- tested on deterministic and stochastic 

environments

SGIM-ACTS cf. 
section 4.3

- interactive learning with several teachers
- learn several types of tasks
- tested in continuous and discrete spaces

cf. 
section 4.3

- interactive learning with several teachers
- learn several types of tasks
- tested in continuous and discrete spaces
- tested in simulation and physical robotcf. 

chapter 5

- tested in continuous and discrete spaces
- tested in simulation and physical robot
- model for child development

cf. 
chapter 1

Summary

6B;m`2 eXRXR, h?`22 �H;Q`Bi?KB+ �`+?Bi2+im`2b �`2 T`2b2Mi2/ rBi? p�`BQmb BHHmbi`�iBp2 2tT2`BK2MibX h?2 /2i�BHb Q7 2�+? �H;Q`Bi?K �M/
2tT2`BK2Mi +�M #2 `2�/ BM i?2 +Q``2bTQM/BM; b2+iBQM Q` +?�Ti2`X 1�+? �H;Q`Bi?KB+ �`+?Bi2+im`2 �HHQrb i?2 �;2Mi iQ i�F2 �+iBp2 +QMi`QH
Q7 p�`BQmb �bT2+ib Q7 Bib H2�`MBM; bi`�i2;vX 1�+? Q7 i?2 `2bmHib T`2b2Mi2/ �HHQr mb iQ T`2b2Mi �bT2+ib Q7 i?2 �/p�Mi�;2b 7Q` � 7mHHv �+iBp2
bvbi2K- i?�i +�M /2+B/2 QM �HH �bT2+ib Q7 Bib H2�`MBM; bi`�i2;vX

Rj3
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+�M +?QQb2 iQ `2T`Q/m+2 i?2 /2KQMbi`�i2/ �+iBQM Q` i?2 /2KQMbi`�i2/ Qmi+QK2X h?Bb i?B`/ p2`bBQM Bb +�HH2/
aQ+B�HHv :mB/2/ AMi`BMbB+ JQiBp�iBQM rBi? �+iBp2 *?QB+2 Q7 h2�+?2` �M/ ai`�i2;v Ua:AJ@�*haVX q2 b?Qr2/
i?`Qm;? �M 2tT2`BK2Mi r?2`2 � `Q#QiB+ �`K +�M +?QQb2 #2ir22M b2p2`�H b�KTHBM; KQ/2b- b2p2`�H i2�+?2`b �M/
b2p2`�H FBM/b Q7 Qmi+QK2b- i?�i Bi +�M K�F2 i?2b2 +?QB+2b +Q?2`2MiHv iQ H2�`M KQ`2 �++m`�i2Hv �M/ 7�bi2`X h?mb-
i?2 b�K2 T`BM+BTH2 Q7 +QKT2i2M+2@#�b2/ BMi`BMbB+ KQiBp�iBQM mb2/ BM � ?B2`�`+?B+�H �H;Q`Bi?KB+ �`+?Bi2+im`2
7Q` ;Q�H@Q`B2Mi2/ 2tTHQ`�iBQM #v bQ+B�H ;mB/�M+2 Q` �miQMQKQmb 2tTHQ`�iBQM H2/ iQ � `Q#QiB+ H2�`M2` r?B+?
+�M /2+B/2 QM K�Mv BKTQ`i�Mi [m2biBQMb Q7 Bib BMi2`�+iBQM rBi? i?2 T?vbB+�H �M/ bQ+B�H 2MpB`QMK2Mi, r?�i
�M/ ?Qr iQ H2�`Mc r?�i- ?Qr- r?2M �M/ r?QK iQ BKBi�i2X

6BM�HHv- QM � pQ+�HBb�iBQM 2tT2`BK2Mi- r2 BHHmbi`�i2/ i?2 �H;Q`Bi?KB+ �`+?Bi2+im`2 a:AJ rBi? � /Bz2`2Mi
BKTH2K2Mi�iBQM- mbBM; � T`Q#�#BHBbiB+ 7`�K2rQ`FX JQbi Q7 �HH- r2 b?Qr i?�i i?2 H2�`MBM; �;2Mi +�M b2H7@
Q`;�MBb2 Bib 2tTHQ`�iBQMX � +Q?2`2Mi /2p2HQTK2Mi�H b2[m2M+2 +QmH/ i?mb 2K2`;2- rBi?Qmi �Mv 2ti2`M�H
+HQ+F Q` T`2b2i bT2+B}+�iBQMX

eXRXj _2bmHi

q2 ?�p2 i?mb /2bB;M2/ � `Q#Qi H2�`M2` 7Q` BMi2`�+iBp2 ;Q�H@#�##HBM;- r?B+? �H;Q`Bi?KB+ �`+?Bi2+im`2 +QMM2+ib
i?2 BMi`BMbB+�HHv KQiBp�i2/ �M/ bQ+B�HHv ;mB/2/ /�i� +QHH2+iBQM KQ/2b �i 2�+? H2p2H Q7 Bib
?B2`�`+?B+�H bi`m+im`2 QM j H2p2Hb, 7Q` i?2 2tTHQ`�iBQM Q7 i?2 TQHB+v bT�+2- i?2 Qmi+QK2 bT�+2-
�M/ i?2 /Bz2`2Mi KQ/2bX Ai +?QQb2b � /�i� +QHH2+iBQM bi`�i2;v 7Q` QMHBM2 H2�`MBM;- #�b2/ QM i`B�H@�M/@
2``Q` �M/ +QKT2i2M+2 T`Q;`2bb K2�bm`2bX Aib 2tTHQ`�iBQM �HHQrb �M BKT`Qp2K2Mi Q7 Bib +QKT2i2M+2- #mi
�HbQ i?2 ;2M2`�HBb�iBQM Qp2` Bib 2tT2`B2M+2 iQ �+?B2p2 M2r Qmi+QK2bX q2 b?Qr2/ #2ii2` T`2+BbBQM �M/ 7�bi2`
H2�`MBM; Q7 a:AJ +QKT�`2/ iQ �;2Mib H2�`MBM; rBi? `�M/QK 2tTHQ`�iBQM Q` rBi? � bBM;H2 /�i� +QHH2+iBQM
KQ/2X Pm` H2�`M2` Bb +?�`�+i2`Bb2/ #v Bib KQiBp�iBQM 7Q` H2�`MBM;- Bib /`Bp2 iQ BKT`Qp2- Bib �#BHBiv iQ b22F Qmi
i?2 2tT2`iBb2 Q7 Qi?2`b �M/ Bib `Q#mbiM2bb iQ #�/ /2KQMbi`�iQ`bX q2 /2pBb2/ �M �H;Q`Bi?KB+ �`+?Bi2+im`2 7Q`
2{+B2Mi H2�`MBM; �M/ mb2/ Qm` bvbi2K iQ KQ/2H BM7�Mi /2p2HQTK2MiX

eXRX9 h�F2@�r�v J2bb�;2

AM +QM+HmbBQM- +QK#BMBM; BMi`BMbB+ KQiBp�iBQM �M/ bQ+B�H ;mB/�M+2 Qz2`b � ;QQ/ �H;Q`Bi?KB+
�`+?Bi2+im`2 7Q` HB72@HQM; �/�TiBp2 H2�`MBM; #2+�mb2 Bi H2�`Mb 7�bi2` �M/ rBi? #2ii2` T`2+BbBQM
iQ T`Q/m+2 � rB/2 `�M;2 Q7 Qmi+QK2bX q?BH2 bm+? � bvbi2K #2M2}ib 7`QK i?2 ?mK�M FMQrH2/;2 iQ #B�b
Bib 2tTHQ`�iBQM- �i i?2 b�K2 iBK2- Bi H2�`Mb i?2 bi`m+im`2 Q7 Bib T?vbB+�H 2MpB`QMK2Mi �M/ i?2 bT2+B�HBiB2b Q7 Bib
?mK�M i2�+?2`bX h?Bb b2H7@bi`m+im`BM; Q7 i?2 H2�`MBM; T`Q+2bb b22b i?2 2K2`;2M+2 Q7 /2p2HQTK2Mi�H b2[m2M+2b-
bBKBH�` iQ i?Qb2 Q#b2`p2/ BM +?BH/ /2p2HQTK2MiX

eXk Pm` �TT`Q�+?- Bib GBKBi�iBQMb �M/ 1ti2MbBQMb

eXkXR J�BM *QMi`B#miBQM

q2 /2pBb2/ �M �H;Q`Bi?KB+ �`+?Bi2+im`2 7Q` 2{+B2Mi H2�`MBM; �M/ i2bi2/ Qm` �H;Q`Bi?Kb iQ KQ/2H BM7�Mi
/2p2HQTK2MiX

RjN
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h?2 �H;Q`Bi?KB+ �`+?Bi2+im`2 r2 /2bB;M2/ ?�b #22M i2bi2/ BM b2p2`�H 2tT2`BK2Mi�H b2imTb- #Qi? BM bBKmH�iBQM
�M/ rBi? T?vbB+�H `Q#Qib- #Qi? 7Q` /Bb+`2i2 �M/ +QMiBMmQmb bT�+2b- #Qi? BM /2i2`KBMBbiB+ �M/ biQ+?�biB+
2MpB`QMK2MibX Ai ?�b �HbQ #22M mb2/ rBi? /Bz2`2Mi FMQrH2/;2 `2T`2b2Mi�iBQMb �M/ H2�MBM; �H;Q`Bi?KbX Ai �HbQ
T`QTQb2b �M 2tTH�M�iBQM iQ i?2 #QQibi`�TTBM; 2z2+i #v �M�HvbBM; i?2 T`QT2`iB2b �M/ 2z2+ib Q7 /2KQMbi`�iBQMb
QM i?2 2tTHQ`�iQ`v #2?�pBQm`X q2 ?B;?HB;?i2/ i?2 #B�b BMi`Q/m+2/ #v bQ+B�H ;mB/�M+2 7Q` i?2 2tTHQ`�iBQM Q7
#Qi? i?2 Qmi+QK2 �M/ i?2 TQHB+v bT�+2b- �M/ b?Qr2/ i?2 `Q#mbiM2bb Q7 i?2 bvbi2K iQ i?2 i2�+?2`Ƕb [m�HBivX

q2 /2p2HQT2/ �M �/p�M+2/ i2+?MB[m2 iQ +QK#BM2 H2�`MBM; #v bQ+B�H ;mB/�M+2 �M/ BMi`BMbB+
KQiBp�iBQM- 7Q` HB72@HQM; H2�`MBM; Q7 KmHiBTH2 bFBHHbX h?Bb +QK#BM�iBQM ?�b #22M /2bB;M2/ BM � KQ`2 ;2M2`�H
+QMi2ti Q7 bi`�i2;B+ H2�`MBM;- r?2`2 i?2 H2�`MBM; �;2Mi +?QQb2b ?Qr iQ H2�`M #2bi #2ir22M /Bz2`2Mi H2�`MBM;
KQ/2bX Pm` �TT`Q�+? 2M�#H2/ i?2 H2�`M2` iQ /2+B/2 QMHBM2 �#Qmi Bib BMi2`�+iBQM rBi? Bib T?vbB+�H �M/ bQ+B�H
2MpB`QMK2Mi, r?�i �M/ ?Qr iQ H2�`Mc r?�i- r?2M- ?Qr �M/ r?QK iQ BKBi�i2X

eXkXk P`B;BM�HBiv Q7 Qm` �TT`Q�+?

q2 �//`2bb2/ HB72@HQM; H2�`MBM; #v +QK#BMBM; BKBi�iBQM H2�`MBM; �M/ �miQMQKQmb 2tTHQ`�iBQM #2+�mb2,

Ç �b /2i�BH2/ BM +?�Ti2` R- r2 i�F2 BMbTB`�iBQM 7`QK #BQHQ;B+�H bvbi2KbX Ai ?�b #22M Q#b2`p2/ i?�i i?2v
H2�`M #Qi? #v bQ+B�H ;mB/�M+2 �M/ #v �miQMQKQmb 2tTHQ`�iBQMX Sbv+?QHQ;B+�H bim/B2b ?�p2 i?2Q`Bb2/
i?2 TH�v7mH �M/ 2tTHQ`�iQ`v #2?�pBQm` Q7 +?BH/`2M �b BMi`BMbB+ KQiBp�iBQMX

Ç �b i?2 b2�`+? bT�+2 Bb iQQ H�`;2 iQ #2 2t?�mbiBp2Hv 2tTHQ`2/ rBi?BM � HB72@iBK2- � r�v Q7 +QMbi`�BMBM; i?2
b2�`+? Bb M22/2/X "�`�M2b �M/ Pm/2v2` UkyRjV ?�p2 T`QTQb2/ K�im`�iBQM�H +QMbi`�BMib �b � T?vbB+�H
7�+iQ` 7Q` +QMbi`�BMBM; i?2 b2�`+? bT�+2 i?`Qm;? iBK2- r?2`2 � +HQ+F BM+`2�b2b ;`�/m�HHv i?2 b2�`+?
bT�+2X Pi?2` �TT`Q�+?2b 2tTHQ`2 }`bi i?2 TQHB+v bT�+2 iQ B/2MiB7v i?2 BMi2`2biBM; /BK2MbBQM�HBiB2b Q7
i?2 Qmi+QK2 bT�+2- iQ #2 �#H2 iQ `2bi`�BMi i?2B` 2tTHQ`�iBQM Q7 i?2 Qmi+QK2 bT�+2 iQ i?2b2 /BK2MbBQMbX
AM Qm` +�b2- r2 mb2/ ?mK�M FMQrH2/;2 BM i?2 7Q`K Q7 /2KQMbi`�iBQMb iQ #B�b Qm` 2tTHQ`�iBQM Q7 i?2
Qmi+QK2 �M/ TQHB+v bT�+2bX

hQ Qm` FMQrH2/;2- r2 /2pBb2/ i?2 }`bi BMi2`�+iBp2 H2�`MBM; bvbi2K r?B+? +QK#BM2b BMi`BMbB+
KQiBp�iBQM �M/ bQ+B�H ;mB/�M+2X qBi? i?�i `2bT2+i- Qm` rQ`F `2b2K#H2b i?2 �TT`Q�+?2b Q7 Uh?QK�x-
kyyec h?QK�x �M/ "`2�x2�H- kyy3VX � K�BM /Bz2`2M+2 HB2b BM i?2 7�+i i?�i h?QK�x UkyyeV �M/ Uh?QK�x �M/
"`2�x2�H- kyy3V mb2/ � bvK#QHB+ `2T`2b2Mi�iBQM Q7 i?2 2MpB`QMK2Mi- r?2`2�b r2 mb2/ +QMiBMmQmb bT�+2b iQ
/2b+`B#2 Qm` MQM@T`2b2i 2MpB`QMK2MiX h?2B` `Q#Qi mb2b � /Bb+`2i2 `2T2`iQB`2 Q7 T`2b2i �+iBQMb iQ T2`7Q`K �
/Bb+`2i2 MmK#2` Q7 i�bFb- r?2`2�b Qm` bvbi2K +�M 2pQHp2 BM ?B;?@/BK2MbBQM�H +QMiBMmQmb TQHB+v �M/ Qmi+QK2
bT�+2b- �M/ ?�b iQ /2�H rBi? i?2 +m`b2 Q7 /BK2MbBQM�HBivX

Pm` bvbi2K H2�`Mb iQ T2`7Q`K p�`BQmb Qmi+QK2b BM MQM@T`2b2i 2MpB`QMK2Mib �M/ BM ?B;?@
/BK2MbBQM�H �M/ +QMiBMmQmb bT�+2bX qBi? i?�i `2bT2+i- Qm` 2MpB`QMK2Mib `2b2K#H2 i?Qb2 Q7 UEQ#2`
2i �HX- kyRkc /� aBHp� 2i �HX- kyRkV r?Q mb2 /2KQMbi`�iBQMb iQ K�F2 `Q#Qib H2�`M +QKTH2t i�bFb i?2M H2p2`�;2
`2;`2bbBQM i2+?MB[m2b iQ T`Q/m+2 MQp2H Qmi+QK2b +HQb2 iQ i?Qb2 T`2pBQmbHv H2�`MiX L2p2`i?2H2bb- BM i?2b2
bim/B2b- i?2 /2KQMbi`�iBQMb �`2 +�`27mHHv +?Qb2M #v �M 2M;BM22` #27Q`2?�M/ rBi?Qmi �Mv �+iBp2 H2�`MBM;
K2i?Q/- �M/ i?2 `Q#Qi +�M MQi H2�`M iQ `2�+? MQp2H Qmi+QK2b i?�i �`2 7�` �r�v 7`QK i?2b2 /2KQMbi`�iBQMbX

h?Bb bvbi2K Bb �HbQ i?2 }`bi bvbi2K i2bi2/ BM 2tT2`BK2Mib iQ �+iBp2Hv /2+B/2 r?�i �M/ ?Qr iQ H2�`Mc �M/
r?�i- r?2M- ?Qr �M/ r?QK iQ BKBi�i2X qBi? i?�i `2bT2+i- Qm` bi`�i2;B+ H2�`MBM; bvbi2K `2b2K#H2b i?2 �+iBp2
BKBi�iBQM H2�`MBM; �H;Q`Bi?K /2p2HQT2/ BM Ua?QM 2i �HX- kyydV- r?B+? �HbQ /2+B/2b r?2M �M/ i?2Q`2iB+�HHv r?QK
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iQ BKBi�i2X L2p2`i?2H2bb- a?QM 2i �HX UkyydV /B/ MQi i2bi ii?2B` bvbi2K BM i?2 +�b2 i?2`2 �`2 b2p2`�H i2�+?2`bX
6m`i?2`KQ`2- i?2B` bvbi2K QMHv H2�`Mb ?Qr iQ T`Q/m+2 � bBM;H2 Qmi+QK2 BM /Bb+`2i2 2MpB`QMK2MibX

eXkXj *QKTH2K2Mi�`v aim/B2b

AM Qm` rQ`F- r2 ?�p2 #mBH/ � K2i� �H;Q`Bi?KB+ �`+?Bi2+im`2X q2 ?�p2 BMbi�MiB�i2/ i?2 �`+?Bi2+im`2b rBi?
irQ BKTH2K2Mi�iBQMb- �M/ #Qi? b?Qr2/ bBKBH�` #2?�pBQm`bX L2p2`i?2H2bb- MQ bim/v ?�b v2i #22M +QM/m+i2/
iQ 2tTHB+Bi i?2 BM~m2M+2 QM i?2 �H;Q`Bi?K Q7 /Bz2`2Mi +?QB+2b Q7 H2�`MBM; �H;Q`Bi?Kb- - KQ/2H
`2T`2b2Mi�iBQM- TQHB+v 2M+Q/BM;- Q` Q7 i?2 p�`BQmb T�`�K2i2`bX

6Q` BMbi�M+2- Qm` BKTH2K2Mi�iBQMb mb2/ 7Q` ;Q�H@Q`B2Mi2/ TQHB+v QTiBKBb�iBQM irQ BMbi�M+2b, URV � bBKmH�i2/
�MM2�HBM; K2i?Q/ #�b2/ QM i?2 L2H/2`@J2�/ HQ+�H QTiBKBb�iBQM �H;Q`Bi?K- �M/ UkV � T`Q#�#BHBbiB+ K2i?Q/
mbBM; :�mbbB�M JBtim`2 JQ/2HbX L2p2`i?2H2bb- Bi rQmH/ #2 Q7 BMi2`2bi iQ K2�bm`2 i?2 2z2+i Q7 Qi?2` bBM;H2
;Q�H H2�`MBM; �H;Q`Bi?Kb bm+? �b M�im`�H �+iQ`@+`BiB+ �`+?Bi2+im`2b US2i2`b �M/ a+?��H- kyy3V- T�i? BMi2;`�H
�TT`Q�+?2b Uh?2Q/Q`Qm 2i �HX- kyRyV- �/p�M+2/ "H�+F "Qt QTiBKBb�iBQM i2+?MB[m2b UaimHT �M/ aB;�m/- kyRkV-
Q` *J�@1a U>�Mb2M �M/ Pbi2`K2B2`- kyyRV

a2+QM/- i?2 �+iBQMb mb2/ BM Qm` 2tT2`BK2Mib r2`2 +Q/2/ �b T�`�K2i`Bx2/ KQiQ` T`BKBiBp2b- r?2`2
T�`�K2i2`b /2i2`KBM2 i?2 �KTHBim/2 �M/ UBM bQK2 2tT2`BK2MibV i?2 iBKBM; Q7 KQiQ` +QKK�M/bX h?2v
+QMbiBimi2 +QMbi`�BMib i?�i `2/m+2 i?2 bi�i2 bT�+2b BM � `2�bQM�#H2 r�v iQ K�F2 H2�`MBM; i`�+i�#H2 BM ?B;?
/BK2MbBQM�H �+iBQM bT�+2X h?2v r2`2 ;2M2`�H 2MQm;? �M/ �HHQr2/ � rB/2 `�M;2 Q7 �+iBQMb iQ #2 mb2/ BM
�HH Qm` 2tT2`BK2MibX h?2b2 +QMbi`�BMib r2 BMi`Q/m+2/ �HbQ `2~2+i i?2 /Bz2`2M+2 BM /vM�KB+b �M/ `�M;2
Q7 KQp2K2Mi i?�i +�M Q++m` #2ir22M ?mK�M i2�+?2`b �M/ `Q#QiB+ H2�`M2`bX h?2v �HHQr mb iQ bim/v i?2
2z2+i Q7 i?Bb +Q``2bTQM/2M+2 T`Q#H2K BM b2+iBQM jX8X L2p2`i?2H2bb- i?2 MmK#2` Q7 T�`�K2i2`b �M/ i?mb i?2
K�tBKmK +QKTH2tBiv Q7 i?2 KQp2K2Mi Bb T`2/2i2`KBM2/- �M/ ;QQ/ bQHmiBQMb +QmH/ TQi2MiB�HHv #2 2HBKBM�i2/X
Ai rQmH/ #2 Q7 BMi2`2bi iQ bim/v i?2 BKT�+i Q7 /Bz2`2Mi KQp2K2Mi 2M+Q/BM;bX �MQi?2` TQbbB#BHBiv +QmH/ #2
/vM�KB+�H KQp2K2Mi T`BKBiBp2b U.JSV- � HBM2 Q7 `2b2�`+? 7Q` KQ/2HHBM; �ii`�+iQ` #2?�pBQm`b Q7 �miQMQKQmb
MQMHBM2�` /vM�KB+�H bvbi2Kb rBi? i?2 ?2HT Q7 bi�iBbiB+�H H2�`MBM; i2+?MB[m2bX h?2v ?�p2 }`bi #22M T`2b2Mi2/
BM `?vi?KB+ KQp2K2Mi i�bF Ua+?��H 2i �HX- RNNeV- #mi i?2v +�M �HbQ 2M+Q/2 /Bb+`2i2 KQp2K2Mib �#Qmi 2p2`v
.P6X AM i?�i b2Mb2- Qm` KQp2K2Mi 2M+Q/BM; +�M #2 +QMbB/2`2/ �b � bBKTHB}2/ p2`bBQM Q7 i?2 .JSbX � bim/v
Q7 BMi2`2bi rQmH/ #2 iQ mb2 .JSb �M/ K2�bm`2 i?2 2z2+i QM i?2 H2�`MBM; T`Q+2bbX

eXkX9 GBKBi�iBQMb �M/ 1ti2MbBQMb

L2p2`i?2H2bb- Qm` rQ`F #2�`b bQK2 HBKBi�iBQMbX 6Q` BMbi�M+2- r2 ?�p2 QMHv +QMbB/2`2/ BM Qm` 2tT2`BK2Mib �
bK�HH MmK#2` Q7 i2�+?2`b �M/ � bK�HH MmK#2` Q7 FBM/b Q7 Qmi+QK2- �H#2Bi �M BM}MBi2 MmK#2` Q7 Qmi+QK2b i?�i
HB2 BM +QMiBMmQmb bT�+2bX h?2`27Q`2- +QKTH2K2Mi�`v 2tT2`BK2Mib b?QmH/ bim/v r?2i?2` a:AJ b+�H2b iQ
?B;?2` MmK#2`b Q7 i2�+?2`b �M/ FBM/b Q7 Qmi+QK2X h?2Q`2iB+�HHv- a:AJǶb 7Q`K�HBb�iBQM �M/ 7`�K2rQ`F
+�M ?�M/H2 bm+? +�b2bX h?2 K2i?Q/ b?QmH/ �TTHv iQ /QK2biB+ Q` BM/mbi`B�H `Q#Qib r?Q mbm�HHv BMi2`�+i rBi?
� }MBi2 MmK#2` Q7 i2�+?2`bX L2p2`i?2H2bb- 2tT2`BK2Mib M22/ #2 +�``B2/ Qmi iQ i2bi i?Bb b+�H�#BHBiv T`QT2`ivX

GBF2rBb2- i?2 �H;Q`Bi?K Bb K2�Mi iQ i�+FH2 H2�`MBM; T`Q#H2Kb BM i?2 T?vbB+�H- `2�H rQ`H/ #v �//`2bbBM;
T`Q#H2Kb Q7 biQ+?�biB+Biv- `2/mM/�M+v �M/ ?B;?@/BK2MbBQM�HBivX L2p2`i?2H2bb- BM i?2 2tT2`BK2Mib /2b+`B#2/
BM i?Bb i?2bBb- r2 QMHv mb2/ T?vbB+�H `Q#Qib 7Q` FBM�2bi?2iB+ /2KQMbi`�iBQM iQ `Q#Qib BM � bBKmH�iQ` HBF2 BM
i?2 }b?BM; 2tT2`BK2Mi U+?�Ti2` jV- Q` r2 QMHv mb2/ � T?vbB+�H `Q#Qi iQ H2�`M � bBKTH2 /Bb+`2i2 K�TTBM;- �b
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r�b i?2 +�b2 Q7 i?2 `Q#Qi B*m# H2�`MBM; H2�`MBM; iQ `2+Q;MBb2 Q#D2+ibX h?2 Qi?2` 2tT2`BK2Mib- /2bTBi2 i?2
+QKTH2tBiv �M/ ?B;?@/BK2MbBQM�HBiv Q7 i?2B` 2MpB`QMK2Mib- r2`2 QMHv +�``B2/ Qmi BM bBKmH�iQ`bX PM@;QBM;
2tT2`BK2Mib �`2 i2biBM; a:AJ QM � T?vbB+�H `Q#Qi H2�`MBM; iQ mb2 � }b?BM; `Q/- �b b?Q`iHv /2b+`B#2/ BM b2+iBQM
jXeX

AM Qm` rQ`F- i?2 �;2Mi +?QQb2b #2ir22M T`2b2i b�KTHBM; KQ/2b- r?B+? /Q2b MQi �HHQr i?2 H2�`MBM;
Q7 M2r b�KTHBM; KQ/2bX L2p2`i?2H2bb- �M 2ti2MbBQM +�M BKT`Qp2 i?2 r�v r2 +QMbB/2` b�KTHBM; KQ/2bX
h?2b2 +QmH/ 2pQHp2- �M/ i?2 �;2Mi +QmH/ �/�Ti i?2 /Bz2`2Mi KQ/2b �++Q`/BM; iQ Bib 2tT2`B2M+2X AM i?Bb +�b2-
?Bb b�KTHBM; KQ/2 bT�+2 +QmH/ #2 T�`�K2i2`Bb2/ #v +QMiBMmQmb p�`B�#H2bX AM i?Bb +�b2- i?2 KQ/2 T�`�K2i2`
bT�+2 rQmH/ #2 � mMBQM Q7 +QMiBMmQmb bT�+2b- HBF2 Bib TQHB+v �M/ Qmi+QK2 bT�+2bX h?mb Bib +?QB+2 Q7 KQ/2
T�`�K2i2`b rQmH/ #2�` bi`QM; `2b2K#H�M+2 iQ Bib +?QB+2 Q7 7Q+mb r?B+? r2 bim/B2/ BM i?Bb i?2bBbX

h?Bb TQBMi Bb `2H�i2/ iQ i?2 bi`QM; bmTTQbBiBQM 7`QK Qm` rQ`F i?�i BKBi�iBQM KQ/2b- b2H7@2tTHQ`�iBQM KQ/2b-
�M/ H2�`MBM; �H;Q`Bi?Kb T`2@2tBbif�`2 T`2T`Q;`�KK2/ BM Qm` �;2MiX Pm` 7`�K2rQ`F /Q MQi �HHQr �Mv Q7 i?2b2
iQ 2pQHp2X aim/B2b HBF2 U�M/`v 2i �HX- kyy9V T`QTQb2 � KQ/2H HBMFBM; i?2 /2p2HQTK2Mi Q7 b2MbQ`B@KQiQ` �M/
BKBi�iBQM +�T�#BHBiB2bX Pm` rQ`F �HbQ i�F2b i?2 bi`QM; TQBMi Q7 pB2r i?�i BKBi�iBQM Bb � K2�Mb Q7 H2�`MBM;X
u2i- BKBi�iBQM �HbQ ?�b i?2 7mM+iBQM Q7 +QKKmMB+�iBQMX L�/2H 2i �HX Ukyy9V bm;;2bib i?�i BKBi�iBQM Bb MQi
QMHv HBMF2/ rBi? H2�`MBM;- #mi +�M �HbQ #2 HBMF2/ iQ i?2 7�+i Q7 #2BM; BKBi�i2/X

1p2M i?Qm;? Qm` 7`�K2rQ`F �HHQrb i?2Q`2iB+�HHv iQ �//`2bb i?2 T`Q#H2K Q7 +?�M;BM; 2MpB`QMK2Mib- r2
?�p2 MQi i�+FH2/ i?2 T`Q#H2K bT2+B}+�HHvX AM/22/- Qm` 7Q`K�HBbK +QKTmi2b /2MbBiv T`Q#�#BHBiB2b rBi? `2bT2+i
iQ i?2 TQHB+B2b �M/ Qmi+QK2b- #mi �HbQ +QMi2tiX h?Bb K2�bm`2 Q7 i?2 +QMi2ti �HHQrb iQ i�F2 BMiQ �++QmMi
+?�M;BM; 2MpB`QMK2Mib- T`QpB/BM; � K2�Mb Q7 +QKT�`BbQM #2ir22M /Bz2`2Mi +QMi2tibX L2p2`i?2H2bb- BM Qm`
2tT2`BK2Mib- Qm` `Q#Qib ?�p2 �Hr�vb bi�`i2/ 7`QK i?2 b�K2 bi�i2- �M/ r2 ?�p2 MQi BMp2biB;�i2/ i?2 2z2+i Q7
+?�M;2b BM +QMi2tiX � bvbi2K rBi? a:AJ mbBM; � H2�`MBM; �H;Q`Bi?K r?B+? 7�pQm`b KQ`2 `2+2Mi /�i� i?�M
QH/2` /�i� +�M #2 i2bi2/ iQ bim/v Bib �#BHBiv iQ �/�Ti iQ +?�M;BM; 2MpB`QMK2MibX

�MQi?2` TQBMi 7Q` i�+FHBM; +QMi2tib Bb i?2 /2i2`KBM�iBQM rBi?BM i?2 b2MbQ`v BMTmib Q7 Q#D2+ib Q7 �ii2MiBQMX
q2 ?�p2 #22M bT2+B7vBM; �M Qmi+QK2 bT�+2 iQ BM/B+�i2 iQ i?2 H2�`M2` r?�i FBM/ Q7 bFBHHb r2 rBb? Bi iQ �+[mB`2,
}b?BM; bFBHHb- TH�+BM; bFBHHb- i?`QrBM; bFBHHbX Ai rQmH/ #2 BMi2`2biBM; iQ H2i i?2 H2�`M2` /Bb+Qp2` r?B+?
/BK2MbBQM�HBiB2b Q7 Bib b2MbQ`v BMTmib +QMbiBimi2 �M BMi2`2biBM; Qmi+QK2 bT�+2X A #2HB2p2 i?Bb
[m2biBQM Bb QM2 Q7 i?2 KQbi BMi2`2biBM; 2ti2MbBQMb Q7 a:AJ iQ K�F2 i?2 `Q#Qi ~2tB#H2 �M/ �/�TiBp2X h?Bb
rQmH/ `2[mB`2 � HQM;2` H2�`MBM; iBK2- Dmbi �b � #�#v H2�`Mb Bib QrM T`QT`BQ+2TiBQM #27Q`2 2tTHQ`BM; KQ`2 pBbB#H2
i�bFb i?�i r2 +QMbB/2` BMi2`2biBM; Q` mb27mHX "mi QM i?2 Qi?2` ?�M/- Bi b?QmH/ ;Bp2 i?2 H2�`M2` i?2 QTTQ`imMBiv
iQ /Bb+Qp2` `B+?2` �M/ KQ`2 +QKTH2i2 `2T2`iQB`2b Q7 bFBHHb- i?�i +QmH/ #2 7�` 7`QK i?2 T`Q;`�KK2`Ƕb KBM/ �i
}`biX h?2 K�BM HBKBi�iBQM Q7 bm+? �M �ii2KTi Bb i?2 ?B;?@/BK2MbBQM�HBiv Q7 i?2 b2MbQ`v bT�+2 Q7 i?2 #HQQKBM;
�M/ #mxxBM; rQ`H/X L2p2`i?2H2bb A #2HB2p2 bm+? � H2�`MBM; Bb TQbbB#H2 2p2M BM ?B;?@/BK2MbBQM�HBiv- �b r2 ?�p2
b?QrM i?�i a:AJ +�M #2 `Q#mbi BM ?B;?@/BK2MbBQM�H bT�+2b �M/ BM Qmi+QK2 bT�+2b Km+? H�`;2` i?�M Bib
`2�+?�#H2 bT�+2X

h?2 H�bi BKK2/B�i2 2ti2MbBQM- �M/ KQbi BMi2`2biBM; iQ Qm` KBM/ Bb i?2 #mBH/BM; Q7 K�+`Q �+iBQMb
iQ �++QKTHBb? KQ`2 �M/ KQ`2 +QKTH2t i�bFbX AM Qm` rQ`F bQ 7�`- r2 ?�p2 QMHv +QMbB/2`2/ TQHB+B2b
2M+Q/2/ #v bBM;H2 KQiQ` T`BKBiBp2b- �M/ ?�p2 MQi +QMbB/2`2/ +QK#BM�iBQMb Q7 �+iBQMb iQ T`Q/m+2 KQ`2
+QKTH2t Qmi+QK2bX 6Q` BMbi�M+2- H2�`MBM; iQ +QMi`QH QM2Ƕb #Q/v Bb � }`bi bi2T iQ i?2 H2�`MBM; Q7 ?Qr iQ iQm+?
Q#D2+ib- �M/ �7i2`r�`/b iQ H2�`MBM; ?Qr iQ ;`�bT Q#D2+ib- �M/ }M�HHv iQ H2�`MBM; ?Qr iQ HB7i Q#D2+ibX 1�+?
bi2T BMpQHp2b i?2 `2mb2 Q7 TQHB+B2b iQ T2`7Q`K 2�bv i�bFb- i?2M Bib 2ti2MbBQM iQ `2�+? � KQ`2 /B{+mHi Qmi+QK2X
am+? rQ`F +QmH/ #2 /QM2 #v mbBM; 7Q` BMbi�M+2 i?2 QTiBQMb 7`�K2rQ`F bm;;2bi2/ BM UEQMB/�`Bb �M/ "�`iQ-
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kyyNVX

eXkX8 AKT�+i

h?Bb i?2bBb T`QTQb2b � M2r K2+?�MBbK 7Q` HB72@HQM; H2�`MBM; 7Q` #mBH/BM; �`iB}+B�H H2�MBM; �;2Mib
�M/ � K2+?�MBbK iQ mM/2`bi�M/ #BQHQ;B+�H �;2MibX h?2 K2i�@H2p2H K2+?�MBbK `2HB2b QM bQ+B�H ;mB/�M+2
iQ `2bi`�BM i?2 2tTHQ`�iBQM iQ bQK2 bm#bT�+2bc �M/ QM BMi`BMbB+ KQiBp�iBQM iQ 2tT�M/ i?2 2tTHQ`�iBQM �`QmM/
i?2 bm#bT�+2b �H`2�/v BM/B+�i2/ #v i2�+?2`b- �M/ +?QQb2 � b�KTHBM; bi`�i2;v i?�i BKT`Qp2b i?2 +QKT2i2M+2
T`Q;`2bb Q7 i?2 bvbi2KX h?2 T`BM+BTH2b Q7 i?2 bi`�i2;B+ /�i� +QHH2+iBQM +�M #2 HBMF2/ iQ p�`BQmb }2H/bX

h?2 H2�`MBM; Q7 bFBHHb Q7 ;`QrBM; +QKTH2tBiv- +QmTH2/ rBi? i?2 bi`m+im`BM; T`QT2`iB2b BMiQ HQ;B+�H
/2p2HQTK2Mi�H b2[m2M+2b Q7 Qm` H2�`MBM; �`+?Bi2+im`2 U+?�Ti2` 8V- ;Bp2b T`QKBb2b Q7 H2�`MBM; Q7 +QKTH2t
+?�BMb Q7 bFBHHb rBi?Qmi ?�pBM; iQ bT2+B7v 2�+? bi2T Q7 i?2 H2�`MBM;X �H#2Bi � 72r BM/B+�iBQMb 7`QK ?mK�M
mb2`b- i?2 `Q#Qi b?QmH/ #2 �#H2 iQ /Bb+Qp2` #v Bib2H7 ?Qr iQ 7`�;K2Mi i?2 +QKTH2t bFBHH BMiQ }`bi 2�bv QM2b �M/
i?2M i�+FH2 BM+`2�bBM;Hv /B{+mHi QM2bX am+? rQ`F b?QmH/ #2 ?B;?Hv BMi2`2biBM; iQ #2 +QmTH2/ rBi? TH�MMBM;X
AM/22/- r?2`2 +H�bbB+�H TH�MMBM; �TT`Q�+?2b 7�BH- 2bT2+B�HHv BM mM7Q`2b22M +QM};m`�iBQMb- 2tTHQ`�iBQM �M/
H2�`MBM; b?QmH/ ?2HT i?2 �;2Mi iQ `2+Qp2` 7`QK /2�/ 2M/bX _2p2`b2Hv- TH�MMBM; +�M T`QpB/2 � M2+2bb�`v
7`�K2rQ`F 7Q` #mBH/BM; +QKTH2t bFBHHb 7Q` `Q#QibX � +QK#BM�iBQM Q7 2tTHQ`�iQ`v H2�`MBM; �M/ TH�MMBM; +QmH/
i?2`27Q`2 2M�#H2 i?2 `Q#Qi iQ `2�HBb2 KQ`2 �M/ KQ`2 +QKTH2t bFBHHbX

h?2 H2�`MBM; Q7 p�`BQmb bFBHHb �b r2HH �b i?2 bi`m+im`BM; Q7 i?2 H2�`MBM; BMiQ /2p2HQTK2Mi�H b2[m2M+2b +QmH/
�HbQ #2 BMp2biB;�i2/ KQ`2- BM i2`Kb Q7 +Q;MBiBp2 b+B2M+2- Q` KQ`2 bT2+B}+�HHv Q7 BM i2`Kb Q7 M2m`Qb+B2M+2X A7
i?2 H2�`MBM; Q7 M2r bFBHHb `2mb2b TQHB+B2b Q` bi`m+im`2b i?�i ?�p2 #22M H2�`Mi- bm+? `2mb2 +QmH/ #2 Q#b2`p�#H2 BM
i?2 #`�BM Q` TH�mbB#H2 7Q` M2m`QM�H KQ/2HbX *�M r2 Q#b2`p2 `2+`mBiK2Mib Q7 M2m`QM�H +B`+mBib 7Q` i?2 H2�`MBM;
Q7 M2r bFBHHb\ >Qr /Q i?2b2 M2m`QM�H +B`+mBib 2pQHp2- ?Qr �`2 i?2v +QTB2/ Q` bvMi?2bBb2/ rBi? i?2 �;2MiǶb
2tT2`B2M+2\ q2 +QmH/ KQ/2H M2m`QM�H `2THB+�iBQM T�ii2`Mb Q7 �;2Mib H2�`MBM; #v KmHiB@KQ/�H 2tTHQ`�iBQM-
�M/ #mBH/ � M2m`�HHv TH�mbB#H2 +Q;MBiBp2 KQ/2H 7Q` �;2Mib 2tTHQ`BM; i?2B` 2MpB`QMK2Mib #Qi? �miQMQKQmbHv
�M/ rBi? bQ+B�H ;mB/�M+2X am+? � +QK#BM�iBQM #2ir22M M2m`Qb+B2M+2 �M/ `Q#QiB+ H2�`MBM; rQmH/ H2�/ iQ
i?2 /2bB;M Q7 � +Q;MBiBp2 �`+?Bi2+im`2 #�b2/ QM M2m`Q#BQHQ;v iQ KQ/2H ?Qr H2�`MBM; �;2Mib 2tTHQ`2 i?2B`
2MpB`QMK2MibX Ai rQmH/ #2 �M BMi2`@/Bb+BTHBM�`v BMp2biB;�iBQM Q7 i?2 T`BM+BTH2b Q7 H2�`MBM; BM M�im`�H �M/
�`iB}+B�H bvbi2Kb- iQr�`/b � #BQHQ;B+�HHv TH�mbB#H2 #�bBb 7Q` ?mK�M T`Q#H2K bQHpBM; �M/ �i i?2 b�K2 iBK2 �
T`�+iB+�H K2+?�MBbK 7Q` H2�`MBM; #v �`iB}+B�H bvbi2KbX

G�biHv- r2 ?�p2 #22M /2bB;MBM; � /�i� +QHH2+iBQM K2i?Q/ 7Q` `Q#Qi H2�`M2`bX L2p2`i?2H2bb- i?Bb /�i�
+QHH2+iBQM K2i?Q/ Bb �TTHB+�#H2 BM KQ`2 ;2M2`�H +�b2b i?�M `Q#QiB+bX h?2 �/p�Mi�;2 Q7 Qm` K2i?Q/ Bb �HH i?2
KQ`2 �+mi2 r?2M i?2 +Qbi Q7 /�i� �+[mBbBiBQM Bb ?B;?X AM i?2 +�b2 � /�i� �+[mBbBiBQM +QK2b �i � ?B;? +Qbi BM
iBK2- K�i2`B�H- 2M2`;v- i?2 H2�`MBM; �;2Mi b?QmH/ /2+B/2 }`bi r?�i FBM/ Q7 /�i� rQmH/ ;Bp2 Bi KQ`2 BM7Q`K�iBQM-
BKT`Qp2 Bib +QMi`QH Q` BKT`Qp2 Bib KQ/2HX 6Q` BMbi�M+2- i?Bb Bb �HbQ i?2 +�b2 Q7 `2+QKK2M/2` bvbi2KbX AM
Q`/2` iQ ;Bp2 ;QQ/ `2+QKK2M/�iBQMb- i?2 bvbi2K b?QmH/ �+[mB`2 irQ FBM/b Q7 /�i�X 6B`bi- Bi M22/b iQ ;2i
2MQm;? /�i� #Qi? QM i?2 mb2` iQ #2 �#H2 iQ #mBH/ � mb2` T`Q}H2 �M/ �/Dmbi Bib `2+QKK2M/�iBQMb �++Q`/BM;HvX
a2+QM/- Bi �HbQ M22/b iQ ;2i � #2ii2` KQ/2H �#Qmi i?2 Q#D2+ib Q7 `2+QKK2M/�iBQMb U#QQFb- KQpB2b- DQ#b XXXV
iQ #2 �#H2 FMQr r?B+? �/2[m�i2 `2+QKK2M/�iBQMb iQ ;Bp2 iQ bT2+B}+ mb2` T`Q}H2bX L2p2`i?2H2bb- BM Q`/2` iQ
#2 mb2`@7`B2M/Hv- i?2 bvbi2K +�M QMHv �bF � 72r [m2biBQMb iQ mb2`b- �M/ b?QmH/ BMbi2�/ �ii2KTi iQ ;2i KQ`2
Q7 i?2b2 irQ FBM/b Q7 /�i� BM � b2�KH2bb r�v- bm+? �b #v K2�bm`BM; i?2 2z2+iBp2M2bb Q7 Bib `2+QKK2M/�iBQMbX
am+? � `2+QKK2M/�iBQM 2Mi�BHb � +Qbi BM i2`Kb Q7 iBK2- #mi �HbQ BM i2`Kb Q7 i`mbirQ`i?BM2bb- 7Q` � #�/
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`2+QKK2M/�iBQM rQmH/ mM/2`KBM2 i?2 mb2`Ƕb +QM}/2M+2 BM i?2 bvbi2KX h?�i Bb r?v- /2i2`KBMBM; i?2 `B;?i
[m2biBQM iQ �bF iQ i?2 mb2` Q` i?2 `B;?i FBM/ Q7 /�i� iQ �+[mB`2 #2+QK2b +`m+B�HX q2 i?mb #2HB2p2 i?�i Qm`
K2i?Q/b Q7 /�i� +QHH2+iBQM +QmH/ BMbTB`2 Qi?2` }2H/b i?�M `Q#QiB+bX

h?2`27Q`2- 7m`i?2` bim/B2b +�M BKT`Qp2 a:AJ iQ #2 �/�TiBp2 iQ +?�M;BM; 2MpB`QMK2Mi- �M/ iQ #2 �#H2 iQ
H2�`M KQ`2 QT2M@2M/2/ bFBHHb- rBi? H2bb bT2+B}+�iBQM 7`QK i?2 T`Q;`�KK2`- �M/ KQ`2 +QKTH2t bFBHH@+?�BMBM;X
Ai �HbQ ?�b TQi2MiB�H iQ BKT�+i Qi?2` }2H/b i?�M `Q#QiB+ H2�`MBM;- �M/ ?QT27mHHv +�M +QMi`B#mi2 iQ T`�+iB+�H
�TTHB+�iBQMb �b r2HH �b KQ`2 7mM/�K2Mi�HHv +?�M;2 Qm` T2`+2TiBQM Q7 ?Qr �`iB}+B�H �M/ #BQHQ;B+�H �;2Mib +�M
H2�`M �M/ 2pQHp2 BM Qm` rQ`H/X
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SB2i2` �##22H �M/ �M/`2r uX L;X �TT`2MiB+2b?BT H2�`MBM; pB� BMp2`b2 `2BM7Q`+2K2Mi H2�`MBM;X AM S`Q+22/BM;b
Q7 i?2 kRbi AMi2`M�iBQM�H *QM72`2M+2 QM J�+?BM2 G2�`MBM; UA*JGǶy9V- T�;2b RĜ3- kyy9X

"X �F;mM- JX *�FK�F- CXqX uQQ- �M/ �M/`2� GX h?QK�xX h`�D2+iQ`B2b �M/ F2v7`�K2b 7Q` FBM2bi?2iB+
i2�+?BM;, � ?mK�M@`Q#Qi BMi2`�+iBQM T2`bT2+iBp2X AM AMi2`M�iBQM�H *QM72`2M+2 QM >mK�M@_Q#Qi
AMi2`�+iBQM- kyRkX

SX �M/`v- S?X :�mbbB2`- CX L�/2H- �M/ "X >B`b#`mMM2`X G2�`MBM; BMp�`B�Mi b2MbQ`BKQiQ` #2?�pBQ`b, �
/2p2HQTK2Mi�H �TT`Q�+? iQ BKBi�iBQM K2+?�MBbKbX �/�TiBp2 #2?�pBQ`- RkUkV,RRdĜRj3- Q+iQ#2` kyy9X

"`2MM� .X �`;�HH- "X "`QrMBM;- �M/ J�Mm2H� o2HQbQX G2�`MBM; `Q#Qi KQiBQM +QMi`QH rBi? /2KQMbi`�iBQM
�M/ �/pB+2@QT2`�iQ`bX AM AM S`Q+22/BM;b A111f_aC AMi2`M�iBQM�H *QM72`2M+2 QM AMi2HHB;2Mi _Q#Qib �M/
avbi2Kb- T�;2b jNNĜ9y9X A111- a2Ti2K#2` kyy3X

"`2MM� .X �`;�HH- aQMB� *?2`MQp�- J�Mm2H� o2HQbQ- �M/ "`2ii "`QrMBM;X � bm`p2v Q7 `Q#Qi H2�`MBM; 7`QK
/2KQMbi`�iBQMX _Q#QiB+b �M/ �miQMQKQmb avbi2Kb- 8dU8V,9eN Ĝ 93j- kyyNX AaaL yNkR@33NyX /QB, RyXRyRef
DX`Q#QiXkyy3XRyXyk9X

"`2MM� .X �`;�HH- "X "`QrMBM;- �M/ J�Mm2H� o2HQbQX h2�+?2` 722/#�+F iQ b+�zQH/ �M/ `2}M2 /2KQMbi`�i2/
KQiBQM T`BKBiBp2b QM � KQ#BH2 `Q#QiX _Q#QiB+b �M/ �miQMQKQmb avbi2Kb- 8NUj@9V,k9jĜk88- kyRRX

JBMQ`m �b�/�- EQ? >QbQ/�- u�bmQ EmMBvQb?B- >B`Qb?B Ab?B;m`Q- hQb?BQ AMmB- umB+?B`Q uQb?BF�r�- J�b�FB
P;BMQ- �M/ *?Bb�iQ uQb?B/�X *Q;MBiBp2 /2p2HQTK2Mi�H `Q#QiB+b, � bm`p2vX A111 h`�Mb�+iBQMb QM
�miQMQKQmb J2Mi�H .2p2HQTK2Mi- RURV,RkĜj9- kyyNX

*X:X �iF2bQM- JQQ`2 �M/`2r- �M/ a+?��H ai27�MX GQ+�HHv r2B;?i2/ H2�`MBM;X �A _2pB2r- RR,RRĜdj- �T`BH
RNNdX

S�mH "�+?@v _Bi�X a2MbQ`v TH�biB+BivX �+i� L2m`QHQ;B+� a+�M/BM�pB+�- 9jU9V,9RdĜ9ke- RNedX AaaL Reyy@y9y9X
/QB, RyXRRRRfDXReyy@y9y9XRNedXi#y8d9dXtX

:X "�H/�bb�``2X q?�i �`2 BMi`BMbB+ KQiBp�iBQMb\ � #BQHQ;B+�H T2`bT2+iBp2X AM .2p2HQTK2Mi �M/ G2�`MBM;
UA*.GV- kyRR A111 AMi2`M�iBQM�H *QM72`2M+2 QM- pQHmK2 k- T�;2b RĜ3X A111- kyRRX

:B�MHm+� "�H/�bb�``2 �M/ J�`+Q JB`QHHB- 2/BiQ`bX AMi`BMbB+�HHv JQiBp�i2/ G2�`MBM; BM L�im`�H �M/ �`iB}+B�H
avbi2KbX aT`BM;2`- kyRj�X

uX "�`�K- _X 1H@u�MBp- �M/ EX GmxX PMHBM2 +?QB+2 Q7 �+iBp2 H2�`MBM; �H;Q`Bi?KbX h?2 CQm`M�H Q7 J�+?BM2
G2�`MBM; _2b2�`+?-- 8,k88ĜkNR- kyy9X

�X "�`�M2b �M/ S@uX Pm/2v2`X AMi`BMbB+�HHv KQiBp�i2/ ;Q�H 2tTHQ`�iBQM 7Q` �+iBp2 KQiQ` H2�`MBM; BM `Q#Qib,
� +�b2 bim/vX AM S`Q+22/BM;b Q7 A111f_aC AMi2`M�iBQM�H *QM72`2M+2 QM AMi2HHB;2Mi _Q#Qib �M/ avbi2Kb
UA_Pa kyRyV- h�BT2B- h�Br�M- kyRy�X
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�/`B2M "�`�M2b �M/ SB2``2@up2b Pm/2v2`X �+iBp2 H2�`MBM; Q7 BMp2`b2 KQ/2Hb rBi? BMi`BMbB+�HHv KQiBp�i2/ ;Q�H
2tTHQ`�iBQM BM `Q#QibX _Q#QiB+b �M/ �miQMQKQmb avbi2Kb- eRURV,9NĜdj- kyRjX

�M/`2r :X "�`iQ- aX aBM;?- �M/ L *?2Mi�M2xX AMi`BMbB+�HHv KQiBp�i2/ H2�`MBM; Q7 ?B2`�`+?B+�H +QHH2+iBQMb Q7
bFBHHbX AM A*.G AMi2`M�iBQM�H *QM72`2M+2 QM .2p2HQTK2Mi�H G2�`MBM;- T�;2b RRkĜRRN- kyy9#X

>2`#2`i "�v- hBMM2 hmvi2H��`b- �M/ Gm+ o�M :QQHX am`7, aT22/2/ mT `Q#mbi 72�im`2bX AM 1**o- T�;2b
9y9Ĝ9Rd- kyyeX

.X "2`HvM2X ai`m+im`2 �M/ .B`2+iBQM BM h?BMFBM;X L2r uQ`F, CQ?M qBH2v �M/ aQMb- AM+X- RNe8X

.X 1X "2`HvM2X � i?2Q`v Q7 ?mK�M +m`BQbBivX "`BiBb? CQm`M�H Q7 Sbv+?QHQ;v- 98,R3yĜRNR- RN89X

�m/2 "BHH�`/- avHp�BM *�HBMQM- _m2/B;2` .BHHK�MM- �M/ ai27�M a+?��HX >�M/#QQF Q7 _Q#QiB+b- +?�Ti2` _Q#Qi
S`Q;`�KKBM; #v .2KQMbi`�iBQMX LmK#2` 8NX JAh S`2bb- kyydX

*XJX "Bb?QTX S�ii2`M `2+Q;MBiBQM �M/ K�+?BM2 H2�`MBM;X AM AM7Q`K�iBQM a+B2M+2 �M/ ai�iBbiB+bX aT`BM;2`-
kyydX

"`m+2 "HmK#2`;- J�`+ .QrMB2- um`B Ap�MQp- J�ii "2`HBM- JB+?�2H S�i`B+F CQ?MbQM- �M/ "BHH hQKHBMbQMX
AMi2;`�i2/ H2�`MBM; 7Q` BMi2`�+iBp2 bvMi?2iB+ +?�`�+i2`bX �*J h`�MbX :`�T?X- kR,9RdĜ9ke- CmHv kyykX AaaL
ydjy@yjyRX /QB, ?iiT,ff/QBX�+KXQ`;fRyXRR98f8eee89X8ee8NdX

.�pB/ UkyRkVX "Q2`bK�- S�mH � q22MBMFX S`��i, /QBM; T?QM2iB+b #v +QKTmi2` (+QKTmi2` T`Q;`�K)X ?iiT,
ffrrrXT`��iXQ`;f- kyRkX

S�mH "Q2`bK�X 6mM+iBQM�H T?QMQHQ;v, 6Q`K�HBxBM; i?2 BMi2`�+iBQMb #2ir22M �`iB+mH�iQ`v �M/ T2`+2Tim�H /`Bp2bX
>QHH�M/ �+�/2KB+ :`�T?B+b- RNN3X

*vMi?B� "`2�x2�H �M/ "X a+�bb2HH�iBX _Q#Qib i?�i BKBi�i2 ?mK�MbX h`2M/b BM *Q;MBiBp2 a+B2M+2b- eURRV,
93RĜ93d- kyykX

_X �X "`QQFbX AMi2HHB;2M+2 rBi?Qmi `2T`2b2Mi�iBQMX �`iB}+B�H AMi2HHB;2M+2- 9d,RjNĜRey- RNNRX

J�v� *�FK�F �M/ �M/`2� GX h?QK�xX PTiBK�HBiv Q7 ?mK�M i2�+?2`b 7Q` `Q#Qi H2�`M2`bX AM A111
AMi2`M�iBQM�H *QM72`2M+2 QM .2p2HQTK2Mi �M/ G2�`MBM;- pQHmK2 9- kyRyX

J�v� *�FK�F- LB+F .2S�HK�- �M/`2� GX h?QK�x- �M/ _Qb� �``B�;�X 1z2+ib Q7 bQ+B�H 2tTHQ`�iBQM
K2+?�MBbKb QM `Q#Qi H2�`MBM;X AM h?2 R3i? A111 AMi2`M�iBQM�H avKTQbBmK QM _Q#Qi �M/ >mK�M
AMi2`�+iBp2 *QKKmMB+�iBQM- kyyNX _P@J�L kyyNX- T�;2b Rk3ĜRj9X A111- kyyNX

J�v� *�FK�F- *X *?�Q- �M/ �M/`2� GX h?QK�xX .2bB;MBM; BMi2`�+iBQMb 7Q` `Q#Qi �+iBp2 H2�`M2`bX
�miQMQKQmb J2Mi�H .2p2HQTK2Mi- A111 h`�Mb�+iBQMb QM- kUkV,Ry3ĜRR3- kyRyX

J�v� *�FK�F �M/ J�Mm2H GQT2bX �H;Q`Bi?KB+ �M/ >mK�M h2�+?BM; Q7 a2[m2MiB�H .2+BbBQM h�bFbX ���A
*QM72`2M+2 QM �`iB}+B�H AMi2HHB;2M+2- kyRkX

avHp�BM *�HBMQMX _Q#Qi S`Q;`�KKBM; #v .2KQMbi`�iBQM, � S`Q#�#BHBbiB+ �TT`Q�+?X 1S6Gf*_* S`2bb- kyyN�X
1S6G S`2bb Aa"L Nd3@k@N9ykkk@jR@8- *_* S`2bb Aa"L Nd3@R@9jN3@y3ed@kX

avHp�BM *�HBMQMX _Q#Qi S`Q;`�KKBM; #v .2KQMbi`�iBQMX *_*- kyyN#X

avHp�BM *�HBMQM- 6X :m2Mi2`- �M/ �m/2 "BHH�`/X PM H2�`MBM;- `2T`2b2MiBM; �M/ ;2M2`�HBxBM; � i�bF BM �
?mK�MQB/ `Q#QiX A111 h`�Mb�+iBQMb QM avbi2Kb- J�M �M/ *v#2`M2iB+b- jdUkV,k3eĜkN3- kyydX
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CX *�HH �M/ JX *�`T2Mi2`X AKBi�iBQM BM �MBK�Hb �M/ �`iB7�+ib- +?�Ti2` h?`22 bQm`+2b Q7 BM7Q`K�iBQM BM bQ+B�H
H2�`MBM;- T�;2b kRRĜkk3X *�K#`B/;2- J�, JAh S`2bbX- kyykX

h?QK�b *2/2`#Q`; �M/ SB2``2@up2b Pm/2v2`X AKBi�iBM; QT2`�iBQMb QM BMi2`M�H +Q;MBiBp2 bi`m+im`2b 7Q`
H�M;m�;2 �+[mBbBiBQMX AM Rki? A111@_�a AMi2`M�iBQM�H *QM72`2M+2 QM >mK�MQB/ _Q#Qib U>mK�MQB/b
kyRkVX A111- kyRkX Aa"L Nd3@R@eRk39@3ee@kX

aQMB� *?2`MQp� �M/ J�Mm2H� o2HQbQX AMi2`�+iBp2 TQHB+v H2�`MBM; i?`Qm;? +QM}/2M+2@#�b2/ �miQMQKvX CQm`M�H
Q7 �`iB}+B�H AMi2HHB;2M+2 _2b2�`+?- j9URV,R- kyyNX

CX�X *HQmb2 �M/ SX1X li;QzX � i2�+?BM; K2i?Q/ 7Q` `2BM7Q`+2K2Mi H2�`MBM;X lMBp2`bBiv Q7 J�bb�+?mb2iib �i
�K?2`bi- .2TiX Q7 *QKTmi2` �M/ AM7Q`K�iBQM a+B2M+2- RNNkX

.�pB/ �X *Q?M- wQm#BM :?�?`�K�MB- �M/ JB+?�2H AX CQ`/�MX �+iBp2 H2�`MBM; rBi? bi�iBbiB+�H KQ/2HbX CQm`M�H
Q7 �`iB}+B�H AMi2HHB;2M+2 _2b2�`+?- 9,RkNĜR98- RNNeX

hX6X *QH2K�M �M/ uX GBX PM i?2 +QMp2`;2M+2 Q7 `2~2+iBp2 M2riQM K2i?Q/b 7Q` H�`;2@b+�H2 MQMHBM2�`
KBMBKBx�iBQM bm#D2+i iQ #QmM/bX J�i?2K�iB+�H S`Q;`�KKBM;- edUkV,R3NĜkk9- RNN9X

hX6X *QH2K�M �M/ uX GBX �M BMi2`BQ`- i`mbi `2;BQM �TT`Q�+? 7Q` MQMHBM2�` KBMBKBx�iBQM bm#D2+i iQ #QmM/bX
aA�J CQm`M�H QM PTiBKBx�iBQM- e,9R3Ĝ998- RNNeX

:2`;2Hv *bB#`�X h2H2QHQ;B+�H �M/ `272`2MiB�H mM/2`bi�M/BM; Q7 �+iBQM BM BM7�M+vX S?BHQbQT?B+�H h`�Mb�+iBQMb
Q7 i?2 _Qv�H aQ+B2iv Q7 GQM/QMX a2`B2b ", "BQHQ;B+�H a+B2M+2b- j83UR9jRV,99d- kyyjX

:2`;2Hv *bB#`� �M/ :vQ`;v :2`;2HvX P#b2bb2/ rBi? ;Q�Hb, 6mM+iBQMb �M/ K2+?�MBbKb Q7 i2H2QHQ;B+�H
BMi2`T`2i�iBQM Q7 �+iBQMb BM ?mK�MbX �+i� Sbv+?QHQ;B+�- Rk9URV,ey Ĝ d3- kyydX AaaL yyyR@eNR3X
/QB, RyXRyRefDX�+iTbvXkyyeXyNXyydX "2+QKBM; �M AMi2MiBQM�H �;2Mi, 1�`Hv .2p2HQTK2Mi Q7 �+iBQM
AMi2`T`2i�iBQM �M/ �+iBQM *QMi`QHX

JX *bBFbx2MiKB?�HvBX *`2�iBpBiv, 6HQr �M/ i?2 Sbv+?QHQ;v Q7 .Bb+Qp2`v �M/ AMp2MiBQMX >�`T2`*QHHBMb- RNNdX
Aa"L Nd3yyeyNk3kyNX

"X*X /� aBHp�- :X EQMB/�`Bb- �M/ �M/`2r :X "�`iQX G2�`MBM; T�`�K2i2`Bx2/ bFBHHbX AM kNi? AMi2`M�iBQM�H
*QM72`2M+2 QM J�+?BM2 G2�`MBM; UA*JG kyRkV- kyRkX

E2`biBM .�mi2M?�?M �M/ *?`vbiQT?2` GX L2?�MBpX AKBi�iBQM BM �MBK�Hb �M/ �`iB7�+ibX JAh S`2bb- kyykX

�X /Ƕ�p2HH�- �X SQ`iQM2- GX 62`M�M/2x- �M/ 6X G�+[m�MBiBX *QMi`QH Q7 7�bi@`2�+?BM; KQp2K2Mi #v Kmb+H2
bvM2`;B2b +QK#BM�iBQMbX h?2 CQm`M�H Q7 L2m`Qb+B2M+2- keUjyV,ddNRĜd3Ry- kyyeX

aX .�pBb �M/ SX J2`K2Hbi2BMX *QKT�`BbQM Q7 T�`�K2i`B+ `2T`2b2Mi�iBQMb 7Q` KQMQbvHH�#B+ rQ`/ `2+Q;MBiBQM
BM +QMiBMmQmbHv bTQF2M b2Mi2M+2bX �+QmbiB+b- aT22+? �M/ aB;M�H S`Q+2bbBM;- A111 h`�Mb�+iBQMb QM- k3U9V,
j8dĜjee- �m;mbi RN3yX AaaL yyNe@j8R3X /QB, RyXRRyNfh�aaSXRN3yXRRej9kyX

1XGX .2+B �M/ _B+?�`/ JX _v�MX AMi`BMbB+ JQiBp�iBQM �M/ b2H7@/2i2`KBM�iBQM BM ?mK�M #2?�pBQ`X SH2MmK
S`2bb- L2r uQ`F- RN38X

�X SX .2KTbi2`- LX JX G�B`/- �M/ .X "X _m#BMX J�tBKmK HBF2HB?QQ/ 7`QK BM+QKTH2i2 /�i� pB� i?2 1J
�H;Q`Bi?KX CQm`M�H Q7 i?2 _Qv�H ai�iBbiB+�H aQ+B2ivX a2`B2b " UJ2i?Q/QHQ;B+�HV- jNURV,RĜj3- RNddX AaaL
yyj8Nk9eX

u�/BM .m/�BX h?2 _2biH2bb 1M;`�K, *QMbQHB/�iBQMb L2p2` 1M/X AM >vK�M- a1- 2/BiQ`- �LLl�G _1oA1q
P6 L1l_Pa*A1L*1- oPG j8- pQHmK2 j8 Q7 �MMm�H _2pB2r Q7 L2m`Qb+B2M+2- T�;2b kkdĜk9dX �LLl�G
_1oA1qa- 9RjN 1G *�JALP q�u- SP "Ps RyRjN- S�GP �GhP- *� N9jyj@y3Nd la�- kyRkX Aa"L
Nd3@y@3k9j@k9j8@jX /QB, &RyXRR9ef�MMm`2p@M2m`Q@yekRRR@R8y8yy'X

R9d
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oX 62/Q`QpX h?2Q`v Q7 PTiBK�H 1tT2`BK2MiX �+�/2KB+ S`2bb- AM+X- L2r uQ`F- Lu- RNdkX

.�pB/ 6BHHB�iX � pBbm�H #�; Q7 rQ`/b K2i?Q/ 7Q` BMi2`�+iBp2 [m�HBi�iBp2 HQ+�HBx�iBQM �M/ K�TTBM;X AM A111
AMiX *QM7X QM _Q#QiB+b �M/ �miQK�iBQM- T�;2b jNkRĜjNke- kyydX

J�`+ �M/`2�b 6`22b2X o@`2TX l_G ?iiT,ffrrrX+QTT2HB�`Q#QiB+bX+QKfX

E�`H 6`BbiQM- _B+F � �/�Kb- G�m`2Mi S2``BM2i- �M/ JB+?�2H "`2�FbT2�`X S2`+2TiBQMb �b ?vTQi?2b2b, b�++�/2b
�b 2tT2`BK2MibX 6`QMiB2`b BM Tbv+?QHQ;v- j- kyRkX

S?X :�mbbB2`- aX "Qm+2MM�- �M/ CX L�/2HX 1KQiBQM�H BMi2`�+iBQMb �b � r�v iQ bi`m+im`2 H2�`MBM;X AM 1TB;2M2iB+
_Q#QiB+b- T�;2b RNjĜRN9X Gm+b- kyydX

C�K2b C2`QK2 :B#bQMX h?2 2+QHQ;B+�H �TT`Q�+? iQ pBbm�H T2`+2TiBQMX Sbv+?QHQ;v S`2bb- RN3eX

�H#2`i :HQ#mb �M/ �`MQH/ "X a+?2B#2HX h?2 2z2+i Q7 pBbm�H /2T`Bp�iBQM QM +Q`iB+�H M2m`QMb, � ;QH;B
bim/vX 1tT2`BK2Mi�H L2m`QHQ;v- RNUjV,jjR Ĝ j98- RNedX AaaL yyR9@933eX /QB, ?iiT,ff/tX/QBXQ`;fRyX
RyRefyyR9@933eUedVNyykN@8X

:BH#2`i :QiiHB2#X 1tT2`B2MiB�H +�M�HBx�iBQM Q7 #2?�pBQ`�H /2p2HQTK2Mi, h?2Q`vX .2p2HQTK2Mi�H Sbv+?QHQ;v-
kdURV,9- RNNRX

C�+[m2HBM2 :QiiHB2#- SB2``2@up2b Pm/2v2`- J�Mm2H GQT2b- �M/ �/`B2M "�`�M2bX AM7Q`K�iBQM@b22FBM;- +m`BQbBiv-
�M/ �ii2MiBQM, +QKTmi�iBQM�H �M/ M2m`�H K2+?�MBbKbX h`2M/b BM +Q;MBiBp2 b+B2M+2b- kyRjX

.�MB2H > :`QHHK�M �M/ P/2bi *?�/rB+F2Ǵ C2MFBMbX AM+`2K2Mi�H H2�`MBM; Q7 bm#i�bFb 7`QK mMb2;K2Mi2/
/2KQMbi`�iBQMX AM AMi2HHB;2Mi _Q#Qib �M/ avbi2Kb A_Pa kyRy A111_aC AMi2`M�iBQM�H *QM72`2M+2 QM-
T�;2b keRĜkee- kyRyX /QB, RyXRXRXReNX9k9kX

6 > :m2Mi?2`- J >�KTbQM- �M/ . CQ?MbQMX � i?2Q`2iB+�H BMp2biB;�iBQM Q7 `272`2M+2 7`�K2b 7Q` i?2 TH�MMBM;
Q7 bT22+? KQp2K2MibX Sbv+?QHQ;B+�H _2pB2r- Ry8U9V,eRRĜejj- P+iQ#2` RNN3X AaaL yyjj@kN8sX SJA.,
N3jyjd8X

6`�MF >X :m2Mi?2`X *Q`iB+�H BMi2`�+iBQMb mM/2`HvBM; i?2 T`Q/m+iBQM Q7 bT22+? bQmM/bX CQm`M�H Q7
*QKKmMB+�iBQM .BbQ`/2`b- jNU8V,j8yĜje8- a2Ti2K#2` kyyeX AaaL yykR@NNk9X /QB, RyXRyRefDXD+QK/BbX
kyyeXyeXyRjX

6`�MF > :m2Mi?2`- a�i`�DBi a :?Qb?- �M/ C�bQM � hQm`pBHH2X L2m`�H KQ/2HBM; �M/ BK�;BM; Q7 i?2 +Q`iB+�H
BMi2`�+iBQMb mM/2`HvBM; bvHH�#H2 T`Q/m+iBQMX "`�BM �M/ H�M;m�;2- NeUjV,k3yĜjyR- kyyeX

LX >�Mb2M �M/ �X Pbi2`K2B2`X *QKTH2i2Hv /2`�M/QKBx2/ b2H7@�/�Ti�iBQM BM 2pQHmiBQM bi`�i2;B2bX 1pQHmiBQM�`v
*QKTmi�iBQM- NUkV,R8NĜRN8- kyyRX

aX >�`iX �M BMi`BMbB+ `2r�`/ 7Q` �zQ`/�M+2 2tTHQ`�iBQMX AM A*.G AMi2`M�iBQM�H *QM72`2M+2 QM .2p2HQTK2Mi�H
G2�`MBM;- ye kyyNX

_B+?�`/ >2H/ �M/ �H�M >2BMX JQp2K2Mi@T`Q/m+2/ biBKmH�iBQM BM i?2 /2p2HQTK2Mi Q7 pBbm�HHv ;mB/2/
#2?�pBQm`X CQm`M�H Q7 +QKT�`�iBp2 �M/ T?vbBQHQ;B+�H Tbv+?QHQ;v- 8eU8V,3dkĜ3de- RNejX

CQ?M > >QHH�M/X �/�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 l JB+?B;�M S`2bb- RNd8X

AXaX >Qr�`/ �M/ SX J2bbmKX JQ/2HBM; i?2 /2p2HQTK2Mi Q7 T`QMmM+B�iBQM BM BM7�Mi bT22+? �+[mBbBiBQMX JQiQ`
*QMi`QH- R8URV,38ĜRRd- kyRRX

R93
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>Bb�b?B Ab?B?�`�- umB+?B`Q uQb?BF�r�- E�ibmb?B JBm`�- �M/ JBMQ`m �b�/�X >Qr +�`2;Bp2`Ƕb �MiB+BT�iBQM
b?�T2b BM7�MiǶb pQr2H i?`Qm;? Kmim�H BKBi�iBQMX �miQMQKQmb J2Mi�H .2p2HQTK2Mi- A111 h`�Mb�+iBQMb
QM- RU9V,kRdĜkk8- kyyNX

aX Ap�H/B- LX Gvm#Qp�- .X :û`�`/2�mt@oB`2i- �X .`QMBQm- aX JX �Mx�HQM2- JX *?2iQm�MB- .X 6BHHB�i- �M/
PX aB;�m/X S2`+2TiBQM �M/ ?mK�M BMi2`�+iBQM 7Q` /2p2HQTK2Mi�H H2�`MBM; Q7 Q#D2+ib �M/ �zQ`/�M+2bX AM
S`Q+X A111@_�a AMiX *QM7X QM >mK�MQB/ _Q#Qib- Pb�F�- C�T�M- kyRkX

a2`2M� Ap�H/B- a�Q J�B L;mv2M- L�i�HB� Gvm#Qp�- �H�BM .`QMBQm- oBM+2Mi S�/QBb- .�pB/ 6BHHB�i- SB2``2@up2b
Pm/2v2`- �M/ PHBpB2` aB;�m/X P#D2+i H2�`MBM; i?`Qm;? �+iBp2 2tTHQ`�iBQMX h`�Mb�+iBQMb QM �miQMQKQmb
J2Mi�H .2p2HQTK2Mi- SSUNNV,RĜR- kyRjX AaaL RN9j@yey9X /QB, RyXRRyNfh�J.XkyRjXkk3yeR9X

qX C�K2bX h?2 T`BM+BTH2b Q7 Tbv+?QHQ;vX *�K#`B/;2- J�, >�`p�`/ lMB@ p2`bBiv S`2//- R3NyX

J�`F CQ?MbQMX h?2 #Q/v BM i?2 KBM/, h?2 #Q/BHv #�bBb Q7 K2�MBM;- BK�;BM�iBQM- �M/ `2�bQMX lMBp2`bBiv Q7
*?B+�;Q S`2bb- RN3dX

.X CQM2b- JX a+?QMH�m- �M/ qX q2H+?X 1{+B2Mi ;HQ#�H QTiBKBx�iBQM Q7 2tT2MbBp2 #H�+F@#Qt 7mM+iBQMX CX
:HQ#�H PTiBKX- RjU9V,988Ĝ9Nk- RNN3X

6X E�TH�M �M/ S@uX Pm/2v2`X h?2 T`Q;`2bb@/`Bp2 ?vTQi?2bBb, �M BMi2`T`2i�iBQM Q7 2�`Hv BKBi�iBQMX AM
EX .�mi2M?�?M �M/ *X L2?�MBp- 2/BiQ`b- JQ/2Hb �M/ K2+?�MBbKb Q7 BKBi�iBQM �M/ bQ+B�H H2�`MBM;,
"2?�pBQm`�H- bQ+B�H �M/ +QKKmMB+�iBQM /BK2MbBQMbX *�K#`B/;2 lMBp2`bBiv S`2bb- kyy8X

6`2/2`B+ E�TH�M �M/ SB2``2@up2b Pm/2v2`X AM b2�`+? Q7 i?2 M2m`�H +B`+mBib Q7 BMi`BMbB+ KQiBp�iBQMX 6`QMiB2`b
BM M2m`Qb+B2M+2- RURV,kk8- kyydX

6`2/2`B+ E�TH�M- SB2``2@up2b Pm/2v2`- 1MBFQ Em#BMvB- �M/ �X JBFHQbBX _Q#QiB+ +HB+F2` i`�BMBM;X _Q#QiB+b
�M/ �miQMQKQmb avbi2Kb- j3UUj@9V,RNdĜkye- kyykX

�H2t�M/2` aX EHvm#BM- .�MB2H SQH�MB- �M/ *?`vbiQT?2` GX L2?�MBpX E22T vQm` QTiBQMb QT2M, �M BM7Q`K�iBQM@
#�b2/ /`BpBM; T`BM+BTH2 7Q` b2MbQ`BKQiQ` bvbi2KbX SGQa PL1- jURkV- Rk kyy3X /QB, RyXRjdRfDQm`M�HXTQM2X
yyy9yR3X

C2Mb EQ#2`- 1`?�M PxiQT- �M/ C�M S2i2`bX _2BM7Q`+2K2Mi H2�`MBM; iQ �/Dmbi `Q#Qi KQp2K2Mib iQ M2r
bBim�iBQMbX AM S`Q+22/BM;b Q7 _Q#QiB+b, a+B2M+2 �M/ avbi2Kb- w�`�;Qx�- aT�BM- CmM2 kyRyX

C2Mb EQ#2`- �M/`2�b qBH?2HK- 1`?�M PxiQT- �M/ C�M S2i2`bX _2BM7Q`+2K2Mi H2�`MBM; iQ �/Dmbi T�`�K2i`Bx2/
KQiQ` T`BKBiBp2b iQ M2r bBim�iBQMbX �miQMQKQmb _Q#Qib- T�;2b RĜRN- kyRkX AaaL yNkN@88NjX

L EQ2MB;- G h�F�v�K�- �M/ J J�i�`BÉX *QKKmMB+�iBQM �M/ FMQrH2/;2 b?�`BM; BM ?mK�M@`Q#Qi BMi2`�+iBQM
�M/ H2�`MBM; 7`QK /2KQMbi`�iBQMX L2m`�H L2ir- kjU3@NV,RRy9ĜRRRk- P+i@LQp kyRyX /QB, RyXRyRefDXM2mM2iX
kyRyXyeXyy8X

:X.X EQMB/�`Bb �M/ �M/`2r :X "�`iQX aFBHH /Bb+Qp2`v BM +QMiBMmQmb `2BM7Q`+2K2Mi H2�`MBM; /QK�BMb mbBM;
bFBHH +?�BMBM;X �/p�M+2b BM L2m`�H AM7Q`K�iBQM S`Q+2bbBM; avbi2Kb ULASaV- T�;2b RyR8ĜRykj- kyyNX

S2i�` EQ`Kmb?2p- avHp�BM *�HBMQM- �M/ .�`rBM :X *�H/r2HHX _Q#Qi KQiQ` bFBHH +QQ`/BM�iBQM rBi? 1J@#�b2/
`2BM7Q`+2K2Mi H2�`MBM;X AM S`Q+X A111f_aC AMiH *QM7X QM AMi2HHB;2Mi _Q#Qib �M/ avbi2Kb UA_PaV- T�;2b
jkjkĜjkjd- h�BT2B- h�Br�M- P+iQ#2` kyRyX

S2i�` EQ`Kmb?2p- avHp�BM *�HBMQM- �M/ .�`rBM : *�H/r2HHX AKBi�iBQM H2�`MBM; Q7 TQbBiBQM�H �M/ 7Q`+2 bFBHHb
/2KQMbi`�i2/ pB� FBM2bi?2iB+ i2�+?BM; �M/ ?�TiB+ BMTmiX �/p�M+2/ _Q#QiB+b- k8U8V,83RĜeyj- kyRRX

R9N
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"2`M/ C E`ƺ;2`- CBK E�MM�KTmx?�- �M/ *?`BbiB�M2 L2mb+?�272`@_m#2X hQr�`/b � M2m`Q+QKTmi�iBQM�H
KQ/2H Q7 bT22+? T`Q/m+iBQM �M/ T2`+2TiBQMX aT22+? *QKKmMB+�iBQM- 8RUNV,dNjĜ3yN- kyyNX

qX CX E`x�MQrbFBX S`BM+BTH2b Q7 JmHiBp�`B�i2 �M�HvbBb, � lb2`Ƕb S2`bT2+iBp2X Pt7Q`/ lMBp2`bBiv S`2bb- RN33X

SX EX Em?HX 1�`Hv H�M;m�;2 �+[mBbBiBQM, +`�+FBM; i?2 bT22+? +Q/2X L�im`2 _2pB2rb L2m`Qb+B2M+2- kyy9X

CX *X G�;�`B�b- CX �X _22/b- JX >X q`B;?i- �M/ SX 1X q`B;?iX *QMp2`;2M+2 T`QT2`iB2b Q7 i?2 M2H/2`@K2�/
bBKTH2t K2i?Q/ BM HQr /BK2MbBQMbX aA�J CQm`M�H Q7 PTiBKBx�iBQM- NURV,RRkĜR9d- RNN3X

JX GQT2b �M/ SB2``2@up2b Pm/2v2`X �+iBp2 H2�`MBM; �M/ BMi`BMbB+�HHv KQiBp�i2/ 2tTHQ`�iBQM BM `Q#Qib,
�/p�M+2b �M/ +?�HH2M;2b U;m2bi 2/BiQ`B�HVX A111 h`�MbX �miX J2Mi�H .2p2HQTK2Mi- kUkV,e8ĜeN- kyRyX

J�Mm2H GQT2b �M/ SB2``2@up2b Pm/2v2`X h?2 ai`�i2;B+ aim/2Mi �TT`Q�+? 7Q` GB72@GQM; 1tTHQ`�iBQM �M/
G2�`MBM;X AM A111 *QM72`2M+2 QM .2p2HQTK2Mi �M/ G2�`MBM; f 1TB_Q#- a�M .B2;Q- úi�ib@lMBb- LQp2K#2`
kyRkX

J�Mm2H GQT2b- 6`�M+Bb+Q J2HQ- �M/ GmBb JQMi2b�MQX �+iBp2 H2�`MBM; 7Q` `2r�`/ 2biBK�iBQM BM BMp2`b2
`2BM7Q`+2K2Mi H2�`MBM;X J�+?BM2 G2�`MBM; �M/ EMQrH2/;2 .Bb+Qp2`v BM .�i�#�b2b- T�;2b jRĜ9e- kyyN�X

J�Mm2H GQT2b- 6`�M+Bb+Q J2HQ- GmBb JQMi2b�MQ- �M/ CQb2 a�MiQb@oB+iQ`X 6`QK JQiQ` iQ AMi2`�+iBQM G2�`MBM;
BM _Q#Qib- +?�Ti2` �#bi`�+iBQM G2p2Hb 7Q` _Q#QiB+ AKBi�iBQM, Pp2`pB2r �M/ *QKTmi�iBQM�H �TT`Q�+?2bX
aT`BM;2`- kyyN#X

J�Mm2H GQT2b- 6`�M+Bb+Q aXJ2HQ- "2M E2Mr�`/- �M/ CQb2 a�MiQb@oB+iQ`X � +QKTmi�iBQM�H KQ/2H Q7 bQ+B�H@
H2�`MBM; K2+?�MBbKbX �/�TiBp2 "2?�pBQm`- 9edURdV- kyyN+X

J�Mm2H GQT2b- 6`�M+Bb+Q J2HQ- GmBb JQMi2b�MQ- �M/ CQb2 a�MiQb@oB+iQ`X �#bi`�+iBQM H2p2Hb 7Q` `Q#QiB+
BKBi�iBQM, Pp2`pB2r �M/ +QKTmi�iBQM�H �TT`Q�+?2bX AM PHBpB2` aB;�m/ �M/ C�M S2i2`b- 2/BiQ`b- 6`QK
JQiQ` iQ AMi2`�+iBQM G2�`MBM; BM _Q#Qib- pQHmK2 ke9 Q7 aim/B2b BM *QKTmi�iBQM�H AMi2HHB;2M+2- T�;2b
jRjĜj88X aT`BM;2`- kyRyX

J�Mm2H GQT2b- h?QK�b *2/2`#Q`;- �M/ SB2``2@up2b Pm/2v2`X aBKmHi�M2Qmb �+[mBbBiBQM Q7 i�bF �M/ 722/#�+F
KQ/2HbX .2p2HQTK2Mi �M/ G2�`MBM; UA*.GV- kyRR A111 AMi2`M�iBQM�H *QM72`2M+2 QM- T�;2b R Ĝ d- kyRRX

JX GmM;�`2HH�- :BQ`;BQ J2ii�- _X S72B72`- �M/ :BmHBQ a�M/BMBX .2p2HQTK2Mi�H `Q#QiB+b, � bm`p2vX *QMM2+iBQM
a+B2M+2- R8U9V,R8RĜRNy- kyyjX

L�i�HB� Gvm#Qp� �M/ .�pB/ 6BHHB�iX .2p2HQTK2Mi�H �TT`Q�+? 7Q` BMi2`�+iBp2 Q#D2+i /Bb+Qp2`vX AM AMiX CQBMi
*QM7X QM L2m`�H L2irQ`Fb- kyRkX

A�M J�//B2bQM �M/ E`BbiBM S`2+Q/�X lT/�iBM; lSaA.X h?2 CQm`M�H Q7 i?2 �+QmbiB+�H aQ+B2iv Q7 �K2`B+�-
3eUaRV,aRN- LQp2K#2` RN3NX

aX J�2/�X *QKT2Mb�iQ`v �`iB+mH�iBQM /m`BM; bT22+?, 1pB/2M+2 7`QK i?2 �M�HvbBb �M/ bvMi?2bBb Q7 pQ+�H i`�+i
b?�T2b mbBM; �M �`iB+mH�iQ`v KQ/2HX aT22+? T`Q/m+iBQM �M/ bT22+? KQ/2HHBM;- T�;2b RjRĜR9N- RN3NX

PHBpB2` J�M;BM �M/ SB2``2@up2b Pm/2v2`X G2�`MBM; i?2 +QK#BM�iQ`B�H bi`m+im`2 Q7 /2KQMbi`�i2/ #2?�pBQ`b
rBi? BMp2`b2 722/#�+F +QMi`QHX AM �H#2`i �HB a�H�?- C�pB2` _mBx@/2H aQH�`- Î2iBM J2`BÏHB- �M/ SB2``2@up2b
Pm/2v2`- 2/BiQ`b- >"l kyRkX GL*a- pQHX d88N- T�;2b Rj8ĜR93X aT`BM;2`- >2B/2H#2`;- kyRkX

E2pBM G22 J�`F2vX h?2 b2MbQ`BKQiQ` 7QmM/�iBQMb Q7 T?QMQHQ;v, � +QKTmi�iBQM�H KQ/2H Q7 2�`Hv +?BH/?QQ/
�`iB+mH�iQ`v �M/ T?QM2iB+ /2p2HQTK2MiX S?. i?2bBb- lMBp2`bBiv Q7 *QHQ`�/Q �i "QmH/2`- RNN9X

E�i?`vM J2``B+F �M/ J�`v GQm J�?2`X JQiBp�i2/ H2�`MBM; 7`QK BMi2`2biBM; 2p2Mib, �/�TiBp2- KmHiBi�bF
H2�`MBM; �;2Mib 7Q` +QKTH2t 2MpB`QMK2MibX �/�TiBp2 "2?�pBQ`- RdURV,dĜkd- kyyNX
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"X JB+mbBF �M/ CX EQb2+F�X a2K�MiB+ b2;K2Mi�iBQM Q7 bi`22i b+2M2b #v bmT2`TBt2H +Q@Q++m``2M+2 �M/ j/
;2QK2i`vX AM A111 AMiX *QM7X QM *QKTmi2` oBbBQM- T�;2b ek8Ĝejk- kyyNX

E�ibmb?B JBm`�- umB+?B`Q uQb?BF�r�- �M/ JBMQ`m �b�/�X oQr2H �+[mBbBiBQM #�b2/ QM �M �miQ@KB``Q`BM; #B�b
rBi? � H2bb BKBi�iBp2 +�`2;Bp2`X �/p�M+2/ _Q#QiB+b- keUR@kV,kjĜ99- kyRkX

*HûK2Mi JQmHBM@6`B2` �M/ SB2``2@up2b Pm/2v2`X *m`BQbBiv@/`Bp2M T?QM2iB+ H2�`MBM;X AM AMi2`M�iBQM�H
*QM72`2M+2 QM .2p2HQTK2Mi �M/ G2�`MBM;- 1TB`Q#- a�M .B2;Q- la�- kyRkX

*HûK2Mi JQmHBM@6`B2` �M/ SB2``2@up2b Pm/2v2`X h?2 `QH2 Q7 BMi`BMbB+ KQiBp�iBQMb BM H2�`MBM; b2MbQ`BKQiQ`
pQ+�H K�TTBM;b, � /2p2HQTK2Mi�H `Q#QiB+b bim/vX AM S`Q+22/BM;b Q7 AMi2`bT22+?- T�;2 AM T`2bb- GvQM-
6`�M+2- kyRj�X

*HûK2Mi JQmHBM@6`B2` �M/ SB2``2@up2b Pm/2v2`X 1tTHQ`�iBQM bi`�i2;B2b BM /2p2HQTK2Mi�H `Q#QiB+b, � mMB}2/
T`Q#�#BHBbiB+ 7`�K2rQ`FX AM AMi2`M�iBQM�H *QM72`2M+2 QM .2p2HQTK2Mi �M/ G2�`MBM;- 1TB`Q#- Pb�F�-
C�T�M- kyRj#X

*HûK2Mi JQmHBM@6`B2`- C2�M@Gm+ a+?r�`ix- CmHB2M .B�`/- �M/ SB2``2 "2bbBĕ`2X S`BK�i2 +QKKmMB+�iBQM �M/
?mK�M H�M;m�;2, oQ+�HBb�iBQMb- ;2bim`2b- BKBi�iBQM �M/ /2BtBb BM ?mK�Mb �M/ MQM@?mK�Mb- +?�Ti2`
1K2`;2M+2 Q7 �`iB+mH�iQ`v@�+QmbiB+ bvbi2Kb 7`QK /2B+iB+ BMi2`�+iBQM ;�K2b BM � ǴoQ+�HBx2 iQ GQ+�HBx2Ǵ
7`�K2rQ`FX �/p�M+2b BM AMi2`�+iBQM aim/B2bǶ b2`B2b #v CQ?M "2MD�KBMb Sm#X *QX- kyRRX

*H2K2Mi JQmHBM@6`B2`- a�Q J�B L;mv2M- �M/ SB2``2@up2b Pm/2v2`X a2H7@Q`;�MBx�iBQM Q7 2�`Hv pQ+�H
/2p2HQTK2Mi BM BM7�Mib �M/ K�+?BM2b, h?2 `QH2 Q7 BMi`BMbB+ KQiBp�iBQMX 6`QMiB2`b BM *Q;MBiBp2 a+B2M+2-
�++2Ti2/X

JX JmD� �M/ .X:X GQr2X 6�bi �TT`QtBK�i2 M2�`2bi M2B;?#Q`b rBi? �miQK�iB+ �H;Q`Bi?KX AM AMi2`M�iBQM�H
*QM72`2M+2 QM *QKTmi2` oBbBQM h?2Q`v �M/ �TTHB+�iBQMb- kyyNX

CX L�/2H- �X _2p2H- SX �M/`v- �M/ S?X :�mbbB2`X hQr�`/ +QKKmMB+�iBQM, 6B`bi BKBi�iBQMb BM BM7�Mib- HQr@
7mM+iBQMBM; +?BH/`2M rBi? �miBbK �M/ `Q#QibX AMi2`�+iBQM aim/B2b- 8URV,98Ĝd9- kyy9X

GX L�i�H2- 6X LQ`B- :X J2ii�- JX 6mK�;�HHB- aX Ap�H/B- lX S�ii�+BMB- JX _�M/�xxQ- �X a+?KBix- �M/
:X :X a�M/BMBX AMi`BMbB+�HHv KQiBp�i2/ H2�`MBM; BM M�im`�H �M/ �`iB}+B�H bvbi2Kb- +?�Ti2` h?2 B*m#
TH�i7Q`K, � iQQH 7Q` bim/vBM; BMi`BMbB+�HHv KQiBp�i2/ H2�`MBM;X aT`BM;2`@o2`H�;- kyRkX

*?`vbiQT?2` G L2?�MBp �M/ E2`biBM .�mi2M?�?MX AKBi�iBQM �M/ aQ+B�H G2�`MBM; BM _Q#Qib- >mK�Mb �M/
�MBK�Hb, "2?�pBQm`�H- aQ+B�H �M/ *QKKmMB+�iBp2 .BK2MbBQMbX *�K#`B/;2 lMBpX S`2bb- *�K#`B/;2- J�`+?
kyydX

a�Q J�B L;mv2M �M/ SB2``2@up2b Pm/2v2`X S`QT2`iB2b 7Q` 2{+B2Mi /2KQMbi`�iBQMb iQ � bQ+B�HHv ;mB/2/
BMi`BMbB+�HHv KQiBp�i2/ H2�`M2`X AM kRbi A111 AMi2`M�iBQM�H avKTQbBmK QM _Q#Qi �M/ >mK�M AMi2`�+iBp2
*QKKmMB+�iBQM- kyRk�X

a�Q J�B L;mv2M �M/ SB2``2@up2b Pm/2v2`X aQ+B�HHv ;mB/2/ BMi`BMbB+�HHv KQiBp�i2/ H2�`M2`X AM .2p2HQTK2Mi
�M/ G2�`MBM; �M/ 1TB;2M2iB+ _Q#QiB+b UA*.GV- kyRk A111 AMi2`M�iBQM�H *QM72`2M+2 QM- T�;2b R Ĝk- MQpX
kyRk#X /QB, RyXRRyNf.2pG`MXkyRkXe9yy3yNX

a�Q J�B L;mv2M �M/ SB2``2@up2b Pm/2v2`X AMi2`�+iBp2 H2�`MBM; ;Bp2b i?2 i2KTQ iQ �M BMi`BMbB+�HHv KQiBp�i2/
`Q#Qi H2�`M2`X AM A111@_�a AMi2`M�iBQM�H *QM72`2M+2 QM >mK�MQB/ _Q#Qib- kyRk+X

a�Q J�B L;mv2M �M/ SB2``2@up2b Pm/2v2`X �+iBp2 +?QB+2 Q7 i2�+?2`b- H2�`MBM; bi`�i2;B2b �M/ ;Q�Hb 7Q`
� bQ+B�HHv ;mB/2/ BMi`BMbB+ KQiBp�iBQM H2�`M2`X S�H�/vM CQm`M�H Q7 "2?�pBQm`�H _Q#QiB+b- jUjV,RjeĜR9e-
kyRk/X AaaL ky3y@Ndd3X /QB, RyXk9d3fbRjkjy@yRj@yRRy@xX
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a�Q J�B L;mv2M �M/ SB2``2@up2b Pm/2v2`X q?QK rBHH �M BMi`BMbB+�HHv KQiBp�i2/ `Q#Qi H2�`M2` +?QQb2 iQ
BKBi�i2 7`QK\ AM CQ�MM� axm7M�`QrbF�- 2/BiQ`- S`Q+22/BM;b Q7 i?2 SQbi@:`�/m�i2 *QM72`2M+2 QM _Q#QiB+b
�M/ .2p2HQTK2Mi Q7 *Q;MBiBQM- T�;2b jkĜj8- a2Ti2K#2` kyRk2X /QB, RyXkjNyf#B2+QHH@`Q#Qi/Q+kyRk@RkX

a�Q J�B L;mv2M �M/ SB2``2@up2b Pm/2v2`X aQ+B�HHv ;mB/2/ BMi`BMbB+ KQiBp�iBQMX AM aT`BM; a+?QQH QM
.2p2HQTK2Mi�H _Q#QiB+b �M/ *Q;MBiBp2 "QQibi`�TTBM;- kyRk7X

a�Q J�B L;mv2M �M/ SB2``2@up2b Pm/2v2`X aQ+B�HHv ;mB/2/ BMi`BMbB+ KQiBp�iBQM 7Q` `Q#Qi H2�`MBM; Q7 KQiQ`
bFBHHbX �miQMQKQmb _Q#Qib- T�;2b RĜkk- kyRj�X /QB, RyXRyydfbRy8R9@yRj@NjjN@vX

a�Q J�B L;mv2M �M/ SB2``2@up2b Pm/2v2`X ai`�i2;B+ `Q#Qi H2�`M2` 7Q` BMi2`�+iBp2 ;Q�H@#�##HBM;X AM
_2BM7Q`+2K2Mi G2�`MBM; �M/ .2+BbBQM J�FBM;- S`BM+2iQM- L2r C2`b2v- lXaX�- kyRj#X

a�Q J�B L;mv2M �M/ SB2``2@up2b Pm/2v2`X ai`�i2;B+ `Q#Qi H2�`M2` 7Q` BMi2`�+iBp2 ;Q�H@#�##HBM;X AM qQ`Fb?QT
BM �+iBp2 G2�`MBM; BM _Q#QiB+b �i _Q#QiB+ a+B2M+2 �M/ avbi2Kb- "2`HBM- :2`K�Mv- kyRj+X

a�Q J�B L;mv2M �M/ SB2``2@up2b Pm/2v2`X ai`�i2;B+ `Q#Qi H2�`M2` 7Q` BMi2`�+iBp2 ;Q�H@#�##HBM;X AM qQ`Fb?QT
BM >B2`�`+?B+�H G2�`MBM; �i _Q#QiB+ a+B2M+2 �M/ avbi2Kb- "2`HBM- :2`K�Mv- kyRj/X

a�Q J�B L;mv2M- J�b�FB P;BMQ- �M/ JBMQ`m �b�/�X _2�H@iBK2 7�+2 br�TTBM; �b � iQQH 7Q` mM/2`bi�M/BM;
BM7�Mi b2H7@`2+Q;MBiBQMX AM S`Q+22/BM;b Q7 i?2 Ryi? AMi2`M�iBQM�H *QM72`2M+2 QM 1TB;2M2iB+ _Q#QiB+b- T�;2b
TTXRdRĜRdk- :HmKbHQp- ar2/2M- kyRyX

a�Q J�B L;mv2M- �/`B2M "�`�M2b- �M/ SB2``2@up2b Pm/2v2`X "QQibi`�TTBM; BMi`BMbB+�HHv KQiBp�i2/ H2�`MBM;
rBi? ?mK�M /2KQMbi`�iBQMbX AM A111 AMi2`M�iBQM�H *QM72`2M+2 QM .2p2HQTK2Mi �M/ G2�`MBM;- 6`�MF7m`i-
:2`K�Mv- kyRR�X

a�Q J�B L;mv2M- �/`B2M "�`�M2b- �M/ SB2``2@up2b Pm/2v2`X *QMbi`�BMBM; i?2 bBx2 ;`Qri? Q7 i?2 i�bF bT�+2
rBi? bQ+B�HHv ;mB/2/ BMi`BMbB+ KQiBp�iBQM mbBM; /2KQMbi`�iBQMbX AM AC*�A qQ`Fb?QT QM �M;2Mib G2�`MBM;
AMi2`�+iBp2Hv 7`QK >mK�M h2�+?2`b- kyRR#X

a�Q J�B L;mv2M- a2`2M� Ap�H/B- L�i�HB� Gvm#Qp�- �H�BM .`QMBQm- .�KB2M :2`�`/2�mt@oB`2i- .�pB/ 6BHHB�i-
oBM+2Mi S�/QBb- PHBpB2` aB;�m/- �M/ SB2``2@up2b Pm/2v2`X G2�`MBM; iQ `2+Q;MBx2 Q#D2+ib i?`Qm;? +m`BQbBiv@
/`Bp2M K�MBTmH�iBQM rBi? i?2 B+m# ?mK�MQB/ `Q#QiX AM A111 AMi2`M�iBQM�H *QM72`2M+2 QM .2p2HQTK2Mi
�M/ G2�`MBM; @ 1TB`Q#- kyRjX

JXLX LB+QH2b+m �M/ JXCX J�i�`B+X L�im`�H K2i?Q/b 7Q` `Q#Qi i�bF H2�`MBM;, AMbi`m+iBp2 /2KQMbi`�iBQMb-
;2M2`�HBx�iBQM �M/ T`�+iB+2X AM S`Q+22/BM;b Q7 i?2 b2+QM/ BMi2`M�iBQM�H DQBMi +QM72`2M+2 QM �miQMQKQmb
�;2Mib �M/ KmHiB�;2Mi bvbi2Kb- T�;2b k9RĜk93X �*J- kyyjX

.X EBK#`Qm;? PHH2`X h?2 1K2`;2M+2 Q7 i?2 aT22+? *�T�+BivX J�?r�?- LC, G�r`2M+2 1`H#�mK �bbQ+B�i2b-
kyyyX Aa"L Nd3y3y83kekNeX

SB2``2@up2b Pm/2v2`X h?2 b2H7@Q`;�MBx�iBQM Q7 bT22+? bQmM/bX CQm`M�H Q7 h?2Q`2iB+�H "BQHQ;v- kjjUjV,9j8Ĝ99N-
�T`BH kyy8X AaaL yykk@8RNjX /QB, RyXRyRefDXDi#BXkyy9XRyXyk8X

SB2``2@up2b Pm/2v2`X .2p2HQTK2Mi�H +QMbi`�BMib QM i?2 2pQHmiBQM �M/ �+[mBbBiBQM Q7 b2MbQ`BKQiQ` bFBHHbX
>�#BHBi�iBQM � .B`B;2` /2b _2+?2`+?2b- kyRR�X

SB2``2@up2b Pm/2v2`X 1M+v+HQT2/B� Q7 i?2 a+B2M+2b Q7 G2�`MBM;- +?�Ti2` .2p2HQTK2Mi�H _Q#QiB+bX aT`BM;2`
_272`2M+2 a2`B2b- aT`BM;2`- kyRR#X

SB2``2@up2b Pm/2v2` �M/ 6`2/2`B+ E�TH�MX .Bb+Qp2`BM; +QKKmMB+�iBQMX *QMM2+iBQM a+B2M+2- R3UkV,R3NĜkye-
ye kyyeX
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SB2``2@up2b Pm/2v2` �M/ 6`2/2`B+ E�TH�MX q?�i Bb BMi`BMbB+ KQiBp�iBQM\ � ivTQHQ;v Q7 +QKTmi�iBQM�H
�TT`Q�+?2bX 6`QMiB2`b BM L2m`Q`Q#QiB+b- kyydX

SB2``2@up2b Pm/2v2`- 6`2/2`B+ E�TH�M- �M/ o2`2M� >�7M2`X AMi`BMbB+ KQiBp�iBQM bvbi2Kb 7Q` �miQMQKQmb
K2Mi�H /2p2HQTK2MiX A111 h`�Mb�+iBQMb QM 1pQHmiBQM�`v *QKTmi�iBQM- RRUkV,ke8Ĝk3e- kyydX /QB, RyX
RRyNfh1o*XkyyeX3NykdRX

SB2``2@up2b Pm/2v2`- �/`B2M "�`�M2b- �M/ 6`2/2`B+ E�TH�MX AMi`BMbB+�HHv JQiBp�i2/ *mKmH�iBp2 G2�`MBM; BM
L�im`�H �M/ �`iB}+B�H avbi2Kb- +?�Ti2` .2p2HQTK2Mi�H +QMbi`�BMib QM BMi`BMbB+�HHv KQiBp�i2/ bFBHH H2�`MBM;,
iQr�`/b �//`2bbBM; ?B;?@/BK2MbBQMb �M/ mM#QmM/2/M2bb BM i?2 `2�H rQ`H/X aT`BM;2`- kyRjX

C�M S2i2`b �M/ ai27�M a+?��HX _2BM7Q`+2K2Mi H2�`MBM; Q7 KQiQ` bFBHHb rBi? TQHB+v ;`�/B2MibX L2m`�H L2irQ`Fb-
kRU9V,e3kĜeNd- kyy3X

_QH7 S72B72` �M/ *X a+?2B2`X lM/2`bi�M/BM; AMi2HHB;2M+2X JAh S`2bb- *�K#`B/;2- J�- RNNNX

C2�M SB�;2i �M/ J�`;�`2i h`�Mb *QQFX h?2 Q`B;BMb Q7 BMi2HHB;2M+2 BM +?BH/`2MX qq LQ`iQM � *Q- RN8kX

Cmbimb >X SB�i2`X h?2 P`B;BMb Q7 AMi2HHB;2M+2 BM *?BH/?QQ/X AMi2`M�iBQM�H lMBp2`bBiv S`2bb- RN8kX

w q SvHvb?vMX oBbm�H BM/2t2b- T`2+QM+2Tim�H Q#D2+ib- �M/ bBim�i2/ pBbBQMX *Q;MBiBQM- 3y,RkdĜR83- kyyRX

:X ZB- sX >m�- uX _mB- CX h�M;- �M/ >X w?�M;X hrQ@/BK2MbBQM�H �+iBp2 H2�`MBM; 7Q` BK�;2 +H�bbB}+�iBQMX AM
*QKTmi2` oBbBQM �M/ S�ii2`M _2+Q;MBiBQM- kyy3X *oS_ kyy3X A111 *QM72`2M+2 QM- T�;2b RĜ3X A111-
kyy3X

oBH�v�Mm` a _�K�+?�M/`�MX S?�MiQKb BM i?2 #`�BM, S`Q#BM; i?2 Kvbi2`B2b Q7 i?2 ?mK�M KBM/X >�`T2`
S2`2MMB�H- RNNNX

�MiQMb _2#;mMb- .�MB2H 6Q`/- �M/ A�M 6�b2HX AM7QK�t +QMi`QH 7Q` �+QmbiB+ 2tTHQ`�iBQM Q7 Q#D2+ib #v � KQ#BH2
`Q#QiX AM ���A *QM72`2M+2 QM �`iB}+B�H AMi2HHB;2M+2- T�;2b kkĜk3- kyRRX

_QB _2B+?�`i- E�i`BM hQK�M2F- l/Q >�?M- �M/ �`B _�TTQTQ`iX JmHiB@i�bF �+iBp2 H2�`MBM; 7Q` HBM;mBbiB+
�MMQi�iBQMbX AM �MMm�H J22iBM; Q7 i?2 �bbQ+B�iBQM 7Q` *QKTmi�iBQM�H GBM;mBbiB+b U�*GVX *Bi2b22`- kyy3X

JX _QH7- CX ai2BH- �M/ JX :B2M;2`X :Q#�H #�##HBM; T2`KBib /B`2+i H2�`MBM; Q7 BMp2`b2 FBM2K�iB+bX A111 h`�MbX
�miQMQKQmb J2Mi�H .2p2HQTK2Mi- kUjV,kReĜkkN- yNfkyRy kyRyX

LX _Qv �M/ �X J+*�HHmKX hQr�`/b QTiBK�H �+iBp2 H2�`MBM; i?`Qm;? b�KTHBM; 2biBK�iBQM Q7 2``Q` `2/m+iBQMX
AM S`Q+X R3i? AMiX *QM7X J�+?X G2�`MX- pQHmK2 R- T�;2b R9jĜRey- kyyRX

_B+?�`/ JX _v�M �M/ 1/r�`/ GX .2+BX AMi`BMbB+ �M/ 2ti`BMbB+ KQiBp�iBQMb, *H�bbB+ /2}MBiBQMb �M/ M2r
/B`2+iBQMbX *QMi2KTQ`�`v 1/m+�iBQM�H Sbv+?QHQ;v- k8URV,89 Ĝ ed- kyyy�X

aX a+?��H- .X ai2`M�/- �M/ *X :X �iF2bQMX PM2@?�M/2/ Dm;;HBM;, � /vM�KB+�H �TT`Q�+? iQ � `?vi?KB+
KQp2K2Mi i�bFX UkV,Re8ĜR3j- RNNeX

ai27�M a+?��H- � ADbT22`i- �M/ �m/2 "BHH�`/X *QKTmi�iBQM�H �TT`Q�+?2b iQ KQiQ` H2�`MBM; #v BKBi�iBQMX
S?BHQbQT?B+�H i`�Mb�+iBQMb Q7 i?2 _Qv�H aQ+B2iv Q7 GQM/QMX a2`B2b "- "BQHQ;B+�H b+B2M+2b- j83UR9jRV- yj
kyyjX

J a+?2K#`B- J JB`QHHB- �M/ : "�H/�bb�``2X 1pQHpBM; +?BH/?QQ/Ƕb H2M;i? �M/ H2�`MBM; T�`�K2i2`b BM �M
BMi`BMbB+�HHv KQiBp�i2/ `2BM7Q`+2K2Mi H2�`MBM; `Q#QiX AM S`Q+22/BM;b Q7 i?2 b2p2Mi? BMi2`M�iBQM�H +QM72`2M+2
QM 2TB;2M2iB+ `Q#QiB+b- pQHmK2 Rj9- T�;2b R9RĜR93X GmM/, GmM/ lMBp2`bBiv- kyydX

R8j
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CX a+?KB/?m#2`X *m`BQmb KQ/2H@#mBH/BM; +QMi`QH bvbi2KbX AM S`Q+X AMiX CQBMi *QM7X L2m`�H L2irX- pQHmK2 k-
T�;2b R983ĜR9ej- RNNR�X

CX a+?KB/?m#2`X � TQbbB#BHBiv 7Q` BKTH2K2MiBM; +m`BQbBiv �M/ #Q`2/QK BM KQ/2H@#mBH/BM; M2m`�H +QMi`QHH2`bX
AM CX �X J2v2` �M/ aX qX qBHbQM- 2/BiQ`b- S`Q+X a�"ǶNR- T�;2b kkkĜkkd- RNNR#X

CX a+?KB/?m#2`X 6Q`K�H i?2Q`v Q7 +`2�iBpBiv- 7mM- �M/ BMi`BMbB+ KQiBp�iBQM URNNy@kyRyVX A111 h`�Mb�+iBQMb
QM �miQMQKQmb J2Mi�H .2p2HQTK2Mi- kUjV,kjyĜk9d- kyRyX

CX@GX a+?r�`ix- GX@CX "Qď- LX o�HHû2- �M/ *X �#`vX J�DQ` i`2M/b BM pQr2H bvbi2K BMp2MiQ`B2bX CQm`M�H Q7
S?QM2iB+b- k8UjV,kjjĜk8j- RNNdX

�XSX a?QM- .X o2`K�- �M/ _�D2b? SL _�QX �+iBp2 BKBi�iBQM H2�`MBM;X AM �K2`B+�M �bbQ+B�iBQM 7Q` �`iB}+B�H
AMi2HHB;2M+2- pQHmK2 kk- T�;2 d8eX J2MHQ S�`F- *�c *�K#`B/;2- J�c GQM/QMc ���A S`2bbc JAh S`2bbc
RNNN- kyydX

"X aB;BbKmM/X *?BH/ H�M;m�;2, � #QQF Q7 `2�/BM;b- +?�Ti2` EBM/ mM/ q2Hi- T�;2b RdĜR3X 1M;H2rQQ/ *HBzb-
LC, S`2MiB+2@>�HHX UP`B;BM�H rQ`F Tm#HBb?2/ BM R38eV- RNdRX

CX aBpB+ �M/ �X wBbb2`K�MX oB/2Q ;QQ;H2, h2ti `2i`B2p�H �TT`Q�+? iQ Q#D2+i K�i+?BM; BM pB/2QbX AM AMiX *QM7X
QM *QKTmi2` oBbBQM- pQHmK2 k- T�;2b R9dyĜR9dd- kyyjX

�H�M aH�i2` �M/ JB+?�2H G2rBb- 2/BiQ`bX AMi`Q/m+iBQM iQ BM7�Mi /2p2HQTK2MiX Pt7Q`/ lMBp2`bBiv S`2bb- kyyeX

qX.X aK�`i �M/ GXSX E�2H#HBM;X 1z2+iBp2 `2BM7Q`+2K2Mi H2�`MBM; 7Q` KQ#BH2 `Q#Qib-X S`Q+22/BM;b Q7 i?2 A111
AMi2`M�iBQM�H *QM72`2M+2 QM _Q#QiB+b �M/ �miQK�iBQM- T�;2b j9y9Ĝj9RyX- kyykX

GBM/� "X aKBi? �M/ 1bi?2` h?2H2MX .2p2HQTK2Mi �b � /vM�KB+ bvbi2KX h`2M/b BM *Q;MBiBp2 a+B2M+2b- dU3V,
j9j Ĝ j93- kyyjX AaaL Rje9@eeRjX /QB, ?iiT,ff/tX/QBXQ`;fRyXRyRefaRje9@eeRjUyjVyyR8e@eX

PX aTQ`Mb �M/ J GmM;�`2HH�X 1pQHpBM; +QQ`/BM�i2/ #2?�pBQ` #v K�tBKBxBM; BM7Q`K�iBQM bi`m+im`2X AM
GX _Q+?� �M/ �HX- 2/BiQ`b- S`Q+22/BM;b Q7 i?2 Ryi? AMi2`M�iBQM�H *QM72`2M+2 QM �`iB}+B�H GB72 U�HB72V- kyyeX

_mT2b? EmK�` a`Bp�bi�p�- "�b _ ai2mM2#`BMF- �M/ CɃ`;2M a+?KB/?m#2`X 6B`bi 2tT2`BK2Mib rBi? TQr2`TH�vX
L2m`�H L2irQ`Fb- kyRjX

�M/`2r aiQmi �M/ �M/`2r : "�`iQX *QKT2i2M+2 T`Q;`2bb BMi`BMbB+ KQiBp�iBQMX AM .2p2HQTK2Mi �M/ G2�`MBM;
UA*.GV- kyRy A111 Ni? AMi2`M�iBQM�H *QM72`2M+2 QM- T�;2b k8dĜkekX A111- kyRyX

6`22F aimHT �M/ ai27�M a+?��HX >B2`�`+?B+�H `2BM7Q`+2K2Mi H2�`MBM; rBi? KQp2K2Mi T`BKBiBp2bX AM �M/`2D
:�Kb- 2/BiQ`- RRi? A111@_�a AMi2`M�iBQM�H *QM72`2M+2 QM >mK�MQB/ _Q#Qib U>mK�MQB/b kyRRV- "H2/-
aHQp2MB�- P+iQ#2` ke@k3- kyRR- T�;2b kjRĜkj3X A111- A111- kyRRX Aa"L Nd3@R@eRk39@3ee@kX

6`22F aimHT �M/ PHBpB2` aB;�m/X SQHB+v AKT`Qp2K2Mi J2i?Q/b, "2ir22M "H�+F@"Qt PTiBKBx�iBQM �M/
1TBbQ/B+ _2BM7Q`+2K2Mi G2�`MBM;X j9 T�;2b- P+iQ#2` kyRkX

>X h�BM2X *?BH/ H�M;m�;2, � #QQF Q7 `2�/BM;b- +?�Ti2` �+[mBbBiBQM Q7 H�M;m�;2 #v +?BH/`2M- T�;2b kyĜkeX
1M;H2rQQ/ *HBzb- LC, S`2MiB+2@>�HHX UP`B;BM�H rQ`F Tm#HBb?2/ BM R38eV- RNdRX

1X h?2H2M �M/ GX"X aKBi?X � .vM�KB+ avbi2Kb �TT`Q�+? iQ i?2 .2p2HQTK2Mi Q7 *Q;MBiBQM �M/ �+iBQMX �
"`�/7Q`/ #QQFX JAh S`2bb- RNNeX Aa"L Nd3ykekdyy8NdX

1X h?2Q/Q`Qm- CX "m+?HB- �M/ aX a+?��HX `2BM7Q`+2K2Mi H2�`MBM; Q7 KQiQ` bFBHHb BM ?B;? /BK2MbBQMb, � T�i?
BMi2;`�H �TT`Q�+?X AM `Q#QiB+b �M/ �miQK�iBQM UB+`�V- kyRy B222 BMi2`M�iBQM�H +QM72`2M+2 QM- T�;2b kjNdĜ
k9yj- kyRyX
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�M/`2� GX h?QK�xX aQ+B�HHv :mB/2/ J�+?BM2 G2�`MBM;X S?. i?2bBb- JAh- 8 kyyeX

�M/`2� GX h?QK�x �M/ *vMi?B� "`2�x2�HX 1tT2`BK2Mib BM bQ+B�HHv ;mB/2/ 2tTHQ`�iBQM, G2bbQMb H2�`M2/ BM
#mBH/BM; `Q#Qib i?�i H2�`M rBi? �M/ rBi?Qmi ?mK�M i2�+?2`bX *QMM2+iBQM a+B2M+2- ky aT2+B�H Abbm2 QM
aQ+B�H G2�`MBM; BM 1K#Q/B2/ �;2MibUk@jV,NRĜRRy- kyy3X

1/r�`/ G h?Q`M/BF2X �MBK�H BMi2HHB;2M+2, �M 2tT2`BK2Mi�H bim/v Q7 i?2 �bbQ+B�iBp2 T`Q+2bb2b BM �MBK�HbX
h?2 Sbv+?QHQ;B+�H _2pB2r, JQMQ;`�T? amTTH2K2Mib- kU9V,B- R3N3X

aX h?`mMX >�M/#QQF Q7 "`�BM a+B2M+2 �M/ L2m`�H L2irQ`Fb- +?�Ti2` 1tTHQ`�iBQM BM �+iBp2 H2�`MBM;X
*�K#`B/;2- J�, JAh S`2bbǲ RNN8X

JX hQK�b2HHQ �M/ JX *�`T2Mi2`X a?�`2/ BMi2MiBQM�HBivX .2p2HQTK2Mi�H a+B2M+2- RyURV,RkRĜRk8- kyydX

S�mH o�M :22`iX � /vM�KB+ bvbi2Kb KQ/2H Q7 +Q;MBiBp2 �M/ H�M;m�;2 ;`Qri?X Sbv+?QHQ;B+�H `2pB2r- N3URV,
j- RNNRX

*X CX p�M _BDb#2`;2MX AM7Q`K�iBQM _2i`B2p�HX "mii2`rQ`i?- RNdNX

6X o�`2H�- 1X h?QKTbQM- �M/ 1X _Qb+?X h?2 2K#Q/B2/ KBM/ , +Q;MBiBp2 b+B2M+2 �M/ ?mK�M 2tT2`B2M+2X JAh
S`2bb- RNNRX

.22T�F o2`K� �M/ _�D2b? _�QX :Q�H@#�b2/ BKBi�iBQM �b T`Q#�#BHBbiB+ BM72`2M+2 Qp2` ;`�T?B+�H KQ/2HbX AM
�/p�M+2b BM LASa R3- kyyeX

J�`BHvM J oB?K�M- *?�`H2b � 62`;mbQM- �M/ J�`v 1H#2`iX S?QMQHQ;B+�H /2p2HQTK2Mi 7`QK #�##HBM; iQ
bT22+?, *QKKQM i2M/2M+B2b �M/ BM/BpB/m�H /Bz2`2M+2bX �TTHB2/ Sbv+?QHBM;mBbiB+b- dURV,jĜ9y- RN3eX

�X a q�`H�mKQMiX S`2bT22+? KQiQ` H2�`MBM; BM � M2m`�H M2irQ`F mbBM; `2BM7Q`+2K2MiX L2m`�H L2irQ`Fb- j3,
e9ĜN8- kyRjX

�XaX q�`H�mKQMiX � bTBFBM; M2m`�H M2irQ`F KQ/2H Q7 +�MQMB+�H #�##HBM; /2p2HQTK2MiX AM .2p2HQTK2Mi �M/
G2�`MBM; �M/ 1TB;2M2iB+ _Q#QiB+b UA*.GV- kyRk A111 AMi2`M�iBQM�H *QM72`2M+2 QM- T�;2b RĜe- kyRkX /QB,
RyXRRyNf.2pG`MXkyRkXe9yy39kX

1X q2Bbb �M/ JX 6H�M/2`bX Jmb+mH�` �M/ TQbim`�H bvM2`;B2b Q7 i?2 ?mK�M ?�M/X CX L2m`QT?vbBQHX-- Nk,
8kjĜ8j8- kyy9X

_X q?Bi2X JQiBp�iBQM `2+QMbB/2`2/, h?2 +QM+2Ti Q7 +QKT2i2M+2X Sbv+?QHQ;B+�H `2pB2r- UeeV,kNdĜjjj- RN8NX

aX q?Bi2?2�/X � bim/v Q7 +QQT2`�iBp2 K2+?�MBbKb 7Q` 7�bi2` `2@ BM7Q`+2K2Mi H2�`MBM;X h2+?X `2TX i`@je8-
lMBpX _Q+?2bi2`- _Q+?2bi2`- Lu- RNNRX

�M/`2r q?Bi2MX S`BK�i2 +mHim`2 �M/ bQ+B�H H2�`MBM;X *Q;MBiBp2 a+B2M+2- k9UjV,9ddĜ8y3- kyyyX

h sm- * um- �M/ GBM/� aKBi?X AiǶb i?2 +?BH/Ƕb #Q/v, h?2 `QH2 Q7 iQ//H2` �M/ T�`2Mi BM b2H2+iBM; iQ//H2`Ƕb
pBbm�H 2tT2`B2M+2X kyRRX
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GBbi Q7 Sm#HB+�iBQMb

eXj CQm`M�H S�T2`b

Ç a2`2M� Ap�H/B- a�Q J�B L;mv2M- L�i�HB� Gvm#Qp�- �H�BM .`QMBQm- oBM+2Mi S�/QBb- .�pB/ 6BHHB�i- SB2``2@
up2b Pm/2v2`- �M/ PHBpB2` aB;�m/X P#D2+i H2�`MBM; i?`Qm;? �+iBp2 2tTHQ`�iBQMX h`�Mb�+iBQMb QM
�miQMQKQmb J2Mi�H .2p2HQTK2Mi- SSUNNV,RĜR- kyRjX AaaL RN9j@yey9X /QB, RyXRRyNfh�J.XkyRjX
kk3yeR9

Ç *H2K2Mi JQmHBM@6`B2`- a�Q J�B L;mv2M- �M/ SB2``2@up2b Pm/2v2`X a2H7@Q`;�MBx�iBQM Q7 2�`Hv pQ+�H
/2p2HQTK2Mi BM BM7�Mib �M/ K�+?BM2b, h?2 `QH2 Q7 BMi`BMbB+ KQiBp�iBQMX 6`QMiB2`b BM *Q;MBiBp2 a+B2M+2-
�++2Ti2/

Ç a�Q J�B L;mv2M �M/ SB2``2@up2b Pm/2v2`X �+iBp2 +?QB+2 Q7 i2�+?2`b- H2�`MBM; bi`�i2;B2b �M/ ;Q�Hb 7Q`
� bQ+B�HHv ;mB/2/ BMi`BMbB+ KQiBp�iBQM H2�`M2`X S�H�/vM CQm`M�H Q7 "2?�pBQm`�H _Q#QiB+b- jUjV,RjeĜR9e-
kyRk/X AaaL ky3y@Ndd3X /QB, RyXk9d3fbRjkjy@yRj@yRRy@x

Ç a�Q J�B L;mv2M �M/ SB2``2@up2b Pm/2v2`X aQ+B�HHv ;mB/2/ BMi`BMbB+ KQiBp�iBQM 7Q` `Q#Qi H2�`MBM; Q7
KQiQ` bFBHHbX �miQMQKQmb _Q#Qib- T�;2b RĜkk- kyRj�X /QB, RyXRyydfbRy8R9@yRj@NjjN@v

eX9 *QM72`2M+2 S�T2`b rBi? S`Q+22/BM;b

Ç a�Q J�B L;mv2M �M/ SB2``2@up2b Pm/2v2`X ai`�i2;B+ `Q#Qi H2�`M2` 7Q` BMi2`�+iBp2 ;Q�H@#�##HBM;X AM
_2BM7Q`+2K2Mi G2�`MBM; �M/ .2+BbBQM J�FBM;- S`BM+2iQM- L2r C2`b2v- lXaX�- kyRj#

Ç a�Q J�B L;mv2M- a2`2M� Ap�H/B- L�i�HB� Gvm#Qp�- �H�BM .`QMBQm- .�KB2M :2`�`/2�mt@oB`2i- .�pB/
6BHHB�i- oBM+2Mi S�/QBb- PHBpB2` aB;�m/- �M/ SB2``2@up2b Pm/2v2`X G2�`MBM; iQ `2+Q;MBx2 Q#D2+ib
i?`Qm;? +m`BQbBiv@/`Bp2M K�MBTmH�iBQM rBi? i?2 B+m# ?mK�MQB/ `Q#QiX AM A111 AMi2`M�iBQM�H
*QM72`2M+2 QM .2p2HQTK2Mi �M/ G2�`MBM; @ 1TB`Q#- kyRj

Ç a�Q J�B L;mv2M �M/ SB2``2@up2b Pm/2v2`X S`QT2`iB2b 7Q` 2{+B2Mi /2KQMbi`�iBQMb iQ � bQ+B�HHv
;mB/2/ BMi`BMbB+�HHv KQiBp�i2/ H2�`M2`X AM kRbi A111 AMi2`M�iBQM�H avKTQbBmK QM _Q#Qi �M/ >mK�M
AMi2`�+iBp2 *QKKmMB+�iBQM- kyRk�

Ç a�Q J�B L;mv2M �M/ SB2``2@up2b Pm/2v2`X q?QK rBHH �M BMi`BMbB+�HHv KQiBp�i2/ `Q#Qi H2�`M2`
+?QQb2 iQ BKBi�i2 7`QK\ AM CQ�MM� axm7M�`QrbF�- 2/BiQ`- S`Q+22/BM;b Q7 i?2 SQbi@:`�/m�i2
*QM72`2M+2 QM _Q#QiB+b �M/ .2p2HQTK2Mi Q7 *Q;MBiBQM- T�;2b jkĜj8- a2Ti2K#2` kyRk2X /QB,
RyXkjNyf#B2+QHH@`Q#Qi/Q+kyRk@Rk

Ç a�Q J�B L;mv2M �M/ SB2``2@up2b Pm/2v2`X AMi2`�+iBp2 H2�`MBM; ;Bp2b i?2 i2KTQ iQ �M BMi`BMbB+�HHv
KQiBp�i2/ `Q#Qi H2�`M2`X AM A111@_�a AMi2`M�iBQM�H *QM72`2M+2 QM >mK�MQB/ _Q#Qib- kyRk+

Ç a�Q J�B L;mv2M- �/`B2M "�`�M2b- �M/ SB2``2@up2b Pm/2v2`X "QQibi`�TTBM; BMi`BMbB+�HHv KQiBp�i2/
H2�`MBM; rBi? ?mK�M /2KQMbi`�iBQMbX AM A111 AMi2`M�iBQM�H *QM72`2M+2 QM .2p2HQTK2Mi �M/
G2�`MBM;- 6`�MF7m`i- :2`K�Mv- kyRR�
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eX8 Pi?2` AMi2`M�iBQM�H Sm#HB+ S`2b2Mi�iBQMb

Ç a�Q J�B L;mv2M �M/ SB2``2@up2b Pm/2v2`X ai`�i2;B+ `Q#Qi H2�`M2` 7Q` BMi2`�+iBp2 ;Q�H@#�##HBM;X AM
qQ`Fb?QT BM >B2`�`+?B+�H G2�`MBM; �i _Q#QiB+ a+B2M+2 �M/ avbi2Kb- "2`HBM- :2`K�Mv- kyRj/

Ç a�Q J�B L;mv2M �M/ SB2``2@up2b Pm/2v2`X ai`�i2;B+ `Q#Qi H2�`M2` 7Q` BMi2`�+iBp2 ;Q�H@#�##HBM;X AM
qQ`Fb?QT BM �+iBp2 G2�`MBM; BM _Q#QiB+b �i _Q#QiB+ a+B2M+2 �M/ avbi2Kb- "2`HBM- :2`K�Mv- kyRj+

Ç a�Q J�B L;mv2M �M/ SB2``2@up2b Pm/2v2`X aQ+B�HHv ;mB/2/ BMi`BMbB+�HHv KQiBp�i2/ H2�`M2`X AM
.2p2HQTK2Mi �M/ G2�`MBM; �M/ 1TB;2M2iB+ _Q#QiB+b UA*.GV- kyRk A111 AMi2`M�iBQM�H *QM72`2M+2
QM- T�;2b R Ĝk- MQpX kyRk#X /QB, RyXRRyNf.2pG`MXkyRkXe9yy3yN

Ç a�Q J�B L;mv2M �M/ SB2``2@up2b Pm/2v2`X aQ+B�HHv ;mB/2/ BMi`BMbB+ KQiBp�iBQMX AM aT`BM; a+?QQH QM
.2p2HQTK2Mi�H _Q#QiB+b �M/ *Q;MBiBp2 "QQibi`�TTBM;- kyRk7

Ç a�Q J�B L;mv2M- �/`B2M "�`�M2b- �M/ SB2``2@up2b Pm/2v2`X *QMbi`�BMBM; i?2 bBx2 ;`Qri? Q7 i?2 i�bF
bT�+2 rBi? bQ+B�HHv ;mB/2/ BMi`BMbB+ KQiBp�iBQM mbBM; /2KQMbi`�iBQMbX AM AC*�A qQ`Fb?QT QM �M;2Mib
G2�`MBM; AMi2`�+iBp2Hv 7`QK >mK�M h2�+?2`b- kyRR#

Ç a�Q J�B L;mv2M- J�b�FB P;BMQ- �M/ JBMQ`m �b�/�X _2�H@iBK2 7�+2 br�TTBM; �b � iQQH 7Q`
mM/2`bi�M/BM; BM7�Mi b2H7@`2+Q;MBiBQMX AM S`Q+22/BM;b Q7 i?2 Ryi? AMi2`M�iBQM�H *QM72`2M+2 QM
1TB;2M2iB+ _Q#QiB+b- T�;2b TTXRdRĜRdk- :HmKbHQp- ar2/2M- kyRy
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