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�#bi`�+i

�b +H�bb`QQK bBx2b ;`Qr- BMbi`m+iQ` rQ`FHQ�/ �HbQ BM+`2�b2bX .2bTBi2 BMMQp�iBQMb BM i2+?@
MQHQ;v iQ b+�H2 2/m+�iBQM- HBiiH2 ?�b #22M /QM2 iQ BKT`Qp2 mTQM i?2 KQbi +`BiB+�H +QKTQ@
M2Mi Q7 bim/2Mi H2�`MBM;, mMbmT2`pBb2/ rQ`F QM �bbB;MK2MibX AM +QKTmi2` b+B2M+2 2/m+�@
iBQM- H2�`MBM; T`Q+2bběi?2 r�v BM r?B+? bim/2Mib /2bB;M- /2#m;- �M/ 2tTHQ`2 T`Q;`�KKBM;
�bbB;MK2MiběBb BMbi`mK2Mi�H iQ T2`7Q`K�M+2 �M/ K�bi2`vX u2i 72r bim/B2b ?�p2 /2}M2/
�bbB;MK2Mi@+2Mi`B+ K2i`B+b iQ K2�bm`2 H2�`MBM; T`Q+2bb- Km+? H2bb /2bB;M bvbi2Kb i?�i i`�Mb@
7Q`K i?2 r�v r2 i?BMF �#Qmi mMbmT2`pBb2/ rQ`F iQ/�vX

Jv rQ`F 2tTHQ`2b ?Qr iQ BKT`Qp2 bim/2Mi �bbB;MK2Mi rQ`F bQ i?�i #Qi? i?2 i2�+?2` �M/
H2�`M2` #2M2}iX q?BH2 K�Mv iQQHb �M�Hvx2 QMHv � bim/2MiǶb }M�H bm#KBbbBQM- A 7Q+mb QM �
T�`�/B;K iQ +QHH2+i BM@/2Ti? bM�Tb?Qib Q7 BM@T`Q;`2bb bim/2Mi rQ`FX A }`bi /Bb+mbb i?2 +QK@
TH2tBiv Q7 +?�`�+i2`BxBM; T`Q;`2bb QM � T`Q;`�KKBM; �bbB;MK2Mi rBi? �M �#bi`�+iBQM +�HH2/
KBH2biQM2b- �M/ A b?Qr ?Qr r2 +�M mb2 K�+?BM2 H2�`MBM; K2i?Q/b iQ pBbm�HBx2 ?Qr bim/2Mib
rQ`F i?`Qm;? �M QT2M@2M/2/ ;`�T?B+b@#�b2/ �bbB;MK2MiX L2ti- A T`2b2Mi � iQQH- S2MbB2p2-
r?B+? Q`;�MBx2b bM�Tb?Qib Q7 bim/2Mi rQ`F bQ i?�i i2�+?2`b b22 � bim/2MiǶb T`Q#H2K@bQHpBM;
�TT`Q�+?X h?Bb iQQH 7�+BHBi�i2b bBi@/QrM bim/2Mi@i2�+?2` +QMp2`b�iBQMb- r?2`2 i2�+?2`b +�M
;Bp2 KQ`2 BM@/2Ti? 722/#�+F iQ 2�+? BM/BpB/m�H bim/2MiX h?B`/Hv- A T`2b2Mi hJPaa- � iQQH
iQ /2i2+i 2t+2bbBp2 +QHH�#Q`�iBQMěi?�i Bb- r?2M � bim/2Mi ?2�pBHv `2HB2b QM T22` Q` QMHBM2
`2bQm`+2bě�i �Mv TQBMi /m`BM; mMbmT2`pBb2/ rQ`F QM �M �bbB;MK2MiX 6Q` #Qi? S2MbB2p2 �M/
hJPaa- A /Bb+mbb T2/�;Q;B+�H �M/ +mHim`�H BKT�+ib QM bim/2Mib �b r2HH �b i?2 +H�bb`QQK �i
H�`;2X

h?Bb rQ`F TQBMib iQ � M2r T�`�/B;K 7Q` bmTTQ`iBM; H2�`M2`b �M/ � T�i? 7Q`r�`/ 7Q` /2@
bB;MBM; M2r ivT2b Q7 �bbB;MK2Mib i?�i 2M?�M+2 i?2 bim/2Mi 2tT2`B2M+2X A +HQb2 #v /Bb+mbbBM;
� ;`�/m�iBM; M2irQ`FBM; +H�bb`QQK T`QD2+i iQ `2T`Q/m+2 2tBbiBM; `2b2�`+?- r?B+? T`2T�`2b
bim/2Mib 7Q` `2b2�`+? �M/ BM/mbi`v +�`22`b BM M2irQ`FBM;X
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�+FMQrH2/;K2Mib

h?Bb /Bbb2`i�iBQM rQmH/ MQi ?�p2 #22M TQbbB#H2 rBi?Qmi i?2 bmTTQ`i Q7 K�Mv T2QTH2c i?2
�+FMQrH2/;K2Mib BM i?Bb b2+iBQM +Qp2` � p2`v bK�HH bm#b2i Q7 i?2 BM/BpB/m�Hb r?Q ?�p2 b22M
K2 i?`Qm;? i?Bb DQm`M2vX 6B`bi �M/ 7Q`2KQbi- A �K /22THv BM/2#i2/ iQ Kv �/pBb2`b- S`Q7X
LB+F J+E2QrM �M/ S`Q7X *?`Bb SB2+?X 6`QK LB+F- A H2�`M2/ ?Qr iQ i?BMF +`BiB+�HHv- +`2�i2
� +QKT2HHBM; M�``�iBp2- �M/ T`2b2Mi Kv B/2�b iQ � #`Q�/ �m/B2M+2X 6`QK *?`Bb- A H2�`M2/
?Qr iQ i`�Mb7Q`K TQbBiBpBiv BMiQ T�bbBQM 7Q` `2b2�`+?BM; +QKTmi2` b+B2M+2 2/m+�iBQM �M/
2pQHpBM; �b � i2�+?2`X 6`QK #Qi? Q7 Kv �/pBb2`b- A ?�p2 `2+2Bp2/ +QmMiH2bb- p�Hm�#H2 H2bbQMb
QM ?Qr iQ #2 � ;QQ/ T2`bQMX h?�MF vQmX

A �K 2ti`2K2Hv ;`�i27mH iQ S`Q7X J2?`�M a�?�KB- S`Q7X "�H�DB S`�#?�F�`- �M/ S`Q7X
1KK� "`mMbFBHH- 7Q` #2BM; T�`i Q7 Kv /Bbb2`i�iBQM +QKKBii22 �M/ #`BM;BM; p�Hm�#H2 BMbB;?ib
�M/ M2r T2`bT2+iBp2b iQ Kv rQ`FX AM i?2 2�`Hv v2�`b Q7 Kv S?.- A ?�/ i?2 TH2�bm`2 Q7 +QH@
H�#Q`�iBM; QM M2irQ`FBM; T`QD2+ib rBi? S`Q7X :2Q`;2 o�`;?2b2- S`Q7X JQ?�KK�/ �HBx�/2?-
�M/ G�p�Mv� CQb2- 7`QK r?QK A H2�`M2/ �#Qmi +QKKmMBiv- +H�`Biv- �M/ /2/B+�iBQMě�HH p�H@
m2b i?�i A #`Qm;?i BMiQ #mBH/BM; bvbi2Kb 7Q` +QKTmi2` b+B2M+2 +H�bb`QQKbX � H�`;2 TQ`iBQM
Q7 Kv 2�`Hv /Bb+mbbBQMb QM 2/m+�iBQM rQmH/ MQi ?�p2 #22M TQbbB#H2 rBi?Qmi i?2 K2K#2`b Q7
i?2 GviB+b G�#- r?Q b?Qr2/ K2 i?2 2tT�MbBp2 `2b2�`+? QTTQ`imMBiB2b �i i?2 BMi2`b2+iBQM Q7
2/m+�iBQM- i2+?MQHQ;v- �M/ bQ+B2ivX A rQmH/ HBF2 iQ i?�MF Kv +QHH�#Q`�iQ` �MMB2 >m- r?Q
i�m;?i K2 i?�i 2Mi?mbB�bK �M/ �KB+�#BHBiv ;Q � HQM; r�v r?2M /2bB;MBM; +H�bb`QQK iQQHb
7Q` i2�+?2`bX A rQmH/ �HbQ HBF2 iQ i?�MF i?2 ai�M7Q`/ :`�/m�i2 62HHQrb?BT �M/ i?2 L�iBQM�H
a+B2M+2 6QmM/�iBQM 7Q` bmTTQ`iBM; Kv /Q+iQ`�H bim/B2bX

h?2 J+E2QrM ;`QmT ?�b #22M � rQM/2`7mH- TH2MiB7mH bQm`+2 Q7 /Bb+mbbBQMb- B/2�b- �M/
T2`bT2+iBp2bX � bT2+B�H �+FMQrH2/;K2Mi ;Q2b iQ "`m+2 aT�M;- r?Q T�BMbi�FBM;Hv `2�/
i?`Qm;? 2�`Hv /`�7ib Q7 Kv /Bbb2`i�iBQM- �M/ �MQi?2` iQ ai2T?2M A#�M2x- r?Q F2Ti #Qi?
Qm` H�# b2`p2`b �M/ Qm` +Qz22 K�+?BM2 `mMMBM;X A rQmH/ �HbQ HBF2 iQ i?�MF Qi?2` K2K#2`b
Q7 i?2 J+E2QrM ;`QmT- #Qi? QH/ �M/ M2r, a2`?�i �`bH�M- a2�M *?QB- 1v�H *B/QM- "`v+2
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*`QMFBi2@_�i+HBz- .�pB/ 1`B+FbQM- C2MMv >QM;- h2@um�M >m�M;- *�i�HBM oQbb- EQF EBQM;
u�T- uB�MMBb uB�FQmKBb- C�K2b w2M;- S`Q7X :m`m S�`mHF�`- �M/ _2M�i� h2Bt2B`�X A bBM+2`2Hv
�TT`2+B�i2 i?2 ?2HT Q7 _�+?2H- *?`Bb- G�M+v- �M/ �M/B- r?Q #Qi? Q`;�MBx2/ i?2 J+E2QrM
;`QmT �M/ 72/ �HH Q7 mb p2`v r2HHX

Jv S?. 2tT2`B2M+2 rQmH/ MQi #2 +QKTH2i2 rBi?Qmi i?2 K�Mv 7`B2M/b A K2i �i ai�M7Q`/,
Kv :�i2b j� Q{+2K�i2běr?Q �Hr�vb ;`22i2/ K2 MQ K�ii2` r?�i iBK2 Q7 /�v A +�K2
BMě�M/ �M�- E�i?v- CmHB�- G2Q- �M;�/- hBK- CQ?M- JB+?�2H- .�MB2H- *HBz- ai2p2- _2m#2M-
�M/ *?�`HQii2ěKv 7`B2M/b r?Q i�m;?i K2 rQ`F@HB72 #�H�M+2X �M/ Q7 +Qm`b2- A Kmbi ;Bp2 �
bT2+B�H b?Qmi@Qmi iQ ǳK�BM +?�iǴěhBK- >mKT?`2v- 1`B+- �M/ q2Běr?Q r2`2 �Hr�vb i?2`2
iQ HBbi2M �M/ K�`F Kv K2bb�;2b �b ǳ`2�/XǴ

A rQmH/ HBF2 iQ /2/B+�i2 i?Bb /Bbb2`i�iBQM iQ Kv 7�KBHv- r?Q ?�b ;Bp2M K2 mM+QM/BiBQM�H
HQp2 �M/ 2M+Qm`�;2K2Mi i?`Qm;?Qmi i?Bb �/p2Mim`2X Jv T�`2Mib- C2MMB72` �M/ _�M@>QM;-
?�p2 bT2Mi K�Mv ?Qm`b i`�p2HBM; iQ ai�M7Q`/ iQ +?22` K2 QMě�M/ K�Mv KQ`2 v2�`b `�BbBM;
K2 iQ #2 i?2 T2`bQM A �K iQ/�vX A r�Mi iQ i?�MF Kv QH/2` bBbi2`- _Qb2- 7Q` i�FBM; i?2 iBK2
iQ #2 � +QTv2/BiQ` 7Q` i?Bb /Bbb2`i�iBQM- �M/ Kv vQmM;2` bBbi2`- a�`�?- 7Q` �Hr�vb `2KBM/BM;
K2 iQ bi�v QT2M@KBM/2/X 6BM�HHv- A rQmH/ HBF2 iQ i?�MF Kv T�`iM2`- umbmF2- 7Q` b?QrBM;
K2 2M/H2bb bmTTQ`i i?`Qm;? vQm` T?QM2 +�HHb- pB/2Q +?�ib- �M/ i2ti K2bb�;2b- 2p2M r?2M
�M Q+2�M b2T�`�i2/ mbX
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*QMi2Mib

�#bi`�+i Bp

�+FMQrH2/;K2Mib p

R AMi`Q/m+iBQM R
RXR hQQHb iQ 7�+BHBi�i2 H2�`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 k
RXk lM/2`bi�M/BM; i?2 H2�`MBM; T`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 8
RXj AMMQp�iBQMb BM �bbB;MK2Mib X X X X 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
RX9 *QMi`B#miBQMb �M/ QmiHBM2 X X X X 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

k Sv`�KB/ JBH2biQM2b Rj
kXR _2H�i2/ rQ`F X X X X X X X X X X X 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
kXk S`2T�`BM; � /�i�b2i X X X X X X X X 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

kXkXR .�i�b2i +QKTH2tBiv X X X X 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
kXkXk G�#2HBM; KBH2biQM2b 2{+B2MiHv X X X X X X X X X X X X X X X X X X X X X X ky

kXj JBH2biQM2 +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 k9
kXjXR 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 k9
kXjXk _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 ke
kXjXj .Bb+mbbBQM �M/ 7mim`2 rQ`F X X X X X X X X X X X X X X X X X X X X X X X kN

kX9 lM/2`bi�M/BM; bim/2Mib X X X X X 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
kX9XR aim/2Mi rQ`F i`�D2+iQ`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 jk
kX9Xk �;;`2;�i2 bim/2Mi rQ`F X 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

kX8 AK�;2 +H�bbB}+�iBQM 7Q` ;`�/BM; X 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
kX8XR .�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 j9
kX8Xk 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 j8

pBB



kX8Xj 1p�Hm�iBQM �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 je
kXe 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 jd

j S2MbB2p2 jN
jXR S2/�;Q;v �M/ KQiBp�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 9y
jXk _2H�i2/ rQ`F X X X X X X X X X X X 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
jXj S2MbB2p2 /2i�BHb X X X X X X X X X X 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

jXjXR hQQH BKTH2K2Mi�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 9j
jXjXk *H�bb`QQK mb2 X X X X X X 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

jX9 1tT2`B2M+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 93
jX9XR aim/2Mi �M/ i2�+?2` 2p�Hm�iBQMb X X X X X X X X X X X X X X X X X X X X 9N
jX9Xk G2�`MBM; �M�HvbBb X X X X X 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

jX8 "2bi T`�+iB+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 X X X 89
jXe 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 88

9 hJPaa 8d
9XR _2H�i2/ rQ`F X X X X X X X X X X X 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
9Xk .�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 8N
9Xj 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 ey

9XjXR h`�/BiBQM�H bQ7ir�`2 bBKBH�`Biv /2i2+iBQM X X X X X X X X X X X X X X X X ey
9XjXk hJPaa, h2KTQ`�H J2�bm`2 Q7 aQ7ir�`2 aBKBH�`Biv X X X X X X X X X X eR

9X9 h?2Q`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 ej
9X8 _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 e8

9X8XR S2`7Q`K�M+2 �M�HvbBb X X X 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
9Xe .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 dy
9Xd 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 dR

8 _2T`Q/m+BM; _2b2�`+? _2bmHib BM 1/m+�iBQM dk
8XR L2irQ`FBM; 2/m+�iBQM BM mMBp2`bBiB2b X X X X X X X X X X X X X X X X X X X X X X dj
8Xk q?v r2 +?Qb2 `2T`Q/m+B#BHBiv X X X X X X X X X X X X X X X X X X X X X X X X X X d9
8Xj h?2 _2T`Q/m+BM; _2b2�`+? _2bmHib T`QD2+i X X X X X X X X X X X X X X X X X X X de
8X9 Pp2`pB2r Q7 `2T`Q/m+iBQM `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 d3

8X9XR S`QD2+i bm++2bb2b X X X X X 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
8X9Xk S�`iB+BT�iBM; BM i?2 +QKKmMBiv X X X X X X X X X X X X X X X X X X X X X 39
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8X8 aim/2Mi 2tT2`B2M+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 38
8Xe 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 33

e *QM+HmbBQM 3N

� h?2 Sv`�KB/ �bbB;MK2Mi NR

" h?2 "`2�FQmi �bbB;MK2Mi N9

"B#HBQ;`�T?v Ry9

Bt



GBbi Q7 h�#H2b

RXR 1/m+�iBQM�H iQQHb mb2/ BM i?`22 /Bz2`2Mi mMBp2`bBiv *a +Qm`b2bX X X X X X X X j
RXk 1biBK�i2/ r22FHv iBK2 UBM ?Qm`bV bT2Mi QM � +Qm`b2- #`QF2M /QrM #v �+iBpBiv-

BM irQ *aR +Qm`b2b BM i?2 lMBi2/ ai�i2bX X X X X X X X X X X X X X X X X X X X X 9

kXR EMQrH2/;2 bi�;2b �`2 ;`QmTb Q7 KBH2biQM2bX X X X X X X X X X X X X X X X X X X kk
kXk G�#2H +Qp2`�;2 Q7 i?2 Sv`�KB/aM�Tb?Qi /�i�b2iX X X X X X X X X X X X X X X X kk
kXj JBH2biQM2 +H�bbB}+�iBQM `2bmHibX �++m`�+v Q7 2�+? KQ/2H UrBi? i`�BMBM; b2i

bBx2 NV #v KBH2biQM2 �M/ #v FMQrH2/;2 bi�;2 QM i?2 RR-yyy KQbi TQTmH�`
BK�;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 X X X X X X X X X X ke

kX9 �p2`�;2 �++m`�+v �M/ 6R b+Q`2b r?2M T`2/B+iBM; `m#`B+b QM }M�H bm#KBbbBQMbX je
kX8 L2m`�H M2irQ`F KQ/2H T2`7Q`K�M+2 7Q` T`2/B+iBM; }M�H `m#`B+ Bi2Kb QM i`�BM@

BM; b2i UBM T�`2Mi?2b2bV �M/ i2bi b2iX X X X X X X X X X X X X X X X X X X X X X X je

jXR h2�+?2` bm`p2v `2bmHib QM mbBM; S2MbB2p2X X X X X X X X X X X X X X X X X X X X 9N
jXk aim/2Mi /2KQ;`�T?B+b BM i?2 *aR +Qm`b2 bim/B2/X X X X X X X X X X X X X X X X 8y

9XR ai�iBbiB+b T2` "`2�FQmi `2TQbBiQ`v UR-9ky bim/2MibVX X X X X X X X X X X X X X X ey
9Xk _2bmHib Q7 hJPaa UT2` bM�Tb?QiV �M/ JPaa UT2` }M�H bm#KBbbBQMV QM b2i

Q7 R-9ky bim/2MibX >1* bim/2Mib �`2 /2i2`KBM2/ rBi? ?mK�M p2`B}+�iBQM QM
i?2 iQQHǶb `2bmHibX X X X X X X X X X 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

9Xj qQ`F T�ii2`Mb Q7 LQM@>1* �M/ >1* bim/2MibX X X X X X X X X X X X X X X X X ed
9X9 qQ`F T�ii2`Mb Q7 /Bz2`2Mi ;`QmTb Q7 >1* bim/2MibX X X X X X X X X X X X X X X e3

8XR h?2 R8 KQbi TQTmH�` `2b2�`+? T�T2`b b2H2+i2/ 7Q` bim/2Mi T`QD2+ibX X X X X X dN
8Xk �p�BH�#BHBiv Q7 bQm`+2 +Q/2 �M/ rQ`FHQ�/ ;2M2`�iBQM +Q/2 7Q` 2�+? T�T2`X X X 3R

t



GBbi Q7 6B;m`2b

RXR "`2�FQmi- � r22FHv �bbB;MK2Mi Qz2`2/ BM �M mM/2`;`�/m�i2 *aR +Qm`b2X X X e

kXR *QKTBH2/ BK�;2 QmiTmi Q7 irQ 7mHH@+`2/Bi bim/2Mi }M�H bm#KBbbBQMb Q7 i?2
Sv`�KB/ �bbB;MK2Mi #v U�V aim/2Mi � �M/ U#V aim/2Mi "X X X X X X X X X X X R9

kXk hrQ bim/2MibǶ +QKTBH2/ BK�;2b Q7 7mM+iBQM�H T`Q;`2bb QM i?2 Sv`�KB/ �bbB;M@
K2Mi- �MMQi�i2/ rBi? KBH2biQM2 H�#2HbX X X X X X X X X X X X X X X X X X X X X X R8

kXj a�KTH2 bQHmiBQM +Q/2 7Q` i?2 Sv`�KB/ �bbB;MK2MiX X X X X X X X X X X X X X X R3
kX9 h?2 TBT2HBM2 7Q` +`2�iBM; � T`Q+2bb `2TQbBiQ`v /m`BM; mMbmT2`pBb2/ rQ`FX X X RN
kX8 Sv`�KB/ rQ`F iBK2 �M�HvbBb QM kejj bim/2Mi T`Q+2bb `2TQbBiQ`B2bX X X X X X RN
kXe _�MF@7`2[m2M+v /Bbi`B#miBQM Q7 i?2 Sv`�KB/aM�Tb?Qi BK�;2bX X X X X X X X X ky
kXd 1t�KTH2b 7`QK i?2 Re KBH2biQM2 +�i2;Q`v H�#2Hb BM i?2 Sv`�KB/aM�Tb?Qi

/�i�b2ic 1* bi�M/b 7Q` 1ti`� *`2/BiX X X X X X X X X X X X X X X X X X X X X X X kR
kX3 *.6 Q7 i?2 7`�+iBQM Q7 T`Q+2bb `2TQbBiQ`B2b H�#2H2/ rBi? i?2 2zQ`i bi`�i2;v BM

a2+iBQM kXkX X X X X X X X X X X X X 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
kXN G�#2HBM; i?2 Sv`�KB/aM�Tb?Qi /�i�b2i, U�@/V hQT 7Qm` KQbi TQTmH�` BK�;2b

BM i?2 /�i�b2ic U2V .Bbi`B#miBQM Q7 KBH2biQM2 H�#2Hb Qp2` /�i�b2iX X X X X X X X kj
kXRy JQ/2H j- i?2 M2m`�H M2irQ`F KQ/2H 7Q` KBH2biQM2 +H�bbB}+�iBQMX X X X X X X X k8
kXRR �++m`�+v #`2�F/QrM Q7 M2m`�H M2irQ`F KQ/2H T2`7Q`K�M+2 #v FMQrH2/;2 bi�i2X kd
kXRk i@aL1 THQi Q7 KQ/2H 2K#2//BM;b- +QHQ`@+Q/2/ #v KBH2biQM2X X X X X X X X X X kd
kXRj 1{+B2M+v �M�HvbBb Q7 KQ/2H p�HB/�iBQM �++m`�+v rBi? p�`vBM; i`�BMBM; b2i bBx2bX k3
kXR9 � +QHQ`K�T Q7 KBH2biQM2b Qp2` irQ bim/2Mi rQ`F i`�D2+iQ`B2bX h?2 KBbbBM;

;`�v BK�;2b �`2 BKTmi2/ rBi? KBH2biQM2b i?�i �`2 bBKBH�` iQ i?2 M2B;?#Q`BM;
KBH2biQM2bX "2bi pB2r2/ BM +QHQ`X 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

tB



kXR8 aim/2Mi rQ`F i`�D2+iQ`B2b /m`BM; i?2 Sv`�KB/ �bbB;MK2MiX hrQ ;`QmTb Q7
i?`22 bim/2Mib- `2bT2+iBp2Hv b+Q`BM; BM i?2 U�V NNi? T2`+2MiBH2- �M/ U#V j`/
T2`+2MiBH2 Q` HQr2` QM i?2 KB/i2`K 2t�KX "2bi pB2r2/ BM +QHQ`X X X X X X X X jR

kXRe h?`22 bim/2Mib rBi? HQM; rQ`F i`�D2+iQ`B2bX U�V ai`m;;HBM; bim/2Mibc U#V
hBMF2`BM; bim/2MiX "2bi pB2r2/ BM +QHQ`X X X X X X X X X X X X X X X X X X X X X jR

kXRd �p2`�;2 �KQmMi Q7 �bbB;MK2Mi U#v MmK#2` Q7 bM�Tb?QibV i?�i bim/2Mib bT2Mi
BM /Bz2`2Mi FMQrH2/;2 bi�;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 jj

kXR3 _mMMBM; }p2 /Bz2`2Mi Tv`�KB/ +QM};m`�iBQMb QM irQ }M�H bim/2Mi bm#KBb@
bBQMbX U�V aim/2Mi +Q``2+iHv /`�rb �HH Tv`�KB/bX U#V aim/2Mi 7�BHb iQ +QMp2`i
iQ ~Q�iBM;@TQBMi- `2bmHiBM; BM `QmM/@Qz 2``Q` BM i?2 }7i? Tv`�KB/X X X X X X j9

kXRN h?2 M2m`�H M2irQ`F 7Q` `m#`B+ +H�bbB}+�iBQM QM }M�H bm#KBbbBQMbX X X X X X X j8

jXR .B�;`�K Q7 S2MbB2p2 /BbTH�v- +QKTQb2/ Q7 7Qm` K�BM +QKTQM2Mib, U�V �bbB;M@
K2Mi iBK2HBM2- H27ic U#V *m``2Mi bM�Tb?Qi BM7Q`K�iBQM- +2Mi2`c U+V aM�Tb?Qi
7mM+iBQM�HBiv- iQT `B;?ic �M/ U/V qQ`F~Qr ;`�T?b- #QiiQK `B;?iX X X X X X X X 99

jXk 1M�#HBM; bim/2Mi@i2�+?2` +QMp2`b�iBQMb QM H2�`MBM; T`Q+2bb rBi? S2MbB2p2X X 9d
jXj �bbB;MK2Mi �M/ 2t�K iBK2HBM2 7Q` #Qi? i?2 "�b2HBM2 �M/ 1tT2`B2M+2 i2`KbX 8R
jX9 *QKT�`BM; +Qm`b2 T2`7Q`K�M+2 #2ir22M i?2 "�b2HBM2 h2`K �M/ i?2 1tT2`B@

2M+2 h2`K- r?2`2 r2 /2THQv2/ S2MbB2p2- #v U�V �bbB;MK2Mi +QKTH2iBQM iBK2
�M/ U#V KB/i2`K �#BHBivX X X X X X 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

jX8 *QKT�`BbQM #2ir22M i?2 "�b2HBM2 h2`K �M/ i?2 1tT2`B2M+2 h2`K- #`QF2M
/QrM #v bim/2Mib rBi? >B;?- JB/ �M/ GQr H2p2Hb Q7 BMBiB�H *a #�+F;`QmM/,
U�V >Qm`b i�F2M iQ +QKTH2i2 �bbB;MK2Mi j �M/ U#V JB/i2`K �#BHBivX X X X X 8j

9XR 1t�KTH2b Q7 bim/2Mib BM i?2 >1* ;`QmTX X X X X X X X X X X X X X X X X X X X X ek
9Xk N8i? T2`+2MiBH2b Q7 /Bz2`2Mi JPaa bBKBH�`Biv b+Q`2b Qp2` iBK2X X X X X X X X X ej
9Xj .Bbi`B#miBQM Q7 >1* pb LQM@>1* b+Q`2b #v U�V JPaa �M/ U#V hJPaaX X X ee
9X9 S`2+BbBQM@`2+�HH +m`p2 7Q` hJPaa rBi? irQ /Bz2`2Mi #�+F2M/ JPaa b+Q`2bX ee
9X8 �p2`�;2 2t�K `�MF Q7 bim/2Mib ;`QmT2/ #v "`2�FQmi �bbB;MK2Mi bi�`i /�i2-

rBi? #QQibi`�TT2/ ±1a1X X X X X 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
9Xe L2irQ`F Q7 >1* bim/2MibX X X X X X X X X X X X X X X X X X X X X X X X X X X X X eN

8XR _2T`Q/m+BM; _2b2�`+? _2bmHib T`QD2+i iBK2HBM2 BM � Ry@r22F +Qm`b2X X X X X X de

tBB



8Xk h?2 MmK#2` Q7 bm++2bb7mH bim/2Mi T`QD2+ib- HBbi2/ #v +Qm`b2 v2�`X am++2bb Bb
/2}M2/ �b #2BM; �#H2 iQ `2+`2�i2 i?2 2tT2`BK2Mi �M/ ;2M2`�i2 +QKT�`�#H2
`2bmHibX X X X X X X X X X X X X X X X 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

8Xj 1KmH�iQ` �M/ bBKmH�iQ` TH�i7Q`Kb mb2/ #v bim/2Mib 7Q` `2T`Q/m+BM; `2b2�`+?X 3y
8X9 � bm++2bb7mHHv `2+`2�i2/ 2tT2`BK2Mi 7Q` K�tBKmK i`�{+ BM/m+2/ #v � h*S

QTi@�+F �ii�+F2` Qp2` iBK2 7Q` KmHiBTH2 +QMM2+i2/ pB+iBKbX1 U�V �mi?Q` `2bmHib
U6B;m`2 d BM i?2 Q`B;BM�H T�T2`Vc U#V bim/2Mi@`2+`2�i2/ `2bmHibX X X X X X X X X 3j

8X8 AM~m2M+2b Q7 bim/2Mi T`QD2+i QM Qi?2` T�`ib Q7 M2irQ`FBM; +QKKmMBivX X X X 39

�XR h?2 Sv`�KB/ �bbB;MK2Mi ?�M/Qmi 7Q` ai�M7Q`/ lMBp2`bBivǶb *aR +Qm`b2 U*aRye�,
S`Q;`�KKBM; J2i?Q/QHQ;B2bVX X X 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

�Xk ai�`i2` +Q/2 7Q` i?2 Sv`�KB/ �bbB;MK2MiX X X X X X X X X X X X X X X X X X X X Nj
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*?�Ti2` R

AMi`Q/m+iBQM

h2+?MQHQ;v Bb i`�Mb7Q`KBM; i?2 r�v r2 i?BMF �#Qmi 2/m+�iBQMX qQ`H/rB/2- i?2 2M`QHHK2Mi
BM i2`iB�`v 2/m+�iBQM ?�b KQ`2 i?�M /Qm#H2/ bBM+2 kyyy (9)- �M/ mM/2`;`�/m�i2 +H�bb`QQKb
�+`Qbb i?2 lMBi2/ ai�i2b MQr BM+Hm/2 2H2+i`QMB+ +HB+F2`b- QMHBM2 +H�bb 7Q`mKb �M/ bm#KBbbBQM
bvbi2Kb- �M/ pB/2Q@bi`2�K2/ H2+im`2 `2+Q`/BM;bX

*QKTmi2` a+B2M+2 U*aV �b � }2H/ Q7 bim/v ?�b ;`QrM i`2K2M/QmbHv BM i?2 T�bi /2+�/2c
i?2 MmK#2` Q7 *a K�DQ`b /2+H�`2/ BM lMBi2/ ai�i2b BMbiBimiBQMb ?�b KQ`2 i?�M i`BTH2/ bBM+2
kyye (j)X h?2 bm#b2[m2Mi #QQK BM iQQHb bmTTQ`iBM; i?2b2 +H�bb`QQKb +�M #2 2tTH�BM2/ rBi?
i?`22 Q#b2`p�iBQMb T2`i�BMBM; iQ i?Bb bm`;2 BM mMBp2`bBiv +QKTmi2` b+B2M+2 2/m+�iBQMX h?2
}`bi Bb i?�i T`Q;`�KKBM; HBi2`�+v Bb rB/2Hv `2;�`/2/ �b 2bb2MiB�H 7Q` DQ# K�`F2i�#BHBiv (R- j8)c
K�Mv bim/2Mib �`2 HBF2Hv iQ i�F2 �i H2�bi QM2 *a +Qm`b2 BM i?2B` mM/2`;`�/m�i2 bim/v- 2p2M
B7 i?2v /Q MQi K�DQ` BM *a (j)X a2+QM/- i?2 [m�MiBi�iBp2 M�im`2 Q7 *a H2M/b Bib2H7 2�bBHv
iQ +QKTmi2`@�bbBbi2/ �bb2bbK2Mi- +Qm`b2 Q`;�MBx�iBQM- �M/ +H�bb`QQK K�M�;2K2Mi bvbi2KbX
�M/ i?B`/- i?2 ;`Qri? Q7 i2�+?BM; �M/ i2Mm`2@i`�+F 7�+mHiv MmK#2`b BM i?2 }2H/ ?�b `Bb2M
#v QMHv 8yW �M/ kyW- `2bT2+iBp2Hv- r?B+? ?�b `2bmHi2/ BM bQ�`BM; bim/2Mi@i2�+?2` `�iBQb
�M/ ?B;? K�M�;2K2Mi Qp2`?2�/X h?2b2 i?`22 i`2M/b K�F2 i?2 BMbi`m+iQ`Ƕb DQ# Km+? KQ`2
/B{+mHi, BMbi`m+iQ`b Kmbi K�BMi�BM i?2 [m�HBiv Q7 2/m+�iBQM /2bTBi2 #m`;2QMBM; +H�bb`QQK
bBx2b- 2p2M r?2M i?2 bim/2Mi #Q/v ;`Qrb KQ`2 /Bp2`b2X

h?2 K�DQ`Biv Q7 M2r i2+?MQHQ;B2b i?�i BMbi`m+iQ`b �`2 mbBM; 7Q`;Q i?2 H�ii2` Q#D2+iBp2 Q7
i2�+?BM; /Bz2`2Mi bim/2Mib BM 7�pQ` Q7 i?2 7Q`K2` Q#D2+iBp2 Q7 i2�+?BM; K�Mv bim/2MibX J�Mv
+H�bb`QQK iQQHb #`Q�/+�bi i2�+?BM; iQ K�Mv bim/2Mib �i QM+2ě2X;X- +`2�iBM; b?Q`i H2+im`2
pB/2Qb- /2p2HQTBM; 7mHHv �miQ;`�/�#H2 T`Q;`�KKBM; �bbB;MK2Mib- �M/ �Mbr2`BM; [m2biBQMb
QM QMHBM2 bim/2Mi 7Q`mKbX >Qr2p2`- bBKTHv 2tT2/BiBM; i?2b2 bim/2Mi@i2�+?2` i`�Mb�+iBQMb

R
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/Q2b MQi BKT`Qp2 i?2 bim/2Mi H2�`MBM; 2tT2`B2M+2X 6Q` 2t�KTH2- r?BH2 J�bbBp2 PT2M PMHBM2
*Qm`b2b UJPP*bV �M/ 7mHHv QMHBM2 ?B;?2` /2;`22 T`Q;`�Kb ?�p2 i?2 TQi2MiB�H iQ `2�+?
KBHHBQMb Q7 bim/2Mib- i?2 H2�`MBM; Qmi+QK2b BM bm+? T`Q;`�Kb T�H2 BM +QKT�`BbQM iQ BM@
T2`bQM +H�bb`QQKb (ey- 3y)X Ai Bb mM+H2�` r?2i?2` i?2 KmHiBim/2 Q7 iQQHb BM Qm` +H�bb`QQKb Bb
+`2�iBM; � /BbDQBMi2/ H2�`MBM; 2tT2`B2M+2 i?�i b22Fb QMHv iQ /2HBp2` +Qm`b2 K�i2`B�H 2{+B2MiHv-
`�i?2` i?�M iQ i2�+? bim/2Mib 2z2+iBp2HvX

h?Bb /Bbb2`i�iBQM 7Q+mb2b QM � +`BiB+�H +QKTQM2Mi Q7 bim/2Mi H2�`MBM;, mMbmT2`pBb2/
rQ`Fěi?�i Bb- rQ`FBM; QM r22FHv �bbB;MK2Mib rBi?Qmi 2tTHB+Bi BMbi`m+iQ` ;mB/�M+2X qBi?
i?2 +m``2Mi T�`�/B;K b?B7i 7`QK i`�/BiBQM�H- T�T2`@#�b2/ H2+im`2 +H�bb`QQKb iQ T�T2`H2bb-
BMi2`�+iBp2 QM2b- BMbi`m+iQ`b ?�p2 KQ`2 /�i� QM bim/2Mib �M/ +�M +QMb2[m2MiHv ;Bp2 #2ii2`-
KQ`2 bT2+B}+ 722/#�+FX >Qr2p2`- BMbi`m+iQ` 2p�Hm�iBQM Q7 mMbmT2`pBb2/ rQ`F Bb Q7i2M biBHH
#�b2/ bQH2Hv QM }M�H bm#KBbbBQMbX h?2 BMbi`m+iQ` iQ/�v ?�b HBKBi2/ mM/2`bi�M/BM; Q7 � bim@
/2MiǶb H2�`MBM; T`Q+2bb- /2}M2/ BM i?Bb rQ`F �b � bim/2MiǶb �+iBpBiB2b /m`BM; mMbmT2`pBb2/
rQ`Fc i?2`27Q`2- /2bTBi2 bim/B2/ +Q``2H�iBQMb #2ir22M H2�`MBM; T`Q+2bb �M/ bim/2Mi T2`7Q`@
K�M+2 (kj- dN- RdR- R38)- i?2 BMbi`m+iQ` +�MMQi ;Bp2 �/2[m�i2 722/#�+F BM i?Bb /BK2MbBQMX
6m`i?2`KQ`2- i?2`2 Bb HBiiH2 BM+2MiBp2 iQ �/QTi M2r i2+?MQHQ;B2b i?�i rQmH/ /`�biB+�HHv +?�M;2
i?2 2tBbiBM; bi`m+im`2 Q7 mMbmT2`pBb2/ rQ`F- �b K�Mv iQQH �/QTiBQMb �`2 +QbiHv BMp2biK2Mib
iQ �M �H`2�/v iBK2@ �M/ `2bQm`+2@+QMbi`�BM2/ BMbi`m+iQ`X

h?2 iQQHb BMi`Q/m+2/ ?2`2 T`QpB/2 � rBM/Qr BMiQ i?2 H2�`MBM; T`Q+2bb #v +QHH2+iBM; MQi
Dmbi � bim/2MiǶb }M�H bm#KBbbBQM- #mi �HbQ i?2B` 2MiB`2 T�i? iQr�`/b �bbB;MK2Mi +QKTH2iBQMX
*QKT�`2/ iQ T`BQ` rQ`F- i?2b2 iQQHb ?�p2 irQ +?�`�+i2`BbiB+b i?�i 7�+BHBi�i2 i?2B` �/QTiBQM
BM iQ/�vǶb *a +H�bb`QQKb, 6B`bi- i?2v �`2 /2bB;M2/ iQ b+�H2 BMbB;?i BMiQ /Bz2`2Mi bi`�i2;B2b
Q7 H2�`MBM; �+`Qbb H�`;2 MmK#2`b Q7 bim/2Mibc �M/ b2+QM/- i?2v bmTTQ`i �M 2pQHpBM; b2i Q7
�bbB;MK2Mib i?�i +�i2` iQ � /Bp2`b2 TQTmH�iBQM Q7 H2�`M2`bX

RXR hQQHb iQ 7�+BHBi�i2 H2�`MBM;

q?BH2 K�Mv iQQHb BM +QKTmi2` b+B2M+2 2/m+�iBQM 7�+BHBi�i2 BMbi`m+iBQM �M/ 2M?�M+2 H2�`MBM;
BMbB/2 i?2 +H�bb`QQK- 72r �`2 /2bB;M2/ iQ 7mHHv bmTTQ`i i?2 bim/2Mi 2tT2`B2M+2 /m`BM; mM@
bmT2`pBb2/ rQ`F QmibB/2 i?2 +H�bb`QQKX h�#H2 RXR +QKT�`2b ?Qr i?`22 /Bz2`2Mi +QKTmi2`
b+B2M+2 +H�bb`QQKb mb2 BMbi`m+iBQM�H �M/ H2�`MBM; iQQHbX *Qm`b2b � �M/ " �`2 *aR UBMi`Q@
/m+iQ`v +QKTmi2` b+B2M+2V +Qm`b2b �i �M _R Up2`v ?B;? `2b2�`+? �+iBpBivV BMbiBimiBQM (R9d)
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*Qm`b2 � (R9d) *Qm`b2 " (9j) *Qm`b2 * (RRe)
*Qm`b2 AMi`Q iQ *a U*aRV AMi`Q iQ *a U*aRV .22T G2�`MBM;

AMbiBimiBQM ivT2 _R GB#2`�H �`ib _R
O aim/2Mib jyy Rky key

*Qm`b2 Q`;�MBx�iBQM iQQHb
S`2@`2+Q`/2/ H2+im`2 pB/2Qb !
h2ti#QQF U!V U!V
*Qm`b2 MQi2bfbHB/2b ! ! !
PMHBM2 ;`�/2#QQF ! ! !
_2+Q`/2/ H2+im`2b ! !
PMHBM2 +H�bb 7Q`mK ! U!V !

AMbi`m+iBQM K2i?Q/b
6HBTT2/ +H�bb`QQK !
aK�HH@;`QmT +H�bb`QQK ! !
S�B`@T`Q;`�KKBM; H�#b (RRj) !
*Qm`b2 T`QD2+i !
P{+2 ?Qm`b ! ! !

q22FHv �bbB;MK2Mif722/#�+F iQQHb
6mHHv �miQ;`�/2/ !
>mK�M 722/#�+F TQbi@bm#KBi ! !
1ti2MbB#H2 �bbB;MK2Mib ! !
1t�K ;`�/BM; bQ7ir�`2 (R8j) ! ! !

!, hQQH mb2/ BM +H�bbc U!V, hQQH T`QpB/2/- #mi MQi Q7i2M mb2/X

h�#H2 RXR, 1/m+�iBQM�H iQQHb mb2/ BM i?`22 /Bz2`2Mi mMBp2`bBiv *a +Qm`b2bX

�M/ HB#2`�H �`ib +QHH2;2 (9j)- `2bT2+iBp2Hv- �M/ *Qm`b2 * Bb � ;`�/m�i2 +Qm`b2 BM .22T G2�`M@
BM; (RRe) #�b2/ QM � J�bbBp2 PT2M PMHBM2 *Qm`b2 UJPP*V (8)X �HH BMbiBimiBQMb �`2 HQ+�i2/
BM i?2 lMBi2/ ai�i2bX

h?2 i�`;2i bim/2Mi ;`QmT 7Q` 2�+? Q7 i?2b2 +Qm`b2b BM~m2M+2b i?2 BMbi`m+iQ`Ƕb /2+BbBQM
QM r?B+? iQQHb iQ mb2 �M/ ?QrX "2+�mb2 *Qm`b2b � �M/ " �`2 ;2�`2/ iQr�`/b bim/2Mib rBi?
MQ T`Q;`�KKBM; 2tT2`B2M+2- i?2v ?2�pBHv mb2 bK�HH@;`QmT +H�bb`QQKb 7Q` bim/2Mi /Bb+mb@
bBQMc *Qm`b2 " ;Q2b QM2 bi2T 7m`i?2` #v HBKBiBM; H2+im`2 b2+iBQMb iQ jy bim/2Mib iQ 7m`i?2`
2M+Qm`�;2 bim/2Mi@BMbi`m+iQ` BMi2`�+iBQMX AM +QMi`�bi- *Qm`b2 * Bb /2bB;M2/ 7Q` �/p�M+2/
+QKTmi2` b+B2M+2 bim/2Mib �M/ i?mb mb2b Bib ~BTT2/ +H�bb`QQK /2bB;M iQ /Bb+mbb T`�+iB+�H-
`2�H@HB72 �TTHB+�iBQMb �M/ i2+?MB[m2b /m`BM; H2+im`2 iBK2X 1�+? +Qm`b2Ƕb �bbB;MK2Mi /2bB;M
�HbQ `2~2+ib i?2 `2bT2+iBp2 bim/2Mi H2�`MBM; ;Q�Hb, AM *Qm`b2b � �M/ "- i2�+?BM; �bbBbi�Mib
;Bp2 /2i�BH2/ ?mK�M 722/#�+F �M/ �r�`/ 2ti`� +`2/Bi 7Q` bim/2Mib r?Q ;Q #2vQM/ i?2 #�b2
�bbB;MK2Mi `2[mB`2K2Mib- r?BH2 *Qm`b2 * ?�b 7mHHv �miQ;`�/2/ r22FHv �bbB;MK2Mib BM 7�pQ`
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*Qm`b2 � (R9d) *Qm`b2 " (9j)
G2+im`2 k ?Qm`b kX8 ?Qm`b†aK�HH@;`QmT /Bb+mbbBQM R ?Qm`
S`Q;`�KKBM; H�#b Lf� k ?Qm`b
PM@i�bF �bbB;MK2Mi iBK2 RyĜR8 ?Qm`b eĜ3 ?Qm`b
P{+2 ?Qm`b R ?Qm` RĜk ?Qm`b
*QMi2Mi `2pB2r yĜR ?Qm` R ?Qm`
hQi�H R9Ĝky ?Qm`b RkX8ĜR8X8 ?Qm`b
†G2+im`2 Bb ?2H/ BM bK�HH ;`QmTbX

h�#H2 RXk, 1biBK�i2/ r22FHv iBK2 UBM ?Qm`bV bT2Mi QM � +Qm`b2- #`QF2M /QrM #v �+iBpBiv- BM
irQ *aR +Qm`b2b BM i?2 lMBi2/ ai�i2bX

Q7 `2[mB`BM; � H�`;2`- QT2M@2M/2/- KmHiB@r22F ;`QmT T`QD2+iX
lMbmT2`pBb2/ �bbB;MK2Mi rQ`F Bb �M BMi2;`�H +QKTQM2Mi Q7 � bim/2MiǶb 2tT2`B2M+2X h�#H2

RXk b?Qrb i?2 #`2�F/QrM Q7 +Qm`b2 +QKKBiK2Mi iBK2- BM ?Qm`b T2` r22F- i?�i � bim/2Mi
BMp2bib BM *Qm`b2b � �M/ "- �b `2TQ`i2/ #v i?2B` `2bT2+iBp2 BMbi`m+iQ`bX aim/2Mib bT2M/ KQ`2
i?�M 8yW Q7 i?2B` iBK2 QM mMbmT2`pBb2/ rQ`FX h?Bb #�H�M+2 Bb MQi mMB[m2 iQ i?2 irQ +Qm`b2b
bm`p2v2/c mMbmT2`pBb2/ rQ`F Bb 2bb2MiB�H iQ H2�`MBM; #2+�mb2 Bi T`QpB/2b � bim/2Mi@+2Mi2`2/-
T`QD2+i@#�b2/ H2�`MBM; 2MpB`QMK2Mi (kj)- r?2`2 bim/2Mib ?�p2 � TH�+2 iQ 2tT2`BK2Mi- 2tTHQ`2-
�M/ K�F2 KBbi�F2bX 6m`i?2`KQ`2- �bbB;MBM; i?2 �+iBpBiv `2[mB`2b HBiiH2 �//BiBQM�H Qp2`?2�/
�b +H�bb bBx2b ;`QrX L2p2`i?2H2bb- i?2 H2p2H �M/ /2i�BH Q7 722/#�+F QM bim/2Mi T2`7Q`K�M+2
i?�i BMbi`m+iQ`b +�M ;Bp2 /Q2b MQi b+�H2 r2HH- �M/ Bi Q7i2M /2T2M/b ?2�pBHv QM i?2 �bbB;MK2MiǶb
Q`B;BM�H /2bB;MX

.2bTBi2 i?2 BMMQp�iBQMb HBbi2/ �#Qp2- i?2 bim/2Mi 2tT2`B2M+2 rBi? i?2 �bbB;MK2Mi Bib2H7
?�b #22M bHQr iQ +?�M;2X AM K�Mv +H�bb`QQKb- mMbmT2`pBb2/ rQ`F HQQFb H�`;2Hv i?2 b�K2 �b
Bi /B/ � /2+�/2 �;Q- rBi? bQK2 �/KBMBbi`�iBp2 2{+B2M+B2b, bim/2Mib `2+2Bp2 �M �bbB;MK2Mi
?�M/Qmi- rQ`F QM i?2 �bbB;MK2MiěT2`?�Tb rBi? bQK2 ?2HT 7`QK �M Q{+2 ?Qm` BMbi`m+iQ`
�M/ �miQ;`�/2` i2biBM;ě�M/ bm#KBi � }M�H bQHmiBQMX AMbi`m+iQ`b `2+2Bp2 � #�i+? Q7 }M�H
bm#KBbbBQMb- bm#KBi �HH bQHmiBQMb iQ �M �miQ;`�/2`- �M/ `2�/ i?`Qm;? bim/2Mi bQHmiBQMb
iQ ;Bp2 KQ`2 BM@/2Ti? 722/#�+F B7 M2+2bb�`vX h?Bb bi�;M�Mi T`Q+2bb +QMi`�bib rBi? ?Qr
BMbi`m+iBQM BM i?2 +H�bb`QQK ?�b 2pQHp2/ 7`QK � H2+im`2@#�b2/- T�bbBp2 2tT2`B2M+2 iQ �M
�+iBp2 H2�`MBM; 2tT2`B2M+2 `B72 rBi? T22`@iQ@T22` /Bb+mbbBQMX � bim/2MiǶb mMbmT2`pBb2/ rQ`F
iBK2 Bb biBHH i`2�i2/ �b � #H�+F #Qt r?Qb2 QmiTmi Bb � bBM;H2 }M�H bm#KBbbBQM- 7`QK r?B+?
BMbi`m+iQ`b �`2 2tT2+i2/ iQ /2`Bp2 722/#�+F QM i?2 bim/2MiǶb T`Q#H2K@bQHpBM; T`Q+2bbX
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L2p2`i?2H2bb- +?�M;BM; F2v +QKTQM2Mib Q7 i?2 +H�bb`QQK Bb � +QbiHv BMp2biK2MiX 6Q`
2t�KTH2- �M BMbi`m+iQ` +QmH/ bT2M/ Qp2` Ry ?Qm`b +`2�iBM; � b?Q`i- d@KBMmi2 T`2@`2+Q`/2/
H2+im`2 pB/2Q iQ `2TH�+2 r?�i K�v �KQmMi iQ R8 KBMmi2b Q7 BM@T2`bQM H2+im`2 (R8d)X q?2M r2
/2bB;M +Qm`b2 iQQHb i?�i bmTTH2K2Mi mMbmT2`pBb2/ rQ`F 2MpB`QMK2Mib- r2 Kmbi �//`2bb i?2
i2MbBQM #2ir22M /2bB;MBM; 2M;�;BM; T`QD2+iběi?�i bim/2Mib 722H KQiBp�i2/ iQ +QKTH2i2ě
�M/ b+�HBM; BMbi`m+iQ` 722/#�+Fěi?�i `2p2�Hb BM@/2Ti? mM/2`bi�M/BM; Q7 Qm` bim/2MibX

J�Mv �bbB;MK2Mib BM BMi`Q/m+iQ`v +Qm`b2b �`2 /2bB;M2/ iQ #2 BMi2`�+iBp2 �M/ QT2M@2M/2/X
"`2�FQmi- � +H�bbB+ �i�`B ;�K2 �bbB;MK2Mi U6B;m`2 RXRV (RR3) Bb mb2/ rB/2Hv BM K�Mv BMbiB@
imiBQMb �+`Qbb i?2 rQ`H/ (k- 8d- ek- R9d- R3k) #2+�mb2 Bib ;`�T?B+b@#�b2/ M�im`2 �TT2�Hb #Qi?
iQ MQpB+2b- r?Q +�M +H2�`Hv pBbm�HBx2 r?�i i?2v ?�p2 T`Q;`�KK2/ bQ 7�`- �M/ iQ 2tT2`B2M+2/
bim/2Mib- r?Q +�M 2ti2M/ i?2 �bbB;MK2Mi bQHmiBQM b+QT2 7Q` 2ti`� +`2/BiX >Qr2p2`- i?2
KQ`2 QT2M@2M/2/ �M �bbB;MK2Mi- i?2 ?�`/2` Bi Bb iQ b+�H2 i?2 ;`�/BM; T`Q+2bbX h?2 "`2�F@
Qmi �bbB;MK2Mi Bb Tm`TQb27mHHv /2bB;M2/ iQ #2 ?B;?@H2p2H bQ i?�i bim/2Mib +�M #mBH/ i?2B`
QrM T`QD2+i- K2�MBM; i?�i Bi Bb M2�`Hv BKTQbbB#H2 iQ /2bB;M `2HB�#H2 HQr@H2p2H mMBi i2bib 7Q`
�M �miQ;`�/2`X *Qm`b2 � BM+Hm/2b QM2 bm+? "`2�FQmi �bbB;MK2Mi U/Bb+mbb2/ KQ`2 BM a2+iBQM
RXkV �M/ bmTTQ`ib bim/2Mib #v ?QH/BM; QM2@QM@QM2- bim/2Mi@i2�+?2` +QMp2`b�iBQMb `2~2+iBM;
QM i?2 �bbB;MK2Mi- #mi Bi Bb mM+H2�` ?Qr p�Hm�#H2 i?2b2 +QMp2`b�iBQMb �`2 rBi?Qmi BMbB;?i
BMiQ ?Qr i?2 bim/2Mi `2�+?2/ i?2B` }M�H �Mbr2`X AM �/p�M+2/ *a +Qm`b2b- K�Mv �bbB;MK2Mib
�`2 bmTTQ`i2/ rBi? �miQ;`�/2` i2bib i?�i bim/2Mib +�M mb2 iQ +QMiBMmQmbHv 2p�Hm�i2 i?2B`
rQ`F (R9- Nd- Rye)- #mi i?Bb `2bi`B+ib �bbB;MK2Mib iQ r2HH@b+QT2/- `B;B/ T`Q#H2KbX *Qm`b2 *
72�im`2b � KmHiB@r22F ;`QmT T`QD2+i bQ i?�i bim/2Mib +�M 2M;�;2 BM ?�M/b@QM /22T H2�`MBM;
`2b2�`+?ěv2i ?Qr rQmH/ i?Bb `2b2�`+? T`QD2+i #2 b+QT2/ 7Q` � +Qm`b2 BM M2irQ`FBM;- r?2`2
K�Mv `2b2�`+? bvbi2Kb `2[mB`2 KQMi?b iQ #mBH/\

RXk lM/2`bi�M/BM; i?2 H2�`MBM; T`Q+2bb

A7 r2 ;�BM � #2ii2` mM/2`bi�M/BM; Q7 ?Qr bim/2Mib H2�`M i?`Qm;? BM/BpB/m�H �bbB;MK2Mi
rQ`F- i?2M r2 +�M /2i2`KBM2 r?2M �M/ ?Qr iQ bmTTQ`i /Bz2`2Mi bi`�i2;B2b Q7 H2�`MBM;X h?2
�KQmMi Q7 mMbmT2`pBb2/ rQ`F rBHH +QMiBMm2 iQ BM+`2�b2 �b KQ`2 �M/ KQ`2 H2�`M2`b 2Mi2` i?2
+H�bb`QQKX q?BH2 Bi Bb rB/2Hv #2HB2p2/ i?�i i?2 #2bi K2i?Q/ Q7 BMbi`m+iBQM Bb QM2@QM@QM2
imiQ`BM; (k9)- K�Mv BMbiBimiBQMb Q7 ?B;?2` 2/m+�iBQM bBKTHv /Q MQi 2MQm;? ?mK�M BMbi`m+iQ`b
iQ �/2[m�i2Hv bmTTQ`i i?2 #m`;2QMBM; bim/2Mi /2K�M/- bQ mMbmT2`pBb2/ rQ`F rBHH T2`bBbi
�b � F2v H2�`MBM; �+iBpBivX qBi? i?2 HQ7iv ;Q�H Q7 �TT`QtBK�iBM; QM2@QM@QM2 imiQ`BM;- QM2
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U�V q2#bBi2 �bbB;MK2Mi ;`�T?B+X

P`/2` JBH2biQM2b
R a2i mT #`B+Fb
k AKTH2K2Mi KQmb2 i`�+FBM; Q7 T�//H2
j AKTH2K2Mi #�HH �MBK�iBQM U#QmM+BM; Qz r�HHbV
9 AKTH2K2Mi +QHHBbBQM /2i2+iBQM �M/ #`B+F `2KQp�H
8 6BMBb? mT UBKTH2K2Mi rBMfHQbb +QM/BiBQMV
PTiBQM�H 1ti2M/ �bbB;MK2Mi 7Q` 2ti`� +`2/Bi

U#V am;;2bi2/ 72�im`2 BKTH2K2Mi�iBQM Q`/2` BM +Qm`b2 ?�M/QmiX

*QKTQM2Mi .2b+`BTiBQM
�bbB;MK2Mi O j UQmi Q7 dVX q22F 9 Q7 � Ry@r22F +Qm`b2X
qQ`F /�vb N
G�i2 /�vb lT iQ k 2ti`� /�vb rBi? T2M�HivX
�bbB;MK2Mi ?�M/Qmi hBTb- i`B+Fb- �M/ bm;;2bi2/ KBH2biQM2 Q`/2` U�b BM U#VVX
Pp2`pB2r b2bbBQM k b2bbBQMb UR@RX8 ?Qm`bV rBi?BM 93 ?Qm`b Q7 ?�M/Qmi mTHQ�/X
P{+2 ?Qm`b q�HF@BM- 8 /�vb � r22FX
S�B`2/ rQ`F Lf�X AM/BpB/m�H rQ`F QMHvX
:`�/BM; NyW 6mM+iBQM�HBiv

RyW S`Q;`�KKBM; K2i?Q/QHQ;v

U+V �bbB;MK2Mi +QKTQM2Mib �M/ `2bQm`+2bX

6B;m`2 RXR, "`2�FQmi- � r22FHv �bbB;MK2Mi Qz2`2/ BM �M mM/2`;`�/m�i2 *aR +Qm`b2X

+QKTQM2Mi Q7 i?Bb /Bbb2`i�iBQM rQ`F Bb iQ mM/2`bi�M/ i?2 H2�`MBM; T`Q+2bb rBi? `2bT2+i iQ
mMbmT2`pBb2/ rQ`F BM *a +Qm`b2b bQ i?�i BMbi`m+iQ`b +�M /2HBp2` #2ii2` 722/#�+F iQ bim/2MibX

hQ ;`QmM/ i?Bb /Bb+mbbBQM QM H2�`MBM; T`Q+2bb- r2 /2b+`B#2 ?Qr � T�`iB+mH�` �bbB;MK2Mi-
"`2�FQmi (R9R- R9d)- KQiBp�i2b bim/2Mib iQ +QMbB/2` i?2 T`Q+2bb Q7 T`Q#H2K@bQHpBM;- �M/
?Qr i?2 +m``2Mi BMbi`m+iQ` 722/#�+F bvbi2K 7�BHb iQ 2p�Hm�i2 ?Qr bim/2Mib rQ`F i?`Qm;?
i?2 �bbB;MK2MiX h?2 "`2�FQmi �bbB;MK2Mi U6B;m`2 RXRV Bb i?2 i?B`/ r22FHv �bbB;MK2Mi BM
*Qm`b2 � (R9d) �M/ Bb /m2 `B;?i #27Q`2 i?2 +Qm`b2 KB/i2`K 2t�KBM�iBQMX "2+�mb2 i?Bb Bb
i?2 }`bi #B; T`Q;`�KKBM; i�bF i?�i bim/2Mib Kmbi +QKTH2i2 BM/BpB/m�HHv- BMbi`m+iQ`b Qz2`
b2p2`�H ;mB/2HBM2b �M/ BM+2MiBp2b 7Q` bm++2bbX

hQ F22T bim/2Mib 7`QK 722HBM; Qp2`r?2HK2/- i?2 �bbB;MK2Mi ?�M/Qmi T`2b2Mib i?2 "`2�F@
Qmi T`Q#H2K BM i2`Kb Q7 i?2 F2v 72�im`2b �M/ bm;;2bib �M Q`/2` 7Q` �+?B2pBM; �bbB;MK2Mi
KBH2biQM2b U6B;m`2 RXR#VX �b bQQM �b i?2 �bbB;MK2Mi Bb `2H2�b2/- mM/2`;`�/m�i2 i2�+?BM;
�bbBbi�Mib Uh�bV ?QH/ Qp2`pB2r b2bbBQMb iQ 2Mbm`2 i?�i bim/2Mib mM/2`bi�M/ i?2 �bbB;M@
K2Mi Q#D2+iBp2b �M/ ?�p2 i?2 QTTQ`imMBiv iQ �bF +H�`B7vBM; [m2biBQMbX q?BH2 bim/2Mib �`2
rQ`FBM; QM i?2 �bbB;MK2Mi- i?2v +�M �ii2M/ /`QT@BM 2p2MBM; Q{+2 ?Qm`b r?2`2 h�b +�M
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T`QpB/2 /2#m;;BM; ?2HTX �7i2` }M�H bm#KBbbBQM- bim/2Mi rQ`F Bb 2p�Hm�i2/ �HQM; irQ /BK2M@
bBQMb, 7mM+iBQM�HBivě?Qr r2HH i?2 bim/2MiǶb "`2�FQmi ;�K2 QT2`�i2b �++Q`/BM; iQ i?2 i�bF
QmiHBM2ě�M/ T`Q;`�KKBM; K2i?Q/QHQ;v- Q` bivH2ě?Qr r2HH i?2 bim/2Mi +Q/2 Bb /2bB;M2/
�M/ r`Bii2MX

6Q` mMbmT2`pBb2/ rQ`Fěbm+? �b T`Q;`�KKBM; "`2�FQmiěbim/2Mib K�v BMi2`�+i rBi?
i?2 �bbB;MK2Mi K�i2`B�H BM b2p2`�H r�vbX hQQHb 7Q` mM/2`bi�M/BM; H2�`MBM; T`Q+2bb b?QmH/
�+FMQrH2/;2 i?�i bim/2Mib K�v ?�p2 /Bz2`2Mi �TT`Q�+?2b- BM+Hm/BM; #mi MQi HBKBi2/ iQ,

Ç SH�MM2`@Q`B2Mi2/ T`Q;`2bbBQMX *�`27mHHv bi`m+im`BM; T`Q;`�Kb Qp2` iBK2 (Rek)c
2X;X- ;mB/2/ #v i?2 KBH2biQM2b QmiHBM2/ BM i?2 ?�M/Qmi- � bim/2Mi TH�MM2` rQmH/ i�+FH2
JBH2biQM2 k �7i2` bm++2bb7mHHv /2#m;;BM; �M/ i2biBM; JBH2biQM2 RX

Ç hBMF2`BM;@Q`B2Mi2/ 2tTHQ`�iBQMX AM +QMi`�bi iQ ;Q�H@Q`B2Mi2/ T`Q;`2bb- � bim/2Mi
iBMF2`2` rQmH/ T`Q;`�K rBi? Dmbi@BM@iBK2 TH�MMBM; �M/ BM+`2K2Mi�H +?�M;2b (ky- kj-
Rek)

Ç 6HQmM/2`BM; �M/ bi`m;;HBM;X >�T?�x�`/ �+iBpBiv i?�i /Q2b MQi `2bmHi BM 7mM+@
iBQM�H T`Q;`2bbc 2X;X- � bim/2Mi +QM+2Tim�HHv /Q2b MQi mM/2`bi�M/ �MBK�iBQM HQQTb 7Q`
�MBK�iBM; #�HH KQp2K2Mi �M/ ?�b ;Bp2M mT QM /2#m;;BM; i?2B` +m``2Mi +Q/2X

Ç Pi?2` �bbB;MK2Mi@`2H�i2/ �+iBpBiB2bX S`Q;`�KKBM; rBi? i?2 BMi2Mi Q7 }tBM; i?2
7Q`K�iiBM; Q7 +Q/2- p�`B�#H2 M�K2b- BM/2Mi�iBQM- 2i+Xc 2X;X- � bim/2Mi r?Q ?�b �H`2�/v
�+?B2p2/ 7mM+iBQM�H bm++2bb �M/ Bb BMbi2�/ �//BM; +QKK2Mib- /2+QKTQbBM; 7mM+iBQMb-
�M/ ǳ+H2�MBM; mTǴ i?2B` bm#KBbbBQM rBi? `2bT2+i iQ i?2 bivH2 ;`�/2 +QKTQM2Mi (kk)X

Ai Bb r2HH@/Q+mK2Mi2/ i?�i i?2 bim/2MiǶb H2�`MBM; T`Q+2bb �z2+ib i?2B` bm++2bb QM i?2
bT2+B}+ �bbB;MK2Mi- �b r2HH �b i?2B` Qp2`�HH +Qm`b2 T2`7Q`K�M+2 (RdR)X "Qi? TH�MMBM; �M/
iBMF2`BM; �`2 �+iBpBiB2b �bbQ+B�i2/ rBi? bm++2bb7mH 7mM+iBQM�H T`Q;`2bb- /2}M2/ �b T`Q;`2bbBQM
iQr�`/b i?2 �bbB;MK2MiǶb 7mM+iBQM�H ;Q�Hb U2X;X- K�FBM; � TH�v�#H2 "`2�FQmi ;�K2V (RN)X
PM i?2 Qi?2` ?�M/- ~QmM/2`BM;- bi`m;;HBM;- �M/ TQQ` iBK2 K�M�;2K2Mi K�v H2�/ bim/2Mib
iQr�`/b TH�;B�`BbK �M/ 2t+2bbBp2 +QHH�#Q`�iBQM- r?2`2 i?2v `2Hv ?2�pBHv QM T22` Q` QMHBM2
+Q/2 BM r�vb i?�i K�v pBQH�i2 i?2 BMbiBimiBQMǶb +Qm`b2 +QHH�#Q`�iBQM TQHB+vX A7 BMbi`m+iQ`b
+�M B/2MiB7v ?Qr bim/2Mib �`2 H2�`MBM;- i?2v +�M #2ii2` bmTTQ`i /Bz2`2Mi ivT2b Q7 T`Q/m+iBp2
H2�`MBM; �M/ /2i2` bim/2Mib 7`QK BM2z2+iBp2 bi`�i2;B2bX

h?2`2 �`2 K�Mv �//BiBQM�H #2M2}ib iQ +H�bb`QQK 2/m+�iBQM B7 BMbi`m+iQ`b +�M H2p2`�;2 �
/22T2` mM/2`bi�M/BM; Q7 i?2 H2�`MBM; T`Q+2bb,
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Ç A/2MiB7v Qp2`�HH i`2M/b BM bim/2Mi H2�`MBM;X AMbi`m+iQ`b b?QmH/ mM/2`bi�M/ B7 i?2
�bbB;MK2Mi Bb +Q``2+iHv �//`2bbBM; bim/2Mi H2�`MBM; ;Q�Hb- bQ i?�i i?2v +�M �/Dmbi i?2
H2�`MBM; 2tT2`B2M+2 #Qi? /m`BM; �M/ �7i2` i?2 �bbB;MK2MiX

Ç :Bp2 i�BHQ`2/ 722/#�+F iQ bT2+B}+ bim/2MibX :Bp2M i?�i i2�+?BM; `2bQm`+2b �`2
b+�`+2 BM H�`;2 +H�bb`QQKb- BMbi`m+iQ`b M22/ iQ B/2MiB7v r?B+? bim/2Mib M22/ �//BiBQM�H
�bbBbi�M+2 Q` bmT2`pBbBQMX h?2 /2;`22 Q7 ?2HT +�M `�M;2 7`QK Qz2`BM; �miQMQKQmb
iQQHb iQ ;`QmTb Q7 bim/2Mib U2X;X- TH�MM2`b K�v #2M2}i 7`QK bQ7ir�`2 7Q` b+�zQH/BM;
BMi2`K2/B�i2 TH�MMBM; bi�;2b (RRR)V iQ `2+QKK2M/BM; BM@T2`bQM- QM2@QM@QM2 BMbi`m+iQ`
Q{+2 ?Qm`bX

Ç A/2MiB7v BM2z2+iBp2 H2�`MBM; T`Q+2bb2bX AMbi`m+iQ`b M22/ iQ B/2MiB7v r?2M bim@
/2Mib �`2 MQi H2�`MBM; �i �HH #mi rQmH/ #2M2}i 7`QK ?mK�M bmTTQ`i Qp2` �miQMQKQmb
iQQHbX 6Q` 2t�KTH2- BMbi`m+iQ`b b?QmH/ #2 �#H2 iQ ~�; bim/2Mib �i `BbF Q7 2t+2bbBp2
+QHH�#Q`�iBQM �M/ T`QpB/2 BM@T2`bQM ?2HT r?2`2 M22/2/X

Ç h`�BM bim/2MibǶ K2i�+Q;MBiBp2 bFBHHbX AM?2`2Mi iQ i?2 T`Q+2bb Q7 H2�`MBM; Bb Q#@
b2`pBM; ?Qr bim/2Mib 2t?B#Bi K2i�+Q;MBiBQM- Q` H2�`MBM; ?Qr iQ H2�`M U/Bb+mbb2/ KQ`2
BM *?�Ti2` jVX aim/2Mib r?Q 2t?B#Bi bi`QM;2` K2i�+Q;MBiBQM �`2 #2ii2` b2H7@`2;mH�i2/
H2�`M2`b- r?Q +�M bi`�i2;Bx2 �M/ 2z2+iBp2Hv mb2 +H�bb`QQK `2bQm`+2b 7Q` i?2B` BM/BpB/m�H
H2�`MBM; ;Q�Hb (R8R- Rey)X A7 BMbi`m+iQ`b +�M /2p2HQT K2i�+Q;MBiBQM bFBHHb BM BMi`Q/m+@
iQ`v +QKTmi2` b+B2M+2 bim/2Mib- i?2v +�M i`�BM i?2b2 bim/2Mib iQ M�pB;�i2 i?2B` QrM
H2�`MBM; BM KQ`2 �/p�M+2/ +Qm`b2bX

6Q` i?2 "`2�FQmi �bbB;MK2Mi- BMbi`m+iQ`b QMHv b+�zQH/ i?2 H2�`MBM; T`Q+2bb rBi? � bm;@
;2bi2/ Q`/2` Q7 7mM+iBQM�H T`Q;`2bb U6B;m`2 RXR#V- ;Bp2M #27Q`2 i?2 bim/2Mi bi�`ib mMbmT2`@
pBb2/ rQ`FX h?2`2 �`2 p2`v 72r `2bQm`+2b 7Q` 2p�Hm�iBM; H2�`MBM; T`Q+2bb- �b 2p�Hm�iBQM Q7
bim/2Mi rQ`F Bb #v �M/ H�`;2 QMHv QM }M�H bm#KBbbBQMbX AMbi`m+iQ`b �bb2bb i?2 }M�H bm#@
KBbbBQM 7Q` 7mM+iBQM�HBiv �M/ T`Q;`�KKBM; bivH2c i?2v +m``2MiHv �`2 MQi 2[mBTT2/ iQ ;Bp2
722/#�+F QM i?2 bim/2MiǶb T`Q;`�KKBM; K2i?Q/QHQ;věBX2- ?Qr i?2 bim/2Mi �TT`Q�+?2/ i?2
T`Q#H2K- /2#m;;2/ i?2B` bQHmiBQM- �M/ 7QHHQr2/ +QKKQM T`Q;`�KKBM; T`�+iB+2b 7Q` bm++2bbX
6m`i?2`KQ`2- 722/#�+F Bb �M BM+`2/B#Hv iBK2@BMi2MbBp2 T`Q+2bb 7Q` BMbi`m+iQ`bc Bi Bb BKTQ`i�Mi
i?�i �Mv iQQHb /2bB;M2/ 7Q` i?Bb i�bF b?QmH/ 2M+Qm`�;2 bim/2Mib iQ BM+Q`TQ`�i2 i?Bb +QbiHv
BMbi`m+iQ` 722/#�+F BMiQ rQ`F QM 7mim`2 �bbB;MK2MibX
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h?2 +?�HH2M;2 iQ /2p2HQTBM; +H�bb`QQK iQQHb iQ mM/2`bi�M/ i?2 H2�`MBM; T`Q+2bb Bb i?2`2@
7Q`2 irQ@7QH/, URV A/2MiB7v H2�`MBM; �+iBpBiB2b bQ i?�i BMbi`m+iQ`b +�M ;Bp2 722/#�+F iQ bim@
/2Mib- �M/ UkV /Q bQ rBi?Qmi bB;MB}+�MiHv BM+`2�bBM; BMbi`m+iQ` #m`/2MX >Qr2p2`- 2tBbiBM;
`2b2�`+? Bb /B{+mHi iQ i`�MbH�i2 iQ iQQHb i?�i BMbi`m+iQ`b +�M mb2 iQ T`QpB/2 �+iBQM�#H2- b+�H@
�#H2 722/#�+F iQ bim/2Mib BM H�`;2 +H�bb`QQKbX h?Bb Bb BM T�`i #2+�mb2 2tBbiBM; `2b2�`+? Q7i2M
+?�`�+i2`Bx2b bim/2Mi rQ`F T�ii2`Mb mbBM; HQr@H2p2H BM/B+�iQ`b Q7 bim/2Mi T`Q;`2bb- bm+? �b
+Q/2 /Bzb- +QKTH2iBQM iBK2b- Q` 2``Q`b (d- Re- kj- jj- dN- R88) U/Bb+mbb2/ KQ`2 BM *?�Ti2`
kVX q?BH2 i?2b2 K2�bm`2K2Mib �`2 2�bv iQ +�H+mH�i2 7Q` 2�+? bim/2Mi- i?2v /Q MQi i`�MbH�i2
r2HH BMiQ �+iBQM�#H2 722/#�+F 7Q` i?2 bim/2Mi �M/ �`2 MQi M2+2bb�`BHv i`�Mb72`�#H2 �+`Qbb
+QMi2tib (Rkk- R38)X h?2`2 ?�b #22M bQK2 bm++2bb2b BM KQ/2HBM; H2�`MBM; T`Q+2bb �M/ T`QT@
�;�iBM; 722/#�+F QM BM@T`Q;`2bb bim/2Mi rQ`F (Rke- Rkd- ReN- Rdd)- #mi i?2 T`Q;`�KKBM;
H�M;m�;2b BM i?2b2 `2b2�`+? bim/B2b- �H#2Bi hm`BM;@+QKTH2i2- �`2 #HQ+F@#�b2/ Q` p�`B�#H2@
+QMbi`�BM2/- �M/ i?2v rQmH/ i?mb #2 BMi`�+i�#H2 7Q` KQ`2 +QKTH2t- QT2M@2M/2/ �bbB;MK2Mib
HBF2 "`2�FQmi- Km+? H2bb 7Q` �Mv `2�H@rQ`H/ �bbB;MK2Mib BM �/p�M+2/ *a +Qm`b2bX

h?2 K�BM #�``B2` iQ i`�+i�#H2 �M�HvbBb �M/ KQ/2HBM; bim/2Mi �bbB;MK2Mi rQ`F Bb QM2
Q7 /�i� bT�`bBivX 6Q` K�Mv �bbB;MK2Mib- i?2 /Bbi`B#miBQM Q7 bim/2Mi �#bi`�+i +Q/2 bvMi�t
i`22b BM bim/2MibǶ }M�H bm#KBbbBQMb 7QHHQrb � wBT7 /Bbi`B#miBQM (Rk3- Rdd)- r?B+? ?�b irQ
BKTHB+�iBQMbX 6B`bi- i?2 i�bF Q7 mM/2`bi�M/BM; i?2 bT�+2 Q7 Dmbi }M�H bm#KBbbBQMb Bb �FBM iQ
i?2 i�bF Q7 mM/2`bi�M/BM; M�im`�H bTQF2M H�M;m�;2 (Rkj)X a2+QM/- r?BH2 BMbi`m+iQ`b +�M T`2@
/B+i i?2 KQbi HBF2Hv bQHmiBQMb 7Q` �Mv T`Q;`�KKBM; �bbB;MK2Mi- i?2`2 Bb �Hr�vb � MQM@x2`Q
T`Q#�#BHBiv Q7 2M+QmMi2`BM; � +QKTH2i2Hv M2r bm#KBbbBQM- 7Q` r?B+? i?2`2 Bb MQ mM/2`bi�M/@
BM;X AM Qi?2` rQ`/b- T`2+Bb2- +QKTH2i2Hv �miQMQKQmb mM/2`bi�M/BM; Q7 bim/2Mi �bbB;MK2Mi
rQ`F Bb BMi`�+i�#H2c +QKT�`2/ iQ M�im`�H H�M;m�;2- r?B+? ?�b #BHHBQMb Q7 H�#2H2/ 2t�KTH2b-
i?2 MmK#2` Q7 bim/2Mi bm#KBbbBQMb Bb `�`2Hv BM i?2 KBHHBQMb (3d)- B7 MQi KQ`2 Q7i2M BM i?2
?mM/`2/b Q` i?Qmb�M/b (Rke)X h?Bb T`Q#H2K Bb 2t�+2`#�i2/ B7 r2 +QMbB/2` b�pBM; bM�Tb?Qib
Q7 bim/2Mi T`Q;`2bbc 7Q` � 93y@bim/2Mi +Qm`b2- i?2 �p2`�;2 bim/2Mi T`Q;`�KKBM; "`2�FQmi
bm#KBib � }M�H bm#KBbbBQM jyy HBM2b BM H2M;i? �7i2` �#Qmi k9y BMi2`K2/B�i2 bM�Tb?Qib Q7
bim/2Mi rQ`FX h?2 bQHmiBQM bT�+2 Bb 7�` iQQ H�`;2 7Q` ?mK�M BMbi`m+iQ`b iQ `2pB2r rBi?BM
� `2�bQM�#H2 iBK27`�K2- Km+? H2bb mb2 iQ /2p2HQT +QMbi`m+iBp2 722/#�+F iQ bim/2MibX A7 r2
bmTTH2K2Mi ?mK�M 722/#�+F rBi? `2+2Mi /�i�@/`Bp2M i2+?MB[m2b HBF2 K�+?BM2 H2�`MBM; U2X;X-
7Q` M�im`�H H�M;m�;2 KQ/2HBM; Q` BK�;2 +H�bbB}+�iBQMV- i?2b2 K2i?Q/b Kmbi #2 �/�Ti2/ iQ
Km+? bK�HH2`ě#mi 2[m�HHv +QKTH2tě/�i�b2ibX

h?2 iQQHb BM i?Bb /Bbb2`i�iBQM �`2 BMi`Q/m+2/ �b � }`bi bi2T iQr�`/b 2M�#HBM; BMbi`m+iQ`b
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BM *a +H�bb`QQKb iQ/�v iQ ;Bp2 #2ii2` 722/#�+F QM �HH /BK2MbBQMb Q7 H2�`MBM;X h?2b2 iQQHb
T`QpB/2 � /�i�@/`Bp2M �TT`Q�+? iQ K�tBKBxBM; i?2 ?mK�M `2bQm`+2b �p�BH�#H2 �i �M mM/2`@
;`�/m�i2 *a BMbiBimiBQMX qBi? � #2ii2` mM/2`bi�M/BM; Q7 ?Qr mMbmT2`pBb2/ rQ`F b?�T2b
/Bz2`2Mi i`�D2+iQ`B2b Q7 bim/2Mi H2�`MBM;- BMbi`m+iQ`b +�M T`QKQi2 2z2+iBp2- b2H7@`2;mH�i2/
H2�`MBM; �KQM; i?2 K�DQ`Biv Q7 bim/2Mib- r?BH2 2ti2M/BM; BM@T2`bQM ?2HT iQ bim/2Mib r?Q
M22/ Bi i?2 KQbiX

RXj AMMQp�iBQMb BM �bbB;MK2Mib

h?2 /2bB;M Q7 i?2 �bbB;MK2Mi Bib2H7 Bb �HbQ +`BiB+�H iQ mM/2`bi�M/BM; ?Qr bim/2Mib H2�`M
�M/ Bb /Bb+mbb2/ �b � b2+QM/ +QKTQM2Mi Q7 i?Bb /Bbb2`i�iBQMX hQ i`�Mb7Q`K i?2 T`Q+2bb Q7
mMbmT2`pBb2/ rQ`F K2�Mb iQ `22p�Hm�i2 2p2`v 7�+2i Q7 i?2 �+iBpBiv, A7 r2 �`2 iQ /2bB;M iQQHb iQ
mM/2`bi�M/ i?2 H2�`MBM; T`Q+2bb- ?Qr +�M r2 QTiBKBx2 i?2 mM/2`HvBM; H2�`MBM; 2MpB`QMK2Mi
7Q` Qm` bim/2Mib\ h?2 *a �bbB;MK2Mi +`2�iBM; i?Bb H2�`MBM; 2MpB`QMK2Mi Kmbi #2 /2bB;M2/
iQ /2p2HQT bim/2Mi T`Q#H2K@bQHpBM; bFBHHb v2i �HbQ bmTTQ`i b+�H�#H2 ;`�/BM; �M/ 722/#�+F-
r?BH2 T`QpB/BM; i?2 bim/2Mib rBi? � K2�MBM;7mH- KQiBp�iBQM�H 2tT2`B2M+2 i?�i T`2T�`2b i?2K
7Q` i?2 `QH2 i?�i +QKTmiBM; rBHH TH�v BM i?2B` HBp2bX

AM *aR �M/ *ak +Qm`b2b �`QmM/ i?2 rQ`H/- i?2`2 Bb � TH2i?Q`� Q7 �bbB;MK2Mib i?�i }i
i?2b2 ;Q�HbX h?2 ?QHv ;`�BH Q7 BMi`Q/m+iQ`v �bbB;MK2Mib rQmH/ #2 QM2 i?�i 2M+Qm`�;2b 2tTHQ@
`�iBQM �M/ iBMF2`BM; r?BH2 bBKmHi�M2QmbHv bmTTQ`iBM; �M 2{+B2Mi- 7mHHv �miQK�iB+ 722/#�+F
TBT2HBM2X �M BM+`2�bBM; MmK#2` Q7 �bbB;MK2Mib �`2 /2bB;M2/ rBi? i?Bb ;Q�H BM KBM/ (RR3)-
�M/ K�Mv Qi?2`b T`QKQi2 7`B2M/Hv +QKT2iBiBQM #2ir22M bim/2Mib (dy- Rk8- Rje- Red)X AM
T�`iB+mH�`- QT2M@2M/2/- ;`�T?B+b@#�b2/ �bbB;MK2Mib HBF2 "`2�FQmi �`2 ;�BMBM; TQTmH�`Biv
/m2 iQ i?2B` �#BHBiv iQ 2[m�HBx2 i?2 TH�vBM; }2H/ 7Q` bim/2Mib rBi? p�`vBM; T`Q;`�KKBM;
#�+F;`QmM/b (99- dy- R9d)X 6Q` MQpB+2b- i?2 ;`�T?B+�H pBbm�HBx�iBQM ;Bp2b i?2K BKK2/B�i2
722/#�+F QM r?�i i?2v ?�p2 BKTH2K2Mi2/ bQ 7�`c 7Q` 2tT2`B2M+2/ T`Q;`�KK2`b- i?2 QT2M@
2M/2/ M�im`2 H2�p2b `QQK 7Q` 2tT2`BK2Mi�iBQM �M/ 2tTHQ`�iBQM #2vQM/ i?2 #�b2 �bbB;MK2MiX
.2bTBi2 i?2 TQi2MiB�H #2M2}ib iQ bim/2Mib- BMbi`m+iQ`b K�v }M/ i?2b2 �bbB;MK2Mib �`/mQmb
iQ ;`�/2 #2+�mb2 Q7 i?2 H�`;2 bT�+2 Q7 TQi2MiB�H bQHmiBQMbX

AM KQ`2 �/p�M+2/ +Qm`b2b- BMbi`m+iQ`b Kmbi /2bB;M �bbB;MK2Mib i?�i T`2T�`2 bim/2Mib 7Q`
i?2 2tT2`B2M+2b i?�i i?2v rBHH 7�+2 BM i?2 }2H/X 6Q` BMi`Q/m+iQ`v +Qm`b2b- �bbB;MK2Mi ;Q�Hb
�`2 +H2�`, ;2i bim/2Mib 2t+Bi2/ �#Qmi +QKTmi2` b+B2M+2- �M/ ;Bp2 �bbB;MK2Mib i?�i +QMM2+i
+QKTmiBM; iQ i?2B` 2p2`v/�v HBp2bX PM i?2 Qi?2` ?�M/- �/p�M+2/ +Qm`b2b b?QmH/ +QMi�BM i�bFb
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i?�i bim/2Mib rBHH BM2pBi�#Hv 7�+2 BM 2M;BM22`BM; �M/ `2b2�`+?X �b � `2bmHi- ;`�/m�i2 +Qm`b2b
BM +QKTmiBM; Q7i2M BM+Hm/2 � H�`;2`- KmHiB@r22F T`QD2+i rBi? � }M�H `2TQ`i r`Bi2@mT- bQ
bim/2Mib +�M /2p2HQT i?2B` i2+?MB+�H 2tT2`iBb2- �#BHBiv iQ K�M�;2 � T`QD2+i- �M/ T`2b2Mi�iBQM
�M/ /Q+mK2Mi�iBQM bFBHHbX .2bB;MBM; i?2b2 T`QD2+ib iQ #2 QT2M@2M/2/ Bb T2`?�Tb 2p2M KQ`2
BKTQ`i�Mi 7Q` �/p�M+2/ bim/2Mib- #2+�mb2 �b 7mim`2 2M;BM22`b Q` �+�/2KB+ `2b2�`+?2`b- i?2B`
rQ`F rBHH mM[m2biBQM�#Hv p2Mim`2 BMiQ mM+?�`i2/ i2``BiQ`vX �/p�M+2/ bim/2Mib +�M mb2
i?2b2 +Qm`b2 T`QD2+ib iQ T`�+iB+2 ?Qr iQ M�pB;�i2 i?2 mMFMQrMX Ai Bb +QbiHv 7Q` BMbi`m+iQ`b
iQ BMp2bi BM `2H2p�Mi- iBK2H2bb �bbB;MK2MibX LQi QMHv b?QmH/ i?2 B/2�H �bbB;MK2Mi 2M+Qm`�;2
bim/2Mib iQ /2p2HQT �M/ BKTH2K2Mi � +`2�iBp2 bQHmiBQM rBi?BM � `2�bQM�#H2 iBK2HBM2- #mi
�HbQ BMbi`m+iQ`b b?QmH/ #2 �#H2 iQ ;`�/2 Bi QM � +QMbBbi2Mi b+�H2 �M/ bmTTQ`i i?2 H2�`MBM;
T`Q+2bb rBi? +H�bb`QQK `2bQm`+2bX

RX9 *QMi`B#miBQMb �M/ QmiHBM2

h?Bb /Bbb2`i�iBQM 2tTHQ`2b ?Qr iQ BKT`Qp2 BM/BpB/m�H- mMbmT2`pBb2/ rQ`F �b Bi 2tBbib BM
+QKTmiBM; 2/m+�iBQM +Qm`b2b iQ/�vX q2 T`2b2Mi 7Qm` iQQHb i?�i +�M #2 BKTH2K2Mi2/ BKK2@
/B�i2Hv BM 2tBbiBM; +H�bb`QQKb iQ mM/2`bi�M/ i?2 H2�`MBM; T`Q+2bb �M/ BKT`Qp2 2/m+�iBQMX
h?2 `2K�BM/2` Q7 i?Bb /Bbb2`i�iBQM Bb Q`;�MBx2/ �b 7QHHQrb,

AM *?�Ti2` k- r2 BMi`Q/m+2 i?2 Sv`�KB/aM�Tb?Qi /�i�b2i �HQM; rBi? i?2 }`bi Q7 Qm`
iQQHb, KBH2biQM2b- � K2i?Q/ iQ B/2MiB7v 7mM+iBQM�H T`Q;`2bb QM � H�`;2 /�i�b2i Q7 BMi2`@
K2/B�i2 bim/2Mi bm#KBbbBQMbX h?Bb rQ`F Bb i?2 }`bi iQ T`QpB/2 � 7`�K2rQ`F 7Q` K2`;BM;
2tT2`i FMQrH2/;2 rBi? K�+?BM2 H2�`MBM; BK�;2 +H�bbB}2`b BM Q`/2` iQ +?�`�+i2`Bx2 7mM+iBQM�H
T`Q;`2bb QM ;`�T?B+b@#�b2/ �bbB;MK2Mib- r?B+? �`2 +QKTH2t #mi TQTmH�` BM BMi`Q/m+iQ`v *a
+Qm`b2bX qBi? i?Bb K2i?Q/- `2b2�`+?2`b �M/ BMbi`m+iQ`b �HBF2 +�M mM/2`bi�M/ ?Qr bim/2Mib
rQ`F i?`Qm;? i?2 �bbB;MK2Mi- 7`QK i?2 T2`bT2+iBp2 Q7 i?2 BM/BpB/m�H bim/2Mi- �b r2HH �b i?2
+H�bb �b �M �;;`2;�i2X h?2 +2Mi`�H +QMi2Mi Q7 i?Bb +?�Ti2` r�b Q`B;BM�HHv Tm#HBb?2/ BM u�M
2i �HX (R3y)X

AM *?�Ti2` j- r2 T`2b2Mi S2MbB2p2- i?2 }`bi Q7 irQ BMbi`m+iQ`@7�+BM; iQQHb- r?B+? pBbm@
�HBx2b bim/2Mi rQ`F Qp2` iBK2X lbBM; i?Bb iQQH- BMbi`m+iQ`b +�M mb2 i?2 H2�`MBM; T`Q+2bb iQ
2M?�M+2 722/#�+F �M/ bim/2Mi K2i�+Q;MBiBp2 /2p2HQTK2Mi QM mMbmT2`pBb2/ rQ`FX q2 `2TQ`i
T`2HBKBM�`v `2bmHib Q7 ?Qr bim/2Mib BM �M Qz2`BM; Q7 *aR i?�i mb2/ S2MbB2p2 T2`7Q`K2/ #2i@
i2` i?�M QM2 i?�i /B/ mb2 MQi S2MbB2p2X h?2 +QMi2Mi Q7 i?Bb +?�Ti2` r�b Q`B;BM�HHv Tm#HBb?2/
BM u�M 2i �HX (Rd3)X
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AM *?�Ti2` 9- r2 T`2b2Mi hJPaa- Qm` b2+QM/ BMbi`m+iQ`@7�+BM; iQQH 7Q` mM/2`bi�M/BM;
i?2 H2�`MBM; T`Q+2bbX J�Mv 2tBbiBM; iQQHb QMHv rQ`F QM }M�H bm#KBbbBQMb Q7 bim/2Mi rQ`Fc
BM +QMi`�bi- hJPaa +�M /2i2+i r?2M- r?2`2- �M/ ?Qr 2t+2bbBp2 +QHH�#Q`�iBQM BKT�+ib
mMbmT2`pBb2/ rQ`FX lbBM; hJPaa- r2 r2`2 �#H2 iQ B/2MiB7v /Bz2`2Mi bim/2Mi +QHH�#Q`�iBQM
T�ii2`Mb �M/ �M�Hvx2 ?Qr i?2b2 T�ii2`Mb +Q``2H�i2/ rBi? +Qm`b2 T2`7Q`K�M+2X h?2 +QMi2Mi
Q7 i?Bb +?�Ti2` r�b Q`B;BM�HHv Tm#HBb?2/ BM u�M 2i �HX (R3R)X

AM *?�Ti2` 8- r2 T`2b2Mi �M �bbB;MK2Mi /2bB;M2/ iQ BKT`Qp2 i?2 ;`�/m�i2 M2irQ`FBM;
bim/2Mi H2�`MBM; 2tT2`B2M+2X h?2 _2T`Q/m+BM; _2b2�`+? _2bmHib T`QD2+i i�bFb bim/2Mib rBi?
`2T`Q/m+BM; F2v }M/BM;b BM 2tBbiBM; M2irQ`FBM; `2b2�`+?- 2M�#HBM; bim/2Mib iQ 2tT2`B2M+2
� `2�HBbiB+ `2b2�`+? 2MpB`QMK2Mi r?BH2 +QMM2+iBM; i?2K rBi? i?2 `2bi Q7 i?2 M2irQ`FBM;
+QKKmMBivX h?2 +QMi2Mi Q7 i?Bb +?�Ti2` r�b Q`B;BM�HHv Tm#HBb?2/ BM u�M 2i �HX (RdN)X

6BM�HHv- *?�Ti2` e bmKK�`Bx2b i?2 /Bbb2`i�iBQMǶb K�BM +QMi`B#miBQMb �M/ /2b+`B#2b TQ@
i2MiB�H 7mim`2 `2b2�`+? /B`2+iBQMb 7Q` bmTTQ`iBM; H2�`MBM; MQi QMHv BM iQ/�vǶb mM/2`;`�/m�i2
+QKTmiBM; 2/m+�iBQM- #mi �HbQ BM i?2 H�`;2` bT�+2 Q7 2/m+�iBQMX



*?�Ti2` k

Sv`�KB/ JBH2biQM2b

6B`bi@iBK2 *a bim/2Mib H2�`M #v T`Q;`�KKBM;ěi?2v Kmbi /2bB;M �M �TT`Q�+?- /2#m; i?2B`
+Q/2- �M/ Bi2`�iBp2Hv BKT`Qp2 iQr�`/b � }M�H bQHmiBQMX 6Q` � i2�+?2`- ?Qr2p2`- � bBM;H2
iBK2bi�KT2/ bm#KBbbBQM T2` bim/2Mi �i i?2 2M/ Q7 i?Bb T`Q+2bb Bb BMbm{+B2Mi iQ +�Tim`2 �HH
i?2 BMi2`K2/B�i2 bi2Tb � bim/2Mi ?�b i�F2M iQr�`/b � bQHmiBQMX q?BH2 � }M�H bm#KBbbBQM
;Bp2b bQK2 BM/B+�iBQM Q7 ?Qr � bim/2Mi /2bB;M2/ i?2B` bQHmiBQM- Bi `2p2�Hb p2`v HBiiH2 �#Qmi
i?2 �ii2KTib �M/ /2iQm`b i?�i � bim/2Mi K�v ?�p2 K�/2 �HQM; i?2 r�vX

*QMbB/2` irQ bim/2Mib- aim/2Mi � �M/ aim/2Mi "- rQ`FBM; QM � *aR ;`�T?B+b@#�b2/
�bbB;MK2Mi +�HH2/ Sv`�KB/- r?2`2 i?2 i�bF Bb iQ /`�r � Sv`�KB/X "Qi? bm#KBbbBQMb `2+2Bp2/
7mHH +`2/Bic 7m`i?2`KQ`2- � i2�+?2` MQiB+2/ i?�i r?BH2 aim/2Mi � �+?B2p2/ QMHv i?2 #�b2HBM2
Sv`�KB/ U6B;m`2 kXR�V- aim/2Mi " r2Mi �#Qp2 �M/ #2vQM/- K2`BiBM; 2ti`� +`2/Bi U6B;m`2
kXR#VX >Qr2p2`- i?2 }M�H bm#KBbbBQM Bb � b?�HHQr `2~2+iBQM Q7 i?2 irQ bim/2MibǶ H2�`MBM;
T`Q+2bbX PM i?2 KB/i2`K 2t�K irQ r22Fb H�i2`- aim/2Mi � r�b � iQT b+Q`2`- r?2`2�b
aim/2Mi " b+Q`2/ �KQM; i?2 #QiiQK i2M BM � +H�bb Q7 8yy bim/2MibX � /22T /Bp2 BMiQ i?2
bim/2MibǶ rQ`F rQmH/ `2p2�H i?�i �7i2` Dmbi R9 KBMmi2b- aim/2Mi � ?�/ /`�rM i?2B` }`bi
Sv`�KB/ b?�T2X AM +QMi`�bi- aim/2Mi " iQQF 8 ?Qm`b �M/ 98 KBMmi2b iQ `2�+? i?2 b�K2
KBH2biQM2 �M/ bT2Mi Qp2` eyW Q7 i?2B` iQi�H rQ`F iBK2 /2#m;;BM; +QKTBH2@iBK2 2``Q`bX

6Q` *a +Qm`b2b- r?BH2 Bi Bb 2�bv iQ ;2M2`�i2 i?2b2 HQr@H2p2H K2i`B+b iQ /2KQMbi`�i2 i?2
/Bz2`2M+2 #2ir22M aim/2Mi �Ƕb �M/ aim/2Mi "Ƕb H2�`MBM; T`Q+2bb2b- Qm` i2�+?2` rBHH }M/ Bi
Km+? KQ`2 /B{+mHi iQ mb2 i?Bb BM7Q`K�iBQM iQ ;Bp2 aim/2Mi " �+iBQM�#H2 722/#�+F QM ?Qr
i?2v +�M BKT`Qp2X q?�i rQmH/ #2 KQ`2 K2�MBM;7mH i?�M i?2b2 bi�iBbiB+b Bb � +?�`�+i2`Bx�iBQM
Q7 7mM+iBQM�H T`Q;`2bb Qp2` i?2 +Qm`b2 Q7 � bim/2MiǶb mMbmT2`pBb2/ rQ`FX A7 bM�Tb?Qib Q7
bim/2Mi +Q/2 +QmH/ #2 K�TT2/ iQ KBH2biQM2b- Q` BM+`2K2Mi�H �ii2KTib Q7 7mM+iBQM�H T`Q;`2bb

Rj
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U�V �bbB;MK2Mi ;Q�HX U#V 1ti`� +`2/Bi 2t�KTH2X

6B;m`2 kXR, *QKTBH2/ BK�;2 QmiTmi Q7 irQ 7mHH@+`2/Bi bim/2Mi }M�H bm#KBbbBQMb Q7 i?2 Sv`�@
KB/ �bbB;MK2Mi #v U�V aim/2Mi � �M/ U#V aim/2Mi "X

iQr�`/b i?2 �bbB;MK2Mi ;Q�H- i?2M Qm` i2�+?2` +�M /Bz2`2MiB�i2 #2ir22Mě7Q` 2t�KTH2ě�M
QM@i`�+F bim/2Mi U6B;m`2 kXk�V �M/ � bi`m;;HBM; bim/2Mi U6B;m`2 kXk#VX Pm` i2�+?2` +�M i?2M
i?2M /Bb+mbb rBi? #Qi? bim/2Mib i?2B` `2bT2+iBp2 �TT`Q�+?2b BM /2i�BH- �b r2HH �b `2~2+i KQ`2
#`Q�/Hv QM r?2i?2` i?2 +H�bb Bb �/2[m�i2Hv T`2T�`2/ iQ M�pB;�i2 i?2 Sv`�KB/ �bbB;MK2MiX

h?2 /B{+mHiv BM mM/2`bi�M/BM; 7mM+iBQM�H T`Q;`2bb /m`BM; mMbmT2`pBb2/ rQ`F bi2Kb 7`QK
i?2 KmHiBim/2 Q7 /Bz2`2Mi bQHmiBQM T�i?b TQbbB#H2X q?BH2 K�Mm�HHv BMbT2+iBM; i?2 7mM+iBQM�H
T`Q;`2bb Q7 irQ bim/2Mib K�v #2 72�bB#H2 7Q` � ?mK�M BMbi`m+iQ`- Bi Bb BMi`�+i�#H2 iQ 2ti2M/
i?Bb ivT2 Q7 �M�HvbBb iQ �HH 8yy bim/2Mib BM i?2 +H�bb`QQK �#Qp2X lMBi i2biBM; �M/ Qi?2` �miQ@
K�i2/ �bb2bbK2Mi iQQHb �`2 Q7i2M QMHv /2bB;M2/ iQ i2bi 7mM+iBQM�HBiv Q7 i?2 }M�H bm#KBbbBQM-
�M/ i2�+?2`b rQmH/ ?�p2 iQ /2bB;M �M/ 2M;BM22` �//BiBQM�H i2bib 7Q` B/2MiB7vBM; BMi2`K2@
/B�i2 KBH2biQM2bX 1tBbiBM; iQQHb �`2 �HbQ /B{+mHi iQ i�BHQ` iQ ;`�T?B+b@#�b2/ T`Q;`�KKBM;
�bbB;MK2Mib- r?B+? ?�p2 `2+2MiHv ;�BM2/ TQTmH�`Biv BM K�Mv *aR +Qm`b2bX .m2 iQ i?2B`
QT2M@2M/2/ M�im`2ě2M�#HBM; T`Q;`�KK2`b Q7 �HH H2p2Hb iQ ;2i [mB+F- pBbm�H 722/#�+F BM �M
2tTHQ`�iQ`v 2MpB`QMK2Miěi?2 H�`;2 bQHmiBQM bT�+2b Q7i2M `2M/2` mMBi@i2biBM; /2p2HQTK2Mi
Q` bvMi�t@#�b2/ +Q/2 �M�HvbBb BMbm{+B2Mi 7Q` }M�H bm#KBbbBQMb- Km+? H2bb BMi2`K2/B�i2 +Q/2
bM�Tb?QibX

AM i?Bb +?�Ti2`- r2 2tTHQ`2 ?Qr iQ �miQK�iB+�HHv +?�`�+i2`Bx2 7mM+iBQM�H T`Q;`2bb QM �
;`�T?B+b@#�b2/ �bbB;MK2Mi- Sv`�KB/X AMbi2�/ Q7 KQ/2HBM; bim/2Mi +Q/2- Qm` b+?2K2 mb2b
QMHv i?2 +QKTBH2/ BK�;2 QmiTmib Q7 bim/2Mi rQ`F iQ ;2M2`�i2 KBH2biQM2 H�#2Hb- r?B+? +Q`@
`2bTQM/ iQ Kmim�HHv 2t+HmbBp2 bi2Tb iQ bm++2bbX "v 7Q+mbBM; QMHv QM i?2 +QKTBH2/ BK�;2
QmiTmi Q7 i?2b2 +Q/2 bM�Tb?Qib- Qm` i�bF Q7 mM/2`bi�M/BM; 7mM+iBQM�H T`Q;`2bb #2+QK2b �M
BK�;2 +H�bbB}+�iBQM T`Q#H2K- �M/ r2 �`2 �#H2 iQ i�T BMiQ i?2 `B+? }2H/ Q7 +QKTmi2` pBbBQM-
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Right	triangleTwo	row Rectangle Single	row Perfect
U�V JBH2biQM2 H�#2Hb 7Q` � b2`B2b Q7 BK�;2b 7`QK � ivTB+�H bim/2MiX

Off-track Column	(diagonal)
structure

Off-track Off-track Off-track

U#V JBH2biQM2 H�#2Hb 7Q` � b2`B2b Q7 BK�;2b 7`QK � bi`m;;HBM; bim/2MiX

6B;m`2 kXk, hrQ bim/2MibǶ +QKTBH2/ BK�;2b Q7 7mM+iBQM�H T`Q;`2bb QM i?2 Sv`�KB/ �bbB;M@
K2Mi- �MMQi�i2/ rBi? KBH2biQM2 H�#2HbX

r?2`2 K�+?BM2 H2�`MBM; �/p�M+2b ?�p2 K�i+?2/ (3e) �M/- KQ`2 `2+2MiHv- bm`T�bb2/ (R3e)
?mK�M �#BHBiv iQ /2i2+i Q#D2+ib 7`QK TBt2H BMTmiX >Qr2p2`- iQ Qm` FMQrH2/;2- BM bTBi2 Q7
i?2B` 2z2+iBp2M2bb- +QMi2KTQ`�`v pBbBQM +H�bbB}+�iBQM i2+?MB[m2b ?�p2 `�`2Hv #22M �TTHB2/
iQ bim/2Mi +Q/2- �b K�Mv bi�i2@Q7@i?2@�`i i2+?MB[m2b �`2 bmT2`pBb2/ě`2[mB`BM; r2HH@H�#2H2/-
TH2MiB7mH /�i�- r?B+? bim/2Mi �bbB;MK2Mi /�i� Q7i2M H�+FbX

Pm` +�b2 bim/v Bb i?2 Sv`�KB/ �bbB;MK2Mi- � +�MQMB+�H *aR ;`�T?B+b@#�b2/ i�bF U6B;m`2
kXR- �TT2M/Bt �VX AM Q`/2` iQ K�``v i?2 irQ }2H/b Q7 *a 2/m+�iBQM `2b2�`+? �M/ +QKTmi2`
pBbBQM- r2 /2pBb2 � i`�+i�#H2 r�v Q7 T`2T�`BM; � H�#2H2/ /�i�b2iěi�;;BM; iBK2bi�KT2/-
T`Q;`�K BK�;2 QmiTmi rBi? KBH2biQM2 H�#2Hbě7Q` bmT2`pBb2/ K�+?BM2 H2�`MBM;X h?2 Sv`�@
KB/aM�Tb?Qi /�i�b2i +QMi�BMb iBK2bi�KT2/- T`Q;`�K BK�;2 QmiTmi Q7 k-ejj bim/2Mib Qp2`
ke *aR Qz2`BM;b 7`QK i?2 b�K2 mMBp2`bBivc 39-Rkd Q7 RyR-eje BK�;2b Q7 BMi2`K2/B�i2 rQ`F
�`2 �MMQi�i2/ rBi? QM2 Q7 Re KBH2biQM2 H�#2Hb K�TTBM; iQ 7mM+iBQM�H T`Q;`2bbX h?`Qm;?
i?2 K2i?Q/ BMi`Q/m+2/ BM i?Bb +?�Ti2`- MQi QMHv +�M r2 2tT�M/ Qm` mM/2`bi�M/BM; Q7 mM@
bmT2`pBb2/ rQ`F- #mi r2 �HbQ ?QT2 iQ 2tT2/Bi2 i?2 T`2T�`�iBQM Q7 M2r �bbB;MK2Mi /�i� 7Q`
7mM+iBQM�H T`Q;`2bb �M�HvbBbX

h?2`2 �`2 i?`22 K�BM +QMi`B#miBQMb Q7 i?Bb rQ`F- r?B+? 7QHHQr �7i2` � /Bb+mbbBQM Q7 `2H�i2/
rQ`F BM a2+iBQM kXR, 6B`bi- BM a2+iBQM kXk r2 /2b+`B#2 �M 2{+B2Mi K2i?Q/ Q7 mbBM; BMbi`m+iQ`
2tT2`i FMQrH2/;2 iQ [mB+FHv +?�`�+i2`Bx2 7mM+iBQM�H T`Q;`2bb QM � H�`;2 7`�+iBQM Q7 Qm`
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/�i�b2iX q2 bmTTH2K2Mi i?2b2 ?�M/@H�#2H2/ 2tT2`i /�i� rBi? K�+?BM2 H2�`MBM; i2+?MB[m2b
iQ +Qp2` i?2 2MiB`2 /�i�b2i BM a2+iBQM kXjX a2+QM/- BM a2+iBQM kX9 r2 b?Qr ?Qr BMbi`m+iQ`b +�M
mb2 7mM+iBQM�H T`Q;`2bb iQ H2�`M KQ`2 �#Qmi ?Qr /Bz2`2Mi ;`QmTb Q7 bim/2Mib BMi2`�+i rBi?
i?2 Sv`�KB/ �bbB;MK2MiX h?B`/- BM a2+iBQM kX8 r2 /Bb+mbb i?2 72�bB#BHBiv Q7 mbBM; +QKTmi2`
pBbBQM i2+?MB[m2b iQ ;`�/2 bim/2Mi }M�H bm#KBbbBQMbX h?Bb Bb � }`bi bi2T BM T`QpB/BM; b+�H�#H2
+?�`�+i2`Bx�iBQM Q7 bim/2Mi T`Q;`2bb /m`BM; mMbmT2`pBb2/ rQ`F- �M/ r2 Tm#HBb?2/ i?2 7mHHv
H�#2H2/ Sv`�KB/aM�Tb?Qi /�i�b2iR +`2�i2/ BM i?Bb rQ`F bQ i?�i `2b2�`+?2`b +�M 2ti2M/ Qm`
rQ`F iQ M2r �bbB;MK2MibX

kXR _2H�i2/ rQ`F

h?2`2 Bb � ;`QrBM; #Q/v Q7 rQ`F QM �miQK�i2/ �bb2bbK2Mi iQQHb- r?B+? �`2 /2bB;M2/ iQ
mM/2`bi�M/ �M/ ;Bp2 722/#�+F iQ bim/2MibX J�Mv +Qm`b2b �HbQ 2KTHQv i2bi@/`Bp2M H2�`MBM;-
r?2`2 bim/2Mib mb2 � T`QpB/2/ b2i Q7 mMBi i2bib Q` r`Bi2 i?2B` QrM mbBM; � bvbi2K HBF2 q2#@
*�h (9N- 3R)X >Qr2p2`- mMBi i2bib BM ;2M2`�H �`2 Q7i2M #`BiiH2- iBK2@+QMbmKBM; iQ /2p2HQT-
�M/ ?�`/ iQ �TTHv iQ ;`�T?B+b@#�b2/ �bbB;MK2Mib- r?B+? �HHQr 7Q` p�`B�iBQM �KQM; +Q``2+i
bQHmiBQMbX h?mb- KQbi +QMi2KTQ`�`v rQ`F �BKb iQ mM/2`bi�M/ bim/2Mi T`Q;`�Kb #�b2/ QM
�#bi`�+i bvMi�t i`22 U�ahV bi`m+im`2 (dR- Ry3- RRk- R99- Re3)X q?BH2 i?2b2 �TT`Q�+?2b rQ`F
7Q` b?Q`i T`Q;`�Kb rBi? HQr +QKTH2tBiv- >m�M; 2i �HX 7QmM/ i?�i BKTH2K2MiBM; �ah@#�b2/
722/#�+F BM ;2M2`�H Bb �b ?�`/ � i�bF �b �miQMQKQmbHv mM/2`bi�M/BM; M�im`�H H�M;m�;2 (dk)X

hQ K�F2 *a +Qm`b2b KQ`2 �++2bbB#H2 7Q` � /Bp2`b2 b2i Q7 H2�`M2`b- mMbmT2`pBb2/ rQ`F
b?QmH/ 2M+Qm`�;2 T2`bQM�H �TT`Q�+?2b iQ T`Q;`�KKBM; (Rek)X aQK2 T`Q;`�KKBM; H�M;m�;2b
BM?2`2MiHv 2M+Qm`�;2 2tTHQ`�iBQM- bm+? �b a+`�i+? (Rj3) �M/ �HB+2 (9R)X 6Q` i2ti@#�b2/ T`Q@
;`�KKBM; H�M;m�;2b- QM i?2 Qi?2` ?�M/- +`2�iBpBiv Bb Tmb?2/ iQ i?2 �bbB;MK2Mib- r?B+? �`2
Q7i2M QT2M@2M/2/ i�bFb i?�i bmTTQ`i pBbm�H QmiTmi (Nj- RR3- R9y- R83)X 6H2tB#H2 �bbB;MK2Mib
bmTTQ`i #Qi? TH�MM2` �M/ iBMF2`2` �TT`Q�+?2b iQ bQHpBM; i?2 T`Q#H2K- #2+�mb2 bm+? �bbB;M@
K2Mib �HHQr bi`�i2;B+ TH�MMBM; Q7 KBH2biQM2b �M/ BM+`2K2Mi�H- 2tTHQ`�iQ`v bi2Tb iQr�`/b i?2
bQHmiBQMX

�bbB;MK2Mi rQ`F T�ii2`Mb �`2 Q7i2M bi`QM; BM/B+�iQ`b Q7 bim/2Mi T2`7Q`K�M+2 BM i?2
+Qm`b2 (N3)- i?2 BMi2`TH�v #2ir22M rQ`F �M/ TH�;B�`BbK (R3R)- �M/ i?2 2ti2Mi iQ r?B+? bim@
/2Mib �`2 iBMF2`BM; p2`bmb K�FBM; 7Q`r�`/ T`Q;`2bb (kj)X Ai ?�b #22M 7QmM/ i?�i � bim/2MiǶb

R.�i�b2i �p�BH�#H2 �i ?iiT,ffbi�M7Q`/X2/mf�+TB2+?fTv`�KB/bM�Tb?Qif+?�HH2M;2X?iKHX

http://stanford.edu/~cpiech/pyramidsnapshot/challenge.html
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BMi2`�+iBQM rBi? bvMi�t- +QKTBH2- �M/ `mMiBK2 2``Q`b +�M #2 T`2/B+iQ`b Q7 bim/2Mi T2`7Q`@
K�M+2 (Re- jj- dN- R88)X �?�/B 2i �HX b?Qr2/ i?�i �bbB;MK2Mi +QKTH2iBQM iBK2b- �KQM; Qi?2`
HQr@H2p2H �bbB;MK2Mi 72�im`2b- r2`2 T`2/B+iBp2 Q7 2t�K b+Q`2b (d)- r?BH2 SB2+? 2i �HX b?Qr2/
i?�i 7mM+iBQM�H T`Q;`2bb QM bBKTH2- p�`B�#H2@7`22 �bbB;MK2Mib +�M #2ii2` T`2/B+i 2t�K T2`@
7Q`K�M+2 (Rkd)X AM i?2 +H�bb`QQK- JQ``BbQM 2i �HX 7QmM/ i?�i 2M+Qm`�;BM; bim/2Mib iQ H�#2H
7mM+iBQM�H bm#;Q�Hb +QMi`B#mi2/ iQ #2ii2` bim/2Mi T2`7Q`K�M+2- #mi bm+? H�#2HBM; b?QmH/
#2 r2HH@KQMBiQ`2/ #v BMbi`m+iQ`b (RRy- RRR)X lM/2`bi�M/BM; 7mM+iBQM�H 2pQHmiBQM Q7 bim/2Mi
bQHmiBQMb ?�b #22M 2tTHQ`2/ 7Q` ;`B/@rQ`H/- bBKTH2 #HQ+F #�b2/ �bbB;MK2Mib (Rke- Rkd- ReN)X
hQ Qm` FMQrH2/;2- Qm` rQ`F Bb i?2 }`bi iQ 2tTHQ`2 7mM+iBQM�HBiv �M/ bim/2Mi T`Q;`2bb 7Q`
�bbB;MK2Mib i?�i mb2 TBt2H@#�b2/ ;`�T?B+�H QmiTmi- r?B+? �`2 +QKTH2t �M/ KQ`2 ivTB+�H Q7
+QKTmi2` b+B2M+2 H2�`MBM; 2MpB`QMK2MibX

q2 +B`+mKp2Mi i?2 /B{+mHiv Q7 �ah@#�b2/ 7mM+iBQM�HBiv �M�HvbBb #v mbBM; TBt2H@#�b2/
pBbm�H T`Q;`�K QmiTmiX AM kyRj- � i2�K Q7 `2b2�`+?2`b 7`QK .22TJBM/ /2KQMbi`�i2/ i?�i
� +QMpQHmiBQM�H M2m`�H M2irQ`F@#�b2/ �H;Q`Bi?K +QmH/ H2�`M iQ TH�v �i�`B ;�K2b �b r2HH
�b ?mK�Mb mbBM; QMHv TBt2H QmiTmi (Ryd)X "2+�mb2 i?2 �i�`B ;�K2b mb2/ BM i?2 .22TJBM/
T�T2` �`2 p2`v bBKBH�` BM +QKTH2tBiv iQ i?2 QmiTmib Q7 �bbB;MK2Mib ivTB+�H BM *aR �M/ *ak
+H�bb2bě�M/ bQK2 Q7 i?2 �i�`B ;�K2b �`2 BM 7�+i +H�bbB+ ?QK2rQ`F �bbB;MK2Mib (RR3)ěr2
?�p2 `2�bQM iQ #2HB2p2 i?�i KQ/2`M +QKTmi2` pBbBQM �H;Q`Bi?Kb b?QmH/ #2 �#H2 iQ mM/2`bi�M/
i?2 QmiTmi Q7 Qm` bim/2MiǶb ;`�T?B+�H T`Q;`�Kb 7`QK i?2 TBt2H H2p2HX .2bTBi2 i?Bb TQi2MiB�H-
iQ i?2 #2bi Q7 Qm` FMQrH2/;2- i?2 +�T�+Biv 7Q` mM/2`bi�M/BM; ;`�T?B+b T`BQ` iQ i?Bb T�T2`
?�b #22M mb2/ KQbiHv iQ TH�v �M/ `�`2Hv iQ 2/m+�i2X PT2M /�i�b2ib ?�p2 #22M BMi2;`�H iQ
i?2 2�`Hv 2pQHmiBQM Q7 +QKTmi2` pBbBQM i2+?MB[m2b (8j- 3e- N8)c r2 ?QT2 i?�i Qm` +QMi`B#miBQM
Q7 i?Bb /�i�b2i rBHH ?2HT i?2 *a 2/m+�iBQM +QKKmMBiv 2pQHp2X

kXk S`2T�`BM; � /�i�b2i

h?2 KQbi 2z2+iBp2 K�+?BM2 H2�`MBM; +H�bbB}2`b iQ/�v mb2 bmT2`pBb2/ H2�`MBM; i2+?MB[m2b QM
`2HB�#H2- r2HH@H�#2H2/ +�MQMB+�H /�i�b2ib (d9- R8N)X >Qr2p2`- bim/2Mi �bbB;MK2Mi /�i�b2ib �`2
�Mvi?BM; #miěi?2 #B;;2bi +?�HH2M;2 iQ �miQK�iB+ +?�`�+i2`Bx�iBQM Q7 bim/2Mi mMbmT2`pBb2/
rQ`F Bb 2bi�#HBb?BM; ;`QmM/@i`mi? H�#2HbX �miQ;`�/2` QmiTmi �M/ ;`�/BM; `m#`B+b K�v #2
�TT`QT`B�i2 H�#2Hb 7Q` bim/2Mi }M�H bm#KBbbBQMb U2H�#Q`�i2/ 7m`i?2` BM a2+iBQM kX8Vc ?Qr2p2`-
r?2M +?�`�+i2`BxBM; BM@T`Q;`2bb bim/2Mi rQ`F- bm+? b+?2K2b 7�HH b?Q`i #2+�mb2 i?2v �`2
/2bB;M2/ iQ �bb2bb +QKTH2i2 bm#KBbbBQMb- MQi 2p2`vi?BM; BM #2ir22MX AM i?Bb b2+iBQM- r2
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Tm#HB+ pQB/ `mMUV &
7Q`UBMi B 4 yc B I "_A*EanALn"�a1c BYYV &

ff +�H+mH�i2 `Qr p�`B�#H2b
BMi M"`B+Fb 4 "_A*EanALn"�a1 @ Bc
BMi `QrqB/i? 4 M"`B+Fb  "_A*EnqA.h>c
/Qm#H2 `Qru 4 >1A:>h @UBYRV "_A*En>1A:>hc
/Qm#H2 `Qrs 4 UqA.h> @ `QrqB/i?VfkXyc
ff /`�r � bBM;H2 `Qr
7Q`UBMi D 4 yc D I M"`B+Fbc DYYV &

ff �// � bBM;H2 #`B+F
/Qm#H2 t 4 `Qrs Y D  "_A*EnqA.h>c
`2+iUt- `Qru- "_A*EnqA.h> - "_A*En>1A:>hVc

'
'

'

6B;m`2 kXj, a�KTH2 bQHmiBQM +Q/2 7Q` i?2 Sv`�KB/ �bbB;MK2MiX

/Bb+mbb ?Qr r2 i`�Mb7Q`K2/ bim/2Mi rQ`F Sv`�KB/ �bbB;MK2Mi BMiQ i?2 Sv`�KB/aM�Tb?Qi
.�i�b2i- � H�#2H2/ /�i�b2i T`2T�`2/ 7Q` bmT2`pBb2/ +H�bbB}+�iBQM i�bFbX

h?2 Sv`�KB/ �bbB;MK2Mi Bb � bm#@T`Q#H2K BM i?2 b2+QM/ r22F Q7 � Ry@r22F *aR +Qm`b2
�i ai�M7Q`/X h?2 �bbB;MK2Mi Bb b+QT2/ �b i?2 bim/2MibǶ }`bi 2tTQbm`2 iQ p�`B�#H2b- Q#D2+i
K�MBTmH�iBQM- �M/ 7Q`@HQQT BM/2tBM;X �b T�`i Q7 i?2B` BM/BpB/m�H- i�F2@?QK2 �bbB;MK2Mi-
bim/2Mib mb2 C�p�Ƕb �*J ;`�T?B+b HB#`�`v (R9k) iQ /`�r #`B+Fb QM i?2 b+`22M �M/ +QMbi`m+i
� Tv`�KB/ b?�T2- �M/ i?2v �`2 �r�`/2/ 2ti`� +`2/Bi TQBMib B7 i?2v +�M 2ti2M/ i?2 +Q``2+i
Tv`�KB/X � i2�+?2` bQHmiBQM BM+Hm/BM; M2bi2/ HQQTb �M/ +QKTmi�iBQM Q7 b2p2`�H BMi2`K2/B�i2
p�`B�#H2b Bb b?QrM BM 6B;m`2 kXj- #mi BM T`�+iB+2 bim/2Mi +Q/2 Bb Km+? KQ`2 +QKTH2tX

hQ +QHH2+i bim/2Mi /�i� /m`BM; i?2B` mMbmT2`pBb2/ rQ`F- r2 KQ/B}2/ i?2 1+HBTb2 AMi2@
;`�i2/ .2p2HQTK2Mi 1MpB`QMK2Mi UA.1V iQ bmTTQ`i bM�Tb?QiiBM; Q7 bim/2Mi +Q/2 (Rkd) �b
i?2v rQ`F i?`Qm;? i?2 �bbB;MK2Mi- b?QrM BM 6B;m`2 kX9X h?2 A.1 K�M�;2b � T`Q+2bb `2TQb@
BiQ`v- � :Bi `2TQbBiQ`v i?�i biQ`2b � bM�Tb?Qi Q7 bim/2Mi +Q/2 r?2M2p2` � bim/2Mi +QKTBH2b
�M/ `mMb i?2 �bbB;MK2Mi- K2�MBM; i?�i bM�Tb?Qi 7`2[m2M+v +QmH/ #2 QM i?2 Q`/2` Q7 KBMmi2b
r?2M � bim/2Mi Bb �+iBp2Hv rQ`FBM;X h?2M- r?2M i?2 bim/2Mi bm#KBib i?2B` }M�H T`Q;`�K
7Q` ;`�/BM;- i?2 A.1 �miQK�iB+�HHv T�+F�;2b mT i?2 T`Q+2bb `2TQbBiQ`v �M/ biQ`2b Bi QM i?2
+Qm`b2 b2`p2`X

AM i?2 *aR +Qm`b2 bim/B2/- i?2 Sv`�KB/ �bbB;MK2Mi ?�b #22M mb2/ 7Q` K�Mv v2�`b-
rBi? HBiiH2 p�`B�iBQM BM �bbB;MK2Mi b+QT2 �M/ ;`�/BM; `m#`B+X q2 �M�Hvx2/ k-ejj bim/2Mi
bm#KBbbBQMb 7`QK �b 7�` #�+F �b kyyd Ur?2`2 i?2 #mHF Q7 /�i� r�b +QHH2+i2/ #2ir22M kyRk
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U#V >Qm`b bT2Mi QM i?2 �bbB;MK2MiX

6B;m`2 kX8, Sv`�KB/ rQ`F iBK2 �M�HvbBb QM kejj bim/2Mi T`Q+2bb `2TQbBiQ`B2bX

�M/ kyR9V #v +QKTBHBM; �M/ `mMMBM; �HH Sv`�KB/ +Q/2 }H2b BM i?2 T`Q+2bb `2TQbBiQ`B2b iQ
;2M2`�i2 iBK2bi�KT2/ BK�;2bX 6B;m`2 kX8 b?Qrb i?2 /Bbi`B#miBQMb Q7 i?2 MmK#2` Q7 bM�Tb?Qib
Uµ = 52,σ = 59V �M/ ?Qm`b bT2Mi Uµ = 1.7,σ = 1.5V 7Q` T`Q+2bb `2TQbBiQ`B2b BM Qm` /�i�b2iX
P7 i?2 Rj3-8jR bM�Tb?Qib BM Qm` /�i�b2i- r2 bm++2bb7mHHv ;2M2`�i2/ RyR-eje BK�;2bc je-3N8
bM�Tb?Qib ?�/ `mMiBK2 Q` +QKTBH2 2``Q`bX q?BH2 i?2 /27�mHi +�Mp�b bBx2 7Q` Sv`�KB/ Bb q754

× >492- r2 ?�p2 7QmM/ i?�i � +QKKQM 7mM+iBQM�H 2``Q` i?�i bim/2Mib 2M+QmMi2` Bb /`�rBM;
Q#D2+ib Qz@b+`22Mc r2 i?mb �// � RyyTt #Q`/2` iQ i?2 ;`�T?B+b +�Mp�b �M/ b�p2 Qm` BK�;2b
iQ #2 q954 × >692- BM +QHQ`X

kXkXR .�i�b2i +QKTH2tBiv

6Q` � ;`�T?B+b@#�b2/ �bbB;MK2Mi HBF2 Sv`�KB/- mbBM; BK�;2 QmiTmi iQ `2T`2b2Mi i?2 7mM+@
iBQM�HBiv Q7 bim/2Mi rQ`F Bb H2bb +QKTH2tě�M/ i?2`27Q`2 2�bB2` iQ rQ`F rBi?ěi?�M mbBM; �
i2ti@#�b2/ `2T`2b2Mi�iBQM HBF2 �ahbX GBF2 K�Mv Qi?2` +Q/BM; �bbB;MK2Mi /�i�b2ib i?�i ?�p2
#22M �M�Hvx2/ BM i?2 T�bi- i?2 7`2[m2M+v /Bbi`B#miBQMb Q7 #Qi? i?2 Sv`�KB/ �bbB;MK2MiǶb
+Q/2 �ahb �M/ i?2 BK�;2 QmiTmi }H2b 7QHHQr wBT7Ƕb H�r- i?2 b�K2 /Bbi`B#miBQM �b M�im`�H
H�M;m�;2X h?Bb BMbB;?i BKTHB2b i?�i i?2 2tTQM2Mi s Q7 i?2 wBT7 }i +�M #2 mb2/ �b � K2�bm`2
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s =	0.78

6B;m`2 kXe, _�MF@7`2[m2M+v /Bbi`B#miBQM Q7 i?2 Sv`�KB/aM�Tb?Qi BK�;2bX

Q7 i?2 +QKTH2tBiv Q7 � T`Q;`�KKBM; /�i�b2i- r?2`2 � ?B;?2` 2tTQM2Mi K2�Mb i?�i � /�i�b2i
?�b � ?B;?2` T`Q#�#BHBiv Q7 Q#b2`pBM; i?2 b�K2 bQHmiBQM KQ`2 i?�M QM+2 �M/ Bb i?mb H2bb +QK@
TH2t (Rkj)X h?2 7`2[m2M+v /Bbi`B#miBQM Q7 Sv`�KB/ �ahb }ib iQ � wBT7 2tTQM2Mi s = 0.57-
r?B+? Bb MQi�#Hv KQ`2 +QKTH2t i?�M HQ;BbiB+ `2;`2bbBQM BKTH2K2Mi�iBQMb Us = 1.82V- *aR
}`bi r22F ?QK2rQ`Fb Us = 2.67V- �M/ T`2@*aR U*ayV +Q/BM; +?�HH2M;2b (Rk3- Rdd)X PM i?2
Qi?2` ?�M/- i?2 Sv`�KB/ BK�;2 QmiTmib ?�p2 � wBT7 /Bbi`B#miBQM rBi? 2tTQM2Mi s = 0.78

U6B;m`2 kXeV- bm;;2biBM; i?�i KQ/2`M iQQHb 7Q` mM/2`bi�M/BM; BK�;2b K�v #2 KQ`2 2z2+iBp2
i?�M �M �ah@#�b2/ �TT`Q�+? 7Q` mM/2`bi�M/BM; 7mM+iBQM�HBiv Q7 BMi2`K2/B�i2 bQHmiBQMbX

kXkXk G�#2HBM; KBH2biQM2b 2{+B2MiHv

L2ti- r2 /Bb+mbb ?Qr iQ /2bB;M H�#2Hb Q7 7mM+iBQM�H T`Q;`2bb 7Q` Qm` Sv`�KB/aM�Tb?Qi BK�;2
/�i�b2iX q?BH2 6B;m`2 kXR b?Qrb i?�i bim/2Mi �+iBpBiv Bb ?B;?Hv p�`B�#H2- M2p2`i?2H2bb r2
r�Mi iQ [m�MiB7v i?2 7mM+iBQM�H #2?�pBQ` Q7 bim/2Mib bQ i?�i r2 +�M pBbm�HBx2 T`Q;`2bb Qp2`
iBK2 BM a2+iBQM kX9X

q2 H�#2H i?2 Sv`�KB/aM�Tb?Qi /�i�b2i rBi? KBH2biQM2 H�#2Hbc i?�i Bb- 2�+? BK�;2 Bb
+�i2;Q`Bx2/ BMiQ QM2 Q7 Qm` Re pBbm�H +�i2;Q`B2b Q7 BMi2`K2/B�i2 rQ`FX 6B;m`2 kXd b?Qrb
�M 2t�KTH2 BK�;2 7Q` 2�+? Q7 i?2b2 KBH2biQM2bX h?2b2 KBH2biQM2 H�#2Hb r2`2 /2+B/2/ �7i2`
HQQFBM; i?`Qm;? i?2 iQT Ryy KQbi TQTmH�` BK�;2bX Ai Bb BKTQ`i�Mi iQ MQi2 i?�i i?2 i2`K
KBH2biQM2b /Q2b MQi BKTHv i?�i � bim/2Mi Kmbi T`Q;`2bb i?`Qm;? �HH Re KBH2biQM2b iQ +QKTH2i2
i?2 �bbB;MK2Mic `�i?2`- i?2v `2T`2b2Mi /Bz2`2Mi �TT`Q�+?2b iQ i?2 �bbB;MK2MiX 6Q` 2t�KTH2-
JBH2biQM2 k UaBM;H2 `QrV �M/ JBH2biQM2 j U.B�;QM�HV �`2 /Bz2`2Mi BKTH2K2Mi�iBQMb Q7 � bBM;H2
HQQT Q7 #`B+FbX �7i2` +QMbmHiBM; rBi? �M BMbi`m+iQ`- i?2 `2+QKK2M/2/ �TT`Q�+?ěBM Qi?2`
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(1)	Hello	world (2)	Single	row (3)	Diagonal (4)	Two	row

(5)	Rectangle (6)	Parallelogram (7)	Right	triangle (8)	Column	structure

(9)	Scalene	triangle (10)	Pyramid-like (11)	Offset	pyramid (12)	Offset	EC

(13)	Perfect (14)	Perfect	+	EC (15)	Off-track (16)	Brick	wall

6B;m`2 kXd, 1t�KTH2b 7`QK i?2 Re KBH2biQM2 +�i2;Q`v H�#2Hb BM i?2 Sv`�KB/aM�Tb?Qi /�i�b2ic
1* bi�M/b 7Q` 1ti`� *`2/BiX

rQ`/b- i?2 QM2 KQbi bm;;2bi2/ #v BMbi`m+iQ`bě7Q` i?Bb �bbB;MK2Mi Bb iQ /`�r ?Q`BxQMi�H
`Qrbc JBH2biQM2 j U.B�;QM�HV �M/ JBH2biQM2 3 U*QHmKM ai`m+im`2V i?2`27Q`2 T2`i�BM iQ
bBM;H2 �M/ M2bi2/ HQQTb- `2bT2+iBp2Hv- 7Q` #Qi? /B�;QM�Hb �M/ +QHmKMb- r?B+? �`2 +QMbB/2`2/
KQ`2 /B{+mHi �TT`Q�+?2b iQ /2#m;X JBH2biQM2 R8 UPz@i`�+FV Bb K�`F2/ 7Q` �Mv BK�;2 i?�i
/Q2b MQi }i BMiQ i?2 Qi?2` R8 +�i2;Q`B2bX

"�b2/ QM BMbi`m+iQ` �/pB+2- BM h�#H2 kXR r2 ;`QmT i?2 Re@/BK2MbBQM bT�+2 BMiQ }p2
K2�MBM;7mH bi�;2b Q7 FMQrH2/;2- Q`;�MBx2/ #�b2/ QM r?2i?2` bim/2Mib �`2 rQ`FBM; QM �
bBM;H2 HQQT Uai�;2 RV- � M2bi2/ HQQT Uai�;2 kV- �/DmbiBM; #`B+F Qzb2i rBi?BM i?2 M2bi2/ HQQT
Uai�;2 jV- Q` 2M?�M+BM; � +QKTH2i2/ �bbB;MK2Mi �M/ ;QBM; #2vQM/ r?�i Bb 2tT2+i2/ Uai�;2
9VX h?2 `2K�BMBM; KBH2biQM2b �`2 ;`QmT2/ �b ǳPi?2`fPz@i`�+FXǴ q2 MQi2 i?�i ?B;?2`@H2p2H
�#bi`�+i2/ FMQrH2/;2 bi�;2b �`2 KQ`2 K2�MBM;7mH 7Q` � ?mK�M ;`�/2` �b bm+? bi�;2b rBHH
MQi /Bz2`2MiB�i2 #2ir22M irQ KBH2biQM2b �bbQ+B�i2/ rBi? i?2 b�K2 H2p2H Q7 bim/2Mi +Q;MBiBp2
mM/2`bi�M/BM;X
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ai�;2 /2b+`BTiBQM JBH2biQM2b
R aBM;H2 `Qr UkV aBM;H2 `Qr- UjV .B�;QM�H- U9V hrQ `Qr
k L2bi2/ HQQT U8V _2+i�M;H2- UdV _B;?i i`B�M;H2
j �/DmbiBM; M2bi2/ Qzb2i UeV S�`�H2HHQ;`�K- UNV a+�H2M2 i`B�M;H2-

URyV Sv`�KB/@HBF2- URRV Pzb2i Tv`�KB/
9 �//BM; }M�H /2i�BHb URkV Pzb2i 1*- URjV S2`72+i-

UR9V S2`72+i Y 1*
− Pi?2`fPz@i`�+F URV >2HHQ rQ`H/- U3V *QHmKM bi`m+im`2-

UR8V Pz@i`�+F- UReV "`B+F r�HH

h�#H2 kXR, EMQrH2/;2 bi�;2b �`2 ;`QmTb Q7 KBH2biQM2bX

O aM�Tb?Qib lMB[m2 BK�;2b 1zQ`i b+Q`2
hQi�H Rj38jR kdkky 8XR
G�#2H2/ 39Rkd Rkydd dXy
lMH�#2H2/ Rd8yN R8R9j RXk
1``Q` je3N8 − −

h�#H2 kXk, G�#2H +Qp2`�;2 Q7 i?2 Sv`�KB/aM�Tb?Qi /�i�b2iX

Ai rQmH/ #2 �M BMbm`KQmMi�#H2 i�bF 7Q` � `2b2�`+?2` iQ H�#2H Qp2` RyR-yyy BK�;2b BM
Qm` Sv`�KB/aM�Tb?Qi /�i�b2iX >Qr2p2`- r2 Q#b2`p2 7`QK i?2 /Bbi`B#miBQM Q7 Qm` /�i�
U6B;m`2 kXeV i?�i QMHv kd-kky UkdWV Q7 i?2b2 �`2 mMB[m2X 6m`i?2`KQ`2- i?2 T2`72+i Tv`�KB/
UJBH2biQM2 RjV BM Qm` /�i�b2i Bb i?2 KQbi 7`2[m2Mi �M/ Q++m`b Qp2` RR-yyy iBK2b �+`Qbb �HH
bim/2Mi rQ`F- �M/ i?2 i2M KQbi TQTmH�` BK�;2b +Qp2` ky-kRN BK�;2b UkyWV BM Qm` RyR-eje
BK�;2 /�i�b2iX PM2 +�M i?2`27Q`2 H�#2H mMB[m2 BK�;2b iQ KBH2biQM2b BM Q`/2` Q7 TQTmH�`Biv BM
i?2 /�i�b2ic � bBM;H2 `2b2�`+?2` H�#2H2/ Rk-ydd mMB[m2 BK�;2b rBi? +Q``2bTQM/BM; KBH2biQM2b
BM ky ?Qm`b Qp2` i?`22 /�vb- +Qp2`BM; 39-Rkd BK�;2b U3jWV Q7 i?2 �+im�H /�i�b2iX

h�#H2 kXk b?Qrb Qm` H�#2H +Qp2`�;2 Q7 i?2 /�i�b2i- r?2`2 i?2 2zQ`i b+Q`2 `2T`2b2Mib i?2
;�BM Q7 H�#2HBM; � mMB[m2 BK�;2 �b i?2 7`2[m2M+v Q7 i?�i BK�;2 �TT2�`BM; BM i?2 Qp2`�HH
/�i�b2iX h?2 �p2`�;2 2zQ`i b+Q`2 Q7 mMB[m2 BK�;2b H�#2H2/ r�b �#Qmi d `2T2�i2/ BK�;2bc QM
i?2 Qi?2` ?�M/- 2�+? `2K�BMBM; mMH�#2H2/ mMB[m2 BK�;2 �TT2�`2/ QM �p2`�;2 RXk iBK2b BM
i?2 /�i�b2i- K2�MBM; i?�i r2 rQmH/ MQi ?�p2 ;�BM2/ Km+? rBi? i?Bb H�#2HBM; bi`�i2;v ?�/ r2
+QMiBMm2/ BMiQ i?2 i�BH Q7 i?2 /Bbi`B#miBQMX 6B;m`2 kX3 b?Qrb ?Qr Qm` H�#2HBM; bi`�i2;v +Qp2`b
K�Mv Q7 i?2 BK�;2b rBi?BM 2�+? bim/2Mi T`Q+2bb `2TQbBiQ`vX qBi? i?2 2zQ`i bi`�i2;v- r2
?�p2 2Mbm`2/ �TT`QtBK�i2Hv 3dX8W Q7 bim/2Mi T`Q+2bb `2TQbBiQ`B2b �`2 �i H2�bi d8W H�#2H2/X
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0
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1 0.75 0.5 0.25 0%
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ts	
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	X	

lab
ele
d

Fraction	of	assignment	labeled,	X
6B;m`2 kX3, *.6 Q7 i?2 7`�+iBQM Q7 T`Q+2bb `2TQbBiQ`B2b H�#2H2/ rBi? i?2 2zQ`i bi`�i2;v BM
a2+iBQM kXkX

11725	
snapshots

U�V S2`72+i Tv`�KB/
UJBH2biQM2 RjVX

2239
snapshots

U#V aBM;H2 `Qr
UJBH2biQM2 kV X

1705	
snapshots

U+V >2HHQ rQ`H/
UJBH2biQM2 RV X

1463
snapshots

U/V Pzb2i Sv`�KB/
UJBH2biQM2 RRV

lMB[m2 1zQ`i
JBH2biQM2 UWV b+Q`2

R >2HHQ rQ`H/ R9Xk8 eXe
k aBM;H2 `Qr RRXdN eX9
j .B�;QM�H 3X3R 9X9
9 hrQ `Qr kXNR 9X8
8 _2+i�M;H2 9XNe 8Xk
e S�`�HH2HQ;`�K jX88 9X9
d _B;?i i`B�M;H2 dXdR 9X8
3 *QHmKM bi`m+im`2 RXkd kXj
N a+�H2M2 i`B�M;H2 jX8N jXk
Ry Sv`�KB/@HBF2 3Xd9 jX9
RR Pzb2i Tv`�KB/ eX38 NXy
Rk Pzb2i 1* kXRe kX9
Rj S2`72+i 9XjN jRX9
R9 S2`72+i Y 1* dXR9 jXR
R8 Pz@i`�+F RRX9N kXe
Re "`B+F r�HH yX9y eXk

U2V JBH2biQM2 H�#2H +Qp2`�;2X

6B;m`2 kXN, G�#2HBM; i?2 Sv`�KB/aM�Tb?Qi /�i�b2i, U�@/V hQT 7Qm` KQbi TQTmH�` BK�;2b BM
i?2 /�i�b2ic U2V .Bbi`B#miBQM Q7 KBH2biQM2 H�#2Hb Qp2` /�i�b2iX
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A7 r2 �M�Hvx2 i?2 +Qp2`�;2 Q7 i?2 KBH2biQM2 H�#2Hb BM 6B;m`2 kXN- r2 Q#b2`p2 i?�i i?`22 Q7
i?2 iQT 7Qm` KQbi TQTmH�` BK�;2b �`2 r?�i �M BMbi`m+iQ` rQmH/ 2tT2+i � bim/2Mi iQ +QKTH2i2-
r?BH2 i?2 7Qm`i? KQbi TQTmH�` BK�;2 `2T`2b2Mib i?2 KQbi +QKKQM BM+Q``2+i bQHmiBQMX 6B;m`2
kXN2 b?Qrb i?2 2zQ`i b+Q`2 #`2�F/QrM #v KBH2biQM2X q?BH2 JBH2biQM2 R ?�b i?2 H�`;2bi b?�`2
Q7 mMB[m2 BK�;2b- JBH2biQM2 Rj vB2H/b i?2 ?B;?2bi 2zQ`i b+Q`2 #2+�mb2 i?2 KQbi TQTmH�` BK�;2
Q7 � T2`72+i Tv`�KB/ Bb �M Q`/2` Q7 K�;MBim/2 KQ`2 +QKKQMX .Bz2`2Mi bim/2Mib rBHH `�`2Hv
b?�`2 2ti`� +`2/Bi BK�;2 QmiTmib- �M/ M�im`�HHv JBH2biQM2b Rk �M/ R9 ?�p2 �KQM; i?2 HQr2bi
2zQ`i b+Q`2bX

kXj JBH2biQM2 +H�bbB}+�iBQM

AM i?Bb b2+iBQM- r2 2tTHQ`2 �miQK�iB+ +H�bbB}+�iBQM K2i?Q/b 7Q` +H�bbB7vBM; BMi2`K2/B�i2
bM�Tb?Qib #v KBH2biQM2X q2 `2�HBx2 i?�i i?2 TQTmH�`Biv@#�b2/ H�#2HBM; b+?2K2 7`QK i?2
T`2pBQmb b2+iBQM T`2b2Mib � b+�H�#BHBiv +?�HH2M;2 7Q` Qi?2` �bbB;MK2Mib- 2p2M B7 r2 mb2 BK�;2
7`2[m2M+v iQ `2/m+2 H�#2HBM; 2zQ`iX AMbi`m+iQ`b r?Q mb2 i?Bb H�#2HBM; b+?2K2 BM i?2 +H�bb`QQK
rBHH T`Q#�#Hv H�#2H +HQb2` iQ i2Mb Q` ?mM/`2/b Q7 BK�;2bě�M/ MQi i?2 i?Qmb�M/b H�#2H2/ BM
i?Bb rQ`Fě�M/ bm#b2[m2MiHv `2Hv QM K�+?BM2 +H�bbB}+�iBQM 7Q` i?2 `2K�BM/2` Q7 i?2 /�i�b2iX
q2 i?2`27Q`2 T�v bT2+B�H +�`2 iQ �M�Hvx2 ?Qr i?2 �++m`�+v Q7 � +H�bbB}+�iBQM KQ/2H rQ`Fb
�b r2 p�`v N - i?2 MmK#2` Q7 KQbi TQTmH�` BK�;2b i?�i r2 H�#2H- /2}M2/ �b Qm` i`�BMBM; b2i
bBx2X

h?2 +H�bbB}+�iBQM KQ/2Hb mb2/ BM i?Bb b2+iBQM �`2 #v MQ K2�Mb +QKT`2?2MbBp2- MQ` �`2
i?2v /2bB;M2/ iQ #2 QTiBK�HX AMbi2�/- BM i?2 Q`B;BM�H Tm#HB+�iBQM (R3y)- i?2b2 KQ/2Hb r2`2
T`2b2Mi2/ �b #�b2HBM2 KQ/2Hb 7Q` 7mim`2 `2b2�`+?2`b iQ mb2 �b #2M+?K�`FbX >Qr2p2`- Qm`
`2bmHib b?Qr i?�i � bBKTH2 M2m`�H M2irQ`F #�b2HBM2 rQ`Fb [mBi2 r2HH 2p2M rBi? � p2`v bK�HH
i`�BMBM; b2i bBx2- �M/ r2 +QM+Hm/2 #v /Bb+mbbBM; M2ti bi2Tb 7Q` BKT`QpBM; mTQM Qm` #�b2HBM2
+H�bbB}+�iBQM �++m`�+vX

kXjXR J2i?Q/

:Bp2M � i`�BMBM; b2i Q7 i?2 N KQbi TQTmH�` BK�;2b- r2 +QMbB/2` i?`22 KQ/2Hb 7Q` +H�bbB7vBM;
Qm` BK�;2b rBi? KBH2biQM2bX 6Q` JQ/2Hb k �M/ j- r2 i`�BM QMHv QM mMB[m2 BK�;2b- �M/ MQi
i?2 2MiB`2 `2T2�i2/ BK�;2 /�i�b2i- bBM+2 r2 ?�p2 � QM2@iQ@QM2 K�TTBM; #2ir22M BK�;2 �M/
KBH2biQM2X q2 T`2T`Q+2bb 2�+? #Q`/2`2/ BK�;2 #v ;`�vb+�HBM; �M/ /QrMb�KTHBM; #v k 7Q`
�M BMTmi Q7 346× 477× 1X
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32	filters
(4x4	kernel) 64	filters

(4x4	kernel
128	filters
(4x4	kernel)

64	filters
(4x4	
kernel) 32	filters(4x4	

kernel)
32	filters
(4x4	
kernel)

Convolve	pipeline

input

FC
512

U�V h?2 ;2M2`�H +QMpQHp2 TBT2HBM2X

Convolve	pipeline

FC
512 FC

256 FC
64

softmax
output
16

U#V h?2 +QMpQHp2 TBT2HBM2 mb2/ 7Q` KBH2biQM2 +H�bbB}+�iBQMX

6B;m`2 kXRy, JQ/2H j- i?2 M2m`�H M2irQ`F KQ/2H 7Q` KBH2biQM2 +H�bbB}+�iBQMX

JQ/2H R, lMBi i2biX Pm` }`bi �TT`Q�+? Bb #�b2/ QM i?2 T`2KBb2 Q7 mMBi i2biBM;, b2H2+i
QM2 `2T`2b2Mi�iBp2 BK�;2 7Q` 2�+? KBH2biQM2- �M/ 7Q` 2�+? i2bi BK�;2- T`2/B+i � KBH2biQM2
QMHv B7 i?2 i2bi BK�;2 TBt2Hb 2t�+iHv K�i+? i?�i Q7 i?2 `272`2M+2c Qi?2`rBb2 Bi T`2/B+ib
MQi?BM;X lMHBF2 i?2 Qi?2` irQ KQ/2Hb- i?2 mMBi i2bi i`�BMBM; b2i bBx2 Bb }t2/ �i N = 15 mMBi
i2bi BK�;2bc r2 /Q MQi b�p2 � `2T`2b2Mi�iBp2 BK�;2 7Q` i?2 Pz@i`�+F KBH2biQM2 UJBH2biQM2
R8VX

JQ/2H k, E@L2�`2bi L2B;?#Q`bX h?2 b2+QM/ �TT`Q�+?- E@M2�`2bi M2B;?#Q`b UELLV-
Bb � +QKKQM #�b2HBM2 mb2/ 7Q` +QKTmi2` pBbBQM (3e)c 7Q` 2�+? i2bi BK�;2- /2}M2 i?2 K M2�`2bi
M2B;?#Q`b �b i?2 K BK�;2b 7`QK i?2 `272`2M+2 i`�BMBM; b2i UQ7 bBx2 NV i?�i ?�p2 KBMBKmK
bmK@b[m�`2/@/Bz2`2M+2 UTBt2H@rBb2V- �M/ T`2/B+i i?2 KQbi +QKKQM KBH2biQM2 Qmi Q7 i?2
M2�`2bi M2B;?#Q`bX

JQ/2H j, L2m`�H M2irQ`FX Pm` i?B`/ �TT`Q�+? Bb � /22T H2�`MBM; �TT`Q�+?, i`�BM
� +QMpQHmiBQM�H M2m`�H M2irQ`F iQ `2im`M i?2 KQbi HBF2Hv KBH2biQM2 H�#2H- b?QrM BM 6B;m`2
kXRy- r?B+? ?�b � KQ/2H bBx2 Q7 RXk KBHHBQM T�`�K2i2`bX q2 i`�BM QM i?2 iQT N KQbi TQTmH�`
BK�;2b �M/ QTiBKBx2 7Q` bQ7iK�t +`Qbb@2Mi`QTv HQbbX
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Pp2`�HH lMBi i2bi ELL UK = 100, L2m`�H M2irQ`F
�++m`�+v UN = 15V N = 11000V UN = 11000V
"v KBH2biQM2 Xkd8 Xyjd X8ekURe KBH2biQM2bV
"v FMQrH2/;2 Xkd8 X88k Xe9Nbi�;2 U8 bi�;2bV

h�#H2 kXj, JBH2biQM2 +H�bbB}+�iBQM `2bmHibX �++m`�+v Q7 2�+? KQ/2H UrBi? i`�BMBM; b2i bBx2
NV #v KBH2biQM2 �M/ #v FMQrH2/;2 bi�;2 QM i?2 RR-yyy KQbi TQTmH�` BK�;2bX

kXjXk _2bmHib

hQ 2p�Hm�i2 Qm` �TT`Q�+?2b iQ +H�bbB7vBM; KBH2biQM2b 7`QK ;`�T?B+�H BK�;2 BMTmi- r2 i`�BM2/
2�+? +H�bbB}2` rBi? � p�`vBM; bBx2 Q7 N QM Qm` i`�BMBM; b2i Q7 i?2 KQbi TQTmH�` BK�;2b- �M/
r2 2p�Hm�i2/ Bib Qp2`�HH �++m`�+v QM irQ /�i�b2ib, i?2 p�HB/�iBQM b2i- +QKTQb2/ Q7 i?2
iQT RR-yyy TQTmH�` BK�;2b U+Q``2bTQM/BM; iQ dyW Q7 Qm` BK�;2 /�i�b2iV- �M/ i?2 i�BH b2i-
+QKTQb2/ Q7 i?2 `2K�BMBM; R-ydd H�#2H2/ BK�;2bX q2 mb2 i?2 p�HB/�iBQM b2i iQ /2+B/2 r?B+?
+H�bbB}2`b rQ`F 7Q` +QKKQM bM�Tb?Qibc i?2 i�BH b2i �++m`�+v Bb �M BM/B+�iQ` 7Q` r?2i?2` Qm`
+H�bbB}2`b rQ`F QM `�`2Hv b22M bM�Tb?QibX

6Q` �HH KQ/2Hb- r2 mb2 irQ K2i`B+b Q7 �++m`�+v, KBH2biQM2 �++m`�+vě�FBM iQ �M 2t�+i
K�i+? K2i`B+ě�M/ FMQrH2/;2 bi�;2 �++m`�+věr?2`2 B7 i?2 T`2/B+i2/ KBH2biQM2 Bb rBi?BM
i?2 b�K2 FMQrH2/;2 bi�;2 �b i?2 �+im�H KBH2biQM2- i?2 KQ/2H +H�bbB}+�iBQM Bb +Q``2+iX q?BH2
Qm` KQ/2Hb r2`2 i`�BM2/ rBi? mMB[m2 BK�;2b- r2 BM+Q`TQ`�i2 BK�;2 TQTmH�`Biv r?2M �bb2bb@
BM; KQ/2H �++m`�+vc #Qi? K2i`B+b �`2 `2TQ`i2/ �b �M �p2`�;2- r?2`2 2�+? BK�;2 Bb r2B;?i2/
#v Bib 7`2[m2M+v BM i?2 Sv`�KB/aM�Tb?Qi /�i�b2iX

q2 }`bi /Bb+mbb �++m`�+v `2bmHib QM i?2 p�HB/�iBQM b2iX h?2 `2bmHib 7Q` 2�+? +H�bbB}2`
rBi? i?2 #2bi +?QB+2 Q7 i`�BMBM; b2i bBx2 N Bb `2TQ`i2/ BM h�#H2 kXj- b?QrBM; i?2 Qp2`�HH
�++m`�+B2b BM +H�bbB7vBM; �HH Re KBH2biQM2b �M/ �HH }p2 FMQrH2/;2 bi�;2bX 6Q` #Qi? �++m`�+v
K2i`B+b- r2 BKK2/B�i2Hv b22 i?�i Qm` M2m`�H M2irQ`F QmiT2`7Q`Kb i?2 Qi?2` irQ mMBi@i2bi
�M/ ELL UK = 100V KQ/2HbX AM 6B;m`2 kXRR r2 `2TQ`i Qm` M2m`�H M2irQ`F �++m`�+v 7Q`
T`2/B+iBM; � KBH2biQM2 i?�i Bb BM i?2 b�K2 FMQrH2/;2 bi�;2 �b i?2 +Q``2+i KBH2biQM2 H�#2Hc i?2
KQ/2H `2TQ`ib �i H2�bi dyW �++m`�+v 7Q` ai�;2b R- k- �M/ j- r?B+? �`2 i?2 KQbi 7Q`K�iBp2 BM
/2i2`KBMBM; bim/2Mi T`Q;`2bb iQr�`/b i?2 �bbB;MK2Mi ;Q�H- �M/ i?2`27Q`2 i?2 HQr �++m`�+v
BM B/2MiB7vBM; ai�;2 9 Bb �++2Ti�#H2X

hQ mM/2`bi�M/ ?Qr Qm` i?B`/ KQ/2H- i?2 M2m`�H M2irQ`F- +QMM2+ib BK�;2 iQ H�#2H- r2 mb2
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0.81 0.86 0.77 0.70
0.28

0.00

0.50

1.00

Other/
Off-track
(1,8,15,16)

Stage	1:
single	row
(2,3,4)

Stage	2:
nested	loop

(5,7)

Stage	3:
adjusting

nested	offset
(6,9,10,11)

Stage	4:
adding	final
details

(12,13,14)

6B;m`2 kXRR, �++m`�+v #`2�F/QrM Q7 M2m`�H M2irQ`F KQ/2H T2`7Q`K�M+2 #v FMQrH2/;2 bi�i2X

Milestones
1,2,3,4

Milestones
5,6,7,8

Milestones
9,10,11,12

Milestones
13,14

Milestones	15,16
not	pictured

6B;m`2 kXRk, i@aL1 THQi Q7 KQ/2H 2K#2//BM;b- +QHQ`@+Q/2/ #v KBH2biQM2X

i?2 i@aL1 �H;Q`Bi?K (Re8) iQ +QKT`2bb i?2 KQ/2HǶb BMi2`M�H BK�;2 `2T`2b2Mi�iBQM BMiQ � k@.-
+Hmbi2`2/ pBbm�HBx�iBQMX 6B;m`2 kXRk b?Qrb i?�i Qm` BK�;2 2K#2//BM;b `Qm;?Hv +Hmbi2` #v
i?2B` KBH2biQM2c ?Qr2p2`- i?2`2 �`2 bQK2 T2`72+i Tv`�KB/ BK�;2b UJBH2biQM2 Rj- `2/V ?B//2M
�KQM; i?2 >2HHQ rQ`H/ KBH2biQM2b UJBH2biQM2 R- #Hm2VX lTQM +?2+FBM; i?2b2 BM+Q``2+iHv
+H�bbB}2/ BK�;2b- r2 7QmM/ i?�i bQK2 Q7 i?2K /2TB+i2/ � p2`v bK�HH Tv`�KB/- r?B+? +QmH/
2�bBHv #2 KBb+H�bbB}2/ �b � bBM;H2 #HQ+F- #mi Qi?2`b r2`2 bBKTHv BM+Q``2+iHv TH�+2/ BM i?2
2K#2//BM; bT�+2X Pm` ?vTQi?2bBb Bb i?�i bBM+2 mMB[m2 BK�;2b Q7 bBM;H2 #`B+Fb /QKBM�i2 Qm`
/�i�b2i- Qm` KQ/2H ?�b � i2M/2M+v iQ T`2/B+i JBH2biQM2 R BM i?2 �#b2M+2 Q7 �Mv Qi?2` bi`QM;
BM/B+�iQ`bX

L2ti- r2 /Bb+mbb Qm` `2bmHib r?2M 2p�Hm�iBM; QM i?2 i�BH b2i- +Q``2bTQM/BM; iQ i?2 R-ydd
H2�bi TQTmH�` UH�#2H2/V BK�;2b BM i?2 i�BH b2iX �HH i?`22 KQ/2Hb T2`7Q`K2/ TQQ`Hv, lMBi i2bi
`2TQ`i2/ yW �++m`�+v U/m2 iQ Bib TBt2H@#�b2/ 2t�+i K�i+? bi`�i2;vV- �M/ #Qi? ELL �M/ Qm`
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6B;m`2 kXRj, 1{+B2M+v �M�HvbBb Q7 KQ/2H p�HB/�iBQM �++m`�+v rBi? p�`vBM; i`�BMBM; b2i bBx2bX

M2m`�H M2irQ`F KQ/2H T2`7Q`K2/ rBi? H2bb i?�M RW �++m`�+v 7Q` �HKQbi �HH +?QB+2b Q7 Qm`
i`�BMBM; b2iX h?Bb Bb � K�DQ` �`2� BM r?B+? 7mim`2 KQ/2Hb +�M BKT`Qp2c i?2 KQ`2 `2HB�#H2 r2
�`2 BM T`2/B+iBM; i?2 i�BH Q7 Qm` KQ/2H- i?2 KQ`2 +QM}/2Mi r2 +�M #2 BM BKTmiBM; KBH2biQM2
H�#2Hb QM mMH�#2H2/ BK�;2b BM Qm` /�i�b2iX

1{+B2M+v �M�HvbBbX 1p2M B7 ;`�T?B+b@#�b2/ �bbB;MK2Mib K�v ;2M2`�i2 bBKBH�` BK�;2
QmiTmib- � KQ/2H imM2/ rBi? i`�Mb72` H2�`MBM; iQ i?2 M2r �bbB;MK2Mi biBHH `2[mB`2b � M2rHv
H�#2H2/ i`�BMBM; b2i Q7 i?2 M2r �bbB;MK2Mi /�i�X h?2 KQbi iBK2@+QMbmKBM; +QKTQM2Mi Q7
+?�`�+i2`BxBM; 7mM+iBQM�H T`Q;`2bb Bb MQi i?2 i`�BMBM; iBK2 Q7 � K�+?BM2 H2�`MBM; KQ/2Hc Bi
Bb T`2T�`BM; � H�#2H2/ i`�BMBM; b2i Ua2+iBQM kXkVX q2 i?2`27Q`2 /2}M2 i?2 2{+B2M+v Q7 i?2
K2i?Q/ /2b+`B#2/ BM i?Bb +?�Ti2` �b � 7mM+iBQM Q7 i?2 H�#2HBM; 2zQ`i `2[mB`2/ #v � `2b2�`+?2`
Q` 2tT2`i BMbi`m+iQ` iQ T`2T�`2 i`�BMBM; /�i�X

q2 /Bb+mbb ?Qr i?2 �++m`�+v Q7 2�+? #�b2HBM2 KQ/2H T2`7Q`Kb rBi? KQ`2 2{+B2Mi H�#2HBM;
ěi?�i Bb- 72r2` i`�BMBM; BK�;2b H�#2H2/ěQM i?2 7mHH p�HB/�iBQM b2iX h?2 i`�BMBM; b2i biBHH
+QMbBbib Q7 i?2 N KQbi TQTmH�` BK�;2b- r?2`2 r2 p�`v N 7`QK N = 100 UKQbi 2{+B2Mi-
H2�bi 2zQ`iV iQ N = 11, 000 UH2�bi 2{+B2Mi- KQbi 2zQ`iVX q2 i?2M 2p�Hm�i2 i?2 T2`7Q`K�M+2
Q7 i?2 ELL �M/ M2m`�H M2irQ`F KQ/2Hb rBi? /Bz2`2Mi i`�BMBM; b2i bBx2b N - �M/ r2 2p�Hm�i2
i?2B` T2`7Q`K�M+2 QM i?2 p�HB/�iBQM b2i Q7 i?2 iQT 11, 000 KQbi TQTmH�` BK�;2bX h?2 mMBi
i2bi 2{+B2M+v Bb �Hr�vb i?2 b�K2ěQM2 BK�;2 H�#2H2/ 7Q` 2�+? KBH2biQM2X

Pm` `2bmHib �`2 b?QrM BM 6B;m`2 kXRjX L�im`�HHv- i?2 ELL KQ/2H T2`7Q`Kb #2bi rBi?
� ?m;2 /�i�b2i- #mi r?�i Bb bm`T`BbBM; Bb i?�i i?2 M2m`�H M2irQ`F �H`2�/v QmiT2`7Q`Kb i?2
Qi?2` irQ KQ/2Hb 2p2M rBi? QMHv N = 100 Bi2Kb BM i?2 i`�BMBM; b2iX h?2`2 Bb � bK�HH T2�F �i
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N = 800 7Q` i?2 M2m`�H M2irQ`F KQ/2Hc i?Bb �`iB7�+i Bb #2+�mb2 i?2 KQ/2H +Q``2+iHv T`2/B+i2/
i?2 KBH2biQM2b Q7 bQK2 ?B;?@`�MF BK�;2b- i?2`27Q`2 r2B;?iBM; i?2 �++m`�+v mTr�`/bc i?Bb
i`2M/ /Bb�TT2�`b r?2M r2 +QKT�`2 �++m`�+v �+`Qbb mMB[m2 BK�;2b QMHvX AM ;2M2`�H- i?2
i�F2�r�v i?�i r2 +�M ;2i Dmbi Qp2` eyW �++m`�+v rBi? Dmbi N = 100 H�#2H2/ /�i� TQBMib Bb
p2`v T`QKBbBM;X

kXjXj .Bb+mbbBQM �M/ 7mim`2 rQ`F

h?2 #�b2HBM2 KQ/2Hb /Bb+mbb2/ BM i?Bb b2+iBQM �`2 }`bi bi2Tb BM /2bB;MBM; +H�bbB}2`b 7Q` i?Bb
i�bFX q2 }M/ i?�i �M N = 100 M2m`�H M2irQ`F KQ/2H T2`7Q`Kb `2�bQM�#Hv r2HH QM Qm` p�HB@
/�iBQM b2iX q2 /2+B/2/ iQ i`�BM Qm` KQ/2Hb bi`B+iHv QM TBt2H@#�b2/ BK�;2 QmiTmi #v /2bB;Mc
;Bp2M i?�i b�pBM; BK�;2 QmiTmi 7Q` ;`�T?B+b@#�b2/ �bbB;MK2Mib Bb [mBi2 2�bv iQ BKTH2K2Mi
�+`Qbb /Bz2`2Mi +H�bb`QQKbX 6mim`2 KQ/2Hb +QmH/ +2`i�BMHv BM+Q`TQ`�i2 �//BiBQM�H BMTmi 72�@
im`2b iQ �B/ i?Bb T�`iB+mH�` i�bF QM i?2 Sv`�KB/ �bbB;MK2Mi- bm+? �b i?2 +QQ`/BM�i2b Q7
2�+? Q#D2+i QM i?2 +�Mp�b- 72�im`2b 7`QK � b2[m2M+2 Q7 bim/2Mi bM�Tb?Qib- �M/ T`2T`Q+2bbQ`b
?�M/@+Q/2/ iQ B/2MiB7v +2`i�BM KBH2biQM2bX

�MQi?2` 72�im`2 Q7 Qm` #�b2HBM2 KQ/2Hb Bb i?�i �HH mMB[m2 BK�;2b r2`2 r2B;?i2/ 2[m�HHv
/m`BM; i`�BMBM;X �b � `2bmHi- Qm` M2m`�H M2irQ`F KQ/2H r�b BM+`2/B#Hv imM2/ iQ /2i2+i
JBH2biQM2 R U>2HHQ rQ`H/V- r?B+? iQQF mT KQbi Q7 i?2 mMB[m2 BK�;2b BM Qm` /�i�b2i U6B;m`2
kXN2V- #mi /B/ MQi /Q �b r2HH r?2M +H�bbB7vBM; +QHmKM bi`m+im`2b- 7Q` 2t�KTH2X hQ BKT`Qp2
+H�bbB}+�iBQM �++m`�+v- r2 +QmH/ r2B;?i Qm` i`�BMBM; HQbb 7mM+iBQM #v i?2 TQTmH�`Biv Q7
2�+? BK�;2X h?2 M2�`@/BbK�H `2bmHib QM i?2 i�BH b2i �HbQ `�Bb2 +QM+2`Mb �#Qmi bF2r2/ /�i�X
AKTQ`i�MiHv- r2 MQi2 i?�i r?BH2 K�Mv bim/2Mib b?�`2 +QKKQM TQTmH�` BK�;2b- i?2 i�BH b2i Bb
Km+? KQ`2 /Bp2`b2, ReW BK�;2b �TT2�` 2t�+iHv QM+2c 387 bim/2Mib �`2 2�+? `2bTQMbB#H2 7Q`
2.8 BK�;2b- QM �p2`�;2c �M/ 9yW Q7 i?2 KBH2biQM2b BM i?Bb i�BH b2i �`2 Pz@i`�+F UJBH2biQM2
R8VX Ai Bb BM2pBi�#H2 i?�i r2 rBHH 2M+QmMi2` BM+`2/B#Hv `�`2 BK�;2b BM i?2 i�BH Q7 Qm` b2ic
BKT`QpBM; T2`7Q`K�M+2 QM p2`v mMTQTmH�` BK�;2b Bb H27i iQ 7mim`2 rQ`FX

:Bp2M i?�i +m``2Mi �M/ 7mim`2 K�+?BM2 +H�bbB}+�iBQM KQ/2Hb QM i?Bb i�bF +QmH/ #2 BK@
T�+i2/ #v i?2 T�`iB+mH�` +QKTQbBiBQM Q7 bim/2Mib BM Qm` /�i�b2i- r2 T`QTQb2 � r�v 7Q`r�`/
iQ �M�HvxBM; 7mM+iBQM�H T`Q;`2bb, lb2 � +QK#BM�iBQM Q7 ?mK�M KBH2biQM2 H�#2HBM; 7Q` i?2
N KQbi TQTmH�` BK�;2běr?2`2 N Bb bK�HHě�M/ K�+?BM2@+H�bbB7v i?2 `2K�BMBM; BK�;2b #v
TQTmH�`BivX q2 mb2 i?Bb �TT`Q�+? iQ pBbm�HBxBM; �M/ mM/2`bi�M/BM; bim/2Mib BM i?2 7QHHQrBM;
b2+iBQMX
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6B;m`2 kXR9, � +QHQ`K�T Q7 KBH2biQM2b Qp2` irQ bim/2Mi rQ`F i`�D2+iQ`B2bX h?2 KBbbBM; ;`�v
BK�;2b �`2 BKTmi2/ rBi? KBH2biQM2b i?�i �`2 bBKBH�` iQ i?2 M2B;?#Q`BM; KBH2biQM2bX "2bi
pB2r2/ BM +QHQ`X

kX9 lM/2`bi�M/BM; bim/2Mib

AM i?2 T`2pBQmb irQ b2+iBQMb- r2 /2b+`B#2/ � K2i?Q/ 7Q` /2}MBM; �M/ bm#b2[m2MiHv +H�bbB7vBM;
7mM+iBQM�H T`Q;`2bb i?`Qm;? � H�#2HBM; �#bi`�+iBQM +�HH2/ KBH2biQM2bX L2ti- r2 /2b+`B#2 ?Qr
pBbm�HBxBM; 7mM+iBQM�H T`Q;`2bb �HHQrb mb iQ ;H2�M T2/�;Q;B+�H BMbB;?ib �#Qmi Qm` bim/2MibX

Pm` }`bi i�bF Bb iQ �bbB;M H�#2Hb QM i?2 17, 509 mMH�#2H2/ BK�;2 bM�Tb?Qib BM Qm` /�i�b2iX
6B;m`2 kXR9 b?Qrb i?Bb T`Q+2bbc r2 }`bi i�; BK�;2b i?�i r2`2 ?mK�M H�#2H2/- �M/ i?2M r2
7QHHQr rBi? mbBM; K�+?BM2 H�#2Hb iQ BKTmi2 mMH�#2H2/ BK�;2 bM�Tb?QibX 1�+? +QHQ`2/ #�`
`2T`2b2Mib � bim/2MiǶb rQ`F i`�D2+iQ`v Q7 KBH2biQM2b BM i?2B` T`Q+2bb `2TQbBiQ`v- r?2`2 2�+?
p2`iB+�H +QHQ`2/ bi`BT `2T`2b2Mib � bBM;H2 bM�Tb?QiX h?2 iQT �M/ #QiiQK bim/2Mib BM 6B;m`2
kXR9 `2T`2b2Mi bim/2Mib r?Q }MBb?2/ [mB+FHv �M/ bHQrHv- `2bT2+iBp2HvX h?2 bi`BTǶb +QHQ`
BM/B+�i2b Bib KBH2biQM2b- r?2`2 � +QHQ`2/ ?2�iK�T +Q``2bTQM/b iQ FMQrH2/;2 bi�;2b, ai�;2b
R �M/ k �`2 #Hm2 +QHQ`b- ai�;2 j Bb v2HHQrf;`22M- ai�;2 9 Bb `2/- �M/ �HH Qi?2` Qz@i`�+F �M/
2``Q` bM�Tb?Qib �`2 BM ;`�vb+�H2X q2 i?2M mb2 i?Bb KBH2biQM2 +H�bbB}+�iBQM iQ ;�m;2 ?Qr
bim/2Mib KQp2 i?`Qm;? i?2 Sv`�KB/ �bbB;MK2Mi- #Qi? QM �M BM/BpB/m�H bim/2Mi #�bBb UBM
a2+iBQM kX9XRV �M/ QM �M �;;`2;�i2 +H�bb`QQK H2p2H UBM a2+iBQM kX9XkVX
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(a)

(b)

6B;m`2 kXR8, aim/2Mi rQ`F i`�D2+iQ`B2b /m`BM; i?2 Sv`�KB/ �bbB;MK2MiX hrQ ;`QmTb Q7 i?`22
bim/2Mib- `2bT2+iBp2Hv b+Q`BM; BM i?2 U�V NNi? T2`+2MiBH2- �M/ U#V j`/ T2`+2MiBH2 Q` HQr2` QM
i?2 KB/i2`K 2t�KX "2bi pB2r2/ BM +QHQ`X

(a)

(b)

6B;m`2 kXRe, h?`22 bim/2Mib rBi? HQM; rQ`F i`�D2+iQ`B2bX U�V ai`m;;HBM; bim/2Mibc U#V hBM@
F2`BM; bim/2MiX "2bi pB2r2/ BM +QHQ`X
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kX9XR aim/2Mi rQ`F i`�D2+iQ`B2b

�7i2` BKTmiBM; i?2 KBH2biQM2b QM i?2 `2K�BMBM; mMH�#2H2/ bM�Tb?Qib- r2 7QmM/ bQK2 p2`v
i2HHBM; 2t�KTH2b Q7 ?Qr /Bz2`2Mi bim/2Mib rQ`F QM i?2 �bbB;MK2Mi Qp2` iBK2X q?2M r2
+QKT�`2 ?B;?@T2`7Q`KBM; bim/2Mib U6B;m`2 kXR8�V rBi? HQr@T2`7Q`KBM; bim/2Mib U6B;m`2
kXR8#V- r2 Q#b2`p2 i?�i i?2b2 ;`QmTb Q7 bim/2Mib i2M/ iQ +QM+2Mi`�i2 i?2B` rQ`F BM /Bz2`2Mi
bi�;2bX �HH i?`22 ?B;?@T2`7Q`KBM; bim/2Mib ?�p2 72r bM�Tb?Qib BM ai�;2b k �M/ j- BMbi2�/
bT2M/BM; � bB;MB}+�Mi TQ`iBQM Q7 i?2B` iBK2 rQ`FBM; QM i?2 T2`72+i Tv`�KB/ UJBH2biQM2 RjVX
AM +QMi`�bi- i?2 HQr@T2`7Q`KBM; bim/2Mib bT2M/ � H�`;2 7`�+iBQM Q7 iBK2 BM ai�;2 jǶb 2�`Hv
KBH2biQM2b i?�i 2KT?�bBx2 #`B+F Qzb2i �/DmbiK2MibX PM2 bim/2Mi �HbQ 7�BHb iQ `2�+? i?2
+Q``2+i bQHmiBQM- 2M/BM; BMbi2�/ BM i?2 Qzb2i Tv`�KB/ KBH2biQM2 UJBH2biQM2 RRVX

6`QK Qm` /�i�- r2 +�M �HbQ pBbm�HHv /Bb+2`M #2ir22M +2`i�BM bim/2Mib r?Q r2`2 bi`m;;HBM;
iQ ;2i �Mvi?BM; rQ`FBM; �M/ i?Qb2 r?Q r2`2 iBMF2`BM; (kj- Rek)ěr?2`2 � bim/2Mi bT2M/b
� HQM; iBK2 �i � T�`iB+mH�` FMQrH2/;2 bi�;2 MQi #2+�mb2 i?2v �`2 bim+F- #mi #2+�mb2 i?2v
�`2 2tTHQ`BM; i?2 bQHmiBQM bT�+2X 6B;m`2 kXRe b?Qrb i?`22 bim/2Mib i?�i ?�p2 mb2/ Qp2` Ryy
bM�Tb?Qib 7Q` i?2 Sv`�KB/ �bbB;MK2MiX h?2 }`bi irQ bim/2Mib U6B;m`2 kXRe�V bT2M/ � H�`;2
TQ`iBQM Q7 i?2B` iBK2 rQ`FBM; BM ai�;2 RX AM +QMi`�bi- i?2 H�bi bim/2Mi U6B;m`2 kXRe#V bT2M/b
KQbi Q7 i?2B` iBK2 BM � H�i2 ai�;2 j KBH2biQM2- i?2 Qzb2i Tv`�KB/ UJBH2biQM2 RRV- bm;;2biBM;
bQK2 bQ`i Q7 iBMF2`BM; �M/ �/DmbiK2MiX q?2M r2 +QMM2+i i?2b2 rQ`F i`�D2+iQ`B2b rBi?
i?2b2 bim/2MibǶ T2`7Q`K�M+2 QM i?2 KB/i2`K- i?2 }`bi irQ bim/2Mib b+Q`2 BM i?2 RNi? �M/
kRbi T2`+2MiBH2- `2bT2+iBp2Hv- r?BH2 i?2 i?B`/ bim/2Mi b+Q`2b BM i?2 dj`/ T2`+2MiBH2X q?BH2
T`2pBQmb `2b2�`+? ?�b 7QmM/ i?�i iBMF2`BM; Bb p�Hm�#H2 iQ bim/2Mi H2�`MBM;- r2 +�M MQr
pBbm�HBx2 iBMF2`BM; BM i?2 +QMi2ti Q7 7mM+iBQM�H T`Q;`2bbX

P#b2`pBM; BM/BpB/m�H bim/2Mi T2`7Q`K�M+2 Bb p�Hm�#H2 /m`BM; � +Qm`b2c BMbi`m+iQ`b +�M
B/2MiB7v �M/ ;Bp2 +QMbi`m+iBp2 722/#�+F iQ /Bz2`2Mi bim/2MibX >Qr2p2`- i?2`2 Bb �HbQ p�Hm2 iQ
Q#b2`pBM; �;;`2;�i2 7mM+iBQM�H T`Q;`2bb QM �M �bbB;MK2Mi BM i?2 +H�bb`QQKX AMbi`m+iQ`b r?Q
B/2MiB7v i?�i KQbi Q7 i?2B` bim/2Mib bT2M/ iBK2 QM � H2�`MBM; +QM+2Ti /m`BM; i?2 �bbB;MK2Mi
+�M �//`2bb Q` ?B;?HB;?i i?Qb2 +QM+2Tib �b `2pB2rX �Hi2`M�iBp2Hv- B7 BMbi`m+iQ`b /2i2+i i?2B`
bim/2Mib �`2 bi`m;;HBM; rBi? TQ`iBQMb Q7 i?2 �bbB;MK2Mi mM`2H�i2/ iQ +Q`2 H2�`MBM; +QM+2Tib-
i?2M i?2v +�M `2pBb2 �M/ BKT`Qp2 i?2 �bbB;MK2Mi bT2+B}+�iBQMb 7Q` � 7mim`2 +Qm`b2 Qz2`BM;X

kX9Xk �;;`2;�i2 bim/2Mi rQ`F

q2 mb2 Qm` KBH2biQM2 BM7Q`K�iBQM iQ ;�m;2 ?Qr Km+? iBK2 � bim/2Mi bT2M/b QM �p2`�;2 BM
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6B;m`2 kXRd, �p2`�;2 �KQmMi Q7 �bbB;MK2Mi U#v MmK#2` Q7 bM�Tb?QibV i?�i bim/2Mib bT2Mi
BM /Bz2`2Mi FMQrH2/;2 bi�;2bX

2�+? Q7 Qm` FMQrH2/;2 bi�;2b iQ /2+B/2 r?B+? +QMi2Mi iQ 2KT?�bBx2 BM +H�bb`QQK i2�+?BM;X
6B;m`2 kXRd ;`�T?b i?2 �p2`�;2 T2`+2Mi�;2 Q7 bM�Tb?Qib bT2Mi BM 2�+? Q7 i?2 FMQrH2/;2
bi�;2b- r?2`2 r2 mb2 Qm` M2m`�H M2irQ`F T`2/B+iQ` iQ BKTmi2 i?2 FMQrH2/;2 bi�;2b Q7 i?2
mMH�#2H2/ 7`�+iBQM Q7 i?2 /�i�b2iX q2 +QMbB/2` ai�;2b R i?`Qm;? 9 �b KQMQiQMB+�HHv BM@
+`2�bBM; T?�b2b Q7 i?2 �bbB;MK2Mic BX2X- �b bQQM �b � bim/2Mi b?Qrb rQ`F BM ai�;2 k- i?2v
?�p2 H27i ai�;2 R �M/ +�MMQi `2im`MX aim/2Mib +�M 7`22Hv KQp2 #2ir22M i?2 Pi?2`fPz@i`�+F
FMQrH2/;2 bi�;2 �M/ i?2 Qi?2` bi�;2bc r2 /B/ MQi ;`�T? i?2 k9W Q7 bM�Tb?Qib i?�i bim/2Mib
bT2M/ QM �p2`�;2 BM +QKTBH2f`mMiBK2 2``Q`bX q2 Q#b2`p2 i?�i QM �p2`�;2- bim/2Mib bT2M/
kkW Q7 i?2B` iBK2 BM ai�;2 j- r?2`2 i?2v Kmbi K�MBTmH�i2 i?2 HQQT BM/2t iQ +Q``2+iHv Qzb2i
#HQ+Fb BM /Bz2`2Mi `Qrb Q7 i?2 Sv`�KB/X lM/2`bi�M/�#Hv- bim/2Mib bT2M/ KQbi Q7 i?2B` iBK2
UjNWV �//BM; }M�H /2i�BHb �M/ }MBb?BM; mT Uai�;2 9VX EMQrBM; i?Bb iBK2 /Bbi`B#miBQM +�M
BM7Q`K r?B+? +QM+2Tib bim/2Mib bi`m;;H2 rBi?c �7i2` i?Bb �M�HvbBb- BMbi`m+iQ`b /2pQi2/ KQ`2
iBK2 BM +H�bb iQ /Bb+mbbBM; HQQT BM/2t K�MBTmH�iBQM bFBHHb M22/2/ 7Q` ai�;2 jX

kX8 AK�;2 +H�bbB}+�iBQM 7Q` ;`�/BM;

:Bp2M i?�i � H�`;2 TQ`iBQM Q7 Qm` KBH2biQM2 +H�bbB}+�iBQM K2i?Q/ /2T2M/b QM ?mK�M 2tT2`i
2zQ`i iQ +`2�i2 � H�#2H2/ /�i�b2i- r2 �HbQ r�Mi iQ mM/2`bi�M/ ?Qr r2HH BK�;2 +H�bbB}2`b
rQmH/ T2`7Q`K 7Q` � /�i�b2i r?Qb2 H�#2Hb �H`2�/v 2tBbiX �b �M �bB/2- r2 i?mb 2tTHQ`2/ ?Qr
iQ /2bB;M �M �miQ;`�/2` i?�i bi`B+iHv mb2b �M BK�;2@#�b2/- /22T@H2�`MBM; �TT`Q�+? iQ ;`�/2
bim/2Mi }M�H bm#KBbbBQMbX 6`QK �M2+/Qi�H 2tT2`B2M+2- ;`�T?B+b �bbB;MK2Mib i2M/ iQ #2
KQ`2 /B{+mHi �M/ iBK2@+QMbmKBM; iQ ;`�/2 i?�M i?2B` +QKK�M/@HBM2 +QmMi2`T�`ib- K�BMHv
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(b)

(a)

Default 1-brick	base	row 30-brick	base	row Different	brick	size Tiny	bricks

6B;m`2 kXR3, _mMMBM; }p2 /Bz2`2Mi Tv`�KB/ +QM};m`�iBQMb QM irQ }M�H bim/2Mi bm#KBbbBQMbX
U�V aim/2Mi +Q``2+iHv /`�rb �HH Tv`�KB/bX U#V aim/2Mi 7�BHb iQ +QMp2`i iQ ~Q�iBM;@TQBMi-
`2bmHiBM; BM `QmM/@Qz 2``Q` BM i?2 }7i? Tv`�KB/X

#2+�mb2 i?2 b2i Q7 TQbbB#H2 +Q``2+i ;`�T?B+�H QmiTmib Bb Q7i2M H�`;2X h?2 *aR +Qm`b2 bim/B2/
i?mb ?BbiQ`B+�HHv ?�b mb2/ ?mK�M ;`�/2`b iQ /2+B/2 i?2 7mM+iBQM�HBiv ;`�/BM; +QKTQM2Mi Q7
i?2 Sv`�KB/ �bbB;MK2MiX AM i?Bb b2+iBQM- r2 /Bb+mbb ?Qr i?2b2 �miQ;`�/2`b 7�HH b?Q`i 7Q` irQ
K�BM `2�bQMb, ?mK�M ;`�/BM; H�#2Hb �`2 mM`2HB�#H2- �M/ `m#`B+b 7Q` ;`�/BM; 7mM+iBQM�HBiv BM
BMi`Q/m+iQ`v *aR 2M+Q/2 KQ`2 i?�M Dmbi 7mM+iBQM�HBivX

kX8XR .�i�

q2 T`2T�`2/ � b2+QM/ /�i�b2i- i?2 Sv`�KB/6BM�H /�i�b2i- r?B+? +QMi�BM2/ 9-j3j bim/2Mib
i�;;2/ rBi? �bbB;MK2Mi ;`�/2b �+`Qbb 2B;?i +Qm`b2 Qz2`BM;b 7`QK kyyN iQ kyRdX � bim/2MiǶb
Sv`�KB/ �bbB;MK2Mi ;`�/2 Bb i?2 MmK#2` Q7 +Q``2+i `m#`B+ Bi2Kb �r�`/2/ #v � ;`�/2`X h?2
+Qm`b2 �bbBbi�Mi �M�Hvx2b i?2 bim/2Mi T`Q;`�K +Q/2 �M/ Bib QmiTmi QM }p2 /Bz2`2Mi- T`2@
/2i2`KBM2/ +QM};m`�iBQMb Q7 i?2 Tv`�KB/ �M/ K�`Fb i?2 bim/2Mi QM � b2i Q7 N BM/2T2M/2Mi
`m#`B+ Bi2KbX h?2 ;`�/2` �M�Hvx2b i?2 bim/2Mi T`Q;`�K +Q/2 �M/ Bib QmiTmi QM }p2 T`2/2@
i2`KBM2/ b2ib Q7 �bbB;MK2Mi T�`�K2i2`b r?B+? p�`v i?2 Sv`�KB/Ƕb /BK2MbBQMbX h?2 ;`�/2`
i?2M 2p�Hm�i2b i?2 bim/2Mi #�b2/ QM � `m#`B+ Q7 MBM2 BM/2T2M/2Mi Bi2Kb- r?2`2 2�+? Bi2K
Bb #BM�`v T�bbf7�BHc r2 `2T`2b2Mi i?Bb `m#`B+ K�`FBM; �b � `m#`B+ p2+iQ`X 6B;m`2 kXR3 b?Qrb
irQ /Bz2`2Mi bim/2Mi T`Q;`�K QmiTmib QM 2�+? Q7 i?2 }p2 /Bz2`2Mi Sv`�KB/ +QM};m`�iBQMbX
6B;m`2 kXR3# /2TB+ib i?2 KQbi +QKKQM 2``Q` 7Q` i?Bb �bbB;MK2Mi- r?B+? Bb i?�i H�+F Q7 ~Q�i@
BM; TQBMi �`Bi?K2iB+ Q++�bBQM�HHv vB2H/b � bF2r2/ Sv`�KB/X h?2 `m#`B+ Bi2K /2b+`BTiBQMb
r2`2 +QMbBbi2Mi �+`Qbb �HH 3 +Qm`b2 Qz2`BM;bX

q?BH2 i?2 ?mK�M +Qm`b2 �bbBbi�Mi ?�b �++2bb iQ i?2 +Q/2 Q7 2�+? bim/2MiǶb }M�H bm#KBb@
bBQM- r2 2p�Hm�i2 �M �miQ;`�/2` r?Q +�M QMHv �++2bb BK�;2 QmiTmiX >Qr2p2`- Bi Bb BMbm{+B2Mi
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Convolve	pipeline	1
Convolve	pipeline	2
Convolve	pipeline	3

Convolve	pipeline	5

concat
2560

Convolve	pipeline	4

FC
512 FC

256 FC
64

sigmoid	
output
16

6B;m`2 kXRN, h?2 M2m`�H M2irQ`F 7Q` `m#`B+ +H�bbB}+�iBQM QM }M�H bm#KBbbBQMbX

iQ mb2 Dmbi � bBM;H2 BK�;2 T2` bim/2MiX �b �M 2t�KTH2- Q7 i?2 k-dNN bim/2Mi bQHmiBQMb i?�i
/`�r � T2`72+i Tv`�KB/ QM �HH i?2 /27�mHi +Q``2+i Sv`�KB/ +QM};m`�iBQM U6B;m`2 kXR�V- QMHv
R-NNy bim/2Mib `2+2Bp2 7mHH +`2/Bic i?2 `2K�BMBM; 3yN bim/2Mib �`2 K�`F2/ Qz BM 3k /Bz2`2Mi
r�vb- rBi? bQK2 bQHmiBQMb ?�pBM; mT iQ }p2 2``Q`bX

q2 i?2`27Q`2 `mM 2�+? bim/2Mi bm#KBbbBQM }p2 iBK2b QM i?2 }p2 T`2@/2i2`KBM2/ Sv`�KB/
+QM};m`�iBQMb mb2/ BM �bbB;MK2Mi ;`�/BM;X h?2 bT`2�/ Q7 bim/2Mib rBi? i?2 +Q``2+i }p2@
imTH2 Q7 Tv`�KB/ +QM};m`�iBQMb Bb Km+? bK�HH2`, Q7 i?2 R-938 bim/2Mib i?�i b?�`2 i?2 BK�;2
}p2@imTH2 Q7 � 7mHHv +Q``2+i bQHmiBQM- QMHv 38 bim/2Mib �`2 K�`F2/ Qz BM ky TQbbB#H2 r�vb UmT
iQ i?`22 2``Q`bVX >Qr2p2`- bBM+2 i?2`2 Bb biBHH p�`B�iBQM BM i?2 `m#`B+ p2+iQ`- 7Q` Qm` i`�BMBM;
i�bF r2 i�F2 i?2 KQbi +QKKQM `m#`B+ p2+iQ` 7Q` 2�+? mMB[m2 }p2@imTH2 Q7 BK�;2bX lMHBF2 i?2
Sv`�KB/aM�Tb?Qi /�i�b2i- r2 b�p2 QMHv i?2 +�Mp�b Q7 i?2 BK�;2ěrBi? MQ 2ti`� #Q`/2`ěiQ
KB``Q` r?�i � ?mK�M ;`�/2` rQmH/ Q#b2`p2c 2�+? BK�;2 i?mb ?�b i?2 /27�mHi +�Mp�b bBx2
q754 × >492X 1�+? Q7 i?2 b�KTH2b BM Qm` Sv`�KB/6BM�H /�i�b2i i?2`27Q`2 Bb � imTH2 Q7 8
BK�;2 QmiTmib �M/ � #QQH2�M p2+iQ` K�`F2/ rBi? i?2 KQbi +QKKQM `m#`B+ p2+iQ`X q2 bTHBi
Qm` /�i�b2i BMiQ i`�BMBM; �M/ i2bi b2ib Q7 bBx2 j-N98 bim/2Mib �M/ 9j3 bim/2Mib- `2bT2+iBp2HvX

kX8Xk J2i?Q/

q2 +QKT�`2 irQ �TT`Q�+?2b iQ BK�;2@#�b2/ �miQ;`�/BM;X h?2 }`bi Bb � mMBi@i2bi@#�b2/
KQ/2HX 6Q` 2�+? `m#`B+ Bi2K- r2 B/2MiB7v � `2T`2b2Mi�iBp2 bm#b2i Q7 Tv`�KB/ +QM};m`�iBQM
BK�;2b i?�i rQmH/ H2�/ iQ �M BM+Q``2+i `m#`B+ Bi2KX hQ K�`F i?Bb `m#`B+ Bi2K �b BM+Q``2+i
7Q` � bim/2MiǶb }p2@imTH2 Q7 BK�;2b- B7 i?2`2 Bb �M 2t�+i K�i+? UTBt2H@rBb2V #2ir22M i?2
bim/2MiǶb BK�;2b �M/ i?2 `2T`2b2Mi�iBp2 bm#b2i- i?2M r2 K�`F i?2 bim/2Mi �b ?�pBM; i?�i
`m#`B+ BM+Q``2+iX h?2`2 �`2 7 bm+? bm#b2ib Q7 `2T`2b2Mi�iBp2 BK�;2bc irQ Q7 i?2 `m#`B+b +QmH/
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lMBi i2bi BK�;2 L2m`�H M2irQ`F
6R �++ 6R �++

h`�BM yXR8 yXN8 yX9e yXNd
h2bi yXR8 yXN8 yX9y yXNd

h�#H2 kX9, �p2`�;2 �++m`�+v �M/ 6R b+Q`2b r?2M T`2/B+iBM; `m#`B+b QM }M�H bm#KBbbBQMbX

_m#`B+ Bi2K 6`2[m2M+v 6R �++m`�+v
R AM+Q``2+iHv BM/2t2b Qmi2` HQQT XyjUXykV XyyUXyNV XNdUXN3V
k AM+Q``2+iHv BM/2t2b BMM2` HQQT XykUXykV XyyUXyNV XN3UXN3V
j JBb+�H+mH�i2b i?2 Tv`�KB/Ƕb t@TQbBiBQM XRRUXRRV XdNUXdjV XNeUXN9V
9 JBb+�H+mH�i2b i?2 Tv`�KB/Ƕb v@TQbBiBQM XRkUXRRV X3jUX38V XNeUXNdV
8 R@#`B+F #�b2 `Qr mMBi@i2bi 7�BHb XyjUXy9V X9kUX9dV XNdUXNdV
e jy@#`B+F #�b2 `Qr mMBi@i2bi 7�BHb XyRUXykV XyyUXk9V XN3UXN3V
d .Bz2`2Mi #`B+F bBx2 mMBi@i2bi 7�BHb XyRUXyRV XyyUXR9V XNNUXNNV
3 hBMv #`B+Fb mMBi@i2bi 7�BHb XR9UXR9V X33UX33V XNdUXNdV
N 6�BHb iQ +QMp2`i iQ /Qm#H2 Xy3UXydV XedUXeNV XN8UXNeV

h�#H2 kX8, L2m`�H M2irQ`F KQ/2H T2`7Q`K�M+2 7Q` T`2/B+iBM; }M�H `m#`B+ Bi2Kb QM i`�BMBM;
b2i UBM T�`2Mi?2b2bV �M/ i2bi b2iX

MQi #2 T�B`2/ rBi? `2T`2b2Mi�iBp2 BK�;2b- r?B+? r2 /Bb+mbb BM i?2 7QHHQrBM; b2+iBQMX
Pm` b2+QM/ KQ/2H BKTH2K2Mib � b2T�`�i2 +QMpQHp2 TBT2HBM2 7Q` 2�+? BK�;2- +QK#BMBM;

i?2 `2T`2b2Mi�iBQMb rBi? �M �{M2 i`�Mb7Q`K�iBQM T`BQ` iQ i?2 7mHHv +QMM2+i2/ H�v2`b U6B;m`2
kXRNVX Pm` H�bi H�v2` mb2b � bB;KQB/ �+iBp�iBQM BMbi2�/ Q7 bQ7iK�t- #2+�mb2 2�+? BK�;2 +�M
?�p2 KmHiBTH2 `m#`B+b i�;;2/ U2X;X- � Tv`�KB/ +�M #2 #Qi? Qz@+2Mi2` ?Q`BxQMi�HHv �M/ ?�p2
�`Bi?K2iB+ `QmM/@Qz 2``Q`VX h?2 KQ/2H QTiBKBx2b i?2 bB;KQB/ +`Qbb@2Mi`QTv HQbb 7mM+iBQMc
�7i2` ;`�vb+�HBM; �M/ /QrMb�KTHBM; U�;�BM #v kV 7Q` 2�+? BK�;2 BM Qm` }p2@imTH2- r2 ?�p2
�M BMTmi rBi? /BK2MbBQM 5×246×377×1- `2bmHiBM; BM � KQ/2H bBx2 Q7 8XR KBHHBQM T�`�K2i2`bX
q2 F22T �HH 3, 945 bim/2Mib �b b2T�`�i2 /�i�TQBMib BM Qm` i`�BMBM; b2i- BMbi2�/ Q7 F22TBM;
QMHv mMB[m2 b�KTH2b �b BM i?2 M2m`�H M2irQ`F KQ/2H 7Q` KBH2biQM2 +H�bbB}+�iBQMX

kX8Xj 1p�Hm�iBQM �M/ /Bb+mbbBQM

q2 `2TQ`i BM h�#H2 kX9 Qm` `2bmHib Q7 `mMMBM; Qm` irQ }M�H bm#KBbbBQM ;`�/BM; KQ/2HbX "Qi?
KQ/2Hb ?�p2 p2`v ?B;? �p2`�;2 �++m`�+B2bc ?Qr2p2`- i?Bb Bb #2+�mb2 p2`v 72r bim/2Mib ;2i
K�`F2/ Qz 7Q` �Mv Q7 i?2 N Bi2Kb BM i?2 `m#`B+ p2+iQ` Ui?2 �p2`�;2 7`2[m2M+v Q7 BM+Q``2+i
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`m#`B+ Bi2Kb r�b RyWVX q2 i?2`27Q`2 T`BQ`BiBx2 i?2 6R b+Q`2 K2i`B+- r?B+? Bb � ?�`KQMB+
K2�M Q7 i?2 T`2+BbBQM �M/ `2+�HH b+Q`2b UK2�bm`BM; 7�Hb2 TQbBiBp2 �M/ 7�Hb2 M2;�iBp2bVX

q2 MQiB+2 i?�i 6R b+Q`2b 7Q` #Qi? KQ/2Hb �`2 [mBi2 HQrX 6Q` i?2 mMBi i2bi KQ/2H- r2
r2`2 mM�#H2 iQ +`2�i2 `2T`2b2Mi�iBp2- BM+Q``2+i bm#b2ib Q7 BK�;2b 7Q` `m#`B+ Bi2Kb R �M/ kX
"Qi? Q7 i?2b2 `m#`B+ Bi2Kb �bb2bb +Q/2@#�b2/ bim/2Mi KBb+QM+2TiBQMbc Bi Bb BKTQbbB#H2 7Q`
Qm` KQ/2Hb iQ /BbiBM;mBb? r?2i?2` � M2bi2/ HQQT BM/2tBM; 2``Q` Q++m`b BM i?2 BMM2` HQQT Q`
Qmi2` HQQT Q7 bim/2Mi +Q/2 #v Dmbi HQQFBM; �i BK�;2 QmiTmiX h?2 M2m`�H M2irQ`F KQ/2HǶb 6R
b+Q`2b �M/ �++m`�+B2b 7Q` 2�+? `m#`B+ Bi2K �`2 `2TQ`i2/ BM h�#H2 kX8X h?2 KQ/2H T2`7Q`Kb
TQQ`Hv 7Q` `m#`B+ Bi2Kb R �M/ k- TQbbB#Hv 7Q` bBKBH�` `2�bQMb �b i?2 mMBi i2bi KQ/2HX 6Q`
`m#`B+ Bi2Kb e �M/ d- r2 ?vTQi?2bBx2 i?�i � /2�`i? Q7 2t�KTH2b 7Q` i?2b2 `m#`B+ Bi2Kb BM Qm`
i`�BMBM; b2i H2/ iQ TQQ` T2`7Q`K�M+2X

h?2 `2bmHib 7`QK i?Bb b2+iBQM TQBMi iQ � #`Q�/2` [m2biBQM Q7 ?Qr iQ /2bB;M ;`�/BM; `m#`B+b
7Q` BMi`Q/m+iQ`v *aR �bbB;MK2MibX h?2 Sv`�KB/ ;`�/BM; `m#`B+ /Bb+mbb2/ BM i?Bb �bbB;M@
K2Mi Bb /2bB;M2/ iQ �bb2bb � bim/2MiǶb T`Q}+B2M+v BM i?2 Sv`�KB/ �bbB;MK2Mi �b r2HH �b
i?2B` K�bi2`v Q7 T`Q;`�KKBM; T`BM+BTH2b- �M/ �b � `2bmHi bQK2 `m#`B+ Bi2Kb +QM~�i2 BM+Q`@
`2+i 7mM+iBQM�HBiv rBi? BM+Q``2+i T`Q;`�KKBM;X u2i Bi Bb 2bb2MiB�H iQ ;Bp2 bim/2Mib 722/#�+F
#2vQM/ 7mM+iBQM�HBiv �i i?Bb bi�;2 BM i?2B` *a +�`22`X L2p2`i?2H2bb- i?2 p�`B�#BHBiv Q7 ?mK�M
;`�/BM; QM i?Bb i�bF `2K�BMb � +QM+2`MX AM i?2 *a +Qm`b2 bim/B2/- ?mK�M ;`�/2`b 7QHHQr �
?�M/Qmi i?�i +�`27mHHv QmiHBM2b ?Qr iQ BMi2`T`2i BM+Q``2+i BK�;2b Q7 /Bz2`2Mi Tv`�KB/ +QM@
};m`�iBQMb- #mi mHiBK�i2Hv i?2 bim/2MibǶ K�`Fb �`2 bm#D2+i iQ ;`�/2` /Bb+`2iBQMX q2 2tT2+i
i?�i i?2b2 7�+iQ`b rQmH/ #2 KBiB;�i2/ BM KQ`2 �/p�M+2/ *a +Qm`b2běr?Qb2 7mM+iBQM�HBiv
;`�/BM; `m#`B+b rQmH/ H2�p2 T`Q;`�KKBM; [mB`Fb iQ � b2T�`�i2 bivH2 ;`�/BM; `m#`B+ě�M/
/2bB;MBM; BK�;2@#�b2/ �miQ;`�/2`b 7Q` �bbB;MK2Mib BM i?2b2 +Qm`b2b Bb H27i 7Q` 7mim`2 rQ`FX

kXe amKK�`v

h?Bb +?�Ti2`Ƕb �M�HvbBb Q7 i?2 Sv`�KB/aM�Tb?Qi /�i�b2i b?Qrb i?�i +?�`�+i2`BxBM; 7mM+iBQM�H
T`Q;`2bb Bb 72�bB#H2 �M/ mb27mHX G�#2HBM; BMi2`K2/B�i2 bM�Tb?Qib 7Q` �Mv �bbB;MK2Mi Bb �
?mK�M- iBK2@BMi2MbBp2 i�bFc r2 i?2`27Q`2 /2bB;M Qm` KBH2biQM2 H�#2HBM; K2i?Q/ iQ KBMBKBx2
BMbi`m+iQ` H�#2HBM; 2zQ`i- rBi? i?2 ?QT2 i?�i � HQr #�` rQmH/ 2M+Qm`�;2 BMbi`m+iQ`b iQ
T`2T�`2 M2r �bbB;MK2Mi /�i� 7Q` 7mM+iBQM�H T`Q;`2bb �M�HvbBbX AM Qm` bim/v- Qm` KBH2biQM2
H�#2HBM; K2i?Q/ ?�M/@H�#2Hb � bK�HH b2i Q7 TQTmH�` BK�;2b- i?2M mb2b BK�;2 +H�bbB}2`b iQ
2ti2M/ KBH2biQM2 H�#2HBM; iQ i?2 `2bi Q7 � /�i�b2i Q7 bM�Tb?Qib Q7 BMi2`K2/B�i2 bim/2Mi rQ`FX
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q2 7QmM/ i?�i � #�b2HBM2 M2m`�H M2irQ`F +H�bbB}2` i`�BM2/ QM i?2 100 KQbi TQTmH�` BK�;2b
T2`7Q`Kb `2H�iBp2Hv r2HH- bm;;2biBM; i?�i Qm` Q`B;BM�H i�bF Bb MQi �b /�mMiBM; �b Bi K�v b22KX
u2i T2`?�Tb Qm` #B;;2bi +QMi`B#miBQM Bb Tm#HBb?BM; i?2 H�#2H2/ Sv`�KB/aM�Tb?Qi /�i�b2i �b
�M �MMQi�i2/ #2M+?K�`F 7Q` +H�bbB7vBM; 7mM+iBQM�H T`Q;`2bbX q2 ?QT2 i?�i 7mim`2 `2b2�`+?
rBHH 2tT�M/ QM Qm` }M/BM;b #v BKT`QpBM; K�+?BM2 T`2/B+iBQM Q7 7mM+iBQM�H H�#2Hb Q7 T`Q;`2bb
�M/ #v �M�HvxBM; bim/2Mi rQ`F T�ii2`Mb BM ;`2�i2` /2i�BHX

q2 2tTHQ`2 BMBiB�H /B`2+iBQMb 7Q` mbBM; KBH2biQM2b iQ pBbm�HBx2 �M/ +QKT�`2 bim/2Mi rQ`F
T�ii2`MbX h?2 HBMF #2ir22M rQ`F T�ii2`M �M/ T2`7Q`K�M+2 Bb MQi M2r- #mi Qm` rQ`F Bb
i?2 }`bi iQ b?Qr i?2 `2H�iBQMb?BT rBi? 7mM+iBQM�H T`Q;`2bbX AM i?2 7mim`2- 7mM+iBQM�H H�#2Hb
7Q` bim/2Mi /�i� bM�Tb?Qib +�M #2 mb2/ BM +QMDmM+iBQM rBi? 2tBbiBM; BM/B+�iQ`b Q7 T`Q;`2bb-
HBF2 2``Q` K2bb�;2b �M/ +Q/2 H2M;i? iQ #2ii2` T`2/B+i bim/2Mi T2`7Q`K�M+2 (kk- kj- dN)X
� `2�bQM�#H2 M2ti bi2T 7Q` i?Bb rQ`F Bb iQ #2ii2` mM/2`bi�M/ i?2 BMi2`TH�v #2ir22M 2``Q`
`2bQHmiBQM �M/ 7mM+iBQM�H T`Q;`2bb (Re- dN- Rdy)X q2 +�M BK�;BM2 i?�i bm+? �M�HvbBb +�M
�HbQ #2 T2`7Q`K2/ QM #Qi? KB+`Q �M/ K�+`Q b+�H2bX 6Q` i?2 BM/BpB/m�H bim/2Mi- r2 +�M
mM/2`bi�M/ ?Qr /Bz2`2Mi ;`QmTb Q7 bim/2Mib `2bQHp2 2``Q`b- �M/ r?2M i?2b2 2``Q`b �`2 KQ`2
HBF2Hv iQ Q++m`X PM � +H�bb`QQK H2p2H- r2 +�M #2ii2` mM/2`bi�M/ �i r?B+? bi�;2 BM i?2
T`Q#H2K bim/2Mib �`2 2M+QmMi2`BM; i?2 KQbi 2``Q`b- �M/ i?2M mb2 i?Bb BM7Q`K�iBQM iQ #2ii2`
;mB/2 ?Qr r2 i2�+? /2#m;;BM; BM Qi?2` 7�+2ib Q7 i?2 +Qm`b2X

AM i?2 +H�bb`QQKb Q7 iQKQ``Qr- BMbi`m+iQ`b rBHH ?�p2 � /22T2` mM/2`bi�M/BM; Q7 ?Qr
bim/2Mib T2`7Q`K mMbmT2`pBb2/ rQ`FX h?Bb rQ`F Bb � }`bi bi2T BM bT�`FBM; `2b2�`+? iQ #2ii2`
mM/2`bi�M/ i?2 H2�`MBM; T`Q+2bb- 7`QK r?B+? 7mim`2 }M/BM;b rBHH mM/Qm#i2/Hv i`�MbH�i2
[mB+FHv iQ +H�bb`QQK T`�+iB+2X q2 ?QT2 i?�i BMbi`m+iQ`b �`2 BMbTB`2/ #v Qm` rQ`F iQ ;2M2`�i2
7mM+iBQM�H T`Q;`2bb H�#2Hb 7Q` i?2B` QrM bim/2Mib- bQ i?�i �b `2b2�`+?2`b r2 +�M 2Mbm`2 i?�i
Qm` �M�HvbBb `2�+?2b �b K�Mv +H�bb`QQKb �b TQbbB#H2X



*?�Ti2` j

S2MbB2p2

�bbB;MK2Mi 722/#�+F Bb � +`BiB+�H +QKTQM2Mi Q7 bim/2Mi H2�`MBM; (89- Rjj)X :Bp2M i?�i QM2
Q7 i?2 T`BK�`v H2�`MBM; ;Q�Hb Q7 *aR Bb iQ i2�+? bim/2Mib ?Qr iQ bQHp2 T`Q;`�KKBM; +?�H@
H2M;2b- Bi rQmH/ #2 BKK2Mb2Hv mb27mH iQ T`QpB/2 722/#�+F QM ?Qr � bim/2Mi rQ`F2/ i?`Qm;?
bQHpBM; �M �bbB;MK2MiX am+? 7Q`K�iBp2 722/#�+Fěbm;;2biBQMb 7Q` ?Qr bim/2Mib +�M BKT`Qp2
i?2B` T`Q#H2K@bQHpBM; bFBHHb BM i?2 7mim`2ěrQmH/ ?2HT bim/2Mib i�F2 +QMi`QH Q7 i?2B` QrM
H2�`MBM; (kR- jk- Rjj- RRd)X u2i 7Q` � p�`B2iv Q7 `2�bQMb- K�Mv +QMi2KTQ`�`v +H�bb`QQKb
T`QpB/2 QMHv bmKK�iBp2 722/#�+Fě722/#�+F 2p�Hm�iBM; i?2 +Q``2+iM2bb Q7 � bim/2MiǶb }M�H
�Mbr2` (39- Re9)X >Qm`b Q7 mMbmT2`pBb2/ rQ`F- /m`BM; r?B+? � bim/2Mi �+iBp2Hv H2�`Mb �M/
BMi2`�+ib rBi? i?2 K�i2`B�H- �`2 K�MB72bi2/ BM � bBM;H2 /2HBp2`�#H2ě� bBM;H2 bM�Tb?Qi Q7 i?2
bim/2MiǶb i?BMFBM;ě7`QK r?B+? �M BMbi`m+iQ` Kmbi ;H2�M 2MQm;? BM7Q`K�iBQM iQ mM/2`bi�M/
H2�`MBM; T`Q+2bbX h?2 +m``2Mi +H�bb`QQK KQ/2H Q7 2p�Hm�iBM; QMHv � bim/2MiǶb }M�H bm#KBb@
bBQM KBbb2b i?2 QTTQ`imMBiv iQ ;Bp2 bim/2Mib 722/#�+F QM i?2B` T`Q#H2K@bQHpBM; T`Q+2bbX

>Qr2p2`- T`QpB/BM; 722/#�+F QM � }M�H bim/2Mi bm#KBbbBQM Bb �H`2�/v +?�HH2M;BM;- �M/
T`QpB/BM; 722/#�+F QM i?2 ?mM/`2/b Q7 bi2Tb � bim/2Mi K�v i�F2 iQ ;2i iQ i?2B` �Mbr2` b22Kb
T`Q?B#BiBp2Hv /B{+mHiX q?BH2 i?2 T`2pBQmb +?�Ti2` +Qp2`2/ � K2i?Q/QHQ;v 7Q` +?�`�+i2`BxBM;
7mM+iBQM�HBiv /m`BM; i?2 H2�`MBM; T`Q+2bb- Bib b2�KH2bb BMi2;`�iBQM BMiQ � *a +H�bb`QQK Bb
biBHH K�Mv v2�`b BMiQ i?2 7mim`2X h?Bb +?�Ti2` BMi`Q/m+2b S2MbB2p2- � bBKTH2@iQ@mb2 iQQH i?�i
+�M #2 mb2/ BKK2/B�i2Hv BM +H�bb`QQKb iQ/�v iQ 7�+BHBi�i2 ?mK�M +QMp2`b�iBQMb �#Qmi ?Qr
bim/2Mib T`Q;`2bb i?`Qm;? � T`Q;`�KKBM; �bbB;MK2MiX

S2MbB2p2R Bb �M BMi2`�+iBp2 pBbm�HBx�iBQM Q7 bim/2Mi rQ`F ?BbiQ`v QM �M �bbB;MK2Mi �M/
RAM i?2 r2HH@FMQrM >�``v SQii2` 7`�M+?Bb2- i?2 S2MbB2p2 Bb � K�;B+�H iQQH mb2/ iQ b�p2 �M/ 2t�KBM2 �

mb2`Ƕb T�bi K2KQ`B2bX

jN
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+�M #2 mb2/ iQ ;Bp2 722/#�+F QM � bim/2MiǶb T`Q#H2K@bQHpBM; �TT`Q�+?X �7i2` � bim/2Mi
+QKTH2i2b i?2B` �bbB;MK2Mi- �M BMbi`m+iQ` +�M mb2 S2MbB2p2 iQ `2pB2r i?2 bim/2MiǶb H2�`MBM;
T`Q+2bb �M/ ;Bp2 722/#�+F iQ i?2 bim/2Mi BM T2`bQMX S2MbB2p2 ;Bp2b #Qi? bim/2Mib �M/
i2�+?2`b � K2�Mb iQ b22 T`Q;`2bb QM �M �bbB;MK2Miě7`QK i?2 iBK2 � bim/2Mi }`bi HQQF2/ �i
i?2 �bbB;MK2Mi bi�`i2` +Q/2 iQ r?2M i?2v bm#KBii2/ i?2 }M�H T`Q/m+iěi?2`2#v 7�+BHBi�iBM;
+QMp2`b�iBQM �`QmM/ K2i�+Q;MBiBQM �M/ bim/2Mi H2�`MBM; i?�i Bb +`BiB+�H 7Q` BMi`Q/m+iQ`v
+QKTmi2` b+B2M+2 H2�`M2`bX q?2M i2�+?2`b +�M Q#b2`p2 � bim/2MiǶb T`Q+2bb- i?2v �`2 �#H2
iQ ;Bp2 iBK2Hv 722/#�+F �//`2bbBM; bim/2Mi KBbi�F2b �M/ iQ �/Dmbi �M/ T2`bQM�HBx2 i?2B`
QrM i2�+?BM; (kd)X q?2M bim/2Mib Q#b2`p2 i?2B` QrM T`Q+2bbě2p2M BM i?2 �#b2M+2 Q7 i?2
BMbi`m+iQ`ěi?2v +�M BMi2`M�HBx2 K2i�+Q;MBiBp2 Q#b2`p�iBQMb (jk)X h?`Qm;? Qm` bi`2�KHBM2/
mb2` BMi2`7�+2- mM/2`bi�M/BM; T`Q;`2bb #2+QK2b [mB+F �M/ 72�bB#H2- 2p2M BM � H�`;2 +H�bb`QQKX

AM i?Bb +?�Ti2`- r2 #2;BM rBi? �M Qp2`pB2r Q7 i?2 T2/�;Q;B+�H KQiBp�iBQMb 7Q` /2bB;MBM;
i?2 S2MbB2p2 iQQH- �b r2HH �b 2tBbiBM; iQQHb 7Q` ;BpBM; 722/#�+F iQ *a bim/2MibX �7i2` BM@
i`Q/m+BM; i?2 i2+?MB+�H BKTH2K2Mi�iBQM /2i�BHb Q7 i?2 iQQH- r2 b?�`2 Qm` 2tT2`B2M+2b mbBM;
S2MbB2p2 BM � Ry@r22F *aR +Qm`b2X q2 +HQb2 rBi? /Bb+mbbBQM QM #2bi T`�+iB+2b iQ /2THQv
Qm` iQQH [mB+FHv �M/ 2z2+iBp2Hv BM Qi?2` *a +H�bb`QQKbX hQ bT22/ mT �/QTiBQM Q7 Qm` iQQH-
�b T�`i Q7 i?Bb rQ`F r2 `2H2�b2/ S2MbB2p2 �b �M QT2M bQm`+2 iQQH i?�i #Qi? bim/2Mib �M/
BMbi`m+iQ`b +�M mb2Xk

jXR S2/�;Q;v �M/ KQiBp�iBQM

S2MbB2p2 �BKb iQ ǳTmb? #�+FǴ �;�BMbi i?2 i`2M/ Q7 �miQK�i2/ ;`�/BM; iQQHb BM +H�bb`QQKb
#v i?Qm;?i7mHHv BMi2;`�iBM; � ?mK�M ;`�/2` BMiQ �bbB;MK2Mi 722/#�+FX q2 /2bB;M2/ i?2 iQQH
rBi? b2p2`�H Q#D2+iBp2b BM KBM/,

RX 6Qbi2` K2i�+Q;MBiBp2 bFBHHb

kX A/2MiB7v K2i?Q/QHQ;v 2``Q`b 2�`Hv

jX *QmMi2`�+i TH�;B�`BbK 2z2+ib BM � H�`;2 +H�bb`QQK

9X :2MiH2 BMi`Q/m+iBQM Q7 p2`bBQM +QMi`QHX

Pm` }`bi Q#D2+iBp2 Bb iQ BKT`Qp2 K2i�+Q;MBiBp2 2/m+�iBQM BM +QKTmi2` b+B2M+2X J2i�+Q;@
MBiBQM Bb � H2�`MBM; i?2Q`v 7Q` ǳi?BMFBM; �#Qmi i?BMFBM;cǴ iQ KQbi 2z2+iBp2Hv H2�`M- bim/2Mib

kh?2 S2MbB2p2 iQQH Bb �p�BH�#H2 �i ?iiTb,ff;Bi?m#X+QKf+?`BbTB2+?fT2MbB2p2X

https://github.com/chrispiech/pensieve
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Kmbi MQi QMHv mM/2`bi�M/ i?2 T`Q#H2K #mi �HbQ mM/2`bi�M/ �M/ `2~2+i QM r?2`2 i?2v �`2
BM i?2 T`Q#H2K@bQHpBM; T`Q+2bbX � F2v }M/BM; Q7 � H�M/K�`F L�iBQM�H �+�/2Kv Q7 a+B2M+2b
bim/v QM H2�`MBM; b+B2M+2 r�b i?2 2z2+iBp2M2bb Q7 � K2i�+Q;MBiBp2 �TT`Q�+? iQ BMbi`m+@
iBQM (k3)X AM 2/m+�iBQM�H i?2Q`v- "HQQKǶb _2pBb2/ h�tQMQKv +?�`�+i2`Bx2b K2i�+Q;MBiBQM �b
QM2 Q7 i?2 ?B;?2bi +Q;MBiBp2 FMQrH2/;2 /BK2MbBQMb 7Q` �Mv H2�`MBM; �+iBpBiv (Rj- 83- ReR)X _2@
b2�`+? ?�b �HbQ b?QrM i?�i bim/2Mib rBi? bi`QM;2` K2i�+Q;MBiBp2 �r�`2M2bb i2M/ iQ T2`7Q`K
#2ii2` QM T`Q;`�KKBM; i�bFb (R3- jN- 8k)X AKTQ`i�MiHv- K2i�+Q;MBiBQM /B`2+iHv bmTTQ`ib
i?2 +QM+2Ti Q7 � ;`Qri? KBM/b2i- i?2 i?2Q`v i?�i BMi2HHB;2M+2 +�M #2 /2p2HQT2/ rBi? 2tT2`B@
2M+2 (93)X aim/2Mib r?Q #2HB2p2 i?�i �#BHBiv Bb � }t2/ i`�Bi �`2 �i � bB;MB}+�Mi /Bb�/p�Mi�;2
BM ah1J }2H/b +QKT�`2/ iQ i?2B` T22`b r?Q #2HB2p2 BM � ;`Qri? KBM/b2iX

Pm` b2+QM/ Q#D2+iBp2 Bb iQ 2M+Qm`�;2 2�`Hv B/2MiB}+�iBQM Q7 K2i?Q/QHQ;v 2``Q`bX JQbi
�bbB;MK2Mib BM H�`;2@b+�H2 +QKTmi2` b+B2M+2 +H�bb2b �`2 �bb2bb2/ bmKK�iBp2Hv, i?2 i2�+?BM;
�bbBbi�Mi b22b �M/ ;`�/2b QMHv i?2 bim/2MibǶ }M�H bm#KBbbBQMX >Qr2p2`- `2b2�`+? ?�b +QM+Hm@
bBp2Hv b?QrM i?�i MQM;`�/2/ 7Q`K�iBp2 �bb2bbK2Mib �`2 F2v iQ BKT`Qp2/ H2�`MBM; (k3- 3j)X
h?2v �HHQr i2�+?2`b iQ B/2MiB7v r?B+? i?Qm;?i T`Q+2bb2b rQ`F 7Q` bim/2Mib �M/ iQ T`QpB/2
mb27mH- /B`2+i2/ 722/#�+F bQ i?�i 2�+? bim/2Mi +�M BKT`Qp2X �b bm+?- i?Bb ;Q�H Bb BMi2`irBM2/
rBi? Qm` ;Q�H Q7 7Qbi2`BM; K2i�+Q;MBiBQM BM +QKTmi2` b+B2M+2ěi?`Qm;? `2~2+iBM; +`BiB+�HHv
QM i?2B` T`Q;`�KKBM; T`Q+2bb- bim/2Mib rBHH #2 �#H2 iQ #Qi? B/2MiB7v �`2�b 7Q` BKT`Qp2K2Mi
�M/ mM/2`bi�M/ ?Qr iQ �+?B2p2 i?�i BKT`Qp2K2Mi 2�`HB2`X

h?B`/Hv- #v 2KT?�bBxBM; i?2 BKTQ`i�M+2 Q7 i?2 H2�`MBM; T`Q+2bb- r2 ?QT2 i?�i S2MbB2p2
+�M �+i �b � T`22KTiBp2 /2i2``2Mi iQ TQi2MiB�H TH�;B�`BbKX aim/2Mib r?Q TH�;B�`Bx2 �HH
Q` T�`ib Q7 i?2B` �bbB;MK2Mib bimMi i?2B` K2i�+Q;MBiBp2 /2p2HQTK2Mi BM T`Q;`�KKBM; �M/
`2�T 72r2` #2M2}ib 7`QK 7Q`K�iBp2 722/#�+FX h?2v K�v �HbQ #2+QK2 bim+F BM � +v+H2 Q7
TH�;B�`BbK BM r?B+? i?2v �`2 BM+`2�bBM;Hv mM�#H2 iQ +QKTH2i2 rQ`F BM/2T2M/2MiHv (Rej)X
J�Mv +m``2Mi �TT`Q�+?2b iQ +QK#�iBM; TH�;B�`BbK BM H�`;2 *a +H�bb`QQKb 7Q+mb QM /2i2+iBM;
bBKBH�` +Q/2 BM i?2 }M�H bm#KBbbBQMc ?Qr2p2`- i?Bb 7m`i?2` `2BM7Q`+2b i?2 BKTQ`i�M+2 Q7 i?2
}M�H ;`�/2 `2+2Bp2/ �#Qp2 i?2 BMi`BMbB+ p�Hm2 Q7 H2�`MBM; (kN)X q2 ?QT2 i?�i #v KQMBiQ`BM;
i?2 /2p2HQTK2Mi T`Q+2bb (Rej)- r2 +�M #2ii2` bmTTQ`i bim/2Mib r?Q K�v Qi?2`rBb2 722H
Qp2`r?2HK2/X

G�biHv- r2 /2THQv � HB;?i p2`bBQM Q7 S2MbB2p2 7Q` bim/2Mib iQ 7�+BHBi�i2 T`QD2+i p2`bBQM
+QMi`QHX AM i?2 �#b2M+2 Q7 BMbi`m+iQ` 722/#�+F- S2MbB2p2 K�v biBHH #2 mb27mH iQ bim/2Mibc
r?BH2 � bim/2Mi rQ`Fb- i?2v +�M mb2 S2MbB2p2 iQ #`Qrb2 �M/ `2biQ`2 T`2pBQmb bM�Tb?Qib Q7
+Q/2X "v T`2b2MiBM; bQ7ir�`2 p2`bBQM +QMi`QH �b �++2bbB#H2 �M/ mb27mH BM BMi`Q/m+iQ`v *a
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+Qm`b2b- r2 ?QT2 i?�i bim/2Mib +�M [mB+FHv �/�Ti iQ KQ`2 ?2�pvr2B;?i p2`bBQM +QMi`QH iQQHb
HBF2 :Bi �M/ J�p2M BM KQ`2 �/p�M+2/ +Qm`b2bX

jXk _2H�i2/ rQ`F

q?BH2 2tBbiBM; rQ`F `2b2�`+? �//`2bb2b i?2 7Qm` Q#D2+iBp2b Q7 S2MbB2p2- iQ Qm` FMQrH2/;2
Qm` rQ`F Bb i?2 }`bi iQ +QK#BM2 �HH 7Qm` Q#D2+iBp2b BM � iQQH i?�i +�M #2 �/�Ti2/ 2�bBHv iQ
2tBbiBM; *aR +H�bb`QQKbX

LQpB+2 T`Q;`�KK2`b #2M2}i 7`QK K2i�+Q;MBiBp2 �r�`2M2bbX G22 2i �HX 7QmM/ i?�i T2`@
bQMB7vBM; i?2 T`Q;`�KKBM; T`Q+2bb BM+`2�b2b QMHBM2 2M;�;2K2Mi rBi? � +Q/BM; i�bF (Ne)
�M/ J�`+2�m 2i �HX bim/B2/ ?Qr MQpB+2 T`Q;`�KK2`b BMi2`�+i rBi? 2``Q` K2bb�;2b (Ryj)X
AM ;2M2`�H 2/m+�iBQM- h�MM2` 2i �HX `2TQ`i2/ QM ;2M2`�HBx�#H2 i2�+?BM; T`�+iB+2b 7Q` T`Q@
KQiBM; K2i�+Q;MBiBQM- bm+? �b BMbi`m+iQ` KQ/2HBM; Q7 T`Q#H2K bQHpBM;- iQQHb iQ ?2HT bim@
/2Mib B/2MiB7v H2�`MBM; bi`�i2;B2b- �M/ ;mB/2/ `2~2+iBQM (Rey)X S2MbB2p2 BM+Q`TQ`�i2b �HH Q7
i?2b2 bi`�i2;B2b #v 2M;�;BM; bim/2MiběrBi? i?2 bmTTQ`i Q7 i2�+?BM; �bbBbi�MiběBM i?2B`
QrM K2i�+Q;MBiBp2 mM/2`bi�M/BM; Q7 +QKTmi2` b+B2M+2X GQFb� 2i �HX 7QmM/ i?�i bim/2Mib
r?Q �`2 i`�BM2/ BM T`Q#H2K bQHpBM; T`Q+2/m`2b �`2 KQ`2 T`Q/m+iBp2 �M/ ?�p2 ?B;?2` b2H7@
2{+�+v (Ryy)X >Qr2p2`- i?2 BMi2`p2MiBQM r�b bim/B2/ BM � +�KT b2iiBM;- r?2`2 BMbi`m+iQ`b
2tTHB+BiHv /Bb+mbb2/ T`Q#H2K@bQHpBM; bi`�i2;B2b rBi? BM/BpB/m�H bim/2Mib �b i?2v rQ`F2/ QM
i?2 �bbB;MK2MiX Ai rQmH/ #2 BMi`�+i�#H2 iQ �TTHv i?Bb iQQH iQ �M mMbmT2`pBb2/ rQ`F +QMi2ti
BM � mMBp2`bBiv *a +H�bb`QQK- r?2`2 bim/2Mi@i2�+?2` BMi2`�+iBQM /m`BM; i?2 rQ`FBM; T2`BQ/
Bb KQ`2 BM7`2[m2MiX *�Q 2i �HX T`QTQb2/ A/2� :�`/2M- � iQQH i?�i �miQK�iB+�HHv bm;;2bib
T`Q#H2K@bQHpBM; T`Q+2/m`2b rBi?BM i?2 bim/2MiǶb A.1X q?BH2 i?Bb iQQH Bb �miQMQKQmb- Bi Bb
biBHH H�#Q`@BMi2MbBp2 7Q` i?2 BMbi`m+iQ`- r?Q Kmbi +Q``2+iHv �MiB+BT�i2 �M/ �`iB+mH�i2 bm;;2b@
iBQMb i?�i �//`2bb TQi2MiB�H Q#bi�+H2bX h?Bb bm;;2biBQM T`Q+2/m`2 K�v 7�BH iQ �/2[m�i2Hv
bmTTQ`i K�Mv QT2M@2M/2/ �bbB;MK2Mib- BM T�`i #2+�mb2 TQQ`Hv +QMbi`m+i2/ BMbi`m+iQ` ?BMib
+QmH/ /Bb+Qm`�;2 bim/2Mib 7`QK 2tTHQ`BM; /Bz2`2Mi bQHmiBQM T�i?bX

6Q`K�iBp2 722/#�+F BM i?2 +H�bb`QQK +�M ?�p2 � p�`B2iv Q7 BKT�+ib (Rd)X o�M /2` EH2BD
2i �HX 7QmM/ i?�i /2i�BH2/ 722/#�+F +QMi`B#mi2b KQ`2 iQ bim/2Mi H2�`MBM; i?�M 722/#�+F
QM +Q``2+iM2bb /Q2b (Re9)X aim/2Mib �HbQ #2M2}i KQ`2 7`QK �M �bbB;MK2Mi r?2M i?2v ?�p2
BMi2`�+iBp2- /B�HQ;m2@#�b2/ +`BiB[m2b rBi? T22`b Q` BMbi`m+iQ`b (jk- RRd)X q2 /2bB;M Qm` iQQH
rBi? i?2 �r�`2M2bb i?�i 722/#�+F Bb MQi � QM2@bB/2/ +QMp2`b�iBQMc i2�+?2`b b?QmH/ ?QH/
/Bb+mbbBQMb rBi? i?2 bim/2Mib iQ BKT`Qp2 bim/2Mi H2�`MBM; 7Q` i?2 `2bi Q7 i?2 +Qm`b2 (kd)X
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q?BH2 K�Mv iQQHb �miQK�i2 bmKK�iBp2 �bbB;MK2Mi 722/#�+F- S2MbB2p2 b22Fb iQ �m;K2Mi
bm+? iQQHb rBi? 7Q`K�iBp2 722/#�+F ;2M2`�i2/ #v ?mK�M BMbi`m+iQ`bX AM K�Mv H�`;2 +H�bb@
`QQKb- �miQK�i2/ �bb2bbK2Mi iQQHb U��hbV mb2 i2�+?2`@ Q` bim/2Mi@r`Bii2M i2bib iQ ;2M2`�i2
�bbB;MK2Mi 722/#�+F (Ry- 9N- d8)X G�`;2` +H�bb`QQKb HBF2 K�bbBp2 QT2M QMHBM2 +Qm`b2b Tmb?
iQr�`/b 7mHH@�miQK�iBQM #v mbBM; bvbi2Kb HBF2 BMi2HHB;2Mi imiQ`b iQ T2`bQM�HBx2 i?2 H2�`MBM;
2tT2`B2M+2 7Q` QMHBM2 bim/2Mib (9k)X >Qr2p2`- S`�i?2` 2i �HX 7QmM/ i?�i MQpB+2 T`Q;`�KK2`b
bi`m;;H2 rBi? BMi2`T`2iBM; `2bmHib 7`QK ��hb- r?B+? �`2 MQi /2bB;M2/ iQ 2tTHB+BiHv bmTTQ`i
bim/2Mi K2i�+Q;MBiBQMX h?2`2 ?�p2 #22M bim/B2b QM ?Qr iQ /2bB;M �miQK�i2/ +QKTmi2`
�;2Mib 7Q` T2`bQM�HBxBM; /2#m;;BM; ?BMib 2tTHB+BiHv 7Q` *aR +m``B+mH� (RjN)X L2p2`i?2H2bb-
iQ Qm` FMQrH2/;2 i?2`2 Bb MQ �miQK�i2/ iQQH 7Q` T`QpB/BM; 7Q`K�iBp2 722/#�+FX S2MbB2p2
H2p2`�;2b i?2 BM@T2`bQM T22` BMbi`m+iQ` bvbi2K rB/2Hv mb2/ BM K�Mv H�`;2 *aR +Qm`b2b (8e)
iQ T`QpB/2 ?mK�M 722/#�+F QM ?B;?2`@H2p2H +Q;MBiBp2 i�bFb iQ i2�+? bim/2Mib #2vQM/ i?2
+m``2Mi �bbB;MK2MiX

aQK2 +H�bb`QQKb ?�p2 mb2/ p2`bBQM +QMi`QH bvbi2Kb iQ ;Bp2 7Q`K�iBp2 722/#�+F- �b p2`bBQM
+QMi`QH bBKTHB}2b K�M�;2K2Mi Q7 H�`;2 +Qm`b2b (jd) �M/ K�F2b Bi 2�bB2` iQ B/2MiB7v T`Q#H2Kb
BM rQ`F ?�#Bib �M/ T`Q;`2bb (3N- Nk- Rjd)X q2 i�F2 � bHB;?iHv /Bz2`2Mi �TT`Q�+?- TH�+BM; H2bb
2KT?�bBb QM H2�`MBM; ?Qr iQ K�M�;2 � p2`bBQM +QMi`QH bvbi2K i?�M QM 2M+Qm`�;BM; bim/2Mi
b2H7@2p�Hm�iBQM (NN)X Pm` iQQH 7Q+mb2b QM bm`7�+BM; i?Bb BM7Q`K�iBQM BM � +H2�` K�MM2`-
T`QpB/BM; � HB;?i BMi`Q/m+iBQM iQ i?2 #2M2}ib Q7 p2`bBQM +QMi`QHX

jXj S2MbB2p2 /2i�BHb

S2MbB2p2 Bb T`BK�`BHv /2bB;M2/ 7Q` 2/m+�iQ`b iQ 2�bBHv ;Bp2 722/#�+F QM i?2 H2�`MBM; T`Q+2bbX
q2 KBMBKBx2 BMbi`m+iQ` rQ`FHQ�/ #v /2bB;MBM; S2MbB2p2 �b � /`�;@�M/@/`QT- Qmi@Q7@i?2@#Qt
iQQH 7Q` pB2rBM; bim/2Mi �bbB;MK2Mi T`Q;`2bbX Ai Bb TQ`i2/ �b � C�_ }H2c �M BMbi`m+iQ`
+�M bBKTHv /QrMHQ�/ i?2 C�_ BMiQ � bim/2Mi �bbB;MK2Mi 7QH/2`- `mM Bi- �M/ #2;BM pB2rBM;
bim/2Mi BMi2`K2/B�i2 bM�Tb?Qi /�i�X AM i?Bb b2+iBQM- r2 }`bi 2tTH�BM i?2 +QKTQM2Mib Q7 i?2
S2MbB2p2 iQQH b?QrM BM 6B;m`2 jXRX q2 i?2M /Bb+mbb BM /2i�BH � +H�bb`QQK TBT2HBM2 7Q` mbBM;
S2MbB2p2 BM � QM2@r22F �bbB;MK2MiX

jXjXR hQQH BKTH2K2Mi�iBQM

h?2 QMHv `2[mB`2/ 7QH/2` 7Q` S2MbB2p2 iQ rQ`F Bb � T`Q+2bb `2TQbBiQ`v Q7 iBK2bi�KT2/ +Q/2
bM�Tb?Qib Q7 � bBM;H2 bim/2Mi rQ`FBM; QM �M �bbB;MK2Miě/�i� r?B+? Bb BM+`2�bBM;Hv �p�BH�#H2
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(a)	 Assignment	timeline (b) Current snapshot information

(d)	Workflow	graphs
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(b) Current snapshot with (c) milestone prediction tooltip

(c)	Snapshot	functionality

Previous	two,	current,	and	next	two	outputs

Current	snapshot	output

6B;m`2 jXR, .B�;`�K Q7 S2MbB2p2 /BbTH�v- +QKTQb2/ Q7 7Qm` K�BM +QKTQM2Mib, U�V �bbB;M@
K2Mi iBK2HBM2- H27ic U#V *m``2Mi bM�Tb?Qi BM7Q`K�iBQM- +2Mi2`c U+V aM�Tb?Qi 7mM+iBQM�HBiv-
iQT `B;?ic �M/ U/V qQ`F~Qr ;`�T?b- #QiiQK `B;?iX

iQ 2/m+�iQ`b (Rjk)X AM Qm` +�b2 bim/v- r2 mb2 :Bi iQ iBK2bi�KT �M/ b�p2 bM�Tb?Qib Q7 C�p�
+Q/2 BM i?2 1+HBTb2 A.1- �b /2b+`B#2/ BM a2+iBQM kXkX >Qr2p2`- S2MbB2p2 /2T2M/b M2Bi?2`
QM i?2 mb2 Q7 1+HBTb2 MQ` C�p� BM i?2 +H�bb`QQKc Bi K2`2Hv `2[mB`2b i?�i bim/2Mi rQ`F #2
+�+?2/ Qp2` iBK2 BM � iBK2bi�KT2/ +Q/2 7QH/2`X Pm` iQQH +�M rQ`F �i � +Q�`b2` ;`�MmH�`Biv-
bm+? �b QM �bbB;MK2Mib i?�i `2[mB`2 bim/2Mib iQ +QKKBi T2`BQ/B+�HHv iQ �M QMHBM2 biQ`�;2
TH�i7Q`K HBF2 :Bi>m#X h?2 iQQH +�M �HbQ QT2`�i2 QM b2imTb HBF2 i?Qb2 QM *Q/2XQ`;- r?B+? b�p2
bM�Tb?Qib r?2M2p2` bim/2Mib `mM i?2B` +Q/2X q2 miBHBx2 i?2 iBK2bi�KT2/ +Q/2 `2TQbBiQ`v
iQ �M�Hvx2 #Qi? bim/2Mi +Q/2 T`Q;`2bb �M/ iBKBM; BM7Q`K�iBQMX

S2MbB2p2 pBbm�HBx2b bM�Tb?Qib rBi?BM i?2 T`Q+2bb `2TQbBiQ`v- �b b?QrM BM 6B;m`2 jXRX �
mb2` +�M U�V pB2r � iBK2HBM2 Q7 T`Q;`2bb QM i?2 �bbB;MK2Mi- U#V b2H2+i � +m``2Mi bM�Tb?Qi
iQ �M�Hvx2 BM KQ`2 /2i�BH- U+V B/2MiB7v 7mM+iBQM�H T`Q;`2bb QM i?2 +m``2Mi bM�Tb?Qi- �M/ U/V
�++2bb K2i`B+b Q7 +Q/2 +?�M;2b Qp2` iBK2X q2 /Bb+mbb 2�+? Q7 i?2b2 +QKTQM2Mib BM KQ`2
/2i�BH #2HQrX
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�bbB;MK2Mi iBK2HBM2

h?2 H27iKQbi T�M2H Q7 i?2 iQQH U6B;m`2 jXR�V /BbTH�vb �HH +�Tim`2/ bM�Tb?Qib 7Q` � ;Bp2M
bim/2Mi }H2X 1�+? 2Mi`v BM i?2 iBK2HBM2 +QMi�BMb i?2 bM�Tb?Qi BM/2t UBM i2KTQ`�H Q`/2`V-
i?2 �KQmMi Q7 iBK2 bT2Mi bQ 7�` QM i?Bb }H2- #`2�F iBK2- �M/ �M QTiBQM�H +QHQ` F2v BM/B+�iBM;
7mM+iBQM�H T`Q;`2bb U/Bb+mbb2/ KQ`2 #2HQrVX hBK2 bT2Mi QM i?2 �bbB;MK2Mi Bb +�H+mH�i2/ �b
�M �;;`2;�i2 Q7 `2H�iBp2 iBKBM; BM7Q`K�iBQM #2ir22M i?Bb bM�Tb?Qi �M/ i?2 T`2pBQmb QM2X
q2 K�`F #`2�F iBK2 BM T�`2Mi?2b2b- r?2`2 � #`2�F Q++m`b r?2M irQ +QMb2+miBp2 bM�Tb?QibǶ
iBK2bi�KTb /Bz2` #v KQ`2 i?�M Ry KBMmi2bX "v #`QrbBM; i?2 iBK2HBM2- �M BMbi`m+iQ` +�M
BM72` r?2`2 bim/2Mib iQQF bm#bi�MiB�H #`2�Fb iQ ;2i � +m`bQ`v ;H�M+2 Q7 r?B+? bM�Tb?Qib
rQmH/ #2 rQ`i? +HQb2` �ii2MiBQMX

*m``2Mi bM�Tb?Qi BM7Q`K�iBQM

a2H2+iBM; � bM�Tb?Qi BM i?2 �bbB;MK2Mi iBK2HBM2 HBbi mT/�i2b i?2 /BbTH�vb BM +m``2Mi bM�Tb?Qi
BM7Q`K�iBQM- bM�Tb?Qi 7mM+iBQM�HBiv- �M/ i?2 `2/ HBM2 BM i?2 rQ`F~Qr K2i`B+b ;`�T? U6B;m`2
jXR#VX h?2 +m``2Mi bM�Tb?QiǶb +Q/2 BM i?2 +2Mi2` T�M2H ?�b �TT`QT`B�i2 bvMi�t ?B;?HB;?iBM;
�M/ Bb BM TH�BM@i2ti- �HHQrBM; �M BMbi`m+iQ` iQ b2H2+i �M/ +QTv +Q/2 iQ �M 2/BiQ` B7 �//BiBQM�H
p2`B}+�iBQM Bb M22/2/X h?2 iQT@`B;?i T�M2H Bb mb2/ iQ /BbTH�v i?Bb +Q/2Ƕb QmiTmi r?2M
+QKTBH2/ �M/ `mMc B7 i?2 +Q/2 ?�b � +QKTBH2 Q` `mMiBK2 2``Q`- MQi?BM; Bb b?QrMX h?2
2t�KTH2 �bbB;MK2Mi b?QrM BM 6B;m`2 jXR /`�rb � Tv`�KB/ 7`QK i?2 Sv`�KB/ �bbB;MK2Mi
/2b+`B#2/ BM *?�Ti2` kX Ai Bb BKTQ`i�Mi iQ MQi2 i?�i S2MbBp2 Bb MQi `mMMBM; bM�Tb?Qi +Q/2
HBp2c i?2 +QKTBHBM; �M/ `mMMBM; Q7 �Mv bim/2Mi +Q/2 Bb /QM2 BM � T`2T`Q+2bbBM; bi2TX h?2
/2i�BHb Q7 /2bB;MBM; bm+? � T`2T`Q+2bbQ` �`2 /Bb+mbb2/ KQ`2 #2HQrX

aM�Tb?Qi 7mM+iBQM�HBiv

h?2 iQT@`B;?i T�M2H U6B;m`2 jXR+V pBbm�HBx2b i?2 QmiTmi Q7 i?2 +m``2MiHv b2H2+i2/ +Q/2- B7
i?2`2 r2`2 MQ +QKTBH2 Q` `mMiBK2 2``Q`bX �HH QmiTmib 7Q` �HH bM�Tb?Qib �`2 `mM �M/ b�p2/
T`BQ` iQ /QrMHQ�/BM; �M/ `mMMBM; S2MbB2p2 BM � T`2T`Q+2bbBM; bi2TX AM Qm` BKTH2K2Mi�iBQM-
i?Bb Q++m`b QM i?2 +Qm`b2 b2`p2`b �7i2` bim/2Mib bm#KBi i?2 �bbB;MK2Mi �M/ #27Q`2 BMbi`m+iQ`b
#2;BM ;`�/BM;X h?2 T`2T`Q+2bbQ` +QKTBH2b �M/ `mM 2�+? bM�Tb?Qi BM 2�+? }H2c B7 i?2`2 �`2
MQ 2``Q`b- i?2M i?2 QmiTmi Bb b�p2/ BMiQ � b2T�`�i2 7QH/2`X h?2 S2MbB2p2 T`Q;`�K i?2M
BMi2`7�+2b rBi? i?2 7QH/2` Q7 QmiTmib pB� � CaPL K2i�/�i� HQQFmT- r?B+? �bbQ+B�i2b i?2
bM�Tb?Qi U`2T`2b2Mi2/ #v � UlMBt 1TQ+? iBK2bi�KT- Q`B;BM�H }H2M�K2V imTH2V rBi? i?2
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7QHHQrBM; 72�im`2b, � ~�; 7Q` +QKTBH2 2``Q`- � ~�; 7Q` `mMiBK2 2``Q`- i?2 QmiTmi }H2 T�i?-
�M/ � KBH2biQM2 K2i`B+- Q7 r?B+? i?2 H�ii2` irQ �`2 QMHv p�HB/ B7 #Qi? 2``Q` ~�;b �`2 QzX
�Mv �//BiBQM�H K2i�/�i� T2` bM�Tb?Qi +�M �HbQ #2 b�p2/ BM i?Bb CaPL HQQFmT }H2X

AM Qm` 2t�KTH2 �bbB;MK2Mi- r2 K�BMHv mb2 ;`�T?B+b 2t2`+Bb2b #�b2/ QM i?2 C�p� �*J
;`�T?B+b HB#`�`v (R9k)X �b � `2bmHi- QmiTmi }H2 T�i?b TQBMi iQ b�p2/ QmiTmi SL: }H2bX >Qr@
2p2`- QM2 +QmH/ 2�bBHv `mM �M/ b�p2 +QMbQH2 T`Q;`�K QmiTmi �b TH�BM@i2ti HQ; }H2b- r?B+? +�M
#2 /BbTH�v2/ BM i?2 iQT@`B;?i T�M2H Q7 S2MbB2p2 rBi? KBMQ` KQ/B}+�iBQMbX JBH2biQM2 K2i`B+b
�`2 +QKTmi2/ #�b2/ QM 2�+? bM�Tb?QiǶb QmiTmic B7 i?2`2 �`2 mMBi i2bib 7Q` i?2 �bbB;MK2Mi-
i?Bb +�M bBKTHv #2 i?2 MmK#2` Q7 T�bb2/ mMBi i2bibX 6Q` Qm` BK�;2 }H2b- r2 mb2 �M BK�;2
+H�bbB}2` i?�i /2i2`KBM2b � KBH2biQM2 H�#2H 7Q` 2�+? bM�Tb?Qi- �b /2b+`B#2/ BM *?�Ti2` kX
h?2 KBH2biQM2 K2i`B+ T2` bM�Tb?Qi Bb /BbTH�v2/ �b � bK�HH b[m�`2 +QHQ` BM/B+�iQ` BM i?2 H27i
iBK2HBM2 T�M2Hc `mMiBK2 �M/ +QKTBH2 2``Q`b �`2 �bbB;M2/ b2T�`�i2 +QHQ` BM/B+�iQ`bX

qQ`F~Qr ;`�T?b

h?2 #QiiQK@`B;?i T�M2H U6B;m`2 jXR/V +QMi�BMb iBK2 b2`B2b Q7 p�`BQmb }H2 K2i`B+b iQ pBbm�HBx2
bim/2Mi T`Q;`2bb �M/ bivH2 Qp2` iBK2 (kk)X h?2 aQm`+2G2M;i? ;`�T? b?QrM /BbTH�vb +Q/2
H2M;i? UBM ;`22MV �M/ +QKK2Mi H2M;i? UBM v2HHQrV BM MmK#2` Q7 +?�`�+i2`b- �b r2HH �b �
`2/- p2`iB+�H BM/B+�iQ` Q7 i?2 +m``2MiHv b2H2+i2/ bM�Tb?QiǶb K2i`B+bX �MQi?2` ;`�T? /BbTH�vb
BM/2Mi�iBQM 2``Q`b Qp2` iBK2ěr?B+? �`2 �HHQr2/ BM C�p� #mi �`2 BM/B+�iBp2 Q7 K2bbv +Q/BM;
bivH2ě�M/ � i?B`/ ;`�T? /BbTH�vb +mbiQK K2i�/�i� 7`QK i?2 iBK2bi�KT2/ +Q/2 /B`2+iQ`vc
7Q` 2t�KTH2- Qm` T`Q+2bb `2TQbBiQ`B2b �HbQ `2+Q`/ i?2 MmK#2` Q7 +Q/2 `mMb T2` bM�Tb?QiX
AMbi`m+iQ`b +�M 2�bBHv iQ;;H2 #2ir22M i?2b2 iBK2 b2`B2b- r?B+? �`2 BMi2M/2/ iQ ?B;?HB;?i
bim/2Mi rQ`F T�ii2`Mb- bm+? �b r?2M i?2v bi�`i2/ i?BMFBM; �#Qmi ;QQ/ bivH2 �M/ BM/2Mi�iBQM-
Q` r?2i?2` i?2 K�DQ`Biv Q7 i?2B` rQ`F �M/ +Q/2 +?�M;2b r2`2 +QM+2Mi`�i2/ �i i?2 2M/ Q7
i?2 iBK2HBM2X

jXjXk *H�bb`QQK mb2

6B;m`2 jXk b?Qrb �M �bbB;MK2Mi 722/#�+F TBT2HBM2 i?�i mb2b S2MbB2p2X 6B`bi- � bim/2Mi
rQ`Fb BM i?2B` QrM 2MpB`QMK2Mi U� H�# +QKTmi2`- T2`bQM�H H�TiQT- Q` BM@#`Qrb2` �TTV-
r?B+? b�p2b iBK2bi�KT2/ bM�Tb?Qib Q7 i?2B` +Q/2 T`Q;`2bbX h?2 bim/2Mi i?2M bm#KBib i?2B`
rQ`F iQ � /�i�#�b2- r?2`2 QTiBQM�H T`2T`Q+2bbBM; Q++m`bc 7Q` 2t�KTH2- iQ ;2M2`�i2 �M/ b�p2
bM�Tb?Qi QmiTmi 7Q` H�i2` `2pB2rX h?B`/- i?2 i2�+?2` /QrMHQ�/b �M/ `2pB2rb i?2 bim/2Mi
+Q/2 bm#KBbbBQMb mbBM; S2MbB2p2X 6BM�HHv- i?2 i2�+?2` /Bb+mbb2b i?2 +Q/2 rBi? i?2 bim/2Mi
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Pensieve

Student	completes	an	assignment.
Hundreds of code	process	snapshots	are	

auto-saved into a repository.

Teaching	assistant	spends	5	to	10	mins	
observing	the	student’s	process	via	

Pensieve.

The	teaching	assistant	spends	10	mins	
giving	in-person	feedback	on	the	
student’s	process	via	Pensieve.

Student	submits	process	repository	
along	with	final	answer.	Pensieve

optionally	pre-runs	output.
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6B;m`2 jXk, 1M�#HBM; bim/2Mi@i2�+?2` +QMp2`b�iBQMb QM H2�`MBM; T`Q+2bb rBi? S2MbB2p2X

BM � +H�bb`QQK b2iiBM;X "2+�mb2 S2MbB2p2 Bb � iQQH /2bB;M2/ 7Q` 7Q`K�iBp2 722/#�+F- i?2
BM@T2`bQM 722/#�+F QM H2�`MBM; T`Q+2bb Bb mM;`�/2/X hQ T`2p2Mi Qmi+QK2b Q7 i?2 bim/2Mi@
i2�+?2` +QMp2`b�iBQM 7`QK BM~m2M+BM; �Mv +QKTQM2Mi Q7 ;`�/BM;- �miQ;`�/2`b Q` ?mK�M
;`�/BM; b?QmH/ ?�TT2M T`BQ` iQ BMbi`m+iQ` mb2 Q7 S2MbB2p2 UBX2X- #27Q`2 bi2T jVX

h2�+?2`b BM Qm` +H�bb`QQK T`QpB/2 �bbB;MK2Mi 722/#�+F iQ i?2B` bim/2Mib BM irQ r�vb,
i?2 7mM+iBQM�H �M/ bivH2 ;`�/2b T`Q/m+2/ 7`QK � }t2/ `m#`B+- �M/ �M mM;`�/2/ BMi2`�+iBp2
;`�/BM; UA:V b2bbBQM (R9j)- r?2`2 i?2 i2�+?2` �M/ bim/2Mi bBi /QrM 7Q` � QM2@QM@QM2- R8@
KBMmi2 b2bbBQM iQ /Bb+mbb i?2 bim/2MiǶb +Q/2- �Mv KBb+QM+2TiBQMb- �M/ iBTb iQ BKT`Qp2 7Q`
7mim`2 �bbB;MK2MibX h?2 Tm`TQb2 Q7 i?2 A: b2bbBQM Bb iQ K�BMi�BM +QMp2`b�iBQM i?`Qm;?Qmi
i?2 [m�`i2` bQ i?�i bim/2Mib +�M �+iBp2Hv `2~2+i QM i?2B` +Q/BM; T`Q+2bbX q2 i?2`27Q`2 BMb2`i
S2MbB2p2 BMiQ i?2 A: b2bbBQM Ubi2T 9 Q7 i?2 TBT2HBM2 BM 6B;m`2 jXkVX

q2 /2bB;M S2MbB2p2 iQ [mB+FHv BMi2;`�i2 BMiQ 2tBbiBM; +H�bb`QQKbX AM Qm` +H�bb`QQK- 2�+?
i2�+?BM; �bbBbi�Mi Uh�V Bb �bbB;M2/ iQ 2B;?i bim/2Mib 7Q` i?2 /m`�iBQM Q7 i?2 [m�`i2`X h?2
h�Ƕb r22FHv `2bTQMbB#BHBiB2b �`2 iQ i2�+? /Bb+mbbBQM b2+iBQMb- ;`�/2 �bbB;MK2Mi rQ`F- �M/
?QH/ A: b2bbBQMbX h?2v /QrMHQ�/ bim/2Mi bQHmiBQM +Q/2 7`QK i?2 +Qm`b2 /�i�#�b2- ivTB+�HHv �
72r /�vb T`BQ` iQ i?2 ;`�/BM; /2�/HBM2- r?B+? Bb � r22F �7i2` i?2 bim/2Mi bm#KBbbBQM /2�/HBM2X
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�i i?2 iBK2 Q7 h� /QrMHQ�/- S2MbB2p2 Bb �H`2�/v BM+Hm/2/ �b T�`i Q7 2�+? bim/2Mi 7QH/2`X �Mv
T`2T`Q+2bbBM; iQ ;2M2`�i2 pBbm�H T`Q;`�K QmiTmi Q` +QMbQH2 QmiTmi HQ;b Kmbi #2 BM+Hm/2/ BM
i?2 bim/2Mi 7QH/2`b T`BQ` iQ /QrMHQ�/c i?Bb Bb /QM2 iQ 2Mbm`2 i?�i i?2 ;`�/2` +�M `mM S2MbB2p2
�b � HB;?ir2B;?i iQQH QM i?2B` QrM +QKTmi2`bX h?2 T`2T`Q+2bbBM; bi2T iQ ;2M2`�i2 �M/ b�p2
;`�T?B+�H QmiTmi QM i?`22 b2T�`�i2 +Q/2 }H2b 7Q` � 9yy@bim/2Mi +H�bb iQQF �#Qmi ?�H7 � /�vX
AM i?2 �#b2M+2 Q7 � +Qm`b2 /�i�#�b2 Q` T`2T`Q+2bbQ`- � i2�+?2` +�M bBKTHv /`QT i?2 S2MbB2p2
C�_ BMiQ i?2 �bbB;MK2Mi /B`2+iQ`v QM i?2 bim/2MibǶ +QKTmi2`X PM+2 i?2 C�_ Bb rBi?BM i?2
+Q``2+i /B`2+iQ`v- i2�+?2`b �M/ bim/2Mib �HBF2 +�M [mB+FHv M�pB;�i2 i?2 T`Q+2bb `2TQbBiQ`v Q7
iBK2bi�KT2/ +Q/2 bM�Tb?Qib �M/ /Bb+mbb +Q/BM; iBTb �M/ KBb+QM+2TiBQMbX A7 i?2 QMHv �//2/
iBK2 Bb i?2 8@Ry KBMmi2b iQ `2pB2r 2�+? Q7 2B;?i bim/2MibǶ T`Q;`�KKBM; T`Q+2bb- i?2M i?2
iQi�H �MiB+BT�i2/ 2ti`� iBK2 7Q` 2�+? BM/BpB/m�H i2�+?2` BM+m``2/ #v S2MbB2p2 �/QTiBQM Bb
9y@3y KBMmi2bX

h2�+?2`b +�M mb2 S2MbB2p2 /m`BM; i?2b2 A: b2bbBQMb iQ ;�BM � ?QHBbiB+ pB2r Q7 ?Qr i?2
bim/2Mi i?Qm;?i i?`Qm;? i?2 �bbB;MK2Mi- �M/ iQ B/2MiB7v- 7Q` 2t�KTH2- TH�+2b r?2`2 bim/2Mib
bi`m;;H2/ rBi? +QM+2Tib Q` b?Qr2/ ;QQ/ bivH2 ?�#BibX 6Q` i?2 bim/2Mi BM 6B;m`2 jXR- i?2
i2�+?2` +QmH/ B/2MiB7v 7`QK i?2 aQm`+2G2M;i? ;`�T? i?�i T`BQ` iQ i?2 H�bi irQ bM�Tb?Qib-
i?2 bim/2Mi /B/ MQi +QKK2Mi �i �HH Ui?2 bi�`i2` +Q/2 ?�b Rdy +?�`�+i2`b Q7 +QKK2MibVěBM
Qi?2` rQ`/b- i?2 bim/2Mi #2;�M �//BM; +QKK2Mib `B;?i #27Q`2 bm#KBbbBQMX h?2 +Q/2 bQm`+2
H2M;i? ?�/ � bBKBH�` DmKTc mTQM +HB+FBM; QM H�i2` bM�Tb?Qib i?2 i2�+?2` +QmH/ B/2MiB7v i?2
bim/2Mi /2+QKTQbBM; i?2B` +Q/2 BMiQ bK�HH2` ?2HT2` 7mM+iBQMb BM i?2 H�bi Ry KBMmi2b Q7
rQ`FX h?2 i2�+?2` +QmH/ i?2M ;�i?2` i?�i i?2 bim/2Mi r�b QTTQ`imMBbiB+�HHv +QKK2MiBM;
�M/ �//BM; ?2HT2` 7mM+iBQMb BM Q`/2` iQ BM+`2�b2 i?2 }M�H bm#KBbbBQMǶb bivH2 b+Q`2X �b T�`i
Q7 i?2 A: b2bbBQM- i?2 i2�+?2` +QmH/ bm;;2bi i?�i i?2 bim/2Mi mb2 +QKK2Mib �M/ ?2HT2`
7mM+iBQM /2bB;M /m`BM; i?2 �bbB;MK2Mi iQ ;mB/2 T`Q#H2K@bQHpBM;X

AM �//BiBQM iQ i?2 i2�+?2`@7�+BM; p2`bBQM Q7 S2MbB2p2- r2 �HbQ /2bB;M � `2/m+2/ p2`bBQM Q7
i?2 iQQH 7Q` bim/2Mib iQ mb2 �b � HB;?i p2`bBQM +QMi`QH bQ7ir�`2X aim/2Mib �`2 MQiB}2/ Q7 i?Bb
bQ7ir�`2 /m`BM; i?2 +Qm`b2c i?2 C�_ }H2 Bb �p�BH�#H2 �b T�`i Q7 �bbB;MK2Mi bi�`i2` +Q/2X

jX9 1tT2`B2M+2

AM i?Bb b2+iBQM- r2 b?�`2 Qm` }M/BM;b QM mbBM; S2MbB2p2 BM � *aR +Qm`b2X �i i?2 iBK2 Q7
T2`7Q`KBM; i?Bb bim/v- r2 mb2/ S2MbB2p2 BM irQ i2`Kb, qBMi2` kyR3- r?B+? r�b mb2/ iQ
`2}M2 i?2 iQQH BKTH2K2Mi�iBQM �M/ i2�+?2` i`�BMBM; T`Q+2/m`2b BM iQQH mb�;2- �M/ aT`BM;
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�;`22 Ai2KUWV
Ny AMbB;?ib 7`QK S2MbB2p2 H2�/ iQ

ǳKQ`2 �+iBQM�#H2 �M/
bT2+B}+ �bbBbi�M+2Ǵ

dy S2MbB2p2 ǳBb ?2HT7mH 7Q` b?QrBM;
BMbi`m+iQ`b r?B+? bim/2Mib
KB;?i M22/ 2ti`� ?2HTǴ

− .�i� QM �bbB;MK2Mi
+QKTH2iBQM iBK2
�`2 ǳ2bT2+B�HHv p�Hm�#H2Ǵ

U�V SQbBiBp2 722/#�+FX

�;`22 Ai2KUWV
3y q�Mi �M QTiBQM ǳiQ b?Qr

QMHv K�DQ` +?�M;2b BM +Q/2Ǵ
iQ #2ii2` T`BQ`BiBx2
BM7Q`K�iBQM �M/ 722/#�+F

d8 q�Mi KQ`2 ǳbim/2Mi@7�+BM;
72�im`2bǴ

− ǳ�HH Q7 i?2 /�i� S2MbB2p2
T`2b2Mib Bb ?2HT7mH #mi
+�M #2 Qp2`r?2HKBM;Ǵ

U#V SQBMib iQ BKT`Qp2X

h�#H2 jXR, h2�+?2` bm`p2v `2bmHib QM mbBM; S2MbB2p2X

kyR3- r?B+? r2 rBHH `272` iQ �b i?2 1tT2`B2M+2 h2`KX
q2 bQm;?i iQ 2p�Hm�i2 i?2 BKT�+i Q7 Qm` iQQH QM i?2 1tT2`B2M+2 h2`K BM i?`22 r�vb,

URV � 7Q`K�H [m�HBi�iBp2 �M�HvbBb Q7 ?Qr mb27mH BMbi`m+iQ`b 7QmM/ i?2 iQQH- UkV �M Q{+B�H
mMBp2`bBiv bm`p2v QM ?Qr mb27mH bim/2Mib 7QmM/ i?2 iQQH- �M/ UjV [m�MiBi�iBp2 K2�bm`2b
Q7 T2`7Q`K�M+2 QM 2t�Kb- iBK2 iQ +QKTH2i2 �bbB;MK2Mib- �M/ ?QMQ` +Q/2 pBQH�iBQMbX �HH
2p�Hm�iBQMb `2p2�H � +QMbBbi2Mi biQ`v Q7 2/m+�iBQM�H #2M2}i i?�i r2 2tT2+i iQ b22 ;Bp2M i?2
BKT`Qp2/ T2/�;Q;B+�H #2M2}ibX

jX9XR aim/2Mi �M/ i2�+?2` 2p�Hm�iBQMb

�i i?2 2M/ Q7 i?2 1tT2`B2M+2 h2`K- r2 �bF2/ bim/2Mib iQ T`QpB/2 � GBF2`i `�iBM; 7Q` i?2
bi�i2K2Mi- ǳAi r�b mb27mH iQ b22 i?2 T`Q+2bb Q7 ?Qr A H2�`M2/ mbBM; S2MbB2p2-Ǵ �b T�`i Q7
i?2B` 7Q`K�H +Qm`b2 2p�Hm�iBQMX aim/2Mib QM �p2`�;2 bi`QM;Hv �;`22/ Uµ = 4.6/5,σ = 0.6VX
6m`i?2`KQ`2- bim/2Mib ;�p2 � ?B;?2` `�iBM; 7Q` i?2 [m�HBiv Q7 +Qm`b2 BMbi`m+iBQM �M/ 722/#�+F
Uµ = 4.8,σ = 0.4- r?2`2 8 4 1t+2HH2Mi- �M/ 9 4 :QQ/V i?�M BM T`2pBQmb i2`Kb Uµ = 4.6,σ =

0.4V 7Q` i?2 1tT2`B2M+2 h2`K BMbi`m+iQ`X _2bTQMb2 `�i2 r�b dyW 7Q` N = 207 bim/2Mib BM
i?2 +Qm`b2X

hQ K2�bm`2 ?Qr mb27mH i2�+?BM; �bbBbi�Mib 7QmM/ Qm` iQQH- r2 `2[m2bi2/ �M 2ti2`M�H
7�+BHBi�iQ` iQ +QM/m+i � bK�HH ;`QmT BMbi`m+iBQM�H /B�;MQbBb Ua:A.V (je)X 1ti2`M�H 2p�Hm�iQ`b
K2i rBi? M = 31 h�b r?Q mb2/ S2MbB2p2 BM i?2 1tT2`B2M+2 h2`K iQ /Bb+mbb URV r?2i?2`
mbBM; i?2 iQQH BKT`Qp2/ i?2 i2�+?2`bǶ mM/2`bi�M/BM; Q7 bim/2Mi H2�`MBM; T`Q+2bb BM *a- UkV B7



*>�Sh1_ jX S1LaA1o1 8y

"�b2HBM2 h2`K 1tT2`B2M+2 h2`K
qBMi2` kyRd aT`BM; kyR3

aim/2Mib 9N3 kyd
qQK2M 8RW 8kW
> 10 ?`b 2tTX jdX9W kdXdW

h�#H2 jXk, aim/2Mi /2KQ;`�T?B+b BM i?2 *aR +Qm`b2 bim/B2/X

i?2`2 r2`2 r�vb iQ BKT`Qp2 i?2 iQQH- �M/ UjV B7 i?2`2 r2`2 r�vb iQ BKT`Qp2 ?Qr i?2 iQQH r�b
mb2/ BM i?2 +H�bb`QQKX h?2 2p�Hm�iQ`b bQHB+Bi2/ 722/#�+F �M/ +QMbQHB/�i2/ K�DQ` b2MiBK2MibX
hQ KBMBKBx2 #B�b- i?2 +Qm`b2 BMbi`m+iQ` �M/ `2b2�`+?2`b r2`2 MQi T`2b2Mi /m`BM; i?2 a:A.X
h?2 `2bmHib Q7 i?2 i2�+?BM; 2p�Hm�iBQMb �`2 `2TQ`i2/ BM h�#H2 jXRX h?2 h�b �`iB+mH�i2/ i?�i
i?2v 7QmM/ i?2 iQQH iQ #2 mb27mH- /2bTBi2 Bi `2[mB`BM; KQ`2 rQ`F QM i?2B` T�`iX h?2 722/#�+F
b2bbBQM bm;;2bib i?�i KQ`2 i2�+?2` i`�BMBM; Q` #2ii2` ?B;?HB;?iBM; rBi?BM i?2 iQQH rQmH/
BKT`Qp2 i?2 i2�+?2` 2tT2`B2M+2X

jX9Xk G2�`MBM; �M�HvbBb

AM �//BiBQM iQ K2�bm`BM; i?2 T2`+2TiBQM Q7 bim/2Mib �M/ i2�+?2`b- r2 �HbQ TH�+2 BKTQ`i�M+2
QM [m�MiB}�#H2 BKT`Qp2K2Mib BM H2�`MBM; Qmi+QK2bX lM/2` Qm` ?vTQi?2bBb i?�i S2MbB2p2
?�/ � bm#bi�MiB�H BKT�+i QM bim/2Mi H2�`MBM;- r2 2tT2+i iQ b22 � MQi�#H2 +?�M;2 BM bim/2Mi
T2`7Q`K�M+2X

AM i?2 7QHHQrBM; �M�HvbBb- r2 +QKT�`2 Qm` }M/BM;b BM i?2 1tT2`B2M+2 h2`K iQ i?Qb2 BM
� "�b2HBM2 h2`K UqBMi2` kyRdV- r?B+? /B/ MQi mb2 S2MbB2p2X h�#H2 jXk b?Qrb i?2 bim/2Mi
/2KQ;`�T?B+b 7Q` 2�+? i2`KX h?2 "�b2HBM2 h2`K ?�/ K�Mv KQ`2 bim/2Mib- �M/ i?2v ?�/
bB;MB}+�MiHv KQ`2 *a #�+F;`QmM/ i?�M i?Qb2 BM i?2 1tT2`B2M+2 h2`Kc jdX9W Q7 bim/2Mib
BM i?2 "�b2HBM2 h2`K `2TQ`i2/ = Ry ?Qm`b Q7 T`Q;`�KKBM; 2tT2`B2M+2- p2`bmb kdXdW Q7
bim/2Mib BM i?2 1tT2`B2M+2 h2`KX "Qi? i2`Kb ?�/ � +QKT�`�#H2 b2H7@`2TQ`i2/ ;2M/2` `�iBQX

"Qi? i?2 "�b2HBM2 h2`K �M/ i?2 1tT2`B2M+2 h2`K ?�/ i?2 b�K2 BMbi`m+iQ`- H2+im`2b-
�M/ �bbB;MK2MibX q2 7Q+mb QM i?2 }`bi ?�H7 Q7 i?2 +Qm`b2- r?Qb2 iBK2HBM2 Bb B/2MiB+�H �+`Qbb
#Qi? i2`Kb U6B;m`2 jXjVX h?2 ǳS2MbB2p2 BMi2`p2MiBQMǴ Bb /2}M2/ �b i?2 S2MbB2p2@�bbBbi2/
A: b2bbBQMb 7Q` �bbB;MK2Mib R �M/ k /m`BM; i?2 1tT2`B2M+2 h2`KX h?2 "�b2HBM2 h2`KǶb
+Q``2bTQM/BM; A: b2bbBQMb /B/ MQi mb2 i?2 iQQH- �M/ �HH +QMp2`b�iBQMb r2`2 #�b2/ QM i?2
bim/2MiǶb }M�H bm#KBbbBQMX
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Week	1 2

Assignment	1
Assignment	2
Assignment	3

Midterm
3 4 5 6

Pensieve intervention

Assignment	period
Late	period
Interactive	grading	
session
Midterm	exam

6B;m`2 jXj, �bbB;MK2Mi �M/ 2t�K iBK2HBM2 7Q` #Qi? i?2 "�b2HBM2 �M/ 1tT2`B2M+2 i2`KbX
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U#V

6B;m`2 jX9, *QKT�`BM; +Qm`b2 T2`7Q`K�M+2 #2ir22M i?2 "�b2HBM2 h2`K �M/ i?2 1tT2`B2M+2
h2`K- r?2`2 r2 /2THQv2/ S2MbB2p2- #v U�V �bbB;MK2Mi +QKTH2iBQM iBK2 �M/ U#V KB/i2`K
�#BHBivX

AM i?2 1tT2`B2M+2 h2`K- r2 T`QpB/2/ Qm` iQQH iQ i?2 2MiB`2 +H�bbě�b QTTQb2/ iQ `mMMBM;
� `�M/QKBx2/ +QMi`QH i`B�Hě�M/ i?mb Bi Bb MQi TQbbB#H2 iQ `2TQ`i QM i?2 +�mb�H BKT�+i Q7
mbBM; S2MbB2p2X q?BH2 r2 +QmH/ MQi Q#b2`p2 +�mb�HBiv- r2 +�M Q#b2`p2 +Q``2H�iBQMX h?2 +Q@
Q++m``2M+2 Q7 mbBM; i?2 iQQH �M/ MQi�#H2 H2�`MBM; BKT`Qp2K2Mi �//b r2B;?i iQ Qm` #2HB27 i?�i
i?2 iQQH ?�b � TQbBiBp2 BKT�+iX hQ �bb2bb i?2 +Q@Q++m``2M+2 Q7 H2�`MBM; ;�BMb- r2 K2�bm`2/
+?�M;2b BM URV iBK2 bT2Mi QM �bbB;MK2Mib �7i2` i?2 S2MbB2p2@�bbBbi2/ BMi2`�+iBp2 ;`�/BM;
�bbB;MK2Mi- UkV 2t�K T2`7Q`K�M+2- �M/ UjV TH�;B�`BbKX

�bbB;MK2Mi iBK2

q2 mb2/ bim/2Mi �bbB;MK2Mi +QKTH2iBQM iBK2 �b � T`2@TQbi K2�bm`2 Q7 i?2B` �#BHBiv iQ
T`Q;`�KX 6Q` 2�+? Q7 �bbB;MK2Mib R- k- �M/ j- r2 mb2/ i?2 iBK2bi�KTb rBi?BM i?2 T`Q+2bb
`2TQbBiQ`v iQ +�H+mH�i2 �bbB;MK2Mi +QKTH2iBQM iBK2X h?2 1tT2`B2M+2 h2`K b�r � bB;MB}+�Mi
/2+`2�b2 BM i?2 MmK#2` Q7 ?Qm`b bT2Mi QM �bbB;MK2Mi j- i?2 �bbB;MK2Mi /m2 �7i2` i?2
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BMi2`p2MiBQM- 7`QK �M �p2`�;2 +QKTH2iBQM iBK2 Q7 dXy ?Qm`b /QrM iQ eXj ?Qm`b U6B;m`2 jX9�VX
� TQbbB#H2 2tTH�M�iBQM 7Q` i?Bb T?2MQK2MQM Bb i?�i �bbB;MK2Mi RǶb A: b2bbBQM- �Hi?Qm;?
T�`i Q7 i?2 S2MbB2p2 BMi2`p2MiBQM- Q++m``2/ Dmbi #27Q`2 i?2 /m2 /�i2 7Q` �bbB;MK2Mi k- �M/
i?mb S2MbB2p2Ƕb BKT�+i +QmH/ MQi K�MB72bi mMiBH bim/2Mib #2;�M �bbB;MK2Mi jX

h?Bb /2+`2�b2 BM �bbB;MK2Mi j +QKTH2iBQM iBK2 Bb T�`iB+mH�`Hv bi`BFBM; ;Bp2M i?�i BM
i?2 1tT2`B2M+2 h2`K- bim/2Mib r2`2 bHQr2` QM �p2`�;2 iQ +QKTH2i2 �bbB;MK2Mib R �M/ kX
hQ �++QmMi 7Q` i?2 HQM;2` �bbB;MK2Mi R iBK2- 7Q` 2�+? bim/2Mi BM i?2 1tT2`B2M+2 h2`K-
r2 +QKT�`2 i?2B` �bbB;MK2Mi j +QKTH2iBQM iBK2 UX3V rBi? i?2B` T`2/B+i2/ �bbB;MK2Mi j
+QKTH2iBQM iBK2 ?�/ i?2v #22M BM i?2 "�b2HBM2 h2`K- ;Bp2M i?2B` �bbB;MK2Mi R +QKTH2iBQM
iBK2 UX̂3|X1VX h?2 �p2`�;2 /Bz2`2M+2 #2ir22M i?2b2 irQ iBK2b Bb �b 7QHHQrb,

.2+`2�b2 BM �bbM j iBK2 = E[X̂3|X1]− E[X3]

= 48 KBMb (p < 0.0001)

q2 Q#b2`p2 �M BM+`2�b2 BM �bbB;MK2Mi j ;`�/2b #2ir22M i?2 "�b2HBM2 �M/ 1tT2`B2M+2 h2`K-
#mi i?2 +?�M;2 Bb MQi bB;MB}+�Mi Uδ 4 jXkTT- p = 0.07VX h?2`2 r�b MQ bB;MB}+�Mi +?�M;2
BM ;`�/2b QM �bbB;MK2Mi j- �b KQbi bim/2Mib b+Q`2 ?B;?Hv QM i?Bb �bbB;MK2Mi Uµ 4 N3W BM
"�b2HBM2- µ 4 RyRW BM 1tT2`B2M+2VX

1t�K �#BHBiv

PM Bib QrM- i?2 �#BHBiv iQ +QKTH2i2 �M �bbB;MK2Mi 7�bi2` /Q2b MQi BM/B+�i2 i?�i bim/2Mib
?�p2 H2�`M2/ KQ`2X �MQi?2` K2�bm`2 Bb ?Qr r2HH bim/2Mib T2`7Q`K2/ QM i?2 +H�bb KB/i2`K-
r?B+? 7QHHQrb BKK2/B�i2Hv �7i2` �bbB;MK2Mi j Bb /m2X q2 mb2 Ai2K _2bTQMb2 h?2Q`v (8y) iQ
+�H+mH�i2 � KB/i2`K ǳ�#BHBivǴ b+Q`2 7Q` 2�+? bim/2MiX :Bp2M i?�i r2 ;�p2 /Bz2`2Mi 2t�Kb BM
2�+? i2`K- r2 }`bi 2p�Hm�i2/ i?2 /B{+mHiv Q7 �HH 2t�K [m2biBQMb QM � +QMbBbi2Mi b+�H2X q2
i?2M /2}M2 bim/2Mi iǶb b+Q`2 QM [m2biBQM j �b Si,j = nj · σ(ai − dj) r?2`2 Si,j Bb i?2 b+Q`2
Q7 bim/2Mi i QM [m2biBQM j- nj Bb i?2 MmK#2` Q7 TQBMib QM i?2 [m2biBQM- dj Bb i?2 /B{+mHiv
Q7 i?2 [m2biBQM- ai Bb i?2 �#BHBiv Q7 i?2 bim/2Mi- �M/ σ(·) Bb i?2 bB;KQB/ 7mM+iBQMX q2 +�M
i?2M `2p2`b2 +�H+mH�i2 ai- i?2 �#BHBiv Q7 bim/2Mi i- ;Bp2M i?2B` Q#b2`p2/ b+Q`2 �M/ T`Q#H2K
/B{+mHivX h?2 /Bz2`2M+2 BM 2t�K �#BHBiv #2ir22M i2`Kb Bb b?QrM BM 6B;m`2 jX9#X aim/2Mi
KB/i2`K �#BHBiB2b- K2�bm`2/ QM � b+�H2 7`QK y iQ Ry- BM+`2�b2/ 7`QK �M �p2`�;2 Q7 eXN BM i?2
"�b2HBM2 h2`K iQ �M �p2`�;2 Q7 dXe BM i?2 1tT2`B2M+2 h2`K Up < 0.0001VX
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6B;m`2 jX8, *QKT�`BbQM #2ir22M i?2 "�b2HBM2 h2`K �M/ i?2 1tT2`B2M+2 h2`K- #`QF2M /QrM
#v bim/2Mib rBi? >B;?- JB/ �M/ GQr H2p2Hb Q7 BMBiB�H *a #�+F;`QmM/, U�V >Qm`b i�F2M iQ
+QKTH2i2 �bbB;MK2Mi j �M/ U#V JB/i2`K �#BHBivX

SH�;B�`BbK

PM2 Q7 i?2 i?2Q`Bx2/ BKT�+ib Q7 mbBM; S2MbB2p2 Bb i?�i Bi rQmH/ +`2�i2 � +mHim`2 r?2`2 TH�@
;B�`BbK rQmH/ #2 H2bb T`2p�H2Mi, Bi Bb Km+? ?�`/2` iQ +?2�i B7 vQm �`2 ;QBM; iQ #2 T`2b2Mi2/
rBi? vQm` T`Q+2bbX 6Q` �bbB;MK2Mi j- i`�D2+iQ`v@#�b2/ TH�;B�`BbK /2i2+iBQM UhJPaa- /Bb@
+mbb2/ BM *?�Ti2` 9V b?Qrb � bK�HH /2+`2�b2 U7`QK 9XjW Q7 i?2 "�b2HBM2 h2`K bim/2Mib /QrM
iQ jXNW Q7 i?2 1tT2`B2M+2 h2`K bim/2MibV- #mi i?Bb bi�iBbiB+ Bb MQi bB;MB}+�MiX

AKT�+i QM MQpB+2 T`Q;`�KK2`b

:Bp2M i?�i #�+F;`QmM/ FMQrH2/;2 Qmir2B;?b K�Mv Qi?2` 7�+iQ`b 7Q` T`2/B+iBM; bim/2Mi
T2`7Q`K�M+2 BM *aR- r2 /Bb�;;`2;�i2 Qm` �bbB;MK2Mi iBK2 `2bmHib �M/ 2t�K �#BHBiv `2bmHib
#�b2/ QM bim/2MibǶ T`BQ` FMQrH2/;2X q2 bTHBi bim/2Mib BMiQ i?`22 2[m�H@bBx2/ i2`+BH2b UGQr-
JB/- >B;?V #�b2/ QM � #�+F;`QmM/ bi�iBbiB+- +QKTmi2/ �b � r2B;?i2/ bmK Q7 MQ`K�HBx2/,
`2TQ`i2/ ?Qm`b Q7 2tT2`B2M+2 U8yWV- �bbB;MK2Mi R ;`�/2 UjyWV �M/ �bbB;MK2Mi R rQ`F
iBK2 BM ?Qm`b UkyWVX Pm` `2bmHib +QKT�`BM; �bbB;MK2Mi j +QKTH2iBQM iBK2 �M/ KB/i2`K
�#BHBiv #2ir22M i?2 "�b2HBM2 h2`K �M/ 1tT2`B2M+2 h2`K �`2 b?QrM BM 6B;m`2 jX8X q2 b22
i?�i i?2 BKT`Qp2K2Mib BM #Qi? K2i`B+b �`2 H�`;2Hv 2tT2`B2M+2/ #v i?2 GQr i2`+BH2X h?2 JB/
i2`+BH2 �HbQ ?�/ bB;MB}+�Mi BKT`Qp2K2Mib- r?BH2 i?2 >B;? i2`+BH2 b?Qr2/ M2;HB;B#H2 +?�M;2b
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BM 2Bi?2` K2i`B+X

.2bTBi2 i?2b2 T`QKBbBM; `2bmHib rBi? S2MbB2p2- i?2`2 �`2 K�Mv mM+QMi`QHH�#H2- +QM7QmM/BM;
7�+iQ`bX AM T�`iB+mH�`- h�b �`2 MQi `2[mB`2/ iQ mb2 Qm` iQQH- �M/ Bi Bb ?B;?Hv HBF2Hv i?�i i?Qb2
r?Q 2z2+iBp2Hv mb2 i?2 iQQH �`2 �H`2�/v KQ`2 2z2+iBp2 i2�+?2`b iQ #2;BM rBi?X AMbi2�/ Q7
i�FBM; Qm` �M�HvbBb �b +QM+HmbBp2 T`QQ7 Q7 i?2 2{+�+v Q7 S2MbB2p2- Bi Bb #2ii2` iQ b22 i?2b2
`2bmHib �b � TQbBiBp2 BM/B+�iBQM i?�i bm+? � iQQH BKT`Qp2b i?2 bim/2Mi H2�`MBM; 2tT2`B2M+2X

jX8 "2bi T`�+iB+2b

:Bp2M i?�i r2 rQmH/ HBF2 S2MbB2p2 iQ rQ`F #2vQM/ i?2 +Qm`b2 bim/B2/ BM i?Bb +?�Ti2`- i?Bb
b2+iBQM Bb /2/B+�i2/ iQ #2bi T`�+iB+2b Q7 S2MbB2p2 BM 7mim`2 +H�bb`QQKbX h?2b2 iBTb r2`2
;H2�M2/ 7`QK Qm` QrM mb2 Q7 i?2 iQQH �M/ +QKK2Mib 7`QK h�b /m`BM; i?2 a:A. b2bbBQMbX

q?2M iQ mb2 S2MbB2p2X qBi? i?2 ;Q�H Q7 /2p2HQTBM; bim/2Mi K2i�+Q;MBiBQM �i �M
2�`Hv bi�;2- S2MbB2p2 b?QmH/ #2 /2THQv2/ 7Q` i?2 }`bi 72r T`Q;`�KKBM; T`QD2+ib BM � +Qm`b2X
h?Bb 2M�#H2b i2�+?2`b iQ B/2MiB7v T`Q+2bb 2``Q`b 2�`Hv QM �M/ `2+QKK2M/ ;QQ/ T`Q;`�KKBM;
T`�+iB+2b- �b r2HH �b /2p2HQT � bim/2MiǶb K2i�+Q;MBiBQMX

S2MbB2p2 rQ`Fb #2bi rBi? iBK2bi�KT2/ T`Q+2bb `2TQbBiQ`B2bc 7Q` BMi`Q/m+iQ`v *a +Qm`b2b-
Bi Bb #2bi iQ /2bB;M � bvbi2K 7Q` +QHH2+iBM; 7`2[m2Mi bM�Tb?Qib Q7 bim/2Mi rQ`F- QM i?2 Q`/2` Q7
KBMmi2bX 6Q` KQ`2 �/p�M+2/ *a +Qm`b2b- Bi Bb KQ`2 M�im`�H iQ 7Q+mb QM ?B;?2`@H2p2H T`Q#H2K@
bQHpBM; T`Q+2/m`2b- �M/ i?2`27Q`2 +Q�`b2`@;`�BM2/ bM�Tb?Qib 7`QK � bim/2MiǶb b2H7@K�M�;2/
QMHBM2 �bbB;MK2Mi +Q/2 `2TQbBiQ`v b?QmH/ #2 bm{+B2MiX

>Qr iQ mb2 S2MbB2p2X S2MbB2p2 +�M #2 /2THQv2/ BM K�Mv r�vbX q2 #2HB2p2 i?�i Bi
Bb KQbi p�Hm�#H2 r?2M i2�+?2` �M/ bim/2Mi bBi /QrM iQ;2i?2` �M/ mb2 i?2 iQQH iQ 7�+BHBi�i2
/Bb+mbbBQMX h?Bb ivT2 Q7 +QMp2`b�iBQM ?2HTb � i2�+?2` B/2MiB7v bi`m;;HBM; bim/2Mib 2�`Hv QM- bQ
i?�i i?2v +�M #2 KQMBiQ`2/ �M/ ?2HT2/ i?`Qm;? i?2 +Qm`b2X AM Qm` 2tT2`B2M+2- F22TBM; i?2b2
b?Q`i b2bbBQMb mM;`�/2/ ?2HTb iQ +`2�i2 �M 2MpB`QMK2Mi r?2`2 bim/2Mib +�M �bF [m2biBQMb
�#Qmi i?2B` QrM H2�`MBM;X �Hi2`M�iBp2Hv- i?2 iQQH +QmH/ #2 mb2/ 7Q` `2KQi2 722/#�+F- i?Qm;?
r2 2tT2+i i?2 KBbbBM; ?mK�M +QMp2`b�iBQM rBHH HBKBi i?2 BKT�+i QM bim/2Mi H2�`MBM;X

h2�+?2` i`�BMBM;X A7 S2MbB2p2 rBHH #2 mb2/ BM bim/2Mi@i2�+?2` BMi2`�+iBQMb- i?2M Bi Bb
BKTQ`i�Mi iQ i`�BM i2�+?2`b iQ mb2 i?Bb iQQH 2z2+iBp2HvX h2�+?2`b b?QmH/ #2 BMbi`m+i2/ QM
?Qr iQ 7Qbi2` +QMp2`b�iBQMb rBi? bim/2Mib �#Qmi T`Q#H2K bQHpBM; i2+?MB[m2bX q2 bT2+B}+�HHv
�/pBb2 i2�+?2`b iQ i�HF �#Qmi iQT /QrM ǳ/2+QKTQbBiBQMǴ �M/ ǳBi2`�iBp2 i2biBM;Ǵ (9y)X q2
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`2+QKK2M/ i`�BMBM; i2�+?2`b iQ mb2 i?2 ;`�T?b BM S2MbB2p2 iQ 2{+B2MiHv }M/ i?2 KQbi
ǳBKTQ`i�MiǴ bM�Tb?Qib Q7 T`Q;`2bběBX2X- bM�Tb?Qib i?�i BM/B+�i2 � +?�M;2 BM T`Q#H2K@bQHpBM;
�TT`Q�+?- /Bz2`2Mi KBH2biQM2 rQ`F U�b BM *?�Ti2` kV- Q` � b?B7i BM bim/2Mi Q#D2+iBp2 U2X;X-
KQpBM; 7`QK 7mM+iBQM�H T`Q;`2bb iQ +Q/2 bivH2 T`Q;`2bb- bm+? �b +QKK2MiBM; Q` /2+QKTQbBM;
7mM+iBQMbVX

AM Qm` 2tT2`B2M+2- i2�+?2`b 7QmM/ i?2 BK�;2 QmiTmi Q7 ;`�T?B+b@#�b2/ T`Q;`�Kb iQ #2
p2`v mb27mH r?2M bFBKKBM; iQ mM/2`bi�M/ ?Qr bim/2Mib BKTH2K2Mi2/ i?2B` +Q/2X >Qr2p2`-
S2MbB2p2 +�M �HbQ rQ`F r2HH U�M/ T`2T`Q+2bbBM; rBHH #2 7�bi2`- rBi? HQr biQ`�;2 Qp2`?2�`/V
rBi? +QMbQH2@ivT2 T`Q;`�KKBM; �bbB;MK2MibX 6Q` �bbB;MK2Mib r?2`2 bim/2Mib BKTH2K2Mi
K�Mv bK�HH 7mM+iBQMb- �HH Q7 r?B+? �`2 �miQ;`�/2/- �miQ;`�/2` mMBi i2bib `2bmHib �`2 � p�HB/
K2�bm`2 Q7 bM�Tb?Qi 7mM+iBQM�HBivX 6Q` i?2b2 �bbB;MK2Mib- r2 bm;;2bi i?�i i?2 T`2T`Q+2bbQ`
`mM �miQ;`�/2` mMBi i2bib �M/ /BbTH�v i?2 `2bmHib BM S2MbB2p2 �b bM�Tb?Qi 7mM+iBQM�HBivX

1bi�#HBb?BM; +mHim`2X S2MbB2p2 rQ`Fb #2bi rBi? }M2@;`�BM2/ +Q/2 bM�Tb?Qib BM T`Q+2bb
`2TQbBiQ`B2bc M�im`�HHv- i?Bb #`BM;b mT [m2biBQMb Q7 bim/2Mi T`Bp�+vX q?2M T`2b2MiBM; i?2
iQQH iQ bim/2Mib- r2 +H2�`Hv /Bb+HQb2/ i?�i Qm` BMi2MiBQMb r2`2 iQ ?2HT bim/2Mib H2�`M �b
Km+? �b TQbbB#H2X Cmbi HBF2 BM Qi?2` +H�bb2b- i?2 KQ`2 rQ`F � bim/2Mi b?Qrb- i?2 KQ`2
?2HT7mH 722/#�+F � i2�+?2` +�M ;Bp2X aBKBH�`Hv- r?2M BMi`Q/m+BM; S2MbB2p2 iQ bim/2Mib- Bi Bb
�M QTTQ`imMBiv iQ 2tTH�BM i?�i TH�;B�`BbK Bb Km+? KQ`2 Q#pBQmb r?2M � i2�+?2` ?�b �++2bb
iQ r?�i ?�TT2Mb /m`BM; mMbmT2`pBb2/ rQ`FX

jXe amKK�`v

AM i?Bb +?�Ti2`- r2 T`2b2Mi2/ S2MbB2p2- � iQQH i?�i ;Bp2b i2�+?2`b � rBM/Qr BMiQ ?Qr bim/2Mib
rQ`F Qp2` i?2 +Qm`b2 Q7 � T`Q;`�KKBM; �bbB;MK2MiX S2MbB2p2 Bb KQbi 2z2+iBp2 rBi? � ?mK�M
i2�+?2` BM i?2 HQQTě� i`�BM2/ i2�+?2` +�M ;H2�M H2�`MBM; T`Q+2bb BM7Q`K�iBQM 7`QK Qm` iQQH
iQ ;Bp2 bim/2Mib 722/#�+F QM T`Q;`�KKBM; K2i?Q/QHQ;v �M/ T`Q#H2K@bQHpBM; bi`�i2;B2bX
Pm` iQQH Bb 2tTHB+BiHv /2bB;M2/ iQ 2M`B+? i?2 /Bb+mbbBQM �M/ ~Qr Q7 B/2�b #2ir22M i2�+?2`
�M/ bim/2MiX h?2`2 �`2 K�Mv TQi2MiB�H 2ti2MbBQMb iQ S2MbB2p2 i?�i +�M `2/m+2 i?2 iBK2
i?�i � i2�+?2` M22/b iQ mM/2`bi�M/ bim/2Mi mMbmT2`pBb2/ rQ`F- #mi Qm` BMBiB�H bim/v ?�b
�H`2�/v `2+2Bp2/ Qp2`r?2HKBM;Hv TQbBiBp2 722/#�+F #v #Qi? bim/2Mib �M/ i2�+?2`b �HBF2X

S2`?�Tb i?2 KQbi BKTQ`i�Mi +QMi`B#miBQM Q7 S2MbB2p2 Bb i?�i i?2 iQQH +�M T`QpB/2 KQ`2
7Q`K�iBp2- KQ`2 2z2+iBp2 722/#�+F iQ bim/2MibX .2bTBi2 i?2 ;`QrBM; bBx2 Q7 mM/2`;`�/m�i2
+H�bb`QQKb- r2 #2HB2p2 i?�i mbBM; iQQHb HBF2 S2MbB2p2 BM bim/2Mi@i2�+?2` /Bb+mbbBQMb �`2
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rQ`i?r?BH2 BMp2biK2Mib 7Q` i?2 iBK2@+QMbi`�BM2/ BMbi`m+iQ`X :Bp2M i?2 �KQmMi Q7 iBK2
M22/2/ iQ H2�`M ?Qr iQ +Q/2- ;BpBM; MQpB+2 T`Q;`�KK2`b 7Q`K�iBp2 722/#�+F 2�`Hv +�M #2 �
?B;?Hv 2{+B2Mi mb2 Q7 b+�`+2 ?mK�M `2bQm`+2bX A7 bim/2Mib �`2 2M+Qm`�;2/ iQ `2~2+i QM i?2B`
T`Q+2bb- i?2v BKT`Qp2 i?2B` K2i�+Q;MBiBQM �M/ +�M #2+QK2 KQ`2 2z2+iBp2- b2H7@`2;mH�i2/
H2�`M2`b BM i?2B` 7mim`2 2M/2�pQ`bX
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hJPaa

AM i?2 T�bi /2+�/2- �M BM+`2�bBM; MmK#2` Q7 2/m+�iQ`b ?�p2 #2;mM /B;BiBxBM; �M/ i`�Mb7Q`K@
BM; i?2 H2�`MBM; 2tT2`B2M+2 BM Q`/2` iQ K22i i?2 2p2`@`BbBM; /2K�M/ 7Q` 2/m+�iBQMX h?Bb
T?2MQK2MQM Bb 2bT2+B�HHv �TT�`2Mi BM *a 2/m+�iBQM �i i?2 mM/2`;`�/m�i2 H2p2H- r?2`2 i?2
M�im`2 Q7 i?2 H2�`MBM; K�i2`B�H 2M�#H2b 2{+B2Mi mb2 Q7 +QKTmiBM; `2bQm`+2bX LQi QMHv +�M
i?2 +QMi2Mi #2 /2HBp2`2/ pB� QMHBM2 H2+im`2b- #mi �M 2MiB`2 ?QK2rQ`F �bbB;MK2Mi +�M �HbQ
#2 /2HBp2`2/- bm#KBii2/- �M/ ;`�/2/ rBi? i?2 �B/ Q7 �miQ;`�/2`bX

.m2 iQ i?2 bBx2 Q7 i?2 *aR +H�bb �i K�Mv mMBp2`bBiB2b iQ/�v- Bi Bb BMi`�+i�#H2 iQ KQMBiQ`
2p2`v bim/2Mi �b i?2v T`Q;`2bb i?`Qm;? �M �bbB;MK2Mi- 2p2M rBi? i?2 mb2 Q7 mM/2`;`�/m�i2
Q` ;`�/m�i2 h�b (8e- R9d)X AMbi2�/ Q7 2�+? i2�+?2` [mB+FHv B/2MiB7vBM; r?Q M22/b ?2HT- Bi
Bb KQ`2 +QKKQM i?�i bi`m;;HBM; bim/2Mib Kmbi b22F Qmi BMbi`m+iQ` ?2HT i?`Qm;? b+?2/mH2/
Q{+2 ?Qm`bX "v �bFBM; bim/2Mib iQ i�F2 QM i?2 `2bTQMbB#BHBiv Q7 b22FBM; ?2HT- � T`2bbBM; Bbbm2
�`Bb2bX aQK2iBK2b- i?2 bim/2Mib r?Q bi`m;;H2 i?2 KQbi rBHH MQi �++2bb i?2 T`QpB/2/ H2�`MBM;
2MpB`QMK2Mib �M/ rBHH BMbi2�/ }M/ i?2B` QrM `2bQm`+2bc b22FBM; b?Q`i+mib iQ H2�`MBM;- i?2v
K�v Q++�bBQM�HHv `2bQ`i iQ mMT2`KBii2/ QmibB/2 `2bQm`+2bX h?Bb Bb 2bT2+B�HHv T`2p�H2Mi BM
H�`;2 QMHBM2 +Qm`b2b (R39)X

hrQ [m2biBQMb �`Bb2 7`QK i?2 +m``2Mi bi�i2 Q7 H�`;2 *aR +H�bb2b, :Bp2M i?�i i?2`2 Bb
� `BbF Q7 2t+2bbBp2 +QHH�#Q`�iBQM- r?2`2 bim/2Mib Qp2`Hv `2Hv QM QmibB/2 `2bQm`+2b HBF2 T22`
+Q/2 Q` QMHBM2 bQHmiBQMb- ?Qr +�M r2 B/2MiB7v bim/2Mib r?Q 2t?B#Bi bm+? #2?�pBQ` /m`BM;
mMbmT2`pBb2/ rQ`F QM �bbB;MK2Mib\ 6m`i?2`KQ`2- ?Qr /Q2b 2t+2bbBp2 +QHH�#Q`�iBQM +Q``2H�i2
rBi? bim/2Mi �bbB;MK2Mi rQ`F T�ii2`Mb �M/ Qp2`�HH +Qm`b2 T2`7Q`K�M+2\ A7 r2 +�M �//`2bb
i?2b2 irQ [m2biBQMb- r2 +�M H2�`M KQ`2 �#Qmi Qm` bim/2Mib- /2i2+i bim/2Mib 2t?B#BiBM;
2t+2bbBp2 +QHH�#Q`�iBQM- �M/ 2Mbm`2 � ?2�Hi?v H2�`MBM; 2MpB`QMK2MiX

8d
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AM i?Bb +?�Ti2` r2 i�+FH2 #Qi? Q7 i?2b2 T`Q#H2Kb #v BMi`Q/m+BM; h2KTQ`�H J2�bm`2
Q7 aQ7ir�`2 aBKBH�`Biv UhJPaaV- #�b2/ QM i?2 r2HH@FMQrM J2�bm`2 Q7 aQ7ir�`2 aBKBH�`Biv
UJPaaV bvbi2K (R93)X hJPaaR Bb � iQQH i?�i #mBH/b QM i`�/BiBQM�H bQ7ir�`2 bBKBH�`Biv
b+Q`2 K2�bm`2b HBF2 JPaaX AMbi2�/ Q7 `2BMp2MiBM; i?2 r?22H Q7 bQ7ir�`2 bBKBH�`Biv /2i2+iBQM-
hJPaa mb2b 2tBbiBM; bQ7ir�`2 bBKBH�`Biv iQQHb iQ /2i2+i 2t+2bbBp2 +QHH�#Q`�iBQM Qp2` i?2
2MiB`2 /m`�iBQM Q7 mMbmT2`pBb2/ rQ`F- MQi Dmbi QM � bim/2MiǶb }M�H bm#KBbbBQMX

�7i2` bmKK�`BxBM; `2H�i2/ rQ`F BM a2+iBQM 9XR- r2 /2b+`B#2 Qm` /�i�b2i Q7 mMbmT2`pBb2/
rQ`F QM i?2 "`2�FQmi �bbB;MK2Mi BM a2+iBQM 9XkX a2+iBQM 9Xj BMi`Q/m+2b i?2 hJPaa iQQH-
r?B+? mb2b bim/2Mi T`Q+2bb `2TQbBiQ`B2b iQ +QKTmi2 bBKBH�`Biv b+Q`2bc i?2b2 bmKK�`B2b �`2
i?2M p2`B}2/ #v � ?mK�M iQ ?vTQi?2bBx2 r?B+? bim/2Mib K�v ?�p2 2t?B#Bi2/ 2t+2bbBp2 +QH@
H�#Q`�iBQMX a2+iBQM 9X9 ;Bp2b � i?2Q`2iB+�H 7`�K2rQ`F 7Q` BMi2`T`2iBM; bBKBH�`Biv b+Q`2b �M/
b?Qr i?�i i?2 bBKBH�`Biv b+Q`2b Q7 `2;mH�` bim/2Mib +�M #2 KQ/2H2/ rBi? � T�`�K2i`B+ :mK@
#2H /Bbi`B#miBQMX 6BM�HHv- BM a2+iBQM 9X8 r2 `2TQ`i Qm` `2bmHib mbBM; hJPaa QM Qm` /�i�b2i-
�M/ r2 }M/ i?�i bim/2Mib r?Q 2t?B#Bi 2t+2bbBp2 +QHH�#Q`�iBQM bT2M/ bB;MB}+�MiHv H2bb iBK2
QM i?2B` �bbB;MK2Mi- mb2 72r2` +H�bb imiQ`BM; `2bQm`+2b- �M/ T2`7Q`K rQ`b2 QM 2t�Kb i?�M
i?2B` T22`bX

9XR _2H�i2/ rQ`F

J�Mv bQ7ir�`2 bBKBH�`Biv bvbi2Kb ?�p2 #22M /2p2HQT2/ Qp2` i?2 T�bi irQ /2+�/2b iQ /2i2+i
7Q` bQ7ir�`2 TH�;B�`BbKX aQK2 JPP*b mb2 #BQK2i`B+b K2�bm`2b HBF2 F2vbi`QF2 HQ;;BM; iQ
�mi?2MiB+�i2 bim/2Mib �i i?2 #2;BMMBM; Q7 � rQ`F b2bbBQM (NR- RyR)X AM mMBp2`bBiv *a +Qm`b2b-
?Qr2p2`- bim/2Mib Q7i2M ?�p2 KmHiBTH2 b2bbBQMb Q7 mMbmT2`pBb2/ rQ`F- r?2`2 i?2v rQ`F 7`QK
�M Q|BM2 A.1 �M/ bm#KBi QMHBM2 �i i?2 +QM+HmbBQM Q7 �M �bbB;MK2MiX � H�`;2` TQ`iBQM Q7
+H�bb`QQK bQ7ir�`2 bBKBH�`Biv /2i2+iQ`b /2i2+i TH�;B�`BbK QM i?2 }M�H p2`bBQM Q7 +Q/2 i?�i
bim/2Mib bm#KBi (j9- 8N- RkN- RjR- R93- Rdk- Rd8)X h?2b2 iQQHb +�M #2 mb2/ BM +QMDmM+iBQM
rBi? QM2 �MQi?2`- 2X;X �b 72�im`2b BM � K�+?BM2 H2�`MBM; /2i2+iQ` (8R)X >Qr2p2`- i?2b2 iQQHb
K�v `2TQ`i K�Mv 7�Hb2 M2;�iBp2b- �b i?2v +�MMQi /2i2+i 2t+2bbBp2 +QHH�#Q`�iBQM i?�i ?�TT2Mb
/m`BM; i?2 �bbB;MK2MiX

PMHBM2 H2�`MBM; �M/ i2�+?BM; *a +Qm`b2b �i b+�H2 ?�p2 T`QKTi2/ M2r `2b2�`+? QM KQ/2H@
BM; �M/ mM/2`bi�M/BM; bim/2Mi H2�`MBM; 7`QK T`Q;`�KKBM; �bbB;MK2Mi bQHmiBQMbX aTQ?`2` 2i
�HX (R8e) Q#b2`p2 �M/ +QHH2+i bim/2Mi T`Q;`2bb #�b2/ QM Q#b2`p�iBQM Q7 bim/2Mi T`Q;`�KKBM;

Rh?2 hJPaa iQQH Bb �p�BH�#H2 �i ?iiTb,ff;Bi?m#X+QKfv�MHBb�fiKQbbX

https://github.com/yanlisa/tmoss
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#m;b- r?2`2�b SB2+? 2i �HX (Rkd) mb2 �bbB;MK2Mi T`Q;`2bb `2TQbBiQ`B2b iQ �M�Hvx2 BMi2`K2/B�i2
bim/2Mi rQ`FX aQ+B�H b+B2M+2 `2b2�`+? BM i?2 T�bi ?�b �ii2KTi2/ iQ 2tTH�BM KQiBp�iBQMb 7Q`
bim/2Mi TH�;B�`BbK- +BiBM; i?�i TH�;B�`BbK Bb KQbi +QKKQM r?2M i?2`2 �`2 bK�HH T2M�HiB2b
�M/ ?B;? `2r�`/b (jR- Ry9)X

_2+2Mi rQ`F ?�b +QK#BM2/ i?2b2 irQ �`2�b Q7 `2b2�`+? �M/ �M�Hvx2/ ?Qr 2t+2bbBp2
+QHH�#Q`�iBQM �z2+ib bim/2Mi T2`7Q`K�M+2X SB2`+2 2i �HX (RkN) /2p2HQT2/ � iQQH i?�i +Q``2H�i2/
TH�;B�`BbK rBi? M2;�iBp2 T2`7Q`K�M+2 Qp2` Qi?2` �bbB;MK2Mib BM i?2 +Qm`b2- �M/ i?2`2 ?�b
�HbQ #22M �M2+/Qi�H 2pB/2M+2 i?�i Qp2`@`2HB�M+2 QM QmibB/2 ?2HT +�M BM+Bi2 M2;�iBp2 bim/2Mi
2tT2`B2M+2b BM � *aR +Qm`b2 (RkR)X a+?M2B/2` 2i �HX (R9N) BKTH2K2Mi2/ � TH�;B�`BbK /2i2+iBQM
iQQH i?�i �M�Hvx2b HQ;b Q7 bim/2Mi BMi2`�+iBQM rBi? +Qm`b2 bQ7ir�`2X hQ i?2 #2bi Q7 Qm`
FMQrH2/;2- Qm` rQ`F Bb #Qi? i?2 }`bi iQ mb2 BM7Q`K�iBQM /m`BM; mMbmT2`pBb2/ rQ`F iQ B/2MiB7v
2t+2bbBp2 +QHH�#Q`�iBQM �M/ i?2 }`bi iQ KQ/2H i?2 T`Q#�#BHBiv Q7 7�Hb2 TQbBiBp2b BM bBKBH�`Biv
bQ7ir�`2 /2i2+iBQMX

9Xk .�i�

AM i?Bb bim/v r2 7Q+mb QM i?`22 Qz2`BM;b Q7 *aR �i ai�M7Q`/ lMBp2`bBiv, 6�HH kyRk U9Re
bim/2MibV- 6�HH kyRj U9de bim/2MibV- �M/ 6�HH kyR9 U8k3 bim/2MibVX AM i?2 +Qm`b2 bim/B2/-
"`2�FQmi Bb i?2 }`bi H�`;2- BMi2MbBp2 +`2�iBp2 T`QD2+i �bbB;MK2Mi- �M/ 2Mi?mbB�biB+ bim/2Mib
Q7i2M 2ti2M/ i?2B` rQ`F #2vQM/ i?2 KBMBKmK `2[mB`2K2Mib U�TT2M/Bt "VX �i i?2 b�K2 iBK2-
i?2 �bbB;MK2Mi mM7Q`imM�i2Hv �HbQ +`2�i2b i?2 }`bi QTTQ`imMBiv 7Q` 2t+2bbBp2 +QHH�#Q`�iBQMX
AM Qm` +Qm`b2- r2 FMQr Q7 2B;?i QMHBM2 bQHmiBQMb U7`QK QMHBM2 `2TQbBiQ`B2b Q` +Q/BM; #HQ;bV
i?�i bim/2Mib `2;mH�`Hv mb2 7Q` 2t+2bbBp2 +QHH�#Q`�iBQMc Qi?2` bim/2Mib mb2 bQHmiBQMb 7`QK
T22`b r?Q �`2 +QM+m``2MiHv i�FBM; Q` ?�p2 T`2pBQmbHv i�F2M i?2 +Qm`b2X

h?2 "`2�FQmi �bbB;MK2Mi Bb ?2H/ QM r22F 7Qm` Q7 � Ry@r22F +Qm`b2X �HH i?`22 +Qm`b2
Qz2`BM;b bim/B2/ r2`2 i�m;?i #v i?2 b�K2 BMbi`m+iQ`- �M/ bim/2Mib ?�/ MBM2 /�vb iQ rQ`F
QM "`2�FQmi UrBi? �M 2ti`� irQ H�i2 /�vb iQ bm#KBi rBi? TQi2MiB�H ;`�/2 T2M�HivVX q?BH2
bim/2Mib rQ`F QM i?2 �bbB;MK2Mi BM/BpB/m�HHv mMiBH i?2 /2�/HBM2- i?2v +�M �HbQ �ii2M/ r�HF@
BM Q{+2 ?Qm`b ?2H/ amM/�v iQ h?m`b/�v 2p2MBM;b iQ +H�`B7v +QM+2Tib Q` /Bb+mbb /2#m;;BM;
iBTb rBi? mM/2`;`�/m�i2 h�bX AM Qm` �M�HvbBb- r2 H2p2`�;2 �ii2M/�M+2 HQ;b Q7 i?2b2 h�
?Qm`běbim/2Mib `2+Q`/ i?2B` +?2+F@BM iBK2 �M/ i?2B` �bbB;MK2Mi Q` +Qm`b2 Bbbm2- �M/ h�b
`2+Q`/ i?2 bim/2MibǶ +?2+F@Qmi iBK2 �M/ Bbbm2 `2bQHmiBQMX

aBKBH�` iQ *?�Ti2`b k �M/ j- r2 mb2 :Bi �M/ i?2 1+HBTb2 A.1 iQ b�p2 T`Q+2bb `2TQbBiQ`B2b
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µ a1
ai�`i /�v @8Xkk kXdj
O aM�Tb?Qib k8j RNN
>Qm`b QM i�bF NXdd 9XNj
h� ?Qm`b 9XR3 NXyN

h�#H2 9XR, ai�iBbiB+b T2` "`2�FQmi `2TQbBiQ`v UR-9ky bim/2MibVX

7Q` i?2 "`2�FQmi �bbB;MK2Mi Ua2+iBQM kXkVX h�#H2 9XR T`QpB/2b � bmKK�`v Q7 i?2 R-9ky
T`Q+2bb `2TQbBiQ`B2b mb2/ BM Qm` /�i�b2iX PM �p2`�;2- bim/2Mib bi�`i2/ i?2 �bbB;MK2Mi 8Xkk
U#QQibi`�TT2/ a14kXdjV /�vb #27Q`2 i?2 /2�/HBM2 �M/ bT2Mi � K2�M Q7 NXdd U#QQibi`�TT2/
a149XNjV ?Qm`b QM i�bFX h� Q{+2 ?Qm`b �ii2M/2/ r2`2 +�H+mH�i2/ Qp2` i?2 2MiB`2 +Qm`b2X
>Qm`b QM i�bF r2`2 /2i2`KBM2/ #v ;`QmTBM; bM�Tb?Qi iBK2b i?�i r2`2 rBi?BM ?�H7 �M ?Qm`
Q7 2�+? Qi?2`X .m2 iQ i?2 ;`�T?B+b@#�b2/- QT2M@2M/2/ M�im`2 Q7 i?2 "`2�FQmi �bbB;MK2Mi- Bi
Bb MQi 7mHHv �miQ;`�/2/c 7Q` i?Bb rQ`F- r2 /B/ MQi ?�p2 mMBi i2bib Q` K2i`B+b 7Q` 7mM+iBQM�HBiv
T2` bM�Tb?QiX

9Xj J2i?Q/

AM i?Bb b2+iBQM- r2 ;Bp2 �M Qp2`pB2r Q7 i?2 ivTB+�H T`Q+2bb Q7 ~�;;BM; bim/2Mi }M�H bm#KBb@
bBQMb 7Q` 2t+2bbBp2 +QHH�#Q`�iBQM rBi? Qi?2` bim/2Mib Q` QMHBM2 bQHmiBQMbX q2 i?2M T`2b2Mi
hJPaa- � i`�+i�#H2 K2i?Q/ 7Q` B/2MiB7vBM; 2t+2bbBp2 +QHH�#Q`�iBQM Qp2` BMi2`K2/B�i2 p2`@
bBQMb Q7 bim/2Mi +Q/2X

9XjXR h`�/BiBQM�H bQ7ir�`2 bBKBH�`Biv /2i2+iBQM

h`�/BiBQM�H bQ7ir�`2 bBKBH�`Biv /2i2+iQ`b +QKTmi2 bBKBH�`Biv b+Q`2b Qp2` � bim/2MiǶb bm#@
KBii2/ +Q/2c i?2b2 iQQHb +QKT�`2 i?2 bim/2Mi +Q/2 iQ T22` bm#KBbbBQMb �M/ QMHBM2 bQHm@
iBQMb QM p�`BQmb K2i`B+b- �M/ ~�; bim/2Mi bm#KBbbBQMb i?�i /2pB�i2 7`QK bi�M/�`/ bi�iBb@
iB+b (j9- 8N- RkN- RjR- R93- Rdk- Rd8)X �KQM; i?2b2- J2�bm`2 Q7 aQ7ir�`2 aBKBH�`Biv UJPaaV
Bb ?B;?Hv `2;�`/2/ �b i?2 bi�M/�`/ 7Q` /2i2+iBM; bQ7ir�`2 TH�;B�`BbK BM i?2 +H�bb`QQK (3- R93)X
h?2 bQ7ir�`2 �+ib �b � }Hi2`BM; iQQH T`BQ` iQ ?mK�M /2+BbBQMc bm#KBbbBQMb rBi? ?B;? bBKB@
H�`Biv b+Q`2b �`2 +?2+F2/ K�Mm�HHv #v +Qm`b2 bi�z- r?Q B/2MiB7v 2t+2bbBp2 +QHH�#Q`�iBQM �b
TH�;B�`BbK QM � +�b2@#v@+�b2 #�bBbX h?2b2 T�B`rBb2 /2i2+iQ`b �HH b+�H2 [m�/`�iB+�HHv rBi? i?2



*>�Sh1_ 9X hJPaa eR

�G:P_Ah>J R, *QKTmiBM; iQT K�i+?2b BM hJPaaX
AMTmi, N bim/2Mib Ubim/2MibV

n QMHBM2 bQHmiBQMb UQMHBM2V
PmiTmi, N iQT K�i+?2b UiQTnK�i+?2bVX 1�+? bim/2Mi ?�b � imTH2 Q7 U?B;?2bi

bBKBH�`Biv b+Q`2- K�i+? +Q/2VX
iQTnK�i+?2b 4 ()c
7Q` s BM 1 . . . N /Q

+QKT�`2nb2i 4 ;2i6BM�Ham#KBbbBQMbUbim/2Mib @ bim/2Mib(s)V + QMHBM2c
bM�Tb?Qib 4 ;2i_2TQbBiQ`vUbim/2Mib(s)Vc
M 4 bM�Tb?QibXH2M;i?UVc bim/2MinK�i+?2b 4 ()c
7Q` i BM 1 . . .M /Q

`2bmHib 4 +QKTmi2nbBKBH�`BivUbM�Tb?Qib(i)- +QKT�`2nb2iVc
bim/2MinK�i+?2bX�TT2M/U argmaxj=1...N+n−1 `2bmHib(j)X;2ia+Q`2UV Vc

2M/
iQTnK�i+?2bX�TT2M/U argmaxi=1...M bim/2MinK�i+?2b(i)X;2ia+Q`2UV Vc

2M/

bBx2 Q7 i?2 +H�bb- �b +QKT�`BM; N bim/2Mi bm#KBbbBQMb iQ N T22`b �M/ n < N FMQrM QMHBM2
bQHmiBQMb `2[mB`2b � `mMiBK2 Q7 O(N2)X

_mMMBM; i?2b2 iQQHb QM bim/2Mi }M�H bm#KBbbBQMb +�M QMHv B/2MiB7v � bm#b2i Q7 i?2 bim@
/2Mib 2t?B#BiBM; 2t+2bbBp2 +QHH�#Q`�iBQMX 6Q` 2t�KTH2- bmTTQb2 � bim/2Mi T�bi2b BM �M QMHBM2
bQHmiBQM KQK2Mi�`BHv iQ +?2+F i?2 /2bB`2/ QmiTmi- i?2M `2KQp2b i?2 QMHBM2 bQHmiBQM �M/ bm#@
KBib ?Bb Q` ?2` QrM rQ`FX q?BH2 i?Bb Bb � TH�;B�`BbK +�b2 �i K�Mv �+�/2KB+ BMbiBimiBQMb-
2tBbiBM; bQ7ir�`2 bBKBH�`Biv /2i2+iQ`b +�MMQi ~�; i?Bb bim/2Mi 7`QK ?Bb Q` ?2` }M�H bm#KBb@
bBQM rQ`FX

9XjXk hJPaa, h2KTQ`�H J2�bm`2 Q7 aQ7ir�`2 aBKBH�`Biv

hJPaa Bb � iQQH /2bB;M2/ iQ 2ti2M/ i`�/BiBQM�H bQ7ir�`2 bBKBH�`Biv /2i2+iQ`b #v B/2MiB7vBM;
2t+2bbBp2 +QHH�#Q`�iBQM QM �Mv BMi2`K2/B�i2 bM�Tb?Qi Q7 � bim/2MiǶb T`Q+2bb `2TQbBiQ`v- MQi
Dmbi }M�H +Q/2 bm#KBbbBQMX q?BH2 hJPaa U�b i?2 M�K2 BKTHB2bV +m``2MiHv BKTH2K2Mib
JPaa@#�b2/ bBKBH�`Biv b+Q`2b (R93)- i?2 iQQH +�M #2 2�bBHv �/�Ti2/ iQ /Bz2`2Mi bBKBH�`Biv
/2i2+iQ` #�+F2M/bX

�M QmiHBM2 Q7 hJPaaǶb QT2`�iBQM Bb b?QrM BM �H;Q`Bi?K RX hJPaa T`Q/m+2b N

iQT K�i+?2běQM2 T2` bim/2Miě+Q``2bTQM/BM; iQ i?2 }M�H T22` Q` QMHBM2 +Q/2 i?�i `2@
im`M2/ i?2 ?B;?2bi bBKBH�`Biv b+Q`2 Qp2` �HH M bM�Tb?Qib T2` T`Q+2bb `2TQbBiQ`vX h?2



*>�Sh1_ 9X hJPaa ek

0

50

100

0 0.2 0.4 0.6 0.8 1

%
	m
atc
h	s
im
ila
rit
y

Normalized	snapshot	index

Student	A Student	B Student	C Student	D

6B;m`2 9XR, 1t�KTH2b Q7 bim/2Mib BM i?2 >1* ;`QmTX

+QKTmi2nbBKBH�`BivUV 7mM+iBQM Bb Qm` i`�/BiBQM�H bBKBH�`Biv /2i2+iQ` #�+F2M/- r?B+? +QK@
Tmi2b bBKBH�`Biv b+Q`2b Q7 � bim/2Mi bM�Tb?Qi iQ 2�+? Q7 i?2 }M�H �M/ QMHBM2 +Q/2 }H2bX
�ii2KTiBM; iQ `mM 2tBbiBM; T�B`rBb2 bBKBH�`Biv /2i2+iBQM �H;Q`Bi?Kb QM �HH M bM�Tb?Qib 7Q`
2�+? Q7 N bim/2Mib rQmH/ `2[mB`2 O(N2M2) `mMiBK2- r?B+? Bb BKT`�+iB+�HX AMbi2�/- r2
�pQB/ T�B`rBb2 +QKT�`BbQM #v +QKT�`BM; � bM�Tb?Qi iQ N }M�H T22` bm#KBbbBQMb �M/ n < N

QMHBM2 bQHmiBQMb- i?mb `2/m+BM; i?2 `mMiBK2 T2` bM�Tb?Qi iQ O(N) �M/ i?2 Qp2`�HH `mMiBK2
iQ O(N2M)X q2 MQi2 i?�i +QKT�`BM; bM�Tb?Qib iQ }M�H +Q/2 Bb Q7i2M T`272`�#H2c bBKBH�`Biv
b+Q`2 �H;Q`Bi?Kb i?�i r2 bm`p2v2/ b+�H2 Km+? #2ii2` rBi? H�`;2` +Q/2 }H2b- �M/ +QKT�`@
BM; irQ BMi2`K2/B�i2 +Q/2 }H2b Q7i2M T`Q/m+2b � p2`v HQr bBKBH�`Biv b+Q`2X 6BM�HHv- r2 mb2
?mK�M /2i2+iBQM �b i?2 }M�H bi2T iQ /2i2`KBM2 r?B+? Q7 i?2b2 N iQT K�i+?2b 2t?B#Bib 2t@
+2bbBp2 +QHH�#Q`�iBQMX �HH bim/2Mib r?Q 7�HH BMiQ i?Bb +�i2;Q`v �`2 Tmi BMiQ i?2 ?vTQi?2bBx2/
2t+2bbBp2 +QHH�#Q`�iBQM U>1*V ;`QmTX

6B;m`2 9XR b?Qrb i?2 2t+2bbBp2 +QHH�#Q`�iBQM T�ii2`Mb Qp2` iBK2 Q7 7Qm` bim/2Mib 7`QK
Qm` >1* ;`QmTX lbBM; JPaa �b i?2 /2i2+iQ` #�+F2M/ 7Q` hJPaa- r2 THQi i?2 T2`+2Mi UWV
bBKBH�`Biv Q7 � K�i+?2/ }M�H bm#KBbbBQM iQ bM�Tb?Qi BM/2t i- /2}M2/ �b i?2 i@i? bM�Tb?Qi
BM � T`Q+2bb `2TQbBiQ`vX hBK2 Bb +QKTmi2/ �b i?2 MQ`K�HBx2/ bM�Tb?Qi BM/2t U7`QK i?2B`
}`bi +QKTBH2/ bM�Tb?Qi �i yXy iQ i?2B` }M�H bm#KBbbBQM �i RXyVX q?BH2 �HH Q7 i?2 bim/2Mib
;`�T?2/ 2t?B#Bi 2t+2bbBp2 +QHH�#Q`�iBQM- aim/2Mi � rQmH/ ;Q mM/2i2+i2/ #v � ivTB+�H `mM Q7
JPaa QM }M�H bm#KBbbBQMbX q2 /2}M2 aim/2Mi � �b � hJPaa@QMHv bim/2MiX

JPaa bBKBH�`Biv b+Q`2bX q?BH2 �Mv T�B`rBb2 bQ7ir�`2 bBKBH�`Biv /2i2+iQ` i?�i }ib i?2
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6B;m`2 9Xk, N8i? T2`+2MiBH2b Q7 /Bz2`2Mi JPaa bBKBH�`Biv b+Q`2b Qp2` iBK2X

7mM+iBQM bB;M�im`2 Q7 +QKTmi2nbBKBH�`BivUV +�M #2 mb2/ BM hJPaa- r2 /2b+`B#2 JPaa-
r?B+? Bb mb2/ BM Qm` BKTH2K2Mi�iBQM (3- R93)X JPaa `2im`Mb � i`BTH2i Q7 bBKBH�`Biv b+Q`2b
7Q` 2�+? T�B` Q7 UbM�Tb?Qi- K�i+?V- r?2`2 K�i+? `272`b iQ � }M�H Q` QMHBM2 bQHmiBQM }H2, URV
MmK#2` Q7 iQF2MběJPaaǶb BMi2`M�H- iQF2MBx2/ `2T`2b2Mi�iBQM Q7 +Q/2ěb?�`2/ #2ir22M i?2
irQ T`Q;`�Kb- UkV W bM�Tb?Qi bBKBH�`Biv- �M/ UjV W K�i+? bBKBH�`BivX h?2 H�ii2` irQ b+Q`2b
�`2 +QKTmi2/ �b i?2 T2`+2Mi�;2 Q7 b?�`2/ iQF2Mb BM i?2 iQF2MBx2/ JPaa `2T`2b2Mi�iBQM Q7
i?2 bim/2Mi bM�Tb?Qi }H2 UW bM�Tb?Qi bBKBH�`BivV �M/ i?2 K�i+?2/ T22` Q` QMHBM2 bQHmiBQM
}H2 UW K�i+? bBKBH�`BivVX

AM Qm` BKTH2K2Mi�iBQM Q7 hJPaa- r2 QMHv +QMbB/2` i?2 }`bi Q7 i?2b2 K2i`B+běi?2
MmK#2` Q7 b?�`2/ iQF2MběiQ TB+F i?2 iQT K�i+? 7Q` 2�+? bim/2MiX q2 B;MQ`2 i?2 W bM�Tb?Qi
bBKBH�`Biv b+Q`2 bBM+2 Bi p�`B2b BMp2`b2Hv rBi? i?2 H2M;i? Q7 i?2 bim/2Mi bM�Tb?Qi- �M/ i?2`27Q`2
Bi rBHH #2 ?B;? r?2M i?2 bim/2Mi bi�`ib �M/ rBHH /2+`2�b2 �b i?2 bim/2Mi T`Q;`2bb2b U6B;m`2
9XkVX "v +QMi`�bi- i?2 Qi?2` irQ K2i`B+b /Q MQi 2t?B#Bi i?Bb #2?�pBQ`X q2 7m`i?2` +QKT�`2
i?2 mb2 Q7 MmK#2` Q7 iQF2Mb �M/ W K�i+? bBKBH�`Biv �b bBKBH�`Biv b+Q`2b BM a2+iBQM 9X8X

9X9 h?2Q`v

q?�i Bb i?2 +?�M+2 i?�i � bim/2Mi- r?Q /B/ MQi +?2�i- Bb `2TQ`i2/ �b ?�pBM; TH�;B�`Bx2/\
AM i?Bb b2+iBQM r2 T`QpB/2 � i?2Q`2iB+�H 7`�K2rQ`F 7Q` +�H+mH�iBM; i?2 T`Q#�#BHBiv Q7 � 7�Hb2@
TQbBiBp2 K�tBKmK bBKBH�`Biv b+Q`2X h?2 i?2Q`v T`2b2Mi2/ �TTHB2b iQ �HH bBKBH�`Biv K2�bm`2b
7Q` TH�;B�`BbK /2i2+iBQM- BM+Hm/BM; JPaa �M/ hJPaaX

*QMbB/2` � bim/2Mi S r?Q rQ`F2/ BM/2T2M/2MiHvX h?2 b+Q`2 Y i?�i Bb �M�Hvx2/ 7Q`
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bim/2Mi S Bb i?2 ?B;?2bi bBKBH�`Biv b+Q`2 #2ir22M i?2 bim/2Mi �M/ �HH Qi?2` bm#KBbbBQMb,
Y = maxj Xj - r?2`2 Xj Bb i?2 bBKBH�`Biv b+Q`2 #2ir22M bim/2Mi S �M/ �MQi?2` bim/2Mi jX
q?2M r2 +QKTmi2 Xj - i?2`2 Bb �M MQM@x2`Q T`Q#�#BHBiv i?�i i?2 b+Q`2 rBHH #2 �++B/2Mi�HHv
H�`;2X q?BH2 r2 �bbmK2 i?�i i?Bb T`Q#�#BHBiv Bb 2t+22/BM;Hv bK�HH- i?2 HBF2HB?QQ/ Q7 � 7�Hb2@
TQbBiBp2 `2TQ`i 7Q` bim/2Mi S BM+`2�b2b r?2M r2 +QKTmi2 � bBKBH�`Biv b+Q`2 #2ir22M i?2K
�M/ 2p2`v Qi?2` bim/2Mi BM i?2 ?BbiQ`v Q7 i?2 +Qm`b2X h?2 TQi2MiB�H 7Q` � H�`;2 K�t bBKBH�`Biv
b+Q`2 �`BbBM; #v +?�M+2ěBM i?2 �#b2M+2 Q7 +QHH�#Q`�iBQMěBb +QM+2`MBM; �M/ rQ`i? 2tTHQ`BM;
BM /2i�BHX

q2 �bbmK2 i?�i i?2 T`Q#�#BHBiv /Bbi`B#miBQM Q7 Xj Bb mMFMQrM #mi 2tTQM2MiB�HHv@i�BH2/Xk

q2 �HbQ �bbmK2 i?�i- B7 bim/2Mi S /B/ MQi +QHH�#Q`�i2 rBi? �Mv Q7 i?2B` T22`b- i?2 p�Hm2b
Xj b?QmH/ #2 Kmim�HHv BM/2T2M/2MiX 6BM�HHv- Bi Bb `2�bQM�#H2 iQ bmTTQb2 i?�i i?2 Xj b+Q`2b
?�p2 i?2 b�K2 Ui?Qm;? mMFMQrMV /Bbi`B#miBQMX h?2 6Bb?2`@hBTT2ii@:M2/2MFQ h?2Q`2K- �
KQ`2 Q#b+m`2 +QmbBM Q7 i?2 *2Mi`�H GBKBi h?2Q`2K- i2HHb mb i?�i i?2 K�t Q7 2tTQM2MiB�HHv@
i�BH2/ BM/2T2M/2Mi B/2MiB+�HHv /Bbi`B#mi2/ UAA.V p�`B�#H2b +�M QMHv +QMp2`;2 iQ � :mK#2H
/Bbi`B#miBQM (e9)X A7 Qm` �bbmKTiBQM ?QH/b i?�i Y Bb i?2 K�t Q7 2tTQM2MiB�HHv@i�BH2/ AA.
`�M/QK p�`B�#H2b- Y b?QmH/ ?�p2 � :mK#2H /Bbi`B#miBQM- r?2`2 i?2 7QHHQrBM; `2H�iBQM ?QH/b
7Q` �HH p�Hm2b Q7 k,

S`(Y ≥ k) = 1− e−e−(k−µ)/β U9XRV

h?2 T�`�K2i2`b Q7 KQ/2 UµV �M/ b+�H2 UβV +�M #2 2biBK�i2/ mbBM; KBMBK�H /�i�TQBMib pB�
i?2 K2i?Q/ Q7 T`Q#�#BHBiv r2B;?i2/ KQK2Mib (Ryk)X

qBi? i?2 �#Qp2 �bbmKTiBQMb- i?2 JPaa �M/ hJPaa b+Q`2b Q7 � MQM@>1* bim/2Mi S

Ur?Q r�b ?vTQi?2bBx2/ iQ MQi ?�p2 2t+2bbBp2Hv +QHH�#Q`�i2/V b?QmH/ +QK2 7`QK � :mK#2H
/Bbi`B#miBQMX AM i?2 +�b2 Q7 JPaa- Xj Bb T`2+Bb2Hv i?2 T�B`rBb2 bBKBH�`Biv b+Q`2 #2ir22M
i?2 }M�H bm#KBbbBQMb Q7 bim/2Mib S �M/ jX 6Q` hJPaa- Y = maxk Xk- r?2`2 Xk Bb i?2
K�tBKmK bBKBH�`Biv b+Q`2 7Q` i?2 i@i? bM�Tb?Qi Q7 bim/2Mi S h?2`27Q`2 B7 Xk = maxj Mij -
r?2`2 Mij Bb i?2 T�B`rBb2 bBKBH�`Biv b+Q`2 #2ir22M i?2 i@i? +Q/2 bM�Tb?Qi Q7 bim/2Mi S �M/
bim/2Mi jǶb }M�H bm#KBbbBQM- i?2M Y = maximaxj Mij = maxj maxiMij X h?2M maxiMij Bb
i?2 `2bmHi Q7 +QKTmi2nbBKBH�`BivUV Q7 bim/2Mi jǶb }M�H bm#KBbbBQM �+`Qbb �HH bM�Tb?Qi BM

k�M 2tTQM2MiB�H i�BH Bb � `2�bQM�#H2 �bbmKTiBQM 7Q` i?2 iQF2M +QmMi bBKBH�`Biv b+Q`2 Xj X LQi�#Hv- i?Bb
�bbmKTiBQM ?�b � HB;?i BKT�+i QM i?2 `2bmHib, A7 Xj ?�b � bm#@2tTQM2MiB�H i�BH U7Q` 2t�KTH2 W bBKBH�`Biv ?�b
� }t2/ mTT2` HBKBi �M/ i?mb ?�b MQ i�BHV- Y rBHH ?�p2 � _2p2`b2 q2B#mHH .Bbi`B#miBQM- r?B+? �HQM; rBi? i?2
:mK#2H Bb � bT2+B�H +�b2 Q7 i?2 :2M2`�HBx2/ 1ti`2K2 o�Hm2 .Bbi`B#miBQMX
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JPaa hJPaa
>1* bim/2Mib j8 UkX8WV eR U9XjWV
_mMiBK2 yXyj ?` NXdd ?`

h�#H2 9Xk, _2bmHib Q7 hJPaa UT2` bM�Tb?QiV �M/ JPaa UT2` }M�H bm#KBbbBQMV QM b2i Q7
R-9ky bim/2MibX >1* bim/2Mib �`2 /2i2`KBM2/ rBi? ?mK�M p2`B}+�iBQM QM i?2 iQQHǶb `2bmHibX

bim/2Mi SǶb T`Q+2bb `2TQbBiQ`vc BM i?2 +�b2 Q7 JPaa- i?Bb Bb 2tTQM2MiB�HHv@i�BH2/X A7 bim/2Mi
S /B/ MQi +QHH�#Q`�i2- i?2M maxiMij b?QmH/ #2 Kmim�HHv BM/2T2M/2Mi Qp2` /Bz2`2Mi bim/2Mib
j- �M/ i?2`27Q`2 i?2 /Bbi`B#miBQM Q7 i?2 hJPaa b+Q`2 UrBi? JPaa �b � #�+F2M/V 7QHHQrb
2[m�iBQM 9XRX

PM+2 i?2 T�`�K2i2`b Q7 Y �`2 FMQrM- r2 +�M �Mbr2` [m2biBQMb mbBM; 1[m�iBQM 9XR, q?�i
Bb i?2 T`Q#�#BHBiv i?�i r2 K�`F bim/2Mi S �b � 7�Hb2 TQbBiBp2- r?2`2 S- r?Q /B/ MQi rQ`F rBi?
�Mv Qi?2` bim/2Mi- ?�b � bBKBH�`Biv b+Q`2 Y i?�i Bb ;`2�i2` i?�M bQK2 i?`2b?QH/ k mb2/ iQ
`2TQ`i TH�;B�`BbK\ h?2 6Bb?2`@hBTT2ii@:M2/2MFQ h?2Q`2K b?QmH/ �TTHv 7Q` �Mv TH�;B�`BbK
K2�bm`2ěMQi Dmbi JPaa �M/ hJPaa- �M/ MQi Dmbi 7Q` T`Q;`�KKBM; �bbB;MK2MibX

9X8 _2bmHib

q2 `�M #Qi? hJPaa �M/ JPaa QM Qm` /�i�b2i Q7 N = 1420 bim/2Mib U�HQM; rBi? n = 8

FMQrM QMHBM2 bQHmiBQMbV �M/ mb2/ ?mK�M p2`B}+�iBQM iQ /2i2`KBM2 bim/2Mib BM i?2 >1*
;`QmTX qBi? hJPaa- r2 7QmM/ eR >1* bim/2Mib U9XRW Q7 i?2 /�i�b2iVc BM +QMi`�bi- r2
7QmM/ QMHv j8 bim/2Mib UkX8W Q7 i?2 /�i�b2iV mbBM; i?2 i`�/BiBQM�H JPaa iQQH Uh�#H2 9XkVX
q2 `�M #Qi? 2tT2`BK2Mib T2` +Qm`b2 Qz2`BM; #v `2bi`B+iBM; T22` bm#KBbbBQMb iQ i?Qb2 BM i?2
b�K2 +Qm`b2c 7Q` i?Bb T�`iB+mH�` *aR +Qm`b2- r2 /B/ MQi }M/ bB;MB}+�Mi 2t+2bbBp2 +QHH�#Q@
`�iBQM �+`Qbb /Bz2`2Mi +Qm`b2 Qz2`BM;bX JPaa i�F2b �i KQbi � 72r KBMmi2b iQ `mM- r?BH2
hJPaa M22/b iQ #2 `mM Qp2`MB;?iX

q2 +QKT�`2 i?2 /Bbi`B#miBQM Q7 }M�H bm#KBbbBQM bBKBH�`Biv b+Q`2b BM `2;mH�` JPaa
U6B;m`2 9Xj�V rBi? i?�i Q7 i?2 K�tBKmK bBKBH�`Biv b+Q`2 Qp2` �HH bM�Tb?Qib BM hJPaa
U6B;m`2 9Xj#VX AM #Qi? +�b2b- i?2 /Bbi`B#miBQM Q7 bBKBH�`Biv b+Q`2b 7Q` i?2 MQM@>1* bim@
/2Mi ;`QmT UR-j8N bim/2Mib- �b B/2MiB}2/ pB� hJPaaV }ib � :mK#2H /Bbi`B#miBQM UhJPaa,
µ = 153.4,β = 37.8c JPaa, µ = 118.8,β = 39.2VX >Qr2p2`- i?2 /Bbi`B#miBQM Q7 hJPaa
b+Q`2b 7Q` i?2 >1* ;`QmT Bb 2�bBHv /Bz2`2MiB�#H2 7`QK i?2 MQM@>1* ;`QmT- r?2`2�b i?2
JPaa b+Q`2b 7Q` i?2 >1* ;`QmT �`2 H2bb /Bz2`2MiB�#H2- 7m`i?2` bm;;2biBM; i?�i hJPaa Bb
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#	Tokens
%	Match

46%	match,	F1	=	0.83

367	tokens, F1	=	0.97

6B;m`2 9X9, S`2+BbBQM@`2+�HH +m`p2 7Q` hJPaa rBi? irQ /Bz2`2Mi #�+F2M/ JPaa b+Q`2bX

� #2ii2` K2i`B+ 7Q` /2i2+iBM; bim/2Mib BM i?2 >1* ;`QmTX
q2 M2ti +QMbB/2` r?2i?2` /Bz2`2Mi JPaa bBKBH�`Biv b+Q`2b rQmH/ ?�p2 T`Q/m+2/ #2ii2`

`2bmHibX 6`QK a2+iBQM 9Xk- i?2 MmK#2` Q7 b?�`2/ JPaa iQF2Mb �M/ W K�i+? bBKBH�`Biv +�M
#Qi? #2 +QMbB/2`2/ p�HB/ b+Q`BM; #�+F2M/b �b i?2v �`2 H2bb /2T2M/2Mi QM bM�Tb?Qi H2M;i? i?�M
i?2 i?B`/ bBKBH�`Biv b+Q`2- W bM�Tb?Qi bBKBH�`BivX q2 rQmH/ HBF2 iQ mb2 i?2 b+Q`2 i?�i ;Bp2b
mb ?B;?2` T`2+BbBQM �M/ `2+�HH UBX2X- HQr 7�Hb2 M2;�iBp2b �M/ HQr 7�Hb2 TQbBiBp2bV Q7 i?2 >1*
;`QmTX 6Q` 2�+? bBKBH�`Biv b+Q`2- r2 }Hi2` i?2 hJPaa iQT K�i+?2b i?`Qm;? p�`BQmb b+Q`2
i?`2b?QH/b k �M/ +QKTmi2 i?2 T`2+BbBQM �M/ `2+�HH Q7 i?2 `2bmHi�Mi +�M/B/�i2 >1* ;`QmT-
b?QrM BM 6B;m`2 9X9X q2 }M/ i?�i i?2 QTiBK�H i?`2b?QH/ 7Q` MmK#2` Q7 iQF2Mb Uk = 367

iQF2MbV T`Q/m+2b �M 6R b+Q`2 U� ?�`KQMB+ K2�M Q7 T`2+BbBQM �M/ `2+�HHV Q7 6R = 0.97-
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LQM@>1* >1*
O aim/2Mib Rj8N eR

µ Ua1V µ Ua1V p

U�V JB/i2`K X8RN UXk3kV XRNR UXkydV IXyyyR
U#V 6BM�H X8R3 UXk3kV XRed UXR3NV IXyyyR
U+V ai�`i /�v @8XjR UkXeNV @jXjR UkXNkV IXyyyR
U/V >Qm`b QM i�bF NX33 U9XNkV dXkj U9Xj9V IXyyyR
U2V h� ?Qm`b 9Xkd UNXk9V kXRy U9Xy9V Xyk

h�#H2 9Xj, qQ`F T�ii2`Mb Q7 LQM@>1* �M/ >1* bim/2MibX

+QKT�`2/ iQ i?2 QTiBK�H i?`2b?QH/ 7Q` W K�i+? bBKBH�`Biv Uk = 46%V �i 6R = 0.83X 6`QK
i?2b2 `2bmHib- r2 +QM+Hm/2 i?�i i?2 MmK#2` Q7 JPaa iQF2Mb H2�/b iQ HQr2` 7�Hb2 M2;�iBp2b
�M/ 7�Hb2 TQbBiBp2b BM /2i2+iBM; 2t+2bbBp2 +QHH�#Q`�iBQMX

9X8XR S2`7Q`K�M+2 �M�HvbBb

q2 M2ti +QMbB/2` ?Qr 2t+2bbBp2 +QHH�#Q`�iBQM Bb +Q``2H�i2/ rBi? �bbB;MK2Mi rQ`F T�ii2`Mb
�M/ Qp2`�HH +Qm`b2 T2`7Q`K�M+2X h�#H2 9Xj +QKT�`2b bim/2Mib r?Q 2t+2bbBp2Hv +QHH�#Q`�i2/
U>1*V �M/ i?Qb2 r?Q /B/ MQi UMQM@>1*VX 1t�K b+Q`2b UJB/i2`K �M/ 6BM�H- `2bT2+iBp2Hv
BM h�#H2 9Xj� �M/ 9Xj#V �`2 +�H+mH�i2/ �b 2t�K `�MFBM; BM i?2 `2bT2+iBp2 +Qm`b2 Qz2`BM;c
bim/2Mib r?Q /`QTT2/ i?2 +H�bb T�`ir�v r2`2 `2KQp2/ r?2M +�H+mH�iBM; 2t�K bi�iBbiB+bX
ai�`i /�vb Uh�#H2 9Xj+V �`2 MmK#2`b Q7 /�vb T`BQ` iQ i?2 b+?2/mH2/ /2�/HBM2 i?�i � bim/2Mi
bi�`i2/ i?2 �bbB;MK2MiX �HH bi�M/�`/ 2``Q`b �`2 #QQibi`�TT2/X �HH p@p�Hm2b �`2 +QKTmi2/
#v #QQibi`�TTBM; 7Q` Ryy-yyy Bi2`�iBQMb QM � QM2@i�BH2/ ?vTQi?2bBb i2biX

q2 Q#b2`p2 i?�i bim/2Mib BM i?2 >1* ;`QmT +QKT�`2/ iQ i?Qb2 BM i?2 MQM@>1* ;`QmT
i2M/ iQ bi�`i bB;MB}+�MiHv H�i2` U�M K2�M Q7 jXjR /�vb #27Q`2 i?2 /2�/HBM2- δ = 2.0 /�vb H�i2`V-
?�p2 bB;MB}+�MiHv HQr2` KB/i2`K �M/ }M�H b+Q`2b Uδ = 0.328 �M/ δ = 0.351- `2bT2+iBp2HvV-
bT2M/ kdW H2bb iBK2 QM i�bF- �M/ Q7i2M �ii2M/ 72r2` h� Q{+2 ?Qm`b U8RW H2bb Qp2` i?2
2MiB`2 +Qm`b2VX

q2 +QMbB/2`2/ r?2i?2` 7�+iQ`b Qi?2` i?�M >1* ;`QmT K2K#2`b?BT +Q``2H�i2/ bi`QM;Hv
rBi? bim/2Mi 2t�K T2`7Q`K�M+2X � M�im`�H QM2 iQ +QMbB/2` Bb bi�`i /�i2 QM i?2 "`2�FQmi
�bbB;MK2Mic QM2 +QmH/ BK�;BM2 i?�i T`Q+`�biBM�iBQM T`2/B+ib +Qm`b2 T2`7Q`K�M+2- #mi r2
7QmM/ i?�i i?Bb bB;M�H r�b MQi �b bi`QM; �b >1* ;`QmT K2K#2`b?BTX 6B;m`2 9X8 b?Qrb i?�i
7Q` MQM@>1* bim/2Mib- � H�i2` bi�`i QM i?2 �bbB;MK2Mi Bb +Q``2H�i2/ rBi? HQr2` T2`7Q`K�M+2
QM i?2 KB/i2`KX >Qr2p2`- i?2 >1* ;`QmT T2`7Q`Kb +QMbBbi2MiHv HQr2` i?�M i?2 MQM@>1*
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6B;m`2 9X8, �p2`�;2 2t�K `�MF Q7 bim/2Mib ;`QmT2/ #v "`2�FQmi �bbB;MK2Mi bi�`i /�i2-
rBi? #QQibi`�TT2/ ±1a1X

PMHBM2@J�i+? S22`@J�i+? b JPaa hJPaa@QMHv
O aim/2Mib 88 e j8 ke

µ Ua1V µ Ua1V p µ Ua1V µ Ua1V p

U�V JB/i2`K XRNk UXky3V XR3j UXkykV X8y XR83 UXReRV Xkj8 UXk8yV Xy3
U#V 6BM�H XReN UXRNjV XR8e UXR93V X9N XRR9 UXRyeV Xk9e UXk9dV IXyR
U+V ai�`i /�v @jXRj UkXN8V @8Xyy URX3jV Xyd @kXNd UkX38V @jXdd UkXN9V XR9
U/V >Qm`b QM i�bF eXN3 U9XR3V NX89 U8Xy9V XyN 8XN3 UjXe8V 3XNR U9XeRV IXyR
U2V h� ?Qm`b kXyj U9XR3V kXed UkXj3V Xk8 kXj3 U9XeRV RXdR UjXy3V Xk8

h�#H2 9X9, qQ`F T�ii2`Mb Q7 /Bz2`2Mi ;`QmTb Q7 >1* bim/2MibX

;`QmT `2;�`/H2bb Q7 ?Qr 2�`Hv Q` H�i2 i?2v bi�`i i?2 �bbB;MK2MiX h?2 /Bbi`B#miBQM 7Q` i?2
}M�H 2t�K b+Q`2b r2`2 +QMbBbi2Mi rBi? i?Bb }M/BM;c 7Q` +H�`Biv i?2v �`2 MQi b?QrMX

q2 M2ti +QKT�`2 bim/2Mib rBi?BM i?2 >1* ;`QmT �M/ b2T�`�i2 bim/2Mib #�b2/ QM i?2B`
+QHH�#Q`�iBQM bQm`+2 UQMHBM2 bQHmiBQM Q` T22` bQHmiBQMV �M/ i?2B` /2i2+i�#BHBiv QM hJPaa
�M/ JPaaX AM Q`/2` iQ /2i2+i r?B+? bim/2Mib mb2/ QMHBM2 bQHmiBQMb- r2 +QMbi`m+i2/ �M
mM/B`2+i2/ +QMM2+iBpBiv ;`�T? Q7 �HH N bim/2Mib �M/ n QMHBM2 bQHmiBQMb- r?2`2 2/;2b +QMM2+i
bim/2Mi MQ/2b iQ i?2B` iQT K�i+? MQ/2bX q2 +`2�i2 i?Bb ;`�T? #2+�mb2 7Q` bQK2 bim/2Mib-
i?2B` iQT K�i+? BM hJPaa +QMM2+i2/ i?2K iQ � /Bz2`2Mi bim/2Mi- r?2M BM `2�HBiv #Qi?
bim/2Mib +QHH�#Q`�i2/ rBi? �M QMHBM2 bQHmiBQMX

AM 6B;m`2 9Xe- r2 b?Qr �HH +QKTQM2Mib Q7 Qm` ;`�T? i?�i +QMi�BM >1* bim/2Mibc Qi?2`
+QKTQM2Mib i?�i +QMi�BM QMHv MQM@>1* bim/2Mib �`2 MQi b?QrMX h?B+F2` 2/;2 r2B;?ib
`2T`2b2Mi ?B;?2` hJPaa b+Q`2bX h?2`2 �`2 e3 MQ/2b iQi�H, eR >1* bim/2Mib- j QMHBM2
bQHmiBQMb- �M/ 9 MQM@>1* bim/2MibX q2 /2}M2 �M QMHBM2 K�i+? >1* bim/2Mi �b #2HQM;BM;
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HEC	student
Non-HEC	student
Online solution

Peer	collab.
Online	collab.

6B;m`2 9Xe, L2irQ`F Q7 >1* bim/2MibX

iQ � ;`�T? +QKTQM2Mi +QMi�BMBM; �M QMHBM2 bQHmiBQM- � T22` K�i+? >1* bim/2Mi �b +QMM2+i2/
QMHv iQ Qi?2` bim/2Mib- �M/ � +QMbTB`�iQ` bim/2Mi �b � MQM@>1* bim/2Mi +QMM2+i2/ iQ >1*
bim/2MibX h?2b2 +QMbTB`�iQ` bim/2Mib r2`2 MQi ~�;;2/ 7Q` 2t+2bbBp2 +QHH�#Q`�iBQM #2+�mb2
i?2B` T`Q+2bb `2TQbBiQ`v /B/ MQi bB;MB}+�MiHv K�i+? �Mv Qi?2` bim/2MiǶb }M�H bQHmiBQMc BM
Qi?2` rQ`/b- >1* bim/2Mib mb2/ i?2B` MQM@>1* T22`Ƕb }M�H bQHmiBQM- #mi MQi pB+2 p2`b�X

q2 Q#b2`p2 i?�i Qmi Q7 i?2 eR bim/2Mib BM i?2 >1* ;`QmT- QMHv e bim/2Mib �`2 BM
Qm` T22`@K�i+? ;`QmTX h?2 H�`;2bi +Hmbi2` Q7 2t+2bbBp2 +QHH�#Q`�iBQM +QMi�BMb 8y bim/2Mib
+QMM2+i2/ iQ �M QMHBM2 bQHmiBQM i?�i Bb i?2 iQT `2bmHi r?2M b2�`+?BM; i?2 +Qm`b2 �bbB;MK2Mi
BM � +QKKQM BMi2`M2i b2�`+? 2M;BM2X AM h�#H2 9X9- i?2 bim/2Mib BM i?2 QMHBM2@K�i+? >1*
;`QmT i2M/ iQ bi�`i bHB;?iHv H�i2` i?�M i?Qb2 BM i?2 T22`@K�i+? >1* ;`QmTc ?Qr2p2`- i?2
p@p�Hm2b �`2 HBKBi2/ #v i?2 bK�HH b�KTH2 bBx2 �M/ r2 �`2 mM�#H2 iQ /`�r �Mv `2�H +QM+HmbBQMbX

q2 �HbQ +QKT�`2 i?2 j8 bim/2Mib r?Q r2`2 /2i2+i�#H2 pB� JPaa �M/ i?2 ke bim/2Mib r?Q
r2`2 QMHv /2i2+i�#H2 pB� hJPaac i?2b2 hJPaa@QMHv bim/2Mib ?�/ ?B;? bBKBH�`Biv b+Q`2b
Qp2` i?2 +Qm`b2 Q7 i?2B` �bbB;MK2Mi- #mi /B/ MQi 2t?B#Bi 2t+2bbBp2 +QHH�#Q`�iBQM BM i?2B` }M�H
bm#KBbbBQMX GQQFBM; �;�BM �i h�#H2 9X9- r2 }M/ i?�i i?2 bim/2Mib r?Q r2`2 /2i2+i�#H2
QMHv i?`Qm;? hJPaa i2M/2/ iQ bi�`i i?2 �bbB;MK2Mi bHB;?iHv 2�`HB2` �M/ T2`7Q`K #2ii2`
QM i?2 KB/i2`K i?�M i?2 JPaa@/2i2+i�#H2 bim/2Mib- #mi i?2b2 bi�iBbiB+b r2`2 MQi bB;MB}@
+�MiX >Qr2p2`- i?2 hJPaa@QMHv bim/2Mib bT2Mi bB;MB}+�MiHv KQ`2 iBK2 QM i�bF Uδ = 2.93

?Qm`bV �M/ T2`7Q`K bB;MB}+�MiHv #2ii2` QM i?2 }M�H Uδ = .132V i?�M i?2 JPaa@/2i2+i�#H2
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bim/2MibX

9Xe .Bb+mbbBQM

Pm` `2bmHib b?Qr i?�i hJPaa- � i2KTQ`�H �M�HvbBb Q7 bim/2Mi T`Q;`2bb iQ /2i2+i 2t+2bbBp2
+QHH�#Q`�iBQM- Bb � iQQH rBi? 72�bB#H2 `mMiBK2 7Q` Qm` +H�bb`QQKbX hJPaa Bb KQ`2 T`2+Bb2
i?�M i?2 }M�H@bm#KBbbBQM@#�b2/ /2i2+iBQM �H;Q`Bi?Kb mb2/ iQ/�vX h2KTQ`�H iQQHb �`2 MQi
QMHv 2z2+iBp2 7Q` /2i2+iBM; mMmbm�H T�ii2`Mb Q7 bim/2Mib- #mi i?2v +�M �HbQ #2 mb2/ iQ
7m`i?2` mM/2`bi�M/ rQ`F T�ii2`Mb �b +Q``2H�i2/ rBi? +H�bb T2`7Q`K�M+2 BM �M 2zQ`i iQ T`QpB/2
BKT`Qp2/ 722/#�+FX

q2 �HbQ 7QmM/ i?�i i?2 :mK#2H /Bbi`B#miBQM T`QpB/2b mb � T`Q#�#BHBbiB+ BMi2`T`2i�iBQM
7Q` b+Q`2bc i?Bb BMi2`T`2i�iBQM +�M #2 mb2/ BM � KQ`2 7Q`K�H KQ/2H 7Q` b2T�`�iBM; >1* 7`QK
MQM@>1* 7Q` � 7mim`2 iQQHX Ai �HbQ ?2HTb �#bQHp2 bim/2MibǶ +QM+2`Mb Q7 � 7�Hb2 TQbBiBp2c i?2
HBF2HB?QQ/ Q7 ;2iiBM; KQ`2 i?�M jde iQF2Mb Ui?2 bBKBH�`Biv b+Q`2 i?`2b?QH/ /2i2`KBM2/ BM
Qm` 6R b+Q`2 i?`2b?QH/BM; �M�HvbBbV Bb S`(Y ≥ 376) < 0.003X q2 i?2`27Q`2 #2HB2p2 i?�i i?2
HBF2HB?QQ/ Q7 ?�pBM; � 7�Hb2 TQbBiBp2 BM Qm` `2bmHib Bb BM+`2/B#Hv HQrX

q?BH2 i?2 HBF2HB?QQ/ Q7 7�Hb2 TQbBiBp2b rBi? hJPaa Bb HQr- Qm` iQQH /Q2b MQi �#bQHp2
�HH 7�Hb2 M2;�iBp2bX 6B;m`2 9Xj b?Qrb i?�i i?2 >1* �M/ MQM@>1* bim/2Mi TQTmH�iBQMb
�`2 MQi 2MiB`2Hv b2T�`�#H2c i?2`2 �`2 bQK2 >1* bim/2Mib r?Qb2 hJPaa b+Q`2b 7�HH rBi?BM
i?2 :mK#2H /Bbi`B#miBQM +m`p2X 6m`i?2`KQ`2- Qm` +QMM2+iBpBiv ;`�T? BM 6B;m`2 9Xe b?Qrb
i?�i i?2`2 Bb � bK�HH TQTmH�iBQM Q7 MQM@>1* bim/2Mib i?�i KQbi HBF2Hv }MBb?2/ i?2B` rQ`F
}`bi- i?2M ;�p2 i?2B` }M�H bm#KBbbBQM iQ i?2B` >1* bim/2Mi T22`X q?BH2 i?2b2 +QMbTB`�iQ`
bim/2Mib /Q MQi 7�HH mM/2` Qm` /2}MBiBQM Q7 2t+2bbBp2 +QHH�#Q`�iBQM- �i K�Mv BMbiBimiBQMb
i?2B` #2?�pBQ` rQmH/ biBHH #2;2i BMbi`m+iQ` BMi2`p2MiBQMX q2 ?QT2 iQ 2tTHQ`2 i?Bb M2r bim/2Mi
;`QmT BM 7mim`2 rQ`FX

q2 ?�p2 b?QrM i?�i i?2 bim/2Mib r?Q ?�p2 � ?B;? K�i+? rBi? QMHBM2 bQHmiBQMb +QKT`Bb2
� H�`;2 TQ`iBQM Q7 i?2 >1* ;`QmT- �M/ bim/2Mib r?Q 2t+2bbBp2Hv +QHH�#Q`�i2 rBi? T22`b
rBi?BM i?2B` [m�`i2` �`2 p2`v HQrX qQ`F `2K�BMb iQ ;�m;2 ?Qr i?2 >1* ;`QmT rQmH/
+?�M;2 r?2M r2 2tT�M/ Qm` �M�HvbBb iQ +QKT�`2 �;�BMbi bm#KBbbBQMb 7`QK T`2pBQmb +Qm`b2
Qz2`BM;bX JQ`2Qp2`- r2 ?�p2 v2i iQ mM/2`bi�M/ ?Qr i?2 mb2 Q7 hJPaa +?�M;2b bim/2Mi
#2?�pBQ`�H T�ii2`MbX q2 ?QT2 i?�i i?2 mb2 Q7 bBKBH�`Biv b+Q`2b QM BMi2`K2/B�i2 rQ`F �+ib
�b � /2i2``2Mi �M/ ?2HTb 2M;2M/2` �M �+�/2KB+�HHv ?QM2bi 2+Qbvbi2KX Ai rQmH/ 2p2M #2
TQbbB#H2 iQ KQ/B7v Qm` 1+HBTb2 A.1 iQ mTHQ�/ BMi2`K2/B�i2 rQ`F T2`BQ/B+�HHv- T`BQ` iQ }M�H
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bm#KBbbBQMc i?Bb rQmH/ �HHQr mb iQ `mM hJPaa Qp2` i?2 +Qm`b2 Q7 i?2 �bbB;MK2Mi �M/
T`QpB/2 iBK2Hv BMi2`p2MiBQMb 7Q` bim/2Mib i?�i ?2HT i?2K ;2i #�+F QM i`�+FX

9Xd amKK�`v

q2 ?�p2 b?QrM i?�i hJPaa +�M #2 mb2/ iQ B/2MiB7v bim/2Mib r?Q 2t?B#Bi 2t+2bbBp2 +QH@
H�#Q`�iBQM rBi? QMHBM2 Q` T22` bQHmiBQMb �M/ iQ mM/2`bi�M/ bim/2Mi rQ`F T�ii2`Mb Qp2` i?2
+Qm`b2 Q7 �M �bbB;MK2MiX h?2 mb2 Q7 JPaa Bb MQi +`BiB+�Hc �Mv bQ7ir�`2 bBKBH�`Biv /2i2+iQ`
rBi? MmK2`B+�H bBKBH�`Biv b+Q`2b +�M #2 mb2/ �b � #�+F2M/ iQ hJPaaX hJPaa +�M i?mb
�HbQ #2 2ti2M/2/ iQ MQM@T`Q;`�KKBM; b+2M�`BQbc 7Q` 2t�KTH2- hm`MAiAM bBKBH�`Biv b+Q`2b (R8)
+�M #2 mb2/ iQ +?2+F 7Q` +QHH�#Q`�iBQM BM 2bb�v ;`�/BM;X

q2 7QmM/ i?�i bim/2Mib 2t?B#BiBM; 2t+2bbBp2 +QHH�#Q`�iBQM T2`7Q`K rQ`b2 QM 2t�Kb �M/
K�F2 KQ`2 HBKBi2/ mb2 Q7 h� Q{+2 ?Qm`bX AM �//BiBQM- r2 ?�p2 7QmM/ i?�i � :mK#2H /Bbi`B@
#miBQM }ib i?2 /Bbi`B#miBQM Q7 bBKBH�`Biv b+Q`2b BM i?2 �#b2M+2 Q7 �Mv 2t+2bbBp2 +QHH�#Q`�iBQMX

q2 Kmbi 2KT?�bBx2 i?�i hJPaa Bb MQi � bm#biBimi2 7Q` ?mK�M p2`B}+�iBQMc Bi QMHv ?2HTb
iQ T`QpB/2 � KQ`2 �++m`�i2 TB+im`2 Q7 i?2 bim/2Mi H�M/b+�T2X LQ` Bb Bi BMi2M/2/ iQ BKTQb2 �
M2;�iBp2- T`2bbm`BM; 2MpB`QMK2Mi QM bim/2Mibc BMbi2�/- r2 ?QT2 i?�i hJPaa Bb �M 2t�KTH2
Q7 ?Qr BMi2`K2/B�i2 bim/2Mi rQ`F +�M #2 BM+Q`TQ`�i2/ BMiQ i?2 Qp2`�HH 722/#�+F bvbi2KX q2
?QT2 i?�i BKT`Qp2K2Mib iQ iQQHb HBF2 hJPaa rBHH bBKmHi�M2QmbHv /2i2` TH�;B�`BbK 2zQ`ib
�M/ 7�+BHBi�i2 i?2 H2�`MBM; T`Q+2bb BM 7mim`2 +H�bb`QQKbX

hJPaa Bb Dmbi QM2 bi2T BM i?2 /B`2+iBQM Q7 /2bB;MBM; bQ7ir�`2 iQ #2ii2` mM/2`bi�M/
bim/2Mib BM H�`;2 +H�bb`QQKbX am+? � iQQH b2T�`�i2b ivTB+�H bim/2Mib 7`QK �ivTB+�H bim/2Mib-
�M/ +�M 2p2M #2 mb2/ iQ BM/B+�i2 �i r?�i iBK2 � bim/2Mi r�b 2tT2`B2M+BM; Bbbm2bX q?BH2 i?2
mb2 Q7 hJPaa BM i?Bb rQ`F Bb iQ /2i2+i 2t+2bbBp2 +QHH�#Q`�iBQM- Bib �M�HvbBb Q7 BMi2`K2/B�i2
bim/2Mi rQ`F +�M #2 2ti2M/2/ iQ T`QpB/2 KQ`2 iBK2Hv- KQ`2 �++m`�i2 722/#�+FX q2 +�M
i?2`27Q`2 B/2MiB7v bi`m;;HBM; bim/2Mib BM � H�`;2 +H�bb`QQK- BMbi2�/ Q7 r�BiBM; 7Q` i?2K iQ
+QK2 iQ mbX "v `2�+?BM; Qmi iQ i?2b2 bim/2Mib 2�`Hv QM- r2 +�M ;Bp2 i?2K i?2 `B;?i `2bQm`+2b
iQ �+?B2p2 bm++2bbX
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_2T`Q/m+BM; _2b2�`+? _2bmHib BM
1/m+�iBQM

q?2M r2 i�HF �#Qmi iQQHb iQ mM/2`bi�M/ ?Qr bim/2Mib H2�`M- r2 b?QmH/ +QMbB/2` MQi Dmbi
?Qr iQ mM/2`bi�M/ i?2 H2�`MBM; T`Q+2bb- #mi �HbQ ?Qr iQ /2bB;M �bbB;MK2Mib iQ K22i bim@
/2Mi H2�`MBM; ;Q�HbX 6Q` �/p�M+2/ bim/2Mib- BMbi`m+iQ`b b?QmH/ +QMbB/2` r?�i T`QD2+ib +�M
i2�+? #Qi? 2M;BM22`BM; `B;Q` �M/ +`BiB+�H i?BMFBM;- [m�HBiB2b i?�i �`2 M2+2bb�`v 7Q` +�`22`b BM
`2b2�`+? �M/ BM/mbi`vX �b i?2 bi�i2 Q7 +QKTmiBM; 2pQHp2b rQ`H/rB/2- BMbi`m+iQ`b Kmbi ;Bp2
KQ`2 i?Qm;?i �b iQ ?Qr +Qm`b2 �bbB;MK2Mib b?QmH/ `2~2+i i?2 T`Q#H2Kb i?�i bim/2Mib rBHH
2M+QmMi2` BM i?2 7mim`2X

AM K�Mv `2b2�`+? +QKKmMBiB2b- r?BH2 K�Mv �+FMQrH2/;2 i?2 BKTQ`i�M+2 Q7 `2THB+�iBM;
`2b2�`+? rQ`F- i?2`2 Bb �HbQ Tmb?#�+F �;�BMbi `2TQ`iBM; `2THB+�i2/ Q` `2T`Q/m+2/ `2bmHib-
#2+�mb2 Tm#HBb?BM; QM M2r T?2MQK2M� Bb �bbQ+B�i2/ rBi? KQ`2 BKT�+i �M/ TQbbB#Hv KQ`2
T`2biB;2 (e- R8y)X >Qr2p2`- r?2M r2 `2KQp2 i?2 T`2bbm`2 Q7 Tm#HBb?BM; M2r rQ`F- i?2 T`Q+2bb
Q7 `2THB+�iBM; 2tBbiBM; `2b2�`+? `2bmHib +�M `2�T p�Hm�#H2 2/m+�iBQM�H #2M2}ibX aBM+2 kyRk- �b
T�`i Q7 i?2 ;`�/m�i2 M2irQ`FBM; +Qm`b2 �i ai�M7Q`/- Qp2` kyy bim/2Mib ?�p2 T�`iB+BT�i2/ BM �
+Qm`b2 T`QD2+i iQ `2T`Q/m+2 `2b2�`+? `2bmHib 7`QK Qp2` 9y M2irQ`FBM; T�T2`bX q2 ?�p2 7QmM/
i?�i i?`Qm;? `2T`Q/m+BM; `2b2�`+?- �/p�M+2/ M2irQ`FBM; bim/2Mib +�M #Qi? ?QM2 i2+?MB+�H
bFBHHb rBi? `2�H bvbi2Kb �b r2HH �b T�`iB+BT�i2 �M/ +QMi`B#mi2 iQ i?2 M2irQ`FBM; `2b2�`+?
+QKKmMBivX

dk
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8XR L2irQ`FBM; 2/m+�iBQM BM mMBp2`bBiB2b

ai�M7Q`/ lMBp2`bBiv Qz2`b irQ K�BM M2irQ`FBM; +Qm`b2b 7Q` *a bim/2Mib, �M BMi`Q/m+@
iQ`v mM/2`;`�/m�i2 +H�bb r?2`2 bim/2Mib H2�`M ?Qr i?2 AMi2`M2i rQ`Fb- BM+Hm/BM; #�bB+
T`BM+BTH2b bm+? �b T�+F2i@brBi+?BM;- H�v2`BM;- `QmiBM;- +QM;2biBQM +QMi`QH U*aR99, ǳ�M
AMi`Q/m+iBQM iQ *QKTmi2` L2irQ`FbǴ- ?iiTb,ff+bR99Xbi�M7Q`/X2/mV- �M/ � ;`�/m�i2
+H�bb r?2`2 bim/2Mib BMi2`2bi2/ BM +�`22`b BM M2irQ`FBM; �b 2M;BM22`b Q` `2b2�`+?2`b `2�/
�M/ /Bb+mbb ky@jy MQi�#H2 `2b2�`+? T�T2`b U*ak99, ǳ�/p�M+2/ hQTB+b BM L2irQ`FBM;Ǵ-
?iiTb,ff+bk99Xbi�M7Q`/X2/mVX L2irQ`FBM; +H�bb2b +Qp2`BM; bBKBH�` iQTB+b �`2 T`2p�H2Mi
�i K�Mv mMBp2`bBiB2b �`QmM/ i?2 rQ`H/c BKTQ`i�MiHv- M2irQ`FBM; +Qm`b2b b22K iQ /Bz2` i?2
KQbi BM r?�i BMbi`m+iQ`b �bbB;M 7Q` mMbmT2`pBb2/ rQ`FX 6Q` 2t�KTH2- BM KQbi mM/2`;`�/m�i2
+H�bb2b Bi Bb +QKKQM 7Q` bim/2Mib iQ r`Bi2 T`Q;`�Kb i?�i bi�`i rBi? i?2 bQ+F2ib H�v2` �M/
#mBH/ mTr�`/b iQ +`2�i2 �TTHB+�iBQMb �M/ HB#`�`B2b QM iQTX �i ai�M7Q`/ě�M/ bQK2 Qi?2`
mMBp2`bBiB2běbim/2Mib bi�`i �i i?2 bQ+F2ib H�v2` �M/ rQ`F i?2B` r�v /QrM, Pm` bim/2Mib
#mBH/ i`�MbTQ`i H�v2`b- `Qmi2`b- i?2M L2irQ`F �//`2bb h`�MbH�iBQM UL�hV /2pB+2b- �M/ }@
M�HHv /QrMHQ�/ r2# T�;2b 7`QK � Tm#HB+ r2#bBi2 iQ i?2B` QrM +QKTmi2` i?`Qm;? i?2B` L�h
BM i?2B` `Qmi2`- mbBM; i?2B` i`�MbTQ`i T`QiQ+QHX AM Qm` 2tT2`B2M+2- bim/2Mib r?Q 2tT2`B2M+2
ǳ#mBH/BM; i?2B` QrM AMi2`M2iǴ ;�BM � i?Q`Qm;? FMQrH2/;2 Q7 ?Qr i?2 AMi2`M2i rQ`Fb- ?Qr
iQ `2�/ �M/ BKTH2K2Mi _6*b- �M/ ?Qr iQ #mBH/ M2irQ`F bvbi2KbX

6Q` � ;`�/m�i2 +H�bb BM M2irQ`FBM;- Bi Bb KQ`2 /B{+mHi iQ /2i2`KBM2 r?�i iQ T`BQ`BiBx2 BM
T`Q;`�KKBM; �bbB;MK2MibX a?QmH/ bim/2Mib #mBH/ KQ`2 �/p�M+2/ TB2+2b Q7 i?2 AMi2`M2iě
bm+? �b }`2r�HHb- HQ�/@#�H�M+2`b- �M/ M2r i`�MbTQ`i H�v2`b\ h?Bb ;Bp2b i?2K KQ`2 2tT2`B2M+2
BM #mBH/BM; M2irQ`F bvbi2Kb- #mi Bi K�v MQi +?�HH2M;2 i?2B` BM;2MmBiv �M/ `2b2�`+? bFBHHb #v
�HHQrBM; i?2K iQ /2pBb2 �M/ i2bi i?2B` QrM B/2�bX �M/ bQ- Bi Bb KQ`2 +QKKQM BM ;`�/m�i2
bim/B2b 7Q` bim/2Mib iQ mM/2`i�F2 � KQ`2 +`2�iBp2- QT2M@2M/2/ T`QD2+i Q7 i?2B` QrM /2bB;M-
T2`?�Tb mbBM; � bBKmH�iQ`- i2bi#2/- Q` �M�HviB+�H iQQHX AM Qm` 2�`HB2` 2tT2`B2M+2b rBi?
*ak99- r2 QTi2/ 7Q` i?2 H�ii2` �TT`Q�+? �M/ �bF2/ bim/2Mib iQ +`2�i2 QT2M@2M/2/ T`QD2+ib
Q7 i?2B` QrM /2bB;MX "mi r2 7`2[m2MiHv 7QmM/ i?2 T`QD2+ib H�+FBM;ěT`BK�`BHv #2+�mb2 Bi Bb
?�`/ iQ #mBH/ � K2�MBM;7mH M2irQ`FBM; bvbi2K Q` � T2`bm�bBp2 T`QiQivT2 BM bm+? � HBKBi2/
iBK2X P7i2M- bim/2Mib r2`2 Qp2`�K#BiBQmb BM i?2B` BMBiB�H T`QD2+i b+QT2 �M/ r2`2 mM�#H2 iQ
+QHH2+i K2�MBM;7mH 2tT2`BK2Mi�H `2bmHib QM BM+QKTH2i2 T`QiQivT2bX �b � `2bmHi- i?2 T`QD2+ib
r2`2 `�i?2` BM+`2K2Mi�H BM M�im`2- �M/ i?2 bim/2MibǶ 2/m+�iBQM�H 2tT2`B2M+2 b22K2/ iQ #2
iQQ bmb+2TiB#H2 iQ i?2B` +?QB+2 Q7 T`QD2+iX �7i2` �HH- Bi Bb ?�`/ 2MQm;? iQ #mBH/ � `2�HBbiB+-

https://cs144.stanford.edu
https://cs244.stanford.edu
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BMi2`2biBM;- �M/ 7mM+iBQMBM; M2irQ`FBM; bvbi2K BM � K�ii2` Q7 r22Fbc Bi Bb 2p2M ?�`/2` iQ
/2pBb2 � MQp2H QM2 7`QK b+`�i+? �M/ i?2M 2t2+mi2 Bi bm++2bb7mHHvX

8Xk q?v r2 +?Qb2 `2T`Q/m+B#BHBiv

h?2 T`BK�`v- Qp2`�`+?BM; KQiBp�iBQM 7Q` �bFBM; ;`�/m�i2 bim/2Mib iQ `2T`Q/m+2 Tm#HBb?2/
`2b2�`+? `2bmHib Bb i?2 #2HB27 i?�i `2T`Q/m+BM; rQ`F #`BM;b 2/m+�iBQM�H p�Hm2X Pm` �TT`Q�+? Bb
p2`v bBKBH�` iQ ?Qr ?B;? b+?QQH �M/ +QHH2;2 bim/2Mib bim/v b+B2M+2 rQ`H/rB/2, BM +QMDmM+iBQM
rBi? �ii2M/BM; H2+im`2b �M/ `2�/BM; i2ti#QQFb- bim/2Mib `2BM7Q`+2 i?2B` H2�`MBM; #v `2T2�iBM;
r2HH@FMQrM 2tT2`BK2MibX �Hi?Qm;? i?2 bim/2Mib FMQr �M/ �MiB+BT�i2 i?2 2tT2`BK2Mi�H
Qmi+QK2b T`BQ` iQ 2Mi2`BM; i?2 +H�bb`QQK H�#- Bi Bb rB/2Hv �;`22/ i?�i bim/2Mib �`2 KQ`2
2M;�;2/ BM i?2B` H2�`MBM; r?2M i?2v ;Q i?`Qm;? i?2 T`Q+2bb Q7 `2T`Q/m+BM; 2tT2`BK2Mib (d3-
RR9- Rjy)X h?mb- Qm` K�BM ;Q�H 7Q` �/�TiBM; i?Bb b+B2MiB}+ �TT`Q�+? iQ Qm` M2irQ`FBM; +H�bb
Bb 7Q` bim/2Mib iQ �ii�BM � /2i�BH2/- BM@/2Ti? mM/2`bi�M/BM; Q7 � bB;MB}+�Mi T�T2`Ƕb F2v B/2�b
�M/ F2v `2bmHibX

h?2 b2+QM/ #B;;2bi #2M2}i Bb i?2 2tT2`B2M+2 Qm` bim/2Mib ;�BM #v #mBH/BM;ěQ` `2+`2@
�iBM;ěi?2 2tT2`BK2Mi 7Q` i?2Kb2Hp2bX AM i?2 b+B2M+2 +QKKmMBiv- `2T`Q/m+BM; `2b2�`+?
;2M2`�HHv K2�Mb `2T2�iBM; i?2 2tT2`BK2Mi �M/ `2T`Q/m+BM; `2bmHib B/2MiB+�H iQ i?2 Q`B;BM�HX
AM Qm` +H�bb- ?Qr2p2`- bim/2Mib bT2M/ Km+? KQ`2 iBK2 #mBH/BM; �M/ `2+`2�iBM; i?2 Q`B;BM�H
2tT2`BK2Mi i?�M +QHH2+iBM; �M/ p2`B7vBM; i?2 `2bmHibX q2 7QmM/ i?�i Qm` bim/2Mib 7QmM/
`2+`2�iBM; i?2 2tT2`BK2Mib i?2 KQbi iBK2@BMi2MbBp2 �M/ KQbi 7mH}HHBM; �bT2+i Q7 i?2 T`QD2+ic
�+?B2pBM; B/2MiB+�H `2bmHib Bb bQK2i?BM; i?2v K�v UQ` K�v MQiV mM/2`i�F2 �i i?2 2M/- �7i2`
i?2B` 2tT2`BK2Mi Bb rQ`FBM;X q2 i?2`27Q`2 /BbiBM;mBb? i?2 BMBiB�H bi2T Q7 `2+`2�iBM; i?2 2t@
T2`BK2Mi�H BM7`�bi`m+im`2 7`QK i?2 b2+QM/ bi2T Q7 +QHH2+iBM; �M/ TQbbB#Hv `2T`Q/m+BM; i?2
b�K2 `2bmHib �b i?2 Q`B;BM�H �mi?Q`bX q2 `�i2 bim/2Mib ?B;?Hv B7 i?2v bm++2bb7mHHv `2+`2�i2
i?2 2tT2`BK2Mi- `2;�`/H2bb Q7 r?2i?2` i?2v +�M `2T`Q/m+2 i?2 b�K2 `2bmHibX AM 7�+i- r2
}M/ i?�i bim/2Mib H2�`M 2p2M KQ`2 r?2M i?2B` 2tT2`BK2Mib vB2H/ /Bz2`2Mi `2bmHib 7`QK i?2
Q`B;BM�H `2b2�`+?, i?2v Kmbi };m`2 Qmi r?2`2 i?2 /Bb+`2T�M+B2b HB2 �M/ /Bb+2`M B7 i?2`2 �`2
mMbi�i2/ �bbmKTiBQMb Q` BM�++m`�+B2b BM 2Bi?2` i?2B` QrM `2bmHib Q` i?2 Tm#HBb?2/ `2bmHibX
h?Bb Bb � 7�b+BM�iBM;- 2/m+�iBQM�H 2tT2`B2M+2 �M/ Q7i2M � ;QQ/ H2bbQM BM /BTHQK�+vX

h?2`2 �`2 K�Mv �//BiBQM�H #2M2}ib iQ `2T2�iBM; 2tT2`BK2Mib, B7 bim/2Mib bT2M/ bB;@
MB}+�Mi iBK2 bim/vBM; �M/ `2T2�iBM; � Tm#HBb?2/ 2tT2`BK2Mi- Bi H2�/b i?2K iQ �bF K2i�@
[m2biBQMb �#Qmi i?2 T�T2`, q?v /B/ i?2 `2b2�`+?2`b TQb2 i?Bb T`Q#H2K\ q?v /B/ i?2v mb2
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Q` #mBH/ � T�`iB+mH�` T`QiQivT2 Q` bBKmH�iQ`- �M/ r?v /B/ i?2v +QHH2+i i?Bb bT2+B}+ b2i Q7
`2bmHib\ h?2b2 [m2biBQMb �HHQr bim/2Mib iQ mM/2`bi�M/ r?�i i?2 `2b2�`+?2`b r2`2 i?BMFBM;
�#Qmi r?2M i?2v BMBiB�HHv #2;�M i?2 `2b2�`+?- Km+? KQ`2 i?�M i?2v rQmH/ mM/2`bi�M/ #v
bBKTHv `2�/BM; i?2 T�T2`X "v rQ`FBM; i?`Qm;? i?2 2t2`+Bb2 Q7 `2T`Q/m+BM; `2bmHib- bim/2Mib
;�BM � /22T2` mM/2`bi�M/BM; Q7 i?2 `2b2�`+? T`Q+2bbX

h?2 T`QD2+i �HbQ ;Bp2b bim/2Mib i?2 2bb2MiB�H 2tT2`B2M+2 Q7 #mBH/BM; � MQp2H T`QiQivT2-
bvbi2K- 2KmH�iQ`- Q` bBKmH�iQ`- rBi?Qmi M2+2bb�`BHv ?�pBM; iQ TBQM22` �M Q`B;BM�H bQHmiBQMX
h?2 bim/2Mib �H`2�/v FMQr i?2 B/2� BM i?2 Tm#HBb?2/ rQ`F Bb ;QQ/, Bi Bb T`�+iB+�H �M/ ?�b
bQK2 p�Hm2ě�i H2�bi 2MQm;? iQ r�``�Mi Tm#HB+�iBQM �i � iQT +QM72`2M+2X 6m`i?2`KQ`2- i?2`2
Bb HQr `BbF Q7 /2pBbBM; �M Qp2`�K#BiBQmb T`QD2+i- �b i?2 T`QD2+i b+QT2 Bb +H2�`c �b � `2bmHi- r2
+�M 2tT2+i KQ`2 bim/2Mib iQ �+?B2p2 b�iBb7�+iQ`v `2bmHibX qBi? � ?B;? /2;`22 Q7 +QM}/2M+2-
i?2v �H`2�/v FMQr BMi2`2biBM; `2bmHib �`2 TQbbB#H2- r?B+? 2M+Qm`�;2b i?2K UQ` T2`?�Tb ;Q�/b
i?2K pB� T22` T`2bbm`2V iQ +QKTH2i2 i?2 rQ`FX

h?Bb �bbB;MK2Mi �HbQ BMbiBHHb �M BKTQ`i�Mi T`BM+BTH2 BM Qm` 7mim`2 `2b2�`+?2`běi?�i i?2B`
`2b2�`+? `2bmHib b?QmH/ #2 `2T`Q/m+B#H2 #v Qi?2`b- r?2M2p2` TQbbB#H2X A7 `2bmHib +�M #2 `2@
T`Q/m+2/- i?2M Bi Bb KQ`2 HBF2Hv iQ #2 �/QTi2/ #v BM/mbi`v- Q` iQ #2 2ti2M/2/ mTQM #v
Qi?2` `2b2�`+?2`běT2`?�Tb #v /B`2+iHv `2mbBM; i?2 2tT2`BK2MiǶb bQ7ir�`2X J�Mv }2H/b Q7
`2b2�`+? ?�p2 ?�/ p�`BQmb H2p2Hb Q7 bm++2bb rBi? T`QKQiBM; �M/ bmTTQ`iBM; `2T`Q/m+B#H2-
Tm#HBb?2/ `2bmHib, BM K2/B+BM2 �M/ Tbv+?QHQ;v- i?2b2 /Bb+mbbBQMb �`2 KQiBp�i2/ #v Q#b2`p�@
iBQMb i?�i Tm#HBb?2/ `2bmHib /Q MQi ?QH/ mT r?2M `2T`Q/m+2/ (de- RyN)c K2�Mr?BH2- i?2 }2H/
Q7 +QKKmMB+�iBQMb �M/ bB;M�Hb ?�b r2HH@2bi�#HBb?2/ iQQHb 7Q` `2T`Q/m+BM; `2bmHib (jy- Ree)X
h?2`2 Bb � ;`QrBM; KQp2K2Mi BM bvbi2Kb `2b2�`+? iQ K�F2 Tm#HBb?2/ `2bmHib KQ`2 2�bBHv
`2T`Q/m+2/ #v Qi?2`b (ke- ee)X AM i?2 }2H/ Q7 +QKTmi2` b+B2M+2- i?2`2 ?�b #22M �M mTr�`/
i`2M/ Q7 BM+Hm/BM; iQQHb �M/ K2i?Q/b 7Q` `2THB+�iBQM (k8- RRN- R98)X Pm` bim/2Mib �// iQ
i?2 +Q`Tmb Q7 `2T`Q/m+2/ `2bmHib #v T`QpB/BM; � bBKTH2- T�+F�;2/ `2T`Q/m+iBQM 2tT2`BK2Mic
BM i?Bb K�MM2`- i?2v +�M 2M+Qm`�;2 i?2 r?QH2 M2irQ`FBM; +QKKmMBiv iQ K�F2 `2bmHib KQ`2
`2T`Q/m+B#H2 #v Qi?2`bX

�HH Q7 i?2 �#Qp2 `2�bQMb bm;;2bi i?�i i?Bb ivT2 Q7 T`QD2+i Bb p�Hm�#H2 iQ ;`�/m�i2 bim/2Mib-
2bT2+B�HHv i?Qb2 T`2T�`BM; 7Q` � +�`22` BM M2irQ`FBM; bvbi2Kb `2b2�`+? Q` BM BM/mbi`vX
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Deliverable:	project	proposals	for	primary	and	
secondary	choice

Day	3

Day	1

TAs	assign	projects	with	minimal	overlap.	

Day	14 Deliverable:	intermediate	report	with	structure	of	
final	report,	outline	of	next	steps

Weekly,	15-min	TA-student	meetings	on	project.

Students	contact	authors	with	instructor	help.

Day	23 Deliverable:	Hinal	blog	post,	public	source	code	
repository,	steps	for	reproducing

Day	28 In-class	presentations	of	select	projects

Day	31 Peer	validation	of	another	student	group’s	project

Weekly,	15-min	TA-student	meetings	on	project.

6B;m`2 8XR, _2T`Q/m+BM; _2b2�`+? _2bmHib T`QD2+i iBK2HBM2 BM � Ry@r22F +Qm`b2X

8Xj h?2 _2T`Q/m+BM; _2b2�`+? _2bmHib T`QD2+i

Pm` bim/2Mib rQ`F BM T�B`b �M/ ?�p2 i?`22 r22Fb UQmi Q7 � Ry@r22F +Qm`b2V iQ +QKTH2i2 i?2
�bbB;MK2MiX h?2v i?2M ?�p2 �M �//BiBQM�H r22F iQ p2`B7v 2�+? Qi?2`Ƕb T`QD2+ib �M/ ;Bp2
BM@+H�bb T`2b2Mi�iBQMbX 6B;m`2 8XR b?Qrb i?2 T`QD2+i iBK2HBM2c r2 /2b+`B#2 i?2 K�BM bi2Tb Q7
i?2 T`QD2+i #2HQrX

a2H2+i � T`QD2+iX 1�+? bim/2Mi T�B` bi�`ib #v +?QQbBM; � };m`2 Q` i�#H2 7`QK � `2b2�`+?
T�T2` Q7 BMi2`2bi i?�i Bb BMi2;`�H iQ i?2 T�T2`Ƕb KQiBp�iBQM Q` +H�BKbX _2bmHib K�v BM+Hm/2
+QKT�`BM; i?2 T2`7Q`K�M+2 Q7 �M �H;Q`Bi?K �;�BMbi 2tBbiBM; �H;Q`Bi?Kb- /2KQMbi`�iBM; �
K2i`B+Ƕb mb27mHM2bb- Q` `2+Q`/BM; BKTQ`i�Mi i`�{+ �M/ rQ`FHQ�/ /�i�X q2 T`QpB/2 i?2
bim/2Mib rBi? � HBbi Q7 bm;;2bi2/ +QM72`2M+2b �M/ `2b2�`+? Tm#HB+�iBQMb i?�i r2 i?BMF K�F2
;QQ/ 2t�KTH2b- �M/ r2 2M+Qm`�;2 bim/2Mib iQ +?QQb2 KQ`2 `2+2Mi rQ`Fb- Q` QM2b i?�i ?�p2
MQi v2i #22M �ii2KTi2/ #v bim/2Mib BM T`2pBQmb +Qm`b2 Qz2`BM;bX �i ai�M7Q`/ r2 ?�p2 ?�/
bim/2Mib bm++2bb7mHHv `2T`Q/m+2 `2bmHib `�M;BM; 7`QK rB/2Hv +Bi2/ T�T2`b bm+? �b >2/2`� (N)
�M/ .*h*S (RR) iQ i`�/BiBQM�H T�T2`b HBF2 _1. (88)- iQ mMTm#HBb?2/ #mi iBK2Hv- `2H2p�Mi
BM/mbi`v rQ`F HBF2 aS.u (Rky)X
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*?QQb2 � K2i?Q/ Q7 `2T`Q/m+iBQMX q2 2M+Qm`�;2 bim/2Mib iQ mb2 2Bi?2` i?2
JBMBM2i (Ny) Q` J�?BK�?B (RR8) 2KmH�iBQM bvbi2Kb 7Q` i?2B` 2tT2`BK2Mi TH�i7Q`K- H�`;2Hv
#2+�mb2 i?2v �`2 KQbi 7�KBHB�` iQ i?2 BMbi`m+iQ`bX JBMBM2i Bb #2bi bmBi2/ 7Q` KmHiB@MQ/2
iQTQHQ;B2b- r?2`2�b J�?BK�?B Bb ;QQ/ r?2M KQ/B7vBM; �M/ i2biBM; +QM;2biBQM +QMi`QH T`Q@
iQ+QHb `mMMBM; Qp2` � bBM;H2 HBMFX q?BH2 r2 ;2M2`�HHv T`272` bim/2Mib iQ mb2 2KmH�iQ`bě�b
2KmH�iQ`b 2t?B#Bi KQ`2 `2�HBbiB+ M2irQ`F +?�`�+i2`BbiB+b- bm+? �b `2�H@iBK2- HBp2 i`�{+ ?�M@
/HBM; 7Q` � ;Bp2M MQ/2 iQTQHQ;v (ee)ěr2 �HbQ 2M+Qm`�;2 i?2 mb2 Q7 bBKmH�iQ`b- bm+? �b
Mb@j (e3)- B7 i?2 b+�H2 Q` T2`7Q`K�M+2 Bb #2vQM/ i?2 `2�+? Q7 �M 2KmH�iQ`X �HH bim/2Mib �`2
T`QpB/2/ rBi? +QKTmiBM; `2bQm`+2b QM �K�xQM q2# a2`pB+2 U�qaV 1H�biB+ *QKTmi2 *HQm/
U1*kV iQ `mM i?2B` 2tT2`BK2MibX "v `2[mB`BM; bim/2Mib iQ bi�`i rBi? � bi�M/�`/ pB`im�H K�@
+?BM2 b2imT QM � rB/2Hv mb2/ +HQm/ b2`pB+2 TH�i7Q`K- �Mv T`QD2+i �`iB7�+ib #2+QK2 2�bB2` 7Q`
Qi?2`b iQ mb2 7Q` `2THB+�iBM; `2bmHibX

*QMi�+i Q`B;BM�H �mi?Q`bX �7i2` /2+B/BM; r?B+? 2tT2`BK2Mib iQ `mM- r2 ?2HT i?2
bim/2Mib +QMi�+i i?2 �mi?Q`bX PT2MBM; mT i?Bb +QKKmMB+�iBQM +?�MM2H #2ir22M bim/2Mib
�M/ `2b2�`+?2`b ?�b irQ K�BM #2M2}ib, i?2 }`bi Bb 7Q` i?2 bim/2Mib- r?Q MQr ?�p2 � T`BK�`v
bQm`+2 iQ +QMi�+i `2;�`/BM; i?2 iQQHb- b2imT- rQ`FHQ�/ �M/ mb2@+�b2b Q7 i?2 ;Bp2M 2tT2`BK2Mi
Q` `2b2�`+? iQQHX h?2 b2+QM/ Bb 7Q` i?2 `2b2�`+?2`- r?Q Bb MQr �r�`2 i?�i i?2B` rQ`F Bb #2BM;
�M�Hvx2/ +`BiB+�HHvX lTQM +QKTH2iBQM Q7 i?2 bim/2MibǶ T`QD2+i- i?2 `2b2�`+?2` rBHH ?�p2
�//BiBQM�H 722/#�+F QM i?2 #2M2}ib- +�p2�ib- �M/ T2`bBbi2M+2 Q7 i?2B` }M/BM;bX q2 /Bb+mbb
�M2+/Qi�H 2pB/2M+2 QM i?2 BKTQ`i�M+2 Q7 i?Bb +QKKmMB+�iBQM H�i2` BM a2+iBQM 8X8X

qQ`F rBi? BMbi`m+iQ`b �M/ T22`bX _2+`2�iBM; Qi?2` `2b2�`+?2`bǶ rQ`F Bb MQM@i`BpB�Hc
Bi Bb 2bb2MiB�H i?�i +Qm`b2 bi�z bmTTQ`i i?2 bim/2Mib i?`Qm;?Qmi i?2B` i�bFX AM Qm` +Qm`b2 Q7
9y bim/2Mib r2 ?�p2 irQ i2�+?BM; �bbBbi�Mib- r?Q K22i 2p2`v ;`QmT 2p2`v r22F iQ +?2+F BM
QM i?2 T`QD2+i bi�imb �M/ T`QpB/2 ;mB/�M+2 B7 M22/2/X AM bQK2 BMbi�M+2b- r2 T�B` mT bim/2Mib
rBi? ;`�/m�i2 bim/2Mi K2MiQ`b r?Qb2 2tT2`iBb2 Qp2`H�Tb rBi? i?2 i�`;2i `2b2�`+? T`QD2+iX
q2 �HbQ `2[mB`2 � b?Q`i BMi2`K2/B�i2 `2TQ`i BM i?2 KB//H2 Q7 i?2 �bbB;MK2Mi r?2`2 bim/2Mib
/2b+`B#2 r?�i i?2v ?�p2 /QM2 bQ 7�`- �M/ r?�i i?2v TH�M iQ /Q 7Q` i?2 mM}MBb?2/ iBK2X h?Bb
`2TQ`i ;Bp2b BMbi`m+iQ`b �M QTTQ`imMBiv iQ ;Bp2 722/#�+F �M/ �/pBb2 QM i?2 72�bB#BHBiv Q7 �Mv
mM}MBb?2/ bi2TbX

h?2 +Qm`b2 2M/b rBi? bim/2Mib ;BpBM; b?Q`i i�HFb �#Qmi i?2B` T`QD2+ibX aim/2Mib T`2b2Mi
i?2 K�BM ?B;?HB;?ib Q7 i?2B` `2T`Q/m+2/ `2b2�`+? iQ i?2 r?QH2 +H�bb 7Q` i2M KBMmi2b- 7QHHQr2/
#v � b?Q`i Z�� b2bbBQMX

q`Bi2 � Tm#HB+ #HQ;X 1�+? ;`QmT Bb `2[mB`2/ iQ /Q+mK2Mi i?2B` T`QD2+iěbm++2bb7mH
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Q` mMbm++2bb7mHě�M/ �Mv �//BiBQM�H }M/BM;b Q` +QM+HmbBQMb BM � Tm#HB+ #HQ; TQbi QM i?2
+Qm`b2Ƕb _2T`Q/m+BM; L2irQ`F _2b2�`+? #HQ;X h?2 #HQ; 2Mi`v Kmbi +QMi�BM �HH i?2 +Q/2
�M/ rQ`FHQ�/ BM Q`/2` 7Q` bQK2QM2 2Hb2 iQ 2�bBHv `2T2�i i?2 2tT2`BK2Mib iQQX �M/ K�Mv
/Q, Qp2` i?2 v2�`b- Qm` r2#bBi2 ?�b #22M pBbBi2/ #v i?2 �mi?Q`b Q7 i?2 Q`B;BM�H `2b2�`+?
T�T2`- `2pB2rBM; Qm` bim/2MibǶ rQ`F- �M/ #v M2r `2b2�`+?2`b HQQFBM; 7Q` B/2�b Q` r�vb iQ
;2i bi�`i2/ BM i?2B` QrM `2b2�`+? Ub22 a2+iBQM 8X8 7Q` �M2+/Qi2bVX

q2 p2`B7v i?2 `2bmHib BM 2p2`v #HQ; TQbi mbBM; T22` p�HB/�iBQM, 2p2`v bim/2Mi ;`QmT Bb
`2[mB`2/ iQ `2THB+�i2 i?2 `2bmHib Q7 �MQi?2` bim/2Mi ;`QmTX h?2 `2T`Q/m+iBQM 2zQ`i Bb `2[mB`2/
iQ #2 �M 2�bv- irQ@bi2T T`Q+2bb, URV /QrMHQ�/ �M/ BMbi�HH �Mv +Q/2- �M/ UkV +HB+F ǳ`mMXǴ �HH
+Q/2 Kmbi #2 �p�BH�#H2 BM Tm#HB+ +Q/2 `2TQbBiQ`B2bX h?2 bim/2Mib i?2`27Q`2 T`QpB/2 �HH i?2B`
bQ7ir�`2 bQm`+2 +Q/2- 2tT2`BK2Mi�H /�i�- i?2 K2�Mb iQ ;2M2`�i2 i?2 `2bmHib- �M/ � /2i�BH2/
BMi2`T`2i�iBQM Q7 i?2B` `2bmHib iQ Qi?2` `2b2�`+?2`bX h?2v �HbQ mTHQ�/ � Tm#HB+ bM�Tb?Qi Q7
i?2B` �K�xQM 1*k K�+?BM2 7Q` 2�bv BMbi�HH�iBQM �M/ b2imTX h?2 Tm#HB+ +Q/2 `2TQbBiQ`B2b
?�p2 T`Qp2M #2M2}+B�H 7Q` Qi?2` `2b2�`+?2`b- r?Q +QMi�+i i?2 bim/2Mib i?`Qm;? i?2 #HQ; BM
Q`/2` iQ mb2 i?2b2 b2H2+i2/ `2b2�`+? T`QD2+ib �b � #�b2 Q7 BMbTB`�iBQM Q` +QKT�`BbQM 7Q` i?2B`
QrM rQ`FX h?2b2 `2[mB`2K2Mib 2Mbm`2 Qi?2`b +�M #mBH/ QM Qm` bim/2MibǶ `2bmHib- 7m`i?2`BM;
Qm` ;Q�H iQ K�F2 KQ`2 M2irQ`F bvbi2Kb `2b2�`+? `2T`Q/m+B#H2X

8X9 Pp2`pB2r Q7 `2T`Q/m+iBQM `2bmHib

aBM+2 kyRk- r2 ?�p2 b22M Qp2` � ?mM/`2/ bim/2Mi T`QD2+ib BM `2T`Q/m+BM; M2irQ`FBM; `2@
b2�`+?X JQbi ?�p2 #22M bm++2bb7mHě�M/ � 72r ?�p2 MQiě#mi Qp2`�HH r2 ?�p2 Q#b2`p2/
i?�i bim/2Mib r�HF �r�v rBi? i?2 +QM}/2M+2 i?�i i?2v +�M Qp2`+QK2 /B{+mHi- i2+?MB+�H
+?�HH2M;2b BM M2irQ`FBM; `2b2�`+?X AM i?Bb b2+iBQM- r2 bmKK�`Bx2 Qm` 2tT2`B2M+2b BM KQ`2
/2i�BHX

6B;m`2 8Xk `2TQ`ib ?Qr K�Mv bim/2Mi T`QD2+ib bm++2bb7mHHv `2+`2�i2/ `2b2�`+? 2tT2`B@
K2Mib 2�+? v2�`- r?2`2 bm++2bb Bb /2}M2/ �b #2BM; �#H2 iQ `2+`2�i2 i?2 2tT2`BK2Mi �M/ ;2M@
2`�i2 � `2bmHi +QKT�`�#H2 iQ i?2 Q`B;BM�H `2b2�`+?X h?2 ;`�T? b?Qrb i?�i � bK�HH MmK#2` Q7
T`QD2+ib 2�+? v2�` +QMbBbi2MiHv 7�HH BMiQ i?2 ǳmMbm++2bb7mHǴ +�i2;Q`v- T`BK�`BHv #2+�mb2 bim@
/2Mib r2`2 Qp2`@�K#BiBQmb, i?2v �ii2KTi2/ `2T`Q/m+iBQMb BM 2KmH�iQ`b mMbmBi�#H2 7Q` i?2B`
T`QD2+i- i?2v +QmH/ MQi }M/ i?2 `B;?i iQQHb BM iBK2- Q` i?2v Qp2`2biBK�i2/ i?2B` �#BHBiB2b iQ
#mBH/ � bvbi2K 7`QK b+`�i+?X h?2`2 �`2 � 72r Qi?2` `2�bQMb /Bb+mbb2/ H�i2` BM a2+iBQM 8X9XRX

h?2 KQbi TQTmH�` `2b2�`+? T�T2`b b2H2+i2/ #v bim/2Mib �`2 b?QrM BM h�#H2 8XRX h?2b2

http://reproducingnetworkresearch.wordpress.com/
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6B;m`2 8Xk, h?2 MmK#2` Q7 bm++2bb7mH bim/2Mi T`QD2+ib- HBbi2/ #v +Qm`b2 v2�`X am++2bb Bb
/2}M2/ �b #2BM; �#H2 iQ `2+`2�i2 i?2 2tT2`BK2Mi �M/ ;2M2`�i2 +QKT�`�#H2 `2bmHibX

Sm#HB+�iBQM _2T`Q/m+B#BHBiv
�#H2 lM�#H2

h*S PTi@�+F �ii�+F (R8k) e k
C2HHv}b? (R89) 3 @
AMBi *qL. (9d) d @
h*S 6�bi PT2M (Rj9) d @
GQr@`�i2 h*S .Qa (33) 9 @
JSh*S (Rj8) e @
_*S (9e) 9 R
.*h*S (RR) 8 @
>hhS@#�b2/ oB/2Q ai`2�KBM; (dj) 8 @
.*2HH (e8) j R
>2/2`� (N) 9 @
JQb? (Rdj) 9 @
S** (98) 9 @
T6�#`B+ (Rk) k R
aT`Qmi (Rd9) j @

h�#H2 8XR, h?2 R8 KQbi TQTmH�` `2b2�`+? T�T2`b b2H2+i2/ 7Q` bim/2Mi T`QD2+ibX
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6B;m`2 8Xj, 1KmH�iQ` �M/ bBKmH�iQ` TH�i7Q`Kb mb2/ #v bim/2Mib 7Q` `2T`Q/m+BM; `2b2�`+?X

T�T2`b r2`2 KQbi HBF2Hv b2H2+i2/ #2+�mb2 Q7 i?2B` 2�b2 Q7 b2imT BM i?2 2KmH�iQ`b r2 +?Qb2c
KQbi Q7 i?2K �`2 p�`B�iBQMb Q7 h*S- �M/ bQK2 Q7 i?2K �`2 �TTHB+�iBQM@#�b2/ Q` iQTQHQ;v@
#�b2/X aQK2 2tT2`BK2Mib �`2 KQ`2 /B{+mHi iQ `2+`2�i2 i?�M Qi?2`b- 2p2M B7 i?2v �`2 7`QK i?2
b�K2 `2b2�`+? T�T2`c i?Bb �++QmMib 7Q` bQK2 Q7 i?2 mMbm++2bb7mH T`QD2+ib BM h�#H2 8XRX Pi?2`
bim/2Mib �`2 KQ`2 �K#BiBQmb BM i?2B` T`QD2+ib- 2X;X- QTiBM; iQ TQ`i �M 2tBbiBM; 2tT2`BK2Mi
iQ � /Bz2`2Mi 2KmH�iQ`- r?B+? Q7i2M H2�/b iQ KQ`2 /B{+mHiB2bX

6B;m`2 8Xj bmKK�`Bx2b i?2 p�`B2iv Q7 2KmH�iQ`b �M/ bBKmH�iQ`b i?�i bim/2Mib ?�p2 mb2/X
�b BMbi`m+iQ`b- r?BH2 r2 2M+Qm`�;2/ i?2 mb2 Q7 JBMBM2i (Ny) �M/ J�?BK�?B (RR8)- bQK2 ;`QmTb
mb2/ Mb@k (dd)- Mb@j (e3)- �M/ 1KmH�# (eN) BMbi2�/- Q7i2M #2+�mb2 i?2 Q`B;BM�H `2b2�`+? mb2/
i?2b2 TH�i7Q`Kb iQQ- K�FBM; Bi 2�bB2` 7Q` i?2 bim/2Mib iQ `2@mb2 2tBbiBM; QT2M bQm`+2 +Q/2X
AM bQK2 +�b2b- bim/2Mib r?Q bi�`i2/ Qmi mbBM; bBKmH�iQ`b TQ`i2/ i?2B` 2tT2`BK2Mib iQ �M
2KmH�iQ` BM Q`/2` iQ ;2i `2�H@iBK2- `2�HBbiB+ `2bmHib- �HH rBi?BM i?2 i?`22@r22F iBK2 bT�M Q7
i?2 T`QD2+iX

�p�BH�#BHBiv Q7 `2b2�`+? +Q/2X _mMMBM; �M 2tT2`BK2Mi ivTB+�HHv `2[mB`2b irQ +QKTQ@
M2Mib, i?2 bvbi2K �M/ i?2 2tT2`BK2Mi rQ`FHQ�/X aim/2Mib +�M bQK2iBK2b Q#i�BM #Qi? 7`QK
i?2 �mi?Q`b Q` 7`QK QMHBM2- QT2M@bQm`+2 `2TQbBiQ`B2bc Qi?2` iBK2b- i?2v Kmbi BKTH2K2Mi Bi
i?2Kb2Hp2b mbBM; � /2i�BH2/ /2b+`BTiBQM 7`QK � T�T2` Q` i2+?MB+�H `2TQ`iX Pp2`�HH- r2 ?�p2
7QmM/ i?�i i?2 �p�BH�#BHBiv Q7 i?2 Q`B;BM�H 2tT2`BK2Mi�H +Q/2 �M/ rQ`FHQ�/ TH�vb � H�`;2 T�`i
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avbi2K bQm`+2 +Q/2 bbb qQ`FHQ�/ ;2M2`�iBQM
PT2M@bQm`+2 Rk PT2M@bQm`+2 N
PT2M@bQm`+2 #mi e am{+B2Mi /2i�BHb RdQmi@Q7@/�i2 BM T�T2`
PT2M@bQm`+2 #mi R aim/2Mi@+`2�i2/ R9

BM+QMbBbi2Mi rf`2bmHib
*QMi�+i2/ �mi?Q` k
"BM�`v �p�BH�#H2 R
aim/2Mi@+`2�i2/ N
LQi M22/2/ N

h�#H2 8Xk, �p�BH�#BHBiv Q7 bQm`+2 +Q/2 �M/ rQ`FHQ�/ ;2M2`�iBQM +Q/2 7Q` 2�+? T�T2`X

BM /2i2`KBMBM; i?2 HBF2Hv bm++2bb Q7 `2T`Q/m+BM; `2bmHibX
� bmKK�`v Q7 i?2 �p�BH�#BHBiv Q7 +Q/2 �M/ /�i� 7Q` 2�+? Q7 i?2 7Q`iv mMB[m2 `2b2�`+?

T�T2`b bim/B2/ #v bim/2Mib BM Qm` +Qm`b2 Bb b?QrM BM h�#H2 8XkX P++�bBQM�HHv- i?2 `2b2�`+?
T�T2` H�+F2/ F2v MmK#2`b Q` /2i�BHb �#Qmi i?2 2tT2`BK2Mi 2MpB`QMK2Mi- bQ bim/2Mib ?�/
iQ `2�bQM �#Qmi �//BiBQM�H 72�im`2b �M/ ;2M2`�i2 i?2B` QrM M2irQ`F rQ`FHQ�/bX aQK2iBK2b-
i?2 bvbi2K bQm`+2 +Q/2 r�b QT2M@bQm`+2/- #mi mTQM 7m`i?2` BMbT2+iBQM i?2 QT2M@bQm`+2 +Q/2
T`Q/m+2/ `2bmHib BM+QMbBbi2Mi rBi? i?Qb2 Tm#HBb?2/ BM i?2 T�T2`- �M/ bim/2Mib ?�/ iQ `2bQ`i
iQ /2p2HQTBM; i?2 bvbi2K 7`QK b+`�i+?X .2bTBi2 i?2b2 b2i#�+Fb- r2 ?�p2 7QmM/ i?�i bim/2Mib
r?Q /2bB;M2/ i?2B` QrM 2tT2`BK2Mib ;�BM2/ 2tT2`i BMimBiBQM BM ?Qr i?2B` bvbi2K QT2`�i2/
�M/ r2`2 i?mb Q7i2M p2`v bm++2bb7mH BM `2+`2�iBM; 2tT2`BK2MibX

A7 i?2v �`2 `mMMBM; 2tT2`BK2Mib BM �M 2KmH�iQ`- bim/2Mib ivTB+�HHv M22/ iQ b+�H2 i?2
2tT2`BK2Mi U#v MmK#2` Q7 MQ/2b Q` #v /�i�`�i2V bQ i?2 2KmH�i2 +�M F22T mTX 6Q` 2t�KTH2-
bQK2 `2b2�`+? `2bmHib �`2 ;�i?2`2/ BM H�`;2 /�i�+2Mi2`b rBi? ?mM/`2/b Q7 MQ/2b �M/ HBMF
bT22/ Q7 RyĜRyy :#fbX � ivTB+�H 2KmH�iQ` +�M ?�M/H2 mT iQ i2Mb Q` ?mM/`2/b Q7 MQ/2b- rBi?
HBMFb `mMMBM; �i RĜRy :#fb �i KQbiX

8X9XR S`QD2+i bm++2bb2b

Pm` bim/2Mib ?�/ p�`vBM; H2p2Hb Q7 bm++2bb rBi? `2+`2�iBM; `2b2�`+? `2bmHibX .m2 iQ i?2
+QKTH2tBiv Q7 i?2 T`QD2+i- Bi Bb �M �++QKTHBb?K2Mi BM Bib2H7 7Q` bim/2Mib iQ bBKTHv ;2i i?2
bvbi2K mT �M/ `mMMBM;X q2 i?2`27Q`2 ?�p2 /2}M2/ bm++2bb BM i?Bb T`QD2+i #�b2/ QM i?`22
+`Bi2`B�,

RX �`2 i?2 bim/2Mib �#H2 iQ `2+`2�i2 i?2 2tT2`BK2Mi\
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kX �`2 i?2 bim/2Mi@;2M2`�i2/ `2bmHib �M/ i?2 Q`B;BM�H `2bmHib bBKBH�` BM b?�T2\

jX *�M i?2 bim/2Mib DmbiB7v �Mv /Bb+`2T�M+B2b BM `2bmHib\

aQK2iBK2b- bim/2Mib �`2 �#H2 iQ `2+`2�i2 i?2 Q`B;BM�H rQ`F �HKQbi T2`72+iHv- bm#D2+i iQ
b+�HBM; Q` +QKTmi�iBQM `2bQm`+2 HBKBibX PM2 bim/2Mi ;`QmT `2THB+�i2/ � h*S QTi@�+F �ii�+FR-
r?2`2 i?2 i�bF r�b iQ +`2�i2 � h*S �ii�+F2` b2M/BM; QTiBKBbiB+ �+FMQrH2/;2K2Mib UQTi@
�+FbV iQ KmHiBTH2 pB+iBKb Qp2` � #QiiH2M2+F HBMF- ;2M2`�iBM; 2MQm;? i`�{+ iQ +�mb2 +QM;2biBQM
+QHH�Tb2 U6B;m`2 8X9�VX 1p2M i?Qm;? i?2 Q`B;BM�H 2tT2`BK2Mi r�b bBKmH�i2/ BM Mb@k- i?2
bim/2Mib /2+B/2/ iQ 2KmH�i2 i?2 2tT2`BK2Mi BM JBMBM2i #v }`bi /2bB;MBM; � JBMBM2i iQTQHQ;v
�M/ i?2M T`Q;`�KKBM; i?2B` QrM QTi@�+F �ii�+F2` BM Svi?QMX h?2v �HbQ ?�/ iQ �/Dmbi AS
i�#H2 �M/ �_S +�+?2 b2iiBM;b QM GBMmt BM Q`/2` iQ b2M/ `�r bQ+F2i i`�{+ QM �M �K�xQM
1*k BMbi�M+2X 6BM�HHv- i?2v r2`2 �#H2 iQ T`Q/m+2 6B;m`2 8X9#- r?B+? b?Qrb p2`v bBKBH�`
i`�{+ T�ii2`Mb iQ i?2 Q`B;BM�H- bBKmH�i2/ 2tT2`BK2MiX h?2v 2tTH�BM2/ /Bb+`2T�M+B2b BM i?2B`
`2bmHibc BM T�`iB+mH�`- i?2v r2`2 mM�#H2 iQ `2+`2�i2 i?2 �ii�+F 7Q` KQ`2 i?�M e9 pB+iBKb /m2
iQ T2`7Q`K�M+2 HBKBi�iBQMb QM �M 2KmH�iQ` 7Q` 2p2M i?2 H�`;2bi �K�xQM 1*k BMbi�M+2 rBi?
i?2 ?B;?2bi +QKTmi2 TQr2`X h?2v �HbQ MQi2/ i?�i i?2B` 2KmH�i2/ `2bmHib ?�/ � KQ`2 D�;;2/
b?�T2 i?�M i?2 Q`B;BM�H `2bmHib- T2`?�Tb /m2 iQ �`iB7�+ib BM K2�bm`2K2MiX Pp2`�HH- #2+�mb2
i?2 bim/2Mib r2`2 �#H2 iQ ;2M2`�i2 2KmH�i2/ `2bmHib p2`v bBKBH�` iQ i?2 Q`B;BM�H T�T2`Ƕb
bBKmH�iBQMbě�M/ ;�p2 bm{+B2Mi DmbiB}+�iBQM 7Q` �Mv /Bz2`2M+2běr2 +QMbB/2` i?2 bim/2Mi
T`QD2+i � bm++2bbX

P++�bBQM�HHv- bim/2Mib B/2MiB7v /Bb+`2T�M+B2b rBi? i?2 Q`B;BM�H `2bmHib 7Q` Qi?2` `2�bQMb-
/2bTBi2 ?B;? +QM}/2M+2 BM i?2B` QrM `2+`2�iBQM Q7 i?2 2tT2`BK2MiX 6Q` 2t�KTH2- QM2 bim/2Mi
;`QmT +QKT�`2/ i?2 T2`7Q`K�M+2 Q7 1*JS �M/ >2/2`� QM #Qi? � ?�`/r�`2 i2bi#2/ �M/ QM
JBMBM2iXk �7i2` +QMi�+iBM; i?2 Q`B;BM�H �mi?Q`b- i?2 bim/2Mib `2`�M i?2 #2M+?K�`F i2bib �M/
r2`2 �#H2 iQ 2t�+iHv `2+`2�i2 i?2 T2`7Q`K�M+2 +?�`�+i2`BbiB+b Q7 >2/2`� BM #Qi? i?2 ?�`/r�`2
�M/ 2KmH�i2/ 2MpB`QMK2MibX >Qr2p2`- i?2 bim/2Mib +QMbBbi2MiHv 7QmM/ i?2B` QrM ?�`/r�`2
1*JS T2`7Q`K2/ bB;MB}+�MiHv #2ii2` i?�M i?2 Q`B;BM�H T�T2`Ƕb 1*JS `2bmHibX h?2 bim/2Mib
`2`�M i?2 1*JS `2bmHib rBi? bT�MMBM; i`22 2M�#H2/ UbQK2i?BM; vQm rQmH/ MQi 2tT2+i BM
� /�i�+2Mi2`V �M/ /Bb+Qp2`2/ i?�i i?2 `2bmHiBM;- rQ`b2 T2`7Q`K�M+2 r�b B/2MiB+�H iQ i?2
`2bmHib BM i?2 T�T2`X h?2v bm#b2[m2MiHv +QMi�+i2/ i?2 �mi?Q`b iQ b22 B7 i?2v +QmH/ p2`B7v

RP`B;BM�H rQ`F #v a?2`rQQ/ 2i �HX (R8k)X aim/2Mi #HQ; TQbi �i ?iiTb,ff`2T`Q/m+BM;M2irQ`F`2b2�`+?X
rQ`/T`2bbX+QKfkyRefy8fjyf+b@k99@Re@KBb#2?�pBM;@i+T@`2+2Bp2`b@+�M@+�mb2@BMi2`M2i@rB/2
@+QM;2biBQM@+QHH�Tb2fX

kP`B;BM�H rQ`F #v �H7�`2b 2i �HX (N)X aim/2Mi #HQ; TQbi �i ?iiTb,ff`2T`Q/m+BM;M2irQ`F`2b2�`+?X
rQ`/T`2bbX+QKfkyRkfyefyef?2/2`�f �M/ 7m`i?2` 2H�#Q`�i2/ mTQM BM >�M/B;QH 2i �HX (ee)X

https://reproducingnetworkresearch.wordpress.com/2016/05/30/cs-244-16-misbehaving-tcp-receivers-can-cause-internet-wide-congestion-collapse/
https://reproducingnetworkresearch.wordpress.com/2016/05/30/cs-244-16-misbehaving-tcp-receivers-can-cause-internet-wide-congestion-collapse/
https://reproducingnetworkresearch.wordpress.com/2016/05/30/cs-244-16-misbehaving-tcp-receivers-can-cause-internet-wide-congestion-collapse/
https://reproducingnetworkresearch.wordpress.com/2012/06/06/hedera/
https://reproducingnetworkresearch.wordpress.com/2012/06/06/hedera/
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U�V X U#V

6B;m`2 8X9, � bm++2bb7mHHv `2+`2�i2/ 2tT2`BK2Mi 7Q` K�tBKmK i`�{+ BM/m+2/ #v � h*S
QTi@�+F �ii�+F2` Qp2` iBK2 7Q` KmHiBTH2 +QMM2+i2/ pB+iBKbX1 U�V �mi?Q` `2bmHib U6B;m`2 d BM
i?2 Q`B;BM�H T�T2`Vc U#V bim/2Mi@`2+`2�i2/ `2bmHibX

i?2B` }M/BM;b- #mi i?2 Q`B;BM�H i2bi#2/ ?�/ #22M iQ`M /QrM v2�`b �;Q- �M/ i?2`2 r�b MQ r�v
iQ `2`mM i?2 2tT2`BK2Mi 7Q` �//BiBQM�H p2`B}+�iBQM (ee)X �b QM2 Q7 i?2 bim/2Mib `2~2+i2/-
ǳr?2M vQm +`2�i2 � M2r i2bi#2/ �M/ +`2�i2 � M2r 2MpB`QMK2Mi- i?2`2 Bb MQ r�v iQ �b+2`i�BM
i?2 i`mi?b Q` TQbbB#BHBiB2b Q7 i?2 `2bmHibX PM i?2 Qi?2` ?�M/- B7 i?2 Q`B;BM�H �mi?Q`b ?�/ mb2/
�M 2KmH�iQ`- bm+? �b JBMBM2i- K�v#2 i?2v +QmH/Ƕp2 T�+F�;2/ BiĘbQ i?�i Qi?2` T2QTH2 (+QmH/
mb2 i?�i b2imT 7Q`) 2tT2`BK2MibXǴ

_2T`Q/m+BM; `2b2�`+? UmMVbm++2bb7mHHvX h?2`2 �`2 �HbQ +�b2b r?2`2 bim/2Mib �`2
MQi �#H2 iQ �+?B2p2 �HH i?`22 +`Bi2`B� Q7 bm++2bbX aQK2iBK2b- i?2`2 �`2 HBKBi�iBQMb BM i?2
2KmH�iBQM 2MpB`QMK2Mi, r?BH2 b2iiBM; mT �M 2tT2`BK2Mi 7Q` ZCmKT (ej)- � bim/2Mi ;`QmT
?�/ iQ 2M;BM22` KmHiBTH2 [m2m2BM; /Bb+BTHBM2b BM JBMBM2i- � 72�im`2 i?�i /B/ MQi +QK2 Qmi@Q7@
#Qt rBi? i?2 2KmH�iQ`X �MQi?2` ;`QmT `2TQ`i2/ Bbbm2b +QM};m`BM; SPs (Ry8) �M/ JBMBM2i
BM i�M/2K r?2M i`vBM; iQ `2+`2�i2 i?2 brBi+? +QMi`QHH2` iQTQHQ;v BM .*2HH (e8)X Pi?2` iBK2b-
i?2 �;2 Q7 � T�T2` +�M �z2+i KQ/2`M `2T`Q/m+iBQMbX � ;`QmT �ii2KTi2/ iQ `2T`Q/m+2 i?2
Q#b2`p�iBQM i?�i _1. K�BMi�BMb bB;MB}+�MiHv ?B;?2` i?`Qm;?Tmi i?�M .`QT h�BH Zm2m2BM;
�i HQr [m2m2 bBx2b (88)X >Qr2p2`- i?2v 7QmM/ i?�i BM KQbi +�b2b- .`QT h�BH �M/ _1.
T2`7Q`K2/ 2[m�HHv r2HHX �7i2` /Bb+mbbBQM rBi? � #HQ; +QKK2Mi2`- i?2 HBF2Hv +�mb2 Bb i?�i i?2
mM/2`HvBM; h*S K2+?�MBbK BM KQ/2`M iBK2b ?�b 2pQHp2/ +QMbB/2`�#Hv- T2`?�Tb `2/m+BM;
i?2 `2H�iBp2 T2`7Q`K�M+2 Q7 i?2b2 irQ [m2m2BM; K2+?�MBbKbX

aim/2Mib �`2 �HbQ Q++�bBQM�HHv iQQ �K#BiBQmb, � T�B` Q7 bim/2Mib i`B2/ iQ BKTH2K2Mi
i?2 `�i2@#�b2/ �/�TiBp2 pB/2Q bi`2�KBM; Q7 6�biJS* (R3j) BM � TQTmH�` QT2M@bQm`+2 K2/B�
TH�v2`X h?2v #2;�M i?2 T`QD2+i #v bm++2bb7mHHv }M/BM; i?2 b�K2 pB/2Q �M/ rB`2H2bb i`�+2b

https://reproducingnetworkresearch.wordpress.com/2016/05/30/cs-244-16-misbehaving-tcp-receivers-can-cause-internet-wide-congestion-collapse/
https://reproducingnetworkresearch.wordpress.com/2016/05/30/cs244-16-qjump-controlling-network-interference/
https://reproducingnetworkresearch.wordpress.com/2014/06/03/dcell-why-not-to-use-mininet-packetin-handler-of-custom-pox-controller/
https://reproducingnetworkresearch.wordpress.com/2012/06/05/seeing-red/
https://reproducingnetworkresearch.wordpress.com/2016/05/30/cs244-16-failed-experiments-with-fastmpc-integrating-rate-based-adaptive-streaming-into-vlc/
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6B;m`2 8X8, AM~m2M+2b Q7 bim/2Mi T`QD2+i QM Qi?2` T�`ib Q7 M2irQ`FBM; +QKKmMBivX

mb2/ BM i?2 Q`B;BM�H 2tT2`BK2MiX >Qr2p2`- i?2v `�M Qmi Q7 iBK2 i`vBM; iQ }M/ �M �TT`QT`B�i2
QTiBKBx2` i?�i +QmH/ bQHp2 i?2 KBt2/ HBM2�` T`Q;`�KKBM; KQ/2H 7Q` 6�biJS*X AM `2i`QbT2+i-
bBim�iBQMb HBF2 i?2b2 +QmH/ ?�p2 #2 �pQB/2/ rBi? iBK2Hv BMi2`p2MiBQMb #v i2�+?BM; bi�z- r?Q
+�M ?2HT bim/2Mib }M/ �TT`QT`B�i2 iQQHb- Q` b+�H2 /QrM i?2 b+QT2 Q7 i?2B` T`QD2+iX

8X9Xk S�`iB+BT�iBM; BM i?2 +QKKmMBiv

� #QMmb Qmi+QK2 Q7 i?Bb T`QD2+i Bb i?�i bim/2Mib r?Q rQ`F i?`Qm;? `2T`Q/m+BM; `2b2�`+? `2@
bmHib TH�v � H�`;2` `QH2 BM i?2 M2irQ`FBM; `2b2�`+? +QKKmMBivX q?BH2 /2bB;MBM; �M/ `mMMBM;
i?2 2tT2`BK2Mib- bim/2Mib K�v BMi2`�+i rBi? i?2 Q`B;BM�H �mi?Q`b- M2r `2b2�`+?2`b r?Q pBbBi
Qm` +Qm`b2 #HQ;- �M/ 2p2M /2p2HQT2`b Q7 i?2 2KmH�iQ`b Q` bBKmH�iQ`bX q2 bmKK�`Bx2 i?2
BMi2`�+iBQMb BM 6B;m`2 8X8X q2 #2HB2p2 i?2 #2M2}ib Q7 i?2b2 BMi2`�+iBQMb ;Q #Qi? r�vbc i?2
M2irQ`FBM; +QKKmMBiv �i H�`;2 +�M �HbQ #2M2}i 7`QK i?2b2 bim/2Mi `2b2�`+? `2T`Q/m+iBQM
T`QD2+ibX P`B;BM�H `2b2�`+?2`b +�M b?�`2 i?2B` 2tT2`B2M+2b rBi? bim/2Mib iQ �B/ BM i?2 `2T`Q@
/m+iBQM 2zQ`i- �M/ bim/2Mib +�M ;Bp2 722/#�+F QM ?Qr r2HH i?2 bvbi2K rQ`Fb BM /Bz2`2Mi
2MpB`QMK2MibX L2r `2b2�`+?2`b +�M mb2 i?2 #HQ; TQbib �M/ Tm#HB+ `2TQbBiQ`B2b Tm#HBb?2/ #v
bim/2Mib iQ DmKT@bi�`i M2r 2tT2`BK2Mib BM M2r `2b2�`+?X

AMi2`�+iBM; rBi? TH�i7Q`K /2p2HQT2`bX AM T�`iB+mH�`- bBKmH�iQ` �M/ 2KmH�iQ` /2@
p2HQT2`b +�M �HbQ i`2�i bim/2Mi T`QD2+ib �b mb2 +�b2b 7Q` 2p�Hm�iBM; i?2B` TH�i7Q`K miBHBivX
A7 i?2 TH�i7Q`K Bb biBHH BM /2p2HQTK2Mi- i?2b2 bim/2Mi T`QD2+ib ;Bp2 /2p2HQT2`b KQ`2 QTTQ`@
imMBiB2b iQ BKT`Qp2 i?2B` iQQHX AM Qm` +Qm`b2- r2 bi�`i2/ bim/2Mib rBi? JBMBM2i (Ny) �M/
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J�?BK�?B (RR8)- 2KmH�iQ`b i?�i r2`2 BMBiB�HHv /2p2HQT2/ �i ai�M7Q`/ �M/ JAh- `2bT2+iBp2HvX
q?2M r2 #2;�M i?Bb T`QD2+i BM kyRk- r2 �HbQ `2+2Bp2/ � H�`;2 pQHmK2 Q7 722/#�+F 7`QK bim@
/2Mib `2;�`/BM; i?2 mb�#BHBiv Q7 JBMBM2i@>B}- �M 2ti2MbBQM Q7 JBMBM2i /2bB;M2/ iQ ;Bp2 KQ`2
�++m`�i2 iBKBM; BM7Q`K�iBQM �M/ /2i2+i r?2M Bi 7�BHb iQ 7�Bi?7mHHv K22i iBKBM;X h?`Qm;? i?Bb
T`QD2+i- bim/2Mib /Bb+Qp2` i?2 �/p�Mi�;2b �M/ /Bb�/p�Mi�;2b Q7 i?2 TH�i7Q`K i?2v �`2 mbBM;
iQ `2+`2�i2 `2bmHibX h?2v +�M i?2M +`BiB[m2 /Bz2`2M+2b BM i?2 `2bmHib �M/ �M�Hvx2 r?2i?2`
i?2 TH�i7Q`K b2imT BM~m2M+2/ i?2 `2THB+�iBQMX q?2M �/KBMBbi2`BM; � `2b2�`+? `2T`Q/m+iBQM
T`QD2+i �i Qi?2` �+�/2KB+ BMbiBimiBQMb- r2 2M+Qm`�;2 i`vBM; Qmi ?QK2@;`QrM iQQHb- �b bim@
/2Mi T`QD2+ib �`2 � p�Hm�#H2 r�v Q7 ;2iiBM; 722/#�+F QM i?2 `Q#mbiM2bb �M/ �++m`�+v Q7 i?2b2
M2r iQQHbX

8X8 aim/2Mi 2tT2`B2M+2b

qBi? �HH Q7 i?2 2zQ`i BMpQHp2/ BM `2+`2�iBM; `2b2�`+? 2tT2`BK2Mib- r?�iǶb BM Bi 7Q` i?2
bim/2Mib\ �7i2` `2pB2rBM; +Qm`b2 2p�Hm�iBQMb �M/ #HQ; TQbib- r2 BMpBi2/ bQK2 bim/2Mib iQ
b?�`2 ?Qr i?2B` 2tT2`B2M+2b rBi? i?2 T`QD2+i b?�T2/ i?2B` T2`bT2+iBp2b QM M2irQ`FBM; �M/
`2b2�`+?X Pp2`�HH- bim/2Mib b�B/ i?�i i?2 T`QD2+i �HHQr2/ i?2K iQ mM/2`i�F2 �M/ mM/2`bi�M/
M2r M2irQ`FBM; iQTB+b- ;�BM +QM}/2M+2 BM i?2B` QrM `2b2�`+? �#BHBiB2b- �M/ T�`iB+BT�i2 BM
i?2 M2irQ`FBM; +QKKmMBivX q2 b?�`2 bQK2 �M2+/Qi2b ?B;?HB;?iBM; 2�+? Q7 i?2b2 2tT2`B2M+2b
#2HQrX

1M+QmMi2`BM; �M mMFMQrM 7�+2i Q7 M2irQ`FBM;X L2irQ`FBM; Bb � #`Q�/ �`2� �i
i?2 BMi2`b2+iBQM Q7 K�Mv }2H/b- �M/ Q7i2M Bi Bb /B{+mHi 7Q` bim/2Mib rBi? /QK�BM 2tT2`iBb2
BM +QKTmi2` b+B2M+2 iQ BMi2`�+i rBi? i?2 HQr2` H�v2`b Q7 i?2 M2irQ`FBM; bi�+F rBi?Qmi }`bi
mM/2`bi�M/BM; i?2 T`BM+BTH2b Q7 2H2+i`B+�H 2M;BM22`BM; �M/ +QKKmMB+�iBQMbX h?Bb T`QD2+i Bb �
;QQ/ r�v 7Q` bim/2Mib iQ ;2i � [mB+F- BM@/2Ti? pB2r Q7 mM7�KBHB�` M2irQ`FBM; �`2�bX � i?B`/@
v2�` mM/2`;`�/m�i2 �M/ ?Bb T�`iM2` r2`2 +m`BQmb �#Qmi rB`2H2bb `2b2�`+?c ?�pBM; +QK2 7`QK
+QKTmi2` b+B2M+2 #�+F;`QmM/b- M2Bi?2` Q7 i?2K FM2r r?�i �`2�b Q7 rB`2H2bb `2b2�`+? r2`2
Q7i2M bim/B2/- #mi i?2v b2H2+i2/ � `2+2Mi T�T2` i�+FHBM; qB} ?�M/Qp2`b rBi? JSh*S (j3)X
�b i?2 bim/2Mi `2~2+i2/- ?2 �M/ ?Bb T�`iM2` +?Qb2 i?2B` T�`iB+mH�` T`QD2+i #2+�mb2 Bi r�b
i?2 #2bi r�v iQ H2�`M �#Qmi � ?�M/Qp2` T`Q#H2K i?2v ?�/ #Qi? 2tT2`B2M+2/ �b 2M/ mb2`bX
q?2M �bF2/ ?Qr i?2v 72Hi �#Qmi i?2 2tT2`B2M+2- ?2 b�B/- ǳA HBF2/ BiX A bT2+B}+�HHv HBF2/ i?2
H2p2H Q7 7�KBHB�`Biv A ;Qi (rBi?) i?2 T�T2`X h?2`2Ƕb � H2p2H vQm +�M QMHv ;2i #v `2T`Q/m+BM; Bi
Q` BKTH2K2MiBM; BiXǴ �7i2` +QKKmMB+�iBM; rBi? i?2 �mi?Q`b- i?2 bim/2Mib K�M�;2/ iQ `mM

https://reproducingnetworkresearch.wordpress.com/2016/05/30/cs244-16-towards-wifi-mobility-without-fast-handover/
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�M 2tT2`BK2Mi bBKmH�iBQM BM Mb@k iQ +QM}`K `2bmHib BHHmbi`�iBM; i?2 i?`Qm;?Tmi Q7 /Bz2`2Mi
i`�MbTQ`i T`QiQ+QHb /m`BM; ?�M/Qp2` #2ir22M irQ qB} �++2bb TQBMibX �7i2` i?Bb BMBiB�H
+QM}/2M+2- i?2v i?2M b?Qr2/ `2bmHib 7Q` i?`22 qB} �++2bb TQBMib BM � i?`22@/BK2MbBQM�H
;`�T?- 2ti2M/BM; i?2 T`QD2+i #2vQM/ i?2 Q`B;BM�H T�T2`Ƕb b+QT2X

lM/2`bi�M/BM; +miiBM;@2/;2 `2b2�`+?X a2MBQ` bim/2Mib �`2 �HbQ BMi2`2bi2/ BM H2�`M@
BM; +miiBM;@2/;2 `2b2�`+?- bQ i?�i i?2v +�M ;2M2`�i2 B/2�b 7Q` i?2B` QrM 7mim`2 T`QD2+ibX
_2T`Q/m+BM; `2b2�`+? QM � b?Q`i iBK2HBM2 Bb � ;`2�i r�v iQ BMi2`�+i rBi? Qi?2` `2b2�`+?2`b
�M/ mM/2`bi�M/ ?Qr iQ mb2 +QKKQM iQQHb rBi?Qmi M22/BM; iQ 2tT2M/ i?2 `B;Q`Qmb 2M;BM22`@
BM; 2zQ`ib `2[mB`2/ iQ �+?B2p2 `2b2�`+?@H2p2H bvbi2K K�bi2`vX � T�B` Q7 b2+QM/@v2�` ;`�/m�i2
bim/2Mib r2`2 BMbTB`2/ iQ `2T`Q/m+2 i?2 `2bmHib 7`QK ZCmKT (ej) /m2 iQ i?2B` Kmim�H `2@
b2�`+? BMi2`2bib BM M2irQ`F2/ bvbi2KbX PM2 Q7 i?2 bim/2Mib ?�/ �ii2M/2/ La.A kyR8 �M/
?�/ ?2�`/ i?2 �mi?Q`bǶ T`2b2Mi�iBQM BM T2`bQMc �i i?2 iBK2- ?2` QrM `2b2�`+? r�b 7Q+mb2/
QM `2/m+BM; i?2 H�i2M+v Q7 M2irQ`F2/ K2KQ`v BM /�i�+2Mi2`b- �M/ b?2 72Hi i?�i ZCmKT r�b
�M BMMQp�iBp2 K2i?Q/ 7Q` b+?2/mHBM; /�i�+2Mi2` i`�{+X �b b?2 `2+QmMi2/- ǳuQm +QmH/ i2HH
7`QK i?2B` T�T2` i?�i i?2v `2�HHv i`B2/ iQ K�F2 2p2`vi?BM; `2T`Q/m+B#H2XǴ h?2 `2b2�`+?2`b
?�/ Tm#HBb?2/ K2i?Q/b 7Q` `2+`2�iBM; 2tT2`BK2Mi rQ`FHQ�/b 7Q` �HH };m`2b BM i?2B` La.A
Tm#HB+�iBQMX

>Qr2p2`- b?2 MQi2/ i?�i i?2v mHiBK�i2Hv /B/ MQi mb2 i?2 �mi?Q`bǶ rQ`F /B`2+iHv, ǳh?2B`
�bbmKTiBQM r�b i?�i (T2QTH2) rQmH/ `2T`Q/m+2 i?2 `2bmHib BM �M �+im�H /�i�+2Mi2`- r?2`2�b
r2 /B/ i?2 2KmH�iBQM BM JBMBM2iX AM i?2 2M/- r2 /B/ MQi mb2 i?2B` b+`BTib /B`2+iHv- #mi Bi
r�b MB+2 iQ b22 i?�i i?2 �mi?Q`b r2`2 2Mi?mbB�biB+ iQ ?�p2 i?2B` rQ`F `2T`Q/m+2/XǴ h?Bb T�B`
Q7 bim/2Mib +QMi�+i2/ i?2 �mi?Q`b i?`Qm;?Qmi i?2 T`QD2+i iQ `2+QM+BH2 b+�HBM; �M/ iBKBM;
/Bz2`2M+2b i?�i �`Qb2 7`QK mbBM; �M 2KmH�i2/ 2MpB`QMK2Mi BM TH�+2 Q7 � /�i�+2Mi2` �M/
r2`2 mHiBK�i2Hv bm++2bb7mH BM `2+`2�iBM; i?2 2tT2`BK2Mib BM JBMBM2iX h?2 Qi?2` bim/2Mi
+QKK2Mi2/ i?�i i?2 Q`B;BM�H �mi?Q`b 2p2M ǳir22i2/ �#Qmi (Qm` }M�H #HQ; TQbi)- �+im�HHvXǴ
h?2 Qp2`�HH `2T`Q/m+iBQM 2zQ`i ?2HT2/ i?2 bim/2Mib mM/2`bi�M/ QM � /22T2` H2p2H r?�i ivT2b
Q7 i`�{+ +QMi`QH b+?2K2b rQ`F BM /�i�+2Mi2`bX h?2 }`bi bim/2Mi K2MiBQM2/ i?�i �7i2` i?2
+Qm`b2- b?2 BKTH2K2Mi2/ � b+?2/mH2` 7Q` ?2` `2b2�`+? bBKBH�` iQ QM2 7`QK i?2 T`QD2+i- ǳr?B+?
Bb bQK2i?BM; i?�i A rQmH/MǶi ?�p2 /QM2 B7 (A ?�/ Dmbi `2�/) i?2 T�T2`XǴ

.B;;BM; /22T BMiQ rQ`Fb?QT T�T2`bX _2T`Q/m+BM; `2b2�`+? �HbQ #QQbib bim/2Mi
+QM}/2M+2X PM2 }`bi@v2�` ;`�/m�i2 bim/2Mi +QKK2Mi2/ QM i?2 T`QD2+i b2H2+iBQM T`Q+2bb-
b�vBM;- ǳvQm /QMǶi r�Mi iQ `2T`Q/m+2 bQK2i?BM; i?�i `2[mB`2b � HQi Q7 T`2pBQmb FMQrH2/;2

https://reproducingnetworkresearch.wordpress.com/2015/05/31/cs-244-15-qjump-delay-guarantees-in-datacenter-networks/
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Q` i?�i Bb ?�`/ iQ `2T`Q/m+2- �M/ vQm r�Mi bQK2i?BM; i?�iǶb BMi2`2biBM; iQ vQmX h?�i T`Q@
+2bb Bib2H7 i�F2b bQK2 H2�`MBM;XǴ AMBiB�HHv- ?2` ;`QmT b2H2+i2/ � p2`v +QKTH2t �M/ �K#BiBQmb
T`QD2+i i?�i rQmH/ `2[mB`2 bB;MB}+�Mi iBK2 iQ 2M;BM22`c 2p2Mim�HHv- i?2v b2H2+i2/ � rQ`F@
b?QT T�T2` QM � b2H7@+HQ+F2/ `�i2 �/�TiBQM 7Q` KmHiBK2/B� Ua*_2�JV (3k)X lbBM; rQ`Fb?QT
T�T2`b 7Q` � bim/2Mi T`QD2+i �`2 bQK2iBK2b KQ`2 +?�HH2M;BM; i?�M mbBM; 7mHH@H2M;i? rQ`Fb-
T2`?�Tb #2+�mb2 i?2 7Q`K2` ?�b � b?Q`i2`- #`B272` Tm#HB+�iBQM 7Q`K�iX >Qr2p2`- i?2 bim/2Mib
r2`2 �#H2 iQ mb2 i?2 �mi?Q`bǶ Tm#HB+ `2TQbBiQ`v +Q/2 �b `272`2M+2 �M/ i`�Mb7Q`K2/ i?2 �m@
i?Q`bǶ bBKmH�iBQM BMiQ � `2�H@iBK2 l.S@#�b2/ bQHmiBQM QM J�?BK�?BX q?BH2 `2+`2�iBM; i?2
2tT2`BK2Mi- i?2v `2�HBx2/ i?�i i?2`2 r2`2 T�`�K2i2`b i?�i 7mM+iBQM2/ r2HH 7Q` i?2 Q`B;BM�H
bBKmH�iBQM #mi MQi 7Q` i?2B` 2KmH�iBQMX �7i2` �/DmbiBM; i?2b2 T�`�K2i2`b- i?2 bim/2Mib r2`2
}M�HHv �#H2 iQ Q#b2`p2 i?2 b�K2 `2bmHib BM J�?BK�?BX PM2 Q7 i?2 bim/2Mib `2~2+i2/ i?�i Bi
r�b bm`T`BbBM; iQ b22 i?�i ǳT�T2`b r`Bii2M �i i?Bb H2p2H +QmH/ �HbQ #2 mM/2`biQQ/ #v bim/2Mib
r?Q ?�p2 i�F2M QMHv irQ +Qm`b2b BM M2irQ`FBM;- �M/ `2bmHib +�M #2 `2T`Q/m+2/ BM T�`iXǴ

qBi? i?Bb `2�HBx�iBQM- b?2 �M/ ?2` T�`iM2` r2`2 ?�TTv rBi? i?2B` Tm#HBb?2/ +Qm`b2 #HQ;
TQbi- r?B+? i?2v +QMbB/2`2/ �M BKTQ`i�Mi 7�+2i Q7 i?2B` +QMi`B#miBQM iQ i?2 Qp2`�HH `2b2�`+?
rQ`F, ǳ(6`QK �M 2/m+�iBQM�H bi�M/TQBMi-) #HQ; TQbib �`2 2�bB2` iQ `2�/ i?�M T�T2`bX A7
i?2`2 Bb QM2 +QQH B/2� 7`QK � T�T2` i?�i vQm +�M `2T`Q/m+2 �M/ Tmi BMiQ � #HQ; TQbi- A i?BMF
i?�i +QmH/ #2 p2`v p�Hm�#H2X "2+�mb2 BM � b2Mb2 vQm �H`2�/v /B/ i?2 b2i mT 7Q` i?2K- �M/
vQm r`Qi2 Bi BM � (+H2�`2`) r�vXǴ �b B7 +QM}`KBM; ?2` M2r7QmM/ T2`bT2+iBp2- i?2 �mi?Q`bě
r?QK i?2 bim/2Mib /B/ MQi +QMi�+i /m`BM; i?2B` T`QD2+iěBM+B/2Mi�HHv +�K2 �+`Qbb Qm` +Qm`b2
r2#bBi2 �M/ +QMi�+i2/ i?2 bim/2Mi �M/ ?2` T�`iM2` iQ �//`2bb +`BiB[m2b �M/ [m2biBQMb i?�i
r2`2 `�Bb2/ BM i?2 bim/2MibǶ T`QD2+i #HQ; TQbiX h?2 bim/2Mib �HbQ `2+2Bp2/ 2K�BHb 7`QK
�MQi?2` ;`�/m�i2 bim/2Mi iQ �bF 7Q` �//BiBQM�H /2i�BHb QM `mMMBM; i?2 2tT2`BK2Mi 7Q` ?Bb
QrM `2b2�`+?X

"QQbiBM; 2tT2`B2M+2 7Q` 7mim`2 +�`22`bX h?2 T`Q+2bb Q7 `2+`2�iBM; 2tT2`BK2Mib
7`QK `2b2�`+? +�M #2 mb27mH 7Q` 7Qbi2`BM; +�`22` bFBHHb 7Q` #Qi? �+�/2KB� �M/ BM/mbi`vX
� MQr@;`�/m�i2/ bim/2Mi r?Q `2+`2�i2/ 2tT2`BK2Mib 7Q` i?2 +QM;2biBQM +QMi`QH T`QiQ+QH
.*h*S (RR) K2MiBQM2/ i?�i BMi2`�+iBM; rBi? JBMBM2i r�b BMp�Hm�#H2 BM ?2` +m``2Mi BM/mb@
i`v DQ# BM M2irQ`F 2KmH�iQ`bX a?2 �M/ ?2` T�`iM2` b2i �#Qmi `2+`2�iBM; �M Mb@k bBKmH�iBQM
Q7 .*h*SǶb T2`7Q`K�M+2 BM JBMBM2i �M/ +�K2 �+`Qbb b2i#�+Fb BM ǳi?2 F2`M2H p2`bBQM- i?2
�KQmMi Q7 K2KQ`v- i?2 bQ7ir�`2 p2`bBQM Ęi?BM;b i?�i (r2) /B/MǶi `2�HHv �MiB+BT�i2 ?�pBM;
i`Qm#H2 rBi?XǴ >Qr2p2`- Qp2`+QKBM; i?2b2 bi`m;;H2b r2`2 p�Hm�#H2 7Q` ?2` +m``2Mi 2M;BM22`@
BM; +�`22`c b?2 b�B/ i?�i ǳ`2�/BM; mT �#Qmi JBMBM2i �M/ #2BM; 7�KBHB�` rBi? ?Qr iQ mb2 Bi

https://reproducingnetworkresearch.wordpress.com/2016/05/30/cs244-16-self-clocked-rate-adaptation-for-conversational-video-in-lte/
https://reproducingnetworkresearch.wordpress.com/2016/05/30/cs244-16-dctcp/
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?2HT2/ K2 `�KT mT (7�bi2` BM Kv DQ#) #2+�mb2 Bi ?�TT2Mb i?�i Kv i2�K #mBH/b bQK2i?BM;
bBKBH�` iQ JBMBM2iXǴ 6m`i?2`KQ`2- i?BMFBM; +`BiB+�HHv �#Qmi M2irQ`FBM; T�T2`b r�b � bFBHH
i?�i �B/2/ ?2` i2+?MB+�H +QMp2`b�iBQMb rBi? +QrQ`F2`b, i?2 +Qm`b2 r�b ǳp2`v /Bz2`2Mi 7`QK
�Mv Qi?2` +Qm`b2 AǶp2 i�F2MĘ(r?2`2) vQmǶ`2 i�m;?i T`BM+BTH2b- H2�`M ?Qr iQ �TTHv i?2K- �M/
r`Bi2 �M 2t�KX h?Bb (+Qm`b2- QM i?2 Qi?2` ?�M/) rQmH/ �+im�HHv T`2T�`2 K2 7Q` i?2 `2�H
rQ`H/XǴ

8Xe amKK�`v

AM i?Bb +?�Ti2`- r2 ?�p2 ?B;?HB;?i2/ bQK2 Q7 Qm` 2tT2`B2M+2b Qz2`BM; � ;`�/m�i2@H2p2H M2i@
rQ`FBM; T`QD2+i BM `2+`2�iBM; 2tT2`BK2Mib 7`QK M2irQ`F `2b2�`+?X q2 ?�p2 T`QpB/2/ �
bi2T@#v@bi2T ;mB/2 7Q` �M 2t�KTH2 T`QD2+i BM �M �/p�M+2/ M2irQ`FBM; +H�bbX �7i2` +QM/m+i@
BM; � b2`B2b Q7 BMi2`pB2rb- r2 p2`B}2/ i?�i i?2 2tT2`B2M+2 Bb `2r�`/BM; �M/ BMi2`2biBM; 7Q`
bim/2Mib- �M/ Bi ;Bp2b i?2K �M QTTQ`imMBiv iQ BMi2`�+i rBi? `2b2�`+?2`bX AM �//BiBQM- r2
?�p2 H2�`M2/ i?�i /Q+mK2MiBM; i?2 `2bmHib Q7 i?2b2 `2T`Q/m+iBQM bim/B2b Bb �M 2bb2MiB�H `2@
bQm`+2 7Q` #Qi? 7mim`2 bim/2Mib �M/ i?2 `2b2�`+? +QKKmMBiv �b � r?QH2X q2 ?QT2 i?�i i?2
K�i2`B�Hb T`2b2Mi2/ BM i?Bb +?�Ti2` BMbTB`2 KQ`2 +QMp2`b�iBQMb QM Qz2`BM; bBKBH�` T`QD2+ib BM
;`�/m�i2 M2irQ`FBM; +m``B+mH�- �b r2HH �b � #`Q�/2` /Bb+mbbBQM QM r2HH@b+QT2/ �bbB;MK2Mib
7Q` �/p�M+2/ +Qm`b2b BM Qi?2` }2H/b Q7 +QKTmi2` b+B2M+2X



*?�Ti2` e

*QM+HmbBQM

AM i?Bb /Bbb2`i�iBQM- r2 ?�p2 T`2b2Mi2/ 7Qm` +QMi`B#miBQMb iQ mM/2`bi�M/BM; ?Qr bim/2Mib
H2�`M /m`BM; mMbmT2`pBb2/ rQ`FX h?`22 Q7 i?2b2 +QMi`B#miBQMb /Bb+mbb i?2 H2�`MBM; T`Q+2bbě
r?�i �+iBpBiB2b � bim/2Mi T�`iB+BT�i2b BM r?BH2 i?2v rQ`F QM �bbB;MK2MibX h?2 }`bi Q7 i?2b2-
KBH2biQM2b- Bb � K2i?Q/ 7Q` [m�MiB7vBM; 7mM+iBQM�H T`Q;`2bb QM � *aR +Q/BM; �bbB;MK2MiX
h?Bb [m�MiBi�iBp2 K2i`B+ 2M`B+?2b i?2 iQQHb i?�i `2b2�`+?2`b ?�p2 iQ mM/2`bi�M/ i?2 H2�`MBM;
T`Q+2bb- �HHQrBM; 7m`i?2` bim/v QM `2H2p�Mi �bbB;MK2Mib- HBF2 QT2M@2M/2/ QM2b mb2/ BM *aR
+H�bb`QQKb iQ/�vX h?2 b2+QM/ �M/ i?B`/ +QMi`B#miBQMb- S2MbB2p2 �M/ hJPaa- �`2 iQQHb i?�i
BMbi`m+iQ`b +�M mb2 BKK2/B�i2Hv BM i?2B` +m``2Mi +H�bb`QQKb iQ bmTTQ`i i?2B` bim/2MibX

h?2b2 +QMi`B#miBQMb �`2 � }`bi bi2T iQ mM/2`bi�M/BM; ?Qr bim/2Mib H2�`M QM �HH �b@
bB;MK2Mib BM iQ/�vǶb +H�bb`QQKbX q2 ?�p2 K�/2 � #`2�Fi?`Qm;? QM bBKTH2 ;`�T?B+b@#�b2/
�bbB;MK2Mib HBF2 Sv`�KB/- #mi iQm;?2` i�bFb HBF2 "`2�FQmi- r?B+? BMpQHp2 ?mK�M KQmb2
BMi2`�+iBQM �M/ ;�K2 /2bB;M- `2K�BM mMbQHp2/X q2 ?�p2 Dmbi b+`�i+?2/ i?2 bm`7�+2 QM
?Qr +QMi2KTQ`�`v i2+?MB[m2b BM +QKTmi2` pBbBQM +�M ?2HT 2/m+�iBQMc �b K�+?BM2 H2�`MBM;
BKT`Qp2b- r2 +�M BK�;BM2 i2+?MB[m2b 7`QK `2BM7Q`+2K2Mi H2�`MBM;- Q#D2+i /2i2+iBQM- �M/ M�i@
m`�H H�M;m�;2 T`Q+2bbBM; 2tT�M/BM; iQ BKT`Qp2 �miQ;`�/2` bvbi2Kb QM �/p�M+2/- +QKTH2t
�bbB;MK2MibX

h?2 iQQHb /2b+`B#2/ BM i?Bb i?2bBb �`2 /2bB;M2/ iQ mM/2`bi�M/ H2�`MBM; T`Q+2bb �7i2`
bim/2Mib bm#KBi i?2B` }M�H rQ`FX am+? iQQHb #2M2}i #Qi? i?2 bim/2Mi- r?Q `2+2Bp2b KQ`2
/2i�BH2/- BM@/2Ti? 722/#�+F QM i?2B` T`Q#H2K@bQHpBM; T`Q+2bb- �M/ i?2 BMbi`m+iQ`- r?Q +�M
�;;`2;�i2 �M/ mM/2`bi�M/ ?Qr bim/2Mib BMi2`�+i rBi? �M �bbB;MK2MiX q2 ?�p2 Tm`TQb27mHHv
/2bB;M2/ �HH iQQHb iQ BM+Hm/2 ?mK�M BMbi`m+iQ` BMTmiX � H�`;2 +QKTQM2Mi Q7 ?B;?2` 2/m+�iBQM
iQ/�v `2HB2b �M/ #2M2}ib 7`QK ?mK�M BMTmi- �M/ Bi Bb QMHv M�im`�H 7Q` iQQHb /2bB;M2/ 7Q`

3N
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BKT`QpBM; iQ/�vǶb +H�bb`QQK iQ 2M?�M+2 � i2�+?2`Ƕb �#BHBiv iQ /B`2+iHv ?2HT i?2B` bim/2MibX
�b H2�`MBM; 2MpB`QMK2Mib b?B7i iQr�`/b �M QMHBM2 2tT2`B2M+2- BMi2HHB;2Mi imiQ`b (38- Rde)

rBHH #2 �#H2 iQ ;Bp2 ?BMib iQ bim/2Mib r?BH2 i?2v rQ`FX _2b2�`+? iQ/�v ?�b bi�`i2/ iQ 2tTHQ`2
?BMi@#�b2/ 722/#�+F (RjN)- +QMp2`b�iBQM�H imiQ` bvbi2Kb (eR- R9e)- �M/ �/�TiBp2 H2�`MBM; rBi?
[m2biBQM ;2M2`�iBQM (ed- N9)X q2 +�M 2�bBHv 2MpBbBQM +H�bb`QQKb r?2`2 bim/2Mib +�M `2+2Bp2
7Q`K�iBp2 722/#�+F �miQK�iB+�HHv 7`QK i?2B` H2�`MBM; 2MpB`QMK2Mib- �HHQrBM; bim/2Mib iQ
`2~2+i BKK2/B�i2Hv QM i?2B` T`Q#H2K bQHpBM; /m`BM; i?2 �bbB;MK2MiX h?2 ?mK�M BMbi`m+iQ`
+�M i?2M /Bb+mbb i?2 H2�`MBM; T`Q+2bb BM KQ`2 /2i�BH �7i2` �bbB;MK2Mi bm#KBbbBQMX

h?2 iQQHb QM H2�`MBM; T`Q+2bb /Bb+mbb2/ �#Qp2 T�BMi �M 2�`Hv TB+im`2 Q7 ?Qr BMbi`m+iQ`b
+�M i`�Mb7Q`K mMbmT2`pBb2/ rQ`F BM +H�bb`QQKb- 7`QK ?Qr iQ /2bB;M H2�`MBM; 2MpB`QMK2Mib
i?�i +QHH2+i /�i� QM H2�`MBM; T`Q+2bbě?2`2 /2b+`B#2/ �b T`Q+2bb `2TQbBiQ`B2běiQ ?Qr iQ
/2HBp2` 722/#�+F MQi Dmbi QM i?2 }M�H bm#KBbbBQM- #mi QM i?2 2MiB`2 T`Q#H2K@bQHpBM; T`Q+2bbX
Pm` 7Qm`i? +QMi`B#miBQM BM i?Bb /Bbb2`i�iBQM 2tTHQ`2b i?2 /2bB;M Q7 i?2 �bbB;MK2Mi Bib2H7-
r?B+? b?QmH/ +QMiBMm2 iQ 2pQHp2 iQ bmTTQ`i i?2 ;Q�Hb Q7 ?B;?2` 2/m+�iBQMX

�b r2 KQp2 BMiQ i?2 7mim`2- i?2 mMbmT2`pBb2/ rQ`F +QKTQM2Mi Q7 Qm` bim/2MibǶ +H�bb@
`QQK H2�`MBM; 2tT2`B2M+2 rBHH mM/Qm#i2/Hv 2pQHp2 7Q` i?2 #2ii2`X AM Q`/2` iQ 2M�#H2 i?Bb
i`�Mb7Q`K�iBQM- bim/2Mib b?QmH/ #2 KQiBp�i2/ iQ mb2 iQQHb i?�i �HHQr BMbi`m+iQ`b iQ #2ii2`
mM/2`bi�M/ i?2 H2�`MBM; T`Q+2bbX 6Q` 2t�KTH2- r?2M mbBM; S2MbB2p2- bim/2Mib `2+2Bp2 BM@
i`BMbB+- TQbBiBp2 `2r�`/ 7Q` bm#KBiiBM; /�i�- BM i?2 7Q`K Q7 mb27mH- 7Q`K�iBp2 722/#�+F 7Q`
7mim`2 �bbB;MK2Mi rQ`FX >Qr2p2`- bim/2Mib K�v pB2r hJPaa �b � iQQH i?�i TmMBb?2b #�/
�+iQ`běr?2`2 T`QpB/BM; KQ`2 BM7Q`K�iBQM BKT`Qp2b i?2 iQQHǶb �#BHBiv iQ /2i2+i 2t+2bbBp2
+QHH�#Q`�iBQMX Ai `2K�BMb 7mim`2 rQ`F iQ /2bB;M TQbBiBp2 `2BM7Q`+2K2Mi bvbi2Kb iQ bmTTQ`i
�Mv iQQH i?�i +QHH2+ib /�i� QM H2�`MBM; T`Q+2bběbm+? i?�i bim/2Mib �`2 MQi QMHv /Bb+Qm`�;2/
7`QK #�/ #2?�pBQ`- #mi �HbQ 2M+Qm`�;2/ iQ 7QHHQr ;QQ/ T`�+iB+2bX

�b 2/m+�iQ`b- r?2M r2 �/QTi iQQHb iQ Qm` +H�bb`QQKb r2 Kmbi +QMbB/2` ?Qr iQ KQiBp�i2
bim/2Mib iQ T�`iB+BT�i2 �M/ }M/ /�i� +QHH2+iBQM i?2 MQ`KX � H�`;2` [m2biBQM HQQKb �#Qmi ?Qr
i?2 BKT�+i Q7 i?2b2 iQQHb- r?B+? rBHH +QHH2+i /�i� QM �M/ ;Bp2 722/#�+F QM H2�`MBM; T`Q+2bb-
rBHH bi`2i+? #2vQM/ i?2 +H�bb`QQKX q?BH2 BMbi`m+iQ`b ?�p2 ?m;2 BM+2MiBp2b iQ ;�i?2` KQ`2
/�i� �#Qmi i?2B` +H�bb`QQKb- bim/2Mib K�v `27`�BM 7`QK b?�`BM; /�i� �#Qmi i?2B` H2�`MBM;
T`Q+2bb- +BiBM; +QM+2`Mb Q7 T`Bp�+v �M/ b2+m`BivX "Qi? BMbi`m+iQ`b �M/ bim/2Mib iQ;2i?2`
Kmbi ?QH/ QM;QBM; +QMp2`b�iBQMb �#Qmi i?2 +QMM2+iBQM #2ir22M +H�bb`QQK /�i� �M/ bim/2Mi
H2�`MBM;X q2 �`2 +QM}/2Mi i?�i i?2 iQQHb /Bb+mbb2/ BM i?Bb /Bbb2`i�iBQMě�M/ iQQHb v2i
mM/Bb+Qp2`2/ěrBHH BKT`Qp2 Qm` +H�bb`QQKb �M/ ?2HT Qm` bim/2Mib H2�`MX



�TT2M/Bt �

h?2 Sv`�KB/ �bbB;MK2Mi

h?Bb �TT2M/Bt +QMi�BMb i?2 Sv`�KB/ �bbB;MK2Mi 7`QK ai�M7Q`/ lMBp2`bBivǶb *aR +Qm`b2
U*aRye�, S`Q;`�KKBM; J2i?Q/QHQ;B2bV 7`QK i?2 qBMi2` kyRN b+?QQH i2`K (Rk9)X h?2 Sv`�@
KB/ �bbB;MK2Mi Bb �bbB;M2/ �b T�`i Q7 i?2 b2+QM/ ?QK2rQ`F �bbB;MK2Mi U+QMbBbiBM; Q7 i2M
b?Q`i 2t2`+Bb2bV BM i?Bb Ry@r22F +Qm`b2X

NR
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Graphics Challenges 
 
6. Write a GraphicsProgram that draws a pyramid consisting of bricks arranged in 

horizontal rows, so that the number of bricks in each row decreases by one as you move 
up the pyramid, as shown in the following sample run: 

 

 
 
 The pyramid should be centered at the bottom of the window and should use 

constants for the following parameters: 
 

BRICK_WIDTH The width of each brick (30 pixels) 
BRICK_HEIGHT The height of each brick (12 pixels) 
BRICKS_IN_BASE The number of bricks in the base (14) 

 
 The numbers in parentheses show the values for this diagram, but you must be able to 

change those values in your program. 
 
 
7.  [Use Methods]. Suppose that you’ve been hired to produce a program that draws an 

image of an archery target—or, if you prefer commercial applications, a logo for a 
national department store chain—that looks like this: 

 

 

6B;m`2 �XR, h?2 Sv`�KB/ �bbB;MK2Mi ?�M/Qmi 7Q` ai�M7Q`/ lMBp2`bBivǶb *aR +Qm`b2
U*aRye�, S`Q;`�KKBM; J2i?Q/QHQ;B2bVX



�SS1L.As �X h>1 Su_�JA. �aaA:LJ1Lh Nj

f 
 6BH2, Sv`�KB/XD�p�
 h?Bb 7BH2 Bb i?2 bi�`i2` 7BH2 7Q` i?2 Sv`�KB/ T`Q#H2KX
 Ai BM+Hm/2b /27BMBiBQMb Q7 i?2 +QMbi�Mib i?�i K�i+? i?2
 b�KTH2 `mM BM i?2 �bbB;MK2Mi - #mi vQm b?QmH/ K�F2 bm`2
 i?�i +?�M;BM; i?2b2 p�Hm2b +�mb2b i?2 ;2M2`�i2/ /BbTH�v
 iQ +?�M;2 �++Q`/BM;HvX
 f

BKTQ`i �+KX;`�T?B+bX c
BKTQ`i �+KXT`Q;`�KX c
BKTQ`i D�p�X�riX c

Tm#HB+ +H�bb Sv`�KB/ 2ti2M/b :`�T?B+bS`Q;`�K &

f  qB/i? Q7 2�+? #`B+F BM TBt2Hb  f
T`Bp�i2 bi�iB+ 7BM�H BMi "_A*EnqA.h> 4 jyc

f  >2B;?i Q7 2�+? #`B+F BM TBt2Hb  f
T`Bp�i2 bi�iB+ 7BM�H BMi "_A*En>1A:>h 4 Rkc

f  LmK#2` Q7 #`B+Fb BM i?2 #�b2 Q7 i?2 Tv`�KB/  f
T`Bp�i2 bi�iB+ 7BM�H BMi "_A*EanALn"�a1 4 R9c

Tm#HB+ pQB/ `mMUV &
f uQm 7BHH i?Bb BMX  f

'
'

6B;m`2 �Xk, ai�`i2` +Q/2 7Q` i?2 Sv`�KB/ �bbB;MK2MiX



�TT2M/Bt "

h?2 "`2�FQmi �bbB;MK2Mi

h?Bb �TT2M/Bt +QMi�BMb i?2 "`2�FQmi �bbB;MK2Mi 7`QK ai�M7Q`/ lMBp2`bBivǶb *aR +Qm`b2
U*aRye�, S`Q;`�KKBM; J2i?Q/QHQ;B2bV 7`QK i?2 qBMi2` kyRN b+?QQH i2`K (Rk9)X h?2
"`2�FQmi �bbB;MK2Mi Bb i?2 i?B`/ ?QK2rQ`F �bbB;MK2Mi BM i?Bb Ry@r22F +Qm`b2X

N9
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�SS1L.As "X h>1 "_1�EPlh �aaA:LJ1Lh Ryj



"B#HBQ;`�T?v

(R) aQ7ir�`2 .2p2HQT2`b , P++mT�iBQM�H PmiHQQF >�M/#QQF, , lXaX "m`2�m Q7 G�#Q`
ai�iBbiB+bX PMHBM2X _2i`B2p2/ �T`BH k- kyRN 7`QK ?iiTb,ffrrrX#HbX;QpfQQ?f+QKTmi2`@
�M/@BM7Q`K�iBQM@i2+?MQHQ;vfbQ7ir�`2@/2p2HQT2`bX?iKX

(k) *Q/2>a S`QD2+i, "`2�FQmiX PMHBM2- kyReX _2i`B2p2/ P+iQ#2` k8- kyRe 7`QK
?iiTb,ff+Q/2?bX+QKfHB#`�`vf+Qm`b2fRfKQ/mH2f9eNX

(j) :2M2`�iBQM *a, *QKTmi2` a+B2M+2 lM/2`;`�/m�i2 1M`QHHK2Mib am`;2 aBM+2 kyyeX
h2+?MB+�H `2TQ`i- *QKTmi2` _2b2�`+? �bbQ+B�iBQM- kyRdX _2i`B2p2/ �T`BH k- kyRN
7`QK ?iiTb,ff+`�XQ`;f/�i�f;2M2`�iBQM@+bfX

(9) h?2 qQ`H/ "�MFX 1/m+�iBQM ai�iBbiB+bX PMHBM2- kyRdX _2i`B2p2/ �T`BH k8- kyRN 7`QK
?iiTb,ff/�i�+�i�HQ;XrQ`H/#�MFXQ`;f/�i�b2if2/m+�iBQM@bi�iBbiB+bX

(8) .22TH2�`MBM;X�BX PMHBM2- kyR3X _2i`B2p2/ �T`BH d- kyRN 7`QK
?iiTb,ffrrrX/22TH2�`MBM;X�BfX

(e) �HB`2x� �?�/B- �`iQ >2HH�b- S2i`B A?�MiQH�- �`B EQ`?QM2M- �M/ �M/`2r S2i2`b2MX
_2THB+�iBQM BM *QKTmiBM; 1/m+�iBQM _2b2�`+?, _2b2�`+?2` �iiBim/2b �M/ 1tT2`B@
2M+2bX AM S`Q+22/BM;b Q7 i?2 Rei? EQHB *�HHBM; AMi2`M�iBQM�H *QM72`2M+2 QM *QKTmiBM;
1/m+�iBQM _2b2�`+?- EQHB *�HHBM; ǶRe- T�;2b kĜRRX �*J- kyReX

(d) �HB`2x� �?�/B- _�vKQM/ GBbi2`- >2BFFB >��T�H�- �M/ �`iQ oB?�p�BM2MX 1tTHQ`BM; J�@
+?BM2 G2�`MBM; J2i?Q/b iQ �miQK�iB+�HHv A/2MiB7v aim/2Mib BM L22/ Q7 �bbBbi�M+2X AM
S`Q+22/BM;b Q7 i?2 1H2p2Mi? �MMm�H AMi2`M�iBQM�H *QM72`2M+2 QM AMi2`M�iBQM�H *QK@
TmiBM; 1/m+�iBQM _2b2�`+?- A*1_ ǶR8- T�;2b RkRĜRjyX �*J- kyR8X

(3) �H2t �BF2MX � avbi2K 7Q` .2i2+iBM; aQ7ir�`2 SH�;B�`BbKX kyR9X _2i`B2p2/ P+iQ#2`
k8- kyRe 7`QK ?iiTb,ffi?2Q`vXbi�M7Q`/X2/mf��BF2MfKQbbfX

Ry9



"A"GAP:_�S>u Ry8

(N) JQ?�KK�/ �H@6�`2b- aBp�b�MF�` _�/?�F`Bb?M�M- "�`�i? _�;?�p�M- L2HbQM >m�M;-
�M/ �KBM o�?/�iX >2/2`�, .vM�KB+ 6HQr a+?2/mHBM; 7Q` .�i� *2Mi2` L2irQ`FbX
AM S`Q+22/BM;b Q7 i?2 di? la1LAs *QM72`2M+2 QM L2irQ`F2/ avbi2Kb .2bB;M �M/
AKTH2K2Mi�iBQM- La.A ǶRy- T�;2b RNĜRNX la1LAs �bbQ+B�iBQM- kyRyX

(Ry) EB`biB JX �H�@JmiF�X � am`p2v Q7 �miQK�i2/ �bb2bbK2Mi �TT`Q�+?2b 7Q` S`Q;`�K@
KBM; �bbB;MK2MibX *QKTmi2` a+B2M+2 1/m+�iBQM- R8UkV,3jĜRyk- kyy8X

(RR) JQ?�KK�/ �HBx�/2?- �H#2`i :`22M#2`;- .�pB/ �X J�Hix- CBi2M/`� S�/?v2- S�`p22M
S�i2H- "�H�DB S`�#?�F�`- am/BTi� a2M;mTi�- �M/ Jm`�`B a`B/?�`�MX .�i� *2Mi2` h*S
U.*h*SVX AM S`Q+22/BM;b Q7 i?2 �*J aA:*PJJ kyRy *QM72`2M+2- aA:*PJJ-
T�;2b ejĜd9X �*J- kyRyX

(Rk) JQ?�KK�/ �HBx�/2?- a?m�M; u�M;- JBH�/ a?�`B7- a�+?BM E�iiB- LB+F J+E2QrM-
"�H�DB S`�#?�F�`- �M/ a+Qii a?2MF2`X T6�#`B+, JBMBK�H L2�`@QTiBK�H .�i�+2Mi2`
h`�MbTQ`iX AM S`Q+22/BM;b Q7 i?2 �*J aA:*PJJ kyRj *QM72`2M+2 QM aA:*PJJ-
aA:*PJJ- T�;2b 9j8Ĝ99eX �*J- kyRjX

(Rj) GQ`BM qX �M/2`bQM �M/ .�pB/ _X E`�i?rQ?HX � h�tQMQKv 7Q` G2�`MBM;- h2�+?BM;-
�M/ �bb2bbBM;X � _2pBbBQM Q7 "HQQKǶb h�tQMQKv Q7 1/m+�iBQM�H P#D2+iBp2bX �HHvM �
"�+QM- L2r uQ`F- kM/ 2/BiBQM- kyyRX

(R9) _2;BM� "�`xBH�v- hQKKB C��FFQH�- qQD+B2+? J�imbBF- �M/ S�#HQ S�``BHQX eXyje
AMi`Q/m+iBQM iQ J�+?BM2 G2�`MBM;X PMHBM2- kyRdX _2i`B2p2/ �T`BH Ry- kyRN 7`QK
?iiT,ff+Qm`b2bX+b�BHXKBiX2/mfeXyjefX

(R8) hb?2TQ "�i�M2X hm`MBM; iQ hm`MBiBM iQ 6B;?i SH�;B�`BbK �KQM; lMBp2`bBiv aim/2MibX
1/m+�iBQM�H h2+?MQHQ;v � aQ+B2iv- RjUkV,RĜRk- kyRyX

(Re) "`2ii �X "2+F2`X � L2r J2i`B+ iQ Zm�MiB7v _2T2�i2/ *QKTBH2` 1``Q`b 7Q` LQpB+2
S`Q;`�KK2`bX AM S`Q+22/BM;b Q7 i?2 kyRe �*J *QM72`2M+2 QM AMMQp�iBQM �M/ h2+?@
MQHQ;v BM *QKTmi2` a+B2M+2 1/m+�iBQM- AhB*a1 ǶRe- T�;2b kNeĜjyR- L2r uQ`F- Lu-
la�- kyReX �*JX

(Rd) _�M/v 1HHBQi "2MM2iiX 6Q`K�iBp2 �bb2bbK2Mi, � +`BiB+�H `2pB2rX �bb2bbK2Mi BM 1/m@
+�iBQM, S`BM+BTH2b- SQHB+v � S`�+iB+2- R3URV,8Ĝk8- kyRRX



"A"GAP:_�S>u Rye

(R3) amb�M "2`;BM- _QM�M _2BHHv- �M/ .2bKQM/ h`�vMQ`X 1t�KBMBM; i?2 _QH2 Q7 a2H7@
_2;mH�i2/ G2�`MBM; QM AMi`Q/m+iQ`v S`Q;`�KKBM; S2`7Q`K�M+2X AM S`Q+22/BM;b Q7
i?2 6B`bi AMi2`M�iBQM�H qQ`Fb?QT QM *QKTmiBM; 1/m+�iBQM _2b2�`+?- A*1_ Ƕy8- T�;2b
3RĜ3eX �*J- kyy8X

(RN) J�ii?2r "2`H�M/ �M/ h�vHQ` J�`iBMX *Hmbi2`b �M/ S�ii2`Mb Q7 LQpB+2 S`Q;`�KK2`bX
�MMm�H K22iBM; Q7 i?2 �K2`B+�M 1/m+�iBQM�H _2b2�`+? �bbQ+B�iBQM- kyRRX

(ky) J�ii?2r "2`H�M/- h�vHQ` J�`iBM- hQK "2MiQM- *�`K2M S2i`B+F aKBi?- �M/ .QM
.�pBbX lbBM; G2�`MBM; �M�HviB+b iQ lM/2`bi�M/ i?2 G2�`MBM; S�i?r�vb Q7 LQpB+2
S`Q;`�KK2`bX CQm`M�H Q7 i?2 G2�`MBM; a+B2M+2b- kkU9V,8e9Ĝ8NN- kyRjX

(kR) S�mH "H�+F �M/ .vH�M qBHB�KX .2p2HQTBM; i?2 i?2Q`v Q7 7Q`K�iBp2 �bb2bbK2MiX 1/m@
+�iBQM�H �bb2bbK2Mi- 1p�Hm�iBQM �M/ �++QmMi�#BHBiv U7Q`K2`Hv, CQm`M�H Q7 S2`bQMM2H
1p�Hm�iBQM BM 1/m+�iBQMV- kRURV,8- kyyNX

(kk) S�mHQ "HBFbi2BMX lbBM; G2�`MBM; �M�HviB+b iQ �bb2bb aim/2MibǶ "2?�pBQ` BM PT2M@
2M/2/ S`Q;`�KKBM; h�bFbX AM S`Q+22/BM;b Q7 i?2 Rbi AMi2`M�iBQM�H *QM72`2M+2 QM
G2�`MBM; �M�HviB+b �M/ EMQrH2/;2- G�E ǶRR- T�;2b RRyĜRReX �*J- kyRRX

(kj) S�mHQ "HBFbi2BM- J�`+2HQ qQ`bH2v- *?`Bb SB2+?- J2?`�M a�?�KB- ai2p2M *QQT2`- �M/
.�T?M2 EQHH2`X S`Q;`�KKBM; THm`�HBbK, lbBM; H2�`MBM; �M�HviB+b iQ /2i2+i T�ii2`Mb BM
i?2 H2�`MBM; Q7 +QKTmi2` T`Q;`�KKBM;X CQm`M�H Q7 i?2 G2�`MBM; a+B2M+2b- kjU9V,8eRĜ
8NN- kyR9X

(k9) "2MD�KBM aX "HQQKX h?2 k aB;K� S`Q#H2K, h?2 a2�`+? 7Q` J2i?Q/b Q7 :`QmT AM@
bi`m+iBQM �b 1z2+iBp2 �b PM2@iQ@PM2 hmiQ`BM;X 1/m+�iBQM�H _2b2�`+?2`- RjUeV,9ĜRe-
RN39X

(k8) *�`H "Q2iiB;2`X �M BMi`Q/m+iBQM iQ .Q+F2` 7Q` `2T`Q/m+B#H2 `2b2�`+?- rBi? 2t�KTH2b
7`QK i?2 _ 2MpB`QMK2MiX *Q__- �#bfR9RyXy39e- kyR9X

(ke) PHBpB2` "QM�p2Mim`2X h?2 C�Mm�`v kyRd Abbm2X aA:*PJJ *QKTmi2` *QKKmMB+�iBQM
_2pB2r- 9dURV,RĜj- kyRdX

(kd) .�pB/ "Qm/ �M/ 1HBx�#2i? JQHHQvX _2i?BMFBM; KQ/2Hb Q7 722/#�+F 7Q` H2�`MBM;, h?2
+?�HH2M;2 Q7 /2bB;MX �bb2bbK2Mi � 1p�Hm�iBQM BM >B;?2` 1/m+�iBQM- j3UeV,eN3ĜdRk-
kyRjX



"A"GAP:_�S>u Ryd

(k3) CQ?M .X "`�Mb7Q`/- �MM GX "`QrM- �M/ _Q/M2v _X *Q+FBM;X >Qr S2QTH2 G2�`MX
L�iBQM�H �+�/2Kv S`2bb- kyyyX

(kN) h`�+2v "`2i�;X *?�HH2M;2b BM �//`2bbBM; SH�;B�`BbK BM 1/m+�iBQMX SGQa J2/B+BM2-
RyURkV- kyRjX

(jy) CQM "X "m+F?2Bi �M/ .�pB/ GX .QMQ?QX q�p2H�# �M/ `2T`Q/m+B#H2 `2b2�`+?X hAJ1-
9d9,88Ĝ3R- RNN8X

(jR) _B+?�`/ *�H/�`QH� �M/ h�Mv� J�+L2BHX .Bb?QM2biv /2i2``2M+2 �M/ /2i2+iBQM, >Qr
i2+?MQHQ;v +�M 2Mbm`2 /Bbi�M+2 H2�`MBM; i2bi b2+m`Biv �M/ p�HB/BivX AM S`Q+22/BM;b Q7
i?2 3i? 1m`QT2�M *QM72`2M+2 QM 1@G2�`MBM;- T�;2b Ry3ĜRR8- kyyNX

(jk) .�pB/ *�`H2bb- .B�M2 a�Hi2`- JBM u�M;- �M/ CQv G�KX .2p2HQTBM; bmbi�BM�#H2 722/#�+F
T`�+iB+2bX aim/B2b BM >B;?2` 1/m+�iBQM- jeU9V,jN8Ĝ9yd- kyRRX

(jj) �/�K aX *�`i2`- *?`BbiQT?2` .X >mM/?�mb2M- �M/ PHmbQH� �/2bQT2X h?2 LQ`K�HBx2/
S`Q;`�KKBM; ai�i2 JQ/2H, S`2/B+iBM; aim/2Mi S2`7Q`K�M+2 BM *QKTmiBM; *Qm`b2b
"�b2/ QM S`Q;`�KKBM; "2?�pBQ`X AM S`Q+22/BM;b Q7 i?2 1H2p2Mi? �MMm�H AMi2`M�iBQM�H
*QM72`2M+2 QM AMi2`M�iBQM�H *QKTmiBM; 1/m+�iBQM _2b2�`+?- A*1_ ǶR8- T�;2b R9RĜ
R8yX �*J- kyR8X

(j9) sBM *?2M- "`2Mi 6`�M+Bb- "`B�M GB- J+EBMMQM- �M/ �KBi a2F2`X a?�`2/ BM7Q`K�@
iBQM �M/ T`Q;`�K TH�;B�`BbK /2i2+iBQMX A111 h`�Mb�+iBQMb QM AM7Q`K�iBQM h?2Q`v-
8yUdV,R898ĜR88R- kyy9X

(j8) S�`KBi EX *?BH�M�- *2H2M� �H+Q+F- a?`miB .2K#H�- �MbQM >Q- �/� >m`bi- "`2ii
�`Kbi`QM;- �M/ S?BHBT CX :mQX S2`+2TiBQMb Q7 MQM@*a K�DQ`b BM BMi`Q T`Q;`�KKBM;,
h?2 `Bb2 Q7 i?2 +QMp2`b�iBQM�H T`Q;`�KK2`X AM kyR8 A111 avKTQbBmK QM oBbm�H
G�M;m�;2b �M/ >mK�M@*2Mi`B+ *QKTmiBM; UoGf>**V- T�;2b k8RĜk8N- kyR8X

(je) .X CQb2T? *H�`F �M/ C2�M "2F2vX lb2 Q7 bK�HH ;`QmTb BM BMbi`m+iBQM�H 2p�Hm�iBQMX
SP. Zm�`i2`Hv- RUkV- RNdNX

(jd) *m`iBb *HB7iQM- GBb� *X E�+xK�`+xvF- �M/ JB+?�2H J`Qx2FX am#p2`iBM; i?2 6mM/�@
K2Mi�Hb a2[m2M+2, lbBM; o2`bBQM *QMi`QH iQ 1M?�M+2 *Qm`b2 J�M�;2K2MiX AM S`Q@
+22/BM;b Q7 i?2 j3i? aA:*a1 h2+?MB+�H avKTQbBmK QM *QKTmi2` a+B2M+2 1/m+�iBQM-
T�;2b 3eĜNyX �*J- kyydX



"A"GAP:_�S>u Ry3

(j3) �M/`2B *`QBiQ`m- .`�;Qb LB+mH2b+m- �M/ *QbiBM _�B+BmX hQr�`/b qB} JQ#BHBiv rBi?Qmi
6�bi >�M/Qp2`X AM Rki? la1LAs avKTQbBmK QM L2irQ`F2/ avbi2Kb .2bB;M �M/
AKTH2K2Mi�iBQM- La.A ǶR8- T�;2b kRNĜkj9X la1LAs �bbQ+B�iBQM- kyR8X

(jN) ZmBMiBM *miib- 1KBHv *miib- ai2T?2M .`�T2`- S�i`B+F PǶ.QMM2HH- �M/ S2i2` a�7@
7`2vX J�MBTmH�iBM; JBM/b2i iQ SQbBiBp2Hv AM~m2M+2 AMi`Q/m+iQ`v S`Q;`�KKBM; S2`@
7Q`K�M+2X AM S`Q+22/BM;b Q7 i?2 9Rbi �*J h2+?MB+�H avKTQbBmK QM *QKTmi2` a+B2M+2
1/m+�iBQM- aA:*a1 ǶRy- T�;2b 9jRĜ9j8X �*J- kyRyX

(9y) L2HH "X .�H2X JQbi /B{+mHi iQTB+b BM *aR, _2bmHib Q7 �M QMHBM2 bm`p2v Q7 2/m+�iQ`bX
�*J aA:*a1 "mHH2iBM- j3UkV,9NĜ8j- kyyeX

(9R) q�M/� SX .�MM- ai2T?2M *QQT2`- �M/ _�M/v S�mb+?X G2�`MBM; hQ S`Q;`�K rBi?
�HB+2X S`2MiB+2 >�HH S`2bb- lTT2` a�//H2 _Bp2`- LC- la�- kM/ 2/BiBQM- kyy3X

(9k) h?�M�bBb .�`�/QmKBb- _Qt�M� "�bbB- 6�iQb s?�7�- �M/ a�MiB *�#�HHûX � _2pB2r QM
J�bbBp2 1@G2�`MBM; UJPP*V .2bB;M- .2HBp2`v �M/ �bb2bbK2MiX kyRj 1B;?i? AMi2`@
M�iBQM�H *QM72`2M+2 QM SkS- S�`�HH2H- :`B/- *HQm/ �M/ AMi2`M2i *QKTmiBM;- T�;2b
ky3ĜkRj- kyRjX

(9j) �M/`2r .�pBb- a?BF?� aBM;?- �M/ 6`�MFHvM hm`#�FX *aRRR @ aT`BM; kyRNX PMHBM2-
kyRNX _2i`B2p2/ �T`BH d- kyRN 7`QK ?iiT,ff+bRRRXr2HH2bH2vX2/mfX

(99) "2M .B+F2MX JQiBQM S�`�HH�tX PMHBM2- kyRNX _2i`B2p2/ �T`BH- jy kyRN 7`QK
?iiT,ffMB7ivXbi�M7Q`/X2/mfkyRNf/B+F2M@KQiBQM@T�`�HH�tfX

(98) JQ .QM;- ZBM;tB GB- .Q`QM w�`+?v- SX "`B;?i2M :Q/7`2v- �M/ JB+?�2H a+?�TB`�X
S**, _2@�`+?Bi2+iBM; *QM;2biBQM *QMi`QH 7Q` *QMbBbi2Mi >B;? S2`7Q`K�M+2X AM Rki?
la1LAs avKTQbBmK QM L2irQ`F2/ avbi2Kb .2bB;M �M/ AKTH2K2Mi�iBQM- La.A ǶR8-
T�;2b jN8Ĝ9y3X la1LAs �bbQ+B�iBQM- kyR8X

(9e) L�M/Bi� .mFFBT�iB �M/ LB+F J+E2QrMX q?v 6HQr@+QKTH2iBQM hBK2 Bb i?2 _B;?i J2i@
`B+ 7Q` *QM;2biBQM *QMi`QHX aA:*PJJ *QKTmi2 *QKKmMB+�iBQM _2pB2r- jeURV,8NĜ
ek- kyyeX

(9d) L�M/Bi� .mFFBT�iB- hBxB�M� _2}+2- um+?mM; *?2M;- C2``v *?m- hQK >2`#2`i- �KBi
�;�`r�H- �`pBM/ C�BM- �M/ L�i�HB� amiBMX �M �`;mK2Mi 7Q` AM+`2�bBM; h*SǶb AMBiB�H
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*QM;2biBQM qBM/QrX aA:*PJJ *QKTmi2` *QKKmMB+�iBQM _2pB2r- 9yUjV,keĜjj-
kyRyX

(93) *�`QH .r2+FX JBM/b2ib �M/ J�i?fa+B2M+2 �+?B2p2K2MiX L2r uQ`F, *�`M2;B2 *Q`TQ@
`�iBQM Q7 L2r uQ`F- AMbiBimi2 7Q` �/p�M+2/ aim/v- *QKKBbbBQM QM J�i?2K�iB+b �M/
a+B2M+2 1/m+�iBQM- L2r uQ`F- Lu- la�- kyy3X

(9N) ai2T?2M >X 1/r�`/b �M/ J�Mm2H �X S2`2x@ZmBMQM2bX q2#@*�h, �miQK�iB+�HHv :`�/@
BM; S`Q;`�KKBM; �bbB;MK2MibX aA:*a1 "mHHX- 9yUjV,jk3Ĝjk3- kyy3X

(8y) amb�M 1X 1K#`2ibQM �M/ ai2p2M SX _2Bb2X Ai2K _2bTQMb2 h?2Q`vX Sbv+?QHQ;v S`2bb-
kyRjX

(8R) ai2p2 1M;2Hb- oBp2F G�Fb?K�M�M- �M/ JB+?2HH2 *`�B;X SH�;B�`BbK .2i2+iBQM lbBM;
62�im`2@#�b2/ L2m`�H L2irQ`FbX AM S`Q+22/BM;b Q7 i?2 j3i? aA:*a1 h2+?MB+�H avK@
TQbBmK QM *QKTmi2` a+B2M+2 1/m+�iBQM- aA:*a1 Ƕyd- T�;2b j9Ĝj3X �*J- kyydX

(8k) �MM2HB 1i2H T2HiQX J2i�+Q;MBiBQM �M/ i?2 1tT2`iBb2 Q7 *QKTmi2` S`Q;`�K *QKT`2@
?2MbBQMX a+�M/BM�pB�M CQm`M�H Q7 1/m+�iBQM�H _2b2�`+?- jdUjV,k9jĜk89- RNNjX

(8j) J�`F 1p2`BM;?�K- Gm+ :QQH- *?`BbiQT?2` EX qBHHB�Kb- CQ?M qBMM- �M/ �M/`2r
wBbb2`K�MX h?2 S�b+�H oBbm�H P#D2+i *H�bb2b UoP*V *?�HH2M;2X AMiX CX *QKTmiX
oBbBQM- 33UkV,jyjĜjj3- kyRyX

(89) S2i2` 62`;mbQMX aim/2Mi T2`+2TiBQMb Q7 [m�HBiv 722/#�+F BM i2�+?2` 2/m+�iBQMX �b@
b2bbK2Mi � 1p�Hm�iBQM BM >B;?2` 1/m+�iBQM- jeURV,8RĜek- kyRRX

(88) a�HHv 6HQv/ �M/ o�M C�+Q#bQMX _�M/QK 1�`Hv .2i2+iBQM :�i2r�vb 7Q` *QM;2biBQM
�pQB/�M+2X A111f�*J h`�MbX L2irX- RU9V,jNdĜ9Rj- RNNjX

(8e) C2z`2v 6Q`#2b- .�pB/ CX J�H�M- >2�i?2` SQM@"�``v- aim�`i _2;2b- �M/ J2?`�M a�@
?�KBX a+�HBM; AMi`Q/m+iQ`v *Qm`b2b lbBM; lM/2`;`�/m�i2 h2�+?BM; �bbBbi�MibX AM
S`Q+22/BM;b Q7 i?2 kyRd �*J aA:*a1 h2+?MB+�H avKTQbBmK QM *QKTmi2` a+B2M+2
1/m+�iBQM- aA:*a1 ǶRd- T�;2b e8dĜe83X �*J- kyRdX

(8d) S2i2` >X 6`ƺ?HB+?X .2T�`iK2Mi Q7 *QKTmi2` a+B2M+2 �i h?2 CQ?Mb >QTFBMb lMBp2`@
bBiv, eyyXRRR, Svi?QM a+`BTiBM;X PMHBM2- kyReX _2i`B2p2/ P+iQ#2` k8- kyRe 7`QK
?iiT,ff;�KBM;XD?mX2/mf�T?7fkyRRf7�HHf+bRRRf�bbB;MK2Mi@#`2�FQmiXb?iKHX



"A"GAP:_�S>u RRy

(83) l`bmH� 6mHH2`- *QHBM :X CQ?MbQM- hmmFF� �?QMB2KB- .B�M� *mFB2`K�M- AbB/Q`Q
>2`M�M@GQb�/�- C�M� C�+FQp�- 1bbB G�?iBM2M- h`�+v GX G2rBb- .QMM� J+:22 h?QKT@
bQM- *?�`H2b _B2/2b2H- �M/ 1``QH h?QKTbQMX .2p2HQTBM; � *QKTmi2` a+B2M+2@bT2+B}+
G2�`MBM; h�tQMQKvX AM qQ`FBM; :`QmT _2TQ`ib QM AhB*a1 QM AMMQp�iBQM �M/ h2+?@
MQHQ;v BM *QKTmi2` a+B2M+2 1/m+�iBQM- AhB*a1@q:_ Ƕyd- T�;2b R8kĜRdyX �*J- kyydX

(8N) .�pB/ :Bi+?2HH �M/ LB+?QH�b h`�MX aBK, � liBHBiv 7Q` .2i2+iBM; aBKBH�`Biv BM *QKTmi2`
S`Q;`�KbX AM h?2 S`Q+22/BM;b Q7 i?2 h?B`iB2i? aA:*a1 h2+?MB+�H avKTQbBmK QM
*QKTmi2` a+B2M+2 1/m+�iBQM- aA:*a1 ǶNN- T�;2b keeĜkdyX �*J- RNNNX

(ey) CQb?m� :QQ/K�M- CmHB� J2HF2`b- �M/ �K�M/� S�HH�BbX *�M PMHBM2 .2HBp2`v AM+`2�b2
�++2bb iQ 1/m+�iBQM\ CQm`M�H Q7 G�#Q` 1+QMQKB+b- jdURV,RĜj9- kyR3X

(eR) �`i?m` *X :`�2bb2`- S�i`B+F *?BTK�M- "`B�M *X >�vM2b- �M/ �M/`2r PHM2vX �miQhm@
iQ`, �M BMi2HHB;2Mi imiQ`BM; bvbi2K rBi? KBt2/@BMBiB�iBp2 /B�HQ;m2X A111 h`�Mb�+iBQMb
QM 1/m+�iBQM- 93U9V,eRkĜeR3- kyy8X

(ek) .�pB/ :`B2b- GBHHB�M G22- ai2p2 J�`b+?M2`- �M/ q�HF2` q?Bi2X *a RRRy, AMi`Q/m+iBQM
iQ *QKTmiBM; lbBM; Svi?QM 6�HH kyReX PMHBM2- kyReX _2i`B2p2/ P+iQ#2` k8- kyRe
7`QK ?iiT,ffrrrX+bX+Q`M2HHX2/mf+Qm`b2bf+bRRRyfkyRe7�fX

(ej) J�ii?2r SX :`Qbp2MQ`- J�Hi2 a+?r�`xFQT7- AQM2H :Q;- _Q#2`i LX JX q�ibQM- �M@
/`2r qX JQQ`2- ai2p2M >�M/- �M/ CQM *`Qr+`Q7iX Zm2m2b .QMi J�ii2` q?2M uQm
*�M ClJS h?2K5 AM Rki? la1LAs avKTQbBmK QM L2irQ`F2/ avbi2Kb .2bB;M �M/
AKTH2K2Mi�iBQM- La.A ǶR8- T�;2b RĜR9X la1LAs �bbQ+B�iBQM- kyR8X

(e9) 1KBH CX :mK#2HX G2b p�H2m`b 2ti`āK2b /2b /Bbi`B#miBQMb bi�iBbiB[m2bX �MMX AMbiX >2M`B
SQBM+�`û- 8UkV,RR8ĜR83- RNj8X

(e8) *?m�MtBQM; :mQ- >�Bi�Q qm- EmM h�M- G2B a?B- uQM;;m�M; w?�M;- �M/ aQM;rm GmX
.+2HH, � a+�H�#H2 �M/ 6�mHi@iQH2`�Mi L2irQ`F ai`m+im`2 7Q` .�i� *2Mi2`bX AM S`Q+22/@
BM;b Q7 i?2 �*J aA:*PJJ kyy3 *QM72`2M+2 QM .�i� *QKKmMB+�iBQM- aA:*PJJ-
T�;2b d8Ĝ3eX �*J- kyy3X

(ee) LBF?BH >�M/B;QH- "`�M/QM >2HH2`- oBK�HFmK�` C2v�FmK�`- "Q# G�Mix- �M/ LB+F J+E@
2QrMX _2T`Q/m+B#H2 L2irQ`F 1tT2`BK2Mib lbBM; *QMi�BM2`@#�b2/ 1KmH�iBQMX AM S`Q@
+22/BM;b Q7 i?2 3i? AMi2`M�iBQM�H *QM72`2M+2 QM 1K2`;BM; L2irQ`FBM; 1tT2`BK2Mib
�M/ h2+?MQHQ;B2b- *QL1sh- T�;2b k8jĜke9X �*J- kyRkX
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(ed) JB+?�2H >2BHK�MX �miQK�iB+ 6�+im�H Zm2biBQM :2M2`�iBQM 7`QK h2tiX S?. h?2bBb-
*�`M2;B2 J2HHQM lMBp2`bBiv- SBiib#m`;?- S�- la�- kyRRX

(e3) h?QK�b _X >2M/2`bQM- J�i?B2m G�+�;2- �M/ :2Q`;2 6X _BH2vX L2irQ`F bBKmH�iBQMb
rBi? i?2 Mb@j bBKmH�iQ`X AM aA:*PJJ .2KQMbi`�iBQM- kyy3X

(eN) JBF2 >B#H2`- _Q#2`i _B++B- G2B;? aiQHH2`- CQM�i?QM .m2`B;- a?�b?B :m`mT`�b�/- hBK
ai�+F- EB`F q2##- �M/ C�v G2T`2�mX G�`;2@b+�H2 oB`im�HBx�iBQM BM i?2 1KmH�# L2i@
rQ`F h2bi#2/X AM la1LAs kyy3 �MMm�H h2+?MB+�H *QM72`2M+2- �h*- T�;2b RRjĜRk3X
la1LAs �bbQ+B�iBQM- kyy3X

(dy) S�mH >BH}M;2`X S`QD2+i R, h?2 :�K2 Q7 >Q; % *a eR� aT`BM; kyRdX PMHBM2X _2i`B2p2/
�T`BH jy- kyRN 7`QK ?iiTb,ffBMbiX22+bX#2`F2H2vX2/mf�+beR�fbTRdfT`QDf?Q;fX

(dR) .�pB/ >Qp2K2v2`- �`iQ >2HH�b- �M/`2r S2i2`b2M- �M/ C�BK2 aT�++QX *QMi`QH@~Qr@
QMHv �#bi`�+i bvMi�t i`22b 7Q` �M�HvxBM; bim/2MibǶ T`Q;`�KKBM; T`Q;`2bbX AM S`Q+22/@
BM;b Q7 i?2 kyRe �*J *QM72`2M+2 QM AMi2`M�iBQM�H *QKTmiBM; 1/m+�iBQM _2b2�`+?-
T�;2b ejĜdkX �*J- kyReX

(dk) CQM�i?�M >m�M;- *?`Bb SB2+?- �M/v L;mv2M- �M/ G2QMB/�b :mB#�bX avMi�+iB+ �M/
7mM+iBQM�H p�`B�#BHBiv Q7 � KBHHBQM +Q/2 bm#KBbbBQMb BM � K�+?BM2 H2�`MBM; JPP*X AM
�A1. kyRj qQ`Fb?QTb S`Q+22/BM;b oQHmK2- T�;2 k8- kyRjX

(dj) h2@um�M >m�M;- LBF?BH >�M/B;QH- "`�M/QM >2HH2`- LB+F J+E2QrM- �M/ _�K2b? CQ@
?�`BX *QM7mb2/- hBKB/- �M/ lMbi�#H2, SB+FBM; � oB/2Q ai`2�KBM; _�i2 Bb >�`/X AM
S`Q+22/BM;b Q7 i?2 kyRk �*J *QM72`2M+2 QM AMi2`M2i J2�bm`2K2Mi *QM72`2M+2- AJ*-
T�;2b kk8Ĝkj3X �*J- kyRkX

(d9) u�MTBM; >m�M;- uQM;HQM; *?2M;- .2?�Q *?2M- >vQmFCQQM; G22- CB[m�M L;B�K-
ZmQ+ oX G2- �M/ w?B72M; *?2MX :SBT2, 1{+B2Mi h`�BMBM; Q7 :B�Mi L2m`�H L2irQ`Fb
mbBM; SBT2HBM2 S�`�HH2HBbKX �`sBp,R3RRXyeNe8 (+b)- kyR3X

(d8) S2i`B A?�MiQH�- hmmFF� �?QMB2KB- oBHH2 E�`�pB`i�- �M/ PiiQ a2TT H X _2pB2r Q7 _2@
+2Mi avbi2Kb 7Q` �miQK�iB+ �bb2bbK2Mi Q7 S`Q;`�KKBM; �bbB;MK2MibX AM S`Q+22/BM;b
Q7 i?2 Ryi? EQHB *�HHBM; AMi2`M�iBQM�H *QM72`2M+2 QM *QKTmiBM; 1/m+�iBQM _2b2�`+?-
EQHB *�HHBM; ǶRy- T�;2b 3eĜNjX �*J- kyRyX
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(de) CQ?M SX �X AQ�MMB/BbX q?v JQbi Sm#HBb?2/ _2b2�`+? 6BM/BM;b �`2 6�Hb2X SGPa
J2/B+BM2- kU3V,2Rk9- kyy8X

(dd) h22`�r�i Abb�`Bv�FmH �M/ 1F`�K >Qbb�BMX AMi`Q/m+iBQM iQ L2irQ`F aBKmH�iQ` LakX
aT`BM;2` Sm#HBb?BM; *QKT�Mv- AM+Q`TQ`�i2/- kM/ 2/BiBQM- kyRRX

(d3) hX C��FFQH� �M/ aX Lm`KBX 6Qbi2`BM; 2H2K2Mi�`v b+?QQH bim/2MibǶ mM/2`bi�M/BM; Q7
bBKTH2 2H2+i`B+Biv #v +QK#BMBM; bBKmH�iBQM �M/ H�#Q`�iQ`v �+iBpBiB2bX CQm`M�H Q7 *QK@
Tmi2` �bbBbi2/ G2�`MBM;- k9U9V,kdRĜk3j- kyy3X

(dN) J�ii?2r *X C�/m/X J2i?Q/b �M/ hQQHb 7Q` 1tTHQ`BM; LQpB+2 *QKTBH�iBQM "2?�pBQm`X
AM S`Q+22/BM;b Q7 i?2 a2+QM/ AMi2`M�iBQM�H qQ`Fb?QT QM *QKTmiBM; 1/m+�iBQM _2@
b2�`+?- A*1_ Ƕye- T�;2b djĜ39X �*J- kyyeX

(3y) a?�MM� aKBi? C�;;�`bX *?QQbBM; "2ir22M PMHBM2 �M/ 6�+2@iQ@6�+2 *Qm`b2b, *QKKm@
MBiv *QHH2;2 aim/2Mi oQB+2bX �K2`B+�M CQm`M�H Q7 .Bbi�M+2 1/m+�iBQM- k3URV,kdĜj3-
C�Mm�`v kyR9X

(3R) .�pB/ aX C�Mx2M �M/ >Qbb2BM a�B2/B�MX h2bi@/`Bp2M H2�`MBM;, AMi`BMbB+ BMi2;`�iBQM
Q7 i2biBM; BMiQ i?2 *afa1 +m``B+mHmKX AM �*J aA:*a1 "mHH2iBM- pQHmK2 j3- T�;2b
k89Ĝk83X �*J- kyyeX

(3k) AM;2K�` CQ?�MbbQMX a2H7@+HQ+F2/ _�i2 �/�Ti�iBQM 7Q` *QMp2`b�iBQM�H oB/2Q BM Gh1X AM
S`Q+22/BM;b Q7 i?2 kyR9 �*J aA:*PJJ qQ`Fb?QT QM *�T�+Biv a?�`BM; qQ`Fb?QT-
*aqa- T�;2b 8RĜ8eX �*J- kyR9X

(3j) *?�`H2b Cmr�?- .2#`� J�+7�`H�M2@.B+F- "Q# J�ii?2r- .�pB/ LB+QH- .�pB/ _Qbb- �M/
"`2M/� aKBi?X 1M?�M+BM; bim/2Mi H2�`MBM; i?`Qm;? 2z2+iBp2 7Q`K�iBp2 722/#�+FX h?2
>B;?2` 1/m+�iBQM �+�/2Kv- R9y- kyy9X

(39) >B2F2 E2mMBM;- CQ?�M C2m`BM;- �M/ "�biB��M >22`2MX hQr�`/b � avbi2K�iB+ _2pB2r
Q7 �miQK�i2/ 622/#�+F :2M2`�iBQM 7Q` S`Q;`�KKBM; 1t2`+Bb2bX AM S`Q+22/BM;b Q7 i?2
kyRe �*J *QM72`2M+2 QM AMMQp�iBQM �M/ h2+?MQHQ;v BM *QKTmi2` a+B2M+2 1/m+�iBQM-
AhB*a1 ǶRe- T�;2b 9RĜ9eX �*J- kyReX

(38) E2MM2i? _X EQ2/BM;2`- CQ?M _X �M/2`bQM- qBHHB�K >X >�/H2v- �M/ J�`v �X J�`FX
AMi2HHB;2Mi hmiQ`BM; :Q2b hQ a+?QQH BM i?2 "B; *BivX RNNdX
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(3e) �H2t E`Bx?2pbFv- AHv� amibF2p2`- �M/ :2Qz`2v 1 >BMiQMX AK�;2L2i +H�bbB}+�iBQM rBi?
/22T +QMpQHmiBQM�H M2m`�H M2irQ`FbX AM �/p�M+2b BM L2m`�H AM7Q`K�iBQM S`Q+2bbBM;
avbi2Kb- T�;2b RyNdĜRRy8- kyRkX

(3d) .22T�F EmK�`X .B;Bi�H SH�v;`QmM/b 7Q` 1�`Hv *QKTmiBM; 1/m+�iBQMX �*J AM`Q�/b-
8URV,kyĜkR- kyR9X

(33) �H2Fb�M/�` EmxK�MQpB+ �M/ 1/r�`/ qX EMB;?iHvX GQr@`�i2 h*S@i�`;2i2/ .2MB�H Q7
a2`pB+2 �ii�+Fb, h?2 a?`2r pbX h?2 JB+2 �M/ 1H2T?�MibX AM S`Q+22/BM;b Q7 i?2 kyyj
*QM72`2M+2 QM �TTHB+�iBQMb- h2+?MQHQ;B2b- �`+?Bi2+im`2b- �M/ S`QiQ+QHb 7Q` *QKTmi2`
*QKKmMB+�iBQMb- aA:*PJJ- T�;2b d8Ĝ3eX �*J- kyyjX

(3N) P`2M G��/�M- C�bQM LB2?- �M/ LB+QH�b oB2MMQiX h2�+?BM; PT2`�iBM; avbi2Kb lb@
BM; oB`im�H �TTHB�M+2b �M/ .Bbi`B#mi2/ o2`bBQM *QMi`QHX AM S`Q+22/BM;b Q7 i?2 9Rbi
aA:*a1 h2+?MB+�H avKTQbBmK QM *QKTmi2` a+B2M+2 1/m+�iBQM- T�;2b 93yĜ939X �*J-
kyRyX

(Ny) "Q# G�Mix- "`�M/QM >2HH2`- �M/ LB+F J+E2QrMX � L2irQ`F BM � G�TiQT, _�TB/
S`QiQivTBM; 7Q` aQ7ir�`2@/2}M2/ L2irQ`FbX AM S`Q+22/BM;b Q7 i?2 Ni? �*J aA:*PJJ
qQ`Fb?QT QM >Qi hQTB+b BM L2irQ`Fb- >QiM2ib- T�;2b RN,RĜRN,eX �*J- kyRyX

(NR) 1/KQM/ G�m- sB� GBm- *?2M sB�Q- �M/ sB�Q umX 1M?�M+2/ mb2` �mi?2MiB+�iBQM
i?`Qm;? F2vbi`QF2 #BQK2i`B+bX *QKTmi2` �M/ L2irQ`F a2+m`Biv- e- kyy9X

(Nk) CQb2T? G�r`�M+2- a2BFvmM; CmM;- �M/ *?�`H2b qBb2K�MX :Bi QM i?2 *HQm/ BM i?2
*H�bb`QQKX AM S`Q+22/BM; Q7 i?2 99i? �*J h2+?MB+�H avKTQbBmK QM *QKTmi2` a+B2M+2
1/m+�iBQM- aA:*a1 ǶRj- T�;2b ejNĜe99X �*J- kyRjX

(Nj) Gm+�b G�vK�M- G�m`B2 qBHHB�Kb- �M/ E2HHB aH�i2MX LQi2 iQ a2H7, J�F2 �bbB;MK2Mib
J2�MBM;7mHX AM S`Q+22/BM;b Q7 i?2 j3i? aA:*a1 h2+?MB+�H avKTQbBmK QM *QKTmi2`
a+B2M+2 1/m+�iBQM- aA:*a1 Ƕyd- T�;2b 98NĜ9ejX �*J- kyydX

(N9) L;mv2M@h?BM? G2- hQKQFQ EQDB`B- �M/ LB2Hb SBMFr�`iX �miQK�iB+ Zm2biBQM :2M2`�@
iBQM 7Q` 1/m+�iBQM�H �TTHB+�iBQMb Ĝ h?2 ai�i2 Q7 �`iX AM hB2M p�M .Q- >Q�B �M G2
h?B- �M/ L;Q+ h?�M? L;mv2M- 2/BiQ`b- �/p�M+2/ *QKTmi�iBQM�H J2i?Q/b 7Q` EMQrH@
2/;2 1M;BM22`BM;- �/p�M+2b BM AMi2HHB;2Mi avbi2Kb �M/ *QKTmiBM;- T�;2b jk8Ĝjj3X
aT`BM;2` AMi2`M�iBQM�H Sm#HBb?BM;- kyR9X



"A"GAP:_�S>u RR9

(N8) u�MM G2*mM �M/ *Q`BMM� *Q`i2bX JLAah ?�M/r`Bii2M /B;Bi /�i�#�b2X kyRyX

(Ne) JB+?�2H CX G22 �M/ �M/`2r CX EQX S2`bQMB7vBM; S`Q;`�KKBM; hQQH 622/#�+F AKT`Qp2b
LQpB+2 S`Q;`�KK2`bǶ G2�`MBM;X AM S`Q+22/BM;b Q7 i?2 a2p2Mi? AMi2`M�iBQM�H qQ`Fb?QT
QM *QKTmiBM; 1/m+�iBQM _2b2�`+?- A*1_ ǶRR- T�;2b RyNĜRReX �*J- kyRRX

(Nd) a2`;2v G2pBM2 �M/ aim�`i _mbb2HHX *a R33, AMi`Q/m+iBQM iQ �`iB}+B�H AM@
i2HHB;2M+2- aT`BM; kyRNX PMHBM2- kyRNX _2i`B2p2/ �T`BH Ry- kyRN 7`QK
?iiT,ffBMbiX22+bX#2`F2H2vX2/mf�+bR33fbTRNfX

(N3) *QHH22M JX G2rBbX h?2 AKTQ`i�M+2 Q7 aim/2MibǶ �ii2MiBQM iQ S`Q;`�K ai�i2, �
*�b2 aim/v Q7 .2#m;;BM; "2?�pBQ`X AM S`Q+22/BM;b Q7 i?2 LBMi? �MMm�H AMi2`M�iBQM�H
*QM72`2M+2 QM AMi2`M�iBQM�H *QKTmiBM; 1/m+�iBQM _2b2�`+?- A*1_ ǶRk- T�;2b RkdĜ
Rj9X �*J- kyRkX

(NN) uBM; GBm- 1H2MB ai`QmHB�- E2MMv qQM;- �M/ .�MB2H :2`K�MX *oa ?BbiQ`B+�H BM7Q`K�@
iBQM iQ mM/2`bi�M/ ?Qr bim/2Mib /2p2HQT bQ7ir�`2X AM kei? AMi2`M�iBQM�H *QM72`2M+2
QM aQ7ir�`2 1M;BM22`BM;- T�;2b jkĜjeX AMi2`M�iBQM�H qQ`Fb?QT QM JBMBM; aQ7ir�`2
_2TQbBiQ`B2b UJa_V- kyy9X

(Ryy) .�bivMB GQFb�- �M/`2r CX EQ- qBHH C2`MB;�M- �H�MM�? PH2bQM- *?`BbiQT?2` CX J2M/2x-
�M/ J�`;�`2i JX "m`M2iiX S`Q;`�KKBM;- S`Q#H2K aQHpBM;- �M/ a2H7@�r�`2M2bb, 17@
72+ib Q7 1tTHB+Bi :mB/�M+2X AM S`Q+22/BM;b Q7 i?2 kyRe *>A *QM72`2M+2 QM >mK�M
6�+iQ`b BM *QKTmiBM; avbi2Kb- *>A ǶRe- T�;2b R99NĜR9eRX �*J- kyReX

(RyR) �M/`2r J��b- *?`Bb >2�i?2`- *?mQM; hQK .Q- _2HHv "`�M/K�M- .�T?M2 EQHH2`- �M/
�M/`2r L;X Pz2`BM; o2`B}2/ *`2/2MiB�Hb BM J�bbBp2 PT2M PMHBM2 *Qm`b2b, JPP*b
�M/ i2+?MQHQ;v iQ �/p�M+2 H2�`MBM; �M/ H2�`MBM; `2b2�`+? Ul#B[mBiv bvKTQbBmKVX
l#B[mBiv- kyR9UJ�vV,k- kyR9X

(Ryk) aK�BH J�?/B �M/ Jv`i2M2 *2M�+X 1biBK�iBM; S�`�K2i2`b Q7 :mK#2H .Bbi`B#miBQM mb@
BM; i?2 J2i?Q/b Q7 JQK2Mib- T`Q#�#BHBiv r2B;?i2/ JQK2Mib �M/ K�tBKmK HBF2HB?QQ/X
_2pBbi� /2 J�i2K�iB+�, h2Q`ő� v �THB+�+BQM2b- RkUR@kV- kyy8X

(Ryj) :mBHH�mK2 J�`+2�m- E�i?B 6BbH2`- �M/ a?`B`�K E`Bb?M�Km`i?BX JBM/ uQm` G�M;m�;2,
PM LQpB+2bǶ AMi2`�+iBQMb rBi? 1``Q` J2bb�;2bX AM S`Q+22/BM;b Q7 i?2 Ryi? aA:SG�L
avKTQbBmK QM L2r A/2�b- L2r S�`�/B;Kb- �M/ _2~2+iBQMb QM S`Q;`�KKBM; �M/
aQ7ir�`2- PMr�`/5 kyRR- T�;2b jĜR3X �*J- kyRRX
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(Ry9) .QM�H/ GX J+*�#2X *?2�iBM; �KQM; +QHH2;2 �M/ mMBp2`bBiv bim/2Mib, � LQ`i? �K2`@
B+�M T2`bT2+iBp2X AMi2`M�iBQM�H CQm`M�H 7Q` 1/m+�iBQM�H AMi2;`Biv- RURV,RyĜRR- kyy8X

(Ry8) Jm`T?v J+*�mH2vX LQt`2TQfTQt, h?2 SPs *QMi`QHH2`X PMHBM2X _2i`B2p2/ 62#`m�`v
kk- kyRd 7`QK ?iiTb,ff;Bi?m#X+QKfMQt`2TQfTQtX

(Rye) LB+F J+E2QrM �M/ E2Bi? qBMbi2BMX *aR99, AMi`Q/m+iBQM iQ *QK@
Tmi2` L2irQ`FBM;X PMHBM2- kyRNX _2i`B2p2/ �T`BH Ry- kyRN 7`QK
?iiTb,ffr2#Xbi�M7Q`/X2/mf+H�bbf�`+?Bp2f+bf+bR99f+bR99XRRN9fX

(Ryd) oQHQ/vKv` JMB?- EQ`�v E�pmF+mQ;Hm- .�pB/ aBHp2`- �H2t :`�p2b- AQ�MMBb
�MiQMQ;HQm- .��M qB2`bi`�- �M/ J�`iBM _B2/KBHH2`X SH�vBM; �i�`B rBi? .22T _2@
BM7Q`+2K2Mi G2�`MBM;X �`sBp T`2T`BMi �`sBp,RjRkX8eyk- kyRjX

(Ry3) "�bb�K JQF#2H- a2#�biB�M :`Qbb- "2MD�KBM S��bb2M- LB2Hb SBMFr�`i- �M/ "�`#�`�
>�KK2`X .QK�BM@BM/2T2M/2Mi T`QtBKBiv K2�bm`2b BM BMi2HHB;2Mi imiQ`BM; bvbi2KbX AM
1/m+�iBQM�H .�i� JBMBM; kyRj- kyRjX

(RyN) _�K�H JQQM2bBM;?2- JmBM CX E?Qm`v- �M/ �X *2+BH2 CX qX C�Mbb2MbX JQbi Sm#HBb?2/
_2b2�`+? 6BM/BM;b �`2 6�Hb2ě"mi � GBiiH2 _2THB+�iBQM :Q2b � GQM; q�vX SGPa
J2/B+BM2- 9UkV,2k3- kyydX

(RRy) "`B�M� "X JQ``BbQM- G�m`2M 1X J�`;mHB2mt- "�`#�`� 1`B+bQM- �M/ J�`F :mx/B�HX
am#;Q�Hb >2HT aim/2Mib aQHp2 S�`bQMb S`Q#H2KbX AM S`Q+22/BM;b Q7 i?2 9di? �*J
h2+?MB+�H avKTQbBmK QM *QKTmiBM; a+B2M+2 1/m+�iBQM- aA:*a1 ǶRe- T�;2b 9kĜ9dX
�*J- kyReX

(RRR) "`B�M� "X JQ``BbQM- G�m`2M 1X J�`;mHB2mt- �M/ J�`F :mx/B�HX am#;Q�Hb- *QMi2ti-
�M/ qQ`F2/ 1t�KTH2b BM G2�`MBM; *QKTmiBM; S`Q#H2K aQHpBM;X AM S`Q+22/BM;b Q7
i?2 1H2p2Mi? �MMm�H AMi2`M�iBQM�H *QM72`2M+2 QM AMi2`M�iBQM�H *QKTmiBM; 1/m+�iBQM
_2b2�`+?- A*1_ ǶR8- T�;2b kRĜkNX �*J- kyR8X

(RRk) GBHB JQm- :2 GB- Gm w?�M;- h�Q q�M;- �M/ w?B CBMX *QMpQHmiBQM�H L2m`�H L2irQ`Fb
Qp2` h`22 ai`m+im`2b 7Q` S`Q;`�KKBM; G�M;m�;2 S`Q+2bbBM;X AM S`Q+22/BM;b Q7 i?2
h?B`iB2i? ���A *QM72`2M+2 QM �`iB}+B�H AMi2HHB;2M+2- ���AǶRe- T�;2b Rk3dĜRkNjX
���A S`2bb- kyReX



"A"GAP:_�S>u RRe

(RRj) L�+?B�TT�M L�;�TT�M- G�m`B2 qBHHB�Kb- G�m`B2 qBHHB�Kb- JB`B�K 62`xHB- 1`B+ qB2#2-
E�B u�M;- *�`QH JBHH2`- �M/ amx�MM2 "�HBFX AKT`QpBM; i?2 *aR 1tT2`B2M+2 rBi? S�B`
S`Q;`�KKBM;X AM S`Q+22/BM;b Q7 i?2 j9i? aA:*a1 h2+?MB+�H avKTQbBmK QM *QKTmi2`
a+B2M+2 1/m+�iBQM- aA:*a1 Ƕyj- T�;2b j8NĜjekX �*J- kyyjX

(RR9) L�iBQM�H _2b2�`+? *QmM+BHX � 6`�K2rQ`F 7Q` E@Rk a+B2M+2 1/m+�iBQM, S`�+iB+2b-
*`Qbb+miiBM; *QM+2Tib- �M/ *Q`2 A/2�bX h?2 L�iBQM�H �+�/2KB2b S`2bb- q�b?BM;iQM-
.*- kyRkX

(RR8) _�pB L2i`�p�HB- �MB`m/? aBp�`�K�M- aQK�F .�b- �K22b? :Qv�H- E2Bi? qBMbi2BM-
C�K2b JB+F2Mb- �M/ >�`B "�H�F`Bb?M�MX J�?BK�?B, �++m`�i2 _2+Q`/@�M/@_2TH�v 7Q`
>hhSX AM la1LAs �MMm�H h2+?MB+�H *QM72`2M+2 Ula1LAs �h*V- T�;2b 9RdĜ9kNX
la1LAs �bbQ+B�iBQM- kyR8X

(RRe) �M/`2r L; �M/ EB�M E�i�M7Q`QQb?X *akjy .22T G2�`MBM;X PMHBM2X _2i`B2p2/ �T`BH
d- kyRN 7`QK ?iiT,ff+bkjyXbi�M7Q`/X2/mfX

(RRd) .�pB/ CX LB+QH �M/ .2#`� J�+7�`H�M@.B+FX 6Q`K�iBp2 �bb2bbK2Mi �M/ b2H7@`2;mH�i2/
H2�`MBM;, � KQ/2H �M/ b2p2M T`BM+BTH2b Q7 ;QQ/ 722/#�+F T`�+iB+2X aim/B2b BM >B;?2`
1/m+�iBQM- jRUkV,RNNĜkR3- kyyeX

(RR3) LB+F S�`H�Mi2- ai2p2M �X qQH7K�M- G2bi2` AX J+*�MM- 1`B+ _Q#2`ib- *?`Bb L2pBbQM-
CQ?M JQiBH- C2``v *�BM- �M/ aim�`i _2;2bX LB7iv �bbB;MK2MibX AM S`Q+22/BM;b Q7 i?2
jdi? aA:*a1 h2+?MB+�H avKTQbBmK QM *QKTmi2` a+B2M+2 1/m+�iBQM- aA:*a1 Ƕye-
T�;2b 8ekĜ8ejX �*J- kyyeX

(RRN) _Q;2` .X S2M;X _2T`Q/m+B#H2 _2b2�`+? BM *QKTmi�iBQM�H a+B2M+2X a+B2M+2-
jj9UeyeyV,RkkeĜRkkd- kyRRX

(Rky) _Q#2`iQ S2QM �M/ qBHH *?�MX J�FBM; i?2 r2# bT22/B2` �M/ b�72` rBi? aS.u- kyRkX

(RkR) �M/`2r S2i2`b2M- JB+?2HH2 *`�B;- C2MMB72` *�KT#2HH- �M/ �Mv� h�~BQpB+?X _2pBbBi@
BM; q?v aim/2Mib .`QT *aRX AM S`Q+22/BM;b Q7 i?2 Rei? EQHB *�HHBM; AMi2`M�iBQM�H
*QM72`2M+2 QM *QKTmiBM; 1/m+�iBQM _2b2�`+?- EQHB *�HHBM; ǶRe- T�;2b dRĜ3yX �*J-
kyReX
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(Rkk) �M/`2r S2i2`b2M- C�BK2 aT�++Q- �M/ �`iQ oB?�p�BM2MX �M 1tTHQ`�iBQM Q7 1``Q`
ZmQiB2Mi BM JmHiBTH2 *QMi2tibX AM S`Q+22/BM;b Q7 i?2 R8i? EQHB *�HHBM; *QM72`2M+2 QM
*QKTmiBM; 1/m+�iBQM _2b2�`+?- EQHB *�HHBM; ǶR8- T�;2b ddĜ3eX �*J- kyR8X

(Rkj) ai2p2M hX SB�Mi�/QbBX wBT7Ƕb rQ`/ 7`2[m2M+v H�r BM M�im`�H H�M;m�;2, � +`BiB+�H `2pB2r
�M/ 7mim`2 /B`2+iBQMbX Sbv+?QMQKB+ "mHH2iBM � _2pB2r- kRU8V,RRRkĜRRjy- kyR9X

(Rk9) *?`Bb SB2+?X *aRye� @ �bbB;MK2Mi k, aBK@
TH2 C�p�X PMHBM2X _2i`B2p2/ CmM2 R- kyRN 7`QK
?iiT,ffr2#Xbi�M7Q`/X2/mf+H�bbf�`+?Bp2f+bf+bRye�f+bRye�XRRN9f�bbMfbBKTH2C�p�X?iKHX

(Rk8) *?`Bb SB2+?X *aRye� :`�T?B+b E2v >�M/QmiX PM@
HBM2- kyR3X _2i`B2p2/ �T`BH jy- kyRN 7`QK
?iiTb,ffr2#Xbi�M7Q`/X2/mf+H�bbf�`+?Bp2f+bf+bRye�f+bRye�XRR39f?�M/QmibfRNWky@
Wky:`�T?B+bWky*QMi2biXT/7X

(Rke) *?`Bb SB2+?- CQM�i?�M >m�M;- �M/v L;mv2M- JBF2 S?mHbmFbQK#�iB- J2?`�M a�?�KB-
�M/ G2QMB/�b :mB#�bX G2�`MBM; S`Q;`�K 1K#2//BM;b iQ S`QT�;�i2 622/#�+F QM
aim/2Mi *Q/2X AM 6`�M+Bb "�+? �M/ .�pB/ "H2B- 2/BiQ`b- S`Q+22/BM;b Q7 i?2 jkM/
AMi2`M�iBQM�H *QM72`2M+2 QM J�+?BM2 G2�`MBM;- pQHmK2 jd Q7 S`Q+22/BM;b Q7 J�+?BM2
G2�`MBM; _2b2�`+?- T�;2b RyNjĜRRykX SJG_- kyR8X

(Rkd) *?`Bb SB2+?- J2?`�M a�?�KB- .�T?M2 EQHH2`- ai2p2 *QQT2`- �M/ S�mHQ "HBFbi2BMX
JQ/2HBM; >Qr aim/2Mib G2�`M iQ S`Q;`�KX AM S`Q+22/BM;b Q7 i?2 9j`/ �*J h2+?MB+�H
avKTQbBmK QM *QKTmi2` a+B2M+2 1/m+�iBQM- aA:*a1 ǶRk- T�;2b R8jĜReyX �*J- kyRkX

(Rk3) *?`Bb CX SB2+?X lM+Qp2`BM; S�ii2`Mb BM aim/2Mi qQ`F, J�+?BM2 G2�`MBM; iQ lM/2`@
bi�M/ >mK�M G2�`MBM;X S?. i?2bBb- ai�M7Q`/ lMBp2`bBiv- kyReX

(RkN) CQM�i?�M SB2`+2 �M/ *`�B; wBHH2bX AMp2biB;�iBM; aim/2Mi SH�;B�`BbK S�ii2`Mb �M/ *Q`@
`2H�iBQMb iQ :`�/2bX AM S`Q+22/BM;b Q7 i?2 kyRd �*J aA:*a1 h2+?MB+�H avKTQbBmK
QM *QKTmi2` a+B2M+2 1/m+�iBQM- aA:*a1 ǶRd- T�;2b 9dRĜ9deX �*J- kyRdX

(Rjy) S�i`B+2 SQipBM �M/ �#/2HF`BK >�bMBX AMi2`2bi- KQiBp�iBQM �M/ �iiBim/2 iQr�`/b b+B@
2M+2 �M/ i2+?MQHQ;v �i E@Rk H2p2Hb, � bvbi2K�iB+ `2pB2r Q7 Rk v2�`b Q7 2/m+�iBQM�H
`2b2�`+?X aim/B2b BM a+B2M+2 1/m+�iBQM- 8yURV,38ĜRkN- C�Mm�`v kyR9X
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(RjR) Gmix S`2+?2Hi- :mB/Q J�HTQ?H- �M/ JB+?�2H S?HBTTb2MX CSH�;, 6BM/BM; TH�;B�`BbKb
�KQM; � b2i Q7 T`Q;`�KbX h2+?MB+�H `2TQ`i- lMBp2`bBi�i E�`Hb`m?2- kyyyX

(Rjk) h?QK�b qX S`B+2- L2BH *X*X "`QrM- *?`Bb SB2+?- �M/ E2HHv _Bp2`bX a?�`BM; �M/ lbBM;
S`Q;`�KKBM; GQ; .�i� U�#bi`�+i PMHvVX AM S`Q+22/BM;b Q7 i?2 kyRd �*J aA:*a1
h2+?MB+�H avKTQbBmK QM *QKTmi2` a+B2M+2 1/m+�iBQM- aA:*a1 ǶRd- T�;2b dkNĜdkNX
�*J- kyRdX

(Rjj) a�`�? ZmBMiQM �M/ h2`2b� aK�HH#QM2X 622/BM; 7Q`r�`/, lbBM; 722/#�+F iQ T`QKQi2
bim/2Mi `2~2+iBQM �M/ H2�`MBM;ě� i2�+?BM; KQ/2HX AMMQp�iBQMb BM 1/m+�iBQM �M/
h2�+?BM; AMi2`M�iBQM�H- 9dURV,Rk8ĜRj8- kyRyX

(Rj9) aBp�b�MF�` _�/?�F`Bb?M�M- um+?mM; *?2M;- C2``v *?m- �`pBM/ C�BM- �M/ "�`�i?
_�;?�p�MX h*S 6�bi PT2MX AM S`Q+22/BM;b Q7 i?2 a2p2Mi? *QM72`2M+2 QM 1K2`;BM;
L2irQ`FBM; 1sT2`BK2Mib �M/ h2+?MQHQ;B2b- *QL1sh- T�;2b kR,RĜkR,RkX �*J- kyRRX

(Rj8) *QbiBM _�B+Bm- *?`BbiQT? S��b+?- a2#�biB2M "�``2- �H�M 6Q`/- JB+?BQ >QM/�- 6�#B2M
.m+?2M2- PHBpB2` "QM�p2Mim`2- �M/ J�`F >�M/H2vX >Qr >�`/ *�M Ai "2\ .2bB;MBM;
�M/ AKTH2K2MiBM; � .2THQv�#H2 JmHiBT�i? h*SX AM S`2b2Mi2/ �b S�`i Q7 i?2 Ni?
la1LAs avKTQbBmK QM L2irQ`F2/ avbi2Kb .2bB;M �M/ AKTH2K2Mi�iBQM- La.A ǶRk-
T�;2b jNNĜ9RkX la1LAs- kyRkX

(Rje) "`B�M SX _�BHBM; �M/ _�M/�H 1X "`v�MiX AKTH2K2MiBM; J�HHQ+, aim/2Mib �M/ avbi2Kb
S`Q;`�KKBM;X AM S`Q+22/BM;b Q7 i?2 9Ni? �*J h2+?MB+�H avKTQbBmK QM *QKTmi2`
a+B2M+2 1/m+�iBQM- aA:*a1 ǶR3- T�;2b Ry9ĜRyNX �*J- kyR3X

(Rjd) E�`2M GX _2B/ �M/ :`2;Q`v oX qBHbQMX G2�`MBM; #v .QBM;, AMi`Q/m+BM; o2`bBQM
*QMi`QH �b � q�v iQ J�M�;2 aim/2Mi �bbB;MK2MibX AM S`Q+22/BM;b Q7 i?2 jei? aA:*a1
h2+?MB+�H avKTQbBmK QM *QKTmi2` a+B2M+2 1/m+�iBQM- T�;2b kdkĜkdeX �*J- kyy8X

(Rj3) JBi+?2H _2bMB+F- CQ?M J�HQM2v- �M/`ûb JQM`Qv@>2`M�M/2x- L�i�HB2 _mbF- 1p2HvM
1�biKQM/- E�`2M "`2MM�M- �KQM JBHHM2`- 1`B+ _Qb2M#�mK- C�v aBHp2`- "`B�M aBHp2`@
K�M- �M/ u�bKBM E�7�BX a+`�i+?, S`Q;`�KKBM; 7Q` �HHX *QKKmMX �*J- 8kURRV,eyĜ
ed- kyyNX

(RjN) E2HHv _Bp2`b �M/ E2MM2i? _X EQ2/BM;2`X .�i�@.`Bp2M >BMi :2M2`�iBQM BM o�bi aQHm@
iBQM aT�+2b, � a2H7@AKT`QpBM; Svi?QM S`Q;`�KKBM; hmiQ`X AMi2`M�iBQM�H CQm`M�H Q7
�`iB}+B�H AMi2HHB;2M+2 BM 1/m+�iBQM- kdURV,jdĜe9- J�`+? kyRdX
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(R9y) 1`B+ _Q#2`ibX ai`�i2;B2b 7Q` 1M+Qm`�;BM; AM/BpB/m�H �+?B2p2K2Mi BM AMi`Q/m+iQ`v
*QKTmi2` a+B2M+2 *Qm`b2bX AM S`Q+22/BM;b Q7 i?2 h?B`iv@6B`bi aA:*a1 h2+?MB+�H
avKTQbBmK QM *QKTmi2` a+B2M+2 1/m+�iBQM- aA:*a1 Ƕyy- T�;2b kN8ĜkNNX �*J- kyyyX

(R9R) 1`B+ _Q#2`ibX "`2�FQmi @ LB7iv �bbB;MK2MiX PMHBM2- kyyeX _2i`B2p2/ �T`BH 3- kyRN
7`QK ?iiT,ffMB7ivXbi�M7Q`/X2/mfkyyef`Q#2`ib@#`2�FQmifX

(R9k) 1`B+ _Q#2`ib- EBK "`m+2- C�K2b >X *`Qbb- AA- _Q## *miH2`- a+Qii :`BbbQK- E�`H EH22-
amb�M _Q/;2`- 6`�M h`22b- A�M liiBM;- �M/ 6`�MF u2HHBMX h?2 �*J C�p� h�bF 6Q`+2,
6BM�H _2TQ`iX AM S`Q+22/BM;b Q7 i?2 jdi? aA:*a1 h2+?MB+�H avKTQbBmK QM *QKTmi2`
a+B2M+2 1/m+�iBQM- aA:*a1 Ƕye- T�;2b RjRĜRjkX �*J- kyyeX

(R9j) 1`B+ _Q#2`ib- CQ?M GBHHv- �M/ "`v�M _QHHBMbX lbBM; lM/2`;`�/m�i2b �b h2�+?BM; �bbBb@
i�Mib BM AMi`Q/m+iQ`v S`Q;`�KKBM; *Qm`b2b, �M lT/�i2 QM i?2 ai�M7Q`/ 1tT2`B2M+2X
AM S`Q+22/BM;b Q7 i?2 kei? aA:*a1 h2+?MB+�H avKTQbBmK QM *QKTmi2` a+B2M+2 1/m@
+�iBQM- T�;2b 93Ĝ8kX �*J- RNN8X

(R99) ai2T?�MB2 _Q;2`b- .�M :�`+B�- CQ?M 6X *�MMv- ai2p2M h�M;- �M/ .�MB2H E�M;X �*1a,
�miQK�iB+ 1p�Hm�iBQM Q7 *Q/BM; aivH2X J�bi2`Ƕb i?2bBb- lMBp2`bBiv Q7 *�HB7Q`MB�- "2`F2@
H2v- kyR9X

(R98) "2`M�`/ _QmbX h?2 �*J h�bF 6Q`+2 QM .�i�- aQ7ir�`2- �M/ _2T`Q@
/m+B#BHBiv BM Sm#HB+�iBQMX PMHBM2- kyRdX _2i`B2p2/ J�v k3- kyRN 7`QK
?iiTb,ffrrrX�+KXQ`;fTm#HB+�iBQMbfi�bF@7Q`+2@QM@/�i�@bQ7ir�`2@�M/@`2T`Q/m+B#BHBivX

(R9e) a?2``v _m�M- GBr2B CB�M;- CmbiBM sm- "`v+2 CQ2@EmM h?�K- w?2M;M2M; ZBm-
u2b?m�M; w?m- 1HBx�#2i? GX Jm`M�M2- 1KK� "`mMbFBHH- �M/ C�K2b �X G�M/�vX
ZmBx"Qi, � .B�HQ;m2@#�b2/ �/�TiBp2 G2�`MBM; avbi2K 7Q` 6�+im�H EMQrH2/;2X AM
S`Q+22/BM;b Q7 i?2 kyRN *>A *QM72`2M+2 QM >mK�M 6�+iQ`b BM *QKTmiBM; avbi2Kb-
*>A ǶRN- T�;2b j8d,RĜj8d,RjX �*J- kyRNX

(R9d) J2?`�M a�?�KB �M/ 1`B+ _Q#2`ibX ai�M7Q`/ lMBp2`bBiv *QKTmi2` a+B2M+2 .2T�`i@
K2Mi, *a Rye� @ S`Q;`�KKBM; J2i?Q/QHQ;vX PMHBM2- kyReX _2i`B2p2/ P+iQ#2` k8-
kyRe 7`QK ?iiT,ff+bRye�Xbi�M7Q`/X2/mfX

(R93) a�mH a+?H2BK2`- .�MB2H aX qBHF2`bQM- �M/ �H2t �BF2MX qBMMQrBM;, GQ+�H �H;Q`Bi?Kb
7Q` .Q+mK2Mi 6BM;2`T`BMiBM;X AM S`Q+22/BM;b Q7 i?2 kyyj �*J aA:JP. AMi2`M�iBQM�H
*QM72`2M+2 QM J�M�;2K2Mi Q7 .�i�- aA:JP. Ƕyj- T�;2b deĜ38X �*J- kyyjX
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(R9N) CQ?�MM2b a+?M2B/2`- �pB "2`Mbi2BM- C�M pQK "`Q+F2- EQbi�/BM .�K2pbFB- �M/
.�pB/ *X a?2T?2`/X .2i2+iBM; SH�;B�`BbK #�b2/ QM i?2 *`2�iBQM S`Q+2bbX *Q__-
�#bfReRkXyNR3j- kyReX

(R8y) CQM�i?�M qX a+?QQH2`X hm`MBM; i?2 G2Mb Q7 a+B2M+2 QM Aib2H7, o2`#�H Pp2`b?�/QrBM;-
_2THB+�iBQM- �M/ J2i�b+B2M+2X S2`bT2+iBp2b QM Sbv+?QHQ;B+�H a+B2M+2- NU8V,8dNĜ839-
kyR9X

(R8R) :`2;Q`v a+?`�r- E2Mi CX *`BTT2M- �M/ E2M/�HH >�`iH2vX S`QKQiBM; a2H7@_2;mH�iBQM
BM a+B2M+2 1/m+�iBQM, J2i�+Q;MBiBQM �b S�`i Q7 � "`Q�/2` S2`bT2+iBp2 QM G2�`MBM;X
_2b2�`+? BM a+B2M+2 1/m+�iBQM- jeURV,RRRĜRjN- kyyeX

(R8k) _Q#2`i a?2`rQQ/- "Q##v "?�ii�+?�`D22- �M/ _v�M "`�m/X JBb#2?�pBM; h*S _2@
+2Bp2`b *�M *�mb2 AMi2`M2i@qB/2 *QM;2biBQM *QHH�Tb2X AM S`Q+22/BM;b Q7 i?2 Rki?
�*J *QM72`2M+2 QM *QKTmi2` �M/ *QKKmMB+�iBQMb a2+m`Biv- **a Ƕy8X �*J- kyy8X

(R8j) �`DmM aBM;?- a2`;2v E�`�v2p- E2pBM :miQrbFB- �M/ SB2i2` �##22HX :`�/2b+QT2, �
6�bi- 6H2tB#H2- �M/ 6�B` avbi2K 7Q` a+�H�#H2 �bb2bbK2Mi Q7 >�M/r`Bii2M qQ`FX AM
S`Q+22/BM;b Q7 i?2 6Qm`i? UkyRdV �*J *QM72`2M+2 QM G2�`MBM; ! a+�H2- G!a ǶRd-
T�;2b 3RĜ33X �*J- kyRdX

(R89) �MFBi aBM;H�- *?B@u�Q >QM;- Gm+B�M SQT�- �M/ SX "`B;?i2M :Q/7`2vX C2HHv}b?, L2i@
rQ`FBM; .�i� *2Mi2`b _�M/QKHvX AM S`Q+22/BM;b Q7 i?2 Ni? la1LAs *QM72`2M+2
QM L2irQ`F2/ avbi2Kb .2bB;M �M/ AKTH2K2Mi�iBQM- La.A ǶRk- T�;2b RdĜRdX la1LAs
�bbQ+B�iBQM- kyRkX

(R88) _Q#2`i 1X aH�pBMX 1/m+�iBQM�H Sbv+?QHQ;v, h?2Q`v �M/ S`�+iB+2X S2�`bQM 1/m+�iBQM-
Ryi? 2/BiBQM- kyRkX

(R8e) C�K2b :X aTQ?`2` �M/ 1HHBQi aQHQr�vX �M�HvxBM; i?2 ?B;? 7`2[m2M+v #m;b BM MQpB+2
T`Q;`�KbX AM S�T2`b S`2b2Mi2/ �i i?2 6B`bi qQ`Fb?QT QM 1KTB`B+�H aim/B2b Q7 S`Q@
;`�KK2`b QM 1KTB`B+�H aim/B2b Q7 S`Q;`�KK2`b- T�;2b kjyĜk8RX �#H2t Sm#HBb?BM;
*Q`TX- RN3eX

(R8d) "2M ai2T?2MbQMX *Q/BM; .2KQMbi`�iBQM oB/2Qb 7Q` *aRX AM S`Q+22/BM;b Q7 i?2 8yi?
�*J h2+?MB+�H avKTQbBmK QM *QKTmi2` a+B2M+2 1/m+�iBQM- aA:*a1 ǶRN- T�;2b Ry8Ĝ
RRRX �*J- kyRNX
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(R83) 1HBx�#2i? ar22/vF- J�`B�MM2 /2G�2i- JB+?�2H *X aH�ii2`v- �M/ C�K2b EmzM2`X *QK@
Tmi2` :�K2b �M/ *a 1/m+�iBQM, q?v �M/ >QrX AM S`Q+22/BM;b Q7 i?2 jei? aA:*a1
h2+?MB+�H avKTQbBmK QM *QKTmi2` a+B2M+2 1/m+�iBQM- aA:*a1 Ƕy8- T�;2b k8eĜk8dX
�*J- kyy8X

(R8N) *?`BbiB�M ax2;2/v- a2`;2v AQz2- oBM+2Mi o�M?Qm+F2- �M/ �H2t�M/2` �X �H2KBX
AM+2TiBQM@p9- AM+2TiBQM@_2bL2i �M/ i?2 AKT�+i Q7 _2bB/m�H *QMM2+iBQMb QM G2�`M@
BM;X AM h?B`iv@6B`bi ���A *QM72`2M+2 QM �`iB}+B�H AMi2HHB;2M+2- kyRdX

(Rey) EBK#2`Hv h�MM2`X S`QKQiBM; aim/2Mi J2i�+Q;MBiBQMX *"1 GB72 a+B2M+2b 1/m+�iBQM-
RRUkV,RRjĜRky- kyRkX

(ReR) 1``QH h?QKTbQM- �M/`2r GmtiQM@_2BHHv- C�+[m2HBM2 GX q?�HH2v- JBMDB2 >m- �M/ S?BH
_Q##BMbX "HQQKǶb h�tQMQKv 7Q` *a �bb2bbK2MiX AM S`Q+22/BM;b Q7 i?2 h2Mi? *QM@
72`2M+2 QM �mbi`�H�bB�M *QKTmiBM; 1/m+�iBQM @ oQHmK2 d3- �*1 Ƕy3- T�;2b R88ĜReRX
�mbi`�HB�M *QKTmi2` aQ+B2iv- AM+X- kyy3X

(Rek) a?2``v hm`FH2 �M/ a2vKQm` S�T2`iX 1TBbi2KQHQ;B+�H SHm`�HBbK, aivH2b �M/ oQB+2b
rBi?BM i?2 *QKTmi2` *mHim`2X aB;Mb, CQm`M�H Q7 qQK2M BM *mHim`2 �M/ aQ+B2iv-
ReURV,Rk3ĜR8d- RNNyX

(Rej) S2i2` o�KTH2r �M/ CmHB�M .2`KQm/vX �M �MiB@SH�;B�`BbK 1/BiQ` 7Q` aQ7ir�`2 .2@
p2HQTK2Mi *Qm`b2bX AM S`Q+22/BM;b Q7 i?2 di? �mbi`�H�bB�M *QM72`2M+2 QM *QKTmiBM;
1/m+�iBQM- T�;2b 3jĜNy- kyy8X

(Re9) 6�#B2MM2 JX o�M /2` EH2BD- _2K+Q *X qX 62bF2Mb- �M/ h?2Q CX >X JX 1;;2MX 17@
72+ib Q7 622/#�+F BM � *QKTmi2`@"�b2/ G2�`MBM; 1MpB`QMK2Mi QM aim/2MibǶ G2�`MBM;
Pmi+QK2b, � J2i�@�M�HvbBbX _2pB2r Q7 1/m+�iBQM�H _2b2�`+?- 38U9V,9d8Ĝ8RR- kyR8X

(Re8) G�m`2Mb p�M /2` J��i2M �M/ :2Qz`2v >BMiQMX oBbm�HBxBM; .�i� mbBM; i@aL1X CQm`M�H
Q7 J�+?BM2 G2�`MBM; _2b2�`+?- NULQpV,k8dNĜkey8- kyy3X

(Ree) S�i`B+F o�M/2r�HH2- C2H2M� EQp�+2pBÏ- �M/ J�`iBM o2ii2`HBX _2T`Q/m+B#H2 `2b2�`+?X
*QKTmiBM; BM a+B2M+2 1M;BM22`BM;- T�;2b 8Ĝd- kyy3X

(Red) a+Qii �X q�HH�+2 �M/ C�bQM J�`;QHBbX 1tTHQ`BM; i?2 lb2 Q7 *QKT2i2iBp2 S`Q;`�K@
KBM;, P#b2`p�iBQMb 7`QK i?2 *H�bb`QQKX CX *QKTmiX a+BX *QHHX- kjUkV,jjĜjN- kyydX
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(Re3) E2 q�M;- _Bb?�#? aBM;?- �M/ w?2M/QM; amX .vM�KB+ L2m`�H S`Q;`�K 1K#2//BM;
7Q` S`Q;`�K _2T�B`X AMi2`M�iBQM�H *QM72`2M+2 QM G2�`MBM; _2T`2b2Mi�iBQMb- kyR3X

(ReN) GBb� q�M;- �M;2H� av- G�``v GBm- �M/ *?`Bb SB2+?X .22T EMQrH2/;2 h`�+BM; PM
S`Q;`�KKBM; 1t2`+Bb2bX AM S`Q+22/BM;b Q7 i?2 6Qm`i? UkyRdV �*J *QM72`2M+2 QM
G2�`MBM; ! a+�H2- G!a ǶRd- T�;2b kyRĜky9X �*J- kyRdX

(Rdy) *?`BbiQT?2` q�ibQM- 6`2/2`B+F qX"X GB- �M/ C�KB2 GX :Q/rBMX S`2/B+iBM; S2`7Q`@
K�M+2 BM �M AMi`Q/m+iQ`v S`Q;`�KKBM; *Qm`b2 #v GQ;;BM; �M/ �M�HvxBM; aim/2Mi
S`Q;`�KKBM; "2?�pBQ`X AM kyRj A111 Rji? AMi2`M�iBQM�H *QM72`2M+2 QM �/p�M+2/
G2�`MBM; h2+?MQHQ;B2b- T�;2b jRNĜjkj- kyRjX

(RdR) *?`BbiQT?2` q�ibQM- 6`2/2`B+F qX"X GB- �M/ C�KB2 GX :Q/rBMX LQ h2bib _2[mB`2/,
*QKT�`BM; h`�/BiBQM�H �M/ .vM�KB+ S`2/B+iQ`b Q7 S`Q;`�KKBM; am++2bbX AM S`Q+22/@
BM;b Q7 i?2 98i? �*J h2+?MB+�H avKTQbBmK QM *QKTmi2` a+B2M+2 1/m+�iBQM- aA:*a1
ǶR9- T�;2b 9eNĜ9d9X �*J- kyR9X

(Rdk) :2Qz`2v q?�H2X SH�;m2, SH�;B�`BbK .2i2+iBQM lbBM; S`Q;`�K ai`m+im`2X AM h2+?X
_2TX 33y8- RN33X

(Rdj) E2Bi? qBMbi2BM �M/ >�`B "�H�F`Bb?M�MX JQb?, �M AMi2`�+iBp2 _2KQi2 a?2HH 7Q` JQ#BH2
*HB2MibX AM S`2b2Mi2/ �b S�`i Q7 i?2 kyRk la1LAs �MMm�H h2+?MB+�H *QM72`2M+2-
la1LAs �h* ǶRk- T�;2b RddĜR3kX la1LAs- kyRkX

(Rd9) E2Bi? qBMbi2BM- �MB`m/? aBp�`�K�M- �M/ >�`B "�H�F`Bb?M�MX aiQ+?�biB+ 6Q`2+�bib
�+?B2p2 >B;? h?`Qm;?Tmi �M/ GQr .2H�v Qp2` *2HHmH�` L2irQ`FbX AM S`2b2Mi2/ �b S�`i
Q7 i?2 Ryi? la1LAs avKTQbBmK QM L2irQ`F2/ avbi2Kb .2bB;M �M/ AKTH2K2Mi�iBQM-
La.A ǶRj- T�;2b 98NĜ9dRX la1LAs- kyRjX

(Rd8) JB+?�2H CX qBb2X u�Sj, AKT`Qp2/ .2i2+iBQM P7 aBKBH�`BiB2b AM *QKTmi2` S`Q;`�K
�M/ Pi?2` h2tibX AM aA:*a1", aA:*a1 "mHH2iBM U�*J aT2+B�H AMi2`2bi :`QmT QM
*QKTmi2` a+B2M+2 1/m+�iBQMV- T�;2b RjyĜRj9X �*J S`2bb- RNNeX

(Rde) "2p2`Hv S�`F qQQH7X "mBH/BM; AMi2HHB;2Mi AMi2`�+iBp2 hmiQ`b, aim/2Mi@*2Mi2`2/ ai`�i2@
;B2b 7Q` _2pQHmiBQMBxBM; 1@G2�`MBM;X JQ`;�M E�m7K�MM- kyRyX
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(Rdd) JBF2 qm- JBH�M JQbb2- LQ�? :QQ/K�M- �M/ *?`Bb SB2+?X w2`Q a?Qi G2�`M@
BM; 7Q` *Q/2 1/m+�iBQM, _m#`B+ a�KTHBM; rBi? .22T G2�`MBM; AM72`2M+2X *Q__-
�#bfR3yNXyRj8d- kyR3X

(Rd3) GBb� u�M- �MMB2 >m- �M/ *?`Bb SB2+?X S2MbB2p2, 622/#�+F QM *Q/BM; S`Q+2bb 7Q`
LQpB+2bX AM S`Q+22/BM;b Q7 i?2 8yi? �*J h2+?MB+�H avKTQbBmK QM *QKTmi2` a+B2M+2
1/m+�iBQM- aA:*a1 ǶRNX �*J- kyRNX

(RdN) GBb� u�M �M/ LB+F J+E2QrMX G2�`MBM; L2irQ`FBM; #v _2T`Q/m+BM; _2b2�`+? _2bmHibX
aA:*PJJ *QKTmiX *QKKmMX _2pX- 9dUkV,RNĜke- kyRdX

(R3y) GBb� u�M- LB+F J+E2QrM- �M/ *?`Bb SB2+?X h?2 Sv`�KB/aM�Tb?Qi *?�HH2M;2, lM@
/2`bi�M/BM; bim/2Mi T`Q+2bb 7`QK pBbm�H QmiTmi Q7 T`Q;`�KbX AM S`Q+22/BM;b Q7 i?2
8yi? �*J h2+?MB+�H avKTQbBmK QM *QKTmi2` a+B2M+2 1/m+�iBQM- aA:*a1 ǶRNX �*J-
kyRNX

(R3R) GBb� u�M- LB+F J+E2QrM- J2?`�M a�?�KB- �M/ *?`Bb SB2+?X hJPaa, lbBM; AMi2`K2@
/B�i2 �bbB;MK2Mi qQ`F iQ lM/2`bi�M/ 1t+2bbBp2 *QHH�#Q`�iBQM BM G�`;2 *H�bb2bX AM
S`Q+22/BM;b Q7 i?2 9Ni? �*J h2+?MB+�H avKTQbBmK QM *QKTmi2` a+B2M+2 1/m+�iBQM-
aA:*a1 ǶR3- T�;2b RRyĜRR8X �*J- kyR3X

(R3k) �vÏ� uBH/B`BKX *PJSRjyfRjRX PMHBM2- kyRNX _2i`B2p2/ �T`BH d- kyRN 7`QK
?iiTb,ffbBi2bX;QQ;H2X+QKf�fFmX2/mXi`f+QKTRjyfbT`BM;@kyRNX

(R3j) sB�Q[B uBM- �#?Bb?2F CBM/�H- ov�b a2F�`- �M/ "`mMQ aBMQTQHBX � *QMi`QH@h?2Q`2iB+
�TT`Q�+? 7Q` .vM�KB+ �/�TiBp2 oB/2Q ai`2�KBM; Qp2` >hhSX AM S`Q+22/BM;b Q7 i?2
kyR8 �*J *QM72`2M+2 QM aT2+B�H AMi2`2bi :`QmT QM .�i� *QKKmMB+�iBQM- aA:*PJJ
ǶR8- T�;2b jk8Ĝjj3X �*J- kyR8X

(R39) C2z`2v _X uQmM;X .Qx2Mb Q7 TH�;B�`BbK BM+B/2Mib �`2 `2TQ`i2/ BM *Qm`b2`�Ƕb 7`22 QMHBM2
+Qm`b2bX h?2 *?`QMB+H2 Q7 >B;?2` 1/m+�iBQM- kyRkX

(R38) .�MB2H wBM;�`Q- JB+?2HH2 *`�B;- G2Q SQ`i2`- "`2ii �X "2+F2`- uBM;DmM *�Q- S?BHH *QM@
`�/- .B�M� *mFB2`K�M- �`iQ >2HH�b- .�bivMB GQFb�- �M/ L22M� h?Qi�X �+?B2p2K2Mi
:Q�Hb BM *aR, _2THB+�iBQM �M/ 1ti2MbBQMX AM S`Q+22/BM;b Q7 i?2 9Ni? �*J h2+?MB@
+�H avKTQbBmK QM *QKTmi2` a+B2M+2 1/m+�iBQM- aA:*a1 ǶR3- T�;2b e3dĜeNkX �*J-
kyR3X
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(R3e) "�``2i wQT?- oBD�v o�bm/2p�M- CQM�i?QM a?H2Mb- �M/ ZmQ+ oX G2X G2�`MBM; i`�Mb72`@
�#H2 �`+?Bi2+im`2b 7Q` b+�H�#H2 BK�;2 `2+Q;MBiBQMX �`sBp T`2T`BMi �`sBp,RdydXydyRk-
kyRdX
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