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S`QD2+i K�M�;2K2Mi Bb BM/BbT2Mb�#H2 BM K�Mv }2H/b- BM+Hm/BM; BM bQ7ir�`2 /2p2HQTK2MiX
S`QD2+i M2irQ`Fb �`2 Q7i2M mb2/ iQ pBbm�HBx2 i?2 p�`BQmb i�bFb �M/ i?2B` `2H�iBQMb rBi?BM
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*QMi2Mib

RX AMi`Q/m+iBQM R
RXRX ai`m+im`2 Q7 i?Bb h?2bBb X X X X 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

kX "�+F;`QmM/ j
kXRX :`�T?b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X j
kXkX S`QD2+i J�M�;2K2Mi �M/ S`QD2+i L2irQ`Fb X X X X X X X X X X X X X X X X X 9
kXjX JB+`Qb2`pB+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 3

jX JQiBp�iBQM �M/ S`Q#H2K ai�i2K2Mi RR
jXRX �//BiBQM�H _2[mB`2K2Mib X X X X 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

9X _2H�i2/ qQ`F Rj
9XRX h�bF :`�T? :2M2`�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 Rj
9XkX 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 R9

8X *QM+2Tim�H 6QmM/�iBQMb R8
8XRX :2M2`�iBQM 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 R8
8XkX .`�r � .B`2+i2/ :`�T? X X X X X X X X X X X X X X X X X X X X X X X X X X X X R8

eX *QM+2Ti kR
eXRX PmiTmi �+iBpBiv L2irQ`F ai`m+im`2 X X X X X X X X X X X X X X X X X X X X X X kR
eXkX �#bi`�+i2/ �+iBpBiv L2irQ`F .B�;`�K X X X X X X X X X X X X X X X X X X X X kk
eXjX ai2Tb hQr�`/ :2M2`�i2/ �+iBpBiv L2irQ`F .B�;`�Kb X X X X X X X X X X X X k8
eX9X :2M2`�iBM; �M AMBiB�H �+iBpBiv L2irQ`F .B�;`�K X X X X X X X X X X X X X X k8
eX8X *`QbbBM; AKT`Qp2K2Mi X X X X X X X X X X X X X X X X X X X X X X X X X X X X X k3
eXeX *`QbbBM; �pQB/�M+2 X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X j3
eXdX qQ`F S�+F�;2 S`QT2`iv *�H+mH�iBQM X X X X X X X X X X X X X X X X X X X X X 99
eX3X .`�rBM; i?2 �+iBpBiv L2irQ`F .B�;`�K X X X X X X X X X X X X X X X X X X X 98

dX .2bB;M 8j
dXRX .�i� KQ/2H X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8j
dXkX JB+`Qb2`pB+2 �`+?Bi2+im`2 X X X X X X X X X X X X X X X X X X X X X X X X X X X 8e

3X AKTH2K2Mi�iBQM eR
3XRX h2+?MQHQ;B2b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X eR
3XkX *QM};m`�iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X eR
3XjX .`�r AP X X X X X X X X X X X X X 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

B



NX 1p�Hm�iBQM eN
NXRX :2M2`�iBM; �+iBpBiv L2irQ`F .B�;`�K 7Q` 1t@h�bFb X X X X X X X X X X X X eN
NXkX :2M2`�iBQM Q7 G�`;2` �+iBpBiv L2irQ`F .B�;`�Kb X X X X X X X X X X X X X X d9
NXjX .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 d8

RyX*QM+HmbBQM dd
RyXRX 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 dd
RyXkX 6mim`2 qQ`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 d3

�X �TT2M/Bt dN

"B#HBQ;`�T?v 3R



GBbi Q7 h�#H2b
kXRX 1t�KTH2 �+iBpBiv HBbi X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9

NXRX h�#H2 b?QrBM; i?2 bi�iBbiB+�H BM7Q`K�iBQM 7`QK i?2 100 ;2M2`�i2/ �L.b X dR

BBB





GBbi Q7 6B;m`2b
kXRX 1t�KTH2 ;`�T?b X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9
kXkX 6BMBb?@iQ@ai�`i /2T2M/2M+v X X X X X X X X X X X X X X X X X X X X X X X X X X 8
kXjX ai�`i@iQ@ai�`i /2T2M/2M+v X X X X X X X X X X X X X X X X X X X X X X X X X X X 8
kX9X 6BMBb?@iQ@6BMBb? /2T2M/2M+v X X X X X X X X X X X X X X X X X X X X X X X X X X 8
kX8X ai�`i@iQ@6BMBb? /2T2M/2M+v X X X X X X X X X X X X X X X X X X X X X X X X X X e
kXeX �+iBpBiv `2T`2b2Mi�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 e
kXdX _272`2M+2 �L. i�F2M 7`QK � T`2pBQmb 2t�K i�bF X X X X X X X X X X X X X X 3

9XRX 1t�KTH2 ;`�T? ;2M2`�i2/ #v h�bF :`�T?b 6Q` 6`22 Uh:66V (._qN3) X X Rj

eXRX 1t�KTH2 bMBTT2i Q7 �M �L. �b /2}M2/ BM i?2 H2+im`2 X X X X X X X X X X X X kk
eXkX 1t�KTH2 bMBTT2i Q7 �M �L. �b /2}M2/ BM i?2 H2+im`2 TH�+2/ rBi?BM � ;`B/ kj
eXjX *QKT�`BbQM Q7 /`�rBM; rBi? �M/ rBi?Qmi � KB//H2 �tBb X X X X X X X X X X k9
eX9X 1t�KTH2 �L. �#bi`�+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 k8
eX8X :2M2`�iBQM T`Q+2bb H2�/BM; iQ i?2 QmiTmi �L. X X X X X X X X X X X X X X X k8
eXeX L2;�iBp2 2z2+i Q7 /mKKv p2`iB+2b r?2M mb2/ BM i?2 /`�rBM; bi2T X X X X X kN
eXdX 1t�KTH2 7Q` i?2 +`QbbBM; TQBMi +�H+mH�iBQM #2ir22M irQ /2T2M/2M+B2b X X X jy
eX3X G�v2` T�B` r2 /Q MQi +QMbB/2` bBM+2 Bi Bb BKTQbbB#H2 iQ +`2�i2 � +`QbbBM; BM

i?2 �L. �#bi`�+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 jk
eXNX aHB/BM; rBM/Qr pBbm�HBx�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 j9
eXRyX �+iBpBiv /B�;`�K Q7 H�v2`@#v@H�v2` br22T X X X X X X X X X X X X X X X X X X X jd
eXRRX *`QbbBM; +�H+mH�iBQM HBKBi�iBQMb Q7 i?2 �L. �#bi`�+iBQM X X X X X X X X X X j3
eXRkX oBbm�HBx�iBQM Q7 TQbbB#H2 br�T /2T2M/2M+B2b X X X X X X X X X X X X X X X X X 9y
eXRjX _2/m+BM; bi2T pBbm�HBx�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 9R
eXR9X _2/m+BM; bi2T �HbQ +QMbB/2`BM; i?2 K�tBKmK `Qr /Bz2`2M+2 X X X X X X X X 9k
eXR8X oBbm�HBx�iBQM Q7 i?2 2ti2M/2/ TQbbB#H2 br�T /2T2M/2M+B2b X X X X X X X X X 9j
eXReX S`Q#H2K r?2M +QMbB/2`BM; �HH /2T2M/2M+B2b ;QBM; BMiQ rQ`F T�+F�;2b #2@

ir22M i?2 bQm`+2 �M/ i�`;2i H�v2` �b TQi2MiB�H br�T /2T2M/2M+B2b X X X X X 99
eXRdX oBbm�HBx�iBQM Q7 i?2 v@bT�+BM; +QM+2Ti X X X X X X X X X X X X X X X X X X X X 98
eXR3X .2T2M/BM; QM i?2 bBim�iBQM Bi KB;?i #2 #2ii2` iQ TH�+2 i?2 bi�`i@iQ@t

/2T2M/2M+v �#Qp2 Q` #2HQr X X 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
eXRNX a?B7iBM; /2T2M/2M+B2b /2T2M/BM; QM i?2 MmK#2` Q7 Qi?2` /2T2M/2M+B2b

T�bbBM; #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 9d
eXkyX S`Q#H2K r?2M +QMbB/2`BM; irQ /2T2M/2M+B2b bi�`iBM; BM i?2 b�K2 `Qr-

;QBM; BMiQ i?2 b�K2 i�`;2i H�v2` rBi? /Bz2`2Mi DmKT p�Hm2b X X X X X X X X X 93
eXkRX a?B7iBM; /2T2M/2M+B2b i?�i bi�`i �i i?2 b�K2 bQm`+2 �M/ ;QBM; iQ i?2 b�K2

/B`2+iBQM X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 93

p



eXkkX �``�M;BM; i?2 /2T2M/2M+v #2HQr i?2 bQm`+2 rQmH/ `2bmHi BM 72r2` +`QbbBM;b
rBi?BM i?2 �L. X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 9N

eXkjX 1tBi �M/ 2Mi`v TQbBiBQMb �i � rQ`F T�+F�;2 b?B7i2/ /2T2M/BM; QM i?2
`2H�iBQMb?BT #2ir22M bQm`+2 �M/ i�`;2i rQ`F T�+F�;2 X X X X X X X X X X X X 8y

eXk9X oBbm�HBx�iBQM Q7 i?2 #2M/ TQBMi TH�+2K2Mi X X X X X X X X X X X X X X X X X X 8R
eXk8X AMBiB�H �#bi`�+i �+iBpBiv M2irQ`F /B�;`�K �7i2` �TTHvBM; i?2 }M�H i`�Mb@

7Q`K�iBQM bi2T iQ Bi X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X 8k

dXRX .2bB;M Q7 i?2M BMi2`M�H �L. KQ/2H X X X X X X X X X X X X X X X X X X X X X X 89
dXkX lJG +H�bb /B�;`�K Q7 �#bi`�+i2/ H2+im`2b �+iBpBiv M2irQ`F bi`m+im`2 X X X 88
dXjX lJG +H�bb /B�;`�K 7Q` i?2 +`QbbBM; BKT`Qp2K2Mi X X X X X X X X X X X X X X 8e
dX9X .�i� ~Qr #2ir22M KB+`Qb2`pB+2b X X X X X X X X X X X X X X X X X X X X X X X 8N
dX8X GQ;B+�H ~Qr #2ir22M KB+`Qb2`pB+2b X X X X X X X X X X X X X X X X X X X X X X 8N
dXeX a2[m2M+2 /B�;`�K 7Q` i?2 ;2M2`�iBQM T`Q+2bb X X X X X X X X X X X X X X X X X ey
dXdX a2[m2M+2 /B�;`�K 7Q` +�H+mH�iBM; �M BMTmi �L. X X X X X X X X X X X X X X ey

3XRX .B�;`�K pBbm�HBx�iBQM Q7 i?2 Kt:`�T?JQ/2H BM aQm`+2 *Q/2 3XR X X X X X e9

NXRX 1t�KTH2 7Q` � ;2M2`�i2/ 2t@i�bFb �+iBpBiv M2irQ`F /B�;`�K ;2M2`�i2/ rBi?
aQm`+2 *Q/2 �XR Ub22/, Re98ekN99e33kV X X X X X X X X X X X X X X X X X X X dy

NXkX _272`2M+2 �L. i�F2M 7`QK � T`2pBQmb 2t�K i�bF U6B;m`2 kXdV X X X X X X X dy
NXjX LmK#2` Q7 +`QbbBM;b BM i?2 �L. �#bi`�+iBQM �7i2` �TTHvBM; i?2 +`QbbBM;

BKT`Qp2K2Mi bi2T �M/ #27Q`2 i?2 +`QbbBM; �pQB/�M+2 bi2T X X X X X X X X X X dj
NX9X LmK#2` Q7 +`QbbBM;b BM i?2 �L. �#bi`�+iBQM �7i2` �TTHvBM; i?2 +`QbbBM;

BKT`Qp2K2Mi bi2T �M/ +`QbbBM; �pQB/�M+2 bi2T X X X X X X X X X X X X X X X X d9
NX8X LmK#2` Q7 +`QbbBM;b BM i?2 �L. /`�rBM; �7i2` �TTHvBM; i?2 +`QbbBM; BK@

T`Qp2K2Mi bi2T �M/ +`QbbBM; �pQB/�M+2 bi2T X X X X X X X X X X X X X X X X X d8
NXeX 1t�KTH2 Q7 � #�/ 2t@i�bF �L. +QMi�BMBM; bBt +`QbbBM;b Ub22/, Ry3NV X X X d8
NXdX 1t�KTH2 7Q` � H�`;2 �L. ;2M2`�i2/ rBi? aQm`+2 *Q/2 �Xk �M/ #Qi?

?2m`BbiB+b +QK#BM2/ Ub22/, Re98dRjd8jekRV X X X X X X X X X X X X X X X X X de



GBbi Q7 aQm`+2 *Q/2b
3XRX Kt:`�T?JQ/2H /2b+`B#BM; 6B;m`2 3XR X X X X X X X X X X X X X X X X X X X X X e8

�XRX .27�mHi T`Q}H2 +QM};m`�iBQM mb2/ iQ ;2M2`�i2 2t@i�bFb X X X X X X X X X X X dN
�XkX S`Q}H2 +QM};m`�iBQM i?�i ;2M2`�i2b H�`;2 �+iBpBiv M2irQ`F /B�;`�Kb X X X 3y

pBB





RX AMi`Q/m+iBQM

SH�MMBM; �M/ b+?2/mHBM; Q7 i�bFb Bb T�`i Q7 Qm` 2p2`v/�v HB72X hvTB+�HHv i?Qb2 i�bFb
�`2 MQi #B; 2MQm;? iQ M22/ T`QT2` TH�MMBM;- �M/ Bi Bb bm{+B2Mi iQ F22T i`�+F Q7 i?2K
mbBM; iQQHb bm+? �b � +�H2M/�`X >Qr2p2`- i?Bb +?�M;2b r?2M Bi +QK2b iQ KQ`2 2ti2MbBp2
T`QD2+ib- 2bT2+B�HHv BM i?2 +QMi2ti Q7 #mbBM2bb2bX am+? T`QD2+ib Q7i2M +QMbBbi Q7 K�Mv
/Bz2`2Mi i�bFb BMpQHpBM; b2p2`�H /Bz2`2Mi T2QTH2X h?2`27Q`2- BM Q`/2` iQ }`bi #2 �#H2
iQ TH�M �HH i?Qb2 i�bFb �M/ i?2B` `2H�iBQMb?BT #2ir22M 2�+? Qi?2`- �M/- b2+QM/- MQi iQ
HQb2 i`�+F Q7 i?2K /m`BM; i?2 T`QD2+i /m`�iBQM- QM2 M22/b iQ mb2 T`QT2` iQQHbX PM2
Q7 i?Qb2 iQQHb Bb �M �+iBpBiv L2irQ`F .B�;`�K U�L.VX �M �L. +QMbBbib Q7 irQ K�BM
T�`ib- i?2 �+iBpBiB2b �M/ i?2 /2T2M/2M+B2b #2ir22M i?2 �+iBpBiB2bX �+iBpBiB2b �`2 mb2/
iQ /2b+`B#2 � i�bF UBX2X- /2b+`BTiBQM �M/ 2biBK�i2/ /m`�iBQMVX h?2 /2T2M/2M+B2b i?2M
/2b+`B#2 i?2 i2KTQ`�H `2H�iBQMb?BT #2ir22M i?2 p�`BQmb �+iBpBiB2bX h?2`2 �`2 7Qm` /Bz2`2Mi
/2T2M/2M+v ivT2b- 2�+? /2b+`B#BM; � bHB;?iHv /Bz2`2Mi `2H�iBQMb?BTX 6Q` 2t�KTH2- QM2
/2T2M/2M+v /2b+`B#2b i?2 +�b2 r?2`2 QM2 �+iBpBiv Bb QMHv �HHQr2/ iQ bi�`i �7i2` �MQi?2`
Bb +QKTH2i2/ U2X;X- QM2 +�M QMHv bi�`i #mBH/BM; � ?Qmb2 �7i2` }MBb?BM; i?2 7QmM/�iBQMVX
h?2 /2T2M/2M+B2b +�M i?2M #2 mb2/ iQ +�H+mH�i2 i?2 2�`HB2bi TQBMi BM iBK2 r?2`2 QM2
+�M bi�`i rBi? �M �+iBpBiv �M/ i?2 H�i2bi TQBMi BM iBK2 r?2`2 Bi M22/b iQ #2 }MBb?2/X AM
iQi�H- �7i2` bm++2bb7mHHv TH�MMBM; �HH i?2 �+iBpBiB2b �M/ i?2B` /2T2M/2M+B2b �M/ +�H+mH�iBM;
i?2B` �//BiBQM�H T`QT2`iB2b- QM2 FMQrb r?2M i?2 T`QD2+i b?QmH/ #2 }MBb?2/ �M/ r?B+?
�+iBpBiB2b �`2 +`BiB+�H UBX2X- +�M MQi #2 /2H�v2/ Q` 2ti2M/2/ rBi?Qmi /2H�vBM; i?2 r?QH2
T`QD2+iVX

.m2 iQ i?2 BKTQ`i�M+2 Q7 �L.b BM T`QD2+i b+?2/mHBM; �M/ T`Q;`2bb i`�+FBM;- i?2v
�`2 +Qp2`2/ BM K�Mv T`QD2+i K�M�;2K2Mi H2+im`2bX h?2`27Q`2- 2t2`+Bb2 �M/ 2t�KBM�iBQM
i�bFb U2t@i�bFbV �`2 M22/2/ 7Q` i?2b2 H2+im`2b iQ /22T2M �M/ 2p�Hm�i2 i?2 mM/2`bi�M/BM;
Q7 bim/2MibX >Qr2p2`- +`2�iBM; bm+? i�bFb Bb- QM i?2 QM2 ?�M/- iBK2@+QMbmKBM; �M/- QM
i?2 Qi?2` ?�M/- 2``Q`@T`QM2X h?Bb Bb #2+�mb2 Bi /Q2b MQi K�F2 b2Mb2 iQ `2T2�i2/Hv mb2 i?2
b�K2 Q` p2`v bBKBH�` i�bFb- bQ QM2 M22/b iQ +`2�i2 M2r i�bFb 2p2`v b2K2bi2`X AM �//BiBQM-
i?2 +`2�iBQM Q7 bm+? i�bFb Bb +?�HH2M;BM; #v i?2 7�+i i?�i � bK�HH +?�M;2 U2X;X- +?�M;BM;
� /m`�iBQM Q7 �M �+iBpBivV H2�/b iQ bB;MB}+�Mi +?�M;2b rBi?BM i?2 �L.- K2�MBM; Bi Bb MQi
72�bB#H2 iQ i`v Qmi K�Mv /Bz2`2Mi p�`B�Mib Q7 �M �L.X

h?Bb i?2bBb rBHH �//`2bb i?Bb T`Q#H2K #v �miQK�iBM; i?2 +`2�iBQM Q7 bm+? i�bFb �M/
T`QpB/2 i?2 TQbbB#BHBiv iQ KQ/B7v �M/ `2+�H+mH�i2 i?2K #v mbBM; � ;`�T? KQ/2HBM; iQQHX
h?2 ;2M2`�iBQM Bb T2`7Q`K2/ #v }`bi +`2�iBM; �M BMBiB�H �L.- i?2M T2`7Q`KBM; b2p2`�H
bi2Tb M22/2/ iQ 7mH}HH �2bi?2iB+ +`Bi2`B�- iQ i?2M mHiBK�i2Hv /`�r BiX q2 /2p2HQT i?Bb
7mM+iBQM�HBiv mbBM; � KB+`Qb2`pB+2@/`Bp2M �TT`Q�+?- iQ �HHQr 2�bv 2ti2MbBQM Q7 Qm` T`Q@
iQivT2X

R



RX AMi`Q/m+iBQM

RXRX ai`m+im`2 Q7 i?Bb h?2bBb
AM +?�Ti2` k- r2 #`B2~v BMi`Q/m+2 i?2 M2+2bb�`v #�+F;`QmM/- r?B+? H�i2` +?�Ti2`b #mBH/
QMX h?2M- BM +?�Ti2` j- r2 T`QpB/2 i?2 KQiBp�iBQM �M/ T`Q#H2K bi�i2K2Mi 7Q` i?Bb i?2bBb
�M/ �HbQ BMi`Q/m+2 Qm` `2b2�`+? [m2biBQMbX AM +?�Ti2` 9- r2 BMi`Q/m+2 bQK2 `2H�i2/
rQ`FX "27Q`2 #2;BMMBM; rBi? Qm` rQ`F- r2 T`QpB/2 bQK2 +QM+2Tim�H 7QmM/�iBQMb Qm`
rQ`F Bb #�b2/ QM BM +?�Ti2` 8X �7i2`r�`/- BM +?�Ti2` e- r2 BMi`Q/m+2 i?2 p�`BQmb bi2Tb
r2 T2`7Q`K2/ iQ +`2�i2 �M �L.- �M/ i`�Mb7Q`K Bi BMiQ � T`QT2` QmiTmiX AM +?�Ti2` d- r2
HQQF �i i?2 /2bB;M �M/ i?2 KQbi BMi2`2biBM; �bT2+ib Q7 Qm` T`QiQivT2X h?2M- BM +?�Ti2` 3-
r2 BMi`Q/m+2 i?2 i2+?MQHQ;B2b r2 mb2/ �M/ /2b+`B#2 i?2 ;`�T? KQ/2HBM; iQQH r2 mb2/
iQ rQ`F rBi? �L.bX q2 2p�Hm�i2 ?Qr r2HH r2 �+?B2p2/ i?2 ;Q�H Q7 ;2M2`�iBM; i�bFb BM
+?�Ti2` NX AM i?2 2M/- r2 bmKK�`Bx2 i?2 `2bmHib Q7 i?Bb i?2bBb �M/ ;Bp2 bQK2 B/2�b i?�i
+�M #2 /QM2 BM 7mim`2 rQ`F- BM +?�Ti2` RyX

k



kX "�+F;`QmM/

h?Bb +?�Ti2` T`QpB/2b i?2 #�+F;`QmM/ i?�i Bb M22/2/ BM H�i2` T�`ib Q7 i?Bb i?2bBbX

kXRX :`�T?b

h?2 7QHHQrBM; b2+iBQM }`bi ;Bp2b � ;2M2`�H Qp2`pB2r Q7 ;`�T? i?2Q`v iQ- i?2M- 7m`i?2`
BMi`Q/m+2 QM2 bT2+B�H ;`�T? ivT2X h?Bb b2+iBQM Bb KQbiHv #�b2/ QM (.2QRd)X

.B`2+i2/ :`�T?b

� /B`2+i2/ ;`�T? U/B;`�T?V Bb mbm�HHv /2MQi2/ �b G = (V,E) +QMi�BMBM; i?2 b2i Q7 p2`iB+2b
V - �M/ 2/;2b EX AM i?Bb i?2bBb- r2 +�M HBKBi Qm`b2Hp2b iQ MQM@2KTiv }MBi2 p2`i2t b2ib �M/
}MBi2 2/;2 b2ibX h?2 p2`iB+2b V = {v1, ..., vn} +�M +QMi�BM �Mv �`#Bi`�`v Q#D2+i- r?BH2 i?2
2/;2b E = {e1, ..., em} �`2 Q`/2`2/ T�B`b Q7 p2`iB+2bc i?mb- /2b+`B#BM; � +QMM2+iBQM QMHv
BM QM2 /B`2+iBQMX

h?2 /2;`22 Q7 � p2`i2t v Bb bTHBi BMiQ i?2 BM@/2;`22- /2MQi2/ �b d−(v)- �M/ Qmi@/2;`22-
/2MQi2/ �b d+(v)X h?2 BM@/2;`22 Bb i?2 MmK#2` Q7 BM@;QBM; 2/;2b- r?BH2 i?2 Qmi@/2;`22
Bb i?2 MmK#2` Q7 Qmi@;QBM; 2/;2b- Q7 � p2`i2tX 6Q` 2t�KTH2- BM 6B;m`2 kXR# i?2 p2`i2t v2
?�b �M BM@/2;`22 Q7 QM2 �M/ �M Qmi@/2;`22 Q7 irQX

6m`i?2`KQ`2- i?2`2 �`2 /Bz2`2Mi r�vb iQ i`�p2`b2 � /B;`�T?X 6B`bi- � T�i? /2}M2b �
b2[m2M+2 Q7 p2`iB+2b �M/ 2/;2b r?2`2 2�+? Q7 i?2K Bb QMHv �HHQr2/ iQ Q++m` QM+2 U2X;X-
(u1, e10, u0, e02, u2 BM 6B;m`2 kXR�VX � +B`+mBi Bb � bT2+B�H T�i? r?2`2 i?2 b2[m2M+2 ?�b iQ
bi�`i �M/ 2M/ BM i?2 b�K2 p2`i2t U2X;X- �TT2M/BM; (e21, u1) BM i?2 T`2pBQmb 2t�KTH2VX

.B`2+i2/ �+v+HB+ :`�T?b

q2 +�M- i?2M- /2}M2 � /B`2+i2/ �+v+HB+ ;`�T? U.�:V iQ #2 � /B;`�T? i?�i /Q2b MQi
+QMi�BM �Mv +B`+mBiX � .�: ?�b i?2 bT2+B�H T`QT2`iv i?�i r2 +�M �bbB;M 2�+? p2`i2t
� H�v2` bQ i?�i �HH T`2/2+2bbQ`b Q7 � p2`i2t �`2 BM � HQr2` H�v2`- �M/ �HH bm++2bbQ`b �`2
BM � ?B;?2` H�v2` U2X;X- r2 b22 BM 6B;m`2 kXR+ i?2 H�v2`2/ `2T`2b2Mi�iBQM Q7 6B;m`2 kXR#VX
6Q`K�HHv- r2 +�M /2}M2 i?Bb �b � T�`iBiBQMBM; BMiQ i?2 b2ib L1, L2, ..., Lh BM bm+? � r�v
i?�i B7 (v, v′) ∈ E �M/ v ∈ Li �b r2HH �b v′ ∈ Lj - i?2M i < j Kmbi ?2H/X h?2 MmK#2`
Q7 H�v2`b UBX2X- i?2 MmK#2` Q7 T�`iBiBQMbV Bb /2MQi2/ �b h- �M/ Bb +�HH2/ i?2 ?2B;?i Q7 i?2
.�: (>Lyk)X

j



kX "�+F;`QmM/

e21

u2

e02

u0 e10 u1

U�V .B`2+i2/ ;`�T?

v0

v2v3 v4

v5

v1

U#V .�: rBi?Qmi H�v2`BM;

v0

v2

v1

v4

v3

v5

U+V .�: rBi? H�v2`BM;

6B;m`2 kXRX, 1t�KTH2 ;`�T?b

kXkX S`QD2+i J�M�;2K2Mi �M/ S`QD2+i L2irQ`Fb
S`QD2+i K�M�;2K2Mi Bb i?2 +QM+2Ti Q7 TH�MMBM;- b+?2/mHBM;- �M/ F22TBM; i`�+F Q7 i?2
T`Q;`2bb- Q7 � T`QD2+iX h?2 }`bi- �M/ KQbi 2bb2MiB�H- bi2T �i i?2 #2;BMMBM; Q7 � T`QD2+i
Bb iQ i?BMF �#Qmi i?2 /Bz2`2Mi i�bFb i?2 T`QD2+i +QMbBbib Q7c i?mb- i?2 TH�MMBM; (>2�Re)X
>Qr2p2`- bBM+2 Qm` ;Q�H Bb iQ +`2�i2 bvMi?2iB+ 2t@i�bFb r?2`2 i?2 bi`m+im`2 �M/ b+?2/mH2
�`2 2bb2MiB�H �M/ MQi i?2 �+im�H K2�MBM;- r2 MQi /2i�BH i?2 TH�MMBM; bi2TX

h?2 bBKTH2bi �M/ KQbi ;2M2`�H `2T`2b2Mi�iBQM Q7 � T`QD2+i Bb i?2 �+iBpBiv HBbiX AM �M
�+iBpBiv HBbi- �HH �+iBpBiB2b +QMbBbi Q7 7Qm` p�Hm2b, �M B/2MiB}2`- � #`B27 /2b+`BTiBQM- �
/m`�iBQM- �M/ � HBbi Q7 /B`2+i T`2/2+2bbQ` �+iBpBiB2bX h?2 /B`2+i T`2/2+2bbQ` HBbi Q7 �M
�+iBpBiv +QMi�BMb �HH i?2 �+iBpBiB2b i?�i ?�p2 iQ #2 +QKTH2i2/ #27Q`2 QM2 +�M bi�`i i?�i
�+iBpBiv (>Gy8)X h�#H2 kXR Bb � ;2M2`�H 2t�KTH2 Q7 bm+? �M �+iBpBiv HBbiX

h?2 �+iBpBiv HBbi Bb ;`2�i 7Q` i?2 TH�MMBM; bi2T- #mi r?2M Bi +QK2b iQ b+?2/mHBM; �M/
T`Q;`2bb i`�+FBM;- Bi Bb #2ii2` iQ HQQF �i i?2 T`QD2+i mbBM; � T`QD2+i M2irQ`F- r?B+?
BHHmbi`�i2b i?2 ~Qr Q7 i?2 T`QD2+i (>Gy8)X

A/2MiB}2` .2b+`BTiBQM .B`2+i S`2/2+2bbQ` 1biBK�i2/ .m`�iBQM
� SQm` 6QmM/�iBQM @ 9 r22Fb
" *QMbi`m+i r�HHb � k r22Fb
* G�M/b+�TBM; � j r22Fb
. *QMbi`m+i `QQ7 " R r22F

h�#H2 kXRX, 1t�KTH2 �+iBpBiv HBbi

kXkXRX S`QD2+i L2irQ`Fb
� T`QD2+i M2irQ`F Bb ;2M2`�HHv mb2/ iQ pBbm�HBx2 i?2 /2T2M/2M+B2b #2ir22M /Bz2`2Mi �+@
iBpBiB2bX Ai +�M #2 b22M �b � .�: G = (V,E) i?�i ?�b iQ pBbm�HBx2 i?2 7QHHQrBM; i?`22
T`QT2`iB2b, i?2 �+iBpBiv B/2MiB}2`- i?2 2biBK�i2/ /m`�iBQM- �M/ i?2 /2T2M/2M+B2b #2ir22M
�+iBpBiB2bX AM ;2M2`�H- irQ /Bz2`2Mi 7Q`K�ib Q7 bm+? � T`QD2+i M2irQ`F 2tBbi, i?2 �+iBpBiv@
PM@LQ/2 U�PLV �M/ i?2 �+iBpBiv@PM@�``Qr U�P�V M2irQ`FX AM i?Bb i?2bBb- r2 QMHv mb2
� p�`B�Mi Q7 i?2 �PL M2irQ`Fb- r?B+? r2 BMi`Q/m+2 BM i?2 7QHHQrBM;RX

R6Q` KQ`2 BM7Q`K�iBQM QM �P� M2irQ`Fb- `272` iQ i?2 7QHHQrBM; T�T2`b, (G:Nec q:y9)
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kXkX S`QD2+i J�M�;2K2Mi �M/ S`QD2+i L2irQ`Fb

AM �M �PL M2irQ`F- i?2 p2`iB+2b /2b+`B#2 i?2 �+iBpBiB2b- �M/ i?2 2/;2b /2b+`B#2 i?2
/2T2M/2M+B2b #2ir22M �+iBpBiB2bX h?2`27Q`2- 2�+? p2`i2t +QMbBbib Q7 �M �+iBpBiv B/2MiB}2`
�b r2HH �b � /m`�iBQM (>2�Re)X Ai Bb 2bb2MiB�H iQ K2MiBQM i?�i �M �PL M2irQ`F mbm�HHv
+QMi�BMb 2t�+iHv QM2 bi�`i �M/ QM2 2M/ �+iBpBivX A7 QM2 ?�b KQ`2 i?�M QM2 bi�`i �+iBpBiv-
QM2 Kmbi �// � /mKKv bi�`i �+iBpBiv rBi? /2T2M/2M+B2b iQ �HH BMBiB�H bi�`i �+iBpBiB2bX
aBKBH�`Hv- r?2M KQ`2 i?�M QM2 2M/ �+iBpBiv Bb T`2b2Mi- QM2 Kmbi �// � /mKKv 2M/
�+iBpBiv �M/ +`2�i2 /2T2M/2M+B2b 7`QK i?2 BMBiB�H 2M/ �+iBpBiB2b iQ i?2 /mKKv 2M/ �+iBpBivX
"Qi? /mKKv �+iBpBiB2b ?�p2 � /m`�iBQM Q7 x2`QX

kXkXkX .2T2M/2M+v o�`B�Mib 7Q` �+iBpBiv@PM@LQ/2 L2irQ`Fb
q2 �H`2�/v BMi`Q/m+2/ � bBM;H2 /2T2M/2M+v ivT2- BM h�#H2 kXR- BM/B+�iBM; i?�i �M �+iBpBiv
Bb QMHv �HHQr2/ iQ bi�`i �7i2` �HH Bib T`2/2+2bbQ`b �`2 }MBb?2/X >2`2- r2 BMi`Q/m+2 � iQi�H
Q7 7Qm` /Bz2`2Mi /2T2M/2M+v ivT2b mb2/ #v �PL M2irQ`Fb (G:Ne)X

RX 6BMBb?@iQ@ai�`i U6aV @ 6B;m`2 kXkX � 6a /2T2M/2M+v bi�i2b i?�i i?2 i�`;2i +�M QMHv
#2 bi�`i2/ �7i2` i?2 bQm`+2 �+iBpBiv ?�b #22M }MBb?2/ 7Q` �i H2�bi α iBK2 mMBibX

A Bα

6B;m`2 kXkX, 6BMBb?@iQ@ai�`i /2T2M/2M+v
kX ai�`i@iQ@ai�`i UaaV @ 6B;m`2 kXjX h?2 aa /2T2M/2M+v bi�i2b i?�i i?2 i�`;2i Bb QMHv

�HHQr2/ iQ bi�`i β iBK2 mMBib �7i2` i?2 bQm`+2 �+iBpBiv ?�b bi�`i2/X

A B

β

6B;m`2 kXjX, ai�`i@iQ@ai�`i /2T2M/2M+v
jX 6BMBb?@iQ@6BMBb? U66V @ 6B;m`2 kX9X � 66 /2T2M/2M+v bi�i2b i?�i i?2 i�`;2i K�v

QMHv #2 +QKTH2i2/ B7 i?2 bQm`+2 ?�b �H`2�/v #22M }MBb?2/ 7Q` �i H2�bi γ iBK2 mMBibX

A B

γ

6B;m`2 kX9X, 6BMBb?@iQ@6BMBb? /2T2M/2M+v
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kX "�+F;`QmM/

9X ai�`i@iQ@6BMBb? Ua6V @ 6B;m`2 kX8X � a6 /2T2M/2M+v bi�i2b i?�i i?2 i�`;2i Bb QMHv
�HHQr2/ iQ }MBb? �7i2` i?2 bQm`+2 �+iBpBiv ?�b #22M bi�`i2/ 7Q` �i H2�bi δ iBK2 mMBibX

A B

δ

6B;m`2 kX8X, ai�`i@iQ@6BMBb? /2T2M/2M+v

kXkXjX a+?2/mH2 *QKTmi�iBQM
lMiBH MQr- r2 ?�p2 QMHv +QMbB/2`2/ �M �+iBpBivǶb T`QT2`iB2b ;Bp2M T`BQ` iQ i?2 b+?2/mHBM;
UBX2X- i?2 �+iBpBiv B/2MiB}2` �M/ i?2 /m`�iBQMVX q2 MQr 2ti2M/ i?2 �+iBpBiv T`QT2`iB2b
rBi? BM7Q`K�iBQM �#Qmi i?2 �+im�H T`QD2+i b+?2/mH2X 6Q` i?Bb- 2�+? �+iBpBiv ;2ib i?2
7QHHQrBM; b+?2/mH2 T`QT2`iB2b, 1�`Hv ai�`i U1aV- G�i2 ai�`i UGaV- 1�`Hv 6BMBb? U16V- �M/
G�i2 6BMBb? UG6VX h?2 1a �M/ 16 BM/B+�i2 i?2 2�`HB2bi TQBMi BM iBK2- �M/ i?2 Ga �M/ G6
i?2 H�i2bi TQBMi BM iBK2 �i r?B+? �M �+iBpBiv +�M #2 bi�`i2/ �M/ +QKTH2i2/ (>2�Re)X h?2b2
T`QT2`iB2b �`2 �//2/ iQ i?2 pBbm�H `2T`2b2Mi�iBQM Q7 �+iBpBiB2b �b b?QrM BM 6B;m`2 kXeX

Activity Identifier
Duration

Early
Start

Early
Finish

Late
Start

Late
Finish

6B;m`2 kXeX, �+iBpBiv `2T`2b2Mi�iBQM

6Q`r�`/ �M/ "�+Fr�`/ S�bb

h?2b2 7Qm` p�Hm2b �`2 +�H+mH�i2/ BM irQ T?�b2b- i?2 7Q`r�`/ T�bb �M/ i?2 #�+Fr�`/
T�bbX AM i?2 7Q`r�`/ T�bb- i?2 1a Q7 �M �+iBpBiv Bb +�H+mH�i2/ �M/ mb2/ iQ;2i?2` rBi?
i?2 /m`�iBQM iQ +�H+mH�i2 i?2 16 U16 = 1a + /m`VX hQ +�H+mH�i2 �M �+iBpBivǶb 1a- QM2
M22/b iQ +QMbB/2` �HH TQbbB#H2 1aǶb `2bmHiBM; 7`QK BM@;QBM; /2T2M/2M+B2b- �M/ i?2M b2i
i?2 �+iBpBivǶb 1a iQ i?2 K�tBKmK Q7 i?2b2 p�Hm2bX h?Bb 2Mbm`2b i?�i i?2 �+iBpBiv +�M MQi
bi�`i mMiBH �HH /2T2M/2M+B2b ?�p2 #22M b�iBb}2/X *QM+`2i2Hv- i?2 7Q`r�`/ T�bb bi�`ib #v
BMBiB�HBxBM; i?2 bi�`i �+iBpBiv rBi? �M 1a �M/ 16 Q7 x2`Q �M/ i?2M +�H+mH�i2b i?2 1a �M/
16 7Q` 2�+? �+iBpBiv r?2`2 �HH T`2/2+2bbQ`b ?�p2 �H`2�/v #22M +QMbB/2`2/ (>2�Rec G:Ne)X

AM i?2 #�+Fr�`/ T�bb- i?2 G6 Q7 �M �+iBpBiv Bb +�H+mH�i2/ �M/ mb2/ iQ;2i?2` rBi? i?2
/m`�iBQM iQ +�H+mH�i2 i?2 Ga UGa = G6 − /m`VX hQ +�H+mH�i2 �M �+iBpBivǶb G6- QM2 M22/b
iQ +QMbB/2` �HH TQbbB#H2 G6Ƕb `2bmHiBM; 7`QK Qmi@;QBM; /2T2M/2M+B2b- �M/ i?2M b2i i?2
�+iBpBivǶb G6 iQ i?2 KBMBKmK Q7 i?2b2 p�Hm2bX *QM+`2i2Hv- i?2 #�+Fr�`/ T�bb bi�`ib #v
BMBiB�HBxBM; i?2 2M/ �+iBpBivǶb Ga �M/ G6 rBi? i?2 1a �M/ 16 /2i2`KBM2/ BM i?2 7Q`r�`/

e



kXkX S`QD2+i J�M�;2K2Mi �M/ S`QD2+i L2irQ`Fb

T�bb- �M/ i?2M +�H+mH�i2b i?2 G6 �M/ Ga 7Q` 2�+? �+iBpBiv r?2`2 �HH bm++2bbQ`b ?�p2
�H`2�/v #22M +QMbB/2`2/ (>2�Rec G:Ne)X

:Bp2M i?2 /2}MBiBQMb 7Q` i?2 /Bz2`2Mi /2T2M/2M+v ivT2b BM b2+iBQM kXkXk- r2 +�M /2}M2
i?2 7QHHQrBM; +�H+mH�iBQM `mH2b i?�i M22/ iQ #2 mb2/ 7Q` i?2 +�H+mH�iBQMb BM i?2 7Q`r�`/
�M/ #�+Fr�`/ T�bbX �b K2MiBQM2/- r2 +�H+mH�i2 i?2 1a BM i?2 7Q`r�`/ T�bb �M/ i?2 G6
BM i?2 #�+Fr�`/ T�bbX q2 rBHH mb2 i?2 MQi�iBQM XA- rBi? X ∈ {1a,16,Ga,G6} iQ `272`
iQ i?2 T`QT2`iB2b Q7 �M �+iBpBiv A- r?B+? ?�b � /m`�iBQM durAX

RX 6a /2T2M/2M+v, 1aB = 16A + α �M/ LFA = LSB − αX

kX aa /2T2M/2M+v, 1aB = 1aA + β �M/ LFA = LSB − β + /m`AX

jX 66 /2T2M/2M+v, 1aB = 16A + γ − /m`B- r?2`2 1aB = 0 B7 16A + γ < /m`BX AM
�//BiBQM, LFA = LFB − γX

9X a6 /2T2M/2M+v, 1aB = 1aA + δ − /m`B- r?2`2 1aB = 0 B7 1aA + δ < /m`BX AM
�//BiBQM, LFA = LFB − δ + /m`AX

6HQ�i �M/ *`BiB+�H S�i?

h?2 ~Q�i Q7 �M �+iBpBiv Bb /2}M2/ �b i?2 �//BiBQM�H iBK2 i?�i +�M #2 mb2/ 7Q` �M �+iBpBivX
h?2 ~Q�i �Hr�vb +QMbB/2`b bi�`iBM; �i i?2 1a Q7 �M �+iBpBivX h?Bb K2�Mb i?�i B7 � T`2pBQmb
�+iBpBiv ?�b �H`2�/v mb2/ bQK2 Q7 Bib ~Q�i- QM2 +�M MQ HQM;2` mb2 i?2 7mHH ~Q�i Q7 i?2
+m``2Mi �+iBpBivX h?2 ~Q�i +�M #2 +�H+mH�i2/ �b 7QHHQrb, 7HQ�iA = G6A − 1aA − /m`A
(G:Ne)X

�M �+iBpBiv Bb +QMbB/2`2/ +`BiB+�H B7 Bi ?�b � ~Q�i Q7 x2`Q- BM/B+�iBM; i?�i i?Bb �+iBpBiv
b?QmH/ MQi #2 TQbiTQM2/ 2p2M 7Q` � bBM;H2 iBK2 mMBiX A7 i?Bb ?�TT2Mb- Bi /B`2+iHv BKT�+ib
i?2 iQi�H T`QD2+i /m`�iBQMX h?2 +`BiB+�H T�i? Bb i?2M /2}M2/ �b � T�i? i?�i QMHv +QMi�BMb
+`BiB+�H �+iBpBiB2b �M/ bi�`ib �i i?2 bi�`i �+iBpBiv �M/ 2M/b �i i?2 2M/ �+iBpBiv (>Gy8)X

kXkX9X �+iBpBiv L2irQ`F .B�;`�Kb BM i?2 G2+im`2
AM i?2 7QHHQrBM;- r2 2tTH�BM i?2 T�`iB+mH�` 72�im`2b Q7 i?2 �PL M2irQ`Fb mb2/ BM i?2
aQ7ir�`2 S`QD2+i J�M�;2K2Mi UaSJV H2+im`2 �i i?2 _qh> ��+?2MX q2 `272` iQ i?2
aSJ H2+im`2Ƕb �PL p�`B�Mi �b �+iBpBiv L2irQ`F .B�;`�K U�L.VX

6B`bi- r2 +�HH �+iBpBiB2b rQ`F T�+F�;2bX � rQ`F T�+F�;2 +QMbBbib Q7 �M B/2MiB}2`-
� /2b+`BTiBQM- � /m`�iBQM- i?2 7Qm` b+?2/mH2 T`QT2`iB2b- �M/ T`2/2+2bbQ` `2H�iBQMb?BTbX
6m`i?2`KQ`2- r2 bHB;?iHv +?�M;2 i?2 H�vQmi Q7 i?2 /2T2M/2M+B2b r2 b�r BM 6B;m`2 kXk iQ
6B;m`2 kX8X 6Q` mb- � bi�`i@iQ@t /2T2M/2M+v �Hr�vb H2�p2b � rQ`F T�+F�;2 QM i?2 H27i
bB/2- �M/ �M t@iQ@bi�`i /2T2M/2M+v �Hr�vb 2Mi2`b � rQ`F T�+F�;2 QM i?2 H27i bB/2X h?2
b�K2 ;Q2b 7Q` � }MBb?@iQ@t /2T2M/2M+v- r?B+? �Hr�vb H2�p2b � rQ`F T�+F�;2 QM i?2 `B;?i
bB/2 �M/ �M t@iQ@}MBb? /2T2M/2M+v r?B+? �Hr�vb 2Mi2`b � rQ`F T�+F�;2 QM i?2 `B;?i bB/2X

AM �//BiBQM- r2 +QMbB/2` i?2 6a /2T2M/2M+v �b i?2 bi�M/�`/ /2T2M/2M+v ivT2 �M/ i?2
aa- a6- �M/ 66 /2T2M/2M+B2b �b bT2+B�H /2T2M/2M+v ivT2bc i?mb- KQbi Q7 i?2 /2T2M/2M+B2b
?�p2 i?2 6a ivT2X �//BiBQM�HHv- r2 �HbQ QKBi α,β, γ- �M/ δ 7Q` /2T2M/2M+B2bX

d



kX "�+F;`QmM/

AM 6B;m`2 kXd- r2 +�M b22 �M �L. i?�i r�b mb2/ �b �M 2t@i�bF BM � T`2pBQmb v2�`-
r?B+? r�b ;Bp2M �b i?2 `272`2M+2 �L. 7Q` i?Bb i?2bBbX q2 +�M b22 i?�i r2 ?�p2 2t�+iHv
QM2 bi�`i �M/ QM2 2M/ rQ`F T�+F�;2X hQ #2ii2` B/2MiB7v i?2 +`BiB+�H rQ`F T�+F�;2b- i?2v
�`2 ?B;?HB;?i2/ BM `2/X 6m`i?2`KQ`2- �HH bT2+B�H /2T2M/2M+B2b �`2 H�#2H2/ rBi? i?2B` ivT2X

1t@h�bF S`QT2`iB2b

h?2 2t@i�bF ivT2 7Q` r?B+? r2 r�Mi iQ ;2M2`�i2 �L.b Bb bQH2Hv mb2/ iQ +?2+F r?2i?2`
bim/2Mib +�M �TTHv i?2 +�H+mH�iBQMb `mH2b r2 BMi`Q/m+2/ BM b2+iBQM kXkXjX h?2`27Q`2- r2
QKBi i?2 rQ`F T�+F�;2 /2b+`BTiBQM bBM+2 � mMB[m2 B/2MiB}2` Bb bm{+B2Mi BM bm+? 2t@i�bFbX
AM i?2 7QHHQrBM;- r2 /2b+`B#2 i?2 KBMBKmK `2[mB`2K2Mib �M 2t@i�bF b?QmH/ b�iBb7vX

aBM+2 2�+? /2T2M/2M+v ivT2 ?�b � /Bz2`2Mi +�H+mH�iBQM `mH2- �M 2t@i�bF M22/b iQ ?�p2
�i H2�bi QM2 /2T2M/2M+v Q7 2�+? ivT2- iQ b22 B7 � bim/2Mi +�M �TTHv i?2 /Bz2`2Mi `mH2bX AM
�//BiBQM- QM2 Kmbi �HbQ BM+Hm/2 �M �+iBpBiv rBi? KmHiBTH2 BM@;QBM; �M/ �M �+iBpBiv rBi?
KmHiBTH2 Qmi@;QBM; /2T2M/2M+B2b iQ +QM}`K B7 i?2 bim/2Mi FMQrb i?�i QM2 M22/b iQ i�F2
i?2 K�tBKmK �M/ KBMBKmK Q7 i?2 1a �M/ G6- `2bT2+iBp2HvX

Start

A 
4

0

1

4

5

B 
5

0

0

5

5

C 
3

0

4

3

7

D 
2

5

5

7

7

E 
4 

5

7

9

11

F 
4

5

5

9

9

G 
2 

5

9

7

11

H 
6

9

11

15

17

start-to-start

finish-to-finish

I 
4 

5

7

9

11

finish-to-finish

start-to-finish

K 
1

9

11

10

12

J 
3 

9

9

12

12
I 
4 

12

12

16

16

start-to-start

End

6B;m`2 kXdX, _272`2M+2 �L. i�F2M 7`QK � T`2pBQmb 2t�K i�bF

kXjX JB+`Qb2`pB+2b
PM2 T`Q#H2K BM H�`;2 bQ7ir�`2 T`QD2+ib Bb i?2 BM+`2�bBM; bBx2 Q7 i?2 T`QD2+i Qp2` iBK2X
h?2`27Q`2- i?2 +Q/2#�b2 Q7 bm+? T`QD2+ib i2M/b iQ ;2i H�`;2X AM � KQMQHBi?B+ bvbi2K
i?Bb Bb K�BMHv ?�M/H2/ #v 2Mbm`BM; i?�i i?2 +Q/2 Bb �b +Q?2bBp2 �b TQbbB#H2c i?mb- +Q/2
i?�i Bb bQK2?Qr `2H�i2/ Bb ;`QmT2/ (L2rR8)X h?Bb �TT`Q�+? +�M �HbQ #2 +�HH2/ aBM;H2
_2bTQMbB#BHBiv S`BM+BTH2 Ua_SV r?B+? bi�i2b i?�i- QM i?2 QM2 ?�M/- 2p2`vi?BM; i?�i QM2
M22/b iQ +?�M;2 /m2 iQ � bBKBH�` `2�bQM b?QmH/ #2 ;`QmT2/- �M/- QM i?2 Qi?2` ?�M/-
i?BM;b i?�i +?�M;2 7Q` /Bz2`2Mi `2�bQMb b?QmH/ #2 b2T�`�i2/ (L2rR8)X 6QHHQrBM; i?Bb
�TT`Q�+? KBMBKBx2b i?2 2zQ`i Q7 �TTHvBM; +?�M;2b #2+�mb2 QM2 KQbi HBF2Hv QMHv ?�b iQ
+?�M;2 i?2 �z2+i2/ T�`ib (L2rR8c G�`YR3)X

h?2 +QM+2Ti Q7 KB+`Qb2`pB+2b �TTHB2b i?2 a_S #v /BpB/BM; 2�+? 7mM+iBQM�HBiv BMiQ �M
BM/2T2M/2Mi b2`pB+2X "v /QBM; bQ- QM2 b2T�`�i2b 2�+? 7mM+iBQM�HBiv �M/ 7Q+mb2b QMHv QM
T2`7Q`KBM; i?2B` /2bB;M�i2/ i�bFX h?Bb BM/2T2M/2M+2- �M/ i?2 bK�HH bBx2 Q7 b2`pB+2b-
2M�#H2b i?2 mb2 Q7 /Bz2`2Mi i2+?MQHQ;B2b rBi?BM 2�+? b2`pB+2 (_B+RN)- T`QKQi2b �M �;BH2
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kXjX JB+`Qb2`pB+2b

/2p2HQTK2Mi �TT`Q�+? (aqkRc >�MRy)- �M/ �HHQrb b2`pB+2b iQ b+�H2 KQ`2 /vM�KB+�HHv
(_B+RN)X

PM2 +?�HH2M;2 r?2M rQ`FBM; rBi? KB+`Qb2`pB+2b HB2b BM i?2 /2}MBiBQM Q7 i?2B` #QmM/@
�`B2bX AM ;2M2`�H- Bi Bb +H2�` r?B+? 7mM+iBQM�HBiB2b b?QmH/ #2 /BpB/2/ BMiQ KQ`2 KBMQ`
b2`pB+2b- ?Qr2p2`- ?Qr ;`�MmH�` i?Bb /BpBbBQM b?QmH/ #2 Bb mbm�HHv MQi bQ bBKTH2X PM2
`mH2 i?�i ?2HTb iQ +?2+F r?2i?2` QM2 b?QmH/ 7m`i?2` bTHBi mT � b2`pB+2 Bb ?Qr K�Mv T2Q@
TH2 �`2 M22/2/ iQ K�M�;2 i?�i b2`pB+2X Ai Bb T`272`�#H2 iQ QMHv ?�p2 � bK�HH i2�K #2
`2bTQMbB#H2 7Q` � b2`pB+2 (_B+RN)X

6m`i?2`KQ`2- /m2 iQ i?2B` BM/2T2M/2M+2- b2`pB+2b �HbQ M22/ r�vb iQ +QKKmMB+�i2X
h?2`27Q`2- QM2 Kmbi �/2[m�i2Hv TH�M r?�i � b2`pB+2 2tTQb2b- �b iQ MQi `2/m+2 i?2B` BM/2@
T2M/2M+2 U2X;X- 7Q`+BM; b2`pB+2b iQ mb2 � bT2+B}+ i2+?MQHQ;vVX lbm�HHv- � b2`pB+2 2tTQb2b
Bib 7mM+iBQM�HBiv rBi? �M �TTHB+�iBQM S`Q;`�KKBM; AMi2`7�+2 U�SAV (_B+RN)X >Qr2p2`-
Q7i2M i?2 mb2` Bb QMHv �HHQr2/ iQ �++2bb � bvbi2K i?`Qm;? �M �SA@:�i2r�v r?B+? +�M #2
mb2/ iQ 2M+�TbmH�i2 i?2 mM/2`HvBM; b2`pB+2b Q` iQ �;;`2;�i2 i?2 `2bmHib Q7 bQK2 b2`pB+2b
(_B+RN)X h?mb- i?2 ;�i2r�v T`QpB/2b +QMp2MB2Mi K2i?Q/b iQ �++2bb i?2 M22/2/ `2bQm`+2b
rBi?Qmi 2tTQbBM; �Mv BM7Q`K�iBQM �#Qmi i?2 �+im�H b2`pB+2b #2?BM/ i?2 ;�i2r�v iQ i?2
mb2` (_B+RN)X

N





jX JQiBp�iBQM �M/ S`Q#H2K ai�i2K2Mi
S`QD2+i M2irQ`Fb �`2 rB/2Hv mb2/ iQ bmTTQ`i T`QD2+i b+?2/mHBM; �M/ T`Q;`2bb i`�+FBM;X
�b � `2bmHi- i?2v �`2 mbm�HHv +Qp2`2/ BM T`QD2+i K�M�;2K2Mi H2+im`2b- bm+? �b i?2 aSJ
H2+im`2 i?Bb i?2bBb 7Q+mb2b QMc i?2`27Q`2- 2t@i�bFb �`2 `2[mB`2/ 2�+? b2K2bi2` iQ +?2+F
bim/2MibǶ mM/2`bi�M/BM;X >Qr2p2`- i?2`2 �`2 MQ iQQHb i?�i bmTTQ`i i?2 +`2�iBQM Q7 bm+?
i�bFb- �T�`i 7`QK /B�;`�K /`�rBM; iQQHbX h?Bb K2�Mb QM2 Kmbi K�Mm�HHv +`2�i2 i?2 rQ`F
T�+F�;2b �M/ /2T2M/2M+B2b �M/ �bbB;M p�Hm2b iQ i?2KX �i }`bi ;H�M+2- i?Bb /Q2b MQi b22K
iQ #2 � #B; T`Q#H2K bBM+2 QM2 QMHv M22/b iQ �bbB;M � /m`�iBQM iQ i?2 rQ`F T�+F�;2b �M/
+`2�i2 /2T2M/2M+B2b #2ir22M i?2K iQ i?2M +�H+mH�i2 i?2 b+?2/mHBM; T`QT2`iB2bX >Qr2p2`-
BM �L.b- i?2 b+?2/mH2 T`QT2`iB2b �`2 p2`v b2MbBiBp2 iQ +?�M;2bc i?mb- r?2M � bBM;H2
/m`�iBQM Bb +?�M;2/- Q` � /2T2M/2M+v Bb +`2�i2/ Q` KQ/B}2/- i?2 b+?2/mH2 T`QT2`iB2b
Kmbi mbm�HHv #2 `2+�H+mH�i2/ 7Q` KQbi rQ`F T�+F�;2bX AM �//BiBQM- i?2b2 +�H+mH�iBQMb �`2
p2`v 2``Q`@T`QM2 �M/ iBK2@+QMbmKBM;X h?Bb H2�/b mb iQ i?2 }`bi `2b2�`+? [m2biBQM Q7 i?Bb
i?2bBbX

_ZR, *�M r2 �miQK�iB+�HHv ;2M2`�i2 �L.b i?�i �`2 T`�+iB+�H 7Q` 2t@i�bFb\

PM2 T`Q#H2K r?2M �miQK�iB+�HHv ;2M2`�iBM; ;`�T?b Bb i?2 +`2�iBQM Q7 �M 2�bv@iQ@`2�/
�M/ mM/2`bi�M/�#H2 QmiTmiX Ai Bb MQi ?2HT7mH iQ ;2M2`�i2 2t@i�bFb 7Q` �L.b B7 Bi i�F2b
� HQM; iBK2 iQ mM/2`bi�M/ i?2K Q` K�Mm�HHv `2bi`m+im`2 i?2K BMiQ �M mM/2`bi�M/�#H2
bi`m+im`2X AM �//BiBQM- i?Bb rQmH/ �HbQ `2/m+2 i?2 #2M2}i Q7 #2BM; �#H2 iQ BKTQ`i �M
�L. iQ +�H+mH�i2 Bib T`QT2`iB2b bBM+2 QM2 rQmH/ i?2M ?�p2 iQ `2bi`m+im`2 i?2 QmiTmi
�M2r 2�+? iBK2X h?Bb H2�/b iQ i?2 b2+QM/ `2b2�`+? [m2biBQM,

_Zk, *�M r2 �+?B2p2 � bBKBH�` QmiTmi bi`m+im`2 �b i?�i Q7 K�Mm�HHv +`2�i2/
2t@i�bFb\

jXRX �//BiBQM�H _2[mB`2K2Mib
*2`i�BM �//BiBQM�H `2[mB`2K2Mib 7Q` i?2 ;2M2`�iBQM �M/ T`Q+2bbBM; Q7 �L.b r2`2 ;Bp2MX
�b K2MiBQM2/ �#Qp2- �HQM; rBi? #2BM; �#H2 iQ ;2M2`�i2 �L.b- r2 r�Mi iQ #2 �#H2 iQ
BKTQ`i KQ/B}2/ Q` b2H7@+`2�i2/ �L.bX AKTQ`iBM; �L.b rBHH �HHQr mb iQ �/Dmbi i?2 p�Hm2b
Q7 ;2M2`�i2/ Q` b2H7@+`2�i2/ �L.b rBi?Qmi i?2 M22/ iQ `2+�H+mH�i2 2p2`vi?BM; K�Mm�HHvX
>Qr2p2`- i?Bb K2�Mb i?�i r2 M22/ � bmBi�#H2 ;`�T? KQ/2HBM; iQQH i?�i �HHQrb mb iQ rQ`F
rBi? �L.b K�Mm�HHv �M/ BKTQ`i �M/ 2tTQ`i i?2K 2�bBHvX

AM �//BiBQM- Bi Bb BKTQ`i�Mi i?�i Bi b?QmH/ #2 TQbbB#H2 iQ 2ti2M/ i?2 7mM+iBQM�HBiB2b
r2 T`QpB/2 BM i?Bb i?2bBb 2�bBHvX �i i?2 b�K2 iBK2- +`2�iBM; bm+? 2ti2MbBQMb b?QmH/
MQi M2+2bbBi�i2 � +QKTH2i2 mM/2`bi�M/BM; Q7 i?2 bvbi2K- iQ K�F2 i?2 BKTH2K2Mi�iBQM

RR



jX JQiBp�iBQM �M/ S`Q#H2K ai�i2K2Mi

Q7 2ti2MbBQMb bBKTH2`- �M/ i?2`2#v- 7�bi2`X h?2`27Q`2- r2 ?�/ iQ /2bB;M i?2 �TTHB+�iBQM
mbBM; KB+`Qb2`pB+2b i?�i �HHQr bm+? 2�bv 2ti2MbB#BHBiv �b T`2b2Mi2/ BM b2+iBQM kXjX

Rk



9X _2H�i2/ qQ`F
AM i?2 T`2pBQmb +?�Ti2`- r2 /Bb+mbb2/ i?2 KQiBp�iBQM Q7- �M/ T`Q#H2K rBi?- +`2�iBM;
2t@i�bFb K�Mm�HHv- r?B+? H2/ iQ Qm` `2b2�`+? [m2biBQMbX AM i?Bb +?�Ti2`- r2 MQr HQQF �i
`2H�i2/ rQ`F +QM+2`MBM; i?2 ;2M2`�iBQM Q7 �L.bX

9XRX h�bF :`�T? :2M2`�iBQM
q2 }`bi /Bb+mbb i?2 ;2M2`�iBQM Q7 i�bF ;`�T?b T`QpB/2/ BM (._qN3)X .B+F 2i �HX /2p2H@
QT2/ � ;2M2`�iBQM �TT`Q�+? 7Q` i�bF ;`�T?b i?�i +�M #2 mb2/ iQ 2p�Hm�i2 �M/ +QKT�`2
�HHQ+�iBQM Q` b+?2/mHBM; K2i?Q/b BM 2K#2//2/ `2�H@iBK2 bvbi2Kb �M/ QT2`�iBQM bvbi2Kb
(._qN3)X �Hi?Qm;? i?Bb �TTHB+�iBQM �`2� Bb BM � /Bz2`2Mi /QK�BM- i?2 i�bF ;`�T?b i?2v
;2M2`�i2 ?�p2 Km+? BM +QKKQM rBi? Qm` �L.bX h�bF ;`�T?b �`2 .�:b- i?2 p2`iB+2b
/2b+`B#2 � i�bF- �M/ i?2 2/;2b �`2 i?2 +QKKmMB+�iBQM #2ir22M i�bFbX 6m`i?2`KQ`2- i?2
T`Q/m+2/ ;`�T?b �HbQ ?�p2 2t�+iHv QM2 bi�`i p2`i2t UBX2X- rBi? MQ BM@;QBM; 2/;2bV �M/ /Q
MQi +QMi�BM /mTHB+�i2/ 2/;2bX h?2 ;2M2`�iBQM T`Q+2bb Bb �HbQ +QM};m`�#H2 bQ i?�i QM2
+�M /2}M2 � #QmM/�`v Q7 ?Qr K�Mv p2`iB+2b QM2 r�Mib iQ ;2M2`�i2- �M/ QM2 +�M /2}M2
i?2B` K�tBKmK BM@/2;`22- �M/ Qmi@/2;`22 (._qN3)X 6Q` 2t�KTH2- BM 6B;m`2 9XR r2 +�M
b22 � ;2M2`�i2/ i�bF ;`�T? rBi? � K�tBKmK BM@/2;`22 �M/ Qmi@/2;`22 Q7 irQ- �M/ i?2
MmK#2` Q7 p2`iB+2b r�b b2i #2ir22M 3 �M/ RkX

0

1 2

3 4 5

6

7 8

9

10

6B;m`2 9XRX, 1t�KTH2 ;`�T? ;2M2`�i2/ #v h�bF :`�T?b 6Q` 6`22 Uh:66V (._qN3)

�b i?2 �mi?Q`b i?2Kb2Hp2b bi�i2- i?2 ;2M2`�iBQM `2H�i2b iQ i?2 /QK�BM Q7 2K#2//2/
`2�H@iBK2 �M/ QT2`�iBM; bvbi2Kb #mi +�M #2 �TTHB2/ KQ`2 ;2M2`�HHv iQ K�Mv b+?2/mHBM;
/QK�BMb (._qN3)X �M 2ti2MbBQM Q7 i?2B` BMBiB�H K2i?Q/- T`QTQb2/ #v o�HH2`BQ 2i �HX BM
(o�Hy3)- T`QpB/2b i?2 TQbbB#BHBiv Q7 ?�pBM; 2t�+iHv QM2 p2`i2t rBi? MQ Qmi@;QBM; 2/;2b-

Rj



9X _2H�i2/ qQ`F

r?B+? Bb i?2M 2p2M KQ`2 bBKBH�` iQ Qm` �L. bi`m+im`2X h?mb- r?2M r2 +QMbB/2` �L.b-
r2 rQmH/ QMHv M22/ iQ +QMp2`i i�bFb BMiQ �+iBpBiB2b ?�pBM; Qm` T`QT2`iB2b �M/ �bbB;M �
/2T2M/2M+v ivT2 iQ i?2 2/;2b iQ Q#i�BM � p�HB/ �L.X

>Qr2p2`- i?2b2 ;2M2`�iBQM �TT`Q�+?2b �`2 MQi bmBi�#H2 7Q` ;2M2`�iBM; 2t@i�bFbX h?2
`2�bQM #2BM;- i?�i i?2B` K�BM �TTHB+�iBQM Bb iQ T`QpB/2 � bi�M/�`/Bx2/ ;2M2`�iBQM iQQH 7Q`
2p�Hm�iBM; �M/ +QKT�`BM; b+?2/mHBM; K2i?Q/bX AM /QBM; bQ- i?2 K�BM ;Q�H Q7 i?2 �mi?Q`b
r�b iQ T`QpB/2 � iQQH +�T�#H2 Q7 ;2M2`�iBM; /Bz2`2Mi ivT2b Q7 ;`�T?b �M/ +QM};m`BM; K�Mv
T`QT2`iB2b Q7 i?2 ;2M2`�i2/ ;`�T?b (._qN3)X >Qr2p2`- i?2 QmiTmi �b b22M BM 6B;m`2 9XR
Bb 7�` �r�v 7`QK i?2 H�vQmi r2 b�r BM i?2 `272`2M+2 �L. BM 6B;m`2 kXdc i?mb- i?2 ;`�T?
/`�rBM; Bb MQi mb�#H2 7Q` mbX AM �//BiBQM- r2 H�i2` BMi`Q/m+2 +2`i�BM `2bi`B+iBQMb r2 r�Mi
iQ ?�p2 /m`BM; i?2 +`2�iBQM- r?B+? +�M MQi #2 �bbm`2/ r?2M mbBM; i?Bb ;2M2`�iBQM iQQH
U2X;X- `2bi`B+iBM; i?2 2/;2 H2M;i? Q` i?2 MmK#2` Q7 H�v2`bVX

9XkX amKK�`v
q2 ?�p2 T`2b2Mi2/ � ;2M2`�iBQM iQQH bmBi�#H2 7Q` ;2M2`�iBM; bvMi�+iB+�HHv p�HB/ �L.b-
#mi bBM+2 Bi r�b /2p2HQT2/ 7Q` � /Bz2`2Mi /QK�BM- QM2 rQmH/ M22/ iQ +QMp2`i p2`iB+2b
�M/ 2/;2b BMiQ �+iBpBiB2b �M/ /2T2M/2M+B2b rBi? i?2B` `2bT2+iBp2 T`QT2`iB2bX 6m`i?2`KQ`2-
�Hi?Qm;? Bi Bb ?B;?Hv +QM};m`�#H2- Bi H�+Fb +QM};m`�iBQM QTiBQMb M22/2/ 7Q` 2t@i�bFbX

h?2`2 Bb �HbQ � ;2M2`�iQ` 7Q` �P� M2irQ`Fb T`QTQb2/ BM (�1>Ne)- �M/ QM2 7Q` �PL
M2irQ`Fb BM (.o>yj)X >Qr2p2`- #Qi? �TT`Q�+?2b 7Q+mb QM +`2�iBM; ?�`/ T`QD2+i K�M�;2@
K2Mi T`Q#H2Kb U2X;X- +QMbB/2`BM; HBKBi2/ `2bQm`+2 �M/ i?2B` �HHQ+�iBQMV iQ 2p�Hm�i2 i?2
T2`7Q`K�M+2 Q7 TH�MMBM; K2i?Q/b- �M/ bBM+2 i?2 H2+im`2 �L.b /Q MQi +QMbB/2` `2bQm`+2
�HHQ+�iBQM- i?2v �`2 Q7 MQ mb2 7Q` mbX

6m`i?2`KQ`2- /m2 iQ i?2 H2+im`2Ƕb T�`iB+mH�` �L. bi`m+im`2 U2X;X- /2T2M/2M+B2b ;Q
Qmi QM i?2 H27i �M/ `B;?i /2T2M/BM; QM i?2B` ivT2V- i?2`2 2tBbi MQ iQQHb Q` K2i?Q/b 7Q`
�miQK�iB+�HHv +`2�iBM; � /`�rBM; Q7 bm+? �M �L.X >2M+2- r2 M22/ iQ BMi`Q/m+2 � T`QT2`
K2i?Q/ iQ /Q i?BbX

R9



8X *QM+2Tim�H 6QmM/�iBQMb
h?Bb +?�Ti2` BMi`Q/m+2b +QM+2Tib i?�i r2 rBHH mb2 Q` 2ti2M/ BM i?2 7QHHQrBM; +?�Ti2`bX
q2 }`bi BMi`Q/m+2 � K2i?Q/ 7Q` ;2M2`�iBM; ;`�T?bX h?2M r2 BMi`Q/m+2 � ;2M2`�H b2i Q7
`mH2b i?�i /2}M2 r?2M � ;`�T? Bb +QMbB/2`2/ `2�/�#H2 �M/ 2tTH�BM ivTB+�H bi2Tb i?�i �
;`�T? ;Q2b i?`Qm;? iQ b�iBb7v i?2b2 `mH2bX

8XRX :2M2`�iBQM J2i?Q/
h?Bb b2+iBQM BMi`Q/m+2b i?2 ;`�T? ;2M2`�iBQM K2i?Q/ i?�i r2 #�b2 Qm` �L. ;2M2`�iBQM
QM- �M/ r?v r2 +�M MQi /B`2+iHv mb2 BiX

h?2 H�v2`@#v@H�v2` K2i?Q/ Bb mb2/ iQ +`2�i2 .�:bX hQ /Q i?Bb- QM2 }`bi /2}M2b i?2
MmK#2` Q7 p2`iB+2b n �M/ i?2 MmK#2` Q7 H�v2`b k i?�i QM2 r�Mib iQ ;2M2`�i2X h?2 K2i?Q/-
i?2M- +QMbB/2`b 2p2`v TQbbB#H2 7Q`r�`/ 2/;2 UBX2X- �M 2/;2 7`QK � H�v2` x iQ � H�v2` x+ i
rBi? i > 0V �M/ +`2�i2b i?2K rBi? � T`2/2}M2/ T`Q#�#BHBiv pX 6Q` 2t�KTH2- � p2`i2t BM
i?2 }`bi H�v2` +QMbB/2`b �HH p2`iB+2b 7`QK H�v2` 2 iQ H�v2` k �M/ +`2�i2b �M 2/;2 iQ 2�+?
rBi? � T`Q#�#BHBiv Q7 p (*Q`YRyc *a>RN)X

h?2 T`Q#H2K rBi? i?Bb K2i?Q/ Bb i?�i Bi T`Q/m+2b .�:b rBi? T`QT2`iB2b i?�i �`2
mM7�pQ`�#H2 iQ mbX 6Q` 2t�KTH2- Bi �Hr�vb +QMbB/2`b �HH TQbbB#H2 7Q`r�`/ /2T2M/2M+B2b
rBi?Qmi �Mv +QMbi`�BMibX h?2`27Q`2- i?2 p2`iB+2b BM i?2 }`bi H�v2` rBHH KQbi HBF2Hv ?�p2
i?2 KQbi 2/;2b- �M/ i?2 7m`i?2` #�+F � p2`i2t Bb- i?2 72r2` 2/;2b Bi rBHH ?�p2X 6Q` i?Bb
`2�bQM- r2 rBHH mb2 i?2 #�bB+ B/2� Q7 i?2 H�v2`@#v@H�v2` K2i?Q/ iQ QMHv ;2M2`�i2 7Q`r�`/
2/;2b �M/ 2ti2M/ Bi iQ K�i+? i?2 +QMbi`�BMib r2 H�i2` /2}M2X

8XkX .`�r � .B`2+i2/ :`�T?
h?Bb b2+iBQM /2b+`B#2b i?2 ;2M2`�H �TT`Q�+? 7Q` /`�rBM; /B;`�T?bX AM /QBM; bQ- r2 BM@
i`Q/m+2 � ;2M2`�H b2i Q7 `mH2b i?�i /2}M2 i?2 T`QT2`iB2b i?�i � r2HH@`2�/�#H2 �M/ mM/2`@
bi�M/�#H2 ;`�T? /`�rBM; b?QmH/ b�iBb7vX h?2b2 `mH2b �`2 M2+2bb�`v #2+�mb2 r2HH@`2�/�#H2
�M/ mM/2`bi�M/�#H2 �`2 bm#D2+iBp2 MQiBQMbX q2 i?2M T`2b2Mi i?2 ivTB+�H bi2Tb i�F2M iQ
b�iBb7v i?2K- r?B+? r2 H�i2` �/�Ti 7Q` Qm` M22/bX

8XkXRX :2M2`�H .B;`�T? .`�rBM; _mH2b
h?2`2 �`2 b2p2`�H `mH2b mb2/ BM HBi2`�im`2 i?�i /2}M2b � r2HH@`2�/�#H2 �M/ mM/2`bi�M/�#H2
;`�T? /`�rBM;X q2 rBHH MQr mb2 i?2 `mH2b bm++BM+iHv /2}M2/ #v "�bi2`i 2i �HX BM ("JyR),

R8



8X *QM+2Tim�H 6QmM/�iBQMb

Ç 1/;2b b?QmH/ T`BK�`BHv TQBMi BM � bBM;H2 /B`2+iBQM

Ç o2`iB+2b b?QmH/ #2 2p2MHv /Bbi`B#mi2/

Ç GQM; 2/;2b b?QmH/ #2 �pQB/2/

Ç *`QbbBM;b #2ir22M 2/;2b b?QmH/ #2 �pQB/2/ �b Km+? �b TQbbB#H2

Ç 1/;2b b?QmH/ +QMi�BM �b 72r #2M/b �b TQbbB#H2

o�`BQmb `2H�i2/ T`Q+2/m`2b �`2 mb2/ iQ +`2�i2 � ;`�T? /`�rBM; i?�i +QKTHB2b rBi? i?2
;Bp2M `mH2b- KQbi Q7 r?B+? �`2 #�b2/ QM i?2 am;Bv�K� J2i?Q/ (ahh3R)X h?2 am;Bv�K�
K2i?Q/ +QMbBbib Q7 7Qm` bi2Tb, i`�Mb7Q`KBM; i?2 ;`�T? BMiQ � T`QT2` ?B2`�`+?v- `2/m+@
BM; 2/;2 +`QbbBM;b- /2i2`KBMBM; p2`i2t TQbBiBQMb- �M/ H�biHv- /`�rBM; i?2 ;`�T? ("JyRc
ahh3R)X AM i?2 7QHHQrBM;- r2 /2b+`B#2 i?2b2 bi2TbX

8XkXkX G�v2` �bbB;MK2Mi

"27Q`2 i?2 H�v2` �bbB;MK2Mi- QM2 Kmbi mbm�HHv i`�Mb7Q`K � /B;`�T? BMiQ � T`QT2` .�:
#v `2KQpBM; +v+H2b (1s3N)- #mi bBM+2 r2 QMHv +QMbB/2` .�:b BM i?Bb i?2bBb- r2 +�M QKBi
i?Bb bi2T ?2`2X

1�+? p2`i2t BM i?2 .�: Bb i?2M �bbB;M2/ iQ � T`QT2` H�v2` �b /2}M2/ BM b2+iBQM kXRX
AM i?Bb bi2T- QM2 mbm�HHv i2KTQ`�`BHv BMb2`ib /mKKv p2`iB+2b BMiQ i?2 ;`�T?- mb2/ QMHv
iQ ?�p2 2/;2b #2ir22M irQ +QMb2+miBp2 H�v2`bX 6Q` 2t�KTH2- QM2 rQmH/ �// � /mKKv
p2`i2t BM H�v2` 2 r?2M ?�pBM; �M 2/;2 #2ir22M H�v2` 1 �M/ 3X h?2 2/;2 rQmH/ i?2M
#2 `2T`2b2Mi2/ #v i?2 irQ 2/;2b #2ir22M i?2 bQm`+2 �M/ /mKKv �M/ /mKKv �M/ i?2
i�`;2i p2`i2tX h?Bb Bb /QM2 #2+�mb2 QMHv +QMbB/2`BM; 2/;2b #2ir22M +QMb2+miBp2 H�v2`b
bBKTHB}2b i?2 +`QbbBM; `2/m+iBQM �TTHB2/ H�i2`X AM �//BiBQM- i?2 /mKKv p2`iB+2b �`2 �HbQ
mb2/ iQ }M/ � T`QT2` H�vQmi UBX2X- p2`i2t TQbBiBQM BM i?2 /`�rBM;V BM i?2 }M�H /`�rBM;
bi2T ("JyRc 1qN9)X h?2 /Bb�/p�Mi�;2 Q7 i?Bb �TT`Q�+? Bb i?�i QM2 K�v ?�p2 iQ �// �
HQi Q7 bm+? /mKKv p2`iB+2b (>Lyk)X

q2 /Q MQi +QMbB/2` /mKKv p2`iB+2b H�i2` �M/ �/�Ti i?2 7QHHQrBM; �TT`Q�+?2b iQ MQi
`2Hv QM i?2KX h?2 ;2M2`�H `2�bQM r?v r2 /Q MQi mb2 i?2K Bb i?2 mMB[m2 /2T2M/2M+v
H�vQmi Q7 �L.b- r?2`2 /mKKv p2`iB+2b �`2 Q7 MQ mb2 BM i?2 H�vQmi bi2TX q2 2tTH�BM i?Bb
BM KQ`2 /2i�BH BM b2+iBQM eX8X

q2 MQr T`2b2Mi � bBKTH2 K2i?Q/ 7Q` �TTHvBM; � T`QT2` H�v2`BM;- i?2 GQM;2bi S�i?
�H;Q`Bi?K UGSJVX h?2 GSJ �bbB;Mb � p2`i2t iQ � H�v2` #�b2/ QM i?2 HQM;2bi T�i? 7`QK
i?2 p2`iB+2b rBi? MQ T`2/2+2bbQ`b U+�HH2/ `QQi p2`iB+2bV iQ Bib2H7 (h*y3c >Lyk)X 6Q`
2t�KTH2- �bbmKBM; i?2 `QQi p2`iB+2b �`2 BM L1- � p2`i2t v ;2ib �bbB;M2/ iQ i?2 H�v2` Ln-
r?2`2 n = H2M;i?(HQM;2biS�i?hQ_QQi(v)) + 1X "v /QBM; bQ- r2 �bbB;M i?2 }`bi TQbbB#H2
H�v2` iQ 2�+? p2`i2t r?B+? H2�/b iQ � H�v2`BM; rBi? i?2 KBMBKmK ?2B;?i- r?B+? Q7i2M
H2�/b iQ � /2Mb2 +Hmbi2`BM; Q7 p2`iB+2b M2�` i?2 `QQib (h*y3)X q2 +�M /B`2+iHv �TTHv i?Bb
iQ Qm` �L.b bBM+2 r2 QMHv ?�p2 � bBM;H2 `QQi p2`i2t- i?2 bi�`i rQ`F T�+F�;2X 6Q` KQ`2
H�v2`BM; �H;Q`Bi?Kb- `272` iQ (h*y3)X

Re



8XkX .`�r � .B`2+i2/ :`�T?

8XkXjX *`QbbBM; _2/m+iBQM
AM i?Bb bi2T- �7i2` ;2iiBM; � T`QT2` H�v2`BM;- QM2 i`B2b iQ }M/ � p2`i2t Q`/2`BM; i?�i `2/m+2b
i?2 MmK#2` Q7 +`QbbBM;b #2ir22M 2/;2b �b Km+? �b TQbbB#H2X h?Bb T`Q#H2K Bb- BM ;2M2`�H-
LS@+QKTH2i2c i?mb- i?2`2 2tBbib MQ 2{+B2Mi �H;Q`Bi?K bQHpBM; Bi (:C3j)X h?2`27Q`2- bQK2
?2m`BbiB+b �`2 mb2/ iQ KBMBKBx2 +`QbbBM;b r?BH2 biBHH #2BM; `2H�iBp2Hv 2{+B2MiX >Qr2p2`-
Bi Bb 2bb2MiB�H iQ K2MiBQM i?�i i?2 K2i?Q/b r2 BMi`Q/m+2 BM i?2 7QHHQrBM; �`2 ivTB+�HHv
�TTHB2/ iQ MQ`K�H .�:b UBX2X- bi`�B;?i HBM2b- 2/;2b H2�p2 p2`iB+2b �i �Mv TQBMi- QMHv 2/;2b
#2ir22M +QMb2+miBp2 H�v2`bV- �M/ �L.b ?�p2 � /Bz2`2Mi bi`m+im`2X q2 �//`2bb i?Bb #v
BMi`Q/m+BM; �M �#bi`�+i pB2r Q7 i?2 �L. �M/ BMi`Q/m+BM; T`QT2` K2i?Q/b iQ ?�M/H2
2/;2b #2ir22M H�v2`b i?�i �`2 KQ`2 i?�M QM2 H�v2` �T�`iX

h?2 `2K�BM/2` Q7 i?Bb b2+iBQM KQbiHv +QMbB/2`b i?2 +`QbbBM; BKT`Qp2K2Mi #2ir22M irQ
+QMb2+miBp2 H�v2`bX h?2`27Q`2- QM2 Q7i2M mb2b #BT�`iBi2 ;`�T?b iQ /2b+`B#2 i?2 �TT`Q�+?2bX
� #BT�`iBi2 ;`�T? Bb �M mM/B`2+i2/ ;`�T? G = (V,E) r?2`2 Bi Bb TQbbB#H2 iQ T�`iBiBQM
L BMiQ irQ b2ib L1- �M/ L2 BM bm+? � r�v i?�i i?2`2 �`2 QMHv 2/;2b 7`QK L1 iQ L2 Q`
pB+2 p2`b� UBX2X- B7 (v, u) ∈ E i?2M v ∈ L1 �M/ u ∈ L2- Q` v ∈ L2 �M/ u ∈ L1VX h?2
Q`/2`BM; Q7 i?2 p2`iB+2b BM L1 �M/ L2 +�M #2 /2MQi2/ �b π1 �M/ π2 ("JyR)X q2 2tTH�BM
� K2i?Q/ i?�i mb2b i?2 +`QbbBM; `2/m+iBQM #2ir22M irQ +QMb2+miBp2 H�v2`b- �M/ 2ti2M/
i?Bb �TT`Q�+? iQ #2 �#H2 iQ ?�M/H2 ;`�T?b rBi? KQ`2 i?�M irQ H�v2`bX

PTiBK�H �bbB;MK2Mi rBi? S2`Kmi�iBQM J2i?Q/

PM2 +�M }M/ i?2 QTiBK�H Q`/2`BM; Q7 i?2 p2`iB+2b BM L1 �M/ L2 #v +�H+mH�iBM; i?2 MmK#2`
Q7 +`QbbBM;b 7Q` 2�+? TQbbB#H2 T2`Kmi�iBQM �M/ i?2M mbBM; i?2 Q`/2`BM; i?�i `2bmHib BM i?2
72r2bi +`QbbBM;bX h?2 T`Q#H2K Bb i?�i i?2 MmK#2` Q7 T2`Kmi�iBQMb Bb H�`;2 2p2M r?2M
+QMbB/2`BM; QMHv � 72r p2`iB+2bc i?mb- i?Bb �TT`Q�+? Bb MQi 72�bB#H2 7Q` KQbi ;`�T?b UBX2X-
Bi rQmH/ #2 iBK2@#QmM/ #v M@7�+iQ`B�H Un!V r?2`2 n Bb i?2 MmK#2` Q7 p2`iB+2bVX 1p2M
`2bi`B+iBM; Bi iQ }M/ �M Q`/2`BM; Q7 QM2 T�`iBiBQM r?BH2 i?2 Qi?2` Bb }t2/ Bb biBHH p2`v
BM2{+B2Mi (CJNe)X

G�v2`@#v@G�v2` ar22T

.m2 iQ i?2 /B{+mHiv Q7 `2/m+BM; +`QbbBM; #2ir22M irQ +QMb2+miBp2 H�v2`b r?2`2 #Qi?
+�M #2 T2`Kmi2/- i?2 KQbi +QKKQM K2i?Q/ �Hr�vb +QMbB/2`b QM2 H�v2` Kmi�#H2 �M/ �HH
Qi?2` H�v2`b }t2/X h?2 T`Q#H2K Q7 i?Bb �TT`Q�+? Bb i?�i Bi Bb- BM KQbi +�b2b- MQi TQbbB#H2
iQ }M/ �M Q`/2`BM; rBi? �b 72r +`QbbBM;b �b TQbbB#H2 #v Dmbi `2Q`/2`BM; p2`iB+2b BM QM2
H�v2` (CJNe)X

h?2 H�v2`@#v@H�v2` br22T- Bb mb2/ iQ ?�M/H2 i?2 T`Q#H2K Q7 Dmbi `2Q`/2`BM; � bBM;H2
H�v2`X AM i?2 }`bi bi2T Q7 i?2 H�v2`@#v@H�v2` br22T- QM2 �bbB;Mb 2�+? p2`i2t � TQbBiBQM
rBi?BM Bib H�v2` UBX2X- +`2�i2 �M BMBiB�H H�v2` Q`/2`BM;VX h?2M- BM i?2 7Q`r�`/ br22T- QM2
Bi2`�i2b 7`QK i?2 b2+QM/ iQ i?2 H�bi H�v2`- �M/ 7Q` 2�+? H�v2` i ∈ {2, 3, ..., h} r?2`2 h Bb
i?2 ?2B;?i Q7 i?2 ;`�T?- QM2 }t2b i?2 H�v2` Li−1X PM2 i?2M mb2b � ?2m`BbiB+ iQ `2/m+2 i?2
MmK#2` Q7 +`QbbBM;b #2ir22M irQ +QMb2+miBp2 H�v2`b r?B+? T`Q/m+2b � M2r Q`/2`BM; Q7
H�v2` LiX AM i?2 #�+Fr�`/ br22T- QM2 `mMb 7`QK i?2 T2MmHiBK�i2 H�v2`- Lh−1- iQ i?2 }`bi

Rd



8X *QM+2Tim�H 6QmM/�iBQMb

H�v2`- L1- BM 2�+? bi2T }tBM; H�v2` Li+1X PM2 i?2M �;�BM �TTHB2b i?2 +`QbbBM; `2/m+iBQM
?2m`BbiB+ QM i?2 H�v2` LiX h?2 7Q`r�`/ �M/ #�+Fr�`/ br22T Bb i?2M `2T2�i2/ mMiBH i?2
?2m`BbiB+ +�M MQ HQM;2` `2/m+2 i?2 +`QbbBM;b rBi?BM i?2 ;`�T? (1aEy8c 1qN9)X

6Q` 2t�KTH2- r?2M +QMbB/2`BM; � #BT�`iBi2 ;`�T?- QM2 rQmH/ }`bi }t i?2 }`bi H�v2` BM
i?2 7Q`r�`/ br22TX PM2 i?2M �TTHB2b � ?2m`BbiB+ i?�i i`B2b iQ }M/ �M Q`/2`BM; Q7 i?2
b2+QM/ H�v2` i?�i T`Q/m+2b 72r2` +`QbbBM;b i?�M i?2 +m``2Mi Q`/2`BM;X AM i?2 #�+Fr�`/
br22T- QM2 rQmH/ i?2M }t i?2 b2+QM/ H�v2` �M/ �TTHv i?2 ?2m`BbiB+ iQ i?2 }`bi H�v2`X h?2
T`Q+2/m`2 i?2M `2T2�ib mMiBH MQ BKT`Qp2K2Mi +�M #2 7QmM/ �MvKQ`2X

h?2 `2bmHib T`Q/m+2/ #v i?2 H�v2`@#v@H�v2` br22T �`2 bQK2iBK2b MQi QTiBK�HX >Qr2p2`-
bBM+2 +QMbB/2`BM; �HH H�v2`b bBKmHi�M2QmbHv Bb � +?�HH2M;BM; T`Q#H2K- Bi Bb biBHH � `2�bQM�#H2
�TT`Q�+?X L2p2`i?2H2bb- QM2 +�M 2ti2M/ i?2 H�v2`@#v@H�v2` br22T rBi? � `�M/QKBx�iBQM
Q7 i?2 Q`/2`BM; ("JyR)X h?Bb `�M/QKBx�iBQM +�M #2 �TTHB2/ B7 i?2 H�v2`@#v@H�v2` br22T
+�M MQi 7m`i?2` BKT`Qp2 i?2 ;`�T?X AM i?Bb +�b2- QM2 �TTHB2b � M2r `�M/QK Q`/2`BM;
iQ 2�+? H�v2` �M/ bi�`ib �;�BM rBi? i?2 H�v2`@#v@H�v2` br22TX "v `2T2�iBM; i?Bb T`Q+2bb
b2p2`�H iBK2b- QM2 K�v }M/ � #2ii2` `2bmHiX

"�`v+2Mi2` >2m`BbiB+

h?Bb b2+iBQM Bb T`BK�`BHv #�b2/ QM ("JyR)X
PM2 ?2m`BbiB+ i?�i +�M #2 mb2/ BM i?2 H�v2`@#v@H�v2` br22T �b +`QbbBM; BKT`Qp2K2Mi Bb

i?2 "�`v+2Mi2` >2m`BbiB+X AM ;2M2`�H- Bi i`B2b iQ �bbB;M M2B;?#Q`BM; p2`iB+2b +HQb2 iQ 2�+?
Qi?2` r?B+? Bb #�b2/ QM i?2 BMimBiBQM i?�i TH�+BM; �/D�+2Mi p2`iB+2b +HQb2 iQ 2�+? Qi?2`
b?QmH/ QMHv T`Q/m+2 � 72r +`QbbBM;bX

h?Bb ?2m`BbiB+ }`bi +�H+mH�i2b- 7Q` 2�+? p2`i2t BM � H�v2`- i?2 �p2`�;2 TQbBiBQM Q7
i?2B` M2B;?#Q`bX q2 }`bi /2}M2 i?2 b2i Q7 M2B;?#Q`BM; p2`iB+2b N(u) r?2`2 N(u) =
{w | (u,w) ∈ E, Q` (w, u) ∈ E} �M/ mb2 Bi iQ +�H+mH�i2 i?2 #�`v+2Mi2` p�Hm2 7Q` p2`i2t
u �b 7QHHQrb,

#�`v(u) = 1

/2;−(u) + /2;+(u)
∑

w∈N(u)

πi(w), rBi? w ∈ Li U8XRV

�7i2` ;2iiBM; �HH i?2 #�`v+2Mi2` p�Hm2b 7Q` QM2 H�v2`- QM2 +�M bQ`i i?2 p2`iB+2b Q7 i?�i
H�v2` #v i?2B` #�`v+2Mi2` p�Hm2b �M/ �bbB;M � M2r TQbBiBQM #�b2/ QM i?2 bQ`iBM;X

:`22/v arBi+? >2m`BbiB+

h?Bb b2+iBQM Bb #�b2/ +?B2~v QM ("JyR)X
h?2 :`22/v arBi+? >2m`BbiB+ rQ`Fb [mBi2 bBKBH�`Hv iQ i?2 "m##H2bQ`i �H;Q`Bi?KX Ai

�Hr�vb +QMbB/2`b irQ M2B;?#Q`BM; T�B`b Q7 p2`iB+2b BM QM2 H�v2`- +�H+mH�i2b i?2 BMBiB�H
MmK#2` Q7 +`QbbBM;b- �M/ i?2 MmK#2` Q7 +`QbbBM;b i?2`2 rQmH/ #2 B7 i?2 p2`iB+2b r2`2
brBi+?2/X A7 br�TTBM; i?2 irQ p2`iB+2b rQmH/ `2bmHi BM 72r2` +`QbbBM;b- QM2 �TTHB2b Bic
Qi?2`rBb2- MQi?BM; +?�M;2bX h?Bb T`Q+2/m`2 Bb i?2M �TTHB2/ iQ �HH +QMb2+miBp2 T�B`b Q7
p2`iB+2b BM i?2 H�v2`X h?2 ;`22/v brBi+? ?2m`BbiB+ Bb T2`72+i 7Q` � TQbi@T`Q+2bbBM; bi2T
#2+�mb2- mMHBF2 Qi?2` ?2m`BbiB+b- Bi M2p2` r?QHHv +?�M;2b i?2 Q`/2`- #mi QMHv �/Dmbib Bi
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r?2M i?2`2 Bb �M 2M?�M+2K2MiX h?mb- Bi +�M #2 ?2HT7mH iQ mb2 Bi BM +QK#BM�iBQM rBi?
Qi?2` ?2m`BbiB+b bm+? �b i?2 #�`v+2Mi2` ?2m`BbiB+ (GJoNd)X

8XkX9X SQbBiBQM �bbB;MK2Mi
h?2 H�bi bi2T Bb mb2/ iQ �bbB;M 2�+? p2`i2t �M 2t�+i TQbBiBQM rBi?BM i?2 ;`�T? #�b2/
QM i?2 +�H+mH�i2/ H�v2` �M/ H�v2` Q`/2`X >2`2- QM2 ivTB+�HHv ?�b iQ `2KQp2 i?2 /mKKv
p2`iB+2b �M/ mb2 i?2K �b #2M/ TQbBiBQMbX >Qr2p2`- r2 ?�M/H2 i?Bb bi2T /Bz2`2MiHv bBM+2
r2 /B/ MQi mb2 /mKKv p2`iB+2b �M/ �L.b ?�p2 iQ #2 /`�rM /Bz2`2MiHv /m2 iQ i?2 mMB[m2
H�vQmi Q7 /2T2M/2M+B2bX

RN





eX *QM+2Ti
h?2 Qp2`�HH T`Q#H2K r2 r�Mi iQ bQHp2 BM i?Bb +?�Ti2` Bb iQ #2 �#H2 iQ ;2M2`�i2 �L.b rBi?
� r2HH@`2�/�#H2 QmiTmi iQ #2 mb2/ �b 2t@i�bFbX >�pBM; � r2HH@`2�/�#H2 QmiTmi `2/m+2b i?2
MmK#2` Q7 K�Mm�H +?�M;2b QM2 M22/b iQ �TTHv �7i2` ;2M2`�iBQM- bBM+2 QM2 /Q2b MQi ?�p2
iQ `2bi`m+im`2 i?2 r?QH2 �L. iQ mb2 BiX q2 b�r BM b2+iBQM 8Xk ?Qr QM2 +�M ivTB+�HHv
�+?B2p2 bm+? QmiTmi 7Q` bi�M/�`/ ;`�T?bX >Qr2p2`- i?2 �L.b r2 r�Mi iQ ;2M2`�i2 ?�p2
� T�`iB+mH�` bi`m+im`2 i?�i /2pB�i2b bB;MB}+�MiHv 7`QK bm+? bi�M/�`/ ;`�T?bX

q2 bi�`i #v BMi`Q/m+BM; i?2 2H2K2Mib Q7 i?2 �L.b bi`m+im`2 �M/ i?2 T`Q#H2Kb i?2v
+�mb2X h?2M r2 /2b+`B#2 i?2 �L. �#bi`�+iBQM r2 mb2 iQ �pQB/ i?2b2 T`Q#H2KbX h?Bb
�#bi`�+iBQM Bb i?2M mb2/ i?`Qm;?Qmi i?Bb +?�Ti2` iQ +`2�i2 �M �L. �M/ �TTHv bT2+B}+
+?�M;2b iQ Bi- bQ Bi +�M i?2M #2 i`�Mb7Q`K2/ BMiQ i?2 H2+im`2Ƕb �L. bi`m+im`2X

eXRX PmiTmi �+iBpBiv L2irQ`F ai`m+im`2
h?Bb b2+iBQM BMi`Q/m+2b i?2 2bb2MiB�H 2H2K2Mib Q7 i?2 H2+im`2Ƕb �L. bi`m+im`2X q2 �HbQ
2tTH�BM i?2 /B{+mHiB2b i?2v +�mb2- r?B+? �`2 i?2 K�BM `2�bQM r2 BMi`Q/m+2 i?2 �L.
�#bi`�+iBQMX AM i?2 }M�H bi2T- r2 `2im`M iQ i?2 H2+im`2Ƕb �L. bi`m+im`2 �M/ i`�Mb7Q`K
i?2 �L. �#bi`�+iBQM BMiQ BiX

eXRXRX "2M/b
h?2 KQbi bB;MB}+�Mi /Bz2`2M+2 #2ir22M �L.b mbBM; i?2 H2+im`2 bi`m+im`2 �M/ bi�M/�`/
;`�T?b Bb i?2 mMB[m2 /2T2M/2M+v TH�+2K2MiX q?2M HQQFBM; �i 6B;m`2 eXR- QM2 +�M b22
i?�i r2 /Q MQi +QMbB/2` � /2T2M/2M+v iQ #2 � bi`�B;?i HBM2 #2ir22M i?2 bQm`+2 �M/ i�`;2i
rQ`F T�+F�;2bX 6Q` mb- � /2T2M/2M+v mbm�HHv +QMbBbib Q7 �i H2�bi irQ #2M/b rBi? �M �M;H2
Q7 Ny /2;`22bX h?2 T`Q#H2K Bb i?�i- BM +QMi`�bi iQ Dmbi ?�pBM; � bi`�B;?i HBM2- i?2`2 �`2
K�Mv TQbbB#BHBiB2b iQ TH�+2 i?2b2 #2M/bX 6Q` 2t�KTH2- r?2M +QMbB/2`BM; i?2 /2T2M/2M+v
�"- QM2 +�M b22 i?�i Bi ?�b QM2 Ny /2;`22 #2M/ +HQb2 iQ � �M/ �MQi?2` QM2- 7m`i?2`
�#Qp2- mb2/ iQ `2�+? "X >Qr2p2`- r2 +QmH/ KQp2 #Qi? #2M/b 7m`i?2` iQ i?2 H27i Q` `B;?i-
`2bmHiBM; BM � /Bz2`2Mi /`�rBM; Q7 i?2 b�K2 /2T2M/2M+vX h?2`27Q`2- BM +QMi`�bi iQ �
bi�M/�`/ ;`�T?- r2 ?�p2 K�Mv TQbbB#BHBiB2b iQ /`�r � /2T2M/2M+v- r?B+? /Bz2` #v i?2B`
#2M/ TQbBiBQMbX

eXRXkX Pmi@:QBM; �M/ AM@:QBM; SQbBiBQMb
.2T2M/2M+B2b rBi?BM i?2 �L. H2�p2 i?2 bQm`+2 �M/ 2Mi2` i?2 i�`;2i rQ`F T�+F�;2 QM
/Bz2`2Mi bB/2b /2T2M/BM; QM i?2 �+im�H /2T2M/2M+v ivT2X 6Q` 2t�KTH2- BM 6B;m`2 eXR i?2
/2T2M/2M+v �* H2�p2b �M/ �HbQ 2Mi2`b QM i?2 `B;?i bB/2c i?mb- Bi Bb � 66 /2T2M/2M+vX

kR
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AB

A

C

B

AC

6B;m`2 eXRX, 1t�KTH2 bMBTT2i Q7 �M �L. �b /2}M2/ BM i?2 H2+im`2

>Qr2p2`- i?2 T`Q#H2K Bb i?�i i?2 �+im�H TQbBiBQM r?2`2 � /2T2M/2M+v H2�p2b � rQ`F
T�+F�;2 QM Bib /2bB;M�i2/ bB/2 Bb MQi /2}M2/X h?2`27Q`2- i?2 /2T2M/2M+v �* +QmH/ Dmbi
�b r2HH ;Q Qmi BM i?2 mTT2` `B;?i +Q`M2` Q7 rQ`F T�+F�;2 �X � ?mK�M rQmH/ [mB+FHv b22
i?�i bm+? � TH�+2K2Mi rQmH/ #2 mM`2�bQM�#H2- bBM+2 i?2 /2T2M/2M+v i�`;2i Bb #2HQr �X
>Qr2p2`- bBM+2 r2 r�Mi iQ �miQK�i2 i?Bb T`Q+2bb- r2 Kmbi /2}M2 +QM+`2i2 `mH2b 7Q` i?2
2tBi �M/ 2Mi`v TQbBiBQMbX

eXRXjX *QM+HmbBQM
q2 b22 i?�i i?2 /`�rBM; bi2T Bb #�b2/ QM K�Mv /2+BbBQMb i?�i ?�p2 iQ #2 K�/2X 6Q`
2�+? /2T2M/2M+v- QM2 ?�b iQ /2+B/2 r?2`2 Bi H2�p2b �M/ 2Mi2`b � rQ`F T�+F�;2 �M/ r?2`2
Bib #2M/b b?QmH/ #2 TH�+2/X h?2`27Q`2- r2 QMHv +`2�i2 i?2 �+im�H /`�rBM; bi`m+im`2
/Bb+mbb2/ BM i?Bb b2+iBQM BM i?2 }M�H /`�rBM; bi2T- �M/ rQ`F rBi? �M �L. �#bi`�+iBQM BM
i?2 T`2+2/BM; bi2TbX h?Bb �#bi`�+iBQM Bb BKTQ`i�Mi #2+�mb2 Bi �HHQrb +2`i�BM BMi2`K2/B�i2
bi2Tb iQ #2 T2`7Q`K2/- BM �//BiBQM iQ �HbQ bBKTHB7vBM; Qi?2` BMi2`K2/B�i2 bi2TbX

eXkX �#bi`�+i2/ �+iBpBiv L2irQ`F .B�;`�K
q2 BMi`Q/m+2 i?2 7QHHQrBM; �L. �#bi`�+iBQM iQ K�F2 i?2 bi2Tb mMiBH i?2 �+im�H /`�rBM;
BM/2T2M/2Mi 7`QK /`�rBM; /2+BbBQMb- r?BH2 biBHH +�Tim`BM; �b Km+? BM7Q`K�iBQM �b TQbbB@
#H2X AM ;2M2`�H- r2 +QmH/ �HbQ /B`2+iHv rQ`F rBi? i?2 BMi`Q/m+2/ H2+im`2 �L. bi`m+im`2-
;BpBM; i?2 #2bi `2bmHibX >Qr2p2`- �Hr�vb +QMbB/2`BM; i?2 H2+im`2Ƕb bi`m+im`2 +`2�i2b K�Mv
T`Q#H2Kb �M/ K�F2b +2`i�BM K2i?Q/b iQQ +QKTH2t �M/ BM2{+B2MiX q2 }`bi BMi`Q/m+2 i?2
�#bi`�+i2/ rQ`F T�+F�;2b �M/ i?2M #`B2~v 2tTH�BM i?2 �#bi`�+iBQM Q7 /2T2M/2M+B2bX

eXkXRX qQ`F S�+F�;2 �#bi`�+iBQM
hQ bBKTHB7v i?2 +QM+2Ti Q7 rQ`F T�+F�;2b- r2 bi�`i #v +QMbB/2`BM; i?2 T`2pBQmb �L.
rBi?BM � ;`B/ Ub22 6B;m`2 eXkVX h?2 t@�tBb /2b+`B#2b i?2 H�v2` Q7 � rQ`F T�+F�;2- �M/
i?2 v@�tBb Bib TQbBiBQM rBi?BM i?2 H�v2`X �HH rQ`F T�+F�;2b i?�i �`2 QM i?2 b�K2 p2`iB+�H
HBM2 ;2ib �bbB;M2/ i?2 b�K2 H�v2` U2X;X- L1 = {A}- �M/ L2 = {B,C}VX �//BiBQM�HHv- r2
BMi`Q/m+2 irQ `Qr TQbBiBQMb, i?2 �#bQHmi2 `Qr TQbBiBQM �M/ i?2 `2H�iBp2 TQbBiBQMX q2 mb2
i?2 �#bQHmi2 `Qr TQbBiBQM �M/ i?2 H�v2` iQ /2}M2 i?2 2t�+i TQbBiBQM Q7 �M �#bi`�+i2/ rQ`F

kk



eXkX �#bi`�+i2/ �+iBpBiv L2irQ`F .B�;`�K

T�+F�;2X h?Bb �HHQrb mb iQ +�H+mH�i2 +`QbbBM;b H�i2`- �M/ ?2HTb /m`BM; i?2 i`�Mb7Q`K�iBQM
iQ i?2 H2+im`2Ƕb �L. 7Q`K�i BM i?2 }M�H bi2TX h?2 `2H�iBp2 TQbBiBQM Bb K�BMHv mb2/ iQ
+�H+mH�i2 i?2 �#bQHmi2 `Qr TQbBiBQM- #mi Bb �HbQ M22/2/ 7Q` �M �H;Q`Bi?K mb2/ iQ `2/m+2
/2T2M/2M+v +`QbbBM;b r2 H�i2` �TTHvX

_2H�iBp2 SQbBiBQM

h?2 `2H�iBp2 TQbBiBQM /2b+`B#2b i?2 TQbBiBQM Q7 � rQ`F T�+F�;2 rBi?BM Bib H�v2` Q`/2`- BX2X-
i?2 MmK#2` Q7 rQ`F T�+F�;2b #2HQr Bib2H7X 6Q` 2t�KTH2- BM 6B;m`2 eXk rQ`F T�+F�;2 �
?�b � `2H�iBp2 TQbBiBQM Q7 x2`Q �b Bi Bb i?2 QMHv rQ`F T�+F�;2 BM i?2 }`bi H�v2`X AM +QMi`�bi-
BM i?2 b2+QM/ H�v2`- rQ`F T�+F�;2 * Bb #2HQr "- K2�MBM; " ?�b � `2H�iBp2 TQbBiBQM Q7
QM2X

�#bQHmi2 _Qr SQbBiBQM

AM +QMi`�bi iQ i?2 `2H�iBp2 TQbBiBQM- i?2 �#bQHmi2 `Qr TQbBiBQM /2b+`B#2b i?2 TQbBiBQM Q7
2�+? rQ`F T�+F�;2 BM i?2 ;HQ#�H +QMi2ti Q7 i?2 �L.X h?mb- B7 irQ rQ`F T�+F�;2b ?�p2
i?2 b�K2 �#bQHmi2 `Qr TQbBiBQM- i?2v �`2 TH�+2/ QM i?2 b�K2 ?Q`BxQMi�H HBM2 rBi?BM i?2
�L.X

absolute row 
position

layer

AB

A

C

B

AC

6B;m`2 eXkX, 1t�KTH2 bMBTT2i Q7 �M �L. �b /2}M2/ BM i?2 H2+im`2 TH�+2/ rBi?BM � ;`B/

aBM+2 r2 ;2M2`�i2 �L.b 7`QK b+`�i+?- r2 Kmbi /2}M2 � T`QT2` r�v iQ +�H+mH�i2 i?2
�#bQHmi2 `Qr TQbBiBQMX AM Q`/2` iQ /2}M2 ?Qr r2 +�H+mH�i2 i?2 �#bQHmi2 `Qr TQbBiBQM- r2
}`bi BMi`Q/m+2 i?2 irQ K�BM +QM+2Tib i?2 +�H+mH�iBQM Bb #�b2/ QMX h?2 K�BM B/2� Bb iQ
+�H+mH�i2 i?2 �#bQHmi2 `Qr TQbBiBQM- iQ #2 mb2/ /m`BM; i?2 BMi2`K2/B�i2 bi2Tb- �M/ �HbQ
iQ ?2HT BM i?2 /`�rBM; bi2T U2X;X- r2 +�M 2{+B2MiHv i`�Mb7Q`K i?2 �#bQHmi2 `Qr TQbBiBQM
BMiQ i?2 �+im�H rQ`F T�+F�;2 TQbBiBQMVX

h?2 }`bi +QM+2Ti +�M #2 b22M BM 6B;m`2 eXk r?2`2 i?2`2 Bb 2MQm;? 7`22 bT�+2 #2ir22M
irQ rQ`F T�+F�;2b rBi?BM QM2 H�v2`X h?2 T`BK�`v mb�;2 Q7 i?Bb 7`22 bT�+2 Bb iQ �HHQr
mb iQ �TTHv �M Qzb2i Q7 QM2 #2ir22M H�v2`b rBi? 2p2M �M/ Q// bBx2bX 6Q` 2t�KTH2- BM

kj



eX *QM+2Ti

6B;m`2 eXk #Qi? H�v2`b /Q MQi ?�p2 � +QKKQM �#bQHmi2 `Qr TQbBiBQM bBM+2 i?2 }`bi H�v2`
+QMi�BMb �M Q//- �M/ i?2 b2+QM/ H�v2` �M 2p2M- MmK#2` Q7 rQ`F T�+F�;2bX h?Bb K2i?Q/
BM+`2�b2b i?2 T`Q#�#BHBiv Q7 TH�+BM; � /2T2M/2M+v rBi? Dmbi � 72r #2M/bX h?Bb Bb #2bi
b?QrM #v i?2 /2T2M/2M+v �*- r?2`2 rBi?Qmi bm+? �M Qzb2i- rQ`F T�+F�;2 � rQmH/ #2
�i i?2 �#bQHmi2 TQbBiBQM Q7 rQ`F T�+F�;2 " Q` *X A7 i?Bb Bb i?2 +�b2- i?2 /2T2M/2M+v
rQmH/ M22/ 7Qm` #2M/b bBM+2 Bi }`bi M22/b iQ ;Q �`QmM/ rQ`F T�+F�;2 " Q` * iQ `2�+?
Bib 2Mi`v TQbBiBQMX

a2+QM/Hv- r2 r�Mi iQ BM+Hm/2 � KB//H2 �tBb BM i?2 ;`B/- bm+? i?�i rQ`F T�+F�;2b �`2
i?2M 2p2MHv TH�+2/ �#Qp2 �M/ #2HQr i?�i �tBbX AM+Hm/BM; i?Bb KB//H2 �tBb /2+`2�b2b i?2
K�tBKmK /2T2M/2M+v H2M;i?b r?B+? TQbBiBp2Hv �z2+ib i?2 MmK#2` Q7 +`QbbBM;b- �M/ i?mb-
i?2 `2�/�#BHBiv Q7 i?2 �L. U�b b?QrM BM 6B;m`2 eXjVX

C

B

A

D

U�V .`�rBM; rBi?Qmi � JB//H2 �tBb

C

B

A

D

U#V .`�rBM; rBi? � JB//H2 �tBb

6B;m`2 eXjX, *QKT�`BbQM Q7 /`�rBM; rBi? �M/ rBi?Qmi � KB//H2 �tBb

h?2 7QHHQrBM; 7Q`KmH� /2}M2b i?2 �#bQHmi2 `Qr TQbBiBQM Q7 � rQ`F T�+F�;2 u,

�#b_QrSQb(u) = (K�tG�v2`aBx2 − bBx2(u.H�v2`)) + 2 · u.`2H�iBp2SQbBiBQM UeXRV

eXkXkX .2T2M/2M+v �#bi`�+iBQM
�b bi�i2/ BM b2+iBQM eXRXk i?2 2tBi �M/ 2Mi`v TQbBiBQM Q7 /2T2M/2M+B2b 2M+Q/2 i?2 /2T2M@
/2M+v ivT2 BM i?2 �L.Ƕb H2+im`2 bi`m+im`2X >Qr2p2`- bBM+2 r2 +QMbB/2` rQ`F T�+F�;2b
QMHv �b � bBM;H2 TQBMi UBX2X- H�v2` �M/ �#bQHmi2 `Qr TQbBiBQMV- r2 bBKTHB7v /2T2M/2M+B2b #v
QMHv mbBM; � H�#2H iQ /2}M2 i?2B` ivT2X "v /QBM; bQ- r2 `2/m+2 i?2 /2T2M/2M+v T`QT2`iB2b
iQ QMHv i?2 bQm`+2 �M/ i�`;2i rQ`F T�+F�;2 �M/ i?2 /2T2M/2M+v ivT2X AM �//BiBQM- r2
MQr QMHv +QMbB/2` � /2T2M/2M+v iQ #2 � bi`�B;?i HBM2 #2ir22M i?2 bQm`+2 �M/ i�`;2i rQ`F
T�+F�;2b iQ �pQB/ ?�M/HBM; i?2 TQbBiBQM Q7 i?2 #2M/b /m`BM; i?2 BMi2`K2/B�i2 bi2TbX

eXkXjX *QM+HmbBQM
q2 ?�p2 /Bb+mbb2/ ?Qr iQ /2}M2 �M �#bi`�+i �L. i?�i r2 +�M i?2M H�i2` mb2 iQ /`�r i?2
�+im�H �L. rBi? `2bT2+i iQ i?2 H2+im`2 H�vQmiX AM 6B;m`2 eX9 QM2 +�M b22 i?2 �#bi`�+i

k9



eXjX ai2Tb hQr�`/ :2M2`�i2/ �+iBpBiv L2irQ`F .B�;`�Kb

`2T`2b2Mi�iBQM Q7 �M �L. ?�pBM; b2p2`�H rQ`F T�+F�;2b �M/ /2T2M/2M+B2bX lM7Q`im@
M�i2Hv- /m2 iQ i?2 �#bi`�+iBQM- r2 HQb2 bQK2 BM7Q`K�iBQM- 2bT2+B�HHv �#Qmi +`QbbBM;b i?�i
+�M Q++m` rBi?BM �M �L.- r?B+? r2 H�i2` /Bb+mbb BM /2i�BHX L2p2`i?2H2bb- #Qi? 7Q`K�ib
biBHH +QMi�BM i?2 bi�M/�`/ rQ`F T�+F�;2 BM7Q`K�iBQM /2b+`B#2/ BM b2+iBQM kXkX9X Ai Bb
BKTQ`i�Mi iQ F22T BM KBM/- i?�i 7`QK MQr QM- r2 mb2 i?2 �L. �#bi`�+iBQM �M/ QMHv
+QK2 #�+F iQ i?2 H2+im`2 bi`m+im`2 BM i?2 }M�H i`�Mb7Q`K�iBQM bi2TX

FSD

SS

FS
A FS

C

layer

absolute row 
position

FF
B SS

E

F

6B;m`2 eX9X, 1t�KTH2 �L. �#bi`�+iBQM

eXjX ai2Tb hQr�`/ :2M2`�i2/ �+iBpBiv L2irQ`F .B�;`�Kb
h?2 7QHHQrBM; ;2M2`�iBQM Bb /2bB;M2/ �b �M Bi2`�iBp2 T`Q+2bb r?B+? +�M #2 b22M BM 6B;@
m`2 eX8X AM i?2 }`bi bi2T- r2 +`2�i2 i?2 BMBiB�H �L. bi`m+im`2X h?2 bm#b2[m2Mi +`QbbBM;
BKT`Qp2K2Mi bi2T i`B2b iQ Q`/2` i?2 `�M/QKHv ;2M2`�i2/ H�v2`b iQ ?�p2 �b 72r +`QbbBM;b
�b TQbbB#H2X >Qr2p2`- bBM+2 r2 QMHv mb2 i?2 �L. �#bi`�+iBQM- Bi Bb mMHBF2Hv i?�i �HH
+`QbbBM;b BM i?2 H2+im`2Ƕb �L. bi`m+im`2 �`2 `2KQp2/X h?2`27Q`2- r2 mb2 i?2 +`QbbBM;
�pQB/�M+2 bi2T iQ 7m`i?2` `2/m+2 +`QbbBM;b BM/m+2/ #v i?2 H2+im`2Ƕb �L. bi`m+im`2X q2
i?2M +�H+mH�i2 i?2 b+?2/mH2 T`QT2`iB2b #27Q`2 i`�Mb7Q`KBM; i?2 �L. �#bi`�+iBQM iQ i?2
H2+im`2Ƕb bi`m+im`2 BM i?2 }M�H bi2TX

Initial AND 
Creation

Crossing 
Improvement

Crossing
Avoidance 

Transformation
to lectures
structure

 Property
Calculation

6B;m`2 eX8X, :2M2`�iBQM T`Q+2bb H2�/BM; iQ i?2 QmiTmi �L.

eX9X :2M2`�iBM; �M AMBiB�H �+iBpBiv L2irQ`F .B�;`�K
�7i2` BMi`Q/m+BM; i?2 �L. �#bi`�+iBQM r2 mb2 i?`Qm;?Qmi i?2 7QHHQrBM; b2+iBQMb r2 MQr
/2b+`B#2 i?2 }`bi bi2T Q7 i?2 ;2M2`�iBQM T`Q+2bb- i?2 BMBiB�H +`2�iBQM Q7 i?2 �L.X

k8



eX *QM+2Ti

eX9XRX S`QT2`iB2b Q7 amBi�#H2 �+iBpBiv L2irQ`F .B�;`�Kb
"27Q`2 ;2M2`�iBM; 2t@i�bFb- QM2 Kmbi }`bi /2}M2 +2`i�BM `mH2b �M/ `2bi`B+iBQMb i?�i i?Qb2
2t@i�bFb b?QmH/ 7mH}HH iQ #2 +QMbB/2`2/ bmBi�#H2X h?2 ;2M2`�iBQM K2i?Q/ b?QmH/ i?2`27Q`2
#2 +QM};m`�#H2- bQ i?�i QM2 +�M H�i2` bT2+B7v i?2 +QM+`2i2 p�Hm2b QM2 r�Mi iQ mb2 7Q`
2t@i�bFbX

Ç h?2 K�BM ;Q�H Q7 2t@i�bFb r2 ;2M2`�i2 Bb MQi iQ }M/ Qmi r?2i?2` � bim/2Mi +�M
+�H+mH�i2 �M �L. rBi? K�Mv rQ`F T�+F�;2b rBi?Qmi �M 2``Q`- #mi `�i?2` iQ +?2+F
i?2 Qp2`�HH mM/2`bi�M/BM; Q7 ?Qr �L.b rQ`FX h?2`27Q`2- r2 +QMbB/2` � KBMBKmK
�M/ � K�tBKmK MmK#2` Q7 rQ`F T�+F�;2b iQ ;2M2`�i2X

Ç Ai rQmH/ MQi K�F2 b2Mb2 iQ Tmi �HH rQ`F T�+F�;2b BM � bBM;H2 H�v2`X A7 i?Bb r2`2 i?2
+�b2- r2 +QmH/ MQi +QMbB/2` bT2+B�H /2T2M/2M+B2b Q` KmHiBTH2 BM+QKBM; Q` Qmi@;QBM;
/2T2M/2M+B2b BM QM2 rQ`F T�+F�;2X h?2`27Q`2- r2 �HbQ +QMbB/2` � KBMBKmK �M/ �
K�tBKmK MmK#2` Q7 H�v2`bX

Ç *�H+mH�iBM; rBi? H�`;2 MmK#2`b Bb ;2M2`�HHv KQ`2 +QKTH2t �M/ 2``Q`@T`QM2X h?2`2@
7Q`2- r2 r�Mi iQ #2 �#H2 iQ `2bi`B+i i?2 TQbbB#H2 /m`�iBQM p�Hm2b- iQ 2Mbm`2 i?�i i?2
rQ`F T�+F�;2b b+?2/mH2 T`QT2`iB2b MQi ;2i iQQ 2ti2MbBp2X

Ç �b bi�i2/ BM b2+iBQM kXkX9 2t@i�bFb b?QmH/ �i H2�bi +QMi�BM 2�+? /2T2M/2M+v ivT2
QM+2- bQ r2 BM+Hm/2 � MmK#2` 7Q` 2�+? bT2+B�H ivT2 `2T`2b2MiBM; ?Qr Q7i2M Bi Q++m`b
rBi?BM i?2 �L.X

AM i?2 7QHHQrBM;- r2 BMi`Q/m+2 �MQi?2` +QM+2Ti BM KQ`2 /2i�BH- r?B+? /Qm#H2b �b i?2
}`bi K2i?Q/ 7Q` +`QbbBM; �pQB/�M+2X

.2T2M/2M+v G2M;i?

.2T2M/2M+B2b bT�MMBM; K�Mv H�v2`b i2M/ iQ H2�/ iQ K�Mv +`QbbBM;bX h?2`27Q`2- `2bi`B+i@
BM; i?2 H2M;i? Q7 /2T2M/2M+B2b �H`2�/v `2/m+2b i?2 MmK#2` Q7 +`QbbBM;b +`2�i2/ /m`BM; i?2
;2M2`�iBQMX 6Q` i?Bb- r2 }`bi BMi`Q/m+2 i?2 irQ i2`Kb DmKT p�Hm2 �M/ DmKT /Bbi`B#miBQM
r?B+? �`2 +`m+B�H +QM+2Ti 7Q` Qm` ;2M2`�iBQM �TT`Q�+?X

.2}MBiBQM RX G2i d = (ds, dt) #2 � /2T2M/2M+v #2ir22M i?2 bQm`+2 ds �M/ i�`;2i rQ`F
T�+F�;2 dt- �M/ lds , ldt i?2B` H�v2`b rBi? lds < ldtX h?2M i?2 DmKT p�Hm2 Q7 d Bb /2}M2/
#v DmKTo�Hm2d = ldt − lds

.2}MBiBQM kX G2i /Bbi = (p1, p2, ..., pn) #2 �M Q`/2`2/ b2i rBi? pi ∈ [0, 1] �M/
∑n

i=1 pi = 1X
q2 +�HH /Bbi i?2 DmKT /Bbi`B#miBQM- �M/ pi ∈ /Bbi /2}M2b i?�i � DmKT p�Hm2 i Q++m`b
rBi? i?2 T`Q#�#BHBiv piX

h?2 DmKT /Bbi`B#miBQM �HHQrb mb iQ /2}M2 i?2 T`Q#�#BHBiv 7Q` bT2+B}+ DmKT p�Hm2bX
h?2`27Q`2- r2 +�M �HbQ mb2 Bi iQ bT2+B7v �TT`QtBK�i2Hv ?Qr K�Mv /2T2M/2M+B2b r2 r�Mi
iQ ?�p2 Q7 � ;Bp2M H2M;i?- i?mb- HBKBiBM; i?2 MmK#2` Q7 HQM; /2T2M/2M+B2bX

ke



eX9X :2M2`�iBM; �M AMBiB�H �+iBpBiv L2irQ`F .B�;`�K

eX9XkX *`2�iBQM bi2Tb
"2bB/2b bTHBiiBM; i?2 Qp2`�HH ;`�T? ;2M2`�iBQM T`Q+2bb BMiQ }p2 bi2Tb �b b22M BM 6B;m`2 eX8-
r2 7m`i?2` /BpB/2 i?2 BMBiB�H �L. +`2�iBQM bi2T BMiQ irQ bm#@bi2Tb, i?2 bi`m+im`�H +`2�iBQM
�M/ i?2 p�Hm2 �bbB;MK2MiX h?2 bi`m+im`�H +`2�iBQM bi2T ;2M2`�i2b rQ`F T�+F�;2b �M/
/2T2M/2M+B2b #2ir22M i?2KX AM i?Bb bi2T- r2 /Q MQi +QMbB/2` i?2 /m`�iBQM Q7 rQ`F
T�+F�;2b- �M/ r2 QMHv �bbB;M 2�+? /2T2M/2M+v i?2 bi�M/�`/ 6a ivT2X AM i?2 p�Hm2
�bbB;MK2Mi bi2T- r2 �bbB;M 2�+? rQ`F T�+F�;2 � /m`�iBQM �M/ 2t+?�M;2 bQK2 /2T2M/2M+v
ivT2b iQ 2Mbm`2 i?�i r2 ?�p2 i?2 MmK#2` Q7 bT2+B�H /2T2M/2M+B2b �b /2}M2/X q2 mb2 i?Bb
b2T�`�iBQM #2+�mb2 Bi �HHQrb mb iQ 2ti2M/ #Qi? bi2Tb 7`22HvX 6Q` 2t�KTH2- i?2 /m`�iBQM
�bbB;MK2Mi +�M #2 #�b2/ QM i?2 /m`�iBQM Q7 M2B;?#Q`b- K2�MBM; i?�i r2 }`bi M22/ �HH
rQ`F T�+F�;2b �M/ /2T2M/2M+B2b iQ �bbB;M /m`�iBQMbX h?2 ;2M2`�H B/2� Q7 i?2 7QHHQrBM;
bi`m+im`�H +`2�iBQM Bb #�b2/ QM i?2 H�v2`@#v@H�v2` K2i?Q/ /2b+`B#2/ BM b2+iBQM 8XRX

AM i?2 7QHHQrBM;- r2 �bbmK2 i?�i r2 ?�p2 �H`2�/v /2i2`KBM2/ i?2 MmK#2` Q7 H�v2`b
�M/ i?2 MmK#2` Q7 rQ`F T�+F�;2b r2 r�Mi iQ +`2�i2X

6BHHBM; i?2 G�v2`b rBi? qQ`F S�+F�;2b

h?2 bi`m+im`�H +`2�iBQM bi�`ib rBi? }HHBM; �HH H�v2`b rBi? i?2 KBMBKmK MmK#2` Q7 rQ`F
T�+F�;2b- +�HH2/ KBMBKmK H�v2` bBx2X aBM+2 r2 /Q MQi r�Mi iQ ?�p2 2KTiv H�v2`b- r2
Kmbi Tmi �i H2�bi QM2 rQ`F T�+F�;2 BM 2�+? H�v2`X

AM i?2 M2ti bi2T- r2 `�M/QKHv �bbB;M i?2 `2K�BMBM; rQ`F T�+F�;2b QMiQ i?2 H�v2`bX
aBKBH�`Hv iQ �#Qp2- r2 mb2 � K�tBKmK MmK#2` Q7 rQ`F T�+F�;2b- +�HH2/ K�tBKmK H�v2`
bBx2- iQ 7m`i?2` `2bi`B+i i?2 H�v2` bBx2bX h?2`27Q`2- r2 ?�p2 iQ `�M/QKHv �bbB;M 2�+? rQ`F
T�+F�;2 iQ � H�v2` i?�i Bb MQi v2i 7mHHX

:2M2`�iBM; Qmi@;QBM; .2T2M/2M+B2b

�7i2` 2�+? rQ`F T�+F�;2 ?�b #22M �bbB;M2/ iQ � H�v2`- r2 +`2�i2 /2T2M/2M+B2b #2ir22M
i?Qb2 rQ`F T�+F�;2bX q2 ?�p2 iQ 2Mbm`2 i?�i 2�+? rQ`F T�+F�;2 ?�b �i H2�bi QM2 BM@;QBM;
�M/ Qmi@;QBM; /2T2M/2M+vX h?2 QMHv 2t+2TiBQM iQ i?Bb �`2 i?2 bi�`i �M/ i?2 2M/ rQ`F
T�+F�;2b- r?2`2 r2 QMHv ?�p2 iQ +`2�i2 Qmi@;QBM; �M/ BM@;QBM; /2T2M/2M+B2b- `2bT2+iBp2HvX

h?2`27Q`2- r2 #2;BM rBi? +`2�iBM; 6a /2T2M/2M+B2b #2ir22M i?2 bi�`i rQ`F T�+F�;2 �M/
�HH rQ`F T�+F�;2b rBi?BM i?2 }`bi H�v2`X aBKBH�`Hv- r2 +`2�i2 6a /2T2M/2M+B2b #2ir22M
�HH rQ`F T�+F�;2b BM i?2 H�bi H�v2` �M/ i?2 2M/ rQ`F T�+F�;2X q2 mb2 6a /2T2M/2M+B2b
iQ 2Mbm`2 i?�i 2�+? rQ`F T�+F�;2 rBi?BM i?2 }`bi H�v2` ?�b �M 1a Q7 x2`Q- �M/ i?2 1a Q7
i?2 2M/ rQ`F T�+F�;2 Bb i?2 K�tBKmK 16 Q7 i?2 H�bi H�v2`X

q2 MQr +QMbB/2` 2�+? rQ`F T�+F�;2 7`QK i?2 }`bi iQ i?2 T2MmHiBK�i2 H�v2` �M/ ;2M2`@
�i2 2t�+iHv QM2 Qmi@;QBM; /2T2M/2M+v 7Q` 2�+?X hQ /Q bQ- r2 }`bi `�M/QKHv +?QQb2 � DmKT
p�Hm2 rBi? `2bT2+i iQ i?2 i?2 DmKT /Bbi`B#miBQMX q2 �+?B2p2 i?Bb #v +?QQbBM; � mMB7Q`KHv
`�M/QK p�Hm2 x ∈ [0, 1] �M/ mbBM; i?2 DmKT /Bbi`B#miBQM iQ ;2i i?2 DmKT p�Hm2 Bi +Q``2@
bTQM/b iQX 6Q` 2t�KTH2- BM +�b2 Q7 i?2 DmKT /Bbi`B#miBQM [0.8, 0.15, 0.05]- r2 rQmH/ ;2M2`@
�i2 i?2 DmKT p�Hm2b �b 7QHHQrb, x ∈ [0.0, 0.8] → 1, x ∈ (0.8, 0.95] → 2, x ∈ (0.95, 1.0] → 3X

� T`Q#H2K Q++m``BM; ?2`2 Bb i?2 +�b2 r?2`2 r2 +?QQb2 � DmKT p�Hm2 `2bmHiBM; BM � H�v2`
QmibB/2 Q7 i?2 �L.Ƕb #QmM/�`B2b UBX2X- H�`;2` i?�M i?2 H�bi H�v2`VX hQ bQHp2 i?Bb T`Q#H2K-

kd



eX *QM+2Ti

r2 K�T �HH DmKT p�Hm2b H2�/BM; iQ �M BMp�HB/ H�v2` iQ i?2 H�bi H�v2`X 6Q` 2t�KTH2- r?2M
r2 �`2 BM i?2 i?B`/ iQ H�bi H�v2`- 2�+? DmKT p�Hm2 ;`2�i2` i?�M irQ rQmH/ `2bmHi BM �
/2T2M/2M+v iQ i?2 H�bi H�v2`X

�7i2` ;2M2`�iBM; � DmKT p�Hm2- r2 QMHv M22/ iQ +QMbB/2` �HH rQ`F T�+F�;2b rBi?BM i?2
H�v2` +Q``2bTQM/BM; iQ Bi- �M/ `�M/QKHv +?QQb2 QM2 rQ`F T�+F�;2 7`QK i?Bb H�v2` �b i?2
/2T2M/2M+v i�`;2iX q2 `�M/QKHv +?QQb2 � i�`;2i #2+�mb2 i?Bb �HHQrb mb iQ +`2�i2 �Mv
�L. rBi? i?2 ;Bp2M `2bi`B+iBQMb U2X;X- /2T2M/2M+v H2M;i?VX

:2M2`�iBM; BM@;QBM; .2T2M/2M+B2b

�7i2` i?2 T`2pBQmb bi2T- 2p2`v rQ`F T�+F�;2 ?�b 2t�+iHv QM2 Qmi@;QBM; /2T2M/2M+vX >Qr@
2p2`- bBM+2 r2 `�M/QKHv +?QQb2 QM2 rQ`F T�+F�;2 7`QK i?2 i�`;2i H�v2` �b � /2T2M/2M+v
i�`;2i- i?2`2 +�M biBHH #2 rQ`F T�+F�;2b rBi?Qmi BM@;QBM; /2T2M/2M+B2bX

hQ ?�M/H2 i?Bb- r2 QMHv ?�p2 iQ +QMbB/2` 2p2`v rQ`F T�+F�;2 i?�i ?�b �M BM@/2;`22
Q7 x2`QX q2 �;�BM +�H+mH�i2 � DmKT p�Hm2 �b /2b+`B#2/ �#Qp2 �M/ `�M/QKHv +?QQb2 �
bQm`+2 rQ`F T�+F�;2 7`QK i?2 H�v2` +Q``2bTQM/BM; iQ i?2 DmKT p�Hm2X aBM+2 r2 +`2�i2
BM@;QBM; /2T2M/2M+B2b- r2 Kmbi +QMbB/2` i?2 H�v2` iQ i?2 H27iX q2 �;�BM ?�p2 i?2 T`Q#@
H2K Q7 +?QQbBM; �M BMp�HB/ DmKT p�Hm2 r?B+? r2 ?�M/H2 i?2 b�K2 �b 7Q` i?2 Qmi@;QBM;
/2T2M/2M+B2bX

�7i2` +`2�iBM; �HH BM@;QBM; /2T2M/2M+B2b- r2 ?�p2 � p�HB/ �L. r?2`2 2�+? rQ`F T�+F@
�;2 ?�b �i H2�bi QM2 T`2/2+2bbQ` �M/ �i H2�bi QM2 bm++2bbQ`X h?2`27Q`2- r2 +�M MQr
+QMiBMm2 rBi? i?2 b2+QM/ bi2T- r?2`2 2�+? rQ`F T�+F�;2 Bb �bbB;M2/ � /m`�iBQM- �M/ r2
2t+?�M;2 /2T2M/2M+v ivT2bX

�bbB;MBM; .2T2M/2M+v hvT2b �M/ qQ`F S�+F�;2 AM7Q`K�iBQM

�7i2` +`2�iBM; �HH rQ`F T�+F�;2b �M/ /2T2M/2M+B2b- r2 bi�`i rBi? �bbB;MBM; 2�+? rQ`F
T�+F�;2 � `�M/QK /m`�iBQM rBi? `2bT2+i iQ i?2 /2}M2/ /m`�iBQM #QmM/�`B2bX >Qr2p2`-
r2 ?�p2 iQ 2Mbm`2 i?�i i?2 bi�`i �M/ 2M/ rQ`F T�+F�;2b ;2i � /m`�iBQM Q7 x2`Q �bbB;M2/X

�//BiBQM�HHv- �i i?2 KQK2Mi- �HH /2T2M/2M+B2b ?�p2 i?2 bi�M/�`/ 6a ivT2X �b K2M@
iBQM2/ �#Qp2- r2 ?�p2 /2}M2/ ?Qr Q7i2M 2�+? bT2+B�H ivT2 Q++m`b rBi?BM i?2 �L.X
h?2`27Q`2- r2 Kmbi +?�M;2 bQK2 /2T2M/2M+v ivT2b iQ 7mH}HH i?Bb `2[mB`2K2MiX q2 +�M
/Q i?Bb #v +QMbB/2`BM; �HH 6a /2T2M/2M+B2b- `�M/QKHv +?QQbBM; QM2 /2T2M/2M+v- �M/
i?2M +?�M;BM; i?2 ivT2 iQ � bT2+B�H ivT2X q2 `2T2�i i?Bb mMiBH �HH bT2+B�H /2T2M/2M+B2b
�`2 �bbB;M2/X

eX8X *`QbbBM; AKT`Qp2K2Mi
AKT`QpBM; +`QbbBM;b rBi?BM � ;`�T? Bb � +`BiB+�H bi2T H2�/BM; iQ � r2HH@`2�/�#H2 QmiTmiX
q2 �H`2�/v BMi`Q/m+2/ i?2 ivTB+�H .�: /`�rBM; �TT`Q�+? BM b2+iBQM 8XkX q2 MQr 7m`i?2`
/Bb+mbb ?Qr r2 ?�M/H2 i?2 +`QbbBM;b BKT`Qp2K2Mi BM Qm` mb2 +�b2X

�HH BKT`Qp2K2Mi K2i?Q/b �`2 ivTB+�HHv #�b2/ QM +QmMiBM; +`QbbBM;b rBi?BM � ;`�T?-
�TTHvBM; +?�M;2b iQ i?2 ;`�T?- �M/ i?2M +?2+FBM; r?2i?2` i?2 +?�M;2b BKT`Qp2/ i?2
MmK#2` Q7 +`QbbBM;b Q` MQiX h?2 T`Q#H2K Bb i?�i +�H+mH�iBM; i?2 MmK#2` Q7 +`QbbBM;b
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Bb mbm�HHv /QM2 QMHv #2ir22M /2T2M/2M+B2b rBi? � DmKT p�Hm2 Q7 QM2X hQ ;2i � ;`�T?
i?�i QMHv ?�b 2/;2b rBi? � DmKT p�Hm2 Q7 QM2- QM2 mbm�HHv �//b /mKKv p2`iB+2b 7Q` 2/;2b
bT�MMBM; KQ`2 i?�M QM2 H�v2`- �b BMi2`K2/B�i2 TQBMibX AM i?2 2M/- i?2 /mKKv p2`iB+2b �`2
`2KQp2/- �M/ i?2 2/;2 Bb /`�rM #v +QMM2+iBM; �HH +QMb2+miBp2 p2`iB+2b /2b+`B#BM; i?2 2/;2X
>Qr2p2`- bBM+2 /2T2M/2M+B2b BM Qm` mb2 +�b2 QMHv mb2 Ny@/2;`22 #2M/b �M/ MQM@bi�M/�`/
2tBi �M/ 2Mi`v TQbBiBQMb �i rQ`F T�+F�;2b- BM+Hm/BM; /mKKv p2`iB+2b +�M BM+`2�b2 i?2
MmK#2` Q7 #2M/b M22/2/X 6Q` 2t�KTH2- BM 6B;m`2 eXe- r2 b22 �M a6 /2T2M/2M+v rBi? i?2
/mKKv p2`i2t s BM #2ir22MX q?2M /`�rBM; i?2 /2T2M/2M+v rBi? s �b �M BMi2`K2/B�i2
TQBMi- r2 +`2�i2 2B;?i #2M/b r?BH2 r2 QMHv M22/ 7Qm` #2M/b r?2M /`�rBM; i?2 /2T2M/2M+v
rBi?Qmi +QMbB/2`BM; sX h?2`27Q`2- mbBM; i?2b2 /mKKv p2`iB+2b Bb MQi `2�bQM�#H2 7Q` mbX
>Qr2p2`- MQi mbBM; /mKKv p2`iB+2b K2�Mb i?�i r2 +�M ?�p2 /2T2M/2M+B2b rBi? � DmKT
p�Hm2 ;`2�i2` i?�M QM2c i?mb- r2 M22/ iQ BMi`Q/m+2 � T`QT2` K2i?Q/ iQ +�H+mH�i2 +`QbbBM;b
#2ir22M /2T2M/2M+B2b i?�i +�M �HbQ ?�p2 H�`;2` DmKT p�Hm2b i?�M QM2X

A

B
X 

6B;m`2 eXeX, L2;�iBp2 2z2+i Q7 /mKKv p2`iB+2b r?2M mb2/ BM i?2 /`�rBM; bi2T

eX8XRX *�H+mH�iBM; i?2 LmK#2` Q7 *`QbbBM;b

hQ +�H+mH�i2 i?2 MmK#2` Q7 +`QbbBM;b- r2 mb2 �M �TT`Q�+? /2b+`B#2/ #v �MiQM 2i �HX
(�MiYyd) �M/ 2ti2M/ Bi 7Q` Qm` mb2 +�b2X h?2 ;2M2`�H B/2� Q7 i?2 �TT`Q�+? Bb i?�i QM2
+QMbB/2`b 2�+? /2T2M/2M+v rBi?BM i?2 �L. �b � HBM2�` 2[m�iBQM- �M/ +�H+mH�i2b i?2
+`QbbBM; TQBMib #2ir22M i?2KX

q2 /BpB/2 i?2 +�H+mH�iBQM Q7 i?2 MmK#2` Q7 +`QbbBM;b BMiQ i?`22 /Bz2`2Mi bi2TbX AM
i?2 }`bi bi2T- r2 /2b+`B#2 ?Qr iQ +�H+mH�i2 i?2 +`QbbBM; TQBMi #2ir22M irQ �`#Bi`�`v
/2T2M/2M+B2bX h?2M r2 2tTH�BM ?Qr QM2 +�M +?2+F r?2i?2` i?2 +�H+mH�i2/ +`QbbBM; TQBMi
T`Q/m+2b �M �+im�H +`QbbBM; rBi?BM i?2 �L.X G�biHv- r2 BMi`Q/m+2 � K2i?Q/ iQ +�H+mH�i2
i?2 MmK#2` Q7 +`QbbBM;b Q7 i?2 r?QH2 �L. mbBM; i?2 }`bi irQ bi2TbX

*�H+mH�iBM; i?2 *`QbbBM; SQBMi

q2 bi�`i #v +�H+mH�iBM; i?2 +`QbbBM; TQBMi #2ir22M irQ /2T2M/2M+B2b A = (As, At) �M/
B = (Bs, Bt)X hQ +�H+mH�i2 i?2 +`QbbBM; TQBMi #2ir22M i?2b2 irQ /2T2M/2M+B2b- r2 }`bi
+�H+mH�i2 i?2 bHQT2 Q7 #Qi? HBM2�` 2[m�iBQMb `2T`2b2MiBM; i?2KX h?Bb +�M #2 /QM2 �b
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7QHHQrb- r?2`2 r Bb i?2 �#bQHmi2 `Qr TQbBiBQM �M/ l i?2 H�v2`,

mZ =
(rZt − rZs)

(lZt − lZs)
7Q` Z ∈ {A,B} UeXkV

q?2M +QMbB/2`BM; i?2 2t�KTH2 BM 6B;m`2 eXd i?Bb rQmH/ `2bmHi BM mA = (1−3)
(2−1) = −2

�M/ mB = 1X q2 +�M mb2 i?2 +�H+mH�i2/ bHQT2 iQ /2}M2 i?2 irQ HBM2�` 2[m�iBQMb yZ =
mZ · x+ bX >Qr2p2`- r2 biBHH M22/ iQ +�H+mH�i2 i?2 p�Hm2 Q7 b �b 7QHHQrb,

bZ = rZs − (lZs ∗mZ) 7Q` Z ∈ {A,B} UeXjV

AM 6B;m`2 eXd i?Bb rQmH/ `2bmHi BM bA = 3 − (1 · −2) = 5 �M/ bB = 0X q2 MQr M22/ iQ
+�H+mH�i2 i?2 +`QbbBM; TQBMi #2ir22M i?2 irQ HBM2�` 2[m�iBQMb #v b2iiBM; #Qi? 2[m�iBQMb
2[m�H �M/ bQHpBM; 7Q` t,

mA · x+ bA = mB · x+ bB ⇒ x =
(bB − bA)

(mA −mB)
UeX9V

AM Qm` 2t�KTH2 i?Bb rQmH/ H2�/ iQ i?2 +`QbbBM; H�v2` x = (0−5)
−2−1 = 5

3 X q2 +�M MQr mb2
2Bi?2` Q7 i?2 irQ HBM2�` 2[m�iBQMb iQ +�H+mH�i2 i?2 �#bQHmi2 `Qr TQbBiBQM Q7 i?2 +`QbbBM;,
y = −2 · 5

3 + 5 = 5
3 X �b � `2bmHi r2 MQr ?�p2 i?2 +`QbbBM; TQBMi (53 ,

5
3) #2ir22M i?2

/2T2M/2M+B2b � �M/ "X

1

1

2

layer

absolute row 
position

2

3

3 As

AtBs

Bt

(5/3,5/3)

6B;m`2 eXdX, 1t�KTH2 7Q` i?2 +`QbbBM; TQBMi +�H+mH�iBQM #2ir22M irQ /2T2M/2M+B2b

*?2+FBM; r?2i?2` � *`QbbBM; SQBMi T`Q/m+2b � *`QbbBM;

�7i2` BMi`Q/m+BM; ?Qr iQ +�H+mH�i2 i?2 +`QbbBM; TQBMi #2ir22M irQ /2T2M/2M+B2b- r2
Kmbi +?2+F r?2i?2` Bi T`Q/m+2b �M �+im�H +`QbbBM; rBi?BM i?2 �L.X

6B`bi- BM i?2 7QHHQrBM; lKBM, lK�t `272`b iQ i?2 KBMBKmK �M/ K�tBKmK H�v2`- �M/
rKBM, rK�t `272`b iQ i?2 KBMBKmK �M/ K�tBKmK �#bQHmi2 `Qr TQbBiBQMX q2 }`bi +?2+F
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eX8X *`QbbBM; AKT`Qp2K2Mi

r?2i?2` i?2 +`QbbBM; TQBMi Bb rBi?BM i?2 �L.b #QmM/�`B2b #v +?2+FBM; r?2i?2` i?2
+`QbbBM; H�v2` Bb #2ir22M lKBM �M/ lK�t- �M/ i?2 +`QbbBM; `Qr Bb #2ir22M rKBM �M/ rK�tX
A7 i?2 +`QbbBM; TQBMi Bb MQi rBi?BM i?2 �L.- r2 /Q MQi ?�p2 iQ �TTHv 7m`i?2` +?2+FbX
Pi?2`rBb2- Bi +QmH/ biBHH MQi #2 �M �+im�H +`QbbBM;X h?Bb +�M ?�TT2M B7 i?2 +`QbbBM; TQBMi
/Q2b MQi Q++m` #2ir22M i?2 �+im�H /2T2M/2M+B2b #mi bQK2r?2`2 7m`i?2` iQ i?2 H27i Q`
`B;?i #mi biBHH BM i?2 �L.Ƕb #QmM/�`B2bX hQ BM+Hm/2 i?2b2 +�b2b- QM2 ?�b iQ +?2+F i?2
7QHHQrBM; 7Qm` +QM/BiBQMb (�MiYyd),

rAs > rBs +mB · (lAs − lBs) UeX8V
rAt < rBs +mB · (lAt − lBs) UeXeV
rBs < rAs +mA · (lBs − lAs) UeXdV
rBt > rAs +mA · (lBt − lAs) UeX3V

q2 FMQr i?�i i?2 +`QbbBM; TQBMi T`Q/m+2b � +`QbbBM; rBi?BM i?2 �L. B7 i?2b2 7Qm` +QM@
/BiBQMb �`2 i`m2X AM iQi�H- r2 ?�p2 MQr +�H+mH�i2 i?2 +`QbbBM; TQBMi 7Q` irQ /2T2M/2M+B2b
�M/ +?2+F2/ r?2i?2` Bi �+im�HHv T`Q/m+2b � +`QbbBM; rBi?BM i?2 �L.X

*�H+mH�iBM; i?2 LmK#2` Q7 *`QbbBM;b

�i i?Bb TQBMi- r2 +�M +?2+F r?2i?2` i?2`2 Bb � +`QbbBM; #2ir22M irQ /2T2M/2M+B2bX >Qr@
2p2`- Bi Bb MQi 72�bB#H2 iQ �TTHv i?Bb K2i?Q/ iQ �HH TQbbB#H2 /2T2M/2M+v +QK#BM�iBQMb iQ
Q#i�BM i?2 MmK#2` Q7 +`QbbBM;bX h?Bb Bb /m2 iQ i?2 7�+i i?�i r2 ?�p2 K�Mv +QK#BM�iBQMb-
2p2M 7Q` � bK�HH MmK#2` Q7 /2T2M/2M+B2bc i?mb- i?2 +QKTmi�iBQM�H 2zQ`i r?2M +QMbB/2`@
BM; �HH Q7 i?2K rQmH/ #2 iQQ ;`2�i BM T`�+iB+2X 6Q`imM�i2Hv- r2 +�M bB;MB}+�MiHv `2/m+2
i?2 MmK#2` Q7 +QK#BM�iBQMb #v QMHv +QMbB/2`BM; /2T2M/2M+B2b r?2`2 � +`QbbBM; +QmH/
Q++m`- K�FBM; i?2 K2i?Q/ �TTHB+�#H2X

h?2 K�BM B/2� Q7 i?2 7QHHQrBM; �TT`Q�+? Bb i?�i r2 }`bi �#bi`�+i 7`QK +QM+`2i2 /2@
T2M/2M+B2b iQ H�v2` T�B`b (a, b) /2b+`B#BM; �HH /2T2M/2M+B2b #2ir22M H�v2` a �M/ bX 6Q`
2t�KTH2- i?2 T�B` (1, 3) rQmH/ /2b+`B#2 �HH /2T2M/2M+B2b bi�`iBM; BM H�v2` 1 �M/ 2M/BM;
BM H�v2` 3X q2 i?2M r�Mi iQ #mBH/ T�B`b Q7 i?2 7Q`K ((a, b), (c, d)) QMHv r?2M i?2`2 +QmH/
#2 � +`QbbBM; #2ir22M /2T2M/2M+B2b 7`QK H�v2` a iQ b �M/ /2T2M/2M+B2b 7`QK H�v2` c iQ
dX q2 i?2M bQH2Hv mb2 i?2b2 T�B`b �M/ i?2B` +Q``2bTQM/BM; /2T2M/2M+B2b iQ +�H+mH�i2 i?2
�L.Ƕb +`QbbBM;bX

q2 /2}M2,

HT = {(l1, l2) | bi�`iG�v2` ≤ l1 < l2 ≤ 2M/G�v2`, |l1 − l2| ≤ K�tCmKTo�Hm2} UeXNV

AMimBiBp2Hv- i?2 lp b2i Bb i?2 b2i Q7 �HH T�B`b Q7 H�v2`b r?2`2 /2T2M/2M+B2b +�M Q++m`
#2ir22M i?2 H27i �M/ i?2 `B;?i H�v2`X h?Bb Bb r?v- r2 HBKBi i?2 /Bbi�M+2 #2ir22M i?2 H27i
�M/ `B;?i H�v2`b iQ i?2 K�tBKmK DmKT p�Hm2 #2+�mb2 r2 FMQr i?�i MQ /2T2M/2M+B2b
2tBbi #2ir22M H�v2`b rBi? � ;`2�i2` /Bbi�M+2X 6Q` 2t�KTH2- r?2M +QMbB/2`BM; �M �L.
rBi? QMHv i?`22 H�v2`b �M/ � K�tBKmK DmKT p�Hm2 Q7 QM2- r2 rQmH/ ;2i i?2 7QHHQrBM;
b2i, HT = {(1, 2), (2, 3)}X

jR
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�//BiBQM�HHv- r2 /2}M2,

/T = {(d1, d2) | d1, d2 ∈ HT} UeXRyV

q2 mb2 i?2 lp b2i ?2`2 iQ +�H+mH�i2 �HH TQbbB#H2 H�v2` +QK#BM�iBQMb #2ir22M r?B+? i?2`2
+QmH/ #2 � +`QbbBM;X h?2`27Q`2- r2 bi�`i #v +QMbB/2`BM; �HH TQbbB#H2 +QK#BM�iBQMb Q7 irQ
T�B`b 7`QK i?2 lp b2i UBX2X- i?2 *�`i2bB�M T`Q/m+i Q7 lp rBi? Bib2H7V BM i?2 /T b2i U1[m�@
iBQM eXRyVX �b i?2 imTH2 ((a, b), (c, d)) Bb 2[mBp�H2Mi iQ i?2 imTH2 ((c, d), (a, b)) BM i2`Kb
Q7 +`QbbBM;b- r2 BMBiB�HHv `2KQp2 �HH bm+? /mTHB+�i2b 7`QK i?2 /T b2iX A7 r2 r2`2 iQ F22T
i?2b2 /mTHB+�i2 +QK#BM�iBQMb- r2 rQmH/ +QmMi +`QbbBM;b irB+2X 6Q` 2t�KTH2- i?2 lp b2i
7`QK �#Qp2 rQmH/ `2bmHi BM i?2 b2i /T = {((1, 2), (1, 2)), ((1, 2), (2, 3)), ((2, 3), (2, 3))}X

"27Q`2 r2 mb2 i?Bb b2i 7Q` i?2 +`QbbBM; +�H+mH�iBQM- r2 r�Mi iQ }Hi2` Bi 7m`i?2` iQ �+?B2p2
i?2 ;Q�H Q7 ;`2�iHv `2/m+BM; i?2 MmK#2` Q7 +�H+mH�iBQMb M22/2/X h?2 QMHv +�b2 H27i i?�i
biBHH ?�b iQ #2 ?�M/H2/ Bb r?2`2 i?2 i�`;2i H�v2` Q7 i?2 H27i T�B` Bb H2bb Q` 2[m�H iQ i?2
bQm`+2 H�v2` Q7 i?2 `B;?i T�B` Ub22 6B;m`2 eX3VX AM i?Bb +�b2- r2 �`2 MQi �#H2 iQ /2i2+i �
+`QbbBM; rBi?BM i?2 �L. �#bi`�+iBQM- bQ r2 2t+Hm/2 Bi rBi? i?2 7QHHQrBM; +QMbi`�BMi,

((a, b), (c, d)) '∈ /T B7 b ≤ c UeXRRV

layer

1 3

(1,3) (4,5)

2 4 5

6B;m`2 eX3X, G�v2` T�B` r2 /Q MQi +QMbB/2` bBM+2 Bi Bb BKTQbbB#H2 iQ +`2�i2 � +`QbbBM; BM
i?2 �L. �#bi`�+iBQM

h?2 T`BK�`v Tm`TQb2 Q7 i?2 +QM+2Tib BMi`Q/m+2/ i?`Qm;?Qmi i?Bb b2+iBQM Bb iQ +�H+mH�i2
i?2 MmK#2` Q7 +`QbbBM;b rBi?BM Qm` �L. �#bi`�+iBQM- r?B+? r2 /2}M2 �b 7QHHQrb,

.2}MBiBQM jX G2i /2T(x, y) #2 i?2 /2T2M/2M+B2b bi�`iBM; BM H�v2` x �M/ 2M/BM; BM H�v2`
y �M/ +?2+F*`QbbBM;(d1, d2) → {0, 1} i?2 7mM+iBQM `2bmHiBM; BM 1 B7 i?2`2 Bb � +`QbbBM;
#2ir22M d1 �M/ d2- Qi?2`rBb2 0X h?2M i?2 MmK#2` Q7 +`QbbBM;b Q7 �M �L. Bb /2}M2/
#v

MmKP7*`Qb =
∑

((a,b),(c,d))∈/T
dl∈/2T(a,b)
dr∈/2T(c,d)

+?2+F*`QbbBM;(dl, dr)

aHB/BM; qBM/Qr iQ .2+`2�b2 *QKTmi�iBQMb

h?2 T`BK�`v ;Q�H rBi?BM i?Bb b2+iBQM Bb iQ �TTHv +`QbbBM; BKT`Qp2K2Mi K2i?Q/b i?�i �`2
#�b2/ QM i?2 +�H+mH�iBQM Q7 i?2 MmK#2` Q7 +`QbbBM;b �M/ i?2 �TTHB+�iBQM Q7 ?2m`BbiB+bX AM
b2+iBQM 8XkXj r2 BMi`Q/m+2/ irQ ?2m`BbiB+b- i?2 #�`v+2Mi2` �M/ i?2 ;`22/v brBi+? ?2m`Bb@
iB+X h?2 ;`22/v brBi+? ?2m`BbiB+ ?2�pBHv /2T2M/b QM � K2i?Q/ iQ 2{+B2MiHv +�H+mH�i2
+`QbbBM;b- Q` KQ`2 T`2+Bb2Hv- iQ +?2+F r?2i?2` i?2 MmK#2` Q7 +`QbbBM;b Bb `2/m+2/ #v

jk
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br�TTBM; irQ M2B;?#Q`BM; rQ`F T�+F�;2bX h?2`27Q`2- �Hr�vb +�H+mH�iBM; i?2 MmK#2` Q7
+`QbbBM;b Q7 i?2 r?QH2 �L. Bb iQQ +QKTH2t- 2bT2+B�HHv 7Q` H�`;2` �L.bX hQ biBHH �TTHv
i?2 ?2m`BbiB+- r2 BMi`Q/m+2 � K2i?Q/ iQ 2{+B2MiHv +?2+F r?2i?2` br�TTBM; irQ rQ`F
T�+F�;2b BKT`Qp2b i?2 MmK#2` Q7 +`QbbBM;bX

.2}MBiBQM 9X G2i rT1 �M/ rT2 #2 irQ rQ`F T�+F�;2b rBi? lwp1 = lwp2X G2i ax #2 i?2
�#bQHmi2 `Qr �M/ rx i?2 `2H�iBp2 TQbBiBQM Q7 x ∈ {wp1, wp2}X h?2M br�TTBM; irQ rQ`F
T�+F�;2b Bb /2}M2/ #v br�TTBM; rrT1

rBi? rrT2
�M/ arT1

rBi? arT2

.2}MBiBQM 8X G2i L = (l1, l2, ..., ln) #2 i?2 Q`/2`2/ b2i Q7 �HH H�v2`b rBi?BM �M �L.X
q2 /2}M2 i?2 7`22 H�v2` �b i?2 H�v2` l ∈ L bm+? i?�i r2 QMHv +?�M;2 i?2 Q`/2`BM; Q7
rQ`F T�+F�;2b rBi?BM i?Bb 7`22 H�v2`- r?BH2 �HH Qi?2` H�v2`b l′ ∈ L \ {l} �`2 +QMbB/2`2/
BKKmi�#H2X

q2 ?�M/H2 i?Bb T`Q#H2K #v /2}MBM; � rBM/Qr �`QmM/ i?2 7`22 H�v2` �M/ QMHv +�H+mH�iBM;
i?2 +`QbbBM; MmK#2` rBi?BM i?Bb rBM/QrX .2T2M/BM; QM i?2 rBM/Qr bBx2- i?Bb `2/m+2b
i?2 TQbbB#H2 +QK#BM�iBQMb r?2`2 +`QbbBM; +�M Q++m` ;`2�iHvX

.2}MBiBQM eX q2 /2}M2 i?2 H27i rBM/Qr UH27iqBMV �b i?2 H�`;2bi DmKT p�Hm2 r2 +QMbB/2`
iQ i?2 H27i Q7 i?2 7`22 H�v2` �M/ i?2 `B;?i rBM/Qr U`B;?iqBMV �b i?2 H�`;2bi DmKT p�Hm2 iQ
i?2 `B;?i Q7 i?2 7`22 H�v2`X q2 i?2M /2}M2 i?2 rBM/Qr �b rBM = H27iqBM+ `B;?iqBM+1X

q2 /BpB/2 i?2 rBM/Qr BMiQ irQ T�`ib- i?2 H27i �M/ `B;?i rBM/Qr- iQ #2 �#H2 iQ mb2
/Bz2`2Mi #QmM/�`B2b QM 2�+? bB/2- r?B+? +�M 7m`i?2` /2+`2�b2 i?2 +QKTH2tBiv 7Q` H�`;2`
�L.bX q2 MQr mb2 i?2 H27i �M/ `B;?i rBM/Qr iQ �/Dmbi i?2 lp b2iX

HT7`22G�v2` = {(l1, l2) | (7`22G�v2`− H27iqBM) ≤ l1 < l2 ≤ (7`22G�v2`+ `B;?iqBM)} UeXRkV

AKTQ`i�Mi iQ MQi2 Bb i?�i i?2 H27i #QmM/ Bb MQi bK�HH2` i?�M i?2 bi�`i H�v2`- �M/ i?2
`B;?i #QmM/ Bb MQi H�`;2` i?�M i?2 2M/ H�v2`X

q2 mb2 i?2 K�tBKmK DmKT p�Hm2 7Q` #Qi? H27i �M/ `B;?i rBM/Qr- 2Mbm`BM; i?�i r2
BM+Hm/2 �HH /2T2M/2M+B2b bi�`iBM; �M/ 2M/BM; BM i?2 7`22 H�v2`X lM7Q`imM�i2Hv- i?Bb /Q2b
MQi BM+Hm/2 �HH /2T2M/2M+B2b i?�i +�M T`Q/m+2 +`QbbBM;b r?2M br�TTBM; irQ rQ`F T�+F@
�;2b BM i?2 7`22 H�v2`X h?Bb +�M #2 b22M BM 6B;m`2 eXN r?2`2 i?2 rQ`F T�+F�;2b QM i?2
`B;?i bB/2 �`2 QmibB/2 Q7 i?2 `B;?i rBM/Qr- #mi i?2 /2T2M/2M+v � i?�i r2 +m``2MiHv /Q
MQi +QMbB/2` T`Q/m+2b � +`QbbBM; rBi? i?2 /2T2M/2M+v "X

q2 ?�M/H2 i?Bb T`Q#H2K #v 2ti2M/BM; Qm` lp b2i rBi? QMHv i?2 M2+2bb�`v H�v2` T�B`bX
6B`bi- r2 /Q MQi ?�p2 iQ +QMbB/2` /2T2M/2M+B2b i?�i 2M/ BM i?2 H27i rBM/Qr H�v2` Q`
bi�`i BM i?2 `B;?i rBM/Qr H�v2` bBM+2 i?2v +�M MQi T`Q/m+2 +`QbbBM;b rBi? i?2 7`22 H�v2`
/2T2M/2M+B2bX �//BiBQM�HHv- r2 ?�p2 �H`2�/v BM+Hm/2/ �HH TQbbB#H2 /2T2M/2M+B2b 7`QK
i?2 7`22 H�v2`X h?2`27Q`2- r2 MQr QMHv +QMbB/2` /2T2M/2M+B2b +QKBM; 7`QK QmibB/2 i?2
H27i rBM/Qr iQ i?2 BMbB/2 U1[m�iBQM eXRjV Q` ;QBM; 7`QK BMbB/2 i?2 `B;?i rBM/Qr iQ i?2
QmibB/2 U1[m�iBQM eXR9VX 6Q` 2t�KTH2- BM i?2 +�b2 Q7 6B;m`2 eXN r2 rQmH/ BM+Hm/2 i?2
T�B` (4, 6) BMiQ i?2 lp #�b2/ QM 1[m�iBQM eXR9X

jj
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2

layer

absolute row 
position

2

4
A

6

4 6

B

6B;m`2 eXNX, aHB/BM; rBM/Qr pBbm�HBx�iBQMX h?2 /Qii2/ HBM2b BM/B+�i2 i?2 +m``2Mi rBM/Qr-
Q`�M;2 /Qib i?2 rQ`F T�+F�;2b BM i?2 7`22 H�v2`- �M/ i?2 pBQH2i /Qib i?2 rQ`F
T�+F�;2b QmibB/2 Q7 i?2 rBM/Qr

(l1, l2) ∈ lp B7 |/2T(l1, l2)| ≥ 1, l1 < (7`22G�v2` − H27iqBM),
�M/ (7`22G�v2` − H27iqBM) < l2 < 7`22G�v2`

UeXRjV

(l1, l2) ∈ lp B7 |/2T(l1, l2)| ≥ 1, 7`22G�v2` < l1 < (7`22G�v2` + `B;?iqBM),
�M/ (7`22G�v2` + `B;?iqBM) < l2

UeXR9V

q2 ?�p2 MQr BM+Hm/2/ �HH H�v2` T�B`b BMiQ i?2 HT7`22G�v2` b2i i?�i ?�p2 /2T2M/2M+B2b
i?�i +�M T`Q/m+2 +`QbbBM; rBi? i?2 7`22 H�v2`X q2 MQr QMHv ?�p2 iQ +�H+mH�i2 i?2 dp b2i
�b /2}M2/ BM 1[m�iBQM eXRy mbBM; i?2 HT7`22G�v2` b2i- �M/ i?2M +�H+mH�i2 i?2 MmK#2` Q7
+`QbbBM;b 7Q` i?2 7`22 H�v2` mbBM; .2}MBiBQM jX

eX8XkX �TTHv AKT`Qp2K2Mi rBi? G�v2`@#v@G�v2` ar22T
q2 +�M MQr +�H+mH�i2 i?2 +`QbbBM; MmK#2` Q7 i?2 r?QH2 �L. �M/ QMHv 7Q` � rBM/Qr
�`QmM/ � 7`22 H�v2`X h?2`27Q`2- i?2 QMHv i?BM; H27i iQ /Q Bb iQ �TTHv i?2 H�v2`@#v@H�v2`
br22T- BMi`Q/m+2/ BM b2+iBQM 8XkXj- mbBM; i?2b2 irQ +�H+mH�iBQM K2i?Q/bX h?2 K�BM ;Q�H
Q7 i?2 H�v2`@#v@H�v2` br22T Bb iQ }M/ �M Q`/2`BM; 7Q` 2�+? H�v2` i?�i T`Q/m+2b i?2 72r2bi
+`QbbBM;b rBi?BM i?2 �L.X AM i?2 7QHHQrBM;- r2 ;Q i?`Qm;? i?2 /Bz2`2Mi bi2Tb Q7 i?2
H�v2`@#v@H�v2` br22T- r?B+? +�M �HbQ #2 b22M BM i?2 �+iBpBiv /B�;`�K BM 6B;m`2 eXRyX

G�v2`@#v@G�v2` ar22T

h?2 }`bi irQ bi2Tb Q7 i?2 H�v2`@#v@H�v2` br22T �`2 i?2 7Q`r�`/ �M/ i?2 #�+Fr�`/ br22T
�b /2b+`B#2/ BM b2+iBQM 8XkXjX AM #Qi? T?�b2b- r2 Bi2`�i2 Qp2` i?2 �L.Ƕb H�v2`b- QM+2 7`QK

j9
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i?2 bi�`i iQ i?2 2M/ H�v2` �M/ QM+2 7`QK i?2 2M/ iQ i?2 bi�`i H�v2`X q2 i?2M �TTHv �
?2m`BbiB+ 7Q` i?2 H�v2`b BM #2ir22M #v �Hr�vb +QMbB/2`BM; QM2 H�v2` �b i?2 7`22 H�v2`X �7i2`
#Qi? br22Tb- r2 M22/ iQ �TTHv +2`i�BM +?2+Fb iQ p2`B7v r?2i?2` r2 BKT`Qp2/ i?2 MmK#2`
Q7 +`QbbBM;bX q2 bi�`i #v BMi`Q/m+BM; ?Qr r2 �TTHB2/ i?2 irQ ?2m`BbiB+b BMi`Q/m+2/ BM
b2+iBQM 8XkXj �M/ b2+iBQM 8XkXj- �M/ i?2M 2tTH�BM i?2 bi2Tb i?�i Kmbi #2 i�F2M �7i2` i?2
�TTHB+�iBQM Q7 i?2 irQ br22TbX

"�`v+2Mi2` >2m`BbiB+

AM i?2 +�b2 Q7 i?2 #�`v+2Mi2` ?2m`BbiB+- r2 mb2 i?2 `2H�iBp2 TQbBiBQMb Q7 2�+? rQ`F T�+F@
�;2X aQ- r2 bi�`i #v +�H+mH�iBM; i?2 #�`v+2Mi2` p�Hm2 7Q` 2�+? rQ`F T�+F�;2 rBi?BM i?2
7`22 H�v2` �b /2b+`B#2/ BM b2+iBQM 8XkXjX q2 bQ`i i?2 #�`v+2Mi2` p�Hm2b �M/ �bbB;M 2�+?
rQ`F T�+F�;2 i?2B` M2r `2H�iBp2 TQbBiBQM rBi?BM i?2 7`22 H�v2` /2T2M/BM; QM i?2 bQ`iBM;X
h?2`2#v- i?2 rQ`F T�+F�;2 rBi? i?2 HQr2bi p�Hm2 ;2ib i?2 `2H�iBp2 TQbBiBQM x2`Q �bbB;M2/-
�M/ i?2 rQ`F T�+F�;2 rBi? i?2 H�`;2bi p�Hm2 i?2 H�`;2bi `2H�iBp2 TQbBiBQMX Ai Bb 2bb2MiB�H
iQ K2MiBQM i?�i r2 �HbQ ?�p2 iQ `2+QKTmi2 i?2 �#bQHmi2 `Qr TQbBiBQMb bBM+2 r2 +?�M;2/
i?2 Q`/2`BM; Q7 � H�v2`X

:`22/v arBi+? >2m`BbiB+

q?2M mbBM; i?2 ;`22/v brBi+? ?2m`BbiB+- BMi`Q/m+2/ BM b2+iBQM 8XkXj- r2 mb2 i?2 rBM/Qr
K2i?Q/ iQ +?2+F r?2i?2` r2 BKT`Qp2 i?2 +`QbbBM; MmK#2` #v br�TTBM; irQ M2B;?#Q`BM;
rQ`F T�+F�;2bX q2 F22T i?2 M2r Q`/2`BM; BM +�b2 Q7 �M BKT`Qp2K2Mic Qi?2`rBb2- r2
br�T #�+F i?2 irQ rQ`F T�+F�;2b �M/ +QMiBMm2 rBi? i?2 M2tiX h?2 �/p�Mi�;2 Q7 i?Bb
�TT`Q�+? Bb i?�i Bi QMHv +?�M;2b i?2 Q`/2`BM; B7 Bi �+im�HHv /2i2+ib �M BKT`Qp2K2Mi rBi?BM
i?2 �L.X >Qr2p2`- BM +QMi`�bi iQ i?2 #�`v+2Mi2` ?2m`BbiB+- r2 M22/ iQ +�H+mH�i2 B7 r2
�+?B2p2 �M BKT`Qp2K2Mi rBi?BM i?2 �+im�H ?2m`BbiB+X aQ 2p2M i?Qm;? r2 /2}M2/ i?2
bHB/BM; rBM/Qr K2i?Q/ iQ `2/m+2 i?2 +�H+mH�iBQMb- Bi Bb biBHH BM2{+B2Mi 7Q` H�`;2 �L.bX

a�pBM; i?2 "2bi P`/2`BM;

aBM+2 bQK2 ?2m`BbiB+b Q++�bBQM�HHv T`Q/m+2 � rQ`b2 `2bmHi �7i2` QM2 bi2T #mi i?2M +QK@
T2Mb�i2 7Q` i?Bb �;�BM BM � bm#b2[m2Mi bi2T (S�iy9)- r2 M22/ iQ F22T i`�+F Q7 i?2 #2bi
MmK#2` Q7 +`QbbBM;b- �M/ i?2 `2bT2+iBp2 H�v2` Q`/2`BM;X "v /QBM; bQ- r2 +�M `2�TTHv i?Bb
Q`/2`BM; BM +�b2 i?2 bm#b2[m2Mi bi2Tb +�M MQi �+?B2p2 � #2ii2` `2bmHiX hQ 2Mbm`2 i?�i
r2 biQT �i bQK2 TQBMi- r2 M22/ iQ /2}M2 � K�tBKmK MmK#2` Q7 +QMb2+miBp2 `QmM/b
i?�i /Q MQi T`Q/m+2 �M BKT`Qp2K2MiX � `QmM/ `272`b iQ QM2 +QKTH2i2 2t2+miBQM Q7 i?2
H�v2`@#v@H�v2` br22TX

AKT`Qp2K2Mi +?2+Fb

�7i2` �TTHvBM; QM2 Q7 i?2 irQ ?2m`BbiB+b BM i?2 7Q`r�`/ �M/ #�+Fr�`/ br22T- r2 }`bi
`2+�H+mH�i2 i?2 MmK#2` Q7 +`QbbBM;b Q7 i?2 r?QH2 �L.X A7 r2 ?�p2 x2`Q +`QbbBM;b- r2
?�p2 i?2 #2bi Q`/2`BM; TQbbB#H2 �M/ +�M biQTX Pi?2`rBb2- r2 Kmbi +?2+F r?2i?2` i?2

j8



eX *QM+2Ti

H�bi 7Q`r�`/ �M/ #�+Fr�`/ br22T BKT`Qp2/ i?2 MmK#2` Q7 +`QbbBM;b- BM r?B+? +�b2 r2
�+i �b 7QHHQrb,

Ç A7 r2 BKT`Qp2/ i?2 +`QbbBM;b- r2 b�p2 i?Bb Q`/2`BM; �M/ i?2 MmK#2` Q7 +`QbbBM;b
�M/ `2b2i i?2 +QmMi2` 7Q` `QmM/b rBi?Qmi �M BKT`Qp2K2MiX h?2M r2 +QMiBMm2 rBi?
i?2 M2ti H�v2`@#v@H�v2` br22T `QmM/X

Ç A7 r2 rQ`b2M i?2 +`QbbBM;b- r2 BM+`2�b2 i?2 +QmMi2` 7Q` `QmM/b rBi?Qmi BKT`Qp2@
K2Mib �M/ +?2+F r?2i?2` r2 `2�+?2/ Bib K�tBKmKX A7 i?Bb Bb i?2 +�b2- r2 `2�TTHv
i?2 #2bi Q`/2`BM; �M/ biQT rBi? i?2 H�v2`@#v@H�v2` br22TX

h?2 `2bmHiBM; �L. b?QmH/ MQr ?�p2 �M Q`/2`BM; rBi? �b 72r +`QbbBM;b �b r2 +�M /2i2+i
�M/ `2/m+2X >Qr2p2`- r2 +m``2MiHv QMHv +QMbB/2` i?2 �L.b �#bi`�+iBQM- r?B+? H2�/b iQ
bT2+B}+ T`Q#H2Kb BM i?Bb bi2T +QMbB/2`BM; i?2 H2+im`2Ƕb �L. bi`m+im`2- r?B+? r2 2tTH�BM
BM i?2 7QHHQrBM;X

eX8XjX GBKBi�iBQM Q7 i?2 *`QbbBM; *�H+mH�iBQM

lM7Q`imM�i2Hv- i?2 +�H+mH�iBQM Q7 i?2 MmK#2` Q7 +`QbbBM;b /Q2b MQi �Hr�vb +�H+mH�i2
� +Q``2+i `2bmHi r?2M +QMbB/2`BM; i?2 H2+im`2Ƕb �L. bi`m+im`2X aQ- �b /2b+`B#2/ BM
b2+iBQM eX8XR r2 mb2 irQ HBM2�` 2[m�iBQMb �M/ i?2B` +`QbbBM; TQBMi iQ +�H+mH�i2 B7 i?2`2
Bb � +`QbbBM; #2ir22M irQ /2T2M/2M+B2bX h?Bb �TT`Q�+? rQ`Fb r2HH 7Q` ;`�T?b �b b?QrM
BM 6B;m`2 eXd r?2`2 p2`iB+2b �`2 /Qib- �M/ 2/;2b �`2 bi`�B;?i HBM2b #2ir22M i?2KX h?Bb
Bb ?Qr2p2`- MQi i?2 +�b2 7Q` i?2 H2+im`2Ƕb �L. bi`m+im`2X �b � `2bmHi- i?2`2 �`2 +�b2b
r?2`2 i?2 �#bi`�+iBQM ?�b x2`Q +`QbbBM;b- #mi r2 biBHH ?�p2 +`QbbBM;b rBi?BM i?2 H2+im`2Ƕb
�L. bi`m+im`2X 6Q` 2t�KTH2- BM 6B;m`2 eXRR r2 b22 i?2 �L. �7i2` i?2 }M�H H�vQmi bi2T
�M/ i?2 2[mBp�H2Mi �L. �#bi`�+iBQMX AM i?Bb +�b2- i?2 MmK#2` Q7 +`QbbBM;b Q7 i?2 �L.
�#bi`�+iBQM Bb x2`Q- �Hi?Qm;? r2 +�M b22 i?�i i?2`2 Bb biBHH QM2 +`QbbBM; rBi?BM i?2 �+im�H
�L.X

h?2 T`Q#H2K Bb i?�i Bi Bb T`�+iB+�HHv BKTQbbB#H2 iQ +�H+mH�i2 i?2 +Q``2+i MmK#2` Q7
+`QbbBM;b +QMbB/2`BM; i?2 H2+im`2Ƕb �L. bi`m+im`2X h?2 `2�bQM 7Q` i?Bb Bb i?�i i?2 +�H@
+mH�iBQM /2T2M/b QM i?2 H�vQmi /2+BbBQMb- �M/ i?2`27Q`2 QM2 rQmH/ ?�p2 iQ `2/`�r i?2
+QKTH2i2 �L. 2p2`v iBK2 QM2 �TTHB2b � +?�M;2 iQ BiX AM �//BiBQM- BMbi2�/ Q7 QM2 HBM2�`
2[m�iBQM- KQbi /2T2M/2M+B2b rQmH/ i?2M +QMbBbi Q7 b2p2`�H HBM2�` 2[m�iBQMb bBM+2 i?2v
�`2 MQ HQM;2` � bi`�B;?i HBM2X 6m`i?2`KQ`2- r2 rQmH/ �HbQ MQi #2 �#H2 iQ `2/m+2 i?2
+QK#BM�iBQMb �b Km+? �b r2 �`2 MQr- #2+�mb2 /2T2M/BM; QM i?2 /`�rBM;- r2 +�M ?�p2
� +`QbbBM; #2ir22M � /2T2M/2M+v 2M/BM; BM � H�v2` �M/ �MQi?2` /2T2M/2M+v bi�`iBM; BM
i?2 b�K2 H�v2`X q2 �//`2bb bQK2 Q7 i?2b2 Bbbm2b BM i?2 }M�H i`�Mb7Q`K�iBQM bi2T- r?2`2
r2 7m`i?2` i`v iQ `2/m+2 +`QbbBM;b #v �TTHvBM; bT2+B}+ H�vQmi `mH2bX AM �//BiBQM- r2 �HbQ
T2`7Q`K � +`QbbBM; �pQB/�M+2 bi2T BM i?2 7QHHQrBM;- r?B+? Bb mb2/ iQ `2/m+2 i?2 +`QbbBM;b
7m`i?2`X

je



eX8X *`QbbBM; AKT`Qp2K2Mi

apply forward
sweep

apply backward
sweep

recalculate 
crossing number

crossing number >= 0

crossing number == 0

crossing number ≥ best crossing number

crossing number 
< 

best crossing number

reset rounds without
an improvement

save ordering and
crossing number

increase rounds without
an improvement

rounds without impr.  
≥  

max. rounds without impr. 
 

rounds without impr. < max. rounds without impr. 
 

reapply best ordering

6B;m`2 eXRyX, �+iBpBiv /B�;`�K Q7 H�v2`@#v@H�v2` br22T

jd



eX *QM+2Ti

A

B

C

D

U�V .`�rBM; Q7 i?2 �+im�H �L. T�`i

FS

A

SFB

FS

C

D

U#V *�H+mH�iBQM K2i?Q/ pB2r QM i?2 �L.

6B;m`2 eXRRX, *`QbbBM; +�H+mH�iBQM HBKBi�iBQMb Q7 i?2 �L. �#bi`�+iBQM

eXeX *`QbbBM; �pQB/�M+2
AM �//BiBQM iQ +`2�iBM; �L.b- QM2 Q7 Qm` K�BM Q#D2+iBp2b Bb �+?B2pBM; � r2HH@`2�/�#H2
QmiTmiX AM i?2 T`2pBQmb b2+iBQM r2 �TTHB2/ K2i?Q/b iQ }M/ �M Q`/2`BM; i?�i `2/m+2b i?2
+`QbbBM;bX >Qr2p2`- /m2 iQ i?2 H�vQmi Q7 �L.b BM i?2 H2+im`2- �M/ bBM+2 r2 mb2 �M �L.
�#bi`�+iBQM- i?2 T`2pBQmb +`QbbBM; BKT`Qp2K2Mi KQbi HBF2Hv MQi `2KQp2b �HH +`QbbBM;b
rBi?BM i?2 H2+im`2Ƕb �L. bi`m+im`2X h?2`27Q`2- r2 �TTHv � +`QbbBM; �pQB/�M+2 bi2T iQ
`2/m+2 +`QbbBM;b 7m`i?2`X

.2}MBiBQM dX G2i d = (ds, dt) #2 � /2T2M/2M+v rBi? ds �b bQm`+2 �M/ dt �b i�`;2i rQ`F
T�+F�;2X q2 /2}M2 i?2 �#bQHmi2 `Qr /Bz2`2M+2 �b |�#b_QrSQbds − �#b_QrSQbdt |X

.2}MBiBQM 3X G2i A = (As, At) �M/ B = (Bs, Bt) #2 irQ /2T2M/2M+B2bX h?2M br�TTBM;
/2T2M/2M+B2b � �M/ " Bb /2}M2/ #v br�TTBM; i?2B` i�`;2i rQ`F T�+F�;2bc i?mb- A =
(As, Bt) �M/ B = (Bs, At)X

�7i2` �TTHvBM; i?2 +`QbbBM; BKT`Qp2K2Mi- i?2 irQ K�BM `2�bQMb 7Q` i?2 `2K�BMBM;
+`QbbBM;b �`2 /2T2M/2M+B2b rBi? � bBx2�#H2 �#bQHmi2 `Qr /Bz2`2M+2 �M/ /2T2M/2M+B2b rBi?
� H�`;2 DmKT p�Hm2X h?Bb Bb #2+�mb2 i?2 HQM;2` � /2T2M/2M+v Bb- i?2 KQ`2 +`QbbBM;b Bi +�M
+�mb2 rBi? Qi?2` /2T2M/2M+B2bX h?2`27Q`2- Qm` T`BK�`v ;Q�H BM i?2 +`QbbBM; �pQB/�M+2
bi2T Bb iQ `2/m+2 i?2 H2M;i? Q7 /2T2M/2M+B2bX

>Qr2p2`- �b /2b+`B#2/ BM b2+iBQM eX9- Qm` ;Q�H Bb �HbQ iQ ;2M2`�i2 bQK2 /2T2M/2M+B2b
i?�i ?�p2 � T�`iB+mH�` DmKT p�Hm2X >2M+2- `2/m+BM; i?2 DmKT p�Hm2 Q7 /2T2M/2M+B2b Bb
MQi `2�bQM�#H2- r?B+? rQmH/ B;MQ`2 i?Bb +QMbi`�BMiX h?2`27Q`2- r2 rBHH 7Q+mb QM `2/m+BM;
i?2 �#bQHmi2 `Qr /Bz2`2M+2 Q7 /2T2M/2M+B2bX 6Q` i?2 b�F2 Q7 `2�/�#BHBiv- r2 `272` iQ i?2
�#bQHmi2 `Qr /Bz2`2M+2 QMHv �b `Qr /Bz2`2M+2 �M/ i?2 �#bQHmi2 `Qr TQbBiBQM QMHv �b `Qr
TQbBiBQMX

h?2 ;2M2`�H B/2� Q7 i?2 +`QbbBM; �pQB/�M+2 Bb i?�i r2 r�Mi iQ `2/m+2 i?2 iQi�H `Qr
/Bz2`2M+2 rBi?BM i?2 �L. #v `2/m+BM; i?2 `Qr /Bz2`2M+2 7Q` /2T2M/2M+B2b i?�i ?�p2

j3



eXeX *`QbbBM; �pQB/�M+2

� bB;MB}+�Mi `Qr /Bz2`2M+2X q2 �+?B2p2 i?Bb #v br�TTBM; irQ /2T2M/2M+B2b r?2M Bi
`2/m+2b i?2 iQi�H `Qr /Bz2`2M+2 BM i?2 �L.X Ai Bb 2bb2MiB�H iQ K2MiBQM i?�i i?Bb +�M
QMHv #2 /QM2 #2+�mb2 Bi Bb MQi M22/2/ iQ ;2M2`�i2 �Mv TQbbB#H2 �L.X h?Bb Bb #2+�mb2- BM
+QMi`�bi iQ i?2 +`QbbBM; BKT`Qp2K2Mi- r?B+? QMHv +?�M;2b rQ`F T�+F�;2 TQbBiBQMb- i?2
+`QbbBM; �pQB/�M+2 +?�M;2b i?2 K2�MBM; Q7 i?2 �L.X q2 `2im`M iQ i?Bb T`Q#H2K BM KQ`2
/2i�BH �i i?2 2M/ Q7 i?Bb b2+iBQMX

eXeXRX A/2MiB7vBM; S`Q#H2K�iB+ .2T2M/2M+B2b
.2}MBiBQM NX G2i D = {d1, d2, ..., dn} #2 i?2 b2i Q7 �HH /2T2M/2M+B2b �M/ th � T`2/2}M2/
i?`2b?QH/X q2 i?2M /2}M2 i?2 T`Q#H2K�iB+ /2T2M/2M+B2b �b T`Q#.2Ti? = {d | d ∈
D, �#b_Qr.B77(d) ≥ i?}X q2 �HbQ `272` iQ i?Bb b2i �b i?`2b?QH/ /2T2M/2M+B2bX

q2 BM+Hm/2 � i?`2b?QH/ r?2M B/2MiB7vBM; T`Q#H2K�iB+ /2T2M/2M+B2b #2+�mb2 Bi �HHQrb iQ
/2+`2�b2 i?2 +QKTH2tBiv r?2M +QMbB/2`BM; H�`;2` �L.b- bBM+2 #v BM+`2�bBM; i?2 i?`2b?QH/
r2 `2/m+2 i?2 MmK#2` Q7 i?`2b?QH/ /2T2M/2M+B2bX 6Q` i?2 b�F2 Q7 mM/2`bi�M/�#BHBiv- r2
+QMbB/2` � i?`2b?QH/ Q7 irQ BM i?2 7QHHQrBM;X >Qr2p2`- i?2 T`2b2Mi2/ +QM+2Tib �HbQ ?QH/
7Q` ;`2�i2` i?`2b?QH/ p�Hm2bX

eXeXkX _2/m+BM; i?2 �#bQHmi2 _Qr .Bz2`2M+2
�7i2` ;2iiBM; �HH /2T2M/2M+B2b ?�pBM; � `Qr /Bz2`2M+2 ;`2�i2` i?�M Q` 2[m�H iQ i?2 ;Bp2M
i?`2b?QH/- r2 +�M MQr `2/m+2 i?2B` iQi�H `Qr /Bz2`2M+2X 6Q` i?Bb- r2 +QMbB/2` 2�+?
/2T2M/2M+v BM/2T2M/2MiHv �M/ `272` iQ � bBM;H2 /2T2M/2M+v d ∈ T`Q#.2Ti? bBKTHv �b
i?`2b?QH/ /2T2M/2M+vX q2 i`v iQ `2/m+2 i?2 `Qr /Bz2`2M+2 7Q` 2�+? i?`2b?QH/ /2T2M/2M+v
#v br�TTBM; i?2K rBi? �Mv Qi?2` /2T2M/2M+vX "v /QBM; bQ- r2 ?�p2 iQ K�F2 bm`2 i?�i
i?2 BKT`Qp2K2Mi 7Q` i?2 i?`2b?QH/ /2T2M/2M+v Bb KQ`2 bB;MB}+�Mi i?�M i?2 rQ`b2MBM; Q7
i?2 /2T2M/2M+v r2 br�T rBi?X aBM+2 Bi KB;?i MQi #2 TQbbB#H2 iQ BKT`Qp2 �HH i?`2b?QH/
/2T2M/2M+B2b- r2 QMHv �TTHv i?2 7QHHQrBM; bi2Tb mMiBH r2 +�M MQi �TTHv 7m`i?2` +?�M;2b
iQ �Mv i?`2b?QH/ /2T2M/2M+vX

:2iiBM; SQbbB#H2 AKT`Qp2K2Mi .2T2M/2M+B2b

.2}MBiBQM RyX G2i Dk = {d1, d2, ..., dn} #2 i?2 b2i Q7 /2T2M/2M+B2b 2M/BM; BM H�v2` kX
G2i `/d #2 i?2 `Qr /Bz2`2M+2- ds #2 bQm`+2 �M/ dt i?2 i�`;2i Q7 � /2T2M/2M+v d ∈ DkX
q2 /2}M2 i?2 TQbbB#H2 BKT`Qp2K2Mi /2T2M/2M+B2b 7Q` � ;Bp2M i?`2b?QH/ /2T2M/2M+v
i/ 2M/BM; BM H�v2` k �b i?2 b2i TQbAKT.2Ti/ = {d | d ∈ Dk, d '= i/, �#b_Qr(dt) ∈
[�#b_Qr(i/s)− `/i/ + 1, �#b_Qr(i/s) + rdi/ − 1]}

hQ 2Mbm`2 i?�i r2 +�M MQi +`2�i2 /2T2M/2M+B2b i?�i ?�p2 �M BMp�HB/ DmKT p�Hm2 UBX2X-
;`2�i2` i?�M i?2 K�tBKmK DmKT p�Hm2 �HHQr2/V- r2 bi�`i #v QMHv +QMbB/2`BM; /2T2M@
/2M+B2b 2M/BM; BM i?2 b�K2 H�v2` �b i?2 i?`2b?QH/ /2T2M/2M+vX h?2`27Q`2- r2 ;2i �HH
/2T2M/2M+B2b i?�i 2M/ BM i?2 i�`;2i H�v2` �M/ �i H2�bi `2/m+2 i?2 `Qr /Bz2`2M+2 7Q` i?2
i?`2b?QH/ /2T2M/2M+v r?2M br�TTBM;X 6Q` 2t�KTH2- BM 6B;m`2 eXRk- i?2 /�b?2/ �`2�
K�`Fb �HH /2T2M/2M+v i�`;2ib i?�i rQmH/ `2/m+2 i?2 `Qr /Bz2`2M+2 7Q` i?2 i?`2b?QH/
/2T2M/2M+v �"X

jN



eX *QM+2Ti

A

B

6B;m`2 eXRkX, .2T2M/2M+B2b 2M/BM; BM i?2 Q`�M;2 �`2� rQmH/ /2+`2�b2 i?2 `Qr /Bz2`2M+2
7Q` /2T2M/2M+v �"

6BM/BM; i?2 .2T2M/2M+v rBi? i?2 KQbi bB;MB}+�Mi AKT`Qp2K2Mi

q2 MQr mb2 i?2 TQbbB#H2 BKT`Qp2K2Mi /2T2M/2M+B2b iQ }M/ i?2 /2T2M/2M+v `2bmHiBM;
BM i?2 KQbi bB;MB}+�Mi BKT`Qp2K2MiX q2 BHHmbi`�i2 2�+? Q7 i?2 7QHHQrBM; bi2Tb rBi? i?2
2t�KTH2 BM 6B;m`2 eXRjX

RX q2 bi�`i #v +�H+mH�iBM; i?2 BMBiB�H `Qr /Bz2`2M+2 Q7 i?2 i?`2b?QH/ /2T2M/2M+vX AM
Qm` 2t�KTH2- r2 i`v iQ `2/m+2 i?2 `Qr /Bz2`2M+2 Q7 i?2 /2T2M/2M+v �1c i?mb- i?2
+m``2Mi `Qr /Bz2`2M+2 Bb irQX

kX q2 i?2M HQQF �i �HH TQbbB#H2 BKT`Qp2K2Mi /2T2M/2M+B2b �M/ +�H+mH�i2 i?2B` +m``2Mi
`Qr /Bz2`2M+2X aBM+2 rQ`F T�+F�;2b * �M/ . rQmH/ /2+`2�b2 i?2 `Qr /Bz2`2M+2
r?2M mb2/ �b i�`;2ib- r2 MQr +QMbB/2` �HH /2T2M/2M+B2b ?�pBM; QM2 Q7 i?2K �b i?2
i�`;2iX h?Bb H2�/b iQ i?2 /2T2M/2M+B2b "* rBi? � `Qr /Bz2`2M+2 Q7 irQ �M/ ".
rBi? � `Qr /Bz2`2M+2 Q7 QM2X

jX L2ti- r2 +�H+mH�i2 i?2 `Qr /Bz2`2M+2 r2 ;2i r?2M br�TTBM; i?2 i?`2b?QH/ /2T2M@
/2M+v rBi? i?2 TQbbB#H2 BKT`Qp2K2Mi /2T2M/2M+B2bX G2i mb }`bi +QMbB/2` br�TTBM;
rBi? i?2 /2T2M/2M+v ".X h?Bb `2bmHib BM i?2 /2T2M/2M+v �. rBi? � `Qr /Bz2`2M+2
Q7 QM2 �M/ "1 rBi? � `Qr /Bz2`2M+2 Q7 x2`Qc i?mb- � iQi�H `Qr /Bz2`2M+2 Q7 QM2X
q?2M mbBM; /2T2M/2M+v "*- r2 ;2i i?2 /2T2M/2M+v �* rBi? � `Qr /Bz2`2M+2 Q7
x2`Q- �M/ "1 �HbQ ?�pBM; � `Qr /Bz2`2M+2 Q7 x2`Qc i?mb- � iQi�H `Qr /Bz2`2M+2 Q7
x2`QX

9X G�biHv- r2 +�H+mH�i2 i?2 `Qr /Bz2`2M+2 BKT`Qp2K2Mi r2 �+?B2p2 7Q` 2�+? +�b2- �M/
mb2 i?2 /2T2M/2M+v rBi? i?2 KQbi bB;MB}+�Mi BKT`Qp2K2MiX h?2`27Q`2- r2 �;�BM
+QMbB/2` �HH TQbbB#H2 BKT`Qp2K2Mi /2T2M/2M+B2b �M/ +�H+mH�i2 i?2 `Qr /Bz2`2M+2
BKT`Qp2K2Mi r?2M br�TTBM;X AM #Qi? +�b2b- r2 ?�p2 �M BKT`Qp2K2Mi Q7 irQ 7Q` i?2
TQbbB#H2 br�T /2T2M/2M+v bBM+2 #Qi? bi�`i �i i?2 b�K2 rQ`F T�+F�;2X >Qr2p2`- i?2

9y



eXeX *`QbbBM; �pQB/�M+2

BKT`Qp2K2Mi 7Q` i?2 i?`2b?QH/ /2T2M/2M+v �1 Bb QM2 r?2M mbBM; i?2 /2T2M/2M+v
". �M/ irQ 7Q` i?2 /2T2M/2M+v "* c i?mb- br�TTBM; rBi? i?2 /2T2M/2M+v "* ;Bp2b
mb i?2 KQbi bB;MB}+�Mi BKT`Qp2K2MiX

A C

D

EB

U�V .2T2M/2M+B2b r?B+? +QmH/ `2bmHi BM �M BK@
T`Qp2K2Mi

A C

D

EB

U#V ar�TT2/ i�`;2i rBi? i?2 /2T2M/2M+v rBi?
i?2 H�`;2bi BKT`Qp2K2Mi

6B;m`2 eXRjX, _2/m+BM; bi2T pBbm�HBx�iBQM

Ai Bb +`m+B�H iQ K2MiBQM i?�i i?2`2 Bb MQi M2+2bb�`BHv � /2T2M/2M+v i?�i ;Bp2b bm+? �M
BKT`Qp2K2MiX h?Bb Bb i?2 +�b2 B7 �HH TQbbB#H2 /2T2M/2M+B2b QM2 +QmH/ br�T rBi? rQmH/
+`2�i2 � M2;�iBp2 2z2+i KQ`2 bB;MB}+�Mi i?�M i?2 TQbBiBp2 2z2+i i?2 i?`2b?QH/ /2T2M/2M+v
+�M �+?B2p2X

SQbi *?2+Fb �7i2` ar�TTBM; hrQ .2T2M/2M+B2b

�7i2` br�TTBM; irQ /2T2M/2M+B2b- r2 }`bi ?�p2 iQ +?2+F r?2i?2` i?2 `Qr /Bz2`2M+2 Q7
Qm` i?`2b?QH/ /2T2M/2M+v Bb MQr H2bb i?�M i?2 ;Bp2M i?`2b?QH/X A7 i?Bb Bb i?2 +�b2- r2 MQ
HQM;2` +QMbB/2` Bi �b � i?`2b?QH/ /2T2M/2M+v BM bm#b2[m2Mi bi2Tbc Qi?2`rBb2- r2 F22T Bi
#2+�mb2 r2 KB;?i BKT`Qp2 Bi 7m`i?2` �7i2` Qi?2` +?�M;2b ?�p2 #22M �TTHB2/X

AM �//BiBQM- r2 �HbQ M22/ iQ +?2+F r?2i?2` i?2 /2T2M/2M+v r2 br�TT2/ rBi? �H`2�/v
?�/ � `Qr /Bz2`2M+2 ;`2�i2` i?�M i?2 i?`2b?QH/X A7 i?Bb Bb i?2 +�b2- r2 �TTHv i?2 b�K2
+?2+Fb �b 7Q` i?2 i?`2b?QH/ /2T2M/2M+vX Pi?2`rBb2- r2 M22/ iQ +?2+F r?2i?2` Bib M2r
`Qr /Bz2`2M+2 Bb ;`2�i2` Q` 2[m�H iQ i?2 i?`2b?QH/ �M/- B7 bQ- BM+Hm/2 Bi BMiQ i?2 i?`2b?QH/
/2T2M/2M+B2bX

eXeXjX aT2+B�H *�b2b 7Q` i?2 *`QbbBM; �pQB/�M+2
�i i?2 KQK2Mi- r2 QMHv +QMbB/2` TQbbB#H2 br�T /2T2M/2M+B2b i?�i 2M/ BM i?2 b�K2 i�`;2i
H�v2`- r?B+? 2Mbm`2b i?�i r2 /Q MQi +`2�i2 BMp�HB/ DmKT p�Hm2b �M/ i?�i i?2 +`QbbBM;
�pQB/�M+2 /Q2b MQi +?�M;2 i?2 MmK#2` Q7 /2T2M/2M+B2b rBi? T�`iB+mH�` DmKT p�Hm2b UBX2X-
i?2 DmKT p�Hm2 /Bbi`B#miBQMVX �//BiBQM�HHv- r2 QMHv br�T irQ /2T2M/2M+B2b r?2M i?2
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eX *QM+2Ti

iQi�H `Qr /Bz2`2M+2 Bb H2bb i?�M #27Q`2- r?B+? Bb M2+2bb�`v MQi iQ br�T irQ /2T2M/2M+B2b
BM}MBi2Hv Q7i2MX >Qr2p2`- 2p2M i?Qm;? i?Bb K2i?Q/ �H`2�/v vB2H/b ;QQ/ `2bmHib- bQK2
+�b2b �`2 MQi +Qp2`2/- i?2 ?�M/HBM; Q7 r?B+? rQmH/ 7m`i?2` BKT`Qp2 i?2 �L.X h?2`27Q`2-
r2 MQr BMi`Q/m+2 i?2 BKT`Qp2K2Mib r2 K�/2 iQ i?2 K2i?Q/X

_2/m+BM; J�tBKmK �#bQHmi2 _Qr .Bz2`2M+2

q2 +m``2MiHv /Q MQi +QMbB/2` i?2 +�b2 r?2`2 i?2 iQi�H `Qr /Bz2`2M+2 `2K�BMb i?2 b�K2-
#mi r2 biBHH `2KQp2 � +`QbbBM; r?2M r2 br�T irQ /2T2M/2M+B2bX PM2 +�M b22 i?Bb BM
6B;m`2 eXR9�- r?2`2 br�TTBM; #Qi? i�`;2ib `2bmHib BM i?2 b�K2 iQi�H `Qr /Bz2`2M+2 �b
#27Q`2 UBX2X- 2 + 0 pbX 1 + 1V- #mi biBHH `2bmHib BM 72r2` +`QbbBM;b U6B;m`2 eXR9#VX

hQ BM+Hm/2 i?Bb- r2 M22/ iQ �/Dmbi i?2 K2i?Q/ iQ }M/ i?2 /2T2M/2M+v i?�i ;Bp2b
mb i?2 KQbi bB;MB}+�Mi BKT`Qp2K2MiX q2 biBHH +QMbB/2` i?2 iQi�H `Qr /Bz2`2M+2 �b i?2
KQbi /2+BbBp2 +`Bi2`B�X >Qr2p2`- r2 mb2 i?2 K�tBKmK `Qr /Bz2`2M+2 �b �M BKT`Qp2K2Mi
7�+iQ` B7 r2 2Bi?2` �+?B2p2 i?2 b�K2 iQi�H `Qr /Bz2`2M+2 �b #27Q`2 Q` ?�p2 �i H2�bi irQ
/2T2M/2M+B2b vB2H/BM; i?2 b�K2 BKT`Qp2K2MiX AM i?Bb +�b2- r2 +QKT�`2 i?2 K�tBKmK
`Qr /Bz2`2M+2 7Q` �HH +�b2b �M/ i?2M +?QQb2 i?2 QM2 rBi? i?2 HQr2bi K�tBKmK `Qr
/Bz2`2M+2X 6Q` 2t�KTH2- i?2 BMBiB�H +�b2 U6B;m`2 eXR9�V ?�b � K�tBKmK `Qr /Bz2`2M+2
Q7 irQ 7Q` i?2 /2T2M/2M+v �.X q?2M br�TTBM; #Qi? /2T2M/2M+B2b- r2 `2/m+2 Bi iQ �
K�tBKmK `Qr /Bz2`2M+2 Q7 QM2 U6B;m`2 eXR9#Vc i?mb- r2 �TTHv i?2 /2TB+i2/ br�T BM i?Bb
bBim�iBQMX

B

A

C

D

U�V ar�TTBM; #Qi? /2T2M/2M+B2b rQmH/ `2bmHi
BM i?2 b�K2 iQi�H `Qr /Bz2`2M+2

B

A

C

D

U#V ar�TTBM; #Qi? /2T2M/2M+B2b biBHH `2/m+2b
i?2 MmK#2` Q7 +`QbbBM;b

6B;m`2 eXR9X, _2/m+BM; bi2T �HbQ +QMbB/2`BM; i?2 K�tBKmK `Qr /Bz2`2M+2

.2T2M/2M+B2b rBi? H�`;2` DmKT p�Hm2

6m`i?2`KQ`2- i?2 BMBiB�H �TT`Q�+? QMHv +QMbB/2`b /2T2M/2M+B2b i?�i 2M/ BM i?2 b�K2 H�v2`
�b i?2 i?`2b?QH/ /2T2M/2M+vX h?Bb Bb #2+�mb2 Qm` T`BK�`v ;Q�H Bb iQ `2/m+2 i?2 iQi�H
`Qr /Bz2`2M+2 r?BH2 K�BMi�BMBM; i?2 DmKT p�Hm2 /Bbi`B#miBQMX .m2 iQ i?Bb +QMbi`�BMi-
?Qr2p2`- /2T2M/2M+B2b /Q MQi +QMbB/2` �HH Q7 i?2B` TQbbB#H2 BKT`Qp2K2Mi /2T2M/2M+B2bX
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eXeX *`QbbBM; �pQB/�M+2

PM2 +�M b22 i?Bb BM 6B;m`2 eXR8 r?2`2 r2 rQmH/ MQi +QMbB/2` i?2 /2T2M/2M+v "* �b
TQbbB#H2 br�T /2T2M/2M+v /2bTBi2 i?2 7�+i i?�i mbBM; Bi `2bmHib BM � bK�HH2` `Qr /Bz2`2M+2
r?BH2 biBHH K�BMi�BMBM; i?2 DmKT p�Hm2 /Bbi`B#miBQMX

A

B

C

F

E

D

6B;m`2 eXR8X, h?2 Q`�M;2 �`2� K�`Fb i?2 �`2� r?2`2 TQbbB#H2 BKT`Qp2K2Mi /2T2M/2M+B2b
�`2 �HHQr2/ iQ 2M/ �b /2}M2/ BM .2}MBiBQM Ry �M/ pBbm�HBx2/ BM 6B;m`2 eXRkX
h?2 #Hm2 �`2� K�`Fb i?2 2ti2M/2/ �`2� r?2M +QMbB/2`BM; i?2 /2T2M/2M+v
�6 �M/ � K�tBKmK DmKT p�Hm2 Q7 irQ

hQ ?�M/H2 i?Bb- r2 2ti2M/ i?2 TQbbB#H2 br�T /2T2M/2M+B2b iQ HQQF �i �HH rQ`F T�+F�;2b
i?�i �`2 `2�+?�#H2 rBi? i?2 K�tBK�H DmKT p�Hm2 7`QK i?2 bQm`+2 H�v2`- bBM+2 b2iiBM; QM2
Q7 i?2b2 rQ`F T�+F�;2b �b i?2 M2r i�`;2i `2bmHib BM � p�HB/ DmKT p�Hm2X

.2}MBiBQM RRX G2i i/ #2 � TQbbB#H2 i?`2b?QH/ /2T2M/2M+vX G2i Di/ = {d | ldt ∈
[li/s +1, li/s +K�tCmKTo�Hm2]}X q2 i?2M /2}M2 i?2 2ti2M/2/ TQbbB#H2 BKT`Qp2K2Mi
/2T2M/2M+B2b 7Q` i/ �b i?2 b2i 2tiSQbAKT.2Ti/ = {d | d ∈ Di/, d '= i/, �#b_Qr(dt) ∈
[�#b_Qr(i/s)− `/i/ + 1, �#b_Qr(i/s) + rdi/ − 1]}

>Qr2p2`- r2 ?�p2 iQ �/Dmbi i?2 T`Q+2/m`2 i?�i ;Bp2b mb i?2 br�T /2T2M/2M+v rBi?
i?2 KQbi bB;MB}+�Mi BKT`Qp2K2Mi iQ �pQB/ ;2iiBM; BMp�HB/ DmKT p�Hm2bX PM2 +�b2 r?2`2
i?Bb +�M ?�TT2M Bb b?QrM BM 6B;m`2 eXRe� r?2`2 br�TTBM; #Qi? /2T2M/2M+B2b H2�/b iQ �
`Qr /Bz2`2M+2 BKT`Qp2K2Mi #mi +`2�i2b �M BMp�HB/ DmKT p�Hm2 Q7 i?`22 U6B;m`2 eXRe#VX

hQ BM+Hm/2 i?Bb- r2 QMHv ?�p2 iQ +?2+F B7 i?2 DmKT p�Hm2b bi�v i?2 b�K2 Q` ?�p2 bBKTHv
#22M br�TT2/X "v /QBM; bQ- r2 2Mbm`2 i?�i r2 /Q MQi T`Q/m+2 BMp�HB/ /2T2M/2M+B2b �M/
K�BMi�BM i?2 DmKT p�Hm2 /Bbi`B#miBQMX

eXeX9X LmK#2` Q7 S`Q/m+B#H2 �+iBpBiv L2irQ`F .B�;`�Kb
�b K2MiBQM2/ �i i?2 bi�`i Q7 i?Bb b2+iBQM- QM2 T`Q#H2K Q7 i?Bb �TT`Q�+? Bb i?2 MmK#2`
Q7 T`Q/m+B#H2 �L.bX AM +QMi`�bi iQ i?2 +`QbbBM; BKT`Qp2K2Mi- r2 +?�M;2 i?2 i�`;2ib Q7
/2T2M/2M+B2b BM i?2 +`QbbBM; �pQB/�M+2- r?B+? +?�M;2b i?2 K2�MBM; Q7 i?2 �L.X h?Bb
+�M #2 b22M r?2M HQQFBM; #�+F �i 6B;m`2 eXRj#X A7 r2 QMHv b22 i?Bb �L. r2 �`2 MQi �#H2
iQ /2+B/2 r?2i?2` Bi r�b T`Q/m+2/ #v 6B;m`2 eXRj� rBi? +`QbbBM; �pQB/�M+2- Q` B7 Bi ;Qi
+`2�i2/ HBF2 i?BbX h?Bb K2�Mb i?�i B7 r2 r�Mi iQ T`Q/m+2 �Mv TQbbB#H2 �L.- Bi Bb MQi
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eX *QM+2Ti

B

C

A

D

U�V "27Q`2 br�TTBM;

B

C

A

D

U#V �7i2` br�TTBM;

6B;m`2 eXReX, S`Q#H2K r?2M +QMbB/2`BM; �HH /2T2M/2M+B2b ;QBM; BMiQ rQ`F T�+F�;2b #2@
ir22M i?2 bQm`+2 �M/ i�`;2i H�v2` �b TQi2MiB�H br�T /2T2M/2M+B2b

`2�bQM�#H2 iQ mb2 i?Bb +`QbbBM; �pQB/�M+2 bi2TX >Qr2p2`- r2 �TTHv i?Bb +`QbbBM; �pQB/�M+2
bi2T #2+�mb2 Bi Bb #2ii2`- BM Qm` mb2 +�b2- iQ ;2M2`�i2 �L.b rBi? 72r2` +`QbbBM;b- r?B+?
�`2 KQ`2 `2�/�#H2X

eXdX qQ`F S�+F�;2 S`QT2`iv *�H+mH�iBQM
�i i?Bb TQBMi- r2 ?�p2 +`2�i2/ i?2 �L. �M/ �TTHB2/ p�`BQmb +?�M;2b iQ BiX aBM+2 i?2 +`Qbb@
BM; �pQB/�M+2 bi2T �TTHB2b +?�M;2b iQ /2T2M/2M+B2b- r2 +�M QMHv +�H+mH�i2 i?2 b+?2/mH2
T`QT2`iB2b �7i2` i?2 +`QbbBM; �pQB/�M+2 bi2TX AM i?2 7QHHQrBM;- r2 BMi`Q/m+2 i?2 +�H+mH�@
iBQMǶb T`2`2[mBbBi2b �M/ i?2M 2tTH�BM i?2 +�H+mH�iBQM Bib2H7X

eXdXRX S`2`2[mBbBi2b
h?2 7QHHQrBM; +�H+mH�iBQM K2i?Q/ Bb #�b2/ QM i?2 7Q`r�`/ �M/ #�+Fr�`/ T�bb- BMi`Q/m+2/
BM b2+iBQM kXkXjX �//BiBQM�HHv- Bi /2T2M/b QM � r2HH@H�v2`2/ �L.- r?B+? K2�Mb i?�i 2�+?
/2T2M/2M+v ;Q2b 7`QK � H27i iQ � `B;?i H�v2`X h?2 ;2M2`�iBQM K2i?Q/ r2 BMi`Q/m+2/
BM b2+iBQM eX9 Bb #�b2/ QM i?2 H�v2`@#v@H�v2` K2i?Q/c i?mb- r2 QMHv +`2�i2 r2HH@H�v2`2/
�L.bX >Qr2p2`- r2 �HbQ r�Mi iQ #2 �#H2 iQ BMTmi KQ/B}2/ �L.b iQ +�H+mH�i2 i?2B`
T`QT2`iB2bX h?2`27Q`2- #27Q`2 �TTHvBM; i?2 +�H+mH�iBQM- r2 M22/ iQ +?2+F r?2i?2` i?2
�L. Bb +Q``2+iHv H�v2`2/ �M/- B7 MQi- �TTHv � +Q``2+i H�v2`BM; rBi? QM2 Q7 i?2 K2i?Q/b
/2b+`B#2/ BM b2+iBQM 8XkXkX

eXdXkX *�H+mH�iBQM
h?2 7Q`r�`/ �M/ #�+Fr�`/ T�bb2b MQr K�F2 mb2 Q7 i?2 H�v2`2/ �L.X AM ;2M2`�H- r2 +�M
QMHv +�H+mH�i2 i?2 p�Hm2b Q7 � rQ`F T�+F�;2 BM i?2 7Q`r�`/ T�bb r?2M r2 ?�p2 �H`2�/v
+QMbB/2`2/ �HH Q7 Bib T`2/2+2bbQ`bX aBM+2 r2 ?�p2 � H�v2`2/ �L. r?2`2 2�+? rQ`F T�+F�;2
QMHv ?�b T`2/2+2bbQ`b BM T`2pBQmb H�v2`b- i?Bb bi�i2K2Mi Bb 2[mBp�H2Mi iQ i?�i r2 �H`2�/v
+�H+mH�i2/ i?2 1a �M/ 16 BM �HH T`2pBQmb H�v2`bX h?2`27Q`2- BM i?2 7Q`r�`/ T�bb- r2
`mM 7`QK i?2 bi�`i iQ i?2 2M/ H�v2` �M/ �Hr�vb +�H+mH�i2 i?2 1a �M/ 16 7Q` 2�+? rQ`F
T�+F�;2 rBi?BM � H�v2` #27Q`2 +QMiBMmBM; rBi? i?2 M2ti H�v2`X h?Bb K2�Mb i?�i r?2M r2
`2�+? i?2 Fi? H�v2`- r2 FMQr i?�i �HH rQ`F T�+F�;2b mT iQ i?Bb H�v2` ?�p2 i?2B` +Q``2+i
1a �M/ 16 �bbB;M2/X q2 +�H+mH�i2 i?2 1a �M/ 16 mbBM; i?2 +�H+mH�iBQM `mH2b /2}M2/ BM
b2+iBQM kXkXjX
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eX3X .`�rBM; i?2 �+iBpBiv L2irQ`F .B�;`�K

AM i?2 #�+Fr�`/ T�bb- r2 �;�BM mb2b i?2 7�+i i?�i i?2 �L. Bb +Q``2+iHv H�v2`2/- #mi
i?Bb iBK2 r2 ;Q 7`QK i?2 2M/ iQ i?2 bi�`i H�v2` �M/ +�H+mH�i2 i?2 Ga �M/ G6X

�7i2` �TTHvBM; #Qi? T?�b2b- r2 ?�p2 �M �L. rBi? +Q``2+iHv +�H+mH�i2/ T`QT2`iB2b-
�M/ i?2 QMHv i?BM; H27i iQ /Q MQr Bb iQ i`�Mb7Q`K i?2 �L. �#bi`�+iBQM BMiQ i?2 H2+im`2Ƕb
�L. bi`m+im`2X

eX3X .`�rBM; i?2 �+iBpBiv L2irQ`F .B�;`�K
lMiBH MQr- r2 ?�p2 QMHv +QMbB/2`2/ Qm` �L. �#bi`�+iBQMX AM i?Bb }M�H i`�Mb7Q`K�iBQM
bi2T- r2 MQr i`�Mb7Q`K i?Bb �#bi`�+iBQM BMiQ i?2 H2+im`2`Ƕb �L. bi`m+im`2X >2`2 r2
7Q+mb QM i?2 2bb2MiB�H +QM+2Tib i?�i i?2 i`�Mb7Q`K�iBQM Bb #�b2/ QMX

eX3XRX .`�rBM; i?2 qQ`F S�+F�;2b
h?2 TQbBiBQM �bbB;MK2Mi Q7 rQ`F T�+F�;2b Bb #�b2/ QM irQ +QM+2TibX q2 }`bi ?�p2 i?2
t@bT�+BM; r2 BM+Hm/2 #2ir22M irQ M2B;?#Q`BM; H�v2`bX h?Bb t@bT�+BM; Bb H�i2` mb2/ iQ
�``�M;2 /2T2M/2M+B2b #2ir22M irQ H�v2`bX

6m`i?2`KQ`2- r2 �HbQ BM+Hm/2 i?2 v@bT�+BM; #2ir22M irQ �#bQHmi2 `Qr TQbBiBQMb- �HHQr@
BM; mb iQ +`2�i2 /2T2M/2M+B2b rBi? KQ`2 /B`2+i T�i?bX 6Q` 2t�KTH2- BM 6B;m`2 eXRd r2
+QMbB/2` i?2 a6 /2T2M/2M+v �" rBi? �M �#bQHmi2 `Qr /Bz2`2M+2 Q7 QM2X qBi?Qmi �//B@
iBQM�H v@bT�+BM;- r2 rQmH/ M22/ iQ +`2�i2 KQ`2 #2M/b i?�M M22/2/ Q` � HQM; /2T2M/2M+v
Ub22 6B;m`2 eXRd�Vc i?mb- i?2 v@bT�+BM; �HHQrb mb iQ KQ`2 /B`2+iHv �``�M;2 /2T2M/2M+B2b
iQ i?2 i�`;2i rQ`F T�+F�;2 U6B;m`2 eXRd#VX

A

B

U�V �+iBpBiv M2irQ`F /B�;`�K rBi?Qmi v@
bT�+BM;

A

B

U#V �+iBpBiv M2irQ`F /B�;`�K rBi? �TT`QT`B�i2
v@bT�+BM; BM+Hm/2/

6B;m`2 eXRdX, oBbm�HBx�iBQM Q7 i?2 v@bT�+BM; +QM+2Ti

eX3XkX .`�rBM; i?2 .2T2M/2M+B2b
�b �H`2�/v /Bb+mbb2/ �i i?2 #2;BMMBM; Q7 i?Bb +?�Ti2`- � /2T2M/2M+v rBi?BM i?2 H2+im`2Ƕb
�L. bi`m+im`2 Bb MQi +QMbB/2`2/ iQ #2 � bi`�B;?i HBM2 #2ir22M irQ rQ`F T�+F�;2b- #mi
`�i?2` +QMi�BMb bQK2 Ny@/2;`22 #2M/bX h?2`27Q`2- i?2`2 �`2 K�Mv TQbbB#BHBiB2b 7Q` ?Qr
r2 +�M �``�M;2 i?Qb2 /2T2M/2M+B2bX �b K2MiBQM2/ BM b2+iBQM 8XkXR ?�pBM; 72r #2M/b Bb
QM2 +`Bi2`BQM 7Q` � r2HH@`2�/�#H2 ;`�T? /`�rBM;c i?mb- r2 /2+B/2/ iQ +`2�i2 /2T2M/2M+B2b
rBi? i?2 72r2bi #2M/b M22/2/ U�i KQbi 7Qm` #2M/bVX
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aBM+2 i?2 2tBi �M/ 2Mi`v bB/2b �i � rQ`F T�+F�;2 �`2 r2HH /2}M2/ #v i?2 /2T2M/2M+v
ivT2- �b bi�i2/ BM b2+iBQM kXkX9- r2 QKBi i?2 bB/2b ?2`2 �M/ QMHv 7Q+mb QM r?2`2- �M/ BM
r?B+? /B`2+iBQM UBX2X- mTr�`/b Q` /QrMr�`/bV- � /2T2M/2M+v H2�p2b �M/ 2Mi2`b � rQ`F
T�+F�;2X q2 BMi`Q/m+2 b2p2`�H bT2+B�H `mH2b iQ /2+B/2 r?2i?2` � /2T2M/2M+v H2�p2b �
rQ`F T�+F�;2 iQr�`/b i?2 iQT- �b b22M BM 6B;m`2 eXRd#- Q` iQr�`/b i?2 #QiiQKX A7 MQM2
Q7 i?2 `mH2b r2 BMi`Q/m+2 �`2 �TTHB+�#H2- r2 TH�+2 � /2T2M/2M+v iQr�`/b i?2 iQT r?2M
i?2 i�`;2i Bb �#Qp2 i?2 bQm`+2 �M/ iQr�`/b i?2 #QiiQK r?2M i?2 i�`;2i Bb #2HQr i?2
bQm`+2X AM �//BiBQM- r2 �Hr�vb /`�r � /2T2M/2M+v /B`2+iHv iQ Bib i�`;2i H�v2` i?`Qm;?
i?2 M2�`2bi v@bT�+BM;- bQ r2 QMHv ;Q mTr�`/b Q` /QrMr�`/b BM i?2 �+im�H i�`;2i H�v2`X
h?Bb `2/m+2b i?2 +�b2 +QKTH2tBiv- �M/ i?2 7QHHQrBM; `mH2b �`2 #�b2/ QM i?Bb �bbmKTiBQMX

.2T2M/2M+B2b iQ i?2 b�K2 �#bQHmi2 _Qr SQbBiBQM

q2 +QMbB/2` i?2 +�b2 Q7 � /2T2M/2M+v ;QBM; BMiQ � rQ`F T�+F�;2 rBi? i?2 b�K2 �#bQHmi2
`Qr TQbBiBQMX � T`Q#H2K Q7 i?Bb +�b2 +�M #2 b22M BM 6B;m`2 eXR3- r?2`2 TH�+BM; i?2
/2T2M/2M+v iQr�`/b i?2 iQT Q` #QiiQK Q7 i?2 bQm`+2 rQ`F T�+F�;2 BM~m2M+2b i?2 iQi�H
MmK#2` Q7 +`QbbBM;bX h?2`27Q`2- r2 r�Mi iQ bT2+B7v � `mH2 i?�i +?QQb2b i?2 #2bi Q7 i?2
irQ p�`B�MibX

h?2 K�BM B/2� Q7 i?Bb `mH2 Bb i?�i r2 /2i2`KBM2 ?Qr K�Mv +`QbbBM;b �`2 2t+HmbBp2Hv
T`Q/m+2/ r?2M TH�+BM; i?2 /2T2M/2M+v �i i?2 iQT �M/ �i i?2 #QiiQK- �M/ i?2M mb2 i?2
TH�+2K2Mi vB2H/BM; 72r2` +`QbbBM;bX

A C

BA

6B;m`2 eXR3X, .2T2M/BM; QM i?2 bBim�iBQM Bi KB;?i #2 #2ii2` iQ TH�+2 i?2 bi�`i@iQ@t /2@
T2M/2M+v �#Qp2 Q` #2HQr

.2}MBiBQM RkX G2i rT #2 � rQ`F T�+F�;2X G2i T`2/qS(rT) #2 �HH T`2/2+2bbQ` rQ`F T�+F@
�;2b �M/ bm++qS(rT) �HH bm++2bbQ` rQ`F T�+F�;2b 7`QK rTX q2 i?2M /2}M2 t�#p(rT) =∑

�∈tqS(rT)(�#b_Qr(�) > �#b_Qr(rT)) 7Q` x ∈ {pred, succ} iQ #2 i?2 MmK#2` Q7 T`2/2@
+2bbQ`fbm++2bbQ` /2T2M/2M+B2b ;QBM; iQ � rQ`F T�+F�;2 �#Qp2 rTX aBKBH�`Hv t"2HQr(rT) =∑

�∈tqS(rT)(�#b_Qr(�) < �#b_Qr(rT)) Bb i?2 MmK#2` Q7 T`2/2+2bbQ`fbm++2bbQ` /2T2M@
/2M+B2b ;QBM; iQ � rQ`F T�+F�;2 #2HQr rTX
.2}MBiBQM RjX G2i d = (ds, dt) #2 � /2T2M/2M+v- �M/ �#b_Qr(ds) = �#b_Qr(dt)X
G2i #i(d) = {wp | �#b_Qr(wp) = �#b_Qr(ds), lds < lwpi < ldt}X q2 i?2M /2}M2
+`QbhQT(d) = bm++�#p(ds) +

∑
rT∈#i(d)(bm++�#p(rT) + T`2/�#p(rT)) + T`2/�#p(dt) �M/

+`Qb"Qi(d) = bm++"2HQr(ds)+
∑

rT∈#i(d)(bm++"2HQr(rT)+T`2/"2HQr(rT))+T`2/"2HQr(dt)
q?2M ?�pBM; � /2T2M/2M+v r?2`2 i?2 bQm`+2 �M/ i�`;2i rQ`F T�+F�;2b �`2 QM i?2

b�K2 �#bQHmi2 `Qr TQbBiBQM- r2 +�H+mH�i2 +`QbhQT �M/ +`Qb"QiX h?2M- r2 +�M ?�M/H2
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i?Bb +�b2 #v +?QQbBM; i?2 �``�M;2K2Mi T`Q/m+BM; i?2 72r2bi +`QbbBM;b /2T2M/BM; QM i?2b2
irQ +�H+mH�i2/ p�Hm2bX

6BMBb?@iQ@ai�`i .2T2M/2M+v Pzb2i �bbB;MK2Mi

aBM+2 KQbi Q7 Qm` /2T2M/2M+B2b �`2 6a /2T2M/2M+B2b- r2 Kmbi i�F2 bT2+B�H +�`2 iQ ?�M@
/H2 +�b2b i?�i +�M Q++m` 7Q` i?2KX h?2 KQbi bB;MB}+�Mi T`Q#H2K 7Q` i?2K Bb TH�+BM; �HH
/2T2M/2M+B2b QM i?2 b�K2 HBM2 rBi?BM i?2 t@bT�+BM;X q?2M /QBM; bQ- Bi +�M #2 BKTQbbB#H2
iQ b22 r?2`2 � /2T2M/2M+v 2M/bX 6Q` 2t�KTH2- BM 6B;m`2 eXRN r2 +�M �``�M;2 �HH /2T2M@
/2M+B2b QM i?2 b�K2 HBM2- +�mbBM; MQ T`Q#H2KX >Qr2p2`- r?2M +QMbB/2`BM; � /2T2M/2M+v
bi�`iBM; �#Qp2 � �M/ 2M/BM; #2HQr " i?�i mb2b i?2 b�K2 HBM2- r2 �`2 MQ HQM;2` �#H2 iQ
B/2MiB7v r?B+? /2T2M/2M+B2b 2M/ BM " Q` 7m`i?2` /QrMX h?2`27Q`2- Qm` ;Q�H Bb iQ �``�M;2
6a /2T2M/2M+B2b BM i?2 t@bT�+BM; BM bm+? � r�v i?�i i?2v /Q MQi mb2 i?2 b�K2 HBM2 �M/
/Q MQi +`2�i2 �pQB/�#H2 +`QbbBM;bX

A

B

6B;m`2 eXRNX, a?B7iBM; /2T2M/2M+B2b /2T2M/BM; QM i?2 MmK#2` Q7 Qi?2` /2T2M/2M+B2b T�bb@
BM; #v

h?2 ;2M2`�H B/2� Bb i?�i r2 r�Mi iQ �bbB;M 2�+? 6a /2T2M/2M+v �M Qzb2i /2b+`B#BM;
?Qr 7�` r2 b?B7i i?2 /2T2M/2M+v iQ i?2 H27i BM i?2 i�`;2i H�v2`X 6Q` 2t�KTH2- BM 6B;@
m`2 eXRN /2T2M/2M+v �" ?�b �M Qzb2i Q7 irQX �b K2MiBQM2/ �#Qp2- r2 �bbmK2 i?�i 2�+?
/2T2M/2M+v }`bi /B`2+iHv ;Q2b BMiQ Bib i�`;2i H�v2` #27Q`2 ;QBM; mTr�`/b Q` /QrMr�`/b
iQ i?2 i�`;2i rQ`F T�+F�;2X

.2}MBiBQM R9X G2i d = (As, At) #2 � 6a /2T2M/2M+v rBi? �#b_Qr(As) > �#b_Qr(At)X
G2i D = {d | divT2 = 6a, ldt = lAt , ds '= As}X q2 i?2M /2}M2 i?2 Qzb2i Q7 A �b
Q77b2iA = |{/T | /T ∈ D, �#b_Qr(/Ts) > �#b_Qr(As), �#b_Qr(/Tt) ≤ �#b_Qr(At}|X

q2 QMHv +QMbB/2` �M 6a /2T2M/2M+v i?�i ;Q2b /QrMr�`/b UBX2X- i?2 i�`;2i Bb #2HQr
i?2 bQm`+2V BM .2}MBiBQM R9 #mi Bi rQ`Fb �M�HQ;QmbHv 7Q` i?2 mTr�`/ +�b2X q?2M �;�BM
+QMbB/2`BM; 6B;m`2 eXRN- r2 +�M b22 i?�i /2T2M/2M+v �" ?�b i?2 Qzb2i Q7 irQ #2+�mb2
irQ /2T2M/2M+B2b +QK2 7`QK �#Qp2 �M/ ;Q BMiQ i?2 b�K2 i�`;2i rQ`F T�+F�;2X

h?2 T`Q#H2K Bb i?�i r2 +m``2MiHv /Q MQi +QMbB/2` /2T2M/2M+B2b i?�i bi�`i BM i?2 b�K2
�#bQHmi2 `Qr TQbBiBQMb- BM /Bz2`2Mi H�v2`b- �M/ ;Q iQ i?2 b�K2 i�`;2i H�v2` �M/ BM i?2
b�K2 p2`iB+�H /B`2+iBQM Ub22 6B;m`2 eXkyVX q2 ?�M/H2 i?Bb +�b2 #v BM+`2�bBM; i?2 Qzb2i
7Q` � bT2+B}+ /2T2M/2M+v /2T2M/BM; QM ?Qr K�Mv bm+? /2T2M/2M+B2b bi�`i iQ i?2 `B;?i
Q7 BiX 6Q` 2t�KTH2- BM 6B;m`2 eXky r2 QMHv BM+`2�b2 i?2 Qzb2i 7Q` /2T2M/2M+v �*X
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A B

C

6B;m`2 eXkyX, S`Q#H2K r?2M +QMbB/2`BM; irQ /2T2M/2M+B2b bi�`iBM; BM i?2 b�K2 `Qr- ;QBM;
BMiQ i?2 b�K2 i�`;2i H�v2` rBi? /Bz2`2Mi DmKT p�Hm2b

6BMBb?@iQ@ai�`i JmHiBTH2 Pmi@:QBM; .2T2M/2M+B2b

q2 �HbQ r�Mi iQ +QMbB/2` i?2 +�b2 Q7 irQ Q` KQ`2 /2T2M/2M+B2b 7`QK i?2 b�K2 rQ`F
T�+F�;2 ;QBM; BMiQ i?2 b�K2 H�v2` �M/ BM i?2 b�K2 /B`2+iBQM- iQ 7m`i?2` BM+`2�b2b i?2
`2�/�#BHBiv Q7 i?2 �L. Ub22 6B;m`2 eXkRVX h?2 ;Q�H Bb iQ F22T i?2 Qzb2i 7Q` i?2 +HQb2bi
i�`;2i �M/ BM+`2�b2 Bi i?2 KQbi 7Q` i?2 i�`;2i i?2 7m`i?2bi �r�vX

A

B

6B;m`2 eXkRX, a?B7iBM; /2T2M/2M+B2b i?�i bi�`i �i i?2 b�K2 bQm`+2 �M/ ;QBM; iQ i?2 b�K2
/B`2+iBQM

hQ �+?B2p2 i?Bb- r2 +QMbB/2` �HH /2T2M/2M+B2b bi�`iBM; �i i?2 b�K2 bQm`+2 �M/ ;QBM;
BM i?2 b�K2 /B`2+iBQMX q2 +�M i?2M Q`/2` i?2b2 rQ`F T�+F�;2b #v i?2B` �#bQHmi2 `Qr
TQbBiBQMX h?2 Qzb2i Q7 � /2T2M/2M+v Bb i?2M BM+`2�b2/ #v Bib TQbBiBQMBM; BM i?�i Q`/2`BM;X
aQ- i?2 /2T2M/2M+v 2M/BM; BM i?2 M2�`2bi i�`;2i rQ`F T�+F�;2 +�M F22T Bib Qzb2i r?BH2
r2 BM+`2�b2 Bi i?2 KQbi 7Q` i?2 /2T2M/2M+v r?2`2 i?2 i�`;2i Bb i?2 7m`i?2bi �r�vX 6Q`
2t�KTH2- BM 6B;m`2 eXkR- r2 F22T i?2 Qzb2i Q7 /2T2M/2M+v �" �M/ BM+`2�b2 i?2 Qzb2i 7Q`
i?2 /�b?2/ /2T2M/2M+v #v QM2X

aT2+B�H .2T2M/2M+B2b �i �+iBpBiv L2irQ`F "QmM/�`v

.2}MBiBQM R8X G2i A = (As, At) #2 � bT2+B�H /2T2M/2M+v �M/ #i(A) = {rT | lAs ≤
lrT ≤ lAt , �#b_Qr(rT) > �#b_Qr(As)}X q2 i?2M /2}M2 /2T2M/2M+v A iQ #2 BM � HQ+�H
K�tBKmK B7 |#i(A)| = 0X

.2}MBiBQM ReX G2i A = (As, At) #2 � bT2+B�H /2T2M/2M+v �M/ #i(A) = {rT | lAs ≤
lrT ≤ lAt , �#b_Qr(rT) < �#b_Qr(As)}X q2 i?2M /2}M2 /2T2M/2M+v A iQ #2 BM � HQ+�H
KBMBKmK B7 |#i(A)| = 0X
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�b K2MiBQM2/ �#Qp2- r?2i?2` � /2T2M/2M+v ;Q2b Qmi �i i?2 iQT Q` �i i?2 #QiiQK
Q7 i?2 bQm`+2 rQ`F T�+F�;2 mbm�HHv /2T2M/b QM r?2i?2` i?2 i�`;2i Bb �#Qp2 Q` #2HQr
i?2 bQm`+2X >Qr2p2`- i?2`2 �`2 +�b2b r?2`2 �``�M;BM; � /2T2M/2M+v �i i?2 #QiiQK 7Q`
� /2T2M/2M+v r?2`2 i?2 i�`;2i Bb �#Qp2 +�M vB2H/ ;QQ/ BKT`Qp2K2Mib U�M�HQ;QmbHv 7Q`
/QrMr�`/ /2T2M/2M+B2bVX h?2b2 +�b2b �`2 i?Qb2 r?2`2 i?2 /2T2M/2M+v Bb BM � HQ+�H
KBMBKmK Q` K�tBKmK- #2+�mb2- #v /2}MBiBQM- r2 FMQr i?�i i?2`2 �`2 MQ rQ`F T�+F�;2b
i?�i +�M T`Q/m+2 +`QbbBM;b �#Qp2 � HQ+�H K�tBKmK Q` #2HQr � HQ+�H KBMBKmKX 6Q`
2t�KTH2- BM 6B;m`2 eXkk- �bbmKBM; rQ`F T�+F�;2 " Bb � HQ+�H K�tBKmK- r2 +�M- BMbi2�/
Q7 H2�pBM; �i i?2 #QiiQK- H2�p2 �i i?2 iQT- r?B+? �pQB/b i?2 +`QbbBM; rBi? i?2 /2T2M/2M+v
�"X

A DC

B

6B;m`2 eXkkX, �``�M;BM; i?2 /2T2M/2M+v #2HQr i?2 bQm`+2 rQmH/ `2bmHi BM 72r2` +`QbbBM;b
rBi?BM i?2 �L.

SH�+BM; i?2 /2T2M/2M+v QM i?2 QmibB/2 Q7 � HQ+�H KBMBKmK Q` K�tBKmK +�M bQK2iBK2b
�HbQ ?�p2 i?2 2z2+i Q7 BM+`2�bBM; i?2 MmK#2` Q7 +`QbbBM;bX 6m`i?2`KQ`2- r?2M #Qi?
�``�M;2K2Mib vB2H/ i?2 b�K2 MmK#2` Q7 +`QbbBM;b- QM2 b?QmH/ �Hr�vb +?QQb2 i?2 KQ`2
/B`2+i p�`B�Mi bBM+2 i?2 /2T2M/2M+v H2M;i? Bb Km+? bK�HH2` BM i?�i +�b2X

q2 QMHv +QMbB/2` � bT2+B�H /2T2M/2M+v #2BM; BM � HQ+�H K�tBKmK- #mi i?2 HQ+�H KBM@
BKmK +�b2 rQ`Fb �M�HQ;QmbHvX �;�BM- Bi Bb 2bb2MiB�H i?�i 2�+? /2T2M/2M+v /B`2+iHv ;Q2b
BMiQ Bib i�`;2i H�v2` #27Q`2 ;QBM; mTr�`/b Q` /QrMr�`/bX h?Bb Bb M22/2/- #2+�mb2 i?2
K�BM B/2� Q7 i?2 7QHHQrBM; `mH2 Bb #�b2/ QM +�H+mH�iBM; i?2 +`QbbBM;b T`Q/m+2/ 2t+HmbBp2Hv
#v i?2 /Bz2`2Mi /`�rBM; TQbbB#BHBiB2b mT iQ i?2 TQBMi r?2`2 i?2v �`2 /`�rM bBKBH�`Hv
U2X;X- mT iQ i?2 #Hm2 +`Qbb BM 6B;m`2 eXkkVX

.2}MBiBQM RdX G2i A = (As, At) #2 � bT2+B�H /2T2M/2M+v BM � HQ+�H K�tBKmKX G2i
b�(A) = {rT | �#b_Qr(rT) = �#b_Qr(As), lAs ≤ lrT < lAt} UBM +�b2 Q7 a6 Q` 66
/2T2M/2M+v lAs ≤ lrT ≤ lAtVX h?2M r2 +�M /2}M2 i?2 QmibB/2 MmK#2` Q7 +`QbbBM;b
�b QmibB/2*`Qb(A) = |{D | D '= A, Ds ∈ b�(A), lDt > lAt}|X

q2 bi�`i #v +�H+mH�iBM; i?2 MmK#2` Q7 +`QbbBM;b T`Q/m+2/ r?2M TH�+BM; i?2 /2T2M/2M+v
QM i?2 Qmi2` bB/2 BM .2}MBiBQM RdX 6Q` 2t�KTH2- BM 6B;m`2 eXkk r2 M22/ iQ +�H+mH�i2 i?2
MmK#2` Q7 Qmi@;QBM; /2T2M/2M+B2b 7`QK B i?�i ;Q BMiQ � H�v2` iQ i?2 `B;?i Q7 D- BM/B+�i2/
#v i?2 /�b?2/ /2T2M/2M+vX
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.2}MBiBQM R3X G2i A = (As, At) #2 � bT2+B�H /2T2M/2M+v BM � HQ+�H K�tBKmKX G2i
b�(A) = {rT | �#b_Qr(rT) = �#b_Qr(As), lAs ≤ lrT < lAt}X h?2M r2 +�M /2}M2 i?2
MQ`K�H MmK#2` Q7 +`QbbBM;b �b MQ`K�H*`Qb(A) = |{D | D '= A, Dt ∈ b�(A) Q` Ds ∈
b�(A) �M/ lDt < lAt}|X

AM i?2 b2+QM/ bi2T- r2 MQr +�H+mH�i2 i?2 MmK#2` Q7 +`QbbBM;b r2 T`Q/m+2 mT iQ i?2
i�`;2i H�v2` r?2M TH�+BM; i?2 /2T2M/2M+v MQ`K�HHv Ub22 .2}MBiBQM R3VX 6Q` 2t�KTH2-
BM 6B;m`2 eXkk r2 +QMbB/2` i?2 /2T2M/2M+v �" bBM+2 Bi QMHv T`Q/m+2b � +`QbbBM; r?2M
TH�+BM; i?2 /2T2M/2M+v MQ`K�HHvX

�b � `2bmHi- r2 ?�p2 i?2 MmK#2` Q7 +`QbbBM;b T`Q/m+2/ 2t+HmbBp2Hv #v TH�+BM; i?2
/2T2M/2M+v MQ`K�HHv Q` iQ i?2 QmibB/2X h?2`27Q`2- Bi QMHv `2K�BMb iQ +?QQb2 i?2 /`�rBM;
p�`B�Mi T`Q/m+BM; 72r2` +`QbbBM;bX

eX3XjX SH�+BM; i?2 "2M/b

q2 ?�p2 BMi`Q/m+2/ b2p2`�H bT2+B�H `mH2b i?�i r2 �TTHv iQ +`2�i2 � r2HH@`2�/�#H2 H�vQmiX
PM i?2 QM2 ?�M/- r2 +�H+mH�i2/ i?2 Qzb2ib 7Q` 6a /2T2M/2M+B2b �M/- QM i?2 Qi?2` ?�M/-
r?2i?2` r2 TH�+2 � /2T2M/2M+v �i i?2 iQT Q` �i i?2 #QiiQK BM bT2+B}+ +�b2bX

6m`i?2`KQ`2- r2 /2+B/2/ iQ b?B7i i?2 2tBi �M/ 2Mi`v TQbBiBQM �i i?2 rQ`F T�+F�;2b
7Q` bT2+B�H /2T2M/2M+B2b 7m`i?2` iQ i?2 iQT Q` #QiiQK /2T2M/BM; QM i?2 /2T2M/2M+v
�``�M;2K2Mi U2X;X- BM 6B;m`2 eXkj i?2 a6 /2T2M/2M+v �" ;Q2b Qmi �i i?2 iQT Q7 � �M/
;Q2b BM �i i?2 #QiiQK Q7 "VX q2 /Q i?Bb #2+�mb2 r2 QMHv ?�p2 `2H�iBp2Hv 72r bT2+B�H
/2T2M/2M+B2b- bQ Bi Bb 2�bB2` iQ /BbiBM;mBb? #2ir22M bT2+B�H �M/ bi�M/�`/ /2T2M/2M+B2bX
AM +QMi`�bi- � 6a /2T2M/2M+v �Hr�vb H2�p2b �M/ 2Mi2`b �i i?2 KB//H2 Q7 i?2 bQm`+2 �M/
i�`;2iX

A

B

6B;m`2 eXkjX, 1tBi �M/ 2Mi`v TQbBiBQMb �i � rQ`F T�+F�;2 b?B7i2/ /2T2M/BM; QM i?2 `2H�@
iBQMb?BT #2ir22M bQm`+2 �M/ i�`;2i rQ`F T�+F�;2

6BMBb?@iQ@ai�`i "2M/ SQBMib

AM �//BiBQM iQ i?2 t@bT�+BM; #2ir22M irQ M2B;?#Q`BM; H�v2`b- r2 +`2�i2 � K�`;BM #2ir22M
i?2 rQ`F T�+F�;2b �M/ i?2 t@bT�+BM;- iQ ?�p2 i?2 bT�+2 iQ �``�M;2 bT2+B�H /2T2M/2M+B2b
�M/ /`�r i?2 /2T2M/2M+vbǶ �``QrbX q2 �HbQ mb2 i?2 `B;?i K�`;BMǶb #QmM/�`v �b bi�`iBM;
TQBMi iQ b?B7i 6a /2T2M/2M+B2b iQ i?2 H27i #�b2/ QM i?2B` +�H+mH�i2/ Qzb2i UBX2X- �M 6a
/2T2M/2M+v rBi? �M Qzb2i Q7 x2`Q Bb TH�+2/ QMiQ i?2 `B;?i #QmM/�`v �M/ i?2 ;`2�i2` i?2
Qzb2i- i?2 7m`i?2` i?2 /2T2M/2M+v Bb b?B7i2/ iQ i?2 H27iVX
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eX3X .`�rBM; i?2 �+iBpBiv L2irQ`F .B�;`�K

q2 ?�p2 i?`22 /Bz2`2Mi +�b2b 7Q` i?2 #2M/ TQBMi �bbB;MK2MiX 6B`bi- r?2M ?�pBM; � 6a
/2T2M/2M+v iQ � rQ`F T�+F�;2 BMiQ Bib QrM �#bQHmi2 `Qr TQbBiBQM rBi? MQ rQ`F T�+F�;2
BM #2ir22M- r2 /Q MQi ?�p2 iQ BM+Hm/2 �Mv #2M/b U2X;X- /2T2M/2M+v �* BM 6B;m`2 eXk9VX

AM i?2 b2+QM/ +�b2- r2 +QMbB/2` � /2T2M/2M+v r?2`2 r2 +�M /B`2+iHv ;Q BMiQ i?2 i�`;2i
H�v2`- #mi i?2 i�`;2i Bb MQi QM i?2 b�K2 �#bQHmi2 `Qr TQbBiBQMX AM i?Bb +�b2 r2 /B`2+iHv ;Q
BMiQ i?2 i�`;2i H�v2` �M/ i?2M mTr�`/b Q` /QrMr�`/b iQ i?2 i�`;2i rQ`F T�+F�;2 U2X;X-
/�b?2/ /2T2M/2M+v bi�`iBM; 7`QK . BM 6B;m`2 eXk9VX

AM i?2 H�bi +�b2- r2 +QMbB/2` � /2T2M/2M+v r?2`2 QM2 +�M MQi /B`2+iHv ;Q BMiQ i?2
i�`;2i H�v2` U2X;X- /2T2M/2M+v �6 BM 6B;m`2 eXk9VX AM i?Bb +�b2 r2 }`bi +?2+F BM r?B+?
/B`2+iBQM r2 H2�p2 i?2 bQm`+2- i?2M mb2 i?2 M2�`2bi v@bT�+BM; iQ ;2i BMiQ i?2 i�`;2i H�v2`
�M/ H�biHv ;Q mTr�`/b Q` /QrMr�`/b iQ i?2 i�`;2iX

A

D

C

B

F

E

6B;m`2 eXk9X, oBbm�HBx�iBQM Q7 i?2 #2M/ TQBMi TH�+2K2Mi

aT2+B�H .2T2M/2M+v "2M/ SQBMib

h?2 66 /2T2M/2M+v Bb i?2 QMHv bT2+B�H /2T2M/2M+v i?�i KB;?i �HbQ /B`2+iHv ;Q BMiQ i?2
i�`;2i H�v2` rBi?Qmi mbBM; i?2 v@bT�+BM; U2X;X- /2T2M/2M+v .6 BM 6B;m`2 eXk9VX h?Bb Bb
#2+�mb2 #Qi? Qi?2` bT2+B�H ivT2b �Hr�vb }`bi ?�p2 iQ ;Q �`QmM/ i?2B` QrM bQm`+2 rQ`F
T�+F�;2 iQ `2�+? i?2 i�`;2i H�v2`X

>Qr2p2`- B7 r2 �`2 MQi BM i?2 +�b2 �#Qp2- r2 �HbQ }`bi +?2+F BM r?B+? /B`2+iBQM i?2
bT2+B�H /2T2M/2M+v H2�p2b- i?2M ;Q iQ i?2 i�`;2i H�v2` UBX2X- H27i bB/2 Q7 i�`;2i 7Q` aa �M/
`B;?i bB/2 7Q` 66 �M/ a6 /2T2M/2M+B2bV i?`Qm;? i?2 M2�`2bi v@bT�+BM; iQ i?2M ;Q mTr�`/b
Q` /QrMr�`/b iQ i?2 i�`;2i rQ`F T�+F�;2 U2X;X- a6 /2T2M/2M+v �"- aa /2T2M/2M+v "1-
�M/ 66 /2T2M/2M+v �1 BM 6B;m`2 eXk9VX
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eX *QM+2Ti

eX3X9X *QM+HmbBQM
AM i?Bb b2+iBQM- r2 }`bi /2b+`B#2/ bT2+B}+ `mH2b iQ /2}M2 i?2 TQbBiBQM Q7 rQ`F T�+F�;2b-
�M/ /2+BbBQM `mH2b QM r?B+? i?2 #2M/ TH�+2K2Mi Bb #�b2/X AM i?2 H�bi bi2T- r2 mb2/ i?2b2
/2+BbBQM `mH2b �M/ i?2 bT�+BM;b r2 BMi`Q/m+2/ /m`BM; i?2 rQ`F T�+F�;2 TH�+2K2Mi iQ
/2b+`B#2 ?Qr iQ �bbB;M 2�+? /2T2M/2M+v Bib #2M/ TQBMibX h?2 K�BM 7Q+mb r�b iQ MQi
+`2�i2 /2T2M/2M+v +`QbbBM;b �M/ iQ QMHv mb2 �i KQbi 7Qm` #2M/b 7Q` 2�+? /2T2M/2M+vX
h?Bb H�bi bi2T Bb +`m+B�H 7Q` �+?B2pBM; � r2HH@`2�/�#H2 QmiTmi- #2+�mb2 B7 +2`i�BM +�b2b �`2
MQi +QMbB/2`2/ +�`27mHHv- i?2 T`2pBQmb bi2Tb r2 �TTHB2/ iQ i?2 �L. �#bi`�+iBQM rQmH/
#2 KQbiHv mb2H2bbX h?Bb Bb /m2 iQ i?2 }`bi Q#b2`p�iBQM r2 K�/2 BM i?Bb +?�Ti2`- r?2`2
r2 /Bb+mbb2/ i?�i #v r`QM;Hv �bbB;MBM; TQbBiBQMb �M/ #2M/ TQBMib- i?2 `2bmHiBM; �L.
+�M #2 ?�`/ iQ mM/2`bi�M/X

hQ bmK mT- r2 HQQF #�+F �i i?2 BMBiB�H 2t�KTH2 �L. �#bi`�+iBQM BM 6B;m`2 eX9X
h?`Qm;?Qmi i?Bb +?�Ti2`- r2 K�BMHv rQ`F2/ rBi? bm+? �M �#bi`�+i pB2r Q7 i?2 �L.- �M/
QMHv BM i?2 }M�H bi2T /B/ r2 i`�Mb7Q`K2/ Bi iQ i?2 H2+im`2`Ƕb �L. bi`m+im`2X 6B;m`2 eXk8
b?Qrb r?�i i?2 BMBiB�H �#bi`�+i �L. 2t�KTH2 HQQFb HBF2 �7i2` ?�pBM; �TTHB2/ i?2 }M�H
i`�Mb7Q`K�iBQM bi2T iQ BiX

A

B

C

D

E

F

6B;m`2 eXk8X, AMBiB�H �#bi`�+i �+iBpBiv M2irQ`F /B�;`�K �7i2` �TTHvBM; i?2 }M�H i`�Mb7Q`@
K�iBQM bi2T iQ Bi
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dX .2bB;M
AM i?2 T`2pBQmb +?�Ti2`- r2 ?�p2 b?QrM i?2 /Bz2`2Mi bi2Tb � ;2M2`�i2/ �L. Bb T`Q+2bb2/
rBi? #27Q`2 Bi ;2ib /`�rM BM i?2 }M�H bi2TX q2 K�BMHv mb2/ Qm` �L. �#bi`�+iBQM
i?`Qm;?Qmi i?2b2 bi2Tb �M/ QMHv i`�Mb7Q`K2/ Bi iQ i?2 H2+im`2Ƕb �L. bi`m+im`2 BM i?2
H�bi bi2TX q2 MQr BMi`Q/m+2 Qm` /�i� KQ/2H- r?B+? BM+Hm/2b i?2 BMi2`M�H �L. KQ/2H mb2/
iQ `2T`2b2Mi i?2 �L. �#bi`�+iBQMX AM i?2 2M/- r2 BMi`Q/m+2 i?2 /Bz2`2Mi KB+`Qb2`pB+2b
r2 mb2 �M/ ?Qr i?2v BMi2`�+i rBi? 2�+? Qi?2`X

dXRX .�i� KQ/2H
dXRXRX �+iBpBiv L2irQ`F .B�;`�K .2bB;M
q2 rBHH bi�`i #v 2tTH�BMBM; i?2 bi`m+im`2 Q7 i?2 BMi2`M�H �L. KQ/2H- r?B+? +�M #2 b22M
BM 6B;m`2 dXR- i?�i +Q``2bTQM/b iQ i?2 �L. �#bi`�+iBQM /2b+`B#2/ BM b2+iBQM eXkX

6B`bi Q7 �HH- r2 ?�p2 � +H�bb /2b+`B#BM; i?2 /2T2M/2M+B2b- +QMbBbiBM; Q7 i?2 B/2MiB}2`
Q7 Bib bQm`+2 �M/ i�`;2i p2`iB+2b �M/ Bib /2T2M/2M+v ivT2X h?2 p2`i2t Q#D2+i /B`2+iHv
+QMi�BMb i?2 bi`m+im`�H T`QT2`iB2b r2 BMi`Q/m+2/ 7Q` i?2 �L. �#bi`�+iBQM BM b2+iBQM eXk-
bQ r2 +�M [mB+FHv �++2bb i?2K- bBM+2 r2 M22/ i?2K KQ`2 7`2[m2MiHvX h?2 �+im�H rQ`F
T�+F�;2 BM7Q`K�iBQM Bb i?2M BM+Hm/2/ �b � b2T�`�i2 Q#D2+i iQ BbQH�i2 i?Bb BM7Q`K�iBQM
7`QK i?2 bi`m+im`�H BM7Q`K�iBQMX

h?2 �+im�H �L. KQ/2H +QMi�BMb � HBbi Q7 /2T2M/2M+B2b �M/ � p2`i2t K�T rBi? i?2 B/
�b F2v �M/ i?2 p2`i2t �b p�Hm2X h?Bb p2`i2t K�T �HHQrb mb iQ [mB+FHv �++2bb i?2 p2`iB+2b
+Q``2bTQM/BM; iQ � /2T2M/2M+v �M/ iQ +?2+F r?2i?2` i?2 �L. �H`2�/v +QMi�BMb � p2`i2tX
AM �//BiBQM- r2 �HbQ BM+Hm/2/ � K�T ?�pBM; i?2 H�v2` MmK#2` �b F2v �M/ i?2 H�v2` bBx2
�b p�Hm2X h?Bb �HHQrb mb iQ [mB+FHv �++2bb � H�v2`Ƕb bBx2 �M/ ;2i i?2 K�tBKmK H�v2` bBx2-
#Qi? Q7 r?B+? �`2 M22/2/ iQ +�H+mH�i2 i?2 �#bQHmi2 `Qr TQbBiBQM Q7 p2`iB+2bX

"mbBM2bb GQ;B+

AMi2`�+iBp2 bQ7ir�`2 bvbi2Kb Q7i2M +QMbBbi Q7 i?`22 /BbiBM+i iB2`b, i?2 T`2b2Mi�iBQM- �T@
THB+�iBQM- �M/ /�i� iB2` (GGRj)X h?2 T`2b2Mi�iBQM iB2` Bb mb2/ iQ BMi2`�+i rBi? � mb2`-
�M/ Bib T`BK�`v Tm`TQb2 Bb iQ T`QpB/2 BM7Q`K�iBQM iQ Q` ;2i /�i� 7`QK i?2 mb2`X q2 mb2
� *QKK�M/ GBM2 AMi2`7�+2 U*GAV 7Q` i?BbX h?2 �TTHB+�iBQM iB2` +QMi�BMb i?2 HQ;B+ iQ
T`Q+2bb i?2 T`2b2Mi�iBQM iB2`Ƕb BM7Q`K�iBQM �M/ KQ/B7v i?2 /�i� BM i?2 /�i� iB2`X h?2
/�i� iB2` Bb bQH2Hv mb2/ iQ K�M�;2 i?2 BM7Q`K�iBQM ;Bp2M #v i?2 �TTHB+�iBQM iB2` (GGRj)X

q2 /Q MQi mb2 bm+? � bi`B+i /BpBbBQM #2ir22M i?2 �TTHB+�iBQM �M/ /�i� iB2`- bBM+2 r2
r�Mi iQ �pQB/ +`2�iBM; iQQ K�Mv �#bi`�+iBQMb- �b r2 +m``2MiHv /Q MQi T2`bBbi2MiHv biQ`2
i?2 �L. KQ/2HX h?2`27Q`2- i?2 �+iBpBivL2irQ`F.�P �HbQ +QMi�BMb bQK2 7mM+iBQM�HBiv
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dX .2bB;M

ActivityNetworkDAO

- dependencies: List<Dependency> 
- vertexMap: Map<String, Vertex>
- layerSizes: Map<Integer, Integer>

+ addVertex(Vertex vertex): void
+ addDependency(Dependency dependency): void
+ getVertexById(String vertexId): Vertex
+ getSuccessorDependencies(Vertex vertex):
    List<Dependency>
...

Vertex

- id: String
- layer: int
- relRowPos: int
- absRowPos: int
- inDegree: int
- outDegree: int
- workPackage: WorkPackage

+ updateAbsRowPos(int maxLayerSize, 
                                   int myLayerSize): void
+ isStart(): boolean
+ isEnd(): boolean

StartVertex

isStart(): boolean

EndVertex

isEnd(): boolean

Dependency

- sourceId: String
- targetId: String
- dependencyType: DependencyType

WorkPackage

- name: String
- duration: int
- earlyStart: int
...

+ clearProperties(): void
+ isCritical(): boolean

<<enumeration>> 
DependencyType

START_TO_START
START_TO_FINISH
FINISH_TO_START
FINISH_TO_FINISH

6B;m`2 dXRX, .2bB;M Q7 i?2M BMi2`M�H �L. KQ/2H

iQ KQ/B7v Bib T`QT2`iB2b- 2X;X- iQ �// /2T2M/2M+B2b Q` p2`iB+2bX L2p2`i?2H2bb- r2 QMHv
BM+Hm/2/ i?2 #�bB+ 7mM+iBQM�HBiv �M/ biBHH mb2/ #mbBM2bb HQ;B+ Q#D2+ib iQ T`QpB/2 KQ`2
2ti2MbBp2 7mM+iBQM�HBiB2bX h?Bb `2/m+2b i?2 2zQ`i `2[mB`2/ B7 r2 r�Mi iQ K�F2 i?2 BMi2`M�H
/�i� KQ/2H T2`bBbi2Mi BM i?2 7mim`2X q2 #`B2~v BMi`Q/m+2 i?2 K�BM #mbBM2bb HQ;B+ Q#D2+ib
�M/ i?2B` mb�;2 BM i?2 7QHHQrBM;X

Ç h?2 �+iBpBivL2irQ`FP`/2`2` T`QpB/2b 7mM+iBQM�HBiv iQ +?2+F r?2i?2` �M �L. Bb
+Q``2+iHv H�v2`2/- �M/ BM +�b2 Bi Bb MQi- Bi T`QpB/2b � K2i?Q/ iQ +`2�i2 � M2r p�HB/
H�v2`BM;X �//BiBQM�HHv- bBM+2 i?2 �#bQHmi2 `Qr TQbBiBQM Q7 � p2`i2t Bb #�b2/ QM i?2
K�tBKmK �M/ Bib QrM H�v2` bBx2- i?2 Q#D2+i �HHQrb `2+�H+mH�iBM; i?2 �#bQHmi2 `Qr
TQbBiBQM 7Q` 2�+? rQ`F T�+F�;2X

Ç h?2 �+iBpBivL2irQ`FJQ/B}2` T`QpB/2b b�72 K2i?Q/b 7Q` KQ/B7vBM; i?2 �L.X a�72-
BM i?Bb +QMi2ti- K2�Mb i?�i r2 2Mbm`2 i?�i �HH T`QT2`iB2b �`2 biBHH +Q``2+i �7i2`
+?�M;BM; �Mvi?BM; rBi?BM i?2 �L.X h?Bb Bb M22/2/ bBM+2 i?2 #�b2 �L. KQ/2H
T`QpB/2b K2i?Q/b iQ �// p2`iB+2b Q` /2T2M/2M+B2b #mi /Q2b MQi +?2+F r?2i?2` i?2
�L. Bb +Q``2+iHv H�v2`2/ Q` 2�+? �#bQHmi2 `Qr TQbBiBQM Bb +Q``2+iX
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dXRX .�i� KQ/2H

dXRXkX h`�Mb7Q`K2/ �+iBpBiv L2irQ`F .B�;`�K
hQ K�F2 i?2 i`�Mb7Q`K�iBQM /2b+`B#2/ BM b2+iBQM eX3 BM/2T2M/2Mi Q7 i?2 }M�H QmiTmi
7Q`K�i- r2 BM+Hm/2 � i`�Mb7Q`K�iBQM 7`QK i?2 BMi2`M�H �L. KQ/2H BMiQ � /�i� KQ/2H
i?�i BM+Hm/2b �HH i?2 T`QT2`iB2b M22/2/ 7Q` i?2 �L. /`�rBM;X h?Bb /�i� KQ/2H +�M #2
b22M BM 6B;m`2 dXk b?QrBM; i?�i r2 biBHH ?�p2 � bBKBH�` bi`m+im`2 iQ i?2 BMi2`M�H �L.
KQ/2H- #mi `�i?2` rBi? �+im�H /`�rBM; T`QT2`iB2bX 6Q` 2t�KTH2- i?2 /2T2M/2M+v ivT2 Bb
`2TH�+2/ #v i?2 2tBis �M/ 2Mi`vs p�Hm2b /2b+`B#BM; i?2 rQ`F T�+F�;2 bB/2b � /2T2M/2M+v
H2�p2b Bib bQm`+2 �M/ 2Mi2`b �i i?2 i�`;2i rQ`F T�+F�;2X

ActivityNetworkTransformed

- vertexTransformedMap: Map<String, VertexTransformed> 
- dependencyTransformedList: List<DependencyTransformed>

+ createFromActivtyNetworkDaoAndTransformationConfig(
    ActivityNetworkDAO andDAO,
    TransformationConfig transformationConfig): ActivtiyNetworkTransformed

VertexTransformed

- id: String
- x: double
- y: double
- width: double
- height: double
- isStartOrEnd: boolean
- workPackage: WorkPackage

+ createFromVertexAndTransformationConfig(
    Vertex vertex, 
    TransformationConfig transformationConfig): VertexTransformed

DependencyTransformed

- sourceId: String
- targetId: String
- exitX: double
- entryX: double
- exitY: double
- entryY: double
- controlPoints: List<Pair<Double,Double>>

+ createFromFinishToStartDependency( 
    VertexTransformed source, ..., 
    Dependency dependency, ...): DependencyTransformed
+ createFromSpecialDependeny(
    VertexTransformed source, ...): DependencyTransformed

6B;m`2 dXkX, lJG +H�bb /B�;`�K Q7 �#bi`�+i2/ H2+im`2b �+iBpBiv M2irQ`F bi`m+im`2

dXRXjX .2bB;M Q7 i?2 *`QbbBM; AKT`Qp2K2Mi @ ai`�i2;v
h?2 2bb2MiB�H bi2T iQ ;2i � r2HH@`2�/�#H2 �L. �b QmiTmi Bb i?2 +`QbbBM; BKT`Qp2K2MiX
h?Bb Bb #2+�mb2 i?2 ;2M2`�iBQM bi2T `�M/QKHv +`2�i2b /2T2M/2M+B2b #2ir22M rQ`F T�+F@
�;2b rBi?Qmi +QMbB/2`BM; �Mv TQbBiBQMBM; �bT2+ib HBF2 +`2�iBM; /2T2M/2M+B2b #2ir22M
rQ`F T�+F�;2b i?�i �`2 +HQb2 iQ 2�+? Qi?2`X h?2`27Q`2- r2 Kmbi `2Q`/2` 2�+? H�v2` �7@
i2`r�`/ iQ #`BM; �HH rQ`F T�+F�;2b- �M/ i?2`2#v i?2 /2T2M/2M+B2b BMiQ � ;QQ/ bi`m+im`2
Ub22 b2+iBQM eX8VX

q2 mb2 i?2 bi`�i2;v T�ii2`M- r?B+? Bb QM2 Q7 i?2 r2HH@FMQrM :�M; P7 6Qm` (:�KYN8)
/2bB;M T�ii2`Mb- iQ KQ/2H i?2 +`QbbBM; BKT`Qp2K2MiX h?2 K�BM B/2� Q7 i?2 T�ii2`M Bb iQ
+`2�i2 �M �#bi`�+i pB2r Q7 � +H�bb Q7 �H;Q`Bi?Kb #v BMi`Q/m+BM; �M BMi2`7�+2 /2b+`B#BM; i?2
bi`m+im`2 Q7 i?2 �H;Q`Bi?K- +�HH2/ ai`�i2;vX � *QM+`2i2 ai`�i2;v i?2M BKTH2K2Mib i?Bb
BMi2`7�+2 �M/ +�M #2 �bbB;M2/ iQ i?2 bi`�i2;v mb2/ i?`Qm;?Qmi i?2 �TTHB+�iBQMX h?2`27Q`2-
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+?�M;BM; i?2 +QM+`2i2 bi`�i2;v mbm�HHv QMHv ?�b iQ #2 /QM2 BM � bBM;H2 TH�+2X
q2 }`bi �TTHB2/ i?2 bi`�i2;v T�ii2`M iQ i?2 +`QbbBM; ?2m`BbiB+bX h?2b2 ?2m`BbiB+b ?�p2

BM +QKKQM i?�i i?2v +QMbB/2` QM2 H�v2` �b 7`22 �M/ i?2 `2K�BMBM; H�v2`b �b }t2/X h?2`2@
7Q`2- r2 BMi`Q/m+2 i?2 �#bi`�+i +H�bb *`QbbBM;>2m`BbiB+- BM+Hm/BM; � T2`Kmi2 K2i?Q/- �b
QM2 bi`�i2;vX h?2 irQ +QM+`2i2 bi`�i2;B2b- i?2 ;`22/v brBi+? �M/ #�`v+2Mi2` ?2m`BbiB+b
2ti2M/ i?Bb +H�bb- bQ #Qi? Kmbi BKTH2K2Mi i?2 T2`Kmi2 K2i?Q/X h?2 bi`�i2;v T�ii2`M
Bb T�`iB+mH�`Hv r2HH bmBi2/ ?2`2- �b i?2`2 �`2 b2p2`�H Qi?2` bm+? ?2m`BbiB+b (JGyj)X

6m`i?2`KQ`2- r2 �HbQ �TTHB2/ Bi 7Q` i?2 irQ +`QbbBM; +QmMi2` �TT`Q�+?2b r?2`2 QM2
�TT`Q�+? +�H+mH�i2b +`QbbBM;b BM i?2 r?QH2 �L. �M/ i?2 Qi?2` �TT`Q�+? QMHv �`QmM/ �
bT2+B}+ H�v2` Ub22 b2+iBQM eX8XRVX

�b � `2bmHi- r2 ?�p2 � ?B;?Hv 2ti2MbB#H2 +`QbbBM; BKT`Qp2K2MiX >Qr2p2`- r2 /2pB�i2/
7`QK i?2 Q`B;BM�H bi`�i2;v T�ii2`M /2b+`B#2/ BM (:�KYN8) bBM+2 r2 /B/ MQi mb2 BMi2`7�+2b
#mi `�i?2` �#bi`�+i +H�bb2bX h?Bb bBKTHB}2b i?2 +QM+`2i2 bi`�i2;B2b bBM+2 i?2v �HH Kmbi
/2T2M/ QM i?2 �L.X h?2 2tTH�BM2/ /2bB;M +�M #2 b22M BM i?2 lJG +H�bb /B�;`�K BM
6B;m`2 dXjX

<<abstract>> 
CrossingHeuristic

- andDAO: ActivityNetworkDAO

+ permute(int freeLayer)

ActivityNetworkCrossingImprover 

- andDAO: ActivityNetworkDAO 
- completeCrossingCounter: CompleteCrossingCounter 
- crossingHeuristic: CrossingHeuristic 

+ applyLayerByLayerSweep(): int 

<<abstract>> 
CrossingCounter

andDAO: ActivityNetworkDAO

calculateCrossingCount(...): int 
...

<<abstract>> 
CompleteCrossingCounter

+ calculateCrossingCount(): int

<<abstract>> 
SingleLayerCrossingCounter

+ calculateCrossingCount(int layer): int

SimpleSingleLayerCrossingCounter 

- windowLeft: int
- windowRight: int

+ calculateCrossingCount(int layer): int

SimpleCompleteCrossingCounter

+ calculateCrossingCount(): int

BarycenterHeuristic

- andOrderer: ActivityNetworkOrderer

+ permute(int freeLayer)

GreedySwitchHeuristic

- singleLayerCC: SingleLayerCrossingCounter

+ permute(int freeLayer)

6B;m`2 dXjX, lJG +H�bb /B�;`�K 7Q` i?2 +`QbbBM; BKT`Qp2K2Mi

dXkX JB+`Qb2`pB+2 �`+?Bi2+im`2
PM2 Q7 Qm` `2[mB`2K2Mib r�b iQ mb2 � KB+`Qb2`pB+2 �`+?Bi2+im`2 iQ BM+`2�b2 i?2 2ti2M@
bB#BHBiv Q7 i?2 �TTHB+�iBQMX AM i?2 7QHHQrBM; b2+iBQM- r2 }`bi ;Bp2 � bi�iB+ pB2r Q7 i?2
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dXkX JB+`Qb2`pB+2 �`+?Bi2+im`2

KB+`Qb2`pB+2b #v 2tTH�BMBM; i?2 7mM+iBQM�HBiv Q7 2�+? b2`pB+2X h?2M r2 rBHH HQQF �i i?2
/vM�KB+ pB2r- BX2X- i?2 `2H�iBQMb?BT �M/ +QKKmMB+�iBQM- #2ir22M b2`pB+2bX

dXkXRX JB+`Qb2`pB+2b @ ai�iB+ oB2r
AM i?2 7QHHQrBM;- r2 BMi`Q/m+2 i?2 7mM+iBQM�HBiv Q7 i?2 }p2 b2`pB+2b r2 mb2X AM /QBM; bQ-
r2 bQK2iBK2b `272` iQ � +QM};m`�iBQM- r?B+? r2 BMi`Q/m+2 BM b2+iBQM 3XkX >Qr2p2`- Bi Bb
QMHv 2bb2MiB�H 7Q` i?Bb b2+iBQM iQ FMQr i?�i bm+? � +QM};m`�iBQM 2tBbibX

�SA :�i2r�v

h?2 �SA ;�i2r�v Bb i?2 2Mi`v TQBMi iQ i?2 bvbi2K- �M/ r2 mb2 Bi iQ T`QpB/2 �HH i?2
7mM+iBQM�HBiv iQ i?2 mb2`X Aib K�BM i�bF Bb iQ T`QpB/2 mb2`@7`B2M/Hv BMi2`7�+2b bQ i?�i i?2
mb2` /Q2b MQi ?�p2 iQ `2Hv QM i?2 +QKKmMB+�iBQM i2+?MQHQ;B2b mb2/ #2ir22M i?2 b2`pB+2b
(_B+RN)X AM �//BiBQM- � ;�i2r�v Bb Q7i2M mb2/ iQ �;;`2;�i2 `2bmHib 7`QK /Bz2`2Mi b2`pB+2bX
>Qr2p2`- r2 T`BK�`BHv mb2 i?2 ;�i2r�v iQ i`�Mb7Q`K mb2` +�HHb BMiQ �M 2[mBp�H2Mi +�HH
miBHBx2/ #v i?2 mM/2`HvBM; b2`pB+2b- 7Q`r�`/BM; i?2K- �M/ BM i?2 2M/- `2im`MBM; i?2 `2bmHi
iQ i?2 mb2`X

:2M2`�iBQM a2`pB+2

h?2 ;2M2`�iBQM b2`pB+2 Bb mb2/ iQ +`2�i2 i?2 BMBiB�H BMi2`M�H �L. KQ/2HX 6Q` i?Bb Tm`@
TQb2- Bi Kmbi #2 T`QpB/2/ rBi? � bmBi�#H2 +QM};m`�iBQM i?�i Bb iQ #2 mb2/ /m`BM; i?2
+`2�iBQMX 6m`i?2`KQ`2- Bi Bb QMHv `2�bQM�#H2 iQ �TTHv i?2 +`QbbBM; �pQB/�M+2 bi2T �7i2`
i?2 ;2M2`�iBQM bBM+2 Bi /Q2b MQi QMHv `2Q`/2` rQ`F T�+F�;2b #mi +?�M;2b /2T2M/2M+B2b
r?B+? b?QmH/ MQi ?�TT2M rBi? �M BMTmi �L.X h?2`27Q`2- r2 ?�p2 �HbQ BM+Hm/2/ i?2
+`QbbBM; �pQB/�M+2 bi2T BM i?Bb b2`pB+2X

*�H+mH�iBQM a2`pB+2

h?2 +�H+mH�iBQM b2`pB+2 T`QpB/2b i?2 7mM+iBQM�HBiv iQ +�H+mH�i2 �HH �L. T`QT2`iB2bX aBM+2
i?2 +�H+mH�iBQM K2i?Q/ `2[mB`2b �M �L. rBi? T`QT2` H�v2`BM;- Bi �HbQ �TTHB2b � M2r
H�v2`BM; B7 i?2 �L. Bb MQi r2HH H�v2`2/X

h`�Mb7Q`K�iBQM a2`pB+2

h?2 i`�Mb7Q`K�iBQM b2`pB+2 Bb �Hr�vb i?2 H�bi b2`pB+2 �M �L. `mMb i?`Qm;? #27Q`2 #2BM;
`2im`M2/ iQ i?2 mb2`X AM /QBM; bQ- Bi }`bi i`�Mb7Q`Kb i?2 BMi2`M�H �L. KQ/2H BMiQ i?2
�L. KQ/2H +QMi�BMBM; i?2 �+im�H /`�rBM; BM7Q`K�iBQMX h?2 �L. KQ/2H Bb i?2M 7m`i?2`
i`�Mb7Q`K2/ BMiQ � T`QT2` ;`�T? 7Q`K�i 7Q` � bT2+B}+ ;`�T? KQ/2HBM; iQQH bm+? �b Ja
oBbBQR Q` .`�r APkX q2 }`bi i`�Mb7Q`K i?2 BMi2`M�H �L. KQ/2H iQ i?2 �L. KQ/2H
+QMi�BMBM; i?2 /`�rBM; BM7Q`K�iBQM #2+�mb2 i?Bb �HHQrb mb iQ `2H�iBp2Hv [mB+FHv �// M2r
;`�T? 7Q`K�ibX

R?iiTb,ffrrrXKB+`QbQ7iX+QKf/2@/2fKB+`QbQ7i@je8fpBbBQf~Qr+?�`i@bQ7ir�`2
k?iiTb,ff�TTX/B�;`�KbXM2if
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dX .2bB;M

h?2 b2`pB+2 +�M �HbQ ;2i bT2+B}+ ;`�T? 7Q`K�ib �b BMTmi �M/ i`�Mb7Q`K i?2K BMiQ i?2
BMi2`M�H �L. KQ/2HX h?Bb Bb M22/2/ iQ ;2i � KQ/B}2/ �L.- Q` �M �L. +`2�i2/ 7`QK
b+`�i+?- �b BMTmi iQ +�H+mH�i2 Bib T`QT2`iB2b �M/ QmiTmi Bi �;�BMX h?2 �L. bi`m+im`2
�M/ i?2 T`QT2`iB2b Q7 i?2 rQ`F T�+F�;2b Kmbi #2 T`2b2`p2/ r?2M i`�Mb7Q`KBM; BiX h?Bb
Bb #2+�mb2 i?2 QmiTmi ;`�T? b?QmH/ ?�p2 i?2 b�K2 bi`m+im`2 �b i?2 BMTmi- �M/ �HH p�Hm2b
�`2 M22/2/ 7Q` TQbbB#H2 7mM+iBQM�H 2ti2MbBQMbX

*QM};m`�iBQM a2`pB+2

h?2 +QM};m`�iBQM b2`pB+2 Bb mb2/ iQ biQ`2 �M/ KQ/B7v i?2 +QM};m`�iBQMb r2 mb2 rBi?BM
i?2 ;2M2`�iBQM �M/ i`�Mb7Q`K�iBQM b2`pB+2X Ai T`QpB/2b BMi2`7�+2b i?�i 2M+�TbmH�i2 i?2
ivTB+�H *_l. U*`2�i2- _2�/- lT/�i2- �M/ .2H2i2V 7mM+iBQM�HBiB2bX

dXkXkX JB+`Qb2`pB+2b @ .vM�KB+ oB2r
h?2 T`2pBQmb bm#b2+iBQM BMi`Q/m+2/ i?2 /Bz2`2Mi KB+`Qb2`pB+2b �M/ i?2B` 7mM+iBQM�HBiv-
#mi QMHv T`QpB/2/ � bi�iB+ pB2r Q7 i?2 �`+?Bi2+im`2X q2 MQr 2tTH�BM ?Qr i?2b2 b2`pB+2b
BMi2`�+i �M/ +QKKmMB+�i2 rBi? 2�+? Qi?2`X

h?2 b2`pB+2b +QKKmMB+�i2 rBi? 2�+? Qi?2` #v mbBM; � K2bb�;2 #`QF2`X AM 6B;m`2 dX9
r2 +�M b22 i?�i i?2 �SA :�i2r�v �i i?2 iQT Bb i?2 2Mi`v TQBMi iQ i?2 bvbi2K- �M/ �HH
+QKKmMB+�iBQM ;Q2b i?`Qm;? i?2 K2bb�;2 #`QF2`X h?Bb K2�Mb i?�i 2�+? b2`pB+2 [m2m2b
K2bb�;2b �i i?2 K2bb�;2 #`QF2` i?�i i?2 /2bB;M�i2/ i�`;2i b2`pB+2b +�M i?2M +QMbmK2X
>Qr2p2`- bBM+2 6B;m`2 dX9 biBHH /Q2b MQi pBbm�HBx2 r?B+? b2`pB+2b BMi2`�+i rBi? 2�+? Qi?2`
pB� i?2 K2bb�;2 #`QF2`- 6B;m`2 dX8 BM+Hm/2b i?2 HQ;B+�H ~Qr #2ir22M i?2 b2`pB+2bX

q2 MQr HQQF �i i?2 b2[m2M+2 /B�;`�K BM 6B;m`2 dXe pBbm�HBxBM; i?2 ;2M2`�iBQM T`Q+2bbX
6Q` i?2 b�F2 Q7 `2�/�#BHBiv- r2 QKBi i?2 K2bb�;2 #`QF2`X 6B`bi- i?2 mb2` ?�b iQ T`QpB/2 �
T`Q}H2 M�K2 +Q``2H�i2/ iQ �M 2tBbiBM; +QM};m`�iBQM r?B+? Bb iQ #2 mb2/ 7Q` i?2 ;2M2`�iBQM
�M/ i`�Mb7Q`K�iBQMX h?2 ;�i2r�v i?2M ;2ib i?2 +Q``2bTQM/BM; T`Q}H2 +QM};m`�iBQM 7`QK
i?2 +QM};m`�iBQM b2`pB+2 �M/ 7Q`r�`/b Bi iQ i?2 ;2M2`�iBQM b2`pB+2X h?2 ;2M2`�iBQM b2`pB+2
T2`7Q`Kb �HH bi2Tb T`BQ` iQ i?2 +�H+mH�iBQM �b BMi`Q/m+2/ BM b2+iBQM eXj �M/ 7Q`r�`/b i?2
;2M2`�i2/ �L. iQ i?2 +�H+mH�iBQM b2`pB+2X �7i2` i?2 +�H+mH�iBQM- i?2 i`�Mb7Q`K�iBQM
b2`pB+2 T`Q/m+2b i?2 QmiTmi �L.- �M/ b2M/b Bi iQ i?2 ;�i2r�v- r?B+? `2im`Mb Bi iQ i?2
mb2`X

AM 6B;m`2 dXd r2 b22 i?2 b2[m2M+2 /B�;`�K 7Q` BMTmiiBM; �M �L. iQ +�H+mH�i2 Bib T`QT@
2`iB2bX h?Bb T`Q+2bb Bb p2`v bBKBH�` iQ i?2 ;2M2`�iBQM T`Q+2bb- 2t+2Ti i?�i i?2 ;2M2`�iBQM
bi2T Bb `2TH�+2/ rBi? i?2 i`�Mb7Q`K�iBQM Q7 i?2 BMTmi �L. BMiQ i?2 BMi2`M�H �L. KQ/2HX
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dXkX JB+`Qb2`pB+2 �`+?Bi2+im`2

API Gateway

Configuration 
Service

Transformation 
Service

Generation 
Service

Calculation 
Service

Message Broker

Message Queue

6B;m`2 dX9X, .�i� ~Qr #2ir22M KB+`Qb2`pB+2b

Business Logic

API Gateway

Generation 
Service

Transformation 
Service

Calculation 
Service

Configuration 
Service

Message Broker

Message Queue

data flow

logical flow

6B;m`2 dX8X, GQ;B+�H ~Qr #2ir22M KB+`Qb2`pB+2b
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:API Gateway

User

get profile config for 
profile name

send profile config

:Configuration
Service

generate AND with  
profile name

:Generation
Service

generate AND with profile config

:Calculation
Service

calculate properties for AND

:Transformation
Service

transform AND to 
output format

send output AND

return output AND

6B;m`2 dXeX, a2[m2M+2 /B�;`�K 7Q` i?2 ;2M2`�iBQM T`Q+2bb

:API Gateway

User

get profile config for 
profile name

send profile config

:Configuration
Service

calculate AND with  
profile name

:Transformation
Service

transform AND to internal data model

:Calculation
Service

calculate properties for AND

return output AND

transform AND to 
output format

send output AND

6B;m`2 dXdX, a2[m2M+2 /B�;`�K 7Q` +�H+mH�iBM; �M BMTmi �L.
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3X AKTH2K2Mi�iBQM
AM i?Bb +?�Ti2` r2 BMi`Q/m+2 i?2 i2+?MQHQ;B2b mb2/ iQ BKTH2K2Mi i?2 b2`pB+2b BMi`Q/m+2/
BM i?2 T`2pBQmb +?�Ti2`X h?2M r2 /2b+`B#2 i?2 +QM};m`�iBQM r2 mb2 7Q` i?2 ;2M2`�iBQM
�M/ i`�Mb7Q`K�iBQM T`Q+2bbX �//BiBQM�HHv- r2 BMi`Q/m+2 i?2 ;`�T? KQ/2HBM; iQQH r2 mb2
iQ pBbm�HBx2- KQ/B7v- �M/ +`2�i2 �L.bX

3XRX h2+?MQHQ;B2b
6Q` i?2 BKTH2K2Mi�iBQM Q7 i?2 /Bz2`2Mi KB+`Qb2`pB+2b- r2 mb2 C�p� aT`BM; "QQiRX q2
mb2 J�p2Mk iQ #mBH/ 2�+? b2`pB+2- �M/ iQ K�M�;2 i?2 /2T2M/2M+B2b iQ KQ/mH2b Q7 Qi?2`
T`QD2+ibX q2 mb2 .Q+F2`j iQ +`2�i2 /Q+F2` +QMi�BM2`b 7Q` i?2 KB+`Qb2`pB+2b r?B+? �H@
HQrb iQ /2THQv b2`pB+2b bBKTHv �M/ [mB+FHvX hQ bBKTHB7v i?2 rQ`F~Qr rBi? i?2 b2p2`�H
/Q+F2` +QMi�BM2`b- r2 mb2 .Q+F2` *QKTQb29- �HHQrBM; mb iQ bi�`i �HH +QMi�BM2`b rBi? �
bBKTH2 +QKK�M/ �M/ +QM};m`2 i?2K rBi?BM � bBM;H2 }H2X q2 mb2 i?2 LQaZG /�i�#�b2
JQM;Q."8 iQ T2`bBbi2MiHv biQ`2 i?2 T`Q}H2 +QM};m`�iBQMb #2+�mb2 Q7 i?2 /Q+mK2Mi@HBF2
bi`m+im`2 Q7 i?2 +QM};m`�iBQMbX q2 mb2 �T�+?2 E�7F�e �b K2bb�;2 #`QF2` #2+�mb2 Bi T`Q@
pB/2b 2{+B2Mi K2i?Q/b iQ 2t+?�M;2 K2bb�;2bX �//BiBQM�HHv- r2 mb2 C�+FbQMd iQ #2 �#H2
iQ b2`B�HBx2 �M/ /2b2`B�HBx2 C�p� P#D2+ib- iQ 2t+?�M;2 i?2K #2ir22M b2`pB+2bX hQ T`QpB/2
i?2 /Bz2`2Mi 7mM+iBQM�HBiB2b iQ mb2`b- r2 /2}M2/ � bBKTH2 _1ah �SA �i i?2 ;�i2r�v
b2`pB+2X G�biHv- r2 mb2 .`�r AP �b i?2 ;`�T? KQ/2HBM; iQQH- r?B+? r2 rBHH BMi`Q/m+2 BM
/2i�BH BM b2+iBQM 3XjX

3XkX *QM};m`�iBQM
Pm` }`bi T`QiQivT2 ?�/ i?2 ;2M2`�iBQM �M/ i`�Mb7Q`K�iBQM T`QT2`iB2b bi�iB+�HHv b2i rBi?BM
i?2 `2bT2+iBp2 b2`pB+2bX h?2 T`Q#H2K rBi? i?Bb �TT`Q�+? Bb i?�i Bi /Q2b MQi �HHQr mb
iQ �/Dmbi i?2 +QM};m`�iBQM /2T2M/BM; QM i?2 /2bB`2/ QmiTmiX h?2 �#BHBiv iQ +?�M;2
r?B+? +QM};m`�iBQM Bb mb2/ Bb 2bT2+B�HHv mb27mH 7Q` i?2 /`�rBM; bi2T- �b r2 +�M mb2
� +QM};m`�iBQM bT2+B7vBM; � +QKT�+i T`BMiBM; 7Q` i?2 }M�H p2`bBQM Q7 2t@i�bFb- �M/ �
+QM};m`�iBQM 7Q` /`�7i 2t@i�bFb- r?2`2 bT�+2 Bb MQi �M Bbbm2X

R?iiTb,ffbT`BM;XBQfT`QD2+ibfbT`BM;@#QQi
k?iiTb,ffK�p2MX�T�+?2XQ`;f
j?iiTb,ffrrrX/Q+F2`X+QKf
9?iiTb,ff/Q+bX/Q+F2`X+QKf+QKTQb2f
8?iiTb,ffrrrXKQM;Q/#X+QKf
e?iiTb,ffF�7F�X�T�+?2XQ`;f
d?iiTb,ff;Bi?m#X+QKf6�bi2`sJGfD�+FbQM
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3X AKTH2K2Mi�iBQM

q2 mb2 irQ +QM};m`�iBQM 7Q`K�ib iQ ?�M/H2 i?Bb- QM2 7Q` i?2 ;2M2`�iBQM �M/ QM2 7Q`
i?2 i`�Mb7Q`K�iBQMX "Qi? Q7 i?2b2 +QK#BM2/ i?2M +`2�i2 � +QM};m`�iBQM T`Q}H2 i?�i Bb
T2`bBbi2MiHv biQ`2/ BM � JQM;Q."X

3XkXRX :2M2`�iBQM *QM};m`�iBQM
1p2M i?Qm;?- r2 QMHv r�Mi iQ +`2�i2 2t@i�bFb BM i?Bb i?2bBb- r2 /2bB;M2/ i?2 ;2M2`�iBQM
bi2T BM bm+? � r�v i?�i Bi +�M �HbQ ;2M2`�i2/ H�`;2` �L.bX q2 MQr BMi`Q/m+2 i?2 ;2M@
2`�iBQM +QM};m`�iBQM T`QT2`iB2b �M/ i?2M 2tTH�BM � T`Q#H2K i?2v ?�p2X 1�+? ;2M2`�iBQM
+QM};m`�iBQM +QMbBbib Q7 i?2 7QHHQrBM;,

Ç � KBMBKmK �M/ K�tBKmK MmK#2` Q7 H�v2`b

Ç � KBMBKmK �M/ K�tBKmK MmK#2` Q7 rQ`F T�+F�;2b

Ç � KBMBKmK �M/ K�tBKmK bBx2 Q7 i?2 }`bi- BMi2`K2/B�i2- �M/ H�bi H�v2`

Ç � KBMBKmK �M/ K�tBKmK /m`�iBQM

Ç � DmKT /Bbi`B#miBQM

Ç � MmK#2` Q7 }MBb?@iQ@}MBb? /2T2M/2M+B2b

Ç � MmK#2` Q7 bi�`i@iQ@}MBb? /2T2M/2M+B2b

Ç � MmK#2` Q7 bi�`i@iQ@bi�`i /2T2M/2M+B2b

Ç � #QQH2�M /2}MBM; B7 i?2 TQbi@T`Q+2bbBM; b?QmH/ #2 �TTHB2/ �7i2` i?2 ;2M2`�iBQM

JBMBKmK �M/ J�tBKmK bBx2 Q7 G�v2`b

h?2 QMHv 2t+2TiBQMb r?2`2 i?2 �#Qp2 p�Hm2b /2pB�i2 7`QK i?2 QM2b mb2/ BM b2+iBQM eX9Xk
�`2 i?2 KBMBKmK �M/ K�tBKmK H�v2` bBx2bX >2`2- r2 /BpB/2/ i?2b2 irQ p�Hm2b 7m`i?2`
BMiQ bBt /BbiBM+i T`QT2`iB2bX h?2b2 T`QT2`iB2b �`2 mb2/ iQ KQ`2 }M2Hv /2}M2 i?2 H�v2`
bBx2b Q7 i?2 }`bi H�v2`- �HH BMi2`K2/B�i2 H�v2`b- �M/ i?2 H�bi H�v2`- r?B+? Bb ?2HT7mH 7Q` i?2
+`2�iBQM Q7 2t@i�bFbX h?2 `2�bQM 7Q` i?Bb Bb i?�i i?2 }`bi �M/ H�bi H�v2`b �`2 mMBMi2`2biBM;
7Q` 2t@i�bFb bBM+2 i?2B` BM@;QBM; U7Q` i?2 }`bi H�v2`V �M/ Qmi@;QBM; U7Q` i?2 H�bi H�v2`V
/2T2M/2M+B2b �`2 2�bv iQ +�H+mH�i2X h?Bb Bb /m2 iQ i?2 7�+i i?�i i?2 bi�`i �M/ 2M/ rQ`F
T�+F�;2b ?�p2 � /m`�iBQM Q7 x2`Q �M/ QMHv 6a /2T2M/2M+B2bX

:2M2`�iBQM *QM};m`�iBQM S`Q#H2K

h?2 ;2M2`�iBQM +QM};m`�iBQM ?�b i?2 T`Q#H2K i?�i i?2 KBMBKmK �M/ i?2 K�tBKmK
MmK#2` Q7 rQ`F T�+F�;2b r2 +�M ;2M2`�i2 /Q MQi /2T2M/ QMHv QM i?2 +Q``2bTQM/BM;
p�Hm2b /2}M2/ BM i?2 +QM};m`�iBQMX 1[m�iBQM 3XR �M/ 1[m�iBQM 3Xk /2}M2 i?2 �//BiBQM�H
+QM/BiBQMb 7Q` i?2 KBMBKmK �M/ K�tBKmK MmK#2` Q7 ;2M2`�i�#H2 rQ`F T�+F�;2bX h?2b2
+QM/BiBQMb b?Qr i?�i Bi KB;?i MQi #2 TQbbB#H2 iQ ;2M2`�i2 �L.b rBi? i?2 KBMBKmK Q`
i?2 K�tBKmK MmK#2` Q7 rQ`F T�+F�;2b �b bT2+B}2/ BM i?2 +QM};m`�iBQMX

ek



3XjX .`�r AP

KBMLmKqS ≥ KBMaBx26G�v + (KBMLmKG�v − 2) ∗ KBMaBx2AG�v + KBMaBx2GG�v U3XRV

K�tLmKqS ≤ K�taBx26G�v+ (K�tLmKG�v− 2) ∗K�taBx2AG�v+K�taBx2GG�v U3XkV
q2 ?�M/H2 i?Bb T`Q#H2K #v mbBM; i?2 K�tBKmK p�Hm2 Q7 i?2 irQ HQr2` #QmM/b UBX2X-

i?2 /2}M2/ p�Hm2 �M/ i?2 p�Hm2 BM 1[m�iBQM 3XRV �M/ i?2 KBMBKmK p�Hm2 Q7 i?2 irQ
mTT2` #QmM/bX "v /QBM; bQ- r2 2Mbm`2 i?�i r2 QMHv mb2 +Q``2+i #QmM/�`B2b rBi?BM i?2
;2M2`�iBQMX

3XkXkX h`�Mb7Q`K�iBQM *QM};m`�iBQM
>�pBM; T`2b2Mi2/ i?2 ;2M2`�iBQM +QM};m`�iBQM- r2 rBHH MQr T`QpB/2 i?2 i`�Mb7Q`K�iBQM
+QM};m`�iBQM- r?B+? +QMbBbib Q7 i?2 7QHHQrBM; 2H2K2Mib,

Ç � +`BiB+�H T�i? +QHQ`

Ç �M t@x2`Q �M/ v@x2`Q TQbBiBQM

Ç �M t@bT�+BM; �M/ v@bT�+BM;

Ç � rQ`F T�+F�;2 rB/i? �M/ ?2B;?i

Ç � bi�`if2M/ rQ`F T�+F�;2 rB/i? �M/ ?2B;?i

Ç � #QQH2�M /2}MBM; r?2i?2` i?2 M�K2 �M/ /m`�iBQM b?QmH/ #2 b2T�`�i2/ #v � HBM2
#`2�F Q` r?Bi2 bT�+2

Ç � #QQH2�M /2}MBM; r?2i?2` iQ mb2 `QmM/2/ #2M/b

3XjX .`�r AP
.`�r AP Bb � iQQH i?�i �HHQrb +`2�iBM; Dmbi �#Qmi �Mv /B�;`�K QM2 +�M i?BMF Q7X Ai
7QHHQrb � bBKTH2 /`�; �M/ /`QT bvbi2K r?2`2 QM2 +�M KQp2 �M/ +QK#BM2 b?�T2b BM �Mv
r�vX q2 mb2 .`�r AP- bBM+2 QM2 Q7 Qm` `2[mB`2K2Mib r�b iQ #2 �#H2 iQ KQ/B7v �L.b
�M/ #mBH/ �L.b 7`QK b+`�i+?- r?B+? Bb TQbbB#H2 rBi? .`�r APX AM �//BiBQM- i?2 ;`�T?
`2T`2b2Mi�iBQM H�M;m�;2 Q7 .`�r AP �HHQrb i?2 BKTQ`i�iBQM �M/ 2tTQ`i�iBQM Q7 �L.b
BM � 7Q`K�i i?�i +�M #2 i`�Mb7Q`K2/ BMiQ i?2 BMi2`M�H /�i� KQ/2HX >Qr2p2`- mbBM; bm+?
� +QKT`2?2MbBp2 iQQH �HbQ ?�b bQK2 /Bb�/p�Mi�;2b #2+�mb2 r2 ?�p2 iQ /2}M2 +2`i�BM
`2bi`B+iBQMb �M/ �bbmKTiBQMb iQ i`�Mb7Q`K � +`2�i2/ Q` KQ/B}2/ �L. BMiQ Qm` BMi2`M�H
�L. KQ/2HX

3XjXRX .B�;`�K _2T`2b2Mi�iBQM rBi? sJG bi`m+im`2
q2 #2;BM rBi? BMi`Q/m+BM; i?2 .`�r AP /B�;`�K `2T`2b2Mi�iBQM r?B+? Bb #�b2/ QM �M
sJG bi`m+im`2- r?B+? Bb ;2M2`�HHv � `2�bQM�#H2 /2+BbBQM- �b /B�;`�Kb Q7i2M 7QHHQr �
?B2`�`+?B+�H bi`m+im`2X aQ- +QMbB/2`BM; i?2 rQ`F T�+F�;2 `2T`2b2Mi�iBQM- r2 +QmH/ i?BMF

ej



3X AKTH2K2Mi�iBQM

Q7 � ;`QmT 2H2K2Mi �b i?2 T�`2Mi rBi? }p2 +?BH/`2MX h?2b2 +?BH/`2M rQmH/ i?2M /2b+`B#2
i?2 �+im�H T`QT2`iB2b Q7 � rQ`F T�+F�;2- bm+? �b i?2 M�K2 �M/ /m`�iBQM- Q` i?2 1aX
�//BiBQM�HHv- QM2 +QmH/ BMi`Q/m+2 b2p2`�H i�;b /2b+`B#BM; i?2 /Bz2`2Mi 2H2K2Mib- bm+? �b
p2`iB+2b �M/ 2/;2bX lM7Q`imM�i2Hv- i?2 .`�r AP sJG `2T`2b2Mi�iBQM /Q2b MQi /Q �Mv Q7
i?2b2 i?BM;bX

h?2 .`�r AP sJG bi`m+im`2 }`bi �Hr�vb +QMbBbi Q7 �M Qmi2` Kt:`�T?JQ/2H 7QHHQr2/
#v � `QQi i�;X h?2M i?2 `QQi i�; +QMi�BMb �HH i?2 pBbB#H2 /B�;`�K 2H2K2Mib �b /B`2+i
+?BH/`2MX h?Bb K2�Mb i?�i i?2 sJG `2T`2b2Mi�iBQM /Q2b MQi K�F2 mb2 Q7 i?2 ?B2`�`+?B+�H
bi`m+im`2 Q7 sJG #mi BMbi2�/ i`B2b iQ �pQB/ Bi #v mbBM; Qi?2` i2+?MB[m2bX 6Q` 2t�KTH2-
i?2 `QQi i�; QMHv +QMi�BMb Kt*2HH 2H2K2Mib �b +?BH/`2MX >2`2- 2�+? Q7 i?2b2 2H2K2Mib ?�b
2Bi?2` �M 2/;2 4 ǳRǴ Q` p2`i2t 4 ǳRǴ �ii`B#mi2X AM Qi?2` rQ`/b- BMbi2�/ Q7 rQ`FBM; rBi?
/Bz2`2Mi i�;b U2X;X- Kto2`i2t �M/ Kt1/;2V- i?2v /2}M2 i?2 ivT2 mbBM; �M �ii`B#mi2X

�b K2MiBQM2/- 2�+? pBbB#H2 2H2K2Mi Bb � /B`2+i +?BH/ Q7 i?2 `QQi i�;X h?2`27Q`2- i?2
KQ/2H /Q2b MQi BM+Hm/2 � ivTB+�H T�`2Mi@+?BH/`2M `2H�iBQMb?BT Q7 2H2K2Mib #v TH�+BM; i?2
+?BH/`2M #2ir22M i?2 T�`2Mi i�;bX h?Bb K2�Mb i?�i BM .`�r AP- 2�+? 2H2K2Mi +QMi�BMb
�M �ii`B#mi2 T�`2Mi 4 ǳtvǴ `272``BM; iQ i?2 �+im�H T�`2Mi 2H2K2MiX hQ /Q bQ 2�+? Kt*2HH
2H2K2Mi +QMi�BMb � mMB[m2 B/2MiB}2` �b �M �ii`B#mi2X PMHv i?2 2bb2MiB�H bi`m+im`�H BM7Q`@
K�iBQM- bm+? �b i?2 TQbBiBQM Q` rB/i? Q7 �M 2H2K2Mi- �`2 +QMi�BM2/ BM � +?BH/ Kt:2QK2i`v
2H2K2MiX AM aQm`+2 *Q/2 3XR r2 b22 i?2 .`�r AP sJG `2T`2b2Mi�iBQM Q7 6B;m`2 3XRX

A 
4

0 4

1 5

B 
3

4 7

5 8

6B;m`2 3XRX, .B�;`�K pBbm�HBx�iBQM Q7 i?2 Kt:`�T?JQ/2H BM aQm`+2 *Q/2 3XR

6Q`imM�i2Hv- i?2`2 Bb i?2 C:`�T?s3 T�+F�;2 i?�i T`QpB/2b bQK2 7mM+iBQM�HBiv iQ rQ`F
rBi? i?2 Kt:`�T?JQ/2H BM C�p�X �Hi?Qm;? i?2 T`BK�`v mb2 +�b2 Q7 i?Bb T�+F�;2 Bb iQ
pBbm�HBx2 �M/ rQ`F rBi? i?2 Kt:`�T?JQ/2H rBi?BM C�p� arBM; UBX2X- �M QH/ :lA@hQQHFBi
7Q` C�p�V- Bi Bb bm{+B2Mi 7Q` mbX Ai T`QpB/2b 7mM+iBQM�HBiv iQ +`2�i2 � Kt:`�T?JQ/2H
T`Q;`�KK�iB+�HHv �M/ i?2M i`�Mb7Q`K Bi BMiQ i?2 sJG bi`m+im`2X AM �//BiBQM- QM2 +�M
�HbQ i`�Mb7Q`K i?2 sJG bi`m+im`2 BMiQ � Kt:`�T?JQ/2H M22/2/ iQ ;2i � KQ/B}2/ Q`
2MiB`2Hv M2r �L. �b BMTmiX

3XjXkX J�TTBM; i?2 AMi2`M�H �L. iQ Kt:`�T?JQ/2H
h?2 C:`�T?s T�+F�;2 �HHQrb mb iQ +`2�i2 � Kt:`�T?JQ/2H �M/ }HH Bi rBi? Kt*2HHbX
6Q` i?2 b�F2 Q7 `2�/�#BHBiv- r2 `272` iQ �M Kt*2HH QMHv �b +2HH 7`QK MQr QMX q?2M
+`2�iBM; �M �L. /`�rBM;- i?2 }`bi bi2T Bb iQ i`�Mb7Q`K i?2 BMi2`M�H �L. mb2/ rBi?BM
i?2 b2`pB+2b BMiQ i?2 �L. `2T`2b2Mi�iBQM i?�i +QMi�BMb i?2 �+im�H /`�rBM; BM7Q`K�iBQMX
aBM+2 i?2 i`�Mb7Q`K2/ p2`iB+2b �M/ /2T2M/2M+B2b �H`2�/v +QMi�BM �HH Q7 i?2 T`QT2`iB2b r2
M22/ 7Q` i?2 Kt:`�T?JQ/2H- r2 QMHv ?�p2 iQ +`2�i2 2�+? +2HH �M/ QmiTmi i?2 `2bmHiBM;

3?iiTb,ff;Bi?m#X+QKfD;`�T?fD;`�T?t

e9



3XjX .`�r AP

R IKt:`�T?JQ/2H XXX=
k I`QQi=
j IKt*2HH B/4]y] f=
9 IKt*2HH B/4]R] T�`2Mi4]y] f=
8
e IKt*2HH B/4]R9] bivH24]XXXc2tBis4Rc2tBiu4yX8c2Mi`vs4yc2Mi`vu4yX8] T�`2Mi4]R]

bQm`+24]k] i�`;2i4]N] 2/;24]R]=
d IKt:2QK2i`v `2H�iBp24]R] �b4];2QK2i`v] f=
3 IfKt*2HH=
N

Ry IKt*2HH B/4]k] p�Hm24]] bivH24];`QmT] T�`2Mi4]R] p2`i2t4]R]=
RR IKt:2QK2i`v t4]kky] v4]jky] rB/i?4]Ryy] ?2B;?i4]ey] �b4];2QK2i`v] f=
Rk IfKt*2HH=
Rj IKt*2HH B/4]j] p�Hm24]��Hic#`�;ic9] bivH24]XXX] T�`2Mi4]k] p2`i2t4]R]=
R9 IKt:2QK2i`v rB/i?4]Ryy] ?2B;?i4]ey] �b4];2QK2i`v] f=
R8 IfKt*2HH=
Re IKt*2HH B/4]9] p�Hm24]y] bivH24]XXX] T�`2Mi4]k] p2`i2t4]R]=
Rd IKt:2QK2i`v rB/i?4]jy] ?2B;?i4]ky] �b4];2QK2i`v] f=
R3 IfKt*2HH=
RN IKt*2HH B/4]8] p�Hm24]9] bivH24]XXX] T�`2Mi4]k] p2`i2t4]R]=
ky IKt:2QK2i`v t4]dy] rB/i?4]jy] ?2B;?i4]ky] �b4];2QK2i`v] f=
kR IfKt*2HH=
kk IKt*2HH B/4]e] p�Hm24]R] bivH24]XXX] T�`2Mi4]k] p2`i2t4]R]=
kj IKt:2QK2i`v v4]9y] rB/i?4]jy] ?2B;?i4]ky] �b4];2QK2i`v] f=
k9 IfKt*2HH=
k8 IKt*2HH B/4]d] p�Hm24]8] bivH24]XXX] T�`2Mi4]k] p2`i2t4]R]=
ke IKt:2QK2i`v t4]dy] v4]9y] rB/i?4]jy] ?2B;?i4]ky] �b4];2QK2i`v] f=
kd IfKt*2HH=
k3
kN IKt*2HH B/4]3] p�Hm24]] bivH24];`QmT] T�`2Mi4]R] p2`i2t4]R]=
jy IKt:2QK2i`v t4]9Ry] v4]jky] rB/i?4]Ryy] ?2B;?i4]ey] �b4];2QK2i`v] f=
jR IfKt*2HH=
jk IKt*2HH B/4]N] p�Hm24]"�Hic#`�;icj] bivH24]XXX] T�`2Mi4]3] p2`i2t4]R]=
jj IKt:2QK2i`v rB/i?4]Ryy] ?2B;?i4]ey] �b4];2QK2i`v] f=
j9 IfKt*2HH=
j8 IKt*2HH B/4]Ry] p�Hm24]9] bivH24]XXX] T�`2Mi4]3] p2`i2t4]R]=
je IKt:2QK2i`v rB/i?4]jy] ?2B;?i4]ky] �b4];2QK2i`v] f=
jd IfKt*2HH=
j3 IKt*2HH B/4]RR] p�Hm24]d] bivH24]XXX] T�`2Mi4]3] p2`i2t4]R]=
jN IKt:2QK2i`v t4]dy] rB/i?4]jy] ?2B;?i4]ky] �b4];2QK2i`v] f=
9y IfKt*2HH=
9R IKt*2HH B/4]Rk] p�Hm24]8] bivH24]XXX] T�`2Mi4]3] p2`i2t4]R]=
9k IKt:2QK2i`v v4]9y] rB/i?4]jy] ?2B;?i4]ky] �b4];2QK2i`v] f=
9j IfKt*2HH=
99 IKt*2HH B/4]Rj] p�Hm24]3] bivH24]XXX] T�`2Mi4]3] p2`i2t4]R]=
98 IKt:2QK2i`v t4]dy] v4]9y] rB/i?4]jy] ?2B;?i4]ky] �b4];2QK2i`v] f=
9e IfKt*2HH=
9d If`QQi=
93 IfKt:`�T?JQ/2H=

aQm`+2 *Q/2 3XR, Kt:`�T?JQ/2H /2b+`B#BM; 6B;m`2 3XR

e8



3X AKTH2K2Mi�iBQM

Kt:`�T?JQ/2HX >2`2- � rQ`F T�+F�;2 +QMbBbib Q7 bBt +2HHb- �M Qmi2` ;`QmT +2HH +QMi�BMBM;
}p2 +?BH/ +2HHb- QM2 7Q` 2�+? Q7 i?2 rQ`F T�+F�;2 T`QT2`iB2bX h?2 +2HH 7Q` i?2 M�K2 �M/
/m`�iBQM Bb i?2 b�K2 bBx2 �b i?2 ;`QmT- r?BH2 i?2 7Qm` +2HHb 7Q` i?2 b+?2/mH2 T`QT2`iB2b
�`2 bK�HH2` �M/ TH�+2/ BM i?2B` `2bT2+iBp2 +Q`M2`b- �b /2b+`B#2/ BM b2+iBQM kXkXjX

3XjXjX J�TTBM; Kt:`�T?JQ/2H iQ i?2 AMi2`M�H �L.
h?2 }`bi p2`bBQM Q7 Qm` T`QiQivT2 /B/ MQi `2�/ BM �HH rQ`F T�+F�;2 p�Hm2b #mi QMHv i?2
M�K2 �M/ /m`�iBQMX AM ;2M2`�H- i?Bb Bb bm{+B2Mi r?2M QMHv +QMbB/2`BM; BKTQ`iBM; �L.b
iQ +�H+mH�i2 i?2B` b+?2/mH2 T`QT2`iB2bX >Qr2p2`- �b r2 r�Mi iQ K�BMi�BM i?2 2ti2MbB#BHBiv
Q7 Qm` �`+?Bi2+im`2- r2 K�F2 bm`2 i?�i i?2`2 Bb MQ BM7Q`K�iBQM HQbb /m`BM; i?2 BKTQ`i�iBQM
Q7 �M �L.X q2 MQr 2tTH�BM ?Qr r2 i`�Mb7Q`K � Kt:`�T?JQ/2H BMiQ i?2 BMi2`M�H �L.
KQ/2H i?�i i�F2b �HH T`QT2`iB2b BMiQ �++QmMiX

6B`bi- BM +QMi`�bi iQ T`Q/m+BM; i?2 QmiTmi Kt:`�T?JQ/2H- T�`bBM; Kt:`�T?JQ/2H Bb
KQ`2 +?�HH2M;BM;X h?2 KQbi T`QKBM2Mi T`Q#H2K Bb B/2MiB7vBM; r?B+? T`QT2`iv � p2`i2t
+2HH /2b+`B#2b- bBM+2 i?2 ;`QmT +2HH- i?2 M�K2 �M/ /m`�iBQM +2HH- �M/ 2�+? b+?2/mH2 T`QT@
2`iv +2HH �`2 �HH p2`i2t +2HHbX h?2`27Q`2- r2 MQr /2b+`B#2 ?Qr r2 B/2MiB7v r?�i T�`i Q7
�M �L. � ;Bp2M p2`i2t +2HH /2b+`B#2b- r?B+? r2 i?2M mb2 iQ 2tTH�BM i?2 i`�Mb7Q`K�iBQMX

A/2MiB7vBM; i?2 ai�`i �M/ 1M/ *2HH

q2 #2;BM rBi? i?2 bi�`i �M/ 2M/ rQ`F T�+F�;2 +2HHbX h?2 }`bi �TT`Q�+? r2 +QMbB/2`2/
iQ B/2MiB7v i?2K r�b /BbiBM;mBb?BM; i?2K #v i?2B` /Bz2`2Mi rB/i? �M/ ?2B;?i bBM+2 i?2b2
T`QT2`iB2b mbm�HHv /Bz2` 7`QK MQ`K�H rQ`F T�+F�;2 +2HHbX >Qr2p2`- i?Bb rQmH/ QMHv #2
TQbbB#H2 r?2M mbBM; i?2 rB/i? �M/ ?2B;?i p�Hm2b 7`QK i?2 i`�Mb7Q`K�iBQM +QM};m`�iBQM
T`QpB/2/- #mi r2 r�Mi iQ ?�M/H2 i?2 BMTmi BM/2T2M/2MiHv 7`QK i?2 +QM};m`�iBQMX h?2`2@
7Q`2- r2 /2+B/2/ i?�i i?2 bi�`i +2HH M22/b iQ ?�p2 i?2 M�K2 bi�`i �M/ i?2 2M/ +2HH i?2
M�K2 2M/- bBM+2 i?�i Bb i?2 KQbi bBKTH2 �M/ +QMp2MB2Mi K2i?Q/ iQ /Bz2`2MiB�i2 i?2K
7`QK MQ`K�H rQ`F T�+F�;2 +2HHbX

A/2MiB7vBM; i?2 :`QmT *2HH

�b bi�i2/ �#Qp2- � rQ`F T�+F�;2 �Hr�vb +QMbBbib Q7 � ;`QmT +2HH +QMi�BMBM; }p2 +?BH/
+2HHb- QM2 7Q` 2�+? Q7 i?2 }p2 T`QT2`iB2b Q7 �M �L. Ui?2 M�K2 �M/ /m`�iBQM K�F2 mT QM2
T`QT2`ivVX h?2`27Q`2- r2 }`bi +?2+F B7 � +2HH +QMi�BMb }p2 +?BH/ +2HHbX >Qr2p2`- iQ �pQB/
�++B/2Mi�HHv B/2MiB7vBM; �Mv +2HH rBi? }p2 +?BH/`2M �b � rQ`F T�+F�;2 ;`QmT +2HH- r2 �HbQ
+?2+F r?2i?2` i?2 +2HH +QMi�BMb 7Qm` +?BH/`2M rBi? MmK2`B+ Q` 2KTiv p�Hm2b- r?B+? Kmbi
#2 i?2 +�b2 7Q` i?2 7Qm` b+?2/mH2 T`QT2`iB2bX

A/2MiB7vBM; i?2 a+?2/mH2 S`QT2`iv *2HH

hQ B/2MiB7v b+?2/mH2 T`QT2`iv +2HHb- r2 }`bi +?2+F B7 i?2 T�`2Mi +2HH Bb � ;`QmT +2HH �M/ B7
Bi ?�b MQ +?BH/`2M Q7 Bib QrMX 6BM�HHv- iQ 2Mbm`2 i?�i Bi Bb � b+?2/mH2 T`QT2`iv �M/ MQi
i?2 M�K2 �M/ /m`�iBQM +2HH- r2 +?2+F r?2i?2` i?2 p�Hm2 Bb 2Bi?2` MmK2`B+�H Q` #H�MFX

ee
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q2 B/2MiB7v r?B+? Q7 i?2 7Qm` b+?2/mH2 T`QT2`iB2b Bi Bb #v +?2+FBM; BM r?B+? +Q`M2` Q7 i?2
;`QmT +2HH Bi Bb HQ+�i2/X

A/2MiB7vBM; i?2 L�K2 �M/ .m`�iBQM *2HH

hQ B/2MiB7v i?2 M�K2 �M/ /m`�iBQM +2HH- r2 }`bi +?2+F r?2i?2` i?2 T�`2Mi +2HH Bb � ;`QmT
+2HH �M/ i?2 +2HH Bib2H7 ?�b MQ +?BH/`2MX A7 i?Bb Bb i?2 +�b2- r2 QMHv M22/ iQ +?2+F r?2i?2`
Bi ?�b i?2 b�K2 rB/i? �M/ ?2B;?i �b Bib T�`2Mi +2HH UBX2X- i?2 ;`QmT +2HHVX

*`2�iBM; qQ`F S�+F�;2b o2`iB+2b

hQ +`2�i2 rQ`F T�+F�;2 p2`iB+2b 7`QK p2`i2t +2HHb- r2 +QMbB/2` 2�+? p2`i2t +2HH BM/BpB/@
m�HHv- +?2+F r?2i?2` Bi Bb � bi�`i- 2M/- Q` `2;mH�` rQ`F T�+F�;2 ;`QmT +2HH- �M/ i?2M
+`2�i2 i?2 BM/BpB/m�H �L. T�`ibX q2 +�M /B`2+iHv +`2�i2 bi�`i �M/ 2M/ p2`iB+2b bBM+2
i?2v �Hr�vb ?�p2 � /m`�iBQM Q7 x2`Q �M/ MQ pBbB#H2 b+?2/mH2 T`QT2`iB2bX 6Q` MQ`K�H rQ`F
T�+F�;2 ;`QmT +2HHb- r2 M22/ iQ +QMbB/2` 2�+? +?BH/ �M/ 2ti`�+i i?2B` p�Hm2bX AM �//BiBQM-
2�+? BMi2`M�H p2`i2t ;2ib i?2 B/ Q7 i?2 ;`QmT +2HH �bbB;M2/- bBM+2 r2 +�M #2 bm`2 i?�i Bi
Bb mMB[m2X

�//BiBQM�HHv- r2 r�Mi iQ T`2b2`p2 i?2 BMTmi TQbBiBQMb- bBM+2 r2 �Hr�vb r�Mi iQ F22T i?2
rQ`F T�+F�;2b BM i?2 b�K2 H�v2` 7Q` i?2 `2bmHiBM; QmiTmiX h?2 �#bQHmi2 `Qr TQbBiBQM �M/
`2H�iBp2 TQbBiBQM b?QmH/ �HbQ #2 T`2b2`p2/ #mi KB;?i +?�M;2 B7 i?2 +`QbbBM; BKT`Qp2K2Mi
}M/b � KQ`2 bmBi�#H2 Q`/2`BM;X hQ �+?B2p2 i?Bb- r2 M22/ iQ b�p2 +2HHbǶ t@ �M/ v@TQbBiBQMb
r?2M i`�Mb7Q`KBM; i?2KX �7i2` i`�Mb7Q`KBM; �HH rQ`F T�+F�;2 +2HHb iQ �L. p2`iB+2b- r2
}`bi ;`QmT i?2K #v i?2B` +Q``2bTQM/BM; t@TQbBiBQMb �M/ �bbB;M i?2K � H�v2` #�b2/ QM
i?2 ;`QmTǶb t TQbBiBQMX q2 i?2M +QMbB/2` 2�+? ;`QmT b2T�`�i2Hv �M/ bQ`i i?2K #v i?2B`
+Q``2bTQM/BM; v@TQbBiBQMb iQ �bbB;M 2�+? p2`i2t � `2H�iBp2 TQbBiBQMX

AM i?2 2M/- r2 ?�p2 � HBbi Q7 rQ`F T�+F�;2b- 2�+? rBi? i?2 +Q``2+i H�v2` �M/ `2H�iBp2
TQbBiBQM �bbB;M2/X h?2`27Q`2- r2 QMHv M22/ iQ +�H+mH�i2 i?2 �#bQHmi2 `Qr TQbBiBQMb iQ b2i
�HH T`QT2`iB2b +Q``2+iHvX

*`2�iBM; /2T2M/2M+B2b

*`2�iBM; /2T2M/2M+B2b Bb 2�bB2` i?�M +`2�iBM; rQ`F T�+F�;2 p2`iB+2b- bBM+2 i?2 /2T2M@
/2M+v ivT2 Bb i?2 QMHv i?BM; r2 Kmbi i`�Mb7Q`KX h?Bb Bb #2+�mb2 2�+? 2/;2 +2HH �H`2�/v
+QMi�BMb Bib bQm`+2 �M/ i�`;2i +2HH B/X hQ i`�Mb7Q`K i?2 /2T2M/2M+v ivT2- r2 M22/ iQ
2ti`�+i i?2 2tBis �M/ 2Mi`vs TQbBiBQMb �M/ �bbB;M i?2 /2T2M/2M+v ivT2 #�b2/ QM i?2b2
irQ p�Hm2b U2X;X- 2tBis = 0 �M/ 2Mi`vs = 1 K2�Mb H2�pBM; QM H27i bB/2 Q7 i?2 bQm`+2 �M/
2Mi2`BM; QM i?2 `B;?i bB/2 Q7 i?2 i�`;2i- i?mb �M a6 /2T2M/2M+vVX
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NX 1p�Hm�iBQM
q2 MQr /Bb+mbb i?2 `2bmHib Q7 i?Bb i?2bBbX q2 #2;BM #v +QMbB/2`BM; i?2 ;2M2`�iBQM Q7 2t@
i�bFb bBM+2 i?Bb r�b i?2 T`BK�`v ;Q�H Q7 i?Bb i?2bBbX AM /QBM; bQ- r2 +QKT�`2 i?2 `272`2M+2
�L. 7Q` i?Bb i?2bBb Ub22 6B;m`2 NXkV rBi? � ;2M2`�i2/ �L. ?�pBM; � bBKBH�` MmK#2` Q7
rQ`F T�+F�;2bX q2 i?2M mb2 [m�MiBi�iBp2 �M�HvbBb iQ p2`B7v i?�i i?2 ;2M2`�i2/ �L.b
K22i i?2 `2[mB`2K2Mib �M/ iQ +QKT�`2 i?2 T2`7Q`K�M+2 Q7 i?2 +`QbbBM; BKT`Qp2K2Mi
?2m`BbiB+b r2 BMi`Q/m+2/X G�biHv- r2 +QMbB/2` i?2 ;2M2`�iBQM Q7 H�`;2` �L.b- �M/ ?Qr
r2HH Qm` ;2M2`�iQ` T2`7Q`Kb BM i?Bb +�b2X

q2 �Hr�vb bT2+B7v i?2 `�M/QK b22/b r?B+? r2`2 mb2/ iQ ;2M2`�i2 Qm` b�KTH2 �M/
2t�KTH2 �L.b- iQ T`QpB/2 i?2 TQbbB#BHBiv iQ `2THB+�i2 i?2 �L.b r2 mb2/X

NXRX :2M2`�iBM; �+iBpBiv L2irQ`F .B�;`�K 7Q` 1t@h�bFb
h?2 7QHHQrBM; b2+iBQM Bb KQbiHv #�b2/ QM �L.b i?�i r2`2 ;2M2`�i2/ rBi? i?2 /27�mHi
2t@i�bF T`Q}H2 +QM};m`�iBQM BM aQm`+2 *Q/2 �XRX

NXRXRX Zm�HBi�iBp2 �M�HvbBb
q2 rBHH #2;BM #v `2+QMbB/2`BM; i?2 `272`2M+2 �L. r2 ?�p2 b22M BM 6B;m`2 NXk �M/ +QKT�`2
Bi rBi? i?2 ;2M2`�i2/ �L. BM 6B;m`2 NXR ?�pBM; i?2 b�K2 MmK#2` Q7 rQ`F T�+F�;2b �M/
H�v2`bX

S`QT2`iv *QKT�`BbQM

h?2 `272`2M+2 �L. ?�b }p2 /Bz2`2Mi bT2+B�H /2T2M/2M+B2b +QKT�`2/ iQ QMHv 7Qm` BM i?2
;2M2`�i2/ �L.X h?2 `2�bQM 7Q` i?Bb Bb i?�i r2 ?�p2 bT2+B}2/ � p�Hm2 7Q` 2�+? bT2+B�H
/2T2M/2M+v ivT2- i?�i /2b+`B#2b ?Qr Q7i2M Bi Q++m`b BM � ;2M2`�i2/ �L.X 6Q` Qm` 2t@
i�bFb- i?Bb p�Hm2 Bb b2i iQ QM2 7Q` 2�+? bT2+B�H /2T2M/2M+v ivT2X A7 r2 BM+`2�b2 � bBM;H2
bT2+B�H /2T2M/2M+v ivT2 #v QM2- r2 ;2i i?2 b�K2 MmK#2` �b BM i?2 `272`2M+2 �L.- #mi
Bi Bb MQi `2�bQM�#H2 #2+�mb2 r2 �Hr�vb +`2�i2 i?2 b�K2 bT2+B�H ivT2 irB+2X h?Bb b?Qrb
i?�i i?2 +m``2Mi ;2M2`�iBQM +QM};m`�iBQM Bb KBbbBM; � T�`�K2i2` i?�i bT2+B}2b ?Qr K�Mv
`�M/QK �//BiBQM�H bT2+B�H /2T2M/2M+v ivT2b b?QmH/ #2 ;2M2`�i2/X >Qr2p2`- i?Bb Bb MQi
� #B; T`Q#H2K #2+�mb2 QM2 +�M K�Mm�HHv �// �MQi?2` bT2+B�H /2T2M/2M+v ivT2 �7i2` i?2
;2M2`�iBQMX

A7 r2 HQQF �i i?2 BM@/2;`22 �M/ Qmi@/2;`22 Q7 rQ`F T�+F�;2b- r2 b22 i?�i r2 ?�p2
� K�tBKmK BM@/2;`22 �M/ Qmi@/2;`22 Q7 irQ BM i?2 `272`2M+2 �L.X AM +QMi`�bi- r2
?�p2 rQ`F T�+F�;2 1 BM i?2 ;2M2`�i2/ �L. rBi? i?`22 BM@;QBM; �M/ i?`22 Qmi@;QBM;
/2T2M/2M+B2bX h?Bb Bb #2+�mb2 i?2 ;2M2`�iBQM K2i?Q/ 7�pQ`b � DmKT p�Hm2 Q7 QM2 7Q`

eN
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2t@i�bFbX h?2`27Q`2- � H�v2` rBi? QMHv � bBM;H2 rQ`F T�+F�;2 ?�b � ?B;? T`Q#�#BHBiv Q7
?�pBM; K�Mv BM@;QBM; �M/ Qmi@;QBM; /2T2M/2M+B2bX 6m`i?2`KQ`2- r2 +�M b22 i?�i r2
?�p2 KQ`2 rQ`F T�+F�;2b rBi? QMHv � bBM;H2 BM@;QBM; �M/ Qmi@;QBM; /2T2M/2M+v BM i?2
;2M2`�i2/ �L. U2B;?i p2`bmb 7Qm`VX h?Bb b?Qrb i?�i Bi KB;?i #2 ?2HT7mH iQ BM+Hm/2 �
K2i?Q/ i?�i KQp2b /2T2M/2M+B2b 7`QK rQ`F T�+F�;2b rBi? � ?B;? BM@/2;`22 Q` Qmi@/2;`22
iQ rQ`F T�+F�;2b ?�pBM; QMHv � bBM;H2 BM@;QBM; Q` Qmi@;QBM; /2T2M/2M+vX
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aQm`+2 *Q/2 �XR Ub22/, Re98ekN99e33kV
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6B;m`2 NXkX, _272`2M+2 �L. i�F2M 7`QK � T`2pBQmb 2t�K i�bF U6B;m`2 kXdV

G�vQmi *QKT�`BbQM

q2 +�M b22 i?�i i?2 `272`2M+2 �L. Bb KQ`2 +QKT�+i i?�M i?2 ;2M2`�i2/ �L.X >Qr2p2`-
i?Bb Bb K�BMHv /m2 iQ i?2 2KTiv bT�+2 r2 BMi`Q/m+2/ #2ir22M M2B;?#Q`BM; rQ`F T�+F�;2b
rBi?BM � H�v2`- �z2+iBM; QMHv i?2 �L. /`�rBM; ?2B;?iX h?Bb Bb 2bb2MiB�H #2+�mb2 Bi Bb
KQ`2 BKTQ`i�Mi iQ ?�p2 � +QKT�+i rB/i?- r?B+? Bb i?2 +�b2 7Q` i?2 ;2M2`�i2/ �L.- BM
Q`/2` iQ #2 �#H2 iQ TH�+2 i?2 �L. QM �M 2t2`+Bb2 Q` 2t�K b?22iX

6m`i?2`KQ`2- r2 +�M b22 i?�i i?2 ;2M2`�i2/ �L. /Q2b MQi +QMi�BM H�#2Hb 7Q` i?2 bT2+B�H
/2T2M/2M+v ivT2bX >Qr2p2`- i?2 /2T2M/2M+v ivT2 Bb r2HH /2}M2/ #v i?2B` Qmi@;QBM;
�M/ BM@;QBM; bB/2b- �M/ i?2 H�#2H Bb QMHv BM+Hm/2/ rBi?BM i?2 `272`2M+2 �L. iQ �pQB/
KBbmM/2`bi�M/BM;b #v bim/2MibX h?2`27Q`2- MQi BM+Hm/BM; i?2 H�#2H Bb MQi � T`Q#H2K-

dy



NXRX :2M2`�iBM; �+iBpBiv L2irQ`F .B�;`�K 7Q` 1t@h�bFb

2bT2+B�HHv bBM+2 �miQK�iB+�HHv TH�+BM; i?2 H�#2H rBi?Qmi Qp2`H�TTBM; rBi? Qi?2` rQ`F
T�+F�;2b Q` /2T2M/2M+B2b Bb Km+? KQ`2 +QKTHB+�i2/ i?�M K�Mm�HHv TH�+BM; i?2 H�#2H
#27Q`2 +QKTH2iBM; i?2 2t@i�bFX

q?2M 7m`i?2` HQQFBM; �i i?2 /2T2M/2M+v �``�M;2K2Mi BM i?2 `272`2M+2 �L.- r2 +�M b22
bBKBH�` /2+BbBQMb �b r2 ?�p2 BM+Hm/2/ BM Qm` /`�rBM;X 6Q` 2t�KTH2- i?2 a6 /2T2M/2M+v
>A BM i?2 `272`2M+2 �L. Bb TH�+2/ iQ i?2 #QiiQK 2p2M i?Qm;? i?2 i�`;2i rQ`F T�+F�;2
Bb �#Qp2 >X q?2M MQr +QMbB/2`BM; i?2 ;2M2`�i2/ �L.- r2 ?�p2 bBKBH�` #2?�pBQ` 7Q` i?2
/2T2M/2M+v �1 r?B+? Bb i?2 `2bmHi Q7 QM2 Q7 Qm` BMi`Q/m+2/ /`�rBM; `mH2bX AM �//BiBQM-
r2 /2+B/2/ iQ ?�p2 � K�tBKmK Q7 7Qm` #2M/b iQ BM+`2�b2 i?2 `2�/�#BHBiv- r?B+? Bb �HbQ
i?2 +�b2 BM i?2 `272`2M+2 �L.X

NXRXkX Zm�MiBi�iBp2 �M�HvbBb
q2 +QM/m+i2/ � [m�MiBi�iBp2 �M�HvbBb iQ 2p�Hm�i2 i?2 /Bz2`2Mi K2i?Q/b �M/ �TT`Q�+?2b
r2 �TTHB2/X AM /QBM; bQ- r2 ;2M2`�i2/ 100 �L.b rBi? i?2 T`Q}H2 +QM};m`�iBQM aQm`+2
*Q/2 �XR �M/ b22/b 1000 iQ 1099X q2 �M�Hvx2/ bi`m+im`�H BM7Q`K�iBQM bm+? �b i?2 MmK#2`
Q7 rQ`F T�+F�;2b �M/ H�v2`b- �M/ i?`22 +`QbbBM; BKT`Qp2K2Mi ?2m`BbiB+ �TT`Q�+?2b- i?2
#�`v+2Mi2` ?2m`BbiB+- i?2 ;`22/v brBi+? ?2m`BbiB+- �M/ +QK#BMBM; #Qi? #v }`bi �TTHvBM;
i?2 #�`v+2Mi2` �M/ i?2M i?2 ;`22/v brBi+? ?2m`BbiB+- iQ 2p�Hm�i2 r?B+? �TT`Q�+? T2`7Q`Kb
i?2 #2biX AM i?2 7QHHQrBM;- r2 /2b+`B#2 i?2 `2bmHib r2 Q#i�BM2/X

ai`m+im`�H 1p�Hm�iBQM

JBM J2/B�M J�t J2�M
LmK#2` Q7 rQ`F T�+F�;2b RR Rk Rj RkXy
LmK#2` Q7 H�v2`b 8 8 e 8X9N
.2T2M/2M+B2b Q7 H2M;i? QM2 Rk Re ky R8X8R
.2T2M/2M+B2b Q7 H2M;i? irQ y k d kXy9
J�tBKmK BM@/2;`22 k j 8 k-d3
J�tBKmK Qmi@/2;`22 k k 9 k-j3

h�#H2 NXRX, h�#H2 b?QrBM; i?2 bi�iBbiB+�H BM7Q`K�iBQM 7`QK i?2 100 ;2M2`�i2/ �L.b

q2 MQr /Bb+mbb r?2i?2` i?2 ;2M2`�i2/ 2t@i�bFb 7mH}HH i?2 `2[mB`2K2Mib r2 /2}M2/ BM
b2+iBQM kXkX9 �M/ i?2 HBKBib /2}M2/ BM i?2 ;2M2`�iBQM +QM};m`�iBQMX h�#H2 NXR bmKK�`Bx2b
i?2 KQbi BKTQ`i�Mi K2i`B+b r2 +QMbB/2`2/X

q2 +�M b22 i?�i KQbi Q7 i?2 p�Hm2b �`2 BM HBM2 rBi? i?2 2tT2+i2/ p�Hm2b- 7Q` 2t�KTH2
BM Qm` b�KTH2- i?2 �p2`�;2 MmK#2` Q7 H�v2`b Bb 5.49 �M/ i?2 MmK#2` Q7 rQ`F T�+F�;2b Bb
12- r?2`2 r2 rQmH/ 2tT2+i �M �p2`�;2 MmK#2` Q7 H�v2`b Q7 5.5 �M/ �M �p2`�;2 MmK#2` Q7
rQ`F T�+F�;2b Q7 12X h?2 QMHv /2pB�iBQM Bb i?2 MmK#2` Q7 /2T2M/2M+B2b rBi? H2M;i? QM2
�M/ irQ- r?2`2 r2 2tT2+i2/ iQ ;2i �`QmM/ 80W /2T2M/2M+B2b Q7 H2M;i? QM2 �M/ 20W Q7
H2M;i? irQ #mi 88.5W ?�p2 H2M;i? QM2 �M/ QMHv 11.5W � H2M;i? Q7 irQX h?2 `2�bQM 7Q`
i?Bb Bb i?�i r2 QMHv ?�p2 � bK�HH MmK#2` Q7 rQ`F T�+F�;2b BM i?2 bi�`i- T2MmHiBK�i2- �M/
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NX 1p�Hm�iBQM

H�bi H�v2`- r?2`2 r2 +�M QMHv +`2�i2 /2T2M/2M+B2b Q7 H2M;i? QM2c i?mb- /2T2M/2M+B2b Q7
H2M;i? irQ +�M QMHv #2 ;2M2`�i2/ Q`B;BM�iBM; BM i?2 }`bi H�v2` iQ i?2 i?B`/ iQ H�bi H�v2`X
hQ p�HB/�i2 i?�i i?Bb Bb i?2 `2�bQM 7Q` i?Bb #2?�pBQ`- r2 +QMbB/2`2/ bQK2 H�`;2 �L.b
rBi? QMHv � bBM;H2 rQ`F T�+F�;2 BM i?2 }`bi �M/ H�bi H�v2`- r?B+? b?Qr2/ i?�i r2 i?2M
�TT`QtBK�i2Hv ;2i 80W /2T2M/2M+B2b Q7 H2M;i? QM2 �M/ 20W Q7 H2M;i? irQX >Qr2p2`-
bBM+2 r2 QMHv ?�p2 QM2 /2T2M/2M+v Q7 H2M;i? irQ BM i?2 `272`2M+2 �L.- �M/ i?2 ;2M2`�i2/
�L. �H`2�/v ?�b irQ Q7 i?2K QM �p2`�;2- r2 b?QmH/ MQi BM+`2�b2 i?2 T`Q#�#BHBiv 7Q` �
DmKT p�Hm2 Q7 irQX

q2 �HbQ +QMbB/2`2/ i?2 K�tBKmK BM@/2;`22 �M/ Qmi@/2;`22- #mi 2t+Hm/2/ i?2 bi�`i
rQ`F T�+F�;2Ƕb Qmi@/2;`22 �M/ 2M/ rQ`F T�+F�;2Ƕb BM@/2;`22X q2 /Q i?Bb #2+�mb2 i?2
b+?2/mH2 T`QT2`iB2b `2bmHiBM; 7`QK i?2B` /2T2M/2M+B2b �`2 MQi +?�HH2M;BM; iQ /2i2`KBM2X
AM /QBM; bQ- r2 b22 i?�i 2�+? �L. +QMi�BMb �i H2�bi QM2 rQ`F T�+F�;2 rBi? irQ BM@;QBM;
/2T2M/2M+B2b �M/ QM2 rQ`F T�+F�;2 rBi? irQ Qmi@;QBM; /2T2M/2M+B2b- r?B+? Bb M22/2/
7Q` �M 2t@i�bFX AM �//BiBQM- r2 b22 i?�i r2 Q7i2M ?�p2 � rQ`F T�+F�;2 rBi? �M BM@/2;`22
Q7 i?`22- r?B+? r2 KB;?i r�Mi iQ +QMbB/2` /2+`2�bBM;- �b /Bb+mbb2/ BM b2+iBQM NXRXRX

G�biHv- 2�+? �L. +QMi�BMb 2�+? bT2+B�H /2T2M/2M+v ivT2 QM+2X >2M+2- i?2 T`Q}H2
+QM};m`�iBQM BM aQm`+2 *Q/2 �XR T`Q/m+2b �L.b i?�i 7mH}HH i?2 KBMBKmK 2t@i�bFb
`2[mB`2K2Mib /2}M2/ BM b2+iBQM kXkX9X

*`QbbBM; >2m`BbiB+ S2`7Q`K�M+2

q2 rBHH MQr HQQF �i r?B+? Q7 i?2 i?`22 +`QbbBM; BKT`Qp2K2Mi �TT`Q�+?2b bi�i2/ �#Qp2
rQ`Fb i?2 #2bi �M/ �HbQ 2p�Hm�i2 i?2 2z2+i Q7 i?2 +`QbbBM; �pQB/�M+2 bi2T r2 BM+Hm/2/X

q2 bi�`i #v HQQFBM; �i 6B;m`2 NXj- r?B+? b?Qrb i?2 MmK#2` Q7 +`QbbBM;b r2 ?�/ #27Q`2-
�M/ 6B;m`2 NX9- b?QrBM; i?2 MmK#2` Q7 +`QbbBM;b r2 ?�/ �7i2`- r2 �TTHB2/ i?2 +`QbbBM;
�pQB/�M+2 bi2T BM i?2 �L. �#bi`�+iBQMX >2`2 r2 +�M b22 i?�i i?2 +`QbbBM; �pQB/�M+2
bi2T ;`2�iHv `2/m+2/ i?2 MmK#2` Q7 +`QbbBM;b BM i?2 �L. �#bi`�+iBQMX h?mb- Bi Bb p2`v
HBF2Hv i?�i r2 �HbQ ?�p2 bm+? � `2/m+iBQM BM i?2 �+im�H �L. /`�rBM;- #mi- �i i?2 p2`v
H2�bi- i?Bb b?QmH/ MQi ?�p2 K�/2 Bi rQ`b2X

6m`i?2`KQ`2- r2 �HbQ +QKT�`2/ i?2 MmK#2` Q7 +`QbbBM;b #27Q`2 �M/ �7i2` i?2 +`QbbBM;
�pQB/�M+2 7Q` 2�+? ;2M2`�i2/ �L.- r?B+? +QM}`K2/ i?�i i?2 +`QbbBM; �pQB/�M+2 bi2T
M2p2` BM+`2�b2b i?2 MmK#2` Q7 +`QbbBM;b BM i?2 �L. �#bi`�+iBQMX AM �//BiBQM- r?2M
2t+Hm/BM; i?2 +�b2b r?2`2 r2 �H`2�/v ?�/ x2`Q +`QbbBM;b #27Q`2 i?2 +`QbbBM; �pQB/�M+2
bi2T- i?2 +`QbbBM; �pQB/�M+2 �+?B2p2/ � `2/m+iBQM BM i?2 MmK#2` Q7 +`QbbBM;b BM �#Qmi
59W Q7 +�b2bX

q?2M MQr HQQFBM; �i ?Qr r2HH i?2 i?`22 /Bz2`2Mi �TT`Q�+?2b T2`7Q`K- r2 +�M b22
i?�i i?2 ;`22/v brBi+? �M/ #�`v+2Mi2` ?2m`BbiB+b T`Q/m+2 [mBi2 bBKBH�` `2bmHib �7i2` i?2
+`QbbBM; �pQB/�M+2 bi2T U6B;m`2 NX9VX L2p2`i?2H2bb- i?2 #�`v+2Mi2` ?2m`BbiB+ T`Q/m+2b
72r2` +`QbbBM;b BM i?2 `2bmHiBM; �L. /`�rBM; U6B;m`2 NX8V- BM/B+�iBM; i?�i +QKTH2i2Hv
`2Q`/2`BM; i?2 H�v2` BMbi2�/ Q7 Dmbi br�TTBM; rQ`F T�+F�;2b i2M/b iQ T`Q/m+2 #2ii2`
`2bmHib 7Q` i?2 �+im�H �L.- 2p2M i?Qm;? i?2 `2bmHi BM i?2 �L. �#bi`�+iBQM �`2 [mBi2
bBKBH�`X

>Qr2p2`- r2 +�M b22 i?�i i?2 +QK#BM2/ �TT`Q�+? QmiT2`7Q`Kb #Qi? Qi?2` K2i?Q/b BM
�HH i?`22 bi�;2bX h?2 `2�bQM 7Q` i?Bb Bb i?�i r2 }`bi ;2i i?2 `2bmHib Q7 i?2 #�`v+2Mi2`
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NXRX :2M2`�iBM; �+iBpBiv L2irQ`F .B�;`�K 7Q` 1t@h�bFb

?2m`BbiB+ BM i?2 }`bi bi2T #mi i?2M mb2 i?2 ;`22/v ?2m`BbiB+ iQ }M/ 7m`i?2` BKT`Qp2K2Mibc
i?mb- r2 BKT`Qp2 �M/ �H`2�/v �++2Ti�#H2 `2bmHibX hQ 7m`i?2` p�HB/�i2 i?Bb- r2 ;2M2`�i2/
bQK2 H�`;2 �L.b �M/ +QKT�`2/ i?2 MmK#2` Q7 +`QbbBM;b #27Q`2 i?2 +`QbbBM; �pQB/�M+2
bi2TX q2 b�r i?�i i?2 #�`v+2Mi2` ?2m`BbiB+ T2`7Q`Kb +QMbB/2`�#Hv #2ii2` i?�M i?2 ;`22/v
brBi+? ?2m`BbiB+ rBi? `2bT2+i iQ i?2 `mMiBK2 �M/ i?2 `2bmHiBM; MmK#2` Q7 +`QbbBM;bX
�TTHvBM; #Qi �TT`Q�+?2b b2[m2MiB�HHv `2/m+2b i?2 `2bmHiBM; MmK#2` Q7 +`QbbBM;b 2p2M
KQ`2X

AM bmKK�`v- r2 b?Qr2/ i?�i mbBM; i?2 #�`v+2Mi2` 7QHHQr2/ #v i?2 ;`22/v brBi+?
?2m`BbiB+ ;Bp2b i?2 #2bi `2bmHib- bQ i?Bb Bb i?2 �TT`Q�+? i?�i b?QmH/ #2 mb2/X

6B;m`2 NXjX, LmK#2` Q7 +`QbbBM;b BM i?2 �L. �#bi`�+iBQM �7i2` �TTHvBM; i?2 +`QbbBM;
BKT`Qp2K2Mi bi2T �M/ #27Q`2 i?2 +`QbbBM; �pQB/�M+2 bi2T

NXRXjX �+iBpBiv L2irQ`F .B�;`�K :2M2`�iBQM S`Q#H2Kb
h?2 ;2M2`�i2/ �L. r2 /Bb+mbb2/ BM b2+iBQM NXRXR Bb QMHv � bBM;H2 2t�KTH2 �L. ?�pBM; �
r2HH@`2�/�#H2 bi`m+im`2X q2 +�M b22 BM 6B;m`2 NX8 i?�i QMHv BM 39W Q7 +�b2b �`2 i?2`2 MQ
+`QbbBM;b BM i?2 �L.- �M/ i?2`2 �`2 2p2M �L.b rBi? � iQi�H Q7 bBt +`QbbBM;bX PM2 bm+?
�L. +�M #2 b22M BM 6B;m`2 NXe- �M/ r2 +�M B/2MiB7v b2p2`�H `2�bQMb 7Q` i?Bb T`Q#H2KX
6B`bi- r2 /B/ MQi +QMbB/2` i?2 bT2+B�H /2T2M/2M+v +QK#BM�iBQM �i rQ`F T�+F�;2 E BM Qm`
/2+BbBQM r?2M � rQ`F T�+F�;2 Bb BM � HQ+�H KBMBKmK Q` K�tBKmK- bBM+2 Bi Bb BKT`Q#�@
#H2X AM �//BiBQM- r2 +�M b22 i?�i r2 ?�p2 i?`22 /2T2M/2M+B2b rBi? � ?B;? �#bQHmi2 `Qr
/Bz2`2M+2 U1E- :E- �M/ >GV r?2`2 i?2 +`QbbBM; �pQB/�M+2 bi2T +�M MQi 7m`i?2` `2/m+2
i?2B` �#bQHmi2 `Qr /Bz2`2M+2X �//BiBQM�HHv- r2 �HbQ ?�p2 }p2 /2T2M/2M+B2b rBi? � DmKT
p�Hm2 Q7 irQ- r?B+? Bb +QMbB/2`�#H2 KQ`2 i?�M i?2 �p2`�;2 Q7 irQ bm+? /2T2M/2M+B2b- r2
b22 BM h�#H2 NXRX h?Bb +H2�`Hv b?Qrb i?�i i?2 BMimBiBQM i?�i HQM; /2T2M/2M+B2b i2M/ iQ
H2�/ iQ K�Mv +`QbbBM;b Bb +Q``2+iX

LQM2i?2H2bb- r2 b22 BM 6B;m`2 NX8 i?�i i?2 T`Q#�#BHBiv Q7 ?�pBM; �i H2�bi irQ +`QbbBM;b
Bb QMHv �#Qmi 31W BM Qm` 100 ;2M2`�i2/ �L.bX h?Bb b?Qrb i?�i r2 +�M T`Q/m+2 r2HH@
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NX 1p�Hm�iBQM

6B;m`2 NX9X, LmK#2` Q7 +`QbbBM;b BM i?2 �L. �#bi`�+iBQM �7i2` �TTHvBM; i?2 +`QbbBM;
BKT`Qp2K2Mi bi2T �M/ +`QbbBM; �pQB/�M+2 bi2T

`2�/�#H2 QmiTmi 2t@i�bF �L.b KQbi Q7 i?2 iBK2- �M/ �M �L. �b b22M BM 6B;m`2 NXe Bb
QMHv �M 2t+2TiBQMX AM �//BiBQM- bBM+2 i?2 ;2M2`�iBQM T`Q+2bb 7Q` �L.b Q7 i?Bb bK�HH bBx2
Bb 7�bi- r2 +�M bBKTHv ;2M2`�i2 M2r �L.b mMiBH r2 ;2i � KQ`2 T`272`�#H2 QmiTmiX A7
/QBM; bQ- Bi mbm�HHv QMHv `2[mB`2b � 72r i`B2b iQ ;2i � T`�+iB+�H �L. �b QmiTmiX

NXkX :2M2`�iBQM Q7 G�`;2` �+iBpBiv L2irQ`F .B�;`�Kb

AM �//BiBQM iQ ;2M2`�iBM; �L.b 7Q` 2t@i�bFb- i?2 ;2M2`�iBQM �HbQ bmTTQ`ib i?2 ;2M2`�iBQM
Q7 H�`;2` �L.bX q2 �H`2�/v K2MiBQM2/ H�`;2 �L.b BM i?2 T`2pBQmb b2+iBQM- �M/ mb2/
i?2K iQ p�HB/�i2 Qm` `2bmHibX LQr r2 r�Mi iQ HQQF �i � H�`;2 2t�KTH2 �L. BM 6B;m`2 NXd
iQ pBbm�HBx2- �M/ #`B2~v /Bb+mbb- i?2 TQbbB#BHBiB2b Q7 Qm` ;2M2`�iBQM K2i?Q/X

h?2 BMBiB�H H�`;2 �L.- rBi?Qmi �Mv +?�M;2b- ?�/ � iQi�H Q7 359 +`QbbBM;bX h?2 +`QbbBM;
BKT`Qp2K2Mi K2i?Q/ `2/m+2b i?2 +`QbbBM;b iQ QMHv 77 rBi? #Qi? ?2m`BbiB+b +QK#BM2/-
79 rBi? QMHv i?2 #�`v+2Mi2`- �M/ 240 rBi? QMHv i?2 ;`22/v brBi+? ?2m`BbiB+X q?2M
+QMbB/2`BM; i?2 `mMiBK2- i?2 #�`v+2Mi2` ?2m`BbiB+ Bb i?2 7�bi2bi rBi? 1.5 b2+QM/b- i?2
+QK#BM2/ �TT`Q�+? M22/2/ 23 b2+QM/b- �M/ i?2 ;`22/v brBi+? ?2m`BbiB+ 35 b2+QM/bX h?2b2
p�Hm2b BHHmbi`�i2 i?2 `mMiBK2 /Bz2`2M+2 #2ir22M i?2 i?`22 �TT`Q�+?2b �M/ b?Qr ?Qr
2{+B2Mi i?2 #�`v+2Mi2` ?2m`BbiB+ Bb r?BH2 biBHH T`QpB/BM; � ;QQ/ `2bmHiX

G�biHv- 7Q` bm+? H�`;2 �L.b- i?2 +`QbbBM; �pQB/�M+2 bi2T +�M ;`2�iHv `2/m+2 i?2 +`Qbb@
BM;b- BM i?Bb +�b2 `2/m+BM; i?2K 7`QK 77 iQ QMHv 12 7Q` i?2 +QK#BM2/ �TT`Q�+?X aBM+2
i?2 ;2M2`�iBQM Q7 bm+? �L.b Bb MQi Qm` 7Q+mb- r2 rBHH MQi /Bb+mbb i?Bb 7m`i?2`X
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NXjX .Bb+mbbBQM

6B;m`2 NX8X, LmK#2` Q7 +`QbbBM;b BM i?2 �L. /`�rBM; �7i2` �TTHvBM; i?2 +`QbbBM; BK@
T`Qp2K2Mi bi2T �M/ +`QbbBM; �pQB/�M+2 bi2T

B 
5

0 5

0 5

C 
1

0 1

3 4

D 
1

1 2

4 5

A 
2

0 2

3 5

F 
1

2 3

19 20

E 
1

5 6

5 6

H 
5

6 11

10 15

G 
5

6 11

6 11

K 
3

11 14

16 19

I 
4

11 15

11 15

M 
1

13 14

16 17

start J 
3

11 14

14 17

L 
2

15 17

15 17

end

6B;m`2 NXeX, 1t�KTH2 Q7 � #�/ 2t@i�bF �L. +QMi�BMBM; bBt +`QbbBM;b Ub22/, Ry3NV

NXjX .Bb+mbbBQM
�7i2` HQQFBM; �i bQK2 ;2M2`�i2/ 2t@i�bF �L.b �M/ i?2 �M�HvbBb Q7 i?2K BM i?2 T`2pBQmb
b2+iBQMb- r2 MQr /Bb+mbb i?2b2 `2bmHib �M/ `2pBbBi i?2 `2b2�`+? [m2biBQMb r2 /2}M2/ BM
+?�Ti2` jX

h?2 `2bmHib BM i?2 T`2pBQmb b2+iBQM ?�p2 b?QrM i?�i r2 +�M ;2M2`�i2 2t@i�bFb rBi? ;QQ/
T`QT2`iB2bX q2 ?�p2 b?QrM i?�i r2 b�iBb7v �HH i?2 KBMBKmK `2[mB`2K2Mib r2 /2}M2/
7Q` � T`�+iB+�H 2t@i�bF BM b2+iBQM kXkX9X >Qr2p2`- r2 ?�p2 �HbQ 7QmM/ bQK2 r2�FM2bb2b
+QKT�`2/ iQ i?2 `272`2M+2 �L. U6B;m`2 NXkVX h?2 }`bi T`Q#H2K Bb i?�i i?2 +m``2Mi
;2M2`�iBQM QMHv +QMbB/2`b � MmK#2` 7Q` 2�+? bT2+B�H /2T2M/2M+v ivT2 /2b+`B#BM; ?Qr
Q7i2M Bi b?QmH/ #2 ;2M2`�i2/- bQ +m``2MiHv- QM2 +�M MQi +`2�i2 � /2T2M/2M+v Q7 � `�M/QK
bT2+B�H ivT2X JQ`2Qp2`- i?2 ;2M2`�i2/ �L.b Q7i2M +QMi�BM �i H2�bi QM2 rQ`F T�+F�;2
rBi? i?`22 BM@;QBM; /2T2M/2M+B2b- r?B+? Bb MQi M2+2bb�`BHv /2bB`�#H2X >Qr2p2`- i?Bb Bb MQi
� bB;MB}+�Mi T`Q#H2K +QMbB/2`BM; i?�i r2 +�M 2�bBHv KQ/B7v � ;2M2`�i2/ �L. K�Mm�HHv-
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NX 1p�Hm�iBQM

bm+? �b �//BM; � }7i? bT2+B�H /2T2M/2M+v ivT2- Q` `2KQpBM; Q` `2TH�+BM; � /2T2M/2M+v
�i � rQ`F T�+F�;2X aQ- BM i?2 2M/- r2 +�M ;2M2`�i2 T`�+iB+�H 2t@i�bFb i?�i QMHv M22/
KBMQ` �/DmbiK2Mib iQ #2 mb2/- r?B+? �Mbr2`b Qm` }`bi `2b2�`+? [m2biBQMX

h?2 b2+QM/ `2b2�`+? [m2biBQM Bb �#Qmi i?2 `2bmHiBM; �L. /`�rBM; Q7 � ;2M2`�i2/
;`�T?- BX2X- r?2i?2` r2 +�M Q#i�BM � bBKBH�` `2bmHi 7Q` Qm` ;2M2`�i2/ �L.b �b 7Q` i?2
`272`2M+2 �L.X q2 ?�p2 b?QrM i?�i i?2 /`�rBM; `mH2b r2 /2}M2/ rQ`F r2HH 7Q` KQbi
;2M2`�i2/ �L.b r?2M �TTHvBM; i?2 +`QbbBM; BKT`Qp2K2Mi �M/ +`QbbBM; �pQB/�M+2 bi2Tb
#27Q`2?�M/X AM iQi�H- QMHv � bK�HH MmK#2` Q7 ;2M2`�i2/ �L.b ?�p2 � bB;MB}+�Mi MmK#2`
Q7 +`QbbBM;b BM i?2 `2bmHiBM; �L.- r?B+? �`2 +�mb2/ #v BKT`Q#�#H2 bi`m+im`�H T`QT2`iB2b
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U+BiX QM TX R9VX

(�MiYyd) :X �X �MiQM 2i �HX ǳPTiBKBxBM; i?2 ;`�T?B+�H �``�M;2K2Mi Q7 M2irQ`F +QM@
bi`m+iBQM b+?2/mH2bXǴ AM, S`Q+22/BM;b Q7 i?2 *QMbi`m+iBQM _2b2�`+? *QM;`2bb-
2/bX Sa *?BMQrbFv- �. aQM;2`- SJ *�``BHHQX _2biQM- oB`;BMB�, �K2`B+�M
aQ+B2iv Q7 *BpBH 1M;BM22`bX *Bi2b22`X kyyd U+BiX QM TTX kN- jRVX

("JyR) PX "�bi2`i �M/ *X J�imbx2rbFBX ǳG�v2`2/ /`�rBM;b Q7 /B;`�T?bXǴ AM, .`�rBM;
;`�T?bX aT`BM;2`- kyyR- TTX 3dĜRky U+BiX QM TTX R8ĜR3VX

(*Q`YRy) .X *Q`/2B`Q 2i �HX ǳ_�M/QK ;`�T? ;2M2`�iBQM 7Q` b+?2/mHBM; bBKmH�iBQMbXǴ
AM, j`/ AMi2`M�iBQM�H A*ah *QM72`2M+2 QM aBKmH�iBQM hQQHb �M/ h2+?MB[m2b
UaAJlhQQHb kyRyVX J�H�;�- aT�BM, A*ah- J�`X kyRy- TX Ry U+BiX QM TX R8VX

(*a>RN) GX@*X *�MQM- JX 1X a�v�?- �M/ SX@*X >û�KX ǳ� *QKT�`BbQM Q7 _�M/QK h�bF
:`�T? :2M2`�iBQM J2i?Q/b 7Q` a+?2/mHBM; S`Q#H2KbXǴ AM, 1m`Q@S�` kyRN,
S�`�HH2H S`Q+2bbBM;X 1/X #v _X u�?v�TQm`X *?�K, aT`BM;2` AMi2`M�iBQM�H
Sm#HBb?BM;- kyRN- TTX eRĜdjX /QB, RyX9388yf�`sBpXRNykXy83y3 U+BiX QM
TX R8VX

(.2QRd) LX .2QX :`�T? i?2Q`v rBi? �TTHB+�iBQMb iQ 2M;BM22`BM; �M/ +QKTmi2` b+B2M+2X
*Qm`B2` .Qp2` Sm#HB+�iBQMb- kyRdX Bb#M, Nd3y93e3ydNj8 U+BiX QM TX jVX

(._qN3) _X .B+F- .X _?Q/2b- �M/ qX qQH7X ǳh:66, i�bF ;`�T?b 7Q` 7`22XǴ AM, S`Q+22/@
BM;b Q7 i?2 aBti? AMi2`M�iBQM�H qQ`Fb?QT QM >�`/r�`2faQ7ir�`2 *Q/2bB;MX
U*P.1af*�a>1ǶN3VX RNN3- TTX NdĜRyRX /QB, RyXRRyNf>a*XRNN3Xeeek98
U+BiX QM TTX Rj- R9VX

(.o>yj) 1X .2K2mH2K22bi2`- JX o�M?Qm+F2- �M/ qX >2``Q2H2MX ǳ_�M:2M, � _�M@
/QK L2irQ`F :2M2`�iQ` 7Q` �+iBpBiv@QM@i?2@LQ/2 L2irQ`FbXǴ AM, CQm`M�H Q7
b+?2/mHBM; eXR UkyyjV- TTX RdĜj3X /QB, RyXRykjf�,Rykkk3j9yjRRN U+BiX QM
TX R9VX

(1aEy8) JX 1B;HbT2`;2`- JX aB2#2M?�HH2`- �M/ JX E�m7K�MMX ǳ�M 1{+B2Mi AKTH2@
K2Mi�iBQM Q7 am;Bv�K�Ƕb �H;Q`Bi?K 7Q` G�v2`2/ :`�T? .`�rBM;XǴ AM, CQm`@
M�H Q7 :`�T? �H;Q`Bi?Kb �M/ �TTHB+�iBQMb Ukyy8V- TTX jy8Ĝjk8X /QB, RyXdR
88fD;��XyyRRR U+BiX QM TX R3VX
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(1qN9) SX 1�/2b �M/ LX *X qQ`K�H/X ǳ1/;2 +`QbbBM;b BM /`�rBM;b Q7 #BT�`iBi2
;`�T?bXǴ AM, �H;Q`Bi?KB+� RRX9 URNN9V- TTX jdNĜ9yjX /QB, RyXRyydf"6yRR
3dyky U+BiX QM TTX Re- R3VX

(1s3N) SX 1�/2b �M/ GX sm2KBMX ǳ>Qr iQ /`�r � /B`2+i2/ ;`�T?XǴ AM, RN3N A111
qQ`Fb?QT QM oBbm�H G�M;m�;2bX A111 *QKTmi2` aQ+B2iv- RN3N- TTX RjĜRdX
/QB, RyXRRyNfqoGXRN3NXddyj8 U+BiX QM TX ReVX

(:�KYN8) 1X :�KK� 2i �HX ǳ1H2K2Mib Q7 _2mb�#H2 P#D2+i@P`B2Mi2/ aQ7ir�`2XǴ AM, .2@
bB;M S�ii2`MbX K�bb�+?mb2iib, �//BbQM@q2bH2v Sm#HBb?BM; *QKT�Mv URNN8V
U+BiX QM TTX 88- 8eVX

(:C3j) JX _X :�`2v �M/ .X aX CQ?MbQMX ǳ*`QbbBM; LmK#2` Bb LS@*QKTH2i2XǴ AM,
aA�J CQm`M�H QM �H;2#`�B+ .Bb+`2i2 J2i?Q/b 9Xj URN3jV- TTX jRkĜjReX /QB,
RyXRRjdfyey9yjj U+BiX QM TX RdVX

(>�MRy) 1X >�Mb2`X �;BH2 S`Qx2bb2, oQM sS Ƀ#2` a+`mK #Bb J�SX aT`BM;2`@o2`H�;-
kyRyX Bb#M, Nd3@je9kRkjRkk U+BiX QM TX NVX

(>2�Re) CX >2�;M2vX 6mM/�K2Mi�Hb Q7 T`QD2+i K�M�;2K2MiX �K�+QK- kyReX Bb#M,
Nd3y3R99jdjey U+BiX QM TTX 9ĜdVX

(>Gy8) 6X aX >BHHB2` �M/ :X CX GB2#2`K�MX AMi`Q/m+iBQM iQ PT2`�iBQMb _2b2�`+?- Ni?X
LBMi?X kyy8 U+BiX QM TTX 9- dVX

(>Lyk) SX >2�Hv �M/ LX aX LBFQHQpX ǳ>Qr iQ G�v2` � .B`2+i2/ �+v+HB+ :`�T?XǴ
AM, :`�T? .`�rBM;X 1/X #v SX Jmix2H- JX CɃM;2`- �M/ aX G2BT2`iX "2`HBM-
>2B/2H#2`;, aT`BM;2` "2`HBM >2B/2H#2`;- kyyk- TTX ReĜjyX /QB, RyXRyydfj@
89y@98393@9nk U+BiX QM TTX j- ReVX

(CJNe) JX CɃM;2` �M/ SX Jmix2HX ǳ1t�+i �M/ ?2m`BbiB+ �H;Q`Bi?Kb 7Q` k@H�v2` bi`�B;?i@
HBM2 +`QbbBM; KBMBKBx�iBQMXǴ AM, :`�T? .`�rBM;X 1/X #v 6X CX "`�M/2M#m`;X
"2`HBM- >2B/2H#2`;, aT`BM;2` "2`HBM >2B/2H#2`;- RNNe- TTX jjdĜj93X /QB, Ry
XRR9kfNd3N3Rkdddej3nyyyR U+BiX QM TX RdVX

(G�`YR3) sX G�``m+2� 2i �HX ǳJB+`Qb2`pB+2bXǴ AM, A111 aQ7ir�`2 j8Xj UkyR3V- TTX NeĜ
RyyX /QB, RyXRRyNfJaXkyR3XkR9Ryjy U+BiX QM TX 3VX

(G:Ne) EX :X GQ+Fv2` �M/ CX :Q`/QMX S`QD2+i K�M�;2K2Mi �M/ T`QD2+i M2irQ`F
i2+?MB[m2bX aBti?X S2�`bQM 1/m+�iBQM- RNNeX Bb#M, Nd3ykdjeR9893 U+BiX QM
TTX 9ĜdVX

(GGRj) CX Gm/2rB; �M/ >X GB+?i2`X aQ7ir�`2 1M;BM22`BM;, :`mM/H�;2M- J2Mb+?2M-
S`Qx2bb2- h2+?MBF2MX /TmMFiX p2`H�;- kyRjX Bb#M, Nd3j3e9NyyNkR U+BiX QM
TX 8jVX

(GJoNd) JX G�;mM�- _X J�`iø�- �M/ oX o�HHbX ǳ�`+ +`QbbBM; KBMBKBx�iBQM BM ?B2`�`+?B@
+�H /B;`�T?b rBi? i�#m b2�`+?XǴ AM, *QKTmi2`b � QT2`�iBQMb `2b2�`+? k9XRk
URNNdV- TTX RRd8ĜRR3eX /QB, RyXRyRefayjy8@ y893UNeVyyy3j@ 9 U+BiX QM
TX RNVX
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(JGyj) _X J�`iø� �M/ JX G�;mM�X ǳ>2m`BbiB+b �M/ K2i�@?2m`BbiB+b 7Q` k@H�v2` bi`�B;?i
HBM2 +`QbbBM; KBMBKBx�iBQMXǴ AM, .Bb+`2i2 �TTHB2/ J�i?2K�iB+b RkdXj UkyyjV-
TTX ee8Ĝed3X /QB, RyXRyRefayRee@kR3sUykVyyjNd@N U+BiX QM TX 8eVX

(L2rR8) aX L2rK�MX "mBH/BM; KB+`Qb2`pB+2b @ .2bB;MBM; 6BM2@:`�BM2/ avbi2KbX P_@
2BHHv J2/B�- AM+X- kyR8X Bb#M, Nd3R9NRN8yj8d U+BiX QM TX 3VX

(S�iy9) SX S�i�`�bmFX ǳ*`QbbBM; `2/m+iBQM 7Q` H�v2`2/ ?B2`�`+?B+�H ;`�T? /`�rBM;XǴ
AM, Ukyy9V U+BiX QM TX j8VX

(_B+RN) *X _B+?�`/bQMX JB+`Qb2`pB+2 S�ii2`MbX qBi? 1t�KTH2b BM C�p�X kyRN U+BiX QM
TTX 3- N- 8dVX

(_w*ky) _X _2M- CX w?�M;- �M/ uX *?2MX ǳ�M �miQK�i2/ :`�/BM; J2i?Q/ 7Q`
�+iBpBiv@QM@LQ/2 *�H+mH�iBQMb iQ amTTQ`i *QMbi`m+iBQM J�M�;2K2Mi 1/@
m+�iBQMXǴ AM, *QMbi`m+iBQM _2b2�`+? *QM;`2bb kykyX kyky- TTX djjĜd9kX /QB,
RyXRyeRfNd3yd3993k3dkXy3y U+BiX QM TX d3VX

(_wCkR) _X _2M- CX w?�M;- �M/ uX CB�M;X ǳL2r �miQK�i2/ �+iBpBiv@QM@LQ/2 *�H@
+mH�iBQM :`�/BM; J2i?Q/ 7Q` *QMbi`m+iBQM J�M�;2K2Mi 1/m+�iBQM AMMQp�@
iBQMXǴ AM, CQm`M�H Q7 *BpBH 1M;BM22`BM; 1/m+�iBQM R9dXj UkykRVX /QB, RyXRy
eRfU�a*1V1AXke9j@NRR8Xyyyyy9j U+BiX QM TX d3VX

(ahh3R) EX am;Bv�K�- aX h�;�r�- �M/ JX hQ/�X ǳJ2i?Q/b 7Q` oBbm�H lM/2`bi�M/BM;
Q7 >B2`�`+?B+�H avbi2K ai`m+im`2bXǴ AM, A111 h`�Mb�+iBQMb QM avbi2Kb- J�M-
�M/ *v#2`M2iB+b RRXk URN3RV- TTX RyNĜRk8X /QB, RyXRRyNfhaJ*XRN3RX9jy3
eje U+BiX QM TX ReVX

(aqkR) CX a?Q`2 �M/ aX q�`/2MX h?2 �`i Q7 �;BH2 /2p2HQTK2MiX PǶ_2BHHv J2/B�- AM+X-
kykRX Bb#M, Nd3R9Nky3yeN8 U+BiX QM TX NVX

(h*y3) >X h�M; �M/ aX *?2MX ǳ_2b2�`+? QM G�v2`BM; �H;Q`Bi?K Q7 .�:XǴ AM, kyy3
AMi2`M�iBQM�H *QM72`2M+2 QM *QKTmi2` a+B2M+2 �M/ aQ7ir�`2 1M;BM22`BM;X
oQHX kX kyy3- TTX kdRĜkd9X /QB, RyXRRyNf*aa1Xkyy3X3yj U+BiX QM TX ReVX

(o�Hy3) EX o�HH2`BQX ǳh�bF ;`�T?b 7Q` 7`22 Ui;z pjX yVXǴ AM, Ukyy3V U+BiX QM TX RjVX
(q:y9) qX GX qBMbiQM �M/ CX "X :QH/#2`;X PT2`�iBQMb _2b2�`+?, �TTHB+�iBQMb

�M/ �H;Q`Bi?KbX oQHX jX h?QKbQM "`QQFbf*QH2 "2HKQMi- kyy9X Bb#M, Nd3@
y8j98kyky8 U+BiX QM TX 9VX
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