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Y!dLU�V]I8~�O�I8U$KPO�g
RL~¼[kMPO�V]I�VXW:ZNVn[Xu�MSZP[kÓ�c�O�Ka[�\LZPV]g�O�KNO�IL��[X\L\LZNVn[Xced+MSV�\LZPV Ô�O�uLU�ILU�MJ�mVXZP�]Õ¬�aOQuLU
MPZS[kÓ�c
OQI8WtV]ZNg�[kMPO�V]I¤v`},�'c�VXI�MPO�I�RLV]R8KP~Q�?KNRL\L\L~Ç�TOQIL��[�KNO�g�RL~�[kMSOQV]I+ghV�uLU%~��aOÇMSd-[Xc�MSRj[k~:V]ÖLKNU�Z�Õ
Ôk[kMPO�V]I�uj[kMS[�MSd8U½MPZS[kÓ�c`KNOQMPRj[kMSOQV]I�O�I�MSdLU½�adLV]~�U½ILU�Mbx�\j[XZNMPO�c%RL~¼[XZN~Q�
O�I�R8ILV]ÖLKNU�ZNÔXU�u+\j[XZ^MSK%xTc�[XI
Ö2U$U�K^MSO�gh[kMPU�u)v
×½\&MSVhILV ��x)g�[kc�ZPVXKPc�VX\LO�c�ghV�uLU%~�~�OQIL��[X\L\8ZPVn[Xced8U�K
dj[bÔXU¾ÖFU%U�IØRLKNU�uØWtV]ZµV]IL~QO�ILU$MSZP[kÓ�c
KNO�g�RTÕ
~�[kMSOQV]I-otUXv��Lvµo¢Ù:[k\j[X�]U%V]ZP�]OQV]R�U�M½[X~ vÇx¤y |X{]|ns�x)o¢Ú$O�g?x8wXÛ]Ûnw]sNs�v­_aU�c%U�InMS~Ç��MSd8U$V]IL~�OQILU$[X\8\L~�OQcb[kMPO�V]I
VXW=g�O�c%ZPV]KNc�V]\LOQc�MPZS[kÓ�c¾g�VTuLU%~�KµO�K
�n[kO�ILOQIL��[Xc%c�U�\TMe[XILc%UXv
Ü²OÇMSdØMPdLU�MSZP[kÓ�c¾O�I8WtV]ZNg�[¨MSO�VXI'K^�TK�Õ
MPU�gÞÝ$r�ßTH^àáÜâ[XdL~QUµU�M�[X~¢vEo wkÛ]Û8y�s­[�ZNU�KNUb[XZNced�O�g�\L~�U%ghU%InMe[kMPO�V]I�VkW<[�~�[XZP�XU�ÕJKNcb[X~QU!ghOQc�ZNV]KPc%V]\LO�c
V]I8~�O�I8U½KNO�g�R8~¼[kMPO�V]I�dj[XK,ÖFU%U�I�u8U%Ô]U%~�V]\2U�u+[kILu�O�K=KPOQg�RL~�[kMSOQIL�$MSdLUµdLO��]dn�m[b��ILU�MJ�mVXZP��VXW<[
K^Me[kMPU
VXW f U�ZPgh[XIn�]v
Y!dLU!cedL[X~�~QU�IL�]UmO�I¾RLKNO�IL�$g�O�c%ZPV]KNc�V]\LOQcmg�VTu8U�~�K�MSZP[kÓ�c�WtV]ZAV]IL~QO�ILU,KPOQg�RL~¼[¨MSO�VXILKBOQKAÖ2U�KPOQuLU!dLOQ�]dLU�Z
ZNU�ã�RLO�ZNU�g�U�InMSK<OQI�c%V]g�\LR8MSOQIL�a\FV �,U�Z<MSdLU�uLOÇÓ�c�RL~ÇMJ�
MSV½cb[X~QO�ÖLZP[kMSUBMSdLU%KPU=ghV�uLU�~QK�v<Y!dj[kM�OQK�\L[XZNMP~Q�
uLR8U
MSV�MSd8U
Wq[Xc%M�MPdj[kM�MPdLU$V]ÖLKNU�Z^Ô]U�u'uj[kMS[�uLV¾ILVXMauLOQZPU%c%MS~Ç��ZPU�~�[kMSUµMSV�MSd8U$ghV�uLU�~F\j[XZP[XghU�MSU%ZPK�v
äjRLZ^MSdLU%ZPg�V]ZPU¾KNV]ghU�VXW,MSdLU�\j[XZP[XghU�MSU%ZPKhoqUkv§�Lv�[Xc�c%U�~�U%ZS[kMPO�V]I¤x<MPV]\6KP\2U�U�u¤xAdLUb[ku8��[b�Xx:�n[X\å[Xc�Õ
c%U�\8MS[XILc�U�[XILu-\LZNV]\FU%ILKPOÇMJ�+MSV�cedj[kIL�]U�~�[XILU sauLU�\2U�I8u-V]I&�,Ub[kMPdLU�Z$c%V]ILuLOÇMSO�VXILK�x2ILO��Xd�MNWq[X~�~<[kILu
uj[kZP��ILU�KNK�[XK��mU%~�~![kK¾uLZPOÇÔ]U�Z�Õ�[XILuÈÔ]U%dLO�c%~�U�ÕJ\2V]\LRL~�[kMSOQV]Iâcedj[kZS[Xc�MSU�ZNO�K^MSO�c%K�vÉY!d8U�O�I8æjR8U�ILc%U�K�VXW
MPdLU�KNU`Wq[Xc%MPV]ZPK,V]InMSV¾dLOQ�]dn��[b��MSZP[kÓ�c`dj[bÔ]U$Ö2U�U%I�O�InÔ]U%KNMPO��n[kMPU�u�OQI�[
~QVXMmVkW<KNMSR8uLO�U%K�v�äjV]ZmU�ç8[Xg�Õ
\L~QU¾O�Ièo¢Ú½VTce�kU�~Qg�[XI¤xAy |]|]{]s`dLO��]d8U�Z
æjV �aK���[XK�V]ÖLKNU�Z^Ô]U�u6WtV]Z�ghVXZPU¾gh[kMSRLZNU�[XILu6ghVXZPU¾gh[X~�U
MPZS[bÔ]U%~�U�Z��]ZNV]RL\LK%x:[kK��,U�~Q~AWtV]Z$ILV]I�ÕJZS[kO�In�Øc%V]ILuLOÇMSO�VXILK
�aOQMPd6WtU��mU%Z�~QV]IL��Ô]U%dLO�c%~�U%K�v�HJIéo¢Ù­ZNU%Ô]U�Õ
uLVXRLZPV]K�[XI8uåÚ½V]IL�]KNO�~¢x<wXÛ]Û]ê]s½WtV]Z$dLU�[ Ô��6ZS[kO�I-V]I6dLO��Xd��m[b��K
[XI6[bÔ]U%ZS[X�XUhKN\FU%U�uâZNU�uLR8c%MSOQV]I6VXW
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[XÖ2V]R8M�êXÛa��g�ìkd���[XK<uLU�MSU%ZPg�O�ILU%u)vAÝ
ÖnÔ�O�V]R8KP~Q�Xx¨MPdLU�KNU,OQI8æjRLU%ILc�U%K:[kZPU­KPR8Ö�íNU�c�M:MSVaKN\j[kMSOQVXMSU%gh\2VkÕ
ZP[X~¤cedj[kIL�]U�K%v�Y!d�R8K�x2[�c�V]InMPO�I�RLV]RLK½[XI8u�KP\j[kMPO¼[X~Q~Q��KPU%\j[XZP[kMSU%u?c�[X~�OQÖLZS[¨MSO�VXI�VXW<MSd8U�[X\L\LZNV]\LZPO�[kMSU
g�VTu8U�~)\j[kZS[Xg�U%MPU�ZPK!OQK!ZPU%ã�R8O�ZPU%u?MPV��XU�U%\Ø[XI?V]IL~QO�ILU`KPO�g
RL~¼[kMPO�V]I�[XK!ZPU�[X~�OQKNMSOQc$[XKa\2V]KPKNO�ÖL~QUXv
Y!dLU�OQuLUb[�VXW�V]I8~�O�I8UAcb[X~QO�ÖLZP[kMSOQV]I`VkW8g�O�c%ZPV]KNc�V]\LOQcBMPZS[kÓ�c­g�VTuLU%~�K¤�m[XK<g�U�InMSOQV]ILU�u�OQI�o î][b�n[X��ZNO�KPd�Õ
Ij[kI�U�MA[X~¢vQx wXÛ]Û8y�s�xkÖ8R8M�ILV
[X~Q�]V]ZNOQMSd8gïMPVµuLVaMSdL[kM:dL[XK<ÖFU%U�I�\LZNV]\2V]KPU%u
KPVaWq[XZ%v:äjV]Z<gh[Xc�ZNV]KPc%V]\LO�c
g�VTu8U�~�KAMPdLU`R8KPU`VkW¤MSd8U`Ú�[X~Qg�[XI�ä:OQ~QMPU�Z�[X\L\8ZPVn[Xced�MSV�KPV]~ÇÔ]UaMSdLU½\j[XZP[XghU�MSU%Z,c�[X~�OQÖLZS[kMPO�V]I¾\8ZPV]ÖTÕ
~QU�g�K��m[XK�O�InÔXU�KNMPO��n[¨MSU�uïoNo lmZNU�g�U�Z�x,y |nðX|]s�xaoqÙBV]KNcedLO�IL�XU�Z�xmy |]|]|nsNs�[kILuÈKPdLV �,U�uñU�ILc%V]RLZP[X�]O�I8�
ZNU�KPR8~QMSK%v­òµU%ZPU!�,UµOQI�ÔXU�K^MSO��][kMSU�MPdLUaRLKPUaVXW2MSdLU½×½ILKPc%U�InMSU%u�Ú�[X~�gh[XI�ä:OQ~QMSU%ZBMPV�c�[X~�OQÖLZS[¨MSU�g�O�c%ZPVkÕ
KNc�V]\LOQc�MPZS[kÓ�c�ghV�uLU%~�KaO�I?V]IL~QO�ILU�[X\8\L~�OQcb[kMPO�V]ILK%v,ÜåU�c%V]ILc%U�InMSZP[kMSU�VXI&dLOQ�]dn��[b��MSZP[kÓ�cXxE�adLU�ZNU
OQILuLRLc�Me[XILc%U'u8V]RLÖL~QU'~QVTV]\ñuLU�MSU�c�MSV]ZNK�[XZNU'R8KPU�u²[kKhuj[¨Me[åKNV]RLZNc�U�K%vïóµRLg�U�ZNO�cb[k~½U�çT\FU%ZPO�g�U�InMPK
RLKNO�IL�¾MPdLU�\LZPV]\2V]KNU�u'[X\L\LZNVn[Xced'[XZPU$uLU%KPc%ZPO�Ö2U�u'O�I�MPdLU�KPU�c%V]ILu'\j[XZNMaVkW:MSd8O�K!\j[X\2U�Z%v

ôâõjÌ<öBÎAÏBÎA÷�ÎAøBù

iµI��úg�O�c%ZPV]KNc�V]\8O�c�MPZS[kÓ�c�æjV �ûg�VTu8U�~!dj[XK�[-KPU�M�VkW`\j[kZS[Xg�U%MPU�ZPK%xmuLU%ILVXMPU�uè[XK
w
vñ}mU�KNO�uLU%K

KNO�g�\L~�U¾g�VTu8U�~�K��aOQMPdÉ[+WtU%�ü\j[XZP[Xg�U%MSU%ZPK�oqUkv§�Lv�ý^Ý$\TMSO�gh[X~:þ�U%~�V�c�OÇMJ�åà'VTu8U�~Çÿ?o¢}�[XI8uLV&U�M¾[X~¢vQx
y |X|��]s�x��`\j[XZS[kghU�MSU�ZNKes�x]MSdLU%ZPUa[XZNUa[X~�KNV
dLO��XdL~Q��c�V]g�\L~QU�ç�ý�dLOQ�]dTÕ��LuLU�~QOQMJ�nÿ=ghV�uLU%~�K:~QO��kUaà'HJY½ßTH^à
oq[XÖFVXR8M�y��?\j[kZS[Xg�U%MPU�ZPKSs�x��adLO�cedâMPZN�-MPV&ZPU%\LZPV�uLRLc%UhMPZS[kÓ�c�[kK�ZNUb[X~QO�KNMPO�c�[XK�\FVXKPKPOQÖL~�UkxBÖ8R8M�[¨M
MPdLU�c�V]K^MµVkWA[¾~¼[kZP�]U
I�RLg
ÖFU%Z½VkW:\j[kZS[Xg�U%MPU�ZPK½[XI8u?OQILc�ZNUb[XKNU�u'I�R8ghU%ZPO�c�[X~)U��¤V]Z^MSK%v
Y���\LO�c�[X~�~Ç�hMPdLU�\j[XZS[kghU�MSU�ZNKaO�I

w
[XZPU$R8IL��ILV �aIØ[XILu?cb[kI'Ö2U$c�V]I8KPO�u8U�ZPU%uØ[XKac%V]InMSO�I�RLVXRLKaZS[XITÕ

uLVXgÞÔk[XZNO¼[XÖL~QU�K%x8ZPU%\LZPU%KPU%I�MPU�u'Ö���MSdLU%O�Z�\LZNV]Öj[XÖ8O�~�OÇMJ��uLU�I8KPOQMJ��WtRLILc%MPO�V]I
p (w)

v=Ý
IL~�OQILU`c�[X~�OQÖLZS[¨Õ
MPO�V]I�ZNU�ã�RLO�ZNU�Kµ[¾c�V]InMSOQI�RLV]RLKaMSZP[Xce��O�IL��VXW

p (w)
v�Y!dLU�[X\L\LZNV]\LZNO¼[kMPU
MSU�ced8ILO�ã�RLU�WtV]Za\j[XZP[XghU�MSU%Z

MPZS[Xce��O�I8��VkW:u8��Ij[kghOQc$KN��KNMPU�g�KµOQK��j~QMPU�ZPOQIL�Lv
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�������
���������
������������ �!��"$#&%�����
��('$äBO�~QMPU�ZNKa[XZPU�ZPU%c�RLZNKPOQÔXU�U%KNMPO�gh[kMSV]ZNK�v,}mU�KNO�uLU%K`K^Me[kMPU
U%KNMSOQg�[¨MSO�VXI)x]MSdLU���[XZNU`RLKNU�u�WtV]Z,\j[XZS[kghU�MSU�Z,U�K^MSO�gh[kMPO�V]I�VXW<u8��Ij[Xg�O�cµKN��KNMPU�g�K�v�Y!dLU%ZPU%WtVXZPU
MSd8U
WtV]~Q~�V �aO�I8�
KNMS[kMSU�KN\j[Xc�U�ZPU%\LZPU%KPU%I�MS[kMSOQV]I?O�K�WtV]ZNghU%u*)

wk+1 = wk + rk,
o^y s

dk = G (xk, wk) + ek.
o wXs

H¬M�O�K�c�V]g�ghVXI6MPV&g�VTuLU%~=MPdLU�uT�TIL[XghOQc�K�VXW½[?ÔXU�c�MSV]Z�VkW!\j[XZP[XghU�MSU%ZPK
wk

c�VXZPZPU%KP\2V]ILuLOQIL�'MPV
[�KNMS[kMSOQV]Ij[XZ^�&\8ZPV�c�U�KNK$�aOQMSd»OQuLU�InMSOÇMJ�ØK^Me[kMPU�MSZS[kILKPOÇMSO�VXI-g�[kMPZPOÀç¤xFuLZPOÇÔ]U%IåÖn�»[�ILV]OQKPU�MPU�ZPg

rk

v
Y!dLUaILVXIL~�OQILUb[XZAWtR8ILc%MPO�V]I

G (xk, wk)
\LZPV Ô�O�u8U�K�MSdLUauj[kMS[$ghU�[XKPRLZNU�u�O�I¾MSd8U½VXIL~�OQILU!KPOQg�RL~¼[¨MSO�VXI)x

�adLU%IÉMSdLU�MSZP[kÓ�c�g�VTuLU%~,OQK
[k\L\L~�OQU�u6MSV&MPdLU�K^�TK^MSU%g KNMS[kMSU
xk

WtV]Z�MSdLUhMSO�g�U�KN\j[XI
∆t

x:RLKPOQIL�
MPdLU�\L[XZS[Xg�U%MPU�ZaKPU�M

wk

v�Y!dLU�uLU�KNO�ZNU�uØV]RTMS\LR8M
dk

O�KaU�ã�RLOÇÔX[k~�U�InMaMSV�MSdLU�ZPU�[X~ÇÕ¬~�OÇWtUµMSZP[kÓ�c�uL[kMe[8x
V]Ö8KPU�Z^Ô]U%uØ[kM!MPO�g�U

t = k∆t
v

p`U%KP\LOÇMSU�ZNU�c%U�InM=uLU%ÔXU�~�VX\LghU%InM­U��FV]ZNMPK­O�I�gh[XIn��VXMSdLU%Z­[Xu8Ôk[XI8c�U�u¾MPZS[kÓ�c�KNRLZNÔXU�O�~Q~¼[XI8c�U�K^�TK^MSU%ghK%x
OQILuLRLc�Me[XILc%U�~�V�V]\LKa[XZNU�K^MSO�~Q~FMPdLU�g�V]K^M½�aOQuLU�~Ç��RLKNU�u&MPZS[kÓ�c�KPU%ILKPVXZPK�v�r<V�V]\+uLU�MSU�c�MSV]ZNK`RLKNRj[X~Q~Q�
uLU%~�OÇÔ]U�Z
[X�]�]ZNU��n[¨MSU�uÈuL[kMe[ØV]I8~Q�]x­c%V]InMe[XOQILO�I8�Ø[bÔ]U%ZS[X�]U�KN\FU%U�u

v̄
[XILuñ[bÔ]U%ZS[X�]U�MPO�g�Uhd8Ub[Xu8�m[b�

T
[kK��,U�~Q~�[XK�MPdLU�OQZ�KNMe[kILuj[XZNuâuLU�ÔTO�[kMSOQV]ILK

σ(v) [kILu
σ(T ) v�ßTV'MPdLU�V]ÖLKPU%ZNÔk[kMPO�V]ILK�OQI6MPdLUhZNUb[X~

�,V]ZP~Qu
dk

ZPU%KP\2U�c�MSOQÔXU-O�IéMPdLU-KPOQg�RL~�[kMSOQV]I
G (xk, wk)

[kZPUØuLU%KPc%ZPO�Ö2U�u Ön�èMSdLU%KPU-WtV]RLZ�ÔX[k~�RLU%K
{

v̄, T , σ(v), σ(T )
} v�òµV �mU�Ô]U%Z�x<KPV]g�U%MPO�g�U�KµKPO�I8�]~�U�U%Ô]U%InM�uj[kMe[�[kZPU¾[bÔk[XO�~�[XÖL~QU�WtVXZ`WtRLZNMPdLU�Z`\LZPVkÕ

c%U�KPKNO�IL�8v­Y!dLU�I�MSdLUµV]ÖLKPU%ZNÔk[kMPO�V]I�O�I�MSdLU½KPOQg�RL~�[kMSOQV]I
G (xk, wk)

c�[XI�Ö2UµU�ç�MSU�I8uLU�u�Ön�h[XILVkMSdLU%Z
Ôk[X~QRLU
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∑
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Y!dLU�uLU%KPOQZPU�u?V]R8MP\LR8M
dk

WtV]Z
δ
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ŵk
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kε {1, . . . ,∞} �aOÇMSd�OQILc�ZNU�g�U�InM

∆t
x�MSdLU½MSOQghUaRL\2uj[kMPU
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[
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ŵ−
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(
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2L
∑

i=0

W
(m)
i Di,k|k−1.

oq|ns
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√
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OQILOQMPO¼[X~QOO-%U�uú�aOQMSd MPdLU6[Xc%MPRj[X~`MPZS[kÓ�c-K^Me[kMPU
U%KNMSOQg�[¨MSO�VXI+[XILuØZNRLI'WtV]Z!MPdLU�MPO�g�U$KP\j[XI

∆t
v!HJI?MSdLU�KPOQg�RL~¼[¨MSO�VXILKmMSZP[kÓ�c
uj[¨Me[�[XZPU�V]ÖLKNU�ZNÔXU�u

OQIhMSd8U`KS[kghU½��[b�h~�O��kUµOQIhMPdLU
ZPU�[X~2ZPVn[XuhILU%M�v­Y!dLU
uj[¨Me[
[kZPU`K^MSV]ZNU�u�OQI Dk|k−1

xT[XILuhMSdLU
g�Ub[kI
d̂k

O�K!�XOQÔ]U%I+Ö���MPdLU�OQZ��mU%O��]dnMPU�u'[ ÔXU�ZP[X�]U�o¢|ns�v
HJIéo^y Û]s½MSdLU¾MPZS[XILK^WtV]ZPg�U�u6c�V Ôk[XZNO¼[XILc%U

Pd̃kd̃k

OQK$cb[X~Qc�RL~�[kMSU%uå[kK�MPdLU¾�mU%O��]dnMPU�u6V]R8MSU%Z�\LZPV�uLRLc�M
VXWmMSdLU�VXÖLKPU%ZNÔk[kMSOQV]ILK%x­[XuLuLU%uÈÖn�åMPdLU�V]ÖLKNU�Z^ÔX[¨MSO�VXIâILV]OQKPUhc�V Ôk[XZPO�[XILc�U

Re
k

v'Y!dLU�V]ÖLKNU�Z^ÔX[¨MSO�VXI
ILVXO�KPUhO�K�dLU�ZNU�[XKNKPRLg�U�uÉMPV&Ö2U�[ f [XRLKNKPO¼[kI)xARLILc%V]ZPZNU�~�[kMSU%u)x:�adLOÇMSU�KNU�ã�RLU%ILc�U��aOQMPdâc%V]ILKNMS[XInM
c%V�Ôk[XZNO¼[XI8c�UXv
HJI»o�y]y�s=[XILu»o�y�w]sAMSdLU
c%ZPV]KNK�c�VXZPZPU%~¼[kMPO�V]I�gh[kMSZNOÇç

Pwkdk

[XILuhMSdLU`Ú�[k~�gh[XIh�][XO�I Kk

[XZPUµcb[X~Qc�RTÕ
~�[kMSU%u+[Xc�c%V]ZPuLOQIL�¾MSV�MSdLU$�,U�~Q~)U�K^Me[XÖL~QO�KNdLU�u'Ú�[X~�gh[XI�ä:OQ~QMPU�Z�g�Ub[XKNRLZPU%ghU%InMµR8\Fuj[¨MSU$U�ã�Rj[¨MSO�VXILK�v
HJIèo^ybênsµMSdLU�\LZNU�uLOQc%MPU�u»\j[XZP[XghU�MSU%Z$KPU%M

ŵ−
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∆t
vAHJI¾�]U%ILU�ZP[X~j[
KNdLV]ZNM

∆t
U�I8KPRLZNU�K

[`�XVTV�u�MPZS[Xce��O�I8�
ÖFU%dj[bÔ�O�V]RLZ%vAò½V��,U%ÔXU�Z%x�MPV
�]U%M:ZPU%~�O¼[kÖL~�U�uj[kMS[`WtZPV]g [`u8U%MSU%c%MPV]Z­[`c%V]ILKPOQuLU�ZP[XÖL~QU
I�RLg�Ö2U�Z$VkW,ÔXU�dLOQc�~�U%K�KNdLV]RL~Qu»dj[bÔ]U�\j[XKPKNU�u6OQM�uLR8ZPO�I8�

∆t
v�äjRLZ^MSdLU%ZPg�V]ZPU¾OÇM$dj[XK$MSV+Ö2U¾Me[X�kU�I

OQI�MPV`c%V]ILKPOQuLU�ZP[kMSOQV]I)xkdLV �ñWq[kKNMAMPU�g�\FV]ZP[X~�cedj[XIL�XU�K­VXWjMPdLU�U�ç�MPU�ZPIL[X~8c%V]ILuLOÇMSO�VXILK:OQI8æjRLU%ILc�OQIL�`MSd8U
ZNVn[Xu�MPZS[kÓ�c`V�c�c%RLZ�v�Ù­ZNV]Öj[XÖL~Ç��[kI�O�ILc%ZPU%ghU%I�MmO�I�ZP[XIL�]U`VXW�[�WtU%�ïg�O�I�R8MPU�KmOQKmZNU�c�VXghg�U�ILuL[XÖL~�U
[XI8u+�m[XK½RLKPU%u'OQI�MSdLU$WtV]~Q~�V �aO�IL�
U�çT\FU%ZPOQghU%I�MPK�v

PRQ&SEõEÍ�Ò!T$õEË<Ì9U

Y�V
Ôk[X~�OQuj[kMPU½MPdLU
U%Ó�c�[Xc%��[XILu�ZPVXÖLRLKNMPILU�KNK!VXW<MSdLU`\LZPV]\2V]KNU�u+[X~Q�]V]ZPOÇMSdLg?x]OÇMm�m[XK!O�g�\L~�U%ghU%InMSU�u
[XI8u�MSU�K^MSU%u)v�äjV]ZBMPdLU�KNUaMPU�K^MSK­MSdLU!c�[XZ:WtV]~Q~�V �aO�I8�`g�VTuLU%~T\8ZPV]\2V]KPU%u�Ö���ß�MSU�Wq[XI�Ú$ZS[XRLKNK½o¢Ú$ZS[kRLKPK%x
y |X|]{ns¤��[kK:RLKNU�u)vAY!d8O�K)ýNß8Ú`Õ^à?VTuLU%~Çÿ�c%V]InMe[XOQILKLíNRLKNM�WtV]RLZ�\j[XZP[XghU�MSU%ZPK<�aOQMSd�O�InMSR8OQMSOÇÔ]U�g�Ub[XILOQIL�Lv
äjRLZ^MSdLU%ZPg�V]ZPU�OQM�O�K�ZPV]ÖLR8KNMbx�[kc�c�OQuLU�InM^Õ¬WtZPU%UXx­I�RLg�U�ZNO�cb[k~�~Q�ØU%Ó�c�OQU�InMbx�[XI8uÉO�IÉ�XVTV�uÉ[X�XZPU�U%ghU%InM
�aOÇMSd+U�g�\LO�ZNO�c�[X~FuL[kMe[8v
HJIéMPdLU+ý^ß8Ú`Õ^à'V�uLU%~Çÿ�MPdLU'ÔXU�~�V�c�OÇMJ�úVXW�[åÔXU�dLOQc�~QU&O�IñMSdLU'ILU�ç�MhMSO�g�U?KNMSU%\ O�Kh[XKNKPRLg�U�u Ön�è[
WtRLI8c%MSOQV]I�VkW´OQMPK�[Xc�MSRj[X~EÔ]U%~�V�c�OÇMJ�

v
x�MSdLUµILU%M$oqÖLR8gh\2U�Z=MSV�ÖLRLg�\FU%Zes=�][X\

s
[XILu�MPdLUµÔXU�~QVTc%OQMJ��VXW

MPdLU�~�Ub[kuLO�IL��ÔXU�dLOQc�~QU
V
v­Y!dLU�ghV�uLU�~¤O�K!uLU��jILU�u'Ön��MSdLU$WtV]~Q~�V �aO�I8��U�ã�Rj[kMPO�V]I8K,)

vsafe (t) = V (t) +
g (t) − V (t)
v(t)+V (t)

2b
+ 1

,
o^y��]s

vdes (t) =| min {vmax, v (t) + a∆t, vsafe (t)} ,
o^y�E]s

v (t + ∆t) =| max {0, vdes (t) − η} .
o^y ð]s

Y!dLU
ZS[XILu8V]gá\FU%ZNMSR8Öj[kMSOQV]I
η = rand [0, εa]

OQK
[�ZS[XILu8V]g I�RLg
ÖFU%Z`Ö2U%MJ�,U�U�I6Û�[kILu
εa

MSdj[¨M
[X~Q~�V �aKµWtVXZ$uLU%Ô�O¼[¨MSO�VXILK`WtZPVXg V]\TMSO�gh[X~�uLZPOÇÔ�O�IL�Lv�Y!dLU�g�VTuLU%~:OQK
\j[XZP[XghU�MSU%ZPOO-%U�u-Ön�ØMPdLU¾g�[�ç�Õ
OQg�RLg KN\FU%U�u

vmax

x=MSdLU'[Xc�c%U�~QU�ZS[¨MSO�VXI
a
x,MSdLU?c�V]g�WtV]Z^Me[XÖL~QU�uLU%c�U�~QU�ZP[kMSOQV]I

b
x![kILuñMPdLU?ILV]O�KNU

Wq[Xc�MSV]Z
ε
x8�ad8O�ced?O�K!Ö2U%MJ�,U�U�IØÛ�[kILuåyXv

Y!dLU4�j~QMPU�Z
[k~��]V]ZNOQMPdLg �m[XK
MSU%KNMSU%u-O�I-[hKPO�g�\L~QU�Ô�O�Z^MSRj[k~BKNc�U�IL[XZPOQVLv
Y<�mV+\j[XZP[X~�~QU�~´KNO�g�RL~�[kMSOQV]ILK
VXW
[6K^MSZP[XO��]dnM��6��g ~QV]IL�»KPOQIL�]~�U�ÕJ~�[XILU�ZPV][XuèKNU��]g�U�InM��aOQMPdéV]\2U�IñÖFVXRLILuj[XZNO�U%K��m[XK�KPU%M^ÕJRL\¤v
i uLU�MSU%c%MSVXZ'~QVTc�[kMSU%uïz8vV�É��g WtZPVXg MSdLU»RL\8KNMSZNUb[Xg U�ILu KPRL\L\8~�O�U%u²V]ÖLKPU%ZNÔk[kMPO�V]I²uj[kMS[ÉWtZPV]g

W



Ö2VXMSd�KNO�g�RL~�[kMSOQV]ILK%vAl�[XZNK­�mU%ZPU½O�ILKNU�ZNMPU�uhKPO�g
RL~QMS[XILU�VXRLKP~Ç�
OQI�Ö2VXMPdhKNO�g�RL~�[kMSOQV]ILK��aOQMSd�O�u8U�InMSOQcb[X~
KN\FU%U�u)vØY!d8U�MSOQghU�dLU�[Xu8�m[ �å��[kK�KPU%~�U�c�MSU%uÈKNMSV�cedj[XK^MSOQcb[X~Q~Q�6[Xc%c�V]ZNuLO�IL�?MSV-['�]OQÔXU�I f [XRLKNKPO¼[kI
uLOQKNMPZPO�Ö8R8MSOQV]Iè�aOÇMSd g�Ub[XIïwâK6otU�ã�RLOQÔk[X~QU�InM�MPV y]x�{XÛ]ÛâÔ]U%dLO�c%~�U�K�\2U�Z�d8V]RLZesh[XILuï[ÉKNMS[XILuj[XZNu
uLU�Ô�O¼[kMPO�V]I�VXW,y�K�v=}mVXMPd'KNO�g�R8~¼[kMPO�V]ILK,RLKPU%u?MPdLU
ÿ^ß8Ú`Õ�à'VTu8U�~Çÿµ�aOQMPd?[¾MPO�g�U$O�ILc%ZPU%ghU%I�MaVkWmy�K�v
Y!dLUX�jZPK^M!KPOQg�RL~¼[¨MSO�VXI��m[XK�RLKNU�u�MSV
\LZPV�uLRLc%U
MSZS[¨Óhcµuj[kMS[¾[kMmMPdLU
uLU�MSU�c�MSV]Z�[XK![
KNRLÖLKNMPOQMPR8MSU`MPV
ZNUb[X~jg�Ub[XKNRLZPU%ghU%InMSK�v:H¬MSK=\j[XZS[kghU�MSU�Z­KNU%M

w(real) O�K�RLIL��ILV �aI�MPV$MSdLU½KPU%c�V]ILuhKPOQg�RL~¼[¨MSO�VXI)v<Y!dLU
KNU�c�VXILuØKPOQg�RL~�[kMSOQV]I�ZPU%\LZPU%KPU%I�MPU�u»[XI'V]IL~QO�ILU$KNO�g�RL~�[kMSOQV]I)xTKPRL\L\8~�O�U%u&V]I8~Q���aOÇMSd+MSdLU�uj[kMS[�g�Ub[¨Õ
KNRLZPU%u+[kM,MPdLU`u8U%MSU%c%MPV]Z�O�I�MSdLUY�jZPK^M!KPOQg�RL~�[kMSOQV]I)v<H¬MSK�\L[XZS[Xg�U%MPU�Z=KPU�M

w(sim) ��[kK�cb[X~QO�ÖLZP[kMSU%u�MPV
g�O�ILOQghO/-�U­MSd8U½u8U%Ô�O¼[kMPO�V]I
ÖFU�MJ�mU%U�IhMPdLU!uj[kMS[$ghU�[XKPRLZNU�u�[kM­MPdLU!uLU%MPU�c�MSV]Z�O�I¾Ö2VXMPd¾KPO�g
RL~¼[kMPO�V]I8K�v
}mU�WtV]ZPU$MPdLU5�j~QMPU�Z½[X~��XV]ZPOÇMSdLg �m[XK½MPU�K^MSU�u¤x2MPdLU�\j[XZS[kghU�MSU�ZNK!MSV�ÖFUZ�j~ÇMSU�ZNU�u?dj[Xu+MSV�Ö2U�ced8V]KPU%I)v
Y!dLU%ZPU�WtV]ZPU�MSdLU�uLO�K^MSZPOQÖLR8MPO�V]I+VXWAMPdLU
U%ZPZNV]Z

e
oqKPU%U+o wXsPs�O�I'ZPU�~�[kMSOQV]I�MSV

w(real) [XI8u
w(sim) �m[XK

uLU�MSU%ZPg�O�ILU%u)v­äjV]Z
w(real) [
MJ��\LO�c�[X~¤\j[kZS[Xg�U%MPU�ZmKNU%M!WtV]Z,dLO��Xd��m[b��MPZS[kÓ�c`�m[XK!RLKNU�u6oqKNU�U$YB[XÖL~QU

w]s�v

GBH;J¤÷�õ\[]MµY=��\LOQcb[X~<\j[kZS[Xg�U%MPU�Z!KPU�M½VXWBMPdLU�ß8Ú`Õ^à'V�uLU%~¤WtV]Z!dLOQ�]dn��[b��MSZP[kÓ�c

ÙB[XZS[kghU�MSU�Z Y=��\LOQcb[X~)þ=[X~QRLU
g�[�ç8OQg�RLgüÔ]U%~�V�c�OQMJ�

vmax

ê(E�g�ìkK
ILV]OQKPU�\j[XZP[XghU�MSU%Z

ε
Û8v§{��

[Xc%c�U�~QU�ZP[kMSOQV]I
a

Û8v§{¾g�ì¨K 2
u8U�c�U%~�U%ZS[kMPO�V]I

b
zLv^��g�ìkK 2

Ý`Ô]U%Z=[�~QVXM�VXWFKPO�g
RL~¼[kMPO�V]I
ZPRLILK�MSd8U½\L[XZS[Xg�U%MPU�ZNK=OQI
w(sim) ��[kK=Ôk[XZNO�U�u�K^�TK^MSU%g�[kMPO�c�[X~�~Ç���aOÇMSdLOQI

MPdLU�OQZAÔX[k~�O�u�ZP[XIL�]UkxT[kILu
e
��[XK=g�Ub[XKNRLZPU%u)vAY!dLU%I�MSdLUauLOQKNMPZPO�Ö8R8MSOQV]I�VXW¤KNO�IL�X~�U!c�VXgh\2V]ILU%I�MPK,VkW

eOQIhZNU�~¼[¨MSO�VXI�MPV�MPdLU`g�VTu8U�~E\j[XZP[XghU�MSU%ZPK=VXW
w(sim) �m[XK�OQI�ÔXU�K^MSO��][kMSU%u)vAi`K,U�çT\2U�c%MPU�u�Ö2U�c�[XRLKPU`VXW

U%ã�RL[kMSOQV]IÈo�y�Ens�xjWtV]Z
Vmax

[hKNO��]I8O/�jc�[XInMµZNU�~�[kMSOQV]I?MPV�MPdLU
U%ZPZNV]ZµOQI&g�Ub[XI'KP\2U�U%uLK
v̄
�m[XKµWtVXRLILu

otKPU�U
ä:O��]R8ZPU
y s�xT�ad8O�ced�KPd8V]RL~�u+[k~�~�V �²[�\8ZPV]\2U�ZI�j~QMPU�ZPOQIL��VXW´MPdLO�K,\j[XZP[XghU�MSU%Z�O�I�MPdLO�K,KPc%U�Ij[XZNO�VLv
ò½V��,U%ÔXU�Z%xFOQI�c�V]IL�XU�KNMPU�u?MSZS[¨Óhc

Vmax

cb[XI?ÖFU%c�V]g�U$U��FU�c�MS~QU�KPKµ[XILu+MSd�RLKaRLInMPZS[Xce�¨[XÖL~QUXv

_=Ò�ø­ÐBÍ<õ`K7Ma3­ZPZPVXZ`O�I
v̄
[XK`WtRLI8c%MSOQV]I&VkW

Vmax

OQI'WtZPU%U�æjV � ZPU%�]O�g�UXx
V

(real)
max =

36m/s
x
ε(real) = 0.85

 0

 0.5

 1

 1.5

 2

 2.5

 34  34.5  35  35.5  36  36.5  37  37.5  38
Vmax [m/s]

∆
v̄

[m
/s

]

ε = 0.0
ε = 0.5
ε = 1.0

}mU%cb[XR8KPU�MSdLU�ILV]OQKPU¾Wq[Xc�MSV]Z
ε
~�O�g�OQMPKµMPdLU�KPOO-%U�VXW,MPdLU�ZS[XI8uLV]g�\2U�Z^MSRLÖj[¨MSO�VXI

η
x<OQM$[b�¤U%c%MPK�MPdLU

K^Me[XILuL[XZPu�uLU�ÔTO�[kMSOQV]I¾VXWEMSd8U½g�Ub[kKPRLZNU�u�KP\2U�U%uLK
σ(v) [XI8u�Ön��MPdLO�KAMPdLU!uLOQKNMSZNO�ÖLRTMSO�VXI�VXW2MSdLU!U%ZPZPVXZ

OQI
σ(v) oqKNU�U�ä:OQ�]RLZPU�wXs�v=ßTV

ε
KNdLV]RL~Qu'[k~�KPV�Ö2U	�j~QMPU�ZP[XÖL~�Ukv

c



_=Ò�ø­ÐBÍ<õ0[�MX3�ZNZPV]Z´OQI
MSdLU­K^Me[XI8uj[XZPu�uLU�Ô�O¼[kMPO�V]I$VXW�g�Ub[XI$KN\FU%U�u
σ(v) [kK)WtRLILc%MPO�V]I

VkW:ILVXO�KPU
Wq[kc%MSVXZ
ε
x
ε(real) = 0.85

 0
 0.02
 0.04
 0.06
 0.08
 0.1

 0.12
 0.14
 0.16
 0.18
 0.2

 0  0.2  0.4  0.6  0.8  1
ε

∆
σ

(v
)
[m

/s
]

Y!dLU�U�ZNZPV]ZauLOQKNMPZPO�Ö8R8MSOQV]I+VXWBMPdLU�[Xc�c%U�~�U%ZS[kMPO�V]I
a
OQKaKPO�g�O�~�[XZ,MPV�MPdj[kM½VXW

ε
v,Y!dLU�ZNU%WtV]ZNU�VXIL~Q��VXILU

VXW�MSd8U�KPU�MJ�,Vh\j[kZS[Xg�U%MPU�ZPK!c�[XI?\LZPV]\2U�ZN~Q��ÖFU5�j~ÇMSU�ZNU�u)xL[XILu
a
�m[XKaU�çTc�~QRLuLU�u¤v

äjV]Z�MPdLU'u8U�c�U%~�U%ZS[kMPO�V]I
b
ILV6KPO��XILO/�jc�[XInM�c�V]ZNZPU�~�[kMSOQV]IÉMSVå[XIn�úVXWµMSdLU?ghU�[XKPR8ZS[XILu8Khc%V]RL~�uñÖ2U

OQuLU�InMSOd�jU�u¤v�òµV �mU�Ô]U%Z�x2OQM��m[XKµ[X~�KNVe�j~QMPU�ZPU%u'OQI+KPRLÖLKNU�ã�RLU%I�MµMSU%KNMbv
Y!dLUa×µÚ�ä&��[XK�ILV �èRLKPU%u�MPV�cb[X~QO�ÖLZP[kMSU=MSdLU!\j[kZS[Xg�U%MPU�ZPK

Vmax

x
ε
[XILu

b
VXWEMSdLU!KNU�c%V]ILu�KPO�g
RL~¼[¨Õ

MPO�V]I)v<Y!dLUf�j~ÇMSU%Z´O�ILc%ZPU�g�U�InM´�m[XK�KPU%M<MPV
∆t = 120s

v<Y!dLU,u8O¼[X�]VXIj[X~kÔk[X~QRLU�K´VkWTMPdLU�KN��KNMPU�g�ILV]OQKPU
Rr

k

�m[XKAKPU�M {0.5, 0.002, 0.7} [kILu�VXWjMPdLUmg�Ub[XKNRLZPU%ghU%InMAILV]OQKPU
Re

k

MPV {0.001, 0.00005, 2, 1, 1} xÖ2U�c�[XRLKPU�MPdj[kM­�][ ÔXU�MSdLU!Ö2U�K^M�ZPU%KPRL~ÇMSK�vA}mVXMSd¾KNO�g�R8~¼[kMPO�V]ILK<�m[XK­O�ILOÇMSO�[X~�O/-�U�u$�aOÇMSd�MSd8U!\j[XZS[kghU�MSU�Z
KNU%M½WtZPV]gûYB[XÖL~QU�w�vmiµW�MPU�Z½ZPRLI8ILO�IL��WtV]Z½|]Û�ghOQI�MSdLU�\j[XZP[XghU�MSU%ZPKaVXW:MPdLUZ�jZPK^M`KNO�g�RL~�[kMSOQV]I��m[XK
g�VTu8O/�jU%u)vBÜ²OÇMSdLOQI�wXÛ
g�O�I�R8MPU�K

vmax

�m[XK�u8U�c�ZNUb[XKNU�u�WtZPVXg ê(E�MSV�w(��g�ì¨K�xT[XKmOÇM�gh[ ��dj[k\L\FU%I
Ukv§�Lv­OQI�dLUb[bÔ���ZP[XO�I)v­Y!d8U$uLU�c%U�~�U%ZS[kMPO�V]I

b
��[XKa[k~�KPV¾KN~�V �a~Q��ZPU%uLRLc�U%u)xL�adj[kMac%V]RL~Qu?Ö2U$O�I8uLRLc�U%u

Ukv§�Lv�Ön�å[?�,U%M
ZPVn[ku)v�i�M
MPdLU�KS[Xg�U�MPO�g�U¾MSdLU�ILV]OQKPU�Wq[Xc%MPV]Z
ε
��[XK�O�ILc%ZPU�[XKPU%uÉc�V]InMPO�I�RLV]RLKN~Q�

MPVhÛTv�ðTv�i�ZPU�[XKPVXI?WtV]Z!MPdj[kMac�VXRL~�u?ÖFU�uLU%c�ZNUb[XKNO�IL�h[b��[XZNU�ILU%KPKµVXW:MPdLU�uLZPOÇÔ]U�ZNK�xEUXv��Lv�Ö2U�cb[kRLKPU�VXW
Wq[kMPO��]R8U
O�I�MSd8U�I8O��]dnMadLV]R8ZPK�v
ä:OQ�]RLZNU$ê¾KPdLV �aK
[¾\L~QVXM!VXW

vmax

x
ε
[XI8u

b
O�I�Ö2VXMSd?KPOQg�RL~¼[¨MSO�VXILK�v

Y!dLUe�L~QMSU%Z
KPd8V��,U�u6MSdLU¾Ö2U�K^M�c�V]InÔXU�ZP�XU�ILc%U�[XI8uØMSZS[kce��OQIL�+\FU%ZNWtV]ZNg�[kILc�U
WtVXZ
Vmax

x)�adj[kM�c�[XI
Ö2U¾U�çT\L~�[XO�ILU%u6�aOÇMSd-MSd8U�KNO��]I8O/�jc�[XInM�ZPU�~�[kMSOQV]IØÖ2U%MJ�,U�U%I

Vmax

[XI8u6MPdLU�U�ZPZNV]Z$O�I»g�Ub[XI»KN\FU%U�u
v̄

otKPU�UØä:O��]R8ZPUây s�v Y!dLU1�j~QMPU�Z�[k~�KPVå��[XK�[XÖL~�U?MSVâMPZS[Xce�
ε

[XILu
b
x½ÖLR8Mh�aOQMSdéc�V]ILKNO�uLU%ZS[XÖ8~�U

~QV��,U�Z!\8ZPU�c%O�KNO�V]I)v=Ý
ÖnÔ�O�V]R8KP~Q�hMSdLU%KPU�\j[XZP[XghU�MSU%ZPKa[XZNU$VXW:~QU�KNK½OQI8æjRLU%ILc�U$MPV�MPdLU�ghV�uLU%~)V]R8MP\LR8Mbv
Ù�V]KPKNO�ÖL~Ç��WtV]ZA[�ZNUb[X~8[X\L\L~QO�c�[kMSOQV]I�MPdLU!ILU�U%u�MPV$cb[X~QO�ÖLZP[kMSU=MSdLU%KPUa\j[XZP[Xg�U%MSU%ZPKAVXIL~�OQILU,�,V]RL~Qu�dL[ ÔXU
MPV�Ö2U$U�ç8[Xg�O�I8U�u)v�ò½V��,U%ÔXU�Z%x2WtV]Za[k~�~FMPdLZPU%U�\j[XZS[kghU�MSU�ZNK½[�c%V]InMSOQI�R8V]RLKaU�K^MSO�gh[kMPO�V]I�OQK!\FVXKPKPOQÖL~�U
[XI8u?�XOQÔ]U%KaRLKS[XÖ8~�U�ZPU%KPRL~ÇMSK�xE[¨Ma~�Ub[kKNMaO�I�MPdLO�K!KNO�g�\L~�U
I8V]ITÕJZNUb[X~¤KPc�U%Ij[XZNO�VLv

g



_=Ò�ø­ÐBÍ<õihjMµ_½U%KPRL~ÇMSK$VXW=\j[XZP[Xg�U%MSU%Z
U�K^MSOQg�[kMPO�V]I?WtV]Z
Vmax

x
ε
[kILu

b k �j~QMPU�ZPU%uuL[kMe[¾KPVX~�O�u¤x8ZPU�[X~´uj[kMS[¾uj[XKPd8U�u

 29
 30
 31
 32
 33
 34
 35
 36
 37

 50  100  150  200  250  300

V
m

a
x
[m

/s
]

t [min]

b
[m

/s
2]ε

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 50  100  150  200  250  300

V
m

a
x
[m

/s]

t [min]

b
[m

/s
2]

ε

 2

 2.5

 3

 3.5

 4

 4.5

 5

 50  100  150  200  250  300

V
m

a
x
[m

/s]

t [min]

b
[m

/s
2
]

ε

l ÎAË�Ñ´÷�Ð;U�Ò�ÎAËmUCH:Ë�Ï`nLÐ<Ì<ÐBÍ<õpohÎAÍ9q

Y!dLU�×½ILKPc%U�InMSU%uÉÚ�[X~�gh[XI-äBO�~QMPU�Zµcb[XI6ÖFU¾R8KPU�u»MSV+c%V]InMSO�I�RLVXRLKP~Ç�-cb[X~QO�ÖLZP[kMSU
[kM�~�U�[XKNM�KNV]g�U¾VXW
MPdLU�u8��Ij[Xg�O�ch\j[XZP[XghU�MSU%ZPK
VkW½[ØghOQc�ZPVXKPc�VX\LO�c�MSZP[kÓ�c�æjV �ÞghV�uLU�~=O�IÉ[XIÈV]IL~QO�ILU�KPOQg�RL~¼[¨MSO�VXI)v
äjV]Z¾KNU�~�U%c%MPO�IL�-MSd8U?\L[XZS[Xg�U%MPU�ZNK�MPV»ÖFU+cb[k~�O�Ö8ZS[kMPU�uÉMSd8U'KNdj[X\2U?VkWµMPdLU�OQZ¾\LZPV]ÖL[XÖLO�~QOQMJ�åuLU�I8KPOQMJ�
WtRLI8c%MSOQV]ILK�[XK$�,U�~�~=[XK$MPdLU�OQZ�g�Ub[kILO�IL�?[XI8u6MPdLU�OQZ�OQgh\L[Xc%M$VXIåMSd8U�g�V�uLU�~­ZNU�KPR8~QMSK�dj[bÔXUhMSV?Ö2U
c%V]ILKPOQuLU�ZNU�u)vµY!dLU�I�RLg�Ö2U�ZµVXW­\j[kZS[Xg�U%MPU�ZPKµKPdLVXRL~�u'ÖFU��kU�\8M
~�V ��xFÖ2U�c�[XRLKNU
WtV]Z

L
\L[XZS[Xg�U%MPU�ZNK

2L + 1
\j[XZS[k~�~�U%~AKPOQg�RL~�[kMSOQV]ILK
VXW,MSdLU�O�InÔXU�KNMPO��n[¨MSU�u6ZPV][XuåKNU��]g�U�InM
[XZPU�ILU%U�uLU%uâWtV]Z	�j~ÇMSU�ZNO�IL�8v

ò½V��,U%ÔXU�Z%x´V]I&MSd8U�V]ILU�dL[XILuØMSd8U�[X~Q�]V]ZPOÇMSdLg O�K`\8ZPU�u8U�KNMPO�Ij[¨MSU�u-WtV]Z½\j[XZP[X~�~QU�~<c�VXgh\LRTMSO�I8�Lx¤[kILu
V]IÈMPdLU+VXMSdLU%Z¾dj[XILuúMSd8U?c�[X~�c%RL~¼[¨MSO�VXIÉU��FV]ZNM�c�[XIñÖFU�ZNU�uLRLc%U�uèÖ����j~QMPU�ZPOQIL�ØMSd8U?\L[XZS[Xg�U%MPU�ZNK
íNRLK^MµWtVXZ½KNV]g�U�\j[kZNMSK½VXWBMSdLU�ZPVn[ku'ILU�M$[XI8u&[XuL[X\8M½MSdLU�\j[XZP[XghU�MSU%ZPK½O�I?ILVXMNÕr�j~QMPU�ZNU�u?KPU��XghU%I�MPK
ZNU�KP\2U�c�MSOÇÔ]U�~Ç�]v

Y!dLOQK­\j[X\2U�Z�O�K­c%V]ILc%U�\8MPRj[X~jO�I�Ij[¨MSRLZNUXvf3:ç�MSU%ILKPOÇÔ]UµMPU�K^MSK�VXW2MSdLU½[X~Q�]V]ZPOÇMSdLg�OQI�~�[XZP�XU�Z­[XI8uhg�V]ZPU
K^MSZPR8c%MSR8ZPU�u�ZNVn[Xu¾ILU�MSK�x�RLKNO�IL�$ZNUb[X~TMSZS[¨Óhcmuj[kMe[`�aOÇMSd�[
�aO�u8U�ZS[XI8�]U�VXWEæjV �aK=[XKA�,U�~�~8[XKAWtRLZ^MSdLU%Z
MPZS[kÓ�c$g�VTuLU%~�K!dj[bÔXU�MPV�Ö2U�cb[XZNZPOQU�u+V]R8MaILU�ç�Mbv

s



t$õ]nLõEÍ<õ2Ë�Ñ´õ]U
}�[kILuLVLx�à6vQx�òµ[XKPU%ÖFUkx�Ú�vÇx­óµ[X�¨[ �][Xgh[8xAi
vÇx�ßTd8O�Öj[kMS[8xAi�vQx­[kILuñßTRL�]OÇ�n[Xgh[8x9u¾vmo^y |]|=�]s�v&pµ�nÕ

Ij[Xg�O�c�[X~�ghV�uLU�~�VXWmMSZS[¨Óhchc�V]I8�]U�K^MSO�VXIÈ[XILuÉI�RLg�U�ZNO�c�[X~�KPO�g
RL~¼[kMPO�V]I¤v1vxw�y�z�{r|~}(��������{r�����mx
�Ty=)Çy Û]ê����2y ÛXz�w�v

lmZNU�g�U�Z�xhàåv�o�y |nðX|]s�v �e��������������w���z��R����}(���\�*|�w��j���!�^z�����}~�x�����e�L�,�����!�O��� �&¡����¢�I}�|�w�����£��
���r£����¤�7��£Xv=ßT\8ZPO�I8�]U�Z%xj}mU�ZN~�OQI)v

î][b�n[k��ZNO�KNdLIj[XI)x,_�vQx=Ý
d)x,î8vÇxm[XI8uñß8[XdLZP[XV]RLO¢x­i
vao¢wXÛ]Û8y�s�vål�[X~�OQÖLZS[kMPO�V]Iâ[XILuú\j[kMPdÈu8��Ij[Xg�O�c%K
O�KNKPRLU%K�O�IåghOQc�ZPVXKPc�VX\LO�c�KPOQg�RL~�[kMSOQV]I-WtV]Z
[ku8Ôk[XILc�U%uâMSZP[kÓ�c�gh[XIj[X�XU�g�U�InM�[kILuâOQI8WtV]ZPgh[kMPO�V]I
KN��KNMPU�g�K�v=HJI�¥7¦��!wi§��~}(��z©¨A���¢�r}(�6{r���@�Y��z��~}(��|�w«ªa�,}(�~�­¬a�A�A��}(�®�¯������{!��£Xv

îXRL~QO�U%Z�x¤ßFvQx¤×µdL~Qg�[kILI)x¤î8vQx¤[XILu»p`RLZNZS[XInM^Õ¬Ü²dn��MSUXx<ò�vAo�y |]|��Xs�v`i"ILU%� [X\L\8ZPVn[XcedØWtVXZX�j~ÇMSU�ZNO�IL�
ILV]IL~QO�ILU�[XZ�K^�TK^MSU%ghK%v,HJI°¬a±����¢{r|~}(�i²B���A�6�����f²B�������������j|���xT\j[X�]U%K�y�EnwX{��2y�E]ênwTv

Ú$O�g?xbu�v¤o¢wXÛ]ÛnwXs�v�³��A�¤{!�j�Y����}�´ |;�����µ±��,������}�¨�¨��¤yb{!��£C�(y���}(±C{r|m�Y���$������z�{!��y­�����d}(��{r���jv)Ù­djp
MSdLU%KPOQK�x2à'RLI8O�ced'×µILOÇÔ]U�ZNKPOÇMJ�+VXW:Y�U�ced8ILV]~�VX�X�]v

Ú½VTce�kU�~�gh[XI)x�Ú�v`o^yb|]|]{ns�v lmdj[kIL�]U�K�O�IèMPdLU'æLV���Õ¬uLU�I8KPOQMJ�èZPU%~¼[kMPO�V]IèuLRLU?MSVÉU%I�Ô�OQZPV]ILg�U�InMS[X~ x
Ô]U%dLO�c%~�U�[XILu+uLZNOQÔ]U%Zacedj[XZS[kc%MSU%ZPOQKNMSOQc�K%v2§���}(��z©¨A�����r}(��{r���@����z��~}(��|�w«����|����~�Xx¤y�EXz]zLv

Ú$ZS[kRLKPK%x�ßFv!o^y |]|X{ns�vµ�p{r|�����z�|���¨�{r|��¯�,�����¤{!��£i�¶�L§���}�´ |�·x�O���I¸:¹¢�A�(��z��6{d£�}(��{r���º�¶�»²B���!�¤{Oz�{r���
·*�����1����w�{r|��O�a�Zyb��}(±C{r|�z�vAÙ�dLp�MPdLU�KNO�K�x f U�ZNg�[kI?i!U%ZPV]KN\j[Xc%U�lmU%I�MPU�Z%v

ÙB[X\j[X�]U%V]ZP�XO�V]R)xBàåvÇxA},~�V]KNKPU%Ô�OQ~�~�Ukx�î8vÆÕ�àåvÇx:[XI8uÉò`[ku¨í�Õ^ß8[k~�U�g?x<ò�v,o�y |]{]|ns�v�à&[kc�ZPVXKPc�VX\LO�c�ghV�uTÕ
U�~Q~�O�I8��VkW´MSZS[¨Óhc½æjV �²V]I�MPdLU`Ö2V]RL~QU%Ôk[XZPuh\FU%ZPOQ\LdLU�ZNO�ã�RLU½O�Ih\j[XZPOQK�v	§��~}(��z©¨A���¢�r}(�6{r���«����z��~}(��|�w
ªaxEwXêX}a)�wk|���z�ðTv

Ù�V]KPcedLOQIL�]U%Z�xji
v´o^y |]|X|ns�vB¼½���O¾�¡�����{!���R��z�z��7��£�}(���X¬a���¶�(¡�}�w��j���°±C{!�R�(y���}(±C{Oz�|�wA���1�*���!�¤�R���¢�©���
{!±¿�B�A��z�|�wA��{��(����£�z,}(�À£����¢{!��w�±C��z�vAÙ­djp�MSdLU%KPO�K%x2à'RLILOQced&×½ILOQÔXU�ZNKPOQMJ��VXW:Y�U�ced8ILV]~�VX�X�]v

Ù­ZPU�Ô]U%uLV]RLZNV]K�xBÙBv´[kILu6ÚµV]IL�XKPO�~¢x´ÙBv=o¢wXÛ]Û]ê]s�v
ß���I�MPdLU�KNO�K�VXW=MSdLU¾U��¤U%c%MSK�VXW=�,U%M�c�V]I8uLOQMPO�V]ILK`V]I
dLO��Xd��m[b��KP\2U�U%uØ[XI8u'c�[X\j[Xc%OQMJ�]v­KNRLÖLg�OQMNMSU�u�MPVhYa_½}`v

Üâ[XdL~QUXx8î8vQx8óµU�R8ÖFU%ZNMbxLr�vÇx�3­KNKPU�Z%xEî8vÇxL[XILu?ß�cedLZPU%ce�XU�I�Ö2U�ZN�LxFàåv´o¢wXÛ]Û8y�s�v<i c�U%~�~QRL~¼[XZ,[XR8MPV]gh[kMSV]I
MSZP[kÓ�c�æLV�� ghV�uLU%~¤WtV]Z!V]IL~QO�ILU`KPO�g
RL~¼[kMPO�V]I�VXWBMPZS[kÓ�ckvRv.}(��}(�!�O���x²B��±a¨�������xjw]ðLor�Xs�)�ðTy |��8ðkê��Tv

Üâ[XI)xA3!vj[kILu?à'U�Z^Ô]UkxF_�v´o¢wXÛ]Û8y s�v:Y!d8U�R8ILKPc%U�InMSU%u&�¨[X~�gh[XI0�j~QMPU�Z�v:HJI»Á­}(�¤±0}(�:·x{!�¤�©����{!��£ }(���
¼4������}(�j¼4�����R������z�xjcedj[X\8MPU�ZµðTxj\j[k�]U�Kµw]wTy¢�8w]ð(E8v

Â


