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e
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g + 1.276δ3
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K3 = 0.1069 + 0.0087δg + 0.0932δ2
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(0.548 sinα + 1.045ρ cosα) sin 2β

Cm|N = −0.04 − 0.173 sin 2(α + 0.2δe) cos2(β) − 1.234 sin 2(α + 0.2δe) cosβ√
sin2(α− 0.2δe) cos2 β + sin2 β)
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√
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Q�F�SsHcT_ObN%V2O�J�WlN~W*N%t�J�T.�

� N%I-ÖfUKQLW�Q�RYQPÁcV9I#J\J�V2O*T�N%I�N%W«Ç)W*N%DLQ�I�N%W;W�HctKT'J\UKV^SKT�HPO*H�R�HcDLHaIKJ\JKÊpS�J�T'Q�F�J�V2ObN%RYQPÁcV��kR�HcV#W'O*T'UKRKÄ
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W�H%V¦JYD"T�JYO*N%T�I#HvSKU#T�HKd�D�N!u2N%V�N%V#R�QeN!JYW'OiÅ O*Q�R�N�Ç¹DeN!R�H%VKW'O*N%V2O*JmIKJ9O*Q�JYFZS�H
IKJZT�JYW�SKUKJYW'O*NXI#J�DrW�Q�W_O*JYF)N#d�T'J�W�S�J�R�O*Qqi%NPFZJYVfO�J%o Ó�H%WCR�H�J�ÀKR�Q�JYV2O*J�WCW�JMIKJ�O*JYT�F�Q�V�N%VvW�JYuaÕKV¹J�DrSKT'H?Ä
RYJ�IKQLFZQLJ�V2O*HvIKJ�W'R�T�QqO*H¹JYV �b×����2� �
oÌ×gU#V|R�U�N%V#IKH¹J�W_O*J!FÃÂYO*H�IKH�V#J�R�JYW�QqObN¹N%F�SKD�QqO*UKI#J�W)u%T*N%VKI#J�W
RYHcFZHCW�J�ºKN%D�JYW"IKJ\SKT�U#J�t�N^�kT*N%T�N%FZJYV2O*JgO�HcD�JYT*N%I�NPW�SsH%T�D�HcWBW�QLW'O*JYF)NPWb�$Ç)SKT�JYW�J�V2O*N�t�N�Æ�NaSKT�JYR�Q�W'QPÁcVxd
QLV���UKJYVKR�Q�NaIKJ.DeN%W�S�J�T_O*UKT't�N%RYQ�HcVKJYW�dKV#Q�VKucU#V�N~SsHcW'Q�tKQLD�QLI�N%I�IKJ.FZH�IKJ�D�N%T;D�N%W�S�J�T_O*UKT't�N%R�QLHcVKJYW�d�SKT'H?Ä
RYJ�IKQLFZQLJ�V2O*HcW.D�N%T�ucH%WBÇXVKQ�VKu%UKV�N9i%NPD�Q�IKN%R�QAÁcV!IKJ�DrF�HpIKJYD�HKdsSsJYT�F�QLO�J�VXi%NPD�Q�IKN%T.Nmu%T�HcW'H3F�HpI#H3DLHcW
F�HpI#J�D�H%W�W�QLFZSKDLQAÀ�R�N%IKHcWYo

¡pQLucUKQ�JYVKIKH�tKN=Æ'H�J�W_ObN¹F�Q�W�FZNXSsJYT�W�S�J�R�O*Qqi%Npd;W�JYucUKT'Q�I�N%I|I#JzUKV�N�tKU#J�V�N¹T�JYSKT�JYW�JYVfO*N%R�QAÁcV IKJ
D�N%WlIKQ�V:ÅPFZQLR]N%WlIKJYDhW'Q�W_O*J�FZNZS�HcT0D�HcWlF�HpI#J�D�H%W0T'J�IKU#R�Q�I#HcW�d�W�J>O*T*NPt�N=Æ�N%IKHZDeN~O2ÂYR�VKQLR]NZI#JCFÃÔ�VKQLFZHcW
RYU�N%IKT�N%IKHcW�T'J�RYUKT�W'QLicH%W�d@DeNZR�U�N%DGSsJYT�F�QLO*J�D�Hcu%T*N%T0UKV�N9F�JqÆ'HcT`SKT�JYR�Q�W'QPÁcV!JYV!DeNMJYW'O*QLF)NPR�QPÁ%VnIKJ~DLHcW
iPN%DLHcT�JYW9IKJXD�HcW9S�NPT2Å%F�JYO�T�HcW9IKJ�D�H%W9FZH�IKJ�DLHcWMSKT'HcSKUKJYW'O�HcW Ç�O*J�V#J�TmJ�V2O*T�N%I�N%WmN%D\W'Q�W'O�J�FZN¹R�HcV
iPN%T'QeN%RYQ�HcVKJYW�S�J8ÖfUKJ�ºKN%WgNPD�T�JYIKJ�I#HcT"IKJ.UKV^i%NPD�HcT�W'J�uaÕ#VnJ�D@S#UKV2O*H�IKJ.HcSsJYT*N%RYQPÁcV9I#J�W�J�N%IKHKo
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¿ED@SKT�QLVKR�QLSKQ�HCIKJ.DeNaJ�W_O*QLF)N%RYQPÁcV)IKJ.S�N%T2ÅPFZJ�O*T�H%W"R�HcVmJ�W_O*J\O*QLSsH~IKJ>N%DLucHcT'QLO*F�H>IKJ>N%I�N%S#O*N%R�QAÁcV

S�J�T'Q�FÃÂYO*T'Q�R�N)��§9§M¨a�ESKUKJYIKJ\J�W_ObN%T�T'J�SKT'J�W'J�V2ObN%I#HZS�HcT;JYDxJYWHÖfUKJ�FZNaIKJ\D�N¤À�ucU#T*N Ø oq�cdpIKHcVKIKJ
y(k)JYWrD�N�W*N%DLQ�I�N`IKJ�D�SKT'HpRYJ�W'H�JYVZJYD�Q�VKW_ObN%V2O*J"I#JlO�Q�JYFZS�H

k
d
ŷ(k)

JYWrD�N�W*N%DLQ�I�N�S#T�J�I#Q�Rb}�N.SsH%T�J�D�F�HpI#J�D�H
N=Æ'U#W'ObNPtKD�JBÇ

ξ(k)
J�WlJ�D@JYT�T�H%T0I#J>S#T�J�I#Q�R�RYQPÁcV^JYVfO�T�J

y(k)
Ç
ŷ(k)

o
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Ó�N)JYVfO�T*N%IKN9N%DGW'Q�W'O�J�FZN)J�W\u%J�VKJYT*N%DLFZJYVfO�JCUKVKNMW�J�ºKN%D�tKQLV�N%T�Q�N�W'J�UKI#H?Ä·N%DLJ]NPO�HcT�Q�Nz�����a¨;§^�lIKJ
t�N=Æ�N�N%F�SKDLQLO*U#ICN%DLT�JYIKJ�IKH%TGIKJBDeN`T'J�ÈkJYT�J�V#R�QeNa��D�H%WjRYT�QLO�J�T'Q�HcWhIKJ�W'J�D�JYR�RYQPÁcVaI#J;DeN0J�V2O*T�N%I�N�SKU#J�IKJYV~W�J�T
R�HcVKW'UKDLO*N%IKHcW`J�V¹� ÓXÓh�n�c�P�e��d�S�J�T�F�QLO�Q�JYVKIKH�T�J]NPD�Q�w�N%T"DeN�J�W_O*Q�FZN%RYQPÁcV^F�Q�J�V2O�T*N%W0J�DhW�QLW'O*JYF)N~O*T�N%t�N=Æ�N
J�V9R�UKN%DPÖfUKQLJ�T;S#UKV2O*H~IKJ�H%SsJYT*N%RYQPÁcVMS�J�T'FZQqO*QLJ�VKIKH.ObNPFatKQPÂYVM}�N%RYJ�T�JYW'O�Q�FZN%R�QAÁcV)IKJgS�N%T2ÅPFZJ�O*T�H%WBJYV
O*Q�JYFZS�H\T�J�N%D-Ç~D�N�SsHcW'Q�tKQLD�QLI�N%IaIKJlJYVKR�HcV2O�T*N%T�F�HpIKJYD�HcWGIKJlSsJYT'O*U#T�t�N%RYQPÁcVxo�¡pJlIKJ�t�JlT�J�W�N%DLO*N%T�ÖfUKJ0J�D
R�T�QqO*JYT�Q�H[IKJ>J�W_O*J�F�Â�O*H�IKH[IKJ�QLIKJ�V2O�QAÀ�R�N%R�QAÁcV^W�HcV3D�HcW0N%DLucHcT�QqO*F�HcW;I#JCN%IKN%S#ObNPR�QPÁ%V3IKJ>S�N%THÅ%F�JYO*T'HcW
ÇnJYW�S�J�R8ÔGÀ�R]NPFZJYVfO�JaJ�DjUKW*NPIKH^N�ÖfU-ÔXÈkUKJaDeN�FZQLVKQ�F�Q�w�N%R�QAÁcVMIKJCDeNZV#HcT�FZNZIKJYDGJYT�T�H%TgR�UKN%IKT2Å O*Q�RYH)IKJ
F)N%V#J�T*N~T'J�R�U#T�W�QqiPN#o
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Ó�N\Q�IKJYV2O*QAÀKR]N%RYQPÁcV~ucTHÅ?À�R�N.W'JlT�J]NPD�Q�w�N�IKQ�T'J�R�ObN%F�J�V2O*JlIKJ"DLHcWET�JYW�UKDqObN%I#HcWrN%T�T'HOÆ�N%IKHcWEJYVZD�N�W�QLFaUQÄ

DeN%RYQPÁcV�Ç~RYHcVKW�QLIKJ�T�N%VKIKH�D�HcWEI#J�W*NPT�T�H%D�D�H%W�O*J8Á%T�Q�RYHcWrN%V2O*JYWBF�J�VKRYQ�HcVKN%IKHcWYoNÓ@HcW;NPD�ucHcT'QLO�FZHcWG§9§M¨ IKJ
Q�ucU�NPD�F)NPVKJ�T�N^}KN%V!O*J�V#Q�IKH^ucT�N%VKIKJYW>I#J�W*NPT�T�H%D�D�H%W�J�V�DeN%WCÕ#DLO*QLF)NPWgI-ÂYR]N%I�NPW�d@ObN%V2O�H ÖfUKJ�
����������
Q�VKRYD�U4Ç%J�U#V�N9R]N=Æ�N9IKJ[}KJYT�T*NPFZQLJ�V2ObN%W~�·��O*H�HcD�t�HvÊx� �`DLDeN%FZN%I�N�������� ��S�N%T*N9D�NMQ�IKJYVfO�QAÀ�R�N%R�QAÁcV!S�N%T�NOÄ
F�Â�O*T�QLR]NZN)S�N%T_O*Q�T0IKJaW'J�RYUKJ�VKRYQeN%WgIKJaI�NPO�HcWgI#JaJ�V2O*T�N%I�N�Ç3W*NPD�Q�IKNZIKJ�D�HcW`W�Q�W_O*JYF)N%WgN)Q�I#J�V2O*QGÀ�R]N%TYo
 jHcTlW�JYTlJ�W'O*N%W"O2ÂYR�VKQLR]N%WlDeNPT�u2N%F�J�V2O�JgO*T�NPObN%IKN%W"J�VmD�HcWÌÕKDLO�Q�F�HcW;O*QLJ�F�SsH%W�VKH[W�J.}�N%RYJ.T�J�ÈkJYT�JYVKR�Q�N�N
D�HcW"SKT'HpRYJ�IKQLFZQLJ�V2O*H%W"W�J�u%UKQ�IKH%W"J�VmDeN~Hct#O�J�VKRYQPÁcV^IKJ.D�H%W"FZH�IKJ�DLHcW�o
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¿ED0FZH�IKJ�DLHvJYVKR�H%VfO�T*N%I#H¹SsHcT�DeN�Q�IKJYV2O*QAÀKR]N%RYQPÁcV¦ucT2Å?ÀKR]N{RYHcVKIKUKRYJ!N{JYVKR�HcV2O�T*N%TMU#V FZH�IKJYD�H
R�HcV2O*QLVfUKHKd�IKQAÈkJYT�JYVfO�J�N%DER]N%W'H3I#HcVKIKJ�W�J�T�J�N%D�QLw]NMDeN9QLIKJ�V2O*QGÀ�R]NPR�QPÁ%V�RYHcV�F�ÔLVKQ�F�HcWgRYU�N%IKT�N%IKHcW>JKÊFÄ
O*J�V#IKQ�IKH¹�
N%DLucHcT�QqO*F�H^§9§M¨a�CÖfUKQ�JYV�S�J�T�F�QLO�JZJYVKR�H%VfO�T*N%T�UKV�F�HpI#J�D�H3JKÊpSKT'J�W*NPIKH!J�V ÈkH%T�FZN3IKQLWoÄ
R�T�J�ObN#o�Ó�N~J�RYU�N%RYQPÁcV Ø o Ù SKT�JYW�JYVfO*NZIKJ\T�N%w8Á%Vmu%J�VKJYT*N%D@D�NaJKÊpSKT�JYW�QAÁcV^IKJ.D�HcW�F�H�IKJ�DLHcW�J�V#R�HcV2O*T�N%IKHcW
SsHcT0J�W_O*HcW0FÃÂYO*H�IKHcWlS�NPT*N[DeN~icJ�DLHpRYQ�I�NPI3NPJ�T�H�IKQLV:Å%F�Q�R]NaJYV	ÈkUKV#R�QPÁ%V3IKJ>DeN�ÈkUKJYT�w]N�R�T'J]N%I�N�SsH%T0DLHcW
SKT�HcS#UKD�W'HcT�JYW�o

H11(s) = va(s)
T (s)

= k
τs+1

H12(z) = va(z)
T (z)

= b0+b1z−1

a0+a1z−1

� Ø o Ù �

������� ��!#"%$&�'$(!�)*�+�����-,/.������0./�1�2�0�5�'�#��!#��67�

Ó@HcWlF�HpIKJYD�HcWxÖfUKJ>T�JYSKT�JYW�JYVfO*N%VzD�N[T'J�D�N%R�QAÁcV9J�V2O*T'J�D�N[N%DLO�QLO*U#I
z
Ç^DeN~IKJ4��J�RYR�QAÁcVnW'Q�FÃÂYO*T'Q�R�N

δeIKJ.D�HcWlN%DLJ�T'HcVKJ�WYd�W�J.SKUKJYIKJ�V3J�W'R�T�QLtKQ�T"RYHcF�Hm�

H21(s) = z(s)
δe(s)

= k
s(τs+1)

H22(z) = z(z)
δe(z)

= b0+b1z−1+b1z−2

a0+a1z−1+a2z−2+a2z−3

� Ø o��f�

¿EDEFÃÂYO*H�IKH^ucTHÅ?À�R�HmS�J�T�F�QLO�J~Q�IKJYV2O*QAÀKR]N%T\UKV�W�QLW'O�J�FZNmIKJ[SKT'Q�F�J�T\HcT'IKJ�V�R�H%VvUKVvQ�V2O*JYucT*NPIKHcT
J�VmJ�D@HcT'Q�ucJYV�dKR�H%V4À�T�FZN%VKI#H�DLH[SKT�JYW�J�V2O*N%IKH�J�VmDeN~W�JYR�R�QAÁcV

1.4
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Ó�NaJ�RYU�N%R�QAÁcV Ø o ��SKT'J�W�JYV2ObN[D�HcWBFZH�IKJ�DLHcW;}KN%D�D�N%IKHcWrS�N%T�NaDeNCIKQLT�JYR�R�QAÁcVMJYV9J�D�SKD�N%VKHa}#HcT�QLw�HcV2ObNPD
ψ
dKJ�VVÈkUKVKRYQPÁcV^IKJ.D�N[I#J ��JYR�R�QAÁcVmIKJ.D�HcWlN%DLJ�T'HcVKJ�W"JYV3RYHcV4À�u%UKT*N%RYQPÁcV^IKJYW�QLF�Â�O*T�QLR]N

δg
o

H31(s) = z(s)
δe(s)

= k
s(τs+1)

H32(z) = z(z)
δg(z)

= b2z2+b1z1+b0
z2+a1z1+a0

� Ø o �c�

� �����	� 3��'$(!�.*�1�
�

� ×`UKVaRYU�N%VKIKH\D�N0QLIKJ�V2O�QAÀ�R�N%R�QAÁcVCucTHÅ?À�R�N�NgS�N%T_O*QLTjIKJ;DeNlT�J�W'SKUKJYW'ObN\IKJYD#W'Q�W'O�J�FZNgN%V2O�J�J�V2O*T�N%I�N
JYW�R�N%DPÁcVvVKHnucN%T*N%V2O�Q�R�J�DeN^iPN%D�QLIKJ�w�N%tKW'HcD�UpObN3I#J)D�H%W>RYHpJKÀ�R�QLJ�V2O*JYW�djR�HcT'T�Hct�HcT*NmUKV�RYHcFZS�HcTqÄ
O*N%F�Q�J�V2O�HMW�QLFZQLDeN%TgN^U#V�W'Q�W_O*J�FZN9IKJ[SKT�QLFZJYT�HcT'IKJ�V�S�N%T�N^D�N)icJYD�H�R�Q�IKN%I­Ç!W�JYucUKVKIKHmHcT'IKJ�V
SKN%T*N~DeN~NPDLO*QqO*UKI'ÇMIKQ�T'J�R�RYQPÁcV9JYVnJYD�SKDeNPVKH

2D
o

� ×`D�O�J�VKJYT"W�JYR�UKJYVKR�Q�N%W"IKJ�I�N O*HcW�I#J�J�V2O*T�N%I�N ÇZW*N%DLQ�I�N>IKJ�DLHcW;W'Q�W'O�J�FZN%W�d�W�JgD�HcucT�N�S�HcT�F�J�IKQLH
I#J�DLHcWmN%D�u%HcT�QqO*F�HcWM§9§M¨ R�N%T*NPRYO*JYT�QLw]N%T9DLHcW^S�N%T2ÅPFZJ�O*T�H%W9IKJ�D.W�QLW'O�J�FZN RYHcV W'UKWmT�J�W'SsJYRKÄ
O�QLiPN%WCiPN%T'QeN%V#w]N%WYd�SsJYT�F�QLO�Q�J�V#IKH!R�HcV#W�Q�I#J�T*NPT�JYW'O*N%W~i%NPT�QeNPR�Q�H%VKJ�WaJYV�DLHcWaIKJYW*N%T'T�HcDLD�HcW~IKJ^DLHcW
T'J�ucU#DeN%IKH%T�J�WYo�×gD�Q�ucUKN%D�dKS�J�T'FZQqO*J.T�J�N%D�QLw]N%TlJYW'O*U#IKQ�HcWgNZS�NPT'O*QLTlIKJ�IKNPO*HcW`T�J�N%D�JYW`IKJYDjW'Q�W_O*J�FZN
ÈkU#VKR�QLHcV�N%VKI#H)J�V!U#VzSKUKV2O*H9I#JCHcS�J�T�N%R�QAÁcV�d�ObN%DhR�HcF�H)W'JaSKT'J�W�JYV2ObNMR�UKN%VKIKH9JYDjIKQLT�QLucQ�tKDLJ\W�J
JYVKR�U#J�V2O*T�NZJ�VmDeN È�NPW�J.IKJ\i�UKJ�DLH�RYT�UKRYJ�T'HKo

��� J"F)N%V#J�T*N`ucJ�VKJYT*N%DQÇaJ�V�ÈkUKV#R�QPÁ%V~IKJ"D�HcWjT�JYW�UKDqObN%IKH%WEHct#O*JYVKQ�I#HcW�J�V[JYW'ObN\W'J�R�RYQPÁcVxdcW�J"SKU#J�IKJ
ucN%T*N%V2O�Q�w]NPT«ÖfUKJ.D�HcW"F�HpI#J�D�H%W�T�JYIKUKR�QLIKHcWlW�H%VmiPN%DLQ�IKHcW;J�VmDeN È�N%W'J>I#J.i�UKJYD�H�R�T'UKR�JYT�HKo
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Ó@HcW�FÃÂYO�HpIKH%W;O*T�NPObN%I#HcW�J�V^D�NCSKT�JYW�JYVfO�J.W�J�RYR�QAÁcV^W�J.N%S�H�Ç2N%V9W'HctKT�J\JYDJÈkHcT'F)N%DLQ�W'FZH.IKJ\JYW�S�N%RYQ�H
IKJZJ�W_ObN%IKH#o � JYV2O*T�HnIKJ)JYW'O*J)R�HcV2O*J6Ê�O*HKdhDeNmQ�F�SKD�JYFZJYVfO*N%R�QAÁcV!IKJZT�J�u%UKDeN%I#HcT�JYW�W'HctKT�J)J�D�IKQ�T'Q�ucQLtKD�J
VKJYR�JYW�QLO*N3RYHcVKH�R�J�T>D�H%W>JYW'O*N%IKHcW�H3UKVKN3S�N%T_O*J�IKJ�J�D�DLHcW.J�VvUKV{QLVKW'O*N%V2O*J�IKJ�O�Q�JYFZS�H^W�J�u�ÕKV�D�H^T'JKÄ
ÖfUKJYT�Q�I#HCS�HcTBDLHcW�R�HcV2O�T�HcDLJ�W�o#¡pJ0W�UKS�HcVKJYV9R�HcV#HpRYQ�I�N%W0�fDeN%WrJ�V2O�T*N%I�NPW�N%D�W�QLW'O�J�FZN)�kT�J�W'UKDLO*N%IKH�IKJgDLHcW
N%DLucHcT'QLO*F�HcW�I#JgR�H%VfO�T�HcD�H�DeN%WrW�JYº�N%D�JYW;JYVfi�Q�N%I�N%WrSsH%TBJYDsT�N%IKQ�HOÄ¥R�H%VfO�T�HcDe�ËÇ[DeN%WrW*NPD�Q�IKN%W�IKJ�D�W�QLW'O*JYF)Npd
F�J�IKQLI�N%WlS�HcT`DLHcWlW�JYVKW�HcT'J�W�#. r¡sd É J�V2O*T�N%DhQ�VKJYT�R�Q�N%D
Ç%$�N%T ÁcF�JYO*T'HKo�¿EVzucJYVKJ�T�N%D�d�S�HcT0T*N%wYHcVKJ�W`IKJ
QLFZSKDLJ�F�J�V2ObNPR�QPÁ%V^OHÂ�RYVKQ�R�NMHMIKJaRYHcW'O�H9J�V2O*T'JaH%O*T�N%W�d�DeNZIKQ�F�J�VKW'QPÁcV3IKJ�DhicJYRYO*H%T�IKJaW�N%D�QLI�NZJYW�Q�V4ÈkJ6Ä
T'Q�HcT;N[D�NaIKQ�F�J�V#W�QPÁ%V9IKJ�D�i%J�RYO�HcTlIKJ\J�W_ObN%I#HKo� GN%T�N~R�HcVKI#Q�R�QLHcVKJYW"IKJ.HctKW�JYT'iPN%tKQLD�QLI�N%I�d�J�Dxi%J�R�O*HcT0IKJ
JYW'ObNPIKH

x(t)
SKUKJYIKJ9W�JYTCIKJYIKUKRYQ�IKHzI#J�D;RYHcVKH�R�QLFZQLJ�V2O*HmIKJ)D�N%W>J�V2O*T�N%I�N%W Ç�D�N%WCW�N%D�QLI�N%W.W�Hct#T�JMUKV

QLVfO�J�T_i%NPD�H~IKJ\O*QLJ�F�SsHCS�N%W*NPIKH
u([0, t])

d
y([0, t])

o
¿ED"HctZÆ'J�O*QLi%HXIKJ^UKV�HctKW�JYT'iPN%IKH%T�I#JmJYW'O*N%IKHXJ�W[J�V2O�HcVKR�JYWZD�N!T�J�RYHcVKW_O*T�U#R�R�QAÁcV IKJ�D;i%J�R�O*HcT�IKJ

JYW'ObNPIKHKd"F�Q�VKQLFZQLw]N%VKI#H{J�D\JYT�T'HcT9IKJXDeN¹HctKW'J�T_i%NPR�QPÁ%V�I#J�D.J�W_ObN%IKH R�UKN%VKIKH J�D�O�Q�J�F�S�H�O*Q�JYVKIKJXN
QLV4À�VKQqO*Hm�

‖ e(t) ‖=‖ x̃(t) − x(t) ‖→ 0
R�U�N%V#IKH

t → ∞
�1d�J�VVÈkUKVKR�QAÁcVmIKJ�D@RYHcVKH�R�Q�F�Q�JYV2O*H~IKJ>DeN%W

JYVfO�T*N%IKN%W$Ç[D�N%WEW*NPD�Q�IKN%WES�N%W�N%I�N%WYo'&0VZSKT'HctKDLJ�FZN>NPIKQ�RYQ�HcV�NPDKJ�WrDeN\Q�F�SKDLJ�F�J�V2ObN%RYQPÁcVCIKJ�D�J�W_O*QLF)N%I#HcT
JYVCO*QLJ�F�SsH`T�J]NPD�d IKJÌÈkHcT'F)NwÖfUKJ�D�H%W�N%DLucHcT�QqO*F�HcW@IKJYtsJYV~R�HcT'T�J�TGJ�VaUKVaO�Q�JYFZS�HgSKT'UKIKJYVKR�Q�N%DpT'J�W'SsJYRYO*H
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xk+1 = Fkxk + wk

yk = Hkxk + vk

� Ø o 8 �

IKHcV#IKJ
xk

T'J�SKT'J�W�JYV2ObN�DLHcW9J�W_ObN%IKH%W3Hct#W�J�T_iPN%IKHcWYd
yk

W�HcV�DeN%W9W'J�º�NPD�J�WmHctKW'J�T_i%NPI�N%WmSsHcT^DLHcW
W'J�VKW'HcT�JYW�d

wk
JYWgJYDhT'UKQ�I#HZIKJYD�SKT�H�R�JYW�H��

vk
J�D�T�U#Q�IKH�IKJ>DeN%WlF�J�IKQLI�N%W�d�RYHcVKW'Q�IKJYT*N%VKI#HMN

wk
�
vkRYHcFZH~W'J�RYUKJ�VKRYQeN%W0IKJ.T�U#Q�IKH[tKD�N%VKR�H[RYHcV3FZNPO�T�Q�RYJ�W�I#J>RYH,i%NPT�QeNPVKw]N9�

E[wiw
T
j ] = Qk

dKS�N%T�N
i = j

�
0
S�N%T�N

i 6= j

E[viv
T
j ] = Rk

d#S�N%T*N
i = j

�
0
S�N%T*N

i 6= j

E[wiv
T
j ] = 0

d�S�NPT*NaO*H�IKH
i
�
j

�EDsS#T�HcS��cW�QqO*H>IKJ�JYW'O*J���DLO�T�H�J�W;RYHcF�SKU#ObNPTBJYDsJYW'ObNPIKHaJ�W_O*QLF)N%I#H
x̂−k

d�FZQLJ�V2O*T�N%WrW�JgF�Q�V#Q�F�Q�w]N�JYD
JYW�S�J�RYO�T�H9IKJCDeN)SKT'Hct�N%t#Q�D�QLI�N%ImIKJ�DjJ�T'T�HcT�I#JaJ�W_O*Q�FZN%RYQ��cV�o � JCJ�W'O*NMF)NPVKJ�T�N#dsJYD���DqO*T'HMIKJaFZN%VKJYT*N
T'J�R�U#T�W�QqiPNMSKT�HcSKN%u2N)D�N�	kUKVKRYQ��cVzI#J~IKJ�VKW'Q�I�NPI!IKJaSKT'Hct�N%tKQLD�QLI�N%InI#JaUKV!Q�V#W'ObNPVfO�JaIKJ~FaU#J�W'O�T�JYH^N%D
W'Q�ucUKQLJ�V2O*JPdGO*H%F)N%V#IKH!J�V R�UKJYV2ObNvD�NzIKQ�V�
%FZQLR]NnI#J�D"W�QLW'O�J�FZN#d�DeNPW~J�V2O*T�N%I�N%W[J^Q�VKRYHcT�S�HcT�N%VKIKH!D�N%W
F�J�IKQLI�N%W��XDeN^J�W_ObN%I4Ô�W'O�Q�R�NmIKJ�D�H%W>JYT�T'HcT�JYWCIKJ�FZJYIKQ�RYQ��cVXJYV{DeN^J�W_O*QLF)N%RYQ��cVxo
�EDBNPD�ucHcT'QLO�FZH9S�NPT*N
Ï���O*HcFZN�D�N�	kHcT'F)N¤Ö�U#J�W�J�S#T�J�W'J�V2ObNaJYV9DeN.ObN%tKD�N Ø oq�cd�IKHcVKI#J

Pk = E[(xk− x̂−k )(xk − x̂−k )T ]
J�W

DLDeN%FZN%I�N>DeNaFZNPO*T'Q�w�IKJ.RYH iPN%T'QeN%V#w]N#o
¨ � ��.����
�Ei%HcD�U#R�Q��%VCIKJrD�HcW�JYW'ObNPIKHcW"��N`SKT'Q�HcT'Q�� x̂−k+1 = Fkx̂k
¨ � ��.����
� N%D�RYUKD�H[DeN~RYH iPN%T'QeN%V#w]N~IKJ>D�HcW"JYT�T�H��
T�J�W���N�SKT'Q�HcT'Q�� P−

k+1 = FkPkF
T
k +Qk

¨ � ��.����
� N%D�RYUKD�H~D�Nau2N%V�NPVKR�Q�N[I#J��.N%DLF)NPV Kk = P−

k H
T
k (HkP

−
k Hk +Rk)

−1

¨ � ��.����
×"RYO*UKN%D�QLw�H�DeN¹J�W_O*QLF)N%RYQ��cV|I#J�JYW'O*N��
IKHcWlR�HcVmF�J�IKQLI�N%W

zk
�
N~S�HcW'O�J�T'Q�HcT'Q�� x̂k+1 = x̂− +Kk(zk −Hkx̂

−)

¨ � ��.����
� N%D�RYUKD�H[DeN~RYH iPN%T'QeN%V#w]N~IKJ>D�HcW"JYT�T�H��
T�J�W���N�S�HcW'O�J�T'Q�HcT'Q�� Pk = (I −KkHk)P

−
k

¨ � ��.���� y0JYucT�JYW�HZN%D@ jN%W�Hm�
 "!�#  Ø oq� �%$ 5 & E>(�8:&)9DE('*)

� HcF�HaJ�D�W�QLW'O�J�FZNCIKJ�JYR�U�N%RYQ�HcV#J�W�IKJ Ø o 8 VKH~J�W�W'U+��RYQ�J�V2O�J�F�J�V2O*J\T'J�SKT'J�W�JYV2ObNPO�QLicH[S�NPT*NCRYHcVKW�Q,�
IKJYT*N%TrD�H%WBW'Q�W'O�J�FZN%WrVKHCDLQ�VKJ�N%D�JYW�d2W�JgN%R�U#IKJ�N>DeN.J.-�O*JYVKW�Q/�cVMIKJYD���DqO*T'H�IKJ0�.N%D�FZN%V21CÏ��¦IKHcVKIKJ`W�J
QLFZSKDLJ�F�J�V2ObNPV�	kUKV#R�Q�H%VKJ�WjVKH�D�QLVKJ]NPD�J�WhR�H%VKHpRYQ�I�NPW��

f(xk)
�
h(xk)

��o?ÓhN0T�JYSKT�JYW�J�V2O*N%R�Q/�cV[J�VaJYW�S�N%RYQ�H
IKJ.JYW'ObNPIKHZI#J�D@W�QLW'O�J�FZN[S#UKJ�IKJ.W'J�T0T�J�JYW�RYT�QLO*N~R�HcF�H^�
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xk+1 = f(xk) + wk

yk = h(xk) + vk

� Ø o � �

�EDhN%D�u%HcT�QqO*F�HCIKJ�1CÏ���J�W0SKT�JYW�JYVfO*N%IKHMS�HcTlDeNaO*N%tKDeN Ø o Ø o�Ó�N�I#Q/	kJ�T'J�VKRYQeN~J�V2O�T�J�Ï�� � 1CÏ��
J�W�JYDjUKW'HMIKJ�DeN%W 	kUKVKRYQ�HcVKJYWgVKH)D�Q�V#J]N%DLJ�W

f(∗)
�
h(∗)

S�NPT*N)}�NPR�J�T`DeN[SKT�H �%J�R�RYQ��cV!I#JCD�H%W`JYW'ObNPIKHcW
�vD�N3NPRYO*UKN%D�QLw]N%RYQ��cVXIKJ�DeN%W>F�J�IKQLI�N%W�o��0H%O*J�ÖfUKJ 1CÏ�� QLVKR�HcT'SsH%T*N^DeN%W>F)N O*T�QLR�JYW � NPR�HctKQ�N%V�N%WYd@DeN
D�Q�V#J]N%DLQ�w]NPR�Q��%V)IKJ.DeNPW 	kUKVKR�QLHcVKJYW

f(∗)
�
h(∗)

�ki%J�T Ø o��2��o

ΦI,j [xk] = ∂fi(x)
∂Xj

|x=x̂k

ΥI,j[xk] = ∂hi(x)
∂Xj

|x=x̂k

� Ø o��2�

�EVaNPD�ucUKV#HcW@R]N%W'HcW�SKT 
PRYO*QLR�HcW�JYD � �.�^SKT�JYW�JYVfO*N`IKH%WhI#J�W'i%J�V2ObN � N%W�dPDeN"SKT�QLFZJYT*N�W'UKR�JYIKJ;RYU�N%VKIKH
DeN~D�QLVKJ]N%DLQ�w�N%R�Q/�cVZS#T�H�IKUKR�J.QLVKJ�W_ObN%tKQLD�QLI�N%IKJYW�W�Q@DLHcW�W�U#SKUKJ�W_O*HcW`IKJ.D�QLVKJ]N%DLQ�I�NPI)D�H�R]NPDxW�H%Vmi�Q�H%DeN%IKH%W"�
DeN9W�JYucUKVKI�N^W�J[SKT'J�W'J�V2ObNmR�U�N%V#IKH3D�N%W\FZNPO*T'Q�R�JYW � N%RYHctKQeNPV�N%W\VKH^W�H%V�	 
%RYQ�DLJ�W\IKJ[J�V#R�HcV2O*T�N%T.VKQ�IKJ
Q�F�SKD�JYFZJYVfO*N%T\��� &g� � ��o

� HcF�H�W'HcD�UKRYQ��cVCN�DeN%WjIKQ/�KR�UKDqObN%IKJYWGIKJ � �.�;dPUKV�N`iPN%T'QeN%V2O�J�N%D ��DLO�T�H�IKJ;�PNPD�FZN%V�SKN%T*N\N%t�HcT'I�N%T
W�Q�W_O*JYF)N%WlVKHZD�QLVKJ]N%DLJ�WYd 	kUKJ>SKDeNPVfO�J]N%IKN�JYVv�,�%�2�[S�HcT��%UKDLQ�J�T.��� & � ���2��d�� &`� 8 �
o�Ó�N�QLIKJ]N~R�H%VKW�QLW'O*J
J�V T'J]N%DLQ�w]NPT~D�Q�V#J]N%DLQ�w]NPR�Q�H%VKJ�WaJYW'O*N%I-Ô�W_O*QLR]N%WYdrI#HcVKIKJ3VKHvO�T�UKVKR�N%V D�N%W 	kUKVKR�QLHcVKJYW

f
�
h

R�HcF�HvJYV
� �.�;d@W'Q�VKHVÖfUKJ~O*T'UKVKR�N%VvD�N%W\IKJYVKW�QLI�N%IKJYW�IKJ[SKT'Hct�N%t#Q�D�QLI�N%I��kS�N%T�N^S#T�H 	kUKV#IKQ�w�N%T�W�J�T�JYR�HcF�Q�JYVKI�N
T�JYi�QLW*N%Tl��� & � �#dP� � ��� ���1o2�`UKF�J�T'HcW*NPWEN%SKDLQ�R]NPR�Q�H%VKJ�WjSKUKJ�I#J�V�W�J�TEJYVKR�H%VfO�T*N%IKN%WEJ�Vm�� B¡'#¤Ó � �pd%�`QLR%d
� �n� ��� d�� & � � ��o �ED�N%DLucHcT'QLO*F�H.IKJ & �>�vJ�W�SKT'J�W'J�V2ObN%I#H�JYV9DeN.ObN%tKD�N Ø o Ù d�UKV�NCI#J�W�RYT�QLSsRYQ��cVMFZN%W
SKT�H 	kU#VKI�N[W�J.J�VKRYUKJ�V2O�T*NZJYV{� � � ��Ù d ��� � � �%�
o

¨ � ��.����
�Ei%HcD�U#R�Q�H%VKH[D�HcW"JYW'ObNPIKHcW��
N~SKT'Q�HcT'Q�� x̂−k+1 = f(x̂k)
¨ � ��.����
� N%D�RYUKD�H[DeN~RYH iPN%T'QeN%V#w]N~IKJ>D�HcW"JYT�T�H��
T�J�W���N�SKT'Q�HcT'Q�� P−

k+1 = ΦkPkΦ
T
k +Qk

¨ � ��.����
� N%D�RYUKD�H~D�Nau2N%V�NPVKR�Q�N[I#J��.N%DLF)NPV Kk = P−

k ΥT
k (ΥkP

−
k Υk +Rk)

−1

¨ � ��.����
×"RYO*UKN%D�QLw�H�DeN¹J�W_O*QLF)N%RYQ��cV|I#JvJYW'ObN �
IKHcWlR�HcVmF�J�IKQLI�N%W

zk
�
N~S�HcW'O�J�T'Q�HcT'Q�� x̂k+1 = x̂− +Kk(zk − h(x̂−))

¨ � ��.����
� N%D�RYUKD�H¦DeN¦RYH,i%NPT�QeNPVKw]N�I#J�D�HcW3J�T �
T�HcT'J�W��
N~S�HcW'O�J�T�QLHcT�Qe� Pk = (I −KkΥk)P

−
k

¨ � ��.���� ylJ�ucT'J�W�HZN%D@ jN%W�Hm�
 "!�#  Ø o Ø �%$ 5 & E>(�8:&)9DE " '*)

Ù��



�����f����	2+���� �3+,���#+,� $1������-9�b+��
��(�������� ���b���
��(��

©�ª0�0ª0� � �K­@®�­@¸B±p²�´%	·¶�¸ �`­ µ7��® ²�µ������ 	�±����r® � �g­@®�²��
� ��µ·µ7�r® ­@¸ ®
	,� °gµ·²�´%	·¶�¸
¡pJ"IKJYW*N%T'T�HcDLDeN%T'HcVaSKT'HcucT�N%F)NPWGIKJ 	kUKW'Q��cV~W'J�VKW �cT�QLR]N\W�H%tKT�J"D�N�SKDeNPO*N 	kHcT'F)NlIKJlW�QLFaUKDeNPR�Q��%V~�nNPO �

D�N%t �Z¡�Q�FaUKDLQ�VK��o � Q�Rb}KHcWBSKT�H%ucT*N%FZN%W 	kUKJYT�HcVZR�HcV#W'O*T'UKQ�I#HcW;JYV�	kUKVKRYQ��cVZIKJ0D�HcWrN%DLucHcT�QqO*F�HcW�SKT'J�W'J�V �

¨ � � .�� �
¡pJYD�J�RYR�Q/�cV IKJXSKUKV2O*HcWmW�QLucFZN#o
� N%IKNnDeN^IKQ�F�J�V#W�Q��%VvIKJYDri%J�R �
O*H%T�I#J3JYW'ObNPIKH|�

n
��dEW'J3W'J�DLJ�R.�

R�QLHcV�N>UKV9R�HcV � UKV2O*HaIKJ
2n+ 1

X0|s = ~x

Xi|s = ~x +
√

(n+ λ)Px
Xi+n|s = ~x−

√
(n+ λ)Px

IKHcVKIKJ
i = 1, 2, 3, .., n

�
λ
J�WlUKV 	�N%RYO�HcT"IKJ.J�W'R]N%D�N#o

¨ � � .�� �
¡pJ\T'J]N%DLQ�w]N�DeN�O�T*N%VKW 	kHcT�FZN%RYQ��cV
VKHlD�QLVKJ]NPD%IKJEDLHcW�SKUKV2O�HcW�W�Q�u%F)N
R�H%V3D�N 	kUKVKR�Q/�cVmN%W�H�R�Q�N%I�N~N[DeN
IKQLV 
%F�Q�R]N�IKJ�D�W�QLW'O�J�FZN^�

f
�

Xi|xf = f(Xi|s)

¨ � ��. ���
¡pJ^}�NPR�J^DeNzSKT'J�IKQLR�RYQ��cV¹IKJ^D�N
F�J�IKQ�NaIKJ.D�HcW"JYW'O*N%IKHcWlR�H%FZH

Xest =
∑2n

i=0WiXi|xf

IKHcVKIKJ
Wi

W'HcV�SsJYW�HcW[N%W'HpRYQeN%I#HcW~NzR]NPI�NzUKVKHXIKJ9DLHcW
SKUKV2O*HcWjW�QLucF)N �>W�UaW'J�DLJ�R�RYQ��cVCSKUKJ�I#J;W�JYT

W0 = k/(n+
k)

d
Wi = 1/2(n+ k)

�
Wi+n = 1/2(n+ k)

o
k
JYW�UKV

i%NPD�HcTgÖ�U#J>S�J�T_O*JYVKJ�RYJ�N~DLHcW
<

�kT�J]NPD�J�W*� �9JYW'ObN~T'J�DeNPR�Q�H��
V�N%IKHMRYHcV!J�DhO*QLSsHMI#JaT�UKQLIKH)I#J�D�SKT'HpRYJ�W'H9J�W'O�HpR 
%W'O�Q�RYHKo
×gD�u%H~Q�F�SsHcT_ObN%V2O�J\NaO*J�V#J�T0J�VmR�UKJYVfO*N�JYW ∑2n

i=0 = 1
o

¨ � � .�� �
� N%DLR�UKDLH DeN RYH,i%NPT�QeNPVKw]N IKJ
SKT'J�IKQLR�R�Q/�cV Px,x =

∑2n
i=0WiXi|xf −XestXi|xf −Xest

T

¨ � � .�� �
�hT*N%VKW 	kHcT�FZN%RYQ��cV!IKJ[DLHcW\SKUKV �
O*H%WrW'Q�ucFZN\N\O*T*N]i���WrIKJlDeN 	kUKV �
R�Q/�cV^VKH�D�Q�V#J]N%DsIKJ.FZJYIKQ�I�NPW

h

Yi|yh = h(Xi|s, um)

¨ � � .�� �
¡pJ.SKT'J�IKQLR�J.DeN~HctKW'J�T_i%NPR�Q��%V Yest =

∑2n
i=0WiYi|yh

¨ � � .�� �
� N%DLR�UKD�NaDeN~R�H,iPN%T�Q�N%VKw�N[I#J>QLV �
VKH,iPN%R�Q/�cV Py,y =

∑2n
i=0WiYi|yh − YestYi|yh − Yest

T

¨ � � .�� �
� N%DLR�UKDLH IKJ¤DeN R�H,iPN%T�Q�N%VKw]N
R�T'UKw]NPI�N Px,y =

∑2n
i=0WiXi|xf −XestYi|yh − Yest

T

¨ � � .�	 �
¡pJ;N%RYO�U�N%D�QLw]N"O*H�IKHgRYHcF�H`JYVaJ�D
� �.�

Kn = Px,yP
−1
y,y

X̂ = Xest +Kn(Ymeasure − Yest)
Px = Px,x −KnPy,yK

−1
n¨ � � .���
�� y0JYucT�JYW�HZN%D@ GNPW�Hm�
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ObN%IKH%W�J�VXDeNPW`ObNPtKDeN%W Ø oq�cd Ø o Ø � Ø o Ù o �EV!DeNZW�Q�FCUKDeN%RYQ��cVxd�JYDGF �YO�HpIKH � �.� R�N%D�RYUKDeN�J�D � NPR�HctKQ�N%VKH
IKJCD�N%W"F)N O*T�QLR�JYW

f(xk)
�
h(xk)

F�Q�JYV2O*T*NPWwÖfUKJ�S�N%T�N & �>��J�W`W�U+�KR�Q�JYV2O*JCRYHcVmDeN[T�J�S#T�J�W'J�V2ObNPR�Q��%V
IKQ�W'R�T�J�ObNMIKJYD�W�QLW'O�J�FZN#o �ED�JYWHÖfUKJYF)N9ucJYVKJ�T�N%DGIKJCW�Q�FCUKDeN%RYQ��cV3J�W_ObNMR�H%V+	kHcT�FZN%IKH)SsHcT��xJYD�FZH�IKJYD�H
R�HcF�SKD�J�O*HZIKJ�DjIKQ�T'Q�ucQLtKD�J\S�NPT*N)W'Q�FaUKD�N%R�Q/�cVmIKJ�W'R�T�QqO*H9JYV!J�DhR]N%SKQqO*UKDLHMN%V2O�J�T�QLHcT�d�UKVzF�H�IKJ�DLH)IKJaDLHcW
W�J�V#W�HcT'J�W�JYFat�N%T'R]N%IKH%WgJ�V3J�DhIKQ�T'Q�ucQLtKD�J��mJ�D
��DLO�T�H�IKJ �.N%DLF)NPV�o �EW'O�HcW`JYD�JYFZJYVfO�HcWgW'J�JYVKR�U#J�V2O*T�N%V
Q�V2O*JYT�R�H%VKJ�R�ObN%IKH%W`RYHcFZH~W'J�QLD�UKW_O*T�NaJ�VmDeNaucT 
 ��R]N Ø o Ø o
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�ED�tKDLHQÖfUKJ"IKJlRYHcFZSKN%T*N%RYQ��cV~I#J`D�N�ucT 
 �KR]N Ø o Ø J -#S�HcT_ObN.N%D�J�W'S�N%RYQ�H>IKJ"O*T*NPt�N � H.D�HcWET'J�W'UKDLO*N%IKHcW
Ö�U#J{D�U#J�ucH W�HcV ucT*N���R]N%I#HcW^SsHcTmFZN%R�T'HcW�o �EWmIKJ{NPR�DeNPT*N%TVÖfUKJ�J�D.tKD�HZÖfUKJ�� ×`Q�T�W'}KQ�S � ��V�NPFZQLR%�
R�HcV2O*QLJ�VKJ^RYU�N%DPÖfUKQLJ�T�NzIKJ^D�HcWaF�H�IKJ�DLHcW^�
§ ��� � 
 
@d��3§�� 
 §zd�Ñ � § �G���¹JYD�tKDLHQÖfUKJz� �.N%D�FZN%V
�GQ�DqO*J�TY��O*T�N%t�N � NlR�H%V�UKV#HgIKJ�D�H%WhI#HcWjF �YO�HpI#HcW 1����XHBÑ�����d,QLVKR�H%T�S�HcT*N%V#IKHlJ�DfFZH�IKJYD�H"R�H%FZSKDLJ � H
J�VmW�UKW0R 
%DLR�UKDLHcW�o

� HcF�H�RYHcV2icJ�V#R�Q��%V�SKN%T*NgJYW'O�J"IKHpRYUKF�J�V2O*HKdPDeN%WjW�JYº�N%D�JYW�ÖfUKJ"T�JYSKT�JYW�J�V2O*N%VZDLHcWGT'J�W'UKDLO*N%IKHcW�I#J�DeN
J�W'O�Q�FZN%R�Q/�cV~IKJlD�H%W�J�W_ObN%IKH%WrW'JlSKT�JYW�J�V2O*N%V)JYVZRYHcD�HcT�N%w�UKD
d%JYD�R�HcDLHcT�T�H � H>T'J�SKT'J�W'J�V2ObN>DeN�W�JYº�N%D�IKJlUKV
��DLO�T�H¤Ö�U#J`W'U�N]ipQLw]N>J�D�J�W_ObN%IKH�J�W_O*Q�FZN%IKH.S�HcT �.N%D�FZN%V�o � J�D�DeN%I#H>I#J`D�N%W�FZJYIKQ�I�NPW �aDeN.J�W'O�Q�FZN%R�Q/�cV
IKJCD�N[W�N%D�QLI�N%WlW�J.O*QLJ�VKJ>J�D�RYHcD�HcT�i�QLHcD�J�ObN~S�N%T�NZDeN~QLV+	kHcT�FZN%RYQ��cV9SKT'H,icJ�V#Q�J�V2O�JCIKJ>D�HcWlW'J�VKW'HcT�JYW0�^DeN
N%w�UKDGT�J�S#T�J�W'J�V2ObN9D�N)W*N%DLQ�I�N�J�W_O*Q�FZN%I�N)N)S�N%T_O*Q�T`IKJaDLHcWgT'J�W�U#DLObNPIKHcW�IKJ2�.N%DLF)NPV�o�× R�HcV2O�Q�VfU�N%RYQ��cV
W�J>SKT�JYW�J�V2O*N%VnDLHcW�T�JYW�UKDqObN%I#HcWlIKJ.DeN~N%SKDLQ�R�N%R�Q/�cVMIKJ.J�W_O*HcW0N%DLucHcT'QLO*F�HcWrW�Hct#T�J.J�D@F�HpI#J�D�H[§ ��� � 
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W�N%D�QLI�N%W.IKJYD;W�QLW'O�J�FZNzN3UKVKN 	kT�J�RYUKJ�V#R�QeN3IKJMFaUKJYW'O�T�J�HnW�U+��RYQ�JYVfO�J9S�N%T�N3D�H%WCR�H%VfO�T�HcDLJ�WM��UKV
O�Q�JYFZS�H9IKJ)FCUKJ�W_O*T�H3IKJ

0.1s
��o �EW'O�HcWCT'J�W�U#DLObNPIKHcW.W�JZFaUKJ�W_O*T�N%V{JYV{DeNPW �KucUKT*NPW Ø o Ù � Ø o��

T'J�W'SsJYRYO*QqiPN%FZJYV2O*J%o � JYO*N%D�DLJ�W`IKJaJ�W_O*QLF)N%RYQ��cV3J�V2O*T'J~R]N%IKNMFaUKJ�W_O*T�N)IKJ~D�H%WgW�JYVKW�H%T�J�W\V#H9W�HcV
	 
PR�Q�DLJ�WBN~N%SKT'J�R�Q�N%T;JYV^DeN%WBucT 
 �KR]N%W"NPVfO�J�T'Q�HcT'J�W�dpSsH%T;J�W_O*HKd#UKV^N%R�JYT�R�N%FZQLJ�V2O*HCJ�W"SKT'J�W�JYV2ObN%IKH
JYV3D�N~�GQ�u#o Ø o �aS�N%T*N~DLHcW"J�W_ObN%IKH%W��9D�N~�GQ�u#o Ø o 8 S�N%T*N~D�N%W"W*N%DLQ�I�NPW�o

� ×`}KHcT�N#d�R�H%V¦D�NnicJ�T'W�Q/�cV & �.� JYV¦JYD"tKD�HZÖfUKJz� �>NPD�FZN%V¹�GQLDLO*JYT��jW�J9O*QLJ�VKJYV RYHcF�H�T'J�W'UKDLO*N��
I#HcW[S�N%T*NXD�H%W�JYW'O*N%IKHcW�DeN ��ucUKT�N Ø o � ��S�N%T�N�D�N%W~W*N%DLQ�I�NPW�D�N ��ucUKT�N Ø o��#o�ylJ]N%DLQ�w�N%VKIKHXUKV
NPSKT�H -pQ�FZN%R�Q/�cV)W'HctKT'J\J�W'O*N%W"ucT 
 ��R]NPW�dKW'J�O*Q�JYVKJ�DLHaSKT�JYW�JYVfO*N%IKH�SsH%T�DeNa�jQ�uKo Ø o�� �9�GQLuKo Ø oL� � o
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&`VvJ�W_O*UKIKQLH3JYW'O*N%I-Ô�W_O*QLR�H^FaUKJYW'O*T�N3JYVvucJYVKJ�T�N%D�tKUKJYVKHcW>T�J�W'UKDLO*N%IKHcW>J�VvDeN9J�W_O*QLF)N%RYQ��cV!I#JZD�N%W
i%J�D�H�R�QLI�N%IKJYWgDLQ�VKJ�N%D�JYW �nN%VKucUKD�N%T�JYWgDLHpR�N%D�JYW�d�DeN%W`i%NPT�QeNPVKw]N%W`IKJ�DjJ�T'T�HcT�I#JaJ�W_O*Q�FZN%RYQ��cV3J�V!W�UXucT�N%V
FZN �cHcT ÔeN\W�J`J�VKRYUKJ�V2O*T�N%VMS�HcT�IKJ�tKN � HCIKJ

0.1
o	&`VZJ�T'T�HcTrIKJ0J�W'O�Q�FZN%R�Q/�cV[J�VZDeN\icJ�DLHpRYQ�I�NPI

w
T�J4��J � N

D�NCQ�VKJ -#N%RYO�QLO*U#ImI#J�D��M¨ �XJYV^DeNCJYW'O*QLF)NPR�Q��%V9IKJ\DeNaNPDLO*QqO*UKIxo+�EVmDeNCJYW'O*QLF)NPR�Q��%VMIKJ.DeN%W;SsHcW'Q�RYQ�HcVKJYW
DLQ�VKJ�N%D�JYW(�mN%VKucU#DeN%T'J�W"T�J.	kJ�T'J�VKRYQeN%I�NPWgN

R0
d�W�J\O�Q�J�V#J>JYT�T'HcT�JYW`IKJ>J�W_O*QLF)N%RYQ��cV9RYHcV3iPN%T'QeN%V#w]N%W"FaU �

t�N � N%W�d SKT � -pQLF)N%WjN`RYJ�T'HgJ�VCDeN%W�S�HcW�QLR�Q�H%VKJ�WjN%VKucU#DeN%T'J�W �.SsHcThIKJYt�N � H�IKJ
0.5m
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E[γiγ
T
j ] = Qk

d#S�N%T*N
i = j

�
0
S�N%T*N

i 6= j

E[ηiη
T
j ] = Rk

d#S�N%T*N
i = j

�
0
S�N%T*N

i 6= j

E[γiη
T
j ] = 0

d�S�NPT*NaO*H�IKH
i
�
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 jN%T'O�Q�J�V#IKHCIKJgD�HcWrFZH�IKJYD�HcW�R�H%VfO�Q�VfUKHcW;SKT�JYW�J�V2O*N%IKHcW�JYV9DeN.W�JYR�R�Q/�cV
1.4

dfJ�W;SsHcW'Q�tKDLJlJ�VKRYHcV2O*T*NPT
D�HcW�F�H�IKJ�DLHcWgIKQLW�RYT�JYO�HcW.N%SKT'H -#QLF)NPIKHcW�d�R�H%V!DeNMW*NPDLicJYI�N%I!IKJ  fUKJ~JYW'O�HcW.FZH�IKJ�DLHcW`N%SKD�QLR]N%VnW�HcDLHMW�Q
D�HcW[O*QLJ�F�SsHcW~I#J3FaU#J�W'O�T�JYH�W�HcV¦R�HcT_O*HcWYo ��DlF �YO�HpIKH�U#O�Q�D�QLw]N%I#H!S�N%T*N�J�W_ObN{NPSKT�H -pQ�FZN%R�Q/�cV�J�WZJ�D
R�HcVKH�R�QLIKH ,��(� .���. �1��1 61���
�fd�JYD�R�U�N%DrN^S�N%T_O*Q�T\I#JZUKV�F�HpIKJYD�H

ẋ = f(x, t)
W�J�J�VKRYUKJ�V2O*T�NnJ�D

J� fUKQLiPN%DLJ�V2O*JgIKQ�W'R�T�J�O*H
x(kTm + Tm) = x(kTm) + Tmf(x(kTm), kTm)

d�IKHcV#IKJ
Tm

JYW"J�D�SsJYT�Q�H�IKH
IKJ.J�W'O�Q�FZN%R�Q/�cV �

k
DeN
k−
�YW�QLF)N~FaUKJYW'O�T*N#o

�EW�NPIKJ�RYU�N%IKHMT'J�RYHcT�I�NPT  fUKJCDLHcW0FZH�IKJ�DLHcWlIKJCDLHcW0W�J�V#W�HcT'J�W0�mDeNPW0iPN%T'QeN%VKw�N%W0IKJCW'UKW�F�J�IKQLI�N%W
W�HcVmR]N%DLR�UKD�N%I�N%WlN~S�NPT'O*QLT�IKJ.DeNaT'J�W'SKUKJ�W_ObN�IKQ�V 
PFZQLR]NCIKJYD@W�JYVKW�HcTlH[IKJ.DeNPW�ObN%tKD�N%W�R�N%T*N%R�O*JYT���W_O*QLR]N%W
J�V2O*T'J�u2N%IKN%WMS�HcT)JYD�	�N%t#T�Q�R�N%V2O*JPo � JYD ���1����. §zd�IKH%VKIKJzW'JzSKT�JYW�JYVfO*N�DeN�Q�VKW_O*T�U#FZJYVfO*N%R�Q/�cV IKJ�D
IKQ�T'Q�ucQLtKD�JPdxW�J[O*QLJ�VKJ$ fUKJZS�N%T*N^J�DEO�Q�S�HmI#J �M¨ � JYFat�N%T'R]N%IKH#dhD�NMi%NPT�QeNPR�Q��%V�JYVvD�NmF�J�I#Q�I�N9IKJ�DeN
SsHcW'Q�RYQ��cVmJ�W

±2m
dsJYVnD�N�F�J�IKQLI�N~IKJCD�N%W"icJYD�H�R�Q�IKN%IKJ�W0J�W

±0.5m/s
�^SKN%T*N�DeN � J�V2O*T�N%DhQ�VKJYT�R�Q�N%D�d

D�HcW 
%V#ucUKD�H%W�O*Q�JYVKJ�V^iPN%T�Q�N%R�Q/�cVMIKJ
±0.05rad

o
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Va/T �

¡pQsO*HcFZN%F�HcW�J�DxFZH�IKJ�DLH~T�JYIKUKR�QLIKH[S�N%T�N[D�NCicJYD�H�R�Q�IKN%I���JYR�U�N%RYQ��cVX�co�" �2�"�)R�HcV#W�Q�I#J�T*NPFZHcW  fUKJ
J�D�icJYRYO�HcTZI#JmJYW'O*N%IKH�S�N%T*N!D�NzQ�IKJYVfO�Q/��R�N%R�Q/�cV¹J�W

χ = [x, κ, τ ]T
dEJ�D"F�HpIKJYD�HzI#J �EUKDLJ�T~S�NPT*NXJ�D

W�Q�W_O*JYF)N~W�QLFZS#D�Q/�KR]N%IKHCSKUKJ�I#J�W'J�TlJ�W'R�T�QqO*H�R�HcF�H9�

x(k + 1) = x(k) + Tm
τ(k)

(κ(k)u(k) − x(k))

τ(k + 1) = τ(k)
κ(k + 1) = κ(k)

�#"poq�c� �

¡pJ.SKU#J�IKJ>FZH%W'O*T�N%T  fUKJ>IKJ "poq�c�.W�J.Hct#O�Q�J�V#J\DeN~F)N O*T�QLw
F

SKT'J�W'J�V2ObN%IKNZN[R�HcV2O�Q�VfU�N%RYQ��cVX�

F =




(1 − Tm

τ
) Tmu

τ
Tm
τ2 (−κu+ x)

0 1 0
0 0 1



 �#"poq� "c�

� �
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��N���u%UKT*N "poL�,�0SKT'J�W�JYV2ObN�D�H%WjT'J�W�U#DLObNPIKHcWhIKJ;D�N`Q�F�SKDLJ�F�J�V2ObN%RYQ��cV\I#J;DeNPWjJYR�U�N%RYQ�HcV#J�W�NPVfO�J�T'Q�HcT'J�W
JYV��nNPO*D�N%t �·¡pQ�FaU#D�Q�V#��o ��NMRYUKT'iPN9W�UKS�J�T'Q�HcTgQ�w� fUKQLJ�T'I�NMFaUKJYW'O*T�NMDeN)JYW'O�Q�FZN%R�Q/�cVzIKJYD�J�W_ObN%IKH9I#J~DeN
i%J�D�H�R�QLI�N%I�dsR�HcF�S�N%T�N%I�N9R�H%VfO�T*N9DeN)i%J�DLHpRYQ�I�N%IXIKJ[W�N%D�QLI�NMIKJ�DEW'Q�W_O*J�FZN �!D�NMIKJ�D 	kT'J�V2O*Jn��W'UKSsJYT�QLHcT
IKJYT�JYRb}�N2�>FCUKJ�W_O*T*N3J�D�R�HcF�S�HcT'O*N%FZQLJ�V2O*H^IKJZDeN9iPN%T�Q�N%VKw]N^IKJYDBJYW'ObNPIKHnJYW'O*QLF)NPIKHKo ��N%WCRYUKT'iPN%W�IKJ
D�N�S�N%T'O�JXQ�V+	kJYT�Q�H%TMQ�w  �U#Q�J�T'I�N¹SKT�JYW�JYVfO*N%V D�N�R�HcV2icJYT�ucJYVKR�Q�N¦IKJ�D�H%W9R�H�J ��RYQ�J�V2O�J�W

κ
�
τ
dlRYHcV JYD

RYHcFZS�HcT_ObN%F�Q�JYVfO�HaIKJ.W�U#WliPN%T'QeN%V#w]N%W"JYV 	kT'J�V2O*JPo
&`V�N%V�
%D�QLW�Q�WgIKJ~DeN)iPN%T'QeN%RYQ��cVzI#J�DLHcW\S�HcD�HcWgJ�VXJ�DESKD�N%VKH9RYHcFZS#D�J � H9FCUKJ�W_O*T*N! fUKJ[J�DEW'Q�W_O*J�FZN

SKT'HcSKUKJYW'O�H�S�J�T'F)NPVKJ�RYJ�J�W_ObN%tKDLJ�IKUKT�N%V2O*J\D�N�	�N%W�J\I#Jgi�UKJ�DLH~R�T�U#R�J�T'HKdKSKT'J�W'J�V2ObN%V#IKHZU#V�NCiPN%T�Q�N%R�Q/�cV
S�NPT*N%F �YO�T�Q�R�NZIKJ~W'UKW\R�H�J �KR�Q�JYV2O*J�W �  fUKJ~W�JaI#J�t�JaO*J�V#J�T\SKT'J�W�JYV2O*J�W>J�V!JYD�IKQLW�J�º#H9IKJaD�H%W�T�JYucUKDeN �
IKH%T�J�WYo���W_O*J�T�J�W'UKDLO*N%IKH�SKUKJYIKJCW'J�T`N%SKT�JYR�Q�N%IKH�J�VnD�N ��ucUKT�N "poq� 8 d�IKH%VKIKJ.ObN%Fat#Q ��VmW�J>FaUKJYW'O�T*NZJYD
JYT�T�H%T"IKJ.J�W'O�Q�FZN%R�Q/�cV�o

0 50 100 150 200
0

2

4

6

8

10

12

14
Estimated of the speed state, x in blue and x* in red

Sp
ee

d

Time [s]
0 50 100 150 200

−0.5

0

0.5

1

1.5

2
Variance

σ Sp
ee

d

Time [s]

0 50 100 150 200
0

2

4

6

8

κ in blue and τ in red

κ a
nd

 τ

Time [s]
0 50 100 150 200

−0.5

0

0.5

1

1.5

2

Variance of σκ in blue and στ in red

σ κ an
d σ

τ

Time [s]

���������
	���
��������������������! #"�$�%
$&�&����"(')"($*%+�-,.$�%+'/�0��"(��"21�%+'!��3��5476!��$0��47'!�*"($0%
�8'/"�$�%+'947$�"!:;����"�'

<>=@?BADCE=GFHCJI�K�I�LM?ONQPSRTPVUHAXWYADZ[Z[KE\^]_R`K7aGb[Idc;KEZfehg
z/δe ij
kmlon9p(qfrslok�tsn(u.vwn`xmyzq
t{n`x�qwt{n9x�v|n`p(}mv~p`kS�fr �f	��f
 p`qfr

χ1 = [z, θ, q, kz, k1, k2, k3]
T � n(xmy�qDtsn`xSqtsn��V}sxSn`u��mv~u/v#n`x@l/kSlo�/n`y�vzv#kStsn`r[�.k��mp�vTu�n`l��

z(k + 1) = z(k) + Tmkz(k)θ(k)
θ(k + 1) = θ(k) + Tmq(k)
q(k + 1) = q(k)(1 + Tmk1(k)) + Tm(k2(k)θ(k) + k3(k)δe(k))
kz(k + 1) = kz(k)
k1(k + 1) = k1(k)
k2(k + 1) = k2(k)
k3(k + 1) = k3(k)

� �
	S���[�

tsn �
	��d��� n`x��~n`p��.qfu-tsn�n`l��!v~t{q
χ1

l/n��.k�n(rsnwx�v#y�vT�.uok��
F � �su/n(l/n(rX�.v~tmvzn`r �
	S�`� �

�s�
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F =




1 Tmkz 0 Tmθ 0 0 0
0 1 Tm 0 0 0 0
0 Tmk2 (1 + Tmk1) 0 Tmq Tmθ Tmδe
0 0 0 1 0 0 0
0 0 0 0 1 0 0
0 0 0 0 0 1 0
0 0 0 0 0 0 1




�#"poq�]�f�

�`DpT'J]N%DLQ�w]NPThD�N`QLFZSKDLJ�F�J�V2ObNPR�Q��%V>I#J�J�W_ObN%W�JYR�U�NPR�Q��%VKJ�W�JYVaD�H%WGN%DLucHcT'QLO*F�HcW@IKJYW*N%T'T�HcDLDeN%I#HcWjW'J�u&%#V
DeN\O*J�H%T��eN.IKJ �.N%D�FZN%V[N%V2O*JYW;F�J�VKRYQ�HcVKN%I�N#d2W'J`HctpO*Q�JYVKJ�VZD�HcW�T'J�W�U#DLObNPIKHcWrSKT�JYW�J�V2O*N%IKHcWBJ�VMD�N��KucUKT*N
"poL� � IKHcVKIKJ\D�N%W�RYUKT'iPN%W"SKT'J�W'J�V2ObN%V^D�NaR�HcV2icJYT�ucJYVKR�Q�NaObN%V2O*H~I#J\D�HcWBJ�W'O*N%IKHcWlIKJYDxW'Q�W'O�J�FZNaR�HcF�HaIKJ
D�HcW�S�N%T 
%F�JYO*T'HcW�IKJ�W'R�HcV#HpRYQ�IKHcW�IKJ0J�W_O*JPo#¡�Q�W'J`JYW'O�UKIKQeN.UKVZSsH�R�H.FZN%W�J�V)I#JYObNPD�D�J"JYW'O�HcWBT'J�W'UKDLO*N%IKHcW
W�JgO�Q�J�V#J� fUKJ`J�D�W�Q�W_O*JYF)N.SKDeNPVfO�J]N%I#HCS�J�T�FZN%VKJYR�J`J�W'O*N%tKDLJgNCDLH�D�N%T�u%H>I#JgDeN�	�N%W'JgIKJ0ipU#J�D�H�R�T'UKR�JYT�HKd
N ��T�FZN%RYQ��cV  fUKJmJ�W[W�H%SsHcT_ObN%IKNXS�HcT~D�N ��ucUKT�N�"�oL�,�!IKH%VKIKJ^W�J^FaUKJYW'O�T*NXJ�D"F�H i�QLFZQLJ�V2O*HzI#JmDLHcW
SsHcDLHcW �9D�NCi%NPT�QeNPR�Q��%V9IKJ�D@JYT�T�H%T"IKJ.D�HcW"JYW'ObNPIKHcW0J�W'O�Q�FZN%IKHcWYo
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ψ/δg �

� HcV#W�Q�I#J�T*NPVKIKH^D�HcW\F�Q�W'FZH%W�SKT�QLVKR�QLSKQ�H%WgIKJ[D�H%W\IKHcW �LO�J�F�W�SKT�JYR�JYIKJ�V2O*JYW�dhDeNMJYR�U�N%RYQ��cV �co�" � �
R�HcF�H~i%NPT�QeNPtKD�JYW�IKJ.J�W_ObN%IKH

χ1 = [ψ, r, k1, k2]
T d�J�D@F�HpI#J�D�HCIKJ���U#D�J�TlJYW0JYD@W�QLucUKQ�JYV2O*J~�

ψ(k + 1) = ψ(k) + Tmr(k)
r(k + 1) = r(k)(1 + Tmk2(k)) + Tmk1(k)δg(k)

�#"poq� �c�

IKJ.IKH%VKIKJ.DeNaFZNPO*T'Q�w
F
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F =




1 Tm 0 0

0 1 − Tm
τ(k)

Tmδe(k)
τ(k)

− Tm
τ2(k)

(κ(k)δe(k) − θ(k))

0 0 1 0
0 0 0 1



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Ta(VA) = Av̇A − D(vdr)vA + Tsta(va|Rd
2)
dEW�J^SKD�N%V2O*J]N!NP}KHcT*N!UKVKNXT'J.�

IKUKR�RYQ��cVzN
Ta(vA)

d�J�W'SsJYR�� ��R]N%F�J�V2O�JaW�Hct#T�JCJYDhi%J�R�O*HcT
Tsta

o�S�N%T�NZDeN 	�N%W'JCIKJ>ipU#J�D�HZR�T'UKR�JYT�HX��icJ�T
�� r¡ # � � � �e��dKObNPD�R�HcF�H[W�J.SKT'J�W�JYV2ObN)N~RYHcV2O*Q�VfU�NPR�Q��%V��

Ta(vA) =




k1(cT1 + cT2α + cT3δe)
k1(cL1 + cL2β + cL3δg)
k1(cN1 + cN2α+ cN3β)
k2(cl1 + cl2α + cl3δe)
k2(cm1 + cm2β + cm3δg)
k2(cn1 + cn2α+ cn3β)



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W�HcVmR�HcV#W'ObNPVfO�J�W0N%W'HpRYQeN%IKH%W"N~DeNCucJYHcF�JYO*T �eNCI#J�D@W�QLW'O�J�FZN#dKNaD�NaF)N%W�NCicHcDLUKF �.�
O*T�QLR]N

ρ
�MD�N�icJYD�H�R�QLI�N%I^N%JYT�H�IKQ�V 
PFZQLR]N.IKJ\IKJ�W'SKDeNPw]N%F�Q�JYVfO�H

va
o � HcV^JYW'ObN 	kHcT'FaUKD�N%R�Q/�cV)T'J�IKUKRYQ�I�N

S�N%T*N
Tsta

W�J~O*QLJ�VKJYV�F�H�IKJ�DLHcWgFZN%W�W'Q�F�SKD�JYW  fUKJ�N ��UKIKN%VXJYicJYV2O*U�N%DLFZJYV2O*J�N9DeN�	kHcT'FaUKD�N%R�Q/�cVnIKJ
DeN%W"DLJ �cJYW`I#J>RYHcV2O*T'HcD�o

&0W*N%VKI#H�J�D ��DLO�T�HvIKJ �.N%DLF)N%V � 1���� � �����l��W'J�u&%#V|R�HcF�HvW'JzSKD�N%V2O*J �{N%D0Q�VKQLR�Q�HXIKJ3DeN
SKT�JYW�J�V2O�J�W'J�RYR�Q��%V�dxRYHcV

N = 1500
FCUKJ�W_O*T*NPW�dxJYDGF �YO�HpIKH)IKJ �EUKDLJ�T�S�NPT*N)D�NZQ�V2O�J�ucT�N%R�Q/�cV¹�
£ � �� $;U#T � " �e�0�!F�J�IKQLI�N%W\IKJYD�$&. , 	�� � �!I#J�D �9¨ ��R�H%T�T�U#S#ObN%W.RYHcVvU#VvT'UKQ�IKH%#.N%UKW'QeN%V#HmS�J� fUKJYºKHKd

W�J)H%t#O*U#i%HnJYV{W�QLFaUKD�N%R�Q/�cVzDeN^Q�I#J�V2O*Q ��R]N%RYQ��cVXIKJ�D�H%W>RYHpJ.��R�QLJ�V2O*JYW�I#J
A
d
D(vdr)

�XJ�DEicJYRYO*H%T�IKJ
J�W 	kU#J�T�wYHcW(��F�HcFZJYV2O*HcW�J�W_ObN%RYQ�HcVKN%T�QLHcW�SKT�HcS#UKJ�W_O*H^�kJ�R�UKN%R�Q/�cV!"poq� � �1d2T�JYW�UKDqObN%IKH%W  fUKJgW'HcV)RYHcF�S�N��
T*N%IKH%W`RYHcVnDLHcWlI�NPO*H%W`QLIKJ�V2O*Q ��R]NPIKHcWlJ�V3J�D@O %KV#J�D�IKJ�i�QLJ�V2O*H2�^SKT�JYW�JYVfO*N%IKHcW�N%D@DeN%I#H�QLw� fUKQLJ�T�I#HZIKJ
DeNaObN%t#DeN$"po 8 o

��N%W ��ucUKT�N "po�" �{FaUKJYW'O�T*N�DeN�JYi%HcD�UKRYQ��cV�IKJ�D`S�N%T 
PFZJ�O*T�H
CT2

�¦D�N��GQLuKo "po " �{SKT'J�W�JYV2ObN¹DeN
JYicH%D�UKRYQ��cVXIKJ[D�H%W�R�H�J ��RYQ�JYVfO�J�W

Cm1
�
Cm3

W�HcD�N%FZJYV2O*J%dxJ�D�T'J�W'O�H3I#J~R�H�J ��RYQ�J�V2O�J�W>SKT�JYW�J�V2O*N%V{UKV
R�HcF�SsH%T'ObNPFZQLJ�V2O*HaW'Q�F�Q�D�N%T�o

¡pQ�R�H%VKW�QLIKJ�T�N%FZH%W;J�D�J�T'T�HcTBIKJ �KVKQ�IKH~S�HcT
e = |x−x̂|

|x|

IKHcVKI#J
x̂
J�W�D�N�JYW'O*QLF)NPR�Q��%VZIKJgD�HcWrJ�W_ObN%IKH%W

IKJ�DhW�QLW'O*JYF)N�R�HcVnD�HcWlVfUKJYi%HcW�S�NPT 
%F�JYO�T�HcW �
x
D�HcWlJ�W_ObN%I#HcWgIKJYDjW'Q�W_O*J�FZNm��T�J�N%D��qd�W�J�SKUKJ�I#J�icJYTgJYV
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D�N>ObNPtKDeN "�o �  fUKJ\JYDxF�HpI#J�D�H>SKT'HcSKUKJYW'O*H[RYHcV9DeN>T�J�I#UKR�RYQ��cV9IKJ
Tsta

J�W_O*QLF)NCt#Q�J�V)J�DxW'Q�W_O*J�FZNCJYV9DeN
	�N%W'J.IKJ\ipU#J�D�H[RYT�UKRYJ�T�Hmo

���������
	 �
������������� ����������� �!�"�#�#� �
�$�����%����� ����������� �!�"�����

u 0.0177 0.0004 0.0190 0.0006
v 0.0034 0.0006 0.0058 0.0007
w 0.0156 0.0003 0.0287 0.0007
p 0.0016 0.0001 0.0017 0.0002
q 0.0019 0.0001 0.0023 0.0002
r 0.0057 0.0001 0.0020 0.0002
x 0.0439 0.0015 0.0639 0.0016
y 0.0670 0.0025 0.0209 0.0027
z 0.0217 0.0038 0.0086 0.0040
φ 0.0626 0.0009 0.0651 0.0009
θ 0.0179 0.0001 0.0209 0.0003
ψ 0.0153 0.0171 0.0603 0.0018

 ! #  "�o � � " (�(0E>(037$�143 3�$�&)8:9D/ +78<;C= 1 3 37$�& / 14E>$�= E>(�9!/>5 8 ��/ 14E>$

�@HcWaT'J�W�U#DLObNPIKHcW~N%V2O�J�T�QLHcT�JYWaFaUKJYW'O�T*N%V¹UKVKNzFZJ � HcTCNPSKT�H -pQ�FZN%R�Q/�cV{S�HcT�S�N%T'O�JMIKJYD ����� J�V
D�N^JYW'O�Q�FZN%R�Q/�cVXIKJ)DLHcW.S�N%T 
PFZJ�O*T�H%W>QLIKJ�V2O�Q/��R�N%IKHcWYo � H%VKW�QLIKJ�T�N%VKIKH3J�W'O*N3}KQLS �PO*J�W'Q�WYd@W�JMNPSKD�QLR]N%T'HcV
DLHcW)NPD�ucHcT'QLO�FZHcWCIKJ�W�N%T�T'HcD�D�N%IKHcWZNvI�N O*HcWZT�J]NPD�J�WZIKJ3i�UKJYD�H�JYV DeN 	�N%W'JnR�T'UKR�JYT�HKo �@HcW)T'J�W�U#DLObNPIKHcW
W'HcVzSKT'J�W�JYV2ObN%IKH%W\N%DhDeN%IKH�IKJYT�J�Rb}#H9IKJCD�N[O*N%tKDeN "po 8 �mJYi%HcD�UKRYQ�HcV#J�WgI#JaN%DLucUKVKHcW0S�N%T 
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* qfu.vHtsn vT�sx�kSp�v~u)n`r l/k�l��.n(y v~lwuon�v~xSn`l � n`l/�^n`p�+S�mp`v~yzn`r[�.n �mv~u/v x�v,�Ev~lon#tsn#�D}sn`xSq p(u/}sp(n`uoq 	.- v~l/qp`qfr[�.u/v~u/kSq#l/}sp(n`tsn�p(qfrHx�v~l��/!(p`rskSp�v~l�tsnwkStsn`r[�/kS�mp`v~p`kS�fr �mvTu.v~y	!(�/u/k�p`v p`q~r�v~x0(fq~u/kS�/y�q~l�t{n�v~tmv~�{�.v21p`k��~r �sv~u.v#x�q~l8p`qDn(�mp(k�n(rX�/n`l-tsn�x�q~l8y�qDtsn(x�qfl8�{u/qf�s}{n`lo�/qfl � �{}sn`l-�^n`u/yzkS�/n`r�v#�mv~u��.kSu8tsn�tmvT�/qfl�p`qfr�~vTu/k�vTp`k�q~rsn`l|lo}{�mp(k�n`r[�/n`yzn`r[�.n	(fu.vTrstsn`l��mvTu.vHtsk�l��.kSr%(f}skSu2n`xVuo}sk�t{qHtsn n`xVp`q~y��^qfuo�.v~yzk�n`r[�/q tskSr3&21y�kSp`q tsn(x lok�lo�/n`y�v l/kSr l.v~p`v~u/xSqHtsn`xY�s}sr[�.q�tsn qf��n(u.v~p(k��fr � xSq#(fu.vTrstsq }srsv k�tsn(rX�/kS�mp`v~p`kS�fr p(}mv~rstsqn`x8tskSu/k�(fk0"sxSn#l/nHtsn(l/�sx�v~��v v �~n`xSq
p(k�tmv~tGp`qfrsl��!v~r[�/n � v~x��.k��.}st p`qfrsl��!v~r[�/n � (fkSu/qfl l/}{�sp`k�n(r[�.n`yzn`r[�/n
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a11 1.5276 1.2633 1.9660
a22 21.0933 20.8660 21.1896
a33 20.4220 20.2018 21.4239
a44 16.3905 15.9151 16.8548
a55 382.1290 380.0030 380.1463
a66 388.0972 379.9988 384.0155
a15 = a51 0 0.1309 0.0001
a24 = a42 0 −0.0958 0.1628
a26 = a62 −69.6939 −59.9030 −69.8978
a35 = a53 67.7045 70.0684 70.3361
a46 0 0.0801 0.0101
m13 1.2801 2.0621 1.5235
m33 −49.7019 −48.0249 −48.5013
xm11 25.6919 23.0748 24.5183
xm22 23.6878 20.0129 21.0075
xm13 −4.5582 −9.1165 −5.4699
x2m11 −173.4906 −150.0044 −170.8227
x2m22 −166.3538 −149.9994 −158.8524
CT1 − −1.8974 −0.6579
CT2 − 0.1071 0.1069
CT3 − −2.8752 −0.6877
CL1 − 50.8756 15.4789
CL2 − −15.9874 −11.5582
CL3 − −1.2234 −7.2243
CN1 − −0.0417 −0.0664
CN2 − 0.5487 0.5789
CN3 − 1.0258 0.389
Cl1 − 0.0205 0.0304
Cl2 − −0.1919 −0.1271
Cl3 − 0.0170 0.0266
Cm1 − −0.0405 −0.0415
Cm2 − 0.7975 0.9982
Cm3 − 0.2930 0.2173
Cn1 − 1.0833 0.6207
Cn2 − −0.8574 −0.7589
Cn3 − 0.0450 −0.0010

� ���	���%� ����	�� ����� 
 	��$��� ����� �!��

Pii �

a11 11.2428 0.1580
a22 90.4922 0.0925
a33 70.5841 0.0922
a44 42.3387 0.0901
a55 383.7979 0.0837
a66 419.9314 0.0872
a15 = a51 6.9103 0.1309
a24 = a42 1.2382 0.1240
a26 = a62 −195.3407 0.1269
a35 = a53 59.4323 0.1053
a46 −28.5030 0.1053
m13 33.7772 0.0621
m33 −93.7707 0.0982
xm11 76.4093 0.0905
xm22 54.7163 0.0192
xm13 75.3240 0.0962
x2m11 −201.9972 0.0335
x2m22 −224.8353 0.0896
CT1 −2.9074 0.1290
CT2 −0.2250 0.0446
CT3 −0.7970 0.0767
CL1 15.0799 0.0744
CL2 −7.6177 0.0644
CL3 −3.2706 0.0249
CN1 −2.1196 0.0676
CN2 −13.9818 0.0949
CN3 0.6837 0.0508
Cl1 5.1576 0.0538
Cl2 2.9208 0.1509
Cl3 1.0168 0.0582
Cm1 −0.0725 0.1442
Cm2 −1.8937 0.0814
Cm3 1.1017 0.0762
Cn1 −0.1082 0.0942
Cn2 −0.5101 0.0415
Cn3 0.0115 0.0227

 ! #  "po 8 ���
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ucT�N%VKIKJYWlS�N%T*N~J�ipQqObN%T"DLHcW"IKJYW�D�QLw]N%F�Q�JYV2O*HcW�I#J�D@W�QLW'O�J�FZN#o
�ED��KDLO*T'HvI#J �.N%D�FZN%V�dEFCUKJ�W_O*T*N�ucT*NPVKIKJ�WZSsHPO*J�V#R�QeNPD�Q�IKN%IKJ�W[JYV DeN%WZN%SKDLQ�R�N%R�QLHcVKJ�W[IKJ 	kUKW�Q/�cV

W'J�VKW �cT�QLR]N#dPSsJYT�F�QLO*QLJ�VKI#HgO*JYVKJ�TEUKVKN�J�W'O�Q�FZN%R�Q/�cV �cSpO*Q�FZNgN�R�N%I�N\Q�V#W'ObNPVfO�J�IKJ"FaU#J�W'O�T�JYH>V#J�R�JYW*N%T'QeN
S�NPT*N�DeN¹HcS�J�T*NPR�Q��%V IKJ�D�H%WmT'J�ucU#DeN%IKH%T�J�WYo &`V�N¦N%SKD�QLR]N%RYQ��cV NPIKQ�RYQ�HcV�NPD�IKJ�D���DqO*T'H¦W'JvRYJ�V2O*T�N�J�V
D�NvQ�I#J�V2O*Q ��R]N%RYQ��cV�IKJzS�N%T 
%F�JYO*T'HcWMNPDgF�Q�W�F�HXO*Q�JYFZS�H  fUKJ!J.	kJ�R�O %�N�D�N{J�W_O*Q�FZN%RYQ��cV��cS#O*QLF)N�IKJ
JYW'ObNPIKHcW�d,JYWjW'U+��RYQ�J�V2O�JBRYHcVCNPFZSKDLQeN%TsJ�Dci%J�RYO�HcT�IKJrJ�W'O*N%IKHcW
�\RYHcVKW'Q�IKJYT*N%T�D�H%W@S�N%T 
PFZJ�O*T�H%W�NlJYW'O�Q�FZN%T
IKJYV2O*T�H�IKJ>J�W_O*J%o�ylJ�W'UKDLO*N%IKHcWlW*N O*Q�W 	�N%RYO�HcT�QLHcW�W'J�JYVKR�UKJYV2O*T*NPV!N%D�O*JYVKJ�TlJYD �KDLO*T'H[IKJ��>NPD�FZN%V9R�HcF�H
}KJYT�T�N%FZQLJ�V2ObN  fUKJ�N ��UKI�N�N~i%J�T'Q/��R�N%TlDeNCiPN%D�QLIKJ�w\I#J>DLHcW"F�HpIKJYD�HcW;IKJ.FZJYVKHcT"R�H%FZSKDLJ � QLI�N%I�o

� HcV|T'J�W�S�J�R�O*H�N{D�NvQLIKJ�V2O*Q ��R]NPR�Q��%V�T�J�N%D�QLw]N%IKN�JYV|DeNvW'J�RYR�Q��%V
2.4.3

d�W�JnO�Q�J�V#J  fUKJ!J�D ��DqO*T�H
IKJ �>NPD�FZN%V{S�J�T'FZQqO*J)JYVKR�H%VfO�T*N%TaN%D�ucU#VKHcWCI#J9D�HcW�S�N%T 
PFZJ�O*T�H%W  fUKJ 	kUKJYT�HcV�Q�I#J�V2O*Q ��R]N%I#HcWCJYV JYD
O�%KVKJ�DjIKJCi�Q�JYV2O*H9S�N%T�N)J�DGN%V2O*QLucUKH)I#Q�T�QLucQ�t#D�J.IKJ�D �B§9§ �Gd�J�D

AS500
ox ET�H%t�N%I�NMJYW'ObN)O ��RYVKQ�R�N#dxJYV

D�N%WlIKHcW0FZH�I�N%DLQ�I�N%I#J�W�IKJYD �KDLO*T'H[IKJ �.N%DLF)NPV{� 1���� �������l��d�W�J>SKT�H�R�JYIKQ��ZNZD�N~Q�IKJYVfO�Q/��R�N%R�Q/�cV
S�NPT*N%F �YO�T�Q�R�N#d�IKJ�DEF�HpI#J�D�H)R�HcF�SKD�J � HKdxRYHcV�I�NPO*H%W\T�J]NPD�J�WYd�D�H%ucT*N%V#IKH9T�JYSKT�H�IKUKRYQ�T\D�H%W�J�W_ObN%IKH%W�IKJYD
IKQLT�QLucQ�tKDLJ��MUKV�N[R�HcV2icJYT�ucJYVKR�Q�N�I#J>SKN%T 
%F�JYO�T�HcWYo

�2�
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# ¸ � 	·´s­�$|­@¸g­ �#²�µ
%'&)( *,+.-0/21'3
4�56587:9.+ &;&<&;&;&<&=&;&;&<&;&;&<&=&;&<&;&;&<&;&=&;&<&;&;&<&;&=&<& >?(
%'&A@ BDC8EF4HG:IJ3H1K/2CML<58G:NJLO7:5M1KL<-P7RQS1UTV*XW &;&<&=&;&<&;&;&<&;&=&;&<&;&;&<&;&=&<& >K@

Y[Z]\[Z_^ `badcfehgAi"ZjZkZjZkZjZjZkZVZkZjZkZjZjZkZjZkZVZjZkZjZkZjZkZjZVZkZjZkZjZkZjZ lm\
Y[Z]\[Z]\ noadpqi2ehercfs_stcvuJaoera,wmxJsAifuJcferadp ZjZjZkZjZkZVZjZkZjZkZjZkZjZVZkZjZkZjZkZjZ lmY

%'&t% BDC8EF4HG:IJ3H1K/2CMLzy{T;| &;&<&=&;&;&<&;&;&<&=&;&<&;&;&<&;&=&;&<&;&;&<&;&=&<& >.}
Y[Z]Y[Z_^ `badcfehgAi"ZjZkZjZkZjZjZkZVZkZjZkZjZjZkZjZkZVZjZkZjZkZjZkZjZVZkZjZkZjZkZjZ l6~
Y[Z]Y[Z]\ noadpqi2ehercfs_stcvuJaoera,wmxJsAifuJcferadp ZjZjZkZjZkZVZjZkZjZkZjZkZjZVZkZjZkZjZkZjZ lm�

%'&_� BDC8EF4HG:IJ3H1K/2CMLv+b1�G)7)+�C8I�GRCML<-P7RQS1	Qb/f7)�UCM/�1K/23bC�+ &;&=&;&<&;&;&<&;&=&<& ���
Y[Z ��Z_^ `badcfehgAi"ZjZkZjZkZjZjZkZVZkZjZkZjZjZkZjZkZVZjZkZjZkZjZkZjZVZkZjZkZjZkZjZ �2�
Y[Z ��Z]\ noadpqi2ehercfs_stcvuJaoera,wmxJsAifuJcferadp ZjZjZkZjZkZVZjZkZjZkZjZkZjZVZkZjZkZjZkZjZ �ml

%'&A> BDC8LP4bG:-0IJ3H1KL<3HC�GR1KL<5M1F+.-0/21FGRCMLv3HC��.C8GR1'5M7R3HIJ3���I�G:-P7:-P4�3�C8+���/2�z+�& }F(
%'&t� BDC8LP4bG:-0IJ3H1KL=3bC�GR1FL��61.+.-0/O1.GRCML=3bC{�.C8GR1'�M7R3bIJ3���3H7R/2CM�6�87:9.+�C8+���IJ/2��I�}[%
%'&R} |V1F+b�MG)4�LP7R1.+�C8L &;&<&;&;&<&=&;&;&<&;&;&<&=&;&<&;&;&<&;&=&;&<&;&;&<&;&=&<& }[%
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�¢¡?£?¤¦¥2§X¥O¨J©,¥Vªf«�£?¬A©,­?¡:®;¥2§q©d«<¯?¥O¯?¬Rª2«�¯?®v«<¡)«=ªO®[¨?ªO¥2£�ª2¬���¨°¯.¥V¡:¥ ��¥2§¢¯?¥kªO®[¨J©,¤X®�¡?¯?¥j±'« � ®<ªO®[¨?§X­.²�®

ªO®[²�£.­.©d«�ªO¬R®[¨?«�¡  K­.¥j«�§X¥O³[­?¤X¥O¨�¥2¡?§¦¥2³[­?¬:²�¬:¥2¨J©,®�¯?¥k¤X¥.	´¥2¤¦¥2¨?ªO¬)«�§µ¥O¨�¶[¥2¡:®FªO¬R¯'«8¯
·�«8¡:©,¬A©,­?¯��{¯?¬:¤X¥Oª2ª2¬/�[¨
¥O¨D¡R« 	¸«8§X¥¹¯?¥¢¶F­.¥2¡R®Vª2¤¦­?ª2¥O¤X®?º �¢¨D¡R«k± %?§� �­?¥O¯'«=¯?¥¹¤X¥O³[­?¡R«�¯?®[¤¦¥2§S£b®�§X¬R±.¡R¥2§S«j­.©X¬R¡R¬:»f«�¤H£'«�¤,«k¥O¡KªO®[¨J©,¤¦®[¡
¯?¥O¡=¯?¬:¤X¬:³[¬R±?¡:¥¼¥2¨½¡R«�	¸«�§¦¥23�6����0. $ � 61$&�	��.¾·¹§X¥�£?¤X®[±?«�¤X®[¨�¤X¥2³�­?¡)«�¯.®[¤X¥O§¿¯?¥�©,¬R£�®À«8¯'«�£.©X¬:¶[®�ª2®[¨
²°®F¯.¥2¡R®�¯?¥¢¤X¥.	´¥2¤X¥O¨?ª2¬R«k£b®[¤�¥O¡[² �O©,®K¯?®k¯?¥O¡J³[¤,«8¯?¬R¥O¨�©X¥ �<£�®[¤
¥O¡J² �P©,®K¯?®o¯?¥*	´­?¨?ªO¬R®[¨.¥2§�¯?¥ � �J«�£.­?¨?®m¶
Á ª�º 	rº'Â �SÃÅÄJÆF· �;Ç=Ä[ÆF· $�$oÈÉÄ[ÄMÊÌË0º � ¬RªdÍ.®[§¢¤X¥O³[­?¡)«8¯?®[¤X¥O§¢£?¤X¥O§X¥O¨�©,«�¤X®�¨¿«�ªOª2¬:®[¨?¥2§¢¯.¥VªO®[¨J©,¤¦®[¡+	´­?¥O¤¦©,¥O§*�
	´­?¥O¤X®[¨�¯?¥O§Xªf«8¤¦©d«8¯?®[§ Á ¶[¥O¤zÂÏÎ # � ��Ð Ê)ËPº � ¥�¥2§q©d«°²¿«�¨.¥2¤,«�¡R«�£.¤X¬R²°¥2¤X«{£'«�¤q©,¥v¯?¥2¡S£?¤¦¥2§¦¥2¨J©,¥Dªf«�£?¬A©,­?¡:®²{­.¥2§¦©X¤,«z­.¨'«{¥2§q©,¤,«M©,¥2³�¬)«z¯?¥=ª2®[¨J©,¤¦®[¡�ª2¡ 
8§X¬Rª2«D©,¬:£b®DÑ ����º �S­.¥2³[®?·F§X¥;£.¡)«�¨J©,¥2«�¨Ò¡:¥ �[¥O§k¯?¥;ªO®[¨J©,¤X®�¡H«
£'«8¤¦©,¬:¤¢¯?¥V¡)«<©,¥2®�¤��)«<¯?¥�ª2®[¨J©X¤X®[¡Ó£?¤¦¥2¯?¬:ªO©,¬A¶[®�³[¥2¨.¥2¤,«8¡R¬R»2«�¯?® Á �ÒÑ�Ô{Ë0º �É¨�§X¥O³[­?¬R¯?«.·�¡R¥ ��¥2§Õ¯?¥�ªO®[¨J©,¤¦®[¡
±'«8§,«�¯'«8§�¥O¨�© �2ª2¨.¬Rªf«8§D¨?®�¡R¬:¨?¥f«8¡R¥2§;©X¬R£�®¼£?¤X¬:²�¥O¤<®[¤X¯.¥2¨�®�¯?¥°¥.-K©,¬:¨?ª2¬/�[¨�¯?¥2¡É²°®F¯.¥2¡R®¼¡:¬R¨?¥2«�¡R¬:»f«�¯.®
Á � � Ô{Ë0·�§X®�¨Å¯.¥2§,«8¤X¤X®�¡R¡)«8¯'«�§2ºÕÖj¥2§X­.¡:©d«8¯?®[§¼¯?¥�¡:®[§ÒªO®[¨J©,¤X®�¡R¥2§¼¯.¥�¶[¥O¡R®Kª2¬R¯?«�¯ �°«�¡A©,¬:©X­?¯�§¦®[±?¤¦¥�¡)«
£?¡R«8©d«�	´®[¤X²�«�¤¦¥f«�¡ �"�M× � �¼¯?¥;¶[¥O¡R®Kª2¬:¯'«�¯��¹¯?¬:¤X¥Oª2ª2¬/�[¨Ò§¦®[±?¤X¥ � � � ,/�
·.§¦®[¨U£?¤X¥O§X¥O¨�©,«�¯?®[§V«�¡ �'¨'«�¡Ø·
«�¡H¬R³[­'«8¡  �­?¥D«�¡R³[­.¨'«�§kª2®�¨?ª2¡:­?§X¬:®[¨?¥2§Oº
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GIHKJMLEN#OPN,JRQTSUNVH�WYXKZT[]\EZTS^HKW,\E_PZ`J]N,aFbKZcN#d4eUSUN,Jf[FHKJYg"a]NYJfehN#[3HKZcNYZciPNYZUN,aFHKLjL9XPJk[F\EN,lme�XPJknUN
a]NYJfeUSUN,Jf[3Hon�NYL�nU\Eaf\EiP\9pULEN8gKNYLq[F\9NYlrehXjQTSUN"J]N"[]XPlmHsN,LhnU\9a]\9iP\EpUL9N NYZmLDHKt,XoHKp�\ENYa�[FXse^HKa]HuLDHjN�vfN,WYSUW,\E_PZ
nUNwJ]SUJslmX)xA\Elr\EN,ZB[FXPJ,gye�NYa]lr\9[]\EN,ZUnUXz[]NYZUN,asJfNY{^H8LENYJsnUNwWYXKZT[]a]XPL|ZUX�}~S�NYaf[]NYJ�O�eUafXPeU\EHKJ�e^HKa]HMQTSUN
NYL|Jf\EJ�[FNYlmHme�NYaflzH8ZUNYt,W�HznUN,ZB[Fa]Xkn�N�LDH8J��U\9eh_K[]NYJf\EJ>nUN�L9\EZUNYHKLE\9n^HKnMnUNYL�lmXAnUN,LEXUg^JfNYiPSU\9nUXPJ"e^HKaFHmNYL
eULDHKZB[]N�HKlr\EN,ZT[]X�nUNjLEXPJ�lrXAnUNYL9XPJ nUNjWYXKZT[]a]XPL:�

�z�]� �������k�Y�s�k�j���>�������s�������o���I�#��� �����

 >Z^Hj¡]NYXPaf¢DH�eUafXK}~SUZUn^H8lmN,ZT¡]N>¡]aFHKpUH£v]HKn^HjHjLEXjLDHKafiPXjnUN>LDH�N#d4\EJ�¡FN,ZUWY\EHsnUN,LqWYXPZB¡FafXPLqHKS�¡]XPlmb8¡F\9WYX
LELEN#x8HmHze�NYZ�JFHKa"NYZ¤afNYiPSULEHKnUXPafNYJ1¡F\9ehXm¥u¦,§��qGIXKJ�nU\9J]NY{�XPJ�e�XPJf¡]SULDH8nUXPJ"HKQTSU¢�JfNoa]NYHKLE\9t�HKZ¨HmeUHKaf¡]\Ea
nUNjLEXPJ�lrX4n�NYLEXKJ a]N,nUSUWY\9nUXPJ1NYJ�¡FSUn�\DHKnUXKJ>N,Z¨L9XPJ�W�H8eU¢9¡]SULEXPJ<eUa]N,WYNYn�NYZB¡FN,JY�

©>ª:«�ªf¬ ­�®°¯²±U³�´
µ H8pU\EN,ZUnUXjQTSUN1LEXPJ²Jf\EJf¡]NYlmHKJ²J]\9lme�LE\9¶UW�HKnUXKJ·eUSUN,nUNYZr¡FNYZ�NYa$SUZ^H�a]N,eUa]N,J]N,ZT¡FHKWY\9_PZzN,ZmN,J]e^H8WY\EXjnUN

NYJf¡FHKnUX
ẋ = Ax + Bu

gqnUXPZUnUNr¸
x
NYJ>NYL°xKNYW,¡]XPa�n�NuN,Jf¡3H8nUXUg

u
LDHwJ]N,{^HKLInUNsWYXPZB¡]a]XPL:g

A
LEHrlmH8¡]a]\Et

nUN�N,Jf¡3H8nUXPJ�O
B
LDHjlzH8¡]a]\9t>n�N�LDHjJ]N,{^HKL�nUN�W,XPZB¡FafXPL�gBJfN�eUS�NYnUN¹e�LDHKZB¡FNYHKa$SUZ^H�L9N,OwnUN"WYXPZB¡]a]XPLqn^HKnUH

ºP»
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£�®[¤
u = Kpum +Ki

∫
(urer − um)dt+Kd

dum
dt

Á §X¬S¨?®°§X¥<©X¬R¥2¨.¥�¥O¨�ªO­?¥2¨J©d«°¡)«{§X«8©,­?¤X«�ª2¬&%[¨�¯?¥v¡)«
«�ªOª2¬&%[¨�¬R¨J©,¥O³[¤,«8¡ÌËP·M¯?®[¨.¯?¥

uref
¥2§¢¡R«=§X¥(''«�¡'¯?¥k¤¦¥()´¥O¤X¥2¨.ª2¬)«+*

um
¥2§¢¡R«�¶8«�¤X¬R«�±?¡:¥�ª2®�¨�©X¤X®[¡R«�¯'«;®<§X«�¡R¬:¯'«

¯?¥O¡�§X¬:§¦©,¥O²¿«Fº-,¾«8§V³[«�¨'«�¨?ªO¬)«�§k£.¤X®[£�®[¤XªO¬R®[¨?«�¡
kp
·Ó¬R¨J©,¥O³[¤,«8¡

ki
*Ò¯?¥2¤¦¬:¶8«8©,¬A¶8«

kd
§X¥�¯?¥O©X¥2¤X²°¬R¨?«�¨Uª2®[¨

¡R«D©,¥O®[¤/.R«z¯?¥;¤¦¥f«�¡:¬R²°¥2¨J©d«�ªO¬�%[¨�¯?¥;¥O§¦©d«8¯?®!*Ò«�£.¡R¬Rª2«�¨?¯?®z£b®[¤�¥10¦¥2²°£?¡:®z¡)«�©�22ªO¨?¬Rª2«�¯?¥<«�§¦¬R³[¨'«8ª2¬�%�¨Ò¯?¥
£�®[¡R®�§ Á ¶�¥2¤�3'³[­?¤X«54Fº76[Ë0º

8:9<;>=-4.º�6@?BADCFE1G�HFI>JLK�HFM�NOHQP�G�MRJ�K(S�NUT-V�W
X�¨?«z¶[¥2»<£.¡)«�¨J©,¥2«�¯'«z¡R«z¡R¥�*°¯?¥<ª2®[¨J©X¤X®[¡H«{«�£?¡:¬Rªf«8¤Õ§¦¥2³ZY?¨U¥O¡H£?¤¦®FªO¥2§X®�¥O¨¼ª2­?¥O§¦©X¬�%[¨ Á £?¤X¬:²�¥O¤oÈ\[d·

§¦¥2³[­?¨.¯?®�È\[1] ®	©X¥2¤¦ª2¥2¤zÈ\[1]^] ®[¤X¯.¥2¨�§¦¥2³ZY.¨À²�®K¯?¥O¡R®[§v¤X¥O¯?­?ªO¬R¯?®[§,Ë�§¦¥¿¥2¨.ª2­?¥O¨�©X¤,«�¥O¡¹£�®[¡:¬R¨?®[²°¬R®
ª2«�¤,«�ªP©,¥O¤/.R§q©,¬:ª2®�¯.¥2¡=§¦¬R§q©,¥2²�«�¥O¨ ¡)«�»O®�ªO¥2¤X¤X«�¯?®?º_,�®[§¿£'«8¤�`�²°¥O©X¤X®[§�¯?¥�¯?¬:§X¥('?® ®À¯?¥O§X¥2²°£�¥a'?® ¯?¥O¡
§¦¬R§¦©X¥2²�«D§¦¥;¤X¥O¡)«�ªO¬R®[¨'«8¨¿¥2¨¼­.¨Ò£b®�¡R¬R¨.®[²�¬:®cbK­.¥;¯?¥2±�¥;§¦¥2¤o¬:³[­'«�¡R«�¯?®D«�¡b£�®[¡:¬R¨?®[²°¬R®<¯.¥;¡)«�»O®zªO¥2¤X¤X«�¯?®
*�¯.¥°¥O§¦©,«	¬R³�­'«�¡)«8ª2¬�%�¨
·Ó§X¥°¤X¥2ªO­?£�¥2¤,«8¨�¡R®�§;¶�«8¡R®[¤¦¥2§<¯?¥�¡R®�§<ª2®K¥(3'ªO¬R¥2¨J©X¥2§z¯.¥°¡:®[§<¤X¥O³[­?¡R«�¯?®[¤¦¥2§ Á

Kp

·
Ki

·
Kd

*
k2d

ËP·F©d«�¡
ªO®[²°®°¥O§j£?¡)«�¨J©X¥f«�¯?®�£�®[¤k¡)«z©X¥2®[¤d.)«�¯?¥�«�§¦¬R³[¨'«8ª2¬�%�¨¼¯?¥v£b®[¡:®[§2º

e�f�g>f�g hjilknm\onoqpsr1rFputviwoqilxsyvrFmstvpsozilk

{ ®[¨?§¦¬R¯?¥O¤,«�¨.¯?®Ò¡)«�©,¥O®[¤/.R«�²°¥2¨?ªO¬R®[¨'«8¯'«5*�¥2¡�¥2§dbK­.¥2²�«Ò¯?¥z¡R«53'³[­.¤,«|4.º�6�§¦¥{¯?¥2§X«�¤X¤¦®[¡R¡R«�¤X®�¨	¡:®[§
¤¦¥2³[­?¡R«�¯?®[¤¦¥2§k£'«8¤,«�ªf«�¯?«�­.¨?®�¯.¥�¡:®[§k²°®F¯?¥O¡R®[§�¤X¥2¯.­?ª2¬:¯?®[§2º-,S«�§k£.¤X­?¥O±'«�§V¯?¥v¥2§¦©X®[§j¤X¥O³[­?¡)«8¯?®[¤X¥O§k§X¥
¤¦¥f«�¡:¬R»f«8¤X®[¨Ò§¦®[±?¤¦¥D¥O¡�¥2§/b�­?¥O²¿«�¯?¥v§X¬:²{­?¡R«�ª2¬&%[¨Ò£?¤¦¥2§X¥O¨J©d«�¯?®�¥2¨�¡)«@3'³�­?¤,«54.ºAÙ[º
}�~��D����~��_����������~����O�����

� §¦­?²°¬R¥2¨.¯?®¼¥2¡�²�®K¯?¥2¡:®¿¯?¥�ªO®[¨J©,¤¦®[¡ £'«8¤,«Ò¡)«°¶[¥2¡:®FªO¬R¯'«8¯�«�¥2¤¦®F¯.¬R¨�`�²°¬Rª2«�«Ò¡R«�b�­?¥�¥2¡�¯?¬R¤¦¬R³[¬:±?¡R¥
§¦¥�¯.¥2§X£.¡)«�»2«°ªO®[²�®�§¦¥D£.¤X¥2§¦¥2¨J©d«�«�ª2®[¨J©,¬:¨�­'«�ª2¬&%[¨
·

H(s) =
va(s)

T (s)
=

κ

τs+ 1

Á 4.ºAÙ6Ë
*¼£?¡R«�¨J©,¥2«�¯?®�¡)«{¡:¥(*¼¯?¥vªO®[¨J©,¤X®�¡�§X¬R³�­?¬R¥O¨�©X¥!�

T (s) = kpva +
ki
s

(vr − va)
Á 4.º�6[Ë

§X¥<©X¬R¥2¨.¥�¥O¡�£b®�¡R¬R¨.®[²�¬:®D¯.¥�¡R«�»2®�ªO¥2¤X¤X«�¯?®
Æ	4
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s2 −
1

τ
(1 + κkp)s+

κ

τ
ki

Á 4.ºR4JË
ÎF¥O¡R¥Oª2ª2¬:®[¨'«�¨.¯?® ­?¨ £b®[¡:¬R¨?®�²�¬:®

s2 + 2ζwns + w2
n

·�§X­�0¦¥P©,® « ¡:®[§ÒªO¤X¬:©X¥2¤¦¬R®[§Ò¯.¥�¯.¥2§X¥O²�£�¥a'.®
¯?¥2¡V§X¬:§¦©,¥O²¿«�¥2¨½¡R«�»2®�ª2¥O¤X¤X«�¯?®?·¹§X¥	¤X¥f«8¡R¬R»2«�¡R«�¬:³[­'«�¡R«�ª2¬&%[¨ ª2®�¨½¡)«�¥2ªO­'«�ª2¬&%[¨ 4Fº�4 * §¦¥�®[±F©,¬R¥O¨?¥2¨
¡R®[§�¶8«�¡R®�¤X¥2§�¯.¥	¡:®[§�¤X¥O³[­?¡)«8¯?®[¤X¥O§2·

Kp = 14.3333
*
Ki = 7.9012

ºs,�®[§�¤X¥O§X­?¡A©d«�¯.®[§�®[±.©,¥O¨?¬R¯.®[§
£b®[¤�¥O§¦©,¥�¤X¥O³[­?¡R«�¯?®[¤�§¦¥�£.­?¥2¯?¥O¨ «�£?¤¦¥2ªO¬)«�¤�¥O¨ ¡R« 3?³[­?¤,« 4.ºR4.·\b�­?¥U²{­?¥O§¦©,¤X«�¡R«�¥O¶[®�¡R­?ªO¬�%[¨ ¯?¥U¡)«
¶[¥2¡:®FªO¬R¯'«8¯°ªO­'«�¨?¯.®D§¦¬R³[­?¥k­.¨'«�¤¦¥()´¥O¤X¥2¨.ª2¬)«<ªO®[¨?§X¬:³[¨'« Á

Vr
Ë *{¡)«;¡)«;¤¦¥f«�ªOª2¬&%[¨�¯?¥j¡)«;§X¥(''«�¡Ó¯?¥jª2®�¨�©X¤X®[¡Ø·

£?¤X¥O§X¥2¨J©,«�¨?¯?®�­?¨DªO®[¨J©,¤¦®[¡Jª2®[¨�±'«�0¦®j§¦®[±?¤X¥��h£'«8§X®[§ Á §¦®[±?¤X¥��h£?¬:ª2®[§,ËPº�XV¨D¥O§¦©X­?¯?¬R®j¯?¥É¥O§¦©d«8±?¬R¡:¬R¯'«�¯<§¦¥2³ZY.¨
¡)«�¶8«�¤¦¬)«�ªO¬�%[¨�£'«�¤X«�² 2P©,¤¦¬Rªf«°¯?¥2¡�§X¬:§¦©,¥O²¿«F·bªO­'«�¨?¯?® )´­?¨?ª2¬:®[¨'«¿¥O¨�¡)«�»O®¿ªO¥2¤X¤X«�¯?® Á

H(s) = vs(s)
vr(s)

ËP·�¥2§
£?¤X¥O§X¥2¨J©,«�¯'«�¥O¨	¡R«�3'³[­?¤X«54Fº Ð ·.²�®[§q©,¤X«�¨?¯?® b�­?¥�¥2¡
§¦¬R§¦©X¥2²�«�£b¥O¤X²�«�¨?¥2ªO¥v¥2¨�¥2§¦©,«�±?¡:¥�º
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}�~��D����~��_��� × �<���<��� �
{ ®[¨?§¦¬R¯?¥O¤,«�¨.¯?®�¥2¡k²°®F¯?¥O¡R®�£?«�¤,«�¡)«�«8¡:©,¬A©,­?¯�¯?¥2¡k¯?¬:¤X¬:³[¬R±?¡:¥�¥O¨ ¡)« )¸«�§¦¥�¯.¥Ò¶F­.¥2¡R®�ªO¤X­?ªO¥2¤X®�§X¬ �

³[­.¬R¥2¨J©X¥!�

H(s) =
z(s)

δe(s)
=

kzk3

s3 − k2s2 − k1s

Á 4.º Ð Ë
¡)«{¡:¥(*¼¯.¥�ªO®[¨J©,¤¦®[¡\�

δe(s) = kpz +
ki
s

(zr − z) + kdθ + k2dq
Á 4.º Æ[Ë

§X¥v¥O¨?ª2­?¥O¨J©,¤,«°¥2¡�£�®[¡R¬:¨?®[²°¬R®D¯?¥v¡)«�»O®�ª2¥2¤¦¤,«�¯.®�¯?¥v¡R«{¥2ª2­?«�ª2¬&%[¨	§¦¬R³[­.¬R¥2¨J©X¥

s4 − s3(k2 + k3k2d) − s2(k1 + k3kd) − s(kpk3kz) + kzk3ki
Á 4.º��JË

�¢¡)«�¨J©X¥f«�¨?¯.®¿¥2¡S£�®[¡R¬:¨?®[²°¬R®
(s2 + 2ζwns + w2

n)(s + 1/τ1)(s + 1/τ2)
§¦¥2³ZY.¨�¡R®[§Vª2¤¦¬:©X¥2¤X¬:®[§j¯?¥

¯?¬:§X¥('?®	¯.¥2¡É§X¬:§¦©,¥O²¿«U¥2¨�¡)«�»O®Uª2¥2¤¦¤,«�¯.®�¥°¬R³[­'«8¡)«�¨?¯.®U«�¡R«�¥Oª2­'«�ªO¬�%[¨ 4.º���§¦¥¿®[±F©,¬R¥O¨?¥2¨�¡R®�§v¶8«�¡:®[¤X¥O§
¯?¥°¡R®�§<¤X¥2³�­?¡)«�¯.®[¤X¥O§�§¦¬R³[­.¬R¥2¨J©X¥2§5�

Kp = 20.8889
·
Ki = −3.5654

·
Kd = −167.5604

*
K2d =

−31.0141
ºz,�®[§k¤X¥O§X­?¡A©d«�¯?®�§k¯?¥v¡)«{§X¬:²{­?¡R«�ª2¬&%[¨¿ªO®[¨U¡R®[§k£?¤¦¥2§¦¥2¨J©,¥O§�¯?¥O§,«�¤¦¤X®[¡:¡R®[§�§X®[¨U²°®[§¦©X¤,«�¯?®�§k¥2¨

¡R«!3?³[­?¤,«54.º ÆF·'¯?®[¨.¯?¥D§¦¥D®�±?§X¥O¤¦¶8« b�­?¥�¥2¡S§X¬:§¦©X¥2²�«°§¦¬R³[­?¥v¡R«�¤¦¥()´¥O¤X¥2¨.ª2¬)« Á
zr
ËP·'²�«�¨J©,¥2¨.¬R¥2¨.¯?®�±?«�0X«�§

¶�¥2¡R®Kª2¬:¯'«�¯?¥O§µ¯?¥
q
*{¥2¨

w
·�¡:®^b�­?¥j¬R¨?¯?¬:ªf«+b�­?¥k§¦¥k£b¥O¤X²�«�¨?¥Oª2¥k¥2¨�¡R«=»2®[¨?«<¶ `�¡:¬R¯'«V£'«�¤X«;¡R®[§µ²°®K¯?¥2¡:®[§

¯?¥vªO®[¨J©,¤X®�¡ º
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}@~��D� ��~��:� � � � ��������������� ������~���~-������~��D���q�
ÎF¬F¯?¥(3?¨?¬R²°®[§ ¥O¡.²°®F¯.¥2¡R®v4.º Ð ª2®[²°®=¡R«=¤X¥O£?¤X¥O§X¥O¨�©,«�ª2¬&%[¨�¯?¬:¨�`�²°¬Rªf«V¯?¥o¡R«�¯?¬:¤X¥2ªOª2¬&%[¨{¯?¥O¡.¯?¬:¤X¬R³�¬R±?¡:¥

¥2¨�¥2¡�£?¡R«�¨?®�Í?®[¤¦¬R»2®�¨�©,«�¡ Á	� Í?¥2«�¯?¬:¨?³�
 Ë:*¼¡)«{¡:¥(*¼¯?¥vªO®[¨J©,¤X®�¡
ª2®[²°® �

δg(s) = Kpψ +
Ki

s
(ψr − ψ) +Kd

dψ

dt

Á 4.º
�[Ë
§¦¥�£.­?¥2¯?¥�²°®[§¦©X¤,«�¤ b�­?¥�¥2¡�£�®[¡:¬R¨?®[²°¬R®�¥2¨�¡)«8»2®�ª2¥O¤X¤,«8¯?®�¥O§c�

s3 + s2(τ − κKp) + va(κKd)s− vaκKi

Á 4.º��JË
ÎF¬j¥O¡�£�®[¡R¬:¨?®[²°¬R®�¯?¥O§X¥2«�¯?®�¶K¬R¥O¨?¥�¯?«�¯?®�£�®[¤

(s2 + 2ζwns + w2
n)(τs + 1)

·Õ¯.®[¨?¯?¥
ζ
*
wn§X®[¨ ªO®F¥�3'ª2¬:¥2¨J©,¥O§¼§X¥2¡:¥2ªOª2¬R®�¨'«�¯?®[§�§X¥O³ZY?¨ ª2¤¦¬:©X¥2¤X¬:®[§¿¯.¥�¯?¬:§X¥a'.®?·�§¦¥�©,¬:¥2¨?¥�«�¡�¬:³[­'«�¡R«�¤�ª2®[¨j4Fº
��¡:®[§

ª2®K¥(3'ªO¬R¥2¨J©X¥2§z¯.¥2¡¢¤X¥O³[­?¡R«�¯?®[¤O·
Kp = −0.655496

·
Ki = 0.034447

*
Kd = 1.775082

º�,¾«|3'³�­?¤,«
4.º �D£?¤X¥O§X¥2¨J©,«�¡:®[§¹¤X¥2§¦­?¡:©,«�¯?®[§Õ¯?¥;¥O§¦©d«D¡R¥(*°¯?¥=ª2®[¨J©,¤¦®[¡ ·�¯?®�¨?¯?¥;§¦¥;®[±?§¦¥2¤¦¶8«@b�­?¥=§X¥;²�«�¨J©,¬:¥2¨?¥�±'«�0X«�§
¶[¥2¡:®FªO¬R¯'«8¯?¥2§V¯?¥

r
*
v
·Ó£b¥O¤¦©,­.¤X±'«�¨.¯?®�²°¥2¨.®[§�¥O¡�ª2®[²°£�®[¤¦©,«�²�¬:¥2¨J©,®�¡:¬R¨?¥2«�¡
¯?¥O¡S§X¬R§q©,¥O²¿«�¥2¨�¡)«!)¸«�§X¥

¯?¥vª2­?¥O¡R®°ª2¤X­.ª2¥2¤¦®?º
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N2∑
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*abzD)3;E>3;W)(�3;?A5)$|+�3;=)?|=)D@(0$8-/.0*hY�D)2}5)?|.03;*�Y�&i?AD)-@?p=)*hE>?4+O2G$HY�3>-)?4+O$�+�*�C4D)3>(O&~?4(gE;?4+O3>-)C4*,-@3;*,(�?4+
=)*�2,?4-/.0(�?4ENa)�X*�E�$H.�3>JH$8Y[*,-/.0*HR\-zD)*IJ8$H+X./2,2,-@3;2G$H+�=)*�2,?4-/.0(�?4E_57$8-|+�3;=)?�&)E;$8-/.0*G$H=7$8+�+�*�CZY)-^E�$VE>3;-)*,$��
E;3;K,$82,3&%4-A=)*�E>?4+]Y[?\=)*�E;?4+�R\*�+�=)*,2�3;(,R@+�*,C	Y)-p+�D^JH$8E>3;=)*�KkE;?w2G$HE L:*,-^D)-7$h+�D)&i*,(F372,3>* U ?�C4E>?4W7$8E L:.0?w=)?
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{ D7$H-)=)?�D@-FY[?\=)*�E;?�E;3>-)*G$HE;3;K,$8=)?k+�?4W)(�*gD)-�&)D)-/.0?�=)*�?8&~*�(0$82�3�%4-[=)*10�$v=)*X+�*,(tJ `8E;3>=)?)R4+�*�=)*�W~*
&~*�-)+0$8(�*,-B=@3&):*,(�*,-/.0*�+gY[?\=@*,E;?8+XE>3;-)*,$8E;3>KG$8=@?4+�*,-B=@3&):*,(�*,-/.0*�+g&)D@-z.�?4+g=@*�?4&i*,(�$82,3&%4-�a #PE�2�?4-�0�D)-/.0?
=)*9*,+c.0?4+AY[?w=)*,E>?4+�E>3;-)*,$8E;3>KG$8=@?4+�*,+�E;E;$8Y�$8=)?1Y�?w=)*�E;?'E>3;-)*,$8E�.}$8-@C4*,-/.0*Ha � E>C4D)-)?8+F+�3>+�.�*,Y�$8+F=)*
2,?4-/.0(�?4Ei=)*�JwD)*�E;?�=@*g&)3>E;?8.�?4+Z$8D@.�?4Y�` .03;2�?4+Z&7$8(�$�E;?8+ $GJw3;?8-)*,+ ?�+�3>+�.�*,Y�$8+:bzDq.>Y�3>2,?4+Z&i?4(t*10�*,Y[&)E>?)R
+�?4-^(�*,$8E;3>KG$8=)?8+�2,?4-|E�$�$ *wD)=7$�=)*�*,+c.0?4+�Y[?\=)*�E;?4+�a

��$8(0$hD)-^+�3>+�.0*�YF$h-)?[E;3>-)*G$HEuE�$V(�*,&)(�*,+�*,-/.}$82�3�%4-p=)*�*,+c.}$8=)?[&)D)*�=)*�+�*�(��

ẋ = f(x, u)
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=)?8-)=)*
f
*,+v2,?8-)+�3>=)*,(�$8=)?xD@-'2,$8Y�&i?|J4*,2I.0?4(�3�$8EZ&7$H(0$8Y[*�.�(�3;K,$8=)?|&i?4(�E;$�*,-/.0(�$8=7$

u
*1+�?4W)(�*

D)-7$�JH$8(�3;*,=)$8=F=)*X*,+c.}$8=@?
M
R�bwD@*k&)D)*�=)*g+�*,(�$8+�?\2�3�$8=)$�$vD)-7$�+�D)&i*,(d3)2,3;*Ha � +/.NRw$v2G$8=7$v&7$8(

(x, u)*,E%2G$8Y[&i?�$H+�?w2,3�$hD)-)$�=)3>(�*,2�2,3&%4-
f(x, u)

.0$8-)C4*�-z.�*�$�E�$VJH$8(�3;*,=)$8=|=)*�*�+�.0$8=)?
M

*,-p*,E%&)D)-/.�?
P=)*�2�?\?4(�=)*,-)$8=7$

x
a #P-x*,Ef2G$H+�?A=)*�E�=@3;(�3>C43;W@E;*8R

f
*�+gD)-x2G$8Y[&~?�=)*�):D@*,(�K,$8+v*^*�+gY[?\=)3�372G$H=)?�&~?4(

E�$8+�*�-z.�(0$8=)$8+g$HE�+�3>+�.0*�YF$!bzD)*�+�?8-pE;$�&@(�?4&)D@E;+�3&%4-�R@$8E;*�(�?4-)*�+,R)J8*,2�.�?4(�3>KG$82�3�%4-B*�(�?8.0?8(�=)*�2,?4E;$@a
� *Z&)D@*,=)*t2,?4-@+�3;=@*,(0$H(fE;$�$8&)(�?�!\3>YF$82�3�%4-�$�&)(�3;Y[*,(_?4(�=)*,-v=)*�E/2,?4Y[&~?8(�.}$HY�3>*,-/.0?]=@*tD@-�+�3>+�.�*,Y�$@R

2,?4Y[?V*,E~&)E�$H-z.�*G$8=@?V&~?8(sE�$v*,2�D7$82,3&%4- 4@aQ`$�\Rw*,-�E;$vJ4*�2,3>-)=7$8=|=)*kD@-�&)D)-/.0?h=)*g*abzD)3;E>3;W)(�3;?�L
x0, u0

U R
D@.03>E;3;K,$8-)=)?h*�E_=)*,+�$8(�(�?4E;E>?V*,-^+�*�(�3>*,+X=)* o $ *wE;?4(�=@*

f
a

f(x, u) = f(x0, u0) +
∂f

∂x
(x0, u0)(x− x0) +

∂f

∂u
(x0, u0)(u− u0) + ς(x− x0, u− u0)

L�4@aQ`�� U
=)*�+�&)(�*,2�3�$8-)=@?hE;?4+t.�2,(�Y�3>-)?4+ =)*k?4(�=)*,-�+�D)&~*�(�3>?4(]*k3>Y�&i?4-)3>*,-)=)?

δx = x− x0 * δu = u− u0 RE�$h*,2�D7$82,3&%4- 4@aQ`$�V&)D)*,=@*�+�*,(�(�*�+�2,(�3>.0$[2�?4Y�?B�

δẋ =
∂f

∂x
(x0, u0)δx+

∂f

∂u
(x0, u0)δu

LO4@aQ`�l U
bzD)*A*�+VE�$p(�*,&@(�*,+�*,-/.}$H2,3�%8-yE;3;-@*G$8EZ=)*�Es+�3>+�.�*,Y�$x+�?4W@(�*A*�Es&)D)-/.�?9=)*F?4&i*,(�$82,3&%4-�a � 5)?8(0$x+�3s+�*

2,?4-)+�3;=)*�(0$8-9E>?4+g=@3&):*,(�*,-/.0*�+OY�?w=)*�E;?4+X*,-9E>?4+g=)3�):*,(�*,-/.0*�+k&)D)-/.0?8+O=)*V*abzD)3>E;3>W)(�3>?)R7*,E�Y�?w=)*,E>?�(�*,+�D)E �
.}$8-/.0*h*�+O*,E E>E�$8Y�$8=)?�Y�?w=)*�E;?FE>3;-)*,$8(�.0$8-)C4*�-/.0*8a�X�-7$F.�*,?4(d.�$AY�$8+k&)(�?	):D)-)=7$�*xE�$F=@*,Y[?4+�.�(0$82�3�%4-
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=)*�E�$�C8?4W~*�(�-7$HW)3;E>3;=7$8=^E;?w2G$HE�&)D@*,=)*�-{+�*,(k2�?4-)+�D)E>.0$8=7$8+k*�-�m �f.�] � { lZ4Hqra�,%$A* !\&)(�*,+�3&%4-1$8-7$HE�.>.�3;2,$
&7$H(0$�*,E�Y�?w=)*�E;?OE;3>-)*G$H( .}$8-)C8*,-/.0*X*,-5):D)-)2,3&%4-[=)*,Ei&)D)-/.0?�=)*X?4&~*�(0$82�3�%4-�&)D@*,=)*�+�*,(t*,+�2,(�3>.}$�2,?8Y�?5�

δẋ = F (x0, u0)δx+G(x0, u0)δu
L�4@a�6�� U

{ ?4-)+�3;=)*�(0$8-@=)?�E�$�*�2,D7$82�3�%4- 4@a�6��V+�*c):?8(�YVD)E;$�D)-)$�E>*(*F=)*O2,?4-/.�(�?4E
δu

&~?4(s2,D7$8E&bzD)3;*�(]Y 2I.0?w=)?
E>3;-)*,$8E�L:D)W)3;2,$82,3&%4-1=)*�&~?8E;?4+�R�(�*,$8E;3>Y�*�-z.0$82,3&%4-B=)*[*,+c.}$8=@?)R_2,?4-/.�(�?4E\%4&\.03;Y[?)R~*�.02 U a � 3P+�*5):?8(�YVD)E;$
E;$|E>*(*9=@*[2�?4-/.0(�?4EZ*,- ):D)-)2,3&%4-{=)*,EZ&)D)-/.�?p=)*[?4&i*,(�$82,3&%4- *1&~?4(O(�*G$8E>3;Y[*,-/.}$H2,3�%8-9=)*�*,+�.0$8=)?p2,?4-
(�*():*,(�*,-)2�3�$

δv
+�*v.�3;*,-@*!�

δu = −K(x0, u0)δx+ δv
LO4@a�6\` U

#P+�.0$'E;*�* 2,$8E;2�D)E�$H=7${E>?\2,$8E;Y[*,-/.�*8RP=)*�W~*B+�*,(�3;-/.0*�C4(0$8=)$�&7$8(�$'*,-@2,?4-/.0(�$8(FE;$�E>*(*�2,?8-z.�(�?4EX-)?
E>3;-)*,$8Eq*�$8&)E;3>2G$8(�E�$O$�.0?w=)?�*�E~*�+�&7$82�3;?�=)*g*�+�.}$H=)?)R�bwD@*,=7$8-@=)?hE�$8+tC/$8-)$8-)2,3;$8+t$8=7$8&\.}$8W)E>*,+ $8Ei&)D)-/.0?
=)*g?4&~*�(0$82�3�%4-�+�3>-�(�*,2�D)(�(�3;(s$�*,+c.03;Y�$8=)?8(�*,+ =)*,E~&)D)-/.0?h=@*k?4&i*,(0$H2,3�%8-�*F+�3;-A2�?4-)YVD\.}$82�3;?4-)*�+,a #Z+c.}$
3>-z.�*,C4(�$82,3&%4-�*,+�*�E_&7$8+�?[Y `8+�=)3&) .>2,3>E�*�D@-7$[(�*,&)(�*,+�*,-/.}$82�3�%4-^&7$8(�$h*,E;E;$V*,+c�

u = Ω(x, v)
LO4@a�6Z6 U

,_? =@*,+�2�(�3Q.0?�$H-z.�*,+�R�&)D@*,=)*�+�*,(^3;E>D)+�.�(0$8=@? &i?4(|E�$ 37C4D@(0$ 4@a>` � a ��$8(�$ C/$H(0$8-/.03>KG$8(�*�E�W)D)*,-
):D)-@2,3;?8-7$8Y[3;*,-/.�?�+�*k=)*,Wi*k(�*,+�&i*�.0$8(]E;$�2,?8-)=)3;2�3�%4-�=)*k*(bwD@3;E;3>W)(�3>?�&7$8(0$�E�$�2�D7$8E~+�*k=)3>+�*(')?VE�$vE;*�*4RwE�$
)�$8+�*�=)*OJ\D@*,E;? �Z� � �Z����~ a

8 9<;>=D4@aQ` � ?BA C1EFG�HFI JvK�HFM�NOHQP�G�MRJ�K(S�N������&T	�

e�f��vf�g hjilknm\onoqpsr1rFputviwoqilxsyvrFmstvpsozilk

,%$h-)?\2�3�%4-|=)*v+�3>+�.�*,Y�$8+�=)*v*,+�.�(�D)2I.0D)(�$�.�(�3;$8-)C4D)E;$8(]-)?8+XE>E;*IJ8$H-|$[&i*,-)+�$8(�bzD)*�*�E_=)3;(�3;C43>W)E;*�*,-
E;$@)�$8+�*O=)*OJwD)*�E;?�2,(�D)2,*�(�?)R�2,D@Y�&)E>*k2,?8-pD)-|-�Y)Y[*,(�?�(�*,=)D)2�3;=)?�=)*�E>3;Y[3>.}$H2,3;?8-)*,+Z*,-^*,E_*(bzD)3;E>3;W)(�3;?)R
*�+s=)*�2,3;( +�*X.03;*�-)*XD)-A*abzD)3>E;3>W)(�3>?v&)$8(�2�3�$8ErR/*,Ei2,D7$8E~$8&7$H(�*,2�*g&7$H(0$�E>?4+ +�3;+c.0*,Y�$8+t=)*�.�3;&i?v.�(�3;$8-)C4D)E;$8(,a
,%$ 37-)$8E;3>=7$8= =@*B*,+c.0?4+�+�3;+�.�*,Y�$8+F*�+A&i*,(�Y[3>.�3;(�E�$�+/.;-/.�*,+�3>+A=)*BE>*(*8*,+A=)*x2,?4-/.0(�?4Eg*�-6=)3&):*�(�*�-z.�*,+
*I.}$8&7$H+,Ri=)*�.0$8El):?4(�Y�$5bzD)*�$�2,$8=7$F&7$H+�?F+�*�.0*�-)C/$[D)-B-�Y)Y[*,(�?�(�*�=)D)2,3>=)?A=)*vJH$8(�3;$8W)E;*�+>*pY[*,-@?4(
2�?4Y�&@E;*10�3>=7$8=A*�-pE>?4+�Y[?\=)*�E;?4+�R\.0$8E_2,?4Y[?h+�*v(�*,$8E;3>Ka%V*�-pE;$h+�*,2�2,3&%4-�`8a �)a

� �



�s�����<�O��
�
 ����� ���	�n
���
�
������ �z�	�d� ��
�������
�
��	�������x
��)


#P+�.�*^.�3;&i?1=)*p(�*,C4D@E�$8=)?8(�*,+�E>E�$8Y�$8=)?4+�.}$8YVW@3�2,-�+�*,D)=)?���2,?8Y�&i*,-)+�$8=)?4(�*,+�R +�?4- =@*,+0$H(�(�?8E;E�$H=)?4+
2,?4-|E�$�37-7$8E>3;=7$8=F=)*^3 0�$8(]E>?4+]&i?4E;?8+s=)*�E�Y�?w=)*�E;?VE>3;-)*,$8(t.0$8-)C4*�-/.0*v$VD)-AJH$8E;?8(s3;-@=)*,&i*,-)=@3;*,-/.�*O=)*,E
&)D)-/.0?V=@*g?4&i*,(�$82,3&%4-�a { ?4-)+�3;=)*�(0$8-@=)?V*,E�*�+/bzD)*,Y�$�=)*�E�$�37C4D)(�$@4@aQ` � *�&@(�?4W7$H-)=)?�E>?4+Z=)*,+�$8(�(�?4E;E>?4+
*,-<+�3;YVD)E;$82,3&%4-{+�*,C	Y)-<*,Et*,+dbzD)*,Y�$xY[?4+�.�(0$8=)?p*,-<E;$ 3)C4D)(0$�4@aQ`4R�+�*F=)3>+�*('7$8(�?8-'E;?8+�(�*,C4D)E;$8=)?4(�*,+
&7$8(0$�E;?4+f=)3>J8*,(�+�?4+ +�3;+c.0*,Y�$8+�(�*,=@D)2,3>=)?4+,a { ?4Y[?g(�*(bzD)3;+�3>.0?g$8-/.0*�+ =)*s(�*G$8E>3;K,$8(�$HE;CZY)-�&)(�?w2,*�=)3;Y[3;*�-/.0?
&7$8(0$OE;$k?4W@.0*�-)2,3&%4-h=)*�E>?4+P2,?4-/.�(�?4E>*,+ &i?4(P*,+c.}$k.�2�2,-)3>2G$@R8+�*�=)*,Wi*�C/$8(�$8-/.03>KG$8(#bzD)*�*�E7Y�?w=)*�E;?kE>3;-)*,$8(
.}$8-)C8*,-/.0*|L:2G$8+�? � [ � � U =@*,&i*,-)=7$�+�?4E>?F=)*VE;$[JH$8(�3�$8W)E>*�=)*�*�+�.}$H=)?|$�2�?4-/.0(�?8E�$8(�* bwD@*V+�*V2�D)Y[&)E�$
E�$F2�?4-)=)3>2,3�%8-B=)*VC4?8W~*�(�-7$8W@3;E;3>=7$8=^E;?w2G$8EsL ∂f

∂u
(x0, u0) 6= 0

U a�,_?4+k=)*�+0$8(�(�?4E>E;?4+LbzD)*h+�*h=@*,+�2�(�3>W~*�-1$
2,?4-/.03>-zD7$82,3&%4-�R7$H+�D)Y[*,-^2,?4Y[?hJ4*�(�=7$8=@*,(0$[*,+c.}$�2,?4-)=@3;2,3&%4-�a

}@~��D� ��~��:� � ����� ~l���O�����
��$8(0$h*,+c.0*v2,?4-/.�(�?4E_+�*�$H+�D)Y[3�%h*�E_Y�?w=)*,E>?hC4*,-@*,(0$HE_=)*�E�$V&)E;$8-/.}$B�

mu̇ = Fm cosµ+
1

2
ρu2SrefCT t

L�4@a�6	4 U
=)?8-)=)*

u
*,+XE�$hJ8$H(�3�$HW)E;*O=)*�*,+c.}$8=)?@R

µ
*,E `8-)C8D)E;?[=)*�J4*,2I.0?4(�3;K,$82,3&%4-�R�C4*,-@*,(0$HE;Y[*,-/.0*�&)(d%�!\3>Y�?

$v2�*,(�?�*,-�E�$^)�$8+�*�2�(�D)2�*,(�?�*
Fm

*�+ E;$�+�*a'7$HEi=@*X2�?4-/.0(�?4ENa #PE�&)D)-/.0?v=)*X*abzD)3>E;3;W@(�3;?g*,+�.0$�=7$H=)?�&i?4(��

u2
0 =

2Fm0 cosµ

ρSrefCT t

L�4@a�6 � U
*�*�E_+�3>+�.0*�YF$hE>3;-)*,$8( .0$8-)C4*�-z.�*�?�=)*�&)(�3;Y[*,(]?8(�=)*�-p*�+��

δu̇ =
ρSrefCTtuo

m
δu+ cosµ

m
δFm

δu̇ = a(uo)δu+ b(uo)δFm

L�4@a�6 � U
]g*�37-)3>*,-)=)?[E�$VE>*(*�=@*v2�?4-/.0(�?4E_2,?4Y[?B�

δFm = −K(u0, Fm0)δu+

∫
(δuref − δu)dt

LO4@a�6 � U
.0$8E�bzD)*g*�Ei+�3;+c.0*,Y�$O*,-�E�$8K�?�2�*,(�(�$8=)?)RzE>*(*h=)*X2,?8-z.�(�?4E�4@a�6 ��YF$H+t&@E�$8-/.}$\R/+0$H.�3;+d)�$HC/$8-�E;?4+Z(�*abzD)* �

(�3;Y[3;*�-/.0?4+]=@*v=@*,+�*�Y�&i*a'@?
s2 + 2ξwos+ w2

o

*�*�(�(�?8(�*,-^*,+�.0$8=)?[*,+c.}$8W)E>*�-wD@E;?)R)+�*O.03;*�-)* �

k(uo) =
−2ξwom−ρSrefCTtuo

cosµ
m

ka(uo) = mw2
o

cosµ
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Fm(t) =
−2ξwomu(t)

cosµ
−

1

2

ρSrefCT tu
2(t)

cosµ
+
mw2

o

cosµ

∫
(uref(t) − u(t))dt
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ż = −u sin θ

θ̇ = q
q̇ = k2q + k1θ + k3δe
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δe0 = 0
θ0 = 0
q0 = 0
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δż = −u cos θ0δθ

δψ̇ = δq
δq̇ = k2δq + k1δθ + k3δδe
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δδe = −K(z0, θ0, q0, δe0)δx +

∫
(δzref − δz)dt
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δx

*�+�E�$VJH$8(�3;$82,3&%4-�=)*,E�J8*,2I.0?4(X=)*v*,+�.0$8=)?)R
K = [kz, kθ, kq]
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(s2 + 2ζwns+ w2
n)(s+ 1/τ1)(s+ 1/τ2)
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δe = w2
n

−u cos θk3τ1τ2

∫
(zref − z)dt− τ2+τ1+2ζwn

τ1τ2k3
q+

−1+2ζwn(τ1τ2)+τ1τ2(w2
n+k1)

τ1τ2k3
θ + 2ζwn+τ1+τ2

τ1τ2k3u cos θ
z
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ṙ = k2r + k1δg

o �
	(� º
p

ZdRj¡[X�R�`YR RUTrhYn
`T¡[]lV
R1R�~An
X�T�X%xYP[X%]z¸

���



��������� ���	��
���
�
��������x
 
 � � �/�	
����c������
������ �����C
��d
�� �

δg0 = 0
r0 = 0
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δψ̇ = r

δψ̇ = k1δψ + k2δg

L�4@a�4 � U

� 3�E�$�E;*�*�=)*X2,?4-/.0(�?4Ei+0$H.�3;+d)�$H2,*�*,-AE;$8K,?v2,*�(�(�$8=)?�*�E�=)*,+�*,Y[&~*(')?@3 0�$8=@?�&i?4(ZE;?4+t&~?8E;?4+P+�*,CZY)-FE�$
*�2,D7$82�3�%4-

s3 + s2(2ξw0 + 1
τ
) + s(wo

2 + 2ξwo
τ

) + w2
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τ
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*�+��

δg =
w2
n

k1τ

∫
(ψref − ψ)dt−

2ξwnτ + 1

k1τ
r −

w2
nτ + 2ξwn
k1τ

ψ
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465ON PRQTSU:�FIV
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aUbdcebgf h]iGjWk;lmiKjWk;l�jengopngq`ngrWlmktsuiwvxixk;l6yWo+iwrWlmk;v{zKjWkR|~}WrWng�U��bRb�btb�btb�btb �w�
aUbdcebdc ��kuiwop�OzK�+iwrWo+k�lOz(�po�z>�Ekus;�+iwopnOz{�wyW�pngv{z bRbtb�btb�btb�btbRb�btb�btb�btb �w�
aUbdcebd� h]iGjWk;lmi`��suiw��lmk;��jWk�suiw�G�po+iwl�ng�Uk;o+s;nOz@lZbRbtb�btb�btb�btbRb�btb�btb�btb �`c
aUbdceb a ��o�zu�Ekus;�+iwopnOzw�~qEk;�Uk;o�zwjUzw�~k;���pngv�}WlOzws;nm�w�.btb�btb�btb�btbRb�btb�btb�btb �@a
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¦¨§;Á ÂÄÃ@Å{«¨³£Æ	²�Å{²´³£µ�« °¨ÇÉÈZ­ÊÅRË�Çt²~¬Ì®x­Ê³ÍÅ
@ÏÎWÐ;ÑÓÒ�Ô$6eÕ�Ö�ÑÓ×!1�ÒÍÑ�6eÕ=6�,/IØÒÍÐÓ×!-�6eÕJÙ�Ò�ÔTÚ�Ñ�6eÛ�¸GÐ;×TÜ@Ú2h6Ö�ÑÓÒÍÕÓÒÍÎUÐ;Ú&Ù�6eÕKÒÍÎÝÔ$6eÕ(Ú&Þ�ßeÕ � ^ h�ÕÓÒ�ÒÍÎ�Ü@à�ÒÍÎWÐ;Ñ;ÚÔTÚ�Ù�ÒÍÐÓÒ@ÑØá�×IÎBÚ&Ü@×I¸eÎâÙ1Ò¨ÜwÚ&á¾×TÎ�ß&Õ�ãUà�Ò¨ÔTÔIÒÍä&Ò@Î�à�Î�ÕØ×TÕØÐÓÒ@á�ÚåÙ�Òæà�Î�ÚåÖ�ßeÕØ×TÜÍ×T¸eÎç×IÎ�×TÜÍ×8Ú&Ô�Úåà�Î�Ú�·BÎBÚ&Ô h

Ù�Ò¨á�Ú&Î�ÒÍÑ;ÚåãUà�ÒæÐÓÒ@á�Ú&Õ�Ü@ßeá¾ßåÔTÚåÖ�Ô8Ú&Î1×I·BÜ@Ú&Ü@×I¸eÎâ¹çÒJIØÒ@ÜÍà�Ü@×I¸eÎ�Ù�Ò¨á�ß`äM×Tá¾×TÒÍÎWÐ;ßeÕ¶ÖBÚ&Ñ;Úåà1ÎèÑØßeÛ�ß&Ð
»BÚ	ÕÓ×TÙ1ßåà�ÎçÜ@Ú&á�Ö�ßåÔTÚ&ÑÓéWÚGá�ÒÍÎUÐÓÒ�ÒÍÕØÐÓà�Ù�×8ÚGÙ�ß�?A<(ÎWÐ;ÒÍÕ�Ù�ÒæÔ8Ú�Ù�¼@Ü@Ú&ÙBÚåÙ�Ò�ÔTßeÕ�ê ^ h^Ô8Ú�Ö�Ô8Ú&Î1×I·BÜ@Ú&Ü@×I¸eÎ
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Ù�Ò�Ü@Ú&á�×IÎ�ßeÕ�»BÚ&Û2>8Ú Ò@ÕØÐ;Ú&Ù�ß#ßeÑÓ×IÒ@ÎWÐuÚ&Ù�Ú#ÚZÕÓßeÔIà�Ü@×IßeÎ�Ò@Õ�éeÒÍßeá¾¼ÍÐ;ÑØ×TÜ@Ú&Õ�ÕÓ×TÎ Ö�ÑÓÒÍÕØÐ;Ú&Ñ]ÚXÐ;Ò@Î1Ü@×T¸&Î Ú#ÔTÚ&Õ
ÔT×Tá¾×IÐ;Ú&Ü@×IßeÎ�ÒÍÕ¾Ö�ßeÑ�Ô8Ú#Î1ß�»�ßeÔTß&Î�ßeá">8Ú Ù�ÒåÔTß&Õ]ÕÓ×IÕØÐÓÒ@á�Ú&Õ	?´¿�ÎBÚâÕ�>TÎWÐ;ÒÍÕÓ×IÕæÙ�Ò Ú&ÔIéeßeÑÓ×OÐ;á¾ßeÕ�ãUà�ÒÝÙBÚ&Î
ÕÓßeÔIà�Ü@×I¸eÎ¾Ú{ÔTÚJÖ�Ô8Ú&Î1×I·BÜ@Ú&Ü@×I¸eÎ�Ù�ÒtÜwÚ&á¾×TÎ1ßeÕÏÒ@Î¾Ò@ÔBÙ�ß&á�×IÎ�×TßJé&Ò@ßeá¾¼ÍÐÓÑÓ×TÜÍßKÕÓÒRÒ@Î�ÜÍà�Ò@ÎWÐÓÑ;Ú¶ÒÍÎ�ÒÍÔ6ÔT×TÛ1ÑÓßJÙ�Ò
½^ÚXÐ;ßeá�Û�Ò
Z ½ÌÚGÐuê,+wÛf` ?2< ·BÎBÚ&ÔIÒ@Õ�Ù�Ò(Ô8Ú¶Ù1¼@ÜwÚGÙBÚ�Ù�ÒJÔIßeÕ�- ^ ÒJ×TÎ1×TÜ@×Iß¶Ù1ÒJÔTßeÕ´ê ^ Ú&Ö�Ú&ÑÓÒÍÜ@×TÒÍÑÓßeÎ]á�¼£Ð;ßMÙ�ßeÕÚ&ÔTÒ@ÚGÐ;ßeÑØ×TßeÕ�Ü@ßeá¾ßM[=c4c/. [�Ú&Î1Ù�ßeá c¯ÚGÐ;»ocÏÔ8Ú&Î�×IÎ�é'0¶¹ c4c4c1. cÏÑØßeÛBÚ&Û�×IÔT×IÕØÐ;×IÜmc¯ÚGÐ;»ocÏÔ8Ú&Î�×IÎ�é'0{Ð;Ú&Ô
Ü@ßeá¾ß�ÕÓÒxÖ�ÑÓÒÍÕÓÒÍÎUÐ;Ú�ÒÍÎ Z32�4x½ + ê � h�2´½^ê,+�h54x½^ê762h58:91ê�6%` ?

c^Ò@ÑÓÕØßeÎBÚ&Õ¨ÜÍßeá¾ß�½�ß<;wÚ&Î1ß%Fpc^¼@ÑÓÒ=;SZ ½Ac�-<>G`JÜ@ß&Î.ÕÓà�ÕæÐÓÑ;Ú&ÛBÚLIØßeÕæÒ@Î.ÑØßeÛ�¸&Ð;×IÜwÚ#Ö�ßeÖ�à1Ô8Ú&ÑØ×�;wÚGÑÓßeÎ Ò@Ô
Ü@ßeÎ�ÜÍÒ@Ö1ÐÓß�ÒÍÕÓÖBÚGÜ@×Tß�Ù�ÒKÜÍßeÎ1·Bé&à�Ñ;Ú&ÜÍ×T¸eÎ?. Ò@ÕØÖBÚ&Ü@×Iß�À >TÕÓ×IÜ@ß�Ù1ÒJÐ;Ñ;ÚGÛBÚWIØß�Ù�ÒÍÔ�ÕÓ×TÕ�Ð;ÒÍá]Ú�¹]Ù�Ò@ÎWÐ;ÑØß�Ù�Ò@Ô�ÜÍàBÚ&Ô
Ò@ÕØÐ;ÚèÔIßYÜ@Ú&ÔT×@;wÚ&Ù1ßâÖ�ßeÑ¨ÕÓà Ö�ß&ÕÓ×TÜÍ×T¸eÎ ¹ ßeÑÓ×IÒ@ÎWÐuÚ&ÜÍ×T¸eÎ�0j?�c¯Ú&Ñ;Ú�ÕØ×IÐ;à�Ú&Ñ¨à�Î ÑÓßeÛ�ß&Ð¨ÒÍÎ ÒÍÔKÒ@ÕÓÖ�Ú&Ü@×Iß�h�Ò@Õ
ÕÓà1·BÜÍ×TÒÍÎUÐÓÒ�ÜÍßeÎ	ÜÍßeÎ�ßMÜ@ÒÍÑRà1Î�á">TÎ�×Iá�ß¶Î�A1á�ÒÍÑÓß¾Ù�Ò¶Ö�Ú&Ñ;º&á¾ÒÍÐÓÑÓßeÕ�Ù1Ò@ÔÌÕÓ×IÕØÐ;ÒÍá]Úf?�@ÏÔ^ÒÍÕÓÖBÚGÜ@×Tß�Ù�Ò{Ò@Õ�Ð;ßeÕ
ÖBÚ&Ñ;ºGá�Ò£Ð;ÑÓß&ÕÊÜ@ß&Î�ÕØÐÓ×IÐ;àY¹eÒ´ÔIß(ãUà�Ò�ÕØÒ´ÔIÔ8Ú&á�ÚCB ÒÍÕÓÖBÚ&ÜÍ×TßJÙ1Ò´Ü@ß&Î1·Béeà�ÑÓÚ&Ü@×I¸eÎEDC?%<�Õ�> hXà1Î�ÑÓßeÛ�ß&ÐÊÖ�à�Ò@Ù1Ò�Ò@Õ�ÐuÚ&Ñ
ÕÓ×IÐÓàBÚ&Ù�ß�ÒÍÎ	ÒÍÔ�Ò@ÕÓÖ�Ú&Ü@×Iß�Ù�Ò � Ù�×Iá�ÒÍÎ�ÕÓ×IßeÎ�Ò@Õ�ÜÍßeÎ�ÖBÚ&Ñ;ºGá�Ò£Ð;ÑÓß&Õ�ãMà1Ò{×Iá�Ö1ÔT×TÜ@Ú&ÎæÕØà	ÜÍßeÎ1·Béeà1Ñ;Ú&ÜÍ×T¸eÎU?

8(Ð;ÑØßeÕ�ÚGÖ�ßeÑ�Ð;ÒÍÕ�Ü@ßeá¾ß�ÔIßeÕ�Ù1ÒGF´»BÚGÐÓ×TÔ8ÚRZHF�ÚG»�- � `~ßÝ½ÌÚGÐ;ß&á�Û�ÒQZ ½ÌÚGÐ;êI+wÛ/` h¯Ö�ÑÓÒÍÕÓÒ@ÎWÐ;Ú&Î�Ð;Ñ;ÚGÛBÚWIØßeÕ
ÕÓßeÛ�ÑØÒ#ÔTÚçÒÍäGÚ&ÕØ×T¸eÎ Ù�Ò ßeÛ�Õ�Ðuº&ÜÍà�ÔTß&Õ�ÜÍàBÚ&Î�Ù1ß à�Î ÕÓ×IÕØÐÓÒ@á�Ú�ÕØÒ Ù�Ò@ÕØÖ�Ô8Ú�;@ÚèÒÍÎ à1Î ÒÍÕÓÖBÚ&ÜÍ×Tß�ÑÓÒ@Ú&Ô ?�½^Ú
ÑÓßeÛ�¸&Ð;×IÜwÚ�á¾¸EäM×IÔ
Ú�Ô8Ú�»�ßeÑÓÚ�Ù�ÒxÕÓÒ@é&à�×TÑtà�ÎBÚ�ÐÓÑ;Úw¹eÒÍÜÍÐ;ß&ÑÓ×8Ú�Ò@Î�Ò@Ô�ÒÍÕÓÖBÚGÜ@×Tß¾Ù�ÒxÜ@ß&Î1·Béeà�ÑÓÚ&Ü@×IßeÎ�ÒÍÕRÖ1à�Ò@Ù�Ò
Ö�ÑÓÒÍÕÓÒ@ÎWÐ;Ú&Ñ	ÔI×Tá¾×IÐ;Ú&Ü@×IßeÎ�Ò@Õ�Ù�Ò á¾ß`äY×Iá�×IÒ@ÎWÐ;ß#ß�á�ß`äM×Tá¾×TÒÍÎUÐÓßeÕ]Î1ß ÚGÙ�á�×IÕÓ×IÛ�ÔTÒÍÕ�¹.Ö�ßeÑæÔIßçÐuÚ&ÎWÐ;ß�Î�ß
Ü@à�á¾Ö�ÔT×IÑ¯ÔTÚRÐÓÑ;Úw¹eÒÍÜÍÐ;ß&ÑÓ×8Ú�ßeÛ/IØÒÍÐÓ×Iä&ß�hGÖ1ÑÓÒ@ÕØÒ@ÎWÐuÚGÎ�Ù�ßxÔ8ÚRÖ�ÑÓßeÛ1ÔTÒ@á�ºGÐÓ×TÜwÚtÙ�Ò�ÔIßeÕ^ÑÓßeÛ�ß&Ð;Õ¯Î�ßJ»�ß&ÔTßeÎ�¸&á�×IÜ@ßeÕ�?
J¯ÑÓÚ&ÛBÚWIØßeÕt×IÎ�×TÜÍ×8Ú&ÔIÒ@Õ�ÕÓßeÛ�ÑØÒxÒ@ÕØÐÓÒxÜwÚ&á¾Ö�ß�À à�ÒÍÑÓßeÎ�ÑØÒwÚ&ÔI×�;wÚGÙ�ßeÕ�Ö�ßeÑ�½ÌÚ&à�á¾ßeÎ�ÙMZ ½ÌÚ&à�- r `
¹¨Ö�ßeÑKF�Ú&Î�ÎW¹
Z ½LF�-<>%` ?

F´ßeÎWÐÓÑÓ×TÛ1à�Ü@×IßeÎ�Ò@Õ�Ú&Ô�ÕØÒ@éeà�×Iá�×IÒ@ÎWÐ;ß�Ù�Ò(Ð;ÑÓÚw¹eÒ@Ü£Ð;ßeÑØ×8Ú&Õ´ß�Ö�à�ÎWÐ;ßeÕ�Ù1ÒKÖBÚ&Õ;ÚGÙBÚ�ÖBÚ&ÑÓÚ�Ù�×TÑØ×Tée×IÛ�ÔTÒÍÕ�Ö1à�ÒjF
Ù�Ò@ÎæÕØÒ@Ñ~Ò@Î�ÜÍßeÎWÐ;Ñ;ÚGÙBÚ&Õ´ÒÍÎ]ÔTÚ{ÔI×IÐ;ÒÍÑ;ÚGÐÓà�Ñ;Úf?NMR¹Méeßeà1Î�Ò@Î�Ü
ZOMP9 ^ >%`�á�à�ÒÍÕØÐÓÑ;Ú¶à1ÎBÚ¶ÒÍÕØÐ;ÑÓÚGÐ;ÒÍée×8ÚxÙ�Ò�Ü@ßeÎWÐ;ÑØßeÔÙ�Ò�ßeÑØ×TÒ@ÎWÐ;Ú&Ü@×I¸eÎ	Ö�ßeÑ�ÑÓÒwÚGÔT×Tá¾Ò@ÎWÐ;Ú&Ü@×I¸eÎ�Ù�Ò�Ò@Õ�ÐuÚ&Ù1ßæãUà�Ò�Ù�×IÑÓ×Té&Ò{ÒÍÔÊÕØ×TÕØÐÓÒ@á�Ú�ÒÍÎåÒ@Ô¯Ö�Ô8Ú&Î1ß]»�ßeÑØ×�;ÍßeÎWÐuÚ&Ô
Q
@3ÎkZ\@�aRM + `3ÔTßeÕxÚGà1Ð;ßeÑØÒ@ÕxÖ�ÑØßeÖ�ß&Î�Ò@Î#à�ÎBÚ�Ú&Ö�ÑÓßTSY×Tá�Ú&ÜÍ×T¸eÎåÔIÔ8Ú&á�Ú&ÙBÚVU+ßeÑØ×TÒ@ÎWÐÓÒ@Ò@ÑØ×TÎ�é�WYX�Ò@ÔÏß&Û/IØÒÍÐÓ×Iäeß
Ù�Ò@Ô^Ü@ßeÎWÐÓÑÓßeÔ^Ò@Õ�Ù�ÒÍ·BÎ1×TÙ�ß�Ò@Î	ÐÓ¼@ÑØá�×IÎ�ßeÕRÙ�Ò¶ÔIßeÕRÖ�à�ÎWÐ;ß�Ù�Ò�ÖBÚGÕ;Ú&ÙBÚ�Ú�ÔIßeéeÑ;ÚGÑ	hBÒ@Î�äeÒ=;�Ù�Ò�á¾×TÑÓÚ&Ñ�à�ÎBÚ
Ð;Ñ;Úw¹&Ò@ÜÍÐÓßeÑÓ×TÚ�Ö�Ô8Ú&Î1×I·BÜ@Ú&ÙBÚIQ1¿�Î¨Ð;ÑÓÚ&ÛBÚWIØß�ÕØ×Tá¾×TÔ8ÚGÑ~ÒÍÕRÖ1ÑÓÒ@ÕØÒ@ÎWÐuÚGÙ�ß�ÒÍÎMZ\[R½A] + ^�_ Ûf` hBÙ�ßeÎ�Ù1ÒKÔ8Ú�×TÙ1ÒwÚ�Ò@ÕßeÛ1Ð;ÒÍÎ�Ò@Ñ

ψref
Ò@ÎÝÐ;¼ÍÑÓá¾×TÎ�ß&Õ(Ù�Ò�ÔTÚæÙ�Ò@Õ�äY×TÚ&Ü@×I¸eÎÝÜ@ß&ÎZÑØÒ@ÕØÖ�ÒÍÜÍÐ;ß	Ú&Ô

nth
Ö�à�ÎWÐ;ß�Ù�Ò�ÖBÚ&ÕÓÚ&ÙBÚIQEF´àBÚ&Î�Ù1ß

Ô8Ú]Ù�×IÕØÐ;Ú&Î�Ü@×TÚ]Ò@ÎWÐÓÑÓÒ�Ò@Ô¯Ù�×TÑØ×Tée×IÛ�ÔTÒK¹åÒÍÔÊÖ�à1ÎUÐÓß�Ù�Ò�ÖBÚ&ÕÓÚ&ÙBÚæÒ@ÕKá¾Ò@Î1ßeÑKÚ
20m

h�Ô8Ú�á�×IÕÓ×T¸&Î�Ü@ß&Î�ÕÓ×IÙ�Ò@ÑÓÚ
nth

Ü@ßeá¾ßÝà�ÎBÚåÖ�ßeÕÓ×IÜ@×I¸eÎçÔTß&éeÑ;Ú&Ù�Ú	¹âÜ@Ú&á�Û�×TÚ�ÕÓà�ßeÛ'IØÒÍÐ;×OäeßZÚ&Ô
(n + 1)th

Ö1à�ÎWÐ;ß Ù�Ò¨ÖBÚ&ÕÓÚ&ÙBÚIQ @ÏÎ
Z\[[Z ^3_ ` h ÔIßeÕ�Ú&àYÐ;ßeÑØÒ@Õ�Ö�ÑÓÒÍÕÓÒÍÎUÐ;Ú&Îèà�ÎBÚ Ú&Ö�ÑØß\SY×Iá]Ú&ÜÍ×T¸eÎâÒ@Î�Ô8ÚåÜÍàBÚ&Ô�ÕØÒ@ÞBÚ&ÔIÒ@Õ�äM×TÕØàBÚ&ÔTÒÍÕ�ÕÓßeÎ�à�ÕÓÚ&ÙBÚ&ÕÖBÚ&Ñ;Ú�ÑÓÒwÚGÔT×�;@Ú&ÑRÔ8Ú&ÕtÐuÚ&ÑØÒwÚ&Õ�Ù�Ò�ÕØÒ@éeà�×Iá�×IÒ@ÎWÐ;ß�Ù�Ò�ÐÓÑ;Úw¹eÒÍÜÍÐ;ß&ÑÓ×8ÚGÕ	h�à�ÎBÚ]·BÔIßeÕÓß&À^]TÚ¾ÕØ×Tá¾×TÔTÚ&Ñ�ÕÓÒ¶Ò@Î�ÜÍà�Ò@ÎWÐ;ÑÓÚ
Ò@Î Z\d_8KêeêG` h6Ù�ßeÎ�Ù1Ò¶ÕØÒ¶éeà1×8Ú�Ö�ß&ÑtäM×IÕÓ×T¸&Î�à1Î�Û�ÔI×Tá¾ÖEQ�@ÏÎ Z`Z�Ù�c4[K2 ^�^ Ú%`^ÔIßeÕtÚ&à1ÐÓßeÑÓÒÍÕ�Ö�ÑØßeÖ�ßeÎ�Ò@Î	Ù�ßeÕÚ&Ö�ÑÓßTSY×Tá�Ú&ÜÍ×TßeÎ�ÒÍÕJÖBÚ&ÑÓÚ¨éeà�×8ÚGÑJà�Î Ù�×TÑØ×Tée×IÛ�ÔTÒaX
à�Î�Ú�ÒÍÕKÛBÚ&Õ;ÚGÙBÚ�ÒÍÎ Ô8Ú]Ð;ÒÍßeÑ�]TÚæÙ�Ò�Ü@ßeÎWÐÓÑÓßeÔ Ù1Ò

H∞

¹
Ô8Ú¶ßGÐ;Ñ;Ú{Ò@Õ~ÛBÚ&Õ;ÚGÙBÚ�Ò@Î]Ü@ßeÎWÐ;ÑØßeÔTÒÍÕ~ÜÍÔ8º&ÕØ×TÜÍßeÕ�ccb(Qfc¯ßMÜ@ßeÕ�Ð;ÑÓÚ&ÛBÚWIØßeÕ~Ò@Õ�Ðuº&Îæß&ÑÓ×TÒÍÎWÐuÚ&Ù�ß&Õ´Ú&Ô6Ö�ÑØßeÛ�ÔIÒ@á�Ú{Ù�Ò
Ö�Ô8Ú&Î1×I·BÜ@Ú&Ü@×I¸eÎ�Ù1Ò@Ô6ÜwÚ&á¾×TÎ1ß�Ú{ÕÓÒ@é&à�×TÑ�Ö�ß&Ñ�ÒÍÔ�Ù1×TÑÓ×Iée×TÛ1ÔTÒ�Q�@ÏÎEZO4�8 ^ >W`�ÔIßeÕ~Ú&à1Ð;ß&ÑÓÒ@Õ�Ù�ÒÍÕÓÜ@ÑØ×TÛ�Ò@Î¨ÚGÔTéeßeÑØ×IÐPFá�ßeÕtÙ�ÒÍÙ�×TÜ@Ú&Ù�ßeÕRÚ�ÛdA�ÕØãUà�Ò@ÙBÚ]Ú&ÔTÒ@ÚGÐ;ßeÑØ×8Ú2hMÜ@ß&Î�ÕÓ×IÙ�Ò@ÑÓÚ&Î�Ù�ß¾Ò@Î	Ò@ÕØÐÓßeÕRá�ß`äM×Tá¾×TÒÍÎUÐÓßeÕ�ÔTÚ&Õ�ÑÓÒÍÕØÐ;ÑØ×TÜÍÜ@×Tß&Î�Ò@Õ
Ü@×TÎ1Ò@á�ºGÐ;×IÜwÚ&Õ ¹�Ù1×TÎBº&á¾×TÜ@Ú&ÕeQe¿�Î�Ð;Ñ;ÚGÛBÚWIØßxÕÓßeÛ1ÑÓÒRÜwÚ&á¾×TÎ�ß&ÕÏÜ@ßeÑ�Ð;ßeÕ3ÖBÚ&ÑÓÚ{ÒÍÔ�äMà�Ò@ÔIß¶ÒÍÎ�Ö�ÔTÚ&Î�ßx»�ßeÑØ×�;ÍßeÎfF
ÐuÚ&Ô^Ù�Ò�à�Î�Ù�×TÑØ×Tée×IÛ�ÔTÒKÒÍÕ(Ö�ÑØÒ@ÕÓÒÍÎWÐuÚ&Ù�ß�ÒÍÎSZOMf2 ^ >%`�g�ÔTÚ�×IÙ�ÒwÚ¾Ò@ÕJÜ@Ú&Ñ;Ú&Ü£Ð;ÒÍÑÓ×�;@Ú&ÑRÔTßeÕ�ÜwÚ&á¾×TÎ�ß&ÕR¸&Ö1Ð;×Iá�ßeÕ�hÐ;ßeá�Ú&Î�Ù�ß�ÒÍÎ	ÜÍà�Ò@ÎWÐuÚ�Ô8Ú�Ù�×IÎBº&á¾×TÜ@Ú¶¹¨Ô8ÚGÕ�ÔT×Tá¾×IÐ;Ú&Ü@×IßeÎ�ÒÍÕ~Ù�ÒxÔIßeÕtÚ&ÜÍÐÓàBÚ&Ù�ß&ÑÓÒ@Õ=Q

½ÌÚåÖ�ÔTÚ&Î�×I·�ÜwÚ&ÜÍ×T¸eÎ#Ù�Ò¨à�ÎBÚåÐ;ÑÓÚw¹eÒ@Ü£Ð;ßeÑØ×8ÚÝÚåÕØÒ@éeà�×IÑ�Ö�ßeÑ�Ô8ÚåÖ1Ô8ÚGÐ;ÚGÀ ßeÑÓá�Ú�Ù�×TÑØ×Tée×IÛ�ÔTÒ%hÌÐÓ×TÒÍÎ�ÒæÜ@ß&á�ß
»�×TÖ�¸&Ð;ÒÍÕÓ×IÕ´à�Î�Ú&á�Û�×TÒÍÎUÐÓÒJÒ@Õ�ÐuºGÐÓ×TÜÍß�¹]ÔI×TÛ�ÑØÒ�Ù1ÒKßeÛ�ÕØÐ;º&Ü@à1ÔTßeÕ=Q1¥(ÒKÒÍÕØÐ;Ú�á]Ú&Î1Ò@Ñ;ÚfhYÒÍÔ�Ö�ÑØßeÛ�ÔTÒÍá]Ú{ÖBÚ&ÑÓÚ�Ò@Ô
Ö�Ô8Ú&Î1×I·BÜ@Ú&Ù�ßeÑ^Ò@Õ ÒÍÎ�Ü@ß&ÎUÐÓÑ;Ú&Ñ Ú(ÖBÚ&Ñ�Ð;×TÑ^Ù�Ò�à1Î�Ö�à�ÎWÐ;ßKÙ�Ò´ÖBÚ&ÑØÐÓ×TÙBÚh.�Z

xi, yi, ψi
` h&ÜÍßeÎ1·Béeà1Ñ;Ú&ÜÍ×T¸eÎ¶×TÎ�×IÜ@×8ÚGÔ�0jh

à�ÎBÚZÐÓÑ;Úw¹eÒÍÜÍÐÓßeÑÓ×TÚ#Ú&Ù1á�×IÕÓ×TÛ1ÔTÒæãUà�Ò�ÔTÔIÒÍäeÒ�ÒÍÔRÙ1×TÑÓ×Iée×TÛ1ÔTÒ]»�Ú&ÕØÐ;ÚZà�Î Ö�à�ÎWÐ;ß#Ù�Ò�ÔTÔTÒÍéWÚ&ÙBÚ�.PZ
xf , yf , ψf

` h
Ü@ßeÎ1·�éeà�Ñ;ÚGÜ@×T¸&Î�·BÎBÚ&Ôi0jh`¹¶Ù�Ò@ÎWÐ;ÑØßJÕÓà�ÕØßeÔTà1Ü@×T¸&Î�Ü@ß&Î�ÕÓ×IÙ�Ò@ÑÓÚ&Ñ¯ÔTÚ&ÕÊÑØÒ@Õ�Ð;ÑÓ×IÜ@ÜÍ×TßeÎ�ÒÍÕÊÙ�×IÎBº&á¾×TÜ@Ú&ÕÌÙ�Ò@ÔYÕÓ×TÕ�Ð;ÒÍá]Ú
¹¨ÔTßeÕtÚGÜÍÐ;à�Ú&Ù�ßeÑØÒ@ÕeQ
r -
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]KÒ@Î�ÒÍÑ;Ú&ÔIá�ÒÍÎUÐÓÒ�Ù�ßeÕ]ÒÍÎ1À ßMãMà1Ò@Õ]Ö�Ú&Ñ;Ú Ô8Ú á�ßMÙ�ÒÍÔT×�;@Ú&Ü@×I¸eÎ�Ù�Ò�à�Î!ÑØßeÛ�ß&Ð]á¾¸`äM×TÔ�ÕØßeÎ Ü@ß&Î�ÕÓ×IÙ�Ò@ÑÓÚ��

Ù�ß&Õ	h^à�Î�á�ßMÙ�ÒÍÔTß�Ü@×TÎ1Ò@á�ºGÐ;×IÜ@ß�ãMà1Ò¨Î�ßåÕÓÒ]Ö�ÑÓÒÍßYÜÍà�ÖBÚ�Ö�ßeÑ�ÔI×Tá¾×IÐ;Ú&Ü@×IßeÎ�Ò@ÕKÙ1×TÎBº&á¾×TÜ@Ú&ÕxÙ�Ò@Ô~ÕÓ×IÕØÐ;ÒÍá]Úfh
¹èß&ÐÓÑÓßçá¾ßYÙ1Ò@ÔTßZãUà�ÒåÔTÚ&Õ�ÜÍßeÎ�ÕØ×TÙ�ÒÍÑ;ÚâÒÍÎ.Ü@ßeÎ� Øà1ÎUÐÓßçÜ@ß&Î Ô8Ú&Õ�ÕÓÒÍÞBÚ&ÔTÒÍÕ]Ù�Ò�Ü@ßeÎWÐ;ÑØßeÔh. Ü�QdÀ QYZ ½ÌÚ&àBê<>W`�0*Q
F´ßeÎ1ÕÓ×TÙ1Ò@Ñ;ÚGÎ�Ù�ß{ãMà1Ò�ÒÍÔ�Ù1×TÑÓ×Iée×TÛ1ÔTÒ´ÕØÒ�á�Ú&ÎWÐ;×IÒ@Î�ÒtÕØ×TÒ@á¾Ö�ÑØÒtÚ{à�Î�Ú�Ú&ÔOÐ;×IÐÓà�Ù�·! ÓÚK¹�Ü@ßeÎ¾Ù�ÒÍÕÓÖ�ÔTÚ�;wÚ&á¾×TÒÍÎWÐ;ß
Ú�ä&Ò@ÔTßMÜ@×IÙBÚ&ÙçÜÍßeÎ�Õ�ÐuÚ&ÎWÐ;Ò�Ö�ßeÕÓ×OÐ;×Oä&Ú . Î�ßÝÕØÒ�Ö�ÒÍÑÓá¾×IÐ;ÒÍÎçá¾ßEäM×Iá�×IÒ@ÎWÐ;ßeÕ¶Ò@Î�ÑØÒÍäeÒÍÑÓÕÓÚN0jhÏÒÍÔ�á�ßMÙ�ÒÍÔTßåÙ�ÒÍÔ
ÜÍßeá�Ö�ßeÑ�ÐuÚ&á¾×TÒÍÎUÐÓß�Ù�Ò@Ô^Ù�×TÑØ×Tée×IÛ�ÔTÒKÒÍÎåÒ@Õ�ÐuÚ]À Ú&ÕØÒ�Ù�Ò{äMà�Ò@ÔIßæÜ@ÑØà�Ü@ÒÍÑÓß¨Ö�à�ÒÍÙ�Ò�ÒÍÕØÐuÚGÑ(ÑÓÒÍÖ�ÑÓÒÍÕÓÒÍÎUÐ;Ú&Ù�ß�Ö�ßeÑ
ÔTÚ¾ÒÍÜ@àBÚ&ÜÍ×T¸eÎ 6dQ�+�h6Ù�ßeÎ�Ù�Ò

u
Ò@Õ�Ô8Ú¾ä&Ò@ÔIßYÜÍ×TÙBÚ&Ù�Ü@ß&Î�ÕØÐ;Ú&ÎWÐ;Ò�Ù�Ò¶Ù�Ò@ÕØÖ�Ô8Ú7;wÚ&á¾×TÒÍÎUÐÓß�h

ψ
Ò@Ô^º&Î�éeà1ÔTß]Ù1Ò¶Ù�×"�

ÑØÒ@Ü@ÜÍ×T¸eÎeh
ρ
Ò@Õxà�ÎBÚ¨ÜÍßeÎ�ÕØÐ;Ú&ÎWÐ;Ò�ÚGÐÓÑÓ×IÛ�à�×TÙ�ÚæÚ&Ô ÑÓÚ&Ù�×Tß]Ù�Ò�ée×TÑØß]¹

δg
Ô8Ú�ÕÓÒ@Þ�Ú&ÔÏÙ�Ò�Ü@ß&ÎUÐÓÑÓßeÔ h�ÖBÚGÑ;ÚæÒ@Õ�Ð;Ò

Ü@Ú&ÕÓß	Ò@ÕÓÖ�Ò@ÜÍ×I·BÜÍß
δg
Ö�à�Ò@Ù1Ò]ÕÓÒÍÑ¶ÑØÒ@ÔTÚ&Ü@×IßeÎBÚ&ÙBÚ¨ÜÍßeÎçÔ8Úæä&Ò@ÔTßMÜ@×IÙBÚ&Ù#Ú&Î�éeà1Ô8Ú&ÑxÙ�ÒÍÔ�Ù1×TÑÓ×Iée×TÛ1ÔTÒ�Q�¥(Ò@ÕÓÚ&ÑÓÑØß!�

ÔIÔTßeÕ�ÕØßeÛ�ÑÓÒ�ÕÓ×IÕØÐÓÒ@á�Ú&Õ�Ü@ßeÎ á�ßMÙ�Ò@ÔIßeÕ�ÕÓ×Iá�×IÔ8Ú&ÑØÒ@Õ�À à1Ò@ÑÓß&ÎèÐÓÑ;Ú&ÛBÚ# ØßeÕ�Ö�ßeÑ¾¥(à�Û1×TÎ�Õ%$'&EZ ¥(à�Û�` h 9Mßeà)(@ÑØÒ@Õ
ZO91½Ìê � h52�9I2�½Ìê�6�`
¹GF�Ú&Î�ÎW¹MZ+*NF�-&ê%`�Q

ẋ = u cosψ
ẏ = u sinψ

ψ̇ = δg/ρ

.^6dQ�+ 0

¿�Î�Ú¾Ö�ÑØà�Ò@Û�Ú�Ù�ÒxÜ@ß&ÎUÐÓÑÓßeÔTÚ&Û�×IÔT×TÙ�Ú&ÙæÖ�ÑØÒ@ÕÓÒÍÎWÐuÚ]ãUà�Ò{Ò@Ô�á¾ßYÙ1Ò@ÔTß�Ù1Ò¶ÔTÚ�ÒÍÜ@àBÚGÜ@×T¸&Î .^6dQ@+\0�ÒÍÕtÜ@ßeÎWÐ;ÑØß!�
ÔTÚ&Û�ÔTÒ�¹�Ú&Ù�Ò@á�º&ÕtÕÓÒ{Ö�à�ÒÍÙ�Ò{á�ßeÕ�Ð;ÑÓÚ&ÑtãMà1Ò¶ÜÍà�á�Ö1ÔTÒKÜ@ß&Î�Ô8Ú�ÒÍÜ@àBÚ&ÜÍ×T¸eÎ�Ù�Ò{Î�ß¾»�ßeÔTß&Î�ßeáa]8Ú2h

ẏ cosψ −
ẋ sinψ = 0

. Ü�QdÀ Q Z ½ 9Y½^ê�-%`�0*Q�9YÒKÙ1Ò@Û�ÒKÑÓÒ@ÜÍßeÑÓÙ�Ú&Ñ�ãUà�ÒKÔ8Ú�ÑØÒ@Õ�Ð;ÑÓ×IÜ@ÜÍ×T¸eÎ¨Ù�ÒKÔTÚ�Î�ß�»�ß&ÔTßeÎ�ß&á ]TÚ¶Ü@ß&Î�ÕÓ×IÕØÐ;Ò
ÒÍÎ.Ô8Ú#Ò*SY×TÕØÐÓÒ@Î�ÜÍ×8ÚçÙ�Ò�à�Î Ú&Ü@ß&Ö�Ô8Ú&á¾×TÒÍÎWÐ;ßâÒÍÎWÐ;ÑÓÒ�Ô8ÚâÖ�ßeÕÓ×IÜ@×I¸eÎ ¹ Ô8ÚâÙ1×TÑÓÒÍÜ@ÜÍ×T¸eÎ.Ú#Ô8Úâ»�ß&Ñ;ÚâÙ�Ò�ÙBÚ&Ñ
ÕØßeÔTà�ÜÍ×T¸eÎ�Ú�ÔTÚ¾ÚGÎUÐÓÒ@ÑØ×TßeÑ�ÒÍÜ@àBÚGÜ@×T¸&ÎEQ

F�Ú&á¾×TÎ�ß&Õ]Ù�ÒÝÔIßeÎ�ée×OÐ;à�Ù ¸&Ö1Ð;×Iá]Ú . Ò@Î ÒÍÔJÜwÚ&ÕØß�Ù�ßeÎ�Ù�ÒÝÒÍÔJÕÓ×IÕØÐÓÒ@á�ÚçÕÓÒÝÙ�ÒÍÕÓÖ�ÔTÚ�;wÚ�ÚâäeÒÍÔTßMÜ@×IÙBÚ&Ù
ÜÍßeÎ�ÕØÐ;Ú&ÎWÐ;ÒT0jh�ÕÓÒ�Ð;×IÒ@Î�Ò�ãUà�Ò¾Ô8ÚæÕØßeÔTà1Ü@×T¸&ÎZÒÍÕKÐuÚ&á�Û1×T¼@Î Ù�Ò�ÐÓ×TÖ�ß¨¸eÖ1Ð;×Iá�ß¨ÒÍÎZÐÓ×TÒÍá�Ö�ß�h�À à1Ò@ÑÓß&Î#Ù�Ò�ÔIßeÕ
Ö�ÑØ×Tá¾Ò@ÑØßeÕ�Ð;ÑÓÚ&ÛBÚ, ØßeÕtÑØÒwÚ&ÔI×�;wÚGÙ�ßeÕtÕÓßeÛ1ÑÓÒ{Ö�Ô8Ú&Î1×I·BÜ@Ú&Ù�ßeÑØÒ@Õ�Ù�Ò{ÑÓßeÛ�ß&ÐÓÕRÎ1ß]»�ßeÔIßeÎ�¸eá¾×TÜÍßeÕ:. äeÒ@Ñ9Z ½^ÚXÐuêI+`Ú/h
½-*�J(a�ê�6%`�0*Q/.ÏÕØÐ;Ú]Ð;ÒÍßeÑ�]TÚ¾ÕØÒ�Ú&Ö�ßE¹eÚ]Ò@ÎÝÔTÚ¾ÐÓÒ@ßeÑ%]8Ú�Ù1Ò�Ü@ß&ÎUÐÓÑÓßeÔ^¸eÖ1ÐÓ×Tá¾ß¾¹	Ü@ß&Î�Ü@ÒÍÖ1Ð;ßeÕ(éeÒ@ßeá¾¼ÍÐÓÑÓ×IÜ@ßeÕ�h
ÙBÚGÎ�Ù�ßKÜ@ß&á�ßJÑØÒ@ÕØà�ÔIÐ;Ú&Ù�ßJÐ;ÑÓÚw¹eÒ@Ü£Ð;ßeÑØ×8Ú&ÕÏÛ�Ú&Õ;Ú&Ù�Ú&ÕÏÒ@Î�ÑØÒ@ÜÍÐ;Ú&Õ ¹�ÚGÑÓÜ@ß&ÕÏÙ�Ò�Üe]IÑÓÜÍà�ÔTßJÜÍßeÎ�Ñ;Ú&Ù1×TßJÔI×Tá¾×IÐuÚGÙ�ßdQ

�����	��� 0 , 
 /)1+02� 
 ��/�, 2+0�3M/�0543,�*63 
 /�)+0278�93Y) � 0
F´ßeá¾ß�ÕÓÒxá¾Ò@Î�ÜÍ×TßeÎ�¸2h1Ò@Ô�ÕØ×TÕ�Ð;Ò@á�Ú�Ù�ÒKÔ8Ú�ÒÍÜ@àBÚGÜ@×T¸&Î 6IQ@+xÒ@ÕtÜÍßeÎWÐ;ÑÓß&Ô8Ú&Û�ÔIÒ(¹æÕØÒxéWÚ&Ñ;ÚGÎUÐÓ×�;@Ú�Ô8Ú�Ò�SY×IÕ��

ÐÓÒ@Î�ÜÍ×8Ú�Ù�Òxà�ÎBÚ�ÕÓÒÍÞBÚ&ÔÌÙ�ÒxÜ@ß&ÎUÐÓÑÓßeÔ�ãMà1Ò¶ÔIÔTÒÍä&ÒKÒ@Ô�ÕØ×TÕØÐÓÒ@á�Ú�Ù�Òxà�ÎBÚ�Ü@ßeÎY·Béeà�ÑÓÚ&Ü@×I¸eÎ�×TÎ�×IÜ@×8ÚGÔ .
xi, yi, ψi

0
Ú�à�ÎBÚ�ÜÍßeÎ1·Béeà1Ñ;Ú&ÜÍ×T¸eÎZ·BÎBÚ&ÔP.

xf , yf , ψf
0*Q Z�Ô�À ßeÑØá�à�ÔTÚ&ÑxÒ@Ô�Ö�ÑÓßeÛ1ÔTÒ@á�Ú	Ù1Ò]Ò@Î1Ü@ßeÎWÐ;ÑÓÚ&Ñ�ÔTÚ	ÕØÒ@ÞBÚ&Ô~Ù�Ò

ÜÍßeÎWÐ;ÑÓß&Ô¯ãUà�Ò�ÔIÔTÒ£äeÒ{Ò@ÔÊÑØßeÛ�ß&Ð(Ù1Ò�à�ÎBÚ�Ü@ßeÎ1·�éeà�Ñ;ÚGÜ@×T¸&ÎåÚ]ß&ÐÓÑ;Ú2h6ÜÍßeá�ß]à�ÎåÖ�ÑØßeÛ�ÔTÒÍá]Ú�Ù�Ò�ÜÍßeÎWÐ;ÑØßeÔ¯¸&Ö:�
ÐÓ×Tá¾ß . á¾×TÎ1×Tá¾×�;wÚGÜ@×T¸&ÎZÒÍÎ�Ð;×TÒÍá�Ö�ß�¹<;GßÝÙ�×IÕØÐ;Ú&Î�Ü@×TÚ�ÕÓÒÍé<A�ÎèÔ8Ú	ä&Ò@ÔIßYÜÍ×TÙBÚ&Ù�Ù1Ò¨Ù�Ò@ÕØÖ�Ô8Ú�;@Ú&á¾×TÒ@ÎWÐÓß'0jh^ÕÓÒ
Ù�ÒÍÛ�ÒÍÎ	ÒÍÎ�Ü@ß&ÎUÐÓÑ;Ú&ÑtÔIÒÍ¹eÒÍÕ�ãUà�Òxá¾×TÎ�×Iá�×@;wÚ&Î�Ò@Ô
À à�Î1Ü@×Tß&ÎBÚ&Ô X

J(δg) =

∫ tf

t0

L(x(t, δg), δg(t))dt
.$6dQ+=<0

½ÌÚ�ÕØßeÔTà1Ü@×T¸&ÎÝãMà1Ò�ÕØÒ�Ö�ÔTÚ&ÎWÐ;Ò@Ú	Ú¨Ü@ß&ÎUÐÓ×TÎUàBÚ&ÜÍ×T¸eÎZÖ�Ò@ÑÓá¾×IÐÓÒ�Ò@Î1Ü@ßeÎWÐ;ÑÓÚ&Ñ{Ô8Ú¨ÕÓÒÍÞBÚ&Ô3Ù�Ò�Ü@ßeÎWÐÓÑÓßeÔÏãUà�Ò
á¾×TÎ�×Iá�×IÜ@Ò¨ÒÍÔ�Ð;×IÒ@á¾Ö�ßZ¹!ÔTÚâÙ�×IÕØÐuÚGÎ�Ü@×TÚ#ÖBÚ&ÑÓÚ�Ú&ÔTÜ@Ú&Îd;@Ú&Ñ]ÔTÚ#Ö�ßeÕÓ×IÜ@×T¸&Î Ù�Ò@ÕØÒwÚ&Ù�Ú2h´Ö�à1Ò@Õ¨Ò@Ô�Ù�×TÑØ×Tée×IÛ�ÔTÒ
ÕØÒ�Ù�Ò@ÕØÖ�Ô8Ú�;@Ú¨Ú]äeÒÍÔTßMÜ@×TÙ�Ú&ÙÝÜ@ßeÎ1ÕØÐuÚGÎUÐÓÒ�QL9Y×¯Ü@ßeÎ1ÕÓ×TÙ1Ò@Ñ;ÚGá�ßeÕ(ãMà1Ò�Ò@Ô ÕØ×TÕØÐÓÒ@á�Ú 6dQ�+�Ö�à�Ò@Ù1Ò�ÕÓÒ@ÑKÑØÒ@ÕØÜ@ÑÓ×OÐ;ß
ÜÍßeá�ßYX
>@?BADCFE%G�E%H'IKJ/L,I	JMING,C�OPC�INGQI%RFJTS!OUCMI	JMVWJXIKG,C�OZYUE%[\V+L,IKJTY�IKCXR�IKJ/S�ENC�E]O�^_[\Ia`bV+[]V+O�LcR�I\d,O8e,L�E]S�E%CMRMfgY�e�^+E�h
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ẋ =
r∑

i=1

gi(x)ui
.$6dQO>N0

¹ÝÕØ×3ÕÓÒ¾Ü@à�á¾Ö�ÔTÒ�ãUà�Ò¾Ô8ÚGÕxÀ à1Î�Ü@×IßeÎ�Ò@Õ
g1...gr

ÕØßeÎâÔIßYÜ@Ú&ÔTá¾Ò@ÎWÐ;Ò�ÔT×TÖ1ÕÓÜu»�×OÐ ;@×TÚ&ÎBÚ&Õ�h�ÒÍÔ�ÜÍßeÎ� Øà�ÎWÐÓß	Ù�Ò
Ü@ßeÎWÐ;ÑØßeÔTÒÍÕ

U = [u, δg]
ÒÍÕ�Ü@ßeÎWäeÒ*SYß ¹âÕÓÒæÖ1à�Ò@Ù�Ò¨ÒÍÎ�Ü@ß&ÎUÐÓÑ;Ú&Ñ�à1ÎBÚ�Ð;ÑÓÚ`¹&Ò@Ü£Ð;ßeÑØ×8Ú�ãUà�ÒæÐÓÑ;Ú&Î�Õ�·BÒ@ÑÓÚÝÒ@Ô

ÕÓ×TÕ�Ð;ÒÍá]Ú¨Ù�ÒÍÕÓÙ�Ò¾à�ÎZÖ�à�ÎWÐ;ß�Ü@àBÚGÔTãUà�×TÒÍÑ;Ú�Ú¨ß&Ð;ÑØßdQ�¥(ÒÍÕ;ÚGÀ ß&ÑØÐ;à1ÎBÚ&ÙBÚ&á¾Ò@ÎWÐÓÒ¾ÒÍÔÏ»BÚ&ÜÍÒ@ÑxãUà�Ò�Ò@ÔÏÙ�×IÑÓ×Té&×TÛ�ÔIÒ
ä&Úw¹eÚJÚtä&Ò@ÔIßYÜÍ×TÙBÚ&Ù{Ü@ß&Î�ÕØÐ;Ú&ÎWÐ;Ò . Ö�ÑÓß&Ö�à�ÔTÕØßeÑÓÒÍÕÊÚRÔ8Ú�á¾×TÕÓá�Ú�äeÒÍÔTßMÜ@×TÙ�Ú&Ù�ÚGÎ�éeà�ÔTÚ&Ñ(0 hw»BÚ&ÜÍÒ´ãUà�Ò�Ò@ÔMÕÓ×TÕ�Ð;ÒÍá]Ú
ÕÓÒwÚ¾Î�ß¾»�ßeÔTß&Î�¸eá¾×TÜ@ß¶¹�Ú&Ô
ÒÍÎ�Ü@ßeÎWÐÓÑ;Ú&ÑRÕÓà�Ð;ÑÓÚ`¹&Ò@Ü£Ð;ßeÑØ×8Ú�ÕÓÒ{ÜwÚ&ÒxÒ@Î�Ô8Ú�À ßeÑØá�à�ÔTÚ&Ü@×I¸eÎæÙ�Òxà�Î�Ö�ÑÓß&Û�ÔTÒÍá]Ú
Ù�ÒKÀ ßeÑÓá�Ú�Î�ß�Ü@ßeÎWäeÒ*S1ÚIQ

c¯Ú&Ñ;ÚKÒ@Î1Ü@ßeÎWÐ;ÑÓÚ&Ñ3à�ÎBÚKÖ�ßeÕÓ×IÛ�ÔTÒ�ÕØßeÔTà1Ü@×T¸&Î�ÕÓÒRÚ&Ü@à1Ù�ÒRÚ&ÔBÖ�ÑÓ×IÎ�Ü@×IÖ�×Tß(Ù�Ò�c¯ßeÎWÐÓÑØ¹WÚGée×TÎUhWãUà�×IÒ@Î�Ò@ÎWÐÓÑÓÒ@éeÚ
à�ÎBÚ�ÜÍßeÎ�Ù�×IÜ@×T¸&ÎâÔTßMÜwÚGÔÏÎ�Ò@ÜÍÒ@Õ;ÚGÑÓ×8Ú	Ù�Ò]ßeÖYÐ;×Tá�Ú&ÔI×TÙBÚ&ÙÝÖ�Ú&Ñ;Ú�Ô8Ú&ÕxÐ;ÑÓÚ`¹&Ò@Ü£Ð;ßeÑØ×8Ú&Õ{ãUà�ÒæÕÓß&ÎçÕÓßeÔIà�Ü@×I¸eÎZÙ�Ò@Ô
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δg(t)

¹ Ô8ÚçÐ;ÑÓÚw¹eÒ@Ü£Ð;ßeÑØ×8Ú
x(t, δg)

ÕÓÒ@Ú&Î ¸&Ö1Ð;×Iá]Ú&Õ¨ÒÍÎ Ð;×IÒ@á¾Ö�ß2h
ÕÓÒ]Î1Ò@Ü@ÒÍÕÓ×OÐuÚ�ãUà�Ò�Ò�SY×TÕ�ÐuÚ	à1Î#äeÒÍÜÍÐÓßeÑ�Ú&Ù, Øà�ÎWÐ;ßåÎ�ß�Ð;ÑØ×IäM×8Ú&Ô

λ(t) = {λ1(t), λ2(t), λ3(t)}
Ü@ßeÎWÐÓ×TÎUà�ßdQ
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H = λ1u cosψ + λ2u sinψ + λ3δg
.$6dQ36'0
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¹æÔ�]TÎ1ÒwÚ�ÑÓÒÍÜÍÐ;Ú

s
QB¥(Òxá�Ú&Î�ÒÍÑ;Ú�éeÒ@Î1Ò@Ñ;ÚGÔ�Ô8Ú&Õ

Ü@à�Ñ�ä&ÚGÕ�¸eÖYÐ;×Tá�Ú&Õ�ÕØÒxÖ�à�Ò@Ù1Ò@Î�Ò*SYÖ�ÑÓÒÍÕ;Ú&ÑRÜ@ßeá¾ßGX
�

�6Ú&á�×IÔT×TÚ
CuCvCw

ÐÓ×TÒ@Î1Ò =�ÐÓ×TÖ�ßeÕ X
� LRvL

h
� RLvRÙ�ßeÎ�Ù1ÒaX

v ∈]π, 2π[
h
u, w ∈ [0, v]

h1¹
0 ≤ u < v − π

ß
0 ≤ w < v − π

Q
�

�6Ú&á�×IÔT×TÚ
CvSsCu

ÐÓ×TÒ@Î1Ò�6�ÐÓ×TÖ�ßeÕ X
� CLSCL

h
� CRSCR

h
Ù�ßeÎ�Ù1ÒaX

u, v ∈ [0, 2π]
¹
u+ v ≤ 2π

Q
� CRSCL
� CLSCRÙ�ßeÎ�Ù1ÒaX

u, v ∈ [0, 2π[
Q
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LvSsLu
hM×Tá¾Ö�ÔI×TÜwÚJãUà�Ò
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x1 = ρ sin v
y1 = ρ− ρ cos v

.^6dQ _ 0
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ÑØÒ@Ô8ÚGÜ@×Tß&ÎBÚ&Î¨Ò@Õ�Ð;ÒxÙ�ÒÍÕÓÖ�ÔTÚ�;wÚ&á¾×TÒÍÎWÐ;ß�ÕÓßeÎ?X

x2 = ρ sin v + s cos v
y2 = ρ− ρ cos v + s sin v

.^6dQ � 0
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xf = ρ sin v + s cos v + ρ sinψ − ρsinv
yf = ρ− ρ cos v + s sin v + ρ cos v − ρ cosψ

.^6dQ r 0
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v ∈ [0, ψ]
¹
s ∈ <+ Q

∆x = ρ sinψ + s cos v
∆y = ρ+ s sin v − ρ cosψ

.^6dQO-N0
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ÑØÒwÚ&ÔI×�;wÚGÎ¨á�ß`äM×Tá¾×TÒÍÎUÐÓßeÕ´×IÎWÐ;Ò@Î1Ü@×Tß&ÎBÚ&Ù�ßeÕ=Q

.ÏÎ�ÑØÒ@ÕÓÖ1à�Ò@Õ�ÐuÚJÚtà�Î�ÕØàBÚwäM×�;wÚGÙ�ß(Ù�Ò3ÔTÚ&Õ�Ð;Ñ;Úw¹&Ò@ÜÍÐÓßeÑÓ×TÚ&Õ^Ò@Î�ÜÍßeÎWÐ;Ñ;ÚGÙBÚ&Õ^Ö�ßeÑÌÔTÚRÕØßeÔTà�ÜÍ×T¸eÎx¸eÖYÐ;×Tá�Ú�Ö�ÑØÒN�
ÕØÒ@ÎWÐuÚ&Ù�Ú{¹�ÑÓÒÍÜ@ßeÑØÙBÚ&Î�Ù1ß¶ãUà�ÒRÔ8ÚKÖ�ÔTÚ&Î�×I·�ÜwÚ&ÜÍ×T¸eÎ�Ù�Òtà�Î�ÜwÚ&á¾×TÎ�ßxÎ�ß{×Tá¾Ö�ÔI×TÜwÚ�Ô8ÚKÖ�Ô8ÚGÎ�×I·BÜ@Ú&Ü@×I¸eÎ�Ù�ÒRà�ÎBÚ
>
��� R�EN[�G,V���L �"!$#&%�'�(�)+*�,-%/.�021
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Ð;Ñ;Úw¹&Ò@ÜÍÐÓßeÑÓ×TÚ¾À^]IÕÓ×TÜ@Ú&á¾Ò@ÎWÐ;ÒK×Iá�Ö�ÔIÒ@á¾Ò@ÎWÐuÚGÛ�ÔTÒ%h1ÕÓÒ¶ÑÓÒ£À ßeÑÓá�à1Ô8Ú�Ò@ÔÌá¾ßYÙ�ÒÍÔTßV6dQ�+�Ù1Ò{À ßeÑØá]Ú�ãUà�Ò{Ò@ÔÌÎUà�ÒÍä&ß
á�ßMÙ�Ò@ÔIßKÚ&ÕØßYÜÍ×TÒ�à�Î�ÚxÙ1×TÎBº&á¾×TÜ@Ú(ÚJÔTÚ(äeÒ@ÔIßYÜÍ×TÙBÚGÙ�Ù�Òtée×TÑØß�hXÖ�ÒÍÑÓá¾×IÐ;×IÒ@Î�Ù1ß(Ü@ß&Î�ÕÓ×IÙ�Ò@ÑÓÚ&ÑÏ×TÎ�Ù1×TÑÓÒÍÜÍÐ;Ú&á�ÒÍÎWÐ;Ò
Ò@ÔÌÚ&ÔI×TÕ;ÚGÙ�ß�Ù�ÒxÔ8Ú&Õ�ÐÓÑ;Úw¹eÒÍÜÍÐÓßeÑÓ×TÚ&Õ�¹¨Ù�ÒxÒ@Õ�ÐuÚ�á]Ú&Î1Ò@Ñ;Ú�ÔI×Tá¾×IÐ;Ú&Ñ~ÕØà�ÚGÜ@Ò@ÔIÒ@ÑÓÚ&Ü@×I¸eÎ
�9���\��� ��
 '�,�2 
 ��* 
 % 2+,T4 '(, * 
 % 3M/ 
 2�)+%(,
/1*�)+032

Z�ÜÍßeÎWÐ;×TÎUàBÚGÜ@×T¸&Î{ÕØÒ3Ö�ÑÓÒÍÕÓÒ@ÎWÐ;Ú&Î�Ù�ß&Õ^á¾ßMÙ�Ò@ÔIßeÕ
Ü@ß&Î¶×IÎ�Ò@ÑØÜ@×8Ú�ÒÍÎ¶ÔTÚ�ÕÓÒÍÞBÚ&ÔUÙ�Ò3Ü@ßeÎWÐÓÑÓßeÔ&¹JãMà1Ò~Ö�à1Ò@Ù�ÒÍÎ
ÑÓÒ@Ö1ÑÓÒ@ÕØÒ@ÎWÐuÚGÑ(á¾Ò� ØßeÑ�ÔTÚ�Ù�×TÎBºGá�×IÜwÚ�Ù�ÒÍÔ�Ù�×TÑØ×Tée×IÛ�ÔTÒRÜ@à�Ú&Î�Ù�ß¾ÕÓÒxÙ�ÒÍÕÓÖ�ÔTÚ�;wÚ�Ò@Î�Ò@Ô�Ö�ÔTÚ&Î�ß�»�ßeÑØ×�;ÍßeÎWÐuÚ&Ô
Q
� �������
��� � �	� � � � ���
� 
����+����
�����
����

¿RÎ¨á�ßMÙ�Ò@ÔIß¶à1Î¨Ö�ßMÜ@ß�á�º&Õ~Ò@Ô8ÚGÛ�ßeÑÓÚ&Ù�ß{¹]ãUà�ÒJÖ1à�Ò@Ù�ÒxÚGÕÓßMÜ@×8ÚGÑ~à�Î�Ú�×TÎ�ÒÍÑÓÜ@×TÚ¶ÕØßeÛ�ÑÓÒ(Ô8Ú¶ä&Ò@ÔTßMÜ@×IÙBÚ&Ù
Ù�Òxée×TÑØßeÕ�Ò@ÕtÖ�ÑØÒ@ÕÓÒÍÎWÐuÚ&Ù�ß�Ö�ß&Ñ�Ò@Ô�ÕÓ×Iéeà�×IÒ@ÎWÐ;ÒKÕØ×TÕØÐÓÒ@á�Ú�Ù�ÒxÒ@Ü@à�Ú&Ü@×IßeÎ�Ò@Õ�X

ẋ = u cosψ
ẏ = u sinψ

ψ̇ = r
ṙ = kgδg

.$6dQ êN0

Ù�ß&Î�Ù�Ò
u
¹
r
ÕØßeÎ�ÔTÚ&Õ¯ä&Ò@ÔTßMÜ@×IÙBÚ&Ù�ÒÍÕÊÔI×TÎ�Ò@Ú&ÔW¹�ÚGÎ�éeà�ÔTÚ&Ñ¯ÑØÒ@ÕØÖ�ÒÍÜÍÐ;×OäGÚ&á�ÒÍÎWÐ;Ò�h

kg
Ü@ßeÎ�Õ�ÐuÚ&ÎWÐÓÒ�Ú&ÕÓßMÜ@×TÚ&ÙBÚ

Ú&Ô�ÕØ×TÕØÐÓÒ@á�Ú¶¹
δg
Ô8Ú�ÕØÒ@ÞBÚGÔ
Ù�ÒJÜÍßeÎWÐ;ÑÓß&Ô�Ù�ÒÍÔ�ÕÓ×IÕØÐÓÒ@á�ÚIQ,bpé&àBÚ&Ô
Ú�ÜÍßeá¾ß�ÕÓÒK»1×�;@ß�ÖBÚ&Ñ;Ú�ÒÍÔ�ÕØ×TÕØÐÓÒ@á�Úh6dQ�+JÕÓÒ

Ö�à�Ò@Ù1Ò¶á¾ßeÕØÐÓÑ;Ú&Ñ�ãUà�Ò:6dQ ê�Ü@à�á¾Ö�ÔIÒKÜ@ßeÎ�Ô8Ú�ÑØÒ@ÕØÐÓÑÓ×IÜ@Ü@×I¸eÎ�Ù�ÒxÎ�ß¾»�ßeÔTß&Î�ßeáa]8ÚIQ
¿RÎBÚ�Ö�ÑØà�Ò@Û�Ú�Ù�Ò~Ü@ßeÎWÐ;ÑØßeÔ8ÚGÛ�×TÔI×TÙBÚ&Ù(Ö�ÑÓÒÍÕÓÒ@ÎWÐ;ÚJãMà1Ò~ÒÍÔYá¾ßYÙ1Ò@ÔTßtÙ�Ò�Ô8ÚtÒ@ÜÍàBÚ&ÜÍ×T¸eÎ 6dQ êtÒ@Õ¯Ü@ßeÎWÐÓÑÓßeÔTÚ&Û�ÔTÒ%h

Ú¾ÜÍßeÎWÐ;×TÎUàBÚGÜ@×T¸&Î�ÕØÒxá�à�Ò@Õ�Ð;ÑÓÚ¾ÒÍÕØÐ;ÒxÑØÒ@ÕÓà1ÔIÐuÚGÙ�ß�h

det

∣∣∣∣∣∣∣∣

u cosψ 0 0 −kgu sinψ
u sinψ 0 0 kgu cosψ
r 0 kg 0
0 kg 0 0

∣∣∣∣∣∣∣∣
6= 0.

cÏÔ8ÚGÎUÐÓÒwÚ&Î1Ù�ßtÔ8Ú�ÕÓßeÔIà�Ü@×I¸eÎKÜ@ß&á�ßtà�Î{Ö�ÑÓß&Û�ÔTÒÍá]Ú�Ù�Ò�Ü@ß&ÎUÐÓÑÓßeÔW¸&Ö1Ð;×Iá�ß:. á�×IÎ�×Tá¾×�;@Ú&Ü@×I¸eÎRÙ�Ò~ÔTÚ�Î�ßeÑØá]Ú
L2

h6ÚGÕÓßMÜ@×8ÚGÙ�ß�Ú�Ô8Ú�Ò@Î�ÒÍÑÓé<]TÚ�Ù�ÒxÔ8Ú�ÕÓÒÍÞBÚ&Ôi0jhBÕÓÒKÐÓ×TÒ@Î1ÒKÒ@Ô
À à�Î�ÜÍ×TßeÎ�Ú&Ô h

J(δg) =

∫ tf

t0

< δg(t), δg(t) > dt
.$6dQ�+��N0

c¯Ú&Ñ;Ú¾ãMà1Ò¶ÔTÚ¾ÔIÒÍ¹�Ù�Ò{Ü@ßeÎWÐÓÑÓßeÔ
δg(t)

¹�Ô8Ú�Ð;Ñ;Úw¹&Ò@ÜÍÐÓßeÑÓ×TÚ
x(t, δg)

ÕÓÒ@Ú&Îå¸eÖ1ÐÓ×Tá�Ú&Õ	h1ÕÓÒ�Î1Ò@Ü@ÒÍÕÓ×OÐuÚ�ãUà�Ò
Ò�SY×TÕ�ÐuÚ�à�ÎæäeÒÍÜÍÐÓßeÑtÚ&Ù� Øà�ÎWÐÓß�Î�ß�Ð;ÑØ×IäM×8Ú&Ô

λ(t) = {λ1(t), λ2(t), λ3(t), λ4(t)}
ÜÍßeÎWÐ;×TÎUà�ßIQ�cÏÔ8Ú&ÎWÐÓÒwÚ&Î�Ù1ß

Ò@Ô M(ÚGá�×IÔIÐ;ß&Î�×8Ú&Î1ß�ÖBÚ&ÑÓÚ�Ò@Ô�ÕÓ×IÕØÐÓÒ@á�Ú 6IQ ê�¹¨ÕØÒ@é<A�Î�Ò@Ô�ÜÍÑÓ×OÐ;Ò@ÑØ×TßV6dQ�+��YX

H =
1

2
(u2 + δ2

g) + λ1u cosψ + λ2u sinψ + λ3r + λ4δg
Ú&Ô�Ð;Ò@Î1Ò@ÑtÔ8Ú&Õ�ÕØÒ@ÞBÚGÔTÒ@ÕtÙ�ÒxÜÍßeÎWÐ;ÑÓß&Ô�Ò�SYÖ�ÔT×IÜ@×OÐuÚ&Õ�ÒÍÎ�ÒÍÔ_M(Ú&á¾×TÔOÐ;ßeÎ1×8Ú&Î�ß2hMÕØÒKÐ;×TÒÍÎ�Ò ∂H

∂u
= 0

h

u+ λ1 cosψ + λ2 sinψ + λ3r = 0
δg + λ4 = 0¥(Ò]ÔTßeÕ¶Ù�Ò@ÕÓÚ&ÑÓÑØßeÔTÔIßeÕ�ÚGÎUÐÓÒ@ÑØ×TßeÑØÒ@Õ�ÕØÒæÖ�à�ÒÍÙ�Ò¨á�ß&ÕØÐ;ÑÓÚ&Ñ{ãMà1Ò

u2 + δ2
g

Ð;×IÒ@Î�Ò¾äGÚ&ÔTßeÑØÒ@Õ¶Ü@ßeÎ�Õ�ÐuÚ&ÎWÐÓÒ@Õ	h
ÔTß�ãUà�Ò�»BÚ&Ü@Ò�ÒÍÕØÐuÚGÑ{ÒÍÎ#à1Î#Ü@Ú&ÕÓß�ÕÓ×Iá�×IÔ8Ú&Ñ�Ú&ÔÏÖ�ÑØÒ@ÕØÒ@ÎWÐuÚ&Ù1ß	ÖBÚGÑ;Ú¨Ò@ÔÏá¾ßYÙ1Ò@ÔTßY6IQ@+�¹åÖ�ßeÑJÐ;Ú&ÎWÐ;ß�Ò@ÎZÒ@Ô
-_=
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ÐÓ×TÖ�ßåÙ�Ò¨Ö�ÑØßeÛ�ÔTÒÍá]ÚGÕ�Î�ß Ü@ßeÎWä&Ò�SYßeÕ	h3Ö�ÑØÒ@ÕØÒ@ÎWÐuÚ&Î1Ù�ßâá A1ÔIÐ;×IÖ�ÔTÒÍÕ¶ÕØßeÔTà1Ü@×Tß&Î�Ò@Õ�¹âßeÛ�ÔT×IéWÚ&Î�Ù1ßÝÚåÛ�à�ÕØÜwÚ&Ñ
Ú&ÔOÐ;ÒÍÑÓÎBÚGÐÓ×IäGÚ&ÕÏãUà�Ò�Ü@ßeá¾Ö�ÔTÒÍá�ÒÍÎWÐ;Ò@Î�Ô8ÚxÕÓßeÔIà�Ü@×I¸eÎ¾ÖBÚ&ÑÓÜÍ×8Ú&Ô
QW½ÌÚ{ÐÓ¼@Ü@Î1×TÜwÚ¶Ú&Û�ßeÑÓÙBÚGÙBÚ¶Ú{Ü@ßeÎWÐÓ×TÎUàBÚ&ÜÍ×T¸eÎ¾ÕÓÒ
ÜÍÒ@ÎWÐ;ÑÓÚ�Ò@Î�Ò@Ô�Ú&ÔTéeß&ÑÓ×IÐÓá�ßKÎUà�á¾¼@ÑØ×TÜÍß¶Ö�ÑØÒ@ÕØÒ@ÎWÐuÚ&Ù1ß�Ò@Î�� ���{½Ìê�6���QM½ÌÚ¶×IÙ�ÒwÚ{Ö�Ô8Ú&ÎWÐÓÒwÚ&ÙBÚxÖ�ßeÑ �BÒÍÑÓÎBÚ&Î1Ù�Ò@Õ
ÕØÒJÀ ßYÜ@Ú&ÔT×@;wÚ�ÒÍÎ�ÔTÚ�Ü@ßeÎ1ÕØÐ;ÑØà�Ü@ÜÍ×T¸eÎ�Ù�ÒKà�Î�ÕØ×TÕØÐÓÒ@á�Ú�ÚGÀ^]TÎæãUà�ÒxÖ�Ò@ÑØá�×OÐuÚ�Ú&Ö1ÔT×TÜ@Ú&Ñ~ÐÓ¼@ÜÍÎ�×TÜ@Ú&ÕtÙ�ÒKÕÓßeÔIà�Ü@×I¸eÎ
ÎUà�á¾¼@ÑØ×TÜwÚ{ÖBÚ&ÑÓÚ�Ö�ÑÓß&Û�ÔTÒÍá]Ú&Õ�Î�ß�ÜÍßeÎWäeÒ*S1ß&ÕeQ5F´ßeÎ1ÕÓ×TÙ1Ò@Ñ;ÚGÎ�Ù�ß�ãUà�ÒJÒÍÔ�ÜÍßeÎWÐ;ÑÓß&Ô�Ù�ÒÍÔ�ÕØ×TÕØÐÓÒ@á�Ú¶Ö�à1Ò@Ù�ÒJÕØÒ@Ñ
Ò*S1Ö1ÑÓÒ@ÕÓÚ&Ù�ß�Ò@Î�ÕÓÒ@ÑØ×TÒÍÕRÙ1Ò �Bßeà1ÑÓ×TÒÍÑ	h

δg =
∞∑

k=1

(αkek(t))
.^6dQ�+<+ 0

Ù�ßeÎ1Ù�Ò
ek
Ò@ÕJà�Î�Ú�äGÚ&ÑÓ×TÚ&Û�ÔTÒxÜÍßeá�Ö1ÔTÒ� ÓÚfh�Ð;ÑÓà1Î�ÜwÚ&Î1Ù�ßæÔ8Ú¾ÕÓÒÍÑÓ×TÒ�Ú�à�ÎåäGÚ&ÔIßeÑ

N
h�Ò@Ô¯ÎUà�ÒÍä&ß¨Ü@ßeÎWÐ;ÑØßeÔ

Ö�à1Ò@Ù�ÒxÕÓÒÍÑ�Ö1Ô8Ú&ÎWÐ;Ò@Ú&Ù�ß�Ü@ß&á�ßYX

δg =
N∑

k=1

(αkek(t))
.^6dQ�+,=<0

ÔTß¶ãUà�ÒKÖ�ÒÍÑÓá¾×IÐÓÒ�Ö�Ò@Î�ÕÓÚ&Ñ�ÒÍÎ¨à�Î¨Ö�Ô8ÚGÎUÐÓÒwÚ&á¾×TÒÍÎWÐ;ß�Ù1ÒJà�ÎBÚ¶À à1Î�Ü@×I¸eÎæÙ�ÒJÜÍßeÕØÐÓß�Ú&ÎBº&ÔIßeéWÚ¶Úh6dQ�+��IQI9Y×
ÚæÔTÚæÎMà1ÒÍäGÚ�À à1Î�Ü@×I¸eÎ Ù�Ò�Ü@ßeÕ�Ð;ß�ÕÓÒ�ÔIÒ�Ú&Ù�×TÜÍ×TßeÎ�Ú]à�ÎÝÐ;¼ÍÑÓá¾×TÎ�ß¨ãUà�Ò¾Ú&ÕØÒ@éeà�ÑØÒ�Ú&Ô ÕØ×TÕØÐÓÒ@á�Ú¨ÔTÔTÒÍéWÚ&Ñ(ÚæÔ8Ú
ÜÍßeÎ1·Béeà1Ñ;Ú&ÜÍ×T¸eÎæ·BÎ�Ú&Ô hYÔ8Ú�ÎUà�ÒÍäGÚ�À à�Î�ÜÍ×T¸eÎ�Ù�ÒKÜÍßeÕØÐÓß�Ö�à�Ò@Ù1Ò{ÕØÒ@ÑtÑÓÒÍÒ@ÕØÜ@ÑÓ×OÐuÚ�Ù�ÒKÔTÚ�ÕÓ×Té&à�×TÒÍÎUÐÓÒJá�Ú&Î�Ò@ÑÓÚ X

J(α) =
N∑

k=1

|αk|
2 + γ||f(α) − qf ||

2 .^6dQ@+T>N0

ãUà�Ò@Ù�Ú&Î�Ù�ßèÒ@ÔKÖ�ÑØßeÛ�ÔIÒ@á�Úâ×TÎ�×IÜ@×TÚ&Ô�Î1ßèÜÍßeÎWäeÒ*S1ß Ü@ßeá¾ß�à�Î Ö�ÑÓß&Û�ÔTÒÍá]ÚâÜÍßeÎWäeÒ*S1ßè¹ À º&ÜÍ×TÔTá¾Ò@ÎWÐÓÒ
×Iá�Ö�ÔIÒ@á¾Ò@ÎWÐuÚGÛ�ÔTÒ¶ÕÓàZÕÓßeÔIà�Ü@×I¸eÎ Ò@Î#Ú&ÔTéeß&ÑÓ×IÐÓá�ß&Õ(Ù�Ò�Ö�ÑØßeéeÑ;ÚGá]Ú&ÜÍ×T¸eÎÝÜÍàBÚ&Ù�ÑÓºGÐ;×IÜwÚIQ_9YÒ�ÑÓÒ@ÜÍßeá¾×TÒ@Î1ÙBÚ�Ú&Ô
ÔIÒ@ÜÍÐÓßeÑ�×TÎWÐÓÒ@ÑÓÒÍÕ;Ú&Ù1ß¾ÒÍÎ	Ö1ÑÓß&À à�Î1Ù�×�;@Ú&Ñ�ÕÓßeÛ1ÑÓÒxÒ@Õ�Ð;Ò¶Ú&ÔTéeß&ÑÓ×IÐÓá�ß¶ÑÓÒ£äY×IÕ;Ú&Ñ�� ���{½Ìê�6���Q
� � ������� � � � � � � � ��� �$
 ���+����
�� � �����

¿�Î á¾ßYÙ1Ò@ÔTß�ãUà�Ò�Ü@ßeÎWÐÓÒ@á¾Ö�Ô8Úæà�ÎÝÜÍßeá¾Ö�ßeÑ�ÐuÚ&á¾×TÒÍÎWÐ;ß]ÕØ×Tá¾×TÔTÚ&ÑRÚæà�ÎÝÕÓ×IÕØÐ;ÒÍá]ÚæÙ1Ò�Ö�ÑÓ×Iá�ÒÍÑ(ßeÑØÙ�Ò@Î
ÖBÚGÑ;Ú�Ô8Ú�äGÚ&ÑØ×8Ú&Û�ÔIÒ

r
h�Ü@ßeÎ�ÑÓÒÍÕÓÖ�Ò@Ü£Ð;ß�Ú¾ÔTÚ�Ù�Ò
	BÒÍÜ@ÜÍ×T¸eÎ�Ù�Ò@ÕØ×Tá¾¼ÍÐÓÑÓ×TÜ@Ú�Ù�Ò{Ú&ÔTÒÍÑÓßeÎ�ÒÍÕ�.

δg
0�ÒÍÕ:X

ẋ = u cosψ
ẏ = u sinψ

ψ̇ = r
ṙ = −krr + δg

.^6dQ@+e6'0

Ù�ßeÎ1Ù�Ò
u
¹
r
ÕÓßeÎ�ÔTÚ&ÕxäeÒ@ÔIßYÜÍ×TÙBÚGÙ�Ò@Õ�ÔI×TÎ�Ò@Ú&ÔÏ¹çÚGÎ�éeà�ÔTÚ&Ñ¶ÑØÒ@ÕØÖ�ÒÍÜÍÐ;×OäGÚ&á�ÒÍÎWÐ;Òæ¹

kr
Ü@ßeÎ1ÕØÐuÚGÎUÐÓÒ¨Ù�Ò

ÐÓ×TÒ@á¾Ö�ß	Ù�Ò]ÑÓÒ@ÕØÖ�à�ÒÍÕØÐuÚåÙ1Ò@Ô´ÕØ×TÕ�Ð;Ò@á�ÚåÚ&ÎWÐÓÒ]à�ÎBÚ�Ú&Ü@ÜÍ×T¸eÎçÙ1ÒæÜ@ßeÎWÐÓÑÓßeÔ
δg
QÊ¥(×I·BÜÍà�ÔIÐ;Ú&Ù�ÒÍÕ�ÕÓ×Iá�×IÔ8Ú&ÑØÒ@ÕxÚ

ÔIßeÕKá�ßMÙ�ÒÍÔTßeÕKÚGÎUÐÓÒ@ÑØ×TßeÑØÒ@ÕxÕÓà�ÑØéeÒ@Îeh^ÒÍÔÏÖ�ÑÓß&Û�ÔTÒÍá]ÚæÙ�Ò¾Î�ß�»�ßeÔIßeÎ�ßeáa]8Ú .
ẋ sinψ + ẏ cosψ = 0

0�¹ ÒÍÔ
Ö�ÑØßeÛ�ÔIÒ@á�Ú]Ù�Ò�ÕÓ×IÕØÐ;ÒÍá]ÚGÕKÕÓà�Û:�pÚ&ÜÍÐÓàBÚ&Ù�ß&Õ .^6�Ò@ÕØÐ;Ú&Ù�ßeÕ{Ú¨Ü@ß&ÎUÐÓÑÓßeÔTÚ&ÑJÖ�ßeÑKà�ÎBÚ¨ÕØßeÔ8ÚæÕØÒ@ÞBÚ&ÔÏÙ1Ò¾ÜÍßeÎWÐ;ÑØßeÔ
δg
0�QÌ½ÌÚ¨Ò@Ü@à�Ú&Ü@×I¸eÎ#ÕØ×Téeà1×TÒ@ÎWÐÓÒ�Ö�ÑÓÒÍÕÓÒ@ÎWÐ;Ú	ãUà�Ò¾Ò@ÔÏÕÓ×IÕØÐÓÒ@á�Ú�ÒÍÕxÜ@ßeÎWÐ;ÑØßeÔ8ÚGÛ�ÔTÒ�¹ÝÖ�ßeÑJÐ;Ú&ÎWÐ;ß�Ò�SY×TÕ�Ð;Ò�à�ÎBÚ

ÐÓÑ;Úw¹eÒÍÜÍÐ;ß&ÑÓ×8Ú�ãUà�Ò{à�Î�Ò
ζi
ÜÍßeÎ

ζf
¹¨Õ;ÚGÐÓ×TÕ�À Ú&Ü@ÒxÒ@Ô�ÕØ×TÕ�Ð;Ò@á�ÚV6dQ�+T6YX

det

∣∣∣∣∣∣∣∣

u cosψ 0 0 −u sinψ
u sinψ 0 0 u cosψ
r 0 1 −kr

−krr 1 −kr k2
r

∣∣∣∣∣∣∣∣
6= 0.

-<>
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¿RÎ ÕØ×TÕØÐÓÒ@á�Ú�ÕÓ×Tá¾×TÔTÚ&Ñ¾Ò@Õ�Ö�ÑÓÒÍÕÓÒÍÎUÐ;Ú&Ù�ß Ò@Î �OMf2 �<> � h�Ù�ßeÎ�Ù1ÒZÕØÒ Ö�Ô8Ú&ÎWÐÓÒwÚ�Ù�Ò@ÕØÙ�ÒâÔTÚâÐ;ÒÍßeÑ�]TÚçÙ�Ò@Ô
Ü@ßeÎWÐ;ÑØßeÔ3¸eÖ1ÐÓ×Tá¾ß�h�á¾×TÎ�×Iá�×@;wÚ&Î1Ù�ß]ÒÍÔ Ð;×TÒÍá�Ö�ß¨¹ÝÖ�ÑØÒ@ÕÓÒÍÎWÐuÚ&Î�Ù1ß�ãUà�Ò¾Ô8Ú&ÕxÕÓÒÍÞBÚ&ÔIÒ@ÕxÙ�Ò¾Ü@ßeÎWÐ;ÑØßeÔÏÕÓß&Î#Ù�Ò
Ð;×TÖ�ß ������� � ������� � ������� Q9Y×ÏÜÍßeÎ�ÕØ×TÙ�ÒÍÑ;Ú&á¾ßeÕ{Ö�ßeÑKÀ Ú&ÜÍ×TÔI×TÙBÚ&Ù	¹ ÕÓ×Tá¾×TÔI×IÐÓà�ÙÝÚ�Ô8Ú&ÕxÕÓß&ÔTà�ÜÍ×TßeÎ�ÒÍÕxÖ�Ô8Ú&ÎWÐÓÒwÚ&ÙBÚGÕ¶ÒÍÎâÔTß&ÕKÖBº&ÑÓÑÓÚGÀ ßeÕ
Ú&ÎWÐ;Ò@ÑØ×TßeÑØÒ@Õ�h
Ò@ÔÏÜÍÑÓ×IÐÓÒ@ÑØ×TßæÙ�Ò�á¾×TÎ1×Tá¾×�;wÚGÜ@×T¸&Î�Ù1Ò¾ÔTÚ]Ò@ÜÍàBÚ&ÜÍ×T¸eÎ 6dQ�+��2h�Ò@Ô�M(ÚGá�×IÔIÐ;ß&Î�×8Ú&Î1ß�Ú¨á¾×TÎ�×Iá�×@;wÚ&Ñ
Ò@Õ�X

H =
1

2
(u2 + δ2

g) + λ1u cosψ + λ2u sinψ + λ3r + λ4(δg − krr)

c¯Ú&Ñ;ÚâÒÍÎ�Ü@ß&ÎUÐÓÑ;Ú&Ñ¨ÔTÚZÐÓÑ;Úw¹eÒÍÜÍÐ;ß&ÑÓ×8Ú#ÕÓà� ØÒ£ÐuÚ�ÚçÔ8ÚZÙ�×TÎ�º&á�×IÜwÚ Ù�Ò@ÕØÜ@ÑØ×IÐuÚçÖ�ßeÑ�Ò@Ô(ÕØ×TÕ�Ð;Ò@á�Ú 6dQ�+T6�h�ÕÓÒ
Ö�Ô8Ú&ÎWÐÓÒwÚ¨à�ÎBÚ]À à�Î1Ü@×T¸&ÎZÙ1Ò�Ü@ßeÕ�Ð;ß�Ú&ÎBº&ÔIßeéWÚ2h�ÕÓ×Iá�×IÔ8Ú&ÑRÚY6dQ�+\>]¹åãUà�Ò�ÕØÒ�ÕÓßeÔIà�Ü@×IßeÎBÚ]á¾Ò@Ù�×TÚ&ÎWÐ;Ò�ÒÍÔÏà�ÕÓß
Ù�Òxá�¼£Ð;ßMÙ�ßeÕ�ÎUà�á¾¼@ÑÓ×IÜ@ßeÕ=Q

�9���\�X� 0 /10-43,�* 3 
 /1)�0 � ��,�%�,
/�03'(0 ��,�% �Y) � �(2+03*�)�73%
F´ßMÙ�×I·�ÜwÚ&Î�Ù1ß]ÔTß&Õ�ÚGÔTéeßeÑØ×IÐÓá�ßeÕ�Ù1Ò@ÕÓÜÍÑÓ×OÐ;ßeÕ(Ú&ÎWÐ;Ò@Õ�Ò@Î � � ��������¹�Ü@ß&Î�ÕÓ×IÙ�Ò@ÑÓÚ&Î�Ù�ßæà1ÎBÚ�ÜÍßeÎ1·Béeà1Ñ;Ú��

Ü@×T¸&Î¨×TÎ�×IÜ@×8ÚGÔ�¹]à�ÎBÚ�·BÎBÚ&Ô h1ÕØÒJÐ;×TÒÍÎ�Ò@Î�ÔTÚ&Õ�ÕÓ×Iéeà�×IÒ@ÎWÐ;ÒÍÕ�Ð;Ñ;Úw¹&Ò@ÜÍÐÓßeÑÓ×TÚ&Õ�ÖBÚ&ÑÓÚ&á¾ÒÍÐ;ÑØ×�;@Ú&ÙBÚ&Õ~Ò@Î¨À à�Î�ÜÍ×T¸eÎ¨Ù�Ò
Ô8Ú�äeÒÍÔTßMÜ@×TÙ�Ú&Ù�Ù�ÒxÙ�Ò@ÕØÖ�Ô8Ú�;@Ú&á¾×TÒ@ÎWÐÓß

6m/s
¹¨Ò@Ô
ÐÓ×TÒÍá�Ö�ß�Ù�Òxá�à�ÒÍÕØÐ;ÑØÒ@ß

0.1s
Ù1Ò@Ô�ÕÓ×IÕØÐÓÒ@á�ÚIQ

F´ßeÎ1ÕÓ×TÙ1Ò@Ñ;ÚGÎ�Ù�ß�ÔTßeÕxá¾ßYÙ�ÒÍÔTßeÕ 6IQ@+�h 6dQ ê¨¹ 6dQ�+T6�ÕÓÒ¾ÑÓÒwÚGÔT×�;Íß¨Ô8Ú¨Ö�ÔTÚ&Î�×I·�ÜwÚ&ÜÍ×T¸eÎÝÙ�Ò¾Ô8ÚæÐÓÑ;Úw¹eÒÍÜÍÐ;ß&ÑÓ×8Ú
ãMà1Ò�Ù1Ò@Û�ÒæÕÓÒÍéeà�×TÑ�Ò@Ô�Ù�×IÑÓ×Iée×TÛ�ÔIÒ�Ü@àBÚ&Î1Ù�ßÝÕ;Ú&ÔIÒæÙ�ÒæÔTÚ�Ü@ß&Î1·Béeà�ÑÓÚ&Ü@×I¸eÎ�×TÎ1×TÜ@×TÚ&Ô �

0, 0, 0
�~¹#ÔTÔIÒ@éWÚGÑ�ÚåÔTÚ

Ü@ßeÎ1·�éeà�Ñ;ÚGÜ@×T¸&Îç·BÎBÚ&Ô �
250, 250, 0

�
Q¯½�ßeÕ�ÑÓÒ@ÕØà�ÔIÐ;Ú&Ù�ßeÕ�ÔTßeéeÑÓÚ&Ù�ßeÕ{ÕÓß&Î�á�ßeÕ�Ð;ÑÓÚ&Ù�ßeÕ¶Ò@Î�Ô8Ú�·Béeà�ÑÓÚR6dQ�+�h
Ù�ßeÎ�Ù�Ò�ÔTÚ]×Tá�Ú&éeÒÍÎåÕÓà1Ö�ÒÍÑÓ×Tß&Ñ(Ö�ÑØÒ@ÕÓÒÍÎWÐuÚ�Ô8Ú]Ò£äeßeÔIà�Ü@×I¸eÎÝÙ�Ò�ÔTÚ]Ö�ß&ÕÓ×TÜÍ×T¸eÎeh�ÔTÚ]×TÎWÐ;ÒÍÑÓá¾Ò@Ù�×TÚ]Ö�ÑØÒ@ÕÓÒÍÎWÐuÚ¨Ô8Ú
ÒÍäeß&ÔTà�ÜÍ×T¸eÎ�Ù1Ò´Ô8ÚRÙ�×TÑØÒ@ÜÍÜ@×T¸&Î�Ò@Î�Ò@ÔMÖ�Ô8Ú&Î1ß

2D
.
ψ
0Ì¹{Ô8ÚRÜ@à�Ñ�äGÚ(×TÎ1À ÒÍÑÓ×IßeÑÌÖ�ÑÓÒÍÕÓÒ@ÎWÐ;ÚJÒ@ÔMÜ@ßeá¾Ö�ß&ÑØÐuÚGá�×IÒ@ÎWÐ;ß

Ù�ÒxÔ8Ú�äeÒÍÔTßMÜ@×TÙ�Ú&Ù�Ú&Î�éeà�ÔTÚ&ÑeQ
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�
ζf = [250,−250, 0]
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9Y×�ÕÓÒÝÜ@ß&Î�ÕÓ×IÙ�Ò@ÑÓÚ�Ú&»�ßeÑÓÚçÜ@ßeá¾ßçÖ�à�ÎWÐÓß�Ù�ÒÝ×TÎ�×IÜ@×Iß
ζi = [0, 0, 0]

¹!Ö�à�ÎWÐ;ß�Ù�ÒÝÔIÔTÒÍéWÚ&ÙBÚ
ζf =

[250,−50,−90]
h6ÔTÚ&Õ�ÐÓÑ;Úw¹eÒÍÜÍÐ;ß&ÑÓ×8ÚGÕJÖ�Ô8ÚGÎ�×I·BÜ@Ú&ÙBÚ&Õ�ÕÓÒ�Ö1ÑÓÒ@ÕØÒ@ÎWÐuÚGÎ#ÒÍÎ!6dQg=/h�Ù�ß&Î�Ù�Ò�Ù�Ò�×TéeàBÚGÔ¯á�Ú&Î�ÒÍÑ;Ú

ÜÍßeá�ß�ÕØÒ Ö�Ô8Ú&ÎWÐÓÒ@¸�Ò@Î Ô8Úâ·Bé&à�Ñ;Ú�Ú&ÎWÐ;ÒÍÑÓ×IßeÑ	h�ÔTÚç×Tá�Ú&éeÒÍÎ.ÕÓà�Ö�Ò@ÑØ×TßeÑ¨Ö�ÑØÒ@ÕØÒ@ÎWÐuÚ�Ô8Ú�ÒÍä&ßeÔTà1Ü@×T¸&Î.Ù�Ò Ô8Ú
Ö�ßeÕÓ×IÜ@×I¸eÎUh�Ô8Úæ×TÎWÐÓÒ@ÑÓá¾Ò@Ù1×8ÚæÖ�ÑØÒ@ÕÓÒÍÎWÐuÚ�Ô8ÚæÒÍä&ßeÔTà1Ü@×T¸&ÎÝÙ�Ò�Ô8ÚæÙ�×IÑÓÒ@ÜÍÜ@×I¸eÎå¹ÝÔ8Ú�Ü@à�Ñ�ä&Ú�×TÎYÀ Ò@ÑÓ×IßeÑ(Ö1ÑÓÒ@ÕØÒ@ÎWÐuÚ
ÒÍÔ�Ü@ßeá¾Ö�ß&ÑØÐuÚGá�×IÒ@ÎWÐ;ß�Ù1Ò{ÔTÚ�äeÒÍÔTßMÜ@×TÙ�Ú&Ù�Ú&Î�éeà�ÔTÚ&Ñ�Ù�ÒÍÔ�Ù�×TÑØ×Tée×IÛ�ÔTÒ7Q
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�������56dQ+=
���
	���
���������	������������ ��!"�$# ��	%�&��!'���(	��*)���+�!,��- ζi = [0, 0, 0] 
 ζf = [250,−250,−90]

8(Ð;ÑØßeÕ´ÑØÒ@ÕÓà1ÔIÐuÚGÙ�ßeÕ�ÕØßeÎ¨Ö�ÑÓÒÍÕÓÒÍÎUÐ;Ú&Ù�ßeÕ�Ö�ßeÑ�6dQg=/.YÜÍàBÚ&Î�Ù�ß�ÒÍÔ�Ù�×IÑÓ×Iée×TÛ�ÔIÒ�Ù�Ò@Û�ÒJÑØÒwÚ&ÔI×�;wÚGÑ~à�Î�Ú�á�×IÕÓ×I¸eÎ
ÜÍßeá�Ö1ÔTÒÍÐ;Ú'.1ÕÓÚ&ÔT×IÒ@Î�Ù1ß�Ù�Ò

ζi = [0, 0, 0]
¹æÔTÔIÒ@éWÚGÎ�Ù�ß�Ú

ζf = [−100, 500, 180]
.YÜÍßeÎ�Ü@ßeÎ1·�éeà�Ñ;ÚGÜ@×Tß&Î�Ò@Õ

×IÎUÐÓÒ@ÑØá�ÒÍÙ�×8Ú&Õ
ζ1 = [250,−50,−90]

.
ζ2 = [200,−300, 180]

.
ζ3 = [−100,−250,−270]

.
ζ4 =

[−100,−100, 90]
.
ζ5 = [−50, 200, 0]

.
ζ6 = [250, 250,−270]

.
ζ7 = [200, 500,−180]

Q .ÏÎ#ÒÍÕØÐuÚ
·Bé&à�Ñ;Ú�ÕÓß&ÔTß�ÕÓÒxÖ�ÑØÒ@ÕÓÒÍÎWÐuÚ�ÒÍÔ�Ù�Ò@ÕØÖ�Ô8Ú7;wÚ&á¾×TÒÍÎUÐÓß�Ù�Ò@Ô�ÕØ×TÕ�Ð;Ò@á�Ú�Ò@Î�Ò@Ô�Ö�ÔTÚ&Î�ß

2D
¹¨ÔTÚ�ÒÍä&ßeÔTà�ÜÍ×T¸eÎ�Ù�Ò

ψ
Q

9Y×3á¾×TÑ;ÚGá�ßeÕ(Ù�Ò@ÕØÙ�Ò]à�Î�Ú	¸eÖ1ÐÓ×TÜ@Ú�Ù1Ò]Ü@ß&ÎUÐÓÑÓßeÔÏÒÍÎçÔ8Ú7;@ß�Ú&Û�×IÒ@ÑØÐÓß�¹ZÚGÖ�ÔT×IÜwÚ&á¾ßeÕJÔTÚ&ÕKÐ;Ñ;Úw¹&Ò@ÜÍÐÓßeÑÓ×TÚ&Õ
ÒÍÎ�Ü@ßeÎWÐÓÑ;Ú&ÙBÚGÕ�Ú&Ô6ÕÓ×IÕØÐÓÒ@á�Ú{ÜÍßeá�Ö1ÔTÒÍÐÓß0.WÕÓÒRÒ@Î1Ü@à�ÒÍÎUÐÓÑ;Ú�ãUà�Ò�Ô8ÚxÕÓÒ@Þ�Ú&Ô6Ù�Ò(ÑØÒÍÀ Ò@ÑØÒ@Î�ÜÍ×8Ú{ÜwÚ&ÔIÜ@à�ÔTÚ&ÙBÚKÖ�ß&Ñ~ÔIßeÕ
á¾¼ÍÐÓßYÙ�ß&Õ Ú&ÎWÐ;ÒÍÑÓ×IßeÑÓá¾Ò@ÎWÐ;Ò~Ù�Ò@ÕØÜ@ÑØ×IÐ;ß&Õ1.eÎ�ß(ÔTßeéeÑÓÚ(»BÚ&ÜÍÒ@Ñ ãUà�Ò�ÒÍÔ1Ù�×IÑÓ×Iée×TÛ�ÔIÒ3ÕÓ×TéeÚ Up·�Ò@ÔTá¾Ò@ÎWÐÓÒ�W~Ò@Ô�Ü@Ú&á¾×TÎ�ß0.
Ö�ÑØÒ@ÕØÒ@ÎWÐuÚ&Ù1ß]Ù�ÒÍÕØä�]TßeÕtÜÍßeÎ	ÑØÒ@ÕØÖ�ÒÍÜÍÐ;ß�Ú�Ô8Ú&Õ�Ö�ßeÕØ×TÜ@×IßeÎ�ÒÍÕ�Ù�ÒxÔ8Ú�Ð;ÑÓÚ`¹&Ò@Ü£Ð;ßeÑØ×8Ú�ÑÓÒ£À Ò@ÑÓÒÍÎ�Ü@×TÚIQ

2ÊÚGÑ;Ú�ÕÓßeÔIà�Ü@×IßeÎBÚ&Ñ~Ò@Õ�Ð;ÒxÖ�ÑÓß&Û�ÔTÒÍá]Ú'.YÕÓÒKÙ�ÒÍÛ�ÒxÖ�Ò@Î�ÕÓÚ&Ñ�Ò@Î�ÑØÒwÚ&ÔI×�;wÚGÑ�Ò@Ô
ÕØÒ@éeà1×Tá¾×TÒ@ÎWÐÓß�Ù�ÒxÔ8Ú¶ÐÓÑ;Úw¹eÒÍÜN�
ÐÓßeÑÓ×TÚæÖ�Ô8Ú&Î1ÒwÚ&ÙBÚ3.�ÑÓÒ@Ú&ÔT×@;wÚ&Î1Ù�ß¨à�ÎZÜ@ßeÎWÐ;ÑØßeÔÏÒ@ÎZÔ8Ú7;@ß¨Ü@ÒÍÑÓÑÓÚ&Ù�ß�ãMà1Ò�ÚGÕÓÒ@é&à�ÑÓÒ�Ò@ÔÏÙ1Ò@ÕÓÖ1Ô8Ú�;@Ú&á�×IÒ@ÎWÐ;ß�Ù�ÒÍÔ
Ù�×IÑÓ×Iée×TÛ�ÔIÒKÒ@ÎWÐ;ÑØÒ�Ô8ÚGÕ�Ù�ß&ÕJÜ@ßeÎY·Béeà�ÑÓÚ&Ü@×IßeÎ�Ò@Õ=Q Z�Õ�]%.�ÒÍÔÊÕÓ×IÕØÐÓÒ@á�Ú . B Ú&×IÑÓÕÓ»1×TÖ54�»�Ò@Ú&Ù�×IÎ�éæÜ@ß&ÎUÐÓÑÓßeÔ
D 0�Ù�ÒÍÛ�Ò
ÐÓÑ;ÚGÐ;Ú&Ñ�Ù�ÒxÕÓÒÍéeà�×IÑRÔTÚ�Ð;ÑÓÚ`¹&Ò@Ü£Ð;ßeÑØ×8Ú�ÜwÚ&ÔIÜ@à�ÔTÚ&ÙBÚIQ

6�ßGÐ;Ò�ãUà�Ò�Ù�Ò@Û�×IÙ�ßZÚ&Ô�Ù�ÒÍÕÓÖ�ÔTÚ�;wÚ&á¾×TÒÍÎWÐ;ßÝÜ@ß&Îèä&Ò@ÔTßMÜ@×IÙBÚ&Ù�ÜÍßeÎ�ÕØÐ;Ú&ÎWÐ;Ò�Ù�Ò@Ô�Ù1×TÑÓ×Iée×TÛ1ÔTÒR. éWÚ&ÑÓÚ&ÎWÐ;×@;wÚ
Ö�Ò@ÑØá]Ú&Î1Ò@Ü@ÒÍÑtÒ@Î�Ô8Ú&Õ�ÑØÒ@ée×IßeÎ�Ò@Õ�ÔI×TÎ�Ò@Ú&ÔTÒÍÕ�Ù�ÒxÔ8Ú�À Ú&ÕØÒxÙ�Ò{äMà�ÒÍÔTß�Ü@ÑØà�Ü@ÒÍÑÓß'07.6Î�ß�ÕÓÒ{Ö�à�Ò@Ù1Ò¶»BÚGÜ@Ò@ÑtÕØÒ@éeà�×"�
á¾×TÒÍÎUÐÓßxÙ�Ò�ß&ÛD ØÒÍÐÓ×Iäeß&Õ~ß¶Ü@ßeá¾ßxÕÓÒ(ÒÍÎ�Ü@à1Ò@ÎWÐ;ÑÓÚ�Ò@Î�Ô8ÚKÔT×OÐ;Ò@ÑÓÚGÐ;à1Ñ;Ú'.eÖ�Ò@ÑØÕÓÒÍÜ@à�ÜÍ×T¸eÎ�Ù�Ò�à1Î]á¾¸EäM×IÔ�äY×IÑØÐÓàBÚ&Ô�.
Ò*S1ÜÍÒ@Ö1ÐÓß�ÕÓ×�Ò@ÔRá�¸`äM×TÔtÕÓÒ�Ù�Ò@ÕØÖ�Ô8Ú�;@ÚçÚ#ä&Ò@ÔTßMÜ@×IÙBÚ&Ù ÜÍßeÎ�Õ�ÐuÚ&ÎWÐ;Ò	¹ Ù1Ò@ÎWÐ;ÑØß�Ù�ÒåÔ8ÚGÕ�ÔI×Tá¾×IÐuÚGÜ@×Tß&Î�Ò@Õ�Ù�ÒÍÔ
ÑØÒ@éeà�ÔTÚ&Ù�ßeÑ´Ù�Ò@Ù�×IÜwÚ&Ù1ß�ÚGÔ�ÕÓÒ@é&à�×Tá¾×TÒÍÎUÐÓß�Ù�ÒxÔ8Ú�ÐÓÑ;Úw¹eÒÍÜÍÐ;ß&ÑÓ×8Ú,Q
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ζi = [0, 0, 0]

�
ζf = [−100, 500, 180]
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½ÌÚ�Ñ;Ú�;Í¸eÎ�Ù�ÒKÑÓÒ@Ú&ÔT×@;wÚ&Ñ~à�Î�Ü@ßeÎWÐÓÑÓßeÔ�ÚGÙ�×TÜÍ×TßeÎBÚGÔ�ÕØÒJÀ à�Î�ÙBÚ&á¾Ò@ÎWÐ;Ú�ÒÍÎ�Ò@Ô
»�ÒÍÜu»�ß¾ãMà1Ò¶ÚGÔ
Ú&Ö�ÔI×TÜ@Ú&Ñ´ÔTÚ&Õ
ÕØÒ@ÞBÚ&ÔIÒ@ÕÏÑØÒÍÀ Ò@ÑØÒ@Î�ÜÍ×8ÚJÜ@Ú&ÔTÜÍà�Ô8Ú&Ù�Ú&ÕÊÒÍÎ¾ÔTÚ�;@ßJÚ&Û�×TÒÍÑØÐÓßKÕÓßeÎ�×IÎ�ÕÓà1·�Ü@×TÒÍÎWÐ;Ò@Õ3ÖBÚGÑ;ÚJéWÚ&ÑÓÚ&ÎWÐ;×@;wÚ&Ñ¯à�ÎBÚJÑÓß&Û�à�ÕØÐÓÒe;
ÒÍÎ	ÔTÚ&Õ�Ù�×Iä&Ò@ÑØÕ;Ú&ÕRÚ&Ö�ÔI×TÜ@Ú&Ü@×IßeÎ�Ò@Õ~¹¨ÑÓÒÍÜu»BÚ�;@ß�Ú�Ö�ÒÍÑØÐ;à1ÑÓÛBÚ&ÜÍ×TßeÎ1Ò@ÕtÖ�ß&ÕÓ×TÛ1ÔTÒ@Õ´Ù�à�Ñ;ÚGÎUÐÓÒ¶ÔIßeÕ�äMà�Ò@ÔIßeÕeQ

��� ����
 0 , 
 /)1+0"'(,���, � �() � )+,�% 3 
 '(,�3M/10-43,�* 3 
 /1)�0 �
.ÏÔ6Ö�ÑÓßeÛ1ÔTÒ@á�ÚxÙ�Ò(ÕØÒ@éeà�×Iá�×IÒ@ÎWÐ;ßxÙ�ÒRÐ;ÑÓÚ`¹&Ò@Ü£Ð;ßeÑØ×8Ú&Õ�»BÚ¶ÕØ×TÙ�ß¶Ô8Ú&ÑØéWÚ&á¾Ò@ÎWÐ;Ò�Ò*SYÖ�ÔTßeÑÓÚ&Ù�ß¶Ù�Ò@ÕØÙ�Ò(Ù�×OäeÒÍÑ��

ÕÓÚ&Õ ¸eÖ1ÐÓ×TÜ@Ú&ÕeQ!.ÏÎ ��� JK9 + ê76 ��.GÕÓÒ�ÒÍÎ�Ü@à1Ò@ÎWÐ;ÑÓÚxÔTÚ(á�Ú&Î�Ò@ÑÓÚ�Ù�Ò�»�Ú&Ü@ÒÍÑ Ò@Õ�ÐuÚ&Û�×IÔT×@;wÚ&ÜÍ×T¸eÎ{Ù�Ò�ÔTÚRÐ;ÑÓÚw¹eÒ@Ü£Ð;ßeÑØ×8ÚÒÍÎèà1ÎèÕØ×TÕ�Ð;Ò@á�ÚÝÎ�ß!� »�ßeÔTß&Î�¸eá¾×TÜ@ßIQ5.3Î �O9��fM �I+ . 2�� �_=3. 2���ê 8 �%.ÏÔTßeÕ�ÚGà1Ð;ßeÑØÒ@Õ�ÐÓÑ;Ú&ÛBÚ# ÓÚ&Î�Ð;¼@ÜÍÎ�×TÜ@Ú&Õ
ÖBÚGÑ;ÚâÕØ×TÕØÐÓÒ@á�Ú&ÕæÖ�ÔTÚ&Î�ßeÕ�¹ Ù�ÒåÒÍÕØÐÓÑÓà�Ü£Ð;à�ÑÓÚ�Ü@Ú&Ù�ÒÍÎBÚIQ	.ÏÎ �HF´Ù06P2�êI+ .[F´Ù 6P2´ê�� �%.´ÕÓÒåÐÓÑ;Ú&Û�Ú, ÓÚçà�ÎBÚ
ÜÍÔ8Ú&ÕØ×I·BÜ@Ú&Ü@×I¸eÎ�Ù�Ò(ÔIßeÕ3á�ßMÙ�Ò@ÔIßeÕ3ÖBÚ&ÑÓÚ¶ÑÓß&Û�ß&ÐÓÕ~á¾¸`äM×TÔTÒÍÕeQW.ÏÎ �O9YÙ�� ê�>0.MÙ�� 9I2�ê�� �%.UÕÓÒ�ÑÓÒwÚGÔT×�;@Ú{à1ÎBÚ¶ÒÍÕ��
Ð;Ú&Û�×TÔI×�;@Ú&Ü@×I¸eÎ�ÖBÚ&ÑÓÚ{à1ÎæÑÓßeÛ�ß&Ð�á¾¸EäM×IÔ�ÕÓà� ØÒ£Ð;ß�ÚxÑÓÒÍÕØÐÓÑÓ×TÜÍÜ@×IßeÎ�Ò@Õ=QD.3Î �H9YÙ�� ê_=��%.MÕØÒ�Ö1ÑÓÒ@ÕØÒ@ÎWÐuÚGÎæÐ;¼@ÜÍÎ�×TÜ@Ú&Õ
ÒÍÎ¾é&Ò@Î�ÒÍÑ;Ú&Ô�ÒÍá�Ö1ÔTÒwÚGÙBÚ&Õ ÖBÚGÑ;ÚKÒ@Ô�ÜÍßeÎWÐ;ÑØßeÔ�Ù�Ò�ÑØßeÛ�ßGÐ;ÕeQ .3Î �O91Ú&á�ê98/.�� 2 91ê<-'.��R9 � � �%.eÕÓÒ�ÐÓÑ;Ú&Û�Ú, ÓÚKÕÓ×TÕ��
ÐÓÒ@á�Ú&Õ~Ù1Ò(Ò@Õ�Ð;ÑØà�ÜÍÐÓà�Ñ;Ú�Ü@Ú&Ù�ÒÍÎBÚ�ß�ÒÍÎ�ÜwÚGÙ�Ò@ÎBÚGÙBÚ'.MÒ@ÕØÐ;Ú&Û�×IÔT×�;@Ú&Î�Ù�ß{Ü@ß&Î]Ò@Ô�Ü@ÑØ×IÐÓÒ@ÑÓ×Iß¶Ù1Ò �tßeà1Ð;»D� M�à1Ñ"!t×IÐ�;
¹¨ÕØÒ@éeà1×Tá¾×TÒ@ÎWÐÓß�Ù�Òxà�Î	Ö1à�ÎWÐ;ß¾á�¸`äM×TÔ
Q

F´ßeÎ�ÕØ×TÙ�ÒÍÑ;Ú&Î1Ù�ßæÒ@ÔÌÕØ×TÕØÐÓÒ@á�Ú 6dQ�+ .6Ü@ß&ÎåÙ�Ò@ÕØÖ�Ô8Ú7;wÚ&á¾×TÒÍÎUÐÓß]Ú�äeÒÍÔTßMÜ@×TÙ�Ú&Ù�ÜÍßeÎ�ÕØÐ;Ú&ÎWÐ;ÒG.
u = va

.�Ü@Ú&ÕÓß
×IÙ�ÒwÚ&Ô¯ÕÓ×IÎ äM×IÒ@ÎWÐ;ß¨¹

α ≈ 0
.
β ≈ 0

0�¹åéeÒ@Î�ÒÍÑ;Ú&ÔI×�;@Ú&Î�Ù�ß¨ÒÍÕØÐuÚGÕ{ÒÍÜ@àBÚGÜ@×Tß&Î�Ò@ÕKÜÍ×TÎ�ÒÍá]ºGÐÓ×TÜ@Ú&ÕJÙ�Ò�À ßeÑØá]Ú
ãUà�Ò{Ò@ÔÌÕÓ×IÕØÐÓÒ@á�Ú�ÜÍßYß&ÑÓÙ�ÒÍÎBÚ&Ù�ß¾Ù�Ò{ÑÓÒÍÀ ÒÍÑÓÒÍÎ�Ü@×TÚ�ÕÓÒ@Ú¾à1Î�ÕÓ×IÕØÐÓÒ@á�Ú¾ÜÍßYßeÑØÙ�Ò@Î�Ú&Ù�ß¾Ù�Ò �BÑØÒ@Î�Ò£Ð . äeÒÍÑR·Bé&à�Ñ;Ú
6dQ"8<07.�Ô8Ú&Õ�ÒÍÜ@àBÚGÜ@×Tß&Î�Ò@ÕtÖ�à�ÒÍÙ�Ò@Î	ÕÓÒÍÑRÑØÒ@ÕØÜ@ÑÓ×OÐuÚ&ÕtÜÍßeá�ß�ÕØÒ{Ö1ÑÓÒ@ÕØÒ@ÎWÐuÚ�Ú�Ü@ßeÎWÐ;×IÎUàBÚ&Ü@×I¸eÎ .

ṡ = va
1−dc(s)

cosψe

ḋ = va sinψe
ψ̇e = ψ̇d − ψ̇r

.^6dQ@+
8<0

-�#
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Ù�ß&Î�Ù�Ò
va
Ò@ÕRÔ8Ú�äeÒÍÔTßMÜ@×IÙBÚ&Ù�Ú&Ò@ÑØßYÙ1×TÎBº&á¾×TÜ@Ú�Ù�Ò{Ù�Ò@ÕØÖ�Ô8Ú�;@Ú&á¾×TÒ@ÎWÐÓß . ÕÓà�Ö�à1Ò@ÕØÐ;Ú]Ü@ß&Î�ÕØÐ;Ú&ÎWÐ;Ò\07.

Pd =
(xd, yd)

Ô8Ú�Ö�ßeÕÓ×IÜ@×T¸&ÎæÑÓÒ£À Ò@ÑÓÒÍÎ�Ü@×TÚ&ÙBÚ�Ú
R0

¹
ψd

ÔTÚ�ßeÑØ×TÒ@ÎWÐ;Ú&Ü@×I¸eÎæÙ�ÒÍÔ�Ù�×TÑØ×Tée×IÛ�ÔTÒtÑÓÒ@Ú&Ô�Q
(xr, yr, ψr)

ÕÓßeÎ
Ô8Ú&Õ3Ü@ßMßeÑØÙ�Ò@ÎBÚGÙBÚ&Õ�Ù�Ò@Ô6Ö�à�ÎWÐÓß B

s
DUãUà�Ò�Ü@ßeÑØÑÓÒ@ÕØÖ�ß&Î�Ù�Ò�Ú{ÔTÚ{Ö�ÑØß`¹eÒ@ÜÍÜ@×I¸eÎ]ßeÑ�Ð;ßeé&ßeÎBÚ&ÔBÙ�ÒRÔ8ÚKÖ�ßeÕØ×TÜ@×I¸eÎ�Ù�Ò@Ô

Ù�×TÑØ×Tée×IÛ�ÔTÒ
(Pd = CV )

ÕÓß&Û�ÑÓÒKÔTÚ¶Ü@à1ÑØäGÚ
ζ
Q
d
ÒÍÕ�Ô8Ú¶Ù1×TÕØÐ;Ú&Î�ÜÍ×8Ú{¹

ψe
ÒÍÕ�Ò@Ô�Ò@ÑÓÑØßeÑ´Ù1ÒKßeÑÓ×IÒ@ÎWÐuÚ&ÜÍ×T¸eÎ .MãUà�Ò

Ò�SY×TÕ�Ð;ÒKÒ@ÎWÐÓÑÓÒJÒÍÔ�Ù�×IÑÓ×Té&×TÛ�ÔIÒt¹�Ô8Ú¶Ü@à�Ñ�ä&Ú
ζ
.MÒ�SYÖ�ÑØÒ@ÕÓÚ&Ù�ßeÕtÒ@Î¨ÒÍÔ�ÕØ×TÕØÐÓÒ@á�Ú�Ü@ßMßeÑØÙ�Ò@ÎBÚGÙ�ß�Ù�Ò �BÑÓÒÍÎ�ÒÍÐ:.

Rr

0�Q
c(s)

Ò@Õ�ÔTÚ�Ü@à�Ñ�äGÚGÐ;à�ÑÓÚ�Ù�Ò
ζ
Ò@Î�ÒÍÔ�Ö�à�ÎWÐÓß

s
.M¹æÒ@Õ�ÒÍãUà�×IäGÚ&ÔIÒ@ÎWÐ;ÒKÚGÔ�×TÎWä&Ò@ÑÓÕØß�Ù�Ò@Ô�Ñ;Ú&Ù�×Iß�Ù�ÒKÜÍà�ÑØäGÚGÐÓà�Ñ;ÚIQ

.3Ô�ÕÓà�Õ�Ð;×IÐÓà�×TÑ
s
Ö�ßeÑ

x
.
d
Ö�ßeÑ

y
.
ψe
Ö�ßeÑ

ψ
¹]Ô8Ú�»�Ú&Ü@ÒÍÑ

c(s) = 0
.YÕÓÒJÐÓ×TÒ@Î1ÒJÒ@Ô�ÕÓ×TÕ�Ð;ÒÍá]Ú�ÜÍßYßeÑØÙ�Ò@Î�Ú&Ù�ß

6dQ@+ .BÔTß�ãUà�Ò{á�à�Ò@Õ�Ð;ÑÓÚ�ãUà�Ò{Ò@Õtà�Î�Ú¾éeÒÍÎ�Ò@ÑÓÚ&ÔT×@;wÚ&ÜÍ×T¸eÎ Q
bpÎ�ÕØÖ�×TÑÓÚ&Ù�ßeÕÏÒÍÎ�ÔTÚ�Ð;ÒÍßeÑ�]TÚJÙ�ÒtÜ@ßeÎWÐÓÑÓßeÔ�Ö�Ú&Ñ;ÚKÕÓ×IÕØÐÓÒ@á�Ú&ÕÏÎ�ßxÔT×IÎ�ÒwÚ&ÔIÒ@Õ�.GÕØÒtÐÓ×TÒÍÎ�Ò�Ö�ß&ÑÏÑÓÒwÚGÔT×Tá¾Ò@ÎWÐ;Ú&Ü@×I¸eÎ

Ù�ÒxÒ@ÕØÐ;Ú&Ù�ß¾ÔT×IÎ�ÒwÚ&ÔI×�;@Ú&ÎWÐ;Ò .YãUà�ÒxÒ@Ô�ÕÓ×IÕØÐÓÒ@á�Ú 6IQ@+ 8�Ö�à1Ò@Ù�ÒxÕÓÒÍÑ�ÑØÒ@ÒÍÕÓÜ@ÑØ×IÐÓß¾Ù1Ò{ÔTÚ�ÕÓ×Té&à�×TÒÍÎUÐÓÒKá]ÚGÎ�Ò@ÑÓÚGX

ḋ = va sinψe
ψ̇e = v

.^6dQ�+ �N0

Ù�ß&Î�Ù�Ò
v = ψ̇d − ψ̇r

.�Ö�Ò@ÑØß#ÜÍßeÎ�ÕØ×TÙ�ÒÍÑ;Ú&Î�Ù1ßâãUà�Ò�Ò@ÔtÜ@ßeá¾Ö�ßeÑØÐ;Ú&á�×IÒ@ÎWÐ;ßÝÒÍÎ ÔTÚ�;@ßZÜ@ÒÍÑÓÑÓÚ&Ù�ßZÙ�Ò@Ô
ÕÓ×TÕ�Ð;ÒÍá]Ú�Ù�ÒxÜ@ßeÎWÐÓÑÓßeÔ�Ù�Ò{Ù�×IÑÓÒ@ÜÍÜ@×I¸eÎ�Ù�Ò@Ô�Ù�×IÑÓ×Iée×TÛ�ÔIÒ(ÒÍÎ	ÒÍÔ�Ö�Ô8Ú&Î1ß¾»1ßeÑÓ×@;@ßeÎWÐuÚGÔ
Ò@Õ�Ú&Ö�ÑØß\SY×Iá]Ú&Ù1ß�Ú

ψ̇d =
−k1ψdψd + k2ψrefψref

.BÒ@Ô�ÕØ×TÕØÐÓÒ@á�ÚV6dQ@+ ��ÕØÒxÒ�SYÖ�ÑÓÒÍÕ;Ú¾Ü@ßeá¾ß0.

ḋ = va sinψe
ψ̇e = −k1ψdψd + k2ψrefψref − ψ̇r

.^6dQ�+ #<0

Ö�Ò@ÑØá�×OÐ;×TÒÍÎ�Ù�ß�Ò*SYÖ�ÑÓÒÍÕ;Ú&Ñ�Ô8Ú�ÑÓÒ£À Ò@ÑØÒ@Î�ÜÍ×8Ú�Ù�Ò@Ô�ÜÍßeÎWÐ;ÑÓß&Ô�Ò@Î�Ô8Ú�;Íß¾ÜÍÒ@ÑØÑ;Ú&Ù�ß¾Ù�ÒxÔ8Ú�Ù�×IÑÓÒÍÜ@Ü@×I¸eÎ�Ù�Ò@Ô�Ù1×TÑÓ×"�
ée×TÛ�ÔIÒJÜ@ß&á�ß

ψref =
k1ψdψd+ψ̇r+v

k2ψref

Q
Z�»�ßeÑ;Ú3.^ß&Û�ÕÓÒÍÑØäGÚ&Î�Ù�ß	Ò@Ô�Ü@ßeá¾Ö�ßeÑØÐ;Ú&á�×IÒ@ÎWÐ;ß¨Ù1Ò�Ð;ßMÙBÚ&Õ{Ô8ÚGÕxäGÚ&ÑØ×8Ú&Û1ÔTÒ@ÕK¹ ãUà�Ò�Ò@Ô�ÕÓ×TÕ�Ð;ÒÍá]Ú�ßeÖ�Ò@Ñ;Ú

éeÒ@Î�ÒÍÑ;Ú&ÔIá�ÒÍÎWÐ;Ò�Ö�ÑØ¸TS1×Iá�ßJÚ
(xr.yr, ψr)

.GÕÓÒ�Ö�à�ÒÍÙ�ÒtÜ@ßeÎ1ÕÓ×TÙ1Ò@Ñ;ÚGÑ à�Î�á¾ßYÙ�ÒÍÔTßJÔI×TÎ�Ò@Ú&ÔT×@;wÚ&Ù1ßtÐÓ×TÖ�ßJÖ�ÑØ×Tá¾Ò@Ñ
ßeÑÓÙ�ÒÍÎ	Ù1Ò@Ô�ÕÓ×IÕØÐÓÒ@á�Ú 6IQ@+ �,Q
-<-
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δḋ = va cosψeδψe
δψ̇e = δv

.^6dQ@+T-N0

F´ßeÎ�Õ�Ð;ÑØà1¹eÒÍÎ�Ù�ß]ÒÍÔ
á¾ßYÙ�ÒÍÔTß�Ù1Ò{ÒÍÕØÐ;Ú&Ù�ß�Ù�ÒKÒ@Õ�Ð;ÒxÕÓ×IÕØÐÓÒ@á�Ú'.�Ü@ß&Î�à1Î�ÜÍßeÎWÐ;ÑØßeÔ
Ù�×IÕÓÒ@Þ�Ú&Ù�ß�Ö�ß&Ñ�ÑÓÒ@Ú&ÔT×"�
á¾Ò@ÎWÐuÚGÜ@×T¸&Î]Ù�Ò�Ò@ÕØÐ;Ú&Ù�ß�á�Ú&Õ´à1Îæ×TÎWÐ;ÒÍéeÑ;ÚGÙ�ßeÑ�ÖBÚ&Ñ;Ú¶ÔTÔTÒ£äGÚ&Ñ�Ú�Ü@ÒÍÑÓß�Ò@Ô�Ò@ÑØÑÓßeÑ~Ù�ÒJÖ�ßeÕÓ×IÜ@×I¸eÎ

d
ÒÍÎ¨Ò@Õ�ÐuÚ&Ù�ß

ÒÍÕØÐuÚGÛ�ÔTÒh. Ö�ßeÕÓ×IÛ�×TÔI×TÙBÚGÙ�Ù�Ò(ÕØÒ@éeà�×Iá�×IÒ@ÎWÐ;ß¶Ù�Ò(ÑÓÚ&á¾ÖBÚ&Õ(07.UÕÓÒ�ÐÓ×TÒÍÎ�Ò�ÒÍÔ�ÕØ×Téeà1×TÒ@ÎWÐÓÒ�Ö�ßeÔT×IÎ�ßeá¾×TßKÜ@Ú&Ñ;Ú&Ü£Ð;ÒÍÑ�]TÕ��
ÐÓ×TÜ@ßYX

det

∣∣∣∣∣∣

s −a 0
−kd (s− kψe) ka
1 0 s

∣∣∣∣∣∣
= s3 − s2(kψe) − s(akd) + aka

Ù�ßeÎ1Ù�Ò
a = va cosψe0

¹
kψe

.
kd
¹
ka

.MÕÓß&Î¨Ô8Ú&Õ�éWÚ&ÎBÚGÎ�Ü@×TÚ&Õ~Ù1ÒJÑÓÒ@Ú&ÔT×Iá�ÒÍÎUÐ;Ú&Ü@×I¸eÎ�Ù�ÒJÔIßeÕ~ÒÍÕØÐ;Ú&Ù�ßeÕ
ÒÍÑÓÑÓß&ÑJÙ�Ò�ßeÑØ×TÒ@ÎWÐ;Ú&Ü@×I¸eÎ .�ÒÍÑÓÑØßeÑJÙ�Ò�Ö�ßeÕÓ×IÜ@×I¸eÎå¹åéWÚGÎBÚ&Î�ÜÍ×8Ú]Ù�Ò�ÔTÚ¨Ú&Ü@ÜÍ×T¸eÎÝ×IÎWÐ;Ò@é&Ñ;Ú&Ô¯ÕÓßeÛ�ÑØÒ�Ò@Ô ÒÍÑÓÑØßeÑKÙ�Ò
Ö�ßeÕÓ×IÜ@×I¸eÎ

d
ÜÍßeÎ�ÑÓÒ@ÕØÖ�ÒÍÜÍÐÓß]Ú�à�Î¨äGÚ&ÔTßeÑ�Ù1Ò{ÑØÒÍÀ ÒÍÑÓÒ@Î1Ü@×8Ú�Ù�ÒxÜÍÒ@ÑÓß'.BÑÓÒ@ÕØÖ�ÒÍÜÍÐÓ×IäGÚ&á¾Ò@ÎWÐ;Ò7Q

.ÏÔ
äGÚ&ÔTßeÑ´Ù�ÒxÔTßeÕ�ÜÍßYÒ£·BÜ@×IÒ@ÎWÐ;ÒÍÕ
kψe

.
kd
¹
ka

.�ÕØÒ¶Ù1ÒÍÐ;ÒÍÑÓá¾×TÎBÚGÑÓßeÎ¨ÜÍßeÎ	ÒÍÔ�Ü@ÑØ×IÐ;ÒÍÑÓ×Iß�Ù�ÒxÒ@ÕØÐ;Ú&Û�×IÔT×TÙ�Ú&Ù
Ù�Ò�� � 
 ��� ��� 
���� 
	� �K¹�Ü@à1á�Ö�ÔI×TÒÍÎ�Ù�ßKÔTß&Õ Ü@ÑØ×IÐ;ÒÍÑÓ×IßeÕÏÙ�Ò�Ù�ÒÍÕÓÒ@á¾Ö�Ò@Þ�ß . s3 +s2(2ξw0 + 1
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Ö�ÑØÒ@Ù�Ò£·BÎ�×TÙ1ßeÕ1.

kψe = −2ξwo+ 1/τ

kd = −wo2+2ξwo/τ
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ka = wo2

aτ
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v = kψeψe + kdd+ ka

∫
(−d)dt

.$6dQ+= �N0
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ÙBÚGÙBÚ�Ö�ßeÑ X

ψref =
k1ψdψd + ψ̇r + kψeψe + kdd+ ka

∫
(−d)dt

k2ψref

.^6dQg=�+ 0
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Ö�ÑØ¸TS1×Iá�ß�Ú�Ô8ÚxÐ;Ñ;Úw¹&Ò@ÜÍÐÓßeÑÓ×TÚ�Ö�Ô8ÚGÎ�×I·BÜ@Ú&ÙBÚ'.UÔIÔTÒÍäGÚ&Î1Ù�ß�ÔIßeÕ�Ò@ÑØÑÓßeÑØÒ@Õ�Ù1ÒJÖ�ß&ÕÓ×TÜÍ×T¸eÎ�¹]ßeÑØ×TÒÍÎUÐ;Ú&Ü@×I¸eÎæÚ�ÜÍÒ@ÑØßdQ
.ÏÕØÐ;Ú¨Ö�Ô8Ú&Î1×I·BÜ@Ú&Ü@×I¸eÎåá�à�ÒÍÕØÐÓÑ;ÚæÕÓÒÍÑxà�ÎBÚæÐ;ÑÓÚ`¹&Ò@Ü£Ð;ßeÑØ×8Úæá�Ú&ÕxÚ, Øà�Õ�ÐuÚ&ÙBÚ�ÚæÔTÚæÙ�×TÎBºGá�×IÜwÚ�Ù1Ò@Ô Ù�×IÑÓ×Iée×TÛ�ÔIÒ .
Ö�ÑØÒ@ÕØÒ@ÎWÐuÚ&Î1Ù�ß�á�ÒÍÎ�ßeÕ�Ö�Ò@ÑÓÙ1×TÙBÚ&Õ´Ù�ÒxÚ&ÔIÐÓ×IÐÓà�Ù]ÒÍÎ�ÔIßeÕ´é&×TÑÓß&Õ´¹]ÒÍÎ�éeÒ@Î�ÒÍÑ;Ú&Ô�ÕÓÒ@Þ�Ú&ÔTÒÍÕ�Ù�ÒKÜ@ßeÎWÐÓÑÓßeÔ�á�ÒÍÎ�ßeÕ
À à�ÒÍÑØÐÓÒ@Õ .
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.ÏÕ�×Tá¾Ö�ßeÑØÐ;Ú&ÎWÐ;Ò¾Ù�Ò@ÎWÐ;ÑØßÝÙ�ÒæÔTÚ	Ò@Õ�Ð;ÑÓÚGÐ;ÒÍée×8Ú�Ù1ÒæÎBÚwäeÒÍéWÚ&Ü@×I¸eÎç¹#Ò@Î�Ò@ÕØÖ�ÒÍÜ@×TÚ&Ô~Ö�Ú&Ñ;Ú�ÔTÚ	·BÎBÚGÔT×TÙ�Ú&Ù

Û�à1ÕÓÜwÚGÙBÚ�ÜÍßeÎâÒÍÔÏÙ�×TÑØ×Tée×IÛ�ÔTÒ¶Ò@ÎZÒ@ÔÏÖ�ÑØß`¹eÒ@Ü£Ð;ß
	�� ��
���� .
ÐÓÒ@Î�ÒÍÑxà�ÎâÖ�ÔTÚ&Î�×O·BÜwÚ&Ù1ßeÑJÙ�Ò�Ð;ÑÓÚw¹eÒ@Ü£Ð;ßeÑØ×8Ú
¸eÖYÐ;×Tá�Ú¶ãUà�ÒJÐÓßeá¾Ò(Ò@Î�ÖBÚGÑØÐ;Ò(Ô8Ú&Õ�ÑØÒ@Õ�Ð;ÑÓ×IÜ@ÜÍ×TßeÎ�ÒÍÕ�Ù�×IÎBº&á¾×TÜwÚGÕ~¹�Ô8Ú&Õ�ÔI×Tá¾×IÐ;Ú&Ü@×IßeÎ�Ò@ÕÏÙ1ÒKÔTßeÕ�ÚGÜÍÐ;à�Ú&Ù�ßeÑØÒ@Õ
Ù�ÒÍÔ3ÕÓ×TÕ�Ð;ÒÍá]Ú¨ÖBÚ&ÑÓÚ�ÕØàâÜ@º&ÔTÜÍà�ÔTßdQ
½^Ú�Ö�ÔTÚ&Î�×I·�ÜwÚ&ÜÍ×T¸eÎ Ù�Ò¾Ô8ÚæÐ;ÑÓÚw¹eÒ@Ü£Ð;ßeÑØ×8Ú�Ò@Õ{×TÎ�ÕØà1·BÜÍ×TÒ@ÎWÐÓÒ�Ö�ßeÑxÕÓ×3ÕÓß&Ô8Ú
ÖBÚGÑ;Úx»BÚ&Ü@ÒÍÑ´ãUà�Ò�Ò@Ô�Ù�×TÑØ×Tée×IÛ�ÔTÒ~ÕÓÒ(Ù1Ò@ÕÓÖ1Ô8Ú&ÜÍÒ(Ù�Ò�à�ÎBÚ¶Ö�ßeÕØ×TÜ@×I¸eÎ¾×TÎ�×IÜ@×8ÚGÔ

ζi
Ú¶à1ÎBÚ¶Ö�ßeÕÓ×IÜ@×I¸eÎ¾·�ÎBÚ&Ô

ζf
ÕØ×TÎ

Ö�ÑØÒ@ÕØÒ@ÎWÐuÚ&Ñ~Ù�Ò@Õ�À Ú&ÕÓÒÍÕ�Ü@ß&Î]ÑÓÒÍÕÓÖ�Ò@Ü£Ð;ß�Ú&Ô6Ü@Ú&á�×IÎ�ßxÒ@Î�ÜÍßeÎWÐ;ÑÓÚ&Ù�ß0.MÖBÚ&ÑÓÚ{ÒÍÕØÐ;ß�ÕÓÒRÖ�Ô8Ú&ÎWÐÓÒ@¸�à1Î]Ü@ß&ÎUÐÓÑÓßeÔ6ãUà�Ò
ßeÛ1ÔT×TéeÚRÚGÔMÕØ×TÕ�Ð;Ò@á�Ú�ÕØÒ@éeà1×TÑ^Ô8Ú�Ð;Ñ;Úw¹&Ò@ÜÍÐÓßeÑÓ×TÚ�Ö�ÔTÚ&Î�×O·BÜwÚ&Ù�ÚIQ�F´ßeÎWÐ;ÑØßeÔTÒÍÕÊÛBÚ&ÕÓÚ&Ù�ßeÕ¯Ò@Î�ÔTÚtÐÓÒ@ßeÑ%]8ÚtÙ�Ò´ÜÍßeÎWÐ;ÑØßeÔ
¸eÖYÐ;×Tá¾ßJÀ à�ÒÍÑÓßeÎ¾Ö�ÑÓÒÍÕÓÒÍÎUÐ;Ú&Ù�ßeÕ�.MÐÓßeá�Ú&Î�Ù�ßKÜÍßeá�ßxÖBÚGÑØÐ;×IÙBÚKÔ8ÚKá¾×TÎ�×Iá�×@;wÚ&ÜÍ×T¸eÎ{Ù�ÒtÐ;×TÒÍá�Ö�ßKÖBÚ&ÑÓÚ{ÔTÚJÖ�ÑÓ×"�
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á�ÒÍÑ;Ú�ÐÓÑ;Úw¹eÒÍÜÍÐ;ß&ÑÓ×8Ú�Ò@Î�ÜÍßeÎWÐ;Ñ;ÚGÙBÚIQ�Z�ÔYÐÓÒ@Î�ÒÍÑ à�Î�Ù�ÒÍÕÓÖ�ÔTÚ�;wÚGá�×IÒ@ÎWÐ;ß�Ü@ßeÎ�ä&Ò@ÔTßMÜ@×IÙBÚ&Ù¶Ü@ßeÎ�Õ�ÐuÚ&ÎWÐÓÒ .eÕØÒ´Ð;×IÒ@Î�Ò
Ú&Ô3á�×IÕÓá¾ß�ÐÓ×TÒÍá�Ö�ß	à1ÎBÚ	á¾×TÎ�×Iá�×@;wÚ&ÜÍ×T¸eÎ	Ù�Ò]Ù1×TÕØÐ;Ú&Î�ÜÍ×8ÚIQ_bpÎ�ÒÍÑÓÜÍ×8Ú&Õ{Ò@ÎçÔTÚ�ÕØÒ@ÞBÚGÔ�Ù1Ò]Ü@ß&ÎUÐÓÑÓßeÔ%.�ÔTßeé&Ñ;Ú&Î
Ù�ÒÍÀ ßeÑØá]ÚGÑ�Ô8Ú&Õ�ÐÓÑ;Úw¹eÒÍÜÍÐÓßeÑÓ×TÚ&Õ�Ö�Ô8ÚGÎ�×I·BÜ@Ú&ÙBÚ&Õ´Ö�ßeÑt¥�à�Û�×TÎ1Õ1.B»BÚ&Õ�ÐuÚ�Ò@Ô�Ö�à�ÎWÐ;ß¾Ù�ßeÎ�Ù1Ò{ÔTÚ&Õ�Ú&ÜÍÒ@ÔIÒ@Ñ;ÚGÜ@×Tß&Î�Ò@Õ
Î�ß�Ö�ÑÓÒÍÕÓÒ@ÎWÐ;Ú&Î�Ù�×IÕÓÜÍßeÎWÐ;×TÎUà�×IÙBÚ&Ù�ÒÍÕ1.Yá�Ò� ØßeÑ;Ú&Î1Ù�ß�Ò@Ô
Ù1Ò@ÕÓÒÍá�Ö�Ò@Þ1ß�Ù�ÒÍÔ
Ù�×IÑÓ×Té&×TÛ�ÔIÒR¹]á]Ú&ÎWÐÓÒ@Î�×I¼@Î�Ù�ß&ÔTß�ÒÍÎ
Ô8ÚKä&ÚGÔT×TÙ1Òe;�Ù�ÒRÔTßeÕÏá¾ßMÙ�Ò@ÔIßeÕÏÑÓÒÍÙ�à�Ü@×IÙ�ßeÕ�ß¶ÑØÒ@Ö�ÑØÒ@ÕØÒ@ÎWÐuÚ&ÜÍ×TßeÎ1Ò@Õ´Ù1Ò�ÔTÚ&ÕÏÙ�×TÎ�º&á�×IÜwÚ&ÕÏÙ1Ò�ÔTÚKÀ ÚGÕÓÒtÙ�ÒtäYà1Ò@ÔTß
Ü@ÑÓà1Ü@Ò@ÑØßdQ�¿RÎ!ÜÍßeÎWÐ;ÑÓß&ÔRãUà�Ò	ßeÛ�ÔI×TéWÚ Ú&ÔtÙ�×IÑÓ×Té&×TÛ�ÔIÒ¨Ú#ÕØÒ@éeà�×IÑ�à1ÎBÚZÐÓÑ;Úw¹eÒÍÜÍÐ;ß&ÑÓ×8ÚZÖ�ÑÓÒÍÕÓÒÍÎUÐ;ÚçÚ&Ôtá¾×TÕÓá¾ß
Ð;×TÒÍá�Ö�ßxà�ÎBÚxÛ�à�ÒÍÎBÚ¶ÕØßeÔTà�ÜÍ×T¸eÎ¾ÖBÚ&ÑÓÚ{ÕØßeÖ�ßeÑØÐ;Ú&ÑÏÔ8Ú&Õ3Ö�Ò@Ñ�Ð;à�ÑØÛBÚ&Ü@×IßeÎ�ÒÍÕ~Ù�ÒÍÛ�×TÙ�Ú&Õ�Ú&Ô�äM×TÒ@ÎWÐÓß0.Uá�ßeÕ�Ð;ÑÓÚ&Î�Ù�ß
ãMà1Ò¶á�Ú&ÎWÐ;×IÒ@Î�ÒKÕØ×TÒ@á¾Ö�ÑØÒKÖ�ÑÓ¸TSY×Tá¾ß�Ò@Ô�Ù�×IÑÓ×Iée×TÛ�ÔIÒ(Ú�Ô8Ú�ÐÓÑ;Úw¹eÒÍÜÍÐÓßeÑÓ×TÚ�Ö1ÑÓÒ@Ù1ÒÍÐ;ÒÍÑÓá¾×TÎBÚGÙBÚIQ
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.ÏÔ�Ð;ÑÓÚ&ÛBÚ, Øß Ö�ÑØÒ@Ü@ÒÍÙ�Ò@ÎWÐÓÒ	Ð;×IÒ@Î�Ò¨ÜÍßeá¾ßZß&ÛD ØÒÍÐÓ×Iäeß ÔIßeéeÑ;ÚGÑ�äMà�Ò@ÔIßeÕ�Ú&à1ÐÓ¸eÎ�ßeá¾ßeÕ�Ü@ß&Î ÒÍÔ�Ù�×TÑØ×Tée×IÛ�ÔTÒ
ÒÍÎâÔ8ÚæÀ Ú&ÕØÒ�Ù1Ò¾äMà�ÒÍÔTß�ÜÍÑÓà�ÜÍÒ@ÑØß	À à�Î�Ù�Ú&á�ÒÍÎWÐuÚ&ÔIá�ÒÍÎUÐÓÒ�Q 2´à1ÕÓÜwÚGÎ�Ù�ßåÜÍà�á�Ö1ÔT×TÑ(Ò@ÕØÐ;Ú	á¾ÒÍÐ;Ú'.�ÕÓÒ�Ö�Ô8Ú&ÎWÐÓÒwÚ
ÒÍÔÊá¾ßYÙ�ÒÍÔTß�á]ÚGÐÓÒ@á�ºGÐ;×IÜ@ß¾ÖBÚ&ÑÓÚ]Ô8Ú]Ù1×TÎBº&á¾×TÜ@Ú¾Ù1Ò@ÔÊÙ1×TÑÓ×Iée×TÛ1ÔTÒ .BÑØÒ@ÕØà�ÔIÐ;Ú&Î�Ù�ßæà1ÎÝá�ßMÙ�Ò@ÔIß�À à�ÒÍÑØÐÓÒ@á¾Ò@ÎWÐ;Ò
Î�ß�ÔI×TÎ�Ò@Ú&Ô¯¹�ÖBÚ&Ñ;ºGá�Ò£Ð;ÑÓß&ÕKÑÓÒ@ÔTÚGÐ;×OäGÚ&á�ÒÍÎWÐ;Ò�ÜÍßeÎ�ßMÜ@×TÙ1ßeÕ1.
ÜÍßeá¾ß¨Ü@ßeÎ�ÕØÒ@ÜÍà�Ò@ÎWÐ;Ò¾¹ÝÖBÚ&ÑÓÚ¨ÒÍÀ Ò@Ü£Ð;ßeÕxÙ�Ò�ÔIßeÕ
Ù�×IÕÓÒÍÞ�ßeÕ�Ù�Ò¨ÔIßeÕ�ÜÍßeÎWÐ;ÑÓß&ÔTÒ@Õ�Ö�Ú&Ñ;ÚåÔTÚ�ÑÓÒÍéeà�Ô8ÚGÜ@×T¸&ÎçÙ�Ò¨Ô8Ú�äeÒ@ÔIßYÜÍ×TÙBÚGÙ .ÊÔTÚåÚ&ÔIÐÓ×IÐÓà�Ùâ¹çÔTÚ�Ù�×IÑÓÒ@ÜÍÜ@×I¸eÎ�Ò@Î
ÒÍÔ�Ö�ÔTÚ&Î�ß

2D
.�ÕÓÒ	Ö�Ô8ÚGÎUÐÓÒwÚ&Î!á�ßMÙ�Ò@ÔIßeÕ�ÕÓ×Iá�Ö�ÔI×I·BÜ@Ú&Ù�ßeÕ�ß#Ü@ßeÎ�ßMÜ@×IÙ�ßeÕ¾Ü@ßeá¾ßâá¾ßMÙ�Ò@ÔIßeÕ�Ù1Ò�Ü@ß&ÎUÐÓÑÓßeÔ%.

ÖBÚGÑ;Ú ÔTßeÕ�Ü@à�Ú&ÔTÒÍÕ�ÕØÒ�ÑÓÒ@Ú&ÔT×@;wÚ&ÎèÔ8ÚGÛ�ßeÑØÒ@Õ�Ù�Ò�×TÙ�ÒÍÎWÐ;×I·�ÜwÚ&ÜÍ×T¸eÎèÖBÚ&ÑÓÚ&á�¼£Ð;ÑØ×TÜwÚ,Q8.ÏÎ�ÕÓÒÍéeà�×TÙ�Ú'.ÏÐ;ÑÓÒÍÕ�ÐÓ×TÖ�ßeÕ
Ù�Ò�Ü@ßeÎWÐÓÑÓßeÔIÒ@Õ¶Ú&ÜÍÐÓàBÚ&Î�Ù�ß�ÕÓßeÛ�ÑØÒ]ÒÍÔ~ÕØ×TÕØÐÓÒ@á�Ú	Ù�Ò�á]ÚGÎ�Ò@ÑÓÚ	ãUà�ÒæÕØÒ]á�Ú&ÎWÐ;Ò@Î1éWÚ	ÒÍÎçÔ8Ú¨À Ú&ÕÓÒ�Ù�Ò�äMà�ÒÍÔTß
ÜÍÑÓà�ÜÍÒ@ÑÓß'.WÒ@Î¾Ô8ÚJÑÓÒÍée×T¸&Î¾Ù1ßeÎ�Ù�ÒtÕÓÒRÚ&ÕØà�á¾Ò�à�ÎBÚxÙ�×TÎBºGá�×IÜwÚ(ÔI×TÎ�Ò@Ú&ÔYÀ à�ÒÍÑÓßeÎ�ÒÍÔ8Ú&Û�ßeÑ;ÚGÙ�ßeÕeQ�Z(Õ�]%.eÔTß&éeÑ;Ú&Î1Ù�ß
ÔTÚ�Ò@ÕØÐ;Ú&Û�×IÔT×�;@Ú&Ü@×I¸eÎ¨Ò@Î�Ô8Ú�Î�Ú`ä&Ò@éWÚGÜ@×T¸&Î .6ÕÓÒx»�×�;Íß�ÕÓÒ@é&à�×Tá¾×TÒÍÎUÐÓß�Ù�ÒKÐ;Ñ;Úw¹&Ò@ÜÍÐÓßeÑÓ×TÚ�Ú�ÖBÚGÑØÐ;×IÑ�Ù�ÒxÜwÚ&á¾×TÎ1ßeÕ
Ö�ÔTÚ&Î�×O·BÜwÚ&Ù1ßeÕ�Ö�ßeÑ�Ð;¼ÍÜ@Î�×IÜwÚ&ÕtßeÖ1ÐÓ×Tá�Ú&ÔTÒÍÕeQ

¥(ÒÍÔ�ÔTÚ&Ù�ßKÙ�ÒÍÔ6á�ßMÙ�Ò@ÔTÚ&Ù�ß0.GÒ@ÔBÙ�×IÑÓ×Iée×TÛ�ÔIÒ~ÒÍÕ~à1Î�ÕØ×TÕØÐÓÒ@á�ÚKÜ@ßeá¾Ö�ÔTÒ� Øß0.&ÕØÒ@Î�ÕØ×TÛ�ÔIÒRÚ{á A1ÔIÐ;×IÖ�ÔTÒÍÕÊÀ à�ÒÍÎUÐÓÒ@Õ
Ù�Ò�Ö�ÒÍÑØÐÓà�ÑÓÛBÚGÜ@×T¸&Î .¯Î1ß�ÔT×IÎ�ÒwÚGÔ�.�á�à�ÔOÐ;×Oä&ÚGÑÓ×8ÚGÛ�ÔTÒ�¹ZÙ�×IÎBº&á¾×TÜ@Ú&Õ{Ú&Ü@ßeÖ1Ô8Ú&ÙBÚGÕEg¯á¾ßMÙ�Ò@ÔIßeÕxéeÒ@Î�ÒÍÑ;Ú&ÔIá�ÒÍÎWÐ;Ò
à�ÕÓÚ&Ù�ßeÕ(ÖBÚ&Ñ;Ú¾Ô8Ú&Õ�Ö�ÑÓà1Ò@ÛBÚ&Õ(Ù�Ò�ÕØ×Tá�à�ÔTÚ&Ü@×I¸eÎEQ .ÏÔ^Û�à�ÕÓÜ@Ú&ÑJà�ÎÝá¾ßMÙ�Ò@ÔIß�á�ÚGÐ;ÒÍá]ºXÐ;×TÜÍß�ÕÓÒ�À à�Î1ÙBÚ&á¾Ò@ÎWÐuÚ
ÒÍÎ¨Ò@Ô�ÒÍÕØÐÓà�Ù�×Tß�Ù1ÒJÔ8Ú&Õ�äGÚ&ÑÓ×TÚ&Û�ÔTÒÍÕ�¹�Ù�×IÎBº&á¾×TÜwÚGÕ�À à�Î1ÙBÚ&á¾Ò@ÎWÐuÚ&ÔIÒ@Õ�Ù1Ò@Ô�ÕØ×TÕ�Ð;Ò@á�ÚIQY½�ß�Ú&ÎWÐ;ÒÍÑÓ×Tß&Ñ´Ö�Ò@ÑÓá¾×IÐÓÒ
Ö�ÔTÚ&ÎWÐ;Ò@Ú&Ñ(à�Î�Ú]Ò@Õ�Ð;Ñ;ÚXÐ;Ò@é&×8Ú]Ù�Ò�ÎBÚwäeÒ@éeÚ&Ü@×I¸eÎ .�ß&ÑÓ×TÒÍÎWÐuÚ&ÙBÚ]Ú]á�×IÎ�×Tá¾×�;@Ú&Ñ�ÔTÚ&Õ(Î�ß]ÔT×TÎ1ÒwÚ&ÔI×TÙBÚ&Ù1Ò@ÕRÙ�Ò@Ô¯ÕÓ×TÕ��
ÐÓÒ@á�Ú�¹�Ú&ÜÍßeÖ�ÔTÚ&á�×IÒ@ÎWÐ;ß&ÕRÒÍÎWÐ;ÑÓÒ¶ÕÓà�Õ�Ù�×TÎ�º&á�×IÜwÚ&Õ�.1ÐuÚGÔ^ÜÍßeá¾ß�ÕØÒ¶Ö�ÑØÒ@ÕØÒ@ÎWÐuÚæÒÍÎ�Ô8Ú�ÎBÚwäeÒÍéWÚ&ÜÍ×T¸eÎ	Ô8ÚGÐÓÒ@Ñ;ÚGÔ
¹âÔTßeÎ�é&×IÐ;à1Ù�×TÎBÚGÔ�Q^½ÌÚ�ä&ÚGÑÓ×8ÚGÛ�ÔTÒæÜÍßeá A�Î�ÒÍÎUÐÓÑÓÒ�Ò@Õ�ÐuÚ&Õ�Ù�ß&Õ�á]Ú&Î1Ò@Ñ;ÚGÕ�Ù�Ò¨ÎBÚwäeÒÍéWÚ&Ñ�Ò@Õ�Ô8Ú�ä&Ò@ÔIßYÜÍ×TÙBÚ&Ù .
ÚGÀ ÒÍÜÍÐ;Ú&ÙBÚÝÖ�ß&Ñ�Ô8ÚÝÙ�Ò
	�Ò�SY×T¸eÎèÙ�Ò�ÔTß&Õ�Ú&ÔTÒÍÑÓßeÎ�ÒÍÕ�Ò@Î Ü@ßeÎ�Ù1×TÜ@×IßeÎ�ÒÍÕ�×TÙ�Ò@Ú&ÔTÒÍÕ1. ÒÍÕ¾Ù1Ò@Ü@×IÑ�Ù�Ò�Î�ß Ö�ÒÍÑØÐ;à1Ñ��
ÛBÚGÜ@×Tß&Î�Ò@Õ�Ò�SMÐÓÒ@ÑÓÎ�Ú&ÕeQ�¥(Ò�Ò@Õ�ÐuÚZá]Ú&Î1Ò@Ñ;Ú3. Ò�SY×TÕ�Ð;ÒÍÎ Ö�Ò@ÑØÙ�×TÙBÚGÕ¾Ù1Ò	ÚGÔIÐ;×OÐ;à�Ù�Ù1Ò@ÔtÙ�×TÑØ×Tée×IÛ�ÔTÒ¾Ü@à�Ú&Î�Ù�ßZÕÓÒ
ÑØÒwÚ&ÔI×�;wÚGÎæée×TÑØßeÕ1.1ãMà1Ò{Ö1à�Ò@Ù�ÒÍÎ�ÕØÒ@ÑtÜ@ßeá¾Ö�Ò@Î�ÕÓÚ&ÙBÚ&ÕRÚ�Ü@ßeÎ1Ù�×TÜÍ×T¸eÎ¨Ù�ÒKÐÓÒ@Î�ÒÍÑ�ÚGÜ@Ü@×IßeÎ�ÒÍÕ�Ù�ÒxÜ@ßeÎWÐ;ÑØßeÔ�á�º&Õ
À à�ÒÍÑØÐÓÒ@Õ�ß�Ò*SY×TéeÒÍÎ�Ü@×TÚ&Õ´Ù�ÒRÐ;×IÒ@á¾Ö�ßeÕ�á�Ú&Õ´ÔTÚ&ÑÓéWÚGÕ~ÒÍÎæÔ8Ú{Ò@ÕØÐ;Ú&Û�×IÔT×�;@Ú&Ü@×I¸eÎ¾Ù�Ò(ÔTÚ&Õ´ÑØÒÍÀ Ò@ÑØÒ@Î�ÜÍ×8Ú&Õ=QdF´ß&á�ß�ÒÍÔ
ßeÛW ØÒÍÐ;×Oäeß�ÒÍÕ�Ô8Ú{×Tá¾Ö�ÔTÒÍá�ÒÍÎWÐuÚ&ÜÍ×T¸eÎ�ÑÓÒ@Ú&Ô�Ù�ÒJÔTÒ£¹eÒÍÕ�Ù�Ò(ÜÍßeÎWÐ;ÑØßeÔ�ÕØßeÛ�ÑÓÒ�Ô8Ú{Ö�Ô8ÚGÐ;ÚGÀ ßeÑØá]ÚKÑÓÒ@Ú&Ô�.MÕÓÒ(Ö�Ô8Ú&ÎWÐÓÒ@¸
à�Î�Ú�ÒÍÕØÐÓÑ;ÚGÐÓÒ@ée×TÚ�Ù�ÒxÎBÚwäeÒ@éeÚ&Ü@×I¸eÎ�ãMà1Ò{Ö�Ò@ÑØá�×OÐ;ÒJÜ@Ú&Ò@Ñ�ÒÍÎ	Ü@Ú&ÕÓß&Õ�Ù�ÒxÜ@ßeá¾Ö�ß&ÑØÐuÚGá�×IÒ@ÎWÐ;ß¶ÔT×TÎ1ÒwÚ&Ô�Ú�Î1×IäeÒÍÔ
ÔIßYÜ@Ú&Ô�QP.ÏÕØÐuÚZÒ@Õ�Ð;Ñ;ÚXÐ;Ò@é&×8ÚÝÎ�ßeÕ�ÑÓÒÍá�×OÐ;Ò�Ú Ô8ÚåÀ Ú&ÕØÒ�Ù1Ò�äMà�ÒÍÔTßZÜ@ÑØà�Ü@ÒÍÑÓß0.3Ù�ßeÎ1Ù�Ò	ÒÍÔ�Ù�×TÑØ×Tée×IÛ�ÔTÒ�ÕÓÒ�Ù�ÒÍÛ�Ò
Ù�ÒÍÕÓÖ�ÔTÚ�;wÚGÑ�Ú�äeÒ@ÔIßYÜÍ×TÙBÚGÙ¨Ü@ßeÎ�Õ�ÐuÚ&ÎWÐÓÒ .Bà�ÎBÚ�ÚGÔIÐ;×OÐ;à�Ù�¹æÙ�×IÑÓÒ@ÜÍÜ@×I¸eÎ¨Ö�ÑÓÒÍÒ@Õ�ÐuÚ&Û�ÔIÒ@ÜÍ×TÙBÚ&Õ�Ö�ßeÑ�à1Î�à1ÕÓàBÚ&ÑØ×Tß�ß
à�Î�éeÒÍÎ�Ò@ÑÓÚ&Ù�ßeÑtÙ�ÒxÑÓÒ£À Ò@ÑØÒ@Î�ÜÍ×8Ú&Õ�.�ÚGÜÍÐ;à�Ú&Î�Ù�ß¾Ò@Î�Ü@ßeÎ, Øà�ÎWÐ;ß]ÜÍßeÎ�à�Î	Ö1Ô8Ú&Î�×O·BÜwÚGÙ�ßeÑ�¹¨à�Î�Ü@ß&ÎUÐÓÑÓßeÔÌÖBÚGÑ;Ú
ÒÍÔ�ÕØÒ@éeà1×Tá¾×TÒ@ÎWÐÓß	Ù�Ò�Ô8Ú�Ð;Ñ;Úw¹&Ò@ÜÍÐÓßeÑÓ×TÚIQ^½�ßeÕ¶á¾ßMÙ�Ò@ÔIßeÕxÕÓ×Tá¾Ö�ÔI×I·BÜ@Ú&Ù�ßeÕKÖ�ÑØßeÖ�à�ÒÍÕØÐÓßeÕ�Ò@ÎâÒ@Ô�ÜwÚ&Ö�×OÐ;à�ÔIß

1
.

ÕØÒ¶ÚGÖ�ß`¹WÚGÎ	ÒÍÎ	ÔIßeÕ�Ñ;Ú�;ÍßeÎBÚ&á¾×TÒÍÎWÐ;ßeÕ�Ò*S1Ö1à�Ò@Õ�Ð;ßeÕ(Ú&ÎWÐ;Ò@Õ�.BÙ�Ò{á]Ú&Î1Ò@Ñ;Ú�ãUà�Ò{ÕÓÒ{Ò@Î1Ü@à�ÒÍÎUÐÓÑ;Ú&Î	ÑÓÒÍÔ8Ú&ÜÍ×TßeÎ�ÒÍÕ
Ù�×IÑÓÒÍÜÍÐuÚGÕ¯ÒÍÎUÐÓÑÓÒ�ÔTÚ&Õ^ÕÓÒ@Þ�Ú&ÔTÒÍÕÊÙ�Ò~Ü@ßeÎWÐ;ÑØßeÔ .

Fm
.
δe
¹
δg
0^Ù1Ò@ÔMÕÓ×TÕ�Ð;ÒÍá]Út¹¶ÔTÚ&ÕÌä&ÚGÑÓ×8ÚGÛ�ÔTÒÍÕ^ÑØÒ@ÔIÒÍäGÚ&ÎWÐ;ÒÍÕÊÙ�Ò~Ô8Ú

À Ú&ÕØÒ�Ù1ÒRäMà�ÒÍÔTß . äeÒÍÔTßMÜ@×IÙBÚ&Ù¾Ù�Ò�Ù1Ò@ÕÓÖ1Ô8Ú�;@Ú&á�×IÒ@ÎWÐ;ß
u
.UÚ&ÔIÐÓ×IÐÓà�Ù

z
¹�Ù�×IÑÓÒÍÜ@Ü@×I¸eÎ

ψ
0*Q:.ÏÕ�Ð;ßeÕ3Ð;ÑØÒ@Õ´á¾ßMÙ�Ò@ÔIßeÕ

ÕØßeÎçÕÓàY·BÜ@×IÒ@ÎWÐ;ÒÍá�ÒÍÎUÐÓÒ¨ÑÓÒÍÖ�ÑÓÒÍÕÓÒ@ÎWÐ;ÚGÐ;×OäeßeÕ�Ù�Ò]Ô8Ú&Õ¶Ö�ÑÓ×IÎ�Ü@×IÖBÚ&ÔTÒÍÕxÙ�×TÎBºGá�×IÜwÚ&Õ{Ù�Ò@Ô~Ù�×TÑØ×Tée×IÛ�ÔTÒ�ÜÍàBÚ&Î�Ù1ßåÕÓÒ
Ù�ÒÍÕÓÖ�ÔTÚ�;wÚ�ÒÍÎ	ÒÍÔ�Ö�Ô8Ú&Î1ß

2D
Q

¥(ÒÍÔKÔ8Ú&Ù�ß�Ù�Ò ÔTÚç×TÙ�ÒÍÎUÐÓ×I·BÜ@Ú&Ü@×I¸eÎ.¹ À à�ÕØ×T¸eÎ Ù�Ò ×TÎYÀ ßeÑÓá�Ú&Ü@×I¸eÎ!ÕØÒ@Î�ÕØßeÑÓ×TÚ&Ô�.´Ù�ßeÕ�Ô8Ú&Û�ßeÑØÒ@ÕæÀ à�ÒÍÑÓßeÎ
ÑØÒwÚ&ÔI×�;wÚGÙBÚ&ÕtÀ à�Î�ÙBÚ&á¾Ò@ÎWÐ;Ú&ÔTá¾Ò@ÎWÐ;Ò7Q
½ÌÚ]Ö�ÑØ×Tá¾Ò@ÑÓÚ'.�Ö1ÑÓÒ@ÕØÒ@ÎWÐuÚ¨à�ÎÝÒÍÕØÐÓà�Ù�×Tß¨Ù1Ò@ÔÊÕØ×TÕ�Ð;Ò@á�ÚæÖBÚ&ÑÓÚ]Ô8Ú�×TÙ�ÒÍÎ:�

ê98



��
�� ��� 	 ������� ��"�� "�#%���

Ð;×I·�ÜwÚ&ÜÍ×T¸eÎèÖBÚ&ÑÓÚ&á�¼£Ð;ÑØ×TÜwÚ Ù�Ò	ÔTßeÕ�á¾ßYÙ�ÒÍÔTßeÕ�ÕØ×Tá¾Ö�ÔT×O·BÜwÚ&Ù1ßeÕ�Ö�ß&Ñ¾ÐÓ¼@Ü@Î1×TÜwÚGÕ�ÛBÚGÕ;Ú&ÙBÚGÕ]Ò@Î!ÑÓÒ@ÕØÖ�à�ÒÍÕØÐuÚGÕ
Ò@ÕÓÜ@Ú&ÔT¸&Î .^Ú&ÔTéeß&ÑÓ×IÐÓá�ß&Õ(Ù�Ò¾Ú&ÙBÚGÖ1ÐuÚ&ÜÍ×T¸eÎ ÖBÚGÑ;Ú&á¾¼ÍÐÓÑÓ×TÜ@Úæ¹ÝÒ@ÔÏ·BÔOÐ;ÑÓß�Ù�Òa4xÚ&ÔIá]Ú&ÎÝÜÍßeá¾ß	×IÙ�Ò@ÎWÐ;×O·BÜwÚGÙ�ßeÑ
ÖBÚ&Ñ;ÚGá�¼£Ð;ÑÓ×IÜ@ß .���� ��� 0*Q�½ÌÚ�ÐÓ¼@ÜÍÎ�×TÜ@Ú�Û�Ú&Õ;Ú&Ù�ÚèÒÍÎ ÔTÚçÑÓÒÍÕÓÖ�à�ÒÍÕØÐ;Ú Ù�ÒÍÔKÕÓ×TÕ�Ð;ÒÍá]Ú�Ú&ÎWÐÓÒZÒÍÎWÐ;Ñ;ÚGÙBÚèÒÍÕ��ÜwÚ&ÔI¸eÎ .WÖ�Ò@ÑÓá¾×IÐÓÒtÕÓ×Tá¾Ö�ÔIÒ@á¾Ò@ÎWÐ;Ò�Ò*S1Ö1ÔTßeÑÓÚ&Ñ~ÒÍÔ6ßeÑÓÙ�ÒÍÎ]Ù�ÒÍÔ6ÕÓ×TÕ�Ð;ÒÍá]Ú'.WÕØ×�Ö1ÑÓÒ@ÕØÒ@ÎWÐuÚ¶à�Î�À Ú&Ü£Ð;ßeÑ3×IÎUÐÓÒ@éeÑÓÚ&ÎWÐ;Ò
. Ö�ßeÔTß�Ò@Î�Ò@ÔÌßeÑØ×TéeÒÍÎ50´ß¾Î�ß0.BÖ�Ò@ÑÓß  ÓÚ&á�º&Õ�à�ÎBÚ�éeÑÓÚ&Î¨ä&ÚGÔT×TÙ1Òe;KÕÓß&Û�ÑÓÒ{ÔTßeÕ�äGÚ&ÔIßeÑÓÒÍÕtÙ�ÒxÔTßeÕtÖBÚ&ÑÓº&á¾ÒÍÐ;ÑØßeÕ
×TÙ�ÒÍÎUÐÓ×I·BÜ@Ú&Ù�ßeÕ�.ÊÚGÙ�Ò@á�º&Õ�ãUà�Ò .ÊÒÍÕ�Ù�×IÀ^]IÜ@×IÔÏÙ�Ò¨Ú&Ö�ÔI×TÜ@Ú&ÑxÒ@Î�Ò@Ô�ÕÓ×IÕØÐÓÒ@á�Ú�ÑÓÒ@Ú&Ô�.ÌÖ�ßeÑ�ÔIß�Ð;Ú&ÎWÐ;ß0.ÌÀ à�ÒæÕØßeÔTß
Ö�ÑÓßeÛ�Ú&ÙBÚ]ÒÍÎåÕÓ×Iá�à�Ô8ÚGÜ@×T¸&ÎEQ6½�ßeÕJÚ&ÔIéeßeÑØ×IÐ;á¾ßeÕ�Ù�Ò�Ú&ÙBÚ&ÖYÐuÚ&ÜÍ×T¸eÎ	Ö�ÑÓÒÍÕÓÒ@ÎWÐ;Ú&Î à�Îåá¾Ò� ØßeÑRÙ�Ò@ÕØÒ@á¾Ö�ÒÍÞ�ßæÒÍÎ
Ô8Ú�Ù�Ò£Ð;Ò@ÑØá�×IÎBÚ&ÜÍ×T¸eÎæÙ1ÒKÔTßeÕ�ÜÍßYÒ£·BÜ@×IÒ@ÎWÐ;ÒÍÕ1.6Ú&Ù�ÒÍá]ºGÕ�Ù�ÒxÕÓÒÍÑtÚ&Ö�ÔT×IÜwÚ&Ù1ßeÕ´ÕØßeÛ�ÑÓÒxÙBÚXÐ;ßeÕ�ÑØÒwÚ&ÔIÒ@Õ�Ù�ÒKäMà�ÒÍÔTßeÕ
Ò�SYÖ�ÒÍÑÓ×Iá�ÒÍÎUÐ;Ú&ÔTÒÍÕ�Ö�Ô8ÚGÎ�×I·BÜ@Ú&Ù�ßeÕ�.1ÒÍÕ�Ù�Ò@ÜÍ×TÑ�Ü@ß&Î�ÕØÒ@ÞBÚGÔTÒ@Õ�Ù1ÒKÒ@ÎWÐ;ÑÓÚ&ÙBÚ�Ð;×IÖ�ßa9I2 2 ZÄÕÓß&Û�ÑÓÒKÒÍÔ
Ö�à�ÎWÐ;ß�Ù�Ò
ßeÖ�ÒÍÑ;Ú&ÜÍ×T¸eÎ .eÜwÚ&Ö�Ú&Ü@ÒÍÕ~Ù�ÒtÒ*S1ÜÍ×IÐ;Ú&Ñ3Ú{Î1×IäeÒÍÔ�À ÑÓÒÍÜ@à�ÒÍÎ�Ü@×TÚ&ÔBÒ@ÔBÕØ×TÕØÐÓÒ@á�ÚIQ'8(Ð;ÑØß{Ú&Ö�ß&ÑØÐ;Ò�Ù1ÒRÒÍÕØÐ;ÚxÐÓ¼@Ü@Î1×TÜwÚKÙ�Ò
×TÙ�ÒÍÎUÐÓ×I·BÜ@Ú&Ü@×I¸eÎ�ÒÍÕ(ÔTÚ¾Ö�ßeÕÓ×IÛ�×TÔI×TÙBÚGÙ¨Ù�Ò�ÜÍßeÎ�ßMÜ@Ò@Ñ�Ô8Ú�äGÚ&ÑÓ×TÚ&Ü@×I¸eÎ�Ù�Ò�ÔIßeÕ�ÜÍßYÒ£·BÜ@×IÒ@ÎWÐ;ÒÍÕJÙ�Ò¶ÔTßeÕtá¾ßYÙ�ÒÍÔTßeÕ�.
ÔTßæãUà�Ò�Ö�Ò@ÑØá�×OÐ;×T¸¾ÑÓÒ@Ú&ÔT×@;wÚ&ÑRÖ�ÑØà�Ò@ÛBÚGÕKÙ�Ò�ÑÓß&Û�à�ÕØÐÓÒe;�ÕØßeÛ�ÑÓÒ�ÔTÚ&Õ(ÔIÒÍ¹&Ò@ÕKÙ�Ò�ÜÍßeÎWÐ;ÑØßeÔ Ú&ÎWÐÓÒ�ä&ÚGÑÓ×8ÚGÜ@×T¸&Î	Ù�Ò
ÖBÚ&Ñ;ºGá�Ò£Ð;ÑÓß&Õ�Ù�Ò¶ÔTßeÕRá¾ßYÙ�ÒÍÔTßeÕ=Q .ÏÔ���� ��� Ö�Ò@ÑÓá¾×IÐÓ×T¸�Ö�ÑØßeÛBÚ&ÑRÔ8Ú�äGÚ&ÔT×IÙ�Òe;xÙ�Ò¶ÔTßeÕRá�ßMÙ�ÒÍÔTßeÕtÕÓ×Iá�Ö1ÔT×I·:�
ÜwÚ&Ù�ß&Õ(Ú�ÖBÚ&Ñ�Ð;×IÑ�Ù�ÒxÙBÚGÐ;ß&ÕRÙ1Ò{ÕØ×Tá�à1Ô8Ú&ÜÍ×T¸eÎ]¹�ÑØÒwÚ&ÔIÒ@Õ�Ù�ÒxäMà�Ò@ÔIßdQB½ÌÚ�ÕÓÒ@é&à�Î�ÙBÚ�Ô8Ú&Û�ßeÑ�à1Õ;Ú�ÒÍÔ
·BÔIÐÓÑÓß�Ù�Ò
4{ÚGÔTá�Ú&Î .M.�4 � ¹Z¿f4 �c0(ÖBÚ&ÑÓÚ�ÔTÚ¨À à1ÕÓ×T¸&ÎZÕØÒ@Î�ÕØßeÑÓ×TÚ&Ô ¹ Ò@Õ�Ð;×Iá]Ú&ÜÍ×T¸eÎÝÙ1Ò]Ú&ÔIéeà�Î�ß&ÕKÜ@ßMÒÍ·BÜÍ×TÒ@ÎWÐÓÒ@Õ{Ù�Ò@Ô
éeÑ;Ú&ÎÝá¾ßMÙ�Ò@ÔIßdQ�½Ìß&ÕJÑÓÒÍÕÓà�ÔOÐuÚ&Ù�ß&ÕJßeÛ1ÐÓÒ@Î�×IÙ�ßeÕ(ÒÍÎ Ô8Ú�ÒÍÕØÐÓ×Tá�Ú&Ü@×I¸eÎ�ßeÖYÐ;×Tá�Ú&ÔÌÙ�ÒÍÔ Ò@Õ�ÐuÚ&Ù�ß¨Ù1Ò@ÔÊÙ1×TÑÓ×Iée×TÛ1ÔTÒ .
Ö�ÑÓÒÍÕÓÒ@ÎWÐ;Ú&Î à1ÎBÚÝÛ�à�Ò@Î�ÜÍßeÎWäeÒ@ÑØéeÒ@Î1Ü@×8ÚÝ¹çÒÍÕØÐ;Ú&Û�×TÔI×TÙBÚGÙ .ÌÖ�ÑÓßeÖ1×TßeÕ�Ö�Ú&Ñ;ÚåÕØàèàYÐ;×TÔI×�;@Ú&Ü@×I¸eÎ#Ù1à�Ñ;Ú&ÎWÐÓÒ�ÔIßeÕ
Ð;×TÒÍá�Ö�ßeÕtãUà�Ò�Î1ßæÕÓÒxÐ;×IÒ@Î�ÒÍÎåÕÓÒÍÞBÚ&ÔTÒÍÕ�Ù1Ò@Ô � 2 9�¹�ãUà�Ò¶ÕÓßeÎåÎ1Ò@Ü@ÒÍÕ;Ú&ÑØ×8Ú&Õ�ÖBÚ&ÑÓÚ¾ÔTÚ&Õ�ÔIÒÍ¹&Ò@Õ(Ù1Ò�Ü@ß&ÎUÐÓÑÓßeÔ
Q
	(Ò�Ô8Ú¾ÖBÚ&ÑØÐÓÒ�Ù�Ò�Ô8Ú�×IÙ�Ò@ÎWÐÓ×I·BÜ@Ú&Ü@×I¸eÎ .�ÕÓÒ�Ö�ÔTÚ&ÎWÐ;ÒÍ¸æÒ@ÎÝÔTÚ�á¾Ò@Ù�×IÙBÚ�ãUà�Ò�ÔIßeÕ�ÎUà�Ò£äeßeÕxÙ�×IÑÓ×Iée×TÛ�ÔIÒ@Õ�äGÚ&Ñ%]8Ú&Î
Ò@Ô3ÐuÚ&á�Ú&Þ�ß .
4xÚ&ÑØá]ÚN0JÙ�Ò�Ô8Ú�Ò@ÎWäeß&ÔIÐ;à1Ñ;Ú�¹ZÒÍÔ�Ð;Ú&á]ÚGÞ�ß	Ù1Ò]ÔTß&Õ¶ÚGÔTÒ@ÑØßeÎ�ÒÍÕY. ¿RÑ�Z�Î50�Q�
�à1á�ÒÍÑÓßeÕÓÚ&Õ�ÕØ× �
á�à�Ô8ÚGÜ@×Tß&Î�Ò@Õ�À à�ÒÍÑÓßeÎ	ÑÓÒ@Ú&ÔT×@;wÚ&ÙBÚGÕ�Ü@ßeÎ�Ò@Ô�á¾ßYÙ1Ò@ÔTß�Ù�ÒÍÔ

AS500
. ÕÓà�ÕRÜ@ßMÒÍ·�Ü@×TÒÍÎWÐ;Ò@ÕtÀ à�ÒÍÑÓßeÎ	Ò@ÕØÐÓ×Tá�Ú&Ù�ßeÕ

Ü@ßeÎ�à�ÎBÚ�á�Ú&ãUà�ÒÍÐ;Ú�¹æÒÍÎ¨Ò@Ô�Ð�A�Î�Ò@Ô�Ù�ÒJäM×TÒ@ÎWÐÓß'0´Ü@ßeÎ¨ÒÍÔ
ßeÛD ØÒ£Ð;×Oäeß�Ù�ÒJÙ�Ò£Ð;ÒÍÑÓá¾×TÎBÚ&Ñ´Ü@ßMÒÍ·BÜÍ×TÒ@ÎWÐÓÒ@ÕtÕÓ×Iá�×"�
Ô8Ú&ÑØÒ@Õ�Ú{ÔIßeÕÏÙ�ÒÍÔ�á¾ßMÙ�Ò@ÔIßKÒ@ÕØÐ;Ú&Û�ÔIÒ@Ü@×IÙ�ßdQU½�à�ÒÍéeß0.eÐ;ÒÍÎ�×TÒÍÎ�Ù�ß{à�Î�ßeÕ~Ú&ÔIéeßeÑÓ×OÐ;á¾ßeÕÊãUà�ÒtÀ à�Î�ÜÍ×TßeÎ�Ú&ÑÓßeÎ�ÕØßeÛ�ÑÓÒ
Ò@ÕØÐ;Ú¨Ô8Ú&Û�ßeÑRÙ�Ò�Ò@Õ�Ð;×Tá�Ú&ÜÍ×T¸eÎ .6ÕØÒ�Ö�ÑÓßeÛ�Ú&ÑÓßeÎÝÕØßeÛ�ÑØÒ�ÙBÚGÐÓßeÕJÑÓÒ@Ú&ÔTÒÍÕJÙ�Ò�äMà�ÒÍÔTß0.�á�ßeÕ�Ð;ÑÓÚ&Î�Ù�ßæÑØÒ@ÕØà�ÔIÐ;Ú&Ù�ßeÕ
Ú&Ü@ÒÍÖ1ÐuÚ&Û1ÔTÒ@Õ�.3Ú&à�ÎèÜ@àBÚGÎ�Ù�ßZÒ@Õ�à�ÎBÚåÐuÚGÑÓÒwÚ Î�Ò£ÐuÚ&á¾Ò@ÎWÐ;Ò¨ÎUà�á¾¼@ÑØ×TÜ@Ú . á�¼£Ð;ßMÙ�ßeÕ�ÎUà�á¾¼@ÑØ×TÜ@ß&Õ�ÖBÚ&Ñ;ÚÝÕØà
ÕÓßeÔIà�Ü@×I¸eÎ50�.1Ù�Ò@Ö�Ò@Î�Ù1×TÒ@ÎWÐÓÒ¶À à�ÒÍÑØÐ;ÒÍá�ÒÍÎWÐ;Ò{Ù�Ò@ÔÌÖ�à�ÎWÐÓß�×IÎ�×TÜÍ×8Ú&Ô�¹�Î�ß�ÜÍßeÎWäeÒÍÑÓée×IÒ@Î�Ù�ß�ÕÓ×IÒ@á¾Ö�ÑÓÒ{Ú�ä&ÚGÔTßeÑØÒ@Õ
Ü@ße»�ÒÍÑÓÒÍÎUÐÓÒ@Õ=Q

.ÏÎâÜÍàBÚ&Î�Ù1ßÝÚ	ÔIßeÕxÜ@ßeÎWÐ;ÑØßeÔTÒÍÕ1.ÌÐ;ÑØÒ@Õ¶ÐÓ×TÖ�ßeÕxÙ�Ò]ÜÍßeÎWÐ;ÑØßeÔTÒÍÕ¶Ù�×OÀ Ò@ÑØÒ@ÎWÐ;ÒÍÕ¶¹ZãUà�Ò]ÒÍÎçÖ�ÑÓ×IÎ�Ü@×IÖ�×Tß'.
Ü@ßeÎ
à�Î�ÛBÚ, Øß�Ü@ß&Î�ÕÓà�á¾ß�Ü@ß&á�Ö�àYÐuÚ&ÜÍ×TßeÎBÚGÔ�À à�ÒÍÑÓßeÎ�Ö�ÔTÚ&ÎWÐ;Ò@Ú&Ù�ßeÕ=Q).ÏÔ
Ü@ß&á�Ö�ßeÑØÐ;Ú&á¾×TÒ@ÎWÐÓß�éeÔIßeÛBÚ&Ô6Ù�ÒKÒÍÔTÔTß&Õ´Ò@Õ
Ú&Ü@ÒÍÖ1ÐuÚ&Û1ÔTÒRÒ@Î¾ÑÓÒÍÀ ÒÍÑÓÒÍÎ�Ü@×TÚ�ÚKÔTßeÕ3ÖBÚGÑ;º&á¾ÒÍÐÓÑÓßeÕÏÙ�ÒRÙ�ÒÍÕÓÒ@á¾Ö�Ò@Þ�ß¶ÖBÚ&Ñ;ÚxÔTß&ÕÏãMà1Ò�À à�ÒÍÑÓßeÎ¾Ù�×TÕØÒ@ÞBÚGÙ�ßeÕeQM½ÌÚ&Õ
ÕÓ×Tá�à�Ô8Ú&ÜÍ×TßeÎ1Ò@Õ Ö�ßeÎ�ÒÍÎ�ÒÍÎ¾á�Ú&Î�×O·BÒ@Õ�Ð;ßxÖ�Ò@ÑÓÙ1×TÙBÚ&ÕÏÙ1ÒtÚ&ÔIÐÓ×IÐ;à1Ù�Ò@Î¾Ò@Ô�á¾ßeá¾Ò@ÎWÐ;ßKÙ�ÒtÔIßeÕÏée×TÑØßeÕ1.GÔTßKãUà�ÒtÕÓÒ
Ð;Ñ;ÚGÙ�à�Ü@ÒJÚ�à�Î¨Ú&ÜÍßeÖ�ÔIÒ�ÒÍÎUÐÓÑÓÒJÔTÚ&Õ´Ù1×TÎBº&á¾×TÜ@Ú&Õ3Ù�Ò(ÔTÚGÐ;ÒÍÑ;Ú&ÔB¹¾ÔTß&Î�ée×IÐÓà�Ù�×IÎBÚ&Ô�.&ãMà1ÒJÒ@ÎæÖ1ÑÓ×TÎ1Ü@×TÖ1×Tß{ÖBÚ&Ñ;Ú¶Ò@Ô
Ù�Ò@ÕÓÚ&ÑÓÑØßeÔTÔIß]Ù�Ò�ÔIßeÕ(ÑØÒ@éeà1Ô8Ú&Ù�ß&ÑÓÒ@ÕRÀ à�Ò@ÑØßeÎåÜÍßeÎ�ÕÓ×IÙ�Ò@ÑÓÚ&ÙBÚ&Õ(Ù�Ò@ÕÓÚ&Ü@ßeÖ1Ô8Ú&ÙBÚGÕ1.�ÕØ×TÎåÒÍá�ÛBÚ&ÑØéeß0.�à�ÎÝá¾Ò� ØßeÑÓÚ��
á�×IÒ@ÎWÐ;ßKÖBÚGÑÓÒ@ÜÍÒtÖ�ßeÕØ×TÛ�ÔIÒ�Ú&Ô�Ò*SY×Tée×IÑÏÚKÔTßeÕ ÑØÒ@éeà1Ô8Ú&Ù�ß&ÑÓÒ@ÕÏÒ� ØÒ@ÑØÜ@Ò@Ñ3ÕØÒ@ÞBÚ&ÔIÒ@Õ3Ù�Ò�ÜÍßeÎWÐ;ÑÓß&Ô�á]ÚGÕ À à�Ò@Ñ�Ð;Ò gWÒÍÕØÐ;Ò
ÜwÚ&á¾×TÎ�ß�Î�ß�ÕÓÒKÕØÒ@ÔIÒ@Ü@ÜÍ×TßeÎ1ß�Ö�à�ÒÍÕØÐ;ß�ãUà�ÒJÕØßeÎ�ÔTÒ£¹eÒ@Õ�Ú�ÕÓÒ@Ñ´×Tá¾Ö�ÔTÒÍá�ÒÍÎUÐ;Ú&ÙBÚ&Õ3À^]TÕØ×TÜ@Ú&á�ÒÍÎWÐ;Ò�QI8(Ð;ÑÓÚ�ÕÓßeÔIà:�
Ü@×T¸&Î�ÒÍÕtÙ�×TÕØÒ@ÞBÚ&Î1Ù�ß�Ù�Ò@ÕÓÚ&Ü@ßeÖ1Ô8Ú&Ù�ß&ÑÓÒ@Õ�.BÖ�ÒÍÑÓß�Ò@Õ�Ð;ÒxÒ@Õtà�Î¨ÐÓÒ@á�Ú�ãUà�ÒxÎ�ß�ÕØÒKÜ@ßeÎ�ÕØ×TÙ�ÒÍÑÓ¸¾Ò@Î�Ô8Ú�á¾Ò@Ù1×TÙBÚ
ãMà1Ò

2
á�Ò£Ð;ÑÓß&ÕJÎ�ß¨ÕÓß&ÎÝÕÓ×Té&Î�×I·BÜ@ÚGÐ;×OäeßæÖ�Ú&Ñ;ÚæÔTÚ&ÕJá¾×TÕÓ×IßeÎ�ÒÍÕ(Ù�ÒÍÕÓÒwÚGÙBÚ&ÕKÜ@ß&ÎZÔIßeÕ(Ù1×TÑÓ×Iée×TÛ1ÔTÒ@Õ=Q5J�¼@Ü@Î1×TÜwÚGÕ

Ù�Ò�Ü@ß&ÎUÐÓÑÓßeÔ^Î�ßæÔI×TÎ�Ò@Ú&Ô�.�Ð;Ú&Ô^Ü@ßeá¾ß]×IÎUä&Ò@ÑØÕÓ×T¸&ÎåÙ�Ò@Ô^á¾ßYÙ�ÒÍÔTß¾Ö�ß&Ñ(ÑÓÒ£Ð;ÑØßWÚ&ÔT×Iá�ÒÍÎWÐuÚ&ÜÍ×T¸eÎ .1×TÎWäeßeÔIà�Ü@ÑÓÚ&Îåà�Î
Û�à�Ò@Î�á¾ßMÙ�Ò@ÔTÚ&Ù�ß�Ò]×TÙ1Ò@ÎWÐ;×O·BÜwÚ&ÜÍ×T¸eÎ#Ù�Ò@Ô�ÕÓ×IÕØÐÓÒ@á�Ú'.¯Ü@Ú&á¾×TÎ�ßeÕxÜÍßeá�ß	Ò@Õ�Ð;¼@Î�Î1ßåÕÓÒ¨ÚGÛ�ßeÑØÙBÚ&ÑØßeÎâÒÍÎçÔ8Ú
á�ÒÍÙ�×TÙBÚ¾ãUà�Ò�Ô8ÚGÕ�Ù�ß&ÕJÒ@Õ�Ð;ÑÓà1ÜÍÐ;à1Ñ;Ú&Õ���
�����
�¹�� ��
���.�Ú&à�ÎåÜÍàBÚ&Î�Ù�ß¨ÕØßeÎåÕØ×Tá¾×TÔ8ÚGÑÓÒ@Õ�ÒÍÎåÐuÚ&á�Ú&Þ�ß�¹
Ü@ßeá¾Ö�ß&ÑØÐuÚGá�×IÒ@ÎWÐ;ß�Ù�×TÎ�º&á�×IÜ@ß	Ú&Ô

AS500
.¯Î1ß�À à�Ò@ÑØßeÎç×IÙ�Ò@ÎWÐ;×O·BÜwÚGÙBÚ&Õ�ÜÍßeÎ�Ö�ÑØà�Ò@ÛBÚGÕ�Ò@ÎçÐ�A�Î�Ò@ÔIÒ@Õ¶Ù�Ò

äY×IÒ@ÎWÐ;ß'.BãMà1Ò@ÙBÚ&Î1Ù�ß�×IÎ�Ü@ÒÍÑØÐÓ×TÙ�à�á�Û�ÑÓÒÍÕ�ÕÓßeÛ�ÑØÒxÕÓà�ÕtÖBÚ&ÑÓº&á¾ÒÍÐ;ÑØßeÕ�¹¨ÑØÒ@Ü@ß&Û�Ñ;Ú&Î1Ù�ß�×TÎWÐ;ÒÍÑÓ¼@ÕtÔTÚ�×TÙ�ÒÍÎUÐÓ×I·BÜ@Ú��
Ü@×T¸&Î�Ö�Ú&Ñ;Ú&á¾¼ÍÐÓÑÓ×IÜwÚ�Ú&ÎWÐ;ÒÍÕ�á¾Ò@Î1Ü@×Tß&ÎBÚ&ÙBÚIQ

.ÏÎxÜ@àBÚGÎUÐÓß(Ú�ÔTÚ�Ö�Ô8ÚGÎ�×I·BÜ@Ú&Ü@×I¸eÎ(¹(ÕÓÒ@é&à�×Tá¾×TÒÍÎUÐÓß�Ù�ÒÏà�ÎBÚ�ÐÓÑ;Úw¹eÒÍÜÍÐ;ß&ÑÓ×8Ú3.wÒ@ÕÌÜ@ß&Î�ÕÓ×IÙ�Ò@ÑÓÚ&Ù�ßtà�Îxá�ßMÙ�ÒÍÔTß
ÑÓÒ@Ù1à�Ü@×IÙ�ßJÙ�Ò�Ô8ÚtÙ�×TÎ�º&á�×IÜwÚ�Ù�Ò~Ù�Ò@ÕØÖ�Ô8Ú�;@Ú&á¾×TÒ@ÎWÐÓß�Ù�ÒÍÔUÕÓ×TÕ�Ð;ÒÍá]ÚRÒ@Î�ÒÍÔYÖ1Ô8Ú&Î�ß

2D
.XÖ�Ò@ÑØá�×OÐ;×IÒ@Î�Ù�ßRÚ&Ö1ÔT×TÜ@Ú&Ñ

ê��



ÔTÚ�Ð;ÒÍßeÑ�]TÚJÙ�Ò@ÕÓÚ&ÑÓÑØßeÔTÔTÚ&ÙBÚ(ÖBÚGÑ;ÚJà�Î�ÑÓß&Û�ß&ÐÊÐ;Ò@ÑØÑÓÒÍÕØÐ;ÑØÒ�¹�ãUà�ÒtÕÓÒ�Ù�ÒÍÕÓÖ�ÔTÚ�;wÚxÚ(ä&Ò@ÔTßMÜ@×IÙBÚ&Ù�ÜÍßeÎ�ÕØÐ;Ú&ÎWÐ;Ò7QNZ(Õ�]%.
ÔTÚ¨Ú&Ö�ÑÓßTSY×Tá�Ú&ÜÍ×T¸eÎåÙ1Òa9Yßeà)(ÍÑÓÒ@Õ �32 9I2�½Ìê�6��ÏÀ à�Ò�à1Ð;×IÔT×@;wÚ&ÙBÚ�ÖBÚ&Ñ;ÚæÒÍÕØÐ;Ú�Ð;Ú&ÑÓÒ@ÚIQ�½�à�Ò@é&ß0.
Ù�ßeÕxá¾ßYÙ1Ò@ÔTß&Õ
ÜÍßeÎ�Ò�SMÐ;ÒÍÎ�ÕÓ×I¸eÎ�Ò@Î�Ô8ÚåÙ1×TÎBº&á¾×TÜ@Ú�À à�ÒÍÑÓßeÎ�ÑØÒwÚ&ÔI×�;@Ú&Ù�ßeÕ{¹çÕÓß&ÔTà�ÜÍ×TßeÎBÚGÙ�ßeÕ�Ö�ßeÑ�á¾¼ÍÐÓßYÙ1ßeÕ�ÎUà�á¾¼@ÑÓ×IÜ@ßeÕ�.
Ö�ÑØÒ@ÕØÒ@ÎWÐuÚ&Î1Ù�ßâÐ;ÑÓÚw¹eÒ@Ü£Ð;ßeÑØ×8Ú&Õ¾ÕÓà�Ú`äM×@;wÚ&ÙBÚGÕ]ßâÑØÒ@ÔTÚ, ÓÚ&ÙBÚ&Õ�.3ãMà1Ò�ÕÓß&Î!Ù�Ò�á]ºGÕ¾À º&ÜÍ×TÔ�ÕØÒ@éeà�×Iá�×IÒ@ÎWÐ;ßZÖ�ßeÑ
ÒÍÔ�Ù�×TÑØ×Tée×IÛ�ÔTÒ7Q5.ÏÕØÐuÚGÕ�ÐÓÑ;Úw¹eÒÍÜÍÐÓßeÑÓ×TÚ&Õ�ÕÓßeÎ�ÐÓßYÙBÚGÕ�ßeÖ1ÐÓ×Tá�Ú&ÔTÒÍÕ�Ò@Î�ÐÓ×TÒ@á¾Ö�ß0.¯Ù1×TÕØÐ;Ú&Î�ÜÍ×8Ú�¹çÒÍÎ�Ò@ÑØé<]8Ú,Q ½ÌÚ&Õ
ÐÓÑ;Úw¹eÒÍÜÍÐ;ß&ÑÓ×8ÚGÕ(ÜwÚGÔTÜ@à1Ô8Ú&ÙBÚGÕ(Ü@ß&Îåá�¼£Ð;ßMÙ�ßeÕ�ÎMà1á�¼ÍÑÓ×TÜÍßeÕ(ÕØÒ@ÑÓº&ÎÝÕÓ×IÒ@á¾Ö�ÑÓÒ¶Ù�Ò@Ö�Ò@Î�Ù1×TÒ@ÎWÐÓÒ@ÕxÙ�Ò�ÔTÚ&Õ(ÜÍßeÎ�Ù�×"�
ÜÍ×TßeÎ�ÒÍÕÊ×IÎ�×TÜÍ×8Ú&ÔIÒ@Õ1.`Î1ßJéWÚ&ÑÓÚ&ÎWÐ;×�;@Ú&Î�Ù�ß�à�ÎBÚJÕØßeÔTà�ÜÍ×T¸eÎ�Ú&Û�ÕØßeÔTà1Ð;ÚIQ�.ÏÕ Ü@ÔTÚ&ÑÓßJãUà�Ò´Ò@ÕØÐ;Ú&Õ ÔIÒÍ¹eÒÍÕ Ö�ÔTÚ&ÎWÐ;ÒwÚGÙBÚ&Õ
ÕØßeÎ]À à�Î�ÜÍ×T¸eÎ]Ù�Ò(Ü@Ú&ÙBÚ�ÒÍÕØÐ;ÑØà�ÜÍÐÓà�Ñ;Ú3.1ÕÓ×IÒ@Î�Ù1ß�Î�ß�éeÒÍÎ�Ò@ÑÓÚ&ÔTÒÍÕ´ÖBÚ&ÑÓÚ¶ÜÍàBÚ&ÔTãUà�×IÒ@Ñ~Ù�×TÑØ×Tée×IÛ�ÔTÒ�Ö�Ò@ÑØß�ÕÓ×�Ò�SMÐ;ÑÓÚ��
Ö�ßeÔ8ÚGÛ�ÔTÒÍÕ�Ú�ß&Ð;ÑØßeÕ�Ù�×TÑØ×Tée×IÛ�ÔTÒÍÕeQ

�Ê×IÎBÚ&ÔTá¾Ò@ÎWÐÓÒKÖ�ßMÙ�Ò@á¾ßeÕ�Ù�ÒÍÜ@×IÑ�ãUà�Ò{Ò@Õ�Ð;ÒxÐ;Ñ;ÚGÛBÚ, Øß¾Ü@à�á¾Ö�ÔTÒxÜÍßeÎ�ÒÍÔ^ß&ÛD ØÒÍÐÓ×Iäeß¾Ù�Ò{à�Î	äMà�ÒÍÔTß�Ú&à1ÐÓ¸!�
Î�ß&á�ß0.@Ú&ÔWá¾Ò@Î�ßeÕ�ÐÓß&ÐuÚ&ÔIá�ÒÍÎWÐ;Ò ÒÍÎ�ÕÓ×Iá�à�ÔTÚ&Ü@×I¸eÎ .£Ù�ßeÎ�Ù�Ò3ÕØ×Tá¾Ö�ÔTÒÍá�ÒÍÎUÐÓÒÏÕÓÒ�Ò@ÎWÐ;ÑØÒ@éWÚtà�ÎBÚtÜ@ß&Î1·Béeà�ÑÓÚ&Ü@×I¸eÎ
×IÎ�×TÜÍ×8Ú&Ô&¹¶à�ÎBÚR·BÎBÚ&Ô%.GÕØÒ�Ö�Ô8ÚGÎ�×I·BÜ@Ú�ÒÍÔYÜ@Ú&á�×IÎ�ßJÚ�Î�×Iä&Ò@ÔMßeÖ1Ð;×Iá]ÚGÔe¹�ÕØÒ�Ü@ßeÎWÐÓÑÓßeÔTÚ�Ô8ÚRÒ@Õ�Ð;ÑÓà1ÜÍÐ;à1Ñ;ÚJÙ�à�ÑÓÚ&ÎWÐ;Ò
ÕØàçá�×IÕÓ×I¸eÎEQ 2ÊÚGÑÓÜ@×TÚ&ÔTá¾Ò@ÎWÐÓÒ¾ÕØÒæÔTß&éeÑ;Ú¨Ô8Ú	Ú&à1ÐÓßeá]ÚXÐ;×�;@Ú&Ü@×I¸eÎ Ù�Ò]ÔTÚ�ÒÍÕØÐÓÑÓà�Ü£Ð;à�ÑÓÚåÑÓÒwÚGÔ�.Ì×Tá¾Ö�ÔTÒÍá�ÒÍÎWÐuº&Î:�
Ù�ß&ÕÓÒ�ÕØßeÔTßJÔIßeÕÊÑØÒ@éeà1Ô8Ú&Ù�ß&ÑÓÒ@ÕÊÙ�Ò�Ò@Õ�ÐuÚ&Û1×TÔT×@;wÚ&ÜÍ×T¸eÎ¶Ò@Î�ä&Ò@ÔTßMÜ@×IÙBÚ&Ù .GÚ&ÔOÐ;×IÐÓà�Ù¶¹�Ù�×TÑØÒ@ÜÍÜ@×T¸&Î .GÜÍßeÎ�à�ÎBÚJÑØà1Ð;×IÎBÚ
ãUà�ÒKÒÍÎUÐÓÑÓÒÍéWÚ�Ô8Ú¶ÐÓÑ;Úw¹eÒÍÜÍÐ;ß&ÑÓ×8Ú�ß&Ö1Ð;×Iá]Ú&Ô�ÖBÚ&ÑÓÚ&á¾ÒÍÐ;ÑØ×�;@Ú&ÙBÚ¶ÜÍßeÎ�ÑÓÒÍÕÓÖ�Ò@ÜÍÐÓß¾Ú&Ô�ÐÓ×TÒ@á¾Ö�ß�Ù�ÒKá�à�ÒÍÕØÐÓÑÓÒ@ß�Ù�ÒÍÔ
ÕØ×TÕØÐÓÒ@á�Ú'.�ãMà1Ò ÚçÕÓà.äeÒ=;ÝÖ�à�Ò@Ù1ÒZÕØÒ@Ñ¨ÜÍßeÎ�ÕÓ×IÙ�Ò@ÑÓÚ&ÙBÚçÖBÚGÑ;ÚâÑØÒwÚ&ÔI×�;wÚGÑ]à�Î.ÜÍßeÎWÐ;ÑÓß&Ô(Ò@Î ÔTÚ�;@ß�ÚGÛ�×TÒÍÑØÐ;ß'.
À Ú&ÔOÐuÚ&Î1Ù�ß	ÒÍÔ´ÑØÒ@éeà�ÔTÚ&Ù�ßeÑ{Ù�ÒæÕØÒ@éeà1×Tá¾×TÒ@ÎWÐÓß�Ù�Ò�Ô8Ú�ÐÓÑ;Úw¹eÒÍÜÍÐÓßeÑÓ×TÚ�ÖBÚ&ÑÓÚ�ÕÓà�ÑØÒ@Ü@ß&ÑÓÑÓ×IÙ�ß�Ò]×TÎ�á�à1Î�×TÙBÚGÙâÚ
Ö�Ò@Ñ�Ð;à�ÑØÛBÚ&Ü@×IßeÎ�ÒÍÕeQ

½�ßeÕ~ÐÓÑ;Ú&Û�Ú, ØßeÕ�ãMà1ÒJÕÓßeÎ]Ö�ÑÓÒÍÕÓÒ@ÎWÐ;Ú&Ù�ßeÕ�ÒÍÎæÔTß&Õ´Ú&Î1Ò�SYßeÕ Z ¹ 2&.YÙ1Ò@Û�Ò@ÎæÕØÒ@Ñ´ÑØÒwÚ&ÔI×�;@Ú&Ù�ßeÕÏ¹¾Ü@ßeÎ1Ü@Ò@Û1× �
Ù�ß&Õ�ÖBÚGÑ;Ú�à�ÎBÚ�Û�à�Ò@Î�Ú�ßeÖ�Ò@ÑÓÚ&Ü@×I¸eÎ	Ù1Ò@ÔÌÙ�×TÑØ×Tée×IÛ�ÔTÒ7QIZ�Õ�]�.Bà1ÎBÚ�ÚGÑÓãUà�×IÐÓÒ@Ü£Ð;à�ÑÓÚ�ÖBÚ&ÑÓÚ¾ÔTÚ�Ò@ÔTÒÍÜÍÐÓÑÓ¸eÎ�×IÜwÚ�À à�Ò
Ù�×IÕÓÒÍÞBÚ&ÙBÚKÒR×Tá¾Ö�ÔTÒÍá�ÒÍÎUÐ;Ú&ÙBÚ(ÒÍÎ Up»BÚ&ÑÓÙ�!�Ú&ÑØÒ�W .eÖ�ÒÍÑÓá¾×IÐÓ×TÒ@Î1Ù�ßKÔ8ÚKá¾Ò@Ù�×IÜ@×T¸&Î�Ù�ÒtÔ8Ú&Õ3ÕÓÒÍÞBÚ&ÔIÒ@Õ3Ù�Ò@Ô6ÑØÒ@Ü@ÒÍÖ:�
ÐÓßeÑ3Ù�Ò(ÔTÚxÑÓÚ&Ù�×Iß0.NA1Ð;×IÔTÒÍÕ�Ö�Ú&Ñ;Ú{ÔTßeÕ3Ö�ÑØßYÜÍÒ@ÕÓß&Õ´Ù�ÒR×TÙ�ÒÍÎWÐ;×I·�ÜwÚ&ÜÍ×T¸eÎ .UÚGÙ�Ò@á�º&Õ�Ù�Ò .WÀ Ú&ÜÍ×TÔT×OÐuÚ&ÑÊÒ@Ô6Ü@ßeÎWÐÓÑÓßeÔ�Ù�Ò
ÔIßeÕ(ÕØÒ@ÑØä&ßeÕK¹åÔTÚ]á�Ò=;@ÜÍÔ8Ú]Ù�Ò�ÕØÒ@ÞBÚGÔTÒ@ÕKÖ1ÑÓß`äeÒÍÎ�×TÒÍÎUÐÓÒ@ÕxÙ�ÒÍÔ Ü@ßeá¾Ö�à1Ð;Ú&Ù�ßeÑ�¹åÔ8Ú�Ñ;Ú&Ù�×Iß!�pÜÍßeÎWÐ;ÑØßeÔ�.BÀ à�Î�Ù�Ú��
á¾Ò@ÎWÐuÚGÔYÖBÚGÑ;Ú(ÒÍÔBÚ, Øà�Õ�Ð;Ò´¹¶Ö�ÑÓà1Ò@ÛBÚ&ÕÏÕØßeÛ�ÑØÒ�Ô8Ú(Ö1Ô8ÚGÐ;ÚGÀ ßeÑÓá�ÚtÑÓÒwÚGÔ�QX½ÌÚKÚ&ÑÓãUà�×OÐ;Ò@Ü£Ð;à�ÑÓÚ(Ù�Ò�Ö1ÑÓßeéeÑÓÚ&á�Ú&Ü@×I¸eÎ
Ö�ÑØÒ@ÕØÒ@ÎWÐuÚ�À Ú&Ü@×IÔT×TÙ�Ú&ÙæÙ�ÒxÒ�SYÖBÚGÎ�ÕÓ×I¸eÎ .6Û�à�ÒÍÎBÚ¾é&Ò@ÕØÐÓ×T¸eÎ�Ù�Ò{Ô8Ú�×IÎ1À ßeÑØá]Ú&ÜÍ×T¸eÎ�¹�Ú&ÔTéeß&ÑÓ×IÐÓá�ß&Õ´Ú&Ù1Ò@Ü@à�Ú&Ù�ßeÕ
ÖBÚGÑ;Ú�Ò@ÔÌÜ@ß&ÎUÐÓÑÓßeÔ%.�Ù�ÒÍÎUÐÓÑÓß�Ù�Ò¶à1ÎBÚ�ÚGÑÓãUà�×IÐÓÒ@Ü£Ð;à�ÑÓÚ  ØÒÍÑ;º&ÑØãMà1×TÜwÚ�Ù�Ò{Ú&Ü£Ð;×IäM×IÙBÚ&Ù�ÒÍÕeQ�Z(à1Î�ãUà�Ò¶ÕØßeÎ	Ð;Ú&ÑÓÒ@Ú&Õ
Ö�ßYÜÍßJÙ�ÒÍÕÓÜ@ÑØ×IÐ;Ú&Õ1.&À à1Ò@ÑÓß&Î�á�à1¹¶Ò@Î�ÑØ×TãUà�Ò@ÜÍÒ@Ù�ß&Ñ;Ú&ÕÏÙ�ÒÍÕÓÙ�ÒtÒÍÔ1Ö�à�ÎWÐÓß{Ù1Ò´äM×TÕØÐ;ÚJÙ�Ò�à�Î�ÚJ×TÎ�Õ�Ð;ÑÓà1á�ÒÍÎUÐ;Ú&Ü@×I¸eÎ
ÐÓß&ÐuÚ&Ô�Ù�ÒKÔTÚ�Ö�Ô8ÚXÐuÚGÀ ßeÑØá]Ú3.WßeÛ�ÔT×IéWÚ&Î�Ù1ß�Ú�Ð;ÑÓÚ&ÛBÚ, ÓÚGÑ´Ò@Î¨ÐÓßYÙ�ß&Õ�ÔTßeÕ´Ú&ÕÓÖ�Ò@Ü£Ð;ßeÕtÚGÕÓßMÜ@×8ÚGÙ�ßeÕ�Ú�ÒÍÔTÒÍÜÍÐ;ÑØ¸eÎ�×IÜwÚ
Ù�ÒR×TÎ1ÕØÐ;ÑØà�á¾Ò@ÎWÐuÚ&ÜÍ×T¸eÎ .UÐÓÒ@ÔIÒ@Ü@ß&á�à�Î�×IÜwÚ&ÜÍ×TßeÎ�ÒÍÕ3Ò@ÎæÔTÚ{×Iá�Ö�ÔIÒ@á¾Ò@ÎWÐuÚGÜ@×T¸&Î�Ù�Ò(ÔTÚ{ÑØÒ@Ùæ×IÎBÚ&Ô8ºGá�Û�ÑÓ×IÜwÚ(¹¾Ö�ßeÑ
ÕØà�Ö�à�ÒÍÕØÐ;ß�Ô8Ú�ÜÍßYÙ�×O·BÜwÚGÜ@×T¸&Î¨Ù�Ò{Ú&ÔTéeß&ÑÓ×IÐÓá�ß&Õ´ßeÑØ×TÒ@ÎWÐ;Ú&Ù�ßeÕtÚ�à�Î�ÛBÚ, Øß�Ü@ß&Î�ÕÓà�á¾ß¾Ü@ßeá¾Ö�à1Ð;Ú&Ü@×IßeÎBÚ&Ô
Q
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¿RÎBÚ�Ö�ÑØ×Tá¾Ò@Ñ;Ú¨À Ú&ÕØÒ]Ù�Òæ×IÎWÐ;Ò@é&Ñ;Ú&ÜÍ×T¸eÎZÙ�ÒæÔIßeÕ¶ÒÍÔTÒÍá�ÒÍÎUÐÓßeÕ�Ù1Ò]Ô8Ú�Ò@Õ�Ð;ÑÓà1ÜÍÐ;à1Ñ;Úå»BÚ�ÕØ×TÙ�ß	ÑÓÒ@Ú&ÔT×@;wÚ&ÙBÚ3.ÌÚ&Ô
×IéeàBÚ&Ô6ãUà�ÒKÔ8Ú{×Tá¾Ö�ÔTÒÍá�ÒÍÎWÐuÚ&ÜÍ×T¸eÎ¾Ù�ÒJÔTÚ&Õ´ÔIÒÍ¹eÒÍÕ�Ù�ÒJÜÍßeÎWÐ;ÑØßeÔ�Ù�Ò(Ò@ÕØÐ;Ú&Û�×IÔT×�;@Ú&Ü@×I¸eÎ¾Ù�Ò(äeÒÍÔTßMÜ@×IÙBÚ&Ù .YÚ&ÔIÐÓ×IÐÓà�Ù
¹�Ù�×TÑØÒ@Ü@ÜÍ×T¸eÎ Q'9YÒ�Ò@ÕØÖ�ÒÍÑ;ÚxÜ@ßeÎWÐÓ×TÎUàBÚ&ÑÏÜÍßeÎ�Ô8ÚJÑÓÒ@Ú&ÔT×@;wÚ&ÜÍ×T¸eÎ�Ù�Ò�äMà�Ò@ÔIßeÕÏãUà�ÒtÖ�ÒÍÑÓá¾×IÐuÚGÎ�Ö�ÑÓßeÛ�Ú&Ñ3Ú&à�Î�á�º&Õ
ÔIßeÕ�ÑÓÒÍéeà�ÔTÚ&Ù�ßeÑØÒ@Õ�¹¨ÕÓà	Ú&Ù�ÒÍÜ@àBÚGÙBÚ¾ÕØ×TÎWÐ;ß&Îd]8Ú�ÒÍÎ�À à�Î1Ü@×T¸&Î�Ù1Ò{Ü@Ú&ÙBÚ�Ò@Õ�Ð;ÑÓà1ÜÍÐ;à1Ñ;ÚIQ

9YÒRÖ�Ô8ÚGÎUÐÓÒ@¸¶Ò@Î]ÒÍÔ�Ù1ßYÜÍà�á�ÒÍÎWÐ;ß�à1ÎBÚ¶ÔIÒÍ¹�ÖBÚ&ÑÓÚ{ÒÍÔ�ÕØÒ@éeà1×Tá¾×TÒ@ÎWÐÓß{Ù1Ò(à�ÎBÚxÐ;ÑÓÚ`¹&Ò@Ü£Ð;ßeÑØ×8Ú¶Ö1Ô8Ú&Î�×O·BÜwÚGÙBÚ
ßeÖYÐ;×Tá�Ú&ÔIá�ÒÍÎUÐÓÒ .�ÕÓÒ¾Ò@ÕÓÖ�Ò@ÑÓÚ	ÒÍÎâÒ@Ô3ÜÍßeÑØÐÓß	Ö�ÔTÚ�;@ß�Ö�ßYÙ�ÒÍÑx×TÎ�×IÜ@×8ÚGÑJÕÓà#×Tá¾Ö�ÔTÒÍá�ÒÍÎUÐ;Ú&Ü@×I¸eÎÝÒ@Î#Ò@Ô3Ü@¸MÙ�×Iéeß
Ù�ÒxÖ�ÑØßeéeÑÓÚ&á]ÚGÜ@×T¸&Î¨Ù�Ò@ÔÌÙ�×IÑÓ×Té&×TÛ�ÔIÒ .MÔ8Ú�ÑÓÒ@Ú&ÔT×@;wÚ&ÜÍ×T¸eÎ¨Ù�ÒxÖ�ÑØà�Ò@Û�Ú&Õ�¹¨à1ÎBÚ�ÚGÙ�Ò@ÜÍàBÚ&ÙBÚ¾ÕÓ×TÎWÐÓßeÎ�×�;@Ú&Ü@×I¸eÎ�Ò@Î
À à�Î1Ü@×T¸&Î�Ù1Ò{ÔIßeÕ�äMà�Ò@ÔIßeÕ�ÑÓÒ@Ú&ÔTÒÍÕeQ

½ÌÚ�ÚGÙ�×TÜÍ×T¸eÎ¨Ù�Òxà�Î�ÕÓÒÍÎ�ÕÓß&Ñ�Ù�ÒxäM×TÒÍÎUÐÓß�ÒÍÎ	ÔTÚ�Ò@ÕØÐÓÑÓà�Ü£Ð;à�ÑÓÚ�ÖBÚGÑÓÒ@ÜÍÒxÕÓÒ@Ñ�Ú&Ù�ÒÍÜ@àBÚGÙBÚ¾ÒÍÎ�ÔTÚ�ÜwÚ&ÑÓÚ&ÜÍÐÓÒN�
ÑØ×�;wÚGÜ@×T¸&Î]¹æÜÍßeÎ�ÕÓ×IÙ�Ò@ÑÓÚ&Ü@×I¸eÎ¨Ù�ÒxÒ@Õ�ÐuÚ�Ö�Ò@ÑØÐÓà�ÑÓÛ�Ú&Ü@×I¸eÎ¨Ò@Î�Ò@Ô
Ü@Ú&ÔTÜÍà�ÔTß�Ù�ÒKÔ8Ú&Õ�ÔIÒÍ¹&Ò@Õ�Ù�ÒxÜ@ß&ÎUÐÓÑÓßeÔ
QIZ�Õ�]�.YÕÓÒ
Ö�ÑØßeÖ�ßeÎ�Ò(ÔTÚ¶×IÎ�ÕØÐ;Ú&Ô8Ú&ÜÍ×T¸eÎ¾Ù�ÒJà1Î¨ÕÓÒ@Î1ÕÓßeÑ�Ù�Ò�äY×IÒ@ÎWÐ;ß�Ò@á�ÛBÚGÑÓÜwÚGÙ�ß�¹�ÕÓà¨Ò@Õ�Ð;à�Ù1×Tß�Ò@Î]ÔTßeÕ�äYà1Ò@ÔTß&Õ�Ù�ÒJÔTÚ&Õ
ÒÍÕØÐ;ÑØà�ÜÍÐÓà�Ñ;ÚGÕeQ
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� à1Ò@ÙBÚåÚGÛ�×TÒÍÑØÐuÚ�Ô8Ú�Ö�ßeÕÓ×IÛ�×TÔI×TÙBÚ&Ù Ú�Ò�SYÖ�ÔIß&ÐuÚ&Ñxß&ÐÓÑ;Ú&ÕxÐ��ÍÜ@Î�×IÜwÚ&Õ¶Ù�Ò]×IÙ�Ò@ÎWÐÓ×��BÜ@Ú&Ü@×��eÎ .�Ö�à�ÒÍÕ�ÔTÚ�Ð��@Ü@Î1×TÜwÚ
Ö�Ô8Ú&ÎWÐÓÒwÚ&ÙBÚÝÎ�ßÝÜÍßeÎ�Ù�à1Ü@Ò�ÚÝÑÓÒ@ÕØà�ÔIÐ;Ú&Ù�ßeÕ�ÚGÛ�ÕÓßeÔIà1Ð;ß&Õ1.ÊÕØßeÔTßÝÒÍÕ�à�ÎBÚ Ú&Ö�ÑØßTS1×Iá]ÚGÜ@×��&Î�Úåà�ÎBÚÝÕÓß&ÔTà�ÜÍ×��eÎ
ÖBÚ&ÑØÐÓ×TÜÍà�Ô8Ú&Ñ=Q�9YÒKÒÍÕÓÖ�Ò@ÑÓÚ¾Ö�ßYÙ1Ò@Ñ�Ð;ÑÓÚ&ÛBÚ, ÓÚGÑ1.YÐ��@ÜÍÎ�×TÜ@Ú&ÕtãMà1Ò{Ö�Ò@ÑØá�×OÐuÚ&Î]Ü@ßeÎWÐ;ß&ÑÓÎ�Ò@Ú&ÑtÒ@Ô
Ö�ÑØßeÛ�ÔIÒ@á�Ú�Ù�ÒKÔ8Ú
à1Ð;×IÔT×�;@Ú&Ü@×��eÎæÙ�Òxá¾ßYÙ1Ò@ÔTß&Õ�Ú�Ò@ÕÓÜ@Ú&Ô8Ú�Ò@Î�Ð A1Î�Ò@ÔIÒ@ÕtÙ�ÒKäM×TÒ@ÎWÐÓßdQ

�RÎBÚÝÔ8Ú&Û�ßeÑ�ÚÝÑÓÒ@Ú&ÔT×@;wÚ&Ñ�ÕÓÒ
	 ßYÜ@Ú&ÔT×@;wÚåÒÍÎ ÒÍÔ�Ü@ßeÎWÐÓÑÓßeÔ�Ù�Ò�ÔTÚ&Õ�	 Ú&ÕÓÒÍÕ�Ù�Ò�Ù�Ò@ÕØÖ�ÒÍéeà�Ò
��ÚGÐ;ÒÍÑÓÑØ×�;wÚ# ØÒ .
ÕÓÒ�Ö�ÔTÚ&ÎWÐ;ÒwÚ�Ò@Ô ÒÍÕØÐ;à1Ù�×TßæÒ�×Iá�Ö1ÔTÒ@á¾Ò@ÎWÐ;Ú&Ü@×��eÎ	Ù1Ò�ÔTÒ��eÒ@ÕKÙ1Ò�Ü@ßeÎWÐÓÑÓßeÔ¯ãMà1Ò�	 Ú&Ü@×IÔT×IÐÓÒ@Î	Ò@ÕØÐ;Ú]ÐuÚ&ÑØÒwÚ]ß¨ãUà�Ò
á ]IÎ�×Tá�Ú&á¾Ò@ÎWÐ;Ò(Ú&ÕÓ×IÕØÐuÚGÎ�ÔTÚ�ßeÖ�ÒÍÑ;Ú&ÜÍ×��eÎ¨á�Ú&ÎUàBÚ&Ô
Q

9YÒ�Ö1ÑÓßeÖ�ßeÎ�Ò�×IéeàBÚ&ÔIá�ÒÍÎUÐÓÒ�Ò*S1Ö1ÔTßeÑÓÚ&ÑJÒ@ÔÏÜÍßeÎWÐ;ÑØßeÔ Ö�ßeÑ(Ð��ÍÜ@Î�×IÜwÚ&ÕKÙ1Ò¾á¾ßMÙ�ßeÕJÙ�ÒÍÕÓÔI×�;wÚGÎUÐÓÒ@Õ�.
Ò@Õxà�ÎBÚ
Ð��@ÜÍÎ�×TÜ@Ú{×IÎWÐ;Ò@ÑØÒ@ÕÓÚ&ÎWÐ;ÒRÙ�Ò@ÕØÙ�Ò(ÒÍÔBÖ�à�ÎWÐ;ß¶Ù�Ò�äY×IÕØÐ;Ú{Ù�ÒtÑØßeÛ�à�Õ�Ð;Òe;�Ú&ÎWÐ;ÒRá¾ßYÙ�ÒÍÔTßeÕÊÜ@ßeÎ¾ÖBÚ&Ñ��&á�Ò£Ð;ÑØßeÕÏÖ�ßMÜ@ß
Ü@ßeÎ�ßMÜ@×IÙ�ßeÕ=Q 9Yà.Ö�ßeÕÓ×IÛ�ÔTÒ�×TÎWÐÓÒ@éeÑÓÚ&Ü@×��eÎ!ÒÍÕØÐuÚ�	 ßMÜwÚ&ÔI×�;@Ú&ÙBÚZÚâÔTßeÕ�Ü@ßeÎWÐÓÑÓßeÔIÒ@ÕæÙ�Ò	äeÒ@ÔIßYÜÍ×TÙBÚGÙ .´ÚGÔIÐ;×OÐ;à�Ù .
Ù�×TÑØÒ@Ü@ÜÍ×��eÎ
�¨ÒÍÔ�ÕÓÒÍéeà�×Tá¾×TÒÍÎWÐ;ß�Ù�ÒKÐ;ÑÓÚ��eÒ@Ü£Ð;ßeÑØ×8Ú&Õ=Q
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�KÒ@Î�ÒÍÑ;Ú&ÔIá�ÒÍÎUÐÓÒ(ÒÍÎ¨Ò@Ô�á¾Ò@ÑØÜwÚ&Ù1ß�ÕÓÒJÒÍÎ�Ü@à1Ò@ÎWÐ;ÑÓÚ&Î�Ù�×TÑØ×Tée×IÛ�ÔTÒÍÕ�Ù1ÒJÖ�ÒÍãUà�Ò@ÞBÚ�ÒÍÎUä&Ò@ÑØéWÚ&Ù�à�ÑÓÚ�Ò@ãUà�×TÖ�Ú��

Ù�ß&Õ¯ÜÍßeÎ�ÔTßRÒ@Õ�Ð;ÑØ×TÜÍÐ;Ú&á¾Ò@ÎWÐ;Ò~Î�Ò@ÜÍÒ@Õ;ÚGÑÓ×Tß�ÖBÚ&ÑÓÚ�ÕÓÒÍÑ Ü@ß&ÎUÐÓÑÓßeÔTÚ&Ù�ßeÕ^Ú(Ù1×TÕØÐ;Ú&Î�ÜÍ×8Ú'.`á¾Ò@Ù�×TÚ&ÎWÐ;Ò�à�ÎBÚRÜ@ßeÎ�Ò*SY×��eÎ
Ù�Ò�Ñ;Ú&Ù1×Tß 	 ÑØÒ@Ü@à1Ò@Î�ÜÍ×8Ú�Ò@ÎWÐ;ÑØÒæà�ÎçÑÓÚ&Ù�×Tß��pÜ@ß&ÎUÐÓÑÓßeÔ �Zà�ÎâÑÓÒ@ÜÍÒ@Ö1ÐÓßeÑ�ÒÍá�ÛBÚ&ÑØÜwÚ&Ù1ßdQ .ÏÔ�ÑÓÒÍÜ@Ò@ÖYÐ;ßeÑ¶Ù�Ò@ÜÍßYÙ�×"�
�BÜ@Ú�ÔTÚ¾ÕØÒ@ÞBÚ&Ô^Ù�ÒÍÔ^ÑÓÚ&Ù�×Iß�ÜÍßeÎWÐ;ÑÓß&Ô ��ÔTÚ¾ÑØÒÍÐ;ÑÓÚ&Î�ÕØá�×OÐ;Ò{Ú¾ÔIßeÕRÕÓÒ@Ñ�äeß!� á�ßGÐ;ßeÑØÒ@ÕRãMà1Ò�Ú&Ü£Ð ABÚ&Î	ÕÓßeÛ1ÑÓÒ X6ÔTÚ&Õ
ÕØà�Ö�ÒÍÑ �BÜÍ×TÒÍÕ´á �EäM×IÔTÒ@ÕÏÙ1Ò(ÔTß&Õ~ÚGÔTÒ@ÑØßeÎ�ÒÍÕ1.UÔTßeÕ3ÕØÒ@ÑØä&ß!�pá¾ß&ÐÓßeÑÓÒÍÕ~ãUà�Ò�Ü@ßeÎWÐ;ÑØßeÔ8ÚGÎ�ÔIßeÕ3Ö�ÑÓßeÖ1à�ÔTÕØßeÑÓÒÍÕ�ÚxÜ@ßeá �
Û�à1ÕØÐ;×��eÎ�ÒÍÎÝÒ@Ô^ÜwÚ&ÕØß¨Ù�Ò��RÑ�Z�ÎÝßæÔTßeÕ�U+Ù1ÑÓ×Iä&Ò@ÑØÕ W¶Ù�Ò�ÔIßeÕ(á¾ß&ÐÓßeÑÓÒÍÕ�ÒÍÔ��@Ü£Ð;ÑØ×TÜ@ß&Õ(Ù�Òh4{ÚGÑÓá�Ú ��Ò@Ô¯ÑÓß&ÐÓßeÑ
Ù�ÒRÜ@ß&Ô8ÚKÙ�Ò �RÑ�Z�ÎEQ)(^ÚGÕ~ÕØÒ@ÞBÚ&ÔIÒ@Õ�Ò@Õ�Ð �&Î�Ò@Î]ÒÍÔ 	 ßeÑÓá�ÚGÐ;ßxÒÍÕØÐ �GÎ�ÙBÚ&Ñ~Ù�Ò(ÚGÒ@ÑÓß&á�ßMÙ�Ò@ÔI×TÕØá�ß0.XÕÓÒÍÞBÚ&ÔIÒ@Õ~ÐÓ×TÖ�ß
2 � � . äeÒÍÑ �Béeà1Ñ;Ú:ZhQ�+ 03ÜÍßeÎ]Ö�Ò@ÑØ×TßMÙ�ßxÙ�Ò

24ms
��à1Î]Ú&Î1Ü+*�ß�Ù�ÒRÖ�à�ÔIÕÓß{ãMà1Ò�äGÚ&Ñ�]TÚKÙ�Ò

1ms
Ú

2ms
Q

	(Ò�Ò@ÕØÐ;Úæá]ÚGÎ�Ò@ÑÓÚ'.6Ò@ÕJÎ�ÒÍÜ@ÒÍÕ;Ú&ÑØ×Tß¨ÑÓÒ@Ú&ÔT×@;wÚ&ÑRÔ8Ú¾Ù�Ò@Û1×TÙBÚ]×IÎ�ÕØÐÓÑÓà�á¾Ò@ÎWÐ;Ú&Ü@×��eÎ�Ù�Ò�Ô8Ú&Õ�Ö�Ô8ÚGÐ;Ú 	 ßeÑØá]Ú&ÕtÖBÚGÑ;Ú
ÜÍßeÎWäeÒ@Ñ�Ð;×IÑÓÔ8ÚGÕ�Ò@Î�ÑÓßeÛ�ß&Ð;Õ=Q
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.ÏÕØÐÓÒ�Ú&Î1Ò�SYß]ÒÍÕØÐuÚ¾Ù�Ò@Ù1×TÜwÚGÙ�ß]Ú�Ö�ÔTÚ&ÎWÐ;ÒwÚGÑRÔTÚ�Ú&ÑÓãUà�×OÐ;Ò@Ü£Ð;à�ÑÓÚ¾Ù1Ò¶ÔTÚ�ÒÍÔTÒÍÜÍÐ;Ñ �eÎ�×IÜwÚ�Ò@á�Û�Ú&ÑÓÜ@Ú&ÙBÚ'.BãUà�Ò
*BÚGÛ�×TÔI×IÐuÚ�ÔTÚ�Ö�ÔTÚGÐuÚ 	 ß&ÑÓá�ÚtÙ1×TÑÓ×Iée×TÛ1ÔTÒÏÖBÚ&ÑÓÚ(ÕÓÒÍÑÊÜÍßeÎWÐ;ÑÓß&Ô8Ú&ÙBÚ�Ü@ßeÎ�ÒÍÔYÑÓÚ&Ù�×Iß(Ü@ß&ÎUÐÓÑÓßeÔ �<;GßJÕÓÒÍÞBÚ&ÔIÒ@ÕÊÜÍÑÓÒ@Ú&ÙBÚ&Õ
Ú�ÖBÚ&Ñ�Ð;×IÑ�Ù�ÒxÔ8Ú�×TÎ 	 ßeÑÓá�Ú&Ü@×��eÎ]ÒÍÎWäY×TÚ&ÙBÚ�Ö�ß&Ñ�Ò@Ô�Ü@ß&á�Ö�àYÐuÚ&Ù�ß&ÑeQ59YÒx×IÎ�×TÜÍ×8Ú�ÜÍßeÎ	ÔTÚ�Ö�ÑÓÒÍÕÓÒÍÎUÐ;Ú&Ü@×��eÎ�Ù�ÒxÔ8Ú
Ú&ÑØãUà�×IÐÓÒ@ÜÍÐÓà�Ñ;Ú{Ö�Ô8ÚGÎUÐÓÒwÚ&Ù�Ú¶ÖBÚ&ÑÓÚ¶ÔTÚ¶×TÎ1ÕØÐ;ÑØà�á¾Ò@ÎWÐuÚ&ÜÍ×��eÎ¾Ù�ÒÍÔ�Ù�×IÑÓ×Iée×TÛ�ÔIÒ ��Ñ%Z(ÎEQ5(�à�Ò@éeß'.MÕØÒJÖ�ÑØÒ@ÕÓÒÍÎWÐuÚ�à�Î
ÜÍßeÎWÐ;ÑÓß&Ô^ÔIßYÜ@Ú&ÔÌÙ�Ò�ÔIßeÕRÖ�ÑÓßeÖ1à�ÔTÕØßeÑÓÒÍÕ1.6ßeÑÓ×IÒ@ÎWÐuÚGÙ�ßæÚ¾á]Ú&ÎWÐÓÒ@Î�ÒÍÑ(à�Îåá¾×TÕØá�ß�ÖBÚGÑ(Ò@Î�Ò@ÔTÔIßeÕeQ�Z�Ô ��ÎBÚ&ÔÌÕÓÒ
Ö�ÑØÒ@ÕØÒ@ÎWÐuÚ&Î#Ô8Ú&ÕKÜ@Ú&Ñ;ÚGÜÍÐ;ÒÍÑ�]IÕØÐ;×IÜwÚ&ÕKá�Ú&ÕKÑØÒ@ÔTÒ£äGÚ&ÎWÐ;Ò@Õ{Ù�Ò�ÔTß&ÕKÒ@ÔTÒÍá�ÒÍÎWÐ;ßeÕxÒ@á�ÛBÚ&ÑÓÜ@Ú&Ù�ß
�ÝÙ�ÒÍÕ;Ú&ÑØÑÓßeÔIÔ8Ú&Ù1ßeÕ
ÖBÚGÑ;Ú�Ô8Ú�×IÎ�ÕØÐÓÑÓà�á¾Ò@ÎWÐuÚGÜ@×��&Î�Ù1Ò@Ô�ÑÓß&Û�ß&ÐeQ
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(ÌÚ�Ö�ÑØ×Tá¾Ò@Ñ;Ú¶Ô8Ú&Û�ßeÑ~Ú�ÑØÒwÚ&ÔI×�;@Ú&Ñ~à1ÎBÚ�äeÒe;xÚGÙ�ãUà�×TÑØ×TÙBÚ�ÔTÚ�Ö�Ô8ÚXÐuÚ 	 ßeÑØá]Ú{Ú �ÍÑÓÒwÚ�ÑÓÚ&Ù�×Tß�Ü@ßeÎWÐ;ÑØßeÔ8ÚGÙBÚ�Ò@Õ
Ô8Ú(ÜÍßeÎWäeÒ@ÑØÕÓ×��eÎ¾ÚJà�ÎBÚJÖ�ÔTÚGÐuÚ 	 ß&ÑÓá�Ú(Ú �ÍÑÓÒwÚJÑØßeÛ �&Ð;×IÜwÚIQ 2ÊÚGÑ;ÚKÒ@Õ�Ð;ßKÕÓÒ�×IÎ�ÕØÐÓÑÓà�á¾Ò@ÎWÐÓßJÜ@ßeÎ�à�Î�ÕØ×TÕ�Ð;Ò@á�Ú(Ù�Ò
Ö�ßeÕØ×TÜÍ×TßeÎBÚGá�×IÒ@ÎWÐ;ß�éeÔIßeÛBÚ&Ô . � 2 9 $���07.�à�Î�Ú�Ü@ÒÍÎWÐ;Ñ;ÚGÔÊ×TÎ1Ò@ÑÓÜÍ×8Ú&Ô .
9 � � $��*0�.�à�ÎåÕÓÒÍÎ�ÕÓß&Ñ(Ù�Ò�à1ÔIÐ;ÑÓÚ&ÕÓß&Î�×TÙ�ß'.
ÕÓÒ@Î1ÕÓßeÑ�Ù�Ò¶äM×TÒÍÎWÐ;ß0.6Ü��Gá]Ú&ÑÓÚ�Ù�Ò¶ä�]TÙ1Ò@ß0.6ÕÓÒÍÎ�ÕÓß&Ñ(Ù�Ò¶Ú&ÔIÐÓ×IÐÓà�Ù
��Ù�Ò¶ä&Ò@ÔTßMÜ@×IÙBÚ&Ù	Ú&Ò@ÑØßYÙ1×TÎ �&á¾×TÜ@ÚIQ�F´ß&á�ß
ÕÓ×TÕ�Ð;ÒÍá]Ú{Ü@Ò@ÎWÐÓÑ;Ú&Ô�Ù�Ò(éeÒÍÕØÐÓ×��eÎ �]Ö�ÑØßYÜÍÒ@ÕÓÚ&Ù�ß�Ù�Ò�×TÎ 	 ß&ÑÓá�Ú&Ü@×��eÎ .eÕØÒ(×TÎ1ÕØÐuÚGÔ��{à�ÎæÜ@ß&á�Ö�àYÐuÚ&Ù�ß&Ñ 2 F��(+ ��6dQ
.3Õ�Ð;ßeÕRÒ@ÔIÒ@á¾Ò@ÎWÐ;ß&Õ�ÕÓßeÎ�Ù�ÒÍÐ;Ú&ÔTÔTÚ&Ù�ßeÕ´á]Ú&ÕtÚGÙ�Ò@ÔTÚ&ÎWÐ;Ò�Q

�RÎBÚ�äeÒ=;�×TÎ�Õ�ÐuÚ&ÔTÚ&Ù�ß�Ð;ßMÙBÚ�ÔTÚ�ÒÍÔTÒ@Ü£Ð;Ñ �eÎ�×TÜ@Ú]ÕÓÒ�Ö�ÑÓßMÜ@ÒÍÙ�×��]Ú]Ô8Ú¾×TÎ�Õ�ÐuÚ&ÔTÚ&Ü@×��eÎ	Ù1Ò�Ô8Ú¾ÑÓÒÍÙÝÙ�Ò�Ü@ß&á�à:�
Î�×TÜ@Ú&Ü@×��eÎ¨Ü@ßeÎ�ÒÍÔ
Ù�×TÑØ×Tée×IÛ�ÔTÒtÒÍÎ�äMà�ÒÍÔTß0.1à�ÎBÚ�á�Ú&Î�Ò@ÑÓÚ�Ù�ÒxÚ&ÜÍÜ@Ò@Ù1Ò@ÑRÚ&Ô�ÜÍßeá¾Ö�à1ÐuÚGÙ�ßeÑ�ÒÍá�ÛBÚ&ÑØÜwÚ&Ù�ß'.BÚ�Ô8Ú
á�ÒÍÙ�×TÙBÚ�Ù1Ò{ÔIßeÕ�ÕØÒ@Î�ÕØßeÑÓÒÍÕ �]Ô8Ú&Îd;@Ú&Ñ�ÔIßeÕ�Ü@ß&ÎUÐÓÑÓßeÔIÒ@Õ�ß�ÐuÚGÑÓÒwÚGÕ�ÑÓÒ@ãUà�ÒÍÑÓ×IÙBÚ&ÕeQ02ÊÚ&ÑÓÚ�ÒÍÕØÐÓß0.BÕÓÒK×IÎ�ÕØÐ;Ú&ÔTß�à�Î
DOZ�ÜÍÜ@Ò@ÕØÕ���2¯ße×IÎUÐ1.�� � DÌÒÍÎ�Ò@Ô´ÜÍßeá¾Ö�à1ÐuÚGÙ�ßeÑ�ÒÍá�ÛBÚ&ÑØÜwÚ&Ù1ß �âÔTÚ	ßåÔTÚ&Õ�ÒÍÕØÐ;Ú&Ü@×IßeÎ�Ò@Õ¶Ð;Ò@ÑØÑÓÒÍÕØÐ;ÑØÒ@Õ�	 à�ÒÍÑÓßeÎ
Ü@ßeÎ�ÒÍÜÍÐ;Ú&ÙBÚ&Õ´Úxà1ÎRD �RßeàYÐ;Ò@Ñ�. � �

 DWãUà�Ò�ÚxÕÓà�äeÒe; . 	 à1ÒRÜÍßeÎ�ÒÍÜÍÐuÚGÙ�ß�ÚKà�ÎBÚ¶Ú&ÎWÐ;ÒÍÎBÚ{ß&á�Î�×"�pÙ�×IÑÓÒÍÜ@Ü@×IßeÎBÚ&Ô
ÖBÚ&Ñ;Ú�×TÑØÑ;Ú&Ù1×8Ú&Ñ~Ò@Î�à�Î	á�Ú��eßeÑ�ÒÍÕÓÖBÚGÜ@×Tß¾Ú �ÍÑÓÒÍßdQ
(ÌÚ �Béeà�ÑÓÚ ZhQ+={Ö1ÑÓÒ@ÕØÒ@ÎWÐuÚ¶Ô8Ú{Ú&ÑÓãUà�×OÐ;Ò@Ü£Ð;à�ÑÓÚ�ÚxÎ�×Iä&Ò@Ô�Ù�ÒRÔ8ÚxÒ@ÔTÒÍÜÍÐÓÑ��eÎ�×IÜwÚxãUà�Ò(ÑØßYÙ�Ò@Ú{ÔTÚ{ÒÍÕØÐÓÑÓà�Ü£Ð;à�ÑÓÚ

Ú �@ÑØÒwÚ¶ÑØßeÛ �&Ð;×IÜwÚIQ (ÌÚxß�Ô8ÚGÕ�ÒÍÕØÐ;Ú&Ü@×IßeÎ�Ò@Õ3Ð;ÒÍÑÓÑØÒ@ÕØÐÓÑÓÒÍÕ ��Ò@Ô6Ü@ß&á�Ö�àYÐuÚ&Ù�ß&Ñ�ÒÍá�ÛBÚ&ÑØÜwÚ&Ù1ß�Ò@Õ�Ð �&Î�Ü@ßeá�à�Î�×TÜ@Ú��
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8:9<;=9?> @BA'C$D�E7FGCIHKJ�FGDIEMLON.FGAQP4RML$S4A'FTHKC
U=VWVWX?YWZ?[(\][�VW^]_]`aVWbGcdVWY"ef`gZ

Tp h VWbGcdVWY"ef`gZ%_]V�ikjMVWZflWmdX.n6oa`goaVW^peq`dX�_]VW\][�_]`gX.mab�`gX=or`,eq`gZ?VWX=_]Vs Z?` s j]b�Xf[�tg^vu<V"YWjwmdY"[(tg^yxg	-x{zg| h _]V}b�m~X?[(�gj][�VW^peqV�ormd^]V"Zqm h

Tp =

2

6

6

6

6

6

4

(Fmr + Fml)Cµ
0

−(Fmr + Fml)Sµ
(−Fmr + Fml)OySµ

(Fmr + Fml)(OZCµ+ FMOXSµ)
(−Fmr + Fml))OySµ

3

7

7

7

7

7

5

���������

_]`g^M_]V
Fmi

ZfV s ZfV"XfV"^�eqm�VWbGV"o s j{�?V��gV"^]VWZfmd_]` s `gZ=V"b�oa`def`gZ�_]VWZ?VWY+�]`Bu<XfjM\]�(^]_M[(YWV}Zq|�` s `dZ%V"b
oa`deq`dZI[�lW��j][�VWZf_M`�u<X?j]\]��^]_][(Y"V4b�| h ZfV"X s VWY"ef[�c,mdoaVW^peqV h b(m�X?j]o�m�_]V Fml n Fmr VW��j][-c,mdb(V4m�b�m}ikj]VWZ?l�mef`de+mdb

Fm
	Iu
Ox, Oz

|�ZfV s ZfVWX?VW^pe+m�b�m s `dXf[(Y"[(tg^B_MVrb(m�ikjMVWZflWm�Z?VWX?j]b�eqmd^peqV�_]Vab�m6mdYWY"[(tg^y_]V�b�`gX}_]`gX
s Z?` s j]b�Xf`gZ?VWX h V"^�ZfV3ikVWZfV"^]YW[(m�mdb�YWV"^�efZf`����y	 Oy

ZfV s ZfV"XfVW^peqm6b(ma_M[(X?eqmd^]Y"[�mr_MV
b(`dX s Z?` s j]b�Xf`gZ?VWX4mdb
s jM^�ef`�u Ox, Oz

|�u�cgV"Z.��[(�]	7�
	&�p|3	
�TmrV"YWjwmdY"[(tg^��
	-x s `g^]V�VW^�V3c�[(_]V"^]YW[(mrVWb s Z?`g\]b�VWorma_]V}eqV"^]VWZ s mdZ?VWX4�dVW^]V"Zqmd_]`dX s `gZ=b(`gX%or`��

ef`gZfV"XQ_]V�ormd�g^][-eqj]_�_][�ikV"ZfV"^�efV�VW^ b(m�VWX�eqZfm,eqV"�g[�m�efZqmdlWmd_wm s m,Zqm¡b(m�i<mdXfV�_]V�c�j]VWb�`BYWZ?j]YWV"Zf`¢ukcdVWZ
X?VWYWY"[(tg^

1.4
|2	w£7[¤XfV�ef[(VW^MVau

Fml 6= Fmr
| h X?V s Zf`�_]j]Y"VW^6oa`gorV"^peq`gX�m,b(ZfV"_]VW_M`gZ1_]V"b¥V'�?V zd ` xd h ^]`_]V"XfVWmd_]`gX}m�b(m��]`gZfm�_]VQ�]mdYWV"Z�j]^B_]V"X s b(mdl�mdoa[(V"^peq`�V"^BVWb s b�md^]`rb�m,efVWZfmdb1u s b�m,^]`yu xo, yo |f|�n¡��j]V

x�¦Mx
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O�PRQ	SUT�VXWRYZV�QH[	Y�WRV�\]PRQ	^�O�W�Q	W`_aOb_cQ�deQ	VXPRQf[FYeW�g�^�Y�_ihR^�YehkjRQ	V1g�O�VlQ	W`Q	V1g�QfPRY�[	jRSmQ	W�g�Y (

npo:qXo:r sutkv5w�x�vAy�v1z|{~}�����w~x�v5z�w�����v5}iw���z�{~}��5z�����zL��zLtR}i����x�z�����������v1��w
� YeV�SmY�g�Ye^�QFV�PRQ�[FYeS��RjkV�g�\]�eWb\cW�g�Q	^�WRO�V�YeWmO���jRQF_c_]YeV���jRQ%PRQFV�O�^�^�Ye_]_aO�W)h�Y�g�Q	Wk[	\aO~PR\c^�Q	[Fg�O�SmQ	W�g�Q

PRQ�_]YeV)�eO�V�QFV)PRQU[	YeS��RjRV�g�\c�eW�� QFW�g�^�QUQ	V1g�O¡[F_aO�V�QUPRQmSmY�g�Ye^�Q	VHV�QUQ	WR[FjRQ	W�g�^�O¡_cY�V)SmY�g�Y�^�Q	VHO�_¢g�QF^1£
W¤O�W�g�QFV)PRQmhR\]V�g���W (i¥ V�g�YeV)SmY�g�Ye^�QFVHV�QZ[	_aO�V�\]¦R[§O�W¨Q	W©jRW¤O��e^�O�WªPk\]«eQF^�V�\cP¤O�PªPRQbg�O�S�O�¬kYeV	�­PkQ	V�PkQ
_cYeV%jkg�\c_]\c®§O�PRYeV�QFW¡O�QF^�Y�£<SUY�PRQF_cYeV�¯¤O�V�g�Om_]YeV%PRQfhR^�YehRjR_]V�\c��W°PRQf�¤O�^�[FYeV%d°PRQfjRV�YU\]WRPRjRV1g�^�\cO�_ (

� YeVZSmY�g�Ye^�Q	VZPRQ`[	YeS��RjRV�g�\c�eW±\cW�g�Q	^�WROªPRQ`PRYeVZg�\]Q	Smh�Y�VbV�YeW²O���jRQ	_]_cYeVbQFW²��jRQ¡QF_%[	\][	_cY¨PRQ
[	YeS��kjRV�g�\c�eW�V�Q�[	Y�SUhR_]QFg�Ol[FYeWbjRW¤O�V�Ye_aOl^�Q�«eYe_]jR[	\]�eW�PRQF_�[F\c�e³RQF¬¤O�_:��[FYeW�jRWRO´V�jR�R\]P¤Old)jRW¤O~�¤O¶µ�O�P¤O
PRQ	_·hR\]V�g���W (

¥ WmW�jkQ	V�g�^�YH[§O�V�YHg�Q	WRQFSUY�VLSUY�g�Ye^�QFVLPRQX\c�eWk\c[	\]�eW�h/Ye^L[�¯R\]V�h¤O¸PRQ�¹�º~ºH»m¼�½�[ ( [�¾
«�Q	^À¿�\c� (�&�(ÂÁ�Ã
[	YeW`[§O�^��RjR^�O�PRYZÄ�O�_]�R^�Y ('¥ W�g�QFYe^�ÅcOk�Rh¤O�^�ObQ	_iSm\cV�SUYbPR\cT�SmQFg�^�YR�k[	O�^�^�Q	^�OmPRQF_ihR\cV1g��eW°d°«�Q	_cY�[	\]P¤O�P
PRQ�^�Y�g�O�[	\]�eW­��jkW±SmY�g�Ye^�PRQ°PRY�V�g�\cQFSUh/YeV�QFW�g�^�QF��O¨Q	_�PRY��R_cQ°PRQ°_cOuh�Y�g�Q	Wk[	\aOuPkQ`jkW±SmY�g�Ye^�PRQ
[	j¤O�g�^�Y¡g�\cQFSUh/YeV¸d¨h�Y�^)_]Y`g�O�W�g�Y¡QF_ÀÆRj�µ�Y¡SUT�V�\][	Y`PRQ	_À[	Y�WRV�jRSmY¡PkQ�[	Y�S��RjRV1g�\c�k_cQZQ	V)S�O§deY�^	� O�_
\c�ej¤O�_­��jRQf_aO�g�QFSUh/Q	^�O�g�jR^�O�PRQ	_·[F\c_c\]WRPR^�Y (

¥ WÇQ	V1g�Q�g�\]h�Y¡PRQ°SUY�g�Ye^�Q	V�QFVmS�jkdÈ[FYeS�ÉRWÇ��jRQ°QF_%O�[	QF\]g�Q°V�Q°SmQ	®	[F_cQ�[FYeWÇQ	_�[FYeS��RjkV�g�\]�R_cQ (¥ V1g�OªSUQF®	[	_cOÊh�QF^�Sm\]g�Q�S�O�W�g�Q	WRQF^m_cOÊ_cjR�R^�\c[	O�[	\]�eW�PRQ	_%SmY�g�Ye^	�Ë[	_aO�^�Y¨��jRQ¡OÊ�¤O>µ�O¨«�Q	_cY�[	\]P¤O�PÇV�Q
hR^�QFV�Q	W�g�O�jkW¤O�S�O�_aOZ[	YeS��kjRV�g�\c�eW (�� OUQFWRQ	^��eÅaO�QFW�g�^�QF��O�P¤O°OU_aOUhk^�Yeh/Q	_cOUQ	WÊ[	O�P¤O�[F\c[F_cY�PkQ�[	YeSb£
�RjRV�g�\c�eWÊPkQ	h/Q	WRPRQbPkQ�_aOm[§O�_]\cP¤O�PÌPRQ	_�O�\c^�Q��/PRQ�_cO�SUQF®	[F_aOU�eO�V�Ye_]\cW¤O¶£5O�[FQ	\]g�Q¸d¡PRQ�_aOUg�Q	Smh�QF^�O�g�jR^�O
PRQ	_�hk\cV�g��eW­� «�O�^�\aO��R_cQFV���jRQ°Q	W�[	O�P¤Ou\]WRV�g�O�W�g�Q�PRQ�g�\cQFSUh/Y¡QFV�g�T�W±[	O�S��R\cO�WRPRYÌdÈh/Ye^�_]Yu[	j¤O�_"V�Q
�eQ	WRQF^�O�W`YeV�[	\c_cO�[	\]YeWRQFV%Q	W`_aO�ÍÎjRQF^�®§OZPRQfQ	SmhRj�µ�QfhR^�Yeh/Ye^�[F\cYeW¤O�P¤O (

npo:qXo�q Ïª�Ltk�Àx'��}­tRv5Ð���x�v5��wÑ{~}��5z��²��z���zLtR}i�
¥ _�SmY�PRQF_cY%PRQF_�PR\c^�\c�e\]�R_cQËV�Q�Q	Wk[	jRQFW�g�^�O�QFV�[F^�\]g�YX[	YeWH^�QFV�h/Q	[Fg�Y´OXV�jH[	YeSmh/Ye^�g�O�SU\]Q	W�g�Y"PR\cW¤T�SU\][	Y

du_aO�V�^�QF_aO�[F\cYeWkQ	V~ÍÎÅ]V�\][§O�V~Q�Ò�\cV1g�Q	W�g�Q	V¸Q	W¨_cOUYeh/Q	^�O�^�YeWÊWkYe^�SUO�_ PRQ	_ËV�\cV1g�QFS�O (�Ó O¶µ�Y°QFV�g�Qb[	YeW�g�Q@Ò�g�YR�
_aO�Q	[Fj¤O�[F\c�eW°��jRQf^�QF_aO�[F\cYeWRO�_aO)ÍÎjkQ	^�®	ObPRQ¸Q	SmhRj�µ�Q´[	O�jRV�O�P¤Obh�Y�^�_cYeV"hR^�YehkjR_cV�Ye^�QFV%Q	W�Q	_�«�Q	[�g�Ye^%PRQ
Ô>Õ ¼
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?A@CBEDGFIH6JKB$L�M(BEDGNPO6DGBIJRQ ���TSVU$W JXB�DXBYH6Z[NPFIH�BI\]?A@C\C^IN[_`\]aCBbZ�Hc?A@CBEDGFIHdQAefBEaCNPagHhBE\di�BEj�M(O6\CJ Ulk BE\CBIDGH6aCO`J
m O`D�ZPO6J�efO6MGO`DGBEJ�BIeonCH6DG^IH6aCO`J�BE\pZPH k _`\CaCO`ZPH m DGN[\C^IN m H6Z �

q \ m DGNPerBID;BIJ/M(@CasNPOtDGBIH6ZPN[FYH6asOuJGO6nCDGBvZ[O`J m DGO m @sZPJGO6DGBIJ W nC@sJG^YHw\CaCOxBI\C^EO`\0M(DGH6Do@C\gHyDXBIZPH6^IN[_`\
aCN[DGBE^EM�HpaCBvZ�HpJGBIzCH6Z�{|@CB}ZPO6J�^IO6\|MGDGO`ZPHp~�Z�Hp?A@CBEDGFIH k BI\CBED(H6aCH m O`D�BIZPZ[O`J W m DXBIJXBI\0M�HxaCN[?ABEDGBE\C^INPH6J
BE\|MGDGBvZPH m DXO m @CZ[JGN[_`\�~�Z�H��6BIZ[O�^ENPagH6a�HuZ�H�{�@sB k NPDGH6\�ZPH6J *s� ZPN[^IBEJ W Hw@C\�^I@CH6\CaCOtBEJXM(O6J�efO6MGO`DGBEJ
m BID/M(BI\sBI^IBE\�Hv@s\�erNPJXefOr?�H6nCDXNP^YHw\|MGB � ( Hd� k @CD(H ���3� m DXBIJXBI\0M�H�@C\gH}H m DGOYL�NPefH6^IN[_`\yZPN[\CBYHwZ m HwD(HZPH�?A@CBIDXFYH k BE\CBIDGH6agH m O6D�^YH6aCHoefO6MGO`D�BE\}?A@C\C^IN[_`\}aCBhZPH6J�DGB$�`O`Z[@C^IN[O`\CBEJ m O`D�efN[\�@�M(O�QA���>� U!� ( H6J
BE^I@gH6^ENPO`\sBIJb{|@CB�e�@CBIJ/M(D(Hw\�BEJXM(H6JRDXBIZPH6^IN[O`\CBIJ m @CBIaCBEJRJXBIDbaCBEJG^IDXN[M(H6Jb^IO`erO��

NL = 0.01482332769204xrpm − 30.66539713900427

NR = 0.01004850893208xrpm − 8.05131775009724
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N[\CaCNP^IHrBEZ m DGO m @sZPJGO6DRBE\tDGBE?ABEDGBE\C^INPH W asBIDGBE^��CO R OfNPFI{|@CN[BIDXaCO
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JXO`\tZ�H6J�DGB$�`O`Z[@C^IN[O`\CBEJ m O`DerNP\|@sMGO]H]ZPH6J�{|@CBhM(DGH6ngHV�GH]^YH6aCH]erO6MGO`D �
� HfJXBIzgH6Z>aCB�DXBE?ABEDGBI\s^IN�HfH6Z�JGNPJ/M(BEedHraCB m DXO m @CZ[JGN[_`\���N[BI\CB�agH6agHdBE\yBIZ�?AO`DXedHwMGOfBEJXM(�6\CagH6DRaCBH6BEDGO`erO�aCBIZ[NPJGerO W��l��� asB m BEDGNPO�aCO 24ms

~�@C\�H6\C^��COxaCB m @CZ[JGOxBI\0MGDGB
1
H

2
efN[ZPNPJXB k @s\CaCO`J

Q��`BID�� k @sD(H ���TSVU$��� H}� k @CDGH ���&  m DGBEJGBI\0M(HuZ�H}^YHwD(H6^$M(BIDXNPFIH6^IN[_`\xaCBfZPH}DGBIZPH6^IN[_`\xBI\0M(DXBfZPH �*���
aCBcBI\0M(DGH6agH�H6Z¡JGNPJ/M(BEedH m DGO m @sZPJGO6D�~fZ�H6J�D m e k BI\sBID(HwagH6J m O`D�BEZPZPO6J W Z�H�BE^I@gHw^INP_6\}{�@sB�DGB m DGBEJGBI\0M(HBEJXM(O]��NPBE\CB�agH6agH m O`Dh�

Yrpm = −0.00006037 ∗ x3
PWM + 0.29296733 ∗ x2

PWM − 474.80403631 ∗ xPWM

+260021.59578985
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Yrpm

DXB m DXBIJGBE\0M�H£Z�H6JfDGB$�`O`Z[@C^IN[O`\CBIJ m O`DfefN[\|@sM(O�asBIZcerO6MGO`Dr~
xPWM

Z�H�JXBIzgHwZ�aCB
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� BRBIJXM(H�efH6\CBIDGH;MGBI\CBEefO`J�Z�H6JKDXBIZ�Hw^INPO6\CBIJ.\CBI^EBIJGH6DGNPH6J m HwD(H m O�aCBID�aCBEMGBIDGerNP\CH6DKZ�Hh?A@CBIDXFYH�{|@CBJXB;\sBI^IBEJGNTM(B m H6DGHrHwZP^YHw\CFYH6D�@C\gHo�`BEZPO�^INPaCH6a}aCBIJXBYH6aCHyQ�JXB k`¥ \pBEZ¦^IO`\0MGDGO`Z§aCB��6BIZ[O�^ENPagH6a m ZPH6\0M(BIH6aCO
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Right Motor 
0.01482332769204x−30.66539713900427

Left Motor
0.01004850893208x −8.05131775009724
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PWM [ms]

−0.000060373*x3+0.292967330*x2−474.804036302*x+260021.595789854

GAH�I�JLKNM�ONPRQ�S�T�U$VXW#V$TEV3W<Y�Z(T�[-\#Y5]0W#V_^3ZD`�Va\(Z<b7V$`c^3Z
Z<deY/TEV3^&V�Vf`e\�]-\�Y�Z<g�V�h0ikjXlamkn
`oV$\pT5q7gsr3Z(dtZ(TEV&^3V \(u

vxwyv3zp{x|t}�~/����z5�����f��v3w�����w�{3~5�7w2��vN��w=|���vx�=|tzp��������vN��v3��v3��v3w�{x~5|�}=|t��|�v3zp��~5����vx��|�}����7}���z5���t� M� ��|tw�� v3��~/�7�a}���v3��v�vx��~5z/������� |t����}��7��z5|����7��� | KNM-� M

¡£¢E¤�¢�¥ ¦s§D¨
©cª�§A«�¬y­
® w=|X~/��vxw���~/�={x|t{x~/�7wN��vxz¯��~/��� v3��|��°��v3����� |_±¯��v
���N{x�7��}²�t���$|e��~/vxw�� ��}���vx��v
��vx�p���c��v3z*|t����}��7�

��w°��~/����vx��|_��vA��v3�7��w������7����v3w°{x�tw���v&�$|t������³���v&�$|t������~/w���~/�7w�~/��{´|tw�� vA{x�tw���v3��}�vx{&� �µ|Xz*|���~5w=¶e��~/{´|
�7z5�7·�|tz¸��v3z¹��~5��~5�7~/·�z5v´�&��� ~/vx��}²����vCv3���$|e·�z5v3{x~5��~5v3w�� ����v 5 ��v3�7��w����7�Xº»��~5w¼���7·���vf½�~/��}���z5��� M

H(s) =
kw2

n

s2 + 2ζwn + w2
n

³ K�M¿¾ �
® w���v3�7��z5|t���7�¸��~5}�� PI v3�p�����={x~/vxw�� v
}=|t��|_|t��vx�7��� |t�À��w���vx�7��~5��~5vxw����_|Xz*|���v3�=|tzc��vA��v3��v3��v3w�{x~5|

ºC��|tw���vxw�v3�Àv3wNz5|tÁx��{3vx����|t����³�Âtvx� K�MoÃ �&��{x|t��~�z5|t�Ä��~/����|t�¸{x|t� |t{&� v3��Å5�(� ~/{´|t�¹��vD��vx��}���vx�(�$|_}���vx��vxw�� v3�
vxw»v3z²��~5����vx��|N{3�=|tw�����vx��� |�vxw�z*|tÁ3��|t·�~5vx�(� ��Æ K�Ç�È�ÉËÊ%M � |Nvx{3�=|t{3~5�7w���vxz²��vx�t��z*|t���7� PI }���vx��v_��v3�
v&Ì }���v3� |t��|�{x�t���¼Í

H(s) = Kp(1 +
1

Tis
) ³ K�M�É �

® w»��~5��vx������~5��}�z/v_}��7�
|t��~/�7w=|t{3~5�7w���v�}��7z5�t�
}���vx��vÎ��vx�av3z*|t·��7��|t����}=|t� |N��v3��vx����~5w�|t�
z/�7�A{x�e½
v3�={3~5vxw���vx�A��v���|tw=|ew�{x~5|�}����t}²�7��{x~/�7w=|tz¸³ Kp

�pº°��|tw�|tw�{x~5|�~5w���vx�7��|tz¹³ Ki = Kp/Ti
� M�� �7�Ï��vx����z/� |t���7�

z5��v3�7����vA~5��}�z/vx��vxw��$|t�ÏÍË��wN��~/��� v3��|X��vA��vxw�� |t������vk��}��ÑÐ¿�À{x�7wN��w°��v3w����t�Ò��vAÓ¯Ô#ÓcÕtÖ�×"ØÄÙ=ÚEÚ<�Ë|t}����e½
Â7vx{$Û�|tw�����z5�7�
~5��|tw�vx�k��vxz¸��~5�(� vx��|���vµ~/�7w�~/{x~5�tw�vxz/vx{&� ���tw�~5{3��Ü���w¼}���vx}���� {3vx� |e��~/vxw�� ����vµz5|���v3�=|tz
��vxw�� |t�=|µ��vx��~5|tw�� v
vxz������µ��va��w°��z/� ���Î}=|t��|@½�·�|ËÝ�|t�¸Ü@� � |ew������7����|e{x~5�tw�vx�p��vx�tÞ�w�z*|�{x|t� |e{3� v3��~/Á´|t{3~5�7w
}���v3{xvx��vxw�� v�ÜDz5|Ñ~5��}�z/vx��vxw��$|t{3~5�7wß��v3zk��vx�7��z5|t���7��vxw���w���~/{x���c{x�tw¯�����7z5|t���7�µ��� �Ïà(áa�7â7ãÏäeâ�å�â���v
�Ñ~5{3���c{$Û�~5}æ³�Â7vx�µ�=�t��� | KNM�È �f�ç���7wß}���v3��vxw�� |t���7�Cvxwßz5|��=�7����| K�M å�â M¹è v���vx·�v���v3��|t��{´|t��±c��v�z5|t�
��vx��|tz5v3�Î±¯��v°z5z/vx��|ew�|tzÀ��~/����vx��|���v���~5{3���c{x�7w������7z5|t���7��vx�����7wév3wé�����R�ç±¯��v�~5w�� v3��w=|t��vxw���v°���7w
� � |ew������7����|e�=|t�X|°����vx��Á´|�±¯��v���v3·²v3w�}����7}²�t��{x~/�7w=|t�kz*|t��Û�ê3z5~/{xvx�N³ìë_v3í����7w�� �&����vC��|tw�vx� |���~5��~5z*|e�
z*|t����v3�=|tz5v3����vxw���|t�=|t�°���7wî��� |tw��(���7����|t�=|e��|2��wïvx��}=|t{3~5�y��~5��~5z*|e��ºsvx�����7w���v���v�{3��vx|�vxzAvx�����7�
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� g �w�9�«�j¤]kh *�:�;�,�:8b�9�&�&�> j�98f   > �>ª:�&�9�2) n �:���&���:��v9�j�: *���j�9�±8f¡0�:�f�&¡n�&���>�j�;8b d�:�&�4³´�z�>�z�>�j�&`

sN���j�c��ª:8b¬j B �c8f¡��z� xO�9�9�:�e�B` ª6)��& d�]�>8b�;�:���f�j���&�c�9�9�:�e�>�:�9�j�r�:���b d�����K�> d�r� ��sS�q j�c���w�g�;� �b d�
�� d�c�9�9�&�;`."U�@���w�9�B� n �:����vc�;�;�S���7�&�c�>���«�j¤� d�N�&�¢³´ d�9¡n�I�q�&�9¡n�j�:�&���9���&�� xS8f¡��:� xS8b¡��:� -��j�(3�e.�;�c¡V)w§
�c���0vc�&�;�z�>�R�; d�]�>8b�����j¡0�;�]�>�l`

±5ms
ke`0"U�¢�>��X&£d�g�:���; d�c�9�;���¢�;�¥���¢¬j�;�f O�;8b���j���;��³´�:�z���j¡0�;�]���j�:�

�&���&�,ª:�;��ªz  n �:���;�¥�>��¡0£S�:�z�f ��:�&¤q�I�c�;�& d�:�c�9�9�:8b���:�p¬S�z�;�f 0�±���j�¥�>8b�4�:���f j�[���w�9 d���j�f¡n�j�&�;���j�z d�
�&�g�:8f�c�;  ~ �; d¡0 ¢�c8.³´�:�&�>�¢�&�g�>8b�;¡0�q n�9�B�w�a` ¨���Z ~ �;�c�9�±¡n£O�:�:�b n�z�0v9�¢�:�:�¢���j�c�B�¢�:�c d�d�9�j¡¢�w���0�z�e<
¤��2vc R�:���&� ~ �;�:�;�j�9�]�w���R�:���f�¢�f�&�&�9�:�>�¢�z���f d���j�9��ªz8b¬d j��§g�w�&�>�:�j�f8YXB�j�&8f£d���:���� d�c�9�9�&���:��¡n�j�:�&�>�
¡n�j�����j�F`

"U�j�U�:8b³´�&�9�&���9�;�U�9 j�f8f�&8b�9�:�:�;�,�z�D�c�;�¥¬S8b�;8b ��w�d¡n£O�:�:�b f`� Y�9� n �z�;�c�,) k,�9 j�7�:�&�9�&�98b�>�j�t�²�; d�]�>8b�����j�;8b£d�ab
*'9&EtC;:?H C v G C btxS�n�&�:�B�w�9�]�2�:�0�«�p8f�:8b�;8f�j�f8YXB�j�&8f£d���:�;�¦¡0£S�:�z�f  `i�z�9 d�d�9�j¡n�j�;8b£d�r�:�0�«�R���j�c�B�
���;�c¡¢�w�:�;�]�>�p�z����vc�;�&�:�;8b£d�_ke`DxO���z�;¤����&�9���;�&8b���;�j�*�«�g�:�c S�&�;�:�&�:�;8f�­�:�&�²���w�9  `´�f d� ~Pg �w�¥<
�f�j¤ ~ > �>ªz�;�9��k ~ �«�2�:¤:8f�;�j�;8b£d� �z�;�D�:8f�c�;�&�9 d�98b ��z�98f�z�;8f�:�j� ~ �&�4�: j¡�¤:�9�0�:�n�f ]�j�7�j�c��ª:8b¬j d� n �:�
�& d�]�>8b�;�:�&���b d�²���w�9 d�f`¥` ���w��ke`

* m MOu � H C v G C-b�xO���&�:�B�j�c�]�I�:���0vc�&�;�z�>�j�h�:�j�9 7�I���j�9 @�«���b�;�e�>�:�9���z���b d�¦�j�9��ªz8b¬d j�D�z�©�:�w�> d�&`
*BHW:_T L H,C v GFCIb����j�9�j���±�:���f�&�&�>�z�>�±�:�����w�9 d�;`
* m M��nCiE�� H C v G C-bSxS�©�;�:�;�j�9�]�@�:�©�;�]¬O8«�j�D�f d�¦�:�z���9�;�c d�4�:���f�&�&�>�z�>���:���b d�D�j�9��ª:8®¬d d�h�7�&�;�c  ~
�&���:�;�&8f� n �:�@�9�;8b�:8f�&8«���f���f�&�&�>�z�>�*�:���f d�²�w�9��ª:8®¬d d�©�:�����w�9 d�;`

*BH MI:8Q@MKL
�NTE<BC : P bmet�;�c¡n8®�>��¬j�;�[8b¡n�:�c�;�c ��;�2���j�]�>�j�f�f�@�f���:�9 O�;�&�:�;�z�;8«���z�;� �:�w�> �§n�9�p¬w�j�f j�
�±�;�j���±���j�c n�:��8®�>�;�9�j�;8b£d� `

* PRMI:8Q@M.L��NTE<BC : P b i©�e�> d�c���0�&�,�;�¥���j�: 0�:���«��¤:�j�:�:�&�>�*�:��8f¡0�:�9�&�98f£j�p�;�����j�]���j�b�«�z`
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sN�t¡n£O�:�:�b l[ > f�- > "UX "�� �;���&�.¡n�j���; d¡0�:�f��vc n�z���> O�: d��`´¬d�&�����d�z�>�R��`Nw>k ` sN�c�9��¡0£S�:�z�f 
�:�;¤��7ª:�j�;�&�fb
* eN�9 d�d�9�j¡n�j�;8b£d���:���«�j¤� d�����;�c¡¢�w�:�;�]�>�����j�>�R8b�]�>�;�9�j�;�&8f£d���; d�r�;�j�9�]\��98b¬j�;� ~ �;�:�;�j�9�d�j���¢�:�
�d�;�z�;�>�w�;8f£j���f�j�)e�� g ) ���:���b d�²�:8b¬j�;�c�9 d�©�9�&�c¬d K< ¡0 j�> d�c�;�&`

* ^��&�:�;�9�j�;8b£d�2�:���9�2+��j�f�&���9�;�z�: R�j�b�B�w�9 d�98f�j�h�98f�� nxz�Ceq¨7`
* X��:�98b£d�2�9�;�z�9 d�c8«�j�,�� d�²¡0�;�:8b ±�:���«���0vc�&�;�:�&8f£d���:���:�2���b�9�9 ±£d�S�>8f¡0 ��>8b�q   $��j�f¡n� )®`
* ^��&�:�;�9�j�;8b£d�g�:���«�j���9�,+:�j�f�&�I�:���; j���9�9 d���¢���j�¥�>8b���:�±�z8b³´�;�c�;�]�>�&���� d�98b¤:8f�b8f���j�z�;���:���c�;�d�:�f�K<
�: d�c�;� `FX�8b�9�¥� > �c�:�9� ~ ^fe [ ~ e &0\ k `

* eN�«�j�:8®���B�w�;8f£j�p�:���«���>�9�B§d�;�e�> d�c8«� ~ �:�j�: *�:���:�:�]�> 0�:�����j�¥�>8f�:��§p�:���:�:�]�> 0¡n�e���z`
* eN�9£isS8f¡n�j¡n�&�]�>�±�:�&¤q�&� @2�;�c�>�j�I�;�¦�w�f�d d�c8b�9¡n  n �z�0ª:�j�;�*�;���9�;�j�:8f¡08f�&���9 p�:�*�«�¢�9�>�B§d�&�&�> j�98«�
�:�«�w�:�B�j�:�z`

et d�D³i�w�;8f�b8f���w�0�&�¢�f�7�:�&�9�;�c8f���;8b£d�n�z���;�¥�>��¡n£O�:�:�b  ~ �9���:�;�c�;�98b¤q���7�& d�]�>8b�O�:�j�;8b£d�¢�;�j���7�z���7�:�
�«�j�[�>�j�9�;�j���0vc�;�&�z���w���j�©�q d�� Y�; j���9�9 d�Ft:§E)b`

��	�

���������������������! #"$�&%' (�*)+�-,/.�0213,4����"$��%5�
67"3�-%'18"9�&.+1(,;:=<>1(%

?/?-@



�	��������
�����
��0��������
���������
�����
���� ����
"!#�

A¦u �NT LVA7u L �FM LKC SqMKL
sN��¡n£O�:�:�b D Y�; d�]�>�c d�Ytz§W)j�:�;¤����:�9 d�j�>�j¡n�j���:�:�I�>�j�9�;�I�q�&�9¡n�j�:�;�]�9� ~ �;�z�B�j�c�]�j���I�:���; j�z���d�:�9�j�

�f�¢�; d¡��:�:8f�;�j�;8b£d�g�& d�°�«�n�>�j� vc�e���  Y�B�j�c�]\��98®¬d�&�,)®`Us¦���:�:�;�¥�> 2�9�&�98f�j���:�9�j�: 2���j�9�R�;�¥�> 2�;�U [ >fg w%)
§n�«�7�j�&�9���j�f8YXB�j�&8f£d�n�:��8b�z³´ d�9¡n�j�&8f£d�*�;�]¬O8«�w����§¢�c�;�&8f¤:8b�����;�4�0vc�;�&�z���w���±�B�j���

50ms
�� d�4�f�  ���j�(3E)

���;�c¡¢�j�z�;�]�>�� Mt:§SX��b§.-.�j�43�et�;�9¡5)®`²¨ n �pZ ~ �c�r�>8f�&�:�g�f���q d�c8f¤:8b�f8b���j�¶�:�r�;�]¬O8«�j�p�z����  �> O���j�R�f�j�
�c�,+��j�b�;� e�� g ) ���±�:�: 0 ±�> O�: d�²�b d���j�&�9���j�: j�9�;�&` sN�c���*�:�c d�d�>�w¡¢�j�&8f£d�¢�:���«�����j�c�B�±���;�9¡n�j�:�&�]�>�
8b��¬j S�;�±�f d���j�b�d d�c8b�>¡0 d� n �:�7�c���;�:�&�:�;�]�>�9�j���&���&�U�j�9��ªz8b¬d 0�B�w�9� ` �j`

"U�j�¦�:8b³´�&�9�&���9�;�¦�9 j�f8f�&8b�9�:�:�;�N�z�©�c�;�¥¬S8b�;8b ��j�z¡n£O�:�:�b  `� Y�9� n �:�&�c�,) kN�q j�D�f���«�j¤� d�I[[�w�9�]\��c8b¬j�;�D�9 d�
�:�&�9�&�98b�>�j�©�±�; d�]�>8b�����j�;8b£d� b
*'9&EtC;:?A7u L ��� LKC S�M.L b�xO�²�;�:�;�j�9�]�I�:���f��8f�:8b�;8«�w�f88X;�j�;8b£d���:�²¡0£S�:�z�f a`i�j�q�&�c�9�:�>�I�:�:�&�c�9  ~ �; j�z�z<
�j�:�>�j�&8f£d��¡n8b�;�c S�& d�]�>�9 j�«�j�: j�9�;�²§��j�e�>8b¬w�j�&8f£d���:���f�0���w�9�B�n�q�&�9¡n�j�:�;�]�9���:����vc�;�&�:�;8b£d�_ke` xS�
�z�;¤��0�&�9���;�&8b���;�j���98N�;�N¡0£O�:�:�f R�9�>�j¤:�xv9�p�; d�­�;�N�c�;�:�c d���9�B�w�N ��&� ¡0 S�z p�98f¡��:�«�j�&8f£d� ~ �9 w<
¡n�j�:�z I�f d���:�w�> d�N�z�©�b d���:8®¬d�&�9�>�w�D�� d�c8f¤:8b�f8f�:�j�:�;� `i�b d� ~>g �w�>�f�j¤ ~7> �9ª:�;�c��k ` > �9�9 I���w� @j¡0�&�9�9 
��8b�:�d�c�;�>�w�²�;���;�,�: j¡�¤:�9�I�z�;�,�:�:�&�c�9 0�c�;�c8«�j� �� d�²�&�,�;���j� �9���;�]���w¤:�«�±�«���& d¡��:�z8f�B�w�;8f£j�p�; d�
�&� �9�&�:�9 j�;`

* m M%GdT�EtEtM.G?: btxS�0�;�:�;�j�9�]���:�0ª��j�;�&�7�f�p�9�;�& d�:�Bsz8b£d� �& d� �&�¦�:�:�;�¥�> ��9�&�98«�w�¦§°�c�;�f�j�mXB�w�I�«�
�>�j�9�;�±�:�9 d�j�>�j¡n�j���z`

*NM2CO<8GdT�E.EUM.G?:)bB�;�j�:�;�&�«�²�«�D���j�c�B�²�:�9 j�d�>�j¡n�j��� ~ �b8f¤��;�>�w� ¡0�;¡0 d�98f�D§��&�;�c�>�j�,�f�[�; d¡��z�:8f�;�j�;8b£d�
�c�;�c8«�j�F`

*NM2CO<;LFCiuIP=A7u L � MXLKC S�M.LmQ@uRCiGtM.< byxS�N�;�z�B�j�c�]�²�:�N¡n j�c�>�9�j� �f�48f�z³´ j�9¡n�j�;8b£d���&��¬O8f�j���K< �9�;�&8f¤:8b���
�z� [[�j�c�]\��c8b¬d�&�h§±�98f�;�z���f�@�&�c�>�c�:�&�9�:�>�7�:���:�w�> d� n �:���c���&�:�;�:�&�]�>�>�7�;�¢�& d�]�>�c d�Yt:§zxO�9�9�:�e�B` ª `

* � LKCFEE:���TE<2:_MKL < bKxS�¦�;�z�B�j�c�]���:�¦8b¡n�:�c8f¡08f���f d� ¬w�j�b d�9�&�,�:�¦�> O�: d�U�f d�,�� d�¥�>�9�&�C`´�; d¡0 ��:�9�z�;¤��
�z�@�c�;�&�;���;8f£j���z�@8b�z³´ d�c¡¢�j�&8f£d�¢�:�� j�>�c d�²¡n£O�:�:�b d��k `

*BH uIS�M�J*EFM2CO<,T b©xO�­�&�:�B�w�9�]���:�­�«� �j���;�¥�>�:�9�¶�:�°�:�Q�j�c��ª:8b¬j  �: j�:�:�­�9�­�9�;�j8f�c�9�>�j� �f�j�
�b�;�e�>�:�9�j�.�z�;�]^ eDx@�;�j�����c�;�d�:�z�:  ~ �c�;���z���«�©�;�c�9�9�:�e�>�:�9� n �:�4�c�[�;�:�&�:�;�]�9�>���;���B�j�c�:�:�98®¬d�&�;` �j`

*BH MI:?H �¢C : G�� bj�h�98f�z�����«���� d�98b¤:8f�b8f���j���:�4�9�;�b�;�&�;8f j���j�t�:�±�B�j�:�j�d`i�j�&�9���j�: j�9�;�&b7i[< g > - > i ~
" < g > - > i ~�� < g > - > i ~ ¨�f ��-���&�f ^ ~ -4< g > - > i ~ [D< g > - > i ~ s�< g > - > i ~ x�< g >
- > i	k¦§n�:�;�&8f�h�:���: d�z�:� n �:�;�c�;¡0 d� n �:�I�:�c _¬d�;�z�]���«�@�9�,+:�j�P`:[CeD¯ ~ i�¨ \�& >   g &���s \ ke`

*BH MI: k COC1H �nC;: G�� <Wb©�4�98b�:�����«� �q j�98f¤z8f�f8b���j� �:�­�9�&�f�&�;�;8b d���j�2���w�>� �> O�: d���f d�2�B�w���j�f�&�2�«�
�z�9 O�;�;�z�;�:�&8«�±�:���«�±�9�2+��j�U�±�;�]¬O8«�w���±�b d���j�&�9���j�: j�9�;�&`

* PRMI:?H �nC : G�� b \��&�9�:�b8f�&�]� �B�w��� �:�:  �:���b d�R�j�e�>���w�: d�9�&�n§ �9� �c�;�9���;�e�>8®¬j���9�;�b�;�&�;8f£j�µ�:�
�z�9 O�;�;�z�;�:�&8«�±�:���9�2+��j�a`

*BH MOE�� Q@uRC SqM Q@uRCiGtM b�sN�:�B�w�9�]�j�z n�:�@�j¤z�98f� `¥�xk[ *�;�&�9�>�w�c`	� k4�«��¬ @j�®¬O�:�«���:���c�;�d�:�c8f���w� `
* PRMI:8Q@uRC;S�M b]eN�9�&�9�;�]�>�¢�;� �&�c�>�j�: 0�:���«��¬ @j�b¬O�:�f���:���9�;�j�:�98b���j� `
* PRMI:?H MOE <;T LWbP\��;�9�z�f8f�&�]�r�f d�7¬j�w�f d�c�;���:�2�f�j��³´�:�&���9�;�0�:�2�j�b8f¡0�;�]���j�&8f£d� `"[Ce¦¯ ~ ¨²�&�;�&�9�¥<
�� d8b���4§2sN�f�;�e�>�c£d�:8f�;� ke`

*BH MOE�� H CFE	�ECiM���
�V b�xO���&�:�B�j�c�]� �z� �;�]¬O8«�w���:� ¬w�j�f d�2�&�o�� d�9�&�;�]���xvc���; d¡0�:�c�;�:�:8b�: 
�&�]�>�9�

−100
`´¡ Zb�:8f¡0 jk¦�

100
`i¡!@#sS8f¡0 jk ~ �±�:���j�&�9���j�: j�²�:�&�9�;�9¡08f�:�j�:  ` i[< g > - > i ~ " <

g > - > i ~�� < g > - > i ~ ¨�f
� -���&�f�^ ~ -4< g > - > i ~ [D< g > - > i ~ s�< g > - > i ~ x�< g >
- > i	ke`

*BH MOE�� k COC ��
$V < bSs¦�]¬�Z«���@�> O�: d�h�f ]�w�4�j�e�>���w�: d�9�&�[�;� ¬w�j�f j�D�z�;�9�;�j�: ±���w�>���;�j�����:�z ��:�
�&�f�b d� ~ ¤��xvc *�;� ³´ d�c¡¢�K�> ±�:���«�  Y�9� n �:�&�,) xO�;�:� xO8f�:�d�b�ie�� g `

* PRMI:?H,C
�ECiM���
$V b�sN���9�9�&�]�±�;�q¬w�j�b d�4¡0�;�z8f�: ±�:�I�z�: d�²�:�I�b d�²�j�e�>���j�z d�9�&�;`�sN�c�9��¬w�j�f d�h�;�
�&� n �:�@�;�]¬�Z«�*�;�,�>�w�:8f w< �; d�]�9�9 d�F`
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ADu �NT L H�� � k
¯©���R���j�c�B�R8f¡0�� d�c�>�j�]�>���&���&���B�w¡n8b�: R�:�±�f�R8f�:�&���98b���;�j�;8b£d�r�;�I�� O�:�;�I�b d�d�>�w���>�&�:�;�I�c�,+��w�f�;�

�98f�;�j�*�;�¶8f�z³´ j�9¡n�j�;8b£d� �&�c�*@K�>8f�;�°§��:8f�R@w¡n8b�B�z`-e. d�*�&�c�>  ~ �9���:�9 d�j�>�j¡0 °�j�f�j d�98®�>¡0 d�7�z���j�;�:�&�>�K<
�;8f£j���:�@�9�2+��j�f�&���98f�� ¢xS�Ceq¨ ���j�9�n�f j���w�&�>�:�j�: d�c�;�;`W"U�0�c�z�>8b���*�:�98b�:�;8b���j� ~ �: d�:�:�@�; j�9�9�7�«�����w�9�B�
�q�&�9¡n�j�:�;�]�9� ~ 8f�]¬d O�B�*�f d�©�j�b�d d�c8b�>¡0 d� n �z���9�@�;�z�;�:�&���9�>�j���;���&�t�j�9��ª:8®¬d n�9¤:���S`Y�w`W"U�j�©�:8®³´�;�9�&�]�>�;�
�9 d�b8f�;8®�>�:�z�;�²�:���9�&�c¬O8f�&8f *�:�&���9�9 0�:�;�,¡0£O�:�:�f  `1 �c� n �:�&�c�8)Nk²���j�>�±�&�c���*�«�w¤q d�4�9 d� b
* H MI:?H �tL.u ��u Lyu v < b-^I�;�c�98f d�:�2�f���&�]�>�9�&�]���z�n�f���& d�z���d�z�>�j�&8f£d�����b d�@�j�f�j d�98®�>¡0 d���:�0�«�
�d�;�z�;�>�w�;8f£j���:���f�*xz�Ceq¨7`

*QPpMI:?H �.Ltu ��u LKu v <Wb ",8f�c�>�­�b d�*¬j�w�f d�c�;�0�j�&�9���j�b�;�0�:���f�j�0�9�z�98f���j�*�:���d�;�z�;�>�w�;8f£j���:���«�
xz�Ce�¨�`

* H0:Bu Lm:?H �tLtu b�et�;�c¡n8®�>�©�«���d�;�:�&�>�j�&8f£d�n§n�&�]¬S8b£��:���«���9�2+��j� �@�:�p�j�e�>���w�: d�D�:�;�c�:���«�I���w�9�B�
�:���0vc�&�;�:�&8f£d���q�&�9¡n�j�:�&���9�U Jt:§SX��®§.-��j�(3�e.�;�c¡V)®`

* H0:BT�L H �.LtuWb_e.�j�>�±�«�±�d�&�:�;�9�j�;8b£d�p§p�;�]¬�Zf 0�:���«���c�,+��w�txz�Ceq¨ �*�f d���w�&�>�:�j�: d�c�;�;`

ADu �NT L��UG <BC���E
\��&�]�>�9 ­�:�p�f�j�����w�9�B�w�0�z�  �& d�]�>�9 j�Yt:§E)��&�c�*@°�;�4ª��j�;�&�*�«��³´�:�c8f£d���:�p�f�g8f�z³´ j�9¡n�j�;8b£d� �:�c _¬d�e<

�:8f�&���9��§g�c�;�;�z�q�&�>�j���p�:�±�b d�D Y�q j�c�>�&�9�2) `"[[sgf�-ji�¨�" <¥x.-ji ~ ",¨�x:xzsgf�< x%-ji ~ ¯�"%-ji�¨Ix > ¯�f�\©<
x%-ji ~ [ > f�-ji > "UX " ��<0\²¨ -t¨©<¥x.-ji�k `P\��;¤z8f�: r� n �z�p�f d�7�9�;�z�9 d�c�;�±�: ��9�>�j¤:�xv9�j�����f��¡08f�9¡n�
¬d�;�b S�&8f���w� `7"U�I�9�z�98f�����z�98f�z�;8f�:�j� ~ �: d�z�:���; d�c�9�²�«�©���j�c�B�I�q�&�9¡n�j�:�&���9� ~ 8b�]¬d O�B���f j�N�j�f�j d�98®�>¡0 d� n �:�
�9�©�;�:�&�:�;�]�>�9�j�R�&�n�&� �j�9��ª:8®¬d @�c�>�w�>�;¯������w�>�w`Y�w`."t�w�D�z8b³´�;�c�;�]�>�&�h�c d�f8b�;8®�>�:�:�&�N�:���9�&�c¬O8f�&8f @�j��¡0£S�:�z�f 
`� Y�9� n �:�&�c�,) k��q d�²�f���«�j¤� d�²X��:�c8f£d�2�c d���z�;�9�&�98®���j�©�±�; d�]�98f�����j�&8f£d� b
* H0:Bu Lm:?H0:Bu :_M��pL �tu :BMWbP`FxO���w�c�*$��j�b¡¢�w��X�8f�®�>�&��k�b6"U�j�pXB�R�«�0³´�:�98b£d�g�:�±�b d�����K�> d���� d� $��j�=<
¡¢�w� `

* H0:BT�L HW:_u :_M��pL �tu%:_Mlb]`FxO�> j�R$��j�f¡n�j��X�8b�b�9�;��kQbjX�8f���w�f88X;���&�:�:�9 O�;�&�9 ��:�[³´�:�c8f£d�±�� d� $��j�b¡¢�S`
* H MI:yl�uRC v u�E��²C C :_MKL���u Lyu v < bz¨��98f�j���7¬w�j�f j�9�;�4���«�w�h¬w�j�98f�j�mX;�j�4�:�I�f�j�4¡0�;�z8f���j�&`zX��:�z���K<
¡n�&�]���j�,�&���&�,�:�9 O�;�&�9 0�:���;�c�98f¡n�j�;8b£d�R£d�S�>8f¡n���:�&�,�;�c�>�j�: 0�:�;�,�z8f�98b�d8f¤z�f�j`

* H MI:yl�uRC v u�E��²C C :_MKL���u Lyu v <cb ",8b�c�����b d�²���j�4@j¡0�&�>�c d�²�:���«�w�[¬j�w�98«�w�mXB�j�&`
* H uIS�M H0:Bu :_M��pL �tu :BM bR& �:8f�&8«���;�,�z�9 O�;�;�c n�z�@�c�;�d8b�c�9�9 *�:���«�j�²�c�,+��w�f�;���:�&� ���b�9�9 :`

ADu �NT L � Ciu:E.C�� Gdu G]C���E
[4���w�:�: ±�;�q�:�9�:�j�98b  n �:8f�&�9���c�B�j�b88XB�w�h�f���:�«�w�:8b���;�j�;8b£d�0�:�I�«���>�>�B§j�;�&�9 d�98f���9�#vc�e���±���f�j�4�c�;�¥�>�98b�e<

�;8f j�:�;���:8b�R@j¡08f�B�w���:�&�N�:8f�c8f�d8b¤:�f� ~ �z�;¤��08b�]¬d O�B�j�I�&�c���2�«�w¤q d�&` sN�¥���2�0vc�;�&�z���2�:�­�j�b�d d�98®�>¡0 d�©���j�>�
�:�&�9�;�9¡08f�:�j���f�0�>�9�B§d�;�e�> d�c8«�¢¡n�j���; d�¥���¢�c�;���:�r�&�.�z�9 d¤:�b�;¡n�n�:�! \��z¤:8f�:�2)b` sN���9�&�9�:�®���j�z R�:���&�c�>�
�:�«�j�z8b���;�j�;8b£d���&���d���j�c���j�: ¢�;�g¡0�;¡0 d�98f�0¤:�xvc R�:���R�&�c�9�9�:�e�>�:�9�R�:�����w�9 d� n �:�±�c���;�z�;�:�&���9�>�R�&�
�; d�]�>�c d�Ytz§:x��>�9�z�&�B` ª `E"U�±�9�z�98f���±�:�c8f�:�&8f���j� ~ �z d�:�:�@�; d�c�9���«���>�j�9�;�±�q�&�9¡n�j�:�;�]�9� ~ 8f�]¬d O�B�±�b d���j�f�j w<
�98b�9¡n j� n �:�[�c�[�;�z�;�:�&���9�>�j�*�&���;�z�j�9��ª:8®¬d ��z�«�j�:8®���B�K�>8f j� `Y�w` "U�j���:8®³´�;�9�&�]�>�;���9 d�b8f�;8®�>�:�z�;�t�:�4�c�;�c¬O8b�;8f 
�j�,¡n£O�:�:�b  `� Y�9� n �:�;�¥�8)Nk��� d���«���f�j¤q j�)eN�«�j�:8®���B�w�;8f£j�p�9 d�2�:�&�9�;�c8b�>�j���±�& d�]�>8f�����w�;8f£j� b
*	��M �qCiE �DC´u�EtC
�=Gdu :yC´T�E bxeN�9 O�;�&�9  n �:�h�����j�c�98f�,�:�¦�:�7�:�:�]�> ©8f�z8f�;8f�j�w§��z�: ©�:���j� ~ �;�:�&�:�;�]�>�9�
�«���>�9�B§d�;�e�> d�c8«� ~ �9�;�j�9�;�9�j�:�: 0�:�2¬d�&�&�> j���:�I�98f�;¡0�� d� ~ �q d�c8f�&8f d�:�&�[§p�:8b�9�;�&�;8b£d� `
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A¦u �NT L�PpMOEUMKLKu G]C���E�<;M��UuRC´M%< �UM GdT�EW:mLyTEC
e��w�>���f j�d�>�j�*�&��¬O�:�;�b ��j�z�9£d�: d¡0  ~ �;�¥�>�r¡0£S�:�z�f ­�0vc�;�&�z��� l �� d�c8f¤:�b�;�n��u;�&�:8f�;�j�R�:�g�& d�]�>�c d�

�c d¤:�9�±�b d�I�98b�c�9�;¡n�j��¤��j�c�;� `F�w�b�>8®�>�:�z� ~ �©�B�j�z8f�:� ~ xS���;�;�]ke`UsN�c�9 �¤:�c8f�:�:�R�«�R�� d�98b¤:8f�b8f���j���:�±�9�&�f�&�e<
�&8f d���w���; d�]�9�9 d�b�;�*�:8b³´�&�9�&���9�;�*���j�9�­�;�j���r�98b�c�9�;¡n�°¤:�j�9�w` "U�r�9�S�>8f�:�°�z�98f�z�;8f�:�j� ~ �: d�:�z���& d�9�c�2�«�
�>�j�9�;���q�&�9¡n�j�:�&���9� ~ 8b�]¬d O�B�g�f j���j�b�d d�98®�>¡0 d� n �:�p�9�p�&�:�;�:�&�]�>�>�w� �&� �;�²�j�c��ª:8b¬j r�; d�]�9�9 d�F`Y�w` "U�j�
�:8®³´�;�c�;�]�>�&���9 j�f8f�&8b�9�:�:�;�©�:�7�9�;�¥¬O8f�;8b R�j�t¡0£S�:�z�f  `� Y�9� n �z�;�c�,) k��� d�©�«�*�«�j¤� d��[4 d�]�>�c d�.�c d�g�:�&�9�&�98b�>�j�
�±�; j���98f�����j�&8f£d� b
*BH uIS�MRA7T�EW:mLyTECOM2u%:_u b s¦�z�B�j�c�]�j���±�:�@8f�:8b�;8f�j�4�&�,�9�;�j8f�c�9�9 *�:���f j�²���w�> j�©�z�9 O�;�;�9�j�: 0�q j�²�«�
�f�j¤� d�4�:�@�; j���9�9 d�F`

*BH MI:?HW:_u :_M �,T LIA7T�EW:mLyTEC)bUxS���&�:�B�w�9�]�p�:���z�&���:8b�I�;�t�>8f�� R�:�±�&�c�9�9�:�e�>�:�9�2�z�±8f�z³´ d�c¡¢�w�;8f£j�
���9�&���9�>�w�>�j��� �� d�2�«�w���c�z�>8b���j�2�:� �& d�]�>�c d�l`Oi©¨ �µ<¥x.-.¨ -�s ~ $�¨�" g ¨�f²< X=&�".-�s i©sI\©<
x.-.¨ -�s ~ $I¨�" g ¨�f�< XF&�"%-�sgi�sI\©<0[ ��s¦����<¥x%-t¨ -�s ~ x%& g ¯�",¨ -�sI\©<¥x%-t¨ -�s ke`

* PRMI:?H0:Bu :_M �,TEL7A7T�EW:mLyTEC bE& ¡n�:�c8f¡0���;�g���w���>�j�f�f�±�«�n�&�c�9�9�:�e�>�:�9�¢�:��8b�z³´ d�c¡¢�j�&8f£d�p�9�>�w�>�j���
�� d�h�«�j�h�9�z�98f���j�h�:���& d�]�>�9 j� ~ �;�[�:�&�;8b� ~ �&� �: j¡�¤:�9���:���f���;�¥�>�9�z�&�>�z�>� n �:���>8b�;�:���«��8b�z³´ d�c¡¢�K<
�&8f£d�p�z�@�b d�²�9�&�:�9 j�9�;�&`

*BA7T�E � ��GkLKM A7T�EW:mLyTECQbSxS���&�:�B�j�c�]���:���:�&�:�:8f�D�;���>8b�q @�:���; d�]�>�c d�q���j�:�b8f�;�j�N�q j�4�j�e�>���w�: d�
`iX=&�i�x%-4< > i \�sgi ~ ^ e [ ~ �²x ~ e &0\ k `

* PRMI:?A7TqEE:mLyTWC�A7T�E ����G Lyu :yC´T�E bR& ¡0�:�98b¡n�I�&���:�j�]���j�b�«�±�;� �98f�� 0�z�7�& d�]�>�9 j�U�n�j�z�f8f�;�j�²�� d�
�;�j���*�j�e�>���j�z d�;`

* PRMI:?A7TqEE:mLyTWC�HW:_u :yG < bI& ¡n�z�98f¡0�[�&���;�c�>�j�: @�:�;���z�9 O�;�;�c 7�z���:�0�; j���9�9 d�S`��©�j�&�9���w�> j���	[4 d�
�9�9 d�b¨²�&�98b¬w�w�>�&�2 d�����w�&�>�:�w�> d���©X�8f�c�c� -²8b¡n�ik ~ �;�©�:�;�&8f� n �:��8b�:�:8f�;�±�98U�;�¥���n�:�j�>�*�«�j�pXB�j���� d�
�z�98f¡0�;�9��¬d�DX7 *�98 §d�0ª:�*�:�j�>�j�z n�&�c���*�&�>�j����§p�&�c���0�j�e�>8b¬j :`

*BH MI: �,u T M H0:_u%:_M btxS�¢�&�:�B�w�9�]�2�:�0�;�:�]� +��j�@�«�j���9�S�>8f�:�j���:�n�& d�]�>�c d�D�j�N���j�9�j�9�b�;�@�:� ���K�> 
³i�w�f�9 ­�; j¡n ��98©�:�9 _¬O8f�:8b�;�9���:���f d�0�9�&�:�9 d�c�;�&`
", d�¢�:�w�> d�¢��8b�:�d�9�&�>�j�0�� d�n�9�;�;�b�B�j�z  �9 j� b
�c�:���;� ~ �� d��\� xo�� ~ ¬S¯©� ~ �:8b�9��ª ~ ª:�;�j�:8f�z� ~ ª:�;�j�:8f�z��xS���;�;� `

* PRMI: �,u T MRHW:_u :BM b & ¡0�:�98b¡n���&���:�j�]���j�b�«���f j�4¬w�j�f d�c�;�[³i�j�b�9 d�&`
*BH MI:?H MK: ��T�CFEW:m< b xS���&�:�B�j�c�]�R�:�7�9�;�j8f�c�9�>�j���f d��¬w�j�f j�9�;���:���c�&³´�;�c�;�:�&8«�¢�:�j�>�¢�;�j���¢�z�: p�:�
�b d�4�& d�]�>�c d�«�j�z d�9�&� `axS���;�&� ~ ¨��b�>8®�>�:�z� ~ �©�B�j�z8f�:�jk `z¯©�2���j� @w¡n�e�>�9 ��j�:8f�&8f d�:�j�q�&�2�;�c�>�����j�c�B�
�&���«���;�c�q�&�;8®���B�j�&8f£d���98,�f���9�e³´�;�9�&�:�;8f�0�&�©�j¤:�9 j�f�z�>�* *�c�;�«�K�>8b¬w�z`

* PRMI:?H MI:���TqCiEW: < bR& ¡n�:�c8f¡0���� d�²���j�]���w�f�«�7�f d�²�;�j�f d�c�;�²�:���f�j�²�9�e³´�;�9�&�:�;8f�j�;`
*BHW:_u Lm:?H LNM�M�� A7T�EW:mLyTEC b%& �:8f�&8«�j�b88X;�@�f���9�z�98f���7�:���; j���9�9 d� �:��¬d�&�f O�;8b���j�R§n�:�0v9���&� �:�9 O�;�&�9 
�z�;�,�B�w�f�;�z�f ±�:���«���c�,+��w�,�:�7�& d�]�>�c d� �:��¡n�j�:�;�9�±�q�&�9¡n�j�:�;�]�9�j`

*BHW:_T L H LNM�M�� A7T�EW:mLyTEC b xO�@�&�:�B�w�9�]�*�:�����j�9�j�²�«�±�9�S�>8f�:���:���; d�]�>�c d�,�:�I¬d�&�f O�;8b���j� `
*BHW:_u Lm: k C :yC :yG��tM A7T�EW:mLyTEC-b.& �:8f�&8«�j�b88XB���«�@�9�z�98f���7�:���; j���9�9 d�q�:�I�j�®�>8®�>�:�*§¢�z�0v9���;�q�:�9 O�;�&�9 
�z�;�,�B�w�f�;�z�f ±�:���«���c�,+��w�,�:�7�& d�]�>�c d� �:��¡n�j�:�;�9�±�q�&�9¡n�j�:�;�]�9�j`

*BHW:_T L k C;:yC :yG��tM A7T�EW:mLyTECQb�xS���;�:�;�j�9�d�0�:�����w�>�j�²�f���9�z�98f���±�:���; j���9�9 d� �:���w�b�>8®�>�:� `
*BHW:_u Lm:	��M�u �.CiE	� A7T�EW:mLyTECCb0& �z8f�;8f�j�f8YXB�±�«�0�9�z�98f���n�:���; j���9�9 d�t�:���j8f�9 j�r`i�z8f�9�&�;�&8f£d�_k[§��:�0v9�
�&� �:�c S�&�;�9 0�:�&�t�;�j�f�&�:�f ±�z�@�f���9�2+��j�,�:���; j���9�9 d�,�z�@¡n�j�:�&�>�±���;�9¡n�j�:�&�]�>�j`

*BHW:_T L
��M�u �tCFE	�6A�T�EW:8LKTEC btxS�n�&�:�B�w�9�]�2�:�*���j�9�j���«�p�9�z�98f���p�:�*�& d�]�>�9 j�N�:�n�j8f�9 j� `i�:8b�9�;� <
�&8f£d�]ke`

�d�_Z
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W ¨��[� i�Z �K^ ¨�`YsN�b³´�&� ~ x�`*xq`��h�:�;�:  ~rg `±�h�;�9�j�;�9¡n�j� ~ �j�:��
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