
UC Berkeley
Research Reports

Title
Robust Lateral Control of Heavy Duty Vehicles

Permalink
https://escholarship.org/uc/item/4wd5r18v

Authors
Tai, Meihua
Wang, Jeng-Yu
White, Ryan
et al.

Publication Date
2001-12-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/4wd5r18v
https://escholarship.org/uc/item/4wd5r18v#author
https://escholarship.org
http://www.cdlib.org/


ISSN 1055-1425

December  2001

This work was performed as part of the California PATH Program of the
University of California, in cooperation with the State of California Business,
Transportation, and Housing Agency, Department of Transportation; and the
United States Department of Transportation, Federal Highway Administration.

The contents of this report reflect the views of the authors who are responsible
for the facts and the accuracy of the data presented herein. The contents do not
necessarily reflect the official views or policies of the State of California. This
report does not constitute a standard, specification, or regulation.

Final Report for MOU 385

CALIFORNIA PATH PROGRAM
INSTITUTE OF TRANSPORTATION STUDIES
UNIVERSITY OF CALIFORNIA, BERKELEY

Robust Lateral Control of Heavy
Duty Vehicles

UCB-ITS-PRR-2001-35
California PATH Research Report

Meihua Tai, Jeng-Yu Wang, Ryan White,
Masayoshi Tomizuka
University of California, Berkeley

CALIFORNIA PARTNERS FOR ADVANCED TRANSIT AND HIGHWAYS



���������
	�������������

����������� �
!"�$#&%'!)(+*,�.-.�$%'�.(
��/�01#&!�243657���83:9;#=<�>@?&(A#&�

B�C
DFEHGJILK'M
NOM8G
P8EHQSRUTWVXK�YZM8Q$R
[\C]M8Q�Y^ISG`_aE

DbM8caMdC8efcgISG&N=efh
GjiHK$kUM

l�Enm'M8op_gh�EnQ]_�eUqrDFEnstI'M8QSGJsdM8u&vrQSR8GjQSEnEHogGJQSR
w�QSG`xfEnogcgG`_yC�e8q{z|M8ujG`q}efogQ$G~M�M�_�B�EHogkUEHuJEnC

B.EHopk8EnujEnC8��z.���U�L�f�8�

�"GJQ'M8u�[�EHm�efoA_\q}efo4D���w��f�]�

P8KSQ$E��U�f�$�



���+���4�b�r�n�
� ����� �  ¢¡{£

N\ISGJc�ogEnm�efoA_¤cgKSh
h�M8ogGJiHEHc¥_aISE�ogEncgEHM8ogstI¦ogEHcpKSuJ_gc�e8q�D���w��f�]����§p[4ef¨$KScp_
©&MU_gEHoaMUu�z.efQ]_aopefu
e8q¢ª�EHM«xLC¬l�K$_yC�)EnISGjsnujEHcp®S¯°N\I$Gjc+mSoge�±pEnsn_FogEnmSogEncgEHQ]_gc�M²snefQ]_aGJQ�K$GjQSR²En³�efop_+e8q¢´��rN�ª¶µ·c
opEHcgEHM8ogstI efQ¸M8K¹_aefh�MU_aEnº¦I$GjRfI]».M«C²cAC¹cA_aEnh�c&¼}��ª�½S¾�¯.[4EncgEdMUogstI�efQ²_aISE+u~MU_gEHogM8u\sHefQ]_gogefu�e8q
ISEHMdx�C¿xfEHI$GjsHuJEHc\q}efo|��ª�½¿».M8c�GjQSG`_aG~M�_aEHºÀMU_�´��rN�ª1GJQ��«�f�f��»�G`_aI+D���w¥�«�8�$�)§a½L_aEHEnogGJQSR
M8QSº
B.ogM8kLGjQSR,z.efQ]_aopefu4e8qÁª�EHMdx�C¦l�K$_yCÂ)EnISGjsnujEHcp®S¯�ÃÄ_
»|M8c
q}efujuJe«».Enº¦¨]C D���w��U�]�¹�¤§g©&MU_gEHoaMUu
z.efQ]_gogefu�e8qrz.efh
h�EnogsHGjM8uÅª4EdMdxLCFl�K$_yCÀ)EHI$GjsHuJEH®S��Db�Áw��8�f��¼WD���w��$�«�f¾��X§g©&MU_gEHoaMUu&z.efQ]_aopefu
e8q�ª�EHMdx�C²l�K¹_yCZ)EHISGJsHuJEHc¢q}efo���K$_aefh�MU_gEHº²ª�GJRfI]»|MdC²½�C�cA_aEHh
c&¼}��ª�½$¾A®S�XM8QSºÂ_aI$E+snKSogopEHQ]_
mSope�±pEHs�_d�$D���w��f�f�¹¯{N\ISE�EdM8opujGjEnormSogeÆ±pEHsn_gc&¼ÇDb�Áw¶�Æ�8�¢MUQSº�D���w��U�L�f¾rEHh
mSI'M8cpGjinEHº�_gISEHe8ogEn_AT
GJsdM8u�MUcgm�EHsn_gcH�ÈcgK$stI�M8c�h
e¹ºSEnuÅºSE�xfEHuJefmSh
EHQ]_d�ÈMUQ'M8uJC�cpGjc\e8qOº$C�Q'M8h
Gjs�h
e¹º$EHuÉq}opefh°_aI$E¶ujMU_aEnoaM8u
snefQ]_aoge8u=m�efGJQL_4e8qOx�GjEn»Á��M8QSº+_aISE¶oge8¨SKScp_�u~MU_gEHogM8u�sHefQ]_gogefuJujEHo\º$EHcgGJRfQScn¯4D���w��8�f��¼WD���w��$�d�]¾
q}e�sHKScpEHº¶efQÁ_aISE)Gjh
mSuJEHh
EHQ]_tMU_gGjefQSM8u8MUcgm�EHsn_gcOeUq¹_gISE)u~MU_gEHoaMUufsHefQ]_gogefuJujEHopcHÊgM\_goaM8s�_aefo@TycpEHh
GJ_aogM8GjuJEHo
x8EHISGJsHujE�».M8c�e8¨$_tM8GJQSEHº¿M8QSº�GjQScA_aogK$h�EnQL_gEHº
»�GJ_aI�M8uJuS_aISE4QSEHsnEHcpcaM8oAC¿I'MUogº$».M8ogE�M8QSº�cge8qË_y».M8ogEU�
efm�EHQ�Tyuje�efm�E�Ì¹m�EHopGjh
EHQ]_ac4».EnogE�snefQSºSK$sn_aEnºÅ�ÅcAC¹cA_aEnh6m'MUoaM8h
En_gEHogc�»�EHogE¥EHcA_aGjh�MU_gEHºb¨SM8cgEnº�efQ
_gISE�e8m�EnQ¹TyuJe¹efm�_gEHcp_gcH�rMUQSº;m$ogEHuJGjh
GjQ'MUopC�snujefcpEHº¹TÄuje�efmÍE�Ì¹m�EHogGJh�EnQ]_acÁ».EnogE¿m�EHoAq}efogh
EHºÉ¯ÀN\ISE
snKSogopEHQ]_¢mSope�±pEHs�_d�{D���w��f�]���=q}e�sHKScpEHc¥efQ,ºSEncgGJRfQSGjQ$RFEnQSI'M8QSsnEHºZopef¨SKScA_¢snefQ]_aoge8ujujEnogcn�=EÎÌ¹m�EnoAT
GJh�EnQL_aM8uOxUM8uJGjº'M�_aGje8QSc�eUq�_gISE�QSEn»�u`C�ºSEncgGjR8QSEHºÏsHefQ]_gogefuJujEHopcH��MUQSº�_aISE¤cp_gKSº$C�eUq.MUK$_aefQ$efh�e8KSc
x8EHISGJsHujE4q}efujuJe«»�GjQSR¶sHefQ]_gogefuW¯{NOe¢M8stISGjE�xfE�_gISEHcpE�Rfe]M8uJcH�]».E�ISM«x8E�ef¨$_aM8GjQ$EHº�ÐdÑ�Ò�Ó�h�M8GJQ�opEHcgK$uJ_acn¯
�"GJogcp_H�|MÍºSEHcpGjRfQ¦h�E�_aISe�ºSefuJefR8C;»�GJ_aI²¨�e8_aI¦cp_aEnEHopGjQSR,M8QSº²ºSGJ³�EHopEHQ]_aGjM8u\¨SoaMUk�GJQSR;M8c
_gISE

snefQ]_aoge8u¶GJQSmSK$_gcFGJc�mSogefm�efcpEHº¬»�G`_aI�E�Ì¹mSuJGjsHG`_+sHefQScpGjºSEnoaMU_gGjefQ^e8q¢h�e�ºSEHu�K$QSsHEnop_tMUGjQ]_aGJEHcFM8QSº
MdxUM8GjujM8¨SGJujGJ_yCbe8q�efQ¹TÄ¨�efM8ogºZcpEHQScpefogcn¯,N\ISE�º$GJ³�EHogEnQ]_aG~MUu�¨SogM8kLGjQSR�_geb_aI$E�ogEdMUo�»�ISEHEnujc�e8q\_gISE
_goaM8GJujEHo�sHM8Q,E�³ÉEnsn_gGJxfEnuJCÏsHe8QL_gogefur_gISE
CfMd»Ôh
e8_gGjefQÍe8q�_aISE
_aoaMUGjujEnoH¯¿½¹Gjh�KSu~MU_gGjefQ$c�cgISe«»Õ_aISMU_
cph¿M8uJujEno"u~M�_aEHogM8uSEnogoge8o)MU_)_aISE�ogEHM8orEHQ$º�e8q�_aI$E�_goaM8GJujEno{sdM8Q
¨�E�MUstISGjE�xfEHº�KSQSºSEno)¨�e8_gI¤QSefh
GjQ'M8u
M8Q$º+m�EHoA_aKSop¨�EnºbsnefQSºSG`_aGje8QScH¯
½¹EnsHefQSºÉ�=G`_�Gjc�e8¨ScgEnopxfEnº;_gI'MU_�_aI$E�oge]M8ºÍºSGJcp_gKSog¨'MUQSsHE¢_geFM¿x8EHISGJsHuJE
ujMU_aEnoaM8uOsHefQ]_gogefu{cAC�cAT

_gEHhÖGjc�_aISE¢snefKSuJefh¢¨Fq}opGjs�_aGje8Q+_ge�M¿h
EHstI'M8Q$GjsdMUuOcAC¹cA_aEnhF¯ÁB|MUcgEHº�e8Qb_aISGJc�ef¨$cgEHoAxUMU_aGJefQÅ�È_y».e
q}EnEHº$q}efoA»|MUogº
sHefh
m�EnQScaM�_aefopc)M8ogE\mSopefm�efcgEnº
»�ISGJstI¤sdM8Q
¨�E\K$cgEHº
GjQ¤snefh¢¨SGJQ'MU_aGJefQ�»�G`_aI�ujGJQSEdMUo
opef¨SKScA_)sHefQ]_aopefujuJEHopc"_ae�q}KSoA_aISEnorGjh
mSoge«xfE|_goaM8stkLGJQSR�m�Enopq}efoph¿MUQSsHE\e8q�_aI$E\ujGjQ$EdM8o=q}EHEHº$¨'M8stk�sHe8Q¹T



_gogefuÈcpC�cA_aEHh
cH¯rÃÄ_.Gjc)cgI$eÆ»�Q�¨]C
cgGJh¢KSujMU_aGJefQ¢_aI'M�_�_gISE�q}EnEHº$q}efoA»|MUogºÀsnefh�m�EHQ$caMU_gefogcXEn³�EHs�_aGJx8EHu`C
GJh�mSope«xfE�_aI$E¶m�EHoAq}efogh�M8QSsnEHc�e8q=_aISEÁuJGjQSEHM8o.q}EHEnºS¨'M8stk�snefQ]_aopefu�cpC�cp_gEHh
cH¯
N\ISGJogºÅ�&».E
Gjº$EHQ]_aG`×'EHºÏ_aI'MU_Á_gISE�cpujGJºSGjQSR�h
e�ºSE�sHefQ]_gogefuJujEHoÁGJQSISEHopEHQ]_au`C�sHe8QL_aM8GjQ$c¥M�q}EHEnº¹T

q}efoA»|MUogºZsnefh�m�EHQ$caMU_gGjefQÏ_aEHophM8QSºØujGJQSEdMUoÁq}EnEHºS¨SM8stk;_gEHogh
c�GJQZM8º$ºSGJ_gGjefQÍ_aeb_gISE¿Q$efQSujGJQSEdMUo
_gEHogh
cH¯=N\ISE�mSogE�x¹GJefKScpuJCÁºSEncgGjR8QSEHº¥cgujGJºSGjQ$R\h�e�ºSE)sHefQ]_gogefuJujEHon��M�ujGJQSEdMUo�ogef¨SK$cp_OsHefQ]_aopefujuJEHoÅ»�G`_aI
q}EnEHº$q}efoA»|MUogºÀsnefh�m�EHQ$caMU_gGjefQÅ�¹M8QSº�_aISE�caM8h
E�uJGjQSEHM8o)ogef¨SK$cp_|snefQ]_aopefujuJEHo�M8ogE4Gjh
mSujEnh�EnQ]_aEHº�efQ
M�_goaM8s�_aefo@TycgEnh�G`_aogM8GjuJEHo&sHefh�¨SGjQ'M�_aGje8Q¢M8QSº¤snefh�mSM8ogEnº�¨LC¢M8Q'M8u`C�cgGjc{M8QSº�¨]C�E�Ì¹m�EHopGjh
EHQ]_acn¯{N\ISE
EÎÌ$m�EHopGjh
EHQ]_tMUurogEHcpKSuJ_gc�cpISe«»Ù_aI'M�_¥_gISE¿MUºSºSGJ_gGjefQÍe8q�_aISE¤q}EHEnº$q}efoA»|M8opºZsHe8h�m�EHQScgMU_ae8oÁ_ge+_gISE
uJGjQSEHM8o¶q}EnEHºS¨SM8stk,snefQ]_aoge8u.cpC�cA_aEHhÚujG`qË_acÁ_aISEÀm�EHoAq}efogh�M8QSsnE¿KSm$m�Eno¢ujGJh�G`_Áe8q\_aISE¿ujGjQ$EdM8oÁq}EHEnº¹T
¨'MUstkÀsHefQ]_gogefuÅcAC�cp_aEnhÛM8QSº�GJh�mSope«xfEHc|_gISE�cpC�cA_aEHhÛm�EHoAq}efogh�M8QSsnE�»�GJ_gISefK$_\M8ºSºSGJQSR¢_ae�e�h¢KSstI
M8º$ºSGJ_gGjefQ'MUu"sHe8h�mSuJE�Ì¹GJ_yC�GjQÍ_aISE
Gjh
mSujEnh�EnQ]_tMU_gGjefQÍM8Q$º;_aK$QSGjQSR+e8q�_aISE
sHefQ]_gogefu)m'M8ogM8h
En_aEnogcn¯
��QÀ_aI$E�e8_aI$EHo|I'MUQSºÅ�¹»�I$GjujE4_aISE�cgujGJºSGjQ$R�h
e¹ºSE�sHefQ]_gogefuJujEHoXcgEnEHh
GjQSR8uJC
ujG`qË_ac)_aISE�m�EHoAq}efogh�M8QSsnE
KSm$m�Eno\ujGjh
GJ_Xe8q=_aI$E�ujGjQ$EdM8oXq}EHEHº$¨'M8stkÀsnefQ]_aoge8uÅcpC�cp_gEHhÜ»�G`_aI�q}EHEnº$q}efop».M8opº+snefh
m�EnQScaMU_gGjefQÉ�$GJ_gc
GJh�mSuJEHh
EHQ]_tM�_aGje8Q�GjQSºSK$sHEHcOe8_aI$EHo"GJcgcpKSEHcOcgKSstI¤M8cOsdM8opEnq}KSuLcAC¹cA_aEnhÝGjº$EHQ]_aG`×'sdMU_gGjefQ¥M8QSº¥ef¨ScpEHopx8EHo
ºSEncgGJRfQÅ�'M8Q$º+_gISE�_aKSQSGJQSR¤e8q=_aISEÁsHe8QL_gogefu�mSM8oaM8h
En_gEHopc4GJc\QSe8_4M¢_aopGJx�G~MUu�_tMUcgkÈ¯
N\ISE+q}efKSop_gI¦opEHcpKSuJ_¤q}e�sHKScpEHc¿e8Q¦_aI$EbM8K¹_aefQSe8h�efK$c¢q}efujuJeÆ»�GJQSR�e8q�ISEdMdxLC²ºSK$_yCÂxfEnISGjsnujEHcn¯

��K$_aefQ$efh�e8KSc.q}efuJuje«»�GjQSR¶e8q=ISEHM«xLC�xfEHI$GjsHuJEHc\I'MUc|_aISE�m�e8_gEHQ]_aGjM8u�_ge¢RfogEHMU_au`C¿opEHºSK$sHE�_aI$E�sHefcA_ac
e8q4efm�EHogMU_aGJQSR�mSujMU_ae�efQSc¥e8q�_aopKSstkLcH¯Øz.e8h�mSK¹_aEHo�sHefQ]_aopefujuJEHºZq}efuJuje«»�GjQ$RbM8uJuje«»�c�Mbx8EHISGJsHujE�_ae
q}efuJuje«»ÔMU_
sHuJefcgE�oaMUQSRfE8��GjQSsnogEHM8cgGJQSR�_aISE+R]M8c¤h
GjujEHM8RfEÀeUq�_aopKSstkLc
»�G`_aISGJQØ_aISE+mSu~M�_ae�efQ²M8QSº
M8uJujE�x¹GjMU_aGJQSR�cge8h�E�mSogef¨$ujEHh
c¶ogEHujMU_aEnº;_ge�ºSogG`xfEno¥qÞMU_gGjRfKSEU¯�N\ISE¿mSopef¨SuJEHhße8q|_goaM8stkLGjQ$R�M+x8E�T
ISGJsHuJE8µàcÁ_goaMÆ±pEnsn_gefopCÍKScpGjQSRFM�x¹GJcgK'MUurcgstISEnh�E
»�GJ_aIÏQSe+sHefh
h¢KSQ$GjsdM�_aGje8Q�¨�E�_y».EnEHQ,x8EHISGJsHujEnc¥GJc
GJQLx8EHcA_aGjRfMU_aEnºÅ¯XDbM�Ì¹Gjh
GjinGjQSR¥_aISE¶M8¨SGJujG`_yC�eUq{M�cgGJQSRfuJE�xfEHI$GjsHuJE�_ae�_aogM8stkÀ_aI$E�_aoaM«±pEHsn_gefopCÀe8qO_gISE
mSopEHsnEHºSGJQSR;x8EHISGJsHujE�»�GjuJu\h�GJQSGjh
GjinE¿_aI$EFmSopefm'M8RfMU_aGJefQ¦eUq�EHopogefopc�_gISogefK$RfISefK$_
_aI$EFmSujMU_ae�efQÅ¯
l�G`³ÉEnogEHQ]_\_gEHstISQSGJáLKSEHc�q}efo�M8K$_gefQSefh
efKSc|q}e8ujuje«»�GJQSR¢u~M�_aEHogM8uÅsnefQ]_aoge8u&M8ogE�mSopEHcpEHQ]_aEnºÅ¯

�



âã�ä �r¡r ����

ÃyQ�_aISGJc\ogEnm�efoA_d�ÈM8stI$GjEnx8EHh
EHQ]_ac4KSQSº$EHo�D���w��f�]���'ogef¨SK$cp_4u~MU_gEHogM8uÉsnefQ]_aoge8u=eUq"ISEHMdx�C�x8EHISGJsHuJEHc
q}efo�M8K$_ae8h¿MU_gEHº�I$GjRfI]».M«CbcpC�cp_gEHh
c¶M8ogE�mSopEHcpEHQ]_aEnºÅ¯¢N\ISE�mSK$ogm�efcgEnc¶eUqX_gISGjc�mSoge�±pEnsn_¶M8opE8Ê4_ae
ºSEncgGJRfQ�QSEn»åsHefQ]_gogefuJujEHopc¿efo�opEHºSEncgGJRfQ�E�Ì¹GjcA_aGJQSRØsHefQ]_gogefuJujEHopc¿q}efoÀujMU_aEnoaM8u4sHe8QL_gogefu�e8q¶ISEdMdxLC
x8EHISGJsHujEncr_ae¶Gjh
mSoge«xfE�m�EHoAq}efogh�M8QSsnE8æ]_ae¶EnxUM8uJK'MU_aE\º$EHcgGJRfQSEnº¿sHe8QL_gogefuJujEnogcr¨]C¤E�Ì¹m�EHogGJh�EnQ]_ac�M8QSº
_ge�cA_aKSº$CbM8K$_gefQSefh
efKSc\x8EHISGJsHujEÁq}efuJuje«»�GjQSR�snefQ]_aopefuÇ¯|N=e«»|MUogºSc�_gISGjc�RfefM8uÇ�S»�E�I'Mdx8E�ef¨$_aM8GjQ$EHº
_gISogEnE¶h�M8GJQ�ogEHcpKSuJ_gc�ºSKSogGJQSR�CfEHM8o��8�f�f��T@�8�f�$�8�¹»�ISGJstIbM8opE�mSogEncgEnQL_gEHº�GJQ�_aISGJc\ogEHm�efoA_d¯
�"GJogcp_guJC8��MÂsHe�efogº$GjQ'MU_gEHº^cp_gEHEnogGjQ$R M8Q$º¬ºSG`³ÉEnogEnQL_gG~M8u�¨SoaM8kLGJQSRÂsHefQ]_aopefujuJEHo�GJc�mSogEncgEHQ]_gEHºÅ¯

B.eU_aI�h
e¹ºSEnu{KSQSsnEHoA_tM8GJQL_gGjEncÁM8QSºÍMdxUM8GjujM8¨SGjuJGJ_yC�eUq.cpEHQScpefogc¶M8opE�E�Ì¹mSujGJsHG`_auJC+snefQScgGJºSEHopEHºÍGjQ�_gISE
snefQ]_aoge8ujujEno"ºSEncgGJRfQÅ¯)½¹GJh¢KSujMU_aGJefQSc=cgISe«»�M�¨�En_p_aEnoATyºSM8h�m�EHº¢CfMd»¸h
e8_aGJefQ¢e8qÈ_aI$E|_aoaMUGjujEnoH��»�ISGjstI
GJc\¨�EnQSEn×'snG~M8uÅq}e8o�ª4�c\»�G`_aI�u~M8opRfE�u~M�_aEHogM8uÉh
e8_gGjefQScn¯
½¹EnsHefQSº$uJCf�4M8Q^MUQ'M8uje8R8CÂ¨�E�_y».EnEHQ�M;x8EHISGJsHujEbu~MU_gEHoaMUu4snefQ]_aopefu�cAC¹cA_aEnh M8QSº^M;h�EnstI'M8QSGçT

sHM8u)cpC�cp_gEHhè»�GJ_gIÏ_gISE�snefKSuJefh¢¨Íq}ogGjs�_aGJefQÍef¨ScgEnopx8EHºÅ¯+DFeU_aGJxUMU_gEHºÏ¨]CÏ_gISGjcÁef¨$cgEHoAxUMU_aGJefQÅ�&_y».e
q}EnEHº$q}efoA»|MUogºÍsHefh
m�EHQScgMU_aefopc�M8opE¢mSoge8m�efcpEHº�»�ISGJstIÍsdM8Q�¨�E¢KScpEHºÍGjQ�snefh¢¨SGJQ'MU_gGjefQ+»�GJ_aI�uJGjQ¹T
EHM8o|oge8¨SKScp_�snefQ]_aopefujuJEHogc�_ae¢q}KSoA_aISEno|Gjh
mSoge«x8E�_aogM8stkLGjQSR�m�EHoAq}efogh�M8QSsnE�e8q&_aISE�uJGjQSEHM8o�q}EnEHºS¨SM8stk
snefQ]_aoge8u�cpC�cp_gEHh
cH¯
N\ISGJogºSu`Cf�XE�Ì�_aEnQScgG`xfEbEÎÌ¹m�EnogGjh
EHQ]_gc�I'MUc
¨�EHEnQ snefQSºSKSs�_aEnº¦q}efo�_aI$E+m$ogEnx�GJefKScgu`CØºSEncgGjR8QSEHº

cpujGjº$GjQSR|h
e�ºSErsHefQ]_gogefuJujEHoÅM8QSºÁ_aISE)E�Ì¹m�EHopGjh
EHQ]_tM8u]opEHcpKSuJ_gcOMUogErsHe8h�m'MUogEHº�»�G`_aIÁ_aI'MU_&eUqSM\ujGJQSEdMUo
snefQ]_aoge8ujujEnogc�MUQSº M�uJGjQSEHM8o�snefQ]_aoge8ujujEno�»�GJ_gIØq}EHEHº¹q}efop».M8ogº²sHe8h�m�EHQScgMU_aGJefQÅ¯ZÃÄ_¤GJc�sHefQ$sHujK$ºSEHº
_gI'MU_._gISE�uJGjQSEHM8o�opef¨SKScA_|q}EHEnºS¨'M8stk¿sHefQ]_aopefujuJEHo)»�GJ_gI¿q}EHEnº$q}efop».M8opº�sHefh
m�EnQScaM�_aGje8QÀGjc.M¢h�GJºSºSujE
RfopefKSQSº�¨�En_y»�EHEnQ^QSefQSuJGjQSEHM8o¿opef¨SKScA_�sHefQ]_gogefuJujEHo¿M8QSº�uJGjQSEHM8o�opef¨SKScA_Àq}EHEnºS¨'M8stk sHefQ]_aopefujuJEHopc
»�G`_aI�q}EHEnº$q}efop».M8opºFsnefh�m�EHQ$caMU_gGjefQÅ¯
©&M8cp_guJC8��cpefujK$_gGjefQ$c4_ge¿_aISE¥ISEdMdxLCbx8EHISGJsHuJE¢M8K$_gefQSefh
efKSc4q}efujuJe«»�GjQSR¤u~M�_aEHogM8u&sHefQ]_gogefu=mSoge8¨¹T

uJEHhéK$cgGjQ$R;M�ujM8cgEno�cgsdMUQSQSGjQ$R;ogM8º'M8o�KSQ$GJ_
M8opE�mSogEncgEHQ]_gEHºÅ¯²Y^ISEHQ²h�e8KSQ]_aEHº²efQØ_aI$E�q}opefQ]_
e8q�_gISE�q}efujuJeÆ»�GJQSRF_goaM8s�_aefon�r_aISE�cpEHQScpefo¤RfGJx8EHc�_aISE�opEHujMU_aG`xfEÀºSGJcgmSujM8sHEnh�EnQ]_
M8QSºØC]Md»ÜeUq4_gISE
mSopEHsnEHºSGJQSR¢_aogM8GjuJEHo)_ae�_gISE�_aogM8sn_gefo�¼ÞM8uJ_gISefKSR8I¿_aISE�M8¨SGjuJGJ_yC�_ge¢h�EHM8cgK$ogE�cph¿M8uJuÈogEHujMU_aG`xfE4C]Md»êGJc
áLKSG`_aE.uJGjh
GJ_gEHºÈ¾Î¯=ëÁG`xfEHQ¢_y»�e�xfEnISGjsnujEnc"»�GJ_gISGjQ�M�mSu~M�_ae�efQÅ�U_gISEHopE\M8opE�_y»�e¶opEdM8cpefQ'M8¨$ujE.h
En_gISe�ºSc
q}efoOGjQ]_aEnogm�efu~M�_aGjQ$R�M4_aoaM«±pEHsn_gefopC8¯)��QSE.GJc"uJGjQSEHM8o"MUQSº�_aI$E|e8_aI$EHo{MUcgcgK$h�EncrsHefQScA_tM8Q]_rsnKSopxUMU_gKSogEU¯



w4cgGjQ$R¿_aISEncgE¤h
En_aI$e¹ºScn��_gISE�m�Enopq}efoph¿MUQSsHE¶»�ISEHQ�_aogM8stkLGjQSRÀ_gISE¢mSopEHsnEHºSGJQSR�_aoaMUGjujEno4»�G`_aIb_gISE
q}efuJuje«»�GjQ$R�_aogM8sn_gefoHµàcXz\ë¬Gjcrsnefh
m'M8ogEnº
_ge�_aISE\sHM8cgE�»�ISEHQ¤_aI$E�q}e8ujuje«»�GJQSR�_aogM8sn_geforKScpEHc�MÁh
EdMÆT
cpKSogEnh�EnQL_)eUq�_gISE|mSopEHsnEHºSGJQSR�_aoaMUsn_ae8o"m�efcgG`_aGje8Q�M8c"_gISE\ogE�q}EHogEnQSsHEU¯rN\ISE\ogEncgKSu`_ac{eUq�cpGjh¢K$u~MU_gGjefQSc
cpISe«»Õ_aISE�Gjh
m�efoA_tM8Q$sHE�e8q\K$cgGjQ$RF_aI$E¿caMUh�E
ogE�q}EHogEnQSsHE¿m�efGJQ]_¥e8Q;_aI$E¿mSopEHsHEnºSGjQ$RFxfEnISGjsnujE¿M8c
_gISE�ogEnRfKSu~M�_aGje8Q�m�e8GjQ]_�efQ�_aI$E¢q}efujuJeÆ»�GJQSR�x8EHISGJsHuJE8¯¢N\ISE�_goaMÆ±pEnsn_ae8opC�e8q)_gISE�mSogE�x�GjefKSc�_goaM8GJujEHo
sHM8Q�M8uJcge¤¨�E¥cA_aefopEHºbº$GjcgsnogE�_aEHu`C+M8¨�e]M8ogº�_aI$E¶q}efuJuje«»�GjQ$R¢xfEHI$GjsHuJE8��M8QSº+_aISGJc�cp_ae8ogEHº+_aogMÆ±pEHs�_aefoAC
sHM8QF¨�E�KScpEHº�MUc�M¢_goaM8stkLGjQ$R�opEnq}EHopEHQSsnE¶q}e8o|_aISE�q}efuJuje«»�GjQSR¥_aoaMUGjujEnoH¯
ì+íLîÉï¢ðÈñ�òOó8ô�õ�Ò�ö@Ñ�÷
ø8öyùgú�û�ü`ý�þ�ÿXø���������ö@ù�÷��	��
���jÑ«Ñ	�����tþ$ø���ü���ý��tÑ��'öWÓaÑ���=ú8ü ��ù�Óaù��'öÞüÞø���HÓpø����
ü���ý��tÑ��'öWÓaÑ��� �¶Ñ��! ü��Éùgø8Ó"�tÑ��'öWÓaÑ���
ÓaÑ��HÒ#��ö$�tÑ��'öÞÓaÑ���%�tø&�	����ö@ù'�#��ü���ýÂú�ù	��ü`ý��(��`ø8öyù�Ógø�)�tÑ��'öWÓaÑ���
þ'ùgø�*�� *8ùtþ�ü���jù	�	��ø8Ò�ö@Ñ��ÉÑ�÷¿Ñ�Ò#�rÐdÑ��jÑ�ÿrü���ý��+`ø��«ù�Ó����gø��!�'ü���ý
Ógø]ú]ø8Ó,�|ù�jù	��öÞÓaÑ��'ü��ÁöyÑ�ÿ-�tø8Ó

�



. /10 �r¡3254������{�62 0
ª4EdMdxLC¸xfEnISGjsnujEHc;¼Þª4¢µàct¾�M8opE�xfEnopC�GJh�m�efop_aM8Q]_�sHe8h�m�efQSEnQL_gc�GjQ�_aogM8QScpm�efoA_tMU_gGjefQ cpC�cp_gEHh
cH�
M8Q$º�_aI$EnC¿M8ogE4R]M8GJQSGjQSRÁGJQSsHopEdM8cpGjQSR�MU_g_gEHQ]_aGJefQ¿GJQ
_gISE���K$_aefh�MU_gEHºÀª4GjRfI]».MdCÀ½LC¹cA_aEnh�c�¼Þ��ª�½S¾
opEHcgEHM8ogstI¤snefh�h�KSQSGJ_yC8¯"N\ISE\z|M8ujG`q}efogQSGjM�´��rN�ª�¼W´OM8op_gQSEHopc{q}efo"��º$xUM8QSsHEnº¤NOogM8QScgG`_)M8QSº¤ª4GjRfI�T
».MdC¹ca¾{I'M8cr¨�EHEHQ¤mSujMdC¹GJQSR�M�uJEdM8ºSGJQSR�opefujE|GJQ�_aI$E\ogEHcpEdM8opstI�eUq���ª�½��fM8QSº�_aISE\ujMU_aEnoaM8u�RfKSGJº'M8QSsnE
e8qOISEHM«xLC�x8EHISGJsHujEnc\q}efo\��ª�½�GJc\efQSEÁe8qOGJ_ac\opEHsnEHQ]_�opEHcpEdM8opstIFq}e�sHKScpEHc�7ç�«��8Ç¯
ª�EHMdx�C¥xfEnISGjsnujEHcrEÎÌ¹ISGj¨SG`_{h¢K$stI�h�efopE.snefh�m$ujE�Ì�º$C�Q'M8h
GjsHM8u�stI'M8oaMUsn_aEnogGJcp_aGJsHc"_gI'M8Q�m'MUcgcgEnQ¹T

RfEno�sdM8opcH¯¤�'efo�EÎÌSMUh�mSuJE8�Å_gISE¢_aogM8sn_gefoATÄcgEHh
GJ_goaM8GJujEno�snefh¢¨SGJQ'MU_aGJefQ�I'MUcÁ_y»�e+KSQSGJ_gc�sHefQ$QSEHs�_aEHº
¨]CØ_aI$E+×SqË_gI¦»�ISEnEHuW�\M8QSº¦¨�EnsdM8KScpEbe8q�_aI'M�_d��_gISE+ogefuJu�M8QSº²mSGJ_gstI h
e8_aGJefQSc�e8q�_aISE�_aogM8sn_gefo
M8Q$ºÀcgEnh�G`_aoaMUGjujEnoXM8ogE�sHefKSm$ujEHºÉ¯rN\ISE�E�Ì�_gEHogQSM8uÉq}efopsHEHc�_ae�_gISE�x8EHISGJsHujE�cpC�cp_gEHh°snefh
E�q}oge8h _gISE
GJQL_gEHogM8sn_gGjefQSc�¨�En_y»�EHEnQ,_aGJogEncÁM8QSºÏoge]M8ºÉ¯
N\I$E¤_gGjopE¢q}efogsnEHc¥M8ogE¢x8EHopCÏsnefh�m$ujGjsHMU_aEnº�q}KSQSs�_aGje8QSc
e8q{h¿M8Q]CFm'M8ogM8h�E�_aEnogc�cpKSstIÍM8c�ope]M8ºbM8ºSISEncgGje8Q�sHe�E:9
sHGJEHQ]_d��_aGjopE¶x8EHuJe¹snGJ_yCf�ÉM8QSºb_gGjopE¶x8EHop_gGjsHM8u
q}efopsHEU¯{B.EnsdM8KScpE\e8q'_aI$E.ISGJRfISEHoOsHEnQL_gEHore8qSRfoaMdx�GJ_yC¥e8q'ISEHMdx�C¥xfEnISGjsnujEHcn�f_aISE�uje]MUº¥_aogM8QScAq}EHo{E�³ÉEnsn_
GJc�h
efogE�cgGJRfQSGJ×SsdM8Q]_X_aI'M8Q¿GjQ¿mSM8cgcpEHQSRfEno|xfEnISGjsnujEHcn¯XDFefopEHe«xfEnoH�'ºSG`³ÉEnogEHQ]_.sdM8opRfe¢M8Q$º�ºSGJ³�EHopEHQ]_
uJe]M8ºSGJQSR�snefQ$×'R8KSoaMU_gGjefQ$c�EÎÌ$Enop_�º$GJ³�EHogEnQ]_�q}efopsHEHc�efQ�EdMUstI�_aGjopE¥eUq{_aISE�ISEdMdxLCFx8EHISGJsHuJE8¯���uju&e8q
_gISEHcpE
GJh�m$uJC�_aISMU_Áogef¨$KScp_ÁsnefQ]_aoge8u{cgstISEnh�EncÁh¢KScp_Á¨�E�KScpEHº�_ae+M8cpcgKSopE¢_aISE�cA_tM8¨SGJujG`_yCFeUqX_gISE
snujefcpEHº¹TÄuje�efm¤M8K$_gefh¿M�_aEHº�cA_aEnEHogGJQSR¶sHefQ]_aopefu'cpC�cA_aEHhÕGJQ�_aISE�mSopEHcgEnQSsHE�e8q�h�e�ºSEHu¹KSQSsnEHop_aM8GjQ]_gGjEHcn¯
½¹e8h�E¢opef¨SKScA_¶sHefQ]_aopefujuJEHopc�».EnogE�M8ujopEdM8º¹CbºSEncgGJRfQSEHºÏKSQSº$EHoÁmSogE�x�GjefKSc¶´��rN�ªÙmSoge�±pEnsn_gcH¯¤N\ISE
mSK$ogm�efcgE�e8q)_gISE�sHKSopogEnQL_¶mSope�±pEHs�_ÁGjc�_ge�ºSEHcpGjRfQ�QSE�»ÙsnefQ]_aoge8ujujEnogc�e8o�ogEnºSEHcpGjRfQÍE�Ì¹GJcp_aGJQSR�sHe8Q¹T
_gogefuJujEHopc.q}efo\MUsn_aKSM8u�Gjh
mSujEnh�EnQ]_tMU_gGjefQ¿M8QSº�E�Ì¹m�EHogGJh�EnQ]_tMU_gGjefQÅ¯"��c�GJ_�MUuJ».M«C�c�I'M8c�¨�EHEnQÅ�'¨�eU_aI
uJGjQSEHM8o\M8QSº�QSe8QSujGJQSEdM8o�MUmSmSogefM8stISEHc4M8opEÁcp_aK$ºSGjEnºÅ¯
N\ISE�mSogGJh¿M8oAC�sHe8QL_gogefuÈGJQSmSK$_Xq}efo)u~MU_gEHogM8u'sHefQ]_gogefu�e8q�MUK$_aefh�MU_gEHºÀª��cXGjc)_aISE�q}oge8QL_X»�ISEnEHu

cA_aEHEnogGJQSR¿MUQSRfujEU¯)��QSe8_gISEHo4m�efcgcpGj¨SuJE�sHefQ]_aopefu&GjQSm$K$_�Gjc\_aI$E¶º$GJ³�EHogEnQ]_aG~MUu�¨SoaM8kLGJQSR�q}efogsnE¶_ge¤_gISE
opEdM8o�»�I$EHEHuJcÁe8q)_aISE¢_goaM8GJujEHon¯Ál�GJ³�EHopEHQ]_aGjM8uO¨$oaM8kLGjQ$R�RfEHQSEnoaMU_gEHc¶M¿_ae8ogáLKSE8��_gI'MU_�sHM8QÍ¨�E�KScpEHº
_geÀsHefQ]_gogefu=_aISE¢CfM«»�h
e8_aGJefQbe8qr_gISE�_goaM8GJujEHon¯�ÃÄ_�sHM8Q�En³�EHs�_aGJx8EHu`CbºSEHM8u"»�G`_aIbCfM«»�GjQ$cp_tMU¨SGjuJGJ_yC
h
e¹º$EHc¿eUq�_aISE+_aoaMUGjujEno¤cgKSstI�M8c¿×ScgI¹TÇ_tM8GJujGjQ$RS¯�� oge8¨SKScp_¿ujGJQSEdM8o
cp_gEHEnogGjQ$RØM8QSº�ºSG`³ÉEnogEnQL_gG~M8u
¨SogM8kLGjQSR�DFÃADb��sHefQ]_gogefuJujEHo.Gjc\ºSEncgGjR8QSEHºFKScgGJQSR�_aISE;
 � uJe¹e8m¹TycpI'M8mSGJQSR¢h
En_aI$e¹ºSe8ujefR8C8¯
z.e�efogºSGJQ'MU_gEHº¶cp_aEnEHopGjQSR�M8QSº¥¨SoaM8kLGJQSR�sHefQ]_aopefuLe8q'ª�¢µàcOGJQ�_aISEX��ª�½Á».M8c=×Sogcp_OmSopefm�e8cgEHº¥¨]C

�



z.ISEnQÍM8QSº�N=efh
GjinKSk�M
GJQ<7 �f�68W��»�ISEnogE�_gISE¢GJQSmSK$_ATyefK$_gmSK$_�ujGJQSEdM8opGjiHMU_aGJefQ�M8QSº�¨SM8stkfTycp_gEHmSm$GjQSR7à�8��8X»�EHogE�MUmSmSujGJEHºÅ¯�ÃyQZ_gISGjc¥M8mSmSope]M8stIÅ�{_gISE¿h
e�ºSEHuJGjQSR�KSQSsnEHoA_tM8GJQL_gGjEnc¥»�EHogE�Q$e8_¢EÎÌ$m$ujGjsnGJ_guJC
snefQScgGJºSEHopEHºÅ¯|�ÈK$op_aI$EHogh
efopE8��M8uju�xfEHI$GjsHuJE¥cA_tMU_gE¶xUM8opG~M8¨$ujEHc�h¢K$cp_4¨�E¥M8snsHEHcpcgGJ¨SujEÁ_ae�Gjh
mSujEnh�EnQL_
_gISEÁsHefQ]_aopefujuJEHo|GJQ"7ç�f�:8Ç�S»�ISGJstIFh�M8kUEHc\_aISE¶M8m$mSoge]MUstIFGJh�mSogM8sn_gGjsHM8uÉºSEnm�EnQSºSGJQSR�e8Q�_gISE¶Mdx8MUGju`T
M8¨$GjujG`_yC
e8q"cpEHQScpefogc�M8QSº�mSopEHcgEnQSsHE¥e8qOh�EHM8cgKSopEHh
EHQ]_4QSefGJcgE8¯
ÃyQ�_aI$E¢mSoge8m�efcpEHºÍM8m$mSoge]MUstIÅ�ÉefQ$uJCÏ�Æ¾�_gISE�M8oA_aGJsHKSujMU_aGJefQbMUQSRfujEU�Å�8¾�_aI$E¢u~MU_gEHogM8u&EHogopefogc�MU_

_gISE�q}ogefQ]_4M8QSº�opEdM8o�M�Ì¹uJE�e8qO_gISE�_aogM8sn_gefoH�'MUQSº+�]¾.EHG`_aISEno|_aISE¶M8QSR8KSu~M8o�xfEHuJe¹snGJ_gGjEHc.e8qO_gISEÁogEHM8o
»�ISEnEHuJc¥e8q�_aISE¤_aogM8GjuJEHo�efo�_gISE�¨$oaM8kUE�uJGjQSE�mSopEHcpcgKSopEÀcgGJRfQ'M8uJcH�=M8ogE
M8cpcgKSh
EHºÏ_aeF¨�E
MdxUM8GjujM8¨SujE
q}efor_gISE�cAC�QL_gISEHcpGjc|eUqÅsHe8QL_gogefuÈGJQSmSK$_gcH¯{ÃyQ¿M8sn_gK'M8uÈGjh
mSujEnh�EnQ]_tMU_gGjefQÅ��_aISE4u~M�_aEHogM8u'EHopogefopc.M�_X_gISE
x�GjoA_aK'MUu$uje�efkfT@MUISEdM8º¥m�e8cgGJ_gGjefQ�Gjc{ef¨¹_tM8GJQSEHº�q}opefh�_y»�e�h�M8RfQSE�_aefh
En_gEHogcn�f»�ISGjstI¤MUogE\uje�sdM�_aEHº¢MU_
_gISE.q}oge8QL_rM8QSº¢opEdM8o{EnQSºScre8q'_gISE|_aogM8sn_gefoH¯=N\ISE�M8oA_aGJsHKSujMU_aGJefQ�MUQSRfujE�GjcOef¨$_tMUGjQSEnº�q}ogefh�M�cA_aogGJQSR
R]MUKSRfE�h
efKSQ]_aEnº�efQ¿_gISE�×SqË_aIÀ»�I$EHEHuW¯rN\ISE�sHe8QL_gogefuJujEno�GJc|ºSEHcpGjRfQ$EHºÀ_ae�EnQScgK$ogE�oge8¨SKScp_gQSEHcpc\_ae
h
e¹º$EHu{KSQ$sHEHoA_tM8GJQ]_aGjEncÁºSKSE�_ae�_aISE�xUM8opG~MU_gGjefQSc�GjQ>=Ø¼ËxfEHI$GjsHuJE¤ujefQSR8GJ_aK$ºSGjQ'MUuOcpm�EnEHºÈ¾Î�@?¬¼Þope]M8º
M8º$ISEHcpGjefQÁsHe�E:9
snGjEHQ]_t¾���M8QSº)A$B�¼ÞsHM8ogRfe�uJe]M8º�GJQ�_aISE{_goaM8GJujEHoa¾�¯=z.uJefcgEnº¹TyuJe¹efm�cgGjh�KSu~MU_gGjefQ�ogEncgKSu`_ac
cpISe«»�_gISE�oge8¨SKScp_gQSEHcpc\e8q�_aI$E�mSoge8m�efcpEHº�snefQ]_aoge8ujujEno|M8Q$º¿_aISE�ogEHcpKSuJ_gGjQSR�cgh�M8ujuJEHo)u~MU_gEHogM8u�Enogopefo
MU_O_aISEX_aogM8GjuJEHo=EHQSº¢»�ISEnQ�sHefh
m'M8opEHº�_ge�_aI$E|sHefQ]_gogefuJujEHo=KScpGjQSR�_gISE|cA_aEHEnogGJQSR�GjQ$mSK$_{e8QSuJC8¯{DFe8ogE
º'MUh�m�EHº�_aogM8QScpGjEHQ]_)opEHcgm�efQScpEHcXe8qÉM8op_gGjsHK$u~MU_gGjefQ�M8QSRfuJE|»�ISEHQ
KScgGJQSR�_aISE�cA_aEHEnogGJQSR¶M8QSº¤¨SoaMUk�GJQSR
snefQ]_aoge8u&M8ujcpe�Gjh
mSoge«xfE�_gISE�C]Md»7cA_tM8¨SGJujG`_yC¿e8q=_aI$EÁ_goaM8GJujEnoH¯
Y;E¶e8¨ScgEnopxfE¥M8Q+M8Q'MUujefR8C�¨�En_y»�EHEHQF_aISE�xfEnISGjsnujE�ujMU_aEnoaM8u�sHefQ]_aopefu�cpC�cA_aEHh:MUQSºbM�h
EHstI'MUQ¹T

GJsdM8u)cpC�cA_aEHhß»�GJ_gIØMFsnefKSuJefh¢¨;q}opGjs�_aGje8QÅ¯+DFe8_gGJxUMU_aEnº,¨]CÏ_aISGJc¥ef¨$cgEHoAxUMU_aGJefQÅ�O»�EÀmSopefm�efcgE
_ae
KScpE¶M¤q}EnEHº$q}efoA»|MUogº+sHefh
m�EnQScaM�_aefo|_ge�MUKSRfh
EHQ]_�_aISE�uJGjQSEHM8o|oge8¨SKScp_�q}EnEHºS¨'MUstk+snefQ]_aopefujuJEHogc�q}efo
opEHºSKSsnGjQSR¥u~MU_gEHogM8uS_aogM8stkLGjQSR¶EHopogefopc�»�ISGJujE�cgKScA_tM8GJQSGjQ$R�M¶ogEdMUcgefQ'MU¨SujE�sHK$cp_ae8h�Eno.sHe8h
q}efoA_d¯ON|».e
q}EnEHº$q}efoA»|MUogºÂsHefh
m�EHQScgMU_aefopc�M8opE�ºSEHcpGjRfQSEnºÅÊÀMb×¹Ì$Enº¹TyRfM8GjQZq}EnEHº$q}efoA»|MUogºÂsHefh
m�EHQScgMU_aefo¢M8QSº
M8QFM8º'MUm$_aG`xfEÁq}EHEHº¹q}efop».M8ogºbsHefh
m�EnQScaM�_aefon¯�½¹Gjh�KSu~MU_gGjefQ¿ogEHcpKSuJ_gc�cpISe«»1_aI'M�_�_gISE¶q}EnEHº$q}e8op».M8ogº
snefh�m�EHQ$caMU_gGjefQ�E�³ÉEnsn_aG`xfEnuJC�ogEnºSKSsnEHc�_aISEÁu~M�_aEHogM8uÉ_goaM8stkLGjQ$R
EnogopefoH¯
B�CÂMUQ'M8uJC�inGjQSR�_gISEFsnefQ]_aopGj¨SK$_gGjQSR�_gEHoph�c¤e8q4_aISE�kLQSe«»�Q Q$efQSujGJQSEdMUogGJ_gGjEnc¥»�ISGJstI M8opEÀq}EHº

¨'MUstkFGJQ�h�e8cp_�eUqr_aISE¢Q$efQSujGJQSEdMUo�snefQ]_aoge8ujujEnogcn��»�E�q}efKSQ$º�_aI'MU_�_aISE�k�Q$eÆ»�QÍQSe8QSujGJQSEdM8o�_aEnogh
c
M8s�_aK'MUujuJC�GjQ]xfefu`xfE.M�q}EHEnº$q}efop».M8opº¢sHefh
m�EHQScgMU_aGJefQ¥_gEHogh sHe8ogogEncgm�efQSºSGJQSR�_ge�×$Ì¹EHº�TyR]M8GJQ¥q}EnEHº$q}efo@T

�



».M8ogº�snefh
m�EnQScaMU_gGjefQÉ¯·��Q�E�Ì�_gEHQScpGJxfE�snefh�mSM8oaMU_gGJx8E�EÎÌ$m�EHopGjh
EHQ]_ac{M8ogE�sHefQSº$KSsn_gEHº�q}efo{M�cgujGJºSGjQ$R
h
e¹º$E¥snefQ]_aoge8ujujEnoH��M¿uJGjQSEHM8o�ogef¨SK$cp_�q}EnEHºS¨'MUstkbsHe8QL_gogefuJujEno�»�G`_aIbq}EnEHº$q}e8op».M8ogº�snefh�m�EHQ$caMU_gGjefQÅ�
M8Q$º¬MØuJGjQSEHM8oÀsHe8QL_gogefuJujEnoH¯ÙN\ISEÍEÎÌ$m�EHopGjh
EHQ]_tMUu�ogEHcpKSuJ_gc�cgISe«» _gI'MU_H��_aI$E;MUºSºSGJ_gGjefQ e8q¥_gISE
q}EnEHº$q}efoA»|MUogºbsnefh
m�EnQScaMU_gefo|_ae¤_aI$E¥uJGjQSEHM8o.q}EHEnºS¨'M8stk�snefQ]_aoge8u�cpC�cp_gEHh:ujG`qË_ac|_aI$E¶m�EHoAq}efogh�M8QSsnE
KSm$m�Eno�ujGjh
GJ_¶e8q�_gISE�ujGjQ$EdM8o¶q}EHEHº$¨'M8stkZsnefQ]_aoge8u|cpC�cp_gEHh M8Q$º²GJh�m$oge«xfEnc¢_aISE�cAC¹cA_aEnh m�Enopq}efo@T
h�M8QSsnE4»�G`_aISefK¹_|M8º$ºSGjQSR¶_ae�e�h¢K$stIÀsHefh
mSuJE�Ì¹GJ_yC¤GJQ
_gISE�GJh�mSuJEHh
EHQ]_tM�_aGje8Q�MUQSº�_gKSQSGjQ$R�e8qÅ_gISE
snefQ]_aoge8uOm'MUoaM8h
En_gEHogcn¯���QF_aISE¥e8_aISEno�I'MUQSºÅ�È»�ISGjuJE¶_gISE�cpujGjº$GjQSR¤h
e¹ºSE¶sHe8QL_gogefuJujEno�cpEHEHh
GjQ$RfuJC
uJGJqË_ac|_gISE¶KSmSm�EHo�uJGjh
GJ_.e8q{_aI$E¥uJGjQSEHM8o|q}EHEnºS¨'M8stk+sHefQ]_gogefu&cpC�cA_aEHh:»�GJ_gIFq}EnEHº$q}efoA»|MUogºbsnefh
m�EnQ¹T
cgMU_aGJefQÅ�S_aI$E¥GJh�mSuJEHh
EHQ]_tM�_aGje8QÀGjQSº$KSsHEnc�e8_gISEHo�GjcpcgKSEnc�cpKSstI�M8c4sdM8opEnq}KSu&cAC¹cA_aEnhÖGJºSEHQ]_gGJ×'sHMU_aGJefQ
M8Q$ºÀef¨ScpEHopx8EHo|º$EHcgGJRfQÅ�¹M8QSº¿_gISE�_gKSQSGJQSR�e8qÉ_aISE�sHefQ]_aopefu�m'M8oaMUh�E�_aEHopc.GJc�QSeU_|M¥_gogG`x¹GjM8uS_tMUcgkÈ¯rÃÄ_
GJc�snefQSsHuJKSºSEnºÀ_aI'MU_|M¥q}EHEnº$q}efoA»|M8opº�sHefh
m�EHQScgMU_aGJefQ¿GJQÀM8ºSº$GJ_aGJefQ¤_ae�M�opef¨SKScA_\ujGJQSEdMUo)q}EnEHºS¨SM8stk
snefQ]_aoge8ujujEno�GjcÁM�h
Gjº¹TÄm�e8GjQ]_�¨�En_y»�EHEnQZQSefQ$ujGjQ$EdM8o�snefQ]_aopefujuJEHogc�M8QSºÏujGjQ$EdM8o�opef¨SKScA_¶sHefQ]_aopefujuJEHopc
GJQ¢_aEHoph�creUq�_gISE\EdM8cpE�e8qÉGJh�m$ujEHh
EHQ]_aMU_aGJefQ¢M8Q$º¤_gISE�Gjh
mSoge«x8EHº¤sHefQ]_gogefuScAC�cp_aEnhÕm�Enopq}efoph¿MUQSsHEU¯
��K¹_aefQSe8h�efK$c¶q}efuJuje«»�GjQ$R+eUq\ISEdMdxLCÏxfEHI$GjsHuJEHc¥I'M8c¥_gISE¿m�e8_gEHQ]_aGjM8ur_aebR8ogEdM�_auJCÍopEHºSK$sHE�_gISE

snefcp_gc�e8qOefm�EHogMU_aGJQSR�mSu~M�_ae�efQSc\e8q=_aopKSstkLcH¯.ÃÄ_�M8uJuje«»�c\efQSE�x8EHISGJsHujE�_ge¤q}e8ujuje«»¬M8QSeU_aISEno�M�_�snujefcpE
ogM8QSRfEU��GjQSsnogEdMUcgGjQ$R�_gISE�R]M8c�h
GjuJEdM8R8E�e8qX_aopKSstkLc¶»�G`_aISGJQ�_aISE�mSujMU_ae�efQÍM8Q$º;MUujujE�x�G~MU_gGjQSR�cgefh
E
mSopef¨SuJEHh
c¢ogEnu~MU_gEHºØ_aeÍºSopGJxfEno¢qÞMU_aGJRfKSEÍ¼}EHRS¯C7ç�Æ���|�d�S�|�«�D8~¾�¯Ø�Ûu~MUcgEHo�cgsdMUQSQSGjQ$R;ogM8º'M8o¢K$QSGJ_H�
h
efKSQ]_aEnº;e8Q;_aI$E
q}opefQ]_¥eUq._aI$E
_goaM8s�_aefon�OGJc�KScgEnº,_ae+ºSEn_gEHoph�GJQSE�_aISE
ogEnu~MU_gGJxfE¤m�efcgG`_aGJefQÏM8QSº
CfM«»^eUqÅ_aISE�mSogEnsHEnºSGjQSR¶_aogM8GjuJEHoH�]_gISEHopEH¨]C
EHujGJh�GJQ'MU_gGjQSR�_gISE�Q$EHEHºÀq}e8o�M¶oge]MUº¿GjQ¹q}oaM8cA_aogK$sn_aK$ogE4GjQ
_gISEÁu~MU_gEHoaMUuÉsHe8QL_gogefu�eUq"mSujMU_ae�efQScn¯
N\ISE�ºSE�xfEnujefmSh
EHQ]_\eUq&cgGjh
mSuJE�M8K¹_aefQSe8h�efK$cXq}efuJuje«»�GjQ$R¥ujMU_aEnoaM8u�sHefQ]_gogefuÈ_aEnstISQSGjáLKSEnc\»�GJ_aI�T

efK¹_�GjQ]_gEHoATÇxfEnISGjsnujE�snefh
h¢KSQSGJsdMU_gGjefQFGjc�GJQ]xfEHcA_aGJR]MU_aEnºÅ¯�ÃÄ_�GJc�M8cpcgKSh
EHº�_gI'MU_�_gISE¢uJefQSRfG`_aKSºSGJQ'M8u
snefQ]_aoge8uÅe8q&_aISE�x8EHISGJsHuJEHc|»�GJ_gISGjQ�_aISE�mSujMU_ae�efQÀGJc\M8uJogEdMUº$C¿GJQ�mSu~MUsHE8¯rN=oaMUstk�GJQSR¢_aI$E�mSogEnsHEHº$GjQSR
_goaM8GJujEHonµ·c�_aoaM«±pEHsn_gefopC�»�G`_aI�_aI$E¤q}e8ujuje«»�GJQSR¿_aogM8sn_gefoHµàc¥z\ë°GjcÁGjQ$GJ_aGjM8uju`C�ºSGJcgsHK$cgcgEnºÅ¯¿N\I$E�opEnq}EHo@T
EnQSsHEÀ_goaMÆ±pEnsn_ae8opC;Gjc�¨SM8cgEnº²e8Q,_aISE¿h�EHM8cgKSopEHºÂogEnu~MU_gGJx8E�m�efcgG`_aGJefQ,e8q\_gISE�mSopEHsHEnºSGjQ$R�_aoaMUGjujEnoH�
M8Q$ºÂ_gISE�m�Enopq}efoph¿MUQSsHEÀeUq�uJGjQSEHM8ogu`C;GJQ]_aEHopm�e8u~MU_gGjQSRb_gISE�ogE�q}EHopEHQSsnEFGJc�sHefh
m'M8opEHºZ_ae�_gI'MU_¤e8q
snefQScp_aM8Q]_
sHKSoAx8M�_aKSopE+GJQ]_aEHopm�e8u~MU_gGjefQÅ¯ÏN\ISE�ogEnu~MU_gGJx8EÀC]Md»ÜGJc�KScgEnº¦_aeÍmSope�±pEHs�_¤_aISE�m�efcgG`_aGje8Q
e8qX_aI$E¿�Æ_aIÍ»�ISEHEnu�¼}ISGJ_gstIÈ¾�e8qX_aISE¤mSopEHsHEnºSGjQ$RF_aogM8sn_gefoH��R8GJx�GjQSR+M�ogE�q}EHopEHQSsnE
_goaMÆ±pEnsn_ae8opC�_aISMU_

�



EnujGjh
GjQSMU_aEncX_gISEÁe8³�_goaM8stkLGJQSR�¨�EnI'Mdx�Gjefo\e8q&_gISE�_aoaMUGjujEnoH¯=Y^ISGjuJE�_aISGJc|_yC�m�E�e8qOsHe8QL_gogefuÉh¿MdCÀQ$e8_
¨�E¿q}KSuJuJCÍGjh
mSuJEHh
EHQ]_tM8¨$ujE¤ºSKSEÀ_ge�m�e�efo¥h�EHM8cgKSopEHh
EHQ]_�opEHcge8ujK$_gGjefQZeUq\_aISE�opEHu~M�_aGJx8E�CfM«»Á�)G`_
cpISe«»�cX_gISE\Gjh
m�e8op_tMUQSsHE|eUq�_goaM8stkLGjQ$RÁ_gISE\ogE�q}EHopEHQSsnE4_goaMÆ±pEnsn_ae8opC�RfEnQSEHogMU_aEnº�¨]C¤M�m�efGjQ]_re8Q¤_gISE
mSopEHsnEHºSGJQSR�x8EHISGJsHujEÁ»�GJ_gI+_gISE¶caM8h
E¥m�efGJQL_4efQ�_aI$E¥q}efuJuje«»�GjQSR¢x8EHISGJsHuJE8¯|N\ISE¶ºSGJcgsHopEn_gE�cp_gefoaMURfE
e8qr_gISE�m$ogEHsnEHºSGJQSRÀ_aogM8GjuJEHo\_aogMÆ±pEHs�_aefoACbGJc�M8uJcgeÀ¨$ogGjE�ESC+ºSGjcpsHKScpcgEnº;MUujefQSR
»�GJ_gIb_aISE�m�efcpcgGJ¨SGjuJGJ_yC
e8qOKScpGjQSR�_aI$Gjc|_aogMÆ±pEHs�_aefoAC+M8c�M¤ogEnq}EnogEnQSsHEÁq}efo|_aI$EÁq}e8ujuje«»�GJQSR�_aogM8GjuJEHoX_ae¤_aoaMUstk�¯
N\ISE�ogEnh¿MUGjQSºSEno¢e8q�_aI$Gjc¢opEHm�efop_¤GJc¢efogRfM8QSGjinEHºÂM8c¢q}e8ujuje«»�cn¯;l�EncgGJRfQØe8q�_aISE�ºSG`³ÉEnogEnQL_gG~M8u

¨SogM8kLGjQSR
sHe8QL_gogefuJujEno4GJc�mSogEncgEHQ]_gEHº�GjQb½¹Ensn_aGJefQ���»�GJ_gIFsnujefcpEHº¹TÄuje�efm�cgGjh�KSu~MU_gGjefQ�opEHcpKSuJ_gcH¯4½¹Ens�T
_gGjefQ¿��mSogEncgEnQL_gc\_aISE�º$EHcgGJRfQÀe8q�q}EnEHº$q}e8op».M8ogº�sHe8h�m�EHQScgMU_ae8ogc|MUQSº�GJ_�GjcX_aEHcA_aEnº+¨]C¿cgGjh�KSu~MU_gGjefQ
GJQÀsHefh�¨SGjQ'M�_aGje8Q
»�G`_aI�ujGJQSEdMUo�opef¨SKScA_|q}EHEnºS¨'M8stkÀsnefQ]_aopefujuJEHoH¯{z.efh
m'M8oaM�_aGJx8E�EÎÌ$m�EHopGjh
EHQ]_tMUuÉogEÎT
cpKSuJ_"e8qÈujGJQSEdM8o=M8Q$º�QSefQSuJGjQSEHM8oOopef¨SKScA_{snefQ]_aoge8ujujEnogc"M8ogE�mSogEncgEHQ]_gEHº
GjQ�½�EHsn_gGjefQ��S¯"��K$_aefQ$efh�e8KSc
q}efuJuje«»�GjQ$R¢sHefQ]_gogefu�GJc\ºSEHcpsHogGJ¨�EnºFGJQF½¹EHs�_aGje8Qb��¯)�"GjQ'MUujuJC8�S½�EHsn_gGjefQGF�RfGJx8EHc\_aI$E¶snefQSsnujKScpGjefQScn¯
H I 2 ã � ä � JK2$2
¡-4�� 0  ¥�{�L4 �À�{����¡X� 0NM   0 4 OÚ�:PØ��¡r� 0 �{�H RQ

S ¡r RT�� 0NM JK2 0 �{¡32UQ
VXWZY 9Ï#=<�>A?&(@#Ù*Z��-.�S%'��(U[ �]\�#=(_^¸>Ä�S<a`b^Z�Û*Z��-.�S%'��(UcL-ed����$�
N=e�GJQL_goge�ºSKSsnE�_gISE4ºSGJ³�EHopEHQ]_aGjM8u'¨SoaMUk�GJQSRÁq}efogsnE�efQ
_aISE4ogEHM8o)»�ISEHEnujcXe8qÅ_aI$E4_goaM8GJujEHo)MUc.M8Q$e8_aISEno
snefQ]_aoge8u�GjQSmSK¹_d�$_gISEÁujGjQ$EdM8opGjiHEnº�sHefQ]_gogefu�h
e¹º$EHuÅGJQb7à�f8&GJc\ogE�q}efogh¢K$u~MU_gEHº+M8cHÊ

gg#h�ikj l mn � op�qsr!tZu pLqsr!twv
xy ikjXz mn �qsr!t 


xy{mn}|
~
xy

z mn �qsr!tZ� t
xy���w� z mn �q�r!tZ� B

xyb��w�
l ���ZikjXz����,�Rz�� t ��w� z�� B ��w��� ¼@�Æ¾

�



»�ISEnogE q � u � v � � t � � B«�ÈM8QSº ikj MUogE�cgI$eÆ»�QFGjQ���m$m�EnQSºSG`Ì�M8QSº

 l

m���n ���X�D� �
��� t �X� � �:���B
� �:���B

x����yN� ¼W�f¾

| Gjc\_gISE¥q}opefQ]_�»�ISEnEHu=cp_gEHEHopGjQSR¿M8QSRfuJE¶M8QSºG~�GJc4_gISE¶ºSGJ³�EHopEHQSsnE�¨�En_y»�EHEHQ�_gISE¶ujEnqË_�M8Q$º�ogGJRfI]_
uJefQSRfG`_aKSºSGJQ'M8uÈ_aGJogE�q}efopsHEHc4MU_\_gISEÁogEHM8o\»�ISEHEnujc�e8q=_aISE�_aogM8GjuJEHon¯

�����!���   í&¡}í&¢�£D¤Þð�¥²ð�¦�¢fð�¥§£«ñÆð�¡�¡}í�ò²ð�¨©£�ª«¨1£Æó
��QSu`C�_y»�e�efK¹_amSK$_gc&sdM8Q¶¨�E)GJQSºSEHm�EHQ$ºSEHQ]_au`C�sHe8QL_gogefuJujEnº�¨LC�_y»�e4sHefQ]_aopefu]GjQ$mSK$_acn¯ON\I$E�MUQ'M8uJC�cpEHc
mSopEHcpEHQ]_aEnºFGJQb7ç�68ÉcgKSR8RfEHcA_4_gI'MU_|_gISE�efK¹_amSK$_�eUq"M�x�GJop_aKSM8uÉujMU_aEnoaM8u�EHopogefo|cpEHQScpefo�uje�sdMU_gEHº�M�_ gk¬
h
En_gEHogc4M8I$EdM8º�e8qO_aISE�_aogM8sn_gefoHµàc\sHEnQ]_aEHo4e8qORfoaMdx�GJ_yC�Ê)GÇ¯àE8¯`�

 ¬ l  �«z g&¬ � � ¼Þ�]¾

GJc�MÁRfe�e¹º¤sHM8QSºSGJº'MU_aE4M8c)_aI$E4×'opcp_�sHefQ]_gogefuJujEHº¤efK¹_amSK$_H¯{N\ISE4x¹GJop_gK'M8uScpEHQScpefo.cpstISEHh
E�mSopEHcpEHQ]_ac
M|_aogM8QScpm'M8ogEnQ]_O_goaM8ºSEne8³¤¨�En_y»�EHEHQ�u~MU_gEHoaMUufEHopogefo=MU_&_aI$E)_goaM8s�_aefonµ·cOz\ë¸M8Q$º¶CfM«»ZoaMU_gEXºSM8h�m$GjQSRS¯
Y^ISEnQ gk¬ Gjc&ujM8ogRfEU��_gISE)x¹GJop_gK'M8u]cgEnQScge8oOGJcOuJe¹sHMU_aEnº¥MUISEdM8º¥e8q$_gISE)q}ogefQ]_O¨SKSh
m�Eno=eUq$_aI$EX_goaM8s�_aefon�
M8Q$º  ¬ h¢KScA_�¨�E¶cpC�Q]_aISEncgGjinEHºbq}opefh°_gISEÁefK$_am$K$_ac4e8q"_gISEÁh¿MURfQSEn_gefh
En_aEnogc4MU_\_gISE¶q}opefQ]_�M8QSº
opEdM8o�EHQSºSc\eUq=_gISE�_goaM8s�_aefon¯{NOe�ISM«x8EÁM�u~MUogRfEno.mSI'MUcgE�uJEdM8º�MUogefKSQ$ºÀ_aISE�snogefcpcATÄeÆx8EHo\q}ogEnáLKSEHQSs�C
e8qO_aISE¶º$C�Q'M8h
GjsÁopEHcgm�efQScpE¥q}opefh | _ae  ¬ � g&¬ l ��A Gjc�stISefcpEHQÅ¯  ¬ EHcpcgEHQ]_gG~M8uJuJC�GJQSISEHopGJ_gc�_gISE
º$C�Q'MUh�GJsHc�e8q�_aISE�_aogM8sn_gefo�efQSu`Cf¯�N\ISE
GjQ¹q}efogh�MU_aGJefQ�MU¨�efK¹_¶_gISE�C]Md»Õh
e8_aGJefQ�e8q�_aISE�_goaM8GJujEHo
sHM8Q,¨�E�e8¨$_tM8GJQSEHºÏq}ogefh _gISE
h�EHM8cgKSopEHh
EHQ]_¢eUq._aI$EÀM8oA_aGjsnKSu~M�_aGje8QÍM8QSRfuJEb¼ �,® ¾Áe8oÁ_gISE¿ujMU_aEnoaM8u
Enogoge8o�MU_4_aISE¶_aogM8GjuJEHo�ogEHM8o�EnQSº²¼  ¬�¯ ¾Î¯�ÃyQ�eU_aISEno�»�efogºScn��_gISEHopE�M8ogE¶_y».e¿m�efcpcgGJ¨SujE¥stISefGjsnEHc4q}efo
_gISE|cgEnsHefQ$º
snefQ]_aopefujuJEHº¢efK¹_amSK$_H�]efo"EnáLKSGJxUM8uJEHQ]_au`Cf�8_y»�e�cgE�_acre8q�sHe8QL_gogefuJujEnº�efK$_gmSK$_rsHM8QSºSGJº'MU_gEHc
M8c�cpISe«»�Q;GJQ�N"MU¨SujE��f¯¥NOe�ºSEnsHGJºSE¢»�ISGjstIÏcgE�_ÁGjc�mSopEnq}EnoaM8¨SuJE¢_aeÀ_gISE¤sHefQ]_aopefujuJEHo�ºSEHcpGjRfQÅ�Å_gISE
GJQSmSK$_gc¥MUQSº,sHM8QSºSGJº'MU_aE¤h
EdM8cpKSogEnh�EnQ]_ac¥M8ogE
cgsHM8ujEnºÏ_geFh�M8k8E¤_aI$E�snefh�mSM8ogGJcgefQÍh
EdM8QSGJQSR8q}KSu
M8Q$º+cpGjh
mSujG`qËC�_gISEÁcgEnujEHs�_aGJefQ�e8qO»�EHGJRfI]_aGJQSR�q}KSQSsn_gGjefQ$c|q}efo\uje�efm¹TÄcgI'M8m$GjQSRS¯°   ¢²±�¡�¤�¥´³ ¬ MUQSº �,® M8opEÀcgsHM8ujEnºZ¨]C  ¬�µ«¶¸· l � � �GA ¼ÞcpGjh
GjujM8ogu`Cbq}efo  ¬�¯ ¾¥M8Q$º �,® µ@¶¹· l � gkº6» ¯FN\ISE

�



N"MU¨SujE¤�fÊXDFGJQSGjh�KShÔcpGjQSR8KSu~M8o�x8MUujKSEnc�q}e8o|_aISE�_y»�e�sHM8QSºSGJº'MU_aE�e8K$_amSK¹_�cpEn_gc

½�En_�¼�eS¯ z|M8Q$ºSGjº'M�_aE ½ ¼ � ¬�¾À¿�¶ �'Á r ¬Â¾À¶¸¾À¿ ¾
sHe8QL_gogefuJujEnº�efK$_am$K$_ac

�  ¬ M8QSº �,® � � �#Ff�
�  ¬ MUQSº  ¬�¯ � � ��F8�

GJQSmSK$_gc|M8opE�cgsHM8ujEnº�¨]C�_gISEHGJo�EÎÌ$m�EHs�_aEnº+ogM8QSRfEnc|e8q&efm�EHogMU_aGJefQÅæ��«� gkº6» q}efo | MUQSº��«��ÃÅÄ:q}efoÆ~
¼ÞM8mSmSope«Ì¹GJh¿MU_gEHu`C¿� � ��F¢eUq=_gGjopE�cguJGjmÀogMU_aGJeL¾�¯rl�EnQSe8_gGjQSR�_gISE�KSQScpsdM8uJEHº+º$C�Q'M8h
Gjsnc|¨]CÈÇ� ¼�ÉÆ¾��¹_gISE
cpsdM8uJEHº+QSefh
GjQ'M8u�mSu~MUQL_H� � ¼�ÉÆ¾��SGJc\RfGJx8EHQ+¨]C� ¼�ÉÆ¾ l v r!t¿ Ç� ¼�É�¾ vRÊ � ¼}�L¾

»�ISEnogE v ¿ l mn � � � �
� Ë¯'Ì

xy
¼}q}efo{½¹En_\�«¾Oefo

mn � � � �
� � � �

xy
¼}q}efor½¹En_X�8¾OM8QSº vRÊ l mn Ët�Í �

� �«� Ã
xy
¯

°   £dí&±Sò&îÏÎaó:£�±Ð£«í>Ñ,ð�ò&í&¡
½¹GJQSsHE\_gISE�º$C�Q'M8h
GjsHcrq}opefh | _ae  ¬ GjQSsnujKSºSEnc)ºSefKS¨SuJE�TÄGjQ]_aEnRfoaMU_gefo{º$C�Q'MUh�GJsHcH�LG`_ac)cp_gEdM8º$C]TÄcp_tM�_aE
¼ � ¬Â¾À¿�¶ �¹Á r ¬�¾À¶¹¾À¿ ¾\Gjc4M8QSM8uJC�iHEnºF¨]C+cgE�_g_gGjQSRÒÉ l �«� r Ì GjQScA_aEHM8ºFeUq{ujE�_g_gGjQSRUÉ l �¤GjQ�_aISE�_aogM8QScAq}EHo
q}KSQ$sn_aGJefQScn¯¿Y^GJ_gIÏ_gISEÀM8¨�e«xfE
cgsHM8ujGJQSRS�&_aISE
cp_gEdM8º$C]TÄcp_tM�_aE¿h
e�ºSEHuW�  ¶ZÓÔÓ lÕ� ¶¸ÓÖÓ � ¼}»�I$EHogE  ¶¸ÓÖÓ
snefQ]_tM8GJQSc|M8uJu�_gISE�sHM8QSºSGJº'MU_aE�efK$_gmSK$_acn�SGÇ¯àE8¯  ¶¸ÓÖÓ l 7  ¬ �,®  ¬�¯ 8 � ¾XM8QSºÀ_gISE�sHe8ogogEncgm�efQSºSGJQSR
[\ë�� ¼W[�EHujMU_aG`xfE¶ëÁM8GjQ���ogogM«C$¾ÄTyh�MU_aopG`Ì}7·�f�D8Ç��× l�� ¶¸ÓÖÓ�Ø ��Ù¶¸ÓÔÓ � �'MUogEÁRfGJx8EHQ�¨]C

� ¶ZÓÔÓ l
m���n p � � �L� º �«� � � F$� º �8�p � � �8�]� � � F$�f�p � � �L� º �«� � � F$� º �8�

x����y ¼W�f¾

×�¼ � ¶¸ÓÖÓ ¾ l
m���n p � � �]� º �8� � � �]� º �f�p � � ��Ff� � � �Æ�8�
� � �]� º �f� p � � �]� º �f�

x����y ¼�F]¾

F



»�ISEnogE Ø ºSEHQ$e8_aEnc4_gISEÁEHujEnh�EnQ]_pTy¨]C]TyEnujEnh�EnQL_4h¢K$uJ_aGJmSujGJsdMU_gGjefQÉ�LM8QSºÛÚÁGJc|_aISE¶mScgEnKSºSeUTÄGjQ]xfEnogcpE8¯
N\ISEÁcpGjQSRfK$u~M8o.xUM8uJKSE�ºSEnsHefh
m�e8cgGJ_gGjefQ�eUq � ¶ZÓÔÓ GJc\RfGJx8EHQ+¨LC

� ¶¸ÓÖÓ l�Ü«Ý�ÞßÝ�à�áÝ � ¼W�f¾

»�ISEnogE

Ü«Ýâl
m���n p � � �«�]� p � � �8�]� p � � F²F²F

� p � � �8�L� � � �f�f�p � � �«�]� � � �8�]� � � F�F
x����y ¼Þ�]¾

ÞßÝâl
m���n � � �²F º �d� �

� � � �]�8�
� �

x����y ¼Þ�]¾

à!Ýãl mn � � �f��F p � � �f�$�p � � �f�$� p � � �f�²F
xy � ¼A�d�]¾

N\ISE�_gISogEnE¥opeÆ»|TÄcgKSh
c�e8q=_aISE¶[\ë��4TÄh¿MU_gogGçÌ¿GJQ;¼�F]¾|M8opE
×Xä læå � � �f�fF � � �f�8� � � �f�fFÛç � ¼A�8�Æ¾

N\ISGJc�GJQSºSGJsdMU_gEHc)_aI'MU_�efK$_gmSK$_gc���MUQSº��¿¼  ¬ M8Q$º �,® ¾�¼}sHefopogEncgm�efQSºSGJQSR¥_ge¥_aI$E�_y»�e¢u~M8opRfEHcA_XEHujEÎT
h
EHQ]_ac�GJQÏ¼A�f�Æ¾p¾.cgISe8KSujº�¨�E�cgEHuJEHs�_aEHº+_ae¤h�M�Ì¹Gjh
GjiHE�_aI$E¶m$oge�±pEnsn_aGJefQ�e8q=_aISEÁcgEnujEnsn_aEnºFe8K$_amSK¹_ac
efQ]_ge�_gISE¤cgm'MUsHE
sHefopogEHcpm�e8QSºSGjQ$R�_ge+_gISE�_y».e+QSefQ�TyiHEnoge�cgGJQSRfKSujM8o�xUM8uJKSEHcn¯U¼4e8_aGJsHE¢_gI'MU_ÁefK$_AT
mSK¹_ac4��M8QSº+��¼ �w® M8Q$º  ¬�¯ ¾�M8ujcpe�RfGJx8EÁM¢u~M8opRfE�mSope�±pEHs�_aGje8QÅ¯)ª�e«»�EnxfEnoH�È¨�e8_aI�efK$_gmSK$_gc\GjQSISEnogG`_
_gISE�ujMU_aEnoaM8u�GJQ$q}efogh�MU_gGjefQ�e8q{_gISE¥_goaM8GJujEno4e8QSuJC8��MUQSºb_aI$EHGjo4sHe8h¢¨SGjQSMU_aGJefQFGJc�Q$e8_�M8m$mSogefm$ogG~M�_aE8¯
�'KSoA_aISEnogh
efogEU�Å_aISE¤cpC�cA_aEHhèISM8c¶M�ujM8ogR8E¢sHefQ$ºSGJ_gGjefQ�QLKSh¢¨�EHo�¼}cgEHEF¼Þ�]¾g¾Î��¨�EnsdM8KScpE
_gISEHopE¤GjcÁM
ºSe8KS¨SujEÎTyGJQL_gEHRfogMU_ae8o�GjQ�_gISE�_aogM8QScpq}Eno�q}KSQSs�_aGje8QÅ¯�N\ISGJc�Gjh
mSujGJEHc4_aI'MU_�_aISE¤cpC�cA_aEHhèGJc�cgEnQScgG`_aG`xfE
_ge
K$QScp_gogKSs�_aKSopEHºbGJQSmSK$_4KSQ$sHEHoA_tM8GJQ]_aGjEnc\GJq"M8Q�GjQ]xfEnogcpE�Ty¨SM8cgEnº�sHefQ]_gogefuJujEHo.Gjc\KScpEHºÅ¯

N\ISE)cgEnujEnsn_aGJefQ�e8q�efK$_gmSK$_gc=cpISefKSuJºÁM8ujcpe\sHefQ$cgGjº$EHoÅ_aI$Erh�GJQSGjh¢K$h�cpGjQSR8KSu~M8o�xUM8ujKSE@½ ¼ � ¬�¾À¿�¶ �'Á r ¬�¾À¶¹¾À¿ ¾�¯
�ÙujM8ogR8E�h
GjQSGJh¢KShÛcgGJQSRfuJK'M8o�xUM8uJKSE¢GJc�mSogE�q}EHopogEHºÉ��GÇ¯àE8¯`�É_aISE�stI$efGjsnE¢e8qXefK$_gmSK$_ac  cgI$efKSujºÍ¨�E

�



Fa1

Fa2

Fa3

Fa4

Fa5

Fa6
�"GjRfK$ogE¢�fÊ)l�E�×'QSG`_aGje8Q�e8qO_gGjopE�ujefQSR8GJ_aK$ºSGjQ'MUu�q}efopsHEnc

cpKSstI�_aI'MU_�_aISE¥GjQSm$K$_ac � ISM«x8E¤M¿u~MUogRfE¶En³�EHs�_�efQ  ¯���c�cgISe«»�QÍGjQbN"M8¨$ujE¿�8��_gISE¢h
GjQSGJh¢KSh
cpGjQSRfK$u~M8o.xUM8uJKSE�e8q � ¬Â¾À¿�¶ �'Á r ¬Â¾À¶¸¾À¿ Gjc\ujM8ogR8EHo|q}efo4½¹E�_¶�f¯
�'ogefh _gISEÀMU¨�e«xfEÀM8Q'M8u`C¹cpGjcn�"GJ_Á».M8c¢snefQSsHuJKSºSEnº,_aI'M�_¤½¹E�_À�¿GJc¥_gISE¿¨�EHcA_¢stISefGJsHE
q}efo¶_gISE

snefQ]_aoge8ujujEnº�efK$_gmSK$_acn¯)N\I'MU_4Gjcn�  laå  ¬ �w® ç � � ¼A�«�f¾

VXW'V è �$%'!"�S#1é)3å/Î�X%ê*Z���X%!\Á>p-�!"�$#1\ è �$#&#&%È>p-LéÔ!)-L\ëê²%'!3ì4>A-Lé:*,��-|�$%'��(
���í����� î ík±Sñ¿ïUï&í�í&¡|ó:ªrí�í�ò�óHí&¥=óHðÈñ�ó
ð�¥�£Dï&íG£«ñD±!¤�¡}í�ñ
½¹K$mSm�e8cgE�_gI'MU_X_aISE4ogEHM8o)»�ISEHEnu�cpm�EnEHºÀcpEHQScpefogcÁ¼}ujE�qË_.MUQSº¿opGjRfI]_Î¾rM8opE�GJQScp_aM8ujuJEHº¤efQ
_aISE4_aoaMUGjujEnoH�
»�ISGJstI¤Gjc"_gISE\sdM8cpE|»�ISEHQ¤_aI$E|_aoaMUGjujEno"GJc{EHáLKSGJmSm�Enº�»�GJ_aI¤MUQ���Q]_aGçTyuje�stk¥B.oaM8kUE4½�C�cp_gEHh:¼}��B\½S¾Î¯
DFeU_aGJxUMU_gEHºÀ¨]C�_aISE�»�efopk�GJQ�z.ISEHQ+M8Q$º�NOefh
GjinKSk�M%7 �f�68W�¹_gISE�sHe8QL_gogefuÉM8ujR8efogG`_aIShÕGJc.ºSEncgGjR8QSEHº
GJQ¶_y»�e�cA_aEHm$cH¯{ÃyQ¶_aISE)×'ogcA_"cA_aEnmÅ�U_gISE�º$EHcgGJogEnº�cp_gEHEnogGjQ$R�sHe8h�h�M8QSºÅ� | � �UM8QSº¶_aISEXºSEncgGjopEHº¥ºSGJ³�EHo@T
EnQL_gG~M8u$¨SoaM8kLGJQSR�q}efogsnE8�²~ � ��M8opE\ºSEn_gEHoph�GJQSEHº¤¨]C�_aISE]
 �^uje�efm¹TycpI'M8mSGJQSR�snefQ]_aoge8uSh�E�_aISe�ºSefuJefR8C7 �f8W¯@~ � GJc)RfGJx8EHQ¿¨]CUð ¶¸Ì � p ð ¶ Ã � �]»�ISEHopEeð ¶ Ã � M8QSºÒð ¶¸Ì � MUogE�_aISE4ºSEHcpGjopEHºÀuJefQSRfG`_aKSºSGJQ'M8u�q}efogsnEHc
MU_�_aISE�uJEnqË_�MUQSºÂogGjR8IL_¥»�ISEHEnujc¤e8q�_aI$EÀ_aoaMUGjujEnoÀ¼}cgEnEF�OGjRS¯Ø�Æ¾n¼�ð ¶¸ñ �)q}e8oRò l �Góå�S�XM8ogE¿_gISE
uJefQSRfG`_aKSºSGJQ'M8u$q}e8ogsHEnc\MU_�_aISE4q}ogefQ]_\MUQSºÀogEHM8o�»�I$EHEHuJcÁ¼ÞuJEnqË_.M8QSº�opGjRfI]_Î¾re8qÅ_gISE�_goaM8s�_aefo.M8QSº�M8opE
M8cpcgKSh
EHº¥_ae�¨�EXiHEHopeL¾�¯{½¹GjQ$sHEXð ¶ Ã � MUQSº_ð ¶¸Ì � M8opE.¨SogM8kLGjQSR�q}efogsnEHcn�8_aISE�C¥M8sn_"GjQ¥M�ºSGJogEHs�_aGJefQ¥e8m¹T
m�efcgG`_aE\_ae¶_aISE�h�eU_aGje8Q
eUqÅ_aISE�»�ISEnEHujc�¼ÞºSE�×'QSEnº�M8c�Q$EHR]MU_gGJx8E«¾�¯ô~ � ��ISe«».E�xfEHon�'sdM8Q�¨�E4m�efcgG`_aGJx8E
efo�QSEHRfMU_aG`xfE¤¼}sHefKSQ]_gEHoATÄsHuJe¹stk]»�GjcpE�ogeU_tMU_gGjefQ�efo.snuje�stkL»�GJcgE�ope8_tM�_aGje8Q¿M8opefKSQSºÀ_gISE�×SqË_gI¿»�ISEnEHuË¾Î¯

�



ÃÄq{_gISE�º$EHcgGJogEnº�ºSGJ³�EHopEHQ]_aGjM8u�¨SogM8kLGjQSR
q}efogsnE�Gjc4m�efcgG`_aGJx8E8�ÈGÇ¯àE8¯Å~ �)õ �$�'_gISEHQ}ð ¶ Ã � l p ~ � M8QSºð ¶ZÌ � l �$¯|��Q�_aI$E¥e8_gISEHo4I'M8Q$ºÅ�ÈGJq@~ �eö �$��ð ¶ Ã � l �¿MUQSºÛð ¶ZÌ � l ~ � ¯.ÃyQF_gISE¶cgEHsnefQSº�cA_aEnmÅ�
_gISE�¨$oaM8kLGjQ$R¥_ae8ogáLKSEHcn�Ð÷ Ã M8Q$ºÒ÷ Ì �$M8opE�º$En_aEnogh
GjQSEnº�_ge�RfEnQSEHogMU_aE�_aISE�ºSEHcpGjopEHºÀ¨SogM8kLGjQSRÁq}efopsHEHcn�ð ¶ Ã � MUQSºøð ¶¸Ì � �S¨]C�K$_gGjuJGjiHGJQSR¥_gISEÁ¨'M8stkfTycA_aEnmSmSGjQ$R¿ºSEncgGjR8Q+h
En_gISe�ºSefuje8R8C}7à�8�f8W¯
N\ISE¶º$C�Q'M8h
Gjsnc\e8qO_gISEÁG`TÇ_aIÀ»�ISEnEHu&Gjc

o�ù �ú ñ l p ð ¶¹ñ�û z ÷ ñ � ¼A�d�]¾

»�ISEnogE ú ñ Gjcr_gISE�MUQSRfKSujM8orxfEHuJe¹snGJ_yC¤e8q�_aISE4»�ISEHEnuÇ� û Gjc)_aISE4oaMUºSGjKSc)e8qÉ_aGjopE8�&ð ¶¹ñ GJcr_aISE4¨SoaMUk�GJQSR
q}efopsHE�RfEnQSEHogMU_aEnºÀMU_r_gISE\_aGjopE�üUR8ogefKSQ$º
cpKSopqÞMUsHE8�¹M8QSº ÷ ñ GJc{_aISE�¨SogM8kLGjQSRÁ_aefopáLKSE4M8mSmSuJGjEHº
MU_r_gISE
¨SogM8k8EÁºSopKShÜe8qO_aISE�»�ISEnEHuW¯rN\ISE¥uJGjQSEHM8o._gGjogE�q}e8ogsHEÁsHM8Q�¨�EÁogEnmSogEncgEnQL_gEHº�MUc

ð ¶¹ñ l � ÓÔ¾�ý�ñ � ¼A�H�L¾

»�ISEnogEe� Óþ¾ GJcX_gISE�uJefQSRfG`_aKSºSGJQ'M8uScA_aG`³ÉQSEncgc�e8q�_aISE4_aogM8GjuJEHoHµàc)ogEHM8o�»�ISEnEHuW�$M8Q$º ý!ñ Gjc)_aISE4_aGJogE4cgujGJm
ogMU_aGJe�ºSEn×'Q$EHº�MUc ý!ñ l ú ñÿû p == ¼A�«�f¾

GJQ�_gISEÁ¨SoaMUk�GJQSR¤sdM8cpE8¯�z.efh¢¨$GjQSGJQSR+¼A�«�f¾��&¼@�d�L¾��SM8QSº,¼A�Æ�f¾.R8GJxfEnc�ð ¶¸ñ l � Óþ¾ ¼ p ú ñ�û= B �= z ûo�ùÐ= ¼ p � ÓÔ¾�ý�ñ û z ÷ ñ ¾g¾ � ¼A� F]¾
¼4e8_aEb_gI'MU_%~6Gjc¿ºSEn_gEHogh
GjQ$EHº�¨]C _gISE�¨SogM8kLGjQSRZq}efopsHE}ð ¶¸ñ �4»�ISGJstI�sdM8Q^¨�E�M8º�±pK$cp_aEnº^efQSuJC
_gISogefK$RfI1¼@��F]¾��.GÇ¯àE8¯`��_aI$Eb¨SogM8kLGjQSRÏ_aefopá�K$E8�X÷ ñ �|GJc
_gISE�M8s�_aK'MUu4snefQ]_aopefu�GjQSmSK¹_d¯ ÷ ñ h¢KScA_À¨�E
M8ºÆ±pKScp_gEHº²cge�_aI'M�_¢_aISE�ºSG`³ÉEnogEnQSsHE�¨�En_y»�EHEnQ�~ � M8QSº<~°Gjc¢¨SopefKSRfI]_�_geÏinEHopeS�r»�ISGjstI²Gjc�_gISE
h�M8GjQ�GJºSEdM�e8qO¨'M8stkfTÄcp_aEnmSmSGJQSRS¯)N|».e
QSE�»7xUM8ogGjM8¨SujEncH� � t M8QSº � B«�'M8opEÁºSEn×'Q$EHº�MUc� t l ð ¶ Ã p ð ¶ Ã � ¼A�«�f¾

M8Q$º � B l ð ¶¸Ì p ð ¶¸Ì �f� ¼A�d�]¾

opEHcgm�EHs�_aG`xfEHu`Cf¯�l�G`³ÉEnogEHQ]_gG~MU_gGjQSRÏ¼@�Æ�f¾�M8QSº¸¼A�«�]¾Î�=M8QSº,K$cgGjQ$RZ¼@��F]¾�� �� t z�� t � t l �FMUQSº �� B z� B � B l �¤M8opEÁef¨$_tMUGjQSEnº+¨]C�stI$e¹efcpGjQSR÷ Ã l � ÓÔ¾Âý Ã z o ù&=û ¼ ú Ã û= B �= z �� Óþ¾ ¼ �ð ¶ Ã � p � t � t ¾p¾ ¼A�d�]¾

�



M8Q$º ÷ Ì l � Óþ¾�ý!Ì z o�ùÐ=û ¼ ú Ì	û= B �= z �� Óþ¾ ¼ �ð ¶ZÌ � p � B � B�¾g¾ � ¼Ç�U�]¾

N\ILKScn� � t M8QSº � BbsdM8Q¬¨�EÏ¨Soge8KSRfI]_F_ge¦inEHope ¨]C�stISe¹e8cgGjQ$R¦m�efcgG`_aG`xfE � t M8QSº � B«��GÇ¯àE8¯Õ~
M8m$mSoge]MUstISEHc$~ � ¯ ¼4e8_aGJsHE�_gI'MU_�_aI$EHogEÍEÎÌ$GJcp_�KSQ$sHEHoA_tM8GJQ�_gEHoph�c�GJQ¸_aISEncgEÏEHáLK'MU_gGjefQScn¯ÕN\ISE
QSe8h�GJQ'M8uOxUM8uJKSEHcÁe8qX� ÓÔ¾ �OMUQSRfKSujM8o�xfEnuje�sHGJ_yC�e8q�_gISE
ogEdMUoÁ»�I$EHEHu)e8q�_aISE�_goaM8GJujEHo�¼ ú Ã MUQSº ú Ì ¾Î�
ºSEncgGJogEHº�ujefQ$RfGJ_gKSºSGjQSM8u¹q}efopsHEnc�¼�ð ¶ Ã � M8QSº%ð ¶ZÌ � ¾Î�¹MUQSº � t � � B|M8opE�K$cgEHº
_ae�M8mSmSope«Ì¹GJh¿MU_gEX÷ Ã M8QSº÷ Ì GJQÀ¼@�«�]¾�M8QSº¿¼Ç�8�f¾�¯=��mSmSopedÌ$GJh¿M�_aGje8Q¶Enogopefogc=GjQ¶ºSEn_gEHoph�GJQSGjQSRX÷ Ã M8Q$º;÷ Ì M8c�»�EHuju�M8c=º$C�Q'M8h
Gjsnc
M8Q$º+K$QSsHEnop_tMUGjQ]_aGJEHc�GjQ�_aI$E¶¨$oaM8kUE¥cpKS¨ScpC�cA_aEHhÖM8opE�_aogEHMU_aEnºbMUc\KSQSh
e¹ºSEnujEnº+º¹C¹QSM8h�GJsHcn¯

���í���ÿ� � ñD±��Èí}¡�¤�¥&íGª=ñÆí¹óHó ¨=ñÆí�óníÐ¥=óHðÈñ�ó
ÃÄqÁ_aI$Eb_aogM8GjuJEHo
Gjc¿Q$e8_�EHáLKSGJmSm�EHº�»�GJ_gI¸��B\½��|cgm�EHEnº�cpEHQScpefogcÀq}e8o¿_aISEbogEdMUo¿»�ISEHEnujc�e8q�_gISE
_goaM8GJujEHo\cpISefKSuJº�¨�E¥GJQScp_aM8ujuJEHºÅ¯\��Q�M8uJ_gEHopQ'MU_aG`xfE�».M«C+_ae�ºSEHcpGjRfQF_aISE¥¨SoaM8kLGJQSR¿snefQ]_aoge8ujujEno�Gjc�_ae
KScpEÁ¨SoaM8kUEÁujGjQ$E�mSogEncgcpKSogE¶cgEnQScgefopcH¯Æ¼�e8_gGjsnE�_aI'MU_._aISEÁ¨SogM8kLGjQSR�_ae8ogáLKSE�Gjc�MUsn_aKSM8uju`C¿snefQ]_aoge8ujujEnº
¨]C�_aI$E�¨SogM8kLGjQSR
mSogEncgcpKSogEÀ¼WM8GJo4e8o4I]C�ºSogM8KSujGJs¶_yC�m�E«¾\E�Ì¹EHoA_aEnº�efQbM
h�e«x�GjQ$R
ope¹º+_ae
RfEHQ$EHoaM�_aE
M�¨SogM8kLGjQSR¢_gefogáLKSE¶M8R]MUGjQScA_\_aISE�»�ISEnEHuW¯��OujGjstkÛ7à�8�f8�snefQSºSKSs�_aEnº�M8Q�E�Ì¹m�EHopGjh
EHQ]_tM8u�E�xUM8ujK'M�_aGje8Q
e8q=¨SogM8kLGjQSR�m�EHoAq}efogh�M8QSsnE�efQ�M¢cpGjh
Gju~MUo)_gEHcA_\xfEHI$GjsHuJE8¯XB|M8cpEHº�efQÀ_gISefcgE�opEHcpKSuJ_gcH�$_gISE�¨SoaMUk�GJQSR
q}efopsHE¶M8QSº�_gISEÁmSogEncgcgK$ogE¢MUogE�ogEnu~MU_gEHº�¨]C�Ê

ð ¶�� �8�f�f� � �È¼
	 p � � �8�L�f¾ ¼Ç���Æ¾

»�ISEnogE�ð ¶ 7ÔÄ58ÉGJc)_gISE�¨$oaM8kLGjQ$R¶q}efopsHE�M8QSº�	Ò7��� û 8�Gjc)_aISE�sHefQ]_gogefuçTyujGJQSE|mSopEHcpcgKSopE8¯)��c�ºSGjcpsHKScpcgEHº
GJQ,_aISE�m$ogEnx�GJefKSc¢cpKS¨ScgEnsn_gGjefQÅ�)_aI$EÀºSEHcpGjopEHºÂ¨SoaMUk�GJQSR�q}efopsHEHcn�-ð ¶ Ã � M8Q$º ð ¶¸Ì � �)M8opEÀef¨$_aM8GjQ$EHº
¨]C�_gISE�
�� sHefQ]_gogefuJujEHo�M8QSºÍ_aISEnogEnq}e8ogE8��_gISE¤sHefopogEHcpm�e8QSºSGjQ$RFºSEncgGJogEHºÏ¨SogM8k8E
ujGJQSE¢mSopEHcgcpKSogEncH�	 Ã � M8QSº�	 Ì � ��sdMUQ�¨�E¥sdM8uJsHKSujMU_aEnºb¨]C,¼Ç�¹�Æ¾Î¯�N\I$E¢º$C�Q'M8h
Gjsnc�¨�En_y»�EHEHQ�_gISE�snefh�h�M8QSºF¨SoaMUk8E
mSopEHcpcgKSopE\M8QSº�_gISE.h
EdMUcgKSopEHº¢¨SogM8k8E.mSogEncgcgK$ogE|sHM8Q¢¨�E|M8mSm$ogedÌ¹Gjh�MU_aEnº¢M8c"M4×'opcp_pTÄefogº$EHo"cAC�cp_aEnh
¼Þ� � � É º�� ogGJcgGJQSR¢_aGJh�Ed¾X»�GJ_gIFMUQ+EÎÌ�_aoaM
� � �RÉ º�� _gGjh
E�ºSEnu~MdCb7à�8�f8W¯

�«�



ε fd T fε[ ] [ ] [ ]

sK W2

εd
. . .

ε

W1

ysd δ sy

+

-

d

G

�"GJRfKSopEÏ�¹Ê¦Ãyh
mSuJEHh
EHQ]_tMU_gGjefQ�º$G~M8RfogM8h e8q¶_aI$E;cA_aEHEnogGJQSR¸M8Q$º¬¨SogM8kLGjQSR�
 �ÚuJe¹efm�TycgISM8mSGjQ$R
snefQ]_aoge8ujujEno

VXW�� �����������ß*Z���X%!\Á>p-�!"�$#1\ è �$#=#&%È>A-Lé !)-L\ 57>��¢#&%'#=-.�'>@!)( êÂ%'!3ì4>A-Lé
*,�.-.�$%'�.(A(A#&%�5ê#&�S>¹é�-

�"GJRfKSopE¶�¤cpISe«»�c�_aI$E¥¨SuJe¹stkfTÄºSG~M8R8oaM8h Gjh
mSujEnh�EnQ]_tMU_gGjefQ�e8q=_aI$E¥mSopefm�efcgEnºN
 ��uJe¹efm�TycgISM8mSGjQ$R
snefQ]_aoge8ujujEnoH�Å»�ISEnogE�� t M8QSº��}B�M8opE�_aISE¤mSopE�T�M8QSºÏm�e8cp_pTÄsHefh
m�EHQScgMU_aefopcÁsHefQScpGjºSEnogEnº;GJQÍ_gISE
 �¬uJe¹e8m¹TycpI'M8mSGJQSRÁºSEHcpGjRfQÅ��M8Q$º u ¬ GJc)_gISE4ogEHcpKSuJ_gGjQSR¶efm$_gGjh�M8uSsnefQ]_aoge8ujujEnoH¯  ¬ � Gjcr_aISE4ºSEncgGjopEHº
uJe¹efkfTyM8ISEdMUº¿u~M�_aEHogM8u�EHogopefo\M8Q$º�Gjc.cpEn_\_ge¢iHEnogeS¯ �,®	� Gjc._gISE�ºSEncgGJogEHº�MUop_aGJsHKSujMU_aGJefQ�M8QSRfuJE�M8QSº�GJc
stISe8cgEHQÍ_ae�¨�E p Á����Ó � _ae�ogEnRfKSu~M�_aE�_gISE�u~MU_gEHogM8uOEnogopefoÁMU_�_gISE�ogEHM8o�M�Ì¹ujE�eUqX_gISE¢_aogM8GjuJEHon��»�ISEnogE ¬ B\Gjc�_aISE�ujMU_aEnoaM8u�EHogopefo\MU_._aISEÁogEHM8o\M�Ì¹uJE�e8q=_aISE�_goaM8s�_aefoÁ¼}sHuJefcgE�_ge�_aISE�×SqË_gIÀ»�ISEHEnuË¾Î�ÈM8QSº5� ¯
GJc|_aISEÁºSGJcp_tMUQSsHEÁ¨�En_y»�EHEHQ+_aISE�×SqË_gI+»�I$EHEHu=M8Q$º+_gISEÁogEdMUo�M�Ì¹ujE�e8qO_aISE�_aogM8GjuJEHon¯
N\ISE¢cpGjQSR8KSu~M8o�xUM8ujK$EHc�eUq{_aISE�QSefh
GjQ'M8u�m$u~M8Q]_d� � ¼�ÉÆ¾��ÉM8ogE¥cgISe«»�Q�GjQ��"GjRS¯4��»�G`_aIFºSe8_g_gEHº

uJGjQSEncH¯=N\ISEnC¥GjQSº$GjsdM�_aEr_aI'M�_O_gISE.uJeÆ»,q}ogEHáLKSEnQSsnC¥R]M8GJQ�cpISefKSuJº�¨�E�GJQSsHopEdM8cpEHº�q}efo=¨�En_g_gEHoOcp_aEHM8º$C]T
cA_tMU_gE�_aogM8stkLGjQSRbM8QSºZº$Gjcp_gKSog¨SM8QSsHE¿ogE@±pEnsn_gGjefQÅ¯�N\ISE¿mSogEÎTysHe8h�m�EHQScgMU_ae8oH��� t �"GJc¥º$EHcgGJRfQSEnºÂM8c� t l � j ���Á»�ISEnogE�� j l mn BÝ! t ¬
" t �

� BÃ ¬
" t
xy
M8QSº#�$� l mn � �

� � � �
xy
¯¥l�G~MURfefQ'M8u&EnQL_gogGJEHc

e8q�� j M8ogEÁuje«»1mSM8cgc�×'uJ_gEHopcH�'»�ISGjstI�M8ogEÁºSEncgGjR8QSEHºb_ge�cph�e�e8_gIFefK¹_�_gISE¥cA_aEnEHogGJQSRÀMUsn_aGJefQFM8QSº
_gISE�ºSGJ³�EHopEHQ]_aGjM8u�¨SoaM8kLGJQSR¢q}efogsnE8�$_gILKSc\mSogE�xfEnQL_gGjQSR
e«xfEnogISEHMU_aGJQSR¤M8QSº�qÞMU_gGjRfKSE�e8q&_aISE�cA_aEnEHogGJQSR
M8s�_aK'M�_aefo,üUsHefuJKSh
Q²º$KSE+_ge,ISGJRfIÂq}ogEHáLKSEnQSsnC²stI'M�_g_aEnogGJQSRS�\M8Q$º¸M8uJcgeÍsHefh
m�EHQScgMU_aGJQSRÏq}e8o¤_gISE
cpuje«» ogEHcpm�e8QScgE�e8q\_gISE�¨SoaMUk�GJQSR�cgK$¨ScpC�cp_gEHh+¯%�$�
Gjc¢KScpEHºØ_aeÍMUº�±pKScp_�_gISE�M8s�_aK'M�_aefo¢K$caM8RfEU¯

�f�



10
−2

10
−1

10
0

10
1

10
2

10
−10

10
−8

10
−6

10
−4

10
−2

10
0

10
2

10
4

10
6

10
8

Frequency (rad/s)

M
ag

ni
tu

de

Singular values of nominal plant 

Singular values of shaped plant

Singular values of open−loop with controller

�"GJRfKSopEb�$Ê,½¹GJQSRfKSujM8o
xUM8uJKSEHc�e8qÁQSefh
GjQSM8uÇ�|cpI'M8m�EHº�mSujM8Q]_acn��MUQSº¸_aISEbogEHcpKSuJ_gGjQSR;efm�EHQ¹TÄuje�efm
º$C�Q'MUh�GJsHc|»�GJ_gI�sHefQ]_aopefujuJEHo

N\ISEFm�e8cp_pTÄsHefh
m�EHQScgMU_aefo
».EnGjRfI]_¿Gjc
cgEHuJEHs�_aEHº^MUc&�}B l o:Bd¯¬N\I$E�cgGJQSRfKSujM8o�x8MUujKSEnc¿e8q�_gISE
cpI'M8m�EHº�mSujM8Q]_d� � ¬ ¼�ÉÆ¾ l � t � �}B«��M8ogE¥ogEHm$ogEHcpEHQ]_aEnºÍ¨LC+º'MUcgI¹TÄºSe8_g_gEHº�uJGjQSEnc�GJQ��"GJRS¯��$¯4N\ISE
cAC¹Q]_gISEHcpGjiHEnºÍsHefQ]_aopefujuJEHon� u ¬ ��Gjc�opEdM8uJGjinEHºF_gefRfE�_aISEno�»�GJ_gI'� t MUQSº'�}BÁM8c�cpISe«»�QÏGJQ��"GJRS¯���¯
N\ISE¥cgGJQSRfKSujM8o\x8MUujKSEnc�e8q{_gISE�e8m�EnQ¹TyuJe¹efm�º$C�Q'MUh�GJsHc�»�G`_aI+_aISE�
���sHefQ]_aopefujuJEHo4M8opE�cgI$eÆ»�QbGjQ
�"GJRS¯=��¨]C�cpefujGJº�ujGJQSEHcn¯ON\I$E|cguJefm�E.M8oge8KSQSº¢_aI$E|sHopefcgc@Tye«xfEno{q}ogEHáLKSEnQSsnC�Gjc p �f�U»�ISGjstI�GJQSºSGjsHMU_aEnc
Rfe�e�º�ogef¨SK$cp_aQ$EHcgc�e8q=_aISEÁºSEncgGjR8QSEHº+sHefQ]_gogefuJujEHon¯

VXW)( *Z(A�X�$#1\+*U�¤���ßd è >-,Ý��(@!"�'>@��-��
z.uJefcgEnº¹TyuJe¹efm�cpGjh¢K$u~MU_gGjefQSc|M8ogEÁm�EHopq}e8ogh
EHº�_ae
sHefh
m'M8opE�_aISEÁ_y»�e�snefQ]_aoge8ujujEnogcnÊ)_gISEÁmSoge8m�efcpEHº
cA_aEHEnogGJQSR�M8QSº¿¨SoaM8kLGJQSR�snefQ]_aoge8ujujEnoXM8QSº¿_gISE�cA_aEHEnogGJQSR¢sHe8QL_gogefuJujEno�GJQ}7 �f8Ç�L»�ISGJstIÀ»|M8cXxUM8ujGJº'MU_aEnº
¨]C�EÎÌ$m�EHopGjh
EHQ]_acn¯�N\ISE¤oge]MUºÏsnKSopxUMU_gKSogE¤mSope8×'uJE�KScgEnº,GjQ�_gISE¤cgGJh¢KSu~M�_aGje8QbGjc�cpISe«»�Q,GJQÍ�"GjRS¯
�È¼ÞM]¾�¯1ÃyQ¸_gISE�snefQ]_aoge8ujujEno¿ºSEncgGJRfQÅ��_aISE�h�M8QSEnK$xfEnogGJQSRØcgm�EHEnº�GJcÀM8cpcgKSh
EHº�_geØ¨�E�snefQScA_tM8Q]_

�Æ�



0 200 400 600 800 1000 1200 1400
−2

−1

0

1

2
x 10

−3

ro
ad

 c
ur

va
tu

re
 (

1/
m

)

(a)

0 200 400 600 800 1000 1200 1400
16

18

20

22

24

26

ve
lo

ci
ty

 (
m

/s
)

distance(m)

(b)

�"GjRfK$ogE��SÊ)[�e]M8º�snKSopxUMU_gKSogE¿¼WM]¾|MUQSº�xfEHI$GjsHuJEÁcgm�EHEHºZ¼Þ¨È¾

¼W�f��A/.²ÉÆ¾Î¯�N\ISE¢M8sn_gK'M8u&cgm�EHEnº�KSQSºSEno�_aISE¥cp_gEHEHopGjQSRÀM8QSº�¨SogM8kLGjQSR�sHefQ]_gogefuW��I$eÆ»�Enx8EHon�Åx8MUogGjEnc
M8crcpISe«»�Q¿GJQ¤�"GjRS¯=�È¼}¨È¾�¯{N\I$E4opEHºSK$sHEHº
cgm�EHEnºÀMU_��fFf�LAÔopEHcpKSuJ_gc)q}opefh�_gISE\En³�EHs�_Xe8qÅMUmSmSuJC�GJQSR
ºSG`³ÉEnogEnQL_gG~M8u&¨SogM8kLGjQSR$¯�N\ISE�»�EHGJRfI]_aGJQSR¿×'u`_aEHopc�q}efo4_aISE�cp_aEnEHopGjQSRÀsnefQ]_aopefujuJEHo�M8ogE0� t ¼�É�¾ l 7·�D8
M8Q$º1�}BÆ¼�ÉÆ¾ l 2 tB ¬
" t�3 ¯¿�'efo�_gISE¤cp_aEnEHopGjQSRFM8QSºÏ¨SoaMUk�GJQSR�sHefQ]_gogefuJujEHon�4� t ¼�ÉÆ¾ÁMUQSº1�}BÆ¼�É�¾�M8opEstISe8cgEHQ¦M8c�h
EHQ]_aGJefQSEnº²GJQZ_aISE�m$ogEnx�GJefKSc�cgK$¨ScgEnsn_aGJefQÅ¯ZN\I$E+snefQScA_tM8Q]_acn� � t M8QSº � Bd�)GjQZ_gISE
ºSEncgGJRfQbe8q"_aISE¥cp_aEnEHopGjQSR¿M8QSº�¨SogM8kLGjQSR
sHe8QL_gogefuJujEno�»�G`_aIFogEdMUo4»�ISEnEHuOcgm�EHEHº�cpEHQScpefogc�M8ogE¶¨�eU_aI
cpEn_¢_geZ�«�$¯FN\ISE�m�Enopq}efoph¿MUQSsHE�e8q|_aI$EÀcp_gEHEHopGjQSRÍMUQSºZ¨SogM8kLGjQSR�snefQ]_aopefujuJEHoÁ»�GJ_aI,ogEdMUo¥»�ISEnEHu
cpm�EnEHº,cpEHQScpefogc¥efo�¨SogM8k8E
ujGJQSE�mSogEncgcpKSogE�cgEHQ$cgefopc�GjcÁMUQ'M8uJC�inEHºÍx¹GjM+cpGjh¢K$u~MU_gGjefQSc4_ae+sHefh
m'M8opE
»�G`_aI�_aISEÁm�EHoAq}efogh�M8QSsnE�e8qO_gISEÁcp_gEHEHopGjQSR
sHe8QL_gogefuJujEnoH¯
N\ISE¢cpGjh¢K$u~MU_gGjefQ�ogEncgKSu`_ac4q}efo4_gISE�Q$efh�GJQ'M8u&mSujM8Q]_�M8opE¥cpISe«»�QÍGjQ��OGjRfcn¯��
M8QSº}F¹¯��"GJRfKSopE

�¢cgI$eÆ»�c4_aISEÁQSe8h�GJQ'M8uÅm�EHoAq}efogh�M8QSsnE�KScgGJQSR
_gISEÁcp_gEHEHopGjQSR
sHe8QL_gogefuJujEno¶¼}_aI$E¶ºSM8cgISEnºbuJGjQSEd¾|M8QSº
_gISE�cp_gEHEnogGjQ$R�M8QSº�¨SogM8kLGjQSR�sHefQ]_aopefujuJEHo)»�GJ_gI¿_aISE�ogEdMUo.»�ISEHEnuÅcgm�EHEnº�cgEHQ$cgefopc¶¼}_aI$E�cgefuJGjº�ujGjQ$E«¾�¯
�"GJRfKSopEÅF¥MUujcgeÁcpISe«»�cX_gISE�QSefh
GjQ'M8u¹m�Enopq}efoph¿MUQSsHE\¨SK¹_X»�G`_aI�_aI$E�¨SogM8k8E�uJGjQSE\mSopEHcpcgKSopE�cpEHQScpefogc
q}efo4_aISE�cA_aEnEHogGJQSR�M8QSºÍ¨SogM8kLGjQSR¿sHefQ]_aopefujuJEHon¯¶N\I$EHogE�GJc�QSe8_�h¢KSstIÍºSGJ³�EHopEHQSsnE�¨�E�_y».EnEHQÏKScgGJQSR

�«�



0 500 1000

−0.1

0

0.1

y s1
(m

)

0 500 1000
−0.2

−0.1

0

0.1

y s2
(m

)

0 500 1000
−0.1

−0.05

0

0.05

y s3
(m

)

0 500 1000

−1

0

1

δ(
de

g)

0 500 1000

−0.5

0

0.5

ε r(d
eg

)

distance(m)
0 500 1000

−1

0

1

distance(m)

ε f(d
eg

)

�"GJRfKSopE\�¹Ê"z.ujefcpEHº¹TÄuje�efm�cpGjh¢K$u~MU_gGjefQ¥KSQSºSEno{_aISE|Q$efh�GJQ'M8u�sHefQ$ºSGJ_gGjefQÀ¼Þº'M8cpISEHº
ujGJQSE8Ê�_gISE|cp_gEHEnoAT
GJQSR�sHefQ]_aopefujuJEHoa¾H¼ÞcpefujGJº�ujGJQSE8Ê�_gISE¤cp_gEHEHopGjQSRFM8QSº;¨SoaMUk�GJQSR�sHefQ]_gogefuJujEHo�»�G`_aIÍogEHM8o�»�ISEHEnu�cpm�EnEHº
cpEHQScpefogc�MU_\_aI$EÁ_goaM8GJujEnot¾

_gISE¿opEdM8o�»�I$EHEHu�cgm�EHEnº²cpEHQScpefogc�e8o¶_gISEÀ¨SogM8k8EÀuJGjQSE
mSopEHcgcpKSogE�cpEHQScpefogc�GJQ,_aI$E¿cp_gEHEnogGjQ$RÍM8QSº
¨SogM8kLGjQSR�sHefQ]_aopefujuJEHon¯O��c{cgISe«»�Q�GJQ�_aISE�×'RfKSopEHcH�f_gISE|cA_aEdMUº$C]Tycp_aMU_aE\ujMU_aEnoaM8uLEnogoge8ogcrMU_O_aISE�_aISopEHE
cpEHQScpefo|uje�sdM�_aGje8QScXM8ogE�cgh�M8ujuJEHo)q}efoX_gISE�cA_aEHEnogGJQSR�M8QSº¿¨SoaM8kLGJQSR¢sHe8QL_gogefuJujEnogc)_aI'M8Q�_aISE�cA_aEnEHogGJQSR
snefQ]_aoge8ujujEnoH¯��"GJRfKSopE¢�¤cgISe«»�c�_gISE�¨SogM8k8E�mSogEncgcgK$ogE�cgGJRfQ'M8uJc4M8QSºb_gISE�¨SogM8kLGjQSR
q}efogsnEHc�E�Ì¹EHoA_aEHº
efQ¤_aI$E4opEdM8or»�ISEnEHuJc�e8q�_aI$E4_goaM8GJujEHon¯=Y^I$EHQ�_gISE\_aopKSstk�EHQ]_aEnogcX_aISE\×'opcp_�sHKSoAxfEHº�cgEnsn_aGJefQ�¼}ogGJRfI]_
_gKSogQÈ¾Î�&ð ¶¸Ì ¼ÞopGjRfI]_XogEHM8oX»�I$EHEHu�¨SogM8kLGjQSRÁq}efogsnE«¾rGjQSsnogEHM8cgEncX_ge�mSopeÆx�GJºSE4_gISE4QSEHsnEHcgcgM8opC�h
efh�EnQ]_
_geFcA_tM8¨SGJujGJiHE�_gISE
CfMd»Õº$C�Q'M8h
Gjsnc¶eUq._aI$E¤_goaM8GJujEnoH¯�½¹Gjh
GjujM8ogu`Cf�§ð ¶ Ã ¼}ujEnqË_¶opEdM8o�»�ISEnEHu)¨SoaMUk�GJQSR
q}efopsHEd¾OGjQSsnogEHM8cgEnc)»�I$EHQ�_aopKSstk¢EHQ]_gEHogcr_gISE\cgEnsHefQSº¤snKSopx8EHº¿cpEHs�_aGje8Q+¼ÞujE�qË_{_aK$ogQÈ¾Î¯"N\ISE�ogEncgKSu`_aGJQSR
_gGjogE�cpujGJm�oaMU_gGje+¼W� � ��Ff¾.Gjc\cgh�M8uJuÇ�L_aILKSc�_aISEÁ¨SogM8kLGjQSR¤Gjc\e8m�EnoaMU_gGjQSR�GJQ�_gISEÁujGJQSEdM8o.ogEHR8GjefQÅ¯
N\ISE�cgGJh¢KSujMU_aGJefQZogEncgKSu`_ac¢q}efo¤M�m�EHoA_aKSop¨�Enº¦cAC¹cA_aEnh ¼�A$B l �«�U�L�f�05�� � � u » � ? l � � �f¾

�d�



0 500 1000

−0.1

0

0.1

y s1
(m

)

0 500 1000
−0.2

−0.1

0

0.1

y s2
(m

)

0 500 1000
−0.1

−0.05

0

0.05

y s3
(m

)

0 500 1000

−1

0

1

δ(
de

g)

0 500 1000

−0.5

0

0.5

ε r(d
eg

)

distance(m)
0 500 1000

−1

0

1

distance(m)

ε f(d
eg

)

�"GJRfKSopEXF$Ê"z.ujefcpEHº¹TÄuje�efm�cpGjh¢K$u~MU_gGjefQ¥KSQSºSEno{_aISE|Q$efh�GJQ'M8u�sHefQ$ºSGJ_gGjefQÀ¼Þº'M8cpISEHº
ujGJQSE8Ê�_gISE|cp_gEHEnoAT
GJQSR�snefQ]_aoge8ujujEnot¾n¼Þcge8ujGjº¤uJGjQSEUÊO_aI$E�cp_gEHEHopGjQSR¢M8QSº�¨SogM8kLGjQSR¥sHefQ]_aopefujuJEHo)»�GJ_gIÀ¨SoaMUk8E�uJGjQSE4mSogEncgcpKSogE
cpEHQScpefogca¾

�Æ�



0 500 1000
0

0.2

0.4

0.6

0.8

1

P
a5

(b
ar

)

distance(m)
0 500 1000

0

0.2

0.4

0.6

0.8

1

P
a6

(b
ar

)
distance(m)

0 500 1000

−5000

−4000

−3000

−2000

−1000

0

F
a5

(N
)

distance(m)
0 500 1000

−5000

−4000

−3000

−2000

−1000

0

F
a6

(N
)

distance(m)
�"GJRfKSopE.��ÊON\ISE�¨SoaMUk8E|uJGjQSEXmSogEncgcpKSogE|cpGjRfQSM8ujc.¼
	 ¶ Ã MUQSº6	 ¶¸Ì q}efo&_aISE�ujE�qË_{M8Q$º¢ogGJRfI]_"ºSG`³ÉEnogEnQL_gG~M8u
¨SogM8kLGjQSR�M8s�_aK'MU_gefogcn�ÈogEHcpm�Ensn_gGJxfEnuJC$¾�MUQSºF_gISE¥¨$oaM8kLGjQ$R
q}efopsHEnc¢¼�ð ¶ Ã M8QSºÛð ¶¸Ì q}efo�_aISE¶ujE�qË_�M8QSº
opGjRfI]_�¨SogM8kLGjQSR
M8s�_aK'MU_gefogcn�SogEncgm�EHs�_aGJx8EHu`CS¾

��F



0 500 1000 1500
−0.2

−0.1

0

0.1

y s1
(m

)

0 500 1000 1500

−0.2

0

0.2

y s2
(m

)

0 500 1000 1500
−0.2

−0.1

0

0.1

y s3
(m

)

0 500 1000 1500
−2

−1

0

1

δ(
de

g)

0 500 1000 1500
−1

0

1

distance(m)

ε r(d
eg

)

0 500 1000 1500
−2

−1

0

1

distance(m)

ε f(d
eg

)

�"GJRfKSopE��$Êrz.ujefcpEHº¹TÄuje�efm¿cpGjh¢KSujMU_aGJefQ¤KSQSºSEno._aI$E�m�Enop_gKSog¨�EHº�snefQSºSG`_aGje8Q�¼ÂA$B l �d�8�L�f�75«� � � � »
M8Q$ºR? l � � �f¾H¼Þl�M8cgISEnº�uJGjQSEUÊ&_gISE.cA_aEnEHogGJQSR�snefQ]_aoge8ujujEnot¾n¼Ç½¹efuJGjºÁujGJQSE8ÊÅ_gISE.cA_aEnEHogGJQSR�M8Q$º¢¨SoaMUk�GJQSR
snefQ]_aoge8ujujEno.»�GJ_gI�¨SoaM8kUE¥uJGjQSE�mSogEncgcgK$ogE�cpEHQScpefogca¾

M8opE¢cgI$eÆ»�QÍGJQ��"GjR$¯��¿_aeÀsnefh
m'M8ogE¥_aISE¢m�EHoAq}efogh�M8QSsnE¢e8qr_gISE¢cp_gEHEnogGjQ$R�sHefQ]_aopefujuJEHo�M8QSº�_aISMU_
e8q�_aISE
cp_gEHEnogGjQ$RbM8Q$º,¨SogM8kLGjQSR+sHefQ]_gogefuJujEHo�K$cgGjQ$Rb¨SogM8k8E
ujGJQSE�mSogEncgcpKSogEÀcpEHQScpefogcn¯�´"M8ogM8h
En_aEno
KSQ$sHEHoA_tM8GJQ]_aGjEnc�M8ogEÁMUujcge¤snefQScgGJºSEHopEHº+GjQÀ_gISEÁ¨SoaM8kLGJQSR�cgKS¨$cpC�cp_gEHh+¯|�'efo|GJQScp_aM8QSsHEU�S_aISE�snefQ]_aopefu
R]MUGjQ�Gjc\opEHºSK$sHEHºF¨]C+�8�98°M8QSº�_gISEÁogGjcpE�_aGJh�E�GJc\GjQSsnogEHM8cgEnº+_ge+��É º�� ¯��'opefhÔ_gISEÁcgGjh�KSu~MU_gGjefQ
opEHcgK$uJ_acn��¨�e8_gI²snefQ]_aopefujuJEHogc¢M8ogE�opef¨SKScA_
_ge�_aISE�h
e¹º$EHu.K$QSsHEnop_tMUGjQ]_aGJEHcH¯ZY^G`_aIZ_gISE+M8ºSºSG`_aGje8Q
e8q�_gISEÀºSG`³ÉEnogEHQ]_gG~M8u�¨SoaM8kLGJQSR�sHe8QL_gogefu.GjQSmSK¹_d�{_aI$EÀu~MU_gEHogM8u�Enogopefo�MU_¢_gISEÀ_aogM8GjuJEHo¶ogEHM8o¢EHQ$º²GJc
q}KSoA_aISEno.opEHºSKSsnEHºÅ�ÈMUQSº¿_aI$E�_aogM8QScgGJEHQ]_\opEHcgm�efQScpE�e8q�_aI$E�M8oA_aGjsnKSu~M�_aGje8Q¿M8Q$RfujE4Gjc�h�efopE�cA_aoge8QSRfuJC
º'MUh�m�EHºÅ�¹»�ISGjstI+Gjh
mSoge«x8EHc\_aISE�CfM«»7cp_tMU¨SGjuJGJ_yC�e8qO_gISE�_aogM8GjuJEHoH¯

�Æ�



: ; � 0 �� ¢¡ I 2 ã � ä � <����e4 ã  ¢�ÆT JK2 0 �r¡32�Q QH��¡ =å�n�?> <����e4A@B 2
¡?=Ü ¢¡+4 J 2
� C,� 0 ä  ¥�r�:2 0
¼4efQSujGJQSEdMUo|sHefQ]_gogefuJujEHopc\M8opE¶K$cgK'M8uJuJC¿ºSEHcpGjRfQSEnºF¨SM8cgEnºFefQFM�h�e8ogE�ºSE�_tM8GJujEHº�Q$efQSujGJQSEdMUo|h�e�ºSEnu
e8q{M�cAC¹cA_aEnhåM8Q$º�M8cpcgKSh
EHc�h�efopE¥kLQSe«»�uJEHºSRfE¥e8q"_gISE�cAC�cp_aEnhÖ_ge�¨�E�snefQ]_aopefujuJEHºÅ¯|N\I$EHogE�q}efogEU�
GJQÏ_gISEHefoACf�&_aISE�CÏcgISefK$ujºÏmSoge«x�GjºSE
¨�En_g_gEHo¶m�Enopq}efoph¿MUQSsHEnc¶_gI'M8QÏujGjQ$EdM8o�snefQ]_aoge8ujujEnogcÁºSEncgGjR8QSEHº
¨'MUcgEHº¤efQ¤MUQ¤M8mSmSope«Ì¹GJh¿MU_gEHºÅ�UujGJQSEdM8opGjinEHº¢h
e¹º$EHu�e8qÈ_aISE\MUsn_aKSM8u$cAC¹cA_aEnhF¯rª4e«».E�xfEHon�¹Q$efQSujGJQSEdMUo
snefQ]_aoge8ujujEnogcOM8ogE�h�e8ogE.snefcp_guJC¶GjQ¥_aEHoph�cOe8q'GJh�mSuJEHh
EHQ]_tM�_aGje8Q¥MUQSº�cgefh
En_gGjh
EHc=GJ_OGjcOGjh
mSoaM8s�_aGJsdM8u
_geFGJh�mSuJEHh
EHQ]_�_aI$EHhMU_¥M8ujuW¯À��QÏ_aISE
e8_aI$EHo¶I'M8QSºÅ�=_aISEnogE¿M8ogE¤ogGJstI,ºSEncgGJRfQ,h
En_gISe¹º$efujefR8GjEHc
M8Q$º+cpe8qË_y».M8ogEÁ_ae�efujc|M8ogE¶MdxUM8GjujM8¨SujE4q}efo|_aI$E¶º$EHcgGJRfQ+e8q"uJGjQSEHM8o|snefQ]_aoge8ujujEnogcn¯
ÃyQÍ_aISGJc�cgEHs�_aGJefQÅ��».E
GjQ]x8EHcp_gGjR]M�_aE¤M�m�e8cgcgGJ¨SujE�h
Gjº�TyRfopefKSQSº�q}efo�EHM8cgE¤e8q�Gjh
mSuJEHh
EHQ]_tMU_gGjefQ

M8Q$º�ISGjRfIbm�Enopq}efoph¿M8Q$sHE¢¨]C�EÎÌ¹mSujefopGjQSRÀM8QSº�_tMUk�GJQSR�M8º¹x8MUQL_aM8RfEnc�e8qr_aISE�GJQSISEnogEHQ]_�cA_aopKSsn_gKSogE
e8q=_aI$EÁx8EHISGJsHuJE¶ujMU_aEnoaM8u�sHefQ]_gogefu�cAC¹cA_aEnhF¯

�ÅWZY �
>p-�#&!r%�, �]\�#=(¤��/�!Ý�$%'!r?É�S�X%D*U�$#4, >y�$%'!)>A(A#&%¬2�#=<�>A?&(@# �¹34���$#4,
N\ISE.ujGjQ$EdM8o=sHefQ]_gogefu¹h�e�ºSEHu�e8q�M�_goaM8s�_aefo@TycpEHh
GJ_aogM8GjuJEHoÅx8EHISGJsHujE.cpC�cp_gEHhÙGJQ�_aISE�oge]MUº�sHe�efogºSGJQ'MU_gE
cAC¹cA_aEnhÛGjc\RfG`xfEHQ+¨]C

q �E �@z v �E �«z u E �ßl ð | ® z � t �F � ¼ h ¾ z � B �F � ¼ h ¾ � ¬ lHG � gk¬ ��I � E � � ¼Ç�8�f¾

»�ISEnogE E �XlHG  ¬ � F � � F ® I � � ¼Ç�U�]¾

N\ISE�h¿M�_aogGJsHEncH� q � v � u �ôð¤� � t MUQSº � B«�"MUogE�M8c¥R8GJxfEnQ,GJQ,��m$m�EnQSºSG`ÌÏ�¥¯&ÃyQ,_aISE�M8¨�e«xfE
RfEnQSEHogM8ujGJiHEnº¥sne¹efopºSGjQSMU_aEncH�  � Gjc�_gISE�ujMU_aEnoaM8u]º$Gjcgm$u~M8snEHh
EHQ]_=e8q$_gISEr_aoaMUsn_ae8oHµàcOsnEHQ]_aEno"e8q$RfoaMdx�GJ_yC8�F � GjcÁ_aISE
_aoaMUsn_ae8oHµàc¶CfM«» Enogoge8o¥h
EdM8cpKSogEnºZGjQÏ_aISE�oge]MUº,sHe�efopºSGjQ'M�_aE¤cpC�cp_gEHhÚM8QSº F ® GJc¶_gISE
M8oA_aGJsHKSujMU_aGJefQ,MUQSRfujEU¯;N\I$E�cpC�cp_gEHh GJQSmSK$_�GJc�_aI$EÀ_aoaMUsn_ae8oHµàc¢q}ogefQ]_¢»�ISEnEHu\cA_aEHEnogGJQSRÏM8QSRfuJE | ®
M8Q$º,_aISE�cpC�cp_gEHhefK$_gmSK$_  ¬ GjcÁ_aISE�u~MU_gEHoaMUu)_goaM8stkLGJQSRbEnogoge8o�e8q|_gISE�x�GJop_aKSM8u)cgEHQ$cgefo¢uJe¹sHMU_aEnº
MU_¤_gISEFuJe¹e8k]TyM8ISEHM8ºÂºSGjcA_tM8QSsnEFeUq gk¬ ¯¸ÃyQ¸vráÈ¯«¼W�f�f¾�� �F � M8QSº �F � M8ogE+ºSEncgGjopEHº²_aoaMUsn_ae8oHµàc¤CfMd»

�«�



ogMU_aEÁM8Q$º+ogMU_aE�eUq"stI'MUQSRfEÁe8q=_aISEÁºSEncgGjopEHº�C]Md»7ogMU_aEU�SogEncgm�EHs�_aGJx8EHu`Cf��M8QSº�_aI$EnC�M8opE�_aopEdMU_gEHºFMU_
ºSGJcp_gKSog¨'MUQSsHEnc�_ae¤_aI$E¥cAC¹cA_aEnhF¯

�F � Gjc�opEHu~M�_aEHº�_ae
_aISEÁxfEnISGjsnujE¶cgm�EHEnº à · M8QSºFoge]M8º+sHK$opxUMU_aK$ogEJ ¨LC �F � l à · J � ¼Ç���L¾

l�E�×'QSGjEÁM F Ø �Ácp_aMU_aE�xfEnsn_gefo�MUc
i!�ßl KL E ��E �

MN � ¼Ç�8�f¾

N\ISEnQ�_aISE�uJGjQSEHM8oXcp_tM�_aE�TÄcgm'MUsHE�h
e¹ºSEnu�eUq�_aISE�x8EHISGJsHujE�u~MU_gEHoaMUu�snefQ]_aopefuÉcAC¹cA_aEnhÜGjc�ef¨$_tMUGjQSEnº�M8c�i!�ßl KL � opLqsr!tZu pLqsr!tZv
MN i!�ôzOKL �qsr!t ð

MN | ®
z KL �qsr!tZ� t

MN �F � z KL �qsr!tZ� B
MN �F � � ¼Ç�fF]¾

ÃÄ_"Gjc"Q$e8_aEnº¢_aI'MU_O_aISE.cpC�cp_gEHhÝh�MU_gogGjsnEHc=GjQ�vráLcH¯d¼Ç�f�8¾"M8QSº+¼W��F]¾�ºSEHm�EHQSº¤efQ¥_aISE.x8EHISGJsHuJE.cgm�EHEnºÅ�
_gGjogE
sHe8ogQSEnogGjQ$Rbcp_gGJ³�QSEHcpc�M8QSº;uje]MUº,sHe8Q$×'RfKSogMU_aGJefQ,e8Q;_aI$E¿_aogM8GjuJEHoH¯�l�E�_tM8GJujc�e8q\_gISGjc¥M8cpm�Ensn_
M8opE�ºSe�sHKSh
EHQ]_aEnºbGJQ;7ç��8Ç¯¼�eU_aGjsnE¥_gI'MU_4_aISE¢º$EHcgGJogEnºbC]Md» oaMU_gE8� �F � ��M8mSm�EdMUogc�GJQb_aI$E�ujGJQSEdMUogGjinEHº+h�e�ºSEnuÇ¯�ÃyQ�ºSEncgGjR8Q¹T
GJQSR�ujGjQ$EdM8o�snefQ]_aoge8ujujEnogcn�&_gISE

�F � TÄogEnu~MU_gEHº�_aEnogh
c¥MUogE¤_aogEHMU_aEnº,MUc¥ºSGJcp_gKSog¨'MUQSsHEnc¥snefh�GJQSR�q}ogefh
_gISE�oge]MUºÅ�)M8QSºØuJGjQSEHM8o�snefQ]_aoge8ujujEnogc�M8ogE�ºSEncgGJRfQSEHºÂcpe�_aI'MU_�_aISE�CZQSe8_¤e8QSuJCÏogEy±pEHs�_�_aISE�ope]M8º
ºSGJcp_gKSog¨'MUQSsHEnc�¨SK$_�M8ujcpe¿e8_gISEHo�ºSGjcA_aKSop¨'M8QSsnEHc�cpKSstIÍM8c�»�GJQSº�RfK$cp_d¯4ÃyQ�_aI$E�mSopEHcgEnQSsHE�eUqrcgKSstI
ºSGJcp_gKSog¨'MUQSsHEncH�S_aI$E¶cA_aEHM8º$C]TycA_tMU_gEÁ_goaM8stkLGJQSR¤EHogopefo|GJc\ºSGjopEHsn_guJC¿MU³�EHsn_gEHº+¨]CÀ_aISEP	 R]M8GjQ�eUq=_gISE
snefQ]_aoge8ujujEnoH¯FN\ISEÀu~MUogRfEno¥_aI$E&	ÖRfM8GjQÅ�=_aISE¿cgh�M8ujuJEHo�_aISE¿cp_aEHM8º$C]TycA_tMU_gEÀ_aogM8stkLGjQSR�EnogopefoH¯Ï��Q
_gISE�e8_gISEHo�I'M8QSºÅ�4MZujM8RfEHo�	ßR]M8GjQ¦h¿MdC²E�Ì¹snGJ_aEbKSQSh
e¹ºSEnujEnº¸º$C�Q'M8h
Gjsnc�M8QSº¸h�MdC²GjQSºSK$sHE
efcpsHGJuju~M�_aGje8QScH¯

�ÅW'V *,�.-.�$%'�.(A(A#&%�\�#&�S>¹é.-
B�C�E�Ì$M8h
GjQSGJQSR�_gISE�cgefKSopsHEncXeUq�_gISE\oge]MUº
º$Gjcp_gKSog¨SM8QSsHEncXM8QSº�_aISE|».MdC�cX_gISEnC�EnQ]_aEHor_gISE\h�e�ºSEnu
Ená�KSMU_aGJefQScH�{»�E¿×'Q$ºZ_aISE¿q}e8ujuje«»�GJQSRbMUQ'M8uje8R8CÏ¨�E�_y».EnEHQØ_aISE¿u~MU_gEHoaMUu�º$C�Q'MUh�GJsHc�eUq4MbxfEHI$GjsHuJE
cAC¹cA_aEnh:M8QSº�_aISEÁº$C�Q'M8h
Gjsnc\e8q"M
h
EHstI'MUQSGjsHM8uÅcpC�cA_aEHhÛ»�G`_aIFz.efKSuJefh¢¨Àq}ogGJsn_gGjefQÅ¯

�«�



Vx

Fcf = Vx dEd

Vx
Fcf = Vx dEd

Right Turning

Left Turning

F cf

(a) (b)
�"GJRfKSopEÁ�$ÊXz.EHQ]_aopGJq}KSRfM8u&�'efogsnEHc\e8q{M�)EnISGjsnujE)¼4EHRfe8_gG~MU_gGjQSR¢M¿z.KSoAxfE

N

Z

F
Ffr

m

�"GJRfKSogE��«�$ÊXz.efKSuJefh¢¨+�'ogGJsn_aGJefQÀGJQFM
DbMUcgcAT@½¹mSopGjQSRUTyl�M8h
m�Eno�½�C�cp_gEHh

Y^ISEnQ;M¿x8EHISGJsHuJE�Gjc�opGjºSGJQSR¿efQÏMÀcA_aoaMUGjRfI]_�ope]M8ºÅ�
�F � Gjc�iHEHopeS��M8Q$ºÍ_gISEHopEnq}efopE¢_aISEnogE�GJc�QSe

ope]M8ºÀºSGJcp_gKSog¨'MUQSsHEU¯)Y^I$EHQ�_aISE�xfEHI$GjsHuJE�Gjc�QSEHR8e8_aGjMU_aGJQSR¢M�snKSopx8E¶M8QSºÀ_aK$ogQSGJQSR¢ujE�qË_d�L_aISEnogEÁM8opE
snEHQ]_aopGJq}KSR]MUuSq}efogsnEHc�M8sn_gGjQSR¥MU_)_aISE4sHEnQ]_aEHopc.e8qÉRfoaMdx�GJ_yC¤eUqÉ_aI$E4_goaM8s�_aefoXM8QSº
e8q�_aISE4cgEnh�G`_aoaMUGjujEnoH¯
N\ISEncgEÀsnEHQ]_aopGJq}KSRfM8urq}efogsnEHc�m�efGJQL_¶opGjRfI]_�M8QSº;_gISEHGJo¥h�M8RfQ$GJ_aK$ºSE¤Gjc¶mSogefm�efoA_aGje8Q'M8u"_ge à · �F � M8c
cpISe«»�QFGJQF�OGjRS¯g�'¼WM]¾Î¯{N=e
¨�EÁmSogEnsHGJcgE8�S_gISEÁsHEnQL_gogG`q}KSR]M8uÉq}e8ogsHEnc4M8ogE�mSopefm�efop_gGjefQ'MUu�_ae à · �F t M8QSºà · �F Bd�ÉopEHcpm�Ensn_aG`xfEnuJCf¯ÁB�K$_d�ÉMU_�cp_gEdM8º¹CbcA_tMU_gE8�É»�E¢I'MdxfE �F t l �F B l �F � �ÅM8QSºbISEHopEdMUqË_gEHo�GJQb_aISGJc
cpEHsn_gGjefQÉ�L»�E�efQSu`C¢sHe8QScgGJºSEHor_aI$E4cA_aEHM8º$C¤cp_aMU_aE�sHM8cgEU¯{Y^ISEHQ
_aISE\xfEnISGjsnujE\GJc)_gKSogQ$GjQSR�opGjRfI]_d�f_gISE
snEHQ]_aopGJq}KSR]MUuLq}e8ogsHEncrM8opE�mSopefm�efop_gGjefQ'MUuL_ge à · �F � M8QSº¶_aISE�C�m�efGjQ]_OujE�qË_{M8cOcgISe«»�Q�GJQ¢�"GJRS¯a�'¼}¨È¾�¯&ÃyQ
e8_gISEHoX».e8ogºScn�$_aISE�sHEHQ]_gogGJq}K$R]M8uÈq}efogsnEHc�M8opE�mSopefm�e8op_aGJefQ'M8u'_ge p à · �F � M8QSº�MUogE�ºSGJcgsnefQ]_aGjQLKSe8KScH¯
[�EHsdMUujuU_gI'MU_H�Æq}e8oÅh�EnstI'M8QSGJsdM8u8cpC�cp_gEHh
c&»�G`_aI¶z.efK$ujefh¢¨�q}opGjs�_aGje8Q¶¼Þsnq@¯&�OGjRS¯n�«�]¾��d_gISEXz.efKSuJefh¢¨

q}opGjsn_gGjefQ�q}efogsnEHc=M8ogErm$ogefm�efop_gGjefQSM8u�_ge p �i M8QSºÁºSGJcgsHe8QL_gGjQLKSefK$cH¯"N\ISMU_&Gjcn�Æ_gISErsHEnQ]_aogG`q}KSR]M8uUq}efogsnEHc
e8q"M¢xfEnISGjsnujEÁQSEHR8e8_aGjMU_aGJQSR�M¤sHKSoAxfE¥M8ogEÁM8QSM8ujefR8efKSc|_ae�_gISE¥z.efKSuje8h¢¨�q}ogGjs�_aGJefQ¿q}efopsHEHcn¯

�8�



�'efo�MÀh
EHstI'MUQSGjsHM8u"cAC¹cA_aEnhå»�GJ_gIÏz.efKSuje8h¢¨bq}ogGJsn_gGjefQÅ��GJqr_gISEnCbsdM8QÍ¨�E�ef¨$_tMUGjQSEnº�efo�Encp_aGçT
h�MU_aEnºÅ�)M8ºSº$GjQSR�M+q}EHEHº¹q}efop».M8ogºØ_gEHogh_ae�snefh
m�EnQScaMU_gEÀq}efo¥_gISE�ºSGJcp_aK$og¨'M8Q$sHEHc�¼}_aI$E�q}opGjs�_aGje8Q
q}efopsHEnct¾\Gjc4M�mSogM8sn_gGjsHM8u&M8QSºFE:9
sHGJEHQ]_�MUmSmSogefM8stIÅ¯4DFe8_gGJxUMU_gEHº+¨LC�_gISGjcn�'».E¥mSogefm�efcpE¶_ge¿M8º$º�M
q}EnEHº$q}efoA»|MUogº,snefh
m�EnQScaMU_gefo�_aeFMFuJGjQSEHM8o�q}EHEnºS¨'M8stkÏsHe8QL_gogefurcAC�cp_aEnh_gebM�_g_aEnQLK'MU_aE¤_aI$E�ope]M8º
ºSGJcp_gKSog¨'MUQSsHEnc�MUc\cgISe«»�Q+GjQ��"GJRS¯H�f�8¯"Y,E�_aM8k8E�_gISE�GjQSm$K$_|_ae�_gISE�q}EHEnº$q}efop».M8opºFsnefh�m�EHQ$caMU_gefo
M8c à · �F � ¯4��c�cgK$stIÅ��_gISE¥q}EnEHº$q}efoA»|MUogº�snefh�m�EHQ$caMU_gefo�ISM8c�M
¨SKSGju`_pTÄGjQ�cp»�G`_astIb_ge¿_aKSopQbefQ�M8QSº
e8³�_gISE�snefh
m�EnQScaMU_gefoX¨'M8cgEnºÀefQ�QSEHEnºScH¯)N\I'MU_.Gjcn�L»�I$EHQ¿_gISE�x8EHISGJsHujE4GjcXQSEnRfe8_aGjMU_aGJQSR¶M¥snKSopx8E8��F � Gjc|QSe8QSiHEnoge�M8QSº�_aISEnogE�q}efogE�_gISE�q}EHEHº¹q}efop».M8ogº+sHe8h�m�EHQScgMU_ae8o|Gjc\efQÉ�'M8QSº�»�ISEnQ+_gISE�xfEHI$GjsHuJE
GJc|_aoaMdx8EHujuJGjQSR�e8QFM¤cp_goaM8GJRfI]_\cgEnsn_gGjefQÅ�

�F � Gjc\iHEnoge�M8QSº�_aISEnogE�q}efogE�_aI$E¶cA»�GJ_gstIFGJc\e8³"¯
�Ým�efcpcgGj¨$ujEÁsdM8Q$ºSGjº'M�_aEÁq}efo4_gISE¥q}EnEHº$q}e8op».M8ogº�snefh
m�EnQScaMU_gefo4Gjc�_aISE¥GjQ]xfEnogcgE�º$C�Q'M8h
GjsHc4e8q

_gISE)cpC�cp_gEHh+�8q}ogefh¬_aISE)ogefM8º¥º$Gjcp_gKSog¨SM8QSsHEnc à · �F � _ge�_gISEXefK$_am$K$_  ¬ ¯"B.K¹_d�fMUc&»�EXI'MdxfE.uJEdM8opQSEHºÉ�
_gISEFx8EHISGJsHujEFº$C�Q'M8h
Gjsnc¿I'M8c�h�e�ºSEnu4K$QSsHEnop_tMUGjQ]_aGJEHcÀMUQSº¸GJ_�h�M«CÂQ$e8_ÀEÎÌSMUsn_au`C²sHefh
m�EnQScaM�_aE
q}efoÁ_aI$E¿ºSGJcp_aK$og¨'M8Q$sHEHc¢M8c¥»�EÀE�Ì¹m�EHs�_d¯bY;E¿mSopefm�efcgE¿_gebKScpE�MbsnefQScp_aM8Q]_¢R]MUGjQ;q}EnEHº$q}e8op».M8ogº
snefh�m�EHQ$caMU_gefo|»�GJ_gI+_gISEÁsHefQScA_tM8Q]_�EHáLK'M8u�_ge¤_gISEÁGjQ]xfEnogcpE�e8q=_aISEP	ÙR]MUGjQ�e8qO_aISEÁºSGJcp_aK$og¨'M8Q$sHE
º$C�Q'MUh�GJsHcH¯¿N\ISGjcQ	ÜR]M8GJQ;GJc¥M�q}KSQSs�_aGje8Q;e8q�xfEnISGjsnujE
GjQSEnop_aGjM�M8QSº,º$Gjh
EHQScpGjefQ'MUurm'M8oaMUh�E�_aEHopc
M8c\»�EHuJuOMUc�_gGjopE�sHefopQSEHopGjQSR
cp_gGJ³�QSEHcpcH¯.N=eÀMUsHsHe8KSQ]_�q}efo|_gISE¶m'M8oaMUh�E�_aogGJs�KSQSsnEHop_aM8GjQ]_gGjEHc�GJQ�_gISE
snefQScp_aM8Q]_�q}EnEHº$q}efoA»|MUogºbsnefh
m�EnQScaMU_gefoH�'»�E�GJQL_goge�ºSKSsnE�M8QbM8º'M8m¹_tMU_gGjefQ�_ae
_aISE¶sHe8QScp_aM8Q]_�R]M8GJQ
¨'MUcgEHº+efQ�_aISEÁujMU_aEnoaM8u�_aoaMUstk�GJQSR
EHogopefo�MU_\_gISEÁs8¯àRS¯)e8qO_gISE�_aogM8sn_gefoH¯

�ÅW�� è >-,Ý��(@!"�'>@�.-è%'#&�S��(Ä�$�
Y;E�cgGJh¢KSu~M�_aEHºÀ_gISogEnEÁsHefQ]_aopefujuJEHopcHÊaMf¾X»�GJ_gISefK$_|q}EnEHº$q}e8op».M8ogº+sHefh
m�EHQScgMU_aGJefQÅ�S¨È¾�»�G`_aI�M�sHe8Q¹T
cA_tM8Q]_=R]M8GJQ�q}EHEHº¹q}efop».M8ogº¶sHe8h�m�EHQScgMU_aGJefQÅ��M8QSºÁsd¾Å»�G`_aI¶M8º'MUm$_aG`xfE{q}EHEnº$q}efoA»|M8opº�snefh�m�EHQ$caMU_gGjefQÅ¯
N\ISE�q}EnEHºS¨'MUstkÀsHefQ]_gogefuJujEHo.KScgEnºFGJQ�cgGjh�KSu~MU_gGjefQ$c�e8q&_gISE�_aISopEHE�sHe8QL_gogefuJujEnogc|GJc�M¢ujGjQ$EdM8o�ogef¨SK$cp_
uJe¹efm�TycgISM8mSGjQ$R�sHefQ]_gogefuJujEHon¯{�'oge8hÙ�"GJRS¯H�Æ���8».E4cgEnE4_gI'MU_)_aI$E�q}EnEHº$q}e8op».M8ogº�sHefh
m�EnQScaM�_aeforE�³ÉEns�T
_gGJxfEnuJC�opEHºSK$sHEHc�_aISE¶u~MU_gEHogM8uÅ_aogM8stkLGjQSR�EHogopefo�M8QSºbm$oge«x�GjºSEnc�M¤cgh
e¹e8_gISEHo�snefQ]_aoge8uOGJQSmSK$_H¯|N\ISE
M8ºSM8m$_aG`xfE�q}EnEHº$q}efoA»|MUogºbsnefh
m�EnQScaMU_gefo\ogEnºSKSsnEHc�_aISE�_aogM8stkLGjQSR
EHopogefo\E�xfEnQFq}KSoA_aISEnoH¯

�¹�



Compesator

Feedforward

Subsystem
Steering Vehicle Body

Dynamics
Double 

Integrator

 VxdEd

 VxdEdRoad Disturbance: 

δf

Yr

Linear Robust
Feedback
Controller

Ys

+

+
+
+

−

Vehicle Lateral System  Dynamics

�"GJRfKSopE��f�fÊ{l�GjM8RfogM8h�eUq��'EHEnº$q}efop».M8opºÀz.efh
m�EHQScgMU_aGJefQ
q}e8o{_aISE�©&MU_aEnoaM8u�z.efQ]_gogefuÈe8qÉM¥ª4EdMdxLC
)EnISGjsnujE¶½�C�cp_gEHh�ÅW)( *,�R,Kd�!r%È>A�¹�.- ^ >y�S<è-���-�(p>A-�#&!r%�%'��������� ?���-|�$%'��(p(@#&%'�
[�EHsHM8uju$_gI'MU_r_gISE�QSefQSuJGjQSEHM8o{oge8¨SKScp_XsnefQ]_aoge8ujujEnogcn�fcgKSstI¿M8cXM�cgujGJºSGjQ$R�h�e�ºSE\snefQ]_aoge8ujujEnoH�fGJQ]xfefu`xfE
M�q}EHEnºS¨'M8stkÂujGJQSEdMUogGjiHMU_aGJefQ;_gEHophF¯¦B�CØ_y»�GjsnEFº$GJ³�EHogEnQ]_aG~M�_aGjQ$R�_aISE+efK$_gmSK$_d�  ¬ ��_gISE+efK$_am$K$_
º$C�Q'MUh�GJsHc\e8q=_aISE�x8EHISGJsHujEÁujMU_aEnoaM8uÅsnefQ]_aopefuÅcpC�cA_aEHh:sHM8QF¨�EÁogE�q}efogh�MU_g_gEHº�M8c� ¬ l �à Á z gk¬ �F t z�à · �F �l ¼ �à Á z�à · �F t z gk¬ �F t ¾ p à · �F �lTS ¼ i ¾ z ��¼ i ¾ | ® p à · �F � �

¼Ç�8�f¾

N\ISEnQÅ�'_aISEÁQSe8QSujGJQSEdM8o.sHefQ]_aopefujuJEHopc|I'MdxfEÁ_aISE�q}efophÜe8q| ® l p ���¼ i ¾ ¼ S ¼ i ¾ p à · �F � z 5�5�5a¾ z 5�5�5l ���¼ i ¾ ¼ à · �F � ¾ p ���¼ i ¾ ¼ S ¼ i ¾ z 5�5�5a¾ z 5�5�5 � ¼Ç�U�]¾

vráLK'MU_gGjefQ¦¼Ç�U�]¾�cgK$RfRfEHcA_acÁ_aI'M�_�_aISE¤QSefQ$ujGjQ$EdM8o�snefQ]_aopefujuJEHogc�GjQSISEnogEnQL_guJCbI'MdxfE�M�q}EnEHº$q}e8op».M8ogº
snefh�m�EHQ$caMU_gGjefQÀ»�ISGJstI�sHefopogEHcpm�e8QSºSc\_ae�_aI$E�×$Ì¹EHº+R]M8GjQÀq}EnEHº$q}e8op».M8ogº�sHe8QL_gogefuW¯)�'efo|sHe8h�m'MUogG`T
cpefQÅ���"GjR$¯H�«��cgI$eÆ»�c4_aISE¶cgGJh¢KSujMU_aGJefQSc|opEHcgK$uJ_ac4e8q{M
cpujGjº$GjQSR�h
e¹º$E¶snefQ]_aopefujuJEHo�M8QSº+_aISE¥M8¨�e«xfE
h
EHQ]_aGJefQSEnºF_aI$ogEHE¶ujGJQSEdMUo4opef¨SKScA_�snefQ]_aopefujuJEHogcn¯\��c�».E¥sdM8QbcgEHE¶q}ogefhÜ_gISEÁ×'RfKSopE8�È_aISE¥cgujGJºSGjQ$R

�f�



0 20 40 60 80 100 120
0

20

40

60

V
x(

m
ph

)

0 20 40 60 80 100 120
−0.04

−0.02

0

0.02

0.04

dE
d(

ra
d/

se
c.

)

0 20 40 60 80 100 120
−2

−1

0

1

2

δ f(d
eg

)

0 20 40 60 80 100 120
−2

−1

0

1

2

E
f(

de
g)

0 20 40 60 80 100 120
−1

−0.5

0

0.5

1

Y
r(

m
)

 

0 20 40 60 80 100 120
−2

−1

0

1

2

E
r(

de
g)

 

0 20 40 60 80 100 120
0

20

40

60

V
x(

m
ph

)

0 20 40 60 80 100 120
−0.04

−0.02

0

0.02

0.04

dE
d(

ra
d/

se
c.

)

0 20 40 60 80 100 120
−2

−1

0

1

2

δ f(d
eg

)

0 20 40 60 80 100 120
−2

−1

0

1

2

E
f(

de
g)

0 20 40 60 80 100 120
−1

−0.5

0

0.5

1

Y
r(

m
)

 

0 20 40 60 80 100 120
−2

−1

0

1

2

E
r(

de
g)

 

�"GJRfKSopE��Æ��Ê�½¹Gjh�KSu~MU_gGjefQ+[�EHcpKSuJ_gc�e8q)©�GJQSEdM8o�[4e8¨SKScp_�z.efQ]_aopefujuJEHogc�»�GJ_gI��'EHEnº$q}efoA»|M8opºÏz.efh�T
m�EHQScgMU_aGJefQÅÊ+B.uJKSE8Ê�Y^GJ_gISefK$_
�'EHEnº$q}efoA»|M8opº�z.efh
m�EHQScgMU_aGJefQÅ��[4EnºÅÊ+Y^G`_aI z.efQScA_tM8Q]_Àë¶M8GJQ
�'EHEnº$q}efoA»|M8opº�z.e8h�m�EHQScgMU_aGJefQÅ�Èë�ogEnEHQÅÊrY^G`_aI���º'MUm$_aG`xfE¶�'EHEHº¹q}efop».M8ogºbz.efh
m�EnQScaM�_aGje8Q

h
e¹º$E.sHe8QL_gogefuJujEno"e8³�EHopc{_aISE|¨�EHcA_r_aogM8stkLGjQSR�m�EHoAq}efogh�M8QSsnE\M8c{EÎÌ$m�EHs�_aEnºÅ¯Xª�e«».E�xfEnoH��M8c{»�E|»�Gjuju
cpEHEÁGjQ¿_gISE�q}efuJuje«»�GjQSR¥cgEnsn_aGJefQÅ�$_gISE�Gjh
mSuJEHh
EHQ]_tMU_gGjefQ�e8q=QSefQSuJGjQSEHM8o.snefQ]_aopefujuJEHogc.Gjc|QSeU_|_aopGJx�G~M8u
M8Q$ºbh¢KSstIbI'M8ogº$EHo�_aI'M8QF_aI'MU_�e8q"ujGjQ$EdM8o�sHe8QL_gogefuJujEnogcH¯.N\ISEHopEnq}efopE8�ÉuJGjQSEHM8o�ogef¨$KScp_�sHefQ]_aopefujuJEHopc
»�G`_aI¦q}EnEHº$q}e8op».M8ogº¸snefh
m�EnQScaMU_gefogc�M8opE�M;h
Gjº�Tym�efGjQ]_�¨�En_y»�EHEnQ�uJGjQSEno�q}EHEHº$¨'M8stk²sHefQ]_aopefujuJEHopc
M8Q$ºbQSefQ$ujGjQ$EdM8o�sHe8QL_gogefuJujEnogc\q}ogefhÜ_gISE¥x�GJEn»1m�efGjQ]_�e8q{EHM8cgE¥e8qrGJh�mSuJEHh
EHQ]_tM�_aGje8Q�M8QSºbsnefQ]_aopefu
cAC¹cA_aEnhÛm�Enopq}efoph¿M8Q$sHE8¯

U J 2
� C� �¡) ¶�r�n�
�Ô���AC,��¡)�d� � 0 � ä 2 B ;  ¶�{��¡r �QøJK2 0 �{¡32UQ6QH��¡ ä
ÃyQ
_aISGJc�cpEHsn_gGjefQÉ�¹»�E�×'opcp_|cpKSh
h¿M8opGjinE�_gISE4mSogE�x¹GJefKSc.M8stISGjE�xfEnh�EnQL_gc|cgK$stI�M8c�ISM8ogº$».M8opE�cgE�_aKSm
M8Q$º+e8m�EnQ¹TyuJe¹efmÀ_gEHcA_ac4M8QSº�_aI$EHQ+mSogEncgEHQ]_4_aISEÁEÎÌ$m�EHopGjh
EHQ]_tMUuÅogEncgKSu`_ac�e8q=_aISopEHE�ºSG`³ÉEnogEHQ]_4sHe8Q¹T
_gogefuJujEHopcH�'Q'MUh�EnuJCf��M¿cpujGJºSGjQSR¤h
e¹º$E¥snefQ]_aoge8ujujEnoH�ÈM¿uJGjQSEHM8o\sHe8QL_gogefuJujEno�»�G`_aIbq}EnEHº$q}e8op».M8ogº�snefh�T
m�EHQScgMU_aGJefQÏM8QSºÏMÀujGJQSEdMUo�sHefQ]_gogefuJujEHon¯�N\ISEncgE�_aI$ogEHE¤snefQ]_aoge8ujujEnogc�MUogE¤sHefh
m'M8opEHº�¨]CÍM8QSM8uJC�cgGJc
M8Q$º+¨]C�EÎÌ$m�EHopGjh
EHQ]_acn¯

�8�



0 20 40 60 80 100 120
0

20

40

60

V
x(

m
ph

)

0 20 40 60 80 100 120
0

20

40

60

V
x(

m
ph

)

0 20 40 60 80 100 120
−0.04

−0.02

0

0.02

0.04

dE
d(

ra
d/

se
c.

)

0 20 40 60 80 100 120
−2

−1

0

1

2

δ f(d
eg

)

0 20 40 60 80 100 120
−2

−1

0

1

2

E
f(

de
g)

0 20 40 60 80 100 120
−1

−0.5

0

0.5

1

Y
r(

m
)

 

0 20 40 60 80 100 120
−2

−1

0

1

2

E
r(

de
g)

 
0 20 40 60 80 100 120

−0.04

−0.02

0

0.02

0.04

0 20 40 60 80 100 120
−2

−1

0

1

2

0 20 40 60 80 100 120
−2

−1

0

1

2

0 20 40 60 80 100 120
−1

−0.5

0

0.5

1

0 20 40 60 80 100 120
−2

−1

0

1

2

�"GJRfKSopE¶�d�$Êrz.efh
m'M8opGjcpefQ�eUq©¼�e8QSujGJQSEdM8o�z.efQ]_gogefuJujEHopcr»�GJ_aI�©�GjQSEHM8o�[4ef¨$KScp_|z.efQ]_aopefujuJEHogcr»�G`_aI
�'EHEnº$q}efoA»|M8opºÍz.efh
m�EnQScaM�_aGje8QÅÊ�B.ujK$E8Ê|Y^GJ_gISefK$_��'EHEnº$q}efop».M8opºÏz.efh�m�EHQ$caMU_gGjefQÅ��[�EHºÅÊ|Y^G`_aI
z.efQ$cp_tMUQL_{ëÁM8GjQ¶�'EHEnº$q}efop».M8opº¢z.efh
m�EHQScgMU_aGJefQÅ�8ëÁopEHEHQÉÊ&Y^G`_aIÁ��ºSM8m$_aG`xfE��'EHEHº¹q}efop».M8ogº¢z.efh�T
m�EHQScgMU_aGJefQÅ�ÈDFM8RfEHQ]_aM$Ê�½¹ujGJºSGjQSR�DFe¹º$E�z.e8QL_gogefuJujEno(�WZY V/W d�#&%È>-, #=-.�$!)(¿�$#Å�S�ed
N\ISE+E�Ì¹m�EHopGjh
EHQ]_tM8u|x8EHISGJsHuJE+cpISe«»�Q GJQ¦�OGjRS¯n�d��Gjc
M�sHefh�¨SGjQ'M�_aGje8QØe8q�MÏ�'ogEnGjRfI]_auJGjQSEno��{©&l
�Æ�U�¤snu~M8cpc4�¤_goaM8s�_aefo�M8Q$ºbM�ëÁopEdMU_4l�MUQSEÁcgEHh
GJ_goaM8GJujEnoH�$snefh
mSujE�_aEHº�»�G`_aIFM¤snKScp_gefhÛºSEncgGjR8QSEHº
cA_aEHEnogGJQSR²M8sn_gK'MU_ae8oH�4EHQSRfGJQSE�TÇ_aISope8_g_gujE�MUsn_aKSMU_aefon��¨$oaM8kUE;MUsn_aKSMU_aefon��M8Q$º�e8Q¹Ty¨�e]M8opº�cgEHQ$cgefopcH¯
N\ISE�cpEHQScpefogc¤MUQSºÂM8sn_gK'MU_gefogc¢q}efo¶_aISE¿u~MU_gEHoaMUu.M8Q$ºØujefQSR8GJ_aK$ºSGjQ'MUuXsnefQ]_aopefu|M8opE�M8c¢cpISe«»�QÂGjQ
�"GJRS¯H�«�¹¯  £«íLí�ñ�¤�¥´³b±!¢�£D¨1±(£«ðÈñLô«N\ISE�cA_aEHEnogGJQSR
M8sn_gK'MU_ae8o|Gjc|º$EnxfEnujefm�EHº+¨]C¿_gISE)¼�½YXÝz.efogm�efogMU_aGJefQ
e8q�PfMUm'M8Q²M8QSºØG`_¢Gjc¥h�e8KSQ]_aEHºÂefQZ_gISEÀcA_aEHEnogGJQSRÍsHefuJKSh�Q,M8c�cgI$eÆ»�QÂGJQÂ�"GjRS¯n��F$¯��°ogef¨SK$cp_
GJQSQSEHo@TyuJe¹efm¿sHefQ]_aopefujuJEHo\GJc\ºSEHcpGjRfQSEnº+q}e8o|_aISEÁcgK$¨¹TycAC¹cA_aEnhÖopEHmSopEHcpEHQ]_aEnº�¨]C�_aISEÁGjQ$mSK$_-ZLefK$_am$K$_
m'MUGjoH�ÆGJQSmSK$_�_ge4_gISE-¼�½YX h
e8_gefoÅºSopGJxfEno�Z�cA_aEnEHogGJQSR�snefujK$h�QÁM8Q$RfujE+7à�f��8Ç¯O�Âq}opefQ]_�»�ISEHEnu¹cA_aEnEHogGJQSR
M8Q$RfujE�cpEHQScpefo\Gjc.GjQScA_tM8uJujEHº¿efQ�_aISE�mSG`_ah�M8Q�M8ophF��_aISE�e8K$_amSK¹_�e8q&_aISE�I]C�ºSoaMUKSujGJs�m�e«»�EHo4M8cpcgGjcA_
KSQ$GJ_�e8q=_aISEÁcA_aEHEnogGJQSR¤cpC�cp_gEHh+¯� ñD±��Èí ±!¢�£�¨´±(£dð�ñLô«N\ISEFxfEHI$GjsHuJEbGJc¿GjQ$cp_tMUujujEnº²»�G`_aI¸¨$oaM8kUE�M8sn_gK'MU_gefogc¿»�G`_aI¦EHujEnsn_gogefQSGJs
snefQ]_aoge8u{KSQSG`_ac�M8c�cpISe«»�Q;GJQÍ�"GjR8cH¯H�«�ÀM8QSºØ�«�$¯¥N\ISE�EHuJEHs�_aoge8QSGjs¢K$QSGJ_�snefQ]_aopefujc�_gISE�mSogEncgcpKSogE

�U�



�"GjR8KSogE��d�$Ê)v{Ì¹m�EHopGjh
EHQ]_tM8uÅ)EnISGjsnujE

GJQ+_gISE�¨SogM8k8E�stI'M8h¢¨�EHopcH¯4��¨SogM8k8E�stI'M8h¢¨�EHo�ºSG~M8m$ISoaM8R8hÜGjc4sHefQ$QSEHs�_aEHº�_geÀM8Q�§a½¹®¿sHM8h:¨]C
uJGjQSk�M8RfEnc{cgK$stI�_aISMU_XM8Q
GjQSsnogEdMUcgE�e8q�mSogEncgcgK$ogE4GjQ�_aISE�¨SogM8k8E4stI'M8h�¨�EnormSKScgI$EHc�_gISE�¨SoaMUk8E�cgISe�E
M8RfM8GjQScA_�_gISE�¨SoaMUk8E�ºSogK$hÚx�G~Mb_gISE²§a½¹®�sHM8h M8Q$º²eU_aISEno¢ujGJQSk�M8RfEHcn¯;�|_¤m$ogEHcpEHQ]_d�XefQSu`C;_gISE
_goaM8GJujEHoÁ¨SogM8k8EÀM8sn_gK'MU_ae8ogc¢I'Mdx8E¿_aISE¿ujEnqË_¢M8QSºZopGjRfI]_�GjQSºSEnm�EnQSºSEnQL_¢¨SoaM8kLGJQSR�sdMUm'M8sHG`_yCÍ»�ISGjstI
sHM8QF¨�E�K$_gGjujGJiHEnº�GjQ�_aISEÁujMU_aEnoaM8u�sHefQ]_aopefujuJEHo|º$EHcgGJRfQSc\_ae
cp_aM8¨SGJujGjinE�_aI$E�_aoaMUGjujEno.C]Md»1º¹C¹QSM8h�GJsHcn¯[+±(£«íLñD±!¡¶íLñÆñÆðÈñÍóHí&¥OóHðÈñ�ó8ô�´��rN�ªÔM8ºSefm¹_aEHº,MFope]M8º¹TÄogEnq}EnogEnQSsHE�cpC�cp_gEHh¨'M8cgEnºZefQ;h¿M8R�T
QSE�_aGJs\h¿M8opk8EnogcH¯"N\ISE�m$ogGjh�M8oAC�cpEHQScpefogc)q}efo{_aI$E\u~M8QSE\R8KSGjº'MUQSsHE�M8opE\_aISE�h�M8RfQSE�_aefh
En_gEHogcn¯r��Q
EHM8stI�e8q{_gISE¥q}opefQ]_�EHQ$º�e8qr_aI$E¥_aogM8sn_gefoH�È_aI$E¢ogEHM8o�EnQSº�e8q{_gISE�_goaM8s�_aefon�ÉM8Q$ºb_aISE¥ogEHM8o�EnQSº�e8q
_gISE�cpEHh
GJ_goaM8GJujEHon�É_aI$EHogE�Gjc¶M8Q;M8ogogMdCÍe8q|h�M8RfQSE�_aefh
En_gEHopcH¯Àv)M8stI;h¿MURfQSEn_gefh
En_aEno¶M8ogogM«C�I'M8c
×Sx8EÁh¿M8R8QSEn_gefh�E�_aEnogc&¼}cgEHEÁ�OGjRS¯n�«�]¾)_gI'MU_4M8uJuje«»�q}efo\M¢cpEHQScpGjQSR¤ogM8QSRfE�e8qO� � ��AÖefQ�EHG`_aISEno\cgGJºSE
e8qr_gISE¢ope]M8º�snEHQ]_aEnogujGJQSE¢MUujefQSR
»�ISGjstI�h�M8RfQ$En_ac�M8ogE�¨SKSogGJEHº�GJQ�Enx8EHoACZ� � �fA�¯���QÍM8ujRfe8ogGJ_gISh
GJc�ºSEHcpGjRfQ$EHº�_ae�ef¨$_aM8GjQF_aISE¤u~M�_aEHogM8u=EHogopefoÁMU_�_gISE�h
GjºSºSuJE�cpEHQScpefoÁuje�sdMU_gGjefQb»�G`_aI�opEHcgm�EHs�_Á_ae
_gISEÁoge]M8º�snEHQ]_aEnogujGJQSE�q}ogefh _aISEÁcpGjRfQ'MUujc|e8qO_aISEÁh�M8RfQSE�_aefh
En_gEHopc|GjQ+M8QFM8ogogMdCf¯\ £Dï&íLñ�óHí&¥=óHðÈñUóUô8½�EHsHe8QSº'M8oAC�ü�cgKS¨ScpGjºSGjM8opC¥cgEnQScge8ogcrM8opE|M8uJcge�GjQScA_tM8uJujEHº¶EHG`_aISEno=q}e8oO_aI$E.sHe8Q¹T
_gogefuJujEHo�cpC�Q]_aISEncgGjc
efo¢q}efo�_gISE�qÞM8KSuJ_¢ºSEn_gEHsn_gGjefQ²efo¢q}efo¢_gISE�caMUq}E�_yC²M8QSº²m'M8cpcgEHQ$RfEHo
sHefh¤q}efoA_
h
efQSG`_aefopGjQSRS¯=N\ISE�C�GjQSsnujKSºSEUÊ

�f�



�"GJRfKSopE��Æ�¹ÊX½�EHQScpefogc4M8QSº���sn_aKSMU_aefopc|q}efo._gISEÁ©&MU_aEnoaM8u�MUQSº+©&e8QSRfGJ_gKSºSGJQ'M8uÉz.efQ]_aoge8uÇÊj¼A�Æ¾$�'opefQ]_
DbMURfQSEn_gefh
En_aEno¶¼Ç�f¾

�"GJRfKSopE¢��F$ÊX½�_gEHEnogGjQ$R���sn_aKSMU_aefo4D+efKSQ]_aEnºbefQ�_aI$E�½L_aEHEnogGJQSRÀz.e8ujKSh
Q
��F



�"GJRfKSogE��Æ�¹Ê)B.ogM8k8E¶��s�_aK'MU_gefo

�"GjR8KSogE¢�d�$Ê)B.oaMUk8E¶��sn_gK'MU_gefoHÊr��Gjo�´rogEncgcgK$ogE¶NOogM8QScgº$KSsHEno

�"GJRfKSopE��«�$Ê)©&MU_aEnoaM8uÅ´OefcpGJ_aGJefQF½¹EHQ$cgefonÊ.DFM8RfEn_gefh
En_aEno���ogogMdC

�f�



° MUsHsHEnujEnogefh
En_gEHogcnÊgefQ$E¶e8QFEHM8stIFeUqO_gISE�_aoaMUsn_ae8o�M8QSº+cgEHh
GJ_goaM8GJujEnoH�
° RUC¹opefcgsnefm�EHcHÊpefQSE¶efQ+EdM8stI+e8q=_aISE�_aogM8sn_gefo�M8QSº+cgEnh�G`_aogM8GjuJEHoH�
° »�I$EHEHuÉM8QSRfuJE�cpEHQScpefoHÊpefQ�_aISE�mSGJ_gh¿MUQÀM8ophF�]_aI$E�efK$_gmSK$_|cpI'MUqË_.e8q�_aISE�I]C¹º$oaM8KSuJGjs�m�e«»�EHo
MUcgcgGJcp_�KSQ$GJ_�e8q=_aISEÁcA_aEHEnogGJQSR�cAC�cp_aEnhF��M8Q$º

° MUop_aGJsHKSujMU_aGJefQÀMUQSRfujE�cpEHQScpefoHÊgM8oge8KSQSºF_gISE�×SqË_aI�TÄ»�ISEnEHuÇ¯]G±$ñUò�ïR±$ñ�íU¤�¥§£«íLñD¦ ±!¢fíÈô«��m�EnogcpefQ'M8uSsnefh
mSK$_aEnorGjQ¢_gISE�ºSogG`xfEHorsHM8¨SGJQ
eUq�_gISE|_aogM8sn_geforGjc"GjQ
stI'MUogRfE¢eUq)sHefh
h¢KSQSGJsdMU_gGjQSR¤»�GJ_gI�cgEnQScge8ogcÁM8QSº�M8sn_gK'MU_ae8ogc�_gISogefK$RfI}¼�M�_aGje8Q'M8u&ÃyQScp_gogKSh
EHQ]_gcHµ
l���^7¨�e]MUogºÅ¯{N\I$E�cgeUqË_y»|M8opE�q}efo)_aISE�ogEdMUu�_gGjh
E4GJh�m$ujEHh
EHQ]_aMU_aGJefQ¤e8q�sHe8QL_gogefuJujEnogcXGjcX¨'M8cgEnº�efQ
_gISE�m$ogEnx�GJefKSc¥´��rN�ªÔcpe8qË_y».M8ogE¿M8ogstISG`_aEnsn_aK$ogEÀMUQSº,GJc¶cpKSGJ_aM8¨Su`C�h�e�ºSG`×'EHºÍ_aeFM8sHsnefh
h�e�º'MU_gE
QSE�»7cpEHQScpefogc�M8QSº+M8sn_gK'MU_gefogcn¯XN\I$E_^e¼a`�opEdM8u`_aGJh�E�efm�EnoaMU_gGjQSR¤cAC¹cA_aEnhÛGjc\KScpEHºÅ¯
(�W'V b d�#=-�*8(A���Æd6�S#&�L��!)-L\ ��3��L�S#4, d�!r%'!c, #Å�$#=%^#&���S>-, !"�S>A��-
��m�EHQ¹TÄuje�efm;_gEHcp_gc�M8opEÀsHefQ$ºSKSsn_gEHºØ_aebEHcp_gGjh�MU_aE�cgefh
E¿cAC�cp_aEnhém'MUoaM8h
En_gEHogc¢M8QSº,x8EHogG`qËC;_gISE
uJGjQSEHM8oÁº$C�Q'M8h
Gjs
h�e�ºSEHu)RfG`xfEnQZ¨]CZvráÈ¯«¼W�f�f¾�¯FN\ISE¿EÎÌ¹m�EnogGjh
EHQ]_gc�M8ogE�sHefQ$ºSKSsn_gEHºÂMU_¢z.oge«»�c
©&M8QSº$GjQSRS¯²N\ISE�_aEncp_
_aoaMUstkØGjc
M8¨�efK$_��8�f�8��A uJefQSRÍsHefQ$cgGjcA_aGJQSR;eUq��ÍsHKSoAxfEHº cgEHs�_aGJefQSc�M8QSº
_y»�eZcp_goaM8GJRfI]_¿cpEHs�_aGje8QSc�MU_
_aISEF¨�EnRfGjQ$QSGjQSR,M8QSº�M�_�_gISEbEnQSºÅ¯ê��c�»�E�mSopEnx�GjefK$cguJC²m�efGjQ]_gEHº
efK¹_d��_aISEÍujGJQSEdMUo�xfEnISGjsnujE�h
e¹º$EHu�GJc�MÂ©&GJQSEdMUoÀN\Gjh
EbXM8oAC¹GJQSRØcpC�cA_aEHh7¼W©&´{Á¾�ºSKSE�_aeZ_gISE
M8m$m�EHM8oaM8Q$sHEÏe8q�_gISE�xfEHI$GjsHuJE;uJefQSRfG`_aKSº$GjQ'M8u4xfEnuje�sHGJ_yC à · GjQ^_aISEÍcAC¹cA_aEnh sne¹E�9�snGjEnQL_gcH¯ÜN=e
ef¨¹_tM8GJQÏ_gISE�q}opEHáLKSEHQ$snC;ogEHcpm�e8QScgEÀeUq._aI$E�xfEnISGjsnujE�u~MU_gEHoaMUurº$C�Q'M8h
GjsHcn�O_gISE
q}opEHáLKSEnQSsnC,cp»�EHEHm
_gEHcp_gcÀM8opE�sHefQSº$KSsn_gEHº^MU_¤_aI$E+x8EHuje�sHG`_aGJEHc¤e8q;�8��A0dfe����]��A0dge¸MUQSº Ff�fA0dgeÅ¯¸N\ISEbcA_aEnEHogGJQSR
M8s�_aK'M�_aefo�Gjc4RfG`xfEHQbM�cpGjQLKScge8Gjº'M8u�opEnq}EnogEHQ$sHE¢snefh�h�M8QSº+oaMUQSRfGjQ$R
GJQFq}opEHáLKSEHQ$sHGjEnc�q}opefh:� � ��
$h
_ge¢� � ��
$h¹¯"N\ISE�ogEHsnefogº$EHº¿e8K$_amSK¹_�cpGjRfQSM8ujc)M8opE\_aISE4u~MU_gEHogM8u'M8snsHEHuJEHogMU_aGJefQSc)M8QSº¤_aI$E4CfM«»¸oaMU_gEHc
e8q�_gISE�_aogM8sn_gefo\M8Q$ºÀ_aISE�cpEHh
GJ_goaM8GJujEHon�]_aISEÁM8oA_aGJsHKSujMU_aGJefQ¿MUQSRfujE�M8QSº�_aI$E�q}ogefQ]_\cA_aEnEHogGJQSR¢»�ISEnEHu
M8Q$RfujEU¯
N\ISE�cpC�cp_gEHhÝmSM8oaM8h
En_gEHopc"M8opE.ef¨¹_tM8GJQSEHº�M8c=q}e8ujuje«»�cn¯{DFEHM8cgK$ogEHº�º$Gjh
EHQScpGjefQ'MUu]m'M8oaMUh�E�_aEHopc

M8opE
_gISE
ºSGjcA_tM8QSsnE�¨�En_y»�EHEnQZ_aogM8sn_gefoHµàc¶q}opefQ]_¥»�I$EHEHu�M�Ì¹ujE
M8Q$º,ogEHM8oÁ»�ISEHEnu.M�Ì¹uJE)¼�� ® t z � � t l
�8�



� � �]�fA+¾Î�$_aI$E¶º$Gjcp_aM8QSsnEÁq}opefh°_goaM8s�_aefonµ·c�ogEHM8o�M�Ì¹ujE�_ge¤_gISE�×SqË_aI�TÄ»�ISEnEHuL¼�� � t p g � t l � � F]�8¾|M8QSº
_gISE�ºSGjcA_tM8Q$sHE¢q}oge8hÖ_gISE¢×SqË_aI�TÄ»�ISEnEHu{_aeÀ_gISE�cgEnh�G`_aogM8GjuJEHoHµàc�opEdM8o�M�Ì¹ujE)¼ g ® B z � � B l �«� � �f�fA+¾Î¯
N\ISEÂGJQSEHoA_aG~M¸mSM8oaM8h
En_gEHopc;MUogEØmSopeÆx�GJºSEHº ¨]C1_aISEØh�M8QLK$qÞM8s�_aKSopEHoHÊA_aISE²h�M8cgc�e8q
_aI$EÂ_goaM8sÎT
_gefo&¼�A t l �8�f��F u » ¾XMUQSºÀ_aISE�h¿M8cpc|e8q�_gISE�EHh
m$_yC¿cgEHh
GJ_goaM8GJujEno&¼Ç��F8�]� u » ¾�¯&N\ISE�cpEHh
GJ_goaM8GJujEHo
GJc�uJe]M8ºSEnº¦»�GJ_gI��8�8�f� u » e8q�snefQSsnogEn_gEHc�M�_¿_aI$EFq}oge8QL_�EHQ$ºÅ�\_aISEnogEnq}e8ogE8�|_gISEF_ge8_tMUu�h�M8cgc
e8q
_gISE¥cpEHh
GJ_goaM8GJujEHo.Gjc A$B l �«�²F8�]� u » ¯XB|M8cgEnº�efQ+cgefh
E¶ISEdMdxLC�xfEHI$GjsHuJEÁºSEHcpGjRfQFcgm�EHsHG`×'sdM�_aGje8QSc
M8Q$ºØRfKSGjº$EHujGJQSEHcn�"_aI$E�uje�sdMU_gGjefQ;e8q\_aISE�snEHQ]_aEno�e8q4RfoaMdx�GJ_yC;e8q�_aI$EÀ_aoaMUsn_ae8o¢M8QSºØ_gI'MU_�e8q\_gISE
cpEHh
GJ_aogM8GjuJEHo�M8ogE�Encp_gGjh�MU_aEnºÅ¯¢�'oge8h6_aI$E�EHcp_gGjh�MU_aGJefQ�M8Q$ºÍ_gISE�ºSGJh�EnQScgGJefQ'M8uOh�EHM8cgKSopEHh
EHQ]_acn�
»�E¢I'MdxfE � ® t l � � F8��A���� � t l � � F]�fA�� g � t l � � �fF�A���� � B l � � �]�fAßM8QSº g ® B l � � �f��A�¯�N\ISE
opEHcp_�e8q|_gISE�mSM8oaM8h
En_gEHopc�cgK$stIØM8c¥_gISE¿h
efh
EHQ]_¶e8q\GJQSEHoA_aG~M�e8q�_aISE
_aoaMUsn_ae8o&¼�o ti-i ¾¥M8QSº;cgEnh�GçT
_goaM8GJujEHo�¼�o Bi�i ¾��r_aISE�_gGjogE¿sHefopQSEHopGjQSRÍcp_gGJ³�QSEHcpc&¼��X� ® �Æ�X� � M8QSº��X� ¾ ¾¢M8QSºØ_gISE�uje�sdMU_gGjefQZeUq4_gISE
M8snsHEnujEHopefh
En_aEno�e8Q¿_aISE4_aogM8sn_gefoXq}opefhÕ_aISE�EHcA_aGjh�MU_gEHº¿sU¯·R$¯re8qÅ_aI$E�_aogM8sn_gefo&¼ g&¬ ¾XM8ogE4EHcA_aGjh�MU_gEHº
¨]C�sHe8h�m'MUogGjQ$R¤_gISE�q}ogEná�K$EHQSs�CbopEHcgm�efQScpE�e8qO_aISEÁuJGjQSEHM8o\h�e�ºSEnu&MU_�_aISEÁxfEnuje�sHGJ_gGjEnc\e8q)�8�fA0dgeÅ�
�]�fA0dge
MUQSº Ff��A0dge¢»�GJ_gI¢_aI'M�_re8qÈ_aISE.E�Ì¹m�EnogGJh�EnQL_aM8u$ºSMU_tM�MU_"_aISE\snefogopEHcgm�efQSº$GjQSR�x8EHuje�sHG`_aGJEHcH¯
N\ISE�EHcp_gGjh�MU_aEnºbm'MUoaM8h
En_gEHogc�M8ogE�M8c�q}efuJuje«»�cHÊZo ti�i l �f�8�f�f� u » 5fA B ��o Bi�i l �f�]�f�8�f� u » 5�A B �? l � � �f���§�X� ® l ?&j4�8��Ff�f�8�#Äk. û � g �!�X� � l ?&j\�U�L��F$�«��Äk. û � g ���X� � l ?&j\�U�L��F$�«��Äk. û � g
M8Q$º gk¬ l p � A�¯
��c�cgISe«»�Q�GJQ��"GJRfcH¯a�8�lZ$�8�¹�S_aISE¥h�e�ºSEHuW�'»�GJ_aI+_aISE�M8¨�eÆx8E�cAC¹cA_aEnhåm'M8ogM8h
En_aEnogcn��h�MU_astI$EHc

mSopEn_p_yC¥snujefcpEHu`C�_aISE�E�Ì¹m�EHogGJh�EnQ]_tM8ufq}opEHáLKSEHQ$snC¥ogEHcpm�e8QScgEnc"q}ogefh7_gISEXcp_aEnEHopGjQSR�GjQSmSK¹_O_ge4_gISEXCfMd»
ogMU_aE�e8q)_gISE¢_aogM8sn_gefoH�Å_gISE¢C]Md»ÕogMU_aE¢eUq�_gISE�cgEnh�G`_aoaMUGjujEnoH��_aISE¤M8snsHEnujEHogMU_aGJefQÍMU_�_gISE�_aogM8sn_gefoHµàc
M8snsHEnujEHopefh
En_aEno)M8QSº¤_aISE�M8oA_aGjsnKSu~M�_aGje8Q�M8QSRfuJE8¯ON\ISEHcpE�mSope«x¹GJºSE�KSc)»�GJ_aI¤snefQ$×'ºSEnQSsHE�GjQ¤ºSEncgGjR8Q¹T
GJQSR�h�e�ºSEnu"¨'M8cpEHºÍsHe8QL_gogefuJujEnogcH¯¶N\ISE¤E�Ì¹m�EHopGjh
EHQ]_tM8u"º'MU_tMÀº$Enx�G~MU_gEHc�q}oge8hÖ_gISE�ujGJQSEdM8o�h�e�ºSEnu
MU_XISGJRfISEnoXq}opEHáLKSEHQ$sHGjEnc.ºSK$E�_ae¶_aISE4KSQSh
e�ºSEHuJEHº¿º¹C¹QSM8h�GJsHc)e8qÅ_gISE4oge]M8º�TÄ_aGJogE�GjQ]_gEHoaMUsn_aGJefQ�M8QSº
_gISEÁcgKScpm�EnQScgGJefQFcAC�cp_aEnhF��M8h
efQSR�eU_aISEnogcH¯

�8�



10
−1

10
0

10
1

−15

−10

−5

0

5

10

15

P
ha

se
(d

eg
)

δ
f
 to dEp1

10
−1

10
0

10
1

−100

−80

−60

−40

−20

0

P
ha

se
(d

eg
)

Hz

�"GJRfKSopE��U�$Ê|�'ogEnáLKSEHQSs�C�[�EHcpm�e8QScgE¢eUq"_aI$E�N=oaM8s�_aefo@TA½¹Enh�G`_aoaMUGjujEno�½�C�cp_gEHhÛq}oge8hÜ_aISE¢½�_aEnEHogGJQSR
Y^ISEnEHu4_ae;_gISE+V�Md»Ö[4MU_aE+e8q�_gISEbN=oaMUsn_ae8oHÊÍB.uJKSE8Êa�8��A0dgeÅ��[�EHºÅÊp�]��A0dgeÅ�4ë�ogEHEnQÅÊ,F8��A0dgeÅ�
½¹e8ujGjº�uJGjQSEncHÊ)D+e¹ºSEnuÇ�nm]Ê�v"Ì¹m�EHogGJh�EnQ]_

10
0

10
1

−60

−40

−20

0

20

P
ha

se
(d

eg
)

δ
f
 to dEp2

10
−1

10
0

10
1

−400

−300

−200

−100

0

100

P
ha

se
(d

eg
)

Hz

�"GJRfKSopE����fÊ|�'ogEnáLKSEHQSs�C�[�EHcpm�e8QScgE¢eUq"_aI$E�N=oaM8s�_aefo@TA½¹Enh�G`_aoaMUGjujEno�½�C�cp_gEHhÛq}oge8hÜ_aISE¢½�_aEnEHogGJQSR
Y^ISEnEHuÉ_ge¢_aISE�V�Md»ê[�M�_aE�e8q&_gISE¶½¹EHh
GJ_goaM8GJujEnoHÊOB.ujKSEUÊt�8�fA0dgeÅ�'[4EnºÅÊg�f��A0dgeÅ�Èë�ogEHEnQÅÊ,F8��A0dgeÅ�
½¹e8ujGjº�uJGjQSEncHÊ)D+e¹ºSEnuÇ�nm]Ê�v"Ì¹m�EHogGJh�EnQ]_

�f�



10
−1

10
0

10
1

15

20

25

30

35

40

P
ha

se
(d

eg
)

δ
f
 to ddYs

10
−1

10
0

10
1

−120

−100

−80

−60

−40

−20

0

20

P
ha

se
(d

eg
)

Hz

�"GJRfKSopE+�f�¹Ê+�'ogEHáLKSEnQSsnC¦[�EHcpm�efQ$cgE+e8q�_gISE+NOogM8sn_gefoAT@½¹EHh
GJ_goaM8GJujEHo¢½�C�cp_gEHh q}oge8hé_aISEF½�_gEHEnoAT
GJQSRêY^ISEnEHuÀ_ae1��sHsnEHujEnoaMU_gGjefQÕeUqbM�_Z_aISE^�'opefQ]_ÂB.KSh
m�EnoHÊÔB.ujK$E8Êt�U��A0dgeÅ��[4EnºÅÊg�f��A0dgeÅ�
ë�ogEnEHQÅÊwFf��A0dgeÅ��½¹efuJGjº�uJGjQSEncHÊXDFe�ºSEHuW�nmLÊ)v"Ì¹m�EnogGJh�EnQL_

10
0

10
1

−60

−40

−20

0

20

P
ha

se
(d

eg
)

δ
f
 to Epf

10
−1

10
0

10
1

−200

−150

−100

−50

0

P
ha

se
(d

eg
)

Hz

�"GJRfKSopE��U�$Ê|�'ogEnáLKSEHQSs�C�[�EHcpm�e8QScgE¢eUq"_aI$E�N=oaM8s�_aefo@TA½¹Enh�G`_aoaMUGjujEno�½�C�cp_gEHhÛq}oge8hÜ_aISE¢½�_aEnEHogGJQSR
Y^ISEnEHu�_geÂ_gISEÍ��oA_aGjsnKSu~M�_aGje8Q ��Q$RfujEUÊØB.ujK$E8Êt�U��A0dgeÅ��[�EHºÅÊp�]��A0dgeÅ�Áë�ogEnEHQÅÊwFf��A0dgeÅ��½¹efujGJº
uJGjQSEncHÊ)DFe�ºSEnuÇ�omLÊ)v"Ì¹m�EnogGJh�EnQL_

�$�



(�W�� è �$%È��?É�'��%'!)(¤!)-�!)(@34�$>A�¸�X/��S(A>¸\Á>A-Lép, � \�#�?��.-.�$%'�.(A(A#&%
��c�h
EHQ]_aGJefQSEnºFGJQ+m$ogEnx�GJefKSc4cgEHs�_aGJefQÅ�'_aISE¶efK$_gmSK$_�º$C�Q'M8h
Gjsnc4eUq"_aI$E¶x8EHISGJsHujEÁujMU_aEnoaM8uÅsnefQ]_aopefu
cAC¹cA_aEnhÛGjc\RfG`xfEHQ+¨]C � ¬ lqS ¼ i ¾ z ��¼ i ¾ | ® p à · �F � zsrS BÆ¼ i ¾ � ¼Ç�U�]¾

»�ISEnogE rS BÆ¼ i ¾)opEHmSopEHcpEHQ]_acX_aISE�ujK$h�m�EHº¤h
e¹ºSEnu'KSQSsnEHop_aM8GjQ]_gGjEHc)GJQ¤_gISE�cpC�cp_gEHh efK$_gmSK$_H�¹MUQSº
_gISE
QSe8QSujGJQSEdM8o|_gEHoph S ¼ i ¾|_aefRfE�_aISEno�»�G`_aI p à · �F � ogEnmSogEncgEHQ]_gc�M8ujuÅ_gISE�h
e�ºSEHuJEHº+º$C�Q'M8h
GjsHcn¯\ÃÄ_�GJc
M8cpcgKSh
EHºØ_gI'MU_�_aI$E�h�e�ºSEHu�KSQSsnEHop_aM8GjQ]_yC8� rS BÆ¼ i ¾Î��GJc¢¨�e8KSQSºSEnº¦MU¨�e«xfE�¨]CØM�kLQSe«»�Q²cgh
e¹e8_gI
q}KSQ$sn_aGJefQÅ��t�¼ i ¾��$_gI'MU_4Gjc uuu rS B�¼ i ¾ uuuQv t�¼ i ¾ � ¼W�8�]¾

N\ISEnQÅ�ÈM¢cguJGjºSGJQSR¢h
e¹º$E�sHefQ]_gogefuJujEHoX»�GJ_gI�_gISE�cgR8Q�q}K$QSsn_gGjefQ�opEHmSujM8sHEnº+¨]CÀ_gISE�caM�_\q}KSQSsn_gGjefQ�GJc
RfG`xfEnQF¨]CL7·�8��8 | ® ¼ i ¾ l p ���¼ i ¾ ¼ S ¼ i ¾ p à · �F � zw� t caM�_Æ¼yxz.|{É¾ zw� B�x)¾ ¼W�¹�Æ¾

»�ISEnogE_x²GJc|_aISEÁcguJGjºSGJQSR¢cpKSopqÞM8snE¥º$En×'QSEnºb¨]Cx l �º z~} º � MUQSº º l  ¬ p  ��� ¼W�f�f¾

»�G`_aI  � opEHmSopEHcpEHQ]_aGJQSR�_aISEÀº$EHcgGJogEnºØefK$_am$K$_dæ � t M8QSº � B¤M8ogE¿m�efcpGJ_gGJxfE�sHefQ]_gogefu�m'M8oaMUh�E�_aEHopc
»�G`_aI � t7� t)æ'M8Q$º${ õ ��cpm�EnsHGJ×SEHc�_aISE�_aI$GjstkLQSEHcpc�eUqO_gISEÁ¨�efK$QSº'M8oAC�u~MdCfEnoH¯
Y^ISEnQÂ_gISE¿cpujGJºSGjQSRFcgKSoAqÞM8sHE¿Gjc¥»�G`_aISGJQ,_aI$EÀ¨�e8KSQSº'M8oAC,ujMdCfEHon�{GÇ¯àE8¯`��x v {=�O_aISEÀsnefQ]_aopefu

GJQSmSK$_�GJQFvráÈ¯«¼Þ�$�Æ¾|Gjc\EnáLKSGJxUM8uJEHQ]_\_ae| ® ¼ i ¾ l p S ¼ i ¾��¼ i ¾ z ��U¼ i ¾ à · �F � p ���¼ i ¾9� � t{ z~� B��'x � ¼W�8�]¾

�'efo\_aI$E�u~M�_aEHogM8u�sHe8QL_gogefu=e8qrI$EdMdxLC+x8EHISGJsHuJEHcH��_aISE¶ºSEncgGjopEHº�e8K$_amSK¹_�Gjc4iHEnogeS��GÇ¯àE8¯`�  � l �$��M8QSº
_gISE�xfEHI$GjsHuJE¤M8op_gGjsnKSu~MU_gGjefQ�M8QSRfuJE F ® Gjc�xfEHoACÍcgh�M8uju"MU_ÁISGJRfI]»|MdCÍefm�EHogMU_aGJefQScH¯�N\ISE9�U¼ i ¾�GjcÁM
q}KSQ$sn_aGJefQÏe8q F ® efQ$uJCÍM8Q$º;_aI$EHogE�q}efogE
GJ_ÁGJc¶M8mSmSope«Ì¹GJh¿MU_gEHºÏ¨]C,M�sHe8QScp_aM8Q]_d¯�N\ISEnQÅ�{vráÈ¯«¼Þ�f�]¾
sHM8QF¨�EÁM8mSm$ogedÌ¹Gjh�MU_aEnº+¨]C| ® ¼ i ¾ l p S ¼ i ¾� z �� à · �F � p ���� � t{ z�� B � � ¬ p } ��� � t{ zw� B �  ¬

l p S ¼ i ¾� z �� à · �F � p � ¯ � ¬ p � ¯ }  ¬ � ¼W�U�L¾

�]�



ÃyQFvrá�¯d¼W�8�]¾��S_aI$E¶ujM8cp_._y».e¤_aEnogh
c4opEHmSopEHcpEHQ]_�uJGjQSEHM8o.q}EnEHºS¨'MUstk�sHefQ]_aopefuÇ�¹_aISE¶´)l snefQ]_aopefuÇæ$_gISE
cpEHsHe8QSº¦_gEHogh opEHmSopEHcpEHQ]_ac¿_gISE�q}EHEnº$q}efop».M8opº sHe8h�m�EHQScgMU_aGJefQÂ»�ISefcgE+h�M8RfQSG`_aKSºSE�GJc¤mSogefm�efo@T
_gGjefQ'MUuL_ge�_aISE.sHEHQ]_gogGJq}K$R]M8u¹q}e8ogsHEUæLM8QSº¢_gISE|×'ogcA_rQSefQ$ujGjQ$EdM8o=_aEHoph�cOogEnmSogEncgEHQ]_gc.M8uJu]_aISE\h
e¹º$EHujEnº
º$C�Q'MUh�GJsHc|e8q=_aI$E�xfEHI$GjsHuJE�u~MU_gEHogM8uÉsnefQ]_aoge8uÅcpC�cp_gEHhÜGJQSsHuJKSºSGJQSR�_aI$E¶z.efogGJefujGJc�_aEnogh
c�M8c|»�EHujuÅM8c
_gEHogh
c�snefQ]_aogGJ¨SK$_gEHºÍ¨]Cb_aI$E�ujGjQ$EdM8o�_aGJogE¢h
e¹º$EHuÇ¯���mSm'M8opEHQ]_au`Cf�Å_gISE¢cguJGjºSGJQSR¿h
e�ºSE¢sHe8QL_gogefuJujEno
GJc�ºSefGjQ$RØcgefh
En_gISGjQSRØh
efopEb_aI'MUQ¬uJGjQSEHM8o¿snefQ]_aoge8ujujEnogcn¯ÙÃÄ_�sHefQ$cgGjcA_ac�e8q¶_aISopEHEÍm'M8oA_acnÊgujGJQSEdMUo
q}EnEHºS¨'MUstk�sHefQ]_aopefu{_aEnogh
cH�=MÀq}EHEnº$q}efop».M8opº,sHe8h�m�EHQScgMU_aGJefQ�_aEnoghèM8Q$º;M�QSefQ$ujGjQ$EdM8o�q}EnEHºS¨SM8stk
uJGjQSEHM8ogGJidMU_gGjefQ
_aEHophF¯)ÃyQ+_aISGJc\cgEHs�_aGJefQÅ�'».E¶sHe8h�m'MUogE�_aI$E¶q}efuJuje«»�GjQ$R�_aISopEHEÁsHe8QL_gogefuJujEnogc�¨]C�E�ÌLT
m�EHopGjh
EHQ]_acn¯� � [Æ¤�¥=ík±SñÒ¢fð�¥§£«ñÆð�¡�¡}íLñ�� | ® l p � B � ¬ p � B }  ¬ æ ¼W�f�f¾�%� [Æ¤�¥=ík±SñÒ¢fð�¥§£«ñÆð�¡�¡}íLñ¤ïU¤�£Dï�±'���Åí¹ò ³�±!¤�¥�¦ÄíLí�ò1¦ÄðÈñÆï�±Sñ�ò ¢fð§Ñ"ªríÐ¥=ó6±(£�¤Þð�¥c�| ® l � � à · �F � p � ¯ � ¬ p � ¯ }  ¬ æ ¼W��F]¾� �-  ¡�¤Wò´¤�¥1³"Ñ,ð�ò&íN¢fð�¥§£«ñÆð�¡�¡}íLñÁRfGJx8EHQ+¨LC�v)áÈ¯d¼W�8�L¾Î¯
N\ISE�ogEHujMU_aGJefQScpISGjmSc)MUh�efQ$R¶_gISEHcpE4_gISogEnE�sHe8QL_gogefuJujEnogcXM8ogEUÊ"snefQ]_aoge8ujujEnoXB¦Gjc)ef¨¹_tM8GJQSEHº¤q}ogefh

snefQ]_aoge8ujujEno��6¨]C¦M8ºSº$GjQSR;MÏ×$Ì¹Enº¸R]M8GJQ²q}EnEHº$q}efoA»|MUogº snefh
m�EnQScaMU_gGjefQ¦M8QSº¦sHefQ]_gogefuJujEHo�zÔGJc
ef¨¹_tM8GJQSEHº
q}ogefh sHe8QL_gogefuJujEno.B¸¨]C¿M8ºSºSGJQSR¢M�Q$efQSujGJQSEdMUoX_gEHogh »�ISGJstIÀogEnmSogEncgEHQ]_gc�_gISE�h
e¹º$EHujEnº
º$C�Q'MUh�GJsHc\e8q=_aISEÁmSujM8Q]_d¯

(�W)( c�,Kd�(A#4, #O-.�$!"�'>@��-Ú>@�$�$��#=�
��c¶»�E¿sHM8Q;cpEHE
q}ogefh _gISE
x8EHISGJsHuJE
h
e�ºSEHu)M8Q$º;_aI$E�cpEHQScpefogc¥GjQScA_tM8uJujEHºÉ�=Q$e8_¥M8uju{_gISE�cAC�cp_aEnh
cA_tMU_gEHcXM8ogE\h
EdMUcgKSogM8¨SujEU¯{N\ISE�KSQSh
EdMUcgKSopEHº
cp_tM�_aEHc�M8opE\cpC�Q]_aISEncgGjinEHºÅ�¹EHcA_aGjh�MU_gEHº¤eforef¨ScpEHoAxfEHº
q}opefhÔ_gISEÁcgEHQ$cgefo4h�EHM8cgK$ogEHh
EHQ]_gcH¯
z.efQ]_aopefujuJEHo��êQSEnEHºSc|_y»�e¤cp_tM�_aEHcnÊ  ¬ M8QSº � ¬ ¯rN\ISE�cpC�cA_aEHh°efK$_am$K$_  ¬ MU_�_aISE�uJe¹e8k]TyM8ISEHM8º

ºSGJcp_aM8QSsHE gk¬ GJc\RfGJx8EHQ�¨]C  ¬ l  �1z gk¬ F � � ¼W�f�f¾

�f�



»�ISEnogE  � M8Q$º F � M8ogE¤ef¨¹_tM8GJQSEHº�q}oge8hå_aISE�q}opefQ]_�MUQSº;opEdM8oÁh�M8RfQSE�_aefh
En_gEHo�h
EdM8cpKSogEnh�EnQ]_ac
¨'MUcgEHºbefQb_aI$E�RfEnefh�E�_aopGjsdMUu�ogEHujMU_aGJefQScpISGjmScn¯

� ¬ Gjc4ef¨$_aM8GjQ$EHºb¨]C+QLKSh
EHogGJsdM8uJuJC�º$GJ³�EHogEnQ]_aG~M�_aGjQ$R ¬ ¯
ÃyQ�M8º$ºSGJ_gGjefQÂ_aeÏ_aISEFcgGjR8Q'M8ujc�_gI'MU_�sHefQ]_aopefujuJEHo¤�åK$cgEHcn��sHefQ]_aopefujuJEHo
BÔQ$EHEHº$c¿_y».e,h�efopE

cpGjRfQ'MUujcHÊ à · M8QSº �F � ¯\N\ISE¥x8EHISGJsHujE¶uje8QSRfGJ_gKSºSGJQ'M8uÅcpm�EnEHº à · GJc�h
EdM8cpKSogEnº�M8Q$º �F � Gjc�ef¨$_aM8GjQ$EHº
q}opefhÔ_gISEÁEHáLK'MU_gGjefQ �F � l �F t p �F � ¼W�8�]¾

»�ISEnogE�_gISEÁ_aoaMUsn_ae8o�C]Md»�ogMU_aE
�F t Gjc4h�EHM8cgK$ogEHºb¨LCFR8C�oge�GjQScA_tM8uJujEnºFefQ+_aISE¶_aogM8sn_gefo�M8Q$º �F � GJc

ef¨¹_tM8GJQSEHºF¨LC+QLKSh
EHopGjsdMUujuJC¿ºSGJ³�EHopEHQ]_aGjMU_aGJQSR F � ¯�N\ISE¢MUsHsHK$oaM8s�Cbe8qO_aISGJc�MUmSmSogefM8stI�Gjc�xfEnogG`×'EHº
q}opefhÔ_gISEÁE�Ì¹m�EnogGJh�EnQL_aM8u�º'MU_aM¤M8c�E�Ì¹mSu~MUGjQSEnº+GJQ�cgKS¨ScpEHs�_aGje8QF�S¯ �¹¯¼�e8QSujGJQSEdM8o¤snefQ]_aoge8u�MUujRfefopGJ_gISh�c�cgKSstI^M8c
sHe8QL_gogefuJujEno¿z°º$EHm�EHQSº¸e8Q¦_aI$EFujMU_aEnoaM8u\Enogoge8ogc
h
EdM8cpKSogEnº+MU_|_aI$E�q}ogefQ]_�M8Q$º�ogEdMUo\EHQSºSc\eUq=_gISE�_aogM8sn_gefo\M8c|»�EHuJuÅM8c\h�M8Q]C�e8_aISEno\cgEnQScgefopc�mSogGçT
h�M8ogGJuJCÁq}efo"_gISE�sHefh
mSK$_aMU_aGJefQ�e8qÈ_aI$E�q}EnEHºS¨SM8stk�ujGJQSEdM8opGjiHMU_aGJefQ¥_gEHogh+¯OY^I$GjujE�_aISE�u~M�_aEHogM8u$Enogopefo
h
EdM8cpKSogEnh�EnQ]_ac.¨]C�h¿MURfQSEn_gefh
En_aEnogc�M8ogE�GjQSI$EHogEnQ]_auJC
GJQL_gEHoph�G`_g_aEnQ]_d�]_aISE�CÀMUogE4ujEdMUcp_|snefQ]_tM8h
G`T
Q'M�_aEHº�¨]C�_aISE�h
EdMUcgKSopEHh
EHQ]_\QSefGJcgEU�¹»�ISGJstI+GJc.efQ$E�e8q�_aI$E�ogEdMUcgefQÀ_gI'MU_|_gISE�Gjh
mSuJEHh
EHQ]_tMU_gGjefQ
e8q|ujGjQ$EdM8o�snefQ]_aoge8u.M8uJRfefopGJ_aI$h�c�I'MUc¥¨�EHEnQZogEnu~MU_gGJxfEnuJCÍEHM8cpCÏsHe8h�m'MUogEHºÏ_ae+_aI'MU_¥e8q\Q$efQSujGJQSEdMUo
snefQ]_aoge8u&M8ujRfe8ogGJ_gISh
cH¯
Y^ISGJujE�_gISE.q}EnEHºS¨'MUstk�ujGJQSEdMUogGjiHMU_aGJefQ¶Gjc{M�cgefKSQ$º�MUQ'M8uJCL_gGjsdMUu�GJºSEdM¹�8_aISE.sHefh
mSK$_aMU_aGJefQ�e8q'_gISE

QSEnsHEncgcaMUopCÁ_aEnogh
c=opEHáLKSGJogEHc=h�M8Q]C�cp_aMU_aE)xUM8ogGjM8¨SujEncÅ_ae�¨�E�h
EdM8cpKSogEnº¥e8o=Encp_gGjh�MU_aEnºÅ¯{z.e8QL_gogefuJujEno
z QSEnEHº+�¢M8º$ºSGJ_gGjefQ'MUu'cgGjR8Q'M8ujc)_aISM8QÀsHe8QL_gogefuJujEno.B�Ê à Á � F t � F ® M8QSº �F ® ¯{N\ISE�_goaM8s�_aefo)C]Md»¬oaMU_gE�F t M8QSºÂ_aISE+M8oA_aGjsnKSu~M�_aGje8QØM8QSRfuJE F ® M8opE+h
EdMUcgKSopEHºÅ¯¦N\ISEbMUop_aGJsHKSujMU_aGJefQØM8Q$RfujE�ogMU_aEU� �F ® ��GJc
ef¨¹_tM8GJQSEHº�q}oge8h �F ® l �F B p �F t � ¼W�8�]¾

»�ISEnogE|_gISE�CfM«»¦oaM�_aEHc"e8q'_aISE�_aoaMUsn_ae8o{M8QSº¢_gISE|cpEHh
GJ_aogM8GjuJEHon�
�F t MUQSº �F Bd�]M8opE|h�EHM8cgK$ogEHºÉ¯"��cOq}efo

_gISE�EHcA_aGjh�MU_gGjefQÀeUqO_gISEÁu~MU_gEHoaMUu�xfEnuje�sHG`_yCÀe8q&_aI$EÁ_goaM8s�_aefonµ·c\snEHQ]_aEno�eUqOR8oaMdx�GJ_yCf� à Á �$_aI$E¶ujMU_aEnoaM8u
Enogoge8o�h
EdM8cpKSogEnh�EnQ]_ac.h�MdC¤¨�E�q}KScpEHº¿»�G`_aI�_gISE�e8K$_amSK¹_.e8qÉ_aISE4u~MU_gEHogM8u�M8sHsnEHujEnogefh
En_gEHon��¨$K$_|G`_
GJc�QSeU_.xfEnopC�caMU_gGjcAqÞM8sn_gefopC¤ºSK$E�_ae¶_aISE�ISGjRfI�QSefGJcgE�uJEnx8EHu�GjQ�_gISE�MUsHsHEnujEnoaMU_gGjefQ�cgGjR8Q'M8u�M8QSºÀ¨$G~M8cn¯

�8�



ª4eÆ»�Enx8EHon��QSeU_aGjsnGjQSR¢_gISE�q}efujuJe«»�GjQSR¢opEHujMU_aGJefQÅ�� ¬ l à Á z F � à · z gk¬ �F � � ¼Þ�f�]¾

M8Q$ºÍ»�G`_aIÍ_aISE¤snefQ$×'ºSEnQSsHE¤»�E�R]MUGjQSEnºÍq}opefh6_gISE¤EHcA_aGjh�MU_gGjefQ�e8qX_aI$E
º$EHcgGJogEnºÏCfM«»ÙoaMU_gE8�
�F � �

»�EÁsdM8Q+EHcA_aGjh�MU_gEHº�_aogM8sn_gefoHµàc�u~MU_gEHoaMUu�xfEnuje�sHG`_yC�cgGJRfQ'M8uÉq}opefhÜvráÈ¯«¼}�]�]¾\M8c

à Á l � ¬ p F � à · p gk¬ �F � � ¼Þ�$�Æ¾

»�ISEnogE,M8uju�_gISE;cpGjRfQSM8ujc�efQ�_aISEÏogGJRfI]_+I'M8QSº¬cgGjº$E;e8q¥_aISE;EHáLK'MU_gGjefQ�sdMUQê¨�E;ef¨¹_tM8GJQSEHºêM8c
EÎÌ$m$u~M8GJQSEHº�GjQ+M8¨�e«xfEU¯
B.EncgGjº$EHcH�$M8ujuS_gISE�cpGjRfQSM8ujcr¨SK¹_._aI$E�h�M8RfQSE�_aefh
En_gEHo)h
EdM8cpKSogEnh�EnQL_gc|MU_X_aI$E�q}oge8QL_.M8QSº�ogEHM8o

¨SK$h�m�EHo\e8q=_aI$EÁ_goaM8s�_aefo�MUogE�×'uJ_gEHopEHº+KScgGJQSR
M¤uJe«»�m'M8cgc\×'u`_aEnoH¯

(�W�� V/W d�#&%È>-, #=-.�$!)(¿%'#&�S��(Ä�S�
N\ISE¤h�MÆ±pefo�sHefQ]_aopefuref¨�±pEnsn_gGJxfEncÁGjQ�xfEnISGjsnujE�ujMU_aEnoaM8uOsHefQ]_aopefurM8opE¢_ae�h�M8GjQ]_tMUGjQbcph¿MUuju"ujMU_aEnoaM8u
Enogoge8ogc�M8QSº¦_ge;EnQScgK$ogEbmSM8cgcpEHQSRfEno¿snefh
q}e8op_d¯²Y^ISGjuJEÀ_aISEnogEFM8ogE+QSe8_�h�M8Q]CØm'M8cpcgEHQ$RfEHopcÀefQ
_goaM8s�_aefo@TycgEnh�G`_aogM8GjuJEHo.x8EHISGJsHujEncH��_aISE¢ujMU_aEnoaM8u&MUsHsHEnujEnoaMU_gGjefQbM8QSº
±pEnogk+h¢KScp_�ogEnh¿M8GJQbM�_�ogEHM8cge8Q¹T
M8¨$ujE�ujE�xfEnujcH¯ØÃyQ²oge8¨SKScp_
QSe8QSujGJQSEdM8o�snefQ]_aopefu�M8ujR8efogG`_aISh
cH�"_gISEHopE�Gjc¤QSeÍE�Ì¹mSuJGjsHG`_�h
En_aI$e¹ºÂe8q
GJQSsHefopm�e8oaMU_gGjQSR¶sHefQ]_gogefuJujEHoXm�EHopq}e8ogh�M8QSsHE�GjQ¿_gISE�snefQ]_aoge8ujujEno�º$EHcgGJRfQÅ¯rN\ISE�cgh
e¹e8_gISQSEncgc|e8q�_gISE
cA_aEHEnogGJQSR�GJQSmSK$_4GJc\efQSEÁe8q"_gISE¶h�efcA_�Gjh
m�e8op_tMUQL_\M8cgm�EHs�_ac�q}ogefh°_gISEÁx¹GJEn»�m�efGjQ]_�e8q"mSKS¨SuJGjsÁM8sÎT
snEHm$_aM8QSsHE�eUq.MUK$_aefh�MU_gEHº�ºSopGJx�GjQSR$¯¶DFefcp_�m'M8cgcpEHQSR8EHogcÁºSe�QSeU_�ujGJk8E¥_gISE�efcpsHGjuJu~MU_gefopC�cA_aEnEHogGJQSR
M8s�_aGJefQÀEnx8EHQ�»�ISEnQ+G`_|ºSe�EHc.QSe8_�M8º¹xfEHopcgEnuJC�M�³ÉEnsn_|_gISE�u~M�_aEHogM8u�M8sHsnEHujEnoaMU_gGjefQÀM8QSº¥±pEHopkÈ¯rN\I�K$cH�
_gISE¢×'Q'M8u=_aKSQ$GjQSR�e8qXsnefQ]_aoge8ujujEno�m'M8ogM8h
En_aEnogc�h�KScp_Á¨�E¢m�EHopq}e8ogh
EHº�¨]C�E�Ì¹m�EHopGjh
EHQ]_acn¯�½¹EnujEHsÎT
_gGjefQ+e8qr_aI$EHcgE¥m'M8ogM8h�E�_aEnogc�opEHáLKSGJogEHc�M¿Rfe�e¹º+KSQSº$EHogcA_tM8Q$ºSGjQSR¿e8qrxfEnISGjsnujE¶º$C�Q'M8h
GjsHcn��snefQ]_aopefu
ef¨L±pEHsn_gGJx8EHcH��M8Q$ºFuJGjh
GJ_tM�_aGje8QSc)e8qO_gISE¶M8sn_gK'MU_gefogcn¯
v"Ì¹m�EnogGjh
EHQ]_gc�M8opE¤m�Enopq}efoph�Enº;efQÍ_aI$E¿´��rN�ªÕ_gEHcA_¥_goaM8stkÍMU_Á_gISEÀz.ope«»�c¥ujM8QSºSGJQSRS¯¤N\ISE

_gEHcp_¥_aogM8stkÍsHefQScpGjcA_ac�eUq|_aISopEHEÀsnKSopx8EHºØcpEHsn_gGjefQ$c�E�Ì�_gEHQSºSEnºØ¨]C;_y»�e�cp_goaM8GJRfI]_�cpEHs�_aGje8QScH¯+N\ISE
ogM8ºSGjG�eUq"_aI$E�sHK$opxfEnº�cgEnsn_gGjefQSc�M8ogE¥�f�f�fA�¯\�"GjR8KSogEnc��U�lZ$�8��cgISe«»�c�_gISE¶E�Ì¹m�EnogGJh�EnQL_aM8u&ogEncgKSu`_ac
e8q�sHe8QL_gogefuJujEnogcÁ���&B M8QSº,z��&ogEHcpm�Ensn_gGJxfEnuJC8¯¿N\ISE
º'MU_aM+MUogE¤sHefuJujEnsn_aEnº;e8QÏ_gISE¤caM8h
E¤º'MdC�_ae

�]�



0  20 40 60 80 100 120 140
0

20

40

60

V
x(

m
ph

)

0  20 40 60 80 100 120 140
−0.04

−0.02

0

0.02

0.04

dE
d(

ra
d/

s)

0 20 40 60 80 100 120 140
−2

−1

0

1

2

3

4

t(sec.)

de
lta

f(d
eg

):
de

si
re

d

0  20 40 60 80 100 120 140
−0.2

0   

0.2 

0.4 

0.6 

0.8

b:
ys

1(
m

),
 r

:y
s2

(m
)

0  20 40 60 80 100 120 140
−4

−2

0

2

4

de
p1

(d
eg

/s
)

0  20 40 60 80 100 120 140
−2

−1

0 

1 

2 

ep
r(

de
g)

t(sec.)

(e) 

(a) 

(b) 

(c) 

(d) 

(f) 

�"GjR8KSogE¶�U�$Ê)v{Ì¹m�EHopGjh
EHQ]_tM8uÉogEHcpKSuJ_gc�e8q{©�GJQSEdM8o4z.e8QL_gogefuJujEno�Z��
EnQScgKSopE
_gISE
caM8h
E¤E�Ì¹m�EnogGJh�EnQL_aM8urEHQ]x�GjopefQSh
EHQ]_acÁcpKSstIØM8c�_aI$E
ope]M8ºÏsHefQ$ºSGJ_gGjefQÅ�Å_gISE¤xfEHI$GjsHuJE
snefQSºSG`_aGje8QÀ_aISE�»�GjQ$º+º$Gjcp_gKSog¨SM8QSsHEU¯
l�KSopGjQSRØEÎÌ$m�EHopGjh
EHQ]_acn��_aI$EÍx8EHISGJsHuJEÏuJefQSRfG`_aKSº$GjQ'M8u�xfEnuje�sHG`_yCf� à · ��Gjc�sHe8QL_gogefuJujEnº�¨]C¸_gISE

ºSopGJx8EHoH¯�ÃyQ;�OGjRfcn¯t�U�S�=�fF�M8QSº;�8�$�Å_gISE¤mSuje8_gc¤¼WMf¾�ZÉ¼Ëqt¾�cpISe«»Ý_gISE�xfEHI$GjsHuJE�ujefQ$RfGJ_gKSºSGjQSM8uOcpm�EnEHº
à · ��_gISE�EHcA_aGjh�MU_gEHºÂC]Md»:oaMU_gE �F � �X_aISE+cp_gEHEnogGjQ$R,M8Q$RfujE�snefh�h�M8QSº¦MU_¤_aI$E+ISM8QSº$»�ISEnEHuL¼ | ® ¾
»�ISGJstIbGJc4_gISE¥e8K$_amSK¹_�e8q"_aISE¶sHefQ]_gogefuJujEHon�S_aISE¶u~M�_aEHogM8uÅ_aogM8stkLGjQSR�EHopogefo�MU_�_aISE¶_aogM8sn_gefoHµàc4q}opefQ]_
¨SK$h�m�EHo  ¬ t ¼}¨SujK$E¥uJGjQSEd¾4M8Q$º�ogEHM8o�¨SK$h�m�EHo  ¬ B=¼}ogEnº�ujGJQSE«¾Î�È_gISE�CfM«» ogMU_aE¥e8qr_aISE¶_aogM8sn_gefo �F t
M8Q$º�_gISEÁefogGJEHQ]_tM�_aGje8Q�e8qO_gISE�_aogM8sn_gefo�GjQÀ_aI$E¶ope]M8º+sHe�efogº$GjQ'MU_gE�cpC�cA_aEHh F � �'ogEHcpm�Ensn_gGJxfEnuJC8¯¼�eU_aGjsnE¢_aI'M�_¥GJQ�mSujeU_�¼ÞºÈ¾ÄTycÁe8q.�"GjRfcn¯t�U�$�=��F�M8QSº;�8�$��_aI$E
ujMU_aEnoaM8u=_aogM8stkLGjQSR+EHopogefoÁMU_�_gISE
q}opefQ]_�M8QSº�opEdM8o¿¨SKSh
m�Enogc�MU_�_aISEbcp_aogM8GjR8IL_¿cgEnsn_aGJefQSc�M8opEbQSe8QSiHEnogeS¯���uJcgeZQ$e8_aGJsHEF_gI'MU_¿GjQ
mSuJe8_�¼Þs«¾ÄTyc|eUq"�OGjRfcn¯t�U�S�$��F¢MUQSº+�8�$�¹MU_|_gISE�GjQ$GJ_aGjM8u'cp_aM8RfE�»�I$EHQ à · l ��A0dgeÅ�$_aI$EHogE�Gjc|M¢ujM8ogR8E
cA_aEHEnogGJQSR�M8s�_aGje8QÅ¯"N\ISE.u~MU_p_aEHoOGjcO¨�EnsdM8KScpE8�f»�ISEnQ�».E\cA»�GJ_astI¢_ge�_aI$E\M8K$_gefh¿M�_aGjsXºSopGJx�GjQSR�h�e�ºSEU�
_gISEÀGjQ$QSEHo@Tyuje�efm;sHefQ]_aopefujuJEHo¥sdM8uJGj¨SogMU_aEnc¥_aI$EÀq}ogefQ]_�cA_aEHEnogGJQSR�»�ISEHEnu|_ae�_gISEÂ§pinEHoge8®�m�efcpGJ_gGjefQÅ�
GW¯·EU¯J�X_aISE+cp_goaM8GJRfI]_¤ºSogG`x¹GJQSRÍm�e8cgGJ_gGjefQÉ��¨�Enq}efopE�_aKSopQSGjQSRÏefQ²_aISE�u~M�_aEHogM8u\sHe8QL_gogefuJujEnoH��M8QSºÂq}efo
_gISE�GjQSQSEnoATÄuje�efmØsHefQ]_gogefuJujEHo¥_aeÏsdM8uJGj¨SogMU_aE¿_gISE+cp_aEnEHopGjQSRÍ»�ISEHEnuÇ�X_aISE�ºSopGJxfEno¤Gjc¤cgKSm$m�efcpEHº²_ae

�²F



0 20 40 60 80 100 120 140
−3

−2

−1

0

1

2

3

de
lta

f(d
eg

):
en

co
de

r

0 20 40 60 80 100 120 140
−0.6

−0.4

−0.2

0

0.2

0.4

0.6

b:
ys

1−
0.

35
(m

),
 r

:y
s2

−
0.

35
(m

)

t(sec.)�����|���!�P�����c�?�D�g������ 9��¡£¢¥¤|¦o�!��§���¦¨¢!§a©|ª?«z�¨¡��¬¤|��R©|¡�¢!�!©�¦¨¦��®��ZY�

0  20 40 60 80 100 120 140
0

20

40

60

V
x(

m
ph

)

0 20 40 60 80 100 120 140
−0.04

−0.02

0    

0.02 

0.04 

dE
d(

ra
d/

s)

0 20 40 60 80 100 120 140
−4

−3

−2

−1

0

1

2

de
lta

f(d
eg

):
de

si
re

d

t(sec.)

0  20 40 60 80 100 120 140
−0.2

0   

0.2 

0.4 

0.6 

0.8 

b:
ys

1(
m

),
 r

:y
s2

(m
)

0 20 40 60 80 100 120 140
−4

−2

0

2

4

de
p1

(d
eg

/s
)

0  20 40 60 80 100 120 140
−2

−1

0 

1 

2 

ep
r(

de
g)

t(sec.)

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

���¨������� �|¯Y� ���D�n�®�!�� 9��¡£¢°¤|¦±�!�®§!��¦²¢°§ ©|ª «³�¨¡��¬¤´� R©�¡£¢°��©�¦�¦¨��� µa�¨¢!¶ �f�®��·Yª¸©|��µR¤|�!·R©� 9�g��¡�§!¤´¢°�¨©�¡�Zg¹
º£»



0 20 40 60 80 100 120 140
−3

−2

−1

0

1

2

3

de
lta

f(d
eg

.)
:e

nc
od

er

0 20 40 60 80 100 120 140
−0.4

−0.2

0

0.2

0.4

b:
ys

1−
0.

27
(m

),
 r

:y
s2

−
0.

27
(m

)

t(sec.)���¨������� � » � ���D�n�®�!�� 9��¡£¢°¤|¦±�!�®§!��¦²¢°§ ©|ª «³�¨¡��¬¤´� R©�¡£¢°��©�¦�¦¨��� µa�¨¢!¶ �f�®��·Yª¸©|��µR¤|�!·R©� 9�g��¡�§!¤´¢°�¨©�¡�ZY�

0 20 40 60 80 100 120 140
0

20

40

60

80

V
x(

m
ph

)

0 20 40 60 80 100 120 140
−0.04

−0.02

0

0.02

0.04

dE
d(

ra
d/

s)

0 20 40 60 80 100 120 140
−4

−3

−2

−1

0

1

2

de
lta

f(d
eg

):
de

si
re

d

t(sec.)

0  20 40 60 80 100 120 140
−0.2

0   

0.2 

0.4 

0.6 

0.8 

b:
ys

1(
m

),
 r

:y
s2

(m
)

0  20 40 60 80 100 120 140
−4

−2

0 

2 

4 

de
p1

(d
eg

/s
)

0  20 40 60 80 100 120 140
−2

−1

0 

1 

2 

ep
r(

de
g)

t(sec.)

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

���¨�����!�P�´¼Y�c���Y�g������ 9��¡£¢¥¤´¦z�!��§���¦¨¢!§a©|ª�½�¦���·Y��¡��k¾/©D·��QR©�¡£¢!�!©�¦¨¦�����Zg¹
º ¼



0 20 40 60 80 100 120 140
−3

−2

−1

0

1

2

3

de
lta

f(d
eg

.)
:e

nc
od

er

0 20 40 60 80 100 120 140
−0.4

−0.2

0   

0.2 

b:
ys

1−
0.

27
(m

),
 r

:y
s2

−
0.

27
(m

)

t(sec.)���¨�����!�P�´¿Y�c���Y�g������ 9��¡£¢¥¤´¦z�!��§���¦¨¢!§a©|ª�½�¦���·Y��¡��k¾/©D·��QR©�¡£¢!�!©�¦¨¦�����ZY�
 �¤|¡��À¤|¦¨¦¨Á$�|�¨Â���¤A¦�¤|�!���9§�¢!���®�!��¡Y�$¤|ÃÄ¢°��©|¡����À¤´�°¤|¡£¢°�®���¨¡��A¢!¶���ª¸��©�¡£¢_§-¢°���®�!�¨¡���µa¶��®��¦Å¢!©��À¤´§!§¢!¶��!©��Y��¶6¢°¶���Æ�Ç®���!©|ÈP�g©�§��¨¢°�¨©�¡ÊÉ4ËÌ¶��Ìª¸©��! 9������§�Íg��Ã¬¤´��§!�´Î�¢!¶��ÌÃ������!�®¡�¢ÅÃ¬¤´¦���ÍY�°¤´¢!��©�¡_¤|¦���©|�!�¨¢!¶� �¨ ���¦¨�� 9��¡£¢°�®·Ï©�¡&©��Y�R¢°�®§�¢ÌÂ��®¶���Ã®¦��Ð�¨§7��¡�����¦���¤|Í�¦¨�Ñ¤|¡Y·/©´ª�¢°��¡Ï¢!�� 9��§7�²¢RÒÀ¡Y·�§a¤_µa�!©�¡Y��Æ-Ç�����©�È�g©�§!�²¢°�¨©�¡ÊÉ+ÓÔ¶Y��¡��ÄÂ����Ð¢!¶���§Õ¶�¤|���g��¡�§®Îo¢°¶��_§�¢°�®������¡��&Ã®©� � �¤|¡�·�¶À¤|§Ñ¢!©Ï �¤´��¡£¢¥¤|�¨¡$¤�¡Y©�¡�Ç��®�!©Â´¤|¦¨���$¤´¢�¢°¶���§�¢°�!¤|���|¶�¢��!©£¤´·wª¸©���¢!¶���ª¸��©�¡£¢&§�¢!��������¡��Öµa¶����®¦Ñ¢°©1�g©��¨¡�¢�¢°¶��$¤|Ã®¢!�À¤|¦&Æ-Ç�����©�È�g©�§!�²¢°�¨©�¡ÊÉ�ËÌ¶Y��§R¡Y©�¡�Ç��®�!©0§-¢°�®���!�¨¡��0Ã®©� � �¤|¡�·���§Å¤|Ã¥¶��¨�®Â��®·&Í£Á�ª¸©���Ã��¨¡��Q¢!¶��+Â|��¶��¨Ã�¦���¢°©0¶�¤�Â|�Ð¤Ã®©�¡�§�¢°¤|¡£¢Ñ¦�¤´¢°�®�°¤|¦n¢°�°¤´Ã¥×��¨¡����®�!��©���ÉÅËÌ¶������®ª¸©����|Îf��¡Ø¢°¶��PÃ¬¤´§!�Ù¢°¶À¤´¢a¢!¶��QÃ�¤|¦��¨Í��°¤Ú¢°��©|¡Ø¤|¦���©|�!�¨¢!¶� ÒÀ¡Y·�§Q¢!¶���Ã®©��!����Ã®¢�Æ�Ç��®�!©�ÈA�n©|§!�¨¢!��©�¡oÎ³¢!¶��%Æ-��·���¤|¦�Ã¬¤|§���È�Î�¢°¶���¤|Ã®¢!�À¤|¦c¢°�!¤|Ã¥×���¡��A���!��©��P§!¶�©��Y¦�·Íg�A¢!¶���·À¤Ú¢¥¤Ö§�¶�©�µa¡ÛÍ£Á~¢!¶�����¦¨©|¢$Ü)Ã�Ý�Þ�§� ��¨¡��Y§9¢!¶��$§�¢!�¬¤|·DÁ~§-¢¥¤´¢!��¢°�!¤|Ã¥×���¡��Ö�����!©���¤´¢�¢!¶��§-¢°�°¤´����¶£¢a§!�®Ã®¢!��©�¡�§+¤|§a§!¶Y©lµa¡���¡&¢°¶��P¦�©�µÅ���a��¦¨©|¢°§a©|ª������|§�É¥�|�DÎg� » ¤|¡�·$�|¿YÉcß�¡A¢!¶��Ðª¸©�¦�¦¨©lµa�¨¡���Îµa¶��®¡��®Â|���cµR�Ì§!¤¬Ák¤Õ¦à¤´¢!���!¤|¦�¢!�°¤|Ã¥×��¨¡��Ð�����!©��®Î�µR�Ì���®ª¸���?¢!©Õ¢°¶��9Æ-��·���¤|¦�ÈÕÃ�¤|§!�´É?ËÌ¶��Ì���Y�n�®����¦�©|¢!§©|ª����¨��§�É°���DÎg� » ¤|¡�·$�|¿6§!¶�©�µá¢!¶��Ù§�¢°�®������¡���¤|Ã®¢!��©�¡/©|ª4¢°¶��P§�¢!���®�!��¡Y��Ã®©�¦��� 9¡Ø�!�®¦à¤´¢!�¨Â��Õ¢!©9¢!¶��¤|¦¨¦��®����·âÆ�Ç®����©�Èk�n©�§��¨¢!��©�¡& 9�¬¤|§����!�®·AÍ£Á&¢!¶��Ù��¡�Ã®©D·��®��ÉËÌ¶��Ï·�¤´¢¥¤Aª¸©|�0���¨��§�É°�´ãÚZY� » ¤|���Ï¤| 9©�¡��/¢°¶��ÏÍg��§-¢6�Ä�D�g������ 9��¡£¢¥¤|¦��!�®§!��¦²¢°§0©´ªaÃ�©�¡£¢°��©�¦�¦¨����§ä ¤|¡�·ÖåÑÎ³�!�®§!�g��Ã®¢!�¨Â|��¦¨Á|ÉØ�À©��ÙÃ�©�¡£¢°��©�¦��®�0ÑÎzµÅ��Ã®©���¦�·#¶À¤¬Â���·�©�¡��9 9©��!�k�Ä�D�g������ 9��¡£¢°§_¤|¡�·º ¿



ÒÀ¡Y��¢°�Y¡���·1¢!¶���Ã®©�¡£¢°�!©|¦�¦��®�Ù�À¤|�°¤´ ��Ä¢°����§_�²ªRµÅ�Ï¶À¤¬Â��Ï¶�¤|·1 9©��!�k¢°�¨ ��k©�¡�¢!¶���·�¤�Á'¢!¶À¤´¢_µÅ�Ã®©�¦�¦¨��Ã®¢!��·Ø·À¤´¢°¤0ª¸©��ÌÃ�©�¡£¢!�!©�¦¨¦�����§ ä ¤|¡�·AåÑÉÓÔ�¨¢!¶�Ã®©�¡£¢°�!©|¦�¦��®� ä ÎÀ¢°¶��Q¦��¨¡��¬¤|�ÌÃ®©�¡£¢°��©�¦�¦¨����ÎÀ¢!¶��Q �¤Ú�D�� _�� æÂ��®¦�©�Ã��²¢�Á&µR�QÃ�©���¦¨·����¬¤|Ã¥¶$�¨§¤|Íg©��Y¢7�|ç|è0dfezÎD¤|¡�·9¢°¶��+Ã�©�¡£¢!�!©�¦¨¦����c�¨§�Â|����Á�§!�®¡�§!�²¢°�²Â��+¢!©Q¢!¶��ÑÃ®©�¡£¢°�!©|¦n�À¤´�°¤| 9�®¢!���!§®É��À����¢!¶�����Þ 9©��!�´Î4¢!¶��9�À¤|�°¤´ ��Ä¢°���P�°¤´¡����kª¸©��Pµa¶Y��Ã¥¶Ö¢!¶���Ã®©�¡£¢°��©�¦�¦¨���ÐÃ¬¤´¡1§�¢°¤|Í���¦¨��Ç®�0¢°¶��9Â���¶Y��Ã�¦¨��¦�¤´¢°�®�°¤|¦Ã®©�¡£¢°�!©|¦�§-Á�§�¢°�® é�¨§PÂ|����ÁÖ§! �¤|¦¨¦yÉ�ß�¡�©|¢°¶��®�QµÅ©��!·Y§�Î?�²¢QÃ�¤|¡1Íg��§!¤|��·#¢°¶À¤Ú¢_Ã®©�¡£¢°�!©|¦�¦��®� ä  �¤�Á¡�©´¢&Ín�$¤|Í�¦��/¢°©%§-¢¥¤|Í��¨¦��¨Ç��Ø¢°¶���Â|��¶��¨Ã�¦¨��§�Á�§�¢!��  µa¶��®¡Ô§�Á�§�¢!��  �À¤´�°¤| 9�®¢!���!§Ï¤|�!�$Ã¥¶�¤|¡����®·ÊÉËÌ¶��®�!�Äª¸©��!�´ÎgÃ®©�¡£¢°��©�¦�¦¨��� ä �¨§�¡Y©|¢ÌÂ��®��ÁØ�!©|Í���§�¢�Éê+©�µÅ�®Â|����Î£µa�²¢°¶0Ã®©�¡£¢°�!©|¦�¦��®��å+Î´¢°¶Y�7¦��¨¡��¬¤|�³Ã®©�¡£¢°�!©|¦�¦��®�4µa�²¢°¶6¤�ª¸����·Dª¸©���µR¤|�!·kÃ®©� ��g��¡Y§°¤´¢!��©�¡ÊÎ¢!¶��6 �¤l�Y�¨ 0�� HÂ��®¦�©�Ã��¨¢�ÁAµR�kÃ®©���¦�·����¬¤|Ã¥¶'µa�¨¢!¶#¤Ø���¬¤|§�©�¡À¤|ÍY¦��6�g����ª¸©|�! �¤|¡�Ã��_§!��Ã¥¶�¤|§Ð§! �¤|¦�¦©�§�Ã��¨¦�¦à¤Ú¢°��©|¡9�¨§RÍg©��Y¢Ì���´è0dgeÊÎ�¤´¡�·Ï¢°¶��ÑÃ�©�¡£¢°��©�¦�¦¨������§Å¡�©|¢a¤|§Å§!�®¡�§!�²¢°�¨Â|�Ù¤|§RÃ®©�¡£¢°��©�¦�¦¨��� ä ¢°©_¢!¶��Ã®©�¡£¢°�!©|¦�¦��®�0�À¤|�!¤| 9�®¢°�®�!§®É�åR��§���·��®§�ÎRÃ®©�¡£¢°��©�¦�¦¨���6åë§!¶�©�µa§9�� 9���!©�Â|��·�§�¢!�¬¤|·YÁ�§-¢¥¤´¢!�&¢°�°¤´Ã¥×��¨¡���®�!�!©|�³Ü-¹�¯|ìÄè/Ý7¤´¢Ì¢!¶��ÙÃ����-Â��®·$§!�®Ã®¢°�¨©�¡�§Ì¢°¶�¤|¡AÃ®©�¡£¢°��©�¦�¦¨��� ä Ü
�|ç�ì�è/ÝÄÉÓÔ�¨¢!¶'Ã�©�¡£¢°��©�¦�¦¨���ÙÑÎÊ¢!¶��k§!¦¨��·��¨¡��& �©�·��6Ã®©�¡£¢°�!©|¦�¦��®��ÎoµÅ�9Ã�©���¦¨·'�¬¤|§���¦¨Á�§!�g���®·����Ö¯�ç|è0ígîµa�²¢°¶�©��D¢+¦¨�®¢�¢°��¡Y�9¢!¶��PÂ|��¶��¨Ã�¦¨�Q��©���¡�§-¢¥¤|Í�¦¨�Q©|���|©�©��Y¢+©|ª�¢°¶��P �¤´��¡��®¢!©� 9�®¢°�®�a ���¤|§!������ 9��¡£¢�!¤|¡����´ÉÅ�À©��7¢!¶��Ù·À¤´¢°¤k§�¶�©�µa¡��¨¡A������É°�|¿YÎD¢!¶��Ù§�¢!�¬¤|·YÁØ§-¢¥¤´¢!�Ù¦à¤´¢!���°¤´¦o¢°�!¤|Ã¥×���¡��k�����!©��a�¨§a¤|Ín©|�Y¢¹l�´ìÄè�Îo¢!¶��kÍn�®§�¢P¤| 9©�¡��Ï¢!¶��0¢°¶Y�!���6Ã®©�¡£¢°��©�¦�¦¨���!§®ÉQËÌ¶Y�9�Y�!��§���¡£¢Q�Ä�D�n�®�!�¨ ��®¡�¢°¤|¦�·�¤´¢¥¤&©|ª�Ã�©|¡DÞ¢!�!©�¦¨¦����Qï§!¶Y©lµð 9©��!��©�§!Ã®��¦¨¦à¤´¢!��©�¡�§Ð¢!¶À¤|¡�¢!¶À¤´¢0©´ªaÃ�©�¡£¢°��©�¦�¦¨����§ ä ¤´¡�·%åÑÎ�Í��Y¢6¤´§_µR�� ��®¡DÞ¢!��©�¡��®·ÊÎ�¢!¶������Ø¤|�!�Ï�g©�§�§!��ÍY��¦��²¢�Á'©|ªÌ¢°�Y¡���¡��A¢°¶��&Ã®©�¡£¢°�!©|¦R�À¤|�!¤| 9�®¢°�®�!§_ª¸©|�_Ã�©|¡�¢!�!©�¦¨¦��®�6ï§!��Ã¥¶¢!¶À¤´¢a�¨¢a§�¶�©�µa§�ª)¤´�ÌÍn�Ä¢!¢°�®�a�n�®��ª¸©��� �¤|¡YÃ��Õ¢°¶�¤´¢a©|ª?Ã®©�¡£¢°��©�¦�¦¨��� ä ¤|¡Y·�åÑÉ
ñ òsó�ô�õ9ö$õ�÷ õ9ó�øúù&õ�û�û�õPüþý¬ö$ÿ �ðõ9ö&ô���õ�û
����� �
	����������	�������������	���	��! "��#���$��%'&(�*)+�,	����.-/�)10�2&(�(3«³¤|§�����§�Ã¬¤|¡Y¡���¡��Ö�°¤|·�¤|��ÎRµa¶Y��Ã¥¶��¨§��¨¡�§�¢°¤|¦�¦¨��·â©�¡~¢!¶��Aª¸��©�¡£¢�©|ªÐ¤#ª¸©�¦¨¦�©�µa��¡���Â|��¶��¨Ã�¦��´ÎÌ�� 9�¨¢!§�¨¡Yª¸�°¤|����·&¦¨����¶£¢R¢!¶À¤´¢a�¨§7�!�54À��ÃÄ¢°��·A©76��À¤Ú¢°Ã¥¶��®§�©|¡Ø¢!¶��Ð�!��¤|�Ì©|ª4¢°¶��Ð�Y�!��Ã®��·��¨¡��6Â��®¶���Ã®¦��|ÉcËÌ¶��®§!����84À�®Ã®¢°�¨©�¡�§³���²Â���¢°¶���·��¨§�¢¥¤´¡�Ã���¤|¡�·Q¤|¡��|¦���Ü:98;=<?>�;¸Ýo¢°©��¬¤´Ã¥¶_�!�54À��ÃÄ¢°�²Â���©�ÍA@���ÃÄ¢�©|¡P¢!¶��c���!�®Ã���·Y��¡��Â|��¶��¨Ã�¦��QÜ¸·���§-¢¥¤|¡�Ã®�a¤|¡�·�¤|¡���¦¨�Ì�!�®§!©�¦¨�Y¢°�¨©�¡�§c¤|���Ð¹l�ÐìÄèæ¤|¡�·�ç � ¹��CB®Î�����§!�g��ÃÄ¢°�²Â���¦²ÁYÝÄÉ�ËÌ¶��a�86n��ÃÄ¢°§

ã£ç



©|ªoª)¤|¦�§���¢°¤|�!���Ä¢°§R¤|¡�·Ï���84À�®Ã®¢°�²Â��ÕÃ®¦��Y¢�¢°�®�R¤|���Ñ�¨��¡�©�����·ÊÎ�¤|¡�·�¢°¶��+ ���¤|§!������ 9��¡£¢7�¨§7¤|§�§!�� 9��·�¢°©Íg�7�!�®¦���¤|Í�¦��´É�½�¢¥¤|¡Y·À¤|�!·0¢!�!��¤|¡�����¦�¤´¢°�¨©�¡P§!Ã¥¶��® ��®§Å¤´¦�¦�©�µ1¢!¶��7����¦à¤Ú¢°�¨Â|�R¦¨©�¡����²¢°��·��¨¡À¤|¦�¤|¡�·6¦�¤´¢°�®�°¤|¦·��¨§�¢°¤|¡�Ã��®§a¤|¡�·&Á£¤¬µq¤|¡���¦¨�Õ©|ª³¢°¶Y�Ð���!�®Ã���·Y��¡��6Â��®¶���Ã®¦��Ñ¢!©6Ín�ÐÃ�¤|¦�Ã®��¦à¤Ú¢°��·Ø¤´§7§!¶�©�µa¡/��¡Ø���¨�������º çDÉ�«z��¡��®§Å¤´�!��·��°¤¬µa¡�Ü:D�EF<?D�G¥Ý?ª¸��©� ï¢°¶Y�+���84À�®Ã®¢°�²Â��+�n©��¨¡£¢°§c©�¡�¢!¶������!�®Ã���·Y��¡��PÂ���¶Y��Ã�¦¨��¢!©P¢!¶��

ye

de

Sr H�I
H*J

l(r  ,    )lα

r(r  ,    )r α
θ

OK

L

x

Last unit of the preceding vehicle

First unit (tractor) of the following vehicle

R

L

d

y

(0,0)

����������� º çY�c«³¤|§����a§!Ã�¤|¡�¡��¨¡��9�°¤|·À¤´�Ì����©� 9�®¢!��Á
¦�¤|§!�®�R§!Ã�¤|¡�¡��¨¡��0�!¤|·À¤|�Å��¡��¨¢�É�M+§���¡��0¢!¶��Ñ�8N��À¤´¢°�¨©�¡�§7©´ªz¢°¶��®§!�Ð¦��¨¡���§���¡�¢°¶��ÕÃ®©D©|�!·��¨¡À¤´¢°��ª¸�°¤| 9�|Î©�¡Y�0Ã¬¤|¡��Y§!�0���®©� 9�®¢°����ÃQ�!��¦�¤´¢°�¨©�¡�§a¢°©Ï©|ÍY¢¥¤|�¨¡�¢°¶Y�0�!�®¦à¤´¢!�¨Â��Q·���§���¦à¤´Ã��� 9��¡£¢!§Õ¤|¡�·$Á�¤¬µ ©|ª�¢!¶��������Ã®��·��¨¡��A¢!�°¤|�¨¦����®ÉkËÌ¶��9¢!�°¤|Ã¥×��¨¡��$¤|¦¨��©����¨¢°¶Y �§+���!�®§!��¡£¢!��·%·��®�n�®¡�·1©�¡'¢°¶��9�!�®¦à¤´¢!�¨Â|�9¦�¤´¢°�®�°¤|¦¤|¡Y·/¦¨©�¡����²¢°��·Y��¡À¤|¦gÃ��®¡£¢°����¦��¨¡��Ù�n©�§��¨¢!��©�¡�§ÐÜ:O7P7¤|¡�·RQSP!Ý7¤|¡�·Ø¢°¶Y�P����¦�¤´¢°�²Â��ÑÁ�¤�µëÜFT�Ý�É
���VU �W�����	��$�YX���[Z\^]��Y��_*a` )b��^_
c5)d�!egf'&()+��)10�)+f��ih�)+_�_Y)kji�*���
lÑÁ�¡À¤| 9��Ãa 9©D·Y��¦��¨¡��Ðª¸©��Å¤Q¢°�!¤|Ã®¢!©��-Þ�§!�� 9�À¢°�!¤|��¦¨����Â��®¶���Ã®¦��ÑÃ�¤|¡�Íg�+ª¸©|��¡�·Ï�¨¡nm �poÊ¤´¡�·qm ¹�¹8o
É�ËÌ¶��¤|�D¢°©�¡�©| �©��Y§aª¸©|¦�¦�©�µa�¨¡��0Â��®¶���Ã®¦��P·YÁ�¡À¤| 9��Ã�§+¤|���P 9©�·���¦¨��·/��¡Ø¢°¶��P��¡�§����!��¡Y�Ï �¤´§!§��!�®ª¸�®�!�®¡�Ã��ª¸�!¤| ��Aµa�¨¢°¶�¢!¶���©��������¨¡Û¤´¢Ï¢!¶��$¢°�!¤|Ã®¢!©��sr §&Ã��®¡�¢!���Ø©|ªP���!¤�Â��²¢�Á�É ä §!§��� ��¨¡��%¡��®��¦��¨����Í�¦¨�A��©�¦�¦ 9©|¢°�¨©�¡ÊÎa§! �¤|¦¨¦Õ¦�©�¡Y���¨¢!��·���¡�¤|¦Ñ¤´Ã�Ã��®¦��®�°¤´¢!��©�¡ÊÎÑ¤|¡�·Ô§! �¤|¦¨¦Ð¤|��¢!��Ã®��¦à¤´¢!��©�¡�¤|¡���¦¨�$Ín�Ä¢�µR�®��¡q¢!¶��¢!�°¤|ÃÄ¢°©��6¤´¡�·�§!�� 9�²Þy¢°�!¤|��¦¨����Î4¢°¶��&¦¨��¡���¤|�!�¨Ç��®·1Â���¶Y��Ã�¦¨�&·YÁ�¡À¤| 9��ÃÏ�8N��À¤´¢°�¨©�¡�§®Î�§��� 9��¦�¤|�P¢!©$¢°¶�©|§!�

ã�¹



���²Â��®¡AÍ£ÁØ¤6Í��¨Ã®Á�Ã�¦¨�P 9©�·���¦
ÎYÃ¬¤´¡AÍg�Õµa�!�²¢!¢°�®¡�¤´§
ttvusw x

yzzz{
| | | } || | | | }~=�d�!���Y����~=�d�!���*���

������ w��
y{ |7���5� �F�~��!���*�'� ����?� �

x �dw���� �?� � ~��p�v�µa¶������
w x � w � w � w� [w#¡¢w�£�¤8¥ ~��p¦v�
x �1§ � § � � ¨©«ª � ¨§ � ¨§ � � ¤ ¥ËÌ¶Y�Ø¾ÖÎ¬l0Î�6Î�¤|¡�·1�  �¤´¢!�!�¨Ã���§Q¤|�������Y�Y¦à¤|�¨¡���·1�¨¡ ä ���g��¡�·�� ��ÑÉR® � �¨§P¢!¶���Á�¤¬µæ¤´¡���¦��9©|ª¢!¶���¢!�°¤|ÃÄ¢°©��ÏÜ)§!�YÍ�§!Ã®�!���D¢Ï¹Ï����������§!�®¡£¢°§0¢°¶Y��ÒÀ�!§-¢_Â|��¶��¨Ã�¦��¬ÝP�¨¡Ö¢°¶Y�Ï��¡��®��¢!�à¤|¦����®ª¸������¡�Ã®�Ïª¸�°¤| 9�|Î® � � �¨§Å¢°¶Y�Ð¤|��¢!��Ã®��¦à¤´¢!��©�¡9¤|¡Y��¦��+Ín�Ä¢�µR�®��¡&¢°¶��+¢°�°¤´Ã®¢°©|�7¤|¡�·�¢°¶��Ñ¢!�°¤|�¨¦��®��Î�¤|¡�·°¯O ª � ��§�¢°¶��Õ¦�¤´¢°�®�°¤|¦Â|��¦�©�Ã��²¢�Á/¤´¢Ñ¢!¶��Q¢!�°¤|ÃÄ¢°©��Õ²±kÉgËÌ¶��Pª¸�!©�¡£¢Ñµa¶Y����¦�§�¢!��������¡��Ï¤|¡���¦¨�Q�¨§´³ � � É+ß�¡�¤|·�·Y�¨¢°�¨©�¡Ø¢°©�¢!¶����¦�¤|¡£¢Ù·YÁ�¡À¤| 9��Ã®§�Îz¢°¶��k§-ÁD§-¢°�® s¤´¦�§!©ØÃ®©�¡£¢¥¤|�¨¡�§Ù§�¢°�®������¡��A¤|Ã®¢!�À¤´¢!©��Ù·YÁ�¡À¤| 9��Ã�§®ÉkËÌ¶���§-¢°�®���!�¨¡��¤|ÃÄ¢°�À¤Ú¢°©��®Î�¢°©����Ä¢°¶��®��µa�²¢°¶6¢°¶Y�+§-¢°���®�!�¨¡��Q�¨¡�¡��®��¦¨©D©|�6Ã�©�¡£¢°��©�¦�¦¨���®Î�¤|�!�a 9©D·��®¦��®·�¤´§Å¤ÐÒÀ��§�¢Å©��!·��®�§-ÁD§-¢°�® æ¢°¶À¤Ú¢7�!©|¦�¦�§�©76$¤´¢Ì¤0¦¨�¨¢!¢!¦��a¦��®§!§R¢!¶À¤|¡ º ê�Ç|É�ËÌ¶��Ð·YÁ�¡À¤´ ��¨Ã�§7©|ªz¢!¶��Õ§-¢°���®�!�¨¡��k¤|Ã®¢!�À¤´¢!©���¨§Ì�!���Y�!��§���¡£¢°�®·$Í£Á µ�¶ Ü¸·lÝ�¹ ¹�¼·+º�¹�¼ Ü)ã|ã�Ý��§�¢!�� �¤´¢°�®·6Â���¶Y��Ã�¦¨�a�À¤|�°¤´ ��Ä¢°����§c��§!�®·�ª¸©��?¢°¶Y�Ñ¤|�D¢°©�¡�©| �©��Y§?ª¸©�¦�¦¨©lµa�¨¡��Ð¤|¡�¤|¦¨Á�§!�¨§cÃ¬¤|¡9Ín�a§�����¡�¨¡ ä ���n�®¡�·�� ��å+É�ËÌ¶Y�$·YÁ�¡À¤| 9��ÃØ 9©D·��®¦a���¨Â|��¡�Í£Á"m �voÑ¤´¡�·am ¹�¹so�¶À¤|§�Ín�®��¡wÂ´¤|¦¨��·À¤´¢!��·âÍ£Á���Y�g������ 9��¡£¢°§»m ¹�¯Co
É

���=¼ ` )b��^_*�����½)+c���^_Y	¾&��V¿1À�W	¾&����	�_Á "�*��%�_*	���^0�k�1&!	����ÃÂÄ	�jËÌ¶���Ín�®¶À¤¬ÂD�¨©��P©|ªÌ¢°¶��� ���¤|§!�Y�!��·1Â´¤|¦¨����§Q���¨Â|��¡1Í£Á'¢°¶Y�Ï¦à¤|§����P§!Ã�¤|¡�¡��¨¡��$�°¤´·À¤|�_§-Á�§�¢°�® é·���Þ�g��¡�·Y§_©�¡#¢°¶���·YÁ�¡À¤| 9��Ã�§P©|ª7¢!¶����Y�!��Ã®��·��¨¡���¤|¡Y·Öª¸©�¦¨¦�©�µa��¡��&Â|��¶��¨Ã�¦��®§�É/ß�¢_�¨§Q���¬¤|§�©�¡À¤|ÍY¦��k¢°©¤|§�§!�� 9�Ñ¢!¶À¤´¢R¢!¶��ÑÂ|��¶��¨Ã�¦��®§Rµa��¦¨¦fÍn�Ñ¢!�°¤¬Â��®¦��¨¡��6¤´¢Å¢°¶��Õ§!¤| 9�Ñ¦�©|¡����¨¢!��·��¨¡À¤|¦À§!�g���®·#Ü�¯Å ª ÝÄÎD§!©_¢!¶��¦¨©�¡����²¢°��·��¨¡À¤|¦?·Y��§�¢°¤|¡�Ã®�ÏÍn�Ä¢�µR�®��¡%Â��®¶���Ã®¦��®§ØÜFQÆP!ÝÙµa��¦¨¦cÍn�&¤´§!§!�Y ��®·%Ã�©�¡�§-¢¥¤|¡£¢�É$ËÌ¶��Ï����¦à¤Ú¢°�¨Â|�
ã��



¦�¤´¢°�®�°¤|¦Ê·Y��§!�Y¦à¤|Ã®�� 9��¡£¢QÜ:OCP°ÝÌ¤|¡�·ØÁ£¤¬µðÜ:T�Ý�ÎÀ¶�©�µR�ÄÂ����®ÎoÃ¥¶À¤´¡����Q¤|§Ì¢°¶��Ð¢�µÅ©�Â��®¶���Ã®¦��®§+¡��®��©|¢!�à¤´¢!�Ã®����Â|��§�Î�¤|¡�·ÊÎÚ¢°¶���§�Î´ �©�·��®¦���¡Y�7¢°¶��®§!�Å¢�µÅ©Õ�À¤´�°¤| 9�®¢!���!§4¤|§³ª¸��¡�ÃÄ¢°�¨©�¡�§4©|ªY¢!¶���Â|��¶��¨Ã�¦¨�Å§-¢¥¤´¢!��§³µa��¦�¦Íg�k��§!�Äª¸��¦c��¡'·��®Â|��¦¨©�����¡Y�A¤ØÃ�©|¡�¢!�!©�¦� 9©�·���¦
É9½D��¡�Ã®�6¢°¶��9¤|�Y¢!©�¡�©� 9©���§Õª¸©|¦�¦�©�µa�¨¡��ÏÃ�©|¡�¢!�!©�¦¨¦��®�µa�¨¦�¦�Ín�Ï�¨ ��Y¦��� 9��¡£¢!��·1©�¡1¢!¶���ª¸©�¦¨¦�©�µa��¡Y�AÂ��®¶���Ã®¦��´Î��¨¢0�¨§0§!�®¡�§!�¨Í�¦���¢°©� 9©D·��®¦�¢!¶��&·YÁ�¡À¤| 9��Ã®§©|ª1O7PÙ¤|¡Y·ÇTÏµa�¨¢!¶Ö����§!�g��ÃÄ¢_¢!©/¢!¶��9ª¸©|¦�¦�©�µa�¨¡��ÏÂ��®¶���Ã®¦��9·YÁ�¡À¤| 9��Ã�§P¤|¡Y·Ö¢°���¬¤´¢P¢°¶Y�� 9©|¢°�¨©�¡�©|ª¢!¶��Ù���!�®Ã���·Y��¡��9Â���¶Y��Ã�¦¨�P¤|§�¤9·��¨§�¢!���!ÍÀ¤´¡�Ã��´É7���¨�����!� º ¹Q§�¶�©�µa§�¢!¶��QÃ¥¶�¤|¡����P��¡�O7Pa¤´¡�·ÈT0µa�²¢°¶����§!�g��ÃÄ¢_¢!©AÃ¥¶À¤´¡�����§P��¡'¢°¶Y��§-¢¥¤´¢!��§P©|ªR¢!¶��9ª¸©|¦�¦�©�µa�¨¡��ÏÂ��®¶���Ã®¦��|É�ËÌ¶���Ã®����Â´¤´¢!���!�9©|ªÅ¢°¶��9���!��Þ
de+l1

E1

.
ux ex

eyy
.

u

.εd traj

ε2
.

ye
ytraje

x xtraje

εr2

E2 T

S

U

Following Vehicle

Trailer Trajectory

Yaw Rate of Trailer Trajectory

Preceding Vehicleθ

.
u

É¾ÊÌËÎÍ(Ï�Ð º ¹ÎÑ�lÑÁAÒ�Ó7ÔWÊ�Ã8Õ�Ö7×'ÔÁÐsÓ7ÕØÍ�ÏØÐ�·ÚÙ�Ó7ÏØÓ7ÔWÐ8ÛÜÐ8ÏØÕ®Î+OCP�Ó7Ò�·ÚTâÜFÝ � Ñ&·(Ê�Õ*Û?Ó7Ò�Ã8ÐØÍÞÐ5Û�µ1Ð8ÐsÒßÛ!¶(Ð×àÖÎáÌá�Ö�µbÊ�Ò�ËâÛÜÏØÓ|Ã8ÛØÖÎÏsrãÕ�²±äÓ7Ò�·�Û°¶(Ð�×àÏ�ÖÎÒÆÛaÍ(Í(ÔWÙÞÐ8Ï¥Ý
Ã8Ð�·(ÊÌÒ(ËåÛÜÏØÓ7Ê�áÌÐsÏsrãÕ'ÛØÏÜÓv@�Ð®Ã8ÛØÖÎÏ�Á�ÃæÓ7Ò'ÍçÐ0·(ÐsÕ�ÃsÏ�Ê�ÍçÐ�·'Í£ÁnÓÏ·(Ð8ÕØÊ�Ï�Ð�·�ÁÆÓ¬µÀÏÜÓCÛØÐ|Îè¯®ØéYê�ë�ìàí�Î2×àÖÎÏ�ÓåËÎÊ¨Â7ÐsÒáÌÖÎÒ(ËÎÊîÛÜÍ�·(ÊÌÒ�Ó7á�ÂÎÐsáÌÖDÃ8ÊÌÛ�ÁWÖ7×ÞÛ°¶(Ð+¶(ÐæÓ¬Â�Á�Â7Ð�¶(Ê¨ÃsáÌÐsÕ�É�ËÌ¶�Ê�ÕR·�ÐsÕØÊÌÏØÐ®·�ÁÆÓ¬µgÏÜÓpÛÜÐ'Ó7Ò�·ïÛ!¶(Ð�ÁÎÓ¬µ/ÏØÓCÛÜÐ�Ö7×Û!¶(Ð'Ù�ÏØÐ�Ã8Ð�·(ÊÌÒ(ËâÛØÏÜÓ7ÊÌá�ÐsÏ�Ü7¯® � º°¯® � � ÝdÓCÏØÐ'ÛØÏØÐsÓCÛÜÐ®·åÓ7Õ�·(Ê�Õ*ÛÜÍ(Ï�Í�Ó7Ò�Ã8ÐsÕ1ÛØÖ»Û!¶(Ð'á�Ó7ÕØÐ8Ï+Õ�ÃæÓ7Ò�Ò(Ê�Ò(Ë»ÏÜÓ|·(Ó7ÏÔWÐæÓ7Õ�Í(ÏØÐ8ÔÁÐ8ÒÆÛÜÕ�É ðOCP�¹ ðO ª º ÜFQÆP�ºÚÝ � Ý ð® � ºÃ¯Å ª ¯® �+ñ ¯Å ª ¯®ØéYê�ë�ìàí Ü)ãÆò�Ý¯T»¹Ã¯® �+ñ Ü7¯® � ºó¯® � � Ý�Ñ�¹Ã¯® � ºßQÆôlÜ�õ�Ý Ü)ã�¯£Ýö¾÷AÛÜÐ8Ò�·(Ê�Ò�Ë�Û!¶(Ð�Õ�ÛÜÓCÛÜÐ0Â7Ð�Ã5ÛÜÖÎÏ�Ü)ã º Ý�µbÊÌÛ!¶nÛ°¶(Ï�ÐsÐ�Ò(ÐÄµäÕ�ÛÜÓCÛÜÐ8Õ�Ü:O7P�Î�T�Î�Ó7Ò�·ó¯O7P�Ý�Ó7Ò�·qÊÌÒ�ÃsáÌÍ�·(Ê�Ò�ËÛ!¶(ÐÙ·(Ê�Õ*ÛÜÍ(Ï�Í�Ó7Ò�Ã8ÐèÛØÐsÏ�ÔÁÕbËÎÊ²ÂÎÐsÕ²Û!¶(Ð�×àÖÎá�áÌÖlµbÊÌÒ(ËâÐø÷AÛÜÐsÒY·(Ð�·�Õ*Û?ÓCÛØÐèÕØÙ�Ó|Ã8Ð»ÔWÖ�·(Ðsá
É

w PFù?ú x � w © Püû ¨© P ¤8¥ ~��Cý«�
x � § � § � � ¨©«ª � ¨§ � ¨§ � � © P,û ¨© P ¤ ¥t ~ u � x � ¨§ éYê�ë�ìàí t ô«~ u � ¤s¥ ~��pþv�ã º



¯Å P:ù?úÿ¹ ¶ PFù?ú Å P:ù?ú�º��´PFù?úà³ � � º���P:ù?úàQgÜàõ�Ý Ü)ã�¿£Ý
����� eg��	�_Y3��(�Y�i)dc ��k_Y	¾&(�Y¿+À�
	¾&�^��	�_Á ��Y�(%�_Y	���k0�^�1&�	����ÃÂÄ	�jËÌ¶(ÐRÓ7Í�ÛØÖÎÒ(ÖÎÔWÖÎÍ(Õ�×àÖÎáÌá�Ö�µbÊ�Ò�Ë$ÃsÖÎÒÆÛØÏØÖÎáÌá�ÐsÏ0µbÊÌá�á7ÍçÐ�Ê�ÔWÙ(á�Ð8ÔÁÐ8ÒÆÛÜÐ�· ÖÎÒ Û°¶�Ð ×àÖÎáÌá�Ö�µbÊ�Ò�Ë$ÂÎÐ�¶�Ê�ÃsáÌÐÍ(Õ�Ê�Ò(Ë Û°¶�Ð\á�Ó7ÕØÐ8Ï�Õ!ÃæÓCÒ(Ò(Ê�Ò�ËßÏØÓ|·�Ó7Ï ÔWÐæÓ7Õ�Í(ÏØÐ8ÔÁÐ8ÒÆÛÜÕ�ÉóÉ�ÖÎÏåÛ°¶(ÊÌÕ�ÏØÐæÓCÕØÖÎÒÊÎ�ÓâÍ(Ï�Ê�Ð5×â×àÏØÐ8NSÍ(ÐsÒ�ÃÄÁ·(Ö7ÔïÓ7ÊÌÒ ÓCÒ�Ó7á¨ÁAÕ�Ê�ÕâÖC×²Û°¶(ÐWÛÜÏÜÓCÒ(Õ�×àÐ8Ïâ×àÍ(Ò�Ã5ÛÜÊ�Ö7Ò(Õ���� �
	 ����� �
	 � ÓCÒ�· ô ��	 ����� �
	 � Ê�Õ»ÙÞÐ8Ï�×àÖÎÏ�ÔÁÐ®·ÊÉ�ÉkÊ�ËÎÍ(Ï�ÐsÕ º��Ó7ÒY· º|º Õ�¶(Ö�µ"Û°¶�ÐQå+ÖD·(ÐèÙ(áÌÖ7ÛÜÕ²ÖC×kÛ!¶(Ð�Û�µ1Ö
ÛÜÏØÓ7Ò(Õ�×àÐ8Ï²×àÍ(Ò�Ã8ÛØÊ�ÖÎÒ�Õb×àÖ7Ï7Â7ÓCÏ�ÁAÊ�Ò(Ë6Â7Ðsá�Ö�ÃsÊîÛ�Á�É

Frequency (rad/sec)

P
ha

se
 (

de
g)

; M
ag

ni
tu

de
 (

dB
)

Bode plot for Ye(s) (vel=10,20,30,40 m/s, de=2 m)

−50

0

50

100

150
From: U(1)

10
−2

10
−1

10
0

10
1

10
2

−220

−200

−180

−160

−140

−120

T
o:

 Y
(1

)

vel=40 

vel=10 

vel=10 

vel=40 

É¾ÊÌËÎÍ(ÏØÐ º�� Ñcå1Ö�·(Ð�Ù(á�ÖCÛbÖ7× ��� �
	 ����� ��	 � ×àÖÎÏ7ÂCÓ7Ï-ÁAÊ�Ò(Ë
á�Ö7Ò(ËÎÊÌÛØÍ�·(ÊÌÒ�Ó7áfÂÎÐsáÌÖDÃ8ÊÌÛ�Á�Ü�¯Å ª ÝÐÜFQÆP�¹ � è/ÝßVÒ
Û°¶(Ð�å1Ö�·(ÐbÙ(á�ÖCÛ�Ö7× � � ��	 �� �� ��	 � ÎÆÛ°¶(Ðbá�Ö�µÚ×àÏØÐ8NAÍ�ÐsÒ�ÃÄÁÁËÎÓ7Ê�Ò�ÊÌÒ�ÃsÏ�ÐæÓ7Õ�ÐsÕ�µbÊÌÛ!¶ÁÊÌÒ�ÃsÏ�ÐæÓ7Õ�Ð�·kÂÎÐsáÌÖDÃ8ÊÌÛ�Á|ÎÍ(Í#Û1Û°¶�ÐÑ¶(ÊÌË�¶Á×àÏ�ÐsNSÍ(ÐsÒYÃ®Á ËÆÓCÊ�ÒWÊ�Õ1Í�Ò�ÓC6ÞÐ�Ã8ÛØÐ�·&Í£Á�Ã¥¶�Ó7Ò(ËÎÊÌÒ(ËQÂ7ÐsáÌÖDÃ8ÊÌÛ�Á�É�ËÌ¶(Ð�Ù�¶�ÓCÕØÐ�Ó7Ò�ËÎá�Ð�·(ÖAÐsÕÒ(ÖCÛ�ÏØÐsÓ|Ã¥¶~Ü ñ ¹�¼�ç7B°Ý'ÓCÛ�á�Ö�µ ×àÏØÐ8NAÍ�ÐsÒ�Ã8Ê�ÐsÕÐÍ�Í�Û�Ð5÷DÃ8ÐsÐ�·�Õ�Ü ñ ¹¬¼�ç7B¥Ý�ÓCÛ�×àÏ�ÐsNSÍ(ÐsÒYÃsÊ�Ð8Õ�á�Ö�µ+ÐsÏ´Û!¶�Ó7Òò�9��SQ��Î·���ì�Ü)ç � ¼����£Ý�×àÖÎÏ_¶�Ê�Ë�¶(Ð8ÏPÂ7ÐsáÌÖDÃ8ÊÌÛÜÊÌÐsÕ®ÉÈÉ�ÖÎÏß¯Å ª ¹pã£ç�è��Î·ïÛ°¶�ÐïÙ�¶�ÓCÕØÐåá�Ó7ËRÙçÐæÓ´×AÕ�ÓCÛº � òW9��SQ��Î·���ìkÜ
ç � ò|¯ ���£ÝÄÉÌËÌ¶(ÊÌÕÑÍçÐ�¶�Ó¬ÂAÊ�Ö7Ï'ÊÌÕ�Õ�Ê�ÔWÊ�á�Ó7Ï1ÛÜÖWÛ°¶�ÓpÛ´Ö7×¾Û°¶(ÐÙÂAÊ�Ï�ÛØÍ�Ó7á�ÕØÐ8Ò(ÕØÖ7ÏÑ·(ÐÄÒ�Ò(Ð�·ÓCÛ�Û!¶(Ð'áÌÖ#Ö|×£ÞVÓ|¶(ÐsÓ|·�·�Ê�Õ�ÛÜÓ7Ò�Ã8Ð�×àÖÎÏ�ÔÁÓ7ËÎÒ(Ð5ÛÜÖÎÔWÐ8ÛØÐsÏ�Þ�Í�Ó7Õ�Ð�·9ÃsÖÎÒÆÛØÏØÖÎá¾m ¹ » o
É�É�ÖÎÏ�Û°¶(ÐÑå1ÖD·�Ð�Ù�á�Ö7ÛdÖ7×ô �
	 �� �� ��	 � Î2Ó�ÙçÐæÓ´×ÈÊ�ÒRÛ°¶(Ð�ÔÁÓ7ËÎÒ(ÊîÛÜÍ�·�Ð�Ó7Ù(ÙçÐæÓ7Ï�Õ�ÓCÛ º 9��SQ!�7·"��ì�Ü
ç � ã£¼#����Ý´Ó7ÕÕÂÎÐ8á�Ö�ÃsÊîÛÜÊ�Ð8Õ�Ð5÷DÃ8ÐsÐ�·
ã�ã



Frequency (rad/sec)

P
ha

se
 (

de
g)

; M
ag

ni
tu

de
 (

dB
)

Bode plot for Theta(s) (vel=10,20,30,40 m/s, de=2 m)
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Bode plot for Ye(s) (de=2,4,6,8,10 m, vel=20 m/s)
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Bode plot of linearized open loop
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