
HAL Id: inria-00073187
https://hal.inria.fr/inria-00073187

Submitted on 24 May 2006

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Stability Analysis of a Longitudinal Control Law for
Autonomous Vehicles
Alain Girault, Sergio Yovine

To cite this version:
Alain Girault, Sergio Yovine. Stability Analysis of a Longitudinal Control Law for Autonomous
Vehicles. RR-3498, INRIA. 1998. �inria-00073187�

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by INRIA a CCSD electronic archive server

https://core.ac.uk/display/50451614?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://hal.inria.fr/inria-00073187
https://hal.archives-ouvertes.fr


IS
S

N
 0

24
9-

63
99

ap por t  


de  r ech er ch e 


INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE

Stability Analysis of a Longitudinal Control Law for
Autonomous Vehicles

Alain Girault , Sergio Yovine

N ˚ 3498

Septembre 1998

THÈME 4





���������
	
���
��������	������
�������������� !����"�#$�
����	�%&������'���	(�(�*) �+��'
��",�������!-.�!"��0/2143���56	
16�

7�8:9<;>=@?�;>AB9<C�8EDBF,GIHKJLANM
;PORQ�OTSU;E=VJXW

Y*Z\[]_^�]a`�bdcfeg^!hTigjlkmegnLop]
k*nXqTkmer^�egstj+kuevnXo
w ]�suxTsmk []_^�]Nszy
nL^{qTig]�|T]_s

}z~ nl��]
k6�a���
� jlq�q<n ~ k w ] ~ ]_y Z ] ~ y Z ]�o��l�+`X�l��b�cf]_qTku]_^�� ~ ]{�_�L�l��bd�+��q�jl�l]_s

�����_�
�B���+�L�@� ]p��nTy
h�s�ero�k Z ers�j ~ kmery�ig]�nLo k Z ]$jLo�j+igxTsmers�n+�ajlo ]�|TegsukmeroT�¡jly_y�]_iv] ~ jlkmegnLo�irj£¢¤��n ~ j¥��nLivignB¢*eroT�
jlh�kmnLo�nL^�nLh�sa¦L] Z ery�ig]{¢*evk Z y�nXo�smktjloXkakmer^�] Z ]_j w ¢§j£x��lnLjli>¨ � ]{© ~ smk w ]�©<oT]�jp�ªh«o�y�kuevnXo¬k Z jlk�^!]Njlsth ~ ]_sak Z ]
q<nLsuevkuevnXoTego��,nl�Ik Z ]���nLivignB¢*ego���¦l] Z ery�ig]�y
nL^{q�j ~ ] w kmnpk Z ]{ig]_j w egoT�,¦l] Z egy
iv]�¢*egk ZR~ ]Nsuq<]_y
k­kun,k Z ] w ]_sue ~ ] w kmer^�]
Z ]Nj w ¢§j£xl¨ � ]*smkth w x®k Z ]*y�nLoX¦L] ~ �l]_o«y�]IjLo w �<nLh�o w s�n+�«k Z egsVq<nLsuegkmegnLoTeroT�6�ªh«o�y�kuevnXo!jLo w q ~ nB¦l]zsmnX^�]°¯+]_x ~ ]Nsuh�ivkts
ero,jLo�e w ]_jli±y_jlsu]l²feE¨ ]L¨v²f¢ Z ]No,jlivi\jly_y�]_iv] ~ jlkmegnLo�s°j ~ ]³h�of�<nLh�o w ] w ¨ Y*Z ]_o�¢z]ay�nLo w h�y�k*su]
¦L] ~ j+i<suer^�hTirj+kuevnXo�szk Z jlk
¦Bj+ige w j+km]­nLh ~ k Z ]_n ~ ]
kuegy_j+i ~ ]_sthTigkuszjlo w s Z nB¢´k Z ]
e ~ iger^!egkujlkmegnLo�s°ero ~ ]Nj+i
y
jlsu]_s_²Xe>¨ ]l¨g²L¢ Z ]_o�k Z ]­jLy
y
]
ig] ~ j+kmegnLo«sµj ~ ]
km]Ny Z oTnLivnL�lery
j+igigx��«nXh�o w ] w ¨§¶�ego�jlivigxp¢°]�h�su] w ]Ny�nXh�qTigegoT�,jlo w ��]
] w ��jLy�¯�igego�]_j ~ eg·_j+kuevnXo�ku]_y Z o�eg¸fhT]Ns6kmn w ] ~ ev¦L]�j
oT]_¢@jly_y�]_iv] ~ jlkmegnLo�irj£¢�¢ Z nXsm]ay�nXoL¦L] ~ �l]No�y�]6ers*j+ig¢§j£xfs°]�|�q<nLoT]NoXkmerj+i±ego,k Z ]³e w ]Nj+iUy
jLsm]L²Tjlo w ¢°]ay�nX^{q�j ~ ]³�<nlk Z
irj£¢6s
¨
¹�ºX»±¼u½�¾ �B¿K�L� À y_y�]_iv] ~ jlkmegnLoÁigj£¢®²�jLsmxT^{qTkunlkmery¡sukujl��evigevk:xL²�jlhTkunLoTnX^�nLh�s�eroXkm]_ivigev�L]_oXk$y ~ hTersm]�y
nLoXk ~ nliE²�jlhTÂ
kmnXoTnL^�nXh�s�¦l] Z egy
iv]Ns
²+jLhTkmnX^�jlkm] w Z eg� Z ¢§j£xl²By�nXo�smktjloXk�kmer^!] Z ]Nj w ¢§j£xl²BignLo��legkuh w ero�jlify
nLoXk ~ nliE²+^�egy ~ nlÂPsuer^�hTirj+kuevnXo\²
stj+kuh ~ jlkmegnLo�y
nLo�suk ~ j+ero�s_¨
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Unité de recherche INRIA Rhône-Alpes
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º �
��� 
º ��� nLh�saoTnXh�s³egoXk��] ~ ]_stsmnXo�s w jLo�say�]_k³j ~ kuegy
iv] [j�i�� jLo�j+igxTsm] w � h�oT]{ivnLe w � jLy
y��]
i��] ~ j+kuevnXo,]
|TegsukujLoLku]!q<nLh ~
¦��] Z egy_hTiv]NsajlhTkunLoTnX^!]Ns
¨���jpsuk ~ j+k��]
�Lev] w ]�y�nXoXk ~��nlig]{y
nLo�suersmku] [j�^{j+eroXkm]NoTe ~ h«o w �]
irj+e�� ~ nLoXkujliµy�nLo«smktjloXk®j£¦l]_y!ig]
¦��] Z egy_hTiv]®ig]_j w ] ~ ¨ � nXh�s w �]�©<o�egstsmnXo�s*kunLhTk w � jL�«n ~ w h�o�]���nLo«y�kmegnLo�¸fhTe��]
¦BjlighT]�iv]�q<nLsuegkmegnLo�oT]N^�]_oXk w h�¦��] Z ery
hTig]
sthTev¦L]_h ~ q�j ~{~ jLq�q«n ~ k{jlh(¦��] Z ery
h�iv]piv]Nj w ] ~ ]
k�jlh w �]_igjleI� ~ nLoXkujli w �]Nsme ~ �]l¨ � nXh�s��]
kth w egnLo�s�irj�y
nLoX¦l] ~ �L]_o�y
]�]_k
ig]_s³�«n ~ oT]Ns w ]�y�]_kmkm]���nLo�y
kmegnLo w ]!q<nLsuevkuevnXo�oT]_^�]NoLk­]
k��]
ktjl�TigegstsunLo�s6q�igh�sueg]_h ~ s ~ �]NsuhTigkujlkus6y
i��] w jlo«s6ig]!y
jLs6e w �]Nj+iE²
y�� ]_suk�Â [jBÂ w e ~ ]�¸fh�jLo w iv]Ns�jly_y��]_i��] ~ jlkmegnLo�s w ]Ns�¦��] Z ery
h�iv]Ns�oT]$sunLoXk�q�jls��«n ~ o �]
]_s_¨ } hTegs�oTnLh�s�q ~ nTy��] w nXo�s [j w ]_s
sueg^!hTigjlkmegnLo�s{¸fhTe§¦Bj+ige w ]_oXk�o�nLs ~ �]_sthTivktj+kts�k Z �]
n ~ er¸fhT]_s�]
k�¸fhTe6^�nLoXk ~ ]_oXk!iv]Nh ~ s�igeg^�egkujlkmegnLo�s w jLo�s�iv]�y
jLs ~ �]_]
iE²
y�� ]_suk�Â [jBÂ w e ~ ]³¸fh�jlo w iv]Ns*jly_y��]_i��] ~ jlkmegnLo�sVsunLoXk§�«n ~ o �]
]Ns°q�j ~ iv]Ns°iger^!egkm]Ns§km]Ny Z oTnlignl�Leg¸fhT]Ns
¨"!°oT©<o,o�nLh�s§jlq«qTiver¸fhTnLo«s
w ]NsIku]_y Z oTer¸fhT]_s w ] w �]Ny�nLh«qTigjl�l]*]_k w ]­ivero �]Nj ~ egstj+kuevnXo{jB©<o w ]­y_j+iry
hTig] ~ h�oT]³oTnLhT¦L]
igiv]­ivnLe w � jLy
y��]
i��] ~ j+kuevnXo w nXoXkIirj
y�nXoX¦l] ~ �l]No�y�]�]_suk­]
|Tq<nLo�]_oXkmeg]
igiv] w jLo�s³iv]�y
jLs4e w �]Nj+iE¨ � nXh�say�nL^{q�j ~ nXo�s­iv]Ns w ]_hf|$ignlers w � jLy
y��]
i��] ~ j+kuevnXop]
k®oTnLh«s
y�nXo�y�irhTnXo�s
¨
# ¾ �_� ¼ �%$ 
º � � nLe w � jly_y��]_i��] ~ jlkmegnLo\²+sukujL�Tegivegk��]­jlsuxf^{qTkunlkueg¸fhT]L²L¦��] Z egy_hTig]_sµjLhTkmnXoTnL^�]_s_² ~ nXhTkm]4jLhTkmnX^{j+kmers��]
]L² w �]_igjle
� ~ nLoXkujliUy�nLo«smktjloXk
²�y
nLoXk ~��nlig]­ignLo��legkuh w ero�jli>²�^�ery ~ n+Â:smer^�hTirj+kuevnXo\²Ty�nXoLk ~ jlegoXku]_s w ]�stj+kuh ~ jlkmegnLo\¨
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} jlstsu]_oT�L] ~ suj+��]
k:x jLo w k ~ j%=�y�y�nXoT�l]NsmkuevnXo j ~ ]�� ~ nB¢*eroT�¬q ~ nX�Tig]_^{s�ero�su]
¦L] ~ j+i*h ~ ��jlo´y
n ~t~ e w n ~ s_¨ Y ¢zn�jlqTÂ
q ~ nLjLy Z ]_sVy_jlo��<]4h�su] w kmn!j+igiv]_¦Xerj+ku]6k Z ]_su]4q ~ nL�Tig]_^{s?>Ky�nXo�suk ~ h�y�kuevnXo!nl�U^!n ~ ]4igjLoT]_sVnXo�y�nXoT�l]Nsmku] w Z eg� Z ¢zj£xTs�n ~
h�su]*n+�±]_^�] ~ �leroT�akm]Ny Z oTnLivnL�leg]_s���n ~ ^!n ~ ]*jLhTkmnX^�jlkm] w k ~ j�=�y*y�nLoXk ~ nLi>¨ Y*Z ]§© ~ smkµjLq�q ~ nLjly Z ²+y�nLo«smk ~ h�y
kmeroT��^�n ~ ]
irjloT]Ns°n ~§Z ev� Z ¢zj£xTs_²Xers ~ jLqTe w ivx,�«]Ny�nL^�eroT�{h�oXkm]_o«jl�Tig]®�«]Ny
jlh«sm]an+��igjLy�¯{n+� ~ eg� Z kzn+�K¢§j£xTs
²fy�nX^{qTiv]
|Tevk:x�nl� Z eg� Z Â
¢§j£x w ]Nsmeg�Lo{jlo w igj£xLnLhTk_²ly�nXsmktsIjlo w ]NoX¦Xe ~ nLo�^�]_oXktj+i«y
nLo�sue w ] ~ j+kmegnLo«s
²ljLo w sun®nLo\¨A@4]No�y�]4su]
¦L] ~ j+i«^�]_k ~ nLq<nligevktjlo
k ~ jlo«suq<n ~ kujlkmegnLopj+�l]No�y�eg]_s§j ~ ]®kth ~ o�egoT�{kunB¢zj ~ w s Z ev� Z ] ~ ig]
¦L]
irs§n+�VjlhTkunL^{j+kuevnXo,ku]_y Z o�nlignl�leg]_szkun�j w�w ~ ]_sts§k Z ]_su]
q ~ nL�Tig]_^{s_¨

B eDC±] ~ ]_oXk§jlhTkunL^{j+kuevnXo�smk ~ jlkm]_�leg]_s Z j£¦l]³�«]_]_o�q ~ nXq«nXsm] w egoFEÝ�L²T��GE¨ Y*Z ]
x�j ~ ]­y
igjLsusuev©«] w jLy
y
n ~ w ego���kmn�k Z ]_e ~
w ersmk ~ er��hTkuevnXo¡n+�*eroXkm]
igigev�L]_o�y
],jlo w 87�H�JIK5�)*�%�
�
L�5 j+kmk ~ er��hTku]_s_¨NM�o¡k Z egs�q�jLq«] ~ ²�¢z]�j w�w ~ ]Nsus®k Z ],y_jlsu]�¢ Z ] ~ ]�jlivi
jlh�kmnL^{jlkmegnLo�egoXku]
igiveg�l]No�y�]6ersIy
nLo�y
]_oXk ~ j+ku] w ¢*egk Z ero{ego w ev¦fe w h�jli«¦l] Z ery�ig]_s_²lig]_j w egoT��kmn�k Z ]4sun�y
j+igig] w �%!.���%�/�%01�%!2�
sty�]_o«j ~ evn<²<¢ Z ] ~ ]�k Z ] ~ ]!ersaoTn,y
nL^{^�h�o�egy_j+kmegnLo��«]_k:¢°]_]_o¥¦l] Z egy
iv]Ns­jLo w k Z ]{egof� ~ jlsuk ~ h�y
kuh ~ ]l¨a¶�ego«j+igivxL²\¦l] Z egy
iv]Ns
j ~ ]�]N¸fhTegq«q«] w ¢*egk Z sm]_¦l] ~ jli°su]_o�sun ~ s
²µjlivignB¢*eroT�¥k Z ]_^ kunRq<] ~ y�]_ev¦L]�k Z ]�suq<]
] w jlo w q<nLsuevkuevnXo(nl�4k Z ]�oT]Nj ~ �Lx
¦l] Z ery�ig]_s_¨ Y*Z egs6suxTsmku]_^¤ers6¯foTnB¢6o,jls À M*OPO­²���n ~RQ À hTkmnXoTnL^�nXh�sSM�oXkm]
igigev�L]_oXkTO ~ hTersu]�O°nXoXk ~ nliE¨ U

V h ~ smktj ~ kmeroT�$q«nLegoXk!egs�j�k ~ j%=�y�suer^�hTirj+kuevnXo¬k Z jlk�¢§jls�y
nLo w h�y�ku] w ��n ~ k Z ]W@4nXh�sukmnLoYX¥]
k ~ nZE �T²���GP¨ � ]
sueg^!hTigjlkm] w �N�a¯X^{sVnl�±jasuego��lig]*igjLoT]z� ~ ]_]
¢§j£xl²ljLq�q ~ n£|fer^{j+ku]
igx�^!n w ]_iv] w jB��km] ~ k Z ]P[�j+k:x�O°n ~u~ e w n ~ n+�/M�oXkm] ~ sukuj+ku]
@4eg� Z ¢§j£x �_�«¨ � ]$y
nLo�sue w ] ~ ] w k:¢°n¬k ~ j%=�y w ]No�smegkmeg]_s_²*jRivnB¢ w ]_o�suegk:x(n+�{�_�L�l��¦l] Z egy
iv]NsJ\ Z nLh ~ ²IjLo w j Z ev� Z
w ]No�smegk:x�n+�U`L�L�l�a¦L] Z ery�ig]_s�\ Z nXh ~ ¨^]V] Z egy
iv]Nsµ¢z] ~ ]4jlhTkunLoTnX^�nLh�s_²leE¨ ]L¨v²Xk Z ] ~ ]4¢§jlsµoTn�y�nX^�^!h�oTery
jlkmegnLo{¢*egk Z nLk Z ] ~
¦l] Z ery�ig]_s­n ~ ¢*evk Z k Z ]!erof� ~ jlsuk ~ h�y�kth ~ ]l¨ !°jLy Z ¦l] Z egy
iv] Z j w jlo¥jLhTkmnXoTnL^�nXh�s­y
nLoXk ~ nligig] ~ ero¥y Z j ~ �l]�nl�Iego«suh ~ eroT�
k Z ]{y
n ~t~ ]Ny�k­ego�su] ~ kmegnLo¥n+�zk Z ]{¦l] Z ery�ig]�jlk­k Z ]�^!] ~ �L]4�mh«o�y�kuevnXo\² jls³¢z]
igiµjlsaq ~ ]
¦L]_oXkmeroT�,y
nligiversuevnXo�s³¢*evk Z nLk Z ] ~
oT]Nj ~ �Lx,¦l] Z egy
iv]Ns
¨§¶<n ~ k Z ers4q�h ~ q<nLsu]l²
¢°] w ]_suev�XoT] w jlo�jLy
y
]
ig] ~ j+kmegnLo�y
nLoXk ~ nliUirj£¢®²<jLo w ¢z]�]_^{qTe ~ ery
jlivigx�kth�oT] w
egkus6q�j ~ jL^�]
km] ~ s_¨ Y*Z ers6j+igignB¢°] w h�s6kmn�jly Z ev]_¦l]®j�oTn+Â:y�nLivigersmegnLopsmer^�h�igjlkmegnLo\²T]_¦l]_opero�k Z ] Z ev� Z w ]_o�suevk:xpy
jLsm]L¨_M�o
k Z egs§q�jLq«] ~ ²X¢°]³smkth w x�jLo�j+igxfkmery
j+igigx!k Z egs§y
nLoXk ~ nli<igj£¢�jLo w ¢z]³q ~ nB¦l]6sunL^�]³¯+]
x�sukujL�Tevigegk:x ~ ]_sthTigkus_¨Icfq«]Ny�ev©<y
jlivigxl²
¢z]4q ~ nB¦l]*k Z j+k°h«o w ] ~ sunL^�] w xTo�jL^!ery4y
nLo w evkuevnXo\²Lk Z ]4¦L] Z ery�ig]_s°oT]
¦L] ~ y�nligige w ]L¨ � ]6© ~ suk°y
nLo w h«y�kµk Z egszjlo«j+igxfsuers
ero,k Z ]�oTnXofÂPstj+kth ~ j+km] w y_jlsu]l²�jlo w k Z ]_opero,k Z ]�stj+kuh ~ jlkm] w y
jLsm]L¨
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Y*Z ]°¦l] Z egy
iv]Ns j ~ ]IjLhTkmnXoTnL^�nLh«s
²Ne>¨ ]l¨g²Bk Z ]
x w n4oTnLkKy
nL^{^�h�o�egy_j+km]I¢*evk Z ]_jLy Z nlk Z ] ~ jlo w su]_o«smn ~U~ jLoT�l]Iegs iver^�evku] w ¨
Y*Z h�s_²�j+k§jloXx�kmer^�]�j�¦L] Z ery�ig]³¯foTnB¢6sz¢ Z ery Z ¦l] Z egy
iv]Nszj ~ ]­ego�� ~ nLoXk§n+��jLo w �<] Z ego w Z er^p²��«nLk Z ego,egkus§nB¢6o�irjlo�]
jlo w ego�k Z ]!sue w ]�irjloT]L¨ Y*Z ]�ignLoT�Levkth w ero�j+i�suq<]
] w n+�V]_jLy Z ¦l] Z egy
iv]�¢*egk Z ego$su]_o«smn ~6~ jLoT�l]®ers³j+irsmn�¯foTnB¢6o\¨ !zjly Z
¦l] Z ery�ig] Z jLszevkts°nB¢6o,y�nXoLk ~ nLivig] ~ k Z jlk§nLhTktq�hTkus§k Z ]®y
h ~t~ ]_oXkIignLoT�Levkth w ero�j+i\jLy
y�]_iv] ~ jlkmegnLo�jLo w k Z ]aigjlkm] ~ jli
stq«]_] w ¨
Y*Z ]No,k Z ]�¯Xego�]_^{j+kuegya^�n w ]
iUers6j{��jLsmery®� w eg^�]_o«smegnLo�s*^�n w ]_i>¨

Y*Z ]�y�nXoLk ~ nLivig] ~ ¢*egivi*o�jlkuh ~ j+igivx Z j£¦l],su]
¦L] ~ j+i 0R�H#�5-� ²zjlo w ¢*evk Z ego ]_jLy Z ^�n w ]p¢*evigi Z j£¦l]pj�y
nLoXkmerofhTnLh«s
�<] Z j£¦fegn ~ ¨ V o�k Z ]�nLk Z ] ~aZ jlo w ²Ksu¢*evkty Z ego��pkun�nLoT]�^�n w ]{kmn$jlo�nlk Z ] ~ nLoT]{ers®j w egsty ~ ]
ku]{]
¦lnLigh�kmegnLo\¨�X$n w ]_s
j ~ ]4igero�¯+] w kun!k Z ]a]_oX¦fe ~ nLo�^�]NoLktj+i±smegkuh«j+kmegnLo�n+� k Z ]a�leg¦l]No�¦l] Z egy
iv]a>�egs§k Z ] ~ ]³j!¦l] Z ery�ig]­ero�� ~ nLoXk
²Terszk Z ]a¦L] Z ery�ig]
k ~ xfego���kmn�^�] ~ �L]®ego�k Z ]�k ~ j�=�yl²«ers4k Z ]�¦L] Z ery�ig]�xfev]_i w egoT��kmn�jLoTnlk Z ] ~ ¦L] Z ery�ig]l²±jlo w smn�nXo\¨ Y*Z ers4y�nX^��Tero�jlkmegnLo
n+�Vj{y�nXoLkuegofhTnXh�s§�«] Z j£¦fevn ~ jlo w j w ersuy ~ ]_km]®�«] Z j£¦fevn ~ ^{jl¯+]Nszk Z ]�y
nLoXk ~ nligiv] ~ j Z xT� ~ e w suxfsukm]N^p¨
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iv]!egs­egoT©<oTegkm]l¨ Y*Z ersa�«] Z j£¦fevn ~ ers­jL^�nLoT�,k Z ]!¢°n ~ suk
q<nLstsmer�Tig]°y
jLsm]Ns
¨�M�o w ]_] w ²Bk Z ]°ig]_j w eroT�4¦L] Z ery�ig]zjlivku] ~ o�j+kuev¦L]
igx³� ~ jL¯+]_sKjlo w jly_y�]
ig] ~ j+ku]_s_²N^{jL¯LeroT�­evk Z j ~ w ²+j­q ~ egn ~ eE²
��n ~ k Z ]a��nligignB¢*egoT�{¦L] Z ery�ig]akmn�j w �mh«smk*egkus6stq<]
] w jLo w q<nLsuegkmegnLo\¨

� ]a© ~ suk§kujL¯+]ak Z ]a��nLivignB¢*eroT�!eroTegkmerj+i y
nLo w evkuevnXo�s�>

I ÿ bGI Ú
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� � � �E��	 > 5 �N�87

 � �>�!	 >+5@�l� 7'9 :��

� � � �E��	 > 5 �87

 � �E��	 > 5 � � 7'9 :��

� egk Z k Z ]Nsm]{y�nXo w egkmegnLo�s_²\k Z ]{eroTegkmerj+i�¦Bj+irhT]!nl�°k Z ] ~ j+kuevnXo$ers =��E��	 5 ��A : AA�� ����� � 52�)( �+`<�l²±¢ Z ery Z ^�]_jLo�s³k Z jlk
k Z ]���nLivignB¢*ego���¦l] Z ery�ig]�ers­kunfn,y�ignLsu]l¨ Y*Z ]{y�n ~u~ ]_stq«nXo w eroT��]_¦lnlirhTkuevnXo�n+�Ik Z ] ~ jlkmegn«²
¢*evk Z ¦Bj+irhT]_s³nl� E ~ jLoT�leroT�
� ~ nL^0��kmn�� ��egs*s Z nB¢6o,egop¶�ev�Xh ~ ]®��¨

λ = 5

λ = 7

λ = 12

λ = 17

λ = 3

-0.5*g

0*g

0.2*g

0.00 2.44 4.87 7.31 9.74 12.18 14.61 17.05 19.48 21.91 24.35

0.50

0.56

0.62

0.68

0.74

0.80

0.86

0.92

0.98

1.04

1.10

1

0.641

leading acceleration

� ��� � � ������� �	� � � � ����
 � � � G A I � � �  
� ����� � � G A I � �*A  � ��� G A I�� � �  
� ����� ��� G A I � A  

¶�ev�Xh ~ ]��K>"!°¦lnLighTkuevnXo�nl�Kk Z ] ~ jlkmegn��ªh�o�y�kuevnXo���
� =!����	

À s�]�|�q<]_y�ku] w ²Vk Z ]�]_¦lnLighTkuevnXo¬n+�*k Z ] ~ j+kmegn$ers�ero��<hT]No�y�] w �Xx�k Z ]�ig]_j w eroT�¥jly_y�]_iv] ~ jlkmegnLo�� � ¨FO°nLo�y
] ~ oTeroT�
k Z ]�ego �<hT]_o«y�]�n+� E ²<�mh«smk�iger¯+]�¢z]�]
|�q«]Ny�km] w � ~ nX^ nXh ~ @4nXh�smkunLo Z eg� Z ¢§j£x¥smer^�h�igjlkmegnLo�s_² k Z ] Z eg� Z ] ~ ¦Bj+irhT]�egs
jlq«q�j ~ ]_oXkmigx�k Z ]{�<]_suk
¨�@4nB¢z]
¦L] ~ ²\jls³¢°]{¢*egiviµsu]
]�irj+km] ~ ² nlk Z ] ~ �ªjly
kmn ~ s Z j£¦l]!kmn��<]�ktjl¯l]_o�egoXkmn�jly_y�nXh�oXk
²Uigeg¯l]
k Z ]�sujlkuh ~ j+kuevnXo�n+��k Z ]�jly
y
]
ig] ~ j+kuevnXo�jlo w k Z ]�suq<]
] w iver^�evk_¨

� nB¢@iv]_k6h�s6sukuh w x�¢ Z ]No,k Z ] w ] ~ eg¦Bj+kmeg¦l] = � ����	zy Z jLoT�l]Ns§evkts6suev�Xo\¨ � ]_y_j+igi\k Z ]!y�nLo w evkuevnXo�¢ Z egy Z km]_ivirs*¢ Z ]No
= � ����	�5��K>

= � ����	�5 � � � � ����	 3 E45 � � � � ����	H5 & E �u�_�!	
� nLkm]*k Z j+k E�jlq�q<]_j ~ sµego�sue w ]6k Z ] w ]�©
oTevkuevnXo{n+�G� � ����	ß¨��µ]
k_²Xy
nLo w evkuevnXo.�u�_�!	�j+igivnB¢6sVh«sµkmn ~ ]_jLsmnXo\¨ À q ~ egn ~ eE²

� � ����	±¦Bj ~ eg]_s �<]
k:¢z]
]No & ? jLo w 3�?�¨ !°jLy Z kmer^�] � � ����	\y_hTkusKk Z ] Z n ~ eg·
nLoXktj+i+igego�] & E ²Bk Z ] ~ ]µers�j6y�n ~u~ ]_stq«nXo w eroT�
^�ego�eg^!h�^ n ~ ^�j+|Teg^!h�^0nl�A=!����	*j+ignLoT�{¢*egk Z j{smeg�LoperoL¦L] ~ smegnLo�n+� = ������	ß¨µ¶�eg�Lh ~ ]®��s Z nB¢6s°k Z ]a�ªh�o�y
kmegnLo�s � � ����	

b^b à_c?d 
��	�
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jlo w =!����	ß¨ Y*Z ]��ªh�o«y�kmegnLo =!����	�egs�k Z ]pstjl^�],jLs�ero�¶�eg�Lh ~ ]p��¨ Y*Z ] Z n ~ eg·
nLoXktj+iIigeroT] & E Z ]_igq�s�ignTy
j+kuego��¥k Z ]
^{jB|Ter^�jajLo w ^!eroTer^{jan+� =�����	ß¨V¶�ero�j+igivxL²lk Z ]*�ªh�o�y
kmegnLo�� � ����	Kers w ~ j£¢6o���n ~ y
nL^{q�j ~ ersmnXo\¨ À sIs Z nB¢6o�ero�¶�eg�Lh ~ ]6�T²
��n ~ ¦BjlighT]NsVn+�GE{� ~ ]Nj+km] ~ k Z jLo �f²+k Z ] ~ ]6j ~ ]*oTn®^�j+|Teg^{j®jlo w ^�eroTer^�j«¨ Y*Z egsVersV]Njlsuevigx�h�o w ] ~ smktjlo w jL�Tig]l¨"!µ|�y�]NqTk
j+k*k Z ]��<]
�lero�oTeroT��¢ Z ] ~ ] =!����	�� ��jlo w.
 ������	A& 
 �)����	�� �«²)���)����	zsmktj£xfs*jLq�q ~ n£|Teg^{j+ku]
igx��«]_k:¢°]_]_o &6�)(+*-,�jLo w
3³�)(Õ�-,±²f¢ Z ery Z j ~ ]³k Z ]�^!eroTer^�h�^ jlo w ^{jB|Ter^�h�^0n+�H��������	ß¨

0.00 2.44 4.87 7.31 9.74 12.18 14.61 17.05 19.48 21.91 24.35

-13.0

-11.4

-9.8

-8.2

-6.6

-5.0

-3.4

-1.8

-0.2

1.4

3.0

0.50

0.56

0.62

0.68

0.74

0.80

0.86

0.92

0.98

1.04

1.10

-0.5*g

0*g

0.2*g

−λ = −3

� G � I/ � G � I

� ��� � � ������������� � � ����
 � � � G A I � ���  � ����� � � G A I � ��A  � ��� G A I � ���  � ����� � � G A I � A  

/ � G � I

¶�eg�Lh ~ ]®�K> X¥j+|fer^{j{jlo w ^�egoTer^{j{n+� =!����	°��n ~ E45��

� ]�oTnB¢�kujL¯+]ak Z ]a��nligivnB¢*eroT�{ego�evkuegjli y�nXo w egkmegnLo�s?>
� ��� �E��	 > 5��l�87

 � �>�!	 >+5@�;�#7'9 :��

� � ���E��	 > 5 �87

 �)�E��	 > 5 �L� 7'9 :��

� egk Z k Z ]Nsm]{y�nXo w egkmegnLo�s_²\k Z ]{eroTegkmerj+i�¦Bj+irhT]!nl�°k Z ] ~ j+kuevnXo$ers =��E��	 5 � A : AA�� ����� � 5 � (+*T�-*T²±¢ Z ery Z ^�]_jLo�s³k Z jlk
k Z ]a��nligivnB¢*eroT�{¦l] Z egy
iv]®ers*kunXn��ªj ~ j£¢zj£xL¨ Y*Z ]�y�n ~u~ ]_stq«nXo w eroT��]
¦lnLigh�kmegnLo,n+��k Z ] ~ j+kuevn<²�j+�Ljlego,¢*egk Z ¦Bj+irhT]_s*nl�HE
~ jloT�LegoT�!� ~ nL^0��kmn�� ��egs*s Z nB¢6o,egop¶�ev�Xh ~ ]³`<¨

I ÿ bGI Ú
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λ = 7

λ = 3

λ = 5

λ = 12

λ = 17

0.00 2.53 5.06 7.59 10.12 12.65 15.18 17.71 20.24 22.77 25.30

0.90

0.97

1.04

1.11

1.18

1.25

1.32

1.39

1.46

1.53

1.60

1.515

1

leading acceleration

-0.5*g

0*g

0.2*g

� ��� � � ������������� � � ����
 � � � G A I � ���  
� ��� � � � G A I � � A  � ��� G A I � ���  
� ��� � � � G A I � A  

¶�ev�Xh ~ ]a`�>"!°¦lnLighTkuevnXo�nl�Kk Z ] ~ jlkmegn��ªh�o�y�kuevnXo���
� =!����	

Y*Z ]§y�nXo�y�irh�suevnXo�s Z ] ~ ]zj ~ ]°k Z ]*stjl^�]°jLsK¢*egk Z ¶�ev�Xh ~ ]z�T¨ V �<y
nLh ~ sm]°k Z ers�y
jLsm]zegs�ig]_sts�y ~ h�y�erj+ifsmero�y
]zy
nligiversmegnLo«s
j ~ ]�iv]Nsus³igeg¯l]
igx�kmn�nTy
y
h ~ ¢ Z ]_o =!����	 6 �L¨ � ]{sukuh w x�ego�k Z ]{o�]�|Tk®sm]Ny�kmegnLo�k Z ]�ero��<h�]_o�y
]�nl�Ik Z ]{stj+kth ~ j+kmegnLoU²
eE¨ ]L¨v²�� � ����	 � E &6�)(+*-, >
3³�)(Õ�-, GP²Ljlo w ¢z]a��nTy
h�s§nXo,k Z ]�=!����	 �Á�®y
jLsm]L¨

� < ���¥"�1­��5*1 ���´�V3�1 �K�³�V"�'��³���
�!� ���������
	���
������
	��
¶�ev�Xh ~ ] *,s Z nB¢6s³k Z ]�jLy
y�]_iv] ~ jlkmegnLo¥n+�°k Z ]���nligivnB¢*eroT�p¦l] Z egy
iv]{¢*egk Z k Z ]�eroTegkmerj+iIy
nLo w evkuevnXo�san+�z¶�eg�Lh ~ ]�� �ªnLo�ivx
k Z ]�y
jlsu]_s0E�5��{jlo w E�5 ���!j ~ ]ak ~ jly
] w 	�¨

b^b à_c?d 
��	�
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λ = 17

λ = 3

0.00 2.44 4.87 7.31 9.74 12.18 14.61 17.05 19.48 21.91 24.35

-13.0

-11.4

-9.8

-8.2

-6.6

-3.4

-1.8

1.4

3.0

leading acceleration

0.2*g

-0.5*g

0*g

-0.79*g

-1.30*g

� � � � � ��� ��� �	� � � � � �	
 � � � G A I � � �  
� ����� � � G A I � �*A  � � � G A I � � �  
� ����� � � G A I � A  

¶�eg�Lh ~ ] *.> À y_y�]
ig] ~ j+kuevnXo�nl�Kk Z ]a��nligivnB¢*eroT�{¦l] Z ery�ig]

¶«n ~ E 5¤� �f²±k Z ]�jLy
y�]_iv] ~ jlkmegnLo$�<nLh«o w saj ~ ] E &®�N�)( � �!>
3!�D( ���HG\¢ Z egiv]!��n ~ E 5��«²\k Z ]_x$j ~ ] E &��!( �£`�>23a��( �D*%GE¨
Y*Z ers{egs{¢z]
igi*nLh�kusue w ]�k Z ]�km]Ny Z oTnlignl�Lx��«nXh�o w sNE &6�)(+*-, >
3³��( �B,aG�� � ]$oTnB¢ ¢*ers Z kmn¬ktjl¯+]peroLkun¡jly
y
nLh�oXk{k Z ]
km]Ny Z oTnLivnL�lx¡�«nXh�o w s!��n ~ k Z ]p��nligivnB¢*eroT�¥¦L] Z ery�ig]l²VeE¨ ]l¨g²I¢z],stj+kuh ~ jlkm].� � ¨ � ]�k Z h«s�^�n w ev��x¡k Z ]�jLy
y�]_iv] ~ jlkmegnLo
�leg¦l]No,�Xx�]N¸fh�j+kuevnXo �>`!	J>

� ����	 5 E ��=!����	�&��-	 3 
 � ����	A& 
 ������	
<

���)����	 5 ev� � ����	�6´�)(Õ�-,®k Z ]No��)(Õ�-,
]_igsu]®e � � ����	 � &6�)(+*-,®k Z ]_o &R��( *B,
]_igsu] � ����	 �P�+�!	

� ]�q«] ~ ��n ~ ^¤k Z ]�stjl^�]®smer^�hTirj+kuevnXo�s§jls§erop¶�eg�Lh ~ ]��T¨ Y*Z ] ~ ]_sthTigk*egs*s Z nB¢6o,egop¶�eg�Lh ~ ]���¨

I ÿ bGI Ú
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λ = 30

λ = 12

λ = 7

λ = 5

λ = 17

λ = 3

0.00 2.44 4.87 7.31 9.74 12.18 14.61 17.05 19.48 21.91 24.35

0.55

0.61

0.67

0.73

0.79

0.85

0.91

0.97

1.03

1.09

1.15

1

leading acceleration

0.641 -0.5*g

0.2*g

0*g

� ��� � � ������� �	� � � � ����
 � � � G A I � � �  
� ����� � � G A I � �*A  � ��� G A I�� � �  
� ����� ��� G A I � A  

¶�ev�Xh ~ ]��$> !I¦lnLigh�kmegnLo�nl��k Z ] ~ j+kmegn�egopk Z ]�sujlkuh ~ j+ku] w y
jlsu]

O°ig]_j ~ igxl²�k Z ] ~ ]Nsuh�ivk!�leg¦l]_o�ego�q ~ nXq«nXsmegkmegnLo´� w nf]_s�oTnlk Z nli w jloXxT^�n ~ ]�>���n ~ E 5 ���T²�k Z ],�ªh�o�y�kuevnXo�=!����	
y ~ nLstsu]_s­k Z ] Z n ~ eg·
nXoLktj+i�igegoT]�=.5 � ��M�o w ]_] w ²K¢ Z ]_o�k Z ]�ig]_j w eroT��¦l] Z egy
iv]{jly_y�]
ig] ~ j+ku]_s_²±k Z ]{��nLivignB¢*ego��,¦L] Z ery�ig]
y
jLo � kay_j+kty Z h�qR�<]_y
jLh�su] Z egs®jLy
y�]_iv] ~ jlkmegnLo�ersaigeg^�egkm] w kun �  0/21 ¨ Y*Z ] ~ ]
��n ~ ]!k Z ]��LjLq$ero�y ~ ]_jLsm]Ns4kun�k Z ]�q<nleroXk
¢ Z ] ~ ]­k Z ] ~ j+kmegn!�<]_y
nL^�]_s°� ~ ]_jlkm] ~ k Z jlo$�L¨ �µ]
k
²Tk Z ] ~ jlkmegn w nf]_s§oTnLk°nXsuy
evigirj+km]³j ~ nLh�o w k Z ]³¦Bj+irhT]��l²Tjlo w ]
¦L]_o
ero�k Z ]�stj+kuh ~ jlkm] w y
jLsm]{k Z ]�smxTsukm]_^ egs®jLsmxT^{qTkmnLkmery
jlivigx¥sukujl��iv]L¨�¶�ero�j+igigxl²Ko�nlkm]{k Z j+k®k Z ]�� ~ ]_jlkm]_suk³¦£jligh�]�nl�0E
sukmegivi�q ~ nB¦fe w ]_s6k Z ]��<]_suk­�<] Z j£¦Xegn ~ ��n ~ k Z ]®��nligignB¢*egoT��¦L] Z ery�ig]l¨§¶<n ~ E'5Á�L��²�k Z ] ~ j+kuevn ~ ]_jLy Z ]_s§]_¦l]_o,�ªjLsmku] ~ egkus
igeg^�egk®��jlo wpw nf]_s*oTnLk*]
¦L]_op�«]Ny�nL^�]a� ~ ]_jlkm] ~ k Z jloR�L¨

X$n ~ ]_nB¦l] ~ ²£jls�smktj+ku] w ero�cX]_y
kmegnLo!`«¨ ��²B¢ Z ]No =!����	KersVy�ignLsu]°]NoTnLh�� Z kun!�L²lq ~ nLq<nLsuevkuevnXo��­egs�¦Bj+ige w ¨K¶<n ~ E45����T²D � 6¤�N�)( `.9L²U¢z] Z j£¦L]�� � &�=!����	�������( �«��jLo w ero w ]_] w ²A���)����	 � E &6�)(+*-, >
3³��( �B,aGP¨ V �zy
nLh ~ sm]�k Z ]�¦£jligh�]�j+��km] ~
¢ Z ery Z =�����	zers*y�nLo«sme w ] ~ ] w kmn��<]�y�ignLsu]a]_oTnXhT� Z kmn�� w ]_q<]_o w s*nLo'E ¨

� � 165*��"���	
�
�� ����# 	
�_��16��'V���*�³�V���!�

� ]�q ~ nXq«nXsm]³ero,k Z ers§©<o�jliKcX]_y
kmegnLo�j{oT]
¢Ájly
y
]
ig] ~ j+kuevnXo�irj£¢®¨ Y*Z ]®km]_y Z oTeg¸fhT]®h�su] w Z ] ~ ]aers§ego«suqTe ~ ] w � ~ nX^¤k Z ]
w ]Ny�nLh«qTiveroT��jlo w ��]_] w �«jly�¯�igego�]_j ~ eg·_j+kuevnXo�¢z]
igiU¯foTnB¢6o�eropk Z ]�jLhTkmnX^{j+kmeryay�nXoLk ~ nLi
©«]
i w ¨

Y*Z ]!e w ]Nj�ers4kunpy Z nXnXsm] �!������	4sth�y Z k Z j+k4k Z ] ~ jlkmegn =!����	­y�nXoL¦L] ~ �l]Ns*]�|�q<nLoT]NoLkuegjlivigx�kmnB¢§j ~ w s®�L¨�@­]_o�y
]�¢z]
¢§jloXk�>

=!����	 5 � 3�=!�>��	 � :�� � �P�T�B	

b^b à_c?d 
��	�
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Y*Z ers§xfev]_i w s?>

= � ����	H5 & E�=��E��	 � : � � 5 & EG��=!����	 &��-	 �P�l��	
� nB¢ � ~ nX^¤]_¸fh�jlkmegnLo �m�B	°¢°]®y�nX^{q�hTkm]a>

= � ����	 5 < 
 � ����	2� 
 � ����	A& 
 � ����	 	A& <�� � ����	2� � � ����	A& � � ����	�	
< � 
 � ����	 �

5 
 � ����	A& 
 � ����	
< 
 �)����	 & � � ����	�=!����	


 �)����	 �P�+�!	

�§x�y�nX^��TeroTeroT�{]_¸fh�jlkmegnLo�s �P�l�D	°jLo w �P�+�!	ß²�¢z]a�l]
k?>


 � ����	A& 
 �)����	
< 
 � ����	 & ��������	 =�����	


 � ����	 5 & EG��=!����	 &��-	

� � � ����	�=!����	

 � ����	 5 
 � ����	A& 
 � ����	

< 
 �)����	 3�EG��=!����	 &��-	

� � � ����	�5 
 � ����	
=!����	 < 
 � ����	A& 
 � ����	< 
 ������	 3 E ��=!����	H&��-	 >

� � � ����	�5 
 ������	A& 
 � ����	
<�=!����	 3�E 
 � ����	 < �0& �

=!����	 > �P�B`�	

� nB¢ ¢*egk Z k Z ]ajLy
y
]
ig] ~ j+kmegnLo{irj£¢ n+��]_¸fh�jlkmegnLo'�P�B`!	�²Tq ~ nXq«nXsmegkmegnLo«s4�ajlo w ��j ~ ]­k ~ ev¦ferj+i±kmn{q ~ nB¦l]6k Z jlo«¯Xszkun
k Z ]®]�|�q«nXoT]_oXkuegjliUy�nLoX¦L] ~ �l]_o«y�]l¨AX$n ~ ]_nB¦l] ~ ²Lq ~ nXq«nXsmegkmegnLop�{smkuevigi Z nLi w s*suero�y�]�=!����	 5 �axfev]_i w s
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 � ����	A& 
 � ����	
< 3 E 
 � ����	
�u� &��-	H5 
 � ����	A& 
 � ����	

<
¢ Z ery Z ers*k Z ]�sujL^�]ajLsz]_¸fh�j+kuevnXo �u�N��	ß¨
¶«n ~ k Z ]!stjl^�]�¦Bj+irhT]!n+� EU²±k Z ] Q oT]
¢ U�jLy
y
]
ig] ~ j+kmegnLopirj£¢®²<�Lev¦L]_o��Xxp]_¸fh�j+kuevnXo �E�+`!	�²<ers4^!h�y Z �<]
kmku] ~ k Z jLo

k Z ] Q nLi w UanLoT]L²ln+�\]N¸Xh«j+kmegnLo �>`!	�²L]_¦l]_o�ero�k Z ]6k ~ h�o�y_j+km] w y
jLsm]L¨K¶<n ~ ero�sukujLo�y�]L²l��n ~ E.5 ���³¢*egk Z oTnXo{k ~ h�o�y_j+km] w
jly_y�]_iv] ~ jlkmegnLo�s_²f¢°]a�l]_k�>
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new acceleration
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� ��� � � � G A I � �*A  � ��� G A I � ���  
� ����� � � G A I � A  

¶�eg�Lh ~ ] �2> V i w irj£¢ ¦L] ~ suh�s§oT]_¢@irj£¢ �EoTnLopk ~ h�o«y
j+ku] w 	

M�o,k Z ]®k ~ h�o«y
j+ku] w y
jLsm]L²T¢°] Z j£¦L]³j w�w ] w k Z ]®k Z ]�y
h ~ ¦l]³n+��k Z ]®nLi w jly_y�]_iv] ~ jlkmegnLo�nX�Tkujlego�] w ��n ~ E.5��l�$>
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1

new acceleration
λ=17

old acceleration
λ=17

old acceleration
λ=30

leading acceleration

-0.5*g

0*g

0.2*g
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¶�eg�Lh ~ ]®�K> V i w irj£¢ ¦L] ~ suh«szo�]
¢Áigj£¢ �ªk ~ h�o�y_j+ku] w 	
� ]!y�nXhTi w y�nLo«y�irh w ]�jlk4k Z egs³q«nLegoXk­k Z jlk4k Z ]!oT]_¢�jly
y
]
ig] ~ j+kuevnXo,irj£¢Áegs³^�h�y Z �«]_kmkm] ~ k Z jlo�k Z ]!o�]
¢�jly_y�]
Â

ig] ~ j+kmegnLo�igj£¢®¨(@­nB¢°]_¦l] ~ k Z egs4y�nL^{q�j ~ ersunLo�ers6^�] ~ ]
igx�j{¸Xh�]_sukmegnLo,n+���Lj+ero\¨�¶«n ~ ego«smktjlo�y
]l²Tk Z ]®nli w jLy
y�]_iv] ~ jlkmegnLo
¢*egk Z E'5Á�l��egs4¦l] ~ x,y
ivnXsm]®kun�k Z ]!oT]_¢ jLy
y
]
ig] ~ j+kmegnLo,¢*egk Z E'5&� �f¨ X$n ~ ]
nB¦L] ~ ²Te �µ¢z]�kujL¯+]®eroXkmn�jLy
y�nXh�oXk6k Z ]
^{jB|Ter^�h�^ ��] ~ ¯
²�k Z ]_o��<nlk Z irj£¢6s*j ~ ]ay�nL^{q�j ~ jL�Tig]l¨

� % �!��56	_"����
�!�

� ] Z j£¦L]­sukuh w ev] w ero�k Z egs§j ~ kmery�ig]4k Z ]ay�nLoX¦L] ~ �l]_o«y�]6nl� jlo�jLy
y
]
ig] ~ j+kmegnLo{irj£¢´��n ~ jlo,jlhTkunLoTnX^�nLh�sI¦l] Z egy
iv]L¨ Y*Z ]
��nligignB¢*egoT��¦L] Z ery�ig]�^�h«smk�^{jlegoXkujlego¡j�y
nLo�sukujLoXk®kmer^!] Z ]_j w ¢zj£xR�«] Z ero w j�ig]_j w egoT��¦L] Z ery�ig]�¢ Z ery Z j+igkm] ~ o�jlkm]Ns
Z j ~ w � ~ ]_jL¯XegoT� jlo w Z j ~ w jLy
y
]
ig] ~ j+kmegnLoU¨ � ]Ry�nL^{q�h�km]�j ~ jlkmegn¡¢ Z ery Z ^�]_jlsth ~ ]_s Z nB¢ jly
y_h ~ j+km]_ivx egs,k Z ]
��nligignB¢*egoT�p¦l] Z ery�ig]�q<nLsuevkuevnXoT] w ¢*egk ZR~ ]Nsuq<]_y
k³kun�k Z ]{ig]_j w egoT�p¦l] Z ery�ig]l¨ Y*Z ]�jly
y
]
ig] ~ j+kuevnXo�igj£¢ egs w ]Nsmeg�Lo�] w �Xx
kujL¯XegoT��eroLkun�jLy
y
nLh�oXkIk Z ]aq«nXsmegkmegnLoTeroT��] ~t~ n ~ jLs°¢z]
igi\jls°k Z ] ~ ]
irj+kuev¦L]­stq«]_] w ] ~u~ n ~ ¨ �znLk Z egof��n ~ ^{jlkmegnLo�szy
jLo��<]
^{j w ]�j£¦Bjlevirjl�Tig]{kmn$k Z ]{��nligignB¢*egoT��¦L] Z ery�ig]{nLoTigx¥k Z�~ nLhT� Z su]_o«smn ~ s_²UeE¨ ]L¨v²�oTn�eroLku] ~ ÂE¦L] Z ery�ig]�y�nX^{^�h�oTery
jlkmegnLo�egs
oT]_] w ] w ¨

� ] Z j£¦L]®© ~ smk³smkth w eg] w k Z egsajLy
y�]_iv] ~ jlkmegnLopirj£¢�jlo�jlivxfkmery
jlivigxpego�k Z ]�e w ]Nj+i�y
jlsu]�¢ Z ] ~ ]�k Z ]{jly_y�]_iv] ~ jlkmegnLopegs
oTnLk³iger^!egkm] w kunpjLoXx�km]_y Z oTnlignl�Lx��<nLh«o w s_¨ � ] Z j£¦l]!q ~ nB¦L] w k:¢znp^{j+��n ~³~ ]NsuhTigkus_¨ Y*Z ]�© ~ suk³nXoT]{smktj+km]Ns³k Z jlk
h�o w ] ~ sunL^�] w xTo�jL^!ery§y�nXo w egkmegnLo�nLo�k Z ]6iv]Nj w eroT�®jly_y�]_iv] ~ jlkmegnLo\²+k Z ] ~ j+kmegn®y�nXoL¦L] ~ �l]NsKkunB¢zj ~ w s°�L²l¢ Z ery Z ^�]_jlo«s
k Z j+k4k Z ]®��nLivignB¢*ego���¦l] Z egy
iv]�o�]
¦l] ~ y
nligive w ]_s4¢*evk Z k Z ]!iv]Nj w eroT��¦L] Z ery�ig]l¨ Y*Z ]�sm]Ny�nXo w ~ ]NsuhTigk4sukujlkm]_s4k Z jlk4¢ Z ]No
k Z ] ~ j+kuevnpersa]_¸fh�j+iVkun¬�l²Uev�°k Z ]�iv]Nj w eroT��jly_y�]
ig] ~ j+kuevnXo�ers®�«nXh�o w ] w ² k Z ]_oRk Z ]!��nLivignB¢*eroT�pjLy
y
]
ig] ~ j+kmegnLo$egs®jligsun
�<nLh�o w ] w jlo w �Xx�k Z ]�sujL^�]a�<nLh«o w s_¨
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Y*Z ]No�¢z] Z j£¦L]°q<] ~ ��n ~ ^�] w ]
|fku]_o�sueg¦l]§smer^�hTirj+kuevnXo�sKkmnah�o w ] ~ sukujLo w k Z ]°ero��<h�]_o�y
]znl�«k Z ]°�Xj+ero�q�j ~ jL^!]_km] ~ eroT�
k Z ]�jly_y�]
ig] ~ j+kuevnXo�irj£¢ÁjLs*¢z]
igi jls§k Z ]�km]Ny Z oTnLivnL�lx��<nLh�o w s*nLopk Z ]�jly_y�]_iv] ~ jlkmegnLo\¨ Y*Z ]Nsm]�suer^�hTirj+kuevnXo�s6s Z nB¢ kun
¢ Z ery Z ]�|Tkm]NoLk§nXh ~*~ ]Nsuh�ivkts*j ~ ]³¦Bjlive w eropk Z ]�o�nLope w ]_j+iUy_jlsu]l²TeE¨ ]L¨v²«¢ Z ]_o,k Z ]�jLy
y
]
ig] ~ j+kmegnLo�egs4sujlkuh ~ j+ku] w ¨

¶�ego«j+igivxL²K¢z] Z j£¦L]�jlq�qTigeg] w¡w ]Ny�nLh«qTiveroT�$jLo w ��]
] w ��jly�¯�igegoT]Nj ~ ev·Nj+kuevnXo¥ku]_y Z oTer¸fhT]_s�kmn w ]_suev�XoRj¥oT]
¢¤jly_y�]
Â
ig] ~ j+kmegnLo¥igj£¢���n ~ ¢ Z ery Z k Z ] ~ jlkmegn,ersa�Lh«j ~ jloXkm]_] w kun�y
nLoX¦l] ~ �L]�]
|Tq<nLo�]_oXkmerj+igivx�kunB¢zj ~ w s��L¨ Y*Z ]�sueg^!hTirj+kmegnLo«s
q<] ~ ��n ~ ^!] w ¢*egk Z k Z ers­oT]_¢�jly_y�]
ig] ~ j+kuevnXo�igj£¢ s Z nB¢ k Z j+k4ero$k Z ]!o�nLo�e w ]_jli�y_jlsu]l²\�<nlk Z igj£¢6s­j ~ ]!y�nX^{q�j ~ jl�Tig]
q ~ nB¦fe w ] w k Z j+k§¢z]®kujL¯+]®j�� ~ ]_j+ku] ~ �Ljlego���n ~ k Z ]®nli w igj£¢@k Z jLo���n ~ k Z ]�o�]
¢ nXoT]l¨

� 5������4)�	�16#� �- 14�{�

X¥jLoLx�k Z jlo«¯Xs§kun��Ln Z o��KxX�L] ~ nLsI��n ~ s Z nB¢*ego���h�s Z nB¢@kmn�nL�Tktj+ero�k Z ]®oT]
¢Ájly_y�]
ig] ~ j+kuevnXo�irj£¢�¢*evk Z w ]_y
nLh�qTigeroT�
jlo w ��]_] w ��jLy�¯�igegoT]Nj ~ ev·Nj+kuevnXo�ku]_y Z oTer¸fhT]_s_¨
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