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* " a V^$ ed% a V^$ ^V�VW" e^$ !dW^V %�c$% !d "fec$ + !d%�"W^&+ ed% f^!SeW$ #Va $" + he� W %$W$cW!Vd !"
� $cVa !d` ed !dc^$e"!d` & !a f V^WedW !""�$ WV e%%^$"" U w #$d e ^V�VW "WVf" $_#!� !W!d` !W" !dW$d%$%
� $#eS!V^ + $!W#$^ %�$ WV ed !dW$^de he� W V^ $_W$^de hecWV^" + !W ced �$cVa $ e cV"W & ed%[V^ e
%ed`$^V�" exe!^ y�"$^a edd + ����z U b#$ f^V� $a !" VhW$d $_ec$^�eW$% !h W#$ he� W !" dVW %$W$cW$%
!d e W!a $ & a edd$^ U �d e ^$c$dW fef$^ yZe^ "Vd ed% � �^f#& + gYY�z + W#$ ^$ !e�! !W& Vh "$S$d a V�! $
^V� VW" h^Va W#^$$ %!x$^$dW a ed�hecW�^$^" {e" W^ecj$% VS$^ e f $^!V% Vh W{V &$e^" ed% W#$ eS$^e`$
a $ed W!a $ �$W{$$d he! �^$" y� b ]T z {e" hV�d% WV � $ � #V�^" U b#$ ^$"� W "�``$"W" W#eW he� W"
!d a V�! $ ^V�VW" e^$ |�!W$ h^$|�$dW U Te� W %$W$cW!Vd ced �$ ec#!$S$% �& e%%!d` "f$c!e �f�^f V"$
#e^%{e^$ "�c# e" WV^|�$ ed% f V"!W!Vd "$d"V^" yb$^^e ed% b!dV" + gYY �z U * %%!d` e%%!W!Vde #e^%{e^$
!dc^$e"$" cV"W ed% cVa f $_ !W&+ ed% !W !" + W#$^$hV^$ + "Va $W#!d` W#eW {$ {V� %  !j$ WV eSV!% !d a ed&
ce"$" U b#$ � eW!Vde * $^Vde�W!c" ed% �fec$ * %a !d!"W^eW!Vd y� * �* z !" + hV^ !d"Wedc$ + "W�%&!d`
%$f V&a $dW Vh cVVf $^eW!d` "{e^a " Vh #�d%^$% WV W#V�"ed%" Vh "a e  �"ce $ e�WVdVa V�" ^V�VW" WV
$_f V^$ W#$ "V e^ "&"W$a y} !dc#$& $W e U+ gYY� z U � !S$d W#$ #!`# d�a� $^ Vh ^V�VW" + "!a f !c!W& ed%
"a e  "!~$ e^$ #!`# f^!V^!W!$" U �!a ! e^ &+ hV^ %Va $"W!c e%VfW!Vd Vh "$^S!c$ ed%  $!"�^$ ^V�VW" + W#$
d�a� $^ ed% cVa f $_ !W& Vh cVa f Vd$dW" #eS$ WV � $ j$fW  V{ !d V^%$^ WV ^$ec# e f^!c$ f V!dW W#eW
e  V{ " hV^ #!`# a e^j$W f $d$W^eW!Vd y� Vc#ed + gYYXz U

�d W#!" "W�%&+ {$ f^VfV"$ e `$d$^e a $W#V % hV^ f$^hV^a !d` he� W %$W$cW!Vd hV^ e�WVdVa V�"
^V� VW" U ��^ a $W#V% ^$|�!^$" dV "f $c!e he� W %$W$cW!Vd #e^%{e^$ ed% ^$ eW!S$ & h${ cVa f�WeW!Vde 
^$"V�^c$" WV ^�d W#$ he�  W %$W$cW!Vd "VhW{e^$ U �W ^$ !$" Vd ^$cV^%!d` "$d"V^& %eWe + � ^"W & VS$^ e
f $^!V % Vh W!a $ { #$d e ^V� VW !" Vf $^eW!d` e" !dW$d%$% + ed% "$cVd% & VS$^ e f $^!V % Vh W!a $ { #$d
Se^!V�" W&f $" Vh "!a� eW$% #e^%{e^$ ed% a $c#ed!ce he�  W" #eS$ � $$d !d� $cW$% U � "!d` jdV{  $%`$
Vh #V{ W#$ iV{ Vh !dhV^a eW!Vd c#ed`$" ehW$^ e he� W #e" V cc�^^$% + {$ e^$ e� $ WV %$W$cW he� W" U

b$c#d!ce  &+ e he� W !" ed �d$_f $cW$% c#ed`$ !d "&"W$a h�dcW!Vd { #!c# #ea f $^" V^ %!"W�^�"
dV^a e Vf $^eW!Vd + ce�"!d` �decc$fWe� $ %$W$^!V^eW!Vd !d f $^hV^a edc$ y�"$^a edd ed% ] e  �$ + ����z U
* � ���� �������� "&"W$a !" cefe� $ Vh cVdW!d�$% Vf$^eW!Vd + f V""!� & eW e %$`^e%$% f$^hV^a edc$ + !d
W#$ $S$dW Vh he�  W" !d "Va $ Vh !W" fe^W" U Te� W WV $^edc$ !" e "V�`#W�ehW$^ f^Vf$^W& hV^ c^!W!ce "&"W$a "
%�$ WV $cVdVa !c ed%[V^ "eh$W& cVdc$^d" U w #eW {$ "W�%& !d W#!" fef $^ !" W#$ ecW!S!W& jdV{ d e" � ����
��������� !d e�WVdVa V�" ^V� VW" U Te� W %$W$cW!Vd !" e �!de^& %$c!"!Vd f^Vc$"" cVd� ^a !d` { #$W#$^
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V^ dVW e he� W #e" V cc�^^$% !d e "&"W$a U �W#$^ e"f $cW" Vh ec#!$S!d` he� W WV $^edc$ hV^ e "&"W$a
a !`#W !dc �%$ � ���� ����� �� �� + dea $ & %$W$^a !d!d` W#$ W&f $ ed%  V ceW!Vd Vh he� W" + ed% � ���������
{ #!c# cVa f^!"$" ed& "W$f" d$c$""e^& WV $d"�^$ cVdW!d�$% "eh$ Vf$^eW!Vd Vh W#$ "&"W$a y�"$^a edd
ed% ] e  �$ + ����z U
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Te� W %$W$cW!Vd !" �e"$% Vd V�"$^SeW!Vd" Vh e "&"W$a �" � $#eS!V^ U ) $S!eW!Vd" h^Va dV^a e �$#eS!V^
ced + hV^ !d"Wedc$ + � $ !dW$^f^$W$% e" "&a fWVa " ^$"� W!d` h^Va e he� W !d W#$ "&"W$a U * he� W %$W$cW!Vd
eff^Vec# !" e cVdc^$W$ a $W#V % hV^ �
��������� � ������ ��� U *  e^`$ � V %& Vh ^$"$e^c# !d � ����

���� � ���� ��������� eff^Vec#$" $_!"W" y�$^W $^ + ���� + �"$^a edd ed% ] e  �$ + ����z U �d a V %$ ��e"$%
he�  W %$W$cW!Vd "Va $ a V%$ Vh W#$ "&"W$a V^ Vh #V{ !W !" "�ff V"$% WV � $#eS$ !" cVd"W^�cW$% U b#$
ecW�e � $#eS!V^ !" W#$d cVa fe^$% WV W#$ f^$%!cW$% � $#eS!V^ ed% %$S!eW!Vd" ced �$ !dW$^f^$W$% e"
"&a fWVa " Vh he�  W" U * %$S!eW!Vd !" ce  $% e ��� ��� ��+ W#eW !" + W#$ %!x$^$dc$ � $W{$$d W#$ $"W!a eW$%
ed% W#$ V�"$^S$% Se �$ U �d W#$ %Va e!d Vh a V�! $ e�WVdVa V�" ^V� VW" + ecc�^eW$ a eW#$a eW!ce a V %$ "
e^$ dVW h$e"!� $ %�$ WV �dc$^We!dW!$" !d W#$ $dS!^Vda $dW" + dV!"& "$d"V^" + ed% !a f$^h$cW ecW�eWV^" U *
d�a� $^ Vh a $W#V %" #eS$ � $$d "W�%!$% WV %$e { !W# W#$"$ �dc$^We!dW!$" U * ^W!� c!e d$�^e d$W{V^j"
ed% ^e%!e �e"!" h�dcW!Vd d$W{V^j" #eS$ � $$d �"$% hV^ he�  W %$W$cW!Vd ed% !%$dW!�ceW!Vd �e"$% Vd
^$"!%�e " y�$a �^! ed% �V &ce^f V� + ���� + b$^^e ed% b!dV" + gYY �+ �eWWVd $W e U+ gYYYz U

*dVW#$^ f Vf� e^ eff^Vec# WV he� W %$W$cW!Vd !" WV Vf$^eW$ { !W# a� W!f $ a V %$ " cVdc�^^$dW &U
�ec# a V %$ cV^^$"f Vd%" WV e he� W "WeW$ + hV^ $_ea f $ e �^Vj$d a VWV^ + e ieW W!^$ + ed% "V Vd U b#$ he� W
cV^^$"f Vd%!d` WV e fe^W!c� e^ a V %$ !" cVd"!%$^$% WV � $ %$W$cW$% { #$d W#eW a V %$ �" f^$%!cW!Vd"
e^$ e "�� c!$dW & c V"$ a eWc# WV W#$ c�^^$dW & V�"$^S$% � $#eS!V^ U ] edj" Vh � e a ed �  W$^" #eS$
� $$d �"$% hV^ "�c# "WeW$ $"W!a eW!Vd y(V�a $ !VW!" $W e U+ ���� + �V$ $W e U+ gYYYz U � e a ed �  W$^" e^$
�e"$% Vd W#$ e""�a fW!Vd W#eW W#$ a V %$  $% "&"W$a ced � $ eff^V_ !a eW$% e" e � e^jVS c#e!d ��! W
Vd  !d$e^ Vf $^eWV^" f$^W�^�$% �& � e�""!ed dV!"$ y� e a ed + ��\Y z U ( V� VW!c" "&"W$a " e^$ +  !j$ a ed&
VW#$^ ^$e �{V^ % "&"W$a " + !d#$^$dW & dVd !d$e^ U T�^W#$^a V^$ + %!"c^$W$ he� W "WeW$ c#ed`$" ced ^$"� W
!d %!"cVdW!d� !W!$" !d �$#eS!V^ U b#�" + W#$ �d%$^ &!d` e""�a fW!Vd" %V dVW #V % {$  !d W#$ ^V� VW!c"
%Va e!d ed% a ed& Vh W#$"$ a V %$ " e^$ + W#$^$hV^$ + dVW `$d$^e  & eff !ce�  $ U

* " e f VW$dW!e "V �W!Vd WV W#!" !""�$ + %&dea !c ] e&$"!ed d$W{V^j" #eS$ �$$d f^Vf V"$% ed%
"W�%!$% "!dc$ e""�a fW!Vd" e�V�W  !d$e^!W& e^$ dVW ^$|�!^$% �& W#!" W$c#d!|�$ y�$^d$^ $W e U+ gYYYz U
($c$dW &+ cVa f�WeW!Vde  & $� c!$dW eff^Vec#$" hV^ eff^V_ !a eW!d` ] e&$"!ed � $ !$h � "!d` � �������
� ����� #eS$ � $$d "W�%!$% e" e a $ed" hV^ he�  W %$W$cW!Vd ed% !%$dW!�ceW!Vd y)$e^%$d $W e U+ gYY� +
�$^a e $W e U+ gYY� + � ! ed% � e%!^jea edeW#ed + gYY �z U �e^W!c $ �  W$^" e^$ � VdW$ Ze^ V a $W#V %"
cefe� $ Vh W^ecj!d` #&�^!% "WeW$ "fec$" Vh cVdW!d�V�" dV!"& "$d"V^ %eWe ed% %!"c^$W$ Vf$^eW!Vd
"WeW$" U b#$ j$& !%$e !" WV eff^V_ !a eW$ W#$ f^V�e�! !W& %$d"!W& h�dcW!Vd VS$^ he� W "WeW$" `!S$d W#$
V�"$^S$% %eWe �& e "{e^a Vh fV!dW" V^ fe^W!c $" U �d$ Vh W#$ a e!d !""�$" ^$ eW$% WV fe^W!c $ �  W$^" !"
W^ecj!d` a � W!f  $  V{ �f^V�e�! !W& $S$dW" yhe� W"z "!a � Wed$V�" &U * "ce e� $ "V �W!Vd WV W#!" !""�$
#e" ^$c$dW & � $$d f^VfV"$% y�$^a e ed% �!a a Vd" + gYY\z U

*^W!�c!e !a a �d$�"&"W$a " y* ��z ^$f^$"$dW e �!V V`!ce  & !d"f!^$% eff^Vec# WV he� W %$W$cW!Vd U
*d * �� !" e c e""!�$^ W#eW %!"W!d`�!"#$" � $W{$$d ���� ed% � ������ yTV^^$"W $W e U+ ���� z U �d he� W
%$W$cW!Vd + �"$ h � cV^^$"fVd%" WV he� W�h^$$ Vf$^eW!Vd { #! $ �dVd�"$ h � ^$h$^" WV V�"$^SeW!Vd" ^$"�  W�
!d` h^Va e he� W& � $#eS!V^ U *�� #eS$ � $$d eff !$% WV ^V�VW!c" + "$$ hV^ $_ea f $ yZed#ea $W e U+
gYY� z !d { #!c# he�  W %$W$cWV^" e^$ V�We!d$% hV^ e � #$f $^e ^V�VW ed% hV^ e cVdW^V a V %� $ Vh e
] *� �&"W$a " ( e"ce ^V� VW U b#$ W{V "&"W$a " e^$ � ^"W W^e!d$% %�^!d` he�  W�h^$$ Vf$^eW!Vd ed% W#$!^
cefec!W& WV %$W$cW he� W" !" W#$d W$"W$% U

� � �p�r s r �r��

�$S$^e a $W#V %" hV^ he� W %$W$cW!Vd �e"$ c e""!� ceW!Vd Vd W#$ a V"W ^$c$dW V�"$^SeW!Vd" Vd &U b#$
eff^Vec# f^$"$dW$% !d W#!" "W�%& e  V{ " c e""!�ceW!Vd �e"$% Vd � VW# c�^^$dW ed% fe"W V�"$^SeW!Vd" +
"!dc$ a ed& he� W" ced Vd & � $ %$W$cW$% !h e "&"W$a !" V�"$^S$% VS$^ "Va $ W!a $ U b#!" !" $"f$c!e  &
W^�$ hV^ a $c#ed!ce he� W" !d a V�! $ ^V�VW" � e he� W ce�"!d` e { #$$ WV �  V cj + hV^ !d"Wedc$ + ced



�

Control Program

Fault Detector

Robot API/hardware

T!` U �' b#$ he� W %$W$cW!Vd a V %� $ a Vd!WV^" W#$ "$d"V^& %eWe ^$e% �& W#$ cVdW^V f^V`^ea ed%
W#$ cVd"$|�$dW cVdW^V "!`de " "$dW WV W#$ ecW�eWV^" U b#$ he� W %$W$cW!Vd a V %� $ !" fe""!S$
ed% %V$" dVW !dW$^ecW { !W# W#$ ^V� VW #e^%{e^$ V^ W#$ cVdW^V f^V`^ea U

Vd  & �$ %$W$cW$% Vdc$ W#$ ^V� VW #e" W^!$% WV a VS$ W#$ { #$$ hV^ e f $^!V % Vh W!a $  Vd` $dV�`#
hV^ W#$ e�"$dc$ Vh a VS$a $dW WV �$ %$W$cWe� $ U b#!" f $^!V % Vh W!a $ cV�  % � $ ed&{ #$^$ h^Va e h${
a !  !"$cVd%" !h + $ U` U+ %$%!ceW$% WV^|�$ "$d"V^" !d W#$ { #$$ " e^$ �"$% + WV "$cVd%" !h W#$ f^$"$dc$ Vh
e he� W #e" WV � $ !dh$^^$% �e"$% Vd !dhV^a eW!Vd h^Va dVd�%$%!ceW$% ed% !a f^$c!"$ "$d"V^" U

b#$ eff^Vec# W#eW {$ "�``$"W !d W#!" "W�%& "#e^$" h$eW�^$" { !W# *�� �e"$% he� W %$W$cW!Vd !d W#$
"$d"$ W#eW e c e""!�$^ %!"c^!a !deW$" �$W{$$d dV^a e ed% !dcV^^$cW � $#eS!V^ { !W#V�W W#$ �"$ Vh ed&
$_f !c!W a V %$ U b#$ e!a !" WV %$W$cW W#$ %!x$^$dc$ �$W{$$d dV^a e ed% e�dV^a e � $#eS!V^" ce�"$%
�& W#$ Vcc�^^$dc$ Vh Vd$ V^ a V^$ he� W" + �e"$% Vd W#$ iV{ Vh !dhV^a eW!Vd h^Va e ^V�VW �" "$d"V^"
ed% W#$ "��"$|�$dW iV{ Vh cVdW^V "!`de " h^Va W#$ cVdW^V f^V`^ea WV W#$ ^V�VW �" ecW�eWV^" U b#$
a $W#V % !" !d%$f $d%$dW Vh W#$ �d%$^ &!d` "&"W$a ed%  $e^d !d` !" �e"$% Vd V�"$^SeW!Vd" cV  $cW$%
{ #$d W#$ "&"W$a Vf $^eW$" dV^a e  & ed% ehW$^ he� W" #eS$ � $$d !d� $cW$% U

w$ hV c�" Vd %$W$cW!d` he� W" !d e "&"W$a { !W# e f^$%$�d$% �$#eS!V^ U w$ e""�a $ W#eW W#$ cV^^$cW
� $#eS!V^ #e" �$$d "f $c!�$% !d W#$ hV^a Vh e cVdW^V f^V`^ea W#eW "W$$^" e ^V� VW WV f $^hV^a W#$
We"j !W !" !dW$d%$% WV f $^hV^a U b#$ he� W %$W$cW!Vd f^V� $a !" WV %$W$^a !d$ !h W#$ ^V� VW f $^hV^a "
W# !" We"j cV^^$cW &+ V^ !h "Va $ he� W !d W#$ #e^%{e^$ V^ !d e "VhW{e^$ "���"&"W$a y��W dVW !d W#$
cVdW^V f^V`^ea !W"$ h z !" %$W$^!V^eW!d` W#$ f$^hV^a edc$ U �h e he� W !" %$W$cW$% + e "!`de ced �$ "$dW
WV W#$ cVdW^V f^V`^ea !W"$ h + edVW#$^ ^V�VW + V^ e #�a ed Vf$^eWV^ U �d V�^ %$"!`d + W#$ he� W %$W$cWV^
!" ed !"V eW$% "VhW{e^$ cVa f Vd$dW W#eW fe""!S$ & a Vd!WV^" W#$ f$^hV^a edc$ Vh W#$ ^V�VW W#^V�`#
W#$ !dhV^a eW!Vd W#eW iV{ " !d ed% V�W Vh W#$ cVdW^V f^V`^ea U * cVdc$fW�e !  � "W^eW!Vd Vh W#$
^$ eW!Vd"#!f �$W{$$d W#$ cVdW^V f^V`^ea + W#$ ^V�VW!c f eWhV^a + ed% W#$ he� W %$W$cW!Vd a V %� $
ced � $ "$$d !d T!` U � U

w$ Wej$ e � ecj�� V_ eff^Vec# ed% cVd"!%$^ Vd & W#$ !df�W" ed% W#$ V�Wf�W" Vh W#$ cVdW^V 
f^V`^ea + W#eW !" + W#$ ^V� VW �" iV{ Vh "$d"V^& !dhV^a eW!Vd !dWV W#$ cVdW^V f^V`^ea ed% W#$ ^$"� W!d`
iV{ Vh cVdW^V "!`de " "$dW WV W#$ ecW�eWV^" U ��^ #&f VW#$"!" !" W#eW W# !" !dhV^a eW!Vd e Vd$ !"
"�� c!$dW WV %!"c^!a !deW$ � $W{$$d "!W�eW!Vd" !d { #!c# W#$ ^V�VW Vf$^eW$" e" !dW$d%$% ed% "!W�eW!Vd"
!d { #!c# W#$ f^$"$dc$ Vh Vd$ V^ a V^$ he� W" #ea f $^" !W" f$^hV^a edc$ U �d V^%$^ WV  $e^d WV %$W$cW
W#$ ^$ $SedW c#ed`$" !d W#$ iV{ Vh !dhV^a eW!Vd ce�"$% �& e he� W + {$ "!a� eW$ he� W" !d W#$ Vd�
� Ve^% "VhW{e^$ U w$ eff & e {$  �$"We� !"# W$c#d!|�$ jdV{ d e" ��� �� ��� ��� ��� ����� � ���� ��� ������
y�w �T�z �"$% !d %$f$d%e� $ "&"W$a " ^$"$e^c# U b#$ W$c#d!|�$ !" �"�e  & eff !$% WV a $e"�^$ W#$
^V��"Wd$"" ed% he�  W WV $^edc$ Vh "VhW{e^$ "&"W$a " y} "�$# $W e U+ ���� + *^ eW $W e U+ ���Y z U �d V�^
ce"$ + {$ !d� $cW he�  W" WV %!"cVS$^ #V{ "$d"V^& ^$e%!d`" ed% W#$ cVdW^V "!`de " "$dW WV W#$ ecW�eWV^"
�& W#$ cVdW^V f^V`^ea c#ed`$ { #$d W#$ he� W V cc�^" U b#$ !%$e !" W#eW �& cVdW^V  !d` W#$ $_ecW
f V!dW !d W!a $ + W#$  V ceW!Vd + ed% W#$ W&f $ Vh W#$ he� W + ed% �& ^$cV^%!d` W#$ ^$"� W!d` iV{ Vh %eWe !d
ed% V�W Vh W#$ cVdW^V f^V`^ea + {$ ced �"$ "�f$^S!"$%  $e^d!d` W$c#d!|�$" ed% V�We!d e c e""!�$^
W#eW + �e"$% Vd W#$ %eWe iV{ + ced %$W$^a !d$ W#$ "WeW$ Vh W#$ "&"W$a U

w$ �"$ W!a $�%$ e& d$�^e d$W{V^j" yb ) � � "z e" c e""!�$^" ywe!� $ $W e U+ ���� + Z V�"$ $W e U+
����z U b ) � � " e^$ h$$%�hV^{e^% d$W{V^j" W#eW e  V{ ^$e"Vd!d` �e"$% Vd W!a $�Se^&!d` !df�W" { !W#�
V�W W#$ �"$ Vh ^$c�^^$dW cVdd$cW!Vd" U �d e b ) � � + W#$ Se �$" hV^ e `^V�f Vh d$�^Vd" e^$ e""!`d$%
�e"$% Vd e "$W Vh V�"$^SeW!Vd" h^Va e �_$% %!"Wedc$ !dWV W#$ fe"W U b#$ b ) � � " �"$% !d W# !" "W�%& e^$
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dV^a e a� W! e&$^ f $^c$fW^Vd" hV^ { #!c# W#$ !df�W" e^$ Wej$d h^Va a � W!f $ + $|�e  & "fec$% fV!dW"
!d e %$ e&� !d$ Vh fe"W V�"$^SeW!Vd" U b ) � � " #eS$ � $$d $_W$d"!S$ & �"$% hV^ W!a $�"$^!$" f^$%!cW!Vd
%�$ WV W#$!^ e�! !W& WV a ej$ f^$%!cW!Vd" �e"$% Vd %eWe %!"W^!��W$% !d W!a $ U �d !j$ a V^$ $ e�V�
^eW$ + ^$c�^^$dW d$W{V^j e^c#!W$cW�^$" + W#$ f^Vf $^W!$" Vh a � W! e&$^ b ) � � " e^$ {$  ��d%$^"WVV %
ed% "�f $^S!"$%  $e^d!d` W#^V�`# �ecj�f^Vfe`eW!Vd ced �$ eff !$% U

� �� ���� �� � ��	
�
�	�
��^ e!a !" WV V�We!d e h�dcW!Vd W#eW a ef" h^Va e "$W Vh c�^^$dW ed% fe"W "$d"V^& !df�W" + � + ed%
cVdW^V "!`de " + � + WV $!W#$^ Y V^ � cV^^$"f Vd%!d` WV � �� ���� ed% � ����+ ^$"f$cW!S$ & '

� ' � 	 � 
 �Y 	 �� y�z
w$ e""�a $ W#eW "�c# e h�dcW!Vd $_ !"W" ed% {$ eff^V_ !a eW$ !W { !W# e h$$%�hV^{e^% d$�^e d$W{V^j U
w$  $W � � y� � � z �$ W#$ !df�W" WV W#$ d$W{V^j + ed% {$ c#VV"$ e d$W{V^j W#eW #e" e "!d` $ V�Wf�W
d$�^Vd ed% { #V"$ V�Wf�W !" !d W#$ !dW$^Se yY 	 �z U b#$ V�Wf�W !" !dW$^f^$W$% !d e We"j�%$f $d%$dW
{e&U TV^ !d"Wedc$ + e W#^$"#V %��e"$% c e""!� ceW!Vd "c#$a $ ced � $ eff !$% { #$^$ ed V�Wf�W Se �$
e� VS$ e `!S$d W#^$"#V % !" !dW$^f^$W$% e" � y� ���� z + { #$^$e" ed V�Wf�W Se �$ �$ V{ W#$ W#^$"#V %
!" !dW$^f^$W$% e" Y y� �� ���� z U

��	���� �	��� � ��	���� �
�	��� �	� ��� �� ����� � w$ f $^hV^a e d�a� $^ Vh ^�d" $ec#
cVd"!"W!d` Vh e d�a� $^ Vh cVdW^V c&c $" y"$d"$�cVa f�W$�ecW  VVf"z U TV^ $ec# cVdW^V c&c $ + � +
{$ ^$cV^% W#$ "$d"V^& !df�W" ed% cVdW^V "!`de " WV ed% h^Va W#$ cVdW^V f^V`^ea U w$  $W
��� %$dVW$ e "!d` $ "$W Vh cVdW^V f^V`^ea !df�W" ed% V�Wf�W" yZ��� z + W#eW !" + W#$ Z��� hV^
cVdW^V c&c $ � !d ^�d � U w$  $W � %$dVW$ W#$ d�a� $^ Vh Se �$" !d e "!d` $ Z��� "$W U w$  $W
� � �$ W#$ V^%$^$% "$W Vh e  Z��� "$W" hV^ � U �!a ! e^ &+ hV^ $ec# cVdW^V c&c $ {$  $W � �� %$dVW$
W#$ he�  W "WeW$ hV^ cVdW^V c&c $ � !d ^�d � + { #$^$ � �� � � !h e he� W #e" �$$d !d� $cW$% ed% Y
VW#$^{ !"$ U }$dc$ + � �� � Y { #$d W#$ ^V� VW !" Vf$^eW!d` dV^a e  & ed% � �� � � VW#$^{ !"$ U

�� �� � ���� ! 
	� �	� �	�� " ��� � 
���	�� � b#$ Z��� "$W" e^$ "WV^$% !d e Weff$%
%$ e&� !d$ + { #$^$ $ec# Wef #e" e "!~$ � U b#$ !df�W  e&$^ Vh e b ) � � !"  V`!ce  & V^`ed !~$% !d e
d�a �$^ Vh ��� �� � ���� � �# 	 � $ 	    	 �%&$ ed% $ec# `^V�f cVd"!"W" Vh f^$c!"$ & � d$�^Vd" + W#eW !" +
Vd$ d$�^Vd hV^ $ec# Se �$ !d e Z��� "$W U b#$ ecW!SeW!Vd Vh W#$ !df�W d$�^Vd" !d `^V�f �' e^$
W#$d "$W eccV^%!d` WV �' � ���&' () + { #$^$ � !" W#$ c�^^$dW cVdW^V c&c $ ed% * !" W#$ ��� �� � ����
������ ��U �$$ T!` U g hV^ ed $_ea f $ U �h {$ c#VV"$ ed !df�W `^V�f %!"Wedc$ * � �+ hV^ $_ea f $ +
W#$ b ) � � #e" ecc$"" WV W#$ c�^^$dW ed% W#$ + , � a V"W ^$c$dW Z��� " + { #$^$e" !h * � g + W#$
b ) � � #e" ecc$"" WV W#$ c�^^$dW ed% $S$^& VW#$^ Z��� "$W �f WV g y+ , �z cVdW^V c&c $" !dWV
W#$ fe"W + ed% "V Vd U �d W#!" {e&+ W#$ !df�W `^V�f %!"Wedc$ "f$c!�$" W#$ ^$ eW!S$ %!"Wedc$ !d
W!a $ �$W{$$d W#$ !d%!S!%�e `^V�f" ed% ye Vd` { !W# W#$ d�a �$^ Vh `^V�f"z #V{ he^ !dWV W#$
fe"W e b ) � � �"$$" �U
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�	 ��	��
�	 � b#$ !df�W  e&$^ Vh W#$ b ) � � !" h�   & cVdd$cW$%
WV e #!%%$d  e&$^ + { #!c# !" e`e!d h�   & cVdd$cW$% WV W#$ V�Wf�W  e&$^ U b#$ V�Wf�W  e&$^ cVd"!"W"
Vh e "!d` $ d$�^Vd { #V"$ Se �$ ^$i$cW" W#$ d$W{V^j �" c e""!�ceW!Vd Vh W#$ c�^^$dW !df�W" U b#$
ecW!SeW!Vd" Vh W#$ d$�^Vd" e^$ cVa f�W$%  e&$^��&� e&$^ !d e h$$%�hV^{e^% a edd$^ ed% W#$
hV  V{ !d` "!`a V!% ecW!SeW!Vd h�dcW!Vd !" �"$% WV cVa f�W$ W#$ d$�^Vd" � V�Wf�W" !d W#$ #!%%$d
ed% W#$ V�Wf�W  e&$^" '

� y/ z �
�

� 0 1&2 	 ygz
{ #$^$ / !" W#$ ecW!SeW!Vd Vh W#$ d$�^Vd U

� ����
����
�	 �	� !���	
	� � b#$ V�Wf�W Vh W#$ b ) � � #e" e Se �$ � $W{$$d Y ed% �U b#$ $^^V^
hecWV^ �"$% !d W#$ �ecj�f^Vfe`eW!Vd e `V^!W#a !" cVa f�W$% e" W#$ %!x$^$dc$ �$W{$$d W#$ he� W
"WeW$ � �� ed% W#$ V�Wf�W 3� '
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T!` U g ' * d !  � "W^eW!Vd Vh e he� W %$W$cW!Vd a V %� $ �e"$% Vd e b ) � � U b#$ c�^^$dW cVdW^V f^V`^ea
!df�W ed% V�Wf�W yZ��� z !" "WV^$% !d W#$ Weff $% %$ e&� !d$ ed% W#$ ecW!SeW!Vd" Vh W#$
d$�^Vd" !d W#$  V`!ce !df�W `^V�f" e^$ "$W eccV^%!d` WV W#$ c�^^$dW ed% fe"W Z��� " U �d
W#$ $_ea f $ !  �"W^eW$% + W#$^$ e^$ � !df�W `^V�f" ed% W#$ !df�W `^V�f %!"Wedc$ * !" � U

b#$ d$�^e d$W{V^j" e^$ e  W^e!d$% �& e �eWc#  $e^d!d` �ecj�f^Vfe`eW!Vd e `V^!W#a W#eW e!a "
eW a !d!a !~ !d` W#$ e�"V �W$ Se �$ Vh W#$ $^^V^ hecWV^ 4� !d y�z U

�d "�a a e^&+ "$d"V^ ed% ecW�eWV^ %eWe !" cV  $cW$% h^Va e d�a �$^ Vh ^�d" Vd ^$e ^V�VW" ed%
%!x$^$dW W&f $" Vh he� W" e^$ !d� $cW$% U * b ) � � !" W^e!d$% WV %!"c^!a !deW$ �$W{$$d dV^a e ed%
he�  W& Vf $^eW!Vd U ]& "WV^!d` fe"W V�"$^SeW!Vd" !d e Weff$% %$ e&� !d$ + c e""!�ceW!Vd �e"$% Vd #V{
W#$ iV{ Vh !dhV^a eW!Vd c#ed`$" VS$^ W!a $ !" f$^hV^a $% U

� �4 � �5 �� 6 ���7���

w$ �"$ e d�a �$^ Vh ^$e ^V� VW" jdV{ d e" �
��� y� Vd%e%e $W e U+ gYYXz U b#$ �
�� f eWhV^a #e"
� $$d �"$% hV^ "$S$^e "W�%!$" + a e!d & !d "{e^a !dW$  !`$dc$ ed% cV  $cW!S$ ^V� VW!c" y) V^!`V $W e U+
gYY� + b^!edd ! ed% ) V^!`V + gYY\ + �V�&ed ed% ) V^!`V + gYY\z U �S$^cVa !d` "W$$f #!  " ed% W^ed"f V^W
Vh #$eS& V� � $cW" e^$ dVWe�  $ $_ea f $" Vh We"j" { #!c# e "!d` $ ^V�VW cV� % dVW "V S$ !d%!S!%�e  &+ ��W
{ #!c# #e" � $$d "V S$% "�cc$""h�   & �& W$ea " Vh cV  e� V^eW!d` ^V� VW" y� ^V8 $W e U+ gYY\ + � �� ^e%&
$W e U+ gYYX + � V�&ed $W e U+ gYY\z U

�ec# �
�� !" $|�!ff $% { !W# ed 9 "ce $ Z�� ^�dd!d` eW �YY � } ~ + e d�a� $^ Vh "$d"V^" !dc �%!d`
ed Va d!�%!^$cW!Vde cea $^e +  !`#W ed% f^V_ !a !W& "$d"V^ + e" {$  e" e d�a� $^ Vh ecW�eWV^" !dc �%!d`
e ^!d` Vh �_� y(� ] z cV V^$%  $%" + ed% e `^!ff $^ W#eW e  V{ " ^V� VW" WV eWWec# WV $ec# VW#$^ U b#$
"$d"V^" ed% ecW�eWV^" e^$ !d%!ceW$% !d T!` U � U

: ;�t �p � r s��

�d W# !" "W�%&+ {$ hV c�" Vd he�  W" !d W#$ a $c#ed!ce "&"W$a W#eW f^Vf $ " W#$ �
��� U b#!" "&"W$a
cVd"!"W" Vh e "$W Vh %!x$^$dW!e ������ ycVa�!d$% W^ecj" ed% { #$$ "z U � !S$d W#eW W#$ W^$$ " cVdWe!d
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S−bot:

− Body diameter: 116mm 

− Body height: 100mm

− Weight: ~700g

− Autonomy: 2h+

− Rotation of the main
   body with respect to
   the motion base

− 400 MHz XScale CPU

− 15x 20 MHz PICs

− WiFi communication

− Linux OS

− All−terrain mobility

Gripper Proximity sensors

Loudspeakers

Camera

Light sensors RGB LEDs

IR ground sensors

Spherical mirror

Differential treels

T!` U � ' b#$ �
�� f eWhV^a + "$d"V^" + ed% ecW�eWV^" U

a VS!d` fe^W" ed% W#eW W#$& e^$ �"$% cVdW!d�V�" & !d a V"W $_f $^!a $dW" + W#$& e^$ W#$ cVa fVd$dW"
!d { #!c# W#$ a e� V^!W& Vh he� W" V cc�^ U w$ ede &~$ W{V W&f$" Vh he� W" U ]VW# W&f$" ced $!W#$^ � $
!"V  eW$% WV W#$  $hW V^ W#$ ^!`#W W^$$ V^ W#$& ced ex$cW � VW# W^$$ " "!a� Wed$V�" &U b#$ � ^"W W&f $
Vh he� W ce�"$" Vd$ V^ � VW# W^$$ " WV "WVf a VS!d` U b#!" �"�e  & #eff $d" !h W#$ "W^ef W#eW W^ed"h$^"
f V{$^ h^Va W#$ $ $cW^!ce a VWV^" WV W#$ W^$$ " �^$ej" V^ � �a f" V�W Vh f ec$ U w #$d$S$^ W#!" #eff$d" +
W#$ W^$$ " "WVf a VS!d` U w$ %$dVW$ W# !" W&f $ Vh he� W e" ��� �� ��� ��� U

b#$ "$cVd% W&f $ Vh he�  W V cc�^" { #$d ed �
�� �� "VhW{e^$ "���"&"W$a c^e"#$"  $eS!d` Vd$ yV^
� VW# z a VWV^ y"z %^!S!d` W#$ W^$$ " ^�dd!d` eW "Va $ �d%$�d$% "f $$% U b#$ ^$"� W !" W#eW e W^$$ 
dV  Vd`$^ ced � $ cVdW^V  $% �& W#$ Vd��Ve^% "VhW{e^$ U w$ ^$h$^ WV W#!" W&f$ Vh he� W e" ��� �� ��
��������U

w #$d %eWe !" cV  $cW$% + e d�a� $^ Vh ^�d" e^$ f $^hV^a $% ed% !d $ec# ^�d W#$ �
�� "We^W" !d
f $^h$cW cVd%!W!Vd U )�^!d` W#$ ^�d + e he� W !" !d� $cW$% U b#$ he� W !" "!a � eW$% �& !`dV^!d` W#$ cVdW^V 
f^V`^ea �" cVa a ed%" WV W#$ he! $% fe^W ed% �& "��"W!W�W!d` W#$a eccV^%!d` WV W#$ W&f $ Vh he� W
!d� $cW$% U �h + hV^ !d"Wedc$ + e ��� �� ���������� he�  W !" "!a� eW$% !d W#$  $hW W^$$ + W#$ "f $$% Vh W#eW
W^$$ !" "$W WV e ^ed%Va Se �$ + ed% e  h�W�^$ c#ed`$" !d "f$$% ^$|�$"W$% �& W#$ cVdW^V f^V`^ea
e^$ !`dV^$% U

� ��� ��q�� ���	�

w$ #eS$ c#V"$d W#^$$ We"j" WV "W�%& he�  W %$W$cW!Vd �e"$% Vd he�  W !d� $cW!Vd ed%  $e^d!d` U b#$
We"j" e^$ ce  $% � � � � ���� ���� + � �� ��� �� � ������ + ed% ���� ��� �� �
��+ ^$"f$cW!S$ &+ ed% W#$& e^$
%$"c^!�$% !d T!` U X U TV^ e  We"j" + {$ �"$ e ��Y_ ��Y ca e^$de "�^^V�d%$% �& {e  " U

�d W#$ � � � � ���� ���� We"j ed �
�� hV   V{ " W#$ f $^!a $W$^ Vh e %e^j "|�e^$ %^e{ d Vd W#$ e^$de
"�^hec$ U �d W#!" We"j + W#$ hV�^ !dh^e�^$% `^V�d% "$d"V^" e^$ �"$% WV %!"c^!a !deW$ �$W{$$d W#$ dV^a e 
 !`#W�cV V^$% e^$de "�^hec$ ed% W#$ %e^j "|�e^$ U
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�� !" "!W�eW$% !d ed e^$de { !W# e "|�e^$ %^e{ d { !W# e %e^j
cV V^ Vd ed VW#$^{ !"$  !`#W iVV^ U *  !`#W "V�^c$ !" f ec$% !d W#$ c$dW$^ Vh W#$ "|�e^$
ed% W#$ We"j hV^ W#$ �
�� !" WV hV   V{ W#$ f $^!a $W$^ Vh W#$ "|�e^$ U
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y�z ygz y�z y� z yXz
� ������ � �( `^V�d% y� !df�W"z +  !`#W y� !df�W"z
������� � ����� � �YY a "

��� ��� �� � ������ � b{V �
��� e^$ f ec$% !d e "|�e^$ $dS!^Vda $dW �V�d%$% �& {e  " U
�d$ Vh W#$ �
��� #e" � $$d f^$e""!`d$% W#$ ������ ^V $ + { #! $ W#$ VW#$^ #e" �$$d
f^$e""!`d$% W#$ � �� ��� �� ^V $ U b#$ ������ a VS$" e^V�d% !d W#$ $dS!^Vda $dW U b#$
� �� ��� �� We! " W#$ ������ ed% W^!$" WV "We& eW e %!"Wedc$ Vh �X ca U �h W#$ � �� ��� �� he  "
� $#!d% + W#$ ������ {e!W" U Te� W" e^$ !d� $cW$% !d W#$ � �� ��� �� Vd &U

y�z ygz y�z y� z yXz
� ������ � Zea $^e y�\ !df�W"z + �( f^V_ !a !W& y�X !df�W"z
������� � ����� � �XY a "

���� ��� �� ��
��� �d$ �
�� eWW$a fW" WV f#&"!ce  & cVdd$cW WV e "WeW!Vde^& �
��
�"!d` !W" `^!ff$^ U w #$d e "�cc$""h� cVdd$cW!Vd #e" � $$d a e%$ + W#$ �
�� {e!W" hV^ �Y
"$cVd%" + %!"cVdd$cW" + a VS$" �ecj + ed% W^!$" WV cVdd$cW e`e!d U Te� W" e^$ !d� $cW$% !d
W#$ ecW!S$ �
�� Vd &U

y�z ygz y�z y� z yXz
� ������ � Zea $^e y�\ !df�W"z + VfW!ce "$d"V^" !d `^!ff $^ y� !df�W"z
������� � ����� � �XY a "

T!` U � ' ) $"c^!fW!Vd Vh W#$ W#^$$ We"j ' � � � � ���� ���� + � �� ��� �� � ������ + ed% ���� ��� �� �
��U TV^
$ec# We"j e  !"W Vh "$d"V^" �"$% ed% W#$ cVdW^V c&c $ f $^!V % hV^ W#$ cVdW^V  $^" e^$ "#V{ d U
b#$ d�a �$^ !d �^ecj$W" ehW$^ $ec# "$d"V^  !"W$% cV^^$"fVd%" WV W#$ d�a� $^ Vh !df�W Se �$"
W#$ "$d"V^ f^VS!%$" WV W#$ he� W %$W$cWV^ eW $ec# cVdW^V c&c $ U
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�d W#$ � �� ��� �� � ������ We"j + ed �
�� yW#$ ������ z f $^hV^a " e ^ed%Va {e j !d W#$ $dS!^Vda $dW
ed% edVW#$^ �
�� yW#$ � �� ��� �� z hV  V{ " U b#$ W{V ^V� VW" f$^c$!S$ Vd$ edVW#$^ �"!d` W#$ Va d!�
%!^$cW!Vde cea $^e U b#$ !dh^e�^$% f^V_ !a !W& "$d"V^" e^$ �"$% WV %$W$cW ed% eSV!% {e  " U �� � $cW"
�f WV XY ca e{e& ced �$ "$$d ^$ !e� & W#^V�`# W#$ cea $^e U �dh^e�^$% f^V_ !a !W& "$d"V^" #eS$ e
^ed`$ h^Va e h${ c$dW!a $W$^" �f WV gY ca %$f$d%!d` Vd W#$ ^$i$cW!S$ f^Vf$^W!$" Vh W#$ V�"Wec $
V^ V� � $cW U Te� W" e^$ !d� $cW$% !d W#$ � �� ��� �� Vd &U

�d W#$ ���� ��� �� �
�� We"j + Vd$ �
�� W^!$" WV cVdd$cW WV edVW#$^ + "WeW!Vde^& �
��U b#$ cVd�
d$cW!Vd !" a e%$ �"!d` W#$ `^!ff$^ U b#$ cVdd$cW!d` �
�� �"$" W#$ cea $^e WV f $^c$!S$ W#$  V ceW!Vd
Vh W#$ VW#$^ ^V� VW U Te� W" e^$ Vd & !d� $cW$% !d W#$ ecW!S$ �
��U

($e%!d`" h^Va "$d"V^"  !j$ ed !dh^e�^$% `^V�d% "$d"V^ e^$ "W^e!`#W�hV^{e^% WV dV^a e !~$ ed% h$$%
WV W#$ !df�W d$�^Vd" Vh e d$�^e d$W{V^j U b#$ cea $^e "$d"V^ + !d cVdW^e"W + cefW�^$" \�Y_��Y cV V^
!a e`$" U TV^ W#$"$ a V^$ cVa f $_ "$d"V^ ^$e%!d`" WV "$^S$ e" !df�W WV e d$�^e d$W{V^j + ^$ $SedW
!dhV^a eW!Vd a �"W �$ $_W^ecW$% ed% f^V c$""$% � $hV^$#ed% U b#$ �
��� #eS$ "�� c!$dW Vd�� Ve^%
f^V c$""!d` f V{$^ WV "ced W#$ $dW!^$ !a e`$ ed% !%$dW!h& V� � $cW" �e"$% Vd cV V^ !dhV^a eW!Vd U b#$
!a e`$ f^V c$""V^ !" cVd�`�^$% WV %$W$cW W#$  V ceW!Vd Vh cV V^$%  $%" Vh W#$ �
�� �� Vd &+ ed% %!"ce^%
ed& VW#$^ !dhV^a eW!Vd U �!dc$ W#$ ^V�VW" Vf $^eW$ Vd ieW W$^^e!d ed% W#$ !a e`$" e^$ ^$i$cW!Vd" Vh
e "$a !�"f#$^!ce a !^^V^ + W#$ %!"Wedc$ !d f!_$ " h^Va W#$ c$dW$^ Vh W#$ !a e`$ cV^^$"fVd%" WV W#$
f#&"!ce %!"Wedc$ � $W{$$d W#$ ^V�VW ed% W#$ f $^c$!S$% V� � $cW U �d V^%$^ WV a ej$ W#!" !dhV^a eW!Vd
eSe! e� $ WV e d$�^e d$W{V^j + {$ %!S!%$ W#$ !a e`$ !dWV �\ dVd�VS$^ eff!d` " !c$" Vh $|�e "!~$ !d
W$^a " Vh W#$ �$ % Vh S!${ W#$& cVS$^ U �ec# " !c$ cV^^$"fVd%" WV e "!d` $ !df�W Se �$ U b#$ Se �$ !"
"$W %$f $d%!d` Vd %!"Wedc$ WV W#$ c V"$"W V� � $cW f$^c$!S$% !d W#$ " !c$ U �h dV V� � $cW !" f$^c$!S$% + W#$
Se �$ hV^ e " !c$ !" Y U �d W#!" {e&+ W#$ cea $^e "$d"V^ !" $x$cW!S$ & e ^ed`$ "$d"V^ hV^ cV V^$%  $%" U
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* WVWe Vh \Y ^�d" Vd ^$e �
��� e^$ f$^hV^a $% hV^ $ec# Vh W#$ W#^$$ We"j" U �d $ec# ^�d + W#$ ^V� VW y"z
"We^W !d f $^h$cW cVd%!W!Vd + ed% eW "Va $ fV!dW %�^!d` W#$ ^�d e he�  W !" !d� $cW$% U b#$ he� W !" !d� $cW$%
eW e ^ed%Va f V!dW !d W!a $ ehW$^ W#$ � ^"W X "$cVd%" Vh W#$ ^�d ed% � $hV^$ W#$  e"W X "$cVd%" Vh
W#$ ^�d eccV^%!d` WV e �d!hV^a %!"W^!��W!Vd U b#$^$ !" e XY� f^V�e�! !W& W#eW e he�  W ex$cW" � VW#
W^$$ " !d "W$e% Vh Vd & Vd$ Vh W#$ W^$$ " + ed% he� W" Vh W#$ W&f $ ��� �� ��� ��� ed% ��� �� ����������
e^$ $|�e  &  !j$ & WV V cc�^ U �ec# ^�d cVd"!"W" Vh �YYY cVdW^V c&c $" ed% hV^ $ec# cVdW^V c&c $ W#$
"$d"V^& !df�W" + cVdW^V "!`de " + ed% W#$ c�^^$dW he� W "WeW$ e^$ ^$cV^%$% U TV^ W#$ � � � � ���� ����
We"j �YYY c&c $" cV^^$"f Vd% WV �YY "$cVd%" + { #! $ hV^ W#$ � �� ��� �� � ������ ed% W#$ ���� ��� �� �
��
We"j" �YYY c&c $" cV^^$"f Vd% WV �XY "$cVd%" + %�$ WV W#$  Vd`$^ cVdW^V c&c $ f$^!V % U
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b#$ %eWe "$W" hV^ $ec# We"j e^$ fe^W!W!Vd$% !dWV W{V "��"$W" + Vd$ cVd"!"W!d` Vh %eWe h^Va �Y ^�d" +
{ #!c# !" �"$% hV^ W^e!d!d` � ed% Vd$ cVd"!"W!d` Vh W#$ %eWe h^Va W#$ ^$a e!d!d` gY ^�d" + { #!c# !"
�"$% hV^ e �de f $^hV^a edc$ $Se �eW!Vd U b#$ b ) � � " e  #eS$ e # !%%$d  e&$^ Vh X d$�^Vd" ed% ed
!df�W  e&$^ cVd"!"W!d` Vh �Y !df�W `^V�f" U
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b#$ f $^hV^a edc$ Vh W#$ W^e!d$% d$�^e d$W{V^j" !" cVa f�W$% �e"$% Vd W#$ gY ^�d" ^$"$^S$% hV^
$Se �eW!Vd hV^ $ec# We"j U * d$W{V^j !" $Se �eW$% Vd %eWe h^Va Vd$ ^�d eW e W!a $ + ed% W#$ V�Wf�W
Vh W#$ d$W{V^j !" ^$cV^%$% ed% cVa fe^$% WV W#$ he� W "WeW$ U

Te� W %$W$cW!Vd hV^ e�WVdVa V�" ^V� VW" !dSV S$" ^$e"Vd!d` �e"$% Vd fe^W!e ed% !a f $^h$cW !d�
hV^a eW!Vd %�$ WV  !a !W$% ed% dV!"& "$d"V^" ed% ecW�eWV^" U T�^W#$^a V^$ + W#$^$ !" VhW$d e %$ e&
� $W{$$d W#$ V cc�^^$dc$ Vh e he�  W ed% V�"$^Se� $ "&a fWVa " U �!dc$ W#$ c e""!�ceW!Vd !" �!de^& y!"
W#$^$ e he� W V^ dVW�z + W#$ "c#$a $ hV^ eff^V_!a eW!d` W#$ he� W "WeW$ a�"W � $ c#V"$d eccV^%!d` WV
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T!` U X ' * d $_ea f $ Vh W#$ V�Wf�W Vh e W^e!d$% b ) � � %�^!d` e ^�d U b#$ %VWW$%  !d$ "#V{ " W#$ VfW!�
a e V�Wf�W U *W cVdW^V c&c $ Xg� e he� W !" !d� $cW$% U T!S$ %!x$^$dW W#^$"#V %" e^$ !d%!ceW$% +
Y �Y + Y gX + Y XY + Y �X + ed% Y �Y + ed% e he "$ fV"!W!S$ hV^ W#^$"#V % Y XY !" "#V{ d eW cVdW^V 
c&c $ �Y� yW#$ V�Wf�W #e" e Se �$ `^$eW$^ W#ed Y XY 
�� ��� W#$ he� W {e" !d� $cW$% eW cVdW^V 
c&c $ Xg� z U b#$  eW$dc& hV^ e W#^$"#V % !" W#$ d�a� $^ Vh cVdW^V c&c $" h^Va W#$ a Va $dW W#$
he� W !" !d� $cW$% W!  W#$ a Va $dW W#$ V�Wf�W Se �$ Vh W#$ b ) � � � $cVa $" `^$eW$^ W#ed W#$
W#^$"#V % U �d W#$ $_ea f $ e� VS$ + W#$  eW$dc& hV^ W#^$"#V % Y �X !" �� cVdW^V c&c $" � $ce�"$
W#$ V�Wf�W Vh W#$ b ) � � ^$ec#$" Y �X Vd & eW cVdW^V c&c $ X\g + W#eW !" + �� cVdW^V c&c $"
ehW$^ W#$ he� W {e" !d� $cW$% U

W#$ %$"!^$% f^Vf$^W!$" Vh W#$ he� W %$W$cWV^ U TV^ !d"Wedc$ + W#$ V�Wf�W Vh e W^e!d$% b ) � � cV� % � $
!dW$^f^$W$% "�c# W#eW ed& Se �$ e� VS$ e `!S$d W#^$"#V % W^!``$^" W#$ he� W ^$cVS$^& a $c#ed!"a U w$
f^$"$dW ^$"�  W" hV^ �S$ %!x$^$dW W#^$"#V %" ' Y �Y + Y gX + Y XY + Y �X + ed% Y �Y U

* `^ef#!ce ^$f^$"$dWeW!Vd Vh ed $Se �eW!Vd ^�d !" "#V{ d !d T!` U X U �d W#$ ^�d "#V{ d + e he� W {e"
!d� $cW$% eW cVdW^V c&c $ Xg� U Z#VV"!d` e W#^$"#V % Vh Y XY {V� % ^$"� W !d e he "$ f V"!W!S$ eW cVdW^V 
c&c $ �Y� + "!dc$ W#$ V�Wf�W Vh W#$ d$W{V^j !" #!`#$^ W#ed Y XY 
�� ��� e he�  W #e" � $$d !d� $cW$% U �h
{$ c#VV"$ e #!`#$^ W#^$"#V % + $!W#$^ Y �X V^ Y �Y + he "$ fV"!W!S$" e^$ eSV!%$% U }V{$S$^ + c#VV"!d` e
#!`#$^ W#^$"#V % #e" e d$`eW!S$ !a fecW Vd edVW#$^ e"f$cW Vh e he�  W %$W$cWV^ �" f $^hV^a edc$ + dea $ &
!W" ����� �� U b#$  eW$dc& !" W#$ d�a� $^ Vh c&c $" �$W{$$d he� W !d� $cW!Vd ed% he� W %$W$cW!Vd U �d W#$
$_ea f $ !d T!` U X W#$ he� W !" %$W$cW$% eW cVdW^V c&c $ XX� + X\ �+ X�Y + X�g + ed% X�� hV^ W#$ W#^$"#V %"
Y U�Y + Y UgX + Y UXY + Y U�X + ed% Y U�Y + &!$ %!d`  eW$dc!$" Vh g� + �g + � �+ �� + �X cVdW^V c&c $" + ^$"f $cW!S$ &U$

TV^ "Va $ We"j" + W#$ ^$cVS$^& f^V c$%�^$ !" cV"W &+ ed% h${$^ he "$ f V"!W!S$" a !`#W � $ %$"!^e� $
$S$d eW W#$ cV"W Vh e #!`#$^  eW$dc&U TV^ VW#$^ We"j" �d%$W$cW$% he� W ced #eS$ "$^!V�" cVd"$|�$dc$"
ed% e  V{  eW$dc& !" a V^$ !a f V^WedW W#ed ^$%�c!d` W#$ d�a� $^ Vh he "$ fV"!W!S$" U b#$ W^e%$�Vx
� $W{$$d  eW$dc& ed% he "$ f V"!W!S$" ced �$ cVdW^V  $% �& W#$ {e& !d { #!c# {$ c#VV"$ WV !dW$^f^$W
W#$ V�Wf�W Vh W#$ he� W %$W$cWV^ + ed% e "!a f $ {e& Vh %V!d` "V !" �& c#VV"!d` e W#^$"#V % U
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be� $ �' � �a� $^ Vh �d%$W$cW$% he�  W" yV�W Vh e a e_!a�a Vh gY z hV^ W#$ � � � � ���� ���� We"j + hV^
%!x$^$dW W#^$"#V %" ed% !df�W `^V�f %!"Wedc$" * U
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c#V"$d W#^$"#V %" U b#$ `$d$^e W^$d% !" W#eW  eW$dc& !" dVW "!`d!�cedW & ex$cW$% �& W#$ c#V"$d
!df�W `^V�f %!"Wedc$" + { #$^$e" W#$ d�a� $^ Vh he "$ f V"!W!S$" !" cVa fe^eW!S$ & #!`# hV^  V{ !df�W
`^V�f %!"Wedc$" U

*d !df�W `^V�f" %!"Wedc$ Vh � a $ed" W#eW W#$ b ) � � !" f^VS!%$% %eWe h^Va W#$ fe"W �Y cVdW^V 
c&c $" y�$ce�"$ W#$^$ e^$ �Y !df�W `^V�f"z U �Y cVdW^V c&c $" e^$ $|�e WV � "$cVd% !d W#$ � � �
� ���� ���� We"j U �!a ! e^ &+ ed !df�W `^V�f %!"Wedc$ Vh g a $ed" W#eW W#$ b ) � � !" f^VS!%$% %eWe
h^Va W#$ fe"W g "$cVd%" + ��W Vd & h^Va $S$^& VW#$^ cVdW^V c&c $ U b#$ he "$ f V"!W!S$ ^$"� W" !d%!ceW$
W#eW %eWe h^Va e f$^!V %  Vd`$^ W#ed g "$cVd%" !" d$$%$% hV^ e a V^$ ecc�^eW$ c e""!�ceW!Vd U

�d "Va $ ce"$" + e he�  W !" d$S$^ %$W$cW$% U b#!" ced $!W#$^ � $ � $ce�"$ e he�  W !" !d� $cW$% eW W#$
$d% Vh ed $_f $^!a $dW ed% W#$ he�  W %$W$cWV^ %V$" dVW #eS$ e "�� c!$dW ea V�dW Vh W!a $ WV %$W$cW
!W + V^ �$ce�"$ W#$ � $#eS!V^ ehW$^ he� W !d� $cW!Vd c V"$ & ^$"$a� $" cV^^$cW � $#eS!V^ U b#$ d�a� $^
Vh �d%$W$cW$% he� W" hV^ %!x$^$dW W#^$"#V %" ed% !df�W `^V�f %!"Wedc$" !" "#V{ d !d be� U �U *   
�d%$W$cW$% he� W" {$^$ V�"$^S$% { #$d  V{ !df�W `^V�f %!"Wedc$" {$^$ �"$% U

b#$ he "$ f V"!W!S$ ed% W#$  eW$dc& ^$"� W" hV^ W#$ � �� ��� �� � ������ ed% ���� ��� �� �
�� We"j"
e^$ "#V{ d !d T!` U � ed% T!` U � + ^$"f $cW!S$ &U �d � VW# ce"$" + ed !df�W `^V�f %!"Wedc$ Vh X {e" �"$% U
b#$ d�a� $^ Vh �d%$W$cW$% he� W" hV^ W#$ W{V We"j" !" "#V{ d !d be� U g U b{V !dW$^$"W!d` W$d%$dc!$"
"#V� % �$ dVW!c$% ' b#$ d�a� $^ Vh he "$ f V"!W!S$" hV^ W#$ � �� ��� �� � ������ We"j e^$ cVa fe^eW!S$ &
#!`# + { #! $ hV^ W#$ ���� ��� �� �
�� W#$  eW$dc!$" e^$ #!`# { #$d cVa fe^$% WV W#$ ^$"� W" hV^ W#$ VW#$^
We"j" U �d W#$ � �� ��� �� � ������ We"j W#$^$ e^$ W{V ^V� VW" a VS!d` e^V�d% ed% W#$ he� W %$W$cWV^
hV^ W#$ � �� ��� �� + !d { #!c# he� W" {$^$ !d� $cW$% + #e" WV !dh$^ W#$ f^$"$dc$ Vh he� W" �e"$% Vd W#$
!dW$^ecW!Vd � $W{$$d !W"$ h ed% W#$ ������ U b#$ a !"c e""!�ceW!Vd Vh W#$ c�^^$dW "WeW$ ced V cc�^ !d
"!W�eW!Vd" { #$^$ + hV^ !d"Wedc$ + W#$ ������ ed% W#$ � �� ��� �� e^$ a VS!d` eW cVd"WedW "f$$%" !d W#$
"ea $ %!^$cW!Vd U �d W#V"$ ce"$" W#$ � �� ��� �� { !  $""$dW!e  & ^$c$!S$ "$d"V^& !df�W" "!a ! e^ WV W#V"$
!d "!W�eW!Vd { #$^$ � VW# !W" W^$$ " e^$ ��� �� ��� ��� ' b#$ ������ {e!W" hV^ W#$ � �� ��� �� + ��W %�$
WV W#$ he� W + W#$ � �� ��� �� %V$" dVW a VS$ U b#$ hecW W#eW W#$ cVdW^V f^V`^ea yed% W#$^$hV^$ W#$
he�  W %$W$cWV^z %$f$d%" Vd e %&dea !c h$eW�^$ Vh W#$ $dS!^Vda $dW yW#$ ������ z "$$a " WV cVa f !ceW$
ecc�^eW$ c e""!�ceW!Vd Vh W#$ he� W "WeW$ U } V{$S$^ + he� W %$W$cW!Vd !" "W!  |�!W$ `VV % + $"f$c!e  &
cVd"!%$^!d` W#eW W#$ ������ VhW$d !" W#$ ���� V� � $cW f $^c$!Se� $ �& W#$ � �� ��� �� �d $"" !W !" c V"$
$dV�`# WV e {e  hV^ W#$ f^V_ !a !W& "$d"V^" WV %$W$cW !W U

b#$ cVa fe^eW!S$ #!`#  eW$dc& ^$"� W" hV^ W#$ ���� ��� �� �
�� We"j e^$  !j${ !"$ %�$ WV e We"j�
%$f$d%$dW h$eW�^$ ' *hW$^ e "�cc$""h� cVdd$cW!Vd #e" � $$d a e%$ + W#$ cVdd$cW!d` ^V�VW {e!W" hV^
�Y "$cVd%" �$hV^$ %!"cVdd$cW!d` + a VS!d` �ecj + ed% eWW$a fW!d` WV a ej$ e d${ cVdd$cW!Vd U ) �^!d`
W#$ {e!W!d` f $^!V% !W !" dVW fV""!�  $ WV %$W$cW !h e he�  W #e" V cc�^^$% !d W#$ W^$$ " V^ dVW U �S$d
!h e ��� �� ���������� he� W !" !d� $cW$% + ce�"!d` Vd$ V^ �VW# W^$$ " WV � $ e""!`d$% e ^ed%Va ed%
dVd�c#ed`$e�  $ "f $$% + W#$ V�WcVa $ !" W#$ "ea $ ' b#$ ^V�VW %V$" dVW a VS$ � $ce�"$ !W !" f#&"!ce  &
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cVdd$cW$% WV W#$ VW#$^ ^V� VW U b#�" + !W ced Wej$  Vd`$^ WV %$W$cW e he� W `!S$d W#$ $_!"W$dc$ Vh W#$"$
fe^W!c� e^ "!W�eW!Vd" !d { #!c# e he� W %V$" dVW #eS$ ed $x$cW Vd W#$ f $^hV^a edc$ Vh W#$ ^V�VW U

0
20

40
60

80
10

0

Thresholds

La
te

nc
y 

(c
on

tr
ol

 c
yc

le
s)

0.10 0.25 0.50 0.75 0.90

0
50

10
0

15
0

20
0

Thresholds

F
al

se
 p

os
iti

ve
s 

(c
on

tr
ol

 c
yc

le
s)

0.10 0.25 0.50 0.75 0.90

T!` U � ' ( $"� W" hV^ W#$ � �� ��� �� � ������ We"j + hV^ %!x$^$dW W#^$"#V %" ed% ed !df�W `^V�f %!"Wedc$
Vh X U
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T!` U � ' ( $"� W" hV^ W#$ ���� ��� �� �
�� We"j + hV^ %!x$^$dW W#^$"#V %" ed% ed !df�W `^V�f %!"Wedc$
Vh X U

w$ $_f $^!a $dW$% { !W# e %!x$^$dW !dW$^f^$WeW!Vd a $c#ed!"a hV^ W#$ V�Wf�W Vh W#$ he�  W %$W$cW!d`
d$�^e d$W{V^j U � !S$d W#eW W#$ a e� V^!W& Vh W#$ he "$ fV"!W!S$" V cc�^ hV^ e "!d` $ V^ h${ cVd"$c�W!S$
cVdW^V c&c $" Vd & y !j$ !d W#$ $_ea f $ !d T!` U Xz + {$ #eS$ W^!$% WV ^$%�c$ W#$ d�a �$^ Vh he "$
f V"!W!S$" �& �  W$^!d` V�W "f !j$" U b#!" !" %Vd$ �& cVa f�W!d` e a VS!d` eS$^e`$ Vh W#$ V�Wf�W Se �$ Vh
W#$ he�  W %$W$cWV^ ed% "$WW!d` e W#^$"#V % Vh Y �X U b#$ cV^^$"fVd%!d` ^$"� W" hV^  eW$dc!$" ed% he "$
f V"!W!S$" e^$ "#V{ d !d T!` U �Y ed% T!` U ��+ ^$"f$cW!S$ &+ �"!d` e a VS!d` eS$^e`$ VS$^ gX cVdW^V 
c&c $" U

]& cVa f�W!d` W#$ a VS!d` eS$^e`$ ed% "a VVW#!d` W#$ V�Wf�W Vh W#$ b ) � � + {$ e a V"W cVa �
f $W$ & $ !a !deW$ he "$ f V"!W!S$" U * " W#$ ^$"� W" !d T!` U �Y "#V{ + #V{$S$^ + W#!" !" eW W#$ cV"W Vh
e #!`#$^  eW$dc&U �!dc$ W#$ a VS!d` eS$^e`$ !dc^$e"$"  eW$dc&+ !W ced ^$"� W !d a V^$ �d%$W$cW$%
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be� $ g ' � �a� $^ Vh �d%$W$cW$% he� W" yV�W Vh e a e_!a�a Vh gYz hV^ W#$ � �� ��� �� � ������ ed%
���� ��� �� �
�� We"j" + hV^ %!x$^$dW W#^$"#V %" ed% ed !df�W `^V�f %!"Wedc$ Vh X U
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T!` U �Y ' �eW$dc& ^$"� W" hV^ e he� W %$W$cWV^ !d { #!c# W#$ V�Wf�W Vh W#$ b ) � � " !" �"$% %!^$cW & ed%
Vd$ !d { #!c# W#$ V�Wf�W !" "a VVW#$% �& cVa f�W!d` W#$ a VS!d` eS$^e`$ VS$^ gX cVdW^V 
c&c $" U

he�  W" e" a V^$ ^�d" �d!"# �$hV^$ he�  W" e^$ %$W$cW$% U TV^ W#$ � � � � ���� ���� We"j + g he� W" {$^$ dVW
%$W$cW$% { #$d eS$^e`!d` W#$ V�Wf�W VS$^ gX cVdW^V c&c $" + cVa fe^$% WV Vd & � { #$d eS$^e`!d`
{e" dVW �"$% U �!a ! e^ &+ hV^ W#$ ���� ��� �� �
�� We"j X he� W" {$^$ dVW %$W$cW$% { #$d e a VS!d`
eS$^e`$ {e" �"$% + cVa fe^$% WV g { #$d W#$ V�Wf�W Vh W#$ b ) � � {e" �"$% %!^$cW &U TV^ W#$ � �� ���
�� � ������ We"j e  he� W" {$^$ %$W$cW$% !d � VW# ce"$" U

� � v�ut��vr o

b#$ ^$"�  W" f^$"$dW$% !d W#!" "W�%& "�``$"W W#eW he�  W %$W$cW!Vd W#^V�`# he� W !d� $cW!Vd ed%  $e^d!d`
!" e S!e� $ a $W#V % hV^ V�We!d!d` e he�  W %$W$cWV^ hV^ e�WVdVa V�" a V�! $ ^V� VW" U *   ^$"�  W" e^$
�e"$% Vd $_f $^!a $dW" { !W# ^$e ^V� VW" U b#$ ^V� VW" {$^$ dVW $|�!ff $% { !W# %$%!ceW$% V^ ^$%�d%edW
"$d"V^" WV !a f^VS$ he� W %$W$cW!Vd U �d V^%$^ WV %$W$cW he� W" + Vd & W#$ !dhV^a eW!Vd iV{ !d` � $W{$$d
W#$ cVdW^V f^V`^ea ed% W#$ ^V�VW" � "$d"V^" ed% ecW�eWV^" {e" �"$% U

*  W#V�`# W#$  eW$dc& ed% W#$ d�a� $^ Vh he "$ f V"!W!S$" %$W$cW$% cV� %  !j$ & � $ ^$%�c$% �"!d`
a V^$ %eWe h^Va yf V""!� & %$%!ceW$% z "$d"V^" + W#$ ^$"�  W" "#V{ W#eW e he!^ & "a e  ea V�dW Vh j$&
!dhV^a eW!Vd !" "�� c!$dW WV V�We!d e `VV% he� W %$W$cWV^ U �W {e" "#V{ d W#eW { #$d {$ eS$^e`$% W#$
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Find perimeter Follow the leader Connect to s−bot

Normal
Smoothed

T!` U ��' Te "$ fV"!W!S$" ^$"� W" hV^ e he� W %$W$cWV^ !d { #!c# W#$ V�Wf�W Vh W#$ b ) � � " !" �"$%
%!^$cW & ed% Vd$ !d { #!c# W#$ V�Wf�W !" "a VVW#$% �& cVa f�W!d` W#$ a VS!d` eS$^e`$ VS$^
gX cVdW^V c&c $" U �d & Vd$ ^�d hV^ W#$ � �� ��� �� � ������ We"j ^$"� W$% !d he "$ fV"!W!S$"
{ #$d W#$ b ) � � V�Wf�W {e" "a VVW#$% U b#$ ^�d !" dVW "#V{ d !d W#$ �`�^$ "!dc$ !W !" V�W
Vh "ce $ y�\� he "$ fV"!W!S$" {$^$ %$W$cW$% %�^!d` W# !" ^�d z U

V�Wf�W Vh W#$ he� W %$W$cWV^" VS$^ "$S$^e cVdW^V c&c $" + {$ V�We!d$% e cV^^$cW %$W$cW!Vd ^eW$ Vh
�X� � �YY� + { !W#V�W ed& he "$ fV"!W!S$" $_c$fW !d e "!d` $ ce"$ U

��^ he� W %$W$cWV^ %!"W!d`� !"#$% �$W{$$d dV^a e ed% he� W& �$#eS!V^ �e"$% Vd { #eW !W  $e^d$%
%�^!d` dV^a e Vf$^eW!Vd ed% ehW$^ he� W" Vcc�^^$% U * d V�S!V�" $_W$d"!Vd {V� % � $ WV !dc �%$
he�  W %!e`dV"!" + W#eW !" + dVW Vd & WV %$W$cW W#$ f^$"$dc$ Vh W#$ he� W + ��W e "V !W"  V ceW!Vd U b#!"
cV� % �$ �"$h� { #$d + hV^ !d"Wedc$ + e `^!ff$^ �^$ej" %�^!d` W^ed"f V^W Vh e #$eS& V� � $cW U �h W#$
cVdW^V f^V`^ea !" a e%$ e{e^$ Vh W#!" he� W + !W cV� % "W$$^ W#$ ^V� VW WV f�"# W#$ V� � $cW !d"W$e%
Vh �d"�cc$""h�  & W^&!d` WV cVdd$cW WV ed% f�  W#$ V� � $cW U �d$ {e& Vh $_W$d%!d` W#$ f^Vf V"$%
a $W#V %V V`& WV !dc �%$ he� W !%$dW!�ceW!Vd !" WV e%% a V^$ V�Wf�W d$�^Vd" WV W#$ c e""!h& !d` d$�^e 
d$W{V^j U ) !x$^$dW V�Wf�W d$�^Vd" {V� % W#$d cV^^$"fVd% WV %!x$^$dW W&f $" Vh he� W" U * dVW#$^
eff^Vec# !" WV �"$ a � W!f  $ d$�^e d$W{V^j" + Vd$ hV^ $ec# he� W W&f $ U �d e%%!W!Vd + !d W#!" "W�%& {$
#eS$ hV c�"$% Vd a $c#ed!ce he� W" + "!dc$ W#$& h^$|�$dW & Vcc�^ !d a V�! $ ^V�VW" U * h�W�^$ ecW!S !W&
{ !  � $ WV %$W$^a !d$ #V{ {$  VW#$^ W&f$" Vh he� W" + "�c# e" he� W" !d "$d"V^" ed% VW#$^ ecW�eWV^" +
ced � $ %$W$cW$% U

�d cVdW^e"W { !W# W#$ a e� V^!W& Vh $_!"W!d` eff^Vec#$" WV he� W %$W$cW!Vd + W#$ a $W#V % f^Vf V"$%
!d W#!" "W�%& !" a V %$ �h^$$ U * d !dW$^$"W!d` cVd"$|�$dc$ Vh ^$ & !d` Vd V�^ a V %$ �h^$$ eff^Vec# !"
W#eW W#$ "c#$a $ !" "W^e!`#WhV^{e^% WV $_W$d% � $&Vd% "$ h�%!e`dV"!" U TV^ !d "Wedc$ + !d W#$ � �� ���
�� � ������ We"j + {$ !d� $cW$% he� W" !d W#$ � �� ��� �� ^V�VW ed% e he� W %$W$cWV^ hV^ W#eW ^V� VW {e"
W^e!d$% U }V{$S$^ + e he� W V cc�^^!d` !d W#$ � �� ��� �� #e" + !d a V"W ce"$" + !di�$dc$ Vd { #eW W#$ ������
^V� VW f$^c$!S$" ed% !W" "��"$|�$dW ecW!Vd" U * he� W %$W$cWV^ !d W#$ ������ "#V� % + W#$^$hV^$ + � $ e� $
WV %$W$cW he�  W" !d W#$ � �� ��� �� U w$ e^$ c�^^$dW & S$^!h& !d` { #$W#$^ W#!" !" W#$ ce"$ ed% "W�%&!d`
a $W#V %" hV^ "ce !d` W#$ f^VfV"$% eff^Vec# WV { #V $ cV Vd!$" Vh ^V�VW" U
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*d%$^" Z#^!"W$d"$d ed% ($#ed � �� ^e%& ecjdV{  $%`$ "�ff V^W h^Va Z � � � g�� � + e � e^!$ Z�^!$
�e^ & �We`$ ($"$e^c# b^e!d!d` �!W$ h�d%$% �& W#$ ��^Vf$ed ZVa a�d!W& �" �!_W# T^ea ${V^j �^V�
`^ea a $ y`^edW ���b�Zb�gYY��XYXY�� z U b#$ !dhV^a eW!Vd f^VS!%$% !" W#$ "V $ ^$"fVd"!�! !W& Vh W#$
e�W#V^" ed% %V$" dVW ^$i$cW W#$ ��^Vf $ed ZVa a !""!Vd �" Vf !d!Vd U b#$ ��^Vf $ed ZVa a !""!Vd !"
dVW ^$"f Vd"!� $ hV^ ed& �"$ W#eW a !`#W �$ a e%$ Vh %eWe eff $e^!d` !d W#!" f�� !ceW!Vd U b#!" {V^j
{e" "�ff V^W$% �& W#$ * � b � f^V � $cW + ed � ����� �� � ��� ���� � ��� ���� ��� h�d%$% �& W#$ �c!$dW!� c
($"$e^c# ) !^$cWV^eW$ Vh W#$ T^$dc# ZVa a�d!W& Vh ]$ `!�a U � e^cV ) V^!`V ecjdV{  $%`$" "�ff V^W
h^Va W#$ ]$ `!ed T� ( � + Vh { #!c# #$ !" e ($"$e^c# )!^$cWV^ U
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*^ eW + � U+ * `�$^e + � U+ * a eW + � U+ Z^V�~$W + � U+ Te�^$ + � U+ �ef^!$ + � U+ � e^W!d" + � U ed% �V{$  + ) U
y���Y z + �Te� W !d� $cW!Vd hV^ %$f $d%e�! !W& Se !%eW!Vd ' * a $W#V%V V`& ed% "Va $ eff !ceW!Vd" �+
���� ������������ �� � �� �� ��� ��� �� ������ �� ygz + �\\k ��g U

Zed#ea + ( U+ �ecj"Vd + * U ed% b&^^$  + * U ygYY�z + (V�VW $^^V^ %$W$cW!Vd �"!d` ed e^W!�c!e !a �
a�d$ "&"W$a + �� ��^V c$$%!d`" Vh � * �* [) V) ZVdh$^$dc$ Vd �SV Se� $ } e^%{e^$ + gYY� �+ ����
ZVa f�W$^ �V c!$W&+ we"#!d`WVd ) UZ U+ ff U ���k gY� U

Ze^ "Vd + � U ed% � �^f#&+ ( U ygYY�z + ($ !e� ! !W& ede &"!" Vh a V�! $ ^V�VW" + �� ��^Vc$$%!d`" Vh ����
�dW$^deW!Vde ZVdh$^$dc$ Vd (V� VW!c" ed% *�WVa eW!Vd + �Z( * �Y� �+ �V U �+ ���� ZVa f�W$^ �V�
c!$W& �^$"" + �V" *  ea !WV" + Z* + � �* + ff U g��k g� �U

Z V�"$ + ) U+ � ! $" + Z U+ }V^d$ + ] U ed% ZVWW^$  + � U y����z + �b!a $�%$ e& d$�^e d$W{V^j" ' ($f^$"$d�
WeW!Vd ed% !d%�cW!Vd Vh �d!W$�"WeW$ a ec#!d$" �+ ���� ������������ �� � ����� � ��� ���� � + �Y\Xk
�Y�Y U

) $e^%$d + ( U+ }�WW$^ + T U+ �!a a Vd" + ( U+ b#^�d + � U+ �$^a e + � U ed% w !  $j$ + b U ygYY� z + ($e �W!a $
he� W %$W$cW!Vd ed% "!W�eW!Vde e{e^$d$"" hV^ ^VS$^" ' ($f V^W Vd W#$ � e^" W$c#dV V`& f^V`^ea
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