
���������
	������������������������	������
� �"!�#�$&%('*)+',!

-/.�0�1"2435�672&89.�0:5�1;890�<>=?5�2;.@0�.�AB.�5�1�=C<
D 0@2&1�890FEHGI89AJ5�KLEM24D NPOQ0@R�8L3.�0�ABD 0@2

#TS4UV!W!X'ZYX[W\][WU+�"$^!X_&`&abU+[9[X',SQU+$dc\(Y9[WUV\()�!X\e[XUf!Lgh\"ij[XUV�($

�egk[Xl&'mYW'*no_&UVYX'*ab'Z$o[W!pgq�"YI[Xl&'rS4'*%(YW'Z'

s��;it[X�"Y��egMu�l&UV)+�o!9�"c&l;vwU+$yx@�(abc&_&[X'ZY�z&itUV'Z$iZ'

`;v

=?0�E{0�N}|dE{0�E~0�<
E{N�E{0

�(�(�o�



���������
	���

# ` '*l\��;U+�"Y���`\"!9',S \eY i l&U+[X',ij[X_YX'���U [Wlw\�iZ�($&$'*ij[WU+�"$&Uf!L[
\(it[XUV�($b!9'*)+',ij[WU+�"$ ab'*i l \e$&Uf!9aJUV!{UV$o[XYW�4S4_it',Sr[Wl\][
'*$\e`)+',!
\ !X�4itUV't[Lv �(g
\e_4[W�($&�"a �"_!�\(%('Z$o[ !I[X� iZ�($!9[XYW_it[�\eYW`&U+[XY \eYWv !L[WYX_ ij[X_YX',!�U+$ [Xl&'*U+Y�!9UVa _&)f\][W'*Sd[��p����S4UVa '*$!XU+�"$\e)��p�(YW)VS��
#�)V)I�(`��L',ij[ ! UV$�[Wl&'^'*$��oUVYW�($&ab'Z$o[ \(YX'dit�")+�"YX',S S4UV!WiZ!�� #�%('*$o[W!biZ\($�ab�
�(' UV$�[Wl&'ZUVY '*$��oUVYW�($&ab'Z$o[b\e$S�!X'Z$ !9'dS4UV!WiZ!
)V�;i*\][W'*S \(YX�"_&$S [Wl&'Za>[Wl&YW�(_&%"l S4Uf!L[ \e$iZ'�!X'Z$!X�(Y !��~#�$d\e%"'Z$o[pi*\e$^\()V!X� cUVi��b_&cdS4UV!WiZ!IiZ)+�o!9'�[X� [Xl&'*aH\e$S^iZ\eYWYWv [Wl&UV!
S4Uf!Xib\"! U [rab�
�(',!�[X��`7' S4YX�"c&c7'*S/\][r\e$&�([Xl&'*Ym)+�4i*\][XUV�($�� x@�"$!9[XYW_ij[WU+�"$ UV$y[Wl&Uf!m'Z$��;U+YW�($a '*$o[ UV$��(�")��"'*!�[Xl&' \(%('Z$o[ !
c&Ufi��;U+$&% _&c S4Uf!WiZ!� ;\($Sb[Wl&'Z$^a �
�;UV$&%m[W� UV$it�"a c)+'Z[X'�c\eYX[W!��eg [Xl'�!9[XYW_ij[W_&YW'�`7'ZUV$&% `&_U+)+[I\($S S&YX�"c&c&UV$&%m[Xl'*!X'�S4Uf!Xi*!��
!Il&'��(Y S4'ZY@U+$"��lUVi l c \eYX[W!
�(g [Xl&' !9[XYW_ij[W_&YX'�\eYW'�`&_&UV)+[p\
# '*it[W!�[Xl&' it�"abc&)+'Z[XUV�($w[WU+ab'��eg [Xl'�iZ�($!9[XYW_ij[WU+�"$b[W\"!��b!9UV$iZ'
S4Uf!Xi*!�iZ\($^�"`!L[WYX_ ij[�[Xl'mc\][Wl!I�eg{\e%"'Z$o[W!��

#�$^\e%('*$o[
l\(!�` �([Xl YW'*\"ij[XU$�('�` '*l\��;U+�"YW!%��lUVi l \(YX'�_ !9',Sbc&YXUVaw\eYWU+)Vv [X� aw\(U+$o[W\(U+$b[Wl&'&�;Uf\e`&UV)VU [Lv �eg [Wl&'�\(%('Z$o[�\($S
$\��;UV%"\][WU+�"$\e) c&)f\e$&$&UV$&%b`7'Zl\��;UV�(Y !
[Wl\][�\eYW'�_ !9',S gq�"YIiZ�($!9[XYW_it[XUV�($��%!Il&'�$\��;U+%o\][WU+�"$\e)7c&)f\e$&$&UV$&% ` '*l\��;U+�"YW!@_!X'�\($
'Z%"�4it'Z$o[WYXUfip%(YWUVS���`\"!9',S YW'Zc&YW'*!X'Z$o[ \][XUV�($ �eg [Wl&''�p�(YW)VS��~u{\][Wl c)V\($&$&UV$&%rUf!{U+abc&)V'Zab'*$"[W'*Sw`;v !9c&YW'*\"S4UV$&%m\(ij[WU��]\e[XUV�($!{�"$
!X't[W!I�(gM%"YXUfS���`\(!X'*S aw\ec!��%!Il&'r!9l \ec7'��(gk[Wl&'r!9[XYW_ij[W_&YX'�[W�w` 'm`&_U+)+[�UV!�\()V!X�b'Z$iZ�4S4'*S^�($�\e$dUV$"[W'ZYW$\e)�!Xc\e[XUf\e) aw\ec��

!Il&' iZ�($&$&',ij[WU+�"$&UV!9[r\(it[XUV�($ !9'*)+',ij[WU+�"$ ab'*i l \e$&Uf!9a iZ\($/)V'*\(YX$ [X��'�(4c&)+�"U [ !Xc\e[XUf\e)
\e$ Sy[W'Zabc7�(Y \e){YW'Z%(_)V\(YXU+[XUV'*! UV$
[Xl' '*$��oUVYW�($&ab'Z$o[ _!XU+$&%dU+[W! YW'*\(it[XU$�(' ` '*l\��;U+�"YW!�\e$ Sy\e)f!X�^)V'*\(YX$y[X�Qc '*Y9gq�"YXa�!X'*no_&'*$it',!��eg@$ \��oUV%"\e[XUV�($\() c&)f\e$$&U+$%
`7'Zl\��;UV�(Y !I`ovdUVa U+[W\e[XUV�($�)V'*\(YX$&UV$&%)�+*�\"i l�\e%('*$o[�a �"$&U+[X�(Y !IU+[W!�cYX�"%(YW'*!W!p[X� S4'Z[X',ij[�S4',\(S4)V�4i��4!�\eYWUV!XU+$%bgqYX�"aPUV$"[W'ZY \(i,�
[XUV�($ !%��U [Wlw�e[Wl&'ZY�\(%('*$"[ !{\e$S _!X'*!
_&$!X_&c '*Y-�;Uf!9',S )+',\eYW$&U+$% [X�ri l\($&%('IU+[W!{`7'Zl\��;UV�(Y�!X��[Xl\e[
[Xl'�S4'*\"S4)V�;i�� UV!{`YX�.�('Z$��
#�)V%(�"YXU+[Xlab! \eYW' UVabc&)V'Zab'Z$o[X',S��"$ [Xl&'Q!Xc\][WUV\()@aw\ec !r[W�/S4',itUfS4'^[Xl&'d�(Y S4'ZY U+$/��l&Ufi l S4Uf!Xi*! \(YX' [X�/` 'dc&Ufi��('*S�_&c
\e$ S iZ\(YXYWUV'*Sb[W� UV$it�"a c)+'Z[X' c\eYX[W!@�eg [Xl&' !L[WYX_ ij[X_YX'�U+$^�(Y S4'ZY@[X� YW'*S4_iZ'�[Wl&'�[XUVa '�[W\�('*$ [X�bit�"abc&)+'Z[X' it�"$!L[WYX_ ij[XUV�($��
x@�(aba _&$&UfiZ\][WU+�"$�` 'Z[��@'*'Z$ \(%('Z$o[ !�UV!�_!X'*Sd[X� YX',S4_it'r[Xl&'r'�#7',ij[��eg{YW\($S4�"aF!X'Z$!X�(YWv \($SQ�4S4�(ab't[WYXvd'ZYWYW�(Y !I�($Q[Xl'
\(i*it_&Y \(iZvw�egk[Xl&'r!Xc\][WUV\() aw\ec!��

0/'�c&YW'*!X'Z$o[I!9UVa _&)f\][WU+�"$ YW'*!X_&) [ !@[Xl\e[I!Xl&�
�?l&�
�C[Wl&'1�]\(YXUV�(_!p\e)V%(�"YXU+[Xlab!�c '*Y9gq�"YXaH\"!�c \eY \eab't[W'ZY !�\e$ S 'Z$��;UVYX�"$��
ab'Z$o[W\() gh\(it[X�(Y !�\eYW' ab�;S&U32',S��



�����������	��
������
�� �

�'�p�(_&)fS )+U$�(' [X�Q',(4c&YW'*!W!�a v %"YW\e[XU+[X_S&' [W�da v \(S��;Uf!9�"Y� �u�YX�(g�����Ufi l\e'*)�� ��s�v"'ZY  gq�(Yml&Uf!mit�"$!9[W\e$o[ %(_&UfS&\($it'. 
!X_&c&c7�(YX[� �\e$ Sy'*$it�"_&YW\(%('*a '*$o[�[XlYX�"_&%(l&�"_4[ a v�%(Y \(S&_\][W' !9[X_S4UV'*!�� !Il' aw\($ov S&UV!Wit_!W!XU+�"$!�[Wl\][���l\(S ��U [Wl lU+a
c&)f\ v(',S \e$/U+abc7�(YX[W\($"[ YW�()V' UV$y[Wl&'w!9l\(c&UV$&% �(g�[XlUV!mS4Uf!W!9'*Y9[ \][XUV�($�����\e)f!9�^[Xl \e$�� u�YX�(g�����U+)V�"! s ��*
Y it'*%(�
�]\(i 7u�YX�(g��
#�S&$\e$ys�\eY ��Ufi l&' 7\e$S u�YX�(g���x@l\eYW)V'*!&!M\ v;)+�"Y�gq�(Y�!9'*Y-�;UV$&% �"$�a v�it�"a abU+[9[W'Z'�1!Il&UV!�S4Uf!X!X'ZYX[W\e[XUV�($ �I\(!�!X_&c&c7�(YX[X',S
UV$dc \eYX[I`;v \($���$"[W'Z)�� \(it_) [Lvds�'��('Z)V�(ca '*$o[I%"YW\($o[��

!Il&' �p�(Y ���($ !X'*no_&'Z$ it'w)V'*\eYW$&UV$&%QU+$ i l\(c4[X'*Y�� �p\"!��L�(UV$o[X)Vv S4�"$&' ��U [Wl���'ZY \e)fS x@l \e��\e$S�� \ea %(Y \][X'Zgq_&){gq�"Y
[Xl'wU+$o[X'*YX',!L[rl'wl\(!r!Xl&�
��$/U+$ [Wl&Uf!rS4Uf!X!X'ZYX[W\e[XUV�($��"!Il&Uf!mc&YW���L',ij[ !9[W\(Y9[W'*S ��l&'ZYW'��&YW'*S4'*YXUfi��/x@Y \e`&`7'b)+'Zg [ ��# \e$S��
\ea�[Wl\e$ �"gq_) gq�"YIl&UV!pl&'*)+c^U+$^[Xl'�',\eYW)+vw!9[W\e%"'*!����p\e)f!9� [Xl\($�� #'�]\"!9l ��\e$ \�� \e[XU gq�(Y@[Xl&' '*$"[Wl;_!9Uf\(!9[XUfi�S&UV!Wit_!W!XU+�"$!��"$
�]\eYWU+�"_!@[X�"c&UVi*!�UV$QiZ�(abc&_4[W'ZY�!WitUV'Z$iZ'�[Xl&'*�(YWv�

#T)V�e[��(g{c '*�(c&)V'rl\��"'mab\"S4'ra vd!9[W\ vQ\]["! xp� # [Wl&�(YW�(_%(l&)Vv '*$
�L�]v"\(`&)+'.�#��v [Wl\e$ �;!�%(�b[W��${'ZYWYW\%� �(YW%"\e$dgq�"Y
\e)$�I\ v;!�l\��;U+$%w[XUVab' gq�"Y�ab' U+$ !9c&U+[X' �eg@l&'ZY�`&_!Xv !Xi l'*S4_&)V' 7[W�d\()+)Ma vQgqYWU+'*$S&!� '*!Xc ',itUf\e)V)+v&��_&Y \e)VU'� \e$U ��l&�dl\"!
l&'*)+c7'*Sdab'rS4_&YWU+$% aw\($ov )V\"!L[�abU+$;_4[W'*!� \e$ S [W�w���(_YWS4',!�#�`7'Z)V)+'*YW\ gq�"Y�l&'ZY�)V�
�('m\e$ S '*$it�"_&YW\(%('*a '*$o[��
��v S&'Z'Zc7'*!9[�%(Y \][WU [W_S4' %(�;',!p[X�ba v^c\eYW'Z$o[W!@gq�"YI[Xl&'*U+Y�UVabab'Z$!X'm)+�
�"'�\($SdiZ\eYW'�



� �����������
	

�� � ��� � ��������� ��� �
� � ��� �('*Y-�;UV'�� �(gk[Wl&' x@l\(c4[X'*YW! � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� ����� � � ����
�� ������
���� �)�
����	 ��� � �)� �)��� !
� � � z;UVa _&)f\][WU+�"$ �;!�u�l;v;!XUfiZ\e) ��abc&)V'Zab'Z$o[ \][XUV�($ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � "
� � �$# '*)V\e[X'*S 0/�(Y � UV$ x@�"$!9[XYW_ij[WU+�"$ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � %

! �"�
�'&(� � 
���)� � 
 �*�
+ � � ��$o[XYW�4S4_ij[WU+�"$ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �,�
+ � � z;'*$!9�"YXv.- ���e[W�(Y0/@'*l\��;U+�"YW! � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
+ � + ��\��;UV%"\e[XUV�($\() u�)V\($&$&UV$&%1/p'Zl\��;UV�(Y ! � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �)2

+ � + � � *�%(�4it'*$"[WYXUfi z;c\][WUV\()�� \ec !�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �)2
+ � + � � ��$o[X'*%(Y \][WU+$&%	��_&)+[XUVc&)V' *@z � ! � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

+ � 2 ��$o[X'*YX$\() zo[W\e[X'����;S&'*! � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �"�
+ � � #�it[XUV�($ z;'*)+',ij[XUV�($ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��+
+ � " #�$�'�(&\eabc&)V' � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��+
+ �3% s�UV!Wit_!W!XU+�"$ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��4+ �3%�� � #�ij[XUV�($ z;'*)+',ij[WU+�"$ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��4

+ �3%�� � z;c \][XUf\e) # 'Zc&YW'*!X'Z$o[ \][XUV�($ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � +�2
+ �3%�� + * (;c)+�"YW\e[XUV�($ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � +�2

+ � 45# '*)V\e[X'*S 0/�(Y � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � + �
+ � 4 � � /p'Zl \��oUV�(Y-��`\(!X'*S #�YWi lU [W'*ij[W_&YW'*! � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � + �
+ � 4 � � z;c \][XUf\e)���\��;U+%o\][WU+�"$ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � + %

657 
�	�� �(� ��8�:9 	���� 	 � 	 ���<; 
��=9 � �
	 �0>��)��� 
 � 	��)��� ��� 6��
2 � � ��$o[XYW�4S4_ij[WU+�"$ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 2?�2 � �$# ',\(ij[WU��"'@/@'*l\��;U+�"YW! � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 2?�
2 � + ��',\eYW$&UV$&% x@�(YWYX'*)V\e[XUV�($!@` 'Z[��@'*'Z$A/p'Zl\��;UV�(Y ! � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 2,2

2 � + � � z;c \][XUf\e)ku
YW��(;UVabU [Lv�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 2 �
2 � + � � !k'Zabc7�(Y \e) c&YW��(4U+abU+[Lv � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 2 "

2 � 2 *%(4c7'ZYWU+ab'*$"[ ! ��U [Wl���'*\(YX$U+$&% # _)+',!"� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 2 %
2 � 2 � � z;c \][XUf\e)ku
YW��(;UVabU [Lv�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 2B4
2 � 2 � � !k'Zabc7�(Y \e)�u
YW��(4U+abU+[Lv � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 2B4
2 � 2 � + z;c \][XUf\e)k\e$S ! '*abc �"YW\()�u
YW��(;UVabU [Lv"!k�(%"'t[Wl&'ZY � � � � � � � � � � � � � � � � � � � � � � � � � � �
2 � 2 � 2 s�v;$\eabUfi *
$��;U+YW�($&ab'*$"[ ! � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��"

2 � � s�UV!Wit_!W!XU+�"$ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �C" �
2 � " # '*)V\e[X'*S 0/�(Y � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �C" �

D � 
BE:��
�� � 
 7 
�	�� �(� �� F 6
��� � ��$o[XYW�4S4_ij[WU+�"$ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �C" 2
��� � ��$o[X'*YX$\() zo[W\e[X'����;S&'*! � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �C" 2
��� + x@�($ !L[WYX_it[XUV�($�z;'*no_&'*$it' � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �C" 2

U



��� 2 ��',\eYW$&UV$&% [Xl&' x@�"$!L[WYX_ ij[XUV�($�z;',n"_'Z$iZ' � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �C" �
��� � # ',!9_&)+[W!�\e$SQs�UV!Wit_!W!XU+�"$ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �C" %
��� " # '*)V\e[X'*S 0/�(Y � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � % �

F 7 
�	�� �(� ��8������� 	 � � ����
 � � 6"�� � ��$o[XYW�4S4_ij[WU+�"$ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � % 2"�� � ��',\eYW$&UV$&% [X�1/pYX',\�� s�'*\(S&)+�4i��4! � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � % �
"�� + ��'Z$'ZY \e)VU��*U+$&%w� '*\eYW$&',S /p'Zl \��oUV�(Y ! � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � % "
"�� 2 # ',!9_&)+[W! � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � %,%"�� 2 � � ! �p�b)+',\eYW$&U+$% \(%('Z$o[ ! � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � % 4"�� 2 � � �MU$�(' )+',\eYW$&UV$&%w\e%('*$o[W! � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � %��"�� 2 � + # )V'*\(YX$&'*Y�\e$SQ\ c&YW'��;U+�"_!X)+vb[WYW\(U+$&',S^\(%('*$"[ � � � � � � � � � � � � � � � � � � � � � � � � � � 4"�"�� 2 � 2 /p_i��"'t[ /pYXUV%"\"S4U+$% `7'Zl\��;UV�(Y � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 4"�"�� 2 � � � \(c�\(!W!9�4itUf\][WU+�"$ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 4,+"�� � ��$iZYX',\(!XU+$&% [Wl&'m$;_&a `7'ZY��(g(/p'Zl\��;UV�(Y ! � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 4,+"�� ��� � # ',!9_) [ ! ��U [Wl ! �@�w#�%"'Z$o[W! � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 4 �"�� ��� � # ',!9_) [ ! ��U [Wl !Il&YX'*'m#�%('*$o[W! � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��� �"�� " s�UV!Wit_!W!XU+�"$ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��� +"��3% # '*)V\e[X'*S 0/�(Y � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��� %

� � �=9�� � ��� �� > ��� ����� ������� ��� �	� �,� 
�� ��
��1� ��& � 	 ����������
���� ����%�� � ��$o[XYW�4S4_ij[WU+�"$ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �*�"�%�� � s�UV!Wimu
)f\(iZ'Zab'Z$o[�zo[XY \][W'Z%"U+',! � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �*�.�%�� +5# ',!9_&)+[W! � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �*�.�%�� 2 s�UV!Wit_!W!XU+�"$Q\($S # 'Z)f\][W'*S 0 �"Y-� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �*�o�
�$� �=9�� � ��� �� > ��� ����� ������� ��� �	� �,� 
�� ��
��1� ��&��&	���&���� 	 ���(� �� �� �
4 � � ��$o[XYW�4S4_ij[WU+�"$ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �*� %
4 � � !Il&'*�(YW't[XUfiZ\()��&�"YXa _&)V\e[XUV�($^�egM[Xl&' x@�"$!L[WYX_ ij[XUV�($ !M\(!-� � � � � � � � � � � � � � � � � � � � � � � � � �*� %4 � + � \e[Wi l&UV$&%w#�)V%(�"YXU+[Xl&a � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���,�

4 � + � � * (4\(abc&)+' �(gMiZ\()ViZ_&)f\][X' aw\][Wi lU+$&%w#�)+%"�(YWU [Wl&a � � � � � � � � � � � � � � � � � � � � � � � � � ��� �
4 � 2 z;',n"_'Z$iZU+$&% #�)+%"�(YWU [Wl&a � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��� �

4 � 2 � � * (4\(abc&)+' � �eg
z;',n"_'Z$iZU+$&%w#�)+%"�(YWU [Wl&a � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��� "
4 � 2 � � * (4\(abc&)+' � �eg
z;',n"_'Z$iZU+$&%w#�)+%"�(YWU [Wl&a � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��� "

4 � � # '*)V\e[X'*S 0/�(Y � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��� %
� > � ��� ����� �	���� ��� � � � 
������ 
 � 	 9 � ��� � �
� � ���

��� � ��$o[XYW�4S4_ij[WU+�"$ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �,�(�
��� �$# \($S4�(a *
YWYX�"YW!/� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �,� �
��� + !�c S&\e[XUV$&% z;c\e[XUf\e) � \(c! � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �,� �

��� + � � z;'*$!X�(Y !�c S&\e[X' � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �,�"�
��� + � � � S4�"ab't[XYWv !�c7S&\e[X' � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �,�"�
��� + � + x@�"a a _&$&UfiZ\e[XUV�($�!�c S&\][W' � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �,�"�

��� 2 # ',!9_&)+[W! � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �,� �
��� � s�UV!Wit_!W!XU+�"$ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �,��4
��� " # '*)V\e[X'*S 0/�(Y � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �,��4

�� > � ��� � � ��� ����� 	 ����� � �)� � 
�� �)� � � ! �
� 9(9�
�������� � ! 6

UVU



� �������	��
 �

 �����
��� � � ��� ���

#�!rYX�"` �([�[W'*i l&$&�")+�"%(v�UVabc&YX�
�"'*!�UV$ [Wl&'bgq_4[W_&YX'.  %"YX�"_&c!��egpYX�"` �([W! ��UV)+)
`7'w',(4c7'*it[X'*Sy[X��'�(4UV!9[r\e_4[W�($&�"a �"_!X)+v \($S
c&YW�
�;UVS4' !9'*Y-�;Ufit'*!�[Xl \][�\(YX' _!X'tgq_&)M[X�^aw\e$�� x@�($ !L[WYX_it[XUV�($ \($S YW'Z)f\][W'*S�YW'Zc\(U+Y��eg
c&l;v4!XUVi*\e)~!L[WYX_it[X_&YW'*!1��UV)+)~`7' �($'
�eg@[Xl&'wab�o!L[ U+abc7�(YX[W\($"[m�(gp!X_i ly[ \(!-�4!��	�&�"Y�'�(&\eabc&)V'  \d%(YW�(_cy�egpYX�"` �([W! it�"_&)fSy`&_U+)fS \^!Xl&'Z)+[X'*Y gq�(Yml;_&aw\e$ !��"$
\^c&)V\($&'t[ �e[Wl&'ZY ��Uf!9' _&$&UV$&l\e`U [ \e`&)V' gq�"Y�aw\($�� z;UV$it' [Xl' c7�"!W!9UV`&)V' '*$��oUVYW�($&ab'Z$o[ !�UV$ ��l&Ufi lyYW�(`7�e[ !�i*\e$ '�(4UV!9[� �\($S
\e)f!X�w[Xl&' \(it[X_\() c&l;v4!9UfiZ\() i l\(YW\"ij[X'*YXUf!9[XUfiZ!��(gM[Wl&' YW�(`7�e[ !��q[Xl&' !9'*$!9�"YW!� '�#7',ij[W�(Y !� c&l;v;!XUfiZ\e)M!9U �Z'. 'Z[Wi� �Qi*\e$�`7' �('*YXv
S4U�#7'*YX'*$o[�gqYW�(a '*\(i l �e[Wl&'ZY  [XlUV! c&YW���L',ij[m!L[W_S4UV'*!�[Wl&'wc&YW�(`&)V'Za �(gpit�"$!9[XYW_ij[WU+�"$ UV$/\($/\(Y9[WU327itUf\e)M[��@���S&U+ab'Z$ !9UV�($\()
�p�(YW)VS���#�) [Wl&�(_%(l l&UV%(l)+vQ\e`!9[XY \(it[X',SdgqYX�"aP[Wl&' YW'*\()��p�(YW)VS�� \(!�U+[�Uf! � ��S&U+ab'Z$ !9UV�($\()��, [Wl&' !XUVa _&)f\][W'*SQ'Z$��;UVYX�"$&ab'Z$o[
_!X'*Sdl&'*YX' l\"!Igq'*\e[X_&YW'*!p[Wl\][�\(YX' YW'Zc&YW'*!X'Z$o[W\e[XU$�('��egM[Xl&'mYW'*\()��@�"YX)fS�� !Il&'��XYX�"` �([W!���� iZ\()+)V'*S��! #"!$&%(')�I\(YX'm!XU+a _&)f\][X',S
UV$ [Wl&Uf! 'Z$��;UVYX�"$&ab'Z$o[ \e$S [Xl'ZUVY !9'*$!X�(Y ! \($S ',# '*it[X�(Y !w\eYW' !XU+abUV)V\(Yb[X� [Xl�"!X'Qgq�(_&$S UV$Cab\($;v it_YXYW'Z$o[wc&l;v4!9UfiZ\()
YW�(`7�e[W!�� !Il&'�%"�"\() �(g [Xl&Uf!pc&YX��L'*it[@Uf!�[W� iZ�($!9[XYW_ij[�\ !X�4itUV't[Lvb�egM\e_4[W�($&�"a �"_!�\(%('*$"[ !
[Wl\][I)VU��"'�UV$ [XlUV!I\eYX[XU�2 iZUV\()[��p�
S4UVab'Z$!XU+�"$\e) '*$��oUVYW�($&ab'Z$o[�\e$ S^\(YX'miZ\(c\e`)+' �egM`&_&UV)VS&U+$&% \(YX`U [WYW\(YXvw!9[XYW_ij[W_&YX',!IU+$d[Wl&'r!X\(ab'�'*$��oUVYW�($&ab'Z$o[ �

!Il&'I'Z$��;UVYX�"$&ab'Z$o[~iZ�($o[W\(U+$ !k�"$&)Vv it�")+�"YX',S S4Uf!Xi*!~�eg)2�(4'*S YW\"S4U+_ !��M#�%('*$o[W!{iZ\($ ab�
�"'p\(YX�"_&$SrUV$ [Xl&Uf!~'Z$��;UVYX�"$&ab'Z$o[
\e$ S !X'Z$!X'IS4UV!WiZ!~\(YX�"_&$Sm[Wl&'Za � !Il&'Zv iZ\e$ %(Y \e` \�S4Uf!Wi@)V�4iZ\e[X'*S it)V�"!X'�[W��[Xl&'*aJ\e$S iZ\(YXYWvmU [
\"! [Wl&'Zv a �
�"'��!IlUV!{S4Uf!Wi
iZ\($ \e)f!9�Q`7' S4YX�"c&c7'*S \][m[Wl&' \e%"'Z$o[+* !mit_YXYW'Z$o[m)+�4i*\][XUV�($��dx@�($!9[XYW_it[XUV�($/U+$ [Wl&UV!r'Z$��;U+YW�($&ab'*$"[mUV$��(�()$�(',!m\eYWYW\($&%(UV$&%
[Xl'*!X'^S4Uf!Xi*!m[W� gq�(YWa \y!Xc ',itU�2 ib[��p����S4U+ab'*$!9UV�($ \e)
c\e[9[W'ZYW$,� 0/'���UV)+)I\e)f!X� YX'Zgq'ZY [X� !X_i l c\e[9[W'ZYW$!m[W�y`7' `&_&UV)+[b\"!
'-%(.-/&0!%1/2.3"-'
�"Y�0546$+78 9/2.��6%1:;46$<'=�,�
#�$Q',(&\eabc&)V' UV!�!Xl&�
��$dU+$ 2%"_&YW' � � � �

!Il&Uf!bS4UV!W!X'ZYX[W\][WU+�"$�c&YW�(c7�"!X'*! \ !X'ZYWUV'*! �eg�`7'Zl \��oUV�(Y-��`\(!X'*S�\(YWi lU [W'*ij[W_&YW'*! ��U [Wl it�"$&$&',ij[XUV�($UV!9[ \(ij[WU+�"$ !X'Z)V'*it[XUV�($
ab'*i l\($&Uf!9a [Xl \][ '*$\e`)+',! ',\(i l�\e%"'Z$o[ [W�yc7'ZYXgq�(YWa [Wl&'Qit�($ !L[WYX_it[XUV�($ [ \(!-� � !Il&'dit�($$&'*it[XUV�($&Uf!L[b\(it[XUV�($ !X'Z)V'*it[XUV�($
'Z$ \e`&)V'*! [Xl&'d\e%"'Z$o[ [W�y)V'*\eYW$ [X�/',(4c&)V�(U+[ `7�e[Wl !Xc ',itUf\e)@gq'*\][W_&YW'*! �eg�[Xl'^'*$ �;UVYX�"$&ab'Z$o[ \($S�\e)f!X� l&�
��[X� )+',\eYW$ [Xl'
it�"$!9[XYW_ij[WU+�"$ !X'*no_&'Z$ it' U [ !9'*) g��	�&�"Y�UV$!9[W\($it'. �\e$ \e%('*$o[ i*\e$y)V'*\(YX$y[X��\(!W!X�;iZUV\e[X' S4UV!WiZ!��(g@�($' iZ�()V�(Y ��U [Wly[Wl&�"!X' �eg
\e$�e[Xl'ZY{it�")+�"YMU+g7[Xl&',!9'�S4U�#7'*YX'*$o[X)Vv it�")+�"YX',S S4Uf!Xi*!{\e)$�p\ v4!M\ec&c7'*\(YM[X�(%"'t[Wl&'ZY~UV$ [Wl&'I'Z$��;U+YW�($a '*$o[>�)'1?<�9%(:;�9@A0546.-.3"!@B�9%(:;49$<'
UV$ [Xl'�'*$ �;UVYX�"$&ab'Z$o[5�,�%!Il&'�\(%('*$"[IiZ\($ \e)f!9� )+',\eYW$w[X� \(!W!9�4iZUV\e[X'�gq�")+)V�
��UV$&% \r[XY \eUV) �(gkit�")+�"YX',SwS4UV!WiZ!@[W� YW'*\"i l \e$&�([Xl&'*Y
it�")+�"YX',S S4Uf!WiC�)%D"FEG?<49.3�6@80�49.-.3"!@B�6%1:;46$&'pUV$d[Xl&'m'*$ �;UVYX�"$&ab'Z$o[5�,�

Structure to be builtof bricks
Initial Position

�MU+%"_&YW' � � �IH *%(&\eabc&)V' iZ�($!9[XYW_ij[WU+�"$Qc\][X[X'ZYW$y\($S�S4Uf!L[WYXUV`&_4[WU+�"$ �eg
S4Uf!Xi*!��KJ�'ZYW' 7\e%"'Z$o[W!�\eYW' [X� `_&U+)fSQ[��p�"�I\e)V)V!�`;v
_!XU+$% [Wl&'L�ecU+)V'+�M�hiZ)+_ !L[W'ZY-�p�egMS&UV!WiZ!I[W� [Xl&'m)V'tg [��(gk[Wl&' �p\()+)f!��

�



!Il&'m\eY i l&U+[X',ij[X_YX'm\e)f!X� aw\�('*!p_!X'm�eg{\e$d'Z%"�4it'Z$o[WYXUfi�U+$o[X'*YX$ \e)�!Xc\][WUV\() YX'*c&YX',!9'*$o[W\][WU+�"$ �(gk[Wl&' �@�"YX)fSd\eYW�(_&$S [Xl'
\e%"'Z$o[��"!Il;_!m[Xl&' \(%('Z$o[mUf!r\e`&)V'b[X��$ \��oUV%"\e[X' [X��c\(Y9[ ! �egp[Xl&' 'Z$��;U+YW�($&ab'*$"[ [Wl\][ \(YX'b�(_&[r�egIU [ !mc&YW'*!X'Z$o[ !9'*$!X�(YWv
Y \e$&%"'� !Il&Uf! !Xc\e[XUf\e)�YW'ZcYX',!9'*$"[ \][WU+�"$ \()V!X�y!9[X�"YX',!r\�`&)V_&'ZcYXUV$o[ �eg�[Wl&'^!9[XYW_it[X_&YW'w[X� ` '^`&_&UV) [ � !Il&'d\(S��]\($"[ \e%"'w�eg
[XlUV!b\ecc&YX�o\(i l �q�
�"'ZY l\eY S ��UVYXUV$&% [Wl&'^\(%('*$"[ gq�(Y �($&'^c\eYX[XUfit_)V\(Y �;U+$ S��eg�!9[XYW_it[X_&YW' �rUV! [Xl\e[ `7'Zl \��oUV�(Y !r)V'*\(YX$'*S
��l&UV)+' `&_&UV)VS4UV$&%^�($&' �;UV$S��eg
!9[XYW_ij[W_&YW' iZ\($d`7' YW'Z_ !9',S [W� `&_&UV)fS��e[Wl&'ZY�!L[WYX_it[X_&YW'*!�`ov �L_!9[�i l\($&%(UV$&% [Xl' `&)V_&'ZcYXUV$o[
c&YW�
�;UVS4',S [X� [Xl'd\(%('Z$o[ � � �(YW'Z�
�('*Y� M[Wl&'d!Xc\e[XUf\e)pab\(c!b\eYW' %"YXUfS���`\(!X'*S \($S [Wlo_ ! [Wl&Uf! `)+_&'*c&YWU+$o[bUV!b!9[X�(YW'*S \(! \
�9`U+Y S * !�'Zv"',� �oUV'�� � �(gM[Wl&' !9[XYW_ij[W_&YW' [X� `7'r`&_&UV)+[�� !Il;_!� U [�UV!�',\(!Xv gq�"Y�\wl;_&aw\e$d[X�^S4'*!WitYWU+`7' [Xl' !L[WYX_ ij[X_YX'rUV$Q[Xl'
gq�(YWaFYX',n"_U+YW'*Sd`;vd[Xl&' \(%('*$"[ �hit�"abc\eYW'*S^[X� [Xl&' iZ\(!X' ��l&'*YX' \wc&YW�;iZ'*S4_YW\() S4'*!WitYWUVc4[XUV�($��(g~`_&U+)fS4UV$&% [Wl&' !9[XYW_it[X_&YW'
l\"!p[X�wc&YW�
�;UVS4',S&� �

!Il&'dS4UV!W!X'ZYX[W\][WU+�"$ \e)f!X�yS4'*!WitYWUV` ',! \()+%"�(YWU [Wl&aw!r[Wl\][ �(c7'ZY \][X'dS4UVYX',ij[X)Vv �($�[Xl&'dU+$o[W'ZYW$\e)I!9c \][XUf\e)pYW'Zc&YW'*!X'Z$o[W\e[XUV�($
[X�dc&)f\e$y[Xl&'w!X'*no_&'Z$ it' U+$ ��l&UVi l c\eYX[W!��(g
[Xl&'w!9[XYW_ij[W_&YW' \eYW' [X�d` 'b`&_&UV)+[�� !Il&Uf!�UV!�UVabc �"Y9[ \e$o[�gq�"Y ' � itUV'Z$iZv !9UV$iZ'
it'*Y9[ \eUV$��(Y S4'*YW! �eg�`_&U+)fS4UV$&% [Xl&'�!9[XYW_ij[W_&YX'diZ\($ `&)V�4i�� S&U+YW'*it[ c\e[Xl! [W� YW'Zaw\eUV$&UV$&%yc \eYX[W! �eg�[Wl&'Q!L[WYX_it[X_&YW'� !Il'
\e)V%(�"YXU+[Xlab! \e)V)@_!X'^!Xc&YW'*\"S4U+$% \(ij[WU��]\e[XUV�($! �($ [Wl&' %"YXUfS���`\(!X'*S/YW'Zc&YW'*!X'Z$o[W\e[XUV�($ \e$ S [Xl&'*YX'Zgq�(YW' \e)V)p�(c7'ZY \][XUV�($ !r\eYW'
)V�;i*\e) it�"abc&_4[W\e[XUV�($!p�"$ [Xl'�UV$S4U$�;UVS&_\e) %"YXUfS iZ'Z)V)V!��%!Ilo_ !�[Wl&'*!X'm\e)V%(�"YXU+[Xl&aw!piZ\($ `7'�c \eY \e)V)+'*)+U �Z',Sbgq�(YI%(YW'*\e[X'*Yp!Xc '*'*S��

����� ���
	������	�� ��������	����������	��� 

x@l\(c4[X'*Y � S4'*!WitYWUV` ',!�[Wl&'w!9UVa _)V\e[XUV�($ '*$ �;UVYX�"$&ab'Z$o[�� !IlUV!�UV$it)V_S4',!�[Xl&'b!9'*$!X�(YWvQ\($S ab�([X�(Y iZ\(c\e`U+)VU [WU+',!��eg�',\(i l
\e%"'Z$o[�\($S�\e)f!9� [Xl&' \(ij[WU+�"$!�[Wl\][ \eYW'mYX',no_&U+YW'*Sd[W� c7'ZYXgq�(YWa}iZ�($!9[XYW_it[XUV�($���x@l\(c4[X'*Y + S&'*!WitYWU+`7'*!�[Xl&' \eY i l&U [W'*it[X_&YW'
�eg�[Wl&'^\(%('*$"[ S4'*!XU+%"$&'*S/gq�"Y \y!9UV$&%()V' \(%('Z$o[ !Wit'*$\eYWUV� � #�$ ',(&\eabc&)V' UV)+)V_!9[XY \][WU+$&% [Xl&'^_!9'^�egI[XlUV!b\eY i l&U+[X',ij[X_YX'b[W�
c7'ZYXgq�(YWaBiZ�($!9[XYW_ij[WU+�"$wUV!p!Xl&�
��$��
x@l\ec4[W'ZY ! 2 \($S��rS&'*!WitYWU+`7'�l&�
� [Xl'�it�"$&$&',ij[XUV�($UV!9[@\(it[XUV�($ !X'Z)V'*it[XUV�($ ab'*i l \e$&Uf!9a
iZ\($ ` ' _!9',S gq�(Y )+',\eYW$&U+$% �yx@l\ec&[X'ZY 2 S4'Z[W\eUV)f!m[Xl' i l\e$%('*!rYX',n"_U+YW'*S [X� [W\��"' \(S�� \($o[W\e%"'w�eg�YW'Z%(_)V\(YXU+[XUV'*! UV$ [Xl'
'Z$��;UVYX�"$&ab'Z$o[m_!9UV$&%Q�($)+v YX',\(ij[WU��"'b` '*l\��;U+�"YW!�� x@l\ec4[W'ZY��QS4',!XiZYXUV`7'*!m\e$ UVabU [ \][XUV�($ )V'*\(YX$&UV$&%dc&YW�;iZ'*S4_YX' [Xl \][ iZ\($
)V'*\eYW$Q!9',n"_'Z$iZ'*!I�egM$\��;U+%o\][WU+�"$\e) c&)f\e$&$U+$&%b`7'Zl\��;UV�(Y !��

x@l\(c4[X'*Y "^!L[ \eYX[W!�[Wl&' [XY \e$!XU [WU+�"$ UV$"[W�^\ a _&)+[XU���\(%('*$"[�'Z$��;U+YW�($a '*$o[�� ��$y[Xl&Uf! i l\ec&[X'ZY  [Xl&'b!9UV$&%")+' \e%('*$o[�\eY i l&U��
[X',ij[W_&YX'bUf! _!X'*S [X�Q)V'*\eYW$ \QS4',\(S4)V�4i���'*!WiZ\(c 'bab'*i l\($&Uf!9a [Wl\][r\(YXUf!9',!��(_4[m�egpU+$o[W'ZY \(ij[WU+�"$!�` 'Z[��@'*'Z$ \e%"'Z$o[W!�� !Il'
$&'�(o[p[��p� i l\(c4[X'*YW!pS4',!XiZYXUV` '�ab�;S&U32 i*\][WU+�"$!@[X� [Xl&' \eY i l&U+[X'*it[X_&YW'�!X� [Xl\e[@[Wl&'mit�($ !L[WYX_it[XUV�($w[ \(!-�wiZ\e$^` ' c7'ZYXgq�(YWab'*S
' � iZU+'*$"[W)+v `;v \ %(YW�(_c �(g \(%('Z$o[ !��{x@l\ec4[W'ZY %�UV$o[XYW�4S4_it',!{S4Uf!XiIc&)f\(iZ'Zab'Z$o[�!9[XY \][W'Z%(UV'*!M[Wl\][
_ !9'�Y \e$S&�(abU��,\][WU+�"$ ��l&UV)V'
i l\(c4[X'*Y 4 S4'*!WitYWUV` ',! \ ab�(YW'diZ�(abc&)V',(�c&)f\e$$&U+$%/\()+%"�(YWU [Wl&a [X� S4't[W'ZYWa UV$&'^[Xl&'Q�"YWS4'*Y UV$ ��l&UVi l S4Uf!Xi*! \(YX' [X� `7'
c&)f\(iZ'*Sd\(!Ic\(Y9[��egM[Xl'r!L[WYX_it[X_&YW' ` '*U+$%w`&_&UV) [ �

!Il&' \()+%"�(YWU [Wl&aw!�S4'*!WitYWUV` ',SQU+$Q[Wl&'*!X' i l\(c4[X'*YW!�\"!X!X_&ab'm[Wl\][�[Wl&' !Xc\][WUV\() aw\ec !�c&YW�
�oUfS4'r\($ \(iZiZ_&Y \][X'mYW'ZcYX',!9'*$��
[W\e[XUV�($��(gM[Wl&' )V�4iZ\e[XUV�($!��(g~[Xl&' S4UV!WiZ!�\eYW�(_&$ S [Wl&' \(%('*$"[�\($Sd[Xl' !Xl\ec7'r�eg~[Wl&' !9[XYW_ij[W_&YX' ` '*U+$&% `&_&UV) [ ��x@l\ec&[X'ZY �
S4',!XiZYXUV` ',!~[Xl'�_!X'��eg�it�"a a _&$&UfiZ\e[XUV�($ [X�rYW'*S4_ it'I[Xl'�'ZYWYX�"Y~U+$ !Xc\][WUV\()&aw\ec!{[Xl\e[@\eYW'IU+$o[XYW�4S4_iZ'*Sb`;v Y \e$S&�(a '*YXYW�(Y !
UV$^[Wl&'r\e%"'Z$o[+* !I!9'*$!X�(Y !p\($Sdab�e[X�"YW!��

*�\"i l i l \ec4[W'ZYw%(U$�(',!w!9UVa _)V\e[XUV�($ YX',!9_&)+[W! U+)V)+_ !L[WYW\e[XUV$&% [Xl&'�c7'ZYXgq�(YWaw\e$iZ'Q�eg�[Xl&' cYX',!9'*$"[W'*S [X',i l&$&Ufno_&'*!w\($SC\
S4Uf!XiZ_!W!9UV�($b�eg [Wl&'*!X'�YW'*!X_&) [ !��%*@\(i lwi l\ec&[X'ZY�'Z$S&! ��U [WlwYX'Zgq'ZYW'Z$iZ'*!~[W�rYW'Z)f\][X',S �@�"Y-� \e$SwiZ�(abc\eYWUf!9�"$ �(g [Xl&',!9''�p�(Y �4!
��U+[Xld[Xl&'r!Xv4!L[W'ZaHcYX',!9'*$"[W'*S^l&'ZYW'�

�



� �������	��
 �

� ��� � �
��� � � ����� ��� � 	 � � 	�� 	 � � � ��� � 	

!Il&' \(%('*$"[ !r\e$ Sy[Wl&' S4Uf!WiZ!r'�(4UV!9[ UV$�\�!9UVa _&)f\][W'*S � ��S4UVab'Z$!XUV�($\()
it�($o[WU+$;_&�"_! �p�(YW)VS� M!9UVabU+)f\eY [X�Q[Wl\][ UV$o[XYW�4S4_it',S
UV$�
 x@Y \e`&`7' �(�(�"�� x@YW\(`&` '�\($Sbs�v"'ZY  �e�"� ��� ��!Il&'�S4Uf!WiZ!{YW'Zc&YW'*!X'Z$o[~�(`��L',ij[ !M[Xl\e[{\(YX'IYW'Z)V'��]\e$o[~[X�m\($ \(%('Z$o[ � �Lgq�;�4S<�  
���I\][W'ZY5�� �\($S �9`&YWUVi��4!���� !Il&' S4U�# 'ZYW'Z$o[ �;U+$S!m�eg�S4Uf!Xi*!r\eYW' S&UV!9[XUV$&%(_UV!Xl&'*S `;v�[Wl&'ZUVY iZ�()V�(Y H %"YX'*'Z$ S4Uf!Xi*!r\eYW' gq�o�4S� 
`&)V_&'bS4UV!WiZ!�\eYW' �I\][W'ZY \e$S YX',SyS4Uf!Xi*!�\(YX' `&YWUVi��4!���#�)+)M[Xl' S4Uf!WiZ!�l\��(' [Xl&'b!X\(ab' Y \(S4UV_! � � _&$&U+[5� � *@\(i l !XU+a _&)f\][X',S
\e%"'Z$o[�UV!�\()V!X�w!9UVa _)V\e[X'*Sd\(!�\ `&)f\(i��^S4UV!Wi ��U [WlQ[Xl&'r!W\eab' Y \(S4UV_!I\(!p[Wl\][��(gk[Wl&'��9c\"!X!XU$�('+� S4Uf!Xi*!��

#�%"'Z$o[W!{\(YX'p'*no_&UVc&c7'*S ��U+[XlwS4Uf!L[ \e$iZ'�!9'*$!9�"YW! [Xl \][
'Z$ \e`&)V'�U [~[W�r!9'*$!9'I�([Xl&'*Y
S4UV!WiZ!�� !Il&'ZYW'�\eYW'p!X'Zc\(YW\e[X'IS4Uf!L[ \e$iZ'
!X'Z$!X�(Y !�gq�"Y '*\(i l it�()V�(Y �qUV$/a _&)+[XU���\(%('*$"[ 'Z$��;UVYX�"$&ab'Z$o[W!� \e%('*$o[W!�\e)f!9�dl\��(' !9'*$!X�(Y !�[Wl\][riZ\($ !X'Z$!X' `&)V\"i���S4UV!WiZ!�[W�
UfS4'Z$o[XU+gqv �e[Xl'ZY@\(%('*$"[ !��,��!Il'�!9'*$!X�(Y !{\eYW'�S4UV!9[XYWUV`&_4[X',Sw\e)V) \(YX�"_&$S [Xl&'�\e%('*$o[K� + " ��� 2'Z)fSb�eg��;UV!XUV�($ �~\($Sb'*\"i lb!X'Z$ !9�"Y
Uf!
!9'*$!XU [WU��"'@[W� U [ !{c\eYX[XUfit_)V\(Y
!9',ij[X�"Y���!Il&'�!X'Z$!X�(Y !Ml\��('�\�)+UVabU [W'*Sb!X'Z$!XU+$%�Y \e$%(' e[Xl\e[�it�
�('*YW!k�($)+v \�!Xaw\e)V)&c7�(YX[XUV�($
�egM[Xl'm'Z$��;U+YW�($&ab'*$"[�\eYW�(_$S [Wl&'Za � !Il'�aw\�(;UVa _aPY \e$&%"'��(g~\b!X'Z$!X�(Y�iZ\($Q` 'rS4U�# 'ZYW'Z$o[�gq�(Y�S4U�# 'ZYW'Z$o[�it�")+�"YW!���!Il'
\(it[XU$�]\][XUV�($ �(g�'*\(i l�!X'Z$ !9�"YrUV! UV$ �"'ZY !9'*)+v c&YW�(c7�(YX[XUV�($\()~[X� [Wl&'^S&UV!9[W\($it' �(gI[Xl&'^$&'*\(YX',!L[ S&UV!WiwUV$�U [ ! 2'*)VS��eg'�;UV!XUV�($
�hS&UV!WiZ!�[Xl \][m\eYW'rgh\eYX[Xl'ZY�gqYX�"a}[Xl&' $&'*\(YX',!L[ S4Uf!Xi \eYW' �4iZiZ)+_ S4'*S&�,���&�"Y�UV$!9[W\e$ it' )V't[��>`7' [Xl&'b!9'Z[��(g�%(YW'Z'*$y!X'Z$!X�(Y !
\e$ S����
`7'r[Wl&' \"ij[WU��]\][WU+�"$��eg
%"YX'*'Z$�!9'*$!X�(Y������ � ��g�� UV!�[Xl' aw\
(4UVa _&a}!9'*$!X�(Y�Y \e$%(' gq�(Y�%(YW'Z'*$ !9'*$!9�"YW!�\e$S��
[Xl'rS4UV!9[W\($it'�gqYW�(a>[Wl&'r\e%"'Z$o[p[X�b[Xl' iZ'Z$o[X'*Y��egM[Xl&' $&',\eYW'*!9[�%(YW'Z'Z$dS4Uf!Xi c&YW'*!X'Z$o[�UV$ [Wl&'r!9',ij[W�(Yp[X� ��l&Ufi lQ!9'*$!9�"Y��
UV!
\e)VUV%($&',S� ;[Xl&'*$

� � � ��! �� � � � � �
!Il;_!� "��� �]\(YXUV'*!�gqYX�"a � �q$&� %(YW'Z'*$^S4Uf!Xi�c&YW'*!X'Z$o[IU+$^[Xl&' !X'*ij[W�(Y ��U+[Xl&UV$d!X'Z$ !9�"Y@Y \e$&%"' �{[X� � �
z;'*$!9�"Yp\"ij[WU��]\][WU+�"$!I\eYW'
UV)+)V_!9[XY \][X',S�UV$ 2%(_YX' � � � �&*�\"i l \e%"'Z$o[�\e)f!X�wl\(!�\ it�"abc\(!W!�\($SQ[XlUV!�UV!�_!X'*SQ[W� \e)VUV%($y\()+)M!9'*$!9�"Y�YW'*\"S4U+$%"!�UV$ �($'
%()V�(` \e) S4UVYX',ij[XUV�($��

*
YWYW�(Y ! \(YX'Q\e$CUV$&'*!WiZ\(c\e`&)V'dc\eYX[ �eg�YX',\e)�� �p�(YW)VS !9'*$!X�(Y ! \($S a �([X�"YW!�� # \e$S&�(a '*YXYW�(Y ! \eYW'Q\"S&S4',S UV$o[X� [Xl'
\(it[XU$�]\][XUV�($ )+'��('*)V!��eg
[Wl&'w!9'*$!X�(Y !'��l&Ufi l \(YX' _!9',Sy`;vQYW'*\(it[XU$�(' ` '*l\��;U+�"YW!�� !Il&' Y \e$ S4�(a '*YXYW�(Y�UV!�c&YW�(c7�(YX[XUV�($\()�[W�
[Xl'�S4Uf!L[ \e$iZ'��eg [Xl&'��(`��L',ij[
`7'ZUV$&% !X'Z$!X'*S�� !Il;_!� o\"!~[Xl&'��(`��L',ij[
`7'ZUV$&% !X'Z$!X'*S %('Z[W!
iZ)+�o!9'*Y{[X� [Wl&'�\(%('Z$o[  (U+[�UV!�!9'*$!9',S
ab�(YW' \(i*it_&Y \][W'Z)Vv�Q#�$&�([Xl&'*Y !9�"_&Y it'w�eg�!X'Z$!X�(Ym'*YXYW�(YmUf!m[Wl&' _!X' �(gI�"$&)Vv/\�S4Uf!WitYW't[X'w$;_&a ` '*Y �(g�S&UV!9[W\($it' !X'Z$ !9�"YW!��
#�S4Uf!L[ \e$iZ' !X'Z$!X�(Y iZ\($&$&�([�S4Uf!L[WU+$%(_&Uf!9l [Xl' c&YW'*!X'Z$ it' �eg�ab�(YW' [Xl\($y�($' S4Uf!Wi ��U+[Xl&UV$/U [ ! 2'Z)fS �(g �;UV!XU+�"$ \($Sy\()V!X�
iZ\($&$&�([ S4't[W'ZYWa UV$&'b[Wl&' \e$&%")+'b�(gI\�S4Uf!Wi ��U [Wl&U+$/[Wl&UV! !9',ij[W�(Y � # '*\()3� �@�"YX)fSy!X'Z$ !9�"YW! \e)f!X�d'�(4l&U+`U [ !Xv4!L[W'Zaw\][WUVi '*YXYW�(Y !�qU � ' &$&�([�YW\($S4�"aC� 
 /p�(YW'Z$!9[X'*U+$ "F%>�6@$#$ � � ��" � � J��
�p'��('*Y� ;!X_i lQ'ZYWYX�"YW!p\eYW' $&�e[�ab�4S4'Z)V'*SdUV$^[Wl&Uf!�S4Uf!X!X'ZYX[W\e[XUV�($��
# '*c ',\][X',S4)Vv�UV$it�"YXc7�(Y \][WU+$&%�!X'Z$!X�(Y�S\][W\�iZ�($o[W\(U+$U+$&%I'*YXYW�(Y !7U+$o[X�I[Wl&'
UV$o[X'ZYW$\()(!9c \][XUf\e)(ab\(c YX',!9_&)+[W!�U+$mUV$\(i*it_&Y \(iZU+',!

\(i*it_&a _&)f\][XUV$&% UV$C[Xl&' aw\ec��Jx@�($ !L[WYX_it[XUV�($?YW'*no_&UVYX',!wS4YW�(c&c&UV$&%�`YXUfi��4! \][ c&YW',��S4'�2$&'*SC)V�4iZ\e[XUV�($! \($SCl&'*$it'y\($
\(i*it_&Y \][W'maw\ec Uf!�$'*it',!X!W\eYWv [W� c&YW�
�;UVS4' $\��;U+%o\][XUV�($Q%"�"\e) )+�4iZ\e[XUV�($!�� ���"YX'*�
�('*Y� ;[Wl&' iZ�($!9[XYW_it[XUV�($Q'Z$��;U+YW�($a '*$o[�UV!
UV$&l&'ZYW'Z$o[W)+vQS4v;$\eabUfir\e$ S^$�e[�\()+)M!9'*$!9�"Y�� �p�(YW)VS a Uf!Xab\e[Wi l&',!�\(YX'ri*\e_!X'*Sd`;vd!X'Z$ !9�"Y�'ZYWYX�"YW!��+!Il'ZYW'tgq�(YW'r!X'Z$!X�(Y�\($S
�4S4�(ab'Z[XYWv S&\e[W\ [Wl\][pUV!@UV$it�"YXc7�(Y \][W'*S U+$o[W�r[Xl'�!Xc\][WUV\()aw\ec!�UV!p\(!W!X_&ab'*S [X� ` '�gqYX'*'��eg�'*YXYW�(Y �~x@l \ec4[W'ZY � S4'*!WitYWUV` ',!%m\e)Vaw\e$ 2)+[X'*YXUV$&%^a 'Z[Xl&�4S&! \($S it�"aba _&$&UfiZ\e[XUV�($ `7't[��p'Z'*$y\e%"'Z$o[W!�[Xl \][�YW'*S&_it' [Xl&' U+abc\"ij[��eg�Y \e$S&�(aF'ZYWYX�"YW!��"$
[Xl'mU+$o[X'*YX$ \e)�!Xc\][WUV\() ab\(c!��

!Il&'	�Xab�e[X�"YW!��b�($ [Xl&' \e%('*$o[�'Z$\(`&)V'rU [�[X� a �
�"'mgq�(Y �I\eY Sd\($SQ[W_&YX$� [Wl&YX�"_&%(l�ab�([X�(Y�it�"a aw\($S&!�[Xl\e[�it�"$!XUV!9[
�eg~[Wl&' !Xc '*'*S�\($Sd[Xl&' \e$&%")+'m�(g�\ [X_&YW$��'!Il&' aw\
(4U+a _&a}!9c7'Z',SQ�eg
\e$ \(%('Z$o[�Uf! � _&$&U+[�c7'ZY�[WU+ab'���!9[X'*c��'!Il&' \(%('Z$o[ !
\e)f!X�ml\��('�UV$&'*Y9[WUV\r\($S [XlUV!@U+abc&)VUV'*!{[Wl\][@[Xl&'�ab�e[X�"YW!�iZ\e$$&�e[�YW'*\"ij[�UV$!9[W\($"[ \e$&'*�(_!X)Vvr[X� [Xl&'�a �([X�"Y@it�"abab\($S&!
[Xl\e[
\eYW'�%"'Z$&'*YW\e[X',Sw`;v [Wl&' \eY i l&U [W'*it[X_&YW' �q[Xl&' \e%"'Z$o[pi*\e$&$&�([I!Xc7'Z'*S _&c� 4!X)+�
� S4�
��$� o�"Y�[W_&YW$ `;vw\eYW`&U [WYW\(YXvb\eab�"_&$o[W!@U+$d\
!XU+$&%")+'I[WU+ab'���!9[X'*c � �%!Il&'�S&UV!9[W\($it'�ab�
�"'*S `;vr[Xl'�\e%"'Z$o[
U+$w',\(i l [XUVab',��!L[W'ZcwUf!
�"`4[W\(U+$&',S gqYX�"aJ[Wl&' ����l'Z'Z)'Z$iZ�;S&'ZY !3� �

+



Sensor Range

Agent

Water discs

Sensors

R

R

G

B
B

�MU+%"_&YW' � � �IH z;'*$!X�(YI\(ij[WU��]\e[XUV�($!p\eYW�(_&$ S \e$d\e%('*$o[ � [Wl&YW�(_&%"l&�(_4[  4\	�9c \(i ��aw\e$&� !L[Lv;)V'�Ufit�"$���UV)+) `7'�_!X'*S [X� U+$ S4UVi*\][W'
\e$^\e%('*$o[5� H s�UV!WiZ!piZ\($ l\��"'��($'��eg [Xl&YW'Z'�it�()V�(Y ! H YW'*S	� # �  4`&)V_&' � />�  ;�"Y@%"YX'*'Z$	��� �,��!Il;_!
[Wl&'ZYW'�\(YX'�[Xl&YW'Z'�S4Uf!L[ \e$iZ'
!X'Z$!X�(Y !p�(YWU+'*$"[W'*S [X�
�I\eY S ',\(i ld�egM[Xl&' � � !X'*it[X�"YW!��%!Il&'m` ��(4',!�\eYW�(_&$S [Xl&'r\(%('*$"[�UV$S4UfiZ\e[X' [Xl'r\(ij[WU��]\e[XUV�($!I�(gM',\(i l
�eg~[Wl&'*!X' !X'Z$!X�(Y ! �h\"2)V)+',SQ` ��(QU+$ S4UVi*\][W'*!�\ $&�($�� �Z'*YX� \"ij[WU��]\][WU+�"$ � �'!Il' !9'*$!X�(Y !�\eYW'r!9'*$!XU [WU��"'r�($&)Vv^[X�w[Wl&' $&',\eYW'*!9[
S4Uf!Xi UV$Q[Xl'ZUVY�!X'*ij[W�(YL�q[Xl;_!�[Wl&�(_%(lQ[Xl'ZYW'mUV!�\bYX',Sd\($SQ\b%(YW'Z'*$QS&UV!WimUV$d�"$&'r�(gk[Wl&' !X'*ij[W�(Y !� �($&)Vv [Wl&'r%(YW'Z'*$d!X'Z$ !9�"Y
Uf!�\(ij[WU��]\e[X'*S � �

2



Structure being built

Sensor range for agent in the middle

Agents

Bricks

�MU+%"_&YW' � � �<H *�$��oUVYW�($&ab'Z$o[���U [Wl [��p� \(%('*$"[ ! H !Il&'m!X'Z$!X�(YpYW\($&%('�Uf!@$�e[�)+�"$&% 'Z$&�"_&%(l gq�(Yp[Xl&'m\(%('Z$o[�\][p[Xl&' YWU+%"lo[@[W�
!X'Z$!X'�[Xl&' [��p�w!9�"_&YWiZ'*!p�eg~`&YWUVi��4!���!Il'r\e%('*$o[�\e[I[Xl&'m)V'tg [�Uf!�it)V�"!X' 'Z$&�"_&%(l^[X�w\ `&YWUVi�� [X�wc&Ufi�� U+[�_&c��

!Il&Uf!rYW'*\"S4U+$%�UV! iZ\e)V)V'*S �4S4�(ab'Z[XYWv UV$4gq�(YWaw\][WU+�"$ \($S Uf!r_!X'*S/[W�yaw\eUV$o[W\eUV$/[Xl&'d!9c \][XUf\e)@aw\ec! � i l\ec&[X'ZY + �,�&��g�\($
\e%"'Z$o[m\][9[W'Zabc4[ ! [X�Qab�
�(' U+$o[W�Q\d)V�4iZ\][WU+�"$ [Wl\][rUf! �4iZit_c&U+',Sy`;vy\($&�e[Wl&'ZYm\(%('Z$o[ �(YmS4Uf!Xi  U+[ ��U+)V)
$&�([m!X_i*it'Z',S �hU � ' 
[Xl'b\(%('*$"[ ��U+)V){YW'Zaw\eUV$yUV$ U+[W!�',\eYW)+UV'ZY�c �o!9U+[XUV�($A� ����$ [XlUV! iZ\"!9' [Xl' ab�([X�(Y !�\eYW' UV$iZ\(c\e`&)V' �eg�gq�")+)V�
��UV$&% [Wl&'ba �([X�"Y
it�"abab\($S&!�\($S [Wl&'m�4S4�(ab'Z[XYWv U+$&gq�(YWab\e[XUV�($dU+$ S4UVi*\][W'*!I[Wl\][�$&�wab�
�('*ab'Z$o[��I\(!Iaw\"S4'�

#�$Q\e%"'Z$o[Il\(!�\ �9%"YXUVc&c7'ZY5� ��U+[Xl ��l&Ufi l^U+[�iZ\($^i*\e$dc&UVi�� _&cd\ `&YWUfi�� � gq�;�4S^\($S �p\e[X'ZY�S4Uf!WiZ!�iZ\($^$�e[�` 'mcUVi��"'*S
_&c �p)V�4iZ\e[X'*Sd$&',\eY�U+[W!�iZ_&YXYW'Z$o[�c7�"!XU [WU+�"$Q\($SdiZ\eYWYWvb[Xl&'m`&YWUfi�� \(!IU+[�ab�
�('*!��
z;UV$it' [Wl&UV!'�@�"Y-� S4�;',!�$&�e[�gq�4iZ_!I�($d[Xl'
)V�
� ��)V'��"'Z)�S4'Z[W\(U+)f!r�(gI%"YXUVc&c7'ZY c �o!9U+[XUV�($&UV$&%) MU+[ Uf! \"!X!X_&ab'*S/[Wl\][ \�%(YWU+cc '*Y iZ\($ %(Y \(!Xc \e$;v `YXUfi�� [Wl\][ UV! ��U [Wl&U+$ \
c&YW',��!9c7'*iZU32 '*S Y \e$%('�gqYX�"a�[Xl&'m\e%"'Z$o[�\(!I\ !XUV$&%()V'm\(ij[WU+�"$ �hU � ' 4U+[�UV!I$&�([�$&'*iZ'*!W!X\(YXv gq�(Yp[Wl&'m\e%('*$o[@[W� [W_&YW$^\e$ S gh\"it' \
`&YWUVi��Q`7'tgq�"YX' \][9[W'Zabc4[WU+$&% [X�d%(Y \e`�U+[5�,� !Il&'b\e%"'Z$o[�\($S�[Wl&' `&YWUfi��^[Wl\][�U [ Uf!�i*\eYWYXv;UV$&% �4iZiZ_&c;v^[Wl&' !W\eab' c �o!9U+[XUV�($��
#�$Q\e%"'Z$o[pi*\e$diZ\eYWYWv �"$&)+vw�"$&'�`&YXUfi�� \][�\ [XUVa '.��xp\eYWYXv;UV$&% \ `&YWUVi��wS4�;'*!p$&�([I\�#7',ij[I[Xl'�!X'Z$!X�(YWvwiZ\(c\e`&UV)VU [WU+',!��(g [Xl'
\e%"'Z$o[� "`&_4[p`&YXUfi��4!~` '*U+$% iZ\(YXYWUV'*S `ov �e[Wl&'ZY@\e%('*$o[W!
\(YX'�$&� )+�"$&%('*Y �;UV!XU+`)+'.��!Il&'�\e%('*$o[�iZ\e$ \()V!X�rS4YW�(c [Xl'�`&YWUVi�� \][�U+[W!
it_YXYW'Z$o[�)V�;i*\][WU+�"$�� � $&'maw\ v^UVaw\e%(UV$&' [Wl\][�\eg [X'*Y�%(Y \e``&U+$% \b`&YXUfi��  &[Wl&' \e%"'Z$o[�!X)+UfS4'*!�[Xl&' `&YXUfi��d_&$S4'*Y�U+[W! �X` '*)+)Vv2��qaw\�oUV$&%^[Xl&'b`&YWUfi���U+$��;UV!XUV`&)+' [W�^�([Xl&'*Y \(%('*$"[ !���\e$ S [Wl&'ZYW'tgq�"YX' ��l&'Z$y[Xl&' \(%('*$"[ S4YW�(c!�[Xl' `YXUfi��  U [m�4iZiZ_&c&UV'*!�[Xl'
!W\eab'mc �o!9U+[XUV�($�\"!I[Xl\e[��eg~[Wl&' \e%"'Z$o[��p#�g [W'ZY�\b`YXUfi�� Uf!�%(Y \e`` ',S� 4[Xl'r%(YWU+cc '*YW!�iZ�($o[XUV$;_&' [X� %"YXUVcQU [�_&$o[XUV)�[Xl' S4YW�(c
ab�e[W�(Y�\(it[XU$�]\][XUV�($dUf!I%('Z$'ZY \][X',S��

x@�($ !L[WYX_it[XUV�($?UV$?[XlUV! �p�(YW)VSCUV$��(�()$�(',!wab�
�;U+$&%�[X�
�I\eY S?\ `&YWUVi��  �X%(Y \e`&`&UV$&%#�y[Wl&'/`&YXUfi�� ��l&'Z$?[Wl&' \e%('*$o[ UV!
!X_ � itUV'Z$o[X)Vv^iZ)+�o!9'. &ab�
�oUV$&% [X�w�"$&'m�egM[Xl' S4'*!XUV%($\e[X'*Sdit�"$�2%"_&YW\e[XUV�($d)+�4i*\][XUV�($ !�\e$S^[Xl'Z$ �XS&YX�"c&c&UV$&% � [Xl&' `&YXUfi�� \e[
[Xl \][�)V�;i*\][WU+�"$��{#�$Q',(&\eabc&)V' UV!�!9l&�
��$dUV$ 2 %(_&YW' � � � �

!Il&' �9l&',\e)+[Xl&�^�eg@[Xl&' \(%('*$"[ Uf!�YW'ZcYX',!9'*$"[W'*Sy`ovyU+$o[X'*YX$ \e)Mgq�;�;S/\e$ S �I\][W'ZY )+'��('*)V!�� !Il&',!9' )V'��('*)V! S4',itYW'*\"!9' `;v \
it�"$!9[W\e$o[�\(a �"_&$o[�U+$�'��('*YXv [XUVa '���!9[X'*c �hS4�;',!�$&�e[�S4'Zc7'Z$S �($d[Xl&' \e%('*$o[�iZ\eYWYWvoUV$&%w\wS4Uf!Xi � � !Il&'mY \][W'r\][&��l&Ufi lQ[Xl'
UV$"[W'ZYW$\e)~gq�;�4S/\e$S �I\][X'*Y )+'��('Z)f!mS4',itYW'*\(!X'M�qc7'ZYm[WU+ab',��!9[X'ZcA��UV!mS4'*$&�e[W'*S/`;v����w\e$ S���� YW'*!Xc ',ij[WU��"'Z)Vv���	49%(:
	6�6%1:;46$&'
\eYW'�U+$o[X'*YX$ \e) !9'*$!X�(Y !
[Wl\][Iab�($&U+[X�"Y@[Wl&'*!X' )+'��('*)V!I\e$ S it�"$!XUV!9[p�(g��2/2$# #"F.p\e$S %
�2: .5'5% � ! �p�r[XlYX',!9l&�")VS! ����� \e$S���� �
it�"$o[XYW�() [Wl&' \"ij[XU$�]\][WU+�"$��eg{[Xl'*!X'm[��@� a �([XU$�]\][XUV�($ !�� 0?l&'*$�[Xl' UV$"[W'ZYW$\e) gq�;�;S )+'��('Z) gh\e)V)V!�` '*)+�
� [Wl&YX',!9l�()fS����  [Xl'
l;_&$&%"'ZYIab�e[XU$�]\][WU+�"$ Uf!p\"ij[WU��]\][W'*S � [Wl&'m\e%('*$o[@`7'*it�"ab'*! �9l;_&$&%"YXv2�#� � ! � U+$ itYW'*\(!X'�[Wl&' U+$o[W'ZYW$\e)7gq�;�4S )V'��"'Z)  "[Wl&'m\e%"'Z$o[
a _ !L[ �X'*\e[�� `;v [W�(_i l&UV$&% \ gq�;�4S��q%"YX'*'Z$ �IS4Uf!Wi�� !Il&UV!�UV!�\b%('Z$'ZY \e)VU��,\][XUV�($d�eg~[Wl&'m[W\"!��4!p[Wl\][�\ c&l;v;!XUfiZ\e) '*$o[XU+[Lv ��UV)+)
l\��"'I[X� c7'ZYXgq�(YWa [X� '*$!X_&YX'�it�($o[WU+$;_&�"_!{�(c7'ZY \][WU+�"$�� �&�(Y@U+$ !L[ \e$iZ' oa �"`&UV)+'�YX�"` �([W!
l \��('I[X� ` '�i l\eYW%(',S c '*YXUV�4S4UVi*\e)V)+v
\e$ S [Wl&'Zv^�eg [X'*$Ql\��('�[X�bab�
�('�[X� \ 2�(4',Sdi l \eYW%(UV$&% !9[W\e[XUV�($d[X�wS4�w!X� �

!Il&'mY \][W' \e['��l&Ufi l^[Wl&'mUV$"[W'ZYW$\e) gq�;�4SQ\e$S �I\][W'ZY�)V'��('*)�UV$itYW'*\"!9',! �hc '*Y�[XUVab',��!L[W'Zc � ��l&U+)V'm'*\e[XUV$&%bUV!�S4'Z$&�([X',S^`;v
� � \($S�� � YW'*!Xc7'*ij[WU��"'Z)Vv� #�!mU+$/[Wl&' iZ\"!9'b�egI%(Y \(!Xc&UV$&%  �[Xl&' \(%('Z$o[rS4�;'*! $�e[rl\��"' [W�Qgh\(iZ' [Wl&'wgq�;�4S � �I\][X'*Y5��S4Uf!Wi
[X�d'*\e[ � S4YXUV$��<� � !k�(_ i l&U+$%^\wgq�;�4SyS&UV!Wi UV$ \ [XUVab',��!L[W'Zc U+$iZYX',\(!X'*!�[Xl&' U+$o[W'ZYW$\e)kgq�;�;Sy)+'��('*)M`;v�\dit�($ !L[ \e$o[�\(a �"_&$o[
UV$ [Xl\e[m[XUVa '^!L[W'Zc�� 0?l&'Z$ [Wl&'wgq�;�4S )+'��('*)
U+$ itYW'*\(!X'*!m\(` �
�"'����  k[Xl&' lo_$&%('*Yma �([XU$�]\][XUV�($ `7'*iZ�(ab'*! U+$\"ij[WU��"'M�q[Xl&'
\e%"'Z$o[�Uf!��W!X\e[XUf\][W'*S<�#� � !IlUV!@c&YW�;iZ'*!W!
Uf!
UV)+)V_!9[XY \][W'*SwUV$ 2%"_&YX' � � + ��l&Ufi l !9l&�
��!
[Xl&'1�]\e)V_&'*!@�eg [Xl'�UV$"[W'ZYW$\e) gq�;�4Sw)+'��('*)
\e$ Sd[Xl&' lo_$&%('*Y�ab�e[WU��]\][WU+�"$���z;UVabU+)f\eYW)+v. [Wl&' UV$o[X'*YX$\()��I\][X'*Y�)V'��"'Z) Uf!�ab�"$&U [W�(YW'*SQ`;v^[Xl&' [Xl&UVYW!9[�ab�([XU$� \e[XUV�($ \($SQUV!

�



T0
h

T1
h

f
0

In
te

rn
al

 f
oo

d 
le

ve
l

time

f
1

"hungry"

moving
toward
food

Eating

�MU+%"_&YW' � � +&H x@l\($&%(' UV$dUV$o[X'*YX$\() gq�;�4S^)V'��"'Z) \($S^lo_$&%('*Y�ab�e[XU$�]\][WU+�"$ H ��$o[X'ZYW$\() gq�;�;Sd)V'��"'Z) \(%"\eUV$!9[I[XUVa ' ��U+[Xl�Y \][W'
� � � 0?l&'*$b[Xl&'Igq�;�4Sb)V'��('*);gh\e)V)V!
` '*)+�
� ��� [Xl'�\e%('*$o[
` ',it�(ab',! �9l;_&$&%"YXv2� �ql;_&$&%"'ZY
ab�e[WU��]\e[XUV�($bUV!�\(ij[WU��]\e[X'*S �~\e$S [Xl'
\e%"'Z$o[�!9[W\eYX[W!Iab�
�;UV$&%b[X�
�I\eY S^\ gq�;�4S��q%"YX'*'Z$ �IS&UV!Wi���0?l&'Z$Q[Wl&'mgq�;�4SQ)+'��('*)�%(�;'*!�\e`7�
�(' ��� [Wl&'rl;_&$&%"'ZY�ab�e[WU��]\][WU+�"$
`7'*it�"ab'*!IUV$\(it[XU$�('�%*@\][XUV$&%�� [W�(_i lU+$&%w\ gq�;�4SdS&UV!Wi+�pUV$itYW'*\"!9',!@[Xl&' gq�;�4S )V'��"'Z) `;v^\($d\(ab�(_&$o[�!9c7'*iZU32 '*Sd`;vw[Xl&'mY \][W'
� � �

it�"$o[XYW�()V)+',Sw`;vb[Xl&YW'*!Xl&�()fS&!  �� \e$S  �� �%!Il&'�\(%('*$"[ �XS4YWUV$��4!3� `ovb[W�(_i lU+$&% \ �I\][W'ZY �q`&)V_&' �@S&UV!Wi��%*�\e[XUV$&% �"Y�S4YXUV$��;UV$&%
S4�;'*!p$&�([�i l\e$&%"'�[Wl&'�gq�;�;S^�(Y �I\][W'ZY�S4Uf!Xi �q'*U [Wl&'ZY�UV$Q!9U �Z'��(YI)V�;i*\][WU+�"$ � �'��$Q\(S&S&U [WU+�"$� o[Xl&'*YX' Uf!�\e$ � 	 49:�� ab�e[WU��]\][WU+�"$
[Xl \][�Uf!�\e)$�p\ v4!I\(it[XU$�('m!9� [Wl\][�[Wl&'r\e%"'Z$o[IS&�o',!�$&�([�iZ�()V)+UfS4' ��U+[XlQ�(`��L'*ij[ !��
/pU+�")+�"%(UfiZ\()p!Xv4!L[W'Zaw!bl\��('dab�e[WU��]\][WU+�"$\e)I_&$U [ !b[Xl\e[wU+$S&UVi*\][X' ��l'Z$ [Xl&' \(%('Z$o[bUV!bl;_&$%(YWv��(Y [XlU+Y !L[Lv.� !Il'*!X'

UV$it)V_S4' $&'ZY �(' YX',it'Zc&[X�(Y !�UV$ [Wl&' !9[X�"aw\(i l�[W�^S4'Z[X'*it[�l;_&$%('ZY�\e$SyU+$ [Xl&' ab�(_4[Wl gq�(Y�[XlU+Y !L[ 
 !k�"\e[X',!� � � 4 " � �"��[ l\"!
\e)f!X��`7'Z'*$w!9l&�
��$ UV$b!XUVa _&)f\][WU+�"$ [Wl\][
�"YX%o\e$&Uf!Xab!~i*\e$ '��(�")��"'p[X�maw\][ i l [Wl&'�\(it[XU$�]\][XUV�($ !~�($ [Xl&'*U+Y
ab�([XU$� \e[XUV�($\()&_&$&U+[W!
[X� [Wl&�"!X' ` '*l\��;U+�"YW!@[Xl \][�\
# '*it[I[Xl&'mab�e[WU��]\e[XUV�($! 
 x@'*i*it�($U�\e$Sdu{\eYWUV!XU  � ��� � � ��z;_ i l^�"YX%o\e$&Uf!9aw!I\e)f!X� '�(;lU+`&U+[�ab�(YW'
\(S\ec4[WU��"'p`7'Zl \��oUV�(Y
\($S l\��('�\�l&UV%(l'ZY%2&[W$&'*!W! � \(!
S4'�2$&',S gq�(Y{[Wl&'�!9UVa _)V\e[X'*S '*$ �;UVYX�"$&ab'Z$o[
�eg 
 x@'*iZiZ�($&U \e$Sbu{\eYWUf!9U  
� � � � � � �
� ��� �����	��
�� �� �� �  �� ���  ������
���� ��
 	�� 	��
� � ��� ��

!Il&' �p�(Y �ml\(!~`7'Z'*$bS&'Zab�($!9[XY \][W'*S U+$b!XU+a _&)V\e[XUV�($ ` ',iZ\(_!9'p[Wl&'�it�"a c_4[W\e[XUV�($\()"[WU+ab'��(g[Xl'�\e)V%(�(YWU+[Xl&aw!Maw\��('p[Wl&'Za
UVa c7�"!W!XU+`&)V'
[W��`7'@'�(4'*it_&[X'*SrU+$ YX',\e)e[WU+ab'I\(! �@�"_&)fS ` 'pYX',no_&U+YW'*S U+g&[Wl&'Zv �p'ZYW'{[X��` 'pUVa c)+'*a '*$o[X'*S �($rclov4!XUVi*\e)"YX�"` �([W!��
!Il&'bit�"$!L[WYX_ ij[XUV�($ [W\(!-��\e)f!9� YX',n"_U+YW'*!�%(�;�4S !X'Z$!X�(Y�\e$Sy',# '*ij[W�(Y iZ\(c\e`&UV)VU [WU+',!�!XU+$ it' [Xl&'b\e%"'Z$o[W!�l\��(' [X� %"'t[mit)V�"!X'
[X� [Xl&' S4Uf!Xi*!� 7c&Ufi�� [Wl&'Za _&c \e$S i*\eYWYXv [Xl&'*aF[X� [Wl&'ZUVY S4'*!9[XUV$\][WU+�"$���#�$&�e[Wl&'ZY�U+abc7�(YX[W\($"[�YX',\(!X�($d[X�^YX',n"_U+YW'r%(�;�4S
!X'Z$!X�(Y !@\($S ab�([X�(Y !@UV!@[Xl \][�\e$d\(iZiZ_&Y \][X'�U+$o[W'ZYW$\e) !Xc\][WUV\() aw\ec^l\(!@[W� `7' ab\(U+$o[ \eUV$&'*S $&�e[I�($&)Vvbgq�(YI$\��;UV%"\e[XUV�($ \"!
UV$wa �o!L[@c&l;v;!XUfiZ\e) !9v4!9[X'Zaw!� "`_4[@\e)f!X� gq�(Y@iZ�($!9[W\($o[�it�(abc\(YXUf!X�($ ��U [Wlb[Xl&'�`&)V_&'Zc&YWUV$"[@�eg [Xl&'�!L[WYX_it[X_&YW'�[W�r` '�`&_&UV) [ �
#
)f\eYW%('Ic&YW�(c7�(YX[XUV�($b�eg7[Xl&'�it_&YWYW'Z$o[ �@�"Y-� _!9UV$&%mc&l;v4!XUVi*\e)&YW�(`7�e[ !
S4�r$&�([
aw\e$&UVc&_&)f\][W'�[Xl&'*U+Y@'Z$��;U+YW�($a '*$o[>�q[Xl\e[@Uf!{�($)+v
$\��;UV%"\][WU+�"$QUV!�c '*Y9gq�"YXab'*S � gq�"Y�'�(4\(abc&)+'. 
 � \e[W\eYWUfi� � ��� � � % _&UVc7'ZY !�\e$ SA/@v;_&$� � � 4 % � �,��u
l;v4!9UfiZ\() !Xv;!9[X'*aw!�[Xl \][�S&�
aw\e$&UVc&_&)f\][W'�[Xl&'*U+Y�'*$ �;UVYX�"$&ab'Z$o[�\eYW'��(g [X'Z$dUVa c)+'*a '*$o[X'*SQ\"!@c_&YX'*)+vwYW'*\"ij[WU��"'�aw\(i lU+$&',! � gq�(Y�'�(&\eabc&)V' 
���!L[W'ZYW%"\(\(YWS
"!% �9@$#$ �e�"� � � � � x@�o\eY !9'w!X'Z$!XU+$%yiZ\(c\e`&UV)VU [WU+',! \eYW' !X_ � itUV'Z$o[rgq�(Y YX',\(it[XU$�('wYW�(`7�e[W! !9UV$it' [Xl&'*v/S4�y$&�e[ ab\(U+$o[ \eUV$ \($
!Xc\][WUV\()7YW'ZcYX',!9'*$"[ \][WU+�"$���� �(YW'Z�
�('*Y� ��l&'Z$^[Xl&'*YX' \eYW'�a _&)+[XUVc&)V'�iZ�($!9[XYW_ij[WU+�"$^\(%('Z$o[ !�c&YW'*!X'Z$o[  "[Wl&' 'Z$��;U+YW�($a '*$o[piZ\($
!XU+%"$&U327iZ\e$o[W)+vri l\($&%('IS4_&'p[W��[Wl&'�\(it[XUV�($!M�(g7\e%"'Z$o[W!k[Wl\][
\eYW'p` '*v(�($ S !X'Z$!X�(Y~Y \e$&%"'�Mx@l \ec4[W'ZY ��c&YW�
�oUfS4',!�[W'*i l&$&Ufno_&'*!
[X�baw\eUV$o[W\(U+$d[Xl'r\(iZiZ_&Y \(itvw�(g [Wl&'r!9c \][XUf\e) aw\(c!IU+$d[Wl&'mc&YW'*!X'Z$iZ'��(gkY \e$S&�(aP!X'Z$!X�(YWv \e$ S^ab�([X�(YI'*YXYW�(Y !��

"



��[�Uf!�a _i lQab�(YW'rS4U � it_&)+[Lv [W� !L[W_S4v^)+',\eYW$&U+$% UV$�c&l;v4!9UfiZ\()�!9v4!9[X'*ab!�it�(abc\(YX',S [W� !XU+a _&)V\e[X',Sd!Xv4!L[W'Zaw!I`7'*iZ\(_!X'
�eg [Wl&'�[WU+ab'�U+[�[ \��"'*!{[W� it�"abc&)+'Z[X'�\rYX�"` �([
[XYWUV\() �%!Il&Uf!
Uf!
�"$&'��(g [Xl&'�ab\(U+$wYW'*!X'*\(YWi l [Xl'Zab'*!@` '*l&UV$Sb[Xl'�z;UVa _&)f\][WU+�"$
��',\e%"_&' UV$/[Xl&' # �"` �4x@_&c YX�"` �([XUfi !X�4iZiZ'ZYmi l\eabc&UV�($ !9l&UVc! 
 zo[X�"$&' �e�(�.��� � # \(c&UfS cYX�"%(YW'*!W!�Uf! ` '*U+$%daw\"S4'bU+$/[Xl'
!X'Z$!X�(YWv�i*\ec\(`&U+)VU+[XUV'*!��(g&YX�"` �([W!�� �&�"Y '�(4\(abc&)+'. )V\"!9'*Y Y \e$&%"' 2$S4'*YW!���l&UVi l \eYW'{a _i lrab�"YX'�\"iZiZ_&YW\e[X'~[Wl\e$m[WYW\"S4U+[XUV�($\()
!X�($\(Y�YW\($&%(' 2 $S4'ZY !�\(YX' ` ',it�(abUV$&% ab�(YW'rc&YW'��]\()+'*$"[��($�YW�(`7�e[W!��'!Il&'rUf!W!9_&',!�\(YXUf!9UV$&%bgqYW�(a !X'Z$!XU+$% \eYW'm[Xl;_!�)+U$�('*)+v
[X�wi l\($&%(' UV$d[Xl&' gq_4[W_&YW'�

� � � � 	�
�� � 	���� � ��� ��� ��� �� � � � � ��� � �

x@Y \e`&`7'^\($S�s�v('ZY c&YW'*!X'Z$o[W! \y!X�4itUV't[Lv �eg�\(_4[X�"$&�(ab�(_ ! \e%"'Z$o[W!r[Xl\e[ �p�(Y � [X�(%"'t[Wl&'ZY [X�y`_&U+)fS !XUVa c)+'Q!L[WYX_ ij[X_YX',!
)VU��"' �I\e)V)V!b\($S�`&YWUf\eY c\][ i l&'*! UV$ \y[��@�/S4UVa '*$!XU+�"$\e) �p�(YW)VS it�($o[ \eUV$&U+$% it�")+�"YX',S�S4Uf!Xi*!b!9UVabU+)f\eY [X� [Xl'd�"$&'d_!9',S
UV$y[Wl&UV!mS&UV!W!9'*Y9[ \][WU+�"$ 
 � ��� �(\ � � !Il&'w\(YWi l&U+[X',ij[W_&YX' �eg@[Xl&'w\(%('Z$o[ !�Uf! it�"a c)+'Z[X'Z)Vv $&'*_&Y \e){\e$Sy[Xl'b!X'*no_&'*$it' �egI!L[W'Zc!
gq�(YriZ�($!9[XYW_it[XUV�($ UV! c7'ZYXgq�(YWab'*S/_!XU+$% !9',it�($ S����"YWS&'ZY�$&'t[��p�(Y �4! �q[Xl&'^\eY i l&U [W'*it[X_&YW'bUV!rS&'*!WitYWU+`7'*S U+$ ab�"YX'wS4'Z[W\eUV)
UV$
i l\(c4[X'*Y + � �+!Il&'r\e%"'Z$o[W!�S4�b$&�([�aw\eUV$"[ \eUV$�\e$dU+$o[X'*YX$ \e)�ab�4S4'Z) �egM[Xl&' �p�(YW)VSd\e$ S^l'Z$iZ' [Xl&'r!9[X'*c!�UV$QiZ�($!9[XYW_it[XUV�($
\eYW' aw\eY �('*S `;v �9c\(U+$o[WU+$&%#� [Xl&'rS4Uf!WiZ!�� ��(Y�'�(4\(abc&)+'. ;[X�w`&_U+)fSQ\ �I\e)V)  &\e%('*$o[W!Ic7'ZYXgq�(YWa>[Xl&' gq�")+)V�
��UV$&% !9[X'*c! H
� � ���
�('�[X�
�I\eY S&!I\ YX',S^S4Uf!Wi��
� ��xp\eYWYXv YX',S�S4Uf!Xi [X� \ `&YW�
��$�S4Uf!Xi � [Xl' �Xc&U+)V',��aw\eY �('*Y��#� \e$S�iZ�()V�(Y [Xl&'dYX',S�S4Uf!Xi �(Y \e$&%"'	�q�"YW\($&%(' S&UV!WiZ! \eYW'

YX',\(S4vb[W�w` 'm_!X'*Sd\(!Ic \eYX[I�(g~\ �I\e)V)��,�
+ ��xp\eYWYXvb\e$^�(Y \e$&%"'�S4Uf!Xi�[X�b\ c_&YXc)+' S4Uf!Xi� !Il'�!9[W\(Y9[I�eg�[Wl&' �p\()+) Uf!@aw\(Y-�"'*Sw`;vw\ c_&YXc)+' S4Uf!Xi�c&)f\(it',S UV$&U+[XUf\e)V)+v

`ov [Xl&'rS4',!9UV%($'ZY �

2 ��x@�()V�(YI�(Y \e$&%"'�S&UV!Wi�c&_&YWc&)+'.�
!Il&',!9'b!L[W'Zc!m\(YX'b!Xl&�
��$yUV$ 2 %(_&YW' � � 2 � !Il&' �I\e)V)MUf! `&_&UV)+[r` 'Z[��@'*'Z$ [Wl&'	�qUV$&U+[XUf\e)V)+vyc&)V\"it',S&��c&_&YWc&)+'b\e$ Sy`&YW�
��$

S4Uf!Xi*!��
zo[W'Zc! � \e$ S � \eYW'�c7'ZYXgq�(YWab'*S `;v !WiZ\��"'Z$&%"U+$% \e%"'Z$o[W!+��l&UV)+'m!9[X'Zc ! + \e$ S 2 \eYW'�c7'ZYXgq�(YWab'*S `ov �I\e)V)���`&_U+)fS4UV$&%
\e%"'Z$o[W!�� [Xl'r[Lv;c ' �eg
\e$ \(%('*$"[�UV!'2�(4'*SQ`;vd[Xl&' S&'*!XU+%"$&'ZY-� ��z;UVabU+)f\eY�!L[W'Zc!&�@'*YX' !9l&�
��$dgq�"Y�it�"$!9[XYW_ij[WU+$&%^it�(YWYWUVS4�"YW!� 
UV$"[W'ZY !9',ij[WU+�"$!� &\($S^`&YXUf\eYIc\e[Wi l&',!��

!Il&'@$&'*!9[���`&_&UV)VS&U+$&%�\e`&UV)VU [WU+',! �(git�()V�($U+',!��eg\($o[W!M\e$S �I\(!Xc! l\��('
UV$!Xc&UVYX',Srit�"$!L[WYX_ ij[XUV�($r!Xv4!L[W'Zaw!�UV$ !XUVa _&)f\][W'*S � �
\e$ S + ��S&U+ab'Z$ !9UV�($\() 'Z$��;U+YW�($a '*$o[W!�
 !Il&'ZY \e_&)V_ �m\e$ S /p�"$\e`7'*\(_� � � � � � s�'Z$'Z_&`7�(_&YW% "!% �9@$#$ � ��� � � �+!Il'mU+$S&U��;UfS4_\e)
\e%"'Z$o[W!k`7'Zl\��"'�`;v gq�()V)+�
��UV$&%&2�(4'*SrYW_&)V'*! [Xl\e[
S4'Zc7'Z$S �($ \�)VU+abU+[X',S �;UV'����(g&[Xl&'I!9[XYW_ij[W_&YX'p`7'ZUV$&%�`_&U+)+[>� gq�(Y~UV$!9[W\e$ it' 
\e%"'Z$o[W!Ii*\e$Q�($&)Vv !X'Z'�[Xl'rit�($o[W'Z$o[W!I�(gk[Wl&'ZUVY�$&'ZUV%(l;`7�(YWU+$% iZ'Z)V)V!�UV$�\ %(YWUVS �@�"YX)fS&�,�

!Il&Uf! UV!b\e$ U+$ !L[ \e$iZ'^�(gL'-%(:  IE "!.( 	����l&Ufi l UV! [Xl'dUV$S4UVYW'*ij[wit�;�"YWS4UV$\e[XUV�($�`7't[��p'Z'*$ UV$S4U$�oUfS4_\()V! [Wl&YW�(_&%"l [Xl&'*U+Y
\(it[XUV�($!~�"$ [Xl&'�'*$ �;UVYX�"$&ab'Z$o[ 
 /p',i��('ZY !>"F% �6@ #$ � ��� 2 � � !Il&'�'Zabc&l \(!XUV!{UV$ [Xl&',!9' �p�(Y �4!MUV!{�"$b`&_&UV)VS4UV$&%m$\e[X_&Y \e)4)V�;��;UV$&%
!9[XYW_ij[W_&YX',!����&�"Y{U+$!9[W\($it'. "\ !XU+a _&)V\e[X',S iZ�()V�($;vm�eg \e$o[W!{iZ�(_&)fS `&_&UV)VS c&UV)+)f\eY !{\e$ S �I\e)V)V!M_!XUV$&%m�($&)Vvm[Wl&'�it�"$it'*$"[WYW\e[XUV�($
�eg�cl&'ZYW�(ab�($'*!~[W� %(_UVS4'�[Xl&'*U+Yp` '*l\��;U+�"Y 
 /@�"$\e`7'*\(_ "F% �9@$#$ � � � 4 � � � !Il&Uf!�Uf!@\($w',(&\eabc&)V'��(g�
F/&�9$&%1: % �9%(:
	6"K'-%(:  IE "!.( 	�
��l&'*YX' \(%('Z$o[ ! YX',\(ij[m�"$&)+vy[X�Q[Wl&' aw\e%"$&U [W_S4'w�(gI!X�(ab'w!L[WU+a _&)V_! 
 !Il&'ZY \e_)V\��b\($S /p�($\(` ',\e_� � ��� � � �� /&�9@ : %D�6%1:
	 "
'-%(:  IEC"F.( 	�pUV!{'�(4l&U+`U [W'*S ��l&'Z$w\(%('Z$o[ !~YX',it�(%"$&U �Z'I\e$S YW'*\(it[~[X�rS4U�#7'*YX'*$o[ �;UV$S&!{�(g !9[XUVa _)+U �'�&�(Y{UV$!9[W\($it'. e`;v `&_&UV)fS4U+$%
$&'�� l&'�(4\(%(�"$\e) it'*)+)f!I\][I[Xl&'��L_&$ ij[XUV�($ !I�egk\()+YW'*\"S4vwc&)f\(it',S iZ'Z)V)V!� ��p\"!9c !@i*\e$Qit�($ !L[WYX_it[p)f\eYW%('�$&'*!9[W! 
 %m\eY !W\eU  � ����� � � �
!Il&' aw\eUV$ Uf!X!X_&' UV!�[W�d!Xc ',itU+gqvy\ !X't[m�(g@it�"$S4U+[XUV�($!�[Xl \][�[Xl&',!9'b)V�;i*\e)MYX_)+',!�a _!9[m!W\][WUV!9gqvQgq�(Y�[Xl'b!9[XYW_it[X_&YW'*!�[X�Q`7'
`&_&UV)+[�YX'*)+Uf\e`)+v �q[Xl\e[�Uf!�U+$ S4'Zc7'Z$S&'Z$o[��egM[Xl'm�(Y S4'ZY�UV$ ��l&Ufi lQS&U3# 'ZYW'Z$o[�\e%"'Z$o[W!p[ \��"'�[Wl&'ZUVY�!9[X'*c!��,�+!Il&Uf!�\(c&c&YW�"\(i l^UV!
S4U�#7'*YX'*$o[{gqYX�"aT[Xl\e[{U+$ 
 x@YW\(`&` '�\($Sbs�v"'ZY  � � ���(\ � UV$ [Xl\e[{[Xl&'�`7'Zl\��;UV�(Y~�eg \ it�"$!L[WYX_ ij[XUV�($ \e%"'Z$o[{UV!{S4Ufij[ \][W'*Sb!9�")+'*)+v
`;v^U+[W!�)V�;i*\e) �oUV'��T�(g{[Xl&' !L[WYX_ ij[X_YX'r`7'ZUV$&%^`&_&UV) [ �1!Il&'r`7'Zl \��oUV�(Y !��(g{[Xl&' !Xi*\��('Z$%('ZY !�\e$ S �p\()+)���`&_&UV)VS4'*YW!��egpx@Y \e`&`7'
\e$ S s�v('*Y~S&��$�e[
i l\e$%('���U [Wl [Wl&'�i l\e$%(UV$&%�!Xl\(c 'I�eg [Xl&'�!9[XYW_ij[W_&YW'p`7'ZUV$&% `&_&UV)+[�� J��
�p'��"'ZY  *[Wl&'*!X'p[��@� \ecc&YX�o\(i l&',!
\eYW' !XU+abUV)V\(Y�UV$ [Wl\][�[Xl&' YW_&)+',!�S&� $&�([�aw\��"'r_!X' �(g@\ %"'Z$&'*YW\() c&_&YWc7�"!X' UV$"[W'ZYW$\e)M!9c \][XUf\e)MYW'Zc&YW'*!X'Z$o[W\e[XUV�($ \($SQ[Xl;_!
U+[IUf!I$&�([I�"`��oUV�(_ !@l�
� \eYW`&U+[XY \eYWvb!9[XYW_it[X_&YW'*!IiZ\($^`7'mit�"$!L[WYX_ ij[X',S��%!Il&'m!L[WYX_ ij[X_YX',!@`_&U+)+[�_!XU+$% [Wl&'*!X'm!9v4!9[X'*ab!I\()V!X�
S4'*c '*$Sy�"$�[Xl' UV$&U+[XUf\e)~c7�"!XU [WU+�"$!��(g
[Xl' '*)+'*ab'Z$o[W!��eg
[Wl&'b'Z$��;U+YW�($a '*$o[��mz;aw\e)V)~i l \e$&%"'*!�U+$y[Xl&'b'Z$��;UVYX�"$&ab'Z$o[�iZ\($
)V'*\(S^[W� !9UV%($U32 i*\e$o[�i l\($&%(',!IU+$Q[Wl&' !Xl\ec7'm�eg~[Xl' !L[WYX_ ij[X_YX'm`7'ZUV$&% `&_U+)+[�� �&�"Y�U+$ !L[ \e$iZ' U+g
\e$�\e%"'Z$o[�\ecc&YX�o\(i l&',!I\
c&_&YWc&)V' S&UV!WirgqYW�(a \d!9)VUV%(lo[X)Vv�S4U3# 'ZYW'Z$o[mS4UVYX',ij[XUV�($� [Wl&'b\e$&%")+' �eg
[Wl&' �p\()+)���U+)V)~` '*%(UV$ [W�dS4U$�('*YX%"'mgqYW�(a U+[W!�U+$o[W'Z$S4',S
S4UVYX',ij[WU+�"$ 
 x@YW\(`&`7' \($SQs�v"'ZY  � � ���(\ � �

!Il&'"�p�(Y � c&YW'*!X'Z$o[W'*S/U+$�[Xl&Uf! S4Uf!W!9'*Y9[ \][XUV�($ YW'Zab�
�(',!m!9�"ab'w�egI[Xl&'^U+$l&'ZYW'Z$o[r)VU+abU+[W\][WU+�"$!r�(gI[Xl&',!9' \(c&c&YW�"\"i l&'*!��
�MU+Y !9[X)Vv e\e$ U+$o[X'*YX$ \e);!9c\e[XUf\e);YW'Zc&YW'*!X'Z$o[W\e[XUV�($mUf! _ !9',Sm[X��YX'*ab�
�('{[Wl&'I$&'Z',S gq�(Y{i l\($&%(UV$&%�[Wl&'@'*$��oUVYW�($&ab'Z$o[kgq�(Y��('Z'*c&UV$&%

%



B

P

B

P

B

P

B

P

B

P

B

P

R

R

R R

R

s s

s

O

1 2a 2b

R R R

PO

w w

4 53

P

P

P

P

�MU+%"_&YW' � � 2&H zo[X'*c!
[W� `&_U+)fS \ �I\e)V)��~\eYWYW\($&%(UV$&%mS4Uf!Xi*!
UV$ \m)VU+$&' 
 x@Y \e`` '�\($S s�v('*Y� � ��� �(\ � �%!Il&'&�I\e)V)Uf!{[W�r` '�`&_&UV) [
`7't[��p'Z'Z$b[Wl&'�c&_YXc&)V'�� u �
\($S1/pYX�
��$bS4Uf!Xi*!G� / �,� � �~z&iZ\��('*$&%('*Y
\e%"'Z$o[G��� �{ab�
�"'*!M[X�
�I\eY Sb\ YX',S�� # ��S4Uf!Xi� � \��~#�%('*$o[
� iZ\(YXYWU+',!�\ YX',S S4Uf!Xir[X�^\ `&YW�
��$ S4UV!Wi \e$S S&YX�"c!�U+[�� � `���#�%('Z$o[�� iZ�()V�(Y !�YW'*S S&UV!Wi� �(Y \e$%(' � � �,� + �&0 \e)V)���`&_U+)fS4'ZY
\e%"'Z$o[ ���F�riZ\eYWYWU+',!�\($ �(Y \e$&%"' S4Uf!Wi [X� \Qc&_&YWc&)V' S4Uf!Xiw\($S S4YX�"c! U+[�� 2 � #�%"'Z$o[�� it�")+�"YW! S4YW�(c&c7'*S S4Uf!Wibc&_&YWc&)+'.� ���
# '*c ',\][X',SQ\ec&c&)VUfiZ\][WU+�"$^�(gM!9[X'*c! � � 2 YX',!9_&)+[W!IUV$d[Xl&' �I\e)V) `7'ZUV$&%w',(;[X'*$S4',S��

4



[XY \(i�� �eg [Wl&'�iZ�($!9[XYW_ij[WU+�"$ !9',no_&'Z$iZ'��hiZ�()V�(YWU+$%rS4UV!WiZ!5� �'���"YX'*�
�('*Y� [Wl&UV!p\e)f!X� \e)V)+�
��!
a �"YX'�YX',\(!X�($\(`&)+'�!X'Z$!X�(Y@YW\($&%(',!
� [Wl&' !X'Z$!X�(Y YW\($&%(',! �@'*YX'd'ZU+[Xl&'*Yb'*!W!9'*$"[WUV\()+)Vv UV$�2$&U+[X' 
 x@YW\(`&`7'Q\($S s�v('*Y� � � ���(\ � �"Yb)+UVabU [W'*S [X� [Xl&'�UVabab'*S4Uf\][W'
!X_&YXYW�(_$S4UV$&%"! 
 !Il&'ZY \e_&)V_ � \e$S /p�($\(` ',\e_� � ��� � � s�'*$&'Z_&`7�(_YX%	"!% �6@ #$ � � � � � � ��z;',it�($ S4)+v. ;[Xl&'r\(%('*$"[ !I\eYW'�c&YW�
�;UVS&'*S
��U+[Xlw\�`&)+_'Zc&YWU+$o[
�(g[Xl'�!L[WYX_it[X_&YW'p[X�m`7'�`&_&UV) [ �%!Il&UV!~YW'Zab�
�"'*!k[Xl&'�$'Z'*S gq�(Y
!Xc7'*itU+gqv;U+$% [Xl&'�S4U�# 'ZYW'Z$o[�!L[W'Zc!~YW'*no_&UVYW'*S
[X� `&_&UV)VS '*\"i l S4U3# 'ZYW'Z$o[I!9l\(c '�� �"$&'�!X'*no_&'Z$ it'��(g !L[W'Zc!+��U+[Xl %"�"\e)f!
�"`4[W\(U+$'*SbgqYW�(a [Xl&' !Xc\][WUV\()YW'Zc&YW'*!X'Z$o[W\e[XUV�($wiZ\($
`&_&UV)fS^\()+)�!9[XYW_ij[W_&YW'*!��~#�)V!X�  o[Wl&'m!9l\(c ' �(g�[Xl&'r!9[XYW_it[X_&YW'�`7'ZUV$&%b`&_&UV)+[IUf!�it�"$o[XUV$o_�(_!X)+vbaw\][ i l&'*S ��U+[Xl^[Xl&' `&)V_&'ZcYXUV$o[
!X�y[Wl\][ \e$;v S4Uf!XiZYX'*c\e$ itv�iZ\($ `7'QYX'*a �
�"'*S/[Wl&YX�"_&%(l�(_4[ [Xl&'�iZ�($!9[XYW_ij[WU+�"$ !X'*no_&'*$it'.� !Il&UVYWS4)Vv 
[Xl&'�\e%"'Z$o[W! iZ\($
S4'Z[X'ZYWabU+$'b[Xl&'w�"YWS4'*Y U+$ ��l&Ufi l c \eYX[W! �egp[Xl' !L[WYX_it[X_&YW'bl\��(' [X��`7'w`&_&UV)+[mgq�(Ymab�(YW'b' � itUV'Z$o[ it�"$!9[XYW_ij[WU+�"$�� !Il&UV!
�(Y S4'*Y�Uf!@S4'Z[X'*YXabUV$&'*S `ovbc7'ZYXgq�(YWabU+$&% it�"a c_4[W\e[XUV�($!@�($w[Wl&'�U+$o[X'*YX$ \e) !9c\e[XUf\e)7YX'*c&YW'*!X'Z$o[W\e[XUV�($b�eg `7�e[Wl [Wl&'�!9[XYW_it[X_&YW'
[X�w`7'm`&_&UV)+[�\e$Sd\e)f!9� [Wl&'m)V\ v"�(_4[I�egM[Xl'm'Z$��;U+YW�($&ab'*$"[L� S4UV!Wit_ !X!X'*S^U+$�S4'Z[W\(U+)�UV$�i l\ec&[X'ZY % \($S^i l \ec4[W'ZY 4 �,� �MU+$\()+)Vv 
[Xl'r\eY i l&U [W'*it[X_&YW'�Uf!�S4',!9UV%($'*S [X� gh\(iZU+)VU [ \][W'm)+',\eYW$&U+$% �(g [Wl&'rit�"$!L[WYX_ ij[XUV�($Q!X'*no_&'Z$ it'�gqYX�"aP\ [X',\(i l&'*YL�hi l\(c4[X'*Y �I� �
�&�"YW\(%(UV$&% Uf!�[Xl'b[W\(!-� �(g+2Y !9[m!X'*\(YWi lU+$&%^[Xl' '*$��oUVYW�($&ab'Z$o[ gq�(YriZ'ZYX[W\(U+$/�(`��L',ij[ !�[Xl\e[ ��l&'Z$ gq�(_&$ S l \��(' [X��`7'

ab�
�(',S [X�/\ c&YW',��!9c7'*iZU32 '*S �Xl&�(ab' � \eYW'*\ � ��[bUV! !XU+abUV)V\(Y [W�/iZ�($!9[XYW_ij[WU+�"$�UV$�[Xl \][ \(%('*$"[ ! l \��('w[W� ab�
�('^�(`��L',ij[ !
gqYW�(a �($&' )V�4iZ\e[XUV�($?UV$?[Xl&' 'Z$��;U+YW�($a '*$o[ [X� \($&�e[Wl&'ZY � !Il&�"_&%(lCgq�"YW\(%(UV$&% iZ\e$ ` ' c7'ZYXgq�(YWab'*S?`;v �($&' \e%('*$o[� �U+[
iZ\($ `7'w\(i*it�(abc&)VUf!9l&',S ab�(YW'b' � itUV'Z$o[W)+v `;v�a _&) [WU+c)+' \(%('Z$o[ !�� �&�(Y [Wl&Uf! YX',\(!X�($ U+[rUV! _ !9',S gq�"Y S&'Zab�($!9[XY \][WU+$%d\($S
it�"abc\eYWU+$% �]\(YXUV�(_!ba _&)+[XU���YW�(`7�e[ \(YWi l&U+[X',ij[W_&YX',!�
 xp\(�,"F% �6@$#$ � ���B% � � /p�([XlCgq�(Y \e%"U+$%/\($SCit�($ !L[WYX_it[XUV�($?!Xv;!9[X'*aw!
gh\(iZ' !X�(ab'^!XU+abUV)V\(YrUf!X!X_&'*! !X_i l�\(! YX',S4_itUV$&% UV$o[X'*Y9gq'*YX'*$it' \($S ' � iZU+'*$"[W)+v S4U$�;UVS&U+$&%y[Xl&' [W\"!��/` 'Z[��@'*'Z$ [Wl&' aw\($ov
\e%"'Z$o[W!���J��
�@'��('ZY  [Xl&'baw\
�L�"Y�S4U�# 'ZYW'Z$iZ' `7't[��p'Z'*$ gq�"YW\(%(UV$&%^\($SyiZ�($!9[XYW_ij[WU+�"$yUf!�[Xl\e[ ��lU+)V'bU+$ gq�(Y \e%"U+$&%^�(`��L',ij[ !
l\��"' [X� `7' S4'*c �o!9U+[X',S�\][�\b%"'Z$&'*YW\()�l&�(ab'r)V�4iZ\e[XUV�($� iZ�($!9[XYW_it[XUV�($ \e%"'Z$o[W!Il \��(' [X� a �
�"'m�(`��L',ij[ !�\e$SQc)V\"it'm[Wl&'Za
UV$ \d!9c7'*iZU32',S c\e[9[W'ZYW$�� !Il;_!�iZ�($!9[XYW_it[XUV�($ \(%('*$"[ !�gh\"it' [Xl&'b\(S&S&U [WU+�"$\e)~Uf!X!X_&'*!��eg@YX'*c&YX',!9'*$o[XUV$&%w[Xl'b!9[XYW_it[X_&YW'r[W�
`7' `&_&UV)+[ \($S�it�"a c_4[XUV$&%^S&U3# 'ZYW'Z$o[�$ \��oUV%"\e[XUV�($\() %(�o\e)f!�\][�'��('*YXvQ!9[X'Zc��(g{[Xl&' [W\"!�� � gq�"YW\(%(UV$&%w[W\"!��4!�l\��('m�"$&)+vd�($'
�9l�(ab'+��)+�4i*\][XUV�($A� � ���(YW'Z�
�"'ZY  ,iZ�($!9[XYW_ij[WU+�"$ \(%('*$"[ !MYX',n"_U+YW'@`7't[X[X'*Y
!9'*$!9�"YXvri*\ec\(`&UV)+U+[XUV'*!k[Xl \e$ gq�(Y \e%"U+$&%�[W\"!��4!~!9UV$iZ'
[Xl'm�(`��L',ij[W!Il \��('�[X�b`7'mc&)V\"it',S UV$Qc&YX',itUf!9' )V�4iZ\][WU+�"$!�� ���&�"YW\(%(UV$&% !Xv4!L[W'Zaw!�\eYW'�gq_&YX[Xl&'*Y�S4UV!Wit_ !X!X'*S^U+$�i l\(c4[X'*Y " �,�

# a �"YX'p)VU+abU+[X'*S gq�(YWaT�eg 'Z$��;U+YW�($&ab'*$"[~aw\e$&UVc&_&)f\][WU+�"$r[ \��(',! c)V\"it'pU+$ [W\"!��4!~!9_ i l \(!~iZ�o�"YWS&U+$\e[X',Sm�(`��L',ij[~ab�
�oUV$&%)�
� \e[W\eYWUfi "!% �9@$#bc&YW'*!X'Z$o[ [��@�Q\e_&[X�($�(ab�(_!�YW�(`7�e[ !�[Wl\][ ��U+[Xl/[Wl&'bl&'Z)Vc �(gIiZ�(aba _$&UVi*\][WU+�"$� c&_!Xl \ `7��( [X�"%('Z[Xl&'*Y
[X�
�I\eY S&!�\ %(�o\e)kYX'*%(UV�($ 
 � � � � � � % l \][XUV` S&'*!WitYWU+`7'*!�\e$y\(YWi lU [W'*ij[W_&YW'r[Xl \][m\e)V)+�
��!�%(YW�(_&c!��eg�ab�"`&U+)V' \(YXa}YW�(`7�e[ !�[W�
UV$"[W'ZY \(it[1��U+[Xly',\(i l �([Xl&'*Y��"Y1��U+[Xl/\ l;_&aw\($�[X�QS4�^iZ�($!9[XYW_it[XUV�($ �"Y�`&_U+)fS4UV$&% [ \(!-�4! 
 � � ��� � � !Il' YW�(`7�e[ !�UV$o[X'ZY \(it[
`;v %"YW\(`&`&UV$&%Q[Xl'^!W\eab' c&UV'*iZ' �eg�iZ�($!9[XYW_ij[WU+�"$ aw\][X'*YXUf\e)K�q'Z%)�� {S4YWv �p\()+) �m\($S _!XU+$&% [Xl&' gq�(Y it'*! ',(4'ZYX[X',S `;v ',\(i l
YW�(`7�e[ -]l;_&aw\e$m[W��%"_&UfS4'�[Wl&'p[W\"!�� � !Il&'�x@�"$o[XYW�()4#�Y i l&U+[X'*it[X_&YW'@gq�(Y'��_&)+[XU���YW�(`7�e[{u
)f\e$'t[W\(YXv � _4[Wc �o!L[ !>��xp#"� u � !1! �
Uf!p\ S4Uf!L[WYXUV`&_4[W'*S^\eY i l&U [W'*it[X_&YW'�_!X'*S [X�bit�;�(Y S4UV$\][W'�[Wl&'m\(ij[WU+�"$!@�eg�[��p� ab�"`&U+)V'�YX�"` �([W!�[Xl\e[@[W�(%('Z[Xl&'*Y�iZ\eYWYWv \ ` ',\ea
�
�('*Y~YX�"_&%(l [X'*YXY \eUV$ 
 u�U+Y �9\e$&Uf\e$�"!% �9@$#$ �(�(�"� � �
xp# �yu � !&! it�"$o[W\eUV$!~`7�e[Wl \�S&'Z)VU+`7'ZY \][WU��"'�it�(abc7�($&'*$o[{gq�(Y{[ \(!-�.��)V'��('*)
c&)f\e$&$U+$&% �ql&UV%(l&'*Y���)V'��('*)"\"ij[XUV�($ !�� \($Sr\�YW'*\"ij[WU��"'�it�"a c7�($'Z$o[�gq�(Yk',(4'*iZ_4[XUV$&%�)+�
�p'ZY-��)V'��"'Z)]`7'Zl\��;UV�(Y ! [Xl \][kYW'*no_&UVYW'�it)V�"!X'
UV$"[W'ZY \(it[XUV�($! `7't[��p'Z'*$ !X'Z$!X�(Y ! \e$Sra �([X�"YW!���!Il&'
aw\(U+$ gq�4it_ ! �(g4\()+)([Xl&',!9'+�@�"Y-�4! Uf! [Wl&'@iZ)+�o!9'*)+v�it�"_&c&)V'*Smit�;�"YWS4UV$\e[XUV�($
YW'*no_&UVYX',S�` 'Z[��@'*'Z$/\ !Xab\()+)~$;_&a ` '*Y��(g@\e%"'Z$o[W!�� !Il&' '�#7',ij[m�eg�[Xl&'b\e%"'Z$o[W!+*7\"ij[WU+�"$!��"$ [Wl&' '*$��oUVYW�($&ab'Z$o[ �h!X_i l \"!
��l&'*YX'r'�(&\(ij[W)+v�\w`7��(�l\(!�[X�^` ' c&_!Xl&'*SQ[W�#��UV!�$&�e[ !L[W_S4UV'*S��"��$�[XlUV!�S4Uf!X!X'ZYX[W\e[XUV�($� [Xl&' 2$&'���%"YW\(U+$&',S�\(it[XUV�($!�[Xl\e[
�p�(_&)fSw`7'�YW'*no_&UVYX',S [X� aw\($&U+c_&)V\e[X'�\mc&l;v4!9UfiZ\()�(`��L'*ij[I\eYW'�$&�([p!9[X_S4UV'*S � gq�(YpUV$!L[ \e$iZ' ;\e$ \e[X�"a UfiC�X%(Y \e`&� �"c '*YW\e[XUV�($
Uf!�\(!W!9_&ab',S [W�w` 'r\��]\eUV)f\e`&)V'�[W�b[Xl&'r\(%('*$"[ !��,�

u
l;v4!XUVi*\e) !9v4!9[X'*ab!p[Wl\][�i*\e$�it�"$!9[XYW_ij[�)f\eYW%(',��!WiZ\e)V'�!9[XYW_it[X_&YW'*!�UV$d[Xl&'mYW'*\()��@�"YX)fSdS4�b$&�e[�'�(;Uf!9[�v('t[ � � $&'m�egM[Xl'
UVa c7�(YX[W\($o[IcYW\"ij[XUfiZ\() \ec&c&)VUfiZ\][WU+�"$!I�eg~\e_4[W�($&�"ab�(_!Iit�"$!9[XYW_ij[WU+�"$ YW�(`7�e[W! ��UV)V) ` 'mUV$^`_&U+)fS4UV$&%wl\(`&U [ \e`&)V'm!L[WYX_ ij[X_YX',!
gq�(Ypl;_&aw\e$!@�($ �e[Xl'ZYpc&)V\($&'t[ !��%!Il&'mxp# � u � !&!?\(YWi l&U+[X',ij[W_&YX'&�p\"!@S4',!9UV%($'*S ��U+[Xl [Wl&Uf!@)V�($%���[X'ZYWaB%(�"\() 
 z4i l&'*$��('*Y
"!%��6@$#$ �e�(�"� � � /pYW�;��4!�"!%��6@$#�c&YW'*!X'Z$o[ \/!9�4iZU+'Z[Lv/�(g�!XU+a _&)V\e[X',S�\e%"'Z$o[W! [Xl\e[1�L�"U+$o[W)+v c7'ZYXgq�(YWa [W\(!-�4! )VU$�('^S&U+%"%(UV$&%
[XYW'Z$ i l&'*!r\($S it�")+)V'*it[XUV$&%�YW�;i��4! ��lUVi l abU+%"lo[ ` '^_!X'tgq_&)@U+$ c&)f\e$'t[W\(YXv `\(!X' it�"$!9[XYW_ij[WU+�"$ 
 � � � � � � !Il&' \ecc&YX�o\(i l
_!X'*S UV!rU+$!Xc&UVYX',Sy`;v UV$!X'*it[ it�()V�($U+',!�\"!�[Xl&' \(%('*$"[ !m\eYW' iZ�(abc&)V't[W'Z)VvyS4Uf!L[WYXUV`&_4[W'*S \e$S S4�Q$&�([ it�"a a _&$&UfiZ\e[X' ��U [Wl
'*\"i l^�([Xl&'*Y��

#�$m'�(;[XYW'Zab'
iZ\"!9'{�(g;YW�(`7�e[ ! [Xl \][ aw\e$U+c&_)V\e[X'{[Wl&'
'Z$��;UVYX�"$&ab'Z$o[ \eYW'{YX�"` �([W! [Wl\][MiZ\e$ri l \e$&%"'~[Xl&'*U+Y��
��$r!9[XYW_it[X_&YW'
[X��c '*Y9gq�"YXaTS4U�#7'*YX'*$o[�[Lv;c '@�eg4[W\"!��4!��Mx@'Z)V)V_&)V\(Y # �"` �([W! ��x�* / � !�!5� \eYW'
it�"abc �o!9',S �eg 05"F@ @ '� ]',\(i lm�(g���lUVi lrl \(!�U+[W!k�
��$
!X'Z$!X�(Y !�\e$ Smc '*Y9gq�"YXa \(it[XUV�($! )+U$�('�a �
�;UV$&%�\($Sm`7'Z$S4UV$&% 
 %m\��I\e_i lU&"F% �9@$#$ � � � + � ��!Il'@it'*)+)f! i*\e$riZ�(aba _&$UVi*\][X'+��U [Wl
�($'�\e$&�([Xl&'*Y�\e$ Sbc&l;v;!XUfiZ\e)V)Vv it�"_&c&)V''��U+[Xl �([Xl&'*Y@it'*)+)f!{[W�rc7'ZYXgq�(YWaBS4U�# 'ZYW'Z$o[�aw\e$&UVc&_&)f\][WU+�"$b[W\"!��4!���!Il&'�\eY i l&U [W'*it[X_&YW'
Uf!pS&UV!9[XYWU+`_4[X',S� 4`&_4[�!9�"ab'�iZ'Z)V)V!I\eYW'�S&'*!XU+%"$\][W'*S \"!KEC� '-%D"F.@it'Z)V)f!p\($Sb[Wl&'*!X'mit�;�(Y S4UV$\][W'�!9_`�� [ \(!-�4!���x � � # � YW�(`7�e[ !
\eYW'�YW'*iZ�($�2 %(_&Y \e`&)V'{YW�(`7�e[W! [Xl \][{\eYW'@it�"abc �o!9',Sm�eg!Xaw\e)V)  ]UV$o[X'ZY-��it�($$&'*it[XUV$&%  l&�"a �"%('*$&'Z�"_!�ab�4S4_&)V'*! 
 xp\"!L[ \e$&� "F%8�6@$#$ 
�e�"�(� � � !Il&' ab�;S&_&)+',!�iZ\($^`7'rit�"$&$&'*it[X',S UV$dS&U3# 'ZYW'Z$o['�I\ v;!@[W�biZYX',\][W'�S4U�# 'ZYW'Z$o[�!9l\(c ',S YW�(`7�e[ ! �h!X_i lQ\(!I\ �X!X$\��"'+�
�(Yr\QYWUV$&%#� \($S iZ\e$ \()V!X�dgq�(YWa S4U�#7'*YX'*$o[ !9U �Z',S YX�"` �([W!C�qaw\($ov/!9aw\()+)
YW�(`7�e[ ! �(Ym�"$&'w)V\(YX%"'bYX�"` �([5� � !Il&' S4U�#7'*YX'*$o[
it�"$�2%"_&YW\e[XUV�($! � !9l\(c ',!��p)V'*\"S^[X� S4U�#7'*YX'*$o[�%"\eU+[W!�gq�(Y�ab�
�('*a '*$o[��@z;UVabc&)V'mc&l;v;!XUfiZ\e) YW�(`7�e[ ! �p'ZYW'�aw\"S4' [X���X'��(�")��"'+�

�



`;vm!9c7'*iZU gqv;UV$&%�[Wl&'ZUVYM%('Z$'ZYWUVi@!L[WYX_it[X_&YW'@\($Smaw\e$;_4gh\"ij[W_&YXUV$&%�[Xl&'*aT_!9UV$&%�YW\(c&UVSrc&YX�([X�([LvocU+$&%�[X'*i l$&�()V�(%"v 
 ��UVc!X�($ \($S
u~�()V)f\(i��  �e�"�(� � �%!Il&'�YW�(`7�e[ !�iZ�($!XUV!9[X',Sw�($)+v �eg�`\(YW!pit�"$&$&',ij[X',Sw`;v ` \e)V)�L�"U+$o[W! �q$� !X'Z$!X�(Y !��,� � # !Xc&YXUV$&% iZ�(_&)fSwl\��"'
\rS4U�# 'ZYW'Z$o[@$;_&a ` '*Yp\($Swit�"$�2%(_YW\e[XUV�($b�eg�`&)V�4i��4! -��L�(UV$"[ !~gqYW�(a [Xl&'*U+Ypc\eYW'Z$o[ !�� !Il&'ZUVY 2[X$&',!X!+�p\"!
ab'*\"!9_YX',S `;vbl&�
�
�p'Z)V)�[Xl'Zv�it�"_&)VS a �
�"'��z;'*) g ���(YW%"\($&U �*\][WU+�"$Ql\(!�\e)f!9�w`7'Z'*$ !9[X_S4UV'*S�[Xl&'*�(YW't[XUfiZ\()+)Vv _ !9UV$&% [Wl&' !IUV)V' #�!W!X'Za `)+v����4S4'Z)
 # �e[Wl&'Za _&$S \($S 0?U+$&gqYX'*' �e�(�"� � �'!IlUV!�ab�;S&'Z)kiZ�($!XUfS4'ZY !�\ iZ�()V)+',ij[XUV�($��(g
!Xno_\(YX' [WU+)V'*!�U+$ \ � ��S4U+ab'*$!9UV�($ \e)�c&)f\e$'
��U+[Xl S4U�#7'*YX'*$"[ �;UV$S&!m�(g �X%()V_&'+�d�($/'*\"i l/!XUfS4'�"!Il&' �;UV$S �eg �9%()V_&' �^S4'Z[X'*YXabUV$&'*! ��lUVi l/[XUV)V'*!miZ\($ !L[WUVi���[W�(%"'t[Xl'ZY �
!Il&' [XUV)+',!�iZ�(ab' UV$o[X�^iZ�($o[W\"ij[�` \(!X'*S��"$ \ c&YW�(`\(`&UV)+Uf!L[WUVira �4S4'*) � !Il&' \e%('*$o[W!�S&'*!WitYWU+`7'*S�UV$�[Wl&UV!�S4Uf!X!X'ZYX[W\e[XUV�($�l\��"'
$&� �X!X'Z)+g � �o$�
��)+',S4%(' � \e$ S^)f\(i��b[Wl&'r\e`U+)VU [Lv [X�wi l\($&%('�[Xl'ZUVY�U+$o[X'*YX$ \e)�\eY i l&U+[X',ij[X_YX' �(Y�!9[XYW_ij[W_&YW'�

�*�



� �������	��
 �

� � ��� � ��� � ��� �
�

� ��� ���
���� � � � ���� �

!kYW\"S4U [WU+�"$\e)~YW�(`7�e[ !�)VU��"' z;l\��"'Zv 
 ��UV)V!W!X�($� � � 4 2 � l \(S/\ l&UV'ZY \eY i l&UfiZ\()MiZ�($o[XYW�()~!L[WYX_ ij[X_YX' ��U [Wl/[Xl&'bc&)f\e$&$'ZYm\][ [Xl'
[X�"c��&!Il&�"_&%(l/z;l\��"'Zvdl\(S�\ %(�;�4SQc&)f\e$&$&'*Y� 7U+[W!�a �
�"'*! �p'ZYW'rc&YW�($'m[X�wgh\(U+)V_&YW'�"��[�\e)f!X�b[X�;���\w)V�($&% [XUVa ' [X� c&)V\($
'��"'Z$ \ !9UV$&%")+'d!L[W'Zc�� !Il&Uf! �I\(! `7'*iZ\(_!X' U+[ Uf! S&U � it_) [w\e$S it�"a c_4[W\e[XUV�($\()+)Vv '�(4c '*$!9U$�(' [X�/aw\eUV$"[ \eUV$ \ YW'Z)VUf\e`&)V'
ab�4S4'Z)M�eg~[Xl' �p�(YW)VSdgqYW�(a:[Xl&' U+$&gq�(YWab\e[XUV�($�c&YW�
�;UVS&'*Sd`;v^[Wl&' !X'Z$ !9�"YW!���#�!�[Xl&' [XUVa ' ` 'Z[��@'*'Z$ !X'Z$!XUV$&% \e$ S \(it[XUV$&%
UV$itYW'*\"!9',S� &[Wl&' \"iZiZ_&YW\"itv^�eg{[Xl' UV$"[W'ZYW$\e)��p�(YW)VSQab�4S4'Z)~S4',itYW'*\(!X'*S�� ���(YW'Z�
�"'ZY  &YX',\e) �@�"YX)fS�!9'*$!X�(Y !�\eYW'rUV$&l&'ZYW'Z$o[W)+v
$&�"UV!Xv \e$ S [Wl&UV!�$&�(Uf!9' ��UV)+) ` 'maw\e$U gq',!L[W'*SdU+$d[Wl&'mU+$o[W'ZYW$\e)��p�(YW)VS ab�;S&'Z) �
��$ \�YW�(`7�e[���U [Wlb\�`7'Zl\��;UV�(Y-��`\"!9',Sm\eY i l&U+[X'*it[X_&YW' ]'��('*YXv ab�4S4_&)V'IS&U+YW'*it[X)Vvr\(iZiZ'*!W!9',!�[Wl&'�!9'*$!X�(YWv�UV$4gq�"YXaw\][WU+�"$ \($S

c&YW�4S4_it',!�\wab�e[W�(Y�\(ij[WU��]\e[XUV�($�� *�\"i lQ�eg~[Xl&',!9' a �4S4_)+',!� iZ\()+)V'*S��5" �&� 	 :;46.5'  c7'ZYXgq�(YWab!��($&)Vv^\ !9UVabc&)+' it�(abc&_&[W\][WU+�"$
�($b[Wl&'�!X'Z$!X�(Y�U+$&c_4[p\($S [Xl&Uf!
'*$!X_&YX',!{gh\"!L[�YW'*\"ij[WU+�"$ [WU+ab',!��%!Il&'�YW�(`7�e[@UV!@\e)f!9�mYW�(`&_ !L[�!XU+$ it'�\()+) ` '*l\��;U+�"YW!~c&YW�4S4_iZ'
\ a �([X�"Yp\"ij[XUV�($d\e$S [Xl&'�gh\eUV)V_&YX'��egM\ `7'Zl\��;UV�(Y���U+)V) $&�e[I`&YWU+$% S4�
��$ [Xl&' YW�(`7�e[piZ�(abc&)V't[W'Z)Vv� �MU+%"_&YW' + � � !9l&�
��!�[Xl'
%('*$&'ZYWUfi )f\ v(�"_4[m�eg�\Q`7'Zl\��;UV�(Y-��`\"!9',Sy\(YWi l&U+[X',ij[W_&YX'w\"!rS4'*!WitYWUV` ',S `;v/#�Y �oUV$ 
 � ��� 4 � � ��Uf!r\dgq_&$ ij[XUV�($ ��lUVi l/[W\�(',!
[Xl' ab�e[W�(Y��"_4[Xc&_&[W!�%"'Z$&'*YW\e[X',SQ`ov [Xl&' ` '*l\��;U+�"YW!��q)f\e`7'Z)V'*S�� �
	 ��� 	����	 ���<��\($SQ%('*$&'ZY \][W'*!I[Wl&'rab�e[W�(Y�\(ij[WU��]\e[XUV�($
[Xl \][ UV!�!9'*$o[�[W� [Xl' ab�e[W�(Y !�� � iZ�(_&)fS�'ZU+[Xl'ZYm!9'*)+',ij[+�L_!L[ �($' �(g{[Xl&' ab�e[X�"Y��"_4[Xc_4[W!�%('*$&'ZY \][W'*SQ`;vQ[Xl' `7'Zl\��;UV�(Y !
�F�-��U+$$&'ZY-� [ \��"',��\e)V) � !X'Z)V'*it[XUV�($ ���(Y !X�(ab' iZ�(a `&U+$ \][XUV�($y�eg@\()+)M[Xl' ab�([X�(Y �"_4[Xc&_&[W! � gq�"Y�'�(&\eabc&)V' �\e)V)M[Xl&'b`7'Zl\��;UV�(Y !
it�"_&)fS �(�([X'��"$ '*\"i lw�eg [Xl'�c7�"!W!9UV`&)V'�ab�e[W�(Y@\"ij[WU+�"$!�\($Sb[Xl'�ab�e[W�(Yp\(ij[WU+�"$b[Xl\e[@YW'*iZ'ZU$�('*!
[Xl&'�ab�"!9[+�(�([X',! �p�(_&)fSw`7'
c7'ZYXgq�(YWa ',S&� �

!Il&'d\eY i l&U [W'*it[X_&YW' S4'*!WitYWUV` ',S U+$�[Xl&Uf!bS4UV!W!X'ZYX[W\][WU+�"$� {iZ\()+)V'*S/[Wl&'�x@�"$#�% \eY i l&U [W'*it[X_&YW' ~Uf! `7'Zl\��;UV�(Y-��` \(!X'*S ��U [Wl
it�"$&$&',ij[XUV�($UV!9[ \(it[XUV�($ !9'*)+',ij[WU+�"$�� #>%"YXUfS���`\(!X'*S !9c\e[XUf\e)
YW'ZcYX',!9'*$"[ \][WU+�"$ Uf!m_!X'*S gq�(Y c&)V\($&$&UV$&%�c\e[Xl! [W��)+�4i*\][XUV�($ !
[Xl \][ \eYW' �"_4[ �(g�!X'Z$!X�(Y YW\($&%('d\e$S \e)f!X� [X�/YW'Zc&YW'*!X'Z$o[ [Wl&'Qc\][X[X'*YX$ �eg�[Wl&'�!L[WYX_it[X_&YW'^[Xl\e[ Uf! [X� ` 'd`&_&UV)+[��/!Il'

Se
ns

or
s

M
ot

or
s

f

B

B

B

Bn

1

3

2

�MU+%"_&YW' + � � H /p)V�;i��rS&UV\(%(Y \eaT�eg \�` '*l\��;U+�"Y���`\"!9',Sr\eY i l&U+[X'*it[X_&YW'� !Il&'I`7'Zl\��;UV�(Y !M\(YX'I)f\e`7'Z)V'*S�� ��	 ��� 	����	 ��� � �wUf!{\
gq_&$it[XUV�($r%"'Z$&'*YW\e[X',! [Xl&'pab�e[W�(Y��"_4[Xc&_&[M`\"!9',S �($ [Wl&'�ab�e[W�(YM\(ij[WU+�"$!�%"'Z$&'*YW\e[X',S `ov�[Xl'�UV$S4U$�oUfS4_\()"`7'Zl \��oUV�(Y ! 
 #�Y �;U+$� 
� � � 4 � �

���



Motivations and Internal States

Sensory
Inputs

Motors

motor activations

(Grab/Drop)

Maps

Spatial

Selection

Module

Action

Behaviors

Reactive
Behaviors

Navigational
Planning
Behaviors

Gripper

�MU+%"_&YW' + � �2H /p)+�4i���S&UV\(%(Y \ea �(go[Wl&'px@�"$#�%�\(YWi l&U+[X',ij[W_&YX'.��!Il&'
!X'Z$!X�(YWv�UV$&c&_4[ ! \(YX'{c&YW�4it',!X!X'*S�`;v�[Wl&'@z;'*$!9�"YXv.- ���e[W�(Y
\e$ S [Wl&'���\��;U+%o\][WU+�"$\e) u
)f\e$&$U+$&% `7'Zl\��;UV�(Y !� oc&YW�;S&_itUV$&%w\e)V) c �o!X!XU+`)+' ab�e[W�(Y�\(it[XUV�($!��%!Il&'Zv \(YX'�[Xl&'*$�it�($ it_&YWYX'*$o[X)Vv
gq'*S U+$o[X� [Wl&'�#�ij[WU+�"$ z;'Z)V'*it[XUV�($wab�4S4_&)V' ��l&UVi lb[Wl&'Z$^i l&�;�"!X'*!~�($'�\(it[XUV�($ \e$ Sw!9'*$S&!{U+[�[W�m[Xl&'�a �([X�"YW!���!Il'�it_&YWYW'Z$o[
!9[W\e%"'r�eg~[Wl&' iZ�($!9[XYW_ij[WU+�"$Q[W\"!��dUV!�'Z$ it�4S4'*SQUV$o[X� [Xl&' U+$o[X'*YX$ \e)k!9[W\e[X'r$�;S&'*!'��lU+)V'r[Wl&' ab�e[WU��]\e[XUV�($!�\eYW'mU+$ S4UVi*\][W�(Y !
�egM[Xl'ml&'*\() [Wl^�(gk[Wl&'r\e%"'Z$o[��

`7'Zl\��;UV�(Y !p\(YX'mS4U$�;UVS&'*S^U+$o[X�b[��p�b%(YW�(_&c ! H
� ��z;'Z$!X�(YWv.- ���([X�"Y /p'Zl \��oUV�(Y ! H !Il&' z;'Z$ !9�"YXv.- � �e[X�"Y a �4S4_)+' aw\(U+$o[W\(U+$ ! [Xl&' �
�('ZY \e)V)~l&'*\() [Wl �egI[Xl&'^\e%('*$o[ `;v
%('Z$'ZY \][XUV$&%mab�e[W�(Y�\"ij[WU+�"$!
UV$ YW'*!Xc �"$!9'�[X�r�"`��L'*it[W! ��U+[XlU+$w[Wl&'�!X'Z$ !9�"Y�Y \e$&%"'� !Il'*!X'�` '*l\��;U+�"YW!�\eYW'�[Xl&'*YX'Zgq�(YW'
c&_&YW'Z)Vv YX',\(it[XU$�(' � [Xl'm�(_4[Wc&_4[��eg~'*\"i l^`7'Zl \��oUV�(Y�S4'*c '*$S&!��"$&)Vv �($d[Xl'rit_&YWYX'*$o[I!X'Z$!X�(YWvwUV$&c&_4[-� �

� � ��\��;U+%o\][WU+�"$\e)(u�)V\($&$&UV$&% /p'*l\��;U+�"YW! H !Il&' ��\��;U+%o\][XUV�($ \e)"u�)V\($&$&UV$&%�ab�4S4_&)V'p`&_&UV)VS&!~\($Smaw\eUV$o[W\eUV$!k[Xl'@UV$o[X'ZYW$\()
!9c\e[XUf\e) YW'Zc&YW'*!X'Z$o[W\e[XUV�($ �(g [Wl&' 'Z$��;U+YW�($&ab'*$"[  ;)+',\eYW$&'*S gqYX�"a>[Xl&' l&Uf!9[X�(YWvw�eg~!9'*$!X�(YWv UV$&c&_&[W!�� !Il&'*!X' ab\(c!I\eYW'
[Xl&'*$ _ !9',Srgq�"Y
` �([Xlwit�"$!9[XYW_ij[WU+�"$ \($S !X'Z)+g ��c&YX',!9'*Y-�]\e[XUV�($ %"�"\()V!� ]`;v c&)f\e$&$U+$&% c\e[Xl!{[X�mS4'*!XUVYX',S )V�4iZ\e[XUV�($!~!X_i l
\(!@[X�bgq�;�4SQS4UV!WiZ! ��l'Z$d[Xl&'r\(%('*$"[IUf!�l;_&$&%(YWv�

!Il&'�ab�e[W�(Y \"ij[XU$�]\][WU+�"$ �"_4[Xc&_&[W! �(g�[Wl&'*!X'�`7'Zl\��;UV�(Y ! \(YX'd[Wl&'Z$ !X'Z$o[b[X� [Wl&'y\(it[XUV�($C!9'*)+',ij[WU+�"$ ab�4S4_&)V' ��l&Ufi l
!X'Z)V'*ij[ !r�"$&' �egI[Wl&'Za [X�y` 'd!9'*$"[ [X��[Wl&' ab�e[W�(Y !�� !Il&' #�ij[WU+�"$ z;'Z)V'*it[XUV�($ ab�4S4_&)V'^\e[9[W\"i l&'*! \�l&UV%(l&'*Yrc&YWU+�"YXU+[Lv [W�
[Xl�"!X' `7'Zl \��oUV�(Y !�YX',!9c7�($ !9UV`&)V' gq�"Ymaw\eUV$"[ \eUV$&UV$&%d[Xl&' \(%('Z$o[ * ! l&',\e)+[Xl �
�('*Y�[Xl&�o!9'bYW'*no_&UVYX',S gq�"Yrit�($ !L[WYX_it[XUV�($�� z;UV$iZ'
[Xl'�` '*l\��;U+�"YW!{[Xl\e[�l\��('I[W�m` '�c '*Y9gq�"YXab',S ��UV)V)`7'�S4U�#7'*YX'*$o[@S4_&YWU+$%rS4U3# 'ZYW'Z$o[@!9[W\(%(',!{�eg [Xl'�it�"$!L[WYX_ ij[XUV�($b[ \(!-�  e[Xl'
it_YXYW'Z$o[�!L[ \][W'm�egMiZ�($!9[XYW_it[XUV�($dUV!�'*$it�4S4',SdU+$o[X���F$&%D"F.-$ �6@��A% �9% "I$�;S&'*!�� !Il&'m`&)V�;i��^S4UV\(%(Y \eaH�(g [Wl&' \eY i l&U+[X',ij[X_YX'�UV!
!Xl&�
��$^UV$ 2%(_YX' + � � \e$S^[Xl'ma �4S4_)+',!�\eYW' S&'*!WitYWU+`7'*S^U+$�S4'Z[W\(U+)�`7'Z)V�
� �

� � � � 	��� ��� ����� � � � �	� 	 ������� � �� 
!Il&'�YX',\(ij[WU��"'�` '*l\��;U+�"YW!�\�� \(U+)f\e`)+'�[W�m[Xl'�\e%"'Z$o[@\(YX'�!Xl&�
��$wUV$ 2%"_&YX' + � + � !Il&'*!X'�UV$it)V_S4'�
�	 49:������\e$ S�
 ?I? .34 �I0 �����
`7'Zl\��;UV�(Y ! ��l&'ZYW'�� UV! \yiZ�()V�(Y H ��YW'Z'*$� /p)+_' {�(Y # '*S�� !Il&' �X\��(�"UVS&�Q` '*l\��;U+�"YW! [ \��"'w[Xl&'Q\e%"'Z$o[ UV$ \yS&U+YW'*it[XUV�($
\��I\ vrgqYW�(a �oUf!XU+`&)V'�S&UV!WiZ!@�eg [Wl\][Iit�()V�(YK� gq�(Yp�(` !L[ \(it)V'�\��"�(UfS&\e$iZ' �, ��l&UV)+'�[Xl&'��X\(c&c&YW�"\(i l ��`7'Zl \��oUV�(Y !~[ \��('�[Xl&'�\e%"'Z$o[
[X�
�I\eY S�[Xl'@$&',\eYW'*!9[ �;Uf!9UV`&)V'pS4Uf!Wi��(g4[Xl\e[~iZ�()V�(Y � !Il&'*YX'p\eYW'@\e)f!X���>�6%4\($S���.-: $���`7'Zl\��;UV�(Y !� ]\e$ Sr\e$����F?A@B49.3"k` '*l\��;U+�"Y
[Xl \][��(_&[Xc&_4[ !�\ YW\($S4�"aHab�e[X�"Y�\(ij[WU+�"$��

�,�



Motivations

Se
ns

or
s

H T A
Inhibitory Link

Excitatory Link

Behaviors

Avoid−Green

Avoid−Blue

Avoid−Red

Approach−Green

Approach−Blue

Approach−Red

Eat

Drink

T
o 

A
ct

io
n 

Se
le

ct
io

n 
M

od
ul

e

Explore

�MU+%"_&YW' + � +<H z;'*$!9�"YXv.- ���e[W�(Ym`7'Zl\��;UV�(Y !�� #�ij[XU$�]\][WU+�"$!�� �
� gqYW�(a )V'tg [ [X�yYWUV%(lo[ H gqYW�(a [Xl&'d!9'*$!9�"YW!� M[Xl&YW�(_%(l [Xl'
`7'Zl\��;UV�(Y ! [Wl\][�\eYW' YW'Z%"_&)f\][X',S?`;vC[Xl&'��L/2$# #"F.	�(JK�  �� �2: .5'-% � ! �d\e$S 
�	 49:�� �h#K�^ab�e[WU��]\e[XUV�($!� �[W� [Wl&' \(it[XUV�($
!X'Z)V'*ij[WU+�"$^ab�4S4_&)V'�

�)+



*�\"i l^`7'Zl \��oUV�(Y�[W\��"'*!I[Wl&' !X'Z$ !9�"Y�S&\][ \ it�"$it_&YWYW'Z$o[X)Vv^\($SQ�(_4[Wc&_4[ !�\wab�e[W�(Y�\"ij[WU��]\][WU+�"$Q�(`4[ \eUV$&'*SdgqYW�(a}!9UVabc&)V'
it�"abc&_4[W\e[XUV�($!��($^[Xl&',!9' !X'Z$ !9�"YI\"ij[WU��]\][WU+�"$!����&�"Y�U+$ !L[ \e$iZ' 4[Wl&'r#�c&cYX�o\(i l�� ��YX'*'Z$^` '*l\��;U+�"YI[W\��"'*!p[Wl&' \(it[XU$�]\][XUV�($ !
gqYW�(a [Wl&'b%(YW'Z'Z$ !X'Z$!X�(Y !�\($S �(_4[Wc&_4[W!m[Xl&'wS4UVYX',ij[WU+�"$ ��l&Ufi l/l\(!�[Wl&'bab\�(4U+a _&a !X'Z$!X�(Ym\(it[XU$�]\][XUV�($��bz;UV$iZ'b!X'Z$ !9�"Y
\(it[XU$�]\][XUV�($QUf!�UV$��('ZY !X'Z)Vv c&YW�(c7�(YX[XUV�($\() [X�w[Wl&' S4Uf!L[ \e$iZ'm�eg~[Xl' !9'*$!X'*S�S4Uf!Xi &[Wl&UV!�ab�e[X�"Y�\(it[XU$� \e[XUV�($�)V'*\"S&!I[Xl' \e%"'Z$o[
[X�Q[Wl&'w$&',\eYW'*!9[ %"YX'*'Z$ S4Uf!Xi�"!Il&' \��(�"UVSy` '*l\��;U+�"YW!��(_&[Xc&_4[ a �([X�"Yr\(ij[WU��]\e[XUV�($!�[Wl\][ S4UVYW'*ij[m[Wl&' \e%"'Z$o[r\��p\ vdgqYW�(a
S4Uf!Xi*!~[Xl \][�\eYW'�!9U+[X_ \][X',Sbit)V�"!X'@[W��[Xl&'�iZ_&YWYX'*$"[{)V�4iZ\][WU+�"$ �(g [Wl&'�\e%"'Z$o[��M#?ab�(YW'�S4't[ \eUV)+',S S&'*!WitYWU+c4[WU+�"$ �(g [Wl&'�\ecc&YX�o\(i l
\e$ Sw\��(�(UfS ` '*l\��;U+�"YW!{Uf!{%"U��"'Z$wUV$ i l\ec4[W'ZY 2 ��!Il'&*�\e[G�hs�YXUV$��<�{`7'Zl\��;UV�(Y{%"'Z$&'*YW\e[X'*!
a �([X�"Y�\(it[XU$� \e[XUV�($!{[Xl\e[�'Z$\(`&)V'
[Xl' \e%"'Z$o[ [X��'*\e[ �hS4YWUV$��<��gqYX�"a \Q%(YW'Z'*$ �h`&)V_&' �mS&UV!Wiw!9U+[X_ \][X',S/$&'*\(YmU [ � !Il&'"*@\][ �hs�YWU+$��<��`7'Zl\��;UV�(YmUf!r\(it[XU$�]\][X',S
�($)+v ��l&'*$ [Wl&'�gq�o�4S � �I\][X'*Y5�@S4Uf!Xi�Uf!p!X'Z$ !9',S"�('*YXvwiZ)+�o!9'�[X� [Xl&'m\e%"'Z$o[�� !Il&'�ab�e[X�"Y�\(ij[WU��]\e[XUV�($!@%('*$&'ZY \][W'*Sw`;vb[Xl'*!X'
`7'Zl\��;UV�(Y !
!9'Z[�[Wl&'�ab�([X�(Yp!9c7'Z',Sb[X� �Z'*YX� !X�r[Wl\][@[Xl&'�\e%"'Z$o[@!9[X�(c !�ab�
�;U+$% \e$S YX'*ab\(U+$ !�it)V�"!X'�[W�r[Xl'�gq�;�4Sw�(Y+�p\e[X'*Y
S4Uf!Xi� !Il&' *%(4c&)V�(YW' ` '*l\��;U+�"Yp�"_4[Xc_4[W!�\ Y \e$S&�(a>ab�e[W�(Y�\(it[XUV�($Q\e$SQS4�;',!I$&�e[�S4'*c '*$Sd�($Q!9'*$!X�(Y�\(it[XU$� \e[XUV�($!��

z;',it�($ S����"YWS&'ZY~)+UV$��4!
`7't[��p'Z'*$wab�e[XU$�]\][WU+�"$!
\e$ Sb` '*l\��;U+�"YW!{\(YX'�_!X'*S [W�r',(&iZU [W'��(Y
UV$&l&UV`&U+[@`7'Zl\��;UV�(Y !���!Il&'�#&�(�(UfS
ab�e[WU��]\][WU+�"$ ',(&itU+[X',!m\e)V){[Xl&' \��"�(UfS `7'Zl\��;UV�(Y !�gq�(Yr�"`!L[ \(iZ)+'w\��(�"UVS\e$iZ'� !Ilo_ !� ��l&'Z$/[Xl' \e%('*$o[ c \(!W!9',!mit)V�"!X' [W��\
S4Uf!Xi 4[Xl'*!X'r\��(�(UfS `7'Zl \��oUV�(Y !p%('*$&'ZY \][W'�ab�([X�(Y�\"ij[WU��]\][WU+�"$!p[Xl \][�[W\�('�[Xl'r\e%('*$o[�\��I\ vbgqYW�(a>[Wl&'rS4Uf!Xi� !Il&'LJ�_$&%('*Y
ab�e[WU��]\][WU+�"$ '�(4iZU [W'*! [Xl'd#�c&c&YW�"\(i l�� ��YW'Z'*$�` '*l\��;U+�"Y \($S�UV$&l&UV`&U+[W! [Xl'Q#&�(�"UVS�� ��YW'Z'Z$ ` '*l\��;U+�"Y�� !Il&Uf! YX',!9_&)+[W! UV$
[Xl'b\(%('*$"[�ab�
�oUV$&%^[X�
�I\eY SQ%(YW'Z'*$ S4Uf!Xi*! ��l&'Z$ U [mUf!�l;_&$%(YWv ��l&U+)V' [Xl&'bUV$&l&UV`&U [W�(YWv�)+UV$��y!X_&c&cYX',!X!X'*!�[Xl&'b%"YX'*'Z$yS4Uf!Wi
\��(�"UVS\e$iZ'm` '*l\��;U+�"Y �h!X�w[Wl\][�[Xl&'b\e%"'Z$o[�iZ\($�%('Z[�it)V�"!X'r'*$&�(_&%"l�[X� [Xl&' %(YW'Z'*$ S4UV!Wim[W� ',\][5�,��z;UVabU+)f\eYW)Vv [Xl&' !Il&U+Y !9[
ab�e[WU��]\][WU+�"$ '�(&itU+[X'*!M[Wl&'�#�cc&YX�o\(i l�� /p)+_'�`7'Zl\��;UV�(Y{\e$S UV$&l&UV`&U [ !~[Xl'�#'�(�"UVS�� /p)V_&'@`7'Zl \��oUV�(Y �����e[W'@[Wl\][{[Wl&'ZYW'�\eYW'@$�
)VU+$��4!�[X� [Xl&'�#�c&c&YW�"\"i l�� # '*Sb`7'Zl\��;UV�(Y{gqYW�(aB[Wl&'�ab�([XU$� \e[XUV�($!�� !Il&UV!@`7'Zl\��;UV�(Y�Uf!@$&'Z',S4'*Sw�"$&)Vv S4_YXUV$&% iZ�($!9[XYW_it[XUV�($
\e$ S l&'Z$iZ' Uf!rYW'Z%(_)V\e[X'*S `;v �($&' �(gI[Xl&' ��$"[W'ZYW$\e)Izo[W\e[X' $�;S&'*! �q[Xl&'dit�"$&$&'*it[XUV�($!mgqYX�"a [Wl&' UV$o[X'ZYW$\()�!L[ \][W' $&�4S4'*!
\eYW' )+',\eYW$&'*S^\e$S^[Wl&UV!�UV!�S4',!XiZYXUV`7'*S^U+$�i l\(c4[X'*Y �I� � !Il' J�_&$&%"'ZY�\e$ S !IlU+Y !L[�ab�e[WU��]\e[XUV�($!�\()V!X�b',(&itU+[X'�[Xl' *�\][�\($S
s�YXUV$�� `7'Zl\��;UV�(Y !�YW'*!Xc7'*ij[WU��"'Z)Vv�
z;UV$it'�[Wl&'*!X' ` '*l\��;U+�"YW!piZ\(_!9'�[Xl' \(%('*$"[p[X�w!9[X�"c^it)V�"!X'�[X�w\rgq�;�4S � �I\][X'*Y5�pS4Uf!Wi� ;[Xl'
\e%"'Z$o[{'*\e[W! � S4YXUV$��4!5�~\(!{)V�($&%m\"!~[Xl&',!9'�`7'Zl \��oUV�(Y !~\eYW'�!9'*)+',ij[W'*S�� � $it'I[Wl&'�UV$"[W'ZYW$\e)&gq�o�4SM� �I\][W'ZY-�M)+'��('*)&l\(!~UV$iZYX',\(!X'*S
`7'Zv(�"$S���� �� �� �  "[Xl&'�l;_&$&%('*YG� [Wl&UVYW!9[5�
a �([XU$�]\][XUV�($w`7'*iZ�(ab'*!�U+$ \(ij[WU��"' o\e$&�([Xl&'*Y
` '*l\��;U+�"Y
Uf!�!X'Z)V'*ij[W'*Sw\($S [Xl&'�\e%"'Z$o[
ab�
�(',!�\��p\ v gqYW�(aH[Wl&' gq�;�4S � �p\e[X'*Y5�IS4Uf!Wim\e$Sd!L[W�(c!�'*\][WU+$%M� S4YWU+$��;UV$&%#�,� !Il&'m'�(;c)+�"YX' `7'Zl\��;UV�(YIUV!�\e)$�p\ v4!p',(&itU+[X',S
\e$ S [Wlo_ !I[Xl&Uf!�`7'Zl\��;UV�(YIUf!I[Xl&'��WS4'tgh\(_&)+[�� ` '*l\��;U+�"YIU g{\e)V) �egM[Xl&'m�([Xl&'*Y�` '*l\��;U+�"YW!I\(YX' UV$\(it[XU$�('�

� � � � ��� ����� ��� �����
 � 
 ����� ����� ��	 ������������ 
!Il&'�z;'*$!X�(YWv - ���e[W�(YMab�;S&_&)+'�YW'*!Xc7�($S&!~�"$&)Vvr[X�riZ_&YWYX'*$"[
!X'Z$!X�(YWvmUV$&c&_4[ !
\e$S Uf!~[Xl;_!�it�(abc&)V't[W'Z)Vv YW'*\"ij[XU$�('.� !k� c&)V\($
c\e[Xl!p[ \��;U+$% UV$o[X�wit�"$!XUVS4'*YW\e[XUV�($^YX'*%(UV�($!@�egM[Xl&' �p�(YW)VS [Xl \][�\eYW' �(_4[��eg~!9'*$!X�(YIYW\($&%('. 4\e$dU+$o[X'*YX$ \e) YW'Zc&YW'*!X'Z$o[W\e[XUV�($
�eg [Wl&' �@�"YX)fS UV!
$&'*iZ'*!W!X\(YXv.�k#?YW'Zc&YW'*!X'Z$o[ \][XUV�($ �eg�!Xc\(iZ'IUV!@\e)f!9� $&'*'*S4',S [X�rit�"abc\eYW'I[Xl&'�it_&YWYX'*$o[~)f\ v(�"_4[
�eg7[Xl''�@�"YX)fS
��U+[Xld[Xl&'mc \][9[W'ZYW$Q�eg [Wl&'r!9[XYW_ij[W_&YX'�[W�w` 'm`&_U+)+[�� * �('ZYWv \e%"'Z$o[�_!X'*! *
%"�4it'Z$o[WYXUfi�z4c\][WUV\()�� \ec!�� *@z � !�� 
 x@l\e�w\($S
s�v('ZY  � ��� � � [X� YX'*c&YX',!9'*$o[{[Xl&'�!Xc\e[XUf\e)&YW'Z)f\][WU+�"$!9lU+cb`7't[��p'Z'Z$b[Wl&'�\(%('*$"[�\($S '*\"i l �oUV$Sb�(g S&UV!WiIU+$ [Xl&'�'*$��oUVYW�($&ab'Z$o[ �
�������
	 OQ<
.�6 D 0@2438X6 G���Ek2&89E~K� E���1
#�$ *pz � S4U$�;UVS4',!�[Wl&' \eYW'*\b\(YX�"_&$S^[Xl&' \e%('*$o[�U+$o[X�^\b%(YWUVSd�eg
!Xaw\e)V)�_&$&U+gq�(YWaF!Wno_\eYW'*!��+!Il' \eYW'*\bit�
�"'ZYW'*S^`;v^',\(i l
%(YWUfS it'*)+)~Uf!�\(c&c&YW��(4U+aw\][W'Z)Vv^',no_\e)M[X�^[Xl' !XU��*' �(g��($' S4Uf!Xi� !Il&'bit'Z$o[WYW\()MiZ'Z)V) �h$&'Z_YX�"$ ��UV$ [Wl&'b%(YWUVS UV!�[Xl' iZ'Z)V)M�"$
��l&Ufi lQ[Xl&' \e%"'Z$o[�UV!�it_&YWYW'Z$o[X)Vv c&YW'*!X'Z$o[ � !Il' *@z � iZ�($o[W\(U+$ !�$&'Z_YX�"$!�\eYWY \e$&%"'*S^U+$ \w%"YXUfSd[X�^it�(YWYW'*!Xc �"$S [W�w[Xl'*!X'
!Wn"_ \eYW'*!
!X_i lw[Wl\][@[Xl&'�it'Z$o[WYW\()$&'*_&YX�"$ UV$w[Xl&' *@z � it�(YWYW'*!Xc �"$S&!~[W�r[Xl'�!Wn"_ \eYW'��($ ��l&Ufi lw[Wl&'�\(%('Z$o[�Uf!@)+�4iZ\e[X',S��{#
$&'*_&YX�"$bUV!@it�($$&'*it[X'*S [W�rU+[W!
'*U+%"lo[�$&'ZUV%(l;`7�(YWU+$%�$'Z_&YW�($!�\e$S [Wl&UV!�YX'*c&YW'*!X'Z$o[W!~[Wl&'�\"S��9\(iZ'Z$iZv YW'Z)f\][XUV�($ !9l&UVc!{`7't[��p'Z'*$
[Xl'd\(YX',\(! YX'*c&YX',!9'*$o[X'*S `;v ',\(i l *pz � iZ'Z)V) � !Il&'Q\(it[XU$�]\][XUV�($ �eg�\ $&'Z_YX�"$�U+$ S4UVi*\][W'*! U g�\ S4Uf!Wi Uf! cYX',!9'*$"[ U+$ [Xl'
it�"YXYW'*!Xc7�($S4UV$&%Q!Xno_\(YX'.� !Ilo_ !m\][r'��"'ZYWv�c �"U+$o[r�(g@[WU+ab' k'*\"i l/\(%('Z$o[maw\eUV$o[W\eUV$!m\ �9`U+Y S&!���'*v('+� �;U+'��J�(g@[Wl&' �@�"YX)fS
\eYW�(_$SdU [ �&!Il&'r$&'*_&YW�($!�it)V�"!X' [X� [Wl&' iZ'Z$o[X'*Y��eg~[Wl&' *pz � \e)f!9�^it�(YWYW'*!Xc �"$S [W� [Wl&' !Xc\(iZ' !9'*$!X'*SQ`;v [Wl&' !X'Z$ !9�"YW!��
#p[m'��"'ZYWvQ[XUVa ' !9[X'*c� �$&'�� !X'Z$!X�(YWv�UV$&c&_4[rUf! U+$o[W'Z%(Y \][W'*SyU+$o[X�d[Wl&'wit'Z$o[W'ZYmc7�(YX[XUV�($y�(g�[Wl&'waw\ec � 2%"_&YX' + � 2 � � !Il;_!
i l\($&%(',!@UV$d[Xl&' �p�(YW)fS� &!9_ i ld\"!p[Xl&'r\"S&S4U+[XUV�($d�(Y�S4Uf!X\(c&c7'*\eY \e$ it'��eg{S4UV!WiZ!� &\eYW'�YX' �'*it[X'*SdUV$d[Xl&' *pz � �

#�!w[Xl&' \(%('Z$o[wab�
�(',! UV$?'��"'ZYWv [XUVab',��!L[W'Zc� p[Xl'�$&'Z_&YW�($?\"ij[XU$�]\][WU+�"$!w\eYW'Qc\(!W!9',S�[W� $&'ZUV%(l;`7�(YWU+$% $&'*_&YW�($! [W�
aw\eUV$o[W\eUV$Q[Xl'r'Z%"�;iZ'Z$o[XYWUfi $\][W_&YX' �eg~[Xl&' ab\(c��'!Il&' \"ij[WU��]\][WU+�"$!��"$Q[Xl&' *pz � \eYW'mc\"!X!X'*SQUV$ \ S4UVYX',ij[WU+�"$d�"c&c7�"!XU [W'
`&_4[rcYX�"c �"Y9[WU+�"$\e)M[X�d[Wl&' S4Uf!L[ \e$iZ' ab�
�"'*S `;v�[Wl&' \e%"'Z$o[mU+$/'*\"i ly[WU+ab'���!9[X'*c�� !Il&' \eab�(_$"[mab�
�(',S `;v�[Wl&' \e%"'Z$o[
Uf!b�(`4[ \eUV$&'*S gqYX�"a [Xl&' S&'*\(S���YW'*i��"�($&UV$&% UV$&c&_4[ !�� ��$ %('Z$'ZY \e)  {[Xl&' S&UV!9[W\($it'dab�
�('*S `;v \e$C\e%"'Z$o[ ��UV)V)�$&�e[w`7'Q\($
UV$"[W'Z%"YW\(){a _&)+[XUVc&)V' �egI[Xl'�*@z � %"YXUfS !9U �Z'.� !k� \(iZiZ�(_&$o[mgq�"Y !9aw\()+)V'ZYrab�
�"'Zab'Z$o[W!� �',\(i l *@z � iZ'Z)V)@\e)f!X�Q!9[X�"YX',! [Xl'
� � 	
� ����# !9'Z[W! �(g
[Xl&'wS4Uf!Wi YW'ZcYX',!9'*$"[W'*S�UV$ [Xl\e[miZ'Z)V) � ��$ '��('*YXvQ[WU+ab',��!9[X'Zc� [Xl&'wS4',\(S���YW'*i��(�"$&UV$&% UV$&c&_4[mUf!m\(S&S4',S�[W�

� 2



N

Sensor Range

ESMESM Range

Agent

Bricks

�MU+%"_&YW' + � 2&H !�c S&\][WU+$&%d\e$ *pz � gqYX�"a:!X'Z$!X�(Y !�� !Il' it'*$"[WYW\()�c7�(YX[XUV�($ �h!Xl\"S4'*S&���eg{[Xl' *@z � YW'ZcYX',!9'*$"[ !I[Xl' !W\eab'
!Xc\(iZ'�!X'Z$!X'*S `ov [Wl&'mS4UV!9[W\($it'�!9'*$!X�(Y !�� !Il&'*!X' !9'*$!9�"Y@\"ij[XU$�]\][WU+�"$!@\(YX'�U+$o[W'Z%(Y \][W'*SwUV$o[X� [Xl&' *@z � [X� �('*'Zc [Wl&'�ab\(c
it_YXYW'Z$o[��I#�it[XU$�]\][XUV�($ !��eg{$&'*_&YW�($!I[Wl\][�'Z$iZ�;S&' !9c \(it'm�"_4[W!XUfS4'm[Xl' !9'*$!X�(Y�Y \e$&%"'mabU+%"l"[�$&�e[�iZ�(YWYX',!9c7�($S^[W� \(it[X_\()
S4Uf!Xi*! UV$ [Xl&'p'Z$��;U+YW�($a '*$o[MS4_&'@[X��\(it[XUV�($!k�eg�([Xl&'*YM\(%('*$"[ ! �q[Xl&' *@z �P!Xl&�
��$ it�"$o[W\eUV$!M\e$ \"ij[WU��]\][W'*S $&'Z_&YW�($ �X!X�(_4[Wl&�
�egk[Xl&'miZ'Z$o[X'*Y@[Wl\][�l\"!I$&�bit�(YWYW'*!Xc �"$S4UV$&% S4Uf!Wi�UV$^[Xl&' 'Z$��;UVYX�"$&ab'Z$o[5�,� � $)+v iZ�($&$&',ij[WU+�"$!pgqYX�"a>'*\"i l $&'*_&YX�"$ [W� U+[W!
$&',\eYW'*!9[pgq�"_&Y�$&'*U+%"lo`7�(Y !I\eYW'm!9l&�
��$^gq�(Y�iZ)V\(YXU+[Lv�

[Xl' �# !X't[ !L[W�(YW'*S�UV$ '*\"i lyit'*)+) � ��g
[Xl&Uf!���# !9'Z[�gh\()+)f!��"_4[W!XUfS4'r[Wl&' \(YX',\bYX'*c&YW'*!X'Z$o[X',S�`;v^[Wl&' iZ'Z)V)  7[Wl&' iZ'Z)V){\(ij[WU��]\e[XUV�($
Uf!�c \(!W!9',Sd[X�^[Xl&' $&'ZUV%(l;`7�(YWU+$% it'*)+){\e)V�($%"��U [Wly[Wl&' ��# !9'Z[ �h!XUV$it' [Xl&' aw\
(4UVa _&a !Xc '*'*S �(g@\e$ \e%('*$o[�Uf! � _&$&U+[�c7'ZY
[XUVab',��!L[W'Zc� o[Wl&'��# !X't[���U+)V)7$&'��"'ZY@gh\e)V) �"_4[W!XUVS&'�[Xl'�\(YX',\ YX'*c&YX',!9'*$o[X'*Sb`;v [Xl'�$&'*U+%"l;` �"YXUV$&%r$&'*_&YW�($!5� � !Il&' \(ij[WU��]\e[XUV�($
�eg [Xl&'��(YWU+%"U+$ \e) iZ'Z)V) UV!@YX',!9'Z[�[W� �*'ZYW�r[X� U+$ S4UVi*\][W'�[Wl\][�\ S4Uf!Wi�Uf!p$&� )V�($&%"'ZY@c&YX',!9'*$o[pUV$w[Xl' \(YX',\mYW'Zc&YW'*!X'Z$o[X',Sb`;vb[Xl\e[
it'*)+) � !Il&�(_&%"l�\wit'Z)V) �# !X't[�i*\e$�!9[X�(YW'rit�"$o[XUV$o_�(_! �]\e)V_&',!� [Xl&' *pz � !L[WU+)V) '�#7',ij[WU��"'Z)VvdS4Uf!WitYW't[XU �Z',!p[Xl&' !9c\"it'r\(YX�"_&$S
[Xl'�\e%"'Z$o[�`7'*i*\e_!X'�\riZ'Z)V)7i*\e$w�($)+vb!L[W�(YW'��($'���# !9'Z[+�]\e)V_&'.����$ c\eYX[XUfit_&)f\eY  (U+g [��p�r�(Y
ab�"YX'�S&UV!WiZ!@\eYW'�)+�4i*\][X',S ��U [Wl&UV$
[Xl' !Xc\(iZ'rYX'*c&YW'*!X'Z$o[X',SQ`ov�\ iZ'Z)V)  �"$&)+v^[Xl' ��# !X't[W!�gq�(Y��($&' ��U+)V)M` ' !L[W�(YW'*SQUV$�[Xl&'bit'*)+) �&!Il;_!� 7[Xl&' %(YWUVS�!XU��*' �(g{\($
*@z � S4'Z[X'*YXabUV$&'*!pl&�
� 2$&'Z)Vv !Xc\(iZ'�Uf!IYW'Zc&YW'*!X'Z$o[X',S�� !Il&'m!9l&U+g [XUV$&%b�egM$&'Z_YX�"$^\(it[XU$�]\][XUV�($ !IUV!IS4�"$&' c&YX�4iZ'*S4_&Y \e)V)Vv `;v
c&_&YW'Z)Vvb)+�4i*\e) it�(abc&_&[W\][WU+�"$! � [Xl'�$&'��?$&'Z_YX�"$ \(it[XU$� \e[XUV�($ \($Sw�# !X't[ �]\e)V_&'�S4'*c '*$S �"$&)Vv �"$w[Xl'�$&'*U+%"l;` �"YXUV$&% *pz �
$&'*_&YX�"$!5� �'�MU+%"_&YX' + � � !9l&�
��!I\($^\e%"'Z$o[�!9_&YWYW�(_&$S&'*S"��U+[Xl^[��p� YW'*S^S4UV!WiZ! �h�($&)Vvw�($'��(g���l&Ufi l^)VUV'*!�it�"abc&)+'Z[X'*)+vwUV$d\($
*@z � it'*)+) ��\($S�[Wl&'bit�(YWYW'*!Xc �"$S4UV$&% \(it[XU$� \e[XUV�($!��($yU [ ! /pYWUVi�� *@z � � #�!�[Xl&' \e%"'Z$o[�ab�
�(',!�`;v \ S&UV!9[W\($it' l\e)+g
[Xl'
it'*)+) !XU��*' "[Xl&' \(it[XU$� \e[XUV�($w�(g �($&'��eg [Xl' *pz � $&'*_&YX�"$!
Uf!@c\(!W!9',S [X� \r$&'*U+%"lo`7�(YWUV$&%rit'*)+) ��l&UV)+'�[Xl&'�\(it[XU$� \e[XUV�($ �"$w[Xl'
�e[Wl&'ZY�$'Z_&YW�($dYX'*aw\eUV$!p[Xl&'r!W\eab'.�
��gr[Wl&'/\"ij[WU��]\][WU+�"$ �(g \ $&'*_&YW�($ Uf!da �
�"'*S?�"_4[Q�egr[Wl&' aw\(c * !^Y \e$&%"' �[Wl&'Z$ [Xl&' \e%"'Z$o[ �9gq�(YW%('Z[W!���\e`7�(_4[d[Xl'

it�"YXYW'*!Xc7�($S4UV$&%bS4Uf!Xi� !IlUV!�cYX�4it',!X!pUf!�UV)+)V_!9[XY \][X',S UV$ 2%(_YX' + � "��
��������� � 0@2;D <
3&EM2&890�<  5�K�2&8 ��KLD O G� 1

*�\"i ld\(%('*$"[�l \(!�\ !X'Zc \eY \][X' *pz � gq�(Y�',\(i l �;U+$SQ�(g
S4UV!Wi UV$Q[Xl&'r'*$��oUVYW�($&ab'Z$o[ H [Xl'�� 4 4 � � � �  ����6%D"F.�� � �  \($S
[Xl'��>.-:;0 ��� � � � !Il&' !9[XYW_ij[W_&YW' [X�w`7'r`&_&UV) [�UV!�\e)f!9�wYW'Zc&YW'*!X'Z$o[W'*S^U+$ \ *pz � iZ\e)V)V'*Sd[Xl'	� 46$+78 9/2.��6%1:;46$ � � � �7� U��"'
[Xl' �e[Wl&'ZY *@z �y!� M[Xl'^\(it[XU$�]\][XUV�($ !m�($ [Wl&Uf!raw\ec \(YX' \()V!X�y!Xl&U+g [X'*S \(!m[Wl&'^\(%('*$"[rab�
�"'*!r!X��[Xl \][ '*%(�4it'*$o[XYWUViZU [Lv �eg
[Xl'�aw\(c Uf!@cYX',!9'*Y-�"'*S� o`&_4[I[Xl'�UV$&U+[XUf\e)�\"ij[XU$�]\][WU+�"$!p�($ [Wl&'rx@�($�2%"_&Y \][XUV�($ *@z � � [Wl\][I'Z$iZ�4S4'�[Xl&'m!9[XYW_ij[W_&YX'�[X�b`7'
`&_&UV)+[5��\(YX' !9'Z[ � ? .-:;46.-: \e$SQ\(YX'�$&�e[�_c7S&\e[X',S^`;v [Xl&'r!X'Z$!X�(Y !��

u{\][Wl!p\eYW'�iZ�(abc&_4[W'*S `;v !Xc&YW'*\"S4U+$% \(it[XU$�]\][XUV�($^�($�
�� 	 :  #�6%1:;46$ E �5? ' ��l&Ufi l^\()V!X�bit�($ !9Uf!L[I�egM\ %"YXUfSw�(gk$&'*_&YX�"$!��
#�it[XU$�]\][XUV�($ !9cYX',\(S&! gqYX�"a $&�4S4'*! YW'Zc&YW'*!X'Z$o[WU+$&% %(�o\e)p)+�4iZ\e[XUV�($! ��l&UV)+'d$&�4S4',! YW'ZcYX',!9'*$"[WU+$%y�(` !L[ \(it)V'*! UV$&l&UV`&U [b[Wl&UV!
\(it[XU$�]\][XUV�($	�h'*no_&U$�]\e)V'Z$o[X)Vv ;$&�4S4',!�YW'Zc&YW'*!X'Z$o[WU+$&%m�"`!9[W\(iZ)+',!�\($Sb[Xl'ZUVY@UV$o[X'ZY it�"$&$&',ij[XUV�($ !
\eYW'�YW'Zab�
�(',S gqYX�"aJ[Wl&'�%"YXUfS&� �
��'Z[� S4'*$&�e[W' \e$ \eYW`&U [WYW\(YXv $&'Z_&YW�($�UV$y\ ��\��;U+%o\][WU+�"$daw\(c \e$S�� �9��� �p[Wl&' !X't[��eg
$&'*U+%"lo`7�(YWUV$&%w$&'Z_YX�"$!��(g��%����'Z[
� � ���=�p`7' [Xl&'r\"ij[WU��]\][WU+�"$^�(g��/\][�[WU+ab'�� �

� �



t t+1

�MU+%"_&YW' + � � H !�c7S&\e[XUV$&%�\($ *@z � ��U [Wl \e%"'Z$o[+* ! ab�
�('*a '*$o[ H !Il&'p\eYWYW\($&%('*a '*$o[ �(g&`&YWUVi��4!�\e[ [XUVab' ��\($Smit�"YXYW'*!Xc �"$S4UV$&%
*@z � �hS&\(Y-�"'Z$&',S iZU+Y it)V'*!�YX'*c&YW'*!X'Z$o[%2YWU+$&% $&'Z_&YW�($ !��,��!Il&'�S&\(!Xl&'*Sb)VUV$&'*!�U+$S&UVi*\][X'�[Xl&'�S4UV!WitYW't[WU��,\][WU+�"$w�eg�!9c \(it'�`ov [Xl'
*@z � $'Z_&YW�($!���#�!I[Xl&'r\(%('*$"[�ab�
�"'*!IS4Uf\e%(�"$\e)V)Vv `;v^\e`7�(_&[�l\e)+gk[Wl&'r%"YXUfS^!XU �Z' � [WU+ab' � � � �, 4[Xl&' *@z � \(it[XU$�]\][XUV�($ !
\eYW' !Xl&U+g [X'*S U+$�[Wl&'r�"c&c �o!9U+[X' S4UVYX',ij[XUV�($�� � $&)+v^[Xl' \(it[XU$�]\][XUV�($��(g{�($&'r$'Z_&YW�($�Uf!�!Xl&U+g [X',SQ[X� \ $&'ZUV%(l;`7�(YWU+$&% $&'Z_&YW�($ �
[Xl'm��# !9'Z[��eg [Wl&'m�e[Wl&'ZY�$'Z_&YW�($dYX'*aw\eUV$!IU+$ !9UfS4'�[Xl&'r!W\eab' %(YWUfS^iZ'Z)V) \][�`7�e[Xld[WU+ab'*! �p\($S � � � �

� "



t t+1

�MU+%"_&YW' + � " H �&�"YX%"'t[9[WU+$% \(it[XU$�]\][XUV�($ ! \"!bS4UV!WiZ! ab�
�('^�(_4[b�eg�YW\($&%(' H !Il&'Q\eYWYW\($&%('*a '*$o[ �eg�`&YXUfi��4! \e[ [WU+ab'�� \($S
it�"YXYW'*!Xc7�($S4UV$&% *@z ���hS&\(Y-�"'Z$&',SbitUVYWiZ)+',!
YW'Zc&YW'*!X'Z$o[%2YWU+$%r$&'Z_YX�"$!��,�M#�!{[Wl&'�\(%('Z$o[�ab�
�"'*!~[W�m[Xl&'�YXUV%(lo[G�q[XUVa ' � � � �, 
[Xl' *@z � \(it[XU$� \e[XUV�($!�\eYW' !Xl&U+g [X'*S [X� [Xl&' )+'Zg [�[W� YW' �',ij[�[Wl&' i l \e$&%"'�&!Il&' [��p� S4Uf!Xi*!�[W� [Xl' )V'tg [m\eYW'r�(_4[��eg *pz �
Y \e$&%"'�\][p[XUVab'� � � \e$ Sw[Xl'ZUVYIiZ�(YWYX',!9c7�($ S4U+$% \(it[XU$�]\][XUV�($ !@\(YX'��Lgq�(YW%(�([9[W'Z$&� � � $&)Vvwit�"$&$&'*it[XUV�($!@gqYW�(a�'*\"i l $&'*_&YW�($
[X�bU+[W!�$'*\eYW'*!9[Igq�(_&Y�$'ZUV%(l;` �"YW!I\(YX'm!Xl&�
��$ gq�"Y�it)f\eYWU [Lv.�

� %



� � � � � � � � 	 U+g �yYW'Zc&YW'*!X'Z$o[W!�\ %"�"\e) )V�4iZ\][WU+�"$!@� 	 U+g �yYW'Zc&YW'*!X'Z$o[W!�\($^�"`!9[W\(iZ)+'
� 	 �([Xl&'*Y-��Uf!X'

� + � � �

� � ��� � � � � ab\�(��� ����� �	� � � � � �=� ! � � � 	�
 �=� 	 � � ���=��� � � + � � �
��l&'*YX' � � 
 	 � ��Uf!�c&YW�(c7�(YX[XUV�($\() [W� [Wl&' *
_iZ)+UfS4'*\($yS4Uf!L[ \e$iZ' `7't[��p'Z'*$y[Wl&' )+�4iZ\e[XUV�($!�YW'Zc&YW'*!X'Z$o[W'*S�`;v�$&�4S4',! 


\e$ S �%� �A� 
 	 � �p'*$it�4S4',!p[Xl&'rS4Uf!9[W\e$ it'mYW'Z)f\][XUV�($ !9l&UVcd` 'Z[��@'*'Z$d$&'ZUV%(l;`7�(YWU+$&% $&�4S4',!�\e$SdiZ\($ [ \��"'��"$&)Vvw[��@� �]\e)V_&',! H
�A��� 	
 � ��� ����� 	 U g � 	�
 \(YX' l&�"YXU �Z�"$o[W\e) -��"'ZYX[XUfiZ\()$&'*U+%"lo`7�(Y !� ����� 	 U g � 	�
 \(YX'mS4Uf\e%"�($\() $&'ZUV%(l;`7�(Y !

� + � + �
��l&'*YX' � UV!�\ )f\eYW%('r$;_&a ` '*Y�!X_i l�[Wl\][m\(it[XU$�]\][XUV�($ !��eg@$&�($����(` !L[ \(it)V'r$&�4S4',!�S&� $&�([�[W\�(' $&'Z%o\][XU$�(' � \()+_'*!�� z;UV$iZ'
[Xl'�aw\
(4UVa _&a>S4Uf!9[W\e$ it'�`7't[��p'Z'*$ [��p�r$&�4S4',!@i*\e$&$&�([@`7'�)f\eYW%('*Y
[Wl\e$w[Wl&'�$o_a `7'ZYp�eg $&�4S4',!�UV$ [Wl&'�%"YXUfS� � iZ\($ `7'
i l&�o!9'*$d!X_i l^[Xl\e[�U [�Uf!I)V\(YX%"'ZYp[Xl \e$d[Xl&' [W�e[ \e) $;_&a `7'ZY��(gM$�;S&'*!��

*�no_\e[XUV�($ + � � Uf!IU+[X'ZY \][W'*Sd_&$o[XUV) [Wl&'r\(it[XU$� \e[XUV�($!�!9[X�"cdi l \e$&%"U+$&% H
� � � � � � � � � � ���=��� � � + � 2 �

z;c&YW'*\"S4UV$&%m\(ij[WU��]\e[XUV�($bUV!@\ c\eY \e)V)V'Z)4UVa c)+'*a '*$o[W\][WU+�"$b�eg�s�U ���4!L[WYW\&* !�!9l&�"Y9[W'*!9[{c\][Wl \e)V%(�(YWU+[Xl&a 
 x@�(YWab'Z$	"!% �9@$#$ � ��� � � �
!Il&'w%"YW\"S4U+'*$o[ iZYX',\][X',Sy`;vy[Xl&' \"ij[XU$�]\][WU+�"$ Uf! [Xl'wc&)V\($&$&',S c \][Xl [X�Q[Wl&'w$&',\eYW'*!9[ %"�"\()M)V�4iZ\e[XUV�($�� � 't[ � \($S 
 `7'
$&'*U+%"lo`7�(YWUV$&% $�;S&'*!�� !Il&'Z$� &[Xl&'m%"YW\"S4U+'*$o[I\e[ �yUV$^[Wl&'rS4UVYX',ij[WU+�"$ gqYW�(a � [X� 
  ���� � ����� � �F� � 	�
 �  4Uf!�%(U$�('*$^`;v

��� � ����� � �F��� 	�
 � � � � ! � ��A� 
 	 � � � + � � �
!k��YW'*\"i lr[Wl&UV!~%"�"\()"gqYW�(aJU [ !{it_&YWYX'*$o[M)V�4iZ\][WU+�"$� ][Wl&'�\e%('*$o[~!Xl&�(_)VS ab�
�('I\e)V�($&%�[Xl&'�aw\�(;UVa _a %(Y \(S4UV'Z$o[M�eg \(ij[WU��]\e[XUV�($
\][�[Wl&'rit'*$o[X'ZY��egM[Xl&'���\��oUV%"\e[XUV�($daw\ec�� !IlUV!�Uf!�\"i l&U+'��(',S `;v ab�
�;UV$&% [X�
�I\eY Sw[Xl'r\eYW'*\ YX'*c&YW'*!X'Z$o[X',S `;v [Wl\][�$�;S&'� � gqYW�(a:it'Z$o[WYW\() $&�4S4' �  ���l&'*YX' ��� � ����� � �F� � � 	 �)� � aw\
(� � �����"!#� �$�%� � ���#� � �F� � 	 �)�=� � + � "#�
!Il&' a �([X�"Y�iZ�(abaw\e$S&!�`\"!9',S��($�[Wl&' ab\�(4U+a _&a}%(Y \(S4UV'Z$o[&��UV)+)~�"$&)+vQ`7' UV$ �"$&' �(g
[Xl&' 'ZUV%(lo[mit�(abc\"!X!�S4UVYX',ij[XUV�($ !
�hiZ�(YWYX',!9c7�($ S4U+$%b[X� ',\(i lQ�eg{[Wl&' '*U+%"lo[�$&'ZUV%(l;`7�(YWU+$% $&�4S4'*!��eg{[Wl&' iZ'Z$o[XY \e)k$&�4S4' �,�GJ��
�p'��"'ZY  4[Xl&' c\][Wl �eg�\($ \e%"'Z$o[
��UV)+)@` ' !Xab�;�e[Xl `7'*i*\e_!X'w�egI[Xl'wU+$&'*Y9[WUV\Q�(gI[Xl&' \(%('*$"[ �q[Xl&'^a �([X�"YW!mi*\e$&$&�([rU+abab'*S&UV\e[X'Z)Vv [X_&YW$/[Xl&' \(%('*$"[rUV$ [Xl'
S4UVYX',ij[WU+�"$^%"U��"'Z$d`ov [Xl&'maw\
(4UVa _&a:%(Y \(S4UV'Z$o[I�eg{\(it[XU$� \e[XUV�($ �,�

!Il&'�!Xc&YX',\(S4UV$&% \(it[XU$� \e[XUV�($C\e)V%(�"YXU+[Xl&a \"ij[W_\e)V)+v iZ\e)fit_)V\e[X'*! [Wl&' !9l�(YX[X'*!9[bc\][Wl [W�/[Xl&'Q$&',\eYW'*!9[b%"�"\()p)V�4iZ\e[XUV�($
gqYW�(aH\e$;vb$&�4S4'. o$�e[��L_!L[p[Xl' iZ'Z$o[XY \e)7$&�4S4'.�~#p[IU+[X'ZY \][WU+�"$ �� o[Xl&' \(it[XU$�]\][XUV�($ UV!I!X't[I�($^\()+)7$&�4S4',!�gqYW�(a ��l'ZYW'�\r%"�"\()
)V�;i*\][WU+�"$Qi*\e$�`7'rYW'*\(i l'*Sd`;v c\"!X!XU+$%b[Xl&YW�(_&%"lQ',(&\(it[X)Vv �Iit'Z)V)f!�� !Il;_!� �($iZ'm[Xl' \(it[XU$� \e[XUV�($Q�eg
\w$�;S&'rUV!�!9'Z[�U+$ \($
U+[X'ZY \][WU+�"$� 4[Wl\][�$&�4S4' * !�\(ij[WU��]\e[XUV�($ ��U+)V)�$&�([�i l\e$%(' U+$Q)f\][W'ZY�U+[X'*YW\e[XUV�($!�� !Il&'ZYW'tgq�"YX'�[Wl&'rU+[X'ZY \][WU+�"$!�iZ\($^`7' !9[X�"c&c ',S
�($ it' [Xl&'b\(it[XU$� \e[XUV�($ l\(!�YX',\(i l&',SQ[Xl' iZ'Z$o[XY \e)M$&�4S4'� !Il&' !Xl&�"Y9[W'*!9[�c\e[Xl gqYW�(a�\^%(�o\e)k$&�4S4' [X� [Wl&'wit'*$"[WYW\()k$�;S&'
iZ\($yit�"$o[W\eUV$ `7't[��p'Z'*$ � \e$S'& $&�4S4'*!� ��l&'ZYW'(& UV!�[Wl&' [W�e[ \e)~$;_&a `7'ZY��eg�$�;S&'*!�� !Il;_!� '*no_\e[XUV�($ + � � l\(!�[X�d`7'
U+[X'ZY \][W'*S \][ a �o!L[)& [WU+ab',!���J��
�p'��"'ZY  �UV$ $&�($���aw\��*'w)+U$�(' '*$��oUVYW�($&ab'Z$o[ !�  [Xl&' $;_&a ` '*Yr�eg�$&�4S4',!rUV$ [Xl&'^!9l&�"Y9[W'*!9[
c\e[XlQUV!I�(gk[Wl&'m�(Y S4'*Yp�(g � & $&�4S4'*!�\e$S [Xl&'*YX'Zgq�(YW'�[Xl&'r!Xc&YW'*\(S&U+$&%b\(it[XU$�]\][XUV�($QiZ\($^`7' [X'*YXabUV$\][W'*Sd'*\(YX)VUV'ZY �

#�$ ',(&\eabc&)V'�UV)+)V_!9[XY \][WU+$&%�!9c&YW'*\"S4UV$&%�\(it[XU$�]\][XUV�($rgqYX�"a [��p��%"�"\e)")+�4i*\][XUV�($ !�Uf!k!Xl&�
��$rUV$ 2%"_&YX' + �3%�� !Il'�aw\
(4UVa _&a
%(Y \(S&U+'*$"[{\][{[Wl&'�it'*$o[X'ZY{Uf!{\��]\eUV)V\(`&)V'I\eg [X'*Y~[��@� U+[X'ZY \][WU+�"$!����&_Y9[Wl&'ZY
U+[X'*YW\e[XUV�($!���UV)+)�($&)Vv !X't[{[Xl'�\(ij[WU��]\e[XUV�($!~�(g[Xl�"!X'
$&�4S4',!p[Xl\e['�@'*YX' $&�([�!9'Z[IUV$d[Xl&' 2 YW!9[I[��@�bU+[X'ZY \][WU+�"$!I`&_4['��UV)V)�$&�e[�i l\($&%('�[Wl&'maw\
(4U+a _&aH%"YW\"S4U+'*$o[�\e[I[Xl&'riZ'Z$o[X'*Y��
��g�[Wl&'ZYW'bUV! ab�"YX' [Xl\($ �"$&'b$&�4S4' [Xl\e[ !X\e[XUf!�2 '*!�'*no_\e[XUV�($ + � "  [Xl'Z$ \e$;v �($' �(g@[Wl&�"!X' $�;S&'*! aw\ v `7'bi l�"!X'Z$

\eYW`&U+[XY \eYWU+)Vv��!Il&Uf!�Uf!@!Xl&�
��$ UV$ 2%"_&YW' + � 4 ����$ [Wl&UV!piZ\"!9'. "�"$&'��(g [Xl&'�%(�o\e))V�4iZ\e[XUV�($!�UV!@` '*l&UV$S \ ���I\e)V) � �(g��(`!9[W\"it)V'*!��
!Il&'w\(it[XU$�]\][XUV�($ ��
��! \eYW�(_$S [Wl&Uf! �p\()+)
\($SyYW'*\"i l&'*!�[Xl' it'Z$o[W'ZY gqYW�(a 'ZU+[Xl'ZYr'*$Sy�(g�[Wl&' �p\()+) � !Ilo_ !� [Wl&'ZYW'w\eYW'
[��p� !Xl&�(YX[X',!L[�c\e[Xl!� &\e$ S [Wl&'r\e%"'Z$o[Ii*\e$dab�
�('�'ZU+[Xl&'*YI[X� [Xl&'r\(YX',\ YW'ZcYX',!9'*$"[W'*S `ov [Xl&' _&c&c7'ZY-��YXUV%(lo[I�(Y�)V�
�@'*Y���YXUV%(lo[
$&�4S4',!��

* �"'ZYWv *pz ��Uf!I\(!W!9�4iZUV\e[X'*S �($&'�� [W�����($&'1��U [Wld\ ��\��;UV%"\][WU+�"$ � \(c U � '. o',\(i l^$&�4S4'�UV$^[Xl&' *@z � l\"!@\($ ',(&iZU [ \][X�"YXv
)VU+$�� [X�wU+[W!�iZ�(YWYX',!9c7�($ S4U+$% $&�4S4'mUV$d[Xl&'���\��oUV%"\e[XUV�($daw\ec�� !Il&'m'�(&itU+[W\][W�(YWvw)+UV$��4!IgqYW�(aF\(ij[WU��"' $&�4S4'*!IYW'Zc&YW'*!X'Z$o[I[Xl'
%(�o\e)o$&�4S4'*!kgq�"Y~iZ�(abc&_4[WU+$% \�c\e[Xl [X��[Xl&'I$&',\eYW'*!9[~S4Uf!Wi��(g&[Xl&'�iZ�()V�(YMYX'*c&YX',!9'*$o[X'*S U+$ [Xl'�*pz � � ��$&l&UV`&U+[X�"YXvm)VU+$ �;!kgqYW�(a
[Xl' \(it[XU$�('m$&�4S4',!�UV$ �e[Wl&'ZY1*@z � !�YX'*c&YW'*!X'Z$o[��(`!9[W\"it)V'*!�UV$�[Wl&UV!�c\][Wl�� �&�"Y�UV$!9[W\e$ it' [Xl&' �&�;�4S *@z � Uf!�\"!X!X�4itUf\][W'*S

�)4



t=1 t=2 t=3

t=0

�MU+%"_&YW' + �3% H z;cYX',\(S4UV$&% \"ij[XU$�]\][WU+�"$�gqYX�"aF[��@� %"�"\() )V�;i*\][WU+�"$! H !Il&' \e%"'Z$o[�Uf!�!X_&YWYX�"_&$S4',S�`;v [��p� `&)V_&' S4UV!WiZ! �q%"�"\()
)V�;i*\][WU+�"$!��,� !Il&'wS&\(Y-�;$&',!X!��eg@\QiZU+Y it)V' UV$S4UfiZ\e[X',!�[Wl&'baw\e%($U [W_S4' �egp\"ij[WU��]\][WU+�"$�� !Il&'w\"ij[XU$�]\][WU+�"$!��eg
[Wl&'b$&'Z_&YW�($ !
\][�iZ�($!X'*iZ_4[XU$�(' U+[X'*YW\e[XUV�($!��(g~!Xc&YW'*\"S4U+$%b\"ij[WU��]\][WU+�"$�\eYW' !Xl&�
��$��@#p[���� �  4[Xl&' ab\�(4U+a _&aP%"YW\"S4U+'*$o[�\e[�[Xl&' it'Z$o[WYW\()
$&�4S4'dUV! [W�
�p\(YWS [Wl&'d_&c&c7'ZY-��)V'tg [w$&�4S4'.� !Il&'^c)V\($&$&'*S c\e[Xl � !9',no_&'Z$iZ'^�(g�aw\
(4UVa _&a %"YW\"S4U+'*$o[ $&�4S4',!�� UV!b!Xl&�
��$
!X_&c '*YXUVabc �o!9',S �"$d[Xl&'m%"YXUfS^\e[ � � + �

� �



B

B

R

R

R

t=1

t=3t=2 t=4

t=0

�MU+%"_&YW' + � 4&H z;c&YW'*\"S4U+$% \"ij[XU$�]\][WU+�"$^gqYW�(aH[��@�b%(�o\e) )V�4iZ\][WU+�"$! H z4c&YX',\(S4UV$&%w\(it[XU$�]\][XUV�($dUV$^[Wl&'mc&YW'*!X'Z$iZ' �eg~�(`!9[W\"it)V'*! H
!Il&' \e%('*$o[�UV!�!9_YXYW�(_&$ S4'*SQ`;vd[��@� `&)+_'�� />��S4UV!WiZ! �q%"�"\e)k)+�4i*\][XUV�($ !���\($S \��-�p\()+)��b�eg{[Wl&YW'Z' `YXUfi��4!�� # � �"`!L[ \(iZ)+',!��,�
!Il&' S&\eY �;$&'*!W!
�(gk\ iZU+Y it)V'�U+$S&UVi*\][X',!
[Wl&'�ab\(%($&U+[X_ S4'��(gk\(it[XU$�]\][XUV�($���l&U+)V' itUVYWiZ)+',! ��U+[Xl�2)+)V'*Sdit'*$o[X'ZY !
UV$S4UfiZ\e[X'�$&�4S4'*!
��U+[Xl $&'Z%o\][WU��"' \"ij[XU$�]\][WU+�"$��"!Il&'w\(it[XU$� \e[XUV�($ ��
��! �($/'ZU+[Xl'ZY !XUVS&' �(g@[Wl&' �I\e)V)~\($S [Xl&'*YX'w\(YX' [��p�d!Xl&�(YX[X',!L[mc\e[Xl!
gqYW�(a>[Wl&'rit'*$"[W'ZYI[W�b[Xl&'m%"�"\e) )V�4iZ\][WU+�"$d\e[�[Xl&'mYWUV%(lo[��%!Il&'mc&)f\e$$&'*S^c\][Wl��h!X'*no_&'Z$ it' �eg~aw\
(4U+a _&aP%"YW\"S4UV'Z$o[p$�;S&'*!5�
Uf!�!9l&�
��$Q!X_&c '*YXUVabc �o!9',Sd�($^[Xl&'m%"YXUfS^\e[ � � 2 �

�e�



G

�����

Maximum
Gradient
at Center

Motor
Activation

Food ESM

Food Nav. Map

Brick ESM Excitatory Connection

Inhibitory Coonection

�����

�MU+%"_&YW' + � � H �&�;�4S%��\��;U+%o\][WU+�"$ aw\ec H � \ �
# �p\()+)&�(g [Xl&YW'Z'�`YXUfi��4!
!9'*c\eY \][WU+$%r\e%('*$o[{gqYX�"a \ gq�;�4SwS4Uf!XiL� � � � �q` ���&�;�4S
*@z �  /pYXUfi��"*@z � \($S ��;�;S ��\��;UV%"\e[XUV�($ �y\ec�� � $&)Vvw[Wl&' ',(&itU+[W\e[X�(YWv	� gqYW�(a �&�;�4S *pz � [X� [Xl&'���;�;S���\��oUV%"\e[XUV�($
aw\ec ��\e$SQUV$&l&UV`&U+[X�"YXv � gqYW�(a /pYXUfi�� *pz � [X� [Xl&' $\��;U+%o\][WU+�"$^aw\ecA��it�"$&$&',ij[XUV�($ !�gq�(Y�gq�(_&Y��eg~[Xl' $&�4S4',!�\eYW' !Xl&�
��$
gq�(YwiZ)V\(YXU+[Lv� !Il&' 0 \][X'*Y *@z � l\(!b\e)f!X�y`7'Z'Z$ �(abU+[9[W'*S gq�"Ywit)f\eYWU [Lv.� !Il&'^$�;S&'*! �($ [Xl&'&�&�;�4S���\��;U+%o\][XUV�($ ab\(c
it�"abc&_4[X'�\m!Xc&YW'*\"S4U+$%r\(ij[WU��]\e[XUV�($M�h\mYW'*S $&�4S4'�UV$S4UfiZ\e[X'*!
$&'Z%o\][XU$�('�\"ij[XU$�]\][WU+�"$ ��lU+)V'�[Xl'�S&\eY �;$&'*!W!~�eg !Xl\(S4',SbitUVYWiZ)+',!
UV$S4UfiZ\][W' ab\(%($&U+[X_ S4' �eg{\(ij[WU��]\e[XUV�($ �p\e$ S [Wl&' ab\�(4U+a _&aH%(Y \(S&U+'*$"[�\][I[Wl&'rit'*$"[W'ZYIUf!I[Xl&' ab�e[W�(YI�(_&[Xc&_4[��(g [Wl&'��&�;�4S
$\��;UV%"\][WU+�"$ `7'Zl\��;UV�(Y �

��U+[Xl [Xl' � 4 4 � 
 � 	 :  �9%(:;49$ � ��?/[Xl\e[ it�"abc&_4[X',! \Qc\e[Xl/[X� [Xl&' $'*\eYW'*!9[m%(YW'Z'*$ S&UV!Wi�� !Il&' \(it[XU$�('w$&'*_&YW�($!�gqYW�(a
[Xl'"�&�;�4S"*pz � YW'Zc&YW'*!X'Z$o[
[Wl&'�%"�"\e))+�4iZ\e[XUV�($!@\e$S \(ij[WU��]\e[X'�[Wl&'ZUVY@iZ�(YWYX',!9c7�($ S4U+$%m$&'Z_&YW�($ !
UV$w[Xl&' �&�;�4S���\��oUV%"\e[XUV�($
� \(c��{#�)V) �([Xl&'*Y
[Lv;c ',!��(g S4Uf!Xi*!�\eYW'��"`!L[ \(iZ)+',!
UV$w[Xl&Uf!@c\][Wl � gq�"Y@UV$!9[W\e$ it' �I\][X'*Y@S4Uf!WiZ!
`7'*iZ�(ab'��"`!9[W\(iZ)+',! ��l&'*$w[Xl'
\e%"'Z$o[�Uf!�c)V\($&$&UV$&% \mc\e[Xlw[W�
�p\(YWS gq�;�4S&��\e$S [Wl&'ZYW'tgq�"YX'�UV$&l&UV`&U+[X�"YXvb)VU+$��4!p\eYW'�c&YW���L'*it[X',S gqYX�"a [Wl&'&0 \][W'ZYI\e$S1/pYWUVi��
*@z � !{[W�r[Xl'�iZ�(YWYX',!9c7�($S&U+$&%m$�;S&'*!
�"$w[Xl'"�&�;�4S���\��oUV%"\e[XUV�($�� \(c�� !Il&UV!@Uf!�UV)+)V_!9[XY \][W'*SwUV$ 2%"_&YX' + � � ��l&Ufi l !9l�
��!
[Xl' �&�;�4S \e$ S /pYXUfi�� *pz � ! \($S/[Xl' �&�;�4S���\��oUV%"\e[XUV�($ � \ec�� !Il&'ZYW'wUf! \Qgq�;�4S S4Uf!Xi ` '*l&UV$S�\ �-�p\()+)��Q�egI[XlYX'*'
`&YWUVi��4!��+!k�wc&)f\e$�\wc\e[Xld[X�w[Wl&'mgq�;�4SQS4UV!Wi� [Xl&' \(ij[WU��]\e[X'*SQ$�;S&'mU+$Q[Wl&'��&�;�4S *@z � '�(&itU+[X'rU+[W!�iZ�(YWYX',!9c7�($ S4U+$% $�;S&'
UV$ [Xl'	��;�;S ��\��;UV%"\][WU+�"$ � \(c��r#p[�[Wl&'w!X\(ab'r[XUVab' [Wl&' [Xl&YW'Z'b\(it[XU$� \e[X',S $&�4S4',!�UV$ [Xl&' /pYXUfi�� *@z � U+$&lU+`&U+[ [Xl&'*U+Y
it�"YXYW'*!Xc7�($S4UV$&%Q$&�4S4',!rUV$ [Xl&' �&�;�4S ��\��;U+%o\][WU+�"$ �y\ec�� z;c&YW'*\"S4UV$&%y\(it[XU$�]\][XUV�($ Uf! i*\eYWYXUV'*S/�(_&[ �($ [Wl&' ��\��oUV%"\e[XUV�($
� \(c \e$S^[Xl'raw\
(4U+a _&aF%(Y \(S4UV'Z$o[�\][�[Wl&' iZ'Z$o[X'*Y��eg~[Xl'��&�;�4S���\��;U+%o\][WU+�"$daw\(cd%"U��"'*!I[Wl&'rab�e[W�(Y�\"ij[WU��]\][WU+�"$d[Xl\e[
l\"! [X� `7'w[ \��('*$/[X� ab�
�('b[W�
�p\(YWS!�[Xl&'wgq�;�4S S4Uf!Xi�Qz4U+abUV)V\(YX)Vv k[Xl&' �M�9% "!. 
�� 	+:  #�6%1:;46$ � ��? YX',it'*U��"'*! ',(&iZU [ \][X�"YXv
)VU+$��4!pgqYW�(a>[Wl&'rit�"YXYW'*!Xc7�($S4UV$&% $&�4S4'*!IUV$d[Xl&' 0 \][X'*Y'*@z � \e$ S UV$&l&UV`&U+[X�(YWv )VU+$ �;!pgqYW�(aH[Xl&'���o�4Sd\e$S /pYXUfi��"*@z � !��

!Il&' � 49$+7  I/2.3�9%(:;49$ 
�� 	 :  #�6%1:;46$ � ��?mUf!�_!X'*S�[W��it�"abc&_4[X'p\�c\e[Xl [X��)+�4i*\][XUV�($ !���l&'ZYW'
`&YWUfi��;!k!9l�(_&)fS ` 'pS4YW�(c&c7'*S��
J�'*$it'. ;'��('*YXv $&�4S4'�UV!p\(it[XU$� \e[X',Sw`;v [Wl&' it�(YWYW'*!Xc �"$S4UV$&%m$&�4S4'�gqYW�(aB[Wl&'mx@�"$�2%"_&YW\e[XUV�($"*pz ��\e$ SwU+$l&U+`U [W'*S `;v [Xl'
\(it[XU$�]\][XUV�($ !�gqYW�(a�[Xl&'b$&�4S4',! �($ [Xl&'%�&�;�4S/\e$S 0/\e[X'*Y *@z � ! � !9UV$it' gq�;�4S \($S �p\e[X'ZYmS4Uf!WiZ!m\eYW' �(`!9[W\"it)V'*!5� � !Il'
x@�($�2%(_&Y \][WU+�"$ ��\��oUV%"\e[XUV�($�� \ecdUf!�\e)f!9�bUV$&l&UV`&U+[X'*SQ`;v [Xl&' /pYWUVi���*pz � ` ',iZ\(_!9' U+g~\b`YXUfi�� Uf!�\e)VYX',\(S4vwcYX',!9'*$"[�\e[�\
S4',!9UVYX',S )V�4iZ\][WU+�"$� ;[Xl'Z$^[Xl&'m\e%"'Z$o[�!9l&�"_&)fS $&�([�c&)V\"it' \e$&�([Xl&'*Y�S4UV!Wi�[Xl&'*YX'.�%!Il&'m!X\(a '�UfS4'*\ Uf!I',(;[X'*$S4'*S [X� %('*$&'ZY \][W'
[Xl' \"ij[XU$�]\][WU+�"$!��"$�[Xl' � .-:;0 � 
�� 	+:  #�6%1:;46$ � �5?  ���l&Ufi lyUf!�_!9',S�[W�^it�"abc&_4[X'b\ c \][Xly[X�Q\ `&YWUfi��^[Wl\][ Uf!�\��]\eUV)f\e`&)V'
gq�(Y�it�($ !L[WYX_it[XUV�($�� ��[�Uf!�'�(4iZU [W'*SQ`;v [Wl&'r$&�4S4',!��"$^[Wl&' /pYWUVi�� *@z � \($SQU+$l&U+`U [W'*SQ`;v [Wl&'r$&�4S4',!��"$^[Wl&'���o�4S�\($S
0 \][X'*Y *@z �y!��%���"YX'*�
�('ZY  7[Xl&'*YX'w\(YX' U+$l&U+`U [W�(YWv )+UV$��4! gqYW�(a [Wl&' x@�($�2 %(_&Y \][WU+�"$ *@z � [Wl\][ S4Uf!9[XUV$&%(_&Uf!Xl/\��]\eUV)f\e`&)V'
`&YWUVi��4!pgqYW�(aH�"$&'*!p[Wl\][�iZ�(abc7�"!X'�c\(Y9[ !I�egM[Xl&'r!9[XYW_it[X_&YW'�[Xl\e[�\eYW'�\()+YW'*\"S4v `&_&UV)+[��
�MU+%"_&YW' + � �*� !9l�
��!�[Wl&' U+$o[W'ZY it�($$&'*it[XUV�($!@` 'Z[��@'*'Z$ [Xl&' *@z � !I\e$S [Xl&'���\��;UV%"\e[XUV�($ � \(c!�� !Il'rx@�"$�2%"_&YW\e[XUV�($

*@z � l\(!�!X'��('*$ \(it[XU$� \e[XUV�($!�U+$y[Xl&' !9l \ec7' �eg�\ � x �	�hYX'*c&YW'*!X'Z$o[XUV$&%w[Wl&' !9[XYW_ij[W_&YW'r[X�^` ' `&_&UV)+[5� � !Il&' /@YWUfi�� *pz �
l\"!m[XlYX'*' \(ij[WU��]\e[XUV�($!r[Xl\e[ \e)VU+%"$ ��U [Wl [Xl&YW'Z' �egI[Xl&'^\(ij[WU��]\e[XUV�($! �($ [Xl'dx@�($�2 %(_&Y \][WU+�"$ *pz � ��!Il&'*!X'wYX'*c&YW'*!X'Z$o[

� �



N

N
av

ig
at

io
n 

M
ap

s

westnorth north−east(two equidistant goals)

WB Water ESMFood ESMBrick ESMConfiguration ESM

(i) (ii)

F

B B

east, north

�MU+%"_&YW' + � �,�<H ��$o[X'ZY it�"$&$&',ij[XUV�($ !�`7't[��p'Z'*$ *pz � !m\($S ��\��;U+%o\][XUV�($ aw\ec!C�hU�� !Il&'w\(%('Z$o[mUf!m!9_&YWYW�(_&$S&'*S `;vy\^gq�;�4S
� � �, M\ �I\][W'ZY � 0,�m\e$S/[Wl&YW'Z'w`&YWUVi�� � />�mS4Uf!WiZ! � ��l&'ZYW'b[��p���egI[Xl&'*a \(YX' \()+YW'*\"S4v UV$ [Xl&'*U+Y %(�o\e){c7�"!XU [WU+�"$!��,� !Il'
S&\"!9l&',S itUVY it)V'*!�UV$S4UfiZ\e[X' [Xl&' !L[WYX_it[X_&YW'r[W� `7' `&_U+)+[�� �qUVU��1!Il&' gq�(_&Y *@z �y!�\e$ SQ[Xl&'*U+Y it�"YXYW'*!Xc7�($S4UV$&%���\��oUV%"\e[XUV�($\()
� \(c!���s�\eY �o$'*!W! �(g !9l\"S4'*S itUVYWiZ)+',! UV$S4UfiZ\e[X' [Xl&'/aw\e%($U [W_S4'y�(g \(it[XU$� \e[XUV�($ ��l&U+)V' iZU+Y it)V'*! ��U+[Xl 2 )+)V'*S it'Z$o[W'ZY !
UV$S4UfiZ\][W'�$&'Z%o\][WU��"'I\"ij[WU��]\][WU+�"$ �h�(`!9[W\"it)V'*!5� � �&�"Y�it)f\eYWU [Lv. e�($)+vr�"$&'�it�"$&$&',ij[XUV�($ gqYW�(aJ',\(i l *@z �:[W�mU [ !
it�"YXYW'*!Xc �"$S4UV$&%
��\��;UV%"\e[XUV�($ � \ec! UV! !9l&�
��$ \($S �($&)Vv [Wl&' iZ�($&$&',ij[WU+�"$! gqYW�(a /@YWUfi��  0/\e[X'*Y� ~\e$S ��;�;S *pz � [X�/x@�"$�2%"_&YW\e[XUV�($
��\��;UV%"\e[XUV�($ � \(c UV! !Xl&�
��$�� !Il&' S&U+YW'*it[XUV�($�[W� [Xl' $&',\eYW'*!9[�%"�"\e)kUV!�)VUV!9[X',S _&$S&'ZY�[Xl&' aw\ec!�� ���e[W' [Wl\][ !9UV$it' [Xl'
[��p�m`&YXUfi��4!{!9�"_4[Xlw�(g [Wl&'�\(%('Z$o[�\(YX'�\e)VYW'*\(S&vrc\eYX[
�eg [Wl&'�!9[XYW_ij[W_&YX'. e[Wl&' /pYXUfi�����\��oUV%"\e[XUV�($ aw\ecbc&)f\e$!@\ c\][Wl [W�m[Xl'
`&YWUVi�� U+$Q[Wl&'m$&�(YX[Xl��+!Il&'*YX'r\(YX' 2 �"'m%(�"\() )+�4iZ\e[XUV�($!�gq�(Y�x@�($�2%(_&Y \][WU+�"$^$ \��oUV%"\e[XUV�($ � l�
�@'��('ZY  o[Xl&' %(�"\() $&�4S4'*!�[Xl\e[
\eYW'ml&�"YXU �Z�"$"[ \e)V)+v \($S �('*Y9[WUVi*\e)V)+v^\e`7�
�('�[Xl&' it'Z$o[WYW\()�$&�4S4' \(YX'mi l&�o!9'*$Q\"!I[Xl'Zv l \��('r\b%(YW'*\e[X'*Y�%(Y \(S4UV'Z$o[�it�"a c \eYW'*S
[X� [Wl&'rS4Uf\e%(�"$\e) %"�"\()7$�;S&'*!�����g~[Wl&'m\e%('*$o[IUf!�l;_&$&%"YXvb[Wl&'Z$QU+['��U+)V)�%"� �p'*!9[ � U+gM[Xl&UVYW!9[Lv U+['��UV)+) %"� $�(YX[Xl�� �@',!L[ �
`&YWUVi��4!�[Xl \][r\e)VYX',\(S4vQgq�"YXa c \eYX[ �(g�[Wl&'w!L[WYX_it[X_&YW'� !Il&'babUV!Xaw\][ i l&'*! `7't[��p'Z'*$y[Wl&' *@z � ! YW'ZcYX',!9'*$"[�[Xl&'w)V�4iZ\e[XUV�($
�eg�\ `&YWUVi��^[Xl\e[�Uf!�\��]\(U+)f\e`&)V'mgq�"Y�it�"$!9[XYW_ij[WU+�"$ \e$SQ[Wl&' abUf!X!XUV$&% c\(Y9[ !��(g{[Xl&'b!L[WYX_ ij[X_YX'.�&!Il&'*!X' �XabUV!W\e)VU+%"$&ab'Z$o[W!��
\(it[XU$�]\][X' [Wl&'rit�"YXYW'*!Xc7�($S4UV$&%b$&�4S4',!��($^[Xl&'bx@�($�2%"_&Y \][XUV�($���\��;UV%"\e[XUV�($^\($S /pYXUfi�� ��\��;UV%"\e[XUV�($dab\(c!���#�it[XU$� \e[XUV�($!
!Xc&YX',\(S gqYW�(a [Xl&',!9'�$�;S&'*!{[W�m[Xl'�it'*$"[W'ZY�\($Sb%(U$�('I[Wl&'�S&U+YW'*it[XUV�($ [Xl&'�\e%"'Z$o[�!9l�(_&)fSbab�
�('I[X� YX',\(i l [Xl&'�_&$;`&_&UV) [pc\eYX[
�eg [Wl&' !L[WYX_it[X_&YW' �q[��@� '*no_&UfS4Uf!L[ \e$o[@)V�4iZ\][WU+�"$! H $&�"Y9[Wl \e$ Sw'*\"!L[-��\($Sb[X� YX',\(i lb[Wl&'�`YXUfi��w\�� \(U+)f\e`)+'�gq�"YpiZ�($!9[XYW_it[XUV�($
�q$�(YX[Xl �,� !Il&'r\(it[XU$� \e[XUV�($!@gqYW�(a>[Wl&'��&�;�4SQ\e$S 0 \][X'*Y ��\��;UV%"\][WU+�"$ aw\ec !I%(U$�('�[Xl&'rS&U+YW'*it[XUV�($!@[X�wYW'*\"i l [Wl&'rit)V�"!X'*!9[
gq�;�4S � �p'*!9[5��\e$S �I\][W'ZY�S&UV!Wi �h$&�(YX[Xl�� �p'*!9[5� �1!Il&' \e%"'Z$o[�[Wl&'Z$ l \(!�[X� c&YW�(c7'ZYW)Vvdi l&�;�o!9' [Wl&' YWUV%(lo[�\(it[XUV�($�%"U��"'Z$Q[Xl'
!9[W\][W_!I�eg~U+[W!�UV$o[X'ZYW$\()�!L[ \][X'.�

� ��� ���
�	�� ����
 � � � � 	 � � � 	� 

0?l&UV)+' ab�e[XU$�]\][WU+�"$!�ab�($&U+[X�"Y�[Wl&' �;U [ \e)kU+$o[X'*YX$ \e) �X'Z$&'*YX%"v � )V'��"'Z)f!��eg~[Wl&' \e%"'Z$o[�[Xl \][�\(YX'm',!X!X'Z$o[WUV\() gq�(Y�U [ !�!X_&Y-�;U$�]\e)  
�-$ % "!.-$A�9@�� %D�6%D"
 4�� "-'I\eYW'�_ !9',S [W� �('Z'*cd[XY \(i��w�egM[Xl' iZ_&YWYX'*$"[�!9[W\(%(' �egk[Xl&'riZ�($!9[XYW_ij[WU+�"$ [ \(!-� H

� ��46@ �6: $# ��� .-:;0 � H �L!�\"ij[XU$�(' ��l&'*$d[Xl&'r\(%('Z$o[IUV!�iZ\eYWYWvoUV$&% \b`&YXUfi�� �
� 
K% ����.34�?�� � : %D" H ��$S4UfiZ\e[X',!�U gM[Xl'r\e%('*$o[pUf!��($Q\bit'*)+)���l'ZYW'�U+[�iZ\($dS&YX�"c^�# \ `&YXUfi�� �

� 
K% ��� .-:;0 � H �L!�\(it[XU$�(' ��l&'*$^[Wl&'r\e%"'Z$o[IUV!�$',(;[�[X�w\bit'*)+) gqYW�(a ��l&'ZYW' U [�i*\e$dc&UVi��^_&c�\ `&YXUfi�� �

!Il&'�\"ij[WU��]\][WU+�"$!{�(g7[Wl&'�#p[-��s�YX�"c��Lz;U [W'�\e$Sw#p[-� /pYWUVi�� U+$o[W'ZYW$\e)!9[W\e[X'�$�;S&'*!�i*\e$b`7'�it�"a c_4[X',SwS4U+YW'*it[X)Vv gqYW�(a [Xl'
$\��;UV%"\][WU+�"$^aw\(c!�� �&�"Y�U+$!9[W\($it'. U+g~[Xl&' iZ'Z$o[XY \e) $�;S&'m�eg~[Xl&'bx@�($�2%"_&Y \][XUV�($���\��;UV%"\e[XUV�($ aw\(c�UV!�\"ij[WU��"' 4[Wl&'Z$Q[Wl&UV!
UVa c)+UV'*!�[Xl\e[�[Wl&'�\(%('Z$o[
Uf!@iZ_&YWYX'*$"[W)+v \][I\m)+�4i*\][XUV�($ ��l'ZYW'�[Xl&'�!L[WYX_ ij[X_YX'�Uf!
abUf!X!XUV$&% \m`&YWUfi�� � J�'*$it'. o[Xl&'�\(ij[WU��]\e[XUV�($
�eg�[Xl&'w#p[���s�YX�"c���z4U [W' UV$o[X'ZYW$\()~!9[W\e[X' $&�4S4'bUV! !X't[�gqYX�"a}[Xl&'wiZ'Z$o[XY \e)~$&�4S4' �eg@[Xl&' x@�($�2 %(_&Y \][WU+�"$ ��\��;UV%"\][WU+�"$ aw\ec��
z;UVabU+)f\eYW)+v. ;U gk[Xl&' it'*$"[WYW\() $�;S&'��(g�[Xl&'@/pYWUVi��%��\��;UV%"\e[XUV�($waw\ec^UV!I\(it[XU$�('. "[Wl&'Z$ [Xl&'m\(%('Z$o[pUV!Iit_YXYW'Z$o[X)Vvw\][�\ )V�4iZ\e[XUV�($
��l&'*YX' [Xl&'*YX'bUf! \^`YXUfi��d[Xl\e[ Uf! $&�([ c \eYX[��(g�[Xl'b!9[XYW_it[X_&YW' `7'ZUV$&%Q`&_&UV)+[�� !Il&UV!�`&YWUfi���UV!�[Wl&'ZYW'tgq�"YX'b\��]\eUV)V\(`&)+' [X�Q`7'

�(�



%(Y \e`` ',S^\($SQiZ\eYWYWU+',S [W� \wS4YX�"c���!9U+[X'.� J�'*$it'. 4[Xl&' \(ij[WU��]\e[XUV�($d�eg~[Xl&'r#p[-� /pYWUVi��^!L[ \][X'm$�;S&'mUV!�!X't[�gqYX�"a>[Xl&' it'Z$o[WYW\()
$&�4S4'��eg�[Wl&'@/pYXUfi��%��\��;U+%o\][WU+�"$wab\(c�� !Il&' \(it[XU$� \e[XUV�($^�eg�[Wl&' J��()fS4UV$&%�� /pYXUfi��w!L[ \][X'�$&�4S4' UV!IS4UVYW'*ij[W)+v \��]\(U+)f\e`&)V'�gqYW�(a
[Xl'biZ_&YWYX'*$"[�c �o!9U+[XUV�($/�eg�[Xl&'b%(YWUVc&c '*YW! �q%"YW\"!9cU+$&%^�(Y �(c7'Z$A� � !Il&',!9' [Wl&YX'*' UV$o[X'*YX$\(){!L[ \][X' $&�4S4',!�S&�^$&�([mYX',it�(%"$&U �Z'
[Xl'�it�"abc&)+'Z[XUV�($ �(g [Xl&' it�"$!L[WYX_ ij[XUV�($b[ \(!-� ����$ i l \ec4[W'ZY �� "ab�"YX'�UV$o[X'*YX$\() !9[W\e[X'�$�;S&'*!�\(YX'�U+$o[XYW�4S4_iZ'*Sb[Wl\][IiZ\ec&[X_&YW'
[XlUV!�\"!9c7'*it[��egM[Xl&'riZ�($!9[XYW_ij[WU+�"$ [ \(!-� �

� ��� � � �� �� � 	�
 	�� �� ��

!Il&'d#�ij[WU+�"$ z;'*)+',ij[WU+�"$�ab�;S&_&)+'Q!X'Z)V'*ij[ ! �"$&' �(g�[Xl&'dab�e[W�(Y \"ij[WU+�"$!rgqYW�(a [Wl&'dz;'*$!X�(YWv - ���e[W�(Y \($S���\��oUV%"\e[XUV�($\()
u
)f\e$$&U+$%/`7'Zl \��oUV�(Y ! [X� `7'Q!X'Z$o[w[W� [Wl&'�ab�e[W�(Y !�� !Il&'�#�it[XUV�($ z;'Z)V'*it[XUV�($ ab�;S&_&)+'�UVabc&)V'Zab'Z$o[W! \ 2 (;',S cYXUV�(YWU [Lv
!X'Z)V'*ij[W�(Y ��\e)V)"[Wl&'p` '*l\��;U+�"YW!M\eYW'�c&YWUV�(YWU [WU��*'*Sr\($Sr[Wl&'p` '*l\��;U+�"Y ��U+[Xl [Xl&'pl&UV%(l&',!L[~c&YWU+�"YXU+[Lv UV!~i l&�o!9'*$���/p'*l\��;U+�"YW!�[Xl\e[
\eYW'ritYW_iZUV\() [X�w[Wl&'r!9_Y-�;U$� \()��eg~[Wl&' \e%"'Z$o[� 4',\][WU+$&% \($S�S4YWU+$ �oUV$&%) &l\��('�[Wl&'rl&UV%(l&',!L[�c&YXUV�(YWU+[Lv ;gq�()V)V�
�@',S^`;vd\��(�(UfS4UV$&%
�(` !L[ \(it)V'*!� k\($S 2$\()+)Vv \(c&c&YW�"\(i lU+$&%^gq�;�4S \e$S �I\][X'*Y�� !Il&' c&YWU+�"YXU+[XU �ZUV$&%Q�egp[Xl'*!X'w` '*l\��;U+�"YW! Uf!mUVa c)+'*a '*$o[X'*S `;v
)f\][X'*YW\()3��UV$&l&UV`&U [WU+�"$ )VU+$ �;!MgqYW�(a [Xl&'Il&UV%(l c&YWU+�"YXU+[Lvm` '*l\��;U+�"YW!k[W� \()+);�(g[Xl'�)+�
�p'ZYM�($&',!�� !Il&'*YX'Zgq�(YW' ]U+g7\�l&UV%(l&'*YMcYXUV�(YWU [Lv
`7'Zl\��;UV�(YIUV!�\(ij[WU��"' &\()+)��([Xl&'*Y�)+�
�p'ZYIc&YWUV�(YWU [Lv `7'Zl \��oUV�(Y !I\eYW'm!9UV)+'*$it',S �!����UV$&$&'*Y���[W\�('*!���\e)V) � �oUV$Sd�eg{!X'Z)V'*ij[WU+�"$ � � !Il'
)f\][X'*YW\()3��UV$&l&UV`&U [WU+�"$diZ�($&$'*ij[WU+�"$!�\eYW' \(!W!9_&ab',S [W�w` 'mUV$&$\e[X'm\e$SQ\(YX'�$&�e[�ab�4S4U�2'*S��
��g@$�($&' �eg@[Xl&'w!X'Z)+g ��c&YW'*!X'ZY �]\][WU+�"$ %(�o\e)f!�\(YX'b\(it[XU$�(' [Wl&'Z$ [Xl'b\(%('*$"[m\][X[X'*$S&!�[X�^[Xl'biZ�($!9[XYW_it[XUV�($ [ \(!-� �bx@�($��

!9[XYW_ij[WU+�"$ gq�"Y \($ \(%('*$"[rUf!r\�YW'Zc7'*\e[X',S/!X'*no_&'*$it'w�(g�a �
�;UV$&%Q[X�Q[Wl&' )V�4iZ\][WU+�"$ �eg�\�`&YWUVi�� [Xl\e[ UV! $&�e[ c\eYX[r�egI[Xl'
!9[XYW_ij[W_&YX'. ;c&UVi��;UV$&% U+[I_&c� 4ab�
�;U+$&%r[X�b\r)V�;i*\][WU+�"$ [Xl \][IYX',n"_U+YW'*!@\r`&YWUVi��w\($S S4YW�(cc&U+$% U+[@[Wl&'ZYW'�%!Il&'�U+$o[W'ZYW$\e) !L[ \][W'
$&�4S4',!�it�"YXYW'*!Xc �"$S [X�w[Wl&'*!X' !9[X'Zc !�\e$Sd[Wl&' \"ij[XUV�($�!X'Z)V'*it[XUV�($Qab�;S&_&)+' !9'*)+',ij[W!�[Xl&'r`7'Zl \��oUV�(Y�iZ_&YWYX'*$"[W)+v^YX',no_&U+YW'*S^gq�"Y
[Xl' it�"$!9[XYW_ij[WU+�"$Q[W\(!-�d`\(!X'*SQ�"$Q[Xl&' \(ij[WU��]\e[XUV�($!��eg~[Xl&' U+$o[W'ZYW$\e)M!L[ \][X' $&�4S4'*!��'!Il&' \e%('*$o[�c '*Y9gq�"YXaw!�[Wl&'bx@�"$�2%�
_&Y \][WU+�"$ ��\��oUV%"\e[XUV�($d` '*l\��;U+�"Y�U gM[Xl'�J��")VS4UV$&%� /pYWUVi�� !9[W\e[X'm$&�4S4'rUf!�\"ij[XU$�('. 4'Z)f!9' [Wl&' /pYWUVi�� ��\��;U+%o\][XUV�($^` '*l\��;U+�"Y�UV!
c7'ZYXgq�(YWa ',S�����g J��()fS4UV$&%�� /pYXUfi�� \($S #p[-��s�YX�"c��Lz;U [W'�UV$"[W'ZYW$\e)7!L[ \][W'�$&�4S4'*!p\eYW'�`7�e[Xld\(it[XU$�(' ([Xl&'*$w[Xl'�\e%"'Z$o[@S4YW�(c !{[Xl'
`&YWUVi�� � ��g8J��()fS4UV$&%�� /pYXUfi��wUV!IUV$\"ij[XU$�('�`&_4[�#p[-��s�YW�(c��Lz;U+[X' UV!�\"ij[WU��"' ;[Xl'Z$^[Xl&'r\(%('Z$o[�\][X[X'Zabc4[ !p[X�b%(Y \e` [Xl&'rS&UV!Wi�$&'*\(Y
U+[��

*%(&iZU [ \][X�"YXvd\e$SyU+$l&U+`U [W�(YWvQiZ�($&$'*ij[WU+�"$!�gqYX�"a:[Wl&' U+$o[X'*YX$ \e)k!9[W\e[X' $&�4S4'*!�[X� [Xl&' �(_&[Xc&_4[ !��eg{[Xl' ��\��oUV%"\e[XUV�($\()
u
)f\e$$&U+$%m` '*l\��;U+�"YW!{\(YX'I_!X'*S [W� !9'*)+',ij[{[Wl&'�ab�e[W�(Y�\"ij[XUV�($�����$ i l\(c4[X'*Y ��U+[�UV!�!9l&�
��$bl&�
� �p'ZUV%(lo[W!
i*\e$b`7'�\(!W!9UV%($'*S
[X� [Xl'*!X' iZ�($&$'*ij[WU+�"$!I\e$S [Xl&'miZ�($!9[XYW_ij[WU+�"$ !X'*no_&'Z$ it' iZ\e$^` ' )V'*\(YX$&',S `;vwUVa U+[W\e[XUV�($d)+',\eYW$&UV$&% � �MU+%"_&YX' + � ��� !9l�
��!
l&�
� [Xl&' U+$o[W'ZYW$\e)�'�(&itU+[W\][W�(YWv^\($SdU+$&lU+`&U+[X�"YXvQit�"$&$&',ij[XUV�($ !�!9'*)+',ij[��"$&'r�(gM[Wl&'rYW'*\"ij[XU$�('r\($SQ$\��;UV%"\][WU+�"$\e) c&)f\e$$&U+$%
`7'Zl\��;UV�(Y !�gq�"Y�',(4'*iZ_4[XUV�($��

� ��� � � 	������ ��
�	

��$"2 %(_&YW'*! + � �,� � + � � %� (!WitYW'Z'*$ !9l�e[W!p�(gk\ !W\eabc&)V'�iZ�($!9[XYW_it[XUV�($ YW_&$^\(YX'�!9l�
��$��M#�)+) [Wl&' S4UV!WiZ!I\($Sw[Wl&'�iZ�($!9[XYW_it[XUV�($
!XU [W'*!
\(YX'�iZ�($�2$'*S ��U [Wl&UV$ \e$ \eYW'*\��(g � ��� � � _&$U [ !��%!Il&'�!XU��*'��eg '*\"i l *pz �}Uf!�� �	� � � $&�4S4'*!G�qU+[�UV!�c �o!X!XUV`&)+'Igq�"Y{[Xl'
\e%"'Z$o[�[W� �9gq�(YW%('Z[��m)V�4iZ\][WU+�"$!@�eg S4Uf!Xi*!pU g�[Wl&' \e%('*$o[@%(�;',!
[W� [Wl&'�',S4%('��eg�[Wl&' �@�"YX)fS !XU+$iZ'�[Wl&'�ab\(c!p\eYW'�'Z%"�4it'Z$o[WYXUfi+�,�
!Il&' !X'Z$ !9�"Y�YW\($&%('mUf! �e� _$&U [ !�� !X\(a 'rgq�(Y�gq�;�4S� �I\][W'ZY  \e$ SQ`&YXUfi��4!��,�+!Il&'r[Xl&YW'*!Xl&�()fS&!�iZ�($o[XYW�()V)VU+$&% [Wl&'rl;_&$&%"'ZY�\($S
[XlU+Y !L[Iab�e[WU��]\][WU+�"$! � ��� �  �� � �  �  ��� �  �� � �  � �  4\e$ Sb[Xl&'�Y \][X'�\][ ��l&UVi l 'Z$&'*YX%"v -
�p\e[X'*Y
UV!pit�"$!X_&ab'*SwUV$ ',\(i l
!9[X'Zc UV! !X't[m!9_ i l�[Xl\e[ [Xl&'b\e%"'Z$o[�`7'*iZ�(ab'*!�l;_&$&%"YXvQ'��"'ZYWv 4"�(� !L[W'Zc! \e$ SQ[Xl&UVY !L[Lv \(c&c&YW��(;UVaw\][W'Z)Vv^'��('ZYWv � �"� !L[W'Zc!� � � � !��  �"� �  ��� � !��  �(� � �I�,� *�\e[XUV$&%w\e$SdS4YWU+$ �oUV$&%b'*\"i l [ \��"' �,� !L[W'Zc!p[W� it�(abc&)V't[W'C� � � � � � � �  � � �

!Il&'pU+$U [WUV\();\(YXY \e$%('Zab'*$"[k�eg S4Uf!WiZ!Mit�($ !9Uf!L[ !M�eg \&�p\()+)oaw\(S4'p�eg&gq�;�4S \($S �I\][W'ZY~S4Uf!Xi*! [Wl\][{\(it[W!~\(!M\e$ �(`!9[XYW_it[XUV�($
\e$ S 2 �('�`&YXUfi��4!G�h)V\(` '*)+',S / � [XlYX�"_&%(l /#�I��!Xi*\][X[X'ZYW'*Sw\(YX�"_&$S [Wl&'�'*$ �;UVYX�"$&ab'Z$o[K� 2%(_&YW' + � � � � \ �=�,����$U [WUV\()+)Vv "[Xl&'*YX'�UV!
$&� \"ij[XU$�]\][WU+�"$^�"$^[Wl&'r$&�4S4',!I�eg~[Xl'��&�;�4S� �0 \][X'*Y� \e$S /pYXUfi���*pz � !�� !Il&'r\e%"'Z$o[+* !�x@�($�2%(_&Y \][WU+�"$ *pz � l\(!I$�;S&'
\(it[XU$�]\][XUV�($ !�!X't[�[X�dYX'*c&YW'*!X'Z$o[�[Wl&'w!L[WYX_it[X_&YW'r[W�^`_&U+)fS� �UV$ [Wl&Uf!�i*\(!X' \dS4Uf\eab�($S it�"$!9Uf!9[XUV$&% �(g
gq�(_&Y ��UfS4'Z)Vv !Xc\(iZ'*S
`&YWUVi��4! � 2 %(_&YW' + � � � �h` �=�,� !Il&' gq�"_&Yrit�"$!L[WYX_ ij[XUV�($/!9U+[X',! \eYW' !Xl&�
��$ \(! S&\(!Xl&',SyitUVY it)V'*! UV$y[Wl&' 2%(_&YW'*!�� u~�"Y9[WU+�"$!��eg
[Xl'r!9UVa _&)f\][WU+�"$Qc&YX�"%(Y \ea>\eYW'm!9l�
��$^�"$^[Wl&'m)V'tg [�!XUVS&' S4Uf!Xc&)V\ v;UV$&% [Xl&'riZ_&YWYX'*$"[�!X'Z$!X�(Y�\"ij[XU$�]\][WU+�"$!� a �([XU$�]\][XUV�($ !I�eg
[Xl'r\e%('*$o[� &\e$ S [WU+ab',��!9[X'Zc��
��$ 2%"_&YX' + � �,� � \ �, @[Wl&'y\(%('Z$o[ l \(!w)V�4iZ\][W'*SC`&YWUfi�� / � �hc\][Wl?U+$ )VUV%(lo[X'*Y %(YW'Zv<�w\($SCab�
�('*S U+[ [W� [Xl&'/it)V�"!X'*!9[

it�"YX$'ZY��(g{[Xl&' !L[WYX_it[X_&YW'��hc\][Wl UV$yS&\eY �('*Y�%(YW'Zv<�,��#�g [W'ZY�c&YX�"c '*YX)VvdYX'*)+�4iZ\e[XUV$&% \e$�e[Xl'ZY�S&UV!Wi \($S�'Z$yYX�"_4[X'm[W� c&)f\(iZ'
[Xl' [Wl&UVYWS� �[Xl&'w\e%"'Z$o[ ` ',iZ\eab' [Xl&UVY !L[Lvy\($S�[Wl;_!m!9_ !9c7'Z$S&'*S/it�($ !L[WYX_it[XUV�($ �h\][ c7�(UV$"[r# ��[X�dYX',\(i l [Wl&' �p\e[X'*Y�S4Uf!Wi
� 2 %(_&YW' + � �)+ �h\#�=� � # ',!9_&abUV$&%w[Wl&' l&UV%(l���)V'��"'Z) [ \(!-�^\]g [W'ZY�S4YXUV$��;UV$&%  [Xl&' \e%('*$o[�%(�;'*!�\(YX�"_&$S^[Xl' �I\e)V)��eg{%(YW'Z'*$�S4UV!WiZ!
[X�dc&Ufi���_&c/`&YXUfi��A/ + \($S `7'Z%"U+$!�ab�
�;U+$% [X�^[Xl' [Wl&UVYWS S4YX�"c���!9U+[X' � 2%"_&YX' + � � 2 �h\#�=� � � $y[Xl&' �I\ v U+[�%"'t[W!�l;_&$&%"YXv

� +



Drop

Grab

Priortizing by
lateral inhibition

Motor
Output

Action Selection Module

AvoidHungerThirst

Brick Navigation

Thirst Navigation

Food Navigation

Nav. Planning

Sensory/Motor

Avoid Green

Avoid Blue

Avoid Red

Motivations Internal States

Approach Green

Approach Blue

Configuration Navigation

Holding

Site

At− At−

BrickBrick
Drop−

�MU+%"_&YW' + � ��� H #�ij[XUV�($ !9'*)+',ij[XUV�($�$'t[��p�(Y �^!Xl&�
��U+$%w)+UV$��4!�`7't[��p'Z'*$�U+$o[W'ZYW$\e)M!L[ \][X' $&�4S4'*!�\e$S ` '*l\��;U+�"YW!�� � $&)+vd�($'
!X't[��egk[Xl&'m)f\][W'ZY \e) UV$&l&UV`&U+[XUV�($Q)+UV$��4!pgq�(Y�cYXUV�(YWU [WU��*U+$% Uf!�!Xl&�
��$��

� 2



Agent B1

B5

B4 B2

B3

F F F F F FW

�����

Food ESM

Brick ESM

Water ESM

Configuration ESM

�����

�MU+%"_&YW' + � �,�<H *%(&\(a c)+'�iZ�($!9[XYW_it[XUV�($b[W\"!�� H �h\#�@x@�($�2%(_&Y \][WU+�"$w�eg�S4Uf!Xi*!@\e[
[XUVab'@% + � !Il&'�)VUV%(lo[�%(YW'Zv )VU+$&'�!9l�
��!{[Xl'
\e%"'Z$o[+* !{c\e[Xl ��l&'*$w$&�e[@i*\eYWYXv;UV$&% \ `&YXUfi�� ��!Il'�S&\eY �('*Y{)+UV$&'�UV$S4UfiZ\e[X'*! ��l&'Z$b[Wl&'�\(%('Z$o[{Uf!�iZ\(YXYWv;U+$%�\m`YXUfi�� �k#p[ 2Y !9[
[Xl' \(%('*$"[pab�
�('*!�*�\"!L[@[X�
�I\eY Sw`&YWUVi��1/ � ` ',iZ\e_ !9'�U [Il\"!�[Wl&'m!L[WYX�"$&%(',!L[p%(Y \(S4UV'Z$o[ ��!Il&'*$ U+[�c&UVi��4!p_&c [Xl&' `&YWUVi��w\($S
S4YW�(c!
U [I\][
[Wl&'�$&',\eYW'*!9[
%(�o\e)&)V�4iZ\][WU+�"$��
x@�($!9[XYW_ij[WU+�"$ !9U+[X',!�\(YX'�aw\eY �(',S `ovbS&\"!9l&',SwitUVYWiZ)+',!�� !Il&' �-�p\()+)�� Uf!
aw\(S4'��eg
gq�;�4S ��� ��\e$S �I\][W'ZYL� 0,��S4Uf!Xi*!��G�h` ��#�ij[XU$�]\][WU+�"$!��eg *pz � !�\][�[XUVa ' % + �@z4�(ab'm�egM[Xl&'rgq�o�4SdUf!�!L[WU+)V)���U+[XlU+$ !X'Z$!XUV$&%
Y \e$&%"' � ��U [Wl&U+$ iZU+Y it)V' ��`&_4[ gq�;�4Sy�"_4[r�egpYW\($&%(' UV! YW'Zab'*a `7'ZYW'*S ��U [Wl&U+$ [Xl'��&�;�4S *pz � \"!�U [rUf!m!9lU g [W'*S ��l&U+)V'b[Xl'
\e%"'Z$o[�ab�
�(',!��0/pYXUfi�� / � Uf!�UV$�[Xl&' it'Z$o[W'ZY��(g{U [ !&*@z � !9UV$it'r[Xl\e[�UV!&��l&'ZYW'm[Wl&' \e%"'Z$o[�it_YXYW'Z$o[X)Vv Uf!�)V�4iZ\e[X'*S��0/pYWUVi��
/ � UV!�!9'*$!9',Sd[X�b[Wl&' !X�(_4[Wl ��l&U+)V'm`&YWUVi��4! / +  ./ 2  \($S /#�bS4�w$&�e[�\ec&c7'*\(Y�U+$Q[Wl&' /pYWUVi���*pz � ` ',iZ\(_!9'r[Xl&'*YX' �p'ZYW'
�(_&[��egp!9'*$!9�"YXv^YW\($&%('r[Xl&YW�(_&%"l&�(_&[�[Xl' c\e[Xl�[ \��"'Z$ `;vd[Xl&'b\e%"'Z$o[�!X� gh\(Y�� !Il&' \"ij[WU��]\][WU+�"$!��($�[Wl&'wx@�"$�2%"_&YW\e[XUV�($
*@z � !Xl&�
� [Wl&'��XS&UV\(a �"$S<� [X�w`7'm`&_&UV) [ �

\e$ S ab�
�('*!m[X� [Wl&' $'*\eYW'*!9[ %"YX'*'Z$�S4Uf!Xi���l&UV)+'dit�($o[WU+$;_&UV$&%�[W� iZ\(YXYWvy`YXUfi�� / + � !Il&Uf! Uf!r`7'*i*\e_!X'^\"! S4',!XiZYXUV`7'*S UV$
i l\(c4[X'*Y �  [Wl&' %(YWU+c&c7'ZY !�it�($o[WU+$;_&' [X�d%(YWU+cy\^`&YWUVi��Q_&$o[WU+){\ S&YX�"c \(it[XU$�]\][XUV�($yUV!�%('*$&'ZY \][W'*S�� !Il&'b#�c&cYX�o\(i l�� ��YX'*'Z$
`7'Zl\��;UV�(Y�S&�o',!�$&�([�%"'Z$&'*YW\e[X' [Wl&UV! S4YW�(c \"ij[WU��]\][WU+�"$ �q$'ZU+[Xl&'*Y�S4�;',!�[Wl&' #�c&c&YW�"\(i l�� /p)V_&'r`7'Zl\��;UV�(Y-� ��#p[�[Xl&Uf!�c �"U+$o[� 
�($)+v �"$&' %(YW'Z'*$dS4Uf!Wi UV! �;Uf!9UV`&)V' �q[Xl&' �($&' U+[�UV!I',\][XUV$&% � � \()+) �([Xl&'*Y�%(YW'Z'Z$QS4Uf!Xi*!�\eYW' �;i*it)V_S4',S `7'Zl&UV$Sd[Wl&UV!��($&'.�
��$ 2 %(_&YW' + � � �<� \ �  [Wl&'w\e%"'Z$o[+* !�\(`&UV)+U+[Lv�[X�dYW'Zc\(U+Y Uf!�S&'Zab�($!9[XY \][W'*S�� 0?l&'Z$/[Xl'b\(%('*$"[ �I\(!�iZ\eYWYWvoUV$&%^`&YXUfi�� / +

[X�yU [ !rS4YW�(c���!9U+[X'.  [Wl&' \(_4[Xl&�"YrYW'Zab�
�(',Sy`&YWUfi�� / � ��l&Ufi l �p\"! �(_4[ �(gI[Xl&' \(%('*$"[ * !m!X'Z$ !9�"YrYW\($&%('.��J��
�@'��('ZY  ���l&'*$
[Xl' \e%('*$o[�`7'*i*\eab' [Xl&UVYW!9[Lv �h)+�4iZ\e[XUV�($ x UV$ 2 %(_&YW' + � � "&� \ �=�, �U+[ $ \��oUV%"\e[X',S�[X�d[Wl&'b`&)+_' S4UV!Wi [X��S4YWU+$ � �	�&YW�(a�[Xl\e[
)V�;i*\][WU+�"$� o[Xl&' abUV!W!XU+$&% `&YWUVi��w)V�4iZ\e[XUV�($ Uf! ��U [Wl&UV$d!X'Z$!X�(YpY \e$&%"'�\e$ S [Wl&' /pYWUVi��"*pz ��Uf!p_&c S&\][W'*S���#�g [X'*YIS&YXUV$��;U+$%  4U+[
S4YW�(c!p[Wl&'m`&YWUVi��wU+['�I\(!�iZ\(YXYWv;U+$% \e[p[Wl&'m)V�;i*\][WU+�"$ [Wl\]['�I\(!IUV$&U+[XUf\e)V)+v �4i*it_&c&UV'*Sd`;v `&YWUfi�� / � �
��$ 2%(_YX' + � � %2�h\#�  p[Xl'y\e%"'Z$o[+* !w\e`&UV)VU [Lv [X� [ \��(' \"S��]\e$o[W\(%('Q�egm_&$',(4c ',ij[W'*S?i l\($&%(',!bU+$C[Wl&' 'Z$��;UVYX�"$&ab'Z$o[ UV!

S4'*a �"$!9[XY \][X',S�� 0?l&'*$?[Xl' \e%"'Z$o[ ab�
�(',S [X��cUVi��C_&c `YXUfi�� /#�� �[Xl&'/\e_4[Wl&�(Y^YX'*a �
�"'*S [��p��%(YW'Z'*$ S4UV!WiZ!� I[Xl;_!
itYW'*\e[XUV$&%b\b%"\ec^U+$d[Wl&' �p\()+) � 0?l&'Z$d[Wl&UV!�%"\ecQiZ\(ab'�UV$o[X�w!X'Z$!X�(YIY \e$&%"' ;[Xl' *@z � ! �p'ZYW'�_&c7S\][X',SQ\e$S^[Xl'mc\][Wl [W�
[Xl'm$&�(YX[Xl&'*YX$Qab�"!9[�S4YW�(cQ!9U+[X' �I\(!IYW'*iZ�(abc&_4[W'*S^[X�w$ \��oUV%"\e[X'�[Xl'r\e%('*$o[p[Wl&YW�(_&%"l^[Wl&'m%"\(c�� � $QU+[W! �I\ vw[X�b[Wl&'m)f\(!9[
S4YW�(c���!XU [W' ;[Xl' \(%('*$"[�`7'*i*\eab' ` �([Xld[Xl&UVY !L[Lv \($Sdl;_&$&%(YWv����[�[Xl'ZYW'tgq�(YW' ab�
�('*S [X�w`&)V_&'mS4Uf!Xim\($S [Xl&'*$^[W� [Xl&'m%"YX'*'Z$
S4Uf!Xi $&',(;[�[X� U+[ � ��l&UV)+'bit�"$"[WU+$;_&UV$&%w[W�^i*\eYWYXv^`&YXUfi�� / � � � !Il&' iZ�(YWYX',!9c7�($S&U+$&%"*pz � !�!9l�
� [Wl\][�[Xl&' \e%"'Z$o[+* !�`7'Z)VU+'Zg
\e`7�(_&[�S4UV!Wi�)+�4i*\][XUV�($ !�\eYW'�$&�([�it�"a c)+'Z[X'Z)Vv \"iZit_YW\e[X'�%!Il&Uf!�Uf!I` ',iZ\(_!9'�[Wl&'r!9'*$!X�(Y !p\(YX' _&$YX'*)+Uf\e`&)V'm\][�)V�($&%bY \e$&%"'�

!Il&'�gq�(_&Yp$\��;U+%o\][WU+�"$ aw\(c!
[Wl\][��@'*YX'�_!X'*Sb[W� c&)f\e$ \ c\][Wlwgq�(Y@[Xl'�[WU+ab',��!9[X'Zc !@!Xl&�
��$wUV$"2%"_&YX',! + � � � � + � � %�\eYW'
S4Uf!9c)V\ v"'*S U+$ 2%"_&YX' + � ��4 �"!Il&' !Xc&YW'*\"S4U+$%Q\"ij[WU��]\][WU+�"$ � �
��!m\eYW�(_&$Sy[Xl' �(`!9[W\"it)V'*! ��l&Ufi l \eYW'bab\(Y-�"'*S/\(! v"'Z)V)+�
�
!Wn"_ \eYW'*!L�h$&'Z%o\][XU$�(' \(it[XU$� \e[XUV�($ �,�'0?l&'*$yUV$&l&UV`&U [WU+$%d\($��(`!9[W\"it)V'r$&�4S4' \()+)MU [ !�$'ZUV%(l;` �"YXUV$&% $�;S&'*!�\(YX' U+$&lU+`&U+[X',S�[W�
\(i*it�"_&$o[�gq�(Y@[Xl'�!XU��*'��(g�[Xl'�\(%('Z$o[ � ��l&�o!9'1��UVS;[Wl^Uf!@'*no_\e)7[W�r[Xl'�!XUVS&'��(gk\r%"YXUfS it'*)+) � � !IlUV!pUf!�YW'*no_&UVYX',Sb[X� c&YW'��"'Z$o[

� �



A

B1

B3B5

B4

B2

�����

Food ESM

Brick ESM

Water ESM

Configuration ESM

�����

�MU+%"_&YW' + � �)+<H *%(&\eabc&)V'�it�"$!9[XYW_ij[WU+�"$ [ \(!-��� it�($o[ � � H � \ ��x@�"$�2%(_YW\e[XUV�($ �eg�S4Uf!Xi*!
\][
[WU+ab' � " � �k#�g [W'ZY@c&UVi��;UV$&%m_&c \($S
S4YW�(c&cU+$&%w`YXUfi�� / � \][�\wiZ�($!9[XYW_ij[WU+�"$�!9U+[X'r\($Sd�($QU [ !'�I\ vw[X�w`YXUfi�� / 2  &[Xl&' \(%('*$"[�`7'*i*\eab' [Xl&UVY !L[Lv �h\][�c �"U+$o[�#K�
\e$ S^ab�
�"'*!p[X�b[Wl&' �I\][X'*YL�q`&)V_&' ��S4Uf!Xi�[W� S4YXUV$�� �K�h` �I#�it[XU$�]\][XUV�($ !��eg%*@z � !�\][�[WU+ab' � " � � !Il'rit'Z$o[WYW\() $&�4S4'r�egM[Xl'
0 \][X'*Y�*pz � Uf!I\(ij[WU��"'�`7'*i*\e_!X'�[Wl&'�\(%('*$"[@UV!pit)V�"!X'�[W� [Wl&'�`&)V_&' S4Uf!Xi�\e$S S4YXUV$��;UV$&% � !Il&' \e%('*$o[@$&�
�Cl\"! �;$&�
��)V'*S4%"'
�egk[Xl&'�c7�"!XU [WU+�"$!I�egk\()+)7[Wl&' `&YXUfi��4!pU+$^[Xl&' /pYXUfi��"*@z � \(!I\()+) `&YWUVi��4!I\e$ Swgq�;�4S^\(YX' it_&YWYW'Z$o[X)Vv ��U [Wl&U+$Q!X'Z$!X�(YWvbYW\($&%('.�
! �p� %"�"\() !XU+[X'*!�\(YX' �"_4[��eg~!9'*$!9�"YXvwY \e$%(' `&_4[�\(YX'�YX'*ab'Za `7'ZYW'*S^�($d[Wl&' x@�($�2 %(_&Y \][WU+�"$ *@z � �

� "



B

B1

B4

B2

B3

B5

�����

Food ESM

Brick ESM

Water ESM

Configuration ESM

�����

�MU+%"_&YW' + � � 2 H *%(&\eabc&)V' iZ�($!9[XYW_ij[WU+�"$ [W\"!�� � it�($o[ � � H �h\#� x@�"$�2%(_YW\e[XUV�($ �eg�S&UV!WiZ!b\][ [XUVab'���" 2 � !Il&'d\e%('*$o[ %(�;',!
\eYW�(_$Sd[Xl&' �I\e)V) �eg
%"YX'*'Z$ S4Uf!WiZ! �h!XU+$iZ' U+[�Uf!�\e$ �"`!L[ \(iZ)+' �p[X�^c&UVi��Q_&c `&YWUVi�� / + \e$S ` '*%(UV$!�ab�
�;UV$&%w[X� [Xl&' [XlU+Y S
S4YW�(c���!XU [W'�
#p[�c7�(UV$"[ / U [�%"'t[ !�l;_&$&%(YWv \($S ab�
�"'*!p[X�b[Wl&'rit)V�"!X'*!9[Igq�;�;SQS4Uf!Wi ��l&U+)V'rit�"$o[XUV$o_U+$&% [W� iZ\eYWYWvw[Xl&'m`YXUfi�� �
�q`A� #�ij[WU��]\e[XUV�($! �(g�*@z � !m\][ [XUVab'�� " 2 � � $&)Vv �"$&'b�eg�[Wl&'b%(YW'Z'*$ S4Uf!Xi*!miZ\($ `7'w!9'*$!9',S gqYW�(a}[Wl&' \e%"'Z$o[+* ! it_&YWYW'Z$o[
)V�;i*\][WU+�"$��{[Wl&'m�e[Wl&'ZY !�\eYW' �;i*it)V_S4',S `7'Zl&UV$Sd[Wl&'m$&'*\(YX',!L[I%(YW'Z'*$dS&UV!Wi��

� %



B4

B3

B2

B5

�����

Food ESM

Brick ESM

Water ESM

Configuration ESM

�����

�MU+%"_&YW' + � � � H * (&\eabc&)V'biZ�($!9[XYW_it[XUV�($ [W\(!-� � it�"$"[ � � H � \ �rx@�($�2%(_&Y \][WU+�"$ �(gIS&UV!WiZ!r\e[m[XUVab' "B% ���"!Il&' \(%('*$"[rS4YW�(c !
`&YWUVi��1/ + \e[I\ S4YW�(c���!9U+[X'.�'��'*\($ ��lU+)V' "[Xl&'m\(_4[Xl&�"Y@l \(!@YX'*a �
�"'*Sb`&YWUfi�� / � � �h` �@#�ij[WU��]\e[XUV�($!p�eg�*@z � !p\][p[XUVab' " % ���
z;UV$it' `&YWUfi�� / � [Xl\e[ �p\"!@YW'Zab�
�"'*SwUf!p�(_4[I�eg~!9'*$!9�"Y@Y \e$%(' "[Xl' /pYWUVi��"*pz � iZ�($o[XUV$;_&'*!@[W� l\��"'�\($d\"ij[XU$�]\][W'*S $�;S&'
gq�(Y / � � !Il'��&�;�4S *pz � it�($o[ \eUV$!�\(it[XU$� \e[XUV�($!pgq�"Y�\e)V) [Xl&' gq�;�4SQS4Uf!Xi*!�\e%"\(U+$��

\e$/\e%"'Z$o[�gqYW�(a�iZ�()V)+UfS4UV$&%���U+[Xl \e$ �(`!9[W\"it)V' S4Uf!Xi `7'*iZ\(_!X' [Wl&' \"iZiZ_&YW\"itvQ�eg�[Xl&' *@z �y!�Uf!�)+UVabU [W'*Sy[X�dU [ !�%(YWUVS !XU �Z'�
x@�()V)VUV!XU+�"$ \��(�"UVS\e$iZ'�`ov �X%(YW�
��U+$&%#���(`!9[W\"it)V'*!
Uf!p�eg [W'Z$ _!X'*S^\(!@\ !XU+abc&)V' �h`&_4[�!9_`����"c4[XUVaw\e) �{ab't[Wl&�4Sw[W� ab�4S4'Z)7[Xl'
!XU��*'w�egp[Xl&' YW�(`7�e[ �qgq�(Yr'�(4\(abc&)+'. kUV$ 
 � 'Z)VU+$!-�;v \($S��
_4[W\  � ��� + �  k[Xl&'w�"`!L[ \(iZ)+',!r\eYW' �9%(YW�
��$&� `ov l\e)+gI[Xl&' ��UfS;[Wl
�eg@[Xl&'bitv;)VU+$ S4YXUfiZ\()~YX�"` �([�gq�"Y�' � itUV'Z$o[m�(`!9[W\"it)V' \��"�(UfS&\e$iZ' �,� !Il&' !Xc&YW'*\"S4U+$%d\"ij[XU$�]\][WU+�"$ �I\(!�!L[W�(c&c7'*S/\(! !X�o�"$ \"!
\(it[XU$�]\][XUV�($dYW'*\(i l'*Sw[Wl&'rit'*$o[X'ZY�$�;S&' � [Xl'rit_&YWYX'*$o[I)V�4iZ\e[XUV�($d�egM[Xl&'r\(%('Z$o[-� �

� ��� � �  � ��  � ��

�������
	 =?672&89.�0 GID KLDk672489.�0

#T`7'Zl\��;UV�(Y-��` \(!X'*S \(YWi l&U+[X',ij[W_&YX' ��U+[Xl iZ�($&$&',ij[WU+�"$&UV!9[�\(it[XUV�($Q!9'*)+',ij[WU+�"$dl \(!�!X'��"'ZY \e)7gq'*\e[X_&YW'*!I[Wl\][�aw\�('mU+[�!9_&U+[W\(`&)V'
gq�(Y^\e$C'Z$��;U+YW�($a '*$o[ ��l'ZYW' \e%('*$o[W!bl\��"'Q[X��!X_&Y-�;U$�('�\e_&[X�($�(ab�(_!X)Vv \e$SC\"S&\ec4[w[W��i l\e$%(UV$&% !9U+[X_\e[XUV�($!�� !Il'
`7'Zl\��;UV�(Y-��`\"!9',S \ec&cYX�o\(i l 'Z$ !9_&YW'*! [Xl \][ [Xl&�"_&%(l [Xl&'Q\e%"'Z$o[ l\"!b\ )f\eYW%(' $;_&a ` '*Yb�eg�`7'Zl\��;UV�(Y !� M[Wl&'^$;_&a ` '*Yb�eg
)V'��('*)V!��eg~c&YX�4iZ'*!W!9UV$&%w`7't[��p'Z'Z$�!X'Z$!X�(Y !�\e$ SQa �([X�"YW!IYW'Zaw\eUV$!I[Wl&' !W\eab'��!Il;_!� [Xl&Uf!�\(c&c&YW�"\"i l^!WiZ\e)V'*!'�@'*)+) \($Sd[Xl'
[XUVab' [W\�('Z$^gq�(YI[Wl&'r\e%"'Z$o[I[X�bYW'*\(it[I[X�b[Xl'r!9'*$!9�"YW!pYW'Zaw\eUV$!I!Xab\()+) �
��abc&)V'Zab'Z$o[XUV$&% [Xl&'m\"ij[XUV�($Q!X'Z)V'*ij[WU+�"$ ab'*i l \e$&Uf!9aH\"!I\ iZ�($&$&',ij[WU+�"$&UV!9[�!9v4!9[X'ZaP��# 'ZY !�[Wl&'m\(S��]\($"[ \e%"'*!�\"!X!X�4itUf\][W'*S

��U+[Xl^\(Y9[WU327itUf\e)7$&'Z_&Y \e)7$&'Z[��@�"Y-�4!p!9_i l^\(!p!9ab�;�e[Wl UV$"[W'Z%"YW\e[XUV�($� o'*\"!9'��eg�UV$itYW'Zab'Z$o[ \e) )+',\eYW$&UV$&%  ;\e$S `&U+�")+�"%(UfiZ\() c&)f\e_��
!XU+`&UV)VU [Lv 
 # _&ab'Z)Vl\eYX[ "!%>�9@$#$ � � 4 " � �'!Il' #�it[XUV�($yz;'*)+',ij[XUV�($�ab�4S4_&)V' i l&�;�o!9',!I[Xl&' \(ij[WU+�"$!�!Xc ',itU�2'*SQ`;v^[Xl&' YX',\(ij[WU��"'
`7'Zl\��;UV�(Y !IU g{[Wl&'ZvQ\eYW'r\(it[XU$�('m�
�('*Y�[Xl \][��(gM[Wl&'���\��oUV%"\e[XUV�($\() c&)f\e$&$&UV$&% `7'Zl \��oUV�(Y !���!Il&Uf!�Uf!�\w!XUVa c)+'rv"'t[�'�#7',ij[WU��"'
�I\ vd�(g@UV$o[X'Z%"YW\e[XUV$&% )V�
� ��)+'��('Z)M`7'Zl\��;UV�(Y !&��U+[Xl/l&UV%(l&'*Y��"$&'*!1��[Xl' YW'*\"ij[XU$�(' `7'Zl\��;UV�(Y !��(c7'ZY \][W' S&U+YW'*it[X)Vv��($ !X'Z$ !9�"Y
UV$4gq�(YWaw\][XUV�($� \e$ S�l&'Z$ it'm[Wl&' \"ij[XUV�($ !�!Xc ',itU�2'*S�`;v^[Xl&'*a \eYW'rab�(YW'm)+U$�('*)+v^[X�d!9_i*it'*'*S�� J��
�@'��('ZY  &l&UV%(l���)V'��"'Z)�[ \(!-�4!
iZ\($ \e)f!9�w�
�"'ZYWYXUfS4'�[Xl&',!9' YX',\(ij[WU��"'m` '*l\��;U+�"YW!�!9_i l�\"!'��l&'*$Q[Xl&' \(%('*$"[�Uf!�iZ)+�o!9' [W� \e$ \��]\(U+)f\e`&)V'm`&YWUVi�� � ��'*\eY-� /@YWUfi��
UV$"[W'ZYW$\e)�!9[W\e[X' $&�4S4'mUf!�\(it[XU$�(' �, &#�c&cYX�o\(i l�� # '*S^`7'Zl\��;UV�(YIUV!�i l�"!X'Z$ ��l&U+)V'm#'�"�(UfS�� # '*S^UV!�UV$&l&UV`&U+[X',S������"YX'*�
�('ZY  (`;v
!X'Z)V'*ij[WU+$%^[Wl&'b` '*l\��;U+�"Y ��U [Wl [Wl&'wl&UV%(l&',!L[r\"ij[XU$�]\][WU+�"$�  \(it[XUV�($!�[Wl\][r\eYW'bab�"!9[ )VU$�('Z)VvQ[X��!X_iZiZ'Z',S \(YX'wi l&�o!9'*$y�
�('*Y
�e[Wl&'ZY ! � [Wl&'r\(it[XU$� \e[XUV�($d�eg~\ `7'Zl \��oUV�(YIUf!Ic&YW�(c7�(YX[XUV�($\()[W� l�
� !9[XYW�($&%")+vb[Wl&'m!9'*$!9�"YW!I\(YX' \(it[XU$� \e[X',S� ���l&Ufi l^UV$d[X_&YW$

� 4



B3

B2

B4

B5

�����

Food ESM

Brick ESM Configuration ESM

Water ESM

�����

�MU+%"_&YW' + � � " H *%(&\eabc&)V' iZ�($!9[XYW_it[XUV�($ [ \(!-� �hiZ�($o[�� � H � \ �mx@�($�2 %(_&Y \][WU+�"$y�egIS4Uf!Xi*!�\e[ [XUVa ' �,� � 2 � !Il&'w\(%('Z$o[mc&Ufi��4!
_&c `&YWUfi�� / 2 \($S/%('Z[W! [Wl&U+Y !9[Lv \][r)V�4iZ\e[XUV�($ x1����[m[Xl'Z$ ab�
�(',!�[X�Q[Xl'"�p\e[X'*YrS4UV!Wi�� �&YW�(a�[Wl\][rc7�(UV$o[� k[Xl&' U+$&U+[XUf\e)
)V�;i*\][WU+�"$ �(gp`&YWUfi�� / � �I\(! ��U+[Xl&UV$�!X'Z$!X�(YWv�YW\($&%('b\e$ Sy[Wl&' \e%"'Z$o[mYX',\e)VU��*'*!�[Xl \][r`&YWUVi�� / � Uf!mabUV!W!XU+$&%)� !Il&'ZYW'tgq�"YX'. 
\]g [W'ZY�S4YWUV$��;U+$&% U+[�S4YX�"c!p`&YWUVi�� / 2 \][I[Xl \][�)+�4i*\][XUV�($Q\e$ S ab�
�(',!
[W�bc&UVi�� _&cQ`&YXUfi�� /#� \eg [X'*Y�$\��;U+%o\][XUV$&%b\eYW�(_&$ Sw[Xl'
�I\e)V) � ��'*\($���l&U+)V' o[Wl&'�\(_4[Xl&�"Y@YW'Zab�
�"'*S [��@� %(YW'Z'*$ S4UV!WiZ!� ;itYW'*\][WU+$% \ !Xl&�(YX[���it_&[�� �q` �@#�it[XU$� \e[XUV�($!p�(g�*@z � !p\][@[XUVab'
��� � 2 ��!Il&' /pYWUVi��"*pz � \e%o\eUV$^!Xl&�
��!I\(ij[WU��]\e[XUV�($!I�(gk[Wl&YX'*' `&YXUfi��4!p[Xl\e[�\eYW'�UV$d[Xl&'*U+Y'2$\e) c7�"!XU+[XUV�($!��

� �



B3

B2

B4

B5

�����

Food ESM Water ESM

Configuration ESMBrick ESM

�����

�MU+%"_&YW' + � � % H * (4\(abc&)+' it�($ !L[WYX_it[XUV�($Q[ \(!-� � it�"$"[ � � H �h\ ��x@�($�2 %(_&Y \][WU+�"$��eg�S4Uf!Xi*!�\e[�[XUVab' � " 2�2 �'!Il&' iZ�($!9[XYW_it[XUV�($
[W\"!�� l\(!~`7'Z'*$biZ�(abc&)V't[W'*S�� !Il&'�\e%"'Z$o[{ab\"S4'I_!X'p�(g [Wl&'�!9l�(YX[���it_4[
itYW'*\e[X',S `;vm[Wl&'�\e_4[Wl&�(YM[W�ma �
�"'�[W��[Xl&'�$&�"Y9[Wl&'ZYW$
ab�"!9[�S4YW�(c���!9U+[X'm\($SQS4YX�"c&c7'*S^`&YXUfi�� /#��� � $^[Wl&' �I\ v ;[Xl'r\e%('*$o[I`7'*i*\eab'm`7�e[Xl�l;_&$%(YWv \e$S^[XlU+Y !L[Lv.� ��[�ab�
�(',S [W�
[Xl' `)+_&' S&UV!Wib\e$S [Xl&'*$ [W�d[Xl&'b%(YW'Z'*$ S4Uf!Wi $',(;[ [X�QU [ � ��l&UV)+'wiZ\(YXYWv;U+$% `&YWUVi�� /#� � �M�q` � #�ij[XU$�]\][WU+�"$! �eg *@z � ! \e[
[XUVab' � " 2�2 � !Il&'r\"ij[XU$�]\][WU+�"$!I�egk[Xl&' /pYWUVi�� \($S�x@�($�2%"_&Y \][XUV�($ *@z �y!Iab\e[Wi l�\][I[Wl&'m'Z$Sd�(gMit�"$!9[XYW_ij[WU+�"$��

+(�



Obstacle nodes

� ���

Obstacle nodes

� � �

Obstacle nodes

��� �

Obstacle nodes

�����

Obstacle nodes

��� �

Obstacle nodes

��� �

�MU+%"_&YW' + � ��4<H #�it[XU$� \e[XUV�($!I�"$^$ \��oUV%"\e[XUV�($ aw\(c!p[Xl\e[�c&YX�
�;UfS4'*S [Xl&' 2 $\e) ab�e[W�(Y�\(it[XU$�]\][XUV�($ H � \ �0/pYWUVi�����\��oUV%"\e[XUV�($
aw\ec�\][�[WU+ab' % + � �h` ��x@�($�2%(_&Y \][WU+�"$ ��\��;U+%o\][XUV�($daw\ec�\][�[WU+ab' � " � �K�hi+��x@�"$�2%"_&YW\e[XUV�($���\��;UV%"\][WU+�"$ aw\ec \e[�[XUVab'
� " 2 � �hS&�rx@�"$�2%(_YW\e[XUV�($ ��\��oUV%"\e[XUV�($ ab\(c/\e[ [XUVa ' " % �����q' �mx@�($�2%"_&Y \][XUV�($���\��;UV%"\][WU+�"$ aw\ec \][ [XUVab' ��� � 2 � � g��/pYXUfi�� ��\��oUV%"\e[XUV�($ ab\(c/\e[m[XUVab' � " 2,2 �wz4no_\eYW'b`&)V�;i��4! UV$S4UfiZ\e[X'w�(` !L[ \(it)V'b$&�4S4'*!m\($S [Xl&'w`YXUV%(lo[X$'*!W! �egp\QiZ'Z)V)
UV!
c&YW�(c7�(YX[XUV�($\()7[X� [Xl&'maw\(%($&U+[X_S&'m�egkU+[W!�\(ij[WU��]\e[XUV�($��

+ �



S4'*c '*$S&!r�"$ l&�
��it)V�"!X'b[Xl&' S&UV!WiZ! \eYW'b[X�Q[Xl'^\e%"'Z$o[5�, kU � ' >0�49$<'-/2E E �9% 49. � `7'Zl \��oUV�(Y !m\eYW' i l&�o!9'*$/�
�"'ZY �5?I?&"F%1: %(:
	6"
`7'Zl\��;UV�(Y !��?x@�($!X_&abaw\][X�"YXv `7'Zl \��oUV�(Y ! \eYW'^[Wl&�"!X'^[Xl\e[ S4U+YW'*it[X)Vv \
# '*it[ \ ab�([XU$� \e[XUV�($ 
 �yi �\(YX)f\e$ S� � � 4 � � � �&�"Y
',(&\(a c)+'. 7',\][WU+$&% �p�(_&)fS�UVa ab',S4UV\e[X'*)+v YW'*S&_it' [Xl&' l;_&$&%('*Y�ab�([XU$� \e[XUV�($��r#�c&c7't[XU+[XU$�('b`7'Zl\��;UV�(Y !�\(YX'r[Xl&�o!9' [Xl\e[ S&�
$&�([�S&U+YW'*it[X)Vv \
# '*it[�\($;v ab�e[XU$�]\][WU+�"$��'�&�(Y�'�(&\eabc&)V' ;c '*Y9gq�"YXabUV$&% [Xl&'m#�c&c&YW�"\(i l�� ��YW'Z'*$ ` '*l\��;U+�"Y�S4�;'*!I$&�([�i*\e_!X' \
S4',itYW'*\(!X' U+$�\($d\(%('Z$o[ * !Il;_&$&%"'ZY�ab�e[WU��]\e[XUV�($�� !Il'mc&YX'Zgq'ZYW'Z$iZ'�gq�(Y�iZ�($!X_&abaw\][X�"YXvw`7'Zl \��oUV�(Y !p�
�('*Y�\ec&c7't[WU [WU��"'m�($&',!
Uf!I�($&'m�(g [Xl'mYX',n"_U+YW'Zab'Z$o[ !pgq�(Y�\e$Q\(it[XUV�($���!X'Z)V'*ij[WU+�"$ ab'*i l \e$&Uf!9a 
 !@v;YXYW'Z)V)  � ��� + \ � �

!Il&' \"ij[WU+�"$ !9'*)+',ij[XUV�($ya ',i l\e$UV!Xa:UV$/x@�"$#�% Uf!�����UV$&$&'ZY-��[W\��"',��\e)V) � � 0 !M#K��`7'*iZ\(_!X'r�($&)VvQ�($&' ` '*l\��;U+�"Y� [XYWU+%�
%('*YX',Sr`;vr�"$&'Ia �([XU$�]\][XUV�($� eUV!{\"ij[WU��"'p\e[{\($;vm%(U$�('Z$ [XUVab'� 0 '*YX$'ZY~c&YW�(c7�"!X'*S \�$&'*_&Y \e)4\eY i l&U+[X'*it[X_&YW'@gq�(Y
\e$b\e%"'Z$o[M[Xl\e[
l\"!~[X�r)V�;�� gq�(Y{gq�;�4S� �p\e[X'ZY
\($Sw\��(�"UVS c&YW'*S&\e[X�"YW!�
 � � � 2 � � !Il'�\eY i l&U [W'*it[X_&YW'�UV!
`\(!X'*Sb�"$ [Wl&''�p�(Y �r`;v /pY \eU+[X'*$o`7'ZYW%
��l&'*YX'rab�([X�(Y !�\(YX' iZ�($o[XYW�()V)V'*Sd`;vdS4UVYW'*ij[ it�"$&$&'*it[XUV�($!�gqYX�"aF!X'Z$!X�(Y ! 
 � � 4 2 � ��# c\(Y9[��eg~[Xl&' \eY i l&U+[X'*it[X_&YW'mUf!�!Xl&�
��$
UV$ 2%"_&YW' + � � � �q$&�Q!Xc\][WUV\()MYW'ZcYX',!9'*$"[ \][WU+�"$ UV!�aw\eUV$o[W\(U+$&',S&� � ���4S4'*!�YW'Zc&YW'*!X'Z$o[WU+$&%^l;_&$&%('*Y�\($S�[Wl&UVYW!9[ma �([XU$�]\][XUV�($ !
it�"$o[XYW�()�S4UVYX',ij[�)VU+$ �;!�gqYX�"a:!X'Z$!X�(Y�$�;S&'*!I[W�wa �([X�"Y�$&�4S4'*!�[Xl&YW�(_&%"ld!X'*iZ�($S����"YWS4'*Y�it�($$&'*it[XUV�($!��pz;UV$iZ' \()+)�[Xl&'rab��
[X�"Y�$�;S&'*!�iZ\e$y` ' \(ij[WU��"' !XU+a _&)+[W\e$'Z�(_ !9)Vv [Xl&' �
�('*YW\()+)k\(ij[WU+�"$ �eg{[Wl&'b\e%('*$o[�UV!�S4'Z[X'ZYWabU+$'*S `;vd[Xl' !9[W\e[X' �(g�\e)V)kU+[W!
ab�e[WU��]\][WU+�"$!��

Move Left Leg

Move Right Leg

Food Left

Food Right

Water Left

Water Right

Hunger

Thirst Find Water

Find
Food

�MU+%"_&YW' + � � � H #�ij[XUV�($?!X'Z)V'*it[XUV�($ [Xl\e[ it�(a `&UV$&'*!w`7'Zl \��oUV�(Yb�"_4[Xc&_&[W! 
 0 '*YX$'ZY  � ��� 2 � � � �e[XU$�]\][WU+�"$!��ql;_&$&%"'ZY \($S
[XlU+Y !L[-�Iit�"$"[WYX�") )+UV$��4!IgqYW�(aF!9'*$!9�"Y�$&�4S4'*!�� �&�;�4SQ��'Zg [�'t[ i�� � [X�wab�e[W�(Y�$&�4S4',!L� � �e[X�"Y���'Zg [���'*%  ���([X�(Y # U+%"l"[�� 'Z% �
[XlYX�"_&%(lw!X'*it�"$S����(Y S4'ZY{iZ�($&$&',ij[WU+�"$!�����g [Xl&'�l;_&$%('ZY�$&�4S4'�UV!�\(ij[WU��"'�\e$S gq�;�4SbUV!�!9'*$!9',S [X� [Xl'�)+'Zg [K� ��;�;Sw� 'tg [�$�;S&'
Uf!�',(&itU+[X',S&�  &[Xl&'�� �
�(' # UV%(lo[���'*% $�;S&'mUV!�\"ij[WU��]\][W'*SQS4_&' [W�b[Xl&'r!X'*iZ�($S����"YWS4'*Y�it�($$&'*it[XUV�($dgqYX�"a �MU+$ S&�&�;�4S^$�;S&'
iZ\(_!XU+$&% [Wl&'r\e%"'Z$o[@[W�b[X_&YW$d[X�
�I\eY Sb[Xl' gq�o�4SQ!X�(_&Y it'.�

0/'ZYW$&'ZY * !b\(YWi l&U+[X',ij[W_&YX'dUf!wit�(abc\(YX',S [W� [Xl&' 0 !M# \(ij[WU+�"$ !X'Z)V'*it[XUV�($ �eg�[Xl&' x@�"$#�% \eY i l&U+[X',ij[X_YX'Q\e)V�($&% [Xl'
gq�()V)V�
��U+$&%bab't[WYXUfiZ! H
� ���>"F.5'-:�'-%D"F$ 0�" H #�$w\(it[XUV�($b!9'*)+',ij[XUV�($ ab'*i l\($&Uf!9a UV!{!W\eUfS [X� ` ' ?&"!.5'5:�'-%D"F$ %&U+g7U+[�it�"$"[WU+$;_&',!M[X�mc7'ZYXgq�(YWaJ\mit�"$!X_&a �
ab\e[X�"YXv \"ij[XUV�($Q'��('Z$Q\]g [W'ZY�U+[�Uf!I$&�e[�[Wl&'mab�"!9[�U+abc7�(YX[W\e$o[�`7'Zl\��;UV�(Yp[X� \($d\(%('*$"[ 
 !�v;YWYX'*)+)  � � � + \ � �px@�"$!9UfS4'*Y
[Xl&'m!XU [W_\][WU+�"$^S4'*c&UVit[X',S^UV$ 2%(_&YW' + � �e� �~#�$Q\e%"'Z$o[p[Xl\e[IUf!I`7�e[Xldl;_&$&%"YXv \($S [Wl&UVYW!9[Lv !9'*$!X'*!@gq�;�;Sd\e$ S��I\][W'ZY �
��[@ab�
�(',!~[X�
�I\eY S [Xl&'�gq�o�4S \"!
U+[@Uf!@iZ)+�o!9'*Y@\($Sb` '*%(UV$!@'*\][WU+$% � !Il&UV!@YW'*S4_iZ'*!�U [ !�l;_&$&%"'ZY@)+'��('Z)[X� \mc �"U+$o[@[Xl\e[
a �
�;UV$&%b[X�
�I\eY S �p\e[X'*Y�` ',it�"a ',!�ab�(YW'rS4',!9UVYW\(`&)V'm[Xl\($ it�"$"[WU+$;_&UV$&%w[W� '*\e[�� J��
�@'��('ZY  &�"$Q[Xl&' �p\ v [X�"�I\][W'ZY  
U [ !Ilo_$&%('*Yp)V'��"'Z)�iZ�(_&)fS YWUf!9'�[X�w\ c7�(UV$"[ ��l&'*YX' ',\][XUV$&%w\e%o\eUV$ `7'*iZ�(ab'*!Iab�(YW' S4'*!XU+Y \e`)+'.� !Il;_!� ;[Xl' \(%('*$"[ ��UV)+)
YX'*c ',\][X',S4)Vv \][9[W'Zabc4[m[W�^ab�
�(' [X�
�I\eY S �I\][W'ZY �($&)Vv�[W�^ab�
�(' `\"i��Q[X�dgq�;�;S ��U+[Xl&�"_4[rS4YXUV$��;UV$&% � !Il&' x@�($#�%
\eY i l&U [W'*it[X_&YW'rUf!�c7'ZY !9Uf!9[X'Z$o[ ` ',iZ\(_!9' it�"$!9_a aw\e[X�(YWvd` '*l\��;U+�"YW!�\eYW' \e)$�I\ v;!�c&YX'Zgq'ZYWYX',S��
�('*Y��([Xl&'*Y�`7'Zl\��;UV�(Y !
S4_&'@[X��[Wl&'+2�(4'*SrlU+'*YW\(YWi l&UfiZ\()(�"YWS4'*YXUV$&%��(g`7'Zl\��;UV�(Y ! �qU � ' ][Wl&'p\(%('*$"[��@�"_&)fSrit�"$"[WU+$;_&'�[X��'*\e[k_&$o[XUV);[Xl'@UV$o[X'ZYW$\()
gq�o�4Sd)V'��('*) S4YW�(c!I`7'Z)V�
� [Xl&YW'*!Xl&�()fS&�,� 0/'ZYW$&'ZY * !�\(YWi lU [W'*ij[W_&YW'�Uf!�\()V!X�wc '*YW!XUf!L[W'Z$o[�` ',iZ\(_!9'M�9[Xl&' !X'Z$ !9�"YXvwUV$&c&_4[
[X� [Xl&' \e%('*$o[IUf!�c&YW�(c7�(YX[XUV�($ \e)7[X�b[Wl&' �����XS4Uf!L[ \e$iZ'm�egM[Xl&'m�"`��L'*it[�` '*U+$% !9'*$!9',S�� !Il&Uf!�i*\e_!X'*!I$&',\eYW`;v �(`��L',ij[ !

+"�



[X�Q` 'wab�"YX'bUVa c7�(YX[W\($o[rU+$ `7'Zl\��;UV�(Y \e){!9'*)+',ij[WU+�"$y[Wl\e$ S4Uf!L[ \e$o[m�(`��L',ij[ !� k_&$&)V'*!W!�[Xl&' UV$o[X'*YX$\(){ab�e[XU$�]\][WU+�"$y[W�
\ec&c&YW�"\"i l [Wl&' S4Uf!L[ \e$o[ �(`��L'*ij[ ! UV!ra _i l !9[XYW�($&%"'ZY [Xl \e$/gq�(Y iZ)+�o!9'b�"`��L'*it[W!�� 
 0/'ZYW$&'*Y� � ��� 2 � � !Il&Uf!��9UV$o[X'ZYW$\()
a �([XU$�]\][XUV�($ �rUf!piZ�($o[XYW�()V)V'*Sb`;vb[Xl&' � �MUV$S �&�;�4S<�r$&�4S4' � 2 %(_&YW' + � � � � ��l&UVi l^it�($��"'ZYX[W!�[Xl&' it�"$"[WU+$;_&�"_!@lo_$&%('*Y
)+'��('Z)MUV$"[W�^\^`&UV$\eYWvd!XUV%($\() � !Il;_!� [Wl&�(_%(l [Wl&' U+$&c_4[ \($S �"_4[Xc_4[�$�;S&'*!�iZ\e$y[W\�(' iZ�($o[XUV$;_&�(_ !&�]\e)V_&',!� 7[Xl'
\eY i l&U [W'*it[X_&YW'��"$&)Vv it�"$!9UfS4'*YW!I\wS4Uf!XiZYX'Z[X' $;_&a `7'ZY��(g~i l�(Ufit'*! �hlo_$&%(YWv �(Y�$�e[�l;_&$&%(YWv<� �

Path of agent
F

W

�MU+%"_&YW' + � �e�&H z;U+[X_ \][XUV�($ ��l'Z$ c7'ZY !9Uf!9[X'Z$ it' �(g
\(ij[WU+�"$ !9'*)+',ij[WU+�"$�UV!�$&'*iZ'*!W!X\(YXv.��#�$y\(%('Z$o[�[Wl\][�UV!�`7�e[Xlylo_$&%(YWv^\($S
[XlU+Y !L[Lv^!9'*$!9',!I` �([Xldgq�;�4S ��� �I\e$S �I\][X'*Y � 0,� �

� ��� "!$# I%
� 4�� � �6% �#' H 0 !M# \"ij[WU+�"$y!9'*)+',ij[WU+�"$ [W\�(',!�[Xl'b\(%('*$"[��($ \^S4UVYX',ij[ c\][Wl [X� [Xl&'w!X'Z)V'*it[X'*S %(�"\() ��lU+)V' U+g
\(ij[WU+�"$!�\(YX' it�"a c7�"!X'*Sd[Wl&'Z$y[Xl&' c\e[Xl ��UV)V)k`7' S&YW\���$�[W�
�p\(YWSQ!X'*iZ�($S&\(YXvd%(�o\e)f!�%"U��;UV$&% YWUV!X'm[W�d!X_&`����(c4[WU+aw\()
c\][Wl!�� !Il&Uf! Uf! UV)V)+_!9[XY \][W'*SCUV$ 2%"_&YX' + � � � �Jx@�(a `&UV$&U+$%�\(ij[WU+�"$!"�p�(Y �4! �@'*)+)�U+$ iZ\(!X'*! !9_i l \"!w'*!WiZ\(c&UV$&%
gqYX�"a}\ c&YW'*S&\e[X�(Y1��l&UV)+' ab�
�oUV$&% [X�
�I\eY Sdgq�o�4S�� J��
�@'��('ZY  7U+$/iZ\(!X'*!&��l&'ZYW'r[Wl&'ZYW'b\eYW'm[��@�^$&'*\(YX`;vQ%(�o\e)f!� [Xl'
YX',!9_&)+[XUV$&% c\][WldiZ�(_&)fS^` 'r!XU+%"$&U�2 iZ\($"[W)+vw)V�($%('ZYp[Wl\e$^[Xl&'rS&U+YW'*it[Ic \][Xl � [Wl&'riZ\"!9' ��l&'*YX'�[��p� %"�"\e)f!I\eYW'�'�(&\(ij[W)+v
'*no_&UfS4UV!9[W\($o[@gqYW�(a>[Wl&'m\e%"'Z$o[Ii*\e_!XUV$&% [Wl&'m\e%"'Z$o[@[W�ba Uf!W!�[Wl&'m%(�o\e)f!@iZ�(abc&)V't[W'Z)Vv `;vwa �
�;UV$&% ` 'Z[��@'*'Z$^[Xl&'*aHUV!
�($&)Vvr�eg [Xl&'*�(YW't[WUVi*\e);U+$o[W'ZYW'*!9[{!XUV$it'�UV$ $ \][X_YX'IY \e$S4�"ab$&'*!W!���U+)V)&c&YW'��"'Z$o[~!X_i lb\ !9U+[X_\e[XUV�($ �,�%!Il&UV!~Uf!~UV)+)V_!9[XY \][X',S
U+$ 2%(_YX' + � �(� �

WTA

Combining multiple goals

W

F

�MU+%"_&YW' + � � � H ��'*$&%e[Wly�(g�c\][Wl gq�"Y10 !M#�!9'*)+',ij[XUV�($/\e$S ��l&'Z$/\(it[XUV�($!�\eYW' iZ�(abc �o!9',S H 0 !M#�!9'*)+',ij[XUV�($y[W\�('*!�[Xl'
\e%"'Z$o[��($Q\bS4U+YW'*it[�c\][Wl^'��('*$^U+g~[Xl&'*YX'm\eYW' a _&)+[XUVc&)V'm%(�o\e)f! �qgq�;�;S ��� �I\($S �p\e[X'*Y � 0,�=�,�
+ ���>�6.3�9@ @B"!@ � 0F%1:;46$&' H #�!�)+�"$&% \(!�\"ij[XUV�($ !�S4�w$&�([�U+$o[X'*Y9gq'*YX' ��U+[Xl�',\(i lQ�e[Wl&'ZY  4[Wl&'ZvdiZ\e$Q`7'r',(4',it_4[W'*SQUV$dc \eY \e)V)+'*)

U+$ `7�e[Wl [Wl&' x@�"$#�% \e$S 0 '*YX$&'*Y+* !d\eY i l&U [W'*it[X_&YW'� �&�"Y ',(&\(a c)+'. �\ x@�"$#�% \e%"'Z$o[^iZ\($ #�c&c&YW�"\(i l�� ��o�4S
\e$S s�YX�"c�\][r[Wl&'^!W\eab'w[WU+ab' ��l&U+)V' UV$ 0/'ZYW$&'ZY * ! \eY i l&U+[X'*it[X_&YW' iZ\($ 'Z$\(`&)V' \e$�\(%('Z$o[m[W�,�9cYX�4S4_iZ' !9UV%($ \e)f!
��l&U+)V' ab�
�oUV$&%#� 
 0/'ZYW$&'ZY  � � � 2 � � J��
�p'��"'ZY  ;iZ�;�(Y S4U+$ \][XUV$&% S4'Zc7'Z$S&'Z$o[�\(it[XUV�($!IUf!�\bS4U � iZ_&) [�cYX�"`&)+'*aH\e$S^Uf!�\
�@',\��;$&'*!W!p�egM` �([Xld[Xl&',!9'r\(YWi lU [W'*ij[W_&YW'*!��

2 � � EC4+49%
�C� 0F%1:;46$&' H 0?l&'*$ [Xl&'�ab�e[W�(Y~�(_&[Xc&_4[
�(g7\($ \(%('Z$o[~UV!{\�YW'*!X_&)+[~�(g7\ !X_&a �eg7` '*l\��;U+�"YW!k[Wl\][{'*\"i l c&YW�4S4_iZ'
it�($o[WU+$;_&�"_!&�]\()+_&',S �"_4[Xc&_&[W!� [Xl&'w\(%('Z$o[ iZ\e$ ',(4l&UV`&U+[M�X$\][W_&Y \e)�� )V�o�.�;U+$&%^` '*l\��;U+�"Y��LJ��
�@'��('*Y� \(!�S4',!XiZYXUV` ',S
gq�(Y~c '*YW!XUf!L[W'Z$iZ' [Xl'�U+$o[X'*YX$ \e);ab�e[XU$�]\][WU+�"$!k[W\��"'@�"$ `U+$\(YXv �]\()+_&',!MU+$ 0 '*YX$'ZY * !{\(YWi l&U+[X',ij[W_&YX'.� ���"YX'*�
�('ZY  '��"'Z$
U+$ 0 !k#�\(it[XUV�($y!X'Z)V'*it[XUV�($� �!Xab�;�e[Xl ab�
�('Zab'*$"[��eg
[Wl&'b\e%('*$o[�Uf!��(`!X'ZY �(',S�S4_&' [X�^[Xl&'bUV$&'ZYX[XUf\ �(g
[Xl&'w\(%('Z$o[ �
!Ilo_ !� &!X_&ababU+$&%wab�([X�(Y�\"ij[XUV�($ !pgqYX�"aPS4U�#7'*YX'*$"[�!X�(_YWiZ'*!pUV!�$&�e[�'*!W!X'Z$o[XUf\e) gq�"Y�!9ab�;�e[Wl^ab�
�('*ab'Z$o[��

����� ? ?<49.-%(/2$ :�'-E H x@�($ !9UfS4'ZYr\($ '*$��oUVYW�($&ab'Z$o[ U+$ ��l&Ufi l \eYW' cYX',!9'*$"[mc&YW'*S\][X�"YW!�[Wl\][ iZ�($!9[W\($"[W)+vQ[Wl&YW'*\][W'Z$/[Xl'
\e%('*$o[� pgq�(Y itUV$&% [Xl'y\e%"'Z$o[w[X� iZ�($!9[W\($o[X)Vv ab�
�(' \��I\ v gqYW�(a [Xl&' c&YX',S&\][W�(Y ! gq�(Y !X_&Y �;U��]\e) � !�!XU+$% \ 0 !k#
\eY i l&U [W'*it[X_&YW' ��U+)V)ki*\e_!X' \e$�\(%('Z$o[�[W� !L[ \eY �('r!XU+$ it' [Xl' \e%"'Z$o['�p�(_&)fSQ\e)$�p\ v4!I`7' c&YW',���4iZit_c&U+',S ��U [Wl�YX_&$$&U+$%

+�+



(A) (B)

F

FP

F

�MU+%"_&YW' + � �(�<H u{\][Wl��eg@\(%('Z$o[ ��l&'Z$�[Wl&'ZYW'b\eYW'm[��@�^%(�o\e)f!�� �h# � ��o�4S � � ��\($S cYX',S&\][W�(Y � u � H `7�e[Wl [Wl&' %"�"\()V!�[W\��"'
[Xl'�\(%('Z$o[�UV$w[Wl&'�!W\eab'�S&U+YW'*it[XUV�($��>� />� ! �@� gq�o�4S !X�(_YWiZ'*! H [Xl'�%"�"\e)f!{c&_)+)7[Xl'�\e%"'Z$o[@UV$ S4U�# 'ZYW'Z$o[p\"ij[XUV�($ !�YW'*!X_&)+[XUV$&%
UV$Q\($^UV$&' � iZU+'*$o[�c\][Wl��

\��p\ v^gqYX�"a}[Xl&' c&YW'*S&\e[X�"YW!�� J��
�p'��('*Y� iZ�(a `U+$&UV$&% [Xl&'b'*!WiZ\(c ' ` '*l\��;U+�"Y1��U+[Xl [Xl'b\(c&c&YW�"\"i lQgq�o�4Sy` '*l\��;U+�"Y
��U+)V)�'Z$\(`&)V'Q[Xl&' \(%('Z$o[ [X� ab�
�('^[X�
�I\eY S gq�;�4S U g U+[ �($?\e$ '*!WiZ\(c 'QYW�(_4[W'� ��$ [Xl&',!9' !XU [W_\][WU+�"$!� +0/'ZYW$&'ZY * !
\eY i l&U [W'*it[X_&YW'��"_4[���c7'ZYXgq�(YWab!@[Wl&' x@�($#�%w\eY i l&U [W'*it[X_&YW'�

��������� G���EM2&8LE{K��CD ��3&Dk1"Dk0�24EM2&8L.�0
!Il&'Q!9c \][XUf\e)Iaw\ec ! '*$\e`&)V'^[Xl&'�\e%"'Z$o[ [W�/iZ�($!9[XYW_it[ \ YX'*c&YX',!9'*$o[W\][WU+�"$ �eg�[Wl&'Q'Z$��;U+YW�($a '*$o[ \e$ S�_!X'^U+[ gq�(Ybc\][Wl
c&)f\e$&$U+$&%)�@#�)+) [Xl&'riZ�(abc&_4[ \][XUV�($ !�U+$��"�()$�('*S^UV$�c\][Wldc)V\($&$&UV$&%w`;v^!Xc&YX',\(S4UV$&%w\(it[XU$�]\][XUV�($�\(YX'm)V�4iZ\e)�\($SQl&'*$it' [Wl&'Zv
iZ\($ `7'�iZ\(YXYWUV'*S �(_4[{UV$ c \eY \e)V)+'*) �M���4iZ\()+U �*\e[XUV�($M�q)V�;i*\][WU+$&% �"$&'*!X'Z)+g7�"$ [Wl&'�aw\ec �MUf!{',\(!Xvm�($w\ *@z �F!9UV$iZ'I[Xl&'�iZ'Z$o[X'*Y{�eg
[Xl'mab\(cd\()��I\ v4!Iit�(YWYW'*!Xc �"$S&!@[X� [Xl'r\e%('*$o[+* !�it_&YWYX'*$o[p)V�4iZ\][WU+�"$�� !Il&Uf!IUV!Ic \eYX[XUfit_&)f\eYW)+v U+abc7�(YX[W\e$o[Igq�(Y�iZ�($!9[XYW_it[XUV�($
[W\"!��4!� "!XU+$ it'�[Wl&'�\e%"'Z$o[�l\"!~[X� ab\e[Wi lb[Wl&'�%(U$�('*$b[W\(YX%"'t[
c\e[9[X'*YX$	�q[Xl&' x@�($�2%"_&Y \][XUV�($ *pz � �M[W�m[Xl&'�\(ij[W_\e) )+�4i*\][XUV�($ !
�eg~[Wl&' `&_U+)fS4UV$&% `&)V�4i��;!�� [Xl' /pYXUfi�� *pz � �p[W� UfS4'Z$o[XU+gqv ��l\][�S4UV!WiZ!�\eYW'm$&�e[�c\eYX[��eg~[Wl&' !9[XYW_ij[W_&YX' \e$S ��l\e[�c\(Y9[ !
�eg [Wl&' !9[XYW_ij[W_&YW'y\eYW' v('Z[ [X� ` ' `&_&UV) [ � z;UV$it'y[Xl&' aw\(c!^\(YX' \()��I\ v4!w\e)VU+%"$&'*S?S&_&' [W� [Xl&'*U+Yd'Z%"�4it'Z$o[WYXUfitU+[Lv p[Xl'
\]gq�"YX'*ab'Z$o[XUV�($&',S aw\][ i l&UV$&%wiZ\e$Q`7'rS4�($'�',\(!XU+)Vv�

!Il&'r!Xc\][WUV\()�aw\ec�_!X'*!��($&)Vv^\wcYX'�2�(4'*Sd$;_&a `7'ZY��(g{$&�4S4'*!�\($SQUV$"[W'ZY it�"$&$&'*it[XUV�($!�����$d[Wl&UV!�YX',!9c7'*it[� U [�!Xl\(YX',!�\
it�"aba �"$ gq'*\][W_&YW'���U+[Xlw`U+�")+�"%(UfiZ\e)4!Xv4!L[W'Zaw!�� !Il&Uf!{ab't[Wl&�4Sw\e)f!9� c&YW�
�;UVS4',!~\ YX',\(!X�($\(`&)+'I!X�()V_4[XUV�($ [X� [Wl&'�Uf!X!X_&'��eg l&�
�
!Xl&�(_&)fSd\ 2�(4',S $;_&a ` '*Y��egk$'Z_&YW�($!p`7'r\e)V)+�4i*\][X',S��{#�)V) [Xl&'m$'Z_&YW�($!I\(YX' \e)V)+�4i*\][X',Sw[W� [Wl&'m!9c \(it'�[Wl\][�UVa ab',S4UV\e[X'*)+v
!X_&YXYW�(_$S&!k[Xl&'�\e%('*$o[~\($S [Xl&Uf!{Uf!~[Xl&'�!Xc\"it'p[Xl\e[
UV!
a �o!L[
iZYX_iZUV\();[X� [Wl&'�!9_Y-�;U$� \()4�eg7[Xl&'�\(%('*$"[ � ��$ gh\(it[� ([Xl&'�S4'*$!XU [Lv
�egk$&'Z_&YW�($ ! �q[Xl&' $;_&a ` '*Yp�(g $&'*_&YX�"$!I\e)V)+�4i*\][X',S c7'ZYI_&$&U+[�\eYW'*\ �egk!Xc\(iZ' ��U+$Q\e$^'Z%"�;iZ'Z$o[XYWUfi�aw\ecdit�(_)VS^` 'mS4',!9UV%($'*S
[X� %(Y \(S4_\()+)Vv^S&'*itYW'*\"!9' ��U+[Xl S4UV!9[W\($it' gqYX�"aP[Wl&' \(%('*$"[ �'!Il&' S4Y \���`\"i�� [X� [Xl&Uf!�iZ'Z)V)3��`\"!9',SQYX'*c&YX',!9'*$o[W\][WU+�"$^Uf!�[Xl\e[
[Xl' $;_&a `7'ZYr�(gp$�;S&'*!mUf!rc&YW�(c7�(YX[XUV�($ \e)M[X��[Wl&' \eYW'*\daw\ecc ',S U+YWYX',!9c7'*it[XU$�('b�egI[Wl&' \(it[X_\()
S4'Z$ !9U+[Lv �(gIS&UV!WiZ!mUV$ [Xl'
'Z$��;UVYX�"$&ab'Z$o[�� !Il&Uf!�Uf!�\($�U+$' � itUV'Z$o[�_!X' �(g{$&'Z_&YW�($ !�!9UV$iZ' !9c \eY !9'm�"Y�)V'*!W!�UVa c7�(YX[W\($o[�\eYW'*\"!I_!9' '*no_\e)M\eab�(_$"[��eg
$&�4S4',!�\(!�S4'*$!9'*Y�\eYW'*\"!��

��������� O�����K9.
3&EM2&8L.�0
#�$^\e%('*$o[
�(Y
YW�(`7�e[
[Wl\][@l\(!
[X�r`&_U+)fS \m!Xc\][WUV\()aw\ecw$&'*'*S&!@\e$w'�(;c)+�"YW\e[XUV�($w!L[WYW\e[X'*%(v��!�v;c&UfiZ\()+)Vv ([Xl&'�YX�"` �([�!9l�(_&)fS
ab�
�(' [X� [Wl&�"!X' \(YX',\(!��eg
[Wl&' '*$��oUVYW�($&ab'Z$o[�[Wl\][ l\��"' $&�([�v('Z[�`7'Z'*$yaw\ecc ',S �q�"Y�aw\(c&c ',S ��U+[Xl )+�
� iZ�($�2 S&'Z$iZ' � �
!Il;_!� ��\eaw\(_i l&U8"!% �6@$#
c&YW�(%(Y \ea [Xl&'*U+Y@YX�"` �([{[X�rab�
�('I[W� \ )V�;i*\][WU+�"$ [Wl\][I\eYW'��($ [Xl' �LgqYW�($o[WU+'*Y���`7't[��p'Z'Z$waw\(c&c ',S
\e$ S _&$&',(4c&)V�(YW'*S \(YX',\(! 
 � � ��� � �&��$�iZ\"!9' �(g�\�%(YWUVS���`\"!9',S/YX'*c&YX',!9'*$o[W\][WU+�"$�  ',\(i l�iZ'Z)V)�UV$ [Xl&'^%(YWUVS iZ�(_&)fS !L[W�(YW'w[Xl'
it�"$�2 S4'*$it' U+$�[Wl&' �4i*it_&c\($itvd�eg{[Wl\][ \eYW'*\ � !Il' YW�(`7�e[�iZ�(_&)fSd[Xl&'*$ c&YW�(c\(%"\e[X' [Xl'*!X' it�"$�2 S4'*$it' a ',\(!X_&YW'*!IgqYW�(a
'*\"i l it'Z)V){[W�Q[Xl&' iZ_&YWYX'*$"[m)V�4iZ\][WU+�"$ it'Z)V)G� !9c&YW'*\"S4UV$&% \(it[XU$� \e[XUV�($ � \($S [Xl&'*$ ab�
�('bU+$/[Wl&' S4UVYX',ij[WU+�"$/�(g@[Wl&' $&',\eYW'*!9[
_&$&'�(4c&)+�"YX',S^iZ'Z)V) 
 !Il&YX_$d\($S /��_i��"'Z$� � ���," � �

+ 2



Correct

Align

Avoid

Stroll
Collision free
forward motion

Collision free

Following

Convex boundary following

General boundary following

�MU+%"_&YW' + � � +&H * (&\eabc&)V' �eg�z;_`!9_a c&[XUV�($ \(YWi lU [W'*ij[W_&YW'� !Il&'^�(_4[Wc&_4[b�eg�\yl&U+%"l&'ZY )+'��('*)@`7'Zl\��;UV�(Y � gq�(Y ',(&\eabc&)V' 

K@ :  I$#��iZ\($y�
�"'ZY-��YWUVS&' [Xl\e[ �(g@\^)+�
�p'ZY�)+'��('*)k`7'Zl\��;UV�(Y � gq�"Y�'�(&\eabc&)V' � %1.349@ @ � � !Il&' UV$iZYX',\(!XU+$&%diZ\(c\e`&UV)VU [WU+',!��(g�[Xl'
YW�(`7�e[�\(!Iab�(YW' ` '*l\��;U+�"YW!I\(YX' \(S&S&'*SQ\eYW'�!Xl&�
��$^[X�b[Wl&'mYXUV%(lo[ 
 � \][ \eYWUVi � ��� � � �
��$Q[Xl' x@�($#�% \eY i l&U+[X'*it[X_&YW' &[Xl&' * (4c&)+�"YX' YW'*\"ij[XU$�('m`7'Zl \��oUV�(Y�Uf!�UVabc&)V'Zab'Z$o[X',S�\(!�\bYW\($S4�(a �p\($S4'*Y�` '*l\��;U+�"Y

�qU � ' U+[mS&�o',!�$&�e[ _!X' U+[W! *@z � !��,� !Il&Uf! !9UVabc&)+' `7'Zl\��;UV�(Y�UV! !X_ � itUV'Z$o[ !XUV$it' [Xl&'w\(%('Z$o[ !L[ \eYX[W!1��U [Wl/\($yUV$&U [WUV\()+U �Z',S
x@�($�2%(_&Y \][WU+�"$ *pz � [X��c&YW�
�;UVS&' U+[r$\��;UV%"\][WU+�"$ %"�"\()V!������(YW'Z�
�"'ZY  7[Xl&' \(%('*$"[ml\"! [X��',\][ \($S S4YXUV$�� c '*YXUV�4S4UVi*\e)V)+v
\e$ S ��l&UV)+' [Wl&'w\e%('*$o[�ab�
�(',!�[W�
�p\(YWS�gq�o�4S/\e$S �p\e[X'*Y S&UV!WiZ!� [Xl&' *pz � !�%('Z[ _c7S&\e[X',S� [Xl;_! abU+[XUV%"\e[XUV$&% [Wl&'b$&'Z',S
gq�(Y�\b!X�(c&lUV!9[XUfiZ\e[X'*S^',(4c&)V�(Y \][WU+�"$^!9[XY \][W'Z%(v.�

� ��� � 	�
�� � 	���� � ���

�������
	 � D���E R�8L.�3��
	�E~1oD N =C36���8�24D 672&5�3&Dk1

/p'Zl\��;UV�(Y-��` \(!X'*S \(YWi lU [W'*ij[W_&YW'*!Igq�"Y�YX�"` �([W! �p'ZYW' 2Y !L[�U+$o[XYW�4S4_iZ'*S^[X� !X�()$�('mcYX�"`&)+'*aw!I[Xl\e[�\eYW�"!X'mS4_&' [X�w'Z)f\e`7�(Y \][W'
c&)f\e$&$U+$&%b�"$dUV$o[X'*YX$\()��@�"YX)fS^a �4S4'*)V!�� !Il&' 2Y !9[I`7'Zl \��oUV�(Y-��`\(!X'*S^\eY i l&U [W'*it[X_&YW'1�I\(!p[Wl&' � / �F'-/2E ? %(:;49$w\eY i l&U [W'*it[X_&YW'
�eg /pYX�;��4! 
 � � 4 " � � /p'Zl\��;UV�(Y !@\(YX' \eYWY \e$&%"'*S UV$d)V\ v"'ZY !p\($Sd\eYW'�UVabc&)V'Zab'Z$o[X',SQ\(!�\e_%(ab'Z$o[X',S 2$U [W'r!L[ \][X'maw\"i l&U+$'*!��
#}`7'Zl\��;UV�(YwiZ\($ ab�4S4U+gqv�[Xl'QS\][W\/�"$ [Wl&'�U+$c&_4[W! \e$S �(_4[Wc&_4[ !w�eg�U [ !w)+�
�p'ZY-��)+'��('Z)p`7'Zl\��;UV�(Y !��hU � ' Il&UV%(l&'*Y���)V'��('*)
`7'Zl\��;UV�(Y !M'-/ �-'-/2EC" ��[Xl&'ygq_&$it[XUV�($ �(gm[Xl&' )+�
�p'ZY-��)V'��"'Z)�`7'Zl\��;UV�(Y !��,�J#�$ ',(&\eabc&)V'�gqYW�(a 
 �y\][W\(YXUfi� � ��� � � �(gm\($
\eY i l&U+[X',ij[X_YX' `_&U+)+[w_!XU+$&%y[Xl&Uf! c&l&UV)+�o!9�"c&l;v Uf!b!9l�
��$ U+$ 2%(_&YW' + � ��+ � !Il&'ZYW'^\(YX' gq�(_&Y ` '*l\��;U+�"YW! H � %1.346@ @3 
�	 49:��
 

K@ :  I$  4\e$ S � 46.-.3"50!%)��U+[Xl^z;[XYW�()V) `7'ZUV$&%r[Wl&'�a �o!L[@`\(!XUVi�` '*l\��;U+�"Y�\e$ S^x@�(YWYX',ij[
[Wl&'�ab�o!L[I!9�"c&l&Uf!L[WUVi*\][X',S�� !Il&'�zo[WYX�")+)
`7'Zl\��;UV�(Y�iZ\(_!9',!p[Xl&'mYW�(`7�e[I[W� ab�
�"'�gq�"Y-�I\eY S \($S^[X�w!L[W�(cQ\e$Sd`\"i��w_&cQU g{\e$Q�"`!L[ \(iZ)+'�UV!�S4't[W'*ij[W'*SdUV$^gqYW�($o[ � !Il'
#'�"�(UfS ` '*l\��;U+�"YM'*$\e`)+',!~[Xl&'�YW�(`7�e[~[W� [X_&YW$w\��p\ v gqYW�(a �(`!9[W\"it)V'*!~�($b'*U [Wl&'ZY
!XUVS&'�%!Il&'�zo[WYX�")+)&\($Sb#'�(�"UVS `7'Zl\��;UV�(Y !
[X�"%('Z[Xl&'*Ym'Z$\(`&)+'b[Wl&'wYW�(`7�e[m[X� �I\e$ S4'ZY ��U+[Xl&�"_4[ it�")+)VUfS4U+$%�U+$o[X���"`!9[W\(iZ)+',!��"!Il' #�)VU+%"$/`7'Zl \��oUV�(YmUf!m_!X'*S [W�Q[X_&YW$
[Xl'b\(%('*$"[ !9_ i l [Xl \][ U [mUf!�c \eY \e)V)+'*) [W�d\($ov �I\e)V)V!�\][ U+[W!m!XUVS4'.� !Il&'*!X' [Xl&YW'Z' ` '*l\��;U+�"YW!�[X�"%('t[Wl&'ZY '*$\e`&)V'r[Wl&'w\e%"'Z$o[
[X�bgq�")+)V�
� iZ�($��('�( ` �"_&$S&\(YXUV'*!��%!Il&' x@�(YWYW'*ij[I`7'Zl\��;UV�(Y�c&YW'��"'Z$o[W!@[Xl'mYX�"` �([pgqYW�(a:ab�
�oUV$&%b\��p\ vbgqYW�(aF\ �p\()+)���l&'*$
U+[�Uf!�$&'*\(Y�\ !Xl\(YXc�[W_&YW$yUV$ [Xl' �I\e)V) � #�)V)M[Xl&',!9' gq�(_Y�`7'Zl\��;UV�(Y !�[W�(%('Z[Xl&'*Y�'*$\e`&)V' [Xl&' YX�"` �([�[W� gq�()V)V�
� \eYW`&U [WYW\(YXUV)Vv
!Xl\ec7'*Sd`7�(_&$S\eYWU+',! �q[Xl&'mUV$iZYX',\(!XU+$&%wi*\ec\(`&U+)VU+[XUV'*!I�egk[Xl&'mYW�(`7�e[�\(YX'm!Xl&�
��$ [W� [Xl&'mYWU+%"lo[IUV$ 2%(_YX' + � � + � �

!Il&'{�"YXUV%(UV$\e) gq�"YXa _&)f\][XUV�($��eg;[Wl&'
!9_`!9_a c&[XUV�($r\eY i l&U+[X',ij[X_YX'{S4UfS $&�e[ iZYX',\][W'
\e$;v�UV$"[W'ZYW$\e)(YX'*c&YX',!9'*$o[W\][WU+�"$ 
 /pYX�;�.�;!� 
� � � � � \($S [Xl;_!m)VUVa U+[X',S/U [ !r\ec&c)+UfiZ\e[XUV�($!���� \][ \eYWUVi 2Y !9[rU+$o[X'*%(Y \][W'*Sy!Xc\e[XUf\e)
UV$4gq�(YWaw\][WU+�"$ UV$o[X�Q[Xl' !9_&` !9_&abc4[WU+�"$
\eY i l&U+[X',ij[X_YX' 
 � � � � � ��!Il&'�YX�"` �([
YX'*c&YX',!9'*$o[W!~'*\"i lM@B�6$ �6EC�6. ��\(!
\m`7'Zl \��oUV�(Y �h)V\($S4aw\eY �4!
\eYW'pgq'*\e[X_&YW'*!
!X_i l \"!%�p\()+)f!� 
it�"YXYWUfS4�(Y ! U+$ \e$�UV$S4�;�"Y 'Z$��;UVYX�"$&ab'Z$o[5�,� ��$o[X'ZY it�"$&$&',ij[XUV�($ !r`7't[��p'Z'Z$ )V\($S4aw\eY �4!r'Z$ it�4S4' $'ZUV%(l;` �"YXl�o�4S/YW'Z)f\][XUV�($��
!Xl&U+c ! �hU � ' [Wl&'b)V\($S4aw\eY �4!�gq�"YXa}[Wl&' $�;S&'*!��eg@\ %(Y \ec&lA��\($S�'Z$ \e`&)V' [Wl&'b\e%('*$o[�[W� $\��;UV%"\][W'rgqYW�(a �"$&' )f\e$S&ab\(Y-�
[X��\($&�e[Wl&'ZY � u{\][Wlyc&)f\e$$&U+$%^Uf!mS4�($' `;vy!Xc&YW'*\(S&U+$&%d\(it[XU$� \e[XUV�($ygqYX�"a [Xl&'b%"�"\e)M)f\e$S4aw\(Y-� � \(!�U+$/�(_Y �p�(Y �<� � !Il'
it�")+)V'*it[XUV�($^�egM!X_i l^)V\($S4aw\eY �w` '*l\��;U+�"YW!�gq�(YWaH\ it�"\(YW!X',��%(Y \eUV$&',S [X�(c7�()V�(%"UVi*\e)7aw\ec^\($S [Xl&',!9'�` '*l\��;U+�"YW!I\(YX'�\(S&S4',S
�($^[X�"cQ�eg [Wl&�"!X'r!Xl&�
��$^UV$ 2%(_&YW' + � � + � !Il'�YW'*!X_&)+[XUV$&%w\eY i l&U+[X'*it[X_&YW' UV!�!Xl&�
��$dU+$ 2%"_&YW' + � � 2 �

!Il&'�!X_&`!X_&abc4[XUV�($C\eY i l&U+[X'*it[X_&YW'dUV!b$&�([���2$&'���%"YW\(U+$'*S<�yU+$ [Xl&' !X'Z$ !9'^[Xl\e[ U+$ S4U��;UfS4_\()�` '*l\��;U+�"YW! U+abc&)V'Zab'*$"[
\ $�($���[XYWU��;Uf\e)piZ\ec \e`&UV)+U+[Lv� z;UV$it' [Xl&'^U+$o[X'*YX$ \e)I!L[ \][X'^�eg�\y` '*l\��;U+�"Y iZ\($&$&�([ ` 'Q\(i*it',!X!X'*S� M[Wl&UV! )VU+abU+[W! [Xl&'d\e`&UV)VU [Lv
�eg@[Xl&'w\(YWi l&U+[X',ij[W_&YX' [X�Q\eYWYXU$�(' \][rit�"abc&YX�"abUV!X' !X�()V_4[XUV�($ ! 
 # �o!9'*$o`)V\e[9[m\e$S u{\ v"[W�($� � � 4 � � ����$/%('*$&'ZY \e)  \^!Xv4!L[W'Za
��UV)+) `7' _&$\e`)+'�[X�b',(4c&)V�(U+[I_&$4gq�(YW'*!X'Z'*$ �"c&c �"Y9[W_&$&U+[XUV'*!IU+gkYW'Z)V'��]\e$o[IU+$&gq�(YWab\e[XUV�($^UV!I\e` !L[WYW\"ij[X',S \��I\ v 
 u{\ vo[X�"$� � ��� � � �

+ �



Boundary Tracing

Landmarks

Landmark detection

Map−learning and
Goal−directed navigation

BaseSensors

�MU+%"_&YW' + � � 2&H ��$o[X'Z%"YW\e[XUV$&%dYX'*c&YX',!9'*$o[W\][WU+�"$ UV$"[W��\^`7'Zl \��oUV�(Y-��`\(!X'*S \(YWi lU [W'*ij[W_&YW' 
 � \e[W\eYWUfi� � � � � � � !Il&'w` �"_&$S&\(YXv
[XY \(iZU+$%d`7'Zl \��oUV�(Y ! �hS4',!XiZYXUV`7'*S U+$ 2%"_&YX' + � ��+ ��\eYW' YW'*\"ij[WU��"'� !Il&'waw\ec���)V'*\eYW$&UV$&%da �4S4_)+' iZ�($o[W\(U+$!��"$&'b` '*l\��;U+�"Y
gq�(Y '*\(i l S4'Z[X',ij[X',S gq'*\e[X_&YW' !X_i l�\(! �I\e)V)f!m�(Y iZ�(YWYXUfS4�"YW!���!Il&' )f\e$ S4aw\eY � S4'Z[X'*it[XUV�($ ab�4S4_&)V' \(it[XU$�]\][X',!m[Wl\][ $�;S&'
�q`7'Zl \��oUV�(Y-�pUV$Q[Xl&'raw\(c ��l&UVi l�ab�o!L[�iZ)+�o!9'*)+v^aw\][Wi l'*!I[Wl&' it_YXYW'Z$o[X)Vv^S&'t[X',ij[W'*SQ)f\e$S4aw\(Y-� � � 2%"_&YX' gqYW�(a 
 � \][ \eYWUVi 
� � � � � � �
# �o!9'*$o`)V\e[9[M\($S u{\ vo[W�($mc&YW�(c7�"!X'�\&2$&',��%(Y \eUV$&',S � \(YXUf\e$o[M�eg&[Wl&'p!X_&`!X_&abc4[WU+�"$ \eY i l&U+[X',ij[X_YX'@U+$ ��l&UVi l '*\(i l ` '*l\��;U+�"Y
Uf!@iZ�(abc �o!9',Sb�eg�!XU+abc&)V'�gq_&$ ij[XUV�($ \e)7_&$&U+[W! �q`7�e[Xl^U+$c&_4[W!p\e$ Sw�(_4[Wc&_4[ !@\(YX'�UV$w[Xl'�Y \e$&%"' 
 !@� 	 � � ��
 � � 4 � � �%!Il&'��"_4[Xc&_&[
�egM\ _&$U [�Uf!piZ�($&$'*ij[W'*S [X� [Xl&'�U+$c&_4[��eg~\e$&�([Xl&'*Y� o`&_4[�_&$&)VU$�('�U+$d\ iZ�($&$&',ij[WU+�"$&UV!9[�!9v4!9[X'Za�
 # _&ab'*)+l\(Y9[L"!% �6@$#$ � � 4 " �  
'*\"i l^_$&U [�YX'*c&YX',!9'*$o[W!�\b`7'Zl\��;UV�(Y-��!Xc ',itU�2 i it�"$it'*c4[�\e$Sdl&'*$it'm)VUV$��4!�$&'Z',Sd$&�e[�'�(4UV!9[�` 'Z[��@'*'Z$Q'��"'ZYWv c\(U+Y��(g~_$&U [ !��
#�)f!X�  o` '*l\��;U+�"YW!{\"S&S4'*Sb)f\][W'ZY�S&�r$&�e[pit�(abc&)V't[W'Z)Vv !X_&c&cYX',!X!{`7'Zl \��oUV�(Y !
\()+YW'*\"S4vrc&YW'*!X'Z$o[�_&$)+U$�('�UV$b[Xl'�z;_&`!X_&abc4[WU+�"$
\eY i l&U+[X',ij[X_YX'.�
� \('*!�cYX',!9'*$"[ !�[Wl&'�
  #"F$ % 
 "F%�� 46. ��
K.30 �2: % "50!%(/2.�" �Q\^S4Uf!L[WYXUV`&_4[W'*S� $&�"$���lU+'*YW\(YWi l&UfiZ\() \(it[XUV�($���!X'Z)V'*ij[WU+�"$�ab'*i l\��

$&Uf!9a 
 � ��� � � � � � � � ����[�!X'Z)V'*it[W!{�"$&'I` '*l\��;U+�"YkgqYW�(aB\�c �;�()�eg7i*\e$S&UVS&\e[X'�`7'Zl\��;UV�(Y !�� !Il&'�\ec&c)+UfiZ\(`&U+)VU+[Lvr�eg \�` '*l\��;U+�"Y
\][�\($ovb[WU+ab' Uf!@UV$S4UfiZ\e[X',S `;v U+[W!L� 0F%1:
	 �9%(:;49$ @B" 	6"F@ � 0?l&'Z$^[Xl&'m\"ij[XU$�]\][WU+�"$ )V'��('*) �egk\ `7'Zl\��;UV�(Yp',(&it'*'*S&!I\ [XlYX',!9l&�")VS� 
[Xl \][�` '*l\��;U+�"YIUV!I'�(;',it_4[W'*S��%* �('ZYWvw`7'Zl\��;UV�(Ypl\(!�\ !9'Z[��egkcYX'���iZ�($S4U+[XUV�($ !�[Wl\][�!Xl&�(_)VS l&�()fS [WYX_'�`7'tgq�"YX' U+[�iZ\e$d`7'
',(4',it_4[W'*S�� /@'*l\��;U+�"YW! \(YX' iZ�($&$&',ij[W'*S [X��',\(i l �e[Wl&'ZY [Wl&YX�"_&%(l ? .3" �I"505"-'5'!46.  '-/&050�"F'5'!46.  ~\e$S 0546$�� :;0!%D"F.C�hS&U+YW'*it[X'*S �
)VU+$��4!�� !Il&'*YX'^UV!b\ c&YX',S4'*iZ'*!W!9�"Y )VU+$ � gqYX�"a ` '*l\��;U+�"Y��:[X�/`7'Zl\��;UV�(Y � U+g�'�(;',it_4[WU+$% � ��U+)V)�aw\��"'^!X�(ab'^�(g�[Xl'
it�"$S4U+[XUV�($!IYW'*no_&UVYW'*S gq�(Y�',(4',it_4[WU+$&%b`7'Zl\��;UV�(Y��Tit�"ab'�[WYX_'��z;_i*it',!X!X�(YI)VU+$��4! �p�(Y � it�"$��('ZY !X'Z)Vvb\($S^[��@�b`7'Zl\��;UV�(Y !
\eYW'wit�"$&$&'*it[X',Sy`;v \QiZ�($ �Ufij[W'ZYm)VU+$ �yU+gI'�(4'*it_&[XUV$&%Q�($&' ��UV)+)�i*\e_!X'w!9�"ab'w�eg�[Wl&'wc&YW',��it�"$S4U+[XUV�($!�gq�"Ym',(4'*iZ_4[XUV$&%Q[Xl'
�e[Wl&'ZY
[X�r`7'*iZ�(ab'�gh\e)f!X'� !Il&'*!X'�)VU+$��4!@\eYW'�_!9',S [X�m'�(4iZU [W'�\e$ SbU+$&lU+`&U+[�[Wl&'�\"ij[XU$�]\][WU+�"$!{�eg `7'Zl\��;UV�(Y !���!Il&'�\(%('Z$o[�\()V!X�
l\"!�ab�e[XU$�]\][WU+�"$!�\(!�U+$Q[Wl&' x@�"$#�% \(YWi l&U+[X',ij[W_&YX'm\($S�\(it[XU$� \e[XUV�($ ��
��!IgqYW�(aP[Xl&' a �([XU$�]\][XUV�($ !�[X�b[Wl&�"!X'r`7'Zl\��;UV�(Y !
[Xl \][�iZ\($dS&U+YW'*it[X)Vv^!W\][XUf!9gqvw[Xl&',!9' ab�e[WU��]\e[XUV�($!��%0?l&'Z$d[Wl&'r\(it[XU$� \e[XUV�($Q!9'Z[9[W)+',!� 4[Wl&'mab�"!9[�\ec&cYX�"c&YXUf\][W'�`7'Zl \��oUV�(Y ��UV)+)
l\��"'�[Wl&'ml&UV%(l&',!L[�\"ij[XU$�]\][WU+�"$��

!Il&'d\e`&UV)+U+[Lv �eg�[Wl&'d` '*l\��;U+�"YW!r[X� S&U+YW'*it[X)Vv�\
# '*ij[ '*\"i l��e[Wl&'ZY aw\��(' � \e',!!* ! #�%('*$o[ ��'Z[��@�"Y-� #�Y i l&U+[X',ij[X_YX'd\
ab�(YW'@%"'Z$&'*YW\()3��c&_&YWc7�"!X'@\(it[XUV�($b!9'*)+',ij[WU+�"$ ab'*i l \e$&Uf!9a [Xl\($ [Wl&'�x@�($#�%�\(YWi lU [W'*ij[W_&YW'� J��
�@'��('*Y� [Wl&UV!~UV$o[X'*Y���` '*l\��;U+�"Y
UV$"[W'ZY \(it[XUV�($!IYW'*S4_ it' [Xl'mYX',\(ij[WU+�"$ [WU+ab'r�(gk[Wl&'r\e%"'Z$o[�!9UV$iZ' [Xl&' \"ij[WU��]\][WU+�"$! ��UV)+)kl\��('�[X� !X't[X[X)V'm` 'Zgq�(YW'r\ ` '*l\��;U+�"Y
iZ\($ `7'�!X'Z)V'*it[X',S�� !�v;YWYX'*)+)7!9l�
�@',Sb[Xl\e[ � \e',!!*;\(it[XUV�($^!X'Z)V'*it[XUV�($^a ',i l\e$UV!XaHiZ\($ %('Z[pUV$o[X�b\ S4',\(S4)V�4i��bU+$Q!9U+[X_ \][XUV�($ !
!XU+abUV)V\(Y@[W� [Xl\e[�S4UV!Wit_ !X!X'*S U+$^[Xl&'mcYX'��oUV�(_ !p!X'*it[XUV�($ �qc7'ZY !9Uf!L[W'Z$iZ' �egM\"ij[WU+�"$d!X'Z)V'*it[XUV�($ � 
 � ��� 2 � �
s�'*iZ_&%(Uf!�\e$ S �&'*YX`7'ZY
c&YW�(c7�"!X'*S ',(;[X'*$!XU+�"$!b[X� �
�"'ZY it�"a 'd[Wl&'*!X'�c&YW�(`&)V'Zaw! 
 � � � 4 � � ��$?c\(Y9[WUViZ_&)V\(Y� p%(�o\e)f!w\eYW'�\eYWYW\($&%(',S�l&UV'ZY \eY i l&UfiZ\e)V)Vv
\e$ SC'*\(i l?!X_i l?%(�o\e)�Uf! \"!X!X�4itUf\][W'*S ��U [Wl \e$?_&$ S4'ZYW)+v;UV$&%�$&'Z[��@�"Y-� �egr`7'Zl\��;UV�(Y ! [X��c&YW�
�;UVS&'�c '*YW!XUV!9[X'*$it'.� !Il&UV!
l&UV'ZY \eY i l&UfiZ\e)��(Y S4'ZYWU+$%��eg�it�"$ �Ufij[WU+$&% %(�o\e)f!r'Z)VUVa UV$\e[X'*! [Xl' �L[Wl&Y \(!Xl&U+$% ��!X'Z'Z$ ��l&'Z$ [Wl&'Q\(ij[WU+�"$�!9'*)+',ij[WU+�"$�UV! $&�([
c7'ZY !9Uf!L[W'Z$o[�� !@v;YXYW'Z)V)@l \(! it�(abc\(YX',S [Xl'*!X'd\"ij[XUV�($ !9'*)+',ij[XUV�($ ab'*i l\($&UV!Xaw! UV$ \ !9UVa _)V\e[X'*S 'Z$��;U+YW�($a '*$o[ \e$ S�l\"!
gq�(_$S^[Xl\e[�l&U+'*YW\(YWi lUVi*\e) \(ij[WU+�"$d!X'Z)V'*it[XUV�($Q�(_&[���c '*Y9gq�"YXaw! � \][�ab',i l\e$&Uf!Xab! 
 � � � + ` �?� ��� + \ � �

!Il&' u~'*YW#�i	�hu~'*YWiZ'Zc4[WU+�"$���#�ij[WU+�"$ �m\(YWi l&U+[X',ij[W_&YX' 
 � \(_!X!XUV'ZY \($S � YW'Zl&'*$� � � � � � UV! \�$&'*_&YW\()@\(YWi l&U+[X',ij[W_&YX' [Xl\e[
iZ\($y)V'*\(YX$/!9'*$!9�"YXv ��ab�e[X�"Y�\"!X!X�4itUf\][XUV�($ !�� !Il&'w\eY i l&U+[X',ij[X_YX' it�($ !9Uf!L[ !��eg�[��p� c \][Xl��I\ v4!�� c7'ZY it'*c4[XUV�($/\e$S/\(it[XUV�($
� 2 %(_&YW' + � � �I�,�mz4'Z$!X�(YWvQU+$&c_4[ [XYWU+%"%('ZY !�\ YX' �',(y\"ij[WU+�"$�[Xl\e[r\(ij[WU��]\e[X'*!�[Xl' ab�([X�(Y !�� !Il' YW' �'�( !9v4!9[X'Za Uf!�U+$$\][W'

+ "



VISUAL
INPUT

INPUT PATTERN
RECOGNITION

MOTOR
INPUT

MOTOR
OUTPUT

Reflex links (innate)

Reinforcement

Perception pathway

Action pathway

�MU+%"_&YW' + � � � H /@)V�4i���S4UV\(%(Y \eaF�eg{[Wl&' u~'*YW#�i \(YWi l&U+[X',ij[W_&YX' 
 � \(_!X!XUV'ZY�\($S � YX'*l&'Z$� � � � � � � !Il&' )VUV$��4!�`7't[��p'Z'*$ [Xl'
�9UV$&c&_&[~c \][9[W'ZYW$ YW'*iZ�(%($U [WU+�"$&��`&)V�4i��r\e$Sr[Xl&' �Xa �([X�"Yk�"_4[Xc&_&[���`&)V�;i��r\(YX'@ab�;S&U32',S ��l'Z$ YX'*U+$4gq�"YWiZ'Zab'Z$o[~UV!MYW'*iZ'ZU$�('*S��
�MU+%"_&YW'�` \(!X'*S^�($ 
 # '��('*) "F% �6@$#$ � � � 4 � �
\(!pUV$ [Wl&' x@�($#�%w\eY i l&U [W'*it[X_&YW'�~#p[I[Xl&'r!W\eab'�[XUVa '. ;[Xl&'mc7'ZY it'*c4[XUV�($^c\][Wl��p\ vwYW'*iZ�(%($U��*'*!p!9'*$!9�"YXvbUV$&c&_4[�c\e[9[W'ZYW$!��
0?l&'*$ YW'ZUV$4gq�"YWiZ'Zab'Z$o[{UV!
YX',it'ZU$�(',S� e)VU+$ �;!~`7't[��p'Z'*$ [Xl&',!9'I[��p� c\][Wl �I\ v4!~\eYW'I!9[XYW'Z$%e[Xl'Z$&',S���!Il'�u~'ZY #�ip\eY i l&U [W'*it[X_&YW'
l\"!�`7'Z'*$y_!X'*SQgq�"Y�`7�e[Wly)f\e$S&ab\(Y-� ��`\(!X'*SQ$ \��oUV%"\e[XUV�($ 
 � \e_!W!XU+'*Y "!%G�6@$#$ � ��� % � \($S�gq�"Y�$\��;UV%"\e[XUV�($Q`;v�`&_&UV)VS4UV$&%d\
[X�"c �")+�"%(UfiZ\()7aw\(c 
 # '��('Z) "!% �9@$#$ � ��� 4 � �
��������� G���EM2&8LE{K�� E�R�89<
EM2&8L.�0

!kYW\"S4U [WU+�"$\e)"YX�"` �([XUfiZ! l\(! [XYWU+',S [X��YX'*c&YW'*!X'Z$o[�[Xl'�YW�(`7�e[k\($Sr\e)V)o�e[Xl'ZYM�(`!9[W\"it)V'*!�UV$m[Wl&'�'*$ �;UVYX�"$&ab'Z$o[k_ !9UV$&%�c7�()Vv;%(�($ !
\e$ Sd[Xl&'*$yS4',2 $&'m[XY \e$ !9)f\][WU+�"$!�\e$ SQYX�([W\][WU+�"$!��(g{[Xl&',!9'rc7�()Vv;%(�"$!I[Xl \][1��UV)V) ab�
�(' [Wl&' YW�(`7�e[�[W� U+[W!�[ \eYW%('Z[&��U [Wl&�(_&[
l&U+[9[WU+$&%m\($ovm�(g[Wl&'@�"`!9[W\(iZ)+',!���!Il&Uf!~UV!~\�it�(abc&_&[W\][WU+�"$\e)V)Vvm',(4c '*$!XU��"'@c&YW�4it',!X!~\e$ Sm[Xl'p$'Z'*S gq�(Y~c&YW'*iZUV!X'pU+$4gq�"YXaw\e[XUV�($
aw\��"'�U+[�_&$!X_&U+[W\(`&)+' gq�"Y�!9U+[X_ \][X',S YW�(`7�e[ !��{�k\][X�"a `7' %(U$�('*!�\($^�
�"'ZY �;U+'�� �egk[Xl&Uf!�\ecc&YX�o\(i l�
 � ��� � � �
> � ��� ?� �
	��)��� � ��9�	 � 

��� �*\($&����u~'ZYW' � UV$o[XYW�4S4_it',S�[Wl&' it�"$it'*c4[w�eg � 49$+78 9/2.3�9%(:;49$ '1?<� 05"-'b\(!w\/ab'*\e$ !b�eg�cYX�
�;UfS4U+$%/\ it�"aba �"$ gq�"YXaw\()
ab�4S4'Z)@�($ ��l&Ufi l [W��c&)f\e$ c\e[Xl! gq�"Y S4U�#7'*YX'*$o[rYX�"` �([W!r\($S/'Z$��;U+YW�($&ab'*$"[ ! 
 � � 4�+ � � !Il&' � 49$+7  I/2.3�9%(:;49$ 	6"�0!%D46. UV! \
�(',ij[W�(Y �egIc\eY \eab'Z[X'ZY !�[Xl\e[r_&$&Ufn"_'Z)Vv !Xc ',itU+gqv�[Xl&'w)V�4iZ\e[XUV�($ \e$S �(YWU+'*$o[W\][WU+�"$ �(g�[Wl&'wYX�"` �([��%�&�"Ym',(&\eabc&)V'  U+$/[Xl'
iZ\"!9'd�eg�\yYW�(`7�e[WUVid\eYWa � 2�(4'*S [X� \/!L[ \][XUV�($ \eYWv/` \(!X' �  �[Xl&'�iZ�(abc �"$&'Z$o[ ! �(g�[Xl' �"'*it[X�(Y abU+%"lo[ `7'd[Xl&'�\e$%()V'*! �eg
[Xl''�L�(UV$o[W!��($Q[Wl&' \(YXa �'!Il&' it�"$�2%(_YW\e[XUV�($�!9c \(it' UV!�[Xl&' !9'Z[��(g�\e)V) c7�"!W!9UV`&)V' it�"$�2%"_&YW\e[XUV�($ �(',ij[W�(Y !��'!Il&' it_&YWYW'Z$o[
)V�;i*\][WU+�"$ �eg�[Xl&'QYW�(`7�e[ Uf!w\ c �"U+$o[bU+$ [Xl&Uf!w!Xc\(iZ' 
\(! Uf! [Xl&' 2$\()I%(�"\()@)V�4iZ\e[XUV�($�� � ` !L[ \(it)V'*! %('Z[ aw\(c&c ',S �"$�[W�
[Xl�"!X'�\eYW'*\"!~�eg [Xl&'�!9c \(it'I[Wl\][pYX'*c&YW'*!X'Z$o[~[Xl&'�it�(YWYW'*!Xc �"$S4UV$&% c&l;v;!XUfiZ\e)V)Vv _&$&YW'*\()+U �*\(`&)V'�it�($�2%(_&Y \][WU+�"$ �('*it[X�"YW!��ku{\e[Xl
c&)f\e$&$U+$&%�Uf!m$&�
� YX',S4_iZ'*S [X� 2$ S4U+$% \Qc\][Wl gq�"Ym[Xl'wc �"U+$o[ YW'Zc&YW'*!X'Z$o[WU+$&%^[Xl' it_&YWYW'Z$o[m)+�4iZ\e[XUV�($/�egp[Xl&' YX�"` �([ �"$
[Xl'�iZ�($�2%"_&Y \][XUV�($^!9c\"it'�\e$S [Xl\e[I\��"�(UfS&!
[Wl&'��(`!9[W\"it)V'�YW'Z%(UV�($ !�� ! �biZ\()ViZ_&)f\][X'�\ c \][Xl^�($ [Xl&' it�"$�2%(_YW\e[XUV�($ !Xc\(iZ'
' � iZU+'*$"[W)+v. ([Wl&'�gqYW'Z'�iZ�($�2%"_&Y \][XUV�($b!Xc\(iZ'�UV! 2YW!9[�S4Uf!XiZYX'Z[XU �Z',S UV$o[X� \ %"YXUfSb\e$Sb\mc \][Xlw)VUV$��;U+$&%m$'ZUV%(l;` �"YXUV$&% %(YWUfS iZ'Z)V)V!
Uf!�YX'Z[X_&YW$&',S�
 � \e[X�"a `7' � ��� � � � � [Wl&'ZY�a 'Z[Xl&�4S&!�gq�(Y�gh\"!L[�i*\e)fit_&)f\][WU+�"$d�(gMc \][Xl !�_!X'mc �([X'Z$o[WUV\()�2'Z)fS&! 
 % l\e[XUV`� � � 4 " �
\e$ S Y \e$S&�(abU��,\][WU+�"$�
 /I\eYWYW\"n"_ \e$S \($Sd� \][W�(a ` '. � ��� ��� �

!Il&'�it�($ it'Zc&[@�eg iZ�($�2 %(_&Y \][WU+�"$b!Xc\"it'*!�l\(!@`7'Z'Z$ ',(;[X'*$S4'*S [X� U+$iZ)+_ S4'�ab�
�]\e`&)V'��"`��L'*it[W!�� !IlUV!@'Z$\(`&)V'*!�[Xl&'�!9v4!��
[X'*aw\][XUfi�!9[X_S&v �(g EC�6$ : ?A/2@B�9%(:;49$ ?A@B�9$&$&: $  � "[Xl \][�Uf!�S4',itUfS4UV$&%r�($w\mc)V\($ �(g�\(ij[WU+�"$ [Xl\e[ ��U+)V)YW',��\eYWY \e$&%"'�[Wl&'�ab�
�]\e`&)V'
�(`��L'*ij[ ! UV$o[X�y!X�(ab'dS4'*!XU+YW'*S�c\][X[X'ZYW$������e[WU+�"$ c&)V\($&$&UV$&%yUV$�[Wl&' cYX',!9'*$it' �(g�ab�
� \(`&)V' �(`��L'*ij[ !rUf! upz4u #�x�*%��l\(YWS
 0?U+)+gq�($&%) � � 4�4 � � u�)V\($&$&UV$&%^\()+%"�(YWU [Wl&aw!�l \��('r`7'Z'*$/S4'��('*)+�"c ',SQ[X�Q!9�")��"'rYW'*!9[XYWUVit[X'*S �('ZY !XU+�"$!��(g
[Xl&' aw\e$&UVc&_&)f\][WU+�"$
c&YW�(`&)V'Za 
 #�)V\(a U "F% �6@$#$ � ��� � � /p'Z$��Lz;l\(l\eY�\($S # U��;)VU+$� � � � 4 � �

!Il&',!9' \(c&c&YW�"\"i l&'*!�\"!X!X_&ab' iZ�(abc&)V't[X' �o$�
��)+',S4%('r�(g~[Xl&'b!9_YXYW�(_&$ S4U+$%"!�\e[�\e)V) [WU+ab',!�\($Sd[Xl&' \e)V%(�"YXU+[Xl&aw!�[Xl\e[
\eYW' S4'��('*)+�"c ',S \eYW' it�"abc&_4[W\e[XUV�($\()+)VvdU+$o[X'*$!XU��"'�1!IlUV!�aw\��(',!�[Wl&'*!X' ab't[Wl&�4S&!�_&$!X_&U+[W\e`)+' gq�(Y�\(_4[X�"$&�(ab�"_!�\(%('Z$o[ !
��U+[Xld)+UVabU [W'*Sd!9'*$!9UV$&%biZ\(c\e`&UV)VU [WU+',!@UV$^S&vo$ \eabUVi�'Z$��;UVYX�"$&ab'Z$o[W!�� J�'Z$ it'�[Xl&Uf!�S4UVYX',ij[XUV�($^�eg YW'*!X'*\(YWi l UV!IS4U�#7'*YX'*$o[@gqYW�(a
[Xl \][�gq�()V)V�
�@',S UV$^[Wl&Uf!�S4Uf!X!X'ZYX[W\e[XUV�($��

+ %



> 
�� ��� ��	 � 
�� � 
B9 � 
���
 � � 	��)��� ���
x@'Z)V)���`\"!9',S YX'*c&YX',!9'*$o[W\][WU+�"$!{S4U$�;UVS4'�!9c\"it'�UV$o[X�raw\e$;v !9aw\e)V)YW'Z%"_&)f\eY{YW'Z%(UV�($ !M[Xl\e[p\eYW'�\(S
�9\(it'*$o[{[X�r',\(i lb�e[Wl&'ZY ��!Il'
it'*)+)f!�\(YX'�!Xaw\e)V)'*$&�(_&%"l [Xl\e[p\e)V)&YW'Z)V'��]\e$o[@\"!9c7'*it[W!{�(g [Xl&'�'Z$��;U+YW�($&ab'*$"[�i*\e$w`7'�YW'Zc&YW'*!X'Z$o[X',S� (`_4[@)f\eYW%('I'Z$�(_&%"lb[Xl\e[
[Xl'w$o_a `7'ZYr�(gIiZ'Z)V)V!rS&�o',!m$&�([r` ',it�(ab'wc&YW�(lU+`&U+[XU$�('*)+vy)V\(YX%"'�����"YW\��"'*i \e$S *
)+gq'*!rc&YX',!9'*$o[X'*Sy[Xl' 2Y !L[r!X_iZiZ'*!W!Lgq_&)
\ecc&)+UfiZ\e[XUV�($w�(g \mYX',\e) YX�"` �([
[Xl\e[@_!X'*S \rit'*)+)7`\(!X'*SbYW'ZcYX',!9'*$"[ \][WU+�"$M� iZ\()+)V'*S " 	 :��I"!$A05"  I.-:�� '=�{[W� !9[X�"YX'I[Wl&'�!9[XYW_it[X_&YW'
�egp[Xl'"�@�"YX)fS 
 � � 4 � � � *�\"i l/iZ'Z)V)��($/[Wl&' '��;UfS4'Z$ it'w%(YWUfS/!9[X�"YX',!�[Xl&' c&YX�"`\e`U+)VU [Lvy[Xl\e[r[Xl \][ it'*)+)@UV!r�;i*it_&cU+',S�� !Il'
YW�(`7�e[rUf!r'*no_&UVc&c7'*S ��U+[Xl�!X�($ \eY !X'Z$!X�(Y !m\e$ S \�c&YW�(`\(`&U+)VUf!L[WUVibab�4S4'Z)@�egI[Xl' !9'*$!X�(Y � * �('ZYWvyab',\(!X_&YX'*ab'Z$o[r�egI[Xl'
!X�($\(YI!X'Z$ !9�"YW!pUf!�U+$ it�(YWc7�(Y \][X',S UV$o[X� [Xl&'m'��;UVS4'*$it' %"YXUfS _ !9UV$&%1/I\ v('*!pYW_&)V' �hS4',!XiZYXUV` ',S ab�"YX'�gq_&)V)+v^U+$�i l\(c4[X'*Y � �,�

x@l\(� \e$S�s�v('*Y 
 � ��� � � \($S�� \(%(�"_S&\��;Uf! 
 � ��� 4 � S4',!XiZYXUV` ' 'Z%(�4iZ'Z$o[XYWUVi aw\(c!�!XU+abUV)V\(Y�[W�w[Xl&' *@z �y!�_!X'*SQUV$�[Xl'
x@�($ #�% \eY i l&U [W'*it[X_&YW'�� 49$A05"!$&%1.-:;0 �I?<�9%(:;�9@ � ��? ' ��xIz �y!��M\eYW'p'Z%(�4iZ'Z$o[XYWUVi�aw\ec!MUV$ ��l&Ufi l [Xl&'I$&'*_&YX�"$!MYX'*c&YW'*!X'Z$o[XUV$&%
[Xl'�!9c \(it'�\eYW�(_&$S [Wl&'�\e%"'Z$o[�\eYW'�\(YXY \e$&%"'*S U+$ iZ�($iZ'Z$o[XYWUfi�itUVYWiZ)+',! �hiZ�(abc\eYW'*S [W�m[Xl&'�YX',ij[ \e$&%"_&)V\(Y{%(YWUVS!{U+$ \($"*@z � �
 x@l\e� \($S s�v('*Y� � � ��� � �"���"YX'*�
�('ZY  4[Wl&' \(%('Z$o[�S&�o',!�$�e[�l \��('r\ + " � � 2'*)VS��(g �;UV!XU+�"$��&!Il&'*YX'Zgq�(YW' [Xl&'b\e%"'Z$o[�l\"!
[X� ',(4c&)VUViZU [W)+v YW�e[ \][W'w[Xl&' xIz � ! [X� �('*'Zc [WYW\"i�� �(g�[Xl&'dl&',\(S4UV$&%y�(g�[Xl&'Q\e%"'Z$o[��/� \(%(�(_ S&\��;Uf!r\e)f!9�/!9_%(%(',!L[ !r�([Xl&'*Y
\eYWY \e$&%"'Zab'Z$o[W!@�eg~%(YWUfS&! �h!X_i l�\(!Il&'�(4\(%(�"$!�� 
 � ��� 4 � �

u{\][Wl c)V\($&$&UV$&% UV$�it'Z)V)���`\"!9',S/YX'*c&YX',!9'*$o[W\][WU+�"$!�UV! ab�"!9[r' � itUV'Z$o[X)Vv/c '*Y9gq�"YXab'*S/_!XUV$&%y!Xc&YX',\(S4UV$&%�\(it[XU$�]\][XUV�($/[W�
iZ\()ViZ_&)f\][X' [Xl&' !Xl&�"Y9[W'*!9[ c\][Wl \(!rU+$ x@�"$#�%)� #>YW'Z)f\][X',S ab't[Xl�;S�UV! S4U3# _!XU+�"$ ��l&'*YX'w[Wl&' \"ij[XU$�]\][WU+�"$�\][ ',\(i l it'*)+)
Uf!�[Wl&'b\��('ZY \e%"' �eg
[Wl&' \"ij[WU��]\][WU+�"$y\][ U+[W!�$&'ZUV%(l;`7�(YWU+$% it'*)+)f! �qUV$!L[W'*\"S �eg{[Wl&' ab\�(4U+a _&a � 
 zo[X�"c&c \($S # U+'Z[Xl&a �_&)V)+'*Y� 
� � � � � � !Il&'*!X' ab't[Xl�;S!�iZ\($d\()V!X�b` 'm'�(o[W'Z$S&'*S^[X� + ��S4UVab'Z$!XU+�"$\e) %"YXUfS&!��
> � 	�� ��� � �	���� ��� ����� 	,���  	��)��� � � 
�����
�� �

!kYX_&)V)VU+'*Y "!% �6@$#~iZ)V\"!X!XU gqv \eYX[XU�2 iZUV\()e$\��;U+%o\][WU+�"$ !Xv4!L[W'Zaw!�UV$o[X��\�gq�(_&Yk)+'��('Z)"l&UV'ZY \eY i lov 
 � ��� % � ��!Il&�(_&%"l [Xl&Uf! iZ)V\"!X!XU�2 iZ\e[XUV�($
�I\(!
cYX�"c �o!9',S gq�"Y@`U+�")+�"%(UfiZ\e)V)Vv.��`\"!9',S $\��;UV%"\e[XUV�($w!9v4!9[X'*ab!� oU [pUV!�_!9',Swl&'*YX''��U+[Xl^',(&\eabc&)V'*!��eg�!Xv;!9[X'*aw!
[Wl\][IS4�r$&�([
$&',it'*!W!W\eYWU+)Vv l\��"' \b`U+�")+�"%(UfiZ\e) ` \(!XUV!��+!Il&' it)f\(!W!9U�2 iZ\e[XUV�($dUV!�`\(!X'*Sd�"$^[Wl&' \(a �"_&$o[��eg~U+$&gq�(YWab\e[XUV�($d[Xl \][�Uf!�_!X'*S^[W�
$\��;UV%"\][W'�[W�b[Xl&'m%"�"\() \($S [Xl;_!�',\(i lQit)f\(!W!p!Xl&�
��!Ic&YW�(%"YX',!X!XU$�('Z)Vv a �"YX'miZ�(abc&)V',( `7'Zl\��;UV�(Y �

#p[ [Xl&'Q)V�
�@',!L[b)+'��('*)pUf!  I/2:��I�6$ 05" �(YM@B4 0��9@>$A� 	+:  #�6%1:;46$ ��l&'*YX'Q\e)V)I[Xl'dUV$4gq�"YXaw\][WU+�"$ YW'*no_&UVYX',S [X� ab�
�(' [X�/[Xl'
%(�o\e)�Uf!�\e)$�p\ v4! �;Uf!9UV`&)V'��#�$ ',(&\eabc&)V'rUf!�[Wl&' YW�(`7�e[�S4'��"'Z)V�(c7'*SQ`;vyx@l&'*!9[X'*YW!�\e$S�J�\ v('*!&��l&'ZYW' \w%"YW\"S4UV'Z$o[��eg{)VU+%"lo[
gqYW�(a:\w!XUV$&%()V'r!9�"_&Y it' UV!�_!X'*SQ\(!�\($�\e)$�p\ v4!��;UV!XU+`)+'r)f\e$ S4aw\eY � \e$S^[Wl&'rc\e[XlQ[X�b[Wl&'r%"�"\e) Uf!�!9[X�"YX',S^UV$ \bYW'*it_YXYW'Z$o[
$&'Z[��@�"Y-��
 � � � 2 � �

!Il&'�!X'*it�"$S )+'��('Z)�Uf! ?A@ �I05"	.�"�054� 9$ : %(:;49$ �D%1.-:  + #"!.3" ��.3"F'1?<49$<'!" ��l&'*YX'd[Xl'�'Z$��;U+YW�($&ab'*$"[bUf! S4U$�oUfS4',S UV$o[X� ?A@ �I05"-' �
*�\"i l c&)V\"it'wUf! \"!X!XU+%"$&'*S/\e$�\"ij[WU+�"$ [Wl\][ �@�"_&)VS [ \��('b[Wl&'^\(%('*$"[ [W��[Xl&' %(�"\(){gqYW�(a \($;vyc7�(UV$"[ ` '*)+�"$&%(UV$&%Q[X� [Xl\e[
c&)f\(iZ'�/z4U+$iZ' [Wl&UV!b\"ij[XUV�($ Uf! %(�"\()@S4'*c '*$S4'*$"[  �!X_i l�!9v4!9[X'*ab! iZ\($ !9[X�(YW' �"$&)+v �"$&' %(�o\e) �y#�$ ',(&\eabc&)V' �(g�!9_ i l�\
!Xv;!9[X'*a Uf! S&'*!WitYWU+`7'*S `;v � \e_!W!9UV'ZY "F%L�6@ # 
 � ��� % � �Q#PYX�"` �([rU+$ \e$ UV$S4�;�(Yr'*$��oUVYW�($&ab'Z$o[r)V'*\(YX$!r[X� $ \��oUV%"\e[X' [X� \
%(�o\e)M`;vQ!9[X�"YXUV$&% [Xl&' �;UV!X_\()kUVaw\e%(' it�"YXYW'*!Xc �"$S4UV$&%w[W�d\ gq'�� c)V\"it'*!�it)V�"!X'r[W� [Wl&'b%(�o\e)k\($Sy\"!X!X�4itUf\][WU+$&%���U [Wl ',\(i l
!X_i l UVaw\e%('�[Xl'rS4U+YW'*it[XUV�($ [X� [Xl&' %"�"\e) � !Il&' YX�"` �([@[Wl&'Z$QiZ\($^$\��;UV%"\e[X'�gqYW�(aH\($;vwc&)V\"it'�[X� [Xl'm%(�"\() `;v iZ�(abc\(YXUV$&%
[Xl' it_YXYW'Z$o[�UVab\(%(' ��U+[XlQ[Wl&' !9[X�"YX',SQU+aw\(%('*!�\e$SQab�
�;U+$%b[X�
�I\eY S [Wl&' c)V\"it'rit�"YXYW'*!Xc7�($S4UV$&%b[W�w[Xl&' ` ',!L[�ab\e[Wi l&',S
UVab\(%('.� !IlUV! UV! U+abc&)V'Zab'Z$o[W'*S �"$ [Xl&' u~'*YW#�iw\eY i l&U+[X'*it[X_&YW' 
 � \e_!W!9UV'ZY \e$S � YW'Zl'Z$� � � � � � �&��\��;U+%o\][WU+�"$/UV$�aw\��*'
'Z$��;UVYX�"$&ab'Z$o[W!��eg [X'*$ gh\()+)f!�UV$o[X� [Xl&Uf!@i*\][W'Z%(�"YXvb!XU+$iZ'�[Wl&'ZYW'�Uf!�_ !9_\()+)Vvb�($&)Vv �($&'�%(�"\()UV$ [Wl&'�aw\��*' 
 u
UVc 'C"!% �6@$#$ � ��� 2 �
s�_i l&�($� � � ��" � �

!k� l \e$S4)V' ab�(YW'�[Wl\e$d�($'�%"�"\()  4!Xv;!9[X'*aw!�\][�[Xl'�[Wl&UVYWSQ\e$ S gq�"_&Y9[WlQ)+'��('Z)f!IS4�w$&�([�\"!X!X�4itUf\][W'�',\(i ldc&)V\"it' ��U+[XlQ\
%(�o\e)�!Xc ',itU�2 ir\"ij[XUV�($� &`&_4[�[Wl&'rc&)f\(iZ'*!�\(YX' YW'Zc&YW'*!X'Z$o[W'*S^U+$ !X_i l�\ �p\ v [Xl\e[�[Xl&'*v^YW' � '*ij[�[Wl&'ZUVY�!Xc\][WUV\()�YW'Z)f\][XUV�($ !9l&UVc
[X�y'*\(i l �([Xl&'*Y��&���"\()�!9c7'*iZU327i \(it[XUV�($!r\(YX' [Wl&'Z$ ? @B�6$ $A" �b�"$ [Xl&Uf!rYW'Zc&YW'*!X'Z$o[ \][XUV�($�� !Il&'b[Wl&U+Y S \e$ S/gq�(_&YX[Xl )V'��"'Z)f!
S4U�#7'*Y�S4'*c '*$S4UV$&%m�($ ��l&'Z[Xl&'*Y
�($&)Vvr[W�(c7�()V�(%"UVi*\e);�(Y{ab't[WYXUfiIUV$4gq�(YWaw\][XUV�($ Uf!
!L[W�(YW'*S�� !k�(c7�()V�(%(UfiZ\();YX'*c&YX',!9'*$o[W\][WU+�"$!~\eYW'
�eg [W'Z$ %(Y \ecl���` \(!X'*S ��l&'*YX'b$&�4S4',! YX'*c&YW'*!X'Z$o[�c)V\"it'*!m\($S '*S4%"'*!�YX'*c&YW'*!X'Z$o[r\(S��9\"it'Z$ itUV'*!�` 'Z[��@'*'Z$/c&)f\(it',!�� z;UV$iZ' $�
c7�"!XU [WU+�"$yUV$4gq�(YWaw\][XUV�($ UV!�aw\eUV$o[W\(U+$&',S� 7[Xl&'b$&�4S4',! it�($o[ \eUV$yUV$4gq�(YWaw\][XUV�($ [Xl\e[mS&UV!W\ea `&U+%"_\][W' c&)f\(iZ'*!�\e$S [Xl&'b',S4%(',!
!9[X�(YW' \"ij[XUV�($Q[Wl\][1��U+)V) [ \��"'m[Xl&' \e%"'Z$o[�gqYW�(aF�($&'rc)V\"it'm[W� [Xl' �e[Wl&'ZY 
 % _U+c7'ZY !�\($SA/pvo_$� � ��� � � � \e[W\(YXUfi� � ��� � � �
z;v4!9[X'Zaw!k[Xl \][
!L[W�(YW'��"$&)+v [W�(c7�()V�(%"UVi*\e)(UV$4gq�"YXaw\][WU+�"$ \(YX'@U+$i*\ec\(`&)V'@�(g S4Uf!XiZ�
�('ZYWUV$&%�!Xl&�(YX[WiZ_4[W!kU+$ [Xl'ZUVYMYW'ZcYX',!9'*$"[ \][WU+�"$��

!Il&'�ab�"!9[�!9[XY \eUV%(lo[Xgq�(Y �p\(YWSbab't[WYXUfi�YX'*c&YW'*!X'Z$o[W\e[XUV�($ Uf!I�($&' ��l&Ufi ld!Xc7'*itU�2',!@c)V\"it'*!IYW'Z)f\][WU��"'�[W�b!X�(ab' it�;�(Y S4UV$\][W'
gqY \eab'�'���o!L[�$\��;UV%"\][WU+�"$^!Xv4!L[W'Zaw! ��U [Wld!Xc\e[XUf\e) YW'Zc&YW'*!X'Z$o[W\e[XUV�($w[Wl\][�\(YX'�UVa c)+'*a '*$o[X'*Sd�"$^YW'*\()7YW�(`7�e[ !I_!X' !X_i ld\
ab't[WYXUfi YX'*c&YW'*!X'Z$o[W\e[XUV�($ � gq�(Y�U+$ !L[ \e$iZ' &'��oUfS4'*$it'r%"YXUfS&! 
 ���(Y \��(',i \e$S *
)+gq'*!� � � 4 � � *
)+gq'*!� � � 4 % �  xIz � ! 
 x@l\e� \($S
s�v('ZY  � ��� � � �,� � \e)V)VUV!9[X'*)(* ! [Xl'Z�(YWv �(gIiZ�(%($U [WU��"' aw\(c!mUV$�\e$&UVaw\e)f!m\(!W!9_&ab'w\Q%()V�(` \e) *
_ it)VUVS4',\e$ YW'Zc&YW'*!X'Z$o[W\e[XUV�($ �eg
!Xc\(iZ'I\(YX�"_&$S [Xl&'�\e$&UVaw\e) 
 � ��� � � �{#�Y9[WU32 iZUV\()&$\��;UV%"\][WU+�"$ !Xv4!L[W'Zaw!%��U+[Xlw\ `&UV�()V�(%(UfiZ\();`\(!XUV!
YX'*c&YX',!9'*$o[k[Wl&UV!+*
_iZ)+UfS4',\e$
UV$4gq�(YWaw\][XUV�($ UV$bS&U3# 'ZYW'Z$o[%�p\ v4!�����(Y{UV$!L[ \e$iZ' �0/�(Y S4'*$ S4U$�;UVS&'*!{!Xc\(iZ'pUV$o[X��[XYWUf\e$&%")+',!{S4',2$'*S `;vr_&$&Ufno_&'I)V\($S4aw\eY �4!

+�4



\][�U+[W!�it�(YW$&'*YW! 
 � � � � � �+!Il&'rS4UVYW'*ij[WU+�"$d[X� \ %(�o\e) [XYWUf\e$&%")+'miZ\($Q` ' i*\e)fit_&)f\][W'*S^`;v^!X_&aba UV$&%b[Wl&' �(',ij[W�(Y !�[Wl\][�S4',2$'
[Xl' [XYWUV\($&%()V'*!@[Xl \][�)VU+'m`7't[��p'Z'*$^[Wl&' %(�o\e) [XYWUf\e$&%")+' \e$S^[Wl&'rit_&YWYW'Z$o[�)+�4iZ\e[XUV�($^�egM[Xl&'r\(%('Z$o[L� 2 %(_&YW' + � � " �,�

G

Visible range 

�MU+%"_&YW' + � � " H ��\��;U+%o\][XUV$&%w`;v 2&[9[WU+$% [WYXUf\e$&%")+',! 
 0 �"YWS4'*$� � � � � � �1!Il&' U+$o[X'*YX$ \e)MYX'*c&YX',!9'*$o[W\][WU+�"$�S4U��;UfS4'*!�!Xc\(iZ'rU+$o[W�
[XYWUf\e$&%")+',! S4'�2$&'*S `ov [XlYX'*'y_&$&Ufno_&'y)f\e$ S4aw\eY �;!�� !k��YX',\(i l \ %"�"\() ��� �w[Xl\e[^Uf! $�e[ �;Uf!9UV`&)V'�gqYW�(a [Xl&'/it_&YWYW'Z$o[
)V�;i*\][WU+�"$� 4[Xl' \e%"'Z$o[C��2&[ !3� [WYXUf\e$%()V'*!�_&$o[WU+)M\ it�"$"[WU+$;_&�"_!�\eYW'*\bUf!�S4Uf!Wit�
�('*YX',S gqYW�(a:[Xl' �;UV!XU+`)+' [W� %(�o\e) )f\e$S4aw\(Y-�4!��
!Il&'mc&)f\e$$&'*S^c\][WlQUV!I�"`4[W\(U+$&',Sd`ov��('*it[X�"YI\"S&S4U+[XUV�($!��eg [Wl&'mc7�"!XU [WU+�"$ �"'*it[X�(Y !p�egk[Xl&'mUV$S4U$�;UVS4_ \e)�)f\e$S&ab\(Y-�4!��

!Il&' *@z � !�_!X'*SdUV$^[Wl&' x@�($ #�%w\eY i l&U+[X'*it[X_&YW'm!L[W�(YW'm\ ab'Z[XYWUVi aw\ecQ�(g [Xl' S4Uf!Xi*!�\eYW�(_&$S [Xl'r\e%('*$o[�� ���"YX'*�
�('ZY  
[Xl'mYX'*c&YX',!9'*$o[W\][WU+�"$ �(gM%"�"\e)f!pUV!�!X'Zc \eY \][X'�gqYW�(a>[Wl&'r!Xc\][WUV\() YX'*c&YX',!9'*$o[W\][WU+�"$��%!Il;_!� ;[Wl&'m$\��;UV%"\][WU+�"$ UV$yx@�($#�%wUV!�\e[
[Xl' l&UV%(l'*!9[�)V'��('*)kUV$�[Wl&' lU+'*YW\(YWi l;v �(g ! YW_&)V)+UV'ZYC"!%G�6@$#$� !Il&Uf!�'*$\e`)+',!�[Wl&' \(%('*$"[ !�[W� ',(4c&)V�(U+[�!Xl&�"Y9[-��iZ_4[W!�[Xl\e[ �p'ZYW'
$&�([�[XY \��('ZY !X'*S ��l&'*$d[Xl&'maw\ec �I\(!�itYW'*\e[X',S��

� � ��� ��?� �	 ��� 
 �-� 	���
�� � 	,���  	��)��� � � 
�����
�� �

/pU+�")+�"%(UfiZ\()�!9v4!9[X'*ab! l\��"'w` '*'Z$ _ !9',S�\(!r[Xl&'d`\(!XUf!mgq�(Y aw\e$;v \eYX[XU�2 itUf\e)@$\��;U+%o\][XUV�($ !Xv4!L[W'Zaw!����&Y \e$ �d\e$S �y\e)V)+�([
%(U$�('�\ !X_&Y �('*v �(g $\��;U+%o\][WU+�"$\e)7!9v4!9[X'Zaw!p`\"!9',Sw�($^`&U+�")+�"%(UfiZ\()ab�4S4'Z)f! 
 �(�(�(� � � !Il&'�c&)f\(it'�it'*)+)f!pU+$ [Xl&' l&UVc&c7�;i*\eabc&_!
�eg [Xl&'/YW\e[^Uf!Q!9'*$!9U+[XU$�('y[X� [Xl&'/)V�;i*\][WU+�"$ �egr[Wl&'/YW\e[d\e$ S l\"! )V'*S [X��[Wl&' l;voc7�e[Wl&'*!XUf! [Wl\][d[Xl&',!9' it'*)+)f!^'Z$iZ�;S&'
\ !9c \][XUf\e)�aw\(c 
 � * % '*'tgq'�\e$ S ��\(S4'*)  � � % 4 � � $
\(YXUV�(_ ! ab�4S4'*)V!b�(g�[Wl&'Ql&U+cc �4iZ\(abc&_!wl\��"'^`7'Z'*$Cc&YX�"c �o!9',S \($S
S4'*a �"$!9[XY \][X',S��($m\eYX[XU�2 itUf\e)($\��;U+%o\][XUV�($�!9v4!9[X'*ab! 
 � \e[W\(YXUfi� � � � � � /p_&YW%(',!X! "!% �6@$#$ � ��� 2 � ��'ZY !L[W$&'ZY�\($Sm#�`` �([9[� � ���B% �
!kYX_&)V)VU+'*Y�\e$S���'*v('ZY  � � � 4 � � �&�"Y�U+$!9[W\($it'. �! YW_&)V)+UV'ZY�\e$S ��'Zv"'ZY�ab�4S4'Z)�[Xl&'ml&UVc&c7�4iZ\eabc&_ !�\(!�\ l&'Z[X'ZYW����\(!W!X�;iZUV\e[XU$�('
$&'Z[��@�"Y-��[Wl\][r)V'*\(YX$ !m!9',n"_'Z$iZ'*!m�(g��;Uf!9U+[X',S c)V\"it'*! 
 � ��� 4 � ��!Il&',!9'wc)V\"it'*! \eYW' [Wl&'Z$ YW'ZcYX',!9'*$"[W'*SyU+$�\d[W�(c7�()V�(%(UfiZ\()
YW'Zc&YW'*!X'Z$o[W\e[XUV�($�� !Il&' YW'Zc&YW'*!X'Z$o[ \][XUV�($ �(g�%(�o\e)�)V�4iZ\e[XUV�($! UV! U+$ S4'Zc7'Z$S&'Z$o[ �(g�[Xl&'Q!Xc\][WUV\()�YW'Zc&YW'*!X'Z$o[W\e[XUV�($�\($S [Xl'
\e%"'Z$o[�iZ\($^$\��;UV%"\e[X'�[X�ba _&)+[XUVc&)V'r%(�o\e)f!pU+$�\bit�"$"[WU+$;_&�"_!p'Z$��;U+YW�($a '*$o[�iZ�($o[W\(U+$U+$&% �(` !L[ \(it)V'*!��
/p'Z',!@\(c&c ',\eY@[X� ` ' _!XU+$% 4�? %(:;0 �>4 � \"!@\ ab'*\(!X_&YW'��(gkS4Uf!L[ \e$iZ'�[WYW\��"'Z)V'*S 
 z;YXUV$&U$�]\(!W\e$� � � � � � � � c4[XUfi � �
�?UV!@[Xl'

\eab�"_&$o[��eg�!Xl&U+g [�UV$yit�"$!X'*it_&[XU$�('rUVaw\e%(',!�iZ\(_!X'*S S4_'r[X� [Xl&' ab�
�('Zab'*$"[��eg~[Xl&' �(` !9'*Y-�"'ZY � !Il' it)V�"!X'ZY�[Xl&' �(`��L',ij[ !
[X� [Xl&' a �
�;UV$&% �"`!9'*Y-�"'ZY  4[Xl' %(YW'*\e[X'*Y�UV!�[Xl&' �(c4[WUVi ��
� �'!Il;_!� [Xl' aw\e%"$&U [W_S4'r�(g
�(c4[WUVi ��
�TiZ\e$�`7' _ !9',S \(!�\($
UV$S4UfiZ\][W�(Yr�(g�S4UV!9[W\($it' [X� �"`!L[ \(iZ)+',!r\e$S l \(!m`7'Z'*$�_!X'*S/gq�(Y �(`!9[W\"it)V' \��(�(UfS4UV$&%�$\��;UV%"\][WU+�"$ UV$�\eYX[XU�2 iZUV\()@!Xv;!9[X'*aw!
 z;�(`7'Zv. � ��� 2 � x@�;�(a `! "!%L�6@$#$ � ��� � � �ys�_i l&�"$ U+$o[X'*%(Y \][W'*!m�"c4[XUfiZ\() ��
� ��U+[Xl \ !Xc\e[XUf\e)
YW'Zc&YW'*!X'Z$o[ \][XUV�($/[W�y!9�")��"'
aw\��*' $\��;U+%o\][WU+�"$ 
 � � ��" � � !Il&'d!9c\e[XUf\e)
YW'ZcYX',!9'*$"[ \][WU+�"$ !9[X�"YX',!m[Wl&'^!X'*no_&'*$it' �(g�\(ij[WU+�"$! �q[Xl&'^c\eY \eab'Z[X'ZY !mUV$ [Xl'
�(c&[XUfiZ\e) � �
� '*no_\e[XUV�($Q\]['�]\eYWUV�(_!pc7�(UV$"[ !IU+$d[Wl&'maw\��Z' �@[Xl\e[�)+',\(S&!p[W� [Xl&'m%"�"\e) �
�&�"YW\(%(UV$&%�l&�"$&'Zv `7'Z'*!M\e$ Sr\e$o[W!k\eYW'@\()V!X��iZ\(c\e`)+'
�(g&$\��;U+%o\][WU+$&%�)V\(YX%"'�S4Uf!L[ \e$iZ'*!� ,`_4[MU+[kUf!k$&�e[Mv('t[~it)V'*\(YkU+g&U+$ !9',ij[W!

aw\eUV$o[W\eUV$�\e$ '�(;c)+UfitU+[ it�"%($&U+[XU$�('waw\(c 
 ���"_&)VS� � � 4 " � � \e)V)VUV!9[X'*)  � � � � � 0 '*l&$&'ZY \e$S � 'Z$ �*'Z)  � ��� � � � # �(`7�e[WUViZUV!9[W!
l\��"'ml&�
�@'��('*Yp_ !9',S�!9c\e[XUf\e)�aw\(c!'��l&'*$�`&_&UV)VS&U+$&% $\��;U+%o\][XUV�($Q!Xv;!9[X'*aw!�`\(!X'*Sd�"$�U+$!X'*it[�`7'Zl\��;UV�(Y !I` ',iZ\e_ !9'm�(g~U+[W!
\(S�� \($o[W\e%"'*!M!9_ i l \(!M' � iZU+'*$o[~c \][Xl c&)f\e$&$U+$&% 
 0/\()��"'ZY "F% �6@$#$ � � � + � ����$biZ\"!9'p$&��',(4c&)VUViZU [
!Xc\][WUV\()oaw\(c Uf!Mab\(U+$o[ \eUV$&'*S� 
�e[Wl&'ZY�!L[WYW\e[X'*%(UV'*!�\eYW'm_!X'*S�� ��(Y�UV$!9[W\($it'. [Wl&' S4',!9'*Y9[�\($o[ � �6%D�! I@ ��? �2:�'�_!X'*!I[Wl&' c7�()f\eYWU��,\][WU+�"$d�(g
!9_&$)+UV%(lo[�[W�"�('*'Zc
[XY \(i�� �(g7S4UVYX',ij[WU+�"$ 
 0 '*l&$&'ZY  � � � 2 � �q[Xl&'�S4',!9'*Y9[{\e$o[{S4�;'*!M$&�e[~)f\ vmc&l&'ZYW�(ab�"$&'
[WYW\(U+)f!��,� 0?l'Z$ )V\($S4aw\eY �4!k\(YX'+�oUf!XU+`&)V' 

+ �



[Xl' S&U+YW'*it[XUV�($ [W� [Wl&' $&'*!9[IUV!IiZ\()ViZ_&)f\][X',S `;v it�"abc\eYWU+$%r[Xl' iZ_&YWYX'*$"[p)V\($S4aw\eY � �;U+'�� ��U+[XlQ\ !X$\ec !9l&�([�[ \��('*$���l&'*$
[Xl' \e$o[ �p\"!�it)V�"!X'm[X�^U [ !�$'*!9[ 
 0 '*l&$&'ZY "F%G�9@$#$ � � ��" � �q`7'Z'*!�c7'ZYXgq�(YWa}\ !9UVabU+)f\eY�it�(abc\(YXUf!X�($ ��l&'Z$y)V\($S4aw\eY �4!�\eYW'
�;UV!XUV`&)+'�
 xp\(Y9[���YWUV%(lo[ \e$ S x@�()V)+'Z[9[  � � 4,+ � �,��� �()V)+'*YM"!%L�6@$# !XUVa _&)f\][W' [Xl'*!X'^!9[XY \][X'*%(UV'*! �($ \ya �"`&UV)+'^YX�"` �([ 
 � ��� 4 � �
��\��;UV%"\e[XUV�($^!Xv4!L[W'Zaw!I`\"!9',S �"$diZ�(abc\eYWUV$&% )f\e$ S4aw\eY � !9$\(c!Xl&�e[Igh\e)V) UV$"[W� [Xl&'�� /2:��I�9$A05"I)V'��"'Z) �egM[Xl' iZ)V\"!X!XU�2 iZ\e[XUV�($
�eg%!kYX_&)V)VU+'*Y�"F% �6@$# 
 � ��� % � �
$
\eYWUV�(_!��e[Wl&'ZY S&\][ \^!9[XYW_it[X_&YW'*!�l\��(' ` '*'Z$/_!X'*S�[W�d!9[X�"YX'b!Xc\][WUV\()kUV$4gq�(YWaw\][WU+�"$�� !Il&'*!X' U+$iZ)+_ S4'b'Z$iZ�;S&U+$&%^[Xl'

!Xc\(iZ' '�(;c)+�"YX',S�`;vQ[Xl&' YX�"` �([ \"! \ )VUV!9[m�eg�c&YW�4S4_it[XUV�($yYW_&)V'*! 
 s��"$&$\eYX[m\e$S ��'Zv"'ZY  � ���," � \e$Sy_!9UV$&%^gq_ � �*v�)+�"%(Ufi
�(c7'ZY \][W�(Y !�[W�^UV$o[X'*%(Y \][X' !9'*$!X�(Y U+$&gq�(YWab\e[XUV�($y[X�^[Xl&'b`&_&UV)+[ aw\(c 
 � YXUV�()V� "!%K�9@$#$ � ��� � � � % _U+c7'ZY ! \e$S /@v;_&$ [W\�(' \
�Xno_\()+U+[W\e[XU$�(' ��\ec&c&YW�"\"i l `ov `&_U+)fS4UV$&% \ [X�(c7�()V�(%"UVi*\e)
aw\(c��eg��"$&)+v �XS&UV!9[XUV$ij[WU��"' c&)f\(iZ'*!�� �q_ !9UV$&% gq',\][W_&YX',! !X_i l \"!
!Xvoabab't[WYXvw\($S !X_S&S4'*$^i l\($&%('�U+$d!9'*$!X�(Y�YW'*\"S4UV$&%"!5� 
 � � 4 % � � � 49$&%1.346@ '-%1.3�6%D"  9:;"F'�!9_ i l \(! �&�")+)V�
� ��a UfS4)VU+$'�[Xl \][p[W\��"'
[Xl' \(%('*$"[pgqYW�(aH�"$&' c&)V\"it'�[X�w\e$�e[Xl'ZYI)+UV$��w[Wl&'*!X'mS4Uf!L[WU+$it[XU$�(' c&)f\(iZ'*!�� � $^[Xl'��([Xl&'*Y�l\e$ S� x@�($&$'Z)V) [ \��"'�[Wl&' c\][Wl
�eg@a UV$&UVaw\e)~YX'*c&YW'*!X'Z$o[W\e[XUV�($�`;v !L[W�(YWU+$% �($)+vQ[Wl&�"!X' )V�4iZ\][WU+�"$!1��l&'ZYW' [Wl&' YX�"` �([�l\"!�\^i l&�(Ufit' �egp\(ij[WU+�"$! �h!X_i l \"!
S4�;�(Y !5� 
 � � 4�4 � �

2"�



� �������	��
 �

� � 	 � � �@� � ��� 	���� 	�� 	 � � � � � � � � 	��

� � ���
�	� 	 ��� ��� 	

����� ���
���� � � � ���� �

��g�[Wl&' \e%"'Z$o[bUV! [W� [ \��"'d\"S��]\e$o[W\(%('d�eg�gq',\][W_&YX',! U [wl\"!w!9'*'Z$CS4_&YWU+$&%/',(4c&)V�(Y \][WU+�"$� 
`&_&[ \eYW'^$&�([ �oUf!XU+`&)V'd[Xl&YW�(_%(l
U+[W! !9'*$!9�"YW!rgqYX�"a U [ ! iZ_&YXYW'Z$o[ c �o!9U+[XUV�($� {U+[bl\(!r[X�/`&_&UV)VS�!X�(ab'^U+$o[X'*YX$ \e)pYX'*c&YX',!9'*$o[W\][WU+�"$ �eg�[Xl' �p�(YW)VS \(YX�"_&$S U+[��
 � \][ \eYWUVi � ��� � � it)f\eUVaw!r[Wl\][��X\($;v !X�()V_4[WU+�"$ !9_c '*YXUV�(Y [X�/YW\($S4�"a �I\e)$� $&',it'*!W!XU [ \][X',! \($ UV$o[X'ZYW$\()@ab�4S4'Z)��(g�[Xl'
YW�(`7�e[+* !bit_&YWYW'Z$o[ )V�4iZ\e[XUV�($� �[Xl&'�S4',!9UVYX',S %"�"\()@)V�4iZ\][WU+�"$� @\($S [Xl&'QYW'Z)f\][XUV�($ !9l&UVc `7't[��p'Z'*$ [Wl&'d[��@�#��� J��
�p'��('*Y� 
\($
�9UV$o[X'*YX$\()kab�4S4'*) �^S4�;'*!�$&�e[ $&',it'*!W!W\eYWU+)Vv^l \��('r[W�^`7'b\ [W�(c7�()V�(%(UfiZ\() ab�4S4'Z)~�(g
[Xl&'b'*$ �;UVYX�"$&ab'Z$o[�� ��g
[Wl&'ZYW' UV! !X�(ab'
YW'Z%(_)V\(YXU+[LvwU+$^[Xl' �p\ v S4Uf!WiZ!�\eYW'm\eYWYW\($&%(',SwUV$^[Wl&' �p�(YW)VS� 4\($d\(%('Z$o[�iZ\($^)V'*\(YX$ [X�wab�
�('�[X�wS4Uf!WiZ!��"_4[W!XUVS&'�U+[W!�!X'Z$ !9�"Y
Y \e$&%"'^`;v�'�(;c)+�"U [WU+$&%/[Wl&'�YX'*)V\e[XUV�($!Xl&UVc `7't[��p'Z'*$ [Wl&'�)+�4i*\][XUV�($ ! �(g�[Wl&' �;UV!XU+`)+' S4Uf!WiZ!w\e$ S�[Wl&'Q%(�"\()�S4UV!WiI� !��,� �&�"Y
UV$!L[ \e$iZ' oU g gq�;�4S	�h%(YW'Z'Z$A�{S4Uf!Xi*!�\eYW'�\()��I\ v4!{!9U+[X_\e[X',S it)V�"!X'�[X� YX',S S4Uf!Xi*!� ([Xl&'*$ [Xl'�\e%"'Z$o[@!Xl&�(_&)fSb)V'*\eYW$b[Xl \][@ab�
�;UV$&%
[X�d\wYW'*S�S4Uf!Xi��h#�c&c&YW�"\(i l�� # ',SQ` '*l\��;U+�"Y5����UV)V)kc&YW�(` \e`&)Vv^)V'*\"Sd[X� gq�o�4SQ[Wl&�(_%(l�[Wl&' \(%('Z$o[�abUV%(lo[�$&'��('*Y�'��"'Z$�l\��"'
�;UV!XU+[X'*S�[Xl\e[�c\(Y9[��eg{[Wl&' '*$��oUVYW�($&ab'Z$o[�`7'tgq�"YX' \e$S %(YW'Z'Z$ S4UV!WiZ!�\eYW' $&�([1�;Uf!9UV`&)V'rgqYW�(a}U [ ! it_&YWYX'*$o[�)+�4i*\][XUV�($�� � $iZ'
[Xl' S4',!9UVYX',SQgq�;�4S S4Uf!Xi*!�\eYW'rUV$ !X'Z$!X�(Y�YW\($&%('. &[Xl' \(%('Z$o[ * !�#�c&c&YW�"\"i l�� ��YX'*'Z$Q` '*l\��;U+�"Y�`7'*it�"ab'*!�\(ij[WU��"'�&!Il;_!�[Xl'
\e%"'Z$o[m)+',\eYW$!�[X� \(c&c&)VvyU+[W!mUV$&$\e[X'w`7'Zl\��;UV�(Y ! U+$ !XU [W_\][WU+�"$! [Wl\][ �p'ZYW'b$&�e[mgq�"YX',!9'*'Z$ ��l&'Z$/[Xl'*!X' ` '*l\��;U+�"YW! �p'ZYW'
itYW'*\e[X',S��"!Il&Uf!mUV! c \eYX[XUfit_&)f\eYW)+vy_!9'Zgq_&)
UV$ 'Z$��;U+YW�($&ab'*$"[ ! ��l&'ZYW'bU [rUf!m',\(!XU+'*Y [X�QYX',it�"%($&U �Z'b)V�;i*\][WU+�"$! �egp)V\($S4aw\eY �4!
� [Wl&'mYW'*SdS4UV!WiZ!5�@[Xl \e$Q)+�4i*\][XUV�($ !@�(gkgq�;�4S��

!Il&' it�"YXYW'Z)f\][WU+�"$!�`7't[��p'Z'*$^S4Uf!Wi�)V�4iZ\e[XUV�($!IiZ\($ `7' U+$daw\e$;vbgq�(YWaw!��'�&�"YIU+$!9[W\($it'. 4YX',S \($S %"YX'*'Z$ S&UV!WiZ!Iaw\ vw`7'
\e)$�I\ v;!�)+�4iZ\e[X',S it)V�"!X'r[W�(%('Z[Xl&'*Y � 2%(_&YW' 2 � � �h\#�=� � !Il&Uf!�Uf!�\($ ',(&\(a c)+' �egL�X!Xc\e[XUf\e)kiZ�(YWYX'*)V\e[XUV�($&� ��# ab�"YX' it�(abc&)V',(
c\e[9[X'*YX$ Uf! \ �9[XY \eUV) �d�egIYW'*S S4Uf!Xi*!m)+',\(S4UV$&%Q[W�y\dgq�;�;S S4Uf!Wi	�h!Xl&�
��$ U+$ 2%"_&YW' 2 � � �q`A�=� � ��$/[Xl&Uf! i*\(!X'  [Xl&' YW'*S \($S
%(YW'Z'*$dS&UV!WiZ!�\(YX' $&�([�!9'*'Z$d[X�"%('Z[Xl&'*Y� 4`&_&[�U g{\e$�\(%('Z$o[C�Lgq�")+)V�
��!��r[Wl&UV!�[XY \eUV) �eg~YX',SQS4UV!WiZ!� 4[Wl&'Z$Q[Wl&'r#�c&cYX�o\(i l�� ��YX'*'Z$
`7'Zl\��;UV�(Y���UV)V)o`7'I\(ij[WU��]\e[X'*S \][k[Xl&'p'Z$S �eg&[Wl&'@gq�()V)+�
� `7'Zl\��;UV�(Y �h\(!W!X_&abU+$&%�[Xl\e[MU+[~UV!kc �o!X!XUV`&)+'@[X��UVS&'Z$o[XU+gqv [Xl&'Iit�"YXYW'*it[
S4UVYX',ij[WU+�"$ � � !IlUV!�Uf!�i*\e)V)+',S �9[X'Zabc7�(Y \e)~it�"YXYW'Z)f\][WU+�"$&��� ��$ [Wl&UV!mi l \ec4[W'ZY  7'�(;[X'Z$ !9UV�($!�[W� [Wl&' YW'*\"ij[WU��"' it�"abc �"$&'Z$o[ �eg
[Xl' \e%"'Z$o[+* !m\eY i l&U+[X'*it[X_&YW'w\eYW'wS4'*!WitYWU+`7'*S [Wl\][ '*$\e`)+'b[Wl&' \e%"'Z$o[ [X�Q[ \��(' \"S��]\e$o[W\(%('b�eg�!X_i l it�(YWYW'Z)f\][XUV�($ !�UV$ [Xl'
'Z$��;UVYX�"$&ab'Z$o[��%!Il&'mYW'*!X_&)+[XUV$&%w\eY i l&U [W'*it[X_&YW'�Uf!�iZ\()+)V'*S x@�"$#�%��z�! �

��� � � 	�� � ��� �
	 � 	 ������� � �� 
��$�\(SS4U [WU+�"$ [X��[Wl&' #�c&c&YW�"\(i l \($S #'�(�"UVS `7'Zl \��oUV�(Y ! UV$"[WYX�4S4_ it'*S UV$�i l\(c4[X'*Y +  � ��()V)+�
� �d`7'Zl\��;UV�(Y !m\eYW' \(S&S4',S
[X�^[Xl' Y \e$%(' �eg�UV$&$\e[X'bYX',\(it[XU$�(' `7'Zl \��oUV�(Y !�\�� \(U+)f\e`)+' [X�^[Xl&'w\e%"'Z$o[�� !Il&'*!X' \(YX' � 46@ @B4 ����
G" �
 � 49@ @B4 ��� � .3"5"!$   \($S
� 46@ @B4 �����>@ /&"�� !Il&',!9'�`7'Zl\��;UV�(Y !~'Z$\(`&)V'I[Xl&'�\(%('*$"[~[W� gq�()V)+�
�C\M�L[WYW\(U+)����(g�S4UV!WiZ!�\e$Sb\eYW'I_!X'tgq_&) U+$b)V'*\eYW$&UV$&% [X'*abc �"YW\()
it�"YXYW'Z)f\][WU+�"$!���!Il&'m!Xv;a `7�()f!I_!9',S^gq�(YI[Xl'*!X'�`7'Zl \��oUV�(Y !pU+$d[Wl&' 2%(_YX',!�\e$S^'*no_\e[XUV�($!�\(YX' )VUV!9[X',S UV$d[W\e`)+' 2 � � �

!Il&'/U+$c&_4[Q[X� ` '*l\��;U+�"Y � � UV!^[Wl&' �"'*it[X�(Yd�egb!9'*$!X�(Y^\"ij[WU��]\][WU+�"$!Q\e$S [Xl&' �"_4[Xc&_&[dUf!Q\ ab�e[W�(YQ\(it[XU$� \e[XUV�($� � 
������������ 	
�� ����� ������  �it�"a c_4[X',S�gqYW�(a [Wl&'d!X'Z$ !9�"Y \"ij[XU$�]\][WU+�"$!�� ��$ \(S&S&U [WU+�"$� >'!"F$&'!46. ��" � 0!: % �9%(:;49$ � � � UV!bit�"abc&_4[X',S
[Xl \][ Uf! \�ab'*\(!X_&YW' �egI[Wl&'^iZ�($�2 S&'Z$iZ' UV$ [Xl\e[ `7'Zl\��;UV�(Y � !Il&Uf! iZ�($�2 S&'Z$iZ' UV! %(YW'*\e[X',!L[ ��l&'*$ [Xl'^\(it[XU$�]\][XUV�($ �"$
[Xl' !X'Z$!X�(Y !IUV!�!9[XYW�($&%	�hU+$S&UVi*\][XUV$&% S&UV!WiZ!�\eYW'rc&YW'*!X'Z$o[�it)V�"!X'm[X� [Xl&' \e%('*$o[5��\($S ��l&'Z$Q[Wl&' 0!/2.-.3"!$&%�`7'Zl \��oUV�(Y��eg{[Xl'

2.�



� ��� � � �

�MU+%"_&YW' 2 � � H *%(&\eabc&)V'*! �(gI!Xc\e[XUf\e)
\e$ Sy[W'Zabc7�(Y \e)
it�"YXYW'Z)f\][WU+�"$! H � \ �mz;c \][XUf\e)
iZ�(YWYX'*)V\e[XUV�($ H YW'*S �hS\eY �yitUVYWiZ)+',!���\($S
%(YW'Z'*$ S4Uf!Xi*!��q)VUV%(lo[X)Vvd!Xl\"S4'*S iZU+Y it)V'*!5��\(YX'm)V�4iZ\][W'*SQ[W�(%"'t[Xl'ZY �L�q` �&! '*a c7�(Y \e)Mit�"YXYW'Z)f\][WU+�"$ H [WYW\(U+)f!��(g~YW'*S�S&UV!WiZ! �hS&\(Y-�
itUVY it)V'*!5��)V'*\"S [W�w%(YW'Z'*$^S4Uf!Xi*!L�q)VUV%(lo[X)Vv !Xl\(S4',S^iZU+Y it)V'*!5� �

!M\e`&)V' 2 � �IH z;v;a `7�()f!I�eg~YX',\(it[XU$�('�` '*l\��;U+�"YW!p_!X'*SdUV$^',n"_ \][XUV�($ !
/p'*l\��;U+�"Y z;v;a `7�()
#&�(�"UVS�� # ',S $ #
#&�(�"UVS�� /p)+_' $ /
#&�(�"UVS�� ��YW'Z'Z$ $ �
#�c&c&YW�"\"i l�� # '*S # #
#�c&c&YW�"\"i l�� /p)V_&' # /
#�c&c&YW�"\"i l�� ��YW'Z'*$ # �
��()V)+�
� � # ',S � #
��()V)+�
� � /p)+_' � /
��()V)+�
� � ��YW'Z'Z$ ���

2o�



\e%"'Z$o[�\e%(YW'Z',! ��U+[Xl^[Xl'�ab�([X�(Y�\"ij[XUV�($ !�[Wl\][ � 49/2@ ��l\��('�` '*'Z$^[W\�('Z$^`;v ` '*l\��;U+�"Y � �-� !IlUV!�iZ�(abc\eYWUf!9�"$w[Xl&'*YX'Zgq�(YW'
YW'*no_&UVYX',!@'�(&\eabU+$U+$&% [Wl&'mit_&YWYX'*$o[�!X'Z$ !9�"YpUV$&c&_&[W!�\($S [Wl&'rS4UVYX',ij[WU+�"$^UV$ ��lUVi l^[Xl&'r\(%('*$"[�Uf!�it_&YWYW'Z$o[X)Vvwab�
�oUV$&%)� !Il'
!X'Z$!X�(YWv ',(&iZU [ \][XUV�($ �(gI\ ` '*l\��;U+�"Yr!9'*Y-�"'*! [��p��c&_&YWc �o!9',!�� �MU+Y !L[W)+v. ~U gI[Xl' !9'*$!X�(Y !r\eYW'b$&�e[ \"ij[WU��]\][W'*S !X_ � itUV'Z$o[X)Vv 
[Xl'Z$w[Wl\][p` '*l\��;U+�"Y@!Xl&�(_&)fSb$&�([@`7'�c7'ZYXgq�(YWa ',S	�ql�
� a _i l !X'Z$!X�(Y@\(ij[WU��]\e[XUV�($wUf!��W!9_ � iZU+'*$"[5�rS4'*c '*$S&!@�($w[Wl&'�[Lv;c7'
�eg{`7'Zl\��;UV�(Y-� � ��$Q[Xl&Uf!�i*\(!X' 4[Wl&' !X'Z$!X�(YWv ',(&iZU [ \][XUV�($QUf!�!X't[�[W� �Z'*YX�	� � ��� � � � ��z;'*iZ�($S&)+v. U+gM[Wl&'rab�e[W�(Y��"_4[Xc_4[W!��eg
`7'Zl\��;UV�(Y � � aw\][ i l&'*!%��U+[Xlb[Wl&'�iZ_&YXYW'Z$o[
\(it[XUV�($b�eg [Wl&'�\e%"'Z$o[� ([Xl&'*$w` '*l\��;U+�"Y � � !9l&�"_&)fSb` '�YW'ZUV$4gq�"YWiZ'*S���!Il&UV!
gq�(YWaw!
[Xl' ` \(!XUV!��eg@[Xl&'wiZ�(YWYX'*)V\e[XUV�($�)V'*\eYW$&UV$&%Q\e)V%(�(YWU+[Xl&aw!�� !Il;_!�U g@[Xl&'w\(it[XUV�($!�aw\][ i l� [Wl&'Z$ [Xl&'w!X'Z$!X�(YWvQ',(&itU+[W\e[XUV�($ �eg
`7'Zl\��;UV�(Y � �
UV!�!X't[�[W�b\ l&UV%(l �]\e)V_&'C��� � � � �  � � �
�&�"Y
UV$!L[ \e$iZ' "[Xl&'�#�c&c&YW�"\"i l�� ��YX'*'Z$ ` '*l\��;U+�"Y
c&YW�;S&_it',!�\ ab�e[W�(Y��"_4[Xc_4[
[X� a �
�"'I[Xl&'�\e%"'Z$o[{[X�
�I\eY S&!{\ �;Uf!9UV`&)V'

%(YW'Z'*$ S4Uf!Xi� z;UV$iZ' ab�(YW'r[Wl\e$ �"$&' %"YX'*'Z$ S4Uf!Wiraw\ vQ` ' �;UV!XU+`)+'. [Wl&' `7'Zl \��oUV�(Y�!9'*)+',ij[ !�[Wl&' iZ)+�o!9',!L[ S4UV!Wi�� ��'Z[�%"YX'*'Z$
!X'Z$!X�(Y�� ��� ` 'rS4UVYW'*ij[W'*SQ\][�\($&%()V'�� �{\($SdU [ !�\(it[XU$�]\][XUV�($d`7' ���� ���l'ZYW' � Uf!p[Xl&'r!X't[��(gk%(YW'Z'*$d!X'Z$ !9�"YW!��M� 't[�%"YX'*'Z$
!X'Z$!X�(Y�� � � l\��"'�[Wl&'m%(YW'*\e[X',!L[�\(it[XU$� \e[XUV�($ H

��� � aw\�(� ��� � ���1� � 2 � � �
!Il&'*$� 4[Xl'ma �([X�"Y��(_4[Wc&_4[W!I�(gk[Wl&'r#�cc&YX�o\(i l�� ��YW'Z'Z$^` '*l\��;U+�"Y�\eYW'


�� ����� �� � � �	� � 2 � � �


� � � ���� � ��� � 	 ����
 �  4
�  � 	 ��� � �  4 � 2 � + �

� � � � ��  �  � 	 � ��� �  4�� ��� 
�� ����� �� � ! ����
�����
� 	 � ��� �
�  � 	 ����� � � 2 � 2 �

��l&'*YX'��bUV!�[Xl&'mit_YXYW'Z$o[�S4UVYX',ij[XUV�($d�egM[Xl'r\e%('*$o[+* !@ab�
�"'Zab'Z$o[��
# ',iZ\e)V) gqYW�(a}i l\ec&[X'ZY � [Xl \][�[Wl&' \"ij[XU$�]\][WU+�"$��eg
\ !X'Z$!X�(Y'�]\(YXUV'*!IgqYW�(a � [W� � \e$ SQUV!�U+$��('*YW!X'Z)Vv cYX�"c �"Y9[WU+�"$\e) [W�

[Xl' S&UV!9[W\($it'�gqYX�"a�[Xl&'m\e%"'Z$o[�[W� [Wl&'m!9'*$!X'*S S4Uf!Wi�� �&�"Y@UV$!9[W\($it'. 4U g ��� � �  2  ([Wl&'Z$Q\ S&UV!Wi�Uf!pc&YW'*!X'Z$o[I\e[I\ S4Uf!L[ \e$iZ'
�  " �TgqYX�"a>[Xl&' \e%('*$o[ ��l'ZYW' �JUV!�[Xl&'r!X'Z$!X�(YIY \e$&%"'�gq�(Y�%(YW'Z'*$d!X'Z$ !9�"YW!�� !Il&'r!Xc '*'*SdUV!�l&U+%"l ��l'Z$d[Xl&' \e%('*$o[IUf!Igh\(Y
gqYW�(a>[Wl&' $&'*\(YX',!L[I%(YW'Z'*$^S4Uf!Xi � � � 
 �  4 �@\e$ S YW'*S4_ it'*!@[W� � � � ��l&'*$ [Wl&'r\e%"'Z$o[pUf!�it)V�"!X'�[X�w\ S&UV!Wi \(!pU [�l \(!@[X�w!X)+�
�
S4�
��$y[X�^!9[X�"c�����g�[Wl&'b\e%('*$o[�Uf! it)V�"!X'r[X�Q\ %"YX'*'Z$yS&UV!Wi �"Y U g
[Wl&'w\e%"'Z$o[�Uf!�gh\(itUV$&%d\^S4Uf!Wi���� 
�� ����� �� � ! ����
����� �, [Xl'
!X'Z$!X�(YWvw',(&itU+[W\e[XUV�($ � � � Uf!�!9'Z[I[X� � � !Il&'*YX'Zgq�(YW' ;'��"'Z$dU gk[Xl&'r\(%('*$"[IUf!�ab�
�oUV$&%bit)V�"!X'ZYp[X�w\ %(YW'Z'*$^S4Uf!Wi�`7'*i*\e_!X' �eg~\
`7'Zl\��;UV�(Y��([Xl&'*Y�[Wl\e$y#�c&c&YW�"\"i l�� ��YW'Z'*$� &[Wl&' !X'Z$ !9�"YXv^',(&itU+[W\e[XUV�($ �(g{[Xl&' #�c&c&YW�"\"i l�� ��YX'*'Z$Q` '*l\��;U+�"Y&��UV)+)M`7' l&UV%(l��
� � � Uf!�[Wl;_! \e$yUV$S4UfiZ\e[X�"Y��(g
l&�
� \ec&c)+UfiZ\(`&)+' [Xl' #�c&c&YW�"\(i l�� ��YW'Z'*$�` '*l\��;U+�"Y�Uf!�UV$ [Wl&'bit_&YWYX'*$o[�!XU [W_\][WU+�"$ \e$ S�UV!
_!X'*SdUV$^)V'*\(YX$&UV$&% [Xl'r!9c\e[XUf\e)�\($S [W'Zabc7�(Y \e)�it�"YXYW'Z)f\][WU+�"$!pU+$d[Wl&'m'Z$��;U+YW�($a '*$o[��

!Il&'�\��(�(UfS ` '*l\��;U+�"YW!��(_4[Wc&_4[Iab�e[X�"Y@\"ij[XU$�]\][WU+�"$!{[Wl\][�S4UVYX',ij[�[Wl&' \e%('*$o[@\��p\ v gqYX�"a>S4UV!WiZ!+��U+[Xl&UV$^!X'Z$!X�(Y�YW\($&%('.�
z;UV$it' [Wl&' #&�(�(UfS�� ��YX'*'Z$d` '*l\��;U+�"Y�UV!�_!9',Sdgq�(Y��"`!9[W\(iZ)+'m\��"�(UfS&\e$iZ' o[Xl'r` '*l\��;U+�"Y��($&)Vv YW'*\"ij[ !p[X�w%(YW'Z'*$�S4UV!WiZ!�[Xl\e[
\eYW' �"'ZYWvdiZ)+�o!9'm[W� [Wl&' \(%('Z$o[ ����'Z[ �! k` ' [Xl' !X't[��(g
%(YW'Z'*$ !9'*$!9�"YW!�[Xl\e[�UV$S4UfiZ\e[X'r[Wl&' cYX',!9'*$it' �eg
\ S4Uf!Wi it)V�"!X'm[W�
[Xl'r\e%('*$o[ H �  �#" �$� ��� � �  � 	 � � �&% � 2 � � �
J��
�p'��"'ZY  ][Xl'�\e%"'Z$o[
l\(!{[X� \��"�(UfS �9@ @(S4Uf!Xi*!{[Xl \][@\(YX'�iZ)+�o!9'I[W�rU [  o!X� [Xl'�\e%"'Z$o[
ab�
�('*!~UV$ \mS4UVYW'*ij[WU+�"$w\��p\ vmgqYW�(a [Xl'
!X_&a �(g�\e$&%"_&)V\(Y
S4Uf!9c&)f\(iZ'Zab'Z$o[ !{�eg�\e)V)&$&',\eYW`;v S4Uf!Xi*!�� !Il&'��"_4[Xc_4[�ab�e[W�(Y�\"ij[XU$�]\][WU+�"$!{�eg [Wl&'�#'�"�(UfS�� ��YX'*'Z$ ` '*l\��;U+�"Y
\eYW' H


�� � � � �' � � ! [W\($�( � �*) � ���,+ !9UV$-� �) � ��� + it�"!.� � � � 2 � "#�


� � � ���' � � � � 2 � %I�
!Il&'r!X'Z$!X�(YWvw',(&iZU [ \][XUV�($d�egk[Xl&'r#&�(�"UVSd`7'Zl\��;UV�(Y !�Uf!�\e)f!X� \"ij[XU$�(' �"$&)+v ��l&'Z$^[Xl'r\e%('*$o[IUf! �('*YXv^it)V�"!X'�[W�w\ S&UV!Wi H

� ' � ��� �  � 	 ��� � �  �
� 	 ���0/ �  � � 2 � 4 �

!Il&'��&�")+)V�
� `7'Zl \��oUV�(Y !I'Z$ \e`&)V'm\e$�\e%"'Z$o[I[X�bab�
�('m\e)V�($&%o!9UfS4'm\ YX�
� �eg{S4Uf!Xi*!I�egM[Xl&'r!W\eab'mit�")+�"Y�U+$�\ c\eYX[XUfit_)V\(Y
S4UVYX',ij[WU+�"$�� # �9[XY \eUV) �^�egIYX',S S4UV!WiZ!r)+',\(S4UV$&%Q[X� \d`&)V_&' � �p\e[X'*Y5� S4Uf!WibUV!r!Xl&�
��$/U+$ 2%"_&YW' 2 � � �^z;UV$iZ'b[Xl&' S&U+YW'*it[XUV�($

2,+



Sensor range

Agent
trail

"trail−markers"

"trail−marker" direction

B

Direction of

�MU+%"_&YW' 2 � �2H !kY \eUV)k�(g
YX',SyS4Uf!Xi*!�)V'*\"S4UV$&% [W�^\^`&)+_' S4Uf!Wi � />�,� * �('*YXvd%(YW�(_&cy�eg{[XlYX'*' YW'*S S&UV!WiZ!�UV! \ �L[XY \eUV)���aw\eY �('*Y��
UV$S4UfiZ\][WU+$% [Wl&'rS4UVYX',ij[WU+�"$d�(g [Wl&' [XY \eUV) �

�egM[Xl'm[XY \eUV)�l\"!I[X� `7' S4Uf!9[XUV$&%(_&Uf!Xl&'*S� '��('*YXvd!9'Z[��eg~[XlYX'*'rS4UV!WiZ!�ab\ v^` ' it�($ !9UfS4'ZYW'*Sd\(!�\ �L[XY \eUV) aw\eY �('*Y�� ��U+[XlQ[Xl'
S4UVYX',ij[WU+�"$ �eg{[Wl&' [WYW\(U+)k` '*U+$% gqYW�(aF[Xl'r[��p�^it)V�"!X'Z)VvQ!9c\"it',S S4Uf!Xi*!�[W�
�p\(YWS&!�[Xl&' [Xl&UVY S S4Uf!Xi�� [��p�^S4Uf!Xi*!��(g{[Xl&'b!W\eab'
it�")+�"Y@\(YX'�!X_ � itUV'Z$o[p[X� _&$&Ufn"_'Z)Vvb!Xc7'*itU+gqv \r)VUV$&'��"$w[Xl&' � ��S4UVab'Z$!XU+�"$\e))�@�"YX)fSw\e$ S \m[Wl&U+Y S S&UV!Wi�Uf!�$'*it',!X!W\eYWv [X� %"U��"'
[Xl'�)VU+$&'�\rS4UVYX',ij[XUV�($A� �%!Il&'�gq�")+)V�
�C` '*l\��;U+�"Y
i l&'*i��4!{[Wl&'�\"ij[XU$�]\][WU+�"$!
�"$b[Xl&'�!9'*$!9�"YW!Mgq�"Y
[Wl&'�c&YW'*!X'Z$ it'��eg [Wl&YX'*'�!X_i l
it�")+)VUV$&'*\(Y�S4Uf!WiZ! � [Xl' �9[XY \eUV)kaw\(Y-�"'ZY5� �I\e$ S U+g
[Xl&'*vy\eYW'rc&YW'*!X'Z$o[  7�"_4[Xc_4[W! ab�e[W�(Y \(it[XU$� \e[XUV�($!�[X� [W\�(' [Xl&'b\e%"'Z$o[�UV$
[Xl'�S4UVYX',ij[WU+�"$ !9c7'*iZU32',Sw`;v [Xl&Uf!
[WYW\(U+) aw\eY �('ZY �Mz4U+$iZ'�S4Uf!WiZ!�i*\e$ `7'��4i*it)V_S4'*S� "U+[@Uf!�$'*it',!X!W\eYWvrgq�"Y
[Wl&'�\(%('Z$o[
[W� `7'�UV$
\mc7�"!XU [WU+�"$wgqYW�(a ��l&UVi l^\e)V)[Wl&YX'*'�S4Uf!Xi*!@\(YX' �;Uf!9UV`&)V' �qgq�(Y�UV$!9[W\($it'. oU+g [Xl'�\e%"'Z$o[�Uf!�iZ�()V)+UV$&'*\(Y ��U+[Xlw[Wl&'�S&UV!WiZ!� ([Wl&'�[XY \eUV)
aw\eY �('*Ypi*\e$&$&�([�` 'mUfS4'Z$o[WU32',S&� � !k'*!9[XUV$&% gq�(YI[Wl&' c&YW'*!X'Z$iZ'��(gM\ [XY \eUV) aw\eY �('ZYI%"U��"'Z$ [Wl&'r\(it[XU$�]\][XUV�($ !@�"$ [Wl&'r!X'Z$!X�(Y !
Uf!�UVabc&)+'*ab'Z$o[X',S�c&YW�;iZ'*S4_YW\()+)Vv�'!Il&' !9'*$!X�(YWv ',(&iZU [ \][XUV�($��(g{[Xl&' gq�()V)+�
� `7'Zl\��;UV�(Y�Uf!�!9'Z[�[X� � U+g{[Xl&' \e$&%")+'r`7't[��p'Z'*$
[Xl' \e%"'Z$o[+* !�S4UVYX',ij[XUV�($Q�(gMab�e[WU+�"$ \e$S^[Wl&' S4'Z[X'*it[X',S [WYW\(U+) ab\(Y-�"'ZY�Uf!�)V'*!W!I[Xl\($ � �  \e$S�!X't[�[W� � � � �e[Wl&'ZY ��UV!X'�+!Il&UV!
!X'Z$!XU [WU��;U+[Lvw[X�b[Wl&'r\e%"'Z$o[+* !IS4UVYX',ij[XUV�($d�eg~ab�e[WU+�"$^Uf!�UVa c7�(YX[W\($o[ ��l'Z$Q)+',\eYW$&UV$&% [W'Zabc7�(Y \e)�it�"YXYW'Z)f\][WU+�"$!��

z;UV$it' [Xl&' $'Z'*S! �eg�[Xl' \e%"'Z$o[ \eYW'�YX'*%(_&)f\][W'*S `;v U+[W! ab�e[XU$�]\][WU+�"$!� p[Wl&' �(_&[Xc&_4[d�egm\ `7'Zl\��;UV�(YwUf! %"\e[X',S `;v
[Xl'*!X' ab�e[WU��]\e[XUV�($!�`7'tgq�(YW' ` '*U+$&%�!X'Z$o[�[X�^[Xl&'w\(it[XUV�($/!9'*)+',ij[XUV�($ya �4S4_)+'. �U � ' [Wl&'ZYW'w\eYW' !X'*iZ�($S����(Y S4'*Y�it�"$&$&',ij[XUV�($ !
�q'�(&itU+[W\][W�(YWvm\e$S U+$&lU+`&U+[X�"YXv<��` 'Z[��@'*'Z$ ab�([XU$� \e[XUV�($!~\($Sm`7'Zl\��;UV�(Y ! � \(!M!9l&�
��$ U+$ 2%(_&YW' + � + � �M��'Z[k[Wl&'p\"ij[WU��]\][WU+�"$!k�eg
',(&iZU [ \][X�"YXvm\($SrUV$&l&UV`&U+[X�(YWvmab�e[WU��]\][WU+�"$!M�eg`7'Zl \��oUV�(Y � �7`7' 
 � � ! � ������ � \e$S 
 � � � � � � ������ � YW'*!Xc7'*ij[WU��"'Z)Vv��!Il&'Ia �([XU$�]\][XUV�($ !
[W\�(' �($)+v c7�"!XU+[XU$�(' �]\e)V_&'*! H

� / 
 � � ! � �������� 	�
 � � � � � � �������� / � � 2 � �#�
!Il&'*$� 4[Xl' [X�e[ \e) %o\][XUV$&% gq�(Y�`7'Zl \��oUV�(Y � �� �� � � Uf!

� ��� � 
 � � ! � ������ � � � ��! 
 � � � � � � ������ � � � 2 � �*� �
� ��� � � ��� � � ��� � 2 � ��� �

��l&'*YX' � ��� Uf!�[Xl&'b\(it[XU$� \e[XUV�($ �(g
` '*l\��;U+�"Y � � [Wl\][ UV!�!X'Z$o[�[W� [Xl' \(it[XUV�($y!X'Z)V'*it[XUV�($�ab�4S4_&)V'� !Il;_!� \w`7'Zl \��oUV�(Y�UV!
\(it[XU$�('I�($)+v U g U+[
UV!
\"ij[WU��]\][W'*S `;vr[Wl&'�!X'Z$!X�(Y !� ]'�(&itU+[X'*S `;v !X�(ab'�ab�e[WU��]\e[XUV�($� o\e$S $&�([
U+$&lU+`&U+[X',Sb`;v \e$;vrab�([XU$� \e[XUV�($��
#�!�S4'*!WitYWU+`7'*S UV$bi l \ec4[W'ZY +  ([Xl&'�\��"�(UfSr`7'Zl\��;UV�(Y !~\eYW'p'�(&itU+[X'*S `;vm[Wl&'�\��(�"UVS����(` !L[ \(it)V'�ab�([XU$� \e[XUV�($� o#�c&cYX�o\(i l�� ��YX'*'Z$
Uf!m',(&itU+[X',S `;vyl;_&$&%"'ZYr\e$ S #�c&c&YW�"\"i l�� /@)V_&' UV! ',(&itU+[X',S/`ovy[Xl&UVY !L[ � !Il&' #&�(�"UVS�� ��YW'Z'Z$/`7'Zl\��;UV�(YrUf!r\e)f!X�dUV$&l&UV`&U+[X',S
`;vyl;_&$&%"'ZY \($S [Xl&'^#'�(�"UVS�� /p)V_&'b` '*l\��;U+�"YmUV! U+$&lU+`&U+[X',S `;v [XlU+Y !L[ � ��(Yr'�(&\eabc&)V' �[Wl&' #&�(�(UfS�� ��YX'*'Z$/` '*l\��;U+�"YmUV!
\(it[XU$�('��($&)VvbU gk\ %(YW'Z'*$ S4Uf!Xi�UV!��;UV!XUV`&)+' �h!X'Z$!X�(YWvw\(it[XU$� \e[XUV�($ �, o[Xl&'�\��(�(UfS����(`!9[W\"it)V'�ab�e[XU$�]\][WU+�"$ Uf!�c&YW'*!X'Z$o[ �q',(&iZU [ \][X�"YXv
ab�e[WU��]\][WU+�"$ �  &\($S [Xl&'r\(%('Z$o[IUV!I$�e[C�9l;_&$&%"YXv2���qUV$&l&UV`&U [W�(YWv ab�e[WU��]\][WU+�"$ � � !Il'ZYW' \(YX'�$&�b',(&iZU [ \][X�"YXvwab�([XU$� \e[XUV�($!@[W�
[Xl' �&�")+)V�
� ` '*l\��;U+�"YW!�\($SQl&'*$it' [Xl&',!9'r`7'Zl \��oUV�(Y ! ��UV)+)M$&'��('ZY�` ' !9'*)+',ij[X',SQ`;v^[Wl&' \"ij[XUV�($ !X'Z)V'*it[XUV�($�ab�4S4_&)V'�&!Il'
)V'*\eYW$&UV$&%y\()+%"�(YWU [Wl&a [Wl\][ UV! S4',!XiZYXUV` ',S $&'�(o[bUV$"[WYX�4S4_ it'*! �@'*U+%"lo[X'*S�)+UV$��4! �5"!% � "5"!$ �5" �<� 	+:;49.5' ��l&Ufi l�'Z$\(`&)V' [Xl'*!X'
�&�")+)V�
� `7'Zl \��oUV�(Y !@[X�b`7'r\(ij[WU��]\e[X'*Sd'��('Z$dUV$^[Wl&'r\e` !9'*$it'��eg{S4UVYX',ij[�ab�e[WU��]\][WU+�"$��

��� � � 	 � � � ����� � ������	 
 � ���� �� 	� 	 � � 	 	�� � 	 ������� � �� 
#�!�S4'*!WitYWUV` ',S�\e`7�
�(' &[Xl&' \(ij[WU��]\e[XUV�($!��(g~[Xl&' ` '*l\��;U+�"YW!�\(YX'mYW'Z%"_&)V\e[X',S^�"$&)Vv^`;v^[Xl&'r%o\][WU+$&%^it�($$&'*it[XUV�($!IgqYW�(a:[Xl'
ab�e[WU��]\][WU+�"$!�� !Il'*!X' it�"$&$&'*it[XUV�($!�\eYW'mU+$&$ \][X' \e$S�S4� $&�e[�i l \e$&%"'m�
�('ZYI[Wl&'r)VU gq'Z[XUVab' �eg~[Wl&' \(%('Z$o[ ��!k� 'Z$ \e`&)V'm[Xl'
\e%"'Z$o[ [X�QUV$it�"YXc7�(Y \][W' \($ov it�(YWYW'Z)f\][XUV�($ !�cYX',!9'*$"[mUV$ U+[W!r'Z$��;U+YW�($&ab'*$"[mUV$o[X�QU [ !m`7'Zl\��;UV�(Y !� ��p'ZUV%(lo[X',S !X'*iZ�($S����"YWS4'*Y

2�2



a
1

a
2

a
3

B 1

B 2

B 3

T
o 

M
ot

or
s

SE
N

SO
R

S

Weighted Links

m1m
2

Motivations

�MU+%"_&YW' 2 � +&H 0/'ZUV%(lo[X',S^!X'*iZ�($S����"YWS4'*Y�)VU+$ �;! �hU+$ S4UVi*\][W'*S^`ov iZ_&Y �('*S^\eYWYX�
��!5�~`7't[��p'Z'*$ [XlYX'*'�`7'Zl \��oUV�(Y !� � �  ���� &\($S� � �
)VU+$��4!I\eYW'�U+$o[XYW�4S4_iZ'*S `7't[��p'Z'*$^'��('*YXvbc\(U+YI�egk` '*l\��;U+�"YW!@',(&it'*c4[I[Xl&'m#&�(�(UfS `7'Zl \��oUV�(Y !���!Il&Uf!I\e)V)+�
��!@[Wl&'m\(ij[WU��]\e[XUV�($
�eg~�($'�`7'Zl \��oUV�(Yp[W� YW'Z%"_&)f\][X'�[Wl&'r\(it[XU$� \e[XUV�($!I�(gk�([Xl&'*Y�` '*l\��;U+�"YW!� ;U+$�\(SS4U [WU+�"$d[X� [Xl&'mab�([XU$� \e[XUV�($!��

��'Z[ �����r`7' [Xl&' �p'ZUV%(lo[��($d[Wl&'r!9',it�"$S����(Y S4'ZYI)VU+$�� gqYX�"aP`7'Zl\��;UV�(Y ����[W� � ��� /p'Zl \��oUV�(Y � �~aw\ v `7'm',(&itU+[X',S^`;v
ab�e[WU��]\][WU+�"$ 
 � � ! � �������� \e)f!9�)��z;UV$it' [Xl&'*YX' \eYW'm$&� UV$&l&UV`&U+[X�(YWvda �([XU$�]\][XUV�($ !�[W� \e$y#�c&c&YW�"\"i ld�"Y"��()V)+�
� `7'Zl\��;UV�(Y � �� 
[Xl'�[X�([W\e)4%o\][WU+$&% � � � \e$ S \"ij[WU��]\][WU+�"$ � � � i*\e$ ` '�$�
� YW'*S4'�2$&',S \"! �qYW'Zab�
�;U+$%�UV$&l&UV`&U+[X�"YXv a �([XU$�]\][XUV�($ !
\e$Sb\"S&S4UV$&%
!X'*it�"$S����(Y S4'ZYp)VU+$��4!IgqYW�(aP�e[Xl'ZY�`7'Zl\��;UV�(Y !�� H

� � � � ��� � � ��� � � � �hab\�(� � ����� � ��� � 	�
 � � ! � �������� � 	  � � � 2 � �,� �

��� � � ��� � � � ��� 	  � � � � 	 � � 
� 	 ��
  � 2 � �)+ �

� � � � � � � � � � � � 2 � � 2 �
��l&'*YX'� � Uf!d!9�"a 'y[Xl&YW'*!Xl&�")VS�� !Il&'/ab\�(4U+a _&a \(ij[WU��]\e[XUV�($ �"$?[Xl&' !X'*it�"$S����(Y S4'ZY )+UV$��4! gqYW�(a �([Xl&'*Y^`7'Zl\��;UV�(Y !
� � \e$S?[Xl&'/',(&itU+[W\e[X�"YXvCab�e[WU��]\][WU+�"$ 
 � � ! � ������ � Uf! _ !9',S?[X� %"\e[X' [Wl&' !9'*$!9�"YXvC\(it[XU$�]\][XUV�($ � ��� �q',\eYW)+UV'ZY  ��($&)VvC[Xl'
',(&iZU [ \][X�"YXvQab�e[WU��]\e[XUV�($yiZ�(_&)fS %o\][X' [Xl&'w!X'Z$!X�(YWvQ\(ij[WU��]\e[XUV�($ �,���kUV%(_YX' 2 � + !Xl&�
��!�[Wl&'w!9',it�"$S����(Y S4'ZY�)VUV$��4!�`7't[��p'Z'*$
[XlYX'*'�`7'Zl \��oUV�(Y !��

!Il&'1�@'*U+%"l"[ !�\(YX'�)V'*\(YX$'*Sb[W� 'Z$ \e`&)V'�[Wl&'�\(%('Z$o[
[W� i l \e$&%"'�U [ !�`7'Zl \��oUV�(Y�[X� [W\��"'�\(S�� \($o[W\e%"'��eg�`7�e[Wl^!Xc\][WUV\() \($S
[X'*abc �"YW\() c&YX��(4UVabU [Lv �(gMS4Uf!WiZ!IUV$^[Wl&'m'Z$��;UVYX�"$&ab'Z$o[��

� �����
	 G���EM2&8LE{K |y3&. ��89A�8�2
	

��g [��@� gq',\][W_&YX',!{�4iZiZ_&Y
[W�(%('Z[Xl&'*Y{U+$b[Wl&'�'*$��oUVYW�($&ab'Z$o[  ][Xl&'*$ ab�
�;U+$&%�[W�
�p\(YWS&!~�"$&'��(g [Wl&'�gq',\][X_YX',!%��U+)V)&[ \��"'�U [
[W�m[Xl'
�e[Wl&'ZY�gq'*\e[X_&YW' \"!'�p'Z)V) � ��(Y�',(&\eabc&)V' gq�;�;SyS4UV!WiZ!�aw\ vd\()��I\ v4!�` ' c&YW'*!X'Z$o[�\e)V�($%"��U [Wl `&YWUVi��4!���z;�  7U+g{[Xl&' \e%('*$o[�UV!
l;_&$&%"YXv U+[�!Xl&�(_)VSQ!X'Z)V'*ij[�#�c&c&YW�"\"i l�� # '*S^` '*l\��;U+�"Y�'��"'Z$d[Xl&�"_&%(lQU+[�abU+%"lo[�$&�e[�UV$&U+[XUf\e)V)+vdc '*YWiZ'ZU$�(' %(YW'Z'*$�S4UV!WiZ!�$&'*\(Y
U+[��

!Il&' \(%('*$"[ S4UV!Wit�
�"'ZY !r!Xc\][WUV\()+)Vv cYX��(4UVab\(){gq'*\e[X_&YW'*! �eg�[Wl&' '*$ �;UVYX�"$&ab'Z$o[ ��l&'*$ [Xl'^it�"YXYW'*!Xc7�($S4UV$&%�`7'Zl\��;UV�(Y !
\eYW'�!XUVa _&)+[W\($&'Z�"_!9)Vvw\(it[XU$�('�%!Il;_!@U gM�($&'��eg�[Wl&' ` '*l\��;U+�"YW!�UV!p'�(4iZU [W'*S � [XlYX�"_&%(ld!9�"a '�ab�e[XU$�]\][WU+�"$ �  o[Xl'Z$dU [�!9l�(_&)fS
!Xc&YX',\(SQU+[W! \(it[XU$�]\][XUV�($ [X� [Wl&' �e[Xl'ZY�` '*l\��;U+�"Y�[X�;�)� !IlUV!�iZ\($ ` 'b\(i*it�"a c)+Uf!9l'*S�`;vQU+$ itYW'*\(!XUV$&%w[Xl' �p'ZUV%(lo[��"$�[Xl'

2 �



!X'*it�"$Sw�"YWS4'*Y
)VU+$��w`7't[��p'Z'*$w[Xl'�[��p� `7'Zl\��;UV�(Y !{_!XU+$&% \�J�'Z`&`&Uf\e$ )+',\eYW$&U+$%rYX_)+'.�~� 't[ � �M\e$S � ��`7'�[��p� `7'Zl\��;UV�(Y !
\e$ S [Wl&' �p'ZUV%(lo[w�eg�[Xl&'y!X'*iZ�($S����"YWS4'*Y )VUV$���gqYW�(a � �Q[X� � �m\][w[WU+ab'	� [Xl\e[ YX'*c&YW'*!X'Z$o[W! [Xl'y!9c \][XUf\e)�iZ�(YWYX'*)V\e[XUV�($
`7't[��p'Z'Z$ ��\($S � ` ' � ��� � ���=� � � � � �� �  ;[Wl&' �p'ZUV%(lo[I[Xl\e[�iZ�(YWYX',!9c7�($ S&!@[X� [X'*a c7�(Y \e)�iZ�(YWYX'*)V\e[XUV�($!@Uf!IU+$o[XYW�4S4_iZ'*S^)V\e[X'ZY-� �
��'Z[r[Xl' !9'*$!X�(YWv ',(&itU+[W\e[XUV�($!r�egp[Xl&' `7'Zl \��oUV�(Y ! `7' � ��� \e$S � � �   �� `7' !X�(ab'b[Xl&YW'*!Xl&�")VS \e$ S��  � [Xl' )+',\eYW$&UV$&%
Y \][X'.�%!Il&'Z$d[Xl'r!9c\e[XUf\e) c&YW��(4U+abU+[Lvw)+',\eYW$&UV$&%bYX_&)V' UV!�\(!I%(U$�('*$ UV$ 2%(_&YW' 2 � 2 �

z;c\][WUV\() c&YW��(;UVabU [Lvw)V'*\(YX$U+$&%bYW_&)V' H
�IH U g�� � ��� �  �� �I\e$S ��� � � �  �� �@[Wl&'Z$
�2H � ����� � � � � � � � ����� � �=� � � �� � ��! �  �� � � �=�=�
+<H U g��3��� � � �   � �I\($S ��� ��� 
  �� �=�p�"Y�3��� � � 
   � �I\($S ��� ��� �  �� �=�@[Wl&'Z$2&H � ����� � � � � � � � ����� � �=� � � �� � � ! �  �� � � �=�=�

�kUV%(_YX' 2 � 2&H z;c \][XUf\e) cYX��(4UVa U+[Lvw)V'*\eYW$&UV$&%bYX_)+'.�

� ������� � D A �m.
3E~K ��3&. ��8XAB8L2 	

��g@\w%"�"\() Uf!�YW'*\"i l&'*SQ`;vQ',(4'*iZ_4[XUV$&%d\ !X'*no_&'Z$ it' �(g
` '*l\��;U+�"YW!� &[Wl&'Z$y[Xl&' \e%"'Z$o[�!Xl&�(_)VS�'*$\e`)+' \e)V)�[Xl'*!X' `7'Zl\��;UV�(Y !
U+gIU+[ �I\e$o[ !�[X�y\e[9[W\(U+$ [Wl&' %"�"\e) � ��(Yr'�(&\eabc&)V' k[Xl&' \(%('*$"[raw\ v l\��(' !9[X_&a `&)V'*S _&c7�($ gq�;�4S `;v gq�()V)V�
��U+$&% \�[XY \eUV)
�eg
YW'*S�S&UV!WiZ!��1!Il&'*YX'Zgq�(YW' [X�^!W\][WUV!9gqvQl;_&$&%('*Y� [Xl&' \e%"'Z$o[�!Xl&�(_)VSQ'*$\e`&)V'r[Wl&' ��()V)+�
� � # ',SQ` '*l\��;U+�"Y�\e)V�($% ��U [Wl [Xl'
#�cc&YX�o\(i l�� ��YW'Z'Z$^` '*l\��;U+�"Y��
��$Q[Xl' iZ\"!9'm�(g{[X'*a c7�(Y \e)V)Vv c&YW��(4U+aw\e)�gq'*\][W_&YW'*!� [Wl&' it�"YXYW'*!Xc7�($S4UV$&%w`7'Zl\��;UV�(Y !�\eYW'm$&�([�!9UVa _) [ \e$&'*�(_!X)+vQ\(it[XU$�('.�

��$!9[X',\(S� M[Xl'Zv \eYW' \(it[XU$�(' �"$&'^\eg [X'*Yr[Xl' �e[Wl&'ZY � J�'Z$iZ' ~[Xl'�J�'*`&`&Uf\e$�)V'*\(YX$U+$&%yYX_&)V'*! \eYW' S4U�#7'*YX'*$o[ gq�(Y )+',\eYW$&UV$&%
[X'*abc �"YW\() c&YW��(4U+abU+[Lv^\e$ S�\ S4U�#7'*YX'*$"[1�@'*U+%"l"[  � � � �� �  7�($Q[Xl' !9',it�"$SQ�(Y S4'ZY�)+UV$��d` 'Z[��@'*'Z$�`7'Zl\��;UV�(Y ! � �@\e$S����rUV!
_!X'*S ��l&'*$�)V'*\eYW$&UV$&%Q[X'*abc �"YW\()@it�"YXYW'Z)f\][WU+�"$!���� � � �� � !Xl&�(_&)fS `7' UV$itYW'*\"!9',S �"$&)Vv ��l&'*$�`7'Zl\��;UV�(Y � � UV! ',(&itU+[X',S��
[XUVab' !9[X'Zc !�\]g [W'ZY�`7'Zl\��;UV�(Y � � ��!Il;_!� &[Xl&' !X'Z$ !9�"YXvw'�(4iZU [ \][WU+�"$d�(gM`7'Zl \��oUV�(Y � � Uf! �I"!@B� �I" � `7'tgq�(YW'm`7'ZUV$&% it�"a c \eYW'*S
��U+[Xld[Xl&'r!X'Z$ !9�"YXvw'�(4iZU [ \][WU+�"$^�(gM`7'Zl\��;UV�(Y � � � !Il&' [X'*a c7�(Y \e) cYX��(4UVa U+[Lvw)V'*\eYW$&UV$&%bYX_)+' Uf!I%(U$�('Z$dUV$ 2 %(_&YW' 2 � ���

! '*a c7�(Y \e) c&YW��(4U+abU+[Lv )V'*\eYW$&UV$&% YX_&)V' H
�IH U g�� � � � ��� ! �&� �  � � � �I\e$S ��� � � � �=� 
  � � � �I\e$S � � ��� � �=���  � � � �@[Xl'Z$
�2H � � � ���� ��� � � � � � � � �� � � �=� � � � � � � ��! � � � ���� ���=�=�
+<H U g�� � � � ��� ! �&� �  � � � �I\e$S ��� � � � �=� 
  � � � �I\e$S � � ��� 
  � � � �@[Xl'Z$2&H � � � ���� ��� � � � � � � � �� � � �=� � � � � � � � ! � � � ���� ���=�=�

�MUV%(_&YW' 2 � � H ! '*abc �"YW\() c&YX��(4UVabU [Lv )V'*\(YX$U+$&% YW_&)+'.�
!Il&'�it�($ S4U [WU+�"$ � � � ��� ! �&���  � � � \e$S � � � � �=�-
  � � � �h)+UV$&'*! � \e$S + UV$"2%"_&YX' 2 � �I��UV!�[XYW_&' ��l&'Z$ [Xl&' !9'*$!X�(YWv

',(&iZU [ \][XUV�($ �(g�` '*l\��;U+�"Y � ��UV! S4'*iZYX',\(!XU+$% �h\(it[XU$�]\][XUV�($ �(g � �&�p\"!r\e`7�
�('b[Wl&YW'*!Xl&�()fS \][r[WU+ab' � ! �� {`&_4[ Uf!r`7'Z)V�
�
[XlYX',!9l&�")VS \][�[XUVab'��=�,����gp!X'Z$ !9�"YXvd',(&itU+[W\e[XUV�($ �eg�`7'Zl\��;UV�(Y � � UV!m\()V!X�^\"ij[XU$�(' \][�[XUVab'�� �q)VU+$&' � �  [Xl'Z$ [Xl&' �p'ZUV%(lo[
� � � ���� Uf!IUV$itYW'*\"!9',S� 4'Z)f!9'mS4',itYW'*\"!9',S �q)VUV$&' 2 �,��� � � � Uf!I[Wl&'m)+',\eYW$&UV$&% Y \][W'�
�MU+%"_&YW' 2 � "m!Xl&�
��!~[Wl&'�!X'Z$!X�(YWvr'�(4iZU [ \][WU+�"$!~�eg `7'Zl\��;UV�(Y ! � � \($S � � ��U+[Xlb[WU+ab'�\($S [Xl&'�c7'ZYWUV�;S ��l'Z$b[X'*abc �"YW\()

)V'*\eYW$&UV$&%Q�4iZit_YW!��"!Il&' 2%(_YX' \()V!X�d!Xl&�
��! l&�
� )+',\eYW$&UV$&%QYW\e[X'bUV! \
# '*ij[W'*S/`;v [Wl&' i l&�(Ufit'b�(g���� #�)f\eYW%('*Y � \()+_'w�eg
� \e)V)V�
��!Igq�(Y�\w)+�"$&%('*Y�)V'*\eYW$&UV$&%wc7'ZYWU+�4S�`&_&[�[Xl'ZYW'rUV!�\e)f!9�^\wc '*YXUV�4S ��l&'Z$ [Xl&' �p'ZUV%(lo[ !�\eYW'm'ZYWYW�($&'*�(_!X)+v^S4'*iZYX',\(!X'*S
��� � �riZ�(abc\eYW'*Sw[X�	� � � �,�%!Ilo_ !� 4\(!�[Xl'�UV$o[X'*Y-�]\e)7`7't[��p'Z'Z$ [Xl&' '*$S �(g�[Xl&'12Y !L[I`7'Zl\��;UV�(YI\e$S [Xl&'�` '*%(UV$&$&UV$&% �eg
[Xl' !X'*iZ�($S^UV$itYW'*\"!9',!� ;!9�w!Xl&�(_)VS [Xl&' �]\e)V_&' �eg
��� !Il&Uf!�\e)f!9� ab'*\e$ !p[Xl\e[I)V'*\(YX$U+$&% `7'*it�"ab'*!�!X)+�
�p'ZYI\(!@[Xl'mU+$o[X'*Y-�]\()

2 "



τ=5
τ=20

t

Unlearning LearningB

B

τ=1

i

j

�MU+%"_&YW' 2 � " H ! '*abc �"YW\() )+',\eYW$&U+$% ��U+[Xl � � � 	 � 	 �e� �%!Il&'m`\eY�!Xl&�
��!@[Xl'mc '*YXUV�4S ��l'Z$Q)+',\eYW$&UV$&%b�(Y�_&$&)V'*\(YX$U+$&%biZ\($
�4iZiZ_&Y���� ��� � � ! �&� �  � � � \e$S � ��� ���=��
  � � � � ��!Il&' 2)V)V'*Sdc �"Y9[WU+�"$�!9l&�
��!I)V'*\(YX$U+$&%	� � � � ���=� �  � � � �  ��lU+)V'm[Xl'
_&$�2 )+)V'*Sdc7�(YX[XUV�($Q!9l&�
��!I_$&)+',\eYW$&UV$&% � � � � ���=�-
  � � � �,�
`7't[��p'Z'Z$ [Xl'b[��@�d` '*l\��;U+�"YW!�UV$itYW'*\"!9',! �q`7'*iZ\(_!X' �(g�[Wl&'w'ZYWYX�"$&'Z�"_!�S4'*iZYX',\(!X' UV$ �p'ZUV%(lo[ ! U+$��(�")��"'*S ��U+[Xl )f\eYW%('	�&� �
J��
�p'��"'ZY  o\($ '�(4iZ'*!W!9U$�('*)+vb)f\eYW%('1� \()+_'��(g � ��U+)V) )+',\(S [X� )V\(YX%"'�c7'ZYWU+�4S&!p�egM'ZYWYX�"$&'Z�"_!�S&'*itYW'*\"!9'�UV$��p'ZUV%(lo[W!I\(!I!Xl&�
��$
UV$^[Wl&' 2%"_&YX'�gq�"Y � � �e� �

!Il&'b!9c \][XUf\e)~)V'*\(YX$&UV$&%dYX_)+' UV!�$&�([r\^!Xc ',itUf\e){iZ\"!9' �eg@[Xl&' [W'Zabc �"YW\()~)+',\eYW$&U+$% YW_&)+' gq�(Y � � � � !Il&Uf! UV!�`7'*iZ\(_!X'
gq�(YI[W'Zabc7�(Y \e) it�"YXYW'Z)f\][WU+�"$� ;)+',\eYW$&U+$% �4iZiZ_&Y !@�"$&)Vv S4_&YWU+$% [Wl&'m!9l�(YX[Ic7'ZYWUV�;S ��l&'*$ [Wl&'r\(it[XU$� \e[XUV�($^�egk`7'Zl \��oUV�(Y � � UV!
S4',itYW'*\(!XUV$&% � �&�"Y�!9c\e[XUf\e) it�"YXYW'Z)f\][WU+�"$� o)+',\eYW$&U+$% �"Y�_&$&)V'*\eYW$&UV$&% �;i*it_&Y !���l&'Z$^[Xl'r\(ij[WU��]\e[XUV�($!p�eg~\][�)V'*\(!9[��($&' �(g [Xl'
`7'Zl\��;UV�(Y ! � � \e$ S � � \(YX' \e`7�
�('�[Wl&'�[Xl&YW'*!Xl&�()fS�� ���"YX'*�
�('*Y� "[Xl&'r!Xc\e[XUf\e) )+',\eYW$&UV$&%bYX_&)V' UV!�!Xv;aba 'Z[XYWUVi `7'*i*\e_!X' � �����
\e$ S�� ��� � UV$iZYX',\(!X' �"Y S4',itYW'*\(!X'w\][m[Wl&' !W\eab' [XUVa '.� ��$ [Wl&' i*\(!X' �(g@[W'Zabc7�(Y \e)
)V'*\(YX$&UV$&%) � � � ���� UV!mUV$S4'*c '*$S4'*$"[ �eg
� � � �� � �'�&�(Y�[Xl&',!9'�YX',\(!X�($!� e[Wl&'�\(%('*$"[@ab\(U+$o[ \eUV$!
`7�e[Wlw[Xl&'1�@'*U+%"lo[W! � ��� � \e$S�� � � �� � !X'Zc\(YW\e[X'*)+v �($w[Wl&'�)VU+$ � `7't[��p'Z'*$
`7'Zl\��;UV�(Y ! � �
\($S ���� !k�wiZ\e)fit_)V\e[X'�[Xl&'r\"ij[WU��]\][WU+�"$^�"$d[Xl&'m)VU+$ �  &[Xl&' �p'ZUV%(lo[�_!X'*SdUV!�[Xl&'maw\
(4UVa _&aP�egM[Xl&',!9' [��p�
it�"abc �"$&'Z$o[W! H

� ��� � aw\
( � � ����� 	 � � � ���� � � 2 � � � �
!Il&' aw\
(4U+a _&a Uf!�_ !9',S `7'*iZ\(_!X' `7'Zl\��;UV�(Y � � i*\e$ 'ZU+[Xl&'*Y�`7'w!9c\e[XUf\e)V)+vQ�"Y�[W'Zabc �"YW\()+)Vv it�"YXYW'Z)f\][W'*S ��U+[Xl ` '*l\��;U+�"Y
� � �
����� � � � 	�� ��� 	��
� � � ��� � 	�� � � ����� � ��
 	  

!Il&Uf!I!9',ij[XUV�($dS4'*!WitYWUV` ',!@'�(4c '*YXUVab'Z$o[W!@[Xl \][�!9l&�
� l&�
�C[Xl&'m\(%('Z$o[IiZ\e$^_!X'�[Wl&'m!9c\e[XUf\e) \e$ Sw[X'*abc �"YW\() )V'*\(YX$&UV$&% YX_)+',!
[X�d\(S&\(c4[�[W� YW'Z%(_)V\(YXU+[XUV'*!�UV$ U+[W!�'Z$��;U+YW�($a '*$o[��'!Il&',!9'r'�(4c '*YXUVab'Z$o[W!�\e)f!9� !Xl&�
� )V'*\eYW$&UV$&% iZ�(YWYX'*)V\e[XUV�($!IUVabc&YX�
�"'m[Xl'
\e`U+)VU [Lv^�eg~[Xl' \e%"'Z$o[�[X� !W\][WUV!9gqv^U+[W!�lo_$&%('*Y�\e$Sd[Wl&UVYW!9[�ab�e[XU$�]\][WU+�"$!�� !Il&'r_ !9'Zgq_&)+$'*!W!�UV!�ab'*\(!X_&YW'*Sd`;v [Wl&' \��('*YW\(%('
$;_&a `7'ZY��eg7[XUVa '���!9[X'*c!
S4_YXUV$&% ��l&Ufi l [Xl&'�\(%('*$"[%�I\(!~l;_&$&%"YXv �(Y~[XlU+Y !L[Lv \]g [W'ZY
)V'*\(YX$&UV$&%mit�"abc\eYW'*S [X� [Wl&'�iZ\"!9' ��l&'*$
[Xl'r!9'*$!9�"YIYW\($&%('�UV!�U+$�2 $&U [W' �q�"c4[XUVaw\e) !XU [W_\][WU+�"$ �I\e$ S [W�wYW\($S4�(a>'�(4c&)+�"YW\e[XUV�($��

!Il&' �p�(YW)VSdUf!�YW'*!9[XYWUVit[X'*S^[W� �*�"� � �,�(� _&$&U+[W!�� !Il&'r\e%"'Z$o[�UV!�c&YX�
�;UfS4'*S ��U+[Xl " � S4UV!9[W\($it'r!X'Z$ !9�"YW!I�(g~',\(i lQit�")+�"Y
[Xl \][�\eYW'I!9c\"it',S '��('Z$)+vr\()+)&\(YX�"_&$SrU+[G�q',\(i lb!9'*$!X�(Y~UV!{!X'Z$ !9U+[XU$�('I�
�('*YM\ !X'*it[X�(Y~�(g \($&%()V' " S4'*%(YW'Z',!��,�k#CY \e$S4�"aT'ZYWYX�"Y
�eg�� ��� UV! \(SS4'*SQ[W� [Wl&'b!9'*$!9�"Y�\"ij[XU$�]\][WU+�"$!�� !Il&' YW\($&%('r�(g
[Xl' %"YX'*'Z$ \e$ S `&)V_&'b!9'*$!9�"YW!�\eYW' �w_$&U [ ! ��l&U+)V' [Xl\e[
�eg{[Wl&' YX',S !9'*$!X�(Y !�UV! �*� _&$&U+[W!�� !Il'r[XlYX',!9l&�")VS!�\(YX'  �� �  � � � � �  "�  � � �  "  )V'*\(YX$U+$&% YW\e[X'*! � �� � �  �(� �� 
� � � � � �  � � \($S [Xl'yS4'Z)f\ v�[WU+ab'ygq�(Yw[W'Zabc �"YW\()�)V'*\(YX$&UV$&%) � � ��� ��$&U+[XUf\e)V)Vv ��($)+v [Xl&' �@'*U+%"l"[ !bgqYW�(a lo_$&%('*Y
ab�e[WU��]\][WU+�"$ [X�/#�c&cYX�o\(i l�� ��YX'*'Z$ \e$ S/gqYX�"a [Wl&UVYW!9[ ab�e[WU��]\e[XUV�($ [W�y#�c&cYX�o\(i l�� /p)+_&'^\eYW' \e`7�
�('b[Wl&YX',!9l�()fS�\e$S \()+)
�e[Wl&'ZY �p'ZUV%(lo[ !�\eYW'�!X't[�[W� �*'ZYW� �
��g&!9�"ab'~gq'*\][W_&YW'
�eg;[Xl'
'Z$��;U+YW�($a '*$o[ � gq�(Yk',(&\eabc&)V' \�%"YX'*'Z$mS4Uf!Xi � UV!k\e)$�p\ v4! c&YW'*!X'Z$o[ \e[�[Xl&'�'Z$S �(g4\�[XY \eUV)e�eg&S4Uf!Xi*!� 

[Xl'Z$Q[Xl'm[X'*a c7�(Y \e) )+',\eYW$&U+$%wYX_&)V'riZ\($�\(!W!9�4itUf\][W' [Xl&' it�(YWYW'*!Xc �"$S4UV$&% ��()V)+�
� `7'Zl\��;UV�(YI[X� [Xl\e[�gq'*\e[X_&YW'm�($&)VvdU g~[Xl'
\e%"'Z$o[
gq�")+)V�
��!~[Xl'�[XY \eUV)&[W�m[Xl'�'Z$ S	�q_&$o[WU+) [Xl&'�gq'*\][W_&YW'�Uf!
YW'*\(i l'*S&�,�Ms�_&YWU+$&% YW\($S4�(aB',(4c&)V�(Y \][WU+�"$� (\ [WYW\(U+))��U+)V)7�eg [X'*$
$&�([k`7'�gq�")+)V�
�@',S�[X��U [ ! '*$S \($S [Wlo_ !�[Wl&'�[W'Zabc7�(Y \e)o)+',\eYW$&U+$%�YX_)+'+��U+)V)��I"50F.�"��6'!"�[Wl&'��@'*U+%"l"[ ! [W��[Xl' ��()V)+�
� `7'Zl\��;UV�(Y �
!k�/)V'*\(YX$C!X_i l iZ�(YWYX'*)V\e[XUV�($! [Wl\][ YW'*no_&UVYX'Q\ `7'Zl\��;UV�(Y [X� `7'y!9_ !L[ \eUV$&'*S �
�('*Yb\/c7'ZYWU+�4S �eg�[XUVab' �\e$ �(ab$&Uf!XiZU+'*$o[
�9c \eYW'Z$o[�� Uf!^_!9',S?[W� %(_UVS4' [Xl' )V'*\(YX$&UV$&% \(%('*$"[^[X� [Xl&'/$&'*\(YX',!L[d%(YW'Z'*$?�(Yd`&)+_'/S4Uf!Wi ��l&'*$ l;_&$&%"YXvC�(Y [Xl&UVY !L[Lv
YW'*!Xc ',ij[XU$�('*)+v.� !Il&' �9c\(YX'*$o[���S4�;'*! $&�([ c&l;v4!9UfiZ\()+)Vv/',(4UV!9[ UV$ [Wl&'^'*$��oUVYW�($&ab'Z$o[ �y��',\eYW$&U+$%�[X'*a c7�(Y \e)pit�"YXYW'Z)f\][WU+�"$!

2 %



YW'*no_&UVYX'@[Xl\e[k[Wl&'�YWU+%"l"[~!9',no_&'Z$iZ'I�eg`7'Zl\��;UV�(Y ! `7'Ic '*Y9gq�"YXab',SrYW'Zc7'*\][W'*S4)Vv \($Sr�"a $UV!WitUV'Z$iZ'+��l'Z$ lo_$&%(YWvm�(Yk[Xl&UVY !L[Lv
Uf!~_!9',S [X� YX',S4_iZ'@[Wl&'I[XUVab'�!9c7'Z$o[
Y \e$S&�(ab)+vmab�
�;UV$&%�UV$ [Xl&'�'*$��oUVYW�($&ab'Z$o[ �����([X'I[Wl\][{Y \e$S4�"a ',(4c&)V�(Y \][WU+�"$! � ��l&'*$
[Xl' \(%('Z$o[�Uf!�$&�e[�l;_&$&%(YWvQ�(Y�[Xl&UVYW!9[Lv<��!9[XUV)V)~i*\e_!X'm[Wl&' )V'*\(YX$U+$&%d\e%"'Z$o[�[X�^gq�()V)V�
� [WYW\(U+)f!�U+$iZ�(abc&)V't[W'Z)Vv \e$SQ[Wl\][�[Xl'
c\e[Xl�gq�")+)V�
�@',SQ`;v^[Wl&' �9c\(YX'*$"[5�wS4�;'*!�$&�e[�$&'*iZ'*!W!X\(YXUV)Vv gq�()V)V�
� \b[XY \eUV)��p[Xl' \e%"'Z$o[�ab�
�"'*!�\()+�"$&% \ !9[XY \eUV%(lo[�)VUV$&'r[W�
[Xl'biZ)+�o!9',!L[ gq�;�4Sy�"Y �p\e[X'ZYmS4Uf!Wi�� !Il&'b_!9' �egI\ �9c\(YX'*$"[5� �L_!9[rUV$itYW'*\"!9',!�[Wl&'wi l\e$iZ'*!�[Xl \][m[Xl'biZ�(YWYX',ij[�` '*l\��;U+�"Y
� gq�")+)V�
��UV$&%w\ [WYW\(U+) [W�wU [ !I'Z$S ����U+)V)�`7'm',(4l&UV`&U [W'*S��
� � � �
	 G���EM2&8LE{K |y3&. ��89A�8�2
	

!k�y[W'*!9[ [Wl&'Q!9c\e[XUf\e)Ic&YW��(4U+abU+[Lv/)V'*\(YX$U+$&% YX_)+'. {[Xl&'�\(%('Z$o[ �p\"! c)V\"it'*S U+$ \e$ 'Z$��;U+YW�($&ab'*$"[bUV$ ��l&Ufi l \ YX',S S4Uf!Wi
�I\(!m\e)$�I\ v;! cYX',!9'*$"[ iZ)+�o!9' [W�y\Q%(YW'Z'*$/S4Uf!Wi	� 2%"_&YW' 2 �3%9� � !Il&' c7�"!XU [WU+�"$!m�egp[Xl' � �(� %(YW'Z'Z$ \($S �e� YX',S&�mS4Uf!WiZ!mUV$
[Xl' �@�"YX)fS �@'*YX'r!X't[�YW\($S4�"a )Vv� !Il&'rUV$o[X'*YX$\() gq�;�4Sd[Xl&YW'*!Xl&�()fS&!�\eYW'r!9'Z[�!9_ i l^[Wl\][�[Xl&' \e%('*$o[+* !�l;_&$&%('*Y�ab�e[WU��]\][WU+�"$
`7'*it�"ab'*!�\(ij[WU��"' '��('ZYWv + � � !L[W'Zc! � ��� � �  �  ��� � �  %� � � � !��  �"�"�  � � � �  � �I��\e$S \][�[Wl&Uf!�[WU+ab' U [�UV!�)V'*S�`;v
U+[W! �9c\(YX'*$o[�� [W�r[Xl'�$&',\eYW'*!9[@%"YX'*'Z$ S4Uf!Wi�_&$o[XUV)7[Xl&' \e%"'Z$o[+* !@�
��$ #�c&cYX�o\(i l�� ��YX'*'Z$b`7'Zl\��;UV�(Yp` ',it�(ab',!@\"ij[XU$�(' �q%"YX'*'Z$
S4Uf!Xi^UV$ !X'Z$!X�(Y Y \e$&%"' � �/!Il&'d!Xc\e[XUf\e)Ic&YW��(;UVabU [Lv )V'*\(YX$&UV$&%/YX_)+'dUV!b\(c&c&)VU+',S [X� '��('ZYWv c\eUVYb�eg�`7'Zl \��oUV�(Y ! \][b'��('*YXv
[XUVab',��!L[W'Zc�� �MUV%(_&YW' 2 � 4 !Xl&�
��! [Wl&' UV$iZYX',\(!X'wU+$ �  ������ � � �
�"'ZY 4"�(�(� [WU+ab',��!9[X'Zc ! �h\��"'ZY \e%"'*S �
�('ZY � � [XYWUf\e)f!��,� !Il&UV!
!Xc\][WUV\()�it�"YXYW'Z)f\][WU+�"$y`7't[��p'Z'Z$ YW'*S \e$ S %"YX'*'Z$ S4Uf!Xi*!riZ\($ \()V!X��`7'w)+',\eYW$&'*S [XlYX�"_&%(l/YW\($S4�"a ',(4c&)V�(Y \][WU+�"$ � ��U [Wl&�(_4[
[Xl' $&'*'*S gq�"Y \ �Xc\eYW'Z$o[5� � \e$ S [Xl&'^U+$ itYW'*\(!X' UV$ �p'ZUV%(lo[ �eg � ������� � � UV$ [Wl&UV! )V'*\eYW$&UV$&%y!Wit'*$\eYWU+��Uf! \e)f!9�y!Xl&�
��$ UV$
2%"_&YX' 2 � 4 � !Il'mYW\e[X'��eg~)+',\eYW$&U+$% Uf!�!X)+�
�p'ZY�it�"abc\eYW'*S [X�b[Xl'riZ\(!X' ��l&'Z$d[Xl'��9c\(YX'*$"[5� �I\(!IcYX',!9'*$"[ �
� $iZ' � ������� � � l\"!mU+$ itYW'*\(!X'*S `7'Zv(�"$Sy[Xl&'w[Wl&YW'*!Xl&�()fS� [Wl&' \e%"'Z$o[riZ\($ \(c&c&YW�"\"i l \dYX',S S4UV!Wi ��l&'*$/U+[W!rlo_$&%('*Y

ab�e[WU��]\][WU+�"$ `7'*iZ�(ab'*! \"ij[XU$�(' '��"'Z$/U gp$&�Q%(YW'Z'*$yS4Uf!Xi Uf! ��U [Wl&U+$ !X'Z$!X�(Y Y \e$&%"'� !Il&'bc7'ZYXgq�(YWaw\e$iZ' \eg [X'ZY )V'*\(YX$&UV$&%dUV!
it�"abc\eYW'*S [W�r[Xl'�iZ\"!9'&��l&'Z$ \($ �(ab$&Uf!WitUV'Z$o[�c\(YX'*$"[@UV!@c&YW'*!X'Z$o[
[X� )+',\(Sb[Wl&'�\(%('*$"[�[X�rgq�;�4S ��l&'*$ l;_&$&%"YXvM�q�"c4[XUVaw\e) �
\e$ Sr[W�mYW\($S4�(aT'�(4c&)+�"YW\e[XUV�($ � [Xl'�!9U+[X_\e[XUV�($ ` 'Zgq�(YW'�)+',\eYW$&UV$&%#� U+$ 2%"_&YW' 2 � � � !Il&'I%"YW\(c&l !Xl&�
��!k[Xl'�\��('ZY \e%"'
$;_&a `7'ZY
�egp[XUVab',��!L[W'Zc! �(_4[ �eg 4(�(�"� S4_&YWU+$&% ��lUVi l/[Xl' \e%"'Z$o[ �p\"!M�9l;_&$&%"YXv2�^gq�(Yr[Xl&'w[Wl&YW'Z' iZ\"!9',! � [Wl&' \"ij[X_ \e) �]\e)V_&',!r\eYW'
S4'*c '*$S4'Z$o[��($ [Xl&'�'Z$��;UVYX�"$&ab'Z$o[p\($S \(%('Z$o[pc\eY \eab't[W'ZY !@!X_i l \"!I\��('ZY \e%"'�S4Uf!L[ \e$iZ'�`7't[��p'Z'*$^S4Uf!Xi*!� 4!X'Z$!X�(YWv YW\($&%('. 
\e$ Swl&�
�?gqYW'*no_&'*$"[W)+vbl;_&$&%"'ZYpab�e[XU$�]\][WU+�"$ ` ',it�"a ',!@\"ij[WU��"' � [Xl&'�$;_&a `7'ZY !@U+$ [Xl&'�%(Y \ec&l^\eYW'�gq�(YIit�"a c \eYWUV!X�($b[W� ',\(i l
�e[Wl&'ZY-� �

!k� !9l&�
�B[Wl\][ !Xc\e[XUf\e)@iZ�(YWYX'*)V\e[XUV�($!mi*\e$ `7' )V'*\(YX$&',S/'��('*$ ��l&'Z$ [Wl&'^S&UV!9[W\($it' `7't[��p'Z'*$ [Xl&'dit�"YXYW'Z)f\][W'*S/S4UV!WiZ!
�]\eYWU+',! `;vm)f\eYW%('*YM\(a �"_&$o[W!� [Xl&'�!Xc\][WUV\()oiZ�(YWYX'*)V\e[XUV�($rYW_&)V'+�I\(!M\ecc&)+UV'*S UV$ 'Z$��;UVYX�"$&ab'Z$o[W! ��l&'ZYW'@[Xl&'�S4Uf!L[ \e$iZ'@`7't[��p'Z'*$
YW'*SQ\e$Sd%"YX'*'Z$�S4Uf!Xi*! �]\eYWU+',!IYW\($S4�(ab)Vv `7't[��p'Z'Z$ � \($S + _&$&U+[W!L� 2%(_YX' 2 � �,� � �+!Il&' it�"YXYW'*!Xc7�($S4UV$&%bi l\e$%('*!IUV$Q[Xl'
�p'ZUV%(lo[
gqYW�(a>#�c&cYX�o\(i l�� ��YX'*'Z$ [X�r[Xl&'�#�c&c&YW�"\"i l�� # '*Sb`7'Zl\��;UV�(Y
Uf!p!9l&�
��$wUV$ 2%"_&YW' 2 � ��� �~z;UV$iZ'�[Xl'�!X'Z$!X�(YWv Y \e$&%"'
�egp[Xl' %(YW'Z'*$ !X'Z$ !9�"YW! Uf!m�($)+v �d_&$&U+[W!� k[Wl&' Y \][W'w�egIU+$iZYX',\(!X'b�eg �@'*U+%"lo[W!mS4',itYW'*\(!X'*!m\"! [Xl' S4Uf!L[ \e$iZ'w` 'Z[��@'*'Z$ [Xl'
it�"YXYW'Z)f\][W'*SQS4Uf!Xi*!�UV$itYW'*\"!9'.�+0?l'Z$�[Wl&' S4Uf!9[W\e$ it'r`7't[��p'Z'*$�YX',S�\e$SQ%"YX'*'Z$�S4Uf!Xi*!�iZ\($ �]\eYWv^\(!�a _i l \"! + _$&U [ !� [Xl'
�p'ZUV%(lo[ � ������� � � �L_!9[@%(�;',!�\e`7�
�('I[Wl&'�[Wl&YX',!9l�()fS��'�&_&YX[Xl&'*Y�UV$itYW'*\"!9',!{UV$ S4UV!9[W\($it'�` 'Z[��@'*'Z$b[Xl'�it�"YXYW'Z)f\][W'*SbS4Uf!Xi*! ��UV)+)
$&�([�iZ\(_!X' !Xc\][WUV\()kit�"YXYW'Z)f\][WU+�"$!I[W� `7' )V'*\eYW$&',S��"���e[XUfit' \e)f!9� [Xl\e[ !XU+$ it'r[Wl&' S&UV!Wirc\(U+Y !�\(YX' YW\($S4�"a )VvQS4UV!9[XYWUV`&_4[X',S
[Xl'ZYW'b\(YX' UV$!L[ \e$iZ'*! ��l&'*$y[Wl&' \e%"'Z$o[ i*\e$ c '*YWiZ'ZU$�(' a �"YX' [Wl\e$/�($&'bit�"YXYW'Z)f\][W'*S�c \eUVYr\][ [Xl&'w!W\eab' [XUVa '.�	��$ygh\"ij[� 
U+[&�p\"!I�(`!X'ZY �(',S [Wl\][�UV$iZYX',\(!XU+$&% [Wl&' S4'*$!9U+[Lv �(g~iZ�(YWYX'*)V\e[X',S S4Uf!Xirc\eUVYW!�S&UVSQ$&�([�l\��('m\w!XU+%"$&U�2 iZ\($"[�UVabc\(it[��($d[Xl'
)V'*\eYW$&UV$&% �(g
[Xl&' !9c \][XUf\e)~it�"YXYW'Z)f\][WU+�"$!L�hU+$ �e[Xl'ZY �@�"YWS&!� 7U [ UV!�ab�(YW'rUVa c7�(YX[W\($o[�[Xl \][m\ YW'*S S4Uf!WirUf!�c7'ZY it'*U��"'*S�\()+�"$&%
��U+[XlQ'��"'ZYWvw%(YW'Z'Z$QS4Uf!XimiZ�(abc\(YX',Sw[X� ��l&'Z[Xl&'*Y�ab�(YW'�[Xl\($^�"$&'mc\eUVY�Uf!�!9UVa _&)+[W\($&'Z�"_!X)+v"�;Uf!9UV`&)V' �,�
� � � ��� � D A �m.
3E~K | 3&. ��8XAB8L2 	

!k� [W'*!9[�[Wl&' [X'*a c7�(Y \e)~c&YW��(4U+abU+[Lv�)+',\eYW$&UV$&% YW_&)V' [Wl&'w\e%('*$o[ �I\(!�c&)f\(it',SyUV$ \e$y'*$��oUVYW�($&ab'Z$o[ ��l&'ZYW' �9abU+$U3��[XY \eUV)V!��
�q',\(i l iZ�($!XUf!L[WU+$&% �eg �"$&)Vv [��p� !X't[ !��(g�[XY \eUV)7ab\(Y-�"'ZY !��{�eg YW'*S S&UV!WiZ!p)V'*Sw[W� \ `&)V_&'�S&UV!Wi�\"!@!Xl&�
��$ UV$"2%"_&YW' 2 � �,� ��!Il'
S4Uf!L[ \e$iZ'�`7't[��p'Z'*$ [Wl&'�)V\"!L[�YW'*S S&UV!Wi��(gM\ abU+$&U���[XY \eUV) \($S \ `&)V_&'mS4Uf!Xi�UV!p[W�;� )f\eYW%('�gq�(Yp[Xl&'���()V)+�
� � # '*S \e$S �&�()V)V�
� �/p)+_'�` '*l\��;U+�"YW!{[X�m`7'�!XU+a _&) [ \e$&'*�(_!X)Vv \(it[XU$�('.��!Il;_!
[Xl&'�!Xc\e[XUf\e)cYX��(4UVa U+[Lv )V'*\(YX$U+$&%mYW_&)V'�iZ\($&$&�e[@` '�\(c&c&)VU+',Swl&'*YX'.�
J��
�p'��"'ZY  [Xl&' \(c&c&)VUVi*\][WU+�"$y�egp[Xl' [W'Zabc7�(Y \e){)V'*\eYW$&UV$&%QYX_)+'bUV$itYW'*\"!9',!�[Wl&' �p'ZUV%(lo[��(g@[Wl&'b)+UV$�� ` 'Z[��@'*'Z$ [Xl&',!9'b[��p�
`7'Zl\��;UV�(Y !�� !Il'b\(%('*$"[ * !�[Wl&U+Y !9[ ab�([XU$� \e[XUV�($ ` ',it�(ab',!m\(ij[WU��"' '��('*YXv % � !9[X'*c! �  �� � �  �   �� � �  %� � � � !��  � �  
� � � �  � �p\e$Sd\][I[XlUV!p[WU+ab'mU+[IUf!I)V'*Sd`;vwU [ !C�9c\(YX'*$o[��m[W� [Xl&'m$&',\eYW'*!9[p`)+_&'mS4Uf!Wi�_$"[WU+)�[Xl&'m\e%"'Z$o[+* !p�
��$d#�c&c&YW�"\"i l��/p)+_'�`7'Zl \��oUV�(Yp`7'*it�"ab'*!I\(it[XU$�(' �q`&)V_&'rS4Uf!Xi�UV$d!X'Z$!X�(YIY \e$&%"' �,��!Il&' )VU+$ � ` 'Z[��@'*'Z$ �&�()V)V�
� � # ',S \($S^#�c&c&YW�"\"i l�� /p)V_&'
`7'Zl\��;UV�(Y !
iZ\($&$&�e[@` '�)+',\eYW$&'*S [Wl&YX�"_&%(l YW\($S4�(a ',(4c&)V�(Y \][WU+�"$	�h\(!�U+$ [Xl&'�!9c\e[XUf\e) c&YX��(4UVabU [LvbiZ\"!9' �~` ',iZ\(_!9'�S4_&YWU+$&% \
Y \e$S4�"a �p\()�� [Xl'�$;_&a ` '*Y@�(g�[XUVab'*!I\rabUV$&U3��[XY \eUV) UV!@c\(Y9[WUV\()+)Vv gq�()V)+�
�p'*S� ��U+[Xl&�"_4[p)V'*\"S4UV$&%r[W� \ `&)+_'�S4Uf!Wi� ;UV!p%"YX',\][X'*Y
[Xl \e$d[Xl&'m$;_&a ` '*Y��egM[XUVab'*!�\babU+$U3��[XY \eUV) UV!pgq�")+)V�
�p'*S [X�bU [ !�'Z$ S �h)+',\(S4UV$&% [X� \ `&)V_&'rS4Uf!Wi+� �

2,4



Path of agent

Agent

A

B

Green sensor range

Red sensor range

�MU+%"_&YW' 2 �3% H z;c\][WUV\()c&YW��(4U+abU+[Lv H c7�(YX[XUV�($w�eg [Wl&'�'Z$��;UVYX�"$&ab'Z$o[�!9l�
��U+$&%m%"YX'*'Z$ \($SbYX',SbS4UV!WiZ!
[Xl\e[p\(c&c ',\eY{[W�(%"'t[Xl'ZY �
# c7�(YX[XUV�($d�eg [Wl&'r\e%"'Z$o[+* !Ic\e[XldUV!�\()V!X�b!9l&�
��$�� !Il'r\e%('*$o[p`7'*iZ�(ab'*!�l;_&$%(YWv \][ �T\e$Sdab�
�(',!@[X� [Xl&'riZ)+�o!9',!L[Igq�;�4S
�q%"YX'*'Z$ �pS4Uf!WiC�h\][ � �I_&$S4'*YI[Xl&'mUV$ �_'Z$iZ'm�eg [Wl&'m�(ab$&Uf!WitUV'Z$o[ �L[W'*\(i l'ZY5� � �

2 �



0

0.2

0.4

0.6

0.8

1

0 1000 2000 3000 4000 5000 6000 7000 8000

with parent
random exploration

threshold

�MU+%"_&YW' 2 � 4<H z;c\e[XUf\e)@c&YX��(4UVabU [Lv/YX',!9_) [ ! H UV$itYW'*\"!9' �(g �@'*U+%"l"[ ! �  ������ � � ��l&'*$ �9c \eYW'Z$o[���Uf! \��]\(U+)f\e`&)V' \($S�S4_&YWUV$&%
Y \e$S4�"aH',(4c&)V�(Y \][WU+�"$��~s�\e[W\b\��('*YW\(%('*S �
�('ZY � � [WYXUf\e)f!��

0

500

1000

1500

2000

2500

optimal after learning random explore

�MU+%"_&YW' 2 � � H z;c\][WUV\(){c&YW��(;UVabU [Lv�YW'*!X_&)+[W! H u~'ZYXgq�(YWab\($it' �eg�\e%"'Z$o[ ��U+[Xl �"a $UV!WitUV'Z$o[��9c\(YX'*$o[��� �\eg [X'*Yr)+',\eYW$&UV$&%  �\($S
Y \e$S4�"aT',(4c&)V�(Y \][WU+�"$��q`7'tgq�"YX'I)V'*\(YX$&UV$&% � �ks�\][ \ \��('ZY \e%"'*Sm�
�"'ZY'� � [XYWUV\()V! � *�YXYW�(Yk`\eY !MU+$ S4UVi*\][W' � !9[W\($S&\eY S S4'��;Uf\][XUV�($��

� �



Green

range
sensor

Red sensor range

Path of agent

Agent

�MU+%"_&YW' 2 � �*�&H z;c \][XUf\e)kc&YW��(;UVabU [Lv � �]\(YXv;UV$&% S4Uf!L[ \e$iZ' � H c7�(YX[XUV�($��(g{[Xl&' 'Z$��;U+YW�($&ab'*$"[�!9l&�
��UV$&%w%"YX'*'Z$ \e$ SQYX',S�S4UV!WiZ!
[Xl \][
\ec&c7'*\(YM[X�(%"'t[Wl&'ZY � !Il&'�S4Uf!9[W\e$ it'p` 'Z[��@'*'Z$ [Xl&'IYW'*S \($S %(YW'Z'Z$ S4Uf!Xi*! �]\(YXUV'*!M`7't[��p'Z'Z$ � \e$S + _$&U [ !>� [Wl&'�!9'*$!X�(YWv
Y \e$&%"'��(gk[Wl&'m%(YW'Z'*$^!X'Z$!X�(Y !pUV!��"$&)Vv � _&$&U+[W!5� �

� �



0

0.2

0.4

0.6

0.8

1

0 1000 2000 3000 4000 5000 6000 7000 8000

separation < 2
separation < 3

threshold

�MU+%"_&YW' 2 � �,�IH z;c \][XUf\e)4cYX��(4UVa U+[Lv �p'ZUV%(lo[W! � ��U [Wl �]\(YXv;UV$&%�S&UV!9[W\($it' � H UV$iZYX',\(!X'@�(g)�p'ZUV%(lo[�� ����� � � � ��l&'*$ [Wl&'�S4Uf!L[ \e$iZ'
`7't[��p'Z'Z$Q%"YX'*'Z$^\($SdYX',S^S&UV!WiZ!IUf!�)V'*!W!p[Xl\($ � _&$U [ !�\e$S^)V'*!W!p[Xl\($ + _&$U [ !��
s�\][ \w\��('ZY \e%"'*Sw�
�"'ZY#� � [XYWUf\e)f!��

�MU+%"_&YW' 2 � �)+ !9l�
��!�[Wl&'m!9',it�"$S����(Y S4'ZY+�@'*U+%"l"[ ! � � � �� � � � �  � � � ������ � �  &\($S � � � ������ � �
\e[ 4(�(�"� [XUVab',��!L[W'Zc! � \��('*YW\(%('*S

�
�('*Y � � [XYWUf\e)f!��,� � $&)Vv � � � �� ��� � � UV$iZYX',\(!X'*!~�
�('*Y~[Xl&YW'*!Xl&�")VS���!Il&''�p'ZUV%(lo[W!{!9[X�"cbU+$iZYX',\(!XU+$% \eg [X'*Y{[Xl&'*v YW'*\"i l \miZ'ZYX[W\eUV$�]\e)V_&'�`7'*iZ\(_!X' ��U+[Xl?)f\eYW%('*Y �@'*U+%"l"[ ! [Xl&'�Y \][W'Q�eg U+$iZYX',\(!X'Q�egm\ �p'ZUV%(lo[ S4',itYW'*\"!9',! � \e$SCiZ�($��('*YW!X'Z)Vv [Xl&'�Y \][W'Q�eg
S4',itYW'*\(!X'I%(�;'*!~_c � �{#p[�',n"_U+)VU+`YXUV_&a  e[Wl&'�Y \][X'I�(g �p'ZUV%(lo[
UV$itYW'*\"!9' �hS&_&'�[X�r\"ij[WU��]\][WU+$% [Xl&'�iZ�(YWYX',!9c7�($S&U+$&% `7'Zl\��;UV�(Y !
!X'*no_&'Z$o[WUV\()+)Vv<��Uf! '*no_\()~[X�d[Xl' Y \][W'b�egpS&'*itYW'*\"!9'M�hS&_&YXUV$&%QY \e$S4�"a ',(4c&)V�(Y \][WU+�"$� [Xl&'wabUV$&U�� [WYW\(U+){Uf! $&�e[ gq�")+)V�
�@',S�[W�
[Xl'm'Z$S&�,�
� $iZ' � � � �� ��� � � l\"!rUV$itYW'*\"!9',S `7'Zv"�($S/[Wl&' [Wl&YW'*!Xl&�()fS� k[Xl&'d\e%('*$o[rl\(! )+',\eYW$&'*S [X� gq�()V)+�
�>\Q[WYW\(U+)
�(g�YX',S S4UV!WiZ!

��l&'*$ U [ !@[Xl&UVYW!9[@ab�([XU$� \e[XUV�($ `7'*iZ�(ab'*!p\(it[XU$�('�'��('*$ U gk$&� `&)V_&'�S4UV!Wi�Uf!���U [Wl&UV$ !9'*$!X�(Y�Y \e$%('� !Il&'�c '*Y9gq�"YXaw\e$ it'�\eg [X'ZY
)V'*\eYW$&UV$&%bUV!�it�"a c \eYW'*S [X�w[Wl&'r�(c&[XUVab\() iZ\"!9' � ��l&'Z$ \($Q�(ab$&Uf!XiZU+'*$"[�c \eYW'Z$o[�UV!�c&YX',!9'*$o[�[X� )V'*\"S [Wl&' \(%('Z$o[I[X�^\b`&)+_'
S4Uf!Xi ��l&'*$/[Xl&UVYW!9[Lv<��\e$Sy[X��Y \e$S&�(a ',(4c&)V�(Y \][WU+�"$ � !9U+[X_\e[XUV�($ `7'tgq�(YW'b)+',\eYW$&UV$&%#��U+$ 2%"_&YW' 2 � �)2 � !Il&'w%(Y \ec&l/!9l�
��!
[Xl'r\��('ZY \e%"'�$;_&a ` '*Y��egM[XUVa '���!9[X'*c!I�(_&[��eg 4"�(�"� S4_YXUV$&% ��l&Ufi l^[Wl&'r\e%"'Z$o[ �p\"! �L[XlU+Y !L[Lv2� gq�(YI[Wl&' [Xl&YW'Z'ri*\(!X'*!��
�MU+%"_&YW' 2 � � ��!9l&�
��!{\($b'Z$��;U+YW�($&ab'*$"[%��l&'*YX'I[Wl&'I[XY \eUV)f!{)+',\(S4UV$&% [W�m`&)+_'�S4UV!WiZ!�\eYW'p)V�($%('ZY
\($Sbit_&Y �(',S�� !Il&'�\e%"'Z$o[

)V'*\eYW$!�[Wl&'b[X'*a c7�(Y \e)
iZ�(YWYX'*)V\e[XUV�($ `7't[��p'Z'*$/[Xl&'���()V)+�
� � # '*S `7'Zl\��;UV�(Ym\e$Sy[Xl' #�c&cYX�o\(i l�� /p)+_&' `7'Zl\��;UV�(Y U+$/[Wl&UV!
'Z$��;UVYX�"$&ab'Z$o[�[X�;��[Xl&�"_&%(lm[Wl&'�Y \][W'��(g&)+',\eYW$&U+$%�UV!M!X)+�
�p'ZY iZ�(abc\(YX',S�[X��[Wl&'�abUV$&U�� [WYW\(U+)f! '*$��oUVYW�($&ab'Z$o[ � it�"YXYW'*!Xc �"$S4UV$&%
�p'ZUV%(lo[@UV$itYW'*\"!9',!�!Xl&�
��$ UV$"2 %(_&YW' 2 � � " � � !k�r[X',!L[I[Wl&'�YW�(`_!L[W$&'*!W!@�eg [Xl' ��()V)+�
�?`7'Zl \��oUV�(Y  e[Wl&'m\e%"'Z$o[p\eg [X'ZYpl\��;UV$&%
)V'*\eYW$&',S [Wl&'m[W'Zabc �"YW\() it�"YXYW'Z)f\][WU+�"$� ��I\(!Ic&)f\(iZ'*SQUV$ \e$Q'Z$��;UVYX�"$&ab'Z$o['��l&'ZYW'r\w)V�($&%b[WYW\(U+)���U [Wl�ab\($;vdiZ_&Y-�"'*!I)V'*Sd[W�
\ �p\e[X'*Y S&UV!Wi�� 2%"_&YW' 2 � � %9�,� !Il&'w\(%('Z$o[mUf!m\e`&)V' [X�dgq�()V)+�
�J[Xl&'b[WYW\(U+)
\($S YX',\(i l [Wl&' �I\][X'*YmS4UV!Wib\][m[Wl&'w'Z$S�� !Il'
`7'Zl\��;UV�(Y
Uf!{YW�(`&_!9[��"$&)+v U g [Wl&'�S4Uf!WiZ!�\(YX'�c)V\"it'*Sb\e[�YX'*%(_&)f\eY@!9c7'*iZU32 i�S4UV!9[W\($it',!�����g [Xl&'*v \(YX'I[W�;�mgh\eY�\(c\eYX[� ([Xl&'*$w[Xl'
\e%"'Z$o[1��UV)V){)+�o!9'b!9UV%(lo[��eg�[WYW\(U+)~aw\eY �('*YW!�\e$S ��U+)V){$&�([�`7'w\e`&)V' [W�diZ�(abc&)V't[W' [Wl&' [XY \eUV) �q[Xl&'wS4Uf!9[W\e$ it'*!�`7't[��p'Z'Z$ [Xl'
[XlYX'*'rS4UV!WiZ!�[Xl\e[�ab\�(' _&c \ [XY \eUV)�aw\eY �('*Y�iZ\e$$&�e[�`7'ri l\e$%('*Sd!XU+$iZ' [Xl&' YX'*)V\e[XU$�(' c �o!9U+[XUV�($ !I'Z$iZ�;S&' [Xl&' S&U+YW'*it[XUV�($
UV$ ��l&UVi lb[Wl&'�\(%('Z$o[
l\"!{[W�rab�
�(' �,� !Il&',!9'�YXUV%(UfSbit�($ !L[WYW\(U+$o[W!�\eYWUV!X'�S4_&'�[W�m[Xl'�!9UVabc&)VUViZU [Lv �eg [Xl'�'Z$��;U+YW�($a '*$o[G�q�($)+v
S4Uf!Xi*!I\eYW'�c&YW'*!X'Z$o[5��\e$S [Xl&' )VU+abU+[X',S !X'Z$!XU+$% i*\ec\(`&U+)VU+[XUV'*!@�eg�[Wl&'�\(%('*$"[�\e$ Sw$&�e[�S4_&'�[W� \($ovbUV$&l&'*YX'*$"[I)VU+abU+[W\][WU+�"$ UV$
[Xl' [X'Zabc7�(Y \e)�iZ�(YWYX'*)V\e[XUV�($ )V'*\(YX$U+$&%b\e)V%(�"YXU+[Xla �

� � � ��� G���EM2&8LE{K E{0�N � D A �m.
3&E{K |y3&. ��89A�8�2
	 � .
<
D�2 ��D�3

�MU+%"_&YW' 2 � ��4 !Xl&�
��!I\e$ '*$��oUVYW�($&ab'Z$o[ ��l&'ZYW'�%(YW'Z'Z$dS4Uf!Xi*!p\(YX' \e)$�I\ v;!@it)V�"!X'�[W�bYX',S S4Uf!Xi*!I\e$S^`&)V_&'mS4UV!WiZ!I\(YX'�c&YW'*!X'Z$o[
\][I[Wl&'m'Z$Sd�(gM\ [XY \eUV) �egMYX',S^S4Uf!WiZ!�� !k� [W\�('m\(S��]\($"[ \e%"'��(g [XlUV!�c7'*iZ_&)VUV\(YXU+[Lv �egk[Xl&'m'*$��oUVYW�($&ab'Z$o[  "[Wl&'r\e%"'Z$o[Il\(!p[W�
)VU+$��^[Xl'��&�")+)V�
� � # '*SQ\e$Sd[Wl&' #�c&c&YW�"\(i l�� /p)V_&' ` '*l\��;U+�"YW!I[W�(%"'t[Xl'ZY��q[Xl&YW�(_&%"ld[X'Zabc7�(Y \e)�)V'*\(YX$U+$&%) !XU+$iZ'm[Xl'*!X' \eYW'

� �



Path of agent

Blue sensor
range

Red sensor range

Agent

"mini−trails"

B

B

�MU+%"_&YW' 2 � �,�2H ! '*a c7�(Y \e) c&YX��(4UVabU [Lv YW'*!X_&)+[W! H '*$ �;UVYX�"$&ab'Z$o[�it�"$o[W\eUV$!C�XabU+$&U���[XY \eUV)V!��M�hit�"$!XUV!9[XUV$&%w�egM[��p� !9'Z[W!��(g~[XY \eUV)
aw\eY �('*YW!paw\(S4' �(gMYW'*SdS4Uf!Xi*!��@)V'*\(S&U+$&% [W� \ `)+_&'rS&UV!Wi � />� �

� +



0

0.2

0.4

0.6

0.8

1

0 1000 2000 3000 4000 5000 6000 7000 8000

w[FR][AB]_tmp
w[AR][AB]_tmp
w[AR][FR]_tmp

threshold

�MU+%"_&YW' 2 � �)+&H !k'Zabc �"YW\() c&YW��(4U+abU+[Lv YW'*!X_&)+[W! H �p'ZUV%(lo[W! � � � �� ��� � �  � � � ������ � �  \e$S�� � � ������ � �
\e[ 4(�"�(� [WU+ab',��!9[X'Zc !���s�\][ \

\��('*YW\(%(',Sw�
�('*Y#� � [WYXUf\e)f!��

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

with parent with learning random explore

�MU+%"_&YW' 2 � �)2&H ! '*abc �"YW\() c&YX��(4UVabU [Lv YW'*!X_&)+[W! H u~'ZYXgq�(YWab\($it'��eg{\e%"'Z$o[pUV$Q�(c4[WU+aw\()�iZ\(!X'C� ��U+[XlQ�(ab$&Uf!WitUV'Z$o[C�9c\(YX'*$"[5� �, 
\]g [W'ZYI)V'*\eYW$&UV$&%m[W'Zabc �"YW\() it�(YWYW'Z)f\][XUV�($� "\e$ S Y \e$S4�"a�',(4c&)V�(Y \][XUV�($	�h` 'Zgq�(YW'�)V'*\(YX$U+$&% � �{s�\][W\ \��('*YW\(%('*Sb�
�"'ZY � � [WYXUf\e)f! �
*
YWYW�(Yp`\eY !IU+$ S4UVi*\][W' � !9[W\($S&\(YWS^S4'��;Uf\][XUV�($��

� 2



Path of agent
Agent

Curved trail

B

�MU+%"_&YW' 2 � � � H ! '*abc �"YW\()kc&YW��(4U+abU+[Lv^YW'*!X_&)+[W! H 'Z$��;UVYX�"$&ab'Z$o[�it�"$o[W\eUV$!�[XY \eUV)V! �qaw\"S4' �(g{[Xl&YW'Z'b!X't[W!��eg�[XY \eUV)kaw\eY �('*YW!5�
[Xl \][�it_Y-�"'�`7'tgq�"YX' )V'*\"S4U+$% [W�w\ `)+_&'rS&UV!WiC� />� �

� �



0

0.2

0.4

0.6

0.8

1

0 1000 2000 3000 4000 5000 6000 7000 8000

curved trails
straight trails

threshold

�MU+%"_&YW' 2 � � " H ! '*a c7�(Y \e)�c&YX��(4UVabU [Lv H �p'ZUV%(lo[W!m)V'*\(YX$'*S gqYX�"a iZ_&Y-�;vy[XY \eUV)V!�� ��$iZYX',\(!X'wU+$ � � � �� ��� � � ��l&'Z$ [Wl&'w[XY \eUV)f!
\eYW' !9[XY \eUV%(lo[ �F�Xa UV$&U�� [WYW\(U+)f!��diZ�($o[W\(U+$U+$&%Q[��p�Q[XY \eUV)�aw\(Y-�"'ZY !���\e$ S ��l'Z$ [WYW\(U+)f!r\eYW' it_Y-�;v � it�"$"[ \eUV$&UV$&%Q[Xl&YW'Z' [XY \eUV)
aw\eY �('*YW!5�
�
�"'ZY 4(�"�(� [XUVa '���!9[X'*c!��
s�\e[W\w\��('*YW\(%(',Sb�
�('ZY � � [WYXUf\e)f!��

$&�([�!XUVa _&)+[W\($&'Z�"_!9)Vvw\(it[XU$�(' �@\e$ S^\()V!X� )VU+$ �w[Xl&'m#�c&c&YW�"\(i l�� # ',S \e$ S^#�c&c&YW�"\(i l�� ��YW'Z'*$ ` '*l\��;U+�"YW! � [Wl&YW�(_&%"l^!Xc\][WUV\()
)V'*\eYW$&UV$&%#�,��!Il'�\e%"'Z$o[+* !
l;_&$%('ZYI\e$ S [Xl&UVYW!9[Ia �([XU$�]\][XUV�($ !
`7'*it�"ab'�\(it[XU$�('�'��('*YXv + � � \e$S % � !9[X'*c!�YW'*!Xc7'*ij[WU��"'Z)Vv �q[Xl&'
\e%"'Z$o[�Uf!�aw\"S4'�[W� S4YWU+$ � ab�"YX'��(g [X'*$ !9UV$iZ'�[Xl'�[X'*abc �"YW\()7iZ�(YWYX'*)V\e[XUV�($b` 'Z[��@'*'Z$ YW'*Sw[XY \eUV)V!@\e$Sw`)+_&'�S4Uf!Xi*!�Uf!�)V'*\(YX$'*S
!X)+�
�p'ZYM[Xl \e$ [Xl&'�!Xc\e[XUf\e)&it�"YXYW'Z)f\][WU+�"$ � � 0?l&'Z$b'*U [Wl&'ZY
�(g [Wl&'*!X'Iab�e[XU$�]\][WU+�"$!{`7'*it�"ab'I\"ij[WU��"' eU+[�Uf!~)+',S `;v U [ ! �9c\(YX'*$o[��
[X� [Xl&' $&'*\(YX',!L[�%(YW'Z'Z$��"Y�`)+_&' S4Uf!Xi _&$o[XUV) [Wl&' S&UV!Wi \(c&c ',\eY !'��U+[Xl&UV$�[Wl&' \(%('*$"[ * !�!9'*$!X�(Y�Y \e$&%"'� �MUV%(_&YW' 2 � � �w!9l�
��!
[Xl' �p'ZUV%(lo[W! � ������� � �  � � � �� ��� � �  � ��� � � � �

 � � � �� � � � �
 \e$ S � � � ������ � � \e[ 4(�"�(� [WU+ab'���!9[X'*c! � \��('*YW\(%('*Sd�
�"'ZY"� � [XYWUV\()V!5� �

� $&)Vv�� ����� � � � \e$S � � � �� ��� � � UV$itYW'*\"!9',!��
�"'ZY�[Wl&YX',!9l�()fS � �  ������ � � �o!XiZU+)V)f\][X',!�`7'*i*\e_!X' YW'*S \($S %"YX'*'Z$ S4Uf!WiZ!�\ec&c7'*\(Y
\][mc7'ZYWU+�4S4Ufi U+$o[W'ZY � \()V! �"$y[Wl&' �L[WYW\(U+)f!3�#� � !Il&' �@'*U+%"lo[W!�` 'Z[��@'*'Z$ �&�")+)V�
� � # '*S \e$S/#�c&cYX�o\(i l�� ��YX'*'Z$y\()V!X�dU+$iZYX',\(!X'
!XU+$iZ'mYX',SQ\e$Sd%(YW'Z'*$�S4UV!WiZ!�\ec&c7'*\(YI[X�(%"'t[Wl&'ZY � J��
�p'��"'ZY  ;[Xl&',!9' �p'ZUV%(lo[ !�S4�w$&�([�YX',\(i l^[Xl&'m[Wl&YW'*!Xl&�()fSd` ',iZ\e_ !9' [Wl&'Zv
S4',itYW'*\(!X'mS4_&YWU+$%w[Xl&'r[XUVa 'r[Xl&' \(%('*$"[�ab�
�"'*!�\e)V�($%b[Xl&'	�9[XY \eUV) � UV$y\wS4UVYX',ij[WU+�"$d�"c&c7�"!XU [W'm[X�b[Wl\][�UV$S4UfiZ\e[X',SQ`ov^[Xl'
�L[WYW\(U+)���ab\(Y-�"'ZY !3���q[Xl&'�!X'Z$!X�(Yw\"ij[XU$�]\][WU+�"$ �eg �&�")+)V�
� � # '*S Uf!wS4'Zc7'Z$ S4'Z$o[ �($ [Xl&'�S4UVYW'*ij[WU+�"$ UV$/��lUVi l [Xl&'�\(%('Z$o[bUV!
ab�
�;U+$&% ��U+[Xl�YW'*!Xc ',ij[�[W�b[Xl&' [WYW\(U+) � � � � � ���� � � � \e)f!9�wS4�;'*!�$&�e[�UV$itYW'*\"!9' `7'Zv"�($S^[Xl' [Xl&YW'*!Xl&�()fS^gq�(Y�[Wl&'r!W\eab'mYX',\(!X�($
�+��l'Z$Q[Xl' \e%"'Z$o[�ab�
�(',!�\e)V�($&% \��9[XY \eUV) � UV$Q[Xl&' �(c&c7�"!XU+[X' S4UVYW'*ij[WU+�"$� #�c&c&YW�"\"i l�� # '*S^UV!�\(ij[WU��"'m`&_4[�[Xl&Uf!�S4�;',!�$&�([
)V'*\(S [X� \ `&)V_&'rS4Uf!Wi��
�MU+%"_&YW' 2 � �(� !Xl&�
��!@[Xl&�o!9' )VU+$ �;!I�(g [Wl&'m\e%('*$o[p[Wl\][�UV$itYW'*\"!9',Sw[W� �
�"'ZY@[Xl&' [Wl&YW'*!Xl&�()fS��]\()+_&'m\eg [X'ZYI)V'*\(YX$&UV$&%)� !Il'

c7'ZYXgq�(YWab\($it'��(g !X_i l \($b\(%('*$"[
Uf!�iZ�(abc\(YX',Sr[W�m[Xl&'�iZ\(!X' ��l&'*$ \e$w�(ab$&Uf!WitUV'Z$o[
c\eYW'Z$o[
Uf!
c&YW'*!X'Z$o[{[W�m)+',\(S [Xl'�\e%"'Z$o[
[X� \ %"YX'*'Z$ �(Y `&)+_'dS4Uf!Wi���l&'*$ l;_&$&%"YXv �"Y [Wl&U+Y !9[Lv YX',!9c7'*it[XU$�('Z)Vv \e$S�[X�/YW\($S4�"a '�(4c&)+�"YW\e[XUV�($ � !9U+[X_\e[XUV�($ ` 'Zgq�(YW'
)V'*\eYW$&UV$&%#��UV$ 2%"_&YW' 2 � � � � !Il' %"YW\(c&l !Xl&�
��!�[Xl'b\��"'ZY \e%"'r$;_&a `7'ZYm�(g�[XUVab',��!L[W'Zc!��"_4[m�eg 4"�(�"� S4_&YWUV$&% ��l&UVi l [Xl'
\e%"'Z$o[ �I\(!��9l;_&$&%"YXv2� �(Y �L[Wl&U+Y !9[Lv �mgq�(Y@[Xl&'�[Xl&YW'Z'�iZ\(!X'*!��
x@�(abc\eYWUV$&%m[XlUV!@%(Y \ec&l ��U+[Xl [Xl\e[@UV$ 2%"_&YX' 2 � � 2 UV$S4UfiZ\e[X'*!
[Xl \][ [Xl&'w\(%('Z$o[ !9c7'Z$S! a �o!L[m�(g�U [ !�[XUVab'b!X'*\(YWi lU+$&% gq�(Y �I\][X'*Y�S&UV!WiZ! ��l&'*$y[Wl&U+Y !9[Lv � ��l&Ufi l/i*\e$ ` 'bYW'*\(i l'*S \eg [X'ZY
[Xl'��&�()V)V�
� � # ',S `7'Zl \��oUV�(YIUf!p[XYWU+%"%('*YX',S&� �
� � � � � � 	�0�E{AB8X6 O�0@R�8L3&.�0�ABD 0@241

!k�^[W'*!9[ [Xl&'w\e`U+)VU [Lvy�eg�[Wl&'w\e%"'Z$o[�[W��\(S&\(c4[mU [ ! �@'*U+%"l"[ !�[X��\^i l \e$&%"U+$&%d'Z$��;UVYX�"$&ab'Z$o[� [Wl&'wc �o!9U+[XUV�($ !��(g�[Wl&'wS4UV!WiZ!
�p'ZYW' i l\e$&%"'*S S4_YXUV$&% )V'*\(YX$&UV$&%)� ��$U [WUV\()+)Vv {YW'*S S4Uf!WiZ! �p'ZYW' it)V�"!X'w[W� %(YW'Z'*$�S4UV!WiZ!��h\"!rUV$ 2%(_YX' 2 � %I� � #�g [W'ZY +(�"�(�
[XUVab',��!L[W'Zc!� [Xl' c7�"!XU [WU+�"$! �@'*YX' i l\e$%('*Sy!9� [Xl\e[�%"YX'*'Z$yS4Uf!WiZ! �@'*YX' )+�4i*\][X',Sy\e[�[Xl' '*$S �(g�YW'*SQ[WYW\(U+)f! �h!XU+abUV)V\(Y�[W�
2%"_&YX' 2 � �,� � �%!Il&' \e%('*$o[+* !�l;_&$&%"'ZYpab�e[XU$�]\][WU+�"$ `7'*it�"ab'*!I\(it[XU$�('�'��('*YXv � � � !9[X'Zc !��%0?l&'*$ [Wl&UV!Iab�([XU$� \e[XUV�($ `7'*iZ�(ab'*!

� "



Water disc

Path of agent

Agent

�kUV%(_YX' 2 � � % H ! '*a c7�(Y \e) cYX��(4UVa U+[Lv H \(%('*$"[Igq�")+)V�
��U+$%b\ )V�($&%wiZ_&Y-�;vw[WYW\(U+) [W�bYX',\(i lQ\ �I\][W'ZY �q`)+_&' ��S4Uf!Xi�

�,%



A

B

Agent

range range

Path of agent

Blue sensor Green sensor

Red sensor range

�MU+%"_&YW' 2 � ��4<H � '*\eYW$&UV$&%�z4c\][WUV\()&\e$S ! '*abc �"YW\()ocYX��(4UVa U+[Lv [X�"%('Z[Xl&'*Y H c7�(YX[XUV�($ �eg [Xl&'I'Z$��;UVYX�"$&ab'Z$o[~iZ�($o[W\(U+$U+$&%�[XY \eUV)f!
�eg
YW'*S�S&UV!WiZ!�)+',\(S4UV$&%w[W�^\w`&)V_&' S4UV!Wi � %(YW'Z'*$ S4Uf!Xi*!�\eYW'r)V�4iZ\][W'*S�iZ)+�o!9'm[W� YW'*S�S4Uf!WiZ!���# c7�(YX[XUV�($��(gM[Wl&' \(%('*$"[ * !�c\][Wl
Uf!�\e)f!9�w!Xl&�
��$��%!Il&'r\e%"'Z$o[ �X\][W'+�b\][�c7�(UV$o[ �T\e$S^UV!�a �
�;UV$&% [X�
�I\eY S"�I\][W'ZY �q`&)V_&'rS4Uf!Wim\][�c �"U+$o[ � � �

� 4



0

0.2

0.4

0.6

0.8

1

0 1000 2000 3000 4000 5000 6000 7000 8000

w[AR][AG]_sp
w[FR][AB]_tmp
w[AG][FR]_sp

w[AG][FR]_tmp
w[AR][AB]_tmp

threshold

�MU+%"_&YW' 2 � � � H � '*\(YX$&UV$&%�z;c \][XUf\e)o\e$S !k'Zabc7�(Y \e)ecYX��(4UVa U+[Lv�[W�(%"'t[Xl'ZY H �@'*U+%"l"[ ! � ������� � �  �� � � �� ��� � �  �� ��� � � � �
 �� � � �� � � � �

 
\e$ S � � � ������ � � \e[ 4"�(�"� [WU+ab',��!9[X'Zc !��
s�\][ \ \��"'ZY \e%"'*Sw�
�"'ZY � � [XYWUV\()V!��

tmp

sp

HT

w
FR,AB

a
FR

a
AR

w
AR,AG

a
AB

AG
a

AG

AB

Motivations

AR

FR

SE
N

SO
R

S

T
o 

M
ot

or
s

�MU+%"_&YW' 2 � �(�<H ��',\eYW$&UV$&%�z;c \][XUf\e)4\($S !k'Zabc7�(Y \e);c&YW��(;UVabU [Lv�[W�(%('Z[Xl&'*Y H )+UV$��4!���U [Wl �p'ZUV%(lo[W!M�
�('*Y�[Wl&YX',!9l�()fS �  � � �  "#�
\][I[Wl&'m'Z$Sd�(g~!Xc\][WUV\()�\e$S [X'*abc �"YW\() )+',\eYW$&U+$% cl\(!X'�

���



0

1000

2000

3000

4000

5000

6000

7000

8000

9000

optimal with learning random explore

�MU+%"_&YW' 2 � � �IH � '*\(YX$&UV$&% z;c\][WUV\()�\e$S/! '*abc �"YW\()pcYX��(4UVa U+[Lv [X�"%('Z[Xl&'*Y H c '*Y9gq�"YXaw\e$ it' �(g�\(%('Z$o[w\]g [W'ZYw!9c \][XUf\e)�\($S
[X'*abc �"YW\()�)+',\eYW$&UV$&% iZ�(abc\(YX',S���U+[Xl��"a $UV!WitUV'Z$o[ �9c \eYW'Z$o[�� �q�"c4[XUVaw\e) �I\e$SdY \e$S4�"aH',(4c&)V�(Y \][WU+�"$ �h` 'Zgq�(YW'm)+',\eYW$&UV$&%#�,�
s�\][W\b\��"'ZY \e%(',Sw�
�('*Y � � [XYWUV\()V! � *
YWYW�(Yp`\eY !pU+$S&UVi*\][X' � !9[W\($S&\eY SdS4'��;Uf\][XUV�($��
\(it[XU$�('. U+[�Uf!�)V'*Sy`;v^U+[W! �9c \eYW'Z$o[�� [W� [Xl' $&',\eYW'*!9[�%(YW'Z'*$ S4Uf!Xi�"�MU+%"_&YW' 2 � �(� !Xl&�
��!�[Xl&' �@'*U+%"lo[W! � ������� � �  � � � �� ��� � �  
\e$ S � � � �� ��� � � \][ 4(�(�"� [WU+ab',��!9[X'Zc ! � \��('*YW\(%('*SQ�
�"'ZY�� � [XYWUV\()V!5� ����$U [WUV\()+)Vv � ������� � � U+$ itYW'*\(!X'*!�[X�QYW' �',ij[�[Xl&'w!Xc\][WUV\()
it�"YXYW'Z)f\][WU+�"$ `7't[��p'Z'*$dYW'*Sd\e$ S^%"YX'*'Z$QS4Uf!Xi*!��
#�g [X'ZY�[Xl&'m'*$��oUVYW�($&ab'Z$o[�i l\($&%(',!� o[XlUV!&�@'*U+%"l"[�S4',itYW'*\"!9',!p\($S � � � �� ��� � �UV$itYW'*\"!9',!�S&_&'w[X�d[Wl&' $&'��J[W'Zabc �"YW\()
it�"YXYW'Z)f\][WU+�"$y`7't[��p'Z'Z$ YW'*S \e$ S %"YX'*'Z$ S4Uf!Xi*!��"!Il;_!� �[Wl&' \e%"'Z$o[ ��U+)V)
UV$&U+[XUf\e)V)+v
)V'*\eYW$!I[W� ab�
�(' [W�
�p\(YWS^YX',S�S4Uf!Xi*! ��l&'Z$�l;_&$%(YWv�0/@_&[1��l&'*$Q[Xl&' �p�(YW)fSdi l \e$&%"'*!� &U [�)+',\eYW$!I[X� gq�()V)+�
� [XY \eUV)V!��eg~YX',S
S4Uf!Xi*!p[X�wYW'*\"i l %(YW'Z'*$dS&UV!WiZ! ��l&'*$Qlo_$&%(YWv�

����� � �  � ��  � ��

z;UV$it'd[Wl&'Q)+',\eYW$&U+$%yYW_&)+',!b\eYW' J�'Z`&`&Uf\e$� 
[Xl'Q\(%('*$"[biZ\($ )V'*\eYW$ '��('*YXv/[XUVab'Q[Xl&'Q`7'Zl\��;UV�(Y ! \(YX'Q\(it[XU$� \e[X',S�`;v [Xl'
!X'Z$!X�(Y ! ��U+[Xl�(_4[�\($ov �;UV$S^�egkYW'ZUV$4gq�"YWiZ'Zab'Z$o[��%!Il&Uf!IUf!Ic\eYX[XUfit_&)f\eYW)Vv UVabc �"Y9[ \e$o[Igq�(Y�\e%"'Z$o[W!@[Wl\][�l\��"'�[W�b!X_&Y �;U��"'�UV$
\mYW'*\()��@�"YX)fS 'Z$��;U+YW�($a '*$o[� (!XU+$ it'�c7�"!XU [WU��"'�YW'ZUV$4gq�(Y it'*a '*$o[
�;i*it_&Y !{Y \eYW'Z)Vv \e$ Sb$&'Z%o\][XU$�('�YW'ZUV$4gq�"YWiZ'Zab'Z$o[�iZ\($w` '�gh\][W\() �

!Il&' )V'*\eYW$&UV$&% YX_&)V'*!�S&� $�e[�itYW'*\e[X' $&'�� ` '*l\��;U+�"YW!� ;U [��"$&)Vv !L[WYXUV$&%"!p[W�(%"'t[Xl'ZYIU+$$\][W'm` '*l\��;U+�"YW!�� 
 z;[X'Z'*)V!� � ���B% �
c&YW'*!X'Z$o[W!@\ ab't[Xl�;S �eg itYW'*\e[XUV$&%m$&'�� `7'Zl \��oUV�(Y !{`;vbit�($ !9UfS4'ZYWUV$&%r\e)V) iZ�(a `U+$\e[XUV�($!��eg c7�"!W!9UV`&)V'�c '*YWiZ'Zc4[WU+�"$!� o\"ij[XUV�($ !
\e$ Sy[Wl&'wYW'Z)f\][XUV�($ !9l&UVc/` 'Z[��@'*'Z$ [Xl&'b[��p� �"*@\(i l/$&'�� ` '*l\��;U+�"Y [Xl\e[rUV!riZYX',\][W'*S UV!�[Wl&'Z$ [W'*!9[X'*S gq�"Y 2&[X$&',!X! \e$S UV!
YW't[W\(U+$'*S U+gIU [mUVa cYX�
�"'*!�[Xl&'b�
�('*YW\()+)Ml&',\e)+[Xl/�eg�[Wl&'w\e%"'Z$o[�� 
 � i �\(YX)f\e$S \e$S/z;c&UV'ZY  � � �B% � c&YW�
�;UVS&'*! \ [Wl&'Z�"YX'Z[XUfiZ\()
`\"!9Uf!@gq�(Y�a _) [WU+c&)Vv;U+$% ab�([XU$� \e[XUV�($!I\($S^\"ij[WU��]\][WU+�"$!�� !Il'*!X' \(YX' iZ\()+)V'*S �XS4'�2 itU+[��b\($S �Wit_&',!3� YX',!9c7'*it[XU$�('*)+v UV$^[Xl\e[
�p�(Y � �

!Il&' �@'*U+%"lo[W! ` 'Z[��@'*'Z$ )VUV$��4! !X't[X[X)V'QU+$o[X� \/!L[W'*\(S&v !9[W\e[X'^[Xl\e[wUV!bS4'*c '*$S4'Z$o[w�($ 'Z$��;U+YW�($a '*$o[W\e)pc\(YW\(a 'Z[X'*YW!��
!Il;_!� [Wl&' [Xl&YW'*!Xl&�()fS�_!X'*S [X�^%"\][W' `7'Zl\��;UV�(Y !�Uf!�\()V!X�^S&'Zc7'Z$S4'*$o[��"$�[Xl&' 'Z$��;UVYX�"$&ab'Z$o[�� #�$/\e)+[X'ZYW$\e[XU$�('m[W� _!XU+$%
\ [Xl&YW'*!Xl&�")VS^UV!p[W�w�($&)Vv %o\][X'�[Xl \][�`7'Zl\��;UV�(Y ��U [Wld[Xl&'maw\
(4UVa _&aP%"\][WU+$% �(gM\()+) `7'Zl\��;UV�(Y !�� !Il&'m)V'*\(YX$&UV$&% YX_)+'mS4�;'*!
$&�([Ii l\($&%(' �p'ZUV%(lo[W!@�($ [Xl&' UV$&l&UV`&U [W�(YWvw)+UV$��4!�� !Il&'�\"S&S4U+[XUV�($d�egG�Xc\eUV$&� ab�e[XU$�]\][WU+�"$!Iit�(_)VS ` ' _!X'*S [X� )+',\eYW$ [Xl'*!X'
�p'ZUV%(lo[W!��

#�$/\e%"'Z$o[�[Wl\][ l\"!�)V'*\(YX$'*SQ[W�^'�(;c)+�"U [mit�"YXYW'Z)f\][WU+�"$!�UV$y[Wl&' 'Z$��;U+YW�($&ab'*$"[�_!XU+$&%^[Xl' x@�"$#�%��z�!T\eY i l&U [W'*it[X_&YW'
\e$ S )V'*\(YX$&UV$&% YX_)+',! ��U+)V) gh\eUV) [X�w!X_&Y-�;U$�('�U+$^[Xl'mc&YX',!9'*$it'��egM',(&it'*c4[XUV�($ !p[X� [Xl&',!9'miZ�(YWYX'*)V\e[XUV�($!�����(Y�UV$!L[ \e$iZ' 4UV$d\($
'Z$��;UVYX�"$&ab'Z$o[���l'ZYW'�ab�"!9[� 4`_4[�$&�e[�\e)V)  4%(YW'Z'Z$^S4UV!WiZ!�\(YX'�)V�;i*\][W'*S iZ)+�o!9'�[X�bYW'*S^S4UV!WiZ!� ;[Xl' \(%('*$"[ ��UV)+) )V'*\(YX$ [X� a �
�"'
[X�
�I\eY SQ[Wl&' $'*\eYW'*!9[ YX',SyS4Uf!Xi ��l&'*$yl;_&$&%"YXv�'��('Z$yU g@[Xl\e[ c \eYX[XUfit_&)f\eY�YX',SyS4Uf!Wi l\(c&c7'Z$&',S [W�^`7' gh\(Y�gqYX�"a�\ %"YX'*'Z$

" �



0

0.2

0.4

0.6

0.8

1

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

w[AR][AG]_sp
w[FR][AG]_tmp

w[FR][AG]_sp
threshold

�MU+%"_&YW' 2 � �(�2H ��'*\(YX$U+$&%wUV$ S4v;$\(a Ufi 'Z$��;UVYX�"$&ab'Z$o[W! H �p'ZUV%(lo[W! � ������� � �  � � � �� ��� � �  � ��� � � � �
 � � � �� � � � �

 \($S�� � � ������ � �
\][ 4"�(�(� [XUVab'*!9[X'*c!��
s�\][ \w\��('*YW\(%('*S �
�('ZY#� � [WYXUf\e)f!��

S4Uf!Xi�d#Ha ',i l\e$UV!Xa�[Wl\][r'*$\e`&)V'*!m[Xl&' \(%('*$"[m[W� S4't[W'*it[ ��l&'Z$ U+[ Uf!r$&�([raw\��;U+$%�c&YX�"%(YW'*!W!�[X�
�I\eY S !W\][WUV!9gqv;U+$&%�U+[W!
%(�o\e)f! �@�"_&)fS^`7'm_!X'tgq_&) gq�(Y�l \e$S4)VUV$&%w',(&it'*c4[XUV�($ ! �hi l\(c4[X'*Y "wS4'*!WitYWUV` ',!�\e$Q_&$!X_&c7'ZY �;UV!X'*Sd)V'*\eYW$&UV$&%w\e)V%(�"YXU+[Xl&aH[Xl\e[
_!X'*!p[Wl&'rS4Uf!L[ \e$iZ'�ab�
�"'*Sd\(!IYW'ZUV$4gq�(Y it'*a '*$o[p[W�b)+',\eYW$ [W� ',!Xi*\ec7'mS4'*\"S4)+�4i��4!5� �

����� � 	�
�� � 	���� � ���

x@l\(c4[X'*Y + S4'*!WitYWUV` ',Sm[Xl'p#�%('Z$o['��'Z[��@�"Y-� #�Y i l&U+[X'*it[X_&YW' �h# ��#K�k�eg�� \e',! 
 � ��� � � � !Il&Uf!~\eY i l&U [W'*it[X_&YW'�)VU+$ �;!M`7'Zl\��;UV�(Y !
[XlYX�"_&%(l^c&YX',S4'*iZ'*!W!9�"Y� ;!X_iZiZ'*!W!9�"Y� ;\e$Sdit�"$ �Ufij[W'ZYI)+UV$��4!���l&Ufi ld!Xc&YW'*\(S^\(it[XU$� \e[XUV�($d\eab�($&% `7'Zl\��;UV�(Y !�����$ [Wl&Uf!IU+$&U+[XUf\e)
gq�(YWa _)V\e[XUV�($� "[Xl&' )VU+$ �;!p`7't[��p'Z'*$ `7'Zl\��;UV�(Y ! �p'ZYW'�_&$��p'ZUV%(lo[X',S��{# )V'*\(YX$&UV$&% a ',i l\e$UV!Xa �p\"!�)f\][W'ZYpU+$o[WYX�4S4_iZ'*S [Xl\e[
'Z$ \e`&)V'*Sb[Wl&'*!X'�)VU+$ �;!�[X� ` '�)+',\eYW$&'*S 
 � \('*!� � ��� � � �%!Il&'�)VUV$��4! �p'ZYW'�%(U$�('*$ �@'*U+%"l"[ ! ��l&Ufi lwYW'Zc&YW'*!X'Z$o[X',S [Xl&'�it'*Y9[ \eUV$"[Lv
��U+[Xl ��l&Ufi l c7'ZYXgq�(YWa UV$&%Q[Wl&'"2Y !9[ ` '*l\��;U+�"Y �p�(_&)fS \
# '*it[r[Xl&'d!9',it�"$S/` '*l\��;U+�"Y�� * �"'ZYWvy`7'Zl\��;UV�(Ymab�($U [W�(Y !m[Xl'
\(it[XU$�]\][XUV�($��(g{U [ !�c&YW',��it�"$S4U+[XUV�($!��+0?l'Z$�[Wl&' \(it[XU$�]\][XUV�($��"$ \bc&YW',��it�($ S4U [WU+�"$�i l\e$&%"'*!� &[Wl&'r)VU+$��d`7't[��p'Z'Z$Q[Wl&' cYX'��
it�"$S4U+[XUV�($ \($Sw`7'Zl\��;UV�(Y
Uf!�ab�4S4U�2'*S����"_&$&% \e$S � 'Z)VU+$!-�;v cYX�
�;UfS4'*!
\($ \e)+[X'*YX$\e[X'�gq�"YXa _&)f\][XUV�($w�(g [Xl&'�# ��# 
 � ��� � � �
!Il&'I)V'*\eYW$&UV$&%�YW_&)V'*!MUf!M!X)VU+%"l"[W)+vmab�"YX'I!9�"c&l&Uf!L[WUVi*\][W'*S !XUV$it'p'*\"i l )VU+$�� �"'Z'*c!k[XY \(i�� �eg gq�(_&Y �;U+$ S&!M�eg \"ij[XU$�]\][WU+�"$ i l\($&%(',!
\e$ Sb[Xl&' �p'ZUV%(lo[��"$ [Xl'�)VU+$ �wUV!pS4'Zc7'Z$ S4'Z$o[I�($ [Wl&'*!X'�gq�"_&Y�it�"_&$o[W!���!Il&Uf!��;U+$S �eg�)V'*\(YX$&UV$&% UV!I!XU+abUV)V\(Y
[X� [Xl'mx@�"$#�%�
z�! \(YWi lU [W'*ij[W_&YW'�U+$ [Xl\e[p)V'*\(YX$U+$&% UVS&'Z$o[XU�2'*!IiZ�(YWYX'*)V\e[XUV�($!{`7't[��p'Z'*$ `7'Zl\��;UV�(Y !
`&_&[IS4�;',!�$&�([Ii l \e$&%"'�[Xl'�`7'Zl\��;UV�(Y !
[Xl'Zaw!9'*)��"'*!�� � �(YW'Z�
�('*Y� [Xl'w)+',\eYW$&U+$%^Uf! `\(!X'*Sy�($ [Xl&'wi l\($&%(',!�U+$ [Xl&' \"ij[WU��]\][WU+�"$y)V'��"'Z)f! �eg�[Wl&'b` '*l\��;U+�"YW!�� !Il'
\(it[XU$�]\][XUV�($d\e)f!9� l\(!@[��p� �;UV$S&!p�eg~!9�"_&Y it'*! H ` '*l\��;U+�"YW!@\e$S^ab�e[XU$�]\][WU+�"$!pU+$�x@�($#�%��Lz�!  4it�(abc7't[W'Z$iZ'�ab�4S4_&)V'*!I\($S
it�"$S4U+[XUV�($!@YW'*!Xc ',ij[XU$�('*)+v UV$ 
 � \e',!� � � � � �  ;iZ�(abc7't[X'*$it'�ab�;S&_&)+',!@\($Sbgq',\][X_YX'�S4't[W'*ij[W�(Y !�YW'*!Xc7'*ij[WU��"'Z)Vv UV$ 
 �"_&$&% \($S
� '*)+UV$!-�ov. � � ��� � �J��
�p'��"'ZY  ([Wl&'ZYW'r\eYW' !9UV%($&U�2 i*\e$o[�S4U3# 'ZYW'Z$ it'*!I`7't[��p'Z'*$d[Xl&'r#"��#T\e$ S [Wl&' x@�($ #�%��Lz�! \eY i l&U [W'*it[X_&YW' H
� �'!Il&'mUV!W!X_&'m�eg{UfS4'Z$o[XU+gqv;U+$% \(ij[WU��"'m` '*l\��;U+�"YW! H # ��# �I\(!�S4'*ab�($!9[XY \][W'*S ��U [Wl�` '*l\��;U+�"YW!�!X_i l�\(!C�-�p\($S4'*YXUV$&%
\eYW�(_&$S&�� &�XYX',i l\eYW%(UV$&%#�� Z\($S��X\"!���l;_&aw\e$&� �Mz;UV$it'
[Xl&',!9'@` '*l\��;U+�"YW!�\(YX' �('ZYWv�S&U3# 'ZYW'Z$o[ gqYW�(a ',\(i l �e[Wl&'ZY � [Wl&'Zv
\eYW'r',(4c&YW'*!W!9',SQ_!XU+$&%^S4U3# 'ZYW'Z$o[�',# '*ij[W�(Y !��, U [�UV!�'*\"!9v^[X�^UVS4'*$o[XU+gqv \e$ \(it[XU$�(' ` '*l\��;U+�"Y�gqYX�"a \e$ UV$\(it[XU$�('r�"$&'�
��$ [Xl' x@�"$#�%��z�! \eY i l&U+[X'*it[X_&YW' �\()+)M[Wl&'b` '*l\��;U+�"YW!�\(i*it'*!W!�[Xl&'w!W\eab'b!9'Z[��(gp!X'Z$!X�(Y !�\($S c&YX�4S4_ it' �(_4[Wc&_4[W!
[Xl\e[�iZ\($y\
# '*it[�[Wl&' !W\eab' ab�([X�(Y !��qgq�(Y�U+$!9[W\($it'. ` �([Xl�[Wl&' `7'Zl \��oUV�(Y ! ��()V)+�
� � # '*S�\($S #�c&c&YW�"\(i l�� # ',S�\eYW'
\(ij[WU��]\e[X'*S"��l&'Z$^YX',S S4Uf!Xi*!I\eYW'�U+$Q!X'Z$!X�(Y@YW\($&%(' � � J�'Z$ it' 4U+[IUV!p$&',it'*!W!W\eYWv [W� '�(;c)+UfitU+[X)Vv it�"a c_4[X'�[Xl&'mz;'*$!9�"YXv
',(&itU+[W\e[XUV�($ �eg�\y` '*l\��;U+�"Yr` 'Zgq�(YW'w[Xl'^)V'*\(YX$&UV$&% \()+%"�(YWU [Wl&a i*\e$ `7' UV$��(��"'*S�� !Il'^z;'Z$ !9�"YXv/',(&itU+[W\e[XUV�($�\()V!X�

" �



'Z$\(`&)+',!�[Wl&' x@�($#�%��Lz�!T\eY i l&U+[X'*it[X_&YW'r[W� )V'*\(YX$yiZ�(YWYX'*)V\e[XUV�($!�` 'Z[��@'*'Z$ ` '*l\��;U+�"YW!� 7!X'��"'ZY \e)k�eg ��l&Ufi lyaw\ vQ`7'
\(ij[WU��"'�\($SQ\ec&c)+UfiZ\(`&)+'m\e[�\($;vw[XUVab'�

� ��x@�($#�%��Lz�!T!9'*c\eY \][W'*!�[Xl&'b)V'*\eYW$&UV$&% �(g@!Xc\][WUV\()~\($S�[W'Zabc7�(Y \e)~it�(YWYW'Z)f\][XUV�($ !��h#"��#�* !m)V'*\(YX$U+$&%^YX_)+',!�aw\ v�`7'
it�($ !9UfS4'ZYW'*S�[X� `7'��($&)Vv [X'*abc �"YW\()��,� J�\��;U+$%/\ !X'Zc\(YW\e[X'Q!9c\e[XUf\e)�)V'*\(YX$&UV$&% YW_&)+'�� \e$SC\(!W!X�;iZUV\e[X',S �p'ZUV%(lo[W!5�
U+abc&YW�
�(',! [Xl&' )+',\eYW$&U+$% ' � itUV'Z$iZvC�eg [Xl&'/\e%"'Z$o[ !9UV$iZ'y!9c \][XUf\e)�it�"YXYW'Z)f\][WU+�"$!baw\ v `7'y)V'*\(YX$&',S gh\(!9[X'ZY [Xl\($
[X'Zabc7�(Y \e)�iZ�(YWYX'*)V\e[XUV�($!��

+ �#��$�x@�"$#�%��z�!  [Xl&'^!9c&YW'*\"S4UV$&%�\(ij[WU��]\e[XUV�($ UV!r[Xl&YW'*!Xl&�")VS4',S \][r'��"'ZYWv `7'Zl\��;UV�(Y \($S [Xl&' \"ij[WU��]\][WU+�"$ �egI'��('*YXv
` '*l\��;U+�"YmUV! [Xl&' ab\�(4U+a _&a �(gI[Xl&'d\(ij[WU��]\e[XUV�($!r[Xl\e[ \eYWYXU$�('w\e[ U+[�� !Il&Uf!r'*$!9_YX',! [Xl\e[ [Wl&'^\"ij[XU$�]\][WU+�"$/�(g�\
` '*l\��;U+�"YMi*\e$&$&�([~\�#7',ij[{U+[W!X'Z)+g `;vmgq�()V)V�
��U+$&%�[Xl'��p'ZUV%(lo[W'*Sr)VUV$��4! [Wl&YW�(_&%"l \�c\][Wl �(g`7'Zl\��;UV�(Y !� ]U � '. (\(it[XU$�]\][XUV�($ !
!9'Z[9[X)V'bS4�
��$ \eg [X'ZY �"$&' c \(!W!�[Wl&YW�(_&%"l�[Xl&'b`7'Zl\��;UV�(Y !�����$/# ��#   \"ij[XU$�]\][WU+�"$ \][m\^` '*l\��;U+�"Y�i*\e$ \"iZiZ_&a _&)f\][W'
gqYX�"a S4U�# 'ZYW'Z$o[k!X�(_&Y it',!�\e$S�[Wl&'
[WU+ab'�[X��!X't[X[X)V'@S4�
��$mUf! !XU+%"$&U�2 iZ\($"[ � [Xl'ZYW'�it�"_&)VS `7'@\�ab\�(4U+a _&a �(g � � � � � � 
 �
)+UV$��4!���l&'ZYW' 
 Uf!p[Xl'�$;_&a ` '*YI�egk`7'Zl \��oUV�(Y !p\e$S � Uf!p[Xl&'m\��('*YW\(%('�$;_&a ` '*YI�egkcYX'���iZ�($S4U+[XUV�($ !��(gM\ ` '*l\��;U+�"Y
 � \('*!� � � � � � � �

2 �'!Il&' it�"$ �Ufij[X�"Yr)VU+$��4! U+$�#"��#PiZ�($&$'*ij[ ` '*l\��;U+�"YW!�[Wl\][ UV$&l&UV`&U+[ �"$&' \e$&�([Xl&'*Y�� !Il&'*YX'wUf!r$&�y'*no_&U$� \()+'*$o[rU+$��
l&U+`U [W�(YWv )VU+$ �;!pUV$dx@�($ #�%��Lz�! � J��
�p'��"'ZY  ()V'*\eYW$&UV$&%r�(g�U+$&lU+`&U+[X�"YI)+UV$��4!�UV$ #"��# aw\��(',!{[Wl&'�!9[XYW�($&% \(!W!9_a c&[XUV�($
[Xl\e[@[Wl&'1��l'Z$^\ ` '*l\��;U+�"Y@`7'*iZ�(ab'*!@UV$\(it[XU$�('�U+[�UV!@`7'*iZ\(_!X'��(g [Xl&' `7'Zl\��;UV�(Y
[Wl\][ �I\(!p\(ij[WU��"'�ab�"!9[IYX',it'Z$o[W)+v.�
!Il&UV!�\"!X!X_&abc4[WU+�"$^`7'*iZ�(ab'*!I)V'*!W!�YW'Z)VUV\(`&)+' \(!p[Wl&'m$;_&a `7'ZY��egk`7'Zl \��oUV�(Y !pU+$ itYW'*\(!X'*!��

!Il&' \(`&U+)VU+[Lvy�egIc&)f\(iZ' it'Z)V)f!rUV$ [Wl&' l&UVc&c7�4iZ\eabc&_ !r�egp[Xl' YW\e[ [X� YW'*!Xc �"$S [X� !Xc\][WUV\()
)V�;i*\][WU+�"$! l\(!r)+',Sy[W��[Xl'
l;v;c �([Xl&',!9Uf!�[Xl\e[�[Wl&'Zv aw\ vQ`7' _ !9',Sy\(! \ [X�(c7�()V�(%"UVi*\e)Maw\ec 
 � * % 'Z'tgq'b\e$ S ��\"S4'Z)  � � % 4 � � #�YX[XU�2 iZUV\()M$ \��oUV%"\e[XUV�($\()
!Xv;!9[X'*aw!�l\��"'�`7'Z'Z$^`&_&UV) [I[W� ',(4c&)V�(U+[p[Xl&'�[X'Zabc7�(Y \e) it�"YXYW'Z)f\][WU+�"$!{`7't[��p'Z'*$w[Xl&'12YWU+$% �eg [Xl&',!9'�c&)V\"it'�it'Z)V)f! 
 ��'ZY !9[X$&'*Y
\e$ S #�`&`7�e[X[� � ���B% � � 
 !kYX_)+)VU+'*Y�\($S ��'*v('*Y� � � � 4 � \e)f!9�d!L[W�(YW'*!�[Wl&'r[W�(c7�()V�(%"UVi*\e) aw\(c U+$/\wab�4S4'Z)M[Xl \][�Uf!�`\(!X'*SQ�"$
[Xl'mYW\e[+* !@lU+c&c7�4iZ\(a c_!�� 
 z;UV$&%(l� � � � ��� _!X'*!IYW'ZUV$4gq�"YWiZ'Zab'Z$o[I)+',\eYW$&U+$% [W'*i l&$&Ufno_&'*!p[W�w)+',\eYW$ [W�b!W\][WUV!9gqv^!X'*no_&'*$it',!p�eg
!X_&`&%(�o\e)f! �eg&\�!9[XYW_it[X_&YW'*S $\��;UV%"\e[XUV�($\() [W\(!-� ��
 � \][ \eYWUVi � ��� 2 � %"U��"'*!�\�iZYXU+[XUfitUf!Xa �(g4!X_i l [W'*i l&$&Ufno_&'*!kUV$m_&$!9[XYW_ij[W_&YX',S
YW'*\e)�� �@�"YX)fS S4�(aw\eUV$!��Mz;',no_&'Z$iZ'*!M�eg\"ij[WU+�"$! l \��('�`7'Z'*$ )V'*\(YX$&',SmUV$ YW�(`7�e[M!Xv4!L[W'Zaw!M_!XU+$&%�U+abU+[W\e[XUV�($ )V'*\(YX$U+$&% 
 /pUV)+)f\eY S
\e$ S � \e[W\(YXUfi� �(�(�(� � \e$S �;UVi*\eYWU+�"_!p)+',\eYW$&U+$%�
 x@Y \e`&`7'm\e$Sds�v"'ZY  �e�"� ��� �
# '*U+$4gq�"YWiZ'Zab'Z$o[r)V'*\(YX$&UV$&% 
 %m\e'*)+`&)VUV$&% "F%L�6@ #$ � ���,"e` � l\"!r`7'Z'*$ _!9',S/[X��)V'*\(YX$ !X'*no_&'Z$ it'*!r�eg�\(it[XUV�($!�� � �"!9[r�eg

[XlUV!&�@�"Y-� l \(!�`7'Z'*$�c '*Y9gq�"YXab'*SdUV$ !9v;$o[Xl't[XUfimS4�"ab\(U+$ !L� gq�"Y�UV$!L[ \e$iZ' 4[Wl&'	�X` ��(���c&_!Xl&U+$% ���p�(YW)fS 
 � \el\"S4'��]\($d\($S
x@�($$&'Z)V)  � � � � � \e$ Sb%(YWUVS �p�(YW)fS&! 
 z;U+$%(l� � � � � � � � J��
�p'��"'ZY  (YW'ZUV$4gq�(Y it'*ab'Z$o[�)V'*\eYW$&UV$&%rl\"!
ab't[ ��U+[Xl )VU+abU+[X',S !X_iZiZ'*!W!
UV$^_&$ !L[WYX_it[X_&YW'*S YX',\e)�� �p�(YW)fS S&�(aw\eUV$! 
 �y\][W\(YXUfi� � ��� 2 � �%!Il&' aw\eUV$ c&YW�(`&)V'Zaw!@U+$ it)V_S4'�[Xl&' S4U � it_&)+[Lvwgq�(Y�\ YX�"` �([�[W�
_&$\(a `&UV%(_�(_!X)+vmUfS4'*$"[WU gqv U [ !{!L[ \][X'���U+[XlbU+$l&'ZYW'Z$o[X)Vv gh\e_) [Lv !X'Z$ !9�"YW!� ]\e$S [Xl&'pgh\"ij[~[Xl\e[~[Xl&'I'Z$��;UVYX�"$&ab'Z$o[~i*\e$ i l\e$&%"'
UV$S4'Zc7'Z$ S4'Z$o[��(gk[Wl&'mYX�"` �([+* !�\(it[XUV�($! �h'*!Xc ',itUf\e)V)+v^U+$Qa _) [WU3��\e%"'Z$o[�!9v4!9[X'Zaw!5� � !Il'*!X' gh\(ij[W�(Y !pU+$��]\e)VUVS\][X' [Wl&'�� \(Y-�"�
�
c&YW�(c7'ZYX[Lv ��lUVi l Uf!�\"!X!X_&ab'*Swgq�(Y�YW'ZUV$4gq�"YWiZ'Zab'Z$o[�)V'*\(YX$&UV$&%m[W'*i l&$UVno_&',!
)VU��"'��&��)+',\eYW$&U+$% 
 0 \][ �oUV$!p\e$S s�\ vo\e$� � ��� � � �
���"YX'*�
�('ZY  ��&��)V'*\eYW$&UV$&%rYW'*no_&UVYX',!{[Wl\][p[Xl&'m!9[W\e[X' !9c\"it'�` ' S4Uf!XiZYX'Z[XU �Z'*S���l&UV)+' !9'*$!X�(Y@S\][W\ Uf!@�(g [X'*$^it�"$o[XUV$o_�(_!���!Il'
)f\eYW%('�S4UVa '*$!XU+�"$ �(g�[Wl&' !9[W\][W' !9c \(it'�� S4_&'�[W� [Xl&'�$;_&a ` '*Y �egm!9'*$!X�(Y ! �"$?\ YW�(`7�e[-�b\e)f!9� aw\��"'*!bYW'ZUV$4gq�(Y it'*ab'Z$o[
)V'*\eYW$&UV$&%wc7'ZYXgq�(YWaF!X)+�
��)Vv UV$y!X_i l�'Z$��;UVYX�"$&ab'Z$o[W!��Iz4l\(i��;)V't[X�"$ \e$S ��UV$&UM%(U$�('r\wab�"YX'rS4'Z[W\(U+)V'*S S&'*!WitYWU+c4[WU+�"$Q�eg{[Xl'
\ecc&)+UfiZ\e[XUV�($d�eg~YX'*U+$&gq�(Y it'Zab'*$"[I)V'*\eYW$&UV$&%bU+$d`7'Zl\��;UV�(Y-��`\"!9',S YW�(`7�e[ ! 
 � ���B% � �

z;_&%"%(',!L[WU+�"$!M[X� !Xc7'Z'*S _&cwYX'*U+$&gq�(Y it'Zab'*$"[
)V'*\(YX$U+$&%mUV$iZ)+_S&'�%(YW�(_c&U+$% !XUVa UV)f\eY�!9[W\e[X'*! 
 x@�"$&$&'*)+)  � � 4,4 �  oc\eYX[XU+[XUV�($��
UV$&%�[Xl' !L[ \][W' !9c \(it' `\(!X'*S/�($�S&UV!Wit�
�"'ZYW'*Sygq'*\][W_&YW'*! 
 s�YX_&abab�($ S� � ��� 4 �  ~\e$ S S4U��;UfS4UV$&%�[Xl' [W\"!�� U+$o[W�y!9_`�� [ \(!-�4!
 zo[X�"$&' \e$S ${'*)+�o!9�) �(�(�(� � �^� '*\(YX$&UV$&%�it�"YXYW'Z)f\][WU+�"$! UV$ [Wl&' '*$ �;UVYX�"$&ab'Z$o[maw\ vy`7' _!X'*S \(!r\($&�e[Wl&'ZY a ',\e$!r�egIYX'��
S4_iZU+$% [Wl&Uf!�)V\(YX%"'�!9[W\e[X'r!Xc\(iZ' ` 'Zgq�(YW' \(c&c&)Vv;U+$&%bYW'ZUV$4gq�(Y it'*ab'Z$o[p)V'*\(YX$U+$&% [W'*i l&$&Ufno_&'*!��{#�$&�([Xl&'*Y�ab't[Wl&�4S [W�b',(4c&)V�(U+[
!9[XYW_ij[W_&YX' U+$y[Xl&' 'Z$��;UVYX�"$&ab'Z$o[�Uf!�[W�diZ�($!XUfS4'ZY��($&)Vv�?<�9.-%(:;�9@�	+:;" � '�UV$!L[W'*\"S��eg@\()+)k[Xl' !X'Z$!X�(Y�YX',\(S4UV$&%o! 
 u~�(YX[W\w\($S
x@'Z)f\ v"\  �(�(�(� � �{# c \eYX[XUf\e) �;UV'��?�(g [Xl&'�'Z$��;U+YW�($a '*$o[�UV!@�($'�UV$���l&Ufi l �($)+vb\ !X_&`!X't[p�eg�[Wl&'�!X'Z$!X�(Y !�\(YX'�it�($ !9UfS4'ZYW'*S��
!Il&'b\(!W!9_a c&[XUV�($ Uf!�[Xl\e[�UV$yab�"!9[ YX',\e)�� �p�(YW)VSQ'*$��oUVYW�($&ab'Z$o[ !� 7�($&)Vv�\ gq'�� �eg�[Xl&'b!9'*$!X�(Y !'��UV)+){`7' YW'Z)V'��]\($"[�gq�(Y S4',�
itUfS4UV$&% �"$^\($ \(it[XUV�($ \e[p\m[WU+ab'.�
# S4U�# 'ZYW'Z$o[p_$!9_c '*Y-�;Uf!9',Sw)+',\eYW$&UV$&% \ecc&YX�o\(i lwUf!
[Wl\][I�eg [XYW'*\][WU+$%m[Xl&' !X'Z$!X�(YIS&\][ \
\(!@`7'ZUV$&% %"'Z$&'*YW\e[X'*Sb`;vw\��y\eY �(�
� i l \eUV$ \e$Sw[Xl&'*$^it)V_!9[X'*YXUV$&%r[Wl&Uf!@S&\e[W\ `\(!X'*Sw�"$ !XU+abUV)V\(Y
[XY \e$ !9U+[XUV�($ cYX�"`\e`&UV)VU [WU+',!
 # \eab�($U "!%>�9@$#$ �e�"� ��� � # \e� \($S&�&_&'*$o[X'*!�\e)f!9�waw\(U+$o[W\(U+$��"$&)Vvd\ !Xc\(YW!X'r!9_`!9'Z[��eg~[Wl&' !X'Z$!X�(Y-��ab�([X�(Y�!Xc\"it'm_!XU+$%
!Xc\eY !9' S4Uf!L[WYXUV`&_4[W'*S ab'*a �"YXv��q[Xl&'*v _!X' \ ` '*l\��;U+�"Y���`\(!X'*S�\(YWi lU [W'*ij[W_&YW' \e$ S \ �9[X',\(i l&UV$&%���`;v ��!Xl&�
��UV$&% �b\ecc&YX�o\(i l
!XU+abUV)V\(YI[X� [Xl&' [W'Zabc7�(Y \e) )V'*\eYW$&UV$&%bU+$yx@�"$#�%��z�! �,�
��[ l\"!w` '*'Z$ gq�(_$S [Xl\e[w[X'*a c7�(Y \e)�it�(YWYW'Z)f\][XUV�($ ! '*$it�4S4',S U+$ [Xl' 2YWU+$&% c\e[9[W'ZYW$!w�eg�[Xl' c&)f\(it'�iZ'Z)V)V!wUV$C[Xl'

l&UVc&c7�;i*\eabc&_!�aw\ v^`7'r_!X'*S�\"!I[Xl&' `\(!XUf!Igq�(Y�\w!9c\e[XUf\e)kab\(c 
 ��'*YW!9[X$'ZY�\($S�#�`&`7�e[X[� � � �B% � � �&�(Y�U+$!9[W\($it'. _&$ !9_��
c7'ZY �oUf!X'*S J�'*`&`&Uf\e$ )+',\eYW$&UV$&%QUV!m_ !9',Sy[W� it�"$!L[WYX_ ij[ !X_i l \d!Xc\e[XUf\e)
aw\ec iZ�(abc �o!9',Sy�(gp$'Z_&YW�($! ��U [Wl/�
�"'ZYW)V\(c&c&UV$&%

" �



c&)f\(iZ'+2 'Z)fS&!>�qab�4S4'Z)VUV$&%mc&)f\(it'�iZ'Z)V)&\(ij[WU��;U+[Lv<� 
 #�YW)V'Z�m\e$S	��'ZY !9[X$&'*Y� �(�(�"� � � !Il&'*!X'Iab�;S&'Z)f!~_!9'I[W'Zabc7�(Y \e)4it�"YXYW'Z)f\][WU+�"$!
UV$ [Wl&' 2YWU+$%dc \][9[W'ZYW$!�[X�Q`&_U+)fS \e$/',(4c&)VUViZU [m[W�(c7�()V�(%(UfiZ\()~ab\(c�  _$&)+U$�('bUV$/[Xl&' x@�($ #�%��Lz�! \eY i l&U [W'*it[X_&YW' ��l'ZYW' $�
[X�"c �")+�"%(UfiZ\()7aw\(cdUf!I`&_&UV)+[�\e$Sd�($)+v iZ�(YWYX'*)V\e[XUV�($!@`7't[��p'Z'Z$Q`7'Zl\��;UV�(Y !I\eYW'�UfS4'Z$o[WU32',S^gq�(Y�$\��;UV%"\e[XUV�($��

" +



� �������	��
 �

����� � ��� � � � � 	 � � �@� �

� ��� ���
���� � � � ���� �

!Il&'
)VUV$��4! U+$ [Wl&'
\(it[XUV�($m!X'Z)V'*ij[WU+�"$ a ',i l\e$UV!Xa S4',!XiZYXUV`7'*S UV$ i l \ec4[W'ZY + '*$\e`&)V'
\e$m\(%('Z$o[ [W��c '*Y9gq�"YXa [Xl&'�iZ�($!9[XYW_it[XUV�($
[W\"!�� � � $' �(g
[Xl&'baw\eUV$ \"S��]\e$o[W\(%(',!��(g@\^iZ�($&$'*ij[WU+�"$&Uf!L[r\(it[XUV�($y!X'Z)V'*it[XUV�($ a �4S4_)+'bUf!�[Wl\][ [Wl&'w!9',n"_'Z$iZ' �(g@!L[W'Zc!
[Xl \][ l\��"'^[W� ` '�YW'Zc7'*\e[X'*S gq�"Y it�($ !L[WYX_it[XUV�($CiZ\($ `7'�)+',\eYW$&'*S� @U � '. �[Wl&'�UV$"[W'ZY it�"$&$&'*it[XUV�($!b`7't[��p'Z'*$ [Xl&'�UV$o[X'ZYW$\()
!9[W\][W' $&�4S4',!�\($SQ[Xl' $\��;UV%"\][WU+�"$\e) c&)V\($&$&UV$&% `7'Zl\��;UV�(Y !�S4�^$&�e[�l\��(' [W� `7' !X't[ �L? .-:;46.-: � !Il&' !Xc\e[XUf\e) aw\(c!�\()V!X�
UV$S4UfiZ\][W'wU+$ ��l&Ufi l c&l\(!X'b�eg@[Xl&' iZ�($!9[XYW_ij[WU+�"$y[ \(!-��[Xl'b\(%('*$"[mUf!mit_&YWYW'Z$o[X)Vv UV$�  UV$it)V_S4UV$&% ��l&'Z[Xl&'*Ym[Xl&'b[ \(!-� l\"!
`7'Z'Z$ iZ�(abc&)V't[W'*S���!Il&UV!�i l\ec4[W'ZY�S&'*!WitYWU+`7'*!Il&�
� [Xl' �@'*U+%"lo[W!IUV$Q[Xl&' \"ij[WU+�"$d!X'Z)V'*it[XUV�($Qab�;S&_&)+' iZ\e$Q`7'r)V'*\eYW$&',S^\($S
[Xl'mU+$o[X'*YX$ \e)�!9[W\][W' $&�4S4'*!�'�(;[X'Z$ S4'*S^[X�bUfS4'Z$o[WU gqv [Xl&'m'*$Sd�egM[Xl&'mit�"$!9[XYW_ij[WU+�"$ [ \(!-� �

� � � ���
�	�� ����
 � � � � 	 � � � 	� 

��$y\"S&S4U+[XUV�($Q[X� [Xl&' J��")VS4UV$&%� /pYWUVi��  #p[-��s�YX�"c��Lz;U [W' \e$S�#p[-� /pYWUVi��dUV$"[W'ZYW$\e)M!L[ \][W'r$&�4S4'*!�U+$o[WYX�4S4_iZ'*S�UV$yi l\(c4[X'*Y +  
[XlYX'*'��([Xl&'*Y�!L[ \][W'm$&�4S4'*!�\(YX'm\(SS4'*S H
� ��
�"5�6. ��� .-:;0 � H /p'*iZ�(ab'*!I\"ij[XU$�(' ��l&'*$�\ `YXUfi�� Uf!�!9'*$!9',SQit)V�"!X'�[W�b[Xl&'r\(%('Z$o[ �
� ��>.-:;0 �� 
�	6�6: @ � �!@B" H �L!�\"ij[WU��"' U+g@[Wl&'w!9c \][XUf\e)~aw\ec !�UV$S4UfiZ\e[X'w\^`&YXUfi��Q[Xl \][mUV! $�e[mc\eYX[ �eg�[Wl&'w!L[WYX_ ij[X_YX' ` '*U+$%

`&_&UV) [ �

+ � �L.345? � �A: % " � 
�	 �9: @B� �!@B" H �L! \(ij[WU��"'bU gI[Xl' !9c \][XUf\e)�ab\(c!mUV$S4UfiZ\e[X'b[Xl \][r[Wl&'ZYW' \eYW'bc\eYX[W!m�(g@[Wl&' !9[XYW_ij[W_&YW'b[Xl\e[
!L[WU+)V) YX',no_&U+YW'm\ `&YXUfi��w[W� `7'mc&)f\(iZ'*S��

!Il&' /pYXUfi�� ��#&� \(U+)f\e`)+'�\e$S^s�YW�(c��Lz;U+[X'���#&� \(U+)f\e`)+' !L[ \][W'�$&�4S4',!pU+$S&UVi*\][X' U+g [Wl&'mit�($ !L[WYX_it[XUV�($w[ \(!-�wUV!�iZ�(abc&)V't[W'��"Y
[Xl \][m[Xl'ZYW' \eYW' $��a �"YX'b`&YWUfi��;!�[Wl\][ i*\e$ `7' ab�
�('*Sy[X� S&YX�"c���!XU+[X'*!��"!Il&' \"ij[XU$�]\][WU+�"$! �($/[Xl'*!X' !L[ \][X'w$�;S&'*!miZ\($
\e)f!X�w` ' !X't[�S&U+YW'*it[X)Vv gqYW�(aP[Xl&'r$ \��oUV%"\e[XUV�($daw\ec!�� ��(Y�UV$!9[W\($it'. U+gM[Wl&' !9[XYW_ij[W_&YW'mUV!�it�(abc&)V't[W' [Xl&'*$Q[Xl&'*YX' ��UV)V) `7'
$&� \"ij[WU��"'r$&�4S4' �"$Q[Xl&'wx@�($�2 %(_&Y \][WU+�"$d$ \��oUV%"\e[XUV�($Qaw\ec��'!Il;_!� [Xl&' s�YW�(c��Lz;U+[X'���#&� \(U+)f\e`)+' !9[W\e[X'r$�;S&'rUV!�!X't[�gqYW�(a
[Xl' !X_&a��(g@\(it[XU$� \e[XUV�($!��($y[Xl&' $&�4S4',!��(g
[Xl'wx@�"$�2%(_YW\e[XUV�($ $\��;UV%"\e[XUV�($�aw\ec�� z4U+abUV)V\(YX)Vv U+g
[Xl'ZYW' \(YX' $&�^`YXUfi��4!
[Xl \][�\eYW'�$�e[�c\eYX[I�eg [Wl&'m!L[WYX_ ij[X_YX'. ;[Xl&'*$^$&�"$&'��eg [Wl&' $&�4S4'*!I�"$ [Wl&'@/pYXUfi��b$\��;U+%o\][XUV�($^aw\ec���UV)V) ` 'm\(it[XU$�('.� !Il;_!
[Xl' \"ij[WU��]\][WU+�"$ �(g [Xl' /pYWUVi�� ��#'�]\eUV)f\e`&)V'�!9[W\e[X' $&�4S4'�UV!�!X't[IgqYW�(a�[Xl' !X_&aH�(gk\(it[XU$�]\][XUV�($ !@�"$ [Wl&' $&�4S4'*!p�(g [Xl' /pYWUVi��
$\��;UV%"\][WU+�"$^aw\(c��'!Il&' \"ij[XU$�]\][WU+�"$d�(g~[Xl&' ��'*\(Y�� /pYXUfi�� UV$o[X'ZYW$\() !L[ \][W'r$&�4S4'rUf!�!X't[�gqYW�(a:[Xl' \(it[XU$�]\][XUV�($ !��eg~[Xl'rYX',S
S4Uf!Xim!X'Z$ !9�"YW!��

� � � ��� �� � � � � ���� � � 	�� ��	�� ��	

��gI$&�($&'b�(g�[Xl' !9'*) g ��c&YW'*!X'ZY � \e[XUV�($ %(�"\()V! \(YX'b\(it[XU$�(' �[Xl&'*$ [Wl&' \e%"'Z$o[riZ\($/\e[9[X'*$Sy[X�Q[Xl' it�($ !L[WYX_it[XUV�($y[W\(!-� � !Il&UV!
[W\"!�� YX',no_&U+YW'*!�\e$b�(Y i l&'*!9[XY \][WU+�"$ �(g7`7�e[Wl^z;'*$!9�"YXv.- ���e[W�(Y{\e$S	��\��oUV%"\e[XUV�($\()&u
)f\e$&$U+$&%r\"ij[WU+�"$!� o!9_a aw\(YXU �Z',S UV$b[Xl'
\(it[XUV�($Q!9',no_&'Z$iZ' %(U$�('Z$dUV$ 2 %(_&YW'���� � �

" 2



�IH ��l&UV)+'mit�"$!9[XYW_ij[WU+�"$^Uf!�UV$it�"a c)+'Z[X'
�2H � �4iZ\][W'm\e$Q\�� \(U+)f\e`)+' S4Uf!Xi H
� \ H U+g~iZ)+�o!9'�[X�w\ `&YWUVi��  &!X'Z)V'*it[�
 ?I? .34 �I0 ����
G" �
� ` H 'Z)f!X'�U+g~`&YXUfi��4!�\eYW'�\��]\(U+)f\e`&)V' &!X'Z)V'*it[�>.-:;0 � $A� 	 :  #�6%1:;46$
� i H 'Z)f!X' !X'Z)V'*it[ ���F?A@B49.3"�`7'Zl\��;UV�(Y
+<H ��g~`&YWUVi��wUf! ��U+[Xl&UV$QYX',\(i l� � .3� �
2&H ��\��;U+%o\][X'�[X� [Wl&'m)+�4i*\][XUV�($ ��l&'*YX'�[Xl'r!L[WYX_it[X_&YW' UV!�a Uf!W!9UV$&%w\ `&YXUfi�� H
2 \ H !X'Z)V'*ij[ � 46$ 7  I/2.3�6%1:;46$ $A� 	+:  #�6%1:;46$
� H ��g{\][�\bS4YW�(c���!XU [W' ��.34�? [Wl&'m`&YWUVi��

�kUV%(_YX'���� �IH z;',no_&'Z$iZ' �eg{\(ij[WU+�"$!IYW'*no_&UVYX',Sw[X�wc7'ZYXgq�(YWaPiZ�($!9[XYW_ij[WU+�"$��

/I\(!X'*S �($w!X'Z$!X�(YWv UV$&c&_&[W!�\($SbUV$"[W'ZYW$\e)7zo[W\e[X'�$&�4S4',!� ([Xl&Uf!p!9',n"_'Z$iZ'�iZ\e$w`7'�c7'ZYXgq�(YWab'*S `;v [Wl&'�\(it[XUV�($ !X'Z)V'*it[XUV�($
ab�4S4_&)V' [Xl&YW�(_&%"l [Wl&'rit�"$&$&',ij[XUV�($ !�\e$S �@'*U+%"lo[W!�!Xl&�
��$^UV$ 2%(_YX'���� � �%*@\(i ld$&�4S4' U+$d[Xl'r\(ij[WU+�"$�!9'*)+',ij[XUV�($dab�4S4_&)V'
aw\ v l \��('�`7�e[Wl ',(&iZU [ \][X�"YXv �h\(YXYW�
��!��
\e$SbUV$&l&UV`&U+[X�(YWv��hS4�([W!5��iZ�($&$'*ij[WU+�"$!{gqYW�(aB[Wl&'�UV$o[X'ZYW$\()7!9[W\e[X'�$&�4S4',!�� 0/'ZUV%(lo[W!
Y \e$&%"'�gqYW�(a � [W� � gq�"Y�',(&itU+[W\e[X�(YWv \e$ S � [X� � � gq�(YIU+$l&U+`U [W�(YWv \($S^\()+)�\"ij[WU��]\][WU+�"$!I\eYW'm!9_&abab'*Sd\e$ S [Wl&YW'*!Xl&�()fS4'*S H

� � ��� ��� � � � � � ! � � �� � � � � � � � � � � � � �� � � � �1� 	  � � ����� � �

��l&'*YX' � � Uf!p[Xl'r\(ij[WU��]\e[XUV�($Q\][�$&�4S4' �  � Uf!p[Xl&'r!9[X'*c^gq_$ij[WU+�"$Q\($S  � UV!I[Wl&' [XlYX',!9l&�")VS��

� � � 	 K� ��� � 	 � � 
� 	 � /  ����� � �

!Il&'w'�(4iZU [ \][W�(YWv )+UV$��4! \"ij[WU��]\][W' \Q$&�4S4' ��l&'*$�\�!9'Z[ �eg�it�"$S4U+[XUV�($!mUf!rab'Z[� ~!9_i l \"!m'Z$\(`&)VU+$&% � .3� � ��l&'*$ �h\#�
[Xl' \(%('Z$o[�Uf!�\][m\ S4Uf!Xi��h#p[-� /pYWUVi��dU+$o[W'ZYW$\e)~!L[ \][W' $&�4S4' UV! \(it[XU$�(' ��\e$ S �q` ��[Xl' !9[XYW_ij[W_&YW'rUV!�abUf!X!XU+$% S4Uf!Xi*! � s�YW�(c��
z;U+[X'���#&� \(U+)f\e`)+'mUV$o[X'ZYW$\() !L[ \][W'm$&�4S4'rUf!�\(it[XU$�(' �,��!Il'ZYW'tgq�(YW' � � � Uf!�\"!X!XU+%"$&'*S [X� ` �([Xl �p'ZUV%(lo[W!p[W� 'Z$!X_&YW' [Xl\e[ � .3� �
Uf!m\(ij[WU��"' �"$&)Vv ��l&'Z$/` �([Xl UV$&c&_4[m$&�4S4',!m\eYW' 2YWUV$&% [W��!9_&YWc\"!X!�[Xl' [Wl&YW'*!Xl&�()fS  � �eg � �3%�� J��
�p'��('*Y� U+g@[Wl&'w\e%"'Z$o[
\e)VYW'*\(S&v l\"!�\ S&UV!Wi �(J��()fS4UV$&%�� /pYXUfi�� Uf!�\(ij[WU��"' �, [Wl&'Z$y[Xl&' � .�� ��$&�4S4' !Xl&�(_)VS�`7' UV$&l&UV`&U+[X',Sy!X�w[Xl&'b\e%"'Z$o[�S4�;',!�$&�([
[XYWvd[X�^%(Y \e` \e$�e[Xl'ZY S4UV!Wi�� !Il&Uf!�Uf!�\(i l&UV'��"'*SQ`;vd[Xl&' U+$l&U+`U [W�(YWv �p'ZUV%(lo[��(g � � � �  ab�"YX' [Xl\($y!9_ � iZU+'*$o[�[W� c&YW'��"'Z$o[
[Xl'r\(ij[WU��]\e[XUV�($dgqYX�"a:!X_&YWc\(!W!9UV$&% [Xl&' [Wl&YW'*!Xl&�()fS��@z;UV$iZ'r!9'*) g ��c&YW'*!X'ZY � \e[XUV�($^%(�"\()V!Il \��(' l&UV%(l&'*Y�c&YXUV�(YWU+[Lv ;[Xl'mYX',\(ij[WU��"'
YW'*!Xc �"$!9'm�(g
\��(�(UfS4UV$&%b[Xl' S4Uf!Xima _!9[�`7'm[X_&YW$&',S���# ��l&'Z$Q[Wl&' \(%('Z$o[�$&'*'*S&!�[X� %"YW\(`�\wYX',S�S4Uf!Xi� !IlUV!�UV!�\(i l&UV'��"'*S
`;vw[Xl'mU+$&lU+`&U+[X�"YXv^)+UV$�� �(g � � � � gqYX�"aH[Xl'���'*\(Y���s�UV!Wi�UV$o[X'*YX$\()�!L[ \][W'm$&�4S4'�[X�b[Xl'r#'�(�"UVS�� # ',S `7'Zl \��oUV�(Y �/pv _!XUV$&% [XlUV!dit�"a `&UV$\][WU+�"$C�egm',(&itU+[W\e[X�"YXv \e$SCUV$&l&UV`&U+[X�(YWvCit�($$&'*it[XUV�($!� �!9l&�
��$CUV$ 2%"_&YX' ��� �  p[Xl&'/#�ij[WU+�"$
z;'*)+',ij[XUV�($ya �4S4_)+'b!9'*)+',ij[ !�[Wl&' iZ�(YWYX',ij[�\"ij[WU+�"$ `\(!X'*SQ�"$ U+[W! it_&YWYW'Z$o[X)Vvd\"ij[WU��"' %(�o\e)f!�\($SQ[Xl' iZ�($!9[XYW_ij[WU+�"$ !L[ \][W_!��
!Il&'wUf!X!X_&'w�(gp)V'*\(YX$&UV$&%d[XlUV!riZ�($!9[XYW_it[XUV�($ !9',n"_'Z$iZ'b[Xl&YW�(_&%"l �p'ZUV%(lo[r\(S
�L_!L[Wab'Z$o[ Uf! 2Y !L[rS4Uf!XiZ_!W!9',S� �gq�")+)V�
�@',Sy`;v
[Xl'rS4'Zab�($ !L[WYW\e[XUV�($d�eg [Wl&Uf!�iZ\(c\e`&UV)VU [Lv UV$d[Xl&' # '*!X_&) [ !�!9',ij[WU+�"$��

� ��� � 	 � � � ����� ���	���� �� � � � � ���� � � 	 � ��	�� ��	

#�$?\(%('Z$o[ \(S
�L_!L[ !b[Xl' �@'*U+%"l"[ ! �($ [Xl&'�)VUV$��4!bU+$CU+[W! \"ij[XUV�($C!X'Z)V'*ij[WU+�"$Ca �4S4_)+'Q[Wl&YX�"_&%(lC\/c&YW�;iZ'*!W! �eg U+abU+[W\][WU+�"$
)V'*\eYW$&UV$&% � !Il&' \e%('*$o[�)+',\eYW$!I[W� abU+abUfim[Xl' \(it[XUV�($!��eg
\��L[W'*\"i l&'ZY5�b\e%('*$o[�[Xl\e[�Uf!�\e)VYW'*\(S&v^iZ\(c\e`)+'r�(g{c '*Y9gq�"YXabUV$&%
[Xl'�it�"$!L[WYX_ ij[XUV�($w!X'*no_&'*$it'.� !Il'�[X',\(i l&'*Y�\e%"'Z$o[
UV!
$&�e[�clov4!XUVi*\e)V)+v !9U+[X_ \][X',SwUV$b[Xl&'�'*$��oUVYW�($&ab'Z$o[  (`&_4[@U [pl\(!
\"iZiZ'*!W!
[X�b[Wl&'r!W\eab'm!9'*$!9�"YXv U+$&c_4[�\(!I[Wl&'m)V'*\eYW$&'*YI\(%('*$"[�\($S^[Xl&' [W'*\(i l'ZY * !�\"ij[XUV�($ !�\eYW' S&'t[X'*YXabUV$&'*Sd`;v [Wl&'mUfS4'*\() \(it[XUV�($
!X'Z)V'*ij[WU+�"$ $&'Z[��@�"Y-�m!Xl&�
��$rUV$ 2%"_&YW' ��� � � !Il&'@[X',\(i l&'*Y [Wl&'Z$ ab�($&U+[X�"YW! [Xl&'I!9[X_S4'*$o[+* !~',(;[X'*YX$\()o\"ij[WU+�"$!~\e$S %('Z$'ZY \][X',!
[��p�dc7�"!XU+[XU$�('w�(Ym$'Z%"\e[XU$�('bYW'ZUV$4gq�(Y it'*a '*$o[m!XUV%($\()V!� ��($'bgq�(Ym[Wl&' \eYWa \(it[XUV�($ \e$ Sy[Wl&'w�e[Wl&'ZYrgq�(Y [Xl'wa �([X�"Y \(it[XUV�($
�egp[Xl' !L[W_S4'*$"[ � !Il'*!X' !9UV%($\()V!m\(YX'w%"'Z$&'*YW\e[X',Sy`;v iZ�(abc\(YXUV$&%d[Xl&'^!L[W_S4'Z$o[ * ! ',(;[X'*YX$\()
\(it[XUV�($! ��U+[Xl [Wl&' \"ij[XUV�($ !
[Xl'�[W'*\"i l&'ZY �p�(_&)fS l \��('�[W\��"'Z$��%!Il&Uf!IUf!�\e$\()+�"%(�(_ !{[X� [Wl&'riZ\"!9' ��l&'ZYW'�[Xl&' [W'*\(i l'ZY�\e%"'Z$o[pUf!�it)V�"!X'Z)Vvbgq�()V)V�
��U+$&% [Xl'
)V'*\eYW$&'*Y�\($S Uf! \e`&)V'r[W�diZ�(abc\eYW'r[Wl&'b)+',\eYW$&'ZY * !��(_&[Xc&_4[ ! ��U [WlyU+[W!��
��$yUfS4',\e)~�(_4[Wc&_4[m\][ '��"'ZYWvQ!9[X'*c�� !Il&'b!9[X_S4'*$o[
�($)+v l \(!�\(i*it',!X!p[W� [Wl&' [X',\(i l&'*Y+* !I\(it[XUV�($!� 4`&_4[�$&�([�[X�wU+[W!IUV$o[X'ZYW$\()�!L[ \][X'.�

" �



Drop

Grab

1.0
−1.0

Motor
Output

Action Selection ModuleNav Planning

Motivations and Internal States

AvoidHungerThirst

Sensory/Motor

0.3

0.3
0.3

−1.0

0.5
0.5

0.50.50.5

1.0

−1.0−1.0

−1.0

0.5

Avoid−Green

Avoid−Blue

Approach−Green

Approach−Blue

Approach−Red

Avoid−Red

Exploration

Food Navigation

Thirst Navigation

Configuration Navigation

Brick Navigation

Avail

At

Brick
Drop
At

Site

Near

Brick

DropBrick

Avail.
Site

Holding

Brick

�MU+%"_&YW' ��� �2H !Il&' #�ij[WU+�"$ z;'*)+',ij[XUV�($ya �4S4_)+' ��U [Wl UfS4'*\()MiZ�($&$&',ij[WU+�"$!�\($S �p'ZUV%(lo[W!�gq�(Y�iZ�($!9[XYW_it[XUV�($��&!Il' !Xl\(S4',S
itUVY it)V'*!�UV$S4UfiZ\e[X' [Xl&' �(_4[Wc&_4[�$�;S&'*!� [Wl&' �p'ZUV%(lo[W!�[X�"��lUVi ly\(YX' )+',\eYW$&'*S �hS&'*!WitYWU+`7'*S�UV$y!X'*it[XUV�($ ��� 2 �,�&!Il&' �(_4[Wc&_4[W!
gqYW�(a}[Xl'wz4'Z$!X�(YWv.- ���([X�(Y�\e$S���\��;UV%"\e[XUV�($\()Mu�)V\($&$&UV$&%^iZ�(abc �"$&'Z$o[ !m\eYW'rgq'*S UV$ygqYW�(a [Wl&'b)+'Zg [r\e$S YX'*%(_&)f\][W'*S�`;v
[Xl'����e[WU��]\][WU+�"$d\($S ��$o[X'ZYW$\() zo[W\e[X' $&�4S4'*!�� !Il&'r\"ij[XUV�($ !�i l&�"!X'Z$d\eYW'�[Wl&'Z$�!X'Z$o[I[X�b[Wl&'mab�e[X�"YW!p�"$^[Wl&'mYWU+%"l"[ �

"�"



!Il&'b!L[W_S4'*$"[m`7'Z%"U+$! ��U+[Xl \ gq_)+)Vvyit�"$&$&',ij[X',Sy$'t[��p�(Y �  \($Sy!XU+$ it' [Xl&'b)VU+$��4!�`7't[��p'Z'Z$ \e$;vQ[��p� $&�4S4',!miZ\($y`7'
'ZU+[Xl'ZYI',(&itU+[W\e[X�"YXvb�(YpUV$&l&UV`&U [W�(YWv o[��p� �p'ZUV%(lo[W!@l\��('�[X� ` '�)V'*\eYW$&',S !9UVa _) [ \e$&'*�(_!X)+v.�%!Il&YX�"_&%(l U+abab'*S4Uf\][W'�YW'��I\eY S&!� 
[Xl'�!X'*no_&'*$it'��egk\"ij[XUV�($ !
[W� i*\eYWYXv �(_4[�it�"$!9[XYW_ij[WU+�"$ UV!@)V'*\eYW$&',Sw`;v \(S��L_!9[XUV$&% [Xl&' �p'ZUV%(lo[W!�[X� a UV$&UVabU��*'�'*YXYW�(Y � !Il'
'*no_\e[XUV�($ gq�(Y �@'*U+%"lo[ \(S
�L_!L[Wab'Z$o[W! gq�"Y `7�e[Wl [Wl&'Q',(&itU+[W\e[X�(YWv \e$S U+$l&U+`U [W�(YWv �@'*U+%"l"[ ! \(YX'^[Xl'Q!W\eab'd\e$S \eYW'd\"!
gq�()V)V�
��! H

� � � ! � � �� � � � � � � � � � � ! � � ���� ���=� � � � � � �� � � � � ! � � ���� ���=� � � � � � (�� ������� �
	 �� � � � � � � � ���� � ����� + �
� � � � � � � �� � � � � � � � � � � � �"� � ���� ���=� � � � � � �� � � � � � � � � �� � � �=� � � � � � (�� � ���� ��� ��	� � � � � � � �  ��� � ����� 2 �

��l&'*YX'�� �� � Uf!�[Xl&' �@'*U+%"lo[@`7't[��p'Z'Z$ �{\e$S � \e[@[WU+ab' �  � �kUf!�[Wl&' \(ij[WU��]\e[XUV�($ �(g $&�4S4'��� 4\e$ S � �� UV!@[Xl'�YW'ZUV$4gq�(Y it'*ab'Z$o[
!XU+%"$\e){\][r$�;S&' � � !Il&'b',(4c7�($&'*$o[XUf\e)~[X'*YXa UV! _!X'*S [W�dYW'*!9[XYWUfij[ [Xl&'bY \e$&%"' �(g�[Wl&' �@'*U+%"lo[W!�[X��`7't[��p'Z'*$ !@� \e$S � �
� ���� Uf!p[Xl&' )V'*\(YX$&UV$&% YW\e[X' �h\ YW'*\e) $;_&a ` '*Y�` 'Z[��@'*'Z$ � \($S � � �%!Il&'mS4_&Y \][WU+�"$^�(gM\ )+',\eYW$&UV$&% [WYXUf\e) Uf!�S4't[W'ZYWabU+$&',S `;v
[Xl'r!9U �Z' �egM[Xl'r!L[WYX_it[X_&YW'�[X�b`7'm`&_&UV) [�\($S^U+$�!X_iZiZ'*!W!9U$�('�)+',\eYW$&UV$&% [XYWUV\()V! � ���� Uf!IYW'*S4_iZ'*Sd`;v \bS4'*i*\ vwgh\(it[X�"Y�� ���� H

�  ��� � � � � � � � ���� ��� � � �  ��� ����� � �
��l&'*YX' � ���� � � �
Uf!
[Wl&'�)V'*\(YX$U+$&% YW\e[X'�\e[�[XYWUf\e) �%� !Il'�YW'ZUV$4gq�(Y it'*a '*$o[@!9UV%($ \e) � %"'Z$&'*YW\e[X'*S `;v [Xl&'�[X',\(i l&'*Y{[W\�(',!
�($)+v
[��p� �]\e)V_&'*! H�!@� \($S � � ����g~\rc7�"!XU [WU��"'�YW'ZUV$4gq�"YWiZ'Zab'Z$o[@�(g � UV!pYW'*it'*U��"'*S� "[Xl'�'�(&itU+[W\][W�(YWv �@'*U+%"l"[ !�`7't[��p'Z'*$^\ c\eUVYp�eg
2YWU+$%�$'Z_&YW�($!~\e[M[WU+ab' �kUV!{!9[XYW'Z$&%([Xl&'*$&'*S� ���l&UV)+'I[Wl&'�it�"a c)+'*a '*$o[W\eYWvmUV$&l&UV`&U [W�(YWv �p'ZUV%(lo[W!~\eYW'��@',\��('*$&'*S�� J��
�p'��"'ZY  
\d$&'Z%o\][WU��"' YW'ZUV$4gq�(Y it'*ab'Z$o[��(g !@� iZ\(_!9',!�[Xl&'w�"c&c �o!9U+[X'b\(S
�L_!L[Wab'Z$o[W! [W�^�4i*it_&Y  �YW'*S4_iZU+$% [Wl&'w)+U$�('*)+UVl&�;�4Sy�(g 2YWUV$&%
%(U$�('*$w[Xl' !W\eab'�U+$&c_4[W!��
s�_'�[W� [Wl&'�$\][W_&YX'��egkl\��;U+$&% ` �([Xl �@'*U+%"l"[ !@\"S��L_!9[X',S^!XU+a _&)+[W\e$'Z�(_ !9)Vv "[Xl&Uf!p)+',\eYW$&UV$&% YW_&)V'
Uf!mYX'Zgq'ZYWYX',S [W� \(!ru~�o!9U+[XU$�(' - ��'Z%"\e[XU$�(' �hu - �K� J�'Z`&`&Uf\e$ )V'*\(YX$U+$&%)�"0?U+[Xl�\Qc7�"!XU [WU��"'wYX'*U+$4gq�"YWiZ'Zab'Z$o[   \e)V)
',(&iZU [ \][X�"YXv
�p'ZUV%(lo[W!M[Wl\][@\"ij[WU��]\][W'*S � \eYW'pUV$iZYX',\(!X'*Sb\e$S [Wl&'�UV$&l&UV`&U [W�(YWv �p'ZUV%(lo[W!{S&'*itYW'*\"!9',S�� J��
�@'��('*Y� eU+g�\ $&�4S4'�Uf!{U+$ it�(YWYW'*ij[W)+v
\(it[XU$�]\][X',S U+$ [Xl' !L[W_S4'Z$o[  I\ !@� YW'ZUV$4gq�(Y it'*ab'Z$o[bgqYX�"a [Xl'Q[X'*\"i l&'ZY i*\e_!X'*!b�"c&c7�"!XU [W' \(S��L_!9[Xab'*$"[ ! \e$ S YW'*S&_it',!
gq_4[W_&YX' \(ij[WU��]\e[XUV�($!b_&$ S4'ZYw[Wl&'y!W\eab'QU+$c&_4[W!�� ! � )V'*\(YX$ [Xl&' \(ij[WU+�"$ !X'Z)V'*it[XUV�($?!X'*no_&'Z$ it'Qgq�(Y^it�($ !L[WYX_it[XUV�($� Iu - �
J�'*`&`&Uf\e$ )+',\eYW$&U+$% UV!�_!X'*S��"$�[��p�^!X't[W!��eg+�@'*U+%"l"[�ab\e[XYWUViZ'*!��eg " U+$&c_4[W!1�>J��()fS4UV$&%�� /pYXUfi��  #p[-� /pYWUVi��  ��'*\(Y�� /pYXUfi��  
/pYXUfi�� ��#&�]\eUV)V\(`&)+'. ,s�YW�(c��Lz;U+[X',��#'�]\(U+)f\e`&)V' ]\($Sr#p[���s�YX�"c���z4U [W'�`;v %I�(_&[Xc&_4[ ! � ��Y \e`� ]s�YX�"c� "x@�($�2%(_&Y \][WU+�"$m$\��;U+%o\][WU+�"$� 
/pYXUfi��b$\��;U+%o\][WU+�"$� .* (;c)+�"YX'. o#&�(�(UfS�� # '*S� ;\($S #�c&c&YW�"\(i l�� # ',S� oYX'*c&YX',!9'*$o[XUV$&%m[Xl'�gq_)+)Vv it�"$&$&'*it[X',Sw$&'t[��p�(Y �b�eg `7�e[Wl
',(&iZU [ \][X�"YXv \($SdU+$l&U+`U [W�(YWv )+UV$��4!��
��g{[Xl' !9[X_S4'*$o[�c7'ZYXgq�(YWaw!�[Xl' it�"YXYW'*it[�\(it[XUV�($!� [Xl&' �@'*U+%"l"[ !�[Wl\][�YX',!9_&)+[X',S�UV$�[Xl&',!9' \(it[XUV�($!�\eYW'rYW'ZUV$4gq�(Y it',S�� ��g

\ ��YW�($&%w\"ij[XUV�($�Uf!�c7'ZYXgq�(YWab'*S� �($&' it�(_)VSQ!XU+abc&)Vv �@',\��('*$ [Wl&' �p'ZUV%(lo[ !I[Xl\e[�c&YW�4S4_it',Sd[Xl&' 'ZYWYX�"$&'Z�"_!�\(it[XU$� \e[XUV�($��
J��
�p'��"'ZY  [Xl&Uf! gq�"YXa �eg �9`&)f\eab'w\(!W!9UV%($a '*$o[��^UV! �7\��@',S !XU+$ it' [Xl&' \(%('*$"[riZ�(_&)fS/c �([X'Z$o[WUV\()+)Vvy$&'��('*Y�)V'*\(YX$/`7'*iZ\(_!X'
[Xl'/iZ�(YWYX',ij[XUV�($?\"ij[XUV�($ UV!^$&'��"'ZYd\(ij[WU��]\e[X'*S \e$S?[Xl;_!^$&'��"'ZY c7�"!XU+[XU$�('Z)VvCYX'*U+$&gq�(Y it'*S�� !Il&'/it�(YWYW'*ij[^$&�4S4'y[Wl\][dUV!
!X_&c&c7�"!X'*S [W� 2 YX'Q!9l�(_&)fS \()V!X�y`7' [WYW\(U+$'*S�� J��
�@'��('*Y� M[Xl'dYW'ZUV$4gq�"YWiZ'Zab'Z$o[ !XUV%($\()pS4�;',! $�e[bUVS4'*$o[XU+gqv [Xl&'Qit�"YXYW'*it[
$&�4S4'.����$ !L[W'*\(S �eg l \��oUV$&% [Xl&'m!9[X_S4'*$o[I\(%('Z$o[IYW\($S4�"a )Vvb%(_&',!X!�[Xl'�iZ�(YWYX',ij[p\"ij[WU+�"$� 4\e)V) \"ij[WU+�"$!�'�(&it'Zc&[@[Wl&' �($&' �L_!L[
',(4',it_4[W'*SQ\eYW'�[XYW'*\][W'*Sd\(!�iZ�(YWYX',ij[ �q'��('Z$d[Wl&�(_&%"lQ�($&)Vv �($'mUV!�iZ�(YWYX',ij[-� �
#�!�\ YW'*!X_&)+[� 4[Wl&'mUV$it�"YXYW'*it[I$�;S&'mYX',it'ZU$�(',!I\
$&'*%"\][WU��"'�YW'ZUV$4gq�(Y it'*ab'Z$o[���lU+)V'm\e)V)7�([Xl&'*YW!pYW'*iZ'ZU$�('�\ c7�"!XU [WU��"'��"$&'� 0?U+[XlQ!9_ � iZU+'*$o[p[WYW\(U+$U+$&%) o[Xl&'mit�"YXYW'*it[@$&�4S4' ��UV)+)
c&YW'��]\eUV) ��l&U+)V' \e)V) [Wl&'�U+$iZ�(YWYX',ij[p$&�4S4'*!Iit',\(!X'�[W� \(it[XU$�]\][X'�_&$S&'ZYp[Xl&' !W\eab'�UV$&c&_4[ !� 4UV$iZYX',\(!XU+$&%r[Xl&'mi l\($it'��eg�gq_4[W_&YW'
\(it[XU$�]\][XUV�($Q�(gk[Wl&'rit�"YXYW'*it[I$�;S&' ��U [Wl^[Wl&' !W\eab' U+$c&_4[W!��+!IlYX�"_&%(lQu - � J�'Z`&`UV\($d)V'*\(YX$U+$&%) ;[Xl&' !L[W_S4'Z$o[ * ! �p'ZUV%(lo[ !
\eYW'r\(S
�L_!L[W'*Sd[W� \(it[XU$� \e[X'm[Wl&' YWUV%(lo[�$&�4S4'*!�U+$Q[Wl&' YWUV%(lo[�!9',no_&'Z$iZ' [Xl;_!�YX',!9_&)+[XUV$&%wUV$Q[Xl&' !L[W_S4'*$"[�c '*Y9gq�"YXabUV$&%w[Xl'
it�"$!9[XYW_ij[WU+�"$ [ \(!-� \(!�!Xc ',itU�2'*Sd`;vw[Wl&' [X',\(i l&'*Y��

� ��� � 	� ��
 � ��� � � �� � ��  ��� �

��',\eYW$&UV$&% [W�/iZ�($!9[XYW_ij[b\ iZ�($�2 %(_&Y \][WU+�"$ �eg�S4Uf!WiZ! �p\"! '��]\e)V_\][W'*S `;v l\��;UV$&%y�"$&'^!9[X_S&'Z$o[ \e%('*$o[ [XY \eUV$&',S U+$ [Xl'
'Z$��;UVYX�"$&ab'Z$o[b!Xl&�
��$ U+$/2%"_&YX' + � � � �h\#�  ��l'ZYW' 2)�('�S4Uf!Xi*! �@'*YX'd_!X'*S [X� it�"$!L[WYX_ ij[ \ !L[WYX_it[X_&YW'�it�"a c7�"!X'*S �eg 2
��UfS4'Z)Vv !X'Zc \eY \][X',SCS4UV!WiZ!�� !Il&'/!L[W_S4'Z$o[��I\(! YX'*c ',\][W'*S4)Vv c&)f\(iZ'*SCUV$?[Xl' !W\eab'�'Z$��;U+YW�($a '*$o[ _&$o[XUV)�U+[ $&� )+�"$&%('*Y
aw\(S4'b\e$;vQabUV!9[W\�(',!� \][ ��l&Ufi l c7�(UV$o[�U+[ �p\"!�c)V\"it'*S U+$o[X�Q\^$&�
�('*)k'*$ �;UVYX�"$&ab'Z$o[�[W� �]\()+UfS&\][W' [Wl\][ [Wl&' )V'*\(YX$U+$&%^UV!
%('*$&'ZY \e)VU �Z'*S \($S \(S&\(c4[XU$�(' [X� �([Xl&'*Y it�"$!9[XYW_ij[WU+�"$�!XiZ'Z$\(YXUV�"!�� !Il' !L[W_S4'*$"[b\e%"'Z$o[ �I\(!m%"U��"'Z$ $&� �([Xl&'*Y �C?A.-:;49.-:
�;$&�
��)V'*S4%"' '�(&it'Zc&[mgq�(Ym[Wl&' !L[WYX_ ij[X_YX'b[W��` ' iZ�($!9[XYW_it[X'*S�  U � '.��  [Xl&' \"ij[WU��]\][WU+�"$! �($/[Wl&'dx@�($�2%(_&Y \][WU+�"$ *pz � � #�)+)
�e[Wl&'ZY *@z � !�\(YX' U+$&U+[XUf\e)V)Vvd'*abc4[Lv�\e$SQ[Wl&'b\(ij[WU+�"$y!X'Z)V'*ij[WU+�"$�$&'t[��p�(Y �dl\(!�\e)V)k�(g
U [ !&�p'ZUV%(lo[ !�Y \e$S&�(ab)+vdUV$&U [WUV\()+U �Z',S
[X�b`7'm` 'Z[��@'*'Z$ � \e$S � � ���q'�(4iZU [ \][W�(YWv2�@�"Y � \($S � � � ���qUV$&l&UV`&U+[X�"YXv<� �

!Il&'�[��@�r)V'*\(YX$U+$&% c\eY \eab't[W'ZY !� ")+',\eYW$&UV$&%rY \][X' �  ��� \($S S4',iZ\ v gh\(it[X�(Y��  ��� �(g [Xl&'�)+',\eYW$&UV$&%rY \][X'�` 'Z[��@'*'Z$w[WYXUf\e)f!� �p'ZYW' �]\eYWU+',Sm[W��[W'*!9[k[Wl&'ZUVY~',# '*ij[ !�� !Il&'IYW'*!X_&) [ !�gqYW�(a [��p��!X't[ !M�egc\(YW\(ab't[X'*YW!M\eYW'@!Xl&�
��$rUV$ 2%(_&YW' ��� + �h\"!��p'Z)V)4\(!k[Xl'

"B%



-20

0

20

40

60

80

100

120

140

160

0 2 4 6 8 10

N
um

be
r 

of
 E

rr
or

s

Trial Number

P/N Hebbian 1
P/N Hebbian 2

Q-learning

�MU+%"_&YW' ��� +<H *�YXYW�(Y !mS4_&YWUV$&% !9',no_&'Z$iZ' )V'*\eYW$&UV$&% H [Xl&' $;_&a ` '*Y �(gI'*YXYW�(Y ! aw\(S4' `ovy[Xl&'d!L[W_S4'*$"[ \e%('*$o[ �('ZY !X_! [Xl'
)V'*\eYW$&UV$&%I[XYWUf\e)e_!XUV$&%I[��@��S4U3# 'ZYW'Z$o[�)V'*\(YX$&UV$&%�\()+%"�(YWU [Wl&aw!���!Il'{[��@��u0- ��J�'Z`&`&Uf\e$m)V'*\(YX$U+$&% �hc\eY \eab't[W'ZY ! H � ����� � �  4  
� ����� � �  2  \($S � ����� � �  "  � ����� � �  4 ��YW'*!X_&)+[W! \eYW' iZ�(abc\(YX',SQ[X� �&��)V'*\(YX$U+$&% �qc\(YW\(a 'Z[X'*YW! H � � �  +  �� � �  �� 
� � �  � � �

YW'*!X_&) [ !
gqYW�(a>_ !9UV$&% �&��)V'*\(YX$&UV$&% 
 0 \][-�;UV$!� � � 4 � � z4_4[9[W�($Q\e$S /I\(Y9[W�  � ��� 4 � [X� )+',\eYW$ \e$S c '*Y9gq�"YXa�[Wl&' !X\(a '�[W\"!��<� �
!Il&'w$;_&a ` '*Ym�egI'ZYWYX�"YW! �hi*\e)fit_&)f\][W'*S/\(!�[Wl&' $;_&a `7'ZYm�(g@[WU+ab'���!9[X'*c! ��l&'*$ [Wl&'w�(_&[Xc&_4[ \"ij[WU+�"$! �egp[Xl&'w)V'*\(YX$'ZYrS4UfS
$&�([@\e%"YX'*'���U+[Xl [Xl&�o!9'��(g [Xl&'�[W'*\"i l&'ZY  (U � '. ([Wl&'�[WU+ab',��!9[X'Zc !�S4_&YWUV$&% ��l&Ufi l \m$&'Z%o\][WU��"'�YX'*U+$4gq�"YWiZ'Zab'Z$o[ �I\(!{%"'Z$&'*YW\e[X',S&�
S4_&YWUV$&%y[WYW\(U+$U+$&% `;v [Xl' !L[W_S4'Z$o[ \e%"'Z$o[ �('ZY !X_! [Xl&'d[XYWUf\e)I$;_&a `7'ZYwUf!w!9l�
��$� ��U+[Xl [Xl&'Q'*YXYW�(Y `\eY !b!9l�
��U+$&% [Xl'
!9[W\e$ S&\eY S S4'��oUf\][WU+�"$wgqYW�(a �*� U+$S&'Zc7'Z$S4'*$o[IYW_&$!��%*�\"i lb[XYWUV\() iZ�($!XUf!L[ !��(g �*�(�"� [XUVab',��!L[W'Zc!� 4\e$S ` 'Z[��@'*'Z$^'*\(i l [XYWUV\()
[Xl'm)+',\eYW$&U+$% Y \][W' � ���� UV!IYW'*S&_it',S `;v [Wl&'rS4',iZ\ v � ���� gq�(Y�u - � J�'*`&`&Uf\e$Q)V'*\eYW$&UV$&% �

!Il&' �&��)V'*\(YX$&UV$&%r_ !9',SwU+$ [Xl&Uf!p'��]\e)V_\e[XUV�($ )V'*\(YX$!�[��p� \(it[XUV�($�� �]\e)V_&'�gq_&$ ij[XUV�($ !� ;�($'�gq�(Y#��Y \e`*-es�YW�(c \"ij[XUV�($ !@\($S
[Xl'm�e[Xl'ZYIgq�(Y�ab�([X�(Y�\"ij[XUV�($ !�� ��$!9[X',\(Sd�egM_!9UV$&% gq_&$it[XUV�($�\ecc&YX��(4UVaw\][X�"YW!� "[Xl&' [��p� �&� gq_&$ ij[XUV�($ !�\eYW'�UVabc&)+'*ab'Z$o[X',S
_!XU+$% [ \e`&)V'*! !XU+$iZ' [Wl&'w!L[ \][W' !Xc\(iZ' Uf! !9aw\()+)>� ��� �,� !Il&'w!X\(ab'r[XY \eUV$&UV$&%Q\e$Sy'��]\e)V_\][WU+�"$ !Wit'*$\eYWU+�) [W'*\"i l&'ZY-��\(%('*$"[  
\e$ S^YW'ZUV$4gq�"YWiZ'Zab'Z$o[�!XU+%"$\e)f!�\eYW'm_!X'*S^gq�(Y �&��)V'*\eYW$&UV$&%  4YW'Zc7'*\e[XUV$&%b[Xl'r)+',\eYW$&UV$&% [XYWUV\()V!�_$"[WU+)k$&�wabUV!9[W\�(',!�\eYW' ab\"S4'�
!Il&'m)V'*\(YX$&UV$&% YX_)+'m\][�'��('*YXv !9[X'*cdUf!I%(U$�('*$^`;v�
 z;_&[9[X�"$�\e$S /I\eYX[X�  � ��� 4 �(H

� � � 	 � �	� � � � 	 � � � � 
 � � ��aw\
(
� + � ���  	 �  � ! � � � 	 � � � ����� "#�

��l&'*YX' � ��� 	 �=�kUf!�[Wl&'I)+',\eYW$&'*S � \()+_'@�(g&[W\�oUV$&%�\(ij[WU+�"$ � gqYW�(a !9[W\][W' �. ��Uf!k[Xl&'pYW'ZUV$4gq�(Y it'*a '*$o[kYW'*it'*U��"'*S� � Uf!k[Xl&'I!L[W'Zc��
!XU��*' "\($S
� UV!{[Xl&'�S4Uf!Wit�(_$"[~gh\"ij[X�"Y��~#�it[XUV�($!�\eYW'Ii l�"!X'Z$b\][{'��"'ZYWv !L[W'Zcb_!XU+$% \ � ��%(YW'Z',S4vmab't[Xl�;SM� ��U [Wlwc&YX�"`\e`U+)VU [Lv
� \wYW\($S4�"a:\(it[XUV�($�Uf!�c7'ZYXgq�(YWab'*S� 7�e[Wl&'ZY ��UV!X' [Xl' \(it[XUV�($�!X_&%(%"'*!9[X'*SQ`;v^[Xl&' it_&YWYX'*$o[ � �]\e)V_&'rUf!�c7'ZYXgq�(YWa ',S&� �'!Il'
� c\(YW\(ab't[X'*YIUV!�l \e)$�('*S^`7't[��p'Z'Z$^[XYWUf\e)f!p[X�wUVa cYX�
�"'�[Wl&'mYW\e[X' �eg~it�"$ �"'ZYW%('*$it'.�

#�!~!Xl&�
��$ UV$ 2%(_&YW'#��� +  (u0- � J�'Z``&UV\($ )V'*\(YX$U+$&%�aw\��(',!kgq'��p'ZY~abUV!9[W\�('*!~\($S iZ�($��('*YX%"'*!�gh\(!9[X'ZYM[Wl\e$ �&��)V'*\(YX$U+$&%)�
�&�"Y�u0- � J�'Z`&`UV\($� 7[Xl&' l&U+%"l&'ZY�)+',\eYW$&UV$&% \e$ S S4'*i*\ v^Y \][W'*!�c&YX�4S4_ it'*S�gh\(!9[X'ZY�)+',\eYW$&UV$&% \e$ S it�"$ �"'ZYW%('*$it'.� ��$=% �(_&[
�eg �,� YW_&$!�[Xl&' !L[W_S4'*$"[p)+',\eYW$&'*Sw[Xl&'�[W\(!-�bU+$ 2 [XYWUf\e)f!��"Y�)V'*!W!�� 0?U+[Xl^\ )+�
�p'ZY�)+',\eYW$&U+$% \e$S S4'*i*\ v Y \][W' "[Xl&'�)+',\eYW$&UV$&%
Uf!p!X)V�
�@'*Yp\($S [ \��"'*!@)+�"$&%('*Y@[W� iZ�($��('*YX%"' o\(!p',(4c7'*ij[W'*S�� ��(Y �&��)+',\eYW$&U+$%  "[Xl&'m!9[X_S4'*$o[�\(%('*$"[Iaw\��"'*!@a �"YX'�abUV!9[W\�(',!
\e$ S YW'*no_&UVYX',! ab�"YX'@[XUVab'@[W��iZ�($��('*YX%"'��!Il'pc \eY \eab't[W'ZY !�gq�"Y �&��)V'*\eYW$&UV$&%&�p'ZYW'@i l�"!X'Z$r[W�m\(i l&UV'��"'@\�`\e)f\e$iZ'@`7't[��p'Z'*$
[Xl'm$o_a `7'ZY��eg~'ZYWYW�(Y !@\($S^[Xl&'riZ�($��('*YX%"'Z$iZ'�Y \][X'.�

# ` '*$&',2&[r�(g@u - � J�'Z`&`UV\($ )V'*\(YX$&UV$&%^UV!�[Xl \][ [Xl&' �p'ZUV%(lo[ ab\e[XYWUViZ'*!�iZ\($y`7' ',\(!XU+)Vv�UV$"[W'ZYWc&YW't[X',S�gq�"Y�[Wl&'w\(it[XUV�($
!X'*no_&'Z$ it'�)V'*\eYW$&',S��M#�!�\($ '�(&\eabc&)V' ()V'*\(YX$U+$&% �(g7[Wl&''�p'ZUV%(lo[W!{[X� /pYXUfi�� $ \��oUV%"\e[XUV�($ ` '*l\��;U+�"Y{UV!�!9l&�
��$bUV$ 2%(_YX' ��� 2 �
#�$ \(%('*$"[�!Xl&�"_&)VSQ\"ij[XU$�]\][W'm[Xl&Uf!�`7'Zl \��oUV�(Y ��l'Z$Q[Xl'ZYW'r\eYW'm`&YXUfi��4!�abUV!W!XU+$&%bgqYW�(aP[Xl&' !L[WYX_it[X_&YW' �h!9[W\e[X'r$�;S&' s�YW�(c��

" 4



-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

0 500 1000 1500 2000 2500 3000

W
ei

gh
t V

al
ue

Number of Time Steps

Holding Brick(E)
Holding Brick(I)
At-Drop-Site(E)
At-Drop-Site(I)
Brick-Avail.(E)
Brick-Avail.(I)

Drop-Site-Avail.(E)
Drop-Site-Avail.(I)

�MU+%"_&YW'"��� 2&H 0 '*U+%"l"[ !@S&_&YXUV$&% !X'*no_&'*$it'�)+',\eYW$&U+$% H u0- � J�'Z`&`UV\($ )+',\eYW$&UV$&%m�eg [Xl'&�p'ZUV%(lo[�c\(U+Y !
`7't[��p'Z'*$bgq�(_&Y@�eg [Xl'
UV$&c&_4[�$&�4S4',!I[X� [Wl&'����b[X�ws�UV!Wi $&�4S4' �('*YW!X_!p[Xl'm$o_a `7'ZY��egM[XUVab'r!L[W'Zc!

z;U+[X'���#&� \(U+)f\e`)+'wUf!r\(it[XU$�(' � \e$S [Xl'ZYW' \eYW' `YXUfi��4!m\�� \(U+)f\e`)+' ��U+[Xl&UV$ [Xl&'w'*$��oUVYW�($&ab'Z$o[ � /@YWUfi��.��#'�]\(U+)f\e`&)V' UV!r\"ij[WU��"' � �
J��
�p'��"'ZY  kU+g�[Wl&'d\(%('*$"[ UV! l&�()fS4UV$&% \y`&YWUVi�� �;J��()fS4UV$&%�� /pYXUfi�� Uf! \(ij[WU��"' �, ~[Xl&Uf! $�;S&'d!Xl&�(_)VS `7' UV$&l&UV`&U+[X',S \($S [Xl'
\e%"'Z$o[m!9l&�"_&)fS c&YW�4it'Z',S�[W� [Wl&'b)+�4iZ\e[XUV�($ ��l&'ZYW' \dS4Uf!Xi Uf! a Uf!W!9UV$&%^gqYX�"a}[Xl&'w!9[XYW_ij[W_&YX'M��x@�"$�2%"_&YW\e[XUV�($ $ \��oUV%"\e[XUV�($
`7'Zl\��;UV�(Y-� � !Il&',!9' [Wl&YW'Z'mc\(U+Y !I�eg%�p'ZUV%(lo[W!�\(YX' c&)V�e[X[X'*SQ�
�"'ZYp[XUVab'r_!XU+$%b[Xl&Ufi�� )VU+$'*!�UV$ 2%(_YX'���� 2 � !Il&'m',(&iZU [ \][X�"YXv
�p'ZUV%(lo[ gqYW�(a s�YW�(c��Lz;U+[X',��#'�]\(U+)f\e`&)V'Q!L[ \][X'd$&�4S4'QUf!w!L[WYX'*$&%e[Wl&'Z$&',S ��l&UV)V'^[Wl&'QU+$l&U+`U [W�(YWv �($&'Q\ec&cYX�o\(i l&',! �*'ZYW�  �\"!
',(4c7'*it[X'*S��/z;UVabU+)f\eYW)+v. M[Xl&'dU+$l&U+`U [W�(YWv �p'ZUV%(lo[ gqYW�(a J��")VS&U+$&%� /pYWUVi�� U+$ itYW'*\(!X'*! \e$S/[Wl&'d',(&itU+[W\e[X�(YWvy�"$&'^S&'*itYW'*\"!9',!
��U+[Xld[XUVab'� !Il&' �p'ZUV%(lo[W!pgqYW�(a:#p[���s�YW�(c��Lz;U+[X'm\e$ S /pYWUVi�� ��#'�]\eUV)V\(`&)V'�!9[W\e[X' $&�4S4'*!�\eYW'�!XU+abUV)V\(YL�q_&$)+U$�('�[Xl' [X'*\"i l&'ZY * !
�p'ZUV%(lo[W!5� �%!Il&Uf!�Uf!IS4_&'�[X� [Xl&'�gq�()V)+�
��UV$&% !XiZ'Z$\(YXUV� H [Xl&' /pYXUfi�� $ \��oUV%"\e[XUV�($w`7'Zl\��;UV�(YpUV!p\(it[XU$�]\][X',S UVaba ',S4Uf\][X'*)+vw\eg [X'ZY
[Xl' \(%('*$"[�S4YW�(c !@�#y\ `YXUfi�� !X� U+[ �@�"_&)VSdit�"$o[XUV$o_'�[Wl&' `&_&UV)VS&U+$&%bc&YW�4it',!X!�� J��
�p'��('*Y� "[Xl'r#p[���s�YW�(c��Lz;U+[X' !L[ \][W'�$�;S&'
Uf!{!L[WU+)V)\(it[XU$�('pgqYW�(aT[Wl&' @B� '-%&%"�"\();!XUV$it'�U+[
l\(!~$�e[{v('Z[
a �
�"'*S \��p\ v gh\(Y{'Z$&�"_&%(l [X�m!9[X�(c [Wl&UV!{!9[W\e[X'�$&�4S4'pgqYW�(a 2YXUV$&%)�
!Il&'*YX'Zgq�(YW' [Xl' �@'*U+%"l"[~gqYW�(aJ#p[-��s�YW�(c��Lz;U+[X'p[X�@/pYXUfi��m$\��;UV%"\][WU+�"$ `7'Zl\��;UV�(YM[X'*$S&!~[W� ` '�!9[XYW'Z$&%([Xl&'*$&'*S \e)V�($%"!XUVS4'@[Xl'
�p'ZUV%(lo[IgqYX�"a /pYXUfi�� ��#&� \(U+)f\e`)+'.����'��('*Y9[Wl&'Z)V'*!W!� ;[Xl&'r!9[X_S&'Z$o[�S4�;'*!�)V'*\(YX$ [X�wc&YW�(c7'ZYW)+v \"ij[WU��]\][W'�[Xl&' /pYWUVi�� $ \��oUV%"\e[XUV�($
`7'Zl\��;UV�(Y  o'��('*$ [Wl&�(_&%"lQU [�Uf! ��U [Wl �@'*U+%"l"[ !�S4U�#7'*YX'*$"[�gqYW�(aH[Xl&'ml;_&aw\e$���'*$&%(UV$&'Z'*YX',Sw[W'*\(i l'ZY�$&'Z[��@�"Y-� �

!Il&' iZ�(abc&)V',(4U+[Lvd�(g
u - � J�'*`&`&Uf\e$ )V'*\(YX$&UV$&%wUf!�)VUV$&'*\(Y�gq�(Y�!9c \(it' \e$SQ[WU+ab' � gq�(Y�'*\"i l�_&c S&\][W' �  `7�e[Wl YX',no_&U+YWUV$&%
� ��� � � � � �  ��l&'ZYW' � � \($S � � \eYW'I[Xl'�$;_&a `7'ZY@�eg U+$c&_4[W!p\e$ Sb�(_4[Wc&_4[W!� oYX',!9c7'*it[XU$�('Z)Vv� J��
�p'��"'ZY  �&��)+',\eYW$&U+$%  ���l&'*$
UVa c)+'*a '*$o[X'*S _!XU+$&% [W\e`)+',! \"! UV$��(_Y ab�4S4'Z)  
Uf! '�(;c7�($'Z$o[XUf\e)+��U [Wl YW'*!Xc ',ij[ [W� � � gq�(Yr[WU+ab'dc '*Y _c7S&\e[X'Q\e$S � �
\e$ S�� � gq�(Y�!9c \(it'��h!XU+$iZ'm[Xl'r[W\(`&)V' l\"!�[X�^!L[W�(YW' � � \()+_'*!�gq�"Y�'��('ZYWv c7�"!W!XU+`&)V' !9[W\e[X',��\(it[XUV�($ iZ�(a `U+$\e[XUV�($ �'!Il&UV!�UV!
!XU+%"$&U327iZ\e$o[kgq�(Y{!Xi*\e)f\e`&UV)VU [Lv. !XUV$it'pU g [Xl&'I\e%"'Z$o[kUf!k[X��)+',\eYW$r�e[Wl&'ZY{iZ�(abc&)V',( [W\"!��4! [Xl\e[~YW'*no_&UVYW'�ab�(YW'�UV$&c&_4[
\($Sr�"_4[Xc&_&[
$&�4S4',!� k_!9UV$&% �&��)+',\eYW$&UV$&% ��U [Wl [ \e`&)V'*! iZ\e$ `7'*iZ�(ab'b[X�;� it�o!L[rcYX�"l&U+`U [WU��"'� J��
�@'��('ZY  U+gpgq_$ij[WU+�"$�\ec&c&YW��(4U+aw\e[X�(Y !
\eYW'w_!X'*S UV$�c&)f\(iZ'w�egI[W\(`&)+',!� M[Wl&'Z$ �&��)+',\eYW$&UV$&% �@�"_&)fS $�e[ c7'ZYXgq�(YWa $'*\eYW)Vv \(! �@'*)+)p!9UV$it' [Xl&'^UVS4',\e) �&� gq_&$ ij[XUV�($ !
[Xl \][�S4',!XiZYXUV`7'm[Xl&' it�($ !L[WYX_it[XUV�($d[W\"!��Qit�"$!XUV!9[��eg{a _) [WU+c&)V' !Xl\(YXc�S4Uf!XiZ�($o[XUV$;_&U+[XUV'*!�\($SQl&'Z$ it' \(YX'rS4U � it_&)+[�[W� )V'*\eYW$
\e$ S \ecc&YX��(4UVaw\][X'�\(iZiZ_&Y \][X'*)+v.�8J�'Z`&`UV\($ )V'*\eYW$&UV$&% Uf!pab�(YW'�!X_&U [W'*S [X� [Xl&Uf!p[W\"!��w!XU+$iZ'�UV$^\ !XU+$&%")+'���)f\ v('*Y
$&'Z[��@�"Y-� [Xl'
)VU+$��4!r[X� \e$ �"_4[Xc&_&[ $&�4S4' S4�y$&�e[ \�#7',ij[r[Wl&' \(it[XU$�]\][XUV�($ �(gI�([Xl&'*Yr�(_&[Xc&_4[ $&�4S4'*! \e$S [Xl'ZYW'tgq�(YW'b[Xl'"�@'*U+%"lo[W!miZ\($
`7'b\"S��L_!9[X',S UV$S4'Zc7'Z$ S4'Z$o[X)Vv �(g
[Xl&' �p'ZUV%(lo[W!��($ )+UV$��4!�[X�d�e[Wl&'ZY �(_&[Xc&_4[m$&�4S4',!��LJ��
�@'��('*Y� \^!XUV$&%()V' )f\ v('*Y�$&'Z[��@�"Y-�
iZ\($ �"$&)VvQ[Xl&YW'*!Xl&�()fS/\ )VU+$'*\eYriZ�(a `&U+$ \][XUV�($ �eg@[Xl&'bUV$&c&_4[ \"ij[XU$�]\][WU+�"$!m\e$S/iZ\($&$&�([�)V'*\(YX$ a �"YX'wiZ�(abc&)V',( YW'Z)f\][XUV�($ !
`7't[��p'Z'Z$�UV$&c&_&[W!�\($SQ�(_&[Xc&_4[ !��#���"YX'*�
�('*Y� 4UV$Q[Xl&Uf!�)+',\eYW$&U+$% '*$��oUVYW�($&ab'Z$o[  &[Xl' \e%"'Z$o['�p\"!�%(U$�('*$QYX'*U+$4gq�"YWiZ'Zab'Z$o[�\e[
'��"'ZYWv�!L[W'Zc \e$S [Xl;_! \e$ 'ZYWYX�"Y�[W'ZYWa�it�(_)VSy` 'bc&YW�
�;UVS4',SQ[X�^[Xl'b\"ij[WU+�"$ !X'Z)V'*ij[WU+�"$y$&'Z[��@�"Y-�QUVaba ',S4Uf\][X'*)+v \eg [X'*Y \($
\(it[XUV�($"�I\(!�[W\�('*$�� �&��)V'*\(YX$&UV$&% i*\e$ `7'�_!9',S '��('Z$ U+$d!9U+[X_\e[XUV�($!+��l&'*YX'��($&)Vvw\ S4'*)V\ v"'*SwYW'ZUV$4gq�"YWiZ'Zab'Z$o[@Uf!p\�� \(U+)f\e`)+'.�

"��



� ��� � 	�
�� � 	���� � ���

x@Y \e`&`7' \e$ S�s�v"'ZY _!9'^l&UV%(l&'*Y �(Y S4'*Yr)+UV$��4! [X�yiZ�($o[XYW�()�[Xl&'d!9',n"_'Z$iZ' �eg�\"ij[XUV�($ !rYW'*no_&UVYX',Sy[W�yc7'ZYXgq�(YWa iZ�($!9[XYW_i,�
[XUV�($ 
 � ��� �(\ � �%�kUV%(_YX'%��� � !Xl&�
��!�[Wl&'b$&'t[��p�(Y � !L[WYX_ ij[X_YX' _!X'*S [X�Qc7'ZYXgq�(YWa�!9',n"_'Z$iZ'*!�� !Il&' � "F%D"50F%1:;46$�$&�4S4',!m\eYW'
!XU+abUV)V\(Y
[X�r[Xl&'�U+$o[X'*YX$ \e)!9[W\e[X'�$�;S&'*!
UV$^x@�($ #�% \($Sw\eYW'�!X't[
gqYW�(a [Xl&'�!9'*$!X�(Y !��M#�$ '�(4\(abc&)+'��eg�\rS4'Z[X'*it[XUV�($ $�;S&'�UV!
�-!k�(_ i l&U+$%�� # '*S���s�UV!Wi!� ��lUVi l �@�"_&)VS ` ' \(it[XU$�('�U gk[Xl&' \e%"'Z$o[��I\(!pit_YXYW'Z$o[X)Vv [X�"_i l&UV$&% \ YX',S S4Uf!Xi�
s�'Z[X',ij[XUV�($^$&�4S4'*!
UV$�[X_YX$ !9'Z[ � 4 �6@~$&�4S4'*! ��l&Ufi l '*$it�4S4'Q!L[W'Zc! �(g�[Xl&'Qit�"$!9[XYW_ij[WU+�"$ !9',no_&'Z$iZ' � !9_ i l \(! �X#�c&c&YW�"\"i l�� # '*S���s�Uf!Wi!� �,�
!Il&',!9'�%(�o\e)7$&�4S4'*!@[Xl'Z$d%"\][W'�[Wl&'�)+UV$��4!I` 'Z[��@'*'Z$ 'F"!$<'!49.�\e$S EC46%D46.
$&�4S4',!�� !Il'��"YWS4'*Y@UV$ ��l&UVi l [Xl&',!9'�%(�o\e)7$&�4S4'*!
`7'*it�"ab' \"ij[WU��"'�Uf!�iZ�($o[XYW�()V)+',S `;v�'!" 
F/&"!$A05"�!X_&`���$&'Z[��@�"Y-�4! � gq�(Y�',(&\eabc&)V' � z4iZ\��"'Z$&%"'+� �,�

Sensor Node

Detection Node

Goal Node

Motor Node

Sequence Node

�MU+%"_&YW'���� � H ��'Z[��@�"Y-� �(gM$�;S&'*!Igq�"Y�\wit�($ !L[WYX_it[XUV�($Q\e%"'Z$o[ 
 x@Y \e`&`7'r\e$ Sds�v('*Y� � ��� �(\ � � ���"\()�$&�4S4'*!�a �4S4_)V\e[X' [Xl'
)VU+$��4!�` 'Z[��@'*'Z$�!9'*$!X�(Y�\($Sda �([X�"Y�$&�4S4'*!�_!9UV$&% !X'*iZ�($S����"YWS4'*YI)+UV$��4!�� !Il&' ���o\e)�$�;S&'*!�\(YX'r!X't[�gqYW�(aP[Xl&' S4't[W'*ij[WU+�"$
$&�4S4',!1��lUVi l \eYW' UV$y[W_&YW$/!X't[�gqYX�"a}[Xl&'w!X'Z$!X�(Y�$&�4S4',!��bz;'*no_&'*$it' $&�4S4'*!miZ�($o[XYW�()k[Xl' �"YWS&'ZY�U+$ ��l&Ufi ly%(�o\e)M$&�4S4'*!
\eYW' ',(&itU+[X',S��

!Il&Uf!
$&'Z[��@�"Y-� �eg $&�4S4'*!@\(i*it�(abc&)VUf!9lb[Wl&'�!W\eab'�!X'*no_&'Z$ itUV$&%mc '*Y9gq�"YXab',Sb`ov [Xl'�x@�($#�% \eY i l&U+[X',ij[X_YX'.���MU+%"_&YW'"��� "
!Xl&�
��!I[Xl' it�"YXYW'*!Xc �"$S4UV$&% ��
� �eg{\(ij[WU��]\e[XUV�($!�UV$ `7�e[Wl !9v4!9[X'Zaw!���!Il' x@�($#�% \eY i l&U+[X'*it[X_&YW' UV!�!9UVabc&)V'ZY�!XU+$ it'r',\(i l
`7'Zl\��;UV�(Y UV$o[X'*YX$\()+)Vv/U+abc&)V'Zab'Z$o[ ! l&�
�B[Wl&'^ab�([X�(Y !mYW'*!Xc �"$S [W� !X'Z$!X�(Y \"ij[WU��]\][WU+�"$�� !IlUV! 'Z$\(`&)+',! \y!9UV$&%()V' )f\ v('*Y
�eg�lU+%"l&'ZY �(Y S4'ZY )+UV$��4!rgqYW�(a [Wl&' UV$o[X'ZYW$\()p!9[W\e[X' $�;S&'*! [X�yUVabc&)V'Zab'Z$o[ [Wl&'Qit�($ !L[WYX_it[XUV�($�!X'*no_&'*$it'.� ��$�`7�e[Wl�[Xl'
x@�($ #�%y\(YWi l&U+[X',ij[W_&YX'^\e$S/[Wl\][ �eg�x@Y \e`&`7' \e$ S�s�v"'ZY  M[Xl&' [XY \e$!XU [WU+�"$ gqYX�"a �($&' `7'Zl \��oUV�(Y �q�"Y %(�o\e) ��[X�/\e$&�([Xl&'*Y
Uf! `YX�"_&%(lo[ \(` �"_4[b`ov�\/i l\($&%('^U+$ [Xl&'Q'Z$��;UVYX�"$&ab'Z$o[ � \(! 'Z$iZ�4S4'*S `ov/[Wl&'QU+$o[X'*YX$ \e)I!L[ \][X'd�(YwS4'Z[X',ij[XUV�($ $&�4S4'*!5� �
!Il;_!� M\($ _&$&',(4c7'*it[X'*S/gh\(U+)V_&YW'w�eg�\Q`7'Zl\��;UV�(Y ��UV)+)piZ\(_!9'b[Wl&' \(%('Z$o[m[W��YX'*c ',\][ U+[W! ` '*l\��;U+�"YW!�� �&�"Y UV$!9[W\e$ it' k[Xl'
\e%"'Z$o[&��UV)+)~c7'ZYXgq�(YWaF[Xl&'wx@�($�2%"_&Y \][XUV�($�$ \��oUV%"\e[XUV�($Q`7'Zl\��;UV�(Y��"$&)Vv ��l'Z$�[Wl&' J��()fS4UV$&%�� /pYXUfi�� UV$o[X'ZYW$\()M!9[W\e[X' $�;S&'
Uf!�\"ij[WU��"'� ��g
[Xl'b\(%('*$"[�_&$&'�(;c7'*it[X',S4)+v S&YX�"c!�[Wl&'b`&YWUVi��  J��")VS4UV$&%� /pYWUVi��d` ',it�"a ',!�UV$\"ij[XU$�('. �iZ\(_!9UV$&% [Xl&'b\e%"'Z$o[�[W�
YW'Zc7'*\][m[Wl&' /pYXUfi�� $\��;UV%"\e[XUV�($y`7'Zl \��oUV�(YC�q[Xl&' \(%('*$"[ ��UV)+)�a �
�"' [X�d[Xl&' $&'*\(YX',!L[m`&YWUVi�� ��l&UVi l Uf!�[Xl&' _&$&',(4c7'*it[X'*S&)+v
S4YW�(c&c7'*S^`&YWUVi��<�,�

x@Y \e`&`7'@\($S s�v('*Ykc&YW'*!X'Z$o[k[Xl&'#� #���z � � � � #��'��`\(!X'*S z;'*iZ�($S � YWS&'ZY���'t[��p�(Y �<��\eY i l&U+[X',ij[X_YX'�[Xl\e[MUf!~iZ\ec \e`&)V'
�egp)+',\eYW$&UV$&%d[X��\(!W!9�4iZUV\e[X'bit�(YWYW'*ij[ YW'*!Xc �"$!9',!�[X���(`��L'*ij[ ! U+$ \ � ��S4UVa '*$!XU+�"$\e){'*$ �;UVYX�"$&ab'Z$o[�[Xl\e[ it�($ !9Uf!L[ !��egpgq�o�4S� 
�I\][X'*Yk\($Src7�(Uf!9�"$ S4Uf!Xi*!�
 � � ���(` �,�(�(� � � ����(YMU+$ !L[ \e$iZ' e\ �y#���z � � \(%('Z$o[~it�(_)VSm)V'*\(YX$r[X��\��"�(UfS '*\e[XUV$&%�c7�(Uf!9�"$�� !Il'
\eY i l&U+[X',ij[X_YX'�iZ�($o[W\(U+$ ! [��p��$&'Z[��@�"Y-�4! H \�!9',it�"$S����(Y S4'ZY ?&46@ :;0 �@$&'t[��p�(Y ��\($Sr\'2YW!9[����(Y S4'*Y 	 �9@ /&"k$&'t[��p�(Y � � 2%"_&YX' ���3%9�,�
!Il&'�c �")+Ufitvb$&'Z[��@�"Y-� Uf!@YW'*!Xc7�($!XU+`)+'�gq�(YI\(ij[WU��]\e[XUV$&%r[Wl&'�ab�([X�(Y !
` \(!X'*Sw�"$ [Xl'�iZ_&YXYW'Z$o[@!X'Z$ !9�"Y@YW'*\"S4U+$%"!�� !Il&' \e%"'Z$o[
YW'*it'*U��"'*!@YX'*U+$&gq�(Y it'Zab'*$"[���l&'Z$'��('*Y@U+[I'*\][ !p�(YIS4YXUV$��4!�� !Il'1�]\e)V_&'�$&'t[��p�(Y �wiZ\()ViZ_&)V\e[X',!�YW'ZUV$4gq�(Y it'*ab'Z$o[�gq�"Y@[Wl&'�c �")+Ufitv
$&'Z[��@�"Y-� \($S [Wl&'mc7�()VUViZv $&'t[��p�(Y � �@'*U+%"lo[W!�\eYW' \(S��L_!9[X',S ` \(!X'*S^�($^[Xl&Uf!�YW'ZUV$4gq�(Y it'*a '*$o[�� !Il&' �@'*U+%"lo[W!pU+$d[Wl&' � \()+_'
$&'Z[��@�"Y-�/\eYW'wU [ !9'*) g�\"S��L_!9[X'*S�`\(!X'*S �"$ [Xl&'^',(;[X'*YX$\()�YW'ZUV$4gq�(Y it'*ab'Z$o[�� !Il&'^c&_&YWc �o!9'w�(g�l\��;U+$&% \y!9'*c\eY \][W' � \()+_'
$&'Z[��@�"Y-��[X��iZ\e)fit_)V\e[X'�YW'ZUV$4gq�"YWiZ'Zab'Z$o[ �hU+$ !L[W'*\(S �egS4UVYW'*ij[W)+vm\(c&c&)VvoUV$&%�',(;[X'*YX$\()"YW'ZUV$4gq�"YWiZ'Zab'Z$o[ [W��[Wl&'@c7�()VUfitv $&'t[��p�(Y �<�
Uf! [W��S&UV!9[XYWU+`_4[X'p[Xl'pY \eYW'Z)Vv�YX',it'ZU$�(',SmYW'ZUV$4gq�(Y it'*a '*$o[M�
�"'ZY�[WU+ab'.����$ [Xl&'�x@�"$#�%�\eY i l&U [W'*it[X_&YW' [Wl&'p!X'*iZ�($S����"YWS4'*Y )VU+$ �;!
gqYW�(a [Xl&'�a �([XU$�]\][XUV�($ !{[X�r[Xl&'�YX',\(ij[WU��"'�` '*l\��;U+�"YW!
YX',!9c7�($!XUV`&)+'Igq�"Y@!X_&Y �oU$�]\e)8�h!X_i l \(!@#�c&c&YW�"\"i l�� ��YX'*'Z$ �~\(YX'�UV$&$\e[X'�

% �



Detection Node Goal Node

Motor

SensorSequence Node

Internal State Node

Motor

Sensor

Behavior

(a)

(b)

�MU+%"_&YX'���� " H x@�"YXYW'*!Xc7�($S4UV$&% $&�4S4'*!�UV$ �h\ � 
 x@Y \e`&`7'm\e$SQs�v('ZY  � � ���"\ � \e$S �q`A��x@�($#�%b\(YWi lU [W'*ij[W_&YW'*!��
!Il&Uf!�'Z$ \e`&)V'*!�\ x@�($ #�%w\e%"'Z$o[I[X�b)+',\eYW$ [Wl&'rit�"$!9[XYW_ij[WU+�"$d!X'*no_&'*$it' ��l&UV)+'mi*\eYWYXv;UV$&% �"_4[�U+[W!�!X_&Y-�;U$�]\e) `7'Zl\��;UV�(Y !��

!Il&'��y#���z � �J\eY i l&U+[X',ij[X_YX' �I\(!�',(;[X'*$S4'*Sd[W�w[Xl' � #���z � �'� $"��\eY i l&U [W'*it[X_&YW' [Xl\e[�i*\e$�)V'*\eYW$ !X'*no_&'Z$ it'*!��eg
%(�o\e)f!�[Wl&YX�"_&%(l�UVabU [ \][WU+�"$ 
 x@YW\(`&` ' \e$S s�v('*Y� �(�(�(� � � ! ',\(i l&'*Y�\e%"'Z$o[W!�U+$ [Xl&' 'Z$��;U+YW�($a '*$o[�\eYW' \e)VYW'*\(S&v^'*$S4�
�p'*S
��U+[Xl [Xl'^\e`U+)VU [Lvy[X� YW'*!Xc7�($S it�"YXYW'*it[X)Vv�[X� [Xl&' S&U3# 'ZYW'Z$o[ iZ�()V�(YW'*S S4Uf!Xi*!��Q��',\eYW$&'ZYr\(%('Z$o[ !m�(`!X'ZY �(' [Wl&' \(it[XUV�($!r�eg
[Xl'*!X'�[W'*\(i l'ZY�\e%"'Z$o[W!p\e$S^it�"$!9UfS4'*Y@[Wl&'�[X'*\"i l&'ZY * !p\"ij[WU+�"$!@\"!pYX'*U+$4gq�"YWiZ'Zab'Z$o[pU+$Q\(S��L_ !L[WU+$&% [Xl'ZUVY�U+$o[X'*YX$ \e) !9',no_&'Z$iZ'
$&'Z[��@�"Y-�4!M!9��[Xl\e[
\]g [X'*Y~)+',\eYW$&U+$%�Uf!{it�(abc&)V't[W' ][Wl&'I)+',\eYW$&'ZY���UV)+)4YW'Zc&)VUfiZ\][W'�[Wl&'@[X'*\"i l&'ZY * !kYW'*!Xc7�($!X'*!�� � $&'I�eg[Xl&'Iaw\eUV$
Uf!X!X_&'*!�UV$ UVabU [ \][WU+�"$ )V'*\(YX$&UV$&%dUV!�[Wl&' ?<"!.5'1?<"50!%(:
	6" c&YW�(`)+'*a �(Ym\(!W!9�4iZUV\e[XUV$&% [Wl&'b[X',\(i l&'*Y+* !�\"ij[WU+�"$! �h!X'Z$!X'*Sy[Xl&YW�(_%(l
[Xl'�)+',\eYW$&'ZY * !{!X'Z$ !9�"YW!5� [W� [Xl&'�)V'*\(YX$'ZY * !~\(it[XUV�($!�
 x@Y \e`&`7'�\e$Sbs�v('*Y� �(�(�"� � � !Il&' � #���z � �'� $"�~\(YWi lU [W'*ij[W_&YW'I!X�()$�(',!
[XlUV!~c&YW�(`)+'*aT`ovml \��oUV$&% S4'*S&UVi*\][X',Sr$&�4S4',! ��U [Wl&UV$ [Wl&'I)+',\eYW$&'ZYk[Xl\e[
iZ\e$ S4't[W'*it[M[Wl&'p[X',\(i l&'*Y+* !~\(ij[WU+�"$!M\e$S !L[ \][W'p\($S
)VU+$��;UV$&% [Xl&',!9'm!Xc ',itUf\e) $&�4S4',! ��U [Wld[Xl&'riZ�(YWYX',!9c7�($S&U+$&% ab�e[X�"YI�(Y�S4'Z[X'*it[XUV�($d$&�4S4' � 2 %(_&YW' ��� 4 � � ��(YIU+$ !L[ \e$iZ' ;[Xl'ZYW'
Uf!�\b)VU+$��^gqYW�(a:[Xl&'	� ! ',\(i l&'*Y�� *�\e[�� $&�4S4'm[W�w[Xl&' )+',\eYW$&'ZY * ! �-*�\e[�� ab�e[W�(Y�$&�4S4'.� ��$Q[Xl&Uf!'�I\ v 7\ [X'*\"i l&'ZY * !�'*\e[XUV$&%wUV!
'*no_&U$�]\e)V'Z$o[�[X�b[Wl&' !9[X_S&'Z$o[�c7'ZYXgq�(YWa UV$&% [Xl' !X\(ab'r\(ij[WU+�"$�� J��
�@'��('ZY  ;[XlUV!�\(c&c&YW�"\"i l �p�(Y �4!@�"$&)Vv gq�(Y�[Xl&�o!9'r\"ij[XUV�($ !
[Xl \][�iZ\e$ ` ' _&$\(a `&UV%(_�(_!X)+vbS4Uf!L[WU+$%(_&Uf!9l'*S `;vb[Wl&'�!X'Z$ !9�"YW!�����(Yp',(&\eabc&)V' ;U+[pUf!pYX',\(!X�($\(`&)+'�[X� '�(4c ',ij[I[Xl&' !X'Z$!X�(Y !
[X�rS&'t[X',ij[�\($&�e[Wl&'ZY{\e%"'Z$o[{'*\e[XUV$&% `&_4[�U+[
UV!{S&U � it_) [
gq�"Y~[Xl&'�!X'Z$ !9�"YW!k[X�rS&'t[X'*YXabUV$&'p[X� ��l&Ufi lbc\eYX[XUfit_)V\(Y~S&UV!Wi�\e$b\e%"'Z$o[
Uf!~a �
�;UV$&%�[X� � \e$S l&'Z$ it'I[Xl'ZYW'Ii*\e$b`7'�$&�M�-!k'*\(i l'ZY-��#�c&c&YW�"\(i l�� # ',S<��!X'Z$!X�(Y{$&�4S4' � � !Il;_!� o\ � #�� z � � � $ �~\e%"'Z$o[
iZ\($^)V'*\(YX$d�($)+v S&_&YXUV$&% [Xl'rS4't[W'*ij[WU+�"$Q�egM[Xl&',!9'mS4Uf!L[WU+$%(_&Uf!9l \e`&)V' : $&%D"F.3� 0F%1:;46$ '��('*$o[W! �h!X_i l�\(! �X'*\][WU+$% � �,�
��$w\ x@�($#�%m\e%('*$o[� "\()+))+UV$��4!{`7't[��p'Z'Z$w!X'Z$!X�(Y !{\e$ S ab�([X�(Y !{\eYW'I'Z$i*\ec!X_&)f\][W'*S ��U [Wl&UV$w` '*l\��;U+�"YW!~\e$ S \($w\e%('*$o[+* !

ab�e[W�(Y �"_4[Xc_4[ \e[ '��"'ZYWv [WU+ab',��!9[X'Zc UV! [Xl&'^�(_4[Wc&_4[ �eg�',(&\"ij[X)Vv/�($&'^` '*l\��;U+�"Y�� !Il;_!� M[Xl&'d\(ij[WU+�"$!r�(g�[Xl&' [X',\(i l&'*Y
\e$ S�[Xl' )V'*\(YX$'ZY iZ\e$ ` 'wiZ�(abc\eYW'*SyS4U+YW'*it[X)Vv `;v i l&'*i��;UV$&% U+g�[Wl&'ZUVY YX',!9c7'*it[XU$�('b\(it[XUV�($! \e%"YX'*' �"Y�$&�([ �qU � '. �! ',\(i l&'*Y
s�'t[X',ij[WU+�"$^$&�4S4',!@\(YX'�$&�([pYW'*no_&UVYX',SwUV$ [Xl'�)V'*\(YX$'ZY-� � !Il&UV!IiZ�(abc\eYWUf!9�"$w�egk\"ij[XUV�($ !�[Wl&'Z$^c&YW�
�oUfS4',!�YW'ZUV$4gq�(Y it'*ab'Z$o[p\e[
'��"'ZYWvm!L[W'Zc ��lUVi l UV!M_!X'*Srgq�(Y~!9',n"_'Z$iZ'@)V'*\(YX$&UV$&% �q_&$&)VU$�('p)+',\eYW$&U+$%��($)+vmS4_&YWUV$&%�UV$o[X'*YW\"ij[XUV�($ '��('*$o[W!M\(!kU+$	� #�� z � � �
$ �=�,� J��
�@'��('ZY  [Xl'�x@�($#�% )+',\eYW$&U+$%�ab',i l\e$&Uf!Xa \(!W!X_&ab'*!M[Xl \][
[Wl&'�[X',\(i l&'*Y{l\(!M[Wl&'�!W\eab'�ab�e[WU��]\][WU+�"$!{\e$ S !X'Z$ !9�"Y
UV$4gq�(YWaw\][XUV�($ \(! [Xl&'^)+',\eYW$&'ZYb\][ '��('*YXv/UV$!L[ \e$o[�� !Il&Uf!b\ec&c&YW�"\"i l �eg�[Wl&' �X)+',\eYW$&'ZY YXUfS4UV$&%y�"$ [Xl&'^[X',\(i l&'*Y+* !r` \(i��2�
!X�w[Xl\e[�[Wl&'Zv�!Xl\eYW'm[Xl' !W\eab' !X'Z$!X�(Y�UV$4gq�"YXaw\][WU+�"$�l\(!�` '*'Z$ _ !9',S�U+$y�e[Xl'ZY�UVabU [ \][WU+�"$ )+',\eYW$&UV$&%"�p�(Y � 
 x@'*iZiZ�($&U "F%
�6@ #$ � � � � � �	���(YW'Z�
�"'ZY  [Wl&' !9',no_&'Z$iZ'b)+',\eYW$&U+$% UV$ �y#���z � � � $ ��UV! �9�"$&',��!Xl&�e[5�� U � '. ��($&'b�"`!9'*Y-�]\(`&)+'b!X'*no_&'Z$ it' �eg
\ [X',\(i l&'*Y'��U+[Xl \bc\(Y9[WUViZ_&)V\(Y�it�")+�"YX',S^S4Uf!WimUV!�!9_ � iZU+'*$"[�gq�(Y�[Wl&' !9[X_S4'*$o[�[X�w)V'*\(YX$d[Xl' \ec&cYX�"c&YXUf\][W'�YW'*!Xc7�($!X'��!Il&UV!
Uf! c7�"!W!XU+`&)V' `7'*i*\e_!X'^[Xl&'Q\e%"'Z$o[ \()��I\ v4!rYW'*itYW_&U+[W! \e$�_$o_ !9',S�%(�o\e)@$&�4S4' gq�"Yb'��('*YXv/$&'��HU+$o[W'ZY \(ij[WU+�"$�� ��$Cx@�"$#�%) 

% �



NETWORK

VALUE
NETWORK

POLICY

R R

I

O O

G GI

�MU+%"_&YW' ���3% H !Il&' �y#���z � �J\eY i l&U+[X',ij[X_YX' 
 x@YW\(`&`7' \e$Sys�v"'ZY  �e�"� � � �&!Il&' \eY i l&U [W'*it[X_&YW'rit�"$"[ \eUV$!�[��p� $&'Z[��@�"Y-�4! H
[Xl'�u~�()VUViZvr$&'Z[��@�"Y-� [Wl\][@\"ij[WU��]\][W'*!{ab�([X�(Y{$�;S&'*!~gqYW�(aB!9'*$!9�"Y
\(it[XU$� \e[XUV�($!M[Wl&YW�(_&%"lb!X'*iZ�($S����"YWS4'*Y{it�($$&'*it[XUV�($!{\($S
[Xl'�$
\e)V_&'m$&'t[��p�(Y �b[Xl \][�%('*$&'ZY \][W'*!pYW'ZUV$4gq�(Y it'*a '*$o[@gq�"YI[Xl&'ru~�")+Ufitv $'t[��p�(Y �^x@YW\(`&` 'm\($S^s�v('*Y��

a _) [WU+c&)V'r[WYW\(U+$U+$&% U+$!9[W\($it',!�\eYW'rYW'*no_&UVYX',Sd` 'Zgq�(YW'm[Xl&' !L[W_S4'*$"[ iZ\($�)+',\eYW$^[Wl&' '*$o[XUVYX' !X'*no_&'*$it'.� J��
�p'��"'ZY  7x@�($#�%
S4�;'*! $&�([ YW'*iZYX_U [w\e$;v $&'��:$&�4S4'*! ��l&Ufi l Uf! ab�(YW' `&UV�()V�(%"UVi*\e)V)+v c&)f\e_!XUV`&)+'.��#�)f!9�) 
UV$ � #���z � �'� $"�  ~[Xl&'d)V'*\eYW$&'*Y
)V'*\eYW$!I[Wl&' !X'*no_&'*$it'r�(g  4 �6@ '  7$&�e[ �L_!L[�[Xl&' !9',n"_'Z$iZ'r�eg{\(it[XUV�($!�\(!I[Wl&'ZYW' \eYW'm$&�4S4',!�[Xl \][�'�(;c)+UfitU+[X)VvdiZ�(YWYX',!9c7�($ S&!
[X� '��"'ZYWv %"�"\e) ����$dx@�($#�%  o[Xl'ZYW'�Uf!�$&� ',(4c&)VUViZU [pYX'*c&YW'*!X'Z$o[W\e[XUV�($w�eg�%"�"\()V!���!Il'�UV$"[W'ZYW$\e)7!L[ \][W'�$&�4S4',!@\($Sw`7'Zl\��;UV�(Y !
\eYW'�c&YW'*!X'Z$o[pU+$&$ \][X'*)+v \($Sb[Wl&'�\(%('*$"[@)+',\eYW$!@!X'*no_&'*$it',!��(g \(it[XUV�($!@`;vbi l \e$&%"U+$&%r[Xl&' �@'*U+%"lo[W!
`7't[��p'Z'*$ [Wl&'*!X'�$&�4S4',!��
��abU [ \][WU+�"$ l \(!{`7'Z'*$w_!9',S 'Z)f!9'���l&'ZYW'�\(!{\ ab'*\($!{�(g !X'*no_&'*$it'�)V'*\(YX$U+$&% ',!9c7'*iZUV\()+)Vvr[W�m)+',\eYW$ 2 (;',S [XY \
�L'*it[X�"YXUV'*!~UV$

YW�(`7�e[W! 
 J�\ v(',!�\e$Sms�'ZabUVYXUf!� � ��� 2 � s�\e_4[W'Z$&l \el&$� � ��� � � � \e_ !X!XU+'*Y "!% �6@$#$ � ��� 4 � ��!Il&'@u~'*Y���#�i 
 � \e_!W!XU+'*Y \e$S � YX'*l&'Z$� � � � � � \eY i l&U [W'*it[X_&YW'p[Xl\e[ �p\"!~`&YWU+' �v S4',!XiZYXUV`7'*S U+$ i l \ec4[W'ZY + �I\(!~'�(o[W'Z$S&'*S [X� gh\"itUV)+U+[W\e[X'�UVabU [ \][XUV�($w)V'*\(YX$U+$&% 
 ���(%o\
\e$ S � \(_!X!XUV'ZY  � ��� � � � /I\� �"'ZY�\e$ S % _&$U+v"�"!Xl&U %(U$�(' \bYX'��;U+'�� �eg~U+abU+[W\e[XUV�($Q)+',\eYW$&UV$&% UV$QYX�"` �([W!�
 � � ��" � �

% �



SEQUENCE NETWORK
NETWORKDETECTION (Learned)

D

D G

G

TD

TD

�MU+%"_&YW' ��� 4<H ��UV$��;U+$&%�[X',\(i l&'*Y+* !M\e$S )+',\eYW$&'ZY * !k\(it[XUV�($!kU+$ [Xl' � #���z � �'� $"�k\(YWi l&U+[X',ij[W_&YX' 
 x@Y \e`` 'p\e$S s�v"'ZY  �e�(�"� � �
!Il&' !k'*\(i l'ZY~s�'Z[X'*it[XUV�($M� !�s �k$&�4S4'*!MUV$ [Wl&'I)+',\eYW$&'ZY~S4't[W'*it[ : $ % "!.3� 0F%1:;46$ '��"'Z$o[W! �qgq�(Y~',(&\eabc&)V' �X'*\e[XUV$&% �#��c7'ZYXgq�(YWab'*S
`;vb[Xl&'�[W'*\(i l'ZY ��!Il&'*YX' \eYW'�UV$&$\e[X'��($&'�� [W�����($&'�)+UV$��4!p` 'Z[��@'*'Z$ [Xl&',!9' !�s $&�4S4'*!�\($Sw[Wl&' it�(YWYW'*!Xc �"$S4UV$&% s�'t[W'*ij[WU+�"$
�hs ��$&�4S4',!�� !Ilo_ !�  \"ij[WU+�"$!�c '*Y9gq�"YXab'*Sy`;vQ[Xl&' [X',\(i l&'*YmiZ\e$ ` 'w_ !9',Sy\(!�YW'ZUV$4gq�(Y it'*ab'Z$o[�[W��\(S��L_!9[ [Xl&' �p'ZUV%(lo[W!�UV$
[Xl' z;'*no_&'*$it' $&'Z[��@�"Y-� � ��l&Ufi ld!X't[�[Wl&'����"\() ��� �p$&�4S4',!��,�

% +



� �������	��
 �

� � 	 � � �@� � ����� � 	�� � � � � 	

� ��� ���
���� � � � ���� �

!Il&' x@�"$#�% \(YWi lU [W'*ij[W_&YW' S&'*!WitYWU+`7'*SdUV$ i l\ec4[W'ZY + �I\(!�S&'*!XU+%"$&'*Sdgq�"Y�[Xl&'r!XUV$&%()V' \e%"'Z$o[�'Z$��;U+YW�($a '*$o[��+!Il'ZYW'mUV!�$�
ab'*i l\($&Uf!9aJ[X�rS4'Z[X'*it[
�(Y{c&YW'*S&UVit[
[Xl&'�)V�4iZ\e[XUV�($!~�(g7�([Xl&'*Y�\e%"'Z$o[W!~UV$ [Xl&'�'*$��oUVYW�($&ab'Z$o[ � ��$b[XlUV!
!XU+[X_\e[XUV�($� "U+$S&U��;UfS4_\e)
c\e[Xl!Iit�"_&)fSwU+$o[W'ZYXgq'ZYW'1��U+[Xl^�($&' \e$&�([Xl&'*Yp\($SwUV$ [Wl&' ',(;[XYW'Zab'�i*\(!X' o[Xl'ZYW'�it�"_&)fS \eYWUf!9'�\ S4',\(S4)V�4i�� `7't[��p'Z'*$ [��p� �"Y
ab�(YW'�\e%('*$o[W!�����(Y{UV$!L[ \e$iZ' o\e$w\e%"'Z$o[~[XYWU+',!~[X�mab�
�('p[W�r\ )+�4iZ\e[XUV�($ �4iZit_c&U+',Sb`;v \e$&�([Xl&'*Y�\e%"'Z$o[�����g [Xl&'��([Xl&'*Y�\e%"'Z$o[
Uf!m!9UVabU+)f\eYW)+vQ[WYXv;UV$&%^[X�Qab�
�(' [X�^[Xl&'w)V�4iZ\][WU+�"$y�(g�[Xl' 2 YW!9[r\e%('*$o[�[Wl&'Z$ \QS4'*\"S4)+�4i����4iZiZ_&Y !�� !IlUV! Uf! U+)V)V_!L[WYW\e[X',SyUV$
2%"_&YX'@" � � �~#�%('*$"[ / �hl&�()fS4UV$&% \ `&YWUVi��<�@UV!p[WYXv;UV$&% [X�bab�
�('�[X�b[Wl&'rS4YW�(c^!XU+[X'r\][I[Wl&'m)+'Zg [��
#p[�[Wl&'r!X\(ab'�[WU+ab'. \e%"'Z$o[
�BUV!�[WYXv;UV$&%d[X�Q%('Z[ [X�d[Xl&'w!X�(_&Y it' �egp`&YWUVi��4! \][ [Xl' YWUV%(lo[��wz;UV$it' [Xl'wc\][Wl!�[Xl\e[m'*\(i l/\e%"'Z$o[�Uf!�[XYWv;U+$%^[W�dgq�()V)+�
�
[X�w%"'t[I[X�wU+[W!�%(�"\()�itYW�"!W!p'*\(i ld�e[Wl&'ZY  &`7�e[Wl^[Wl&'r\e%"'Z$o[W!I%"'t[�UV$o[X�w\wS4'*\"S4)V�;i�� ��z;_ i ld\w!XU [W_\][WU+�"$�iZ\e$d`7'rit�(abab�($QUV$
$\(YXYW�
� c\"!X!W\e%"'��I\ v;! ��l&'ZYW'�[Xl&'ri l \e$iZ'��(gk'*$it�"_&$o[X'ZYWUV$&%w\e$&�([Xl&'*YI\(%('*$"[�Uf!Il&UV%(l&'*Y��

Drop site

Agent A Agent B

"Corridor" wall

Bricks

�MU+%"_&YW' "�� �IH #�$�',(&\(a c)+' �(g�\�S4'*\"S4)+�4i�� H *@\(i l \e%"'Z$o[rUf!m[XYWv;U+$%�[X� ab�
�"'b\"itYW�"!W! [Xl' �e[Wl&'ZYm[W� YW'*\(i l/[Wl&' �([Xl&'*Y
!XUVS4'�� [X�^c&Ufi��d\b`&YWUfi��^�"Y�[X� S&YX�"cQ[Xl&' `&YXUfi�� [Wl\][�U [�UV!�l&�()fS4UV$&%#�,� !Il&UV!�l\"!�YX',!9_) [W'*SQUV$y\ S4',\(S4)V�4i�� UV$�[Xl&' $\eYWYX�
�
it�"YXYWUfS4�(Y �

# !9�")+_4[WU+�"$w[X� [Xl&Uf!I!9U+[X_ \][XUV�($^UV!@gq�"Yp\(%('Z$o[ � [W� S4YW�(c U+[W!p`&YWUfi��b\e[pU+[W!IiZ_&YXYW'Z$o[�)V�4iZ\e[XUV�($ gq�"Yp\(%('*$"[ � [W� c&Ufi��w_&c��
#�%"'Z$o[�� i*\e$w[Wl&'Z$^%(�r[W� [Wl&'�)+'Zg [@[W� S4YW�(c U [I��# \e$ S �BiZ\e$ a �
�"'�[W�r[Xl'�YWU+%"lo[�[X� c&Ufi��b_&c^\($&�e[Wl&'ZYp`&YWUVi�� � ��g ab�(YW'
[Xl \e$ �($&'w\(%('Z$o[mUf! U+$��(�")��"'*SyU+$ \QS4'*\"S4)V�;i�� [Xl&'*$ [Wl&Uf!r!L[WYW\e[X'*%(v ��UV)+)
)V'*\"S [W��\ �X`&_i��"'t[m`&YWU+%o\(S4' ��� ��gpab�(YW' [Xl\($
[��p�b\(%('*$"[ !�\eYW'�[XY \ec&c7'*SdUV$Q\b$ \eYWYX�
� �Wit�"YXYWUVS&�(Y5�� "[Xl&'r\(%('Z$o[ ! ��U+)V)�',(4l&UV`&U+[�\ `&_i��"'t[�`&YWU+%o\(S4' `7'Zl\��;UV�(YI',# '*it[XU$�('*)+v
ab�
�;U+$&%b`&YWUfi��;!@gqYW�(aH�"$&'mc7�(UV$"[I[W� \e$&�([Xl&'*Y���U+[Xl�(_4[�[Wl&'r\e%"'Z$o[W!p[Wl&'Zaw!X'Z)$�('*!Iab�
�;UV$&% gqYX�"a>[Xl&'*U+Y�c7�"!XU+[XUV�($!��
��$w[Wl&UV!Ii l\(c4[X'*Y� ;\r)V'*\(YX$U+$&% a ',i l\e$UV!Xa�UV!@U+$o[WYX�4S4_iZ'*Sb[W�r[Wl&'mx@�"$#�% \eY i l&U+[X'*it[X_&YW' "YX',!9_) [WU+$&% U+$ [Xl&'�� x@�"$#�%�

s�� �Q\eY i l&U+[X'*it[X_&YW'� !Il&' x@�($ #�%���s�� \(YWi lU [W'*ij[W_&YW' i*\e$/` 'b_!X'*S U+$/[Wl&'wa _&)+[XU���\e%('*$o[ !Wit'*$\eYWU+� � : % �<46/2%{'�(;[X'Z$ S4U+$%
[Xl'�!9'*$!9�"YXvri*\ec\(`&UV)+U+[XUV'*!~�(g [Wl&'�\e%"'Z$o[W!�� !Il&'�)V'*\(YX$U+$&%m\()+%"�(YWU [Wl&aT'Z$\(`&)V'*!M[Xl'�\e%('*$o[W!M[X� )V'*\(YX$ [X�rS4YW�(cb\e$;v	�X`&YWUVi��2�
`7'ZUV$&%wiZ\eYWYWU+',SwU+$QiZ\"!9'��eg~\ S&'*\(S&)+�4i��w!9� [Wl\][p[Xl&'m�([Xl&'*Y�\e%('*$o[piZ\($^cUVi��wU+[�_&cd\($S^YX'*c&)V\($ U+[W!Ic\e[Xl� ;[Wl;_!p`&YX',\��;UV$&%
[Xl'�S4',\(S4)V�4i�� ��!Il&'�)V'*\eYW$&UV$&%rUf!p_&$!X_&c '*Y-�;Uf!9',S \(!p\e$d\e%"'Z$o[�_!X'*!�[Xl&' S4Uf!L[ \e$iZ'�[Wl\][IU+[pl\"!�ab�
�"'*Sw!XU+$iZ'�\ S4'*\"S4)V�;i��
�I\(!�S4'Z[X'*it[X',S [W�bc&YX�
�;UfS4'm\ YX'*U+$4gq�"YWiZ'Zab'Z$o[�!9UV%($ \e) �

% 2



GRAB

DROP

At
Drop
Site

At
BrickBrick

Holding

Constr. Nav

Brick Nav.

Construction Behaviors

Se
ns

or
s

Internal State Nodes Frust.

M
ot

or
s

�MU+%"_&YW' " � �<H ��'�� �LgqYW_!9[XY \][XUV�($ ��UV$"[W'ZYW$\e);!9[W\][W'I$&�4S4'@YW'Z%"_&)f\][X',!�[Wl&'pgq�(_&Y~`7'Zl\��;UV�(Y ! YW'*no_&UVYW'*S gq�"Y~iZ�($!9[XYW_it[XUV�($ \()+�"$&%
��U+[Xl [Wl&' J��()fS4UV$&%�� /pYXUfi��  "#p[-��s�YX�"c��Lz;U [W' 4\e$ S #p[�� /pYXUfi��w!L[ \][X'�$&�4S4'*!��%!Il&' S&\(!Xl&'*S )+UV$&'*!@UV$S4UfiZ\][W'�[Wl&'�$&'���)Vvw\(S&S4',S
)VU+$��4!��

� � � � 	 � � � ����� � � ����	�� � � 	�� � 
 � � �  

!Il&' UVS&'*\ Uf!�[X�dl\��(' \ $&'�� UV$"[W'ZYW$\e)~!9[W\][W' $�;S&' [Wl\][ ab'*\(!X_&YW'*!�[Xl&' �LgqYW_!9[XY \][XUV�($ �w�eg
[Wl&'b\e%('*$o[�\e$ S ��l&Ufi l ��UV)+)
[XYWUV%(%('*Yr[Wl&'^)V'*\(YX$U+$&%yc&l\(!X'� !Il&'dab�;S&U32',S \"ij[XUV�($ !9'*)+',ij[XUV�($ c\eYX[ �(g�[Xl&'Q\eY i l&U+[X'*it[X_&YW' Uf!b!9l&�
��$ UV$ 2 %(_&YW' " � � �
� $&)Vv [Xl&'d$\��;UV%"\][WU+�"$\e)@c&)f\e$&$&UV$&%) {%(Y \e`� 
\($S S4YW�(c ` '*l\��;U+�"YW! \e$S�[Xl&'MJ��")VS4UV$&%� /pYWUVi��  
#p[���s�YX�"c���z4U [W' 
\e$ S #p[��
/pYXUfi��QU+$o[W'ZYW$\e)~!L[ \][W' $&�4S4',!�[Wl\][m\eYW' ',!X!X'Z$o[WUV\() gq�"Y�iZ�($!9[XYW_ij[WU+�"$ \(YX'r_ !9',S�����g
[Xl' \(%('Z$o[�UV!�_&$\(`&)V' [W�^ab�
�(' U+$/\
[XUVab',��!L[W'Zc� &[Xl&'r\"ij[XU$�]\][WU+�"$d�"$ [Wl&'��YX_!9[XY \][WU+�"$^$�;S&'�UV$iZYX',\(!X'*!��%0?l&'Z$d[XlUV!�\"ij[WU��]\][WU+�"$^'�(&it'Z',S&!�\ [XlYX',!9l&�")VS� 4[Xl&'*$
[Xl' \(%('*$"[@[XYWU+',!@[X� c '*Y9gq�"YXaH\ YW\($S4�"aB`7'Zl \��oUV�(Y �q%"YW\(`� 4S4YW�(c� ;ab�
�('�[X�
�I\eY Sw`&YWUVi��  oa �
�"'�[W�
�p\(YWSwS&YX�"c^!XU [W' � �
� U��"'
\e)V)~�e[Wl&'ZY UV$"[W'ZYW$\e)~!9[W\][W' $�;S&'*!� [Xl&'*YX'b\eYW' �p'ZUV%(lo[X',S )VU+$ �;!�`7't[��p'Z'*$ [Xl'	�YX_ !L[WYW\e[XUV�($ $&�4S4'b\e$ S�[Xl'biZ�($!9[XYW_it[XUV�($
`7'Zl\��;UV�(Y !��#��g
[Wl&' \(%('*$"[�UV!�\e`&)V'r[W� %"'t[��"_4[��(g{[Xl&' S4'*\"S4)V�;i��  [Xl&'*$�[Xl' �p'ZUV%(lo[W!��eg~[Xl' iZ�($&$&',ij[WU+�"$!�\(YX' i l \e$&%"'*S
[X�yYX'*U+$4gq�"YWiZ'b[Xl&Uf! \"ij[WU+�"$�� ��gI[Wl&' \e%"'Z$o[rYW'Zaw\eUV$!rS4',\(S4)V�4i��(',S�  [Wl&'Z$ [Wl\][ \(ij[WU+�"$ UV!rc '*$\e)VU��*'*S�� z;UV$iZ'w[Xl&'d\(it[XUV�($
!X'Z)V'*ij[WU+�"$^$'t[��p�(Y �wUV!�\b!XU+$%()V'�)f\ v('*YI$&'t[��p�(Y �  "[Wl&'ru~'ZY it'*c4[XYW�($^)+',\eYW$&UV$&% YW_&)V'riZ\($^`7'm_!X'*S��

��'Z[�� S&'Z$&�([X'^[Xl&'�!X't[w�eg�UV$o[X'*YX$\()�!L[ \][X'd$&�4S4',!w\e$S � ��[Wl&'�\(ij[WU��]\e[XUV�($ �"$ UV$o[X'*YX$\()p!9[W\e[X'Q$&�4S4' � ��� � ��'Z[
� ���=��S4'Z$&�([X' [Xl&' \(ab�(_&$o[��(gMgqYW_!9[XY \][WU+�"$Q\e[�[XUVab' ��\e$ S� � YX'*c&YX',!9'*$o[�[Xl&'m[Wl&YW'*!Xl&�()fSQ�eg~gqYW_!L[WYW\e[XUV�($d[Xl \][�[WYXUV%(%"'ZY !
\dYW\($S4�"a�` '*l\��;U+�"Y�[X��`7'wc '*Y9gq�"YXab'*S�� ��'t[ � �

S4'Z$�e[X' [Wl&' \(it[XU$�]\][XUV�($/�eg@[Xl&' �&YW_!L[WYW\e[XUV�($ U+$o[X'*YX$ \e)
!9[W\][W'w$&�4S4'�
!Il&'*$� 

� �
� � � 	 � ���=� �  �

� 	 � ���=� 
  �
� " � � �

��'Z[ �TS4'Z$�e[X'�[Xl&'�!X't[
�(g c7�"!W!XU+`&)V'I` '*l\��;U+�"YW!{\($S )+'Z[ � ��� ���=�{S4'*$&�e[W'I[Xl&' �p'ZUV%(lo[
�"$ [Wl&'�)VU+$�� gqYW�(aJUV$o[X'*YX$\()&!L[ \][W'
$&�4S4' ����� [X� `7'Zl \��oUV�(Y�$&�4S4' � � �H\e[�[XUVab' � � !Il&'Z$� [Wl&' \(it[XU$�]\][XUV�($��(g{` '*l\��;U+�"Y�$&�4S4' � � �� � � 7\e[�[XUVab' �IUV!
!X't[�`;vw[Xl'r!L[ \][X' $&�4S4',!L�h\($\e)V�(%"�(_!�[X�w',no_\][WU+�"$���� � � H

� � � � � � � ��� ��� �#���=� � � 	  � � � " � � �

��l&'*YX' � �1��UV!�[Xl' !L[W'Zc gq_$ij[WU+�"$ S&',2$&',SyUV$/'*no_\][WU+�"$���� � \e$S� � UV!�[Wl&'b[Xl&YW'*!Xl&�")VSy�eg@`7'Zl \��oUV�(Y \(it[XU$�]\][XUV�($�� #�!
UV$ [Wl&'^x@�($ #�% \eY i l&U+[X',ij[X_YX'. [Xl&',!9'w`7'Zl \��oUV�(Ym\"ij[XU$�]\][WU+�"$!m\eYW'w!9'*$"[m[W�d[Xl&' \"ij[WU+�"$/!X'Z)V'*it[XUV�($/a �4S4_)+' ��l&Ufi l %(U$�(',!
l&UV%(l&'*Y�c&YWU+�"YXU+[Lvb[X�b[Wl&'m%(Y \e`d\e$SdS4YW�(cd` '*l\��;U+�"YW!p�
�('*Yp[Xl&'m$\��;UV%"\e[XUV�($ c)V\($&$&UV$&%b` '*l\��;U+�"YW!��

��'Z[���A���=��YX'*c&YW'*!X'Z$o[�[Xl&' c7�"!XU [WU+�"$ �eg{[Wl&' \(%('Z$o[�\e[�[WU+ab' � � !Il&' \e)V%(�(YWU+[Xl&a  � .-/ '-%(.��6%1:;46$ � "5�6.-$ : $#  [W� )V'*\(YX$Q[W�
'*!WiZ\(c '�gqYW�(aPS&'*\(S&)+�4i��4!IUV!I%"U��"'Z$dU+$ 2%"_&YW' " � + �%!Il&' � ��� � �(�@gq_&$ ij[XUV�($QUf!�S4',2 $&'*SQ\(! H

� � � � � � � � � � 	 � � �
� 	 � � �!@� 	 � 
 �

� " � + �

% �



#�)V%(�(YWU+[Xl&a � .-/ '-%(.��6%1:;46$ � "5�6.-$ : $# 
�IH #p[�[XUVab'�� H U g>� � �

� � �
�2H [Wl&'Z$Qc7'ZYXgq�(YWaP\ ` '*l\��;U+�"Y ��� ��Y \e$S4�"ab)+v"��U+[XlQc&YW�(` \e`&UV)+U+[Lv�� �
+<H !9'Z[ � � � � � � � �
2&H #p[�[XUVab' ��� ��� � H U g�� �� � �=� ! ��A��� ��� � � � �
� H [Wl&'Z$���� �+� � � � � � ���"� � �=� � � ��� �8� � ! � ��� � � � � � ( � ������ � � �" H ��� �#� � � � � � �����#� �=� � � ��� � � � ! � � � � � � � � ( � ���� � � � �  � ��� 	 ���� �

% H '*)V!X' ���"� ��� � � � � ��� � ���=� � � ��� � � � ! � ��� � � � � � ( � ���� � � � �

�MUV%(_&YW'@"�� +<H #�)V%(�"YXU+[Xla @B"5�6.-$ � .-/ '-%1.3�6%D" ��[W�b)+',\eYW$ [W�w'*!WiZ\ec7'�gqYX�"aPS4',\(S4)V�4i��;!��

��$ !9[X'*c � �(g\e)V%(�"YXU+[Xl&a �&YW_!9[XY \][WU+�"$ ��'*\(YX$U+$&% � 2%"_&YX' "�� + �, e\�`7'Zl\��;UV�(Y �{UV!kYW\($S4�"a )Vvm!9'*)+',ij[W'*S ��U+[Xl c&YX�"`\e`U+)VU [Lv
� ��� � $ it' \ YW\($S4�(aF`7'Zl\��;UV�(Y�Uf!�c7'ZYXgq�(YWab'*S� [Xl'rgqYW_!L[WYW\e[XUV�($�Uf!�YW'*!X't[�[X� � �q)VU+$' + �,�1!k� YW'*S4_iZ'm[Xl' i l\($it'r[Xl\e[
`7�e[Xl \(%('*$"[ !�\eYW' [W\�oUV$&%wY \e$S&�(aP\"ij[XUV�($ !�\][�[Wl&' !W\eab' [XUVab' \($�\e%('*$o[�iZ\e$�i l&�;�o!9' $&�([�[X� c7'ZYXgq�(YWa:\($ov ` '*l\��;U+�"Y
\][ \e)V)kUV$y!9[X'*c � �qU � ' \e$y\(%('*$"[�S4�;'*!�$&�e[�c '*Y9gq�"YXa}\e$;vQ` '*l\��;U+�"Y'��U+[XlycYX�"`\e`&UV)VU [Lv � ! ) � � � � �3�,� !IlUV!�UV!�_!X'tgq_&)`7'*iZ\(_!X' U+g�`7�e[Xl/\e%"'Z$o[W!�c '*Y9gq�"YXa�\ YW\($S4�"aF`7'Zl \��oUV�(Y \][�[Xl' !W\eab' [XUVa 'b\e$ S�[Xl' S4',\(S4)V�4i��Q%('t[ !�`&YX�.�('*$� �($&' �eg
[Xl'�\e%"'Z$o[W! ��U+)V) '*YXYW�($'Z�(_ !9)Vv YW'ZUV$4gq�(Y it'�U+[W!p\(it[XUV�($b[Wl&�(_&%"lb[Xl&'�S4'*\"S4)V�;i�� �I\(!
YW'*!X�()$�(',S `ov [Xl'��e[Wl&'ZYp\e%"'Z$o[+* !�\"ij[XUV�($��
��UV$&' 2 UV!�[Xl&' [X'*!9[��(g ��l't[Xl'ZY�[Wl&Uf!�Y \e$S&�(a:\"ij[WU+�"$ �I\(!�!9_ iZit',!X!9gq_&) � !Il&UV!�[X',!L[�Uf!�iZ\eYWYWU+',S �"_4[�\][�!9�"a ' )V\e[X'ZY�[XUVab'
� �	� `ovwi l&',i��;U+$&% U g�[Wl&' i l\e$&%"'�UV$w[Xl&' \e%"'Z$o[+* !
c7�"!XU+[XUV�($ Uf!@%(YW'*\][W'ZY{[Wl\e$d!9�"ab'�S4Uf!L[ \e$iZ' �)� � UV!�[Xl'�[WU+ab'�[ \��"'Z$w[W�
S4'Z[X'ZYWabU+$' U+g{[Xl&'bS4'*\"S4)V�;i�� �p\"!�`&YW��"'Z$��"Y�$&�([ �qU+[�Uf!�$&�e[�c �o!X!XU+`)+'m[W�^S4'Z[X'*YXabUV$&' U+g�\ S4',\(S4)V�4i��^l \(!�`7'Z'*$ `&YW��"'Z$
UVa ab',S4UV\e[X'*)+v�\eg [X'ZYb\ `7'Zl \��oUV�(Y �p\"! c7'ZYXgq�(YWab'*S�!XUV$it' [Xl&'*YX'dit�(_)VS ` 'daw\e$;v \(ij[WU+�"$!m[Wl\][b�($)+v/[W\�(' [Xl&'Q\e%"'Z$o[
[X'*abc �"YW\(YXUV)+vy�(_4[ �(gIS&'*\(S&)+�4i��  k!X_i l�\(!ra �
�;UV$&%Q`\(i�� �($&)Vv [W��ab�
�('bgq�(Y �I\eY S UV$ [Xl&' $',(;[ !9[X'ZcA� �MJ��
�p'��('*Y�  U g �
Uf!�)f\eYW%('. &[Xl'Z$�[Wl&' \(%('*$"[ ! ��UV)+)~l\��"' [X���I\eU+[�)V�($%('ZY�` 'Zgq�(YW'r[XYWv;U+$% \ S4U�# 'ZYW'Z$o[�Y \e$S&�(a}\(ij[WU+�"$��&!Il&Uf!�YX',!9_&)+[W!�U+$ \
)V�($&%"'ZY�[XUVa ' !Xc7'Z$o[mU+$ [XYWv;U+$&%^[X�d`&YW'*\� S4'*\"S4)+�4i��4!�S4_&YWU+$&%d[Wl&'b)+',\eYW$&U+$%^!9[W\e%"'� � U+$'*!�� �.%w\(YX' [Xl&'b)V'*\(YX$&UV$&%dYX_)+',!
gq�(Y�\w!9_i*it',!X!9gq_&)k\($Sd_&$!X_iZiZ'*!W!Lgq_) `7'Zl\��;UV�(Y !�� � � Uf!I[Xl'r)+',\eYW$&UV$&%wYW\e[X'.� � ��� � �1�pU+$S&UVi*\][X',!�[Wl&' S4UVYX',ij[WU+�"$dUV$ ��l&Ufi l
[Xl' �@'*U+%"l"[ !I\eYW'�\"S��L_!9[X'*S�� !Il&' ',(4c �"$&'Z$o[WUV\() [X'ZYWaHUf!Ic&YW'*!X'Z$o[I[X�b` �"_&$S [Xl&' �p'ZUV%(lo[ ! ��� �#���=�,� ���(YW'Z�
�"'ZY  o!XUV$it'�[Xl'
`\"!9'�it�($ !L[WYX_it[XUV�($ !X'*no_&'*$it'�Uf!�'*$it�4S4',S"��U+[Xl��p'ZUV%(lo[ !K� !9'Z[L�G? .-:;46.-: �@[Wl\][�\eYW'�iZ)+�o!9'�[X� [Xl&'�[Xl&YW'*!Xl&�")VS� o[Wl&'�Y \][W'�\e[
��l&Ufi ld[Xl&',!9' �p'ZUV%(lo[W!�i l\($&%('�Uf!�)+�
�p'ZYp[Wl\e$^[Xl\e[��egM[Xl&' �p'ZUV%(lo[ !p[Xl\e[�!9[W\(Y9[�\e[ � �

� � � 
 	 ��	�����
���������� � 	�� � ��	�� ��	 ������������ 
#�cc&)+v;UV$&% [Wl&' )V'*\(YX$U+$&% \e)V%(�(YWU+[Xl&a S4'*!WitYWU+`7'*S�U+$ [Wl&' cYX'��oUV�(_ ! !X'*ij[WU+�"$� {\e$�\(%('Z$o[ )V'*\(YX$ !m[Xl \][ U+g�U+[ Uf! l&�")VS&U+$&% \
`&YWUVi��^\e$S^UV!IUV$�\bS4'*\"S4)+�4i��  ;[Xl'Z$QU [�!Xl&�"_&)VSdS4YW�(c^[Xl&'m`YXUfi�� � J��
�@'��('*Y� o[XlUV!I`7'Zl\��;UV�(YIUf!I[XYWU+%"%('*YX',S 46$ @ � ��l&'Z$d[Xl'
\e%"'Z$o[�UV!�iZ\e_%(lo[�U+$ \bS4',\(S4)V�4i�� �pz;U+$ it' [Xl'r\e%('*$o[�\e)f!9�bl\"!�\w!9c\e[XUf\e) YW'Zc&YW'*!X'Z$o[ \][XUV�($^�eg~[Xl' �@�"YX)fS^\(YX�"_&$S^U [  U+[�UV!
c7�"!W!9UV`&)V' gq�"YmU [ [X��\"!X!X�4itUf\][X' [Xl&'wS4',\(S4)V�4i���`&YW'*\��;UV$&% `7'Zl \��oUV�(Y ��U+[Xl [Xl&'b'*$ �;UVYX�"$&ab'Z$o[W\(){it�($ S4U [WU+�"$!�[Xl\e[m',(4UV!9[X',S
��l&'*$/U+[ '*$"[W'ZYW'*S/\�S4'*\"S4)V�;i�� �%��[ iZ�(_&)fS [Xl&'*$ \ec&c&)Vv [Wl&Uf!m` '*l\��;U+�"Yr\e$;vo[XUVab'wU [ !r!9c \][XUf\e)�ab\(c UV$S4UfiZ\e[X',! [Xl\e[r[Xl'
�p�(YW)VSd\eYW�(_&$ Sw[Xl'r\e%('*$o[IUf!�!XU+abUV)V\(YI[X�b[XlUV!I)V'*\(YX$&',S c \][9[W'ZYW$� &'��('Z$dU+gk[Wl&'r\e%"'Z$o[�UV!I$&�([�it_&YWYW'Z$o[X)VvwU+$�\bS4',\(S4)V�4i�� �
�&�"YkUV$!9[W\($it'. ]U g S4'*\"S4)+�4i��4! [W'Z$S [X���4iZiZ_&YkUV$ �Wit�"YXYWUVS&�(Y !3� �q[��@��it)V�"!X'Z)Vvmc&)V\"it',Smc\eY \e)V)V'Z)oYX�
��!k�eg`YXUfi��4!��, *[Wl&'Z$ [Xl'

\e%"'Z$o[�!9l&�"_&)fS )V'*\(YX$ [X�wS4YW�(cd`&YXUfi��4!���l&'Z$&'��('*YpU+[ 2$S&!IU+[W!X'Z)+g~U+$Q\ $\eYWYX�
�?c \(!W!X\(%('��I\ vM�qc&YW�
�;UVS4',Sw[Wl\][�\b!9_ � iZU+'*$o[
$;_&a `7'ZY��eg
!X_i l�',(&\eabc&)V'*!&�@'*YX' \�� \(U+)f\e`)+'rS4_YXUV$&% )V'*\(YX$&UV$&% � � ��g{[Xl&Uf!�`YXUfi��^Uf!�)f\][W'ZY�c&UVi��"'*SQ_&c�`;vQ\e$&�([Xl&'*Y�\(%('Z$o[  
[Xl'Z$w\�a ',i l\e$UV!XaJS4'��('Z)V�(c ! ��l'ZYW'Z`;v \e%"'Z$o[W!Mc\"!X!~`YXUfi��4! gqYW�(a �($&'p[W� \($&�e[Wl&'ZY~UV$wit�($ !L[WYXUfij[W'*S !9c\"it',!>�h\(!~�"c&c7�"!X'*S
[X� [XYWvoUV$&%w[W� c\"!X!�'*\(i l��([Xl&'*Y5�,�'!Il&Uf!�`7'Zl\��;UV�(Y�Uf!�`7'Z$',2 iZUV\()k�"$&)+vdU+g{[Xl&'*YX' \(YX'r\e[�)V'*\"!L[�[��p� \(%('Z$o[ !�c\eYX[XUfitUVc\e[XUV$&%
UV$ [Wl&' iZ�($!9[XYWUVit[XUV�($ [W\"!��/\e$S [Xl'*!X' \e%('*$o[W!m\eYW'b�egI[��p�^[Lv;c7'*! H [Xl�"!X'wYX',!9c7�($!XUV`&)+' gq�"Yrab�
�oUV$&%Q`&YWUVi��4!�[W��$\eYWYX�
�
it�"YXYWUfS4�(Y !m\e$S [Xl&�o!9'w[Wl\][ ab�
�(' `&YWUfi��;!rgqYX�"a [Wl&'^iZ�(YWYXUfS4�"YW!�[W� [Xl'^S4YW�(c���!XU [W'*!�� !Il&'^\(%('Z$o[ ! iZ\($�\e_4[W�(aw\][WUVi*\e)V)+v
S4U$�;UVS4'b[Wl&'Zaw!X'Z)$�(',! U+$o[X�d[Wl&'*!X'b[��@�d[Lv;c7'*!m�(gp\e%"'Z$o[W!mS&_&'b[X�d[Xl'w$\][W_&YX'b�(g@[Wl&'w'Z$��;U+YW�($a '*$o[ H [Xl&' \(%('*$"[ ! $&'*\(YX'*Y
[Xl' S4YW�(c���!XU [W'*!1��U+)V)M[XYWvQ[X�dc&Ufi��d_cy`&YWUVi��4!�gqYX�"a}[Xl&'bit�"YXYWUfS4�(Y � ��l&Ufi lyUf! it)V�"!X'ZY�[X� U+[ [Xl\($ [Wl&' �"YXUV%(UV$\()k!X�(_&Y it' �eg
`&YWUVi��4!5� ��lU+)V'�[Wl&'m\e%"'Z$o[W!p!9U+[X_ \][X',S $'*\eYW'ZY@[Xl'�`&YWUfi��;!���UV)+) ab�
�('�[Xl'Za>[W� [Wl&'mit�(YWYWUVS4�"YK� ��l&UVi l^UV!�iZ)+�o!9'*Y�[W� U+[I[Xl\($
[Xl'rS4YX�"c���!9U+[X',!��,�

z;UV$it' *pz � !w\(YX'Q_!X'*SC\(! [Wl&' !Xc\][WUV\()�YX'*c&YX',!9'*$o[W\][WU+�"$� 
[Wl&' \e%"'Z$o[ S4�;'*!b$&�([ $&'Z',S [X� l\��"'d\($ov c&YX'���S&',2$&',S
$&�([XUV�($w�eg \	�Xit�"YXYWUfS4�(Y5����!Il&'�'Z%"�;iZ'Z$o[XYWUfiI$\][W_&YX'��eg [Xl&'�!9c \][XUf\e) aw\ec!�'Z$!X_&YW'*!~[Wl\][I\ec&c&YW��(4U+aw\e[X'Z)Vvr[Wl&'�!W\eab'&*pz �

% "



$&'*_&YX�"$!m%"'t[ \"ij[XU$�]\][W'*S '��"'ZYWv [WU+ab' [Wl&'^\(%('*$"[ 2 $S&! U [ !9'*) g�`7't[��p'Z'Z$�[��@��YW�
��!m�eg�`&YWUfi��;!�� !Il;_!� M[Wl&' \e%"'Z$o[r�($)+v
l\"!I[X� )V'*\(YX$Q[W� \(!W!9�4iZUV\e[X' [Xl'rc\][X[X'*YX$��(g{\"ij[WU��]\][WU+�"$!��"$Q[Xl&',!9' *pz � $&'*_&YX�"$!I[W� S4'*\"S4)V�;i��4!�\($S^[Xl&'*$y\ecc&)+v^[Xl'
S4',\(S4)V�4i�� '*!WiZ\(c '�` '*l\��;U+�"Y ��l&'Z$'��('*Yp[Xl&' *pz � \"ij[WU��]\][WU+�"$!Iaw\][ i l [Wl&'m)+',\eYW$&'*S^c\e[9[X'*YX$�� !Il&' )+',\eYW$&'*S^c\][X[X'*YX$dUV!
!9[X�(YW'*S UV$/\ � "�� � @B4 0 � �>�9%(%D"!.-$ � ��? � s�u � � � � 't[ � � S4'*$&�e[W' [Wl&' \(it[XU$�]\][XUV�($/�eg /pYXUfi�� *@z � iZ'Z)V) ��\e$ Sy)V't[ � � `7'
[Xl' \"ij[WU��]\][WU+�"$ �"$ [Xl' iZ�(YWYX',!9c7�($ S4U+$% $&�4S4' �eg [Xl&'ms�u�� � [Xl' \"ij[WU��]\][WU+�"$!p�($ [Xl&'ms�u�� \eYW'�$&�([I!Xl&U+g [X',S ��U+[Xl^[Xl'
ab�
�('*a '*$o[p�(g [Xl'r\e%('*$o[p_&$)+U$�('�[Xl' *@z � \(it[XU$� \e[XUV�($!I!XU+$ it'�[Xl&'rs�u�� YW'Zc&YW'*!X'Z$o[W!@[Wl&'m!L[ \][X_ !I�eg [Wl&'m'Z$��;UVYX�"$&ab'Z$o[
\eYW�(_$Sr[Wl&'�\(%('Z$o[{�($)+v S4_&YWU+$&%mS4',\(S4)V�4i��4!��,�M#?!XU+abc&)V'�_&c S&\e[X'�YW_&)+'I[W�m)+',\eYW$ [Xl&'�c\e[9[W'ZYW$ �(g s�u��}$'Z_&YW�($!~Uf!{%"U��"'Z$
`7'Z)V�
� H � � � � ��� � � � ! � �1��� ( � � � � � " � 2 �
��l&'*YX'

� ���~Uf!p[Xl&'mi l\($&%('�[Xl \][�UV!I\"S&S4'*S [X� � �{\][I[Xl&' '*$S �(gk'��('ZYWvw\ec&c)+UfiZ\e[XUV�($ �(g [Wl&UV!IYW_&)V'�%!Il&Uf!IYX_)+'�UV!�\(c&c&)VU+',S
'*\"i l [WU+ab' [Xl'r\e%('*$o[+* !�gqYW_!9[XY \][WU+�"$ Uf!�\e`7�
�('�[Xl&'�[XlYX',!9l&�")VS� � �hU � ' U [�Uf!IU+$�\bS4'*\"S4)V�;i��<�,�
� � UV!p[Wl&'m)+',\eYW$&UV$&% Y \][W'
\e$ S�[Xl' '�(;c7�($'Z$o[XUf\e)k[X'*YXa � � UV! \^it�($ !L[ \e$o[5��UV!�_!X'*S [X� YW't[ \eUV$ �]\e)V_&'*!�)V'*\(YX$&',SQgqYW�(a}c&YW'��;U+�"_!�[XUVa 'b!9[X'Zc ! � ��U [Wl
l&UV%(l���� � �

!Il&'�c\][X[X'*YX$Q!L[W�(YW'*S U+$^[Xl&'rs�u�� iZ\($ `7' ab\e[Wi l&',S���U+[Xl^[Xl'rit_&YWYX'*$o[I!X't[I�eg~\(ij[WU��]\e[XUV�($!p�($^[Xl' *pz � $&'Z_&YW�($ !
_!XU+$% [Wl&' gq�()V)V�
��U+$&%baw\][ i l gq_$ij[WU+�"$� 
 � � � � � � 	 � � H


 � � � � � � 	 � � � ) � � � � � 	  � �;aw\
( � + � �����$�"� � �  � �) � � � ��� 	  � � � " � � �
��l&'*YX' � �(�pUf!�[Xl'r!L[W'Zcdgq_&$it[XUV�($ S4'�2$&'*SQUV$Q'*no_\e[XUV�($ ��� � \e$S  � UV!I[Wl&'m[Wl&YX',!9l�()fS^_ !9',S [W�wUVS&'Z$o[XU+gqv [Wl&�"!X'm$&�4S4'*!
UV$�[Xl&' s�u � [Xl\e[�UV$S4UfiZ\e[X' \ S&UV!Wi�� � �6� �)�IUV!�[Xl' !X't[��(g{\()+)k$&'ZUV%(l;`7�(YWU+$% it'*)+)f!��(g{\($ *@z � iZ'Z)V) ���'!Il&' !9_&abaw\][WU+�"$
Uf!@�
�"'ZYI\e)V) it'Z)V)f!��~UV$ [Wl&'mit'*$"[WYW\() c7�(YX[XUV�($^�eg�[Wl&' *@z ���h!XU+$ it' S4UV!WiZ!@gh\(Y9[Wl&'ZYI\��p\ v gqYW�(aB[Xl' \(%('*$"[I\eYW'�)V'*!W!@)+U$�('*)+vb[W�
`7'r\ c \eYX[I�(g~\($;v it�"$!L[WYXUfij[WU+�"$ � �

#�g [W'ZY~[Wl&'�\e%"'Z$o[Ml \(!~)V'*\eYW$&',S \ S4',\(S4)V�4i��m'*!WiZ\ec7'I` '*l\��;U+�"Y� ]U+[�\ecc&)+UV'*!~',no_\][WU+�"$ " � ��[X� aw\][ i l s�u��}\(it[XU$�]\][XUV�($ !
� � � ��U+[Xl [Xl&' *@z � \"ij[WU��]\][WU+�"$!L� � ��\][�'��('*YXvd!L[W'Zc��1!Il&'rYW'*!X_&) [��eg~[XlUV!�aw\][Wi l�Uf!�_!9',Sd[X�d!9'Z[�[Xl&' it'*$"[WYW\() $&�4S4' �eg
[Xl'^x@�($�2%"_&Y \][XUV�($ $\��;U+%o\][WU+�"$yaw\ec ��l&Ufi l 'Z$iZ�;S&'*!�[Xl'w)+�4iZ\e[XUV�($! ��l'ZYW' `YXUfi��4!m\eYW' [W��` ' S4YW�(cc ',S��"!Il;_! [Xl'
\e%"'Z$o[�!X'Z)V'*it[W!�[Wl&' S&YX�"c�` '*l\��;U+�"Y�$&�e[��($&)Vv ��l&'Z$ U+[�Uf!�\][�\^S4YX�"c���!9U+[X'r!Xc ',itU�2'*S `ovd[Wl&'bx@�"$�2%(_YW\e[XUV�($ *@z �  `&_4[
\e)f!X� ��l'Z$^[Xl&'r\(%('Z$o[�Uf!IU+$�\ )+�4i*\][XUV�($ ��l&'*YX'rS4',\(S4)V�4i��4!p\(YX'�)VU��"'Z)Vv [X�b�4iZiZ_&YL�h\"!IU+$ S4UVi*\][W'*Sd`;v 
 � � � � � � 	 � �3� �
� ��� � 	� ��
 � 

!Il&'@c '*Y9gq�"YXaw\e$ it'{�eg4[Wl&'�)V'*\(YX$U+$&%�\e)V%(�(YWU+[Xl&aw!��I\(!k\e$\()+v �Z',Sm\e$S�[Wl&'�'�#7',ij[M�eg��]\eYWv;U+$&%�[Xl&'@c\eY \eab't[W'ZY ! Uf! S4',!XiZYXUV` ',S
UV$Q[Xl&Uf!�!X'*it[XUV�($�� !Il&' �@�"YX)fS �p\"!�YX',!L[WYXUfij[W'*Sd[W� \ !Wn"_ \eYW'��(g �*�(� � �,�(� _&$&U+[W!��'!Il&' *pz � !�\eYW'm%(YWUVS&!�it�($ !9Uf!L[WU+$%w�eg
�*�"� � �,�(� it'*)+)f!'��U+[Xl�',\(i l�it'*)+)Mit�
�"'ZYWU+$&%b\w_&$U [�!Wno_\eYW'��!Il&' !XU��*'r�eg~[Wl&' *@z � YW'Z)f\][WU��"' [X�w[Wl&' !XU��*'m�eg~[Xl' �@�"YX)fS
S4�;'*!�$&�([ \�#7',ij[�[Xl&' gqYX_ !L[WYW\e[XUV�($ )V'*\(YX$&UV$&% \()+%"�(YWU [Wl&a}�(Y�[Xl&' aw\][ i l�gq_&$it[XUV�($/c&YX�
�;UfS4'*Sd[Wl&' *@z � UV!�$&�([�!X�^!Xab\()+)
[Xl \][bU [wiZ\($&$&�e[ YX'*c&YW'*!X'Z$o[ [Wl&'^c \][9[W'ZYW$��eg�\(ij[WU��]\e[XUV�($! [Xl\e[ '*$it�4S4'd\ �Xc\(!W!X\(%('��p\ v2�d�(Y �e[Xl'ZYb!L[WYX_it[X_&YW' ��l&'ZYW'
S4',\(S4)V�4i��;!I\(YX' )VU��"'Z)Vvw[X�w�4iZiZ_&Y �

!Il&'w!X'Z$!X�(Y�YW\($&%(' �egI\e$ \e%"'Z$o[ iZ�(YWYX',!9c7�($ S&!�[X��\^!Wno_\eYW' �eg +"� � +(� _&$&U+[W!miZ'Z$o[X'*YX',S \e[ [Xl&'b)V�;i*\][WU+�"$ �(g�[Xl'
\e%"'Z$o[� U � ' [Xl' it'*$"[WYW\() +"� � +"� !Xno_\(YX'm�(g~[Xl&' *@z � Uf!�!X't[�gqYW�(a:[Xl' !X'Z$!X�(Y�\"ij[WU��]\][WU+�"$!�UV$ '��"'ZYWv^!9[X'*c �h\ !Wno_\eYW'
!X'Z$!X�(Y Y \e$&%"' �I\(! _ !9',S UV$!9[X',\(S �egp[Xl&' iZU+Y it_)V\(Y !X'Z$ !9�"YmYW\($&%('b\(! UV$/[Xl&'dx@�"$#�%�\(YWi l&U+[X',ij[W_&YX'w!X�()V'Z)Vv�gq�(Ym',\(!X'b�eg
UVa c)+'*a '*$o[W\][WU+�"$ � $&�($'��eg[Xl&'p` '*l\��;U+�"YW!�[Xl\e[~\(YX'@_!X'*SmUV$bx@�"$#�%��s�� \(YX'@YX',\(ij[WU��"'@\($Sml&'*$it'@[Xl&'*vr\eYW'
YW'Z)f\][XU$�('*)+v
UV$!9'*$!XU [WU��"'m[X� [Xl&' !9l\(c ' \e$S�!XU �Z' �(g~[Xl&' !9'*$!9�"Y�Y \e$&%"' �,��#�$y\(%('Z$o[�i*\e$�ab�
�(' _&c�[X� � � �b_&$&U+[W!�UV$ �($&'r[XUVa '���!9[X'*c
�h!X)V�
��!�S4�
��$ [W�wS4YX�"c^`YXUfi��4!��,�

#�%"'Z$o[W!d\eYW' UV$&U+[XUf\e)V)+v?!X't[�\][^Y \e$ S4�(a )V�;i*\][WU+�"$!"��U+[Xl&UV$ [Wl&' �@�"YX)fS�� !Il' *pz � ! �@'*YX' UV$&U+[XUf\e)VU��*'*S ��U [Wl [Xl'
c7�"!XU [WU+�"$!
�(g7[Wl&'�S&UV!WiZ!@\eYW�(_&$S ',\(i lw\e%"'Z$o[
[X� YX'*a �
�"'p[Xl&'�$&'Z',S gq�(Y@\($w',(4c&)V�(Y \][WU+�"$ cl\(!X'�� [Wl&'1*pz � !{%"'t[p_&c7S\][X',S
$&�"YXaw\e)V)VvQS&_&YXUV$&%dit�($ !L[WYX_it[XUV�($y\($S )V'*\(YX$U+$&% � �����"YX'*�
�('ZY  &[Wl&'bS4'*\"S4)+�4i��Q'*!WiZ\(c ' ab'*i l\($&Uf!9a}�egpS4YX�"c&c&UV$&% `YXUfi��4!
[X� ` ' c&UVi��"'*SQ_&c�`;v^[Xl&' �e[Wl&'ZY�\e%('*$o[�U+$Q[Wl&' S4',\(S4)V�4i����p�(Y �4!��($&)VvdU g{[Wl&'r)V�;i*\][WU+�"$��eg~[Xl&' it)V�"!X'*!9[�S4YW�(c���!9U+[X' - `&YWUfi��
Uf!r[Wl&'^!W\eab' UV$�`7�e[Wl�[Xl'^\e%"'Z$o[W!+* *pz � ! �q�([Xl&'*Y-��Uf!9'. M[��@�y\(%('*$"[ !r`7�e[Wl�[XYWv;U+$%�[X� a �
�"'w[X�
�I\eY S S4U�#7'*YX'*$o[ `&YWUVi��
!X�(_&Y it',!
iZ\($w%('t[pU+$o[W� \rS4',\(S4)V�4i�� ��l&Ufi l i*\e$&$&�([�`7'�`&YW��"'Z$b`;v [Wl&'�\"ij[WU+�"$!{�eg�'*U [Wl&'ZYI\e%"'Z$o[5�,����$U [WUV\()+U �ZUV$&%m[Wl&'1*pz �
��U+[Xl�[Wl&' UV$&U+[XUf\e) c7�"!XU+[XUV�($!��eg~[Xl&' S4Uf!Xi*!�'Z$ !9_&YW'*!�[Xl\e[�S4U�#7'*YX'*$o[�\e%"'Z$o[W!�iZ\eYWYWv �(_&[�[Xl&'*U+Y�c\][Wl c&)f\e$&$U+$&% �($ !XU+abUV)V\(Y
YW'Zc&YW'*!X'Z$o[W\e[XUV�($! �(gI[Xl&'"�p�(YW)fS ��l'Z$ [Wl&'Zv \eYW' iZ\(_&%(lo[rUV$ \�S4'*\"S4)V�;i�� � !Il&' UV$&U+[XUf\e)@)+�4iZ\e[XUV�($ �egI[Wl&'^S4Uf!WiZ!mUV$ [Xl'
�p�(YW)VS^UV!�!Xl&�
��$dU+$ 2%"_&YW' " � 2 �h\#��\($S^[Xl&' �p�(YW)VS^\]g [W'ZY�[Wl&'r!L[WYX_ ij[X_YX' l\"!I` '*'Z$Q`&_&UV) [�Uf!�UV$�2 %(_&YW'@"�� 2 �q`A� �

%�%



2 agents in
deadlock

� ��� � � �

�MU+%"_&YW' " � 2 H *
$��;U+YW�($a '*$o[ gq�"Yw)+',\eYW$&UV$&% S4'*\"S4)+�4i���`YX',\��;U+$%/`7'Zl \��oUV�(Y H !Il&' �p�(YW)VS �h\#�b$&'*\(Yb[Xl&'�`7'Z%"U+$$&U+$% �eg
it�"$!9[XYW_ij[WU+�"$b\($S )+',\eYW$&UV$&% ��!Il&'�[��p� \(%('*$"[ !
\eYW'IU+$ \mS&'*\(S&)+�4i�� \($Sw\eYW'Ic '*Y9gq�"YXabUV$&%mYW\($S4�"a ` '*l\��;U+�"YW!�� �h` �{\eg [X'ZY
it�"$!9[XYW_ij[WU+�"$^Uf!�it�"a c)+'Z[X'�

!M\e`&)V'@"�� �IH ��$&U+[XUf\e)��p'ZUV%(lo[W!I�(gk)VU+$ �;!
� � ��! �L#�� ��Y \e` s�YX�"c x@�($�2 % � ��\�� � /@YWUfi�����\�� �
��49@ �6: $  ��� .-:;0 � � � � " � � " � � " � � � "

K% ����.345? � � : %D" � � � " � � � " �

K% ��� .-:;0 � � � " � � � � � "
� .-/ '-%1.3�6%1:;46$ � � � �

!Il&'IUV$&U [WUV\()��@'*U+%"lo[W!M�eg [Xl&'�)VU+$ �;!~UV$ [Xl&'�#�ij[XUV�($wz;'*)+',ij[XUV�($bab�4S4_&)V'IYX',!9c7�($!XUV`&)+'@gq�(Y
!X'*no_&'*$itUV$&%�[Xl&'�iZ�($!9[XYW_it[XUV�($
[W\"!�� \eYW'�!9l�
��$ UV$b[W\(`&)V' "�� � � !Il&�(_&%"l [Xl&'*YX'�\(YX'�aw\e$;v � \()+_'*!
�(g �p'ZUV%(lo[ !~[Xl\e[@iZ\(c4[X_YX'I[Wl&'�!X'*no_&'Z$ it'��eg `7'Zl\��;UV�(Y !
gq�(Y�it�"$!L[WYX_ ij[XUV�($� �]\e)V_&'*!�it)V�"!X'm[X� [Xl&' [Xl&YW'*!Xl&�()fS��  � � �  %I� �@'*YX' i l&�"!X'Z$�!X�w[Xl\e[�[Wl&' c&YW',��S4'�2$&'*S�iZ�($!9[XYW_it[XUV�($
!X'*no_&'Z$ it'�[Xl\e[�[Xl&'r\(%('*$"[�c7'ZYXgq�(YWaw!+��l'Z$Q$&�e[�gqYW_!9[XY \][W'*S �@�"_&)VS^$&�([I`7'm_&$&)V'*\(YX$'*S�� !Il&'m\"ij[XU$�]\][WU+�"$!I�eg J��")VS4UV$&%�
/pYXUfi��  #p[-��s�YX�"c��Lz;U [W' 7\e$S #p[-� /pYWUVi��^U+$o[W'ZYW$\e) !9[W\e[X' $&�4S4'*!�\eYW' � �  '�(&it'Zc&[�gq�(Y �&YW_!9[XY \][XUV�($ ��l&Ufi l�Uf! � �"Y � �'!Il'
�p'ZUV%(lo[W!pgqYW�(a>[Wl&'��LgqYW_!9[XY \][WU+�"$&� UV$o[X'*YX$\()�!L[ \][W'�$�;S&' [X� [Xl&'m�"_4[Xc_4[�$&�4S4'*!�\eYW'�UV$&U+[XUf\e)V)+v �Z'ZYW� �
��� � �
	 ��� .�K9D�E~30�8X0�< EM<�D 0@241

! �p�^\e%"'Z$o[W!1�p'ZYW' YW'Z)V'*\(!X'*S U+$y[Xl&' �@�"YX)fSQ[W�d!XU+a _&)+[W\e$'Z�(_ !9)VvQ)+',\eYW$y\e$/\ec&c&YW�(cYXUf\][W'rYX',!9c7�($ !9' [X�QS4'*\"S4)+�4i��4!�� !Il'
�p'ZUV%(lo[W!r\e[r[Xl' 'Z$S �(g��($&' )V'*\(YX$U+$&%�YW_&$ Uf! !Xl&�
��$ U+$ [ \e`&)V' " � � � !Il&' )+',\eYW$&U+$%�YW\e[X' � � �p\"! �('*c4[ it�"$!9[W\e$o[ \e[
� � � ����!Il'�\e%"'Z$o[�YW't[ \eUV$!
[Wl&'�$&�(YWaw\e) iZ�($!9[XYW_it[XUV�($ !X'*no_&'Z$ it'&��l'Z$ [Wl&' �5.-/ '-%1.3�6%1:;46$ !L[ \][W'�$&�4S4'�UV!@UV$\(it[XU$�('� 0?l&'*$
�5.-/ '-%(.��6%1:;46$bUV!�\"ij[WU��"'�\($Sw[Wl&'m\e%('*$o[pUf!Il&�()fS4UV$&%w\ `YXUfi��  oU+[ ��U+)V) S4YW�(c^U [�'��('Z$^U g~U+[IUf!I$&�([I\e[�\bS4YW�(cd!9U+[X'C�hU+$S&UVi*\][X',S
`;v^UV$iZYX',\(!XU+$&%��

� ���  � � � � � � U+$ iZ�()V_&ab$ � �eg~[ \e`&)V' "�� � �,� ��gM[Wl&' \(%('*$"[�Uf!�$�e[�l&�")VS&U+$&%^\b`&YXUfi��Q\e$SQUf! �9gqYX_!9[XY \][W'*S<�  [Xl'Z$QU ['��UV)V)�$&�e[�i l�o�o!9' \e$;v `7'Zl \��oUV�(Y �hU+$S&UVi*\][X',Sd`ov^S4'*iZYX',\(!XU+$&% �
� ���  � � � � �"! ��� ��� UV$�it�()V_&ab$ 2 �eg [ \e`&)V' "�� � �,�!Il&'r'��(�")+_4[WU+�"$��eg{[Wl&' �p'ZUV%(lo[W!�gqYX�"aP[Wl&'	�&YW_!L[WYW\e[XUV�($�!9[W\][W' $&�4S4' [X�^'*\(i lQ�(g{[Xl&' gq�(_&Y�` '*l\��;U+�"YW!��
�('ZY�[XUVa ' UV!

!Xl&�
��$yUV$ 2 %(_&YW' " � ��� !Il&' [WU+ab'bU+$ [Xl'bS\][W\dUV$it)V_S4',!�[Xl\e[ !9c7'Z$o[mU+$/c7'ZYXgq�(YWa UV$&%Qit�"$!L[WYX_ ij[XUV�($y[Xl&�"_&%(l )+',\eYW$&UV$&%
�4iZiZ_&YW!@�($)+vwS4_&YWUV$&% S4',\(S4)V�4i��4!���0?l&'Z$di l&�;�"!XU+$% \rY \e$S&�(aB` '*l\��;U+�"Y� ;\e$ \(%('*$"[I!9'*)+',ij[ !��"$&'��(g�[Xl&'�gq�(_Y@`7'Zl\��;UV�(Y !
��U+[XlQc&YW�(`\(`&U+)VU+[Lv � � � �qU � '. &U ['��UV)V)�$&�e[�!X'Z)V'*it[�\e$;v `7'Zl\��;UV�(Y ��U+[XlQc&YW�(`\(`&U+)VU+[Lv � � " � � !IlUV!�iZ�($!X'ZY �]\][WU��"'�i l&�"UViZ' UV!p[W�

% 4



!M\e`&)V'@"�� �2H �MU+$ \e)��p'ZUV%(lo[W!I�(gM)VU+$ �;!
��� ��#�� ��Y \e` s�YW�(c x@�"$�2%)� ��\�� � /pYXUfi�����\�� �
� 46@ �9: $# ���>.-:;0 � � � � ��� 4 � � " ��+ � � � 4"� � � � ��� �

K% ���L.�4�? � �A: % " � � � � � � � � 4 � � � � ��� � � � � � �

K% ���>.-:;0 � � � ��� 4 � � � + 2�2 � � � +,+ � � � ��� �
� .-/ '-%(.3�9%(:;49$ � � � � � � + 2,2 � � � � 4 2 � � � � � �

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

w[frust][grab]
w[frust][drop]

w[frust][const]
w[frust][brick]

�MU+%"_&YW' "�� � H !Il&'&�p'ZUV%(lo[ !{gqYW�(a �&YW_!L[WYW\e[XUV�($ !9[W\e[X'�$�;S&'�[X�r[Xl&'�gq�(_&Y@�(_4[Wc&_4[p` '*l\��;U+�"YW! ��l&'Z$w[Wl&'ZYW'�\(YX'�[��p� \(%('Z$o[ !
UV$^[Wl&'m'Z$��;UVYX�"$&ab'Z$o[ � \��('*YW\(%('*S �
�('*Y � [WYXUf\e)f!��,�

YW'*S4_iZ'b[Xl&' i l \e$iZ' [Wl\][ \e$ \e%('*$o[ '*YXYW�($'Z�(_ !9)Vv�YX'*U+$&gq�(Y it'*! U+[W!r` '*l\��;U+�"Y ��l&'Z$ U+[ �p\"!m\e$&�([Xl&'*Yr\e%('*$o[+* ! ` '*l\��;U+�"Y
[Xl \][�`&YW��"' [Xl&' S4'*\"S4)V�;i�� �I#�!�',(4c ',ij[W'*S� [Xl&' �@'*U+%"l"[��($d[Xl&' )+UV$��^gqYX�"a �YX_ !L[WYW\e[XUV�($d[X�w[Wl&' s�YX�"c�` '*l\��;U+�"Y�Uf!�[Xl'
l&UV%(l&',!L[�` ',iZ\(_!9' c '*Y9gq�"YXabUV$&% [Wl&' �([Xl&'*Y�`7'Zl\��;UV�(Y !�UV$y\ S4',\(S4)V�4i�� ��UV)V)k$&�([�`&YW'*\� [Wl&' S&'*\(S&)+�4i��Q\e)$�p\ v4!�\($SQ[Xl;_!
[Xl'rit�(YWYW'*!Xc �"$S4UV$&% �p'ZUV%(lo[ !+��UV)V)�$&�e[�`7'mYW'ZUV$4gq�(Y it',S��
�MU+%"_&YW' "�� "�!Xl&�
��! [Xl&'�i*\(!X' ��l&'*$ \e$ \e%"'Z$o[Mi l&�o!9'@'*\"i l `7'Zl\��;UV�(Y���U+[Xl c&YW�(`\(`&UV)+U+[Lv � � � � ��l'Z$ U+[{l\(Sr[X��c '*Y9gq�"YXa

\ Y \e$ S4�(aF` '*l\��;U+�"Y���z;U+$ it' )V'*!W!�[XUVa ' Uf!�$&�
�T!Xc '*$o[�c7'ZYXgq�(YWa UV$&%^$&� `7'Zl\��;UV�(Y  )V'*\(YX$&UV$&% �4i*it_&Y !�gh\"!L[W'ZY �KJ��
�p'��"'ZY  
[Xl' �@'*U+%"l"[��

� ���  � � � � � � l\"!p\()V!X�bU+$ itYW'*\(!X'*S^!9UV$iZ' \($d\(%('*$"[IUf!I$&�
� )VU��"'Z)Vvw[X�bYW'ZUV$4gq�(Y it'�U+[W!�!X'Z)V'*ij[W'*Sd`7'Zl\��;UV�(YI'��"'Z$
��l&'*$dU+[�S4UfSd$&�e[�it�"$o[XYWU+`&_&[X' [X�b`&YW'*\�;U+$&% [Xl'rS4'*\"S4)+�4i�� �

��� � ��� � 8LR�DTKLD�E~30�890�<JE~<
D 0@2&1

�MU+%"_&YW' "��3%2�h\#�I!9l�
��!p[Xl&' !W\eab'm)V'*\(YX$&UV$&%w\e)V%(�"YXU+[XlaPc7'ZYXgq�(YWa ',S ��U [Wl 2 �('r\(%('Z$o[ !�U+$d[Wl&' !W\eab'm'Z$��;U+YW�($a '*$o[��+!Il'
�p'ZUV%(lo[W! )V'*\eYW$&',S \eYW'Q!9UVabU+)f\eY [X�/[Wl\][w�eg�[Xl&'d[��p�/\(%('*$"[wiZ\"!9'.�/!Il&Uf! UV!b`7'*i*\e_!X'd[Xl&'Q'*$ �;UVYX�"$&ab'Z$o[bUV! YW'Z)f\][XU$�('*)+v
_&$iZ�($!9[XY \eUV$&',S '�(&it'Zc&[{gq�(Y{[Wl&'�!Xl&�(YX[�it�"YXYWUVS&�(Y{\e$S ab�"!9[@S4',\(S4)V�4i��4!~U+$��(�")��"'I�($&)Vvr[��p�r\e%"'Z$o[W!����MUV%(_&YW' "��3%2�h` �~!9l�
��!
[Xl' �@'*U+%"l"[ ! ��l&'Z$ 2 �"'m\e%('*$o[W!I)V'*\eYW$&',S UV$�\ ab�"YX'mit�"$!9[XY \eUV$&'*S^'Z$��;U+YW�($a '*$o[ � !9l�
��$^UV$ 2%(_&YW'@"�� � �,�'��$^[Wl&Uf!�iZ\"!9'. 
ab�(YW' [Xl\($Q[��@�w\(%('Z$o[ !�\eYW'm�eg [W'Z$QU+$��"�()$�('*SdUV$�S4'*\"S4)+�4i��4!�\($S^[Xl&'m[WU+ab'm[W� `&YW'*\�^!X_i l�S4'*\"S4)+�4i��4! ��UV)+)MS4'Zc7'Z$SQ�"$
[Xl'�$;_&a ` '*Yp�(gk\e%"'Z$o[W!@UV$ U+[���z;UV$it'�[Xl'�)V'*\(YX$U+$&% \e)V%(�"YXU+[Xl&a [X',!L[ !@[Xl&' c&YW�(%"YX',!X!��eg [Xl' \(%('*$"[I\]g [W'ZY�\ 2�(4',S $;_&a `7'ZY
�egI!L[W'Zc!� [Wl&'wc&YW�(c7'ZY YX'*U+$&gq�(Y it'Zab'*$"[ ��UV)+){$&�([m` 'w%"U��"'Z$y'��('*$ U+g�[Wl&' \e%"'Z$o[�l \(! c7'ZYXgq�(YWa ',S�[Wl&' it�"YXYW'*it[�`7'Zl\��;UV�(Y �
!Il&'*YX'Zgq�(YW' o[Xl&'m)V'*\(YX$U+$&%b�4iZiZ_&Y !�!9)V�
�@'*Y�[Wl\e$QUV$Q_&$it�"$!9[XY \eUV$&'*S^'Z$��;U+YW�($a '*$o[W!��

% �



-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

0 1000 2000 3000 4000 5000 6000 7000 8000

w[frust][grab]
w[frust][drop]

w[frust][const]
w[frust][brick]

�MU+%"_&YW' "�� " H !Il'"�@'*U+%"lo[W! gqYW�(a �&YW_!9[XY \][XUV�($ !9[W\e[X' $&�4S4' [X��[Wl&'wgq�(_Y �(_&[Xc&_4[ ` '*l\��;U+�"YW! ��l'Z$ '*\"i l ` '*l\��;U+�"YmUV!
i l&�o!9'*$ ��U+[XlQc&YW�(`\(`&UV)+U+[Lv � � � � ��l&'*$Q\ Y \e$S&�(aH`7'Zl\��;UV�(YIl\"!p[X�w`7'mc '*Y9gq�"YXab'*S �h\��"'ZY \e%"'*S �
�"'ZY#� [XYWUV\()V! ��U+[Xld[��p�
)V'*\eYW$&UV$&%b\e%('*$o[W!5� �

��� � ��� = KLD�E~30�D�3CE{0�N}E ��3&D R�8L.@5�1;K 	>243&E{890�D NFE~<
D 0@2

��$ [Wl&' $&',(;[ ',(4c '*YXUVab'Z$o[� �\($y\e%"'Z$o[1�I\(!�YW'Z)V'*\(!X'*S U+$o[X� [Xl&' 'Z$��;UVYX�"$&ab'Z$o[�\()+�"$&%���U+[Xl/\e$ \(%('*$"[�[Xl\e[ �I\(!�\e)VYW'*\(S&v
[XY \eUV$&',S \"! S&'*!WitYWU+`7'*S \e`7�
�('.�/!Il&'�YW'*!X_&)+[W!b\eYW'd!Xl&�
��$ U+$/2%"_&YX' "�� 4 � !Il&' �p'ZUV%(lo[ �

� � �  � � � � � � U+$iZYX',\(!X'*!� 
`&_4[�
� ���  � � � � �"! ��� ��� S4�;',!�$&�e[�S&'*itYW'*\"!9'm\"!I` 'Zgq�(YW'�@#�!�\ YX',!9_) [  &[Xl'r\e%('*$o[I)V'*\(YX$ !p[X� S4YW�(cQU+[W!�`&YWUfi��"��l&'Z$QgqYW_!9[XY \][W'*S

\e$ SQl&�()fS4UV$&% \ `YXUfi��  `&_4[ it�"$"[WU+$;_&',!�[W� \][X[X'Zabc4[�[Xl&' `&YWUVi��d$\��;U+%o\][WU+�"$d`7'Zl \��oUV�(Y&��l&'Z$ U+[�Uf!�$�e[�l�()fS4U+$% \w`&YWUVi��
\e$ SyS4',\(S4)V�4i��('*S�� !Il&Uf!�UV!�`7'*i*\e_!X' [Wl&'b\e)VYX',\(S4v^[XY \eUV$&'*S \e%"'Z$o[�UVaba ',S4Uf\][X'*)+v�c7'ZYXgq�(YWaw!�[Wl&'ws�YW�(cy` '*l\��;U+�"Y1��l&'*$
U+[ Uf! l�()fS4U+$%y\ `&YWUfi��  {\($S [Xl'ZYW'tgq�(YW'^S&�o',! $�e[ %"U��"'w[Xl'^)V'*\(YX$&UV$&%y\(%('*$"[ \e$��"c&c �"Y9[W_&$&U+[Lvy[W�y'�(;c)+�"YX'^U [ ! i l&�"UViZ'
�egm`7'Zl\��;UV�(Y !	� [Wl&'y)V'*\(YX$U+$&% \e%('*$o[ it�($o[WU+$;_&',S [X� c7'ZYXgq�(YWa [Xl&' c&YX'���S&',2$&',SC`&YWUVi�� $\��;U+%o\][XUV�($C`7'Zl\��;UV�(Y UV$?[Wl&UV!
itUVY it_&aw!9[W\e$ it' �,�
��� � � � � 5�6��
D�2 � 38L<�E~N�890�< 	mD ��E R�8L.
3

!k�y!L[W_S4v/U g�[Wl&' `7'Zl\��;UV�(Ym[Wl\][ �p\"!m)V'*\eYW$&',Sy[W� %('Z[ �(_&[ �eg�S4',\(S4)V�4i��;! iZ\e$ '�(4l&U+`U [b\ �9`&_i��"'t[ `YXUV%"\"S4'+�Q\eab�"$&%
aw\e$;vw\e%"'Z$o[W!� e[Wl&'�gq�")+)V�
��UV$&%r',(4c7'ZYWU+ab'*$"[��p\"!�iZ�($S4_ ij[X',S��'�MU��"'�\e%"'Z$o[W!� "[Xl\e[+�p'ZYW'�[XY \eUV$&',SbU+$^c\eUVYW!
[X� ',(4l&UV`&U [p[Xl'
S4',\(S4)V�4i�� '*!WiZ\(c ' a ',i l\e$UV!Xa  �p'ZYW'rc&)f\(it',SQU+$ \($ 'Z$��;UVYX�"$&ab'Z$o['��l&'ZYW'm[Wl&' !X�(_&Y it'm�(g
`&YXUfi��4!�\e$ S�S4YX�"c !9U+[X',!'�p'ZYW'
!X'Zc\(YW\e[X'*SQ`;vQ\ )V�($&% �Xit�"YXYWUfS4�(Y5��� �MU+%"_&YX' "�� � !9l�
��!�[Xl' 2 �"' \e%"'Z$o[W!�S4'*\"S4)V�;i��"'*SdUV$�[Xl&'bit�"YXYWUfS4�(YL� � � � % � � ��U [Wl
[Xl'b[Xl&YW'Z' \(%('Z$o[ ! l&�()fS4UV$&%Q[Xl&'w`YXUfi��4!C�h#  (/   \e$S�x � \e[m[Xl&' $�(YX[Xl/'Z$S �(g@[Wl&' it�"YXYWUVS&�(Y�[XYWv;U+$&%d[W��a �
�"'w!9�"_4[Xl� 
��l&UV)+' [Xl' �([Xl&'*Y�\(%('*$"[ !�\(YX' [XYWv;U+$% [X�dab�
�(' $&�(YX[Xly[X�dYX',\(i l�[Wl&' !X�(_YWiZ' �eg@`&YXUfi��4!�� !Il' �YX_!9[XY \][WU+�"$y!9[W\][W' $�;S&'
�eg�/ Uf!�\"ij[XU$�(' ��lUVi l�iZ\(_!X'*!IU+[�[X� S4YW�(cQU+[W!�`YXUfi�� [W�w` 'rcUVi��"'*S^_&c�`;v^s � � � � % � � � / \e$SQsTl\��"' $&�
� i l \e$&%"'*S
[Xl'ZUVY�%(�o\e)f!�\e$ S�\eYW' gqYX'*' [X� ab�
�('m$�(YX[Xl \e$ S�!9�"_4[Xl�YW'*!Xc ',ij[WU��"'Z)Vv�#��'*\($���l&U+)V' x UV!�U+$ \wS4'*\"S4)+�4i�� ��U [Wl * \e$ S�#
Uf!�S4',\(S4)V�4i��('*S ��U+[Xl x1� x S4YW�(c!�U [ !�`&YWUfi�� ��l&Ufi l�Uf!�c&Ufi��(',SQ_&c�`;v * ��� � � % "#� �#��$Q[Wl&' $&'�(;[�gq'�� [WU+ab'���!9[X'*c!� [Xl'
S4',\(S4)V�4i�� ` 'Z[��@'*'Z$Q#T\e$S x?UV!�\()V!X� YX',!9�")��"'*S !XUVa UV)f\eYW)+v � � � � 4"� �,�

s�UV!WiI',(&i l\($&%(',!Mi*\e$ [W\�('�c&)f\(iZ'I!XUVa _&)+[W\($&'Z�"_!9)Vv \e[
a �"YX'p[Wl\e$b�($'�c �"U+$o[
UV$b\ )V�($% iZ�(YWYXUfS4�"Y���!IlUV!{Uf!{'�(;lU+`&U+[X',S
UV$ [Wl&' YX_&$Q!Xl&�
��$ UV$�2 %(_&YW' " � �,� �'�&�"_&Y�\e%"'Z$o[W!I\eYW'�UV$��(�")��"'*S UV$da �
�;UV$&% YX',S S4Uf!Xi*!pgqYX�"a�[Xl&'�[W�(c^[X� [Xl&' `7�e[X[X�(aP�eg
[Xl' it�"YXYWUVS&�(Y ��l&�"!X' �p\()+)f!�\eYW'maw\(S4'm�(gM%"YX'*'Z$QS4Uf!Xi*!���#p[� � �� 4[Xl&'*YX'r\(YX'�[��p�wS4'*\"S4)+�4i��4! �q`7't[��p'Z'*$ \e%"'Z$o[W!��T\($S
�" �\($S `7't[��p'Z'*$��>\($S�� �,�r#p[ � � 4  7[Xl' S4',\(S4)V�4i��Q` 'Z[��@'*'Z$ �B\e$ S �PUf!�`&YW��('*$ � � c&Ufi��4!�[Wl&'wS4UV!Wi S&YX�"c&c ',S
`;v � �p\($S^\e[ � � �� ;[Wl&'mS4'*\"S4)+�4i��w`7't[��p'Z'*$�� \e$S��:UV!�!XU+abUV)V\(YX)Vvw`&YW��"'Z$��{#p[ � � �)+  4\ $'�� S&'*\(S&)+�4i�� S4'��('Z)V�(c !

4(�



-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

0 1000 2000 3000 4000 5000 6000 7000

w[frust][grab]
w[frust][drop]

w[frust][const]
w[frust][brick]

� ���

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

0 1000 2000 3000 4000 5000 6000 7000

w[frust][grab]
w[frust][drop]

w[frust][const]
w[frust][brick]

� � �

�MU+%"_&YW' " � % H !Il'1�p'ZUV%(lo[W!@gqYW�(a �5.-/ '-%1.3�6%1:;46$b!9[W\][W' $&�4S4'�[X� [Xl&'�gq�(_Yp�"_4[Xc_4[�` '*l\��;U+�"YW!+��l&'*$ [Wl&'ZYW'�\(YX'12 �"'�\(%('Z$o[ !
�h\��"'ZY \e%"'*Sw�
�"'ZY � [XYWUV\()V!5�@)+',\eYW$&U+$% UV$��h\#�@\($Q_&$it�"$!9[XY \eUV$&'*S 'Z$��;U+YW�($&ab'*$"[�\($S �h` ��\bit�"$!9[XY \eUV$&'*S 'Z$��;U+YW�($&ab'*$"[ �

4 �



-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

w[frust][grab]
w[frust][drop]

w[frust][const]
w[frust][brick]

�MU+%"_&YW' "�� 4<H !Il&'��p'ZUV%(lo[W! gqYW�(a �&YW_!9[XY \][WU+�"$�!L[ \][X'd$&�4S4'^[X�y[Xl&'dgq�(_Y �"_4[Xc&_&[ `7'Zl\��;UV�(Y ! ��l&'*$ �"$&)+v �"$&' �(g�[Xl'
\e%"'Z$o[W!pUf!�)V'*\eYW$&UV$&%b\e$S^[Xl'm�e[Xl'ZY�l\"!�\e)VYX',\(S4vw`7'Z'*$^[WYW\(U+$'*S �h\��('*YW\(%(',Sw�
�('*Y#� [WYXUf\e)f!��,�

A

AA

A
B B

C C

C C

D D

D

E E

E

t=270 t=272

t=276 t=280

N

�MU+%"_&YW' "�� � H � /p_i��('Z[~`YXUV%"\"S4'+��`7'Zl\��;UV�(Y{',(4l&UV`&U+[X',S `;v	� \e%('*$o[W! � �  �� �  �  o\e$S����{iZ�($�2 $&'*S UV$ \ )+�"$&%mit�(YWYWUVS4�"Y
aw\(S4'w�(g@%"YX'*'Z$ S4UV!WiZ!�� #�%"'Z$o[W! \eYW' UV$S4UfiZ\e[X',S `;vy!Xaw\e)V)
`&)f\(i��yiZU+Y it)V'*! � \Q`)V\"i��yitUVYWiZ)+' ��U+[Xl&UV$ \QYX',S S&UV!WibU+$ S4UVi*\][W'
[Xl \][I[Xl&'r\(%('*$"[IUf!�iZ\eYWYWvoUV$&% \ S&UV!Wi�� !Il&'m!X'*no_&'*$it' �eg~S4YW�(c!I\e$ S c&Ufi�� _&c !p[Xl\e[I'��('*$"[W_\e)V)Vv ab�
�('�[Xl&'�[XlYX'*'�`YXUfi��4!
S4�
��$^[Xl&'riZ�(YWYXUfS4�"Y@Uf!�!Xl&�
��$ [W� [Xl&'mYWU+%"lo[��

4"�



`7't[��p'Z'Z$��>\($S�� �h\(%('*$"[ !��T\e$S��}\eYW'�gqYX'*'�[X�wab�
�('�[X� S4YW�(cQ\e$ S^cUVi�� \bS4Uf!Wi YX',!9c7'*it[XU$�('Z)Vv<� � !Il&Uf!�S4',\(S4)V�4i�� UV!
`&YW��"'Z$��q$&�([�!Xl&�
��$ �I`_4[ �J\e$S ��%('t[�U+$o[X� [��@� !X'Zc \eY \][X'rS&'*\(S&)+�4i��4!�\e[�� � � 2 �'!Il&' S4'*\"S4)+�4i��d` 'Z[��@'*'Z$���\($S
� UV!r`&YX�.�('*$ \][ � � + � � \e)V)+�
��UV$&% � [X��ab�
�(' [X�Q[Wl&'b[X�"c [W��c&Ufi�� _&c \e$&�([Xl&'*YrS4Uf!Xi ��`&_4[ � �L�(UV$! [Wl&' S4'*\"S4)V�;i��
`7't[��p'Z'Z$ � \($S �B\][ � � +�+ � �BS4YW�(c!@U [ !IS4UV!Wi�\e[ � � +�2 [W� `7'�c&Ufi��(',Sw_&c^`ov � ��l&Ufi lw[Xl'Z$ ab�
�"'*!�[X� S&YX�"c U [I��#
� ��\($S �Jit�($o[WU+$;_&'�[X� ` ' UV$d\ S4',\(S4)V�4i��2�,�'���e[WUViZ'�[Wl\][�S4_YXUV$&% [Xl&Uf!p[XUVab'��"$&)Vv \e%('*$o[ � ab�
�('*S [X�bS4YW�(c `YXUfi��4!@\e[
S4YW�(c���!XU [W'*!{\e$ S �"$&)Vv \e%"'Z$o[ ��ab�
�('*S [X�mcUVi�� _&cwS4UV!WiZ!{gqYX�"a [Xl'�U+$U [WUV\()&)+�4i*\][XUV�($ !
\][{[Wl&'I[X�"c��%!Ilo_ !� ([Xl&'�S4',\(S4)V�4i��4!
`7't[��p'Z'Z$^\e%('*$o[W!@'Z$!X_&YW'*Sb[Wl\][p[Xl&'�\e%"'Z$o[W!+�@'*YX'�it�($�2$&'*S U+$ [Xl&'*U+YI�
��$ �9[X'ZYWYWU [W�(YWv � ��U+[XlU+$ [Xl&' it�"YXYWUVS&�(Y ��l&UV)V'�!9[XUV)+)
'Z$ \e`&)VU+$% [Wl&' [XY \e$ !9c7�(YX[p�(gMS4Uf!WiZ!p[XlYX�"_&%(l^[Xl&'riZ�(YWYXUfS4�"Y���!Il&�(_&%"l [Wl&Uf!�YX',S4_iZ'*S [Xl&'�[X�([W\()�S4UV!9[W\($it'�[WYW\��"'Z)V'*S `;v \($
\e%"'Z$o[ �h\(%('Z$o[ !rS4UfS $�e[ l\��"' [X��ab�
�('w\eYW�(_$Sy�"$&' \e$�e[Xl'ZY \"! �@�"_&)VS/l\��"'b` '*'Z$ $&',it'*!W!W\eYWv U gp[Xl' S4Uf!Xibc\"!X!XUV$&%
ab'*i l\($&Uf!9a �p'ZYW' $&�e[�\��]\(U+)f\e`&)V' �, ;[Xl&'r[XUVa ' [ \��"'Z$d[X�bab�
�('m\wS4Uf!Xi�gqYW�(aPU [ !�U+$U [WUV\()�)+�4i*\][XUV�($d[W�b\wS&YX�"c���!XU+[X' UV!�)+�"$&%
!XU+$iZ'mab�"!9[��egM[Xl&' [WU+ab'rUf!�!Xc '*$"['�I\eU+[XUV$&%bgq�"YI[Xl&'mgqYW_!9[XY \][WU+�"$^)V'��"'Z) [X�wUV$iZYX',\(!X'�[W�b[Xl&' c �"U+$o['��l&'*YX'm\wS4',\(S4)V�4i�� UV!
S4'Z[X'*it[X',Sd\($S^[Xl&'rS&'*\(S&)+�4i��w'*!WiZ\(c ' `7'Zl\��;UV�(YIUf!I[XYWU+%"%('*YX',S��

��� � ���  E � E~1;1o.�6 8LEM2&8L.�0

��$w[Wl&'�'Z$��;UVYX�"$&ab'Z$o[�UV$ 2%(_&YW' " � �,� �h\#�  eab�o!L[IS4'*\"S4)+�4i��4!{�4iZiZ_&Y ��U+[Xl&UV$w[Wl&'�$\(YXYW�
� iZ�(YWYXUfS4�"Y����kUV%(_YX' " � �,� �h` �~!9l�
��!
s�u�� YX',\(S4UV$&%"!�)V'*\eYW$&',Sy`;v \e$ \e%"'Z$o[m\]g [X'*Y �*�  �(�"� !9[X'*c!C�q)V'*\(YX$&',S �"$&)+v ��l'Z$ �LgqYW_!9[XY \][X',S<�� U � '. � �

� � �,� ! �p�
\e%"'Z$o[W! �@'*YX' [Xl&'*$ YW'Z)V'*\"!9',S U+$o[X� [Xl'^'*$ �;UVYX�"$&ab'Z$o[ �(g&��l&Ufi l��($&'^l\(S�[Xl&'d)V'*\eYW$&',S s�u � c\e[9[X'*YX$�� !Il&Uf!b\e%"'Z$o[
ab�
�(',SQ`&YXUfi��4!�gqYW�(aF[Xl' !X�(_&Y it' \e$S S&YX�"c&c ',SQ[Xl'Za UV$�[Xl&'b!Xl\(S4',S�YW'Z%(UV�($�UV$ 2%"_&YW' "�� ��� �h\ �L� [Xl�"!X' )V�4iZ\][WU+�"$!�U+[W!
!X'Z$!X�(YrYW'*\"S4UV$&%"!maw\e[Wi l&',!m[Xl' )V'*\eYW$&',S \(ij[WU��]\e[XUV�($ c\e[9[X'*YX$A� � !Il&' �e[Xl'ZY \(%('*$"[ c&UVi��4! _&c [Xl'*!X' `&YWUVi��4!mgqYW�(a [Xl'
!Xl\(S4',S YX'*%(UV�($b!9UV$it'�U [�Uf!
iZ)+�o!9'*Y{[X� [Wl&'�!9[XYW_ij[W_&YX'�`7'ZUV$&%r`_&U+)+[
[Wl\e$b[Wl&'�!X�(_&Y it'I�eg `&YWUfi��;!�� !Il;_!� e[Wl&'�\(%('Z$o[ !
S4�m$&�([
[XYWvw[W� iZYX�o!X!p'*\"i l �([Xl&'*YpUV$^[Xl&' $\(YXYW�
� it�"YXYWUVS&�(Y �k#�!�S&UV!Wit_!W!X'*S UV$�!9',ij[WU+�"$ "�� +  4\e[I)V'*\"!L[p[��p� \(%('Z$o[ !p\(YX'�$&',it'*!W!W\eYWv
[X� ',(4l&UV`&U [@[Xl&Uf!@` '*l\��;U+�"Y��~z;U+$ it' x@�"$#�%��s�� \(%('Z$o[ !
S4�r$&�([@l\��"'I[Xl&'�\e`&UV)VU [Lv [X� S&'t[X',ij[p�e[Xl'ZY@\(%('*$"[ !� ([Xl&'�S4'*!XUV%($&'*Y
l\"!p[X�w'Z$ !9_&YW'�[Xl\e[I[Xl&'*YX'r\(YX' \][�)V'*\"!L[I[��p�b\(%('*$"[ !pU+$d[Xl'm'Z$��;U+YW�($&ab'*$"[ �

� ��� ��� ����	��  ����� ���		� ��� � 	�� � � � 	 ������� � �� 
!Il&'^x@�"$#�%��s��C\eY i l&U [W'*it[X_&YW' [Xl\e[ �p\"! _!9',S gq�(Ym[Wl&'w',(4c7'ZYWU+ab'Z$o[ !rS4'*!WitYWUV` ',Sy',\eYW)+UV'ZYriZ�($o[W\(U+$&',S gq�"_&Yr`7'Zl\��;UV�(Y !
\e$ Sy[Wl&'ZYW' �I\(!��($&)Vvy�"$&' \(it[XUV�($ �hs�YX�"c ��[Xl \][ it�"_&)fS `7' c7'ZYXgq�(YWab'*Sy[Xl\e[ �@�"_&)VS/`&YW'*\��[Xl' S4'*\"S4)+�4i�� � J��
�p'��"'ZY  
U+gp�"$&'w�egp[Xl&' \(%('*$"[ !�[Xl\e[rUV!mUV$ \�S4'*\"S4)V�;i���l \(!r\d%(�o\e)~[Wl\][ i*\e$&$&�([m` ' !W\][WUV!�2'*S/`;v�[Wl&'wc&Ufi��oUV$&%�_&c �(gp\Q`&YWUVi��
[Xl \][ �p\"!@S4YW�(cc ',Sw`;vb[Xl&'��e[Wl&'ZYI\e%"'Z$o[� "[Xl&'*$ [Wl&'�S&'*\(S&)+�4i��wiZ\($&$&�e[p` '�`&YW��"'Z$ `;vbc '*Y9gq�"YXabUV$&%r[Wl&' S4YX�"c `7'Zl\��;UV�(Y �
!Il&Uf!mUf!�[Xl&' i*\(!X' ��l'Z$ \e%('*$o[W!m\eYW'b\e)V)+�
�p'*S [X��`7'*it�"ab' [Wl&UVYW!9[Lvy\e$ S `)+_&'	� �p\e[X'*Y5��S4Uf!Xi*!m\eYW'w\e)f!9�dc&YW'*!X'Z$o[mU+$/[Xl'
'Z$��;UVYX�"$&ab'Z$o[�� ��(Y�U+$ !L[ \e$iZ' it�($ !9UfS4'ZY�[��@�^\e%('*$o[W!� $&'*U [Wl&'ZY��eg ��lUVi ly\(YX' l&�()fS4UV$&%^\w`YXUfi��Q`&_4[��"$&' Uf!�[Xl&UVYW!9[Lv�"��$
[XlUV!@iZ\(!X' e[Xl&'�[Wl&UVYW!9[Lv \(%('Z$o[ ��UV)+)[XYWvr[W�rab�
�('p[X�
�I\eY Sr[Wl&'�$&',\eYW'*!9[%�p\e[X'ZY@S4UV!Wi ��l&UV)+'�[Xl&'��([Xl&'*Y�\e%"'Z$o[{[XYWUV'*!~[W�ma �
�"'
[X�
�I\eY S�[Wl&'w$&',\eYW'*!9[ `YXUfi�� �%��g@[Wl&'ZUVYmc\][Wl!riZYX�o!X!��($' \e$&�([Xl&'*Y� [Wl&'*!X' \e%"'Z$o[W! ��UV)+)�'Z$o[X'*YmU+$/[X� \QS4',\(S4)V�4i�� ��l&Ufi l
iZ\($&$&�([I`7'm`&YW��"'Z$ `;vdS4YX�"c&c&UV$&%w\ `&YXUfi�� � !9UV$it' $&'*U [Wl&'ZY�\e%('*$o[IUf!I'��"'Z$dl&�()fS4UV$&%w\ `&YXUfi��<� �

!k�b!9[X_ S4v l&�
� [Xl&'bx@�($#�%���s�� \eY i l&U+[X',ij[X_YX'miZ\($^`7'r'�(o[W'Z$S&'*S^[X�b[ \��(' UV$o[X�w\(i*it�(_$"[�!XU [W_\][WU+�"$! ��l&'*YX'm\(%('Z$o[ !
abU+%"lo[@`7'�[WYXv;UV$&%r[W� !W\][WUV!9gqvb_&$&YW'Z)f\][X',Sw%(�o\e)f!� ([��@� $&'�� ` '*l\��;U+�"YW!� �W��UV'*s��
��$&�r\e$ S � x@)VUVa ` � �"'ZY5�m\eYW'�U+$o[WYX�4S4_iZ'*S��
u~'ZYXgq�(YWabU+$%�[Xl'I� U+',s��
��$ ` '*l\��;U+�"YMi*\e_!X'*!~\($ \e%"'Z$o[M[X� itYW�(_i l U+$ U [ !~c&)V\"it'.�Mu~'*Y9gq�"YXabUV$&%�[Xl'�x@)VUVa ` � �"'ZYM` '*l\��;U+�"Y
iZ\(_!X'*!�\($Q\(%('*$"[�[W� ab�
�(' c\"!L[�\($�\e%('*$o[�U+$QgqYW�($o[��eg{U+[� 7c&YW�
�oUfS4',S [Wl&'r�e[Wl&'ZY�\e%"'Z$o[�UV!�itYW�(_i l&UV$&%��qU � ' 7c '*Y9gq�"YXabUV$&%
[Xl' ��UV'*s��
��$/`7'Zl \��oUV�(Y-� �"!Il'*!X' `7'Zl \��oUV�(Y !mS4�Q$&�([r$&'Z',S UV$&c&_&[rgqYX�"a [Xl' !9'*$!X�(Y !��	��g�\e$ \e%"'Z$o[mc '*Y9gq�"YXaw!�[Xl'*!X'
`7'Zl\��;UV�(Y ! UV$ [Wl&'�\e` !9'*$it'p�eg \e$&�([Xl&'*YM\(%('Z$o[  ][Xl&'*YX'pUf!~$&�mi l\e$&%"'�UV$ c7�"!XU+[XUV�($��{z;UV$it'�\e%"'Z$o[W!MUV$ \�S4',\(S4)V�4i�� gh\(it'I',\(i l
�e[Wl&'ZY  4\ S4',\(S4)V�4i��wiZ\e$^` '�`&YW��"'Z$wU+gk�($'��eg [Xl&' \e%"'Z$o[W!@c '*Y9gq�"YXaw!�[Xl&'m� U+',s��
��$ `7'Zl \��oUV�(YI\e$ Sb[Xl&' �([Xl&'*Y@c7'ZYXgq�(YWaw!
[Xl' x@)VUVa ` � �"'ZY ` '*l\��;U+�"Y�!XUVa _&)+[W\($&'Z�"_!9)Vv� !Il&'w\e%"'Z$o[W!�$&�Q)+�"$&%('*Y�`)+�4i�� ',\(i ly�([Xl&'*Ym\e$Sy[Xl&'*vyiZ\($ iZ�($o[XUV$;_&' �"$
[Xl'ZUVY�c&)f\e$&$&',S c \][Xl !��'��g~` �([Xl�\e%"'Z$o[W!Ic7'ZYXgq�(YWa>[Wl&'r!X\(ab'�`7'Zl \��oUV�(Y�!XU+a _&)+[W\e$'Z�(_ !9)Vv �q`7�e[Wl�itYW�(_i l� 4�"Y�` �([Xld[XYWvw[W�
it)VUVa `y�
�"'ZY�'*\(i ly�e[Xl'ZY-�  [Xl' S4',\(S4)V�4i��QYX'*ab\(U+$ !�UV$yc&)f\(iZ'�r#�)V!X�  U+g@�($' �eg�[Xl&'w\e%"'Z$o[W!�c7'ZYXgq�(YWab!�[Xl'*!X' `7'Zl\��;UV�(Y !
��l&UV)+'Q[Wl&' �([Xl&'*Y \e%"'Z$o[wYX'*ab\(U+$ !w!L[ \][XUV�($ \eYWv @[Xl&' S4',\(S4)V�4i�� Uf! !9[XUV)+)�$�e[ `&YW��"'Z$ !Il&'*!X'�iZ\"!9',! \eYW'QU+)V)+_ !L[WYW\e[X'*S UV$
2%"_&YX' "�� �,� � !Il'r[��p�^$&'��T` '*l\��;U+�"YW!�\eYW' iZ�($o[XYWU$�('*SQ`7'Zl \��oUV�(Y !�!XUV$it' U [ Uf!�$�e[ c&l;v;!XUfiZ\e)V)Vvdc7�"!W!XU+`&)V' [X�^iZYX�"_i l �"Y
it)VUVa ` �
�"'ZY
UV$ \ � ��S4UVab'Z$!XUV�($\() �p�(YW)VS�� !Il;_!� ([Wl&'�!XU+a _&)f\][XUV�($ 'Z$��;U+YW�($&ab'*$"[
'�(4c&)+UfitU+[X)Vvw!9lU g [ !�[Wl&'�\(%('*$"[ !!*"c �o!9U+[XUV�($ !
U+gk[Wl&'*!X'm` '*l\��;U+�"YW!I\(YX'�_!X'*S^[X�b`&YW'*\� \bS4'*\"S4)+�4i�� �

!Il&'w'*$ �;UVYX�"$&ab'Z$o[mU+$ ��l&Ufi l�\e%"'Z$o[W!m\(YX'bc&)f\(iZ'*S [X��)V'*\(YX$ [Xl' _!X'w�eg���UV'*s��
��$ \($S�x@)+UVa ` � �('ZYm`7'Zl \��oUV�(Y !�UV!
!Xl&�
��$ UV$�2%"_&YW' "�� �)+ ��!Il'1�I\][W'ZYIS4UV!WiZ!I\(YX'�!9c&YW'*\"Sb[XlYX�"_&%(l&�"_4[�[Wl&' 'Z$��;U+YW�($a '*$o[+��l&UV)+'�[Xl'�!X�(_&Y it'��eg `YXUfi��4!@\($S
[Xl'r)+�4i*\][XUV�($��(gk[Wl&' !9[XYW_it[X_&YW' [X� `7'r`&_U+)+[�Uf!�\e[��(c&c7�"!XU [W'r'Z$ S&!��(gM[Wl&' iZ�(YWYXUfS4�(Y�aw\"S4'm�eg{%(YW'Z'*$�S4UV!WiZ!�� ��$ !9_ i lQ\($

4�+



t=5 t=8 t=9 t=13

t=33t=31t=24 t=34

A

B

C

D

A
A

A

A A A A

B
B

B

B B B B

C C

C

C C
C C

D D

D

D D

D
D

�MU+%"_&YW' " � �,�<H s�Uf!Xi '�(4i l \e$&%"' \][mab�(YW' [Xl\($ �"$&'bc �"U+$o[ H ��(_&Ym\e%"'Z$o[W! � !9aw\e)V)
S&\(Y-� iZU+Y it)V'*!5� �  �" �   \e$ S�� \eYW'
it�"$�2$&',S/U+$�\�iZ�(YWYXUfS4�(Y aw\(S&'w�egI%(YW'Z'Z$ �I\e)V)V!���!Il&' S\(!Xl&'*S itUVY it)V'*!mUV$S4UfiZ\e[X' S4YW�(c���!XU [W'*!�� #>`&)f\(i��yS&UV!Wi ��U [Wl&UV$�\
YW'*SQS4Uf!Xi UV$S4UfiZ\e[X'*!�[Xl\e[�[Xl\e[�YW'*SQS4Uf!Xi Uf!�`7'ZUV$&% iZ\(YXYWUV'*S^`ovd\e$�\e%"'Z$o[���!Il&'mc7�"!XU [WU+�"$!��eg~[Wl&'rS4Uf!Xi*!�\e$ Sd\(%('*$"[ !�\eYW'
!Xl&�
��$d\e[I[XUVa ',! � � � 	 4 	 � 	 �)+ 	 � 2 	 + � 	 +,+ 	 + 2 ��! �@�w!XU+a _&)+[W\e$'Z�(_ !pS&'*\(S&)+�4i��4!�\eYW'1�;Uf!9UV`&)V'r\][ � � � \e$ S � � � 2 �

4 2



����� � � �

�MU+%"_&YW' "�� ��� H �h\#�%*
$��;UVYX�"$&ab'Z$o[ ��U [Wl $\(YXYW�
� iZ�(YWYXUfS4�(Y{_ !9',S gq�(Y@\"!X!X�4itUf\][WU+$&%r!X'Z$ !9�"Y
YX',\(S4UV$&%o!%��U [Wl S4'*\"S4)V�;i��4!���!Il'
!Xl\(S4',S \(YX',\�U+$S&UVi*\][X',!M[Xl&'�)V�4iZ\e[XUV�($! ��l&'*YX'�!X'Z$!X�(Y{UV$&c&_&[W!%��UV)+)ab\e[Wi l [Xl&'�)V'*\(YX$'*S YX',\(S4UV$&%"!�� !Il'�!9�"_&YWiZ'@�(g7`YXUfi��4!
\eYW'm\][I[Xl' [X�(c�\($S [Wl&'m`&_&UV)+[�!L[WYX_it[X_&YW' UV!�\][I[Xl&'m`7�e[X[X�"a �K�q` � !Il&'rs�u�� \(it[XU$�]\][XUV�($ !�\]g [X'*Y �*�  �"�(� !L[W'Zc!��

(a) (c)

t+1

t

(b)

LieDown

ClimbOver

�MU+%"_&YW' "�� �,�<H /pYW'*\��;UV$&% S4',\(S4)V�4i��;! ��U [Wl ��UV'*s��
��$ \($S x@)+UVa ` � �('ZY ` '*l\��;U+�"YW!��&��$ 2%"_&YW' \� ~�($' �eg�[Wl&'^\(%('Z$o[ !
c7'ZYXgq�(YWab! [Xl'p� U+',s��
��$r`7'Zl \��oUV�(Y ��l&UV)+'@[Xl&'p�e[Wl&'ZYMc7'ZYXgq�(YWab! [Xl'�x@)VU+a ` � �('*Y `7'Zl\��;UV�(Y~\e$Sm[Xl&'IS4'*\"S4)V�;i�� Uf! `YX�.�('Z$��
��$ 2%(_YX',!@`�\($SQi� 4`7�e[Xl�\(%('Z$o[ !Ic '*Y9gq�"YXa>[Wl&'r!W\eab' ` '*l\��;U+�"YI!XUVa _&)+[W\($&'Z�"_!9)Vv \($S [Wl&'rS4',\(S4)V�4i�� it�"$"[WU+$;_&',!��

4 �



"Corridor" wall

Water discs

Bricks

�MU+%"_&YW' " � ��+<H *
$��;U+YW�($&ab'*$"[p_!X'*S gq�(YI)+',\eYW$&UV$&% � U+',s��
��$d\e$SQx@)+UVa ` � �('ZYI`7'Zl\��;UV�(Y !��~s�\(!Xl&'*S^itUVYWiZ)+',!@UV$S4UfiZ\e[X'�[Xl'
)V�;i*\][WU+�"$ ��l&'*YX' `&YWUfi��;!�\(YX'�[X�w`7'mc&)f\(iZ'*S�� 0 \][X'*Y��q`)+_&' �IS4Uf!Xi*!�\eYW' !WiZ\e[9[W'ZYW'*S [Xl&YW�(_&%"l&�(_&[@[Wl&'m'Z$��;U+YW�($a '*$o[��

'Z$��;UVYX�"$&ab'Z$o[� 7\e%('*$o[W!�i*\e$�`7' ab�
�;U+$&% [X� '*U [Wl&'ZY�\ �p\e[X'*Y�S4Uf!Xi � ��l&'*$�[Xl&UVY !L[Lv<�  \w`&YWUfi�� � ��l&'Z$ U+[�Uf!�$�e[�l&�")VS&U+$&%^\
`&YWUVi��<�
�(YI\ S4YW�(c���!XU [W' � ��l&'Z$^U [IUV!pl&�")VS&U+$&%b\r`YXUfi��<� �%! �@� \e%"'Z$o[W!�[Xl\e[I\(YX'�[XYWv;U+$&% [X� ab�
�('�[W�
�p\(YWSwS&U3# 'ZYW'Z$o[p[Lvoc7'*!
�eg
`YXUfi��4!�iZ\($�%('Z[�UV$"[W� \ S&'*\(S&)+�4i��dU g{[Wl&'ZUVY�c \][Xl !�iZYX�o!X!���z;�(ab'r�(g{[Xl&',!9' S4'*\"S4)V�;i��4!�iZ\e$�`7' `YX�.�('Z$�`;vQ�($' \e%"'Z$o[
S4YW�(c&cU+$&%�\�`&YWUfi�� \($S [Wl&'I�e[Xl'ZYMc&UVi��;UV$&%�U+[~_&c��hU+$ [Xl&'IiZ\"!9'@�eg\e%"'Z$o[W!kab�
�;U+$&%�[X�
�I\eY S `&YWUVi��4! \($S S&YX�"c���!XU+[X'*!5�  ���l&UV)V'
�e[Wl&'ZY !�iZ\($Q` 'm`&YW��"'Z$d�($&)Vv���U+[Xl�iZ�o�"YWS&U+$\e[X',S '�(;',it_4[WU+�"$Q�egM[Xl&'r� U+',s��
��$�\e$ S�x@)VUVa ` � �"'ZY�`7'Zl\��;UV�(Y !��%!M\e`&)V' "�� +
)VUV!9[W!b[Wl&'yS4U�# 'ZYW'Z$o[ ` '*l\��;U+�"YW! [Wl\][^i*\e$ ` 'yc '*Y9gq�"YXab'*S `;v�[��p��\e%"'Z$o[W! UV$ S4U3# 'ZYW'Z$o["�;UV$S&!w�(g S4',\(S4)V�4i��4!�� *@\(i l
it'*)+)7)VUV!9[W!�[Xl&'�c7�"!W!9UV`&)V'�c\(U+Y !
�(g !9UVa _&)+[W\($&'Z�"_!@` '*l\��;U+�"YW!K��x@YW�(_i l \($S^x@)VU+a ` YX'*c&YW'*!X'Z$o[@��UV'*s��
��$ \($S^x@)VU+a ` � �('*Y
YW'*!Xc ',ij[XU$�('*)+v<��[Xl\e[���UV)V)o`YX',\���[Xl&'�S4',\(S4)V�4i���gq�(Y{S4U�#7'*YX'*$"[~UV$"[W'ZYW$\e);!9[W\][W'*!M�eg[Xl&'�\e%"'Z$o[W! �   ��"   (\($S � U+$ S4UVi*\][W'pU+g
[Xl'�\e%"'Z$o[�Uf!
[Wl&UVYW!9[Lv ol&�()fS4UV$&%r`&YWUfi��  "$&�e[@[Xl&UVY !L[Lv. o\($Sw$&�([�l&�()fS4UV$&% `YXUfi�� YW'*!Xc7'*ij[WU��"'Z)Vv<� � ���e[W'�[Wl\][pc '*Y9gq�"YXabUV$&%m[Xl'
��UV'*s��
��$ \e$ Syx@)+UVa ` � �"'ZY�`7'Zl\��;UV�(Y ! ��UV)+)k`&YX',\��d\e$;vdS&'*\(S&)+�4i�� UV$iZ)+_S&U+$&% [Xl&�o!9'r`7't[��p'Z'*$ \e%"'Z$o[W!I[WYXv;UV$&%b[X� a �
�"'
[X�
�I\eY SbS4YW�(c���!9U+[X',!�\($Sw`&YWUVi��4!K� ��l&'*YX'�[Wl&' s�YW�(cw`7'Zl\��;UV�(YpiZ\e$ `&YX',\�� S4'*\"S4)+�4i��4!�\"!�S4',!XiZYXUV`7'*Sw',\eYW)+UV'ZY-� �~s�',\(S4)V�4i��4!
\eYW'�$&�e[Ic �o!X!XUV`&)+'�`7't[��p'Z'Z$^[��p� \(%('Z$o[ !�ab�
�;U+$% [W�
�p\(YWSb[Wl&'m!X\(ab'�[Lv;c7'��(gkS4Uf!Xi��"YpS4YW�(c���!XU [W'�)V�4iZ\e[XUV�($��%!Il&',!9' iZ\"!9',!
\eYW' U+$ S4UVi*\][W'*S^`ovd\e$ ��(<� U+$d[W\(`&)V' "�� + �

!Il&'�\(%('*$"[@l\(!
[X� )V'*\(YX$b[W� \ecc&)+v [Wl&'�iZ�(YWYX',ij[�S4',\(S4)V�4i�� `&YW'*\�;U+$&%m`7'Zl \��oUV�(YpS4'Zc7'Z$ S4U+$% �($wU+[W!pit_YXYW'Z$o[�UV$o[X'ZYW$\()
!9[W\][W'm\e$SQ\e)f!X� [Wl\][��(gk[Wl&'m�e[Wl&'ZY�\(%('Z$o[ � ��(YI[Wl&UV!�c&_&YWc �o!9'. ;[Xl&'r\(%('Z$o[IUV!�%(U$�('Z$^[XlYX'*'�$'�� U+$o[X'*YX$ \e)�!9[W\][W' $&�4S4'*! H
� � � �2: .5'-% ��` ',it�"a ',!�\(it[XU$�('��($&)Vv���l'Z$^[Xl&'r\(%('Z$o[�`7'*it�"ab'*!p[XlU+Y !L[Lv �h\"!�S4'*!WitYWU+`7'*S^UV$Qi l \ec4[W'ZY � �,�
� ��� % �<"!. 
  "!$&% � � : .5'-% ��` ',it�"a ',!�\(it[XU$�('��($&)Vv���l'Z$^[Xl&'m�([Xl&'*Y�\e%('*$o[IUV$�\bS4'*\"S4)+�4i�� Uf!p[XlU+Y !L[Lv.�

+ ��� % �<"!. ��49@ �6: $  � .-:;0 � `7'*it�"ab'*!�\"ij[XU$�(' �"$&)+v���l&'Z$d[Xl'm�e[Xl'ZY�\e%"'Z$o[IU+$�\bS4'*\"S4)V�;i�� UV!Il&�")VS&U+$&% \ `&YWUfi�� �

!Il&' � [Xl'ZY #�%('*$o[ !Il&UVYW!9[Lvr\e$ S � [Wl&'ZY5J��")VS&U+$&%B/pYXUfi��m!L[ \][X'I$&�4S4',!{\eYW'IU+$\"ij[WU��"'���l'Z$ [Xl&'�\(%('Z$o[{Uf!~$&�e[{UV$b\ S4',\(S4)V�4i�� �
� $&' i*\e$d[XlU+$��Q�(gM[Wl&'*!X' !9[W\e[X'r$&�4S4',!�\"!C�L[W�(_i l&�w!X'Z$ !9�"YW!p[Wl\][ iZ\e$�!X'Z$!X'm[Wl&' !9[W\][W'r�eg
\($&�e[Wl&'ZY�\(%('*$"[��"$&)Vv ��l&'*$
U+[�UV!�'�(;[XYW'Zab'Z)Vv it)V�"!X'�

4 "



!M\e`)+'@"�� +<H z;UVa _) [ \e$&'*�(_!�`7'Zl \��oUV�(Y !@[Xl\e[�iZ\e$Q`&YW'*\� S4'*\"S4)V�;i��4!

#�%('Z$o[ �
#�%"'Z$o[ �

 �  �  �  �
 � (

��YW\(`� &s�YW�(c x@YX�"_i l� x@)+UVa ` ��YW\(`� &s�YW�(c
x@YW�(_ i l� x@)+UVa ` x@)+UVa `� x@YW�(_ i l x@YX�"_i l� x@)+UVa `
x@)VUVa `� 7x@YW�(_ i l x@)+UVa `� x@YX�"_i l

 �
s�YW�(c� ��Y \e`

(
s�YW�(c� ��Y \e` x@YX�"_i l� x@)+UVa `

x@YW�(_ i l� x@)+UVa ` x@YX�"_i l� x@)+UVa ` x@)+UVa `� x@YX�"_i l
x@)VUVa `� 7x@YW�(_ i l x@)+UVa `� x@YW�(_ i l

 �
x@YW�(_ i l� x@)+UVa ` ��YW\(`� &s�YW�(c

( (x@)VUVa `� 7x@YW�(_ i l x@YW�(_ i l� x@)+UVa `
x@)VUVa `� 7x@YW�(_ i l

 �
s�YW�(c� ��Y \e` x@YW�(_ i l� x@)+UVa `

( (x@YW�(_ i l� x@)+UVa ` x@)VUVa `� 7x@YW�(_ i l
x@)VUVa `� 7x@YW�(_ i l

!Il&'b\e%"'Z$o[�l\"!�[W�^_ !9' U [ ! � [Xl&'*YW#�%('Z$o[�!Il&U+Y !9[Lvd\($S � [Wl&'ZY5J��")VS4UV$&%B/@YWUfi��^UV$o[X'ZYW$\()M!9[W\e[X' $&�4S4'*! \e$ S ��UV'*s��
��$
\e$ S^x@)+UVa ` � �('ZYp`7'Zl\��;UV�(Y !
�($)+v ��l&'*$ U+[pUf!@i*\e_&%"lo[@UV$^\ S&'*\(S&)+�4i�� �%!Il&'ZYW'tgq�"YX'. o\ !9'*c\eY \][W'�$&'t[��p�(Y �M�F� �YX_ !L[WYW\e[XUV�($
��'Z[��@�"Y-�2�#�bUV!d_!X'*S [X� )+',\eYW$ ��l&Ufi l `7'Zl\��;UV�(Y ! \eYW' [W� `7' c7'ZYXgq�(YWab'*S ��l'Z$ UV$ \ S4',\(S4)V�4i�� S4'*c '*$S4UV$&% �($ U+[W!
UV$"[W'ZYW$\e)M!L[ \][W'�1!Il' ab�4S4U32 '*S x@�"$#�%��s���\eY i l&U+[X',ij[X_YX'rUf!�!9l&�
��$�UV$ 2%"_&YW' "�� � 2 �'!Il&' �jx@�($!9[XYW_ij[WU+�"$ ��'Z[��@�"Y-�2�
Uf!m\d!XUV$&%()V' )f\ v('*Y�$'t[��p�(Y �Q[Xl\e[ '*$\e`)+',!�[Xl&'bUV$"[W'ZYW$\e)
!9[W\e[X' $&�4S4'*!�[W��it�($o[WYX�")k[Wl&'b` '*l\��;U+�"YW!�_!XUV$&%d!X'*iZ�($S����"YWS4'*Y
)VU+$��4!@gqYW�(a�U [ !p�(_4[Wc&_4[W!@[W�r[Xl'�`7'Zl \��oUV�(Y !�� !Il&' �@'*U+%"lo[W!@�($w[Wl&UV!p$&'Z[��@�"Y-�b\eYW'�UV$&$\e[X' \e$S \eYW'�_!X'*S [X� c7'ZYXgq�(YWa�[Xl'
it�"$!9[XYW_ij[WU+�"$^!X'*no_&'Z$ it' \e$S^ab�
�('�[X�
�I\eY S �p\e[X'*Y���l'Z$^[Xl&UVYW!9[Lv	�h\"!IS4'*!WitYWU+`7'*S^UV$di l\(c4[X'*Y + � �
z;UV$iZ'�[Wl&Uf!�!9',no_&'Z$iZ'
Uf!�[W� `7'�c '*Y9gq�"YXab'*S �($&)Vv ��l&'Z$ [Xl&'m\(%('Z$o[pUV!p$&�([pUV$^\ S4'*\"S4)+�4i��  4\e)V)7[Xl&'��(_4[Wc&_4[ !�gqYW�(a�[Wl&'rx@�($!9[XYW_ij[WU+�"$ ��'Z[��@�"Y-�
\eYW'bU+$l&U+`U [W'*S `;v [Wl&'��&YW_!9[XY \][WU+�"$/UV$o[X'*YX$\()�!9[W\][W'w$&�4S4'� !Il&'w�(_&[Xc&_4[ !r�(g@[Wl&' �&YW_!9[XY \][WU+�"$ ��'t[��p�(Y �yit�"$o[XYW�()~[Xl'
`7'Zl\��;UV�(Y !�[Wl&YW�(_&%"lQ!X'*iZ�($S����"YWS4'*Y@)VUV$��4! ��l&'Z$d[Wl&'r\e%"'Z$o[�UV!IUV$ \bS4'*\"S4)V�;i��^\e$Sdl&'*$it' [Wl&'m�(_4[Wc&_4[ !�\eYW' ',(&itU+[X',S^`;v
[Xl' �&YW_!9[XY \][WU+�"$dUV$o[X'*YX$\() !9[W\][W'r$&�4S4'.�'!Il&'��&YW_!9[XY \][WU+�"$���'t[��p�(Y � Uf!�\ !XUV$&%()V'm)V\ v"'ZY�$'t[��p�(Y � \e$Sd[Wl&' �p'ZUV%(lo[ !�\eYW'
)V'*\eYW$&',S � S4'*!WitYWU+`7'*S^`7'Z)V�
�G�@[X�b'Z$\(`&)V' [Xl&'r\(%('Z$o[p[X�w`&YW'*\� S4'*\"S4)V�;i��4!��

#�g [W'ZY@)+',\eYW$&U+$%  e[Wl&'�\(%('Z$o[ !
!9l�(_&)fSb` '�\e`&)V'�[X� !9UVa _&)+[W\($&'Z�"_!X)+v c '*Y9gq�"YXa �($&'��(g [Xl&'�c \eUVYW!{�(g�S4'*\"S4)+�4i�� `&YX',\��;UV$&%
`7'Zl\��;UV�(Y !
)VUV!9[X',S UV$ [W\(`&)V' "�� + S&'Zc7'Z$S4UV$&% �($w[Wl&'�U+$o[X'*YX$ \e) !L[ \][X',!��(g [Xl&'�[��p� \e%"'Z$o[W!�� !Il&'ZYW'�Uf!�$� _&$UVno_&'�` '*l\��;U+�"Y
[Xl \][m\e$ \(%('*$"[ l\"!�[W�^c7'ZYXgq�(YWa}[X�d'*!WiZ\(c ' [Xl&'bS4',\(S4)V�4i�� � [Wl&'b` '*l\��;U+�"Y�[Wl\][ l\"!�[W�^`7'bc '*Y9gq�"YXab',S�UV! S4'*c '*$S4'*$"[
�($ [Xl\e[pc7'ZYXgq�(YWab'*Sw`;vb[Wl&'��([Xl&'*Yp\(%('*$"[ �%!Ilo_ !� o[Xl'�\(%('Z$o[ !�l\��"'�[X� )V'*\eYW$w[W� \(%(YW'Z'��"$ �($'�c\(U+YI�egk` '*l\��;U+�"YW!
[Xl\e[
[Xl'Zv���UV)V)�c '*Y9gq�"YXaHgq�(Y�'*\"i l^c7�"!W!XU+`&)V'mit�"a `&UV$\][WU+�"$^�(gkUV$o[X'ZYW$\()�!L[ \][X'm$�;S&' \"ij[WU��]\][WU+�"$!��

!k� 'Z$!X_&YW'm[Xl \][�[Wl&' \(%('*$"[ !�iZ�($��('*YX%"'�[W� c7'ZYXgq�(YWaF\^it�;�(Y S4UV$\][W'*SQ!X't[��(g
` '*l\��;U+�"YW!� &[Wl&' \(%('*$"[ !�c7'ZYXgq�(YWaF`7�e[Wl
Y \e$S4�"aT` '*l\��;U+�"YW!~\($Sr[Wl&'�it_YXYW'Z$o[X)Vvr)V'*\(YX$&',Sr`7'Zl\��;UV�(Y ! �hi l&�o!9'*$ `;vm[Wl&' �&YW_!9[XY \][XUV�($ ��'Z[��@�"Y-�<�kS4_&YWU+$&%mS4',\(S4)V�4i��4!
UV$ [Wl&'�)V'*\eYW$&UV$&% c&l\"!9' �h\"!{�(cc �o!9',Sr[W� [XYWvoUV$&% �(_&[K46$&@ �@Y \e$S&�(a `7'Zl\��;UV�(Y !~U+$ [Wl&' �&YW_!9[XY \][XUV�($ � '*\(YX$&UV$&% \e)V%(�"YXU+[Xl&a
�eg 2%"_&YW' "�� + �,�M#�!{[Xl'�)V'*\eYW$&UV$&%mc&l\"!9'�c&YX�"%(YW'*!W!9',!� e[Xl&'�\(%('*$"[@YX',S4_it',!~[Xl'�$;_&a `7'ZY@�eg [XUVab'*!@U [pc '*Y9gq�"YXaw!
\rYW\($S4�(a
`7'Zl\��;UV�(Y ��l&'*$ gqYW_!9[XY \][W'*S���!IlUV!m)V'*\(YX$U+$&%�\()+%"�(YWU [Wl&a   iZ\()+)V'*S � 4+49. �6: $ �6%1:;46$ � "��9.-$&: $  � MUV! !9l&�
��$ UV$ 2%(_&YW'1"�� � ���
0?l&'*$Q[Xl&' \(%('*$"[�`7'*iZ�(ab'*!�gqYX_!9[XY \][W'*S � gqYW_!9[XY \][WU+�"$d)V'��"'Z)�%"�;'*!��
�"'ZYp[Xl&YW'*!Xl&�")VS� )+UV$&' � �  U+['2Y !9[�[XYWU+',!�[Xl'm` '*l\��;U+�"Y
�(_&[Xc&_4[ `;v [Wl&' �YX_ !L[WYW\e[XUV�($ ��'Z[��@�"Y-� �q)VU+$' �I�,� ��g�[XlUV! ` '*l\��;U+�"Yr)V'*\(S!r[W��[Xl&'dS4'*\"S4)V�;i��/`7'ZUV$&%y`&YW��"'Z$ \][ )V\e[X'*Y
[XUVab'�� ��� �q)VU+$' ��� �, 4[Xl'Z$d[Xl&' �p'ZUV%(lo[ !�it�($o[WYXUV`&_4[WU+$&% [W�b[Xl&Uf!�`7'Zl\��;UV�(Y�UV$^[Wl&'��&YW_!9[XY \][WU+�"$ ��'t[��p�(Y �wUV!�YW'ZUV$4gq�"YWiZ'*S�q)VUV$&'*! �,� � ��+ �,� � � UV!�[Xl' )V'*\(YX$&UV$&% Y \][W'� ��g
l&�
�p'��('*Y�[Wl&' \(%('Z$o[ it�($o[WU+$;_&',!�[W� YW'Zaw\eUV$ UV$y\ S4',\(S4)V�4i��  [Wl&' �p'ZUV%(lo[ !
\eYW'�$&'*%"\e[XU$�('Z)Vv YW'ZUV$4gq�"YWiZ'*S��q)VUV$&' � " �{\($Sb[Wl&'�\(%('Z$o[�c7'ZYXgq�(YWaw!�\mY \e$ S4�(aB` '*l\��;U+�"Y ��U+[Xl cYX�"`\e`&UV)VU [Lv � � �h)+UV$&' %9�, "�"Y
��U+[Xl c&YW�(` \e`&UV)+U+[Lv � ! � �  7c7'ZYXgq�(YWaP[Wl&' `7'Zl\��;UV�(Y��"_4[Xc_4[�`;v^[Xl&' �&YW_!L[WYW\e[XUV�($ ��'t[��p�(Y � �q)VUV$&' 4 � �&!Il&' �]\e)V_&'r�eg�� �
S4'Z[X'ZYWabU+$'*!@[Xl&'�$;_&a `7'ZYI�(g�YW\($S4�(aB[WYXUf\e)f!p',(4c&)V�(YW'*Swit�"abc\eYW'*Sb[W� _ !9UV$&% [Xl&'��(_4[Wc&_4[I�eg�[Wl&' �&YW_!L[WYW\e[XUV�($ ��'t[��p�(Y � �
!Il&' c&YW�(`\(`&U+)VU+[Lv � � Uf! S4'*iZYX',\(!X'*S ��U+[Xl/S4'*i*\ v�YW\e[X' � � U+$y[Xl&'wi*\(!X' �eg�[Xl&' ` '*l\��;U+�"Y�`YX',\��;U+$% [Xl' S4',\(S4)V�4i�� �q)VU+$'� � � � !Il;_!� �\(! )+',\eYW$&UV$&%yc&YW�(%"YX',!X!X'*!� M[Xl&'d)V'*\eYW$&',S ` '*l\��;U+�"YW! \eYW' c7'ZYXgq�(YWab'*S ab�"YX'^�eg [X'*$ iZ�(abc\eYW'*S [X�/YW\($S4�(a
`7'Zl\��;UV�(Y !�� !Il&Uf!bc&YX�4iZ'*!W!b�eg�[WYXv;UV$&% \/)+',\eYW$&'*S ` '*l\��;U+�"Yw\e$S [Xl&'*$?\ YW\($S4�(a `7'Zl \��oUV�(YbUf!wYW'Zc7'*\][W'*S _&$o[XUV)�[Xl'
S4',\(S4)V�4i�� UV!r`&YX�.�('*$�� !Il&' �]\eYWUV\(`&)+'M$ 
K%(%D"FEG?A%('�Uf!m_!X'*S [X� �"'Z'Zc/[WYW\"i����egp[Xl&' $;_&a ` '*Ym�eg�\][X[X'Zabc4[ ! �hc '*Y9gq�"YXabUV$&%

4 %



T
O

 M
O

T
O

R

CONSTRUCTION

NETWORK (INNATE)

FRUSTRATION

NETWORK (LEARNED)

SE
N

SO
R

S

F

Other

Brick
Hold

At

Site
Drop

Brick
Hold

Brick
At Other

ThirstyThirsty

Grab

ClimbOver

LieDown

Water Navigation

Brick Navigation

Config Navigation

Drop

�MU+%"_&YW' "�� � 2&H *%(;[X'*$S4'*S x@�"$#�%��s�� \eY i l&U+[X'*it[X_&YW' ��U [Wl $&'�� `7'Zl\��;UV�(Y !�\e$SQUV$o[X'*YX$\() !9[W\][W'm$&�4S4'*!�� !Il&'r��UV'*s��
��$
\e$ S x@)+UVa ` � �"'ZYm`7'Zl\��;UV�(Y !miZ\($/`7' _ !9',Sy[W� '*!WiZ\(c ' S&'*\(S&)+�4i��4!mU+gI_ !9',S U+$�\�iZ�o�"YWS&U+$\e[X',S aw\($&$&'ZY ��U [Wl�\e$&�([Xl&'*Y
\e%"'Z$o[�� !Il&' 0 \][X'*Y ��\��;UV%"\e[XUV�($ ` '*l\��;U+�"Yb[W\��"'*! [Wl&'y\e%"'Z$o[w[X�
�I\eY S [Wl&' $&',\eYW'*!9["�p\e[X'*Y	�q`&)V_&' � S4UV!Wi�� !Il&'�[��p�
$&'��FUV$o[X'*YX$\()�!9[W\][W' $&�4S4',!� � [Xl'ZY #�%('*$o[ !Il&UVYW!9[Lv \($S � [Xl&'*Y�J��()fS4UV$&%,/pYWUVi��  �UV$S4UfiZ\e[X' U+g [Xl&' �e[Wl&'ZY \(%('*$"[ UV$C[Xl'
S4',\(S4)V�4i�� Uf!�[Wl&U+Y !9[Lv^�"Y�l&�()fS4UV$&% \w`YXUfi��^YW'*!Xc7'*ij[WU��"'Z)Vv�'!Il&' �&YW_!L[WYW\e[XUV�($ !9[W\e[X'r$&�4S4' !9'*)+',ij[W!�[Xl&' �(_4[Wc&_4[ !��(g~'*U [Wl&'ZY
[Xl'bx@�($ !L[WYX_it[XUV�($Q�(Y�[Xl&' �&YW_!L[WYW\e[XUV�($&��'Z[��@�"Y-� [X� %o\][W'm[Xl&' ` '*l\��;U+�"YW!�S&'Zc7'Z$S4UV$&%^�($ ��l&'Z[Xl&'*Y�[Xl' \e%"'Z$o[�Uf!�UV$ \
S4',\(S4)V�4i�� �(YI$&�([��

4�4



`7�e[Xl Y \e$ S4�(a \e$S )V'*\(YX$&',S/` '*l\��;U+�"YW!5��[Xl\e[r[Xl' \e%"'Z$o[rl\(!rab\"S4'w[W��[XYWv [W� `&YW'*\��y[Xl&'^S4'*\"S4)+�4i�� � $�
K%1% "!E ? %{UV!
UV$&U [WUV\()+U �Z',SdU+$Q)VU+$&' � \($S YW'*!X't[�\eg [X'ZYI[Wl&'rS4',\(S4)V�4i�� l\(!I`7'Z'*$Q`&YX�.�('*$ �q)VUV$&' � 2 � �

#�)V%(�(YWU+[Xl&a � 4 46. �9: $A�9%(:;49$ � "5�6.-$ : $# 
�IH ��$&U+[XUf\e)VU��*' H $#p[X[X'Zabc4[ ! � �
�2H #p[�[XUVab'�� H U g>� � �

� � �
+<H $ #p[9[X'*abc4[W! � $#p[9[W'Zabc4[W! � �2&H U+g>�q$#p[X[X'Zabc4[ ! �>� � � � " �4S&SQ\e[9[X'*abc4[W! %
� H � � ` '*l\��;U+�"YI�(_4[Wc&_4[�`;v �YX_!9[XY \][WU+�"$ ��'t[��p�(Y �
" H '*)V!X' " '��('Z$Q\][X[X'*a c&[W! %% H ��U+[XlQc&YW�(`\(`&U+)VU+[Lv�� �  � � Y \e$ S4�(ab)Vv !9'*)+',ij[W'*S^` '*l\��;U+�"Y
4<H ��U+[XlQc&YW�(`\(`&U+)VU+[Lv ��! � �  � � `7'Zl\��;UV�(YI�(_4[Wc&_4[�`;v �YX_ !L[WYW\e[XUV�($ ��'t[��p�(Y �
� H !X't[ � � � � � � � �
�*�<H c7'ZYXgq�(YWaH`7'Zl\��;UV�(Y �
���IH #p[�[XUVab' ��� ��� � H U g�� �� � �=� ! ��A��� ��� � � � �
�,�2H [Wl&'Z$�� � � � � � � � � � �"� � �=� � � ��� �8� � ! � � � � � � ��)+<H � � � � � � � � � � ��� � �=� � � ��� � � � ! � � � � � � �  � � � 	 ���� �
� 2&H $#p[9[W'Zabc4[W! � �
� � H � � � � � � � �� " H '*)V!X' ���"� ��� � � � � ��� � ���=� � � ��� � � � ! � ��� � � � �

�MU+%"_&YW' " � � � H #�)V%(�"YXU+[Xla � 4+49. �6: $ �6%1:;46$ � "5�9.-$&: $# [X�w)V'*\eYW$ [W�w'*!WiZ\(c '�gqYW�(aPS4',\(S4)V�4i��4!��

�������
	 �CD 1;5�K�2&1 � 8L2 � ��� .�=C<
D 0@2&1

! �p��\e%('*$o[W!��p'ZYW'{YW'Z)V'*\(!X'*S�UV$o[X��[Wl&'�'*$ �;UVYX�"$&ab'Z$o[ !Xl&�
��$mU+$ 2 %(_&YW' "�� �)+ ��!Il&' �p'ZUV%(lo[ ! U+$r[Xl&'*U+Y��&YW_!L[WYW\e[XUV�($���'Z[��@�"Y-�
\eYW'�UV$&U+[XUf\e)VU��*'*S [W� �*'ZYW� ��!Il'@UV$&U+[XUf\e)��]\e)V_&'��(g � � UV! � � ��\($S � � � �  � ����!Il&'p)V'*\eYW$&UV$&%�Y \][W' � � � �  � ��! YWUf\e)f!��p'ZYW'
YW_&$
gq�(Y �*�  �"�(� [WU+ab',��!9[X'Zc !��%*�\"i lb[XYWUV\()7iZ�($��('*YX%"'*!~[W� �"$&'��(g [Xl&'�a _) [WU+c&)V' !9'Z[W!@�egkiZ�o�"YWS&U+$\e[X',Sw\(ij[WU+�"$!�[Xl\e[�[Xl'�\(%('Z$o[ !
iZ\($ [ \��"'�[W�w'*!WiZ\(c 'mS4',\(S4)V�4i��;! �h)+Uf!9[X'*SdUV$d[W\e`)+'@"�� + �IS&'Zc7'Z$S4UV$&%w�"$ [Wl&'mYW\($S4�"aH` '*l\��;U+�"YW!@[Wl\]['�p'ZYW' c '*Y9gq�"YXabUV$&%
S4_&YWUV$&%r)V'*\eYW$&UV$&% � !M\e`&)V' "�� 2 %"U��"'*!{[��p�r!X�()V_4[XUV�($!
[Xl\e[+�p'ZYW'�\eYWYWU��"'*Sb\][�`;v [Xl'�\e%"'Z$o[W!{gqYX�"aJ[��p�m[XYWUf\e)f!G�q',\(i l iZ'Z)V) UV$
[Xl'�[W\(`&)V'�)VUV!9[W!�[Xl&'&2Y !L[@\($S !X'*iZ�($Sw\(%('Z$o[ * !{`7'Zl \��oUV�(Y !{gq�"Y
[Wl&'�iZ�(YWYX',!9c7�($S&U+$&%mUV$o[X'*YX$\() !9[W\e[X' �,�'�kUV%(_YX' " � � "m!9l�
��!
[Xl'�$;_&a `7'ZY@�eg \e[9[X'*abc4[W!�[Xl&'&2Y !L[@\(%('*$"[@ab\"S4'�[W� '*!WiZ\(c '�\rS4'*\"S4)V�;i��b\][�[Xl\e[�[XUVab',��!L[W'Zc �=$�
K%1% "!EG?A%('kUV$ \e)V%(�"YXU+[Xl&a
x@�;�(Y S4UV$\][WU+�"$ � '*\(YX$&UV$&% � �{#�g [W'ZYI\e`7�(_4[0" �(�"� [XUVab',��!L[W'Zc!� ([Wl&' \e%('*$o[�l\(!�)+',\eYW$&'*S [W� ',!Xi*\ec7'�\rS4',\(S4)V�4i�� \"!@!X�;�($ \"!
U+[�UV!�S&'t[X',ij[W'*S�� !Il&'riZ�(YWYX',!9c7�($ S4U+$% S4',itYW'*\(!X'�U+$d[Xl' � \()+_'m�eg � � UV!�c)+�([9[X',SdU+$ 2%"_&YX'@" � � %��
7 
�	�� �(� �� � ��� � �.9 	 ����� �
	�� � � � �����
��$/[Xl&'b[WYXUf\e)f! c7'ZYXgq�(YWa ',S \(` �
�"' [Wl&' \e%"'Z$o[W!�gh\(U+)V'*S [X��'��('*Y�)V'*\(YX$ [X�Qc7'ZYXgq�(YWa�[Wl&' s�YW�(c/`7'Zl\��;UV�(Y '��"'Z$ U+$ [Xl�"!X'
itUVY it_&aw!9[W\e$ it'*! ��l&'*YX'/S4YX�"c&c&UV$&% \ `&YWUVi�� [X� ` '/c&Ufi��(',S?_&c `;vC[Wl&' �([Xl&'*Yd\(%('*$"[^U+$ [Xl&' S4'*\"S4)V�;i�� �p�(_&)fS?l\��"'
`&YW��"'Z$ [Wl&'�S4'*\"S4)+�4i�� � !Il&Uf!bUV! `7'*iZ\(_!X'^c7'ZYXgq�(YWabU+$&%y[Xl&'�� U+',s��
��$ \($S?x@)+UVa ` � �"'ZY ` '*l\��;U+�"YW! !9UVa _) [ \e$&'*�(_!X)+v
\e)$�I\ v;!@`&YW'*\�;!I\bS4',\(S4)V�4i�� \e$S [Xl'��&YW_!L[WYW\e[XUV�($ ��'t[��p�(Y �w%('*$&'ZY \e)VU �Z'*!@[W� c7'ZYXgq�(YWa>[Wl&'*!X' ` '*l\��;U+�"YW!p'��"'Z$dU+$^[Xl�"!X'
!XU [W_\][WU+�"$! ��l&'*YX' S4YW�(cc&U+$% \ `YXUfi�� �p�(_&)fS l\��('Q`&YW��"'Z$C\ S4'*\"S4)V�;i�� � ! ��S4'*ab�($!9[XY \][W'Q[Xl\e[w[Xl&' �YX_ !L[WYW\e[XUV�($
��'Z[��@�"Y-� i*\e$/)+',\eYW$ [W�dc7'ZYXgq�(YWa S4U�# 'ZYW'Z$o[ �oUV$S&! �(g@`7'Zl\��;UV�(Y ! S4'Zc7'Z$S&U+$&%��"$ [Wl&' it�"$"[W',(;[ �qUV$o[X'ZYW$\()
!L[ \][X'b�(g�[Xl'
\e%"'Z$o[@\($Sw[Wl\][p�eg�[Wl&'��([Xl&'*Yp\(%('Z$o[�UV$ [Wl&' S4'*\"S4)+�4i��<�  "[Xl'�UV$o[X'ZY \(it[XUV�($w`7't[��p'Z'*$ S4'*\"S4)V�;i��"'*Sw\(%('Z$o[ ! �I\(!�',(4c&)VUViZU [W)+v
ab�4S4U32 '*S !X�w[Xl \][�!XUVa _&)+[W\($&'Z�"_!9)Vvdc '*Y9gq�"YXabUV$&%b[Xl&' ��UV'*s��
��$y\e$ Syx@)+UVa ` � �"'ZY�` '*l\��;U+�"YW! �p�(_)VSQ`&YW'*\�^S4',\(S4)V�4i��4!
�($)+vmU+g `7�e[Wl \(%('Z$o[ ! �p'ZYW'�l�()fS4U+$%�`YXUfi��4! �"YM`7�e[Wl \(%('*$"[ !��p'ZYW'p$&�e[{l&�")VS4UV$&%�`&YWUVi��4! �qU � '. (U+g �($)+vm�"$&'p\(%('*$"[~Uf!kl�()fS4U+$%
\ `&YWUVi��  ][Wl&'Z$w�"$&)Vv S4YW�(c&cU+$&%�[Wl\][�`YXUfi��r[W�m` '�c&Ufi��(',S _&cw`;vr[Xl'��e[Xl'ZY�\(%('Z$o[
iZ\($b`&YX',\�� [Xl&'�S4',\(S4)V�4i��<� �~#�g [X'*Y
[Wl&UV!
ab�4S4U327iZ\][WU+�"$ UV$w[Xl&'�'Z$��;UVYX�"$&ab'Z$o[� "[Xl&'mx@�;�(Y S4U+$ \][XUV�($ � '*\(YX$&UV$&% \()+%"�(YWU [Wl&a �p\"!�\ecc&)+UV'*Sw[X� `7�e[Wl [Wl&'�\(%('Z$o[ !
_!XU+$%
[Xl' !X\(a ' c\(YW\(a 'Z[X'*YW!�\(! UV$y[Wl&'wc&YW'��;UV�(_!�[XYWUf\e) � !Il&'w\(%('Z$o[ !�\(YX' $&�
�B\e`&)V' [W�Q)+',\eYW$y[Wl&'���YW\(`*-]s�YX�"cy`7'Zl\��;UV�(Y !
\e)V�($% ��U+[Xld[Wl&' ��UV'*s��
��$*-"x@)+UVa ` � �"'ZYp` '*l\��;U+�"YW!�\"!�!9l�
��$^UV$d[W\e`)+' " � ��� !Il&'rit�"a c)+'*a '*$o[W\eYWv ��Y \e`Q`7'Zl\��;UV�(YIUV!

4 �



!k\(`&)V' " � 2 H z;UVa _&)+[W\($&'Z�"_!I` '*l\��;U+�"YW!p)V'*\(YX$&',S _!XUV$&%^x@�;�(Y S4U+$ \][XUV�($ � '*\eYW$&UV$&%

#�%('Z$o[ �
#�%"'Z$o[ �

 �  �  �  �
 � ( x@)VUVa `� 7x@YW�(_ i l x@)+UVa `� x@YW�(_ i l x@)+UVa `� x@YX�"_i l

 � x@YW�(_ i l� x@)+UVa ` ( x@YX�"_i l� x@)+UVa ` x@)+UVa `� x@YX�"_i l

 � x@YW�(_ i l� x@)+UVa ` x@YW�(_ i l� x@)+UVa ` ( (

 � x@YW�(_ i l� x@)+UVa ` x@YW�(_ i l� x@)+UVa ` ( (

#�%('Z$o[ �
#�%"'Z$o[ �

 �  �  �  �
 � ( x@YW�(_ i l� x@)+UVa ` x@)+UVa `� x@YW�(_ i l x@YX�"_i l� x@)+UVa `

 � x@)VUVa `� 7x@YW�(_ i l ( x@)+UVa `� x@YW�(_ i l x@)+UVa `� x@YX�"_i l

 � x@YW�(_ i l� x@)+UVa ` x@YW�(_ i l� x@)+UVa ` ( (

 � x@YW�(_ i l� x@)+UVa ` x@YW�(_ i l� x@)+UVa ` ( (

0

50

100

150

200

250

300

350

400

450

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

nAttempts

�MU+%"_&YW' " � � " H ��_&a ` '*Y��egk\e[9[X'*abc4[W!p[Wl&' 2YW!9[�\e%('*$o[paw\(S&'�[W� ',!Xi*\ec7'�\ S4',\(S4)V�4i��b\e[I[Xl\e[p[WU+ab'���!9[X'*c �)$ 
K%(%D"!E ? %;'
UV$
\e)V%(�"YXU+[Xla:x@�o�"YWS&U+$\e[XUV�($ � '*\eYW$&UV$&%#�,�

� �



0.25

0.3

0.35

0.4

0.45

0.5

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

p_r

�MU+%"_&YW' " � � % H s�',itYW'*\(!X' U+$ [Xl&' �]\()+_&' �eg � � S4_&YWUV$&%yx@�o�"YWS&U+$\e[XUV�($ ��',\eYW$&UV$&% � ��$&U [WUV\()+)Vv � � � �  � \($S S&'*iZ\ v�Y \][W'
� � � �  ��� �

$&�([�)+',\eYW$&'*Sd\(!�\ YW'*!Xc �"$!9'�[W� [Wl&'rs�YX�"cd`7'Zl \��oUV�(YI`7'*i*\e_!X'�[Xl&'mUV$&$\e[X'rit�"$&$&',ij[XUV�($ !IU+$�\e$�\(%('Z$o[�\e)VYX',\(S4v^iZ\e_ !9' U+[
[X�b%"YW\(` [Wl&'rS4YW�(c&c7'*SdS4Uf!Xi UV$d[Xl&' [WU+ab',��!9[X'ZcQ\]g [W'ZY�U+[�Uf!�S4YX�"c&c7'*S �qc&YW�
�;UVS&'*S U+[�Uf!�$&�e[�\()+YW'*\"S4v l&�")VS4UV$&%w\ `&YWUVi��<� �
��������� �CD 1;5�K�2&1 � 8L2 � � ��3&D�DT=C<
Dk0�2&1

0?l&'*$ [Xl&YW'Z'd\e%"'Z$o[W! \eYW' c&YW'*!X'Z$o[ UV$ [Xl&'^'Z$��;U+YW�($a '*$o[� {S4'*\"S4)V�;i��4! ab\ v/UV$ �"�()$�(' \()+)@[Xl&YW'Z'^\e%('*$o[W!� MU � ' ~[Xl' [XlU+Y S
\e%"'Z$o[�i*\e$ `7' `&)+�4i��"'*S�`;vQ[Xl' 2Y !9[�[��p�^\(%('Z$o[ !�iZ\(_&%(lo[�U+$/\^S4',\(S4)V�4i�� �"��$/!9_i l/\ i*\(!X' \e$;v�\(it[XUV�($ �(g
[Xl&' [XlU+Y S
\e%"'Z$o[ ��UV)V)p$�e[ it�"$"[WYXUV`&_4[W' [W� `&YW'*\�;U+$&%y[Xl&'QS4',\(S4)V�4i�� � !9UV$iZ'dU+[bUV! `7't[��p'Z'Z$ [Xl&'d�e[Wl&'ZYw\(%('Z$o[ !��,� !Il'ZYW'tgq�(YW' 
\()+)
`7'Zl\��;UV�(Y ! )V'*\(YX$&',S '*\(YX)VUV'ZY `ov/[Wl&'d[Xl&UVYWS \e%"'Z$o[b\(YX'^_&$&)V'*\(YX$&',S�\e$ S [Xl'Q\(%('*$"[ ! S&� $&�([biZ�($��('*YX%"'w[X� \e$;v !X't[b�eg
`7'Zl\��;UV�(Y !�[Xl \][�\(YX' iZ\ec \e`&)V' �(g
`&YX',\��;UV$&% S4',\(S4)V�4i��;!�` 'Z[��@'*'Z$ \($;v^c\(U+Y��eg@\(%('*$"[ !�� ��$�[Xl&' gq�()V)V�
��U+$&% ',(4c '*YXUVab'Z$o[� 
S4',\(S4)V�4i��;!I`7't[��p'Z'*$ [Wl&YW'Z'r\e%"'Z$o[W!��p'ZYW' ',(4c&)VUViZU [W)+v^c&YX'��('*$"[W'*S [X�w'*$\e`&)V'�[Xl&'m`7'Zl \��oUV�(Y !pc '*Y9gq�"YXab',S `;v^\($d\(%('*$"[I[W�
S4UVYX',ij[W)+v \
# '*it[ [Wl&'^S4',\(S4)V�4i�� �ys�_YXUV$&% )V'*\(YX$&UV$&% ��U+[Xl [Xl&YW'Z'^\e%('*$o[W!� k[Wl&' `7'Zl \��oUV�(Y !r)V'*\(YX$'*S `;v/\($ \e%"'Z$o[ ��l&UV)V'

!M\e`&)V'@"�� � H ��',\eYW$&U+$%bs�YW�(cQ\e$SQzo[X'*c�` '*l\��;U+�"YW!p_!XUV$&% x@�o�"YWS&U+$\e[XUV�($ ��',\eYW$&UV$&%

#�%('Z$o[ �
#�%"'Z$o[ �

 �  �  �  �
 � ( x@)VU+a `� s�YX�"c x@)+UVa `� x@YW�(_ i l x@)VUVa `� &s�YX�"c

 � s�YX�"c� x@)VU+a ` ( s�YX�"c� 7x@)VU+a ` x@YX�"_i l� x@)+UVa `

 � x@)VUVa `� 7x@YW�(_ i l !  s�YW�(c ( (

 � s�YX�"c� x@)VU+a ` x@YW�(_ i l� x@)+UVa ` ( (

� �



(b)(a) (c)

t+1

t

�MU+%"_&YW' " � ��4<H /pYX',\��;U+$%dS4',\(S4)V�4i��4!1��U+[Xl�zo[W'Zc� 'tg [ \($S/z;[X'Zc # U+%"lo[r` '*l\��;U+�"YW!�� ��$ 2%"_&YX'w\ �q`A�  M` �([Xl [Xl&' \(%('Z$o[ !
c7'ZYXgq�(YWa [Xl&'yz;[X'Zc ��'tg [ ��zo[X'*c # UV%(lo[5� `7'Zl \��oUV�(Yw\($S�[Wl&' S4',\(S4)V�4i�� UV!w`YX�.�('Z$�� ��$/2%(_YX'�i� @[Xl'Q\(%('*$"[ !bc '*Y9gq�"YXa
S4U�#7'*YX'*$o[�` '*l\��;U+�"YW!I\e$ S [Wl&'rS4'*\"S4)V�;i��^it�($o[WU+$;_&',!��

iZ\(_&%(lo[�UV$ \ S&'*\(S&)+�4i�����U+[XlQ�"$&'r\e%"'Z$o[�a UV%(lo[�$&�([�` ' \e`&)V' [X�w`&YW'*\� S4',\(S4)V�4i��;! ��U+[Xld[Wl&'r�e[Wl&'ZY�\(%('*$"[ �����"YX'*�
�('ZY  
[Xl' \e%"'Z$o[W!�S4� $&�e[�l\��"' [Xl&' \e`&UV)+U+[Lv [W� S4'Z[X'*it[�[Xl'rUVS&'Z$o[XU+[Lv �(gM[Wl&'r�([Xl&'*Y�\e%"'Z$o[�U+$ \wS&'*\(S&)+�4i�� \($SQl&'Z$ it' i*\e$&$&�([
)V'*\eYW$w\rS4U�#7'*YX'*$o[@!9'Z[��eg `7'Zl\��;UV�(Y !Mgq�(Y
UV$o[X'*YW\"ij[XUV$&% ��U+[Xl S&U3# 'ZYW'Z$o[@\(%('Z$o[ !���!Il&UV!�U+abc&)VUV'*!{[Wl\][I\e$w\e%"'Z$o[ ��UV)+) l\��('I[W�
YW'Z)V'*\eYW$ `7'Zl \��oUV�(Y !IS4_&YWU+$%b[Xl&'riZ�(_&Y !9'��egM[Xl'm)+',\eYW$&U+$% cl\(!X'�'�&�"Y�UV$!L[ \e$iZ' &iZ�($!XUVS&'ZYI[XlYX'*' \(%('*$"[ !��  �� \e$ S�� �
#�!W!X_&ab' [Wl\][m\e%"'Z$o[W! �B\($S �:)+',\eYW$&'*S�[X�dc '*Y9gq�"YXaF[Xl' � U+',s��
��$/\e$S x@)VUVa ` � �"'ZY�` '*l\��;U+�"Y�YW'*!Xc ',ij[XU$�('*)+v ��l&'*$
iZ\(_&%(lo[�UV$Q\bS4',\(S4)V�4i�� ����g{\e%"'Z$o[ � c7'ZYXgq�(YWaw!p[Xl&'r� U+',s��
��$d`7'Zl\��;UV�(Y�UV$Q\bS4',\(S4)V�4i��  ;[Xl&'*$dU+g{\e%('*$o[W!��T\e$ S�� \eYW'
iZ\(_&%(lo[ U+$ \QS4'*\"S4)V�;i��  �"$&'b�eg
[Wl&'*!X'w\e%('*$o[W! ��U+)V){l\��"' [W�dYW'Z)V'*\(YX$yU [ ! ` '*l\��;U+�"Y�� � $y[Wl&'b�e[Xl'ZY l\e$ SyU+gI\(%('*$"[ �
c7'ZYXgq�(YWab!�[Wl&'^x@)+UVa ` � �('ZY�`7'Zl\��;UV�(Y U+$ \dS4'*\"S4)+�4i��  [Wl&'Z$/U g�\e%"'Z$o[W!��}\e$S �:\eYW' i*\e_&%"l"[ UV$/\dS4'*\"S4)V�;i��  ��"$&' �eg
[Xl'*!X'r\e%('*$o[W! ��UV)+)kl\��('�[X�wYW'Z)V'*\(YX$dU+[W!�`7'Zl\��;UV�(Y � J�'*$it'. 4[XlUV!�!9'Z[��egM[Xl&YW'Z'r\(%('Z$o[ !�iZ\e$Q$&'��('*Y�\e%(YW'Z' �"$Q\ 2 (;',SQ!9'Z[
�eg~`7'Zl\��;UV�(Y !�[Wl\][ ��UV)+) `&YX',\�� \()+)�S&'*\(S&)+�4i��4!p` 'Z[��@'*'Z$�\e$;v c\(U+Y��(gM\(%('Z$o[ !��

!k� S4'*ab�($!9[XY \][W'/\ 2�(4'*S !9'Z[d�(g `7'Zl\��;UV�(Y ! UV$ [Xl&' iZ\"!9'/�eg [Xl&YW'Z' \e%"'Z$o[W!� �[��p� ` '*l\��;U+�"YW! �Wzo[W'Zc� 'tg [5� \($S
�Wz;[X'Zc # U+%"lo[�� YW'Zc&)f\(iZ'Q[Xl&'/��UV'*s��
��$ \e$S x@)+UVa ` � �"'ZY `7'Zl \��oUV�(Y !bUV$?[Xl&Uf!^',(4c '*YXUVab'Z$o[�� ��gm[��p� \(%('Z$o[ ! \eYW' UV$ \
S4',\(S4)V�4i��  "[Xl'Z$^[Xl&Uf!IS4'*\"S4)+�4i��wiZ\($ `7'�`&YW��"'Z$ U+g `7�e[Wld\(%('Z$o[ !
c7'ZYXgq�(YWaPzo[X'*c��'Zg [ �h�(Y�zo[X'*c # UV%(lo[5��`7'Zl\��;UV�(Y !�!XU+a _&)3�
[W\($&'Z�"_!X)+v.��!Il&',!9'�` '*l\��;U+�"YW!�aw\ v `7'�[Wl&�(_%(lo[p�(g \(!@iZ\e_ !9UV$&%r[Wl&' \e%('*$o[W!{[W� �W!L[W'Zc \"!9UfS4'+� itYW'*\][WU+$% !9_ � iZU+'*$o[I!Xc\(iZ'
gq�(Y�[Xl' \(%('Z$o[ !�[X�^c\(!W!�'*\(i l��([Xl&'*Y �hl&�
�p'��('*Y� U g@�($&)VvQ�($&' \e%('*$o[�c '*Y9gq�"YXaw!�[Xl&Uf!�` '*l\��;U+�"Y� [Xl&'*YX' UV!�$&�di l\e$%('rUV$
c7�"!XU [WU+�"$ � � !Il&Uf!�Uf!�!9_a aw\(YXU �Z',S UV$ 2%(_&YW'@"�� �)4

!k�w'Z$\(`&)+' [Wl&'r)V'*\(YX$&UV$&%b[W� it�($��"'ZYW%(' ;[Wl&'r)V'*\(YX$&UV$&%bY \][X' � � � U+$ \()+%"�(YWU [Wl&aHUV$ 2%(_&YW' "�� � � �@UV!�S4'*iZYX',\(!X'*S^'��('*YXv
[XUVab' \($ \e%('*$o[�c '*Y9gq�"YXaw!�\ ` '*l\��;U+�"Y'��l&UV)+' U+$y\ S4'*\"S4)+�4i�� � !Il&'bx@�;�"YWS4UV$\e[XUV�($ ��',\eYW$&U+$% \e)V%(�(YWU+[Xl&a:gq�(Y�a _&)+[XUVc&)V'
\e%"'Z$o[W!�Uf!�c&YW'*!X'Z$o[W'*S�UV$ 2%"_&YW' "�� � � � !Il' S4U�# 'ZYW'Z$iZ' `7't[��p'Z'*$ [XlUV! \e)V%(�"YXU+[XlaF\($S�[Wl\][ U+$ 2%(_YX' "�� � �bUf!�[Xl&' _!X'
�egMS4U3# 'ZYW'Z$o[I)+',\eYW$&UV$&% Y \][W'*!pS4'Zc7'Z$S&U+$&% �($ ��l&'t[Wl&'ZY�\ ` '*l\��;U+�"Y�Uf!I!9_i*it',!X!9gq_&) U+$^`&YW'*\��;UV$&% \ S4'*\"S4)V�;i��b�"Y@$&�([ � � ���

\e$ S � � ( YX',!9c7'*it[XU$�('*)+v<�pUV$ )+UV$&',! �,�  ��+ \e$S � " \e$Sd[Wl&' S4',itYW'*\"!9'm�(gM[Wl&'*!X' )V'*\(YX$U+$&%wY \][W'*!�\eg [X'*Y�'*\"i lQ` '*l\��;U+�"Y�UV!
c7'ZYXgq�(YWa ',S �h`;v^S4',iZ\ vwY \][X',! � ��� \($S � � ( YW'*!Xc ',ij[XU$�('*)+v<�@UV$d)VUV$&'*! ��+ \ \e$S � ""\��

#�!�U+$ [Xl&' iZ\(!X' ��U+[Xl�[��p� \e%"'Z$o[W!� &[Wl&' �p'ZUV%(lo[ !�U+$ [Xl&'*U+Y �&YW_!9[XY \][XUV�($&��'t[��p�(Y �^\eYW'rUV$&U+[XUf\e)VU��*'*SQ[W� �Z'*YX� \($SQ[Xl'
UV$&U [WUV\() �]\e)V_&'^�(g � � � �  �y\($S � � � �  � ��� !Il'^UV$&U+[XUf\e) �]\e)V_&'*! �(g�[Xl&'Q)V'*\(YX$&UV$&%/YW\e[X',! � ��� � � � ( � �  � \($S
[Xl'^S4',iZ\ v YW\e[X',! \eYW' � ��� � �  ��� � �Q\($S � � ( � �  � ����� � ! YWUf\e)f! �p'ZYW' YX_$ gq�(Y �e�"�  �(�(� [WU+ab',��!9[X'Zc !�� !k\(`&)+' "�� "
)VUV!9[W!�[Xl' `7'Zl\��;UV�(Y !�[Wl\][ �@'*YX' )+',\eYW$&'*S `ovd[Wl&' [Xl&YW'Z' \e%('*$o[W!�\]g [X'*Y��"$&'b!9_i ly)+',\eYW$&U+$% [XYWUf\e) �F�X� 'tg [5�^\($S � # U+%"l"[5�
S4'*$&�e[W'�zo[W'Zc� 'tg [�\e$S z;[X'Zc # U+%"lo[@YW'*!Xc ',ij[XU$�('*)+v<�,����(Yp',(&\eabc&)V' ;it�"$!9UfS4'*Y@\e%"'Z$o[W! � \e$ S � \eYW'�i*\e_&%"l"[@U+$d\rS4'*\"S4)V�;i��
\e$ S [Wl\][d\e%('*$o[ � Uf!w[Wl&UVYW!9[Lv `&_&[^S4�;'*!w$�e[ l&�")VSC\ `&YWUVi�� �h\($S l&'Z$iZ' Uf!b[XYWv;U+$&% [W� ab�
�('d[X�
�I\eY S�[Wl&' $&',\eYW'*!9[
�I\][X'*Y�S4Uf!Wi+�&��l&U+)V'b\e%('*$o[ � Uf!�$&�e[�[Xl&UVY !L[Lv�\e$ S�l&�()fS&!�\ `&YWUfi�� � \e$Syl&'Z$ it' Uf!�[XYWv;U+$&% [X�da �
�"'m[X�
�I\eY Sd[Xl' $&',\eYW'*!9[
S4YW�(c���!XU [W' � �%!Il;_!� o\(%('*$"[ � * !�UV$o[X'*YX$\()7!9[W\e[X'�$&�4S4'*!I\eYW'1!IlU+Y !L[Lv � �  J��")VS&U+$&%� /pYWUVi�� � !@�  � [Xl&'*YW#�%('*$"[�!Il&UVYW!9[Lv � !@�  
\e$ S � [Xl&'*Y�J��()fS4UV$&%,/pYWUVi�� � � � !�c �"$ S4'Z[X'*it[XUV$&% \yS4',\(S4)V�4i��/#�%('Z$o[ � ��UV)+)pc '*Y9gq�"YXa [Wl&'dzo[W'Zc� 'tg [w`7'Zl\��;UV�(Y \eg [X'ZY
)V'*\eYW$&UV$&% �qYW�
� +  kit�()V_&ab$ � �(gp#�%('Z$o[ � * !�[W\(`&)V' �(g@`7'Zl\��;UV�(Y !�U+$/[W\(`&)V' " � "#� �wz;UVa UV)f\eYW)+v. k\e%"'Z$o[ � * ! U+$o[X'*YX$ \e){!L[ \][W'
$&�4S4',!k\(YX'�!Il&U+Y !9[Lv � !@�  J��()fS4UV$&%�� /pYXUfi�� � �  � [Wl&'ZY #�%"'Z$o[ !IlU+Y !L[Lv � �  ,\($S � [Wl&'ZY5J��")VS4UV$&%B/@YWUfi�� � !@� \($SmU+[���UV)+)4\()V!X�
c7'ZYXgq�(YWa>[Xl&' zo[X'*c��'Zg [�` '*l\��;U+�"Yp[Xl;_!�`&YW'*\�;U+$&% [Wl&'rS4'*\"S4)V�;i�� �qYW�
� �  it�()V_&ab$ + �eg{#�%('*$o[ � * !p[W\e`)+'m�(gM`7'Zl\��;UV�(Y !
UV$^[ \e`&)V'@"�� " �,�~#�$;v `7'Zl\��;UV�(YI�eg~\e$Q\e%('*$o[ ��l'Z$dc '*Y9gq�"YXab'*Sd!XU+a _&) [ \e$&'*�(_!X)Vv"��U [Wld[Xl&'riZ�(YWYX',!9c7�($S&U+$&% ` '*l\��;U+�"YI�eg
"!: %
�&"F.��(g{[Xl&' �e[Wl&'ZY�\e%"'Z$o[W!�`&YX',\��4!�\^S4'*\"S4)V�;i��d`7't[��p'Z'Z$ [Xl&',!9' [��@� \(%('*$"[ !��"�&�(Y�[XlUV!�YX',\(!X�($� [Xl'r[XlYX'*' aw\][WYXUfit',!

� �



#�)V%(�(YWU+[Xl&a � 4 46. �9: $A�9%(:;49$ � "5�6.-$ : $# �gq�"YI[Xl&YW'Z'r\(%('Z$o[ !
�IH ��$&U+[XUf\e)VU��*' H $#p[X[X'Zabc4[ ! � �
�2H #p[�[XUVab'�� H U g>� � �

� � �
+<H $ #p[9[X'*abc4[W! � $#p[9[W'Zabc4[W! � �2&H U+g>�q$#p[X[X'Zabc4[ ! �>� � � � " �4S&SQ\e[9[X'*abc4[W! %
� H � � ` '*l\��;U+�"YI�(_4[Wc&_4[�`;v �YX_!9[XY \][WU+�"$ ��'t[��p�(Y �
" H '*)V!X' " '��('Z$Q\][X[X'*a c&[W! %% H ��U+[XlQc&YW�(`\(`&U+)VU+[Lv�� �  � � Y \e$ S4�(ab)Vv !9'*)+',ij[W'*S^` '*l\��;U+�"Y
4<H ��U+[XlQc&YW�(`\(`&U+)VU+[Lv ��! � �  � � `7'Zl\��;UV�(YI�(_4[Wc&_4[�`;v �YX_ !L[WYW\e[XUV�($ ��'t[��p�(Y �
� H !X't[ � � � � � � � ��*�<H c7'ZYXgq�(YWaH`7'Zl\��;UV�(Y �
���IH #p[�[XUVab' ��� ��� � H U g�� �� � �=� ! ��A��� ��� � � � �
�,�2H [Wl&'Z$���� �+� � � � � � ���"� � �=� � � ��� �8� � ! � ��� � ��� � ��)+<H ��� �#� � � � � � �����#� �=� � � ��� � � � ! � � � � ��� � �� � � � 	 � �� �

�)+ \ H � ��� � � ��� � � ���

� 2&H $#p[9[W'Zabc4[W! � �
� � H � � � � � � � �� " H '*)V!X' � �"� ��� � � � � � � � ���=� � � ��� � � � ! � � � � � ( � �� "(\ H � � ( � � � ( � � � (
�MUV%(_&YW'@"�� � � H #�)+%"�(YWU [Wl&a � 4 46. �9: $A�6%1:;46$ � "5�6.-$&: $  �gq�(YI[Wl&YW'Z'r\e%"'Z$o[W!@[W�w)+',\eYW$ [X�w',!Xi*\ec7'�gqYX�"aPS4'*\"S4)V�;i��4!��

�egp` '*l\��;U+�"YW! !Xl&�
��$yUV$/[W\(`&)+'1" � "d\eYW' !Xv;aba 'Z[XYWUVi aw\][WYXUfit',!C�h\"!�'�(4c&)V\(U+$'*S U+$ !X'*ij[WU+�"$ " � ��� �  [Xl&'wiZ�(abc&)V'Zab'Z$o[W\(YXv
��Y \e`d` '*l\��;U+�"YpUf!�$&�([�)+',\eYW$&'*Sd\(!�\ YW'*!Xc �"$!9'�[W� [Wl&'rs�YX�"c^`7'Zl\��;UV�(Y-� �
�MU+%"_&YW' "�� �e� !9l&�
��!�[Xl' $;_&a ` '*Y��(g@\][X[X'*a c&[W!�[Xl&' 2Y !L[m\e%"'Z$o[�aw\"S4' [W� ',!Xi*\ec7' \^S4'*\"S4)+�4i���\][�[Xl \][�[XUVa '���!9[X'*c�)$ 
K%(%D"!E ? %;'IU+$ \()+%"�(YWU [Wl&a�x@�o�"YWS&U+$\e[XUV�($ � '*\eYW$&UV$&%bgq�(Y�[Xl&YW'Z' \e%"'Z$o[W!�UV$ 2%"_&YW' "�� � �#� ��#�g [W'ZY \e`7�(_4[ � " �  �(�(� [WU+ab',�

!9[X'Zc !� "[Xl&'12Y !L[p\e%('*$o[�l\(!�)+',\eYW$&'*Sw[X�r',!Xi*\ec7'�\rS4',\(S4)V�4i�� \"!�!X�;�($ \(!�U [IUf!�S4'Z[X'*it[X',S� ;U+YWYX',!9c7'*it[XU$�('��(g [Xl&'�UVS&'Z$o[XU+[Lvb�eg
[Xl'm�e[Xl'ZY�\(%('Z$o[�UV$^[Wl&'rS4',\(S4)V�4i�� � !Il'rit�(YWYW'*!Xc �"$S4UV$&% S&'*itYW'*\"!9'�UV$^[Wl&' �]\e)V_&' �eg � � gq�"YI[Xl&' 2 YW!9[�\e%"'Z$o[�UV!�c)+�([9[X',S
UV$ 2 %(_&YW'@"�� � �  4\($S [Wl&'rS4',itYW'*\(!X' U+$^[Xl'm)+',\eYW$&U+$% Y \][W'*! � � ��� \($S � � ( �I\eYW'�!Xl&�
��$dU+$ 2%"_&YW'12 %(_&YW'@"�� �(� �

� ��� � �  � ��  � ��

!Il&' it�"$&$&'*it[XUV�($&Uf!9[p$\e[X_&YW'��(g�[Xl' \"ij[WU+�"$ !9'*)+',ij[WU+�"$ ab'*i l\($&Uf!9a�'Z$ \e`&)V'*!@[Xl'�\(%('Z$o[@[X�b\ec&c&)Vv !XU+abc&)V'�)V'*\(YX$U+$&% YX_)+',!
[X� \(S&\(c4[IU [ !@`7'Zl \��oUV�(Y !G�q[Xl\e[��p'ZYW'�)V'*\(YX$&',SwUV$^\ !XUV$&%()V'�\(%('Z$o[p'Z$��;U+YW�($&ab'*$"[-�~[W� $&�
�"'Z)7!9U+[X_\e[XUV�($! �hS&'*\(S&)+�4i��4!@\(YX'�\
YW'*!X_&) [I�egk[Xl&'m\(%('Z$o[I',(4Uf!L[WU+$&%bUV$d\($^\(_4[X�"$&�(ab�(_ !@a _&)+[XU���\(%('Z$o[�!9v4!9[X'*aC�,�%!Il&UV!�\"S&\ec&[W\][WU+�"$ [W�o�.�wc&)f\(it'm\"!�[Wl&'m\e%"'Z$o[
it�"$o[XUV$o_'*SQ[W�^c7'ZYXgq�(YWa}U [ !�iZ�($!9[XYW_it[XUV�($Q[W\"!�� � !Il&' \e%('*$o[W!��($&)VvQ_!9',S UV$4gq�(YWaw\][WU+�"$ YX'*%"\(YWS4UV$&%b[Wl&' %"�"\()V!��eg��([Xl&'*Y
\e%"'Z$o[W! �h!X_i ld\(!@U gk[Xl&'*v �@'*YX'�l&�()fS4UV$&% \ `&YWUVi��b�(Y��p'ZYW'�[XlU+Y !L[Lv<� ��U [Wl ��lUVi l^U [IUV!pc&l;v4!XUVi*\e)V)+vbUV$^it�"$o[W\(it[�� J��
�p'��"'ZY  
[Xl' \e%('*$o[W! \eYW' _$\e`&)V'b[X��S4'Z[X',ij[m[Xl' \(ij[WU+�"$!��egI�e[Wl&'ZYr\(%('Z$o[ !�\($Sy[Xl&'*vyl\��"' [W�d_ !9' [Xl' S4UV!9[W\($it'bab�
�(',S \"! \
ab'*\"!9_&YW'm�eg~[Wl&' �"_4[WiZ�(ab'r�eg~[Wl&'ZUVY �L�"U+$o[�\"ij[WU+�"$!�� !Il;_!� \"S&\ec4[ \][WU+�"$Q[X�;��^c&)V\"it' !X�()V'Z)Vvd`ovd_4[WU+)VU��*U+$%w[Xl&' gq'Z',S4`\(i��
c&YW�
�;UVS4',S `;vw[Wl&'m'Z$��;UVYX�"$&ab'Z$o[I\($SQS4�;'*!I$&�([�YX',no_&U+YW'�',(;[X'*YX$\()�!9_c '*Y-�;Uf!9UV�($��

!Il&'M�9`_i��('Z[p`&YWUV%"\(S&'+� a ',i l\e$UV!XaHUf!�\e$d',(&\eabc&)V'��(g~\b!X�4itUf\e)V)+vw_!X'tgq_)�` '*l\��;U+�"Y�[Wl\][�Uf!I)V'*\eYW$&',S gqYW�(a>c&_YX'*)+v
)V�;i*\e)�UV$o[X'*YW\"ij[XUV�($ !�� ��[�Uf!�'�(;lU+`&U+[X',SQ�($&)Vv ��l&'Z$Q[Wl&'ZYW'rUf!�it)V�"!X'mUV$"[W'ZY \(it[XUV�($!�`7't[��p'Z'*$Q[Xl&' \e%"'Z$o[W!L�q[Xl&' \e%('*$o[W!�l\��"'
[X�y` ' iZ)+�o!9'w'*$&�(_%(l/[X� cUVi��/_&c�\e$�e[Xl'ZY \(%('Z$o[ * !rS&YX�"c&c ',S/`&YXUfi��<�m\e$ Sy[Wl&' '*$��oUVYW�($&ab'Z$o[ �qU+g�[Xl'"�@�"YX)fS �p\"!m$&�([
it�"$!9[XY \eUV$&U+$%w[Xl&'*YX' �@�"_&)fS�$&�e[�` 'b\w%")+�"`\e)~S4UVYX',ij[XUV�($Q[W� [Wl&' ab�
�"'Zab'Z$o[��(g�`&YWUVi��4!5� � $
\(YXUf\][WU+�"$!��(g{[Xl&Uf!�` '*l\��;U+�"Y
aw\ v \(YXUf!9'wU+g�it�o!L[ !r\eYW' \][X[W\(i l'*S [X��',\(i l \(it[XUV�($�� 0?l&UV)+'d\(S&\(c4[XUV$&%Q[X��$�
�('Z)@!9U+[X_\e[XUV�($! �hS4',\(S4)V�4i��;!5�  k[Xl' \e%"'Z$o[
l\"!{[X� ab\�('�!X_&YW'�[Xl\e[�c&YW'��;UV�(_!X)+v )+',\eYW$&'*Sb`7'Zl \��oUV�(Y !>�hiZ�($!9[XYW_it[XUV�($ !X'*no_&'Z$ it' �
\eYW'�$&�e[@gq�(YW%(�e[X[X'*$��~x@�"$&$&'*it[XUV�($&Uf!9[
!Xv;!9[X'*aw!�\eYW' !X_&U+[X',S [W�w!9_i ldYW'Z)V'*\eYW$&UV$&% [W\(!-�4!�\(!p[Wl&'Zvd\eYW'�`7't[X[X'ZY�\e`&)V' [X�wS4'*%(Y \(S4'�%(Y \(iZ'tgq_&)V)+v.�

��',\eYW$&UV$&% �I\(!�gh\(!9[X'*Y���l'Z$^[Xl&'*YX' �@'*YX'�[��p� \e%"'Z$o[W!p)V'*\(YX$&UV$&% !9UVa _&)+[W\($&'Z�"_!X)+v iZ�(abc\eYW'*Sw[X� [Xl&'miZ\"!9' ��l&'*$ �($'
\e%"'Z$o[+�I\(!@\e)VYX',\(S4v [XY \eUV$&',S��{#�)f!9�) "UV$ [Wl&'�'�(4c '*YXUVab'Z$o[W!+��U [Wl [Wl&'�)V'*\(YX$'*Sw!X'Z$!X�(Y@YX',\(S4UV$&%"!� o�($&)Vvb�($&'��eg [Xl'�\(%('Z$o[ !

� +



!M\e`&)V' " � " H /@'*l\��;U+�"YW!�)+',\eYW$&'*Sm_ !9UV$&%�x@�;�(Y S4UV$\][WU+�"$ ��',\eYW$&U+$%�gq�(Y [Xl&YW'Z'p\e%('*$o[W!�� J�S./@Y i��  � !Il&U+Y !9[Lv \e$S � J�S /pYWi��
S4'*$&�e[W'LJ��()fS4UV$&%�� /pYXUfi��  � [Wl&'ZY #�%"'Z$o[ !IlU+Y !L[Lv. &\e$S � [Xl'ZY5J��()fS4UV$&%,/pYWUVi��wUV$o[X'*YX$\() !L[ \][X'm$�;S&'*!IYW'*!Xc ',ij[XU$�('*)+v.�

�  
�� � �
� !Il&UVYW!9[Lv � !@�� J�S./@Y i�� � !@� � !Il&U+Y !9[Lv � !@�� J�S /pYWi�� � � � !Il&UVYW!9[Lv � �� J�S /pYWi�� � !@� � !Il&UVYW!9[Lv � �� J�S /pY i�� � �

!IlU+Y !L[Lv � !@�
J�S /pYWi�� � !@� ( � 'tg [ ��'Zg [ ��'Zg [

!IlU+Y !L[Lv � !@�
J�S /pY i�� � � s�YX�"c ( ��'Zg [ ��'Zg [

!Il&UVYW!9[Lv � �J�S /pYWi�� � !@� ��'Zg [ � 'tg [ ( (
!IlU+Y !L[Lv � �J�S /pYWi�� � � s�YX�"c � 'tg [ ( (

�  
�� � �
� !Il&UVYW!9[Lv � !@�
� J�S./@Y i�� � !@� � !Il&U+Y !9[Lv � !@�

� J�S /pYWi�� � � � !Il&UVYW!9[Lv � �
� J�S /pYWi�� � !@� � !Il&UVYW!9[Lv � �

� J�S /pY i�� � �
!IlU+Y !L[Lv � !@�J�S /pYWi�� � !@� ( s�YW�(c ��'Zg [ ��'Zg [

!IlU+Y !L[Lv � !@�J�S /pY i�� � � s�YX�"c ( ��'Zg [ ��'Zg [

!Il&UVYW!9[Lv � �J�S /pYWi�� � !@� ��'Zg [ � 'tg [ ( (
!IlU+Y !L[Lv � �J�S /pYWi�� � � s�YX�"c � 'tg [ ( (

�  
�� � ! � !Il&UVYW!9[Lv � !@�
� J�S./@Y i�� � !@� � !Il&U+Y !9[Lv � !@�

� J�S /pYWi�� � � � !Il&UVYW!9[Lv � �
� J�S /pYWi�� � !@� � !Il&UVYW!9[Lv � �

� J�S /pY i�� � �
!IlU+Y !L[Lv � !@�J�S /pYWi�� � !@� ( s�YW�(c ��'Zg [ ��'Zg [

!IlU+Y !L[Lv � !@�J�S /pY i�� � � s�YX�"c ( ��'Zg [ ��'Zg [

!Il&UVYW!9[Lv � �J�S /pYWi�� � !@� ��'Zg [ � 'tg [ ( (
!IlU+Y !L[Lv � �J�S /pYWi�� � � s�YX�"c � 'tg [ ( (

� 2



0

500

1000

1500

2000

2500

3000

0 20000 40000 60000 80000 100000 120000 140000 160000 180000 200000

nAttempts

�MU+%"_&YW' " � �(�<H ��_&a ` '*Y��egk\e[9[X'*abc4[W!p[Wl&' 2YW!9[�\e%('*$o[paw\(S&'�[W� ',!Xi*\ec7'�\ S4',\(S4)V�4i��b\e[I[Xl\e[p[WU+ab'���!9[X'*c �)$ 
K%(%D"!E ? %;'
UV$
\e)V%(�"YXU+[Xla�x@�;�"YWS4UV$\e[XUV�($ ��',\eYW$&UV$&% gq�"Y�[Wl&YW'Z'b\e%('*$o[W!5� �r#�g [W'ZYr\(` �"_4[ � " �  �"�(� [WU+ab',��!9[X'Zc !� [Wl&'w\e%('*$o[�l\"!�)V'*\(YX$'*S
[X�b',!Xi*\ec7'r\ S&'*\(S&)+�4i�� \(!�!X�;�($Q\(!IU+[�UV!�S4't[W'*ij[W'*S��

it�"_&)fS _ !9'b[Wl&'w)+',\eYW$&'*S/YW'*\"S4U+$%"! �h\"!m�e[Wl&'ZY ��UV!X'b` �([Xl�\(%('Z$o[ ! �@�"_&)VS [WYXvy[X� 2)V){[Xl'wU+$o[X'*YXab',S4UV\e[X'w%"�"\e)f!mS4Ufij[ \][X',S
`;vb[Xl&' )V'*\(YX$&',S !X'Z$!X�(YpYW'*\(S&U+$&%o!��,�%!Il&'*!X'�iZ�($S&U [WU+�"$!��@'*YX'�',(4c&)VUViZU [W)+v^!X\e[XUf!�2',S `;vb[Xl'�'�(4c '*YXUVab'Z$o[X'*Y��{��',\eYW$&UV$&%r[W�
',(4l&UV`&U+[�S4U$�('*YW!X'�`7'Zl \��oUV�(Y�l \(!�`7'Z'*$Q!9[X_ S4U+',SQ`;v /I\e)fi l�
 �e�"�(� � �+!k'*\(ab!I�(g~!XUVa _&)f\][W'*SQ!9�4i*it'ZY�\(%('*$"[ ! �@'*YX' c&YW�
�;UVS&'*S
��U+[Xl�'ZU+[Xl'ZY�)V�4iZ\()��(Y�%")+�"`\e) YW'ZUV$4gq�"YWiZ'Zab'Z$o[�� ��$Q)+�4i*\e) YW'ZUV$4gq�"YWiZ'Zab'Z$o[� \e$�\e%"'Z$o[+* !�\(it[XUV�($!�\eYW'�YW'ZUV$4gq�"YWiZ'*Sd�($&)Vv U+g
U+[
!Wit�(YW'*!M\�%(�"\()  
��lU+)V'@UV$ %()V�(`\()oYW'ZUV$4gq�"YWiZ'Zab'Z$o[M\()+)&\(%('*$"[ ! UV$b\�[W'*\ea \eYW'�YW'��I\eY S4'*S gq�"Y{\�%"�"\e)4!Wit�"YX',Sm`;vr\e$;vmab'Za `7'ZY
UV$^[Wl&' [X',\ea � !k'*\eaw! ��l&Ufi lQYX',it'*U��"'*S^�($&)Vv )V�;i*\e) YW'ZUV$4gq�(Y it'*ab'Z$o[�YX'*ab\(U+$'*S^l&�(ab�(%"'Z$&'*�(_!� ;`&_4[�ab'Za ` '*YW!��eg [W'*\(ab!
��l&Ufi lyYW'*iZ'ZU$�('*S %()V�(`\()MYW'ZUV$4gq�"YWiZ'Zab'Z$o[�S&U��"'ZY !9U�2'*S�[X�Qc '*Y9gq�"YXa�S&U3# 'ZYW'Z$o[ ` '*l\��;U+�"YW!��rz;_i l \ l&'Z[X'*YX�"%('Z$'Z�(_ !�[X',\ea
\e)f!X� c7'ZYXgq�(YWa ',S `7't[X[X'ZYI[Wl\e$Q\rl�(ab�(%"'Z$&'*�(_!�[X',\ea>�eg~\e%"'Z$o[W!��(/I\()Vi ld\e)f!9� %(U$�('*!p\e$^U+$&gq�(YWab\e[XUV�($���[Xl'Z�(YW't[WUVi�ab't[XYWUfi
gq�(Y�no_\($o[XU+gqvoUV$&% [Xl'ml&'t[W'ZYW�(%('*$&'ZU+[Lvw�eg{\ %(YW�(_&cd�eg~\e%"'Z$o[W!�
 �e�"�(� � �

!Il&'rS4Y \���`\"i��;!@�egM[XlUV!�ab'Z[Xl&�4SQ�eg{!X�;iZUV\() )+',\eYW$&UV$&%wit�($ it'ZYW$Q!Xi*\e)f\e`&UV)+U+[Lv \($S ' � itUV'Z$iZv��#�)+)MS4'*\"S4)+�4i��4!I\eYWUV!XUV$&%
UV$w[Xl&'�!9v4!9[X'*a�i*\e$&$�e[�`7'�YW'*!X�()$�(',S _ !9UV$&%m[Wl&'�\(` �
�"'�\ec&cYX�o\(i l�����g \e$ \e%"'Z$o[�Uf!
[WYXv;UV$&%m[W�rc '*Y9gq�"YXa�\r)VU+gq',��c&YX',!9'*Y-�;UV$&%
\(it[XUV�($,�qgq�(YbUV$!L[ \e$iZ' ab�
�;U+$% [X� \�gq�;�4S S&UV!Wi+� \e$S UV! `&)V�4i��;U+$&%y[Xl&'dc\e[Xl �(g�\e$�e[Xl'ZYb\e%('*$o[� ~[Xl'Z$ S&YX�"c&c&UV$&%y�"Y
c&Ufi��;U+$&% S4UV!WiZ! ��U+)V)p$&�e[ YX',!9�")��"'b[Xl&'dit�($ �UVit[�� ��[ UV! \e$ UV$o[X'ZYW'*!9[XUV$&% Uf!W!9_&' [X�y!9[X_ S4v U g�\() [WYX_&Uf!9[XUfiw` '*l\��;U+�"Y iZ\($�`7'
)V'*\eYW$&',S^UV$ !X_i l !9U+[X_ \][XUV�($ !���#�!�[Xl&' $o_a `7'ZY��(g{c �o!X!XU+`)+'mab�e[W�(Y�\"ij[WU+�"$!�UV$itYW'*\"!9',!� 4Y \e$ S4�(ab)Vv [XYWv;U+$% \e)V)�c7�"!W!9UV`&)V'
\(it[XUV�($! � \e$S^[Wl&'ZUVY�it�"a `&UV$\][WU+�"$!5� ��UV)V)�` ',it�"a ' UV$4gq'*\"!9UV`&)V'�

!Il&'baw\ec \(it[XU$�]\][XUV�($/)V'*\eYW$&UV$&%dYX_&)V'�� [W��YX',it�(%"$&U �Z' 'Z$��;U+YW�($&ab'*$"[ !�[Xl\e[ iZ\e_ !9'wS4',\(S4)V�4i��;!5��\e$Sy[Xl&' \"!X!X�4itUf\][W'*S
aw\][ i l&U+$% YW_&)V'�S4UfS $�e[�it�($ !9UfS4'ZYIS4U�#7'*YX'*$o[I�"YXUV'Z$o[ \][XUV�($ !
�eg [Xl&'m!X'Z$!X'*S��@�"YX)fS it�"abc\eYW'*Sb[W� [Wl&'�)+',\eYW$&'*S^\(ij[WU��]\e[XUV�($
c\e[9[X'*YX$����&�"Y UV$!9[W\e$ it' [Wl&'@\(%('*$"[Mit�($ !9UfS4'ZY ! [��p��iZ�(YWYXUfS4�(Y !7[Xl \][M\(YX'��(YWU+'*$"[W'*Sm\e[MS4U�#7'*YX'*$o[M\e$%()V'*! \"! [��p��it�"abc&)+'Z[X'*)+v
S4U�#7'*YX'*$o[pgq',\][W_&YX',!��%!Il&Uf!I\eYWUV!X'*!@`7'*iZ\(_!X'�\()+)�!X'Z$!X�(YpYW'*\(S&U+$&%o!@\(YX'�\e)VU+%"$&'*S U+$d�($'�%")+�"`\e) S4UVYX',ij[XUV�($��'��gk�($ [Xl&' �([Xl&'*Y
l\($S� ~[Xl' *@z � ! i l\($&%(',S �(YWU+'*$o[W\][WU+�"$ \e)V�($&% ��U+[Xl�[Xl&'^l&'*\"S4U+$% �eg�[Wl&'^\(%('Z$o[  k[Wl&' )V'*\(YX$'*S \(it[XU$�]\][XUV�($ c \][9[W'ZYW$
�p�(_&)fS aw\e[Wi l �XiZ�(YWYXUfS4�(Y !��r\e)VU+%"$&'*S^UV$d\($ov^S4U+YW'*it[XUV�($��

!Il&'�\e%"'Z$o[W!~UV$��(�")��"'*SrUV$ [Xl&'C�X`&_i��"'t[{`&YWU+%o\(S4' ��`7'Zl\��;UV�(Y{!Xc '*$Sw\ !9UV%($&U�2 i*\e$o[
\eab�(_&$o[{�eg7[XUVab' �p\(U [WU+$%�gq�"Y~[Xl&'*U+Y
�LgqYW_!9[XY \][WU+�"$&� [X� U+$ itYW'*\(!X'�`7'tgq�"YX'�[Xl&'*vbS&YX�"cw[Xl&'*U+YI`&YWUfi�� � ���"YX'*�
�('ZY  ���l&'*$^\m`YXUfi��bUV!pS4YW�(c&c7'*Sw`;v \($ \e%"'Z$o[�UV$ [Xl'
it�"YXYWUfS4�(Y�U [rit�"_&)fS `7' cUVi��"'*S _c `;v \e$;v�\e%"'Z$o[ $&'*\(Y�U+[ ��'��('*$ [Wl&' \(%('*$"[�[Xl \][mc\(!W!X'*SQ[Wl&'b`&YXUfi���UV$ [Xl' cYX'��oUV�(_ !
[XUVab',��!L[W'Zc�� !Il&'*YX' UV!�$&�QS4UVYX',ij[XUV�($ \e)VU [LvdU+$/!9c \(it' U+$ [Xl&'b\(it[XUV�($!��eg
[Wl&' \(%('*$"[ !�� J�'*$it'. ' � itUV'Z$iZv�UV!�\e$yUV!W!9_' gq�"Y
)V�($&%b)VU+$&',!I�eg{\e%"'Z$o[W!��

!Il&'�[W\(!-�m�eg[��@��\e%('*$o[W!�c7'ZYXgq�(YWabU+$%�[Wl&'p� U+',s��
��$ \e$Sbx@)+UVa ` � �"'ZYM` '*l\��;U+�"YW!�[X�"%('t[Wl&'ZY �q�"Yk'*U [Wl&'ZYM[Wl&'Iz;[X'Zc ��'tg [
\e$ S zo[X'*c # UV%(lo[@`7'Zl \��oUV�(Y !5�~UV!@\e$ UV$!9[W\($it'��eg�\ ? /2.3"F@ � 0546@ @ � �546.3�9%(:
	6" EC�6%1.-: �L #�6EC",�'��$^\raw\][WYXU�( %o\eab' o'*\"i l \e%"'Z$o[

� �



0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 20000 40000 60000 80000 100000 120000 140000 160000 180000 200000

p_r

�MU+%"_&YW' "�� � � H s�',itYW'*\"!9'�UV$b[Xl'&�]\e)V_&'��(g � � �eg [Wl&''2Y !9[�\e%('*$o[@S4_&YWU+$% x@�;�(Y S4U+$ \][XUV�($ � '*\eYW$&UV$&%r\eab�"$&% [Xl&YW'Z'�\e%('*$o[W!��
��$&U+[XUf\e)V)+v. � � � �  � \e$SdS4'*i*\ v Y \][X' � � � �  � ���

!k\(`&)+'@" � % H u{\ v ����#Qaw\][XYWUfit'*!p[W�w'*!WiZ\(c '�gqYW�(aPS4',\(S4)V�4i��4!

��UV'*s��
��$ x@)+UVa ` � �('ZY
��UV'*s��
��$ � �
x@)VU+a ` � �('*Y � �

zo[X'*c��'Zg [ z;[X'Zc # U+%"lo[
zo[W'Zc� 'tg [ � �
zo[W'Zc # U+%"l"[ � �

�q�"Y ?A@B� �I"F.=� iZ\($ c7'ZYXgq�(YWa��($'w�egp\ 2 $&U [W' !9'Z[r�egI\(ij[WU+�"$!m\e$ S/\"!X!X�4itUf\][W'*S ��U+[Xl ',\(i l \e%('*$o[ Uf!mU+[W! ?&� ��=4���EC�6%1.-: ��
!Il&'wc\ v ����# aw\][WYXU�(y%(U$�(',!�[Xl&'wYW'��I\eY S �"`4[W\(U+$&',S/`ov \e$ \e%('*$o[�gq�"Ym'��"'ZYWv�c\eUVYm�eg�\(it[XUV�($!�c7'ZYXgq�(YWa ',S/`ov [Xl&'b[��p�
\e%"'Z$o[W!��~# aw\][WYXU�(w%"\(a '�UV!IiZ\()+)V'*S ?A/2.3"!@ �C0�49@ @B� �549.3�6%1:
	 "�U g�[Wl&'�c\ v ���#^aw\][WYXUfit',!{gq�(Yp`7�e[Xl [Xl&' \e%"'Z$o[W!@\eYW'�[Wl&'�!W\eab'.�
#>aw\][WYXU�( %"\eab'wUf!riZ\()+)V'*S ? /2.3"!@ � 0546EG?<"!%1: %(:
	6"rU+gI[Xl&' [��@��c)V\ v"'ZY !!* aw\][WYXUfit',!r\eYW'w$&'*%"\][WU��"'*!m�(gp',\(i l �([Xl&'*Y � [Xl'*!X'
\eYW' \e)f!X�Qi*\e)V)+',S �Z'ZYW����!X_&a %o\eab'*!�� � [Wl&'ZY �;UV$S&!m�(g�%"\eab',!m\eYW' iZ\e)V)V'*S� "!$A"!.3�9@ '-/2E  #�6EC"F'�� !Il&' c \ v.����# ab\e[XYWU3(
gq�(Y�[Xl'r[��p�^\e%"'Z$o[W!�[X�^'*!WiZ\ec7'rgqYW�(a \^S4'*\"S4)+�4i��dUV!�!Xl&�
��$ UV$ [W\(`&)V' "��3%�� !Il&' \(%('*$"[ !�UV$ gh\"ij[ l\��('m[W�^iZ�()V)V\(` �"YW\e[X'
�($da _) [WU+c&)V'mUV$!L[ \e$iZ'*!I�(gk[Wl&UV!�%"\eab' H �"$&'�gq�(Y�',\(i ldc �o!X!XU+`)+'mit�"a `&UV$\e[XUV�($ �(gk[Wl&'mUV$"[W'ZYW$\e)�!9[W\e[X' $&�4S4',!I�egM[Xl&' [��p�
\e%"'Z$o[W!m[Xl\e[ iZ\($/'�(4UV!9[ S4_&YWUV$&% \ S4',\(S4)V�4i�� � gq�"Yr',(&\(a c)+'. k�"$&' \e%"'Z$o[mUV!r[Xl&UVY !L[Lv \e$S/l&�")VS&U+$&% \Q`&YXUfi��  ��lU+)V'w[Xl'
�e[Wl&'ZYpUf!�$&�([@[Wl&UVYW!9[Lvw\e$Swl�()fS4U+$% \r`YXUfi��<� �%!Il&'�\"S&\ec&[W\][WU+�"$ �eg [Wl&'�` '*l\��;U+�"YW!��eg [Xl'mx@�"$#�%��s��y\(%('Z$o[ !�iZ\($w[Xl;_!
`7'b!9[X_ S4U+',S gqYW�(a�\^%"\(ab',��[Xl&'*�(YW't[XUfimc7'ZY !9c7'*it[XU$�('.����v('*YW!X�($yc&YX',!9'*$o[W!�S4't[ \eUV)+',S S4',!XiZYXUVc4[WU+�"$!��(g�[Wl&' aw\��L�(Y YX',!9_) [ !
UV$d%o\eab'�[Xl&'*�(YWvwU+$ it)V_S4UV$&%b[Xl&�o!9' UV$QYX'*c ',\][X',Sd%"\eab',! 
 � � � � � �
��$ \ !9[W\e[XUfi�'Z$��;UVYX�"$&ab'Z$o[K� ��l'ZYW'�[Xl&'*YX'�UV!@�($)+v �($&'�)+',\eYW$&U+$% \e%"'Z$o[5�, e[Xl'�[ \(!-� �(g7[Wl&'�)V'*\(YX$'ZY�Uf!{[W� S4Uf!Wit�
�('*Y{[Xl'

\(it[XUV�($ [Xl\e[~$'Z'*S! [W� ` 'Ic7'ZYXgq�(YWa ',Sm[Wl\][%��UV)+)4)V'*\"Sm[X��aw\
(4UVa _&a c \ v.����# � J��
�@'��('ZY  U+$b\�a _&)+[XU���\(%('*$"[~'Z$��;UVYX�"$&ab'Z$o[
��U+[Xl/a _&)+[XUVc&)V'w)+',\eYW$&'ZY !� 7[Wl&' �9�(c&[XUVab\() �^\(it[XUV�($!��egI\e$/\e%('*$o[ S4'*c '*$S/�($y[Xl&'w\(it[XUV�($!�[Wl\][r\eYW' ` '*U+$&%Qc7'ZYXgq�(YWab'*S
`;vd[Xl&' �e[Wl&'ZY \e%"'Z$o[W!�\e$S l&'Z$iZ'r[Wl&' �"c4[XUVaw\e){\(it[XUV�($!1��UV)+)~i l\e$%(' \"!��([Xl&'*Y�\(%('*$"[ !�i l\($&%('r[Xl&'*U+Ym\(it[XUV�($!�S4_&YWUV$&%
)V'*\eYW$&UV$&% �%!Il;_!� &\ $&'�� S4',2$U [WU+�"$^gq�"YC�9�"c4[XUVaw\e)VU [Lv2� U+$Qa _) [WU3��\e%"'Z$o[p'*$��oUVYW�($&ab'Z$o[ !@Uf!�YW'*no_&UVYX',S��{# '5%1.3�9% "  	��gq�"YI\($
\e%"'Z$o[�S4'Z[X'ZYWabU+$'*!�U+[W!�\(it[XUV�($���zo[WYW\e[X'*%(UV'*!�i*\e$�`7' ?A/2.�"��(Y�E : � " �
��# c&_&YW' !L[WYW\e[X'*%(v Uf!��"$&'rUV$ ��l&Ufi lQ[Xl&' \(ij[WU+�"$�UV!
i l&�o!9'*$/S4'Z[X'*YXabUV$&UV!9[XUfiZ\()+)Vv ��lU+)V' \da U�(4'*S !9[XY \][X'*%(vy!X'Z)V'*it[W!m\($ \"ij[WU+�"$ygqYW�(a \^cYX�"`\e`&UV)VU [LvyS&UV!9[XYWU+`_4[XUV�($ 
 /@�
��)VUV$&%
\e$ S&${'Z)V�"!X�  �e�"�"� � ��# 
�� ' � " 
!/2: @ : �F.-: /2EBgq�"Y�\ ab\e[XYWU3(Q%"\(ab' Uf!�\^!9'Z[��eg�!9[XY \][W'Z%"U+',!�gq�(Y�'*\"i ly\e%"'Z$o[�!X_i l�[Xl \][�$�
\e%"'Z$o[miZ\e$ U+abc&YW�
�(' U [ ! c\ v ���# `ov i l \e$&%"U+$&%^U [ !m!L[WYW\e[X'*%(v ��l&UV)+'b�e[Wl&'ZYm\(%('Z$o[ !1�"'Z'*c [Xl'ZUVYr!L[WYW\e[X'Z%"U+',!�_$i l\e$%('*S��
#�)V)
aw\][WYXU�( %"\(ab'*!�l\��('b\][m)V'*\"!L[m�($'	��\(!Xl ',no_&U+)VUV`&YXUV_&a 
 ��\"!9l� � � �B% � ��v"'ZY !9�"$� � � � ��� � x@�"$��('ZYW%(UV$&% [X��\ ��\(!Xl

��"



0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0 20000 40000 60000 80000 100000 120000 140000 160000 180000 200000

learning rate (success)
learning rate (failure)

�MU+%"_&YW' " � �"�2H s�'*iZYX',\(!X' UV$ [Xl&'w)V'*\(YX$U+$&%QY \][W'*! � ��� �h!X_iZiZ'*!W!�� \($S � � ( �qgh\eUV)+_YX' � ����$&U+[XUf\e)V)Vv � ��� � � � ( � �  � �
!Il&'rS4',iZ\ vwY \][W'*!�\eYW' � ��� � �  ����� � \($S � � ( � �  ��� �����

'*no_&UV)VU+`&YWUV_&a !L[WYW\e[X'Z%"v���U+[Xly[Xl&' ab\�(4U+a _&a}c\ v ���#yUV!�_!X'*S \"!�[Wl&' �"c4[XUVaw\e)VU [Lv�itYWU+[X'ZYWUV�($Qgq�(Y�a _&)+[XU���\e%('*$o[�)+',\eYW$&UV$&%
\e)V%(�"YXU+[Xlab!��

#Fc&_&YW'Z)Vv it�"abc 'Z[XU+[XU$�(' � �*'ZYW����!9_aC� %"\(ab'dl \(!w\/_&$&Ufno_&' ��\"!9l '*no_&UV)+UV`&YWU+_a  pc7�"!W!9UV`&)Vv \ !L[W�;i l \(!9[XUfi �ha U�(4'*S&�
!9[XY \][X'*%(v 
 ��v"'ZY !9�"$� � ��� ��� ��#>c&_YX'*)+v/it�()V)f\e`7�(Y \][XU$�('b%o\eab' ~!9_ i l�\(! [Wl&' c&YW�(`&)V'Za gq�(Y it�($ !L[WYX_it[XUV�($ \e%"'Z$o[W!m[Xl\e[
$&'*'*S [W� ',!Xi*\ec7' S4'*\"S4)V�;i��4! ��U [Wl�[Xl'ZUVY � U+',s��
��$*-"x@)+UVa ` � �('ZY ` '*l\��;U+�"YW!� ~l\(! S4't[W'ZYWabU+$&Uf!9[XUfi �qc_&YX' �r',no_&U+)VUV`&YXUV_&a
!9[XY \][X'*%(UV'*! 
 x@)V\(_!
\($S /@�"_4[XUV)VU+'*Y� � ��� 4 � � ��$w\ $&'Z_YW\()&$&'t[��p�(Y �mUVa c)+'*a '*$o[W\][WU+�"$ \(!~UV$b[Xl&' x@�($#�%���s��Q\eY i l&U+[X',ij[X_YX'. 
[Xl' \(ij[WU+�"$! �eg�\e$ \(%('Z$o[r\eYW'wi l&�"!X'Z$ S4'Z[X'ZYWabU+$UV!9[XUfiZ\()+)Vv � [Wl&' �"_4[Xc&_&[r$&�4S4'*!rS&'Zc7'Z$S/�($)+v �($ [Xl&'"�p'ZUV%(lo[ ! U+$/[Xl'
�&YW_!9[XY \][WU+�"$���'t[��p�(Y �y\e$S [Wl&' \(it[XU$� \e[XUV�($!r�($/[Xl&'wUV$&c&_&[ $&�4S4'*!5� � !Il&' )V'*\eYW$&UV$&%�\e)V%(�"YXU+[Xl&a !9l&�"_&)fS iZ�($��('*YX%"' [W�
[Xl'�',n"_U+)VU+`YXUV_&aH!9[XY \][X'*%(v ��U+[Xl aw\�(;UVa _a>c\ v(�#�� !Il&' aw\eUV$ S4U � iZ_&)+[Lv U+$dit�"$ �"'ZYW%(UV$&% [X�b\ !9�")+_4[WU+�"$ Uf!�[Wl\][p[Xl'ZYW'
it�"_&)fS�` ' ab�(YW'm[Xl \e$ �"$&' !X't[��eg�\(it[XUV�($!�[Xl \][�%"U��"'r'*no_\()kc \ v.����# � ��(Y�U+$!9[W\($it'. [Wl&'b\e%('*$o[W!�iZ�(_&)fS�'*U [Wl&'ZY S4'*iZUVS&'
[X�bc7'ZYXgq�(YWaH[Wl&'r��UV'*s��
��$^�"Y�x@)+UVa ` � �"'ZY�`7'Zl\��;UV�(Y !��
# '*U+$4gq�"YWiZ'Zab'Z$o[�)V'*\(YX$&UV$&%�\e)V%(�"YXU+[Xlab! !X_i lm\(! �&��)V'*\(YX$&UV$&%I\(!W!9_a '
\�!9[W\e[XUfi~'Z$��;U+YW�($a '*$o[7gq�"Y it�"$��('ZYW%('*$it'�
 0/\e[-�;U+$ !

\e$ S s�\ vo\e$� � � � � � � �&�"Y YW'ZUV$4gq�(Y it'*a '*$o[ )+',\eYW$&UV$&%Q[X�yiZ�($��('*YX%"'bU+$ \ a _&)+[XU���\(%('*$"[ !9'Z[9[XUV$&%) k[Wl&' '*$��oUVYW�($&ab'Z$o[��hU � ' 
[Xl' !9[W\][W'r�eg
\()+) [Xl&' )+',\eYW$&'ZY !��p!Xl&�(_)VSQ%"YW\"S4_\e)V)Vv^!X't[9[W)+' U+$o[W� \w!L[W'*\"S4vd!9[W\e[X'.�'!Il&UV!�YX',no_&U+YW'Zab'*$"[�[WYW\($!X)V\e[X'*!�U+$o[X�^\
[XY \(S&',����# ` 'Z[��@'*'Z$ " �F?A@B49.3�6%1:;46$�\($S " �-? @B46: %D�6%1:;46$)����$&U+[XUf\e)V)+v. [Xl&'b\e%"'Z$o[W!�\eYW'rab�(YW' )VU$�('Z)VvQ[X�^',(4c&)V�(YW' S4U�# 'ZYW'Z$o[�`7',�
l\��;UV�(Y ! �hl&UV%(l � � �IS4_&YWU+$&% S&'*\(S&)+�4i��4!��
#�!I[Xl'm)+',\eYW$&U+$% cl\(!X' c&YX�"%(YW'*!W!9',!� � � S&'*itYW'*\"!9',!�\e$S^[Wl&'r\e%"'Z$o[W!�\(YX' ab�(YW'
)VU��"'Z)Vv [W� ',(4c&)V�(U+[�[Wl&'ZUVY�)V'*\(YX$&',SQ` '*l\��;U+�"YW!�� !Ilo_ !� [Xl&' �X!9[X',\(S4v2�w!9[W\][W'rUf!��($'rU+$ ��l&UVi ly` �([XlQ[Xl' \e%"'Z$o[W!�c '*Y9gq�"YXa
[Xl'ZUVY�)+',\eYW$&'*S ` '*l\��;U+�"YW!��8J��
�@'��('*Y� o[Xl'�cYX�"`\e`&UV)VU [Lvw�(gkc7'ZYXgq�(YWa UV$&%b\ YW\($S4�(a>`7'Zl \��oUV�(YI!Xl&�(_&)fS^$&�e[�`7'*it�"ab' �*'ZYW�
[X�w'*$\e`)+' [Wl&' \e%"'Z$o[W!�[X�w`&YW'*\� �(_4[��eg~$&�($����(c&[XUVab\() it�"a `&UV$\e[XUV�($!I�(g~\"ij[XUV�($ ! 
 x@)f\e_ !�\e$S /p�(_&[XUV)+UV'ZY  � � � 4 � � ���e[W'
[Xl \][Igq�(Y �&��)+',\eYW$&U+$%m[X�bit�"$ �"'ZYW%('�UV$Q\ !9[W\e[XUfi�'*$ �;UVYX�"$&ab'Z$o[� ;U+[�UV!I!X_ � itUV'Z$o[�U gk[Xl&'�',(4c&)V�(Y \][WU+�"$ !L[WYW\e[X'*%(v [XYWU+',!p'��('*YXv
c7�"!W!9UV`&)V'�\(ij[WU+�"$ '��('*$"[W_\e)V)Vv � $&�M�9'�(;c)+�"U [ \][XUV�($ ���(g [Wl&'�)V'*\eYW$&',S �&� �]\e)V_&'*!~Uf!{$&',it'*!W!W\eYWv 
 0 \][ �oUV$!
\($Sbs�\ vo\e$� � ��� � � �
� ��� � 	�
�� � 	���� � ���

��!9[X'ZYW%"\"\eY S "!% �6@$#$ !L[W_S4v^[Xl&' c '*Y9gq�"YXaw\($it' �eg~[Wl&'r`&_i��"'t[�`YXUV%"\"S4U+$% `7'Zl \��oUV�(Y&��U [Wl � \(YXUf\][WU+�"$!��"$^[Wl&' !9[XYW_it[X_&YW'
�eg�[Wl&' '*$��oUVYW�($&ab'Z$o[ 
 �e�"� � � � !Il' [W\"!�� [Xl \][ [Xl&'d!9UVa _&)f\][W'*S YW�(`7�e[ !rl\��"'w[X� c '*Y9gq�"YXa Uf!rgq�"YW\(%(UV$&% ��YW�(`7�e[ ! 2Y !9[
!X'*\eY i l [Xl&'*U+Y �@�"YX)fS gq�(Y iZ'ZYX[W\(U+$ �(`��L'*ij[ ! [Xl \][ ��l'Z$ gq�(_$S l\��('b[W� `7' ab�
�('*S [W�y\Qc&YW',��!9c7'*iZU32',S �9l&�"ab'+�Q\eYW'*\ �
��$ \e$;vd'Z$��;U+YW�($a '*$o[� 4[Wl&'ZYW'rUf!�\ iZ'ZYX[W\eUV$Q�(c4[WU+a _&a}$;_&a `7'ZY��eg{YX�"` �([W!I[Wl\][�iZ\e$�c7'ZYXgq�(YWa:[Xl&'mgq�"YW\(%(UV$&%b[W\"!��^ab�"!9[

�B%



' � iZU+'*$"[W)+v.����g [Xl&'p$;_&a `7'ZY~�(g YW�(`7�e[W!kUf!k%"YX',\][W'ZYk[Xl\($ [Wl&UV!M$;_&a ` '*Y� ][Wl&'Z$ [Xl&'I'�#7',ij[W!~�(gUV$"[W'ZYXgq'ZYW'Z$iZ'@`7't[��p'Z'*$ YW�(`7�e[ !
�
�('*Y�� �p'ZUV%(lQ[Xl'w` '*$&',2&[ !m�egpc '*Y9gq�"YXabUV$&%d[Xl&'b[ \(!-��U+$ c\(YW\()+)V'Z) � !Il&UV! $�e[XUV�($/�eg �XiZYXU+[XUfiZ\()~ab\"!X!��^UV!m!Xl&�
��$ gq�(Y [Xl'
gq�(Y \e%"U+$%�[ \(!-�r`;v��&�"$"[��\e$b\e$S � \e[W\eYWUfi 
 � ���," � � ��!9[X'ZYW%"\"\eY S "!%8�6@ #{_!X'I`&_i��('Z[{`&YXUV%"\"S4UV$&%�[W�mYX',S4_iZ'@[Wl&'�UV$"[W'ZYXgq'ZYW'Z$iZ'
`7't[��p'Z'Z$ YX�"` �([W! \e$ S�[Xl;_!�UVabc&YX�
�"'r[Wl&'b' � itUV'Z$iZv��eg
gq�"YW\(%(UV$&% 
 �e�"� � � � /p�e[Wlyaw\��*',��)+U$�(' \e$Sy�(c7'Z$y'*$��oUVYW�($&ab'Z$o[ !
\eYW' !9[X_S&U+',S�� !Il&' !XU �Z' \($S�$;_&a ` '*Y��(g
[Xl&' !9UVa _)V\e[X'*SyYX�"` �([W!�UV!�\e)f!9�di l\e$%('*S��1!Il&' `&_i��('Z[�`&YWUV%"\(S&U+$&% ` '*l\��;U+�"Y
!XU+%"$&U327iZ\e$o[W)+vwUVabc&YX�
�"'*!�[Xl&' ' � iZU+'*$itv �eg�gq�"YW\(%(UV$&% UV$^aw\��Z',��)VU��"'�'*$ �;UVYX�"$&ab'Z$o[W!@`&_4[�S&�o',!p$&�e[�!Xl&�
� \e$;v \"S��]\e$o[W\(%('
UV$d�"c '*$^'*$��oUVYW�($&ab'Z$o[ ! �q[Xl&Uf!�\(%(YW'Z'*!���U+[Xld[Xl'mYX',!9_&)+[W!I�"`!X'ZY �('*S U+$Q�(_Y �@�"Y-�<� �%!Il&' `&_ i��('t[�`&YWUV%"\(S&U+$&% `7'Zl\��;UV�(YIUV!
\e)f!X� YW'Z)f\][XU$�('*)+vbUV$!X'Z$!XU [WU��"'�[W� [Wl&' !9U �Z'��eg�[Wl&'�YX�"` �([W!Iit�"a c \eYW'*Sb[W� [Wl&'�i*\(!X'&��l&'*$ gq�"YW\(%(UV$&%rUf!pc '*Y9gq�"YXab'*S���U [Wl&�(_&[
[Xl'�`&_i��('Z[M`YXUV%"\"S4U+$%�`7'Zl\��;UV�(Y ��/I\eYX[Xl�()fS4U�� � �>"!%8�6@ #{!L[W_S4UV'*!~[Wl&'I_!X'p�(g7\�`&_i��"'t[{`&YWU+%o\(S4UV$&%�!9v4!9[X'Za [X�mit�;�(Y S4UV$\][W'
�p�(Y �('ZY !~�($^\e$ \(!W!X'Za `)+v )+UV$&' 
 �(�(� � � � 0 �"Y-�"'ZY !
\eYW'�\(YXY \e$&%"'*S \e)V�($&%r[Xl&'�\(!W!9'*a `&)Vv )VUV$&'�gqYW�(a [Xl&'�ab�"!9[�[X�r[Xl&'�)+',\(!9[
' � iZU+'*$"[ �d# �@�"Y-�"'ZY � ��� �miZ\(YXYWUV'*! �p�(Y �yS4�
��$/[Xl&'^\(!W!9'*a `&)Vvy)VU+$' _&$o[XUV)@!Xl&'wab'Z'Z[W!m[Wl&' $&'�(;[ �@�"Y-�"'ZY �($ [Wl&' )VU+$'
� ���

� � ��\e[&��l&Ufi l�[XUVab' �p�(Y �('*Y ����[XY \e$ !Lgq'*YW!�l&'ZY �L�(`�[W� ��� � � �hc&YX�
�;UfS4'*S���� � � S4�;'*!�$&�e[�l \��(' \ �L�(` �,�&0/�(Y �('ZY ���
[Xl'Z$ a �
�"'*!k_&cr[Wl&'�\(!W!9'*a `&)Vv )+UV$&'p_&$o[XUV)&!9l'@ab'Z'Z[W!Ml&'*YMcYX',S4'*iZ'*!W!9�"Y � ��� ( � �k\e$S YX',it'ZU$�(',!k\ �L�(` gqYX�"a ��� ( � �q[Xl&'�2Y !9[�p�(Y �('ZY{cUVi��4!{_&c^\ $&'�� �L�(`A� �%!Il&Uf!
YW'*!X_&) [ !
UV$ \ '!"F@ � � ���9@B�6$ 0F: $  �S4UV!9[XYWUV`&_4[XUV�($w�(g��L�(`!�U+$b[Wl\][�ab�"YX'�' � iZU+'*$o[+�p�(Y �('ZY !
it�
�"'ZYm\d)V\(YX%"'ZYm\eYW'*\^�eg@[Xl&' \"!X!X'Za `&)Vv )+UV$&'wYW'*!X_&)+[XUV$&%QU+$ abU+$U+aw\e)
[XUVa 'w`7'ZUV$&% �I\(!9[X',S �I\eU+[XUV$&%dgq�(Yr\�!X)+�
� �p�(Y �('*Y
[X� 2$&Uf!9l�\ �L�"`�� !Il&Uf!r)V'*\"S&! [X� [Xl&'^ab\�(4U+a _&a c7�"!W!XU+`&)V' Y \][W'w�eg�c&YW�;S&_ij[WU+�"$ U+$ `7�e[Wl \�S4't[W'ZYWabU+$&Uf!9[XUfi ab�4S4'Z)@�eg
�L�(`d\eYWYXU$�]\e)f!�
 /I\eYX[Xl&�")VS4U�� � �@\($S�*�UV!X'Z$!9[X'*U+$� � ���," � \($S \ !L[W�4i l\(!9[XUfi�ab�4S4'Z) 
 /I\eYX[Xl&�")VS&U � � �K"!% �6@ #$ �e�"� ��� �qc&YW�
�;UVS&'*S
[Xl'ZYW'�Uf!�\b!X_ � itUV'Z$o[�$;_&a `7'ZY��(g)�L�"`!�\e$S �p�(Y �('*YW!5� �

��!9[X'ZYW%"\"\eY S�"!% �9@$#
\()V!X�mc&YW�
�;UVS4'�\ [ \
(4�($�(a v �eg gq�(Y \e%"U+$&%�[ \(!-�;!�
 �(�(� � � � !Il&UV!
[W\�(;�"$&�(a v S4Uf!L[WU+$%(_&Uf!9l'*!{gq�"YW\(%(UV$&%
[W\"!��4!~`\"!9',S �($ [Xl&'�$;_&a ` '*Y
�eg \e%"'Z$o[W!� (!X�(_&Y it',!>�q�"`��L'*it[W!~[W�m` '�c&Ufi��(',S _&c � `&YXUfi��4!��, (!XU+$��4!>�h)+�4iZ\e[XUV�($! ��l&'ZYW'��(`��L',ij[ !
\eYW'w[W�y`7'^S4YW�(c&c7'*S � S4YW�(c���!XU [W'*!5�m\e$S��($ [Wl&' $;_&a ` '*Y �(g�S4U3# 'ZYW'Z$o[ [Lvoc7'*! �eg�\(%('*$"[ ! \($S U+[X'Zaw! [X� ` 'dit�()V)V'*ij[W'*S� 
S4Uf!L[WYXUV`&_4[WU+�"$ �(g�U [W'Zaw! U+$ [Xl&'d'Z$��;UVYX�"$&ab'Z$o[� {)f\ v(�"_4[ �(g�[Xl&'Q'Z$��;UVYX�"$&ab'Z$o[� 
\($S [Xl'd\(`&U+)VU+[Lv [X� it�(aba _&$&UfiZ\][W'� ��g
gq�(Y \e%"U+$% Uf!piZ�($!XUfS4'ZYW'*S [X� ` 'r\ !9c7'*iZUV\() iZ\(!X'��eg�[Wl&'mit�($ !L[WYX_it[XUV�($ [W\(!-�  4�(_&Y��p�(Y �w_!9UV$&% x@�($#�%���s��/\e%"'Z$o[W!��p�(_&)fS
gh\e)V)�UV$"[W���9a _&) [WU+c)+'QYW�(`7�e[� @a _&)+[XUVc&)V' !9�"_&Y it'*!� �a _&)+[XUVc&)+'�!XU+$ �;!� Iit�($ !L[WYW\(U+$&',S !Xc\(iZ'Q'Z$��;U+YW�($&ab'*$"[  @!XU+$%()V'^[Lv;c7'Q�eg
U+[X'Za [X�Q`7' it�()V)V'*ij[W'*S� kU [W'Zaw!r!Xc&YWU+$��;)V'*S/\eYW�(_&$ S 'Z$��;UVYX�"$&ab'Z$o[� �l�(ab�(%"'Z$&'*�(_! \e%"'Z$o[W!� ���U+[Xl&�"_4[ it�"a a _&$&UfiZ\e[XUV�($&� �
�&�"$o[��\e$Q\e$ S � \e[W\eYWUfi�_!X'*!I`_i��('Z[I`YXUV%"\"S4U+$% \(!I\ ab'*\($!p[X�b!9c \][XUf\e)V)Vv !9'*c\eY \][W'�YW�(`7�e[ !@UV$�\rgq�"YW\(%(UV$&%r[ \(!-� 
 � ��� 4 � �/p_i��('Z[�`&YWU+%o\(S4UV$&%wUV$Q[Xl&Uf!�iZ�($o[X'�(o[�l\(!I[Wl&' \"S��]\e$o[W\(%(' [Xl \][�[Wl&' !X'Zc\(YW\e[XUV�($Q` 'Z[��@'*'Z$ \(%('Z$o[ !�\(S&\(c4[W!�[X�wgh\(U+)V_&YW'm�eg
\e$dUV$S4U$�oUfS4_\()�YW�(`7�e[�� ��$Q\e)V) [Xl&',!9' �p�(Y �4!� o[Wl&' `&_i��('Z[�`&YXUV%"\"S4UV$&%b` '*l\��;U+�"Y��I\(!pl\(YWS���iZ�;S&'*S UV$o[X� [Xl'mYX�"` �([W!�� !Il'
Uf!X!X_&'��eg )V'*\eYW$&UV$&%�[X�mc7'ZYXgq�(YWaJ`&_ i��('t[
`YXUV%"\"S4U+$%1�I\(!{$�e[�!9[X_S4UV'*Sb\"!{U+$b�"_&Y �p�(Y � �����(YW'Z�
�"'ZY  ]!9UV$it'I[Wl&'�x@�"$#�%��s��
\e%"'Z$o[W!
l\��('�\($wU+$o[W'ZYW$\e)!Xc\e[XUf\e)YW'ZcYX',!9'*$"[ \][WU+�"$� "\($w',(4c&)VUViZU [I!9',\eY i l gq�"Y��(`��L'*ij[ !{[W� `7'�c&Ufi��('*Sb_c UV!�$&�e[p$&'*iZ'*!W!X\(YXv.�
#�Y �;U+$ "!% �6@ #
it�"$!XUVS4'*Y@iZ�(aba _&$UVi*\][XUV�($b`7't[��p'Z'*$wgq�(Y \e%"U+$&%r\(%('*$"[ ! 
 � ��� + � ��x@�"a a _&$&UfiZ\e[XUV�($ \e)V)V�
��!{a _&)+[XUVc&)V'�\(%('Z$o[ !
[X�^iZ\eYWYWv \ !XU+$&%")+'m�"`��L'*it[� 7U+$ itYW'*\(!XUV$&% [Xl&' !Xc7'Z'*Sy\][&��l&Ufi lQ[Xl \][��"`��L'*it[�iZ\($d`7' ab�
�"'*S���x@�(aba _$&UVi*\][WU+�"$d`7't[��p'Z'*$
x@�($ #�%b\e%('*$o[W!pUV!IUV$o[XYW�4S4_it',S UV$di l \ec4[W'ZY � � l&�
�p'��"'ZY@[Xl&Uf!�it�"aba _&$&UfiZ\e[XUV�($^UV!p_!X'*S^�($&)Vvw[W� UVabc&YX�
�"'�[Wl&'m\(i*it_&Y \(iZv
�egM[Xl'r!9c\e[XUf\e) aw\ec !�\e$S^$&�e[�gq�"Y�it�;�(Y S4UV$\][WU+�"$��
��'Z[Xl&�4S&! �e[Wl&'ZY [Xl\($�`&_i��"'t[ `YXUV%"\"S4U+$%Q[X�yYW'*S&_it'^U+$o[X'*Y9gq'*YX'*$it' ` 'Z[��@'*'Z$ \(%('Z$o[ !rl\��"' \e)f!9�y` '*'Z$�c&YW�(c7�"!X'*S��

$
\e_%(l\($ "F% �6@$#
YX',!9�")��"'*!
UV$o[X'*Y9gq'*YX'*$it'�` 'Z[��@'*'Z$ [��p� !XUVa _&)f\][W'*SwYW�(`7�e[ ! ��l&�o!9'�c\][Wl!IitYW�"!W!
',\(i l �([Xl&'*Y@UV$^\ $\eYWYX�
�
it�"YXYWUfS4�(Y `;v�i l�o�o!9UV$&%�\e$��W\e%"%(YW'*!W!9U$�(' �
c7�()VUViZv'�[Wl&'
YW�(`7�e[ ! l\��('{\($mU+$o[X'*YX$ \e) �+ + I.3"F'�'-:;49$�[XY \eU+[�[Wl\][ Uf!�iZ�(aba _&$UVi*\][X',S
[X��[Xl&'
�([Xl&'*Y \e%"'Z$o[�UV$ [Xl&'@$\eYWYX�
� it�(YWYWUVS4�"Y � [Xl'
YX�"` �([���U+[Xl [Xl'
)+�
�p'ZY�\(%(%"YX',!X!XU+�"$�` \(i��4! \��p\ v&��l&U+)V'{[Wl&'
�e[Wl&'ZYkYX�"` �([
it�"$o[XUV$o_'*!{�"$ U+[W! �p\ v.��!Il;_!� "!Xv;aba 'Z[XYWv `7't[��p'Z'*$b[Xl&'�YW�(`7�e[ !{Uf!
`&YW��"'Z$b\e$SwS4',\(S4)V�4i��4!{\eYW'�c&YX'��('*$"[W'*S�����g YX',!9�"_&Y it'
it�"$o[X'*!9[W!k\eYW'�\e)$�I\ v;!��@�"$m`ov�[Wl&'@!W\eab'�\(%('Z$o[ !� ,[Xl'Z$m[Wl&'�%"YX�"_&cm',(4l&UV`&U+[W!M\�S4�"a UV$\($it'
lU+'*YW\(YWi l;v��"Y 05� '-%D" 
 ���()fS4`7'ZYW%
\e$ S � \][ \eYWUVi � ��� % � � !Il&'ZYW' Uf! $&��`7'Z$',2&[d[X��_ !9UV$&% \�i*\(!9[X'y!Xv4!L[W'Za [X� `&YX',\�� YX',!9�"_&Y it'�it�"$"[W'Z$o[XUV�($?`7't[��p'Z'*$
UfS4'Z$o[XUfiZ\() \(%('Z$o[ ! 
 �y\][W\(YXUfi� � ��� + � �M#�%(%(YW'*!W!XU��"'p`7'Zl \��oUV�(Y�UV!��(`!X'ZY �(',S UV$w$\][W_&YW'�� gq�"Y�',(&\(a c)+'. ()V'*\ecU+$&%r\e[
[Xl'�!W\eab'
!Xc �([�`;v�%"\��Z'*)+)V'*!��($/!9'*$!9UV$&%Q\ c&YW'*S\][X�"Y5��c&YW'*!X_&aw\e`&)Vv \(!�\^!XUV%($\()M�(g
[Xl' 2&[W$&'*!W! �eg�[Xl&'b!9UV%($ \e)V'ZY 
 � \(l\��;U  � �B% � �
*
$ n"_UV!9[� � � 4 � � �
� \e[W\eYWUfi�S4'*!WitYWUV` ',!p\ ab�(YW'�%('*$&'ZY \e) \ecc&YX�o\(i lb[W� YW'*S4_ itUV$&% UV$o[X'ZYXgq'ZYW'Z$ it'�`7't[��p'Z'*$ %"YX'*'*S4vbl&�"a �"%('*$&'Z�"_!�\(%('Z$o[ !

`;vy)V'*\(YX$&UV$&% '!4+0!:;�6@ .-/2@B"-' H YW_&)V'*!�[Wl\][ \(YX'b`7'Z$&'�2 itUf\e){[W�d[Xl&' %"YX�"_&cy`_4[ $&�([r$&'*iZ'*!W!X\(YXUV)+vQ[W��\e$ U+$ S4U��;UfS4_\()
U+abab',�
S4Uf\][W'Z)Vv� *@\(i l/\e%('*$o[�YW'*iZ'ZU$�('*!�'!4+0!:;�6@ .3"F: $ �F46.305"!E "!$&%%��lU+)V' gq�(Y \e%(UV$&%)� !Il&Uf!m!9�4itUf\e)MYW'ZUV$4gq�(Y it'*a '*$o[�Uf!m\ abU�(;[X_&YW'b�eg
UV$S4U$�oUfS4_\()�YW'ZUV$4gq�(Y it'*a '*$o[ �hYX',it'ZU$�(',S���l'Z$�\e$Q\e%"'Z$o[�ab\�(',!�!9�"a ' c&YW�(%"YX',!X!@UV$^gq�"YW\(%(UV$&%#�@\e$ S �;UfiZ\(YXUV�(_!pYW'ZUV$4gq�(Y it'��
ab'Z$o[ �q�"`4[W\(U+$&',Sr`;vr�"`!9'*Y-�;UV$&%�[Wl&'�\(it[XUV�($!k�eg7�e[Xl'ZY{\e%"'Z$o[W!5� ��!�!XU+$&%��($)+vmUV$S4U$�;UVS4_ \e)4YW'ZUV$4gq�(Y it'*a '*$o[��I\(!k$&�e[
!Xl&�
��$
[X� iZ�($��('*YX%"'� !Il&Uf! �@�"Y-�wUf!�!XU+abUV)V\(YI[X�b[Wl&' x@�($#�%���s�� \(YWi l&U+[X',ij[W_&YX' UV$d[Xl\e[�\e%('*$o[W! @B"5�6.-$b[W�bYX',S4_it'mUV$o[X'*Y9gq'*YX'*$it'.�
J��
�p'��"'ZY  ��;UVi*\eYWU+�"_!�YX'*U+$4gq�"YWiZ'Zab'Z$o[ UV! $�e[rc7�"!W!9UV`&)V' gq�"Y x@�($#�%���s��C\(%('Z$o[ !�!XUV$it' [Xl'Zvy)f\(i��Q[Wl&' \e`U+)VU [Lv [X� !X'Z$!X'
�e[Wl&'ZY�\e%('*$o[W!���z;U+$ it' 7S4'*\"S4)V�;i��4!�iZ�(_&)fSQ\e)$�p\ v4!p` ' `&YX�.�('*$^�"$&)+v^`;v c7'ZYXgq�(YWa UV$&%w\w!XU+$&%")+'r\"ij[WU+�"$ � s�YW�(cQ`&YWUfi��2�, 4[Xl'
x@�($ #�%���s�� )V'*\eYW$&UV$&%�iZ�($��('*YX%"'*! [Wl&�(_%(l U+[~_!9',! �"$&)VvmU+$S&U��;UfS4_\e);YW'ZUV$4gq�(Y it'*ab'Z$o[�� � '*\(!X_&YWU+$%�[Xl'pS4Uf!9[W\e$ it'�ab�
�"'*S [W�

� 4



YW'ZUV$4gq�(Y it'I\e$w\e%"'Z$o[+* !~\(it[XUV�($!{S4_YXUV$&%m\ S4'*\"S4)+�4i��rUf!{\e$ UV$!L[ \e$iZ'��eg \ ? .34� 9.3"F'5'K"-'-%1: E �9% 49.�� \($ UV$o[X'*YX$\()&itYWU [WUVi�\"!X!X�4itU��
\][W'*S���U [Wld\ !9UV$&%")+'�%(�o\e) 
 � \e[W\(YXUfi� � � � 2 � �
s�Uf!L[ \e$iZ'�ab',\(!X_&YX'*ab'Z$o[W!p\eYW'�_ !9',S \(!@c&YW�(%"YX',!X!�'*!9[XUVab\e[X�"YW!@U+$ 
 � \][ \eYWUVi 
� � � 2 � [X�/)V'*\eYW$ \y%(YW�(_&c gq�"YW\(%(UV$&%�[ \(!-� � !�!XUV$&%/\ itYWU [WUVid\(!W!X�;iZUV\e[X',S ��U [Wl \ !9UV$&%()V' %"�"\()+�I\(! !9l�
��$ [X� U+$iZYX',\(!X'
[Xl'rYW\e[X'm�(gM%"YX�"_&cQ)+',\eYW$&U+$%biZ�(abc\(YX',S [W�b[Xl&' _!9' �eg{\w!9UV$&%()V'ritYWU+[XUfi gq�(Y�\()+)�[Xl&' \(%('*$"[ * !I%"�"\()V! � \(!�UV$ 
 0?l&U [W'Zl&',\(S� 
� � � � � � � !Il&Uf!�Uf!I` ',iZ\(_!9'm%")+�"`\e) YW'ZUV$4gq�(Y it'*ab'Z$o[��;i*it_&Y !p)+',!X!�gqYX',n"_'Z$o[X)Vvw[Xl \e$Q!9'*) g ��%('*$&'ZY \][W'*S^YX'*U+$4gq�"YWiZ'Zab'Z$o[ �
��abc\(!W!X' S4YWU��"'Z$�)V'*\(YX$&UV$&% U+$ [Xl&'�z;�"\(Y iZ�(%($U [WU��"'^\eY i l&U+[X',ij[X_YX' 
 � \(U+Y S,"!%��6@$#$ � � 4 % � UV! !XU+abUV)V\(Y [W�y[Wl&'^_ !9'^�eg

�LgqYW_!9[XY \][WU+�"$&� [X� [XYWU+%"%('ZY�)+',\eYW$&UV$&% UV$ x@�($ #�%���s���\e%"'Z$o[W!���#�$ : EG?<�6'�'!"�UV$ \ iZ�(%($U [WU��"' \eY i l&U+[X',ij[X_YX'r�4i*it_&Y !'��l&'*$
[Xl'ZYW'�Uf!IUV$!9_ � iZU+'*$o['�o$�
��)+',S4%('�[X�baw\��"' \bS4',itUf!9UV�($�����$�\ %('*$&'ZY \e) c&_&YWc7�"!X' iZ�(%"$&U [WU��"'�\(YWi lU [W'*ij[W_&YW' !X_i lQ\(!�z;�o\eY  
\e$ U+abc\"!X!X'
[WYXUV%(%"'ZY ! \e$ ',(&\eabUV$\][WU+�"$m�eg&[Wl&'pi*\e_!X'
�(g&[Xl&'@U+abc\"!X!X'@\($S [Wl&'piZYX',\][WU+�"$r�eg&$&'�� !X_&`&%(�o\e)f!���!Il'�x@�"$#�%�
s���\eY i l&U [W'*it[X_&YW'�S4�;'*!~$&�([
l\��('@[Xl&'�\e`&UV)+U+[Lvm[W�mYX',\(!X�($ \(` �"_4[{U [ !{UV$"[W'ZYW$\e)YX'*c&YX',!9'*$o[W\][WU+�"$��hc&)V\($&$&UV$&% ' � itUV'Z$o[
c\e[Xl!
gq�(YriZ�($!9[XYW_it[XUV�($yUf! UV$"[WYX�4S4_ it'*S UV$/i l\(c4[X'*Y 4 �,� J�'Z$iZ'bS&_&YXUV$&%�S4',\(S4)V�4i��;! \($/\(%('Z$o[miZ\($ �"$&)+v [XYWv �(_4[m`7'Zl\��;UV�(Y !
Y \e$S4�"ab)+v \e$S YW'ZUV$4gq�"YWiZ'w[Xl&�o!9' ` '*l\��;U+�"YW!r[Xl\e[ `&YW'*\� [Xl'^S4',\(S4)V�4i�� � !Il&'^\(c&c&YW�(c&YWUV\e[X'w`7'Zl\��;UV�(Ymgq�"Y \($ \e%"'Z$o[
��l&'*$d%"U��"'Z$Q\b!L[WU+a _&)+_ !�S4'Zc7'Z$S!��($d[Xl'r!9_&YWYW�(_&$S&U+$&%�0546$ % " � % �

!Il&'�x@�"$#�%��s���\eY i l&U+[X',ij[X_YX'�YW'Zc&YW'*!X'Z$o[ !{it�($o[W',(;[��($b[Wl&'�\"ij[XU$�]\][WU+�"$!{�eg [Wl&'�)V'*\(YX$&',S ab\(c� ��  o\($S [XlUV!�'Z$\(`&)+',S
\e$�\(%('*$"[rUf!r\(`&)+' [X� )V'*\(YX$/[X� \(!W!9�4itUf\][W'b�;i*it_&YWYW'Z$iZ'w�eg�S4'*\"S4)V�;i��4! ��U+[Xl�$ \eYWYX�
�Bit�(YWYWUVS4�"YW!�� J��
�@'��('ZY  �[Wl&'ZYW' iZ\($
`7'w�($&)Vvy�"$&'w!9_i l it�"$o[X',(;[ \e[m\d[WU+ab'.� /I\e)$�('Z$U+_! \($S ���(Y �'Z$/S4'*!WitYWUV` 'w\�it�"abc&_4[W\e[XUV�($\(){ab�;S&'Z)~[Xl \][ )V'*\(YX$!�[W�
YW'*it�"%($&U �Z'pit�"$"[W',(;[W!kgqYW�(a \�!9',no_&'Z$iZ'@�(g !X'Z$!X�(Y{!9[XUVa _&)VU 
 �(�(�(� � ��!Il&'Ia �4S4'*)&iZ\($ )V'*\eYW$ra _&) [WU+c)+'�iZ�($o[X'�(o[ !k\"!X!X�4itUf\][W'*S
��U+[Xl�S4U�#7'*YX'*$"[�)V�4iZ\e[XUV�($!��
# aw\][Wi lU+$&% gq_&$ ij[XUV�($ !XUVa UV)f\eYI[X�b',n"_ \][XUV�($A" � � Uf!I_!9',S^[X� it�"abc\eYW'�[Wl&'mUV$&c&_4[�!9[XUVa _)+_!
[X� [Wl&'m',(4c7'*ij[W'*SQ!9[XUVa _&)V_!��

x@)f\e_!m\($S /p�"_4[XUV)+UV'ZYriZ�(abc\(YX' [��p�dab'Z[Xl&�4S&!m�(gp\(c&c&)VvoUV$&% # '*U+$&gq�(Y it'Zab'*$"[r� '*\eYW$&UV$&%^[X��c&_&YW'Z)VvyiZ�()V)V\(` �"YW\e[XU$�('
%"\(ab'*! 
 � � � 4 � � ��$ [Wl&' 2Y !9[ra 'Z[Xl&�4S� {i*\e)V)+',S �-$ � " ?&"!$ �I"!$&% @B"5�9.-$&: $#  {\e%"'Z$o[W!mS4�y$&�e[ iZ�($!XUfS4'ZYm[Wl&' \"ij[XUV�($ !m�egI[Xl'
�e[Wl&'ZY@\e%('*$o[ ��l&U+)V'�\(c&c&)VvoUV$&%mYW'ZUV$4gq�(Y it'*ab'Z$o[�� !Il&Uf!
Uf!�!XU+abUV)V\(Y{[X� [Wl&'�\ecc&YX�o\(i l [W\�('Z$wUV$^x@�($ #�%���s���!9UV$it'�\($ \e%"'Z$o[
YW'ZUV$4gq�(Y it',!�\($;vy\(it[XUV�($ [Xl\e[ `YX',\��4!m\QS4'*\"S4)+�4i���UVYXYW'*!Xc7'*ij[WU��"' �(g@[Wl&' \(it[XUV�($/�eg@[Xl&'w�([Xl&'*Yr\e%('*$o[�UV$/[Xl&' S4',\(S4)V�4i�� �
��$�[Wl&' �([Xl&'*Y�ab't[Wl&�4S� 7i*\e)V)+',S��246: $&% 
K0F%1:;46$ @B"5�9.-$&: $#  �&� �]\e)V_&',!�\eYW'm)V'*\eYW$&',Sdgq�(Y�'��('*YXv^c �o!X!XU+`)+' !9[W\e[X'���\"ij[XUV�($�c \eUVY
��l&'*YX'�[Xl&'m\"ij[XUV�($^UV!I\ it�"a `&UV$\][WU+�"$ �(gk`7�e[Xl^[Xl'�\(%('Z$o[ * !I\(it[XUV�($!���x@�($��('*YX%"'Z$iZ'�Uf!p!Xl&�
��$^U+$d` �([XlQiZ\"!9',!�c&YW�
�;UVS&'*S
[Xl' c&YW�(` \e`&UV)+U+[LvQ�eg�'�(4c&)+�"YW\e[XUV�($�Uf!�%(Y \(S4_\()+)VvdYX',S4_it',S !X_i l [Wl\][�[Xl&'b\e%"'Z$o[W!+* \(ij[WU+�"$!�!9'Z[9[X)V' U+$o[X�Q\ !9[X',\(S4v�!9[W\e[X'�
# '*U+$4gq�"YWiZ'Zab'Z$o[ )+',\eYW$&U+$% l\(! \e)f!X� ` '*'Z$ \(c&c&)VU+',S [W�yc&_&YW'Z)Vv it�(abc7't[WU [WU��"' '-%D4+0 �<�6'5%1:;0 %"\(a ',! 
 ��U+[9[Wab\($� � ��� 2 � � #
!9[X�4i l\(!9[XUfim%o\eab' Uf!�\ aw\][XYWU�(d%o\eab' UV$ ��l&Ufi l�[Xl' !9[W\e[X' �(g�\e$y\(%('*$"[�UV!�$&�e[mS4'Z[X'ZYWabU+$UV!9[XUfiZ\()+)Vv�S4't[W'ZYWa UV$&',S�`;vdU+[W!
\(it[XUV�($!I`_4[�YW\e[Xl&'*YIgqYX�"aP\ c&YW�(`\(`&U+)VU+[Lv S4Uf!L[WYXUV`&_4[WU+�"$��

x@�;�(c7'ZY \][WU+�"$r\eab�($&%�a �"YX'�[Xl\($m[��p��\e%"'Z$o[W! UV!MS4'*a �"$!9[XY \][X',Sm`;v l\��;U+$&%�wYX�"` �([W!M!9�")��"'{[Xl'@U+[X'*YW\e[X'*Src&YXUf!X�($&'*Y+* !
S4UV)+'*abab\ gq�(Y��Tc&)f\ v('*YW! 
 /@UVY �C\($S 0?UV'ZYW$&U$�  �e�"�(� � � [Wl&' c&YWUV!X�($&'*Y+* ! S&U+)V'Zabaw\ l \(!^�eg [X'*$ `7'Z'*$ _!X'*S [X�C!L[W_S4v
it�;�"c '*YW\e[XUV�($QU+$ya �"YX' %('Z$'ZY \e) iZ�($o[X'�(o[ !�!X_i ly\"!�\eYWaw!�Y \(it',! 
 # (4'Z)VYW�;S� � � 4 2 � � �KJ��
�p'��('*Y� )+',\eYW$&U+$% !L[WU+)V)Mc&YX�4iZ'Z'*S!
`;v YW'Zc7'*\e[X',S UV$o[X'*YW\"ij[XUV�($ !{` 'Z[��@'*'Z$ S4U�# 'ZYW'Z$o[�c\(U+Y !{�eg YW�(`7�e[ !�� *�\"i l �(g [Xl&'�YW�(`7�e[ !{_!X'�!9[XY \][X'*%(UV'*!{!X_i l \(!L�-!IU+[���gq�(Y-�
!M\][�� 
 z4\e$S&l&�()Va>\e$SQx@YXU+[X',!� � � � � � \e$ S	.3�9:�'F" �D% �<" � '5%D� � "F' ��l&'ZYW'�[Wl&'m\eab�(_$"[p�egkiZ�;�(c7'ZY \][XUV�($ ��# 'ZYW'*S `;vw\e$d\e%"'Z$o[
Uf!IU+$iZYX',\(!X'*S^%(Y \(S4_ \e)V)+vbU+gMYW'*iZU+c&YW�4iZ\e[X'*S 
 # �(`7'ZYX[W!�\e$ Sdz;l'ZY \][9[  � � � 4 � �'��$^�"_&Y�'Z$��;UVYX�"$&ab'Z$o[� &S4',\(S4)V�4i��4!pi*\e$d�4iZit_Y
`7't[��p'Z'Z$Qab�(YW' [Xl \e$d[��@� \(%('*$"[ !�\e$SQl'Z$iZ' [Xl&',!9' [W'*i l&$&Ufno_&'*!�iZ\($&$&�e[�`7' S4UVYX',ij[W)+vd\ec&c&)VUV'*S�� ���(YW'Z�
�"'ZY  4!L[WYW\e[X'Z%"U+',!
)VU��"'�Y \eUf!9'�� [Wl&',��!9[W\��"'*!
\"!X!X_&ab'�[Xl\e[I\(%('Z$o[ !@i*\e$ �#7'*Y�\ �]\eYWUf\e`&)V'�\(a �"_&$o[@�(gMit�;�"c '*YW\e[XUV�($� ;\ YW'*no_&UVYW'Zab'Z$o[�[Wl\][�S4�;'*!
$&�([�l&�")VSyU+$y[Xl&'wi*\(!X' �egp��UV'*s��
��$*-(x@)VU+a ` � �('*Y�`7'Zl\��;UV�(Y ! � \e$/\e%('*$o[�iZ\($y�"$&)+v�i l&�;�o!9' [X�d'ZU+[Xl&'*Y�c7'ZYXgq�(YWa �(Y�$&�([
c7'ZYXgq�(YWa>[Xl&',!9'm`7'Zl \��oUV�(Y !5� �

���



� �������	��
 �

 � � �
� � �@� � � � � 	 ��� � � ��� ��� � � � � � � ���

� � � � � 	 � � ��� � � 	 	

� ��� ���
���� � � � ���� �

!Il&' x@�($ #�%w\eY i l&U+[X'*it[X_&YW'��egM\($d\(%('*$"[�S4',!XiZYXUV` ',S UV$Qi l\ec4[W'ZY + S4�;'*!I$&�([I[W\��"' U+$o[X�wiZ�($!XUVS&'ZY \][XUV�($ [Xl&'mc&YW'*!X'Z$ it'��eg
�e[Wl&'ZY�\(%('*$"[ !I�(YI[Wl&'r�(Y S4'*YpUV$ ��l&Ufi ld`YXUfi��4!Il\��('�[X�w`7'r\(SS4'*S^[X�b[Wl&'r!9[XYW_ij[W_&YX'm`7'ZUV$&%w`&_U+)+[�� ��gk[Wl&UV!�\eY i l&U [W'*it[X_&YW'
Uf!I_!9',Swgq�"Y�'��('*YXvw\(%('Z$o[IU+$Q\ a _&)+[XU���\(%('*$"[I'Z$��;UVYX�"$&ab'Z$o[� ;'*\"i l^\(%('Z$o[�\e)$�p\ v4!@ab�
�('*!�[X� [Wl&' $&'*\(YX',!L[I`&YWUVi��w$&�([�c\eYX[
�egM[Xl'r!L[WYX_it[X_&YW'C� [W� cUVi��^U [�_&cA�I\e$S^ab�
�('*!p[W� [Xl&'m$&',\eYW'*!9[�!9',ij[XUV�($d�egM[Xl'r!L[WYX_it[X_&YW'�[Xl\e[�UV!�!9[XUV)V)�U+$ it�(abc&)V't[W' � [W�
S4YW�(c�\w`&YWUfi��2�+�I\w%(YW'Z',S4v^\(c&c&YW�"\"i l�� J��
�@'��('ZY  4UV$"[W'ZYXgq'ZYW'Z$iZ'm` 'Z[��@'*'Z$ \(%('Z$o[ !�\e$Sd[Wl&'r�"YWS4'*Y�UV$ ��l&UVi l�`YXUfi��4!�\eYW'
c&)f\(iZ'*S S4� \�#7',ij[r[Wl&' "�� 0!:;"!$A0 � ��U [Wl ��l&UVi l�iZ�($!9[XYW_it[XUV�($ UV! iZ\(YXYWU+',S/�(_4[ � * � itUV'Z$iZvyUf!rab'*\"!9_&YW'*S \"! [Xl&' [XUVab'
[W\�('*$^`;vw[Wl&'r\e%"'Z$o[W!p[W� c)V\"it' `&YWUVi��4!�\][�\()+) [Wl&'m_&$�2 )+)V'*Sdc\(Y9[ !I�eg [Wl&'r!9[XYW_ij[W_&YX'.�
�&�"Y UV$!9[W\e$ it' M[��p�y\e%"'Z$o[W! abU+%"l"[ [XYWvy[W� S4YW�(c�\y`&YWUVi�� \][r[Wl&'^!W\eab'^)+�4iZ\e[XUV�($�� J��
�p'��('*Y� k�($&)Vv �($&' �eg�[Xl'*!X'

\e%"'Z$o[W!1��UV)+)
!X_iZiZ'Z',S� gq�(Y itUV$&% [Wl&'b�e[Wl&'ZY \e%"'Z$o[�[W�^ab�
�"'r[X�
�I\eY S&!�\e$&�([Xl&'*Y�_$�2)V)+',Syc\(Y9[ �eg�[Xl&'w!9[XYW_ij[W_&YX'.� !Il;_!� 
[Xl' [WU+ab'^!Xc7'Z$o[ `;v/[XlUV!b\e%"'Z$o[r[W�y$\��;UV%"\][W'w[X�
�I\eY S [Xl&'d�(YWUV%(UV$\e)pS4YX�"c���!9U+[X'"�I\(! �p\"!L[W'*S�����$o[X'*Y9gq'*YX'*$it' `7't[��p'Z'*$
\e%"'Z$o[W!piZ\($ \e)f!X� �4iZiZ_&Y@�"$ [Wl&'�c \][Xl [X�bS4YW�(c&c&UV$&% �(Ypc&UVi��;UV$&% _c^S4Uf!Xi*!�� ��gk[Xl&'�c\][Wl!p�eg�[��p� \(%('*$"[ !�iZYX�o!X!� ([Wl&'Z$^[Xl'
\e%"'Z$o[W!���UV)+) l\��('�[X� �W!9UfS4',��!9[X'Zc � ',\(i ld�e[Xl'ZYI[Xl;_!�U+$iZYX',\(!XU+$% [Wl&'rS4Uf!L[ \e$iZ'�[WYW\��"'Z)V'*S `ov^'*\"i ld\(%('Z$o[ �

!Il&' �(Y S4'ZY��eg@c&)V\"itUV$&%d`&YXUfi��4!�S&'t[X'*YXabUV$&'*!�[Wl&' [X�e[ \e){S4Uf!L[ \e$iZ' [XY \��('Z)V'*S `ovQ[Wl&'b\e%('*$o[W! ��l&UV)+' c '*Y9gq�"YXabUV$&%Qit�($��
!9[XYW_ij[WU+�"$ `7'*i*\e_!X' \]g [W'ZYr\�S4Uf!Xi Uf!rS4YW�(c&c7'*S \e[m\�S&YX�"c���!XU+[X'  U [ i*\e$ `&)V�;i�� S4U+YW'*it[rc\][Wl!�[X���([Xl&'*YrS4YW�(c���!9U+[X',!�� #�$
',(&\(a c)+'�UV!�!Xl&�
��$^U+$ 2%"_&YX' %�� � � !Il&'�gh\(!9[X',!L[ �I\ vb[X�b`&_&UV)fS [Wl&'�[Xl&YW'Z' �I\e)V)V!pUf!p[X�b`&_&UV)VS [Xl'�YWUV%(lo[���ab�"!9[��I\e)V) 2YW!9[� 
[Xl'Z$ [Xl&'wabUfS&S4)V' �I\e)V){\e$S 2$\()+)Vv�[Wl&' �p\()+){it)V�"!X'*!9[ [X�^[Xl&' !X�(_YWiZ' �egIS4Uf!Xi*!�� ��g�[Wl&'b$&'*\(YX',!L[ �p\()+)%�I\(!�`&_U+)+[ 2YW!9[� 
[XlUV! �p�(_)VS^`&)V�;i��^!L[WYW\(U+%"l"[�c\e[Xl!pgqYW�(aH[Xl&'rS4Uf!Wim!9�"_&YWiZ'*!@[X� [Wl&'m�e[Wl&'ZYI[��p� �p\()+)f!��
��$w[Wl&UV!pi l\(c4[X'*Y� oYW\($S4�"a U �*\e[XUV�($bUf!�_!X'*S U+$w[��p� �I\ v4!~[X� !9'*)+',ij[@[Xl&�o!9'�_&$�2)V)+',S S4YW�(c���!XU [W'*! ��l'ZYW'�[Xl&' \e%"'Z$o[ ��UV)+)

Bricks

Structure to be built

Source of

�MUV%(_&YW' %�� �IH zo[WYX_it[X_&YW' ��l&'*YX' �(Y S4'*Yp�(gkc&)f\(iZU+$%bS&UV!WiZ!�Uf!IUVa c7�(YX[W\($o[��

�*�(�



S4YW�(cb\ `&YWUVi�� � !Il&'I[��@� Y \e$S&�(a c&)f\(iZ'Zab'Z$o[�!9[XY \][W'Z%(UV'*!~\(YX'IUVa c)+'*a '*$o[X'*Sb`;v !9'*)+',ij[XU$�('*)+v \(ij[WU��]\e[XUV$&% [Xl&'�$'Z_&YW�($!~�"$
[Xl'rx@�"$�2%"_&YW\e[XUV�($ ��\��;U+%o\][WU+�"$ aw\ec�� !Il&' c7'ZYXgq�(YWaw\e$iZ'��egk[Xl&',!9' Y \e$S&�(abU��*'*S c&)V\"it'*a '*$o[�!9[XY \][W'Z%"U+',!�Uf!�it�"a c \eYW'*S
��U+[Xld[Xl&'m%"YX'*'*S4v^\ec&c&YW�"\"i l��

� � � � �  � � 
�� ��	�� 	�� � � ���� � 	 �
� 	� 

!Il&' [Wl&YX'*' %(�"\() c&)V\"it'*a '*$o[�!L[WYW\e[X'Z%"U+',!@[Xl\e[�\eYW'�!9[X_S&U+',Sd\(YX' H
� � .�"�" � ��� @B�I05"!E "!$&%�� !Il&'�\e%"'Z$o[W!Mc&Ufi��m[Wl&'�it)V�"!X'*!9[~\��]\eUV)f\e`&)V'@`YXUfi��r\e$S c&)f\(iZ'pU+[
\][~[Xl'�it)V�"!X'*!9[~S4YW�(c���!XU [W'��!Il&UV!
UV!�[Xl'wc&)V\"it'*a '*$o[ !9[XY \][W'Z%(vQ[Wl\][mUf!m\(i l&UV'��"'*S ��U+[Xl/[Wl&'bU+$o[X'*YWiZ�($&$'*ij[WU+�"$!�` 'Z[��@'*'Z$y[Xl&'"*pz � ! \(! S4',!XiZYXUV` ',S
U+$ i l\ec&[X'ZY + �q[Xl&'^x@�"$#�%Q\eY i l&U+[X'*it[X_&YW' �,� ! �QUVa c)+'*a '*$o[m[Xl&Uf!� �[Xl&' \(%('Z$o[r\(it[XU$�]\][X',!C�6@ @ [Xl'w%(�"\()~$&�4S4'*! UV$
[Xl&' x@�($�2%(_&Y \][WU+�"$ ��\��;UV%"\e[XUV�($ �y\ec�� !Il;_!� �[Xl&'%��\��;UV%"\e[XUV�($yaw\(c \e)$�I\ v;!�c&)f\e$ !�[Wl&'wc\e[Xl [X�d[Xl&'b$&',\eYW'*!9[
S4YX�"c���!9U+[X' \(!�\ YW'*!X_&) [��(g [Wl&'m%(Y \(S4UV'Z$o[ !@cYX�4S4_iZ'*Sd`;v !Xc&YX',\(S4UV$&%b\(it[XU$� \e[XUV�($��

� 
G�6$ �I49E � @B�I05"!E "!$&%���!Il'd\(%('Z$o[ !rc&Ufi��y[Wl&'Qit)V�"!X'*!9[ \��]\eUV)V\(`&)+' `&YXUfi�� \e$S�c&)V\"it' U+[w\][ \yYW\($S4�"a S4YW�(c���!XU [W'
YX',n"_U+YWU+$%�\�`YXUfi�� � !Il&Uf! c)V\"it'Zab'*$"[{!9[XY \][X'*%(v Uf!kUVabc&)V'Zab'Z$o[X',Sr`;vmY \e$S4�"ab)+vm\(it[XU$�]\][XUV$&% 46$A"k�(g&[Xl&'I%"�"\e)"$&�4S4'*!
U+$ [Wl&'Qx@�"$�2%(_YW\e[XUV�($ ��\��;U+%o\][WU+�"$ �y\ec�� !Il;_!� k[Wl&' ��\��oUV%"\e[XUV�($ aw\ec c&)f\e$ !m[Xl' c\e[Xl [X� [Xl\e[ c\eYX[XUfit_)V\(Y
S4YX�"c���!9U+[X'. oUV%($�(YWU+$&%bit)V�"!X'ZY�S&YX�"c���!XU+[X'*!�� !Il&'mYX',!9_) [WU+$&%w\(YWi l&U+[X',ij[W_&YX'�Uf!�iZ\()+)V'*S�x@�($#�%�� # �

� � 4 05�6@ :�� " � � @B� 05"FEC"F$ %�� *@\(i lr\(%('Z$o[Mc&)V\"it',! `&YWUfi��;! �($&)VvmUV$ \�!Xaw\e)V)"Y \e$ S4�(ab)Vv i l�"!X'Z$r\eYW'*\��eg&[Wl&'@'*$��oUVYW�($&ab'Z$o[ �
#�$ \(%('Z$o[ \"ij[XU$�]\][W'*!r�"$&)Vv [Wl&�"!X' %"�"\e)�$&�4S4'*! [Xl\e[ \eYW'	$ "F:  �� �546.5'M4 �M�	.3�9$ � 46E @ � 0 �<46'F"!$  4 �6@ $ 4�� "rUV$ [Xl'
x@�($�2%"_&Y \][XUV�($ ��\��;U+%o\][XUV�($?aw\(c�� � !Il&'/$&'*U+%"lo`7�(YWl&�;�4S !XU��*'yUf!�2 (;',S � ? .-:;46.-: � � !Il;_! [Wl&' \e%('*$o[^c&)f\e$!
c\][Wl!��"$&)Vv^[W�^S4YW�(c���!XU [W'*!&��U [Wl&U+$y[Xl&'b\eYW'*\bYW'ZcYX',!9'*$"[W'*S�`;vd[Xl'*!X' i l&�o!9'*$�$&�4S4'*!�� !IlUV!�c&)f\(it'*ab'Z$o[�!9[XY \][W'Z%(v
\(S&S&!�!X�(ab' �(g
[Xl&' gq'*\e[X_&YW'*!��eg
%"YX'*'*S4v�S4YW�(c���!XU [W' !X'Z)V'*ij[WU+�"$ [W� [Xl \][ �eg�Y \e$S&�(a}c&)f\(it'*ab'Z$o[�� !�$&)VU$�(' YW\($S4�(a
c&)V\"it'*a '*$o[� ;U+$ ��l&Ufi l^\e$d\e%"'Z$o[pi*\e$^S&'*itUfS4'�[X�bS4YW�(c \ `&YWUVi��w\][�\ !9U+[X'�gh\eYI\��p\ v gqYW�(a�[Xl'&2Y !9[IS4YW�(c���!XU [W' o[Xl'
$&'ZUV%(l;`7�(YWl&�;�;SditYWU+[X'ZYWUV�($^gq�(Y it'*!p[Wl&' \(%('Z$o[I[X� S&YX�"c^`&YWUfi��;!�it)V�"!X'�[W�w'*\"i l^�([Xl&'*Y��q_&$)+',!X!I[Wl&'ZYW'r\eYW' $&�w$&',\eYW`ov
S4YX�"c���!9U+[X',!�UV$ ��l&Ufi l/i*\(!X'w\Q$&'��BYW\($S4�"a�)+�4i*\][XUV�($/Uf!ri l&�"!X'Z$A� ��!Il&' \(U+a UV! [W��%('Z[m[Xl&' \(%('Z$o[ !�[X��)V�;i*\e)VU��*'
[Xl&'*ab!X'Z)$�(',! �h\($S [Xl;_!�YX',S4_iZ'�U+$o[X'*Y9gq'*YX'*$it' �M`&_4[���U [Wl&�(_4[@`&)+�4i��;UV$&%m��#QS4U+YW'*it[�c\e[Xl!~[W�r%(�o\e)&)V�4iZ\e[XUV�($!�� *@\(i l
\e%('*$o[@it�"_&$o[W!�[Xl&'�$o_a `7'ZYp�eg�[WU+ab'*!@U+[IiZ�(ab'*!@U+$o[W� it�"$o[W\(it[ ��U+[Xl �([Xl&'*Yp\(%('*$"[ !
UV$w[Xl \][�\eYW'*\r\($SwU+g�[Xl&'�it�"_&$o[
',(&it'*'*S&!�\b[Xl&YW'*!Xl&�")VS�U+[�i l�o�o!9',!�\w$'�� \eYW'*\bUV$ ��lUVi lQ[W� `&_&UV)fS��"��$ [Xl&Uf!&�I\ v [Xl&'*YX' UV!�$&�^�
�('ZY itYW�
��S4UV$&% �eg
\e%('*$o[W!pU+$�\ %(U$�('*$d\(YX',\�� !Il&'mYW'*!X_&) [WU+$%b\(YWi lU [W'*ij[W_&YW'�Uf!�iZ\()+)V'*S�x@�($ #�%���� �

� � � � 	� ��
 � 

#F!9'*YXUV'*! �eg�!XU+a _&)f\][XUV�($ YX_&$ ! �I\(! iZ\(YXYWU+',S �(_4[ [X� it�"a c \eYW'w[Xl&'dc7'ZYXgq�(YWab\($it',!r�(g�[Xl&'dS4U�#7'*YX'*$"[b%(�o\e)@c&)V\"it'*a '*$o[
!9[XY \][X'*%(UV'*!���!Il'mc\eY \eab't[W'ZY !@[Xl\e[�S4't[W'ZYWa UV$&' [Wl&'�[XUVa 'r[X�wit�"a c)+'Z[X'rit�"$!9[XYW_ij[WU+�"$^\eYW' H
� �'!Il&' $o_a `7'ZY��(gM\e%"'Z$o[W! H �]\eYWU+',S gqYW�(a � [W� 2 \(%('*$"[ !
� �'!Il&'�!9l\(c 'Q�(g�[Wl&' !L[WYX_ ij[X_YX'd[X� `7'�`&_&UV) [ H !Il&'�!9[XYW_ij[W_&YX'd[W� ` '�`&_U+)+[ UV!w!Xl&�
��$ U+$ 2%"_&YW' %�� � �q` �,� !Il&UV!

c\eYX[XUfit_&)f\eY !9l\(c '��p\"! i l&�o!9'*$�!9UV$it'^`&_&UV)VS&U+$&%y[Xl&'^YX�
��! \][ [Wl&'^!XUfS4'*! 2YW!9[ gq�"YWiZ'*!r\(%('*$"[ !m[W� ab�
�(' \(YX�"_&$S
[Xl&'*aH[X�bc&)f\(iZ'm!9_&` !9',n"_'Z$o[�`&YWUVi��4!@gq�(YI[Wl&' [X�"cdYW�
� �

+ �#��$&U [WUV\()k\(YXY \e$&%"'Zab'Z$o[��eg
`YXUfi��4! H !Il&' `&YWUfi��;!�\eYW'rU+$U [WUV\()+)VvdiZ)+_ !L[W'ZYW'*Sd[X�"%('Z[Xl&'*Y�UV$ �($&' %(YW�(_&c� [��@�w%"YX�"_&c!� �"Y
\eYW'�!WiZ\e[9[X'*YX',S^\()+)�\(YX�"_&$S � 2%"_&YW' %�� � !Xl&�
��!I\e$Q'Z$��;UVYX�"$&ab'Z$o[���U+[Xld[��p�wit)V_!L[W'ZY !I�eg~`&YWUVi��4!5� �

2 �#��$&U [WUV\()&c7�"!XU [WU+�"$!~�eg \e%"'Z$o[W! H #�%('Z$o[ !{\eYW'pUV$o[XYW�4S4_it',Sb\][�\�YW\($S4�"a )+�4i*\][XUV�($bUV$ [Xl&'�'*$ �;UVYX�"$&ab'Z$o[
\e$S UV$&U+[XUf\e)V)+v
',(4c&)V�(YW' [Wl&'ZUVY �p�(YW)VS _&$o[XUV)�\Q`&YWUfi�� ` ',it�"a ',! �;UV!XUV`&)+'.� �&YW�(a�[Xl\e[ c �"U+$o[  kit�"$!9[XYW_ij[WU+�"$/`7'Z%"U+$ !���!Il'wU+$&U+[XUf\e)
\(ij[WU��]\e[XUV�($!p�($^[Xl' x@�($�2%"_&Y \][XUV�($ *@z � �p'ZYW'��# !X't[�aw\e$;_\()+)Vvwgq�"Yp',\(i lQ\e%"'Z$o[I[X�w\(i*it�(_$"[pgq�(YI[Wl&'rS4U�#7'*YX'*$o[
!L[ \eYX[XUV$&% c7�"!XU [WU+�"$!I�egM\e%('*$o[W! �h\"!@�([Xl&'*Y-��Uf!X' o[Xl&'r\(%('*$"[ ! ��UV)V) '*\(i l [XYWvw[X� `&_&UV)fS [Wl&'m!9c7'*iZU32 '*Sd!L[WYX_it[X_&YW' \][�\
S4U3# 'ZYW'Z$o[�)V�;i*\][WU+�"$ � �

����u~�"!XU [WU+�"$!��(g ��;�;S \($S 0 \][W'ZYrS4Uf!WiZ! H !Il&'wl;_&$&%('*Ym\e$S [XlU+Y !L[ [Wl&YX',!9l�()fS&!C� ���  ���   ��  M\e$S� �� � \e$S [Xl'
YW\e[X'*!�\�#7',ij[WU+$&% [Xl&'rUV$o[X'*YX$\()�gq�;�4S�\e$S �I\][W'ZY�)V'��"'Z) �(g
\e$�\e%"'Z$o[�� ���. � �  ���  \($S�� � ��\(YX'r!X't[�!9_i ld[Wl\][�\($
\e%('*$o[p`7'*iZ�(ab'*!Il;_&$&%"YXv.- [Xl&UVYW!9[Lvw'��"'ZYWv �e�"�(� [XUVa '���!9[X'*c!��

�*� �



Food

� ��� � � �

�MU+%"_&YW' %�� �2H *�$ �;UVYX�"$&ab'Z$o[�gq�(Y�it�(abc\(YXUV$&%b`&YWUVi��^c&)f\(it'*ab'Z$o[�!9[XY \][X'*%(UV'*! H �h\#� *
$��;U+YW�($a '*$o[�\][  � �*�"�(� � ��$&U+[XUf\e)V)+v
\e)V)
`&YWUfi��;!m\(YX'wiZ)+_!9[X'*YX',S \][m[Xl'b[��@� !XUVS&'*!�� �q` � !Il&'b[Xl&YW'Z' \(%('*$"[ ! l\��('wiZ�(abc&)V't[X',S it�($ !L[WYX_it[XUV�($ \][  � � 2 % � �
!Il&'�`YXUfi��4!
\eYW'�U+$ [Xl&'�S&'*!XU+YW'*SwiZ�($�2%"_&Y \][XUV�($M� [Wl&'&��UfS;[Wl �eg�\e$ \(%('*$"[
Uf!�\(c&c&YW��(4U+aw\][W'Z)Vv ',n"_ \e)4[W�m[Xl&'�%"\(c `7't[��p'Z'*$
[��p�w$&'ZUV%(l;`7�(YWU+$&%w`YXUfi��4! � l&�
�@'��('*Y�\e$ \(%('Z$o[�i*\e$&$&�([�c\"!X!I[Wl&YW�(_&%"lQ[Xl&',!9'r%o\ec!�` ',iZ\e_ !9' \()+)k$&'ZUV%(l;`7�(YWU+$%w$&�4S4'*!��eg
\e$ �(`!9[W\"it)V' $�;S&' UV$/\ *@z � \(YX' U+$&lU+`&U+[X',S ��l&U+)V' c\][Wl c&)f\e$$&U+$% [W�d\"iZit�"_&$o[�gq�"Y�[Xl&'w!XU��*' �(g�[Xl' YW�(`7�e[ \e$Sy[Xl'
UV$\(i*it_&Y \(iZvmU+$ [Xl'�!9c\e[XUf\e)4YW'Zc&YW'*!X'Z$o[ \][XUV�($ \(!~ab'Z$o[WU+�"$&'*S UV$bi l \ec4[W'ZY + \(!M[Wl&'�#'�"�(UfS�� # '*S ` '*l\��;U+�"YM`7'*iZ�(ab'*!�\(ij[WU��"'
��l&'*$QiZ)+�o!9'�[W�b\ `&YWUfi��2�,�

!Il&'rYW'Zc7�(YX[X',S�S&\][ \wgq�"Y�'*\"i l iZ\"!9'rUf!��"`4[W\(U+$'*SQgqYW�(aF�($&' !9UVa _&)f\][WU+�"$ YW_&$�� # ',!9_) [ !�gqYW�(a S4U�#7'*YX'*$"[ !9UVa _)V\e[XUV�($
YW_&$! �]\(YXvb!9)VUV%(lo[X)Vv S&'Zc7'Z$S4UV$&% �($b[Xl'�UV$&U [WUV\() c7�"!XU+[XUV�($!��eg [Xl'�\e%"'Z$o[W!G�h\e$ Swl&'Z$ it'�[Wl&'�[WU+ab'�[W\��"'Z$b[W�r',(4c&)V�(YW' �, (`&_4[
[Xl' [XYW'Z$S&!�\"itYW�"!W!�c \eY \eab't[W'ZY !@\(YX'm!XU+abUV)V\(Y��'�MU+%"_&YW'*! %�� + � %�� " !Xl&�
��!@[Xl&'m$;_&a ` '*Y��egk[XUVa '���!9[X'*c!p[W\�('*$ [W�biZ�(abc&)V't[W'
[Xl'�it�($ !L[WYX_it[XUV�($ [W\(!-�r_!XUV$&%�[Xl&'I[Wl&YX'*'Ic&)V\"it'*a '*$o[{!9[XY \][W'Z%"U+',! gq�"Y{'*\"i l �(g[Xl'I[Xl&YW'Z'IUV$&U [WUV\()&'Z$��;UVYX�"$&ab'Z$o[W! H `&_&UV)fS4U+$%
`&)V�4i��;! U+$ �($&'dit)V_!L[W'ZY  M[��@�yiZ)+_ !L[W'ZY !r�(Y YW\($S4�"a )Vv S4UV!9[XYWUV`&_4[X',S�� 0?l'Z$ [Wl&' `&_U+)fS4UV$&%y`&)V�4i��4! \eYW' UV$��($' it)V_!9[X'ZY
� 2 %(_&YW' %�� + �  ;[Wl&'m%(YW'Z',S4v c&)f\(iZ'Zab'Z$o[�`&)V�4i��;!I�#yS4UVYX',ij[�c\e[Xl!p[W� S4YX�"c���!9U+[X',!@`;v iZ�($!9[XYW_it[XUV$&% [Xl&'r!XUVS&'����I\e)V)V!�� 2Y !9[� 2 %(_&YW'@%�� � �h\#�=� �%!Il;_!� ;YW\($S4�(ab)Vvwi l&�;�"!XU+$&% %(�o\e)7)+�4iZ\e[XUV�($!+�p�(Y �;!@`7't[9[W'ZY�!XU+$iZ'�%o\ec!p'�(;Uf!9[@gq�"Y�[Wl&'m\e%('*$o[W!�[X� a �
�"'
S4UVYX',ij[W)+v [X�y[Xl&'*U+Y %(�"\()
)V�;i*\][WU+�"$!�� 0?l'Z$ [Wl&' $;_&a ` '*Y �eg�\(%('Z$o[ !rUf! !Xab\()+)  M[Xl&'^)+�4i*\e)VU��*'*S c&)f\(iZ'Zab'Z$o[ !9[XY \][W'Z%(v UV!
!XU+abUV)V\(Y�[W�^Y \e$S&�(a}c&)f\(it'*ab'Z$o[�� J��
�p'��"'ZY  \"!�[Wl&' $o_a `7'ZY��eg@\(%('Z$o[ !�UV$itYW'*\"!9',!�[W� 2  7)V�4iZ\()+U �Z',S�c&)f\(it'*ab'Z$o[ �p�(Y �4!
!XU+%"$&U327iZ\e$o[W)+v `7't[X[X'*Y�\(!IU+[�[XYWU+',!p[X� �('*'Zc^[Xl&'m%"�"\() )+�4iZ\e[XUV�($!p�(g~S4U�# 'ZYW'Z$o[�\e%"'Z$o[W!I!X'Zc\(YW\e[X'�

#�!m[Xl&' `YXUfi��y!X�(_&Y it',! %('t[rab�"YX' ��UfS4'Z)Vv/S&UV!9[XYWU+`_4[X',S � 2%(_YX',! %�� 2 � %�� �I�, [Xl&'w%"YX'*'*S4vyc&)V\"it'*a '*$o[ !L[WYW\e[X'Z%"vyS4�;'*!
$&�([p!X_�#7'*Y�gqYW�(a [Xl'�`&)V�4i��(',Sbc\][Wl c&YW�(`&)V'Za �~#�%('*$o[W!pS4�r$&�([@l\��"'�[X� a �
�"'�\eYW�(_$Sw\ �I\e)V)�eg \()+YW'*\"S4v c&)V\"it',SwS4UV!WiZ!
[X��\(c&c&YW�"\(i l \e$;v�%(�o\e)~)+�4i*\][XUV�($ ��[Xl&'*YX'bUf!m\e)Vab�"!9[ \()��I\ v4!�\QS4UVYX',ij[ c\][Wl�� !Il;_!� �[Xl&'wS4U�#7'*YX'*$it'bUV$ c7'ZYXgq�(YWaw\e$iZ'
`7't[��p'Z'Z$ [Wl&'^!9[XY \][W'Z%"U+',! UV! )+',!X! ab\(Y-�"'*S/UV$ [Xl&Uf! i*\(!X'� !Il&'w[WU+ab' [ \��"'Z$ [X� it�(abc&)V't[W'w[Xl'w[W\"!�� S4'*iZYX',\(!X'*!m\"!m[Xl'
$;_&a `7'ZY^�eg iZ)+_&abc!^UV$itYW'*\"!9',!w` ',iZ\(_!9' [Xl&'y[X�e[ \e) S4Uf!L[ \e$iZ'�[Xl\e[^l\"!w[W� `7' it�
�"'ZYW'*SCS4',itYW'*\(!X'*!�� !Il&' !Xc7'Z'*S&_&c
�(`&[W\eUV$&',S `;v^\"S&S4UV$&%bab�(YW' \(%('*$"[ !IU+$ itYW'*\(!X'*!���l&'*$d[Xl&'m`&YWUfi��;!�\(YX'm!WiZ\e[9[X'*YX',S `7'*i*\e_!X'�[Xl&'r\(%('*$"[ !p[X'*$S^[X�w)V�;i*\e)VU��*'
\eYW�(_$S [Wl&'rit)V_&abc!I�(gM`&_U+)fS4UV$&%w`&)V�;i��4!I)V'*\"S4U+$% [W�bYX',S4_it',S UV$o[X'*Y9gq'*YX'*$it'.�
�MU+%"_&YW' %�� "w!9l&�
��!�[Xl&'r$;_&a ` '*Y��eg{`&YWUfi��;!�c&)V\"it',SQ�
�('ZYI[WU+ab'r`;v^gq�(_&Y�\e%('*$o[W! ��l&'*$Q[Xl&' `&YXUfi��4! �p'ZYW'mU+$&U+[XUf\e)V)Vv^UV$

�($' it)V_!9[X'ZY � !Il&' $;_&a ` '*Yr�eg�`&YWUVi��4!mc)V\"it'*S c7'ZY [XUVab',��!L[W'Zc � [Wl&'^!X)V�(c7' �egI[Xl' it_&Y �(',!�� S&'*itYW'*\"!9',! ��U+[Xl [XUVab' gq�"Y
%(YW'Z',S4vwc&)f\(iZ'Zab'Z$o[� `&_4[�Uf!�YX'*)V\e[XU$�('*)+v iZ�($!9[W\($"[Igq�"YI[Xl&'m�([Xl&'*YI[��@�w!9[XY \][X'*%(UV'*!��

� ��� � �  � ��  � �� ��� � � 	�
 � �	�� � �����

!Il&'�YX'*)V\e[XU$�('�c '*Y9gq�"YXaw\e$ it'��(g�[Xl'�S4U�# 'ZYW'Z$o[pc)V\"it'Zab'*$"[�!9[XY \][X'*%(UV'*! � \(YXUV'*!+��U+[Xl^[Xl&'�$\][W_&YW'��eg [Xl&' 'Z$��;UVYX�"$&ab'Z$o[�����$
_&$!9[XYW_it[X_&YW'*S 'Z$��;UVYX�"$&ab'Z$o[W!>� !9_i lw\"!~[Xl&�o!9'�UV$ ��l&Ufi l [Xl&'�`YXUfi��4!{\eYW'I!WiZ\e[9[W'ZYW'*S&�, e[Xl'�%(YW'Z'*S&v \ecc&YX�o\(i l �@�"Y-�4!~`7'*!9[

�*�"�



0

2000

4000

6000

8000

10000

(A) One Cluster

87
19

64
46

62
13

39
23

34
81 37

95

32
70

24
81

23
80

29
86

23
81

17
97

gr
ee

dy
ra

nd
om

lo
ca

liz
ed

gr
ee

dy
ra

nd
om

lo
ca

liz
ed

gr
ee

dy
ra

nd
om

lo
ca

liz
ed

gr
ee

dy
ra

nd
om

lo
ca

liz
ed

N = 1 N = 2 N = 3 N = 4

�MU+%"_&YW' %�� +<H x@�(abc\(YXUf!X�($w�egMS4UV!Wi�c)V\"it'Zab'*$"[�!9[XY \][X'*%(UV'*! �{!XUV$&%()V'�!X�(_&Y it' H !Il'�[XUVab'�[X� iZ�(abc&)V't[W'�iZ�($!9[XYW_ij[WU+�"$w[W\"!��
��l&'*$Q\()+) `YXUfi��4!�\eYW'�UV$&U+[XUf\e)V)+v^U+$Q�($' iZ)+_ !L[W'ZY � � � $;_&a `7'ZY��egM\(%('*$"[ !��

0

2000

4000

6000

8000

10000

(B) Two Clusters

52
67 54

31
48

31

27
68 30

00
25

95

21
12

21
29

20
69

11
87 15

10
13

80

gr
ee

dy
ra

nd
om

lo
ca

liz
ed

gr
ee

dy
ra

nd
om

lo
ca

liz
ed

gr
ee

dy
ra

nd
om

lo
ca

liz
ed

gr
ee

dy
ra

nd
om

lo
ca

liz
ed

N = 1 N = 2 N = 3 N = 4

�MU+%"_&YW' %�� 2&H x@�"a c \eYWUV!X�($^�eg
S4Uf!Xi c&)f\(iZ'Zab'Z$o[�!9[XY \][W'Z%"U+',!��
[��@� !X�(_YWiZ'*! H !Il&' [XUVab'm[X� iZ�(abc&)V't[W'rit�($ !L[WYX_it[XUV�($d[W\"!��
��l&'*$Q\()+) `YXUfi��4!�\eYW'�UV$&U+[XUf\e)V)+v^U+$d[��p�biZ)+_ !L[W'ZY ! � � � $o_a `7'ZY��eg{\e%"'Z$o[W!��

�*��+



0

2000

4000

6000

8000

10000

(C) Distributed

37
71

50
37

37
71

20
29 25

04
22

95

13
81

19
57

13
74

10
94 13

48
12

29

gr
ee

dy
ra

nd
om

lo
ca

liz
ed

gr
ee

dy
ra

nd
om

lo
ca

liz
ed

gr
ee

dy
ra

nd
om

lo
ca

liz
ed

gr
ee

dy
ra

nd
om

lo
ca

liz
ed

N = 1 N = 2 N = 3 N = 4

�MU+%"_&YW' %�� � H x@�"abc\eYWUV!X�($^�eg~S4UV!Wi�c&)f\(it'*ab'Z$o[�!L[WYW\e[X'Z%"U+',!+�{!WiZ\e[9[W'ZYW'*Sd!9�"_&YWiZ'*! H !Il'�[WU+ab' [W�biZ�(abc&)V't[W' iZ�($!9[XYW_it[XUV�($
[W\"!�����l&'Z$�\e)V) `&YWUVi��4!�\(YX'�U+$U [WUV\()+)Vv^!WiZ\e[9[X'*YX',S � � � $;_&a ` '*Y��eg{\e%"'Z$o[W!��

0

2

4

6

8

10

12

14

16

18

(D) One Cluster

37
71

50
37

37
71

20
29

25
04

22
95

13
81

19
57

13
74

10
94

13
48

12
29

N = 1N = 2N = 3N = 4

Greedy
Random

Localized

�MU+%"_&YW' %�� " H ��_&a ` '*Y��eg{`&YWUfi��;!�c&)V\"it',SQ�
�('ZY�[XUVa ' � � 2  7\e$SQ`YXUfi��4!�\eYW'mUV$&U [WUV\()+)VvdU+$��"$&' it)V_!9[X'*Y � � � $;_&a `7'ZY��eg
\e%"'Z$o[W!��

�*� 2



!XU+$iZ' S4YW�(c&cU+$&%^\w`&YWUVi��QS4�;'*!�$&�e[�`&)+�4i��d�eg�\()+)kc\][Wl!�[W� �e[Wl&'ZY�S4YW�(c���!9U+[X',!��#��$ !L[WYX_it[X_&YW'*SQ'*$��oUVYW�($&ab'Z$o[ !L�h!X_i ly\"!
[Xl�"!X'�l\��;UV$&% �"$&)Vv \ !XU+$%()V'�!X�(_&Y it'��egM`&YXUfi��4!@\($Sw[Wl&'m!L[WYX_ ij[X_YX'�UV!IiZ�(abc �o!9',S �(g YX�
��!@�egk`&YXUfi��4!��, o[Xl&' Y \e$S4�"abU��*'*S
\e)V%(�"YXU+[Xlab! �p�(Y �m`7'*!9[@!9UV$iZ'@[Wl&'*!X'�\ecc&YX�o\(i l&',!~S4�m$&�e[�iZ�($!9[XYW_it[{\($b'Z$o[XUVYX'IYW�
� �(g7`&YWUfi��;!M[Wl\][�i*\e$b`&)V�4i��r��#^S&U+YW'*it[
c\e[Xl!p[W�w�e[Xl'ZY�S4YW�(c���!XU [W'*!� oU � ' �X%"\ec !3� \eYW'�)V'tg [�` 'Z[��@'*'Z$^[Xl&'m`&YWUfi��;!I`7'ZUV$&%wS4YW�(c&c7'*S��

#�! [Xl&'/$;_&a `7'ZY^�eg \(%('Z$o[ !wU+$ itYW'*\(!X'*!� I[Xl'yUV$"[W'ZYXgq'ZYW'Z$iZ' `7't[��p'Z'Z$ \e%('*$o[W!w`7'*iZ�(ab'*!d\e$?UVabc �"Y9[ \e$o[ gh\"ij[X�"Y UV$
S4'Z[X'ZYWabU+$U+$&% ' � iZU+'*$itv.��!Il;_!� ][Wl&'�YW\($S4�"a U �Z',Src&)f\(iZ'Zab'Z$o[
!9[XY \][X'*%(v �p�(Y �4! �p'Z)V)4'��"'Z$ U+$b!9[XYW_ij[W_&YX',S '*$��oUVYW�($&ab'Z$o[ !
��U+[XlQU+$ itYW'*\(!XUV$&% $;_&a ` '*Y��eg~\e%"'Z$o[W!��%!Il&'m)+�4i*\e)VU��*'*S^c&)V\"it'*a '*$o[�!9[XY \][W'Z%"v 4YW'*!X_&) [WU+$% UV$d[Xl&' x@�"$#�%���/\eY i l&U+[X',ij[X_YX'. 
Uf!{[Xl'�`7'*!9[p!9[XY \][X'*%(v �
�('ZY \e)V)!XU+$ it'�U+[@UV$it�"YXc7�(Y \][W'*!~[Wl&'�`7'Z$',2&[ !��(g `7�e[Wl %(YW'Z',S4v�� !9_ iZit',!X!XU$�('�`&YWUfi��;!�\eYW'�S4YW�(c&c7'*Sw\e[
$&',\eYW`ovw)V�4iZ\e[XUV�($!5��\($S^YW\($S4�(abU �Z',S �q`YXUfi��4!p\(YX'�$&�([pc&)f\(iZ'*S [X�b`7'*it�"ab'1�I\e)V)V!pUV$d[Xl&' `7'Z%(UV$&$&UV$&% [Xl \][�`&)V�;i�� S&U+YW'*it[
c\e[Xl!p[W�w�e[Xl'ZY�S4YW�(c���!XU [W'*!5��c)V\"it'Zab'*$"[�!9[XY \][W'Z%(UV'*!��

s�UV!9[XYWU+`_4[X',S it�"$!L[WYX_ ij[XUV�($ UV!p\rit�"abc&)+'�(b[W\(!-�b\e$S !XUVa c)+'�)+�4iZ\()7!9[XY \][W'Z%"U+',! ��UV)+)7$&�e[��@�"Y-� gq�(Yp\e)V)7i*\(!X'*!���!Il;_!@U+[
Uf!�U+abc7�(YX[W\($"[Igq�"Y�[Xl&'r\(YWi lU [W'*ij[W_&YW'�[W� \e)V)+�
� gq�(Y�',\(!Xv U+abc&)V'Zab'*$"[ \][WU+�"$d�(g~S&U3# 'ZYW'Z$o[�c&)f\(iZ'Zab'Z$o[�!9[XY \][X'*%(UV'*!��{#�)V)�[Xl'
c&)f\(iZ'Zab'Z$o[�!L[WYW\e[X'*%(UV'*!��@'*YX'�UVa c)+'*a '*$o[X'*S^_!XU+$% *pz � !� ;[Xl;_!�S4'*ab�($!9[XY \][WU+$&% [Xl'm` '*$&',2&[ !��eg~\ !XUVa c)+'m%"YXUfS���`\(!X'*S
YW'Zc&YW'*!X'Z$o[W\e[XUV�($^�egM!Xc\"it'�

z;'��('ZY \e)@\eY i l&U [W'*it[X_&YW'*!ml \��('w`7'Z'Z$ c&YX�"c �o!9',S/[X� '*$\e`)+'^',(4c&)VUViZU [bit�;�(Y S4UV$\][WU+�"$/UV$�a _&) [WU3��YW�(`7�e[ !Xv4!L[W'Zaw!�� xp\(�
"!%K�6@$# cYX�
�;UfS4' \^%('*$&'ZY \e)~!9_Y-�"'Zv��egpit�;�(c7'ZY \][WU��"' a _) [WU3��YX�"` �([ !Xv4!L[W'Zaw! 
 � ��� % � �bz;�(ab' �eg
[Wl&'*!X'w\eY i l&U [W'*it[X_&YW'*!�\eYW'
S4',!XiZYXUV` ',S `7'Z)V�
� \e$Sdit�"a c \eYW'*Sw[W�b[Xl&' x@�"$#�%� # \eY i l&U+[X',ij[X_YX'.�

� � 7 7 � � � > �
!Il&'�#�� � �L# ��x�*C\(YWi l&U+[X',ij[W_&YX'�Uf!�\ S4Uf!9[XYWU+`&_&[X'*S^`7'Zl\��;UV�(Y-��`\"!9',S \eY i l&U+[X',ij[X_YX'�[Xl\e['�p\"!@S4',!9UV%($'*S gq�(Ypgh\e_&)+[��
[X�()V'ZY \e$o[�it�;�"YWS4UV$\e[XUV�($Q\eab�($&%w\b%"YX�"_&cQ�eg~YX�"` �([W! 
 u{\eY �('*Y� � � � 4 � �+!Il&' YX�"` �([W!Il\��"'r!9UVabU+)f\eY�i*\ec\(`&U+)VU+[XUV'*!I[W�
c '*Y9gq�"YXaF\ �9l\��*\eY S4�"_! �p\"!L[W'rit)V'*\($o_c&� [W\"!��^U+$ \($�U+$S&�o�"Y�'Z$��;UVYX�"$&ab'Z$o[5�,��*@\(i ldYX�"` �([�ab\(U+$o[ \eUV$!�UV$o[X'ZYW$\()
: E ?&�6%1:;"F$ 05" \e$ S � 0 
F/2:;"F'!0�"!$A05" a �([XU$�]\][XUV�($ !�� !Il&'*!X'�ab�e[XU$�]\][WU+�"$!w'Z$ \e`&)V' \e$?\e%"'Z$o[b[X� �"'Z'Zc [WYW\"i����eg [Xl'
c&YX�"%(YW'*!W!@[Xl\e[�UV!�aw\"S4'r�($d[Wl&' [W\"!��^`ov 46% �<"!.IYX�"` �([W!�����g~c&YX�"%(YW'*!W!pUV!�$&�e[�S4'Z[X',ij[X',S� �XU+abc\e[XUV'Z$iZ'+�bUV$itYW'*\"!9',!
\e$S [Wl&'pYX�"` �([�[W\�('*!k�
�('*Y [Xl \][M[W\(!-� � !Il&'I!X't[���_&crUf!M!9UVabU+)f\eYk[X��[Xl&'�x@�($#�%�� # \eY i l&U+[X',ij[X_YX'
UV$r[Wl\][M'*\"i l \e%"'Z$o[
�(Y
YW�(`7�e[pUV!@iZ\ec \e`&)V'��eg iZ�(abc&)V't[WU+$&%r[Xl&'�[W\"!�� `;v U+[W!X'Z)+g �hiZ�($!9[XYW_it[XUV�($w�(Y+�p\"!L[W'�it)V'*\($;_&c �{\($S it�;�"YWS4UV$\e[XUV�($bUV!
_!9',S^gq�(Y�' � iZU+'*$itvdc&_&YWc7�"!X'*!�� J��
�p'��"'ZY  4U+$ #�� � �L# ��x�*& &YW�(`7�e[W!�`&YX�o\(S&i*\(!9[�a ',!X!W\e%"'*!�\(` �"_4[�[Xl&'*U+Y�it_&YWYW'Z$o[
\(ij[WU+�"$!�[X� )+'Z[I�([Xl&'*YIYX�"` �([W!+�o$�
� �eg�[Wl&'mit_&YWYW'Z$o[�[ \(!-�;!@[Wl&'Zv \(YX'�[XYWv;U+$&% [X� c7'ZYXgq�(YWa � ��$�x@�($#�%�� #  o[Xl&'*YX'�UV!
$&� it�"aba _&$&UfiZ\e[XUV�($ � \(%('Z$o[ !�S4� $&�e[p',(4c&)VUViZU [W)+vwit�"$!XUVS4'*Y�[Wl&'�\"ij[WU+�"$!��(g��e[Wl&'ZY !�\($SwU+[pUf!��"$&)Vv ��l'Z$ \ i l\e$&%"'
U+$^[Xl&'m'*$��oUVYW�($&ab'Z$o[�Uf!�!9'*$!9',S �h\e$ S *pz � !�_&c S&\e[X'*!5�pUf!p[Xl&'m`7'Zl\��;UV�(YI�eg{\e$Q\e%"'Z$o[�\e)+[X'*YX',S��

� � 	���� � ��
 &�	������ �
�
� \][ \eYWUVipc&YW�(c7�"!X'*!
\ ab'Z[Xl&�4S4�")+�"%(vr[W� S4',!9UV%($ �5� '-:�'��5" �<� 	 :;46.5'{gq�"Y�a _&) [WU3��YW�(`7�e[�!Xv;!9[X'*aw! 
 � ��� � � ��/I\(!XUV!
` '*l\�� �
U+�"YW!�\eYW'r[Xl�"!X' abU+$U+aw\e)~`7'Zl\��;UV�(Y !��(g�\ YW�(`7�e[�[Xl\e[ i*\e$ `7' iZ�(a `&U+$'*S ��U+[Xly[Xl&�o!9' �eg
�([Xl&'*YW!�[X�^'Z$\(`&)+' [Xl'
%(YW�(_&cw�(g�YX�"` �([W!�[X� ',(4l&UV`&U [IUV$"[W'ZYW'*!9[XUV$&% !X�4itUf\e) it�;�(Y S4UV$\][WU+�"$ \e$S YX',S4_it'�U+$o[W'ZYXgq'ZYW'Z$iZ'� !Il&UV!pUf!@\($ '�(o[W'Z$!XUV�($
�eg [Xl&'�c&YXUV$iZU+c&)V'��(g `7'Zl \��oUV�(Y-��`\(!X'*S YX�"` �([XUfiZ!~[W�ra _) [WU3��\e%"'Z$o[�!9v4!9[X'*ab!��'�MU��"'�`\(!XUV!�` '*l\��;U+�"YW! �p'ZYW'�S4',!XiZYXUV` ',S
gq�(Y�!Xc\][WUV\() U+$o[X'*YW\"ij[WU+�"$! H
� ��� ���F" � � �9$ � "F.-: $  H a �
�;UV$&% ��l&U+)V'r\��(�"UVS&U+$&%bit�")+)VUf!9UV�($!
� ��� 46@ @B4 � : $# H gq�()V)V�
� `7'Zl&UV$SQ\e$&�([Xl&'*Y�\e%"'Z$o[

+ � ��:�'(?&"!.5'5:;49$ H ab�
�"' ��lU+)V' ab\(U+$o[ \eUV$&U+$%b\babUV$&UVa _&aFS4UV!9[W\($it'�gqYW�(aH�([Xl&'*Y�\e%"'Z$o[W!

2 � 
  + I.3"  �9%(:;49$ H it�($��"'ZY !9'd�egmS4Uf!9c7'ZY !9UV�($ � ab�
�(' ��l&UV)+'�aw\(U+$o[W\(U+$U+$&%�\ aw\�(;UVa _a S4Uf!L[ \e$iZ'QgqYX�"a �([Xl&'*Y
\e%"'Z$o[W!

��� ��49E : $  H a �
�"'�[W�w\bc\eYX[XUfit_&)f\eYIYW'Z%"U+�"$
!Il&'*!X' �p'ZYW'^iZ�(a `&U+$'*S [W� '�(4l&U+`U [w%(YW�(_c�` '*l\��;U+�"YW! !X_i l \"! � �;i��;UV$&% \($S l&'ZY S4UV$&% � !Il&'�\(%('Z$o[ ! S4�/$&�([
',(4c&)VUViZU [W)+v `&YW�"\(SiZ\(!9[{[Xl'ZUVY@\(it[XUV�($!G�h\(!�U+$^#�� � �L# � x�* � � '*\"i lw` '*l\��;U+�"Y
UV!�U+abc&)V'Zab'*$"[W'*Sw`;vbit�"$!9UfS4'*YXUV$&% [Xl'
c �o!9U+[XUV�($w�(g��($&)Vv [Wl&'�$'ZUV%(l;` �"YXUV$&%rYW�(`7�e[ !�����$w[Wl&UV!@YW'*!Xc ',ij[K� \eab�(_&$o[p�eg�it�"a a _&$&UfiZ\e[XUV�($ \eab�"$&% \e%"'Z$o[W!5�  "[Xl'
_!9'w�(gp` \(!XUV!m`7'Zl \��oUV�(Y ! Uf!rit)V�"!X'ZY [W� x@�($#�%�� # [Wl\e$�#�� � �L# ��x�*&� J��
�p'��"'ZY  [Xl�(_&%"l [Wl&' `\"!9Uf!m`7'Zl\��;UV�(Y !
iZ\e$ ` ' _!X'*S gq�(Yp$\��;U+%o\][XUV$&% ��U [Wl&�(_4[IUV$"[W'ZYXgq'ZYW'Z$iZ' o[Xl' i l�(Ufit'�\($S �"YWS&'ZYp�eg %"�"\e) )+�4i*\][XUV�($ !@Uf!p$&�e[�!Xc ',itU�2'*S��
��$�x@�"$#�%� #  ;[Wl&' *@z � !�\eYW' _!9',S^[X�bc&YW�
�oUfS4'�[Xl&',!9'm%"�"\()7)V�4iZ\e[XUV�($!��

�*� �



� � � ��� � �����'&�
 � 	
#�Y �oUV$ cYX�"c �o!9',S $\��;U+%o\][WU+�"$ _!9UV$&% E 49% 49. '!0 �<"!E �6' 
 � � 4 � � � ���e[W�(Yb!Xi l&'*aw\(! \eYW'^!XU+abUV)V\(Y [W�y[Wl&'dYX',\(ij[WU��"'
` '*l\��;U+�"YW!�U+$�x@�($#�%�� # \(!�[Xl&'*vwc&YW�;S&_it'�\ ab�e[W�(YI\(it[XUV�($ `\"!9',Sw�($dit_&YWYW'Z$o[@!X'Z$!X�(YpU+$c&_4[�� J��
�@'��('*Y� "_&$&)VU��"'
U+$/x@�"$#�%� #  [Wl&' �"_4[Xc_4[W! \eYW' !X_&abab'*S `7'tgq�"YX' ` '*U+$%d!X'Z$o[�[W� [Wl&' ab�([X�(Y !��hU � ' U+[ UV!�$&�e[ ��UV$&$&'ZY-��[W\��"',��\e)V)��,�
!Il&' ab�([X�(Ym!Wi l&'Zaw\d\ec&cYX�o\(i l �I\(!�_!X'*Sy[X�d'Z$\(`&)V'b\^%(YW�(_cy�eg�gq�(_&YmYW�(`7�e[ !�[W�^ab�
�"' [W�Q\^c\(Y9[WUViZ_&)V\(Y�%"�"\()
��l&U+)V'w\��(�"UVS4UV$&%d�(`!9[W\"it)V'*! \e$ Syaw\eUV$o[W\(U+$&UV$&%�\dc\eYX[XUfit_)V\(Y�gq�"YXaw\e[XUV�($ �h!X_i l/\"!m\d)+UV$&'w�(Ym\Qit�")+_a $A� 
 /I\e)fi l
\e$S/#�Y �;U+$� � ��� � � � � ��� � �"!Il&' gq�(YWaw\][XUV�($ !m\eYW' iZ�(abc\eY \e`)+' [X�Q[Wl&�"!X'b',(4l&UV`&U [W'*S/`;v _!XU+$%d` \(!XUV! `7'Zl\��;UV�(Y !
`&_4[�',\(i lQYX�"` �([�S4't[W'ZYWabU+$&',!�U+[W!�c7�"!XU+[XUV�($Q`\(!X'*Sd�"$Q[Xl&'r)V�4iZ\e[XUV�($!I�(g �9@ @&YW�(`7�e[W!�U+$d[Xl'r%(YW�(_&c��qgq�(Y�UV$!9[W\e$ it' 
`\(!X'*S^�($^[Xl&'riZ'Z$o[XYW�(UfS^�egM\()+)�[Xl&'mYW�(`7�e[Ic �o!9U+[XUV�($ !��,�

!Il&'paw\eUV$ S4U�# 'ZYW'Z$iZ'@`7't[��p'Z'*$ [Wl&'*!X'p\(YWi lU [W'*ij[W_&YW'*!~\e$Sbx@�($#�%�� # Uf!k[Xl\e[M[Wl&'Zv S4��$�e[{l\��('p\e$ U+$o[W'ZYW$\e)4!Xc\][WUV\()
YW'Zc&YW'*!X'Z$o[W\e[XUV�($ \($S l&'*$it' [Xl' '�(4l&U+`U [W'*S `7'Zl \��oUV�(Y !�\eYW' c&_&YW'Z)VvQYX',\(it[XU$�('� ��$ygh\(ij[  [Xl&',!9'b\eY i l&U+[X',ij[X_YX',!�\(YX' _!9',S
gq�(Y [Xl&' gq�(Y \e%"U+$&%Q[ \(!-� ��l'ZYW' U [ UV! $&�([ $&'*iZ'*!W!X\(YXvy[Xl\e[ �"`��L'*it[W!r`7' ab�
�"'*S/[X� c&YW'*itUf!X' )+�4i*\][XUV�($ !mU+$ \�c\eYX[XUfit_)V\(Y
�(Y S4'*Y���x@�($ #�%�� # \e%('*$o[W!� o�"$ [Wl&'m�e[Wl&'ZY�l\e$S� 4l\��('m\e$dUV$"[W'ZYW$\e)�!Xc\e[XUf\e) aw\ec�\e$ S^\($SQ\e$Q\e%('*$o[�i*\e$d_!X'�U+[W!�ab\(c
$&�([ �L_!L[mgq�"Y S4'Z[X'ZYWabU+$U+$&%d[Wl&' )V�;i*\][WU+�"$! �egI`&YWUVi��4! \e$S S4YW�(c���!XU [W'*! `&_&[ \e)f!9�d[X� !X'Z)V'*it[ [Xl&',!9'w$\��;UV%"\e[XUV�($/%(�"\()V!�UV$
!X_i l^\ �p\ v [W� YW'*S&_it'�U+$o[W'ZYXgq'ZYW'Z$iZ'�`7't[��p'Z'Z$Q\e%"'Z$o[W!�� !Ilo_ !� o[Xl'rx@�"$#�%� # \eY i l&U+[X'*it[X_&YW'�_ !9',!�[Wl&' U+$o[W'ZYW$\e) !Xc\][WUV\()
YW'Zc&YW'*!X'Z$o[W\e[XUV�($d\e$Sd\ YW\($S4�(abU �Z',S^\(c&c&YW�"\(i l gq�(Y�a _&) [WU3��YW�(`7�e[�it�;�(Y S4UV$\][WU+�"$��

�*� "



� �������	��
 �

 � � �
� � �@� � � � � 	 ��� � � ��� ��� � � � � � � ���

� � � � � 	 � � � � 	 � � �@� �

� ��� ���
���� � � � ���� �

!Il&'�S4Uf!Xipc&)f\(iZ'Zab'Z$o[
!9[XY \][X'*%(UV'*!~!9[X_S4UV'*S UV$ i l \ec4[W'ZY %�S4� $&�e[
it�"$!XUVS4'*YM[Xl&'�!Xl\ec7'I�eg [Xl&'Ic\(Y9[WUViZ_&)V\(Y{!L[WYX_it[X_&YW'I` '*U+$%
`&_&UV)+[I�"YIU [ !@YW'Z)f\][WU+�"$ [W� [Wl&' U+$&U+[XUf\e) c7�"!XU [WU+�"$!p�eg `YXUfi��4!���x@'ZYX[W\(U+$^�(Y S4'ZY !
�(gkc&)f\(iZU+$% `&YWUfi��;!piZ\($ aw\��"'�U+[�U+abc7�"!W!9UV`&)V'
[X�^it�(abc&)V't[W' [Xl&' it�"$!L[WYX_ ij[XUV�($^[W\"!�� � �&�"Y�U+$ !L[ \e$iZ' UV$ 2%"_&YX' 4 � �  &[Wl&' !9[XYW_ij[W_&YX' [W� `7'r`&_&UV) [�it�($ !9Uf!L[ !��eg
\w!Wno_\eYW'
UV$!9UfS4'd\�)V\(YX%"'ZY !Wno_\eYW'� !Il' %(YW'Z',S4v/\(c&c&YW�"\"i l [W� c&)f\(iZU+$&%y`&YXUfi��4! �p�(_&)fS iZ\(_!X'w[Xl&'d\e%"'Z$o[W!r[X� `&_U+)fS [Wl&' �"_4[X'*Y
!Wn"_ \eYW'm` 'Zgq�(YW' it�"a c)+'Z[XUV$&%w[Xl' UV$&$&'ZY��($&'. `&)V�4i��;U+$&% �6@ @&c\e[Xl!�gqYX�"aP[Wl&' `YXUfi��4!�!9�"_&Y it' [X� [Xl&' YX'*ab\(U+$U+$&%w_$�2)V)+',S
c7�"!XU [WU+�"$!I�egM[Xl&'mUV$&$&'*Y�!Xno_\(YX'.�
/p'*!XUVS&'*! [Wl&' �(Y S4'*Yrit�($ it'ZYW$&UV$&% ��l&Ufi l c\eYX[W!r�egp[Xl&'d!L[WYX_it[X_&YW' \eYW'b[X��`7' `_&U+)+[� M[Wl&' \(!W!XU+%"$&ab'Z$o[r�egI`&YWUVi��4! [W�

S4YW�(c���!XU [W'*!�\()V!X� \�#7',ij[ !
[Wl&'�S&UV!9[W\($it'�[XY \��('*)+',Sb`ov [Wl&'�\(%('*$"[ !�� �&�"Y@UV$!9[W\($it'. oUV$"2 %(_&YW' 4 � � [Xl&' \e%"'Z$o[ � !���!9l&�"_&)fSw_!X'
[Xl' _c&c '*Ym!9�"_&YWiZ' �(gpS4Uf!Xi*!�[W�Q`&_&UV)VSy[Xl&' _&c&c7'ZYmc \eYX[W!��eg�[Wl&' �p\()+)f! \e$S [Xl&'b)V�
�@'*Y�!X�(_&Y it' gq�(Y�[Xl&'b)V�
�@'*Y�c \eYX[W!��eg
[Xl' �p\()+)f!��+!Il&UV!�a UV$&UVabU��*'*!I[Wl&'m[X�([W\() S4Uf!L[ \e$iZ'�`7't[��p'Z'*$d[Xl&'rUV$&U+[XUf\e) \($S 2$\()�c �o!9U+[XUV�($ !��egM[Xl&'rS&UV!WiZ!�� !Il&'r\(%('Z$o[ !
!Xl&�(_&)fSd\e)f!9�b`&_&UV)fS [Wl&'mYWU+%"l"[Wab�"!9[ �I\e)V) 2Y !L[ �
��$b[XlUV!@i l\ec4[W'ZY  "\($ \e)V%(�(YWU+[Xl&aJ[Xl\e[@',(4c&)VUfitU+[X)Vv iZ�(abc&_4[W'*! ��lUVi l S4YW�(c���!XU [W'*!{`)+�4i�� c\][Wl!{[W�r�e[Wl&'ZY !{Uf!�S4',!XiZYXUV` ',S

!X� [Xl \][m\e%('*$o[W!�i*\e$/S4YX�"c `&YWUVi��4!�\][�[Xl&�o!9' S4YX�"c���!9U+[X',!�[Wl\][ `&)V�;i��d[Wl&' )V'*\"!L[�$;_&a `7'ZY��eg�c \][Xl !�� !Il&Uf! \e)V%(�(YWU+[Xl&aFUV!
UVa c)+'*a '*$o[X'*Sd_!XUV$&% !Xc&YW'*\"S4U+$% \"ij[XU$�]\][WU+�"$!I�($ *@z � !�\($S^l&'Z$iZ'm\e_4[W�(aw\][WUVi*\e)V)+vb[ \��(',!pU+$o[X�w\"iZit�"_&$o[@[Wl&'mc&YW'*!X'Z$iZ'
�eg �(` !L[ \(it)V'*!�� ��abc&)V'Zab'*$"[ \][WU+�"$ _!XUV$&% *@z �y!{\e)f!9� 'Z$ \e`&)V'*!M[Wl&UV!�S4YX�"c���!9U+[X'I!9'*)+',ij[WU+�"$b\()+%"�(YWU [Wl&a [X�m`7'�UV$"[W'Z%"YW\e[X'*S U+$o[W�
[Xl'@'�(;Uf!9[XUV$&%�x@�($ #�%�\(YWi lU [W'*ij[W_&YW'��!Il&'pYW'*!X_&) [WU+$%�c\][Wl c&)f\e$$&U+$%�\eY i l&U+[X',ij[X_YX'
Uf! [X'ZYWab'*S x@�"$#�%� !�z � gq�(Yk[X'*abc �"YW\()
!X'*no_&'Z$ itUV$&%#�@`7'*iZ\(_!X'�',\(i l x@�($#�%�� !�z \(%('*$"[�c&)f\e$ !p[Xl&' [W'Zabc �"YW\() �(Y S4'ZYIUV$ ��l&UVi lQU+['��U+)V) 2)V)�%(�o\e) )V�4iZ\][WU+�"$!��

� � � ����	�� ��	 �������
���� � �	��
�� �� �� ��������	 ��� �� � � � � ���� ��� �  �

!Il&'wit�"$!9[XYW_ij[WU+�"$y'Z$��;UVYX�"$&ab'Z$o[ i*\e$ ` ' S4',!XiZYXUV`7'*Sy\"! \ �p'ZUV%(lo[W'*S _$S4UVYX',ij[X',Sy`U+c\(Y9[WU [W'b%(Y \ec&l�� !Il&' �('ZYX[XUfit',!��eg
�($'wc\eYX[XU+[XUV�($ YW'Zc&YW'*!X'Z$o[ [Xl' U+$U [WUV\()�)V�;i*\][WU+�"$!m�egI`&YWUVi��4!r\($S/[Xl'"�('*Y9[WUViZ'*! �egI[Wl&' �e[Wl&'ZY c\eYX[XU+[XUV�($ YW'Zc&YW'*!X'Z$o[m[Xl'
2$\(){S4YX�"c���!9U+[X'r)V�4iZ\e[XUV�($! � [Wl&' c \][9[W'ZYW$y�(g{[Xl&'w!9[XYW_ij[W_&YX' [X�^` ' `&_&UV) [-� � !Il&' �p'ZUV%(lo[W!��($�[Wl&' '*S4%"'*!�YX'*c&YX',!9'*$o[�[Xl'
S4Uf!L[ \e$iZ'*!k�eg&[Wl&'pc\][Wl!M` 'Z[��@'*'Z$m[Wl&'*!X'�[��p�&�;UV$S&!M�eg&)V�4iZ\e[XUV�($!�� ��g&[Wl&'ZYW'pUV!M�($)+v �($'@\e%"'Z$o[� ,[Wl&'p[W\(!-� UV! [X� S4'Z[X'ZYWabU+$'
[Xl' !Xl&�"Y9[W'*!9[pc\e[Xl [Xl\e[ �;Uf!9U+[W!�\()+)7[Wl&' �('ZYX[XUfit',!�YW'ZcYX',!9'*$"[WU+$% S4YW�(c���!XU [W'*!I\e$S $&� �('ZYX[X'�( UV!��;Uf!9U+[X',S ab�(YW'�[Xl\($^�"$it'.�
z;UV$it'd[Wl&'^%"YW\(c&l Uf! `&UVc\eYX[XU+[X'. 
[Xl'd',S4%(',! �(g�[Wl&UV!bc \][Xl YX'*c&YW'*!X'Z$o[W! \yYW�(_&[X'^[Xl\e[w\() [W'ZYW$\][W'*! ` 'Z[��@'*'Z$C\e$ U+$&U+[XUf\e)
)V�;i*\][WU+�"$ �eg~\ `YXUfi�� \e$Sd\ it�($ !L[WYX_it[XUV�($d!9U+[X'.�'��g [Xl'm$o_a `7'ZYI�eg��('ZYX[XUfit',!pU+$^[Xl&'�[��p� c \eYX[XU+[XUV�($!I\eYW'�[Xl&'m!W\eab' �q[Xl&'
$;_&a `7'ZY��egk`YXUfi��4!IUV!�',no_\e) [W�b[Xl&'m$;_&a ` '*Y��eg{S4YW�(c���!9U+[X',!���[Wl&UV!�c&YX�"`&)V'ZaH`7'*iZ�(ab'*!��"$&' �eg{it�"a c_4[XUV$&%b[Xl'r!9l&�"Y9[W'*!9[
J�\(abU+)+[X�"$&UV\($ c\e[Xl � \rc\e[Xl [Wl\][��;UV!XU [ !�'��('*YXv $&�4S4'�',(&\(it[X)Vv �"$it' �{UV$ [XlUV!@%(Y \ec&l���!Il&'�c&YW�(`&)V'Za��eg i*\e)fit_&)f\][WU+$%r[Xl'
!Xl&�(YX[X',!L[ J�\(abU+)+[X�"$&UV\($^c \][XlQUV$�\e$d_&$S4UVYX',ij[W'*Sd%(Y \ec&l^UV! ��u%��it�"abc&)+'Z[X' 
 � \eYW'Zv \e$ S �"�(l$!9�"$� � � % � � �

!Il&Uf!�i l \eY \(ij[W'ZYWU��,\][WU+�"$d\"!X!X_&ab'*!�[Xl\e[�[Xl' )V'Z$&%([Xl �(g{[Xl&' c\][Wly`7't[��p'Z'*$�[��@� )+�4iZ\e[XUV�($! � [Wl&' ',S4%(' �@'*U+%"l"[-� ��UV)+)
$&�([�i l\e$&%"'�S&_&YXUV$&% [Xl'rit�($ !L[WYX_it[XUV�($^[W\"!�� � J��
�p'��"'ZY  "UV$d[Xl&'m%"'Z$&'*YW\() i*\(!X' ;[Wl&'m�(Y S4'ZYIUV$ ��l&UVi ld`&YWUVi��4!�\(YX'�c&)f\(it',S
\
# '*it[W! [Xl'dS4Uf!9[W\e$ it'^[XY \��('Z)V'*S `;v�\(%('Z$o[ !m[X�/c&)f\(iZ' [Xl'dYW'Zaw\(U+$&UV$&% `&YXUfi��4!�� z;UV$it'd`&YWUVi��4! S4YW�(c&c7'*S ��#C'*\eYW)VU+'*Y UV$

�*� %



Structure to be built

of Bricks
Initial positions

�MU+%"_&YW' 4 � � H x@�($ it'Z$o[WYXUfi !Wno_\eYW'*!�[X�d`7' `_&U+)+[ H [Wl&'b�(Y S4'ZY��egpc&)V\"itUV$&%d`&YXUfi��4!�Uf! UVa c7�(YX[W\($o[ � U+g�[Wl&'b�(_4[W'ZY �p\()+)f! \eYW'
`&_&UV)+[ 2YW!9[� &[Xl&'mUV$&$&'*Y�!Xno_\(YX'�` ',it�"a ',!�UV$\(i*it'*!W!XU+`&)V'�

Structure to be built

Source of
Bricks

�MU+%"_&YW' 4 � �2H #�!X!XU+%"$&UV$&%b`&YXUfi��4!I[X� S&YX�"c���!XU+[X'*! H [Xl' \e%"'Z$o[ � !��I!Xl&�(_)VSdab�
�(' [Wl&'m_&c&c7'ZY�!9�"_&YWiZ' �eg
S4Uf!Xi*!I[X�b[Wl&'r_&c&c7'ZY
c\(Y9[ !I�eg [Wl&' �I\e)V)V!�\($S^[Xl&'m)V�
�@'*Y�!9�"_&YWiZ'�[W� [Xl&'m)V�
�@'*YIc\eYX[W!I�(gk[Wl&' �p\()+)f!@[X�wabUV$&U+abU �Z' [W�e[W\()�S4Uf!L[ \e$iZ' [XY \��('Z)V'*S��

�*��4



� ��� � � �

�MU+%"_&YW' 4 � +<H z;l�(YX[X'*!9[�J�\(abU+)+[X�"$&UV\($ c\][Wl gq�(Y \�iZ�($!9[XYW_ij[WU+�"$/[W\(!-� H �h\#� 2 `&YWUVi��4! � 2)+)V'*S YW'*S S4Uf!WiZ!5�m\e$S 2 S4YW�(c��
!XU [W'*!��h_&$�2)V)V'*S iZU+Y it)V'*!5� � ��g~[Xl&'*YX' �@'*YX' [��p� \e%"'Z$o[W!� &[Wl&'ZvdabU+%"l"[�S4U��;UfS4'm[Wl&' iZ�($!9[XYW_ij[WU+�"$d[W\(!-�Q\eab�($&%b[Wl&'Zaw!X'Z)$�(',!
\(! UV$S4UfiZ\][W'*S `ov [Wl&'QS&\(!Xl&'*S \eYW'*\(!�� �q` �bz;l&�"Y9[W'*!9[ J�\eabU+)+[X�"$&Uf\e$ c \][Xl �eg�[Wl&'Qit�($ !L[WYX_it[XUV�($ [ \(!-� � �MUV)+)V'*S $&�4S4'*!
it�"YXYW'*!Xc7�($S [X�b`&YWUVi��4!�\e$ S _&$�2)+)V'*SQ$�;S&'*!�it�"YXYW'*!Xc7�($S [X� [Xl&'rS&YX�"cd!XU [W'*!��

[Xl'rit�($ !L[WYX_it[XUV�($ [W\(!-� i*\e$d`&)+�4i�� S&U+YW'*it[�c\][Wl!p[X�b�e[Wl&'ZY�S&YX�"c���!XU+[X'*!��%!Il&'mi l\eY \(it[X'*YXU �*\e[XUV�($wgq�"Y�a _&)+[XUVc&)V'r\e%('*$o[W!pUV!
'��"'Z$ ab�"YX'�iZ�(abc&)V',(��'���(YW'Z�
�"'ZY  eUV$w[Xl&' iZ\"!9'��eg�a _) [WU+c&)V' \e%('*$o[W!� ([Wl&'ZYW'�Uf!�UV$o[X'*Y9gq'*YX'*$it'�`7't[��p'Z'*$ \e%"'Z$o[W!@!9UV$iZ'��($)+v
�($' \e%"'Z$o[�i*\e$ �4i*it_&c;v�\ )V�4iZ\][WU+�"$y\][ \e$;vQ%(U$�('*$Q[XUVa '.� ��g
[Xl&' c\e[Xl!��eg�\(%('*$"[ !�iZYX�o!X!�'*\(i ly�e[Xl'ZY  [Wl&'bi l\e$iZ'*!��eg
!X_i l^UV$o[X'*Y9gq'*YX'*$it'�U+$ itYW'*\(!X'� !Il;_!� ;gq�(YI' � itUV'Z$o[�it�"$!9[XYW_ij[WU+�"$���U+[Xlda _&)+[XUVc&)V'r\e%('*$o[W!� "[Wl&'m\e%"'Z$o[W!pl\��"'�[X�bc&)f\e$^[Xl'
[X'*abc �"YW\()�!9',n"_'Z$iZ'm�eg{S4YX�"c���!9U+[X' )V�;i*\][WU+�"$! ��l&'ZYW' `&YWUVi��4!Il\��"'�[W�w` 'rab�
�"'*Sw[W� \e$SQ\()V!X� �@�"Y-�w�"$QS&U3# 'ZYW'Z$o[�c\(Y9[ !
�eg [Wl&'�'Z$��;U+YW�($&ab'*$"[ �8J��
�@'��('*Y� ([Xl&'�c\][Wl UV$S4UfiZ\][W'*Sw`;v [Xl'�!Xl&�(YX[X',!L[ J�\eabUV) [W�($&Uf\e$ c\][Wl"��U+)V)7[W\�('�[Wl&'�\(%('*$"[�[X� \()+)
c\(Y9[ !I�eg [Wl&'m'Z$��;UVYX�"$&ab'Z$o[I[Xl;_!�UV$itYW'*\"!9UV$&% [Xl&'ri l \e$iZ'*!@gq�(Y�UV$o[X'ZYXgq'ZYW'Z$ it'�
#�$Q',(&\eabc&)V' UV!�!Xl&�
��$dU+$ 2%"_&YX' 4 � � �

#�$�e[Xl'ZY�\(c&c&YW�"\(i l [X� i l\(YW\"ij[W'ZYWU��*U+$&% [Xl'rit�($ !L[WYX_it[XUV�($^[W\"!��^UV!I[W�wab�;S&'Z)�U+[�\(!�\ abUV$&UVa _&a �@'*U+%"lo[X'*Sdc7'ZYXgq'*it[
aw\][ i l&U+$%�� � 0 u�� ���(YI\(!W!9UV%($a '*$o[@c&YW�(`&)V'ZaBgq�"Y@`&UVc\(Y9[WU [W'�%(Y \ecl!�� !Il&' � 0 u�� c&YW�(`&)V'Za�Uf!
[W� iZ�(abc&_4[W'�\ �($&'��
[X����"$&'�aw\ecc&U+$%r` 'Z[��@'*'Z$w[Wl&'&�"'ZYX[XUfit',!{U+$ [Xl&'�[��@� !X't[ !�!X_i lw[Wl\][@[Xl&'�!9_&aB�eg [Wl&'�',S4%('&�@'*U+%"l"[ !
`7't[��p'Z'*$wab\e[Wi l&',S
c\(U+Y !IUV!�a UV$&UVa _&a � ��gk[Wl&'r$;_&a `7'ZY��eg �('ZYX[XUfit',!IU+$d[Wl&' [��@�wc \eYX[XU+[XUV�($! �h$o_a `7'ZY��(gM`&YWUfi��;!�\($SQS4YW�(c���!9U+[X',!��p\(YX' $&�([
'*no_\()  7[Wl&' %"YW\(c&lyi*\e$ `7'w\e_&%"a '*$o[X'*S ��U [Wl S4_&aba v�$&�4S4'*! ��U+[Xl \ �('*YXvd)f\eYW%(' �p'ZUV%(lo[ ��#�$ '�(4\(abc&)+' UV! !Xl&�
��$ UV$
2%"_&YX' 4 � 2 �#��$y\($��(c4[WU+aw\e)~!X�()V_4[XUV�($Q[W�w[Xl&' � 0 u�� c&YX�"`&)V'Za ��U [Wl *
_iZ)+UfS4',\e$ �p'ZUV%(lo[W!� ',S4%(',!�`7't[��p'Z'*$�ab\e[Wi l&',S
c\(U+Y !�S&� $&�([ iZYX�o!X!� YW'*S&_itUV$&% UV$o[X'*Y9gq'*YX'*$it' ` 'Z[��@'*'Z$ \(%('*$"[ !�� !Il&Uf!�UV!�U+)V)V_!L[WYW\e[X',S UV$ 2%"_&YX' 4 � ��� ��gp\ ab\e[Wi l&UV$&%^�eg
[Xl'�%"YW\(c&l iZ�($o[W\(U+$!�[��p� ',S4%(',! � �B\($S � �P[Xl \][�itYW�"!W!�',\(i l �([Xl&'*Y�\][��  o[Xl'Z$^[Xl&�o!9'�'*S4%"'*!IiZ\($ `7'�YW'Zab�
�"'*S \($S
YW'Zc&)f\(iZ'*S ��U [Wl '*S4%"'*! � � \($S � � ��U [Wl�!9aw\()+)V'ZY [W�e[W\()%�@'*U+%"lo[ !9UV$it' \()+){',S4%(' �p'ZUV%(lo[ !m\eYW' *�_it)VUfS4'*\($ S&UV!9[W\($it',!
\e$ S [Wl&' [XYWUV\($&%()V' U+$'*no_\e)VU+[Lv l&�()fS&!��

� � � � � � � ��� � � � � � � ��� � � � �� � ��� � � � � � � ��� � � � �� � � � � �
� 4 � � �

#�$ �(c&[XUVab\()�!9�")+_4[WU+�"$ [X� [Xl'�� 0 u�� cYX�"`&)+'*a iZ\($ `7'di*\e)fit_&)f\][W'*S�UV$�� ��� � � [WU+ab' ��l&'ZYW' � UV! [Wl&'^$;_&a ` '*Yb�eg
�('*Y9[WUViZ'*!pUV$^',\(i lQ!9'Z[I_ !9UV$&% [Xl&' J�_&$&%"\(YXUf\e$d\e)V%(�"YXU+[Xl&a�
 % _&l&$� � � � � � �(YIab�(YW'�' � itUV'Z$o[X)Vv `;vw_!XUV$&%w\e$Q\e_&%"a '*$o[XUV$&%
c\e[Xl \ecc&YX�o\(i l [X� !9�")��"'�\maw\
( ��
� gq�(YWa _&)f\][WU+�"$ �(g [Xl&'�\(!W!9UV%($&ab'*$"[
cYX�"`&)+'*a 
 �"�($��"'ZY�\($S	${�()V%('*$\e$o[� � � 4 % � � !Il'
%(YW'Z',S4v \(c&c&YW�"\(i lQ\(!�U+abc&)V'Zab'Z$o[W'*SQ`;v [Wl&' *@z � !�Uf!�\wS4Uf!L[WYXUV`&_4[W'*SQ$&'*_&Y \e)�UVabc&)+'*ab'Z$o[W\e[XUV�($Q�eg~[Xl'	�9aw\][WYXU�(^!WiZ\($&�
l&'*_&YXUf!9[XUfiwgq�(Y [Xl' � 0 u � 
 % _&Y9[ �Z`7'ZYW%  � �," � � �/#&�;UV! %(U$�(',! \ it�(abc\(YXUf!X�($ �eg�[Wl&'^\��"'ZY \e%"',��iZ\(!X' ` �"_&$S&! gq�(Y [Xl'

�*� �



� ��� � � �

�MU+%"_&YW' 4 � 2&H � 0 u � i l\eY \(it[X'*YXU �*\e[XUV�($r�(g \miZ�($!9[XYW_ij[WU+�"$ [ \(!-� H �h\#� 2 `&YWUVi��4!>�qYW'*SwS&UV!WiZ!5�~\e$S + S4YW�(c���!XU [W'*!>�q_$�2)V)+',S
itUVY it)V'*!5� ���h` � /pUVc\eYX[XU+[X'r%"YW\(c&l��eg~[Wl&' iZ�($!9[XYW_ij[WU+�"$Q[W\"!�� � �MUV)+)V'*S�$�;S&'*!�iZ�(YWYX',!9c7�($ S [W� `&YWUfi��;!�\e$SQ_$�2)V)+',S�$&�4S4'*!
it�"YXYW'*!Xc7�($Sb[W� [Xl&'mS4YW�(cQ!9U+[X',!��%!Il&'mS&\"!9l'*SditUVYWiZ)+'�U+$ S4UVi*\][W'*!�\ $&�4S4' YX'*c&YX',!9'*$o[XUV$&% \ S4_&aba v S4YW�(c���!9U+[X'.�%!Il&' )+UV$&'*!
YW'Zc&YW'*!X'Z$o[�',S4%(',!�`7't[��p'Z'*$y$&�4S4',! � S&\(!Xl&'*Sy)+UV$&',!�UV$S4UfiZ\e[X' '*S4%"'*!1��U [Wl \ )f\eYW%(' �@'*U+%"l"[�[X�^[Xl&'bS4_&aba v�$&�4S4' �,� !Il'
'*S&%('*!p[Wl\][�\(YX'�UV$^[Wl&'r!X�()V_4[XUV�($^[X�b[Wl&'�� 0 u�� \eYW'm!9l�
��$^`;vw[Wl&UVi��^)+UV$&',!��

%(YW'Z',S4v�� 0 u � l'Z_&YWUV!9[XUfi ��U+[XlQ�e[Wl&'ZY ! 
 � � 4�+ � �
!�$)+U$�(' [Xl'b!Xl&�"Y9[W'*!9[ c \][Xl !X�()V_4[XUV�($� �[Xl&'%� 0 u � i l \eY \(ij[W'ZYWU��,\][WU+�"$ S4�;'*! $&�([mS&'t[X'*YXabUV$&' [Xl&'w�"YWS&'ZY U+$ ��l&Ufi l

`&YWUVi��4!�\eYW'm[X�^` ' a �
�"'*Sd[W�^S4YW�(c���!XU [W'*!��&! �^c&YW'��('*$o[�S4YW�(c&c7'*S�`YXUfi��4!�gqYW�(a}`&)V�;i��;UV$&% S4UVYW'*ij[�c\][Wl!�[X� �([Xl&'*Y�S4YW�(c��
!XU [W'*!� ;[Xl&'r\(%('Z$o[ !@l \��('�[X�bc&)f\e$^[Xl&' [W'Zabc7�(Y \e)�!X'*no_&'Z$ it' �egM%(�"\() )+�4iZ\e[XUV�($!�!X_i l^[Xl\e[I[Xl&'mc\e[XldgqYW�(aH'��('ZYWv S4Uf!Xi�[W�
U+[W!�S4YW�(cQ!9U+[X' Uf!�\ !9[XY \eUV%(lo[I)+UV$&'C�q$�e[�`&)V�4i��('*S `;v \e$;vwc&YW'��;UV�(_!X)+v S&YX�"c&c ',S^S&UV!Wi+�,� !Il&'m\e)V%(�(YWU+[Xl&aHS4',!XiZYXUV`7'*S `7'Z)V�
�
S4'Z[X'ZYWabU+$'*! !9_ i l/\d!9',no_&'Z$iZ' UV$ [��@�Q!L[W'Zc!�� *@\(i ly\(%('*$"[ 2Y !L[mit�"abc&_4[X',!m\ aw\e[Wi l&UV$&% �h\e$ \ecc&YX��(4UVaw\][X' !9�")+_&[XUV�($
[X�/[Wl&'&� 0 u�� � `7't[��p'Z'*$ S4Uf!WiZ!b\e$S S4YW�(c !9U+[X',!bYX'*c&YX',!9'*$o[X'*S�U+$ U [ ! *@z �y!b_!9UV$&% \y%"YX'*'*S4v l'Z_&YWUV!9[XUfi�� ��[w[Xl&'*$
S4'Z[X'ZYWabU+$'*!'��lUVi lQ�eg~[Wl&' S4YW�(c�!XU [W'*!�\(YX'm$�e[��"$Q\($;v �eg~[Wl&'rc\e[Xl! �q`7't[��p'Z'Z$ \wS&UV!Wir\e$ S^U+[W!�aw\][Wi lU+$&%^S4YX�"c�!9U+[X' �
\e$ S c&YW�4it'*'*S&!p[W� 2)+)�[Xl&',!9' 2Y !L[ �

A

C

D

B

Initial Match

Smaller Weighted Match

�MU+%"_&YW' 4 � � H *�S4%"' iZYX�o!X!XUV$&%"!�UV$ \�!X�()V_4[WU+�"$y[W�Q[Xl&'�� 0 u � H \($ �"c4[XUVaw\e)�!X�()V_4[XUV�($ it�"$o[W\eUV$! $&�Q',S4%(',! [Xl\e[ itYW�"!W!
'*\"i l^�([Xl&'*Y��

���*�



H

D

Brick ESM

Config. ESM Config. 
Nav Map

Brick
Nav. MapSensor

Grid

Matching
Grid

DROP

GRAB

Configuration Nav.

Excitatory

Inhibitory

B

Brick Nav.

�MU+%"_&YW' 4 � " H x@�($#�%�� !�z^\(YWi lU [W'*ij[W_&YW' H [Wl&' )VUV$&'*!�` 'Z[��@'*'Z$Q[Xl'raw\][Wi lU+$&% %(YWUVS�\($Sd[Xl&' *@z � !�YX'*c&YW'*!X'Z$o[�)+UV$��4!�`7',�
[��p'Z'Z$m'��('*YXv it�"YXYW'*!Xc �"$S4UV$&%Ic\eUVY �(g&$&'Z_YX�"$!�� !Il&YX'*'
UV$"[W'ZYW$\e)o!L[ \][W'
$&�4S4'*!M\eYW'
\e)f!X��!9l�
��$ H #p[�� /pYXUfi�� �hab\(Y-�"'*SM� / �#�
Uf!�!X't[�gqYW�(a:[Xl&' /pYXUfi�� $\��;UV%"\e[XUV�($Qaw\ec� #p[���s�YW�(c���z;U+[X' �haw\eY �('*S �WsK�#�IUf!�!X't[�gqYW�(a:[Xl&'wx@�($�2 %(_&Y \][WU+�"$d$ \��oUV%"\e[XUV�($
aw\ec� \e$S J��")VS4UV$&%� /pYWUVi��	�hab\(Y-�"'*S �3JG�#� �

� � � � � � � � ����� � 
�� ��� � �����

!Il&'m\e)V%(�"YXU+[Xla  05�6@ 0F/2@B�9% " EC�6%D0 �2: $# ����� UV!IUVabc&)+'*ab'Z$o[X',S �"$d\ %(YWUVS �egM$&'Z_&YW�($ !pi*\e)V)+',S [Wl&' � �6%D0 �2: $#  9.-:���[Wl\][�iZ\($
!Xc&YX',\(S \"ij[WU��]\][WU+�"$!�\eab�($&% $&'ZUV%(l;`7�(YWU+$&%dit'*)+)f!�� !Il&'*YX' UV! \ �($&'�� [W�����($&' iZ�(YWYX',!9c7�($ S4'Z$iZ'r`7't[��p'Z'Z$ [Xl&'b$&'*_&YX�"$!��"$
[Xl'�aw\][ i l&UV$&% %"YXUfS \($Sw[Wl&�"!X'��"$ [Xl' /pYWUVi��w\e$ S^x@�($�2 %(_&Y \][WU+�"$�*@z �y!��%!Il&'��(`!9[W\"it)V'*!
gq�(YI`&YWUVi��b�(YIit�"$�2%"_&YW\e[XUV�($
$\��;UV%"\][WU+�"$ �q[Xl&'�)+�4i*\][XUV�($ !~�eg `&YWUVi��4!~[Wl\][@\(YX'�\()+YW'*\"S4vrc\(Y9[@�eg7[Xl&'�!L[WYX_it[X_&YW' �MUV$&l&UV`&U+[p\"ij[XU$�]\][WU+�"$!{�($ [Wl&'�aw\][ i l&UV$&%
%(YWUfS�� x@_&YWYX'*$"[W)+v. 
\(it[XU$� \e[XUV�($! gqYW�(a �&�;�4S \($S 0 \][W'ZY *@z � $&'*_&YX�"$! [Xl\e[bi*\e$ YW'ZcYX',!9'*$"[ gq�;�;S \e$S �p\e[X'*Y S4Uf!Wi
�(` !L[ \(it)V'*!�l\��"' $�e[ ` '*'Z$ U+$ it�(YWc7�(Y \][X',S�UV$"[W�d[Xl&'baw\][ i l&U+$%d%"YXUfS�� !Il&'bU+$o[X'*YWiZ�($&$'*ij[WU+�"$!�` 'Z[��@'*'Z$ [Xl&'waw\][ i l&UV$&%
%(YWUfS�\e$SQ[Wl&' *@z � !�UV$�[Xl&' x@�($ #�%�� !�zQ\eY i l&U+[X',ij[X_YX' \(YX' !9l&�
��$yU+$ 2 %(_&YW' 4 � " \($S \(YX' S&'*!WitYWU+`7'*S�UV$yab�"YX' S&'t[W\(U+)
UV$ 2 %(_&YW' 4 � �,� �

!Il&'ri*\e)fit_&)f\][W' aw\][Wi lU+$&%^\e)V%(�(YWU+[Xl&aHUf!�!Xl&�
��$QUV$ 2%(_&YW' 4 �3%��p#p[�[Xl'r'Z$SQ�(g~[Xl&' \()+%"�(YWU [Wl&a  
 � � � � 
 � � � � gq�"Y
\e)V)~$&�4S4'*! � [Wl\][r\(YX' �($ \^c\e[Xly`7't[��p'Z'*$/\ aw\][Wi l'*S/S4UV!Wi \e$S \e$;v�S4YX�"c�����# )+�4i*\][XUV�($��r��'t[ & `7' [Xl&'w!X't[ �eg@\()+)
$&�4S4',!{�($ [Xl&' �y\][Wi lU+$&%m%"YXUfS \e$S��   `7'I[Xl&'�!X't[
�(g $&�4S4',!{YW'Zc&YW'*!X'Z$o[XUV$&%�U+$U [WUV\()`&YWUVi�� )+�4iZ\e[XUV�($!{\($S _&$�2)V)+',SwS4YW�(c
!XU [W'*!�YW'*!Xc ',ij[WU��"'Z)Vv�%!Il&'maw\][ i l&U+$%w%(YWUVSd!9cYX',\(S&!@[��p�bS&U3# 'ZYW'Z$o[�\(it[XU$�]\][XUV�($ ! H [Wl&' � \"ij[XU$�]\][WU+�"$d!Xc&YW'*\(S!pgqYX�"aH$&�4S4'*!
YW'Zc&YW'*!X'Z$o[XUV$&%w`&YWUfi��;!&��l&UV)+' [Xl&' �m\(it[XU$�]\][XUV�($ !Xc&YW'*\"S&!�gqYW�(a}$&�4S4',!�YW'Zc&YW'*!X'Z$o[XUV$&% S&YX�"c���!XU+[X'*!�� /p�e[WlQ[Xl&'b\(it[XU$�]\][XUV�($ !
[X�"%('Z[Xl&'*Y S4'Z[X'ZYWabU+$'w[Xl&'^aw\][Wi l �]\()+_&'^\][ \�$�;S&'�ys�'Z$&�([X' `;v � � \e$S � �/[Wl&' � \e$ S �b\(ij[WU��]\e[XUV�($ YW'*!Xc ',ij[XU$�('*)+v
\][r\($/\(YX`&U+[XY \eYWvQ$&�4S4' �%� s�',2 $&' ��� � � ��� ��[X�Q`7' [Wl&'w$&'*U+%"lo`7�(YWUV$&%^$�;S&' �(g � \e)V�($&%^[Xl&'w!9[XYW�($&%"'*!9[�%"YW\"S4UV'Z$o[��(g �
\(it[XU$�]\][XUV�($ H

��� � � � � � � � � � 
 � � � +$� ����� ��� � �  � � � 4 � � �
��$ )VUV$&' �  [Xl' � \"ij[XU$�]\][WU+�"$ Uf!kUV$&U+[XUf\][W'*SmgqYW�(a \()+);$&�4S4',!MYX'*c&YX',!9'*$o[XUV$&%�`&YWUVi�� )V�4iZ\][WU+�"$!�� !Il&Uf!~\(ij[WU��]\e[XUV�($�� �
��!k\(YX�"_&$S
$&�4S4',!@YW'ZcYX',!9'*$"[WU+$%r`&YWUVi��4!�[Xl\e[�\(YX'�\e)VYX',\(S4v c&)f\(iZ'*S \"!
[Wl&'*!X' \eYW'��(` !L[ \(it)V'*!�� ��$ )VU+$'*! 2 � "� o'��"'ZYWvbS&YX�"c����#d)V�4iZ\e[XUV�($
�I!9c&YW'*\"S&!�\"ij[XU$�]\][WU+�"$ � �+ �9: $<'-%�[Wl&'r%(Y \(S&U+'*$"[��(gk[Wl&' � !Xc&YW'*\"S4U+$%b\"ij[WU��]\][WU+�"$QU+$&U+[XUf\][W'*SQUV$�)+UV$&' � �+!Il;_! � � � � gq�"Y
\e)V) $&�4S4',! � [Wl\][�)VU+'m�"$d\ c\e[XlQ`7't[��p'Z'Z$�!X�(ab'�[��@�b$&�4S4',!p[Xl\e[�YX'*c&YW'*!X'Z$o[I\ `&YWUfi�� \e$SQS4YW�(c���!XU [W'�)V�4iZ\e[XUV�($��%0?l&'*$
[XlUV! �I\(ij[WU��]\e[XUV�($wYW'*\(i l'*!{\ `&YWUVi�� )V�;i*\][WU+�"$ � �hiZ�($S&U [WU+�"$wU+$w)VU+$' %9�, o\($&�e[Wl&'ZY �I\"ij[WU��]\][WU+�"$bUV!@!L[ \eYX[X'*S�� S4Uf!L[WU+$&%"_&Uf!9l&',S
gqYW�(aF[Xl&' 2Y !L[�`;vd!X't[X[XUV$&% ���d[X� � �IgqYW�(a � [Xl\e[�Uf!�!9c&YW'*\"S�\e)V�($&% [Xl&�o!9' $&�4S4'*!� [Xl\e[ \()+YW'*\"S4v l \��('�� � � � �q)VU+$'
� �,��#p[�[Xl&'b!W\eab'm[XUVab' �  Uf!�YW'*!X't[�[X� � �h!9[X'*c ��� ��!X�w[Xl\e[�[Wl&' !Xc&YW'*\"S��eg{[Wl&' �m\"ij[WU��]\][WU+�"$ UV$&U [WUV\e[X',S UV$y!L[W'Zc " UV!!9[X�(cc ',S	�h!XU+$ it'�[Wl&' � � � � \(ij[WU��]\e[XUV�($ !Xc&YX',\(S&!@\e%o\eUV$!L[{[Wl&'�%"YW\"S4UV'Z$o[�itYW'*\e[X'*Sb`;v [Xl&' � \"ij[WU��]\][WU+�"$ � � !Il;_!� ([Wl&�(_&%"l
\(it[XU$�]\][XUV�($ gqYX�"aFab�"YX' [Xl\($y�($' S4YW�(c���!XU [W' abU+%"lo[�YW'*\(i l � UV$ !9[X'*c %� �"$&)+vd[Wl&' \"ij[WU��]\][WU+�"$ [Wl\][�YX',\(i l&',! � 2Y !L[�UV!

�����



iZ\e)fit_)V\e[X' aw\][ i l&UV$&%�� �   �
YX'Z[X_&YW$! 
 � � � � 
 � � � " � 	 � % 	 � � � &

�IH 
 � � � � 
 � � H � � � ��� &
�2H !9cYX',\(S \"ij[WU��]\][WU+�"$ � gqYX�"aP\e)V) ��� � � �  � � �+<H ��l&UV)+'�[Xl'ZYW'r\eYW'�_&$ab\e[Wi l&',Sd$&�4S4'*!IUV$�
2&H gq�"Y�\e)V) _&$&aw\][ i l&'*Sd$&�4S4',! ����
� H " !X't[ � � H � � gq�(Y�\()+) $�;S&'*! �/�($dc\][Wl^gqYW�(a ��[W� $'*\eYW'*!9[�S4Uf!Xi	%
" H �  � !�!� � � H � � � U+g>��� � � � �@[Xl&'*$�!9'Z[ �  � !�!� �	� H � �% H U+g � �  � � � � � �  � � � 	 ��� �
4<H " aw\][ i l ��[W� �  ���l&'ZYW' �@UV$&U+[XUf\][W'*S ��\"ij[WU��]\][WU+�"$d[Xl\e[IYW'*\"i l&'*S ��%
� H �  H � � � U+g � � � � � ��[Wl&'Z$�!X't[ � � + H � � 	 � �  � � �6� � � � � � + � ��*�<H !9'Z[ 
 � � � � 
 � � H � � gq�"Y�\e)V) $&�4S4'*! �/�($dc\e[XldgqYX�"a � [W� �
���IH �  H � �
�,�2H 'Z$ S U+g
�)+<H '*$S gq�(Y
� 2&H 'Z$S ��l&UV)+'

�MU+%"_&YW' 4 � % H #�)V%(�(YWU+[Xl&aPi*\e)fit_&)f\][W' aw\][ i l&U+$%

YW'ZUV$4gq�(Y it',S"��U+[Xl^[Xl&' � � � � \(it[XU$�]\][XUV�($�� !IlUV!I'*$!9_YX',!�[Wl\][ � � � � �"$&)+vbgq�"Yp[Xl&�o!9'�$&�4S4'*!p[Wl\][�)VU+' �"$^\ c\][Wl gqYW�(a
\ `&YWUVi�� !X�(_&Y it'�[X� [Xl'm$&'*\(YX',!L[�S4YW�(c���!9U+[X'.����$^[XlUV! �I\ v 4\ $&�4S4' YX'*c&YW'*!X'Z$o[XUV$&%b\ `&YWUfi��wUV! �Xab\e[Wi l&',S<� [X� [Xl&' $&',\eYW'*!9[
S4YW�(c���!XU [W' �hU+$ S4UVi*\][W'*Sd`;v !9'Z[9[WU+$&% 
 � � � � 
 � � � � �($&)Vvwgq�(YI[Wl&�"!X' $&�4S4'*! � ��l&'*YX' � � � � UV$Q)+UV$&' �*� � �
�������
	 O���E{A ��KLD .��d6 E~KX6 5�K9Ek24D ABEM2&6���8X0�<B=?KL<
.
3 8�2 ��A

#�$ ',(&\eabc&)V'�UV)+)V_!9[XY \][XUV$&%m[Wl&'�i*\e)fit_&)f\][W' aw\][ i l&U+$% \e)V%(�"YXU+[Xl&a UV!p!Xl&�
��$bU+$ 2 %(_&YW'*! 4 � 4 � 4 � ��� �MUV%(_&YW' 4 � 4 � \ �{!Xl&�
��!
\($
'Z$��;UVYX�"$&ab'Z$o[�it�"$"[ \eUV$&UV$&%b[Xl&YW'Z' `&YXUfi��4!�\e$ Sd[Xl&YW'Z' S&YX�"c���!XU+[X'*!�\($S 2%"_&YX' 4 � 4 �q` ��!9l&�
��!�[Xl&' it'Z)V)f!��($Q[Wl&' aw\][ i l&UV$&%
%(YWUfS iZ�(YWYX',!9c7�($S&U+$&% [X�d[Xl'*!X' `YXUfi��4!m\e$S/S4YW�(c���!9U+[X',!�� !Il&'w!Xc&YX',\(Sy�egp\"ij[WU��]\][WU+�"$ � gqYX�"a [Xl' [Wl&YW'Z'b$&�4S4'*! YW'ZcYX'��
!X'Z$o[XUV$&% `&YWUfi��;!rUV! !9l�
��$/UV$ 2%"_&YW' 4 � 4 �hi � � !Il&'d\(it[XU$� \e[XUV�($ � � � � [Wl\][ !Xc&YW'*\"S&!mgqYW�(a [Xl&' $&�4S4'*! YX'*c&YW'*!X'Z$o[XUV$&%
S4YW�(c���!XU [W'*!
\(%"\eUV$!9[~[Xl&'�%(Y \(S4UV'Z$o[{�eg [Xl' � \"ij[WU��]\][WU+�"$bUV!@!9l&�
��$bUV$ 2%(_YX' 4 � 4 �hS&�,� ���e[W'�[Xl\e[
[Xl�(_&%"lbS&YX�"c���!XU+[X'�s � UV!
it)V�"!X'ZYp[W� `YXUfi�� / � [Wl\e$d[W� / �  ;[Xl&'r\"ij[XU$�]\][WU+�"$ gqYW�(aPs � S4UfS^$�e[�YX',\(i l / � !XU+$ it' $&�4S4'*!IYW'ZcYX',!9'*$"[WU+$% / � \e$S / +
!9[X�(cc ',S !9cYX',\(S4UV$&% � \(it[XU$�]\][XUV�($���l&'Z$w[Wl&'���\(it[XU$� \e[XUV�($wYW'*\"i l&'*S [Wl&'Za �h)+UV$&' �,� UV$ 2%"_&YX' 4 �3%9� �%!Il;_!� ��� � � �($)+v
gq�(Y�[Xl&�o!9'r$�;S&'*!�[Wl\][�)+UV'r`7't[��p'Z'Z$ / � \($S�s �  \($SQ` 'Z[��@'*'Z$ / + \($SQs + � 2%(_YX' 4 � 4 �q' �=� � !Il&' $&'�� � \(ij[WU��]\e[XUV�($�q�"$&)Vv gqYW�(aB[Xl'�YX'*aw\eUV$&U+$%r_&$&aw\][ i l&'*S `&YXUfi�� / � �{Uf!�!Xl&�
��$wU+$ 2 %(_&YW' 4 � �&� \ �,�����
� [Wl&' ��� � � \(it[XU$�]\][XUV�($bgqYW�(a�s �
YW'*\(i l'*! / � � 2%"_&YW' 4 � �&�h` �=��\($SQ[Xl' ��� � � \"ij[WU��]\][WU+�"$ gqYW�(a�s � ` \(i��d[X� / � aw\][ i l&'*!�[XlUV!�`&YWUVi���\($SyS4YW�(c���!XU [W'
[X�b',\(i l �([Xl&'*Y��%!Il&' 2$\()��]\e)V_&'*!pUV$ [Wl&' ab\e[Wi l&UV$&% %(YWUVS^\eYW'�!Xl&�
��$^U+$ 2%(_YX' 4 � �&� i+��U+$S&UVi*\][XUV$&% [Xl'�[Wl&YW'Z'�ab\e[Wi l&',S
`&YWUVi��^\e$SdS4YW�(c���!9U+[X' c\(U+Y !��

� ��� � 	 � ��	�� ������� � 
�� ��� � ����

��$^[Xl&'�',(&\eabc&)V' S4'*!WitYWU+`7'*Sd\e`7�
�('. ([Wl&' c\][Wl!p` 'Z[��@'*'Z$ [Xl&'�[XlYX'*'�c\(U+Y !p�eg aw\e[Wi l&',S `&YWUVi��4!I\e$ S S4YW�(c���!XU [W'*!pS4UVS^$&�([
itYW�"!W!�'*\(i l �e[Wl&'ZYm\e$ Syl&'*$it' [Wl&' [Xl&YW'Z'b`&YWUVi��4!�aw\ v�` 'wab�
�(',SQ[X�d[Wl&'ZUVYrit�"YXYW'*!Xc �"$S4UV$&%^S&YX�"c���!XU+[X'*!�UV$/\($ov��"YWS&'ZY �
!Il&Uf! !9',ij[XUV�($ S4'*!WitYWU+`7'*!�l&�
� [W�^S4'Z[X'ZYWabU+$' [Wl&' �"YWS4'*Y�UV$ ��l&Ufi l S&YX�"c���!XU+[X'*!�\eYW'r[W� `7' 2)V)V'*Sy!X_i l�[Wl\][m\ S&YX�"c&c ',S
`&YWUVi�� ��UV)+)I$&�([ `&)V�4i��/c \][Xl ! `7't[��p'Z'*$��e[Wl&'ZY `&YWUVi��4! \($S�S4YW�(c���!XU [W'*!�� ���e[X' [Xl\e[ [Wl&'^!Xc&YW'*\"S �eg�[Wl&' � \(ij[WU��]\e[XUV�($
!9[W\eYX[W!{gqYX�"a \ $&'*U+%"lo`7�(YWUV$&% $&�4S4'��eg�\mS4YW�(c���!XU [W'I$&�4S4'����  � !�!� � � H � � U+$w)VU+$' "m�eg7[Xl&'�iZ\e)fit_)V\e[X' aw\][ i l&UV$&%r\e)V%(�"YXU+[Xl&a� 2 %(_&YW' 4 � %I�  $&�([ [Xl&'wS4YW�(c���!XU [W' $&�4S4'bU+[W!X'Z)+g�� !Il;_!� �U gI\^S&YX�"c���!XU+[X' UV!�$&�([ cYX',!9'*$"[ �($y[Xl&'bc\e[Xl ` 'Z[��@'*'Z$ \e$&�([Xl&'*Y
S4YW�(c���!XU [W' \e$S U+[W! aw\][Wi l'*S `&YWUVi�� �h\"!rUf!m[Xl' iZ\"!9' UV$ 2%"_&YX' 4 � �&�hi �=�,  [Wl&'Z$�U+[W! aw\][ i l �]\()+_&'^UV! � ��J��
�p'��"'ZY   U+g�\
S4YW�(c���!XU [W' � � Uf!Ic&YX',!9'*$o[I�"$ [Wl&'mc\e[XlQ` 'Z[��@'*'Z$Q\bS4YX�"c���!9U+[X' � � \e$S^U [ !�aw\][ i l&'*S^`&YWUVi��  ;[Xl'Z$ 
 � � � � 
 � � � � � \($S
� � a _!9[m` '"2)+)V'*S ��U+[Xl�\d`&YWUVi�� �"$&)Vvy\]g [W'ZY � �bUV! 2 )+)V'*S \(! �([Xl&'*Y-��Uf!X' [Wl&'w`&YWUVi�� S4YX�"c&c7'*S/\][ � � ��U+)V)
`&)V�4i���[Xl'
c\e[Xld[X� � ���'��$Q�e[Wl&'ZY �p�(Y S&!� ;`&YXUfi��4!Ia _!9[�` 'rS&YX�"c&c ',SQ\][�S4YW�(c���!9U+[X',! ��l&�"!X'mit�"YXYW'*!Xc �"$S4UV$&% aw\e[Wi l �]\e)V_&' UV! � �

���,�



D2

D1

D3

B1

B2

B3

� ��� � � � ��� �

����� � � �

�MU+%"_&YW' 4 � 4&H * (4\(abc&)+'dUV)+)V_!9[XY \][XUV$&% \e)V%(�"YXU+[Xla i*\e)fit_&)f\][W' aw\][ i l&U+$% � �h\ � *�$ �;UVYX�"$&ab'Z$o[ iZ�($o[W\(U+$U+$&% [XlYX'*'d`YXUfi��4!
� / �  ?/ �  \($S / + �I\e$ Sd[Xl&YW'Z'rS4YW�(c���!XU [W'*!L� s �  s �  7\e$SQs + � � �q`A� !Il&' iZ'Z)V)V!�UV$Q[Xl'raw\][Wi lU+$&%w%"YXUfSQit�"YXYW'*!Xc �"$S4UV$&%
[X� [Xl'�`&YWUfi��;!K� 2)V)V'*S !Wno_\eYW'*!5�
\($S S4YW�(c���!XU [W'*! �h!Wno_\eYW'*! ��U [Wl^S&\(Y-�b'*S&%('*!5� � i+�@#�it[XU$� \e[XUV�($ � !9c&YW'*\"S4UV$&%mgqYW�(a�$&�4S4'*!
YW'Zc&YW'*!X'Z$o[XUV$&% `&YWUVi��4! �hS �I#�ij[WU��]\e[XUV�($ � H $&�4S4'*! � ��l&'*YX' � � � � �h' �I#�it[XU$�]\][XUV�($ � H $�;S&'*! � ��l&'ZYW' � � � � �

� ��� � � � ��� �

�MU+%"_&YW' 4 � � H * (&\eabc&)V'pUV)V)+_!9[XY \][WU+$%r\e)V%(�(YWU+[Xl&aJi*\e)fit_&)f\][W' aw\][ i l&U+$% �hit�"$o[WS�� � �>�h\#�~#�it[XU$� \e[XUV�($ � !9c&YW'*\"S4UV$&%�gqYX�"aJ)f\(!9[
_&$&aw\e[Wi l&',S `&YWUfi��	�q` �I#�ij[XU$�]\][WU+�"$ � H $&�4S4',! � ��l&'*YX'�� � � � �hi �I#�ij[WU��]\e[XUV�($ � H $&�4S4'*! � ��l'ZYW'���� � � � !Il&',!9' \eYW'
\e)f!X� [Wl&' $&�4S4'*!'��l&'ZYW' 
 � � � � 
 � � � � \e$SQ!Xl&�
��!���l&Ufi ld`YXUfi��4!p!Xl&�"_&)VSd`7'mab�
�('*S [X� ��l&Ufi lQS4YX�"c���!9U+[X',!��

���)+



D1 D2

����� �����

�MU+%"_&YW' 4 � �*�<H * (&\eabc&)V' UV)V)+_!9[XY \][WU+$%�%(�"\()
!9',no_&'Z$iZU+$% � � \ � *
$��;UVYX�"$&ab'Z$o[rit�($o[ \eUV$&U+$%Q[��@�Q`&YWUVi��4!m\($S/[��@��S4YW�(c��
!XU [W'*!� �s � \e$S s � � �q`A�1!Il' iZ�(YWYX',!9c7�($S&U+$&%^aw\][Wi lU+$&%^%(YWUVS�� !Il&'bc\][Wl gqYW�(a}[Xl' `&YWUfi��;!�[W�dS4YW�(c���!XU [W' s � c \(!W!9',!
[XlYX�"_&%(l�[Wl&'bS4YX�"c���!9U+[X'. s � ���MUV)+)V'*Sy`&)V\"i���!Xno_\(YX',!�UV$S4UfiZ\e[X' iZ'Z)V)V!�YW'Zc&YW'*!X'Z$o[WU+$&% `&YXUfi��4!� !Wno_\eYW'*!&��U [Wl [XlUVi���',S4%(',!
UV$S4UfiZ\][W'rS4YW�(c���!9U+[X',!Is � \($S^s �  �2)+)V'*Sd%"YW\ vw!Wn"_ \eYW'*!pU+$ S4UVi*\][W'rit'Z)V)f! ��U [Wldaw\e[Wi l �]\e)V_&' �eg � �

�&�"Y UV$!9[W\e$ it' {iZ�($!XUVS&'ZYr[Wl&' [��p� `&YWUfi��;! \e$S/[��p�yS4YW�(c���!XU [W'*! U+$ 2 %(_&YW' 4 � �*� �h\#� \e$S [Wl&' $�;S&'*! U+$ [Wl&'^iZ�(YWYX'��
!Xc �"$S4UV$&% aw\e[Wi l&UV$&%y%"YXUfS [Wl\][bl\��"'^\ aw\e[Wi l �]\()+_&'d�eg � � 2%(_&YW' 4 � �,� �h` �=�,� !Il&'^c \][Xl gqYW�(a [Xl&'Q`&YWUfi��;! [X� [Xl'
gh\eYX[Xl'ZY S4YX�"c���!9U+[X' s � c \(!W!9',!�[XlYX�"_&%(l�[Wl&' $'*\eYW'ZY�S4YW�(c���!9U+[X'. 7s � � !Il&'*YX'Zgq�(YW' 7�($&)Vv [Wl&' ab\e[Wi l �]\()+_&' �eg{[Wl&' $�;S&'
it�"YXYW'*!Xc7�($S4UV$&% [X�ws � UV! � � !Ilo_ !� 4UV$d[Xl&Uf!�iZ\"!9'. &S4YW�(c���!9U+[X' s � !9l&�"_&)fS `7' 2)V)+',S^`7'tgq�"YX'ms � �

!Il&'�\e%('*$o[p\e)f!X� l\"!
[W� S4',itUfS4' ��l&UVi l^`&YWUVi�� [X� c&Ufi��b_&c [W� `7'�ab�
�"'*Sb[W� \ S4YX�"c���!9U+[X'.� /pYWUVi��4!
[Xl\e[I\(YX'�ab\e[Wi l&',S
[X�/!9�"ab' S4YW�(c���!9U+[X' l\��('b[Wl&'ZUVY iZ�(YWYX',!9c7�($ S4U+$%�$&�4S4'*! �($ [Wl&' aw\][ i l&UV$&% %(YWUfS !9'Z[ [X� �($&' �hS&\(Y-� 2)V)+',S !Wn"_ \eYW'*!mUV$
2%"_&YX' 4 � �*� �q` �3� � #�)V!X�  %"U��"'Z$y\^`&YWUVi��  7[Xl&'wS4YW�(c���!XU [W' aw\][ i l&'*S [X�^[Xl\e[�`YXUfi�� iZ\($ ` 'bUfS4'Z$o[WU32',Sy`;vQgq�")+)V�
��U+$% [Xl'
c\e[Xl��(gI$�;S&'*! ��U+[Xl ab\e[Wi l �]\e)V_&' � �(YWU+%"U+$\e[XUV$&%QgqYW�(a [Xl&'^$&�4S4' �"$ [Xl&' aw\e[Wi l&UV$&% %"YXUfS it�"YXYW'*!Xc �"$S4UV$&%Q[X� [Xl\e[
`&YWUVi�� � �&�(Y�',(&\eabc&)V' 7!L[ \eYX[XUV$&% gqYX�"aP[Wl&'r$&�4S4'riZ�(YWYX',!9c7�($S&U+$&% [W� `&YWUVi�� / � �h�eg~[Xl&' �@�"YX)fSQ!9l&�
��$QUV$ 2%(_YX' 4 � 4 �h\ �3�
UV$ 2%(_YX' 4 � � �hi �r\e$ S gq�()V)+�
��UV$&%Q[Wl&'d!Xl\"S4'*S !Wno_\eYW'*!� k�"$&' YW'*\"i l&'*!m[Xl&'Qit'*)+)pit�(YWYW'*!Xc �"$S4UV$&%Q[X�/S4YX�"c���!9U+[X' s � � ��$
%('*$&'ZY \e)  7�($&' ab\ vdYW'*\(i l�ab�"YX' [Xl\($ �($&' S4YW�(c���!9U+[X' `ovdgq�")+)V�
��U+$%^\e$ \(ij[WU��]\e[X'*S c\][Wl �($�[Wl&' ab\e[Wi l&UV$&%^%(YWUVSdgqYW�(a
\Q`&YWUVi�� $&�4S4' !XU+$ it'wc\e[Xl!m`7't[��p'Z'*$�S4U�#7'*YX'*$"[ ab\e[Wi l&',S/`&YXUfi�� \($S S4YW�(c���!9U+[X'wc \eUVYW!maw\ v/itYW�"!W!�� ��(YrUV$!9[W\($it'. kUV$
2%"_&YX' 4 � �*� �q` �, ;�($&'�YX',\(i l&',!{[Wl&' $&�4S4'*!Iit�"YXYW'*!Xc7�($S4UV$&% [X� ` �([XlQs � \e$S^s � !9[W\(Y9[WU+$&% gqYX�"a�[Xl&' `&YWUfi�� $�;S&'*!I\][I[Xl'
)V'tg [�� J��
�p'��('*Y� o�($)+vw[Wl&�"!X'rS4YW�(c���!XU [W'�$&�4S4',! ��U+[XlQaw\][Wi l �]\e)V_&' � \eYW'&2 )+)V'*S 2Y !L[ �

#�g [W'ZY�\b`&YXUfi��dUV!�S&YX�"c&c ',S� 7U [�`7'*iZ�(ab'*!�\e$Q�(` !L[ \(it)V' gq�(Y�\e)V)�gq_4[W_&YW'rc\][Wl�c&)f\e$&$&UV$&% \($S^[Xl&' \(it[XU$� \e[XUV�($!��($Q[Xl'
aw\][ i l&U+$% %(YWUfSwi l\e$&%"' � \e)V%(�"YXU+[Xl&a�iZ\()ViZ_&)f\][X' ab\e[Wi l&UV$&% UV!@YX_$ \e%o\eUV$� ([Wl&'�aw\e[Wi l"�]\e)V_&',!@\(YX'�YW'*iZ�(abc&_4[W'*S� 4\($Sb[Xl'
$&'�(o[�!9'Z[��eg
S4YW�(c���!XU [W'*! ��U+[Xl aw\e[Wi l �]\e)V_&' � Uf!�i l&�o!9'*$d[X� `7' 2)V)V'*S��'!Il&Uf!�!X'*no_&'*$itUV$&% \()+%"�(YWU [Wl&aH[Wl\][�S&'t[X'*YXabUV$&'*!
��l&Ufi ly`&YWUfi��;!�\eYW' c&Ufi��(',S�_&c/\e$Sya �
�"'*Sd[W� ��l&Ufi l S&YX�"c���!XU+[X'*!�UV! S4',!XiZYXUV`7'*S�UV$ 2%"_&YW' 4 � ��� ��� U+$' + UVS4'*$o[XU�2'*!�[Xl'
it)V�"!X'*!9[�`&YWUVi�� $�;S&' �@[Xl \][�Uf!�aw\][Wi l'*S [X� !X�(ab'mS4YX�"c���!9U+[X'.�~� U+$' 2 !Xc&YW'*\"S&!I\(ij[WU��]\e[XUV�($^gqYX�"aP$&�4S4' �@[X�wUfS4'Z$o[XU+gqv U+[W!
aw\][ i l&U+$% S4YX�"c���!9U+[X'.�@#�it[XU$�]\][XUV�($�aw\ v^YX',\(i lda �"YX' [Wl\e$Q�"$&'rS4YW�(c���!9U+[X'm$�;S&' �hS4_'m[X� iZYX�o!X!X'*S^c\][Wl!5�  `_4[��($)+vd\
S4YW�(c���!XU [W' ��U+[XlQaw\][ i l �]\()+_&' � Uf!�i l&�"!X'Z$ �qYW'ZcYX',!9'*$"[W'*S^`;v $&�4S4'��=� �

!Il&'
!X'*no_&'*$itUV$&%�\e)V%(�"YXU+[Xla UV!�U+abc&)V'Zab'Z$o[W'*S `;v�l\��;UV$&%IU+$l&U+`U [W�(YWv�iZ�($&$&',ij[WU+�"$!7gqYX�"a [Wl&'
$&�4S4',! U+$ [Wl&'
aw\][ i l&UV$&%
%(YWUfS�[W� [Xl&' iZ�(YWYX',!9c7�($S&U+$&%/$&�4S4',!bU+$C[Wl&' x@�($�2 %(_&Y \][WU+�"$ $\��;UV%"\][WU+�"$ aw\ec?\($S '�(&itU+[W\][W�(YWv it�"$&$&',ij[XUV�($ ! [X� [Xl'
it�"YXYW'*!Xc7�($S4UV$&%�$&�4S4',!rUV$ [Xl' /pYWUVi�� $\��;U+%o\][XUV�($ aw\ec�� # ',iZ\e)V)
[Wl\][ [Xl&'�x@�($�2 %(_&Y \][WU+�"$ $\��;U+%o\][XUV�($ aw\ec Uf! _!9',S
gq�(Y�c \][Xl�c)V\($&$&UV$&% [X� S4YW�(c���!XU [W'*!�\e$ S [Wl&'ZYW'tgq�"YX'�[Wl&'mU+$l&U+`U [W�(YWv^it�"$&$&',ij[XUV�($ !Ic&YX'��('*$"[I[Wl&�"!X'rS4YW�(c���!9U+[X',!@[Xl\e[�`&)V�;i��
c\e[Xl!p`7't[��p'Z'Z$d!9�"ab'�aw\][ i l&'*S `&YXUfi��w\e$S^S4YW�(c���!9U+[X' �qU � '. &S4YW�(c���!9U+[X',! ��l&�o!9' it�"YXYW'*!Xc7�($S4UV$&%r$�;S&'��"$w[Xl&' aw\][ i l&UV$&%
%(YWUfSbl\(!@aw\][Wi l �]\()+_&' � �{gqYX�"aB`7'ZUV$&% it�($ !9UfS4'ZYW'*Sw\"!
%"�"\e) )+�4i*\][XUV�($ !��{z;UVa UV)f\eYW)+v. ([Wl&'�'�(4iZU [ \][W�(YWv iZ�($&$&',ij[WU+�"$!{[W�r[Xl'
/pYXUfi��d$\��;U+%o\][XUV�($�aw\(c 'Z$!X_&YW'*!�[Xl\e[��"$&)+vd[Wl&�"!X' `&YWUfi��;!�[Xl\e[ \(YX' ab\e[Wi l&',S�[W�^!X�(ab' S4YW�(c���!XU [W' �qU � ' `&YWUVi��4!1��l&�"!X'
it�"YXYW'*!Xc7�($S4UV$&%Q$&�4S4' �"$/[Xl&'^ab\e[Wi l&UV$&%�%"YXUfS/l\(!maw\e[Wi l �]\e)V_&' � � ��U+)V)�`7'^iZ�($!XUVS&'ZYW'*S/\(!r%"�"\(){)+�4iZ\e[XUV�($!���z;U+$ it' 
c\e[Xl/c&)V\($&$&UV$&%QUV!mi*\eYWYXUV'*S �(_4[m`;vy!Xc&YX',\(S4UV$&%Q\(it[XU$� \e[XUV�($ �($ [Xl&'b$\��;UV%"\][WU+�"$ aw\ec!� [Wl&' \e%"'Z$o[�ab�
�"'*!�[X�
�I\eY S�[Xl'
it)V�"!X'*!9[�!9'*)+',ij[W'*S^`&YXUfi�� �"Y�S4YX�"c���!9U+[X'.� !Il'*!X'�UV$o[X'*YWiZ�($&$&',ij[WU+�"$!I\eYW' !Xl&�
��$dU+$ 2%"_&YW' 4 � � � �

��� 2



!9',n"_'Z$iZ' �1�
�IH ��l&UV)+'�[Xl'ZYW'r\eYW'�_&$�2)+)V'*S�S&YX�"c���!XU+[X'*! �� �� " %6�
�2H aw\e[Wi l � iZ\()ViZ_&)f\][X' ab\e[Wi l&UV$&%�� �  K�
+<H cUVi�� _cQiZ)+�o!9',!L[�`&YWUfi�� ��U [Wl it�(YWYW'*!Xc �"$S4UV$&% aw\][ i l&UV$&%b%(YWUVS^$&�4S4' ��� �

!X_i l^[Xl\e[ 
 � � � � 
 � � � �2&H !Xc&YW'*\"S \(it[XU$�]\][XUV�($^gqYW�(a �r\e)V�($&%b$&�4S4',! ��U [Wldaw\e[Wi l � \()+_' � �
� H S&YX�"c^`&YWUfi�� \][�$&',\eYW'*!9[�S&YX�"c���!XU+[X' ��U [WlQiZ�(YWYX',!9c7�($ S4U+$% aw\][ i l&UV$&%b%(YWUVS

$�;S&' � �� !X_i ld[Xl\e[ 
 � � � � 
 � � � � \e$ Sd\"ij[WU��]\][WU+�"$^l \(!IYW'*\(i l'*S
\ $&'*U+%"l;` �"YXUV$&%bit'Z)V)��(g �

�MU+%"_&YW' 4 � �,�IH s�YX�"c���!XU+[X'm!9',no_&'Z$iZU+$% \()+%"�(YWU [Wl&a

Brick ESM

Config. ESM Config.Nav Map

Brick
Nav. MapSensor

Grid

Matching
Grid

Excitatory

Inhibitory

M
o
t
o
r
 
A
c
t
i
o
n
s

�MU+%"_&YW' 4 � � �2H ��$o[X'ZY it�"$&$&',ij[XUV�($ ! ` 'Z[��@'*'Z$ � \][ i l&U+$%d%"YXUfS� �*pz � !�  \e$ S $ \��oUV%"\e[XUV�($ aw\(c! H [Wl&'w)VU+$&',! ` 'Z[��@'*'Z$/[Xl'
aw\][ i l&U+$%�%"YXUfS \($Sm[Wl&' *@z � !MYW'Zc&YW'*!X'Z$o[M)+UV$��4!~` 'Z[��@'*'Z$ '��('*YXvmiZ�(YWYX',!9c7�($S&U+$&%�c\eUVY~�eg$'Z_&YW�($!�� !Il'�x@�"$�2%"_&YW\e[XUV�($
*@z ��!9l�
��!{[Xl \][�\mYX�
�C�(g�`&YXUfi��4!�l \��('�[W� `7'�`&_&UV)+[� ���l&UV)+'�[Xl&' /pYXUfi�� *@z ��!Xl&�
��!
[Xl\e[@`&YWUVi��4!p\eYW'�UV$w[��@� it)V_!9[X'ZY !��
!Il&' \"ij[XU$�]\][WU+�"$! �($ [Xl&' ab\e[Wi l&UV$&%Q%(YWUfS !Xl&�
� [Wl&'wc\e[Xl!m`7't[��p'Z'*$y[Wl&' it)V_!9[X'*YW!m�(g@`&YWUfi��;!m\($S [Xl&'wYW�
� �(gIS4YW�(c��
!XU [W'*!�� !Il'*!X'�\"ij[XU$�]\][WU+�"$!�UV$&l&UV`&U+[@[Wl&'mit�"YXYW'*!Xc �"$S4UV$&%m$&�4S4',!@UV$ [Wl&'rx@�($�2%"_&Y \][XUV�($ $\��;U+%o\][XUV�($waw\(c \e$S ',(&itU+[X'�[Xl'
it�"YXYW'*!Xc7�($S4UV$&% $&�4S4'*!IUV$d[Xl&' /pYWUVi��w$ \��oUV%"\e[XUV�($^ab\(c��

��� �



Placed
a priori

- Agent

� ��� � � �

�MU+%"_&YW' 4 � ��+<H *
$��;U+YW�($&ab'*$"[ ��U [Wl �($&' `&YWUVi�� !X�(_&Y it'b\e$ S [Wl&YX'*' �p\()+)f!�[X�Q` 'b`&_U+)+[����h\#� !Il&'w\e%('*$o[W!�l\��('b\e)VYW'*\(S&v
`&_&UV)+[�[Xl'�`7�e[9[W�(a ��a �o!L[+�p\()+)  o\($Sbc\(Y9[ !{�eg [Wl&'��([Xl&'*Y{[��@� �p\()+)f!�� �q`A�{aw\][ i l � \()+_'*!
�"$b[Xl&'�$&�4S4'*!��eg [Wl&'�aw\][ i l&UV$&%
%(YWUfSQ�eg�\e$ \e%('*$o[�\][�[Xl&'b!L[ \eYX[��eg�iZ�($!9[XYW_it[XUV�($�� /p)f\(i�� 2)V)+',Sy!Wn"_ \eYW'*!�UV$S4UfiZ\e[X' )V�4iZ\e[XUV�($!��eg
`&YWUVi��4!� 7!Wno_\eYW'*!&��U [Wl
[XlUVi�� '*S4%"'*!{UV$S4UfiZ\e[X'�)+�4iZ\e[XUV�($!
�eg�S4YW�(c���!9U+[X',!� o\e$S )VU+%"lo[X)Vv 2)V)V'*S !Wno_\eYW'*!~UV$S4UfiZ\e[X'�$&'*_&YW�($! � ��l'ZYW' 
 � � � � 
 � � � � �
��� � �
	 O���E{A ��KLD 	 .���GID��I5�D 0�6 890�<>=?K9<
.
38L2 ��A

�MU+%"_&YW' 4 � ��+ � \ ��!9l&�
��!m\($ '*$��oUVYW�($&ab'Z$o[ ��l&'*YX' [XlYX'*' c \eY \e)V)+'*)��I\e)V)f!m\eYW' [W�Q` 'w`&_U+)+[ \e$S [Wl&'ZYW'bUV!m�"$&'w!9�"_&Y it' �eg
`&YWUVi��4!�� ! �p�^�(g
[Xl&'b`&YWUfi��;! �p'ZYW' c)V\"it'*S � ?A.-:;49.-: �%�kUV%(_YX' 4 � �)+ �q` ��!9l&�
��!�[Wl&' 2$\e)~aw\][ i l �]\()+_&',! \]g [X'*Y YX_&$$&U+$%
[Xl'riZ\e)fit_)V\e[X' aw\][ i l&UV$&% \e)V%(�"YXU+[Xl&a>�"$d[Xl&'maw\][ i l&UV$&%b%(YWUVS^�eg{\e$Q\e%"'Z$o[�\][�[Xl'r!L[ \eYX[I�(g~iZ�($!9[XYW_it[XUV�($��%!Il&'maw\][ i l
\(it[XU$�]\][XUV�($ ��
�p'*S \(YX�"_&$Sb[Wl&�"!X'�$�;S&'*!@YX'*c&YX',!9'*$o[XUV$&%r[Wl&'�[��p� `&YXUfi��4!�c)V\"it'*S �G?A.-:;49.-:7!XU+$ it'�[Xl&',!9' \eYW'��"`!L[ \(iZ)+',!
[W�
c\e[Xl!I`7't[��p'Z'*$^[Wl&'r!X�(_&Y it'��eg~`&YWUVi��4!I\e$SQS4YW�(c���!XU [W'*!��

!Il&'m!X'*no_&'Z$ itUV$&%w\e)V%(�(YWU+[Xl&a 2 )+)f!p[Xl&' gh\(Y9[Wl&'*!9['�I\e)V) 2YW!9[L�h!XU+$ it'r\e)V) [Xl'm$&�4S4'*!�iZ�(YWYX',!9c7�($S&U+$&% [X� [Wl&UV!'�p\()+) l\��"'
aw\][ i l �]\()+_&' � \(!�UV$S4UfiZ\e[X'*SQ`;v [Xl&'r_$�2)V)+',S�!Xno_\(YX',! ��U [Wl�[Xl&Ufi�� ',S4%(',!�UV$ 2%(_&YW' 4 � �)+ �q` �3�  4[Wl&'Z$ [Xl&'rabUfS&S4)V' �I\e)V)
\e$ S 2$\e)V)Vv [Wl&'r$&',\eYW'*!9['�p\()+) �q$&�4S4',!�it�"YXYW'*!Xc7�($S4UV$&% [X� [Xl&Uf!&�I\e)V)�l\��"'maw\][Wi l �]\()+_&' � \(!�UV$S4UfiZ\e[X',SQ`ov^[Xl' 2)V)+',S
!Wn"_ \eYW'*!���U [WlQ[Xl&Ufi�� ',S4%(',!IU+$ 2%"_&YW' 4 � �)+ �h` �=�,� !Il&'m%(YW'Z',S4v \()+%"�(YWU [Wl&a �p�(_&)fSdl\��('12)V)+',Sd[Xl&',!9'mYW�
��!p�eg{S4YX�"c���!9U+[X',!
UV$y[Wl&' YW'��"'ZY !9' �(Y S4'ZY�YW'*no_&UVYXUV$&% [Wl&'b\e%('*$o[W!�[X�Qab�
�(' \(YX�"_&$SQ[Wl&' �p\()+)f!�c&)V\"it',S 2Y !L[ ���MU+%"_&YW' 4 � ��+ �h\#��!Xl&�
��!�[Xl\e[
[Xl'r\e%('*$o[W!pl\��('m\()+YW'*\"S4vw`&_&UV) [�[Wl&'m`7�e[9[W�(a ��a �o!L['�I\e)V)  &\e$S^c\eYX[W!I�(g [Wl&'m�e[Wl&'ZYI[��p� �p\()+)f!��

��� � ��� O���E{A ��KLD � .���GID��I5�D 0�6 890�<>=?K9<
.
38L2 ��A

�MU+%"_&YW' 4 � �)2 � \ ��!9l�
��!m\e$ 'Z$��;U+YW�($a '*$o[ ��l'ZYW' [Wl&YW'Z'wc\(YW\()+)V'Z)%�I\e)V)V!m\(YX' [W��` 'w`&_U+)+[ \e$ Sy[Wl&'ZYW'w\eYW' [��@� !X�(_&Y it',!
�egI`&YWUVi��4!��($/'ZU+[Xl'ZY !XUVS&'�%�MU+%"_&YX' 4 � �)2 �q`A��!Xl&�
��!�[Wl&' 2$\(){ab\e[Wi l �]\e)V_&'*!m�"$y[Wl&'waw\][ i l&U+$%d%"YXUfS �egp\($ \e%('*$o[ \e[
[Xl'd!9[W\(Y9[ �(g�it�"$!9[XYW_ij[WU+�"$��/z;�"ab' �eg�[Wl&'QS4YX�"c���!9U+[X',!r�($�[Xl&'dabUVS&S&)+' �p\()+)+�@'*YX'^aw\][Wi l'*S ��U+[Xl�`YXUfi��4!rgqYW�(a [Xl'
[X�"c?!9�"_&YWiZ' ��lU+)V'Q[Xl&'��([Xl&'*Y S4YW�(c���!9U+[X',! �@'*YX'Qaw\][ i l&'*S/��U [WlC`&YXUfi��4! gqYX�"a [Xl'�` �([9[X�"a !X�(_&Y it'Q!XU+$iZ'�` �([Xl [Xl'
`&YWUVi��/!9�"_&Y it'*!m\(YX'b',n"_UVS4Uf!9[W\e$o[rgqYW�(a [Xl&' a UfS&S4)V' YW�
� �(gIS&YX�"c���!XU+[X'*!�� !Il'wc\][Wl!r`7't[��p'Z'*$ [Wl&' S4YW�(c���!XU [W'*!mUV$ [Xl'
abUVSS4)+' YX�
� \($S^[Xl&'*U+Y�ab\e[Wi l&',Sd`&YXUfi��4!Ic\(!W!p[XlYX�"_&%(ld[Xl'rit'Z$o[WYW\() c �"Y9[WU+�"$!��egM[Xl' [X�(c�\($Sd` �([9[X�"aPYW�
� �(g~S4YW�(c��
!XU [W'*!�� !Il;_!� 7[Xl&' $&�4S4',!�iZ�(YWYX',!9c7�($S&U+$&% [X� [Wl&'bit'Z$o[WYW\()kc7�(YX[XUV�($!��eg{[Wl&' [X�(c/\e$S ` �([9[X�"a YX�
� �(g@S4YW�(c���!9U+[X',!�l\��"'
[Xl'ZUVY�aw\e[Wi l �]\()+_&',! !9'Z[�[W� � �qUV$S4UfiZ\e[X'*S `;v 2)V)+',S !Wno_\eYW'*!1��U [Wl S&\(Y-��',S4%(',!�UV$ 2%(_&YW' 4 � �)2 �h` �=�&��l&UV)+' [Xl' aw\][ i l
�]\e)V_&' �eg�[Wl&'b$&�4S4'*! iZ�(YWYX',!9c7�($S&U+$&% [X�^[Xl&'babUfS&S4)V' �I\e)V)~UV! � �qUV$S4UfiZ\e[X'*S `;v�_&$�2)V)V'*S !Xno_\(YX',!'��U+[Xl S&\eY ��'*S&%('*!�UV$
2%"_&YX' 4 � � 2 �q` �3� �%!Il&'*YX'Zgq�(YW' oU+$^[Xl&Uf!I'Z$��;UVYX�"$&ab'Z$o[� o[Xl' !X'*no_&'*$itUV$&% \e)V%(�(YWU+[Xl&a 2)V)f!�[Wl&' abUVS&S&)+' �I\e)V))2 YW!9[� 4YW_&$!@[Xl'
iZ\()ViZ_&)f\][X' ab\e[Wi l&UV$&% \e)V%(�(YWU+[Xl&a�\e%o\eUV$b[X� YW'*iZ�(abc&_4[W'�[Wl&'�\"ij[XU$�]\][WU+�"$!��"$w[Xl'�aw\][ i l&U+$% %(YWUfSw\e$Sb[Wl&'Z$�2)V)V!�[Xl&'�[X�"c
\e$ Sw` �([9[W�(a �p\()+)f!G�hU+$"2%(_&YW' 4 � �)2 �h\#�M[Xl'�\e%"'Z$o[W!
l\��('�\()+YW'*\"S4v `_&U+)+[p[Xl&'�a UfS&S4)V'&�I\e)V)  o\($Swc\(Y9[ !
�eg [Wl&'��([Xl&'*Y
[��p�

��� "



- Agent

� ��� � � �

�MU+%"_&YW' 4 � � 2 H *�$��oUVYW�($&ab'Z$o[&��U+[Xl [��@�^`&YXUfi��Q!9�"_&YWiZ'*!�\e$SQ[Wl&YW'Z' �I\e)V)V!�[X�^` ' `&_&UV) [ � � \ �1!Il&' \(%('*$"[ !�l\��"' \e)VYW'*\(S&v
`&_&UV)+[�[Xl&' abUVSS4)+' �I\e)V)  &\e$S^c\eYX[W!p�(g [Xl'm�e[Xl'ZYp[��@� �I\e)V)V!�� �q` �I#�ij[XU$�]\][WU+�"$!��($ [Xl&'maw\e[Wi l&UV$&%b%(YWUVS �eg~\e$Q\e%('*$o[I\e[
[Xl' !L[ \eYX[��eg{it�($ !L[WYX_it[XUV�($�� /@)f\(i��"2)+)V'*S�!Wno_\eYW'*!pUV$S4UfiZ\e[X'm)V�;i*\][WU+�"$!��eg~`&YWUVi��4!� &!Xno_\(YX',! ��U [Wld[Xl&Ufi��^',S4%(',!IU+$ S4UVi*\][W'
)V�;i*\][WU+�"$!I�eg~S4YX�"c���!9U+[X',!� &\($S )VUV%(lo[X)Vv 2)V)+',SQ!Xno_\(YX',!@UV$S4UfiZ\e[X'm$&'*_&YW�($! � ��l&'ZYW' 
 � � � � 
 � � � � �
�I\e)V)V!5� �%!Il&'�%(YW'Z'*S&v \()+%"�(YWU [Wl&a �p�(_)VSwl \��(' 2)V)V'*Sw[Wl&'�[��p� �"_4[X'*Y+�I\e)V)f!%2Y !L[pYX',no_&U+YWUV$&%m[Xl'�\(%('Z$o[ !{[X� ab�
�('�\(YX�"_&$S
[Xl'*!X'm�(_4[W'ZY �I\e)V)V!@[X�wYW'*\"i l [Wl&'mabUVS&S&)+' �I\e)V) �

!Il&'�!XU+a _&)V\e[XUV�($ YX',!9_&)+[W!w!Xl&�
�>[Wl\][ c)V\($&$&UV$&%/[Xl&'�!X'*no_&'Z$ it'Q�eg S4UV!Widc&)f\(it'*ab'Z$o[wYX',S4_it',! [Xl&'d[W�e[W\()�S4Uf!L[ \e$iZ'
[XY \��('*)+',S^[X� iZ�(abc&)V't[X' [Xl&' it�"$!L[WYX_ ij[XUV�($d[ \(!-� �#��abc&)V'Zab'*$"[WU+$% %(�;�4SQl&'*_&YXUf!9[XUfir!9�")+_&[XUV�($!�[X�w[Wl&' � 0 u � c&YW�(`&)V'Za
��U+[Xl *
_ it)VUVS4',\e$ �@'*U+%"lo[W!mS4UVYX',ij[W)+v �($/[Xl&' !Xc\e[XUf\e)
YW'Zc&YW'*!X'Z$o[ \][XUV�($ UV! \�it�($��"'Z$&UV'Z$o[ �p\ v��(gpYW'*S&_itUV$&%�UV$"[W'ZYXgq'ZYW'Z$iZ'
`7't[��p'Z'Z$�\(%('*$"[ ! ��U [Wl&�(_&[r[Xl&' $&'Z',S/gq�(Y iZ�(aba _&$UVi*\][XUV�($�� !Il&' \()+%"�(YWU [Wl&a \()V!X�Q[W\�('*!rU+$o[X� \"iZiZ�(_&$o[r�(` !L[ \(it)V'*! �"$
c\e[Xl!�`7't[��p'Z'Z$/S4Uf!Xi*!�\($SyS&YX�"c���!XU+[X'*!��m#�)V)
it�"a c_4[W\e[XUV�($!�\eYW' c7'ZYXgq�(YWab'*S _ !9UV$&%d�($&)Vv�)+�4i*\e)MU+$o[X'*YW\"ij[WU+�"$!�`7't[��p'Z'*$
$&'*U+%"lo`7�(YWUV$&%m$&�4S4'*!@\e$S l&'Z$iZ'�[XlUV!p\e)V%(�"YXU+[Xl&aBiZ\($w` '�' � itUV'Z$o[X)VvbU+abc&)V'Zab'*$"[W'*SwUV$wc\(YW\()+)V'Z)7!9v4!9[X'Zaw!�����$ [Xl&Uf! �p�(Y �  
[Xl'�'Z$��;U+YW�($&ab'*$"[{it�"$o[W\eUV$&',S �"$&)+v `&YXUfi��4! �q$&� gq�;�4S �"Y%�p\e[X'*Y~S&UV!WiZ! �p'ZYW'Ic&YX',!9'*$o[5� �M#�$b',(;[W'Z$!XU+�"$ �(g [Wl&Uf! �@�"Y-�riZ�(_&)fS
UV$it)V_S4'mgq�;�4S�\e$ S �I\][W'ZY�S4Uf!WiZ!�\"!��(` !L[ \(it)V'*! ��l'Z$ !Xc&YX',\(S4UV$&%w\(it[XU$�]\][XUV�($QUV$Q[Xl&' iZ\e)fit_)V\e[X' aw\][ i l&UV$&% \e)V%(�"YXU+[Xl&aP�eg
2%"_&YX' 4 � %��

� ��� � 	�
�� � 	���� � ���

��'*_&Y \e)p$&'t[��p�(Y �4!rl\��"' `7'Z'Z$ c&YW�(c7�"!X'*S/[X� !X�()$�(' iZ�(a `U+$\e[X�"YXUf\e)@�(c4[WU+abU �*\][WU+�"$�c&YW�(`&)V'Zaw! !9_ i l \(! [Xl'^aw\][ i l&UV$&%
c&YW�(`&)V'Za \e$S [Wl&'�!kYW\��"'Z)VU+$&%�z4\()+',!9aw\e$/c&YW�(`&)V'Za � !Il&'w$&'Z_YW\()
$&'t[��p�(Y �4! \eYW' UV$ [Xl'wgq�(YWa �(gIiZ�($o[XUV$;_&�(_! �]\()+_&',S
J��"c�2'*)VS $&'t[ ! 
 !M\e$ � \e$S !k\($��  � � 4 � �   !L[W�4i l\(!9[XUfi !XUVa _&)f\][W'*S/\e$&$&',\e)VU+$% 
 % U+Y �;c\][WYXUfi�� "F% �6@$#$ � � 4,+ �  k\e$S ab'*\e$��
2'*)VSd\e$&$'*\e)VUV$&% 
 u~'t[W'ZY !9�"$^\($S^#�$S4'*YW!X�($� � � 4 % � � �&�"Y�',(&\eabc&)V' ;[W� !X�()$�('�[Xl'ma UV$&UVa _&a:aw\][Wi lU+$&% c&YW�(`&)V'Za  4',\(i l
$&�4S4'�U+$ \�J��(c�2'Z)fSw$&'Z[��@�"Y-� �@�"_&)VSbYW'ZcYX',!9'*$"[p\mc �o!X!XUV`&)+'�ab\e[Wi l&',Swc\(U+Y@�eg�'Z)V'Zab'*$"[ ! 
 % _&$&%) � ��� + � �%!Il&'&�p'ZUV%(lo[W'*S
)VU+$��4!{`7't[��p'Z'*$ [Xl&'�$�;S&'*!{'*$it�4S4'I[Wl&'�it�"$!L[WYW\(U+$o[ !~�eg7[Xl&'�cYX�"`&)+'*a ��!Il&'�S&vo$ \eabUVi*!{�eg7[Xl'�$&'t[��p�(Y �4!M[Xl&'*$wa UV$&UVabU��*'
\^gq_&$it[XUV�($ [Xl \][ it�"$o[W\eUV$ [X'ZYWaw!mit�"YXYW'*!Xc �"$S4UV$&%^[X�d[Xl&' [X�e[ \e)%�p'ZUV%(lo[m�egIaw\][Wi l'*S c\eUVYW!m\($S [Xl&' iZ�($!9[XY \eUV$o[W! �h\($
'Z)V'Zab'*$"[miZ\($y`7' aw\e[Wi l&',S�[X�^',(&\(it[X)Vv��($&' 'Z)V'Zab'Z$o[�gqYX�"a}[Xl&' �e[Wl&'ZY !X't[5�,� !Il&',!9' [X'*i l$&UVno_&',!�YX',n"_U+YW'r[Wl&' �p'ZUV%(lo[ !
[X� ` 'QiZ\()ViZ_&)f\][X',S � ?A.-:;49.-:
gq�(Y '��"'ZYWvyc&YW�(`)+'*a UV$!9[W\($it'.� !Il&'^$;_&a `7'ZY �eg�$&�4S4',! UV$ !X_i l�$'t[��p�(Y �;!rUV! '*no_\()�[W�
[Xl' !Wn"_ \eYW'r�eg~[Xl' $;_&a ` '*Y��eg
'*)+'*ab'Z$o[W!�U+$y'*\(i l !X't[ �h!XU+$iZ' \ $&�4S4'rYW'Zc&YW'*!X'Z$o[W!�\wc7�"!W!9UV`&)V' aw\ec&cU+$&% ` 'Z[��@'*'Z$�[��p�
'Z)V'Zab'*$"[ !��,����$ [Wl&'w!9v4!9[X'Za}c&YW'*!X'Z$o[W'*S UV$ [Wl&Uf!�YW'Zc7�(YX[� ',\(i l *pz � l\"! �*�(� �=�*�(� � �*� � $&'*_&YW�($!�\e$Syl&'Z$ it' U [ UV!
UV$4gq'*\"!9UV`&)V'b[X� !X�()$�(' [Xl&'wc7'ZYXgq'*it[ aw\][ i l&U+$%dcYX�"`&)+'*a `;vy\($ov �egp[Xl&' \(` �
�"'ba 'Z[Xl&�4S&!�� ���"YX'*�
�('*Y� [Wl&'*!X'w$&'t[��p�(Y �4!

��� %



S4�w$&�([�%(U$�('m%"�o�4Sd!9�")+_&[XUV�($!�\"!I[Xl'rc&YW�(`&)V'ZaP!XU �Z'mUV$itYW'*\"!9',! ��0?U+)f!9�"$�\e$S�u{\���)V'Zv !Xl&�
� [Xl\e[GJ��(c�2'Z)fSQ$&'t[��p�(Y �4!
�eg [W'Z$/%(U$�(' !9�")+_4[WU+�"$!�gh\eY�gqYW�(a �(c&[XUVab\() 
 � � 4�4 � � !IlUV!�Uf!�S&_&' [X�^[Xl&'bc&YW'*!X'Z$iZ' �(g�l\(YWS it�($ !L[WYW\(U+$o[W!�UV$ [Xl' '*$&'ZYW%(v
gq_&$it[XUV�($ 
 ��'*'	"F%K�9@$#$ � ��� + � �b#�)f!9�) $&�($' �(g
[Xl'*!X' [W'*i l&$UVno_&',!m\eYW' %(_ \eY \e$o[X'*'*SQ[W�d%"U��"' �"c4[XUVaw\e)~�(Y '��('Z$ygq'*\"!9UV`&)V'
!X�()V_4[XUV�($!��

#�$o[ !G�h\($S �e[Wl&'ZYG'F4 0!:;�6@A: $<'!"50F%('=�~`&_&UV)VS it�(abc&)V',(b!L[WYX_ ij[X_YX',!~[Xl&�"_&%(lw',\(i lw\e$o[
�"$&)+v l\"!{)+UVabU [W'*Swc7'ZY it'*c4[XUV�($w\($S
[Xl'ZYW'wUV! $&� iZ'Z$o[XY \e)VU �Z'*S/it�"$o[XYW�(){!L[WYX_ ij[X_YX'.�����(YW'Z�
�"'ZY  [Xl&'w`7'Zl\��;UV�(Y !�',(4l&UV`&U [W'*S/`;v [Wl&'*!X' itYW'*\e[X_&YW'*! \eYW'bYX�"`&_!9[
[X�b_&$',(4c ',ij[W'*SQi l\e$%('*!�[X� [Wl&'r!L[WYX_ ij[X_YX',!@`7'ZUV$&%b`&_&UV)+[�\e$S [X�bUV$S4U$�oUfS4_\() gh\eUV)+_YX',!�
 s�'Z$&'*_&`7�(_&YW% \($S����"!W!� � � 4 � �/p�($\(` ',\e_ "!% �6@$#$ � � �B% � � !Il&' aw\(U+$?gq',\][W_&YX',! �(g !X_i l %(YW�(_c! [Wl\][daw\��('y[Xl&',!9' [W\"!��4!^c �o!X!XUV`&)+'/\eYW' c7�"!XU [WU��"'
gq'Z',S4`\"i��	�q%(�;�4S !X�()V_4[WU+�"$!p)+U$�('m!Xl&�(YX[pc \][Xl !p\(YX'�YW'ZUV$4gq�(Y it',S&�  4S4Uf!L[WYXUV`&_4[W'*Sdit�"a c_4[W\e[XUV�($ �qc&YW'��"'Z$o[W!@[Xl'�%"YX�"_&cwgqYW�(a
!X't[9[W)+UV$&% [X�;�bno_&UVi��;)VvwU+$o[W�b\ c7�o�"Y�!9�")+_4[WU+�"$ �  &\($S^%(YW'Z'*S&v l'Z_&YWUV!9[XUfiZ! � ��l&UVi ld)V'*\(S [X�b\(i*it'*c4[W\(`&)+'m!X�()V_4[XUV�($ !�Y \ec&UfS4)Vv<�
 s��"YXUV%(� "!% �6@$#$ � � ��" � �%!Il&'*!X'�c&YWU+$ itUVc&)+',!
l\��"'I)+',Sb[X� #�$o[Ix@�()V�($;v � c&[XUVa U �*\e[XUV�($wab't[Wl&�4S&!{[W�rc&YW�
�;UVS4'�!X�()V_4[WU+�"$!{gq�"Y
it�"a `&UV$\e[X�(YWUf\e)��"c4[XUVabU��,\][XUV�($�cYX�"`&)+'*aw!�!X_i l \(!�[Xl&' ! Y \��('*)+UV$&% z4\()+',!9aw\e$Qc&YW�(`)+'*a 
 s��(YWU+%"� "F% �6@ #$ � ���," � \($SQ[Xl'
\(!W!XU+%"$&ab'Z$o[
c&YW�(`&)V'Za 
 � \(a `\(YWS&'Z)V)V\ "!% �6@$#$ � ����� �  ;\e$S gq�"Y��e[Wl&'ZY@c&YW�(`&)V'Zaw!{)VU��"'�!X�(YX[XUV$&% 
 s�'Z$'Z_&`7�(_&YW%�"!% �6@$#$ � ��� ���
J��")+)f\e$ S \e$S ��'Z)Vl;_&UV!Xl� � � ��� � \e$SQ$'t[��p�(Y �^YW�(_4[WU+$% 
 xp\(YX�^\e$S s��(YWUV%(�  � � � 4 � � � z4�(YX[XUV$&%��I\(!�S4'Zab�($ !L[WYW\e[X'*SQ`;v
l\��;UV$&% \ %(YW�(_c �egMYX�"` �([W!���U [Wl^abUV$&UVab\()�!9'*$!XU+$&% iZ\(c\e`&UV)VU [Lv !X'Zc\(YW\e[X'�YW\($S4�"a )Vvw!Xi*\][X[X'ZYW'*S �(`��L',ij[ !@UV$o[X�w!X'Zc\(YW\e[X'
c&UV)+',!p`\(!X'*Sw�"$ [Wl&'ZUVY�[Lv;c7'� !Il&Uf!pUV!p!XU+abUV)V\(Y�[W� [Wl&'�`7'Zl \��oUV�(Yp�egM\e$o[W!+��l&� %"YX�"_&cw[Wl&'ZUVYI)V\(Y-�]\e'�[X�(%"'t[Wl&'ZY-� � J��
�p'��"'ZY  
[Xl'*!X' \eYW'd\()+)�!9[X�4i l\"!L[WUViQ\ecc&YX�o\(i l&',!�� !9UVabU+)f\eYb[W��!9UVa _)V\e[X'*S \e$$&'*\()+UV$&%#� \($S ��UV)V)�$&�e[ \()��I\ v4! )V'*\"S�[W� �(c4[WU+aw\e)
!X�()V_4[XUV�($!��

!Il&' iZ�()V)+',ij[XU$�('�)f\ v;U+$% �eg c&l&'ZYW�(ab�"$&'�`;v \e$o[ !"��l&UV)+' !X'*\(YWi lU+$&%/gq�"Ywgq�;�;S?i*\e$?`7'yit�"$!XUVS4'*YX',S \"! \ gq�"YXa �eg
!Xc&YX',\(S4UV$&% \(it[XU$�]\][XUV�($�� z;l&�"Y9[W'ZY c\e[Xl! \eYW'dYW'ZUV$4gq�"YWiZ'*S/��U [Wl?)V\(YX%"'ZY \eab�"_&$o[W!b�eg c&l&'*YX�"ab�($&'�ab�(YW'd[Xl\($C)+�"$&%('*Y
�($'*! \($S [Xl&' %"YW\"S4UV'Z$o[w�eg c&l&'ZYW�(ab�"$&'�%(U$�(',!w\ c\][Wl?)+',\(S4UV$&%/[X��l�(ab'� z;c&YW'*\(S&U+$&% \"ij[XU$�]\][WU+�"$ UV$&U+[XUf\e)V)+v UV$C\()+)
S4UVYX',ij[WU+�"$!m\e$Sy[Xl'Z$ YX'*U+$&gq�(Y itUV$&% [Wl&'bab�"!9[mS&'*!XU+Y \e`&)V'bc\][Wl! Uf! _!9',S/U+$ \ec&c)+UfiZ\e[XUV�($!�[Wl\][mYW'*no_&UVYX'b!9�"ab' gq�"YXa �eg
c\e[Xl?c&)f\e$&$U+$&%�!X_i l?\(!wS\][W\ S&UV!Xc '*YW!XUV�($CU+$ !X'Z$ !9�"Yw$&'t[��p�(Y �4! 
 ��$o[W\($\e%"�($���U��I\][	"!% �9@$#$ �e�"�(� � � z;UVabU+)f\eYw[W� [Xl'
x@�($ #�%�� !�zb\eY i l&U+[X',ij[X_YX'. "\(it[XU$�]\][XUV�($bUf!@!Xc&YW'*\"S UV$w[Wl&'�gq�"Y-�I\eY S S&U+YW'*it[XUV�($bgqYW�(a�\r!9UV$&%")+'�!X�(_YWiZ'�$&�4S4'�\($Sw\mYW'��('*YW!X'
\(it[XU$�]\][XUV�($dUf!I[Xl&'*$�S4U+YW'*it[X',S^\(%"\eUV$!9[I[Xl&'m%"YW\"S4U+'*$o[p�(gk[Wl&' gq�(Y �p\(YWS \(ij[WU��]\e[XUV�($��

z;c&YW'*\"S4UV$&%w\(ij[WU��]\e[XUV�($QUV!�\e)f!9�w_!X'*S ��l&'*$�)V\(YX%"' $o_a `7'ZY !��eg{\e%"'Z$o[W! �hc&l;v;!XUfiZ\e) �(Y�!XU+a _&)f\][X',SdYX�"` �([W!5�I\eYW'�[W� `7'
it�"$o[XYW�()V)+',S�����(Y@U+$!9[W\($it'. o� '���Uf!�\($S /p'��"'Zv c&YX',!9'*$o[@\r!XU+a _&)V\e[X',S � ��S4UVa '*$!XU+�"$\e)&%"YXUfS �p�(YW)VS ��l&Ufi l Uf!�\($ \e`!9[XY \(i,�
[XUV�($/�egp\ `&UV�()V�(%"UVi*\e)M`&Y \eUV$ 
 � ��� � � � ��:;0F.34 �D.34 �549%;'�U+$ [Xl&Uf! �p�(YW)VS�l \��(' [X�QS4't[W'*ij[r\($ UVYXYW'Z%"_&)f\eYW)+vQ!9l \ec7'*S �9[X_&ab�"Y�� �
!Il&Uf! �L[X_a �"Y�� UV!�UV$&U [WUV\()+)Vv�YW'*it�"%($&U �Z',S�S4_&YWU+$%d\ YW\($S4�(a �I\e)$�Q`ov \($y\e%"'Z$o[1��lUVi ly[Xl&'*$ !Xc&YX',\(S&!�\ i l'ZabUVi*\e)M'Z$��
\e`)+UV$&%w�e[Wl&'ZY�\e%('*$o[W!p[X� a �
�"'�[X�b[Xl'm[X_&ab�"Y�!9U+[X' S4U+YW'*it[X)Vv� ��$ 
 u{\ vo[X�"$ "!%>�6@$#$ �e�"� ���  c&l;v4!9UfiZ\() YX�"` �([W! 2 YW!9[�!9cYX',\(S
[Xl'Zaw!9'*)��"'*!pUV$^\e$^_&$��;$&�
��$ '*$��oUVYW�($&ab'Z$o[ � !Il'�YW�(`7�e[ !
[Wl&'Z$Q!9cYX',\(S \"ij[XU$�]\][WU+�"$ [X� $&'*U+%"lo`7�(YWUV$&%rYW�(`7�e[W!p`;vw`&YW�"\"S��
iZ\"!L[WU+$%�ab',!X!W\e%"'*!M_&$o[XUV)4[Xl'�\(ij[WU��]\e[XUV�($bYX',\(i l&',!~\�l;_&aw\($ ��l��Uf!~[Wl&'Z$w\e`)+'I[W��$ \��oUV%"\e[X'p[XlYX�"_&%(l [Xl&'�'*$��oUVYW�($&ab'Z$o[ �
*%(4c&)VUfitU+[�it�(aba _&$&UfiZ\][WU+�"$ `7't[��p'Z'*$wYX�"` �([W! �I\(!~_!X'*S `7'*i*\e_!X'��eg7[Xl&'�S4UV!9[W\($it'�`7't[��p'Z'*$bYX�"` �([W!�� J��
�p'��"'ZY  ]U g YW�(`7�e[ !
\eYW''�"'ZYWv iZ)+�o!9'�[X�(%"'t[Wl&'ZY  ([Wl&'Z$ �($&)Vvba UV$&UVaw\e) !9'*$!XU+$&% iZ\ec \e`&UV)+U+[XUV'*!p\eYW'�!X_ � itUV'Z$o[�gq�"YpiZ�(aba _$&UVi*\][WU+�"$�� 0/'ZYW%('*Y@\($S
� \e[W\eYWUfirS4'*!WitYWUV` ' \^!9�4iZU+'Z[Lv^�(g~YW�(`7�e[ !�[Wl\][�l\(!��($&)VvQit�($o[ \(ij[�!9'*$!9�"YW!�\e$S�_ !9',!�'*\"i l��e[Wl&'ZY !!* c&l;v4!9UfiZ\() `7�;S&U+',!�[W�
gq�(Y \e%"' � YW�(`7�e[ !�\(YXY \e$%('r[Wl&'Zaw!X'Z)$�(',!�[X�dgq�(YWa i l\(U+$! `7't[��p'Z'*$ �Xl&�(ab' �d\($S �Lgq�;�4S<�^S&'*!9[XUV$\][WU+�"$!m!9�d[Wl\][r�([Xl&'*Y
YW�(`7�e[W!�iZ\($Qgq�()V)+�
� [Wl&UV!�i l\(U+$Q[W� ab�
�('m[Wl&'rgq�;�4SQ[W� l&�"a ' 
 � ���," � � !Il&' YW�(`7�e[ !�gq�(YWabU+$%w[Xl&' i l\eUV$y\()V!X�waw\eUV$"[ \eUV$
!9[W\][WUV!9[XUfiZ! �($ [Wl&' $;_&a ` '*Y �eg�gq�;�4S �"`��L'*it[W!m[Wl\][ l\��(' `7'Z'*$ gq�(Y \e%"'*S !X�Q[Xl\e[ [Xl' c7�"!XU [WU+�"$ �eg�[Xl'^i l\(U+$�i*\e$ `7'
ab�4S4U32 '*Sd�
�('*Y@[WU+ab'.�

#�!9l \eYW'*S�@B4 05�6@ :�� �9%(:;49$ '1?&�I05"�` 'Z[��@'*'Z$ \e%"'Z$o[W!�UV!m\^YW'Zc&YW'*!X'Z$o[W\e[XUV�($ �(gp\($ \e%"'Z$o[+* !�c �o!9U+[XUV�($ ��U+[Xl&UV$y[Wl&'w!9l \eYW'*S
'Z$��;UVYX�"$&ab'Z$o[r!9_i l/[Wl\][m[Wl&' YW'Zc&YW'*!X'Z$o[W\e[XUV�($!��(gIS4U�# 'ZYW'Z$o[ \e%"'Z$o[W!m\(YX'wit�"YXYW'Z)f\][W'*S 
 $
\(_&%(l \e$ "F% �6@$#$ �e�"�(� ` � ��!Il'
*@z � !�UV$Q[Xl&'bx@�($#�%�� !�zQ\eY i l&U [W'*it[X_&YW'm\eYW' \w!9l \eYW'*Sd)+�4i*\e)VU��,\][XUV�($�!Xc\(iZ'r`7'*iZ\(_!X'm'*\(i l�\(%('Z$o[�aw\(U+$o[W\(U+$ !�U [ !&*pz �
UV$S4'Zc7'Z$ S4'Z$o[X)Vv �(g
[Xl&' �e[Wl&'ZY \e%"'Z$o[W!�`&_4[ [Wl&' c7�"!XU+[XUV�($!��eg@S&UV!WiZ!�UV$ [Xl' *pz � !��eg@S&U3# 'ZYW'Z$o[m\e%('*$o[W!�\eYW' it�"YXYW'Z)f\][W'*S
!XU+$iZ'�[Wl&'Zv !9l\(YX'@[Xl'I!W\eab'I!9c \(it' � [Wl&'Ic �o!9U+[XUV�($ !{S4��$�e[
it�"YXYW'*!Xc �"$Sm'�(4\"ij[W)+vrS4_'@[W��[Wl&'I)+UVabU [W'*Sb!X'Z$!XU+$%�Y \e$&%"'@\($S
!X'Z$!X�(Ym\e$ S �4S4�"ab't[XYWv '*YXYW�(Y !��,� !Il�(_&%"ly[Wl&'^x@�($#�%�� !�zy\(YWi lU [W'*ij[W_&YW' _ !9',!m!9c&YW'*\"S4UV$&%d\"ij[WU��]\][WU+�"$/[X��it�;�(Y S4UV$\][W'
[Xl'^\(it[XUV�($! �egI[Xl'^\e%"'Z$o[W!� k[Xl&'^ab\(U+$ S4U3# 'ZYW'Z$ it'wgqYW�(a [Xl&'d!9v4!9[X'*ab! S4'*!WitYWUV` ',S '*\(YX)VU+'*YrUf!m[Xl \][ [Wl&'^\"ij[WU��]\][WU+�"$ UV!
!Xc&YX',\(S^�($Q[Wl&' *@z �y!�� [Wl&' !Xl\eYW'*S^)V�;i*\e)VU��,\][WU+�"$d!Xc\(iZ' �I\($SQ$&�e[�S&U+YW'*it[X)Vv���U+[Xl��e[Wl&'ZY�\e%('*$o[W!��"YI[Xl&'r'*$��oUVYW�($&ab'Z$o[ �
!Il&',!9'�[��p�b\(c&c&YW�"\"i l&'*!p\eYW'mit�(abc\(YX',S `7'Z)V�
� H
� �#��g�\(%('*$"[ ! S4�y$&�e[ l \��('b[Xl'^\e`U+)VU [Lv [X�y',(4c&)VUViZU [W)+v it�"aba _&$&UfiZ\e[X'"��U+[Xl '*\(i l �([Xl&'*Y� M[Xl'Z$ [Wl&'Zv ��U+)V)pl\��('b[W�
a �4S4U+gqvm[Wl&'I'Z$��;U+YW�($&ab'*$"[~\(!~\�gq�(YWaT�eg !9[XUV%(ab'*YX%"'t[XUfipit�(aba _&$&UfiZ\][WU+�"$��qgq�(Y~',(&\eabc&)V' ()V\ v;UV$&%�c&l'ZYW�(ab�($&'@[XY \eUV)f!
�(Y
it�")+�"YXUV$&%mS4Uf!Xi*! 
 x@YW\(`&` '�\($Sbs�v"'ZY  � �����"\ � �,�'���(YW'Z�
�"'ZY  ,UV$ !X�(ab'�iZ\"!9',!~U [�Uf!�S&UV!W\(S��]\($"[ \e%"'Z�(_ ! [W�maw\eY �r[Xl'
'Z$��;U+YW�($&ab'*$"[C� gq�"Ym',(&\eabc&)V' kit�()V�(YWUV$&%d\QS4Uf!Wi YW'*no_&UVYW'*!�$&'��B`7'Zl\��;UV�(Y !�gqYW�(a [Wl&' \e%"'Z$o[ � YX�"` �([W! ��U+[Xl/[X�"_i l
!9'*$!9�"YW!&��U+)V)~l\��(' [X�d` 'wiZ)+�o!9' [X�d'*\(i ly�e[Xl'ZY-��\($S UV$ !X_i l i*\(!X'*!�U [mUf!�c&YX'Zgq'ZY \e`&)V'r[W�d!Xc&YW'*\"S \(it[XU$� \e[XUV�($ �"$

���)4



[Xl&' *pz � Y \][Wl&'ZYp[Wl\e$�\eab�"$&% [Xl&'r\(%('Z$o[ !�[Wl&'Zaw!X'Z)$�(',!��

� ��x@�(abc&)V',( !9[XYW_ij[W_&YW'*!{iZ\($ `7'�`&_U+)+[
`;v S4Uf!L[WYXUV`&_4[W'*Sb\e%"'Z$o[W!���U+[Xl&�"_4[@\ !Xc\][WUV\()4YX'*c&YX',!9'*$o[W\][WU+�"$��ks�'Z$'Z_&`7�(_&YW% "F%
�6@$#Mc&YW'*!X'Z$o[~\�!XU+a _&)V\e[X',S � ��S4UVab'Z$!XU+�"$\e)"%(YWUVS �@�"YX)fS ��l&'ZYW'@\�' � �6.-EC�eg\(%('*$"[ ! `_&U+)fS !9[XYW_it[X_&YW'*! ��l&�"!X'@!Xl\(c ',!
\eYW' UV$!Xc&U+YW'*S/`;v �I\(!Xc * ! $&'*!9[W!��"!Il&',!9' iZ�($!9[XYW_ij[WU+�"$/\(%('*$"[ ! l\��('bc&_YX'*)+v YW'*\"ij[WU��"' `7'Zl \��oUV�(Y !�[Xl\e[ S4'Zc7'Z$ S
�($&)VvQ�($�[Wl&' �4i*it_&c\($itvQ�(g
[Xl&' gq�(_Y�$&'*U+%"l;` �"YXUV$&% iZ'Z)V)V!��eg@\($y\e%"'Z$o[ �q[Xl&'*YX' Uf!�$&�^U+$o[W'ZYW$\e)MYX'*c&YW'*!X'Z$o[W\e[XUV�($ �,�
��$ [XlUV! YW'*!Xc ',ij[  [Xl&',!9'bitYW'*\e[X_&YW'*!�\eYW' !XU+abc&)V'ZY�[Wl\e$ x@�($#�%�� !�z \e%"'Z$o[W!��LJ��
�p'��"'ZY  )��l'Z$ [Xl&'b!9l \ec7' �(g�[Xl'
!L[WYX_it[X_&YW'�[X�b` ' `&_U+)+[�UV!I'*$it�4S4',S���U+[XlU+$d'*\"i ld\(%('Z$o[ � [Wl&' x@�($�2%"_&Y \][XUV�($ *@z � �  ;[Xl'�YW'*!X_&)+[XUV$&%w!L[WYX_ ij[X_YX'�UV!
$&�e[
S4'*c '*$S4'Z$o[{�($ [Xl'p$;_&a ` '*Y{�eg \e%('*$o[W!���/p_4[{U g �($)+vm)V�4iZ\e)4YW_&)V'*!~\eYW'p_!9',S� ][Wl&'Z$ [Xl'I!Xl\(c 'I�eg [Xl&'�!9[XYW_it[X_&YW'
� \(YXUV'*!���U+[Xld[Xl'm$o_a `7'ZY��(gM\e%"'Z$o[W!�
 !Il&'*YW\(_&)+_ � \($S /@�"$\e`7'*\(_� � � � � � s�'Z$&'*_&`7�(_&YW% "F% �6@$#$ � � � � � �

+ �#��$ x@�"$#�%� !�z� {U [ Uf!w',\(!Xv gq�(Yb[Wl&'yS4',!9UV%($&'*Yb[X��!Xc ',itU+gqv�[Wl&'y!Xl\ec7'Q�eg�[Xl&'y!9[XYW_it[X_&YW'd[X� `7' `&_&UV) [^`ov �L_!L[
',(&itU+[XUV$&%�[Wl&'�it�"YXYW'*!Xc �"$S4UV$&%�$&�4S4',!MU+$ [Xl&'�x@�($�2%(_&Y \][WU+�"$ *@z � � J��
�@'��('*Y� ,U+$b!Xv;!9[X'*aw!�[Wl\][{YW'Z)Vv��"$&)Vvm�($ )V�4iZ\()
U+$o[X'*YW\"ij[WU+�"$!mU+[ Uf!r$&�([ it)V'*\(Y ��l\e[ U+$ S4U��;UfS4_\()@`7'Zl\��;UV�(Y ! ��UV)+)pit�()V)V'*ij[WU��"'Z)Vv )V'*\"S/[X�y\ c\eYX[XUfit_&)f\eY !L[WYX_ ij[X_YX'.�
���(YW'Z�
�"'ZY  (_!XU+$%b[Xl&' x@�"$�2%(_YW\e[XUV�($ *pz � \e$;v \eYW`&U+[XY \eYWv � ��S4U+ab'*$!9UV�($ \e)�!Xl\ec7'miZ\e$d`7'r!9c7'*iZU32',S��

2 �'!Il&' %(YW'Z'*S&vwl&'Z_&YWUf!L[WUVi�[Wl\][�Uf!I_!X'*S^U+$�!9[XUV%(ab'ZYW%('Z[XUfi�!Xv4!L[W'Zaw!I)V'*\(S!p[X�b%(�;�4S^!X�()V_4[WU+�"$!p�($&)Vv UV$diZ'ZYX[W\(U+$QiZ\"!9',!
�h!X_i l�\(! it�()V)V'*ij[WU��"'Z)Vv 2$ S4U+$%y!9l�(YX[X'*!9[ c\e[Xl! U+$ \e$�\e$o[ iZ�()V�($;v<� ����$ [Wl&' iZ\"!9' �eg�it�"$!L[WYX_ ij[XUV�($� M\�%"YX'*'*S4v
\ec&c&YW�"\"i l )V'*\"S&!p[X�wUV$&' � iZU+'*$"[�it�($ !L[WYX_it[XUV�($^gq�(Y�iZ'ZYX[W\(U+$Q!9l \ec7'*!L� !9_i l�\"!p[Xl\e[�U+$ 2%"_&YW' 4 � � � �
u�)V\($&$&UV$&%b[Xl'
�(Y S4'ZY@U+$"��lUVi l^`&YXUfi��4!
l\��"'�[X� `7'�c&)f\(iZ'*SwYW'*no_&UVYW'*! �;$&�
��)V'*S&%('��(g [Xl&' it_&YWYW'Z$o[@c7�"!XU [WU+�"$!@�eg \e)V) [Xl&' S4Uf!Xi*!@\($S
[Xl&Uf!IUV!�\�� \(U+)f\e`)+'�U+$d[Wl&'mU+$o[W'ZYW$\e)�!Xc\][WUV\() YX'*c&YW'*!X'Z$o[W\e[XUV�($��

��� �



� �������	��
 �

� ��� � � � � � 	 ��� ��� ��� � ��� � � � 	 �

� ���
� � 	

� ��� ���
���� � � � ���� �

#�)V)k[Xl&'b\e)V%(�"YXU+[Xl&aw!�S&'*!WitYWU+`7'*SQgq�"Y�iZ�($!9[XYW_ij[WU+�"$ S4'Zc7'Z$ S��($�[Wl&' \"iZiZ_&YW\"itv ��U [Wl ��l&Ufi l S4Uf!Xi*!�UV$�[Xl' 'Z$��;UVYX�"$&ab'Z$o[
\eYW' YW'ZcYX',!9'*$"[W'*SyU+$y[Xl&'b'Z$��;UVYX�"$&ab'Z$o[�� #�$/\(%('*$"[ ��U [Wl UV$\"iZit_YW\e[X' U+$4gq�"YXaw\e[XUV�($yUV$yU+[W! aw\(c! ��U+)V){$&�e[ `7'b\(`&)V' [W�
$\��;UV%"\][W'm!X\egq'Z)Vv U � ' ��U+[Xl�(_4[�iZ�()V)+UfS4UV$&% ��U+[XlyS4Uf!WiZ!�c&YW'*!X'Z$o[�\(YX�"_&$SdU [ �#���(YW'Z�
�"'ZY  "gq�"Y�[Xl' it�"$!L[WYX_ ij[XUV�($d[ \(!-� UV$ \
a _) [WU3��\e%"'Z$o[�!XiZ'Z$\(YXUV�  4\(i*it_&Y \(iZvw�egk[Xl&'r!Xc\][WUV\() aw\ec!IUf!�UVa c7�(YX[W\($o[pgq�"YI[��@�bYW'*\"!9�"$! H
� �'! �bUfS4'Z$o[XU+gqvdc\eYX[W!I�(gk[Wl&'r!L[WYX_ ij[X_YX'�[Xl \][�\(YX'�abUV!W!9UV$&%w`&YWUfi��;!� 4�(Y�`YXUfi��4!p[Xl\e[�\eYW'�$�e[�c\(Y9[��egM[Xl' !L[WYX_ ij[X_YX'. 
\e$Q\e%('*$o[Iaw\e[Wi l&',!IU [ !�x@�($�2 %(_&Y \][WU+�"$d\($S /@YWUfi��"*@z � \][�'��('*YXvb[WU+ab',��!9[X'Zc�� ��g~[Xl&',!9' *pz � !�\eYW' $&�e[�\()+UV%($'*S
�hit�"YXYW'*!Xc7�($S4UV$&%riZ'Z)V)V!@�($w[Wl&' *@z � !pS4� $&�e[pYX'*c&YX',!9'*$o[
[Xl&' !W\eab'�)V�;i*\][WU+�"$ U+$ [Xl&'�'Z$��;U+YW�($a '*$o[5�  "[Xl'Z$ $�e[p\()+)
ab\e[Wi l&UV$&% `YXUfi��d\($S S4YW�(c���!XU [W'rc\(U+Y !'��UV)+)M`7' UfS4'Z$o[XU�2',S�� !Il;_!� [Xl&' \e%('*$o[&��U+)V)~'ZYWYX�"$&'Z�"_!X)+v cUVi��Q_&c `YXUfi��4!
[Xl\e[�\(YX'm\()+YW'*\"S4vwc\eYX[��egM[Xl&'r!9[XYW_it[X_&YW' �(YI[XYWvw[W�bS&YX�"c^`&YWUfi��;!�\e[�)+�4iZ\e[XUV�($!p[Wl\][�\()+YW'*\"S4v it�"$o[W\eUV$Q\ `YXUfi�� �

� �#��$ \�a _&)+[XU���\e%('*$o[~!Xv4!L[W'Za  (\e)V)o[Xl&'�\(%('*$"[ !k\(YX'@[XYWv;U+$%�[W��`_&U+)fS [Xl&'�!W\eab'I!L[WYX_it[X_&YW'�8J�'*$it'. ][Xl&'�x@�"$�2%"_&YW\e[XUV�($
*@z � ! �q[Xl\e[�'Z$ it�4S4' [Xl' !9l \ec7'm�egM[Xl&' !9[XYW_it[X_&YW' [X�w`7'r`&_&UV)+[5�I�(gk[Wl&' S4U�#7'*YX'*$o[�\e%('*$o[W!�!Xl&�(_&)fSQ\e)$�p\ v4!�\(%(YW'Z'
U+$ [Wl&' )V�;i*\][WU+�"$!m�egI[Wl&'^S4YW�(c���!XU [W'*!m�(gI[Xl&' `YXUfi��4!�� !Il;_!rU+[ Uf!r$&�([ 'Z$&�"_&%(l gq�"Y \e$�\(%('*$"[m[W� aw\eUV$o[W\eUV$ [Xl'
YX'*)V\e[XU$�(' !Xl\ec7' �(g
[Xl' !9[XYW_ij[W_&YW'r[X�^` ' `&_&UV)+[ UV$yU+[W!mx@�($�2%(_&Y \][WU+�"$ *@z �  7`_4[�[Wl&' )+�4iZ\e[XUV�($!��eg
',\(i l �(g
[Xl'
S4YX�"c���!9U+[X',!+��UV)V)�l\��('�[X�waw\e[Wi l ��U [Wl^[Wl&'rit�"YXYW'*!Xc7�($S4UV$&% )+�4i*\][XUV�($ !@�(gM�([Xl&'*Y�\e%"'Z$o[+* !�x@�($�2%"_&Y \][XUV�($ *@z � !��

#�%"'Z$o[W!@%('Z[pUV$4gq�"YXaw\][WU+�"$ \e`7�(_&[@[Wl&'ZUVY�!9_&YWYW�(_&$S&U+$&%o!{gqYW�(a�[��p� �;UV$S&!p�egk!X�(_YWiZ'*! H !X'Z$!X�(Y !@\($S �4S4�"ab't[XYWvbU+$&gq�(Y-�
aw\][WU+�"$ gqYW�(a [Wl&'ZUVYmab�e[X�"YW!���J��
�@'��('ZY  ` �([Xl [Xl&',!9'w!X�(_&Y it',!�!X_&c&c)+vy!Xc\e[XUf\e)~U+$&gq�(YWab\e[XUV�($ ��U [Wl/\dit'*Y9[ \eUV$/\(a �"_&$o[
�eg�'*YXYW�(Y �/z4�(ab'^�(g�[Xl&',!9'd'ZYWYW�(Y !riZ\($�` 'dYW'*S4_iZ'*S `;v iZ\(YX'Zgq_&)IiZ\e)VUV`&YW\e[XUV�($��(g�[Xl&'Q!X'Z$!X�(Y ! \($S ab�e[W�(Y !� {`&_&[ [Wl&UV!
YW'*S4_iZ'*!r[Xl&'Q\e%"'Z$o[+* ! \(`&U+)VU+[Lvy[W�yc7'ZYXgq�(YWa �p'Z)V)pU+$�$'��>'Z$��;UVYX�"$&ab'Z$o[W!��y#�)f!X� [Xl' c&l;v4!9UfiZ\()@\"!9c7'*it[W! �eg�YW'*\e)+�@�"YX)fS
!X'Z$!X�(Y !Iaw\��(' U+[�UVa c7�"!W!XU+`&)V' [X� 'ZY \(S4UfiZ\e[X' 'ZYWYX�"YW!@gqYW�(aP[Xl&'*U+Y�YW'*\"S4UV$&%"!�iZ�(abc&)V't[X'*)+v.�+!Il;_!� U+g~[Xl&'mY \�� !X'Z$!X�(YWv \($S
�4S4�(ab'Z[XYWv�U+$4gq�"YXaw\e[XUV�($ Uf! U+$ it�(YWc7�(Y \][X',S�UV$"[W� [Wl&'w!9c \][XUf\e)~aw\ec !� [Wl&'*!X' '*YXYW�(Y !1��U+)V)~` 'w\(SS4'*S [X�d[Xl&'b)V�4iZ\][WU+�"$!��eg
S4Uf!Xi*!
YW'Zc&YW'*!X'Z$o[W'*SbUV$b[Xl&'�ab\(c!�� J�'Z$iZ' ;\mab'*i l\($&Uf!9aB[Xl \][�YW'*S4_ it'*!
[Xl&'�',# '*it[@�eg !X'Z$ !9�"Y�\e$Sbab�([X�(Y@'ZYWYX�"YW!~�"$w[Xl'
\(i*it_&Y \(iZvw�egk[Xl&'r!Xc\][WUV\() aw\ecQUV!I$'*it',!X!W\eYWv�

!Il&'�c&YW�(`&)V'Za>�(gkaw\ec^`&_&UV)VS4UV$&%w\e$ S )V�;i*\e)VU��,\][WU+�"$ U+$d$&�"UV!Xvw'Z$��;U+YW�($a '*$o[W!@l\(!p`7'Z'Z$d',(;[W'Z$!XU��"'Z)Vv !L[W_S4UV'*S^U+$^[Xl'
YW�(`7�e[XUfiZ! 2'Z)fS 
 *�) gq',!� � � 4 % � %m\('Z)V`&)VU+$&% "!% �6@$#$ � � ��""\ � /p_&YX%o\eY S "!% �6@$#$ � � ��" � ��J��
�@'��('*Y� ka �o!L[r�(gI[Xl&Uf! �p�(Y �yl\"!
`7'Z'Z$/S4�($'mgq�(Y !L[ \][WUVi 'Z$��;U+YW�($&ab'*$"[ !��1!Il&' \(c&c&YW�"\(i l'*!�S4',\e)VU+$%"��U [Wl S4v;$\(abUVi 'Z$��;U+YW�($&ab'*$"[ ! 
 �&��( "F%G�9@$#$ � � ���(` �
\(!W!X_&ab'm[Xl\e[�[Wl&' `&_)��Q�eg{[Wl&' !X'Z$ !9�"Y�YW'*\(S&U+$&%o!�\eYW'r�"`4[W\(U+$&',SdgqYX�"a}U+$o[X'*YW\"ij[WU+�"$ ��U [Wly!L[ \][WUVi �(`��L',ij[W!�\e$S�[Xl\e[�[Xl'
S4v;$\(a Ufi �"`��L'*it[W! U+$o[WYX�4S4_iZ' $&�"UV!X'^\($S�\ea `&UV%(_&U+[Lv UV$o[X�y[Xl&'Q!9v4!9[X'*a � J��
�p'��"'ZY   [Wl&'diZ�($!9[XYW_it[XUV�($ 'Z$��;UVYX�"$&ab'Z$o[
Uf!rl&UV%(l&)Vv S4v;$\eabUfiw!9UV$it'^\e)V)@S4Uf!Xi*!raw\ vy`7' ab�
�(',S/`ov \e%"'Z$o[W!�� ��$ [Xl&Uf! !Wit'*$\eYWU+�)  U+[ Uf!r$&�([ c7�"!W!9UV`&)V'b[X� %")+�"`\e)V)+v
YW'*iZ\()+UV`&Y \][W'�[Wl&' c7�"!XU+[XUV�($Q�eg~[Xl' \e%"'Z$o[�`\(!X'*SQ�"$d[Xl&' !L[W�(YW'*Sdaw\ec��#���"YX'*�
�('ZY  4\��Lgq_ � �Zv2�bYW'Zc&YW'*!X'Z$o[ \][XUV�($d�eg
!Xc\(iZ'
�h!X_i l \(!r'��;UVS&'Z$iZ'w%(YWUVS&! 
 ���"YW\��"'*i \e$S *�) gq',!� � � 4 � � �miZ\($&$&�e[r`7' _!X'*S !XU+$ it'w[Wl&' c7�"!XU [WU+�"$!m�eg�S4Uf!Xi*!ml\��"' [W� `7'
it�"$o[XUV$o_�(_!X)+v^aw\][Wi l'*Sd[X� [Xl&' !9c7'*iZU32',SQc\][X[X'*YX$Q[W� UVS&'Z$o[XU+gqvQ%(�"\()�)V�;i*\][WU+�"$! %D4 ��l&Ufi lQ[Xl&' \e%('*$o[�l\(!�[X� $\��;UV%"\e[X'
�qU � ' 4[Wl&'Zvd\eYW'�$&�([�_!X'*Sd�($&)Vvwgq�"Y��(`!9[W\"it)V' \��"�(UfS&\e$ it' �,�

�,�e�



��$ [Wl&Uf!�i l\ec4[W'ZY  oiZ�(aba _$&UVi*\][WU+�"$ `7't[��p'Z'Z$d\e%"'Z$o[W!@UV!I\"S&S4'*S^!9� [Xl \][�\e%"'Z$o[W!piZ\($ ',(&i l\($&%('�[Xl&'*U+Y�!Xc\][WUV\() aw\(c!��
!Il&'I!9c \][XUf\e);aw\ec !kYW'*iZ'ZU$�(',S gqYX�"aT�e[Wl&'ZY{\e%"'Z$o[W!M\eYW'�UV$iZ�(YWc �"YW\e[X'*SrU+$o[X��[Xl'I\(%('*$"[ * !k�
��$ aw\(c!k[X��U+abc&YW�
�('p\(iZiZ_&Y \(itv.�
!Il&'w)V�4iZ\][WU+�"$!��egp[Xl&' S&UV!WiZ!m\(YX'w!9[X�(YW'*S/\(! cYX',itUf!9' c �"U+$o[ !m�($ [Xl&'waw\(c ��U+[Xl \($/\"!X!X�4itUf\][X',Sy'�(4c ',ij[X',S S4'��;Uf\][XUV�($��
!Il&' !X'Z$ !9�"Y \e$S �4S4�"ab't[XYWvyUV$4gq�"YXaw\][WU+�"$ UV! U+$ it�(YWc7�(Y \][X',S/U+$o[X� [Xl&' aw\(c _!9UV$&%y\ %m\e)Vab\($ 2) [W'ZY � !Il&' YW'*!X_&)+[XUV$&%
\eY i l&U+[X',ij[X_YX'�UV!�[X'ZYWab'*S�x@�($#�%��9x � � �

� � � � ��� � �� � �������� 

!Il&'w!X'Z$!X�(Y ! \(S&S YW\($S4�"a�'ZYWYX�"YW!�[Xl \][ \eYW' $&�(YWaw\e)V)+v S4Uf!9[XYWU+`&_&[X'*S \(YX�"_&$Sy[Xl&' [XYW_&'wc7�"!XU [WU+�"$ �(g�[Wl&' !9'*$!X'*S/S4UV!Wi��
!Il&'�S&'��;UV\e[XUV�($bUV$itYW'*\"!9',!~)+UV$&'*\(YX)Vv ��U+[Xlb[Wl&'�S4Uf!L[ \e$iZ'� !Il&'�UV$4gq�(YWaw\][WU+�"$ YW't[W_&YW$&'*S `;vr[Wl&'�!X'Z$!X�(Y !~UV!
YX'*c&YX',!9'*$o[X'*S UV$
\m%"YXUfS��~��'t[@[Xl&'�!9c \(it'�[Xl\e[@iZ\($ ` '�!9'*$!9',Sw`;v [Wl&'�!X'Z$ !9�"YW!{`7'�S&U��;UfS4'*SbUV$o[X� \r%(YWUVSb�(g !XU �Z' � � �/�(g�_&$&U+gq�(YWaB!Wno_\eYW'
it'*)+)f!�� ��'Z[ � � � � � � \($S�[Wl&'wit'*)+)f!�` 'b)f\e`7'Z)V'*SygqYX�"a�� ! � 	 ! � � 	����	 � � 	 � � 	����	 ��� 	 � �&��l&'*YX'bit'*)+) � � 	 � ��iZ�($o[W\(U+$ !
[Xl' \e%"'Z$o[+* !�iZ_&YWYX'*$"[�c �o!9U+[XUV�($�� !Il&' �4i*it_&c\($itvd�eg
',\(i l iZ'Z)V) � � 	 � ��Uf!�S4'*$&�e[W'*S�`;v � ��� � � � � � � U g�\^S4Uf!Xi UV!�!9'*$!9',S
UV$Q[Xl&'r!Xc\(iZ'mYX'*c&YW'*!X'Z$o[X',S `;v^iZ'Z)V) � � 	 � �I\e$S � �e[Wl&'ZY ��Uf!9'.�+!Il&'mc7�"!XU [WU+�"$Q�eg~[Xl&' S4UV!Wi UV$�'*\(i lQit'*)+)kUV!�YX'Z[X_&YW$&'*SQ\"!�\
[��p����S4U+ab'*$!9UV�($ \e)��(',ij[X�"Y �� � � �qU+g � � � � �  �� � � UV!~[Wl&'�abUfS4c �"U+$o[
�(g7[Wl&'�it'*)+) � �%!Il&'�!X'Z$ !9�"YW!~iZ\($&$&�([
YX'Z[X_&YW$ [Xl&'�c7�"!XU [WU+�"$
�eg�ab�"YX'w[Wl\e$ �"$&'^S&UV!Wi ��U+[Xl&UV$ \ iZ'Z)V) � [Xl;_! [Xl&'dit'Z)V)I!9U �Z' !Xc7'*itU�2',! l&�
� 2$'Z)Vv !Xc\"it' Uf! !X'Z$!X'*S�� !Il&' '�(4c ',ij[X',S
!9[W\e$ S&\eY S S4'��;Uf\][WU+�"$��eg�[Wl&'^c7�"!XU+[XUV�($�Uf!�� ��� � �  � �� � � ����l&'ZYW'��  Uf! \ya ',\(!X_&YW' �eg�[Wl&'^\"iZiZ_&YW\"itv/�eg�[Wl&'d!X'Z$ !9�"YW!��
!Il;_!� ;[Xl&YW'Z'mc&UV'*iZ'*!I�(gMUV$4gq�(YWaw\][WU+�"$d\(YX'�YX'Z[X_&YW$&',S gq�"Y�'*\(i lQit'*)+) � � 	 � � H � � �  �� ���  \($S�� � � �

!Il&'mab�e[W�(Y !IYX'Z[X_&YW$^[Xl&' S&UV!9[W\($it'r\($SQS4U+YW'*it[XUV�($� ��  &ab�
�"'*S^U+$�'��('ZYWvb[XUVab' !9[X'Zc�� S4'*\"S^YW'*i��"�($&UV$&% U+$c&_4[5�,��!Il'
S4',\(S YW'*i��(�"$&UV$&%�S&\][ \�\e)f!9��l\"!rY \e$S&�(a '*YXYW�(Y ! $&�"YXaw\e)V)Vv S4Uf!L[WYXUV`&_4[W'*S \(YX�"_&$S/[Xl'w[XYW_&' S4Uf!9[W\e$ it' ab�
�(',S/`ov [Xl'
\e%"'Z$o[��1!Il&' _&$ it'ZYX[W\(U+$o[LvdU+$ itYW'*\(!X'*!&��U [Wl [Wl&' S4Uf!9[W\e$ it' ab�
�"'*S H [Xl&'bS4'��oUf\][WU+�"$�UV!�� � � �������l&'*YX'�� � Uf!�\wab',\(!X_&YX' �eg[Xl'r\(iZiZ_&Y \(itvw�(g [Wl&'mab�e[X�"YW!��

#�%"'Z$o[W!mi*\e$ ',(&i l\($&%(' [Xl'ZUVY !Xc\][WUV\(){ab\(c! ��U+[Xl �e[Wl&'ZY \e%('*$o[W!�[Xl \][ \eYW' ��U [Wl&UV$�it�(aba _&$&UfiZ\][WU+�"$ Y \e$%('�"!Il'
S4Uf!L[ \e$iZ'r\e$SQS4UVYW'*ij[WU+�"$Q�egM[Xl&'r!X'Z$S&U+$&% \(%('*$"[L� � �IUf!�ab'*\"!9_&YW'*Sd`;vw[Wl&'rYW'*it'*U��;UV$&%w\e%"'Z$o[L� �K�,��!IlUV!�ab',\(!X_&YX'*ab'Z$o[
l\"!�\d$&�"YXaw\()+)Vv S4Uf!L[WYXUV`&_4[W'*S YW\($S4�(a '*YXYW�(Y ��U+[Xl S4'��;Uf\][WU+�"$�� � � [Wl\][mUf! c&YW�(c7�(YX[XUV�($\() [W�^[Wl&'wS4Uf!L[ \e$iZ' `7't[��p'Z'*$
[Xl'b\(%('*$"[ ! H � � � � � ! � �� � � �  ���l&'ZYW' �� � � Uf!�[Xl&'bc7�"!XU [WU+�"$y�(g �F\(!�ab'*\(!X_&YW'*Sy`ov ��\($S�� ! UV! \^ab'*\(!X_&YW' �(g�[Xl'
\(i*it_&Y \(iZv ��U [Wl ��l&UVi l^[Xl'rS4UV!9[W\($it'r\($SdS4U+YW'*it[XUV�($^[X� �>i*\e$d` 'r!X'Z$!X'*S��

� � � � � � � ������ ����� �����
 � ���� 

��'Z[�[Xl'
!9U �Z'{�(g4\($ *@z �B%(YWUfS�`7' � � �  ���l'ZYW' � � � 
 � � \e$S�[Xl'�it'*)+)f! `7'{)V\(` '*)+',SC� ! 
 	 ! 
 � 	����	 � � 	 � � 	����	 � 
 	�
 ��hiZ'Z)V) � � 	 � �@iZ�(YWYX',!9c7�($ S&!@[X� [Xl&'riZ'Z$o[X'*Y��egk[Xl&'r!Xc\"it' YX'*c&YW'*!X'Z$o[X',S `;vw[Wl&'maw\ecQ\e$S^[Xl'r\e%('*$o[+* !�it_&YWYX'*$o[p)V�4iZ\][WU+�"$ � �
*�\"i lyit'*)+){�(gp\($ *@z � 
 UV$/\�x@�($#�%��9x � � \e%"'Z$o[m!L[W�(YW'*!�[Xl&YW'Z'bc&UV'*iZ'*!��egpU+$4gq�"YXaw\e[XUV�($ � �� �  �� ����  �\($S�� ���� iZ�(YWYX'��
!Xc �"$S4UV$&% [X�b[Xl�"!X'��"$ [Wl&'r!X'Z$!X�(Y !���� ���� Uf!p[Xl;_!�\ ab',\(!X_&YX' �(g [Xl'rit�($�2 S4'Z$ it' U+$d[Wl&'m�4iZit_c\e$iZv �eg{it'*)+) � � 	 � � �

!Il&'Q!9c \][XUf\e)�aw\(c Uf!b_&c7S\][X',S�gqYW�(a [Xl&YW'Z'�!X�(_&Y it',! H !X'Z$ !9�"YW!� �S4',\(S YX',i��(�($U+$&% S&\][ \/\($S�'�(&i l\e$&%"'^�(g�aw\ec!
��U+[Xl �([Xl&'*Y�\(%('Z$o[ !��&*@\(i lQ�eg{[Wl&'*!X' !X�(_YWiZ'*!�l \(!�\($y\(!W!X�;iZUV\e[X',S^$�(YWab\()+)VvQS4UV!9[XYWUV`&_4[X',S�Y \e$S4�"a:'*YXYW�(Y&��U [Wl �;$&�
��$
S4'��oUf\][WU+�"$!�� !Il&' _$it'*Y9[ \eUV$"[LvQUV$y[Wl&' )+�4iZ\e[XUV�($!��egpS4UV!WiZ!�UV$y[Wl&' *@z � UV! \e)f!X� YW'Zc&YW'*!X'Z$o[X',S \(!�\dS4'��;Uf\][XUV�($�����g�[Xl'
[XlYX'*'r!9�"_&YWiZ'*!p�eg{S&\e[W\b\eYW'm\(!W!9_&ab',S [W�w` 'mUV$S4'*c '*$S4'*$"[  \ %m\e)Vaw\e$ 2)+[X'ZY 
 %m\()+aw\e$� � ��" � � iZ\($Q` 'm_!X'*S^[W�wa '*YX%"'
[XlUV!@S&\][ \mU+$o[W�m[Xl&'�!9c\e[XUf\e) ab\(c��~��'t[@[��@�mUV$S4'*c '*$S4'*$"[pab'*\(!X_&YW'Zab'Z$o[ !{�eg [Xl'�)V�;i*\][WU+�"$ �(g�\rS4Uf!Xi�YW't[W_&YW$ �"'*it[X�(Y ! �� �
\e$ S �� � ��U [Wlyit�"YXYW'*!Xc �"$S4UV$&% !9[W\e$ S&\eY S�S4'��;Uf\][WU+�"$!� 	� � \e$S�� � � !Il&'Z$ [Xl&' ` ',!L[ '*!9[XUVaw\][X' �eg{[Xl' c7�"!XU [WU+�"$ ��y%"U��"'Z$
[Xl'*!X' [��@� ab'*\(!X_&YW'Zab'Z$o[ !�\e)f!9� l\(!�\ $�(YWab\() S4UV!9[XYWUV`&_4[XUV�($ ��U+[Xl�S4'��oUf\][WU+�"$
� %(U$�('*$^`;v 
 � \ v;`7'*i��  � � % � �(H

�� � 
 � � ���#� �� ��	 � �
	 �� � 	 � � � � � �� �� � � � �� �� �
� �� � � �� ��� � � �

� � �%� � � � � � � ��� � 	 � �+� � � � � �
� � �� � � �� ��� � � �

!Il&'d_&c S&\][W'�YX_&)V'*! gq�"Y ',\(i l !9�"_&YWiZ'^�(g�!Xc\][WUV\()IU+$4gq�"YXaw\e[XUV�($ \(YX'QS4',!XiZYXUV` ',S UV$ [Xl&Uf!w!9',ij[WU+�"$��/!Il&'�S4U�# 'ZYW'Z$iZ'
`7't[��p'Z'Z$b[Wl&'*!X'�_&c S&\e[X'�YW_&)V'*!
\($S [Xl&�o!9'�S&'*!WitYWU+`7'*S gq�"Y *@z �y!{U+$ i l \ec4[W'ZY + Uf!{[Wl&'�_!X'��eg [Wl&'�!9[W\e$ S&\eY SbS4'��;Uf\][XUV�($bUV$
[Xl'�!X'Z$!X�(Y  (�4S4�"a 'Z[XYWv YW'*\"S4U+$%  "\($S *@z ��it'*)+)f!�\"!�\mab'*\"!9_YX'��(g iZ�($�27S4'Z$iZ'�UV$w[Xl&'�ab'*\(!X_&YW'*S �(Yp!L[W�(YW'*S c7�"!XU [WU+�"$!��
��$Q�e[Wl&'ZY �p�(Y S&!� oUV$Qi l\ec4[W'ZY + [Xl' *@z � _&c S&\][W'mc&YX�4iZ'*S4_&YW'*!I\"!X!X_&ab'*S [Xl\e[�[Xl&'r!X'Z$ !9�"YW!I\e$ S �4S4�"a 'Z[X'*YW!IYW't[W_&YX$'*S
S&\e[W\ ��U+[Xl�$� 'ZYWYX�"YW!C� S4'��;Uf\][WU+�"$��eg � � \e$S l'Z$iZ'w[Xl&' *@z � _!9',S/[Xl&',!9' �]\e)V_&'*! S4U+YW'*it[X)Vv�yz;UV$iZ' Y \e$S4�"a '*YXYW�(Y !

�,� �



\eYW'�\(S&S&'*SCUV$C[X� [Xl'y!9'*$!X�(YwYW'*\(S&U+$&%o!� @[Xl' \(iZiZ_&Y \(itv �eg [Xl&' *pz � ! S&'*itYW'*\"!9',! ��U [WlC[XUVab'� !Il&' 'ZYWYW�(Y ! UV$C[Xl'
*@z � it�"_&)VSQUV$iZYX',\(!X'm[X�d\wc �"U+$o[ ��l&'ZYW'm[Xl' \"ij[XU$�]\][WU+�"$!�UV$�[Xl' /pYXUfi��Q\e$Syx@�"$�2%(_YW\e[XUV�($ *@z � !�\(YX'r$�e[�\()+UV%($'*S
��U+[Xl ',\(i l��e[Wl&'ZY�iZ\e_ !9UV$&%w[Wl&' \(%('Z$o[�[W� ab�
�('m[W� `&YWUVi��4!I[Wl\][ \e)VYX',\(S4v gq�(YWa:c\(Y9[��eg
\ !9[XYW_ij[W_&YX'.�'!Il&'m[W'*i l&$&Ufno_&'*!
S4',!XiZYXUV` ',S/U+$/[XlUV! !9',ij[XUV�($ YW'*S4_ it' [Xl&' ',# '*ij[r�(g�YW\($S4�(a !9'*$!9�"YXv \($S/�4S4�(ab't[WYXv 'ZYWYX�"YW!��"$ [Wl&' \(i*it_&Y \(iZv �egp[Xl'
*@z � ! � [Wl&' ',# '*ij[��(gM!X'Z$!X�(YWvb'ZYWYX�"YW!@Uf!I)+',!X!Ic&YW�($�(_&$iZ'*S �($dYX',\(ij[WU��"'�`7'Zl \��oUV�(Y !p!9UV$it'�[Wl&'*!X'mS4�b$&�e[�S4'*c '*$Sd�($^\($
UV$"[W'ZYW$\e){YW'ZcYX',!9'*$"[ \][WU+�"$ [Xl \][riZ\($/\"iZit_a _&)f\][W' '*YXYW�(Y !��
�('ZY�[WU+ab' \e$ SyYW'*\"S4U+$%"!�gqYX�"a S4U�# 'ZYW'Z$o[rit�()V�(Ym!X'Z$!X�(Y ! \eYW'
$&�([�it�(abc\(YX',Sw[W�w'*\(i l^�e[Wl&'ZY-� �
�������
	 GID 0�1o.
3�� �rN�EM24D
!Il&' '*$��oUVYW�($&ab'Z$o[mgq�"Yr[Xl' a _&)+[XU���\e%('*$o[ it�"$!L[WYX_ ij[XUV�($/[ \(!-�yUf!rUV$&l&'ZYW'Z$o[W)+v/l&UV%(l&)Vv/S&vo$ \eabUVi !9UV$it'^\e%('*$o[W!r\"ij[XU$�('*)+v
ab�
�('�S4UV!WiZ!��%!Il;_!� &!X'Z$ !9�"YXvbYW'*\(S&U+$&%o!�aw\ vw$&�([paw\e[Wi l [Wl&'m!L[W�(YW'*S c �o!9U+[XUV�($^U+$4gq�"YXaw\e[XUV�($ '*U [Wl&'ZY�S4_'�[W� !X'Z$ !9�"Yp\($S
�4S4�(ab'Z[XYWv 'ZYWYW�(Y !~�(Y�S4_'�[X� \($ \(it[X_\()i l\e$%('�UV$w[Xl&'�c �o!9U+[XUV�($w�(g \mS&UV!Wi��{#�$;v c&YW�;iZ'*S4_YX'I[Wl\][�_c7S&\e[X',!{[Xl'�!Xc\][WUV\()
aw\ec l \(!{[W� S4Uf!L[WU+$%(_&Uf!9l ` 'Z[��@'*'Z$b[Xl'*!X'�[��p� iZ\"!9',!��~# !XU+abc&)V'�_&c S&\e[X'�c&YX�4iZ'*S4_&YW'�Uf!��"`4[W\(U+$&',SbU g�U+[@Uf!p\(!W!9_&ab',S [Xl\e[
[Xl'�'*YXYW�(Y !�\(YX' !Xab\()+) '*$&�(_&%"l [Wl\][�U+gM\ S4UV!Wi�l\(!p$&�([I`7'Z'*$^ab�
�"'*Sw[Wl&'Z$^[Xl'�)V�4iZ\e[XUV�($ �(g [Xl \][�S4Uf!Xi�YX'Z[X_&YW$&',S `;vw[Xl'
!X'Z$!X�(Y !{\][�S4U�# 'ZYW'Z$o[
[XUVab',��!L[W'Zc! ��U+)V) \()+)4gh\()+)U+$w$&'*U+%"l;` �"YXUV$&%mit'*)+)f!
\e$ S [Wl&Uf!
Uf!
S4'*!WitYWUV` ',S `7'Z)V�
� gq�(Y�\()+)4[Wl&YW'Z'�!X�(_&Y it',!
�eg~UV$4gq�(YWaw\][XUV�($��~s�'Z$�e[X'm`;v � �9�=� � 	 � �3�@[Xl&'r!X't[��(g~iZ'Z)V) � � 	 � �I\e$ S^\()+)�U+[W!�'ZUV%(lo[�$&'ZUV%(l;`7�(YWU+$&%bit'*)+)f! H

� �6�3� � 	 � �=� � " � � ! � 	 � ! � � 	����	 � � 	 � � 	����	 � � � � 	 � � � �$% ��� � + �
#p[@'��('*YXv [XUVab',��!L[W'Zc� o[Xl'�!X'Z$!X�(Y !{[ \��"'�\ !X$\ec !9l&�([@�(g [Xl&' �@�"YX)fSw\eYW�(_$S [Xl&' \e%"'Z$o[@\($Sb[Xl'�\"ij[XU$�]\][WU+�"$!��"$w[Xl'

!X'Z$!X�(Y�%(YWUVS� �. \eYW' UV$o[X'*%(Y \][X',S�UV$"[W� [Wl&'bit'Z$o[W'ZY c �"Y9[WU+�"$ �egp\ S4Uf!Xi *@z �  
 � !Il&' c&YW�4it'*S&_&YX' gq�(Y�U+$o[W'Z%(Y \][WU+$% [Xl'
!X'Z$!X�(Y�\(it[XU$�]\][XUV�($ !IUV!I%"U��"'Z$ UV$ 2%(_YX' ��� � \e$S^U+)V)V_!L[WYW\e[X',S UV$ 2%(_&YW' ��� � �%!Il&' _&c S&\][W'*S �]\e)V_&'*!I�(g � �� �  � �� �  \e$S �� �� �
\]g [W'ZYm!X'Z$!XU+$%d\(YX'bS4'Z$�e[X',S `;v � � +� �  � � +���   \e$S �� � +� � YX',!9c7'*it[XU$�('Z)Vv� !Il&'bc �o!9U+[XUV�($ �eg@\QS4Uf!Xi ��l&�o!9'bit�;�(Y S4UV$\][W'*!�\eYW'
!9[X�(YW'*S U+$/it'Z)V) � � 	 � ���eg *@z � 
 UV!�_&c S&\][W'*S ��U [Wl [Xl' c7�"!XU [WU+�"$ �(',ij[W�(Y�[Xl\e[�Uf!�iZ)+�o!9',!L[�[X� �� �� � gqYX�"a \e)V) [Wl&' !X'Z$ !9�"Y
%(YWUfSbc �o!9U+[XUV�($"�"'*it[X�(Y !
UV$ � �6�3� � 	 � �3� �q)VUV$&' �#�
\($S � �� � UV!pS4',itYW'*\(!X'*SM� it�($�2 S4'Z$ it'�UV$ �4i*it_&c\($itv �eg iZ'Z)V) UV$iZYX',\(!X'*! � )VU+$'�*� � �#��g
\e)V)�[Wl&' !X'Z$ !9�"Y�%(YWUVS�iZ'Z)V)V!�U+$�� �9�=� � 	 � �3��\(YX'm_&$�;i*it_&cU+',S� [Wl&'Z$ [Xl&Uf!�UVabc&)VU+',!�[Xl \][�[Wl&' S&UV!Wi �I\(!�ab�
�(',S��q)VU+$'+ �,� � ���� UV! !X't[�[X� � \e$ S�� �� � Uf!�!X't[�[X�^[Xl&'w!X'Z$!X�(Y�S4'��;Uf\][WU+�"$� � � � �h)+UV$&'*!��� �"#� � z;UVabU+)f\eYW)Vv U g � ��� � � `_4[r\e)V)�*pz �
it'*)+)f!�UV$�� �6�3� � 	 � �=��\eYW'm_&$&�4iZiZ_&c&UV'*S��q)VUV$&' �e� �  [Xl&'*$ \ S4Uf!Xi �I\(!�a �
�"'*SdUV$"[W�b[Xl&' it'Z)V)k\($S � �� �  �� ����  7\e$S � ���� \eYW'r!9'Z[
gqYW�(a>[Wl&'rit�"YXYW'*!Xc �"$S4UV$&%b!9'*$!9�"YI%(YWUVSdit'*)+) [W�bYX' �'*it[p[Wl&Uf!�i l\e$%('C�q)VU+$'*! � � � � + �,�
��������� � N�.�ABD 243 	�� �rN�Ek24D

!Il&'bS4'*\"S YW'*i��"�($&UV$&% UV$4gq�(YWaw\][WU+�"$ gqYW�(a '*\"i l�[XUVab',��!L[W'Zc� ��  Uf! _!X'*S�[W�^aw\(U+$o[W\(U+$ 'Z%"�;iZ'Z$o[XYWUfitU+[Lvd�(g�`7�e[Xl [Xl' S4Uf!Wi
\e$ S x@�($�2%"_&Y \][XUV�($ *pz � !�� �� Uf! !X_&`4[XY \(it[X',SygqYW�(a �� �� � gq�(Y \e)V)@it'*)+)f! � � 	 � � UV$ 
 �&��g �� ���� � �� UV! $&�e[ it�($o[ \eUV$&'*S UV$
� � 	 � �, ([Wl&'Z$^U [pUV!p\(!W!XU+%"$&'*S [X� [Xl&'�\ec&cYX�"c&YXUf\][W'�$&'ZUV%(l;`7�(YWU+$%rit'Z)V) � !Il;_!� "[Xl&'�\(ij[WU��]\e[XUV�($!��($ ',\(i l it'*)+)7\eYW'�c\"!X!X'*S [W�
$&'*U+%"lo`7�(YWUV$&%wit'Z)V)f!�U+$ \wS&U+YW'*it[XUV�($Q�(c&c7�"!XU+[X' [X����l&UVi ld[Wl&' \e%"'Z$o[�l\"!�ab�
�('*S�� !Il&Uf!�Uf!�U+)V)V_!L[WYW\e[X',S^UV$ 2%"_&YX' � � + � !k�
\(i*it�"_&$o[{gq�(Y
[Wl&'�_&$ it'ZYX[W\(U+$o[Lv U+$ ��) "[Xl&''�]\(YXUf\e$iZ'*!
\(YX'�\"S&S4',S���� � +� � Uf!{[Wl&'�it�"$�2 S4'*$it'�\]g [X'*Y
[Wl&'�ab�
�('*a '*$o[
_&c7S\][X' � H

��� � +��� � � � � � �� � � � � ��� � � ���� � � ��� � 2 �

��������� -/.�A�A 5�0�896 EM2&8L.�0�� �rN�EM24D
��$iZ)+_S&U+$&%�\ !Xc\e[XUf\e)�aw\ec?!X'Z$o[ gqYW�(a \e$&�([Xl&'*Y \e%('*$o[ U+$o[X��\($ *@z � Uf! !9UVabU+)f\eY [X� UV$it�"YXc7�(Y \][WU+$&% !X'Z$!X�(YWv S&\e[W\ �
J��
�p'��"'ZY  4[Xl' \eYW'*\"!IYX'*c&YX',!9'*$o[X'*Sd`;v^[Xl&' YX',it'ZU$�(',SQ\e$S�!9[X�"YX',S^aw\(c!�\(YX'rS4U�# 'ZYW'Z$o[�\e$ Sd[Xl&' iZ'Z)V)V!�\eYW'm��# !9'Z[�`;v^\($
\eab�"_&$o[�c&YX�"c �"Y9[WU+�"$\e) [W�b[Xl&' S4UV!9[W\($it'm`7't[��p'Z'*$d[Xl&'m[��p� \e%"'Z$o[W!���� 't[�[Wl&'mYX',it'*U��;UV$&% \e%"'Z$o[�` 'r)f\e`7'Z)V'*S �T\($Sd[Xl'
!X'Z$S4UV$&% \e%('*$o[� �"�{��'Z[ �� � � S4'*$&�e[W'�[Wl&'�c7�"!XU [WU+�"$ �(g � ��U+[Xl YW'*!Xc7'*ij[p[X��� \"!�!X'Z$!X'*S `ov � � !Il&'�S4'��;UV\e[XUV�($ UV$ [Wl&UV!
ab'*\"!9_&YW'Zab'*$"[�UV! � � � � � ! � �� � � � �mx@�($!XUVS&'ZY�\^S4UV!Wi ��l&�o!9' )+�4iZ\e[XUV�($�Uf!�UV$iZ)+_S&'*S�UV$ `7�e[Xl �L* !&*@z �  
 � \e$S�� * !
*@z �  
 � ����'Z[�[Wl&UV!�S4Uf!Xim`7' cYX',!9'*$"[�UV$Q[Xl' \eYW'*\bYW'ZcYX',!9'*$"[W'*S^`;vdiZ'Z)V) � � 	 � ���eg 
 � \e$SQUV$Q[Xl' \eYW'*\ YW'Zc&YW'*!X'Z$o[W'*S
`;v it'*)+) � � 	 �(�@�eg 
 � � 2%"_&YX' � � 2 � �

��'Z[ [Xl&'b_&c S&\][W'*S �]\e)V_&'*! �(g � ���� �  � ������  k\e$S �� ���� � \]g [X'*Y U+$iZ)+_ S4U+$% 
 � ` 'wS4'*$&�e[W'*S `;v � � + ����  � � + ����   \($S �� � + �� �
YW'*!Xc ',ij[XU$�('*)+v.� !Il'�_&c7S\][X'Qc&YW�4it',S4_&YW'dUf!b%(U$�('*$ UV$ 2%(_&YW' ��� ��� ��[ UV!w\"!X!X_&ab'*S [Xl\e[b[Xl&'�'*YXYW�(Y U+$ �� � � Uf!w!Xab\()+)
'Z$�(_&%"l�[Xl\e[�[Wl&' )V�4iZ\e[XUV�($��egp\ S4Uf!Xi \(!�iZ\e)fit_)V\e[X'*S�gqYX�"aF`7�e[Wl�[Xl' YW'*iZ'ZU$�('*S�� 
 � ��\($S !9[X�"YX',SQab\(c � 
 � �Igh\()+)~UV$

�,�(�



��$&c&_4[ H � �� �  � �� �  �� �� �  � � 	 � � � " � ! 
 	 ! 
 � 	��� 	 � � 	 � � 	����	 � 
 	�
 � %� � �  � � �  �� ���  � � 	 � � � " � ! � 	 ! � � 	����	 � � 	 � � 	����	 � � 	 � � %� _4[Xc&_&[ H�� � +� �  � � +���  �� � +� �  � � 	 � � � " � ! 
 	 ! 
 � 	����	 � � 	 � � 	����	 � 
 	�
 � %
�IH gq�(YL� � 	 � ��UV$ " � ! � 	 ! � � 	����	 � � 	 � � 	����	 ��� 	 � � %rS4�
�2H U+g>� � �� � � � �+<H U+g � � � + � + � � � � �  	 �  ���� � �9�=� � 	 � �3�=�2&H " \()+) $&'*U+%"l;` �"YXUV$&%wit'*)+)f!�\eYW' 'Zabc4[Lv � YX'*ab�
�(' S4UV!Wi %
� H � � +��� H � �
" H � � +� � H � � ���% H 'Z)f!X' " _&c S&\][W' �� �� � gqYW�(aPiZ)+�o!9',!L[ �(',ij[W�(YIU+$�� �6�3� � 	 � �3� %4<H � � +��� H � �
� H � � � 	 � � � H � � � � 
 � � �$� + � � + � � �����$�$� � ��$� ��� �� ���� ! �� � + � + � ��*�<H � � +� � H � �%� � � � � � � ��� ���� 	 � ��� ��� ����IH �� � +� � H � 
 � � ��� � �� �� � 	 � �� � 	 �� � � � � 	 � � � � � ��,�2H 'Z$ S U+g
�)+<H '*$S^U g
� 2&H U+g>� � �� + � + � � � � �  	 �  ��� � �6�=� � 	 � �=�3� " !X_&YXYW�(_$S4'*S `;v _&$&�4iZiZ_&c&UV'*SQit'*)+)f! %� � H U+g � � � + � + � � � � �  	 �  ���� � �9�=� � 	 � �3�=�� " H " iZ�(YWYX',!9c7�($ S4U+$% !X'Z$!X�(YI%(YWUfS^iZ'Z)V)V!�\(YX' _&$&�4i*it_&c&UV'*S�%
� % H � � +��� H � �
�)4<H � � +� � H � �%� � � � � � � ��� ���� 	 � ��� ��� �� � H 'Z$ S U+g
�e�<H U+g � � ��� � � � " S4Uf!Wi�UV$�!9'*$!X�(YI%(YWUVSdit'*)+) � \"S&S^S&UV!Wi %
� �IH � � +��� H � �
�(�2H � � +� � H � � ���
� +<H �� � +� � H � �� � �
� 2&H 'Z$ S U+g
� � H '*$S^U g
� " H 'Z$S gq�(Y

�MU+%"_&YX' � � � H u�YX�4iZ'*S4_&YW'�gq�(Y�_&c S&\][W' gqYX�"a:!X'Z$!X�(Y !��

�,� +



(B) Remove disc

(C) Add disc (D) No disc in map and sensor

Cell (i,j) of     m s m’

        (A) Change position of disc
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