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� X0¢lX:bhg8kVWYX0iCe��/^�ea¦P\ � ��¨#¤
S�TV^dn
�6g8yo�/cp^_W�n
cpe�efTVX�cp`mefglW�c'ef^_u6yoX0eoyf^hX:¢'cpbCgp�vk�gl^_iCeoX0y
kVyfglk�X0yoeo^_X:n�^hi�eoTvX�u0gliCeoX0wCe�gp��u�gliCe�cp^_iVX0y
u�bdclnfnsXtn0¤<J6Xtns^ q Xtn

u�bdclnfno^_u:cpb,k�g8^hiCe�n{�Peog=yoX:b_cpeo^_glivn:¡m��X/clyoXRX:nok�X:u�^dcpb_b_r�^hiCefX0yfX:nseoX q ^hi�efTVX��+-�# # "�� / *1-�#­��X�e{��X0X:i�u0gliCefcl^hiVX:yfn�cli q efTVX0^_y�X0b_X��
WYX0iCefn:¤J\MX0¢8X0y�cpbm^_i8ef`V^heo^_glivn¬�6X:yoX���glyfyog'��X q ��yog8W��×�p~�� ¥�k�gl^_iCeoX:y¬cpivclbhrmno^_n�noTVgl`vb q iVgle¬bh^_WY^�e6^�e�nsX:b���eog8! -�*.#0/ "��32 �+�?�)�3*.#"!p¡
^P¤ X8¤h¡�yoXtu�`Vy�ns^_¢lX q X0yfX���X:yoX:ivu�XtnRgp�¬efTVXY��glyfW$#&%'#)(+*-,/."0 ¦�^_i � cË¢'c�nsrMiCefcpwV¨�¤�°Âi q X0X q ¡¯gl�Vz{X:u#eo�Pg8yo^_X0iCefX q�q X:no^h�8i�efX0i q n
eog�TV^ q X�ns`�u�T�eoXtu�TViV^du0clbh^heo^_X:nR��X0TV^_i q �
-$# /���*.# "1�+��cpi q *./ "����$/ -2�+��efTvc'e/eoy�cË¢lX:yfnoX
efTVX0W.¤�|}b�efTVgl`v�lT�^_WYkVb_X0WYX0iCefcpeo^_glivn
gp�}u0gliCefcl^hivX0yau0b_c8nonoX:n�u0gl`Vb q ��X�¢8X0yfrÈu0glWYkVb_X�w§¡�X:nok�Xtu�^dcpb_bhrÈ��^�efTFTvcli q glkVeo^_W=^_£:cpeo^_glivn�cpi q �8X0iVX:yo^du�u0g q ^hiV�Cn0¡
efTVX0r
gp�ÇefX0i X�wmTV^_�V^he-u�b_X:cli nsX:WYcliCeo^du0n=eoTvyog8`V�lT eoTVX:^hy�kVyog8�ly�cpWYWY^hiv� ^_iCeoX0yo�½clu0X:n:¤�S�TM`vn:¡6��g8y�c ��X0esefX0y�clivcpb_rM£:cp�v^hb_^�e{r�gp�
gl�Vz{X:u#eo�Pg8yo^_X0iCefX q u0g q X:n:¡MeoTVX
�8X0r�^dn�eog�X0wmkVbhg8^�ejnoX0W�cpiCef^_u:n�gp�Ju�yf^�ef^_u:cpb§u�bdclnfnsXtn�^hi.u�g8WYkV^hb_X0y�n:¤
S�TVX
kvclk�X:yjkVyfX:noX0iCefn}cYk�g8^hiCefns�Peog�cpivclbhrmno^_n���g8y}u�g8iCefcp^_iVX:y�eoy�cË¢lX0y�nfcpbdn0¤BS�TVX
kvyoXtnsX:i8e�c'ef^hg8i�`�nsXtn � cË¢'cYnorCiCe�c'w-cli q

noX0W�cpiCeo^du0na¦ � cË¢Ëc=yfX���X:yoX:ivu�XtnjcpyfX/^hi q X0X q43 ��X0b_b�� ��X:TvcË¢lX q�5 k�gl^_iCeoX0y�n�¨#¡v�v`mejeoTvX��lX:iVX0y�cpb,��y�cpWYX0��glyf��^dn�iVgle}bh^_WY^�efX q efg
� cË¢Ëcv¤
6 \Cef` q rM^_iV�­yoXtcpbh�P��glyfb q �lX:yoiVX:b_n:¡¯��X�nsTvg'� eoT�c'e�gl`vy/eoX:u�TviV^ �C`VX�c8u�TV^_X0¢lXtn/c-¢8X0yfr�TV^_�lT kVyfX:u0^_no^hg8i c8n�nsgMg8iÈc8n
u�g8iCefcp^_iVX:y�efyfcË¢8X0y�noclb_n�X�wmk�g8noX6X:iVgl`V�8T�yfX0�8`Vbdcpyf^�e{r8¤�«Vg8yBnsg8W=X�gp��eoTVX��8X0yfiVX0bdn:¡ËeoTVX�nfcpWYX�kVyoXtu�^dns^_gli=u0cliViVgpeJ��X�clu�TV^_X0¢8X q
�Mr�u0b_c8nono^du0cpb¯eoX:u�TviV^ �C`VXtn�clkVkVb_^hX q eog�cpi­X �C`V^_¢'cpb_X0iCe}k�gl^_iCeoX0yo�Âu�Tvclno^hiv�=^_WYkVb_X0WYX0iCefcpeo^_gli¯¤�S�TVXayfX:no`Vbhe}gp�JefTVXacpi�cpb_rMno^dn
u0cli���X�^_iCeoX0yfkVyfX�efX q clnRnoTvcpk�X��_�l�p¡
�:�7�P¡¯clbh^dcln8� ~m¡§���Jg8y�u�g8iViVXtu#eo^_¢M^�e{r9�_�:��� ¤/S�TVX:noXakVyfglk�X0yoeo^_X:nRu0cli.��`VyoeoTVX:yR^_WYkVyfg'¢lX
cpi�cpb_rMnoX:n�no`vu�T.cln q X:k�X:i q X0i�u�X/eoXtn{e�njcpi q ¢'cpyf^_gl`vn�glkVeo^_W=^_£:cpeo^_glivn:¤
ª X6cpbdnog}c qVq yoXtnon�u�g8nse�^dnfns`VXtn¯gl�vns`vu�T�cjTV^_�lTm� kVyfX:u0^_no^hg8i
cpivclbhrmno^_n:¤¯°Âi��½c8u#et¡t��TvX0iaX�:�u�^_X0ivu0rRW�cpeseoX:yfn:¡ËgliVX¬WYcËr
nseo^_bhb

��X=¢8X0yfr­kVyfX:u�^dnoX=cl��g8`me�u�gliCe�cp^_iVX0yRglk�X0y�c'ef^hg8ivnR��TV^hb_X�cpkVkvbhrM^_iV�-^_iVX0wMk�X0i�ns^_¢lXYyf`VbhXtnRgliÈgpeoTvX0y/k�g8^hiCefX0y
clnfns^_�livW=X:iCefn:¤
S�TV^dnR^_n/c�u�b_X:cpyR��X0iVX 4Ve�gp�¬`�ns^_iV�.n{e�cpi q cly q u�gliCe�cp^_iVX0y�n}c8n�g8kVk�g8noX q efg-T�cpi q � ��yf^�eoeoX0i k�g8^hiCefX0yo� u�Tvc8ns^_iV��^_WYkVb_X0WYX0im�
efcpeo^_glivn:¥BTVX:`Vyf^_nseo^du0nju:cpi.��X�W�c q Xau0glivnfu�^_gl`�n�gp�
eoTVX�b_X0¢8X0b¯gl�JkVyoXtu�^dns^_gli�yfX �C`V^_yoX q ¡V��^heoTVg8`me�c qvq ^�ef^hg8ivcpb 3 TV^_iCefn 5 ��yfglW
eoTvX
kVyog8�ly�cpWYWYX0y�gly�efTVX 3 �vbh^_i q�5
q X0�8yfc q c'ef^hg8i�gp�

k
� bh^_WY^�ef^hiV��¤

\MXtu#eo^_gli �-kVyoXtnsX:iCefn�eoTVXYWYgpef^h¢'cpeo^_gli ��glyReoTV^dn/��glyf�.cli q ^hiCeoyfg q `vu0X:n�eoTVXYW�cp^_i u�gli�u�X0kVefn:¤Y\MXtu#ef^hg8i�Z q X:nfu�yf^_��Xtn
eoTvX}k�gl^_i8e�n{�Peog��ly�cpkVT�cli q TVg'� eog=cp�vnseoy�clu�eBeoTvX�u�g8iViVXtu#eo^_gli���X�e{��X0X:i�cau0gliCefcl^hivX0y¬cli q ^hefn6X0b_X0WYX0iCefn:¤JS�TVX}k�gl^_iCefns�4efg
cpb_�lg8yo^heoTvW�^_n��8^h¢8X0ia^_i�\MX:u�eo^_gli*�m¤<-­glyfX��lX0ivX0y�cpbMcpb_^_c8n
cli q nsTvclk�X�clivcpb_rmns^dn�cpkVkVb_^du0c'ef^hg8ivn�cpyfX6kvyoXtnsX:i8efX q ^hi�\MXtu#eo^_gli'�M¤
\MXtu#eo^_gli*1
clkVkVb_^hXtnJgl`VyBeoX:u�TviV^ �C`VX�efg�^_bhb_`vnseoy�c'eo^_¢lX�X0wmclWYkVbhXtn0¤J\MXtu#eo^_gli�� q ^dnfu�`vnfnsXtnJk�g8nfns^_�Vb_X�^hWYkVyfg'¢lX:W=X:iCefn:¤ ª X�eoTVX:i
u�g8WYkvcpyfX�gl`Vy¬clkVkVyfg8c8u�Ta��^heoT�gpefTVX0y�n�^_i�\MX:u�eo^_gli��V¤J\MX:u�eo^_gli.�:�
u0glivu0bh` q X:nBcli q ns�8X�e�u�TVX:n
��`mef`VyfXj�6g8yo�,¤
|jb_bVeoXtu�TViV^du0clb
kVyfgMgp�½n�TvcË¢8X���X0X:i�WYg'¢8X q eog�\MX:u�eo^_gli�J ^_i�eoTVX�clkVk�X:i q ^hw§¤

; <>= ��� = ���)? ��% �A@��CB ���D@-���

S�TVX�clivcpb_rmns^dn6efcpyf�lX0efn�u0gliCefcl^hiVX:yfn6efTvc'e}u:cpi���X/efyfcË¢8X0y�nsX q cln�b_^_iVX:cly�bh^dn{e�n0¡vXl¤ �v¤_¡mbh^dn{e�njcpi q ¢8X:u#efgly�n0¤ ª X
gliVb_r-nseo` q ^hX q
canoW�cpb_b�noX�e�gp�¯�vc8ns^duju0gliCefcl^hiVX:y¬g8k�X:yfcpeo^_glivn:¥AEGF�HGI�0�JLK}cli qNM�O I�0�JLK}�8X0iVX:yfcpeoXtnBc�iVX:� ^�efX0y�c'efgly6cpese�clu�TVX q eog�efTVX/u�gliV�
efcl^hivX0y�� O�P�Q�O *SR�,TJ�K�cli q H�,/0"H-, O 0�JLK�W=g'¢8X�cpiY^�efX0y�c'efgly��2U-,�0�JLKM¡�#"V"0�JLKM¡�FW*GI�,/H"0�J�K�cli qXP , M ,/0-,DJLK�`Vk q c'efX�Ypclu0u0X:nfnsXtn
c�u�g8iCefcp^_iVX:y6efTVyfgl`V�8T�cli�^heoX:yfcpeog8y:¤BS�TVX�norMiCefc'w-gp�
eoTVXtnsX
g8k�X:yfcpeo^_glivn�^dn���glyfyog'��X q ��yfglW&eoTVX � cË¢'c*&RX0iVX:yo^du 
 ^_�Vy�cpyfr
¦ � & 
 ¨�¤ Z
S�TvX�nsX:WYcliCeo^du0n�^dn�nsb_^h�8TCeob_r�ns^_WYkVb_^(4vX q ¡VX8¤ ��¤h¡miVgY^_WYkVbh^du�^he}^heoX:yfcpeogly�WYg'¢lXR^_i.u0gliCefcl^hivX0y�clu:u�X:nfnoX:n:¤


 X0e:® n¬u0glivno^ q X0yJefTVX}X0wmclWYkVbhX�^_i�«
^_�l`VyfX
�}cpi q ns`Vkvk�gCnsX�efTvc'e M F/I70�yfX���X:yfnBeogac #%-�#02 � *[�\�1] &5�2��b_^dn{et¤ ª X}��gl`vb q b_^h�8X
eog�^_im��X0yR��TVX�efTVX0y O cli q_^ cpyfXaclbh^dclnoX q cpeRk�gl^_iCe 1v¤
S�TV^_n���gl`Vb q�q X:k�X:i q g8i�e{��g-u0gli q ^heo^_gli�n0¥���TVX0eoTVX:y/^�efX0y�c'eog8y8F
^_i q ^du0c'efX:n q ^_nseo^_ivu�e¬k�gCns^heo^_gli�n¬c'eBk�gl^_iCefn��
cpi q Z0�Ccli q ¡C��TVX�efTVX0y q ^_nseo^_ivu#e�gl�mz{Xtu#e�nBcpyfXjc'eoefclu�TvX q eog q ^_nseo^_ivu#e�k�gCns^heo^_gli�n
^_ivns^ q X M F�I70�¤BS�TvX84vyfnse}u�g8i q ^heo^_gli­u0cli-��X q Xtu�^ q X q �Mr�efyfc8u��M^hiV� 3 W=g'¢8X:n 5 gp�Jcpi.^heoX:yfcpeoglyt¤BS�TVX�noX:u0gli q u�g8i q ^heo^_gli.^_n
yfX0bdc'eoX q eogYeoTvX 3 noTvcpk�X 5 gp�Jc�u�g8iCefcp^_iVX:y:¤B| u0gliCefcl^hivX0y�^_n�cN����`8a=��TVX:icb�*��3/ *.#G� / " &5"�d:" # /@���7��" ��/ /����+�?"�b��$/�b�*��3/@*.#S� /
! -)�3*./@*1-$#?�#¤�ef�"`ga��/��h h­^dn�efTVX�u�g8iCefcp^_iVX:y�u�gl`vi8efX0yfkvcpyoe�gp�
u�bdclnfno^_u:cpbjnoTvcpk�X�c'eoeoyf^h�v`meoXtn0¡�Xl¤ �v¤_¡8& *��3/@# "3�+��g8y /i�
"
" #%" �+�#¤
«
^h�8`VyfX��a�8^h¢8X:n}��gleoT�X0wVcpWYkVb_X:n�gp� M F�I70-k�gl^_iCeo^_iV��efg-cj�
-2dXk=g8y # -�/l�+-7d�kYu�g8i8e�cp^_iVX0yt¥ O cpi q_^ clyoXa`Vivcpb_^dclnoX q ^_i
eoTvX 4vy�n{e¬�8yfclkVT¯¡Ccpi q clbh^dclnoX q ^hi�eoTVX}noX:u0gli q g8iVXl¤ -­g8yoX:g'¢lX0yt¡pc'�ÇefX0yBX0wmX:u�`Veo^_iV��FD(+#"V"0�J�mfKM¡'gliVX���gl`Vb q b_^h�8X�eog�yfX0kVbdclu0X

n oqp ÁP¿{ÌËÓ4Ñ×¼#ÌRÁP¼�r�s�r�tut Ó Û ¼#ÊtÖ
v�Ùp¿JÝp¼#ÓPÓ4Ñ×ÙËÖ×¿JÊËÓPÑ×ÌtÞxw§¿{Ö×Ö Ú[y0ÌË¼zw�Ì}ÁP¿{À Û ÌtÑ×É:ÊË¿{Ó|{
} ~tÃ2QW}�Ã2Q\�[�� ¸�Ýt»4¼�¾½¿{ÀÂÁ�Õh»4¼#Ü��
Ùt¾½¿{À{Á Ï Ý'Ø�À{¿#ÃpÓP¿{¿T�1�����q�����z�����q���z�������z�L� �����\���i�������
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«
^_�l`VyfXY�l¥ -­gleo^_¢'c'eo^_iV�YX�wVclW=kvbhX

eoTvX�X0b_X0WYX0iCe�yfX���X0yfX0i�u�X q �Mr F-��^�efTÈeoTVX�g8�mz{X:u�e
yoX0��X0yfX0ivu0X q �Cr m�¤�S�TV^dn
^_W=kvbh^_X:n
�M^_bhb_^_iV��eoTVX�u0gliVivX:u#ef^hg8i ��X�e{��X0X:i
M F�I�0�cli q eoTVX
g8�mz{X:u�ejyoX0��X0yfX0ivu0X q �Mr ^ ¤
°Âi�efTV^_n�kvclk�X:y:¡Mu�g8Wa�VivX:nfnB^dn¬`vnoX q cln�cpi�^_iCeoX0yfWYX q ^dc'efX}kVyfglk�X0yoe{r���gly6u:cpkmef`Vyf^hiV��k�g8^hiCe�n{�Peog�¡Cclbh^dclno^hiv�acpi q u�gliviVX:u��

eo^_¢M^�e{r=yfX0bdc'eo^_gli�n0¤"$jX:¢lX0yoeoTvX0b_X:nfn0¡8^�e�W=^_�lTCe6clb_nog
��X�cpkvkVbh^_X q�q ^hyfX:u�eob_raefg�kvclyfclbhb_X0b_^h£tc'ef^hg8i�¦4u�glW��V^_iVX q ��^heoT q X0k�X0i q X0ivu0X
cpi�cpb_rMno^dnf¨ �×�p~���cpi q.q cpefc�nseoyf`vu#ef`VyoX
bdcËrlg8`me�glkmef^hWY^_£:cpeo^_glivn:¡vno`vu�T­cln�g8�mz{X:u�ej^hiVb_^_iV^hiv� � �7��¦½u0glW��ViVX:nfn�^dnjno^hb_^hW�cly�eog�nog
u0clbhb_X q ¡mgliVX0�4efgp� gliVX 4vX0b q n�¨�cpi qX3KJ c'eoeoX0iv^hiV� 5 gl� � cË¢'c�clyoy�cËrmnl�×�l�W� ¤
��¢lX:yfclbhbP¡�eoTvX�cpivclbhrmno^_n�^_nY��clnoX q gli cÈ�8yfclkVT�yfX0kVyfX:noX0iCe�c'eo^_gliFeoTvcpe�cl�vnseoy�clu#e=eoTvX­k�g8^hiCefns�PeogÈyoX:b_cpeo^_gli���X�e{��X0X:i

k�gl^_i8efX0y�n0¤j��`Vy�efX:u�TViv^ �C`VX�^dnjnseoyfgliV�8bhr-^hi J `VX0i�u�X q �Mr­\mcp�8^h¢,¡v�jX0kvn�cpi q�ª ^_bhTVX:bhW.® n}noTvcpk�Xaclivcpb_rmns^dn���gly q X:nseoyf`vu#ef^h¢8X
`Vk q c'ef^hiv� �_�:�7�P¤�°Âi.c qVq ^heo^_gli�¡Mu0gliCefcl^hivX0yo� nok�Xtu�^54�uj^_im��g8yoW�c'ef^hg8i�^dn�X0ivu0g q X q ^_iCeog�eoTVX/�8yfclkVT¯¡Mns`vu�T�cln�^heoX0y�c'efgly�c'eoefclu�TV�
WYX0iCe:¡�u�g8Wa�VivX:nfn
cpi q u�g8iCefcp^_iVX:y
k�gCns^heo^_glivn:¤�«vgMu0`vno^hiV�.g8iÈkvyoXtu�^dns^_gli¯¡�eoTVX�clivcpb_rmns^dn/^dn J g'���ÂnsX:ivns^heo^_¢lX�cli q T�cpi q b_X:n
q Xtn{efyo`vu�eo^_¢lX/`Vk q c'efX:n�gl��efTVX/��glyfW Q ( E % *�V M"M ¦Ç��g8yj�lX:iVX0y�cpb,k�gl^_iCeoX0y�n�¨�gly�FD( P , M ,/0-,DJLK=¦Ç��gly�u�gliCe�cp^_iVX0y�nf¨�¤ ª X�clb_nog
^_i8efyog q `�u�XYc�iVX:�*nfu�TVX0WYX�eog.cp�vnseoy�clu�e�X0b_X0WYX:i8e/yfX�eoyf^_X0¢'cpb
eoTvyog8`V�lT U-,/0�JLKC¤/° e/^_n
c��lX:iVX0y�cpb_^h£tc'ef^hg8i�gp��\Vcp�l^_¢,¡§��X0kvn
cpi q�ª ^_bhTvX0b_W�® ngd>��/�"��3*1��& *ML���/ *1-�# �_�:��� ¤

N O @-�QP �#�����¬������� �SR�$¯���
�a�B���0���

S�TVX.k�gl^_i8e�n{�Peog cpi�cpb_rMno^dn�ivX0X q n=eogÈW=g q X:bjkVyfX:u0^_noX0b_r eoTVX­u0gliViVXtu#ef^hg8i���X�e{��X0X0i u�g8iCefcp^_iVX:yfn=cpi q eoTvX�g8�mz{X:u�efn=efTVX0r
nseoglyfXl¤JS�TV^dn�noX:u#ef^hg8i.^hiCeoyfg q `vu0X:n6eoTVX�b$*[��"�� / *1-�#Ècp�vnseoy�clu�eo^_gli�eog�u0clkmeo`vyoX/kVyfglk�X0yoeo^_X:n�gp�Jno`vu�T�u0gliVivX:u#ef^hg8ivn:¤

TVU�W X�Y[Z\Z^]`_.a�b�Y[ZdcfegZ\hjikbKl�]m_.a-b�Y[Zdc
��`Vy�k�gl^_iCefns�4efgÈ�8yfclkVTvn=`vnoX:n�nok�Xtu�^dcpbju0gliCefcl^hiVX:yYX q �8X:n=eog WYg q X0bjeoTVX­b_^hiv�F��X0e{�6X:X0i u�g8iCefcp^_iVX:yfn=cpi q efTVX­gl�mz{Xtu#e�n
c'eoefc8u�TVX q ¤ ª Xau0clbhb�eoTVX=u�g8ivu�yfX�efX�n{e�c'eoX�cp�vnseoy�clu�eoX q �Mr.ns`vu�T�u0gliCefcl^hivX0y�X q �lXac_�1�����/�L�W� � �"�M¤�°Âi­kvclysef^_u0`Vb_cly:¡�gl�mz{Xtu#e�n
cp��n{efyfc8u#eoX q �Mr efTVX�nogl`Vy�u�X7Yte�cpyf�lX�e=iVg q X:n�gp�}efTVX�X q �lX­cpyfX­u0clbhb_X q eoTvX � -2]��z�+" �+-�#0/ �$*.#%"��+��Y /��7� !=" /�-�k*n "�� /@��gp�ReoTvX
u�g8iViVXtu#eo^_gli�¤�|�u0gliVivX:u#ef^hg8i-T�cln�e{��g=^_WYk�g8yse�cpiCe�kVyfglk�X0yoeo^_X:n:¡MeoTVX�b=-7d>��*.# cli q eoTVX>*.#�n "\� / *po *./ ''¡

q S�TVXcb -2d:�$*.#Qgl�
c u0gliVivX:u#ef^hg8i q X:nfu�yf^h��X:n�c'e���TV^du�T k�gCns^heo^_gli�nYeoTVX�efcpyf�lX0e�gl�mz{Xtu#e�n�gp�ReoTVX u�gliviVX:u�eo^_gli cpyfX
c'ese�clu�TVX q cpej^�e�njnsg8`Vy�u�X/u�gliCe�cp^_iVX0y�n0¤

q S�TVX *.#�n "�� /@*po�*./@'�gp�§c
u�g8iViVX:u�eo^_gli=eoX:bhbdnJ��TVX0eoTVX:y¬Xtclu�T�efcpyf�lX0eBgl�mz{Xtu#eBgl��efTVX}u�g8iViVXtu#eo^_gliY^dnBc'eoefc8u�TVX q c'e6c
no^_iV�lb_X
k�gCns^heo^_gli�gp��eoTVX�nogl`Vy�u�X
u0gliCefcl^hiVX:yfn:¤
ª X�`vnoXsr/�
� ����� � ���7h/eog q X:nfu�yf^h��X/eoTvX q glW�cl^hi�cli q ^hi'z{Xtu#ef^h¢M^he{r�gl�Bc�u�gliviVX:u�eo^_gli¯¤�°Âi.eoTVX�k�g8^hiCe�n{�Peog��8yfclkVT¯¡mefTV^_n}^_n

yfX J Xtu#eoX q clnJbdcp��X0b_^_iV�au�g8iCefcp^_iVX:yBX q �8X:nJ�Mr q ^_yoXtu#eo^_gli�n0¤�«
^hy�n{et¡8b_X�e6`vn q X 4viVXdt��i�
`g� � �Mu1�^r��
�i�L�W� � �"��h8¡lX0wmclWYkVbhXtn¬clyoX��8^h¢8X0i
^_i.«
^_�l`VyfX��m¤

�i
q X:nfu�yf^h��X:n�cliCr�^_i'z{Xtu#eo^_¢lX�u0gliVivX:u#ef^hg8i-��Tvg8noX q glW�cp^_i-^dn�efTVX:�3*.#�! &5"
k�g8no^�ef^hg8i-gl��¦½^hi q ^_u:c'efX q �Mrm¨ F �

Ci

q Xtnou0yo^_��Xtn�cpiMr�^_i'z{X:u�eo^_¢lX
u�g8iViVXtu#eo^_gli���TVgCnsX q g8WYcl^hi�!G�
"\�+"�b " �/eoTVX
k�g8no^heo^_gli�gp��F �

Bi

q Xtnou0yo^_��Xtn�cpiMr�^_i'z{X:u�eo^_¢lX
u�g8iViVXtu#eo^_gli���TVgCnsX q g8WYcl^hiwv -�&.& -�x ��efTVX
k�gCns^heo^_gli�gp��F �

∅
q Xtnou0yo^_��Xtn�cpiMr�u�g8iViVXtu#eo^_gli���TVgCnsX q g8WYcl^hi�^dn�X0WYkme{r �
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!$�!�&5�
¦�^Ç¨
�i

$�!�&�� !
¦½^h^Ç¨

Ci

!$�!�&��
¦�^_^h^Ç¨

Bi

«�^_�l`vyoX��m¥ �6g8iViVXtu#eo^_gli�n q X:nfu�yf^h��X q �Mr�kVyf^hWY^heo^_¢lX q ^_yoXtu#ef^hg8ivn

∗
q X:nfu�yf^h��X:n�cliCr�^_i'z{Xtu#eo^_¢lX�u0gliVivX:u#ef^hg8i¯¤

S�gYcl�vnseoy�clu#e�WYglyfX/kVyog8k�X:ysef^hXtn�gp�
u0gliVivX:u#ef^hg8ivn:¡m�6X q X 4viVXwr��
�i�L�W� � ���X����t"� �\hzh�� �"��h8¤J| r/�
� ����� � ��������t"� �\hzh�� ���=u0cpi���X
c�kVyf^_W=^heo^_¢lX q ^_yoXtu#eo^_gli�¡�g8y}^heRu0cli���Xa�V`V^_bhe}��yfglW!eoTVXa��gl`VyRglk�X0y�c'efgly�n�nsk�X:u0^(4�X q ��X0b_g'�
¤}°Âi­efTVX���g8bhb_g'��^_iV�v¡��6X=nocËr�c
u�g8iViVXtu#eo^_gli � �$/@*�����"3��c q ^_yoXtu#eo^_gli�^h��^he�u:cpi���X q X:nfu�yf^h��X q �Mr=eoTvX q ^_yoXtu#ef^hg8i¯¤�©JwVcpWYkVb_X:n6gp� q ^_yoXtu#ef^hg8i�X�wmkVyfX:nfns^_gli�nBcpyfX
�l^_¢lX:i-^_i­«
^h�8`VyoX/~V¤

q e · e′
q X:nfu�yf^h��X:n�cpiMr u�g8iViVX:u�eo^_gli efTvc'eYnocpeo^dn 4vXtna��gpefT

e
cpi q

e′
¤ ��k�X0y�c'efgly

·
^dn�u:cpb_bhX q eoTVX `g�����
glk�X0y�c'efglyt¤

ª TVX0i­u�b_X:cly�gp�
eoTVX�u0gliCeoX0wCet¡
·
^dn�bhX0�Çejgl`met¤

q e / e′
q X:nfu�yf^_��Xtn�cliMrYu0gliVivX:u#ef^hg8i�efTvc'eju0cli���X
nskVb_^he�^_iCeog�e{�6g=u�g8iViVX:u�eo^_glivn:¡mns`�u�T�eoT�c'e�gliVX/nfc'eo^dn�4vX:n

e
cpi q eoTvX

gpeoTvX0yjnfc'eo^dn�4vX:n
e′
¤6��k�X0y�c'efgly

/
^dn�u0cpb_b_X q eoTVX/�V^_ivclyor `g� �­glk�X0y�c'eog8y:¤

q e q e′
q Xtnou0yo^_��X:n�cpiMr�u�g8iViVXtu#eo^_gli�eoTvcpeju0cpi-��X�nokVb_^�e�^_iCeog�e{�6gYu�g8iViVX:u�eo^_glivn���^heoT b�*��pn -�*.#0/�efcpyf�lX0e�g8�mz{X:u�efn�no`vu�T

eoTvcpe�g8iVX�nfc'eo^dn�4vX:n
e
cli q eoTVX
gleoTVX:yjnocpeo^dn 4vXtn

e′
¤6��k�X0y�c'efgly

q
^_nju:cpb_bhX q efTVX����"�
�aglk�X0y�c'efglyt¤

q e/
q Xtnou0yo^_��Xtn�cpiMr�u0gliViVXtu#ef^hg8i-��TVgCnsX q g8WYcl^hi­nfc'ef^_n�4vX:n

e
¤6��k�X0y�c'eog8y

/
^dn�u0clbhb_X q eoTvX
`Vivcpyfr `8� ��g8k�X:yfcpeoglyt¤

! �

!�$�!�&5�

$�!�&5�

¦½^h^Ç¨
Ci ·Bj

$�!�&��

$�!�&�� �!

!�
¦�^_^_^d¨

Ci q Bj

$�!�&��

$�!�&�� �!

� !
¦½^h¢V¨

Ci / Bj

!$�!�&��
¦�^Ç¨

C
/

i

«�^_�l`vyoX
~V¥J©BwmclWYkVbhXtn�gp� � ^_yfX:u#ef^hg8i-©BwMkvyoXtnono^hg8ivn

«
^hi�cpb_bhr8¡
b_X�e��
	���
���X�efTVX-noX�e�gp�}cpb_b q ^hyfX:u�eo^_gli X�wmkVyfX:nfno^hg8ivn0¤ ª X q X 4viVX�cpiFX��8`v^h¢'cpb_X0i�u�X�yfX0bdc'ef^hg8i
≡
g8i��
	���
Â¥

e ≡ e′
^h�}cpi q g8iVbhrÈ^h��eoTVX�noclW=X-nsX0e�gp�}u0gliVivX:u#ef^hg8ivn�nfc'ef^_ns��r

e
cli q

e′
¤È|jiFX��8`v^h¢'cpb_X0i�u�X�u0b_c8non/��g8y

≡
^dnau:cpb_bhX q c

r��
�i�L�W� � ���m¤JS�TVX�noX�ejgl�
cpb_b q ^_yoXtu#ef^hg8ivn0¡�����
{¡m^dn�efTC`�n�eoTVX���] -�/ *1" #0/6gl���
	���

�Cr
≡
¡m^P¤ Xl¤_¡��
	���


/ ≡
¤

|�u0u0gly q ^_iV�=eog�efTVXacp��g'¢lX q X 4viV^heo^_glivn:¡v^_i'z{Xtu#eo^_¢M^�e{r�gp�Bu0gliViVXtu#ef^hg8ivnju0cli.��X�^hi q `vu#ef^h¢8X0b_r q X q `vu�X q ��yog8W q ^hyfX:u�eo^_gli
X�wmkVyfX:nfno^hg8ivn0¤ -­glyfX�kVyfX:u0^_noX0b_rl¡,c q ^_yoXtu#ef^hg8i�^_nRc �1��`ga�^h�B^he q Xtnou0yo^_��X:n *.#�n "�� / *po)"�u�gliviVX:u�eo^_glivn}gliVb_rl¤ �6glWa�viVX:nfnjgl�¬c
q ^_yoXtu#ef^hg8i

d
¡V��yf^�eoeoX0i������! 

(d)
¡�u:cpi���X�u0glWYkV`mefX q ^hi q `vu#ef^h¢8X0b_r���yfglW&S
cp�vbhXY��¦�kvyogMgp�
^hi�\MXtu#ef^hg8i JR¤_�t¨#¤

�"�#�! 
(d · d′) =

�����! 
(d) ∨

�����$ 
(d′)

�����$ 
(d q d′) =

�"�#�! 
(d) ∧

�����! 
(d′)

¬
�"�#�! 

(d / d′), (generalcase)
¬
�����$ 

(d/), (generalcase)

S
cp�vbhXY�l¥ �6g8Wa�VivX:nfn6gl� q ^hyfX:u�eo^_gli�X�wmkVyfX:nfns^_glivn

Ä�Å
Æ¯ÄÇ¸



�6glW��ViVXtnon�gp� q ^_yoXtu#ef^hg8ivn�^_WYkVyfg'¢lXJefTVX6kvyoXtu�^dns^_gli�gl�meoTVX�k�gl^_i8e�n{�PeogRcpivclbhrmno^_n:¥,��yfglW eoTVX�^_i'z{X:u�eo^_¢C^he{r/gp��u0gliVivX:u#ef^hg8ivn:¡
glivXBW�cËr q X q `vu�XBeoTVX ��� �
! "¬gl�Vcju�g8i8e�cp^_iVX0yt¤���i/eoTvXBgpefTVX0y�Tvcpi q ¡:��X¬cpbdnog�iVX0X q eog�efX0b_bl��TVX0eoTVX:y�cpi/g8�mz{X:u�e�^_n�c'eoefclu�TvX q
c'e}cYk�cpyoeo^du�`Vbdcpyju0gliCefcl^hiVX:y�k�gCns^heo^_gli�¤����me�cp^_iV^hiv�YeoTVX
bdc'eoeoX0y}^him��g8yoW�cpeo^_gli.^hiM¢8glb_¢lX:n�u0glWYkvcpyf^_iV�=eoTVX q glW�cp^_ivn�gl��e{��g
u�g8iViVXtu#eo^_gli�n0¤JS�TVX:yoX0��glyfXl¡M�6X q X 4viVXRefTVX/��glb_bhg'��^_iV�YyfX0bdc'eo^_gli�n6g8i q ^hyfX:u�eo^_glivn:¥

q�� � h ���"�
�"� ���\hzh�eoX0b_bdn���TVX�efTVX0y�e{��g q ^_yoXtu#eo^_gli�n q X:nfu�yf^h��X
u�g8iViVX:u�eo^_glivn���^heoT q ^dn½z{gl^_i8e q g8W�cp^_ivn �
q ef�"�
�/�L� r/�L�/�L�6efX0b_b_nJ��TvX�eoTvX0y�e{��g q ^hyfX:u�eo^_glivn q Xtnou0yo^_��X�u0gliVivX:u#ef^hg8ivn���TVgCnsX q g8WYcl^hi�n
clyoX��3*.#�! &5" / -$#?��TVg8b q ^_iV�ReoTvX
� �2d:"�k�gCns^heo^_gli�¤

S
cp�Vb_XY� q X 4viVX:n/kvyoX q ^_u:c'efX:n!�"� ����� � ���=cpi q ��� 	�
 �����
�}��TV^du�T�efX:nse�efTVX:noXYyoX:b_cpeo^_glivn:¤ $jgleo^du�X���� 	�
 �����
�}^_nRiVgle/eoTVX�u�g8W=�
kVb_X0WYX0iCeagl� �"� ����� � ���p¤­«vgly�^_ivnsefcpi�u�Xl¡��8^h¢8X0i

d = (�iCj) / �k
cpi q

d′ = �i q (�kBj)
¡�iVX0^heoTVX:y ��������� � ���

(d, d′)
iVg8y

��� 	�
 �����
�
(d, d′)

Tvglb q ¤

��������� � ���
(�i, �i)

��� 	�
 �����
�
(Ci, �i),

��� 	�
 � �����
(�i, Bi),

��� 	�
 �����
�
(Ci, Bi)��������� � ���

(d, d1 · d2) =
��������� � ���

(d, d1) ∨
��������� � ���

(d, d2)
��� 	�
 � �����

(d, d1 · d2) =
��� 	�
 �����
�

(d, d1) ∨
��� 	�
 �����
�

(d, d2)��������� � ���
(d, d1 q d2) =

��������� � ���
(d, d1) ∧

��������� � ���
(d, d2)

��� 	�
 � �����
(d, d1 q d2) =

��� 	�
 �����
�
(d, d1) ∧

��� 	�
 �����
�
(d, d2)��������� � ���

(d, d1 / d2) =
��������� � ���

(d, d1) ∧
��������� � ���

(d, d2)
��� 	�
 � �����

(d, d1 / d2) =
��� 	�
 �����
�

(d, d1) ∧
��� 	�
 �����
�

(d, d2)��������� � ���
(d, d/

2) =
��������� � ���

(d, d2)
��� 	�
 �����
�

(d, d/

2) =
��� 	�
 � �����

(d, d2)

S�cl�Vb_X
�V¥ �6gl^_ivu�^ q X:ivu�X
cpi q-q ^dn½z{gl^_i8efiVX:nfn�gp� q ^_yoXtu#ef^hg8ivn

TVU�� ���\c�a-l�eg_.a��6Z[a-](l��dl�]?a-eHa�bKY[Z�� Y l ikbKl�]m_.a-b�Y[Zdc
ª XR`�nsX>��k �3/i���/� / *.# /�"1� !S��" / �$/@*1-$# � �7��efgYX0ivcl�VbhX/norMnseoX:W�c'eo^du�kVyogMgl�½n6cl��g8`me q ^hyfX:u�eo^_glivn:¤�� ����
�^_n�c 4viV^heoX
noX�e�gp��^heoX:yfcpeog8y
¢'cpyf^_cl�Vb_X:n:¤
«vglyfWYclbhb_rl¡VcYu0gliViVXtu#ef^hg8i�^dn�c�k�cp^_y�gp��W�clkVkV^_iV�8n

(µ, ν)
¡���TVX0yfX

µ : N→ N
W�clkvn�u�g8i8e�cp^_iVX0y�k�g8no^�ef^hg8ivn6eog

eoTvX�g8�mz{X:u�efnJcpesefc8u�TVX q c'e�eoTvX�k�g8no^heo^_glivn:¡lcpi q
ν :

� ����

→ N
W�cpkvn�^heoX:yfcpeog8y
¢'clyo^dcp�Vb_X:n�eogRefTVX�k�gCns^heo^_glivn
efTVX0ra^hi q ^_u:c'eoX8¤  


 X0e �"��������X/eoTvX�nsX0e�gl��clbhb¯u0gliVivX:u#ef^hg8ivn:¤
q «�^_y�n{et¡C��X q X 4vivX}��`Vi�u#eo^_gli γ :

�
	���

→ 2 !�"$#%# ��gly q ^_yfX:u#ef^hg8i�X0wMkvyoXtnono^hg8ivn:¡8cln��8^h¢8X0i�^_i�S
cp�vbhXR~V¤ � ^_yfX:u#ef^hg8ivn�cpyfXX �C`V^_¢ËclbhX:ivu�X
u0b_c8nonoX:n�gp���
	���
���gly�efTVX/��glb_b_g'��^hiV�=yfX0bdc'eo^_gli�¥

∀e, e′ ∈
�
	���


: e ≡ e′ &('*)⇐⇒ γ(e) = γ(e′).

«VyfglW efTV^dn}yfX0bdc'ef^hg8i¯¡v��Xau0cli q X 4�iVX
eoTvX �+-�#S�1��" / *ML �$/ -$#���`vivu#ef^hg8i
γ :

����

→ 2 !�"+#,# ¤}S�TvX0i¯¡�eoTVXabh^_iV�.��^�efT­eoTvX^hiCeo`v^�ef^h¢8X q X 4viv^�ef^hg8i�gl� q ^hyfX:u�eo^_glivn�^dn�efTVX
��glb_b_g'��^hiV��¥Jc�u�gliviVX:u�eo^_gli¯¡

c
¡vnocpeo^dn 4�X:njc q ^_yfX:u#ef^hg8i¯¡

d
¡�^��Bcli q gliVb_r�^h�

c ⊆ γ(d)
¤

q ª X/efTVX0i q X 4viVX
c�!?�2�3/@*1�$&	-7�\b "��3*.#�!
@
g'¢8X0y ����
Â¥

d @ d′ &�'*)⇐⇒ γ(d) ⊂ γ(d′).

��iVX/WYcËr�X:clno^_bhr�u�TVXtu���eoTvX/��glb_bhg'��^_iV�=gly q X0yf^hiv�8n�gli q ^_yoXtu#eo^_gli�n0¥

d′′ v d · d′ =⇒ d′′ v d ∧ d′′ v d′ d q d′ v d′′ =⇒ d v d′′ ∧ d′ v d′′.

|}n�c=yoXtns`Vbhe:¡"����
�u:cpi-��X
nseoyf`vu#ef`VyoX q c8n�c�u0glWYkVb_X�eoXRbdc'esef^_u0X/gly q X0yfX q �Mr
@
¤JS�TVXVn -�*.# cpi q d:"+" /6g8k�X:yfcpeogly�nBgl�

eoTVX
bdc'eoeo^du�X
cpyfX
q
cpi q
·
¡vyoXtnsk�X:u�eo^_¢lX0b_rl¤ ª X
kVyfg'¢lX�eoTVX�u0glWYkVb_X�eoX:iVX:nfn�gp�
eoTVX
bdc'eoeo^du�X
^_i.\mX:u#ef^hg8i�J�¤ Zv¤

q «�^_ivclbhb_rl¡MefTVX���k �3/i���/� / *1-�#���`Vivu�eo^_gli
α : 2 !�"+#,# → ����

^_n��V`v^hbhej��yfglW

γ
¤ &R^_¢lX:i

C ⊆
�"�����C¡

α
^dn q X 4vivX q cln:¡

α(C) = min
@

{
d ∈

����

: C ⊆ γ(d)

}
.

S�TVX�WY^hiv^hW�`VW X�wm^dn{e�nj��X:u0cl`vnoX�eoTvXabdc'esef^_u0Xagl� ����
B^dn}u0glWYkVb_X�efXl¤}°Âi q X0X q ¡�cli�X �C`V^_¢'cpb_X0iCe q X 4viV^heo^_gli­��g8y
α(C)^_n�efTVX�¦�^_i 4viV^heoXË¨�WYX0X0ejgp�
clbhb q ^hyfX:u�eo^_glivn6efTvc'e

C
nocpeo^dn 4�X:n:¤
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γ(∗) =
{
(µ, ν) |

� � 
*���$� � � � (µ)
}

γ(∅) =
{
(µ, ν) |

� ���������
(µ) = ∅

}

γ(�i) =
{
(µ, ν) |

� ���������
(µ) = {ν(

F
)}

}

γ(Ci) =
{
(µ, ν) |

(
∀p ∈

� �#�������
(µ) : p < ν(

F
)
)
∧
���%
 �
�$� � � � (µ)

}

γ(Bi) =
{
(µ, ν) |

(
∀p ∈

� �#�������
(µ) : p > ν(

F
)
)
∧
���%
 �
�$� � � � (µ)

}

γ(e · e′) = γ(e) ∩ γ(e′)
γ(e q e′) =

{
(µ, ν) | ∃µe, µe′ : (µe, ν) ∈ γ(e) ∧ (µe′ , ν) ∈ γ(e′) ∧

� � �����
(µe) ∩

� � �����
(µe′ ) = ∅

∧
(
∀p ∈

� �#�������
(µ) : µ(p) = µe(p) ∨ µ(p) = µe′(p)

)}

γ(e / e′) =
{
(µ, ν) | ∃µe, µe′ : (µe, ν) ∈ γ(e) ∧ (µe′ , ν) ∈ γ(e′)

∧
(
∀p ∈

� �#�������
(µ) : µ(p) = µe(p) ∨ µ(p) = µe′(p)

)}

γ(e/) =
{
(µ, ν) | ∃µe : (µe, ν) ∈ γ(e) ∧

� �#�������
(µ) =

� �#�������
(µe)

}

S�cl�VbhX
~v¥ �6glivu0yoX0eo^_£:c'ef^hg8i���`Vi�u#eo^_gli�n���gly q ^_yfX:u#ef^hg8i-X0wmkVyoXtnono^_glivn

S�g�X:ivns`vyoX
α
cli q

γ
kVyfX:noX0yf¢lX}eoTVX
yfX0bdc'ef^h¢8X�kvyoXtu�^dns^_gli-g'¢lX0y�noX�efn�gl�
u0gliViVXtu#ef^hg8ivn�cpi q�q ^_yoXtu#ef^hg8ivn0¤ ª X/kVyog'¢8X}efTvc'e

α
cli q

γ
clyoXRWYgliVgleog8iV^_uRg'¢8X0y

@
¥

∀C ⊆
�"�����

: C ⊆ C ′ =⇒ α(C) v α(C ′) ∀d ∈
����


: d v d′ =⇒ γ(d) ⊆ γ(d′)
¦{�Ë¨

°Âi.c qVq ^heo^_gli�¡MeoTVXR��glb_b_g'��^hiV��X �C`vcpeo^_gli-nfcËrmn6eoTvcpe
γ
^dn�c�nfc'��X/cpkvkVyogËwm^_WYcpeo^_gli�cli q eoTvcpe

γ
^dn�eoTVX/^_iM¢lX0y�noX}^_WYcl�lXRgp�

α
¡

X0i�ns`Vyf^_iV�=eoTvcpejiVgY^him��g8yoW�cpeo^_gli�^_n�b_g8nse q `Vyf^hiV��u0glivu0yoX0eo^_£:c'ef^hg8i¯¥

∀C ⊆
��� � �

: C ⊆ γ(α(C)) ∀d ∈
����


: d = α(γ(d))
¦P�l¨

xByfgMgp�¯gp�¬¦P�l¨¬u0cpi���X���gl`Vi q ^_i-\MX:u�eo^_gli JR¤0�m¤JS�TVX}��glb_bhg'��^_iV�ayfX:no`Vbhe�no`VWYW�cpyf^h£:X:nJefTVX:noX}kvyog8k�X:ysef^hXtnB^_i�eoTvX�`Viv^(4vX q
WYg q X0b¯gl� �6g8`vnsglejcpi q �6gl`vnogpe��0���§��g8y�kVyog8�ly�cpW clivcpb_rmns^dn0¤
� � ²M¶ � ² � �
	 k �+/ ���/� / *1-�# �$#Gb �+-�#S�1��" / *ML �$/@*1-$# v�] #G� / *1-�#?�

α
�$#Gb

γ
b " � # "�� &/cpb_gl^dn�u0gliViVXtu#ef^hg8i v��
-7d /9�?" &5��/ /@*
�+"

-Kv � " /@� -�vg�
-$# # "\� / *1-�#?� /�->/9�?" &5��/ / *
�
" -Kvgb$*[��"�� / *1-�# ���

ª X
`vnsX/efTV^dnjyfX:no`Vb�ej^_i�eoTVX�cpkVk�X0i q ^�w-eog�kVyfg'¢lX/kVyfglk�X0yoeo^_X:n�gl��efTVX q ^_yoXtu#ef^hg8i.cl�vnseoy�clu#ef^hg8i ¦½Xl¤ �v¤_¡�cpb_�lX:�Vy�cp^du}kVyfglkV�
X0yoeo^_X:n=gl��glk�X0y�c'efgly�nf¨�¡¬cpi q eog kVyfg'¢lX�eoTVX­clivcpb_rmns^dnYnocp��X�e{r ¦�^P¤ Xl¤_¡6^he�u�glWYkV`VeoX:n�cÈu�g8yoyfX:u�eYclkVkVyfgËwm^hW�c'ef^hg8i ��glyYXtclu�T
u�g8iCefcp^_iVX:y�bdcËrlg8`me�¨�¤


 ����������$,+m�����!���
	_@-$

�^U�W ���^]�� Y hd]�� e�� b,Z����V_��^]�� ]
°Âi�k�gl^_iCefns�4efg��8yfclkVTvn:¡�TVXtcpk gl�mz{Xtu#efnRcpyfXayfX0kvyoXtnsX:i8efX q �Mr ����	�t �2��r��\h=ivclW=X q cln

nH
X

¥
X
¡�eoTvX�� �"! �L�i�L�/�L� h1�W�#¡,TVg8b q n

¢'cpyf^_cl�Vb_X:n6eoTvcpejcpyfX��3*[d ] & /���#%"+-2] �+&('=k�gl^_iCeo^_iV�Yeog=efTVX/gl�mz{Xtu#efn�cpe�eoTV^dn�WYglWYX0iCe��Vcpi q
H
¡MeoTvX#�/� hL�
���%$ h1�W�#¡myfX:u0gly q n6clbhb

¢'cpyf^_cl�Vb_X:n�efTvc'e�"�o�"1� !?-$*.# /�"\b�efg
eoTvXjgl�mz{Xtu#e�nBc'e6noglWYX�kvc8n{e6X�wmX:u0`meo^_gli¯¤�|jWYg8iV��TVXtcpkYiVg q X:n:¡C�6X���`VyoeoTvX0y q ^_nseo^_iV�l`v^_noT
��X�e{��X0X0i �"a �������l����r/��h-cli q h�&�`g` 	7�'$ ���-r��\h8¥�cpi g8�mz{X:u�eaiVg q X-cl�vnseoy�clu#e�n�c �3*.#�! &5" -/k;n "�� /acpi q T�clnac #%-�#02�"1d !%/ '
yfX���X0yfX0i�u�X­nsX0e �RcÈno`VWYW�cpyfr�iVg q X�cl�vnseoy�clu#e�n�c !?-�-�&�-Kv -�k*n "�� /@��cpi q T�cln�cli "�d !%/ ' yoX0��X0yfX0ivu0X�nsX0e:¤ ���mz{Xtu#e�cli q
no`VWYWYclyor�iVg q X:n�cpyfX q ^_nseo^_iV�l`v^_noTVX q �Mr�kvyoX q ^_u:c'efX:n)(  %
�cpi q+*-, �a¡
yfX:nok�Xtu#eo^_¢lX:bhr8¤�°ÂiCeo`v^�ef^h¢8X0b_rl¡�g8�mz{X:u�eaiVg q Xtn
�lX:X0k
kVyfX:u0^_noX�^hiV��glyfWYcpeo^_gliFcl��g8`me�no^hiV�8bhX�gl�mz{Xtu#efn:¡�eoTM`vn:¡
X:ivcp�vbhX 3 �M^hb_b_^hiV� 5 g8iFclnfns^_�livW=X:iCefn/efg�gl�mz{Xtu#e 4�X0b q n0¤�\m`VWYWYclyor
iVg q Xtn0¡,gli�eoTVX=gpefTVX0yRTvcpi q ¡,kVyog'¢M^ q X�c�WYX:u�TvcliV^_noW!eog-�lyfgl`Vk�g8�mz{X:u�efn}eog8�lX�efTVX0yt¡���TV^_u�T�^_nRiVXtu�X:nfnfcpyfr�efg�W�cp�8X�eoTvX
�ly�cpkvT 4viV^heoX8¤¬| qVq ^heo^_gli�cpb§yfX0W�cpyf�mn�cl��g8`me�eoTV^dn�ivclWY^hiV��nfu�TVX0WYX
cpyfXl¡

q S�TVX�iVg q X�ivcpWY^_iV��nfu�TVX0WYXa`�ns^_iV��yfX���X:yoX:ivu�XanoX�e�nj��cln 4vyfnse�^_iCeoyfg q `vu�X q �Mrj�_�:�7�P¤}S�Tv^_n�^_n�`vnoX q efg q X0eoX0yfWY^hivX
eoTVXN���"`\t"	�� �
a��/.
� �0$ gp�¬TvX:cpk�iVg q X:n:¥je{��g�iVg q Xtn�clyoX����"`\t"	�� �
a1.
�Y^��BefTVX0r­W�cËr �3*[d ] &(/ �$#%"+-7] �3& '­cp��n{efyfc8u#e�¦½iVglim�
X0WYkme{r�nsX0efn6gp�f¨BTVX:clk�gl�Vz{X:u#et¤B\M^hi�u�X�cliMr�¢'cpyf^dcp�Vb_XjW�cËrYiVgpe�ns^_Wa`VbhefcliVX0g8`vnobhr=k�g8^hiCe6eogaW�`Vbheo^_kVbhXRTVXtcpk�g8�mz{X:u�efn:¡
iVg q X:n

nH
X

cpi q
nH′

X′

��^heoTcb�* 2 "1��" # /��v`me -�o�"��3&5�
!=!%*.#�!­yoX0��X0yfX0ivu0X�nsX0efn�¦½^4¤ Xl¤_¡
X 6= X ′ ∧X ∩X ′ 6= ∅

¨�u0cli # -�/
354 ¼�ÓPÑ×Ü�ÝËÖ×Ñ Õ�Ô�Á Û ¿�Õh¼#»4ÜjØ�Ö×Ñ×Ó4Ü/Ã Û ¿sØ�ÝR¼#Ùt¾½¿{ÀÂÁPÓ
Ø�Ì�vRÀ{¼#Ì�Á Ø�Ñ×ÌË¿{»�Ýl¼#Ó4Ñ ÁPÑ×¼#ÌtÓ�Ø�»½¿BÖ Ø�Ùp¿sÖ×¿ v�Ù0Ô}Ñ×Ì�ÁP¿{Þ#¿{»4Ó �

Ä�Å
Æ¯ÄÇ¸



n
x
∅n

x
∅

! � ! �$ $

n
l,i,j
l,i,j

�iqBiCj

−−−−→ n
x
∅ n

l,i,j
l,i,j

�i/BiCj

−−−−→ n
x
∅

«
^_�l`VyfX/Zv¥ �6gliCe�cp^_iVX0y�X q �lX:n�cli q�q ^hyfX:u�eo^_gli�b_cl��X:b_n

n
y

∅
n
x
∅

Ci
$ !

n
l,i
l,i

Ci
−→ n

x
∅

�i / Bi

n
l,i
l,i

�i/Bi
−−→ n

y

∅

«
^h�8`VyfX �V¥ -­`Vbheo^_kVbhXaX q �8X:n

�+*[d ] & /���# "
-2] �3& '-cl�vn{efyfc8u#ejTVXtcpk­g8�mz{X:u�efn:¤j°Âi­gpefTVX0y��6g8y q n:¡VefTVX0r­clyoX
iVgleRu0glWYkvc'ef^h�vbhX8¤�°Âi�c�no^hWY^_b_cly}��cËrl¡
nH

Xcpi q
nH′

X′

��^�efT
X = X ′ 6= ∅

cli q
H 6= H ′ cpyfX #%-$/}u�g8W=k�c'eo^_�Vb_XaX:^�efTVX0yt¤8$}g q X=u0glWYkvcpeo^_�V^hb_^he{r.u:cpi�^_WYkVyfg'¢lXeoTVXjclivcpb_rmns^dn0®ËkVyfX:u0^_no^_gli=��Xtu0cp`�nsX�X q �lX:n
efTvc'e¬u0gliVivX:u#eJ^_ivu�g8WYkvc'ef^h�Vb_X�iVg q XtnJcpyfX�nokV`Vyf^_gl`vnJcli q u:cpiY��X�yoX:W=g'¢8X q

��yog8W eoTVX
�8yfclkVT¯¤ ª X
^_iCeoyfg q `vu�X/kVyfX q ^_u:c'eoX$�����!� �
�¬efg�u�g8W=kv`meoX
no`vu�T.^him��yfglW�cpeo^_gli¯¥

�����!� �
�
(nH

X , nH′

X′) &�'*)⇐⇒ (X = X ′ ∧ H = H ′) ∨ X ∩X ′ = ∅.

q �j^dn{efglyfr�noX�efn6W�cp�8X�gl`Vy6iVg q XjivclW=^_iV�anfu�TVX:W=X q ^��,X0yfX0iCe6��yog8W*efTVX}g8yo^_�l^_ivcpbvgliVXjkvyog8k�gCnsX q ^_i �_�:���§cpi q ��`VysefTVX0y
X�wMeoX:i8ef^hg8ivnBkvyog8k�gCnsX q ^_i �_�:�m¡M�p�m¡CZ2� ¤�°Âi q X:X q ¡CTV^dn{efglyfr=noX�e�n¬cpyfX�`vnoX q efgau�yfX:cpeoXjWYg8yoXjg8�mz{X:u�e�Ypns`VWYW�cpyfr�iVg q Xtn0¡
kVyoXtnsX:yo¢M^_iV��`vnoX���`vb�u0gliCeoX0wMe�^_im��glyfW�c'eo^_gli�¤/S�Tv^_nR^dnRno^_W=^_bdcpy�eog�gpeoTvX0yRTVX0`Vyf^dn{ef^_u:n �_�:�V¡§�l�m¡,Z7� ¡§��TV^_u�T yoXtnsg8yse�n�efg
cpb_bhgmu0cpeo^_gli�ns^heoXtn�gly q cpefc�e{rMk�Xtn�eog�clu�Tv^hX:¢lX�eoTVX�nfcpWYX/�lgCcpbP¤

q S�TVX
k�g8^hiCe�n{�PeogY�ly�cpkvT q Xtnou0yo^_��X:n�c !?�2�3/@*./ *1-�# -Kvgd:"�d:-2�3''¤¬°Âi��½clu�e:¡m��g8yjcpiMr��8^h¢8X0i�yo`vi8ef^hWYX/kVyfgl�8yfclW k�g8^hiCe:¡�c
TVX:clk�gl�mz{Xtu#e6u:cpi�g8iVbhr=��X�cp��n{efyfc8u#eoX q �Mr -$#%"�TVX:clk�iVg q X�^hiYefTVX��8yfclkVT¯¤��jg'��X0¢lX:y:¡leoTVX�iVg q XjivclWY^hiV�=nou�TvX0WYX
^_n �3/ -2��" 2�&5"3�+�#¡'WYX:cliV^hiv�}efTvc'eJiVg q Xtn�^_i�c�k�gl^_i8e�n{�PeogR�ly�cpkvT q g #%-�/ q X:nfu�yf^_��X�c ��� "\b
kvcpyoeo^heo^_gli�gp�vWYX0WYg8yorqY'nseog8yoX8¤
°Âi�gleoTVX:y}��gly q n:¡m��TVX�efTVX0yRcpi.gl�mz{Xtu#e}^dn}cl�vnseoy�clu#efX q �Mr�cYiVg q Xagly}cliVgpefTVX0y q X:k�X:i q n�gli�eoTvX�kVyfgl�ly�cpW&k�g8^hiCe:¤
S�TV^_n�nseog8yoX0�Pb_X:nfn�cpkVkvyogCclu�T�^dnju�yf^heo^du0cpb,��g8y�eoTVX
kvyoXtu�^dnsXRTvcpi q bh^_iV��gl��y�cpi q g8W&u�g8iCefcp^_iVX:y�`vk q cpeoXtn0¤

�^U�� i ]�� ZdbKa-b�Y[Z Y �	� Y[b,Z[a�c�
�a-Y
� l�e ���dc
ª X q X 4vivX�c�k�gl^_iCefns�4efgY�ly�cpkVT

G = (V, N, R, E, C)
cln���g8bhb_g'�jn:¤

q V
^dn�efTVX�nsX0e�gp�	!G��-\!2�
�7dSo)�2�3*1��k &5"3�#¤

q N
^dn�eoTVX�noX�ejgl�,� "
�+! # -Lb="3�#¤

q R ⊆ V × {o ∈ N |
(  %


(o)}
^dn/efTVX-noX�e�gl� u\	7� � 	�a .
����r��G�\h8¤-° eaTvglb q n q ^_yfX:u#efX q X q �lX:n�gp��eoTVX���glyfW Q

−→ o
¡

^hi q ^_u:c'eo^_iV�=eoT�c'ej¢'cpyf^_cl�Vb_X Q d ] �3/6k�gl^_iCe�eog=eoTvX:�+*.#"!$& "�g8�mz{X:u�e�cl�vnseoy�clu#efX q �Cr -�k*n "�� /�iVg q X
o
¤

q E ⊆ N× ��� � ×N
^dn�eoTVXjnoX�e6gp���/��. r8��r��G�\h8¤�° eBTvglb q nJbdcp��X0b_X qYq ^_yoXtu#eoX q X q �8X:n�gp�,efTVX���glyfW.¡

o �−→ o′
¡l^_i q ^du0c'ef^hiv�

eoTvcpe���" & bNE�gp�Jcpi�gl�mz{Xtu#ejcp�vnseoy�clu�eoX q �Mr
o

d:�$'�!?-$*.# /�/ -Ycli.gl�mz{Xtu#ejcp�vnseoy�clu�eoX q �Mr
o′
¤

q C ⊆ N ×
����

× N
^dn
efTVX�noX�e�gp���1�����
	��
�/�L����r��f��hl¤-° e�TVglb q n
bdcp��X0b_X q q ^_yoXtu#efX q X q �8X:n
gl�6efTVX���g8yoW.¡

l
d
−→ o
¡

^hi q ^_u:c'eo^_iV�-eoTvcpe�"5o�"��3'�u�gliviVX:u�eo^_gliÈ��X0e{�6X:X0i c-u0gliCefcl^hiVX:y
cp�vnseoy�clu�eoX q �Mr
l
cli q cpiÈgl�mz{Xtu#e�cp�vnseoy�clu�eoX q �Mr

onocpeo^dn 4vXtn
d
¤

$jgleoX�eoT�c'e:¡8X q �8X:n�^_i
R
cpi q

E
yoX:kVyfX:noX0iCe
kvTCrmno^_u:cpbmk�gl^_iCeoX0y�n:¡p��TVX0yfX:c8n

C
g8iVbhr=cp�vnseoy�clu�efn
b_gl�l^du0clbmu�gliviVX:u�eo^_glivn���X��

e{��X0X0i�u�gliCe�cp^_iVX0y�n�cli q efTVX0^_y�X0b_X0WYX0iCefn:¤�«�^_�l`vyoX6Z�cpi q ���8^h¢8X¬X0wmclWYkVbhXtn
gp�vu�g8iCefcp^_iVX:y�bdcËrlg8`mefn�cpi q eoTVX�u�g8yoyfX:nok�g8i q ^_iV�
u�g8iCefcp^_iVX:y�X q �lXtn0¤ �
S�g-yfX��Âc qVq yoXtnon}eoTVX�ivg q XYu0glWYkvcpeo^_�V^hb_^he{r�cpi q eoTvX�kvcpyoeo^heo^_gli kVyog8k�X:yse{r8¡�«
^h�8`VyfX 1��l^_¢lXtn�e{�6g�X�wVcpWYkVb_X:n/��TvX0yfX .

cpi q�� W�cËr.k�g8^hiCe/eog�efTVX�noclW=X�bhgmu:c'eo^_gli gly/iVgle:¤�S�TvXae{��g-TvX:cpk b_cËr8gl`me�n�nfc'ef^_ns��r­efTVXYkvcpyoeo^heo^_gli kVyog8k�X:yse{r,¥jX:^�efTVX0y
iVg q X

nx,y
x,y
cl�vnseoy�clu#e�n�cli�g8�mz{X:u�e/no^hW�`VbhefcpivX0gl`�nsb_r­yoX0��X0yfX0ivu0X q �Mr .�cpi q�� gly/iVg q X:n

nx,y
x

cpi q
ny
y

cp��n{efyfc8u#e q ^_nseo^_ivu#e
gl�Vz{X:u#e�n0¤
S�g=X:ivno`VyoXRefTVX
�ly�cpkVT-^_n�4�iV^�efXl¡ve{�6g=^hWYk�glyoefcli8e}nseoX:kvn�cpyfX
cpkVkvbh^_X q c'�ÇefX0y�X:c8u�T-k�gl^_iCefns�4efgY�ly�cpkVT-`Vk q c'eoX8¥
q | �8clyo�vcl�lX0� u0glb_bhXtu#eo^_gli=nou�TvX0WYXjyfX0WYg'¢lXtnJcpiMr�ivg q Xa¦½clbhg8iV����^heoT�^hefn6c q zsc8u�X0iCe¬X q �lXtnf¨J��TVX0i�^he6^dnBiVgle6yfX:c8u�Tvcp�Vb_X
��yog8W&cpiMr�¢'cpyf^dcp�Vb_X�ivg q Xl¤ �6gliCe�cp^_iVX0y�X q �lX:n�bdcp��X0b_X q

∅
cpyfX�yfX0WYg'¢lX q c8n��6X:bhbP¤

� ¸ Às¼#Ì�ÁPØ�Ñ×ÌË¿{»¬Ìt¼LvË¿�ÀoØ�Ì Û Ø{Ò�¿�Ü�ÊtÖ ÁPÑ×ÝËÖ×¿¬¼#ÊtÁ4Þ#¼#Ñ×ÌËÞR¿ vËÞ#¿{Ó���Á Ø�»½Þ#¿ÂÁPÑ×ÌËÞ�vtÑ×Ó4Á4Ñ×ÌËÀÂÁJÌË¼�vË¿{Ó��+��Å�¼�ÁPÑ×À{¿�Ø�Ì�¼#Ùt¾½¿{ÀÂÁ¬Ø�ÙËÓ4Á4»PØ�ÀÂÁ4¿ vYÙ0Ô n
y

∅

Ñ×Ó�Ìt¼�Á
»½¿sÉ0ÊËÑ×»½¿ vRÁP¼�Ùp¿BØ�Ì�¿sÖ×¿{Ü�¿{Ì�Á¯¼�ÕvÁ Û ¿JÀ{¼#Ì�Á Ø�Ñ×ÌË¿{» �

Æ�Æ!ÌON!P�QSRST



1 � �8�
	��9
5����	��5���,���
2 � � �
3 !5)7�

P
�

4 � �#�
	���
5����	����7�,���
5

k�gl^_i8e�n{�PeogY�8yfclkVT-cpe�k�gl^_iCe
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∅

�
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�i �j
�i�j

«
^h�8`VyfX 1v¥ $jg q X
u�g8WYkvc'ef^h�V^_b_^�e{r

q S�g�X:ivns`vyoX�efTvc'e�c�4viv^�efX6noX�e¯gp�m^heoX:yfcpeogly§¢'clyo^dcp�Vb_X:n,�8X0iVX:yfcpeoXJc�� #0*./ " #f]�dXk+"��¬gp� q ^_yoXtu#ef^hg8ivn0¡tbdcp��X0bdn¯cpyfXBns^_WYkVb_^(4vX q
clu0u0gly q ^_iV��efgÈX��C`V^h¢'clbhX:ivu�X.gp� q ^_yoXtu#eo^_gli X�wmkVyfX:nfno^hg8ivn0¤ S�TVX.��glyfW�cpb�yo`vbhXtn�cpyfX-�8^h¢8X0i�^_i eoTVX­|}kVk�X:i q ^hw§¤ |
nsk�X:u0^_clbvu0c8nsX�^dnJefTvc'e q ^hyfX:u�eo^_glivnBgp�,eoTVX}��glyfW

e / e
clyoX�yfX0kvb_c8u�X q �Mr

e/
¤JS�TV^_n6n{efX0k�u:cpi���X}nsX:X0i�c8nBc 3 ��^ q X:iV^_iV� 5

eoy�cpivns��glyfW�c'eo^_gli�¡���TV^du�TFu�g8ivnsX:yo¢'cpeo^_¢lX0b_r q yfglk�n�^_i'z{X:u�eo^_¢lX�kVyfglk�X0yoeo^_X:na��TVX0i efTVX0r clyoX�`Vivbh^_�lX:bhr eog��vyo^_iV��cliCr
kVyoXtu�^dns^_gli-^hWYkVyfg'¢lX:WYX0iCe:¤ 
 gmu:cpb§nocp��X�e{r�kvyogMgp�½n�^_i�\MX:u�eo^_gli�JR¤ 1v¤

� ����������$,+m��� �!�����#"�$���$

S�TVX6k�g8^hiCefns�Peog}clivcpb_rmns^dn§efg}��X¬kVyfX:noX0iCeoX q ^_n�^_i8efyfcp�Pkvyogmu�X q `Vy�cpbpX0wVu�X0kVe¯��gly�eoTVX q X q ^_u:c'eoX q ^_i8efX0yfkVyfX�efcpeo^_gli
gl�vu�gliCe�cp^_iVX0yo�
yfX0bdc'eoX q WYX0eoTVg q n:¤

�VU�W � Z ��Z a��dbKa-b��[]
	���e
�[Y l Y �sa �d] � Zde����^c6b,c

 X0eR`�n 4vy�nse�^_bhb_`vnseoy�c'eoX�eoTvX�k�gl^_iCefns�4efg�cpivclbhrmno^_n�^_i­eoTVX���glb_b_g'��^hiV�-X�wVcpWYkVb_X�efTvc'e/yfX0¢lX:yfnoX:n}c�b_^_nse:¤ ª X���gl`Vb q b_^h�8X�efg
^_im��X0y�efTvc'e�efTVX�H-, Q ,/HGI�,DJLKRWYX�eoTvg q kVyfX:noX0yf¢lXtn�u�glW��ViVXtnon:¤

&��� ��
!���4���!53���	�4�	��
&�	7���������� �!���	��"������������ �!���	��f36���
1 � ��	��� ������"!#�9�.'2$� �&��7�����
2 � ��	��� ����������%3('*)
!��
&�� �,���
3 ����!�$�	 ���=!.'2 �����	�/
!�� �,�����
4 
5����	��5�����9!.'*/�	��7�,�-�
5 � ';:�<�� �@�
���
6 � '2 �3�4� ��6��	7�,�-�
7 !.'0��	�����	� ����,�-�
8 �
9 �

«
^h�8`VyfX � q X:nfu�yf^h��X:n¬eoTvX 4�yfnse6e{��ga^heoX:yfcpeo^_glivn6gp��eoTVX��! F M ,abhgMg8k¯¤J«Vgly�X:c8u�T�yf`Vim�Peo^_W=XRkVyfgl�8yfclW k�gl^_iCe:¡m^he��8^h¢8X:n6c
u�g8ivu�yfX�efX�TVXtcpk�bdcËrlg8`mej^hi�kvcpy�cpb_bhX:b���^heoT­efTVX=k�g8^hiCefns�Peog��8yfclkVT­u�glyfyfX:nok�g8i q ^_iV�Yeog�eoTVX�b_cËr8gl`met¤j°ÂiV^heo^dcpb_bhr8¡���X�c8nono`VWYX
eoT�c'e R
cli q4P k�gl^_iCe¬eog q ^dn{ef^hi�u#e�u�gliCe�cp^_iVX0y�n0¡leoTvcpe R
^dn�cau�g8Wa�¯¡mcli q eoT�c'e P ^dn6X0WYkme{rl¤J°Âi�eoTVX���X:�l^_iViV^_iV�v¡CefTVX��8yfclkVT
TVg8b q nRefTVyfX0X=iVg q X:n:¥/gl�mz{Xtu#e
iVg q X:n

nc
c

cpi q
nd
d

��TV^du�T cp�vnseoy�clu�e/u0gliCefcl^hiVX:y/gl�mz{Xtu#efnRyfX���X:yoX:ivu�X q �Mr R-cli qjP ¡�cpi q c
no`VWYWYclyor�iVg q Xl¡

n∅

∅

¡���TV^du�T cp�vnseoy�clu�efn/X:bhX:W=X:iCefn/gp�
nc
c

¤�S�TVX�u0gliCefcl^hivX0y/X q �8X���X0e{�6X:X0i
nc
c

cli q
n∅

∅

^_n
bdcp��X0b_X q
∗
¡

q Xtnou0yo^_�V^_iV��cpi�^hi'z{Xtu#ef^h¢8X�u�gliviVX:u�eo^_gli¯¤
� ¶ � � �

41 "
S�TVX#�! F M ,�bhgMg8kF^_n�X0iCefX0yfX q ��g8yaefTVX 4vy�nseaeo^_WYXl¤È° eoX:yfcpeoglyNF ¦�yfX:nok¯¤ � ¨�^_n=c'eoefclu�TvX q efg�eoTvX-u�g8iCefcp^_iVX:y

yoX0��X0yfX0ivu0X q �Mr
c
¦½yoXtnsk¯¤

d
¨#¤�S�TVX:noX�u�g8i8e�cp^_iVX0y�iVg q XtnBcpyfX�yoX:ivcpWYX q eog

nc,i
c,i

cpi q
nd,j
d,j

eog/yfX J Xtu#e�eoTVXjcpese�clu�TVWYX0iCe�n
gp��efTVX
^heoX0y�c'efgly�n0¤

� ¶ � � �
51 $

m % FA(�U-,/0�J�K
"
S�TVX­g8�mz{X:u�e�c'eoefclu�TvX q c'e�efTVX�k�g8no^�ef^hg8i gp� F�^dn�ivg'� clnfno^h�8iVX q eog ¢'clyo^dcp�Vb_X m�¤ \M^_ivu0X

^�efX0y�c'eog8y�F�^dn}c8nonogmu�^dc'efX q ��^�efT
nc,i
c,i

¡�eoTV^dnjg8�mz{X:u�e}Wa`vnse}��X�cl�vn{efyfc8u#efX q �Mr
n∅

∅

¦½X0b_X0WYX0iCefn}gp�
nc,i
c,i

¨�¤jS�TVX0i¯¡�eoTvX
gl�mz{Xtu#e/^_n 3 W�c'eoX:yo^dcpb_^_£0X q"5 �h�t���J��yog8W ns`vW=W�clyor­iVg q X

n∅

∅

^hiCeog­c-iVX0� gl�mz{Xtu#e
iVg q X8¤�S�TV^dn/iVX0� gl�mz{Xtu#e/iVg q Xl¡
iVg'� k�gl^_i8efX q eog��MrNm�¡m^dn�ivclW=X q

no
o

¤BS�TvX�u�gliviVX:u�eo^_gli-��yog8W
nc,i
c,i

efg
no
o

^dn�u0clkmeo`VyfX q �Mr
�i
¤

� ¶ � � �
61 $

� (+#"V�0�J\mfK
"
\M^_ivu�X�^heoX:yfcpeog8y � ^_naclnfnsgmu0cl^�efX q ��^�efT u0gliCefcl^hivX0y
iVg q X

nd,j
d,j

¡
no
o

^dn�u�g8iViVXtu#eoX q eog
nd,j
d,j

�Cr c
u�gliCe�cp^_iVX0y�X q �lX/b_cl��X:bhX q

�j
¤
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«�^_�l`vyoX �M¥�x�gl^_iCefns�4efg�cpivclbhrmno^_n6��gly�H-, Q ,/HfI�,

� ¶ � � �
42 "
° eoX0y�c'efgly�FY¦�yfX:nok¯¤ � ¨�^dnBWYg'¢lX q �vclu��M��cpy q ¦�yfX:nok¯¤l��glyf��cly q ¨���X���g8yoX�X:i8efX0yf^hiv�/eoTVX�iVX�wMe¬^heoX:yfcpeo^_gli¯¤
|�u0u�g8y q �

^hiV�8bhr8¡MeoTVX q ^hyfX:u�eo^_gli�b_cl��X:b_n�clyoX/`Vk q c'efX q ¥
�i
^dn�yfX0kVbdclu0X q �Mr

Bi

¡
�j
^dn�yfX0kVbdclu0X q �Cr

Cj
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52 $
m % FA(�U-,/0�J�K

"
«
^_yfnse:¡m��X 3 �M^hb_b 5 eoTvXRg8`meo�8gl^_iV�=X q �8X:n�gp�

o
¡m^4¤ Xl¤_¡myfX0WYg'¢M^hiV��eoTvXRX q �lXR��yfglW mYeog

no
o

¤BS�TV^_n
cpbdnsg-^hiM¢lg8bh¢8X:n}yoX:W=g'¢M^_iV� m-��yog8W eoTVX=yoX0��X0yfX0ivu0X=noX�e/gp�

no
o

¤a|}n
c�yoXtns`Vbhe:¡
no
o

��Xtu�g8W=Xtn/c�no`VWYWYclyor­ivg q X
no

∅

¤
ª X}u:cpb_b�no`vu�T�c/kVyfgmu�X:nfn # -Lb=" ��]�d d>�7�3*ML���/ *1-�#�¤BS�TVX0i¯¡8eoTvXjgl�mz{Xtu#e6cpese�clu�TVX q c'eBefTVXjk�g8no^�ef^hg8i�gp�lFRiVX0X q nJefg���X
X�wMeoy�clu�eoX q ��yfglW eoTVX�X:bhX:WYX0iCefn�gl�

nc,i
c,i

¤ $}gpeoX/efTvc'et¡���gpefT
n

∅

cpi q
no

∅

cpyfX�c'eoefc8u�TVX q c'e
nc,i
c,i

¤ �jg'��X0¢8X0yt¡Vns^_ivu0X
eoTVX/X q �lX�efcpyf�lX0esef^hiV�

no
∅

^_n�bdcp��X0b_X q cln
Bi

¡m��TV^du�T-^dn q ^dn�z{g8^hiCe���^�efT
�i
¡MeoTVX
g8�mz{X:u�e�u:cpi�iVgpe���X�cl�vnseoy�clu#efX q �Mr

no
∅

¤BS�TVX0yfX���g8yoX8¡m�6X/glivbhr�W�cpeoX0yf^_£:cpb_^_£0X���yog8W
n∅

∅

¤B|j�Ccp^_i¯¡mefTVX
iVX0�Qgl�mz{Xtu#e�iVg q X
^dn�ivcpWYX q
no
o

¤
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� ¶ � � �
62 $

� (+#"V�0�J\mfK
"
eoTvX�nfcpWYXacln � ¶ � � �

61
¤8$jgleoX
efTvc'et¡�efTVXag8`meo�8gl^_iV��X q �lXtnjgp�

nd,j
d,j

cli q
nc,i
c,i

clyoX�bdcp��X0b_X q �Mr
^hi'z{Xtu#ef^h¢8X q ^hyfX:u�eo^_glivn:¡mWYX:cpiv^hiV�=efTvc'ej��gpefT.u0gliCefcl^hivX0y�n�clyoX/u�g8Wa�¯¤
«V`vysefTVX0y-^�efX0y�c'eo^_gli�nY��glb_bhg'� cFno^_W=^_bdcpy�k�c'esefX0yfi¯¤ | 4vwMX q k�g8^hiCe�^_n-clu#ef`vcpb_b_r yfX:c8u�TVX q c'e�eoTVX�eoTV^_y q ^�efX0y�c'eo^_gli�¤

S�g u�g8ivu�b_` q X�eoTV^dn=X�wVcpWYkVb_Xl¡���X���gl`Vb q b_^h�8X�efg�X0WYkVT�clno^h£:X�eoTvyoX:X��lX:r kVyog8k�X:ysef^hXtn�gl��eoTVX.cpivclbhrmno^_n�eoTvcpe=W�cl�lX�`vn
no`vu0u0X:nfn{��`Vb_b_r q X�efX:u�e�eoTVX
kVyfX:noX0yf¢'c'ef^hg8i�gp�Ju�g8Wa�VivX:nfn0¤

q $jg q X�W�cpeoX0yf^dcpb_^h£tc'eo^_gli TVX:bhk�n�efg�yfX:nseoglyfX�kVyfX:u0^_noX�k�gl^_iCefns�4efg�^hiV��glyfWYcpeo^_gli ��TVX:i�cpi�gl�mz{Xtu#e=cl�vnseoy�clu#efX q �Mr c
ns`VWYW�cpyfr�iVg q X
^dn�clnfns^_�livX q eog�c=¢Ëclyo^dcp�vbhX�¦�X8¤ ��¤h¡qm % FD(�U-,/0uJLKp¨#¤

q J6Xtu0cl`vnsX�gl�§TV^_nseog8yorYnoX�efn:¡Mc'�ÇeoX:yBefTVX 3 �C^_b_b 5 gp�§¢'cpyf^dcp�Vb_X m�¡ no
o

[ ��TV^du�T�cp�vnseoy�clu�efn�efTVX 3 efcl^hb 5 X0b_X0WYX0iCefn¬gp�
nc,i
c,i

[ ^_n
ns`VWYW�cpyf^_£0X q ^hiCefg

no
∅

¡VcË¢lg8^ q ^_iV�Ynskv`Vyo^_gl`�n�u�gliV��`vns^_gli���^heoT 3 TvX:c q"5 X0b_X0WYX0iCe�njcp�vnseoy�clu�eoX q �Mr
n∅

∅

¤
q �6glWYkvcpyf^_iV� �i cli q Bi

eoTVyfgl`v�lT ��� 	�
 � �����
(�i, Bi)

cË¢8gl^ q n�WYcpeoX:yo^dcpb_^h£tc'ef^hg8i���yfglW
no

∅

¤

�VU�� � a-l�Y Z�� � � � ��b � _ eHa�bKY[Z Y ���#e l b�e � �K]mc
| n{efyog8iV�aiM`Vb_bh^54�u:c'eo^_gli�¡8��g8y�c�k�gl^_i8e�n{�Peog��ly�cpkVT�¡CWYXtcpivn¬eoTVX 3 �C^_b_b 5 ¦½^4¤ Xl¤_¡MyoX:WYg'¢Ëclbd¨Bgp��k�gl^_iCefns�4efg�X q �lXtn0¤"-­g8yoXRnsk�X:u0^(4V�
u0clbhb_rl¡'cjnseoyfgliv��iC`vbhb_^(4�u0c'ef^hg8i
gp�m¢'cpyf^_cl�Vb_X:n�Y�4vX:b q n�Y'u0gliCefcl^hivX0y�n�u0glyfyoXtnsk�gli q efg�eoTVX6yoX:WYg'¢Ëclbpgp�m¢'cpyf^dcp�Vb_X�Y)4vX0b q Y'u0gliCefcl^hivX0y
X q �lX:n:¡VyfX:nok�Xtu#ef^h¢8X0b_rl¤¬S�TVX�cp�V^_bh^he{r�efg 3 �M^_bhb 5 ^_n��8X0r�eogYeoTvX�TV^_�lT.kVyfX:u�^dno^hg8i-gl�
efTV^dnjcpivclbhrmno^_n:¤ ª X q X 4viVXacli.cl`mwm^hb_^dcpyfr
3 �C^_b_b 5 ��`Vivu�eo^_gli­efg�^_W=kvbhX:W=X:iCe�efTVX�nseoyfgliV��iM`Vb_b_^(4�u:c'ef^hg8i­gp�^o��7�3*1��k &5" �#¤RS�TVX 3 �M^_bhb 5 ��`Vivu#ef^hg8ivn}��gly 4�X0b q n}g8y}u�g8iCefcp^_iVX:y
k�g8no^�ef^hg8ivn�cpyfX/^hWYkVb_X0WYX0iCefX q.q ^_yoXtu#eob_r�^_iCeog=eoy�cpivns��X0y���`vivu#ef^hg8ivn0¤
&R^_¢lX0i c�k�gl^_i8e�n{�Peog-�ly�cpkVT�¡

G = (V, N, R, E, C)
¡���� � � � ��
 � �� � � v(G)

^hWYkVb_X0WYX:i8e�njefTVX�n{efyog8iV��iM`Vb_bh^54�u:c'eo^_gli�gp� Q ¡
^P¤ X8¤h¡ Q %'*"V M"M ¤�S�TvXa��`Vi�u#eo^_gli 4vy�n{e
yfX0WYg'¢lXtn}clbhb�gl`Veo�lg8^hiv��X q �lX:nRgl� Q ¤aS�TVX:i¯¡ Q ^dnRyoX:W=g'¢8X q ��yfglW efTVXYyoX0��X0yfX0ivu0X
noX�e�gp��Xtclu�T�ivg q Xl¡m^P¤ X8¤h¡

nH
X

^dn6yfX0i�cpWYX q efg
nH

X\{ � }
¤J° ��iVg q X

nH
X\{ � }

clbhyfX:c q rYX�wm^_nsefn�^_i�efTVX/�ly�cpkVT¯¡CX q �lX:n�gl�¯eoTVXRe{��g
iVg q Xtn�iVX0X q efgY��X
WYX0yf�lX q efg�X0ivno`VyfX ��/|d>-)�3/�glivXRX q �lX/��X�e{��X0X:i�cliCr�e{�6gYiVg q Xtn�^hi�eoTvX
�ly�cpkVT¯¤

q ª TVX0i���gleoT.TvcË¢8XRcli-^_ivu�g8WY^hiV�Yu�g8iCefcp^_iVX:y�X q �lXR��yfglW efTVX:� �7d>"�u�g8iCefcp^_iVX:y�ivg q Xl¡mWYX0yf�l^_iV�=gp��efTVX/e{��g�X q �lXtn
nsTvclbhb§kvyoXtnsX:yo¢8X�u�g8Wa�VivX:nfn0¤ ª X q X 4vivX
glk�X0y�c'eog8y

∪q
efgY^hWYkVb_X0WYX0iCe}no`vu�T.cYW=X:yo�8Xl¥

C ∪q C ′ &('*)= (C \ C ′) ∪ (C ′ \ C) ∪
{
o

dqd′

−→ o′ | o
d
−→ o′ ∈ C ∧ o

d′

−→ o′ ∈ C ′
}
.

q ª TVX0i���gpefT�WYX0yf�l^_iV�jiVg q Xtn�T�cË¢lXBcpiagl`mef�lgl^_iV�ju0gliCefcl^hiVX:y�X q �lXJefgjefTVX � �7d>"�iVg q X8¡Ëu0glW��ViVX:nfn¯^dn�iVgpe
kVyoXtnsX:yo¢8X q
��Xtu0cp`�nsXRc�no^hiv�lb_X�X:bhX:W=X:iCe�W�cËr���X/cpese�clu�TVX q ^hi�Wa`vb�ef^hkVb_X
u�g8i8e�cp^_iVX0y�n:¤J��k�X0y�c'efgly

∪/
^_W=kvbhX:W=X:iCefn6eoTV^dn�WYX0yf�lX8¥

C ∪/ C ′ &('*)= (C \ C ′) ∪ (C ′ \ C) ∪
{
o

d/d′

−→ o′ | o
d
−→ o′ ∈ C ∧ o

d′

−→ o′ ∈ C ′
}
.

°ÂiÈeoTVX�k�gl^_iCefns�4efg­cpivclbhrmno^_n:¡���� � � � ��
�� �� � �Y^_n
eoTVX7-$# & '8x��$'­eog­�8X0iVX:yfcpeoXYc­ns`vW=W�clyor�ivg q Xl¤���� � � � ��
 � �� � � v(G)
^_n

q X 4viVX q ��X0b_g'�
¤ ��©JwVclW=kvbhXtn�cpyfXR�8^h¢8X0i-^hi­«
^h�8`VyfX/�v¤
� � � � � ��
�� �� � � � (V, N, R, E, C) = (V, N ′, R′, E′, C ′)

(N ′, R′, E′, C ′)← (N, R, E, C)
nH

X ∈ N ∧
Q
∈ X : N ′ ← N ′ \ {nH

X} ∪ {n
H
X\{ � }}; R′ ← R′ \ {

Q
−→ nH

X}

o �−→ nH
X ∈ E ∧

Q
∈ X : E′ ← E′ \ {o �−→ nH

X} ∪ {o �−→ nH
X\{ � }}

nH
X �−→ o ∈ E ∧

Q
∈ X : E′ ← E′ \ {nH

X �−→ o} ∪ {nH
X\{ � } �−→ o}

o
d
−→ nH

X ∈ C ∧
Q
∈ X : C ′ ← C ′ \ {o

d
−→ nH

X} ∪
q {o

d
−→ nH

X\{ � }}
nH

X
d
−→ o ∈ C ∧

Q
∈ X ∧

�"�#�!� �
�
(nH

X , nH
X\{ � }) : C ′ ← C ′ \ {nH

X
d
−→ o} ∪/ {nH

X\{ � }
d
−→ o}

nH
X

d
−→ o ∈ C ∧

Q
∈ X ∧ ¬

�"�#�!� �
�
(nH

X , nH
X\{ � }) : C ′ ← C ′ \ {nH

X
d
−→ o} ∪q {nH

X\{ � }
d
−→ o}.
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∅
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^h�8`VyoX
�v¥J\MeoyfgliV�YiM`Vb_bh^54�u0cpeo^_glivn�gl��¢'cpyf^dcp�Vb_X:n

� .

ny
y nx

∅

. % � ( E
� .

ny
y nx

x nx
∅

E

E E

«
^h�8`VyfX/�v¥ -�c'efX0yf^_clbh^_£:cpeo^_gli

�VU0T � YVhd]�� eHaC]`l bKe ��b��?eHa-b�Y[Z
«Vg8y/��Xtn{e
kVyfX:u0^_no^hg8i¯¡§cpiÈgl�mz{Xtu#e
cp�vnseoy�clu�eoX q �Mr�c�no`VWYW�cpyfr.iVg q XYiVX0X q n�eog.��X 3 WYcpeoX:yo^dcpb_^h£:X q�5 efg­cpi�g8�mz{X:u�eRivg q X
��TVX:i�^�e6^_n�clnfns^_�livX q eogac�¢Ëclyo^dcp�vbhX��_�:��� ¤J«
^h�8`VyoX��
�l^_¢lXtnBcpi�X0wmclWYkVbhX}gp�¯ns`�u�T�c
kVyfgMu0X:nfn0¤�|}n6c
yfX:no`Vb�et¡8^_i�c
k�gl^_iCefns�4efg
�ly�cpkvT¯¡�¢'cpyf^dcp�Vb_X:n/u0cli iVgpe q ^hyfX:u�eob_r�k�g8^hiCe�efg�ns`vW=W�clyor�ivg q X:n:¤ ª X q X 4�iVX�cpi cp`VwM^_b_^_clyor­��`vivu#ef^hg8i efg�^_W=kvbhX:W=X:iCe
no`vu�TÈc��8yfclkVT�efyfclivns��glyfWYcpeo^_gli¯¥�� �
����
 � � � � � � � ,nH

∅

(G)
3 X�wMeoy�clu�efn 5 cpiÈgl�mz{Xtu#e�iVg q X=��yfglW)c­no`VWYW�cpyfr­iVg q X

nH
∅

cli q
u�g8iViVXtu#efn6^he6��^heoT�¢'cpyf^dcp�Vb_X Q ¤ J�c8ns^du0clbhb_rl¡leoTVX���`Vivu�eo^_gli q `VkVb_^_u:c'eoXtn

nH
∅

¦�^_ivu0bh` q ^hiV��^�e�n6c q zsclu0X0iCe6X q �lXtnf¨J��^�efT-c
ivclWYX
n

H∪{ � }�
cpi q c qVq n

v −→ n
H∪{ � }�

eogYefTVX
�ly�cpkVT�¤
ª X-cpbdnog�W�c'eoX:yo^dcpb_^_£0X�ivg q X:naeoTVyfgl`V�8TFu�g8i8e�cp^_iVX0y�X q �8X:n:¤ ª TVX:i�W�c'efX0yf^_clbh^_£0^_iV��cliFgl�Vz{X:u#e=iVg q X���g8yNFD(�U-,/0uJLKM¡

glivX�iVX0X q n�c�iVX0� u�g8iCefcp^_iVX:y
X q �8XYeog­yfX:u�g8y q eoTVX��½clu#e
efTvc'e
efTVX�W�c'efX0yf^_clbh^_£0X q ivg q X�^_n�cpese�clu�TVX q cpe
�i
¤ ª XYeoTM`vn

�lX:iVX0y�cpb_^_£0XBefTVX�u�g8ivu�X:kmeJgp��W�cpeoX0yf^dcpb_^h£tc'eo^_gli�eog 3 efyfclivns��X0y 5 cpiag8�mz{X:u�e���yog8W cpi -�k*n "\� /,-7� ��]�d d>�7�3'/iVg q X�efg/cliag8�mz{X:u�e
iVg q X8¤��)�
����
�� � � � � � � ,nH

X

(G)
q `VkVb_^du0c'efX:n

nH
X

¦�^_ivu�b_` q ^_iV�­^hefn�c q zsclu0X0iCe
X q �8X:n�¨R��^�efT c�ivclWYX
n

H∪{ � }
X∪{ � }

cli q bh^_iV�mn Q efg
eoTvX q `VkVb_^_u:c'efX q iVg q Xl¤ �	�)�
����
�� � � � �(�R^dn���glyfW�cpb_bhr q X 4vivX q ��X:bhg'�
¤

�)�
����
�� � � � � � � ,nH

X

(V, N, R, E, C) =
(
V, N ∪ {n

H∪{ � }
X∪{ � }}, R ∪ {

Q
−→ n

H∪{ � }
X∪{ � }} ∪ {

�
−→ n

H∪{ � }
X∪{ � } |

�
−→ nH

X ∈ R},

E ∪ {o �−→ n
H∪{ � }
X∪{ � } | o �−→ nH

X ∈ E} ∪ {n
H∪{ � }
X∪{ � } �−→ o | nH

X �−→ o ∈ E},

C ∪ {o
d
−→ n

H∪{ � }
X∪{ � } | o

d
−→ nH

X ∈ C} ∪ {n
H∪{ � }
X∪{ � }

d
−→ o | nH

X
d
−→ o ∈ C}

)
.

�VU � � l�egZdc � ](l 	 �dZ\_.a�bKY[Z\c
°Âi�eoTVX/��g8bhb_g'��^_iV�v¡

X [b/a]
q X0ivgpeoXtn�eoTvX/no`V�vnseo^heo`Veo^_gli­gp�

a
��^heoT

b
^_i.X:c8u�T-X:bhX:W=X:iCe�gl��noX�e

X
¤

�
"
�
"
� � � ² =�<4�V�:���½�8�?< � �m�Ë�

S�TV^dn�kvcpyoe q ^_nfu�`�nonoX:n6eoy�cpi�n{��X:y¬��`Vi�u#eo^_gli�n���gly�k�gl^_i8efX0y�clnfno^h�8iVWYX0iCefn¬eoTvcpejcpyfX�iVgle�nok�X:u�^54�u�eog�u0gliCefcl^hiVX:yfn:¤ ª X/`vnoXRcli
cp`VwM^_b_^_clyor-��`Vivu�eo^_gli�

���
�

� ,nH

X

(G)
eog�u�gliviVX:u�e/c�¢Ëclyo^dcp�vbhX Q efg�cli -�k*n "�� /�iVg q X

nH
X

¦
X 6= ∅

¨jcpi q eoTvX0i�efg�yfX0ivclWYX
nH

X

eog
n

H∪{ � }
X∪{ � }

¤�

���
��clnfns`vW=XtnBefTvc'e�canseoyfgliv�aiM`Vb_bh^54�u0cpeo^_gli�gl��¢'cpyf^_cl�Vb_X Q ^dn6clkVkVb_^hX q ��X���glyfXl¡CefTVX0yfX���g8yoX
n

H∪{ � }
X∪{ � }

q gMX:n
iVglejivcpWYX��Âu�g8i J ^du#e���^�efT­cpiMr�gpefTVX0y�ivg q Xl¤ �jX:yoX/^dn�eoTvX/��glyfWYclb q X 4viv^�ef^hg8i�gl��
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�p¥



�����
� ,nH

X

(V, N, R, E, C) =
(
V, N [n

H∪{ � }
X∪{ � }/nH

X ], R ∪ {
Q
−→ n

H∪{ � }
X∪{ � }}, E[n

H∪{ � }
X∪{ � }/nH

X ], C[n
H∪{ � }
X∪{ � }/nH

X ]
)
.

S�yfclivn{��X:y���`Vivu#ef^hg8ivnjclyoX
nok�Xtu�^54vX q ^hi­«
^_�l`VyfXY�:�V¤
Q % �

$
Q % *"V M"M

$
� � ·�Q %'*q, �

"
° ea^_iM¢lglb_¢lXtn/c�nseoyfgliv��iM`Vb_b_^(4�u:c'ef^hg8i gl� Q ¡¯��g8bhb_g'��X q �Mr bh^_iV�M^hiv� Q eog�cli g8�mz{X:u�e

iVg q Xl¤
Q ( E % �

"
° e�^_W=kvbhX:W=X:iCefn=c�n{efyog8iV��iM`Vb_bh^54�u:c'eo^_gli gl�jgl�mz{Xtu#e 4�X0b q Q (�E�¥=^�e=yoX:WYg'¢lX:n/X:¢lX:yorÈgl`mef�lg8^hiV� 4�X0b q �PX q �lX�gp�

-�k*n "\� /¬ivg q X:n6k�g8^hiCeoX q �Mr Q eoT�c'e�cpyfX}bdcp��X0b_X q �Mr�E�¤J|}n�glkVk�g8noX q eog ��� � � � ��
 � �� � �l¡8efTV^dn6^_iM¢lg8bh¢8X:nBivgayfX0ivclW=^_iV��¡eoTM`vn�iVgYWYX0yf�l^_iV�Ygp�
iVg q X:n�^dn�iVX:X q X q ¤
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X
Ø�Ì�v n

H∪{ � }
X∪{ � }
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Q %'*"V M"M
G←

��� � � � ��
 � �� � � � (G)Q %'*q, ��� ^ � ,-R70�JLK
G←

��� � � � ��
 � �� � � � (G)
N ← N ∪ {nv

v}; R← R ∪ {
Q
−→ nv

v}Q % �
G←

��� � � � ��
 � �� � � � (G)�
−→ nH

X ∈ R : G←


�����

� ,nH

X

(G)Q % �)( E
G←

��� � � � ��
 � �� � � � (G)
�
−→ o ∈ R ∧ o �−→ nH

X ∈ E ∧
(  %


(nH
X) : G←



���
�
� ,nH

X

(G)
�
−→ o ∈ R ∧ o �−→ nH

∅
∈ E : G←

� �
����
 � � � � � � � ,nH

∅

(G)
Q ( E % � Q

−→ o ∈ R ∧ o �−→ o′ ∈ E : E ← E \ {o �−→ o′}Q
−→ o ∈ R ∧

�
−→ o′ ∈ R ∧

�����!� �
�
(o, o′) : E ← E ∪ {o �−→ o′}

«
^h�8`VyfX=�t�V¥JS�yfclivn{��X:y���`Vivu#ef^hg8ivn�gl��iVg8im� u0gliCefcl^hivX0y�nsk�X:u0^(4�u
clnfns^_�liVWYX:i8e�n

F % M (�EGF�HGI70uJLK
G←

� � � � � ��
 � �� � ��� (G)F % M ( M�O I70�J�K
C ← C[∗/�i, ∗/Ci, ∗/Bi]M
−→ nH

X ∈ R : G←


���
� �

,nH

X

(G)FD( O/P�Q-O *SR2,TJLK
C ← C[Ci/�i, ∗/Bi]FD(�H�,/0"H-, O 0�JLK
C ← C[Bi/�i, ∗/Ci]
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^h�8`VyoXY�8�l¥JS�y�cpi�n{��X:y6��`vivu#ef^hg8ivn�gp�
^�efX0y�c'efgly�glk�X0y�c'ef^hg8ivn

Q % �)(�E
"
° e�nsefcpyoefn¬��^�efT�c�nseoyfgliV�
iM`Vb_b_^(4�u:c'ef^hg8i�gp� Q ¤�S�TvX0i¯¡C^�� �)(�Eak�g8^hiCe�nJeog=cpi�g8�mz{X:u�e¬iVg q Xl¡ Q ^_n q ^_yoXtu#eob_r=bh^_iV�lX q

eog­efTvc'e=gl�mz{Xtu#e�ivg q Xl¤ ��i efTVX�gpeoTvX0yaT�cpi q ¡�^h� �)( E�k�gl^_iCefnaeog�c ns`vW=W�clyorÈiVg q Xl¡Bcli gl�mz{Xtu#e=iVg q X�^dn 4vy�nse
WYcpeoX:yo^dcpb_^h£:X q ¡CefTVX0i.^hej^_n�b_^_iV�lX q efg Q ¤

�
"
�
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ª X
gliVb_r�u�g8ivno^ q X:y�^�efX0y�c'efgly�¢'cpyf^_cl�VbhXtn6eoTvcpe}cpyfX ] # ��& *1��� "�bp¤¬S�TV^dnjns^_WYkVb_^���rM^_iV��clnfns`vW=kVeo^_gli�Tvcln�e{��g=u0glivnoX �C`VX:ivu�Xtn0¥
q ��cpb_bh^_iV�YcYW=X0eoTVg q gli.cpi�^heoX0y�c'efgly�¢'cpyf^_cl�Vb_XR��^_b_b¯iVgpejc ��Xtu#ej^heoX0y�c'efgly�gl�Vz{X:u#e�n�yoX0��X0yfX0ivu0X q �Mr�gpefTVX0y�¢'cpyf^dcp�Vb_X:n:¤
q S�TVX­c'ese�clu�TVWYX:i8eYgp�/cpi ^�efX0y�c'efgly=eog c u�g8i8e�cp^_iVX0y=iVg q X­u0cli ��X­yfX0kVyfX:noX0iCeoX q cln�c"o��7�3*1��k &5" "�b�! "­��^heoT eoTvX
^�efX0y�c'eog8yB¢'cpyf^_cl�Vb_X}cpkVk�X:clyo^_iV��^_i�efTVX}yfX���X:yoX:ivu�X�cpi q Tv^_nseog8yorYnsX0efn6gp�§efTVXRu0gliCefcl^hivX0y¬ivg q Xl¤B\M`vu�T�¢'clyo^dcp�Vb_XjX q �lXtn
u0cpkVeo`VyfXXd ] �3/ 2���/ / �/�
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° eR^_iM¢lg8bh¢8X:njc-n{efyog8iV��iM`Vb_bh^54�u0cpeo^_gli�gl�B^�efX0y�c'efgly8F�cli q b_^hiV�M^_iV�jF�efg-u0gliCefcl^hiVX:y

l
¤

°ÂiYc qVq ^heo^_gli¯¡8ns^_ivu�X�F�^_nByoX0� cpesefc8u�TVX q ¡'kVyoX:¢M^hg8`vn q ^_yoXtu#eo^_gli=bdcp��X0bdnJ^hiM¢8glb_¢C^_iV��Fj��X:u0glWYX�gl��nsg8bhX0eoXl¡peoTM`vn:¡lyfX0kVbdclu0X q
�Cr
∗
¤ �

FD( O/P�Q-O *SR2,TJLK
"
\m^hivu0X_F�W=g'¢8X:nj��glyf��cly q ¡,kVyfX0¢M^_gl`vn q ^_yoXtu#ef^hg8i�b_cl��X:b_nR^_iM¢lglb_¢M^hiv� F�cpyfXa`vk q cpeoX q ¥

�i
^_nRyfX0kVbdclu0X q �Mr

Ci

cpi q
Bi

�Cr
∗
¤

FD(�H�,/0"H-, O 0�JLK
"
\m^hivu0X8FRWYg'¢lX:n¬�vclu��M��cpy q ¡'efTVX}kVyfX0¢M^_gl`vn q ^hyfX:u�eo^_gli�bdcp��X0bdn¬^_iM¢lg8bh¢M^_iV��FRclyoX�`vk q cpeoX q ¥

�i
^dnByfX0kVbdclu0X q

�Cr
Bi

cpi q
Ci

�Mr
∗
¤

� �
ÌËÖ Ô ��!��
	��"��$�� #
	 # ��ÝË»½¼#Ýp¿{»½Á4Ñ×¿{Ó w,¼#ÊËÖ
v�Ùp¿
Ø{Ò#Ø�Ñ×Ö Ø�ÙËÖ×¿�Ñ Õ8Á Û ¿
ØfÁ4ÁPØ�À Û Ü�¿{Ì�ÁSw¯Ø�Ó,Ñ×Ì�vtÑ×»4¿{ÀÂÁoÃ:Ñ � ¿��×Ã�Ñ Õ/w,¿
À{¼#ÌËÌË¿{ÀÂÁP¿ v�Ø�Ì�Ñ ÁP¿{»4ØfÁP¼#» � %���(���#�� ��� (
Á4¼�Á Û ¿¬À{¼#Ì�Á Ø�Ñ×Ìt¿s» �� ¸
Ó�Ø
À{¼#ÌËÓ4¿sÉ0ÊË¿{ÌËÀ{¿#Ã�Ø�vËÑ×»4¿{ÀÂÁ4Ñ×¼#Ì-Ö Ø�Ùp¿{Ö§¼�ÕJØ
À{¼#Ì0ÁPØ�Ñ×ÌË¿{»�¿ vËÞ#¿RÜjØ{Ô=¼#ÌtÖ ÔYÑ×Ì�Ò�¼#Ö Ò�¿RÑ Á4¿s»4ØfÁ4¼#»4Ó�À{ÊË»½»4¿{Ì�ÁPÖ Ô-ØfÁ½Á Ø�À Û ¿ v�Á4¼
Á Û ¿�À{¼#Ì0ÁPØ�Ñ×ÌË¿{» �
� ¼#»½¿s¼sÒ�¿{»sÃlØ�Ì�ÔR¼#Ê:ÁPÞ#¼#Ñ×ÌËÞ�À{¼#Ì�Á Ø�Ñ×Ìt¿s»�¿ vËÞ#¿JÕ_»½¼#Ü Ó4ÊËÜ�ÜjØ�»�Ô�À{¼#Ì0ÁPØ�Ñ×ÌË¿{»
ÌË¼�vË¿ Û Ø�Ó vËÑ×»½¿{À{Á4Ñ×¼#Ì/Ö Ø�Ùp¿{Ö ∗ ¼#» ∗/ �

Ä�Å
Æ¯ÄÇ¸



�
"
�
"
� = ¶ � �:� � � ² � 	  ² �'�m��� ¶ � �
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−→ o ∈ R ∧ l

d
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^_�l`VyfX��m�l¥�x�gl^_iCefns�4efg=clivcpb_rmns^dn6��gly�*q,qI70-, P�� H O/Q ,/HGI O�M Ia¦½WYcl^hi­nseoX:kvnf¨

� � ���0��$������ ����� (*� � R�����$�$

-­gCn{e �C`VX:nseo^_gli�n�yoX:b_cpeoX q ��^heoT­n{e�c'ef^_u/kVyfglk�X0yoeo^_X:n�gl�
k�gl^_iCeoX0y�n�W�cËr���X�noglb_¢lX q `�ns^_iV�Yk�g8^hiCe�n{�PeogY�ly�cpkvTvn0¤
ª XRg'¢8X0yfbhgCc q ivgpefcpeo^_gli

−→
eog q X:iVgpefX/eoTVX tq�"�
�"�[h�� �
��� ��. 	�� � ����^�e�nsX:b���¦½c8n�glkVk�g8noX q eog�k�gl^_iCefns�4efg=�8yfclkVT�X q �lXtnf¨�¥

∀o, o′ ∈ N : o −→ o′ &('*)⇐⇒
(
∃
E
∈ � � � : o �−→ o′ ∈ E

)
∨

(
∃d ∈

����

: o

d
−→ o′ ∈ C

)

∀
Q
∈ V, o ∈ N :

Q
−→ o &('*)⇐⇒ Q

−→ o ∈ R.

S�TVX/efyfclivns^heo^_¢lX/u�b_g8no`VyfX/gp��efTVX
k�gl^_i8e�n{�PeogYyfX0bdc'ef^hg8i-^dn q X0ivgpeoX q �Cr
−→+ ¥

∀o, o′ ∈ N : o −→+ o′ &('*)⇐⇒ ∃o1, . . . ok ∈ N : o −→ o1 ∧ o1 −→ o2 ∧ · · · ∧ ok −→ o′

∀
Q
∈ V, o ∈ N :

Q
−→+ o &('*)⇐⇒ ∃o1, . . . ok ∈ N :

Q
−→ o1 ∧ o1 −→ o2 ∧ · · · ∧ ok −→ o.

S�TVX���g8bhb_g'��^_iV��X �C`vcpeo^_gli q Xtu�^ q X:n6��TVX�efTVX0y¬e{�6g
¢'clyo^dcp�Vb_X:n¬cpyfX�` 	5$�� 	 .
� 	Wh���h�¦�^P¤ X8¤h¡Mk�g8nfns^_�Vb_X}cpb_^dclnoX:n�¨3�l^he6^dn q X 4viVX q g'¢lX:y
V × V

¥
�)�
	�� � � ��	 ( Q , � ) &('*)⇐⇒

( Q
=
� )
∨

(
∃o ∈ N :

Q
−→ o ∧

�
−→ o

)
.

Ä�Å
Æ¯ÄÇ¸



°Âi noglWYX=u0clnoX:n:¡,yoX0��X0yfX0ivu0XanoX�efnR^_i�g8�mz{X:u�e�iVg q Xtn�W�cËr.TVX:bhkÈu�glWYkV`Veo^_iV�j`)&LhL� �i	 .
� 	Wh1�\h8¡�no^_ivu�XYc�¢'cpyf^dcp�Vb_X Q gl`v�lTCe}efg
yfX���X0yjnoglWYX/gl�Vz{X:u#ejcl�vn{efyfc8u#efX q �Cr-c�ivg q X

nH
X

cln�nogCg8i�c8n Q
∈ X
¥

� , 	�� � � � ��	 ( Q , � ) &('*)⇐⇒
(
∀nH

X ∈ N : {
Q
,
�
} ⊂ X ∨ {

Q
,
�
} ∩X = ∅

)
.

� ��	��"�2	�a��/.
� �/$­^dn�eoTVX
yfX J X0wm^h¢8X/cli q eoy�cpivno^�ef^h¢8X
u�b_g8no`VyoXRgp�
eoTvX
k�g8^hiCefns�Peog=yoX:b_cpeo^_gli¯¡m^hej^_n q X 4vivX q g'¢lX0y
(V ∪N)×N

¥

� �"�����
(o, o′) &�'*)= o = o′ ∨ o −→+ o′.

eG�����/�L�W� �Mu1� �/$ ^dn q X 4viVX q g'¢8X0y
(V ∪ N) × (V ∪ N)

¤ ª X�efcp�8X­u0cpyfX.gp�
iVgle�u�gli�ns^ q X0yf^_iV� kvc'efTvn���TV^du�T eoy�cË¢lX0y�noX
^_ivu�g8W=k�c'eo^_�Vb_X/iVg q X:n:¥
�"��������� �

(o1, o
′
1)

&('*)⇐⇒ o1 = o′1

∨
(

∃o2, . . . , ok, o′2, . . . , o′k′ ∈ N : ok = ok′ ∧ o1 −→ o2 ∧ · · · ∧ ok−1 −→ ok ∧ o′1 −→ o′2 ∧ · · · ∧ o′k′−1 −→ ok′

∧
(
∀1 ≤ i < k, 1 ≤ i′ < k′ :

�����$���
�
(oi, o

′
i′)

))

.

�6glW��ViVXtnon�gl�
^_i q ^_¢M^ q `�cpb�u0gliVivX:u#ef^hg8ivn�^dn q ^_yoXtu#eob_r-u:cpkmef`VyfX q ��^�efTV^_i�k�gl^_iCefns�4efg�X q �8X:n:¡m�V`me q X:u�^ q ^_iV��u�g8Wa�VivX:nfn�gp�Jc
��`Vb_b�u0gliCefcl^hiVX:y�^_njW=g8yoX/efX:u�TViv^_u:cpb¬¦4nsX:X�«�^_�l`vyoX��/��g8yjc�ns^_WYkVbhXaX�wVcpWYkVb_Xt¨�cli q nsX:¢lX0y�cpb¯u0glWYk�X�eo^_iV� q X 4viV^heo^_glivnjX�wm^_nse:¤
| u�g8iCefcp^_iVX:y
g8�mz{X:u�ej¦�yfX:nok¯¤pns`vW=W�clyorV¨�iVg q X

l
cl�vnseoy�clu#e�n�cX�+-2dXk�u0gliCefcl^hivX0y�¦�yfX:nok¯¤pu�g8iCefcp^_iVX:yfn�¨¯^h��e{�6g q ^dn{ef^hivu�eBiVg q X:n

c'eoefc8u�TVX q efg
l
W�cËr�ivgpe¬��X�u0gliViVXtu#efX q ¡C^��¯Xtclu�TYiVg q XRc'ese�clu�TVX q eog

l
^_n¬k�g8^hiCeoX q �Mr=cau�glW���X q �8Xl¡Ccpi q ^h��cpb_bvg8`meo�8gl^_iV�

X q �lX:n�gl��iVg q Xtn���"+���+�?�/k & "
��yfglW
l
clyoX/cpbdnogYu0glW��¯¥

� , � � �"�#�! (l) &�'*)⇐⇒ ¬
(
∃o, o′ ∈ N, d ∈

����

:
� �������

(l, o) ∧ o
d
−→ o′ ∈ C ∧ ¬

�"�#�! 
(d)

)

∧ ¬
(
∃o, o′ ∈ N, d, d′ ∈

����

: l

d
−→ o ∈ C ∧ l

d′

−→ o′ ∈ C ∧
��� � �
�
�$�

(o, o′) ∧ ¬
��������� � ���

(d, d′)
)
.

S�TV^dn q X 4viV^heo^_gli�gp��u�g8Wa�VivX:nfnB^dn¬¢8X0yfr=nseoyfgliV��¡l��X:u:cp`vnoX}^he6yfX0b_^hXtnBg8i�kVyfX q ^du0cpeoX ��� � �
�
�$��¤J| ��X:cl�lX:y q X 4�iV^�ef^hg8i�^dn6clb_nog
`vnoX���`VbP¡V^hej^_n�u:cpb_bhX q h ��	 ./. ���9���"`ga��/��h h
cpi q u0glivno^ q X0y�n 4vyfnse�bhX:¢lX:b§k�g8^hiCeoX:yfn�g8iVb_r�¥

* � � � � ��� �����! (l) &('*)⇐⇒ ¬
(
∃o ∈ N, d ∈

����

: l

d
−→ o ∈ C ∧ ¬

�����! 
(d)

)
.

�6glW��ViVXtnon/cpi q YËg8y/noTvclbhb_g'� u�g8Wa�ViVXtnon/clyoXYu�yf^�ef^_u:cpb���g8y
WYcliMr­glkmef^hWY^_£:c'ef^hg8ivn/cpi q ¦ q X0k�X0i q X:ivu�XË¨/cpivclbhrmnoX:n:¤=\Mg8WYX
cpkvkVbh^du0cpeo^_glivn�T�cË¢lXR��X:X0i q ^dnou0`vnonoX q ^_i.cliVgpefTVX0y�kvclk�X:y�� �8����cli q WYcliMr�gpefTVX0yjclyoXRbhX0�Çe���gly���`mef`VyfX
�6g8yo�,¤

� �����¯���0� � �A@�� � �-����"Y$���$ �
�
	 �
���

-�cliCr�^hWYk�glyoefcpiCe�^dnono`VX:n�T�cË¢lXRiVgpej��X0X:i.u0g'¢lX:yoX q �Mr�eoTvX
kVyoX:¢M^hg8`vn6��glyfWYclbh^_£:cpeo^_gli�cpi q cpb_�lg8yo^heoTvW�¤


VU�W X�Y[c�a��1� �dl�Y �[]�� ]`Z a�c
| ivcpWY^_iV�-nfu�TVX0WYX=�vclnoX q gli�noX�e�n�W�cËr.^_i q `vu0X=cli�X�wmk�gliVX:iCeo^dcpb
iC`vWa��X0yRgp�¬iVg q Xtn0¡,�V`VeRefTV^dn�T�cpkVk�X0ivnRg8iVbhr.��TVX:i
W�cpiMrYyoX0��X0yfX0ivu0X}clnfno^h�8iVWYX0iCefn�cpyfXj�l`�cpy q X q ��^heoT�u�gli q ^�ef^hg8ivcpb�X�wmkVyfX:nfno^hg8ivn��_�:��� ¡mcpi q ��TVX0i-WYcliMr q ^��,X0yfX0iCe6^heoX:yfcpeog8y
¢'cpyf^_cl�Vb_X:n¬clyoXRc'eoefclu�TvX q efg�eoTvXRnfcpWYX�u0gliCefcl^hivX0yt¤�© q �lX:n6bdcp��X0bdn6u:cpi-clb_nog�TVg8b q cpi�X0wmk�g8iVX0iCeo^dcpb�iM`VWa��X0y�gp�¯kvyo^_WY^�ef^h¢8X
q ^_yoXtu#ef^hg8ivn0¡�X:nok�Xtu�^dcpb_bhr���TvX0i 3@J c'esefX0iV^_iV� 5=q ^_yoXtu#eo^_gli�n0¤�\Cef^hb_b4¡
^heansX:X0W�nReoTvcpeau�g8i8e�cp^_iVX0yRefyfcË¢8X0y�noclb_n�clnfnsgmu�^dc'efX q ��^�efT
u�g8WYW=g8i�clbh�8glyf^�efTVW�n�X�wmTV^_�V^�ejW�`vu�T.yoX:�l`Vbdcpyf^he{rl¡Mcpi q ��XR��X0b_^_X0¢lX/efTVX�no^h£:XRgl� q ^_yfX:u#ef^hg8i.X�wmkVyfX:nfns^_glivn6^dn�bhXtnon�b_^_�lX0b_r�efg
�lyfg'� bdcpyf�lX�eoTvcli�eoTVX
iM`VW���X:y�gp���8yfclkVT�iVg q X:n:¤
$jX:¢lX:ysefTVX0b_X:nfn0¡tnsg8WYXBcpkVkVyfgËwm^hW�cpeo^_glivn�W�cËr}��XBiVXtu�X:nfnfcpyfr�eog�yfX q `�u�X�eoTvX¬cpivclbhrmno^_n,��gly�nse�u0clnoXJu�g8W=kvbhX0wM^he{r,¥§��g8`Vi q �

^_iV��eoTvX¬iM`VWa��X0y�gp�ViVg q Xtn¯¢M^dc
k
� bh^_WY^�ef^hiV�}gli�¢'cpyf^dcp�Vb_XBnsX0efn��_�:�7�C^dn¯g8iVX¬gl�CefTVX:noXl¤J��iVXBW�cËr/cpbdnsgju0glivno^ q X0y�clkVkVyfgËwm^hW�c'efX

no^hWYkVb_^(4�u0c'ef^hg8i�yf`VbhXtn§��g8y q ^_yfX:u#ef^hg8ivn:¡tX:^�efTVX0y
�vc8nsX q gli
k
� b_^hWY^�ef^hiv�}gly
nsk�X:u0^(4�uBkVyfglk�X0yoeo^_X:n�gp� q ^_yoXtu#ef^hg8i�glk�X0y�c'efgly�n0¤�\M`�u�T

TVX:`Vyo^dnseo^du0n�cpyfX/X:c8nsrYefg�^hWYkVb_X0WYX0iCe}cli q efg�kVyfg'¢lXl¤
� X:cpb_^_iV����^heoT�n{e�cpi q cpy q u�g8iCefcp^_iVX:yfn6kVyfg'¢C^ q Xtn6c�iVg'¢lX:b�cli q WYg8yoXRX0¢8glb_¢lX q ��cËr=eog q Xtcpb,��^�efT�u0glWYkVb_X�wm^he{r�^_nfns`vX:n:¤

��g8`V�lTVb_r nsk�X:cl�C^_iV��¡���X�kVyfglk�g8noX�c­kVyfgl�8yfclW=WYX:ys� q yf^h¢8X0i�TvX0`Vyf^_nseo^duYefg�ns��^hefu�T ��X�e{��X0X:i �6Tvc8nsX0� ª X0�8WYclim���,c q Xtu��,® n
X1:�u0^hX:ivu�r �_���h[ �½c8n{e/�V`me
bdclu��M^hiv��kVyfX:u�^dno^hg8i�gli q X:nseoyf`vu#ef^h¢8Xa`Vk q cpeoX:n{[ cpi q \mcp�8^h¢C�Â��X0kvns� ª ^hb_TVX0b_W.® n}X�wmk�X0ivno^h¢8X�W�cp�
eoX:yo^dcpb_^_£:c'ef^hg8i�u0cpk�cp�V^_bh^heo^_X:n{[ ��^�efT�k�gleoX0iCef^_clbhb_r�X0wmk�g8iVX0iCeo^dcpb�u�g8W=kvbhX0wM^he{rl¤ &Ryfg'��^hiV�
¢'clyo^dcp�Vb_XjnoX�efn¬gli�¢'cpyf^dcp�Vb_X}clnfno^h�8im�
WYX0iCefnj^_n�^_i q X:X q u�yf^�ef^_u:cpb,��g8y q X:nseoyf`vu#ef^h¢8X/`Vk q c'eo^_iV�Ygp��yfX:u�`vyfno^h¢8XRnseoyf`vu�eo`VyfX:n:¥�^�e�X0i�cp�Vb_X:n��M^_bhb_^hiv��gli.clnfns^_�liVWYX:i8e�n�gp�

Æ�Æ!ÌON!P�QSRST



eoTvX
��glyfW Q ( E % ��cpi q gli P , M ,/0-,TJ�K
g8y�#"V�0uJLK�u:cpb_b_n:¤ J�`meRclnfns`VWY^_iV�YeoT�c'eje{rMk�X q u�g8iCefcp^_iVX:yfn�clyoX/`vnoX q ¡�glivX
WYcËr
u�TVgMg8noX6eog/kVyfX:u�^dnoX0b_r
�C^_b_bA�+-�# /���*.# "1�}X q �8X:n�glivbhr8¤
S�TVX:i¯¡p¢'cpyf^dcp�Vb_X:n
��gl`Vb q ��Xjc qvq X q eog/yfX���X0yfX0i�u�X�cpi q TV^dn{efglyfransX0efn
��g8y
eoTvX U-,/0�J�K�WYX�eoTvg q gliVb_rl¤JS�TV^dn6TVX0`Vyf^dn{ef^_u q yfclW�c'eo^du0clbhb_r=yoX q `vu�Xtn¬k�gl^_iCefns�4efg��ly�cpkvT��lyfg'��eoT���TV^_b_X}kVyfX:noX0yf¢M^hiV��c��lgMg q
kVyfX:u0^_no^hg8i¯¤ �6glWYkvclyoX q eog�eoy�c q ^heo^_glivclb�u0g8nses� yoX q `vu#ef^hg8i.TVX0`Vyf^dn{ef^_u:nj��TV^du�T�u�g8ivno^ q X:y�clbhb�k�g8^hiCeoX:yfn}X �C`vclbhb_r-^_WYk�g8yse�cpiCe:¡
TV^_�lTVX:ys� b_X0¢lX:bBgl�Vz{X:u#e�n��8`V^ q X�eoTVX�u�g8W=kv^hb_X0y�^hiCeog�W=g8yoX-u�`vnseog8W=^_£:cl�Vb_X���X:TvcË¢M^hg8y:¤���`VyaeoXtu�TViV^��8`vX�`ViM¢lX:^hbdn�kVy�clu�eo^du0clb
��X0iVX 4Vefn�gl�
Tv^h�8Tm�Pb_X0¢8X0bJ¦�g8�mz{X:u�es� glyf^hX:iCeoX q ¨ q X:nfu�yf^hkmef^hg8ivn6��glyjnsefcpeo^du
cpivclbhrmno^_n�cpi q g8kmeo^_WY^h£tc'eo^_gli�¤


VU�� �#l ]`_?b�cCbKY Z �1� �\l�Y �[]�� ]`Z a�c
��iVXj^_WYk�g8yse�cpiCe¬��Xtc'ef`VyoX}gp���_�:���,Tvcln¬��X:X0i�b_X��Çe�gl`me�gp�,eoTv^_n6kVyfX:noX0iCefcpeo^_gli���X:u0cl`vnoXj^�e���c8nBgl�¯bh^hesefbhX�`vnsX�^hiYefTVX/u�gliCefX�wMe
gp�¬e{rCk�X q u�gliCe�cp^_iVX0y/n{efyo`�u#eo`vyoXtn0¡,clnfns`vW=^_iV��eoTvcpeRyfX:u0`Vyfno^_¢lX
k�gl^_i8efX0y q X:yoX0��X0yfX0ivu0X���^hb_b���X=Wa`�u�T�bhXtnon}��yfX �C`VX0iCet¤/S�TvX
���?�2�3*.#�!akVyog8k�X:yse{r
u:cpkmef`VyoXtn���TvX�eoTvX0yJcpi�gl�mz{Xtu#e
cl�vnseoy�clu#efX q �Mr�cRns`vW=W�clyor/iVg q X�W�cËr
��X6efclyo�8X�eoX q �Mr/e{�6g/noX0kvclyfcpeoX
k�gl^_i8efX0y�n}g8y�ivgpe:¤
° e/^dnRu0yo^heo^du0clb���g8y�kvyoXtu�^dnsX�WYcpeoX:yo^dcpb_^h£tc'ef^hg8i.��yog8W ns`VWYW�cpyfr.iVg q X:n���^heoT 3 b_gMglkV^_iV��X q �lXtn 5 cli q ��g8y
noTvcpk�X�u�bdclnfns^54�u:c'eo^_gli ¦�X8¤ ��¤h¡�clu0rmu�b_^_uYb_^_nsefn:¡�eoyfX0X:n:¡�clu�rmu0bh^du=�ly�cpkVTvn:¡�u0rmu�b_^_uYb_^_nsefn:¡�cpi q u0rMu0bh^duY�ly�cpkvTvnf¨�¤-\mcl�l^_¢ cpi q clb4¤
q X 4viVXYc�iVg q X�kVyoX q ^du0c'efXaivclWYX q

is � shared
eog.u0cpkVeo`VyfX�noTvcpyf^_iV��kVyfglk�X0yoeo^_X:n8�h�t���P¥}^��

is � shared(n) =
� � � 	 ��eoTVX:icÈns^_iV�lb_X­u�g8ivu�yfX�efX�gl�Vz{X:u#e�cl�vn{efyfc8u#efX q �Mr

n
c'e�c��8^h¢8X0i yo`ViV�4ef^hWYX.^hi�n{e�cpivu0X-W�cËr glivbhr ��X­k�g8^hiCefX q efTVyfgl`V�8T�glivX

^_ivu�g8W=^_iV�=k�g8^hiCe�n{�PeogYX q �lXl¤�xByfX q ^_u:c'eoX
is � shared

Tvcln�clb_nog���X0X:i-X0wMeoX0i q X q eog�cË¢lg8^ q u�g8im��`vno^hiV�=Wa`vb�ef^hkVb_X�4vX0b q n � Z2� ¤
°ÂWYkVyfg'¢C^_iV�Ygl`vyjcpivclbhrmno^_n�clbhg8iV�=eoTVXtnsX
b_^hivX:n�y�cp^dnsXtn�iVgY��`Vi q cpWYX0iCefclb¯kVyfgl�Vb_X0W �V`me}W�cl�lX:n�efyfclivns��glyfW=X:yfn q ^ :�u�`Vbhejefg
`Vi q X0y�n{e�cpi q cpi q.q gMXtn�iVgpejnoX0X0W iVX:u0X:nfnoclyor=��g8y�kVyog8�ly�cpW�n���^�efT.X�wmkVb_^_u0^�e}u0gliCefcl^hiVX:yfn:¤
«
^hi�cpb_bhr8¡Vns^_ivu�X/��X/`vnsX q iVg�cpb_bhgmu0cpeo^_gli-k�g8^hiCe�^hi�efTVX
iVg q X/ivcpWY^_iV��nou�TvX0WYXl¡Vcli-^_iCeoX0yfWYX q ^dc'efX/yoX:kVyoXtnsX:iCefc'ef^hg8i�^_i

\Ce�c'eo^du�\M^_iV�lb_X
|}nfns^_�livW=X:iCe
¦P\V\m|R¨ � 12�¯�6g8`Vb q ��X
kVyfX���X0yfyfX q ��gly�eoTvX
��Xtn{ejkVyfX:u0^_no^_gli¯¤

� � �����/�
��� 	 �
� �

S�TVX:yoX/cpyfX�noX0¢8X0y�cpbvWYX0eoTVg q n�c qVq yfX:nfns^_iV�
efTVX
nsTvclk�X/cpi q YËg8y6cpb_^dcln�cpivclbhrmno^_n6kVyfgl�Vb_X0W�n:¤J\mglWYX�gl�¯eoTvX0W&clyoX��vclnoX q g8i
kVyfgl�8yfclW �$# # -�/���/ *1-�#?�#¡�c8nR^hi �jX:i q yfX0i¯¡ �}`VWYWYX0bBcpi q $}^_u0glbdcp`c�_�t���P¤��}eoTVX:y
W=X0eoTVg q n
clkVkVyfgËwm^hW�c'efX �/�\�+" �+� ! ��/9� �
^_i q `vu0X q �Cr.k�gl^_iCeoX0y�n�eog.u0clkmeo`VyfX=WYcËrC�Âcpb_^_c8njkvcl^hy�n:¡�b_^_�lX 
 cpi q ^4¡¯��r q X:y
cpi q ��Tvcpiv� �_��1��Bg8y � X0`me�nou�T � �2� � �jX0i q yoX:i
cpi q $}^_u0glbdcp`�`vnsX�! ��/9�_d>��/ �3*
�+"3���_�:~���eog�u�bdclnfns^h��r q cpefcYnseoyf`vu#ef`VyoX
noTvcpk�X:n:¤
|ji�cpb_rMnoX:n}u�b_g8noX0yjefg�gl`vy}��glyf�-`vnoX�k�gl^_iCefns�4efg��ly�cpkVT�n�eog-u0cpkVeo`VyfX�WYglyfX��lX:iVX0y�cpb��C^_i q n�gp� q c'efc�n{efyo`vu�eo`VyfX�kVyfglkV�

X0yoeo^_X:n:¤�\MglWYX�gp�BefTVX:noX�clyoX��+/�-7�
" 2 k+�)� "�b8[ eoTVX:r­`vnoX�cpb_b_gMu:c'ef^hg8i�ns^heoXtnjefg-i�cpWYXa�8yfclkVTM[ ^hivu0bh` q ^hiv���6Tvc8nsX8¡ ª X0�8WYcli
cpi q �,c q Xtu�� �_����gly � g8iVX:n�cpi q -­`�u�TViV^du�� �_�0Z7� ¤ S�TvX�bdc'esefX0y�`vnsXtn�W�`Vb�ef^hkvbhX-�ly�cpkVTvn�k�X:y�kVyfgl�8yfclW)k�gl^_iCe�eogÈu�g'¢lX:y
cpb_b
k�gCnono^h�vbhX=k�g8^hiCefX0y/u�gli?4v�l`Vy�c'ef^hg8ivn:¤/�}eoTvX0y/nou�TVX:WYX:n�`vnsX

k
� bh^_WY^�ef^hiV��eog���g8`Vi q eoTVX=iM`VWa��X0yRgp�¬ivg q X:n:¡�^_ivu0bh` q ^hiV�


 clyo`�n�cli q �j^_b(4�iV�lX:y��h�2�L�P¡v�V`mej`vno`vcpb_b_r�ns`���X:y���yog8W&X�wmk�gliVX:iCeo^dcpb§�lyfg'��eoT-gp��eoTVX
�8yfclkVT�no^_£0Xl¤
��`Vy���glyf��^dn��vc8nsX q gli�\mcl�l^_¢�¡
��X0k�nacpi q ª ^hb_TVX0b_W �+/�-7�
" 2�&5" �+�:��� �
! "�!2�
�
!?� �-cpi q o)�2�3*1��k &5"�� " /
iVg q X�ivcpWY^_iV�

�_�:��� ¤�° e¬n{ef^hb_bvTvc8nJc/�6g8yfnseBu0c8nsX�X�wmk�gliVX:iCeo^dcpbViM`VW���X:yJgp�§iVg q X:n��v`meBeoTv^_n¬gliVb_r�TvclkVk�X:ivnJ^_iYeoyf^_u��Mrau0gli q ^�ef^hg8ivcpbVk�gl^_iCeoX:y
clnfno^h�8iVWYX0iCefn:¤�S�TV^dn�i�cpWY^hiv�}u�g'¢8X0y�n§Wa`Vbheo^_kVb_X6k�gl^_iCeoX:y�u�g8i 4v�8`Vyfcpeo^_glivn¯^hiac�ns^_iV�8bhXB�8yfclkVT�cpi q u0clkmeo`VyfXBW�`vn{eo�Pk�gl^_iCefns�4efg
kVyfglk�X0yoeo^_X:n¬��gly�n{e�clu��=¢'cpyf^_cl�VbhXtn0¡Mu�yf^heo^du0cpb���gly�kVyfX:u0^_noX}Tvcli q b_^hiv�agp� q X:nseoyf`vu#ef^h¢8Xj`Vk q c'ef^hiv�v¤ ª X�X0wCefX0i q X q efTVXRivcpWY^_iV�
��^heoT � *��3/�-7�3' � " /1�Yefg�^hWYkVyfg'¢lX�noX0kvclyfcpeo^_gliÈgp��^hi�u�glWYkvcpeo^_�Vb_X�k�g8^hiCeoX:yau�g8i 4v�8`Vyfcpeo^_glivn/^_i ��]�d d>�7�3'�iVg q X:n:¤�\mcl�l^_¢,¡
��X:kvn�cli q
ª ^_bhTvX0b_W cpbdnsg�^hiCeoyfg q `vu0X q efTVX # -Lb="�d>��/�"1�3*1�$& *ML���/ *1-�#�nfu�TVX0WYXBefg 3 X�wMeoy�clu�e 5 gl�Vz{X:u#e�n¯��yfglW�no`VWYW�cpyfr�iVg q Xtn0¤
ª X��lX0ivX0y�cpb_^h£:X q ^heJeog/W�c'efX0yf^_clbh^_£:cpeo^_gli���yfglW -�k*n "\� /�iVg q X:n�¦���glyuU-,/0�J�K�g8k�X:yfcpeo^_glivn�¨�clbhb_g'��^_iV�Rno^_Wa`VbhefcliVX0g8`vn�u�g'¢lX:yfcl�lX
gp��W�`Vb�ef^hkvbhX�u0gliCefcl^hivX0y�u�g8i 4v�8`Vyfcpeo^_glivn:¤ ª X�noTVg'��X q ^hi�\MXtu#ef^hg8iF�V¤_�YeoTvcpe q X:clbh^_iV�­��^heoT X0wMkvbh^du�^he�u�g8iCefcp^_iVX:y/e{rCk�X:n
cpb_b_g'�6X q ��`VyoeoTVX:yjyfX q `vu�eo^_gli�gp��cpivclbhrmno^_n�u�g8WYkVbhX0wm^�e{r8¡Vu�glWYkvclyoX q efgYX �C`V^_¢ËclbhX:iCejk�g8^hiCeoX:ys�Âu�Tvc8ns^_iV�a^_WYkVb_X0WYX0iCefcpeo^_glivn:¤
�6glyf��X0y�cV¡¯|}noX0ipz{g�cpi q �,cpk�c'efc � Z2�¬kVyfglk�g8noX q c qVq ^�ef^hg8ivcpbJ^_WYkVyog'¢8X0WYX0iCe�nReog­nsT�cpk�X��ly�cpkVTvn���g8y/eoTVX�kV`vyok�g8noXYgp�

q X:k�X:i q X0i�u�X�cpivclbhrmno^_n:¤
\mcl�l^_¢,¡Ë�jX0kvn�cpi q�ª ^_bhTVX:bhW*X0¢lX:i�kVyfglk�g8noX q c��lX:iVX0y�cpb ! �7���2d:" /i�3*
��noTvclk�X�cpivclbhrmno^_n���yfclWYX0��glyf�
�×�p����eog X0ivcl�VbhX-nsrmnseoX0W�cpeo^du�cpi q nocp��X�X�wMefX0ivno^hg8ivn���^heoT nsgl� u:cpb_bhX q *.#?�3/i��]�d>" # /���/ *1-�# !S��"�b�*
�+��/�" ��¤7J�`meYnsg8W=X�gp�jgl`vy
X�wMefX0ivno^hg8ivn��+��#0#%-$/
��X-X�wmkVyfX:nfnsX q `�ns^_iV��^_ivnseoyf`VWYX0iCefcpeo^_gli kVyfX q ^du0cpeoX:n:¡
Xl¤ �v¤_¡
W�cpeoX0yf^dcpb_^h£tc'eo^_gli c'e U-,�0�JLKM¤ -­gCn{e�gp�
eoTvX:noX
^hWYkVyfg'¢lX:W=X:iCefn�cpyfX
u�glWYkvcpeo^_�Vb_X/cli q ^hi q X0k�X0i q X0iCe���yog8W&g8`Vy�iVg q X
ivclW=^_iV��cpi q u0gliCefcl^hivX0yo� nok�Xtu�^54�u}��X:c'ef`VyfX:n �
eoTvX0r-u0gl`Vb q ��X
`vnoX���`vb§��gly���`VyoeoTvX0y�kVyfX:u0^_no^hg8i�cli q Y'gly�u�gCn{e�^_W=kvyog'¢8X0WYX0iCefn:¤
«
^hi�cpb_bhr8¡�g8`Vy}X0wMk�X0yf^_W=X:iCefn�X:nsefcp�vbh^dnsTvX q eoT�c'eRu0gliM¢lX:ysef^hiv��u�gliCe�cp^_iVX0yRu�g q X�efg�k�gl^_i8efX0yo� u�T�clno^hiV��norMiCefc'w.W�cËr q yfcp�

W�c'ef^_u:cpb_bhr q X:u0yoXtclnoXYkVyoXtu�^dns^_gli��JX�wMeoX:ivns^_gli�n
kVyfglk�g8noX q ^hi �h�t�m¡�ZV¡J�p�7��cpyfX�gp��b_^�eoeob_X�TVX:bhk�¡
Xtnsk�X:u0^_clbhb_rÈ^hi efTVX-u:clnoX�gp�
Wa`vb�ef^hkVb_X�no^hW�`VbhefcpivX0gl`�n
u�gliCe�cp^_iVX0y
efyfcË¢8X0y�noclb_n:¤��}eoTVX:y�kVyfX:u0^_noXYeoXtu�TViV^��8`vX:n
b_^h�8X � X:`mefnfu�T¯® n�norCW���g8bh^du�clu:u�Xtnon/kvcpeoTvn
� �7�}¦���clnoX q g8i xJclyo^_�MT�W�cpkVkv^hiV�Cn
cpi q yfX0�l`vb_cly�X0wMkvyoXtnono^hg8i q Xtu�glWYk�g8no^�ef^hg8ivn�¨}��gl`vb q cpbdnsg-�½cp^_b���gly
bdclu��­gl��cp��nsg8bh`mefX
ivclW=^_iV�Ygp��^heoX0y�c'efgly�k�g8no^�ef^hg8ivn0¤
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|}n-kVyfgl�8yfclW=WYX:yfn�b_gMgl� ��glyf��cly q efg clkVkVb_r g8�mz{X:u�es� glyf^hX:iCeoX q q X:no^h�8i WYg q X0bdn�^_i TV^_�lTm� k�X0yo��glyfWYclivu�X cpkVkVb_^du0c'ef^hg8ivn:¡
u�g8WYkV^hb_X0y�n=TvcË¢lX-eog yfX0b_rFgli TV^_�lTVX:y�bhX:¢lX0b�clivcpb_rmnsXtn=cli q glkmef^hWY^_£:c'ef^hg8ivn:¤ x�gl^_iCeoX:yYclivcpb_rmns^dn���gly�u�g8iCefcp^_iVX:ys�Âu�X:i8efyo^du
cpkvkVbh^du0cpeo^_glivn�^_n�glivXBgp�mefTVX:noXl¡pcli q ��X¬nsTvg'�6X q eoTVX6��X:iVX 4Ve�gp�V`�ns^_iV��nsefcli q cly q b_^h�vyfclyo^_X:n¯cli q efgCg8bh�M^hefn���TVX0iaX�wmkVb_gl^heo^_iV�
cp��n{efyfc8u#eanoX0W�cpiCeo^du0nagp�ju�g8iCefcp^_iVX:y�cpi q ^�efX0y�c'eog8y�WYX�efTVg q n0¤ |}nac­eoy�c q X:g � ��X�e{��X0X:iFX1:�u0^hX:ivu�r cpi q kvyoXtu�^dns^_gli¯¡
��X
kVyfglk�g8noX q ivc'ef`Vy�cpb�X�wMefX0ivno^hg8ivnYefg kVyoX:¢M^hg8`vn�ns`�u0u�Xtnons��`Vbj��glyf�mn0¡6^hiCefyog q `vu0^hiv� u0glW��ViVX:nfn�cli q q X q ^du0cpeoX q k�gl^_iCefns�4efg
�ly�cpkvTvn���^�efT�^heoX:yfcpeog8y�^_im��g8yoW�c'ef^hg8i¯¤
S�TVX:glyfX�eo^du0clbVcpi q X0wMk�X0yf^_W=X:iCefcpb�yoXtns`vb�e�nBu�g8i 4vyfW eoTvX q X:no^_�li�u�TVgl^du�XtnJcpi q clkVkVb_^_u:cp�V^_b_^�e{r�gp�§gl`VyBeoX:u�TviV^ �C`VX8¤<-�`vu�T

��glyf�È^dnYb_X��ÇeY��glyY��`VyoeoTvX0y�n{ef` q ^_X:n:¡¬^_ivu�b_` q ^_iV� u�g8WYkVbhX0eoX­u�Tvclyfc8u#eoX:yo^_£:cpeo^_gliFcli q kVyfgMgp�R^hi cp�vnseoy�clu�e�^_iCeoX0yfkVyfX�e�c'eo^_gli�¡
u�g8iCeoX�wMeo� noX0ivno^heo^_¢lX�cli q W=g q `vb_cly�^_iCeoX:yokVyfgmu�X q `Vy�cpbvX0wMeoX0i�ns^_glivn:¡Vcpi q X0¢8glb_`meo^_gli-gp��eoTVX/kVyfgpefgpe{rMk�X�^hiCefgYc�bdcpyf�lX0y�u�g8W=�
kV^_bhX:y�^hiV��yfc8n{efyo`vu�eo`VyfXR��gly�yfX:clb��Âns^_£0X q X0wMk�X0yf^_W=X:iCefn:¤
° eB��gl`Vb q clb_nog/��X�kvyog 4Vefcl�VbhX�efg�u�gli�ns^ q X0yJ^heoX:yfcpeog8y
^_iCeoX:yfc8u#eo^_gli�n�^hi�c/WYglyfX�X0¢lg8bh¢8X q ��yfclW=X:�6g8yo�,¥�u0`VyfyoX:i8eJcpi�cpb_rMno^dn

^dn¬y�c'efTVX0y�u�gli�nsX:yo¢'c'ef^h¢8X�^hi�eoTVX/u0c8nsXjgl�¯^�efX0y�c'efgly6u0bhg8iV^_iV�v¤ �6glWYkvclyo^_iV��u�g8iCefcp^_iVX:y¬k�g8no^�ef^hg8ivn6u0gl`Vb q ^_iC¢8glb_¢lXjX0wmkVyoXtnono^_¢lX
cp��n{efyfc8u#eo^_gli�n
no`vu�TYcln
xByfX:no�V`Vyf�lX:y�clyo^heoTvW=X0eo^du0n:¡pX:nok�X:u�^dcpb_b_r
��glyBclyoy�cËrmn|�×�l�W� ¤J\M`vu�TYcpkVkVyfg8c8u�TVX:n
noX0X0W*kVyog8WY^_no^hiv�R��cËrmn
eog���`VysefTVX0ya^hWYkVyfg'¢lX�kVyfX:u0^_no^_gli �
eoTvX q y�cË���vclu��mnR��X:^hiv��u�g8W=kvbhX0wM^he{r cli q noX0yf^hg8`vn q ^ :�u0`Vbheo^_X:naeog­Tvcli q b_X�n{efyo`�u#eo`vyfclb
`Vk q c'efX:n�b_^_�lX q rMivcpWY^duR^hivnoX0yoeo^_gli�n�cpi q�q X0b_X�ef^hg8ivn:¤
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����


: (a q b)/ ≡ (a / b)/.
¦ 1C¨

q �6glWa�viVX:nfn�kVyog8kvcp�Cc'efX:n¬eoTVyfgl`V�8T-g8k�X:yfcpeog8y · ¥

∀a, b, c ∈
����


:
�"�#�! 

(a) =⇒ a · (b / c) ≡ a · (b q c).
¦ �p¨

|}n�c�yoXtns`Vbhe:¡
d
^_n�cYu�g8Wa� q ^hyfX:u�eo^_gli�^���cpi q glivbhr�^h��^�eju0cli-��X/X�wmkVyfX:nfnsX q ��^heoTVg8`mejglk�X0y�c'efgly

/
¦�iVX:^�efTVX0y��V^_ivclyor

iVgly�`Vivcpyfr/¢lX:yfno^hg8ivn�¨#¤�|}i�^_i q `vu�eo^_¢lX�cpkVkVb_^du0c'ef^hg8i�gp�
¦ �p¨��l^_¢lXtn�c�& *.#%"+�2�32�/@*[d>" �$& !=-2�3*./.��d�eog/u�TVXtu��/cliMr q ^hyfX:u�eo^_gli
X�wmkVyfX:nfns^_gli���glyju�g8Wa�VivX:nfn0¤
S�TVX.��g8`Vy�g8k�X:yfcpeogly�nYgli q ^_yfX:u#ef^hg8ivn�TvcË¢8X q ^dn{efyo^_�V`mef^h¢8X�cpi q kvclysef^_clb q ^dn{efyo^_�V`mef^h¢8X­kVyfglk�X0yoeo^_X:n�¦½kVyogMgl�½n�^hi�\mX:u#�

eo^_gli�JR¤ ~8¨#¤
a · (b q c) ≡ (a · b) q (a · c) a q (b · c) ≡ (a q b) · (a q c)
a · (b / c) ≡ (a · b) / (a · c) a / (b · c) ≡ (a / b) · (a / c)
a q (b / c) v (a q b) / (a q c) a / (b q c) ≡ (a / b) q (a / c)

(a · b)/ ≡ a/ · b/ (a / b)/ ≡ a/
/ b/

� ^_nseoyf^h�v`meo^_¢M^�e{r kVyog8k�X:ysef^hXtn�gp�
·
cli q

q
¦�yfX:nok¯¤

/
¨�cpyfX­ns^_WY^hbdcpy�efg eoTVgCnsX.��g8y�bhg8�l^du0clb�glk�X0y�c'eog8yfn:¥�eoTVX�b_cpeseo^du�X­gl�

q ^_yoXtu#ef^hg8ivnY^_n�c8u#ef`vcpb_bhr q ^_nseoyf^h�v`meo^_¢lX8¤ -�glyfX0g'¢lX:y:¡j¦:18¨YnsefcpeoX:n=efTvc'e
(a q b)/

u:cpi ��X­no^hWYkVb_^(4�X q ^hiCefg
(a / b)/

¤ «Vg8y
^_W=kvbhX:W=X:iCefc'ef^hg8i�cpi q eoTVX:glyfX�ef^_u:cpbvkv`Vyok�g8noX:n:¡8eoTV^dn¬W�cËrYb_X:c q efg�efTVX q X 4viV^heo^_gli�gp� #%-2��d:�$&�v -7��d��}��gly q ^_yoXtu#eo^_gli�n0¤ ª X
��^_bhb¯g8iVb_r�`vnoX�efTVX
��X:cp�8X0y 3KJ c'eoeoX0iv^hiV� 5 yfX:no`Vbhe:¡mTVg'��X0¢8X0yt¤

Æ�Æ!ÌON!P�QSRST



� � ²M¶ � ² � � 	 # ' b�*[��"�� /@*1-$#
d

�+�$# k+" xu�3*./ / " # �)� �$# " ��] *po)�$&5" # / " � !S��"3�+�3*1-�#�x	� "1��"
·
-$# & ' -
! "1�
��/�"3�>-�#�!G�3*[d *./@*po�"

b�*[�
"\� / *1-�#?�
�i � Ci � Bi �

��#Sb /.� " *[�X] # �7�3'
/

�
-2] # /�"1� ! �7�3/@�
C

/

i

��#Sb
B

/

i

� v -2�>�$&.&,*./ "����$/ -2�+� 	 �
�
x	�?"���"

/
-+!?"�����/�" �>-$#

��]q�
�
·
2 v �/� /�-7�+�

�
�$#Gb x	�?"���"

q
-
! "1�
��/�"3��-$# ��]q�
�

/
2�/�"1��d����


 X0e
`vn/X0i q eoTv^_n�noX:u�eo^_gli ��^�efT q ^_nseoyf^h�v`meo^_¢M^�e{r�kvyog8k�X:ysef^hXtn}��g8y
α
cpi q

γ
¤*J�r q X 4viV^heo^_gli¯¡

γ
^_n q ^dnseoyf^h�V`Veo^_¢lXYg'¢lX:y

eoTvX
W=X:X�ejg8k�X:yfcpeogly�gl��X:c8u�T-bdc'eoeo^du�X8¤ -­gliVgleog8iV^_u0^�e{r�g8iVb_r�rM^hX:b q n}c�k�cpyoeo^dcpb§yfX:no`Vb�e���g8y
α
¥

∀d, d′ ∈
����


: γ(d · d′) = γ(d) ∩ γ(d′)
∀C, C ′ ⊆

�"�����
: α(C ∩ C ′) v α(C) · α(C ′).

�6gliM¢8X0y�nsX:bhr8¡
α
^_n q ^_nseoyf^_�V`meo^_¢lX6g'¢lX:y,eoTVX�z{gl^_i�glk�X0y�c'efgly§gp�VXtclu�T/bdc'esef^_u0X�¦�eoTV^dn�^dn¯kvyog'¢8X0i/^hi=\MX:u�eo^_gli%JR¤ �8¨#¤<-­gliVgleog8iV^_u0^�e{r

glivbhr�rM^_X0b q n�cYkvclysef^_clb�yfX:no`Vbhe���gly
γ
¥

∀C, C ′ ⊆
��� � �

: α(C ∪ C ′) ≡ α(C) q α(C ′)
∀d, d′ ∈

����

: γ(d q d′) ⊇ γ(d) ∪ γ(d′)

� �SR�$¯�������B� ���������
	-�������/�
����� � �
����%'$

S��6g�no^hWYkVb_X
kVyfglk�X0yoeo^_X:n�gp�
γ
cpyfX�`�nsX q ^_i�eoTVX
kvyogMgp�½n:¤

�¬² � ��� � �3# /.� " b " � #0*./@*1-$#?� -�v
γ(e q e′)

��#Gb
γ(e / e′) �

-�# "_d>��' �
� - -�� "
µe

�$#Gb
µ′

e

x,*./.��b$*��pn -�*.# /Xb -2d:�$*.#?�
x,*./9�?-7] /�&5�/��� -Kv�! " #%"�����& *./ ' �

�¬² � ��� � �;v
(µ, ν)

k+" &5-�#"!�� /�-
γ(e)

�$#Gb
µ/P

*�� /.� "g�
"3�3/ �3*
� / *1-�# -Kv
µ
/�-��>� " /

P
-Kv�! -)�3*./ *1-�#?� �5! -)�+�3*
k &('�"1d !%/ ' �

�/9�?" #
(µ/P , ν)

��& � - k+" & -�#�!$� / -
γ(e)
�

� U�W X�Y � � Z^]`cCcfegZ\h X�Y � �de l b,c6Y[Z
ª X 4vy�n{e�yoX:¢C^_X0� u0glWa�viVX:nfn�kVyfglk�X0yoeo^_X:n:¤­|jb_b6kvyo^_WY^�ef^h¢8X q ^_yoXtu#ef^hg8ivnacl�vn{efyfc8u#e�g8iVbhr u�g8iViVXtu#eo^_gli�n

(µ, ν)
��TVX:yoX

µ
^_n

^_i'z{X:u�eo^_¢lX �
γ(d · d′)

TVglb q nRgliVb_r­^_i'z{X:u�eo^_¢lX=WYclkVkV^_iV�8n
µ
^���cpi q gliVb_r�^h�

γ(d)
cpi q YËg8y

γ(d′)
q gv¤aS�TvX q ^_n½z{gl^_iCeRy�cpiV�8X

u�g8i q ^heo^_gli ^hi
γ(d q d′)

X0ivno`VyfX:n=efTvc'e�^he�TVglb q nY^_i'z{X:u�eo^_¢lX­W�cpkvkV^hiv�8n
µ
��TVX0i ��gpeoT

γ(d)
cli q

γ(d′)
q gv¡�cpi q eoTvX

u�g8i q ^heo^_gli�^_n}cpbdnsg=iVX:u0X:nfnoclyor8¤
|j��n{efyfc8u#e}^_iCeoX0yfkVyfX�e�c'eo^_gli�clbhb_g'�jn�`vn}eog-�l^_¢lXac q ^_yoXtu#e q X 4viV^heo^_gli gp� ��������� � ����cpi q ��� 	�
 � �����#¤}° eR^_n�X:c8nsr-eog�u�TVX:u��

eoT�c'e�eoTvX/��glb_bhg'��^_iV�=X �C`vc'ef^hg8ivn�cpyfXRX �C`V^_¢ËclbhX:iCe�eog=eoTVX
^_i q `�u#eo^_¢lX q X 4viV^heo^_gli.^_i�\MX:u�eo^_gli.~V¤_�l¤
��������� � ���

(d, d′) ⇐⇒ ∀(µ, ν) ∈ γ(d), (µ′, ν) ∈ γ(d′) :
� �#�������

(µ) ⊂
� �#�������

(µ′) ∨
� �#�������

(µ′) ⊂
� ���������

(µ)
��� 	�
 �����
�

(d, d′) ⇐⇒ ∀(µ, ν) ∈ γ(d), (µ′, ν) ∈ γ(d′) :
� �#�������

(µ) ∩
� ���������

(µ′) = ∅.

S�TVX:i¯¡v^he}^dn�X:c8nsr�eog�noX0X/eoT�c'e ��������� � ���
(d, d′)

^_n}X �C`V^_¢'cpb_X0iCe�eog
d q d′ @ �i

��gly�nsg8W=X
^heoX:yfcpeog8y�FC¡�cpi q ��� 	�
 �����
�
(d, d′)^dn�X �C`V^_¢ËclbhX:iCe�eog

d · d′ ≡ ∅
¤

��X:W=X:Wa��X0y�efTvc'e�u0gl^_ivu�^ q X:i8e q ^_yfX:u#ef^hg8ivn�cp��n{efyfc8u#eju�g8iViVX:u�eo^_glivnj��TVg8noX q glW�cp^_i�^_n�X:^�efTVX0y}X0WYkme{r�g8yjc�ns^_iV�8bhX0eogli�¤
S�TV^dn¬^dn�^hWYkVb_^_X q �Mr 
 X:WYWYc�~V¥

µ
cpi q

µ′ ��^�efT�X:W=kVe{r=g8y�no^_iV�lb_X�efgli q g8W�cp^_ivn¬clyoX}eoTVXRgliVb_rY�M^hi q gp�¯W�cpkvkV^hiv�a��TV^du�Tnfc'eo^dns��r�eoTVX q X 4viV^heo^_gli.gl� ��������� � ���'¤

� U�� �Vb � ����b � _ eHa�bKY[Z\c
q ©��C`V^h¢'clbhX:ivu�X/gp� ∗ cpi q Ci q �i q Bi

¤

γ(Ci q �i q Bi) =
{
(µ, ν) ∈

�"�����
| ∃µ1, µ2, µ3 :

� � 
*���$� � � � (µ1) ∧
� � 
*���$� � � � (µ3)

∧
(
∀p ∈

� ���������
(µ) : µ(p) ∈ {µ1(p), µ2(p), µ3(p)}

)

∧
(
∀p ∈

� ���������
(µ1) : p < ν(

F
)
)

∧
� ���������

(µ2) = {ν(
F
)}

∧
(
∀p ∈

� ���������
(µ3) : p > ν(

F
)
)

∧
� � �����

(µ1) ∩
� � �����

(µ2) = ∅

∧
� � �����

(µ2) ∩
� � �����

(µ3) = ∅

∧
� � �����

(µ1) ∩
� � �����

(µ3) = ∅
}
.
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S�TC`�n0¡8eoTVX�eoTvyoX:X�W�cpkvkV^hiv�8n
µ1, µ2, µ3

cpyfXjyfX �C`V^_yoX q eog=TvcË¢lX q ^_n½z{gl^_iCe q g8W�cp^_ivn0¡Cefga��X�^_i'z{X:u�eo^_¢lX8¡Mcli q efgaTvcË¢8X
q ^_n½z{gl^_iCe�yfcliV�lXtn0¤�S�TV^dn�^_n�X��C`V^h¢'clbhX:i8e�efg

µ
��X0^_iV�Y^hipz{X:u#ef^h¢8X
^�e�nsX:b��{¥

γ(Ci q �i q Bi) =
{
(µ, ν) ∈

�"�����
:
���%
 �
�$� � � � (µ)

}
.

q ° eoX0y�c'efX q cpkVkvbh^du0cpeo^_gli�gl�
g8k�X:yfcpeog8y
/
¤ 
 X0e

(µ, ν) ∈ γ(d/)
¤

∃µ′ :
� ���������

(µ′) =
� ���������

(µ) ∧ (µ′, ν) ∈ γ(d).

S�TVX0yfX���g8yoX8¡MclkVkVb_rM^hiV� 
 X0WYW�c=~v¡

∀p ∈
� ���������

(µ), ∃µp : µ(p) = µp(p) ∧ (µp, ν) ∈ γ(d).

��cpb_bh^_iV�
n
efTVX�u0cly q ^_ivclb�gl��� �#�������

(µ)
¡

∃(µk)1≤k≤n :
(
∀p ∈

� �#�������
(µ), ∃1 ≤ k ≤ n : µ(p) = µk(p)

)
∧

(
∀1 ≤ k ≤ n : (µk , ν) ∈ γ(d)

)
,

TVX0ivu0X
(µ, ν) ∈ γ

(
⋃

n≥1 d / d / · · · / d
︸ ︷︷ ︸

n

)

.
S�TVX/yfX:u�^_kVyfgmu0cpb,^dnjnseoy�cp^_�lTCes��g8yo��cpy q ¤

� U0T ikb�c�a-l b � � a�b�� bKa �>egZ\h � e l-a�b�e�� ikb,c
a-l b � �^a-b��^b@a �

 X0e

a
¡
b
cli q

c
��X�cpiMr q ^_yoXtu#ef^hg8ivn0¤ ª X84vy�n{ejkVyfg'¢lX�eoT�c'e

a · (b / c) ≡ (a · b) / (a · c)
¤

(µ, ν) ∈ γ(a · (b / c)) ⇐⇒ ∃µb, µc :
(
∀p ∈

� ���������
(µ) : µ(p) ∈ {µb(p), µc(p)}

)

∧ (µ, ν) ∈ γ(a) ∧ (µb, ν) ∈ γ(b) ∧ (µc, ν) ∈ γ(c)

⇐⇒
(
∃µb, µc :

(
∀p ∈

� �#�������
(µ) : µ(p) ∈ {µb(p), µc(p)}

)

∧ (µb, ν) ∈ γ(a) ∩ γ(b) ∧ (µc, ν) ∈ γ(a) ∩ γ(c)

⇐⇒ (µ, ν) ∈ γ((a · b) / (a · c)).

ª X
kVyog'¢8XjefTvc'e
a / (b · c) ≡ (a / b) · (a / c)

¤ 
 X�e
(µ, ν) ∈ γ(a / (b · c))

¤¬S�TVX0yfX
cpyfX�W�clkVkV^_iV�8n
µa
cpi q

µbc
no`vu�T

eoT�c'e
(
∀p ∈

� �#�������
(µ) : µ(p) ∈ {µa(p), µbc(p)

)
∧ (µa, ν) ∈ γ(a) ∧ (µbc ∈ γ(b) ∩ γ(c)).

-�clkVkV^_iV�8n
µa
cpi q

µbc
nfc'eo^dns��r���gleoT­u�g8i q ^heo^_glivn�gl�

a / b
cpi q

a / c
¡MefTM`vn

(µ, ν) ∈ γ((a / b) · (a / c))
¤ �6gliM¢lX:yfnoX0b_rl¡M^h�

(µ, ν) ∈ γ((a / b) · (a / c))
¡meoTVX:yoX
clyoX/W�cpkVkv^hiV�Cn

µab
¡
µac
¡
µb
¡vcpi q

µc
no`vu�T-eoTvcpe

(
∀p ∈

� ���������
(µ) : µ(p) ∈ {µab(p), µb(p)} ∧ µ(p) ∈ {µac(p), µc(p)}

)

∧ (µa, ν) ∈ γ(a) ∧ (µ′
a, ν) ∈ γ(a′) ∧ (µb ∈ γ(b)) ∧ (µc ∈ γ(c)).

ª X/u:cpi��V`V^_b q
µa
ns`vu�T-eoT�c'e

µa(p) = µab(p)
��TVX0i

µ(p) = µab(p)
cpi q

µa(p) = µac(p)
��TVX:i

µ(p) = µac(p)
¡Vcpi q

��X�efTVX0i.yfX0kVbdclu0X/��gleoT
µab
cli q

µac
^_i-efTVX/kVyfX0¢M^hg8`vn�yfX:no`Vb�et¥

(
∀p ∈

� ���������
(µ) : µ(p) ∈ {µa(p), µb(p)} ∧ µ(p) ∈ {µa(p), µc(p)}

)

∧ (µa, ν) ∈ γ(a) ∧ (µb ∈ γ(b)) ∧ (µc ∈ γ(c)).

$jg'�
¡l��TVX0i
µ(p)
q ^ ��X:yfn
��yfglW

µa(p)
¡l^heBTvclnJeog/��X}X �C`vcpbMefg/��gleoT

µb(p)
cli q

µc(p)
¤ ª X�W�cËr
efTC`�nJ�V`V^_b q cRW�cpkVkv^hiV�

µbc
no`vu�T-eoTvcpe

(
∀p ∈

� �#�������
(µ) : µ(p) ∈ {µa(p), µbc(p)}

)
∧ (µa, ν) ∈ γ(a) ∧ (µbc ∈ γ(b) ∩ γ(c)),

TVX:ivu�X
(µ, ν) ∈ γ(a / (b · c))

¤
xByfgMgp�½n���g8y�W�`meo`vclb q ^_nseoyf^h�v`meo^_¢M^�e{r ��X�e{��X0X0i

·
cpi q

q
clyoX�b_^_�lX0��^dnoXl¥ eoTVX q ^ z{g8^hiCe�yfcliV�lXtn�u�g8i q ^heo^_gli q gMXtn�iVgle

^_i8efX0yo��X0yfX/��^�efT-efTVX/��glyfWYX0y�yfX:clnogliv^hiV��¤
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ª X
kVyog'¢8XReoTvcpe
a q (b / c) v (a q b) / (a q c)

¤ 
 X0e
(µ, ν) ∈ γ(a q (b / c))

¤�S�TVX0yfX�cpyfX/WYclkVkV^_iV�8n
µa
cli q

µb
cli q

µc
no`vu�T-eoTvcpe

(
∀p ∈

� ���������
(µ) : µ(p) ∈ {µa(p), µb(p), µc(p)}

)
∧ (µa, ν) ∈ γ(a) ∧ (µb, ν) ∈ γ(b) ∧ (µc, ν) ∈ γ(c)

∧
� � �����

(µa) ∩ (
� � �����

(µb) ∪
� � �����

(µc)) = ∅.

\M^_ivu�X � � �����
(µa) ∩ (

� � �����
(µb) ∪

� � �����
(µc)) = (

� � �����
(µa) ∩

� � �����
(µb)) ∪ (

� � �����
(µa) ∩

� � �����
(µc))
¡v^he�nsTvg'�jn

eoT�c'e
(µ, ν) ∈ γ((a q b) / (a q c))

¤
ª X�X0¢8X0iCeo`vclbhb_r�kvyog'¢8X�efTvc'e

a / (b q c) ≡ (a / b) q (a / c)
¤ 
 X�e

(µ, ν) ∈ γ(a / b) q (a / c))
¤jS�TvX0yfX�cpyfX
WYclkVkV^_iV�8n

µab
¡
µac
¡
µb
cli q

µc
no`vu�T�efTvc'e

(
∀p ∈

� ���������
(µ) : µ(p) ∈ {µab(p), µac(p), µb(p), µc(p)}

)
∧ (µab, ν) ∈ γ(a) ∧ (µac, ν) ∈ γ(a)

∧ (µb, ν) ∈ γ(b) ∧ (µc, ν) ∈ γ(c) ∧ (
� � �����

(µab) ∪
� � �����

(µb)) ∩ (
� � �����

(µac) ∪
� � �����

(µc)) = ∅.

ª X/u:cpi��V`V^_b q
µa
ns`vu�T-eoT�c'e

µa(p) = µab(p)
��TVX0i

µ(p) = µab(p)
cpi q

µa(p) = µac(p)
��TVX:i

µ(p) = µac(p)
¡Vcpi q

��X�efTVX0i.yfX0kVbdclu0X/��gleoT
µab
cli q

µac
^_i-efTVX/kVyfX0¢M^hg8`vn�yfX:no`Vb�et¥
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cli ^_i 4viV^heoX q X:nfu�X0i q ^hiv�.u�T�cp^_iÈnsefclysef^hiV�-��glyfW
e
¡6¦ �l¨Ru�g8Wa�V^_iVX q ��^heoTÈeoTvX
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gp�ReoTVX�u0gliCefcl^hiVX:y�X q �8Xt¨�¤ �6gli�u�yfX�eoX�efyfclivn{��X:y���`Vivu�eo^_gli
τ
^dn q X 4�iVX q cln
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ν′(
�
) = ν(

�
)
��gly}clbhb �

6=
F8¤ J�X:u:cp`vnoX/eoTvX
��glyfWYX0y q X 4viV^heo^_gli�gl�
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gliVb_r
glivX6g8�mz{X:u�e�cl�vn{efyfc8u#efX q �Mr/eoTvXefcpyf�lX0e�iVg q X ��TVX0ivu0X

µ′ = µ′′ cli q (µ′, ν) ∈ γ(d)
¤���i�eoTvXau�g8i8efyfclyor8¡

(µ′′, ν) ∈ γ(d)
cli q

(µ
�
, ν) ∈ γ(d · �i)

¡
eoTM`vn

(µ′, ν) ∈ γ(d / (d · �i)
¤B«
^hivclbhb_rl¡

α(τ(µ, ν)) = α(µ′, ν) v d / (d · �i) = τ ](d)
¤

Q % FD(+U-,/0�JLK
"
S�TvX84vyfnse�yo`vbhX�¦4c'�ÇeoX:yjn{efyog8iV�=iC`vbhb_^(4�u0c'ef^hg8i�¨ q gMX:n�ivgpej^_i8efX0yo��X0yfX���^heoT­u0gliCefcl^hiVX:y�X q �8X:n:¤

�6glivno^ q X0y�efTVX�X q �lX�u�yfX:c'efX q cp�ÇeoX0y�W�c'eoX:yo^dcpb_^_£:c'ef^hg8i­^hi�eoTVX=nsXtu�gli q cpi q efTV^_y q yf`Vb_X:n:¤}S�TVXtnsX�yf`Vb_X:n�gliVb_r q ^��,X0y
^hi�eoTvX�yoX:kVbdclu�X:WYX0iCejgp�

d
�Mr

d · �i
��TVX0i

d
^dn}c�u0glW�� q ^hyfX:u�eo^_gli¯¤�S�TVX
W�c'efX0yf^_clbh^_£0X q u0gliCefcl^hivX0y�X q �lX/efclyo�8X�efn
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cpi gl�mz{Xtu#e�ivg q X
o = n

H∪{ � }
X∪{ � }

¡jcpi q ��X�u:cpb_b
n
eoTVX�no^_iV�lb_X�gl�Vz{X:u#e�cl�vnseoy�clu#efX q �Mr

o
¤�«VyfglW eoTvX�u�g8ivu�yfX�efX

nsX:WYcliCeo^du0n�gp�XU�,/0�JLKM¡
τ(µ, ν) = (µ′, ν)

��TVX0yfX
µ′ ^_n�eoTvX�yfX:nseoyf^du#eo^_gli gp� µ

eog
{p : µ(p) = µ(ν(

F
))}
¤ �}�

u�gl`vyfnoXl¡�TvcË¢M^_iV�
τ ](d) = d

^_iFefTVX�iVglim�Âu�g8Wa��u:clnoX�^dnYnocp��Xl¡B��X:u:cp`vnoX � �#�������
(µ′) ⊆

� ���������
(µ)
cpi q eoTM`vn

α(µ′, ν) @ α(µ, ν)
¤���i�eoTvX�gpefTVX0y�Tvcli q ¡vno`VkVk�g8noX/eoT�c'e

d
^dnjc�u�g8Wa� q ^_yoXtu#ef^hg8i¯¤¬S�TV^dn�X0i�ns`VyfX:nj^hi'z{Xtu#ef^h¢M^he{r�gp�

µ
¡�TvX0ivu0X

µ(p) = ν(
F
) =⇒ p = ν(

F
)
¤�S�TVX0yfX���g8yoX8¡vefTVX q glW�cp^_i�gl�

µ′ ^_n�eoTvX=no^hiv�lb_X�eog8i {ν(
F
)}
¤�«
^_ivcpb_bhr8¡,�6X

TvcË¢lX
(µ′, ν) ∈ γ(d)

cpi q
(µ′, ν) ∈ γ(�i)

¡vTVX0ivu0X
α(τ(µ, ν)) v α(µ, ν) · �i ≡ τ ](α(µ, ν))

¤
S�TV^dn¬noX:u�eo^_gli�X0i q n¬��^heoT�eoTVX�kVyogMgl�,gl� 
 X:W=W�c��8¤ ª X}��glb_bhg'� eoTVX�^hi q `vu#ef^h¢8X q X 4viV^heo^_gli�gl� q ^_yoXtu#eo^_gli�X0wmkVyoXtnono^_glivn:¡

`vno^hiv�=g8k�X:yfcpeog8yfn
·
¡
q
cpi q

/
¤

«
^hy�nse�gp�
cpb_b4¡�cpiMr u�gliviVX:u�eo^_gli
(µ, ν)

ns`�u�T efTvc'e � ���������
(µ) = {ν(

F
)}
^dn�cl�vnseoy�clu#efX q �Mr

�i q d
cpi q

�i / d
¤

-­g8yoX:g'¢lX0yt¡
(µ, ν) ∈ γ(d) =⇒ (µ, ν) ∈ γ(d/)

¤�©¬¢lX0iCef`vcpb_bhr8¡¯u�g8ivns^ q X:y/c q ^_yoXtu#ef^hg8i�gp�6eoTVX=��glyfW
�i · d
¤�|�n�ivgpeo^du�X q

^_i \mX:u#ef^hg8i �m¤ Zv¤ ~V¡¬g8iVb_rFe{��gÈyf`Vb_X:n{[ ^_i eoTVX.efyfclivn{��X:yY��`Vivu�eo^_glivn���gly�U-,/0uJLK�cli q #"V�0�JLK0[ �V`V^_b q q ^_yfX:u#ef^hg8ivnYgp�ReoTvX
��glyfW

�i · d
¤ �}efTVX0y=�ly�cpkvT eoy�cpivns��glyfWYcpeo^_glivn:¡�^hi�u�b_` q ^_iV��z{g8^hi�cpeYu0gliCeoyfglbh� J g'� WYX:yo�8X�k�g8^hiCe�n0¡ q g iVgpeY�V`V^_b q ns`�u�T

q ^_yoXtu#ef^hg8ivn0¤ �6g8ivns^ q X:y�cYu�g8iCefcp^_iVX:y6X q �lXRb_cl��X:bhX q
�i · d

c'ejc�kVyog8�ly�cpW k�gl^_i8e
p
��glb_bhg'��^_iV�Yc�u:cpb_b�efgXU�,/0�JLK�g8y #�V�0�JLKM¤


 X0e
(µ′, ν) ∈ γ(�i · d)

��X�cYu�g8iViVXtu#eo^_gli.clnfnogMu0^_cpeoX q ��^heoT.c�yfX:clb§X�wmX:u0`meo^_gli�gp��eoTVX
kvyog8�ly�cpW.¡8^P¤ Xl¤_¡m^hi�eoTvX�u�glb_b_X:u#ef^hiv�
noX0W�cpiCeo^du0n�cpe

p
¤Q«VyfglW efTVX�u0glivnseoyf`vu#ef^hg8i gl�

µ′ ^hi efTVX�kVyfX0¢M^_gl`vn�nfc'��X0e{r�kVyfgMgp�½n:¡ ν(
F
)
��X0b_gliv�8nYefg�� ���������

(µ′)
¤


 X:WYWYcY~�eoX:yoWY^_ivc'efX:n�efTVX/kVyfgCgl�{¤

� U�� � ](l � b�Z�� ��h�� ]mc
ª X�iVg'�*kVyfg'¢lX�S�TVX:glyfX0W)�V¤ 
 X0e

G = (V, N, R, E, C)
cli q

G′ = (V ′, R′, N ′, E′, C ′)
��XYe{��g.k�g8^hiCefns�Peog­�ly�cpkvTvn

clnfnogMu0^_cpeoX q ��^heoT�c q zsclu0X0iCeB^_ivu�g8W=^_iV�au0gliCeoyfglbh� J g'�FX q �lX:n:¤J\M`VkVk�g8no^hiv�
eoTvcpe
G
cpi q

G′ cpyfXju�g8ivnsX:yo¢'cpeo^_¢lX�cpkVkvyogËwm^_WYcp�eo^_gli�nJgp��k�g8^hiCefns�Peog/yoX:b_cpeo^_glivn:¡p^heBWa`vnseB��X�kVyog'¢8X0iaeoTvcpe
G′′ = (V ′′, R′′, N ′′, E′′, C ′′) = GtG′ ^_n¬n{ef^hb_bvc/u�g8ivnsX:yo¢'cpeo^_¢lXcpkvkVyogËwm^_W�c'eo^_gli���glyjclbhb§kvcpeoTvn�b_X:c q ^_iV�=eogYeoTvX
W=X:yo�8X�k�gl^_iCe�eoTVyfgl`v�lT-eoTVX�u�TVgCnsX:i�^_ivu�g8WY^hiV��u0gliCeoyfglbh� J g'� X q �8X:n:¤

S�TVX}u:clnoXjgp�§¢'cpyf^dcp�Vb_X:n:¡lg8�mz{X:u�efn¬cli q efTVX0^_y6u0gliViVXtu#ef^hg8ivnB^dn6nseoy�cp^_�lTCeo��glyf��cly q ¡pno^_ivu�X
V ′′ = V ∪V ′ ¡ N ′′ = N ∪N ′ ¡

R′′ = R ∪ R′ cli q E′′ = E ∪ E′ ¤

 X0e6`vn6kVyfg'¢lX�efTvc'e

C ′′ = C ∪q C ′ ^dn6c�u�g8ivnsX:yo¢'cpeo^_¢lXjcpkvkVyogËwm^_W�c'eo^_gliYgl��u�gliCe�cp^_iVX0y�u�gliviVX:u�eo^_glivn�c'�ÇefX0yBefTVXRW=X:yo�8X
k�gl^_i8et¤ �6gli�ns^ q X0yf^_iV�.^hiÈeo`vyoi u�g8i q ^heo^_glivclb_n
cli q bhgMg8kvn0¡��6X�noTVg'� efTvc'e

e′′ = l
dqd′

−→ o
cp��n{efyfc8u#efn/X:¢lX:yor�u0gliVivX:u#ef^hg8i

kVyfX0¢M^_gl`vnobhr�cl�vnseoy�clu#efX q �Mr�X0^heoTVX:y
e = l

d
−→ o ∈ C

gly
e′ = l

d′

−→ o ∈ C ′ ¤
q ©JwVu�b_`vns^_gli yo`vbhXtn�g8i u0gli q ^heo^_gli�cpbdn-¦½��^�efT g8y=��^heoTvgl`me�, M I2, u0c8nsX8¡¬cpi q cpyf�V^heoy�cpyfr�I �SF�0GR  u0glivnseoyf`vu�efn�¨�g8iVbhr
cpb_bhg'�jn
c­no^hiv�lb_X�X�wmX:u0`meo^_gli kvcpeoTÈeog���X�¢'cpb_^ q ��g8yac.�l^_¢lX:i ^hivnsefclivu�X�gl�6efTVX�WYX0yf�lX�k�gl^_iCe q `Vyf^hiv�­X�wmX:u0`meo^_gli¯¤
�6TVgMg8no^hiV�

d q d′
^dn�eoTM`vn}nocp��Xl¤

q 
 gMglkvnj^hi q `vu�X
e{��g�WYX0yf�lX�k�gl^_iCefn:¥¬��Xau�g8ivno^ q X:y}c��8^h¢8X0i9��] # 2�/ *[d:" *.#?�3/���#S�
"�gl��X:^�efTVX0y}eoTVXaX�wm^�e�k�g8^hiCe�g8y�eoTvX
^�efX0y�c'eo^_gli�k�gl^_i8et¤ 
 X�e

(µ, ν) ∈ γ(d)
cpi q

(µ′, ν) ∈ γ(d′)
��X/e{��g�u�gli?4v�l`Vy�c'ef^hg8ivn�cp�vnseoy�clu�eoX q �Mr

e
cpi q

e′
¡V��g8y

eoTV^dn�kVyoXtu�^dnsXRyf`Vim�Peo^_W=XR^_ivn{e�cpivu0Xl¤ -­g8iVgpefgliV^du�^he{rYkVyog8k�X:ysef^hXtn¬gl��efTVX�^heoX:yfcpeo^_¢lX/cpivclbhrmno^_n¬X0im��g8yfu0X}efTvc'e
µ ⊆ µ′ g8y

µ′ ⊆ µ
¡M^P¤ X8¤h¡MefTVX q glW�cp^_i�gl��glivX�W�cpkvkV^hiv��^_ivu�b_` q Xtn6eoTVXRgpefTVX0y�cpi q ��gpeoT�W�cpkVkv^hiV�Cn�u�gl^_ivu0^ q X�gli�eoTVX
noWYclbhb_X0y

q glW�cp^_i¯¤�|�nRc-yfX:no`Vb�et¡Mz{gl^_iV^_iV�
µ
cpi q

µ′ ^hiCeog�c�ivX0� W�cpkvkV^hiv� µ′′ rM^hX:b q n�X:^�efTVX0y µ′′ = µ
g8y

µ′′ = µ′ ¤aS�TvXWYclkVkV^_iV�
µ′′ ��yog8W eoTvX�u�gli?4v�l`Vy�c'ef^hg8i (µ′′, ν′′) ∈ γ(e′′)

cpe�efTVX�nfcpWYX/yo`ViV�4ef^hWYX/^hi�n{e�cpivu0X
^_n�efTC`�n�kvcpyoeo^heo^_glivX q
^hiCeog

µ′ \ µ
cpi q

µ \ µ′ ��^heoT q ^dn�z{g8^hiCejy�cpiV�8X:n/¦�g8iVX/gp�
eoTVX:W&^dn�X0WYkme{rV¨#¤ �}X0ivu0X (µ′′, ν′′) ∈ γ(d q d′)
¤

S�TV^dn�u�g8ivu�b_` q Xtn�eoTVX
kVyfgMgp�{¡Vu0gli q ^heo^_gli�cpbdn�cpi q bhgMg8kvn���X:^hiv��efTVX
glivbhr�u0clnoX:n�gl�
WYX0yf�lXRk�gl^_i8e�n�¦�ivg U-m/0-mCnf¨�¤
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