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p w)q�v�t�x+u�t/¹&x+v�q�t�Ù'¹&q�|�¹&u�v�tÈ�+t�s s�ú�s�v�����t�s �+tDv�x+z t�sûÖYt�s�sâ¹&|�!�{7t�ss�ú�s�v�����t�s×�+tÚv�x+z�t�s,Ö�t�s�sâ¹&|���w���|��.r�s���Ø�uDp�t�v�|}v,�+r�vâ¹&|}{¿��|�� r�q�t�u�Ò�|7t$Ò�t�s×s�ú�s�v�����t�s�é��a¹&|7s�|}{t�s�vcs�x�©asâ¹&u�vÞp�w)x+q�¹&v�v�t�|}u���q�ty{�¹$p+x+|7s�sâ¹&u�Ò�ty� � t���p+q�t�s�s�|7w)u*� � x+u�t,�a¹)Ò�æ+|}u�tÚ�+t ã x+q�|}u+Ó ¹�Ù�t�Ò�+t�x�� v�x+z�t�sÞx+u+|7~�x�t���t�u�vX�+ñ×w)x�s�q�t��a¹&q�~�x�w)u�sc~�x�tyÒ�t×q�r�s�x+{}vâ¹&vct�s�v�v�q���sc��|�©aÒ�|}{7tÚÖçw)z+v�t�u+|}qsâ¹&u�s x+v�|}{}|7s�t�q {�¹Y��r�v�æ�w��+t/�+t�s ��w){7r�Ò�x+{7t�sD¹)s�s�|7s�vâ¹&u�v�t�s�é�Ò�¹&q {7tÈs�ú�s�v�����tÈÒ�w)q�q�t�s�p�w)u���¹&u�vp w's�s����+tÞx+u Ò�w)�
p�w)q�v�t���t�u�v�t���v�q�*���t���t�u�v�Ò�w)�
p+{7t��+t,��å,tÞ�"*���t'é�{7t�Ò�w)u.Ò�t�p+v��+tÞp w)x+z�t�{}{7t��w)z+|}{7t'éc~�x.¹&u�� {7t�s ��w){7r�Ò�x+{7t�s*|}u��+r�s�|}qâ¹&z+{7t�s*r�Ù�|}v�t�u�vû{7t�s q���Ó'{7t�s*~�x+|,p t�x+Ù�t�u�vû{7t�x+qY*�v�q�t¹&p+p+{}|7~�x�r�t�s�é+u�r�Ò�t�s�s�|}v�tyx+u�tyz�w)u+u�tÚs�ú�u�Òâæ+q�w)u+|7sâ¹&v�|7w)uDt�u�v�q�tÚ��|�� r�q�t�u�v�t�scp.¹&q�v�|7t�s���xDÒ�¹&{7Ò�x+{��

Å l�«+§[ª�®�´&¸ n
åy¹&u�s�Ò�t�Òâæ.¹&p+|}v�q�t�u�w)x�s�u�w)x�s�Ò�w)u�Ò�t�u�v�q�w)u�s�s�x+q�{7t�s�s�ú�s�v�����t�s�Öy��t���z+qâ¹&u�t�s�é�t�uap.¹&q�v�| íÒ�x+{}|7t�qcs�x+q�{7t�s�Ù'¹&q�|�¹&u�v�t�sÞ~�x+|�x+v�|}{}|7s�t�u�v�{�� w)p�r�qâ¹&v�|7w)uD�+t�{�¹�q�t�Ò�w)�$z+|}u.¹&|7s�w)u0�+ñ×w)x�s���w)u�v�q�w)u�s~�x�ta{�¹D�+r���u+|}v�|7w)u¤w)q�|}Ó'|}u.¹&{7tû�+t�s$s�ú�s�v�����t�s
Öû��t��$z+qâ¹&u�t�s�¹�Ù�t�Òaq�t�Ò�w)��z+|}u.¹&|7s�w)u¤p�w's�s����+t�+t�s�{�¹)Ò�x+u�t�sÞt�v�u�w)x�s�p+q�w)p�w's�w)u�s�p+{}x�s�|7t�x+q�sÞs�w){}x+v�|7w)u�s���ñ×w)x�s���w)u�v�q�w)u�s�¹&x�s�s�| ~�x�t�{�¹Úp+x�|}s ísâ¹&u�Ò�t×� � t���p+q�t�s�s�|7w)u �+t�Ò�t�s�s�ú�s�v�����t�s�¹�ú�¹&u�v�x+u�t×s�t�x+{7t���t���z+qâ¹&u�t,�+r�p�t�u�� �+tc{�¹�s�w){}x+v�|7w)uÒâæ�w)|7s�|7t,��åy¹&u�sc{7ty�"*���t�Òâæ.¹&p+|}v�q�t'é�u�w)x�s�Ò�w)u�s�|7�+r�q�w)u�s×� � ¹&x+v�q�t�s�Ù'¹&q�|�¹&u�v�t�s��+t�s�s�ú�s�v�����t�s×Ö
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��t��$z+qâ¹&u�t�s¿Õ w)u��+r�s¿s�x+q¿{�¹cq�t�Ò�w)��z+|}u.¹&|7s�w)uY!�{7t�s[s�ú�s�v�����t�s[Öc��t���z+qâ¹&u�t�s�¹�Ù�t�Ò�q�t�Ò�w)�$z+|}u.¹&| ís�w)u�u�w)u�í³r�v�t�u���x�s�t�v�{7t�s�s�ú�s�v�����t�s�Ö,��t���z�qâ¹&u�t�s�¹�Ù�t�ÒÞq�t�Ò�w)��z+|}u.¹&|7s�w)u t�v�Ò�w)�
�$x+u+|7Ò�¹&v�|7w)u|}�
��r���|�¹&v�tût�vçu�w)x�sç��w)u�v�q�w)u�s
Ò�w)�
��t�u�v
|}{�t�s�vçp�w's�s�|}z+{7t �+t ��|}�
|}u�x�t�q
{7t�x+qçp.¹&qâ¹&�"��v�q�t�+t
Ò�w)�
p+{7t���|}v�rçp+q�|}u�Ò�|}p.¹&{s!�{7t$u�w)�$z+q�t
�+t�s,��t��$z+qâ¹&u�t�s���ñ×w)x�s,p+q�r�s�t�u�v�w)u�syx+u�t
s�w){}x+v�|7w)u�+r���u+|}v�|}Ù�t'é[Ò�¹&q$u�w)x�sç��w)u�v�q�w)u�sçx+u�taÕ1q�w)u�v�|���q�t t�u�v�q�ta{�¹��+r�Ò�|7��¹&z+|}{}|}v�rût�v${�� |}u��+r�Ò�|7��¹&z+|}{}|}v�rp w)x+q�Ò�t�s�s�ú�s�v�����t�s�� ñ×w)x�sy��w)u�v�q�w)u�s$¹&x�s�s�|�~�x�tç{�¹ ��r�v�æ�w��+ta�+t�sy��w){7r�Ò�x+{7t�s$¹)s�s�|7s�vâ¹&u�v�t�st�s�v�¹&p+p+{}|7Ò�¹&z+{7t���¹&u�s�Ò�t,u�w)x+Ù�t�{�t�u�Ù�|}q�w)u+u�t���t�u�v��ë¿|}u.¹&{7t���t�u�v�écu�w)x�sûp+q�r�s�t�u�v�w)u�sD~�x�t�{7~�x�t�s*Ò�w)u�Ò�{}x�s�|7w)u�s�t�v*~�x�t�{7~�x�t�sûp�q�w)z+{�����t�s�w)x�íÙ�t�q�v�s��
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åy¹&u�syÒ�tçÒ�æ.¹&p+|}v�q�tçu�w)x�s�� �+w)u�s×{7t�s,u�w)vâ¹&v�|7w)u�sy~�x�t$u�w)x�sy¹&{}{7w)u�s,x+v�|}{}|7s�t�qyp.¹&q,{�¹as�x+|}v�t,�Ô[w)x+qcp+{}x�sc�+tÚ�+r�vâ¹&|}{7s�Ò�w)u�Ò�t�q�u.¹&u�v�{�¹çv�æ�r�w)q�|7tÚ�+t�sÞ{�¹&u+Ó�¹&Ó�t�sÞÕ w)q���t�{7scÙ�w)|}q¯¢}��UX£�t�v¯¢ ��4�£+�
È±É�È ÊÌË �������ÎÍ�Ï±�Ð±Ï±Ð±���

ñ×w)x�s�u�w)v�w)u�s
N
{�� t�u�s�t���z+{7ty�+t�s�t�u�v�|7t�q�s�u.¹&v�x+q�t�{7s {0, 1, 2, . . . } t�v N

+ {�� t�u�s�t���z+{7ty�+t�st�u�v�|7t�q�scs�v�q�|7Ò�v�t���t�u�vcp w's�|}v�| Õ s {1, 2, . . . } �+ñ×w)x�s�u�w)v�w)u�s�¹&x�s�s�| ∅ {�� t�u�s�t���z+{7tyÙ�|7�+tyt�v P(X){�� t�u�s�t��$z+{7t×�+tcv�w)x�s�{7t�s�s�w)x�s í³t�u�s�t���z+{7t�s��+t X ��ø�tcu�w)�$z+q�t×� � r�{7r���t�u�v�s�� � x+u t�u�s�t��$z+{7t Xt�s�vÞu�w)v�r Card(X) �Ø�u Ý�Ñ ß Ò�ÝqÓâÍ�Ï t�s�v x+u�t�u�s�t���z+{7t���u+|�t�v�u�w)u�í�Ù�|7�+t��+t<s�ú��$z�w){7t�s���Ø�u õ�à'Ï s�x+q x+u$¹&{}p+æ.¹&z�t�v
V t�s�v�x+u�t�Ò�w)u�Ò�¹&v�r�u.¹&v�|7w)u �+t�s�ú���z w){7t�s�é���|}v�s�¹&x�s�s�| Ñ7Í�Ï Ï1ÌâÍâá é��+t V ��ø�¹ÚÒ�w)u�Ò�¹&v�r�u.¹&v�|7w)u Ù�|7�+tt�s�v�¹&p+p t�{7rc{7t õ�à'Ï�®�ËÕÔ�Í t�v�t�{}{7t�t�s�v�u�w)v�r�t ε ��ø�� t�u�s�t���z+{7t,�+tcv�w)x�s�{7t�s���w)vâs�s�x+q V t�s�v�u�w)v�r
V ∗ � ø�� t�u�s�t��$z+{7t��+t$v�w)x�s,{7t�s,��w)vâsys�x+q,x+uY¹&{}p+æ.¹&z�t�v V é t��+Ò�t�p+v�rç{7tç��w)v,Ù�|7�+t'é t�s�v,u�w)v�r
V + � ã w)x+v�s�w)x�s í³t�u�s�t��$z+{7tÚ�+t V ∗ t�s�v�¹&p+p t�{7r Ñ}Ý)ö�Ö�Ý�Ö�Í s�x+qÞ{�� ¹&{}p+æ.¹&z�t�v V �

1�| x = x1x2
¹�Ù�t�Ò x1, x2 ∈ V ∗ é+w)uD��|}v�~�x�ty{7t,��w)v x1

t�s�vcx+u ß.Ì�×ÙØ�ô�Í �+t x t�v�~�x�t,{7t��w)v x2
t�s�v�x+u á�ÐÛÚFô�Í �+t x ��1�| x = x1x2x3

¹�Ù�t�Ò x1, x2, x3 ∈ V ∗ é x2
t�s�v�¹&p+p t�{7rcÕ�¹)Ò�v�t�x+q�+t x ��ø�� t�u�s�t��$z+{7t��+t�s�p+q�r�� �+t�s�é�s�x�©<�+t�s�t�v�Õ�¹)Ò�v�t�x+q�s � � x+u ��w)v x t�s�v�u�w)v�r Pref(x) é

Suf(x) t�v Fact(x) é�q�t�s�p t�Ò�v�|}Ù�t���t�u�v��ø�¹ Ñ}à)ö�Ö)Ð�Í�Ð�Ì ��x*��w)v x ∈ V ∗ t�s�vÞ{7tyu�w)�$z+q�t��+tÚs�ú���z w){7t�s�~�x+|¿¹&p+p.¹&qâ¹&|7s�s�t�u�v×��¹&u�s xt�v�t�{}{7t�t�s�v�u�w)v�r�t |x| ��ø�tÞu�w)�$z+q�t��+t�s�w�Ò�Ò�x+q�q�t�u�Ò�t�s�� � x+u s�ú���z w){7t a ∈ V ��¹&u�s x ∈ V ∗ t�s�vu�w)v�r |x|a �	1�| x ∈ V ∗ t�v U ⊆ V é.w)uDu�w)v�t |x|U {}t�u�w)��z+q�t$� � w�Ò�Ò�x+q�q�t�u�Ò�t�sy�+t�s×s�ú���z w){7t�s�+t U ��¹&u�s x �#�u�u�w)v�t {7t�sçw)p r�qâ¹&v�|7w)u�sçz w�w){7r�t�u+u�t�s�s�x+q${7t�s${�¹&u+Ó�¹&Ó�t�s
� � x+u�t �a¹&u+|���q�t æ.¹&z+|}v�x�t�{}{7to!{�� |}u�v�t�q�s�t�Ò�v�|7w)u�t�s�vÞu�w)v�r�t ∩ é�{�� x+u+|7w)u ∪ w)x + t�vc{�¹ç��|�� r�q�t�u�Ò�t \ �ø�¹ Îâà)ö�Î�Ý'Ï+×�ö�Ý'Ï1Ë à)ö �+ty�+t�x��û{�¹&u+Ó�¹&Ó�t�s L1
t�v L2

t�s�vc�+r���u+|7tÚp.¹&q@!
L1L2 = {xy : x ∈ L1, y ∈ L2}.

#�uD�+r���u+|}vc{�� |}v�r�qâ¹&v�|7w)u��+ty{�¹çÒ�w)u�Ò�¹&v�r�u.¹&v�|7w'u��+t,{�¹ç�a¹&u+|���q�tÚs�x+|}Ù'¹&u�v�t<!
4
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L0 = {ε},

Li+1 = LLi, i ≥ 0,

L∗ =
∞
⋃

i=0

Li ( {�¹
Ò�{»º)v�x+q�tÚ�+tGâ,{7t�t�u�t ).
#�u ��|}va~�x�� x�u�t Õ�¹&�
|}{}{7t*�+tû{�¹&u+Ó�¹&Ó�t�s F t�s�vçÕ t�q���r�t*p.¹&q�qâ¹&p+p�w)q�v ÖÈx+u�t*w)p r�qâ¹&v�|7w)u

n í�¹&|}q�t g s�|.{7tcq�r�s�x+{}vâ¹&v��+tc{�� ¹&p+p+{}|7Ò�¹&v�|7w)uû�+t g ¹&x���{�¹&u+Ó�¹&Ó�t�s L1, . . . , Ln
¹&p+p.¹&q�v�t�u.¹&u�vcÖ F¹&p+p.¹&q�v�|7t�u�v,¹&x�s�s�|�Ö F ! g(L1, . . . , Ln) ∈ F �

È±É9ã ä �	Ïs�T��Ï±
&�	����å Ë � ����Í�Í����
Ø�u�t Ö)Ì�Ý)õçõ�Ý)Ë¬Ì�Í Õ w)q���t�{}{7t t�s�v$x+u¤~�x.¹)��q�x+p+{7t�v G = (N, T, S, P ) é¿w7> N t�v T s�w)u�v�+t�x��/¹&{}p+æ.¹&z�t�v�sÚ��|7s � w)|}u�v�s�é S ∈ N é.{�� ¹X��|7w)��t'é t�vyw7> P t�s�v,x+u/t�u�s�t���z+{7t���u+|<�+t�s,q���Ó'{7t�s�+t×{�¹ÚÕ w)q���t u → v é u, v ∈ (N ∪ T )∗ ¹�Ù�t�Ò |u|N > 0 ��ø�� ¹&{}p+æ.¹&z�t�v N é�q�t�s�p�t�Ò�v�|}Ù�t���t�u�v T ét�s�v×¹&p+p t�{7r�{�� ¹&{}p+æ�¹&z�t�v×u�w)u�í�v�t�q��
|}u.¹&{�é�q�t�s�p�t�Ò�v�|}Ù�t���t�u�v×v�t�q��
|}u.¹&{�é��+t G ��ø�t�s�q���Ó'{7t�s×�+t Ps�w)u�v�¹&p+p t�{7r�t�s,¹&x�s�s�|��+t�s ß.Ì�àXÔ)Ð+Î�Ï1Ë à)ö+á �Ô[w)x+q x, y ∈ (N ∪ T )∗ w)uDr�Ò�q�|}v¯!

x⇒
G

y s�|
x = x1ux2

é y = x1vx2
¹�Ù�t�Ò x1, x2 ∈ (N∪T )∗ t�v¿s�� |}{�t���|7s�v�t<x+u�t�p+q�w���x�Ò�v�|7w)u u → v ∈ P �åy¹&u�s�Ò�tûÒ�¹)s�w)u9��|}v�~�x�t x p+qâw���x+|}va��|}q�t�Ò�v�t���t�u�v y �<ñ×w)x�sçp w)x+Ù�w)u�s�w)��t�v�v�q�t G s�|{7t�Ò�w)u�v�t���v�t�{7tÚp t�q���t�v���ñ×w)x�s�u�w)v�w)u�s ∗

⇒ {�¹aÒ�{�º)v�x+q�t�q�r�¡.t���|}Ù�t$t�v�v�qâ¹&u�s�|}v�|}Ù�t��+t ⇒ ��ñ×w)x�sr�Ò�q�|}Ù�w)u�s x
k
⇒ y s�� |}{ t���|7s�v�t×�+t�s���w)v�s w0, . . . , wk

v�t�{7sÞ~�x�t wi ⇒wi+1, i ≥ 0 t�v w0 = x t�v
wk = y �+ñ×w)x.scr�Ò�q�|}Ù�w)u�s x

∗
⇒
P ′

y é+w7> P ′ t�s�vÞx+uDs�w)x�s í³t�u�s�t��$z+{7t��+t P é+s�|�p�w)x+q×w)z+v�t�u+|}q y Öp.¹&q�v�|}q��+t x u�w)x�sÞx+v�|}{}|7s�w)u�s��+t�sÞp+q�w���x�Ò�v�|7w)u�sÞÕ�¹&|7sâ¹&u�vÞp.¹&q�v�|7tÚ�+t P ′ x+u+|7~�x�t���t�u�v��
-�æ.¹)~�x�t���w)v w ∈ (N ∪T )∗ �+r�q�|}Ù�rcÖ�p.¹&q�v�|}q��+t�{�� ¹X��|7w)��tc�+t�{�¹�Ó'qâ¹&�
�a¹&|}q�t G ! S ∗

⇒
G

wt�s�v�¹&p+p t�{7r±æ à)Ì�õaÍ,á�ç)ö.Ï�Ý�ô)ËÕè�Ð�Í �+t G �ø�ty{�¹&u+Ó�¹&Ó�typ�q�w���x+|}vcp.¹&q G é+ø²ª ì «�é�t�s�vc�+r���u+|�p.¹&q¯!
L(G) = {w ∈ T ∗ : S

∗
⇒w}.

1�t�{7w)u*{�¹ÚÕ w)q���ty�+t,{7t�x+qÞq���Ó'{7t�sÞ{7t�s�Ó'qâ¹&�
�a¹&|}q�t�sÞÕ w)q���t�{}{7t�sÞp�t�x+Ù�t�u�vs*�v�q�ty�+t,��|�� r�q�t�u�v�sv�ú�p�t�s��
éëê Ì�Ý)õçõ�Ý)Ë¬ÌâÍâá�Ý&ÌXÓ�Ë1Ï1Ì�Ý)Ë¬Ì�Íâátì9Ô�Í�ÏÙç�ß+Í�í�î/ïø�t�sÞp+q�w���x�Ò�v�|7w)u�s×s�w)u�vc�+ty{�¹�Õ w)q���t u → v é+w7> u, v ∈ (N ∪ T )∗ t�v |u|N > 0 �éëê Ì�Ý)õçõ�Ý)Ë¬ÌâÍâá�Î�à)ö.Ï³Í�ô'Ï1Ð�Í�ÑkÑ7Íâá/ì9Ô�Í�ÏÙç�ß�Í�ð�î/ïø�t�s¿p+q�w���x�Ò�v�|7w)u�s<s�w)u�v[�+t�{�¹ÞÕ w)q���t u1Au2 → u1xu2

é&w7> u1, u2 ∈ (N∪T )∗ é A ∈ Nt�v x ∈ (N ∪ T )+ �éëê Ì�Ý)õçõ�Ý)Ë¬ÌâÍâá�Ý�Ñ Öq×�Ó�Ì�ËÕè�Ð�Íâá/ì9Ô�Í�ÏÙç�ß�ÍGñ�î/ïø�t�sÞp+q�w���x�Ò�v�|7w)u�s×s�w)u�vc�+ty{�¹�Õ w)q���t A → x é�w7> A ∈ N t�v x ∈ (N ∪ T )∗ �éëê Ì�Ý)õçõ�Ý)Ë¬ÌâÍâáyÌ�Ý'Ï1Ë à)ö�ö Í�ÑkÑ7Íâá"ì9Ô�Í�ÏÙç�ß+Í¯òÛî/ïø�t�s$p+q�w���x�Ò�v�|7w)u�s�s�w)u�v
s�w)|}vç�+t {7¹*Õ w)q���t A → aB t�v A → a é¿s�w)|}vç�+t {�¹*Õ w)q���t
A → Ba t�v A → a é+w7> A, B ∈ N t�v a ∈ T �
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ñ×w)x�s�u�w)v�w)u�s×q�t�s�p t�Ò�v�|}Ù�t���t�u�v RE é CS é CF t�v REG {�¹
Õ�¹&�
|}{}{7t$�+t�s�{�¹&u+Ó�¹&Ó�t�s×p+q�w&í��x+|}v�sÚp.¹&q�é q�t�s�p t�Ò�v�|}Ù�t���t�u�v�é {7t�syÓ'qâ¹&�
�a¹&|}q�t�sç¹&q�z+|}v�qâ¹&|}q�t�s�é�Ò�w)u�v�t���v�x�t�{}{7t�s�é¿¹&{}Ó�r�z+q�|7~�x�t�sÚt�vqâ¹&v�|7w)u+u�t�{}{7t�s��.ø�t�sÞÕ�¹&�
|}{}{7t�s RE é CS é CF t�v REG s�w)u�vcq�t�s�p�t�Ò�v�|}Ù�t���t�u�v,¹&p+p t�{7r�t�sc{�¹�Õ�¹�í�
|}{}{7t��+t�s¿{�¹&u+Ó�¹&Ó�t�s[q�r�Ò�x+q�s�|}Ù�t���t�u�v<r�u�x+��r�qâ¹&z+{7t�s�é'Ò�w)u�v�t���v�x�t�{7s�é'¹&{}Ó�r�z+q�|7~�x�t�s<t�v¿qâ¹&v�|7w)u+u.t�{7s�éq�t�s�p t�Ò�v�|}Ù�t���t�u�v���-�t�s×Õ�¹&�
|}{}{7t�s×Õ w)q���t�u�vy{�¹aæ+|7r�qâ¹&q�Òâæ+|7t��+t"-�æ�w)��s�è�úq� ñ×w)x�s,u�w)v�w)u�s�¹&x�s�s�|
FIN {�¹$Õ�¹&�
|}{}{7tÚ�+t�sÞ{�¹&u+Ó�¹&Ó�t�sI��u+|7s���ø�t�sÞ|}u�Ò�{}x�s�|7w)u�s�s�v�q�|7Ò�v�t�scs�x+|}Ù'¹&u�v�t�scw)u�vÞ{}|7t�x0�

FIN ⊂ REG ⊂ CF ⊂ CS ⊂ RE.

ø�t�s�p+q�w)p+q�|7r�v�r�s��+t�Õ t�q���t�v�x+q�tc�+t�s[Õ�¹&�
|}{}{7t�s�Ò�| í³�+t�s�s�x�s<p.¹&q�qâ¹&p+p�w)q�v�¹&x��
w)p�r�qâ¹&v�|7w)u�s�s�x+q{7t�sÞ{�¹&u+Ó�¹&Ó�t�s×s�w)u�vÞ��w)u�v�q�r�t�s×¹&x*vâ¹&z+{7t�¹&xY�,�}�,�
ö²÷�ø�ù �,�}� é ø�t�sÞp+q�w)p+q�|7r�v�r�s��+t,Õ t�q���t�v�x+q�tÚ�+t�s�Õ�¹&�
|}{}{7t�s��+ty{�¹$æ+|7r�qâ¹&q�Òâæ+|7tÚ�+t�-�æ�w)��s�è�ú5�

ú §�¨�´&«�®�ª¬²�°
RE CS CF REGØ�u+|7w)u #�x+| #�x+| #�x+| #�x+|ï³u�vât�qâs�t�Ò�v�|7w)u #�x+| #�x+| ñ×w)u #�x+|

-�w)u�Ò�¹&v�r�u.¹&v�|7w)u #�x+| #�x+| #�x+| #�x+|
-�{�º)v�x+q�tÚ�+t@â,{7t�t�u�t #�x+| #�x+| #�x+| #�x+|ï³u�v�t�q�s�t�Ò�v�|7w)uÈ¹�Ù�t�Ò REG #�x+| #�x+| #�x+| #�x+|

Ø�u á�ç&á�Ï+û�õaÍ)Ô�Í/üÞà&á�Ï s�|}�
p+{}|��.r*�+t*�+t�Ó'q�r m > 0 é[Ù�w)|}q)¢ �7£×t�v)¢ 8'�X£³é�t�s�v
x+u9v�q�|}p+{7t�v
T = (m, V, P ) é�w7> V = {a1, . . . , an+1}

t�s�v×x+u/¹&{ p�æ.¹&z�t�vyt�v×w7> P t�s�v×x+u�t�u�s�t��$z+{7t$�+tp+q�w���x�Ò�v�|7w)u�sÚ�+tç{�¹�Õ w)q���t ai → Pi, 1 ≤ i ≤ n é Pi ∈ V ∗ � ø�t
s�ú���z w){7t an+1
t�s�vÚ¹&p+p t�{7r{7t s�ú��$z�w){7t � � ¹&q�q�*�v��<Ø�u�t Ò�w)u���Ó'x+qâ¹&v�|7w)u ��x¤s�ú�s�v�����t T t�s�vçx+u���w)v w �[ñ×w)x�s$p.¹)s�s�w)u�s� � x+u�t$Ò�w)u���Ó'x+qâ¹&v�|7w)u w = ai1 . . . aimw′ Ö
{�¹�Ò�w)u���Ó'x+q�¹&v�|7w)u/s�x+|}Ù'¹&u�v�t z t�uÈr�{}| �
|}u.¹&u�v,{7t�s

m p+q�t��
|7t�q�s�s�ú���z w){7t�sc�+t w t�v�t�uD¹&� w)x+vâ¹&u�v Pi1
Ö${�¹¯��uD��xû��w)v¯! w⇒ z é+s�| z = w′Pi1

�ø�t
Ò�¹&{7Ò�x+{��+t T s�x+q,x+uÈ��w)v x ∈ V ∗ t�s�v,x+u�t
s�x+|}v�tç�+tçÒ�w)u���Ó'x+qâ¹&v�|7w'u�s x⇒ . . .⇒ y éw7>Ys�w)|}v y = an+1ai1 . . . aim−1
y′ é�s�w)|}v y′ = y t�v |y′| < m ��åy¹&u�s�Ò�t�Ò�¹)s�w)uY��|}v�~�x�t Ts�� ¹&q�q�*�v�tÚs�x+q x t�vc~�x�t y′ t�s�vÞ{7tyq�r�s�x+{}vâ¹&v���x*Ò�¹&{7Ò�x+{��+t T s�x+q x �O#�uD��|}v�~�x�t T q�t�Ò�w)u+u.¹X�7vx+uD{�¹&u+Ó�¹&Ó�t L s�| p w)x+q�v�w)x+v x ∈ L é T s�� ¹&q�q�*�v�tÚs�x+q x t�v T u�tÚs�� ¹&q�q�*�v�t�~�x�tÚs�x+qc{7t�sc��w)v�s�+t L �ñ×w)x�s$¹&� w)x+v�w)u�sÚ~�x�t
{7t�sÚs�ú�s�v�����t�sÚ�+t�Ô¿w's�v�s�|}�
p+{}|��.r�s��+t
�+t�Ó'q�r � s�w)u�vÚÒ�¹&p.¹&z+{7t�s��+tq�t�Ò�w)u+u.¹X�7v�q�tÚ{�¹$Õ�¹&�
|}{}{7tÚ�+t�sÞ{�¹&u+Ó�¹&Ó�t�scq�r�Ò�x+q�s�|}Ù�t���t�u�v×r�u�x+��r�qâ¹&z+{7t�s�é�Ù�w)|}q¯¢ �7£�t�v¯¢ 8'�X£+�ñ×w)x�s�q�¹&p+p�t�{7w)u�s�x+u�t�u�w)v�|7w)u�|}�
p w)q�vâ¹&u�v�t�� � x+u�t Î�à)ö+á�Ï�Ý)ö.Ï³Í p�w)x+q�x+u�{�¹&u+Ó�¹&Ó�t�qâ¹&v�|7w)u+u�t�{

L ~�x+|�¹Èr�v�r*�+r���u+|7tûp.¹&qp1�Ò�æ�x+v�Û�t�u�z t�q�Ó�t�q ��¹&u�s)¢ �q:�£+�<ñ×w)x�s
p+q�r�s�t�u�v�w)u�s
x+u�t*�+r���u+|}v�|7w)ur�~�x+|}Ù'¹&{7t�u�v�t'é+�a¹&|7sc~�x�|�t�s�vÞp+{}x�scs�|}�
p+{7t'é��+w)u+u�r�tÚ��¹&u�s¯¢}����é���8X£+�
ý ¨5�<°¿ª�®�ª¬²�°�BOþ K þÙBOþ ¢}���+é ��8X£¿Ø�uû��w)v w ∈ V ∗ t�s�vÞx+u�t Îâà)ö+á�Ï�Ý)ö.Ï³Í p w)x+qcx+uû{�¹&u+Ó�¹&Ó�t L s�|v�w)x+v�t�sc{7t�s�Õ w)|7sc~�x�ty{7t�sÞ��w)v�s xwy t�v uwv Õ w)u�vÞp.¹&q�v�|7tÚ�+t L é�{7t�sc��w)v�s xwv t�v uwy Õ w)u�v¹&x�s�s�| p.¹&q�v�|7t��+t L �
ñ×w)x�s�¹&{}{7w)u�scx+v�|}{}|7s�t�q�s�w)x+Ù�t�u�vÞ{�¹çq�t��a¹&q�~�x�tÚs�x+|}Ù'¹&u�v�t,�
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Ü�Í�õ�Ý)Ì&è�Ð�Í �,� ���}�qÿI1�w)|}v L ⊆ V ∗ x+u*{�¹&u+Ó�¹&Ó�tyqâ¹&v�|7w)u+u�t�{���ï³{�t�s�vcÒ�{�¹&|}q×~�x�tys�| c 6∈ V é+{7ty��w)v
c t�s�v�x+u�t×Ò�w)u�s�v�¹&u�v�t×p w)x+q�{7t�s�{�¹&u+Ó�¹&Ó�t�s Lc é cL t�v LcL ��ï³{ t�s�v�Õ�¹)Ò�|}{7t,�+t�Ù�w)|}qÞ¹&x�s�s�| ~�x�t,s�|
c, d 6∈ V é.{7t�s���w)v�s c t�v d s�w)u�v×�+t�s,Ò�w)u�s�vâ¹&u�v�t�s,p�w)x+q×{7t�{�¹&u+Ó�¹&Ó�t cL + Ld ��ë¿|}u.¹&{7t���t�u�v�é{�� t�u�s�t��$z+{7t {ca : a ∈ V } t�s�vÞx+uDt�u�s�t���z+{7tG��u+|��+tÚÒ�w)u�s�vâ¹&u�v�t�scp w)x+qc{7t,{�¹&u+Ó�¹&Ó�t cLc �
È±É�� ��� � Ë ��Ïz���������
�� ������Ï±����
�����
	���� � � 
�¯Ð
Ø�uF¹&x+v�w)�a¹&v�t���u+|�t�s�v,x+u/~�x+|}u�v�x+p+{7t�v M = (Q, V, q0, F, δ) é w7> Q t�s�v,x+u/t�u�s�t���z+{7t

��u+|<� � ×�Ï�Ý'Ï¬á é w7> V t�s�v,x+u/t�u�s�t��$z+{7t¯��u+|<�+tçs�ú��$z�w){7t�s�é w7> q0 ∈ Q t�s�v,{�� r�vâ¹&v,|}u+|}v�|�¹&{�é w7>
F ⊆ Q t�s�v,{�� t�u�s�t���z+{7t
�+t�syr�vâ¹&v�s.��u.¹&x��Èt�vÚw7> δ : Q × V → P(Q) t�s�v,{�¹aÕ w)u�Ò�v�|7w)uF�+tv�qâ¹&u�s�|}v�|7w)u �+tc{�� ¹&x+v�w)�a¹&v�t,��ñ×w)x�s��+r���u+|7s�s�w)u�s�{�� w)p r�qâ¹&v�|7w)u �+tcv�qâ¹&u�s�|}v�|7w)u ` � � x+u�tc�a¹&u+|���q�tw)q���|}u.¹&|}q�t�! (s, ax) ` (s′, x) s�| s′ ∈ δ(s, a) é�w7> s, s′ ∈ Q é a ∈ V t�v x ∈ V ∗ ��ñ×w)x�s�u�w)v�w)u�sp.¹&q `∗ {�¹�Õ t�q���t�v�x+q�tÚq�r�¡.t���|}Ù�tÚt�vÞv�qâ¹&u�s�|}v�|}Ù�tÚ�+t ` �ø�tÚ��w)v x t�s�v���|}v,¹)Ò�Ò�t�p+v�rÚp.¹&q M s�| (q0, x) `∗ (q, ε) t�v q ∈ F ��ø�tÚ{�¹&u+Ó�¹&Ó�t$¹)Ò�Ò�t�p+v�rp.¹&q M t�s�v@!

L(M) = {x ∈ V ∗ : (q0, x) `∗ (q, ε), q ∈ F}.ñ×w)x�s x+v�|}{}|7s�t�q�w)u�s*¹&x�s�s�|×x+u�t�u�w)vâ¹&v�|7w)u Ó'qâ¹&p+æ+|7~�x�t�p w)x+qû�+r���u+|}q x+u ¹&x+v�w)�a¹&v�t_��u+|��åy¹&u�s�Ò�tcÒ�¹)s�é�x+u ¹&x+v�w)�a¹&v�t±��u+|�s�t�qâ¹,qât�p�q�r�s�t�u�v�r�p.¹&q�x+uaÓ'qâ¹&p+æ�t�w)q�|7t�u�v�r�t�v�r�v�|7~�x�t�v�r��+w)u�v{7t�s�u�w�t�x��+s�q�t�p+q�r�s�t�u�v�t�u�v�{7t�s�r�vâ¹&v�s��+t�{�� ¹&x+v�w)�a¹&v�t,t�v��+w)u�v�{7t�s�¹&q�*�v�t�s�s�w)u�v��+r���u+|7t�s�p.¹&q�{�¹Õ w)u�Ò�v�|7w)uÈ�+tÚv�qâ¹&u�s�|}v�|7w)u��+tÚ{�� ¹&x+v�w)�a¹&v�t,� Ô<{}x�s�p+q�r�Ò�|7s�r���t�u�v�é�|}{�t���|7s�v�tÚx+u�t$¹&q�*�v�t��a¹&q�~�x�r�tp.¹&q a t�u�v�q�t�{7t�s[u�w�t�x��+s qi
t�v qj

��x$Ó'qâ¹&p+æ�tÞs�| qj ∈ δ(qi, a) �)ø�t�s[r�vâ¹&v�s���u.¹&{7s<s�w)u�v<t�u�v�w)x+q�r�s� � x+uD�+w)x+z+{7tÚÒ�t�q�Ò�{7t,�Ø�u�tD�a¹)Òâæ+|}u�tÈ�+t ã x�q�|}u+Ó¤t�s�v x+u 6 í�x+p+{7t�v M = (Q, T, a0, q0, F, δ) é�w7> Q t�s�v x+ut�u�s�t��$z+{7tG��u+|¿� � r�vâ¹&v�s�é T t�s�vc{�� ¹&{}p+æ.¹&z t�v,��xDq�x+z.¹&u�é.w7> a0 ∈ T t�s�v�{7tÚs�ú��$z w){}tÚÙ�|7�+t'é.w7>
q0 ∈ Q t�s�v${�� r�vâ¹&v
|}u+|}v�|�¹&{�é[w7> F ⊆ Q t�s�v${�� t�u�s�t��$z+{7tû� � r�vâ¹&v�s���u.¹&x���t�v
w7> δ t�s�vçx+u�tÕ w)u�Ò�v�|7w)uD�+t,v�qâ¹&u�s�|}v�|7w)u0�	-�æ.¹)~�x�t,q���Ó'{7tÚ�+t δ é�¹&p+p t�{7r�t�¹&x�s�s�| |}u�s�v�q�x�Ò�v�|7w)u�é�t�s�vc�+ty{�¹�Õ w)q���t
qiakDalqj

é�w7> qi, qj ∈ Q é ak, al ∈ T t�v×w7> D ∈ {L, S, R} �.ø�¹�s�r��a¹&u�v�|7~�x�t��+tÚ{�¹
q���Ó'{7t
qiakDalqj

t�s�v${�¹Ds�x+|}Ù'¹&u�v�t_!¿s�|���¹&u�s${�� r�vâ¹&v qi
{�¹Dv�*�v�t �+t {�¹*�a¹)Òâæ+|}u�t Ù�w)|}v${7t s�ú��$z�w){7t

ak
s�x�qy{7t
q�x+z.¹&u�é�t�{}{7t�Òâæ.¹&u+Ó�tas�w)uFr�vâ¹&v$t�u qj

é q�t��
p+{�¹)Ò�t ak
p.¹&q al

t�v�s�t��+r�p+{�¹)Ò�ta� � x+up.¹)s$Ö Ó�¹&x�Òâæ�t�s�| D = L é�� � x+uFp.¹)s$Öû��q�w)|}v�tas�| D = R w)xFq�t�s�v�t�s�x+qÚp+{�¹)Ò�tas�| D = S �ñ×w)x�scq�t��a¹&q�~�x�w)u�s×~�x�typ w)x+q×Ò�æ.¹)~�x�tÚ�a¹)Òâæ+|}u�t��+t ã x+q�|}u+Ó ~�x+|�p w's�s����+tÚ�+t�sc|}u�s�v�q�x�Ò�v�|7w)u�ss�vâ¹&v�|7w)u+u.¹&|}q�t�s�é)Ò'� t�s�v í�Ö�í³��|}q�t�sâ¹&u.s���r�p�{7¹)Ò�t���t�u�v�é)|}{�t�s�v�p w's�s�|}z+{7t��+t�Ò�w)u�s�v�q�x+|}q�t�x+u�t��a¹)Ò�æ+|}u�tr�~�x+|}Ù'¹&{7t�u�v�tÚ~�x+| u�� ¹&x+qâ¹�¹&x�Ò�x+u�ty|}u�s�v�q�x�Ò�v�|7w)uDs�vâ¹&v�|7w)u+u.¹&|}q�t,�Ø�u�t Îâà)öXØ`Ö)Ð�Ì�Ý'Ï1Ë à)ö �+t�{�¹��a¹)Òâæ+|}u�tç�+t ã x+q�|}u+Ó M t�s�v×{7t���w)vys�x+|}Ù'¹&u�v w1qiakw2
é�w7>

w1akw2
t�s�vc{�¹
p.¹&q�v�|7t$��xDq�x+z.¹&uÈ~�x+|�Ò�w)u�v�|7t�u�vy�+t�s�s�ú��$z�w){7t�s�u�w)u�í�Ù�|7�+t�s�é qi

t�s�v�{�� r�v�¹&v×�+t{�¹ç�a¹)Ò�æ+|}u�t�t�v ak
t�s�vÞ{�¹
Ò�¹)s�ty~�x+|�t�s�vct���¹&�
|}u�r�typ.¹&qc{�¹çv�*�v�ty�+ty{�¹$�a¹)Òâæ+|}u�t,�Ø�u Î�Ý7Ñ}Î�Ð�Ñ �+t*{�¹/�a¹)Òâæ+|}u�t��+t ã x+q�|}u+Ó M s�x+q�x+u ��w)v x ∈ T+ t�s�vax+u�tDs�x+|}v�tD�+tÒ�w)u���Ó'x+qâ¹&v�|7w)u�s q0x⇒ . . . w1qfw2

é�w7> qf ∈ F � ø�¹*Ò�w)u ��Ó'x+qâ¹&v�|7w)uY|}u+|}v�|�¹&{7t�p t�x+v¯*�v�q�t��+t{�¹�Õ w)q���t u1q0u2
é+w7> x = u1u2

é��a¹&|7s�u�w)x�sÞp�w)x+Ù�w)u�sÞs�x+p+p w's�t�qcsâ¹&u�s�p�t�q�v�ty�+t,Ó�r�u�r�qâ¹&{}|}v�r~�x�� t�{}{7t,t�s�v q0x
��åy¹&u�s�Ò�t×Ò�¹)s�u�w)x�s���|7s�w)u�s�~�x.t w1w2

t�s�v�{7t�q�r�s�x+{}vâ¹&vÞ��x Ò�¹&{7Ò�x+{ �+t M s�x+q{7ty��w)v x �



½H¾�¿$À�Á�Â¯Ã�Ä�

��� ÇWCYMXC JKI S � MQd/C

ãGÉ�È ����Ë���� �	Ïz��
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��Ï±
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ø�� t���p r�q�|7t�u�Ò�tÚ� � ê ��{7t��a¹&u�é+Ù�w)|}qG¢}�Û£³é+¹�{�¹&u�Ò�r,{�� r�v�x��+ty�+t�sÞ��|�� r�q�t�u�v�t�scw)p�r�qâ¹&v�|7w)u*z+|7w){7w&íÓ'|7~�x�t�s�� � x+u p w)|}u�vÞ�+t�Ù�x�t×�+t×{�¹�Ò�¹&{7Ò�x+{�¹&z+|}{}|}v�r,�+ø�t�s�w)p r�qâ¹&v�|7w)u�sÞ~�x�� |}{ ¹�x+v�|}{}|7s�r�!�s�ú�u�v�æ���s�t'é¹&�
p+{}|��.Ò�¹&v�|7w)u�é�s�r�p.¹&qâ¹&v�|7w)u�é�t���v�qâ¹)Ò�v�|7w)u t�v��+r�v�t�Ò�v�|7w)u�é�¹&|}u�s�|.~�x�tÞ�+t�s�w)p�r�qâ¹&v�|7w)u�s�s�|}�
|}{�¹&|}q�t�sw)u�v�r�v�r�q�t�p+q�|7s�t�s�p.¹&q��+t�s���|}Ù�t�q�s�¹&x+v�t�x+q�s�~�x+|�w)u�v���w)u�v�q�r×Ò�w)�
��t�u�v�|}{ t�s�v�p�w's�s�|}z+{7t×�+tcq�r�ís�w)x���q�typ+{}x�s�|7t�x+q�scp+q�w)z+{�����t�sc�a¹&v�æ�r��a¹&v�|7~�x�t�s,Ö${�� ¹&|7�+tÚ�+tyÒ�t�scw)p r�qâ¹&v�|7w)u�s���Ô<¹&q�t��+t��
p+{7t'é�+t�s�s�w){}x+v�|7w)u�s�p w){}ú�u�w)�
|�¹&{7t�s�p�w)x+q±1 ê ã é�å,ù21�t�v�� � ¹&x+v�q�t�s�p+q�w)z+{�����t�s�w)u�v�r�v�rcp�q�w)p�w's�r�t�s�éÙ�w)|}q"¢}��3�£+� Ø�u�t�Ò�¹&qâ¹)Ò�v�r�q�|7s�v�|7~�x�t
|}�
p w)q�vâ¹&u�v�ta�+tçv�w)x+v�t�s�Ò�t�sÚw)p r�qâ¹&v�|7w)u�s�t�s�v�~�x�� t�{}{7t�s�Ò�w)q íq�t�s�p w)u��+t�u�v,Ö
�+tyÙ�qâ¹&|7t�scw)p r�qâ¹&v�|7w)u�s�z+|7w){7w)Ó'|7~�x�t�s�é+p.¹&q�Ò�w)u�s�r�~�x�t�u�v�é+|}{�t�s�vcp�w's�s�|}z+{7tÚ�+ty{7t�s|}�
p+{�¹&u�v�t�q×q�r�t�{}{7t���t�u�vX��åç� ¹&x+v�q�t�p.¹&q�v�é�{7t�x+qcÕ w)q��a¹&{}|7sâ¹&v�|7w)uÈt�s�v×��|�©aÒ�|}{7t'é�Ò�¹&q�z�t�¹&x�Ò�w)x+pÈ�+tp.¹&qâ¹&�"��v�q�t�s×~�x.¹&u�v�|}vâ¹&v�| Õ sc� � w)q�|}Ó'|}u�tÚp+æ�ú�s�|7~�x�ty�+w)|}Ù�t�u�vs*�v�q�typ+q�|7sct�uDÒ�w)�
p+v�t,�	-×� t�s�vÞp w)x+q í~�x�w)|�Ò�t�q�vâ¹&|}u�sç¹&x+v�t�x+q�s$w)u�v$Ò�æ�w)|7s�|�x+u�t ¹&x+v�q�t ¹&p+p+q�w�Òâæ�t t�u/Õ w)q��a¹&{}|7sâ¹&u�v$�+t�s�w)p�r�qâ¹&v�|}w)u.sz+|7w){7w)Ó'|7~�x�t�s�é��a¹&|7s t�u |7�+r�¹&{}|7sâ¹&u�v {7t�sûÒ�w)u�v�qâ¹&|}u�v�t�sû� � w)q�|}Ó'|}u�tÈp+æ�ú�s�|7~�x�t,��ø�t�sûw)p�r�qâ¹&v�|}w)u.sw)z+v�t�u�x�s�é�Ò�w)�
��t
| u.s�t�q�v�|7w)u�é t���¹)Ò�t���t�u�v�é q�t�Ò�w)�$z+|}u.¹&|7s�w)uYt�v�Ò,� p+q�r�s�t�u�v�t�u�v��+tçu�w)�$z+q�t�x��¹�Ù'¹&u�vâ¹&Ó�t�s�v�æ�r�w)q�|7~�x�t�s�é��a¹&|7s�{7t�x+q�q�r�¹&{}|7sâ¹&v�|7w)uet�uYp+qâ¹&v�|7~�x�t�q�t�s�v�ta��|�©aÒ�|}{7t,�¿ñ×w)x�sÚq�t��a¹&q í~�x�w)u�s[~�x�t�{7t�s[�+t�x��ç¹&p+p+q�w�Ò�æ�t�s<s�w)u�v¿|}u�v�r�q�t�s�sâ¹&u�v�t�s�é&�a¹&|7s¿u�w)x�s¿u�w)x�s[Ò�w)u�Ò�t�u�v�q�w)u�s<s�x+q�v�w)x+vs�x+q�{�¹Ú�+t�x���|�����t,��Ô<{}x�s�p+q�r�Ò�|7s�r���t�u�v�é�u�w)x�s�r�v�x���|7w)u�s�{�� w)p r�qâ¹&v�|7w)uû�+t�{�¹Úq�t�Ò�w)��z+|}u.¹&|7s�w)uût�v�+t�s���|}Ù�t�q�scs�ú�s�v�����t�s�Õ w)u��+r�scs�x+qcÒ�t�v�v�tÚw)p r�qâ¹&v�|7w)u0�ñ×w)x�s[p+q�r�Ò�|7s�w)u�s<~�x�t�{�� r�v�x��+t�v�æ�r�w)q�|7~�x�tÞ�+t�{�¹�q�t�Ò�w)��z+|}u.¹&|7s�w)u ¹×Ò�w)�
��t�u.Ò�rÞz+|7t�u�¹�Ù'¹&u�v{�� t���p r�q�|7t�u�Ò�t
� � ê ��{7t��a¹&u0� ù<u¤��3,:54a�+r ��Ö�é ��¹&u�sys�w)u/¹&q�v�|7Ò�{7t�¢}���X£³é ã ��ä×t�¹)�/¹av�q�w)x+Ù�r$x+u�tÒ�w)u+u�t���|7w)u�|}u.¹&v�v�t�u���x�tct�u�v�q�t�{�¹×z+|7w){7w)Ó'|7t���w){7r�Ò�x+{�¹&|}q�t�t�v[{�¹×v�æ�r�w)q�|7tÞ�+t�s[{�¹&u+Ó�¹&Ó�t�s[Õ w)q���t�{7s��ù<uaÕ w)q��a¹&{}|7sâ¹&u�v�{7tcp+q�w�Ò�t�s�s�x�s��+t�{�� ¹)Ò�v�|7w)u �+t�s�t�u+Û�ú���t�s��+t�q�t�s�v�q�|7Ò�v�|7w)u t�v��+tc{}|}Ó�¹&v�|7w)u�é�|}{ ¹w)z+v�t�u�x�x+u�t�w)p r�qâ¹&v�|7w)uÈ�+tÚq�t�Ò�w)�$z+|}u.¹&|7s�w)u/�+r���u+|7t$s�x+q×�+t�s�Òâæ.¹X�7u�t�s,�+t�Ò�¹&qâ¹)Ò�v���q�t�s�� ê |}u�s�|{7t�s,s�ú�s�v�����t�s×�+t$q�t�Ò�w)��z+|}u.¹&|7s�w)u�é w)xÈs�ú�s�v�����t�s,�+t$ä×t�¹)� é�w)u�v,r�v�r�|}u�v�q�w���x+|}v�syÒ�w)�
��t$x+uu�w)x+Ù�t�¹&x*��w�ú�t�uD�+t,p+q�w���x�Ò�v�|7w)u��+t,{�¹&u+Ó�¹&Ó�t�s��ñ×w)x�sûu�tÈp+q�r�s�t�u�v�t�q�w)u�s*p.¹)s |7Ò�|yv�w)x+v�t�sû{7t�sûq�r�¡.t���|7w)u�sûu�r�Ò�t�s�sâ¹&|}q�t�sûp�w)x�qûp.¹)s�s�t�qû�+t{�� r�Ù�r�u�t���t�u�v z+|7w){7w)Ó'|7~�x�t ��x�s�~�x�� Ö/{�� w)p�r�qâ¹&v�|7w)u Õ w)q���t�{}{7t'é�v�w)x�s {7t�s �+r�vâ¹&|}{7s p�w)x+Ù'¹&u�vp*�v�q�tq�t�v�q�w)x+Ù�r�sD��¹&u�s�¢ �'�.éy����£���u.w)x�s*Ò�w)�
��t�u�Ò�t�q�w)u�s���|}q�t�Ò�v�t���t�u�vDp.¹&q*{�¹¤�+t�s�Ò�q�|}p+v�|7w)uWÕ w)q í��t�{}{7t,�cØ�u�tÈq���Ó'{7tF�+tÈq�t�Ò�w)��z+|}u.¹&|7s�w)u s�x+qûx+uO¹&{}p+æ.¹&z�t�v ê t�s�vû{7t/~�x.¹)��q�x+p+{7t�vDs�x+|}Ù'¹&u�v

(u1, u2; u3, u4), ui ∈ A∗ ~�x�t�u�w)x�s[u�w)v�t�q�w)u�s�¹&x�s�s�|+�+t�{�¹cÕ�¹7°�w)u
s�x+|}Ù'¹&u�vât�! u1#u2$u3#u4
é

�'�



��� §�Ü�w�Ý���v��s{}ó ß�y�� à�v w�v�|.{}y�� w��±v
w7> {#, $} /∈ A ��ñ×w)x�s$¹&p+p+{}|7~�x�w)u�s$Ò�t�v�v�t
q���Ó'{7t Öûx+u�t
p.¹&|}q�ta�+t���w)v�s�é���|}v�s$¹&x�s�s�|���w){7r�íÒ�x+{7t�s�é x = x1u1u2x2

t�v y = y1u3u4y2
t�v,u�w)x�syw)z+v�t�u�w)u�sÚ�+t�x�����w)v�s<! w = x1u1u4y2t�v z = y1u3u2x2

�O#�uDÒâæ�t�q�Ò�æ�t��+w)u�ÒÚ��¹&u�sc{7t�sÞ��w)v�sc|}u+|}v�|�¹&x��û{7t�scs�w)x�s í³Òâæ.¹X�7u�t�sc|}u���|7~�x�r�t�s��¹&u�s�{�¹Úq���Ó'{7t×�+tcq�t�Ò�w)�$z+|}u.¹&|7s�w)u�é�~�x+|�s�w)u�v�¹&p+p�t�{7r�s��+t�s�s�|}v�t�s��+t�{�¹yq�t�Ò�w)�$z+|}u.¹&|7s�w)u0��Ô<x+|7s�é{7t�s×Òâæ.¹X�7u�t�s×|}u+|}v�|�¹&{7t�sys�w)u�v,Ò�w)x+p�r�t�syÖ�{�� t�u���q�w)|}v,p+q�r�Ò�|7s�r�p.¹&q×{�¹�q���Ó'{7t$t�v×{7t�x+q�s,t���v�q�r��
|}v�r�ss�w)u�v�r�Òâæ.¹&u+Ó�r�t�s�t�v�Ò�w){}{7r�t�s���Ô<{}x�s�t���¹)Ò�v�t���t�u�v�é�{�� w)p r�qâ¹&v�|7w)u �+tÞq�t�Ò�w)��z+|}u.¹&|7s�w)u r�Òâæ.¹&u+Ó�tc{7t�st���v�q�r��
|}v�r�s<�+t��+t�x��Ú��w)vâs�é�{�� t�u���q�w)|}v<w7>çw)uçt�� t�Ò�v�x�t�{�� r�Òâæ.¹&u+Ó�t�r�vâ¹&u�v¿|}u���|7~�x�r�p.¹&q[{�¹cq���Ó'{7t,�ñ×w)x�s�u�w)vâw)u�s�Ò�tcÕ�¹&|}v�p.¹&q (x, y) `r (w, z) ��åy¹&u�s�Ò�t×Ò�¹)s�u�w)x�s�p.¹&q�{7w)u�sÞ¹&x�s�s�|��+t�{�¹Úq�t�Ò�w)�çíz+|}u.¹&|7s�w)u��+w)x+z+{7t,�	1�|�u�w)x�s�Ò�w)u�s�|7�+r�q�w)u�s×s�t�x+{7t���t�u�v w Ò�w)�
��tÚq�r�s�x+{}vâ¹&v�é�u�w)x�scp.¹&q�{7w)u�s×�+t{�¹�q�t�Ò�w)��z+|}u.¹&|7s�w)uDs�|}�
p+{7t,��ø�¹$q�t�Ò�w)��z+|}u.¹&|7s�w)uD�+w)x+z+{7t,t�s�v�x+u�t,w)p�r�qâ¹&v�|7w)u*p+{}x�s�Õ�¹&|}z+{7t,~�x�t{�¹$q�t�Ò�w)�$z+|}u.¹&|7s�w)u�s�|}�
p+{7tÚt�vÞp t�x+vs*�v�q�t×Õ�¹)Ò�|}{7t���t�u�v�s�|}�$x+{7r�t,p.¹&q�Ò�t�{}{7t�í³Ò�|��	-×� t�s�vÞp w)x+q�~�x�w)|{�¹*q�t�Ò�w)�$z+|}u.¹&|7s�w)u9�+w)x+z+{7t t�s�v$Ó�r�u�r�qâ¹&{7t���t�u�v
x+v�|}{}|7s�r�t ��¹&u�sç{�¹*{}|}v�v�r�qâ¹&v�x+q�t'é<Ò�¹&q$v�w)x�sç{7t�sq�r�s�x+{}vâ¹&v�s�w)z+v�t�u�x�scp w)x+qÞ{�¹çq�t�Ò�w)��z+|}u.¹&|7s�w)u��+w)x+z+{7typ t�x+Ù�t�u�vs*�v�q�t×Õ�¹)Ò�|}{7t���t�u�vcv�qâ¹)��x+|}v�s�t�uv�t�q���t�s��+t,q�t�Ò�w)�$z+|}u.¹&|7s�w)u�s�|}�
p+{7t,�ø�¹$�+r���u+|}v�|7w)u*�+t�{�¹�q�t�Ò�w)��z+|}u.¹&|7s�w)u*p+q�r�s�t�u�v�r�t×p+{}x�s�æ.¹&x+vÞt�s�v�Ò�t�{}{7t×p+q�w)p�w's�r�t,p.¹&q ì æ0�Ô�'&x+u���¹&u�s¯¢ 854X£��.ï³{�t���|7s�v�tÚt�u�Ò�w)q�t$�+t�x��*�+r���u+|}v�|7w)u�s×�+tÚ{�¹çq�t�Ò�w)��z+|}u.¹&|7s�w)u�é.x+u.typ+q�w)p w's�r�tp.¹&q ã � ä×t�¹)�È��¹&u.s<¢}���X£�t�vy{�� ¹&x+v�q�tçp+q�w)p�w's�r�tçp.¹&qÚå�� Ô<|���v�w)uF��¹&u�s<¢ 8,8�£+�0-�t�sy�+r���u+|}v�|7w)u�sÒ�w)�
p w)q�v�t�u�v��+t�s�p+q�w)p�q�|7r�vâr�scs�|}�
|}{�¹&|}q�t�s ��x+u�t,Ò�w)�
p.¹&qâ¹&|7s�w)uD�+t×{�¹�p+x+|7s�sâ¹&u�Ò�t,� � t���p+q�t�s�s�|7w)u�+t�Ò�t�syv�q�w)|7s��+r���u+|}v�|7w)u�s�p�t�x+v¯*�v�q�t
v�q�w)x+Ù�r�t���¹&u�st¢ 6��Û£+��ø�¹û�+r���u+|}v�|7w)uY{�¹ p+{}x�sÚq�r�p.¹&u���x�tt�v×Ó�r�u.r�q�¹&{}t���t�u�vÚ¹)Ò�Ò�t�p+v�r�tçt�s�v×Ò�t�{}{7t$�+t�Ô�'&x+uÈt�v×u�w)x�s�u�w)x�s×Ò�w)u�Ò�t�u�v�q�t�q�w)u�sy��¹&u�s×Ò�t$~�x+|s�x+|}vcs�x+q�Ò�t�{ {7t�í³Ò�|��ñ×w)x�s�w)z�s�t�q�Ù�w)u�s�~�x�� x+u�tF��w){7r�Ò�x+{7tYp t�x+v�Ò�w)u�v�t�u+|}q�p+{}x�s�|7t�x+q�s�s�|}v�t�sD|7�+t�u�v�|7~�x�t�sÈ~�x+|Ò�w)u�v�|7t�u+u�t�u�vy{7t�s,s�w)x�s í³Ò�æ�¹X�}u.t�sy�+t�{�¹aq���Ó'{7t$�+t$q�t�Ò�w)��z+|}u.¹&|7s�w)u0� Ø�uÈ�+tçÒ�t�s,s�|}v�t�s×t�s�vy¹&{7w)q�sÒâæ�w)|7s�|Þ� � x+u�t �a¹&u+|���q�t u�w)u�í³�+r�v�t�q��
|}u+|7s�v�tûp�w)x+q�t�� t�Ò�v�x�t�qç{�¹Dq�t�Ò�w)�$z+|}u.¹&|7s�w)u0�<Ô<x+|7sçu�w)x�ss�x+p+p w's�w)u�s�~�x�t {7t u�w)�$z+q�t*�+t ��w){7r�Ò�x+{7t�s<��t�v
ú�~�x+|Þp.¹&q�v�|7Ò�|}p�t�u�v Ö�{�¹�q�t�Ò�w)�$z+|}u.¹&|7s�w)uu�� t�s�v<p.¹)s<z�w)q�u�r'é7�
t�v<ú�p�t�x+Ù�t�u�v��+w)u�ÒI*�v�qât�x+v�|}{}|7s�r�s�Ö×u�w)x+Ù�t�¹&x�p�w)x+q�x+u�t�q�t�Ò�w)�$z+|}u.¹&|7s�w)u�éÒ'� t�s�vcÖç��|}q�t,~�x�� |}{7sÞu�t,s�w)u�v�p.¹)sÞÒ�w)u�s�w)�
��r�sÞp.¹&qÞ{�¹�q�t�Ò�w)�$z+|}u.¹&|7s�w)u0��-�t�v�v�tyÒ�w)u�s�|7�+r�qâ¹&v�|7w)ut�s�v�� � w)q�|}Ó'|}u�t�p+æ�ú�s�|7~�x�t'é�Ò�¹&q×��¹&u�s�~�x�t�{7~�x�t�scÓ'qâ¹&�
��t�s×� � x+u�t�s�w){}x+v�|7w)u�| {�ú*¹çx+uDu�w)��z+q�t�+ty��w){7r�Ò�x+{7t�s��+t,{�� w)q���qât 1022 �
1�w)|}v V x+uF¹&{}p+æ.¹&z�t�vÚt�v R x+u/t�u�s�t���z+{7t
�+t�q���Ó'{7t�sy�+t�q�t�Ò�w)�$z+|}u.¹&|7s�w)u0�`#�u/��|}vy¹&{7w)q�s~�x�t σ = (V, R) t�s�v×x+u/s�Òâæ�r��a¹ �+t$q�t�Ò�w)�$z+|}u.¹&|7s�w)u0� Ñ ¹&|}u�v�t�u.¹&u�vyu�w)x�s,p w)x+Ù�w)u�sy�+r���u+|}q{�� w)p r�qâ¹&v�|7w)uD�+t×q�t�Ò�w)��z+|}u.¹&|7s�w)u σ(L) s�x+q�x+uû{�¹&u+Ó�¹&Ó�t L ~�x+| t�s�v�{7t×q�r�s�x+{}vâ¹&vc�+t,v�w)x+v�t�s�{7t�sq�t�Ò�w)�$z+|}u.¹&|7s�w)u�s×p�w's�s�|}z+{7t�s×�+t�s���w)v�s×�+t L �.ø�t�s�p+q�w)p+q�|7r�v�r�s,�+tÚ{�¹
q�t�Ò�w)��z+|}u.¹&|7s�w)u/s�x+q�{7t�s{�¹&u+Ó�¹&Ó�t�s�s�w)u�vc��|7s�Ò�x+v�r�t�s�t�u*�+r�vâ¹&|}{¿¹&xDÒ�æ�¹&p+|}v�q�t�4�� �
�+t<¢ �'�,£+�

ãGÉ9ã � �����"!G� �$#������%	���&ë��Ï'	
Ñ ¹&|}u�v�t�u.¹&u�v�é[u�w)x�s
¹&{}{}w)u.s$��w)u�v�q�t�q
Ò�w)�
��t�u�vç|}{�t�s�v$p�w's�s�|}z+{7t � � x+v�|}{}|7s�t�qç{�� w)p r�qâ¹&v�|7w)u�+tyq�t�Ò�w)��z+|}u.¹&|7s�w)u�Ò�w)�
��tÚ��w�ú�t�u*�+typ+q�w���x�Ò�v�|7w)u��+ty{�¹&u+Ó�¹&Ó�t�s��ñ×w)x�sÞp w)x+Ù�w)u�s��+r���u+|}qcx+u�ty|}v�r�qâ¹&v�|7w)uD�+t σ(L) �+t,{�¹ç�a¹&u+|���q�tÚs�x+|}Ù'¹&u�v�t<!
σ0(L) = L é
σi+1(L) = σi(L) ∪ σ(σi(L)), i ≥ 0 é
σ∗(L) = ∪i≥0σ

i(L) �



ó ß ó ß�y0{2~)~ (²~ v����_{2~p|.{}Ü�{�w�| ��8
Ø�u/s�ú�s�v�����tç�+tçä×t�¹)�Èt�s�v,{7tçÒ�w)x+p+{7t H = (σ, A) w7> σ t�s�v,x+u/s�Òâæ�r��a¹ �+t$q�t�Ò�w)�$z+| íu.¹&|7s�w)uût�v A ⊆ V ∗ x+uût�u�s�t���z+{7ty�+t×��w)v�sc¹&p+p�t�{7r�s�¹X��|7w)��t�s���ø�t×{�¹&u+Ó�¹&Ó�t,p+q�w���x+|}vÞp.¹&q�x+uv�t�{¿s�ú�s�v�����t�t�s�v L(H) = σ∗(A) �.ø�t�{7¹&u�Ó�¹&Ó�t�� � x+uÈs�ú�s�v�����tÚ�+t�ä×t�¹)�Dt�s�v×�+w)u�ÒÚ{7tÚq�r�s�x+{ ívâ¹&vç� � x+u�t ¹&p+p+{}|7Ò�¹&v�|7w)u�|}v�r�qâ¹&v�|}Ù�t �+t�{�� w)p r�qâ¹&v�|7w)u¤�+t�q�t�Ò�w)�$z+|}u.¹&|7s�w)u¤s�x+q�{�� t�u�s�t���z+{7t �+t�s¹X��|7w)��t�s��&ï³u�v�x+|}v�|}Ù�t���t�u�v[{7t�v�qâ¹�Ù'¹&| {�� � x+uçs�ú�s�v�����t��+t�q�t�Ò�w)�$z+|}u.¹&|7s�w)u
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��t�s |}u�v�r�q�t�s�s�r�s ¹&x�s�s�|,Ö/{�¹FÙ'¹&q�|�¹&u�v�tDu�w)u�í³r�v�t�u���x�tÈ�+t�s s�ú�s�v�����t�s Ö��t��$z+qâ¹&u�t�s ¹�Ù�t�Ò q�t�Ò�w)��z�| u�¹&|}s�w)u`��åy¹&u�s�Ò�tûÒ�¹)s
|}{Þu�� ú¤¹�p+{}x�s�� � ¹&{}p+æ.¹&z t�v�v�t�q��
|}u.¹&{�t�vv�w)x+v�t�s�{7t�s$Ò�æ.¹X�7u�t�sçs�w)q�v�|7t�s$Öû{�� t���v�r�q�|7t�x+qç�+t�{�¹û��t���z+qâ¹&u�tap+q�|}u�Ò�|}p.¹&{7t s�w)u�v$Ò�w)u�s�|7�+r�q�r�t�sÒ�w)�
��t q�r�s�x+{}vâ¹&v�� ì æ0��Ô�'&x+u¤��¹&u�s/¢ �q8�£Þ¹*��w)u�v�q�r Ò�w)�
��t�u�v�Ö*{�� ¹&|7�+t �+t �*��t���z+qâ¹&u�t�s¹)�+��|}v�|7w)u+u�t�{}{7t�s�|}{�t�s�vcp w's�s�|}z+{7ty�+tyv�qâ¹&u�s Õ w)q���t�q�x+uDs�ú�s�v�����tyr�v�t�u���x�t�u*x+uDs�ú�s�v�����t,u�w)u�ír�v�t�u���x0�q-�w)�
��t�|}{+t���|7s�v�t��+t�s[s�ú�s�v�����t�s[r�v�t�u���x�s�¹�Ù�t�Ò�����t���z+qâ¹&u�t�s�~�x+|�p+q�w���x+|7s�t�u�v<v�w)x�s{7t�s<{�¹&u+Ó�¹&Ó�t�s<q�r�Ò�x+q�s�|}Ù�t���t�u�v�r�u�x+��r�qâ¹&z+{7t�s�é'{�¹×�"*���t�p+x+|7s�sâ¹&u�Ò�tÞ� � t���p+q�t�s�s�|7w)u�t�s�v�w)z+v�t�u�x�t¹�Ù�t�Ò*�Y��t���z+qâ¹&u�t�s ��¹&u�sa{7tDÒ�¹)s�u�w)u�í³r�v�t�u���x0��ñ×w)x�s ¹�Ù�w)u�s���w)u�v�q�r�~�x�� t�u ¹&q�qâ¹&u�Ó�t�¹&u�vs�w)|}Ó'u�t�x�s�t���t�u�v�{7t�s�q���Ó'{7t�s�|}{.t�s�v<p w's�s�|}z+{7tc�+tÞp.¹&q�Ù�t�u+|}q�Öy�+t�x��
��t��$z+qâ¹&u�t�s�s�t�x+{7t���t�u�v���-�tq�r�s�x+{}vâ¹&v,u�tÚp t�x+v×p+{}x�s.*�v�q�tç¹&��r�{}|7w)q�rçÒ�¹&qy¹�Ù�t�ÒÚx+u�t���t��$z+qâ¹&u�tç��¹&u�s×{7t�Ò�¹)s×u�w)u�í³r�v�t�u���xw)u*u�t,p+q�w���x+|}v�~�x�� x+u*s�w)x�s í³t�u�s�t��$z+{7tÚ�+t�sÞ{�¹&u+Ó�¹&Ó�t�scqâ¹&v�|7w)u+u�t�{7s���-�t,�"*���tyq�r�s�x+{}vâ¹&v×¹çr�v�r�+r���w)u�v�q�r���¹&u�s@¢ U,8�£�t�vÞp t�x+vs*�v�q�t,v�q�w)x+Ù�r�¹&x*Òâæ.¹&p+|}v�q�t¯3��Ø�u�t�¹&x+v�q�t,Ù'¹&q�|�¹&u�v�tÚ�+t�scs�ú�s�v�����t�scÖç��t���z+qâ¹&u�t�s×¹�Ù�t�Ò,q�t�Ò�w)��z+|}u.¹&|7s�w)u�é�{7t�scs�ú�s�v�����t�sÖ
��t��$z+qâ¹&u�t�sy¹�Ù�t�ÒÚq�t�Ò�w)��z+|}u.¹&|7s�w)u/t�v×Ò�w)�
��x+u+|7Ò�¹&v�|7w'u�|}�
��r���|�¹&v�t'é ¹�r�v�rÚp+q�w)p w's�r�tÚp.¹&q
-�� Ñ ¹&q�v:K}u�í � |7�+t'é ì æ0��Ô�'&x+u t�v ê ��ò�w���q:K}Ó'x�t�Û�í³Ô<¹&vML)uû��¹&u�ss¢ 8'��£+��åy¹&u�s�Ò�t�v�v�tcÙ'¹&q�|�¹&u�vât)é�{7t�sq�r�s�x+{}vâ¹&v�s��+t�{�� ¹&p+p+{}|7Ò�¹&v�|7w'uû�+t×Òâæ.¹)~�x�t�q���Ó'{7t,�+w)|}Ù�t�u�v�~�x+|}v�v�t�q�{�¹Ú��t��$z+qâ¹&u�t,��¹&u�s�{�¹)~�x�t�{}{7t
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|}{7saw)u�var�v�rûp+q�w���x+|}v�s���ù<u t�� t�v�é�Ò'� t�s�v�x+u Ò�¹)s�p.¹&q�v�|7Ò�x+{}|7t�q �+t�sas�ú�s�v�����t�saÖÈ��t���z+qâ¹&u�t�s¹�Ù�t�Ò,q�t�Ò�w)�$z+|}u.¹&|7s�w)uDw7>ûv�w)x+v�t�s�{7t�sÞq���Ó'{7t�s�p w's�s����+t�u�vÞ{7t�sÞ~�x.¹&v�q�tyÒ�w)�$z+|}u.¹&|7s�w)u�sÞp w's�s�| z�{}t�s�+t�s,|}u���|7Ò�¹&v�t�x+q�s��+t
Ò�|}z+{7t);�|}uu=Dt�v/;aw)x+v�=,�`-�t�sys�ú�s�v�����t�sys�w)u�vÚÒ�¹&p.¹&z+{7t�sÚ�+tçp+q�w���x+|}q�tv�w)x�s×{7t�s×{�¹&u+Ó�¹&Ó�t�s×q�r�Ò�x+q�s�|}Ù�t���t�u�vyr�u�x+��r�qâ¹&z+{7t�s�é��a¹&|7s×{�� ¹&q�v�|7Ò�{7tçw)q�|}Ó'|}u.¹&{[u�� |}u���|7~�x.¹&|}vyp.¹)s�+tÚu�w)�$z+q�tG� �+t��+tÚ��t��$z+qâ¹&u�t�s���ñ×w)x�s×¹�Ù�w)u�s�v�q�w)x+Ù�r��+t�s�p.¹&qâ¹&{}{���{7t�s,t�u�v�q�t�Ò�t�s×s�ú�s�v�����t�st�v�{7t�s�s�ú�s�v�����t�s���|7s�v�q�|}z+x�r�scÖ�Òâæ.¹&u+Ó�t���t�u�v��+t�p+æ.¹)s�t,t�v�u�w)x�sÞ¹�Ù�w)u�s���w)u�v�q�ry~�x�t,����t��çíz+qâ¹&u�t�sçs�x�©as�t�u�v�p w)x+q$p+q�w���x+|}q�tav�w)x�s${7t�s�{�¹&u+Ó�¹&Ó�t�s$q�r�Ò�x+q�s�|}Ù�t���t�u�v
r�u�x+��r�qâ¹&z+{7t�s��[ñ×w)x�s¹�Ù�w)u�s
¹&x�s�s�|���w)u�v�q�r ~�x�� ¹�Ù�t�Òax+u�t s�t�x+{7ta��t��$z+qâ¹&u�t |}{�u�� t�s�v$p w's�s�|}z+{7t �+tap+q�w���x+|}q�t ~�x�t�+t�sy{�¹&u+Ó�¹&Ó�t�s.��u+|7s�é u�w)x�s�¹�Ù�w)u�sy�+w)u�Òçv�q�w)x+Ù�rç{�¹aÕ1q�w)u�v�|���q�t�t�u�v�q�t
{�¹ �+r�Ò�|7��¹&z�| {}|}v�rat�vy{�� |}u�í�+r�Ò�|7��¹&z+|}{}|}v�ryp�w)x+qÞÒ�t�sÞs�ú�s�v�����t�s���å,t��"*���t'é�u�w)x�sÞ¹�Ù�w)u�s�v�q�w)x+Ù�r×x+u�t,Ò�w)u+u�t���|7w)uD¹�Ù�t�Ò×{7t�ss�ú�s�v�����t�sÞÖ���t���z+qâ¹&u�t�s�¹�Ù�t�Ò,�+t�s�q���Ó'{7t�sÞ�+t×q�t�Ò�w)��z+|}u.¹&|7s�w)u*p+{�¹)Ò�r�t�sÞs�x+q��+t�s���t���z+qâ¹&u�t�st�vcu�w)uûp+{}x�s���¹&u�sÞ{7t�sÞq�r�Ó'|7w)u�s�é+Ù�w)|}q@¢ 4�£+�Ñ ¹&|}u�v�t�u.¹&u�v�é[u�w)x�s$p�w)x+Ù�w)u�s$p.¹)s�s�t�q
Ö*x+u�t ¹&u.¹&{}ú�s�t�Õ w)q���t�{}{7t �+ta{�� w)p�r�qâ¹&v�|7w)u9�+taq�t�íÒ�w)�$z+|}u.¹&|7s�w)uDt�v��+t�scs�ú�s�v�����t�sc�+tyä×t�¹)� �
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åy¹&u�s�Ò�t�Òâæ.¹&p+|}v�q�t�u�w)x�s�|}u�v�q�w���x+|7s�w)u�s�{7t�s�u�w)v�|7w)u�s�Ò�t�u�v�qâ¹&{7t�s��+tcu�w)v�q�t�v�æ���s�t�!�{�� w)p�r�qâ¹�ív�|7w)u��+t<{�¹�q�t�Ò�w)�$z+|}u.¹&|7s�w)u$t�v�{7t�s�s�ú�s�v�����t�s��+t<ä×t�¹)� ��ñ×w)x�s�r�v�x���|7t�q�w)u�s�{7t�s��+t�x��y�+r���u�| v�|}w)u.sp w's�s�|}z+{7t�sÞ�+t×{�¹�q�t�Ò�w)�$z+|}u.¹&|7s�w)u�!�{�¹�q�t�Ò�w)�$z+|}u.¹&|7s�w)uDs�|}�
p+{7t,t�v�{�¹�q�t�Ò�w)�$z+|}u.¹&|7s�w)uD�+w)x+z+{7t'ét�v�u�w)x�s���w)u�v�q�w)u�s,�+t�s×Ò�{�¹)s�s�t�s×�+tÚ{�¹&u+Ó�¹&Ó�t�sy¹&p+p.¹&q�v�t�u.¹&u�vÚ¹&x��ûÕ�¹&�
|}{}{7t�s×�+tÚ{�¹&u+Ó�¹&Ó�t�s,�+t�ss�ú�s�v�����t�s��+taä×t�¹)�ÈÕ w)u���r�s$s�x+qÚ{�¹ûq�t�Ò�w)��z+|}u.¹&|7s�w)u¤s�|}�
p+{7t�t�v�{�¹ûq�t�Ò�w)��z+|}u.¹&|7s�w)u¤�+w)x+z+{7t,�
-�t�s$Ò�{�¹)s�s�t�s$s�w)u�v$w)z+v�t�u�x�t�s
Öûp.¹&q�v�|}qç�+t�s�{�¹&u+Ó�¹&Ó�t�s cL é Lc é LcL é cLc é�w7> L ⊆ V ∗ t�s�vx+u¤{�¹&u+Ó�¹&Ó�t qâ¹&v�|7w)u+u�t�{ct�v
w7> c 6∈ V �[ñ×w)x�s$��w)u�v�q�w)u�s
p�w)x+q
{�¹Dp+q�t��
|���q�t Õ w)|}s
~�x�t Ò�t�q ívâ¹&|}u�t�s$Ò�{�¹)s�s�t�s$~�x+|�s�w)u�v��+t�s�{�¹&u+Ó�¹&Ó�t�s$��t
q�t�Ò�w)�$z+|}u.¹&|7s�w)u�s�|}�
p+{7t'é�u�t�p�t�x+Ù�t�u�v�p�¹)s¯*�v�q�t�+t�sy{�¹&u+Ó�¹&Ó�t�s��+t
q�t�Ò�w)��z+|}u.¹&|7s�w)ue�+w)x+z+{7t,��-�t�v�v�t��+t�q�u+|���q�tçÕ�¹&�
|}{}{7t�t�s�vÚ�+w)u�Ò�s�v�q�|7Ò�v�t���t�u�vp+{}x�s,p�t�v�|}v�tç~�x�t${�� ¹&x+v�q�t,� ñ×w)x�s×��w)u�v�q�w)u�sÚ¹&x�s�s�|[�+t�s,Ò�{�¹)s�s�t�s,�+t�{�¹&u+Ó�¹&Ó�t�s,qâ¹&v�|7w)u+u�t�{7sÚ~�x+|u�tÚs�w)u�vcp.¹)sc�+t�sÞ{�¹&u+Ó�¹&Ó�t�s��+tyq�t�Ò�w)��z+|}u.¹&|7s�w)u�s�|}�
p+{7t,�
�@É�È � ÏP	 � ���
 ��
 Ë aå Ë � ����Í�Í���	���� �"!G� �$#������%	��-&ë��Ï'	
åy¹&u�sÚÒ�t�v�v�t
s�t�Ò�v�|7w)uÈu�w)x�sÚ�+w)u+u�t�q�w)u�sy{�¹ �+r���u+|}v�|7w)uÈÕ w)q���t�{}{7t
�+t�sys�ú�s�v�����t�sy�+tçä×t�¹)�¹&|}u�s�|�~�x�tyÒ�t�q�vâ¹&|}u�scq�r�s�x+{}vâ¹&v�s�Ò�w)u+u�x�s��
#�uDÒ�w)�
p+q�t�u��*p.¹&qcx+u�t õ�à7Ñ�×�Î�Ð�Ñ7Í ª ¹&z�s�v�qâ¹&|}v�tX«�x+u*��w)vcs�x+qcx+uD¹&{}p+æ.¹&z t�v��

ý ¨5�<°¿ª�®�ª¬²�° Z þÙBOþÙBOþ Ø�u�t Ì�ûÕÖ7Ñ7Í�Ô�ÍyÌâÍ�Îâà)õtÓ�Ë¬ö�Ý)Ë�á�à)ö ª1s�x+qcx+uD¹&{}p+æ.¹&z�t�v V «�t�s�vÞx+u*~�x.¹)��q�x�íp+{7t�v (u1, u2, u3, u4)
w7> u1, u2, u3, u4 ∈ V ∗ ��#�uû{�� r�Ò�q�|}vcs�w)x+Ù�t�u�vÞÒ�w)�
��t u1#u2$u3#u4

é
{$, #} 6∈ V w)xat�u�Ò�w)q�t�t�ua�+t�x�����|}��t�u�s�|7w)u�ss! u1 u2

u3 u4

�'ø�t�s�Òâæ.¹X�7u�t�s u1u2
t�v u3u4

s�w)u�v
¹&p+p t�{7r�s á�Ë1Ï³Íâá �+tyq�t�Ò�w)��z+|}u.¹&|7s�w)u0�
ñ×w)x�sÚ��|7s�w)u�s�~�x�� x+u/��w)v x

á"Q Ý�Î�Îâà)Ì&Ô�Í ¹�Ù�t�Òç{�¹ q���Ó'{7t r s�� |}{�Ò�w)u�v�|7t�u�v�x+u�t
w�Ò�Ò�x+q�q�t�u�Ò�t� � x+u¤�+t�sç�+t�x��es�|}v�t�s$�+t r �¿ñ×w)x�s$��|7s�w)u�s
¹&x�s�s�|�~�x�t x t�v y s�w)u�v Îâà&õ,ß�Ñ ×�õaÍ�ö.Ï�Ý)Ë¬Ì�Íâá p.¹&qqâ¹&p+p w)q�vçÖ {�¹ q���Ó'{7t r s�| x Ò�w)u�v�|7t�u�v�x+uYs�|}v�t
��t r t�v y Ò�w)u�v�|7t�u�v�{�� ¹&x+v�q�t,� ¬ x.¹&u�� x t�v y¹�Ù�t�Ò x = x1u1u2x2
t�v y = y1u3u4y2

s�w)u�vçÒ�w)�
p+{7r���t�u�vâ¹)|}q�t�s
p.¹&q$qâ¹&p+p w)q�v�Ö*{�¹*q���Ó'{7t
r = u1#u2$u3#u4

w)u*p t�x+v×�+r���u+|}q�{�� ¹&p+p+{}|7Ò�¹&v�|7w)uÈ�+t r ¹&xDÒ�w)x+p+{7t x, y �+w)u�v�{7tÚq�r�s�x+{}vâ¹&v
�,8
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t�s�v w t�v z w7> w = x1u1u4y2
t�v z = y1u3u2x2

�5#�u
r�Ò�q�|}v�Ò�t�Õ�¹&|}v<�+t�{�¹��a¹&u+|���q�tÞs�x+|}Ù'¹&u�v�t.!
(x, y) `r (w, z) �'åy¹&u�s�Ò�tcÒ�¹)s�é'w)ua��|}v�~�x�� w)uat���t�Ò�v�x.tÞx+u�t ÌâÍ�Îâà)õtÓ�Ë¬ö�Ý)Ë�á�à)öYÔ�à&Ð�ÓÛÑ7Í ��1�|���¹&u�s{�¹e�+r���u+|}v�|7w)u p+q�r�Ò�r��+t�u�v�t/w)u Ò�w)u�s�|7� ��q�t/s�t�x+{7t���t�u�v w Ò�w)�
��tÈq�r�s�x+{}vâ¹&v�éÞw)u ��|}vû~�x�� w)ut�� t�Ò�v�x�t
x+u�t ÌâÍ�Îâà)õtÓ�Ë¬ö�Ý)Ë�á�à)öYáâË¬õ×ßOÑ7Í �`#cuF{�� r�Ò�q�|}v��+tç{�¹ �a¹&u+|���q�t�s�x+|}Ù'¹&u�v�tY! (x, y) `r w �ñ×w)x�syp w)x+Ù�w)u�s�¹&x�s�s�|�r�Ò�q�|}q�t
{�� ¹&p+p+{}|7Ò�¹&v�|7w)u�� � x+u�t�q�t�Ò�w)��z+|}u.¹&|7s�w)u��+w)x+z+{7t��+t
{�¹ �a¹&u+|���q�ts�x+|}Ù'¹&u�v�t<!

x1u1 u2x2

y1u3 u4y2
`r

x1u1u4y2

y1u3u2x2

�
åç� x+u�t
�a¹&u+|���q�t�s�|}�
|}{�¹&|}q�t
u�w)x�syp w)x+Ù�w)u�sÚr�Ò�q�|}q�t
{�� ¹&p+p+{}|7Ò�¹&v�|7w)ue� � x+u�t
q�t�Ò�w)�$z+|}u.¹&|7s�w)us�|}�
p+{7t,�

S;T<�VUXW����ZY\[�]^[�]^[
_a`cbMde`gf:h ikjml@nco p�l@j>qeo n

r r h a
b i

nMs�de`�o t pvuvuvo h wexgnypvxJz�{adeo |Jb}xvo n>f
chasse

nMs
bien r

ch asse
b ien

`r
chien
basse ~ø�¹Dp.¹&|}q�t σ = (V, R) w7> V t�s�v$x+u¤¹&{}p+æ.¹&z�t�v�t�v R t�s�v$x+u�t�u�s�t��$z+{7t �+t q���Ó'{7t�sç�+tq�t�Ò�w)�$z+|}u.¹&|7s�w)u�t�s�v�¹&p+p�t�{7r�tÚx+u á�Î�Ò ×�õ�ÝpÔ�ÍÚÌâÍ�Îâà)õtÓ�Ë¬ö�Ý)Ë�á�à)ö w)x*s�Òâæ�r��a¹��Ô[w)x+q,x+u/s�Òâæ�r��a¹ �+t$q�t�Ò�w)��z+|}u.¹&|7s�w)u σ = (V, R) t�v,x+uÈ{�¹&u+Ó�¹&Ó�t$Õ1w)q���t�{ L ⊆ V ∗ w)u�+r���u+|}v¯!

σ1(L)
def
= {w ∈ V ∗|∃x, y ∈ L, ∃r ∈ R : (x, y) `r w}.

σ2(L)
def
= {w, z ∈ V ∗|∃x, y ∈ L, ∃r ∈ R : (x, y) `r (w, z)}.Ñ ¹&|}u�v�t�u.¹&u�v�é.w)u*p�t�x+vc|}u�v�qâw���x+|}q�tÚ{�� |}v�r�qâ¹&v�|7w)u��+t,{�� w)p r�qâ¹&v�|7w)u��+t,q�t�Ò�w)�$z+|}u.¹&|7s�w)u0�

σ0
j (L) = L é

σi+1
j (L) = σi

j(L) ∪ σj(σ
i
j(L)), i ≥ 0 é

σ∗
j (L) = ∪i≥0σ

i
j(L) éw7> j ∈ {1, 2} �ñ×w)x�s,��w)u�v�q�w)u�sy�a¹&|}u�v�t�u.¹&u�vÚ~�x�t${�� w)p r�qâ¹&v�|7w)uY�+t$q�t�Ò�w)�$z+|}u.¹&|7s�w)u/p�q�r�s�t�q�Ù�t${�¹ qâ¹&v�|7w&íu.¹&{}|}v�rÚ� � x+u*{�¹&u+Ó�¹&Ó�t,�

� l�¨�².´�j�µF¸ Z þÙBOþÙBOþ�� à)Ë�Í�ö.Ï L ⊆ T ∗ Ð�ö)Ñ}Ý)ö�Ö�Ý�Ö�ÍÚÌ�Ý'Ï1Ë à)ö�ö Í�Ñ�Í�Ï σ = (T, R)
Ð�ö*á�Î�Ò ×�õ�Ý/Ô�ÍÌâÍ�Î�à)õtÓ�Ë¬ö�Ý)Ë�á�à)ö ÿ^� ÍGÑ}Ý)ö�Ö�Ý�Ö�Í L = σ1(L)

Íâá�Ï�Ý)Ð�áâá�Ë�Ð�ö_Ñ}Ý)ö�Ö�Ý�Ö�Í�Ì�Ý'Ï1Ë à)ö�ö Í�Ñ ÿ
Ê�×�õ�à)ö+á�Ï1Ì�Ý'Ï1Ë à)ö ÿÞñ×w)x�s ¹&{}{7w)u�saÒ�w)u�s�v�q�x+|}q�t*x+u�tûÓ'qâ¹&�
�a¹&|}q�tDqâ¹&v�|7w)u+u�t�{}{7t�~�x+|cp+q�w���x+|}v L �Ô[w)x+qÞw)z+v�t�u+|}qcÒ�t�v�v�t×Ó'qâ¹&�
�a¹&|}q�t'é�u�w)x.s�p+q�t�u�w)u�s�x+u�t×Ó'qâ¹&�
�a¹&|}q�tyqâ¹&v�|7w)u+u�t�{}{7t G1

~�x+| p+q�w&í��x+|}v L t�v×u�w)x�s×v�qâ¹&u�s Õ w)q���w)u�s,s�w)u�t�u�s�t��$z+{7tç�+tÚp�q�w���x�Ò�v�|7w)u�syt�u/¹&� w)x+vâ¹&u�v,�+t�s×p+q�w���x�Ò�ív�|7w)u�s�qâ¹&v�|7w)u+u�t�{}{7t�sçt�v�t�uer�{}|}�
|}u.¹&u�vçÒ�t�q�vâ¹&|}u�t�s$p+q�w���x�Ò�v�|7w)u�s$|}u+|}v�|�¹&{7t�s�é�Ò�ta~�x+|�p t�q���t�v�v�qâ¹�+tÚs�|}��x+{7t�qc{�� ¹&p+p+{}|7Ò�¹&v�|7w)u��+t σ s�x+q L �ñ×w)x�s$Ò�w)u�s�|7�+r�q�w)u�sç�+w)u�Òa{�¹*Ó'qâ¹&�
�a¹&|}q�t qâ¹&v�|7w)u+u�t�{}{7t G1 = (NG, T, S, P1)
v�t�{}{7t ~�x�t

L(G1) = L ��ñ×w)x�s�u�t,�+r�vâ¹&|}{}{7w)u�s�{7t�s�s�ú���z w){7t�s��+t NG
é�Ò�¹&qÞÒ�t�u�� t�s�v�p.¹)s�|}�
p�w)q�vâ¹&u�v�p w)x+qu�w)v�q�t×�+r���w)u�s�v�qâ¹&v�|7w)u0��ñ×w)x�s�p�w)x+Ù�w)u�s�Ò�w)u�s�|7�+r�q�t�q�~�x�tcv�w)x+v�t�s�{7t�s�q���Ó'{7t�s��+t P1

s�w)u�v��+tc{�¹Õ w)q���t A → aB t�v A → a é�w7> A, B ∈ NG
t�v a ∈ T ��ñ×w)x.s�p�w)x+Ù�w)u�s�s�x+p+p w's�t�q�¹&x�s�s�|�~�x�t

G1
u�t�Ò�w)u�v�|7t�u�v�p.¹)s��+t�sÚp+q�w���x�Ò�v�|7w)u�sç¹�Ù�t�Ò ε t�v�~�x�� t�{}{7t�u�t
p w's�s����+t
p.¹)s��+t�sÚs�ú��$z w){}t�s|}u.¹)Ò�Ò�t�s�s�|}z+{7t�s��
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-�w)u�s�|7�+r�q�w)u.s×¹&x�s�s�| {�� t�u�s�t���z+{7t�s�x+|}Ù'¹&u�vc��t�scp+q�w���x�Ò�v�|7w)u�s�!
PR =

{

U i
S → ui

1u
i
4U

i
E : ∃ri =

ui
1 ui

2

ui
3 ui

4
∈ R

} �
P ′

1
!'~�x+|�Ò�w)u�s�|7s�v�tct�u�v�w)x+v�t�s�{7t�s<p+q�w���x�Ò�v�|7w)u�s��+t P1

w7>�x+u�p+q�|}��tct�s�v�¹&� w)x+v�r�ÖyÒ�æ.¹)~�x�ts�ú��$z�w){7tyu�w)u�í�v�t�q��
|}u.¹&{��
Pc =











A → U i
S

U i
E → F ′ (F 6= ε)

U i
E → ε (F = ε)

: (A, B, C, D, E, F ) ∈ ParseRulei











�

w7>*{�� t�u�s�t���z+{7t ParseRulei
t�s�vc�+r���u+|�p.¹&q¯!

ParseRulei =
{

(A, B, C, D, E, F ) : ∃A
∗
⇒
G1

ui
1B

∗
⇒
G1

ui
1u

i
2C, ∃D

∗
⇒
G1

ui
3E

∗
⇒
G1

ui
3u

i
4F
é

∃ri =
ui

1 ui
2

ui
3 ui

4
∈ R

} �
ñ×w)x�s w)z�s�t�q�Ù�w)u�s ~�x�t C t�v F p�t�x+Ù�t�u�vp*�v�q�t�r�Ó�¹&x�� Ö ε �I1�| F = ε é�{�¹F�+t�x���|�����tp+q�w���x�Ò�v�|7w)u��+t Pc

�+t�Ù�|7t�u�v U i
E → ε �ù<u v�t�q���t�s�x�s�x�t�{7s�é PR

Ò�w)u�v�|7t�u�v�{7t�s�p+q�w���x�Ò�v�|7w)u�sÞ~�x+|.p�t�q���t�v�v�t�u�vÞ�+t�s�|}�$x+{7t�q�{�� ¹&p+p+{}| íÒ�¹&v�|7w)u*�+t�s�q���Ó'{7t�s ri ∈ R é P ′
1
Ò�w)u�v�|7t�u�v�x+u�t,Ò�w)p+|7t,�+t�s�p+q�w���x�Ò�v�|7w)u�s�|}u+|}v�|�¹&{7t�sÞt�v Pc

Õ�¹&|}v�{�¹Ò�w)u+u�t���|7w)u�t�u�v�q�t P1
t�vc{7t�sc�+t�x��ût�u�s�t��$z+{7t�s�Ò�| í³�+t�s�s�x�s��

-�w)u�s�|7�+r�q�w)u.sc�a¹&|}u�v�t�u.¹&u�v P = P1 \ {A → a ∈ P1} ∪ P ′
1 ∪ PR ∪ Pc

�Ô[w's�w)u�s G = (N, T, S, P ) é w7> N = NG ∪ N ′
G ∪ {U i

S , U i
E : ∃ri ∈ R} � ï³{�t�s�v,Õ�¹)Ò�|}{7t�+t�Ù�w)|}q�~�x�t G t�s�v�x+u�t�Ó'qâ¹&�
�a¹&|}q�taqâ¹&v�|7w)u+u�t�{}{7t,�[ø�t�s�q���Ó'{7t�s$�+t P1

t�v P ′
1
s�w)u�v$�+r ��Öû�+t{�¹
z w)u+u�tÚÕ w)q���t'é�vâ¹&u���|7s,~�x�tÚ{7t�scq���Ó'{7t�s,�+t PR

t�v Pc
p�t�x+Ù�t�u�v.*�v�q�tÚÕ�¹)Ò�|}{7t���t�u�v×v�qâ¹&u�s Õ w)q í��r�t�s�t�uçÕ w)q���t�u�r�Ò�t�s�sâ¹&|}q�tÞt�u
x+v�|}{}|7sâ¹&u�v��+t�s[p+q�w�Ò�r��+r�s�s�vâ¹&u���¹&q���Ò�w)�
��tÞ{�� r�{}|}�
|}u.¹&v�|7w)u �+t�sq�t�u�w)�
�a¹&Ó�t�s×t�v��+t�sÞp+q�w���x�Ò�v�|7w)u�s�Ù�|7�+t�s��ñ×w)x�sÚw)z�s�t�q�Ù�w)u�sÚ~�x�t$p w)x+qÚw)z+v�t�u+|}qÚx+u/��w)vÚ��¹&u�s G u�w)x�sy�+t�Ù�w)u�s,x+v�|}{}|7s�t�q�s�w)|}v,x+u�tp+q�w���x�Ò�v�|7w)ue�+t P ′

1
é�s�w)|}vyx+u�t
p+q�w���x�Ò�v�|7w)ue�+tç{�¹ Õ w)q���t U i

E → ε �+t Pc
é Ò�¹&qÚu�w)x�s$¹�Ù�w)u�sr�{}|}�
|}u�r��+t P v�w)x+v�t�sc{7t�sÞp+q�w���x�Ò�v�|7w)u�scv�t�q��
|}u.¹&{7t�s×�+t P1

�ø�¹���Ó'x+q�t@8��}�,|}{}{}x�s�v�q�tyÒ�w)�
��t�u�vÞ{�¹$Ó'qâ¹&�
�a¹&|}q�t G1
t�s�v�v�qâ¹&u�s Õ w)q���rÚt�u G ��ñ×w)x�scs x�z�ís�v�|}v�x�w)u�s��+t�x����+r�q�|}Ù'¹&v�|7w)u�s��.¹&u�s G1

é¿|}u���|7~�x�r�t�s
p.¹&q
x+u�t {}|}Ó'u�tût�u¤p w)| u�v�|}{}{7r�s�é[p.¹&q
x+u�t�+r�q�|}Ù'¹&v�|7w)u*��¹&u�s G é�|}u���|7~�x�r�t×p.¹&q�x+u�t×{}|}Ó'u�t,Ò�w)u�v�|}u�x�t'é+~�x+| Ò�w)q�q�t�s�p�w)u��*Ö�{�¹Úq�t�Ò�w)�$z+|}u.¹&| ís�w)u¤�+t�sç��w)v�sç|}u+|}v�|�¹&x�� �<å,t �"*���t'é¿{7t�s
�+r�q�|}Ù'¹&v�|7w)u�s
|}u+|}v�|�¹&{7t�s
��t�Ù�|7t�u+u�t�u�v
|}u.¹)Ò�Ò�t�s�s�|}z+{7t�s��¹&u�s G �ñ×w)x�s�¹X©�q���w)u�s×~�x�t L(G) = σ1(L) �ø�¹o��Ó'x+q�t_8��}�D|}{}{}x�s�v�q�t�¹&x�s�s�|�{ � |7�+r�t��+t*{�¹F�+r���w)u�s�v�qâ¹&v�|7w)u0��Ø�u�t*{}|}Ó'u�tDÒ�w)u�v�|}u�x�tDq�t�íp+q�r�s�t�u�v�t�x+u�t$�+r�q�|}Ù'¹&v�|7w)u/��¹&u�s G é�vâ¹&u���|7s,~�x�tÚ{7t�s×{}|}Ó'u�t�s,t�uDp w)|}u�v�|}{}{7r�s,q�t�p+q�r�s�t�u�v�t�u�vy�+t�s�+r�q�|}Ù'¹&v�|7w)u�s,��¹&u�s G1
�.Ô¿w)x+q,x+u�tÚ|}u�Ò�{}x�s�|7w)u�é�u�w)x�s×�+t�Ù�w)u�s×Ò�w)u�s�v�q�x+|}q�t�x+u�t$�+r�q�|}Ù'¹&v�|7w)u�|}u�í��|7~�x�r�t�p.¹&q×{�¹�{}|}Ó'u�t$Ò�w)u�v�|}u�x�tçÖ�p.¹&q�v�|}qy�+t�s×�+t�x����+r�q�|}Ù'¹&v�|7w)u�s×|}u���|7~�x�r�t�s×p.¹&q×{�¹�{}|}Ó'u�t$t�up w)|}u�v�|}{}{7r�s�é�vâ¹&u���|7s�~�x�t�p�w)x+q�{�� ¹&x+v�q�t�|}u�Ò�{}x�s�|7w)u u�w)x�s�q�t�Ò�w)u�s�v�q�x+|7s�w)u�s�{7t�s��+t�x�� �+r�q�|}Ù'¹&v�|7w)u�s|}u���|7~�x�r�t�s
p.¹&qç{�¹D{}|}Ó'u�tût�u�p�w)|}u�v�|}{}{7r�saÖDp.¹&q�v�|}q��+t {�¹��+r�q�|}Ù'¹&v�|7w)u¤|}u���|7~�x�r�t p.¹&qç{�¹D{}|}Ó'u�tÒ�w)u�v�|}u�x�t,��å,t
�"*���t'é�{�¹ q���Ó'{7t��+t R ¹&p+p+{}|7~�x�r�t�p�t�x+v¯*�v�q�t�q�t�Ò�w)u�s�v�q�x+|}v�t Ö p.¹&q�v�|}q$�+t�Ò�t�s�+r�q�|}Ù'¹&v�|7w)u�s��

BOþ L ⊆ L(G) þ
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x1A
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y1D
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x1u
i
1B

�
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x1U
i
S y1u

i
3E

-
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-
-

-
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-
-

x1u
i
1u

i
2C

� 









x1u
i
1u

i
4U

i
E

x1u
i
1u

i
4F

′

QQQQQQQQQQQQQQ
y1u

i
3u

i
4F �GG

G
G

G

x1u
i
1u

i
2x2 x1u

i
1u

i
4 y2 y1u

i
3u

i
4 y2

CEDGFzù 8��}� é ã qâ¹&u�s Õ w)q��a¹&v�|7w)u��+t G1
��¹&u�s G

1�w)|}v w ��¹&u�s L ��åy¹&u�s,Ò�t$Ò�¹)s w ∈ T ∗ t�v,|}{[t���|7s�v�t$�+t�s×��w)v�s x1u
i
1u

i
2x2

t�v y1u
i
3u

i
4y2��¹&u�s L t�vcx+u�tyq���Ó'{7t ui

1 ui
2

ui
3 ui

4

��¹&u�s R v�t�{7s�~�x�t (x, y) `r w = x1u
i
1u

i
4y2

�
-�w)�
��t x1u

i
1u

i
2x2

t�s�vc��¹&u�s L é�u�w)x�s�¹�Ù�w)u�sÞ{�¹ç�+r�q�|}Ù'¹&v�|7w)uDs�x+|}Ù'¹&u�v�ty��¹&u�s G1
!

S
∗
⇒
P1

x1A
∗
⇒
P1

x1u
i
1B

∗
⇒
P1

x1u
i
1u

i
2C

∗
⇒
P1

x1u
i
1u

i
2x2

�
åç� x+u�tû�a¹&u+|���q�tDs�|}�
|}{�¹&|}q�t y1u

i
3u

i
4y2 ∈ L |}�
p+{}|7~�x�t*~�x�� |}{�t���|7s�v�t {�¹/�+r�q�|}Ù'¹&v�|7w)u s�x+| íÙ'¹&u�v�t<!

S
∗
⇒
P1

y1D
∗
⇒
P1

y1u
i
3E

∗
⇒
P1

y1u
i
3u

i
4F

∗
⇒
P1

y1u
i
3u

i
4y2

�
ï³{�t���|7s�v�tÚ¹&{7w)q�scx+u�ty��r�q�| Ù'¹&v�|7w)u���¹&u�s G !

S
∗
⇒
P1

x1A
1
⇒
Pc

x1U
i
S

1
⇒
PR

x1u
i
1u

i
4U

i
E

1
⇒
Pc

x1u
i
1u

i
4F

′ ∗
⇒
P ′

1

x1u
i
1u

i
4y2
é�Ò�¹&q�s�| F ∗

⇒
P1

y2
é�¹&{7w)q�s F ′ ∗

⇒
P ′

1

y2
�

ñ×w)x�s�¹�Ù�w)u�s�¹&x�s�s�| x1u
i
1u

i
4y2 ∈ T ∗ é�p.¹&q�Ò�w)u�s�r�~�x�t�u�v�é w ∈ L(G) �

K þ L(G) ⊆ L þñ×w)x�s�w)z�s�t�q�Ù�w)u�s�~�x�� |}{�t�s�vÚ|}�
p�w's�s�|}z+{7t �+t
p+q�w���x+|}q�t�x+uY��w)v�v�t�q��
|}u.¹&{���¹&u�s G sâ¹&u�s¹�Ù�w)|}q<x+v�|}{}|7s�rÞ�+t�s<p+q�w���x�Ò�v�|7w)u�s��+t P ′
1
é)w)x
x+u�tÞ�+t�s<p+q�w���x�Ò�v�|7w)u�s U i

E → ε �+t Pc
�'å,t��"*���t'ép w)x+q¿¹&q�q�|}Ù�t�q¿Ö�x+u$s�ú���z w){7t<u�w)u�í�v�t�q��
|}u.¹&{+¹�ú�¹&u�v�x+uÚp+q�|}��t'é�w)x$Ö U i

E
é�u�w)x�s��+t�Ù�w)u�s�x+v�|}{}|7s�t�q�+t�sÞp+q�w���x�Ò�v�|7w)u�s���t PR

t�v Pc
�ñ×w)x�sûqâ¹&p+p t�{7w)u�s�¹&x�s�s�|Ú~�x�tÈ{�� |7�+r�tY�+tÈ{�¹¤�+r���w)u�s�v�qâ¹&v�|7w)u t�s�v*�+t/v�qâ¹&u�s Õ w)q���t�q*x+u�t�+r�q�|}Ù'¹&v�|7w)u$��¹&u�s G t�u��+t�x��Ú�+r�q�|}Ù'¹&v�|7w)u�s���¹&u.s G1

~�x+|�p+q�w���x+|}q�w)u�v�{7t�s��+t�x��y��w)v�s¿¹&x��+~�x�t�{7sx+u�tyq���Ó'{7tÚ�+t,q�t�Ò�w)�$z+|}u.¹&|7s�w)uÈ¹çr�v�r�¹&p+p+{}|7~�x�r�t,�
1�w)|}v w ��¹&u�s L(G) �.ï³{�t���|7s�v�t$¹&{7w)q�s�x+u�t�q���Ó'{7t U i

E → F ′ ��¹&u�s Pc
ª¬{7t$Ò�¹)s��+t�{�¹
q���Ó'{7t
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U i

E → ε ∈ Pc
t�s�vcs�|}�
|}{�¹&|}q�tX«�v�t�{}{7ty~�x�ty{�� w)uD¹&|}vc{�¹
�+r�q�|}Ù'¹&v�|7w)uDs�x+|}Ù'¹&u�v�ty�+t w !

S
∗
⇒
P1

x1A
1
⇒
Pc

x1U
i
S

1
⇒
PR

x1u
i
1u

i
4U

i
E

1
⇒
Pc

x1u
i
1u

i
4F

′ ∗
⇒
P ′

1

x1u
i
1u

i
4y2 = w �

Ô<¹&qÞÒ�w)u�s�r�~�x�t�u�v�é�|}{ t���|7s�v�t×x+u�t×q���Ó'{7t ri =
ui

1 ui
2

ui
3 ui

4

��¹&u�s R t�vÞw)u*¹�{7t�sÞ�+r�q�|}Ù'¹&v�|7w)u�s
s�x+|}Ù'¹&u�v�t�sc��¹&u�s G1

!
S

∗
⇒
P1

x1A
∗
⇒
P1

x1u
i
1B

∗
⇒
P1

x1u
i
1u

i
2C

∗
⇒
P1

x1u
i
1u

i
2x2

�
S

∗
⇒
P1

y1D
∗
⇒
P1

y1u
i
3E

∗
⇒
P1

y1u
i
3u

i
4F

∗
⇒
P1

y1u
i
3u

i
4y2

�
ø�� t���|7s�v�t�u�Ò�t �+t A, B, C, D, E, F t�s�v�Ó�¹&qâ¹&u�v�|7tap.¹&q${�¹D�+r���u+|}v�|7w)u��+t Pc

��å,ta�"*���t'éu�w)x�scp�w)x+Ù�w)u�sÞp+q�w���x+|}q�ty{7tÚ�+t�x���|�����ty��w)v�é�Ò�¹&q D t�s�v�¹)Ò�Ò�t�s�s�|}z+{7tÚ�+t�p+x+|7sÞ{�� ¹X��|7w)��t,�ñ×w)x�s�w)z�v�t�u�w)u�s$�+w)u�Ò x = x1u
i
1u

i
2x2

t�v y = y1u
i
3u

i
4y2

~�x+|<Õ w)u�vÚp.¹&q�v�|7t �+t L(G1)
�åy¹&u�s�Ò�tyÒ�¹)s x t�v y s�w)u�v���¹&u�s L �ñ×w)x�sÞp w)x+Ù�w)u�s��+w)u�Ò�¹&p+p+{}|7~�x�t�q ri

Ö x t�v y ! x1u
i
1 ui

2x2

y1u
i
3 ui

4y2
`ri

x1u
i
1u

i
4y2

�
-�w)�
��t w ∈ T ∗ é�u�w)x�scw)z+v�t�u�w)u�s×~�x�t w t�s�v���¹&u�s L �
1�|Þu.w)x�s
| vâr�qâw)u�s
{7t p+q�w�Ò�t�s�s�x�s��+tûÒ�w)u�s�v�q�x�Ò�v�|7w)u �+t G Ö�p.¹&q�v�|}q��+t G1

t�u¤x+v�|}{}|7sâ¹&u�vÖûÒâæ.¹)~�x�tçÕ w)|7sy{�¹ Ó'qâ¹&�
�a¹&|}q�t�u�w)x+Ù�t�{}{7t�w)z+v�t�u�x�t Ö {�¹ p+{�¹)Ò�t��+t G1
t�v�sâ¹&u�sÚr�{}|}�
|}u�t�q�{7t�sp+q�w���x�Ò�v�|7w)u�sy�+t P1

é�w)uÈw)z+v�|7t�u�v,x+u�t�Ó'qâ¹&�
�a¹&|}q�tç~�x+|[s�|}��x+{7t�{�� |}v�r�qâ¹&v�|7w)uF�+t σ s�x+q L ��ø�¹p+q�t�x+Ù�t��+t�Ò�t�v�v�t×¹X©�q��a¹&v�|7w)u u�� t�s�v�p.¹)s�v�q�|}Ù�|�¹&{7t�t�v�t�{}{7tcp�t�x+vz*�v�q�tcq�t�v�q�w)x+Ù�r�t×��¹&u�ss¢ �'�,£³é�w7>Ò�tyq�r�s�x+{}vâ¹&v�t�s�vc�+r���w)u�v�q�rÚt�u*v�t�q���t�s�� � ¹&x+v�w)�a¹&v�t�sI��u+|7s��
ý ¨5�<°¿ª�®�ª¬²�° Z þÙBOþ K þ ¢}���+é ���7£�Ø�u á�ç&á�Ï+û�õaÍ@Ô�Í���Í�Ý5Ô t�s�vÞ�+r���u+|}vÞp�¹&q�{�¹ç�+w)u+u�r�ty��x*Ò�w)x+p+{7t
H = (σ, A) = ((V, R), A) é&r�Ò�q�|}v�p+{}x�s¿s�|}�
p+{7t���t�u�v H = (V, A, R) é�w7> V t�s�v�x+u
¹&{}p+æ.¹&z�t�v
��u+|�é A ⊆ V ∗ t�s�vcx+u*t�u�s�t��$z+{7tÚ�+t,��w)v�sc|}u+|}v�|�¹&x�� é.¹&p+p�t�{7r�s×¹X��|7w)��t�s�é�t�v R ⊆ V ∗ × V ∗ ×
V ∗ × V ∗ t�s�vÞx+uDt�u�s�t���z+{7tÚ�+tyq���Ó'{7t�s��+t,q�t�Ò�w)�$z+|}u.¹&|7s�w)u0�

ø�tÚs�ú�s�v�����ty�+tÚä×t�¹)� H t�s�vc��|}vI��u+|�s�| A t�v R s�w)u�vc�+t�sct�u�s�t��$z+{7t�sI��u+|7s��ø�t Ñ}Ý)ö�Ö�Ý�Ö�Í�ß.Ì�àXÔ)Ð�Ë1Ï p.¹&q�{7tcs�ú�s�v�����tc�+tcä×t�¹)� H Õ w)u���rcs�x+q�{�¹,q�t�Ò�w)�$z+|}u.¹&|7s�w)u �+w)x�z+{7t)éq�t�s�p t�Ò�v�|}Ù�t���t�u�v×s�| �
p�{}t'é�t�s�v L(H)
def
= σ∗

2(A) é+q�t�s�p�t�Ò�v�|}Ù�t���t�u�v L(H)
def
= σ∗

1(A) �å,w)u�Ò'é�{7tû{�¹&u+Ó�¹&Ó�tûp+q�w���x+|}vap.¹&q�{7t*s�ú�s�v�����tû�+t*ä×t�¹)� H t�s�v�{�� t�u�s�t���z+{7tD�+tûv�w)x+v�t�s{7t�s
��w){7r�Ò�x+{7t�s�p+q�w���x+|}v�t�s�p.¹&q
{�� ¹&p+p+{}|7Ò�¹&v�|7w)u |}v�r�qâ¹&v�|}Ù�tû�+t�s
q���Ó'{7t�sa�+t R ¹&x��¤Ò�w)p+|7t�sa�+t�s��w){7r�Ò�x+{7t�s�w)z+v�t�u�x�t�s�p+q�r�Ò�r��+t��
��t�u�v�t�v�t�u�p.¹&q�vâ¹&u�v��+t A Ò�w)�
��t�t�u�s�t���z+{7tc�+tÞ��w){7r�Ò�x+{7t�s|}u+|}v�|�¹&{7t�s��
S;T<�VUXW����ZY\[�]^[G�\[

� pv`gfHbMnMs\nMzgnm{'uvo nEde`�xJs�h o h f�n�o p�l@nJbMde{'�kh `}pkh f�de`'ikdexv�vo n ~_a`�bMde`gf:h ikjml@n�o n�f2�gf2s2jm{an
H = ((V,R), A)

dex
V = {a, b} � R =

{

r :
a b
a a

}

nMs
A = {abaa} ~_a`abMde{'{anm`}bMn\pJ�gnJb

abaa ~ � de`}b � σ0
2(A) = {abaa} ~ _a`�umnmxJs�pvuvuvo h wexgnml�o p�l@j>qeo n r� bMnMs�s2n'{adeo |Jb}xvo n�nMs � nmo o nM�6{a�m{an r (a|baa, aba|a) `r (aa, ababaa) � de�Ede`�pEf�dexvo h qe`g|u}p}l

|
o n>f�f:h s2n>f�ikn�l@nJbMde{'�kh `}pkh f�de` ~ _a`�de�Js�h nm`Js σ1

2(A) = {abaa, aa, ababaa} ~}� o t |Ms�pvumnfMxkh �}pv`Js2nEde`�p�o n>f�pvukuvo h bMpJs�h de`gf�fMxkh �}pv`Js2n>f r
(a|baa, a|a) `r (aa, abaa) �



�,: §�Ü�w�Ý���v��s{�R�ß�y0w��s{�§I¥2�_xz�9¤�w��&~ ¥2¤g~��9�_Ý�y0{}Ý�w��Î�sw�Ý�Ý�¥2�svzß�ß�ß

(a|baa, ababa|a) `r (aa, abababaa) �
(a|babaa, a|a) `r (aa, ababaa) �
(a|babaa, aba|a) `r (aa, abababaa) �
(a|babaa, ababa|a) `r (aa, ababababaa) ~�,nmo p�ikde`v`gn

σ2
2(A) = {abaa, aa, ababaa, abababaa, ababababaa}_a`��gd�h s�wexgn�b}�}p}wexgn�l@nJbMde{'�kh `}pkh f�de`�p6�GdexJs2n�ikn>f

(ab)∗
� qvpvx}b}�gn�ikn�o pc{adeo |Jb}xvo nnMzkh f2s�pv`Js2n ~,� n�o pv`gqvpgqkn�uml@d�iexkh sau}pml$bMnEf2�gf2s2jm{anEn>f2sHikde`}b L(H) = (ab)∗aa ~� pkh `Js2nm`}pv`Js � de`�bMde`gf:h ikjml@n�o n�{a�m{an�f2�gf2s2jm{an�de��de`yuml@nm`}i A = {aab} ~,� n�� de`}b:�s�h de`v`gnm{anm`Jsaiexc`gdexJ�gnJpvx�f2�gf2s2jm{an

H ′
n>f2s�i�h ¡�|ml@nm`Js ~$¢ l@nm{�h jml@nm{anm`Jsade`ypvuvuvo h wexgn aab� nmo o nM�6{a�m{an;u}pml�o p£l@j>qeo n

r r (aa|b, a|ab) `r (aaab, ab) ~ ¢ xkh fEde`;p£o n>f�umdkf�f:h �kh o h s2|>ffMxkh �}pv`Js2n>f r
(a|b, a|ab) `r (aab, ab) �
(a|b, a|aab) `r (aaab, ab) �
(aa|b, a|aab) `r (aaaab, ab) �
(aaa|b, a|aab) `r (aaaaab, ab) �_a`��gd�h s��¤p}bgh o nm{anm`Js�wex�t de`�p6�GdexJs2n�ikn>f

a
� qvpvx}b}�gn�ikn>f�{adeo |Jb}xvo n>fanMzkh f2s�pv`Js2n>f ~V� no pv`gqvpgqkn�uml@d�iexkh sau}pml

H ′
n>f2s\ikde`}b

L(H ′) = a+b ~Ü�Í�õ�Ý)Ì&è�Ð�Í 8��}�,�}�qÿ±1�w)|}t�u�v S = (V, A, R) t�v S ′ = (V, A, R′) �+t�x��Ds�ú�s�v�����t�s×�+t$ä×t�¹)�Dt�v
R ⊆ R′ �O#�u�¹ L(S) ⊆ L(S ′) �ñ×w)x�sÚu�w)vâw)u�s�p.¹&q H1(FIN, FIN) {�¹ Õ�¹&�
|}{}{}t �+t�sÚ{�¹&u+Ó�¹&Ó�t�s$p+q�w���x+|}v�s�p.¹&q$�+t�s$s�ú�s ív�����t�sy�+t$ä×t�¹)�Y��u+|7s�Õ w)u���r�sys�x+q×{�¹�q�t�Ò�w)��z+|}u.¹&|7s�w)uFs�|}�
p+{7t,� Ô<¹&q�t�|}{}{7t���t�u�v�é u�w)x�s×u�w)v�w)u�sp.¹&q H2(FIN, FIN) {�¹�Õ�¹&�
|}{}{}tÚ�+t�s�{�¹&u+Ó�¹&Ó�t�sÞp+q�w���x+|}v�sÞp.¹&qc�+t�sÞs�ú�s�v�����t�sÞ�+t,ä×t�¹)�/��u+|7sÕ w)u��+r�s�s�x+qç{�¹�q�t�Ò�w)�$z+|}u.¹&|7s�w)u �+w)x+z+{7t,��ø�t {�¹&u+Ó�¹&Ó�tûp+q�w���x+|}v�p.¹&q
x+u9s�ú�s�v�����t �+tûä×t�¹)�Õ w)u��+rys�x+q�{�¹$q�t�Ò�w)��z+|}u.¹&|7s�w)uDs�|}�
p+{7t'é�q�t�s�p t�Ò�v�|}Ù�t���t�u�v��+w)x+z+{7t'é+t�s�v�¹&p+p�t�{7r,x+u Ñ}Ý)ö�Ö�Ý�Ö�Í�Ô�ÍÌâÍ�Î�à)õtÓ�Ë¬ö�Ý)Ë�á�à)ö s�|}�
p+{7t'é+q�t�s�p t�Ò�v�|}Ù�t���t�u�v×�+w)x+z+{7t,�åy¹&u�s[{7t�q�t�s�v�t��+t�Ò�t�Ò�æ.¹&p+|}v�q�t�u�w)x�s<Ò�w)u�s�|7�+r�q�w)u�s<x+u+|7~�x�t���t�u�v��+t�s[{�¹&u+Ó�¹&Ó�t�s[qâ¹&v�|7w)u+u�t�{7su�w)u�íÕ��u+|7s�t�v��+t�scs�ú�s�v�����t�sc�+tyä×t�¹)�p��u+|7s��
CÚ´&².§�².¦�ª�®�ª¬²�° Z þÙBOþ K þ'¥ ðg¦�§¨¦e¦m© H2(FIN, FIN) ⊆ H1(FIN, FIN) ÿ

-�t�v�v�t*p+q�w)p w's�|}v�|7w)u s�t Õ w)u��+tDs�x+q�{7tûqâ¹&|7s�w)u+u�t���t�u�v s�x+|}Ù'¹&u�v���Ø�u s�ú�s�v�����t*�+t*ä×t�¹)�t�s�vû¹&p+p�t�{7rÈs�ú���r�v�q�|7~�x�t�s�|�p�w)x+qûÒ�æ.¹)~�x�tDq���Ó'{7t r = u1#u2$u3#u4 ∈ R é R Ò�w)u�v�|7t�u�v{�¹*q���Ó'{7t r′ = u3#u4$u1#u2
��ï³{�t�s�v�Õ�¹)Ò�|}{7t � � w)z�s�t�q�Ù�t�qç~�x�� x+u�s�ú�s�v�����t �+taä×t�¹)�FÕ w)u��+rs�x+q�{7¹�q�t�Ò�w)�$z+|}u.¹&|7s�w)u*�+w)x+z+{7tyt�s�v�|}�
p+{}|7Ò�|}v�t���t�u�vcs�x+p+p w's�r×s�ú���r�v�q�|7~�x�t,��Ô<¹&qÞÒ�w)u�s�r�~�x�t�u�v�éÒâæ.¹)~�x�t,{�¹&u+Ó�¹&Ó�t,p+q�w���x+|}vcp.¹&qÞx+uûs�ú�s�v�����ty��¹&u�s H2(FIN, FIN) p�t�x+v±*�v�q�t,p+q�w���x+|}vcp.¹&qx+u s�ú�s�v�����tD��¹&u�s H1(FIN, FIN) ~�x+|×t�s�v s�ú���r�v�q�|7~�x�t,�I-�t�vû¹&q�Ó'x+��t�u�v*¹Yr�v�rDx+v�|}{}|7s�r��¹&u�s¯¢}���7£+�

-�t�v�v�tçp+q�w)p+q�|7r�v�r
t�s�v×x+u�tç�+t�s,qâ¹&|7s�w)u�s,p�w)x+q,{7t�s�~�x�t�{}{7t�s,{�¹aq�t�Ò�w)��z+|}u.¹&|7s�w)uY�+w)x+z+{7t
t�s�vÓ�r�u�r�qâ¹&{7t���t�u�v�x+v�|}{}|7s�r�t���¹&u�sy{�¹ {}|}v�v�r�qâ¹&v�x+q�t'é�Ò�¹&qÚv�w)x�sy{7t�syq�r�s�x+{}vâ¹&v�sÚw)z+v�t�u�x�sÚp�w)x+qÚ{�¹ q�t�íÒ�w)�$z+|}u.¹&|7s�w)u �+w)x+z+{7tûp t�x�Ù�t�u�v"*�v�q�t Õ�¹)Ò�|}{7t���t�u�v�v�qâ¹)��x�| vâs�t�u¤v�t�q���t�sa�+t q�t�Ò�w)�$z+|}u.¹&|7s�w)us�|}�
p+{7t,�Ñ ¹&|}u�v�t�u.¹&u�v�u�w)x�sÞ��w)u�v�q�w)u�sc{7t�sÞ{}|}�
|}v�t�s��+t�scs�ú�s�v�����t�sc�+t,q�t�Ò�w)�$z+|}u.¹&|7s�w)uY��u+|7s��
� l�¨�².´�j�µF¸ Z þÙBOþ Z þ'¥ ò5òª§zðg¦�§¨¦e¦m© H1(FIN, FIN) ⊆ REG ÿ
ø�t�q�r�s�x+{}vâ¹&v<r�u�w)u�Ò�r�q�t�s�v�t�Ù�qâ¹&|��"*���t�s�|�x+u
t�u�s�t���z+{7t�qâ¹&v�|7w)u+u�t�{�� � ¹X��|7w)��t�s<t�s�v¿x+v�|}{}|7s�r,�ø�¹çp+q�t�x+Ù�tÚ�+tyÒ�t,q�r�s�x+{}vâ¹&vcp�t�x+vs*�v�q�t,v�q�w)x+Ù�r�ty��¹&u�s@¢ 8,8�£�t�v@¢}���7£+�+ø�� w)x�Ù�qâ¹&Ó�t"¢ �'�7£�Ò�w)u�v�|7t�u�v



R�ß ó ß�{H«.{��_Ý�y0{2~Y|.{2~�§�y0wG~ ~�{2~p|.{}y0w�¤<ôzw�ôz{2~/|.{ �s{�§I¥2�_xz�9¤�w��&~0¥²¤ �,3
x+u�t�p+q�t�x+Ù�tÞ�+tÞÒ�t�q�r�s�x+{}vâ¹&v[Õ w)u��+r�tÞs�x+q<{�¹,s�|}��x+{�¹&v�|7w)ua�+t�{�� w)p�r�qâ¹&v�|7w)u �+t�{7¹×q�t�Ò�w)�$z+|}u.¹&|7s�w)up.¹&qÚx+ue¹&x+v�w)�a¹&v�t<��u+|�é�{�¹)~�x�t�{}{}tat�s�vyz t�¹&x�Ò�w)x+pYp+{}x�s�s�|}�
p+{7t�~�x�tç{7t�s��+t�x��/p+q�r�Ò�r��+t�u�v�t�s��ù<uDt�� t�v�é�{�¹
�+r���w)u�s�v�qâ¹&v�|7w)u*x+v�|}{}|7s�tyx+u�tyÒ�w)u�s�v�q�x.Ò�v�|}w)u�s�|}�
|}{�¹&|}q�t�ÖçÒ�t�{}{7tyx+v�|}{}|7s�r�t,p t�u���¹&u�v{�¹çp+q�t�x+Ù�tÚ��x*v�æ�r�w)q�����t¯8��}�,�}�'é+�a¹&|7scv�qâ¹)��x+|}v�tÚt�u*v�t�q���t�s�� � ¹&x+v�w)�a¹&v�t�sI�.u+|7s��Ñ ¹&|}u�v�t�u.¹&u�v�é+u�w)x�sc��w)u�v�q�w)u�s�~�x�ty{�� |}u�Ò�{}x�s�|7w)u*p+q�r�Ò�r��+t�u�v�t�t�s�v�s�v�q�|7Ò�v�t,�
CÚ´&².§�².¦�ª�®�ª¬²�° Z þÕB�þ h þ Laa = (aa)∗ ∈ REG \ H1(FIN, FIN) ÿ
Ê�×�õ�à)ö+á�Ï1Ì�Ý'Ï1Ë à)ö ÿÞñ×w)x�s�p+q�w�Ò�r���w)u�s�p�¹&q¿Ò�w)u�v�qâ¹)��|7Ò�v�|7w'u0�51�w)|}v S = (V, A, R) x+u$s�ú�s�v�����t��+tä×t�¹)�D~�x+|�p+q�w���x+|}v Laa

�	#�u�¹ V = {a} ��1�w)|}v r ∈ R é r = ak#am$ap#aq �	-�w)u�s�|7�+r�q�w)u�sx+uYt�u�v�|7t�q i ≥ 1 v�t�{�~�x�t k + m + i > p + q t�vÚ~�x�t k + m + i t�s�vyp.¹&|}q��`-�w)u�s�|7�+r�q�w)u�s�a¹&|}u�v�t�u.¹&u�v x = ak+m+i �'Ô[¹&q�æ�ú�p�w)v�æ���s�t x ∈ L(S) ��-�w)u�s�|7�+r�q�w)u�s��a¹&|}u�v�t�u.¹&u�v��+t�x��
Ò�¹)ss�t�{7w)u*{�¹$p.¹&q�|}v�rÚ�+t k + q ��,� k + q t�s�v�p.¹&|}q���#�u ¹Ú¹&{7w)q�s�{�� ¹&p+p+{}|7Ò�¹&v�|7w)u s�x+|}Ù'¹&u�v�tc�+tc{�¹yq���Ó'{7t r Ö x t�v�Öy{}x+| í��"*���t,�
(aak|amai−1, ak+m+i−(p+q)ap|aq) `r ak+q+1 6∈ Laa

�
-�t�Ò�|�Ò�w)u�v�q�t���|}v�{�� æ�ú�p w)v�æ���s�t'é�Ò�¹&q S t�s�v�Õ t�q���r,p.¹&qcqâ¹&p+p w)q�v×Ö${�¹çq�t�Ò�w)��z+|}u.¹&|7s�w)u0���� k+q t�s�v�|}�
p.¹&|}q��7#�uç¹�¹&{7w)q�s�{�� ¹&p+p+{}|7Ò�¹&v�|7w)uçs�x+|}Ù'¹&u�v�t��+t<{�¹Þq���Ó'{7t r Ö x t�v¿ÖÞ{}x+| í��"*���t,�
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Ò�w)u�s�vâ¹&u�v�t
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c 6∈ V ÿ�� Íâá)Ñ}Ý)ö�Ö�Ý�Ö�ÍâáÌ�Ý'Ï1Ë à&ö�ö ÍÛÑ á

L = L + Lc∗
Í�Ï

L′ = L + c∗L
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Ê�×�õ�à)ö+á�Ï1Ì�Ý'Ï1Ë à)ö ÿs-�w)u�s�|7�+r�q�w)u�s {7tD{�¹&u+Ó�¹&Ó�t L ��ù<u Ù�t�q�v�x ��x v�æ�r�w)q�����t�8�� ���}��u�w)x�s w)z�ív�t�u�w)u�sû~�x�� |}{yt���|7s�v�tDx+u s�ú�s�v�����t��+tÈä×t�¹)�9Õ w)u��+rÈs�x+q {�¹Fq�t�Ò�w)�$z+|}u.¹&|7s�w)uW�+w)x+z+{7t S =
(V ∪ {c}, A, R) ~�x+|�p+q�w���x+|}v Lc ��1�w)|}v S̄ = (V ∪ {c}, A, R ∪ {r}) é+w7> r = ε#c$c#ε ��ï³{t�s�vcÒ�{�¹&|}q�~�x�t L(S) ⊆ L(S̄) é�Ù�w)|}qcq�t��a¹&q�~�x�t¯8��}�,�}�,�ï³{�t�s�v¿Õ�¹)Ò�|}{7tc� � w)z�s�t�q�Ù�t�q�~�x�t L(S̄) = L �51�|.w)ua¹&p+p+{}|7~�x�t r Ö lc t�v lc é l ∈ L é'w)u�w)z+v�|7t�u�v
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~�x�t w t�s�vç��¹&u.s Lci é i > 0 é[Ò'� t�s�v í�Ö�í³��|}q�tû~�x�t w = w′ci éw7> w′ ∈ L � Ñ w)u�v�q�w)u�s
~�x�t w′ci+1 ∈ L(S̄) ��-�w)�
��t wc t�v wci s�w)u�vç��¹&u�s L(S̄) p.¹&qæ�ú�p�w)v�æ���s�t �+taq�r�Ò�x+q�q�t�u�Ò�t'é¿u�w)x�sçw)z+v�t�u�w)u�s wci+1 t�u¤¹&p+p+{}|7~�x.¹&u�v r ÖDÒ�t�s$�+t�x��Y��w)v�s/!
(wc, wci−1) `r (w, wci) �ï³u�Ù�t�q�s�t���t�u�v�é�s�w)|}v w ��¹&u�s L(S̄) ��ñ×w)x�sax+v�|}{}|7s�w)u�sa{�¹/q�r�Ò�x+q�q�t�u�Ò�t�s�x+qa{7t*u�w)��z+q�t k� � |}v�r�qâ¹&v�|7w)u�sÚ�+t σ x+v�|}{}|7s�r�t�s,p w)x+q,p+q�w���x�| qât w � 1�| k = 0 é.{7t$��w)v w t�s�v,��¹&u�s A ~�x+|�Õ�¹&|}vp.¹&q�v�|7ty�+t L(S) ~�x+| t�s�v�r�Ó�¹&{�Ö Lc ��-�w)u�s�|7�+r�q�w)u�sÞ�a¹&|}u�v�t�u.¹&u�vÞx+u ��w)v w ~�x+| t�s�v�p+q�w���x+|}vt�u k + 1 |}v�r�qâ¹&v�|7w)u�sç�+t σ ��1�w)|}v${�¹D�+t�q�u+|���q�t ¹&p+p+{}|7Ò�¹&v�|7w)u9�+t σ ! (x, y) `r′ (w1, w2)

t�v
w ∈ {w1, w2}

��Ô[¹&q×æ�ú�p�w)v�æO��s�tç�+t�q�r�Ò�x+q�q�t�u�Ò�t'é x t�v y s�w)u�v,��¹&u�s L � 1�| r′ t�s�v×x+u�t�q���Ó'{7t�+t R é�w)uew)z+v�|7t�u�vç~�x�t x t�v y s�w)u�v���¹&u�s Lc+ é�Ò�¹&q�{7t�s$s�|}v�t�s��+t r′ Ò�w)u�v�|7t�u+u�t�u�v c é�Ù�w)|}qv�æ�r�w)q�����t"8�� ���}�çt�v�é�p.¹&qyÒ�w)u�s�r�~�x�t�u�v�é w t�s�vy¹&x�s�s�|<��¹&u�s Lc+ � 1�| r′ = r é�u�w)x�s,w)z+v�t�u�w)u�s~�x�t x = x1x2
é�¹�Ù�t�Ò x1 ∈ Lc∗ t�v x2 ∈ c+ t�v y = y1y2

é+¹�Ù�t�Ò y1 ∈ Lc+ t�v y2 ∈ c∗ ��åy¹&u�sÒ�t�Ò�¹)s�é w1 = x1y2
Õ�¹&|}v�p.¹&q�v�|7t��+t Lc∗ t�v w2 = y1x2

Õ�¹&|}v�p.¹&q�v�|}t×�+t Lc+ é�Ò'� t�s�v í�Ö�í³��|}q�t×~�x�t
w t�s�vc��¹&u�s L �ï³{yt�s�vûp�w's�s�|}z+{7t/�+tÈ��w)u�v�q�t�q*� � x+u�t/�a¹&u+|���q�tFs�|}�
|}{�¹&| qât/~�x�t L′ t�s�vûx+u {�¹&u+Ó�¹&Ó�tF�+tq�t�Ò�w)�$z+|}u.¹&|7s�w)u��+w)x+z+{7t,�
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c 6∈ V ÿ�� Íâá)Ñ}Ý)ö�Ö�Ý�Ö�ÍâáÌ�Ý'Ï1Ë à&ö�ö ÍÛÑ á
L = L + Lc

Í�Ï
L′ = L + cL
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-�w)�
��t c 6∈ V é c t�s�v�x�u�taÒ�w)u�s�vâ¹&u�v�tap w)x+q Lc ��ï³{�t���|7s�v�ta�+w)u�Òax+ues�ú�s�v�����ta�+taq�t�íÒ�w)�$z+|}u.¹&|7s�w)uDs�|}�
p+{7t S = (V ∪ {c}, A, R) v�t�{�~�x�t Lc = L(S) ª¬v�æ�r�w)q�����t�8�� ���}�X«���åç� x+u�t�a¹&u+|���q�tys�|}�
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R p t�q���t�v�v�t�u�vÚ�+t$p+q�w���x+|}q�t Lc é.vâ¹&u���|7sy~�x�t r p t�q���t�vÚ�+t�p+qâw���x+|}q�t L � ñ×w)x�s,w)z�s�t�q�Ù�w)u�s~�x�� |}{�t�s�vc|}�
p�w)q�vâ¹&u�v×~�x�t,{�¹$q�t�Ò�w)�$z+|}u.¹&|7s�w)u�s�|}�
p+{7tÚs�w)|}vÞx+v�|}{}|7s�r�t,�
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� n>f\o pv`gqvpgqkn>f a∗ +a∗b � a∗ +ba∗
f�de`Js�ikn>f^nMzgnm{'uvo n>f wexkhkbMde`J´�lG{an}`Js\o p�bMde`6�GnJb:s:xvl@nbgh ��ikn>f�fMxgf ~�¢ dexvl�o nµuml@nm{�h nmlao pv`gqvpgqkn�h o�fMxJ¶�s�iknµuml@nm`}iel@n i = 1 � w1 = a

nMs
z1 = εumdexvl�f6pJs�h f2�¤pkh l@nco n>f�iknmxJzcbMde`}i�h s�h de`gf�bgh ��ikn>f�fMxgf ~^� p�l@j>qeo n ε#b$a#ε

umnmlG{anMs'pvo dªl@f'iknu}l@deiexkh l@n
a∗

� u}pml s�h l�ikn
a∗b ~V· dexgf�de�gf�nml �gde`gf�wexgn�o n�o pv`gqvpgqkn a∗b

umnmxJsH�Ms:l@n�uml@d�iexkh su}p}l xv`�f2�gf2s2jm{an�ikn�l@nJbMde{'�kh `}pkh f�de`'ikdexv�vo n�¸ s:�g|>dvl@jm{an'¹ ~ º�~ »g¼M~S;T<�VUXW����ZY\[G�\[G�\[
�,de`gf:h ik|ml@de`gfao n�o pv`gqvpgqkn�l½pJs�h de`v`gnmo

L
l nJbMde`v`vxyugpml o t pvxJs2de{�pJs2na´�`kh�fMxkh �}pv`Js r

//?>=<89:;1
a //?>=<89:;2

b **?>=<89:;/.-,()*+3
a

44
b

jj ?>=<89:;/.-,()*+4
btt

ahh

¾�h�`gdexgfcuml@nm`gde`gf
i = 2

nMs
z1 = a � z2 = b � w1 = ababa � w2 = abbb � o n>fiknmxJzcbMde`}i�h s�h de`gf�bgh ��ikn>f�fMxgf�f�de`Js�f6pJs�h f2�¤pkh s2n>f ~ � pv`gf�bMn�b>pgf � o n>f�l j>qeo n>f a#c$ababa#εnMs

b#c$abbb#ε
umnmlG{anMs�s2nm`JsHikn�u}l@deiexkh l@n

L
� u}pml s�h l�ikn

Lc ~V· dexgf\de�gf�nml �gde`gfHwexgn LcumnmxJs��Ms:l@n�uml@d�iexkh sau}pml^xv`�f2�gf2s2jm{an�ikn�l@nJbMde{'�kh `}pmh f�de`�ikdexv�vo n�¸ s:�g|>dªl jm{an'¹ ~ º�~ »g¼M~S;T<�VUXW����ZY\[G�\[GY\[
�,de`gf:h ik|ml@de`gfao n�o pv`gqvpgqkn�l½pJs�h de`v`gnmo

L
l nJbMde`v`vxyugpml o t pvxJs2de{�pJs2na´�`kh�fMxkh �}pv`Js r

//?>=<89:;1
a //?>=<89:;2

b **?>=<89:;/.-,()*+3
a

44
b

jj ?>=<89:;/.-,()*+4
b,a

tt

� pv`gf'bMnyb>pgf � i = 4
nMs�o n>f�¿0l@j>qeo n>f�fMxkh �}pv`Js2n>f

ba#c$ababa#ε � aa#c$abbb#ε �
ab#c$abbb#ε

nMs
bb#c$abbb#ε

f6pJs�h f2� de`Js'o n>fEiknmxJz�bMde`}i�h s�h de`gfabgh ��ikn>f�fMxgf ~�À o o n>f�umnml �{anMs�s2nm`Js�ikde`}bµiknÁuml@d�iexkh l@n
L
� u}pml s�h lEikn

Lc ~�· dexJf�de�gf�nml �gde`gf�wexgn Lc
umnmxJs��Ms:l@nu}l@deiexkh sau}p}l xv`�f2�gf2s2jm{an�ikn�l@nJbMde{'�kh `}pkh f�de`'ikdexv�vo n�¸¤s:�J|>dªl@jm{an�¹ ~ º�~ »g¼>~



8'� §�Ü�w�Ý���v��s{�R�ß�y0w��s{�§I¥2�_xz�9¤�w��&~ ¥2¤g~��9�_Ý�y0{}Ý�w��Î�sw�Ý�Ý�¥2�svzß�ß�ß
Y\[G�\[G� Â �³� ¡)¡&�.¡ ���Y��� ��°���°��.¡û���F���.���¨U²±��³��� �³¡&���W¡)��UXW�����Ã\³��c���e¡&�����AW�� ¡���.¡*��� ��°���°��.¡*���e���.���¨U²±��³��� �³¡&��� ���¨³�±����
ø�¹yp+q�w)p w's�|}v�|7w)u s�x+|}Ù'¹&u�v�tÞ��w)u�v�q�tcx+u�t�Ò�{�¹)s�s�tc�+tc{�¹&u+Ó�¹&Ó�t�s�qâ¹&v�|7w)u+u�t�{7s�~�x+|�u�t�s�w)u�v�p.¹)s�+t�sÞ{�¹&u+Ó�¹&Ó�t�s��+tyq�t�Ò�w)��z+|}u.¹&|7s�w)uÈ�+w)x+z+{7t,�

CÚ´&².§�².¦�ª�®�ª¬²�° Z þ K þ h þ;� à)Ë1Ï L ⊆ V ∗ Ð�ö�Ñ}Ý)ö�Ö�Ý�Ö�ÍaÌ�Ý'Ï1Ë à)ö�ö Í�Ñ�Í�Ï
c, d 6∈ V ÿ�� Í<Ñ}Ý)ö�Ö�Ý�Ö�Í LÔq×ÙØ<ö�Ë ß�Ý)Ì

L = L + cL + Ld
ö^Q Íâá�Ï ß�Ý&áÚÐ�ö_Ñ}Ý)ö�Ö�Ý�Ö�Í�Ô�ÍÚÌ�Í�Îâà)õtÓ�Ë¬ö�Ý)Ë�á�à)öoÔ�à)Ð�Ó�Ñ7Í ÿ

Ê�×�õ�à)ö+á�Ï1Ì�Ý'Ï1Ë à)ö ÿÞñ×w)x�s×¹&{}{7w)u�scp+q�w)x+Ù�t�q×Ò�tyq�r�s�x+{}vâ¹&vcp.¹&q×Ò�w)u�v�qâ¹)��|7Ò�v�|7w)u`�.ñ×w)x�s�s�x+p+p�w's�w)u�s~�x�� |}{�t���|7s�v�t
x+uYs�ú�s�v�����t
�+t
q�t�Ò�w)�$z+|}u.¹&|7s�w)ue�+w)x+z+{7t S = (V, A, R) v�t�{�~�x�t L(S) = L �ñ×w)x�sÚÒ�w)u�s�|7�+r�q�w)u.s�Òâæ.¹)~�x�t
q���Ó'{7t r ∈ R t�vÚu�w)x�sÚ��w)u�v�q�w)u�s�~�x�� t�uFx+v�|}{}|7sâ¹&u�v�Ò�t�v�v�t�q���Ó'{7tu�w)x�s w)z+v�t�u�w)u�sûs�w)|}vax+u ��w)v u�t*Õ�¹&|7sâ¹&u�v p.¹)s p.¹&q�v�|7t��+t L p.¹&q�Ò�t�~�x�� |}{,Ò�w)u�v�|7t�u�vû�+t�x��w�Ò�Ò�x+q�q�t�u�Ò�t�s[�+t�{7t�v�v�q�t�s¿�+t V ′ é�w7> V ′ = {c, d} é�s�w)|}v�{7t�s¿�+t�x��Ú��w)v�s�q�r�s�x+{}vâ¹&u�v�s¿Ò�w)u�v�|7t�u+u�t�u�vx+u�t
w�Ò�Ò�x+q�q�t�u�Ò�t��+t c w)x d é Ò'� t�s�v í�Ö�í³��|}q�t
~�x.t$u�w)x�s,u�t$p w)x+Ù�w)u.s,p.¹)s,p+q�w���x+|}q�t
�+t�s,��w)v�s�+t L t�uax+v�|}{}|7sâ¹&u�v�Ò�t�v�v�tcq���Ó'{7t,��ñ×w)x�s<q�t��a¹&q�~�x.w)u�s�¹&x�s�s�|�{�¹,p+q�w)p+q�|}r�v�r×�+t�Õ t�q���t�v�x+q�t��+t L !
L = σ2(L) w7> σ t�s�vÞ{7tys�Òâæ�r��a¹
�+t,q�t�Ò�w)�$z+|}u.¹&|7s�w)u (V, R) �-�w)u�s�|7�+r�q�w)u�sa�+w)u�Òûx+u�t q���Ó'{7t r = u1#u2$u3#u4 ∈ R t�v�s�w)|7t�u�v x = x1u1u2x2

é
y = y1u3u4y2

é w1 = x1u1u4y2
é w2 = y1u3u2x2

v�t�{7sy~�x�t$u�w)x�s,p�w)x+Ù�w)u�sÚ¹�Ù�w)|}q,{�� ¹&p+p+{}| íÒ�¹&v�|7w)uDs�x+|}Ù'¹&u�v�ty�+t r ! (x, y) `r (w1, w2)
�ï³{�t�s�v�Ò�{�¹&|}q�~�x�t |u1u2|V ′ ≤ 1 t�v |u3u4|V ′ ≤ 1 � #�uû¹Ú�+w)u�Ò×{7t�s�Ò�¹)s�s�x+|}Ù'¹&u�v�s�~�x.¹&u�vÞ¹&xu�w)�$z+q�tÚ�+t c t�v d ��¹&u�sÞ{7t�scÒ�w)�
p w'sâ¹&u�v�s ui
�+t,{�¹çq���Ó'{7t'é 1 ≤ i ≤ 4 !

�,� |ui|V ′ = 0 � ñ×w)x�sÚw)z+v�t�u�w)u�sÚx+u�t
Ò�w)u�v�qâ¹)��|7Ò�v�|7w)ues�|[u�w)x�syp+q�t�u�w)u�s x ��¹&u�s cL t�v y��¹&u�s Ld é+Ò�¹&q w1
Ò�w)u�v�|7t�u���qâ¹ c t�v d Öç{�¹�Õ w)|7s����� |u1u2|V ′ = 0 t�v u3u4 ∈ Fact(cL) ��ñ×w)x�s�¹�Ù�w)u�sc�+t�x��ûs�w)x�s í³Ò�¹)sÞp w's�s�|}z+{7t�s@!

ª ¹5« u3 6= ε �z1�|cu�w)x�s�p+q�t�u�w)u�s x �.¹&u�s Ld t�v y ��¹&u�s cL é<u�w)x�saw)z+v�t�u�w)u�s ~�x�t
|w2|V ′ = 2 é+Ò�tÚ~�x+|�t�s�vÞx+u�tÚÒ�w)u�v�qâ¹)��|7Ò�v�|7w)u0�

ª¬z�« u3 = ε � 1�| u�w)x�s�p+q�t�u�w)u�s x t�v y ��¹&u�s cL u.w)x�s�w)z+v�t�u�w)u�s�x+u�t×Ò�w)u�v�qâ¹)��|7Ò�v�|7w)u�éÒ�¹&qc{7t,��w)vcq�r�s�x+{}vâ¹&u�v w1
Ò�w)u�v�|7t�u���qâ¹��+t�x��û{7t�v�v�q�t�s c �

8��Þñ×w)x�sÞp�w)x+Ù�w)u�sÞqâ¹&|7s�w)u+u�t�qc� � x+u�t,�a¹&u+|���q�tÚs�|}�
|}{�¹&|}q�typ�w)x+qÞ{7t�s�¹&x+v�q�t�scÒ�w)��z+|}u.¹&|7s�w)u�sw7>¤{�� x+u9�+t�s�s�|}v�t�sçu�tûÒ�w)u�v�|7t�u�v ¹&x�Ò�x+u�tû{}t�v�v�q�tû�+t V ′ t�v
{�� ¹&x+v�q�tût�u9Ò�w)u�v�|7t�u�v�x+u�ts�t�x+{7t,�
��� u1u2 ∈ Fact(cL) t�v u3u4 ∈ Fact(cL) �+ñ×w)x�s�¹�Ù�w)u�ss8
s�w)x�s í³Ò�¹)s@!

ª ¹5« u3 = ε t�v u1 6= ε ª1w)x u1 = ε t�v u3 6= ε «��	1�|�u�w)x�scp+q�t�u�w)u�s x t�v y ��¹&u�s cL éu�w)x�s�w)z+v�t�u�w)u�scx+u*��w)vÞq�r�s�x+{}vâ¹&u�v�Ò�w)u�v�t�u.¹&u�v×�+t�x��ûw�Ò�Ò�x+q�q�t�u�Ò�t�s×�+t c �
ª¬z�« u1, u3 = ε �+ø�t�s��+t�x�� ��w)v�scq�r�s�x+{}vâ¹&u�v�s�s�w)u�vÞ|7�+t�u�v�|7~�x�t�s×¹&x�� ��w)v�sÞ|}u+|}v�|�¹&x�� �
ª1ÒX« u1, u3 6= ε � ¼Ou�w)x+Ù�t�¹&x�é+{7t�sc�+t�x��û��w)v�sÞq�r�s�x+{}vâ¹&u�v�s�Õ w)u�vÞp.¹&q�v�|7tÚ�+t cL �#�uFt�uF�+r���x+|}vÚ~�x�� t�u/x+v�|}{}|7sâ¹&u�vÚ�+t�s,q���Ó'{7t�sÚ�+t
Ò�t�sy�+t�x��/�+t�q�u+|7t�q�syv�ú�p�t�s,u�w)x�su�typ�w)x+Ù�w)u�sÞp.¹)scp+q�w���x+|}q�t��+t,��w)v���¹&u�s L �

U��Þñ×w)x�s�p w)x+Ù�w)u�s�qâ¹&|7s�w)u+u�t�q¿� � x+u�t��a¹&u+|���q�t�s�|}�
|}{�¹&|}q�t�p�w)x+q�{7t�Ò�¹)s�w7> u1u2∈Fact(Ld)t�v u3u4 ∈ Fact(Ld) �
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6�� u1u2 ∈ Fact(cL) t�v u3u4 ∈ Fact(Ld) ��ñ×w)x�s�¹�Ù�w)u�sÞ��s�w)x�s í³Ò�¹)s@!
ª ¹5« u1, u4 6= ε � ñ×w)x�syw)z+v�t�u�w)u�syx+u�tçÒ�w)u�v�qâ¹)��|7Ò�v�|7w)uYs�|¿u�w)x�s,p+q�t�u�w)u�s x ��¹&u�s cLt�v y ��¹&u�s Ld é+Ò�¹&q w1

Ò�w)u�v�|7t�u���qâ¹ c t�v d Ö${�¹$Õ w)|7s��
ª¬z�« u1 6= ε, u4 = ε �O#�uDw)z+v�|7t�u�v�~�x�t |w1|c = 1 t�v |w2|d = 1 �
ª1ÒX« u1 = ε, u4 6= ε �O#�uDw)z+v�|7t�u�v�~�x�t |w1|d = 1 t�v |w2|c = 1 �#�u Ù�w)|}v ~�x�� t�u x+v�|}{}|7sâ¹&u�v �+t�s q���Ó'{7t�s �+t�Ò�t�s �+t�x�� �+t�q�u+|7t�q�s v³ú�p t�sau�w)x�s u�tp�w)x+Ù�w)u�sÞp.¹)sÞp+q�w���x+|}q�tÚ�+ty��w)v���¹&u�s L �
ª1�O« u1, u4 = ε � ñ×w)x�s,w)z+v�t�u�w)u�syx+u�tçÒ�w)u�v�qâ¹)��|7Ò�v�|7w)uFt�uÈp+q�t�u.¹&u�v x ��¹&u�s cL t�v y��¹&u�s Ld é+Ò�¹&qc{7ty��w)vÞq�r�s�x+{}vâ¹&u�v w2

Ò�w)u�v�|7t�u���qâ¹ c t�v d Ö${�¹�Õ w)|7s��
ù<u q�r�s�x+��r'é�u�w)x�s ¹�Ù�w)u�sa�+t�saq���Ó'{7t�s �+tD�+t�x��¤v�ú�p�t�s���ø�t�saq���Ó'{7t�s ��x p+q�t��
|7t�q v³ú�p tp+q�w���x+|7s�t�u�v×�+t�sÞ��w)v�s�¹�ú�¹&u�vÞx+u�tyw�Ò�Ò�x+q�q�t�u�Ò�t��+t c w)x d é+Ò�t�sÞ��w)v�sÞu�typ�t�x+Ù�t�u�v��+w)u�Òyp.¹)s¹&p+p.¹&q�v�t�u+|}qûÖ L �21�|cu�w)x�sas�x+p+p�w's�w)u�sa~�x�t u�w)x�s�p w)x+Ù�w)u�s�p+q�w���x+|}q�t L t�u9x+v�|}{}|7sâ¹&u�va{7t�sq���Ó'{7t�s��+ty{�� ¹&x+v�qâtyv�ú�p�t'é+u�w)x�scp w)x+Ù�w)u�s×¹&{7w)q�sc��w)u�v�q�t�q�p�w)x+q×Ò�æ.¹)~�x�tyq���Ó'{7t��+tÚÒ�t�v�v�tÚs�w)q�vâtx+u�t��+t��
p+{7t �+t���w)v�s�v�t�{7s$~�x�� t�ue{7t�x+qç¹&p+p+{}|7~�x.¹&u�vçÒ�t�v�v�taq���Ó'{7tax+ue�+t�s���w)v�s$q�r�s�x+{}vâ¹&u�v�sÒ�w)u�v�|7t�u���qâ¹È�+t�x��ew�Ò�Ò�x+q�q�t�u�Ò�t�s��+ta{7t�v�v�q�t�s
�+t V ′ é¿�+t s�w)q�v�t ~�x�� w)u9¹&x+qâ¹*x+u���w)vç~�x+|�u�tÕ�¹&|}vûp.¹)s p.¹&q�v�|7tF�+t L �s-�tÈ~�x+|ÚÒ�w)u�v�q�t���|}v*{7t�Õ�¹&|}vû~�x�t L t�s�v Õ t�q���rÈp.¹&qûqâ¹&p+p�w)q�v�ÖY{�¹q�t�Ò�w)�$z+|}u.¹&|7s�w)u0��Ô<¹&qaÒ�w)u�s�r�~�x�t�u�v�é�u�w)x�s�w)z+v�t�u�w)u�s�x+u�t*Ò�w)u�v�qâ¹)��|7Ò�v�|7w)u ¹�Ù�t�Òû{7t Õ�¹&|}va~�x�t

L = L + cL + Ld t�s�vÞx�uû{�¹&u+Ó�¹&Ó�tÚ�+tyq�t�Ò�w)��z�| u�¹&|}s�w)uÈ�+w)x+z+{7t,�
ñ×w)x�s$p w)x+Ù�w)u�s$Õ�¹)Ò�|}{7t���t�u�v
w)z+v�t�u+|}q
{7ta�"*���t q�r�s�x+{}vâ¹&v
t�u�p�w'sâ¹&u�v |V ′| = 1 é¿Ò�t ~�x+|s�|}Ó'u+|��.tÚ~�x�t c = d �Å ².´&²�1¬«�ª¬´&¸ Z þ K þ � þ�� à)Ë1Ï L ⊆ V ∗ Ð�ö_Ñ7Ý&ö�Ö�Ý�Ö�ÍÚÌ�Ý'Ï1Ë à)ö�ö Í�Ñ¿Í�Ï

c 6∈ V ÿ�� ÍGÑ}Ý)ö�Ö�Ý�Ö�Í L′ Ôq×ÙØ<ö�Ëß+Ý)Ì
L′ = L + cL + Lc

ö^Q Íâá�Ï ß�Ý&áyÐ�ö]Ñ}Ý)ö�Ö�Ý�Ö�Í�Ô�ÍÚÌâÍ�Îâà)õtÓ�Ë¬ö�Ý)Ë�á�à)öoÔ�à)Ð�Ó�Ñ7Í ÿ
ø�t�s�v�æ�r�w)q�����t�s¿s�x+|}Ù'¹&u�v�s ��w)u�v�q�t�u�v¿~�x�t<{7t�s�{�¹&u+Ó�¹&Ó�t�s¿Ò�| í³�+t�s�s�x�s¿¹&p+p.¹&q�v�|7t�u�v<Ö�{�¹�Õ�¹&�
|}{}{7t

H1(FIN, FIN) �+ï³{7scs�w)u�vc�+w)u�ÒÚ��¹&u�s H1(FIN, FIN) \ H2(FIN, FIN) �
� l�¨�².´�j�µF¸ Z þ K þ � þ�� à)Ë1Ï L ⊆ V ∗ Ð�ötÑ}Ý)ö�Ö�Ý�Ö�ÍcÌ�Ý'Ï1Ë à)ö�ö Í�Ñ.Í�Ï c, d 6∈ V ÿ�� ÍzÑ}Ý)ö�Ö�Ý�Ö�Í L Ôq×ÙØ<ö�Ëß+Ý)Ì

L = L + cL + Ld
Íâá�ÏzÔ�Ý)ö+á

H1(FIN, FIN) \ H2(FIN, FIN) ÿÊ�×�õ�à)ö+á�Ï1Ì�Ý'Ï1Ë à)ö ÿÞø�¹$p+q�w)p w's�|}v�|7w)u)8�� ��� �
u�w)x�sc�+w)u+u�ty~�x�t L �+r���u+| p.¹&q L = L + cL + Ldu�� t�s�vûp.¹)s*��¹&u�s H2(FIN, FIN) �Þï³{Ús�x�©�vû�a¹&|}u�v�t�u.¹&u�v��+tÈ��w)u�v�q�t�qD~�x�t L t�s�v*��¹&u�s
H1(FIN, FIN) � -�w)�
��t c t�s�v�x+u�t×Ò�w)u�s�vâ¹&u�v�t×p�w)x+q cL t�v�Ò�w)�
��t d t�s�v�x+u�t,Ò�w)u�s�vâ¹&u�v�tp w)x+q Ld é cL t�v Ld s�w)u�v[�+t�s[{7¹&u�Ó�¹&Ó�t�s��+t�q�t�Ò�w)��z+|}u.¹&|7s�w)u��+w)x�z+{7t)é)Ù�w)|}q[v�æ�r�w)q�����tI8�� ���}��t�v�ép.¹&q�Ò�w)u�s�r�~�x�t�u�v�é��+t�s�{�¹&u+Ó�¹&Ó�t�s��+tcq�t�Ò�w)��z+|}u.¹&|7s�w)u s�|}�
p+{7t'é�Ù�w)|}q�p+q�w)p w's�|}v�|7w)up8��}�,� ����1�w)|7t�u�v
Sc = (V ∪{c}, Ac, Rc)

{7tÞs�ú�s�v�����t��+t�ä×t�¹)�
~�x+|�p+q�w���x+|}v cL é'Ò'� t�s�v í�Ö�í³��|}q�t L(Sc) = cL é)t�v
Sd = (V ∪ {d}, Ad, Rd)

{7t×s�ú�s�v�����t×�+t,ä×t�¹)� ~�x+|�p+q�w���x+|}v Ld é�Ò'� t�s�v�í�Ö�í³��|}q�t L(Sd) = Ld �ø�t�{�¹&u+Ó�¹&Ó�t cL+Ld t�s�v¿¹&x�s�s�|'x+uÚ{�¹&u+Ó�¹&Ó�t��+t<q�t�Ò�w)�$z+|}u.¹&|7s�w)u$�+w)x+z+{7t'é�Ù�w)|}q v�æ�r�w)q�����tz8�� ��� �,�ñ×w)x�s
¹X©�q���w)u�sç~�x�ta{7t s�ú�s�v�����t S = (V ∪ {c, d}, Ac ∪ Ad, Rc ∪ Rd ∪ {r}) é¿w7> r =
ε#d$d#ε é�p+q�w���x+|}v L é�Ò)� t�s�v í�Ö�í³��|}q�t L = L(S) ��ñ×w)x�s w)z�s�t�q�Ù�w)u�sû~�x�t�u�w)x�s p�w)x+Ù�w)u�s¹&x�s�s�|�x+v�|}{}|7s�t�q${�¹ q���Ó'{7t r = ε#c$c#ε ��ù<uet�� t�v�é�u�w)x�s�p�w)x+Ù�w)u�sÚp+q�w���x+|}q�t cL t�v Ld t�ux+v�|}{}|7sâ¹&u�v�{7t�syq���Ó'{7t�s$�+t Rc

t�v Rd
��ë¿|}u.¹&{7t���t�u�v�é�{�¹ q���Ó'{7t r = ε#d$d#ε ~�x+|�s�� ¹&p+p+{}|7~�x�tx+u+|7~�x�t���t�u�v�Ö*x+u�tap.¹&|}q�t ��ta��w)v�s$��¹&u�s Ld é�p t�q���t�vç��tap+q�w���x+|}q�t {7t�s$��w)v�sç�+t L p.¹&q
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x+u�tçq�t�Ò�w)��z+|}u.¹&|7s�w)ues�|}�
p+{7t,� ñ×w)x�s,q�t��a¹&q�~�x�w)u�sÚ~�x�t${7t
s�ú�s�v�����t S ¹&|}u�s�|�w)z+v�t�u�xYt�s�v,x+us�ú�s�v�����tç�+t$q�t�Ò�w)�$z+|}u.¹&|7s�w)uFs�|}�
p+{7t'é Ò�¹&qy{�¹aq���Ó'{7t r u�t$p t�x+v,p.¹)sG*�v�q�tçx+v�|}{}|7s�r�tçp�w)x+qyx+u�tq�t�Ò�w)�$z+|}u.¹&|7s�w)u��+w)x+z+{7t,�
ø�t�q�r�s�x+{}vâ¹&v�p+q�r�Ò�r��+t�u�v�q�t�s�v�tcÙ'¹&{}|7�+t�p�w)x+q L′ = L+ cL+Lc ��Ô<{}x�s�t���¹)Ò�vât���t�u�v�é�u�w)x�sw)z�s�t�q�Ù�w)u�s�~�x�t {�¹Èp+q�t�x+Ù�tû~�x.t L = L + cL + Ld t�s�v
x+u¤{�¹&u+Ó�¹&Ó�t*�+tûq�t�Ò�w)��z+|}u.¹&|7s�w)us�|}�
p+{7t
x+v�|}{}|7s�t�{�� æ�ú�p w)v�æ���s�ta~�x�t c t�v d s�w)u�v��+t�x��FÒ�w)u�s�vâ¹&u�v�t�sÚp w)x+q L ��åç� ¹&x+v�q�t�p.¹&q�vÚ|}{t�s�v�p�w's�s�|}z+{7t*�+tû��w)u�v�q�t�qa~�x�t L′ = L + cL + Lc t�s�v�x+u9{�¹&u+Ó�¹&Ó�tD�+tûq�t�Ò�w)��z+|}u.¹&|7s�w)us�|}�
p+{7t'é�Ò�¹&q {ca | a ∈ V } t�v {ac | a ∈ V } s�w)u�v��+t�x��Ft�u�s�t���z+{7t�s@��u+|7sÚ�+t�Ò�w)u�s�vâ¹&u�v�t�sp w)x+q L′ �¿åy¹&u�sçÒ�t Ò�¹)s�é�p w)x+q$p+q�w���x+|}q�t L u�w)x�s$p w)x+Ù�w)u�s$x+v�|}{}|7s�t�qç{�� t�u.s�t��$z+{7t �+taq���Ó'{7t�s

ra = a#c$ac#ε é.q�t�s�p t�Ò�v�|}Ù�t���t�u�v ra = ε#ca$c#a é.p w)x+q,v�w)x+v a ∈ V ��Ø�u�t�v�t�{}{7t$q���Ó'{7t
ra
s�� ¹&p+p+{}|7~�x�t�Ö$�+t�x�� ��w)v�sc�+t Lc é�q�t�s�p t�Ò�v�|}Ù�t���t�u�v cL é�p+q�w���x+|7sâ¹&u�v×¹&|}u�s�| x�u ��w)v��+t L �� l�¨�².´�j�µF¸ Z þ K þkE�þ�� à)Ë1Ï L ⊆ V ∗ Ð�öYÑ}Ý)ö�Ö�Ý�Ö�ÍyÌ�Ý'Ï1Ë à)ö�ö Í�Ñ�Í�Ï c 6∈ V ÿ$� Í�Ñ}Ý)ö�Ö�Ý�Ö�Í,Ì�Ý'Ï1Ë à)ö�ö Í�Ñ

L = L + LcL
ö^Q Íâá�Ï ß�Ý&áyÐ�ö]Ñ}Ý)ö�Ö�Ý�Ö�Í�Ô�ÍyÌâÍ�Îâà)õtÓ�Ë¬ö�Ý)Ë�á�à)öoÔ�à)Ð�Ó�Ñ7Í ÿ

Ê�×�õ�à)ö+á�Ï1Ì�Ý'Ï1Ë à)ö ÿÞñ×w)x�s×¹&{}{7w)u�scp+q�w)x+Ù�t�q×Ò�tyq�r�s�x+{}vâ¹&vcp.¹&q×Ò�w)u�v�qâ¹)��|7Ò�v�|7w)u`�.ñ×w)x�s�s�x+p+p�w's�w)u�s~�x�� |}{�t���|7s�v�t
x+uYs�ú�s�v�����t
�+t
q�t�Ò�w)�$z+|}u.¹&|7s�w)ue�+w)x+z+{7t S = (V, A, R) v�t�{�~�x�t L(S) = L �ñ×w)x�sÚÒ�w)u�s�|7�+r�q�w)u.s�Òâæ.¹)~�x�t
q���Ó'{7t r ∈ R t�vÚu�w)x�sÚ��w)u�v�q�w)u�s�~�x�� t�uFx+v�|}{}|7sâ¹&u�v�Ò�t�v�v�t�q���Ó'{7tu�w)x�s w)z+v�t�u�w)u�sûs�w)|}vax+u ��w)v u�t*Õ�¹&|7sâ¹&u�v p.¹)s p.¹&q�v�|7t��+t L p.¹&q�Ò�t�~�x�� |}{,Ò�w)u�v�|7t�u�vû�+t�x��w�Ò�Ò�x+q�q�t�u�Ò�t�sç�+t c é�s�w)|}vç�+t�x��F��w)v�sç~�x+|�Ò�w)u�v�|7t�u�u�t�u�v c ��-�t�{�¹*Ù�t�x+vç��|}q�ta~�x�� |}{�u�� t�s�v�p�¹)sp w's�s�|}z+{7t��+tÚp+q�w���x+|}q�t$�+t�s���w)v�s×�+t L t�uDx+v�|}{}|7sâ¹&u�v×Ò�t�v�v�t�q���Ó'{7t,�.ñ×w)x�s�q�t��a¹&q�~�x�w)u�sy¹&x�s�s�|{�¹ûp+q�w)p+q�|7r�v�r �+t
Õ t�q���t�v�x+q�t �+t L ! L = σ2(L) w7> σ t�s�vÚ{7t s�Ò�æ�r��a¹D�+t�q�t�Ò�w)��z+|}u.¹&|7s�w)u
(V, R) �-�w)u�s�|7�+r�q�w)u�sa�+w)u�Òûx+u�t q���Ó'{7t r = u1#u2$u3#u4 ∈ R t�v�s�w)|7t�u�v x = x1u1u2x2

é
y = y1u3u4y2

é w1 = x1u1u4y2
é w2 = y1u3u2x2

v�t�{7sy~�x�t$u�w)x�s,p�w)x+Ù�w)u�sÚ¹�Ù�w)|}q,{�� ¹&p+p+{}| íÒ�¹&v�|7w)uDs�x+|}Ù'¹&u�v�ty�+t r ! (x, y) `r (w1, w2)
�ï³{[t�s�v,Ò�{�¹&|}qy~�x�t |u1u2|c ≤ 1 t�v |u3u4|c ≤ 1 � #�u/¹ �+w)u�Ò�{7t�s,Ò�¹)sys�x+|}Ù)¹&u�v�s,~�x.¹&u�vÚ¹&xu�w)�$z+q�tÚ�+t c ��¹&u�sÞ{7t�s�Ò�w)�
p�w'sâ¹&u�v�s ui

�+ty{�¹$q���Ó'{7t'é 1 ≤ i ≤ 4 !
�,� |ui|c = 0, i = 1, . . . , 4 �ñ×w)x�s¿w)z+vât�u.w)u�s¿x+u�t�Ò�w)u�v�qâ¹)��|7Ò�v�|7w)u�s�|�u�w)x�s�p+q�t�u�w)u�s x, y v�t�{7s¿~�x�t |x1|c = |y2|c = 1 éÒ�¹&q×¹&{7w)q�s |w1|c = 2 �ñ×w)x�s<¹X©�q���w)u�s[~�x�� |}{�t�s�v¿p�w's�s�|}z+{7t��+t�v�q�w)x+Ù�t�q[�+t�v�t�{7s x t�v y ��x�Õ�¹&|}v¿��t�{�¹��+r���u+|}v�|7w)u�+t L �I-×� t�s�v í�Ö�í³��|}q�tÈs�|×u�w)x�sap w)x+Ù�w)u�sû¹&p+p+{}|7~�x�t�q r Ö x t�vûÖ y ¹�Ù�t�Ò |x1|c = 0 éu�r�Ò�t�s�sâ¹&|}q�t���t�u�v�é x = x1u1u2w

′cw′′ �²-�w)�
��t x1u1u2w
′ ∈ L é¿|}{ct���|7s�v�t x+u¤��w)v

x′ = w3cx1u1u2w
′ ∈ LcL p w)x+qÞ{7t�~�x�t�{ |x′

1|c = |w3cx1|c = 1 t�vÞv�t�{�~�x�t,{�¹�q���Ó'{7t rp+x+|7s�s�t@*�v�q�tÚ¹&p+p+{}|7~�x�r�t$Ö x′ t�v×Ö y ���� |u1|c = |u2|c = 0 t�v |u3u4|c = 1

ª ¹5« |u3|c = 1 t�v��+w)u�Ò |u4|c = 0 !�s�|�u�w)x�s�p+q�t�u�w)u�s x v�t�{�~�x�t |x2|c = 1 é u�w)x�sw)z+v�t�u�w)u�s�x+u�tyÒ�w)u�v�qâ¹)��|7Ò�v�|7w)u�é.Ò�¹&q×¹&{7w)q�s |w2|c = 2 �ª¬z�« |u3|c = 0 t�v��+w)u�Ò |u4|c = 1 !�s�|�u�w)x�s�p+q�t�u�w)u�s x v�t�{�~�x�t |x1|c = 1 é u�w)x�sw)z+v�t�u�w)u�s×�+t,�"*���tyx+u�tÚÒ�w)u�v�qâ¹)��|7Ò�v�|7w)u�é.Ò�¹&q�Ò�t�v�v�t,Õ w)|7s |w1|c = 2 �� ′ �Þåç� x+u�t×�a¹&u+|���q�t,s�|}�
|}{7¹&|}q�t×u�w)x�s�w)z+v�t�u�w)u�s�x�u�t×Ò�w)u�v�qâ¹)��|7Ò�v�|7w)u*��¹&u�s�{7t×Ò�¹)s�w7> {�� w)uû¹
|u3|c = |u4|c = 0 t�vc�+w)u�Ò |u1u2|c = 1 �
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8�� |u1|c = 1 t�vc�+w)u�Ò |u2|c = 0 ¹&|}u�s�|�~�x�t |u3u4|c = 1
ª ¹5« |u3|c = 1 t�v��+w)u�Ò |u4|c = 0 ��w)u�¹�é+p.¹&q�Ò�w)u�s�r�~�x�t�u�v�é.~�x�t |w1|c = |w2|c = 1 ét�v�t�u�x+v�|}{}|7sâ¹&u�v�Ò�t�v�v�tÞq���Ó'{7tcw)uat�u��+r���x+|}v�~�x�� w)u�u�t�p t�x+v�p.¹)s<p+q�w���x+|}q�tc�+tÞ��w)v��¹&u�s L �ª¬z�« |u4|c = 1 t�v��+w)u�Ò |u3|c = 0 é)�+tÞs�w)q�v�tÞ~�x�t�u�w)x�s�w)z+v�t�u�w)u�s�x+u�tÞÒ�w)u�v�qâ¹)��|7Ò�v�|7w)u�éÒ�¹&qc��¹&u�s�Ò�tyÒ�¹)s�é |w1|c = 2 �

8 ′ �cï³{ t�u*Ù'¹$��t,�"*���tÚs�| |u2|c = 1 t�vc~�x�t'é�p.¹&q�Ò�w)u�s�r�~�x�t�u�v�é |u1|c = 0 t�v |u3u4|c = 1 �ù<u q�r�s�x+��r'é�u�w)x�s�¹�Ù�w)u�s��+t�s�q���Ó'{7t�s��+t×�+t�x���v³ú�p t�s���ø�t�s�q���Ó'{7t�s���xap+q�t��
|7t�q�v³ú�p tcp+q�w&í��x+|7s�t�u�v[�+t�s���w)v�s<¹�ú�¹&u�v�x+u�t�w�Ò�Ò�x+q�q�t�u�Ò�t��+t c é&Ò�t�s���w)v�s¿u�t�p�t�x+Ù�t�u�v[�+w)u�Ò�p.¹)s[¹&p+p.¹&q�v�t�u+|}qÖ L �q1�|+u�w)x�s�s�x+p+p�w's�w)u�s�~�x�t�u�w)x�s<p w)x+Ù�w)u�s<p+q�w���x+|}q�t L t�u
x+v�| {}|7sâ¹&u�v�{7t�s[q���Ó'{7t�s��+tÞ{�� ¹&x�v�q�tv�ú�p�t'é u�w)x�syp w)x+Ù�w)u�s$¹&{7w)q�sy��w)u�v�q�t�qÚp w)x+q�Ò�æ.¹)~�x�t
q���Ó'{7t��+t
Ò�t�v�v�t�s�w)q�v�t
x+uFt��+t��
p+{7t��+t��w)v�s×v�t�{7s×~�x�� t�u�{7t�x+qy¹&p+p+{}|7~�x.¹&u�v,Ò�t�v�v�t�q���Ó'{7t$x+u��+t�s×��w)v�s�q�r�s�x+{}vâ¹&u�v�s,Ò�w)u�v�|7t�u���qâ¹ �+t�x��w�Ò�Ò�x+q�q�t�u�Ò�t�sç�+t c é��+tas�w)q�v�ta~�x�� w)u�¹&x+qâ¹*x+uY��w)vç~�x+|�u�t
Õ�¹&|}v�p.¹)s�p.¹&q�v�|7t �+t L ��-�t ~�x+|Ò�w)u�v�q�t���|}v${7t
Õ ¹&|}v$~�x�t L t�s�vyÕ t�q���r�p.¹&q�qâ¹&p+p�w)q�v
Öû{�¹ q�t�Ò�w)�$z+|}u.¹&|7s�w)u0�¿Ô<¹&q$Ò�w)u�s�r�~�x�t�u�v�éu�w)x�s$w)z+v�t�u�w)u�s$x+u�taÒ�w)u�v�qâ¹)��|7Ò�v�|7w)u9¹�Ù�t�Ò�{7tçÕ�¹&|}v$~�x�t L = L + LcL t�s�vÚx+uY{�¹&u+Ó�¹&Ó�t �+tq�t�Ò�w)�$z+|}u.¹&|7s�w)u��+w)x+z+{7t,�
ñ×w)x�s�u�t�sâ¹�Ù�w)u�s p.¹)s�s�|�{7t<{7¹&u�Ó�¹&Ó�t�Ò�| í³�+t�s�s�x�s�t�s�v x+uÚ{�¹&u+Ó�¹&Ó�t��+t<q�t�Ò�w)�$z+|}u.¹&|7s�w)u$s�|}�
p+{7t'é�a¹&|7scu�w)x�sÞp t�u�s�w)u�sc~�x�tyÒ'� t�s�vc{7tyÒ�¹)s��Å ²�°+Ç�¸�©'®�·�´&¸ Z þ K þ K þ 1�w)|}v L ⊆ V ∗ x+ua{�¹&u+Ó�¹&Ó�t�qâ¹&v�|7w)u+u�t�{ t�v c 6∈ V ��ø�tc{�¹&u+Ó�¹&Ó�t L+LcLt�s�vc��¹&u�s H1(FIN, FIN) é��a¹&|7sÞp.¹)s���¹&u�s H2(FIN, FIN) �Ø�u�t��+t�s�p w's�s�|}z+|}{}|}v�r�s��+tcq�r�s�w){}x+v�|7w)u �+t�Ò�t�v�v�t�Ò�w)u'� t�Ò�v�x+q�t'é�Ò'� t�s�v í�Ö�í³��|}q�t�~�x�t L+LcL ∈

H1(FIN, FIN) é�t�s�v�r�v�q�w)|}v�t���t�u�v×{}|7r�Öç{�¹
s�w){}x+v�|7w)uDp+q�w)p�w's�r�tÚp w)x+qc{�¹
Ò�w)u'� t�Ò�v�x+q�t�8�� ���}�'éÖ sâ¹�Ù�w)|}q,~�x�t L + Lc ∈ H2(FIN, FIN) � ñ×w)x�s×qâ¹&p+p t�{7w)u�sy~�x�t${�¹aÒ�w)u'� t�Ò�v�x+q�t"8�� ���}�çt�s�vÙ�qâ¹&|7tys�| u�w)x�sÞp w)x+Ù�w)u�sÞv�q�w)x+Ù�t�q zi ∈ V ∗ t�v wi ∈ L v�t�{7sc~�x�t×p w)x+qÞv�w)x+v xwiy
��¹&u�s L {7t�s�+t�x��*Ò�w)u���|}v�|7w)u�s�s�x+|}Ù'¹&u�v�t�scs�w)|7t�u�v�sâ¹&v�|7s Õ�¹&|}v�t�s@!¹5« xwi ∈ L éz�« ∀w ∈ L : w = w′zi ⇒ wy = w′ziy ∈ L �åy¹&u�s<u�w)v�q�tÞÒ�¹)s�é&{7t�s[q���Ó'{7t�s zi#c$cwi#ε p t�q���t�v�v�t�u�v��+t�p+q�w���x+|}q�t L Ö�p.¹&q�v�|}q��+t LcL �ø�¹���w)v�|}Ù'¹&v�|7w)u*�+t×Ò�t�vÞr�u�w)u�Ò�r,t�s�v�{�¹Ú�"*���t,~�x�t×p�w)x+q�{�¹$Ò�w)u'� t�Ò�v�x+q�tG8�� ���}�'é��a¹&|7sÞ��¹&u�s�Ò�tÒ�¹)sÞ{7typ+q�w)z+{�����t�t�s�vct�u�Ò�w)q�typ+{}x�scs�|}�
p+{7tÚÒ�¹&qc{�¹çÒ�w)u���|}v�|7w)uÈ¹5«�t�s�vcv�w)x'� w)x+q�sÞÙ�qâ¹&|7t,�

S;T<�VUXW����ZY\[G�\[ Ä�[
L = a∗ + a∗ba∗ ∈ H1(FIN,FIN) \ H2(FIN,FIN) ~À `��vxgn�iex�s:�g|>dªl@jm{an�¹ ~ º�~ Å � `gdexgf�de�Js2nm`gde`gf L 6∈ H2(FIN,FIN) ~ � pkh `Js2nm`}pv`Js �`gdexgf xJs�h o h f6de`Jf¨o pEl@nm{�pml½wexgn\ikde`v`g|>nauvo xgf¨�}pvxJs$nMs `gdexgf¨umdkf�de`gf

w1 = a
nMs

z1 = ε ~ªÆ oJn>f2s�¤p}bgh o nHiÇt de�gf�nml �gnml�wexgn�o pabMde`}i�h s�h de`E� ¼ n>f2s$f6pJs�h f2�¤pkh s2n ~ª� p�l@j>qeo n ε#b$ba#ε
uknmlG{anMs�ikde`}biknHu}l@deiexkh l@n

a∗
� u}p}l s�h l�ikn

a∗ba∗ ~k¢ dexklv´�`kh lÇo pauml@nmxJ�gnH`gdexgf^l@nm{�pml@wexgde`gfVwexgn a∗ba∗
n>f2sxv`�o pv`gqvpgqkn�ikn�l@nJbMde{'�kh `}pkh f�de`Eikdexv�vo n�nMs � u}pml"bMde`gf�|Jwexgnm`Js � ikn�l@nJbMde{'�kh `}pkh f�de`�f:h {'uvo n ��gd�h l,s:�g|>dªl@jm{an�¹ ~ º�~ »v~S;T<�VUXW����ZY\[G�\[GÈ\[

¾�h,`gdexgfHbMde`gf:h ik|ml@de`gf�o n�o pv`gqvpgqkn
L
ikn�o t nMzgnm{'uvo n'¹ ~ º�~ º � `gdexgfHde�Js2nm`gde`gfah {'{a|Ji�h pJ�s2nm{anm`Js�wexgn

L + LcL
n>f2s'xv`µo pv`gqvpgqkn�ikn�l@nJbMde{'�kh `}pkh f�de`�f:h {'uvo n ~$� n;{a�m{an�l@|>fMxvo s�pJsn>f2s¨�vl½pkh�umdexvl o n�o pv`gqvpgqkn

L
ikn�o t nMzgnm{'uvo n�¹ ~ º�~ ¹ ~
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Y\[G�\[GY ScT<�VUXW����.¡e���O�+��� ¡)¡&�.¡¤��� ��� ��°���°��.¡����������������.�³¡ÉÃ\³��a���O¡&�����ÊW�� ¡���.¡*��� ��°���°��.¡*���e���.���¨U²±��³��� �³¡&��� ¡)��UXW����
ñ×w)x�s¿p+q�r�s�t�u�v�w)u�s¿|7Ò�|�x+u�t�Ò�{7¹)s�s�t��+t�{�¹&u+Ó�¹&Ó�t�s[qâ¹&v�|7w)u+u�t�{7s<~�x+|�u�t�s�w)u�v¿p.¹)s[��t�s[{�¹&u+Ó�¹&Ó�t�s�+t�q�t�Ò�w)�$z+|}u.¹&|7s�w)uçs�|}�
p+{7t,�,-�t�v�v�t�Ò�{�¹)s�s�t�t�s�v¿Ò�w)u�s�v�q�x+|}v�t�ÖÞp.¹&q�v�|}q¿��x�{�¹&u+Ó�¹&Ó�t cLc é L ⊆ V ∗ é

c 6∈ V �
� l�¨�².´�j�µF¸ Z þ K þ�� þ�� à)Ë1Ï L ⊆ V ∗ Ð�ö]Ñ}Ý)ö�Ö�Ý�Ö�Í$Ì�Ý'Ï1Ë à)ö�ö Í�Ñ[Í�Ï

c 6∈ V ÿ^� Í@Ñ}Ý)ö�Ö�Ý�Ö�Í L Ôq×ÙØ<ö�Ëß+Ý&Ì
L = L + cLc

ö^Q Íâá�Ï ß+Ý�áÚÐ�ö_Ñ}Ý)ö�Ö�Ý�Ö�Í�Ô�ÍÚÌ�Í�Î�à)õtÓ�Ë¬ö�Ý)Ë�á�à)öDá�Ë¬õ×ßOÑ7Í ÿ
Ê�×�õ�à)ö+á�Ï1Ì�Ý'Ï1Ë à)ö ÿÞñ×w)x�s�¹&{}{7w)u�sDp+q�w)x+Ù�t�qD{�� r�u�w)u�Ò�rFp.¹&q�Ò�w)u�v�qâ¹)��|7Ò�v�|7w'u0�G1�x+p+p w's�w)u�sD~�x�� |}{t���|7s�v�tçx+uFs�ú�s�v�����tç�+tçq�t�Ò�w)�$z+|}u.¹&|7s�w)ues�|}�
p+{7t S = (V, A, R) v�t�{�~�x�t L(S) = L � ñ×w)x�sÒ�w)u�s�|7�+r�q�w)u�s�Ò�æ.¹)~�x�tçq���Ó'{7t r �+t R t�vyu�w)x�sy��w)u�v�q�w)u.sÚ~�x�� t�u/x+v�|}{}|7sâ¹&u�v�Ò�t�v�v�tçq���Ó'{7tçu�w)x�sw)z+v�t�u�w)u�s�s�w)|}v,x+u/��w)vyu�t$Õ�¹&|7sâ¹&u�vyp.¹)s,p�¹&q�v�|7t
�+t L p.¹&q�Ò�t
~�x�� |}{�Ò�w)u�v�|7t�u�vÚx+u�t
s�t�x+{7tçw�Ò�íÒ�x+q�q�t�u�Ò�ta�+t c é�s�w)|}vyx+u/��w)v�~�x+|�Ò�w)u�v�|7t�u�v��+t�x�� c é �+t�s�w)q�v�t
~�x�tçu�w)x�sÚu�tçp w)x+Ù�w)u�syp�¹)sp+q�w���x+|}q�t��+t
��w)v��+t L t�uFx+v�|}{}|7sâ¹&u�v�Ò�t�v�v�t
q���Ó'{7t,��ñ×w)x�syq�t��a¹&q�~�x�w)u�s$¹&x�s�s�|<{�¹ p+q�w)p+q�|7r�v�r�+t,Õ t�q���t�v�x+q�tÚ�+t L = σ1(L) w)x σ t�s�vÞ{7tÚs�Ò�æ�r��a¹
�+t,qât�Ò�w)�$z+|}u.¹&|7s�w)u (V, R) �-�w)u�s�|7�+r�q�w)u�s×�+w)u�ÒÚx+u�tyq���Ó'{7t r = u1#u2$u3#u4 ∈ R t�v�s�w)|7t�u�v x = x1u1u2x2 ∈ Lt�v y = y1u3u4y2 ∈ L ��ñ×w)x.s�p�w's�w)u�s w {7t�q�r�s�x+{}vâ¹&vÞ�+t�{�� ¹&p�p+{}|}Ò�¹&v�|7w'uû�+t�{�¹Úq���Ó'{7t r s�x+q�Ò�t�s�+t�x��û��w)v�s��ñ×w)x�s�w)z�s�t�q�Ù�w)u�s�~�x�t |u1u2|c ≤ 2 t�v |u3u4|c ≤ 2 ��ï³{.Õ�¹&x+v��+w)u�Ò,Ò�w)u�s�|7�+r�q�t�q�{7t�s�Ò�¹)s�w7>Òâæ.¹)~�x�t |ui|c

é i = 1 . . . 4 é�Ù'¹&q�|7t�t�u�v�q�t 0 t�v 2 ��ñ,w)x�s�p�w)x+Ù�w)u�s�r�Ò�¹&q�v�t�q�{7t�s�Ò�¹)s�w7> |u1|c > 0w)x z+|7t�uû{7t,Ò�¹)s�w7> |u4|c > 0 é�Ò�¹&qÞ��¹&u�sÞÒ�t�sÞÒ�¹)s�u�w)x.s�u�t,p�w)x+Ù�w)u�s�p.¹)s�w)z�v�t�u+|}qÞ�+t,��w)vÞ�+t
L � ¼ p+q�r�s�t�u�v�é � �+w)u�s |u1|c = |u4|c = 0 t�v�Ò�w)u�s�|7�+r�q�w)u�s 0 ≤ |u2|c, |u3|c ≤ 2 ��-�t�{�¹
u�w)x�s�+w)u+u�t"3 Ò�¹)s�� ñ×w)x�s,u�x+��r�q�w)v�w)u�sÚ{7t�syÒ�¹)s,p.¹&qy�+t�x��/Ò�æ+|�� q�t�s � {7t$p+q�t��
|7t�q�Ò�æ+|�� q�tç|}u���|7~�x�t{7tyu�w)��z+q�tÚ�+t c �.¹&u�s u2

t�vc{7ty�+t�x���|�����t�Ò�æ+|�� q�ty|}u���|7~�x�ty{7t,u�w)�$z+q�tÚ�+t c ��¹&u�s u3
�

-�¹)s 00 !�s�w)|}v |u2|c =0= |u3|c
��ï³{ t���|7s�v�t,�+w)u�Ò x′, y′ ��¹&u�s L v�t�{7sÞ~�x�t (cx′c, y′) `r w t�v

|w|c = 1 é+t�vc�+w)u�Ò w 6∈ L �
-�¹)s 01 !.s�w)|}v |u2|c = 0 t�v |u3|c = 1 ��Ô<q�t�u�w)u�s,x+u y ~�x+|[Ò�w)u�v�|}t�u+u.t${7t$s�|}v�t u3u4

�+t�{�¹q���Ó'{7t r �1�| u4y2 6= ε é�|}{,t���|7s�v�t x′ ��¹&u�s L v�t�{,~�x�t (x′, y) `r w t�v |w|c = 1 p+x+|7s�~�x�t
|u4y2|c = 1 �1�| u4y2 = ε é�|}{�t���|7s�v�t x′ ��¹&u�s L v�t�{�~�x�t (cx′c, y) `r w p+x+|7s�~�x�t w = x1u1

t�v
|w|c = 1 �åy¹&u�sc{7t�sc�+t�x��ûÒ�¹)s w 6∈ L �

-�¹)s 02 !�s�w)|}v u4 = ε ��ï³{�t���|7s�v�t��+w)u�Ò x′ ��¹&u�s L v�t�{�~�x�t (cx′c, y) `r w t�v |w|c = 1p+x+|7s�~�x�t w = x1u1
é��+tys�w)q�v�tÚ~�x�t w 6∈ L �

-�¹)s 10 !�-�t×Ò�¹)s�t�s�v�s�|}�
|}{�¹&|}q�ty¹&x Ò�¹)s 01 ��ñ×w)x�s�p+q�t�u�w)u�s y′ ��¹&u�s L t�v�u�w)x�s�Òâæ�w)|7s�|7s�s�w)u�s
y′ w)x cy′c t�u�Õ w)u�Ò�v�|7w)u9�+t x t�vçu�w)x�s
w)z+v�t�u�w)u�s�~�x�t |w|c = 1 é[Ò�t ~�x+|Þt�u�v�qâ¹X�7u�t
w 6∈ L �

-�¹)s 11 !�|7Ò�|�u�w)x�s�¹�Ù�w)u�sÞ��s�w)x�s í³Ò�¹)sct�v x, y ∈ L !¹5« x1u1 = u4y2 = ε !�u�w)x�s�w)z+v�t�u�w)u�s w = ε �
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z�« x1u1, u4y2 6= ε !�Ò�w)�
��t |u2|c = |u3|c = 1 u�w)x�s�w)z+v�t�u�w)u�s |x1u1|c = |x1|c = 1t�v |u4y2|c = |y2|c = 1 ��åy¹&u�sÚÒ�t�s�Ò�w)u���|}v�|7w)u�s�é |w|c = 2 t�v w u�t
p t�x+v��+w)u�Ò�p.¹)s
*�v�q�ty��¹&u�s L �Ò'é �O«cs�w)|}v x1u1 = ε é�s�w)|}v u4y2 = ε � 1�| x1u1 = ε é�w)u/¹ w = u4y2

t�v |w|c = 1 � 1�|
u4y2 = ε é+w)uD¹ w = x1u1

t�v |w|c = 1 ��åy¹&u�sÞ{7t�sc�+t�x��ûÒ�¹)s�é w 6∈ L �
-�¹)s 12 !�s�w)|}v u4 = ε ��ï³{�t���|7s�v�tÚ�+w)u�Ò x′ ��¹&u�s L v�t�{�~�x�t (cx′c, y) `r w t�v�s�w)|}v w = ε éÒ�ty~�x+|�s�t,p+q�w���x+|}v�s�| x1u1 = ε é�s�w)|}v |w|c = 1 �
-�¹)s 20 !�s�w)|}v u1 = ε ��åç� x+u�t$�a¹&u�|»��q�t
s�|}�
|}{�¹&|}q�t�¹&x/Ò�¹)s 02 é�u�w)x�s,p�w)x+Ù�w)u�s,v�q�w)x+Ù�t�q y′��¹&u�s L v�t�{�~�x�t (x, cy′c) `r w t�v |w|c = 1 �
-�¹)s 21 !�s�w)|}v u1 = ε �+åç� x+u�t,�a¹&u+|���q�tÚs�|}�
|}{�¹&|}q�tÚ¹&x*Ò�¹)s 12 é�u�w)x�scw)z+v�t�u�w)u�s�~�x�� |}{ t���|7s�v�t

y′ ��¹&u�s L v�t�{�~�x�t (x, cy′c) `r w t�v<s�w)|}v w = ε é)Ò�t�~�x+|+s�t�p+q�w���x+|}v�~�x.¹&u�� u4y2 = ε és�w)|}v |w|c = 1 �
-�¹)s 22 !+ñ×w)x�sÞp+q�w���x+|7s�w)u�s ε �ù<uûq�r�s�x+��r'é�{7t�s�q���Ó'{7t�sÞs�w)u�vÞ�+t×v�q�w)|7s�v�ú�p�t�s���ø�t�sÞq���Ó'{7t�sÞ��x p+q�t��
|7t�qcv³ú�p t×p�t�q���t�v�v�t�u�v�+t p+q�w���x+|}q�tûx+u+|7~�x�t���t�u�v ε �[{}t�s
q���Ó'{7t�s���x9�+t�x���|�����t v³ú�p t p t�q���t�v�v�t�u�va� � w)z+v�t�u+|}qa�+t�s��w)v�s w v�t�{7sa~�x�t |w|c = 2 ��Ô[¹&q Ò�w)u�s�r�~�x�t�u�v�é�t�u9x+v�|}{}|7sâ¹&u�v Ò�t�sa�+t�x��¤v³ú�p t�sa�+tûq���Ó'{7t�su�w)x�s�u�tÞp w)x+Ù�w)u�s�p.¹)s�w)z+v�t�u+|}q��+t�s���w)v�s��+t L ��ø�t�s�q���Ó'{7t�s���x�v�q�w)|7s�|�����tcv�ú�p�tÞp�t�q���t�v�v�t�u�v� � w)z+v�t�u+|}q,�+t�sÞ��w)v�s�� � x+uDv³ú�p tÚ��|�� r�q�t�u�v�� Ñ ¹&|7sÞp w)x+q�Òâæ.¹)~�x�tyq���Ó'{7t'é�u�w)x�scp�w)x+Ù�w)u�sc|}u���| í~�x�t�q×�+t�s�t��+t��
p+{7t�s×�+tÚ��w)v�s×�+t L t�v cLc v�t�{7s�~�x�tÚ{7tyq�r�s�x+{}vâ¹&v w �+tÚ{�� ¹&p+p+{}|7Ò�¹&v�|7w)u/�+ty{�¹q���Ó'{7t ÖûÒ�t�s���w)v�s�Ò�w)u�v�|7t�u+u�tax+u�tas�t�x+{7taw�Ò�Ò�x+q�q�t�u�Ò�t �+t c é�t�v�é��+taÒ�t
Õ�¹&|}v�é w 6∈ L ��-×� t�s�vx+u�tçÒ�w)u�v�qâ¹)��|7Ò�v�|7w)uY¹�Ù�t�Ò�{7tÚÕ�¹&|}v×~�x�t L t�s�v�Õ t�q���r�p.¹&q×qâ¹&p+p w)q�vyÖ�{�¹�q�t�Ò�w)�$z+|}u.¹&|7s�w)u0� Ô<¹&qÒ�w)u�s�r�~�x�t�u�v�é�u�w)x�s�w)z+v�t�u�w)u�s�x+u�t�Ò�w)u�v�qâ¹)��|7Ò�v�|7w)u¤¹�Ù�t�Ò
{7tçÕ�¹&|}v�~�x�t L t�s�vÚx+uF{�¹&u+Ó�¹&Ó�ta�+tq�t�Ò�w)�$z+|}u.¹&|7s�w)u�s�|}�
p+{7t,�
�@É�� Ë}Ë ���Í � �O
 Ë ��
ñ×w)x�s$¹�Ù�w)u�sy|}u�v�q�w��+x+|}v$��¹&u�s�Ò�t�Ò�æ.¹&p+|}v�q�t�{�� w)p�r�qâ¹&v�|}w)u��+t
q�t�Ò�w)�$z+|}u.¹&|7s�w)uet�vÚ{7t�s�s�ú�s ív�����t�s��+t�ä×t�¹)� ��ñ×w)x�s�u�w)x�s�s�w)�
��t�s�|}u�v�r�q�t�s�s�r�s�Ö,{�¹ÚÒ�w)�
p.¹&qâ¹&|7s�w)u �+tc{�¹yp+x+|7s�sâ¹&u�Ò�t�� � t���íp+q�t�s�s�|7w)u/�+t�sys�ú�s�v�����t�s,�+t$ä×t�¹)�DÕ w)u��+r�sys�x+q×{�¹aq�t�Ò�w)�$z+|}u.¹&|7s�w)uFs�|}�
p+{7tçt�vy�+t�s,s�ú�s�v�����t�s�+taä×t�¹)�ÈÕ w)u��+r�s�s�x+qÚ{�¹ q�t�Ò�w)��z+|}u.¹&|7s�w)u��+w)x+z+{7tat�vÚu�w)x�sç¹�Ù�w)u�sy��w)u�v�q�ra~�x�t
{�� t�u�s�t���z+{7t

H1(FIN, FIN) \H2(FIN, FIN) u�� t�s�v�p.¹)s�Ù�|7�+t,��ø�t�s�{�¹&u+Ó�¹&Ó�t�s�x+v�|}{}|7s�r�s�p w)x+q���w)u�v�q�t�qÒ�tcq�r�s�x+{}vâ¹&v�s�w)u�v�Ò�w)u�s�v�q�x+|}v�s�Öyp.¹&q�v�|}q���t�s�{�¹&u+Ó�¹&Ó�t�s�Ò�w)u�s�vâ¹&u�v�s�w7>a{�¹yÒ�w)u�s�vâ¹&u�v�t�t�s�v��+r���u+|7tp.¹&q�x+u.t�{7t�v�v�q�t c 6∈ V ��ñ,w)x�s�q�t��a¹&q�~�x�w)u�s�~�x�t�u�w)x�s�p�w)x+Ù�w)u�s�q�t��
p+{�¹)Ò�t�qÞÒ�t�v�v�t×{7t�v�v�q�t�p.¹&q�+t�sÞ��w)v�sc~�x+|�s�t�q�w)u�vc�+t�scÒ�w)u�s�vâ¹&u�v�t�sÞp w)x+qc{}ty{�¹&u+Ó�¹&Ó�tÚÒ�w)u�s�|7�+r�q�r,� Ñ *���tys�|�Ò�t�sÞ{�¹&u+Ó�¹&Ó�t�sp t�x+Ù�t�u�v,p.¹&qâ¹X�7v�q�t$p+{}x�s×|}u�v�r�q�t�s�sâ¹&u�v�s�é.{7t�x+qys�v�q�x�Ò�v�x+q�tçt�s�v×|7�+t�u�v�|7~�x�t
ÖaÒ�t�{}{7tç�+t�s×{�¹&u+Ó�¹&Ó�t�sp+q�r�s�t�u�v�r�scp+{}x�sÞæ.¹&x+v��ø�t�s�s�ú�s�v�����t�sy�+t�ä×t�¹)�È|}u�v�q�w���x+|}v�s���¹&u.sÚÒ�t
Òâæ.¹&p+|}v�q�t
p+q�r�s�t�u�v�t�u�vÚx+uFÓ'qâ¹&u��/|}u�v�r�q�*�v�é�a¹&|7sç{7t�x+q
p+x+|7s�sâ¹&u�Ò�tû� � t���p+q�t�s�s�|7w)u�u�� t�s�vçp.¹)sçÓ'qâ¹&u��+t,�2-×� t�s�vçp�w)x+q�~�x�w)|Þu�w)x�s�¹&{}{7w)u�s
{7t�st�u+q�|7Òâæ+|}q
¹�Ù�t�Òa��t�s$��r�Ò�¹&u+|7s���t�sç�+taÒ�w)u�v�q�º){7t t�v$�+t ��|7s�v�q�|}z+x+v�|7w)u���x�Ò�¹&{7Ò�x+{�é¿Ò�ta~�x�|�p�t�q í��t�v�v�qâ¹a� � ¹&v�v�t�|}u���q�t${�¹
p+x+|7s�sâ¹&u�Ò�t�� � t���p+q�t�s�s�|7w)uÈ� � x+u�tÚ�a¹)Òâæ+|}u�t$�+t ã x+q�|}u+Ó���ñ×w)x�s×¹&{}{7w)u�sÒ�w)�
p+{7t���|��.t�qap+q�w)Ó'q�t�s�s�|}Ù�t���t�u�v�{7t�s�s�ú�s�v�����t�s�w)z+v�t�u�x�sat�v
{7tûÒâæ.¹&p+|}v�q�tDs�x+|}Ù)¹&u�v
p+q�r�s�t�u�v�tx+u�typ+q�t��
|���q�t�t���v�t�u�s�|7w)uD�+t�scs�ú�s�v�����t�sÞ�+tÚä×t�¹)� �
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>@?BADCFEHG IHA JRU<ADCFdeU[_Tg�ÇHA ^ V²ÎRMN\ÐÏNIHG IH\ C
JKI PÑÎRMNAÈI

åy¹&u�s�Ò�tûÒâæ.¹&p+|}v�q�tûu�w)x�s
|}u�v�q�w���x+|7s�w)u�s�x+u�tût���v�t�u�s�|7w)u �+t�s
s�ú�s�v�����t�s��+tûä×t�¹)��![{7t�ss�ú�s�v�����t�s×�+t$ä×t�¹)��r�v�t�u���x�s�� ñ×w)x�s���w)u�v�q�w)u�s,~�x�t$Ò�t�s×�+t�q�u+|7t�q�sys�w)u�v×x+u�p t�xÈp+{}x�s�p+x�|}s ísâ¹&u�v�s,~�x�t${7t�s,s�ú�s�v�����t�s,�+tçä×t�¹)�Èt�uÈ��w)u�v�qâ¹&u�vÚ~�x�� |}{7s,p�t�x+Ù�t�u�v,p�q�w���x+|}q�tç{�¹�Õ�¹&�
|}{}{7tç�+t�s{�¹&u+Ó�¹&Ó�t�s qâ¹&v�|7w)u+u.t�{7sû{7w)q�s�~�x�� x+u t�u�s�t��$z+{7t)��u+|y� � ¹X��|7w)��t�sût�v �+t�q���Ó'{7t�s t�s�v x+v�|}{}|}s�r'é�w)x{�¹$Õ�¹&�
|}{}{7tÚ�+t�sc{�¹&u+Ó�¹&Ó�t�scq�r�Ò�x+q�s�|}Ù�t���t�u�v×r�u�x+��r�qâ¹&z+{7t�s�é�{7w)q�s�~�x�� x+uDt�u�s�t��$z+{7tyqâ¹&v�|7w)u+u�t�{¿�+tq���Ó'{7t�s�t�s�v�x+v�|}{}|7s�r,��ñ×w)x�s��+r�Ò�q�|}Ù�w)u�s�¹&x.s�s�|+{�¹,��r�v�æ�w��+t�;�Õ�¹&|}q�t�í�v�w)x+q�u�t�q í³t�v í³s�|}�$x+{7t�q�=
x+v�|}{}|7s�r�ts�w)x+Ù�t�u�vÞ��¹&u�s�{7t,Ò�¹)��q�t,�+t�sÞs�ú�s�v�����t�s��+t,ä×t�¹)� t�v��+t×{7t�x+q�s�t���v�t�u�s�|7w)u�s�p w)x+qÞs�|}��x+{7t�q�x+u�tÓ'qâ¹&�
�a¹&|}q�tû¹&q�z+|}v�qâ¹&|}q�t'é[Ò�t ~�x+|�p t�q���t�vç�+w)u�Ò �+ta��w)u�v�q�t�q${7t�x+q$Ó'qâ¹&u��+tap�x+|7s�sâ¹&u�Ò�ta� � t���íp+q�t�s�s�|7w)u0�[ñ×w)x�s$|}u�v�q�w���x+|7s�w)u�sa¹&x�s�s�|�x+u�tû¹&x+v�q�t t���v�t�u�s�|7w)u¤�+t�sçs�ú�s�v�����t�sç�+t ä×t�¹)��!¿{7t�ss�ú�s�v�����t�sç��|7s�v�q�|}z+x�r�s�Ö�Òâæ.¹&u+Ó�t���t�u�va�+t p+æ.¹)s�t ~�x+|�s�w)u�v�Õ w)u��+r�s
s�x+q${�� w)z�s�t�q�Ù'¹&v�|7w)u¤z+|7w&í{7w)Ó'|7~�x�t ~�x�t�{7t�s�t�u+Û�ú���t�s�é�s�|}�$x+{7r�s�p.¹&q$�+t�s�q���Ó'{7t�s�é�u�tas�w)u�v�p.¹)sÚvâw)x�s$¹)Ò�Ò�t�s�s�|}z+{7t�sç��¹&u�s{7t��"*���tÚv�t��
p�s�é.�a¹&|7s,Ö�Ò�t�q�vâ¹&|}u�s×��w)��t�u�v�s���ñ×w)x�sc��w)u�v�q�w)u�s,~�x�t��+t�x���� t�x��D�+tÚq���Ó'{7t�s�é~�x�tÞu�w)x�s�¹&p+p�t�{}{7t�q�w)u�s�p+{}x�s�vâ¹&q�� Î�à)õ×ß�à&á�Ý)ö.Ï¬á é�s�x ©as�t�u�v�p w)x+q�p+q�w���x+|}q�t�v�w)x�s�{7t�s�{�¹&u+Ó�¹&Ó�t�sq�r�Ò�x+q�s�|}Ù�t���t�u�v$r�u�x+��r�qâ¹&z+{7t�s$t�uFs�|}��x+{�¹&u�vÚx+u�tçÓ'qâ¹&�
�a¹&|}q�t ¹&q�z+|}v�qâ¹&|}q�tH��{�¹ p+q�t�x+Ù�t
�+t
Ò�tq�r�s�x+{}vâ¹&v$t�s�vyÕ w)u��+r�tas�x+qÚ{�¹ ��r�v�æ�w��+t];�Õ�¹&|}q�t�í�v�w)x+q�u�t�q í³t�v�í³s�|}��x�{7t�q�=5��¼ {�¹/��uY��xeÒ�æ.¹&p+|}v�q�tu�w)x�s���w)u�v�q�w)u�s,~�x�t�{7~�x�t�s�q�r�s�x+{}vâ¹&v�s×w)z+v�t�u�x�s,Ö
{�� ¹&|7�+t$��xD{7w)Ó'|7Ò�|7t�{[�+r�Ù�t�{7w)p+p�r�p t�u���¹&u�v×{7tå,ù ê �+t�{�� ¹&x+v�t�x+q���Ô<{}x�s<p+q�r�Ò�|7s�r���t�u�v�é'u�w)x�s�¹�Ù�w)u�s<Ò�w)u�v�q�º){7rc~�x�t�{7~�x�t�s�¹&q�v�|7Ò�{7t�s<p+x�z+{}|}r�s�s�x+q{7t�scs�ú�s�v�����t�sÞ��|7s�v�q�|}z+x�r�s�ÖçÒ�æ.¹&u+Ó�t���t�u�v��+t,p+æ.¹)s�tyt�vÞu�w)x�sÞú ¹�Ù�w)u�s�v�q�w)x+Ù�ry�+t�sÞt�q�q�t�x+q�s×Ö{�� ¹&|7�+tÚ�+t×u�w)v�q�ty{7w)Ó'|7Ò�|7t�{Õ��ñ×w)x�sÞ��w)u�v�q�w)u�s×¹&x�s�s�| Ò�w)�
��t�u�vc|}{�t�s�v�p w's�s�|}z+{7t,�+tyÒ�w)q�q�|}Ó�t�q�Ò�t�st�q�q�t�x+q�s���¹&u�s�Ò�t�q�vâ¹&|}u�s�Ò�¹)s��
1¯É�È 3 !G� �$#������%	���&ë��Ï'	 � ����;	 � �
Ä�[�]^[�] �/¢,Ò���� ��������¡ �+�D��¢.¡ª³�� �'����¡
ý ¨5�<°¿ª�®�ª¬²�° h þÙBOþÙBOþ Ø�u á�ç&á�Ï+û�õ Í�Ô�Í��ÚÍ�Ý5ÔY×�Ï³Í�ö�Ô)Ð t�s�vcx+uD~�x.¹)��q�x+p+{7t�v γ = (V, T, A, R) éw7> � t�s�v�x+u ¹&{}p+æ.¹&z�t�v²��u+|�é T ⊆ V t�s�v�x+u ¹&{}p+æ.¹&z t�v�v�t�q��
|}u.¹&{�é A ⊆ V ∗ t�s�v�x+u t�u�s�t��$z+{7t�+tc��w)v�s�|}u+|}v�|�¹&x�� é�¹&p+p�t�{7r�s�¹X��|7w)��t�s�é�t�v R t�s�v�x+u t�u�s�t��$z+{7t��+tcq���Ó'{7t�s��+tcq�t�Ò�w)�$z+|}u.¹&|7s�w)u0�
ø�ty{�¹&u+Ó�¹&Ó�tÚp+q�w���x+|}v�p.¹&qÞ{7tÚs�ú�s�v�����ty�+tyä×t�¹)�*r�v�t�u���x γ t�s�v

8,3



��� §�Ü�w�Ý���v��s{X.�ß)~ (²~ v����_{2~p|.�&~ v��s�9x�¦�à2~0/ §�Ü�w�¤<ôz{��_{�¤<v�|.{sß�ß�ß

L(γ) = σ∗(L) ∩ T ∗ é+w7> σ = (V, R) �ø�t
{�¹&u+Ó�¹&Ó�t
p+q�w���x+|}vÚp.¹&qÚ{7t
s�ú�s�v�����tç��t
ä×t�¹)�/r�v�t�u���x γ Ò�w)u�s�|7s�v�t
�+w)u�Ò
t�uFv�w)x�sy{7t�s��w)v�s,p+q�w���x+|}v�s,p.¹&qy{7tçs�ú�s�v�����t$�+t
ä×t�¹)� H = (V, A, R) ~�x+|¿Õ w)u�v,p.¹&q�v�|7t
�+t${�� ¹&{}p+æ.¹&z�t�vv�t�q��
|}u.¹&{ T �ñ×w)x�s,u�w)v�w)u�syp.¹&q EH(F1,F2)
{�¹aÕ�¹&�
|}{}{7t
�+t�s,{�¹&u+Ó�¹&Ó�t�syp+q�w���x+|}v�syp.¹&qy{7t�sys�ú�s�v�����t�s�+tûä×t�¹)�¤r�v�t�u���x.s��+w)u�v
{�� t�u�s�t��$z+{7t*�+t�sa¹X��|7w)��t�sa¹&p+p.¹&q�v�|7t�u�v Ö�{�¹DÕ�¹&�
|}{}{7t F1

t�v��+w)u�v{�� t�u�s�t��$z+{7tÚ�+t�sÞq���Ó'{7t�s×¹&p+p.¹&q�v�|7t�u�v,Öç{�¹�Õ�¹&�
|}{}{7t F2
�ø�t�scs�ú�s�v�����t�s��+tyä×t�¹)�ûr�v�t�u���x�scs�w)u�vÞx+u p t�x p+{}x�sÞp+x+|7s�sâ¹&u�v�sc~�x�t×{7t�sÞs�ú�s�v�����t�s�u�w)u�ír�v�t�u���x�s��

� l�¨�².´�j�µF¸ h þÙBOþÙBOþ REG ⊆ EH(FIN, FIN)

Ê�×�õ�à)ö+á�Ï1Ì�Ý'Ï1Ë à)ö ÿÞñ×w)x�sÞp+q�r�s�t�u�v�w)u�sc|7Ò�| {�¹çp+q�t�x+Ù�tÚ�+w)u+u�r�tÚ��¹&u�s¯¢ �'�7£+�
1�w)|}v L ⊆ T ∗ x+uÈ{�¹&u+Ó�¹&Ó�t$qâ¹&v�|7w)u+u.t�{<p+q�w���x+|}v,p.¹&q,x+u�t$Ó'qâ¹&�
�a¹&|}q�t$q�¹&v�|7w)u+u�t�{}{}t G é�t�vs�w)|}v G = (N, T, S, P ) �ñ×w)x�scÒ�w)u�s�v�q�x+|7s�w)u�sc{7tys�ú�s�v�����ty�+tÚä×t�¹)�ûr�v�t�u���x�s�x+|}Ù'¹&u�v¯!

γ = (N ∪ T ∪ {Z}, T, A1 ∪ A2 ∪ A3, R1 ∪ R2),w7>

A1 = {S},

A2 = {ZaY | X → aY ∈ P, X, Y ∈ N, a ∈ T},

A3 = {ZZa | X → a ∈ P, X ∈ N, a ∈ T},

R1 =

{

ε X

Z aY
| X → aY ∈ P, X, Y ∈ N, a ∈ T

}

,

R2 =

{

ε X

ZZ a
| X → a ∈ P, X ∈ N, a ∈ T

}

.

1�| u�w)x�sÞt�� t�Ò�v�x�w)u�s�x+u�t×q�t�Ò�w)�$z+|}u.¹&|7s�w)uD¹�Ù�t�Ò×{7t×��w)v ZxX t�u x+v�|}{}|7sâ¹&u�v�x�u�t×q���Ó'{7t,�+t
R1
é�{7t,qâr�s�x�{ v�¹&vcs�t�qâ¹ç�+t,{�¹�Õ w)q���t ZxaY t�v ZX ��ï³{�t�s�v�Õ�¹)Ò�|}{7ty�+t,Ù�w)|}qc~�x�� Ö$p.¹&q�v�|}q��+tyÒ�t�s��w)v�s�u�w)x.s�u�tÚp w)x+Ù�w)u�s×p.¹)s×w)z+v�t�u+|}q,�+t���w)v�v�t�q��
|}u.¹&{�� ù<uÈt�� t�v�é�u�w)x�s×u�tÚp w)x+Ù�w)u�s×p.¹)sr�{}|}�
|}u�t�q[{7t�s�ú���z w){7t Z s�|�Ò�t�s¿��w)v�s<s�w)u�v¿x+v�|}{}|7s�r�Ò�w)�
��t�p+q�t��
|7t�q[v�t�q���t��+t�{�¹cq�t�Ò�w)��z�| u�¹&| ís�w)u0�'å,t�p+{}x�s�é�¹&x�Ò�x+u�tÞq���Ó'{7t�u�� t�s�v�¹&p+p+{}|7Ò�¹&z+{7t×¹&x
��w)v ZxX é'w7> |x| 6= 1 é)s�|+u�w)x�s�t�s�sâ¹�ú�w)u�s�+t
{�� x+v�|}{}|7s�t�q$Ò�w)�
��ta�+t�x���|�����t�v�t�q���ta�+t�{�¹ q�t�Ò�w)��z+|}u.¹&|7s�w)u0�¿Ô<¹&q$Ò�w)u�s�r�~�x�t�u�v�é�{�¹ûs�t�x+{7tp w's�s�|}z+|}{}|}v�r,� � w)z+v�t�u+|}qÞx+u ��w)v�vât�q��
| u�¹&{�t�s�v��+t×p.¹&q�v�|}qc�+t S t�u x+v�|}{}|7sâ¹&u�v�{7t�s�q���Ó'{7t�sÞ�+t R1t�vc�+t,v�t�q��
|}u�t�q,¹�Ù�t�Ò,x+u�t,q���Ó'{7tÚ�+t R2

� ê |}u�s�|�é�u�w)x�sÞp�w)x+Ù�w)u�sÞÙ�w)|}qc~�x�t×{7typ+q�t��
|7t�q�v�t�q���t�+t×{�¹�q�t�Ò�w)��z�| u�¹&|}s�w)uDt�s�vÞÒ�t�{}x+| ~�x�t×u�w)x�sÞw)z+v�t�u�w)u�s�p.¹&q�{�¹�q�t�Ò�w)�$z+|}u.¹&|7s�w)uûp+q�r�Ò�r��+t�u�v�tyt�v~�x�t�{7t,�+t�x���|�����ty¹&p+p.¹&q�v�|7t�u�v�Ö A2
w)x*Ö A3

é�p�w)x+q�{�¹��+t�q�u+|���q�tyr�vâ¹&p�t,�O-�t�Ò�| Ò�w)q�q�t�s�p w)u��ûÖx+u�tÚ�+r�q�|}Ù'¹&v�|7w)uD��¹&u�s G �+ñ×w)x�scw)z+v�t�u�w)u�s×�+w)u�Ò L(γ) = L(G) = L �
ï³{�t�s�v�Ò�{�¹&|}q�~�x�tc{�� |}u�Ò�{}x�s�|7w)u |}u�Ù�t�q�s�t×¹y{}|7t�x�é�Ò�¹&q�{�¹,Õ�¹&�
|}{}{7t×�+t�s�{�¹&u+Ó�¹&Ó�t�s�qâ¹&v�|}w)u�u�t�{}sÞt�s�vÒ�{7w's�typ.¹&qÞqâ¹&p+p w)q�v×Öç{�� |}u�v�t�q�s�t�Ò�v�|7w)u0�



.�ß�Þ5ß)~ (²~ v����_{2~�|.{}Ü�{�w�| à�v�{�¤�|p¦�~ ���
Ä�[�]^[G� ¯c�XU ¢+�eÓ��<���
Ô�Õ � ������Ö��'�¨³��������ªÖ��+�vÖ�¡)��UÊ³�������×
Ñ ¹&|}u�v�t�u.¹&u�v�é�|}{�s�x�©�v��+tÞÕ�¹&|}q�tÞx+uap t�v�|}v�p.¹)s�t�u ¹�Ù'¹&u�v���¹&u�s�{7t�Ò�¹)��q�t��+tcu�w)v�q�tc��w�� ��{7tp w)x+q�w)z+v�t�u+|}qcx+u�tyÓ'qâ¹&u��+typ+x+|7s�sâ¹&u�Ò�tÚ� � t���p+q�t�s�s�|7w)u0�

� l�¨�².´�j�µF¸ h þÙBOþ K þ RE ⊆ EH(FIN, REG)Ê�×�õ�à)ö+á�Ï1Ì�Ý'Ï1Ë à)ö ÿÞñ×w)x�sÞp+q�r�s�t�u�v�w)u�sc|7Ò�| {�¹çp+q�t�x+Ù�tÚ�+w)u+u�r�tÚ��¹&u.s@¢ �'�7£+�
1�w)|}v G = (N, T, S, P ) x+u�t�Ó'qâ¹&�
�a¹&|}q�tÚ¹&q�z+|}v�qâ¹&|}q�t,��Ô[w's�w)u�s U = N ∪T ∪{B} é�w7> Bt�s�vÞx+u*u�w)x+Ù�t�¹&xDs�ú���z w){7t,�O-�w)u�s�|7�+r�q�w)u�sc{7tÚs�ú�s�v�����ty�+tyä×t�¹)�*r�v�t�u���xDs�x+|}Ù'¹&u�v

γ = (V, T, A, R),

w7>
V = N ∪ T ∪ {X, X ′, B, Y, Z} ∪ {Yα | α ∈ U},

A = {XBSY, ZY, XZ}

∪ {ZvY | u → v ∈ P}

∪ {ZYα, X ′αZ | α ∈ U},

t�v R Ò�w)u�v�|7t�u�vc{7t�sÞÓ'q�w)x+p t�s��+t,q���Ó'{7t�s�s�x+|}Ù'¹&u�vâs@!
Simuler : 1. Xw#uY $Z#vY, pour u → v ∈ P, w ∈ U ∗,

Faire tourner : 2. Xw#αY $Z#Yα, pour α ∈ U, w ∈ U∗,
3. X ′α#Z$X#wYα, pour α ∈ U, w ∈ U∗,
4. X ′w#Yα$Z#Y, pour α ∈ U, w ∈ U∗,
5. X#Z$X ′#wY, pour w ∈ U∗,

T erminer : 6. ε#ZY $XB#wY, pour w ∈ T ∗,
7. ε#Y $XZ#ε.

ñ×w)x�s�¹X©�q���w)u�s×~�x�t L(γ) = L(G) �Ô[w's�w)u�s σ = (V, R) ��ñ,w)x�s�t���¹&�
|}u�w)u�s�{7tÞÕ w)u�Ò�v�|7w)u+u�t���t�u�vÞ�+t σ é'p+{}x�s�t���¹)Ò�v�t���t�u�v�{7t�sp w's�s�|}z+|}{}|}v�r�sc� � w)z+v�t�u�v�|7w)u��+ty��w)vc��¹&u�s T ∗ �ê x�Ò�x+u ��w)v��+t A u�� t�s�v���¹&u�s T ∗ � ã w)x+v�t�s�{7t�s�q���Ó'{7t�s��+t R t���|}Ó�t�u�v�x+ua��w)v�Ò�w)u�v�t�u.¹&u�v{7t
s�ú��$z w){}t Z é �a¹&|7sÚÒ�t�s�ú���z w){7tçu�� ¹&p+p.¹&qâ¹X�7vÚp�¹)sy��¹&u�sÚ{7tçp+q�t��
|7t�qÚ��w)vyp+q�w���x+|}vÚp.¹&qy{�¹q�t�Ò�w)�$z+|}u.¹&|7s�w)u0� å,t�p+{}x�s�é.{7t$�+t�x���|�����t$q�r�s�x+{}vâ¹&vy�+t�{�¹�q�t�Ò�w)�$z+|}u.¹&|7s�w)uFÒ�w)u�v�|7t�u�v Z t�v×u�tp t�x+v�Ò�w)u�v�t�u+|}q��+tcs�|}v�tc~�x�tc�+tÞ{�¹,q���Ó'{7t.4�é'�a¹&|7s�|}{.t�s�v<Õ�¹)Ò�|}{7tc� � w)z�s�t�q�Ù�t�q�~�x�� w)u�u�tcp�t�x+v�p.¹)sw)z+v�t�u+|}q�x+u ��w)v�v�t�q��
|}u.¹&{ ��¹&u�s�Ò�t×Ò�¹)s���¼WÒ�æ.¹)~�x.t×r�vâ¹&p�t'é�u�w)x�s��+t�Ù�w)u�s��+w)u�Ò�q�t�Ò�w)�$z+|}u�t�qx+u/��w)vy�+t A ¹�Ù�t�Ò${7t$q�r�s�x+{}vâ¹&vÚ�+t${�¹aq�t�Ò�w)�$z+|}u.¹&|7s�w)uY�+t${�� r�vâ¹&p�tçp+qâr�Ò�r��+t�u�v�t'é�t��+Ò�t�p+v�r
Ö{�¹çp+q�t��
|���q�tÚr�vâ¹&p t'é�~�x.¹&u��û{�� ¹X��|7w)��t XBSY t�s�vÞx+v�|}{}|7s�r,�ø�tÚs�ú��$z�w){7t B �a¹&q�~�x�ty{7tÚ�+r�z+x+v��+t�s�Õ w)q���t�scs�ú�u�vâ¹X��|7~�x�t�sc�+t G s�|}��x+{7r�t�scp.¹&q σ �ø�t�saq���Ó'{7t�sa��x Ó'q�w)x+p�tY�ûp t�q���t�v�v�t�u�v �+tDs�|}��x+{7t�qa{7t�s�q���Ó'{7t�sa�+t P ��ø�t�s�q���Ó'{7t�s �+t�sÓ'q�w)x+p t�sÚ� ÖpUav�qâ¹&u�s ÕÕ��q�t�u�vy�+t�sys�ú���z w){7t�sy�+t${�¹ ��q�w)|}v�tç��xÈ��w)vÚÒ�w)u�s�|7�+r�q�r�Öasâ¹aÓ�¹&x�Òâæ�t,�
-�tÚp+q�w�Ò�r��+r�p�t�q���t�v×{�¹
s�|}�$x+{�¹&v�|7w)u��+t�s�q���Ó'{7t�s��+t P Öç{�¹���q�w)|}v�t���xD��w)v�p+q�w���x+|}v×p.¹&q σ �-�w)�
��t�{7t�s�ú��$z�w){7t B ~�x+|��a¹&q�~�x�t�{7t��+r�z+x+v[��x���w)v[t�s�v�v�w)x'� w)x+q�s�p�q�r�s�t�u�v�é�u�w)x�s�p w)x+Ù�w)u�sq�t�Ò�w)u�s�v�|}v�x�t�qy{7t$��w)vÚÖaÒâæ.¹)~�x�t�Õ w)|7s���Ô<{}x�s×p+q�r�Ò�|7s�r���t�u�v�é s�|¿{7t���w)vyÒ�w)u�s�|7�+r�q�r
��¹&u�s σ t�s�v
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�+t
{�¹ Õ w)q���t β1w1Bw2β2
é�w7> β1, β2

s�w)u�vÚ�+t�sÚp.¹&q�t�u�v�æ���s�t�s$�+t
v³ú�p t X, X ′, Y, Yα
é�¹�Ù�t�Ò

α ∈ U é w2w1
t�s�vÞx+u�t,Õ w)q���tÚs�ú�u�vâ¹X��|7~�x�ty�+t G �ñ×w)x�s�p.¹&q�v�w)u�s,�+t XBSY é.Ò'� t�s�v í�Ö�í³��|}q�tç�+tÚ{�� ¹X��|7w)��t$�+t G �a¹&q�~�x�r$Ö�Ó�¹&x�Ò�æ�t�p.¹&q Bt�v�t�u�v�w)x+q�ryp�¹&qÞ{7t�sÞp.¹&q�t�u�v�æ���s�t�s X, Y �ñ×w)x�sÞ¹&{}{7w)u�s�Ù�w)|}q��a¹&|}u�vât�u�¹&u�vcÒ�w)�
��t�u�v�Õ w)u�Ò�v�|7w)u+u�t�u�vÞ{7t�s�q���Ó'{7t�sÞ�$Ö�U�� -�w)u�s�|7�+r�q�w)u�sx+u*��w)v XwαY p�w)x+q α ∈ U é�t�vcp�w)x+q w ∈ U∗ �+ù<uDx+v�|}{}|7sâ¹&u�v�x+u�tyq���Ó'{7tÚ��x*v³ú�p t��$u�w)x�sw)z+v�t�u�w)u�s¯!

(Xw|αY, Z|Yα) ` (XwYα, ZαY ).ø�tys�ú��$z�w){7t Yα
��r���w)q�|7s�ty{7t�Õ�¹&|}vc~�x�t α ¹$r�v�ryt���¹)Ò�ry�+t,{�¹$��q�w)|}v�tÚ�+t wα �O1�t�x+{7t,x+u�tq���Ó'{7tÚ��x*v³ú�p t@8$p t�x+v�s�� ¹&p+p+{}|7~�x�t�qc�a¹&|}u�v�t�u.¹&u�v,Ö XwYα

!

(X ′α|Z, X|wYα) ` (X ′αwYα, XZ).ñ×w)x�s�q�t��a¹&q�~�x�w)u�s�~�x�t�{7t×s�ú��$z�w){7t α é�t���¹)Ò�r,ÖÚ{�� r�vâ¹&p�t×p+q�r�Ò�r��+t�u�vât)é+t�s�v�p+{�¹)Ò�r×�+t�Ù'¹&u�v
w � Ñ ¹&|}u�v�t�u.¹&u�v�é�|}{�u�� t���|7s�v�tÚ~�x�� x+u.typ w's�s�|}z+|}{}| vârÚ�+tÚÒ�w)u�v�|}u�x�t�q�!�Ò'� t�s�v�� � x+v�|}{}|7s�t�q�x+u�tÚq���Ó'{7t��x*v³ú�p t,�Y!

(X ′αw|Yα, Z|Y ) ` (X ′αwY, ZYα).

1�|�u�w)x�syx+v�|}{}|7s�w)u�sÚ�a¹&|}u�v�t�u.¹&u�v�x+u�t
q���Ó'{7t���x/v�ú�p tt4�é�¹&{7w)q�s X ′ ª1t�v B «�u.tçp w)x+q�q�w)u�v��¹&�a¹&|7s�*�v�q�t�r�{}|}�
| u.r�s�é&{7t���w)v¿u�t�p w)x+q�qâ¹×�+w)u�Ò���¹&�a¹&|7s¿�+t�Ù�t�u+|}q¿v�t�q��
|}u.¹&{��5-�t�{�¹cu�w)x�s[w)z+{}|}Ó�tÖ$x+v�|}{}|7s�t�qcx+u�tyq���Ó'{7tÚ��x*v³ú�p t@Up!
(X|Z, X ′|αwY ) ` (XαwY, X ′Z).ñ×w)x�s s�w)�
��t�s p.¹&q�v�|7s �+t XwαY t�v u�w)x�s ¹�Ù�w)u�s w)z+v�t�u�x XαwY ��ñ×w)x�sap�w)x+Ù�w)u�sq�r�p r�v�t�q�Ò�t p+q�w�Ò�t�s�s�x�sçx+u¤u�w)��z�q�tû�+t Õ w)|7s�¹&q�z+|}v�qâ¹&|}q�t,��Ô<¹&q�Ò�w)u�s�r�~�x�t�u�v
u�w)x�s
w)z�v�t�u�w)u�sv�w)x+v�t�sÚ{7t�sÚp�t�q��$x+vâ¹&v�|7w)u�s$Ò�|}q�Ò�x+{�¹&|}q�t�s$��xF��w)v�Ò�w)u�s�|7�+r�q�rat�vÚq�|7t�uY��tçp�{ x.s�é Ò�¹&qçÖ Òâæ.¹)~�x�tr�vâ¹&p tyu�w)x�s�¹�Ù�w)u�sÞx+u�tÚw�Ò�Ò�x+q�q�t�u�Ò�t��+t B �

#�u Ù�w)|}v�Õ�¹)Ò�|}{7t���t�u�vc~�x�t×Òâæ.¹)~�x�t×q���Ó'{7t,�+t P p�t�x+vI*�v�q�tys�|}��x+{7r�t'é+w7>û~�x�t×s�w)|}vÞs�w)u s�|}v�t� � ¹&p+p+{}|7Ò�¹&v�|7w)u���¹&u�s¿x+u�t�Õ w)q���t�s�ú�u�vâ¹X��|7~�x�t��+t G �&Ô¿w)x+q<Ò�t�{�¹�é�u�w)x�s�Õ�¹&|7s�w)u�s�v�w)x+q�u�t�q[{7t���w)v� � x+u�t${}t�v�v�q�t�p.¹&q×{7t�s�q���Ó'{7t�sy� Ö/U�Ò�w)�
��tç�+r�Ò�q�|}v×p+{}x�s×æ.¹&x+v�é���x�s�~�x�� ÖaÒ�t�~�x�t�{7t���t���z+q�tÓ�¹&x�Òâæ�t��+t*{�¹Fq���Ó'{7tÈÖFs�|}��x+{7t�qû¹&q�q�|}Ù�t�ÖF{�¹]��u �+t*{�¹ÈÕ w)q���t�s�ú�u�vâ¹X��|7~�x�tD~�x�t*{�� w)u9Õ�¹&|}vv�w)x+q�u�t�q���Ô<x+|7syu�w)x�syp w)x+Ù�w)u�s�¹&p+p+{}|7~�x�t�qÚx+u�tçq���Ó'{7t
��x/v�ú�p�tû�
~�x+|�s�|}��x+{7tç{�� ¹&p+p+{}|7Ò�¹&v�|7w)u�+tÚÒ�t�v�v�tyq���Ó'{7tÚ�+t,{�¹çÓ'qâ¹&�
�a¹&|}q�t,�Ô<¹&q�Ò�w)u�s�r�~�x�t�u�v�é p w)x+q�Òâæ.¹)~�x�tçÕ w)q���t�s�ú�u�vâ¹X��|7~�x�t w �+t G é |}{�t���|7s�v�t
x+uF��w)v��+t
{�¹Õ w)q���t XBwY p+q�w���x+|}v�p.¹&q σ t�v�é�q�r�Ò�|}p+q�w�~�x�t���t�u�v�é¿s�| Xw1Bw2Y
t�s�v�p+q�w���x+|}v�p.¹&q σ é

w2w1
t�s�vÞx+u�t,Õ w)q���tÚs�ú�u�vâ¹X��|7~�x�ty�+t G �ø�¹,s�t�x+{7t�p�w's�s�|}z+|}{}|}v�rÞ� � t���¹)Ò�t�q�{7t�s<s�ú���z w){7t�s[u�t�Õ�¹&|7sâ¹&u�v<p.¹)s[p.¹&q�v�|7tÞ�+t T é)t�s�v�� � x+v�|}{}|}s�t�q{7t�syq���Ó'{7t�s��+t�syÓ'q�w)x+p t�s�6 t�v�4�� Ô<{}x�sÚp+q�r�Ò�|7s�r���t�u�v�é�{7t�sÚs�ú��$z�w){7t�s X t�v B p t�x+Ù�t�u�v¯*�v�q�tt���¹)Ò�r�sc��¹&u�sc{7t�scÒ�w)u���|}v�|7w)u�s�s�x+|}Ù'¹&u�v�t�s@!

ª �X« Y t�s�v�p+q�r�s�t�u�v�!�u�w)x�scu�tÚp w)x+Ù�w)u�s×�+w)u�ÒÚp.¹)scx+v�|}{}|7s�t�q�{�¹
q���Ó'{7t�4�¹�Ù'¹&u�vc{�¹
q���Ó'{7t�6p w)x+qÚt���¹)Ò�t�q Y é Ò�¹&qÚs�|}u�w)u�é�w)u/u�t
p�w)x+q�qâ¹&|}vÚp+{}x�s$¹&p+p+{}|7~�x�t�q��+tçq�t�Ò�w)�$z+|}u.¹&|7s�w)ue¹&xF��w)vq�r�s�x+{}vâ¹&u�v�~�x+|�é+�+tÚÒ�t×Õ�¹&|}v�é+u�t,p w)x+q�qâ¹&|}vs*�v�q�tyv�t�q��
|}u.¹&{��
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ª �5«�ø�t���w)v�p+q�r�s�t�u�v�t�s�v�t�u�v�w)x+q�r�p.¹&q��+t�s�p.¹&q�t�u�v�æO��s�t�s X t�v Y t�v�|}{�Ò�w)u�v�|7t�u�v�x+u+|7~�x�t�í��t�u�v��+t�sÞ{7t�v�v�q�t�scv�t�q��
|}u.¹&{7t�s
ªÕ85« B t�s�v<��x�s�v�tÚ¹&p+q���s X �åy¹&u�s[Ò�t�Ò�¹)s�u�w)x�s�p w)x+Ù�w)u�s[t���¹)Ò�t�q XB é�p+x+|7s Y t�v�{7t�q�r�s�x+{}vâ¹&v¿t�s�v¿x+u���w)v¿v�t�q��
|}u.¹&{ v �ù<uYÙ�x�ta�+t�sÚq�r�¡.t���|7w)u�s�p+q�r�s�t�u�v�r�t�s�p+{}x�s�æ.¹&x+v�é�|}{�t�s�v�Ò�{�¹&|}q$~�x�t v t�s�v$��¹&u�s L(G) é��+w)u�Ò

L(γ) ⊆ L(G) ��ï³u�Ù�t�q�s�t���t�u�v�é�Ò�æ.¹)~�x�tc��w)v��+t L(G) p t�x+v2*�v�q�tcp+q�w���x+|}v��+tcÒ�t�v�v�tÞÕ�¹7°�w)u�é�t�v�+w)u�Ò L(G) ⊆ L(γ) �O-�t�{�¹
�+w)u+u�ty{�� r�Ó�¹&{}|}v�r L(G) = L(γ) é+Ò�tÚ~�x+| p+q�w)x+Ù�t,{�� r�u�w)u�Ò�r,�
ñ×w)x�s
x+v�|}{}|7s�w)u�s���¹&u�s
Ò�tû~�x+|cs�x+|}vçp+{}x�s�|7t�x+q�s
Ù'¹&q�|�¹&u�v�t�s��+tûÒ�t�v�v�t v�t�Ò�æ+u+|7~�x�tD¹&p+p t�{}r�t

;�Õ�¹&|}q�t�í�v�w)x+q�u�t�q í³t�v í³s�|}�$x+{7t�q�=5� -�t�v�v�tcv�t�Ò�æ+u+|7~�x�tcÙ�t�u.¹&u�v��+tÞ{�¹yq�r�r�Ò�q�|}v�x+q�t×¹yr�v�r×¹)��¹&p+v�r�tcp.¹&qì æ0��Ô�'&x+uD��¹&u�s¯¢ 8,:X£�p�w)x+qc{7tÚÒ�¹)sc�+t�scs�ú�s�v�����t�sc�+tyä×t�¹)� �
1¯É9ã 3 !G� �$#������%	�
�� �O�	
:� �;� �<4T����Ï±�Ð±������s�
	�� � ��Ï±�O�
ø�� ¹&p+p+qâw�Ò�æ.tÚs�x+|}Ù�|7t,Ò�| í³�+t�s�s�x�s�x+v�|}{}|7s�ty�+t�sÞw)z���t�v�sÞ|}u���u+|7s�é+t�{}{7t,t�s�vc�+w)u�Ò,p+x+q�t���t�u�vc�a¹�ív�æ�r��a¹&v�|7~�x�t,�.ï³{ t�s�vc��|�©aÒ�|}{7tÚ�+t,Ù�w)|}qÞp�w)x+qc{�� |}u�s�vâ¹&u�v�s�w)uûx+v�|}{}|}v�rÚ� � x+uûp w)|}u�v��+t,Ù�x�t,z+|7w){7w&íÓ'|7~�x�t,��Ô[{}x�s�z.¹)s�é)u�w)x�s[p+q�r�s�t�u�v�w)u�s<x+u
��w�� ��{7tc~�x+|�p t�q���t�v�� � ¹�Ù�w)|}q<x+u�t�Ó'qâ¹&u��+tÞp+x+|7s�sâ¹&u�Ò�t� � t���p+q�t�s�s�|7w)u�é�v�w)x+v�t�u Ó�¹&q���¹&u�v�{7t×Ò�¹&qâ¹)Ò�v���q�t±��u+| ��x s�ú�s�v�����t,��Ô[w)x+q�Ò�t�{�¹Ú|}{�s�x�©�v�� � |}u�v�qâw&í��x+|}q�t,x+u p t�x*�+t,��|7s�v�q�|}z+x+v�|7w)u*��¹&u�s�{7t�sÞÒ�¹&{7Ò�x+{7s�é+¹&|}u�s�| ~�x�� x+u�t,p+q�w�Ò�r���x+q�tÚ�+t,Ò�w)u�v�q�º){7t'é+Ò�t~�x+| t�s�v�p t�x+v±*�v�q�t×p�{ x.s�q�r�¹&{}|7s�v�tyt�u {�� r�vâ¹&v�¹)Ò�v�x�t�{��+t,u�w'sÞÒ�w)u+u.¹&|7s�sâ¹&u�Ò�t�sc��¹&u�s�{7t,�+w)�a¹&|}u�t�+ty{�¹$z+|7w){7w)Ó'|7t,�

ý ¨5�<°¿ª�®�ª¬²�° h þ K þÙBOþ Ø�u á�ç&á�Ï+û�õaÍtÔ)Ë�á�Ï1Ì�Ë�Ó�Ð�×0Ø�Î�Ò�Ý)ö�Ö�Í�õaÍ�ö.Ï.Ô�Í,ß�Ò�Ý&á�Í ��t
�+t�Ó'q�r n t�s�vy{7t
n + 3í�x+p+{7t�v�s�x+|}Ù'¹&u�v

D = (V, T, A, R1, R2, . . . , Rn),

w7> V t�s�vcx+uÈ¹&{}p+æ.¹&z t�v�é T ⊆ V t�s�v�{�� ¹&{}p+æ.¹&z�t�v×v�t�q��
|}u.¹&{�é A ⊆ V ∗ t�s�vcx+u�t�u�s�t��$z+{7tG��u+|� � ¹X��|7w)��t�sct�vÞw7> Ri
é 1 ≤ i ≤ n é�{7t�s�Ò�w)�
p w'sâ¹&u�v�s�é+s�w)u�vÞ�+t�s�t�u�s�t��$z+{7t�sz��u+|7sÞ�+t×q���Ó'{7t�sÞ�+tq�t�Ò�w)�$z+|}u.¹&|7s�w)u0�

¼ Òâæ.¹)~�x�t�|}u�s�vâ¹&u�v k = n·j+i é&w7> j ≥ 0, 1 ≤ i ≤ n é)s�t�x+{7t�s[{7t�s[q���Ó'{7t�s<��x
Ò�w)�
p w'sâ¹&u�v
Ri
s�w)u�v×x+v�|}{}|7s�r�t�s×p w)x+q,{�¹�q�t�Ò�w)��z+|}u.¹&|7s�w)uF�+t�s×��w)v�s,t���|7s�vâ¹&u�v�s���Ô<{}x�s×p+q�r�Ò�|7s�r���t�u�v�é u�w)x�s�+r���u+|7s�s�w)u�s
L1 = A,
Lk+1 = σi(Lk),

p�w)x+q i ≡ k − 1 (mod n) + 1, k ≥ 1, 1 ≤ i ≤ n, σi = (V, Ri).

ù<uût�� t�v�é+Ö$Ò�æ.¹)~�x�t,r�vâ¹&p t k é�{7t�s���w)v�s�p+q�r�s�t�u�v�s�é Lk
é�s�w)u�v�qât�Ò�w)�$z+|}u�r�sÞx+u�t�Õ1w)|7s�s�t�{7w)u{7t�s�q���Ó'{7t�s���xÚÒ�w)�
p w'sâ¹&u�v Ri

é i ≡ k−1 (mod n)+1 t�v�{7t[q�r�s�x+{}vâ¹&v���t<Ò�t�v�v�t<q�t�Ò�w)�$z+|}u.¹&|7s�w)uÕ w)q���ty{�� t�u�s�t���z+{7t��+t�sÞ��w)v�s�s�x+|}Ù'¹&u�v�s�é Lk+1
��{7t�sÞ��w)v�scq�t�s�vâ¹&u�v�s�s�w)u�v�r�{}|}�
|}u�r�s��ñ×w)x�s���|7s�w)u�s�~�x�tc{7t�Ò�w)�
p�w'sâ¹&u�v Ri

� � x+u s�ú�s�v�����tc��|7s�v�q�|}z+x�r,ÖÚÒâæ.¹&u+Ó�t���t�u�vÞ�+tcp+æ.¹)s�tq�t � t�v�v�t {7t ��w)v w é¿s�� |}{�u�� t���|7s�v�t p.¹)s
�+t ��w)v
Ò�w)�
p+{7r���t�u�vâ¹&|}q�tDÖ w p.¹&q
qâ¹&p+p�w)q�vaÖDx+u�tq���Ó'{7t��+t Ri
��åy¹&u�s�Ò�tÚÒ�¹)s�é�w)uDr�Ò�q�|}v w ↑Ri

�+ñ×w)x.sÞp�w)x+Ù�w)u�s�w)��t�v�v�q�t Ri
s�| {7tÚÒ�w)u�v�t���v�ty{7tp t�q���t�v�� ù<u/p�¹&q�v�|7Ò�x+{}|}t�q�é w t�s�v,q�t � t�v�rçp.¹&q Ri

s�| w u�t
s�� ¹)Ò�Ò�w)q��+t�¹�Ù�t�Ò�¹&x�Ò�x+u�tçq���Ó'{7t
�+t
Ri
�
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ø�ty{�¹&u+Ó�¹&Ó�typ+q�w��+x+|}vcp.¹&qÞx+u*s�ú�s�v�����ty��|7s�v�q�|}z+x�r�ÖçÒâæ.¹&u+Ó�t���t�u�v×�+t,p+æ.¹)s�t D Ò�w)u�s�|7s�v�tt�u¤v�w)x�sç{7t�sç��w)v�sçÕ�¹&|7sâ¹&u�v
p.¹&q�v�|7tû�+t {�� ¹&{}p+æ.¹&z t�v�v�t�q��
|}u.¹&{ct�v�~�x+|Þs�w)u�vçp+q�w���x+|}v�saÖDx+u�tr�vâ¹&p tÚ~�x�t�{7Ò�w)u�~�x�tÚ��x*Ò�¹&{7Ò�x+{��
L(D)

def
= (∪k≥1Lk) ∩ T ∗.

ñ×w)x�s�u�w)v�w)u�s�p.¹&q V DHn
{�¹ÚÕ�¹&�
|}{}{7t,�+t�s�{�¹&u+Ó�¹&Ó�t�s�p+q�w���x+|}v�s�p.¹&q�{7t�sÞs�ú�s�v�����t�s���|7s�v�q�| íz+x�r�s×ÖçÒ�æ.¹&u+Ó�t���t�u�v×�+typ+æ.¹)s�ty�+tÚ�+t�Ó'q�r�¹&xûp+{}x�s n �S;T<�VUXW����ÙÄ�[G�\[�]^[

�,de`gf:h ik|ml@de`gfao nEf2�gf2s2jm{an'i�h f2s:l¤h �vxg| � b}�}pv`gqknm{anm`Js\ikn�uv�}pgf�nEfMxkh �}pv`Js r
D = (V, T,A,R) � de� V = T = {a, b, c} � A = {cab} � R =

{

r =
c a
a b

}

~
· dexgf�pJ�gde`gf L1 = {cab} ~\· dexgf�umdexJ�gde`gf�pvuvuvo h wexgnmlao pÁl@j>qeo n r

�
cab

nMs � o xkh �{a�m{an r (c|ab, ca|b) `r (cb, caab) ~ �"n}o p�ikde`v`gn L2 = {cb, caab} ~a· dexgf;umdexJ�gde`gf{�pkh `Js2nm`}pv`Js�pvuvuvo h wexgnml
r
�

caab r (c|aab, caa|b) `r (cb, caaaab) � bMn�wexkhÇ`gdexgf\ikde`v`gn
L2 = {cb, caaaab} ~ _a`��gd�h s��¤p}bgh o nm{anm`Js�wexJn Lk = {cb, ca2k

b} � o n�o pv`gqvpgqknyuml@d�iexkh su}pml
D
n>f2s�ikde`}b�o n�fMxkh �}pv`Js r L(D) = {cb, ca2n

b}, n ≥ 0
wexkh,`�t n>f2s�u}pgf�xv`;o pv`gqvpgqknpvo qk|m�ml¤h wexgn ~

1¯É�� � Ï �c� 
��O�OÏ±����¬	 � � *�� �	���O�O
 Ë Ð	����Î�"!G� �$#������Ú	�
�� �O�	
:� �;� ��4
����Ï±�Ð±������s�
	�� � ��Ï±�O�

ñ×w)x�s�Ù�w�ú�w)u�s�~�x�t�{7t�s�s�ú�s�v�����t�s���|7s�v�q�|}z+x�r�scÖ�Ò�æ.¹&u+Ó�t���t�u�vc�+t�p+æ.¹)s�t,s�w)u�vÞ¹)s�s�t�Û×p+x+|7s ísâ¹&u�v�s�é[�"*���tD¹�Ù�t�Òûx+u s�t�x+{cÒ�w)�
p w'sâ¹&u�v���åy¹&u�s�Ò�t*Òâæ.¹&p+|}v�q�tûu�w)x�s���w)u�v�qâw)u�sa~�x�tû�+t�x��Ò�w)�
p w'sâ¹&u�v�s$s�x�©as�t�u�vÚp w)x+q$w)z+v�t�u+|}q�{�¹û�"*���t�p+x+|7s�sâ¹&u�Ò�ta� � t���p+q�t�s�s�|7w)uY~�x�taÒ�t�{}{7ta� � x+u�t�a¹)Òâæ+|}u�tÚ��t ã x+q�|}u+Ó��.ñ×w)x�scw)z�s�t�q�Ù�w)u.sc~�x�ty{7t,�"*���tÚq�r�s�x+{}vâ¹&vcp t�x+vs*�v�q�tÚw)z+v�t�u�x�¹�Ù�t�Òyx+us�t�x+{�Ò�w)�
p w'sâ¹&u�v×t�vÞu�w)x�scp+q�r�s�t�u�v�w)u�s�Ò�t�v�v�typ+q�t�x+Ù�t�¹&x*Òâæ.¹&p+|}v�q�t¯6�é+Ù�w)|}qÞv�æ�r�w)q�����t�6�� 8��}�,�
� l�¨�².´�j�µF¸ h þ Z þÙBOþ�� à)Ë1Ï G = (N, T, P, S)

Ð�ö ÍYÖ)Ì�Ý)õçõ�Ý)Ë¬ÌâÍ/Ý)Ì�Ó�Ë1Ï1Ì�Ý)Ë¬ÌâÍ ÿ�Û ÑÚÍ�ô)Ë�á�Ï³ÍÈÐ�öá�ç&á�Ï+û�õaÍ_Ô)Ë7á�Ï1Ì�Ë�Ó�Ð�×ÜØ�Î�Ò�Ý)ö�Ö�Í�õaÍ�ö.Ï�Ô�Í
ß�Ò�Ý&á�Í_Ô�Í_Ô�ÍÕÖ)Ì�×
2
§

DG = (V, T, A, R1, R2)
è�Ð�Ëá�Ë¬õçÐ�Ñ7Í

G
Í�Ï�ß+à)Ð�ÌGÑ7Í�è�Ð�Í�Ñ

L(G) = L(DG) ÿÊ�×�õ�à)ö+á�Ï1Ì�Ý'Ï1Ë à)ö ÿ
ý ¨5�<°¿ª�®�ª¬²�°9Æ[·9¦�É�¦�®�j�µF¸
Ô[w's�w)u�s DG = (V, T, A, R1, R2)

�
1�w)|7t�u�v N ∪ T ∪ {B} = {a1, a2, . . . , an} (an = B) t�v B /∈ N ∪ T �åy¹&u�s,Ò�tç~�x+|¿s�x+|}v,u�w)x�s,s�x+p+p�w's�w)u�s,~�x�t/! 1 ≤ i ≤ n é 1 ≤ j ≤ n − 1 é 2 ≤ k ≤ n t�v

a ∈ N ∪ T ∪ {B} �ø�� ¹&{}p+æ.¹&z t�v V t�s�v[�+r���u+|+p.¹&q V = N∪T ∪{B}∪{X, Y, Z, Z ′, Z ′′, Xi, Yi, X
′
j, Y

′
j , X

′′
j
é

Y ′′
j , X ′, Y ′ é X ′′, Y ′′, C1, C2, D1, D2}ø�� ¹&{}p+æ.¹&z t�v�v�t�q��
|}u.¹&{ T t�s�v�Ò�t�{}x+|��+t,{�¹çÓ'qâ¹&�
�a¹&|}q�tyÕ w)q���t�{}{}t G �ø�t�s�¹X��|7w)��t�s�s�w)u�v��+r���u+|7s�p.¹&q�! A = {XSBY } ∪ {ZYi, ZY ′

j , ZY ′′
j , X ′Z, X ′′Z, ZY é

XiaiZ, X ′
jZ, X ′′

j Z, ZY ′, ZY ′′, XZ, XjZ, C1Z
′, D1, Z

′′C2, D2} ∪ {ZvYj, ∃u → vaj ∈ P} �



.�ß R�ß�y0w Ý@¦��&~ ~�w�¤<§�{ |Ý� {H«.Ý��s{2~ ~���¥2¤ |.{2~Y~ (²~ v����_{2~�|.�&~ v��s�9x�¦�à2~	ß»ß»ß �qU
ø�t�s�Ò�w)�
p�w'sâ¹&u�v�s���xDs�ú�s�v�����tys�w)u�vc��r��.u+|7sc�+ty{�¹$�a¹&u+|���q�t�s�x+|}Ù'¹&u�v�t,�
-�w)�
p w'sâ¹&u�v R1

!

1.1 :
ε uY

Z vYj
, ∃u → vaj ∈ P ; 1.1′ :

ε aiuY

Z Yi
, ∃u → ε ∈ P ;

1.2 :
ε aiY

Z Yi
; 1.3 :

a Yk

Z Y ′
k−1

; 1.4 :
a Y ′

j

Z Y ′′
j

;

1.5 :
X1 a

X ′ Z
; 1.6 :

X ′ a

X ′′ Z
; 1.7 :

a Y ′′

Z Y
;

1.8 :
a BY ′′

Z ′′ ε
; 1.9 :

a Y ′′
j

Z Yj

; 1.10 :
C1 Z ′

ε D1
;

-�w)�
p w'sâ¹&u�v R2
!

2.1 :
X a

Xiai Z
; 2.2 :

Xk a

X ′
k−1 Z

; 2.3 :
X ′

j a

X ′′
j Z

; 2.4 :
a Y1

Z Y ′ ;

2.5:
a Y ′

Z Y ′′ ; 2.6:
X ′′ a

X Z
; 2.7:

X ′′ a

ε Z ′ ; 2.8:
X ′′

j a

Xj Z
; 2.9:

Z ′′ C2

D2 ε
;

ø�t�s�Ò�w)�
p�w'sâ¹&u�v�s R1
¹&u�� R2

Ò�w)u�v�|7t�u�u�t�u�v,¹&x�s�s�| {7t�sÞq���Ó'{7t�s�s�x+|}Ù'¹&u�v�t�s¯!
α ε

α ε
p w)x+q�Ò�æ.¹)~�x�t�¹X��|7w)��t α ∈ A é+sâ¹&x�Õ XSBY �

ñ×w)x�s�¹X©�q���w)u�s×~�x�t L(DG) = L(G) �ñ×w)x�sy¹&{}{7w)u�s,p+q�w)x+Ù�t�qyÒ�t�v�v�t
¹X©�q��a¹&v�|7w)uF�+t�{�¹a�a¹&u+|���q�tçs�x+|}Ù'¹&u�vât7� ñ×w)x�s×��w)u�v�q�t�q�w)u�sÒ�w)�
��t�u�v$|}{�t�s�v�p w's�s�|}z+{7ta�+tas�|}�$x+{7t�q�{7t�s$�+r�q�|}Ù'¹&v�|7w)u�sç�+t�{�¹*Ó'qâ¹&�
�a¹&|}q�t�Õ w)q���t�{}{7t G t�v�ép.¹&qÚÒ�w)u�s�r�~�x�t�u�v�é u�w)x�sÚw)z+v�|7t�u���q�w)u�sÚ~�x�t L(G) ⊆ L(DG) � åy¹&u�sy{7t$�"*���t
v�t��
p�s�é�u�w)x.s��w)u�v�q�t�q�w)u�s�~�x�t$v�w)x+v�t�sy{7t�s�¹&x+v�q�t�syp�w's�s�|}z+|}{}|}v�r�sÚ�+t
Ò�¹&{7Ò�x+{<u�� ¹&z w)x+v�|7s�s�t�u�vÚp.¹)s�Öax+u/��w)vv�t�q��
|}u.¹&{�é.Ò�tÚ~�x+| p+q�w)x+Ù�t�qâ¹ç{�� r�u�w)u�Ò�r,�ñ×w)v�qât�s�| �$x+{�¹&v�|7w)uÈt�s�vcÕ w)u��+r�t�s�x+q�{�¹ç��r�v�æ�w��+t�;�Õ�¹&|}q�t�í�v�w)x+q�u�t�q í³t�v í�s�|}��x+{�t�q�=�é.Ù�w)|}q×s�t�Ò�ív�|7w)u ���}�,� ����ñ×w)x�s�x+v�|}{}|7s�w)u�s�x+u�t�v�t�Ò�æ+u+|7~�x�t×s�|}�
|}{�¹&|}q�t,ÖÚÒ�t�{}{7t×~�x+|�t�s�v�x+v�|}{}|7s�r�t���¹&u.s�¢ �,8�é����+é�'�,£+�+ñ×w)x�s�Ò�w)�
��t�u�°�w)u�s,¹�Ù�t�Ò,{7ty��w)v XwaiY
��¹&u�sÞ{7tÚÒ�w)�
p�w'sâ¹&u�v R1

� ê p+q���sÞ{�� ¹&p+p+{}|7Ò�¹�ív�|7w)u/�+t�{�¹�q���Ó'{7t �,� ��é�{7t�Ò�w)�
p w'sâ¹&u�v R2
q�t�°�w)|}v×{7t���w)v XwYi

��åy¹&u�s R2
{�¹�q���Ó'{7t
���}�$t�s�v¹&p+p+{}|7~�x�r�t t�v R1

q�t�°�w)| v${7t�s���w)v�s XjajwYi (1 ≤ j ≤ n) �`¼=p.¹&q�v�|}q$�+t Ò�t�v�|}u�s�vâ¹&u�v�é�{7ts�ú�s�v�����t DG
Õ�¹&|}vy�+r�Ò�q�w��7v�q�t${7t�s,|}u���|7Ò�t�s i t�v j s�|}��x+{}vâ¹&u�r���t�u�v�� ø�t�s,��w)v�s×p w)x+q,{7t�s�~�x�t�{7s

j 6= i s�w)u�vyr�{}|}�
|}u�r�sÚt�vÚs�t�x+{7s,{7t�s,��w)v�s X1aiwY1
q�t�s�v�t�u�v�� Ô<x+|7s�é�u�w)x�sÚw)z+v�t�u�w)u�sy{7t$��w)v

XaiwY é.u�w)x�sy¹�Ù�w)u�s×�+w)u�ÒÚÕ�¹&|}v�v�w)x�q�u�t�q×{7t���w)v XwaiY
� � x+u�t${7t�v�v�q�t,� 1�| aiw = aiw

′Bt�v aiw
′ ∈ T ∗ é+Ò�tÚ�+t�q�u+|7t�qc��w)vÞÕ�¹&|7sâ¹&u�vÞp.¹&q�v�|7tÚ��x*q�r�s�x+{}vâ¹&v�t�s�v�¹&x�s�s�| p+q�w���x+|}v��

i ©7l�¨�µF«/Æ[·9©�«�¬©�·¿
ø�t�Ò�¹&{7Ò�x+{+��¹&u�s DG

s�x+|}v[{7t�s�Òâæ�r��a¹�p+q�r�s�t�u�v�rÞÖc{�¹±��Ó'x+q�t����}�,�)ø�t�s[s�w)�
��t�v�s<��x
s�Ò�æ�r��a¹q�t�p+q�r�s�t�u�v�t�u�v�x+u�t�Ò�w)u���Ó'x+qâ¹&v�|7w)ua�+t���w)v�s[p�t�u���¹&u�v<{7t�Ò�¹&{7Ò�x+{��'ñ×w)x�s<r�u�x+��r�q�w)u�s<v�w)x+v�t�s<{7t�sÒ�w)u���Ó'x+qâ¹&v�|7w)u.sÚp�w's�s�|}z+{7t�sÚt�vyu�w)x�s,��t�v�v�w)u�sÚ{7t�x+qyu�x+��r�q�w*��¹&u�sy{7t
Ò�w)|}uFs�x+p�r�q�|7t�x+q���q�w)|}v��



�q6 §�Ü�w�Ý���v��s{X.�ß)~ (²~ v����_{2~p|.�&~ v��s�9x�¦�à2~0/ §�Ü�w�¤<ôz{��_{�¤<v�|.{sß�ß�ß

ø�t�s�ú���z w){7t w �.¹&u�sc{7t�s�Ò�w)u���Ó'x+qâ¹&v�|7w)u�s,t�s�v�Ò�w)u�s�|7�+r�q�r$Ò�w)�
��tÚx+u�tÚÙ'¹&q�|�¹&z+{7t�t�vc|}{�p�q�t�u���+t�sÚÙ'¹&{7t�x+q�s$��|�� r�q�t�u�v�t�s$��¹&u�s���t�s$Ò�w)u���Ó'x+qâ¹&v�|7w)u�sç��|�� r�q�t�u�v�t�s���Ô<¹&q$t��+t��
p+{7t'é�s�|���¹&u�sÚ{�¹Ò�w)u���Ó'x+qâ¹&v�|7w)u 1 {7tys�ú���z w){7t w t�s�vcr�Ó�¹&{�Ö w′ai
é���¹&u�sÞ{�¹çÒ�w)u���Ó'x+qâ¹&v�|7w)u 2 sâ¹�Ù'¹&{7t�x+qÞp t�x+v*�v�q�t w′ ��ñ×w)x�s�¹&{}{7w)u�s���w)u�v�q�t�q�~�x�tÞ{7t�Ò�¹&{7Ò�x+{�s�x�| v�{7t�s�Ò�æ�r��a¹��+tc{�¹���Ó'x+q�t����}�'é�Ò'� t�s�v í�Ö�í³��|}q�t~�x�t×v�w)x�sÞ{7t�s���w)v�sÞp+q�w���x+|}v�sc��¹&u.s�x+u�tyÒ�w)u���Ó'x+qâ¹&v�|7w)uDs�t�q�w)u�vcr�{}|}�
|}u�r�s�é+t��+Ò�t�p+v�r,{7t�s���w)v�s¹&p+p.¹&q�v�t�u.¹&u�v,Ö${�¹
Ò�w)u���Ó'x+qâ¹&v�|7w)u�s�x+|}Ù'¹&u�v�t,�

w X ′′woo X ′′wY ′′oo

vvnnnnnnnnnnnn

7

XwY ′′

8

��

X ′′wY ′

6

hhPPPPPPPPPPPP

å,r�z+x+v +3 XwY
1

��

X ′wY ′

5

OO

XwYi

2

''PPPPPPPPPPPP X ′wYi

4

OO

XjwYi

3

77nnnnnnnnnnnn

''OOOOOOOOOOO

X ′′
j−1wYi−1

13

77ooooooooooo

XjwY ′
i−1

9

��
X ′′

j−1wY ′′
i−1

12

OO

X ′
j−1wY ′

i−1

10

wwooooooooooo

X ′
j−1wY ′′

i−1

ggOOOOOOOOOOO
11

CEDGFzù ���}� é ø�tÚs�Ò�æ�r��a¹
��xDÒ�¹&{7Ò�x+{
ñ×w)x�s�q�t��a¹&q�~�x�w)u�sç~�x�t
{�¹ûq���Ó'{7t 1.10 p t�q���t�vç�+t�p+q�w���x+|}q�t {}ta��w)v Z ′ Öûp.¹&q�v�|}qç�+t�s¹X��|7w)��t�s C1Z

′ t�v D1
�0-�t���w)v�¹&p+p.¹&qâ¹X�7v�qâ¹ �+w)u�Òç��¹&u�s,{7t$�+t�x���|�����t
Ò�w)�
p�w'sâ¹&u�v�� åç� x+u�t�a¹&u+|���q�t s�|}�
|}{�¹&|}q�t'é¿{�¹*q���Ó'{7t 2.9 p�t�q���t�v
�+tap+qâw���x+|}q�t {7ta��w)v Z ′′ ~�x+|Þ¹&p+p.¹&qâ¹X�7v�qâ¹���¹&u�s{7tÚp+q�t��
|���q�tçÒ�w)�
p�w'sâ¹&u�v�� -�t�v�v�tç¹)s�v�x�Ò�t$t�s�v�x+v�|}{}|7s�r�tç¹X��u�� � r�Ù�|}v�t�q×x+uÈÒ�¹&{7Ò�x+{[t�q�q�w)u�r$t�v�{�¹s�w)x�s í³s�t�Ò�v�|7w)u*��� U��}�ÚÒ�w)u�v�|7t�u�vcp+{}x�s�� � |}u�Õ w)q��a¹&v�|7w)u�s�x+qcÒ�tys�x'� t�v��

Þ ²�®�«�®�ª¬²�°
-�w)u�s�|7�+r�q�w)u�s<{7t���w)v XwaiY

ª w ∈ (N∪T ∪{B})∗), 1 ≤ i ≤ n �)ñ×w)x�s[s�w)�
��t�s���¹&u�s{�¹
Ò�w)u���Ó'x+qâ¹&v�|7w)u 1 ��ñ×w)x�s�¹&{}{7w)u�sÞ��w)u�v�q�t�q�Ò�w)�
��t�u�vc{�¹çq�w)vâ¹&v�|7w)uD�+t wai
t�s�vct�� t�Ò�v�x�r�t,�

(Xw|aiY, Z|Yi) `1.2 (XwYi, ZaiY ↑) �ø�ty��w)v ZaiY
u�t,p t�x+vcs�� ¹)Ò�Ò�w)q��+t�q,¹�Ù�t�ÒÚ¹&x�Ò�x+u�tÚq���Ó'{7tÚ�+t R2

é�|}{�t�s�vc�+w)u�ÒÚr�{}|}�
|}u�r,�
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Ñ ¹&|}u�v�t�u.¹&u�vcu�w)x�s�s�w)�
��t�s���¹&u�sÞ{�¹
Ò�w)u���Ó'x+qâ¹&v�|7w)u 2 �
(X|wYi, Xkak|Z) `2.1 (XkakwYi, XZ) é 1 ≤ i, k ≤ n �ø�ty��w)v XZ t�s�vÞx+u�¹X��|7w)��t,�
1�| i = 1 é�u�w)x�sÞp w)x+Ù�w)u�s×¹�Ù�w)|}q�¹&x�s�s�| {7tÚÒ�¹&{7Ò�x+{�s�x+|}Ù'¹&u�v@!
(Xw|Y1, Z|Y ′) `2.4 (XwY ′ ↑, ZY1)

�ø�ty��w)v ZY1
t�s�vÞx+u�¹X��|7w)��tyt�vc{7t,��w)v XwY ′ t�s�v�r�{}|}�
|}u�r,�ñ×w)x�scs�w)�
��t�s���¹&u�sÞ{�¹
Ò�w)u���Ó'x+qâ¹&v�|7w)u 3 �+ï³{�t���|7s�v�t'é��a¹&|}u�v�t�u.¹&u�v�é��aÒ�¹)sÞp�w's�s�|}z+{7t�s@!¹5« XjaswY1

�+z�« X1aswYi
��ÒX« XjaswYi

���O« X1aswY1
� i, j > 1 é 1 ≤ s ≤ n«$ß

XjaswY1, j > 1 �ø�tc��w)v XjaswY1
u�tcp�t�x+v�s�� ¹)Ò�Ò�w)q��+t�qÞ¹�Ù�t�Ò�¹&x�Ò�x+u�tcq���Ó'{7t��+t R1

é'|}{.t�s�v��+w)u�Òcr�{}|}�
|}u�r,�
\�ß

X1aswYi, i > 1 �ï�Ò�|�w)uD¹ç�+t�x��ûp�w's�s�|}z+|}{}|}v�r�s¯!à ª2ß (X1asw|Yi, Z|Y ′
i−1) `1.3 (X1aswY ′

i−1 ↑, ZYi)
�ø�t���w)v ZYi

t�s�v�x+uû¹X��|7w)��t,��ø�t���w)v X1aswY ′
i−1

u�t�p t�x+v�s�� ¹)Ò�Ò�w)q��+t�qc¹�Ù�t�Ò×¹&x�Ò�x+u�t×q���Ó'{7t�+t R2
é+|}{�t�s�vc�+w)u�ÒÚr�{}|}�
|}u�r,�à ª1ª2ß (X1|aswYi, X

′|Z) `1.5 (X ′aswYi ↑, X1Z) �ø�t���w)v X1Z
t�s�v�x�uÈ¹X��|7w)��t,��ø�t���w)v X ′aswYi

u�tÚp t�x+v,s�� ¹)Ò�Ò�w)q��+t�qy¹�Ù�t�Òç¹&x�Ò�x+u�t�q���Ó'{7t�+t R2
é+|}{�t�s�vc�+w)u�ÒÚr�{}|}�
|}u�r,�åy¹&u�s�Ò�t�sc�+t�x��ûÒ�¹)s�é+{7tyÒ�¹&{7Ò�x+{�u�� ¹&z w)x+v�|}v��+w)u.Ò,p.¹)s×Öç�+t,u�w)x�Ù�t�¹&x��û��w)v�s��©�ß
XjaswYi, i, j > 1 �

(Xjasw|Yi, Z|Y ′
i−1) `1.3 (XjaswY ′

i−1, ZYi)
�ø�ty��w)v ZYi

t�s�vÞx+uD¹X��|7w)��t,�
ñ×w)x�scs�w)�
��t�s���¹&u�sÞ{�¹
Ò�w)u���Ó'x+qâ¹&v�|7w)u 9 �
(Xj |aswY ′

i−1, X
′
j−1|Z) `2.2 (X ′

j−1aswY ′
i−1, XjZ) �ø�ty��w)v XjZ

t�s�vcx+uD¹X��|7w)��t,�
ñ×w)x�scs�w)�
��t�s���¹&u�sÞ{�¹
Ò�w)u���Ó'x+qâ¹&v�|7w)u 10 �
(X ′

j−1asw|Y ′
i−1, Z|Y ′′

i−1) `1.4 (X ′
j−1aswY ′′

i−1, ZY ′
i−1)

�ø�ty��w)v ZY ′
i−1

t�s�vÞx+uD¹X��|7w)��t,�
ñ×w)x�scs�w)�
��t�s���¹&u�sÞ{�¹
Ò�w)u���Ó'x+qâ¹&v�|7w)u 11 �
(X ′

j−1|aswY ′′
i−1, X

′′
j−1|Z) `2.3 (X ′′

j−1aswY ′′
i−1, X

′
j−1Z) �ø�ty��w)v X ′

j−1Z
t�s�vÞx+uD¹X��|7w)��t,�

ñ×w)x�scs�w)�
��t�s���¹&u�sÞ{�¹
Ò�w)u���Ó'x+qâ¹&v�|7w)u 12 �
(X ′′

j−1asw|Y ′′
i−1, Z|Yi−1) `1.9 (X ′′

j−1aswYi−1, ZY ′′
i−1)

�ø�ty��w)v ZY ′′
i−1

t�s�vÞx+uD¹X��|7w)��t,�
ñ×w)x�scs�w)�
��t�s���¹&u�sÞ{�¹
Ò�w)u���Ó'x+qâ¹&v�|7w)u 13 �Ñ ¹&|}u�v�t�u.¹&u�vc|}{�t���|7s�v�tÚ�+t�x�� p w's�s�|}z+|}{}| vâr�s��+typ�w)x+q�s�x+|}Ù�q�ty{7tÚÒ�¹&{7Ò�x+{��à ª2ß (X ′′

j−1asw|Y1, Z|Y ′) `2.4 (X ′′
j−1aswY ′ ↑, ZY1)

�ø�ty��w)v ZY1
t�s�vÞx+u�¹X��|7w)��tyt�vc{7t,��w)v X ′′

j−1aswY ′ t�s�vcr�{}|}�
|}u�r,�à ª1ª2ß (X ′′
j−1|aswYi−1, Xj−1|Z) `2.8 (Xj−1aswYi−1, X ′′

j−1Z) �ø�tç��w)v X ′′
j−1Z

t�s�v×x+uY¹X��|7w)��t,� ñ×w)x�syw)z�s�t�q�Ù�w)u.s,~�x�t$u�w)x�sys�w)�
��t�s�¹&q�q�|}Ù�r
Öau�w)x+Ù�t�¹&x��¹&u�s¿{�¹×Ò�w)u���Ó'x+qâ¹&v�|7w)u 1 �&ï³{�t�s�v�Õ�¹)Ò�|}{7t��+t�Ù�w)|}q[~�x�t�{7t�s¿|}u���|7Ò�t�s<�+t X t�v Y w)u�v<r�v�r���|}�
|}u�x�r�ss�|}�$x+{}vâ¹&u�r���t�u�v���ñ×w)x�sÞp�w)x+Ù�w)u�scÒ�w)u�v�|}u�x�t�q���x�s�~�x�� ÖçÒ�tÚ~�x�t,{�� x+uD�+t�sÞ|}u���|7Ò�t�s��+t�Ù�|7t�u+u�t 1 éu�w)x�s�s�t�q�w)u�sc�+w)u�ÒÚ��¹&u�sÞ{�� x+uD�+t�scÒ�¹)s�ª ¹5«�é0ª¬z�«�w)xuª1�O«��
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Æ�ß

X1aswY1
�

(X1|aswY1, X
′|Z) `1.5 (X ′aswY1, X1Z) �ø�ty��w)v X1Z

t�s�vÞx+u�¹X��|7w)��t,�
ñ×w)x�scs�w)�
��t�s���¹&u�sÞ{�¹
Ò�w)u ��Ó'x+qâ¹&v�|7w)u 4 �
(X ′asw|Y1, Z|Y ′) `2.4 (X ′aswY ′, ZY1)

�ø�ty��w)v ZY1
t�s�vÞx+uD¹X��|7w)��t,�

ñ×w)x�scs�w)�
��t�s���¹&u�sÞ{�¹
Ò�w)u ��Ó'x+qâ¹&v�|7w)u 5 �
(X ′|aswY ′, X ′′|Z) `1.6 (X ′′aswY ′, X ′Z) �ø�ty��w)v X ′Z t�s�vÞx+u�¹X��|7w)��t,�ñ×w)x�scs�w)�
��t�s���¹&u�sÞ{�¹
Ò�w)u ��Ó'x+qâ¹&v�|7w)u 6 �ñ×w)x�s�¹�Ù�w)u�sÞ�a¹&|}u�v�t�u.¹&u�v�v�q�w)|7scp�w's�s�|}z+|}{}|}v�r�s¯!
à ª2ß (X ′′|aswY ′, X|Z) `2.6 (XaswY ′ ↑, X ′′Z) �ø�t
��w)v X ′′Z t�s�vyx+u�ta¹X��|7w)��t,� ø�t
��w)v XaswY ′ u�tçp w)x+Ù'¹&u�vÚs�� ¹)Ò�Ò�w)q��+t�q$¹�Ù�t�Ò�¹&x�Ò�x+u�tq���Ó'{7tÚ�+t R1

é�|}{�t�s�vcr�{}|}�
|}u�r,�à ª1ª2ß (X ′′|aswY ′, |Z ′) `2.7 (aswY ′ ↑, X ′′Z ′ ↑) �ø�t�s���w)v�s aswY ′ t�v X ′′Z ′ u�t�p�w)x�Ù)¹&u�vçs�� ¹)Ò�Ò�w)qâ�+t�qç¹�Ù�t�Òa¹&x�Ò�x+u.t�q���Ó'{7t �+t R1
é�|}{7s$s�w)u�vr�{}|}�
|}u�r�s��à ª1ª1ª2ß (X ′′asw|Y ′, Z|Y ′′) `2.5 (X ′′aswY ′′, ZY ′) �ø�ty��w)v ZY ′ t�s�vÞx+uD¹X��|7w)��t,�ñ×w)x�scs�w)�
��t�s���¹&u�sÞ{�¹
Ò�w)u ��Ó'x+qâ¹&v�|7w)u 7 �ª�á7« (X ′′asw|Y ′′, Z|Y ) `1.7 (X ′′aswY, ZY ′′) �ø�ty��w)v ZY ′′ t�s�vÞx+u�¹X��|7w)��t,�ñ×w)x�scs�w)�
��t�s���¹&u�sÞ{�¹
Ò�w)u ��Ó'x+qâ¹&v�|7w)u 8 �ª�á�á7« (X ′′|aswY, X|Z) `2.6 (XaswY, X ′′Z) �ø�ty��w)v X ′′Z t�s�vÞx+u�¹X��|7w)��t,�ñ×w)x�sas�w)�
��t�s ¹&q�q�|}Ù�rD��¹&u�sa{�¹/Ò�w)u���Ó'x+qâ¹&v�|7w)u 1 é<u.w)x�s ¹�Ù�w)u�sa�+w)u�ÒûÕ�¹&|}vav�w)x+q�u�t�qa{7ts�ú��$z�w){7t as

�+ï³{ t�s�v�p�w's�s�|}z+{7ty� � ¹&p+p+{}|7~�x�t�qc{7t�s�q���Ó'{7t�s 1.8 t�v 2.7 ��¹&u�sÞ{7t�sÞÒ�¹)s��a¹&q�~�x�r�sÞp.¹&qª�á7«�t�v¯ª�á�á7«�é+�a¹&|7s�Ò�t�s�¹&p+p+{}|7Ò�¹&v�|7w)u�s×s�t�q�w)u�v���|7s�Ò�x+v�r�t�sÞp+{}x�scvâ¹&q�� �
i ª1µÈ·¿¬«�®�ª¬²�°9Æ¿¸�¦�§¿´&² Æ[·�©'®�ª¬²�°�¦
Æ¿¸�¬«]m.´&«�µYµF«�ª¬´&¸

1�� |}{<t���|7s�v�t�x+u�t$p+q�w���x�Ò�v�|7w)u u → vai
ª1w)x u → ε «ct�v×x+uÈ��w)v Xw′uY ª Xw′′aiuY «�éu�w)x�scp�w)x+Ù�w)u�s�¹&p+p+{}|7~�x�t�qc{�¹çq���Ó'{7t 1.1 ª 1.1′ «��

(Xw′|uY, Z|vYi) `1.1 (Xw′vYi, ZuY ↑).ø�ty��w)v ZuY u�typ�w)x+Ù'¹&u�v�s�� ¹)Ò�Ò�w)q��+t�q×¹�Ù�t�Ò�¹&x�Ò�x+u�tyq���Ó'{7tÚ�+t R2
t�s�vcr�{}|}�
|}u�r,�

(Xw′′|aiuY, Z|Yi) `1.1′ (Xw′′Yi, ZaiuY ↑) �ø�ty��w)v ZaiuY u�t,p w)x+Ù'¹&u�v�s�� ¹)Ò�Ò�w)q��+t�q×¹�Ù�t�ÒÚ¹&x�Ò�x+u�tyq���Ó'{7tÚ�+t R2
t�s�v�r�{}| �
|}u�r,�

Ô<x+|7s�é {7t
s�ú�s�v�����t�Õ w)u�Ò�v�|7w)u+u�t�Ò�w)�
��t���¹&u�sy{7t�Ò�¹)sÚ�+tç{�¹ q�w)vâ¹&v�|7w)u0��Ô[¹&q�Ò�w)u�s�r�~�x�t�u�v�éu�w)x�s�s�|}��x+{7w)u�sc{�� ¹&p+p+{}|7Ò�¹&v�|7w)u��+ty{�¹$q���Ó'{7t u → vai
ª u → ε «��+ty{�¹$Ó'qâ¹&�
�a¹&|}q�t G �

ú \�®�¸�°�®�ª¬²�° Æ[·9´&¨�¦�·¿�®�«�®
1�|�u�w)x�s¿¹�Ù�w)u�s {7t�s�ú��$z�w){7t B Ö�{�¹2��u���xÚ��w)v¿��¹&u�s�{7t�Ò�¹)s2ª�á7«�é�u�w)x�s�p w)x+Ù�w)u�s¿¹&p+p+{}|7~�x�t�q{�¹çq���Ó'{7t 1.8 !



.�ß R�ß�y0w Ý@¦��&~ ~�w�¤<§�{ |Ý� {H«.Ý��s{2~ ~���¥2¤ |.{2~Y~ (²~ v����_{2~�|.�&~ v��s�9x�¦�à2~	ß»ß»ß �q3
(X ′′asw

′|BY ′′, Z ′′|) `1.8 (X ′′asw
′, Z ′′BY ′′ ↑) �ø�ty��w)v Z ′′BY ′′ t�s�vcr�{}|}�
|}u�r,�

(X ′′|asw
′, |Z ′) `2.7 (asw

′ ↑, X ′′Z ′ ↑) �ø�t�s¿��w)v�s X ′′Z ′ t�v asw
′ s�w)u�v[r�{}|}�
|}u�r�s��,1�|�{7t���w)v asw

′ ∈ T ∗ é asw
′ Õ�¹&|}v�p.¹&q�v�|7t���x$q�r�s�x+{}vâ¹&v��xDÒ�¹&{7Ò�x+{��ï³{�r�vâ¹&|}vcp w's�s�|}z+{7ty� � ¹&p+p+{}|7~�x�t�q�{�¹$q���Ó'{7t 2.6 !

(X ′′|asw
′, X|Z) `2.6 (Xasw

′ ↑, X ′′Z) �ø�ty��w)v X ′′Z t�s�vcx+uD¹X��|7w)��tÚt�v Xasw
′ t�s�vcr�{}|}�
|}u�r,�

ñ×w)x�s�w)z�s�t�q�Ù�w)u�s�~�x�tcp.¹&q��+r���u+|}v�|7w)u u�w)x�s�¹�Ù�w)u�s�ÖÚÒâæ.¹)~�x�t�r�vâ¹&p�t�x+uau�w)�$z+q�tc|}{}{}|}�
|}v�r�+t�Ò�w)p+|7t�s��+t�Ò�æ.¹)~�x�tc��w)v���åy¹&u�s�{7tcÒ�¹)s�Ò�| í³�+t�s�s�x�s�é'{7t�s��+t�x��a¹&p+p+{}|7Ò�¹&v�|7w)u�s�s�t�Õ w)u�v��+w)u�Òct�up.¹&qâ¹&{}{���{7t$t�v�x+u�t��+t�Ò�t�s×¹&p+p+{}|7Ò�¹&v�|7w)u�s×p+q�w���x+|}v×{7tyq�r�s�x+{}vâ¹&v,��xDÒ�¹&{7Ò�x+{�é.vâ¹&u���|7s×~�x�tÚ{�� ¹&x+v�q�tu�� ¹&z w)x+v�|}v�p.¹)s�Öç�+tyu�w)x+Ù�t�¹&x��û��w)v�s��
-�w)u�s�|7�+r�q�w)u.sc�a¹&|}u�v�t�u.¹&u�v�{7tyÒ�¹)s¯ª�á�á7«���ï³{�t�s�vÞp w's�s�|}z+{7ty� � ¹&p+p+{}|7~�x�t�q�{�¹çq���Ó'{}t 2.7 !
(X ′′|aswY, |Z ′) `2.7 (aswY, X ′′Z ′ ↑) �ø�ty��w)v X ′′Z ′ t�s�vcr�{}|}�
|}u�r,�
(asw

′|atY, Z|Yt) `1.1, 1.1′ ou 1.2 (asw
′Yt, ZatY ↑), 1 ≤ t ≤ n �ø�ty��w)v ZatY

t�s�vcr�{}|}�
|}u�r,�
1�| t 6= 1 é�{7ty��w)v asw

′Yt
t�s�vcr�{}|}�
|}u�r,�

1�| t = 1 é
(asw

′|Y1, Z|Y ′) `2.4 (asw
′Y ′ ↑, ZY1)

�ø�ty��w)v ZY1
t�s�vÞx+u�¹X��|7w)��tyt�vc{7t,��w)v asw

′Y ′ t�s�vcr�{}|}�
|}u�r,�
-�tÚÒ�¹&{7Ò�x+{�u�� ¹&z w)x+v�|}v��+w)u�Ò�Ö�¹&x�Ò�x+u*��w)vcu�w)x+Ù�t�¹&x0�

â ·�®�´&¸�¦�©�«�¬©�·¿¬¦�«5��¸�©D¬¸�¦�«�ã�ª¬²�µF¸�¦
ñ×w)x�s�p w)x+Ù�w)u�sc¹�Ù�w)|}q�{7t�sÞÒ�¹&{7Ò�x+{7sÞs�x+|}Ù'¹&u�v�sÞt�u�v�q�t,{7t�sc¹X��|}w)��t�s�é��a¹&|7s�|}{7s�u�� ¹&z w)x+v�|7s�s�t�u�vp.¹)s×Öç�+t�sÞ��w)v�scu�w)x+Ù�t�¹&x�� �
(Zv|Yi, Z|Y ′

i−1) `1.3 (ZvY ′
i−1 ↑, ZYi)

é 2 ≤ i ≤ n �
(X1|a1Z, X ′|Z) `1.5 (X ′a1Z ↑, X1Z) �
(Xk|akZ, X ′

k−1|Z) `2.2 (X ′
k−1akZ ↑, XkZ) é 2 ≤ k ≤ n �

(Zv|Y1, Z|Y ′) `2.4 (ZvY ′ ↑, ZY1)
�

-�w)�
��tcu�w)x�s�¹�Ù�w)u�s�t���¹&�
|}u�r�v�w)x�s�{7t�s�Ò�¹)s�é)u�w)v�q�tc¹&u.¹&{}ú�s�tÞt�s�v<�a¹&|}u�v�t�u.¹&u�v�Ò�w)�
p+{���v�t,�
Þ ¸�µF«+´&¶�·�¸�¦<�[°�«�1¸�¦
ñ×w)x�s[w)z�s�t�q�Ù�w)u�s[~�x�� |}{�r�vâ¹&|}v[p�w's�s�|}z+{7t�� � x+v�|}{}|7s�t�q[{7t���w)v C1Z

′ Öc{�¹cp+{�¹)Ò�t��+t Z ′ t�v Z ′′C2Öû{�¹ p+{�¹)Ò�ta�+t Z ′′ ��¹&u�s$Ò�t�q�vâ¹&|}u�s$t�u���q�w)|}v�s$��xeÒ�¹&{7Ò�x+{�Ò�| í³�+t�s�s�x�s�é �a¹&|7s$Ò�t�s$¹&p+p+{}|7Ò�¹&v�|7w)u�s�é|}u�v�q�w���x+|7sâ¹&u�v C1
t�v C2

��¹&u�s�{7tc��w)v�Ò�w)u�s�|7�+r�q�r'é�u�t�Ò�æ.¹&u+Ó�t�u�v�p.¹)s�{7tÞÕ�¹&|}v���x�q�t � t�v���xa��w)vp.¹&qc{7tyÒ�w)�
p w'sâ¹&u�v�s�x+|}Ù'¹&u�vX�ï³{�t�s�v¿Õ�¹)Ò�|}{7tÞ�+t�Ù�w)|}q�~�x�� t�u�s�x+|}Ù'¹&u�v<{7t�s�Òâæ�r��a¹,��x�Ò�¹&{7Ò�x+{+u�w)x�s�w)z+v�t�u�w)u�s<vâw)x�s[{7t�s[��w)v�s�+t L(G) t�v�é�Ò�w)�
��tau�w)x�s
¹�Ù�w)u�s$Ò�w)u�s�|7�+r�q�rav�w)x�s�{7t�s$Ò�¹)s�p w's�s�|}z+{7t�s�é�|}{�t�s�v$Ò�{�¹&|}qç~�x�t�{7ts�ú�s�v�����t,u�typ+q�w���x+|}v�p.¹)sc� � ¹&x+v�q�t�sc��w)v�s��
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1¯É21 ä  �"!G� �$#����P	�
�� �O�	
:� �;� 4F�^��Ï±�Ð±������s�å	�� � ��Ï±�O�çæ � �¨è

��
 �êéìë � 
Y��� � � �
:ís���	�O��Í
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Ë¬öXØ<ö�ËGîõaÍ�ö.Ï�á�Ý)ö+á�ß.Ì�à�Ô)Ð�Ë¬ÌâÍ�Ô�ÍÚÌ�×âá�Ð�Ñ Ï�Ý'Ï ÿ

Ê�×�õ�à)ö+á�Ï1Ì�Ý'Ï1Ë à)ö ÿ
1�w)|7t�u�v V = {a1, . . . , an+1}

t�v P = {P1, . . . , Pn}
�åy¹&u�scÒ�tÚ~�x+|�s�x+|}vÞu�w)x.scÒ�w)u�s�|7�+r�q�w)u�s�~�x�t 1 ≤ i ≤ n t�v a,b, c ∈ {a1, . . . , an}

�ñ×w)x�sc�+r���u+|7s�s�w)u�s D �+t,{�¹ç�a¹&u+|���q�tÚs�x+|}Ù'¹&u�v�t,�ø�� ¹&{}p+æ.¹&z t�v V ′ t�s�vc�+r���u+|�p.¹&q¯! V ′ = V ∪ {X, Y, L, X ′, Y ′, R, Z} �ø�t�s×¹X��|7w)��t�scs�w)u�vc�+r���u+|7scp.¹&q¯! A = {LXwY, ZPiY, X ′E, RY ′} �ø�t�scq���Ó'{7t�sc�+t R1
s�w)u�vc�+r���u+|7t�s��+ty{�¹$�a¹&u+|���q�t�s�x+|}Ù'¹&u�v�t"!

òs��Ó'{7t�sÞp+q�|}u�Ò�|}p.¹&{7t�s�!

1 :
LXaib c

X ′ E
; 2 :

cY ε

L XaibE
; 3 :

a Y Xai

Z PiY
; 4 :

X ′ a

LX E
;

òs��Ó'{7t�scs�t�Ò�w)u���¹&|}q�t�s¯!

5 :
LX aibE

LXai bE
; 6 :

LX bE

LXb E
; 7 :

ZPi Y

R Y ′ ; 8 :
ZPi Y ′

R Y
;

òs��Ó'{7t�sÞp w)x+qc{7t,q�r�s�x+{}vâ¹&v¯!

9 :
LXan+1b c

ε X ′E
; 10 :

c Y

LXan+1bX ′E ε
;
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�0-�w)�
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�$x+u�t�sÚÖ�p+{}x�s�|7t�x+q�sÚ¹&x+v�t�x+q�s�é�u�w)x�syt�s�p�r�q�w)u�sy�+w)u�Òç~�x�t�u�w)v�q�tçÒ�w)q�q�t�Ò�v�|7w)u/p t�q���t�v�v�qâ¹�+ty{7t�scr�Ù�|}v�t�qc��¹&u�sc{7t×Õ1x+v�x+q��
-�æ.¹)Ò�x+u$�+t�s�s�ú�s�v�����t�s�Ò�w)u�s�|7�+r�q�r�s¿s�|}��x+{7t<x+u�t<Ó'qâ¹&�
�a¹&|}q�t�¹&q�z+|}v�qâ¹&|}q�t G=(V, T, S, P ) �
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��t�u�°�w)u.s*p.¹&qû{7tÈs�ú�s�v�����t/��|7s�v�q�|}z+x�rFÖ�Ò�æ.¹&u+Ó�t���t�u�vD�+tÈp+æ.¹)s�tÈp+q�r�s�t�u�v�r��¹&u�s¯¢ �,8X£+�+ø�¹���Ó'x+q�ty��� �
Ò�w)u�v�|7t�u�v�{�¹ç�+t�s�Ò�q�|}p+v�|7w)u��+tyÒ�tÚs�ú�s�v�����t'é�¹&p+p�t�{7r ãz� å,ä.8��ø�tyÕ w)u�Ò�v�|7w)u+u�t���t�u�v,��x�s�ú�s�v�����t ãz� å,ä.8çu�� t�s�vcp.¹)s�Ò�w)q�q�t�Ò�v��.ø�t�s×¹&x+v�t�x+q�s�u�� w)u�v�p.¹)sw)z�s�t�q�Ù�ry{�¹�s�|}v�x.¹&v�|7w)uÈs�x+|}Ù'¹&u�vât"!�{�� ¹&p+p+{}|7Ò�¹&v�|7w)u/�+tÚ{�¹
q���Ó'{7t 2.5 p+q�w���x+|}v×{7tÚ��w)v X ′Z ′ ~�x+|u�t�Õ�¹&|}v,p�¹)s×p�¹&q�v�|7tç�+t�sÚ¹X��|7w)��t�sÚt�vy~�x+|[u�� t�s�v,p.¹)syr�{}|}�
|}u�r
��xFs�ú�s�v�����t$Ó'q>=)Ò�t
Ö {7¹ q���Ó'{7t

Z ′#ε$Z ′#ε ��Ô<x+|7s�é¿Ö {�� ¹&|7�+ta�+t
{�¹ûq���Ó'{7t 2.4 é�w)uYw)z+v�|7t�u�v XZ ′ ��-�t
��w)v�x+v�|}{}|7s�r ¹�Ù�t�Ò
{�¹q���Ó'{7t 2.1 p+q�w���x+|}v
{7t�s$��w)v�s XiaiZ
′ t�v XmaiZ

′ é¿w7> m 6= i �¿ë¿|}u.¹&{7t���t�u�v�é[{�¹*q���Ó'{7t 2.5p t�q���t�v�� � |}u�v�q�w���x+|}q�t�Ò�t�sÞp+q�r�� �+t�s���¹&u�sÞu�� |}�
p w)q�v�t�~�x�t�{ ��w)v���Ô<{}x�sÞp�q�r�Ò�|7s�r���t�u�v�!
(X ′|wY ′, |Z ′) `2.5 (X ′Z ′, wY ′) �
X ′Z ′ t�s�vÞp+q�r�s�t�u�v×ÖçÒ�æ.¹)~�x�tÚr�vâ¹&p tyÓ'q>=)Ò�t�Ö${�¹çq���Ó'{7t Z ′#ε$Z ′#ε �
(X ′|Z ′, X|Z) `2.4 (XZ ′, X ′Z) �Ñ ¹&|}u�v�t�u.¹&u�v�é {�¹ q���Ó'{}t 2.1 s�� ¹&p+p+{}|7~�x�t
Ö XZ ′ é�~�x+|<t�s�v,v�w)x'� w)x+q�s,p+q�r�s�t�u�v�é t�vÚÖax+u/�+ts�t�sÞ��w)v�scÒ�w)�
p+{7r���t�u�vâ¹&|}q�t�s XiaiZ

!
(X|Z ′, Xiai|Z) `2.1 (XZ, XiaiZ

′) �ø�t�s���w)v�s XiaiZ
′ s�w)u�v�v�w)x'� w)x+q�s p�q�r�s�t�u�v�s���¼Yp.¹&q�v�|}q�� � t�x��Úw)uÚp t�x+v�w)z+v�t�u+|}q X ′

i−1aiZ
′ !

(Xi|aiZ
′, X ′

i−1|Z) `1.3 (XiZ, X ′
i−1aiZ

′) �#�uÈÒ�w)u�v�|}u�x�tçt�v,w)uÈw)z+v�|7t�u�vy� � x+u�t��a¹&u+|���q�tçs�|}�
|}{�¹&|}q�t X ′′
i−1aiZ

′ é Xi−1aiZ
′ é�t�vs��u.¹�í{7t���t�u�v X ′aiZ

′ t�v XaiZ
′ �Ñ ¹&|}u�v�t�u.¹&u�v�é s�w)|}v X ′wY ′ x+u�t�r�Ù�w){}x+v�|7w)u�Ò�w)q�qât�Ò�v�t,� ø�¹
q���Ó'{7t 2.5 ��x��+t�x���|�����t$Ò�w)�çíp w'sâ¹&u�vcp�t�q���t�v,¹&{7w)q�sc� � |}u�s�r�q�t�q ai

�+t�Ù'¹&u�v w !
(X ′|wY ′, Xai|Z

′) `2.5 (X ′Z ′, XaiwY ′) éÒ�tÚ~�x+| u�� t�s�vÞp.¹)scx+u�tyr�Ù�w){}x+v�|7w)uDÒ�w)q�q�t�Ò�v�t,�



.�ß 8�ßf§I¥2�s�s{�§Iv���¥2¤ |.{2~Y~ (²~ v����_{2~p{H«.�&~ v�w�¤<v�~ U,8

ü$ýJþvÿ�� �����2ýJþvÿ�� 	Hÿ�
kÿ������	����������
= (V, T, A, R1, R2, R3) ��mý�� 	�þ��

N ∪ T ∪ {B} = {a1, a2, . . . , an} (an = B)
	��

B /∈ N ∪ T ��mý�� 	�þ��
i  j 	�� k !#" 	�$ 1 ≤ i ≤ n  1 ≤ j ≤ n − 1  2 ≤ k ≤ n �%'& ! � (*) !,+ 	�� V

	�ÿ����-��.ªþ*�/( ! � V = N ∪ T ∪ {B} ∪ {X, Y, Z, Xi, Yi, X
′
j , Y

′
j , X ′′

j , Y ′′
j  

X ′, Y ′, Z′, Z′′} �% 	�ÿ !10 � ý���	�ÿ A
ÿ�ýJþ��2�mýgþkþ*��ÿ3( ! � A = {XSBY }∪ {ZvYi, ∃u : u → vai ∈

P, i ∈ {1, . . . , n − 1}} ∪ {ZYi, X
′
jZ, X ′Z, XiaiZ, ZY ′′

j , XjZ, XZ, ZY ′
j , ZY ′, X ′′

j Z,
ZY, Z′, Z′′ �ü$ý���(�ýJÿ ! þ�� R1 4
1.1 :

ε uY

Z vYj
, ∃u → vaj ∈ P ; 1.2 :

ε aiY

Z Yi
; 1.3 :

Xk ε

X ′
k−1 Z

;

1.4 :
X1 ε

X ′ Z
; 1.5 :

ε Y ′′
i

Z Yi
; 1.6 :

ε aiuY

Z Yi
, ∃u → ε ∈ P ;

ü$ý���(�ýJÿ ! þ�� R2 4
2.1 :

X ε

Xiai Z
; 2.2 :

ε Y ′
j

Z Y ′′
j

; 2.3 :
X ′′

j ε

Xj Z
;

2.4 :
X ′ ε

X Z
; 2.5 :

X ′ ε

ε Z′ ;

ü$ý���(�ýJÿ ! þ�� R3 4
3.1 :

ε Yk

Z Y ′
k−1

; 3.2 :
X ′

j ε

X ′′
j Z

; 3.3 :
ε Y1

Z Y ′ ;

3.4 :
ε Y ′

Z Y
; 3.5 :

ε BY ′

Z′′ ε
;

57698�:<;% 	�ÿ=$�ý���(�ýJÿ ! þ��2ÿ R1, R2

	��
R3

$�ýJþ���� 	�þvþ*	�þ�� !,> ÿ�ÿ��/� 	�ÿ=���?�� 	�ÿ¨ÿ > � ",! þ���	�ÿ 4
α ε

α ε

(�ý > �=$@) !�A�> 	 !10 � ý���	 α ∈ A  ÿ !,>-B XSBY �
CEDGFzù ��� � é ø�tÚs�ú�s�v�����t ãz� å,ä.8

#�u Ù�w)|}v�z+|7t�u ~�x�tc{7tcp+q�w)z+{�����t,t�s�v�Ò�¹&x�s�r�p.¹&q�{7t���w)v XZ ′ ��Ô¿w)x+q�{7tcq�r�s�w)x���q�t�|}{�s�x�©�v�+tyq�t��
p+{�¹)Ò�t�q�{�¹$q���Ó'{7t 2.4 p.¹&qc{�� t�u�s�t���z+{7t��+t,q���Ó'{7t�s�s�x+|}Ù'¹&u�v@!
X ′ ai

X Z
é 1 ≤ i ≤ n �

åy¹&u�sûÒ�t�Ò�¹)s {7tD��w)v XZ ′ u�t�p�t�x+v p.¹)sp*�v�q�t�p+q�w���x+|}vût�v {7tÈs�ú�s�v�����tDq�t�p+q�t�u�� x+uÕ w)u�Ò�v�|7w)u+u�t���t�u�v×Ò�w)q�q�t�Ò�v��ñ×w)x�syp+q�r�s�t�u�v�w)u�sy|7Ò�|�t�u�Ò�w)q�t
x+u�t
s�w){}x+v�|7w)uY¹&x/p+q�w)z+{�����t�Ò�| í³�+t�s�s�x�sy~�x+|<s�t�qâ¹ x+v�|}{}|7s�r�t��¹&u�sÞ{7t�Õ1x+v�x+q��O-�t�v�v�tys�w){}x+v�|7w)u*Ò�w)u�Ò�t�q�u�ty{7t�s���w)v�sc~�x+| s�t×v�t�q��
|}u�t�u�vcp.¹&q Z ′ ! wZ ′ ��ñ×w)x�sw)z�s�t�q�Ù�w)u�s�é�~�x�t*{7t���ú�s Õ w)u�Ò�v�|7w)u+u�t���t�u�vû��x s�ú�s�v�����t ãz� å,ä.8Yt�s�v ��x ¹&x Õ�¹&|}v ~�x�t�Ò�t�s��w)v�s�é+x+u�t,Õ w)|7s�p+q�w���x+|}v�s�é+p�t�q�s�|7s�v�t�u�vcv�w)x+vc{7t,v�t��
p�scÓ'q>=)Ò�t�Ö${�¹$q���Ó'{7t Z ′#ε$Z ′#ε �+ñ×w)x�sp w)x+Ù�w)u�scq�t��
p+{�¹)Ò�t�q×Ò�t�v�v�tyq���Ó'{7typ.¹&qÞ{�� t�u�s�t��$z+{7tÚ�+tyq���Ó'{7t�scs�x�| Ù'¹&u�v@!
C Z ′

D ε
∈ R1

t�v { CZ ′ ε

CZ ′ ε
,

D ε

D ε

}

∈ R1 ∩ R2 ∩ R3
�



U&� §�Ü�w�Ý���v��s{X.�ß)~ (²~ v����_{2~p|.�&~ v��s�9x�¦�à2~0/ §�Ü�w�¤<ôz{��_{�¤<v�|.{sß�ß�ß

ï³{'Õ�¹&x+v¿¹&� w)x+v�t�q[¹&x�s�s�| CZ ′ t�v D ¹&x��$¹X��|7w)��t�s���åy¹&u�s�Ò�t�Ò�¹)s�é�s�t�x+{ CZ ′ t�s�v�p t�q�s�|7s�vâ¹&u�v�t�vv�w)x�s�{7t�s�¹&x+v�q�t�s���w)v�s�s�tcv�t�q��
|}u.¹&u�vÞt�u Z ′ s�w)u�v�r�{}|}�
|}u�r�s�é�Ò�t�~�x+|.q�r�s�w)x��au�w)v�q�t�p+q�w)z+{�����t,�ñ×w)x�s�w)z�s�t�q�Ù�w)u�s�~�x�t×�.¹&u�s�{7t×s�ú�s�v�����t×p+q�r�s�t�u�v�r,��¹&u�s�{7t�v�æ�r�w)q�����t,��� 8��}�,Ò�t�v�v�t,�+t�x���í|�����t ¹&p+p+q�w�Òâæ�t ¹ûr�v�r
x+v�|}{}|7s�r�t
p w)x+q�r�Ù�|}v�t�q�{7t
�"*���t
p+q�w)z+{�����t ~�x�t
Ò�t�{}x+|�p�w's�r���¹&u�sÚ{�¹s�t�Ò�v�|7w)u*p+q�r�s�t�u�v�t,�
Ä�[GÈ\[G� Â ���'���.���������O�a³ ¡kö�¡���÷VU �Zø£ùY�ûúÙÄ
ñ×w)x�scÒ�w)u�v�|}u�x�w)u�s×¹�Ù�t�Ò,{7tys�ú�s�v�����t,p+q�r�s�t�u�v�rÚ��¹&u�s@¢ 8,UX£�~�x�t,u�w)x�s�¹&p+p t�{7w)u�s ãz� å,ä����

1�¹
�+r���u+|}v�|7w)uDt�s�v��+w)u+u�r�t�Ö${�¹���Ó'x+q�ty��� 8��
C ý > ÿ$ÿ > (*(�ýJÿ�ýJþvÿ A�> 	=� ! ?,� ! ��� ! � ��	 G

	�ÿ��D� ! þvÿ�� !�B ý,����	¨þvý,��� ! � 	��-	�E > �2ý�� !�� C ý > ÿ(�ýJÿ�ýJþvÿ
N ∪ T ∪ {F} = {α1, α2, . . . , αn} (αn = F )

	��
F /∈ {N ∪ T} � �mý�� 	�þ�� i  j 	�� s!#" 	�$ 1 ≤ i ≤ l  m + 1 ≤ j ≤ l

	��
1 ≤ s ≤ m ��mý�� 	�þ��

uk → vk ∈ P  n + 1 ≤ k ≤ m
� 	�ÿ7���?�� 	�ÿF)vý,�2ÿ7$�ýJþ���	 0 ��	G�-	 P  	���ÿ�ý�� 	�þ��

uk → vk ∈ P  m + 1 ≤ k ≤ l
� 	�ÿ !,> ����	�ÿH���?�� 	�ÿ��-	 P �JI ýJÿ�ýJþvÿ uk = vk = αk

(�ý > �
1 ≤ k ≤ n �ü$ýJþvÿ�� �-���2ýJþvÿ�� 	Hÿ�
kÿ������	���������K

= (V, T, A, R1, R2, R3, R4) �ý�L
V = N ∪ T ∪ {X, Y, Z, Z ′, Z0, Z

′
0, F, X0, Y0, Xi, Yi, Y

′
j , Z′

i}  
A = {XSFY, XZ ′, ZY, Z0, Z

′
0, X0Z

′, ZY0, XiZ
′, ZYi, XiviZ

′
i, ZY ′

j }  
R1 = Q ∪

{

1.1 :
ε Y

ε Y
, 1.2 :

X0 ε

X0 ε
, 1.3 :

ε Yi

ε Yi
, 1.4 :

ε Y ′
j

ε Y ′
j

}  
R2 = Q ∪

{

2.1 :
X ε

X ε
, 2.2 :

ε Y0

ε Y0

, 2.3 :
Xi ε

Xi ε

}  
R3 = Q∪

{

3.1 :
ε Y0

Z Y
, 3.2 :

ε FY0

Z0 ε
, 3.3 :

ε usY

Z Ys
, 3.4 :

ε Yi

Z Yi−1

}

∪

{

3.5 :
ε EY

Z Y ′
j

, 3.6 :
ε DY ′

j

Z Yj−1

ý�L
uj = DE, D, E ∈ N

}  
R4 = Q∪

{

4.1 :
X0 ε

X Z′ , 4.2 :
X0 ε

ε Z′
0

, 4.3 :
X ε

ε Z′
i

, 4.4 :
Xi ε

Xi−1 Z′

} 	��
Q =

{

z1 :
Z ε

Z ε
, z2 :

ε Z′

ε Z′ , z3 :
Z0 ε

Z0 ε
, z4 :

ε Z′
0

ε Z′
0

, z5 :
ε Z′

i

ε Z′
i

}�
CEDGFzù ��� 8 é ø�tÚs�ú�s�v�����t ãz� å,ä��

ø�t,Õ w)u�Ò�v�|7w)u+u�t���t�u�v×��x*s�ú�s�v�����t ãz� å,ä���u�� t�s�vcp.¹)scÒ�w)q�q�t�Ò�v��.ï³{ ú ¹çv�q�w)|7sct�q�q�t�x+q�s¯!�X«�Ø�u�tyt�q�q�t�x+q���xû�"*���tyv³ú�p ty~�x�ty��¹&u�sÞ{�� t��+t��
p+{7tÚp+q�r�Ò�r���t�u�v�!�{�¹$q���Ó'{7t 4.2 p�t�q���t�v� � w)z+v�t�u+|}q,{7t���w)v X0Z
′
0
~�x+|�u�� t�s�v×p.¹)s×r�{}|}�
|}u�r,� Ô<x+|7s�é�Ò�w)�
��t$p+{}x�s�æ.¹&x+v×u.w)x�s�p w)x+Ù�w)u�sw)z+v�t�u+|}q XZ ′

0
é XiviZ

′
0
é XviZ

′
0
é�t�v�Ò,��-�w)u�s�|7�+r�q�w)u�s$�a¹&|}u�v�t�u.¹&u�vçx+u�tar�Ù�w){}x+v�|7w)u�Ò�w)q�q�t�Ò�v�t

X0wY ��ù<uûx+v�|}{}|7sâ¹&u�vc{�¹$q���Ó'{7t 4.2 w)uû|}u�s���q�t vi
�+t�Ù'¹&u�v w !

(X0|wY, Xvi|Z
′
0) `4.2 (X0Z

′
0, XviwY ) éÒ�tÚ~�x+| u�� t�s�vÞp.¹)scx+u Õ w)u�Ò�v�|7w)u+u�t���t�u�v×Ò�w)q�q�t�Ò�v��Ô[w)x+qÚq�t�v�q�w)x+Ù�t�q�x+uÈÕ w)u�Ò�v�|7w)u+u�t���t�u�v$Ò�w)q�q�t�Ò�v�é {�¹ q���Ó'{7t 4.2 �+w)|}v@*�v�q�t
q�t��
p+{�¹)Ò�r�t�p.¹&q{�� t�u�s�t��$z+{7tÚ�+tyq���Ó'{7t�s X0#αi$X#Z ′ é 1 ≤ i ≤ n ��5«�Ø�u�t
¹&p+p+{}|7Ò�¹&v�|7w)uFq�r�p�r�v�r�t
�+t${�¹aq���Ó'{7t 4.4 p�q�w���x+|}vÚ�+t�s,��w)v�s XkvjZ

′
j
é k < j ~�x+|�+t�Ù�|7t�u+u�t�u�v�p t�q�s�|7s�vâ¹&u�v�s�� Ñ ¹&|}u�v�t�u.¹&u�v�{�¹,q���Ó'{7t 4.3 p�t�q���t�v�� � |}u�s�r�q�t�q Xkaj

é j 6= k �+t�Ù'¹&u�v



.�ß 8�ßf§I¥2�s�s{�§Iv���¥2¤ |.{2~Y~ (²~ v����_{2~p{H«.�&~ v�w�¤<v�~ U,U

x+u*��w)v�é�Ò�ty~�x+|�Ò�w)u���x+|}v×Ö$x+u�tyq�w)vâ¹&v�|7w)uD|}u�Ò�w)q�q�t�Ò�v�t,�Ô[w)x+q�q�r�s�w)x���q�t�Ò�t<p+q�w)z+{�����t�|}{�s�x ©�v��+t<q�t��
p+{�¹)Ò�t�q�{7t�s�q���Ó'{7t�s 4.3 p.¹&q X#ε$Xjvj#Z ′
j
�

85«�-�t Ò�¹)s�p+q�r�s�t�u�v�tax+uep+q�w)z+{�����t s�|}�
|}{�¹&|}q�t ¹�Ù�t�Ò Ò�t�{}x+|���x�Ò�¹)spª �X«�é��a¹&|7s
Ö*{�� ¹&x+v�q�tt���v�q�r��
|}v�r,��x ��w)v���ø�¹Úq���Ó'{7t 3.2 p�t�q���t�vÞ�+t�p+q�w���x+|}q�t×{7t���w)v Z0FY0
~�x+| t�s�v�p�t�q�s�|7s�vâ¹&u�v��Ø�u�t,Õ w)|7s�p+q�w���x+|}v�é�Ò�ty��w)vc|}u�v�q�w���x+|}v��+t�s�t�q�q�t�x+q�sc�.¹&u�sÞ{7tyÒ�¹&{7Ò�x+{2!

(X1w|FY0, Z0|FY0) `3.2 (X1wFY0, Z0FY0)
�

(X1|wFY0, X0|Z
′) `4.4 (X0wFY0, X1Z

′) �Ô<x+|7s�é X0wFY0
¹&q�q�|}Ù�t$|}u�Òâæ.¹&u+Ó�r���¹&u�s,{7tçv�q�w)|7s�|�����t
Ò�w)�
p�w'sâ¹&u�v�é�Ò'� t�s�v í�Ö�í³�+| qât
~�x�t${7t��w)vc|}u�Ò�w)q�q�t�Ò�v X1wFY0

�+t�Ù�|7t�u�v X0wFY0
~�x+|�t�s�vÞx+u*��w)vcÒ�w)q�q�t�Ò�v��ñ×w)x�s�u�� ¹�Ù�w)u�s�p.¹)s�v�q�w)x�Ù�r���t�s�w){}x+v�|7w)u/Ö�Ò�tÚp+q�w)z+{�����t'é�x+u�tÚq�r�r�Ò�q�|}v�x+q�tçÒ�w)�
p+{���v�t$��xs�ú�s�v�����tyt�s�vc��w)u�Ò,u�r�Ò�t�s�sâ¹&|}q�t,�

Ä�[GÈ\[GY Â �������.���������O�a³ ¡kö�¡���÷VU �Zø£ùY�ûúNM
ñ×w)x�scÒ�w)u�v�|}u�x�w)u�s×¹�Ù�t�Ò,{7tys�ú�s�v�����t,p+q�r�s�t�u�v�rÚ��¹&u�s@¢ �'�,£�~�x�t×u�w)x�s�¹&p+p t�{7w)u�s ãz� å,äG4��

1�¹
�+r���u+|}v�|7w)u�t�s�vc�+w)u+u�r�t�Öç{7¹���Ó'x+q�ty��� ���
�mý�� �

N ∪ T = {α1, . . . , αn−1}, n ≥ 3,
	��

P = {ui → vi | 1 ≤ i ≤ m} � �mý�� � αn = B> þ�þvý >*" 	 !,> ÿ�
-� + ý�� 	 � �mý�� 	�þ�� i
	��

j !#" 	�$ 1 ≤ i ≤ m
	��

1 ≤ j ≤ n �I ýJÿ�ýJþvÿ���������O = (V, T, A, R1, . . . , R7),
ý�L

V = N ∪ T ∪ {X, Y, Y ′, Z, B, Y0, X0, Y
′
0 , Yj , Y

′
j , Xj},

A = {XBSY, ZY, ZY ′, ZZ, ZviY, ZYj , ZY ′
j , XjαjZ, XjZ},

R1 = {1.1: ε#uiY $Z#viY, 1.2: ε#Y $Z#Y, 1.3: ε#Yj$Z#Yj},

R2 = {2.1: ε#αjY $Z#Yj , 2.2: ε#Y $Z#Y ′, 2.3: ε#Yj$Z#Y ′
j },

R3 = {3.1: X#ε$Xjαj#Z, 3.2: ε#Y ′$Z#Y, 3.3: ε#Y ′
j $Z#Yj},

R4 = {4.1: ε#Yj$Z#Yj−1, 4.2: ε#Y $Z#Y },

R5 = {5.1: Xj#ε$Xj−1#Z, 5.2: ε#Y $Z#Y },

R6 = {6.1: ε#Y0$Z#Y, 6.2: ε#Y0$ZZ#ε, 6.3: ε#Y $Z#Y ′, 6.4: ε#Yj$Z#Y ′
j },

R7 = {7.1: X0#ε$X#Z, 7.2: X0B#$#ZZ, 7.3: ε#Y ′$Z#Y, 7.4: ε#Y ′
j $Z#Yj}.��ý > ÿ�� 	�ÿ=$�ý���(�ýJÿ ! þ��2ÿD$�ýJþ���� 	�þvþ*	�þ��=� ! ���?�� 	 z.1 :Z#ε$Z#ε �

CEDGFzù ��� � é ø�tÚs�ú�s�v�����t ãz� å,äG4
ø�tyÕ w)u�Ò�v�|7w)u+u�t���t�u�v,��x�s�ú�s�v�����t ãz� å,äG4$u�� t�s�v�p.¹)s�Ò�w)q�q�t�Ò�v���ï³{�p+q�r�s�t�u�v�tÚ{7t�s�t�q�q�t�x+q�ss�x+|}Ù'¹&u�v�t�s@!�X«�ï³{ Õ�¹&x+v�¹&� w)x+v�t�q ZY0

é ZY ′
0
t�v X0Z

��¹&u�sÞ{7t�s×¹X��|7w)��t�s���5«Þø�tÚp+q�w)z+{�����t$�+tÚ{�¹
q���Ó'{7t z.1 ��ø�� x+v�|}{}|7sâ¹&v�|7w)uÈ�+t�Ò�t�v�v�tÚq���Ó'{7t�p�t�q���t�v,� � w)z+v�t�u+|}q,�+t�s��w)v�sc|}u�Ò�w)q�q�t�Ò�v�s¯!
(XjαjZ|, Z|Z) `z.1 (XjαjZZ, Z) é
(XjαjZZ|, Z|Yk) `z.1 (XjαjZZYk, Z) �Ñ ¹&|}u�v�t�u.¹&u�vcu�w)x�scp�w)x+Ù�w)u�scw)z+v�t�u+|}qcv�w)x�sc{7t�sÞ��w)v�s XiαjZZYk

p w's�s�|}z+{7t�s��



U,6 §�Ü�w�Ý���v��s{X.�ß)~ (²~ v����_{2~p|.�&~ v��s�9x�¦�à2~0/ §�Ü�w�¤<ôz{��_{�¤<v�|.{sß�ß�ß

ë¿|}u.¹&{7t���t�u�v�é.w)uD¹ç{�� ¹&p+p+{}|7Ò�¹&v�|}w'u�s�x+|}Ù'¹&u�v�tÚÒ�w)u���x+|7sâ¹&u�v×Ö$x+u�tÚt�q�q�t�x+q¯!
(X0B|wY, Xαi|ZZYk) `7.2 (XαiwY, X0BZZYk)

�Ø�u�t×t�q�q�t�x+qÞs�|}�
|}{�¹&|}q�t×t�s�v�Ò�¹&x�s�r�t�p.¹&q�{�¹Úq���Ó'{7t 6.2 é��a¹&|7sÞÖÚ{�� ¹&x+v�q�t,t���v�q�r��
|}v�r,��x ��w)v��Ø�u�t s�w){}x+v�|7w)u�p�w)x+q�Ò�t�v�v�t t�q�q�t�x+q
t�s�v
�+taq�t��
p+{�¹)Ò�t�q ZZ p.¹&qçx+ueu�w)x+Ù�t�¹&x¤s�ú��$z�w){7t
Z ′ é��a¹&|7sçÒ�t�{�¹*Ò�q�r�tax+ueu�w)x+Ù�t�¹&xep+q�w)z+{�����t'é[s�|}�
|}{�¹&|}q�t ¹&xep+q�w)z+{�����t �+t ãz� å,ä.8���åy¹&u�sÒ�tÚÒ�¹)scw)u*p+q�w���x+|}v X0BZ ′ p.¹&qc{�¹çq���Ó'{}t 7.2 ~�x+|�t�s�vÞv�qâ¹&u�s Õ w)q���rÚt�u XiαiBZ ′ ~�x+|�é+r�vâ¹&u�vx+v�|}{}|7s�rç��¹&u�s×{�¹aq���Ó'{7t 7.2 ¹�Ù�t�Ò X0BwYi

é�Ò�w)u���x+|}v�Ö�x+u���w)vyt�q�q�w)u�r,�`#�u�p t�x+v,q�r�s�w)x���q�tÒ�ty�+t�x���|�����t,p+q�w)z+{�����typ.¹&qÞ{�¹$�+t�x���|�����t,��r�v�æ�w��+typ+q�r�s�t�u�v�r�t,p w)x+q ãz� å,ä.8$t�uûp+{�¹7°�¹&u�v{7t�sÞq���Ó'{7t�s�Ò�w)q�q�t�s�p�w)u���¹&u�v�t�s×��¹&u�sÞ{7tÚÒ�w)�
p�w'sâ¹&u�v�6��
1¯É�B Ë}Ë ���Í � �O
 Ë ¯�
ø�t�scs�ú�s�v�����t�sÞ��|7s�v�q�|}z+x�r�s×ÖçÒ�æ.¹&u+Ó�t���t�u�v��+t,p+æ.¹)s�t,|}u�v�q�w��+x+|}v�sc��¹&u�scÒ�tyÒâæ.¹&p+|}v�q�typ�w's ís����+t�u�v�z�t�¹&x�Ò�w)x+p¤�+t�p+q�w)p+q�|7r�v�r�s�|}u�v�r�q�t�s�sâ¹&u�v�t�s�� ì q>=)Ò�t Öû{�¹*s�v�qâ¹&v�r�Ó'|7t � � r�{}|}�
|}u.¹&v�|7w)u�|}{7sw)u�v�x+uûÒ�w)u�v�q�º){7t,v�q���s�p+x+|7s�sâ¹&u�vc~�x+|�p t�q���t�vc�+t×{7t�s��a¹&u+|}p+x+{7t�q�Õ�¹)Ò�|}{7t���t�u�vct�vÞ~�x+| {7t�s�q�t�u��v�q���scs�|}�
p+{7t�s���-×� t�s�vÞp w)x+q�~�x�w)|�Ò�t�scs�ú�s�v�����t�sÞp�t�x+Ù�t�u�v�� w)x�t�qcx+uûq�º){7ty|}�
p w)q�vâ¹&u�v�é.Ò�¹&qc{7t�x+qs�v�q�x�Ò�v�x+q�t
s�|}�
p+{7tç�+w)u+u�tç{�¹ap w's�s�|}z+|}{}|}v�rç�+t${7t�sys�|}�$x+{7t�q,p.¹&qy��� ¹&x�v�q�t�s,v�ú�p�t�sy�+tçs�ú�s�v�����t�sÕ w)u��+r�s s�x+q�{�¹/q�t�Ò�w)��z+|}u.¹&|7s�w)u0��ñ×w)x�s�Ù�t�q�q�w)u�s ¹&x��9Òâæ.¹&p+|}v�q�t�sp6Ft�v/3F�+t�sat��+t��
p+{7t�s �+ts�ú�s�v�����t�sc~�x+|�s�|}��x+{7t�u�v��+t�scs�ú�s�v�����t�sc��|7s�v�q�|}z+x�r�s×ÖçÒâæ.¹&u+Ó�t���t�u�v×�+typ+æ.¹)s�t,�Ô[w)x+q�{7tÞÒ�w)u�v�q�º){7t��+t�s�s�ú�s�v�����t�s<w)z+v�t�u�x�s�u�w)x�s�¹�Ù�w)u�s�x+v�|}{}|}s�rÞ{7tÞ{7w)Ó'|7Ò�|7t�{�³q´qµq¶�·�¸�¹ç~�x+|.¹r�v�ry�+r�Ù�t�{}w)p�p�ryp�t�u���¹&u�vÞ{7tyå,ù ê �+t×{�� ¹&x+v�t�x+qX�O-�t,{7w)Ó'|7Ò�|7t�{�p�t�q���t�v�� � t�� t�Ò�v�x�t�qcx+u�tys�|}��x�í{�¹&v�|7w)u�� � x+u�s�ú�s�v�����ty��|7s�v�q�|}z+x�r$Ö
Òâæ.¹&u+Ó�t���t�u�v,�+typ+æ.¹)s�t�r�vâ¹&p�tÚp.¹&q�r�vâ¹&p t,�.ø�� x+v�|}{}|7sâ¹&v�|7w)u�+t�Ò�tD{7w)Ó'|7Ò�|7t�{Ú¹Fp�t�q��
|7s �+tÈ�+r�Ò�w)x�Ù�q�|}q {7t�s t�q�q�t�x+q�s ��¹&u�s {7t�s s�ú�s�v�����t�sap+q�r�s�t�u�v�r�sûÖF{�¹s�t�Ò�v�|7w)u*��� U��åy¹&u�s�{7t�Ò�æ.¹&p+|}v�q�t�s�x+|}Ù'¹&u�v�u�w)x�s¿Ò�w)u�s�|7�+r�q�w)u�s[�+t�s�s�ú�s�v�����t�s�~�x+|�q�t�s�s�t���z+{7t�u�v�z t�¹&x�Ò�w)x+p¹&x��9s�ú�s�v�����t�s��+w)u�vau�w)x�s ¹�Ù�w)u�s
p.¹&q�{7r*��¹&u�saÒ�t*Òâæ.¹&p+|}v�q�tDt�v�u�w)x�s
p w)x+q�q�w)u�saq�r�x+v�|}{}|}s�t�qÒ�t�q�vâ¹&|}u�t�sc|7�+r�t�s���¹&u�sÞ{7tÚÒ�¹)��q�tÚ�+tyÒ�t�sÞu�w)x+Ù�t�¹&x��*s�ú�s�v�����t�s��
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ø�t�s�s�ú�s�v�����t�s���|7s�v�q�|}z+x�r�sÞÖÚÒ�æ.¹&u+Ó�t���t�u�vÞ�+tcp+æ.¹)s�tcp�q�r�s�t�u�v�r�s��.¹&u�s�{7t�Ò�æ.¹&p+|}v�qât�p+q�r�Ò�r�í�+t�u�v�s�w)u�v<Õ w)u��+r�s�s�x�q�{�� |}��r�t×s�x+|}Ù'¹&u�v�t¯!'{7t�s���w)v�s��+tÞ{�� t�u�s�t��$z+{7t�Ò�w)x+qâ¹&u�v�s�w)u�v�q�t�Ò�w)��z+|}u�r�sx+u�t�Õ w)|7s$t�vçs�t�x+{�{7taq�r�s�x+{}vâ¹&vç�+t Ò�t�v�v�taq�t�Ò�w)�$z+|}u.¹&|7s�w)ueÕ w)q���ta{�� t�u�s�t���z�{}t �+t�s$��w)v�sçs�x+| íÙ'¹&u�v�s�� #�q�é Ö�{�� |}u�s�vâ¹&u�v�é Ò�t�v�v�t$q�t�Ò�w)�$z+|}u.¹&|7s�w)u/x+u+|7~�x�tçt�s�v×p+q�t�s�~�x�t�|}�
p w's�s�|}z+{7t
Ö�q�r�¹&{}|7s�t�q��¹&u�s
{�¹Èp+qâ¹&v�|7~�x�t,��¼Q{�� æ�t�x+q�tD¹)Ò�v�x�t�{}{7t'é<|}{ct�s�v
p+{}x�s
u.¹&v�x+q�t�{�é�� � x+u9p�w)|}u�va�+t Ù�x�t z+|7w){7w&íÓ'|7~�x�t'é��+tys�x+p+p w's�t�q�~�x�� ÖçÒ�æ.¹)~�x�tÚr�vâ¹&p tyu�w)x�sÞp w)x+Ù�w)u�s�t�� t�Ò�v�x�t�qcx+uûu�w)�$z+q�ty|}{}{}|}�
|}v�rÚ�+tq�t�Ò�w)�$z+|}u.¹&|7s�w)u�s��+tÞ{�¹y�"*���tc�a¹&u+|���q�t×~�x�tcÒ�tc~�x+| ¹yr�v�rÞÕ�¹&|}v���¹&u�s�{7tcÒ�¹)s��+t�s�s�ú�s�v�����t�s��+tä×t�¹)� é.Ù�w)|}q�{�¹as�t�Ò�v�|7w)uo8��}�,�0-�t�Ò�|¿u�w)x�s,Ò�w)u���x+|}vy¹&x���s�ú�s�v�����t�s×��|7s�v�q�|}z+x�r�syÖaÒ�æ.¹&u+Ó�t���t�u�v�+t�p+æ.¹)s�t�r�v�t�u���x�s�é)|}u�v�q�w���x+|}v�s<p.¹&q Ñ � Ñ ¹&q�Ó�t�u�s�v�t�q�u�t�v���x0�)ò�w)Ó�w)Û�æ+|}u���¹&u�sI¢ �,8X£³é'w7>
Ò�t�v�v�tÒ�w)u�s�|7�+r�qâ¹&v�|7w)uY¹ar�v�r�p+q�|7s�t$t�uÈÒ�w)�
p+v�t,� åy¹&u�s,Ò�t$Ò�æ.¹&p+|}v�q�t$u�w)x�s,�+w)u+u�w)u�s,x+u�t$�+r���u+|}v�|7w)uÕ w)q���t�{}{7tÚ�+tÚÒ�t�scs�ú�s�v�����t�s�é�¹&|}u�s�|�~�x�� x+u�tÚ�+t�s�Ò�q�|}p+v�|7w)u��+t,{7t�x+qcp+x+|7s�sâ¹&u�Ò�tÚ� � t���p+q�t�s�s�|7w)u0�
9GÉ�È Rå� ���
 ��
 Ë bå Ë � ����Í�Í��

1�w)|}v σ = (V, R) x+u�tas�Ò�æ�r��a¹D�+t
q�t�Ò�w)�$z+|}u.¹&|7s�w)u0�¿ñ×w)x�s$�+r���u+|7s�s�w)u�sÚ{�� w)p r�qâ¹&v�|7w)u σ̃ éÎ æ�ÿ0¢ �,8�£²!
σ̃(L) = σ̃(L′ ∪ L′′)

def
= σ∗(L′) é+w7>

L′ = {w1 ∈ L|∃w2 ∈ L : ∃w, w′ ∈ V ∗ : ∃r ∈ R : (w1, w2) `r (w, w′) w)x
(w2, w1) `r (w, w′)} é L′′ = L \ L′ �Ô<{}x�s×p+q�r�Ò�|7s�r���t�u�v�é.p w)x+q,w)z+v�t�u+|}q σ̃(L) u�w)x�s�p+q�t�u�w)u�s×{7t�s���w)v�s×�+t L ~�x+|¿s�w)u�v,Ò�w)�çíp+{7r���t�u�vâ¹&|}q�t�s�p.¹&qÚqâ¹&p+p w)q�vçÖ x+u�t
q���Ó'{7t��+t R ª1Ò'� t�s�v í�Ö�í³��|}q�t L′ «,t�vÚu�w)x�s$¹&p+p+{}|7~�x�w)u�s σ∗Ö
Ò�t�v�t�u�s�t��$z+{7t,��-�w)�
��tÚq�r�s�x+{}vâ¹&v�u�w)x�s�w)z+v�t�u�w)u�scv�w)x+v�t�sc{7t�scq�t�Ò�w)��z+|}u.¹&|7s�w)u�s×|}v�r�qâ¹&v�|}Ù�t�s�+tÚÒ�t�sÞ��w)v�s�é.¹&|}u�s�|�~�x�t,{7t�sÞ��w)v�sc|}u+|}v�|�¹&x��*�+t L′ �
ý ¨5�<°¿ª�®�ª¬²�° � þÙBOþÙBOþ Ø�u á�ç&á�Ï+û�õaÍ�Ô)Ë�á�Ï1Ì�ËÕÓ�Ð�×;Ø Î�Ò�Ý)ö�Ö�Í�õaÍ�ö.ÏIÔ�ÍÞß�Ò�Ý&á�Í<×�Ï³Í�ö�Ô)Ð �+tÚ�+t�Ó'q�r nt�s�vÞ{7t n + 3 í�x+p+{7t�v�s�x+|}Ù'¹&u�v

E = (V, T, A, R1, R2, . . . , Rn),

U54



U,: §�Ü�w�Ý���v��s{�8�ß)~ (²~ v����_{2~�|.�&~ v��s�9x�¦�à2~0/ §�Ü�w�¤"ôz{��_{�¤<vu|.{sß�ß�ß �&�

w7> V t�s�vcx+uÈ¹&{}p+æ.¹&z t�v�é T ⊆ V t�s�vc{�� ¹&{}p+æ.¹&z t�v×v�t�q��
|}u.¹&{�é A ⊆ V ∗ t�s�vcx+u�t�u�s�t���z+{7t@��u+|� � ¹X��|7w)��t�sct�vÞw7> Ri
é 1 ≤ i ≤ n é�{7t�sÞÒ�w)�
p w'sâ¹&u�v�s�é+s�w)u�vÞ�+t�sÞt�u�s�t��$z+{7t�s2��u+|7sÞ�+t×q���Ó'{7t�sc�+tq�t�Ò�w)�$z+|}u.¹&|7s�w)u0�

¼ Ò�æ.¹)~�x�t�|}u�s�vâ¹&u�v k = n·j+i é)w7> j ≥ 0, 1 ≤ i ≤ n é)s�t�x+{7t�s[{7t�s[q���Ó'{7t�s<��x
Ò�w)�
p w'sâ¹&u�v
Ri
s�w)u�v×x+v�|}{}|7s�r�t�s×p w)x+q×{�¹aq�t�Ò�w)��z+|}u.¹&|7s�w)uF�+t�s×��w)v�s,t���|7s�vâ¹&u�v�s���Ô<{}x�s×p+q�r�Ò�|7s�r���t�u�v�é�u�w)x�s�+r���u+|7s�s�w)u�s
L1 = A,
Lk+1 = σ̃i(Lk),

p�w)x+q i ≡ k − 1 (mod n) + 1, k ≥ 1, 1 ≤ i ≤ n, σi = (V, Ri).ù<u
v�t�q���t�s<x�s�x�t�{7s�é'Ò�t�Ò�|�s�|}Ó'u+|��.tÞ~�x�� Ö×Òâæ.¹)~�x�tÞr�vâ¹&p�t k {7t�Ò�w)�
p w'sâ¹&u�v Ri
� � x+u�s�ú�s�v�����t��|7s�v�q�|}z+x�r,ÖÚÒ�æ.¹&u+Ó�t���t�u�vÞ�+tcp+æ.¹)s�t�r�v�t�u���x p w)x+q�{7t�~�x�t�{ i ≡ k−1 (mod n)+1 ¹&p+p+{}|7~�x�t� � ¹&z w)q���x+u<��{}v�q�t�s�x+q�{�� t�u�s�t���z+{7t×�+t�s���w)v�s�Ò�w)x+qâ¹&u�v�s�é�Ò)� t�s�v í�Ö�í³��|}q�t×~�x�� |}{.r�{}|}�
|}u�tc{7t�s���w)v�su�t�p w's�s�r���¹&u�v×p.¹)s,�+t���w)v,Ò�w)�
p+{7r���t�u�vâ¹&|}q�tçp.¹&q×qâ¹&p+p w)q�vÚÖ
x+u�tç�+t�s�q���Ó'{7t�s,�+t Ri

��p+x+|7s{7tÚs�ú�s�v�����t×Õ w)u�Ò�v�|7w)u+u�tÚÒ�w)�
��tyx+uDs�ú�s�v�����ty�+tyä×t�¹)�*w)q���|}u.¹&|}q�t,�ñ×w)x�s���|7s�w)u�s�~�x�tc{7t�Ò�w)�
p�w'sâ¹&u�v Ri
� � x+u s�ú�s�v�����t���|7s�v�q�|}z+x�r,ÖÚÒâæ.¹&u+Ó�t���t�u�vÞ�+tcp+æ.¹)s�tr�v�t�u���xDq�t � t�v�v�ty{7t,��w)v w é+s�� |}{�u�� t���|}s�vât,p.¹)s��+t,��w)v�Ò�w)�
p+{7r���t�u�vâ¹&|}q�tçÖ w p.¹&qcqâ¹&p+p w)q�v×Öx+u�tcq���Ó'{7t��+t Ri

��åy¹&u�s�Ò�t�Ò�¹)s�é�w)uar�Ò�q�|}v w ↑Ri

��ñ×w)x�s�p�w)x+Ù�w)u�s�w)��t�v�v�q�t Ri
s�|�{7tcÒ�w)u�v�t���v�t{7t�p t�q���t�v���ù<u p.¹&q�v�|7Ò�x+{}|7t�q�é w t�s�v�q�t � t�v�r×p.¹&q Ri

s�| w u�t×s�� ¹)Ò�Ò�w)q��+tÚ¹�Ù�t�Ò,¹&x�Ò�x+u�t×q���Ó'{7t,�+t
Ri
� ø�tç{�¹&u+Ó�¹&Ó�tçp+q�w���x+|}vyp.¹&qyx+u/s�ú�s�v�����t$��|7s�v�q�|}z+x�r�Ö Òâæ.¹&u+Ó�t���t�u�v��+t$p+æ.¹)s�tçr�v�t�u���x EÒ�w)u�s�|7s�v�t$t�uÈv�w)x�s×{7t�s���w)v�s×Õ�¹&|7sâ¹&u�v×p.¹&q�v�|7tç�+t�{�� ¹&{}p+æ.¹&z t�v,v�t�q��
|}u.¹&{<t�vy~�x+|[s�w)u�v×p+q�w���x+|}v�sÖ$x+u�tÚr�vâ¹&p tÚ~�x�t�{7Ò�w)u�~�x�tÚ��x*Ò�¹&{7Ò�x+{��

L(E)
def
= (∪k≥1Lk) ∩ T ∗.

ñ×w)x�scu�w)v�w)u�scp.¹&q EV DHn
{�¹$Õ�¹&�
|}{}{7tÚ�+t�sc{�¹&u+Ó�¹&Ó�t�scp+q�w���x+|}v�scp.¹&qc{7t�scs�ú�s�v�����t�sc��|7s ív�q�|}z+x�r�s×ÖçÒâæ.¹&u+Ó�t���t�u�v×�+typ+æ.¹)s�tÚr�v�t�u���x�s��+ty�+t�Ó'q�r�¹&x*p+{}x�s n �S;T<�VUXW����ZÈ\[�]^[�]^[S nmuml@nm`gde`Jf¨o t nMzgnm{'uvo n�¿ ~ º�~ » � {�pkh f�bMnMs�s2n¨� d�h f�ivpv`gf¨o n\b>p}iel@n\ikn>f$f2�gf2s2jm{an>f�i�h f2s:l¤h �vxg|>f� b}�}pv`gqknm{anm`Js�ikn�uv�}pgf�nE|Ms2nm`}iexgf ~

E = (V, T,A,R) � de� V = T = {a, b, c} � A = {cab} � R =

{

r =
c a
a b

}

~
· dexgf,pJ�gde`gf L1 = {cab} ~k· dexgf$umdexJ�gde`gf,pvuvuvo h wexgnmleo pal j>qeo n r

�
cab

nMs � o xmh ��{a�m{an r
(c|ab, ca|b) `r (cb, caab) ~ �,nmo p�ikde`v`gn L2 = {cb, cab, caab} ~�· dexgfHukdexJ�gde`gfH{�pkh `Js2nM�`}pv`Js pvuvuvo h wexgnml

r
�

caab r (c|aab, caa|b) `r (cb, caaaab) � pkh `gf:hmwexgn � cab
nMs �

caab r
(c|ab, caa|b) `r (cb, caaab) � bMn�wexkhªikde`v`gn L2 = {cb, cab, caab, caaab, caaaab} ~ _a`�gd�h s��¤p}bgh o nm{anm`JsHwexgn

Lk = {cb, cab, . . . , cakb} � nMsHwexgn�o n�o pv`gqvpgqkn�u}l@dei�xkh s�u}pml E
n>f2sikde`}b�o n�fMxkh �}pv`Js r L(D) = canb, n ≥ 0 � wexkhªn>f2s�xv`�o pv`gqvpgqkn�l½pJs�h de`v`gnmo ~

9GÉ9ã � Ï �c� 
��O�OÏ±����¬	 � � *�� �	���O�O
 Ë Ð	����Î�"!G� �$#������Ú	�
�� �O�	
:� �;� ��4
����Ï±�Ð±������s�
	�� � ��Ï±�O� � ����;	 � �

åy¹&u�saÒ�t�v�v�t*s�t�Ò�v�|7w)u w)u9Ù'¹Ès�� w�Ò�Ò�x+p t�qa�+tû{�¹Èp+x+|7s�sâ¹&u�Ò�t*� � t���p+q�t�s�s�|7w)u �+t�s�s�ú�s�v�����t�s|}u�v�q�w���x+|}v�s Ò�| í³�+t�s�s�x�s�� Ñ ¹&|}u�v�t�u.¹&u�v�é�x+u s�t�x+{�Ò�w)�
p w'sâ¹&u�v u�t*s�x�©�v�p+{}x�s�p w)x+qap+q�w���x+|}q�t
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v�w)x�s�{7t�s�{�¹&u+Ó�¹&Ó�t�s�qâr�Ò�x+qâs�| Ù�t���t�u�v[r�u�x+��r�qâ¹&z+{7t�s��&Ô<{}x�s[t���¹)Ò�v�t���t�u�v�é�u�w)x�s[¹�Ù�w)u�s�{7t�q�r�s�x+{}vâ¹&vs�x+|}Ù'¹&u�v@!
� l�¨�².´�j�µF¸ � þ K þÙBOþ EV DH1 = REG ÿ
Ê�×�õ�à)ö+á�Ï1Ì�Ý'Ï1Ë à)ö ÿs1�w)|}v E = (V, T, A, R) x+u�s�ú�s�v�����tÚ��|7s�v�q�|}z+x�r$Ö
Ò�æ.¹&u+Ó�t���t�u�v,�+typ+æ.¹)s�tr�v�t�u���x0�	1�t�{7w)uD{�¹
�+r���u�| v�|}w)u�é.w)u�¹ L1 = A ��1�w)|7t�u�v A′ {7t�sc��w)v�s×�+t A ~�x+|�p�w's�s����+t�u�vcx+u��w)v�Ò�w)�
p+{7r���t�u�vâ¹&|7q�t�p�¹&q�qâ¹&p+p�w)q�vÞÖyx+u�tcq���Ó'{7t×�+t R ��åy¹&u�s�Ò�t�Ò�¹)s�é L2 = σ∗(A′) ��1�w)|7t�u�v
L′

2
{7t�s���w)v�sÞ�+t L2

~�x+| p�w's�s����+t�u�v�x+u ��w)vÞÒ�w)�
p+{7r���t�u�vâ¹&|}q�typ.¹&q�qâ¹&p+p�w)q�v�ÖÚx+u�t×q���Ó'{7t,�+t
R � ê {7w)q�s�é L3 = σ∗(L′

2)
��ï³{�t�s�v�Õ�¹)Ò�|}{7t��+t�Ù�w)|}q[~�x�t L2 = L3

��ù<u
t�� t�v�é L2
t�s�v�{�¹cp+{}x�s¿p t�v�|}v�tÒ�{�º)v�x+q�t
�+t A′ p.¹&q,qâ¹&p+p�w)q�v�Ö�{�¹aq�t�Ò�w)��z+|}u.¹&|7s�w)u0��-�w)�
��t A′ ⊆ L′

2 ⊆ L2 = σ∗(A′) é�w)uw)z+v�|7t�u�v�~�x�t σ∗(L′
2) = L2

�)åç� x+u�tÞ�a¹&u+|���q�tcs�|}�
|}{�¹&|}q�tÞw)u�w)z�v�|7t�u�v�~�x�t Lk = L2
é k > 2 �'ø�t{�¹&u+Ó�¹&Ó�typ+q�w���x+|}vÞp.¹&q E t�s�vÞ�+w)u�Ò L(E) = σ∗(A′)∩ T ∗ ��-�w)�
��t σ∗(A′) t�s�v�x+u {�¹&u+Ó�¹&Ó�tqâ¹&v�|7w)u+u�t�{�é�Ù�w)|}q�v�æ�r�w)q�����t]8��}�,� 8�é�t�va~�x�tû{�¹ÈÕ�¹&�
|}{}{7tD�+t�s�{�¹&u+Ó�¹&Ó�t�saqâ¹&v�|7w)u+u�t�{7s t�s�vaÒ�{7w's�tp.¹&q�qâ¹&p+p�w)q�v�ÖÚ{�� |}u�v�t�q�s�t�Ò�v�|7w)u�é+w)u w)z�v�|7t�u�v L(E) ⊆ REG ��ø�� |}u�Ò�{}x�s�|7w)u |}u�Ù�t�q�s�t�q�r�s�x+{}v�t,��xv�æ�r�w)q�����tÚ���}�,�}�,�

ñ×w)x�s�w)z.s�t�q�Ù�w)u�s�~�x�t�{7t�s�s�ú�s�v�����t�s���|7s�v�q�|}z+x�r�sÞÖÚÒ�æ�¹&u+Ó�t���t�u�vÞ�+t�p+æ.¹)s�t×r�v�t�u���x�sÞ¹�Ù�t�Òx+uûÒ�w)�
p�w'sâ¹&u�v�q�t�s�s�t���z+{7t�u�v�z t�¹&x�Ò�w)x+p*¹&x�� s�ú�s�v�����t�s��+t,ä×t�¹)� r�v�t�u���x�s���ø�� t��+t��
p+{7tys�x+| íÙ'¹&u�vc��w)u�v�q�t�{�¹
��|�� r�q�t�u�Ò�t$t�u�v�q�tÚ{7t�s��+t�x��*��w�� ��{7t�s,~�x+|�q�r�s�|7�+t���¹&u�s�{�� ¹&p+p+{}|7Ò�¹&v�|7w)u/�+ty{�¹q���Ó'{7tÚ�+t.��{}v�qâ¹&Ó�t,�
S;T<�VUXW����ZÈ\[G�\[�]^[

�,de`gf:h ik|ml@de`gfao n�f2�gf2s2jm{an�i�h f2s:l¤h �vxg| � b}�}pv`gqknm{anm`Js\ikn�uv�}pgf�nE|Ms2nm`}iex'fMxkh �}pv`Js
E = (V, T,A,R) � de� V = T = {c, a, b} � A = {cab, caab}

nMs
R =

{ c aa
aa b

�
c ab

aaa b

}

~ �,de`gf:h ik|ml@de`gfapvxgf�f:h"o n�f2�gf2s2jm{an�ikn3T$nJp}i�|Ms2nm`}iex EH = (V, T,A,R) ~
Æ oªn>f2s��¤p}bgh o n�iknE�gd�h l�wexgn L(EH) = canb � n ≥ 0, n 6= 3 ~"¢ dexvl o n�f2�gf2s2jm{an E � o n�{adms
cab

n>f2s |mo h {�h `g|�s2dexJs�iknafMxkh s2n � b>pml$h oe`gn'uknmxJsHu}pgfau}p}l s�h bgh ukn}l � xv`gn�l@n>bMde{'�kh `}pkh f�de` ~�� no pv`gqvpgqkn�u}l@deiexkh sau}p}l$bMn�f2�gf2s2jm{anEn>f2s\ikde`}b
L(E) = σ∗({caab}) = ca2nb � n ≥ 0 ~Ñ ¹&|}u�v�t�u.¹&u�v�é.u�w)x�s���w)u�v�q�w)u�s,~�x�tÚ{7t�s×s�ú�s�v�����t�s×��|7s�v�q�|}z+x�r�syÖ�Ò�æ.¹&u+Ó�t���t�u�vy�+tÚp+æ.¹)s�tr�v�t�u���x�s�w)u�vÞ{�¹ç�"*���typ+x+|7s�sâ¹&u�Ò�tÚ� � t���p+q�t�s�s�|7w)uD~�x�t,{7t�sÞ�a¹)Ò�æ+|}u�t�s×�+t ã x+q�|}u+Ó��

� l�¨�².´�j�µF¸ � þ K þ K þ'� à)Ë1Ï G = (N, T, P, S)
Ð�ö ÍIÖ)Ì�Ý)õçõ�Ý)Ë¬Ì�ÍyÝ)Ì�Ó�Ë1Ï1Ì�Ý)Ë¬Ì�Í ÿ$Û Ñ�Í�ô)Ë�á�Ï³Í,Ð�öûá�ç&áJîÏ+û�õaÍ@Ô&Ë�á�Ï1Ì�Ë�Ó�Ð�×yØ
Î�Ò�Ý)ö�Ö�Í�õaÍ�ö.Ï²Ô�Í�ß�Ò�Ý&á�Í@×�Ï³Í�ö�Ô)ÐYÔ�ÍGÔ�ÍÕÖ)Ì�×

3
§
EG = (V, T, A, R1, R2, R3)è�Ð�Ë<á�Ë¬õçÐ�Ñ7Í

G
Í�Ï�ß+à)Ð�ÌGÑ�Í&è�Ð�Í�Ñ

L(G) = L(EG) ÿÊ�×�õ�à)ö+á�Ï1Ì�Ý'Ï1Ë à)ö ÿ
ý ¨5�<°¿ª�®�ª¬²�°9Æ[·9¦�É�¦�®�j�µF¸
Ô[w's�w)u�s EG = (V, T, A, R1, R2, R3)

�
1�w)|}v N ∪ T ∪ {B} = {a1, a2, . . . , an}

ª B = an
«�t�v B 6∈ N ∪ T �åy¹&u�s�Ò�t�~�x+|�s�x+|}vcu�w)x�s�s�x+p+p w's�w)u�s�~�x�t 1 ≤ i ≤ n, 1 ≤ j ≤ n − 1, 2 ≤ l ≤ n, 1 ≤

k ≤ 5,a ∈ N ∪ T ∪ {B}.



6'� §�Ü�w�Ý���v��s{�8�ß)~ (²~ v����_{2~�|.�&~ v��s�9x�¦�à2~0/ §�Ü�w�¤"ôz{��_{�¤<vu|.{sß�ß�ß �&�

ø�� ¹&{}p+æ.¹&z t�v V t�s�v��+r���u+|�p.¹&q V = N ∪T ∪{B}∪{X, Y, Xi, Yi, X
′
i, Y

′
i , X ′′

j , Y ′′
j , X ′,

Y ′, X ′′, Y ′′, X ′′′, Y ′′′, Y IV , Z, ZE , C, C1, C2, D, D1, D2, Z
k
E}

�ø�� ¹&{}p+æ.¹&z t�v�v�t�q��
|}u.¹&{ T t�s�v�Ò�t�{}x+|��+t,{�¹çÓ'qâ¹&�
�a¹&|}q�tyÕ w)q���t�{}{}t G �ø�t�s×¹X��|7w)��t�scs�w)u�vc�+r���u+|7scp.¹&q¯! A = {XSBY, X ′
iZ

3
E , Z4

EY ′
i , ZYi, X

′′Z, ZY IV ,
XiaiZ, ZY ′′

j , X ′Z, ZY ′, XjZ, ZY, ZY ′′′, XZ, X ′′
j Z, ZY ′′, X ′′′Z, ZY,

CZk
E , CZE , Zk

ED, ZED, C2Z
′′, D2, Z

′C1, D1} ∪ {ZvY : ∃u → v ∈ P} �ø�t�s�Ò�w)�
p�w'sâ¹&u�v�s���x*s�ú�s�v�����tys�w)u�vc�+r���u+|7s��+ty{�¹$�a¹&u+|���q�t�s�x+|}Ù)¹&u�v�t,�UDVXWZY<V9[,\^]�_
R1 `

1.1 :
ε uY
Z vY

, ∃u → v ∈ P ; 1.2 :
ε aiY
Z Yi

; 1.3 :
Xi a

X ′
i ZE

;

1.4 :
a Y ′′

j

Z Yj
; 1.5 :

X ′ a

X ′′ Z
; 1.6 :

a Y ′′′

Z Y IV ;

1.7 :
X ′

i ZE

C Z1
E

; 1.8 :
X ′

i Z3
E

C Z4
E

; 1.9 :
Z1

E Y ′
i

Z2
E D

;

1.10 :
Z4

E Y ′
i

Z5
E D

; 1.11 :
Z ′ C1

D1 ε
;

UDVXWZY<V9[,\^]�_
R2 `

2.1 :
X a

Xiai Z
; 2.2 :

a Y ′
l

Z Y ′′
l−1

; 2.3 :
X ′

1 a

X ′ Z
; 2.4 :

a Y ′
1

Z Y ′ ;

2.5 :
X ′′

j a

Xj Z
; 2.6 :

a Y ′′

Z Y ′′′ ; 2.7 :
a BY ′′

Z ′ ε
; 2.8 :

X ′′′ a

X Z
;

2.9 :
X ′

i Z1
E

C Z2
E

; 2.10 :
X ′

i Z4
E

C Z5
E

;

2.11 :
Z2

E Y ′
i

Z3
E D

; 2.12 :
Z5

E Y ′
i

ZE D
; 2.13 :

C2 Z ′′

ε D2
;

UDVXWZY<V9[,\^]�_
R3 `

3.1 :
a Yi

ZE Y ′
i

; 3.2 :
X ′

l a

X ′′
l−1 Z

; 3.3 :
a Y ′

Z Y ′′ ; 3.4 :
X ′′ a

X ′′′ Z
;

3.5 :
X ′′ a

ε Z ′′ ; 3.6 :
a Y IV

Z Y
;

3.7 :
X ′

i Z2
E

C Z3
E

; 3.8 :
X ′

i Z5
E

C ZE
; 3.9 :

ZE Y ′
i

Z1
E D

; 3.10 :
Z3

E Y ′
i

Z4
E D

;

ø�t�s�Ò�w)�
p�w'sâ¹&u�v�s R1
é R2

t�v R3
Ò�w)u�v�|7t�u+u�t�u�v,¹&x�s�s�| {7t�sÞq���Ó'{7t�s�s�x+|}Ù'¹&u�v�t�s@!

α ε

α ε
p�w)x+q�Òâæ.¹)~�x�tÚ¹X��|7w)��t α ∈ A é+sâ¹&x�Õ XSBY é XiZ

3
E
t�v Z4

EYi
�

ñ×w)x�s�¹X©�q���w)u�s�~�x.t L(EG) = L(G) �ñ×w)x�sy¹&{}{7w)u�s,p+q�w)x+Ù�t�qyÒ�t�v�v�t
¹X©�q��a¹&v�|7w)uF�+t�{�¹��a¹&u+|���q�t
s�x+|}Ù'¹&u�v�t,� ñ×w)x�s×��w)u�v�q�t�q�w)u�sÒ�w)�
��t�u�v$|}{�t�s�v�p w's�s�| z�{}t �+tas�|}�$x+{7t�q${7t�s$�+r�q�|}Ù'¹&v�|7w)u�sç�+t�{�¹ûÓ'qâ¹&�
�a¹&|}q�taÕ w)q���t�{}{7t G t�v�é



8�ß ó ß�y0w Ý@¦��&~ ~�w�¤<§�{ |Ý� {H«.Ý��s{2~ ~���¥2¤ |.{2~Y~ (²~ v����_{2~�|.�&~ v��s�9x�¦�à2~	ß»ß»ß����r6��
p.¹&q�Ò�w)u�s�r�~�x�t�u�v�é u�w)x�sÚw)z+v�|7t�u���q�w)u.s�~�x�t L(G) ⊆ L(EG) � åy¹&u�sy{7tç�"*���t
v�t��
p�s�é u�w)x.s��w)u�v�q�t�q�w)u�s�~�x�t$v�w)x+v�t�sy{7t�s�¹&x+v�q�t�syp�w's�s�|}z+|}{}|}v�r�sÚ�+t
Ò�¹&{7Ò�x+{<u�� ¹&z w)x+v�|7s�s�t�u�vÚp.¹)s�Öax+u/��w)vv�t�q��
|}u.¹&{�é.Ò�tÚ~�x+| p+q�w)x+Ù�t�qâ¹ç{�� r�u�w)u�Ò�r,�
a ²�®�«�®�ª¬²�°�¦
ñ×w)x�s�¹&{}{7w)u�scx+v�|}{}|7s�t�qc{�¹$u�w)vâ¹&v�|}w)u�s�x+|}Ù'¹&u�v�t<!

w1 w2

w′
1 w′

2
`r

w1w
′
2
∗

w′
1w2

, w1w2w7> ∗ |}u���|7~�x�t�x+u�t×w�Ò�Ò�x+q�q�t�u�Ò�t×p�w's�s�|}z+{7t���t ↑ ��åy¹&u�s�{�¹yp.¹&q�v�|7t×Ó�¹&x�Ò�æ�t'é�{�� ¹&p+p+{}|7Ò�¹&v�|7w)u*�+tc{�¹q���Ó'{7t r s�x+q w1w2
t�v w′

1w
′
2
t�s�vÞ|}u���|7~�x�r�t'é+vâ¹&u���|7s�~�x�t,{�¹çp.¹&q�v�|7tÚ��q�w)|}v�t�Ò�w)u�v�|7t�u�vc{7t�sÞ��w)v�sq�r�s�x+{}vâ¹&u�v�s w1w

′
2
t�v w′

1w2
��ñ×w)x�s�¹&{}{7w)u�s�¹&x�s�s�|.x+v�|}{}|7s�t�q�{�¹�Ò�w)u�Ù�t�u�v�|7w)uûs�x+|}Ù'¹&u�v�t¯!�{7¹Úp.¹&q�v�|7ts�x+p r�q�|7t�x+q�tç�+t�s×�+t�x���Ò�w)v�r�s,Ò�w)u�v�|7t�u���qâ¹a{7t�s×��w)v�s,�+w)u�v×u�w)x.s×s�w)�
��t�s×|}u�vâr�qât�s�s�r�s�é.vâ¹&u���|7s~�x�tç{�¹ p.¹&q�v�|7t
|}u�Õ r�q�|7t�x+q�t�Ò�w)u�v�|7t�u���qâ¹*s�w)|}vyx+ue¹X��|7w)��t
s�w)|}vyx+uF��w)vÚÒ�w)u�v�t�u.¹&u�v Z t�v�~�x+|u�� ¹&{}v���q�t,p.¹)s�{7t,Ò�¹&{7Ò�x+{ x+{}v�r�q�|7t�x+q��+ø�tys�ú���z w){7t ↑ |}u���|7~�x�t,~�x�t×{7t×��w)vcÒ�w)u�s�|7�+r�q�ryt�s�v�q�t � t�v�rp.¹&q�{7taÒ�w)�
p�w'sâ¹&u�vçs�x+|}Ù'¹&u�v���ø�t�v�t�q���t w)p+v�|7w)u+u�t�{���¹&u�sÚ{�¹ûp.¹&q�v�|7ta��q�w)|}v�t �+t�{�¹ Õ w)q��$x+{7t'é

w1w2
é�t�s�v�w)�
|7s�s�|.Ò�tÞ��w)v�é�~�x+|.t�u�p+q�|}u�Ò�|}p�tÞÕ�¹&|}v�p.¹&q�v�|7tc�+tÞ{�� t�u�s�t��$z+{7t��+t�s<��w)v�s�s�x+|}Ù'¹&u�v�s�ét�s�vÞq�t � t�v�ryp.¹&qc{7tyÒ�w)�
p w'sâ¹&u�v×s�x+|}Ù'¹&u�v���1�|�Ò�tyu�� t�s�vÞp.¹)sÞ{7tÚÒ�¹)s�é�|}{�t�s�v�¹&{7w)q�scr�Ò�q�|}v��ñ×w)v�qâtcs�|}�$x+{�¹&v�|7w)u t�s�v<Õ w)u��+r�t×s�x+q�{�¹y��r�v�æ�w��+t�;�Õ ¹&|}q�t�í�v�w)x�q�u�t�q í³t�v í³s�|}�$x+{7t�q�=�é�Ù�w)|}q�¹&x�s�s�|{�¹�s�t�Ò�v�|}w)u$���}�,� ���&ñ×w)x�s�x+v�|}{}|7s�w)u�s�x+u�t�vât�Òâæ+u+|7~�x�t�s�|}�
|}{�¹&|}q�t�ÖcÒ�t�{}{7t�~�x+|�t�s�v�x+v�|}{}|7s�r�t���¹&u�s2¢ �,8+é���+é��'�7£³é�Ù�w)|}qç¹&x�s�s�|�{7t�v�æ�r�w)q�����t ��� 8��}�,�¿ñ×w)x�s$Ò�w)�
��t�u�°�w)u�s
¹�Ù�t�Ò�{7ta��w)v XwaiY

��¹&u.s{7tyÒ�w)�
p w'sâ¹&u�v R1
� ê p+q���s�{�� ¹&p+p+{}|7Ò�¹&v�|7w)u��+t,{�¹$q���Ó'{7t��,� ��é�{7tyÒ�w)�
p�w'sâ¹&u�v R2

q�t�°�w)|}v XwYi
�åy¹&u�s R2

é�{�¹aq���Ó'{7t����}�
t�s�vÚ¹&p+p+{}|7~�x�r�t
t�v R3
q�t�°�w)|}vy{7t�s,��w)v�s XjajwYi (1 ≤ j ≤ n) � ¼p.¹&q�v�|}qy�+t�Ò�t�v×|}u�s�vâ¹&u�v�é.{7t$s�ú�s�v�����t EG
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|}u�w)u�s�{7t�s$¹&x+v�q�t�s�p�w's�s�|}z+|}{}|}v�r�s$�+taÒ�¹&{7Ò�x+{t���|7s�vâ¹&u�vÞp w)x+qc{7t�s�¹&x+v�q�t�s�Ò�w)u���Ó'x+qâ¹&v�|7w)u�s��

b ´&²�·�§�¸ K ø�¹�Ò�w)u���Ó'x+qâ¹&v�|7w)u 14 é�{}|7r�t$Ö
{�� ¹&p+p+{}|7Ò�¹&v�|7w)u/�+tÚ{�¹
q���Ó'{7t u → v �+tÚ{�¹
Ó'qâ¹&�çí�a¹&|}q�t,�
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#�x+v�q�t�{7t�s$Ò�¹&{7Ò�x+{7s$s�|}�
|}{�¹&|}q�t�sçÖ*Ò�t�x��Y��xYÓ'q�w)x+p�tD�'é�u�w)x�s$¹�Ù�w)u�sÚ{�� ¹&p+p+{}|7Ò�¹&v�|7w)u¤�+t
{�¹q���Ó'{7t 1.1 p w)x+q�s�|}��x+{7t�qc{�� ¹&p+p+{}|7Ò�¹&v�|7w)u��+ty{�¹$q���Ó'{7t u → v �+t G �
Xw uY

Z vY
`1.1

XwvY

ZuY
, XwuY �

ø�t
��w)v XwvY p�t�x+v¯*�v�q�tçx+v�|}{}|7s�r
t�u�s�x+|}v�tçp w)x+qyx+u�t
q�t�Ò�w)��z+|}u.¹&|7s�w)ue��¹&u�sy{}tç�"*���tÒ�w)�
p w'sâ¹&u�v�p�w)x+qcx+uDÒ�¹&{}Ò�x+{¿s�|}�
|}{�¹&|}q�t�ÖçÒ�t�{}x+|���x*Ó'q�w)x+p�ta�,�
b ´&²�·�§�¸ Z ø�t�s�Ò�w)u���Ó'x+qâ¹&v�|7w)u�s 8 t�v 10 w7>ç{�� w)ua¹×{7t�s[��w)v�s Z ′ w)x Z ′′ Ò�w)�
p+{7r���t�u�vâ¹&|}qât�s��

#�x+v�q�t {7t�sçÒ�¹&{7Ò�x+{7s
s�|}�
|}{�¹&|}q�t�s�ÖDÒ�t�x��e�+xeÓ'q�w)x+p tÈ�au�w)x�s
¹�Ù�w)u�s�{�� ¹&p+p+{}|7Ò�¹&v�|7w)u �+ta{�¹q���Ó'{7t 2.7 é w)x 3.5 p w)x+q,{�¹ Ò�w)u���Ó'x+qâ¹&v�|7w)u9����é��a¹&|7syÒ�t�{�¹au�tçÒ�w)u���x+|}vyp.¹)syÖa�+t$u�w)x+Ù�t�¹&x����w)v�s���-�| í³�+t�s�s�w)x�s�é�u�w)x�s��+w)u+u�w)u�scv�w)x+v�t�sÞ{7t�scr�vâ¹&p t�sc�+tÚÒ�tyÒ�¹&{7Ò�x+{�p w)x+qc{�¹çÒ�w)u���Ó'x+qâ¹&v�|7w)u
10 �

X ′′ wY ′′′

ε Z ′′ `3.5
wY ′′′

X ′′Z ′′ , X ′′wY ′′′ é

X ′′w Y ′′′

Z Y IV `1.6
X ′′wY IV ↑

ZY ′′′
é

w Y ′′′

Z Y IV `1.6
wY IV ↑

ZY ′′′
�

b ´&²�·�§�¸ h ø�¹
Ò�w)u���Ó'x+qâ¹&v�|7w)u 9 w7>û|}{�t�s�vÞp�w's�s�|}z+{7tÚ�+ty�+r�z w)x�Ò�æ�t�q×s�x+qÞx+u*q�r�s�x+{}vâ¹&v��#�x+v�q�tc{7t�s�Ò�¹&{7Ò�x+{7s�s�|}�
|}{�¹&|}q�t�s�Ö,Ò�t�x��a�+t�s<Ó'q�w)x+p t�s��ct�v28�é�u�w)x�s�p�w)x+Ù�w)u�s�¹&p+p+{}|7~�x�t�q�{7t�sq���Ó'{7t�s 2.7 t�v 3.5 Ò�w)u.s�r�Ò�x+v�| Ù�t���t�u�v�� åy¹&u�s,Ò�tçÒ�¹)s�u.w)x�s×p�w)x+Ù�w)u�sy¹&� w)x+v�t�q w ¹&x�q�r�s�x+{}vâ¹&vs�| w ∈ T ∗ �
X ′′w′′ BY ′′

Z ′ ε
`2.7

X ′′w′′

Z ′BY ′′ , X ′′w′′BY ′′ é

X ′′ w

ε Z ′′ `3.5
w ↑

X ′′Z ′′
�

b ´&²�·�§�¸ � ø�t�scÒ�w)u���Ó'x+qâ¹&v�|7w)u.s 1 t�v 2 �#�x+v�q�t�{7t�s Ò�¹&{7Ò�x+{7s s�|}�
|}{�¹&|}q�t�s*ÖFÒ�t�x�� ��x Ó'q�w)x+p te�Du�w)x�s p�w)x+Ù�w)u�sû¹�Ù�w)|}q {7t�Ò�¹&{7Ò�x�{s�x+|}Ù'¹&u�v�é+��¹&u�sc{}tÚÒ�¹)sc�+ty{�¹çÒ�w)u���Ó'x+qâ¹&v�|7w)u 1 !
X1w Yi

ZE Y ′
i

`3.1
X1wY ′

i

ZEYi
, X1wYi , 1 ≤ i ≤ n �ø�ty��w)v X1wY ′

i
t�s�vc��¹&u�sÞ{�¹
Ò�w)u���Ó'x+qâ¹&v�|7w)uÈ���

X1 wYi

X ′
1 ZE

`1.3
X ′

1wYi

X1ZE

�
-×� t�s�v
x+u9�+t�s�Ò�¹)s
w7>¤x+u¤��w)v
Ó�r�u�r�qâ¹&v�t�x+qap+q�w���x+|}v�x+u¤��w)v�~�x+|Þu�� t�s�v
p.¹)s
r�{}|}�
|}u�r|}�
��r���|�¹&v�t���t�u�v��

X ′
1 wYi

X ′ Z
`2.3

X ′wYi ↑

X ′
1Z

�
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ø�t�s
��w)v�s X ′
1wYi

t�v X ′wYi
s�w)u�vçq�t � t�v�r�s
p.¹&q
{7tûÒ�w)�
p�w'sâ¹&u�vas�x+|}Ù'¹&u�v�é<Ò�¹&q�é[{�� r�vâ¹&p ts�x+|}Ù'¹&u�v�tar�vâ¹&u�v$x+u�t r�vâ¹&p�tap.¹&|}q�t t�v${7t�s���w)v�s ZEY ′

i
u�� t���|7s�vâ¹&u�v$p.¹)s�é�u�w)x�s$u�t�p w)x+Ù�w)u�sp.¹)s×¹&p+p+{}|7~�x�t�qc{�¹$q���Ó'{7t 3.1 �Ô[w)x+qc{�¹
Ò�w)u���Ó'x+qâ¹&v�|7w)u 2 u�w)x�s�¹�Ù�w)u�sÞ{7tÚÒ�¹&{}Ò�x+{¿s�x+|}Ù'¹&u�v¯!

Xk wY ′
1

X ′
k ZE

`1.3
X ′

kwY ′
1

XkZE
, XkwY ′

1 , 1 ≤ k ≤ n �ø�ty��w)v X ′
kwY ′

1
t�s�vc��¹&u�sc{�¹çÒ�w)u���Ó'x+qâ¹&v�|7w)u]8��

Xkw Y ′
1

Z Y ′ `2.4
XkwY ′

ZY ′
1

é
Xkw Y ′

Z Y ′′ `3.3
XkwY ′′ ↑

ZY ′
�

ø�t�sy��w)v�s XkwY ′ t�v XkwY ′′ s�w)u�v,q�t � t�v�r�s,p.¹&qy{7tçÒ�w)�
p w'sâ¹&u�v�s�x+|}Ù)¹&u�v�é Ò�¹&q�é {�� r�vâ¹&p ts�x+|}Ù'¹&u�v�t,r�vâ¹&u�v�x+u�t,r�vâ¹&p t,|}�
p.¹&|}q�tyt�v�{7t�s���w)v�s X ′
iZE

u�� t���|7s�vâ¹&u�v�p.¹)s�é�u�w)x�s�u�t×p w)x+Ù�w)u�sp.¹)s×¹&p+p+{}|7~�x�t�qc{�¹$q���Ó'{7t 1.3 �

b ´&²�·�§�¸ � ø�¹ÚÒ�w)u���Ó'x+qâ¹&v�|7w)u 3 w7> w)uaÒ�w)u�v�q�º){7t�s�|.w)uat�s�v�¹&q�q�|}Ù�r×Ö,{�¹���u �+tÞ{�¹,q�w)vâ¹&v�|7w)u0�ï³{ úû¹$�aÒ�¹)scs�t�{7w)uû{7t�scÙ)¹&{7t�x+q�s��+t i t�v j !¹5« X ′
jwY ′

1
é�z�« X ′

1wY ′
i
é+ÒX« X ′

1wY ′
1
é+��« X ′

jwY ′
i , 2 ≤ i, j ≤ n«$ß L ¸D©�«+¦

X′
jwY′

1
þ

X ′
jw Y ′

1

Z Y ′ `2.4
X ′

jwY ′

ZY ′
1

, X ′
jwY ′

1
é

X ′
j wY ′

1

X ′′
j−1 Z

`3.2
X ′′

j−1wY ′
1 ↑

X ′
jZ

�
ï³{ ú ¹$�+t�x�� q���Ó'{7t�sc~�x+| p�t�x+Ù�t�u�vcs�� ¹&p+p+{}|7~�x�t�q�Ö X ′

jwY ′ ! 3.2 t�v 3.3 ��ñ×w)x�s�w)z+v�t�u�w)u�s@!
X ′

jw Y ′

Z Y ′′ `3.3
X ′

jwY ′′ ↑

ZY ′′
é

X ′
j wY ′

X ′′
j−1 Z

`3.2
X ′′

j−1wY ′ ↑

X ′
jZ

�
ñ×w)x�s�p w)x+Ù�w)u�sy¹&p+p+{}|7~�x�t�q,t�u�Ò�w)q�t�x+u�tÚÕ w)|7s�{7t�s�q���Ó'{7t�s 3.3 t�v 3.2 ¹&x��*��w)v�s×Ò�| í³�+t�s�s�x�st�vcu�w)x�scw)z+v�t�u�w)u�s¯!

X ′′
j−1w Y ′

Z Y ′′ `3.3
X ′′

j−1wY ′′ ↑

ZY ′
�

-�tÚÒ�¹&{7Ò�x+{�u�typ+q�w���x+|}v×�+w)u�Òyp.¹)sc�+t,u�w)x+Ù�t�¹&x��û��w)v�s��
\�ß L ¸�©�«+¦

X′
1wY′

i
þï³{ ú ¹$�+t�x�� q���Ó'{7t�sc~�x+|�p t�x+Ù�t�u�vcs�� ¹&p+p+{}|7~�x�t�qcÖ X ′

1wY ′
i
! 2.2 t�v 2.3 ��ñ×w)x�sÞw)z+v�t�u�w)u�sG!

X ′
1w Y ′

i

Z Y ′′
i−1

`2.2
X ′

1wY ′′
i−1 ↑

ZY ′
i

é
X ′

1 wY ′
i

X ′ Z
`2.3

X ′wY ′
i ↑

X ′
1Z

�
ñ×w)x�sÞp w)x+Ù�w)u�s×¹&p+p+{}|7~�x�t�q�t�u�Ò�w)q�tyx�u�t×Õ w)|7sÞ{7t�sÞq���Ó'{7t�s 2.3 t�v 2.2 ¹&x�� ��w)v�scÒ�| í³�+t�s�s�x�s�éÒ�tÚ~�x+| u�w)x�sc�+w)u+u�tt!
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X ′w Y ′
i

Z Y ′′
i−1

`2.2
X ′wY ′′

i−1 ↑

ZY ′
i

�
-�tÚÒ�¹&{7Ò�x+{�u�typ+q�w���x+|}v��+w)u�Òyp.¹)s��+t,u�w)x+Ù�t�¹&x�� ��w)v�s��©�ß L ¸�©�«+¦

X′
1wY′

1
þï³{ ú ¹$�+t�x�� q���Ó'{7t�sÞ~�x+| p t�x+Ù�t�u�vÞs�� ¹&p+p+{}|7~�x�t�q�Ö X ′

1wY ′
1
! 2.4 t�v 2.3 ��ñ×w)x�s�w)z+v�t�u�w)u�s@!

X ′
1w Y ′

1

Z Y ′ `2.4
X ′

1wY ′

ZY ′
1

é
X ′

1 wY ′
1

X ′ Z
`2.3

X ′wY ′
1 ↑

X ′
1Z

�
ñ×w)x�s�p w)x+Ù�w)u�sy¹&p+p+{}|7~�x�t�q,t�u�Ò�w)q�t�x+u�tÚÕ w)|7sc{7t�s�q���Ó'{7t�s 2.3 t�v 2.4 ¹&x��*��w)v�s×Ò�| í³�+t�s�s�x�st�vcu�w)x�scw)z+v�t�u�w)u�s¯!

X ′
1 wY ′

X ′ Z
`2.3

X′wY′

X ′
1Z

, X ′
1wY ′ �

ø�ty��w)v X ′wY ′ t�s�v���¹&u�sÞ{�¹
Ò�w)u���Ó'x+qâ¹&v�|7w)uo4��
X ′

1w Y ′

Z Y ′′ `3.3
X ′

1wY ′′ ↑

ZY ′
�

Æ�ß L ¸D©�«+¦
X′

jwY′
i, i, j > 1

þ
X ′

kw Y ′
i

Z Y ′′
i−1

`2.2
X′

kwY′′
i−1

ZY ′
i

, X ′
kwY ′

i
�

ø�ty��w)v X ′
kwY ′′

i−1
t�s�vc��¹&u�sÞ{�¹
Ò�w)u���Ó'x+qâ¹&v�|7w)uD���

X ′
k wY ′

i

X ′′
k−1 Z

`3.2
X ′′

k−1wY ′
i ↑

X ′
kZ

�

b ´&²�·�§�¸_E ø�¹çÒ�w)u���Ó'x+qâ¹&v�|7w)u 12 ~�x+| p t�q���t�vcx+u�ty|}u�v�q�w���x�Ò�v�|7w)u�� � x+u�tyz+qâ¹&u�Ò�æ�typ.¹&qâ¹&{ í{���{7t,�
X ′′′ wY IV

X Z
`2.8

XwY IV

X ′′′Z
, X ′′′wY IV �

ø�ty��w)v XwY IV t�s�vc��¹&u�sÞ{�¹
Ò�w)u���Ó'x+qâ¹&v�|7w)ue��8��
X ′′′w Y IV

Z Y
`3.6

X ′′′wY

ZY IV
é

X ′′′w′ aiY

Z Yi
`1.2

X ′′′w′Yi

ZaiY
, X ′′′w′aiY , 1 ≤ i ≤ n é

X ′′′ wY

X Z
`2.8

XwY

X ′′′Z
é

X ′′′ w′Yi

X Z
`2.8

Xw′Yi

X ′′′Z
, X ′′′w′Yi

�
ø�t�s,��w)v�syw)z+v�t�u�x�s XwY t�v Xw′Yi

s�w)u�v,{7t�s,�"*���t�sy~�x�tçÒ�t�x��Èw)z+v�t�u�x�sÚt�u/s�x+|}Ù'¹&u�v{7tÚs�Ò�æ�r��a¹
��x*Ò�¹&{7Ò�x+{¿t�vÞ|}{7sct���|7s�v�t�u�vc�+w)u�Òyp t�u���¹&u�v×Ò�t�v�v�tÚr�vâ¹&p�t,�
X ′′′w′ Yi

ZE Y ′
i

`3.1
X ′′′w′Y ′

i ↑

ZEYi

�
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ñ×w)x�s[w)z�s�t�q�Ù�w)u�s[~�x�� |}{�r�vâ¹&|}v[p�w's�s�|}z+{7t�� � x+v�|}{}|7s�t�q[{7t���w)v C1Z

′ Öc{�¹cp+{�¹)Ò�t��+t Z ′ t�v Z ′′C2Öû{�¹ p+{�¹)Ò�ta�+t Z ′′ ��¹&u�s$Ò�t�q�vâ¹&|}u�s$t�u���q�w)|}v�s$��xeÒ�¹&{7Ò�x+{�Ò�| í³�+t�s�s�x�s�é �a¹&|7s$Ò�t�s$¹&p+p+{}|7Ò�¹&v�|7w)u�s�é|}u�v�q�w���x+|7sâ¹&u�v C1
t�v C2

��¹&u�s�{7t×��w)vcÒ�w)u�s�|7�+r�q�r'é�u�t,Ò�æ.¹&u+Ó�t�u�vÞp.¹)s�{7t×q�t � t�vÞ��xû��w)v�p.¹&q�{7tÒ�w)�
p w'sâ¹&u�v×s�x+|}Ù'¹&u�v��ï³{�t�s�v¿Õ�¹)Ò�|}{7tÞ�+t�Ù�w)|}q�~�x�� t�u�s�x+|}Ù'¹&u�v<{7t�s�Òâæ�r��a¹,��x�Ò�¹&{7Ò�x+{+u�w)x�s�w)z+v�t�u�w)u�s<vâw)x�s[{7t�s[��w)v�s�+t L(G) t�v�é�Ò�w)�
��tau�w)x�s
¹�Ù�w)u�s$Ò�w)u�s�|7�+r�q�rav�w)x�s�{7t�s$Ò�¹)s�p w's�s�|}z+{7t�s�é�|}{�t�s�v$Ò�{�¹&|}qç~�x�t�{7ts�ú�s�v�����t,u�typ+q�w���x+|}v�p.¹)sc� � ¹&x+v�q�t�sc��w)v�s��
ñ×w)x�s�w)z�s�t�q�Ù�w)u�s�~�x�t�{7t×�"*���t×q�r�s�x+{}vâ¹&v�p�t�x+vI*�v�q�t,w)z+v�t�u�xD¹�Ù�t�Ò×�+t�x�� Ò�w)�
p w'sâ¹&u�v�sÞt�vu�w)x�scp+q�r�s�t�u�v�w)u�s�Ò�t�v�v�typ+q�t�x+Ù�t�¹&x*Òâæ.¹&p+|}v�q�t¯6�é+Ù�w)|}qÞv�æ�r�w)q�����t�6�� ���}�,�

9GÉ�� Ë}Ë ���Í � �O
 Ë ��
Ñ ¹&{}Ó'q�r {�¹ÈÒ�w)�
p+{7t���|}v�r*�+t�s
s�ú�s�v�����t�s
��|7s�v�q�|}z+x�r�saÖÈÒ�æ.¹&u+Ó�t���t�u�va�+t p+æ.¹)s�tûr�v�t�u���x�su�w)x�s[¹�Ù�w)u�s�q�r�x�s�s�|�Öc��|}q�|}Ó�t�q¿{7t�Ò�¹&{7Ò�x+{�t�v[Ö�p+q�w���x+|}q�t�v�w)x�s�{7t�s�{�¹&u+Ó�¹&Ó�t�s¿q�r�Ò�x+q�s�|}Ù�t���t�u�v[r�u�x�í��r�qâ¹&z+{7t�sy¹�Ù�t�Òyv�q�w)|7s�Ò�w)�
p w'sâ¹&u�v�s,s�t�x+{7t���t�u�v���ø�¹
�+r���w)u�s�v�qâ¹&v�|7w)uÈq�t�p�w's�t�s�x+qc{7t�sc�"*���t�sp+q�|}u�Ò�|}p t�sÚ~�x�tçÒ�t�{}{7t
��x/Òâæ.¹&p+|}v�q�tçp+q�r�Ò�r��+t�u�v�é �a¹&|7syt�{}{7t
t�s�v,z t�¹&x.Ò�w)x�p/p+{}x�syÒ�w)�
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�+r���u+|}v�|7w)u*Õ w)q���t�{}{7tÚ��x*s�ú�s�v�����t,�
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s�x+|}v[{7t�s�Òâæ�r��a¹�p+q�r�s�t�u�v�rÞÖ�{�¹±��Ó'x+q�t±6��}�,�)ø�t�s<s�w)�
��t�v�s<��x�s�Ò�æ�r��a¹q�t�p+q�r�s�t�u�v�t�u�v�x+u�t�Ò�w)u���Ó'x+qâ¹&v�|7w)ua�+t���w)v�s[p�t�u���¹&u�v<{7t�Ò�¹&{7Ò�x+{��'ñ×w)x�s<r�u�x+��r�q�w)u�s<v�w)x+v�t�s<{7t�sÒ�w)u���Ó'x+qâ¹&v�|7w)u.sÚp�w's�s�|}z+{7t�sÚt�vyu�w)x�s,��t�v�v�w)u�sÚ{7t�x+qyu�x+��r�q�w*��¹&u�sy{7t
Ò�w)|}uFs�x+p�r�q�|7t�x+q���q�w)|}v��ø�tys�Òâæ�r��a¹çt�s�vÞÒ�w)�
p�w's�rÚ�+t,�+t�x�� p.¹&q�v�|7t�s@!�{�¹$p.¹&q�v�|7tys�x+p r�q�|7t�x�q�tyt�vÞ{�¹�p.¹&q�v�|7ty| u+Õ1r�q�|7t�x+q�t,�ø�t�s�Ò�w)u ��Ó'x+qâ¹&v�|7w)u�sa¹�ú�¹&u�vç{7t �"*���t u�x+��r�q�w/��¹&u�sç{7t�s
�+t�x��ep.¹&q�v�|7t�s
s�t p+q�w���x+|7s�t�u�va¹&x�"*���t�|}u�s�vâ¹&u�v���ï³{�t�s�v�Õ�¹)Ò�|}{7t��+t�Ù�w)|}q�~�x�t���¹&u�s�{�¹Úp.¹&q�v�|7t�|}u�Õ r�q�|7t�x+q�t�{7t�s�|}u���|7Ò�t�s��+t X t�v Ys�w)u�v,�+r�Ò�q�r���t�u�v�r�sys�|}�$x+{}vâ¹&u�r���t�u�v�é �+tçs�w)q�v�t$~�x�� w)u/Ò�w)u�v�|}u�x�t
¹�Ù�t�Ò${7¹ap.¹&q�v�|7tçs�x+p r�q�|7t�x�q�ts�t�x+{7t���t�u�v���¹&u�s,{7t
Ò�¹)sÚw7>/{7t�s,|}u���|7Ò�t�sÚ��t X t�v Y s�w)u�vyv�w)x�sy{7t�sy�+t�x��/r�Ó�¹&x��FÖ x+u0� ø�¹p.¹&q�v�|7t�s�x+p�r�q�|7t�x+q�t�Ò�w)�
p+{���v�t
��w)u�Òç{�¹aq�w)vâ¹&v�|7w)u�é�t�� t�Ò�v�x�tç{�¹ s�|}��x+{�¹&v�|7w)uY�+t�s,q���Ó'{7t�sÚ�+t${�¹Ó'qâ¹&�
�a¹&|}q�tÚt�v�p�t�q���t�vc� � w)z+v�t�u+|}qcx+u ��w)v í�q�r�s�x+{}vâ¹&v��+ï³{ t�s�v�Õ�¹)Ò�|}{7t,�+t×Ù�r�q�|��.t�qc~�x�t×{7t�s���w)v�s� � x+u�t�Ò�w)u���Ó'x+qâ¹&v�|7w)uW¹&q�q�|}Ù�t�u�v v�w)x'� w)x+q�s ��¹&u�sa{7tDÒ�w)�
p�w'sâ¹&u�vû¹�ú�¹&u�va{7t*�"*���tDu�x+��r�q�w �ñ×w)x�s�p�w)x+Ù�w)u�s��+w)u�Ò���|}q�t�~�x�t�Òâæ.¹)~�x�t�Ò�w)u���Ó'x�qâ¹&v�|7w)u
¹�x+uÚu�x���r�qâw��+t�Ò�w)�
p�w'sâ¹&u�v[¹)s�s�w�Ò�|7r,�ø�t�s�ú��$z�w){7t w ��¹&u�sc{7t�s�Ò�w)u���Ó'x+qâ¹&v�|7w)u.s×t�s�v�Ò�w)u�s�|7�+r�q�r$Ò�w)�
��tÚx+u�tÚÙ'¹&q�|�¹&z+{7t�t�vc|}{�p+q�t�u���+t�sçÙ'¹&{7t�x+q�sç��|�� r�q�t�u�v�t�s
��¹&u�sç{7t�sç��|�� r�q�t�u�v�t�s
Ò�w)u���Ó'x+qâ¹&v�|7w)u�s��<Ô<¹&q
t��+t��
p+{7t'é<s�|���¹&u�s${�¹Ò�w)u���Ó'x+qâ¹&v�|7w)u 8 {7tys�ú���z w){7t w t�s�vcr�Ó�¹&{�Ö w′ai
é+��¹&u�s�{�¹çÒ�w)u���Ó'x+qâ¹&v�|7w)u 1 sâ¹�Ù'¹&{7t�x+qÞp t�x+v*�v�q�t w′ ��ñ×w)x�s�¹&{}{7w)u�s���w)u�v�q�t�q�~�x�tÞ{7t�Ò�¹&{7Ò�x+{ s�x+|}v�{7t�s�Òâæ�r��a¹Ú�+tc{�¹.��Ó'x+q�t�6��}�'é�Ò'� t�s�v í�Ö�í³��|}q�t~�x�t,v�w)x�s�{7t�s���w)v�sÞp+q�w���x+|}v�s���¹&u�s�x+u�tyÒ�w)u���Ó'x+qâ¹&v�|7w)u�s�t�q�w)u�vcr�{}|}�
|}u�r�s�é+t��+Ò�t�p+v�r,{7t�s���w)v�s¹&p+p.¹&q�v�t�u.¹&u�v,Ö${�¹
Ò�w)u���Ó'x+qâ¹&v�|7w)u�s�x+|}Ù'¹&u�v�t,�
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ø�¹*v�qâ¹&u�s�|}v�|7w)uet�u�v�q�ta�+t�x��YÒ�w)u���Ó'x+qâ¹&v�|7w)u�sçt�s�vÚÕ�¹&|}v�t�t�uet�� t�Ò�v�x.¹&u�v$�+t�s$Ò�æ.¹&u+Ó�t���t�u�vÖDx+u�t �+t�sçt���v�q�r��
|}v�r�s���xe��w)v��<Ô¿w)x+q�Ò�t�{�¹D{7ta��w)v
t�s�vçq�t�Ò�w)��z+|}u�rD¹�Ù�t�Ò �+t�sç��w){7r�Ò�x+{7t�s¹)s�s�|7s�vâ¹&u�v�t�s��+ty{�¹$Õ w)q���t ZkTk

w)x TmZm
~�x+|�t�� t�Ò�v�x�t�u�v×�+t�s�Òâæ.¹&u+Ó�t���t�u�vyÖç{�� t���v�q�r��
|}v�r��q�w)|}v�t'é�q�t�s�p�t�Ò�v�|}Ù�t���t�u�v,Ó�¹&x�Òâæ�t'é���x���w)v���ø�¹���r�v�æ�w��+tç�+t�s���w){7r�Ò�x+{7t�sÚ¹)s�s�|7s�vâ¹&u�v�t�s×u�w)x�sp t�q���t�v�� � r�Ù�|}v�t�qc{7t�sÞz+qâ¹&u�Òâæ�t�s�t�q�q�w)u�r�t�s���xDÒ�¹&{7Ò�x+{��ø�t�sû��w){7r�Ò�x+{7t�sD¹)s�s�|7s�vâ¹&u�v�t�s�é�Ù�w)|}qD¹&x�s�s�|,{�¹es�t�Ò�v�|7w)uÎ6��}�'éÞs�w)u�v*Ò�q�r�r�t�s*s�t�x�{}t���t�u�vD¹&x��w)��t�u�v w7> t�{}{7t�s s�w)u�vau�r�Ò�t�s�sâ¹&|}q�t�s���Ô[¹&q t��+t��
p+{7t'é�{7t�s���w){7r�Ò�x+{7t�sû¹)s�s�|7s�vâ¹&u�v�t�s�p w)x+qa{�¹Ò�w)u���Ó'x+qâ¹&v�|7w)u/U�ª Z4Y

′′′
j
é XZ14

é C1Z15
«�s�w)u�v<Ò�q�r�r�t�s�Ö�{�� r�vâ¹&p t�p+q�r�Ò�r��+t�u�v�tct�v<t�{}{7t�s[u�� t���|7s ív�t�q�w)u�vçp.¹)s$��¹&u�s${�¹DÒ�w)u���Ó'x+qâ¹&v�|7w)u}:���-�æ.¹)~�x�ta��w){7r�Ò�x+{7t p t�x+v�*�v�q�t ��¹&u�s${�� x+u��+t�s$æ�x+|}vr�vâ¹&v�sût�v*ÖYÒâæ.¹)~�x�tÈr�vâ¹&p�tÈ{�� r�vâ¹&vû�+t�{�¹F��w){7r�Ò�x+{7t/t�s�v |}u�Ò�q�r���t�u�v�rÈ��w���x+{7w$:���ø�w)q�s�~�x�t{�� r�vâ¹&va�+tû{�¹È��w){7r�Ò�x�{}tDt�s�v�Û�r�q�w+é�t�v���¹&u�saÒ�tûÒ�¹)s
u�w)x�s�{�� w)��t�v�v�q�w)u�s�é�u�w)x�s�w)z+v�t�u�w)u�s�{�¹��w){7r�Ò�x+{7ta¹)s�s�|7s�vâ¹&u�v�tç~�x+|<p�t�x+v@*�v�q�tçx+v�|}{}|7s�r�t
t�u�s�x+|}v�t,� Ô<¹&qÚt��+t��
p+{7t'é u�w)x�sÚs�w)�
��t�sÚ��¹&u�s{�¹/Ò�w)u���Ó'x+qâ¹&v�|7w)u�UÈt�v�u�w)x�s ¹�Ù�w)u�s
{�¹È��w){7r�Ò�x+{7tD¹)s�s�|7s�vâ¹&u�v�t XZ14

�<ñ×w)x�s
{�¹È�a¹&q�~�x�w)u�s¹�Ù�t�Ò 1 Öç{�� ¹&|7�+t��+tÚ{�¹çq���Ó'{7t 1.z.5 ! (X|Z14, Z|Z1
14) `1.z.5 (XZ1

14, ZZ14)
�O¼ {�� r�vâ¹&p�t$s�x+| íÙ'¹&u�v�t�{�¹���w){7r�Ò�x+{7t XZ1

14
Òâæ.¹&u+Ó�tçs�w)uÈr�vâ¹&v,t�u 2 Ö�{�¹as�x+|}v�tç�+t�{�� ¹&p+p+{}|7Ò�¹&v�|7w)uF�+t�{�¹�q���Ó'{7t

2.z.1 �.ñ×w)x�s×Ò�w)u�v�|}u�x�w)u�s,� � x+u�t��a¹&u+|���q�t$s�|}�
|}{�¹&|}q�t$t�v�u�w)x�s,w)z+v�t�u�w)u�s×{7t�Ò�¹&{7Ò�x+{[s�x+|}Ù'¹&u�v�!
XZ14 ⇒XZ1

14 ⇒XZ2
14 ⇒ . . . ⇒XZ7

14 ⇒XZ14
� -�t�Ò�| ��|}v�é�{�¹Ú��w){7r�Ò�x+{7t XZ14

¹&p+p.¹&qâ¹X�7v�+w)u�Òy¹�Ù�t�Ò�x+u�t×p�r�q�|7w���t,r�Ó�¹&{7t,Ö�:�t�vÞt�{}{7t×t�s�v�p+q�r�s�t�u�v�t×��¹&u�s�{7t�s�Ò�w)u���Ó'x+qâ¹&v�|7w)u.s���é�U�t�vI6�é�a¹&|7s�t�{}{7tyu�� t�s�vcx+v�|}{}|7sâ¹&z+{7tÚ~�x�� Öç{�¹çÒ�w)u���Ó'x+qâ¹&v�|7w)u]U�é+Ù�w)| qcp.¹&Ó�t�4����
-�t�v�v�t v�t�Ò�æ+u+|7~�x�tap t�q���t�vç�+w)u�Ò �+taqâ¹X©�u�t�q${7t Ò�w)u�v�q�º){7t �+ta{�� ¹&p+p+{}|7Ò�¹&v�|7w)u¤�+t�s�q���Ó'{7t�s��x��"*���tçÒ�w)�
p�w'sâ¹&u�v,t�v,t�{}{7t�p t�q���t�v×{7t�x+q,��|}Ù�|7s�|7w)uÈt�uÈs�w)x�s í³t�u�s�t��$z+{7t�sy¹)Ò�v�|}Ù�r�s×p.¹&q,�+t�s��w){7r�Ò�x+{7t�s,¹)s�s�|7s�vâ¹&u�v�t�scs�p r�Ò�|��.~�x�t�s��
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CEDGFzù 6��}� é ø�tÚs�Ò�æ�r��a¹
��xDÒ�¹&{7Ò�x+{
¯c� ��¢,Ò���� �������ÚÕ ����U �.�³� �e�a³ ¡kö�¡���÷VU �
Ñ ¹&|}u�v�t�u.¹&u�v�u�w)x�sc�+w)u+u�w)u�sc{�¹
�+r���u+|}v�|7w)u*Õ w)q���t�{}{7tÚ��x*s�ú�s�v�����t,�Ô[w's�w)u�s EG = (V, T, A, R1, R2)

�
1�w)|7t�u�v N ∪ T ∪ {B} = {a1, a2, . . . , an}

ª B = an
«�t�v B 6∈ V ∪ T �åy¹&u�scÒ�tÚ~�x+|�s�x+|}vÞu�w)x.scs�x+p+p�w's�w)u�s�~�x�t<!

1 ≤ i ≤ n, 1 ≤ j ≤ n − 1, 2 ≤ l ≤ n, 1 ≤ k ≤ 11, 12 ≤ m ≤ 20, 1 ≤ s ≤ 7,
a,b ∈ N ∪ T ∪ {B} �ø�� ¹&{}p+æ.¹&z t�v V t�s�vc�+r���u+|�p.¹&q
V = N ∪T ∪{B}∪{X, Y, X ′, Y ′X ′′, Y ′′, Y ′′′, Xi, Yi, X

′
j , Y

′
j , X ′′

j , Y ′′
j , X ′′′

j , Y ′′′
j , Zk, Z

s
k,

Zm, Zs
m, Z, C1, C2}

�ø�� ¹&{}p+æ.¹&z t�v�v�t�q��
|}u.¹&{ T t�s�v�Ò�t�{}x+|��+t,{�¹çÓ'qâ¹&�
�a¹&|}q�tyÕ w)q���t�{}{}t G �ø�t�s×¹X��|7w)��t�scs�w)u�vc�+r���u+|7scp.¹&q¯!
A = {XBSY } ∪ {XiaiZ16, Z5Yj , X

′′′
j Z1

19, Z
1
9Y, XZ2

14, C1Z
2
15, Z

2
4Y ′′′

j , X ′′
j Z3

18, Z
3
7Y ′′′,

Z3
8C2, X

′′Z4
13, Z

4
3Y ′′

j , X ′
jZ

5
17, Z

5
6Y ′′, Z6

1Y ′
j , Z6

2Y ′, X ′Z6
12, XjZ

7
20, Z

7
10Yi} ∪ {ZkZ, Zs

kZ,
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ZZm, ZZs
m, } ∪ {Z7

11vY : ∃u → v ∈ P} �Ñ ¹&|}u�v�t�u.¹&u�vÞu�w)x�sc¹&{}{7w)u�sÞ�+w)u+u�t�qÞ{�¹ç�+r���u+|}v�|7w)u*�+t�sÞÒ�w)�
p w'sâ¹&u�v�sc��xûs�ú�s�v�����t,��ø�¹$u�x�í��r�q�w)vâ¹&v�|7w)u*�+t�s�q���Ó'{7t�s�u�� ¹�ú�¹&u�v�p.¹)s��+t z ��¹&u�s�{7t�x+q�u�w)�Xs�x+|}v�{7t�s�Ò�w)u�Ù�t�u�v�|7w)u�s�s�x+|}Ù'¹&u�v�t�s��é ø�typ+q�t��
|7t�qcu�x+��r�q�w
|}u���|7~�x�t�Öç~�x.t�{�Ò�w)�
p�w'sâ¹&u�v×¹&p+p.¹&q�v�|7t�u�v�{�¹$q���Ó'{7t,�
é ø�t �+t�x���|�����tau�x+��r�q�wD|}u���|7~�x�t ��¹&u�s$~�x�t�{}{7t Ò�w)u���Ó'x+qâ¹&v�|7w)u¤Ò�t�v�v�taq���Ó'{7tap�t�x+v�*�v�q�tx+v�|}{}|7s�r�t,�
é ø�tÞv�q�w)|7s�|�����tcu�x+��r�q�wÚ|}u���|7~�x�tÞ{�¹,p w's�|}v�|7w)uas�x+q�{7tÞs�Òâæ�r��a¹y��xaÒ�¹&{7Ò�x+{��+t�{�¹,��w){7r�Ò�x+{7tÖa{�¹)~�x�t�{}{7t
Ò�t�v�v�tçq���Ó'{7t$p t�x+vys�� ¹&p+p+{}|7~�x�t�q"! s�� |}{<t�s�vyr�Ó�¹&{�¹ 1 é�{�¹aq���Ó'{7t
s�� ¹&p+p+{}|7~�x�t
Öx+u�t,��w){7r�Ò�x+{7tÚ~�x+| t�s�vÞ��¹&u�sÞx+u�tyÒ�w)u���Ó'x+qâ¹&v�|7w)uD�+t,{�¹�p.¹&q�v�|7ty|}u�Õ r�q�|}t�x+qâty��x*s�Ò�æ�r��a¹t�v�s�� |}{�t�s�vÞp+{}x�scÓ'qâ¹&u��*~�x�t 1 é+{�¹$q���Ó'{7tÚs�� ¹&p+p+{}|7~�x�t�Öçx+u�ty��w){7r�Ò�x+{7t�r�vâ¹&u�v×��¹&u�sÞx+u�tÒ�w)u���Ó'x+qâ¹&v�|7w)uÈ�+t,{�¹çp.¹&q�v�|7tÚs�x+p�r�q�|7t�x+q�t���x*s�Òâæ�r��a¹��ø�¹yu�x+��r�q�w)vâ¹&v�|7w)u �+t�s�q���Ó'{7t�s�¹�ú�¹&u�v z ��¹&u�s�{7t�x+q�u�w)� s�x+|}v�{7t�s�Ò�w)u�Ù�t�u�v�|7w)u�s�s�x+|}Ù'¹&u�v�t�s��é ø�typ+q�t��
|7t�qcu�x+��r�q�w
|}u���|7~�x�t�Öç~�x.t�{�Ò�w)�
p�w'sâ¹&u�v×¹&p+p.¹&q�v�|7t�u�v�{�¹$q���Ó'{7t,�
é ø�t,�+t�x���|�����t×u�x+��r�q�w+é�~�x+| t�s�vÞ¹&p+q���s z é�|}u���|7~�x�t×{�¹Úp.¹&q�|}v�ry�+t�{�� r�vâ¹&p t,� � x+v�|}{}|7sâ¹&v�|7w)u�+t {�¹���w){7r�Ò�x+{7t*¹)s�s�|7s�vâ¹&u�v�tûÖD{�¹)~�x�t�{}{7tûÒ�t�v�v�t q���Ó'{7tûs�� ¹&p+p+{}|7~�x�t,��1�|cÒ�t u�x+��r�q�w/t�s�vt�u�v�q�t 1 t�v 8 é¿{�¹�q���Ó'{7tûs�� ¹&p+p+{}|7~�x�t*Ö�x+u�t ��w){7r�Ò�x+{7tD¹)s�s�|7s�vâ¹&u�v�tû~�x+|Þt�s�vçx+v�| {}|7sâ¹&z+{7tp t�u���¹&u�v�x+u�tyr�vâ¹&p ty|}�
p.¹&|}q�tH�.s�| {7t,u�x+��r�q�w�t�s�vct�u�v�q�t 9 t�v 16 é�{�¹çq���Ó'{7tÚs�� ¹&p+p+{}|7~�x�tÖ$x+u�ty��w){7r�Ò�x+{7t$¹)s�s�|7s�vâ¹&u�v�tÚ~�x+|�t�s�vÞx+v�|}{}|7sâ¹&z+{7typ t�u���¹&u�v�x+u�tÚr�vâ¹&p�typ.¹&|}q�t,�e�fhgjiXfXk�lJm<n

R1 oòs��Ó'{7t�sÞp w)x+qc{�¹$v�qâ¹&u�s�|}v�|7w)u�t�u�v�q�ty{7t�scÒ�w)u���Ó'x+qâ¹&v�|7w)u.s¯!
1.1.1 :

a Yl

Z1 Y ′
l−1

; 1.1.2 :
a Y1

Z2 Y ′ ; 1.1.3 :
X1 a

X ′ Z12
;

1.3.1 :
a Y ′

j

Z3 Y ′′
j

; 1.3.2 :
X ′ a

X ′′ Z13
; 1.5.1 :

a Y ′′
j

Z4 Y ′′′
j

;

1.5.2 :
X ′′ a

X Z14
; 1.5.3 :

X ′′ a

ε C1Z15
; 1.7.1 :

a Y ′′′
j

Z5 Yj
; 1.7.2 :

X a

Xiai Z16
;

òs��Ó'{7t�sÞp w)x+qc{�¹çÒ�q�r�¹&v�|7w)u��+t�sÞ��w){7r�Ò�x+{7t�s×¹)s�s�|7s�vâ¹&u�v�t�s@!Ñ w){7r�Ò�x+{7t�s×¹)s�s�|7s�vâ¹&u�v�t�sÞp�w)x+qc{7t�scr�vâ¹&p t�sÞ|}�
p.¹&|}q�t�s�!
1.z.1 :

Zk1
Tk1

Z1
k1

Z
; 1.z.2 :

Z2
k1

Tk1

Z3
k1

Z
; 1.z.3 :

Z4
k1

Tk1

Z5
k1

Z
; 1.z.4 :

Z6
k1

Tk1

Z7
k1

Z
;

1.z.5 :
Tm1

Zm1

Z Z1
m1

; 1.z.6 :
Tm1

Z2
m1

Z Z3
m1

; 1.z.7 :
Tm1

Z4
m1

Z Z5
m1

; 1.z.8 :
Tm1

Z6
m1

Z Z7
m1

;

Ñ w){7r�Ò�x+{7t�s×¹)s�s�|7s�vâ¹&u�v�t�sÞp�w)x+qc{7t�scr�vâ¹&p t�scp.¹&|}q�t�s@!
1.z.9 :

Z1
k2

Tk2

Z2
k2

Z
; 1.z.10 :

Z3
k2

Tk2

Z4
k2

Z
; 1.z.11 :

Z5
k2

Tk2

Z6
k2

Z
; 1.z.12 :

Z7
k2

Tk2

Zk2
Z

;

1.z.13 :
Tm2

Z1
m2

Z Z2
m2

; 1.z.14 :
Tm2

Z3
m2

Z Z4
m2

; 1.z.15 :
Tm2

Z5
m2

Z Z6
m2

; 1.z.16 :
Tm2

Z7
m2

Z Zm2

;

e�fhgjiXfXk�lJm<n
R2 o
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òs��Ó'{7t�sÞp w)x+qc{�¹$v�qâ¹&u�s�|}v�|7w)uDt�u�v�q�ty{7t�scÒ�w)u���Ó'x+qâ¹&v�|7w)u�s�!
2.2.1 :

Xl a

X ′
l−1 Z17

; 2.2.2 :
a Y ′

Z6 Y ′′ ; 2.4.1 :
X ′

j a

X ′′
j Z18

; 2.4.2 :
ab Y ′′

Z7 Y ′′′ ;

2.4.3 :
a BY ′′

Z8C2 ε
; 2.6.1 :

X ′′
j a

X ′′′
j Z19

; 2.6.2 :
a Y ′′′

Z9 Y
; 2.8.1 :

X ′′′
j a

Xj Z20

;

2.8.2 :
a aiY

Z10 Yi
; 2.8.3 :

a uY
Z11 vY

;

òs��Ó'{7t�sÞp w)x+qc{�¹çÒ�q�r�¹&v�|7w)u��+t�sÞ��w){7r�Ò�x+{7t�s×¹)s�s�|7s�vâ¹&u�v�t�s@!Ñ w){7r�Ò�x+{7t�s×¹)s�s�|7s�vâ¹&u�vât�sÞp w)x+qc{7t�scr�vâ¹&p�t�sc|}�
p.¹&|}q�t�s¯!
2.z.1 :

Z1
k1

Tk1

Z2
k1

Z
; 2.z.2 :

Z3
k1

Tk1

Z4
k1

Z
; 2.z.3 :

Z5
k1

Tk1

Z6
k1

Z
; 2.z.4 :

Z7
k1

Tk1

Zk1
Z

;

2.z.5 :
Tm1

Z1
m1

Z Z2
m1

; 2.z.6 :
Tm1

Z3
m1

Z Z4
m1

; 2.z.7 :
Tm1

Z5
m1

Z Z6
m1

; 2.z.8 :
Tm1

Z7
m1

Z Zm1

;

Ñ w){7r�Ò�x+{7t�s×¹)s�s�|7s�vâ¹&u�v�t�sÞp�w)x+qc{7t�scr�vâ¹&p t�sÞp.¹&|}q�t�s¯!
2.z.9 :

Zk2
Tk2

Z1
k2

Z
; 2.z.10 :

Z2
k2

Tk2

Z3
k2

Z
; 2.z.11 :

Z4
k2

Tk2

Z5
k2

Z
; 2.z.12 :

Z6
k2

Tk2

Z7
k2

Z
;

2.z.13 :
Tm2

Zm2

Z Z1
m2

; 2.z.14 :
Tm2

Z2
m2

Z Z3
m2

; 2.z.15 :
Tm2

Z4
m2

Z Z5
m2

; 2.z.16 :
Tm2

Z6
m2

Z Z7
m2

;

w7> 1 ≤ k1 ≤ 5 é 6 ≤ k2 ≤ 11 é 12 ≤ m1 ≤ 16 é 17 ≤ m2 ≤ 20 �ø�t�s�s�ú���z w){7t�s Tk
t�v Tm

s�w)u�vc�+w)u+u�r�scp.¹&qc{7t�scvâ¹&z+{7t�¹&x��*s�x+|}Ù'¹&u�v�s@!
k 1 2 3 4 5 6 7 8 9 10 11

Tk Y ′
j Y ′ Y ′′

j Y ′′′
j Yj Y ′′ Y ′′′ C2 Y Yi vY

m 12 13 14 15 16 17 18 19 20

Tm X ′ X ′′ X C1 Xiai X ′
j X ′′

j X ′′′
j Xjø�t�s�Ò�w)�
p�w'sâ¹&u�v�s R1

t�v R2
Ò�w)u�v�|7t�u+u�t�u�v,¹&x�s�s�| {7t�sÞq���Ó'{7t�scs�x+|}Ù'¹&u�v�t�s@!

α ε

α ε
w7> α ∈ {ZkZ, Zs

kZ, ZZm, ZZs
m} �

pY� �'����������¡
ñ×w)x�s�¹&{}{7w)u�scx+v�|}{}|7s�t�qc{�¹$�"*���tyu�w)vâ¹&v�|7w)u�~�x�tyÒ�t�{}{7tyx+v�|}{}|7s�r�tÚ��¹&u�sÞ{7tyv�æ�r�w)q�����t�U�� ��� ��!

w1 w2

w′
1 w′

2
`r

w1w
′
2
∗

w′
1w2

, w1w2ø�¹
s�|}Ó'u+|��.Ò�¹&v�|7w)u��+tyÒ�t�v�v�tyu�w)vâ¹&v�|7w)uDp�t�x+vs*�v�q�tyq�t�v�q�w)x+Ù�r�t�Ö${�¹çp.¹&Ó�t¯6��,�
�/�.¡)�����2W�������� �a³H��� �³�,³��
ï³{�t�s�vÞÕ�¹)Ò�|}{7tÚ�+tyÙ�w)|}q�~�x�� ÖçÒâæ.¹)~�x�tÚÒ�w)u���Ó'x+qâ¹&v�|7w)u n u�w)x�s�¹�Ù�w)u�scv�q�w)|7sÞv�ú�p�t�s��+ty��w){7r�íÒ�x+{7t�s×¹)s�s�|7s�vâ¹&u�v�t�sc~�x+|�s�w)u�vÞp+q�r�s�t�u�v�t�s@!
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é ø�t�s���w){7r�Ò�x�{}t�sc¹)s�s�|7s�vâ¹&u�v�t�s�p w)x+q�{�¹ÚÒ�w)u���Ó'x+qâ¹&v�|7w)uûp+q�r�Ò�r��+t�u�v�t'é n− 1 é�Ò�¹&q�t�{}{7t�s�w)u�vp.¹&q�v�|7Ò�|}p r,Öyx+u�tcq�t�Ò�w)��z+|}u.¹&|7s�w)u*Öy{�� r�vâ¹&p�t�p+q�r�Ò�r��+t�u�v�t×t�v�é'Õ�¹&|7sâ¹&u�v�p.¹&q�v�|7t×�+t σ∗ p.¹&q�+r���u+|}v�|7w)u�é.t�{}{7t�scs�w)u�vÞp+q�r�s�t�u�v�t�scp�t�u���¹&u�v�Ò�t�v�v�tÚr�vâ¹&p t,�
é ø�t�sy��w){7r�Ò�x+{7t�s$¹)s�s�|7s�vâ¹&u�v�t�syp�w)x+qÚ{�¹ Ò�w)u���Ó'x+qâ¹&v�|7w)ueÒ�w)x�qâ¹&u�v�t'é n é Ò�¹&qÚt�{}{7t�sÚw)u�vÚr�v�rÒ�q�r�r�t�s×Ö${�� r�vâ¹&p typ+q�r�Ò�r��+t�u�v�t,�
é ø�t�s¿��w){7r�Ò�x+{7t�s�¹)s�s�|}s�v�¹&u�v�t�s�p w)x+q¿{�� r�vâ¹&p t�s�x+|}Ù'¹&u�v�t'é n+1 é�Ò�¹&q�é&r�vâ¹&u�v[Ò�q�r�r�t�s¿p t�u���¹&u�vÒ�t�v�v�t�r�vâ¹&p t'é�t�{}{7t�s�p�t�x+Ù�t�u�v�p.¹&q�v�|7Ò�|}p t�q�v�w)x+v��+tcs�x+|}v�t×Ö,x+u�tcq�t�Ò�w)�$z+|}u.¹&|7s�w)uûÖyÒ�¹&x�s�t�+ty{�¹ç�+r���u+|}v�|7w)u��+t�scs�ú�s�v�����t�sc��|7s�v�q�|}z+x�r�s×ÖçÒ�æ�¹&u+Ó�t���t�u�v×�+typ+æ.¹)s�tyr�v�t�u���x�s��ø�taÕ w)u�Ò�v�|7w)u+u�t���t�u�v��+tav�w)x+v�t�sç{7t�sçÒ�w)u���Ó'x+qâ¹&v�|7w)u�s�t�s�vçs�|}�
|}{�¹&|}q�t,�[ñ×w)x�sç��|7s�Ò�x+v�t�q�w)u�s�a¹&|}u�v�t�u.¹&u�v�{7tÚÒ�w)�
p�w)q�v�t���t�u�v×�+t�s�Ò�w)u���Ó'x+qâ¹&v�|7w)u�s.Uçt�v��'é�Ù�w)|}qÞ{�¹¯��Ó'x+q�t¯6��}�,�

L « ©�²�°0��m�·�´&«�®�ª¬²�° � þ ñ×w)x�s�¹�Ù�w)u�sÚ{7t�sÚ��w){7r�Ò�x+{7t�s$s�x+|}Ù'¹&u�v�t�st! X ′′wY ′′′ é X ′′
j−1wY ′′

i−1ª i, j > 1 «�é)¹&|}u�s�|+~�x�t�{7t�s¿��w){7r�Ò�x+{7t�s�¹)s�s�|7s�vâ¹&u�v�t�s[s�x+|}Ù'¹&u�v�t�sz! XZ14
é C1Z15

é Z4Y
′′′
j
é X ′′

j Z18
é

Z7Y
′′′ é Z8C2

é X ′′′
j Z19, Z9Y

��ø�t�sÚv�q�w)|7sÚp+q�t��
|���q�t�s���w){7r�Ò�x+{7t�s$s�w)u�v�{}t�sÚ��w){7r�Ò�x+{7t�sç¹)s�s�|7s ívâ¹&u�v�t�s
p�w)x+q
{�¹�Ò�w)u��.Ó'x+qâ¹&v�|7w)u�U��<ñ×w)x�s
s�w)�
��t�s
��¹&u�s
{7t p+q�t��
|7t�qaÒ�w)�
p w'sâ¹&u�v�t�v
u�w)x�s¹�Ù�w)u�sÞ{7tÚÒ�¹&{7Ò�x+{�s�x+|}Ù'¹&u�v@!
X ′′ wY ′′′

X Z14
`1.5.2

XwY ′′′

X ′′Z14
, X ′′wY ′′′ é

X ′′ wY ′′′

ε C1Z15
`1.5.3

wY ′′′

X ′′C1Z15
, X ′′wY ′′′ é

X ′′
j−1w Y ′′

i−1

Z4 Y ′′′
i−1

`1.5.1
X ′′

j−1wY ′′′
i−1

Z4Y
′′
i−1

, X ′′
j−1wY ′′

i−1
�

ø�t�sD��w)v�s XwY ′′′ t�v X ′′
j−1wY ′′′

i−1
s�w)u�vD��¹&u�s*{�¹9Ò�w)u���Ó'x+qâ¹&v�|7w)ug6��cø�t�sD��w){7r�Ò�x+{7t�s

X ′′wY ′′′ é wY ′′′ t�v X ′′
j−1wY ′′

i−1
s�w)u�vcr�{}|}�
|}u�r�t�s×Ö${�� r�vâ¹&p tÚs�x+|}Ù'¹&u�v�t<!

X ′′w Y ′′′

Z9 Y
`2.6.2

X ′′wY ↑

Z9Y
′′′

é
w Y ′′′

Z9 Y
`2.6.2

wY ↑

Z9Y
′′′
é

X ′′
j−1 wY ′′

i−1

X ′′′
j−1 Z19

`2.6.1
X ′′′

j−1wY ′′
i−1 ↑

X ′′
j−1Z19

�
ñ×w)x�sÞ¹�Ù�w)u�s��+w)u�Ò×��w)u�v�q�r,~�x�t×u�w)x�s�w)z+v�t�u�w)u�s�{7t�s���w){7r�Ò�x+{7t�s XwY ′′′ t�v X ′′

j−1wY ′′′
i−1t�v<~�x�t�{7t�s<¹&x+v�q�t�s[��w){7r�Ò�x+{7t�s<s�w)u�v<r�{}|}�
|}u�r�t�s�é)Ò'� t�s�v í�Ö�í³��|}q�tÞ~�x�t�u�w)x�s<¹�Ù�w)u�s[s�x+|}Ù�|�{7t�s�Ò�æ�r��a¹��xDÒ�¹&{7Ò�x+{��

L « ©�²�°0��m�·�´&«�®�ª¬²�°ëBOþ ñ×w)x�sç¹�Ù�w)u�s�{7t�s���w){7r�Ò�x+{7t�sçs�x+|}Ù'¹&u�v�t�s/! XjwYi
é¿¹&|}u�s�|�~�x�t�{7t�s��w){7r�Ò�x+{7t�s,¹)s�s�|7s�vâ¹&u�v�t�scs�x+|}Ù'¹&u�v�t�s@! Z1Y

′
j
é Z2Y

′ é X ′Z12
é Z10Yi

é XjZ20
é X ′

jZ17
é Z6Y

′′ �ñ×w)x�s�¹&{}{7w)u�s���|7s�v�|}u+Ó'x�t�qc�aÒ�¹)s@!¹5« i, j > 1
Xjw Yi

Z1 Y ′
i−1

`1.1.1
XjwY ′

i−1

Z1Yi
, XjwYi

�
ø�¹c��w){7r�Ò�x+{7t XjwY ′

i−1
t�s�v¿��¹&u�s�{�¹cÒ�w)u���Ó'x+qâ¹&v�|7w)u�����ø�¹c��w){7r�Ò�x+{7t XjwYi

t�s�v¿r�{}|}�
|}u�r�tp t�u���¹&u�v�{�� r�vâ¹&p�t�s�x+|}Ù'¹&u�v�t"!
Xj wYi

X ′
j−1 Z17

`2.2.1
X ′

j−1wYi ↑

XjZ17

�
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z�« i, j = 1ñ×w)x�sÞp w)x+Ù�w)u�s×¹&p+p+{}|7~�x�t�q��+t�x�� q���Ó'{7t�s¯! 1.1.2 w)x 1.1.3 !
X1w Y1

Z2 Y ′ `1.1.2
X1wY ′

Z2Y1

é
X1 wY1

X ′ Z12
`1.1.3

X ′wY1 ↑

X1Z12

�
ñ×w)x�sçp w)x+Ù�w)u�sa¹&p+p+{}|7~�x�t�qat�u�Ò�w)q�t x+u�t Õ w)|7sç{�¹�q���Ó'{7t 1.1.3 w)x 1.1.2 ¹&x�q�r�s�x+{}vâ¹&va�+t{�� ¹&p+p+{}|7Ò�¹&v�|7w)uDp+qâr�Ò�r��+t�u�v�tt!

X1 wY ′

X ′ Z12
`1.1.3

X ′wY ′

X1Z12
, X1wY ′ �

ø�¹���w){7r�Ò�x+{7t X ′wY ′ t�s�v[��¹&u�s[{�¹×Ò�w)u���Ó'x+qâ¹&v�|7w)ua���)ø�¹���w){7r�Ò�x+{7t X1wY ′ s�t�qâ¹�r�{}|}�
|}u�r�tÖ${�� r�vâ¹&p tÚs�x+|}Ù'¹&u�v�t<!
X1w Y ′

Z6 Y ′′ `2.2.2
X1wY ′′ ↑

Z6Y
′

�
ÒX« i > 1 é j = 1

X1w Yi

Z1 Y ′
i−1

`1.1.1
X1wY ′

i−1 ↑

Z1Yi

é
X1 wYi

X ′ Z12
`1.1.3

X ′wYi ↑

X1Z12

�
ñ×w)x�s
p�w)x�Ù�w)u�sa¹&p+p+{}|7~�x�t�qat�u�Ò�w)q�tûx+u�t Õ w)|7sç{�¹Èq���Ó'{7t 1.1.1 w)x 1.1.3 ¹&x�����w){7r�Ò�x+{7t�sw)z+v�t�u�x�t�scp+{}x�sÞæ.¹&x+v¯!

X ′w Yi

Z1 Y ′
i−1

`1.1.1
X ′wY ′

i−1 ↑

Z1Yi

�
�O« i = 1 é j > 1

Xjw Y1

Z2 Y ′ `1.1.2
XjwY ′

Z2Y1
, XjwY1

�
ø�t�sc��w){7r�Ò�x+{7t�s XjwY1

t�v XjwY ′ s�w)u�vcr�{}|}�
|}u�r�t�scp t�u���¹&u�v�{�� r�vâ¹&p�tÚs�x+|}Ù'¹&u�v�t"!
Xj wY1

X ′
j−1 Z17

`2.2.1
X ′

j−1wY1 ↑

XjZ17

é
Xj wY ′

X ′
j−1 Z17

`2.2.1
X ′

j−1wY ′ ↑

XjZ17

é
Xjw Y ′

Z6 Y ′′ `2.2.2
XjwY ′′ ↑

Z6Y
′

�
ñ×w)x�s
p�w)x�Ù�w)u�sa¹&p+p+{}|7~�x�t�qat�u�Ò�w)q�tûx+u�t Õ w)|7sç{�¹Èq���Ó'{7t 2.2.1 w)x 2.2.2 ¹&x�����w){7r�Ò�x+{7t�sw)z+v�t�u�x�t�scp+{}x�sÞæ.¹&x+v¯!

Xj wY ′′

X ′
j−1 Z17

`2.2.1
X ′

j−1wY ′′ ↑

XjZ17

�
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p+{7r���t�u�vâ¹&|}q�tûp.¹&qçqâ¹&p+p w)q�vaÖD{�¹Dq���Ó'{7t 2 é��¹&u�s�Ò�tûÒ�¹)s
u�w)x�s�s�| �$x+{7w)u�s
{�¹�q���Ó'{7t 1.2 ��x9s�ú�s�v�����t D2

G
�²#�u¤p�t�x+v ¹&x�s�s�|Þ�+r�sâ¹)Ò�v�|}Ù�t�qÒ�t�v�v�t���w){7r�Ò�x+{7tap.¹&qÚ{�¹ûq���Ó'{7t z2 ! (Z2Yi, Z

′
2R1) `z2 (Z ′

2Yi, Z2R1)
�0¼ {�� r�vâ¹&p�t s�x+|}Ù'¹&u�v�t~�x+|<t�s�v,p.¹&|}q�t'é {�¹a��w){7r�Ò�x+{7t Z2Yi

u�� t�s�vyp+{}x�sÚ¹)Ò�Ò�t�s�s�|}z+{7t
t�vy{�¹aq���Ó'{7t 2 u.t$p t�x+vy�+w)u.Ò$p.¹)ss�� ¹&p+p+{}|7~�x�t�q��)åç� ¹&x+v�q�t�p.¹&q�v�é�u�w)x�s¿p w)x+Ù�w)u�s<¹)Ò�v�|}Ù�t�q¿{�¹c��w){7r�Ò�x+{7t Z ′
2R1

t�u$x+v�|}{}|7sâ¹&u�v[{�¹cq���Ó'{7t
z2′ é�Ò�¹&q�{�¹���w){7r�Ò�x�{}tyÒ�w)�
p+{7r���t�u�v�¹&|}q�t Z2R1

¹�r�v�r�p+q�w���x+|}v�tyÖÚ{�� r�vâ¹&p�t×p+q�r�Ò�r��+t�u�v�t,�+ñ×w)x�sw)z+v�t�u�w)u�sc��w)u�ÒÚÖ�u�w)x+Ù�t�¹&xû{�¹$��w){7r�Ò�x+{7t Z2Ri
t�v�u�w)x�scs�w)�
��t�s�Ö�x+u�tyr�vâ¹&p t,|}�
p.¹&|}q�t,��¼
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D2
G = (V 2, T 2, A2, R2

1, R
2
2) rs9t-u v,w-x

N ∪ T ∪ {B} = {a1, a2, . . . , an} (an = B)
v1x

B /∈ N ∪ T ry{z w/|H}1v�~*�^u�|@�^u x�w^t-�/|H|@�^�^��t*|@t-w/|�~*�^v
1 ≤ i ≤ n � 1 ≤ j ≤ n − 1 � 2 ≤ k ≤ n �

a,b ∈ N ∪ T ∪ {B} r�=� z�� �^� z�� v1x
V 2

v�|�xH�<�1�/w^u'� z��
V 2 = N ∪ T ∪ {B} ∪ {X,Y,Xi, Yi, X

′
j, Y

′
j , X ′′

j , Y ′′
j , X ′, Y ′ � X ′′ � Y ′′ � C1 � C2 �

D1, D2, Zm}(1 ≤ m ≤ 18) r�=� z�� �^� z�� v1x�x�v ��� u w z��
T 2
v�|�x�}1v � �^u'�<v ��z7�-��z����Fz u � v���t ��� v � � v

G r� v,| z�� u t � v�|�|@t-w*xH�<�1�/w^u�|�� z����
A2 = {XSBY } ∪ A2

1 ∪ A2
2 ∪ {C1Z16, Z7C2,

D1, D2} � t-� A2
1 ={Z1vYj,∃u → vaj ∈ P}∪{Z1Yi, Z2Yi, Z3Yj, Z4Y

′
j , Z5Y

′′
j , Z6Y,

X ′Z8, X
′′Z9}

v1x
A2

2 = {XiaiZ11, X
′
jZ13, X

′′
j Z14, Z17Y

′, Z18Y
′′, X15Z,XjZ12} r� v,|H}1t � ��t*| z w*x�|��<��|@�<|�x�� � v�|@t-w*xH�<�1�/w^u�|H�<v ��z��Fz w^u � � v�|@�^u � z w-x�v r�,de{'umdkf6pv`Js

R2
1

�
1.1 :

a uY
Z1 vYj

, ∃u→vaj∈P ; 1.1′ :
a aiuY
Z1 Yi

, ∃u→ε∈P ; 1.2 :
a aiY
Z2 Yi

;

1.3 :
ab Yk

Z4 Y ′
k−1

; 1.4 :
a Y ′

j

Z5 Y ′′
j

; 1.5 :
X1 ab

X ′ Z8
; 1.6 :

X ′ a

X ′′ Z9
;

1.7 :
a Y ′′

Z6 Y
; 1.8 :

a BY ′′

Z7 ε
; 1.9 :

a Y ′′
j

Z3 Yj

; 1.10 :
C1 Z16

ε D1
;

�,de{'umdkf6pv`Js
R2

2

�
2.1 :

X a

Xiai Z11
; 2.2 :

Xk ab

X ′
k−1 Z13

; 2.3 :
X ′

j a

X ′′
j Z14

; 2.4 :
a Y1

Z17 Y ′ ;

2.5 :
a Y ′

Z18 Y ′′ ; 2.6 :
X ′′ a

X Z15
; 2.7 :

X ′′ a

ε Z16
; 2.8 :

X ′′
j a

Xj Z12

; 2.9 :
Z7 C2

D2 ε
;

� v,|H}1t � ��t*| z w*x�|
R2

1

v1x
R2

2

}1t-w*x�u v,w^w^v1w*x z �/|�|@u � v�| � � �-� v�|�|@�^u � z w*x�v�| �
α ε
α ε

��t-� � }�� z ~*�^v z�� u t � v
α ∈ A2 � | z �<� XSBY r

CEDGFzù 6�� � é ø�tys�ú�s�v�����t D2
G

{�¹���Ó'x+q�t¯6�� Uçu�w)x�sÞp w)x+Ù�w)u�scÙ�w)|}qÞx+u�ty|}{}{}x�s�v�qâ¹&v�|7w)u��+tyÒ�tÚ~�x+|�¹çr�v�rÚ��|}vcv�w)x+v�Öç{�� æ�t�x+q�t,�Ø�u�qâ¹&|7s�w)u+u�t���t�u�vas�| �
|}{�¹&|}q�tûs�� ¹&p+p+{}|7~�x�tûÖDv�w)x+v�t�sç{7t�s$��w){7r�Ò�x+{7t�s�Ò�w)u�v�t�u.¹&u�v Z ¹�Ù�t�Ò�+t�sc| u.��|7Ò�t�s��ø�t�s<q���Ó'{7t�s 1.8 é 1.10 é 2.7 t�v 2.9 s�w)u�v<x+v�|}{}|7s�r�t�s�t�u D2
G
p�w)x�q�w)z+v�t�u+|}q�x+u
��w)v<v�t�q��
|}u.¹&{ íq�r�s�x+{}vâ¹&v��Þù<u DG

é�p�w)x+q*�+t�s qâ¹&|7s�w)u�s v�t�Òâæ+u+|7~�x�t�s�éÞt�{}{7t�sûs�w)u�v*s�|}��x+{7r�t�s*� � x+u�t��a¹&u+|���q�ts�p r�Ò�|�¹&{7typ.¹&qc{}t�scq���Ó'{7t�s 7 é 16 é x.1 é x.2 é+t�v r.1 Ö r.16 �
�/�.¡)�����2W��������<Õ ����U �.�³���Y�a³ ¡kö�¡���÷VU �

¼Op+q�r�s�t�u�vcu�w)x�sc�+w)u+u�w)u�scx+u�tÚ�+r���u+|}v�|7w)u*Õ w)q���t�{}{7tÚ�+t,u�w)v�q�tÚs�ú�s�v�����t,�Ô[w's�w)u�s DG = (V, T, A, R1)
�
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DG 1 2 3 4 . . .

CEDGFzù 6�� 8 é 1�| �$x+{�¹&v�|7w)u��+t�scÒ�w)�
p�w'sâ¹&u�v�sc�+x*s�ú�s�v�����t D2
G
�+åy¹&u�sÞ{7t�scÒ�¹)s�t�s�{7tyu�x+��r�q�w��+t{�� r�vâ¹&p tÚt�s�vÞ|}u���|7~�x�r,�

1�w)|7t�u�v N ∪ T ∪ {B} = {a1, a2, . . . , an}
ª B = an

«�t�v B 6∈ N ∪ T �
åy¹&u�scÒ�tÚ~�x+|�s�x+|}vÞu�w)x.scs�x+p+p�w's�w)u�s�~�x�t<!

1 ≤ i ≤ n, 1 ≤ j ≤ n − 1, 2 ≤ k ≤ n, s ∈ {0, 2}, a,b ∈ N ∪ T ∪ {B} �
ø�� ¹&{}p+æ.¹&z t�v V t�s�v¿�+r���u+|�p.¹&q V ={V 2\{C1, C2, D1, D2}}∪{R1, R2, Z

′
m (1≤m≤18)}∪

{Cs
1 , C

s
2 , R, Zp

7 , Zp
16, Z

p
D, Zp

E (1≤p≤3), Ds
1, E

s
2, ZD, ZE}

�
ø�� ¹&{}p+æ.¹&z t�vyv�t�q��
|}u.¹&{ T t�s�v,Ò�t�{}x+|<�+t D2

G
ª T = T 2 «�é�Ò'� t�s�v í�Ö�í³��|}q�t
Ò�t�{}x+|<�+t${�¹aÓ'qâ¹&�çí�a¹&|}q�t,Õ w)q���t�{}{7t G �

ø�t�s×¹X��|7w)��t�scs�w)u�vc�+r���u+|7scp.¹&q¯! A = {XSBY } ∪ A1 ∪ A2 ∪ AR
é�w7>

A1 = {Z1vYi : ∃u → vai ∈ P} ∪ {Z1Yi : ∃u → ε ∈ P} ∪
{Z2Yi, Z3Yj , Z4Y

′
j , Z5Y

′′
j , Z6Y, X ′Z8, X

′′Z9} ∪ {Z ′
mR1(1 ≤ m ≤ 7), R1Z

′
8, R1Z

′
9}
�

A2 = {XiaiZ
′
11, XjZ

′
12, X

′
jZ

′
13, X

′′
j Z ′

14, XZ ′
15, Z

′
17Y

′, Z ′
18Y

′′} ∪
{Z17R2, Z18R2, R2Zm(11≤m≤16)} �
AR = {C0

1Z16, C
2
1Z2

16, RZ1
16, RZ3

16, Z
1
7C0

2 ,
Z3

7C2
2 , Z2

7R, Z7R, D0
1Z

1
D, D2

1Z
3
D, RZ2

D, RZD, ZEE0
2 , Z2

EE2
2 , Z1

ER, Z3
ER} �

ø�t�s
¹X��|7w)��t�s$�+t A1
t�v A2

s�w)u�v�x�v�|}{ |7s�rap w)x+q${�¹*s�|}�$x+{�¹&v�|7w)u���x�Ò�w)�
p�w)q�v�t���t�u�v
��xp+q�t��
|7t�q<t�v�é&q�t�s�p�t�Ò�v�|}Ù�t���t�u�v�é'��xç�+t�x���|�����t�Ò�w)�
p w'sâ¹&u�v��'ø�t�s<¹X��|7w)��t�s[�+t AR
s�w)u�v¿x+v�|}{}|7s�r�sp w)x+qc{�� w)z+v�t�u�v�|7w)u���x*q�r�s�x+{}vâ¹&v��

1�|}�$x+{�¹&v�|7w)uO�+t�sûq���Ó'{7t�s*��x p+q�t��
|7t�qDÒ�w)�
p�w'sâ¹&u�vD��xWs�ú�s�v�����tÈw)q�|}Ó'|}u.¹&{/ª¬{7tÈu�x+��r�q�w



?5ß R�ß)~ (²~ v����_{2~�|.�&~ v��s�9x�¦�à2~0/ §�Ü�w�¤<ôz{��_{�¤<vu|.{}Ý�Ü�wG~�{}|.{ |.{�ôz�sàÎÞO:��
� � �"!G� �$#����

D
2
Ge�fhgjiXfXk�lJm<n��

òs��Ó'{7t��,� �p! a aiY

Z2 Yiê ��|7w)��t<! Z2Yi

òs��Ó'{7t,p�w)x�qÞ{�� ¹X��|7w)��t"!� � � ��|@v,w*x�v�� z w/| � v�|H�<v,� �}1t � ��t*| z w*x�|��
Z2Yi ε

Z2Yi ε

e�fhgji�fXk�lJm<n����
òs��Ó'{7t���� �p! Xl ab

X ′
l−1 Z13ê ��|7w)��t<! X ′

jZ13

òs��Ó'{7typ�w)x+qc{�� ¹X��|7w)��t"!� � � ��|@v,w*x�v�� z w/| � v�|H�<v1� �}1t � ��t*| z w*x�|��
X ′

jZ13 ε

X ′
jZ13 ε

� � �"!G� �$#����
DG   È � Ë � �/Ë �OÏ±s�=¡

òs��Ó'{7tÚ��! a aiY

Z2 Yiê ��|7w)��t�s@! Z2Yi
é Z ′

2R1

òs��Ó'{7t�sÞp�w)x+q{7t�s�¹X��|7w)��t�s¯! z2 :
Z2 Yi

Z ′
2 R1

z2′ :
Z ′

2 Yi

Z2 R1

òs��Ó'{7t
��8p! Xl ab

X ′
l−1 Z13ê ��|7w)��t�s@! X ′

jZ13
é R2Z13

òs��Ó'{7t�sÞp w)x+q{7t�s�¹X��|7w)��t�s¯! z13 :
X ′

j Z13

R2 Z ′
13

z13′ :
X ′

j Z ′
13

R2 Z13

CEDGFzù 6�� � é ø�¹çv�qâ¹&u�s Õ w)q��a¹&v�|7w)uD��xDs�ú�s�v�����t D2
G
t�u DG

�

w)q�|}Ó'|}u.¹&{¿t�s�vc�+w)u+u�rÚt�u�v�q�typ.¹&q�t�u�v�æ���s�t�s�«.!
1(1.1) :

a uY

Z1 vYi
(∃u→vai∈P ); 1′(1.1′) :

a aiuY

Z1 Yi
(∃u→ε∈P ); 2(1.2) :

a aiY

Z2 Yi
;

3(1.9) :
a Y ′′

j

Z3 Yj
; 4(1.3) :

ab Yk

Z4 Y ′
k−1

; 5(1.4) :
a Y ′

j

Z5 Y ′′
j

;

6(1.7) :
a Y ′′

Z6 Y
; 7(1.8) :

a BY ′′

Z7 Cs
2

; 8(1.5) :
X1 ab

X ′ Z8
; 9(1.6) :

X ′ a

X ′′ Z9
;

1�|}�$x+{�¹&v�|7w)u9�+t�s�q���Ó'{7t�s
��x��+t�x���|�����t Ò�w)�
p�w'sâ¹&u�v
��x�s�ú�s�v�����t w)q�|}Ó'|}u.¹&{@ª¬{7tau�x+��r�q�ww)q�|}Ó'|}u.¹&{¿t�s�vc�+w)u+u�rÚt�u�v�q�typ.¹&q�t�u�v�æ���s�t�s�«.!
11(2.1) :

X a

Xiai Z11
; 12(2.8) :

X ′′
j a

Xj Z12
; 13(2.2) :

Xk ab

X ′
k−1 Z13

;

14(2.3) :
X ′

j a

X ′′
j Z14

; 15(2.6) :
X ′′ a

X Z15
; 16(2.7) :

X ′′ a

Cs
1 Z16

;

17(2.4) :
ab Y1

Z17 Y ′ ; 18(2.5) :
a Y ′

Z18 Y ′′ ;
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X3a3wY3

¬/ k1®^k1n1¯/g 
D

2
G

ó ®�«+§�¸Èª1µF§¿«�ª¬´&¸±° � ! þvÿD� 	�$�ý���(�ýJÿ ! þ��H²1³´ t-�/| z �-t-w/|
Z4Y

′
2

v1x
X ′

2Z13 r
X3a3w Y3

Z4 Y ′
2

`
X3a3wY ′

2

Z4Y3

Z4Y
′
2 ε

Z4Y
′
2 ε

`
Z4Y

′
2

Z4Y
′
2

X ′
2Z13 ε

X ′
2Z13 ε

`
X ′

2Z13

X ′
2Z13ó ®�«+§�¸�§¿«�ª¬´&¸µ° � ! þvÿD� 	�$�ý���(�ýJÿ ! þ���¶�³

X3 a3wY ′
2

X ′
2 Z13

`
X ′

2a3wY ′
2

X3Z13

Z4Y
′
2 ε

Z4Y
′
2 ε

`
Z4Y

′
2

Z4Y
′
2

X ′
2Z13 ε

X ′
2Z13 ε

`
X ′

2Z13

X ′
2Z13

¬/ k1®^k1n1¯/g 
DG

ó ®�«+§�¸Èª1µF§¿«�ª¬´&¸´ t-�/| z �-t-w/|
Z4Y

′
2 � Z ′

4R1 � X ′
2Z

′
13 �

R2Z13 r
X3a3w Y3

Z4 Y ′
2

`
X3a3wY ′

2

Z4Y3

Z4 Y ′
2

Z ′
4 R1

`
Z ′

4Y
′
2

Z4R1

X ′
2 Z ′

13

R2 Z13
`

X ′
2Z13

R2Z
′
13ó ®�«+§�¸�§¿«�ª¬´&¸

X3 a3wY ′
2

X ′
2 Z13

`
X ′

2a3wY ′
2

X3Z13

Z ′
4 Y ′

2

Z4 R1
`

Z4Y
′
2

Z ′
4R1

X ′
2 Z13

R2 Z ′
13

`
X ′

2Z
′
13

R2Z13

CEDGFzù 6�� U é ø�� r�Ù�w){}x+v�|7w)uD��t X3a3wY3
��¹&u�sc{7t�sc�+t�x��ûs�ú�s�v�����t�s��

-�q�r�¹&v�|7w)u��+t�sÞ��w){7r�Ò�x+{7t�s×¹)s�s�|7s�vâ¹&u�v�t�sc�+t A2
1
!òs��Ó'{7t�sc�+tÚ�+r�sâ¹)Ò�v�|}Ù'¹&v�|7w)uf!

z1 :
Z1 vYi

Z ′
1 R1

; z2 :
Z2 Yi

Z ′
2 R1

; z3 :
Z3 Yj

Z ′
3 R1

; z4 :
Z4 Y ′

j

Z ′
4 R1

;

z5 :
Z5 Y ′′

j

Z ′
5 R1

; z6 :
Z6 Y

Z ′
6 R1

; z8 :
X ′ Z8

R1 Z ′
8

; z9 :
X ′′ Z9

R1 Z ′
9

;

òs��Ó'{7t�sc� � ¹)Ò�v�|}Ù'¹&v�|7w)uu!

z1′ :
Z ′

1 vYi

Z1 R1
; z2′ :

Z ′
2 Yi

Z2 R1
; z3′ :

Z ′
3 Yj

Z3 R1
; z4′ :

Z ′
4 Y ′

j

Z4 R1
;

z5′ :
Z ′

5 Y ′′
j

Z5 R1
; z6′ :

Z ′
6 Y

Z6 R1
; z8′ :

X ′ Z ′
8

R1 Z8
; z9′ :

X ′′ Z ′
9

R1 Z9
;

-�q�r�¹&v�|7w)u��+t�sÞ��w){7r�Ò�x+{7t�s×¹)s�s�|7s�vâ¹&u�v�t�sc�+t A2
2
!
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òs��Ó'{7t�sc�+tÚ�+r�sâ¹)Ò�v�|}Ù'¹&v�|7w)uf!

z11′ :
Xiai Z ′

11

R2 Z11
; z12′ :

Xj Z ′
12

R2 Z12
; z13′ :

X ′
j Z ′

13

R2 Z13
; z14′ :

X ′′
j Z ′

14

R2 Z14
;

z15′ :
X Z ′

15

R2 Z15
; z17′ :

Z ′
17 Y ′

Z17 R2
; z18′ :

Z ′
18 Y ′′

Z18 R2
;

òs��Ó'{7t�sc� � ¹)Ò�v�|}Ù'¹&v�|7w)uu!

z11 :
Xiai Z11

R2 Z ′
11

; z12 :
Xj Z12

R2 Z ′
12

; z13 :
X ′

j Z13

R2 Z ′
13

; z14 :
X ′′

j Z14

R2 Z ′
14

;

z15 :
X Z15

R2 Z ′
15

; z17 :
Z17 Y ′

Z ′
17 R2

; z18 :
Z18 Y ′′

Z ′
18 R2

;

òs��Ó'{7t�sÞp w)x+qc{7t,q�r�s�x+{}vâ¹&v¯!
x.1 :

a Cs
2

ZEEs
2 ε

; x.2 :
Cs

1 a

ε Ds
1ZD

;

r.1 :
Cs

1 Z16

R Z1
16

; r.2 :
Cs

1 Z1
16

R Z2
16

; r.3 :
Cs

1 Z2
16

R Z3
16

; r.4 :
Cs

1 Z3
16

R Z16
;

r.5 :
Ds

1 ZD

R Z1
D

; r.6 :
Ds

1 Z1
D

R Z2
D

; r.7 :
Ds

1 Z2
D

R Z3
D

; r.8 :
Ds

1 Z3
D

R ZD
;

r.9 :
Z7 Cs

2

Z1
7 R

; r.10 :
Z1

7 Cs
2

Z2
7 R

; r.11 :
Z2

7 Cs
2

Z3
7 R

; r.12 :
Z3

7 Cs
2

Z7 R
;

r.13 :
ZE Es

2

Z1
E R

; r.14 :
Z1

E Es
2

Z2
E R

; r.15 :
Z2

E Es
2

Z3
E R

; r.16 :
Z3

E Es
2

ZE R
;
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ï³{�t�s�vyÕ�¹)Ò�|}{7t
�+t
Ù�w)|}q�~�x�t
Ò�æ�¹)~�x�tçq���Ó'{7t
p+q�| u.Ò�|}p.¹&{7ta�+t D2

G
t�s�vÚs�|}��x+{7r�t���|}q�t�Ò�v�t���t�u�vp.¹&q�x+u�t×q���Ó'{7t×��t DG

��ñ×w)x�s�u�w)x�sÞÒ�w)u�Ò�t�u�v�q�w)u�sÞ�a¹&|}u�v�t�u.¹&u�vcs�x+q�{�� w)z+v�t�u�v�|}w)u*��x q�r�s�x+{}vâ¹&v��¹&u�s�u�w)v�q�t$s�ú�s�v�����t,��åy¹&u�s�{7t�s�ú�s�v�����ty|}u+|}v�|�¹&{¿{7t�s���w){7r�Ò�x+{7t�s Z ′ t�v Z ′′ w)u�v×r�v�rÚx+v�|}{}|7s�r�t�sp w)x+q�t�u+{7t�Ù�t�q�{7t�s�p.¹&q�t�u�v�æ���s�t�s X t�v Y ��-�t�s���w){7r�Ò�x+{7t�s�¹&p+p.¹&qâ¹&|7s�sâ¹&|7t�u�v�{�� x+u�t×Ö,x+u�t�r�vâ¹&p tp.¹&|}q�t t�v${�� ¹&x+v�q�t Ö*x+u�tar�vâ¹&p ta|}�
p.¹&|}q�t ��xeÒ�¹&{7Ò�x+{��[ï³u�v�x+|}v�|}Ù�t���t�u�vç|}{�t�s�v$Ò�{�¹&|}qç~�x�t�p w)x+qs�|}�$x+{7t�qÞÒ�t,Ò�w)�
p�w)q�v�t���t�u�v�é��+t�s���w){7r�Ò�x+{7t�s�¹)s�s�|}s�v�¹&u�v�t�sÞ¹�Ù�t�Ò×x+u�t×p�r�q�|7w��+t,r�Ó�¹&{7tÚÖ�~�x.¹&v�q�ts�w)u�vÞu�r�Ò�t�s�sâ¹&|}q�t�s��+ñ×w)x�scÒ�æ.¹&u+Ó�t�w)u�s�� � ¹&z�w)q��*{7t�s�p.¹&q�t�u�v�æ���s�t�s X t�v Y t�u Cs
1
t�v Cs

2
p w)x+q~�x�tÞ{�¹×��w){7r�Ò�x+{7t×¹&|}u�s�|.w)z+v�t�u�x�tcu�tÞs�� x+v�| {}|7s�tc~�x�t�p w)x+q�{�� w)z+v�t�u�v�|7w)u ��x
q�r�s�x+{}vâ¹&vX��Ô<x+|7s�u�w)x�sx+v�|}{}|7s�w)u�s<{7t�s[��w){7r�Ò�x+{7t�s�¹)s�s�|7s�vâ¹&u�v�t�s Cs

1Z16
t�v Z7C

s
2
¹�Ù�t�Ò�x+u�t�p r�q�|7w��+tcr�Ó�¹&{7tcÖ×~�x.¹&v�q�tÞ~�x+|p t�q���t�v�v�t�u�v,� � t�u+{7t�Ù�t�q�{}t�scp.¹&q�t�u�v�æ���s�t�s Cs

1
t�v Cs

2
��ø�� |}u���|7Ò�t s é�~�x+| q�t�p+q�r�s�t�u�v�ty{�� r�vâ¹&p tÚ�+tÒ�¹&{7Ò�x+{ ��w���x+{7wç��é�t�s�v�x+v�|}{}|7s�r×p w)x+qÞ��|}�
|}u�x�t�qÞ{7t×u�w)�$z+q�t,�+t�s���w){7r�Ò�x+{7t�sÞ��¹&u�s�{7t,s�ú�s�v�����t,�

-�t�v�v�tc|7�+r�tcÙ�|7t�u�v��+tÞ{�� x+v�|}{}|7sâ¹&v�|7w)u ��x�{7w)Ó'|7Ò�|7t�{O³q´qµq¶�·�¸�¹ é'Ù�w)|}qs¢ �q3�£³é��+r�Ù�t�{7w)p+p rcp.¹&q�{�� ¹&x+v�t�x+qp t�u���¹&u�v�s�w)u/å,ù ê é�p w)x+qyÒ�w)u�s�v�q�x+|}q�t
{7tçs�ú�s�v�����t,� å×x/Ò�w)x+p�é {�¹ ��|}�
|}u�x+v�|7w)uY��xÈu�w)�$z+q�t�+t�s ��w){7r�Ò�x+{7t�s*¹Yp�t�q��
|7sû�+tÈÒ�w)u�v�q�º){7t�qû{7tÈs�ú�s�v�����t�w)z+v�t�u�x p�w)x�qû�+r�p+|7s�v�t�q {7t�s t�q�q�t�x+q�sr�Ù�t�u�v�x�t�{}{7t�s��
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qÈ�VU � ��Ã\³��.¡ÁÒÞ��� ���.¡
ï³{.t�s�v�Ò�{�¹&|}q�~�x�� t�uas�|}��x+{�¹&u�v D2

G
�+tÞ{�¹y�a¹&u+|���q�t��+r�Ò�q�|}v�t�Ò�| í³�+t�s�s�x�s�u�w)x�s�w)z+v�t�u�w)u�s�v�w)x�s{7t�s���w)v�sÞ�+t L(D2

G) t�v�|}{ t�s�v�Õ�¹)Ò�| {7t,�+t×Ù�w)|}q�~�x�t�u�w)x�s�u�t×p+q�w���x+|7s�w)u�s�p.¹)sÞ� � ¹&x+v�q�t�s���w)v�s�éÒ�¹&q�p w)x+q�p+q�w���x+|}q�t×x+u ��w)v���¹&u�s�u�w)v�q�t×s�ú�s�v�����t�u�w)x�s��+t�Ù�w)u�s�x+v�|}{}|7s�t�q�{7t�s�q���Ó'{7t�s 7 t�v 16 éÒ�tÚ~�x+|�Ò�w)q�q�t�s�p�w)u���Ö$x+u�typ+q�w���x�Ò�v�|7w)u��+ty��w)v���¹&u�s D2
G
�Ñ ¹&|}u�v�t�u.¹&u�v�é�u�w)x�s�p.¹&q�{7t�q�w)u�s,�+t�{�¹�Ò�w)�
p+{7t���|}v�r$�+t�{�¹�s�|}��x+{�¹&v�|7w)u0� ã w)x+v�t�s×{7t�s�q���Ó'{7t�s�+t D2

G
sâ¹&x�Õ 1.8 é 1.10 é 2.7 t�v 2.9 s�w)u�vçs�| �$x+{7r�t�sçt�uYx+u�t r�vâ¹&p�t �+taÒ�¹&{7Ò�x+{�é¿Ò'� t�s�v í�Ö�í³��|}q�t~�x�tcp w)x+q�s�|}�$x+{7t�q�x+u�t�r�vâ¹&p t×�+t D2

G
u�w)x�s�x+v�|}{}|7s�w)u�s�x+u�t×r�vâ¹&p�t×��¹&u�s�u�w)v�q�t×s�ú�s�v�����t,��ø�t�sq���Ó'{7t�s 1.8 é 1.10 é 2.7 t�v 2.9 s�w)u�vçx+v�|}{}|7s�r�t�s���¹&u�s D2

G
p�w)x+q�w)z+v�t�u+|}q�x+u¤��w)v
v�t�q��
|}u.¹&{ íq�r�s�x+{}vâ¹&v���åy¹&u�s DG

u�w)x�sÞ¹�Ù�w)u�s�z t�s�w)|}u�sÞ�+t×�+t�x�� r�vâ¹&p t�sÞ�+t×p+{}x�s�p�w)x+qÞw)z+v�t�u+|}qÞ{7t×�"*���tq�r�s�x+{}vâ¹&v��ñ×w)x�s�Ù�w)x+{7w)u�sy¹&x�s�s�|�q�t��a¹&q�~�x�t�qy~�x�� Ö�Òâæ.¹)~�x�t$r�vâ¹&p�t${�� t�u�s�t���z+{7tç�+t�s���w){7r�Ò�x+{7t�syÒ�w)x�íqâ¹&u�v�t�s�t�s�vÚ��|�� r�q�t�u�v��+t
{�� t�u�s�t���z+{7t�p+q�r�Ò�r��+t�u�v�é¿Ò'� t�s�v�í�Ö�í³��|}q�t�~�x�t Lk ∩ Lk+1 = ∅ ��-×� t�s�vx+u�typ+q�w)p+q�|7r�v�rÚ|}�
p�w)q�vâ¹&u�v�t��+t,u�w)v�q�tÚs�ú�s�v�����tyt�v�t�{}{7tys�t�qâ¹çx+v�|}{}|7s�r�typ+{}x�sÞvâ¹&q�� �
B@É21 Ë}Ë ���Í � �O
 Ë ¯�
åy¹&u�sûÒ�tÈÒâæ.¹&p+|}v�q�tÈu�w)x�s*¹�Ù�w)u�s |}u�v�q�w���x�| v*{�¹Y��r�v�æ�w��+t/�+t�s ��w){7r�Ò�x+{7t�sD¹)s�s�|7s�vâ¹&u�v�t�s��ñ×w)x�sÞ¹�Ù�w)u�s�¹&x�s�s�| �+w)u+u�r,�+t�x�� t��+t��
p+{7t�s�� � ¹&p+p+{}|7Ò�¹&v�|7w)u*�+t×Ò�t�v�v�t×��r�v�æ�w��+t,t�u ��w)u�v�qâ¹&u�vÒ�w)�
��t�u�vc|}{�t�s�vÞp w's�s�|}z+{7ty�+tÚ��|}�
|}u�x�t�q�{7tyu�w)��z+q�tÚ�+t�s�Ò�w)�
p�w'sâ¹&u�v�s��+t�scs�ú�s�v�����t�sc��|7s�v�q�| íz+x�r�sÞÖÚÒâæ.¹&u+Ó�t���t�u�vc�+tcp�æ.¹)s�t�t�v�s�ú�s�v�����t�s���|7s�v�q�|}z+x�r�sÞÖ�Ò�æ.¹&u+Ó�t���t�u�vÞ�+t�p+æ.¹)s�t×r�v�t�u���x�s��Ñ ¹&|}u�v�t�u.¹&u�vau�w)x�sa¹&{}{7w)u�s�p+q�r�s�t�u�v�t�qa� � x+u�t*�a¹&u+|���q�tû|}u�Õ w)q���t�{}{7tûx+u�tD¹&z�s�v�qâ¹)Ò�v�|7w)u �+t {�¹��r�v�æ�w��+tÚ�+t�sÞ��w){7r�Ò�x+{7t�s,¹)s�s�|7s�vâ¹&u�v�t�s��
1�w)|}v S x+uWs�ú�s�v�����tDÕ w)u��+r/s�x+q {�¹Yq�t�Ò�w)�$z+|}u.¹&|7s�w)u�éc~�x+|yt�s�v*��|7s�v�q�|}z+x�r'éÞÒ'� t�s�v í�Ö�í³��|}q�t~�x�� |}{�t�s�vcÒ�w)u�s�v�|}v�x�r$Ö$p.¹&q�v�|}q×�+t,p�{ x.s�|}t�x+qâscÒ�w)�
p w'sâ¹&u�v�s���1�x+p+p w's�w)u�s×¹&x�s�s�|�~�x�t S p�t�q���t�v{�� r�{}|}�
|}u.¹&v�|7w)u/�+t���w){7r�Ò�x+{7t�s,��¹&u�s�{7t�s�t�u�s×s�x+|}Ù'¹&u�v��.Ô¿w)x+qyr�{}|}�
|}u�t�q,x+u�t���w){7r�Ò�x+{7tçs�w)|}v×w)u{�� t�u+{���Ù�tÚ��x�s�ú�s�v�����t'é�s�w)|}v�w)uD{ � t�u�Ù�w)|}tÚæ�w)q�s×�+ty{�¹çp w)q�v�r�t��+t�scq���Ó'{7t�s×�+tÚs�w)uDÒ�w)�
p w'sâ¹&u�v��Ô<¹&qût��+t��
p+{7t'é�{�� r�{}|}�
|}u.¹&v�|7w)uO��� x�u�t���w){7r�Ò�x+{7tF��¹&u�s {7tÈÒ�¹)sû�+t�sûs�ú�s�v�����t�sû��|7s�v�q�|}z+x�r�s*ÖÒâæ.¹&u+Ó�t���t�u�v*�+tDp+æ.¹)s�t�t�s�vaÕ�¹&| vâtD��|}q�t�Ò�v�t���t�u�v�é�vâ¹&u���|7s ~�x�t���¹&u�s {7t�Ò�¹)s �+t�s s�ú�s�v�����t�s�+tçv�x+z�t�s�Ö t�s�sâ¹&|<~�x+|�s�t�q�w)u�vy|}u�v�q�w���x+|}v�s$¹&xFÒ�æ.¹&p+|}v�q�t�s�x+|}Ù'¹&u�vyw)uFr�{}|}�
|}u�t
x+u�tç��w){7r�Ò�x+{7t� � x+uaÒ�w)�
p w'sâ¹&u�v�t�u�{ � t�u�Ù�w�ú�¹&u�v�Ö,x+ua¹&x+v�q�t�Ò�w)�
p�w'sâ¹&u�v���1�w)|7t�u�v R1, . . . , Rn

{7t�s<q���Ó'{7t�s���xs�ú�s�v�����tc��|7s�v�q�|}z+x�r�s���¹&u�s n Ò�w)�
p�w'sâ¹&u�v�s���1�w)|7t�u�v A1, . . . , An
{7t�s�¹X��|7w)��t�s�Ò�w)q�q�t�s�p�w)u���¹&u�v¹&x��/Ò�w)�
p�w'sâ¹&u�v�s�� Ñ ¹&|}u�v�t�u.¹&u�v�s�w)|7t�u�v R′

1 ⊆ R1, . . . , R
′
n ⊆ Rn

t�v A′
1 ⊆ A1, . . . , A

′
n ⊆

An
v�t�{7s
~�x�t p w)x+q�Ò�æ.¹)~�x�t*¹X��|7w)��t x = x1u3u4x2

�+t A′
i
é¿|}{ct���|7s�v�t x+u�t q���Ó'{7t r ��¹&u�s

R′
i
¹�Ù�t�Ò$x+uFs�|}v�t
~�x+|<s�� ¹)Ò�Ò�w)q��+ta¹�Ù�t�ÒçÒ�t�v�¹X��|7w)��t�! r = u1#u2$u3#u4

t�vy|}{�t���|}s�vât$x+u�tq���Ó'{7t x#ε$x#ε ��¹&u�s Ri \R′
i
��ù<uax+v�|}{}|7sâ¹&u�v�{�¹y��r�v�æ�w��+t×�+t�s���w){7r�Ò�x+{7t�sÞ¹)s�s�|7s�vâ¹&u�v�t�s�u�w)x�sp w)x+Ù�w)u�sÞqâ¹X©�u�t�qÞ{7tyÒ�w)u�v�q�º){7ty�+xûs�ú�s�v�����t S ��Ô[w)x+qcÒ�t�{�¹$u�w)x�s�v�qâ¹&u�s Õ w)q���w)u�sÞ{7t�sc¹X��|7w)��t�s�+t A′

i
t�u$��w){7r�Ò�x+{7t�s�¹)s�s�|7s�vâ¹&u�v�t�s[¹&p+p.¹&qâ¹&|7s�sâ¹&u�v<¹�Ù�t�Ò�x+u�t�Ò�t�q�vâ¹&|}u�t�p�r�q�|7w��+t,�)ø�¹�Ò�q�r�¹&v�|7w)u
�+tÒ�t�s<��w){7r�Ò�x+{7t�s�{}|7r�tcÖ×{�� r�vâ¹&p tÞ��x�Ò�¹&{7Ò�x+{.�+w)|}v�*�v�q�tÞ��|}q�|}Ó�r�tÞp.¹&q<{�� x+u��+t�s<p+q�w�Ò�r��+r�s�s�x+|}Ù'¹&u�v�sI!

é -�q�r�¹&v�|7w)uDp.¹&qÞu�x+��r�q�w)vâ¹&v�|7w)u�t�v�r�{}|}�
|}u.¹&v�|7w)u0�
é -�q�r�¹&v�|7w)u���|}q�t�Ò�v�t���t�u�v�p.¹&qc{7tyÒ�w)u�v�q�º){7t,�
é -�q�r�¹&v�|7w)uDp.¹&qÞ|}�$z+q�|7Ò�¹&v�|7w)u0�ø�t�p+q�t��
|7t�q�p+q�w�Ò�r��+rÞt�s�v<q�r�¹&{}|7sâ¹&z+{7tcs�� |}{+t�s�v<p�w's�s�|}z+{7tÞ� � r�{}|}�
|}u�t�q�Ò�t�q�vâ¹&|}u�t�s���w){7r�Ò�x+{7t�s�Ö
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Ò�t�q�vâ¹&|}u�s[��w)��t�u�v�s<��xçÒ�¹&{7Ò�x+{��)ø�¹c��w){7r�Ò�x+{7tc¹)s�s�|7s�vâ¹&u�v�t�p w's�s����+t�x+u$u�x+��r�q�w+é)s�w)uçr�vâ¹&v�é)t�v<ÖÒâæ.¹)~�x�t�r�vâ¹&p t�Ò�t�v<r�vâ¹&v<t�s�v[|}u�Ò�q�r���t�u�v�rÞ��w���x+{7w k �)Ô¿w)x+q�Ò�t�{�¹�|}{�Õ�¹&x+v[p�w)x+Ù�w)|}q[|}u�Ò�q�r���t�u�v�t�q{�� r�vâ¹&v��+t�{�¹Ú��w){7r�Ò�x�{}t'é+¹&|}u�s�| ~�x�� r�{}|}�
|}u�t�q�{�¹y��w){7r�Ò�x+{7t,�+tc{�� r�vâ¹&v�p+q�r�Ò�r��+t�u�v���ø�¹Úp+q�t�x+Ù�t���xv�æ�r�w)q�����t�6�� ���}�Út�s�vÞx+uDt��+t��
p+{7tÚ� � x+v�|}{}|7sâ¹&v�|7w)u��+tyÒ�typ+q�w�Ò�r��+r,�ø�t �+t�x���|�����t p+q�w�Ò�r��+r p t�q���t�v
�+t q�r�¹&{}|7s�t�qç{�� ¹&p+p.¹&q�|}v�|7w)u9��t�sç��w){7r�Ò�x+{7t�s�¹)s�s�|7s�vâ¹&u�v�t�sp t�u���¹&u�v[Ò�t�q�vâ¹&|}u�t�s[r�vâ¹&p�t�s[��|}q�t�Ò�v�t���t�u�v[p.¹&q�{7t�Ò�w)u�v�q�º){7t���x$s�ú�s�v�����t,� ê x$Ò�æ.¹&p+|}v�q�t�s�x+|}Ù'¹&u�vu�w)x�s��+w)u+u�w)u�scp+{}x�s�|7t�x+q�sÞp�q�t�x+Ù�t�sÞx+v�|}{}|7sâ¹&u�v�Ò�typ+q�w�Ò�r��+r,�ø�tyv�q�w)|7s�|�����typ+q�w�Ò�r��+rÚt�s�vÞx+v�| {}|7sâ¹&z+{7t�s�|�w)u*Ò�w)u�s�|7� ��q�tÚ�+t�sÞ��w�� ��{7t�s�w7>û|}{�t�s�vÞp�w's�s�|}z+{7t� � ¹�Ù�w)|}qû�+t�s*¹&p+p+{}|7Ò�¹&v�|7w)u�sû|}v�r�qâ¹&v�|}Ù�t�sû�+t�s q���Ó'{7t�sû�+t�q�t�Ò�w)��z+|}u.¹&|7s�w)uWp�t�u���¹&u�v {�¹Y�"*���tr�vâ¹&p t,��åy¹&u�s×Ò�t$Ò�¹)s�é�u�w)x�s×p�w)x+Ù�w)u�s,¹�Ù�w)|}q,�+t�x��*u+|}Ù�t�¹&x��D�+t���w){}r�Ò�x+{7t�sÚ¹)s�s�|7s�vâ¹&u�v�t�s��.ø�t�s��w){7r�Ò�x+{7t�sc¹)s�s�|7s�vâ¹&u�v�t�s���xap+q�t��
|7t�q�u+|}Ù�t�¹&x s�w)u�v�Ò�q�r�t�sÞÖy{�� ¹&|7�+t×�+t�s���w){7r�Ò�x+{7t�sÞ¹)s�s�|7s�vâ¹&u�v�t�s��x �+t�x���|�����t�u+|}Ù�t�¹&x�é�Ò�t�s í³�+t�q�u+|7t�q�s�p�w)x+Ù'¹&u�vz*�v�q�t×Ò�q�r�t�s�p.¹&q�{�� x+u �+t�s�p+q�w�Ò�r��+r�sÞÒ�| í³�+t�s�s�x�s��ø�tyv�æ�r�w)q�����t�4�� ��� ��¹&x*Òâæ.¹&p+|}v�q�tÚs�x+|}Ù'¹&u�vÞx+v�|}{}|7s�tÚÒ�typ+q�w�Ò�r��+r,�
1�|[{�¹aÒ�q�r�¹&v�|7w)u/�+t�s×��w){7r�Ò�x+{7t�sÚ¹)s�s�|7s�vâ¹&u�v�t�s×{}|7r�tçÖ�{�� r�vâ¹&p tç��xÈÒ�¹&{7Ò�x+{<t�s�v�q�r�¹&{}|7sâ¹&z+{7t'é�{7ts�ú�s�v�����t�q�r�s�x+{}vâ¹&u�v,p�w's�s�r��+t�qâ¹ax+u/Ò�w)u�v�q�º){7t
s�x+p+p+{7r���t�u�vâ¹&|}q�tç{}|7rç¹&x���p�r�q�|7w��+t�sy�+t�s×��w){7r�íÒ�x+{7t�s�¹)s�s�|7s�vâ¹&u�v�t�s�é[Ò�t ~�x+|�p t�q���t�v�v�qâ¹�{�� ¹&p+p+{}|7Ò�¹&v�|7w)u �+t Ò�t�q�vâ¹&|}u�t�s
q���Ó'{7t�s�Ö��+t�sç|}u�s�vâ¹&u�v�sp+q�r�Ò�|7s���å,t�s�t��+t��
p+{7t�sÞ� � ¹&p+p+{}|7Ò�¹&v�|7w)u*�+t,Ò�t�v�v�t×v�t�Òâæ+u+|7~�x�tyÖ���|�� r�q�t�u�v�s�v³ú�p t�s��+t×s�ú�s�v�����t�s��|7s�v�q�|}z+x�r�sÞÕ w)u��+r�scs�x+qc{�¹$q�t�Ò�w)�$z+|}u.¹&|7s�w)u�s�w)u�v��+w)u+u�r�s�¹&x��*Ò�æ.¹&p+|}v�q�t�s�s�x+|}Ù'¹&u�v�s��
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åy¹&u�sçÒ�t Ò�æ.¹&p+|}v�q�t u�w)x.s$|}u�v�q�w���x+|7s�w)u�sçx+u¤¹&x+v�q�t ��w�� ��{7t ��|7s�v�q�|}z+x�r �+t Ò�¹&{7Ò�x+{�Õ w)u��+rs�x+qç{�¹*qât�Ò�w)�$z+|}u.¹&|7s�w)u !¿{7t�sçs�ú�s�v�����t�sç�+t v�x+z t�s
Ö�t�s�sâ¹&|���-×� t�s�vç{�� x+u¤�+t�sçp+q�t��
|7t�q�sç��w&í� ��{7t�sc��|7s�v�q�|}z+x�r�sÞÕ1w)u.�+r�sÞs�x+qÞ{�¹$q�t�Ò�w)��z+|}u.¹&|7s�w)u�~�x+|�¹çr�v�ryÒ�w)u�s�|7�+r�q�rÚt�vÞ|}{ t�s�vÞv�q���scr�v�x���|7r,�ø�� |}u�s�p+|}qâ¹&v�|7w)uûp�w)x+q�{7t�s�s�ú�s�v�����t�s��+tcv�x+z�t�sÞÖÚt�s�sâ¹&|.Ù�|7t�u�v�ÖÚ{7¹yÕ w)|7s��+t�s�s�ú�s�v�����t�s��+t�ä×t�¹)�t�v��+t�sÚÓ'qâ¹&�
�a¹&|}q�t�sÚÕ w)q���t�{}{7t�s���|7s�v�q�|}z+x�r�t�s���ù<uYt�� t�v�é�Ò�t�s�s�ú�s�v�����t�sÚs�t
Ò�w)�
p w's�t�u�v$� � x+uu�w)�$z+q�tt��u+|��+tav�x+z�t�sç~�x�|�s�w)u�vç�+t�s$s�ú�s�v�����t�s$�+t ä×t�¹)��¹�Ù�t�Ò �+t�s¯��{}v�q�t�s
¹)�+��|}v�|7w)u+u�t�{7s��ø�t�Õ w)u�Ò�v�|7w)u+u�t���t�u�vÚ� � x+uÈv�t�{<s�ú�s�v�����tçÒ�w)�
p�w)q�v�tçx+u�tçr�vâ¹&p�t
�+tçÒ�¹&{7Ò�x�{<t�v,x+u�tçr�vâ¹&p�tç�+tÒ�w)�
�$x+u+|7Ò�¹&v�|7w)u/~�x+|¿s�w)u�v×s�ú�u�Ò�æ+q�w)u+|7s�r�t�s��.ø�¹���|7s�v�q�|}z+x+v�|7w)uÈ��t�s�q�r�s�x+{}vâ¹&v�s×��x�Ò�¹&{7Ò�x+{¿p�t�u�í��¹&u�v�{�� r�vâ¹&p�tD�+tûÒ�w)�
�$x+u+|7Ò�¹&v�|7w)u t�s�vçÕ�¹&|}v�t*s�t�{7w)u9�+t�s
q���Ó'{7t�sas�p r�Ò�| ��~�x�t�s
|}u�s�p+|}q�r�t�sa�+t�sq���Ó'{7t�s�s�|}�
|}{�¹&|}q�t�s��+t�sÚÓ'qâ¹&�
�a¹&|}q�t�s$��|7s�v�q�|}z+x�r�t�s���ø�t�s�s�ú�s�v�����t�sÚ�+t
v�x+z�t�s$Öût�s�sâ¹&|�w)u�vÚx+uÕ w)u�Ò�v�|7w)u+u�t���t�u�v
Ò�w)�
p+{7t��+t t�v�x+u�t��$x+{}v�|}v�x��+t �+t�q�r�s�x+{}vâ¹&v�sçÒ�w)u�Ò�t�q�u.¹&u�vç{7t�x+q�p+x+|7s�sâ¹&u�Ò�t� � t���p+q�t�s�s�|7w)u/s�w)u�v,Ò�w)u+u�x�s�� Ô<¹&qyt��+t��
p+{7t'é�v�q�w)|7s,v�x+z�t�sys�x�©as�t�u�v×p w)x+q,p+q�w���x+|}q�tçv�w)x�s,{7t�s{�¹&u+Ó�¹&Ó�t�s*q�r�Ò�x+q�s�|}Ù�t���t�u�vDr�u�x+��r�qâ¹&z+{7t�s��cåç� ¹&x+v�q�t/p.¹&q�v�é�{�¹ep+x+|7s�sâ¹&u�Ò�t/� � t���p+q�t�s�s�|7w)uW�+t�ss�ú�s�v�����t�s��+tÞv�x+z t�s�ÖÚt�s�sâ¹&|�¹�Ù�t�Òc�+t�x��
v�x+z t�s�t�s�v�x+uap+q�w)z+{�����t×w)x+Ù�t�q�v�Ö,p+q�r�s�t�u�v���-�tÞp+q�w&íz+{�����t$¹�s�x�s�Ò�|}v�rÚ�+t�sc��w���|��.Ò�¹&v�|7w)u�s,�+t�s�s�ú�s�v�����t�s��+tyv�x+z t�s,Ö
t�s�sâ¹&|���-�t�sc��w���|��.Ò�¹&v�|7w)u�s�é|}u�v�t�q�Ù�t�u.¹&u�v
¹&xeu+|}Ù�t�¹&xe��t�{�¹DÒ�w)�
��x+u+|7Ò�¹&v�|7w'u�é¿p t�q���t�v�v�t�u�v
� � w)z+v�t�u+|}qç{�¹*p+x+|7s�sâ¹&u�Ò�ta�+tÒ�¹&{7Ò�x+{�� � x+u�t,�a¹)Òâæ+|}u�ty��t ã x�q�|}u+Óa¹�Ù�t�Ò,�+t�x�� v�x+z t�s�x+u+|7~�x�t���t�u�v���ñ×w)x�s�p+q�w)p�w's�w)u�s�¹&x�s�s�|x+u�t�u�w)x+Ù�t�{}{7t�Ù'¹&q�|�¹&u�v�ta�+t�s�ú�s�v�����t�sÚ�+t
v�x+z t�sçÖ t�s�sâ¹&|s! {7t�sÚs�ú�s�v�����t�sÚ�+t�v�x+z�t�s$Öût�s�sâ¹&|¹�Ù�t�Ò���{}v�q�t�sc¹&{}v�t�q�u.¹&u�v�scw7>û{7t×p+q�w�Ò�t�s�s�x�sÞ�+ts��{}v�qâ¹&Ó�t'é+x+v�|}{}|7s�r,p�w)x+qÞ{�¹$Ò�w)�
�$x+u+|7Ò�¹&v�|7w)u�é�t�s�v��w���|��.r,�`-�t�v�v�tç��w���|��.Ò�¹&v�|7w)u�é p�t�q���t�vÚ��� w)z�v�t�u+|}qyx+u�tçÓ'qâ¹&u��+tçp+x+|7s�sâ¹&u�Ò�tç�+t
Ò�¹&{7Ò�x+{�¹�Ù�t�Ò�+t�x��Fv�x+z�t�s�s�t�x+{7t���t�u�v���å,t
p+{}x�s�é�|}{�t�s�vÚp�w's�s�|}z+{7t��+t�p+{�¹)Ò�t�q�{7t�sÚq���Ó'{7t�s���¹&u�sÚ{7t
p+q�t��
|7t�qv�x+z t$� � x+u�t$�a¹&u+|���q�tç~�x+|¿p t�q���t�v�v�tç�+t�u�t$p+{}x�sy¹�Ù�w)|}q,�+t�q���Ó'{7t�s,��¹&u�s×{7tç�+t�x���|�����t$v�x+z�t~�x+|�t�s�vcx+v�|}{}|7s�rÚs�t�x+{7t���t�u�v×Ò�w)�
��tÚx+u�typ w)x+z�t�{}{7t,�.ñ×w)x�sc��w)u�v�q�w)u�s×¹&x�s�s�|�Ò�w)�
��t�u�v×|}{�t�s�vp w's�s�|}z+{7tÚ� � ¹&p+p+{}|7~�x�t�q�{�¹ç��r�v�æ�w��+t��+t�sc��w){7r�Ò�x+{7t�s,¹)s�s�|7s�vâ¹&u�v�t�s×Ö
Ò�t�scs�ú�s�v�����t�s�é+�a¹&{}Ó'q�ry{7tÕ�¹&|}v�~�x�� |}{7sÞu�tyÒ�w)�
p w)q�v�t�u�v�p.¹)s�� � r�{ |}�
|}u.¹&v�|7w'u��+t�sÞ��w){7r�Ò�x+{7t�s��
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Ï1Ð�Ó�ÍâácØ Íâáâá�Ý)Ë t�s�vÞ{�¹
Ò�w)u�s�v�q�x�Ò�v�|7w)u�s�x+|}Ù'¹&u�v�t"!
∆ = (V, T, (A1, R1, F1), . . . , (An, Rn, Fn)),

w7> V t�s�v×x+uÈ¹&{}p+æ.¹&z t�v�é T ⊆ V t�s�v×{�� ¹&{}p+æ.¹&z�t�v,v�t�q��
|}u.¹&{�é Ai ⊆ V ∗ s�w)u�v×�+t�s×t�u�s�t��$z+{7t�s
��u+|7s<� � ¹X��|7w)��t�s�é Ri

é)s�w)u�v<�+t�s[t�u�s�t��$z+{7t�s���u+|7s<�+t�q���Ó'{7t�s<�+t�q�t�Ò�w)��z+|}u.¹&|7s�w)uat�v<w7> Fi ⊆ V é{7t�sz��{}v�q�t�s�é�~�x+|�s�w)u�vc�+t�sct�u�s�t��$z+{7t�sI��u+|7sc�+ty{}t�v�v�q�t�s�é Fi ⊆ V é 1 ≤ i ≤ n �
-�æ.¹)~�x�t v�q�|}p+{7t�v (Ai, Ri, Fi)

é 1 ≤ i ≤ n t�s�v
¹&p+p�t�{7r Ï1Ð�Ó�ÍÝØYÍâáâá�Ý)Ë é[w)x�s�|}�
p+{7t���t�u�vv�x+z t'é��+t ∆ �+ñ×w)x�sÞp w)x+Ù�w)u�sc{�� ¹&p+p�t�{7t�q,¹&x�s�s�| Î�à)õ×ß+à&á�Ý)ö.Ï �Ø�u�t Îâà)öXØ`Ö)Ð�Ì�Ý'Ï1Ë à)ö ��xÈs�ú�s�v�����t$t�s�v×{7t n í�x+p+{7t�v (L1, . . . , Ln) é Li ⊆ V ∗ é 1 ≤ i ≤ n �
Li
t�s�va¹&p+p�t�{7rD¹&x�s�s�|�{7t Î�à)ö.Ï³Í�ö�Ð ��x i Á Â�Ã�Ä v�x+z t,�<ñ×w)x�s
�+r���u+|7s�s�w)u�s
{�¹�v�qâ¹&u�s�|}v�|7w)u9t�u�v�q�t�+t�x��*Ò�w)u���Ó'x+qâ¹&v�|7w)u�s (L1, . . . , Ln) t�v (L′

1, . . . , L
′
n) �+ty{�¹$�a¹&u+|���q�t�s�x+|}Ù'¹&u�v�t"!

(L1, . . . , Ln)⇒(L′
1, . . . , L

′
n) s�s�|

L′
i =





n
⋃

j=1

σ∗
j (Lj) ∩ F ∗

i



 ∪

(

σ∗
i (Li) ∩

(

V ∗ −
n
⋃

k=1

F ∗
k

))

w7> σi = (V, Ri)
t�s�vc{7tys�Òâæ�r��a¹ç�+tyq�t�Ò�w)��z+|}u.¹&|7s�w)u/¹)s�s�w�Ò�|7rÚ¹&x i Á Â�Ã�Ä v�x+z�tÚ��xDs�ú�s�v�����t,�ù<u�v�t�q���t�s�x�s�x�t�{7s�é�Ò�t�Ò�|�s�|}Ó'u+|��.t�~�x�t<{7t�Ò�¹&{7Ò�x+{�Ò�w)u�s�|7s�v�t�t�u��+t�x��Ú�
|7Ò�q�w&í³r�vâ¹&p�t�s¿q�r�p r�v�r�t�s|}v�r�qâ¹&v�|}Ù�t���t�u�v���Ô¿t�u���¹&u�vÞ{�¹�p+q�t��
|���q�t,�
|7Ò�q�w&í³r�vâ¹&p t'é+Ò�t�{}{7ty��xûÒ�¹&{7Ò�x+{�é+Ò�æ.¹)~�x�t,v�x+z�t,r�Ù�w){}x�tÒ�w)�
��t×x+uûs�ú�s�v�����t×�+t,ä×t�¹)� w)q���|}u.¹&|}q�t,�+Ô[t�u���¹&u�vÞ{�¹���t�x ��|»����t,�
|7Ò�q�w&í³r�vâ¹&p�t'é�Ò�t�{}{7t,�+t�{�¹Ò�w)�
�$x+u+|7Ò�¹&v�|7w)u�é¿{7t�s���w){7r�Ò�x+{7t�s$p+q�r�s�t�u�v�t�sç��¹&u�s$Ò�æ.¹)Ò�x+u��+t�s�v�x+z t�s$s�w)u�v$t�u�Ù�w�ú�r�t�sÚÙ�t�q�sv�w)x�sy{7t�s,v�x+z t�s�é t�vy{7t�s,��w){7r�Ò�x+{7t�s�~�x+|[Õ1qâ¹&u�Ò�æ+|7s�s�t�u�vy{7t���{}v�q�t
� � x+uFv�x+z�t'é�Ò)� t�s�v í�Ö�í³��|}q�ta~�x+|s�w)u�v�Ò�w)�
p w's�r�t�s�x+u+|7~�x�t���t�u�v��+t�s<{7t�v�v�qât�s�~�x+|+Õ w)q���t�u�v�{ � t�u�s�t��$z+{7t���x���{}v�q�t'é�q�t�s�v�t�u�v���¹&u�s{7t�v�x+z tÞÒ�w)q�q�t�s�p�w)u���¹&u�v�t�v¿Õ w)q���t�u�v<{7t�{�¹&u+Ó�¹&Ó�tÞ|}u+|}v�|�¹&{+p�w)x+q<{�� r�vâ¹&p tÞs�x+|}Ù'¹&u�v�tÞ��x
Ò�¹&{7Ò�x+{��q1�|x+u�t,��w){7r�Ò�x+{7typ t�x�v�Õ1qâ¹&u�Ò�æ+|}qcp+{}x�s�|7t�x+q�s2�.{ v�q�t�s�é+Ò�æ.¹)Ò�x+uD�+t�s�v�x+z t�scÒ�w)q�q�t�s�p�w)u���¹&u�v�scq�t�°�w)|}vx+u�t�Ò�w)p+|7t$�+tÚÒ�t�v�v�t���w){7r�Ò�x+{7t,��ø�t�s���w){7r�Ò�x+{7t�s�u�tÚp w)x+Ù'¹&u�v�Õ1qâ¹&u�Ò�æ+|}q,¹&x.Ò�x�uY��{}v�q�tÚq�t�s�v�t�u�v��¹&u�s�{7t×v�x+z t,��¹&u�s�{7t�~�x�t�{ t�{}{7t�sÞw)u�vÞr�v�r×p+q�w���x+|}v�t�s��O-�t×p+q�w)v�w�Ò�w){7tÚ�+t,Ò�w)�
��x+u+|7Ò�¹&v�|7w'uDt�s�v|}u�s�p+|}q�r*�+t {�¹�v�æ�r�w)q�|7t*�+t�s
Ó'qâ¹&�
�a¹&|}q�t�s�Õ w)q���t�{}{7t�s���|7s�v�q�|}z+x�r�t�sat�v
|}{ct�s�v�s�x�s�Ò�t�p+v�|}z+{7t*�+tÒâæ.¹&u+Ó�t�qc{7w)q�s�~�x�� w)uDÒ�w)u�s�|7� ��q�tÚ�+t�sÞÙ'¹&q�|�¹&u�v�t�sc��|�� r�q�t�u�v�t�s��+tys�ú�s�v�����t�sc�+tyv�x+z�t�s×Öçt�s�sâ¹&|��ø�ty{�¹&u+Ó�¹&Ó�typ+q�w���x+|}vcp.¹&qcx+u*s�ú�s�v�����ty�+tyv�x+z�t�s×Öçt�s�sâ¹&| ∆ Ò�w)u�s�|7s�v�tyt�u*v�w)x�sÞ{7t�sÞ��w)v�sp+q�w���x+|}v�s<p.¹&q<{7tÞs�ú�s�v�����t�~�x+|+s�w)u�v<��¹&u�s<{7t�p+q�t��
|7t�q<v�x+z tÞt�v�~�x+|�Õ w)u�v[p.¹&q�v�|7tc�+t�{�� ¹&{}p+æ.¹&z t�vv�t�q��
|}u.¹&{��

L(∆) = {w ∈ T ∗|w ∈ L1, ∃L1, . . . , Ln ⊆ V ∗ : (A1, . . . , An)
∗
⇒(L1, . . . , Ln)} �ñ×w)x�s¿w)z�s�t�q�Ù�w)u�s¿~�x�t'é�p.¹&q[�+r���u+|}v�|7w)u�é&{7t�s¿s�ú�s�v�����t�s¿�+t�v�x+z�t�s<Öct�s�sâ¹&|�u�t�p�w's�s����+t�u�v¿p.¹)s� � r�{}|}�
|}u.¹&v�|7w)u*�+t×��w){7r�Ò�x+{7t�s�é�Ò'� t�s�v í�Ö�í³��|}q�t,~�x�� x+u�t�Õ w)|7s�p+q�w���x+|}v�t�sÞt�{}{7t�s�t���|7s�v�t�u�v�v�w)x'� w)x+q�s��Ô<¹&q×Ò�w)u�v�q�t'é.x+u�tÚ��w){7r�Ò�x+{7t�p t�x+v×~�x+|}v�v�t�q×{7tÚv�x+z�t$��¹&u�s�{7t�~�x�t�{¿t�{}{7t$¹�r�v�r�p+q�w���x+|}v�t$s�|¿t�{}{7tp t�x+v,Õ1qâ¹&u�Òâæ+|}qy{7t��.{ v�q�t
� � x+ue¹&x+v�q�tçv�x+z t
t�v�s�|�é ��¹&u�sy{7t
�"*���tçv�t��
p�s�é�t�{}{7tçu�tçp t�x+vÚp.¹)sÕ1qâ¹&u�Òâæ+|}qc{7t���{}v�q�tÚ��x*v�x+z�tÚ��¹&u�sÞ{7t�~�x�t�{�t�{}{7t�¹çr�v�rÚw)z+v�t�u�x�t,�ñ×w)x�s�u.w)v�w)u�sÞp.¹&q TTn

{�¹�Õ�¹&�
|}{}{}tÚ�+t�s�{�¹&u+Ó�¹&Ó�t�scp+q�w���x+|}v�sÞp.¹&qÞ{7t�scs�ú�s�v�����t�sÞ�+t,v�x+z�t�sÖçt�s�sâ¹&|�¹�ú�¹&u�v×¹&xûp+{}x�s n v�x+z t�s��ï³{¿t�s�vcÕ�¹)Ò�|}{7t��+tÚÙ�w)|}q×~�x�tÚ{7t�s�s�ú�s�v�����t�s��+tÚv�x+z t�s,Ö
t�s�sâ¹&|[¹�Ù�t�Òyx+u�s�t�x+{�v�x+z t�s�w)u�v�é.t�ut�� t�v�é��+t�scs�ú�s�v�����t�sc�+tyä×t�¹)�*r�vât�u.��x�s���#�u*w)z+v�|7t�u�v��+w)u�Òy{7tyq�r�s�x+{}vâ¹&v�s�x+|}Ù'¹&u�v��



¼Xß�Þ5ß�y0{2~)~ (²~ v����_{2~p|.{ v�¦�xz{2~Á/�{2~ ~�w�� :,3
� l�¨�².´�j�µF¸oE�þÙBOþÙBOþ TT1 = REG ÿ

1�| w)u Ò�w)u�s�|7� ��q�t×p+{}x�s�|7t�x�q�s�v�x+z�t�s�é�w)u w)z+v�|7t�u�v�x+u�t�Ó'qâ¹&u��+t�p+x�|}s�sâ¹&u.Ò�t,�+t�Ò�¹&{7Ò�x+{�� ã q�w)|7sv�x+z t�sDs�x�©as�t�u�vD�+r ��Ö�p w)x+qDp+q�w���x+|}q�tYv�w)x�s*{7t�s*{�¹&u+Ó�¹&Ó�t�sDq�r�Ò�x+q�s�|}Ù�t���t�u�vÈr�u�x+��r�qâ¹&z+{7t�s�éÙ�w)|}q@¢ 8&�,£+�
� l�¨�².´�j�µF¸oE�þÙBOþ K þ'¥ òm¦m© TT3 = RE ÿ

¬ x.¹&u�v*¹&x�� s�ú�s�v�����t�s �+tDv�x+z t�sûÖet�s�sâ¹&|,¹�Ù�t�Ò��+t�x�� Ò�w)�
p w'sâ¹&u�v�s�é�{7t�p+q�w)z+{�����tÈ�+t{7t�x+q�p+x+|7s�sâ¹&u�Ò�t×�+t×Ò�¹&{7Ò�x+{ t�s�v�w)x+Ù�t�q�v�é��a¹&|7s�é�Ò�w)�
��t×{7t���w)u�v�q�t×{�� t��+t��
p+{7t,Ò�| í³�+t�s�s�w)x�s�é�Ò�t�ss�ú�s�v�����t�sÞp�t�x+Ù�t�u�vÞp+q�w���x+|}q�t��+t�sÞ{�¹&u+Ó�¹&Ó�t�s�~�x+| u�tÚs�w)u�vcp.¹)sÞqâ¹&v�|7w)u+u�t�{7s��
S;T<�VUXW����NM�[�]^[�]^[

· dexgf�l@nmu}l@nm`gde`gfEo t nMzgnm{'uvo n�ikde`v`g|�ikpv`gf�Å Æ�Ç$nMs{Å ¿k¿�Ç ~�,de`gf:h ik|ml@de`gfao n�f2�gf2s2jm{anEfMxkh �}pv`Js ~
Γ = ({a, b, c, d, e}, {a, b, c}, (A1, R1, V1), (A2, R2, V2)),

A1 = {cabc, ebd, dae},

R1 = {b#c$e#bd, da#e$c#a},

V1 = {a, b, c},

A2 = {ec, ce},

R2 = {b#d$e#c, c#e$d#a},

V2 = {a, b, d}.

� n>fHf�nmxko nMf�l@nJbMde{'�kh `}pkh f�de`gfaumdkf�f:h �vo n>f\ivpv`gf�o n�u}l@nm{�h nml"s:xv�mn�f�de`Jsao n>f\fMxkh �}pv`Js2n>f r
(x1b|c, e|bd) `1 (x1bbd, ec),

��t-� �
x1 ∈ {a, b, c, d, e}∗,

(da|e, c|ax2) `2 (daax2, ce),
��t-� �

x2 ∈ {a, b, c, d, e}∗._a`E�gd�h s¨wexgnEbMn>f�pvuvuvo h b>pJs�h de`gfHumnmlG{anMs�s2nm`Js�iÇt p6�GdexJs2nml$xv`
a � l@n>fMuknJb:s�h �gnm{anm`Js b � pvxJz{adms2f�ikn�o p�� dªlG{an

cax2 � l@n>fMumnJb:s�h �gnm{anm`Js x1bc � nm`�l@nm{'uvo p�È>pv`Js�ikpv`gf�o n�{a�m{an�s2nm{'ugf
c
u}pml

d ~ ¾ªd�h s�{�pkh `Js2nm`}pv`Js canbmc � n,m ≥ 1
xv`£{adms�ivpv`gf�o ncuml@nm{�h nml\bMde{'umdkf6pv`Js¸�h `kh s�h pvo nm{anm`Js

n = m = 1 ¼M~^À `µxJs�h o h f6pv`Js�o n>f�l@j>qeo n>f�iexµuml nm{�h nml s:xv�mnc`gdexgf�umdexJ�gde`gfu}l@deiexkh l@n�o na{adms
dan+1bm+1d

wexkhJn>f2s"nm`J�gdg�>|�ivpv`gf¨o n�iknmxJzkh jm{an¨s:xv�mn ~ª· dexgfVde�gf�nml �gde`gfwexgn�o n>faiknmxJz�l@j>qeo n>faikn
R1

ikd�h �gnm`Js\�Ms:l@nyxJs�h o h f�|>n>f � f:h `gde`yo n�{adms�bMde`Js�h nm`JsEo n'f2�v{'�mdeo n
c
nMs�`gn�umnmxJs�u}pgf���l½pv`}b}�kh l o n�´�o s:l n�iex�iknmxJzkh jm{an�s:xv�kn ~� pv`gf�o n'iknmxJzkh jm{an�bMde{'umdkf6pv`Js�`gdexgfHpJ�gde`gf�o n>fHpvuvuvo h b>pJs�h de`gf�fMxkh �}pv`Js2n>f r

(αaibj |d, e|c) `1 (αaibjc, ed), α ∈ {c, d},

(c|e, d|aibjα) `2 (caibjα, de), α ∈ {c, d}.¾ªnmxvoÇo n�{adms
caibjc

n>f2s�nm`J�gdg�M|'ivpv`gf�o n�uml@nm{�h nml"s:xv�mn ~� n�u}l@debMn>f�fMxgf\bgh ��ikn>f�fMxgfauknmxJs��Ms:l@n�h s2|ml@|EnMs � u}pmlVbMde`gf�|Jwexgnm`Js � de`'de�Js�h nm`Js r
L(Γ) = {canbnc | n ≥ 1},wexkhÇ`�t n>f2sau}pgf�xv`yo pv`gqvpgqkn�l½pJs�h de`v`gnmo ~#�u�¹ç�+w)u�Òy{7tyq�r�s�x+{}vâ¹&v�s�x+|}Ù'¹&u�v¯!



3'� §�Ü�w�Ý���v��s{½¼XßY~ (²~ v����_{2~�|.{�v�¦�xz{2~Á/�{2~ ~�w��zw¿¾�{�§uõ��9y0v��s{2~	ß�ß�ß
CÚ´&².§�².¦�ª�®�ª¬²�°�E�þÙBOþ Z þ TT2 \ REG 6= ∅ ÿ
ø�t�s×¹&x+vât�x�q�s��+t"¢ U�£¿t�v¯¢ �'�,£¿s�x+p+p�w's�t�u�v�~�x�ty{�¹$Õ�¹&�
|}{}{7t��+t�sc{�¹&u+Ó�¹&Ó�t�s�p+q�w���x+|}v�s�p.¹&q�{7t�ss�ú�s�v�����t�sy�+tçv�x+z t�s�Ö t�s�sâ¹&|�¹�Ù�t�Ò
�+t�x��Èv�x+z t�sÚt�s�v,|}u�Ò�{}x�s�t���¹&u�sy{�¹aÕ�¹&�
|}{}{}t��+t�sy{�¹&u+Ó�¹&Ó�t�s¹&{}Ó�r�z+q�|7~�x�t�s��

À É9ã � �����"!G� �$#������%	���� � �t���
4T���O�OÏ±
pÏ�ís���å��Í �O�	���ÎÏ±Í �����	�Ï±s���
ý ¨5�<°¿ª�®�ª¬²�°ëE�þ K þÙBOþ Ø�u á�ç&á�Ï+û�õaÍ�Ô�Í n

Ï1Ð�ÓâÍâáAØYÍâáâá�Ý)ËyÝ7®)Í�Î
m

Ø�Ñ Ï1ÌâÍâáûÝ7Ñ Ï³Í�Ì�ö�Ý)ö.Ï¬á t�s�v${7t
n + 2í�x+p+{7t�v�s�x+|}Ù'¹&u�v@!

Γ =
(

V, T,
(

A1, R1, F
(1)
1 , . . . , F

(m)
1

)

, . . . ,
(

An, Rn, F (1)
n , . . . , F (m)

n

))

,

w7> V é T é Ai
t�v Ri

s�w)u�vç�+r���u+|7sçÒ�w)�
��t ��¹&u.s${7t Ò�¹)sç�+t�s$s�ú�s�v�����t�sç�+tav�x+z�t�s�ÖDt�s�sâ¹&|��
¼Q{�¹Èp+{�¹)Ò�t*��x���{}v�q�t Fi

p w)x+qaÒ�æ.¹)~�x�tûv�x+z t i é<s�t v�q�w)x+Ù�t x+u m í�x+p+{7t�va�+tp��{}v�q�t�s F
(r)
i
é

1 ≤ r ≤ m é+��¹&u�sc{7t�~�x�t�{�Òâæ.¹)~�x�t.��{}v�q�t F
(r)
i
t�s�vc�+r���u+|�Ò�w)�
��t���¹&u�sÞ{7tÚÒ�¹)scp+q�r�Ò�r��+t�u�v��

¼XÒ�æ.¹)~�x�tar�vâ¹&p t k ≥ 1 é�s�t�x+{�{7t<��{}v�q�t F
(r)
i
é r = (k − 1) (mod m) + 1 é�t�s�v$¹)Ò�v�| Õ�éÒ'� t�s�v í�Ö�í³��|}q�tÚx+v�|}{}|7sâ¹&z+{7t'é+p w)x+qc{}tyv�x+z t i �ñ×w)x�sÞ�+r���u+|7s�s�w)u�s�{7¹�v�qâ¹&u�s�|}v�|7w)u*t�u�v�q�t,�+t�x�� Ò�w)u���Ó'x+qâ¹&v�|7w)u�sc�+t×{�¹��a¹&u+|���q�tys�x+|}Ù'¹&u�v�t�!

(

L
(1)
1 , . . . , L(1)

n

)

= (A1, . . . , An)

L
(k+1)
i =





n
⋃

j=1

σ∗
j

(

L
(k)
j

)

∩ F
(r)∗
i



 ∪

(

σ∗
i

(

L
(k)
i

)

∩

(

V ∗ −
n
⋃

k=1

F
(r)∗
k

))

w7> σi = (V, Ri)
t�s�vc{7tys�Òâæ�r��a¹ç�+tyq�t�Ò�w)��z+|}u.¹&|7s�w)u/¹)s�s�w�Ò�|7rÚ¹&x i Á Â�Ã�Ä v�x+z�tÚ��xDs�ú�s�v�����t,�ø�t�s�s�ú�s�v�����t�s�w)z+v�t�u�x�s�s�w)u�v�v�q���s�s�|}�
|}{�¹&|}q�t�s�¹&x��as�ú�s�v�����t�s��+tÞv�x+z t�s�ÖÚt�s�sâ¹&|���ø�¹Ús�t�x+{7t��|�� r�q�t�u�Ò�t�q�r�s�|7�+t���¹&u�s¿{7t�Õ�¹&|}v[~�x�� Öc{�¹cp+{�¹)Ò�t�� � x+u���{}v�q�t�x+u+|7~�x�t Fi

u�w)x�s<¹�Ù�w)u�s¿x+u mí�x+p�{}t�v�+t¯��{}v�q�t�s F
(1)
i . . . F

(m)
i

t�v×{7t¯��{}v�q�t
Ö�x+v�|}{}|7s�t�qy�+r�p t�u��È��xÈu�w)�$z+q�tç� � r�vâ¹&p�t�sÚ~�x+|[w)u�vyr�v�rÕ�¹&|}v�t�s��ø�ty{�¹&u+Ó�¹&Ó�typ�q�w���x+|}vcp.¹&q Γ t�s�vÞ{7tÚs�x+|}Ù'¹&u�v¯!
L(Γ) = {w ∈ T ∗|∃k : w ∈ L

(k)
1 } �ñ×w)x�s
��|7s�w)u�s
~�x�t Γ p+q�w���x+|}v�{7t {�¹&u+Ó�¹&Ó�t Ù�|7�+tûs�|�p�w)x+q
v�w)x+v k é[{�� t�u.s�t��$z+{7t L

(k)
1
u�tÒ�w)u�v�|7t�u�v,¹&x�Ò�x+u*��w)vcv�t�q��
|}u.¹&{��ñ×w)x�s�u�w)v�w)u�s$p.¹&q TTFn,m

{�¹ Õ�¹&�
|}{}{7t �+t�s�{�¹&u+Ó�¹&Ó�t�s$p+q�w���x+|}v�s$p.¹&q${7t�s$s�ú�s�v�����t�s��+tv�x+z t�s�Ö
t�s�sâ¹&|�¹�Ù�t�Òy�+t�sz��{}v�q�t�s×¹&{}v�t�q�u.¹&u�v,¹�ú�¹&u�v�¹&x*p+{}x�s n v�x+z�t�s�t�v m ��{}v�q�t�s��
M�[G�\[�] ¯c�XW�³��³¡)¡&� �����¤�c�7�,THW����.¡)¡)����� ���Zø0øÊÉ

2,2åy¹&u�s×Ò�t�v�v�t$s�t�Ò�v�|7w)uDu�w)x�s,¹&{}{7w)u�s���w)u�v�q�t�q×x+u�s�ú�s�v�����tÚ�+t�v�x+z�t�s,Ö�t�s�sâ¹&|[¹�ú�¹&u�v×�+t�x��Ò�w)�
p w'sâ¹&u�v�s�t�v��+t�x��<��{}v�q�t�s�t�v�~�x+|�s�|}��x+{7t�x+u�tcÓ'qâ¹&�
�a¹&|}q�ty¹&q�z+|}v�qâ¹&|}q�t,��å,tcp+{}x�s�é�{7t�s��+t�x��
��{}v�q�t�s���xûp+q�t��
|7t�q�v�x+z�tÚÒ�w)÷ u�Ò�|7�+t�u�v��



¼Xß ó ß�y0{2~)~ (²~ v����_{2~p|.{ v�¦�xz{2~Á/�{2~ ~�w��2w¿¾�{�§uõ��9y0v��s{2~	ß�ß�ß 3��
� l�¨�².´�j�µF¸ E�þ K þÙBOþ�� à)Ë1Ï G = (N, T, P, S)

Ð�ö ÍYÖ)Ì�Ý)õçõ�Ý)Ë¬Ì�Í/Ý)Ì�Ó�Ë1Ï1Ì�Ý)Ë¬Ì�Í ÿ�Û ÑÚÍ�ô)Ë�á�Ï³ÍÈÐ�öá�ç&á�Ï+û�õaÍ�Ô�Í�Ï1Ð�ÓâÍâá;ØûÍâáâá�Ý)Ë�Ý7®)Í�ÎzØ�Ñ Ï1Ì�Íâá$Ý7Ñ Ï³Í�Ì�ö�Ý)ö.Ï¬á$Ý7ç�Ý)ö.Ï2Ô�Í�Ð'ô Ï1Ð�Ó�Íâá
Í�ÏzÔ�Í�Ð'ô.Ø�Ñ Ï1Ì�Íâá>§
Γ =

(

V, T,
(

A1, R1, F
(1)
1 , F

(2)
1

)

,
(

A2, R2, F
(1)
2 , F

(2)
2

)) è�Ð�Ë,á�Ë¬õçÐ�Ñ7Í
G
Í�Ïcß�à)Ð�ÌYÑ7Í&è�Ð�Í�Ñyà)ö Ý

L(Γ) = L(G) ÿ ÊçÍ�ßOÑ Ð�á>§ F
(1)
1 = F

(2)
1

ÿ
Ê�×�õ�à)ö+á�Ï1Ì�Ý'Ï1Ë à)ö ÿÞñ×w)x�scÒ�w)u�s�v�q�x+|7s�w)u�s Γ �+ty{�¹$�a¹&u+|���q�t�s�x+|}Ù'¹&u�v�t,�1�w)|7t�u�v N ∪ T ∪ {B} = {a1, a2, . . . , an}

ª B = an
«�t�v B 6∈ N ∪ T �åy¹&u�s�Ò�ty~�x+|�s�x+|}vcu�w)x�scs�x+p+p w's�w)u�sc~�x�t<!

1 ≤ i ≤ n,a ∈ N ∪ T ∪ {B},b ∈ N ∪ T ∪ {B} ∪ {�}, γ ∈ {α, β}.ø�� ¹&{}p+æ.¹&z t�v V t�s�vc�+r���u+|�p.¹&q¯!
V = N ∪ T ∪ {B} ∪ {α, β} ∪ {�} ∪ {X, Y, Xα, Xβ , X ′

α, Yα, Y ′
α, Yβ , Z, Z ′} �ø�� ¹&{}p+æ.¹&z t�v�v�t�q��
|}u.¹&{ T t�s�vcÒ�t�{}x+|��+t,{�¹çÓ'qâ¹&�
�a¹&|}q�tyÕ w)q���t�{}{7t G �ø�t�scv�x+z�t�s���xDs�ú�s�v�����tys�w)u�vc�+r���u+|7s��+ty{�¹$�a¹&u+|���q�t�s�x+|}Ù'¹&u�v�t,�� ·`\<¸D¯ÊËòs��Ó'{7t�sc�+t R1

!

1.1 :
ε uY
Z vY

; 1.2 :
a aiY
Z βαi−1Y ′

α

; 1.3 :
a BY
Z �Yβ

;

1.4 :
X a

Xαβ Z
; 1.5 :

X a

Xβββ Z
; 1.6 :

b βYa

Z Yβ
;

1.7 :
X ′

α α
Xα Z

; 1.8 :
X ′

α α
Xββ Z

; 1.9 :
γ αYα

Z Y ′
α

;

ë¿|}{}v�q�t�s¯!
F1 = F

(1)
1 = F

(2)
1 = N ∪ T ∪ {B} ∪ {α, β} ∪ {�} ∪ {X, Y, X ′

α, Yα}
�ê ��|7w)��t�sc��t A1

!
{XBSY, ZβαiY ′

α, Z � Yβ , XαβZ, XβββZ, ZYβ , XαZ, XββZ, ZY ′
α} ∪

{ZvY : ∃u → v ∈ P} �� ·`\<¸D¯�¯jËòs��Ó'{7t�sc�+t R2
!

2.1 :
γ Y ′

α

Z Yα
; 2.2 :

Xα γ
X ′

αα Z
; 2.3 :

ai Yβ

Z Y
;

2.4 :
Xββαiβ a

Xai Z
; 2.5 :

Xβββ a

ε Z ′ ; 2.6 :
a �Yβ

Z ′ ε
;

ë¿|}{}v�q�t�s¯!
F

(1)
2 = N ∪ T ∪ {B} ∪ {α, β} ∪ {�} ∪ {Xα, Y ′

α}
�

F
(2)
2 = N ∪ T ∪ {B} ∪ {α, β} ∪ {�} ∪ {Xβ , Yβ}

�ê ��|7w)��t�sc��t A2
!

{ZYα, X ′
ααZ, ZY, XaiZ, Z ′} �ñ×w)x�s�¹X©�q���w)u�s×~�x�t L(Γ) = L(G) �ñ×w)x�sy¹&{}{7w)u�s,p+q�w)x+Ù�t�qyÒ�t�v�v�t
¹X©�q��a¹&v�|7w)uF�+t�{�¹a�a¹&u+|���q�tçs�x+|}Ù'¹&u�vât7� ñ×w)x�s×��w)u�v�q�t�q�w)u�sÒ�w)�
��t�u�v$|}{�t�s�v�p w's�s�|}z+{7ta�+tas�|}�$x+{7t�q�{7t�s$�+r�q�|}Ù'¹&v�|7w)u�sç�+t�{�¹*Ó'qâ¹&�
�a¹&|}q�t�Õ w)q���t�{}{7t G t�v�ép.¹&qaÒ�w)u�s�r�~�x�t�u�v�é<u�w)x�s�w)z+v�|7t�u���q�w)u�s ~�x�t L(G) ⊆ L(Γ) ��åy¹&u�s
{7t �"*���tûv�t��
p�s�é<u�w)x�s
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��w)u�v�q�t�q�w)u�s�~�x�t$v�w)x+v�t�sy{7t�sÚ¹&x+v�q�t�s,p w's�s�|}z+|}{}|}v�r�sÚ�+t
Ò�¹&{7Ò�x+{<u�� ¹&z w)x+v�|7s�s�t�u�vÚp.¹)sÚÖ x+u/��w)vv�t�q��
|}u.¹&{�é.Ò�ty~�x+|�p+q�w)x+Ù�t�qâ¹ç{�� r�u�w)u�Ò�r,�ñ×w)v�q�t�s�|}�$x+{�¹&v�|7w)u t�s�v<Õ w)u��+r�t�s�x+q�{�¹y��r�v�æ�w��+t<;�Õ�¹&|}q�t�í�v�w)x+q�u�t�q í³t�v í³s�|}��x�{7t�q�=�é�Ù�w)|}q�¹&x�s�s�|{�¹�s�t�Ò�v�|7w)u ���}�,� ���cñ×w)x�s x+v�|}{}|7s�w)u�sûx+u�tÈv�t�Ò�æ�u+|7~�x�t/s�|}�
|}{�¹&|}q�tYÖeÒ�t�{}{7tF~�x+|Ú¹�r�v�rÈx+v�|}{}|7s�r�t��¹&u�s)¢ 8&�.é<����é<�'�,£³é<Ù�w)|}q ¹&x�s�s�|c{7t�s�v�æ�r�w)q�����t�sa��� 8��}�Dt�v/U�� ��� ����ñ×w)x�s
Õ�¹&|7s�w)u�s
v�w)x+q�u�t�qa{7t��w)v XwaiY
� � x+u�tû{7t�v�v�q�t*t�u9v�q�w)|7sar�vâ¹&p�t�s���Ô<q�t��
|���q�t���t�u�v�é�u�w)x�saÒ�w��+w)u�s ai

p.¹&q βαit�v�u�w)x�s×w)z+v�t�u�w)u�s Xαβwβαi−1Y ′
α
�.Ô<x+|7s�é�u�w)x�scv�qâ¹&u�s Õ r�q�w)u�sc{7t�s α �+tÚ{�� t���v�q�r��
|}v�r$��q�w)|}v�t��x ��w)vûÖYs�w)u t���v�q�r��
|}v�r�Ó�¹&x�Ò�æ�t,��ë¿|}u.¹&{7t���t�u�v�é�u�w)x�s �+r�Ò�w��+w)u�s βαiβ t�u ai

t�v u�w)x�sw)z+v�t�u�w)u�s XaiwY �+Ô<{}x�scp+q�r�Ò�|7s�r���t�u�v�é+u�w)x�s�Ò�w)�
��t�u�°�w)u�s×¹�Ù�t�Òy{}ty��w)v XwaiY
��¹&u�sÞ{7tp+q�t��
|7t�q<v�x+z t,�)ø�t��+t�x���|�����t�v�x+z t�q�t�°�w)|}v<{}t���w)v Xαβwβαi−1Y ′

α
��xçp+q�t��
|7t�q�Ò�w)�
p w'sâ¹&u�v��

¼Op.¹&q�v�|}q×�+tÚÒ�t�vc|}u�s�vâ¹&u�v�é+{7tÚs�ú�s�v�����t,Õ w)u�Ò�v�|7w)u+u�tÚ��¹&u�scx+u�tyz w)x�Ò�{7tÚw7>*x+u α t�s�vÞ|}u�s�r�q�r�Ö{�� t���v�q�r��
|}v�rÚÓ�¹&x�Òâæ�t���x*��w)v�t�v���¹&u�sc{7ty�"*���tÚv�t��
p�scx+u α t�s�vct���¹)Ò�rÚ�+t�s�w)u*t���v�q�r��
|}v�r��q�w)|}v�t,��ø�¹Úz w)x�Ò�{7t×s�t�v�t�q��
|}u�t×{7w)q�s�~�x�� |}{�u�� ú ¹yp+{}x�s�� � α Öy{�� t���v�q�r��
|}v�r,��q�w)|}v�t,� ê p+q���s�Ò�t�{�¹�éu�w)x�s�w)z+v�t�u�w)u�s�{7t���w)v XββαiβwYβ
��¹&u�s<{7tc�+t�x���|�����tcÒ�w)�
p w'sâ¹&u�v�t�v���¹&u�s�Ò�t���w)v�u�w)x�sp w)x+Ù�w)u�s��+r�Ò�w��+t�q ai

t�u*w)z�v�t�u.¹&u�v XaiwY �
1�|<u�w)x�s�¹�Ù�w)u�s,{7tç��w)v XwBY é |}{<t�s�vyp�w's�s�|}z+{7t
� � t�u+{7t�Ù�t�qÚ{7t�sys�ú��$z�w){7t�s X é Y t�v Bt�u*p+q�w���x+|7sâ¹&u�v w ~�x+|�é+s�� |}{�t�s�vÞx+u*��w)vcv�t�q��
|}u.¹&{�é+Õ�¹&| vcp.¹&q�v�|7tÚ��x*q�r�s�x+{}vâ¹&v��

a ²�®�«�®�ª¬²�°�¦
ñ×w)x�s w)z�s�t�q�Ù�w)u�s ~�x�t*{7t�s�| vât*|}u�Õ r�q�|7t�x+q �+tDÒâæ.¹)~�x�tDq���Ó'{7t*q�t�p+qâr�s�t�u�v�tDx+u�tD��w){7r�Ò�x+{7t~�x+|[t�s�v,�+r ��Öap+q�r�s�t�u�v�tç��¹&u�s,{7t�v�x+z tçÒ�w)q�q�t�s�p�w)u���¹&u�v�� å,t��"*���t'é�x+u/�+t�s×q�r�s�x+{}vâ¹&v�sy�+t�{�¹q�t�Ò�w)�$z+|}u.¹&|7s�w)uaÒ�w)u�v�|}t�u��+qâ¹ Z t�v[u�t�p w)x+q�qâ¹×p+{}x�s<p.¹&q�v�|7Ò�|}p�t�q�Ö�{�¹×p+q�w���x�Ò�v�|7w)u ��x
q�r�s�x+{}vâ¹&v��ñ×w)x�scw)��t�v�v�q�w)u�s��+w)u�ÒÚÒ�t�sc��w){7r�Ò�x+{7t�s×t�vÞu�w)x�s�r�Ò�q�|}Ù�w)u�s¯!
XwaiY −→

1.2
Xwβαi−1Y ′

α
Ö${�¹çp+{�¹)Ò�tÚ�+t

(Xw|aiY, Z|βαi−1Y ′
α) `1.2 (Xwβαi−1Y ′

α, ZaiY )w7>*p.¹&q | u�w)x�s�¹�Ù�w)u�sÞs�w)x+{}|}Ó'u�ry{7t�scs�|}v�t�sc�+t,q�t�Ò�w)�$z+|}u.¹&|7s�w)u0�.åy¹&u�scÒ�ty~�x+|�s�x+|}vÞu.w)x�sÞ�a¹&q í~�x�w)u�s�{7t�s���w){7r�Ò�x+{7t�s�~�x+|�p�t�x+Ù�t�u�v�r�Ù�w){}x�t�q���¹&u�s�{7tc�"*���tÞv�x+z tcp.¹&qÍÌ© t�v�u�w)x�s��a¹&q�~�x�w)u�s{7t�s���w){7r�Ò�x+{7t�sy~�x+|¿�+w)|}Ù�t�u�v.*�v�q�t$t�u�Ù�w�ú�r�t�sy¹&xDp+qât��
|7t�q�é�q�t�s�p t�Ò�v�|}Ù�t���t�u�vy�+t�x���|�����t'é.v�x+z tp.¹&qÏÎ© é�q�t�s�p t�Ò�v�|}Ù�t���t�u�vÑÐ© ��ñ×w)x�s�r�Ò�q�|}Ù�w)u�sc¹&x�s�s�| m ↑ s�|�{�¹���w){7r�Ò�x+{7t m u�t×p�t�x+vcs�� ¹)Ò�Ò�w)q í�+t�q×¹�Ù�t�ÒÚ¹&x�Ò�x+u�tyq���Ó'{7tÚ��x*v�x+z�tÚ��¹&u�sÞ{7t�~�x�t�{�t�{}{7tÚs�t,v�q�w)x+Ù�tÚt�vcs�|�é+��¹&u�sc{7t,�"*���tyv�t��
p�s�ét�{}{7tyu�t,p t�x+vcp.¹)s±*�v�q�tÚt�u�Ù�w�ú�r�tÚÖç{�� ¹&x+v�q�tyv�x+z�t,�ñ×w)x�s�¹&{}{7w)u�sÚ��w)u�v�q�t�qÚ{�� r�Ù�w){}x+v�|7w)ue�+t�sy��w)v�s��+tç{�¹ Õ w)q���t XwaiY
� ñ×w)x�sy|}u���|7~�x�w)u�s{7t�sÞq���Ó'{7t�sc�+t,q�t�Ò�w)�$z+|}u.¹&|7s�w)u�~�x+|�w)u�vcr�v�ryx+v�|}{}|7s�r�t�s�é�¹&|}u�s�|�~�x�t,{7t�sÞ��w){7r�Ò�x+{7t�scq�r�s�x+{}vâ¹&u�v�t�s��ñ×w)x�s�q�t��a¹&q�~�x�w)u�s�é&~�x�t���¹&u�s¿u�w)v�q�t�s�ú�s�v�����t'é�Ó'q>=)Ò�t�¹&x�p.¹&qâ¹&{}{7r�{}|7s���t'é&p+{}x�s�|7t�x+q�s���w){7r�Ò�x+{7t�s�+t
Ò�t�v�v�t$Õ w)q���tçÒ�w�t���|7s�v�t�u�v�¹�Ù�t�Ò
�+t�s×Õ w)q���t�s,|}u�v�t�q���r���|�¹&|}q�t�s�~�x+|<r�Ù�w){}x�t�u�vÚt�u/p.¹&qâ¹&{}{���{7t,�

-�t�sc��w){7r�Ò�x+{7t�s×u�� |}u�v�t�qâ¹&Ó'|7s�s�t�u�v×p.¹)sc{7t�scx+u�t�s,¹�Ù�t�Òy{7t�s×¹&x+v�q�t�s×t�v�u�w)x�scu�w)x�s×Ò�w)u�Ò�t�u�v�q�w)u�ss�x+qÞx+u�tÚs�t�x+{7tyr�Ù�w){}x+v�|7w)uD�+tÚÒ�t,v�ú�p�t,�
Þ ²�®�«�®�ª¬²�°
ñ×w)x�sÚ��w)u�v�q�w)u�s$Ò�w)�
��t�u�vÚÕ�¹&|}q�t
v�w)x+q�u�t�q$� � x+u�t
{7t�v�v�q�t�{7t
��w)v XwaiY

s�tçv�q�w)x+Ù'¹&u�v��¹&u�sc{7t,p+q�t��
|7t�qcv�x+z t,�Ò^ÓJÔ9ÕJÖØ×=Ù
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Ú�Û^Ü9Ý2Þ¥ß
XwaiY

Ì© −→
1.2

Xwβαi−1Y ′
α
Ì© −→

1.4
Xαβwβαi−1Y ′

α
Ð© �

ñ×w)x�s$p w)x+Ù�w)u�sçx+v�|}{}|7s�t�q
Ò�t�sç�+t�x��Yq���Ó'{7t�s
��¹&u�s${�� w)q���q�t |}u�Ù�t�q�s�t'é[Ò�t ~�x+|��+w)u+u�t {7t �"*���tq�r�s�x+{}vâ¹&v���ñ×w)x�s[p�w)x+Ù�w)u�s�¹&x�s�s�|�x+v�|}{}|7s�t�q<{�¹×q���Ó'{7t 1.5 Ö�{�¹×p+{�¹)Ò�tÞ�+t�{�¹,�+t�q�u+|���q�t�¹&p+p+{}|7Ò�¹&v�|7w)u0�-�t�Ò�|�p+q�w���x+|}v¯!
Xwβαi−1Y ′

α
Ì© −→

1.5
Xβββwβαi−1Y ′

α ↑ �ñ×w)x�sÞp w)x+Ù�w)u�s×¹�Ù�w)|}q�¹&x�s�s�| {�� ¹&p+p+{}|7Ò�¹&v�|7w)uÈs�x+|}Ù'¹&u�v�t"!
XwaiY

Ì© −→
1.5

XβββwaiY
Ì© �

ø�¹Ú��w){7r�Ò�x+{7t Xαβwβαi−1Y ′
α
t�s�v�t�u�Ù�w�ú�r�t,¹&x �+t�x���|�����t×v�x+z�t'é�Ò�¹&q�t�{}{7t�p�t�x+v�Õ1qâ¹&u�Òâæ+|}q{7t²��{}v�q�t F

(1)
2

��{7t�s�¹&x+v�q�t�s[��w){7r�Ò�x�{}t�s<u�t�p�t�x+Ù�t�u�v[Õ1qâ¹&u�Ò�æ+|}q�¹&x�Ò�x+u���{}v�q�t���x
�+t�x���|�����t�v�x+z t,�
-�w)�
��t�u�w)x�sc{�� ¹�Ù�w)u�s×��|}v×¹�Ù'¹&u�v�é�|}{�ú*¹
� � ¹&x+v�q�t�s,¹&p+p+{}|7Ò�¹&v�|7w)u�s×�+t�scq���Ó'{7t�s×�+tÚq�t�Ò�w)�çíz+|}u.¹&|7s�w)uûs�x+q�� � ¹&x+v�q�t�s���w){7r�Ò�x+{7t�s�é��a¹&|}sÞÒ�t�sÞ¹&p+p+{}|7Ò�¹&v�|7w)u�sÞu�t×s�w)u�v�p.¹)s�|}�
p w)q�vâ¹&u�v�t�s�p w)x+qu�w)v�q�tÚr�Ù�w){}x+v�|7w)u0��ñ×w)x�sÞu�ty��t�u�v�|7w)u+u�t�q�w)u.scp+{}x�s�Ò�t×Õ�¹&|}v���¹&u�sÞ{7t×Õ1x+v�x+q��Ú�Û^Ü9Ý2ÞàÞ¥ß
-�w)�
��t�u�w)x�sc{�� ¹�Ù�w)u�s×��|}v×¹�Ù'¹&u�v�é�|}{�ú*¹
� � ¹&x+v�q�t�s,¹&p+p+{}|7Ò�¹&v�|7w)u�s×�+t�scq���Ó'{7t�s×�+tÚq�t�Ò�w)�çíz+|}u.¹&|7s�w)uûs�x+q�� � ¹&x+v�q�t�s���w){7r�Ò�x+{7t�s�é��a¹&|}sÞÒ�t�sÞ¹&p+p+{}|7Ò�¹&v�|7w)u�sÞu�t×s�w)u�v�p.¹)s�|}�
p w)q�vâ¹&u�v�t�s�p w)x+qu�w)v�q�tÚr�Ù�w){}x+v�|7w)u0��ñ×w)x�sÞu�ty��t�u�v�|7w)u+u�t�q�w)u.scp+{}x�s�Ò�t×Õ�¹&|}v���¹&u�sÞ{7t×Õ1x+v�x+q��Ò^ÓJÔ<ÕJÖâá�ÙÚ�Û^Ü9Ý2ÞàÞ¥ß
Xαβwβαi−1Y ′

α
Ì© −→

2.1
Xαβwβαi−1Yα

Ì© −→
2.2

X ′
ααβwβαi−1Yα

Î© �
1�t�x+{7tÚ{�¹$��w){7r�Ò�x+{7t X ′

ααβwβαi−1Yα
p t�x+vÞÕ1qâ¹&u�Ò�æ+|}qc{7t���{}v�qât F1

�å,t$Ò�t�v�v�t��a¹&u+|���q�t�u�w)x�s,¹�Ù�w)u.scv�q�¹&u�s Õ r�qârÚx+u α �+t�{�� t���v�q�r��
|}v�r$��q�w)|}v�t$��x���w)v,Öas�w)ut���v�q�r��
|}v�rÚÓ�¹&x�Ò�æ�t,�Ò^ÓJÔ<ÕJÖäãHÙÚ�Û^Ü9Ý2Þ¥ß
X ′

ααβwβαi−1Yα
Ì© −→

1.9
X ′

ααβwβαi−2Y ′
α
Ì© −→

1.7
Xααβwβαi−2Y ′

α
Ð© �

ñ×w)x�sÞp w)x+Ù�w)u�s×¹�Ù�w)|}q×¹&x�s�s�| {}t�s×¹&p+p+{}|7Ò�¹&v�|7w)u�s�s�x+|}Ù'¹&u�v�t�s@!
X ′

ααβwβαi−1Yα
Ì© −→

1.8
Xββαβwβαi−1Yα

Ì© −→
1.9

Xββαβwβαi−2Y ′
α ↑ �

1�t�x+{�{7ty��w)v Xααβwβαi−1Y ′
α
p t�x+v�Õ1qâ¹&u�Òâæ+|}qc{7t���{}v�qât F

(1)
2

�Ò^ÓJÔ<ÕJÖæå�ÙÚ�Û^Ü9Ý2ÞàÞ¥ß
Xααβwβαi−2Y ′

α
Ì© −→

2.1
Xααβwβαi−2Yα

Ì© −→
2.2

X ′
αααβwβαi−2Yα

Î© �
1�t�x+{7tÚ{�¹$��w){7r�Ò�x+{7t X ′

αααβwβαi−2Yα
p�t�x+vÞÕ1qâ¹&u�Òâæ+|}qÞ{7t.��{}v�q�t F1

�å,t/Ò�t�v�v�tÈ�a¹&u+|���q�tÈu�w)x�sD¹�Ù�w)u�s v�qâ¹&u�s Õ r�q�r/t�u�Ò�w)q�tÈx+u α �+tÈ{�� t���v�q�r��
| vâr/��q�w)|}v�t/��x��w)vcÖ�s�w)u t���v�q�r��
|}v�r×Ó�¹&x�Òâæ�t,��ñ×w)x�s�p�w)x+Ù�w)u�s�Ò�w)u�v�|}u�x�t�q[��x�s�~�x�� Ö�Ò�t×~�x�t�u�w)x�sÞw)z+v�t�u+|7w)u�sp w)x+q${�¹ûp+q�t��
|���q�taÕ w)|7s X ′
ααiβwβYα

��¹&u�s${7ta�+t�x���|�����t v�x+z�t Öûx�u�taÒ�t�q�vâ¹&|}u�t r�vâ¹&p�t Õ �
-�t�v�v�t,��w){7r�Ò�x+{7tyt�s�vÞt�u�Ù�w�ú�r�ty¹&x p+q�t��
|7t�qcv�x+z�tyw7> u�w)x�s�p�w)x+Ù�w)u�s�x+v�|}{}|7s�t�qÞ{�¹�q���Ó'{7t 1.6 t�uÒ�w)�
p+{7r�vâ¹&u�v�{�¹$q�w)vâ¹&v�|7w)u��+t ai

�Ò^ÓJÔ<ÕJÖNÕ�çh×=ÙÚ�Û^Ü9Ý2Þ¥ß
X ′

ααiβwβYα
Ì© −→

1.6
X ′

ααiβwYβ
Ì© −→

1.8
XββαiβwYβ

Ð© �
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ñ×w)x�sÞp w)x+Ù�w)u�s×¹�Ù�w)|}q�¹&x�s�s�| {7t�s�¹&p+p+{}|7Ò�¹&v�|7w)u�s×s�x+|}Ù'¹&u�v�t�s@!
X ′

ααiβwβYα
Ì© −→

1.7
XααiβwβYα

Ì© −→
1.6

XααiβwYβ ↑ �
1�t�x+{�{7t
��w)v XββαiβwYβ

p�t�x+vÚÕ1qâ¹&u�Ò�æ+|}q�{7t���{}v�q�t F
(2)
2

��ñ×w)x�sÚw)z.s�t�q�Ù�w)u�s$¹&x�s�s�|�~�x�tÕ�çh× t�s�vÚx+uYu�w)�$z+q�t�|}�
p.¹&|}q���ø�¹û��w){7r�Ò�x+{7t XββαiβwYβ
q�t�s�v�t�qâ¹*�+w)u�Ò�p�w)x+q�x+u�tar�vâ¹&p t�+t,p�{ x.sc��¹&u�sÞ{7t,p+q�t��
|7t�q×Ò�w)�
p�w'sâ¹&u�v�é�Ò�¹&qc{7t���{}v�q�tyx+v�|}{}|7s�rÚ��¹&u�sÞ{7ty�+t�x���|�����tÚÒ�w)�
p w'sâ¹&u�vp t�u���¹&u�vax+u�t*r�vâ¹&p�t*|}�
p.¹&|}q�tDt�s�v F

(1)
2

��¼Q{�� r�vâ¹&p t*s�x+|}Ù'¹&u�v�t'é Õ�çXá é<Ò�t�v�v�tû��w){7r�Ò�x+{7t'é�~�x+|q�t�s�v�tç|}u�Òâæ.¹&u+Ó�r�t'é�s�t�qâ¹ t�u�Ù�w�ú�r�t�¹&xY�+t�x���|�����t
v�x+z�t'é�Ò�¹&qÚ{7tçu�w)x+Ù�t�¹&xo��{}v�q�t F
(2)
2

p�t�q���t�vs�w)uûp.¹)s�sâ¹&Ó�t,�Ò^ÓJÔ9ÕJÖæÕ�ç�ãHÙÚ�Û^Ü9Ý2ÞèÞ¥ß
XββαiβwYβ

Ì© −→
2.4

XaiwYβ
Ì© −→

2.3
XaiwY Î© �

ø�ty��w)v XaiwY t�s�vct�u�Ù�w�ú�ry�.¹&u�sÞ{7t,p+q�t��
|7t�q�v�x+z�t,�
#�u*Ù�w)|}v�~�x�� w)uD¹���u+| {�¹çq�w)vâ¹&v�|7w)uD�+t ai

�

i ª1µÈ·¿¬«�®�ª¬²�°9Æ¿¸�¦�§¿´&² Æ[·�©'®�ª¬²�°�¦
Æ¿¸�¬«]m.´&«�µYµF«�ª¬´&¸
1�|,u�w)x�s*¹�Ù�w)u�s {�¹Y��w){7r�Ò�x+{7t XwuY ��¹&u�s {7tDp+q�t��
|7t�q*Ò�w)�
p w'sâ¹&u�v�é�u�w)x�s p w)x+Ù�w)u�s¹&p+p+{}|7~�x�t�q�{�¹yq���Ó'{}t 1.1 �+tcu�w)v�q�t�s�ú�s�v�����t�p w)x+q�s�|}��x+{7t�q�{�¹,q���Ó'{7t u → v �+tÞ{�¹,Ó'qâ¹&�
�a¹&|}q�t,�

ú \�®�¸�°�®�ª¬²�° Æ[·9´&¨�¦�·¿�®�«�®
ñ×w)x�s�¹&{}{7w)u�s���w)u�v�q�t�q��a¹&|}u�v�t�u.¹&u�vÞÒ�w)�
��t�u�v�|}{�t�s�v�p�w's�s�|}z+{7t×� � w)z+v�t�u+|}q�{7t�q�r�s�x+{}vâ¹&v�� 1�|u�w)x�sc¹�Ù�w)u�s�x+u�t×��w){7r�Ò�x+{7tÚ�+t×{�¹�Õ w)q���t XwBY é�u�w)x�s�p w)x+Ù�w)u.sÞt�� t�Ò�v�x�t�qÞ{�¹$q�w)vâ¹&v�|7w)u*�+t

B Ò�w)�
��tÞ|}{�t�s�v��+r�Ò�q�|}v�p+{}x�s�æ.¹&x+v���ñ×w)x�s[p w)x+Ù�w)u�s�¹&x�s�s�|�t�u+{7t�Ù�t�q�{7t�s<p.¹&q�t�u�v�æ���s�t�s X t�v Y �åy¹&u�s�Ò�tÞÒ�¹)s�é's�| w ∈ T ∗ é)|}{�Õ t�qâ¹×p.¹&q�v�|7tc��x
q�r�s�x+{}vâ¹&v��'ñ×w)x.s�¹&{}{7w)u�s<��w)u�v�q�t�q�Ò�w)�
��t�u�v�|}{�t�s�vp w's�s�|}z+{7tc� � t�u+{7t�Ù�t�q�{7t�s�p.¹&q�t�u�v�æ���s�t�s�� 1�x+p+p�w's�w)u�s�~�x�t XwBY ¹&p+p.¹&qâ¹X�7v�p�w)x+q�{�¹yp+q�t��
|���q�tÕ w)|7sy��¹&u�sy{7t
Ò�w)�
p w'sâ¹&u�vÚx+uYÖ x+u�t
r�vâ¹&p�t�~�x�t�{7Ò�w)u�~�x�t�éO� ï³{�t�s�v,Õ�¹)Ò�|}{7t
�+tçÙ�r�q�|��.t�qÚ~�x�t�ét�s�vÞp.¹&|}q��Ò^ÓJÔ9ÕJÖ é ÙÚ�Û^Ü9Ý2ê<ß
XwBY Ì© −→

1.3
Xw � Yβ

Ì© −→
1.5

Xβββw � Yβ
Ð© �

ñ×w)x�sÞp w)x+Ù�w)u�s×¹�Ù�w)|}q�¹&x�s�s�| {�� ¹&p+p+{}|7Ò�¹&v�|7w)uÈs�x+|}Ù'¹&u�v�t"!
Xw � Yβ

Ì© −→
1.4

Xαβw � Yβ ↑ �
ø�ty��w)v Xβββw � Yβ

p t�x+vÞÕ1qâ¹&u�Ò�æ+|}qc{7t.��{}v�q�t F
(2)
2

�Ò^ÓJÔ9ÕJÖ é çh×=ÙÚ�Û^Ü9Ý2ÞèÞ¥ß
Xβββw � Yβ

Ì© −→
2.5

w � Yβ
Ì© −→

2.6
w Î© �

1�| w ∈ T ∗ é�|}{ Õ�¹&|}vÞp.¹&q�v�|7tÚ��xûq�r�s�x+{}vâ¹&v��
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2,4
�����.�ÙWc�¨³�±Þ�.�³���

åy¹&u�sÚÒ�t�v�v�t�s�t�Ò�v�|7w)u/u�w)x�syp+q�r�s�t�u�v�w)u�syx+uFs�ú�s�v�����t
�+tçv�x+z t�s�Ö t�s�sâ¹&|�¹�Ù�t�Ò���{}v�q�t�s�¹&{ ív�t�q�u.¹&u�v�s ~�x+|cp�w's�s����+t*�+t�x�� Ò�w)�
p�w'sâ¹&u�v�sat�v ~�x.¹&v�q�tp��{}v�q�t�s���ù<u w)x+v�q�t'é�Ò�tDs�ú�s�v�����t u�tÒ�w)u�v�|7t�u�v,¹&x�Ò�x+u�tyq���Ó'{7tÚ��¹&u�sÞ{7tÚ�+t�x���|�����tÚÒ�w)�
p�w'sâ¹&u�v�~�x+|�t�s�vÞx+v�|}{}|7s�rÚs�t�x+{7t���t�u�v×Ò�w)�
��tx+u�t�p�w)x+z t�{}{7t,�'ñ×w)x�s�¹&� w)x+v�w)u�s�¹&x�s�s�|+~�x�t�{7t�s<~�x.¹&v�q�t²��{}v�q�t�s���x
�+t�x���|�����tÞÒ�w)�
p�w'sâ¹&u�v�s�w)u�v|7�+t�u�v�|7~�x�t�s��
� l�¨�².´�j�µF¸ E�þ K þ K þ�� à)Ë1Ï G = (N, T, P, S)

Ð�ö ÍYÖ)Ì�Ý)õçõ�Ý)Ë¬Ì�Í/Ý)Ì�Ó�Ë1Ï1Ì�Ý)Ë¬Ì�Í ÿ�Û ÑÚÍ�ô)Ë�á�Ï³ÍÈÐ�öá�ç&á�Ï+û�õaÍ)Ô�ÍDÏ1Ð�Ó�Íâá+Ø�Íâáâá�Ý)ËÚÝ7®)Í�Î�Ø�Ñ Ï1ÌâÍâáDÝ7Ñ Ï³Í�Ì�ö�Ý)ö.Ï¬áDÝ7ç�Ý)ö.Ï¯Ô�Í�Ð'ô�Ï1Ð�Ó�ÍâáÈÍ�Ï�è�Ð+Ý'Ï1Ì�Í�Ø�Ñ Ï1Ì�Íâá>§
Γ =

(

V, T,
(

A1, R1, F
(1)
1 , . . . , F

(4)
1

)

,
(

A2, R2, F
(1)
2 , . . . , F

(4)
2

)) è�Ð�Ë�á�Ë¬õçÐ�Ñ7Í
G
Í�Ï<ß�à)Ð�Ì

Ñ7Í�è�Ð�Í�Ñ
L(Γ) = L(G) ÿ Ê$Í�ßOÑ Ð�á>§�Ñ7Í@Ô�Í�Ð'ô)Ë�û�õaÍ$Î�à)õ×ß+à�á�Ý)ö.Ï²Ô�Í Γ

ö Í�Î�à)ö.Ï1Ë�Í�ö.Ï�Ý)Ð+Î�Ð�ö ÍyÌ�ûÕÖ7Ñ7Í>§ÎVQ Íâá�Ïïî�Øªî Ô)Ë¬ÌâÍ�è�Ð�Í
R2 = ∅

§�Í�Ï�Ý)Ð�áâá�Ë
F

(1)
2 = · · · = F

(4)
2

ÿ
Ê�×�õ�à)ö+á�Ï1Ì�Ý'Ï1Ë à)ö ÿÞñ×w)x�scÒ�w)u�s�v�q�x+|7s�w)u�s Γ �+ty{�¹$�a¹&u+|���q�t�s�x+|}Ù'¹&u�v�t,�1�w)|7t�u�v N ∪ T ∪ {B} = {a1, a2, . . . , an}

ª B = an
«�t�v B 6∈ N ∪ T �åy¹&u�s�Ò�ty~�x+|�s�x+|}vcu�w)x�scs�x+p+p w's�w)u�sc~�x�t<!

1 ≤ i ≤ n, 1 ≤ j ≤ 4,a ∈ N ∪ T ∪ {B},b ∈ N ∪ T ∪ {B} ∪ {�}, γ ∈ {α, β}.Ô[w's�w)u�s�¹&x�s�s�| V = N ∪ T ∪ {B} ∪ {α, β} ∪ {�} �ø�� ¹&{}p+æ.¹&z t�v V t�s�vc�+r���u+|�p.¹&q¯!
V = V ∪ {X, Y, Xα, Xβ, X ′

α, Yα, Y ′
α, Yβ, Z, Z ′, Zj , Rj , Lj}

�ø�� ¹&{}p+æ.¹&z t�v�v�t�q��
|}u.¹&{ T t�s�vcÒ�t�{}x+|��+t,{�¹çÓ'qâ¹&�
�a¹&|}q�tyÕ w)q���t�{}{7t G �ø�t�scv�x+z�t�s���xDs�ú�s�v�����tys�w)u�vc�+r���u+|7s��+ty{�¹$�a¹&u+|���q�t�s�x+|}Ù'¹&u�v�t,�
� ·`\<¸D¯ÊËòs��Ó'{7t�sc�+t R1

!

1.1.1 :
ε uY

R1 vY
; 1.1.2 :

X a

Xαβ L1
; 1.1.3 :

X a

Xβββ L1
;

1.1.4 :
a aiY
R1 βαi−1Y ′

α

; 1.1.5 :
a BY
R1 �Yβ

;

1.2.1 :
γ Y ′

α

R2 Yα
; 1.2.2 :

Xα γ
X ′

αα L2
;

1.3.1 :
X ′

α α
Xα L3

; 1.3.2 :
X ′

α α
Xββ L3

; 1.3.3 :
γ αYα

R3 Y ′
α

;

1.3.4 :
b βYa

R3 Yβ
;

1.4.1 :
ai Yβ

R4 Y
; 1.4.2 :

Xββαiβ a

Xai L4
; 1.4.3 :

Xβββ a

ε Z ′L4
;

1.4.4 :
a �Yβ

Z ′L4 ε
;
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1.1.1′ :
Z1 vY
R1 L1

; 1.1.2′ :
Xαβ Z1

R1 L1
; 1.1.3′ :

Xβββ Z1

R1 L1
;

1.1.4′ :
Z1 βαiY ′

α

R1 L1
; 1.1.5′ :

Z1 �Yβ

R1 L1
;

1.2.1′ :
Z2 Yα

R2 L2
; 1.2.2′ :

X ′
αα Z2

R2 L2
;

1.3.1′ :
Xα Z3

R3 L3
; 1.3.2′ :

Xββ Z3

R3 L3
; 1.3.3′ :

Z3 Y ′
α

R3 L3
;

1.3.4′ :
Z3 Yβ

R3 L3
;

1.4.1′ :
Z4 Y
R4 L4

; 1.4.2′ :
Xai Z4

R4 L4
; 1.4.3′ :

Z ′ Z4

R4 L4
;

ë¿|}{}v�q�t�s¯!
F

(1)
1 = V ∪ {Xα, Y ′

α, R2, L2},

F
(2)
1 = V ∪ {X ′

α, Yα, R3, L3},

F
(3)
1 = V ∪ {Xβ , Yβ, R4, L4},

F
(4)
1 = V ∪ {X, Y, R1, L1}

�ê ��|7w)��t�sc�+t A1
!

{XBSY, XαβZ1, XβββZ1, Z1βαiY ′
α, Z � Yβ , Z2Yα, X ′

ααZ2,
XαZ3, XββZ3, Z3Y

′
α, ZYβ, Z4Y, XaiZ4, Z

′Z4, R1L1} ∪
{ZvY : ∃u → v ∈ P} �� ·`\�¸D¯�¯jËê x�Ò�x+u�tyq���Ó'{7t"! R2 = ∅ �ë¿|}{}v�q�t�s¯!
F

(j)
2 = V ∪ {X, Y, Xα, Xβ , X ′

α, Yα, Y ′
α, Yβ, Z ′, Rj , Lj}

�ê ��|7w)��t�sc�+t A2
!

{R2L2, R3L3, R4L4}ø�t�s�ú�s�v�����t�t�s�v¿s�t��$z+{�¹&z+{7t�Ö�Ò�t�{}x+|�~�x�t�u�w)x�s<¹�Ù�w)u�s¿Ò�w)u�s�v�q�x+|}v�ÖÞ{�¹�s�t�Ò�v�|7w)u$p+q�r�Ò�r��+t�u�v�t,�ï³{yÒ�w)u�v�|7t�u�v*{7t�s �"*���tÈq���Ó'{7t�s*t�vûÒ�t�s q���Ó'{7t�s*s�w)u�v p+{�¹)Ò�r�t�s*��¹&u�sû{7t�p+q�t��
|7t�q*v�x+z�t,�Þø�t�sq���Ó'{7t�s*s�w)u�v*��|}Ù�|}s�r�t�sût�uW~�x.¹&v�q�t/s�w)x�s í³t�u�s�t���z+{7t�s�é 1.1.x Ö 1.4.x é�~�x+|,u�tÈp�t�x+Ù�t�u�vûp.¹)sv�w)x�s�*�v�q�tyx+v�| {}|7s�r�s×t�uD�"*���tÚv�t��
p�s��.Ô¿w)x+q,¹&v�v�t�|}u���qât�Ò�tÚz+x+v�é�u�w)x�scx+v�|}{}|7s�w)u�s�{�¹
��r�v�æ�w��+t�+t�sy��w){7r�Ò�x+{7t�s$¹)s�s�|7s�vâ¹&u�v�t�s�é Ù�w)|}qy{7t
Òâæ.¹&p+|}v�q�tt6ût�v�é t�u/p.¹&q�v�|7Ò�x+{}|7t�q�é�{�¹ s�t�Ò�v�|7w)uu6�� ����ñ×w)x�sx+v�|}{}|7s�w)u�s�{7t�s���w){7r�Ò�x+{7t�sÞ¹)s�s�|7s�vâ¹&u�v�t�s RjLj
~�x+|.Ù�w�ú�¹&Ó�t�u�v�� � x+u v�x+z t,Öy{�� ¹&x+v�q�t,��ø�w)qâs�~�x�tc{�¹��w){7r�Ò�x+{7ty¹)s�s�|}s�v�¹&u�v�t RjLj

¹&p+p.¹&qâ¹X�7v���¹&u�s�{7tcp+q�t��
|7t�q�v�x+z t'é�t�{}{7t,¹)Ò�v�|}Ù�t�{7t�s�w)x�s í³t�u�s�t��$z+{7t
j �+t�q���Ó'{7t�s�~�x+|+p t�x+Ù�t�u�v²*�v�q�tc¹&p+p+{}|7~�x�r�t�s�t�u�s�x+|}v�t,��Ô<{}x�s<p+q�r�Ò�|7s�r���t�u�v�é'{�¹×p.¹&q�v�|}tÞ|}u�Õ r�q�|7t�x+q�t�+t�Ò�æ.¹)~�x�tÚq���Ó'{7t�t�s�vÞÕ�¹&|}v�t�� � x+u�tÚ�a¹&u+|���q�t�s�p r�Ò�|�¹&{7tt!+{7t�s�|}v�tÚÒ�w)q�q�t�s�p�w)u��ÈÖçx+u�tÚ��w){7r�Ò�x+{7t¹)s�s�|7s�vâ¹&u�v�tÚ~�x+|¿t�s�vcp+q�w���x+|}v�t�x+u+|7~�x�t���t�u�v,s�|�{�¹
��w){7r�Ò�x+{7t RjLj

Ò�w)q�q�t�s�p w)u���¹&u�vy¹&x�s�w)x�s ít�u�s�t��$z+{7t�t�s�v�p+q�r�s�t�u�v�t���¹&u�s�{7tcp+q�t��
|7t�q�v�x�z�t,��Ô[¹&q�t��+t��
p+{7t'é�{�¹Úq���Ó'{7t 1.1.3 t�s�v�x+v�|}{}|7sâ¹&z+{7ts�|�t�v�s�t�x+{7t���t�u�v�s�|�{�¹,��w){7r�Ò�x+{7t XβββL1
t�s�v�p+q�r�s�t�u�v�t,� Ñ ¹&|7s�Ò�t�v�v�tc��w){7r�Ò�x+{7t�t�s�v<p+q�r�s�t�u�v�tx+u+|7~�x�t���t�u�v�s�| {7t,��w)v R1L1

t�s�v�p+q�r�s�t�u�vc��¹&u�sÞ{7t,p+q�t��
|7t�qÞv�x�z�t'é+t�vct�{}{7tyt�s�vÞp+q�w���x+|}v�tÚt�u
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¹&p+p+{}|7~�x.¹&u�v�{�¹ûq���Ó'{7t 1.1.3′ Ö {�� ¹X��|7w)��t XβββZ1
t�v$Ö {�¹û��w){7r�Ò�x+{7t ¹)s�s�|7s�vâ¹&u�v�t R1L1

�0¼{�� r�vâ¹&p tas�x+|}Ù'¹&u�v�t�{7t
��w)v XβββL1
t�s�v�t�u�Ù�w�ú�r���¹&u�sÚ{7t��+t�x���|�����t�v�x+z t�t�vÚ|}{�u�� t�s�v�p+{}x�sp+q�r�s�t�u�v���¹&u�sÞ{7typ+q�t��
|7t�q��

#�u*¹$�+w)u�Ò×x+u�t×|}��z+q�|7Ò�¹&v�|7w)uD�+t�s���w){7r�Ò�x+{7t�sc¹)s�s�|7s�vâ¹&u�v�t�s�t�v�{7t�s���w){7r�Ò�x+{7t�sc¹)s�s�|7s�vâ¹&u�v�t�s��x¤p+q�t��
|7t�q�u+|}Ù�t�¹&x9~�x+|ÞÒ�w)q�q�t�s�p w)u��+t�u�v ¹&x��¤s�|}v�t�s
�+t�sçq���Ó'{7t�s�s�w)u�v
Ò�q�r�r�t�saÖ�{�� ¹&|7�+tû�+t�s��w){7r�Ò�x+{7t�s�¹)s�s�|7s�vâ¹&u�v�t�s���x �+t�x���|�����tcu+|}Ù�t�¹&x�é RjLj
é�~�x+|+Ù�w�ú�¹&Ó�t�u�v�� � x+u�v�x+z t�Ö,{�� ¹&x+v�qâtct�v{7t�x+q�¹&p+p.¹&q�|}v�|7w)uDt�s�vÞ��|}q�|}Ó�r�t,p.¹&qÞ{7t�s2��{}v�q�t�s�¹&{}v�t�q�u.¹&u�v�s���ø�t�s2��{}v�q�t�s�¹&Ó'|7s�s�t�u�v�¹&x�s�s�| Ò�w)�
��t�+t�s[s�r�{7t�Ò�v�t�x+q�s[p�w)x+q[{7t�s���w){7r�Ò�x+{7t�s<Ò�w)q�q�t�Ò�v�t�s<t�v¿{7t�Ò�¹&{7Ò�x+{+t�s�v�Õ�¹&|}v[�+t�{�¹c�a¹&u+|���q�t�s�x+|}Ù'¹&u�vât�!{7t�s<��w){7r�Ò�x+{7t�s�s�w)u�v�t�u�Ù�w�ú�r�t�s���¹&u�s[{7tÞ�+t�x���|�����tcÒ�w)�
p w'sâ¹&u�v�� � w7>
{7t�s<��w){7r�Ò�x+{7t�s�Ò�w)q�q�t�Ò�v�t�ss�w)u�vct���v�qâ¹&|}v�t�s���¹&u�sÞ{7typ+q�t��
|7t�q�Ò�w)�
p w'sâ¹&u�v×w7>*t�{}{7t�s�s�w)u�vÞv�qâ¹&u�s Õ w)q���r�t�sct�u�s�x+|}v�t,�

ñ×w)x�s/w)z�s�t�q�Ù�w)u�s/~�x�tY{7t�sÈw)p r�qâ¹&v�|7w)u�sFt�� t�Ò�v�x�r�sÈ��¹&u�sÈ{7tep+q�t��
|7t�q/t�vÈ{7tev�q�w)|7s�|�����tÓ'q�w)x+p t�s�s�w)u�v�| u.�+r�p�t�u���¹&u�v�t�s�t�v�~�x�tÞ{7t�s<��w){7r�Ò�x+{7t�s�x+v�|}{}|7s�r�t�s�w)u�v�x+u.t�Õ w)q���tc��|�� r�q�t�u�v�t,��ï³{t�s�v��+w)u�Ò×p w's�s�|}z+{7t×�+t×Ò�w)�$z+|}u�t�q�{7t×p+q�t��
|7t�qÞt�v�{7t�v�q�w)|7s�|�����t,Ó'q�w)x+p�t�s�é+¹&|}u�s�| ~�x�t�{7t�s²��{}v�q�t�sÒ�w)q�q�t�s�p w)u���¹&u�v�s,�çt�vc���+ñ×w)x�scw)z+v�t�u�w)u�s���w)u�Ò<!
� l�¨�².´�j�µF¸ E�þ K þ Z þ�� à)Ë1Ï G = (N, T, P, S)

Ð�ö ÍYÖ)Ì�Ý)õçõ�Ý)Ë¬Ì�Í/Ý)Ì�Ó�Ë1Ï1Ì�Ý)Ë¬Ì�Í ÿ�Û ÑÚÍ�ô)Ë�á�Ï³ÍÈÐ�öá�ç&á�Ï+û�õaÍ�Ô�Í$Ï1Ð�Ó�ÍâácØûÍâáâá�Ý)Ë�Ý7®)Í�ÎzØ�Ñ Ï1ÌâÍâá$Ý�Ñ}Ï³Í�Ì�ö�Ý)ö.Ï¬á�Ý7ç�Ý)ö.ÏzÔ�Í�Ð'ô Ï1Ð�Ó�Íâá
Í�Ï�Ï1Ì�à)Ë�á�Ø�Ñ Ï1ÌâÍâá>§
Γ =

(

V, T,
(

A1, R1, F
(1)
1 , . . . , F

(3)
1

)

,
(

A2, R2, F
(1)
2 , . . . , F

(3)
2

)) è�Ð�Ë á�Ë¬õçÐ�Ñ7Í
G
Í�Ï+ß�à)Ð�ÌIÑ7Í�è�Ð�Í�Ñ

L(Γ) = L(G) ÿ Ê$Í�ßOÑ Ð�á>§�Ñ7Í@Ô�Í�Ð'ô)Ë�û�õaÍ$Îâà)õ×ß�à&á�Ý)ö.Ï2Ô�Í Γ
ö Í�Î�à)ö.Ï1Ë�Í�ö.Ï�Ý)Ð+Î�Ð�ö ÍÚÌ�ûÕÖ7Ñ7Í>§�ÎVQ Íâá�Ïïî

Øªî Ô)Ë¬ÌâÍ�è�Ð�Í
R2 = ∅

§�Í�Ï�Ý)Ð�áâá�Ë
F

(1)
2 = · · · = F

(3)
2

ÿ
M�[G�\[GY ø0øÊÉ

2,2

�����.�ÙWc�¨³�±Þ�.�³���
åy¹&u�sÚÒ�t�v�v�t�s�t�Ò�v�|7w)u/u�w)x�syp+q�r�s�t�u�v�w)u�syx+uFs�ú�s�v�����t
�+tçv�x+z t�s�Ö t�s�sâ¹&|�¹�Ù�t�Ò���{}v�q�t�s�¹&{ ív�t�q�u.¹&u�v�s�~�x+|.p�w's�s����+t��+t�x�� Ò�w)�
p�w'sâ¹&u�v�s�t�v��+t�x��<��{}v�q�t�s�t�v�~�x+|.u�� ¹�¹&x�Ò�x+u�t�q���Ó'{7t×��¹&u�s�{7t�+t�x���|�����tÚÒ�w)�
p w'sâ¹&u�v��.å,t,p+{}x�s�é�{7t�sc�+t�x��/��{}v�q�t�sc�+tÚÒ�æ.¹)~�x�tÚÒ�w)�
p�w'sâ¹&u�v���|�� ��q�t�u�v�s�t�x+{7t�í��t�u�v�p.¹&q�x+u�tÞ{7t�v�v�q�t,��ø�¹,p+q�t�x+Ù�tc�+tcÒ�tÞq�r�s�x+{}vâ¹&v�t�s�v�¹&x�s�s�|���|�� r�q�t�u�v�t¯!)u�w)x.s�s�|}�$x+{7w)u�s�x+u�t�a¹)Òâæ+|}u�tÚ�+t ã x+q�|}u+Ó Ö${�¹$p+{�¹)Ò�t�� � x+u�tyÓ'qâ¹&�
�a¹&|}q�t$¹&q�z+|}v�qâ¹&|}q�t,�ñ×w)x�s$�+r���u+|7s�s�w)u�s�{�¹ûÕ w)u�Ò�v�|7w)ue�+t Ò�w���¹&Ó�t φ �+ta{�¹û�a¹&u+|���q�t s�x+|}Ù'¹&u�v�t,��Ô[w)x+qçÒ�æ.¹)~�x�tÒ�w)u���Ó'x+qâ¹&v�|7w)u w1qw2

� � x+u�t��a¹)Òâæ+|}u�t$�+t ã x+q�|}u+Ó M é�u�w)x�s×�+r���u+|7s�s�w)u�s�{�� ¹&p+p+{}|7Ò�¹&v�|7w)u/�+t
φ ! φ(w1qw2) = Xw1Sqw2Y

é�w7> X, Y t�v S s�w)u�v�v�q�w)|7scs�ú���z w){7t�s�u�t�Õ�¹&|7sâ¹&u�v�p.¹)s�p.¹&q�v�|7t�+t T �ñ×w)x�s��+r���u+|7s�s�w)u�s�¹&x�s�s�|�{�� Í�ö.Ï1Ì�×âÍ � � x+uYs�ú�s�v�����t
�+t
v�x+z t�s$Ö t�s�sâ¹&|�¹�Ù�t�Ò���{}v�q�t�s$¹&{}v�t�q íu.¹&u�v�s���Ø�u�tat�u�v�q�r�t�p w)x+q�{7tas�ú�s�v�����t Γ t�s�v�x+uY��w)v w s�x+q�{�� ¹&{}p+æ.¹&z�t�v
�+t Γ ��ø�t Ò�¹&{7Ò�x+{�+t Γ s�x+qy{�� t�u�v�q�r�t w t�s�vÚt�� t�Ò�v�x�r
t�uY¹&� w)x+vâ¹&u�v w ¹&x��/¹X��|7w)��t�sÚ��x/p+q�t��
|7t�qÚv�x+z�t�t�vyt�u{�¹&|7s�sâ¹&u�vÞ{7tÚÒ�¹&{7Ò�x+{��+t Γ s�ty�+r�q�w)x+{7t�q×Ò�w)�
��tÚ� � æ.¹&z+|}v�x��+t,�
L ¸�µYµF¸�E�þ K þ h þ�� à)Ë�Í�ö.Ï M = (Q, T, a0, s0, F, δ)

Ð�ö Í�õ�Ý�Î�Ò�Ë¬ö Í3ë+Ð�Ì�Ë¬ö�Ö
Í�Ï
w
Ð�ö ÍyÍ�ö.Ï1Ì�×âÍ ÿÛ Ñ Í�ô)Ë�á�Ï³Í×Ð�ö á�ç&á�Ï+û�õaÍ.Ô�Í,Ï1Ð�Ó�Íâá�Ø�Íâáâá�Ý)Ë¿Ý7®)Í�Î�Ø�Ñ Ï1ÌâÍâá×Ý7Ñ Ï³Í�Ì�ö�Ý&ö.Ï¬á,Ý7ç�Ý)ö.Ï�Ô�Í�Ð'ô�Î�à)õ×ß+à&á�Ý)ö.Ï¬á,Í�Ï

Ô�Í�Ð'ô"Ø�Ñ Ï1Ì�Íâá
Γ =

(

V, TΓ,
(

A1, R1, F
(1)
1 , F

(2)
1

)

,
(

A2, R2, F
(1)
2 , F

(2)
2

)) è�Ð�Ë¤§ÚÍ�ö Ñ Ð�Ë.Ô�à)ö"îö�Ý)ö.Ï�Îâà&õ
õaÍ$Í�ö.Ï1Ì�×�Í
φ(w)

§<á�Ë¬õçÐ�Ñ7Í
M
á�Ð�ÌGÑMQ Í�ö.Ï1Ì�×�Í

w
§�ÎVQ Íâá�Ïïî�Øªî Ô)Ë¬Ì�Í�è�Ð�Í�ï

ð ÿ ß�à)Ð�Ì$Î�Ò�Ý5è�Ð�Í�õ�à'Ï w á�Ð�Ì@Ñ7Í&è�Ð�Í�Ñ
M
á"Q Ý)Ì�Ì>ð�Ï³Í¯Ô�Ý)ö+áGÑ}Ý Îâà)öXØ`Ö)Ð�Ì�Ý'Ï1Ë à)ö

w1qw2
§�Ñ7Íyá�ç&áJîÏ+û�õaÍ

Γ
ß.Ì�à�Ô)Ð�Ë1Ï�Ð�ö�Ì�×âá�Ð�Ñ Ï�Ý'Ï�Ð�ö�ËÕè�Ð�Í

φ(w1qw2)
ÿ
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ñ ÿ ß+à)Ð�ÌFÎ�Ò�Ý5è�Ð�Í/õ�à'Ï w

§�á�Ð�Ì]Ñ7Í�è�Ð�Í�Ñ
M

ö Í�á,Q Ý)Ì�Ì>ð�Ï³Í ß�Ý&á>§�Ñ7Í�á�ç&á�Ï+û�õaÍ
Γ
ß.Ì�à�Ô)Ð�Ë1Ï<Ñ7Í

Ñ}Ý)ö�Ö�Ý�Ö�Í¯®�ËÕÔ�Í ÿ
Ê�×�õ�à)ö+á�Ï1Ì�Ý'Ï1Ë à)ö ÿ

1�w)|7t�u�v T = {a0, . . . , am−1}, Q = {q0, . . . , qn−1}
é a ∈ T ∪ {X} é b,d, e ∈ T é

c ∈ T ∪ {Y } é q ∈ Q é�w7> a0
t�s�vÞ{7tÚs�ú���z w){7t,z+{�¹&u�Ò,�ñ×w)x�s
p w)x+Ù�w)u�sas�x+p+p�w's�t�qasâ¹&u�s
p�t�q�v�t*�+tûÓ�r�u�r�qâ¹&{}|}v�rD~�x�t w1w1

u�t*Ò�w)u�v�|}t�u�v ¹&x�Ò�x+us�ú��$z�w){7t a0
t�v�~�x�t M u�typ�w's�s����+typ.¹)sc� � |}u�s�v�q�x�Ò�v�|7w)u�s�s�v�¹&v�|}w)u�u.¹&|}q�t�s��ñ×w)x�scÒ�w)u�s�v�q�x+|7s�w)u�s Γ �+t,{�¹ç�a¹&u+|���q�tÚs�x+|}Ù'¹&u�v�t"!ø�� ¹&{}p+æ.¹&z t�v V t�s�vc�+w)u+u.ryp.¹&q@!

V = T ∪ Q ∪ {X, Y, S, S ′, R, L, R′, L′, RR, ZR
1 , ZX , ZY , RL

1 , ZL
1 , R′

1, Z
′
1}
�ø�� ¹&{}p+æ.¹&z t�v�v�t�q��
|}u.¹&{ T t�s�v��+w)u+u�ryp.¹&q¯!

TΓ = T \ {a0} ∪ {X, Y, S} ∪ {q : q ∈ F} �ø�t�s�Ò�w)�
p�w'sâ¹&u�v�s�s�w)u�v��+r���u+|7sc�+ty{�¹$�a¹&u�|»��q�t�s�x+|}Ù'¹&u�vât<!
� ·`\�¸D¯jËòs��Ó'{7t�sc�+t R1

!
Ô[w)x+q�Ò�æ.¹)~�x�tyq���Ó'{7t qiakRalqj ∈ δ u�w)x.s�¹�Ù�w)u�sÞ{7t,Ó'q�w)x+p tÚs�x+|}Ù'¹&u�vc�+ty�
q���Ó'{7t�s¯!

1.1.1.1.
aSqiak Y

ZY a0Y
, 1.1.1.2.

a Sqiakb

R L
,

1.1.1.3.
RSqiak b

RR
1 alS

′qj ZR
1

, 1.1.1.4.
a L

RR
1 bS′qd

,

Ô[w)x+q�Ò�æ.¹)~�x�tyq���Ó'{7t qiakLalqj ∈ δ u�w)x�s�¹�Ù�w)u�sÞ{7tyÓ'q�w)x+p�tÚs�x+|}Ù'¹&u�vc�+t¯U$q���Ó'{7t�s¯!
1.1.2.1.

X Sqiak

Xa0 ZX
, 1.1.2.2.

b dSqiak

R L
, 1.1.2.3.

RbSqiak c

RL
1 S′qjbal ZL

1

,

1.1.2.1′.
X bSqiak

Xa0 ZX
1.1.2.4.

b L
RL

1 S′qdec
,

ñ×w)x�s�¹�Ù�w)u�s�¹&x�s�s�| {7tyÓ'q�w)x+p�tÚs�x+|}Ù'¹&u�vc�+t¯8$q���Ó'{7t�s¯!
1.2.1.

ab S′qd

R′ L′ , 1.2.2.
R′S′ qb

R′
1S Z ′

1

, 1.2.3.
b L′

R′
1 Sqd

,

ë¿|}u.¹&{7t���t�u�v�é�u�w)x�s�¹�Ù�w)u�sÞ{7tyÓ'q�w)x+p�tÚs�x+|}Ù'¹&u�vc�+t¯8$q���Ó'{7t�s¯!
1.3.1.

b a0Y
ZY Y

, 1.3.2.
Xa0 b

X ZX
, 1.3.3.

Xa0 S
X ZX

.

ë¿|}{}v�q�t�s¯!
F

(1)
1 = {R′, L, L′} é

F
(2)
1 = {R, L, L′} = (F 1

1 \ {R′}) ∪ {R} �
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ê ��|7w)��t�sc��t A1

!
{RY a0Y, Xa0ZX , R′

1SZ ′
1, RL} ∪ {RR

1 alS
′qjZ

R
1 : ∃qiakRalqj ∈ δ} ∪

{RL
1 S′qjbalZ

L
1 : ∃qiakLalqj ∈ δ} �

� ·`\<¸D¯�¯jËê x�Ò�x+u.t,q���Ó'{7t"! R2
t�s�vÞÙ�|7�+t,�ë¿|}{}v�q�t�s¯!

F
(1)
2 = Q ∪ T ∪ {X, Y, S, R, L, R′, L′, RL

1 , RR
1 , R′

1}
é

F
(2)
2 = Q ∪ T ∪ {X, Y, S ′, R, L, R′, L′, RL

1 , RR
1 , R′

1} = (F 1
2 − {S}) ∪ {S ′} �ê ��|7w)��t�sc��t A2

!
{R′L′} �ø�¹¤p�¹&q�v�|7tY��xOq�x+z.¹&u �+t M ~�x+|$Ò�w)u�v�|7t�u�vÈ�+t/{�� |}u�Õ w)q��a¹&v�|7w)u t�s�vDÒ�w��+re�+t/{�¹¤�a¹�íu+|���q�t
s�x+|}Ù'¹&u�v�tp!.p w)x+qyÒ�æ.¹)~�x�tçÒ�w)u��.Ó'x+qâ¹&v�|7w)u w1qw2

�+t M |}{[t���|7s�v�t$x+u�tçÒ�w)u ��Ó'x+qâ¹&v�|7w)u
Xw1Sqw2Y

�.¹&u�s Γ ��ø�t�q�x+z.¹&uçt�s�v¿�+w)u�Ò�t�u�v�w)x+qâr�p.¹&q X t�v Y t�v�u�w)x�s[¹�Ù�w)u�s�{7t��a¹&q�~�x.t�x�q
Sqi

~�x+| �a¹&q�~�x�tÚs�x+qÞ{7tyq�x+z.¹&u*{�¹çp�w's�|}v�|7w)uD�+ty{�¹$v�*�v�tÚ�+t,{�¹ç�a¹)Ò�æ+|}u�t�t�vcs�w)uDr�vâ¹&v��ø�tas�ú�s�v�����t Γ s�|}��x+{7taÒ�æ.¹)~�x�tar�vâ¹&p�ta�+t M t�uY�+t�x��Fr�vâ¹&p�t�s���Ô¿t�u���¹&u�v�{�¹ p+q�t��
|���q�tr�vâ¹&p t�|}{[s�|}��x+{7t�x+u�t$r�vâ¹&p�tç�+tÚ{�¹��a¹)Ò�æ�| u.t$�+t ã x+q�| u�Ó t�v×| {¿p+q�|}��t�{7t$s�ú���z w){7t S p.¹&q×{7t�sq���Ó'{7t�s 1.1.x.2 Ö 1.1.x.4 � ñ×w)x�sy��|7s�w)u�sy~�x�tçÒ�t�s,q���Ó'{7t�sys�w)u�vÚ¹)s�s�w�Ò�|7r�t�sÚÖa{�¹ q���Ó'{7tçÒ�w)q�q�t�s íp w)u���¹&u�v�t �+ta{�¹*�a¹)Òâæ+|}u�t M �¿Ô¿t�u���¹&u�vç{�¹Ds�t�Ò�w)u��+t r�vâ¹&p ta{7t s�ú�s�v�����tat�u+{���Ù�ta{7tap+q�|}��t�+t S′ Ö�{�� ¹&|7�+tç�+t�s×q���Ó'{7t�s 1.2.x ��ø�t$q�x+z.¹&uÈp�t�x+vG*�v�q�t$r�v�t�u���xÈp.¹&q,{7t�s×q���Ó'{7t�s 1.1.x.1 é�w)xq�t�s�v�q�t�|}u�vÚp.¹&qÚ{7t�syq���Ó'{7t�s 1.3.x ��ø�t�s�ú�s�v�����tçp+q�w���x+|}vÚx+uFq�r�s�x+{}vâ¹&v�s�|�t�v�s�t�x+{7t���t�u�v�s�| Ms�� ¹&q�q�*�v�tÚs�x+qÞ{7ty��w)vc|}u+|}v�|�¹&{ w �Ô[w)x+qyt�� t�Ò�v�x�t�q,{�¹as�r�p.¹&qâ¹&v�|7w)u/t�u/�+t�x���r�vâ¹&p�t�s,u�w)x�s×x+v�|}{}|7s�w)u�s,�+t�x��Ès�w)x�s í³t�u�s�t���z+{7t�s�+t
q���Ó'{7t�s���¹&u�sÚ{7t
p+q�t��
|7t�q�v�x+z t'é�¹&|}u�s�|�~�x�t
{7t�sy��w){7r�Ò�x+{7t�sç¹)s�s�|7s�vâ¹&u�v�t�s RL t�v R′L′ ~�x+|¹&p+p.¹&qâ¹&|7s�s�t�u�vÞ� � x+u�t,�a¹&u+|���q�tÚ¹&{}v�t�q�u.¹&v�|}Ù�ty��¹&u�s�{7t×p+q�t��
|7t�qct�v�{7t,�+t�x���|�����t×v�x+z t,t�u*¹)Ò�v�| íÙ'¹&u�vÞ{7t,p+q�t��
|7t�q�ª 1.1.x «�w)x*{7ty�+t�x���|�����ttª 1.2.x «�s�w)x�s í³t�u�s�t���z�{}tÚ�+t,q���Ó'{7t�s�é+Ù�w)|}q�¹&x�s�s�| {�¹s�t�Ò�v�|7w)u�4�� ��� �at�v�{7t�Òâæ.¹&p+|}v�q�t�6�� ã w)x+v�t�s�{7t�s���w){7r�Ò�x+{7t�s,~�x+|�u�t$s�w)u�v�p.¹)s×�+t�{7¹
Õ w)q���t�Ò�w)q íq�t�Ò�v�t�s�w)u�v�t�u�Ù�w�ú�r�t�s�¹&xD�+t�x���|�����t�Ò�w)�
p�w'sâ¹&u�v×~�x+|�t�s�v�Ò�w)u�s�|7�+r�q�rÚÒ�w)�
��tÚx+u�typ w)x+z�t�{}{7t'éÒ�¹&q�s�t�x+{7t�s�{7t�s���w){7r�Ò�x+{7t�sc¹)s�s�|7s�vâ¹&u�v�t�s RL t�v R′L′ p�t�x+Ù�t�u�v�p.¹)s�s�t�q���x �+t�x���|�����t�v�x+z t,¹&xp+q�t��
|7t�q��ø�t�s,��w){}r�Ò�x+{7t�s RY a0Y
é RR

1 alS
′qjZ

R
1
é Xa0ZX , RL

1 S′qjbalZ
L
1
t�v R′

1SZ ′
1
s�w)u�v×p+q�r�ís�t�u�v�t�sçv�w)x+v
{7t vât��
p.s
��¹&u�s
{7t v�x+z t 1 �[å,t �"*���t'é[v�w)x+v�t�s
{7t�sç��w){7r�Ò�x+{7t�saÒ�w)u�v�t�u.¹&u�v
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v�x�z�t�Ö×{�� ¹&x+v�q�tcsâ¹&u�s<p w)x+Ù�w)|}q�p.¹&q�v�|7Ò�|}p t�q�Ö×x+u�tÞq�t�Ò�w)��z+|}u.¹&|7s�w)u�é�Ò�¹&qÖ${�� r�vâ¹&p tyÒ�w)q�q�t�s�p w)u���¹&u�v�ty|}{ u�� t���|7s�v�t×p.¹)sÞ�+t,��w){7r�Ò�x+{7ty~�x+| {}x+|�s�w)|}vÞÒ�w)�
p+{7r���t�u�v�¹&|}q�typ.¹&qqâ¹&p+p w)q�v×Ö
~�x�t�{7~�x�t,q���Ó'{7tÚ~�x�tyÒ�tÚs�w)|}v��
ò@É�È 3 !G� �$#������%	���� � �t���
4T���O�OÏ±
�� Ë 	�
:� � �
ý ¨5�<°¿ª�®�ª¬²�° � þÙBOþÙBOþ Ø�u á�ç&á�Ï+û�õaÍ"Ô�Í n

Ï1Ð�Ó�Íâá�ØDÍâáâá�Ý)Ë�õ�à�Ô)Ë Ø2×âá t�s�v,{�¹aÒ�w)u�s�v�q�x�Ò�v�|7w)uYs�x+| íÙ'¹&u�v�t<!
Γ = (V, T, (A1, R1, F1), . . . , (An, Rn, Fn)),

w7> V é T é Ai
é Ri

t�v Fi
s�w)u�vÞ�+r���u+|7scÒ�w)�
��tÚ��¹&u�sÞ{7tyÒ�¹)sÞ�+t�scs�ú�s�v�����t�sÞ�+t,v�x+z�t�s�Öçt�s�sâ¹&|��

ø�t�scs�ú�s�v�����t�s��+t×v�x+z t�scÖ$t�s�sâ¹&| ��w���|��.r�sct�v�{7t�sÞs�ú�s�v�����t�s��+r�Ò�q�|}v�s�¹&xûÒ�æ�¹&p+|}v�q�t,p+q�r�Ò�r�í�+t�u�v[p�w's�s����+t�u�v¿x+uçp+q�w)v�w�Ò�w){7tÞ�+t�Ò�w)�
�$x+u+|7Ò�¹&v�|7w)u���|�� r�q�t�u�v��)Ô<{}x�s[t���¹)Ò�v�t���t�u�v�é)w)u
�+r���u+|}v{�¹çv�qâ¹&u�s�|}v�|7w)uDt�u�v�q�tÚ�+t�x��ûÒ�w)u���Ó'x+qâ¹&v�|7w)u�s×�+ty{�¹$�a¹&u+|���q�t�s�x+|}Ù'¹&u�v�t"!
(L1, . . . , Ln)⇒(L′

1, . . . , L
′
n) s�s�|

���,U



���,6 §�Ü�w�Ý���v��s{ðó�ß)~ (²~ v����_{2~�|.{�v�¦�xz{2~Á/�{2~ ~�w��z�$¥2|.�9õ��9à2~

L′
i =







n
⋃

j=1

j 6=i

σ∗
j (Lj) ∩ F ∗

i






∪

(

σ∗
i (Li) ∩

(

V ∗ −
n
⋃

k=1

F ∗
k

))

.

#�u*Ù�w)|}v�~�x�ty��¹&u�sÞ{�� x+u+|7w)u��+t,{�¹çp+q�t��
|���q�typ.¹&q�t�u�v�æ���s�ty{7tÚÒ�¹)s j = i t�s�vct��+Ò�{}x�s��ù<uÚv�t�q���t�s�x�s�x�t�{7s�é�Ò�t�Ò�|�s�|}Ó'u+|��.t�~�x�t�s�|'x+u�t<��w){7r�Ò�x+{7t<p t�x+v Õ1qâ¹&u�Ò�æ+|}q�x+u.��{}v�q�t�� � x+uÚv�x+z t��|�� r�q�t�u�v��+tcÒ�t�{}x+|.��¹&u�s�{7t�~�x�t�{�t�{}{7t�¹yr�v�rÞp+q�w���x+|}v�t'é�t�{}{7tÞu�tÞq�t�s�v�tÞp.¹)s���¹&u�s�{7tÞv�x+z�tÞ|}u+|}v�|�¹&{�é�"*���tÈs�|yt�{}{}tÈp�t�x+v Õ1qâ¹&u�Òâæ+|}qûs�w)u}��{}v�q�t,�s-�t�v�v�t���w���|��.Ò�¹&v�|7w)u p t�q���t�vû� � w)q�Ó�¹&u+|7s�t�qûx+u�tr�{}|}�
|}u.¹&v�|7w)uD�+t�sÞ��w){7r�Ò�x+{7t�sct�v�é�p.¹&qcÒ�w)u�s�r�~�x�t�u�v�é+��� ¹&p�p+{}|}~�x.t�qc{�¹$��r�v�æ�w��+tÚ�+t�s���w){7r�Ò�x+{7t�s¹)s�s�|7s�vâ¹&u�v�t�s��
-�t�v�v�t×�+r���u+|}v�|7w)uût�s�v�¹&p+p+{}|7Ò�¹&z+{7t,��¹&u�s�{7t�Ò�¹)s�w7> w)u ¹$¹&xa��w)|}u�s��+t�x���v�x+z�t�s���ø�w)q�s�~�x�t

n = 1 é�u�w)x�scp�w's�w)u�s�é+p.¹&qc�+r���u+|}v�|7w)u�é.~�x�t L′
1 = σ∗

1(A1)
�ñ×w)x�s�u�w)v�w)u�sap.¹&q TTMn

{�¹ÈÕ�¹&�
|}{}{7tD�+t�s�{�¹&u+Ó�¹&Ó�t�sap+q�w���x+|}v�sap.¹&qa{7t�sas�ú�s�v�����t�sa�+tv�x+z t�s�Ö
t�s�sâ¹&| ��w���|��.r�s×¹�ú�¹&u�v�¹&x*p+{}x�s n v�x+z�t�s��ñ×w)x�sçq�t��a¹&q�~�x�w)u�s
{�¹�p+q�w)p+q�|7r�v�rûs�x+|}Ù'¹&u�v�t �+t�s�s�ú�s�v�����t�s$|}u�v�q�w���x+|}v�saÒ�| í³�+t�s�s�x�s��²1�w)|}v
Γ x+u s�ú�s�v�����t �+tûv�x+z�t�s ÖÈt�s�sâ¹&|Þ��w���|��.r�s ¹�ú�¹&u�v ��v�x+z t�s��²1�w)|}v M x+u�tû��w){7r�Ò�x+{7t*~�x�|p t�x+v,Õ1qâ¹&u.Ò�æ+|}qÚ{7t�s.��{}v�q�t�s��+t�sÚ�+t�x��Èv�x+z�t�s�t�vÚs�x+p+p w's�w)u�sÚ~�x�� |}u+|}v�|�¹&{7t���t�u�v$t�{}{7t
s�tçv�q�w)x�Ù�t��¹&u�sa{7t*v�x+z te�,��ï³{�t�s�v�Õ�¹)Ò�|}{7t��+t*Ù�w)|}q ~�x�� ¹&p+q���s {�¹/p+q�t��
|���q�t�r�vâ¹&p tD�+t�Ò�¹&{7Ò�x+{�é M t�s�vt�u�Ù�w�ú�r�t×��¹&u�s�{7t×�+t�x���|�����t×v�x+z�t,t�vÞ¹&x�Ò�x+u�tyÒ�w)p+|7t×�+t M u�t�q�t�s�v�t×��¹&u�s�{7t�p+q�t��
|7t�q�v�x+z t,�
¼O{�� r�vâ¹&p tÚs�x+|}Ù'¹&u�v�t'é�Ò�w)�
��t M p�t�x+vcÕ1qâ¹&u�Ò�æ+|}qc{7typ+q�t��
|7t�q±��{}v�q�t'é�Ò�t�v�v�ty��w){7r�Ò�x+{7tÚq�t�Ù�|7t�u�v¹&xYp+q�t��
|7t�q$v�x+z t t�vç¹&x�Ò�x+u�t Ò�w)p+|7ta� � t�{}{7tau�t�q�t�s�v�ta�.¹&u�s�{7ta�+t�x���|�����tav�x+z�t,��¼=Òâæ.¹)~�x�tr�vâ¹&p t M Òâæ.¹&u+Ó�t
�+w)u�Ò
�+t$v�x+z t'é Ò'� t�s�v í�Ö�í³��|}q�t�~�x�� t�{}{7t
¹&p+p.¹&qâ¹X�7v���¹&u�syÒâæ.¹)~�x�t$v�x+z t
¹�Ù�t�Òx+u�t,p�r�q�|7w���tyr�Ó�¹&{7tyÖ$�+t�x�� �+Ô[¹&qcÒ�t×p+q�w�Ò�r��+ry| {�t�s�v��+w)u�Ò,p w's�s�| z�{}ty�+t,Ò�q�r�t�qc�+t�s���w){7r�Ò�x+{7t�s¹)s�s�|7s�vâ¹&u�v�t�sÞ�+t×p r�q�|7w��+t��$t�vc�+w)u�v�{�� ¹&p+p.¹&q�| v�|}w)u�t�s�vÞ��|}q�|}Ó�r�typ.¹&q�{7tyÒ�w)u�v�q�º){7t'é+Ù�w)|}qc¹&x�s�s�| {�¹s�t�Ò�v�|7w)u_6�� ���
� l�¨�².´�j�µF¸�� þÙBOþÙBOþ�� à)Ë1Ï G = (N, T, P, S)

Ð�ö Í±Ö)Ì�Ý)õçõ�Ý)Ë¬ÌâÍyÝ)Ì�Ó�Ë1Ï1Ì�Ý)Ë¬Ì�Í ÿ$Û Ñ�Í�ô)Ë�á�Ï³Í,Ð�öûá�ç&áJîÏ+û�õaÍ±Ô�ÍÞÏ1Ð�Ó�Íâá�Ø�Íâáâá�Ý)Ë�õ�àXÔ)Ë Ø2×âáÞÝ7ç�Ý)ö.Ï0Ô�Í�Ð'ôÚÏ1Ð�ÓâÍâá>§
Γ = (V, T, (A1, R1, F1), (A2, R2, F2))è�Ð�Ë<á�Ë¬õçÐ�Ñ7Í

G
Í�Ï�ß�à)Ð�Ì@Ñ7Í�è�Ð�Í�Ñ[à)ö/Ý)Ë1Ï

L(Γ) = L(G) ÿÊ�×�õ�à)ö+á�Ï1Ì�Ý'Ï1Ë à)ö ÿÞñ×w)x�scÒ�w)u�s�v�q�x+|7s�w)u�s Γ �+t,{�¹ç�a¹&u+|���q�tÚs�x+|}Ù'¹&u�v�t,�1�w)|7t�u�v N ∪ T ∪ {B} = {a1, a2, . . . , an}
ª B = an

«�t�v B 6∈ N ∪ T �åy¹&u�scÒ�tÚ~�x+|�s�x+|}vÞu�w)x.scs�x+p+p�w's�w)u�s�~�x�t<!
a ∈ V ∪ T ∪ {B} é b ∈ V ∪ T ∪ {B} ∪ {α} é c ∈ Vδ

é γ ∈ {α, β} �Ô[w's�w)u�s Vδ = V ∪ T ∪ {B} ∪ {α, β} �Ô[w's�w)u�s�¹&x�s�s�| VAB = {Ax, Bx}, x ∈ {X ′
ββ, Y ′

β, X ′
α, Y ′

α, X, Y, Xαα, Yα, X ′, Y ′} t�v
VCD = {Dx, Cy}

é+w7> x ∈ {X, X ′
ββ, X ′

α, Xαα, X ′} t�v y ∈ {Y ′
α, Y, Y ′

β, Yα, Y ′} �ø�� ¹&{}p+æ.¹&z t�v V t�s�vc�+r���u+|�p.¹&q@!
V = Vδ ∪ VAB ∪ VCD ∪ {ZX , ZBY , Zv, ZYi

, ZXi
} ∪

{X, Y, X ′, Y ′, Xα, Yα, Xβ , Yβ, X ′
α, Y ′

α, X ′
β , Y ′

β}
�ø�t�scv�x+z�t�s���x*s�ú�s�v�����tys�w)u�vc�+r���u+|7s��+t,{�¹ç�a¹&u+|���q�tÚs�x+|}Ù'¹&u�v�t,�� ·`\�¸D¯jËê ��|7w)��t�sc�+t A1

!
{XBSY }∪{ZvvY : u → v∈ P}∪{CY ′

α
Y ′

α, XDX , CY Y, X ′
ββDX′

β
β, CY ′

β
Y ′

β , X ′
αDX′

α
}∪

{ZYi
βαiY, XaiZXi

, ZYβ
Yβ} ∪ {AY ′

α
BY ′

α
, BXAX} ∪ {BXαAXα , AYαBYα , AY ′BY ′} �
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òs��Ó'{7t�sc�+t R1

!

1.3.1 :
ε uY

Zv vY
1.3.2 :

a aiY

ZYi
βαiY

1.3.3 :
Xβαi a

Xai ZXi

1.3.4 :
a βY

ZYβ
Yβ

1.1.1 :
γ Yα

AY ′
α

Y ′
α

1.1.2 :
X ′ γ

X AX

1.2.1 :
X α

X ′
ββ AX′

β
β

1.2.2 :
a Yβ

AY ′
β

Y ′
β

1.2.3 :
Xα b

X ′
α AX′

α

1.2.4 :
c Y ′

AY Y

BA.x :
x Dx

Bx Ax
, ∀xDx ∈ A1

é AB.y :
Cy y

Ay By
, ∀Cyy ∈ A1ë¿|}{}v�q�t F1

!
Vδ ∪ VAB ∪ {Xα, Yα, X ′, Y ′} �� ·`\<¸D¯ÊËê ��|7w)��t�sc��t A2

!
{XααDXαα, CYαYα, CY ′Y ′, X ′DX′} ∪ {ZX , ZBY } ∪ {BX′AX′} ∪
{BX′

β
AX′

β
, AY ′

β
BY ′

β
, BX′

α
AX′

α
, AY BY }

�òs��Ó'{7t�sc�+t R2
!

2.3.1 :
X a

ε ZX
2.3.2 :

ε BY

ZBY ε

2.1.1 :
X b

Xαα AXαα
2.1.2 :

γ αY

AYα Yα
2.1.3 :

γ Y ′
α

AY ′ Y ′ 2.1.4 :
a Y ′

β

AY ′ Y ′

2.2.1 :
X ′

α b

X ′ AX′
2.2.2 :

X ′
β β

X ′ AX′

BA.x :
x Dx

Bx Ax
, ∀xDx ∈ A2

é AB.y :
Cy y

Ay By
, ∀Cyy ∈ A2ë¿|}{}v�q�t F2

!
Vδ ∪ VAB ∪ {X, Y, X ′

β, Y ′
β, X ′

α, Y ′
α, Xα, Y ′} �ñ×w)x�s�¹X©�q���w)u�s×~�x�t L(Γ) = L(G) �ñ×w)x�sy¹&{}{7w)u�s,p+q�w)x+Ù�t�qyÒ�t�v�v�t
¹X©�q��a¹&v�|7w)uF�+t�{�¹a�a¹&u+|���q�tçs�x+|}Ù'¹&u�vât7� ñ×w)x�s×��w)u�v�q�t�q�w)u�sÒ�w)�
��t�u�v$|}{�t�s�v�p w's�s�|}z+{7ta�+tas�|}�$x+{7t�q�{7t�s$�+r�q�|}Ù'¹&v�|7w)u�sç�+t�{�¹*Ó'qâ¹&�
�a¹&|}q�t�Õ w)q���t�{}{7t G t�v�ép.¹&qaÒ�w)u�s�r�~�x�t�u�v�é<u�w)x�s�w)z+v�|7t�u���q�w)u�s ~�x�t L(G) ⊆ L(Γ) ��åy¹&u�s
{7t �"*���tûv�t��
p�s�é<u�w)x�s��w)u�v�q�t�q�w)u�s�~�x�t$v�w)x+v�t�sy{7t�s�¹&x+v�q�t�syp�w's�s�|}z+|}{}|}v�r�sÚ�+t
Ò�¹&{7Ò�x+{<u�� ¹&z w)x+v�|7s�s�t�u�vÚp.¹)s�Öax+u/��w)vv�t�q��
|}u.¹&{�é.Ò�tÚ~�x+| p+q�w)x+Ù�t�qâ¹ç{�� r�u�w)u�Ò�r,�ñ×w)v�qâtcs�|}��x+{�¹&v�|7w)u t�s�v<Õ w)u��+rcs�x+q�{�¹,��r�v�æ�w��+t�;�Õ�¹&|}q�t�í�v�w)x+q�u�t�q í³t�v í³s�|}�$x+{7t�q�=,��ñ×w)x�s�x+v�|}{}| ís�w)u�s�{7t�s¿�"*���t�s¿|7�+r�t�s¿~�x�t�Ò�t�{}{7t�s¿x+v�|}{}|7s�r�t�s�p t�u���¹&u�v[{�¹��+r���w)u�s�v�qâ¹&v�|7w)u
��x$v�æ�r�w)q�����t±4�� ���}�,�Ô<{}x�s,p+q�r�Ò�|7s�r���t�u�v�é u�w)x�s�Õ�¹&|7s�w)u�s×v�w)x+q�u�t�q,{7t���w)v XwaiY

� � x+u�t${7t�v�v�q�tçt�u�v�q�w)|7syr�v�¹&p�t�s��Ô<q�t��
|���q�t���t�u�v�é,u�w)x�sÈÒ�w��+w)u�s ai
p.¹&q βαi t�v�u�w)x�s/w)z+v�t�u�w)u�s XwβαiY �,Ô<x+|7s�é�u�w)x�sv�qâ¹&u�s Õ r�q�w)u�s,{7t�s α �+t�{�� t���v�q�r��
|}v�r
��q�w)|}v�tç��x���w)vÚÖas�w)uÈt���v�q�r��
|}v�r$Ó�¹&x�Ò�æ�tçt�u/w)z+v�t�u.¹&u�v

XβαiwY �+ë¿|}u.¹&{7t���t�u�v�é�u�w)x�sc�+r�Ò�w��+w)u�s βαi t�u ai
t�vÞu�w)x�s�w)z+v�t�u�w)u�s XaiwY �
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Ô[w)x+qcq�r�¹&{}|7s�t�qc{7t,p+q�w�Ò�r��+r�Ò�| í³�+t�s�s�x�sÞu�w)x�sÞx+v�|}{}|7s�w)u�sc{�¹$��r�v�æ�w��+t��+t�sÞ��w){7r�Ò�x+{7t�s×¹)s�s�|7s ívâ¹&u�v�t�s�é Ù�w)|}q�Ò�æ.¹&p+|}v�q�t/6���ñ×w)x�sÚÒ�w)u�s�|7�+r�q�w)u�s��+t�x��/v³ú�p t�sÚ�+t
��w){7r�Ò�x+{7t�s$¹)s�s�|7s�vâ¹&u�v�t�s�� ø�t�s��w){7r�Ò�x+{7t�sa¹)s�s�|7s�vâ¹&u�v�t�s
��x�p+q�t��
|7t�q�v³ú�p t'é[~�x+|Þ��|}q�|}Ó�t�u�v
{�� ¹&p+p+{}|7Ò�¹&v�|7w)u �+t�s
q���Ó'{7t�s�t�v�~�x+|s�w)u�v��+tÞ{�¹×Õ w)q���t xDx
w)x Cyy

é�s�w)u�v�Ò�q�r�t�s�p.¹&q�|}�$z+q�|7Ò�¹&v�|7w)u Ö,{�� ¹&|7�+t��+t�s���w){7r�Ò�x+{7t�s�¹)s�s�|7s ívâ¹&u�v�t�s���x �+t�x���|�����t×v³ú�p t,��ø�t�s���w){7r�Ò�x+{7t�sc¹)s�s�|7s�vâ¹&u�v�t�s���x �+t�x���|�����t×v³ú�p t×~�x+| s�w)u�v��+t�{�¹Õ w)q���t AyBy
w)x BxAx

é.s�w)u�v,Ò�q�r�t�s×p.¹&q×{7t$Ò�w)u�v�q�º){7tç�+t�{�¹��a¹&u+|���q�tçs�x+|}Ù'¹&u�v�t,��ø�t�ss��{}v�q�t�s�+tyÒ�æ.¹)~�x�t,v�x+z t,p�t�q���t�v�v�t�u�vc{7t×p.¹)s�sâ¹&Ó�ty�+tyÒ�t�s���w){7r�Ò�x+{7t�sct�v�é�p.¹&qcÒ�w)u�s�r�~�x�t�u�v�é�t�{ {7t�s�¹&p�íp.¹&qâ¹&|7s�s�t�u�vy��¹&u�s,x+u/v�x+z�t�¹�Ù�t�Ò$x+u�t$p r�q�|7w��+t�r�Ó�¹&{7t
Ö �+t�x�� é Ù�w)|}q,{7t�s,q�r�¡.t���|7w)u�sÚ�+w)u+u�r�t�sp+{}x�s�æ.¹&x+v�� #�u w)z+v�|7t�u�v��+w)u�Ò×~�x�tc{7t�s��+t�x���v�ú�p�t�s��+tc��w){7r�Ò�x+{7t�sÞ¹)s�s�|7s�vâ¹&u�v�t�s�¹&p+p.¹&qâ¹&|7s�s�t�u�v¹�Ù�t�Ò,x�u�t,p r�q�|7w��+t�r�Ó�¹&{7t�Öç�+t�x�� �ù<uçx+v�|}{}|7sâ¹&u�v<Ò�t�s¿��w){7r�Ò�x+{7t�s�¹)s�s�|7s�vâ¹&u�v�t�s¿u�w)x�s[s�r�p.¹&q�w)u.s¿{7t�s¿q���Ó'{7t�s<��x
s�ú�s�v�����t�t�u$v�q�w)|7sÓ'q�w)x+p t�s¯!
�,�Þø�t�s
q���Ó'{7t�s���x�p+q�t��
|7t�q�v�x+z�tû~�x+|cs�w)u�v�¹&p�p+{}|}Ò�¹&z+{7t�s�p t�u���¹&u�v�x+u�tûr�vâ¹&p�t |}�
p.¹&|}q�tx+u+|7~�x�t���t�u�vÚt�v×{7t�s,q���Ó'{7t�sy��x/�+t�x���|�����t$v�x+z tç~�x+|[s�w)u�vy¹&p+p+{}|7Ò�¹&z+{7t�syp t�u���¹&u�vyx+u�tr�vâ¹&p typ.¹&|}q�tÚs�t�x+{7t���t�u�v��
���Þø�t�s�q���Ó'{7t�s×��xDp+q�t��
|7t�q�v�x+z t�~�x+|�s�w)u�v×¹&p+p+{}|7Ò�¹&z+{7t�s×p t�u���¹&u�v×x+u�t�r�vâ¹&p�t�p.¹&|}q�tÚx+u+| í~�x�t���t�u�v<t�v[{7t�s¿q���Ó'{7t�s<��x
�+t�x���|�����t�v�x+z�t�~�x+|+s�w)u�v�¹&p+p+{}|7Ò�¹&z+{7t�s<p�t�u���¹&u�v[x+u�t�r�vâ¹&p t|}�
p.¹&|}q�t�s�t�x+{7t���t�u�v��
8��Þø�t�scq���Ó'{7t�sc�+t�s��+t�x�� v�x+z t�sc~�x+|�s�w)u�v�¹&p+p+{}|7Ò�¹&z+{7t�s,Ö$u�� |}�
p w)q�v�tÚ~�x.t�{���w)��t�u�v��
#�uF��|}vÚ~�x�t${7t�s,q���Ó'{7t�sÚs�w)u�vÚ¹)Ò�v�|}Ù�r�t�sÚ¹&x��/r�vâ¹&p�t�syp t�u���¹&u�vÚ{7t�s�~�x�t�{}{7t�syt�{}{7t�sÚs�w)u�vÚ¹&p�íp+{}|7Ò�¹&z+{7t�s�t�v��+r�sâ¹)Ò�v�|}Ù�r�t�scp�t�u���¹&u�vc{7t�s�¹&x+v�qât�s�r�vâ¹&p t�s��ø�t�s�u�x+��r�q�w's×�+t�s�q���Ó'{7t�s�p t�q���t�v�v�t�u�vy�+t�sâ¹�Ù�w)|}q×��¹&u�s×~�x�t�{}{7tÚÓ'q�w)x+p tÚ{�¹
q���Ó'{7t$Ò�w)q�q�t�s íp w)u���¹&u�v�tÞt�s�v[p+{�¹)Ò�r�t,�'Ô<{ x.s[p+q�r�Ò�|7s�r���t�u�v�é){7t�p+q�t��
|7t�q<u�x+��r�q�w,� � x+u�t�q���Ó'{7t�|}u���|7~�x�t�{7t�v�x+z t¹&x�~�x�t�{<t�{}{7t
¹&p+p.¹&q�v�|7t�u�v�é vâ¹&u���|7sy~�x�t�{7tç�+t�x���|�����t$u�x+��r�q�w |}u���|7~�x�tç{7t�Ó'q�w)x+p t
¹&x�~�x�t�{[{�¹q���Ó'{7t�¹&p+p.¹&q�v�|7t�u�v��ù<u¤t�� t�v�é�{�¹Ds�r�p.¹&qâ¹&v�|7w)u¤�+t�s$q���Ó'{7t�sçt�u�Ò�t�s$Ó'q�w)x+p�t�s
Ò�| í³�+t�s�s�x�s�p t�q���t�v
� � w)z+v�t�u+|}qç{�¹p+q�w)p+q�|7r�v�r�s�x+|}Ù'¹&u�v�tG!�s�|+x+u�tÞq���Ó'{7tcs�� ¹&p+p+{}|7~�x�t�¹×x+u�tÞ��w){7r�Ò�x+{7t�t�v�s�|+{7t�q�r�s�x+{}vâ¹&v�t�s�v�t�u�s�x+|}v�tt�u�Ù�w�ú�rÞ��¹&u�s<{�� ¹&x+v�q�tcv�x+z�tcw7>
|}{�t�s�v�Òâæ.¹&u+Ó�rÞp.¹&q<x+u�t�¹&x+v�q�tÞq���Ó'{7tct�v�t�s�v�t�u�Ù�w�ú�rcÖ×u�w)x+Ù�t�¹&x��¹&u�s�{7tcv�x+z tc|}u+|}v�|�¹&{�é�{7t�s��+t�x���q���Ó'{7t�s�~�x+|�w)u�v�r�v�r�x+v�|}{}|7s�r�t�s�Õ w)u�v�p.¹&q�v�|7t×��xa�"*���t�Ó'q�w)x+p�t,�Ñ ¹&|}u�v�t�u.¹&u�v�é�u�w)x�s<��w)u�v�q�w)u�s�¹�Ù�t�Ò�p+{}x�s��+tÞ�+r�vâ¹&|}{7s�Ò�w)�
��t�u�v�w)u ¹)Ò�v�|}Ù�tÞ{7t�s<q���Ó'{7t�s��+t�s

Ó'q�w)x+p t�s�ª �X«�t�v�ª �5«��+ñ,w)x�s�p+qât�u.w)u�scÒ�w)�
��t�t��+t��
p+{7ty{�¹$q���Ó'{7t 1.2.1 ! X α

X ′
ββ AX′

β
β

�
åy¹&u�s Γ {7t�s�w)z+� t�v�scs�x+|}Ù'¹&u�v�sct���|7s�v�t�u�vc~�x+|�s�w)u�v�¹)s�s�w�Ò�|7r�s�ÖçÒ�t�v�v�tyq���Ó'{7t"!åy¹&u�sÞ{7tyv�x+z�tÚï�!ø�� ¹X��|7w)��tt! X ′

ββDX′
β
β
�ø�t�scq���Ó'{7t�s@!

1.2.1 :
X α

Xββ AX′
β
β

t�v BA.X ′
β :

Xββ DX′
β
β

BX′
β
β AX′

β
β

�
Ø�u�typ.¹&q�v�|7tÚ��xp��{}v�q�t F1

! BX′
β
β , AX′

β
β
�åy¹&u�sÞ{7tyv�x+z�tÚï�ïs!ø�� ¹X��|7w)��tt! BX′

β
βAX′

β
β
�ê x�Ò�x+u�tyq���Ó'{7t,�
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Ø�u�typ.¹&q�v�|7tÚ��xp�.{ v�q�t F2

! X ′
β , BX′

β
β , AX′

β
β
�ø�¹���w){7r�Ò�x+{7tD¹)s�s�|7s�vâ¹&u�v�t BX′

β
βAX′

β
β
Ù�w�ú�¹&Ó�tû� � x+u¤v�x+z�t*Ö�{�� ¹&x�v�q�tût�v
t�{}{7t*¹&p+p.¹&qâ¹X�7v��¹&u�s�{7t�p+q�t��
|7t�q¿v�x+z�t�p�t�u���¹&u�v¿x+u�t�r�vâ¹&p�t�p.¹&|}q�t�s�t�x+{7t���t�u�v��&Ô<¹&q[Ò�w)u�s�r�~�x�t�u�v�é�{�¹Þ��w){7r�Ò�x+{7t¹)s�s�|7s�vâ¹&u�v�tç��xÈp+q�t��
|7t�qyu+|}Ù�t�¹&x X ′

ββAX′
β
β
¹&p+p.¹&qâ¹X�7vÚ�.¹&u�s,{}tçp+q�t��
|7t�qyv�x+z�tçp�t�u���¹&u�vy{7t�sr�vâ¹&p t�s�p.¹&|}q�t�s�x+u+|7~�x�t���t�u�vÞt�vÞ¹&p+q���sÞs�w)u x+v�|}{}|7sâ¹&v�|7w)uût�{}{7t,t�s�v�t�u�Ù�w�ú�r�t�v�w)x+vÞ�+t×s�x+|}v�t,��¹&u�s{7t��+t�x���|�����t�v�x+z t,�	-�t�Ò�|�|}�
p+{}|7~�x�t$~�x�tÚ{�¹
q���Ó'{7t 1.2.1 t�s�v�x+v�|}{}|7sâ¹&z+{7t�p�t�u���¹&u�v×x+u�t�r�vâ¹&p tp.¹&|}q�t×x+u+|7~�x�t���t�u�v�é+Ò�¹&q�s�t�x+{7t×{�¹Ú��w){7r�Ò�x+{7tÚ¹)s�s�|7s�vâ¹&u�v�t X ′

ββAX′
β
β
s�� ¹)Ò�Ò�w)q��+ty¹�Ù�t�Ò×s�w)uûs�|}v�t|}u�Õ r�q�|7t�x+q��	#�u*w)z+v�|7t�u�v��+w)u�ÒÚ~�x�t,{�¹çq���Ó'{7t 1.2.1 Õ�¹&|}vcp.¹&q�v�|7tÚ��xûÓ'qâw)x+p�ttª �5«��ã w)x+v�t�s�{7t�s×¹&x+v�q�t�scq���Ó'{7t�s×�+t�scÓ'q�w)x+p�t�s�ª �X«Þt�v�ª �5«Þs�w)u�v��+r���u+|7t�s×� � x+u�tÚ�a¹&u+|���q�t�s�|}�
| í{�¹&|}q�t,�ñ×w)x�s�w)z�s�t�q�Ù�w)u�s�~�x�tç{7t�syq���Ó'{7t�s���xFv�q�w)|7s�|�����t
Ó'q�w)x+p t�s�w)u�vyx+v�|}{}|7sâ¹&z+{7t�s$Ö u�� |}�
p�w)q�v�t~�x�t�{���w)��t�u�v�é�Ò�¹&q�{7t�x+qÞs�|}v�t�|}u�Õ r�q�|7t�x+qÞÒ�w)q�q�t�s�p�w)u��ûÖÚx+u�t×��w){}r�Ò�x+{7ty~�x+| t�s�v��+r ��ÖÚp+q�r�s�t�u�v�t��¹&u�sç{7t v�x+z�t Ò�w)q�q�t�s�p w)u���¹&u�v�t�v
~�x+|�u.tap t�x+vçp.¹)s�Õ1qâ¹&u�Òâæ+|}qç{7tt��{}v�q�t �+t { � ¹&x+v�q�t v�x+z tûÖÒ�¹&x�s�tÚ�+t,{�¹çp+q�r�s�t�u�Ò�tÚ��xDs�ú���z w){7t Z ¹�Ù�t�Òy�+t�sÞ|}u���|7Ò�t�s��

a ²�®�«�®�ª¬²�°�¦
ñ×w)x�sÞw)z�s�t�q�Ù�w)u�sÞ~�x�t×{7t,s�|}v�t×|}u�Õ r�q�|7t�x+qÞ�+t,Òâæ.¹)~�x�t×q���Ó'{7tyÒ�w)q�q�t�s�p�w)u��ûs�w)|}vcÖ�x+u�t×��w){7r�íÒ�x+{7t�¹)s�s�|7s�vâ¹&u�v�t'é�s�w)|}v�Ö×x+u�t���w){7r�Ò�x+{7t�~�x+|�t�s�v��+r ��Ö×p+q�r�s�t�u�v�tc��¹&u�s<{7t�v�x+z�tcÒ�w)q�q�t�s�p�w)u���¹&u�v��å,t,�"*���t'é+x+u�t,�+t�s���w){7r�Ò�x+{7t�sÞq�r�s�x+{}vâ¹&u�v�t�scs�w)|}vÞÒ�w)u�v�|7t�u�vc{}tys�ú���z w){7t Z ¹�Ù�t�Ò,�+t�s�|}u���|7Ò�t�st�v�u�tcp�t�x+v�s�� ¹)Ò�Ò�w)q��+t�qÞ¹�Ù�t�Ò×¹&x�Ò�x+u�tcq���Ó'{7t'é�s�w)|}v�t�s�v�t�u�Ù�w�ú�rc��¹&u�s�{�� ¹&x+v�q�tcv�x+z t�w7> s�w)|}v�t�{}{7tq�t�s�v�typ w)x+qcv�w)x'� w)x+q�s�é�s�w)|}vct�{}{7tyÙ�w�ú�¹&Ó�tÚÖ
Ò�æ.¹)~�x.tÚr�vâ¹&p�tÚt�u�v�q�ty{7t�s��+t�x�� v�x+z t�s�t�vÞu�� ¹&{}v���q�tp.¹)sc{7tyÒ�¹&{7Ò�x+{���-×� t�s�vcp�w)x+q�~�x�w)|�u�w)x.scw)��t�v�v�q�w)u�s�Ò�t�sÞ��w){7r�Ò�x+{7t�s×t�vÞu�w)x�s�r�Ò�q�|}q�w)u�s¯!
XwaiY −→

1.3.2
XwβαiY Ö${�¹$p+{�¹)Ò�tÚ�+t

(Xw|aiY, ZYi
|βαiY ) `1.3.2 (XwβαiY, ZYi

aiY )w7>*p.¹&q | u�w)x.s�¹�Ù�w)u�scs�w)x+{}|}Ó'u�ry{7t�scs�|}v�t�sc�+tyq�t�Ò�w)��z+|}u.¹&|7s�w)u0�.åy¹&u�scÒ�tÚ~�x+|�s�x+|}vÞu�w)x�sÞ�a¹&q í~�x�w)u�s
{7t�s
��w){7r�Ò�x+{7t�s ~�x+|Þp�t�x+Ù�t�u�var�Ù�w){}x�t�qa��¹&u�s
{7t �"*���tûv�x�z�tûp.¹&qôÌ© t�v�u�w)x�s
�a¹&q í~�x�w)u�sc{7t�sc��w){7r�Ò�x+{7t�s�~�x�|��+w)|}Ù�t�u�v�*�v�q�tÚt�u�Ù�w�ú�r�t�s���¹&u�sc{7typ+q�t��
|7t�q�v�x+z�t'é�q�t�s�p�t�Ò�v�|}Ù�t���t�u�v{7ty�+t�x���|�����t'é+p.¹&qõÎ© é�q�t�s�p t�Ò�v�|}Ù�t���t�u�vÏÐ© �+ñ×w)x�sÞr�Ò�q�|}Ù�w)u�s�¹&x�s�s�| m ↑ s�| {�¹$��w){7r�Ò�x+{7t m u�tp t�x+v�s�� ¹)Ò�Ò�w)q��+t�q$¹�Ù�t�Òa¹&x�Ò�x+u�t
q���Ó'{7t���xFv�x+z t���¹&u�sy{7t�~�x�t�{�t�{}{7t�s�tçv�q�w)x+Ù�t�t�v�s�|�é ��¹&u�sy{7t�"*���tyv�t��
p�s�é�t�{}{7tyu�typ�t�x+vcp.¹)s±*�v�q�tÚt�u�Ù�w�ú�r�ty��¹&u�sc{�� ¹&x+v�q�tyv�x+z t,�ñ×w)x�s�¹&{}{7w)u�sÚ��w)u�v�q�t�qÚ{�� r�Ù�w){}x+v�|7w)uY�+t�sy��w)v�s��+tç{�¹ Õ w)q���t XwaiY
� ñ×w)x�sy|}u���|7~�x�w)u�s{7t�sÞq���Ó'{7t�sc�+tyq�t�Ò�w)��z+|}u.¹&|7s�w)u�~�x+|�w)u�v�r�v�r,x+v�|}{}|7s�r�t�s�é�¹&|}u�s�|�~�x�t,{}t�sÞ��w){7r�Ò�x+{7t�scq�r�s�x+{}vâ¹&u�v�t�s��ñ×w)x�s�q�t��a¹&q�~�x�w)u�s�é&~�x�t���¹&u�s�u�w)v�q�t�s�ú�s�v�����t'é�Ó'q>=)Ò�t�¹&x�p.¹&qâ¹&{}{7r�{}|7s���t'é&p+{}x�s�|7t�x+q�s¿��w){7r�Ò�x+{7t�s�+t
Ò�t�v�v�t$Õ w)q���t
Ò�w�t���|7s�v�t�u�v�¹�Ù�t�Òç�+t�s×Õ w)q���t�sy| u�v�t�q���r���|�¹&|}q�t�s�~�x+|<r�Ù�w){}x�t�u�v�t�uÈp.¹&qâ¹&{}{���{7t,�

-�t�s���w){7r�Ò�x+{7t�s�u�� |}u�v�t�qâ¹&Ó'|7s�s�t�u�v×p.¹)sc{7t�scx+u�t�s,¹�Ù�t�Òy{7t�s×¹&x+v�q�t�s×t�v�u�w)x�scu�w)x�s×Ò�w)u�Ò�t�u�v�q�w)u�ss�x+qÞx�u�tys�t�x+{7tÚr�Ù�w){}x+v�|7w)uD�+tÚÒ�tyv³ú�p t,�
Þ ²�®�«�®�ª¬²�°
ñ×w)x�sÚ��w)u�v�q�w)u�s$Ò�w)�
��t�u�v�Õ�¹&| qâtçv�w)x+q�u�t�q$� � x+u�t�{7t�v�v�q�t
{7t
��w)v XwaiY

s�tçv�q�w)x+Ù'¹&u�v��¹&u�sc{7t,p+q�t��
|7t�q�v�x+z�t,�ó ®�«+§�¸fBOþÚ�Û^Ü9Ý2ê<ß
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XwaiY
Ð© −→

1.3.2
XwβαiY Ð© �Ú�Û^Ü9ÝZïXß

Ô<¹)sc� � ¹&p+p+{}|7Ò�¹&v�|7w)u.s��+tyq���Ó'{7t,�ó ®�«+§�¸ K þÚ�Û^Ü9Ý2ê<ß
Ô<¹)sc� � ¹&p+p+{}|7Ò�¹&v�|7w)u.s��+tyq���Ó'{7t,�Ú�Û^Ü9ÝZïXß
XwaiY

Ì© −→
2.3.1

waiY ↑ �
XwaiY

Ì© −→
2.1.1

XααwaiY ↑ �
XwβαiY Ì© −→

2.3.1
wβαiY Ì© −→

2.1.2
wβαi−1Yα

Î© �
XwβαiY Ì© −→

2.1.1
XααwβαiY Ì© −→

2.1.2
XααBβαi−1Yα

Î© �
ø�t�sÞ�+t�x�� �+t�q�u+|���q�t�s�q���Ó'{7t�s�p t�x+Ù�t�u�vI*�v�q�ty¹&p+p+{}|7~�x�r�t�sÞ��¹&u�s�{�� w)q���q�t×|}u�Ù�t�q�s�t'é��a¹&|7sÞÒ�t�{�¹�+w)u+u�ty{7ty�"*���tyq�r�s�x+{}vâ¹&v��ó ®�«+§�¸ Z þÚ�Û^Ü9Ý2ê<ß
wβαi−1Yα

Ì© −→
1.1.1

wβαi−1Y ′
α
Ð© �

Xααwβαi−1Yα
Ì© −→

1.1.1
Xααwβαi−1Y ′

α
Ì© �Ú�Û^Ü9ÝZïXß

Ô<¹)sc� � ¹&p+p+{}|7Ò�¹&v�|7w)u.s��+tyq���Ó'{7t,�ó ®�«+§�¸ h þÚ�Û^Ü9Ý2ê<ß
Xααwβαi−1Yα

Ì© −→
1.2.3

X ′
ααwβαi−1Yα

Ì©
Xααwβαi−1Y ′

α
Ì© −→

1.2.3
X ′

ααwβαi−1Y ′
α
Ð©Ú�Û^Ü9ÝZïXß

wβαi−1Y ′
α
Ì© −→

2.1.3
wβαi−1Y ′ Î©ó ®�«+§�¸ � þÚ�Û^Ü9Ý2ê<ß

wβαi−1Y ′ Ð© �
X ′

ααwβαi−1Yα
Ì© −→

1.1.1
X ′

ααwβαi−1Y ′
α
Ð© �Ú�Û^Ü9ÝZïXß

X ′
ααwβαi−1Y ′

α
Ì© −→

2.2.1
X ′αwβαi−1Y ′

α
Ì© �

ø�t
��w)v wβαi−1Y ′ u�� t�s�vÚp.¹)sÚÒ�æ.¹&u+Ó�r'é�Ò�¹&q�w)uFt�s�v�Ö x+u�t�r�vâ¹&p�t
|}�
p.¹&|}q�tat�vy{�¹ q���Ó'{7t
1.2.4 u�� t�s�vÞp.¹)s�¹)Ò�v�|}Ù�r�t,��ï³{ Ù�w�ú�¹&Ó�t�qâ¹ç�+w)u�Òy� � x+u*Ò�w)�
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Ô<¹)sc� � ¹&p+p+{}|7Ò�¹&v�|7w)u.s��+tyq���Ó'{7t,�Ú�Û^Ü9ÝZïXß
X ′

ααwβαi−1Y ′
α
Ì© −→

2.1.3
X ′

ααwβαi−1Y ′ Ì© �
X ′αwβαi−1Y ′

α
Ì© −→

2.1.3
X ′αwβαi−1Y ′ Î© �
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X ′αwβαi−1Y ′ Ì© −→

1.1.2
Xαwβαi−1Y ′ Ð© �Ú�Û^Ü9ÝZïXß

X ′
ααwβαi−1Y ′ Ì© −→

2.2.1
X ′αwβαi−1Y ′ Î© �ó ®�«+§�¸]� þÚ�Û^Ü9Ý2ê<ß

X ′αwβαi−1Y ′ Ì© −→
1.2.4

X ′αwβαi−1Y Ì© �Ú�Û^Ü9ÝZïXß
Xαwβαi−1Y ′ Ì© −→

2.1.1
Xαααwβαi−1Y ′ Î© �

1�| i = 1 u�w)x�scp w)x+Ù�w)u�s×¹&p+p+{}|7~�x�t�q,¹&x�s�s�| {�¹çq���Ó'{7t 1.3.4 é+�a¹&|7s�Ò�t�v�v�t�¹&p�p+{}|}Ò�¹&v�|7w)uÈs�t�qâ¹��|7s�Ò�x+v�r�t,p+{}x�s�vâ¹&q��*Ö�{�� r�vâ¹&p�t 8i ��å,t×�"*���t'é�u�w)x�sÞ��|7s�Ò�x+v�t�q�w)u�s�p+{}x�s�vâ¹&q�� {�� r�Ù�w){}x+v�|7w)uD�+t�s��w)v�s��+t,{�¹$Õ w)q���t XαwY ′ �ó ®�«+§�¸ n þÚ�Û^Ü9Ý2ê<ß
Xαααwβαi−1Y ′ Ð© �
X ′αwβαi−1Y Ì© −→

1.1.2
Xαwβαi−1Y Ð© �Ú�Û^Ü9ÝZïXß

Ô<¹)sc� � ¹&p+p�{ |7Ò�¹&v�|7w'u�s���t,q���Ó'{7t,�ñ×w)x�s�¹�Ù�w)u�sc��w)u�Ò×Õ�¹&|}vcv�w)x+q�u�t�qc{7ty��w)v Xwβαi−1αY � � x+u α �ñ×w)x�s�Ò�w)u�v�|}u�x�w)u�s���x�s�~�x�� Ö×Ò�tc~�x�t�u�w)x�s�w)z+v�t�u+|7w)u�s XαiwβY Ö�{�� r�vâ¹&p ts:&|àö$�,�'åy¹&u�s�Ò�tÒ�¹)s×u�w)x�sy¹�Ù�w)u�s�{7t$Ò�¹&{7Ò�x+{<s�x+|}Ù)¹&u�v,~�x�tÚu�w)x�s,�+r�vâ¹&|}{}{7w)u�sÚÖ�p.¹&q�v�|}q,�+t�{�� r�vâ¹&p t�p+q�r�Ò�r��+t�u�v�t'é
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X ′αiwβY Ì© −→
1.3.4

X ′αiwYβ
Ì© �Ú�Û^Ü9ÝZïXß

Ô<¹)sc� � ¹&p+p�{ |7Ò�¹&v�|7w'u�s���t,q���Ó'{7t,�ó ®�«+§�¸]�.ª õ BOþÚ�Û^Ü9Ý2ê<ß
X ′αiwYβ

Ì© −→
1.1.2

XαiwYβ
Ð© �

X ′αiwβY −→
1.1.2

XαiwβY −→
1.3.4

XαiwYβ ↑ �Ú�Û^Ü9ÝZïXß
Ô<¹)sc� � ¹&p+p�{ |7Ò�¹&v�|7w'u�s���t,q���Ó'{7t,�ó ®�«+§�¸]�.ª õ�K þÚ�Û^Ü9Ý2ê<ß
XαiwYβ

Ì© −→
1.2.2

XαiwY ′
β
Ð© �

XαiwY ′
β
Ð© −→

1.2.1
X ′

ββαiwY ′
β
Ð© �

ø�t�s��+t�x�� ¹&p+p+{}|7Ò�¹&v�|7w)u�s�p+q�r�Ò�r��+t�u�v�t�s�p�t�x+Ù�t�u�vz*�v�q�t×t�� t�Ò�v�x�r�t�s���¹&u�s�{�� w)q���q�t�|}u�Ù�t�q�s�t�Ò�t~�x+|�Ò�w)u.��x+|}v×¹&x*�"*���tyq�r�s�x+{}vâ¹&v��Ú�Û^Ü9ÝZïXß
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Ô<¹)sc� � ¹&p+p+{}|7Ò�¹&v�|7w)u.s��+tyq���Ó'{7t,�ó ®�«+§�¸]�.ª õpZ þÚ�Û^Ü9Ý2ê<ßÔ<¹)sc� � ¹&p+p+{}|7Ò�¹&v�|7w)u.s��+tyq���Ó'{7t,�Ú�Û^Ü9ÝZïXß
X ′

ββαiwY ′
β
Ì© −→

2.2.2
X ′βαiwY ′

β
Ì© �ó ®�«+§�¸]�.ª õ/h þÚ�Û^Ü9Ý2ê<ßÔ<¹)sc� � ¹&p+p+{}|7Ò�¹&v�|7w)u.s��+tyq���Ó'{7t,�Ú�Û^Ü9ÝZïXß

XβαiwY ′
β
Ì© −→

2.1.1
XαβαiwY ′

β
Ì© −→

2.1.4
XααβαiwY ′ Î© �

X ′
ββαiwY ′

β
Ì© −→

2.1.4
X ′

ββαiwY ′ Ì© �
X ′βαiwY ′

β
Ì© −→

2.1.4
X ′βαiwY ′ Î© �ê p+q���sÚÒ�t�vy|}u�s�vâ¹&u�vÚ{�� r�Ù�w){}x+v�|7w)uYt�s�vÚs�|}�
|}{7¹&|}q�taÖ {�� r�Ù�w){}x+v�|7w)ue¹&p+q���sy{�� r�vâ¹&p tt6 t�v�¹&p+q���sp+{}x�s�|7t�x+q�s�r�vâ¹&p�t�s�w)u�w)z+v�|7t�u�v XβαiwY ��¹&u�s<{7t�p+q�t��
|7t�q�v�x+z�t,�'Ô<x+|7s<u�w)x�s<p�w)x+Ù�w)u�s�¹&p�p+{}| í~�x�t�qc{�¹çq���Ó'{7t 1.3.3 ! XβαiwY −→

1.3.3
XaiwY é+p.¹&q×Ò�w)u�s�r�~�x�t�u�v�é�u�w)x�s×¹�Ù�w)u�sÞÕ�¹&|}vcv�w)x+q�u�t�q

XwaiY
� � x+u�ty{7t�v�v�q�t,�ñ×w)x�s×w)z.s�t�q�Ù�w)u�s,~�x�tÚ�a¹&{}Ó'q�r${�¹y��x�s�vât�s�s�t���xÈÒ�¹&{7Ò�x+{<Ò�| í³�+t�s�s�x�s�u�w)x�s×u�t�p�w)x+Ù�w)u�s×p.¹)s

*�v�q�t�s&¨+qâs ~�x�tD{7tDs�ú�s�v�����t*Õ w)u�Ò�v�|7w)u+u�tÈÒ�w)q�q�t�Ò�v�t���t�u�v��Þù<u t�� t�v�é�{7t�Ò�¹&{7Ò�x+{y��x s�ú�s�v�����t�+r�p t�u����+t<{�¹Þp.¹&q�|}v�r��+t<{�� r�vâ¹&p t��+t�Ò�¹&{7Ò�x+{�t�v¿s�|�x+u�t<��w){7r�Ò�x+{7t�p�w)x+Ù'¹&|}v[¹&p+p.¹&qâ¹X�7v�q�t�p t�u���¹&u�vx+u�t�r�vâ¹&p t$¹�Ù�t�ÒÚx+u�t$¹&x+v�q�tÚp.¹&q�|}v�r'é�t�{}{7tÚp+q�w�Ù�w�~�x�t�qâ¹&|}v�x+u�Ò�¹&{7Ò�x+{[t�q�q�w)u�r,�	-×� t�s�v�p w)x+q�~�x�w)|u�w)x�s<��w)u�v�q�w)u�s�Ò�| í³�+t�s�s�w)x�s�~�x�t�u�w)x�s<u�t�p w)x+Ù�w)u�s<p.¹)s<w)z+vât�u�| q��+t�s<��w){7r�Ò�x+{7t�s�|}u�Ò�w)q�q�t�Ò�v�t�sp t�u���¹&u�v�x+u�tÚ¹&x+v�q�tÚr�vâ¹&p tÚ�+tÚÒ�¹&{7Ò�x�{�~�x�tyÒ�t�{}{7ty��w)u�v�q�r�t�Ò�| í³�+t�s�s�x�s��Ô[w)x+qÞÒ�t�{�¹$u�w)x�sÞ¹&u.¹&{}ú�s�w)u�s�{7t�s���w){7r�Ò�x+{7t�sÞ~�x�|�p t�x+Ù�t�u�v�p.¹)s�s�t�qÞ��xû�+t�x���|�����t×v�x+z ty¹&xp+q�t��
|7t�q�v�x+z�tct�v<~�x+|�s�w)u�v<t�u�v�w)x+q�r�t�s<p.¹&q��+t�s<p.¹&q�t�u�v�æ���s�t�s X t�v Y ¹�Ù�t�ÒÞ�+t�s[|}u���|7Ò�t�s���-�t�{�¹u�w)x�s��+w)u+u�ty�
p w's�s�| z�| {}|}v�r�s¯!¹5« Ñ w){7r�Ò�x+{7t�sc�+tyv³ú�p t XαwY ′ �z�« Ñ w){7r�Ò�x+{7t�sc�+tyv�ú�p�t X ′wYα
�ÒX« Ñ w){7r�Ò�x+{7t�s��+tyv³ú�p t XαwYα
��O« Ñ w){7r�Ò�x+{7t�sc�+tyv�ú�p�t X ′wY ′ �ø�¹$p+q�t��
|���q�tyr�Ù�t�u�v�x.¹&{}|}v�ryt�s�v�p w's�s�|}z+{7t×p�t�u��.¹&u�vÞx+u.t,r�vâ¹&p t,p.¹&|}q�t,x+u+|7~�x�t���t�u�v�é�Ò�¹&q�|}{Õ�¹&x+v,~�x�t�u�w)x�sy¹�ú�w)u�s×x+v�|}{}|7s�r�x+u�tç�+t�s×q���Ó'{7t�s 2.1.1 é 2.1.3 w)x 2.1.4 ~�x+|[s�w)u�v,��x�p+qât��
|7t�qÓ'q�w)x+p t,��åy¹&u�s Ò�t�Ò�¹)sa{�¹F��w){7r�Ò�x+{7t XαwY ′ ¹&p+p.¹&qâ¹X�7v ��¹&u�s {7tDp+q�t��
|7t�q v�x+z�tDp t�u���¹&u�vx+u�t*r�vâ¹&p�t*| �
p�¹&| qât*t�v
{7t�s�q���Ó'{7t�sa¹�Ù�t�Òû{7t�s�~�x�t�{}{7t�s�t�{}{7t*s�� ¹)Ò�Ò�w)q��+tûu�t*s�w)u�v
p.¹)s ¹)Ò�v�|}Ù�r�t�sp t�u���¹&u�vyÒ�t�v�v�tçr�vâ¹&p�t,� Ô<¹&q,Ò�w)u�s�r�~�x�t�u�v�é Ò�t�v�v�t���w){7r�Ò�x+{7tçt�s�v,t�u�Ù�w�ú�r�t�|}u�Òâæ.¹&u+Ó�r�tç��¹&u�s×{7t�+t�x���|�����t�v�x+z�t,�&å,t��"*���t'é)��¹&u�s¿Ò�t�v�x+z�t�|}{�u�� ú$¹Þp.¹)s[�+t�q���Ó'{7t�¹�Ù�t�Ò�{�¹)~�x�t�{}{7t�t�{}{7t�p�w)x+q�qâ¹&|}vs�� ¹)Ò�Ò�w)q��+t�q��0-�w)�
��t$|}{<¹ar�v�r$�+r�Ò�q�|}v,p+{}x�s×æ.¹&x+v�é�Ò�t�v�v�t$��w){7r�Ò�x+{7tçÒâæ.¹&u+Ó�t�qâ¹ �+w)u�Ò$�+t�v�x+z tÖçÒ�æ.¹)~�x�tyr�vâ¹&p t,�+Ô[¹&q�Ò�t×p+q�w�Ò�r��+r,u�w)x�s�¹�Ù�w)u�s�|}�
p+{�¹&u�v�r,x+u.t×p w)x+z�t�{}{7tÚ~�x+| u�� t�s�vÞp.¹)s2� �+tt�v��+w)u�vc{7tyÒ�w)u�v�t�u�xDs�ty�+r�p+{�¹)Ò�tÚ��¹&u�sc{�� ¹&x+v�q�tÚÒ�w)�
p w'sâ¹&u�v,ÖçÒ�æ.¹)~�x�tÚr�vâ¹&p t,�ñ×w)x�s�¹&{}{7w)u�sÚ��w)u�v�q�t�q�~�x�tYª¬z�«×u�� t�s�vyp�¹)syp�w's�s�|}z+{7t,��Ô<q�t��
|���q�t���t�u�v�é�u�w)x�s�w)z�s�t�q�Ù�w)u�s~�x�t×p�w)x+qÞw)z+v�t�u+|}q X ′wYα

u�w)x.sÞ¹&x+q�|7w)u�sÞ��x x+v�|}{}|7s�t�q�{7t�s�q���Ó'{7t�s 2.2.2 t�v 2.1.2 é�p.¹&q�Ò�w)u�s�r�í~�x�t�u�v�é&u�w)x�s�¹&x+q�|7w)u�s<��x�¹�Ù�w)|}q X ′
βwY ��¹&u�s[{7t��+t�x���|�����t�v�x+z�t,�q-�t�Ò�|+t�s�v[p w's�s�|}z+{7t�x+u+|7~�x�t�í��t�u�v�s�|�Ò�tc��w)vÞ¹�Ù'¹&|}v�r�v�r×t�u�Ù�w�ú�rcp+q�r�Ò�r��+t��
��t�u�vÞ�+t�p+x+|7s�{7t�p+q�t��
|7t�q�v�x+z t,��Ô¿w)x+qc¹�Ù�w)|}q�{7t
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åy¹&u�s�Ò�t�v�v�t�s�t�Ò�v�|7w)uau�w)x�s��+w)u+u�w)u�s�~�x�t�{7~�x�t�s�u�w)v�|7w)u�s�s�x+q�{7t�s�s�ú�s�v�����t�s�Öy��t���z+qâ¹&u�t�st�vcu�w)x�sÞ|}u�v�q�w���x+|7s�w)u�sc{7t�scs�ú�s�v�����t�s�Ö$��t��$z+qâ¹&u�t�s×¹�Ù�t�Òyq�t�Ò�w)��z+|}u.¹&|7s�w)u0�Ø�u�t á�Ï1Ì�Ð+Î�Ï1Ð�Ì�ÍIÔ�Í�õaÍ�õtÓ�Ì�Ý)ö Íâá � � x+u�s�ú�s�v�����t�Ö���t���z+qâ¹&u�t�s¿t�s�v {�� ¹&q�qâ¹&u+Ó�t���t�u�v�æ+|7r�qâ¹&q íÒâæ+|7~�x�t��+t�s���t��$z+qâ¹&u�t�s¿|}�$z+q�|7~�x�r�t�s[��¹&u�s�{�¹c��t��$z+qâ¹&u�t ß.Ì�Ë¬ö�Î�Ë ß�Ý7Ñ7Í ~�x+|�s�r�p.¹&q�t�{7t�s�ú�s�v�����t�+t
{ � Í�ö�®�Ë�Ì�à)ö�ö Í�õaÍ�ö.Ï ��Ø�u�tç��t���z+qâ¹&u�ta~�x+|<u�t�Ò�w)u�v�|7t�u�v$¹&x�Ò�x+u�t
��t��$z+qâ¹&u�tat�s�v�¹&p+p�t�{7r�t×�Ñ�×�õaÍ�ö.Ï�Ý)Ë¬ÌâÍ ��-�æ.¹)~�x�ta��t���z+qâ¹&u�tû�+r�v�t�q��
|}u�t x+u�t Ì�×�Ö)Ë à)ö �¿ø�¹*q�r�Ó'|7w)u¤� � x+u�ta��t��$z+qâ¹&u�tr�{7r���t�u�vâ¹&|}q�t t�s�v�{�� t�s�p�¹)Ò�t Ò�w)u�v�t�u�x���¹&u�s�Ò�t�v�v�ta��t���z+qâ¹&u�t'é¿vâ¹&u���|7s$~�x�t
{�¹ûq�r�Ó'|7w)u�� � x+u�t��t��$z+qâ¹&u�t�u�w)u�í³r�{7r���t�u�vâ¹)|}q�tct�s�v¿{�� t�s�p.¹)Ò�t�t�u�v�q�t�{�¹���t���z+qâ¹&u�tct�v¿{7t�s[��t���z+qâ¹&u�t�s<|}u�Ò�{}x�s�t�s��¹&u�sÚÒ�t�{}{7t�í³Ò�|���ø�¹t��Ó'x+q�t"3��}�ç|}{}{}x�s�v�q�t
Ò�t�syu�w)v�|7w)u�s�� ñ×w)x�s,�a¹&q�~�x�w)u�sy{7t�sy��t���z+qâ¹&u�t�sÚp.¹&q�+t�s�u�x+��r�q�w's,t�u�v�|7t�q�s×p�w's�|}v�| Õ s��.ñ×w)x�s×w)z�s�t�q�Ù�w)u�s×~�x�� |}{[t���|7s�v�tÚx+u�t$Ò�w)q�q�t�s�p w)u���¹&u�Ò�t$z+| � t�Ò�ív�|}Ù�t,t�u�v�q�t,{7t�s���t��$z+qâ¹&u�t�sct�vÞ{7t�s�q�r�Ó'|7w)u�sc~�x�� t�{}{7t�sc�+r�v�t�q��
|}u�t�u�v�é�Ò'� t�s�vÞp�w)x+q�~�x�w)|�u�w)x�s�u�tÕ t�q�w)u�sÞp+{}x�sc{�¹ç��|�� r�q�t�u�Ò�tÚt�u�v�q�ty{7t�sÞ��t��$z+qâ¹&u�t�s�é+{7t�x+q�scq�r�Ó'|7w)u�s�t�vÞ{7t�x+q�scu�x+��r�q�w's��ø�� ¹&q�qâ¹&u+Ó�t���t�u�vÚs�p.¹&v�|�¹&{<�+t�s×��t��$z+qâ¹&u�t�s,p�t�x+vG*�v�q�t$q�t�p+q�r�s�t�u�v�rçp.¹&q×x+u�tç��|�¹&Ó'qâ¹&�
��t�+t � t�u+u�é)Ù�w)|}q���Ó'x+q�t±3��}�'é'w)x
p.¹&q<x+ua¹&q�z+q�tÞ�+w)u�v<{7t�s[u�w�t�x��+s<q�t�p+q�r�s�t�u�v�t�u�v�{7t�s<��t���z+qâ¹&u�t�st�vc�+w)u�vc{7t�sc¹&q�*�v�t�scs�w)u�vc�+r���u+|7t�sÞp.¹&qÞ{�¹$q�t�{�¹&v�|7w)u�;�*�v�q�tyÒ�w)u�v�t�u�x*��¹&u�s�=�é�Ù�w)|}q2�.Ó'x+q�t@3�� ���ø�¹È�"*���t*s�v�q�x.Ò�v�x+q�tûp�t�x+vt*�v�qât*�+r���u+|7tDÖÈ{�� ¹&|7�+t*� � x+u9��w)va��x9{�¹&u+Ó�¹&Ó�t�¹&{}Ó�r�z�q�|7~�x�t*w7>{7t�s$p.¹&q�t�u�v�æ���s�t�sçÒ�w)q�q�t�s�p w)u���¹&u�v�t�s
w)u�v${�¹*�"*���t r�v�|7~�x�t�v�v�t,�[Ô<¹&qçt��+t��
p+{7t'é¿{�¹Ds�v�q�x�Ò�v�x+q�tq�t�p+q�r�s�t�u�v�r�tÞÖc{�¹±��Ó'x+q�tI3��}��p�t�x+v�*�v�q�t��+r�Ò�q�|}v�t�p.¹&q[{7t���w)vI! [
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ý ¨5�<°¿ª�®�ª¬²�° n þÙBOþÙBOþ Ø�u á�ç&á�Ï+û�õaÍÁØDõaÍ�õtÓ�Ì�Ý)ö Íâá Ý7®)Í�Î Ì�Í�Î�à)õtÓ�Ë¬ö�Ý)Ë�á�à)ö �+ta�+t�Ó'q�r m ≥ 1t�s�vÞ{7t 2m + 3í�x+p+{7t�v�s�x+|}Ù'¹&u�v@!
Π = (V, T, µ, A1, . . . , Am, R1, . . . , Rm),

w7> V t�s�v*x+uH¹&{}p+æ.¹&z�t�v�é T ⊆ V t�s�v*{�� ¹&{}p+æ.¹&z t�vÈv�t�q��
|}u.¹&{�é µ t�s�v*x+u�tYs�v�q�x�Ò�v�x+q�tY�+t��t��$z+qâ¹&u�t�sçÒ�w)u�v�t�u.¹&u�v m ��t��$z+qâ¹&u�t�s�é Ai ⊆ V ∗ s�w)u�vç�+t�s�{�¹&u+Ó�¹&Ó�t�s
¹)s�s�w�Ò�|7r�sç¹&x��Fq�r�íÓ'|7w)u�s 1, . . . , m �+t µ é Ri
s�w)u�v$�+t�s$t�u�s�t���z+{7t�s@��u+|7s$�+t�q���Ó'{7t�s$��� r�Ù�w){}x+v�|7w)u��+t�{�¹ Õ w)q���t

(r; tar1, tar2)
é�w7> r t�s�v�x+u�t�q���Ó'{7t��+t�q�t�Ò�w)�$z+|}u.¹&|7s�w)up! r = u1#u2$u3#u4

t�v tar1, tar2 ∈
{here, in, out} s�w)u�v��+t�sÞ|}u���|7Ò�¹&v�t�x+q�s��+tÚÒ�|}z+{7t,�

ñ×w)x�s p w)x+Ù�w)u�s¿¹&x�s�s�|�r�Ò�q�|}q�t u1 u2

u3 u4

(tar1)
(tar2)

Ö�{�¹�p+{�¹)Ò�t��+t (u1#u2$u3#u4; tar1, tar2)
�
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Ñ t���z+qâ¹&u�tr�{7r���t�u�vâ¹&|}q�t ò�r�Ó'|7w)u�s Ñ t��$z+qâ¹&u�tu�w)u�í³r�{7r���t�u�vâ¹&|}q�t Ñ t���z+qâ¹&u�tp+q�|}u�Ò�|}p.¹&{7t
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CEDGFzù 3��}� é Ø�u�tys�v�q�x�Ò�v�x+q�tÚ�+ty��t���z+qâ¹&u�t�s
ñ×w)x�sc��|7s�w)u�s�~�x�t,{7tys�ú�s�v�����t Π p�w's�s����+tÚ�+t�sÞq���Ó'{7t�s Ö7Ñ}àqÓ�Ý7Ñ7Íâá s�| R1 = . . . = Rm

�Ø�u�t Îâà&öXØ`Ö'Ð�Ì�Ý'Ï1Ë à)ö �+t Π t�s�v�x+u mí�x+p+{7t�v (N1, . . . , Nm) é�w7> Ni ⊆ V ∗ ��ñ×w)x�s��+r���u+|7s ís�w)u�s�{�¹�v�qâ¹&u�s�|}v�|7w)uût�u�v�q�t,�+t�x�� Ò�w)u���Ó'x+qâ¹&v�|7w)u.s (N1, . . . , Nm)⇒(N ′
1, . . . , N

′
m) �+t×{�¹��a¹�íu+|���q�t,s�x+|}Ù'¹&u�v�t,��Ô¿w)x�qÞ¹&q�q�|}Ù�t�q�� � x+u�t,Ò�w)u���Ó'x+qâ¹&v�|7w)uDÖÚ{�� ¹&x+v�q�t'é�u�w)x�sÞ¹&p+p+{}|7~�x�w)u�s�{7t�s�q���Ó'{7t�s�+t�q�t�Ò�w)�$z+|}u.¹&|7s�w)ua�+t�Òâæ.¹)~�x�t�q�r�Ó'|7w)u��+t µ é)t�u
p.¹&qâ¹&{}{���{7t'é�Ö�v�w)x�s<{7t�s[��w)v�s<p�w's�s�|}z+{7t�s�~�x+|+s�tv�q�w)x+Ù�t�u�v×��¹&u�sÞ{7t�sÞq�r�Ó'|7w)u�s×Ò�w)q�q�t�s�p�w)u���¹&u�v�t�s×t�vÞu�w)x�s���|7s�v�q�|}z+x�w)u�sc{7tyq�r�s�x+{}vâ¹&v��+tÚÒ�æ.¹)~�x�tq�t�Ò�w)�$z+|}u.¹&|7s�w)u�t�uûÕ w)u�Ò�v�|7w)uD�+t�sc|}u���|7Ò�¹&v�t�x+q�s×�+tÚÒ�|}z+{7t,��Ô<{}x�scp+q�r�Ò�|7s�r���t�u�v�é.s�� |}{�t���|7s�v�tÚ�+t�s

x, y ��¹&u�s Ni
t�v r = (u1#u2$u3#u4; tar1; tar2)

��¹&u�s Ri
é�v�t�{7sc~�x�t (x, y) `r (w, z) é�{7t�s��w)v�s w t�v z s�w)u�v,t�u�Ù�w�ú�r�s×�.¹&u�s×{7t�s�qâr�Ó'|7w)u�s,|}u���|7~�x�r�t�s,p.¹&q tar1

é.q�t�s�p t�Ò�v�|}Ù�t���t�u�v tar2
�ñ×w)x�s�u�w)v�w)u�sÞÒ�t�Õ�¹&|}v�p.¹&q (x, y) `r (w, z)(tar1, tar2)

� 1�| tarj = here é�{�¹���w){7r�Ò�x+{7t×q�t�s�v�t��¹&u�s${�¹*��t��$z+qâ¹&u�t i �¿s�| tarj = out é�{�¹*��w){7r�Ò�x+{7t t�s�vçt�u�Ù�w�ú�r�t ��¹&u�s${�¹ûqâr�Ó'|7w)u¤s�|}v�x�r�t|}�
��r���|�¹&v�t���t�u�v$Öa{�� t���v�r�q�|7t�x+qÚ�+t${�¹a��t��$z+qâ¹&u�t i é ��¹&u�syÒ�tçÒ�¹)s,{�¹a��w){7r�Ò�x+{7tçp�t�x+v�¹&x�s�s�|s�w)q�v�|}q�Ö,{�� t���v�r�q�|7t�x+q���x s�ú�s�v�����tH��s�| tarj = in é'{�¹y��w){7r�Ò�x+{7t�t�s�v�t�u�Ù�w�ú�r�t���¹&u�s�x+u�tcq�r�Ó'|}w)us�|}v�x�r�tÚ��|}q�t�Ò�v�t���t�u�v,Ö${�� |}u�vâr�q�|}t�x+q×�+ty{�¹$��t��$z+qâ¹&u�t i t�v�~�x+|�t�s�vcÒ�æ�w)|7s�|7t�¹&{7r�¹&v�w)|}q�t���t�u�v��-�w)�
��tÞ{7t�s[��w)v�s���Ó'x+q�t�u�v�¹�Ù�t�Ò�x+uçu�w)�$z+q�tc¹&q�z+|}v�qâ¹&|}q�tc�+t�Ò�w)p+|7t�s�é�¹&p+q���s<{�� ¹&p+p+{}|7Ò�¹&v�|7w)u�+tÞ{�¹×q���Ó'{7t r ��¹&u�s<{�¹×��t��$z+qâ¹&u�t i é){7t�s[��w){7r�Ò�x+{7t�s x t�v y s�w)u�v<v�w)x'� w)x+q�s<p+q�r�s�t�u�v�t�s���¹&u�s<{�¹�"*���tyq�r�Ó'|7w)u0�.ï³{ úû¹çÒ�t�p�t�u���¹&u�v×~�x�t�{7~�x�t�scÒ�¹)sÞp.¹&q�v�|7Ò�x+{}|7t�q�s×~�x+|�s�w)u�v���|7s�Ò�x+v�r�sÞp+{}x�scz.¹)s��Ø�u ÎâÝ7Ñ}Î�Ð�Ñ ��¹&u�sÞx+u*s�ú�s�v�����tÚÖ$��t��$z+qâ¹&u�t�s×¹�Ù�t�Ò,q�t�Ò�w)�$z+|}u.¹&|7s�w)u Π t�s�v�x�u�tys�x+|}v�ty�+tv�qâ¹&u�s�|}v�|7w)u�s×t�u�v�q�tÚ{7t�s�Ò�w)u��.Ó'x+qâ¹&v�|7w)u�s,�+t Π ~�x+|�Ò�w)�
��t�u�Ò�tçÖ
p.¹&q�v�|}q×�+tÚ{�¹
Ò�w)u���Ó'x+q�¹&v�|7w)u
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CEDGFzù 3�� � é ø�� ¹&q�z+q�tÚq�t�p+q�r�s�t�u�vâ¹&u�vc{�¹
s�v�q�x�Ò�v�x+q�tÚ�+t�sÞ��t��$z+qâ¹&u�t�s��+ty{�¹¯��Ó'x+q�t¯3��}�
|}u+|}v�|�¹&{7t (A1, . . . , Am) ��ø�tÚq�r�s�x+{}vâ¹&v×��x�Ò�¹&{7Ò�x+{¿Ò�w)u�s�|7s�v�t�t�uDv�w)x�sc{7t�sc��w)v�s×s�x+qc{�� ¹&{}p+æ.¹&z t�vv�t�q��
|}u.¹&{ T ~�x+|<s�w)u�v,t�u�Ù�w�ú�r�sÚÖ�{�� t���v�r�q�|7t�x+qÚ��x/s�ú�s�v�����t
Ö�u�� |}�
p w)q�v�t
~�x�t�{[��w)��t�u�vÚ��xÒ�¹&{7Ò�x+{���ñ×w)x�sÞu�w)v�w)u�scp.¹&q L(Π) {7ty{�¹&u+Ó�¹&Ó�typ+q�w���x+|}vcp.¹&qc{7tys�ú�s�v�����t Π �1�|�u�w)x�s×¹�Ù�w)u�scx+u�t�s�t�x+{7ty��t��$z+qâ¹&u�t'é.u�w)x�s�w)��t�v�v�w)u�s�{7t�scp.¹&q�t�u�v�æ���s�t�s×t�vcu�w)x�s×r�Ò�q�| íÙ�w)u�s M1 ⇒M2 ⇒ . . . ⇒Mk

ª M1 = A1
«�p�w)x+qcx+u�tÚs�x+|}v�ty�+tyv�qâ¹&u�s�|}v�|7w)u�s��ñ×w)x�s�p w)x+Ù�w)u�sÞq�t�u�Ò�w)u�v�q�t�qc{7t×p+q�w)z+{�����tÚs�x+|}Ù'¹&u�vG!�Ò�w)�
��t�u�vcp+q�w�Ò�r��+t�q�s�| u�w)x�s�¹�Ù�w)u�sx+u/��w)v w ��¹&u�syx+u�t
��t���z+qâ¹&u�t'é�~�x�tçu�w)x�syp+q�w���x+|7s�w)u�sy{7tç�"*���t
��w)v w p.¹&qyx+u�t�Ò�t�q ívâ¹&|}u�tÞq���Ó'{7t r t�v�~�x�� |}{.t�s�v�t�u�Ù�w�ú�rcÖ,{�� t���v�r�q�|7t�x+q��+t�{�¹,��t��$z+qâ¹&u�t,��ï³{�t���|7s�v�tÞ�+t�x���s�w){}x+v�|7w)u�sp w's�s�|}z+{7t�s¯!+{�¹çp+q�t��
|���q�t$s�w){}x+v�|7w)u�t�s�v��+tÚÓ�¹&q��+t�q�{�� ¹&u�Ò�|7t�u w ��¹&u�sc{�¹
��t���z+qâ¹&u�t$t�v×� � t�u�íÙ�w�ú�t�qÞx+u�tyu�w)x+Ù�t�{}{7tÚÒ�w)p+|7tÚ�+t w Ö${�� t���v�r�q�|7t�x+q ��{�¹ç�+t�x���|�����t�s�w){ x�v�|7w)uDt�s�vc� � t�u�Ù�w�ú�t�q w Ö{�� t���v�r�q�|7t�x+q×t�vc�+ty{�� r�{}|}�
|}u�t�q×�+ty{�¹$��t��$z+qâ¹&u�t,�Ø�u
p+q�w)z+{�����tÞs�t��$z+{�¹&z+{7tcs�t�p�w's�tÞ��¹&u�s<{7t�Ò�¹)s�w7>ç|}{�t���|7s�v�t��+t�x��çq���Ó'{7t�s�~�x+|�p+q�w���x+|7s�t�u�v{7t$�"*���tç��w)v w é�{�� x+u�t
¹�ú�¹&u�v,{�� |}u���|7Ò�¹&v�t�x+q��+tçÒ�|}z+{7t here t�v,{�� ¹&x+v�q�t�¹�ú�¹&u�v,{�� |}u���|7Ò�¹&v�t�x+q�+tÚÒ�|}z+{7t in w)x out ��ø�t�s���t�x �*s�|}v�x.¹&v�|7w)u�s��+r�Ò�q�|}v�t�s×Ò�| í³�+t�s�s�x�scp t�x+Ù�t�u�v,¹&p+p.¹&qâ¹X�7v�q�t�s�|}�$x+{ ívâ¹&u�r���t�u�v��Ô[w)x+q×q�r�s�w)x���q�t${7t�s�p+q�w)z+{�����t�syÒ�| í³�+t�s�s�x�s�é.u�w)x�s×�+t�Ù�w)u�s×Ò�w)u�s�|7�+r�q�t�q,v�w)x�s×{7t�s×Ò�¹)s×p�w's ís�|}z+{7t�sct�vcu�w)x�scw)z+v�t�u�w)u�scp+{}x�s�|7t�x+q�s�s�w){}x+v�|7w)u�s�~�x�t,u�w)x�s�¹&{}{7w)u�scp+q�r�s�t�u�v�t�q��

1�w)|}v×�a¹&|}u�v�t�u.¹&u�v w x+u�tÚ��w){7r�Ò�x+{7tç~�x+|¿t�s�v�p+q�w���x+|}v�t�p.¹&q×x+u�tÚq���Ó'{7t r ��¹&u�s�{�¹���t��çíz+qâ¹&u�t i t�v�~�x+|�t�s�v�t�u�Ù�w�ú�r�t�Öç{�� t���v�r�q�|7t�x+q×�+ty{�¹ç��t��$z+qâ¹&u�t,�.ñ×w)x�s×¹�Ù�w)u�sc{7t�scp�w's�s�|}z+|}{}|}v�r�ss�x+|}Ù'¹&u�v�t�s@!
�,�Þø�¹$��w){7r�Ò�x+{7t w t�s�vÞt�u�Ù�w�ú�r�tyÖ${�� t���v�r�q�|7t�x�qc�+t,{�¹���t��$z+qâ¹&u�tÚt�v�¹&x�Ò�x+u�tyÒ�w)p+|7ty��t wu�tyq�t�s�v�ty��¹&u�sc{�¹$�"*���ty��t��$z+qâ¹&u�t,�
���Þø�¹ç��w){7r�Ò�x+{7t w t�s�vÞt�u�Ù�w�ú�r�tÚÖ${�� t���v�r�q�|7t�x+q��+t,{�¹$��t��$z+qâ¹&u�t'é+�a¹&|7sÞx+u�tyÒ�w)p+|7ty�+t wq�t�s�v�tÚ��¹&u�sÞ{�¹ç�"*���ty��t���z+qâ¹&u�t�s�| {�� x+u�tÚ�+t�scÒ�w)u���|}v�|7w)u�s×s�x+|}Ù'¹&u�v�t�s�t�s�v�sâ¹&v�|7s Õ�¹&|}v�t,�

ª ¹5« ø�¹ç��w){7r�Ò�x+{7t w t�s�v��+r ��Ö$p+q�r�s�t�u�v�tÚ��¹&u�sÞ{�¹$�"*���tÚ��t���z+qâ¹&u�t,�
ª¬z�« ï³{�t���|7s�v�t�x+u�tc¹&x+v�q�tÞq���Ó'{7t r′ ~�x+|+p+q�w���x+|}v w ¹�Ù�t�Ò�x+u
|}u���|7Ò�¹&v�t�x+q��+tÞÒ�|}z+{7t here �
ª1ÒX« ø�t�s��+t�x��ûÒ�w)u���|}v�|7w)u�s,�'¹çt�v×�&z*s�w)u�vcsâ¹&v�|7s Õ�¹&|}v�t�s��
ª1�O« ø�� x+u�t��+t�scÒ�w)u���|}v�|7w)u�s×�'¹
w)xD�&zDt�s�vcsâ¹&v�|7s Õ�¹&|}v�t,�

åy¹&u�sÚ{�¹ Ù'¹&q�|�¹&u�v�t*��w)uYt�u�Ù�w)|7t
�+w)u.Ò
v�w)x�sy{7t�s�w�Ò�Ò�x+q�q�t�u�Ò�t�s$��xF��w)v w Ö {�� t���v�r�q�|7t�x+q�+ty{�¹ç��t��$z+qâ¹&u�t,�.åy¹&u�sc{7t�sÞÙ'¹&q�|�¹&u�v�t�s×�'¹
t�v×�)� é�s�| w t�s�vcp+q�w���x+|}v×��¹&u�scx+u�ty��t��$z+qâ¹&u�t'é|}{�úûq�t�s�v�tÚp w)x+q�v�w)x'� w)x+q�s���ø�t�s�Ù'¹&q�|�¹&u�v�t�s,�&z�t�vy�)Ò�s�tÚv�q�w)x+Ù�t�u�v,t�u�v�q�t�{7t�s×�+t�x��Dt���v�q�*���t�s



øqß�Þ5ß)~ (²~ v����_{2~A/��_{��_xz�sw�¤�{2~/w¿¾�{�§u�s{�§I¥2�_xz�9¤�w��&~ ¥2¤ �'��3
Ò�| í³�+t�s�s�x�s�� ø�t�s,Ù'¹&q�|�¹&u�v�t�sÚ�'¹ t�vÚ�)�/w)u�vyr�v�r
Ò�w)u�s�|7�+r�q�r�t�syp.¹&q ì æ0� Ô�'&x+uF��¹&u�s"¢ �q8X£³é �a¹&|}ssâ¹&u�sÞ{7t�sc��|�� r�q�t�u�Ò�|7t�q��ñ×w)x�sç��|7s�w)u�sç~�x�ta{7t s�ú�s�v�����t Ö*��t���z+qâ¹&u�t�s�¹�Ù�t�Òaqât�Ò�w)�$z+|}u.¹&|7s�w)u9t�s�vç�+t ÏÙç�ß+Í x s�|u�w)x�s�Ò�w)u�s�|7�+r�q�w)u�sc{�¹$Ù'¹&q�|�¹&u�v�t x p�w)x+qcq�r�s�w)x���q�ty{7t�scp+q�w)z+{�����t�s��+r�Ò�q�|}v�scp+{}x�sÞæ.¹&x+v��ñ×w)x�s$u�w)v�w)u�s$p.¹&q ELSPm(spl, in) {�¹ûÕ�¹&�
|}{}{7t �+t�s�{�¹&u+Ó�¹&Ó�t�sçp+q�w���x+|}v�s$p.¹&qç{7t�s$s�ú�s ív�����t�s$Ö ��t��$z+qâ¹&u�t�s��+t
v�ú�p�t��)�Ft�vÚ�+t��+t�Ó'q�ra¹&xFp+{}x�s m t�vÚp.¹&q ELSPm(spl, inw) {�¹Õ�¹&�
|}{}{7t��+t�sc{�¹&u+Ó�¹&Ó�t�s�p+q�w���x+|}v�s�p.¹&qc{7t�s�s�ú�s�v�����t�s×Öç��t��$z+qâ¹&u�t�s×�+tyv�ú�p�t$�'¹
t�v��+t��+t�Ó'q�r¹&xap+{}x�s m ��ñ×w)x�s�u�w)v�w)u�s�¹&x.s�s�|+p.¹&q ELSPm(spl, in ↑) {�¹×Õ�¹&�
|}{}{7t��+t�s�{�¹&u+Ó�¹&Ó�t�s�p+q�w���x+|}v�sp.¹&qc{7t�scs�ú�s�v�����t�s�Ö$��t��$z+qâ¹&u�t�s��+tyv³ú�p t
�yt�v��+ty��t�Ó'qâr�¹&xûp+{}x�s m �ø�t�s p+q�w)z+{�����t�s*Ò�| í³�+t�s�s�x�s p t�x+Ù�t�u�v�*�v�q�tÈr�Ù�|}v�r�s {7w)q�s�~�x�� w)u Ò�w)u�s�|7� ��q�t/�+t�s s�ú�s�v�����t�s¹�ú�¹&u�vap+{}x�s � � x+u�t*��t��$z+qâ¹&u�t'é�Ù�w)|}q)¢ 8,6+é23�é��q8X£³é�p+{}x�sap+q�r�Ò�|7s�r���t�u�v�é�|}{×t�s�vap�w's�s�|}z+{7tD�+tÒ�w)u�s�v�q�x+|}q�tÈx+u s�ú�s�v�����tÈÖF��t��$z+qâ¹&u�t�s*¹�Ù�t�Ò�q�t�Ò�w)�$z+|}u.¹&|7s�w)uO¹�ú�¹&u�v*�Y��t���z+qâ¹&u�t�s*~�x+|p+q�w���x+|}vcv�w)x�sÞ{7t�sc{7¹&u�Ó�¹&Ó�t�s�q�r�Ò�x+q�s�|}Ù�t���t�u�v�r�u�x+��r�qâ¹&z+{7t�s�sâ¹&u�sÞq�t�u�Ò�w)u�v�q�t�qcx+u.ty�+t�scs�|}v�x.¹�ív�|7w)u�s�Ò�| í³�+t�s�s�x�s���Ô<¹&q�Ò�w)u�v�q�t'é+u�w)x�sc��w)u�v�q�t�q�w)u�s×~�x�tÚ��¹&u�sÞ{7tÚÒ�¹)s�� � x+u�t�s�t�x+{7ty��t��$z+qâ¹&u�t{7tcÒâæ�w)|����+tÞ{�¹y�+r���u+|}v�|7w)u t�s�v�v�q���s<|}�
p w)q�vâ¹&u�v�t�v�{7t�s�s�ú�s�v�����t�s�w)z+v�t�u�x�s�w)u�v�x+u�tÞp+x+|7s�sâ¹&u�Ò�t� � t���p+q�t�s�s�|7w)u ��|�� r�q�t�u�v�t,��åy¹&u�s�{7tÞq�t�s�v�t��+t�Ò�t�v�v�t×s�t�Ò�v�|7w)uau�w)x�s�Ò�w)u�s�|7�+r�q�w)u�s��+w)u�Òcx+u+|7~�x�t�í��t�u�vc{7t�scs�ú�s�v�����t�s�Ö$��t���z+qâ¹&u�t�s,¹�Ù�t�Ò,q�t�Ò�w)�$z+|}u.¹&|7s�w)uÈ¹�ú�¹&u�vÞx+u�tÚs�t�x+{7t,��t��$z+qâ¹&u�t,�
û [�]^[�] qÈ¢.¡ª³�� �'����¡û���¤��¢.�+�³����±��³�³�1�'¢
ñ×w)x�sÞ��w)u�v�q�w)u�s�Ò�| í³�+t�s�s�x�sÞ{7t�sÞ{}|}�
|}v�t�s��+ty{�¹�Õ�¹&�
|}{}{7t ELSP1(spl, in) �-�w)u�s�|7�+r�q�w)u.s*{7t�sDs�ú�s�v�����t�s�Ö���t���z+qâ¹&u�t�s/¹�Ù�t�Ò/q�t�Ò�w)��z+|}u.¹&|7s�w)uH�+t/v�ú�p�te�)� ��1�w)|}v

Π = (V, T, [1]1, M1, R1)
x+uOv�t�{çs�ú�s�v�����t,��ñ×w)x�s�Ò�w)u�s�|7�+r�q�w)u�s/¹&x�s�s�|���¹&u�sÈÒ�t�v�v�tes�t�Ò�ív�|7w)u9{�¹�q�t�Ò�w)�$z+|}u.¹&|7s�w)u s�| �
p�{}tDÖ�{�¹�p+{�¹)Ò�t*�+tû{7¹Èq�t�Ò�w)��z+|}u.¹&|7s�w)u �+w)x+z+{7t,�2-�t�v�v�t*Ò�w)u�s�| í�+r�qâ¹&v�|7w)u u�t q�t�s�v�q�t�|}u�v�p.¹)s
{7tû{�¹&u+Ó�¹&Ó�tûp+q�w���x+|}v�é�Ò�¹&q�u�w)x�s
p w)x+Ù�w)u�s�q�t��
p+{�¹)Ò�t�q Ò�æ.¹)~�x�tq���Ó'{7t��+tç{�¹aÕ w)q���t (u1#u2$u3#u4; tar1, tar2)

p.¹&qy{7t�syq���Ó'{7t�s (u1#u2$u3#u4; tar1)
t�v

(u3#u4$u1#u2; tar2)
é�Ù�w)|}q×¹&x�s�s�| {�¹$p+q�w)p w's�|}v�|7w)u_8��}�,� ��Öç{�¹$p.¹&Ó�t��,:��åy¹&u�s�Ò�t�Ò�¹)s�u�w)x�s�p w)x+Ù�w)u�s��+r�Ò�w)�
p w's�t�q R1

! R1 = Rh
1 ∪Ro

1
é�w7> Rh

1
Ò�w)u�v�|7t�u�v�v�w)x+v�t�s{7t�s q���Ó'{7t�s*¹�ú�¹&u�v {�� |}u���|7Ò�¹&v�t�x+qD�+tÈÒ�|}z+{7t here t�v Ro

1
Ò�w)u�v�|7t�u�vûv�w)x+v�t�s {7t�s q���Ó'{7t�s*¹�ú�¹&u�v{�� |}u���|7Ò�¹&v�t�x+q[�+t�Ò�|}z+{7t out ��ñ×w)x�s�u�w)v�w)u�s¿¹&x�s�s�|'p.¹&q σho

= (V ∪T, Ro
1)
t�v σhh

= (V ∪T, Rh
1){7t�sÚs�Òâæ�r��a¹)s��+tçq�t�Ò�w)�$z+|}u.¹&|7s�w)ueÒ�w)q�q�t�s�p�w)u���¹&u�v�s$t�vyp.¹&q Hh = (hh, M1)

{7t
s�ú�s�v�����t
�+tä×t�¹)�*Ò�w)q�q�t�s�p�w)u���¹&u�v��
L ¸�µYµF¸ n þÙBOþÙBOþ Mk+1 = σk

hh
(M1)

§�àª®
M1

k
⇒Mk+1

ÿ
Ê�×�õ�à)ö+á�Ï1Ì�Ý'Ï1Ë à)ö ÿÞñ×w)x�s�¹&{}{7w)u�sÞp+qâw)x+Ù�t�q�Ò�t�v�v�tÚ¹X©�q��a¹&v�|7w)uDp.¹&qcq�r�Ò�x�q�q�t�u�Ò�t,��ø�tÚÒ�¹)sÞ|}u+|}v�|�¹&{�+t�{�¹ q�r�Ò�x+q�q�t�u�Ò�tat�s�vÚÙ�qâ¹&|�é�Ò�¹&q�{7t�s��+t�x��Ft�u�s�t���z+{7t�s$s�w)u�v�r�Ó�¹&x��YÖ M1

��ï³{�t�s�vyÕ�¹)Ò�|}{7t��+tÙ�w)|}q�~�x�tc{7t�p.¹)s�sâ¹&Ó�t×�+t k Ö k +1 t�s�v�Ù�qâ¹&| ¹&x�s�s�|�é�Ò�¹&q�p�w)x+qÞw)z+v�t�u+|}q Mk+1
u�w)x�sÞ¹&� w)x+v�w)u�sÖ Mk

{7t�s���w){7r�Ò�x+{7t�s,w)z+v�t�u�x.t�s,p.¹&q�{�� ¹&p+p+{}|7Ò�¹&v�|7w)uF�+t�s�q���Ó'{7t�s,¹�ú�¹&u�v�{�� |}u���|7Ò�¹&v�t�x+qy��t�Ò�|}z+{7t
here s�x+qÞ{�� t�u�s�t��$z+{7t Mk

é+Ò'� t�s�v í�Ö�í³��|}q�t�~�x�t Mk+1 = Mk ∪ σhh
(Mk)

�
L ¸�µYµF¸ n þÙBOþ K þ L(Π) = σho

(L(Hh)) ∩ T ∗ ÿ
Ê�×�õ�à)ö+á�Ï1Ì�Ý'Ï1Ë à)ö ÿs1�w)|}v w ∈ L(Π) �O-�t�{�¹�s�|}Ó'u+|��.tÚ~�x�t w ∈ T ∗ é w = x1u1u4y2

t�vc|}{�t���|7s�v�tx+uDu�w)�$z+q�t k ∈ N
t�v×�+t�sc��w)v�s x, y ∈ Mk+1

v�t�{7s�~�x�t x = x1u1u2x2
t�v y = y1u3u4y2

�ï³{ct���|7s�v�t*¹&x�s�s�|�x+u.t q���Ó'{7t r = (u1#u2$u3#u4; out) ∈ Ro
1
v�t�{}{7tû~�x�t {7t ��w)v w ¹Èr�v�r



���'� §�Ü�w�Ý���v��s{ùøqßY~ (²~ v����_{2~A/��_{��_xz�sw�¤�{2~/w¿¾�{�§u�s{�§I¥2�_xz�9¤�w��&~ ¥2¤

p+q�w���x+|}vûp.¹&qû{�� ¹&p+p+{}|7Ò�¹&v�|7w)u s�x+|}Ù'¹&u�v�t$! (x, y) `r w �Þù<u Ù�x ��x {7t��
��t/p+q�r�Ò�r��+t�u�vDw)uw)z+v�|7t�u�v x, y ∈ σk
hh

(M1) ⊆ L(Hh) �+Ô<¹&q�Ò�w)u�s�r�~�x�t�u�v�é w ∈ σho
(L(Hh)) ∩ T ∗ �ï³u�Ù�t�q�s�t���t�u�v�é¿s�|�u�w)x�s
¹�Ù�w)u�s w ∈ σho

(L(Hh)) ∩ T ∗ é�|}{�t���|7s�v�t�x+ueu�w)��z+q�t k ∈ N
é�+t�s���w)v�s x, y ∈ σk

hh
(M1)

t�v�x+u�tûq���Ó'{7t r ∈ Ro
1
v�t�{7s�~�x�t (x, y) `r w ��åy¹&u�saÒ�t*Ò�¹)s

x, y ∈ Mk+1
é�Ù�w)|}q,{7t��
��tt3��}�,� ��é t�v w t�s�vyt�u�Ù�w�ú�r
Öa{�� t���v�r�q�|7t�x+q���x/s�ú�s�v�����t$p.¹&q r � å,t�"*���t'é w ∈ T ∗ �O-�t�{�¹ç|}�
p+{}|7~�x�t w ∈ L(Π) �

-�w)�
��t�{�¹�Õ�¹&�
|}{}{7t��+t�s�{�¹&u+Ó�¹&Ó�t�s�qâ¹&v�|}w)u�u�t�{}s[t�s�v¿Ò�{7w's�t�p.¹&q�qâ¹&p+p w)q�v[ÖÞ{�¹Þq�t�Ò�w)�$z+|}u.¹&|7s�w)ut�v×Ö${�� |}u�v�t�q�s�t�Ò�v�|7w)u�é.w)uDw)z+v�|7t�u�vc{7t,q�r�s�x+{}vâ¹&v�s�x+|}Ù'¹&u�v��
Å ².´&²�1¬«�ª¬´&¸ n þÙBOþ Z þ ELSP1(spl, in) ⊆ REG ÿ
ø�� |}u�Ò�{}x�s�|7w)uD|}u�Ù�t�q�s�tyt�s�v×¹&x�s�s�| Ù�qâ¹&|7t7�

L ¸�µYµF¸ n þÙBOþ h þ REG ⊆ ELSP1(spl, in) ÿÊ�×�õ�à)ö+á�Ï1Ì�Ý'Ï1Ë à)ö ÿÞï³{¿t�s�vcÕ�¹)Ò�|}{7t��+t�Ù�w)|}q×~�x�t�u�w)x�s�p�w)x+Ù�w)u�s×s�|}�$x+{7t�q×x+u�s�ú�s�v�����t��+t�ä×t�¹)�r�v�t�u���x S p.¹&qcx+uDs�ú�s�v�����t�Ö$��t��$z+qâ¹&u�t�s,¹�Ù�t�Òyq�t�Ò�w)��z�| u�¹&|}s�w)uÈ�+tyv�ú�p�t��)� Π ~�x+|¿¹çx+u�ts�t�x+{7t���t���z+qâ¹&u�ty�+tc{�¹Ú�a¹&u+|���q�t,s�x+|}Ù'¹&u�v�t¯!�p�w)x+qÞÒ�æ.¹)~�x�t�q���Ó'{7t r �+x S u�w)x�s�Ò�w)u�s�|7�+r�q�w)u�s�+t�x��¤q���Ó'{7t�s (r; here, here) t�v (r; out, out) ��¹&u�s Π ��åy¹&u�saÒ�t*Ò�¹)s�é<{�¹Èp�q�t��
|»��q�tDq���Ó'{7tp t�q���t�v��+tûs�|}��x+{7t�q
{�¹�q���Ó'{7t r ��x9s�ú�s�v�����t S é¿vâ¹&u���|7s�~�x�t {�¹��+t�x���|�����tûq���Ó'{7t p�t�q���t�v� � t�u�Ù�w�ú�t�q×Ö${�� t���v�r�q�|7t�x+q×�+t,{�¹ç��t���z+qâ¹&u�tÚ{7t,qâr�s�x�{ v�¹&v���x*Ò�¹&{7Ò�x+{��
ñ×w)x�s�¹�Ù�w)u�sc�+w)u�Òy��w)u�v�q�r"!

� l�¨�².´�j�µF¸ n þÙBOþ � þ ELSP1(spl, in) = REG ÿ
û [�]^[G� qÈ¢.¡�³�� �'����¡û�c���³����¢.�+�³����±��³�³�1�'¢
åy¹&u�scÒ�t�v�v�tÚs�t�Ò�v�|7w)u*u�w)x�s�Ò�w)u�s�|7�+r�q�w)u�sc{�¹�Õ�¹&�
|}{}{7t ELSPm(spl, in ↑) �ñ×w)x�s�¹&{}{7w)u�sc��w)u�v�q�t�q�{7t,v�æ�r�w)q�����t�s�x+|}Ù'¹&u�v��

� l�¨�².´�j�µF¸ n þÙBOþ � þ ELSP1(spl, in ↑) = RE ÿ
å,r���u+|7s�s�w)u�s¯!

Out(r) =

{

u1 u2

u1 u2

(out)

(out)
,

v1 v2

v1 v2

(out)

(out)
: r =

u1 u2

v1 v2

}

.

ñ×w)x�s×¹&{}{7w)u�s���w)u�v�q�t�q��a¹&|}u�v�t�u.¹&u�v×Ò�w)�
��t�u�v�|}{¿t�s�vcp�w's�s�|}z+{7t��+tÚs�|}�$x+{7t�q�x+u�s�ú�s�v�����t��|7s�v�q�|}z+x�rFÖeÒ�æ.¹&u+Ó�t���t�u�v*�+t�p+æ.¹)s�tÈ�+tÈ�+t�Ó'q�r¤�Dp.¹&qûx+u s�ú�s�v�����tÈÖY��t���z+qâ¹&u�t�sD¹�Ù�t�Òq�t�Ò�w)�$z+|}u.¹&|7s�w)uû�+t�v³ú�p t��,��ø�� |7�+r�t�p+q�|}u�Ò�|}p.¹&{7tyt�s�v��+t×s�|}��x+{7t�q�x+u�t,¹&p+p+{}|7Ò�¹&v�|7w)uû�+t�{�¹Úq���Ó'{7t
r � � x+u s�ú�s�v�����tc��|7s�v�q�|}z+x�r,ÖÚÒâæ.¹&u+Ó�t���t�u�vÞ�+tcp+æ.¹)s�t��+t��+t�Ó'q�r$�cp.¹&q�{7t�s�q���Ó'{7t�s�s�x+|}Ù'¹&u�v�t�ss!�,� (r; here, here) ���� Out(r) �ø�¹ûq���Ó'{7t)ª �X«,p�t�q���t�v$�+t�s�|}�$x+{7t�q�{ � ¹&p+p�{ |7Ò�¹&v�|7w'u��+t r é vâ¹&u���|7s$~�x�t
{}t�sÚq���Ó'{7t�spª �5«,r�{}| í�
|}u�t�u�vc{7t�sÞ��w){7r�Ò�x+{7t�sc|}u+|}v�|�¹&{7t�s��Ô[w)x+q��+r���w)u�v�q�t�qc{7tyv�æ�r�w)q�����tyu�w)x.sÞ��w)u�v�q�w)u.s�� � ¹&z�w)q��*{7t,{7t��
��tÚs�x+|}Ù'¹&u�v��
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L ¸�µYµF¸ n þÙBOþkE�þ�� à)Ë1Ï D = (V, T, A, R)

Ð�öÈá�ç&á�Ï+û�õaÍ�Ô)Ë�á�Ï1Ì�Ë�Ó�Ð�×µØ Î�Ò�Ý)ö�Ö�Í�õ Í�ö.ÏIÔ�Í�ß�Ò�Ý&á�Í
Ô�Í�Ô�Í�Ö)Ì�×<ðtè�Ð�Ë�Ý"Ñ7ÍâáÞß.Ì�à�ß.Ì�Ë�×�Ï+×âáyá�Ð�Ëk®&Ý)ö.Ï³Íâá�ï

ü Lk ∩Lk+1 = ∅
§[ÎVQ Íâá�Ïïî�Øªî Ô)Ë¬Ì�ÍGè�Ð�ÍsÑ7Íâá�õ�à7Ñ�×�Î�Ð�Ñ�Íâá�ß.Ì�à�Ô)Ð�Ë1Ï³Íâá�Ø¯ÑMQ ×�Ï�Ý�ß�Í

k
Í�Ï

k+1
á�à)ö.Ï

Ô)Ë ýs×�Ì�Í�ö.Ï³Íâá ÿü üÞà)Ð�Ì àqÓ�Ï³Í�ö�Ë¬Ì�Ð�ö�õ�à'Ïïî³Ì�×âá�Ð�Ñ Ï�Ý'Ï�ö�à)Ð�á�Ð�Ï1ËkÑ Ë�á�à)ö+á
Ð�ö Í
á�Í�Ð�Ñ7Í æ à)Ë�á
Ð�ö Í�Ì�ûÕÖ7Ñ7ÍpÔ�ÍtÑMQ Í�ö"îá�Í�õtÓ�Ñ7Í
RR ⊆ R

Í�Ï Ñ7ÍIÔ�Í�Ð'ô)Ë�û�õaÍ�Ì�×âá�Ð�Ñ Ï�Ý'Ï`Ô�ÍÞÎâÍ�Ï Ï³ÍÞÌ�Í�Îâà)õtÓ�Ë¬ö�Ý)Ë�á�à)öyß+Í�Ð�Ï�ð�Ï1Ì�Ís×�Ñ Ë¬õçË¬ö	×á�Ý)ö+á�Ý7Ñ Ï+×�Ì�Í�Ì¯Ñ7Í@Ñ}Ý)ö�Ö�Ý�Ö�ÍÞß.Ì�à�Ô)Ð�Ë1Ï ÿ Ñ}à)Ìâá>§�Ë Ñ<Í�ô)Ë�á�Ï³Í$Ð�ö�á�ç&á�Ï+û�õaÍcØ õaÍ�õtÓ�Ì�Ý)ö ÍâáçÝ7®)Í�Î
Ì�Í�Î�à)õtÓ�Ë¬ö�Ý)Ë�á�à)ö Π ∈ ELSP1(spl, in ↑)è�Ð�Ë<á�Ë¬õçÐ�Ñ7Í
D
Í�Ï ß+à)Ð�Ì@Ñ7Í&è�Ð�Í�Ñ

L(Π) = L(D) ÿ
Ê�×�õ�à)ö+á�Ï1Ì�Ý'Ï1Ë à)ö ÿñ×w)x�scÒ�w)u�s�v�q�x+|7s�w)u�sc{7tys�ú�s�v�����t�Ö$��t���z+qâ¹&u�t�s×s�x+|}Ù'¹&u�v Π = (V, T, [1]1, M1, R

′) é�w7>
M1 = A t�v R′ = R1 ∪ R2 ∪ R3

¹�Ù�t�Ò
R1 = {(r, here, here), Out(r) : r ∈ R \ RR}

é
R2 = {(r, out, out), Out(r) : r ∈ RR}

é
R3 =

{

w ε

w ε
(out)
(out)

: w ∈ A

} �
ñ×w)x�s×w)z�s�t�q�Ù�w)u�s�~�x�t'é�p.¹&q�{�¹
Ò�w)u�s�v�q�x�Ò�v�|7w)uÈ��x�s�ú�s�v�����t Π é�s�| Mk

Ò�w)u�v�|7t�u�v�x+u�tÚ��w&í{7r�Ò�x+{7t ~�x+|�u�t�p�t�x+vçs�� ¹)Ò�Ò�w)q��+t�q�¹�Ù�t�Ò ¹&x�Ò�x+u�taq���Ó'{7t �+t Π é�Ò�t�v�v�ta��w){7r�Ò�x+{7t q�t�s�v�t�qâ¹ûp w)x+qv�w)x'� w)x+q�sÚ��¹&u�sy{�¹a��t��$z+qâ¹&u�t�t�vyu�t$p w)x+q�qâ¹ p+{}x�sy|}u�v�t�q�Ù�t�u+|}qÚ��¹&u.s,{7t
Ò�¹&{7Ò�x+{�t�vyp+q�w���x+|}q�tx+u���w)v í�q�r�s�x+{}vâ¹&v���ñ×w)x�s�¹&{}{7w)u�s�Ò�w)u�s�|7�+r�q�t�q�{�¹,Ò�{�¹)s�s�tÞ� � r�~�x+|}Ù'¹&{7t�u�Ò�tc�+r���u�|}tcp.¹&q<{�¹×q�t�{�¹&v�|7w)u
;as�� ¹)Ò�Ò�w)q��+t�q$¹�Ù�t�Ò$x+u�t$q���Ó'{7tt='é Ò'� t�s�v í�Ö�í³��|}q�tçu�w)x�s,u�tçÒ�w)u�s�|7�+r�q�t�q�w)u�sÚp+{}x�s,{7t�s,��w){7r�Ò�x+{7t�s~�x+|[u.t$p t�x+Ù�t�u�vÚs�� ¹)Ò�Ò�w)q��+t�q�¹�Ù�t�Ò
¹&x�Ò�x+u�t
q���Ó'{7t
�+t${�¹ ��t���z+qâ¹&u�t���¹&u�sy{�¹)~�x�t�{}{}t�t�{}{}t�sÚs�ts�|}v�x�t�u�v�� ¼WÒâæ.¹)~�x�t,r�vâ¹&p t'é�v�w)x+v�t�s�{7t�s���w){7r�Ò�x+{7t�sc��x*s�ú�s�v�����t×s�� ¹)Ò�Ò�w)q��+t�u�vc�+w)u�ÒÚ¹�Ù�t�Ò×x+u�tq���Ó'{7tÚ�+t Π t�v�é.ÖçÒ�¹&x�s�tÚ�+t,{�¹$Õ w)q���ty�+t�sÞq���Ó'{7t�s�é+p.¹&q�v�|7Ò�|}p t�u�v,Öçx+u�t,q�t�Ò�w)�$z+|}u.¹&|7s�w)u0�ñ×w)x�s�¹X©�q���w)u�s×~�x�t L(Π) = L(D) �Ô[w)x+q�p+q�w)x+Ù�t�q�Ò�t�v�v�ty¹X©�q��a¹&v�|7w)u�é�u�w)x�s��+t�Ù�w)u�s��+r���w)u�v�q�t�q�{7t�s�p+q�w)p+q�|7r�v�r�sÞs�x+|}Ù'¹&u�v�t�s.!�,� Lk \ T ∗ = Mk

���� Lk+1 ∩ T ∗ = σho
(Mk) ∩ T ∗ é.w7> σho

= (V, Ro)
t�v Ro

Ò�w)u�v�|7t�u�v×v�w)x+v�t�s�{7t�scq���Ó'{7t�s�+t R′ ¹�ú�¹&u�vÞ{�� |}u���|7Ò�¹&v�t�x+q×�+tÚÒ�|}z+{7t out �
ý ¨�µF²�°�¦�®�´&«�®�ª¬²�°OÆ¿¸ BOþ ñ×w)x�s�¹&{}{7w)u�sy��w)u�v�q�t�q�~�x.t Lk \ T ∗ = Mk

é Ò'� t�s�v í�Ö�í³��|}q�ta~�x�t{�� t�u�s�t��$z+{7tÚ�+t�sÞ��w){7r�Ò�x+{7t�s�u�w)u�í�v�t�q��
|}u.¹&{7t�s×�+t Lk
Ò�w)÷ u�Ò�|7�+t$¹�Ù�t�Ò Mk

�ñ×w)x�sy¹&{}{7w)u�s×p+q�w)x+Ù�t�qyÒ�t�v�v�tç¹X©�q��a¹&v�|7w)uÈp.¹&q×q�r�Ò�x+q�q�t�u�Ò�t,� ø�t$Ò�¹)s�|}u+|}v�|�¹&{<�+t�{�¹�q�r�Ò�x+q íq�t�u�Ò�t�t�s�vÚÙ�qâ¹&|�é Ò�¹&qÚ{7t�sÚ�+t�x��/t�u�s�t��$z+{7t�s�s�w)u�v�r�Ó�¹&x��FÖ A �`1�x+p+p w's�w)u�sy�a¹&|}u�v�t�u.¹&u�v$~�x�tu�w)x�s×¹�Ù�w)u�s Lk \ T ∗ = Mk
t�vÞp+q�w)x+Ù�w)u�sc~�x�t Lk+1 \ T ∗ = Mk+1

�
1�w)|}v w ∈ Lk+1 \ T ∗ ��ï³{,t���|7s�v�tÈ¹&{7w)q�s �+t�s ��w)v�s x t�v y ��¹&u�s Lk

t�v x+u�tDq���Ó'{7t r��¹&u�s R \ RR
v�t�{7sa~�x�t w t�s�v�p+q�w���x�| v p.¹&q�{�� ¹&p+p+{}|7Ò�¹&v�|7w'u s�x+|}Ù'¹&u�v�tf! (x, y) `r (w, z) �ñ×w)x�s�q�t��a¹&q�~�x�w)u�s�~�x�tÞ{�¹y�+t�x���|�����tcp+q�w)p+q�|7r�v�r��+t D |}�
p+{}|7~�x�t�~�x�tÞ{�¹,q���Ó'{7t r ¹&p+p.¹&q�v�|7t�u�vÖû{�� t�u�s�t��$z+{7t R \ RR

é�Ò�¹&q�é���¹&u�s�{7taÒ�¹)s$Ò�w)u�v�qâ¹&|}q�t'é w ¹&x+qâ¹&|}v�Õ�¹&|}v�p.¹&q�v�|7ta�+ta{ � ¹&{}p+æ.¹&z t�vv�t�q��
|}u.¹&{ T ��ø�t�s���w)v�s w t�v z u�t�s�w)u�v¿�+w)u�Ò�p.¹)s¿�+t�s���w)v�s�v�t�q��
|}u.¹&x��$t�v�|}{7s�s�w)u�v¿��|�� r�q�t�u�v�s�+t x t�v y Ó'q>=)Ò�t
Öa{�¹ap+q�t��
|���q�t
p+q�w)p+q�|7r�v�r
�+t D � Ô[¹&qyæ�ú�p w)v�æ���s�tç�+t$q�r�Ò�x+q�q�t�u�Ò�t'é x t�v yÕ w)u�v
p.¹&q�v�|7tD�+t Mk
�<å,tû�"*���t'é<p.¹&qaÒ�w)u�s�v�q�x�Ò�v�|7w)u�é�|}{�t���|7s�v�t x+u�tûq���Ó'{7t (r; here, here)
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��¹&u�s Π ~�x�tÈu�w)x�s*p�w)x+Ù�w)u�sD¹&p+p+{}|7~�x�t�q�Ö x t�v y t�u p�q�w���x+|7sâ¹&u�v w t�v z ! (x, y) `r

(w, z)(here, here) ��ñ×w)x�s�w)z�s�t�q�Ù�w)u�s�~�x�t'é'Ó'q>=)Ò�t×Ö,{�¹yp+q�t��
|���q�tcp+q�w)p+q�|7r�v�r×�+t D é'{7t�s���w)v�s
w t�v z s�w)u�v ��|�� r�q�t�u�v�s �+t*u�� |}�
p w)q�v�t�~�x�t�{7s x t�v y Ò�w)�
p+{7r���t�u�vâ¹)|}q�t�s p.¹&qaqâ¹&p+p w)q�vûÖx+u�tÚq���Ó'{7t��+t D é�Ò'� t�s�v í�Ö�í³��|}q�t�~�x�tyu�w)x�s�u�typ�w)x+Ù�w)u�scp.¹)scp+q�w���x+|}q�tÚ{7t�sc��w){7r�Ò�x+{7t�s w t�v z¹�Ù�t�Ò�{�� |}u���|7Ò�¹&v�|7w)uû�+t×Ò�|}z+{7t out ��ø�t�s�s�t�x+{7t�s���w){7r�Ò�x+{7t�sÞ~�x+|.p t�x+Ù�t�u�v��+w)u�Ò�*�v�q�t,t�u�Ù�w�ú�r�t�s�Ö{�� t���v�r�q�|7t�x+q<s�w)u�v�{7t�s¿��w){7r�Ò�x+{7t�s<�+t Mk

é&t��+Ò�t�p+vâr�{7t�s<¹X��|7w)��t�s[~�x+|�s�w)u�v[t�u�Ù�w�ú�r�Öc{�� t���v�r�q�|7t�x+qp.¹)sÞ{7t�sÞq���Ó'{7t�s��+t R2
�O#�uDw)z+v�|7t�u�v×�+w)u�Ò w, z ∈ Mk+1

�ï³u�Ù�t�q�s�t���t�u�v�é�s�w)|}v w ∈ Mk+1
��ï³{,t���|7s�v�t/¹&{7w)q�sû�+t�s ��w)v�s x t�v y ��¹&u�s Mk

Ò�w)�çíp+{7r���t�u�vâ¹&|}q�t�sûp.¹&q qâ¹&p+p w)q�vDÖF{�¹Yq���Ó'{7t (r, here, here) ∈ R′ v�t�{7sû~�x�t w s�w)|}v p+q�w���x+|}vp.¹&q�{�� ¹&p+p+{}|7Ò�¹&v�|7w)u/s�x+|}Ù'¹&u�v�tt! (x, y) `r (w, z)(here, here) �.ñ×w)x�scq�t��a¹&q�~�x�w)u�s,~�x�tÚs�|¿w)uÒ�w)u�s�|7� ��q�tyx+u�t,q���Ó'{7t�¹�ú�¹&u�vÞ{7t�sÞ|}u���|7Ò�¹&v�t�x+q�s��+tyÒ�|}z+{7t out é�{7t,q�r�s�x+{}vâ¹&vc�+t,{�� ¹&p+p+{}|7Ò�¹&v�|7w)u��+tÒ�t�v�v�tyq���Ó'{7tÚu�t×Õ t�qâ¹çp.¹)sÞp.¹&q�v�|7t��+t Mk+1
��ø�t�s��+t�x�� q�r�s�x+{}vâ¹&v�s w t�v z q�t�s�v�t�u�v��+w)u�ÒÚ��¹&u�s{�¹ ��t���z+q�¹&u�t,��åy¹&u�s,{7tç�"*���t
v�t��
p�s�é {7t�s,��w)v�s x t�v y s�w)u�vÚt�u�Ù�w�ú�r�sÚÖ {�� t���v�r�q�|7t�x+qÚp.¹&q{7t�scq���Ó'{7t�s×�+t Out(r) ��-�w)�
��t x t�v y s�w)u�v���¹&u�s Lk

p.¹&q�æ�ú�p w)v�æ���s�t��+tÚq�r�Ò�x+q�q�t�u�Ò�t$t�vc|}{t���|7s�v�t'é�p.¹&q�Ò�w)u�s�v�q�x�Ò�v�|7w)u�é�x+u�tcq���Ó'{7t r ∈ R é�u�w)x�s�¹�Ù�w)u�s�{�� ¹&p+p+{}|7Ò�¹&v�|7w)uûs�x+|}Ù'¹&u�v�t���¹&u�s D !
(x, y) `r (w, z) é+Ò'� t�s�v í�Ö�í³��|}q�t�~�x�t w, z ∈ Lk+1

�ñ×w)x�s�¹�Ù�w)u�sc�+w)u�Òy��w)u�v�q�rÚ~�x�t Lk+1 \ T ∗ = Mk+1
�

ý ¨�µF²�°�¦�®�´&«�®�ª¬²�°YÆ¿¸ K þ ñ×w)x�s�¹&{}{7w)u�s���w)u�v�q�t�q�~�x�t Lk+1∩T ∗ = σho
(Mk)∩T ∗ é�Ò'� t�s�v íÖ�í³��|}q�t�~�x�tÞ{7t�s���w)v�s�v�t�q��
|}u.¹&x��a�+t Lk+1

s�w)u�v�{7t�s���w)v�s�v�t�q��
|}u.¹&x�� t�u�Ù�w�ú�r�s�Ö,{�� t���v�r�q�|7t�x+q�+ty{�¹$��t��$z+qâ¹&u�t�Öç{�� r�vâ¹&p�t k + 1 �1�w)|}v w ∈ Lk+1 ∩ T ∗ �.ï³{�t���|7s�v�t�¹&{7w)q�s×�+t�sc��w)v�s x t�v y ��¹&u.s Lk
t�v�x+u�tÚq���Ó'{7t r ��¹&u�s

RR
vât�{7s
~�x�t w s�w)|}v
w)z+v�t�u�x�p�¹&qç{�¹Dq�t�Ò�w)��z+|}u.¹&|7s�w)u s�x+|}Ù'¹&u�v�to! (x, y) `r (w, z) �[ñ×w)x�sq�t��a¹&q�~�x�w)u�s
~�x�ta{�¹D�+t�x���|�����tap+q�w)p+q�|7r�v�rû�+t D |}�
p+{}|7~�x�t ~�x�ta{�¹*q���Ó'{7t r ¹&p+p.¹&q�v�|7t�u�v�Ö{�� t�u�s�t��$z+{7t RR

é�Ò�¹&q�é���¹&u�s${7taÒ�¹)s$Ò�w)u�v�qâ¹&|}q�t'é w u�� ¹&x+q�¹&| vçp.¹)sÚÕ�¹&|}v�p.¹&q�v�|7t �+t�{�� ¹&{}p+æ.¹&z t�vv�t�q��
|}u.¹&{ T �.ø�¹��"*���tÚp+q�w)p+q�|7r�v�rç�+t D |}�
p+{}|7~�x�t$~�x�t x, y ∈ Lk \ T ∗ �.Ô[¹&q,Ò�w)u�s�r�~�x�t�u�v�é
x, y ∈ Mk

�+å,t,�"*���t'é�|}{�t���|7s�v�t'é+p.¹&qcÒ�w)u�s�v�q�x�Ò�v�|7w)u�é�x+u�tyq���Ó'{7t (r, out, out) ∈ R′ t�vÞu�w)x�sp w)x+Ù�w)u�s×q�t�Ò�w)�$z+|}u�t�q x t�v y ��¹&u�s Π Ö�{�� ¹&|7�+tç�+t r t�uÈt�u�Ù�w�ú�¹&u�v×{7t�s×��w)v�s×q�r�s�x+{}vâ¹&u�v�s wt�v z Ö${�� t���v�r�q�|7t�x+q×�+t,{�¹ç��t���z+qâ¹&u�t,�ï³u�Ù�t�q�s�t���t�u�v�é�s�|.x+ua��w)v�v�t�q��
|}u.¹&{ w ∈ T ∗ t�s�v�t�u�Ù�w�ú�r×Öy{�� t���v�r�q�|7t�x+qÞ�+tc{�¹y��t��$z+qâ¹&u�tp.¹&q�{�¹ q���Ó'{7t (r, out, out) é�w7> r ∈ RR
é�Ò�t w p�t�x+v�*�v�q�taw)z+v�t�u�x�t�uFx+v�|}{}|7sâ¹&u�v�{�¹ q���Ó'{7t r��¹&u�s D �+åç� ¹&x+v�q�t,p.¹&q�v�é+s�| x+u ��w)v w t�s�vÞt�u�Ù�w�ú�ryÖ�{�� t���v�r�q�|7t�x+q��+t×{�¹$��t���z+qâ¹&u�typ.¹&qÞx+u�tq���Ó'{7t (r, out, out) é�w7> r 6∈ RR

é�Ò�t���w)v,Ò�w)u�v�|7t�u���qâ¹ �+t�s�{7t�v�v�q�t�s×u�w)u�í�v�t�q��
|}u.¹){7t�s,Ó'q>=)Ò�tçÖ{�¹
�+t�x���|�����typ+q�w)p+q�|7r�v�r��+t D �

Ñ ¹&|}u�v�t�u.¹&u�v�p�w)x+q<p+q�w)x+Ù�t�q<{7t�v�æ�r�w)q�����ts3��}�,� 6×|}{+s�x�©�v<� � w)z�s�t�q�Ù�t�q<~�x�t�{7tÞs�ú�s�v�����t���|7s ív�q�|}z+x�r�ÖcÒâæ.¹&u+Ó�t���t�u�v<�+t�p+æ.¹)s�t�Ò�w)u�s�v�q�x+|}v[��¹&u�s¿{7t�v�æ�r�w)q�����tI6�� 8�� ��sâ¹&v�|7s Õ�¹&|}v�{7t�s¿Ò�w)u���|}v�|7w)u�s��x*{7t��
��typ+q�r�Ò�r��+t�u�v��ï³{Út�s�v p w's�s�|}z+{7tF¹&x�s�s�|Ú� � x+v�|}{}|7s�t�qû{�¹e��r�v�æ.w��+tF�+t�sû��w){7r�Ò�x+{7t�s�¹)s�s�|7s�vâ¹&u�v�t�sûp w)x+q*�+r�í��w)u�v�q�t�q×{7t�v�æ�r�w)q�����t�3��}�,� 6�� ñ×w)x�s�p�w)x+Ù�w)u�s�q�t�p+q�t�u���q�t${7t$s�Ò�æ�r��a¹a��xÈÒ�¹&{}Ò�x+{[p+q�r�s�t�u�v�rçÖ{�¹���Ó'x+q�t ���}�'é¿Ù�w)|}q$p.¹&Ó�t �q6�é[t�v$|}u�v�q�w���x+|}q�t {}t�s$��w){7r�Ò�x+{7t�s�¹)s�s�|7s�vâ¹&u�v�t�s$u�r�Ò�t�s�sâ¹&|}q�t�s��¿Ô<¹&qt��+t��
p+{7t'é[t�u�s�x+|}Ù'¹&u�v${7t�s$u�w)vâ¹&v�|7w)u�s
��xev�æ�r�w)q�����t�6�� 8��}�'é¿Ù�w)|}q¯��Ó'x+q�t�6�� ��Ö*{�¹*p.¹&Ó�t�473�éu�w)x�s�Ò�w)u�s�|7�+r�q�w)u�sÚ{�¹ ��w){7r�Ò�x+{7t ¹)s�s�|}s�v�¹&u�v�t Z2Yi
~�x+|��+w)|}v$¹&p+p.¹&qâ¹X�7v�q�t ¹�Ù�t�Òçx+u�t
p r�q�|7w��+t



øqß�Þ5ß)~ (²~ v����_{2~A/��_{��_xz�sw�¤�{2~/w¿¾�{�§u�s{�§I¥2�_xz�9¤�w��&~ ¥2¤ ���,8
�+t 8 ��Ô¿w)x+q Ò�t�{�¹/|}{×s�x�©�va� � ¹�Ù�w)| qa{7t�sa��w)v�s Z2Yi

é Z2Z
é Zk

2 Z é 1 ≤ k ≤ 7 p.¹&q��
|�{7t�s¹X��|7w)��t�s�é�¹&|}u�s�| ~�x�tc{7t�s�q���Ó'{7t�s Zk−1
2 Yi

Zk
2 Z

(here)
(here)

é Z7
2 Yi

Z2 Z
(here)
(here)

é Zk
2 Yi ε

Zk
2 Yi ε

(out)
(out)

t�v
Z2Yi ε

Z2Yi ε
(out)
(out)

é 1 ≤ k ≤ 7 p.¹&q��
|�{7t�sÞq���Ó'{7t�sc��t,{�¹ç��t��$z+qâ¹&u�t,�
û [�]^[GY þ�ö�¡���÷VU �.¡*���e�möHWÞ�²��±¿ÿ'� �F�+�+� �
åy¹&u�s<Ò�t�v�v�tÞs�t�Ò�v�|7w)u
u�w)x�s[��w)u�v�q�w)u.s<~�x�t�{7t�s<s�ú�s�v�����t�s�Ö���t���z+qâ¹&u�t�s���t�v³ú�p tÞ�&z
t�v��)Òp+q�w���x+|7s�t�u�v�v�w)x�sÞ{7t�sÞ{�¹&u+Ó�¹&Ó�t�scq�r�Ò�x+q�s�|}Ù�t���t�u�v×r�u�x+��r�qâ¹&z+{7t�s��

� l�¨�².´�j�µF¸ n þÙBOþ�� þ£� à)Ë1Ï D = (V, T, A, R)
Ð�ö á�ç&á�Ï+û�õaÍ]Ô)Ë�á�Ï1Ì�Ë�Ó�Ð�×�Ø¤Î�Ò�Ý)ö�Ö�Í�õaÍ�ö.Ï"Ô�Íß�Ò�Ý&á�Í"Ô�Í<Ô�Í�Ö)Ì�×/ð ÿ¨Û Ñ�Í�ô)Ë�á�Ï³ÍçÐ�ö/á�ç&á�Ï+û�õaÍµØ õaÍ�õtÓ�Ì�Ý)ö Íâá
Ý7®)Í�Î�Ì�Í�Î�à)õtÓ�Ë¬ö�Ý)Ë�á�à)öuÔ�Í
ÏÙç�ß+Í�ñ�ÓÍ�ÏzÔ�Í�Ô�ÍÕÖ)Ì�×<ðk§

Π
§2è�Ð�Ë<á�Ë�õ
Ð�Ñ7Í

D
Í�Ï�ß�à)Ð�Ì@Ñ7Í�è�Ð�Í�Ñ

L(Π) = L(D) ÿÊ�×�õ�à)ö+á�Ï1Ì�Ý'Ï1Ë à)ö ÿs-�w)u�s�|7�+r�q�w)u�s Π = (V, T, [1]1, A, R′) é+w7>
R′ = {(r, here, here); (r, out, out); Out(r) : r ∈ R} ∪

{

w ε

w ε
(out)
(out)

: w ∈ A

} �
ï³{[t�s�vcÕ�¹)Ò�|}{7t$�+t�Ù�w)|}q,~�x�t Π s�|}��x+{7t D � 1�w)|7t�u�v x, y ∈ Lk

~�x+|[s�w)u�v,Ò�w)�
p+{7r���t�u�vâ¹)|}q�t�sp.¹&q×qâ¹&p+p w)q�vÚÖ�{�¹
q���Ó'{7t r ∈ R � #�u/¹�{�� ¹&p+p+{}|7Ò�¹&v�|7w)u/s�x+|}Ù'¹&u�v�t$��¹&u�s D ! (x, y) `r (w, z) �åy¹&u�s Π é+u�w)x�s�¹�Ù�w)u�s (x, y) `r (w, z) t�vc{7t�sÞ��w)v�s w t�v z s�w)u�v�t�u�Ù�w�ú�r�s�Ö${�� t���v�r�q�|7t�x+q×�+t{�¹,��t��$z+qâ¹&u�t'é�v�w)x+v�t�u�Ó�¹&q���¹&u�v�{7t�x+q�s�Ò�w)p+|7t�s�Ö,{�� |}u�v�r�q�|7t�x+q���ø�t�s<��w)vâs x t�v y s�w)u�v�t�u�Ù�w�ú�r�sÖ*{�� t���v�r�q�|7t�x+q$p.¹&q Out(r) t�v�|}{�u�t�q�t�s�v�t�u�v�p+{}x�sç��¹&u�s�{�¹*��t���z+qâ¹&u�t,��#�u�w)z+v�|7t�u�v
�+w)u�Ò
L(D) ⊆ L(Π) �ï³{�t�s�vcÒ�{�¹&|}qc~�x�t×{�� |}u�Ò�{}x�s�|7w)u*|}u�Ù�t�q�s�t,t�s�vÞÙ�qâ¹&|7t,��1�| u�w)x�sÞx+v�|}{}|7s�w)u�s�x+u�tys�x+|}v�ty�+t�s�q���Ó'{7t�s
(r1, here, here), . . . , (rn, out, out) p�w)x+q,w)z+v�t�u+|}q×x+u�t���w){7r�Ò�x+{7t w ��¹&u�s Π é�{�¹as�x+|}v�tÚæ�w&í��w){7w)Ó'x�t r1, . . . , rn

p t�q���t�v�� � w)z+v�t�u+|}q�{7ty�"*���tÚ��w)v w ��¹&u�s D �

-�w)�
��t V DH1 = RE u�w)x�s�w)z+v�t�u�w)u�s¯!
Å ².´&²�1¬«�ª¬´&¸ n þÙBOþ n þ � ÍâáÚá�ç&á�Ï+û�õaÍâáµØ õaÍ�õtÓ�Ì�Ý)ö Íâá
Ý7®)Í�Î
ÌâÍ�Îâà&õ/Ó�Ë¬ö�Ý&Ë�á�à)öuÔ�ÍçÏÙç�ß+Í�ñ�Ó�Í�Ï±Ô�Í
Ô�Í�Ö)Ì�×<ð,ß.Ì�à�Ô)Ð�Ë�á�Í�ö.Ï�Ï�à)Ð�á@Ñ7ÍâáGÑ}Ý)ö�Ö�Ý�Ö�Íâá�Ì�×�Î�Ð�Ìâá�Ëk®)Í�õaÍ�ö.Ï±×�ö�Ð�õt×�Ì�ÝqÓ�Ñ7Íâá ÿ
Ô[w)x+qc{7t�scs�ú�s�v�����t�sc�+t,v�ú�p�t��)Ò,u�w)x�s×¹�Ù�w)u�sÞx+uûq�r�s�x+{}vâ¹&v�s�|}�
|}{�¹&|}q�t,�

� l�¨�².´�j�µF¸ n þÙBOþÙB�� þ � Íâá�á�ç&á�Ï+û�õaÍâá�Ø$õaÍ�õtÓ�Ì�Ý)ö ÍâáyÝ7®)Í�ÎyÌ�Í�Î�à)õtÓ�Ë¬ö�Ý)Ë�á�à)ö_Ô�Í,ÏÙç�ß�Í�ñ�Î�Í�Ï�Ô�Í
Ô�Í�Ö)Ì�×<ð,ß.Ì�à�Ô)Ð�Ë�á�Í�ö.Ï�Ï�à)Ð�á@Ñ7ÍâáGÑ}Ý)ö�Ö�Ý�Ö�Íâá�Ì�×�Î�Ð�Ìâá�Ëk®)Í�õaÍ�ö.Ï±×�ö�Ð�õt×�Ì�ÝqÓ�Ñ7Íâá ÿ
Ô<{}x�s�p+q�r�Ò�|7s�r���t�u�v�é¿Ò�t
v�æ�r�w)q�����tat�s�vÚx+uYÒ�w)q�w){}{�¹&|}q�t ��xFv�æ�r�w)q�����t/3��}�,� 6���1�|�u�w)x�sÚq�t�íÒ�w)u�s�|7�+r�q�w)u�s�{�¹,�+r���w)u�s�v�qâ¹&v�|7w)u �+tÞÒ�t�v�æ�r�w)q�����t'é'u�w)x�s�w)z�s�t�q�Ù�w)u�s�~�x�t�{�¹,s�|}v�x�¹&v�|7w)u�~�x.¹&u��x+u�tÚÒ�w)p+|7tÚ�+t w q�t�s�v�tÚ��¹&u�sÞ{�¹ç��t���z+qâ¹&u�tÚu�typ�t�x+vcp.¹)scs�t,p+q�w���x+|}q�t,�Ô<¹&q�Ò�w)u�v�q�t'é�u�w)x�syu�� ¹�Ù�w)u.syp.¹)sÚv�q�w)x+Ù�r�{7¹ p+x+|7s�sâ¹&u�Ò�ta� � t���p+q�t�s�s�|7w)uY�+t�sÚs�ú�s�v�����t�sÚ�+tv�ú�p�ty�'¹ç¹�Ù�t�Ò×x+u�t,s�t�x+{7t×��t��$z+qâ¹&u�t'é��a¹&|7s�u�w)x�sÞs�x+p+p�w's�w)u�sÞ~�x�� |}{7s�u�� w)u�vÞp.¹)s�x+u�t,Ó'qâ¹&u��+tp+x+|7s�sâ¹&u�Ò�tÚ� � t���p+q�t�s�s�|7w)u0�

Å ²�°+Ç�¸�©'®�·�´&¸ n þÙBOþÙBOþ ELSP1(spl, inw) = REG �



���&� §�Ü�w�Ý���v��s{ùøqßY~ (²~ v����_{2~A/��_{��_xz�sw�¤�{2~/w¿¾�{�§u�s{�§I¥2�_xz�9¤�w��&~ ¥2¤

#�uFÙ�w)|}v�~�x�t�Ò�t�Ò�¹)sÚt�s�vÚv�q���s�s�|}�
|}{�¹&|}q�t Ö Ò�t�{}x+|��+t
{�¹ûs�t�Ò�v�|7w)uu3��}�,�}�,��ù<uet�� t�v�é |}{�t�s�vÕ�¹)Ò�|}{7tÚ�+t,Ù�w)|}qc~�x�t
Mk+1 = Mk ∪ {σhh

(Mk) \ σho
(Mk)}

ét�u*x+v�|}{}|7sâ¹&u�vc{7t�sÞu�w)vâ¹&v�|7w)u��+tÚÒ�t�v�vâtys�t�Ò�v�|7w)u�í�{�Ö��å,tÚ�"*���t'é.|}{�t�s�vcÕ�¹)Ò�|}{7t��+tÚÙ�w)|}q�~�x�t�s�|�x+u�t���w){7r�Ò�x�{}t w t�s�vcp+q�w���x+|}v�t$��¹&u�s�{�¹
��t��çíz+qâ¹&u�tû¹�Ù'¹&u�vç� � *�v�q�t t�u�Ù�w�ú�r�t Ö*{�� t���v�r�q�|7t�x+q�é[t�{}{}t ú/q�t�s�v�t�qâ¹*p w)x+q$v�w)x'� w)x+q�s��¿åy¹&u�s${7t Ò�¹)sÒ�w)u�v�qâ¹&|}q�t t�{}{7tau�t s�t�qâ¹
��¹&�a¹&|7s�p+q�r�s�t�u�v�t ��¹&u�s�{�¹*��t���z+qâ¹&u�t,��-�tap�w)|}u�vçt�s�v�{�� ¹&q�Ó'x+��t�u�vp+q�|}u�Ò�|}p.¹&{¿�+t,u�w)v�q�tÚÒ�w)u'� t�Ò�v�x+q�t,�
ú@É9ã 3 !G� �$#������Ý4����������	Ï±����YÏ�ís���f�	��� Ë ����
��Ï±
�� Ë ë Ë �è � �����è

	 � �
åy¹&u�s�Ò�t�v�v�t,s�t�Ò�v�|7w)u u�w)x�sÞÒ�w)u�s�|7�+r�q�w)u�s�{7t�s�s�ú�s�v�����t�s�Ö���t���z+qâ¹&u�t�s�¹�Ù�t�Ò�q�t�Ò�w)�$z+|}u.¹&| ís�w)u
u�w)u�í³r�v�t�u���x�s�~�x+|���|�� r�q�t�u�v��+t�s�s�ú�s�v�����t�s[|}u�v�q�w���x+|}v�s�¹&x+p.¹&qâ¹�Ù'¹&u�v�p.¹&q<{7t�Õ�¹&|}v�~�x�� |}{7s<u�tp w's�s����+t�u�v,p.¹)s×��� ¹&{}p+æ�¹&z�t�vyv�t�q��
|}u.¹&{�� ã w)x�s×{7t�s×��w)v�s,t�u�Ù�w�ú�r�s,Ö�{�� t���v�r�q�|7t�x+qy��x/s�ú�s�v�����tÕ w)q���t�u�v��+w)u�Òy{7t,q�r�s�x+{}vâ¹&v���xDÒ�¹&{7Ò�x�{Õ�ñ×w)x�s�u.w)v�w)u�s�p.¹&q LSPm(spl, in) {�¹×Õ�¹&�
|}{}{7t×�+t�s�{�¹&u+Ó�¹&Ó�t�s�p+q�w���x+|}v�s�p.¹&q�{7t�s�s�ú�s�v�����t�sÖÈ��t���z�qâ¹&u�t�sau�w)u�í³r�v�t�u���x�s �+t*�+t�Ó'q�r�¹&x9p+{}x�s m ��ñ×w)x�s�u�� |}u���|7~�x�w)u�s�p.¹)s�{7tûv�ú�p�t*��xs�ú�s�v�����t*Ò�w)u.s�|}��r�qâr)é�Ò�¹&q�é�Ò�w)�
��tû{7tû��w)u�v�q�t*{7t v�æ�r�w)q�����tDs�x+|}Ù'¹&u�v�é<x+u�tû��t��$z+qâ¹&u�t*u�ts�x�©�vÞp+{}x�sÞp�w)x+q�w)z+v�t�u+|}qÞx+u�t,Ó'qâ¹&u��+typ+x+|7s�sâ¹&u�Ò�ty� � t���p+q�t�s�s�|7w)u*t�v�¹�Ù�t�Òy�+t�x�� ��t���z+qâ¹&u�t�su�w)x�sçp�w)x+Ù�w)u�s
r�Ù�|}v�t�q${7t�sçp+q�w)z+{�����t�s
~�x+|�u�w)x�s
w)u�v
w)z+{}|}Ó�r � � |}u�v�q�w���x+|}q�tû{7t�sç��|�� r�q�t�u�v�t�s�+r���u+|}v�|7w)u�s��

� l�¨�².´�j�µF¸ n þ K þÙBOþ LSP1(spl, in) ⊂ REG ÿ
-�t,v�æ�r�w)q�����tyt�s�v�x+uûÒ�w)q�w){}{�¹&|}q�tÚ��x {7t��
��t@3��}�,� �$t�vc��x v�æ�r�w)q�����t@8��}�,� 8�é�Ù�w)|}qc¹&x�s�s�|�{7tvâ¹&z+{7t�¹&x����}�,�

� l�¨�².´�j�µF¸ n þ K þ K þ�� à)Ë1Ï G = (N, T, S, P )
Ð�ö Í�Ö)Ì�Ý)õçõ�Ý)Ë¬Ì�Í/Ý)Ì�Ó�Ë1Ï1Ì�Ý)Ë¬Ì�Í ÿ�Û ÑyÍ�ô)Ë�á�Ï³ÍÈÐ�öá�ç&á�Ï+û�õaÍ�Ø�õaÍ�õtÓ�Ì�Ý)ö Íâá×Ý7®)Í�Î×Ì�Í�Î�à)õtÓ�Ë¬ö�Ý)Ë�á�à)ö ö�à)ö"î&×�Ï³Í�ö�Ô)Ð/Ô�Í�Ô�ÍÕÖ)Ì�×±ñ�§

Π
§¿Ý7ç�Ý)ö.Ï�Ô�ÍâáÞÌ�ûÕÖ7Ñ7Íâá

Ö7Ñ}àqÓ�Ý7Ñ7Íâá�è�Ð�Ë<á�Ë¬õçÐ�Ñ7Í
G
Í�Ï ß+à)Ð�Ì@Ñ7Í&è�Ð�Í�Ñ

L(Π) = L(G) ÿÊ�×�õ�à)ö+á�Ï1Ì�Ý'Ï1Ë à)ö ÿÞÔ[w's�w)u�s Π = (V, [1[2 ]2]1, M1, M2, R1 ∪ R2)
�

1�w)|7t�u�v N ∪ T ∪ {B} = {a1, a2, . . . , an} (an = B) t�v B /∈ {N ∪ T} ��1�x+p+p�w's�w)u�s¹&x�s�s�|�~�x�t T = {as, . . . , an−1}
�åy¹&u�scÒ�tÚ~�x+|�s�x+|}vÞu�w)x.scs�x+p+p�w's�w)u�s�~�x�t<!

1 ≤ i ≤ n é 0 ≤ j ≤ n − 1 é a ∈ N ∪ T ∪ {B} é s ≤ p ≤ n − 1 é s − 1 ≤ q ≤ n − 2 �ø�� ¹&{}p+æ.¹&z t�v V t�s�vc�+r���u+|�p.¹&q@!
V = N ∪ T ∪ {B} ∪ {X, Y, Xi, Yi, X

′
j, Y

′
j , X0, Y0, X

′, Y ′, Z1, Z2, V, W, Vi, Wi,
V ′
j , W

′
j , Vs−1, Ws−1, V

′, W ′, VE , WE , V ′
E , W ′

E , V ′′
E , E, ZV , ZW } �ø�t�s×¹X��|7w)��t�scs�w)u�vc�+r���u+|7scp.¹&q¯!

M1 = {XSBY } ∪ {Z1vYj : ∃u → vaj ∈ P} ∪ {Z1Yi, Z1Y0, Z1Y
′
j , X

′Z1, XZ1,
XV BZ1, Z1Y

′
W , X ′

V Z1, Z1Wp, Z1W
′
q, Z1Ws−1, V

′Z1, V Z1, VEZ1, Z1W
′
E , V ′

EZ1,
V ′′

EZ1, ZW , ZV }
�

M2 = {XiaiZ2, X
′
jZ2, XjZ2, X0Z2, Z2Y

′, Z2Y, Z2YW , Z2W, V Z2, VpapZ2,
V ′
qZ2, VqZ2, Vs−1Z2, Z2W

′, Z2W, Z2WE , Z2W
′′
E , EZ2}

�



øqß ó ß)~ (²~ v����_{2~A/��_{��_xz�sw�¤�{2~/w¿¾�{�§u�s{�§I¥2�_xz�9¤�w��&~ ¥2¤�¤<¥2¤�ß�ß�ß ���,U
ø�t�scq���Ó'{7t�s���x*s�ú�s�v�����tys�w)u�vc�+r���u+|7s��+t,{�¹ç�a¹&u+|���q�tÚs�x+|}Ù'¹&u�v�t,�òs��Ó'{7t�sc�+t R1

!

1.1 :
ε uY
Z vY

(in)

(in)
,

|@u
∃u → v ∈ P ;

1.2 :
ε aiY
Z Yi

(in)

(here)
; 1.3 :

a Yi

Z1 Y ′
i−1

(in)

(here)
; 1.4 :

a Y ′
j

Z1 Yj

(in)

(here)
;

1.5 :
X0 a

X ′ Z1

(here)

(in)
; 1.6 :

X ′ a

X Z1

(here)

(in)
;

1.7 :
X ′ a

XV B Z1

(here)

(in)
; 1.8 :

a YW

Z1 Y ′
W

(here)

(in)
; 1.9 :

XV B
X ′

V Z1

(here)

(in)
;

1.10 :
X ′

V B
X ′′

V Z1

(in)

(here)
; 1.11 :

a Y ′′
W

Z1 W

(in)

(here)
;

1.12 :
ε apW
Z1 Wp

(in)

(here)
; 1.13 :

a Wp

Z1 W ′
p−1

(in)

(here)
; 1.14 :

a W ′
q

Z1 Wq

(in)

(here)
;

1.15 :
Vs−1 a

V ′ Z1

(here)

(in)
; 1.16 :

V ′ a

V Z1

(here)

(in)
;

1.17 :
V ′ a

VE Z1

(here)

(in)
; 1.18 :

a WE

Z1 W ′
E

(here)

(in)
; 1.19 :

VE a

V ′
E Z1

(here)

(in)
;

1.20 :
V ′

E a

V ′′
E Z1

(in)

(here)
; 1.21 :

a W ′′
E

ZW ε

(in)

(in)
;

1.22 :
E a

ε ZV

(in)

(out)
;

òs��Ó'{7t�sc�+t R2
!

2.1 :
X a

Xiai Z2

(here)

(out)
; 2.2 :

Xi ab

X ′
i−1 Z2

(here)

(out)
; 2.3 :

X ′
j a

Xj Z2

(here)

(out)
;

2.4 :
a Y0

Z2 Y ′

(out)

(here)
; 2.5 :

a Y ′

Z2 Y

(out)

(here)
;

2.6 :
a BY ′

Z2 YW

(out)

(here)
; 2.7 :

a Y ′
W

Z2 Y ′′
W

(out)

(here)
; 2.8 :

X ′′
V B

V Z2

(here)

(out)
;

2.9 :
V a

Vpap Z2

(here)

(out)
; 2.10 :

Vp ab

V ′
p−1 Z2

(here)

(out)
; 2.11 :

V ′
q a

Vq Z2

(here)

(out)
;

2.12 :
a Ws−1

Z2 W ′

(out)

(here)
; 2.13 :

a W ′

Z2 W

(out)

(here)
;

2.14 :
a BW ′

Z2 WE

(out)

(here)
; 2.15 :

a W ′
E

Z2 W ′′
E

(out)

(here)
; 2.16 :

V ′′
E a

E Z2

(here)

(out)
;

ñ×w)x�s�¹X©�q���w)u�s×~�x�t L(Π) = L(G) �ñ×w)x�sy¹&{}{7w)u�s,p+q�w)x+Ù�t�qyÒ�t�v�v�t
¹X©�q��a¹&v�|7w)uF�+t�{�¹a�a¹&u+|���q�tçs�x+|}Ù'¹&u�vât7� ñ×w)x�s×��w)u�v�q�t�q�w)u�sÒ�w)�
��t�u�v$|}{�t�s�v�p w's�s�|}z+{7ta�+tas�|}�$x+{7t�q�{7t�s$�+r�q�|}Ù'¹&v�|7w)u�sç�+t�{�¹*Ó'qâ¹&�
�a¹&|}q�t�Õ w)q���t�{}{7t G t�v�é
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p.¹&q�Ò�w)u�s�r�~�x�t�u�v�é<u�w)x�s
w)z+v�|7t�u���q�w)u�sa~�x�t L(G) ⊆ L(Π) �<åy¹&u�sç{7t �"*���t v�t��
p�s�é[u�w)x�s��w)u�v�q�t�q�w)u�s�~�x�t$v�w)x+v�t�sy{7t�sÚ¹&x+v�q�t�s,p w's�s�|}z+|}{}|}v�r�sÚ�+t
Ò�¹&{7Ò�x+{<u�� ¹&z w)x+v�|7s�s�t�u�vÚp.¹)sÚÖ x+u/��w)vv�t�q��
|}u.¹&{�é.Ò�ty~�x+|�p+q�w)x+Ù�t�qâ¹ç{�� r�u�w)u�Ò�r,�ñ×w)v�q�t�s�|}�$x+{�¹&v�|7w)u t�s�v<Õ w)u��+r�t�s�x+q�{�¹y��r�v�æ�w��+t<;�Õ�¹&|}q�t�í�v�w)x+q�u�t�q í³t�v í³s�|}��x�{7t�q�=�é�Ù�w)|}q�¹&x�s�s�|{�¹�s�t�Ò�v�|7w)u ���}�,� �$t�v�{7t�v�æ�r�w)q�����t×��� 8��}�,��ñ×w)x�s�t�� t�Ò�v�x�w)u�s�{�¹yqâw)vâ¹&v�|7w)u t�v�{�¹�s�|}�$x+{�¹&v�|7w)uû�+t�sq���Ó'{7t�s��+tÞ{�¹×Ó'qâ¹&�
�a¹&|}q�tÞp.¹&q�{7t�s[q���Ó'{7t�s 1.1 Ö 1.6 t�v 2.1 Ö 2.5 �'ø�w)q�s�~�x�t�u�w)x�s�¹�Ù�w)u�s B Ö×{�¹
��u*��xû��w)v�é+u�w)x�sÞs�x�z�s�v�|}v�x�w)u�sÞ{7t�s�p.¹&q�t�u�v�æ���s�t�s X t�v Y p.¹&q V t�v W Ö${�� ¹&|7�+ty�+t�sÞq���Ó'{7t�s
1.7 Ö 1.11 t�v 2.6 Ö 2.8 ��Ô<x+|7s�u�w)x�s�t�� t�Ò�v�x�w)u�s�x+u�t�r�vâ¹&p t��+tcq�w)vâ¹&v�|7w)u�é��a¹&|7s�u�w)x�s�Õ�¹&|7s�w)u�sv�w)x+q�u�t�q�{7t,��w)v�� � x+u�tÚ{7t�v�v�q�tyx+u+|7~�x�t���t�u�v�s�|�Ò�t�v�v�tÚ{7t�v�v�q�tÚt�s�vÞx+u�ty{7t�v�v�q�tÚv�t�q��
|}u.¹&{7t��+t,{�¹Ó'qâ¹&�
�a¹&|}q�t,�¿ø�t�syq���Ó'{7t�s 1.12 Ö 1.16 t�v 2.9 Ö 2.13 p t�q���t�v�v�t�u�vç�+tçq�r�¹&{}|7s�t�q$Ò�t
p+q�w�Ò�r��+r,�¬ x.¹&u���w)u ¹yÖ,u�w)x+Ù�t�¹&x�{7tcs�ú���z w){7t B t�u<��u��+tÞ��w)v�é'u�w)x�s�sâ¹�Ù�w)u�s�~�x�t�{7tÞ��w)v�Ò�w)u�s�|7�+r�q�rt�s�vûv�t�q��
|}u.¹&{�t�vû~�x�� |}{Út�s�v*�+tÈ{�¹YÕ w)q���t/Ò�w)q�q�t�Ò�v�t,�±¼@Ò�t�vû|}u�s�vâ¹&u�v�é�u�w)x�s*r�{}|}�
|}u�w)u�s*{7t�sp.¹&q�t�u�v�æ���s�t�s V t�v W p.¹&qy{7t�s,q���Ó'{7t�s 2.14 Ö 2.16 t�v 1.17 Ö 1.22 � ñ,w)x�s,w)z�s�t�q�Ù�w)u�sy~�x�t'ép.¹&qcÒ�w)u�s�v�q�x�Ò�v�|7w)u�é�Ò�t�s�q���Ó'{7t�sÞp t�q���t�v�v�t�u�v�� � t�u�Ù�w�ú�t�q�Ö${ � t���v�r�q�|7t�x+q���x*s�ú�s�v�����t,�+t�s���w)v�sv�t�q��
|}u.¹&x��*x+u+|7~�x�t���t�u�v��ñ×w)x�s[w)z�s�t�q�Ù�w)u�s<¹&x�s�s�|�~�x�t�{7t�s¿q���Ó'{7t�s[s�w)u�v[s�ú���r�v�q�|7~�x�t�s¿p.¹&q¿qâ¹&p+p�w)q�v<¹&x���p.¹&q�t�u�v�æ���s�t�s
X, Y t�v V, W !�{7t�s�q���Ó'{7t�s 1.2 Ö 1.11 t�v 2.1 Ö 2.8 s�w)u�v�|7�+t�u�v�|7~�x�t�sÞ¹&x��
q���Ó'{7t�s 1.12 Ö 1.21t�v 2.9 Ö 2.16 s�|�w)u t�� t�Ò�v�x�t�{�¹Úv�qâ¹&u�s Õ w)q��a¹&v�|7w)u s�x+|}Ù'¹&u�v�t¯! X → V é Y → W é XV → VE

é
YW → WE

t�v 0 → s − 1 �`-�t�v�v�t
s�ú���r�v�q�|7t
t�s�vÚ��x�t�¹&xÈÕ�¹&|}vy~�x�tçu�w)x�sÚt�� t�Ò�v�x�w)u�sÚ�+t�x��Õ w)|7sç�+t�sçr�vâ¹&p t�s
s�|}�
|}{�¹&|}q�t�s�!�{�¹Dq�w)vâ¹&v�|7w)u9t�v${�¹Y� ��¹&v�|7w)u¤��x�q�r�s�x+{}vâ¹&v��[ø�¹���|�� r�q�t�u�Ò�tût�s�vs�t�x+{7t���t�u�vÞ��¹&u�s�{7tcÕ�¹&|}v�~�x�t�{�¹��+t�x���|�����t�Õ w)|7s�u�w)x�s�Ò�w)u�s�|7�+r�q�w)u�s�x+u+|7~�x�t���t�u�vÞ�+t�s�{7t�v�v�q�t�sv�t�q��
|}u.¹&{7t�s�p�w)x+qc{�¹$q�w)v�¹&v�|7w)u0�ñ×w)x�s�q�t��a¹&q�~�x�w)u�s,~�x�t�Ò�tÚp+q�w�Ò�r��+rç�+tÚq�r�p�r�v�|}v�|7w)u/�+tÚ{�¹
q�w)vâ¹&v�|7w)u/¹�r�v�r�p+q�w)p�w's�r�p.¹&qì æ0��Ô�'&x+uD��¹&u�s¯¢ �q8X£³é+�a¹&|7sÞ{7tys�ú�s�v�����tyw)z+vât�u�x*p w's�s�r���¹&|}v�~�x.¹&v�q�t,��t��$z+qâ¹&u�t�s��
pY� �'����������¡
ñ×w)x�s�w)z�s�t�q�Ù�w)u�s�~�x�t×{7t×s�|}v�t×|}u�Õ r�q�|7t�x+qÞ�+t,Ò�æ.¹)~�x.t�q���Ó'{7t,q�t�p+q�r�s�t�u�v�t,x+u�t×��w){7r�Ò�x+{7ty~�x+|t�s�v<�+r ��Ö�p+q�r�s�t�u�v�t���¹&u.s[{�¹���t���z+qâ¹&u�tcÒ�w)q�q�t�s�p�w)u.��¹&u�v�t,��å,t��"*���t'é)x+u��+t�s[q�r�s�x+{}vâ¹&v�s<�+t�{�¹q�t�Ò�w)�$z+|}u.¹&|7s�w)uaÒ�w)u�v�|}t�u��+qâ¹ Z t�v[u�t�p w)x+q�qâ¹×p+{}x�s<p.¹&q�v�|7Ò�|}p�t�q�Ö�{�¹×p+q�w���x�Ò�v�|7w)u ��x
q�r�s�x+{}vâ¹&v��ñ×w)x�scw)��t�v�v�q�w)u�s��+w)u�ÒÚÒ�t�sc��w){7r�Ò�x+{7t�s×t�vÞu�w)x�s�r�Ò�q�|}q�w)u�s¯!
XwaiY −→

1.2
XwYi(tar1)

Öç{�¹$p+{�¹)Ò�tÚ�+t
(Xw|aiY, Z|Yi) `1.2 (XwYi, ZaiY ) (tar1; tar2)

�
-�w)�
��t
��¹&u�s×{�¹ s�t�Ò�v�|7w)uÈp+q�r�Ò�r��+t�u�v�tç{7t�s×q���Ó'{7t�sys�w)u�v,Ò�w)u�s�v�q�x+|}v�t�sy�+t$v�t�{}{7tçs�w)q�v�t$~�x�ts�|�x+u�t���w){7r�Ò�x+{7t�u�tas�� ¹)Ò�Ò�w)q��+t ¹�Ù�t�Òa¹&x�Ò�x+u�taq���Ó'{7t'é�t�{}{7t�u�t
p w)x+q�qâ¹
��¹&�a¹&|7sÚp.¹&q�v�|7Ò�|}p t�q
Öx+u�t$q�t�Ò�w)�$z+|}u.¹&|7s�w)uFt�v,u�tçÒ�w)u�v�q�|}z+x�t�qâ¹ �+w)u�Òçp.¹)sÚ¹&xÈq�r�s�x+{}vâ¹&v�� ñ×w)x�syr�Ò�q�|}Ù�w)u�s w ↑ s�|¿{�¹��w){7r�Ò�x+{7t w t�s�v���¹&u�sÞx+u�tyv�t�{}{7tÚs�|}v�x.¹&v�|7w)u0�ñ×w)x�s¿w)z�s�t�q�Ù�w)u�s[¹&x�s�s�|�~�x�t'é�p.¹&q[Ò�w)u.s�v�q�x�Ò�v�|7w)u�é�{7t�s¿q���Ó'{7t�s¿�+t R1

p�t�x+Ù�t�u�v�*�v�q�t�x+v�|}{}|7s�r�t�sx+u+|7~�x�t���t�u�vy��¹&u�s�{�¹�p+q�t��
|���q�t$��t���z+qâ¹&u�t'é Ò�¹&q,t�{}{7t�s×Ò�w)u�v�|7t�u+u�t�u�v�¹&x���w)|}u�s×x+uD|}u���|7Ò�¹�ív�t�x+qa�+tûÒ�|}z+{7t in é<t�v
{7t�s
q���Ó'{7t�s��+t R2
s�w)u�v
x+v�|}{}|7sâ¹&z+{7t�s���¹&u�s
{�¹È�+t�x���|�����tû��t��$z+qâ¹&u�tx+u+|7~�x�t���t�u�v�é�Ò�¹&q�t�{}{7t�scÒ�w)u�v�|7t�u+u�t�u�vy¹&xû��w)|}u�scx+uû|}u���|7Ò�¹&v�t�x+q×�+tÚÒ�|}z+{7t out �

qÈ� �'���������
ñ×w)x�scÒ�w)�
��t�u�°�w)u�s,¹�Ù�t�Ò XwakY

��¹&u�sc{�¹$p+q�t��
|���q�tÚ��t���z+qâ¹&u�t,�
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XwakY −→

1.2
XwYk(in) é

XwYk −→
2.1

XjajwYk(out) �ñ×w)x�s�¹�Ù�w)u�sÞ�a¹&|}u�v�t�u.¹&u�v���Ò�¹)s@!¹5« ñ×w)x�sD¹�Ù�w)u�s*�+t�sû��w){7r�Ò�x+{7t�sD�+t/{�¹YÕ w)q���t X0akwYi, i > 0 éÞ��¹&u�s*{�¹ep+q�t��
|���q�t��t��$z+qâ¹&u�t,�.åy¹&u�scÒ�tÚÒ�¹)s@!
X0akwYi −→

1.5
X ′akwYi(in) ↑ �z�« ñ×w)x�s*¹�Ù�w)u�s*�+t�sû��w){7r�Ò�x+{7t�sD�+tÈ{�¹YÕ w)q���t XiakwY0, i > 0 éÞ��¹&u�sû{�¹ep+q�t��
|���q�t��t��$z+qâ¹&u�t,�O¼Ou�w)x+Ù�t�¹&xDt�{}{7t�scu�t,p t�x+Ù�t�u�vcp+{}x�scr�Ù�w){}x�t�q@!

XiakwY0 ↑ �ÒX«Úñ×w)x�sç¹�Ù�w)u�s$�+t�s$��w){7r�Ò�x+{7t�sç�+ta{�¹ Õ w)q���t XjakwYi, i, j > 0 é¿��¹&u�s�{�¹*p+q�t��
|���q�t��t��$z+qâ¹&u�t,�.ñ×w)x�s�¹�Ù�w)u�sÞ{7tyÒ�¹&{7Ò�x+{�s�x�| Ù'¹&u�v@!
XjakwYi −→

1.3
XjakwY ′

i−1(in) é
XjakwY ′

i−1 −→
2.2

X ′
j−1akwY ′

i−1(out) é
X ′

j−1akwY ′
i−1 −→

1.4
X ′

j−1akwYi−1(in) é
X ′

j−1akwYi−1 −→
2.3

Xj−1akwYi−1(out)
t-�

X ′
j−1akwY0 −→

2.4
X ′

j−1akwY ′(out) ↑ rñ×w)x�s�¹�Ù�w)u�sc��r�Ò�q�r���t�u�v�r�s�|}�$x+{}vâ¹&u�r���t�u�v�{7t�sÞ|}u���|7Ò�t�s��+t X t�v Y ��O«�ñ×w)x�s�¹�Ù�w)u�s��+t�s���w){7r�Ò�x+{7t�sÞ�+t�{�¹yÕ w)q���t X0akwY0
é���¹&u�s�{�¹Úp+q�t��
|���q�t×��t��$z+qâ¹&u�t,�

-�t�Ò�|�u�w)x�s��+w)u+u�t"!
X0akwY0 −→

1.5
X ′akwY0(in) é

X ′akwY0 −→
2.4

X ′akwY ′(out) é
ª�á7« X ′akwY ′ −→

1.6
XakwY ′(in) é

ª�á�á7« XakwY ′ −→
2.5

XakwY(out) w)x XakwY ′ −→
2.1

XiaiakwY ′(out) ↑ �ñ×w)x�s�¹�Ù�w)u�s��+w)u�ÒÞÕ�¹&|}v�v�w)x+q�u�t�q�{7tc��w)v XwakY
� � x+u�t�{7t�v�v�q�t,��ï³{�t�s�v�p�w's�s�|}z+{7t�� � ¹&p+p+{}| í~�x�t�qÞ{7t�s�q���Ó'{7t�s 1.7 t�v 2.6 ��¹&u�s�{7t�scÒ�¹)s��a¹&q�~�x�r�sÞp.¹&q¯ª�á7«�t�v¯ª�á�á7«�é��a¹&|7sÞÒ�t�s�¹&p+p+{}|7Ò�¹&v�|7w)u�ss�t�q�w)u�v���|7s�Ò�x+v�r�t�sÞp+{}x�scvâ¹&q�� �

þ<��UÊ³�������� ��� ���.¡ÝW����<�a³�����������¡*���¤���Ê°����^U�U � �����
1�|Úu�w)x�sD¹�Ù�w)u�s x+uW��w)v XwuY ��¹&u�sû{�¹ep+q�t��
|���q�t/��t��$z+qâ¹&u�tFt�v*s�� |}{Út���|7s�v�tÈx+u�tp+q�w���x�Ò�v�|7w)u u → v ∈ P é¿u�w)x�s
p�w)x+Ù�w)u�s�¹&p+p+{}|7~�x�t�q
{�¹Dq���Ó'{7t 1.1 ~�x+|�p+q�w���x+|}v XwvY éÒ'� t�s�v í�Ö�í³��|}q�t�~�x�� w)u�¹çs�|}��x+{7ry{�¹çp+q�w���x�Ò�v�|7w)u�Ò�w)q�q�t�s�p w)u���¹&u�v�t��+ty{�¹$Ó'qâ¹&�
�a¹&|}q�t,�

Â �����'�������e���¤���¤�'����U �³��� �³¡&���
ñ×w)x�sÞw)z+v�t�u�w)u�s X ′wY ′ ��¹&u�s�{�¹$p+q�t��
|���q�t,��t��$z+qâ¹&u�ttª1Ò�¹)s@ª�á7«&«�� ¼OÒ�t�v�|}u�s�vâ¹&u�vÞu�w)x�sp w)x+Ù�w)u�scx+v�|}{}|7s�t�qc{7t�sÞq���Ó'{7t�scs�x�| Ù'¹&u�v�t�s@!
X ′wY ′ −→

1.7
XV BwY ′(in) é

XV BwY ′ −→
2.6

XV Bw′YW (out) s�| w = w′B é
XV Bw′YW −→

1.8
XV Bw′Y ′

W (here) w)x XV Bw′YW −→
1.9

X ′
V Bw′YW (in) ↑ é

XV Bw′Y ′
W −→

1.9
X ′

V Bw′Y ′
W (in) é

X ′
V Bw′Y ′

W −→
2.7

X ′
V Bw′Y ′′

W (out) é
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X ′
V Bw′Y ′′

W −→
1.10

X ′′
V Bw′Y ′′

W (here) w)x X ′
V Bw′Y ′′

W −→
1.11

X ′
V Bw′W (in) ↑ é

X ′′
V Bw′Y ′′

W −→
1.11

X ′′
V Bw′W (in) é

X ′′
V Bw′W −→

2.8
VBw′W(out) �ø�� r�Ù�w){}x+v�|7w)u��+t V Bw′W s�t�qâ¹
t���¹&�
|}u�ryp+{}x�sÞz.¹)s��ê x+v�q�t�scr�Ù�w){}x+v�|7w)u�scp�w's�s�|}z+{7t�s¯!�,�`ª1Ò�¹)s¯ª�á�á7«&« XwY ′ −→

2.6
Xw′YW (out) (w = w′B) é

Xw′YW −→
1.8

Xw′Y ′
W (here) ↑ ���� XV BwY ′ −→

2.5
XV BwY (out) é

XV Bw′aiY −→
1.2

XV Bw′Yi(in) ↑ w)x XV BwY −→
1.9

X ′
V wY (in) ↑ �

qÈ� �'��������� ���.¡û�'����U �³���^³HT
Ñ ¹&|}u�v�t�u.¹&u�v$u�w)x�s$t�� t�Ò�v�x�w)u�s${�¹ûq�w)vâ¹&v�|7w)u��+t�s�{7t�v�v�q�t�s�v�t�q��
|}u.¹&{7t�s
�+t�{�¹ûÓ'qâ¹&�
�a¹&|}q�tx+u+|7~�x�t���t�u�v�é¿Ò'� t�s�v í�Ö�í³��|}q�tau�w)x�sçÒ�w)u�v�q�º){7w)u�sçs�| w′ ∈ T ∗ ��ø�t Ò�¹&{7Ò�x+{�t�s�v�v�q���s$s�|}�
| {�¹&|}q�t Ö{�¹�q�w)vâ¹&v�|7w)u�Ó�r�u�r�qâ¹&{7t'é�Ù�w)|}q×p+{}x�s�æ.¹&x+v�é�t�v×s�|¿w)uÈs�x+z�s�v�|}v�x�t X p.¹&q V é Y p�¹&q W t�v 0 p.¹&q

s − 1 é+w)uDw)z+v�|7t�u�v�{�¹$�"*���tÚr�Ù�w){}x+v�|7w)u0�ñ×w)x�s�¹�Ù�w)u�s V wakW
��¹&u�sc{�¹$p+q�t��
|���q�tÚ��t���z+qâ¹&u�t,�

V wakW −→
1.12

V wWk(in) é
V wWk −→

2.9
VjajwWk(out) �ñ×w)x�s�¹�Ù�w)u�sÞ�a¹&|}u�v�t�u.¹&u�v��aÒ�¹)s@!¹5«yñ×w)x�sç¹�Ù�w)u�s$�+t�sÚ��w){7r�Ò�x+{7t�sç�+t�{�¹ Õ w)q���t Vs−1akwWi, i > s − 1 é���¹&u�s�{�¹ûp+q�t��
|���q�t��t��$z+qâ¹&u�t,�.åy¹&u�scÒ�tyÒ�¹)s¯!

Vs−1akwWi −→
1.15

V ′akwWi(in) ↑ �z�«yñ×w)x�s$¹�Ù�w)u�s$�+t�sÚ��w){7r�Ò�x+{7t�sç�+t
{�¹ Õ w)q���t ViakwWs−1, i > s − 1 é���¹&u�s�{�¹ûp+q�t��
|���q�t��t��$z+qâ¹&u�t,�O¼Ou�w)x+Ù�t�¹&xDt�{}{7t�sÞu�typ t�x+Ù�t�u�vcp+{}x�scr�Ù�w){}x�t�q¯!
ViakwWs−1 ↑ �ÒX«,ñ×w)x�s�¹�Ù�w)u�sÚ�+t�sy��w){7r�Ò�x+{7t�s$�+t
{�¹aÕ w)q���t VjakwWi, i, j > s − 1 é ��¹&u�sÚ{�¹ p+q�t��
|���q�t��t��$z+qâ¹&u�t,�.ñ×w)x�s�¹�Ù�w)u�sÞ{7tyÒ�¹&{7Ò�x+{�s�x+|}Ù'¹&u�v@!
VjakwWi −→

1.13
VjakwW ′

i−1(in) é
VjakwW ′

i−1 −→
2.10

V ′
j−1akwW ′

i−1(out) é
V ′

j−1akwW ′
i−1 −→

1.14
V ′

j−1akwWi−1(in) é
V ′

j−1akwWi−1 −→
2.11

Vj−1akwWi−1(out)
t-�

V ′
j−1akwW0 −→

2.12
V ′

j−1akwW ′(out) ↑ rñ×w)x�s�¹�Ù�w)u�sc�+r�Ò�q�r���t�u�v�r�s�|}��x+{}vâ¹&u�r���t�u�v�{7t�sÞ|}u���|7Ò�t�s��+t V t�v W ��O«¿ñ×w)x�s�¹�Ù�w)u�s<�+t�s[��w){7r�Ò�x+{7t�s��+t�{7¹�Õ w)q���t Vs−1akwWs−1
é)��¹&u�s[{�¹×p+q�t��
|���q�t���t��$z+qâ¹&u�t,�

-�t�Ò�|�u�w)x�sc�+w)u+u�tt!
Vs−1akwWs−1 −→

1.15
V ′akwWs−1(in) é

V ′akwWs−1 −→
2.12

V ′akwW ′(out) é
ª�öG« V ′akwW ′ −→

1.16
V akwW ′(in) é

ª�öFöG« V akwW ′ −→
2.13

VakwW(out) w)x V akwW ′ −→
2.10

ViaiakwW ′(out) ↑ �



øqß ó ß)~ (²~ v����_{2~A/��_{��_xz�sw�¤�{2~/w¿¾�{�§u�s{�§I¥2�_xz�9¤�w��&~ ¥2¤�{�v §I¥2�_��ß�ß�ß&���,3
ñ×w)x�sy¹�Ù�w)u�s,�+w)u�Ò�Õ�¹&|}v×v�w)x+q�u�t�qy{}t$��w)v V wakW

� � x+u�t${7t�v�v�q�t,� ï³{[t�s�v×p�w's�s�|}z+{7tç� � ¹&p�íp+{}|7~�x�t�q*{7t�sûq���Ó'{7t�s 1.17 t�v 2.15 ��¹&u�sû{7t�s*Ò�¹)s*�a¹&q�~�x�r�sûp.¹&quª�öG« t�vuª�öFöG«�éÞ�a¹&|7s*Ò�t�s¹&p+p+{}|7Ò�¹&v�|7w)u�s×s�t�q�w)u�vc��|7s�Ò�x+v�r�t�scp+{}x�sÞvâ¹&q�� �
� ±��'�.���������H�a³H��¢.¡ª³�� �'���
ñ×w)x�s�w)z+v�t�u�w)u�s V ′wW ′ ��¹&u�s�{�¹,p+q�t��
|���q�tc��t���z�qâ¹&u�t�ª1Ò�¹)s�ª�öG«&«��5¼ Ò�t�v�|}u�s�vâ¹&u�v�u�w)x�sp w)x+Ù�w)u�scx+v�|}{}|7s�t�qc{7t�sÞq���Ó'{7t�scs�x�| Ù'¹&u�v�t�s@!
V ′wW ′ −→

1.17
VEwW ′(in) é

VEwY ′ −→
2.14

XV w′WE(out) s�| w = w′B é
VEw′WE −→

1.18
VEw′W ′

E(here) w)x VEw′WE −→
1.19

V ′
Ew′WE(in) ↑ é

VEw′W ′
E −→

1.19
V ′

Ew′W ′
E(in) é

V ′
Ew′W ′

E −→
2.15

V ′
Ew′W ′′

E(out) é
V ′

Ew′W ′′
E −→

1.20
V ′′

Ew′W ′′
E(here) w)x V ′

Ew′W ′′
E −→

1.21
V ′

Ew′(in) ↑ é
V ′′

Ew′W ′′
E −→

1.21
V ′′

Ew′(in) é
V ′′

Ew′ −→
2.16

Ew′(out) é
Ew′ −→

1.22
w′(out) �åy¹&u�s,Ò�t$Ò�¹)s�é.{7t���w)v w′ ~�x+|¿t�s�v�v�t�q��
|}u.¹&{<t�s�v×t�u�Ù�w�ú�r$Ö
{�� t���v�r�q�|7t�x+qyt�v×|}{�Õ t�qâ¹�p.¹&q�v�|7t��x*q�r�s�x+{}vâ¹&v���x*Ò�¹&{7Ò�x+{��ê x+v�q�t�scr�Ù�w){}x+v�|7w)u�scp w's�s�|}z+{7t�s@!�,�`ª1Ò�¹)s¯ª�öFöG«&« V wW ′ −→

2.14
V w′WE(out) (w = w′B) é

V w′WE −→
1.18

V w′W ′
E(here) ↑ ���� VEwW ′ −→

2.13
VEwW (out) é

VEw′apW −→
1.12

VEw′Wp(in) ↑ w)x VEwW −→
1.19

V ′
EwW (in) ↑ �ï³{ t�s�v�Õ�¹)Ò�|}{7ty�+t,Ù�w)|}qÞ~�x�� t�u*s�x+|}Ù'¹&u�vÞ{7t,Ò�¹&{7Ò�x+{�Ò�| í³�+t�s�s�x�s�u�w)x�scw)z+v�t�u�w)u�sÞv�w)x�s�{7t�s���w)v�s�+t L(G) t�v�é�Ò�w)�
��tau�w)x�s
¹�Ù�w)u�s$Ò�w)u�s�|7�+r�q�rav�w)x�s�{7t�s$Ò�¹)s�p w's�s�|}z+{7t�s�é�|}{�t�s�v$Ò�{�¹&|}qç~�x�t�{7ts�ú�s�v�����t,u�typ+q�w���x+|}v�p.¹)sc� � ¹&x+v�q�t�sc��w)v�s��

ú@É�� 3 !G� �$#�������4F���������	Ï±�����Ïaí±��� �	��� Ë ����
��Ï±
�� Ë  ���g� Ë � è
� � �
���Ïz��
 Ë a
��T� � 	�
�Ïz���

åy¹&u�saÒ�t�v�v�t*s�t�Ò�v�|7w)u9u�w)x�s�Ò�w)u�s�|7�+r�q�w)u�s�{7t�s�s�ú�s�v�����t�saÖ���t��$z+qâ¹&u�t�s ¹�Ù�t�Òûq�t�Ò�w)��z+| íu.¹&|7s�w)u¤t�v
Ò�w)�
�$x+u+|7Ò�¹&v�|7w)u9|}�
��r���|�¹&v�tû~�x+|Þ��|�� r�q�t�u�v��+t�sçs�ú�s�v�����t�s$|}u�v�q�w���x+|}v�s���¹&u�s${�¹s�t�Ò�v�|7w)u 3��}�Dp.¹&q {7t*Õ�¹&|}v ~�x�tD{7tDq�r�s�x+{}vâ¹&v �+t�Òâæ.¹)~�x�tDq�t�Ò�w)�$z+|}u.¹&|7s�w)u �+w)|}v p.¹&q�v�|}q �+tD{�¹��t��$z+qâ¹&u�ty��¹&u�s�{�¹)~�x�t�{}{7t×|}{�¹�r�v�r×p+q�w��+x+|}v���Ô<{}x�s�p+q�r�Ò�|7s�r���t�u�v�é+w)u p�t�x+v�Ù�w)|}q�x+uûs�ú�s�v�����tÖ���t���z+qâ¹&u�t�sÚ¹�Ù�t�Ò�q�t�Ò�w)��z+|}u.¹&|7s�w)u/t�v,Ò�w)�
�$x+u+|7Ò�¹&v�|7w)u/|}�
��r���|�¹&v�tçÒ�w)�
��t�x+uÈs�ú�s�v�����tÖû��t���z+qâ¹&u�t�s
¹�Ù�t�Ò
q�t�Ò�w)�$z+|}u.¹&|7s�w)u��+w)u�v�{7t�sÚq���Ó'{7t�s�u�t
p w's�s����+t�u�v�p.¹)s�� � |}u���|7Ò�¹&v�t�x+qç�+tÒ�|}z+{7t here t�v�é���¹&u�s�{7t×�"*���t,v�t��
p�s�é+Ò�æ.¹)~�x�t×q���Ó'{7ty�+t×q�t�Ò�w)�$z+|}u.¹&|7s�w)uD¹&p+p.¹&q�¹X�}v×¹�Ù�t�Ò×{7t�s~�x.¹&v�q�tÚÒ�w)�$z+|}u.¹&|7s�w)u�scp�w's�s�|}z+{7t�s��+t�sÞ|}u���|7Ò�¹&v�t�x+q�s��+tÚÒ�|}z+{7t in t�v out �



��8'� §�Ü�w�Ý���v��s{ùøqßY~ (²~ v����_{2~A/��_{��_xz�sw�¤�{2~/w¿¾�{�§u�s{�§I¥2�_xz�9¤�w��&~ ¥2¤

ñ×w)x�s u�w)v�w)u�s p.¹&q ELSPm(spl, move) {�¹FÕ�¹&�
|}{}{7t/�+t�s {�¹&u+Ó�¹&Ó�t�sûp+q�w��+x+|}v�s p.¹&q {7t�ss�ú�s�v�����t�s<Ö���t���z+qâ¹&u�t�s�¹�Ù�t�Ò�q�t�Ò�w)�$z+|}u.¹&|7s�w)u�t�v<Ò�w)�
��x+u+|7Ò�¹&v�|7w)u
|}�
��r���|�¹&v�tc�+t��+t�Ó'q�rÞ¹&xp+{}x�s m ��-�w)�
��t,��¹&u�s�{�¹Ús�t�Ò�v�|7w)u p+q�r�Ò�r��+t�u�v�t×u�w)x.s�u�� |}u���|7~�x�w)u�s�p.¹)s�{7t�v�ú�p�t×��x s�ú�s�v�����tÒ�w)u�s�|7�+r�q�r'é�Ò�¹&q�u�w)x�s
p w)x+Ù�w)u�sar�Ù�|}v�t�q
{7t�s
p+q�w)z+{�����t�s ~�x+|Þu�w)x�s�w)u�v�w)z+{}|}Ó�rDÖ/t���¹&�
|}u�t�q��|�� r�q�t�u�v�t�scÙ'¹&q�|�¹&u�v�t�s��
1�| w)uD¹�x+u�t,s�t�x+{7t×��t��$z+qâ¹&u�t'é�Ö$Òâæ.¹)~�x�t,r�vâ¹&p t,��x*Ò�¹&{}Ò�x+{ u�w)x�sÞt�u�Ù�w�ú�w)u.s�{7t�s��"*���t�s��w){7r�Ò�x+{7t�sÚÖ�{�� t���v�r�q�|7t�x+q,{7t�s�~�x�t�{}{7t�s,s�w)u�v,t�� t�Ò�v�|}Ù�t���t�u�v,{7t�q�r�s�x+{}vâ¹&vy�+t�{�¹�q�t�Ò�w)�$z+|}u.¹&|7s�w)u�+t�s�¹X��|7w)��t�s���Ô[¹&q�Ò�w)u�s�r�~�x�t�u�v�é�w)u�¹${7t,q�r�s�x+{}vâ¹&v�s�x+|}Ù'¹&u�v@!

� l�¨�².´�j�µF¸ n þ Z þÙBOþ ELSP1(spl, move) = FIN ÿ
å,t�x�� ��t��$z+qâ¹&u�t�s×s�x�©as�t�u�v��+r ��Ö$p�w)x�q�¹�Ù�w)|}qcx+u�tyÓ'qâ¹&u��+typ+x+|7s�sâ¹&u�Ò�tÚ�+tyÒ�¹&{7Ò�x+{��

� l�¨�².´�j�µF¸ n þ Z þ K þ�� à)Ë1Ï G = (N, T, S, P )
Ð�ö Í�Ö)Ì�Ý)õçõ�Ý)Ë¬Ì�Í/Ý)Ì�Ó�Ë1Ï1Ì�Ý)Ë¬Ì�Í ÿ�Û ÑyÍ�ô)Ë�á�Ï³ÍÈÐ�öá�ç&á�Ï+û�õaÍµØ õaÍ�õtÓ�Ì�Ý)ö Íâá
Ý7®)Í�Î
Ì�Í�Î�à)õtÓ�Ë¬ö�Ý)Ë�á�à)ö�Í�ÏÞÎâà)õçõçÐ�ö�Ë Î�Ý'Ï1Ë à)ö/Ë¬õçõt×�Ô)Ë Ý'Ï³Í�Ô�Í<Ô�ÍÕÖ)Ì�×�ñ�§

Π
§2è�Ð�Ë<á�Ë¬õçÐ�Ñ7Í

G
Í�Ï�ß�à)Ð�Ì@Ñ7Í�è�Ð�Í�Ñ

L(Π) = L(G) ÿÊ�×�õ�à)ö+á�Ï1Ì�Ý'Ï1Ë à)ö ÿÞÔ[w's�w)u�s Π = (V, T, [1[2 ]2]1, M1, M2, R1, R2))
�

1�w)|7t�u�v N ∪ T ∪ {B} = {a1, a2, . . . , an} (an = B) t�v B /∈ {N ∪ T} �åy¹&u�scÒ�tÚ~�x+|�s�x+|}vÞu�w)x.scs�x+p+p�w's�w)u�s�~�x�t<!
1 ≤ i ≤ n é 0 ≤ j ≤ n − 1 é 1 ≤ k ≤ n é a ∈ N ∪ T ∪ {B} �ø�� ¹&{}p+æ.¹&z t�v V t�s�vc�+r���u+|�p.¹&q@!
V = N ∪ T ∪ {B} ∪ {X, Y, Xi, Yi, X0, Y0, X

′
j, Y

′
j , X

′, Y ′, Z, ZX , ZY }
�ø�� ¹&{}p+æ.¹&z t�v�v�t�q��
|}u.¹&{ T t�s�v�Ò�t�{}x+|��+t,{�¹çÓ'qâ¹&�
�a¹&|}q�tyÕ w)q���t�{}{}t G �ø�t�s×¹X��|7w)��t�scs�w)u�vc�+r���u+|7scp.¹&q¯!

M1 = {XSBY } ∪ {ZvYj | u → vaj ∈ P} ∪ {ZYi, ZY0, ZY ′
j , X

′Z, XZ, ZX} �
M2 = {XiaiZ, X ′

jZ, XjZ, ZY ′, ZY, ZY }
�ø�t�scq���Ó'{7t�sc��xDs�ú�s�v�����tys�w)u�v��+r���u+|7s��+t,{�¹ç�a¹&u+|���q�tÚs�x+|}Ù'¹&u�v�t,�òs��Ó'{7t�sc�+t R1

!

1.1 :
ε uY

Z vYj
, s�| ∃u → vaj ∈ P ; 1.1′ :

ε aiuY

Z Yi
, s�| ∃u → ε ∈ P ;

1.2 :
ε aiY

Z Yi
; 1.3 :

a Yk

Z Y ′
k−1

; 1.4 :
a Y ′

j

Z Yj

;

1.5 :
X0 a

X ′ Z
; 1.6 :

X ′ a

X Z
; 1.7 :

X ′ a

ε ZX
.

òs��Ó'{7t�sc�+t R2
!

2.1 :
X a

Xiai Z
; 2.2 :

Xk a

X ′
k−1 Z

; 2.3 :
X ′

j a

Xj Z
; 2.4 :

a Y0

Z Y ′ ;

2.5 :
a Y ′

Z Y
; 2.6 :

a BY0

ZY ε
.

ñ×w)x�s�¹X©�q���w)u�s�~�x.t L(Π) = L(G) �



øqß R�ß)~ (²~ v����_{2~A/��_{��_xz�sw�¤�{2~/w¿¾�{�§u�s{�§I¥2�_xz�9¤�w��&~ ¥2¤�{�v §I¥2�_��ß�ß�ß&��8��
ñ×w)x�sy¹&{}{7w)u�s,p+q�w)x+Ù�t�qyÒ�t�v�v�t
¹X©�q��a¹&v�|7w)uF�+t�{�¹a�a¹&u+|���q�tçs�x+|}Ù'¹&u�vât7� ñ×w)x�s×��w)u�v�q�t�q�w)u�sÒ�w)�
��t�u�v$|}{�t�s�v�p w's�s�|}z+{7ta�+tas�|}�$x+{7t�q�{7t�s$�+r�q�|}Ù'¹&v�|7w)u�sç�+t�{�¹*Ó'qâ¹&�
�a¹&|}q�t�Õ w)q���t�{}{7t G t�v�ép.¹&q�Ò�w)u�s�r�~�x�t�u�v�é[u�w)x�s
w)z+v�|}t�u��+q�w)u�s�~�x�t L(G) ⊆ L(Π) �[åy¹&u�sç{7t �"*���t v�t��
p�s�é[u�w)x�s��w)u�v�q�t�q�w)u�s�~�x�t$v�w)x+v�t�sy{7t�s�¹&x+v�q�t�syp�w's�s�|}z+|}{}|}v�r�sÚ�+t
Ò�¹&{7Ò�x+{<u�� ¹&z w)x+v�|7s�s�t�u�vÚp.¹)s�Öax+u/��w)vv�t�q��
|}u.¹&{�é.Ò�tÚ~�x+| p+q�w)x+Ù�t�qâ¹ç{�� r�u�w)u�Ò�r,�ñ×w)v�qâtcs�|}�$x+{�¹&v�|7w)u t�s�v<Õ w)u��+r�t×s�x+q�{�¹y��r�v�æ�w��+t�;�Õ ¹&|}q�t�í�v�w)x�q�u�t�q í³t�v í³s�|}�$x+{7t�q�=�é�Ù�w)|}q�¹&x�s�s�|{�¹çs�t�Ò�v�|7w)u ���}�,� �çt�vÞ{7t×v�æ�r�w)q�����t,��� 8��}�,�+ñ×w)x�sÞÒ�w)�
��t�u�°�w)u�s×¹�Ù�t�Ò×{7t×��w)v XwaiY

��¹&u�s�{�¹p+q�t��
|���q�t���t���z+qâ¹&u�t,� ê p+q���s¿{�� ¹&p+p+{}|7Ò�¹&v�|7w)u��+t�{�¹�q���Ó'{7t 1.2 é&{7t���w)v XwYi
t�s�v[t�u�Ù�w�ú�r���¹&u�s{�¹Þ�+t�x���|�����t<��t��$z+qâ¹&u�t,��Ô<x+|7s {�¹�q���Ó'{7t 2.1 t�s�v�¹&p+p+{}|7~�x�r�t�t�v�{�¹�p�q�t��
|»��q�t���t��$z+qâ¹&u�t�q�t�°�w)|}v{7t�s×��w)v�s XjajwYi (1 ≤ j ≤ n) �O¼ p.¹&q�v�|}qy�+t$Ò�t�v×|}u�s�vâ¹&u�v�é.{7t$s�ú�s�v�����t Π Õ�¹&|}v,�+r�Ò�q�w��7v�q�t{7t�sÞ|}u���|7Ò�t�s i t�v j s�|}��x+{}vâ¹&u�r���t�u�v��.ø�t�sÞ��w)v�sÞp w)x+qÞ{7t�s�~�x�t�{7s j 6= i s�w)u�vcr�{}|}�
|}u�r�s�t�v�s�t�x+{7s{7t�s���w)v�s X0aiwY0

q�t�s�v�t�u�v���Ô<x+|7s�é�u�w)x�s�w)z+vât�u.w)u�s�{7t���w)v XaiwY é�u�w)x�s�¹�Ù�w)u�s��+w)u�ÒcÕ�¹&|}vv�w)x+q�u�t�qÚ{7tç��w)v XwaiY
� � x+u�tç{7t�v�v�q�t,��1�| aiw = aiw

′B t�v aiw
′ ∈ T ∗ é Ò�tç�+t�q�u+|7t�qÚ��w)vÕ�¹&|7sâ¹&u�vÞp.¹&q�v�|7tÚ��x*q�r�s�x+{}vâ¹&v�t�s�v�¹&x�s�s�| p+q�w���x+|}v�t�vct�u�Ù�w�ú�rÚÖ${�� t���v�r�q�|7t�x+q×��x*s�ú�s�v�����t,�ñ×w)x�sÚ¹&{}{7w)u�sys�w)x+{}| Ó'u.t�qÚÒ�t�q�vâ¹&|}u�t�sy�+t�sys�|}�
|}{}|}v�x��+t�syt�u�v�q�t${7t$s�ú�s�v�����tçÒ�w)u�s�v�q�x+|}vyt�v,{7t�ss�ú�s�v�����t�sy��|7s�v�q�|}z+x�r�s�Ö Ò�æ�¹&u+Ó�t���t�u�v��+t$p�æ.¹)s�t'é t�u/p.¹&q�v�|7Ò�x+{}|7t�qÚ{7tçs�ú�s�v�����t DG

p+q�r�s�t�u�v�r¹&x*v�æ�r�w)q�����tÚ��� 8��}�,�
é ø�t�sc��t���z+qâ¹&u�t�s�p�t�x+Ù�t�u�vs*�v�q�tÚÒ�w)u�s�|7�+r�q�r�s�Ò�w)�
��tÚÒ�w)�
p w'sâ¹&u�v�s��
é 1�t�x+{�{7t*q�r�s�x+{}vâ¹&v �+t*{�¹/q�t�Ò�w)��z�| u�¹&|}s�w)u p.¹&q�v�|7Ò�|}p tÈ¹&x Ò�¹&{7Ò�x+{,��¹&u�sa{}tDÒ�w)�
p w'sâ¹&u�vs�x+|}Ù'¹&u�v�é�q�t�s�p t�Ò�v�|}Ù�t���t�u�v���¹&u�sc{�¹$��t��$z+qâ¹&u�t�s�x+|}Ù'¹&u�v�t,�
é 1�|+x+u
��w)v�u�t�p�w's�s����+t�p.¹)s��+t���w){7r�Ò�x+{7tcÒ�w)�
p+{7r���t�u�vâ¹&|}q�tcp.¹&q<qâ¹&p+p w)q�v�Ö×x+u�t�q���Ó'{7t'é|}{�t�s�vcr�{}|}�
|}u�r,��åy¹&u�sÞ{7tyÒ�¹)sÞ��xDs�ú�s�v�����t Π Ò�t,��w)vÞu�t,p w)x+q�qâ¹,��¹&�a¹&|7sÞp.¹&q�v�|7Ò�|}p�t�q×Öx+u�tyq�t�Ò�w)��z+|}u.¹&|7s�w)u�t�v�é+p.¹&q�Ò�w)u�s�r�~�x�t�u�v�é+u�typ�w)x�q�qâ¹çp.¹)scÒ�w)u�v�q�| z�x�t�q×¹&x*q�r�s�x+{}vâ¹&v��Ô[w)x+qaw)z+v�t�u+|}q�{7tûv�q�w)|7s�|�����tûp w)|}u�v�u�w)x�sa¹�Ù�w)u.s�Ò�w)u�s�v�q�x+|}v�{7t�s
q���Ó'{7t�s�� � x+u�tû�a¹&u+|���q�tp.¹&q�v�|7Ò�x+{}|���q�t)! {7t�s�|}v�tç|}u�Õ r�q�|7t�x+q��+t
Ò�æ.¹)~�x.tçq���Ó'{7t
q�t�p+q�r�s�t�u�v�t�x+u�tç��w){7r�Ò�x+{7ta~�x+|�t�s�vÚ�+r ��Öp+q�r�s�t�u�v�t/��¹&u�sû{�¹e��t���z+qâ¹&u�tFÒ�w)q�q�t�s�p w)u���¹&u�v�t,�cÔ<¹&q*Ò�w)u�s�r�~�x�t�u�v�éÞs�|,x+u�tÈ��w){7r�Ò�x+{7t/u�ts�� ¹)Ò�Ò�w)q��+t ¹�Ù�t�Ò ¹&x�Ò�x+u�t�q���Ó'{7t'é¿t�{}{7t�u�t�p�w)x+q�qâ¹
��¹&�a¹&|7s�p.¹&q�v�|7Ò�|}p�t�q
Öûx+u�t�q�t�Ò�w)�$z+|}u.¹&|7s�w)ut�vÞu�tyÒ�w)u�v�q�|}z+x�t�qâ¹
�+w)u�Ò,p.¹)s�¹&xûq�r�s�x+{}vâ¹&v��+ñ×w)x�scr�Ò�q�|}Ù�w)u�s w ↑ s�| {�¹$��w){7r�Ò�x+{7t w t�s�vÞ��¹&u�sx+u�tyv�t�{}{7tÚs�|}v�x.¹&v�|7w)u0�ï³{�ú*¹�Ò�t�p t�u���¹&u�vy�+t�s���|�� r�q�t�u�Ò�t�s,t�u�v�q�t�{7t�s�ú�s�v�����tÚ~�x�tÚu�w)x�s�Ù�t�u�w)u�s��+t$Ò�w)u�s�v�q�x+|}q�tt�vc{7tys�ú�s�v�����t DG

!
é 1�|+x+u�t���w){7r�Ò�x+{7tÞp w's�s����+t�x+u�t���w){7r�Ò�x+{7tcÒ�w)�
p�{}r���t�u�vâ¹&|}qâtÞp.¹&q<qâ¹&p+p�w)q�v�Ö�x+u�t�q���Ó'{7t'éÒ�t�v�v�tÞ��w){7r�Ò�x+{7tÞq�t�s�v�t�qâ¹,p w)x+q<v�w)x'� w)x+q�s���¹&u�s<{�¹×��t��$z+qâ¹&u�t�Ò�w)q�q�t�s�p�w)u���¹&u�v�t�t�v<p.¹&q ív�|7Ò�|}p t�qâ¹�ÖçÒâæ.¹)~�x�tÚr�vâ¹&p�t�Öçx+u�t,q�t�Ò�w)�$z+|}u.¹&|7s�w)u0�
-�w)�
��t�u�w)x�s¿s�|}�$x+{7w)u�s�x+u�t�Ó'qâ¹&�
�a¹&|}q�t'é'ÖcÒ�æ.¹)~�x�t�r�vâ¹&p�t�u�w)x�s[¹�Ù�w)u�s�p+{}x�s�|7t�x+q�s���w){7r�íÒ�x+{7t�s[~�x+|�Ò�w��+t�u�v<�+t�s�z+qâ¹&u�Òâæ�t�s[��|�� r�q�t�u�v�t�s[�+t�{�¹�s�|}��x�{7¹&v�|}w)u
t�v[~�x+|�r�Ù�w){}x�t�u�v[t�u$p.¹&qâ¹&{}{���{7t,�

-×� t�s�v�p w)x+q�~�x�w)|�u�w)v�q�tcs�ú�s�v�����tct�s�v�Ò�w)u�s�v�q�x+|}v�� � x+u�tÞ�a¹&u+|���q�t�~�x+|+p t�q���t�v��+tÞÓ�r�q�t�q�Ò�tÞp.¹�íqâ¹&{}{7r�{}|7s���t,��Ô<¹&q�Ò�w)u�s�r�~�x�t�u�v�é<{7t�s
��|�� r�q�t�u�Ò�t�s�Ò�| í³�+t�s�s�x�s
u�tûs�w)u�v
p.¹)sç|}�
p w)q�vâ¹&u�v�t�s
p w)x+qu�w)v�q�tÚ�+r���w)u�s�v�qâ¹&v�|7w)u0�ø�¹ �+r���w)u�s�v�q�¹&v�|7w)uFt�s�v,�+w)u�Ò$v�q���sys�|}�
|}{�¹&|}q�t
Ö�{�¹ �+r���w)u�s�v�qâ¹&v�|7w)uF��xÈv�æ�r�w)q�����tç��� 8��}�t�vc{7tyÒ�¹&{7Ò�x+{���xDs�ú�s�v�����t Π s�x+|}v��+t,p+q���sÞ{7tÚÒ�¹&{7Ò�x+{ Õ�¹&|}vÞp.¹&qc{7tys�ú�s�v�����t DG
�ù<u9Ù�x�t*�+t�s
�"*���t�sa¹&q�Ó'x+��t�u�v�sa~�x�t*Ò�t�x��¤x+v�|}{}|7s�r�s
p t�u���¹&u�va{�¹È�+r���w)u�s�v�qâ¹&v�|7w)u ��xv�æ�r�w)q�����t�3�� ��� ��é+u�w)x�s�r�Ò�q�|}Ù�w)u�s¯!

XwaiY −→
1.2

XwYi
Ö${�¹çp+{�¹)Ò�t��+t
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(Xw|aiY, Z|Yi) `1.2 (XwYi, ZaiY ) �ñ×w)x�s�q�t��a¹&q�~�x�w)u�s�~�x�tc{�¹,��w){7r�Ò�x+{7t�q�r�s�x+{}vâ¹&u�v�t×t�s�v�t�u�Ù�w�ú�r�tc|}�
��r���|�¹&v�t���t�u�v�æ.w)q�s��+t{�¹
��t��$z+qâ¹&u�t$��¹&u�s�{�¹)~�x�t�{}{7t$t�{}{7tç¹�r�v�rÚp+q�w���x+|}v�t,�	¼HÒâæ.¹)~�x�t�r�vâ¹&p t$t�{}{7t�Òâæ.¹&u+Ó�t$�+w)u�Ò��+t��t��$z+qâ¹&u�t,��Ô[¹&q�Ò�w)u�s�r�~�x�t�u�v�é'|}{�u�� t�s�v�p.¹)s<u�r�Ò�t�s�sâ¹&|}q�tc� � |}u���|7~�x�t�q�{�¹,��t���z+qâ¹&u�t�Ò�w)x+qâ¹&u�v�t'éÒ�¹&qc{�� |}u���|7Ò�¹&v�|7w)u���xûu�x+��r�q�w��+ty{�¹$q���Ó'{7tÚs�x�©�vcp�w)x+qc{7t�Ù�t�qÞv�w)x+v�t�sc{7t�s�¹&�$z+|}Ó'x+÷ v�r�s��
qÈ� �'���������
ñ×w)x�scÒ�w)�
��t�u�°�w)u�s,¹�Ù�t�Ò XwakY

��¹&u�sc{�¹$p+q�t��
|���q�tÚ��t���z+qâ¹&u�t,�
XwakY −→

1.2
XwYk

é
XwYk −→

2.1
XjajwYk

�
ñ×w)x�s�¹�Ù�w)u�sÞ�a¹&|}u�v�t�u.¹&u�v��aÒ�¹)s@!¹5« ñ×w)x�sD¹�Ù�w)u�s*�+t�sû��w){7r�Ò�x+{7t�sD�+t/{�¹YÕ w)q���t X0akwYi, i > 0 éÞ��¹&u�sû{�¹�p+q�t��
|���q�t��t��$z+qâ¹&u�t,�.åy¹&u�scÒ�tyÒ�¹)s¯!
X0akwYi −→

1.5
X ′akwYi ↑

�
z�« ñ×w)x�sD¹�Ù�w)u�s*�+t�s ��w){7r�Ò�x+{7t�sD�+tÈ{�¹eÕ w)q���t XiakwY0, i > 0 éÞ��¹&u�sû{�¹ep+q�t��
|���q�t��t��$z+qâ¹&u�t,�	-�w)�
��tÚ��¹&u�sÞ{7tÚÒ�¹)sÞp+q�r�Ò�r���¹&u�v�t�{}{7t�scu�t,p t�x+Ù�t�u�vcp+{}x�scr�Ù�w){}x�t�q¯!
XiakwY0 ↑ �ÒX«Úñ×w)x�sç¹�Ù�w)u�s$�+t�s���w){7r�Ò�x+{7t�s
�+ta{�¹ Õ w)q���t XjakwYi, i, j > 0 é¿��¹&u�s�{�¹*p+q�t��
|���q�t��t��$z+qâ¹&u�t,�.ñ×w)x�s�¹�Ù�w)u�sÞ{7tyÒ�¹&{7Ò�x+{�s�x+|}Ù'¹&u�v@!
XjakwYi −→

1.3
XjakwY ′

i−1
é

XjakwY ′
i−1 −→

2.2
X ′

j−1akwY ′
i−1
é

X ′
j−1akwY ′

i−1 −→
1.4

X ′
j−1akwYi−1

é
X ′

j−1akwYi−1 −→
2.3

Xj−1akwYi−1
é+w)x

X ′
j−1akwY0 −→

2.4
X ′

j−1akwY ′ ↑ ª X ′
j−1akwY0 −→

2.6
X ′

j−1akw ↑ «��ñ×w)x�s�¹�Ù�w)u�sc�+r�Ò�q�r���t�u�v�r�s�|}��x+{}vâ¹&u�r���t�u�v�{7t�sÞ|}u���|7Ò�t�s��+t X t�v Y ��O«�ñ×w)x�sÞ¹�Ù�w)u�s��+t�s���w){7r�Ò�x+{7t�sÞ�+t�{�¹yÕ w)q���t X0akwY0
é���¹&u�s�{�¹Úp+q�t��
|���q�t×��t��$z+qâ¹&u�t,�

-�t�Ò�|�u�w)x�sc�+w)u+u�tt!
X0akwY0 −→

1.5
X ′akwY0

é
ª�á7« X ′akwY0 −→

2.4
X ′akwY ′ é

ª�á�á7« X ′akwY ′ −→
1.6

XakwY ′ é
XakwY ′ −→

2.5
XakwY w)x XakwY ′ −→

2.1
XiaiakwY ′ ↑ �ñ×w)x�s�¹�Ù�w)u�s���w)u�ÒÞÕ�¹&|}v�v�w)x+q�u�t�q�{7tc��w)v XwakY

� � x+u�tc{7t�v�v�q�t,��ï³{�t�s�v�p�w's�s�|}z+{7t�� � ¹&p+p+{}| í~�x�t�qÞ{7t�s�q���Ó'{7t�s 2.6 t�v 1.7 �.¹&u�s�{7t�scÒ�¹)sÞ�a¹&q�~�x�r�sÞp.¹&q¯ª�á7«�t�v@ª�á�á7«�é+�a¹&|}scÒ�t�s�¹&p+p+{}|7Ò�¹&v�|7w)u�ss�t�q�w)u�vc��|7s�Ò�x+v�r�t�scp+{}x�sÞvâ¹&q�� �
þ<��UÊ³�������� ��� ���.¡ÝW����<�a³�����������¡*���¤���Ê°����^UXU � �����

1�|�u�w)x�sç¹�Ù�w)u�s�{7t���w)v XwuY ��¹&u�s�{�¹ûp+q�t��
|���q�ta��t���z+qâ¹&u�t t�v$s�|�{�¹ûq���Ó'{7t u → vt���|7s�v�t���¹&u�s P é&u�w)x�s[p�w)x+Ù�w)u�s�¹&p+p+{}|7~�x�t�q<{�¹�q���Ó'{7t 1.1 w)x 1.1′ p w)x+q<s�|}�$x+{7t�q[{�¹�p+q�w���x�Ò�v�|7w)uÒ�w)q�q�t�s�p w)u���¹&u�v�t��+ty{�¹$Ó'qâ¹&�
�a¹&|}q�t�t�vcp+x+|7sÞu�w)x�s�Ò�w)u�v�|}u�x�w)u�s�Ò�w)�
��tÚ�+r�Ò�q�|}v�p+{}x�sÞæ.¹&x+v��
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� ±��'�.���������H�a³H��¢.¡ª³�� �'���
ñ×w)x�sçw)z+v�t�u�w)u�s X ′akwY0

��¹&u�s${�¹D�+t�x���|�����t ��t���z�qâ¹&u�toª1Ò�¹)s�ª�á7«&«���¼XÒ�t�vç|}u�s�vâ¹&u�vu�w)x�scp�w)x+Ù�w)u�sÞx+v�|}{}|7s�t�qc{7t�sÞq���Ó'{7t�s�s�x+|}Ù'¹&u�v�t�s¯!
X ′akw

′BY0 −→
2.6

X ′akw
′ ª w = w′B «�é

X ′akw
′ −→

1.7
akw

′ �
åy¹&u�s�Ò�tyÒ�¹)scs�| akw

′ ∈ T ∗ é�|}{ Õ t�qâ¹$p.¹&q�v�|7tÚ��x*q�r�s�x+{}vâ¹&v��ñ×w)x�sÞp w)x+Ù�w)u�s×¹&x�s�s�|�¹&p+p+{}|7~�x�t�qc{�¹çq���Ó'{7t 1.6 !
X ′akw

′ −→
1.6

Xakw
′ é

Xakw
′ −→

2.1
Xiaiakw

′ ↑ �
ê x+v�q�t�scr�Ù�w){}x+v�|7w)u�scp w's�s�|}z+{7t�s@!
ñ×w)x�s�¹�Ù�w)u�sÞ{7ty��w)v X ′akwY ′ ��¹&u�sc{�¹$p+q�t��
|���q�tÚ��t���z+qâ¹&u�t/ª1Ò�¹)s¯ª�á�á7«�«��
X ′akwY ′ −→

1.7
akwY ′ é

akwY ′ −→
2.5

akwY é
akw

′aiY −→
1.2

akw
′Yi ↑

�
ï³{ t�s�v�Õ�¹)Ò�|}{7ty�+t,Ù�w)|}qÞ~�x�� t�u*s�x+|}Ù'¹&u�vÞ{7t,Ò�¹&{7Ò�x+{�Ò�| í³�+t�s�s�x�s�u�w)x�scw)z+v�t�u�w)u�sÞv�w)x�s�{7t�s���w)v�s�+t L(G) t�v�é�Ò�w)�
��tau�w)x�s
¹�Ù�w)u�s$Ò�w)u�s�|7�+r�q�rav�w)x�s�{7t�s$Ò�¹)s�p w's�s�|}z+{7t�s�é�|}{�t�s�v$Ò�{�¹&|}qç~�x�t�{7ts�ú�s�v�����t,u�typ+q�w���x+|}v�p.¹)sc� � ¹&x+v�q�t�sc��w)v�s��+å,typ+{}x�s�é�{7tÚÒ�¹&{7Ò�x+{�s�x+|}vc�+typ+q���sÞ{7t�scÒ�¹&{7Ò�x+{7s��+t�ss�ú�s�v�����t�sÞp+q�r�s�t�u�v�r�s�¹&x�� v�æ�r�w)q�����t�s���� 8��}�Út�vs3�� ��� ���

ú@É21 Ë}Ë ���Í � �O
 Ë ��
åy¹&u�syÒ�t�v�v�tçs�t�Ò�v�|7w)uÈu�w)x�s,q�r�x+u+|7s�s�w)u�syÒ�t�q�vâ¹&|}u�s,v�qâ¹&|}v�syÒ�w)�
�$x+u�sy�+t�s,s�ú�s�v�����t�s,Ò�w)u�s ív�q�x+|}v�scp+q�r�Ò�r��+t��
��t�u�v×��¹&u�scÒ�tÚÒ�æ.¹&p+|}v�qât7�ñ×w)x�s�w)z�s�t�q�Ù�w)u�s�~�x�tÞv�w)x�s<{7t�s�s�ú�s�v�����t�s��+tcÒ�tcÒâæ.¹&p+|}v�q�tcr�{}|}�
|}u�t�u�v�{7t�s���w){7r�Ò�x+{7t�s�u�w)u�í�+r�s�|}q�r�t�syp.¹&qy�+t�x��Èp+q�w�Ò�r��+r�s�� ø�tçp+q�t��
|7t�qyp+q�w�Ò�r��+r
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��t�Ò'� t�s�v x�u�tD��r�v�æ�w��+t�v�q���s Ó�r�u�r�q�|7~�x�t'éu�w)x�s×Ò�q�w�ú�w)u�s×~�x�� t�{}{7tÚp w)x+q�qâ¹a¹�Ù�w)|}q�z t�¹&x�Ò�w)x+pÈ� � ¹&p+p+{}|7Ò�¹&v�|7w)u�s×p w)x+q×��|�� r�q�t�u�v�s×s�ú�s�v�����t�sÕ w)u��+r�s�s�x+q�{�¹�q�t�Ò�w)�$z+|}u.¹&|7s�w)u�é��a¹&|7s¿¹&x�s�s�|�p w)x+q�� � ¹&x+v�q�t�s�v�ú�p�t�s�� � w)p r�qâ¹&v�|7w)u�s n í�¹&|}q�t�s�é�¹�Ù�t�Ò
n > 2 �.Ô<¹&q×t��+t��
p+{7t'é�Ò�w)�
��t�u�w)x�s,¹�Ù�w)u�s�Ò�{7w's�{7t�Òâæ.¹&p+|}v�q�t$�+t�s�s�ú�s�v�����t�s,Öç��t��$z+qâ¹&u�t�s¹�Ù�t�Òcq�t�Ò�w)�$z+|}u.¹&|7s�w)u t�u p+q�r�s�t�u�vâ¹&u�v��+t�s�q�r�s�x+{}vâ¹&v�s��+r���u+|}v�| Õ s�é�u�w)x�s�t�s�p�r�q�w)u�s�¹&p+p+{}|7~�x�t�q�{�¹��r�v�æ�w��+t��+t�s���w){7r�Ò�x+{7t�sÞ¹)s�s�|7s�vâ¹&u�v�t�s�ÖÚ� � ¹&x+v�q�t�s�v�ú�p�t�s��+t�s�ú�s�v�����t�s�Öy��t���z+qâ¹&u�t�s�~�x+|�u�ts�w)u�vÞp.¹)s�Õ w)u��+r�scs�x+qc{�¹$q�t�Ò�w)�$z+|}u.¹&|7s�w)u0�ñ×w)x�s�u�w)x�s�s�w)�
��t�sÞ¹&x�s�s�|.qâ¹&p+p+q�w�Òâæ�r,�+t�{�¹yq�r�s�w){}x+v�|7w)uû��x p+q�w)z+{�����t,�+tc{�¹Úp+x+|7s�sâ¹&u�Ò�t� � t���p+q�t�s�s�|7w)u��+t�scs�ú�s�v�����t�s��+tyv�x+z�t�s,Ö
t�s�sâ¹&|�¹�Ù�t�ÒÚ�+t�x��*v�x+z�t�s���ø�t�scÙ'¹&q�|�¹&u�v�t�s�~�x�tyu�w)x�s¹�Ù�w)u�s�p+q�w)p w's�r,��|�� r�q�t�u�vc�+t×��w)|}u�sct�u ��w)|}u�sc�+t×{�¹$�+r���u+|}v�|7w)uDw)q�|}Ó'|}u�t�{}{7t'é�Ò'� t�s�v�p w)x+q�~�x�w)|u�w)x�sût�s�p r�q�w)u�sû~�x�tD{7tDv�qâ¹�Ù'¹&|}{,~�x�t�u�w)x�sû¹�Ù�w)u�saÕ�¹&|}vû¹&p+p w)q�v�t�qâ¹��+tD{�¹Y{}x+�
|���q�tÈs�x+q Ò�tp+q�w)z+{�����tÚw)x+Ù�t�q�v��O-�t�s�Ù'¹&q�|�¹&u�v�t�sÞp+q�r�s�t�u�v�t�u�v�¹&x�s�s�| �+t�s�p+q�w)p+q�|7r�v�r�sÞ|}u�v�r�q�t�s�sâ¹&u�v�t�sÞÒ�w)�
��t{7t�sÞp w)x+z�t�{}{7t�sI���+t�sct�vc��w)z+|}{7t�s��+w)u�vc{�� r�v�x��+tÚu�� t�s�vÞp.¹)sct�u�Ò�w)q�tyvât�q��
| u.r�t,�Ô[w)x+q�Ò�w)u�Ò�{}x+q�t'é'u�w)x�s<Ù�w)x+{7w)u�s�¹&� w)x+v�t�q�~�x�t�{�� r�v�x��+tc�+t�s<s�ú�s�v�����t�s<� � |}u�s�p+|}qâ¹&v�|7w)uaz+|7w){7w&íÓ'|7~�x�t×t�s�v�v�q���s�Õ�¹)s�Ò�|}u.¹&u�v�t×t�v�t�{}{7t�p t�x+vÞ¹&p+p�w)q�v�t�qÞ�+t�s�Ó�¹&|}u�s�Ò�w){7w's�sâ¹&x�� ��-×� t�s�v�p�t�x+v í+*�v�qât�{7t��w)��t�u�v�� � ¹&p+p+qât�u.��q�t��+t�s<u.w)x+Ù�t�{}{7t�s�Òâæ�w's�t�s�t�v�t�u�q�t�Õ w)q���x+{�¹&u�v��Fw)q��+s&%�w)q�v�æ�éO¢ U54�£³é�;×~�x�t{�¹çu.¹&v�x+q�tÚs�w)|}vÞu�w)v�q�typ+q�w&Õ t�s�s�t�x+q.=,�
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¢ ��£$ø�� Ñ � ê ��{7t��a¹&u`� Ñ w){7t�Ò�x+{�¹&q�Ò�w)�
p+x+vâ¹&v�|7w)uaw&Õ s�w){}x+v�|7w)u�s[v�wyÒ�w)��z+|}u.¹&v�w)q�|�¹){�p+q�w)z+{7t���s��� Î�Ë�Í�ö�Î�Í é K��O� é0ª ��3,3&��«�é����'��� é ���'�&���
¢ �X£$Ô��&î�w)u+|}Û�Û�w)u+|�é5-��&å��&ë.t�{}|7Ò�t'é ì � Ñ ¹&x+q�|�é)¹&u��$ò¯�7(.|}Û�Û�¹���ò�t�Ó'x+{�¹&q¿{�¹&u+Ó'x.¹&Ó�t�s[Ó�t�u�t�qâ¹&v�t��z�ú�q�t�¡.t���|}Ù�t2��u+|}v�tcs�p+{}|7Ò�| u�ÓÚs�ú�s�v�t���s���ï³ut(��'ù�s�|}è
¹&u��t(��'ë+x+{7w)p�é�t���|}v�w)q�s�é ü�Ì�à�Î�Í�Í&Ô)Ë¬ö�Ö&áà æ Ê$Í�®)Í�Ñ}à�ß.õaÍ�ö.Ï¬á�Ë¬ö � Ý)ö�Ö)Ð+Ý�Ö�Í ë`Ò�Í�à)Ì�ç.ñ�í5í7òª§�Ê � ë�í7òª§ ��� Í�Ö�Í&Ôv§V�,Ð�ö�Ö�Ý)Ì�çv§
	�Ð�Ñ ç��}î&ð5ðk§ñ�í5í7ò �.�'�'�,8�é+Ù�w){}x+��tÚ�54����
w&Õa� Í�Î�Ï1Ð�ÌâÍ�Úà'Ï³ÍâáÚË¬ö��<à)õ×ß.Ð�Ï³Í�Ì � Î�Ë�Í�ö�Î�Í é���8&� é ���qU��
¢ 8X£$Ô���î�w)u+|}Û�Û�w)u+|�é0-���å���ë�t�{}|7Ò�t'é ì � Ñ ¹&x+q�|�é ¹&u���ò¯�	(.|}Û�Û�¹�� ã æ.t$s�v�q�x�Ò�v�x+q�t$w&Õ�q�t�¡.t���|}Ù�t

��u+|}v�t�s�p+{}|}Ò�|}u+Ó�{�¹&u+Ó'x.¹&Ó�t�s�Ù�|�¹"1�Ò�æ��+v�Û�t�u�z�t�q�Ó�t�q,Ò�w)u�s�vâ¹&u�v�s�é.�'�'�&���21�x+z+�
|}v�v�t�� �
¢ �7£ ð ��-�w�Ò�è�ty¹&u�� Ñ � Ñ |}u�s�è�ú5��Ø�u+|}Ù�t�q�sâ¹&{}|}v�úaw&Õ¿vâ¹&Ó
s�ú�s�v�t���s2%Þ|}v�æ p��,��� 	�à)Ð�Ì�ö�Ý7Ñ�à æ ÏkÒ+Í ��� é BOB ª �X«�é0ª ��3,6&��«�é���U é �'���
¢ UX£$ù±�`-�s�x+æ.¹&�³í � ¹&q �65�é ø�� âÚ¹&q�|�é�¹&u�� ì � Ô�'&x+u0� ã t�s�vyv�x+z�t���|7s�v�q�|}z+x+v�t��/s�ú�s�vât���s,z.¹)s�t��w)uDs�p+{}|7Ò�|}u+Ó�� �<à)õ×ß.Ð�Ï³Í�Ìâá$Ý&ö�Ô �Û�é B � ª � é 85«�é`ª ��3,3,65«�é.���'� é �,8'���
¢ 6X£�â<� -�x+{}|}èaï�ï<¹&u�� ã ��ä,¹&q ��x0��1�p+{}|7Ò�|}u+Ó
s�t��
|}Ó'q�w)x+p�s�w&Õ¿�+w)�
|}u�w�t�sc¹&u�� å,ñ ê � ÊyË�á�Î�ÌâÍ�Ï³Í ß�ßOÑ Ë�Í�Ô��ÈÝ'ÏkÒ+Í�õ�Ý'Ï1Ë Î�á é Z B é0ª ��3,3��X«�é��,6�� é �54,4��
¢ 4�£$ëz�)ë+q�t�x+u�� é)ò¯�&ë�q�t�x+u�� é Ñ � Ñ ¹&q�Ó�t�u�s�v�t�q�u�é Ñ �5#×s&%�¹&{7� éX�<�&ò�w)Ó�w)Û�æ+|}u�é'¹&u��"1�� � t�q�{�¹&u0�Ô9s�ú�s�vât���sz%Þ|}v�æDÒ�x+v�v�|}u+ÓÇI�q�t�Ò�w)�$z+|}u.¹&v�|7w)uDq�x+{7t�s�¹)s�s�|}Ó'u�t�� v�wç��t���z+qâ¹&u�t�s���ï³u ê � ê { íæ.¹&Û�w�Ù é -�� Ñ ¹&q�v:K}u�í � |7�+t'é ¹&u�� ì ��Ô�'&x+u�é t���|}v�w)q�s�é ü�Ì�Í³ß.Ì�à�ÎâÍâÍ&Ô)Ë¬ö�Ö&áaà æ ÏkÒ+Í��çà)Ì���á�Ò�à�ßà)ö��/Í�õtÓ�Ì�Ý)ö Í��<à)õ×ß.Ð�Ï1Ë¬ö�Ö ÿ ë.Ý)Ì�Ì�Ý�Ö�à)ö�Ýv§�	�Ð�Ñ ç�ð��}î+ñ5ñ�§²ñ�í5í7ò ���'�'�,8�é��&��� é �,U��,�
¢ :X£$ò¯��ë+q�t�x+u��D¹&u.�*ëz�+ë�q�t�x+u�� � ã t�s�vcv�x+z tÚs�ú�s�v�t���s@!�%cæ�t�u*v+%�w
v�x+z t�s×¹&q�tÚt�u�w)x+Ó'æ0��ï³uì ��ò�w)Û�t�u�z�t�q�Óy¹&u���� � ã æ�w)�a¹)s�é&t���|}v�w)q�s�é ü�ÌâÍ³ß.Ì�à�Î�Í�Í�Ô)Ë¬ö�Ö&ácà æ Ê � ë ���ª§+Ê$Í�®)Í�Ñ}à�ß.õaÍ�ö.Ï¬áË¬ö � Ý)ö�Ö)Ð+Ý�Ö�ÍÍë0Ò+Í�à)Ì�ç ���Fw)q�{7�_1�Ò�|7t�u�v�|��.Ò�Ô<x+z+{}|7s�æ+|}u+Ó�-�w)�
p.¹&u�ú�é.�'�'�'��é.�547U é �,:,6��
¢ 3X£$Ô���ë�q�|7s�Ò�w ��#�uûv+%�w$Ù'¹&q�|�¹&u�v�sÞw&Õ[s�p+{}|7Ò�|}u+Ó
s�x+p t�q í³Ò�t�{ {�s�ú�s�v�t���s�� Ücà)õ�Ý)ö�Ë Ý)ö!	�à)Ð�Ì�ö�Ý7Ñ�à æÛ ö æ à)Ì�õ�Ý'Ï1Ë à)ö � Î�Ë�Í�ö�Î�Í$Ý)ö�Ô ë�Í�Î�Ò�ö�à7Ñ}à�Ö7ç é h ª ��í��5«�é`ª �'�'���X«�é�:,3 é ���'���
¢}���X£$Ô��&ë�q�|7s�Ò�w,¹&u��"-��,( ¹&u���q�w)u0�O#�u$Ù'¹&q�|�¹&u�vâs[w&Õ.Ò�w)�
�$x+u+|7Ò�¹&v�|}u+ÓÚ��|7s�v�q�|}z+x+vât��
ä¤s�ú�s�v�t���s��

" Ð�ö�Ô�Ý)õaÍ�ö.Ï�Ý Û ö æ à)Ì�õ�Ý'Ï1Ë Î�Ý�Í é h � ª �X«�é`ª �'�'���X«�éO3 é �'���
¢}�'��£ ã ��ù±� ì w�w��+t×ø�¹&x+u0� �<à)ö+á�Ï�Ý)ö.Ï¬á×Ý)ö�Ô � ßOÑ Ë Î�Ë¬ö�Ö � ç&á�Ï³Í�õ$á � Ô<æ0� å���v�æ�t�s�|7s�é�î�|}u+Ó'æ.¹&�$v�w)uØ�u+|}Ù�t�q�s�|}v�ú�é ��3,3,3��
¢}���X£ ã ��ä×t�¹)� � ë�w)q��a¹&{�{�¹&u+Ó'x.¹&Ó�t*v�æ�t�w)q�ú ¹&u��9å,ñ ê !�¹&u ¹&u.¹&{}ú�s�|7saw&Õyv�æ�tûÓ�t�u�t�qâ¹&v�|}Ù�tÒ�¹&p.¹)Ò�|}v�úÈw&ÕÞs�p�t�Ò�|��.Ò
q�t�Ò�w)��z+|}u.¹&u�vÚz t�æ.¹�Ù�|7w)q�s���# Ð�ÑkÑ7Í�Ï1Ë¬ö¤à æ �ÈÝ'ÏkÒ+Í�õ�Ý'Ï1Ë ÎâÝ7Ñ # Ë à7Ñ}à�Ö7ç éh�n ªÕ65«�é`ª ��3,:54,«�é�47854 é 47U,3��
¢}��8X£ ã ��ä×t�¹)� � 1�p+{}|7Ò�|}u+Ó�{�¹&u+Ó'x.¹&Ó�t�s�Ó�t�u�t�qâ¹&v�t��"%Þ|}v�æaw)u�tcs�|7�+t���Ò�w)u�v�t���v���ï³u ì ��Ô�'&x+u�é�t���| ív�w)q�é �<à)õ×ß.Ð�Ï1Ë¬ö�Ö%$<Ë1ÏkÒ # Ë àªî&�Èà7Ñ7Í�Î�Ð�Ñ7Í�á ÿ ë0Ò+Í�à)Ì�ç Ý)ö�Ôçó<ô�ß+Í�Ì�Ë�õ Í�ö.Ï¬á ��1�p+q�|}u+Ó�t�q � t�q�{�¹&Ó�éî�t�q�{}|}u�é�ä,t�|7�+t�{}z t�q�Ó�é.ñ×tÛ% ��w)q�è é ��3,3,:�é���U,: é ��:��,�
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¢}���7£ ã ��ä×t�¹)� é ì �'Ô�'&x+u�é�¹&u���å���Ô<|���v�w)u0��ø�¹&u+Ó'x.¹&Ó�t�v�æ�t�w)q�ú�¹&u��
��w){7t�Ò�x+{�¹&q�Ó�t�u�t�v�|7Ò�s��'Ó�t�íu�t�qâ¹&v�|}Ù�tÞ��t�Òâæ.¹&u+|7s���s�s�x+Ó'Ó�t�s�v�t��
z�úçå,ñ ê q�t�Ò�w)�$z+|}u.¹&v�|7w)u0� ï³u �ÚÝ)ö�ÔqÓ�à�à'��à æ "�à)Ì�õ�Ý7Ñ� Ý)ö�Ö)Ð+Ý�Ö�Íâá>§2òt®&à7Ñ Ð�õaÍâá ¢ ��4�£³é.�,3,U é 8,6'���
¢}��UX£ ð �[ä×w)p Ò�q�w&Õ1v�é[ò¯� Ñ w)v+%Þ¹&u+|�é<¹&u�� ð �[Ø�{}{}�a¹&u0�ÉÛ ö.Ï1Ì�àXÔ)Ð+Î�Ï1Ë à)ö Ï�à  Ð�Ï�à)õ�Ý'Ï�Ýäë0Ò+Í�à)Ì�çv§� Ý)ö�Ö)Ð+Ý�Ö�Íâá>§�Ý)ö�Ô(�<à)õ×ß.Ð�Ï�Ý'Ï1Ë à)ö � ê �+��|7s�w)u�í&�Yt�s�{7t�ú�é<ò�t�¹)��|}u+Ó�é Ñ ¹)s�s��}é[�&u.��t���|}v�|7w)u�é�'�'���,�
¢}��6X£$ø���âÚ¹&q�|�� å,ñ ê Ò�w)�
p+x+v�|}u+Ó !¤¹&q�q�|}Ù'¹&{ w&ÕOz+|7w){7w)Ó'|7Ò�¹&{W�a¹&v�æ�t��a¹&v�|7Ò�s�� ë0Ò+Í

�ÈÝ'ÏkÒ+Í�õ�Ý'Ï1Ë ÎâÝ7Ñ Û ö.Ï³Í�ÑkÑ Ë»Ö�Í�ö�ÎâÍ�Ì é B n ª �5«�éuª ��3,354,«�é_3 é �'��� ù�¹&q�{}|7t�q Ù�t�q�s�|7w)u@x+u��+t�qv�æ�t v�|}v�{7tXå,ñ ê Ò�w)�
p+x�v�t�q�s�é�v�w)��w)q�q�w�%Ú� s q�t�¹&{}|}v³úq�Èî�x+{}{7t�v�|}u w&Õ v�æ�t=ù<x+q�w)p t�¹&uê s�s�w�Ò�|�¹&v�|7w)u Õ w)q ã æ�t�w)q�t�v�|7Ò�¹&{$-�w)�
p+x�v�t�qg1�Ò�|7t�u�Ò�t'éuªÕU,35«g! �,U,6 é �,6,6�é ð x+u�tQ��3,3,6
) Ó/Ó/Õ+*-,.,'/././�Ù10 ·32 Ù&4�/65�Ù10<Ô�,87 ¸ 7/Ô.,/Ô ¹O·'9 Ù�Õ ·��

¢}�X4�£<1�� Ñ ��â,|}�Y� ê uF¹&{}Ó�w)q�|}v�æ+� Õ w)q,|7�+t�u�v�| Õ1ú�|}u+Ó*s�p+{}|7Ò�t��È{�¹&u+Ó'x.¹&Ó�t�s��$ï³u ü�Ì�à�Î�Í�Í�Ô)Ë¬ö�Ö&áaà æ
�<à�Î�à�à)ö:�6� ����3,354�é+Ù�w){}x+��t����5476
w&Õa� Í�Î�Ï1Ð�ÌâÍ�Úà'Ï³ÍâáÚË¬ö;�<à)õ×ß.Ð�Ï³Í�Ì � Î�Ë�Í�ö�Î�Í é+���,8 é ���'�,�

¢}��:X£<1���â,{7t�t�u�t,�EÛ ö.Ï1Ì�à�Ô)Ð+Î�Ï1Ë à)ö/Ï�à<�/Í�Ï�Ý)õ�Ý'ÏkÒ+Í�õ�Ý'Ï1Ë Î�á � � ¹&uDñ×w's�v�qâ¹&u��_-�w)�
p0�.ï³u�Ò,� é�ñ×tÛ%�í
��w)q�è é ��3,U'���

¢}��3X£$ò¯� ð �'ø |}p+v�w)u0�.Ø×s�|}u+ÓÚå,ñ ê v�w,s�w){}Ù�t�ñ×Ô[í³Ò�w)�
p+{7t�v�tÞp+q�w)z+{7t���s�� � Î�Ë�Í�ö�Î�Í é K�� � é ª ��3,3,U5«�é
U&��� é U&�qU��

¢ �'�X£ � � Ñ ¹&u�Ò�¹�� ê p+q�w�w&Õ�w&ÕÞq�t�Ó'x+{�¹&q�|}v�úÈÕ w)q@��u+|}v�tas�p+{}|7Ò�|}u+Ó��ûï³ueñ�� ð w)u�w's�è'¹�é ì ��Ô[¹&x+u�é¹&u�� ì ��ò�w)Û�t�u�z t�q�Ó�é�t���|}v�w)q�s�é� á³ß+Í�Î�Ï¬áçà æ �Èà7Ñ7Í�Î�Ð�Ñ}Ý)Ì=�<à)õ×ß.Ð�Ï1Ë¬ö�Ö ÿ ó�áâá�Ý7ç&á×Ê$Í&Ô)Ë ÎâÝ'Ï³Í&ÔÏ�àäë.à)õ ��Í�Ý5ÔYà)ö9ÏkÒ+Í�>cÎâÎ�Ý&á�Ë à)ö à æ �,Ë�á���í)ÏkÒ # Ë¬Ì�ÏkÒ�Ô�Ý7ç é�1�p+q�|}u+Ó�t�q � t�q�{�¹&Ó�é[î�t�q�{}|}u�éä×t�|7�+t�{}z t�q�Ó�é�ñ×tÛ%���w)q�è é�Ù�w){}x+��t��,3,U'�çw&Õa� �� � ���'�'�&��éO8'�,3 é 8��X4��
¢ ����£ Ñ � Ñ ¹&q�Ó�t�u�s�v�t�q�uF¹&u��Y�<��ò�w)Ó�w)Û�æ+|}u0� ì t�u�t�qâ¹&v�|}u+Ó*¹&{}{¿q�t�Ò�x+q�s�|}Ù�t�{}úDt�u�x+��t�qâ¹&z+{7tç{�¹&u�íÓ'x.¹&Ó�t�sz%Þ|}v�æû¹Úv�|}��t�í�Ù'¹&q�ú�|}u+Ó
��|7s�v�q�|}z+x+v�t�� ä s�ú�s�v�t��=w&Õ��+t�Ó'q�t�ty��� ã t�Òâæ+u+|7Ò�¹&{ q�t�p�w)q�v�éï³u�s�v�|}v�x+v�Ø�u+|}Ù�t�q�s�|}vâ¹&|}q�tÚ�+t ã t�Òâæ+u�w){7w)Ó'|7t��+t Ñ t�v�Û�é���3,3,3���Ô<x+z+{}|7Ò�¹&v�|7w)u�s×��x ì � ï�� ëz� Ñ �
¢ �'�X£ Ñ � Ñ ¹&q�Ó�t�u�s�v�t�q�u ¹&u�� �<��ò�w)Ó�w)Û�æ+|}u0� ê x+u+|}Ù�t�q�sâ¹&{×v�|}��t�í�Ù'¹&q�ú�|}u+Ó¤��|7s�v�q�|}z+x+v�t�� äcís�ú�s�v�t�� w&Õ��+t�Ó'q�t�t×��� ï³u ø��qâÚ¹&q�|�é�ä���òcx+z+|}u�é�¹&u��aå���ä��?�Yw�w�� é�t���|}v�w)q�s�é ü�Ì�à�ÎâÍâÍ&Ô)Ë¬ö�Ö&áà æ ÏkÒ+Í�¦�ÏkÒ Ê Û �  � � õaÍâÍ�Ï1Ë¬ö�Ö*à)ö�Ê@  Ó�Ý&á�Í�Ô*Î�à)õ×ß.Ð�Ï³Í�Ì�á � ù<{7s�t�Ù�|7t�q�é¿��3,3,3�é.Ù�w){}x+��t

U'��é`ª � é 85«�é�478 é :'���
¢ �,8X£ Ñ � Ñ ¹&q�Ó�t�u�s�v�t�q�u�¹&u��p�<�+ò�w)Ó�w)Û�æ+|}u0� ê z w)x+vcv�|}��t�í�Ù)¹&q�ú�| u�Óa��|7s�v�q�|}z+x+v�t��Dä s�ú�s�v�t���s��ï³u ê ��-�w)u��+w)uÈ¹&u�� ì ��ò�w)Û�t�u�z�t�q�Ó�é.t���|}v�w)q�s�é Ê@  �<à)õ×ß.Ð�Ï1Ë¬ö�Ö�ïBA)ÏkÒ Û ö.Ï³Í�Ì�ö�Ý'Ï1Ë à)ö�Ý7Ñ

�çà)Ì���á�Ò�à�ßHà)ö Ê@  î # Ý&á�Í&ÔC�<à)õ×ß.Ð�Ï³Í�Ìâá>§ÚÊ@  ñ�í5í5ík§ � Í�ËÕÔ�Í�ö,§±ë0Ò+ÍD�Í�ÏkÒ+Í�Ì�Ñ}Ý)ö�Ô&á>§
	�Ð�ö Íoð7ò�î&ð��g§¯ñ�í5í5ík§yÜcÍ�®�Ë�á�Í&Ô�üÞÝ�ß+Í�Ìâá �I1�p+q�|}u+Ó�t�q � t�q�{�¹&Ó�é�î�t�q�{}|}u�é�ä×t�|7�+t�{}z�t�q�Ó�é�ñ×tÛ%
��w)q�è é��'�'�'��é+Ù�w){}x+��t��'�,U&�aw&Õa� Í�Î�Ï1Ð�Ì�ÍEÚà'Ï³ÍâáÚË¬ö;�<à)õ×ß.Ð�Ï³Í�Ì � Î�Ë�Í�ö�ÎâÍ é�U,8 é 6'���

¢ �&�7£ Ñ � Ñ ¹&q�Ó�t�u�s�v�t�q�uç¹&u��.�<��ò�w)Ó�w)Û�æ+|}u0� ã |}��t�í�Ù'¹&q�ú�|}u+Ó���|7s�v�q�|}z+x+v�t���äes�ú�s�v�t���s w&Õ+�+t�Ó'q�t�t�aÓ�t�u�t�qâ¹&v�t
¹&{}{[q�t�Ò�x+q�s�|}Ù�t�{}ú�t�u�x+��t�qâ¹&z+{7tç{�¹&u+Ó'x.¹&Ó�t�s��Úï³u Ñ ¹&q�v�|}u�í � |7�+t
¹&u�� Ñ |}v�qâ¹&u.¹
¢ 8��Û£³é�8,3,3 é ���54��

¢ �,UX£ Ñ � Ñ ¹&q�Ó�t�u�s�v�t�q�ue¹&u��o�<� ò�w)Ó�w)Û�æ+|}u0�aù���v�t�u��+t��Fv�|}��t�í�Ù'¹&q�ú�|}u+Ó���|7s�v�q�|}z+x+v�t��Yä s�ú�s ív�t���syí�x+u+|}Ù�t�q�sâ¹&{}|}v�ú�qât�s�x�{ vX��ï³u ü�Ì�à�ÎâÍâÍ&Ô)Ë¬ö�Ö&á à æ ë0Ò+Í%F'ÏkÒG�çà)Ì�Ñ»Ô!�DÐ�Ñ Ï1ËGîH�<à)ö æ Í�Ì�Í�ö�Î�Íà)ö � ç&á�Ï³Í�õçË Î�á>§@��çqÓ�Í�Ì�ö Í�Ï1Ë Î�á$Ý)ö�Ô Û ö æ à)Ì�õ�Ý'Ï1Ë Î�á>§ Û ö�Ô)Ð�á�Ï1Ì�Ë Ý7Ñ � ç&á�Ï³Í�õçáM§ � � Û ñ�í5í5ðk§I>�ÌJîÑ}Ý)ö�Ô�àv§J"�Ñ}à)Ì�ËÕÔ�ÝLK �  §�	�Ð�Ñ çtñ5ñeî+ñ�Fv§²ñ�í,í5ð �.�'�'���'é+Ù�w){}x+��tÚïNM��
¢ �,6X£ Ñ � Ñ ¹&q�Ó�t�u�s�v�t�q�uç¹&u��.�<��ò�w)Ó�w)Û�æ+|}u0� ã |}��t�í�Ù'¹&q�ú�|}u+Ó���|7s�v�q�|}z+x+v�t���äes�ú�s�v�t���s w&Õ+�+t�Ó'q�t�t�ÞÓ�t�u�t�qâ¹&v�t×¹&{}{�q�t�Ò�x+q�s�|}Ù�t�{}ú
t�u�x+��t�qâ¹&z+{7t�{�¹&u+Ó'x.¹&Ó�t�s���ï³u Ñ �'ï³v�w+é ì �'Ô�'&x+u�é�¹&u��/1��7��x�é
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t���|}v�w)q�s�é �çà)Ì�Ô&á>§ � Í�õçË»Ö)Ì�à)Ð�ß�á>§
Ý)ö�Ôùë+Ì�Ý)ö+á�Ô)Ð+Î�Ï1Ë à)ö+á éO�Yw)q�{7��1�Ò�|7t�u�v�|��.Ò'é±1�| u�Ó�¹&p�w)q�t,��'�'���'éO8'�,3 é 8&������ë.t�s�v�s�Ò�æ+q�| Õ1vÞ|}uDä×w)u�w)qcw&Õ ì ¹&z+q�|7t�{ ã æ+|7t�q�q�|}u0�

¢ �54�£ Ñ � Ñ ¹&q�Ó�t�u�s�vât�q�u ¹&u����<�Þò�w)Ó�w)Û�æ+|}u0� ê x+u+|}Ù�t�q�sâ¹&{yv�|}��t�í�Ù'¹&q�ú�|}u+Ó ��|7s�v�q�| z�x+v�t��Wäs�ú�s�v�t�� w&Õ��+t�Ó'q�t�ty�,�+ï³uçñ�� ð w)u�w's�è'¹y¹&u��çñ��,-��51�t�t��a¹&u�é't���|}v�w)q�s�é Ê@  �<à)õ×ß.Ð�Ï1Ë¬ö�Ö�ï
��ÏkÒ Û ö.Ï³Í�Ì�ö�Ý'Ï1Ë à)ö�Ý7Ñ��çà)Ì���á�Ò�à�ß à)ö Ê@  î # Ý&á�Í&ÔC�<à)õ×ß.Ð�Ï³Í�Ìâá>§yÊ@  �g§±ë.Ý)õ×ß+Ýv§E" � §
K �  §@	�Ð�ö ÍYð,ívî&ð7òª§�ñ�í5í5ð ÿ ÜcÍ�®�Ë�á�Í�ÔYüÞÝ�ß+Í�Ìâá ��1�p+q�|}u+Ó�t�q � t�q�{�¹&Ó�é�î�t�q�{}|}u�é¿ä×t�|7�+t�{}z�t�q�Ó�éñ×tÛ%���w)q�è é��'�'�'��é+Ù�w){}x+��t��,8&����éO854�� é 8,:'���

¢ �,:X£ Ñ � Ñ ¹&q�Ó�t�u�s�v�t�q�u�éI�<�cò�w)Ó�w)Û�æ+|}u�é×¹&u���1�� � t�q�{�¹&u0� ã |}��t�í�Ù'¹&q�ú�|}u+Ó ��|7s�v�q�|}z+x+v�t��Oäs�ú�s�v�t���s
w&Õ×�+t�Ó'q�t�t*��Ò�¹&u9Ò�¹&q�q�úew)x+v
p.¹&qâ¹&{}{7t�{cÒ�w)�
p+x+vâ¹&v�|7w)u�s��eï³u Ñ �[ä,¹&Ó'|}ú�¹È¹&u��ê ��#�æ�x�Òâæ+|�é<t���|}v�w)q�s�é Ê@  �<à)õ×ß.Ð�Ï1Ë¬ö�ÖfïQP�ÏkÒ Û ö.Ï³Í�Ì�ö�Ý'Ï1Ë à)ö�Ý7ÑR�çà)Ì���á�Ò�à�ß à)öeÊ@  î
# Ý&á�Í�ÔS�<à)õ×ß.Ð�Ï³Í�Ìâá>§�Ê@  Pª§ � Ý�ß�ß�à)Ì�àv§Q	�Ý�ß�Ý)ö,§Q	�Ð�ö Ítð5ívî&ð7òª§Iñ�í5íXñ ÿ ÜcÍ�®�Ë�á�Í�ÔtüÞÝ�ß�Í�Ìâá �ä×w)è�è'¹&|7�+w�Ø�u+|}Ù�t�q�s�|}v�ú�é�1�p+q�|}u+Ó�t�q � t�q�{�¹&Ó�é�î�t�q�{}|}u�é�ä×t�|7�+t�{}z t�q�Ó�é.ñ×tÛ% ��w)q�è é��'�'�'��é+Ù�w&í{}x+��t��,U,6,:
w&Õa� Í�Î�Ï1Ð�ÌâÍ�Úà'Ï³ÍâáÚË¬ö��<à)õ×ß.Ð�Ï³Í�Ì � Î�Ë�Í�ö�Î�Í éO8'�,6 é 8,8,6��

¢ �,3X£ Ñ � Ñ ¹&q�Ó�t�u�s�v�t�q�u�é��<��ò�w)Ó�w)Û�æ+|}u�é�¹&u��_1�� � t�q�{�¹&u0� ã |}��t�í�Ù'¹&q�ú�|}u+Ó���|7s�v�q�|}z+x+vât��*ä s�ú�s ív�t���s.%Þ|}v�æ/p.¹&qâ¹&{}{7t�{�Ò�w)�
p+x+vâ¹&v�|7w)u�s"!�v�æ�t$p+q�w)z+{7t�� |7sys�w){}Ù�t�� �Úï³u ü�ÌâÍ�Ñ Ë¬õçË¬ö�Ý)Ì�çtü�Ì�àªîÎ�Í�Í�Ô)Ë¬ö�Ö&áyà æ Ê�  �<à)õ×ß.Ð�Ï1Ë¬ö�Öv§J��ÏkÒ�Ë¬ö.Ï³Í�Ì�ö�Ý'Ï1Ë à)ö�Ý7Ñ��çà)Ì���á�Ò�à�ßÈà)öaÊ@  î # Ý&á�Í�Ô!�<à)õcîß.Ð�Ï³Í�Ìâá>§<Ê@  ñ�í5í7òª§B�ÈÝ5Ô)Ë�á�à)ö,§�� Ë�á�Îâà)ö+á�Ë¬ö,§EK �  §2ðvîG¦T	�Ð�ö Í@ñ�í5í7ò �.�'�'�,8�é+��4 é U��,�
¢ 8'�X£<-�� Ñ ¹&q�v�|}u�í � K7�+t'é ì ��Ô�'&x+u�é+¹&u�� ê ��ò�w���q:K}Ó'x�t�Û�í³Ô<¹&vML)u0�¿Ô�s�ú�s�vât���s²%c| v�æ |}�
��t���|�¹&v�tÒ�w)�
�$x+u+|7Ò�¹&v�|7w)u`� Ücà)õ�Ý)ö�Ë Ý)öU	�à)Ð�Ì�ö�Ý7Ñ,à æÁÛ ö æ à&Ì�õ�Ý'Ï1Ë1à)ö � Î�Ë�Í�ö�ÎâÍ/Ý&ö�Ôùë�Í�Î�Ò�ö�à7Ñ}à�Ö7ç éh ª ��í��5«�é`ª��'�'���X«�é��X4�� é ��:'���
¢ 8���£<-�� Ñ ¹&q�v�|}u�í � |7�+t ¹&u�� � � Ñ |}v�qâ¹&u.¹�é¿t���|}v�w)q�s�� �/Ò+Í�Ì�Í�Ê�àV�ÈÝ'ÏkÒ+Í�õ�Ý'Ï1Ë Î�á>§R�<à)õ×ß.Ð�Ï³Í�Ì

� Î�Ë�Í�ö�Î�Í$Ý)ö�Ô # Ë à7Ñ}à�Ö7ç��/Í�Í�Ï ��â,{}x�%�t�q ê Ò�¹)�+t��
|7Ò'é�å,w)q�v�q�t�Òâæ�v�é��'�'�'���
¢ 8'�X£ Ñ � Ñ |}u�s�è�ú5� �<à)õ×ß.Ð�Ï�Ý'Ï1Ë à)ö+á"ïB"�Ë¬ö�Ë¬Ï³Í�Ý)ö�Ô Û öXØ<ö�Ë1Ï³ÍW�ÈÝ�Î�Ò�Ë¬ö Íâá �$Ô<q�t�u�v�|7Ò�t�ä,¹&{}{�é ù<u�íÓ'{7tÛ%�w�w��_-�{}|�� v�s�é�ñ ð é ��3,654��
¢ 8,8X£$å���Ô<|���v�w)u0�9ò�t�Ó'x+{�¹&q�|}v³ú¤w&Õys�p+{}|7Ò�|}u+ÓF{�¹&u+Ó'x.¹&Ó�t�s�� ÊyË�á�Î�Ì�Í�Ï³Í  ß�ßOÑ Ë�Í&Ô��ÈÝ'ÏkÒ+Í�õ�Ý'Ï1Ë Î�á é�On ª � é �5«�é`ª ��3,3,65«�é������ é ���&���
¢ 8&�7£$ø��&Ô<q�|7t�s�t'éX�<��ò�w)Ó�w)Û�æ+|}u�é)¹&u�� Ñ � Ñ ¹&q�Ó�t�u�s�v�t�q�u0��ë¿|}u+|}v�t�äcí³s�ú�s�v�t���s0%c| v�æ<8Þv�t�s�v¿v�x+z�t�s¹&q�tÞu�w)v<p+q�t���|7Ò�vâ¹&z+{7t,� ï³u�ò¯� ê {}v��a¹&u�é ê �'å×x+u+è�t�q�é'ø���ä�x+u�v�t�q�é�¹&u�� ã �,â,{7t�|}u�é�t���|}v�w)q�s�éü�Ì�à�Î�Í�Í�Ô)Ë¬ö�Ö&á�à æ üÞÝ�Î�Ë Ø�Î � ç)õ×ß�à&á�Ë¬Ð�õ à)ö # Ë à�Î�à)õ×ß.Ð�Ï1Ë¬ö�Öv§0òª§�X$Ý�ß�Ý7Ñ Ð+Ýv§
�ÈÝ)Ð�Ë¤§
	�Ý)ö�Ð+Ý)Ì�çð3����Pª§H�ÚÝ3$�Ý)Ë¬Ë¤§EK � G���Yw)q�{7�)1�Ò�|7t�u�v�|��.Ò�Ô<x+z+{}|7s�æ+|}u+Óp-�w)�
p.¹&u�ú�é���3,3,:�éOU&��4 é U,U,:��
¢ 8,UX£ ê ��Ô�'&x+u0�0#�u�v�|}��t�í�Ù'¹&q�ú�|}u+Ó$ä s�ú�s�v�t���s��Y# Ð�ÑkÑ7Í�Ï1Ë¬öDà æ ó  ëZ� � é � E éOª ��3,3,35«�é���U54 é ��6&���
¢ 8,6X£ ê �[Ô�'&x+u ¹&u�� Ñ �[Ô�'&x+u0�$#�u�v�æ�t ��t���z+qâ¹&u�t*Ò�w)�
p+x+v�|}u+ÓFz.¹)s�t���w)u¤s�p�{ |7Ò�|}u+Ó��eï³uÑ ¹&q�v�| u+í � |7�+t�¹&u�� Ñ |}v�qâ¹&u.¹�¢ 8��Û£³é����,3 é ���'���
¢ 854�£ ì ��Ô�'&x+u0��#�u v�æ�tDs�p+{}|7Ò�|}u+Ó�w)p�t�qâ¹&v�|7w)u0� ÊyË�á�Î�ÌâÍ�Ï³Í  ß�ßOÑ Ë�Í&ÔS�ÈÝ'ÏkÒ+Í�õ�Ý'Ï1Ë Î�á é E � ª �X«�é

ª ��3,3,65«�é�U54 é 473��
¢ 8,:X£ ì � Ô�'&x+u0��ò�t�Ó'x+{�¹&qyt���v�t�u��+t��/ä s�ú�s�v�t���sy¹&q�tçÒ�w)�
p+x+vâ¹&v�|7w)u.¹&{7{}ú�x+u+|}Ù�t�q�sâ¹&{�� 	 �� � é

B ª �X«�é`ª ��3,3,65«�é.�54 é 8,6��
¢ 8,3X£ ì ��Ô�'&x+u0��å,ñ ê Ò�w)�
p+x+v�|}u+Ó�!���|7s�v�q�|}z+x+v�t��$s�p+{}|7Ò�|}u+Ó×s�ú�s�v�t���s��'ï³u ð � Ñ ú�Ò�|7t�{7s�è�ú�é ì ��ò�w&íÛ�t�u�z�t�q�Ó�é�¹&u�� ê �`1�¹&{7w)�a¹'¹�é�t���|}v�w)q�s�é � Ï1Ì�Ð+Î�Ï1Ð�Ì�Í�á
Ë¬ö � à�Ö)Ë Î Ý)ö�ÔS�<à)õ×ß.Ð�Ï³Í�Ì � Î�Ë�Í�ö�ÎâÍ ÿ � Í�Ñ7Í�Î�Ï1Ë à)ö*à æ ó�áâá�Ý7ç&áÞË¬ö£�Úà)ö�à)Ì×à æa¯ÿ ó²Ò�Ì�Í�ö æ Í�Ð+Î�Ò�Ï ��1�p+q�|}u+Ó�t�q � t�q�{7¹&Ó�é�î�t�q�{}|}u�é�ä×t�| í�+t�{}z t�q�Ó�é ñ×tÛ%Î��w)q�è é���3,354�é�Ù�w){}x+��t ���,6��çw&ÕE� Í�Î�Ï1Ð�ÌâÍ[Úà'Ï³Íâá$Ë¬ö\�<à)õ×ß.Ð�Ï³Í�Ì � Î�Ë�Í�ö�Î�Í é

8,U�� é 854)���
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¢ ���X£ ì ��Ô�'&x+u0��å,ñ ê Ò�w)�
p+x+v�|}u+Óaz.¹)s�t��*w)uDs�p+{}|7Ò�|}u+Ó)!+x+u+|}Ù�t�q�sâ¹&{}|}v�ú q�t�s�x+{}v�s���ï³u Ñ � Ñ ¹&q íÓ�t�u�s�v�t�q�u�é)t���|}v�w)q�é ü�Ì�à�Î�Í�Í�Ô)Ë¬ö�Ö&á�à æ ÏkÒ+Í � Í�Î�à)ö�Ô Û ö.Ï³Í�Ì�ö Í�Ï1Ë à)ö�Ý7Ñ]�<à7Ñ Ñ7à�è�Ð�Ë¬Ð�õ à)öSK�ö�Ëk®)Í�ÌJîá�Ý7Ñ��ÈÝ�Î�Ò�Ë¬ö Íâá�Ý)ö�ÔL�<à)õ×ß.Ð�Ï�Ý'Ï1Ë à)ö+á>§��/Í�Ï � §�" Ì�Ý)ö�ÎâÍ � ï�Ø ã �+t Ñ t�v�Û�é[��3,3,:�é�Ù�w){}x+��tçï�é
654 é 3��,�

¢ ����£ ì �cÔ�'&x+u0��-�w)�
p+x+v�|}u+Ó�%Þ|}v�æO��t��$z+qâ¹&u�t�s�� 	�à)Ð�Ì�ö�Ý7Ñ$à æ �<à)õ×ß.Ð�Ï³Í�ÌYÝ)ö�Ô � ç&á�Ï³Í�õ� Î�Ë�Í�ö�Î�Íâá é B ªÕ6��X«�é`ª �'�'�'�5«�é����,: é ���q8�� ê {7s�w ã ØG-I1 ò�t�p w)q�vcñ×w ���'�,:�é���3,3,:��
¢ ���X£ ì �.Ô�'&x+u0�Þå,ñ ê Ò�w)�
p+x+v�|}u+Ó z.¹)s�t��*w)u�s�p+{}|7Ò�|}u+Ó]!+x+u+|}Ù�t�q�sâ¹&{}|}v³úûq�t�s�x+{}v�s�� ë0Ò+Í�à)Ì�Í�Ï1Ë ÎâÝ7Ñ

�<à)õ×ß.Ð�Ï³Í�Ì � Î�Ë�Í�ö�ÎâÍ é K�Z B ª �5«�é0ª �'�'�'�5«�é.�547U é �,3,6�� ð w)x+q�u.¹&{�Ù�t�q�s�|7w)uDw&ÕI¢ ���X£+�
¢ �q8X£ ì ��Ô�'&x+u0� �/Í�õtÓ�Ì�Ý)ö Í;�<à)õ×ß.Ð�Ï1Ë¬ö�Ö ÿ' ö Û ö.Ï1Ì�à�Ô)Ð+Î�Ï1Ë à)ö � 1�p+q�|}u+Ó�t�q � t�q�{�¹&Ó�é�î�t�q�{}|}u�éä×t�|7�+t�{}z t�q�Ó�é�ñ×tÛ%���w)q�è é��'�'�'���
¢ �'�7£ ì ��Ô�'&x+u�é ì ��ò�w)Û�t�u�z�t�q�Ó�é ¹&u�� ê � 1�¹&{7w)�a¹'¹�� Ê@  �<à)õ×ß.Ð�Ï1Ë¬ö�Ö)ï ÚÍH$^�<à)õ×ß.Ð�Ï1Ë¬ö�Ö

üÞÝ)Ì�Ý5Ô)Ë»Ö)õ$á �²1�p+q�|}u+Ó�t�q � t�q�{�¹&Ó�é�î�t�q�{}|}u�é�ä×t�|7�+t�{}z t�q�Ó�é�ñ×tÛ%���w)q�è é ��3,3,:��
¢ �qUX£ ì ��Ô�'&x+u ¹&u�� ã �7��w)è�w)��w)q�|�� Ñ t���z+qâ¹&u�t�Ò�w)�
p+x+v�|}u+Ó�z.¹)s�t���w)uas�p+{}|7Ò�|}u+Ó���ï³u�ù±�?� |}u�íÕ1q�t�t�¹&u���å��5â<� ì |�� w)q���é�t���|}v�w)q�s�é Ê@ _# Ý&á�Í�ÔD�<à)õ×ß.Ð�Ï³Í�Ìâá=` � ê ��t�q�|7Ò�¹&u Ñ ¹&v�æ�t��a¹�ív�|7Ò�¹&{�1�w�Ò�|7t�v³ú�é ��3,3,3�é�Ù�w){}x+��t@U&�
w&Õ Ê Û �  � �Ý� Í�Ì�Ë�ÍâáyË¬öûÊyË�á�Î�Ì�Í�Ï³ÍE�ÈÝ'ÏkÒ+Í�õ�Ý'Ï1Ë Î�á�Ý)ö�Ôë0Ò+Í�à)Ì�Í�Ï1Ë ÎâÝ�ÑZ�<à)õ×ß.Ð�Ï³Í�Ì � Î�Ë�Í�ö�Î�Í é.���X4 é �,8'���
¢ �q6X£@�<��ò�w)Ó�w)Û�æ+|}u0�±1��a¹&{}{�x+u+|}Ù�t�q�sâ¹&{�v�x+q�|}u+Óa�a¹)Òâæ+|}u�t�s�� ë0Ò+Í�à)Ì�Í�Ï1Ë Î�Ý7ÑQ�<à)õ×ß.Ð�Ï³Í�Ì � Î�Ë�Í�ö�ÎâÍ é

B � � ª �5«�é`ª ��3,3,65«�é.����U é �&�����
¢ ��4�£ ì ��ò�w)Û�t�u�z�t�q�Ó¤¹&u�� ê �z1�¹&{7w)�a¹'¹�� �ÚÝ)ö�ÔqÓ�à�à'�Yà æ "�à)Ì�õ�Ý7Ñ � Ý)ö�Ö)Ð+Ý�Ö�Í�áM§�òf®&à7Ñ Ð�õaÍâá �

1�p+q�|}u+Ó�t�q � t�q�{�¹&Ó�é�î�t�q�{}|}u�é�ä×t�|7�+t�{}z t�q�Ó�é�ñ×tÛ%���w)q�è é ��3,354��
¢ �q:X£ Ñ �+Ô��O1�Òâæ�x+v�Û�t�u�z t�q�Ó�t�q��z1�x+q�Ò�t�q�vâ¹&|}u�t�s�w)p r�qâ¹&v�|7w)u�s��+t,Õ t�q���t�v�x+q�tÚ��¹&u�sÞ{7t�sc{�¹&u+Ó�¹&Ó�t�sqâ¹&v�|7w)u+u�t�{7s�� � ç)õ×ß�à&á�Ë ÝR�ÈÝ'ÏkÒ+Í�õ�Ý'Ï1Ë ÎâÝ é B � é0ª ��3547U5«�é.�&�qU é �,U,8��
¢ �q3X£ ãz� å,ä×s�|}�Y! ã |}��t�í�Ù'¹&q�ú�|}u+Ó ��|7s�v�q�|}z+x+v�t��*ä s�ú�s�v�t���scs�|}��x+{�¹&v�w)q��

) Ó/Ó/Õa*-,.,.7 ¸ ÓJÔ�Ù · 0 ¸ Ö 9 0<Ö · Ù&4 9O¸cb�d�¹ Ö9Ó�e�ÙNf�g�,�h b Ö3g�7/Ô 9 , �
¢ U'�X£<1�� � t�q�{�¹&u0��#�u*t���v�t�u��+t��ûv�|}��t�í�Ù'¹&q�ú�|}u+Óa��|7s�v�q�|}z+x+v�t��*äOs�ú�s�v�t���s��[ï³u ü�Ì�Í³ß.Ì�à�Î�Í�Í�Ô)Ë¬ö�Ö&áÝ'ÏZA)ÏkÒ Û ö.Ï³Í�Ì�ö�Ý'Ï1Ë à)ö�Ý7ÑQ�çà)Ì���á�Ò�à�ßFà)ö*Ê@  î # Ý&á�Í&ÔT�<à)õ×ß.Ð�Ï³Í�Ìâá>§[Ê@  ñ�í5í5ík§ � Í�ËÕÔ�Í�ö,§ë0Ò+Í��Í�ÏkÒ+Í�Ì�Ñ}Ý)ö�Ô&á>§�	�Ð�ö Í�ð7ò ü ð��g§�ñ�í5í5í �.�'�'�'��é.�,:��,��Ô¿w's�v�t�q��
¢ U���£<1�� � t�q�{�¹&u0� �<Ý7Ñ}Î�Ð�Ñ áV�Èà7Ñ�×�Î�Ð�Ñ}Ý)Ë¬Ì�Íâáfï�Ñ7Íâá � ç&á�Ï+û�õaÍâá ÊyË�á�Ï1Ì�Ë�Ó�Ð�×âá�ØG�`Ò�Ý)ö�Ö�Í�õaÍ�ö.Ï<Ô�Í

ü²Ò�Ý&á�Í � Ñ ¹)s�v�t�q�� sÞv�æ�t�s�|7s�é+Ø×u+|}Ù�t�q�s�|}v�ry�+t Ñ t�v�Û�é��'�'���,�
¢ U'�X£<1�� � t�q�{�¹&u0� #�uat�u+æ.¹&u�Ò�t���v�|}��t�í�Ù'¹&q�ú�|}u+Ó$��|7s�v�q�|}z+x+v�t��aä s�ú�s�v�t���s�� �<à)õ×ß.Ð�Ï³Í�Ì � Î�Ë�Í�ö�Î�Í	�à)Ð�Ì�ö�Ý7Ñ¿à æ �Èà7Ñ»Ô�à7®&Ý é B�� ªÕ85«�é`ª �'�'�'�5«�é.�,6,8 é �5473��²â,|7s�æ+|}u�t�Ù	�
¢ U,8X£<1�� � t�q�{�¹&u0� ê z�w)x+v×s�p+{}|}Ò�|}u+Ó Ô s�ú�s�v�t���sI%Þ|}v�æ*|}�
��t���|�¹&v�t$Ò�w)�
��x+u+|7Ò�¹&v�|�w)u/¹&u��ûu�w)u�ít���v�t�u��+t��9s�p+{}|7Ò�| u�ÓFÔ s�ú�s�v�t���s��Yï³u ê � ê {}æ.¹&Û�w�Ù é²-�� Ñ ¹&q�v:K}u�í � |7�+t'é�¹&u.� ì �<Ô�'&x+u�ét���|}v�w)q�s�é ü�ÌâÍ³ß.Ì�à�Î�Í�Í�Ô)Ë¬ö�Ö&á
à æ ÏkÒ+Í��çà)Ì���á�Ò�à�ßeà)ö��/Í�õtÓ�Ì�Ý)ö Í=�<à)õ×ß.Ð�Ï1Ë¬ö�Ö ÿ ë.Ý)Ì�Ì�Ý�Ö�à)ö�Ýv§

	�Ð�Ñ ç�ð��}î+ñ5ñ�§²ñ�í5í7ò ���'�'�,8�é+�q6�� é ��478��
¢ U&�7£<1�� � t�q�{�¹&u0� ê Õ1q�w)u�v�|7t�q$q�t�s�x+{}vçw)u�t�u+æ.¹&u�Ò�t��Yv�|}��t�í�Ù'¹&q�ú�|}u+Ó/��|7s�v�q�|}z+x+v�t��eäXs�ú�s�v�t���s

%Þ|}v�æ�p.¹&qâ¹&{}{7t�{.Ò�w)�
p+x+vâ¹&v�|7w)u�s���ï³u ü�Ì�Í³ß.Ì�à�Î�Í�Í�Ô)Ë¬ö�Ö&á,à æ Ê%�]" � Q í7òª§�Ê$Íâá�Î�Ì�Ë ß�Ï1Ë à)ö�Ý7Ñ �<à)õcîßOÑ7Í�ô)Ë1ÏÙçÚà æ "�à)Ì�õ�Ý7Ñ � ç&á�Ï³Í�õ$á>§ # Ð Ô�Ý�ß�Íâá�ÏG§$�,Ð�ö�Ö�Ý)Ì�çv§
	�Ð�Ñ ç¯ð�ñeî&ðg¦�§	ñ�í5í7ò �&�'�'�,8�é)�'��� é �,8'���
¢ U,UX£<1�� � t�q�{�¹&u0�Y-�w)�
�$x+u+|7Ò�¹&v�|}u+Ó/��|7s�v�q�|}z+x+v�t��eä=s�ú�s�v�t���s@%Þ|}v�æ�¹&{}v�t�q�u.¹&v�|}u+Ó)��{}v�t�q�s��ûï³uñ�� ð w)u�w's�è'¹�é ì ��Ô<¹&x+u�é[¹&u�� ì ��ò�w)Û�t�u�z�t�q�Ó�é¿t���|}v�w)q�s�é\ á³ß�Í�Î�Ï¬á à æ �Èà7Ñ7Í�Î�Ð�Ñ}Ý)Ì��<à)õcîß.Ð�Ï1Ë¬ö�Ö ÿ ó�áâá�Ý7ç&á�Ê$Í�Ô)Ë Î�Ý'Ï³Í�ÔDÏ�àõë.à)õ¬��Í�Ý5Ô�à)öeÏkÒ+Í=>cÎâÎ�Ý&á�Ë à)ö¤à æ �,Ë�áD��í)ÏkÒ # Ë¬Ì�ÏkÒ�Ô�Ý7ç é



xz�9xzy0��¥Gôz�sw�Ý�Ü��9{ �����
1�p+q�| u�Ó�t�q � t�q�{�¹&Ó�é[î�t�q�{}|}u�é<ä×t�|7�+t�{}z�t�q�Ó�é�ñ×tÛ%���w)q�è é¿Ù�w){}x+��tû�,3,U'�Èw&Õ�� �� � �[�'�'�&��é
8,654 é 8,:&���

¢ U,6X£<1�� � t�q�{�¹&u*¹&u��ûò¯� (.|}Û�Û�¹�����í³s�p+{}|7Ò�|}u+Ó
Ù�s�����í³s�p+{}|7Ò�|}u+ÓY!�s�t�p.¹&qâ¹&v�|}u+Ó
q�t�s�x+{}v�s��[ï³u ü�Ì�à�ÎâÍâÍJîÔ)Ë¬ö�Ö&á$à æ �!>�ÜcÊ � Q í7òª§�ë+Ð�Ì���Ð�§B"�Ë¬ö�Ñ}Ý)ö�Ôv§ � Í³ß�Ï³Í�õtÓ�Í�Ì<ð5ívî&ð7òª§²ñ�í5í7ò ���'�'�,8�éO8'�'� é 8,8��,�
¢ U54�£[� � �Fw)q��+s&%�w)q�v�æ0� ã æ�t vâ¹&z�{}t�sçv�x+q�u�t�� �Fï³u �
à)Ì&Ô3$�à)Ì�ÏkÒHQ á"üÞà�Í�õ$á é[ù�� �[Ô�� �Y¹�ú�u�t'éå,t�u�v�é�ø�w)u��+w)u�é�Ù�w){}x+��t���3,3,6�����3,6,U��
¢ U,:X£<-���( ¹&u���q�w)u0� ã æ�tyÔ s�ú�s�v�t���sI%�t�z*p.¹&Ó�t,� ) Ó/Ó/Õa*-,.,9Õ ·'i�· ÓJÖ ¹O· Ù 2�¸5· 0?5�Ù&4 9O¸�¹�¸cj Ù ¸ Ó�, �
¢ U,3X£<-��	( ¹&u���q�w)u�é -��.ë.t�q�q�t�v�v�|�é�¹&u�� ì � Ñ ¹&x+q�|�� ê q�t���x�Ò�t�����|7s�v�q�|}z+x+v�t���s�p+{}|7Ò�|}u+Ó s�ú�s�v�t��Õ w)q�ò�ù9{�¹&u+Ó'x.¹&Ó�t�s���ï³u ì �+Ô�'&x+uÈ¹&u�� ê �O1�¹&{7w)�a¹'¹�é�t���|}v�w)q�s�é �Ík$ Ï1Ì�Í�ö�Ô&áÚË¬öV"�à)Ì�õ�Ý7Ñ� Ý)ö�Ö)Ð+Ý�Ö�Í ÿ �<à)ö.Ï1Ì�à7Ñ §�Îâà�à�ß+Í�Ì�Ý'Ï1Ë àv§�Ý)ö�Ô�Îâà)ö	Ó�Ë¬ö�Ý'Ï�à)Ì�Ë Î�á ��1�p+q�|}u+Ó�t�q � t�q�{�¹&Ó�é�î�t�q�{}|}u�é+ä×t�| í�+t�{}z t�q�Ó�é ñ×tÛ%Î��w)q�è é���3,354�é�Ù�w){}x+��t ������: w&ÕE� Í�Î�Ï1Ð�ÌâÍ[Úà'Ï³Íâá$Ë¬ö\�<à)õ×ß.Ð�Ï³Í�Ì � Î�Ë�Í�ö�Î�Í é

8&�q6 é 8,6,6��
¢ 6'�X£<-�� ( ¹&u���q�w)u�é0-���ë.t�q�q�t�v�v�|�é ¹&u�� ì � Ñ ¹&x+q�|��×ñ�|}u�t�v�t�s�v×v�x+z�t�s×Ó�t�u�t�qâ¹&v�t
¹&u�úDò�ù {�¹&u�íÓ'x.¹&Ó�t,� ë0Ò+Í�à)Ì�Í�Ï1Ë ÎâÝ7Ña�<à)õ×ß.Ð�Ï³Í�Ì � Î�Ë�Í�ö�ÎâÍ é K�Z B ª �5«�é`ª �'�'�'�5«�é��X4�� é ��:'���
¢ 6���£$ò¯�O(.|}Û�Û�¹�� >�öÈÏkÒ+ÍÞß�à3$�Í�Ì$à æ ÎÛÑ}Ý&áâá�Íâá$à æ á³ßOÑ Ë Î�Ë¬ö�Ö�á�ç&á�Ï³Í�õ$á �<Ô[æ`� å���v�æ�t�s�|7s�é+Ø�u+|}Ù�t�q�s�|}v³úw&Õ Ñ |}{�¹&u�é.�'�'�'���


