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dfehg�i`jHkNlZm0n	gpoXq�r�gpststjUoUl`uvgpw�q�r�gpxOrWq�ehyzx4q�{U|�}Xm~q�q2}Hehg���m~q�yzxUetoXgf�,�7�4n	gpstehgpnUetlvg�qWi'jHk7r�w�gpr�gpo4uv{~o%��m0n���}HjUw�y�x
��y�y�}O��gpw�q�gpr���r'jUoX}�}Xm0nIgpeW}Hehg�m0oUl�w�gpoU�"gpoX}Ugpo��Wgpetshq�r�w�etoUlvq`oUehyzxZr`uvgpwz�0oX}Ugpw�r"�
�Q�OyzxZr�g'��m0o9q�rzm0r�r�}Ug�q�q�gpo������Z�K�%i`jHkNr�w�gpr�gpobuv{~ob��m0n���eto�}Hehg�q�gpw���gpehqzg`n	gpx�m0oX}Ugpsto2|Oqz{�lvgpoZ�Ul�r�g�q"|O}Hehg
��m~q�y�xUetoXg4��gpeto���gpetr�gpw�g�q��Qm0s��UnIgpwf}Ugpo¡ Or�w�etoUl9s¢m0jHkNgpoQ��j£s¢m~qzq�gpo��,¤7��{~��j�l�l~k���gpeto£��gpetr�gpw�gpw4¥
jXq�rzm0oX}
jUoX}�¦�shgpetoXg�|Xq�r�w�jU¦�r�jUw�gpsts2jUoZn	g�}UgpjUr�gpoX}Ug4§'oX}Ugpw�jUoUlvgpo£oX{~r���gpoX}Hetl�q�etoX}�¨,�
©�o�ª«g�}Ugp�­¬�m0sts®��jXq�q4��m0o¯m0oS}Ugpw° Or�gpstshgb}Ug�q%��m0n��,¤7�±etoX}Ug�q�r�gpoXq,¨�gpeto²¥IgpehyzxXgpo²gpetoHkN�UlvgpoSjUoX}=}Xm0xXgpw
gpetoXgpo£}Ugpw'm0oUl�w�gpoU�"gpoX}UgpoQ�Wgpetshq�r�w�etoUlvq'jU�³gpetoQ¥IgpehyzxXgpo£uvgpw�q�yzxUehgpnIgpo2�
´'oXq�gpw�g����µqz{~sts`m0jHk'k¶{~stlvgpoX}Ug���gpehq�g·m0w�n	gpetr�gpo2¸� Oehg�q�jXyzxZrb}Xm~q�gpw�q�r�g�i`jUr�w�gpr�gpo¹uv{~o¯��m0n���jUoX}¹gpw«º
q�gpr���r�}Xm~q�n�}HjUw�yzxS}QjUoX}¡}Xm~q4m9}HjUw�y�xSy���d%m0oUo¡�4jXqzq�}Xm~q4¥Igpehy�xXgpo�stetoU¦Hq�uv{~�­m9gpn	gpoHk¶m0stshq�}HjUw�yzx
y»gpw�q�gpr���r�jUoX}�eto²}Ugpw�¬X{~stlvgb}Ugpw��Wgpetshq�r�w�etoUl�stetoU¦Hq�uv{~�¼m�jU�­gpeto�¥Igpehy�xXgpo²o�m~y�x²stetoU¦�q4uvgpw�q�y�xX{~n	gpo
��gpw�}Ugpo¯¤7�»�~l�stehy�x���gplvgpo�}Ugpw½´'oXgpoX}Hstehy�xU¦vgpetr�}Ug�q½¾�¿0i`º�À�m0oX}Ug�q½eto·n	gpeh}Ug%Á½ehyzxZr�jUoUlvgpo
¨,�
¾Cq����0w�g»m0jXy�x¡�»�~l�stehy�x2|W}Xm~qf��m0n���}HjUw�y�x¡��y�yK����j¡gpw�q�gpr��"gpo¡jUoX}Qw�g�y�xOr�q4}Xm"uv{~o�gpetoQn¡gpetoU��jHkN�Ulvgpo¡jUoX}
}Xm0n	gpe
}Ugpo�w�g�yzxZr�gpo��Wgpetshq�r�w�etoUl�o�m~yzx�w�g�y�xOr�q���j�uvgpw�q�yzxUehgpnIgpo2�O�Behg�}Ugpw�gpeto9m0oX}Ugpw�gpw�i`oXqKm0r��`ehq�r®g�qÂ|v}Ugpo
Ã`{~ÄHk�m0�Åi`oHkTm0oUl»��jQgpetoXgp�Æ}Ugpw'Áf�0oX}Ugpw`}Ug�q½��{~w�r�g�q'��j£n	gp��gplvgpo�jUoX}£}Xm~q'��{~w�r`eto£}Ug�qzq�gpo£Á½ehyzxHº
r�jUoUl9��j�uvgpw�q�yzxUehgpnIgpoÇ¤7�v�ÈÀ��
nIgpl�etoUoXgpoX}¡m0�ÅstetoU¦vgpoQÁfm0oX}£o�m~yzx�stetoU¦HqK¨,|Iq�{�}Xm~q�q'n	gpet�Å¬�etoX}Ugpo¡gpetoXg�q
��m0n���¦vgpetoXg�ÉCgpw�q�yzxUehgpnUjUoUl4�»gpxUwCoX�~r�etl4���0w�g����Êetw�nIg�qzy�xUwz�0oU¦vgpo»jUoXq®m0n	gpw®m0jHk�}Hehg�gpw�q�r�g�i`w�n	gpetr�q���gpehq�g��
©���kN{~stlvgpoX}Ugpo£}Hehg� OÄIgp��eÌËX¦�m0r�eh{~oXgpo£jUoXq�gpw�gpw'gpetoHk¶m~yzxXgpo£���=¸
M = (Σ,Γ, ], Q, s, F,∆}
Σ = {a, b, c, d}
Γ = {a, b, c, d, ]}
Q = {s, qa, qab, qA, qB, qC , qD, q′}, F = {q′}
∆ = {
(s, b, s, b, R), (s, c, s, c, R), (s, d, s, d,R), (s, a, qa , a, R),
(qa, a, qa, a, R), (qa, c, s, c, R), (qa, d, s, d,R),
(qa, b, qab, d, L), (qab, a, qC , c, L),

(qA, a, qA, a, L), (qA, b, qB , a, L), (qA, c, qC , a, L), (qA, d, qD, a, L),
(qB , a, qA, b, L), (qB , b, qB , b, L), (qB , c, qC , b, L), (qB , d, qD, b, L),
(qC , a, qA, c, L), (qC , b, qB , c, L), (qC , c, qC , c, L), (qC , d, qD, c, L),
(qD, a, qA, d, L), (qD , b, qB , d, L), (qD , c, qC , d, L), (qD, d, qD, d, L),

(qA, ], q′, a, B), (qB , ], q′, b, B), (qC , ], q′, c, B), (qD, ], q′, d, B)
}

�Êetw�¦OjUoUlvq���gpehq�g�¸
dfehg4Á'gplvgpstoQ}Ugpwfgpw�q�r�gpo¡¥Igpetshg�jUoZr�gpw

∆
n	gp��gplvgpo�}Ugpo�Ã`{~ÄHk®o�m~yzx�w�g�yzxZr�q"|
nUehq'gpeto¡m±lvg,kNjUoX}UgpoQ��etw�}�|

jUoX}Qs¢m~q�q�gpo¡}Hehg±��m~q�y�xUetoXg°}Xm0oUo¡eto¡}Ugpo=¥
jXq�rzm0oX}
qa

��g�yzxXq�gpsto2�2dfjUw�y�x�}Hehg±Á'gplvgpsto�eto�}Ugpw�����gpetr�gpo
¥Igpetshg���g�y�xXqzgpstrf}Hehg����¼��jUw��Xy�¦·etoQ}Ugpo� Orzm0w�r���jXq�rzm0oX}�|
kTm0stshq½w�g�y�xOr�qfuv{~��m�gpeto�y4{�}Ugpw'}�q�r�gpxZr"|�jUoX}
uvgpw�nUshgpetnUr`eto

qa

|HkTm0stshq½gpeto£m�k¶{~stl�r"�

Í
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 �{~ststr�g�m0nIgpw�gpetoSn�k¶{~stlvgpo2|Wqz{·��g�yzxXq�gpstr°}Hehgb��� eto=}UgpoÇ¥
jXq�rzm0oX}
qab

¤Ngpw�q�r�gbÁ'gplvgpsCeto²}Ugpw�}Hw�etr�r�gpo
¥IgpetshgÂ¨,|Ugpw�q�gpr���r½}Hehg�q�g�q�n·}Xm0n	gpe�}HjUw�y�x£gpeto·}9jUoX}�n	gp��gpl�r½}Ugpo·Ã'{~ÄHk�o�m~yzx·stetoU¦�qÂ���'jUo���etw�}�}Xm~q�}U{~w�r
q�r�gpxXgpoX}Ug4m°}HjUw�yzx�gpeto£y%gpw�qzgpr���r"|Ueto·}UgpoQ¥
jXq�rzm0oX}

qC

lvgp��g�y�xXq�gpstr'jUoX}·}Ugpw`Ã'{~ÄHk ��ehg�}Ugpw`o�m~y�x·stetoU¦Hq
n	gp��gpl�r"�Wd�gpw�¥
jXq�rzm0oX}

qC

q�{~w�l�r4}Xm kN�Uw"|�}Xm~q�q�stetoU¦Hq�gpeto���gpetr�gpw�g�q4y±lvg�qzy�xUw�ehgpn	gpoS��etw�}�|2q�{�}Xm~qzq%��etw
}Xm0oUo���y�y�}O��lvg�q�yzxUw�ehgpnIgpo�x�m0nIgpo²¤Nq"�Ho��~y�xXq�gpwfi`nXqzy�xUoUetr�rK¨,�
dfehg»k¶{~stlvgpoX}Ugpo Í�� Á'gplvgpsto=jUoX}¯}HehgbuOehgpw»¥
jXq�rz�0oX}Ug

qA

|
qB

|
qC

jUoX}
qD

m0w�nIgpetr�gpoÇm0stshgbl�shgpehy�x2¸C Oehg
uvgpw�q�yzxUehgpnIgpoS}Xm~q���{~w�r�¥IgpehyzxXgpoZ��gpehq�g»o�m~yzx¡stetoU¦�q"|IetoX}Ugp� q�ehg°}Xm~q���jUuv{~w%lvgpshg�q�gpoXg�¥IgpehyzxXgpoB¤7n	gpe

qA�v�ÈÀ���mv¨`qzy�xUw�gpetn	gpo2|�}Xm0nIgpe�eto¡}Ugpo���jU� m0¦Or�jXgpstshgpo=¥IgpehyzxXgpo¡Ä�m~q�q�gpoX}Ugpo=¥
jXq�rzm0oX}���g�y�xXq�gpsto¹¤7�v� n2�	n	gpe
gpetoXgp� y�eto

qC

¨�jUoX}£}Ugpo£Ã`{~ÄHk ��ehg�}Ugpw`o�m~yzx·stetoU¦�q½nIgp��gplvgpo2�
dfehg�q%Ä�m~q�q�ehgpw�r�qz{bs¢m0oUlvg�|2nUehq�gpeto

]
m0jHk7r�w�etr�rb¤7shgpr���r�g�¥IgpetshgÂ¨,�Wd�m0oUoS��etw�}�oZjUw�oX{�y�x�}Xm~q%��jUshgpr���r4lvgpshg,º

q�gpoXg�¥IgpehyzxXgpo�lvg�qzy�xUw�ehgpn	gpo�jUoX}£eto£}Ugpo�¾�oX}H��jXq�rzm0oX}
q′
lvgp��g�yzxXq�gpstr"�	dfgpwfÃ`{~ÄHk®q�r�gpxOr`oOjUo£�Un	gpw`}Ugpw

stetoU¦vg�q�r�gpo·n	g�q�yzxUw�ehgpnIgpoXgpoQÀ�m0oX}H�"gpstshg�jUoX}�ehq�r�et�³lvgp���UoXq�yzxZr�gpo�¥
jXq�rzm0oX}��
¬�m0stshq�g�q9et� ��{~w�r9¦vgpetoÊ��m0n���l�etnUr"|�q�jXy�xOr�}HehgQ��m~q�y�xUetoXgQuvgpw�lvgpn	gpoXq"|�}�� x2��}Ugpw�Ã`{~ÄHk���m0oX}Ugpw�r��±etr
}Ugpo�gpw�q�r�gpo9uOehgpw�Á`gplvgpsto9nUehq���jU��w�g�y�xZr�gpo�Á'm0oX}bjUoX}bs¢m0oX}Ugpr½m0jHk�gpetoXgp�

]
�Hd%m�jUoXq�gpw�g���m~q�y�xUetoXg'kN�Uw

}Hehg�q�gpo¯¬�m0sts�¦vgpetoXgbÁ'gplvgpstoSx�m0r"|���etw�}=q�ehg�x�m0str�gpo¯jUoX}Sq�ehyzx=et� ¥
jXq�rzm0oX}²q�{�}Ugpw
qa

n	g,ËXoX}Ugpo2| m0n	gpw
oUehgp��m0shq

q′
gpw�w�gpehy�xXgpo2�

\^] ��_`��ab���

mv¨

�	��

����������������������� �!�"�$#%���"#&��')(�*,+,-/.
M = (Q, s, F,Σ,Γ, e,∆)

0 ¥
jXq�rzm0oX}Uq��»gpoUlvg
s ∈ Q

 Orzm0w�r���jXq�rzm0oX}
F ⊆ Q

�QgpoUlvg�}Ugpw`¾�oX}H��jXq�rz�0oX}Ug
Σ

¾CetoUlZm0nIg"m0stÄUx�m0n	gpr
Γ

i'w�n	gpetr�qzm0stÄUx�m0nIgpr
e∈ Γ

Ã%gpstshgpw�n	{O}UgpoXq21O��nI{~s
∆ 3 n	gpw�lZm0oUlvq�w�gplvgpsto

d%m0nIgpe�l�etstr½k7�Uw½}Hehg��QgpoUlvg�}Ugpw54768�9
;:���#<:�'�

��:=���>#®¸

∆ ⊆ Q × (Σ ∪ {ε}) × Γ∗ × Γ∗ × Q × Γ∗ × Γ∗

dfehg%Á`gplvgpsto£q�etoX}·m0shq�{±uv{~o·}Ugpw`¬X{~w�� ¤>?
|�mH|U´�|HÉ°|Hw"|H� |A@�¨��±etr

B
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?
¸ m0¦�r�jXgpstshgpwf¥
jXq�rzm0oX}
mH¸ m0¦�r�jXgpstshg�qf¥IgpehyzxXgpo
´�¸ m0¦�r�jXgpstshgpw`©�oUx�m0str`Ã%gpstshgpw Í
É�¸ m0¦�r�jXgpstshgpw`©�oUx�m0str`Ã%gpstshgpw B
w"¸ oXgpjXgpw�¥
jXq�rzm0oX}
� ¸ oXgpjXgpw'©�oUx�m0str`Ã%gpstshgpw Í
@�¸ oXgpjXgpw'©�oUx�m0str`Ã%gpstshgpw B

¾�etoXg�Á`gplvgps
(q, a,AU,BV, r, CU,DV ) ∈ ∆

nIg�}UgpjUr�gprCm0shq�{U¸0À�g,ËXoX}Ugpr�q�ehyzx±}Ugpw�i'jUr�{~��m0r eto±¥
jXq�rzm0oX}
?I|O}Xm~q�¾�etoUlZm0n	gpn�m0oX}9stehg�q�r�gpeto·m4jUoX}b}Hehgf{~n	gpw�q�r�gpo£ 91O��nI{~shg'uv{~o�Ã%gpstshgpw Í jUoX}9Ã%gpstshgpw B q�etoX}9gpeto9i
nU��� gpeto�Àf|�q�{±lvgpxZrfgpw½oZjUo�etoQ¥
jXq�rzm0oX}£w½�UnIgpw`jUoX}£gpw�q�gpr���r`}Hehg�{~nIgpw�q�r�gpo£Ã%gpstshgpw�q 1��4n	{~shg4}HjUw�y�x �
nU��� d°�

dfehg�m0¦�r�jXgpstshg + ��#<��:��&
;� �!�"��#¯gpetoXg�q B �fÃ%i^ehq�r'yzx�m0wzm0¦Or�gpw�ehq�ehgpw�r%}HjUw�yzx�}Ugpo�m0¦Or�jXgpstshgpoS¥
jXq�rzm0oX}�|
eto
}Ugp�­gpw�q�ehy�xSnIg,ËXoX}Ugpr"|�}Xm~q�oX{�y�x=��jSshg�q�gpoX}UgQ¤N�WgpetsÌº ¨���{~w�r±q�{"��ehgb}Hehgbm0¦�r�jXgpstshgpo=Ã%gpstshgpw�etoUx�m0str�gbuv{~o
Ã%gpstshgpw Í jUoX}�Ã%gpstshgpw B �

¬X{~w���m0s m0shq�{U¸
k = (q, w,X, Y )

�±etr
q ∈ Q,w ∈ Σ∗, X, Y ∈ Γ∗

d�gp�±��jHkN{~stlvg�ehq�r`m0shq�{»}Ugpw + ��#<� :��<

� �!�"��#&'�

���&� ¸
KM = Q × Σ∗ × Γ∗ × Γ∗

d�gpw�i'jUr�{~��m0r�q�{~stsIoZjUo�lvgpo�m0j�}Xm0oUo9uv{~o�}Ugpw�Ã`{~oHËXl�jUwzm0r�eh{~o
k1 = (q1, aw,AX,BY )

��jUw�Ã'{~oHËXl�jHº
wzm0r�eh{~o

k2 = (q2, w, CX,DY )
¦v{~�±�»gpo2| ��gpoUo�gpetoXg�Á'gplvgps

(q1, a, AX,BY, q2, CX,DY )
uv{~w�x�m0oX}Ugpo

ehq�r"�

�Êetw�¦v�~oUoXgpoQm0shq�{±}Hehg��)�	��
&�9#&'��

&
 � � ��

�9�"� �!�"��#
k1 7−→M k2

}Ug,ËXoUehgpw�gpo2¸

(q1, aw,AX,BY ) 7−→M (q1, a, CX,DY, q2) :⇐⇒ (q1, a, AX,BY, q2, CX,DY ) ∈ ∆

À�gpuv{~w%}Ugpw�i'jUr�{~��m0r��±etr%}Ugp���Wg�q�gpo¡gpetoXg�q���{~w�r�g�q�� n	gpl�etoUoZr"|Ix�m0r%gpw%}Hehg �$���A
;���=�$# ��:��&
;� �!�"�$#
k0 = (s, w,e

|
e)
�®��gpoUo¹��etw�jUoXqbo�m~y�x }Ugp���Wg�q�gpoB}Ug�qb��{~w�r�g�q�etoÊgpetoXgp� ¾�oX}H��jXq�rzm0oX}¹n	g,ËXoHº

}Ugpo2|2q�{�qz{~stsC}Xm~q%��{~w�r�m0¦��"gpÄUr�ehgpw�r���gpw�}Ugpo2��� #��&����#<� :��<

� �!�"��#&�9#�q�etoX}�m0shq�{£m0stshg±Ã`{~oHËXl�jUwzm0r�eh{~o
kn = (f, ε, U, V )

�±etr
f ∈ F

¤Nq�{"��ehg
U, V ∈ Γ∗

¨,�

¾�eto·��{~w�r
w ∈ Σ∗

qz{~stsWm0shq�{±lvgpo�m0j£}Xm0oUo/�A�	�����&�!���9
!�4��gpw�}Ugpo2|X��gpoUo�gpetoXg�¬�{~stlvg%uv{~o
n + 1
Ã`{~oHËUº

l�jUwzm0r�eh{~oXgpo
k0

|��t�t�2|
kn

g���ehq�r�ehgpw�r"|U�±etr
k0 = (s, w,e,e)

jUoX}
kn = (f, ε, U, V )

�±etr
f ∈ F
|Uqz{±}Xm~q�q

k0 7−→M k1 7−→M ... 7−→M kn−1 7−→M kn

¤¶m0shqz{U¸
k0 7−→∗

M
kn

¨

�
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(�*/+,-�� �	� 
;� ��
<��#·q�etoX}�oZjUo�m0stshg` OÄUwzm~yzxXgpo2|0k7�Uw�}Hehg�gpeto B �'Ã%iBg���ehq�r�ehgpw�r"|0}Ugpw lvgpo�m0j»}Hehg�q�g½ OÄUwzm~yzxXg
m0¦��"gpÄUr�ehgpw�r"�

n
¨

�Êetw�nIgpr�wzm~yzxZr�gpoQ��ehg�}Ugpw`}Xm~q½À�gpehq�ÄUehgps
Labc = {anbncn|n ∈

�
}

©�o°}Ugpw ÉC{~w�shg�q�jUoUl%��jUw�}Ug�n	gpw�gpetr�q lvgp�"gpetl�r"|�}Xm~q�q�}Hehg�q�g½ OÄUwzm~yzxXg�¦vgpetoXg �'Ã%i`º  OÄUwzm~y�xXg�ehq�r"� �Êetw ¦v�~oUoXgpo
ª�g�}U{Oyzx£gpetoXgpo B �fÃ%i m0oUlvgpn	gpo2|X}Ugpw`}Hehg�q�g4 OÄUwzm~yzxXg�m0¦��"gpÄUr�ehgpw�r"¸

dfehg�q�gpw�stehg�q�r%��jUo��~yzxXq�r�m0stshgbm��Èq�jUoX}�q�yzxUw�gpetnUr�ª�gp��gpetshq4gpeto¯¥Igpehy�xXgpo²eto�}Ugpo Í �ÈÃ%gpstshgpw"�Wi'oXq�y�xUstehg�qzq�gpoX}
stehg�q�r�gpw�}Hehg½n��ÈqÂ|v��{~n	gpe	gpw®l�shgpehy�xU�"gpetr�etl±gpeto�¥Igpehy�xXgpo·m0jXq�}Ugp� Í �ÈÃ%gpstshgpw�oUet�±��r�jUoX}�m0jHkW}Ugpo B �OÃ%gpstshgpw
q�yzxUw�gpetnUr"��© q�r±oZjUoÊ}Ugpw Í �ÈÃ%gpstshgpw9shg�gpw"|Cq�{¡stehg�q�rbgpwbm0nSª«gpr���r»oOjUw�oX{�y�xÊy��Èq»jUoX}ÇoUet�±��r4ª�gp��gpetshqbgpeto
¥Igpehy�xXgpo¡m0jXq`}Ugp� B �ÈÃ%gpstshgpw"�
© q�r½o�m~yzxQ}Ugp� �2g�q�gpoQ}Ug�q½��{~w�r�g�qf}Ugpw B �ÈÃ%gpstshgpw`shg�gpw"|
q�{»lvgpxOr'gpw'eto£}Ugpo
¾�oX}H��jXq�rzm0oX}��

�	��

����� .
M = (Q, s, F,Σ,Γ, e,∆)

Q = {s, a, b, c, f}
F = {f}
Σ = {a, b, c}
Γ = {X,e}

∆ = {
¤Nq"|

ε
|
e
|
e
|�k«|
e
|
e
¨

¤Nq"| mH|È´�|
e
|Uq"| @�´�|

e
¨,|

¤Nq"| n2|�@f´�|
e
| n2|U´�| @�¨,|

¤7n2| n2|A@�´�|HÉ�| n2|X´�| @fÉ%¨,|
¤7n2|Èy�|

e
|�y�| @'É°|

e
|HÉ�¨,|

¤Ny�|Èy�|
e
|�y�| @'É°|

e
|HÉ�¨,|

¤Ny�|
ε
|
e
|
e
|Hk�|
e
|
e
¨��

yÂ¨

	 � 
&���<�&� � #<:<.Cd'ehg B �'Ã%i`º  OÄUwzm~y�xXgpo�q�etoX}¡lvgpo�m0j²}Hehg9 OÄUwzm~yzxXgpo²}Hehg�uv{~o=�2jUw�etoUl~º���m~q�yzxUetoXgpo�m0¦Oº
�"gpÄUr�ehgpw�r½��gpw�}Ugpo2�

	 ��
 �9�"' .

Í � ¨ �����£º  OÄUwzm~y�xXg
⇒

� B �fÃ%i½º  OÄUwzm~yzxXg�¸

�
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 �gpe �BgpetoXgb OÄUwzm~y�xXgb}Hehg±uv{~oSgpetoXgpw4���
M
m0¦��"gpÄUr�ehgpw�r4��etw�}��� �gpe®{�À�}Ui

M
gpetoXg»�WjUw�etoUl���m~q�y�xUetoXg

�±etr½oOjUw`gpetoXgp� À�m0oX}��U�Êetw���{~stshgpo�gpetoXgpo B �'Ã%i
M ′
¦v{~oXq�r�w�jUehgpw�gpo2|
}Ugpw

M ′
q�et��jUstehgpw�r"�

© }Ug�g�¸H Oet��jUstehgpw�g%}Xm~q�i'w�n	gpetr�q�n�m0oX}9�±etr�}Ugpo�n	gpeh}Ugpo�Ã%gpstshgpw�o2¸X OÄ	gpehy�xXgpw�g%}Hehg'nUehq�ª«gpr���r�lvgpshg�q�gpoXgpo£¥IgpeÌº
y�xXgpo�eto�Ã%gpstshgpw Í |�}Hehg�oX{Oyzx���j9shg�qzgpoXgpo·¥IgpehyzxXgpo·eto�Ã%gpstshgpw B �Hd�m~q�{~n	gpw�q�r�g� 91O��nI{~s	uv{~o·Ã%gpstshgpw B ehq�r
m0shq�{%}Xm~q� 91��4n	{~sT|Zm0jHk�}Xm~q®}Ugpw �2g�qzg,º ¿� �y�xUw�gpetnU¦v{~ÄHk�}Ugpw®���

M
�"gpetlvgpo����Uw�}Ug��vdfjUw�y�xbgpetoXg�lvg�gpetl�oXgpr�g

 Oet�4jUs¢m0r�eh{~o9}Ugpw 3 n	gpw�lZm0oUlvq�w�gplvgpsto�}Ugpw���� ���Xq�q�gpo±��etwC}Xm kN�UwCq�{~w�lvgpo2|v}Xm~q�q�}Hehg�q�g�©�oZu�m0w�e¢m0oZr�g`et�±�»gpwgpw«kN�Uststr½ehq�r"�

d�gpw B �fÃ%i
M ′
uvgpw«kN�Ul�r'�Un	gpwfgpetoXgpo� Orzm0w�r���jXq�rzm0oX}¡q �t�
©�o�}Hehg�q�gp�Åshg�q�gpoQ��etw'��jUo��~yzxXq�r�m0stshg°¥IgpehyzxXgpo

}HjUw�y�x�jUoX}�qzy�xUw�gpetn	gpoÇ}Hehg�q�g9eto¯Ã%gpstshgpw B |�m0oXq�yzxUstehg�q�q�gpoX}¯�Un	gpw�r�wzm0lvgpoÇ��etw±}Hehg�q�g9eto�Ã%gpstshgpw Í ��¾�w�q�r
o�m~y�xX}Ugp� ��etw�}Xm~q�gpw�shg�}Hetl�r�x�m0nIgpo2|ZlvgpxXgpo���etw®eto9}Ugpo�¥
jXq�rzm0oX}bq'¤N}Ugpo�m0str�gpo� Orzm0w�r���jXq�rzm0oX}9}Ugpw����¡¨
jUoX}�n	gpl�etoUoXgpo·�±etr`}Ugpw½gpetlvgpoOr�stehy�xXgpoS Oet�4jUs¢m0r�eh{~o2�

´'�³}Hehg�q�g� Orzm0w�r�q�etr�j�m0r�eh{~o�xXgpw���jXq�r�gpstshgpo2|Xn	gpoX�~r�etlvgpo·��etw'm0shq�{�k¶{~stlvgpoX}Ug�Á'gplvgpsto2¸

(s′, x, U, V, xU, V, s′) ∈ ∆′
�

(s′, ε, xU, V, U, xV, s′) ∈ ∆′

(s′, ε, e
|XÉ�|
e
|HÉ°|

s) ∈ ∆′

dfehg%Á`gplvgpsto£}Ugpw'�2jUw�etoUl~º���m~q�y�xUetoXg���gpw�}Ugpo�oZjUo�k¶{~stlvgpoX}Ugpw���m~q�q�gpo£q�et�4jUstehgpw�r"¸

À�gpr�wzm~y�xOr�gpo���etw`gpetoXg4Á`gplvgps
(q1, x, q2, y, b) ∈ ∆

�Udfehg��2jUw�etoUl���m~qzy�xUetoXg���g�y�xXqzgpstrfm0shq�{U|HkTm0stshq½q�ehg%q�ehy�x
et� ¥
jXq�rzm0oX}

q1

n	g,ËXoX}Ugpr�jUoX}Bgpeto ��stehg�q�r"|�etoB}Ugpo ¥
jXq�rzm0oX}
q2

jUoX}¹gpw�q�gpr���r�}Xm~q ��}HjUw�y�x gpeto%1v�
d�gpw�¾CetoUlZm0nIgp¦v{~ÄHk nUshgpetnUr�m0jHk�}Ugpw½ Or�gpstshg�q�r�gpxXgpo2��´'� }Hehg�q�gfÁ`gplvgps	�±etr�gpetoXgp� B �'Ã%i ��j�q�et��jUstehgpw�gpo2|
�4�Xqzq�gpo���etw%m0shq�{U|�k¶m0stshq�}Xm~qf{~nIgpw�q�r�g°¥IgpehyzxXgpoQuv{~o¡Ã%gpstshgpw B gpeto �·ehq�r"|I}Hehg�q�g�q�}HjUw�y�x¡gpeto 1·gpw�q�gpr��"gpo2�
i'shq�{U¸

(q1, ε, U, xV, q2, U, yV ) ∈ ∆′)

 �{~sts q�ehy�x¡}Ugpw�¾�etoUlZm0nIgp¦v{~ÄHk�o�m~y�x�stetoU¦Hq`n	gp��gplvgpo2|�qz{»�4�Xqzq�gpo���etw'��jXqz�0r���stehyzx�}Xm~q�{~nIgpw�q�r�g�¾�shgp�»gpoOr
}Ug�qfÃ%gpstshgpw�q Í m0jHk�}Ugpo�Ã%gpstshgpw B shgplvgpo2�
i'o�m0sh{~lbshgplvgpoQ��etwfnIgpe�gpetoXgpwfÁ'g�y�xZr�q�nIgp��gpl�jUoUl·}Xm~q'{~n	gpw�q�r�g
¾�shgp�»gpoOr'}Ug�q½Ã%gpstshgpw�q B m0jHk }Ugpo�Ã%gpstshgpw Í �Ui`shqz{U¸

(q1, x, q2, y, l) ∈ ∆) ⇐⇒ (q1, ε, aU, xV, q2, U, ayV ) ∈ ∆′

(q1, x, q2, y, r) ∈ ∆) ⇐⇒ (q1, ε, U, xV, q2, yU, V ) ∈ ∆′

d%m0�±etr�gpetob��{~w�r®uv{~ob}Ugpw�jUw�q�ÄUw��UoUl�stehy�xXgpo���� m0¦��"gpÄUr�ehgpw�r®��etw�}�|Z�4�Xq�q�gpob����gpe	À�g�}HetoUl�jUoUlvgpo9gpw«kN�Uststr
q�gpeto2¸ Í �Z�Êetw��4�Xq�q�gpo9eto�gpetoXgp��¾CoX}H��jXq�rzm0oX}�q�gpeto2� B �Od%m~q���{~w�r���jXq�q���jXgpoX}Ugflvgpshg�q�gpob��{~w�}Ugpo·q�gpeto2�
dfehg�����gpetr�gbÁ'gplvgps�gpoOr�q�ÄUw�ehy�xOr±eto=jUoXqzgpw�gp� B �fÃ%i gpetoXgp�­shg�gpw�gpo B �ÈÃ%gpstshgpw"��i`shqz{�kN�UxUw�gpo=��etw°gpetoXgpo

�
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 OjUÄ	gpw«º�¾�oX}H��jXq�rzm0oX}£k �Ugpeto2|Xeto£}Ugpo·��etw'��g�yzxXq�gpsto2|XkTm0stshq½}Ugpw B �ÈÃ%gpstshgpw`shg�gpw½ehq�r`jUoX}·��etw½jUoXq`eto£gpetoXgp�
��m0str�gpo��4¾�oX}H��jXq�rzm0oX}£nIg,ËXoX}Ugpo2�

m0shq�{U¸
∀f ∈ F : (f, ε,X,e, f ′, X, e) ∈ ∆′

�

©�oXq�lvg�qzm0�4r`l�etstr'm0shq�{�kN�Uw½}Ugpo·¦v{~oXq�r�w�jUehgpw�r�gpo B �fÃ%i
M ′
¸

M ′ = (Q′, s′, F ′,Σ′,Γ′,e,∆′)

Q′ = Q ∪ {s′, f ′}
s′

F ′ = {f ′}
Σ′ = Γ
Γ′ = Γ ∪ {e}

∆′
¸

(s′, x, U, V, xU, V, s′) ∈ ∆′

(s′, ε, xU, V, U, xV, s′) ∈ ∆′

(s′, ε, e
|UÉ°|
e
|HÉ°|

s) ∈ ∆′

∀(q1, x, q2, y, b) ∈ ∆ : (q1, ε, U, xV, q2, U, yV ) ∈ ∆′

∀(q1, x, q2, y, l) ∈ ∆ : (q1, ε, aU, xV, q2, U, ayV ) ∈ ∆′

∀(q1, x, q2, y, r) ∈ ∆ : (q1, ε, U, xV, q2, yU, V ) ∈ ∆′

∀f ∈ F : (f, ε,X,e, f ′, X,e) ∈ ∆′

B � ¨ � B �fÃ%i`º  OÄUwzm~y�xXg
⇒

�=���·º  OÄUwzm~yzxXg�¸

 �gpe �¡gpetoXg� OÄUwzm~y�xXg%}Hehgfuv{~o�gpetoXgp� B �fÃ%i
M
m0¦��"gpÄUr�ehgpw�r���etw�}��H�Betw���{~stshgpo·gpetoXg����

M ′
¦v{~oXq�r�w�jHº

ehgpw�gpo2|X}Hehg
M
q�et�4jUstehgpw�r"�

©�ob}Ugpw�ÉC{~w�shg�q�jUoUl���jUw�}Ug'lvgp�"gpetl�r"|�}Xm~q�q��WjUw�etoUl~º��Qm~qzy�xUetoXgpo��±etr�gpetoXgp� À�m0oX}bl�shgpehy�xU���~y�xOr�etl±��j9�WjHº
w�etoUl���m~q�y�xUetoXgpo±�±etr�n	gpstehgpnUetl%uOehgpshgpo»À��0oX}Ugpw�o»q�etoX}��Z �gpeXm0shq�{

M ′
gpetoXg���� �±etrCgpetoXgp� ¾�etoUlZm0n	gpn�m0oX}

jUoX} B i'w�nIgpetr�q�n��0oX}Ugpw�o2�

�Êetw�¦v�~oUoXgpo�oZjUo±}Hehg�nIgpeh}Ugpo°Ã%gpstshgpw�shgpehyzxZr �±etr }Ugpo�n	gpeh}Ugpo�i'w�n	gpetr�q�n��0oX}Ugpw�o±q�et�4jUstehgpw�gpo2�0�Êetw�q�yzxUw�gpeÌº
n	gpo�oZjUo±ª�gp��gpetshq'gpeto

e
m0jHk }Xm~q Í �HjUoX} B �Ui`w�n	gpetr�q�n�m0oX}��Udfehg�¥Igpehy�xXgpo£stetoU¦�q�uv{~o·}Hehg�qzgp�

e
º ¥Igpehy�xXgpo

eh}UgpoZr�eÌËX��ehgpw�gpo£��etw��±etr�}Ugp�³©�oUx�m0str�}Ug�q�gpoOr�q�ÄUw�g�y�xXgpoX}UgpoQÃ%gpstshgpw�q"�Hd%m~q�¾Cw�q�gpr��"gpo·gpetoXg�q`¥Igpehy�xXgpoXq`m0jHk
}Ugp��oHºTr�gpo�Ã%gpstshgpw�gpoOr�q�ÄUw�ehy�xOr`m0shq�{�}Ugp��¾Cw�q�gpr��"gpo�}Ug�qWª�gp��gpetstetlvgpo�¥IgpehyzxXgpoXq`m0jHk�}Ugp� oHºTr�gpo�i`w�n	gpetr�q«º
n�m0oX}��I��{~stshgpo���etw�m0jHk�}Ugp��Ã%gpstshgpw�xUetoU��jHk7�Ulvgpo¡{�}Ugpw'sh��qzy�xXgpo2|	q�{b�4�Xq�q�gpoQ��etw�et�ÅgpoOr�q�ÄUw�g�y�xXgpoX}Ugpo
i'w�nIgpetr�q�n�m0oX}²��jUo��~yzxXq�r°o�m~y�x¯stetoU¦�q�nU����w�g�y�xOr�q°lvgpxXgpo¯jUoX}=¦v�~oUoXgpo�}Xm0oUo²�±etr±gpetoXgpw

ε
º�Á`gplvgps�}Xm~q

gpoZr�q�ÄUw�g�y�xXgpoX}Ug±¥Igpehy�xXgpo�qzy�xUw�gpetn	gpo2�

�
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�Q�OyzxZr�gpoQ��etw`�±etr'}Ugpw��2jUw�etoUl���m~qzy�xUetoXg°gpetoXg
ε
º�Á`gplvgps�}Ug�q B �'Ã%i q�et�4jUstehgpw�gpo2|Iq�{»s¢m~q�qzgpo·��etw'eto�}Ugpw

gpoZr�q�ÄUw�g�y�xXgpoX}Ugpo�Á`gplvgps2}Ugpw½�2jUw�etoUl���m~qzy�xUetoXg�}Ugpo·¾�etoUlZm0nIgp¦v{~ÄHk�m0o·}Ugpw`m0¦�r�jXgpstshgpo���{�q�etr�eh{~o·uvgpw���gpeÌº
shgpo2|�m0oXq�{~oXq�r�gpo·nIgp��gplvgpo·��etw½etxUo·o�m~yzx·w�g�y�xOr�q"�

i'jHk }Hehg�q�g���gpehqzg%¦~m0oUo£m0shqz{»gpetoXg%��� lvg,k7jUoX}Ugpo·��gpw�}Ugpo2|�}Hehg�lvgpo�m0jQ}Hehg4 OÄUwzm~y�xXg �²m0¦O�"gpÄUr�ehgpw�r"�

i'jXq Í � ¨�jUoX} B � ¨�k¶{~stl�r"¸ � B �fÃ%i½º  OÄUwzm~yzxXg
⇔

�=���·º  OÄUwzm~yzxXg

�


