
���������
	���	�
����������
�
����������� �!��"$#%#'&)(*�,+-"$(*�!.�"!��/10324��(65
7 /98;:<0=�>	?�3�
�A@B����C��ED6�GF9
�H)��� ���$���I@B�KJ
L �����6�M�N���
�PORQSORT L TUJWVX�I����CY���N��ZB�
��
�	[D6	��
�]\U�

�D6	�@^�
D��
�6�
�I�M��_

D6	��
�]\U`����M�
fhalt, aUbdcfehgjilk]chchilmnaomIp<qlk]iom!brp�s<ehmnaUqotRuRtwvwt

halts

dose not halt

P

x

f halts

x ehchcyt]pfb1zM{hm|mnaob}aUqlk�ehp>chiot�~]iMk�uRujk6��zM{fmRzIt]uRchewqMk fhalt � qlmIiluRbrpfk�aomIuRchilm�mchiltwvwefz
m��U{fk��rq��$t��Uvwt�m�a?pht�q�{fk]��qU���
�
P

x

Q

halts

does not halt

� eht�bYc�mnpfalk�ilm$k�v*efp6cfiot�~]iMk�uRujk�z
t�uRm�efpfkjz
��k]alaUm$�<k���kRzIt]p6ehp�u|mIqotwvwtjaUqlk)qlb}zilehp�zM{hmjmnaomI~�ehmjbr�Bchilt]~]iMk�uRujk�mjiom�a�qlb�qlehb}alz
mjefpfk�aUqoilbrph~��*��vGmnaomIuRchb}t;cymIpfalk;k-�z
t�uRm�ehpfk�zI�}k�aoaom��<k���kjzIt]p;ehp-u|mIqotwvwt�ilehp-zM{fm�chilmIpfvwm�vwehm�aUqoilbrpf~]{hm�m�iom�a�qlb�qlehb�aozImehpfkRaUqoilbrpf~�kh�
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Q

D
P halts

run forever

stop
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Ñ iMk�uRm
qoqob � Â�¼[m$t�qoqob}mIphbYefpfkjz
t�p�qlilk�vhvwb}ÒIb}t]phm��Ó pÊqomIiluRbrpfb�vwb�chilt]~�ilk]u|uRb?��k��)kf½·chilmIpfvwb���kGa�qliob}ph~<kÔzM{hm;vhk>b}��chilt]~�ilk]u|ujkÔ¼�½uRm
qoqob}�}kRb}p�efpfkR�)k�ilb}k]Õhbr�}m$¼!aUqoiÃzM{fb}k]uRkR¼�� ilehp � ¼!aUqoiÌ�Ì�x mÃs<efk]pfvwt�zM{hb�k�uRt���� ilehp � ¼�½ ¼$��t�qoqomIpfmnalaUb��U{fk]��qMaÖ�Ì½��]t�ioilmIÕfÕ�m�vwb}iom�zM{fm!�¥ilbrmIqob}mIphmzM{hm�br��chilt]~�ilk]u|ujk�¼�zIt]p�b}phchewq�¼�aob�ÅÆmnioujkf½yujk�¾|aoÕfk]~]�}b}k�qot�cymIiMzM{h¾�cyt]b vwt�c�t��Ø× brÅ{htjehp;Ù�{fbr�}m � qoilehm��
� x m�zM{hb}k]ujk�pfvwt���� ilehp � ¼�½ ¼��?t]qUqlmIphm�aoaob � �ovwt�mnaÃpht�q�{�k��rq��U��k�pfzM{fms<ehmnaUqotR¾�aoÕfk�~��rb�k)qltf½�c�mnilzM{f¾�cyt]b�u|bYÅÆmIilu|t��1�»pht�p6cfehgRmnaob}aUqomniom��
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s<ehmnaUqot*pht]p���eht��Nvhbrilm�zM{hm�pht]p�m�aUb�aUqlk�efp�chilt]~]iMk�uRujkjzM{hm�cfehg*b}p-uRt]�rqob�zIk�aUbNk�pfk]��Þb}ÒIÒnk]iom|ehpGchilt]~�ilk]u|ujk*m�vwbrilmjz
t�pÔm�aok�qUqomnÒIÒ�k6aomjaUb·ÅÆmIiluRk6t�chchehilmRphtf�jß Ñ ß�cyt�alaotalz
ilbr��mIilm�ehp*chilt]~�ilk]uRuRk�zM{fm!k�p�k��}brÒnÒnk�s<efk]�}aob}k�aUb�chilt]~]iMk�uRujk$m$zM{hm�ÅÆehpfÒIb}t]phbdaomIuRchilm�
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� ehg¥m�aUb�aUqomIilmGehp»chilt]~]iMk�uRujkAzM{fm¹z
t]uRchehqob���kÊÅÆehphÒnbrt�phm¹ãÃk]��qMäSåæ�}kScfiob}ujkÊvhb�ÞuRt�aUqoiMk�Ònbrt�phm � z
t�u|m·aoeh~�~]mIilbrqot�vhk��]�rb}Õhilt<�9aob�t�qoqob}mIphm·ilb�vwefz
mnpfvwt�b}��chilt]Õh�}mIujk?vwmn�r�Á× ã!k��rqläk���chilt]Õf�rmnuRk!vwmI�}�Á× ã!k��rqn��ç^k�a�qMkÃzIt�aUqoilehbrilm1efp�chilt]~�ilk]uRuRkÃ�¥zM{hm^vfk)qot�ehp|chilt]~]iMk�uRujk� m!ehp*b}phchehqBèd½wz
t<a�qlioehb�alz
m�ehp*p<eft)�]t�chilt]~�ilk]uRuRk � ä�zM{hm�¾Ãeh~�efk��}m!k � qlilk]phphmÃzM{hmaot�aUqobrqoehb�aozIm�br���)k��}t]ilm�vwbYè6t]~]pfbY�]t���qMkjzM{hm�è�¾�efaok�qot�� x b�ewqob}�}brÒnÒnkRqMk��}m|�[m�{fk��rqläRcymIiz
t<a�qlioefbrilm�ã!k��rqn�
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 znz
t;ehp�m�aUmnu|cfbrt;vwbBuRk�zIzM{hb}pfk�vwb���ehilb}ph~�zM{hmjilb}alz
t�pht�alz
mRa�qliob}ph~�{hmjÕhb}pfk�ilbrmRcfk]�rb}pwÞvwilt]uRm]�Ó phchewq�k��}ch{fk�Õym
q�� äh½ Ç ��k]c�m�k]�rch{�k�Õym
qn�·äf½ Ç ½ Õx qlk�qom�a x qMk)qlm Ó p<qlmIilchiomIqlk�qob}t]p

b aUqlk�qotRb}phbrÒnb}k]�rmcfä z
mIiMzIkRäRk��}�Á× m�a�qliomnu|brq�
|vwm�a�qlilkc Ç z
mIiMzIk Ç k��}�Á× m�a�qliomnu|brq�
|vwm�a�qlilks�ä qliot)�)k)qMk��Á× mnaUqoilmIuRb�q�
RvwmnaUqoiMkh� z
t�p<qoilt]�}�}k�zM{hm�aUb�kRäs Ç qliot)�)k)qMk��Á× mnaUqoilmIuRb�q�
RvwmnaUqoiMkh� z
t�p<qoilt]�}�}k�zM{hm�aUb�k Çi iobrqot�iop�k|k]�r�Á× mnaUqoilmIuRb�q�
�aob}phb}aUqoiMkq a�qliob}ph~<k�cfk]�rb}pfvwilt]ujkÅ a�qliob}ph~�k|pht�p�c�k��}brpfvhiot�uRk
� ÿ�Ýfý���üÆÜ�üùÛyý��
δ � bÁ½ Õ���Â � qn½ ÕY½ �!��k]znz
mIchq�b�ÅNqlk]c�m$b�a�Õh��k�p��

δ � bÁ½ ä<��Â � cfäh½ ÕG½ �Ã�?vhmI�}m
qom�äRk�q ê ã x�� �rt�t��RÅÆt]i�äjk)q���ã x
δ � bÁ½ Ç ��Â � c Ç ½ ÕY½ �Ã��vwmn�rmIqom Ç k)q ê ã x�� �}t�t��jÅÆt�i Ç k�q���ã x
δ � cfäf½ ä<��Â � cfäh½ äh½ �Ã�BuRt)�]m�qot���ã x
δ � cfäf½ Ç ��Â � cfäh½ Ç ½ �Ã�
δ � c Ç ½ ä<��Â � c Ç ½ äh½ �Ã�
δ � c Ç ½ Ç ��Â � c Ç ½ Ç ½ �Ã�
δ � cfäf½ Õy��Â � s<äf½ Õ�½ ê �·ÅÆt�ehpfv���ã x�� pht)ÙÎzM{hmnz���Ù�{fm
qo{fmIi�ä|t]i Ç
δ � c Ç ½ Õy��Â � s Ç ½ Õ�½ ê �
δ � s�äh½ ä���Â � i�½ ÕY½ ê �?zM{hm�z�����ã x Â�ä � vwmn�rmIqom�brq
δ � s Ç ½ Ç ��Â � i�½ Õ>½ ê �?zM{hm�z�����ã x Â Ç � vwmn�rmIqom�brq
δ � s�äh½ Õ���Â � qn½ ÕY½ �Ã��k�zIz
mncwq�b�Å k��}�dqMk�cym�b�a�Õh��k�p��
δ � s Ç ½ Õ���Â � qn½ ÕY½ �Ã�
δ � i�½ ä<��Â � in½ äh½ ê �Bilm
qoefiop�qot ê ã x
δ � i�½ Ç ��Â � in½ Ç ½ ê �
δ � i�½ Õy��Â � bÁ½ ÕY½ �!�^ÅÆt]ehp�v ê ã x�� iomnehiop�qotjaUqlk�qom$b�r�}� ujk�pfznk�pht|qlilk]pfaUb}ÒIb}t]pfb9k]�r�}tja�qMk)qlt�Å
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• ?Ãpfk�i�@>brpfzIiomnuRmIp<q�ÞÃql{hb�a�ÅÆehp�zÌqob}t]p¹qlkA��mna�k�a�qliob}ph~;t]Å Ç × a�k�p�v�k]vhvha�k�pht]qo{hmnin�Ç�Ç]Ç

→

Ç�Ç]Ç�Ç å
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• ?Ãpfk�i�@�vwmnzIiomnuRmIp<q�Þ�qo{fb}a�ÅÆehpfz
qob}t]p¨qlk��]mna|k-aUqoilb}ph~-t]Å Ç × a�k]pfv¹ilmIuRt)��mna�t�phm]�Ç�Ç]Ç
→

Ç�Ç
• ç^b}pfk�i�@*vwt�ehÕh�}m�Þ·qo{hb�a^ÅÆehpfz
qob}t]p;vwt�ehÕh�}mna�k|Õhb}pfk�i�@*aUqoilbrpf~f� Ç]Ç�Ç → Ç�Ç]Ç ä
• ç^b}pfk�i�@�b}pfz
ilmIuRmnp�q?Þ1k�vhv6t]phm�qotjkRÕhb}pfk]i=@jp�ehu�Õ�mnin� Ç ä Ç → Ç]Ç ä
�nÛy÷DCFE]üØÛ�ýNø aUqlk�qobbØ�·aUqlk�qotRb}phbrÒnb}k]�rm�k�v*m�a�qliomnuRb�q�
|aob}phb}aUqoiMk�ÞBz
mnilznk�m�a�qliomnu|brq�
Rvwm�a�qlilksy�^m�a�qliomnuRb�q�
�vwmnaUqoiMkh�?z
t�p<qoilt]�}�}kjzM{hm�aUb�k�ä�t Ç �?aUm�¾�äjqlilk�a�ÅÆt�ioujk|brp Ç ½yt��9� x m�¾ehpht|qlilk�a�ÅÆt�ioujk�brp;ä|m$��k]bYb}p6iin�·alz
t�ioilb9p�ehuRmIilt|vhkjvhm
è�kRaobrp;aot]uRujk�pfvwt Ç �Å�� ¿fphbrqot
��iMk�p�aUb}ÒIb}t]phbÁ�b·½ Ç Þ�G�bÁ½ Ç ½ � b·½ ä�Þ�G�bÁ½ äf½ �b·½ Õ�Þ�G4sy½ ÕY½ êsy½ ä�Þ�G Å�½ Ç ½ �sy½ Ç Þ�G�i�½ äf½ êin½ Ç Þ�G4in½ äh½ ê i�½ ä�Þ�G Å�½ Ç ½ �
i�m�sjcyt�alaUt�phtRmnalaUmniom�ehphbrqob
• ?Ãpfk�i�@*vwt�ehÕh�}m$Þ1vwt]efÕh�rm�ql{hm��rmnph~�ql{�t�ÅNkRefpfk�i�@�a�qliob}ph~ Ç]Ç�Ç → Ç]Ç]Ç�Ç]Ç�Ç
• ç^b}pfk�i�@*k�vhvwbrqob}t]p
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• LMLBefiom�vd��{<qUqoc��ON�N�ujk�pQP�e�� znaI� Õ�mni=��mI�}mR@�� m�vweSN)znz
ehilmnvSN�½7LMLBehilmnvSb�a�k¨aUt�ehilzIm
ÞÁqot]Þaot]efilzImBqlilk]pfao�}k�qot]i�ÅÆt�iKL!� Ó qBk]pfk��T@�ÒIm�a�ql{hmUL¹chilt]~]iMk�uÄqot�vwmIqomIiluRbrpfm?qo{hmÃaoujk��}��Þm�a�q�p<efu�ÕymIi�t]Å?ilehpwÞÁqob}uRm*zM{hm�z���a�ql{fk)q�u�efaUq�Õym�brp�aUmniUqlmnvGb}pGqo{hm�cfiot�~]iMk�u�qotcfiomn�]mIp<q�k��}�duRmIuRt]i�@*alk)ÅÆmIq-@���brt��}k�qob}t]pfan�
• LK@wzI�rt�phm]� {<qoqocY�VN�N)Ù�Ù�Ù�� ilmnaomnk]ilzM{Y� k)qoqn� z
t�uWN)chiltAP�mnz
qlaXN)zR@�zI�rt]phm�Nw½�LK@wzI�rt�phmGb}a�kcfiot�~]iMk�uRuRbrph~A�}k]ph~]efk]~]m�Õ�k]aomnv¥t�pYL3qo{�k)q�b}a�alk)ÅÆm]½Ãu|m�k�phb}ph~¨qo{fk�q6brq�ioeh�}mnat�ewq�chilt]~�ilk]uRa1qo{�k)q�{fk���m!Õhe�Zymni�t)�]mni"[ft)Ù�an½�vfk�ph~��rb}ph~Rc�t�brp<qlmIiMaI½�ÅÆt�ioujk)q�aUqoilbrpf~k�qUqMk]z��waI½hk]pfv6aUtRt]p��
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