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Abstract 
 
We examine the task of constructing bounded-time self-stabilizing rule-based systems that take their 
input from an external environment. Bounded response-time and self-stabilization are essential for 
rule-based programs that must be highly fault-tolerant and perform in a real-time environment. We 
present an approach for solving this problem using the OPS5 programming language as it is one of 
the most expressive and widely used rule-based programming languages. Bounded response-time of 
the program is ensured by constructing the state space graph so that the programmer can visualize the 
control flow of the program execution. Potential infinite firing sequences, if any, should be detected 
and the involved rules should be revised to ensure bounded termination. Both the input variables and 
internal variables are made fault tolerant from corruption caused by transient faults via the 
introduction of new self-stabilizing rules in the program. Finally the timing analysis of the self-
stabilizing OPS5 program is shown in terms of the number of rule firings and the comparisons 
performed in the Rete network. 
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�xá�ñA�0á�â�â�Þ�Û�æ�ò¨ë�ê¹ò²â)ñ�á�ÝcÝ¨Þ�ã¹áG>@3�×HA�6<Ò
C�Ø£ÔmØ93�×%:¹ÔJI²ÔmØ£ÔmÒhÖ QED�<�K S`ù L Û`ÜÈÝ¨Þ7�Èá�â)æ��pÛAÞ�Þfðhá�Û�æ�â��
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á � TV�ÄèÈðLÞ�Û�÷<ë�ÛAç ��D�ó�èÈë�Û1�há�Ý¨æ�ù

LKÝ²Ý]á�æeë�çÏâÄá�Û�Þ:Ý²ò¨æeÞ�ÛAá�Ý²â/ÜÈêhÝ¨Þ�â�â
ðhÜpæÄò²ê ��á�ÛAò²á�àhÝ²ÞKàhÛAá�ñ�é�Þ�æ�â=-ONQPR1¨ù/L ��á�Û`ò²á�àhÝ¨Þfò²êHá4\ ��õ�ß ��á�Ý²ÜpÞfò²â/ÛAÞ�ñmë�í�ß
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æ��pÞ.æeÞ�çÏðhÝ²á�æeÞf÷<Û�ë�ç ì1�ÈòcñE�Hò²êÈâ�æ�á�êÈñmÞ�âÄá�Û�ÞCç£á�ãpÞ�ù���æÄò²â)ò²ãpÞ�ê�æ�ò��ÈÞ�ã�àRå�ñ�Ýcá�â�â«ß�êÈá�ç5Þ:á�êÈã�à�åHá5ñmë�Ý²Ý²Þ�ñmæ�ò¨ë�ê
ë�÷>á�æeæeÛAò²àhÜpæeÞ�â
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àhÜpæ.ãÈë�Þ�â:êpë�æ:ñmë�ê�æ�á�ò²ê+æ��ÈÞ � TV� Q®ò²ê�æeÞ�Û�ÛAÜpðÈæ /jâ�æ�á�æ�ÜÈâCë�ê�S`èÂæ��pÞ�ê3æ��pÞ£á�àLë���Þ°ÛAÜÈÝ¨ÞÏòcâ.â�á�ò²ã�æeëc�Èá!��Þ�á
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êpë�æ�çÏá�æ�ñE�ÈÞ�ã�à�å0á�ê�å � TV�äò²ê0æ��ÈÞ:ì
ë�Û�éYò²êpí�ç5Þ�ç5ë�Û�å�ù7L½ÛAÜhÝ¨ÞG�ÈÛ`ò²êpí£ò²â¼æ��pÞ�ÞmïYÞ�ñ�Üpæ�ò¨ë�êQë�÷	æ��pÞ�Z1�fõ
á�ñmæ�ò¨ë�êÈâCò²êQæ��pÞ�ë�ÛAãpÞ�Ûfæ��pÞ�å�á�ðÈðLÞ�á�Û.ò²êQæ��pÞ�ÛAÜÈÝ¨Þ�ù "��pÞ5á�àLë���ÞÏÛ`ÜÈÝ¨Þ �ÈÛ�Þ�âKà�å�ç5ëYãÈò¨÷<åRòcêpí£æ��pÞ5á�æeæeÛAò²àhÜpæeÞ
ë�àI'eÞ�ñmæ«ß�ãpÞ�æeÞ�ñmæeÞ�ã¹ò²êÏæ��pÞ¼Þ�Ý²Þ�ç5Þ�ê_æ
ñ�Ý²á�â�â
ñmë�êJ�Èí�ÜpÛ`á�æ�ò¨ë�êÏæeë��Èá!��ÞKæ��pÞB��á�ÝcÜpÞ R ù/Läñmë�êÈãÈò²æ�ò¨ë�êÏÞ�Ý¨Þ�çÏÞ�ê_æ/ñ�á�ê
ñmë�êÈâ�òcâeæ)ë�÷���á�Ý²ÜÈÞKæeÞ�â�æ�â»ë�æ��pÞ�Û»æ��Èá�êHÞ! RÜÈá�Ý²ò¨æ�å°æ��Èá�æ¼áÏçÏá�æ�ñE�hò²êpí � TF� ��á�ÝcÜpÞ.ç:ÜhâeæÄâ�á�æ�ò²âe÷<å�ù

"��ÈÞ:ÞmïYÞ�ñ�Üpæ�ò¨ë�ê�ë�÷4æ��pÞ:ðhÛ�ëRãhÜÈñmæ�ò¨ë�êQâeåRâ�æeÞ�ç�ò²â»éYêpë�ì»ê�á�â5ÖMLYÔ5×�Ô 5H3 C�Ò�6ON�Ô
P���5�ÖRQ 3�×RSHTGUWVG5�:�5�I²Ômù���æ
ñmë�êÈâ�òcâeæ�â)ë�÷�æ��pÞCò¨æeÞ�ÛAá�æ�òU��ÞCâeÞ! RÜpÞ�ê_æ�òcá�Ý]ë�ðLÞ�ÛAá�æ�ò¨ë�êÈâ/ë�÷wæ��pÞf÷<ë�Ý²Ý¨ë�ì»ò²êpí�â��

R ù�T[á�æ�ñE� �xÞ0��á�Ý²ÜÈá�æeÞ�â/æ��pÞfçÏá�æ�ñA�Èò²êpí�ë�÷�æ��pÞ7\O�fõÏë�÷ÂÞ�á�ñE�HðhÛ�ëRãhÜÈñmæ�ò¨ë�ê°ì»ò¨æ���� TV�xâ�ùW"��pÞKðÈÛ�ëYãÈÜÈñjß
æ�ò²ë�ê´ì¼ò¨æ��3â�Ühñ�ñmÞ�â�âe÷®ÜÈÝ4ç£á�æ�ñE��ò²â�á[ñ�á�êÈãhò²ãÈá�æeÞ�÷Xë�Û�æ��pÞ�ÞmïRÞ�ñ�ÜÈæ�ò¨ë�ê]ù%"��pÞ£ÛAÞ�â�ÜÈÝ¨æ:ë�÷»á[âAÜÈñ�ñmÞ�â�âe÷®ÜÈÝ
ç£á�æ�ñE�Ìò²â5ñ�á�Ý²Ý¨Þ�ã á�ê 6XÒpÙmÖ ��ÒhÖ76 ��Ö7683�ÒÈù "��pÞ¹âeÞ�æÏë�÷fá�Ý²Ý)âAá�æ�ò²â �ÈÞ�ã�ðhÛ�ëRãhÜÈñmæ�ò¨ë�ê�ò²êÈâeæ�á�ê�æ�ò²á�æ�ò¨ë�êhâÏá�Û�Þ
ÛAÞ�÷XÞ�Û�ÛAÞ�ã¹á�âÄæ��pÞ 5H3�Ò�X 675�Ö4Ù�Ô�Ö®ù
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æ��ÈÞ�Û�ÞCá�Û�ÞCêÈë5ðÈÛ�ëYãÈÜÈñmæ�ò¨ë�êÈâ
æeë£ñA�pëRë�âeÞC÷<Û�ë�çHèpæ��pÞfÞmïYÞ�ñ�Üpæ�ò¨ë�ê0æeÞ�ÛAçÏò²êhá�æeÞ�â�ù

)Rù1LKñmæ��G"��ÈÞ�Z���õ[ë�÷
æ��pÞÏñA�pë�âeÞ�ê�ðÈÛAëRãÈÜhñmæ�ò¨ë�ê�ò²â�ðLÞ�Û�÷Xë�Û`ç5Þ�ã]ù "1�Èò²â�ÜÈâ�ÜÈá�ÝcÝ¨å¹Û�Þ�â�ÜhÝ¨æ�âfò²ê�ñE�Èá�êÈí�ò²êpí
ë�êÈÞ.ë�Û»ç5ë�Û�Þ � TV�xâ�ù

"��ÈÞKðhÛ�ëRãhÜÈñmæ�ò¨ë�ê�âeåRâ�æeÞ�ç Û�Þ�ðLÞ�á�æ�â/æ��pÞ�TFZ�L ñmåYñ�Ý¨ÞfÜÈê�æ�ò²ÝOæ��pÞfñmë�êJ�hò²ñmæ)âeÞ�æÄòcâ/Þ�ç5ðÈæ�å°ë�ÛÄá�êHÞmïYðhÝ²ò²ñ�ò¨æ
�Èá�Ý¨æÄñmë�ç£çÏá�êÈã¹ò²â/ÞmïYÞ�ñ�ÜpæeÞ�ã]ù

��ÞKêpë�ìEàÈÛAò¨Þ0�Èå�ãpÞ�â�ñmÛ`ò¨àLÞ
æ��ÈÞÄæ�ì
ë�ñmë�ç£ç5ë�ê£ñmë�êJ�Uò²ñmæ	Û�Þ�âeë�ÝcÜpæ�ò¨ë�êFQ<ÛAÜhÝ¨ÞÄâeÞ�Ý¨Þ�ñmæ�ò¨ë�ê�SwâeæeÛAá�æeÞ�í�ò¨Þ�â�ù/\O���
ò²â¼æ��pÞ�â�ò²ç5ðhÝ²Þ�Û»ë�÷	æ��pÞ�æ�ì4ëpù�"��ÈÞ �ÈÛ`âeæ¼âeæeÞ�ð�ò²â:×�Ô �j×���5�Ö7673�ÒÈèGæ��Èá�æfò²â�èLá�Ý²ÝÂðÈÛ�Þ0�Yò¨ë�ÜÈâ�Ý²å�â�Þ�Ý¨Þ�ñmæeÞ�ã�á�êÈãc�ÈÛ�Þ�ã
ÛAÜÈÝ²Þ¼ò²êÈâ�æ�á�ê_æ�ò²á�æ�ò²ë�êÈâ4á�ÛAÞ�ãÈÞ�Ý¨Þ�æeÞ�ã�÷XÛ�ë�ç æ��pÞ�ñmë�êJ�hòcñmæ
âeÞ�æ)ÜÈêhÝ¨Þ�â�â4ë�êpÞ�ë�÷Gæ��pÞ�� TV�xâ
ë�÷�á�ê�òcêÈâeæ�á�ê�æ�ò²á�æ�ò¨ë�ê
�Èá�âCàOÞ�Þ�ê´ç5ëYãÈò��ÈÞ�ã]ù "��pÞ£âeÞ�ñmë�êhã3âeæeÞ�ð ðhá�Û�æ�ò²á�ÝcÝ¨å0ë�ÛAãÈÞ�ÛAâ.æ��pÞ£Û�Þ�çÏá�ò²êÈòcêpíHÛAÜÈÝ¨ÞÏòcêÈâeæ�á�ê�æ�ò²á�æ�ò¨ë�êÈâ.òcê�æ��pÞ
ñmë�êJ�hòcñmæCâeÞ�æCàUá�âeÞ�ã+ë�ê3æ��pÞ£Û�Þ�ñmÞ�êhñmå�ë�÷
æ��ÈÞÏæ�ò²ç5ÞÏæ�á�í�â�ñmë�Û�ÛAÞ�âeðLë�êÈãÈò²êpí�æeë[æ��pÞ � TF�4âCçÏá�æ�ñA�Èò²êpí[æ��pÞ
ñmë�êÈãÈò²æ�ò¨ë�êÌÞ�Ý¨Þ�ç5Þ�ê�æ�â�ù ��÷:êÈë â�ò²êpí�Ý¨ÞQÛAÜÈÝ²ÞQò²êhâeæ�á�ê_æ�òcá�æ�ò¨ë�ê ãpë�çÏò²êÈá�æeÞ�â�æ��ÈÞ+ñmë�êJ�hò²ñmæHâeÞ�æH÷<ë�Ý²Ý¨ë�ì»ò²êpí æ��pÞ
á�àLë���Þ�æ�ì4ë âeæeÞ�ðUâ�è»æ��pÞ�ê âeæeÞ�ðäæ��ÈÛ�Þ�Þ[Þ�çÏðhÝ¨ë�åYâ�æ��pÞQðÈÛAò²êhñ�ò¨ðhÝ¨Þ¹ë�÷:âeðLÞ�ñ�ò��hñ�ò¨æ�å æeë�ðhá�Û�æ�ò²á�Ý²Ý²å�ë�ÛAãpÞ�Û�æ��pÞ
ÛAÜÈÝ²ÞÏò²êÈâeæ�á�ê�æ�ò²á�æ�ò¨ë�êÈâ�àUá�âeÞ�ã+ë�ê�æ��ÈÞÏæeë�æ�á�Ý4êRÜÈç:àLÞ�Û.ë�÷/æeÞ�âeæ�âCò²ê3á�Ý²ÝÆñmë�êÈãÈò¨æ�ò²ë�êÈâfë�÷)áHÛAÜÈÝ²Þ�ù ��÷
æ��Èò²âCâeæeÞ�ð
÷®á�ò²Ý²âKæeë¹ãpÞ�æeÞ�ÛAçÏòcêpÞ�áHâAò²êpí�Ý¨Þ�ãpë�çÏò²êÈá�ê�æfò²êÈâeæ�á�ê�æ�ò²á�æ�ò¨ë�êGèOæ��ÈÞ�ê�æ��pÞ��hêÈá�ÝwâeæeÞ�ð�ÛAá�êÈãÈë�çÏÝ¨å0âeÞ�Ý²Þ�ñmæ�â.á�ÛAÜÈÝ¨Þ
ò²êÈâ�æ�á�ê_æ�ò²á�æ�ò²ë�ê�÷XÛ�ë�ç æ��pë�âeÞ.Û�Þ�ç£á�ò²êÈò²êpí5ò²ê�æ��ÈÞ.ñmë�êJ�hò²ñmæÄâeÞ�æ�ù

TV�WL¾ãÈò��LÞ�ÛAâ/÷<Û�ë�ç \ ���½ò²ê�æ��Èá�æKò¨æ)Þ�ç5ð@�Èá�âAò¨ø�Þ�â)æ��pÞfÛ�Þ�ñmÞ�êhñmåHë�÷wá � TV� æ��há�æ»çÏá�æ�ñE�ÈÞ�â»æ��pÞG�ÈÛAâeæ
ñmë�êÈãÈò²æ�ò¨ë�êÏë�÷Gæ��ÈÞ¼ÛAÜhÝ¨Þ�ù�YÈë�Ý²Ý¨ë�ì¼ò²êpíCæ��ÈÞ��ÈÛ`âeæ4âeæeÞ�ðHò²ê \O���:èJTF� Lîñmë�ç5ðhá�ÛAÞ�â4Û`ÜÈÝ¨Þ»ò²êhâeæ�á�ê_æ�òcá�æ�ò¨ë�êÈâ	àUá�âeÞ�ã
ë�ê´æ��pÞÏÛ�Þ�ñmÞ�êÈñmå3ë�÷)æ��pÞ
�ÈÛAâ�æCñmë�êÈãÈò¨æ�ò²ë�ê+Þ�Ý¨Þ�ç5Þ�ê�æ�ù ��÷
æ��ÈÞ�Û�Þ°ò²âCêpë[ãpë�ç£ò²êÈá�ê�æ.ÛAÜÈÝ¨ÞÏòcêÈâeæ�á�ê�æ�ò²á�æ�ò¨ë�ê]è�æ��pÞ
Û�Þ�çÏá�òcêÈò²êpí�âeæeÞ�ðhâ»ë�÷�\ ���¾á�Û�Þ.ðLÞ�Û�÷<ë�ÛAç5Þ�ã]ù

"��ÈÞ�ñmë�ç5ðUÜpæ�ò²êpí�ðLë�ì
Þ�Ûfë�÷xæ��Èò²âKç5ëYãpÞ�Ý�ë�÷/ó�ô/õpö£ðÈÛ�ë�í�ÛAá�çÏâKì»ò²æ��[æ��ÈÞ�á�àLë:��ÞÏò²êp÷<Þ�Û�Þ�êÈñmÞ�Þ�êpí�ò²êpÞ�ò²â
"�ÜpÛAò²êpí�ß�ñmë�çÏðhÝ¨Þ�æeÞfàLÞ�ñ�á�ÜÈâeÞfæ��pÞ�â�Þ.ðÈÛ�ë�í�ÛAá�ç£âÄñ�á�êHÞ�êÈñmëYãpÞ.æ�ì4ë�ß�ñmë�ÜÈê�æeÞ�ÛfçÏá�ñE�hò²êpÞ�âG(*C R .ªù

�W��Þ�Û�åÏðÈÛ�ëYãÈÜÈñmæ�ò²ë�ê_�Èá�â
æeë�àLÞ»Þ�ê�æeÞ�Û�Þ�ãHò²ê�æeë:æ��pÞKðÈÛ�ëYãÈÜÈñmæ�ò²ë�ê£ç5Þ�ç5ë�ÛAå�ù/"��pÞ�Z���õ£ë�÷GÞ�á�ñA��ðÈÛ�ëYãÈÜÈñjß
æ�ò¨ë�ê´ò²â.ñmë�ç5ðLë�âeÞ�ã3ë�÷/á[âeÞ! RÜpÞ�êÈñmÞÏë�÷Äá�ñmæ�ò¨ë�êhâ�ù LKâCâ�æ�á�æeÞ�ã3Þ�á�ÛAÝcò¨Þ�Û�è>æ��ÈÞ�Û�Þ°á�Û�Þ£æ��pÛ�Þ�Þ°ç£á�ò²ê+á�ñmæ�ò¨ë�êÈâCæeë
á�Ý¨æeÞ�ÛÄæ��ÈÞ � TV�xâ �

R ù�T[á�é�Þ �/ÜÈâeÞ�ã�æeë£ñmÛ�Þ�á�æeÞ�áÏêpÞ�ì � TV�

CRù1Z»Þ�ç5ë���Þ �/ÜÈâeÞ�ã�æeë°ãpÞ�Ý¨Þ�æeÞCá�êHÞmïpò²âeæ�òcêpí � TV�

)Rù�T0ëYãÈò¨÷<å �	ÜÈâ�Þ�ã�æeë£Üpð]ãÈá�æeÞ.á�æeæeÛAò¨àUÜpæeÞmß ��á�ÝcÜpÞfÞ�Ý¨Þ�ç5Þ�ê�æ�â

=



T0ë�Û�Þ�ë���Þ�Û�èUì
Þ.ì»ò²ÝcÝUÜÈâ�Þ.æ��pÞ.á�ñmæ�ò¨ë�êV`
Ühò²Ý²ã�÷Xë�Û¼ñmÛ�Þ�á�æ�ò²êpí£êÈÞ�ìîÛAÜÈÝ¨Þ�â�QªõYÞ�ñmæ�ò¨ë�êM,pù C�S`ù

��� � ���$��� ���"���
	��
�����������  #��
���

ZÄÞ�æeÞM( ,+,+.wò²â»á°ì»ò²ãpÞ�Ý²å�ÜÈâ�Þ�ã¹ðÈÛ�ëYãÈÜÈñmæ�ò²ë�ê¹çÏá�æ�ñE��á�Ý¨í�ë�Û`ò¨æ��ÈçHùd"��pÞ ZÄÞ�æeÞ�á�Ý¨í�ë�ÛAò¨æ��hç ì/á�â¼ãpÞ0��Þ�Ý²ë�ðOÞ�ã0æeë
Þ�Ý²ò²ç£ò²êÈá�æeÞfÞmïYæeÛAá5ì
ë�Û�éHæ��Èá�æÄì
ë�ÜÈÝ²ãHàLÞ.ðLÞ�Û�÷<ë�ÛAç5Þ�ã�àRåHá�ê0ÜÈêÈë�ðÈæ�ò²çÏò¨ø�Þ�ã�ðUá�æeæeÞ�ÛAê0çÏá�æ�ñA�pÞ�Û�ùd"��pÞ�ÛAÞCá�Û�Þ
æ�ì
ë°ç£á�ò²ê�ë�ðÈæ�ò²çÏò²ø�á�æ�ò¨ë�êÈâ)ò²êMZ»Þ�æeÞ �ÄÙ�L ��×H6<Ò
C�á�êÈã�ÙmÖ ��Ö�Ô
P�Ù����)6<Ò
C�ù
õJ�Èá�ÛAò²êpí5ñmë�çÏçÏë�ê¹ðhá�Û�æ�âÄë�÷�ñmë�êÈãhò¨æ�ò¨ë�ê
Þ�Ý¨Þ�ç5Þ�ê�æ�â�ò²ê á3âAò²êpí�Ý¨ÞHðÈÛAëRãÈÜhñmæ�ò¨ë�ê�ë�Û�á�ñmÛ�ë�â�â�ãÈò��LÞ�Û�Þ�ê_æ£ðÈÛ�ëYãÈÜÈñmæ�ò¨ë�êÈâ�ÛAÞ�ãÈÜÈñmÞ�âÏæ��ÈÞ[êRÜÈçCàLÞ�ÛÏë�÷fæeÞ�â�æ�â
Û�Þ! RÜÈò¨Û�Þ�ã æeë3ãÈë+çÏá�æ�ñE�]ùäõRæ�á�æeÞmß�â�á��Rò²êÈí3á�ñ�ñ�ÜÈç�ÜÈÝ²á�æeÞ�âÏðUá�Û�æ�ò²á�Ý²Ý¨å´ñmë�ç5ðhÝ¨Þ�æeÞ�ã ç£á�æ�ñE�pÞ�â°÷XÛAë�ç ðÈÛ�Þ0�Yò¨ë�ÜÈâ
Û�Þ�ñmë�í�êÈò²ø�Þmß�á�ñmæ:ñmåYñ�Ý¨Þ�â�÷Xë�Û.ÜhâeÞ5ò²êQ÷<Üpæ�ÜÈÛ�Þ�ñmåYñ�Ý¨Þ�â�ù �/��Þ�ê+ò²÷	æ��pÞ�ì4ë�ÛAéRò²êÈí�ß�ç5Þ�ç5ë�Û�å[Þ�Ý¨Þ�ç5Þ�ê�æ�âfë�Û�� S��/Ù
í�Þ�êpÞ�ÛAá�æeÞ�ã�òcê áQñmåYñ�Ý¨Þ�÷<á�ò²Ý4æeë�çÏá�æ�ñE� á0ðÈÛAëRãÈÜhñmæ�ò¨ë�ê]èwæ��pÞ�ðhá�Û�æ�ò²á�Ý
çÏá�æ�ñA��ò²â�â�á!��Þ�ã]ùX"���Ühâ�èÆò¨÷»áQêpÞ�ì
� TF�Ìò²â)á�ãÈãpÞ�ãHòcêHá5êpÞ�ìîñmåRñ�Ý²Þ�èÈë�êÈÝ¨å°æ��pÞ.êpÞ�ì � TF� �Èá�â/æeëÏàLÞfçÏá�æ�ñA�pÞ�ã Mhæ��ÈÞfðhá�Û�æ�ò²á�Ý]çÏá�æ�ñA�H÷<Û�ë�ç
æ��pÞ.ðhÛ�Þ0�Rò²ë�ÜÈâ/ñmåRñ�Ý¨Þ�â¼ò²â)êpë�æÄÛAÞ�ðOÞ�á�æeÞ�ãGù

óK÷xæ��pÞ�âeÞ�æ��pÛ�Þ�Þ�ð@�Èá�â�Þ�â�è]æ��pÞ�çÏá�æ�ñE��ð[�Èá�âeÞ�ò²âKà�å[÷<á�Û�æ��pÞ5ç5ë�âeæ�ÞmïYðLÞ�êÈâ�ò���Þ�è]á�ñ�ñmë�ÜÈê�æ�ò²êpí�÷<ë�Û.ç5ë�Û�Þ
æ��Èá�êNHK<0ðLÞ�ÛAñmÞ�ê�æCë�÷)ÞmïYÞ�ñ�Üpæ�ò¨ë�ê´æ�ò²ç5Þ�ò²ê3â�ë�ç5Þ°ÞmïYðLÞ�ÛAò²ç5Þ�ê�æ�â ( ,_öpè�ö R èwö-,+.ªùF"��pÞ�ÛAÞ�÷Xë�Û�Þ�èwæeë�çÏá�ïpò²çÏò¨ø�Þ
æ��pÞ�Þ�
£ñ�ò¨Þ�êhñmå ë�÷:á�êîó�ô/õpö3ðÈÛ�ë�í�ÛAá�çHèKá ÷<á�âeæ¹ç£á�æ�ñE�äá�Ý¨í�ë�ÛAò²æ��Èç ò²â�êpÞ�ñmÞ�â�â�á�Û�å�ù "��pÞ%ZÄÞ�æeÞ+çÏá�æ�ñA�
á�Ý¨í�ë�ÛAò²æ��Èç �Èá�â¼àLÞ�ñmë�ç5Þ�æ��pÞ:âeæ�á�êhãÈá�ÛAãQâeÞ! �ÜÈÞ�ê_æ�ò²á�Ý�çÏá�æ�ñA�Qá�Ý²í�ë�ÛAò¨æ��ÈçHù�L êpÞ�ì ��Þ�ÛAâAò¨ë�ê[ñ�á�ÝcÝ¨Þ�ãVZ»Þ�æeÞ � �
ì/á�â»ò²ê�æeÛ�ëYãÈÜÈñmÞ�ãHò²ê^( ,?9-.ªù

"��ÈÞ�ZÄÞ�æeÞ¼á�Ý²í�ë�ÛAò¨æ��Èç½ñmë�ç5ðUò²Ý¨Þ�âwæ��pÞ1\ ��õ�ðhá�æeæeÞ�ÛAêÈâÆë�÷Læ��pÞ»ðÈÛ�ëYãÈÜÈñmæ�ò¨ë�ê�ÛAÜÈÝ²Þ�âÆò²ê_æeë:á.ãÈò²â�ñmÛ`ò²çÏò²êÈá�æ�ò²ë�ê
êpÞ�æ�ì4ë�Û�éHò²ê�æ��pÞf÷<ë�ÛAç ë�÷wá�êHá�Üpí�ç5Þ�ê�æeÞ�ã0ãÈá�æ�áK�hë�ìÎêpÞ�æ�ì4ë�ÛAé (*9+CK.ªùW"��pÞfâeæ�á�æeÞ.ë�÷wá�Ý²ÝLçÏá�æ�ñA�pÞ�â»ò²â)â�æeë�Û�Þ�ã
ò²ê�æ��pÞ:ç5Þ�ç5ë�Û�å�êpëYãpÞ�â)ë�÷�æ��pÞGZÄÞ�æeÞ�êpÞ�æ�ì
ë�Û�éOù
õYò²êhñmÞ.áÏÝ²ò²çÏò²æeÞ�ã�êRÜÈç:àLÞ�Û)ë�÷wñA�Èá�êpí�Þ�â¼á�Û�ÞCçÏá�ãpÞCæeëÏæ��pÞ
ì
ë�Û�éRòcêpí[ç5Þ�çÏë�Û�å3á�÷<æeÞ�Û5æ��pÞ �hÛAò²êpí[ë�÷»á0Û`ÜÈÝ¨Þ°òcêÈâeæ�á�ê�æ�ò²á�æ�ò¨ë�ê]èwë�êÈÝ¨å´á[â�ç£á�Ý²ÝxðUá�Û�æ:ë�÷»æ��pÞ�â�æ�á�æeÞHë�÷»á�Ý²Ý
çÏá�æ�ñA�pÞ�â�êpÞ�Þ�ãÈâÄæeë°àLÞ.ñE�Èá�êpí�Þ�ãGù�"���Ühâ�èÈÛAá�æ��pÞ�Û¼æ��Èá�ê0ñA�pÞ�ñ�éYò²êpí°Þ0��Þ�Û�åHÛAÜÈÝ²Þ.æeë°ãpÞ�æeÞ�Û`çÏò²êpÞfì1�hò²ñE�HÛ`ÜÈÝ¨Þ�â
á�Û�ÞKçÏá�æ�ñE�pÞ�ã�àRå�æ��pÞ � T�ò²ê5Þ�á�ñA��Û�Þ�ñmë�í�êÈò¨ø�Þmß�á�ñmæ)ñmåYñ�Ý¨Þ�èJZÄÞ�æeÞ¼ç£á�ò²ê_æ�á�òcêÈâxá:Ý²ò²âeæ	ë�÷Gç£á�æ�ñE�pÞ�ã°ÛAÜÈÝ¨Þ�â4á�êÈã
ãpÞ�æeÞ�ÛAç£ò²êpÞ�âW�Èë�ì æ��ÈÞ�âeÞ¼çÏá�æ�ñA�pÞ�â/ñE�Èá�êÈí�Þ¼ãÈÜpÞ»æeëCæ��pÞKç5ëRãhò��hñ�á�æ�ò¨ë�ê5ë�÷]æ��ÈÞ � T�à�å�æ��pÞ��ÈÛAò²êpífë�÷]áCÛAÜÈÝ¨Þ
ò²êÈâ�æ�á�ê_æ�ò²á�æ�ò²ë�ê]ù4"��pÞ5æeë�ð+ðLë�Û�æ�ò¨ë�ê�ë�÷
æ��pÞ
Z»Þ�æeÞ£êpÞ�æ�ì
ë�Û�é�ñmë�ê�æ�á�ò²êÈâCñA�Èá�ò²êÈâ�ë�÷
æeÞ�âeæ�âCæ��Èá�æ.ðLÞ�Û�÷<ë�ÛAç æ��pÞ
âeÞ�Ý¨Þ�ñmæ�ë�ðLÞ�ÛAá�æ�ò¨ë�êhâ�ù�">ë�é�Þ�êhâ�ðhá�â�â�ò²êÈí£æ��pÛ�ë�ÜÈí��[æ��ÈÞ�âeÞ5ñE�Èá�ò²êhâ¼ðUá�Û�æ�ò²á�Ý²Ý¨åHçÏá�æ�ñA�+á°ðhá�Û�æ�ò²ñ�ÜÈÝcá�ÛKñmë�êÈãhò¨æ�ò¨ë�ê
Þ�Ý¨Þ�ç5Þ�ê�æ5á�êÈã�á�Û�ÞHâeæeë�Û�Þ�ã�òcê´á�Ý¨ð[�Èá�ß�ç5Þ�ç5ë�Û�å´êpëRãÈÞ�â�ù#"��pÞ�á�Ý¨ð@�há�ß�ç5Þ�ç5ë�Û�å3êÈëRãpÞ�â�á�Û�ÞHñmë�êÈêÈÞ�ñmæeÞ�ã�æeë
æ��pÞ�æ�ì
ë+ò²êpðUÜpæ:êpëYãpÞ�â�æ��Èá�æ4�hêhã3æ��pÞ�ðhá�ÛAæ�ò²á�Ý
àhò²êÈãÈòcêpíHàLÞ�æ�ì
Þ�Þ�ê ñmë�êÈãÈò¨æ�ò²ë�ê3Þ�Ý¨Þ�çÏÞ�ê_æ�â�ù3">ë�é�Þ�êhâ�ì»ò¨æ��
ñmë�êÈâ�òcâeæeÞ�ê_æB��á�ÛAò²á�àhÝ¨Þ:àhò²êÈãhò²êpí�âÄá�Û�Þ5âeæeë�ÛAÞ�ãQòcê0àLÞ�æ�á�ß�ç5Þ�ç5ë�ÛAå0êpëYãpÞ�â�ù7L/æ�æ��pÞ:Þ�êhã[ë�÷xæ�ì
ë�ß�ò²êpðhÜpæ�êpëYãpÞ�â
á�Û�Þ5æ��pÞ5æeÞ�Û`çÏò²êÈá�ÝwêpëYãpÞ�â�èGì��Èò²ñE��â�ò²í�êÈò¨÷<å¹æ��Èá�æ.áHñmë�êÈâ�òcâeæeÞ�ê_æfàUò²êÈãÈò²êÈí£÷<ë�ÛCá�ðhá�Û�æ�ò²ñ�ÜhÝ²á�Û�ÛAÜÈÝ¨Þ�ò²â�÷<ë�ÜÈêÈã]ù
"��pÞKæeÞ�ÛAçÏòcêÈá�ÝhêpëYãpÞ�â/âeÞ�êÈã°æ��pÞ�ÛAÜÈÝ²Þ»àhò²êhãÈò²êpí�âÆæeë�æ��pÞ�ñmë�êJ�hòcñmæ
âeÞ�æ�ù L¼ê�Þmïpá�ç5ðhÝ¨ÞKë�÷>á�ZÄÞ�æeÞfêpÞ�æ�ì4ë�Û�é�ò²â

;



(p p1
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 -(c4 ^a1 <y>)
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  (modify 1 ^attri 4))
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(c1 ^a1 2 ^a2 3)

(c2 ^b1 5)

(c1 ^a1 4 ^a2 3)

(c2 ^b1 3)

(c1 ^a1 3 ^a2 3)(c1 ^a1 5 ^a2 3)

(p p1

  (c1 ^a1 <x> ^a2 3)

  (c2 ^b1 { <y> <> <x> } )

-->

  (modify 1 ^a1 <y>)

  (remove 2))

(p p1

 (c1 ^a1 <x> ^a2 3)

 (c2 ^b1 { <y> <> <x> })

-->

 (modify 1 ^a1 <y>)

 (remove 2))

(p p3

  (c1 ^a1 2 ^a2 <x>)

  (c2 ^b1 5)

 -(c1 ^a1 <x>)

-->

  (modify 1 ^a1 4)

  (modify 2 <x>))

(p p2

  (c1 ^a1 5 ^a2 <x>)

-->

  (modify 1 ^a1 <x>))
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