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�:r �7Hë�H\�"f��H áÔ�ÐÕªÏþ� ì�r$3� l�Õüt\� l�ìøÍ
�#�, ÅÒ#Q��� áÔ�ÐÕªÏþ� ?/\�"f àÔ�½�
Ô�o��� %�o� �'aº�� �̧ÀÓ\�¦ ��1lxÜ¼�Ð ���Ø�¦K�ÅÒ�¦, $í
0px$�
� ��¹�èכ µ1Ï|
�÷&��� ��1lxÜ¼
�Ð >h����)a �ï×¼�Ð ���8̈�
�#� ÅÒ��H r�Û¼%7��̀¦ ]jîß�ô�Ç��.
àÔ�½�Ô�o��� %�o� �̧ÀÓêøÍ àÔ�½�Ô�o����̀¦ \P��¦"f {��t� ·ú§��H �â
Äº��, ú̧�3lw�)a ����FKÃº

ï�r(Locking-Level)�̀¦ [O�&ñ

���H �â
Äº\�¦ ú́�ô�Ç��. �����_� �â
Äº, "é¶
���H @/�Ð X<s�'�
�� $��©�÷&t� ·ú§���� �©�r�çß� X<s�'�Z�s�Û¼ _�s��̂¦�̀¦ ����FK(Locking)Ü¼�Ð+� r�Û¼%7�
����̂_�$í
0px�̀¦b��#Qä¼wn=Ãºe����.Êê��_��â
Äº,r�Û¼%7�\�����\Vü@�©�S!�s���áÔ�Ð
ÕªÏþ�_� ��'��&h� z�́'�� ×�æéß��̀¦ ��l�ô�Ç��.
q�ò́Ö�¦&h���� àÔ�½�Ô�o��� %�o�êøÍ, àÔ�½�Ô�o��� %ò
%i�(Boundary) ¢̧��H ����FKÃºï�r�̀¦ q�

ò́Ö�¦&h�Ü¼�Ð [O�>�
�#�"f ���Ér áÔ�Ð[jÛ¼[þt_� àÔ�½�Ô�o����̀¦ t����r�v���H �â
Äº\�¦ ú́�ô�Ç

��.

1 %K�V� V�e�

àÔ�½�Ô�o����̀¦ l�ìøÍÜ¼�Ð 
���H X<s�'�Z�s�Û¼ 6£x6 xáÔ�ÐÕªÏþ�_� îß����$í
 x9� ò́Ö�¦$í
($í
0px)�Ér
B�Äº ×�æ¹כ
���[1]. s���H X<s�'�Z�s�Û¼ àÔ�½�Ô�o��� %�o�\�¦ l�ìøÍÜ¼�Ð 
���H 6£x6 xáÔ�ÐÕªÏþ�
[þts� �Ér'��/7£x�Ý¶ r�Û¼%7�, �����&h� ��"é¶�'ao� r�Û¼%7�(ERP), �r��çß� ���íß�\O�Áº %�o� r�Û¼
%7�(B2B), :�x���}©� r�Û¼%7�õ� °ú �Ér ÅÒ¹כ l�çß� &ñ
�Ðr�Û¼%7�[þt_� Ùþ�d�� ÂÒ¾¡§�̀¦ s�ÀÒ�¦ e��l�
M:ë�Hs���. s��Qô�Ç r�Û¼%7�[þt\�"f !QÕª�� $í
0px $�
���H f��]X�&h�s��¦ d��y��ô�Ç q�6 x �<Hz�́�̀¦
�íA�½+É Ãº e����.
ú̧� ·ú��9��� àÔ�½�Ô�o��� %�o� �̧ÀÓ\���H ��6£§õ� °ú �Ér ��þts]	כ e����. 'Í	P:, {��y�t� ·ú§��H

àÔ�½�Ô�o����Ér ë�H]j�� |̈c Ãº e����. ��A�_� \V]j áÔ�ÐÕªÏþ� 1�Ér ifë�H_� �̧|	�s� �ÃÐs� ����� �â

Äº\� @/K� àÔ�½�Ô�o����̀¦ {��t� ·ú§��H��.

[è«�×Ü«9̂g 1]

begin_transaction(Serializable);
balance = read();
b = balance - x ;
if (b > 0) {

∗This work is supported by Creative Research Initiatives of the Korean Ministry of Science and
Technology.
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write(b);
commit();

}
return;

s� �â
Äº �&³F� áÔ�Ð[jÛ¼�� 7áx«Ñ½+É M: ��t� _�s��̂¦\� @/ô�Ç ����FK�̀¦ Ä»t�
�>� ÷&#Q r�Û¼

%7�_�$í
0px$�
�\�¦Ä»µ1Ïô�Ç��. ¢̧ô�Ç,7áx«Ñr�àÔ�½�Ô�o���2[�è(rollback)����1lxÜ¼�Ð{9�#Qz��
Ü¼�Ð"f, >hµ1Ï��_� _��̧ü<��H ��ØÔ>� X<s�'�_� Ìqt���s� ]j@/�Ð ÷&t� ·ú§�̀¦ Ãº e����H ë�H]j
��e����.����"f,>hµ1Ï����H �̧��H��0pxô�Çz�́'���â
�Ð\�@/
�#�àÔ�½�Ô�o����̀¦{����¤��Ht�ÅÒ_�

� 9 áÔ�ÐÕªA�bç
 
�#��� ô�Ç��. ÑütP:, {9�l�ëß� ��0pxô�Ç ����FKÃºï�r_� àÔ�½�Ô�o��� ?/\�"f æ¼
l�(write)\�¦ ��6 x
���� ë�H]j�� |̈c Ãº e����. \V\�¦[þt#Q, ��A�_� \V]j áÔ�ÐÕªÏþ� 2��H àÔ�½�
Ô�o����̀¦ r����½+ÉM:, ���Ér àÔ�½�Ô�o���_� æ¼l���H )�6 x îß�
��¦, {9�l�ëß� )�6 x
���H ����FKÃºï�r���
{9�l��̧×¼(Read Only)\�¦ [O�&ñ

�%i���.

[è«�×Ü«9̂g 2]

begin_transaction(Read_Only);
balance = read();
if (balance > 0) {
read();

}
else {
write(1);

}
commit();

{9�l��̧×¼\�"f��H X<s�'�Z�s�Û¼\� æ¼l�\�¦ Ãº'��
���� �̧ÀÓs���. 
�t�ëß�, \V]j\�"f��H ifë�H
_� �̧|	�s� �ÃÐs� ����� �â
Äº æ¼l�\�¦ Ãº'�� ô�Ç��. s���H àÔ�½�Ô�o��� �'ao�l�(TP Monitor ¢̧
��H Middleware)ü< áÔ�ÐÕªA�bç
 8̈��â
(áÔ�ÐÕªA�bç
 ���#Q ¢̧��H API)\� ����, \Vü@�©�S!�s�
�� áÔ�ÐÕªÏþ�_� ��'��&h� z�́'�� ×�æéß�õ� °ú �Ér ë�H]j\�¦ ��l�ô�Ç��.
ú̧� ·ú��9��� àÔ�½�Ô�o��� l�ìøÍ 6£x6 xáÔ�ÐÕªÏþ�_� $í
0px �'ao� ~½ÓZO�\���H ��6£§õ� °ú �Ér �þt]	כ

s� e����. 'Í	P:, àÔ�½�Ô�o����Ér ��0pxô�Ç Âúª>� =åQ?/��H ��s	כ a%~��. 7£¤, àÔ�½�Ô�o����̀¦ �-Áº �̧A�
Ä»t�
���� ���Ér áÔ�Ð[jÛ¼[þt_� àÔ�½�Ô�o���s� K�{©� _�s��̂¦\� ]X���H½+É Ãº \O�l� M:ë�H\� ����̂

r�Û¼%7�_� $í
0pxs� $�
��)a��. \V\�¦[þt#Q, ��A�_� \V]j áÔ�ÐÕªÏþ� 3�Ér àÔ�½�Ô�o���õ� ��Áº �©�
�'a\O���H show msg����H �<ÊÃº\�¦ àÔ�½�Ô�o����̀¦ {��l� ���\�  ñØ�¦�<ÊÜ¼�Ð+� àÔ�½�Ô�o���s� ��6 x
��_� {9�§4� Êê\�"f�� 7áx«Ñ�)a��.

[è«�×Ü«9̂g 3]

begin_transaction(Serializable);
read();
show_msg();
commit();

��6 x���� �̧Ï?@1lxîß� 6£x²ú�
�t� ·ú§Ü¼��� Õª1lxîß� ���Ér áÔ�Ð[jÛ¼[þts� �̧¿º �'aº�� _�s��̂¦\�

]X���H½+É Ãº \O�Ü¼Ù¼�Ð, ����̂r�Û¼%7�_� $í
0px\� 	�H �©�E��� |̈c Ãº e����. ����"f, s� �â
Äº\�
��H àÔ�½�Ô�o���7áx«Ñ(commit) �<ÊÃº  ñØ�¦�̀¦ show msg �<ÊÃº  ñØ�¦ s����Ü¼�Ð �̀��� ÅÒ��� a%~��.
ÑütP:, àÔ�½�Ô�o��� ����FKÃºï�r�Ér ��0pxô�Ç ±ú�>� [O�&ñ
K� ÅÒ��H��s	כ a%~��. 7£¤, �&³F�_� àÔ�½�Ô�o���
s� z�́]j�Ð æ¼l�\�¦ 
�t� ·ú§��H �â
Äº {9�l��̧×¼�Ð [O�&ñ
K� ÅÒ��� $í
0pxs� >h����)a��. \V\�¦[þt
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#Q, áÔ�ÐÕªÏþ� 3�Ér ����FKÃºï�r�̀¦ ���©� Z�}>�(���Ér àÔ�½�Ô�o���_� {9�l�/æ¼l� �FKt�) [O�&ñ

�%i�
��. 
�t�ëß�, z�́]j àÔ�½�Ô�o����Ér {9�l�ëß� 
��¦ e��Ü¼Ù¼�Ð {9�l��̧×¼�Ð [O�&ñ
½+É Ãº e����. \V]j
\�"f {9�l��� r�çß�s� ú́§s� ���o���H |9�_�(Query)s����, �©�@/&h�Ü¼�Ð $í
0pxs� ú́§s� >h����)a
��. z�́]j�Ð IBM\�"f��H ����_� WebSphere����H p�[þtJ?#Q ]j¾¡§\�¦ ��6 x
���H 6£x6 xáÔ�Ð
ÕªÏþ�(EJB Component)[þt\� s�ü< °ú �Ér ����FKÃºï�r þj&h��o\�¦ &h�6 xô�Ç ���õ�, $í
0px(Request
per Second)�̀¦ 15% s��©� �¾Ó�©�r�~�́ Ãº e��%3���[2].
ô�Ç¼#�, s�ü< °ú �Ér àÔ�½�Ô�o��� l�ìøÍ 6£x6 xáÔ�ÐÕªÏþ�\� @/ô�Ç l��>r_� îß����$í
 x9� $í
0px �'ao�

��H_�Û¼h�Aõ� �̧m�'�a�A~½ÓZO��:r1px\�l�ìøÍ
��¦e����.Õª���X<,{9�ìøÍ&h�Ü¼�Ð_�Û¼h�A~½ÓZO��Ér
áÔ�ÐÕªÏþ�_� �̧��H z�́'�� ��0px$í
�̀¦ ¢-a���y� ���7£x K�ÅÒt� 3lw
� 9, �̧m�'�a�A ~½ÓZO��Ér �����\�
µ1ÏÒqt ��0pxô�Ç ë�H]j\�¦ \V8£¤½+É Ãº \O���. s���H ���²DG, >hµ1Ï�� <�Ê�Ér ���ë�H��_� 0px§4�\� ���&h�Ü¼
�Ð _��>r
���H ~½Ód��s� ÷&#Q!Q�9"f ~½ÓZO��:r ���̂_� ���ø@$í
\� ë�H]j�� e��>� �)a��. ìøÍ���, &ñ

�Ðr�Û¼%7�_� ½©�̧��H &h�&h� ~½Ó@/K�4R"f >hµ1Ï�� <�Ê�Ér ���ë�H��_� 0px§4�\� _��>r
���H l��>r_�

îß����$í
 x9� $í
0px�'ao���H &h�&h� �8 #Q�90>t��¦ e����.
�:r�7Hë�H\�"f��Hs�ü<°ú �Érë�H]j\��ÃÌîß�
�#�áÔ�ÐÕªÏþ�ì�r$3�l�Õüt\�l�ìøÍô�Ç��1lx�o�)a

îß����$í
���7£xx9�$í
0px�'ao�r�Û¼%7��̀¦]jîß�ô�Ç��.]jîß��)ar�Û¼%7��ÉrÅÒ#Q���áÔ�ÐÕªÏþ��̀¦ì�r
$3�
�#� 0A_� \V]j\�"f ]jr��)a àÔ�½�Ô�o��� %�o� �'aº�� �̧ÀÓü< $í
0px$�
� ¦¹�è[þt�̀כ ��1lxÜ¼

�Ð ���Ø�¦K�ÅÒ�¦, >h����)a �ï×¼�Ð ���8̈�(ÈÓ_ç
[3])
�#� ï�r��. ]jîß��)a ~½ÓZO��Ér áÔ�ÐÕªÏþ��̀¦ z�́
'��
�l� ���\� ì�r$3�
�#� �̧ÀÓ\�¦ \V8£¤
��¦ ÈÓ_ç
�̀¦ Ãº'��
�l� M:ë�H\� �©�E��� µ1ÏÒqt
�l� ���

\� p�o� @/%��� ��0pxô�Ç �©�&h�s� e����. ¢̧ô�Ç, îß����$í
s� 7£x"î
�)a ~½ÓZO�Ü¼�Ð s��Qô�Ç ì�r$3��̀¦
Ãº'��
�l� M:ë�H\�, ��1lxÜ¼�Ð Ãº'���)a �̧ÀÓ ���7£x x9� ÈÓ_ç
���õ�\�¦ ¢-a#4�
�>� ���ø@½+É Ãº e��
����H �©�&h�s� e����.
�7Hë�H_� í�H"f��H ��6£§õ� °ú ��. 2�©�\�"f��H ì�r$3� @/�©� ���#Q\�¦ �è>hô�Ç��. 3�©�\�"f��H ]j

îß��)a ���#Q\�"f ·ú¡"f �è>h�)a àÔ�½�Ô�o��� �̧ÀÓ\�¦ ���7£xK�ÅÒ��H ��{9�r�Û¼%7��̀¦ ]jîß�
��¦, ]j
îß��)a ��{9�r�Û¼%7�s� �̀¦��2£§(Correctness)�̀¦ 7£x"î
ô�Ç��. 4�©�\�"f��H 3�©�_� ��{9�r�Û¼%7�\�
@/ô�Ç ��{9� Ä»ÆÒ ·ú��¦o�7£§�̀¦ ]jîß�
��¦, ]jîß��)a ��{9� Ä»ÆÒ ·ú��¦o�7£§s� �̀¦��2£§�̀¦ 7£x"î

ô�Ç��. 5�©�\�"f��H y�� àÔ�½�Ô�o����̀¦ ì�r$3�K�"f þj&h��o�)a ����FKÃºï�r�̀¦ ���&ñ
K�ÅÒ��H SX��©��)a
��{9�r�Û¼%7��̀¦ �Ð�����. 6�©�\�"f��H àÔ�½�Ô�o��� %ò
%i��̀¦ þj&h��o 
�l� 0A
�#� àÔ�½�Ô�o���7áx
«Ñ(commit ¢̧��H rollback) �<ÊÃº  ñØ�¦�̀¦ îß����ô�Ç Ãºï�r\�"f þj@/ô�Ç ·ú¡ {©���ÅÒ��H ÈÓ_ç
 ·ú�
�¦o�7£§�̀¦ ]jr�ô�Ç��. Õªo��¦ 7�©�\�"f��H �'aº�� ���½̈\� @/
�#� �7H_�
��¦, 8�©�\�"f ����:r�̀¦
ë�B��x��.

2 7�(�× ¥U>#aÿ? Ü« �+i�

�:r �©�\�"f��H ì�r$3� @/�©� ���#Q��� TL(A Core Transaction Language)�̀¦ �è>hô�Ç��. TL�Ér
àÔ�½�Ô�o��� l�ìøÍ 6£x6 xáÔ�ÐÕªÏþ� ���$í
r� ú́§s� æ¼s���H "î
§î
+þA ���#Q_� Ùþ�d�� ÂÒ¾¡§�̀¦ ÆÒ�9

?/�¦, áÔ�ÐÕªÏþ�_� àÔ�½�Ô�o��� %�o�(�<ÊÃº ñØ�¦ 1px)\�¦ ���#Q_� çß�éß�ô�Ç ½̈ë�H½̈�̧Ü¼�Ð ���¹כ
ô�Ç ���#Qs���. TL�Ér àÔ�½�Ô�o��� l�ìøÍ 6£x6 xáÔ�ÐÕªÏþ�_� 1lx���(Behavior)�̀¦ &ñ
+þA&h�Ü¼�Ð &ñ

_�(Formal Definition)
��¦ ÆÒ�:r(Reasoning) ½+É Ãº e���̧2�¤ �¦îß�÷&%3���.

2.1 TL�+ Ä©%K� Ä©�¿

TL_� ½̈ë�H½̈�̧��H ÕªaË> 1õ� °ú ��.
áÔ�ÐÕªÏþ��Ér �<ÊÃº[þt_� ������\� s�#Q main �<ÊÃº\�¦  ñØ�¦
���H +þAI�\�¦ �������. Ùþ�d�� ½̈

ë�H½̈�̧��H ������� 
������ �<ÊÃº ñØ�¦, t�%i����Ãº ������(let), �̧|	�ë�H(if) s���. ]jr��)a Ùþ�
d�� ½̈ë�H½̈�̧��H @/ÂÒì�r_� "î
§î
+þA ���#Q_� ½̈ë�H½̈�̧\�¦ ³ð�&³ ��0px
���. \V\�¦[þt#Q, ìøÍ4�¤
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p ∈ Program ::= fun f (x )=e ;p
| e

e ∈ Expression ::= v value
| f v function call
| let x = e in e end let
| if v then e else e branch
| open ro open read only tr
| open rw open read write tr
| close close transaction
| read read data from DB
| write e update DB

v ∈ Value ::= c constant
| x variable

const ::= true | false | () | num
x variable identifier
f function identifier

ÕªaË> 1: TL_� ½̈ë�H½̈�̧

ë�H(Loop)�Ér F�)
 ñØ�¦�Ð, ���5Åqë�H(Sequencing) x9� ½+É{©�ë�H(Assignment)�Ér letÜ¼�Ð ³ð�&³
�)a��.
àÔ�½�Ô�o��� �'aº�� "î
§î
�Ér {9�l��̧×¼ àÔ�½�Ô�o��� r�����Ér open ro�Ð, {9�l�-æ¼l� �̧×¼ àÔ�½�

Ô�o��� r�����Ér open rw�Ð ³ð�&³ô�Ç��. àÔ�½�Ô�o��� 7áx«Ñ��H close "î
§î
�̀¦ ��6 xô�Ç��. X<s�'�Z�
s�Û¼ ]X���H "î
§î
#Q×�æ {9�l���H read�Ð æ¼l���H write�Ð ³ð�&³ô�Ç��. z�́]j_� áÔ�ÐÕªA�bç
 8̈�
�â
\�"fàÔ�½�Ô�o���]j#Q��H API�<ÊÃº ñØ�¦ ¢̧��H�í�<Ê�)a|9�_����#Q(Embeded SQL)1px�̀¦:�x

�#� ³ð�&³�)a��. àÔ�½�Ô�o��� "î
§î
#Q��H s�\�¦ a(����¹כ +þAI��Ð ³ð�&³ô�Ç �s� 9	כ ½̈�̂&h���� áÔ�Ð
ÕªA�bç
 8̈��â
\� ���� K�{©� àÔ�½�Ô�o��� ]j#Q +þAI�\�¦ ]jr��)a àÔ�½�Ô�o��� "î
§î
#Q�Ð ���8̈�
�#�

ì�r$3�ô�Ç��.
�:r �7Hë�H\�"f��H 	�Êê ¼#�_�\�¦ 0AK� ������÷&��H �<ÊÃº s�2£§�Ér ���u�t� ·ú§6£§�̀¦ ��&ñ
ô�Ç��.

2.2 TL�+ ��
�ßj

TLáÔ�ÐÕªÏþ�_�z�́'��(Dynamic Semantics)�ÉrÕªaË> 2ü<°ú s�ÅÒ#Q���z�́'���©�I� (Configu-
ration)\�"f ��6£§ z�́'���©�I��Ð_� �©�I����s�(Transition)�Ð &ñ
_��)a��. z�́'���©�I���H ���%i��<Ê
Ãº8̈��â
(Env)õ��&³F�_�àÔ�½�Ô�o����©�I�(TC ),�&³F��©�I�\�"fz�́'��½+ÉáÔ�ÐÕªÏþ�(Program)
<�Ê�Ér áÔ�ÐÕªÏþ�d��(Expresssion), Õªo��¦ z���Ér >�íß�(Continuation)Ü¼�Ð s�ÀÒ#Q�����. z�́
'���©�I��� �©�I����s�\�¦ ��u���H 1lxîß�, �&³F� z�́'��½+É d��s� °úכ(Value)s��¦, �8s��©� z���Ér >�
íß�s� \O�Ü¼��� z�́'��s� &ñ
�©�&h�Ü¼�Ð 7áx«Ñô�Ç��. �©�I����s��� &ñ
_�÷&t� ·ú§��H z�́'���©�I���H z�́
'�� �̧ÀÓ(�̧ÀÓ�©�I�)\�¦ >pwô�Ç��.
�<ÊÃº_� ������,  ñØ�¦, let, if 1px_� _�p���H {9�ìøÍ&h���� "î
§î
+þA ���#Q_� z�́'��õ� °ú ��.

open ro, open rw��H�&³F�_�àÔ�½�Ô�o����©�I��� closeds����,y��y�� opened ro,opened rwÜ¼
�ÐàÔ�½�Ô�o����©�I�\�¦��õ�H��. close��H�&³F�_�àÔ�½�Ô�o����©�I��� opened ros��� opened rw
{9� M: Ä»ò́
� 9 àÔ�½�Ô�o��� �©�I�\�¦ closed�Ð ��õ�H��. read��H �&³F�_� àÔ�½�Ô�o��� �©�I���
opened ros�����, opened rw{9�M:Ä»ò́
��¦, write��H�&³F�_�àÔ�½�Ô�o����©�I��� opened -
rw{9� M: Ä»ò́
���.
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clos ∈ Closure = Id × Expression closure

σ ∈ Env = Id
fin→ Closure environment

tc ∈ TC ::= opened ro | opened rw | closed transaction context
K ∈ Continuation ::= ε | (x, e) :: K

[prog] (σ, tc, fun f (x )=e ;p, K) → (σ + {f 7→ 〈x, e〉}, tc, p, K)
[val] (σ, tc, v, (x, e) :: K) → (σ, tc, e[v/x],K)
[app] (σ, tc, f v, K) → (σ, e[v/x], tc, K) if σ(f) = 〈x, e〉
[let] (σ, tc, let x = e1 in e2,K) → (σ, tc, e1, (x, e2) :: K)
[ifT] (σ, tc, if true then e1 else e2,K) → (σ, tc, e1,K)
[ifF] (σ, tc, if false then e1 else e2,K) → (σ, tc, e2,K)
[open ro] (σ, tc, open ro,K) → (σ, opened ro, (),K) if tc = closed
[open rw] (σ, tc, open rw,K) → (σ, opened rw , (),K) if tc = closed
[close] (σ, tc, close,K) → (σ, closed , (),K) if tc = opened rw or opened ro
[read] (σ, tc, read,K) → (σ, tc, (),K) if tc = opened rw or opened ro
[write] (σ, tc, write,K) → (σ, tc, (),K) if tc = opened rw

ÕªaË> 2: TL_� z�́'��

3 çÃwñdc9c¤�> �����k�â«�̀g

�:r �©�\�"f��H 1�©�\�"f_� áÔ�ÐÕªÏþ� 1, áÔ�ÐÕªÏþ� 2ü< °ú s� ÅÒ#Q��� áÔ�ÐÕªÏþ�\� àÔ�½�Ô�o���
%�o� �̧ÀÓ�� e����Ht� ���7£xK�ÅÒ��H ì�r$3� ~½ÓZO��̀¦ ]jîß�ô�Ç��. Õªo��¦ ]jîß��)a àÔ�½�Ô�o��� ��{9�
r�Û¼%7�_� �̀¦��2£§(îß����$í
)�̀¦ 7£x"î
ô�Ç��.

3.1 �����k�â«�̀g

�:r ]X�\�"f��H çß�éß�ô�Ç >�8£x½̈�̧��{9�r�Û¼%7�(Subtype System)[4]�̀¦ ��6 x
�#� ÅÒ#Q��� áÔ
�ÐÕªÏþ�\�àÔ�½�Ô�o���%�o� �̧ÀÓ��e����Ht����7£xK�ÅÒ��Hì�r$3�~½ÓZO��̀¦]jîß�ô�Ç��.�¦îß��)aì�r
$3� ~½ÓZO��Ér {9�ìøÍ&h���� ��{9�r�Û¼%7�_� :£¤$í
\� ���� �<ÊÃºZ>��Ð ���Ð ì�r$3� ��0px(Modular)
�
��. ¢̧ô�Ç, ì�r$3�_� &ñ
SX��̧\�¦ 0AK� �<ÊÃº_� ��+þA$í
(Polymorphism)õ�, F�)
 ñØ�¦_� ��+þA
$í
(Polymorphic Recursion)�̀¦ t�"é¶
��̧2�¤ [O�>�÷&%3���.
àÔ�½�Ô�o��� ��{9�r�Û¼%7�1�Ér ÅÒ#Q��� áÔ�ÐÕªÏþ�_� z�́'��r� ��6£§_� ¿º��t� �̧ÀÓ�� µ1ÏÒqt
�

��Ht� \V8£¤ô�Ç��.

• àÔ�½�Ô�o����̀¦ \P�%3�Ü¼��� s�Êê �̧��H z�́'�� ��0px �â
�Ð\� @/
�#� {���� ÅÒ��Ht� ���7£xô�Ç
��.

• {9�l��̧×¼�Ð [O�&ñ
ô�Ç àÔ�½�Ô�o����Ér z�́]j�Ð {9�l�ëß� 
���Ht� ���7£xô�Ç��.

��{9�r�Û¼%7�\�"fàÔ�½�Ô�o����©�I�(TransactionStatus)x9�àÔ�½�Ô�o���ë�HÐ�o (Transaction-
Context)�Ér ��6£§õ� °ú s� &ñ
_��)a��.

1	�Êê ×�¦#�"f ��{9�r�Û¼%7�Ü¼�Ð ³ð�&³ô�Ç��
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s ∈ TransactionStatus ::= ⊥ dead or non-termination
| Closed closed
| OR read possible
| ORW read/write possible
| > can be all

c ∈ TransactionContext ::= α variable
| α t s joined TC(delayed join)
| s atomic TC

àÔ�½�Ô�o��� �©�I�_� _�p���H ��6£§õ� °ú ��. Closed��H àÔ�½�Ô�o���s� {��+ÀI6£§�̀¦ >pw
��¦, OR�Ér
readëß� ��0pxô�Ç àÔ�½�Ô�o���s� \P�§4�6£§�̀¦ >pwô�Ç��. ORW��H read, write�� ��0pxô�Ç àÔ�½�Ô�o
���s� \P�§4�6£§�̀¦ _�p�ô�Ç��. ⊥�Ér º¡¤�Ér �ï×¼(Dead Code) <�Ê�Ér Áºô�ÇÀÒáÔ\�¦ _�p�ô�Ç��. >�Ér
àÔ�½�Ô�o���s� \P�§4��̀¦Ãº�̧ {��+ÀI�̀¦ Ãº�̧ e��6£§�̀¦ >pwô�Ç��. àÔ�½�Ô�o��� ë�HÐ�o�Ér �<ÊÃº_�  ñØ�¦r�
�<ÊÃº_� {9�§4�Ü¼�Ð ÅÒ#Qt�>� ÷&��H àÔ�½�Ô�o��� �©�I�\�¦ >pw
���H ���Ãº α\�¦ àÔ�½�Ô�o��� �©�I�\�
�̧{9�ô�Ç �.���s	כ
]j����̧|	�(Constraints) B��H ��6£§õ� °ú s� &ñ
_��)a��.

cs ∈ Constraint ::= c v c
B ∈ Constraints = ℘(Constraint)

]j����̧|	� B��H àÔ�½�Ô�o��� ë�HÐ�oçß�_� í�H"f �'a>�(Constraint)_� |9�½+Ës���. àÔ�½�Ô�o��� ë�HÐ�o
çß�_�í�H"f�'a>���H����Ér�¦�\��o�\�¦@/u�½+ÉÃºe��6£§�̀¦>pwô�Ç��.\V(¤�ÉrAá̧�)	כ��H	s�(¢,aAá¤)	כ
[þt#Q, readëß� ��0pxô�Ç àÔ�½�Ô�o��� ë�HÐ�o(OR)_� ��o���H read, write�� �̧¿º ��0pxô�Ç àÔ�½�
Ô�o��� ë�HÐ�o(ORW)Ü¼�Ð @/u�½+É Ãº e����. ����"f, ORW v ORõ� °ú �Ér í�H"f �'a>��� $í
wn�
ô�Ç��. s�ü< °ú �Ér _�p�\� ����, àÔ�½�Ô�o��� �©�I�çß�_� l��:r í�H"f�'a>� Bas��H ��6£§õ� °ú s�
&ñ
_��)a��.

Bas =

{
⊥ v Closed,⊥ v OR,⊥ v ORW,⊥ v >,
Closed v >, ORW v OR, ORW v >, OR v >

}

ÅÒ#Q��� ]j����̧|	� ��&ñ
 B\�"f ]j����̧|	� B′s� ëß�7á¤
���Ht� ���&ñ

���H óøÍZ>�d�� (Judge-
ment)�Ér ��6£§õ� °ú �Ér +þAI�\�¦ �������. 2

B `B B′

Õªo��¦ “ÅÒ#Q��� ]j����̧|	� ��&ñ
 B\�"f ]j����̧|	� B′��H $í
wn�ô�Ç��.” �Ð {9���H��. B ` B′

���&ñ
 ½©gË:�Ér ÕªaË> 3õ� °ú ��.
�<ÊÃº��{9�(TypeScheme)x9� ��{9�8̈��â
(TypeEnvironment)�Ér ��6£§õ� °ú s� &ñ
_��)a��.

ts ∈ TypeScheme ::= ∀α with Bf .α → cf

Γ ∈ TypeEnvironment = Id → TypeScheme

�<ÊÃº��{9�_� f���'a&h� _�p���H K�{©� �<ÊÃº  ñØ�¦r� �<ÊÃº_� {9�§4� àÔ�½�Ô�o��� ë�HÐ�o\� @/ô�Ç

]j����̧|	� Bf�� ëß�7á¤÷&���, cf�� �<ÊÃº  ñØ�¦_� ���õ� àÔ�½�Ô�o��� ë�HÐ�os� �)a����H >pws���. s�
\�¦ ��r� ��[jy� ¶ú�(R�Ð��� ��6£§õ� °ú ��. Äº���  ñØ�¦÷&��H �<ÊÃº_� ]j����̧|	� Bf_� ?/_� ���

2óøÍZ>�d��_� ��{9��Ér 	�Êê Òqt|ÄÌô�Ç��.
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(hypoth) B ` c1 v c2 if c1 v c2 ∈ B or c1 v c2 ∈ Bas

(reflex) B ` c v c

(trans)
B ` c1 v c2 B ` c2 v c3

B ` c1 v c3

(seq)
∀cs ∈ B′.B ` cs

B ` B′

ÕªaË> 3: ]j����̧|	�$í
wn� ���&ñ
½©gË:(Constraint Rule)

Ãº α\�¦ {9�§4� àÔ�½�Ô�o��� ë�HÐ�o(cin)Ü¼�Ð u�8̈�(Substitution)ô�Ç ���õ���H  ñØ�¦r�&h�_� ]j����̧
|	� ��&ñ
\�"f $í
wn�K��� ô�Ç��. #�l�"f α\�¦ cinÜ¼�Ð_� u�8̈� S��H [cin/α]õ� °ú s� ³ðl�ô�Ç
��. \V\�¦[þt#Q, �<ÊÃº_� ]j����̧|	�s� Bf = {α v OR}s��¦  ñØ�¦r� {9�§4� àÔ�½�Ô�o��� ë�HÐ�o
cins� ORWs����, Bas ` ORW v ORs� ÷&Ù¼�Ð $í
wn�ô�Ç��. ¢̧ô�Ç, �<ÊÃº  ñØ�¦Êê\���H
cf [cin/α]�� ���õ� àÔ�½�Ô�o��� ë�HÐ�os� �)a��.
ëß���� ]j����̧|	� B′\� @/K� #Q�"� u�8̈� S\�¦ &h�6 x
�%i��̀¦ M: ]j����̧|	� ��&ñ
 B\�"f $í


wn�
����, “]j����̧|	� B′s� B\�"f ëß�7á¤��0px(Satisfiable)
���”���¦ 
��¦ B |= B′Ü¼�Ð ³ð
l�ô�Ç��.

∃S. B ` B′S
B |= B′

¢̧ô�Ç, ]j����̧|	� ��&ñ
 B′s� ∅s���� ��A�ü< °ú s� ×�¦#�"f ³ð�&³ô�Ç��.

` B ≡ ∅ ` B
|= B ≡ ∅ |= B

s�]j Äºo�_� þj7áx àÔ�½�Ô�o��� ��{9� ���&ñ
 óøÍZ>�d��(Judgement)3�Ér ��6£§õ� °ú �Ér +þAI��Ð
&ñ
_��)a��.

Γ, B, c `p p : c′

Γ, B, c `e e : c′

Õªo��¦ “ÅÒ#Q��� ��{9�8̈��â
 Γ, ]j����̧|	� ��&ñ
 B, {9�§4� àÔ�½�Ô�o��� ë�HÐ�o c\�"f, áÔ�ÐÕªÏþ� p
<�Ê�Ér áÔ�ÐÕªÏþ�d�� e\�¦ Ä»ÆÒô�Ç ���õ� àÔ�½�Ô�o��� ë�HÐ�o�Ér c′s���” ¢̧��H “ÅÒ#Q��� ��{9�8̈��â
 Γ,
]j����̧|	� ��&ñ
 B, {9�§4� àÔ�½�Ô�o��� ë�HÐ�o c\�"f, áÔ�ÐÕªÏþ� p <�Ê�Ér áÔ�ÐÕªÏþ�d�� e��H c′Ü¼�Ð
��s�iç
 �)a��” ���¦ {9���H��. #�l�"f Äºo���H �íl� ]j����̧|	� ��&ñ
 B��H �½Ó�©� ëß�7á¤��0px
�
>� ÅÒ#Qf���̀¦ ��&ñ
ô�Ç��.
ÅÒ#Q��� óøÍZ>�d��\� ���Ér àÔ�½�Ô�o��� ��{9� ���&ñ
 ½©gË:�Ér ÕªaË> 4ü< °ú ��.
�<ÊÃº�� ��s�iç
 ÷&�9��� �<ÊÃº �����\� @/ô�Ç ��s�iç
�̀¦ ÆÒ��ô�Ç ��{9�8̈��â
õ�, Bf����H ]j

����̧|	� ��&ñ
, Õªo��¦ α����H {9�§4� àÔ�½�Ô�o��� ë�HÐ�o
�\�"f �<ÊÃº_� 3lu:�x(Body)�̀¦ Ä»ÆÒ
�
#� cf�Ð��s�iç
÷&#Q��ô�Ç��.#�l�"f�<ÊÃº�����\�@/ô�Ç��s�iç
�̀¦{9�ìøÍ�o(Generalize)
�
�¦ �<ÊÃº_� 3lu:�x�̀¦ Ä»ÆÒ
�l� M:ë�H\� ��+þA(Polymorphic) F�)
  ñØ�¦s� ��0pxK� �����. ¢̧
ô�Ç, ]j����̧|	� ��&ñ
 Bf��H ëß�7á¤��0pxK��� 
� 9, �<ÊÃº_� 3lu:�x�̀¦ ��s�iç

�l� 0AK� ¹ô�Çכ��9
��&ñ
_� �̧6£§s���.

3	�Êê óøÍZ>�d��_� ��{9��Ér Òqt|ÄÌ
�#� ×�æ4�¤³ð�&³(overloaded)ô�Ç��.
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[Program]

|= Bf

Γ ∪ {f : ∀α with Bf .α → cf}, Bf , α ` e : cf

Γ ∪ {f : ∀α with Bf .α → cf}, B, c ` p : c′

Γ, B, c ` fun f (x )=e ;p : c′

[Value] Γ, B, c ` v : c

[App]
Γ(f) = ∀α with Bf .α → cf

B ` Bf [c/α]

Γ, B, c ` f v : cf [c/α]

[Let]
Γ, B, c ` e1 : c1 Γ, B, c1 ` e2 : c2

Γ, B, c ` let x = e1 in e2 : c2

[If]
Γ, B, c ` e1 : c1 Γ, B, c ` e2 : c2

Γ, B, c ` if v then e1 else e2 : c1 t c2

[Open RO]
B ` c v Closed

Γ, B, c ` open ro : OR

[Open RW]
B ` c v Closed

Γ, B, c ` open rw : ORW

[Close]
B ` c v OR

Γ, B, c ` close : Closed

[Read]
B ` c v OR

Γ, B, c ` read : c

[Write]
B ` c v ORW

Γ, B, c ` write : c

ÕªaË> 4: ��{9����&ñ
½©gË:(Typping Rules)



2003�̧� 4�Z4 2{9� ROPAS-2003-20 9

�<ÊÃº  ñØ�¦\�"f��H  ñØ�¦÷&��H �<ÊÃº_� {9�§4� ]j����̧|	� Bf�� ÅÒ#Q��� {9�§4� àÔ�½�Ô�o��� ë�H

Ð�o\�"f $í
wn�
���Ht� �����
��¦, {9�§4� àÔ�½�Ô�o��� ë�HÐ�o\� ���� ���õ� àÔ�½�Ô�o��� ë�HÐ�o�̀¦ ���&ñ

ô�Ç��.
°úכ�Ér àÔ�½�Ô�o��� ë�HÐ�o�̀¦ ����â
r�v�t� ·ú§��H��. let�Ér z�́'��âì2£§\� ���� àÔ�½�Ô�o��� ë�HÐ�o

�̀¦ ���²ú�ô�Ç��. if��H �ª�Aá¤ ì�rl�\�"f ���̀¦Ãº e����H ¿º��t� àÔ�½�Ô�o��� ë�HÐ�o�̀¦ ½+Ëu�l�(Join :
t)�̀¦ :�xK� .��¹���ô�Çכ

open roü< open rw�Ér {9�§4� àÔ�½�Ô�o���s� Closed���t� �����
��¦ y��y�� OR, ORW\�¦
���õ��Ð ï�r��. close��H {9�§4� àÔ�½�Ô�o��� ë�HÐ�os� \P��9e����Ht� �����
��¦ Closed\�¦ ���õ��Ð
ï�r��. readü< write��H y��y�� {9�§4� àÔ�½�Ô�o��� ë�HÐ�o c�� OR, ORW\� &h�6 x��0px ô�Çt� ���
��ô�Ç Êê, c\�¦ ���õ��Ð ï�r��. àÔ�½�Ô�o��� �'aº�� "î
§î
[þt�Ér y��y�� ��6£§õ� °ú �Ér ��{9��̀¦ ��t���H
�<ÊÃº_�  ñØ�¦�Ð Òqty��½+É Ãº e����.

open ro : ∀α with {α v Closed}.α → OR
open rw : ∀α with {α v Closed}.α → ORW
close : ∀α with {α v OR}.α → Closed
read : ∀α with {α v OR}.α → α
write : ∀α with {α v ORW}.α → α

3.2 �����k�â«�̀g�+ £�·����̧ ¤� ÃZ�

�:r ]X�\�"f��H ��{9�r�Û¼%7�_� îß����$í
�̀¦ 7£x"î
ô�Ç��. ��{9�r�Û¼%7�_� îß����$í
s�êøÍ ��{9�r�Û¼%7�
�̀¦ :�xõ�ô�Ç áÔ�ÐÕªÏþ��̀¦ z�́]j�Ð z�́'��
���� àÔ�½�Ô�o��� %�o� �̧ÀÓ�� µ1ÏÒqt
�t� ·ú§6£§�̀¦ ú́�ô�Ç

��. 4

��{9�r�Û¼%7�_� îß����$í
 7£x"î
�Ér ��A�_� ¿º��t�_� �Ð�̧&ñ
o�\�¦ 7£x"î

���H �Ü¼�Ð	כ Ø�æ

ì�r[5]
���.

• ��s�iç
�Ð�>r(Subject Reduction) : ��{9�r�Û¼%7��̀¦ :�xõ�ô�Ç áÔ�ÐÕªÏþ�(z�́'���©�I�)s�
ô�Ç éß�>� z�́'��÷&���(�©�I����s�), Õª ���õ���H ��{9�r�Û¼%7��̀¦ :�xõ�ô�Ç��.

• ���'��(Progress) : ��{9�r�Û¼%7��̀¦ :�xõ�ô�Ç áÔ�ÐÕªÏþ��Ér ë�H]j\O�s� z�́'�� |̈c Ãº e����.

0A_� ¿º��t� 7£x"î
\� ·ú¡"f Y>���t� &ñ
_�ü< �Ð�̧&ñ
o�[þt_� 7£x"î
s� 
¹כ��9���.

Ça��+ 1 [��
�ßj».É¿R� ��l��b�]

1. ` ∅ : ∅
2. ` σ + {f 7→ 〈x, e〉} : Γ ∪ {f : ∀α with Bf .α → cf}

iff ` σ : Γ and |= Bf and Γ ∪ {f : ∀α with Bf .α → cf}, Bf , α ` e : cf

z�́'��8̈��â
 ��s�iç
�Ér z�́'��8̈��â
õ� ��{9�8̈��â
 ��s�_� ��{9�ÅÒl� �'a>�s���. z�́'��8̈��â
�Ér
z�́'��8̈��â
\� �����ç̀
 ÷&#Q e����H y�� �<ÊÃº[þt�̀¦, ��{9�r�Û¼%7�Ü¼�Ð ��s�iç
ô�Ç ���õ��Ð &ñ
_�ô�Ç
��.

Ça��+ 2 [µÇÔÖR� N�ñ5Ñ ��l��b�]

1. Γ, B, c ` ε

4>hµ1Ï�� {9��©�\�"f��H �Ö̧6 xô�Ç ���7£x�̧½̈_� îß����$í
s� �Ð�©�÷&���, >hµ1Ïô�Ç áÔ�ÐÕªÏþ�_� àÔ�½�Ô�o��� %�o� ���ø@
$í
\� @/K� �¦Ì�o\�>� ¾¡§|9� �Ð�©��̀¦ K�×�¦ Ãº e��>� �)a��.
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2.
Γ, B, c ` e : c′ Γ, B, c′ ` K

Γ, B, c ` (x, e) :: K

z���Ér >�íß� ��s�iç
�Ér �&³F� z�́'���©�I�\�"f z���Ér >�íß�\� @/ô�Ç ��{9�ÅÒl� �'a>�s���. z��
�Ér >�íß��Ér 	�Êê Ãº'��÷&#Q��½+É {9�(áÔ�ÐÕªÏþ�d��)[þt_� o�Û¼àÔ\�¦ ��{9�r�Û¼%7��̀¦ :�xK� 	�YV
�Ð ��s�iç
ô�Ç ���õ��Ð &ñ
_�ô�Ç��.

Ça��+ 3 [çÃwñdc9c¤�> (�×@� ��l��b� : B ` tc ≤ c]

1. B ` open ro ≤ OR

2. B ` open rw ≤ ORW

3. B ` closed ≤ Closed

4. If B ` tc ≤ c and B ` c v c′, then B ` tc ≤ c′

àÔ�½�Ô�o��� �©�I� ��s�iç
�Ér z�́'�� àÔ�½�Ô�o��� �©�I�ü< ��{9�r�Û¼%7�_� àÔ�½�Ô�o��� ë�HÐ�o çß�_�

��{9� ÅÒl� �'a>�s���.

Ça��+ 4 [��
�ßj(�×@� ��l��b�]

` σ : Γ B ` tc ≤ c Γ, B, c ` p : c′ Γ, B, c′ ` K

` (σ, tc, p, K)

` σ : Γ B ` tc ≤ c Γ, B, c ` e : c′ Γ, B, c′ ` K

` (σ, tc, e,K)

z�́'���©�I� ��s�iç
�Ér e��_�_� ]j����̧|	� ��&ñ
 B, z�́'��8̈��â
_� ��{9� Γ, àÔ�½�	±p��� ë�HÐ�o
c\�"f K�{©� áÔ�ÐÕªÏþ�d��_� ��{9��̀¦ ���&ñ
(c′)½+É Ãº e���¦, ���õ� ��{9� c′ Ü¼�Ð z���Ér >�íß��̀¦
��s�iç
½+É Ãº e��6£§�̀¦ _�p�ô�Ç��. ��r�ú́�K�, ÅÒ#Q��� áÔ�ÐÕªÏþ�s� ��{9�r�Û¼%7��̀¦ :�xõ�½+É Ãº
e��6£§�̀¦ _�p�ô�Ç��.

�×�¿Ça�h� 1 [V�»ÈÐ�¿�
> ÷5�ß~
ÐÏ� n�».É1] B ` B′s���� BS ` B′Ss���.

(¤� ÃZ�) B ` B′\� @/ô�Ç )
±ú�7£x"î
(induction)

• (hypoth)��� �â
Äº : #�l�"f B′s� c1 v c2s��� ��&ñ

���. Õª�Q���, c1 v c2 ∈ B ¢̧��H
c1 v c2 ∈ Bas s���. Õª�QÙ¼�Ð, BS ` B′S_� $í
wn��Ér ��"î

���.

• (reflex)��� �â
Äº : u�8̈�Êê\��̧ >�<�Ê (reflex)\�¦ ëß�7á¤�<Ê�Ér ��"î

���.

• (trans)¢̧��H (seq)��� �â
Äº : çß�éß�ô�Ç )
±ú�7£x"î
Ü¼�Ð 7£x"î
�)a��.

�×�¿Ça�h� 2 [çÃwñdc9c¤�> %K�_9c n�».É] e��_�_� àÔ�½�Ô�o��� ë�HÐ�o c0, cü< e��_�_� u�8̈� S\� @/
K�, c0[cS/α] = c0[c/α]S �� $í
wn�ô�Ç��.

(¤� ÃZ�) c0\� @/ô�Ç )
±ú�7£x"î


• c0 = s��� �â
Äº : ýa��� = c0, Äº��� = c0
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• c0 = α��� �â
Äº: ýa��� = cS, Äº��� = cS

• c0 = α t s��� �â
Äº : ýa��� = cS t s, Äº��� = (c t s)S = cS t s

�×�¿Ça�h� 3 [V�»ÈÐ�¿�
>Úr
Ça�ÐÏ� n�».É2] B ` B′[c/α]s����, BS ` B′[cS/α]s���.

(¤� ÃZ�) �Ð�̧&ñ
o� 1, 2_� Û¼��{9��Ð çß�éß�y� 7£x"î
÷&Ù¼�Ð ��[jô�Ç õ�&ñ
�Ér Òqt|ÄÌô�Ç��.

�×�¿Ça�h� 4 [÷5�ß~
ÐÏ� n�».É] Γ, B, c ` e : c′s��¦ |= BSs����, Γ, BS, cS ` e : c′Ss���.

(¤� ÃZ�) Γ, B, c ` e : c_� 7£x"î
àÔo�\� @/ô�Ç )
±ú�7£x"î


• e = v��� �â
Äº : [Value] ½©gË:\� _�K� "î
Ñþ��<Ê

• e = f v��� �â
Äº :
��&ñ
õ� [App] ½©gË:\� ����, (1) Γ(f) = ∀α with Bf .α → cf , (2) B ` Bf [c/α], (3)
c′ = cf [c/α]�� $í
wn�ô�Ç��. (2)ü< �Ð�̧&ñ
o� 3\� _�K�, (4) BS ` Bf [cS/α]�� $í
wn�ô�Ç
��. (3)õ� �Ð�̧&ñ
o� 2\� _�K� (5) c′S = cf [c/α]S = cf [cS/α]�� $í
wn�ô�Ç��. (1), (4),
(5)ü< [App]½©gË:\� ���� Γ, BS, cS ` f v : c′S�� $í
wn�ô�Ç��.

• e = let x = e1 in e2��� �â
Äº :
��&ñ
õ� [Let]½©gË:\����� (1) Γ, B, c ` e1 : c1, (2) Γ, B, c1 ` e2 : c′��$í
wn�ô�Ç��. (1),
(2)ü<)
±ú�7£x"î
ZO�\����� (3) Γ, BS, cS ` e1 : c1S, (4) Γ, BS, c1S ` e2 : c′S��$í
wn�
ô�Ç��. Õª�QÙ¼�Ð, (3), (4)ü< [Let] ½©gË:\� ����, Γ, BS, cS ` let x = e1 in e2 : c′S
�� $í
wn�ô�Ç��.

• e = if v then e1 else e2��� �â
Äº : letõ� ��ðøÍ��t�_� )
±ú�7£x"î
Ü¼�Ð çß�éß�y� 7£x"î

�)a��.

• e = open ro��� �â
Äº :
��&ñ
õ� [Open RO] ½©gË:\� ���� (1) B ` c v Closed�� $í
wn�ô�Ç��. (1)õ� �Ð�̧&ñ

o� 1\� ���� (2) BS ` cS v Closed�� $í
wn�ô�Ç��. Õª�QÙ¼�Ð, (2)ü< [Open RO] ½©
gË:\� ���� Γ, BS, cS ` open ro : OR �� $í
wn�ô�Ç��.

• ���Ér àÔ�½�Ô�o��� "î
§î
_� �â
Äº[þt�̧ open roü< q�5pwô�Ç )
±ú�7£x"î
Ü¼�Ð çß�éß�y� 7£x"î
�)a
��.

�×�¿Ça�h� 5 [V�»ÈÐ�¿�
> ��È*�×] Γ, B′, c1 ` e : c2s��¦ B ` B′s����, Γ, B, c1 ` e : c2s���.

(¤� ÃZ�) B ` B′s��¦ B′ ` B′′s���� B ` B′′����H�¦̀�	כ �Ðe��Ü¼�Ð+� Ø�æì�r
���. �=��
����, ��
{9�½©gË:\�"f Äºo��� B′ ` B′′\�¦ ���&ñ
½+É M:���� B ` B′′\�¦ ���&ñ
½+É Ãº e��l� M:ë�Hs���. Õª
o��¦, s���H B′ ` B′′_� 7£x"î
àÔo�\� @/ô�Ç )
±ú�7£x"î
Ü¼�Ð çß�éß�
�>� 7£x"î
�)a��.

�×�¿Ça�h� 6 [��:
n�e�] ` (σ, tc, e, K)s���� ` (σ, tc, e[v/x], K)s���.

(¤� ÃZ�) ���Ãºü< °úכ_� ��{9����&ñ
½©gË:�Ér °ú ��.

�×�¿Ça�h� 7 [÷5�ß~
ÐÏ� µì��ª] Γ, B, c1 ` e : c2s��¦ B ` c′1 v c1s����, B ` c′2 v c2\�¦ ëß�7á¤

���H e��_�_� àÔ�½�Ô�o��� ë�HÐ�o c′2�Ð Γ, B, c′1 ` e : c′2 +þAI�_� ��s�iç
s� �>rF�ô�Ç��.

(¤� ÃZ�) Γ, B, c1 ` e : c2_� 7£x"î
àÔo�\� @/ô�Ç )
±ú�7£x"î
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• [Value], [Let], [If]��� �â
Äº : çß�éß�ô�Ç )
±ú�7£x"î
Ü¼�Ð 7£x"î
�)a��.

• [App]��� �â
Äº : Bf\�"f ���Ãº��H 
��� ÷�rs�l� M:ë�H\�, Bf��H �½Ó�©� α v c +þAI��Ð &ñ

o�|̈cÃºe����.Õª�QÙ¼�Ð, [App]½©gË:\�_�K� Γ, B, c1 ` e : c2s���� Γ, B, c′1 ` e : c′2��
$í
wn�ô�Ç��.

• [Open RO], [Open RW], [Close], [Read], [Write] : ��{9����&ñ
½©gË:\� _�
�#� ��"î


���.

�×�¿Ça�h� 8 [��l��b��××iµ] ` Cs��¦ C → C ′s���� ` C ′s���.

(¤� ÃZ�) z�́'���©�I� C_� ½̈�̧\� @/ô�Ç )
±ú�7£x"î


• C = (σ, tc, fun f (x )=e ;p,K)��� �â
Äº :
��&ñ
\� _�K� (1) (σ, tc, fun f (x )=e ;p,K) → (σ + {f 7→ 〈x, e〉}, tc, p,K), (2) `
(σ, tc, fun f (x )=e ;p, K) e���̀¦ ·ú� Ãº e����. (2)ü< &ñ
_� 4\� ���� (3) ` σ : Γ,
(4) B ` tc ≤ c, (5) Γ, B, c ` fun f (x )=e ;p : c′, (6) Γ, B, c′ ` K s���. (5)ü<
[Program] ½©gË:\� _�K� (7) |= Bf , (8) Γ ∪ {f : ∀α with Bf .α → cf}, Bf , α ` e : cf

(9) Γ ∪ {f : ∀α with Bf .α → cf}, B, c ` p : c′ s���. (3), (7), (8)õ� &ñ
_� 1\� _�K�
"f (10) ` σ + {f 7→ 〈x, e〉} : Γ + {f : ∀α with Bf .α → cf} �� $í
wn�ô�Ç��. Õª�QÙ¼
�Ð, (10), (4), (9), (6)õ� &ñ
_� 4\� ���� ` (σ + {f 7→ 〈x, e〉}, tc, p, K)�� $í
wn�ô�Ç��.

• C = (σ, tc, v, K)��� �â
Äº :
��&ñ
õ� &ñ
_� 4\� _�K� (1) (σ, tc, v, (x, e) :: K ′) → (σ, tc, e[v/x],K ′), (2) ` σ : Γ,
(3) B ` tc ≤ c, (4) Γ, B, c ` v : c, (5) Γ, B, c ` (x, e) :: K ′ s���. (5)ü< &ñ
_� 2\�
_�K� (6) Γ, B, c ` e : c′, (7) Γ, B, c′ ` K ′ s���. (2), (3), (6), (7)õ� &ñ
_� 4\� _�K�
(8) ` (σ, tc, e, K) s���. Õª�QÙ¼�Ð, �Ð�̧&ñ
o� 6\� _�K� ` (σ, tc, e[v/x],K)�� $í
wn�
ô�Ç��.

• C = (σ, tc, f v, K)��� �â
Äº :
��&ñ
\� _�K� (1) (σ, tc, f v,K) → (σ, tc, e[v/x],K), (2) ` σ : Γ, (3) B ` tc ≤ c,
(4) Γ, B, c ` f v : c′, (5) Γ, B, c′ ` K s���. (4)ü< [App] ½©gË:\� _�K� (6) Γ(f) =
∀α with Bf .α → cf , (7) B ` Bf [c/α], (8) c′ = cf [c/α] s���. (2)ü< &ñ
_� 1\� _�
K� (9) Γ, Bf , α ` e : cf s���. (7)\� _�K� (10) |= Bf [c/α]s���. (8), (9), (10)õ� �Ð
�̧&ñ
o� 4\� _�K� (11) Γ, Bf [c/α], c ` e : c′ �� $í
wn�ô�Ç��. (11), (7)õ� �Ð�̧&ñ
o� 5\�
_�K� (12) Γ, B, c ` e : c′ �� $í
wn�ô�Ç��. (2), (3), (12), (5)ü< &ñ
_� 4\� _�K� (13) `
(σ, tc, e,K)s� $í
wn�ô�Ç��. Õª�QÙ¼�Ð, (13)õ� �Ð�̧&ñ
o� 6\� _�K� ` (σ, tc, e[v/x],K)
�� $í
wn�ô�Ç��.

• C = (σ, tc, let x = e1 in e2,K)��� �â
Äº :
��&ñ
\� _�K� (1) (σ, tc, let x = e1 in e2,K) → (σ, tc, e1, (x, e2) :: K), (2) ` σ : Γ,
(3) B ` tc ≤ c, (4) Γ, B, c ` let x = e1 in e2 : c′, (5) Γ, B, c′ ` K s���. (4)ü< [let]
½©gË:\� _�K� (6) Γ, B, c ` e1 : c1, (7) Γ, B, c1 ` e2 : c′ s���. (7), (5)õ� &ñ
_� 2\� _�
K� (8) Γ, B, c1 ` (x, e) :: K �� $í
wn�ô�Ç��. Õª�QÙ¼�Ð, (2), (3), (6), (8)õ� &ñ
_� 4\�
_�K� ` (σ, tc, e1, (x, e2) :: K) �� $í
wn�ô�Ç��.

• C = (σ, tc, if true then e1 else e2,K)��� �â
Äº :
��&ñ
\� _�K� (1) (σ, tc, if true then e1 else e2,K) → (σ, tc, e1,K), (2) ` σ : Γ,
(3) B ` tc ≤ c, (4) Γ, B, c ` if true then e1 else e2 : c′, (5) Γ, B, c′ ` K s���.
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(4)ü< [If] ½©gË:\� _�K� (6) Γ, B, c ` e1 : c1, (7) Γ, B, c ` e2 : c2, (8) c′ = c1 t c2 s�

��. (5), (8)õ� �Ð�̧&ñ
o� 7, Õªo��¦ &ñ
_� 2\� ���� (8) Γ, B, c1 ` K �� $í
wn�ô�Ç��.
Õª�QÙ¼�Ð, (2), (3), (6), (8)õ� &ñ
_� 4\� ���� ` (σ, tc, e1, K) �� $í
wn�ô�Ç��.

• C = (σ, tc, if false then e1 else e2,K)��� �â
Äº :
(σ, tc, if true then e1 else e2,K)_� �â
Äºü< q�5pwô�Ç )
±ú�7£x"î
Ü¼�Ð 7£x"î
�)a��.

• C = (σ, tc, open ro,K)��� �â
Äº :
��&ñ
\� _�K� (1) (σ, tc, open ro,K) → (σ, opened ro, (),K), (2) ` σ : Γ, (3)
B ` tc ≤ c, (4) Γ, B, c ` open ro : c′, (5) Γ, B, c′ ` K s���. (4)ü< [Open RO] ½©
gË:\� _�K� (6) B ` c v Closed, (7) c′ = OR �� $í
wn�ô�Ç��. &ñ
_� 3\� _�K� (8)
opened ro ≤ OR s���. [Value] ½©gË:\� _�K� (9) Γ, B, OR ` () : OR �� $í
wn�ô�Ç��.
Õª�QÙ¼�Ð, (2), (8), (9), (7), (5)ü< &ñ
_� 3\� _�K� ` (σ, opened ro, (),K) �� $í
wn�
ô�Ç��.

• C = (σ, tc, open rw,K)��� �â
Äº :
(σ, tc, open ro,K)_� �â
Äºü< q�5pw
�>� 7£x"î
�)a��.

• C = (σ, tc, close,K)��� �â
Äº :
��&ñ
\� _�K� (1) (σ, tc, close,K) → (σ, closed, (), K), (2) ` σ : Γ, (3) B ` tc ≤
c, (4) Γ, B, c ` close : c′, (5) Γ, B, c′ ` K s���. (4)ü< [Close] ½©gË:\� _�K� (6)
B ` c v OR, (7) c′ = Closed �� $í
wn�ô�Ç��. &ñ
_� 3\� _�K� (8) close ≤ Closed
s���. [Value] ½©gË:\� _�K� (9) Γ, B, Closed ` () : Closed �� $í
wn�ô�Ç��. Õª�QÙ¼�Ð,
(2), (8), (9), (7), (5)õ� &ñ
_� 4\� _�K� ` (σ, closed, (),K) �� $í
wn�ô�Ç��.

• C = (σ, tc, read,K)��� �â
Äº :
��&ñ
\� _�K� (1) (σ, tc, read,K) → (σ, tc, (),K), (2) ` σ : Γ, (3) B ` tc ≤ c, (4)
Γ, B, c ` read : c′, (5) Γ, B, c′ ` K s���. (4)ü< [Read] ½©gË:\� _�K� (6) B ` c v
OR, (7) c′ = c s���. [Vaue] ½©gË:\� _�K� (8) Γ, B, c ` () : c �� $í
wn�ô�Ç��. Õª�QÙ¼
�Ð (2), (3), (8), (7), (5)ü< &ñ
_� 4\� _�K� ` (σ, tc, (),K) �� $í
wn�ô�Ç��.

• C = (σ, tc, write,K)��� �â
Äº :
(σ, tc, read,K)_� �â
Äºü< q�5pw
�>� 7£x"î
�)a��.

�×�¿Ça�h� 9 [ë�>�ßj] ` Cs���� C → C ′��� �©�I����s��� �>rF�ô�Ç��.

(¤� ÃZ�) Äºo���H 7£x"î
_� ¼#�_�\�¦ 0AK� �:r �Ð�̧&ñ
o�_� @/Äº(Contraposition)��� “z�́'���©�I�
C�� �̧ÀÓ�� e��Ü¼��� ` C�� ÷&��H Γ, B, c, c′ �� �>rF�
�t� ·ú§6£§”�̀¦ 7£x"î
ô�Ç��. ¢̧ô�Ç, ���:�x
&h���� ��{9��������H s�p� :�xõ�ô�Ç áÔ�ÐÕªÏþ��̀¦ ��&ñ
ô�Ç��. ����"f, ��6£§ 5��t� �̧ÀÓ �©�I�_�
��0px$í
ëß� �>rF�ô�Ç��.

• C = (σ, tc, open ro,K)s��¦ tc�� opened ro ¢̧��H opened rw��� �â
Äº :
���$� ` (σ, tc, open ro,K)�����s�iç
s��>rF�ô�Ç���¦��&ñ

���.Õª�Q���,&ñ
_� 4\�_�
K� ` σ : Γ, B ` tc ≤ c, Γ, B, c ` open ro : c′, Γ, B, c′ ` K �� ÷&��H ��s�iç
s� �>rF�
ô�Ç��.Õª�Q���, [Open RO]½©gË:\�_�K� c v Closed��$í
wn�ô�Ç��.s���H B ` tc ≤ c��
��H ��&ñ
\� �̧í�Hs���. ����"f, s�ü< °ú �Ér �â
Äº��H ��s�iç
 ÷&t� ·ú§��H��.

• C = (σ, tc, open rw,K)s��¦ tc�� opened ro ¢̧��H opened rw��� �â
Äº :
open ro_� �â
Äºü< q�5pw
�>� 7£x"î
�)a��.
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• C = (σ, tc, close,K)s��¦, tc�� closed��� �â
Äº :
���$� ` (σ, tc, close,K)��� ��s�iç
s� �>rF�ô�Ç���¦ ��&ñ

���. Õª�Q���, &ñ
_� 4\� _�
K� ` σ : Γ, B ` tc ≤ c, Γ, B, c ` close : c′, Γ, B, c′ ` K �� ÷&��H ��s�iç
s� �>rF�ô�Ç
��. Õª�Q���, [Close] ½©gË:\� _�K� c v OR�� $í
wn�ô�Ç��. s���H B ` tc ≤ c����H ��&ñ

\� �̧í�Hs���.

• C = (σ, tc, read,K)s��¦, tc��H closed��� �â
Äº :
���$� ` (σ, tc, read,K)��� ��s�iç
s� �>rF�ô�Ç���¦ ��&ñ

���. Õª�Q���, &ñ
_� 4\� _�K�
` σ : Γ, B ` tc ≤ c, Γ, B, c ` read : c′, Γ, B, c′ ` K �� ÷&��H ��s�iç
s� �>rF�ô�Ç��.
Õª�Q���, [Read] ½©gË:\� _�K� c v OR�� $í
wn�ô�Ç��. s���H B ` tc ≤ c����H ��&ñ
\� �̧
í�Hs���.

• C = (σ, tc, write,K)s��¦, tc��H opened ro ¢̧��H closed ��� �â
Äº :
���$� ` (σ, tc, write,K)��� ��s�iç
s� �>rF�ô�Ç���¦ ��&ñ

���. Õª�Q���, &ñ
_� 4\� _�
K� ` σ : Γ, B ` tc ≤ c, Γ, B, c ` write : c′, Γ, c′ ` K��� ��s�iç
s� �>rF�ô�Ç��. Õª�Q
���, [Write] ½©gË:\� _�K� c v ORW�� $í
wn�ô�Ç��. s���H B ` tc ≤ c����H ��&ñ
\� �̧
í�Hs���.

����:r&h�Ü¼�Ð �Ð�̧&ñ
o� 8, 9\� _�K� ��6£§_� &ñ
o�\�¦ %3���H��.

Ça�h� 1 [�����k�â«�̀g�+ ò5Ñ¦�>Å]�] ` Cs���� C\�¦ z�́'��
�#� C ′Ü¼�Ð =åQ����� ` Cs���

4 çÃwñdc9c¤�> ����� ËÂÍÙ N±Ó�§h�¤æ̧

�:r �©�\�"f��H 3�©�\�"f ]jr��)a 7£x"î
r�Û¼%7�(��{9�r�Û¼%7�)\� ú́�ÆÒ#Q, àÔ�½�Ô�o��� ��{9��̀¦ Ä»
ÆÒK� ÅÒ��H ·ú��¦o�7£§ 5�̀¦ ]jr�ô�Ç�� . Õªo��¦, ]jr��)a ·ú��¦o�7£§s� �̀¦��2£§�̀¦ �Ð�����.

4.1 ����� ËÂÍÙ N±Ó�§h�¤æ̧ : I

��{9� Ä»ÆÒ ·ú��¦o�7£§ I 6��H ��6£§õ� +þAI�\�¦ �������.

Ip : TypeBinding × Constraints × TransactionContext × Program
→ TransactionContext × Constraints

Ie : TypeBinding × Constraints × TransactionContext × Expression
→ TransactionContext × Constraints

��{9� Ä»ÆÒ ·ú��¦o�7£§�Ér áÔ�ÐÕªÏþ� p ¢̧��H áÔ�ÐÕªÏþ�d�� e�� ÅÒ#Q��� ��{9�8̈��â
 Γ, ]j����̧|	�
��&ñ
 B, {9�§4�àÔ�½�Ô�o���ë�HÐ�o c\�"f��s�iç
��0px
����,s�\�¦0AK��9¹כ�ô�Ç]j����̧|	� B′õ�
���õ� àÔ�½�Ô�o��� ë�HÐ�o c′�̀¦ ¹1Ô��ï�r��. ��{9� Ä»ÆÒ ·ú��¦o�7£§�Ér ÕªaË> 6,ÕªaË> 7õ� °ú ��.
�<ÊÃº_���{9��Ér���$��<ÊÃº�����_���{9��̀¦���©�����Ér�<ÊÃº��{9���� ∀αwithα v >.α →

⊥ �Ð ��&ñ

��¦ �<ÊÃº_� 3lu:�x�̀¦ Ä»ÆÒ
�#�, �<ÊÃº_� 3lu:�x�̀¦ ��s�iç
 
�l� 0AK� ¹ô�Çכ��9 ]j
����̧|	� B′õ� ���õ� àÔ�½�Ô�o��� ë�HÐ�o co \�¦ ¹1Ô��H��. s� ���õ�\�¦ ���½ÓÜ¼�Ð ��r� �<ÊÃº_� ��
{9��̀¦ ∀α with B′.α → co�Ð Z�~�¦ �<ÊÃº_� 3lu:�x_� ��{9��̀¦ Ä»ÆÒô�Ç��. s� õ�&ñ
\�"f �¦&ñ

&h�(Fixpoint)\� �̧²ú�
���� �<ÊÃº_� ��{9��̀¦ ���&ñ
ô�Ç��. s�M:, B� õ�&ñ
(Iteration)���� B′\�
ÕªaË> 5_� çß�éß��o(Simplify)\�¦ &h�6 x
�#� ·ú��¦o�7£§_� ò́Ö�¦�̀¦ Z�}�����. °úכ�Ér {9�§4�Ü¼�Ð ~ÃÎ

5Ä»ÆÒ·ú��¦o�7£§_� 
¹$íכ��9�Ér �ÃÐ�¦ë�H��³ [6]�̀¦ �ÃÐ�¦
�l� ��êøÍ��.
6	�Êê I_� ��{9��Ér ¼#�_��©� Òqt|ÄÌ
��¦ ×�æ4�¤ ³ð�&³ô�Ç��
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for each constraint c1 v c2 of B′ do {
case (c1,c2) of

• (α, s) : do nothing
• (α t s1, s2) : if ` s1 v s2 then change it to α v s2 else fail
• otherwise : fail

}
for each constraint pair α v s1, α v s2 of modified B′ in previous step do
{

combine it to α v s1 u s2

}

ÕªaË> 5: ]j����̧|	� çß�éß��o(Simplify)

�Ér àÔ�½�Ô�o��� ë�HÐ�o�̀¦ Õª@/�Ð ���õ��Ð ï�r��. �<ÊÃº  ñØ�¦�Ér ���$�  ñØ�¦÷&��H �<ÊÃº_� {9�§4� ]j
����̧|	� Bf_� α\� ÅÒ#Q��� {9�§4� àÔ�½�Ô�o��� c�̀¦ &h�6 x(u�8̈�)ô�Ç ���õ��� ëß�7á¤��0pxô�Çt� ���
��ô�Ç��. ��{9� Ä»ÆÒ ·ú��¦o�7£§\�"f ëß�7á¤��0px$í
(Satisfiability)�Ér ÕªaË> 5\�"f_� ]j����̧|	�
çß�éß��oü< q�5pwô�Ç ½̈�̧�Ð &ñ
_�÷&#Q #�l�"f fails� ����H �â
Äº�� e����Ht� �����ô�Ç��. ¢̧ô�Ç
0A ���õ�?/\� ���Ãº α�� \O�Ü¼���(Atomic) ]j����̧|	��̀¦ Òqt$í

�t� ·ú§��H��. �<ÊÃº  ñØ�¦_� ���
õ���H �<ÊÃº_� ���õ� àÔ�½�Ô�o��� ë�HÐ�o\� u�8̈� [c/α]\�¦ &h�6 xô�Ç ���õ��� �)a��. let�Ér z�́'��âì
2£§\� ���� àÔ�½�Ô�o��� ë�HÐ�o�̀¦ ���²ú�
��¦, ¹ô�Çכ��9 ]j����̧|	��̀¦ �̧�Ér��. if��H, �ª�Aá¤ ì�rl�
\�"f ���̀¦Ãº e����H ¿º��t� àÔ�½�Ô�o��� ë�HÐ�o�̀¦ ½+Ëu�l�(Join : t)�̀¦ :�xK� 
���¹כ��¦, ¹כ��9
ô�Ç ]j����̧|	��̀¦ �̧�Ér��. open ro, open rw, close, read, write�Ér y��y�� ∀α with {α v
Closed}.α → OR, ∀α with {α v Closed}.α → ORW , ∀α with {α v OR}.α → Closed,
∀α with {α v OR}.α → α, ∀α with {α v ORW}.α → α ��{9�_� �<ÊÃº ñØ�¦õ� °ú �Ér _�p�
�Ð Ä»ÆÒô�Ç��.
s�]j Äºo�_� ��{9� Ä»ÆÒ ·ú��¦o�7£§Ü¼�Ð 1�©�\�"f ë�H]j�Ð ]jl��)a áÔ�ÐÕªÏþ� 1ü< áÔ�Ð

ÕªÏþ� 2\�¦ ���7£xK� �Ð��. áÔ�ÐÕªÏþ� 1\�"f ifë�H_� thenë�H�Ér Closed�Ð, Õªo��¦ elseë�H�Ér
ORW�Ð ���õ� àÔ�½�Ô�o��� ë�HÐ�os� Ä»ÆÒ �)a��. s�\� ����, áÔ�ÐÕªÏþ� 1_� þj7áx àÔ�½�Ô�o��� ë�H
Ð�o�Ér >s�÷&>��)a��.0A_�àÔ�½�Ô�o����'aº��"î
§î
_���{9�\�"f �̂¦Ãºe��1pw,Äºo�_���{9�Ä»
ÆÒ·ú��¦o�7£§\�"f��H >s�Ä»ÆÒ÷&���	�Êê#Q�"�àÔ�½�Ô�o���"î
§î
�̧ Ãº'��½+ÉÃº\O�>��)a��.��
��"f, s� �â
Äº 7£¤r� àÔ�½�Ô�o��� %�o� �̧ÀÓ Bjr�t�\�¦ µ1ÏÒqtr������. áÔ�ÐÕªÏþ� 2\�"f��H ifë�H
_� elseë�H\�"f write_� {9�§4� àÔ�½�Ô�o��� ë�HÐ�os� OR�Ð ÅÒ#Qt�l� M:ë�H\�, [I Write] ½©gË:
\� _��� àÔ�½�Ô�o��� %�o� �̧ÀÓ Bjr�t�\�¦ µ1ÏÒqtr������.
���©� {9�ìøÍ&h���� >�8£x½̈�̧��{9�r�Û¼%7�_� Ä»ÆÒ ·ú��¦o�7£§�Ér t�Ãº r�çß�(Exponential

Time)4�¤ú̧��̧\�¦��t���H�
.����94Re��Ü¼�Ð·ú[7]	כ�t�ëß�,�:r�7Hë�H\�"f��ÀÒ��H���#Q��H{9�
	��<ÊÃº(First-Order) ëß��̀¦ ��ÀÒ�¦, àÔ�½�Ô�o��� ë�HÐ�oçß�_� í�H"f�'a>��ÐÂÒ'� %3�#Qt���H A�w�
Û¼(Lattice)�� Ä»ô�Çô�Ç çß�éß�ô�Ç ë�H]js���. ¢̧ô�Ç, àÔ�½�Ô�o��� ë�HÐ�o ���Ãº�� 
���ëß� �>rF�
�l�
M:ë�H\�çß�éß��ox9�ëß�7á¤��0px$í
�������HáÔ�ÐÕªÏþ�_�ß¼l� n\�q�YV
���H���+þAr�çß�(Linear-
Time : O(n))_� 4�¤ú̧��̧\�¦ ��t�>� �)a��. ����"f, ]jîß��)a ��{9� Ä»ÆÒ ·ú��¦o�7£§_� 4�¤ú̧��̧
��H áÔ�ÐÕªÏþ�_� ß¼l�\� q�YV
���H ���+þAr�çß� 4�¤ú̧��̧\�¦ �������.
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[I Program] I(Γ, B, c, fun f(x) = e; p) =
let (Bf , cf ) = fix(αv>,⊥)λ(Bi, ci).

let (co, B
′) = I(Γ ∪ {f : ∀α with Bi.α → ci}, Bi, α, e)

Bo = simplify(B′)
in (Bo, co) end

(cp, Bp) = I(Γ ∪ {f : ∀α with Bf .α → cf}, B, c, p)
in (cp, Bp) end

[I Value] I(Γ, B, c, v) = (c, ∅)

[I App] I(Γ, B, c, f v) =
let ∀α with Bf .α → cf = Γ(f)

S = [c/α]
in
if satisfiable(B, BfS) then

if atomic(BfS) then (cfS, ∅) else (cfS, BfS)
else fail

end

[I Let] I(Γ, B, c, let x = e1 in e2) =
let (c1, B1) = I(Γ, B, c, e1)

(c2, B2) = I(Γ, B, c1, e2)
in
(c2, B1 ∪B2)

end

[I If] I(Γ, B, c, if v then e1 else e2) =
let (c1, B1) = I(Γ, B, c, e1)

(c2, B2) = I(Γ, B, c, e2)
in
(c1 t c2, B1 ∪B2)

end

ÕªaË> 6: ��{9� Ä»ÆÒ ·ú��¦o�7£§({9�ìøÍ "î
§î
)
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[I Open RO] I(Γ, B, c, open ro) =
let B′ = c v Closed
in
if satisfiable(B, B′) then

if atomic(B′) then (OR, ∅) else (OR, B′)
else fail

end

[I Open RW] I(Γ, B, c, open rw) =
let B′ = c v Closed
in
if satisfiable(B, B′) then

if atomic(B′) then (ORW, ∅) else (ORW,B′)
else fail

end

[I Close] I(Γ, B, c, close) =
let B′ = c v OR
in
if satisfiable(B, B′) then

if atomic(B′) then (Closed, ∅) else (Closed, B′)
else fail

end

[I Read] I(Γ, B, c, read) =
let B′ = c v OR
in
if satisfiable(B, B′) then

if atomic(B′) then (c, ∅) else (c, B′)
else fail

end

[I Write] I(Γ, B, c, write) =
let B′ = c v ORW
in
if satisfiable(B, B′) then

if atomic(B′) then (c, ∅) else (c, B′)
else fail

end

ÕªaË> 7: ��{9� Ä»ÆÒ ·ú��¦o�7£§(àÔ�½�Ô�o��� "î
§î
)
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4.2 ����� ËÂÍÙ N±Ó�§h�¤æ̧�+ £�·����̧ ¤� ÃZ�

�:r]X�\�"f��H 3�©�\�"f]jr��)a��{9�r�Û¼%7�\�@/
�#���{9�Ä»ÆÒ·ú��¦o�7£§s�îß�����<Ê�̀¦�Ð
�����. 7£¤, ÅÒ#Q��� áÔ�ÐÕªÏþ�s� ��{9� Ä»ÆÒ ·ú��¦o�7£§�̀¦ :�xõ�
����, ��{9�r�Û¼%7��̧ �½Ó�©� :�x
õ��<Ê�̀¦ �Ð�����.

�×�¿Ça�h� 10 [ï5Ñ¤4́���æ Å]�] I(Γ, B, c, e) = (c,B′)s���� B |= B′s���.

(¤� ÃZ�) ��{9� Ä»ÆÒ ·ú��¦o�7£§ I�� ÅÒ#Q��� ]j����̧|	� ��&ñ
\�"f �½Ó�©� ëß�7á¤��0pxô�Ç ]j����̧|	�
ëß��̀¦ Òqt$í
�<Ê�̀¦ �Ð�����. s���H e\� @/ô�Ç )
±ú�7£x"î
�̀¦ :�xK� çß�éß�y� 7£x"î
�)a��.

�×�¿Ça�h� 11 [ë5Ñí5��ª] B = simplify(B′)s���.

(¤� ÃZ�) ÕªaË> 11_� çß�éß��o(Simplify)_� &ñ
_�\� _�K� ��"î

���.

Ça�h� 2 [�����ËÂÍÙN±Ó�§h�¤æ̧�+ò5Ñ¦�>Å]�] I(Γ, B, c, p) = (cp, Bp)s���� Γ, B ∪Bp, c ` p : cps�
��. Õªo��¦, I(Γ, B, c, e) = (ce, Be)s���� Γ, B ∪Be, c ` p : ces���.

(¤� ÃZ�) pü< e_� ½̈�̧\� @/ô�Ç )
±ú�7£x"î
�̀¦ :�xK� 7£x"î
ô�Ç��.

• p = fun f (x )=e ;p′��� �â
Äº :
[I Program]õ�)
±ú���&ñ
(Inductive Hypothesis)\�_�K� (1) Γ∪{f : ∀αwithBi.α →
ci}, Bi ∪B′, α ` e : co, (2) Γ ∪ {f : ∀α with Bf .α → cf}, B ∪Bp, c ` p′ : cp ��$í


wn�ô�Ç��. [I Program]\�"f (Bf , cf )���¦&ñ
&h�(Fixpoint)s�l�M:ë�H\�, (3) (Bf , cf ) =
(Bo, co) = (Bi, ci) �� $í
wn�ô�Ç��. (3)õ� �Ð�̧&ñ
o� 11\� _�K� (4) (Bo, co) = (B′, co)
�� $í
wn�ô�Ç��. (1), (3), (4)ü< )
±ú���&ñ
\� _�K� (5) Γ ∪ {f : ∀α with Bf .α → cf},
Bf ∪Bf , α ` e : cf �� $í
wn�ô�Ç��. Õª�QÙ¼�Ð, (5), (2), �Ð�̧&ñ
o� 10, [Program] ½©gË:
\� _�K� Γ, B ∪Bp, c ` fun f (x )=e ;p′ : cp �� $í
wn�ô�Ç��.

• e = v��� �â
Äº :
[I Value]ü< )
±ú���&ñ
\� _�K� (1) ce = c and Be = ∅ �� $í
wn�ô�Ç��. [Value] ½©gË:
\� _�K� (2) Γ, B, c ` v : c �� $í
wn�ô�Ç��. Õª�QÙ¼�Ð, (1), (2)ü< [Value] ½©gË:\� _�K�
Γ, B ∪Be, c ` v : ce �� $í
wn�ô�Ç��.

• e = f v��� �â
Äº :
[I App]ü<)
±ú���&ñ
\�_�K� (1) Γ(f) = ∀αwithBf .α → cf , (2) satisfiable(B, Bf [c/α]),
(3) ce = cf [c/α]��$í
wn�ô�Ç��.ëß����, Bf [c/α]�����Ãº\�¦°ú�t�·ú§Ü¼���(Atomic) (4-1)
Be = ∅ s���. (4-1)õ� ëß�7á¤��0px$í
_� &ñ
_�\� ���� (4-2) B ∪ Be ` Bf [c/α] s���.
(1), (3), (4-2)ü< [App] ½©gË:\� _�K� (4-3) Γ, B ∪Be, c ` f v : ce �� $í
wn�ô�Ç��. ëß�
���, Bf [c/α]�� ���Ãº\�¦ ��t����(Not Atomic) (5-1) Be = Bf [c/α] s���. (5-1)õ� Õª
aË> 3_� ½©gË:\� _�K� (5-2)B ∪ Be ` Bf [c/α] s���. (1), (3), (5-2)ü< [App] ½©gË:
\� _�K� (5-3) Γ, B ∪Be, c ` f v : ce �� $í
wn�ô�Ç��. Õª�QÙ¼�Ð, (4-3), (5-3)\� _�K�
Γ, B ∪Be, c ` f v : ce �� $í
wn�ô�Ç��.

• e = let x = e1 in e2 ��� �â
Äº :
[I Let]ü< )
±ú���&ñ
\� _�K� (1) Γ, B ∪B1, c ` e1 : c1, (2) Γ, B ∪B2, c1 ` e2 : c2, (3)
ce = c2, (4) Be = B1 ∪ B2 �� $í
wn�ô�Ç��. (4), (1), (2)ü< �Ð�̧&ñ
o� 5\� _�K� (5)
Γ, B ∪Be, c ` e1 : c1 (6) Γ, B ∪Be, c1 ` e2 : c2��$í
wn�ô�Ç��.Õª�QÙ¼�Ð, (5),(6),(3)õ�
[Let] ½©gË:\� _�K� Γ, B ∪Be, c ` let x = e1 in e2 : ce �� $í
wn�ô�Ç��.
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• e = if v then e1 else e2��� �â
Äº :
[I If]ü< )
±ú���&ñ
\� _�K� (1) Γ, B ∪B1, c ` e1 : c1, (2) Γ, B ∪B2, c ` e2 : c2, (3)
ce = c1 t c2, (4) Be = B1 ∪ B2 �� $í
wn�ô�Ç��. (4), (1), (2)ü< �Ð�̧&ñ
o� 5\� _�K�
(5)Γ, B ∪Be, c ` e1 : c1 (6)Γ, B ∪Be, c ` e2 : c2 �� &ñ
wn�ô�Ç��. Õª�QÙ¼�Ð, (5), (6),
(3)õ� [If] ½©gË:\� _�K� Γ, B ∪Be, c ` if v then e1 else e2 : ce �� $í
wn�ô�Ç��.

• e = open ro��� �â
Äº :
[I Open RO]ü< )
±ú���&ñ
\� _�K� (1) satisfiable(B, c v Closed), (2) ce = OR
�� $í
wn�ô�Ç��. ëß����, ]j����̧|	� c v Closed\� ���Ãº�� \O�Ü¼��� (3-1) Be = ∅ s���.
(3-1)õ� ëß�7á¤��0px$í
_� &ñ
_�\� _�K� (3-2) B ∪ Be ` c v Closed s���. (1), (2),
(3-2)ü< [Open RO] ½©gË:\� _�K� (3-3) Γ, B ∪Be, c ` open ro : ce �� $í
wn�ô�Ç��. ëß�
���, c v Closed\� ���Ãº�� e��Ü¼���, (4-1) Be = c v Closed s���. (4-1)õ� ÕªaË> 3_�
½©gË:\� _�K� (4-2) B ∪Be ` c v Closed s���. (1),(3),(4-2)ü< [Open RO] ½©gË:\�
_�K� (4-3)Γ, B ∪Be, c ` open ro : ce s� $í
wn�ô�Ç��. Õª�QÙ¼�Ð, (3-3), (4-3)\� _�K�
Γ, B ∪Be, c ` open ro : ce �� $í
wn�ô�Ç��.

• e = open rw, close, read, write��� �â
Äº : open roü< °ú �Ér ~½Ód��_� )
±ú�7£x"î
�̀¦
:�x
�#� 7£x"î
�)a��.

5 çÃwñdc9c¤�> ¼ÇÔ;³�ÊÁ)K� ÏÚýb�

�:r �©�\�"f��H 3�©�\�"f �è>h�)a àÔ�½�Ô�o��� ��{9� r�Û¼%7��̀¦ SX��©�
�#� open rwÜ¼�Ð \P��2; àÔ
�½�Ô�o��� ×�æ z�́]j�Ð read ëß�
���H àÔ�½�Ô�o����̀¦ ¹1Ô��?/��H ~½ÓZO��̀¦ ]jr�ô�Ç��. s�\�¦ ���½ÓÜ¼
�Ð, q� ò́Ö�¦&h�Ü¼�Ð [O�&ñ
�)a àÔ�½�Ô�o��� ����FK "î
§î
(open rw)�̀¦ open ro�Ð �¦5g"f $í
0px�̀¦
>h���
���H ~½ÓZO��̀¦ ]jr�ô�Ç��.

5.1 �����k�â«�̀g ��È*�×

t ∈ TId ::= ρ open label variable
| {l} label
| t ∪ t union

ε ∈ Access ::= read(t) read
| write(t) write

ϕ ∈ Accesses | ℘(Access)

ÕªaË> 8: àÔ�½�Ô�o��� d��Z>��� x9� ]X���H

���$� ��{9�r�Û¼%7�\� ÕªaË> 8õ� °ú �Ér �̧Bj���(Domain)�̀¦ ÆÒ��ô�Ç��. àÔ�½�Ô�o��� d��Z>�
��(TId)��H y�� open "î
§î
\� @/ô�Ç YUs��̂¦_� |9�½+Ës���. s�M:, y�� open "î
§î
\� �¦Ä» YUs�
�̂¦s� ÅÒ#Q������¦ ��&ñ
ô�Ç��. àÔ�½�Ô�o��� ]X���H &ñ
�Ð(Accesses)��H y�� àÔ�½�Ô�o���\� @/ô�Ç ]X�
��H(Access)�̀¦ �̧�Ér |9�½+Ës���.
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[E Program]

|= Bf

Γ ∪ {f : ∀ ρ , α with Bf .α
ϕf

→ cf}, Bf , α ` e : cf , ϕf

Γ ∪ {f : ∀ ρ , α with Bf .α
ϕf

→ cf}, B, c ` p : c′, ϕ

Γ, B, c ` fun f (x )=e ;p : c′, ϕ

[E Value] Γ, B, c ` v : c, ∅

[E App]
Γ(f) = ∀ ρ , α with Bf .α

ϕf

→ cf

label(c) = t B ` Bf [t/ρ] [c/α]

Γ, B, c ` f v : cf [c/α], ϕf [t/ρ]

[E Let]
Γ, B, c ` e1 : c1, ϕ1 Γ, B, c1 ` e2 : c2, ϕ2

Γ, B, c ` let x = e1 in e2 : c2, ϕ1 ∪ ϕ2

[E If]
Γ, B, c ` e1 : c1, ϕ1 Γ, B, c ` e2 : c2, ϕ2

Γ, B, c ` if v then e1 else e2 : c1 t c2, ϕ1 ∪ ϕ2

[E Open RO]
B ` c v Closed

Γ, B, c ` open rol : OR( {l} ), ∅

[E Open RW]
B ` c v Closed

Γ, B, c ` open rwl : ORW ( {l} ), ∅

[E Close]
B ` c v OR( label(c) )

Γ, B, c ` close : Closed, ∅

[E Read]
label(c) = t B ` c v OR( t )

Γ, B, c ` read : c, {read(t)}

[E Write]
label(c) = t B ` c v ORW ( t )

Γ, B, c ` write : c, {write(t)}

ÕªaË> 9: SX��©��)a ��{9����&ñ
½©gË:
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àÔ�½�Ô�o��� �©�I���H àÔ�½�Ô�o���s� \P�§4�6£§�̀¦ >pw
���H OR ¢̧��H ORW�� �'aº�� e����H open
"î
§î
_� YUs��̂¦�̀¦ ��t��̧2�¤ SX��©�ô�Ç��.

s ∈ TransactionStatus ::= ⊥ dead or non-termination
| Closed closed
| OR( t ) read possible
| ORW ( t ) read/write possible
| > can be all

�<ÊÃº_� ��{9��Ér K�{©� �<ÊÃº��  ñØ�¦÷&��� µ1ÏÒqt
���H ���F�(latent) àÔ�½�Ô�o��� ]X���H &ñ
�Ð
\�¦ ��t��̧2�¤ SX��©�ô�Ç��.

ts ∈ TypeScheme ::= ∀ ρ , α with B.α
ϕf

→ c

àÔ�½�Ô�o��� ��{9� ���&ñ
 óøÍZ>�d���Ér àÔ�½�Ô�o��� ]X���H &ñ
�Ð\�¦ �̧�̀¦Ãº e���̧2�¤ ��6£§õ� °ú �Ér

+þAI��Ð SX��©�ô�Ç��.
Γ, B, c `p p : c′, ϕ

Γ, B, c `e e : c′, ϕ

Õªo��¦ “ÅÒ#Q��� ��{9�8̈��â
 Γ, ]j����̧|	� ��&ñ
 B, {9�§4� àÔ�½�Ô�o��� ë�HÐ�o c\�"f, áÔ�ÐÕªÏþ� p
<�Ê�Ér áÔ�ÐÕªÏþ�d�� e\�¦ Ä»ÆÒ
����, ���õ� àÔ�½�Ô�o��� ë�HÐ�o�Ér c′, àÔ�½�Ô�o��� ]X���H &ñ
�Ð��H ϕs�
��” �Ð {9���H��.
s�]j SX��©��)a ��{9����&ñ
½©gË:�Ér ÕªaË> 9ü< °ú s� &ñ
_��)a��.
�<ÊÃº_� ��{9��Ér �<ÊÃº_� 3lu:�x�̀¦ Ãº'�� Ùþ¡�̀¦ M: µ1ÏÒqt½+É Ãº e����H àÔ�½�Ô�o��� ]X���H &ñ
�Ð

\�¦ �̧��"f �<ÊÃº��{9�_� ���F� ]X���H &ñ
�Ð�Ð &ñ
ô�Ç��. °úכ�Ér àÔ�½�Ô�o���\� �'a#�
�t� ·ú§Ü¼Ù¼�Ð
]X���H &ñ
�Ð�� \O���. �<ÊÃº  ñØ�¦\�"f��H  ñØ�¦ ÷&��H r�&h�\�"f àÔ�½�Ô�o���s� \P��9 e��Ü¼��� àÔ
�½�Ô�o����̀¦ \P�M: àÔ�½�Ô�o��� ë�HÐ�o\� [O�&ñ
K� é�H àÔ�½�Ô�o��� d��Z>���\�¦ �<ÊÃº_� ���F� ]X���H &ñ


�Ð_� ���Ãº ρ\� &h�6 x(u�8̈�)
�#� àÔ�½�Ô�o��� ]X���H&ñ
�Ð\�¦ ���&ñ
ô�Ç��. letõ� if��H y�� ÂÒì�r
áÔ�ÐÕªÏþ�d��(Sub-Expression) �̀¦ Ãº'��
�#� µ1ÏÒqt½+É Ãº e����H àÔ�½�Ô�o��� ]X���H&ñ
�Ð\�¦ �̧�Ér
��. open rolü< open rwl�Ér K�{©� YUs��̂¦�̀¦ àÔ�½�Ô�o��� ë�HÐ�o\� [O�&ñ
ô�Ç��. close��H ]X���H
&ñ
�Ð\�¦ Òqt$í

�t� ·ú§��H��. readü< write��H �&³F�_� àÔ�½�Ô�o��� d��Z>��� t\� @/ô�Ç read(t),
write(t) ]X���H&ñ
�Ð\�¦ Òqt$í
ô�Ç��.
SX��©��)a ��{9�r�Û¼%7�\� _�K� ì�r$3��)a ���õ� ]X���H &ñ
�Ð ϕ��H ÅÒ#Q��� áÔ�ÐÕªÏþ��̀¦ Ãº'��
�

��� µ1ÏÒqt
���H àÔ�½�Ô�o��� ]X���H�̀¦ >pwô�Ç��. 7£¤, SX��©��)a ��{9�r�Û¼%7�Ü¼�Ð read ]X���Hëß� 
���H
�̧��H open rw@/ô�Ç YUs��̂¦�̀¦ ���&ñ
ô�Ç Êê, s� &ñ
�Ð\�¦ ���½ÓÜ¼�Ð ÅÒ#Q��� áÔ�ÐÕªÏþ�_� àÔ�½�
Ô�o��� ����FKÃºï�r�̀¦ ÈÓ_ç
ô�Ç��.
�:r�©�\�"f]jr��)a����FKÃºï�rÈÓ_ç
~½ÓZO��̀¦:�xK� 1�©�\�"fë�H]j�Ð]jl��)aáÔ�ÐÕªÏþ� 3�̀¦

ÈÓ_ç

������6£§õ�°ú s��)a��.Äº���'Í	���P:×�¦_� begin transaction(Serializable)�Ér
open rwl_� [E Open RW]½©gË:\�����,���õ�àÔ�½�Ô�o���ë�HÐ�oÜ¼�Ð ORW (l)�̀¦Òqt$í
ô�Ç��.
read\�"f��H [E Read] ½©gË:\� _�K� read(l) àÔ�½�Ô�o��� ]X���H &ñ
�Ð�� µ1ÏÒqtô�Ç��. show msg
�<ÊÃº��H���F�àÔ�½�Ô�o���]X���Hs�\O�l�M:ë�H\�àÔ�½�Ô�o���]X���H&ñ
�Ð��µ1ÏÒqt
�t�·ú§��H��.��
��"f, open rwl\� @/ô�Ç àÔ�½�Ô�o��� ]X���H&ñ
�Ð��H {read(l)} �� �)a��. s�\� ����, ÅÒ#Q��� ·ú�
�¦o�7£§�Ér open rwl�̀¦ open rol �Ð ���8̈�ô�Ç��.
SX��©��)a ��{9�r�Û¼%7��̀¦ 0Aô�Ç SX��©� ��{9� Ä»ÆÒ ·ú��¦o�7£§ x9� îß����$í
 7£x"î
�Ér 3�©�, 4�©�\�

"f �7H_� x9� 7£x"î
�)a ~½Ód��Ü¼�Ð }��jËµ\O�s� �����Û¼XO�>� ���'��÷&Ù¼�Ð �:r �7Hë�H\�"f��H ��[jô�Ç

?/6 x�̀¦ Òqt|ÄÌô�Ç��.
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6 çÃwñdc9c¤�> ¼ÇÔ;³�k�ë5Ñ ÏÚýb�

�:r �©�\�"f��H Ô�¦�9¹כ�
�>� àÔ�½�Ô�o��� 7áx«Ñ�� 0pyÆÒ#Q t��̧2�¤ áÔ�ÐÕªA�bç
K�"f, K�{©� áÔ�Ð
ÕªÏþ�s� ����̂ r�Û¼%7�_� $í
0px\� �©�E��� ÷&��H �â
Äº\�¦ ¹1Ô�� ÅÒ�¦, s��Qô�Ç àÔ�½�Ô�o��� 7áx«Ñ
"î
§î
�̀¦ îß����ô�Ç Ãºï�r\�"f þj@/ô�Ç ·ú¡ {©�|�� áÔ�ÐÕªÏþ�Ü¼�Ð ��1lx ÈÓ_ç
K�ÅÒ��H ·ú��¦o�7£§�̀¦

]jr�ô�Ç��.

1. ÅÒ#Q��� áÔ�ÐÕªÏþ�\� @/ô�Ç z�́'��âì2£§ÕªA�áÔ\�¦ Òqt$í
ô�Ç��.

2. z�́'��âì2£§ÕªA�áÔ_� y�� �̧×¼ b\� @/K� ��6£§õ� °ú s� �¦&ñ
&h��̀¦ >�íß�ô�Ç��.
fix(⊥,⊥) λ(out[b], in[b]).
let joined = t∀s ∈ succ(b)in[s]
in
(joined, if (b = “close”) then Move

else

if (joined = Move and type(b) = ∀ρ.∀α with α v >. α
∅→ α)

then Move
else Stop

end

3. z�́'��âì2£§ÕªA�áÔ\�"f �̧��H “close” �̧×¼\�¦ “skip”Ü¼�Ð ��õ�H��.

4. ì�r$3����õ�\�¦ ���½ÓÜ¼�Ð ��6£§õ� °ú s� z�́'��âì2£§ÕªA�áÔ\� “close”�̧×¼\�¦ ÆÒ��ô�Ç��.
case a edge’s DFI (d1, d2) of
| (Stop, Move) ⇒ insert
| (Stop, Stop) ⇒ do nothing
| (Move, Move) ⇒ do nothing
| (Move, Stop) ⇒ error

ÕªaË> 10: ����FKr�çß� ÈÓ_ç
 ·ú��¦o�7£§

àÔ�½�Ô�o��� ����FKr�çß� ÈÓ_ç
 ·ú��¦o�7£§�Ér (����{9��Q_� þj&h��o l�Õüt�Ð"f��H ú̧� ·ú��9��� X<

s�'�âì2£§ì�r$3�(Data Flow Analysis) ~½ÓZO�[8]�̀¦ 6£x6 x
�#� &ñ
_�
�%i���. {9�ìøÍ&h�Ü¼�Ð X<s�
'�âì2£§ì�r$3��Ér X<s�'�âì2£§&ñ
�Ð(DFI) D_� &ñ
_�, X<s�'�âì2£§&ñ
�Ð ��s�_� ½+Ëu�l� ���íß�
�� t_� &ñ
_�, y�� �̂¦!3�\� @/ô�Ç ÊÃº>����¹כ F [b]_� &ñ
_�_� ÈÓe�¦(Tuple)�Ð ³ð�&³�)a��. X<s�
'� âì2£§&ñ
�Ð��H ì�r$3�
��¦�� 
���H @/�©� $í
|9��̀¦ ¹���ô�Çכ �,Ü¼�Ð"f	כ ÅÒ#Q��� áÔ�ÐÕªÏþ�_� z�́
'��âì2£§ÕªA�áÔ(Control Flow Graph)_� y�� �̧×¼ b_� {9�§4�ÂÒ in[b]ü< Ø�¦§4�ÂÒ out[b]\� [O�
&ñ
�)a��. ½+Ëu�l� ���íß��Ér X<s�'�âì2£§&ñ
�Ð ��s�_� í�H"f�'a>�\� ���� &ñ
_� �)a��. ÊÃº>����¹כ
F [b]��H y�� �̧×¼_� {9�§4�ÂÒ\�¦ :�xK� [þt#Q�:r X<s�'�âì2£§&ñ
�Ð\� 2[K�t���H �<ÊÃºs���. ì�r$3�
r� �<ÊÃº_� &h�6 x ���õ���H K�{©� �̧×¼_� Ø�¦§4�ÂÒ\� [O�&ñ
�)a��.
�:rì�r$3�\�"f��HàÔ�½�Ô�o���7áx«Ñ"î
§î
�̀¦z�́'��âì2£§_�%i�~½Ó�¾ÓÜ¼�Ðs�1lx
�U�́"é¶ô�Ç��.��

��"f, X<s�'�âì2£§&ñ
�Ð��H àÔ�½�Ô�o��� 7áx«Ñ "î
§î
�̀¦ z�́'��âì2£§_� %i�~½Ó�¾ÓÜ¼�Ð s�1lx(Move),
s�1lxîß��<Ê(Stop)Ü¼�Ð &ñ
_�ô�Ç��. X<s�'�âì2£§&ñ
�Ð çß�_� í�H"f�'a>���H ⊥ v Move, ⊥ v
Stop, Move v Stop Ü¼�Ð çß�éß�y� &ñ
_� �)a��. s�\� ����, ½+Ëu�l� ���íß��� t�Ér Move t
Stop = Stop d��Ü¼�Ð &ñ
_��)a��. ]jîß��)a ì�r$3��Ér z�́'��âì2£§_� %i�~½Ó�¾ÓÜ¼�Ð X<s�'�\�¦ ���²ú�

�Ù¼�Ð F [b]��H out[b]\�¦ ~ÃÎ��"f in[b]\�¦ ���&ñ

���H d��Ü¼�Ð %i�~½Ó�¾ÓÜ¼�Ð &ñ
_��)a��. F [b]_�
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��[jô�Ç &ñ
_���H ÕªaË>10\�"f �¦&ñ
&h� >�íß� @/�©� �<ÊÃº_� 3lu:�x\�"f SX����½+É Ãº e����. #�l�
"fK�{©� �̧×¼���<ÊÃº ñØ�¦{9�M:��H, ñØ�¦÷&��H�<ÊÃº��àÔ�½�Ô�o���õ��'aº��s�e����Ht�#�ÂÒ\�¦
t��FK��t� ]jîß��)a àÔ�½�Ô�o��� �<ÊÃº ��{9��̀¦ ���½ÓÜ¼�Ð ���&ñ
ô�Ç��. ����"f, �<ÊÃº ñØ�¦s� e��#Q
�̧ àÔ�½�Ô�o��� �<ÊÃº��{9��̀¦ ���½ÓÜ¼�Ð K�{©� �<ÊÃº  ñØ�¦ s����Ü¼�Ð îß����
�>� àÔ�½�Ô�o��� 7áx«Ñ

"î
§î
�̀¦ ·ú¡ {©�U�́Ãº e����.
]jr��)a ����FKr�çß� ÈÓ_ç
 ·ú��¦o�7£§�̀¦ ��6 x
�#� 1�©�\�"f ë�H]j�Ð ]jl��)a áÔ�ÐÕªÏþ� 3\�¦

ÈÓ_ç

���� ��6£§õ� °ú s� �)a��. Äº��� commit �<ÊÃº  ñØ�¦(close)\�"f µ1ÏÒqtô�Ç Move�� z�́'��
âì2£§_� %i�~½Ó�¾ÓÜ¼�Ð s�1lx÷&l� r����ô�Ç��. show msg �<ÊÃº��H àÔ�½�Ô�o��� ]X���H&ñ
�Ð�� \O�l�
M:ë�H\� Move��H z�́'��âì2£§_� %i�~½Ó�¾ÓÜ¼�Ð >�5Åq s�1lx
�>� �)a��. read \�"f��H àÔ�½�Ô�o���
]X���H�̀¦ 
�l� M:ë�H\� read �̧×¼_� X<s�'�âì2£§&ñ
�Ð��H StopÜ¼�Ð [O�&ñ
 �)a��. ·ú��¦o�7£§\�
���� commit�Ér readü< show msg ��s�\� ¶ú�{9��)a��.

7 ®̧�Áo> ¥o>Ä©ÿ?�+ j�¬̈

Vault áÔ�ÐÕªA�bç
 ���#Q[9]��H �:r �7Hë�H_� àÔ�½�Ô�o��� îß����$í
 ì�r$3�õ� °ú s� �<ÊÃº  ñØ�¦çß�
\� t�&�4R�� 
���H ½©gË:(protocol)�̀¦ ���7£x½+É Ãº e����. Äºo�_� ��{9�r�Û¼%7�õ�_� 	�s���H
Vault\�"f��H �©�I�&ñ
�Ðü< Õª ����o\�¦ áÔ�ÐÕªA� Q�� f��]X� áÔ�ÐÕªÏþ�5Åq\� ³ðl�
�#��� 
�
�¦,Äºo�_���{9�r�Û¼%7��Érs�\�¦��1lxÜ¼�ÐÄ»ÆÒô�Ç����H&h�s���. Vault_���{9�r�Û¼%7��Éry��
��"é¶(Resouce)\� @/ô�Ç �©�I�&ñ
�Ð\�¦ ����?/��H v�(Key)����H >h¥Æ��̀¦ áÔ�ÐÕªA�bç
 ���#Q\�
�̧{9�
�#� Õª �©�I�&ñ
�Ð_� ����o\�¦ ÆÒ&h�½+É Ãº e���̧2�¤ 
�%i���. ��"é¶_� �©�I���H #Q�"� {9�(�<Ê
Ãº ñØ�¦)�̀¦ ½+É Ãº e����Ht�\�¦ ���&ñ
ô�Ç��. Õªo��¦ ��0pxô�Ç {9��̀¦ Ãº'���<Ê\� ���� �©�I����s���
{9�#Q��>� �)a��.

Igarashiü< Kobayashi_� ��"é¶ ��6 x ì�r$3�(Resouce Usage Analysis) [10][11]�̀¦ 6£x6 x

���� ��"é¶_� ��6 xs� #Qb�G>� ÷&��Ht� ÆÒ&h��<ÊÜ¼�Ð+� �:r �7Hë�H_� àÔ�½�Ô�o��� %�o� îß����$í
 ���

7£x ë�H]j\�¦ Û�¦ Ãº e����. Äºo�_� ��{9�r�Û¼%7�õ�_� 	�s���H ��"é¶ ��6 x ì�r$3��Ér ì�r$3�_� &ñ
SX�
�̧\� e��#Q F�)
  ñØ�¦_� ��+þA$í
�̀¦ t�"é¶
�t� ·ú§Ü¼ 9, 4�©�\�"f ]jr��)a��ü< °ú s� ½̈�&³�̀¦
0Aô�Ç ½̈�̂&h� Ä»ÆÒ ·ú��¦o�7£§s� &ñ
SX�y� ]jr�÷&t� ·ú§��¤����H &h�s���. ¢̧ô�Ç, 5�©�õ� 6�©�_�
ÈÓ_ç
�̀¦ 0Aô�Ç &ñ
�Ð\�¦ ÆÒØ�¦½+É Ãº e���̧2�¤ f��]X�&h�Ü¼�Ð SX��©�
�#� &h�6 x
�l�\���H ]j���s� e��

%3���.
Cosimo Laneve��H Java��s�àÔ�ï×¼���7£xl�\�¦SX��©�
�#�����FK"î
§î
(monitorenter)õ�

����FKK�]j "î
§î
(monitorexit)s� ]j@/�Ð ���t�#Q &����Ht� ���7£x
���H r�Û¼%7�[12]�̀¦ ]jîß�
�
%i���. Engler1px_� Metal áÔ�Ð#�oàÔ[13]\�"f��H o�³nqÛ¼ î�r%ò
�̂]j\� [þt#Q����H áÔ�ÐÕªÏþ�[þt
\� @/K� ����FK(Lock)"î
§î
õ� ����FKK�]j(Unlock) "î
§î
s� ]j@/�Ð ���t�#Q &����Ht� ½̈ì�r&h�Ü¼
�Ð çß�éß�
�>� ���7£x
���H r�Û¼%7��̀¦ ]jîß�
�%i���. s�[þt ���½̈��H �:r ���½̈_� àÔ�½�Ô�o���s� �½Ó�©�
{��y���Ht����7£x
���H'Í	���P:îß����$í
ì�r$3�ë�H]jü<Ä»��
���.
�t�ëß�s�[þt���½̈��H�<ÊÃº ñ
Ø�¦çß�_�(Interprocedural)ì�r$3��̀¦]j@/�Ðt�"é¶
�t�·ú§��H��. ¢̧ô�Ç,{9�l��̧×¼ àÔ�½�Ô�o���%�
o� ���7£x x9� 	�Êê ÈÓ_ç
�̀¦ 0Aô�Ç &ñ
�ÐÆÒØ�¦ ë�H]j1pxÜ¼�Ð ���K�, f��]X�&h�Ü¼�Ð SX��©�
�#� &h�6 x

�l�\���H ]j���s� e����.
�Ð�� {9�ìøÍ�o�)a îß����$í
 ���7£x ���½̈�Ð��H ��s�ß¼�Ð�èáÔàÔ ���½̈�è_� SLAM áÔ�Ð#�o

àÔ[14]ü< ��p��Û¼@/�<Æ_� Bandera áÔ�Ð#�oàÔ[15]�� e����. s�[þt�Ér �:r ���½̈ ë�H]j×�æ àÔ�½�
Ô�o��� %�o�_� îß����$í
�̀¦ ���7£x ��0px
�>� 
���H �̧½̈[þt�̀¦ ëß�[þt�¦ e����. SLAMáÔ�Ð#�oàÔ��H
áÔ�ÐÕªÏþ� ì�r$3� l�Õütõ� �̧4Sq���7£x(Model Checking) l�Õüt\� l�ìøÍ
�#� ��s�ß¼�Ð�èáÔàÔ
�û¶�̧ÄºÝ¼ î�r%ò
�̂]j\� [þt#Q����H n���s�Û¼ ×¼��s�!Q(Device Driver)[þt_� îß����$í
 ���7£x
�̧½̈\�¦ >hµ1Ï
��¦ e����. ½̈�̂&h�Ü¼�Ð SLAM�Ér C���#Q�Ð ���$í
�)a áÔ�ÐÕªÏþ�[þt_� API �<Ê
Ãº[þts� ÅÒ#Q��� Û¼&7�(Specification)\� ���� ��6 x÷&��Ht� ���7£xô�Ç��. Bandera áÔ�Ð#�oàÔ��H
�̧4Sq���7£x ~½ÓZO��̀¦ ��6 x
�#� Java áÔ�ÐÕªÏþ�_� Ãº'�� ×�æ :£¤&ñ
 r�&h� ¢̧��H l�çß�\� {9�#Q����H
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���1lx �ª��©�(Temporal Property)�̀¦ p�o� \V8£¤ x9� ���7£xK�ÅÒ��H {9�ìøÍ�o�)a �̧½̈\�¦ ëß�[þt�¦
e����. Õª�Q�� B�Äº {9�ìøÍ�o�)a ���7£x ~½ÓZO��̀¦ �¦îß�
���HX< |9�×�æ�<ÊÜ¼�Ð+� ���7£x_� $í
0pxs� �:r
���½̈\� q�
�#� q�ò́Ö�¦&h�s��¦ 7, ÈÓ_ç
�̀¦ 0Aô�Ç ì�r$3� &ñ
�Ð\�¦ ÆÒØ�¦ ½+É Ãº \O�#Q"f, �:r ë�H]j
\� f��]X�&h�Ü¼�Ð �Ö̧6 x
�l�\���H &h�{©�
�t� ·ú§��.
����:r&h�Ü¼�Ð, ��f�� �:r �7Hë�H\�"f ]jr��)a ��3!�%	כ àÔ�½�Ô�o��� l�ìøÍ 6£x6 xáÔ�ÐÕªÏþ�_� ���

ø@$í
 x9� $í
0px �'ao�\�¦ 0AK� áÔ�ÐÕªÏþ� ì�r$3� l�Õüt�̀¦ f��]X�&h�Ü¼�Ð &h�6 x
�#� >hµ1Ï�)a r�Û¼%7�

�Ér \O���H �Ü¼�Ð	כ �Ð�����. s���H áÔ�ÐÕªÏþ� ì�r$3� ���½̈�� áÔ�ÐÕªA�bç
 ���#Q ���̂ü< (����{9�
�Q Ãºï�r\�"f &h�6 x÷&��H l�Õüt�̀¦ ÅÒ�Ð @/�©�Ü¼�Ð ����� M®o�¦, X<s�'�Z�s�Û¼ ���½̈��H áÔ�ÐÕª
Ïþ�õ� ì�ro�
�#� X<s�'�Z�s�Û¼ ���̂\�¦ @/�©�Ü¼�Ð ����� M®ol� M:ë�HÜ¼�Ð ÆÒ8£¤�)a��.

8 Úr
Òeµ

&ñ
�Ðr�Û¼%7�_� Ùþ�d��ÂÒ¾¡§��� àÔ�½�Ô�o��� l�ìøÍ 6£x6 xáÔ�ÐÕªÏþ�\� @/ô�Ç l��>r_� îß����$í
 x9� $í


0px �'ao���H ���&h�Ü¼�Ð >hµ1Ï�� <�Ê�Ér ���ë�H��_� 0px§4�\� _��>rK� M®o��. s�\� ����, îß����$í
 x9�
$í
0px �'ao� ���̂_� ���ø@$í
 x9� ò́Ö�¦$í
s� ë�H]j�� ÷&#Q M®o��.
�:r�7Hë�H\�"f��Hs�ü<°ú �Érë�H]j\��ÃÌîß�
�#�áÔ�ÐÕªÏþ�ì�r$3�l�Õüt\�l�ìøÍô�Çîß����
��¦

��1lx�o�)a îß����$í
 ���7£x x9� $í
0px �'ao� r�Û¼%7��̀¦ ]jîß�
�%i���. ]jîß��)a îß����$í
 ���7£x r�Û¼
%7��Ér ÅÒ#Q��� áÔ�ÐÕªÏþ�\�"f àÔ�½�Ô�o����̀¦ \P��¦"f {��t� ·ú§��H �̧ÀÓü<, àÔ�½�Ô�o���_� ����FKÃº
ï�r�̀¦ ú̧�3lw [O�&ñ

���H �̧ÀÓ\�¦ ��1lxÜ¼�Ð ���Ø�¦
�#� ï�r��. ]jîß��)a ÈÓ_ç
 r�Û¼%7��Ér q�ò́Ö�¦&h�
��� ����FKÃºï�r [O�&ñ
õ� Ô�¦�9¹כ�
�>� t�����)a àÔ�½�Ô�o����̀¦ ¹1Ô��?/"f ��1lxÜ¼�Ð ÈÓ_ç
K� ï�r��.
]jîß��)a ~½Ód���Ér áÔ�ÐÕªÏþ��̀¦ z�́'��
�l� ���\� ì�r$3�
�#� �̧ÀÓ\�¦ \V8£¤
��¦ ÈÓ_ç
�̀¦ Ãº'��


�l�M:ë�H\�, z�́]j�©�E���µ1ÏÒqt
�l� ���\�p�o�@/%�����0pxô�Ç �©�&h�s�e����. ¢̧ô�Ç, îß����
$í
s� 7£x"î
�)a ~½ÓZO�Ü¼�Ð s��Qô�Ç ì�r$3��̀¦ Ãº'��
�l� M:ë�H\�, ÅÒ#Q��� �̧ÀÓ ���7£x x9� ÈÓ_ç
 ~½Ó
ZO�, Õªo��¦ Õª ���õ�\�¦ ¢-a#4�
�>� ���ø@½+É Ãº e������H �©�&h�s� e����.
����:r&h�Ü¼�Ð, �:r ���½̈_� _�_���H X<s�'�Z�s�Û¼ 6£x6 xáÔ�ÐÕªA� Q�� áÔ�ÐÕªA�bç
 ½+É M:

b���¦ �Ö̧6 x½+É Ãº e����H ��1lx�o�)a àÔ�½�Ô�o��� %�o� îß����$í
 ���7£x x9� ÈÓ_ç
 �̧½̈\�¦ ]jr�ô�ÇX<

e����. ¢̧ô�Ç, s�p� ½̈»¡¤�)a &ñ
�Ðr�Û¼%7�_� àÔ�½�Ô�o��� %�o� îß����$í
 ���7£x x9� ÈÓ_ç
 �̧½̈�Ð�̧
�Ö̧6 x½+É Ãº e����.
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