
���������
	�������������������	�������� �!�#"%$&�'��	)(+*,���-�.�����0/1�2�3�

4�5�6870989;:�<>=@?BA'?BCED0?BCGFIH2JLK0M0H8NPO0Q�RLSUT�R1QPVWK0M0X�T�O8Y
TZO1RL[
\^]`_+a!b�c@d�]�efchgji�klg!d#_nmoc`]�b�prqts>uB])u�qtmocIg!d�a!c@s>g!efv�w�])x�yoefs>xza|{#}1e~s��!]�b��zsrc@��gji��1sI]�e~ena!v
w~bz]�s�c>{ ��c@bZ�l��v�q�p������0����s>]�e~e0a�vLqtmo�zc@b�s>a
� 685���70���8706LC!=>9LD0?BCGF�R��PN0�lO���T)QPX'K~�2K0M^TZOLY�T�O1R8[
7098�
:�?BC�986l7nC�� ����685�<@��F���Y+�lSPJ1 �Nn�lO���TzQ�X'K~�2K�MUTZOLY�TZO�R8[
¡�e~�zc@src@moc`]WiZg�b
¢0gji�c@£Wa�bz]�w�])x�yoeng|{¤gz¥!��a!e0u^¦ha!b)a|{�{§]�{1¢f�!�zc`]�d��zv^}�efsr�!]�b��zsrc@�¨g�i©�1sI]�efe0a!v
ª8sI])x�yoc`]�ef�zc`]�sre~�zc@bZ�l«�«�v�q
pj���!¬B���1sI]�e~ena!v�qtmo��c@b�s>a

¨®�¯Z°Z±E²n³|°|´¶µ'·�¸�¹fºZ»½¼§¾À¿0Á!»)º�·Â¾�·EÃ�Á!ÄÅ¿fÄzÁ!Æ~Ç¤ºZ¾ÉÈrÁ�ÄÊ¿+ÄzºÌËf¼¤¸�Íz¼¤Î~Ï;º�Ðfº�¸ZÑfÍz¼¤Á|ÎÒÍz¼§¾Àº�»½Á�È
ÄzºÌ·!ÇÔÓ>Íz¼¤¾Àºh»jÕf»jÍzº�¾À»2»)¼¤Î~¸�ºtÍz¹fºt¸Z·!¸�¹~ºtÆ0ºZ¹n·ÌÖo¼¤Á!Ä×Ë+ºZ¿0ºZÎ~Ëf»lÁ|ÎÀÍz¹~ºh¹~¼¤»jÍzÁ�Ä)Õ�Á!È�¿fÄzº�Ö+¼¤Á!Ñ~»l¾ÀºZ¾�Ó
Á!Ä)ÕØÄzº�È�º�ÄzºZÎ~¸�ºZ»ZÙLÚPÁBÁ�¿0ºZ»)»)¼¤¾À¼§»jÍz¼¤¸�·�»)»)Ñ~¾À¿fÍz¼¤Á!Î~»�Á|ÎÅ¸Ì·!¸�¹~ºÀ¹f¼ÔÍz»�¸Ì·!ÎÊÄzº�»)Ñ~ÇÔÍ�¼¤ÎÊÛ'Á�Äz»jÍ)Ó`¸Z·!»)º
º�Ð+ºZ¸ZÑ+Íz¼§Á!Î�Íz¼¤¾Àº
ºZ»jÍz¼¤¾�·EÍzºZ»×Íz¹n·�Ít·EÄzº�¿fÄzÁ|¹f¼¤Æ~¼ÔÍz¼¤Ö�º�ÈrÁ�Ä#ÄzºZ·!ÇÔÓ>Íz¼§¾Àº�»jÕf»jÍzº�¾À»ZÙ
Ú'¹~¼¤»�¿n·!¿0º�Ä�¿fÄzºZ»)º�ÎoÍz»�·�Î~ÁEÖ�ºZÇ8·�¿~¿fÄzÁ|·!¸�¹ÅÈ�Á!Ä^Ëfº�Äz¼¤Öo¼¤Î~Ï�·�¹~¼¤Ï!¹~ÇÔÕÅ·!¸Z¸ZÑ+Ä�·�Ízº�·�În·!ÇÔÕoÍz¼¤¸Ì·!Ç

¸Ì·!¸�¹~º�¹~¼ÔÍ
ÈrÑfÎ~¸�Íz¼¤Á!ÎÅÈrÁ�ÄU¿fÄzÁ|Ï�Ä�·!¾À»�·EÍ�¸ZÁ|¾À¿f¼§Ç¤º�Ó>Íz¼¤¾Àº�Æ~·!»)ºÌË½Á|Î½Íz¹~º�·�»)»)Ñ~¾À¿+Íz¼§Á!ÎÅÍz¹~·�Í�ÎfÁ
º�ÐoÍzº�ÄzÎn·�Ç~¸Ì·�¸�¹fº#¼¤ÎBÍzº�Ä)È�º�ÄzºZÎ~¸�º^Ü@º|Ù Ï+Ùo¿fÄzÁB¸ZºZ»)»WËf¼¤»)¿n·EÍz¸�¹f¼¤Î~Ï�Á!ÄWÝ�Þ�ß;·!¸�Íz¼¤Öo¼ÔÍ�Õ~àLÁB¸Z¸ZÑfÄz»ZÙBá�¼¤Äz»jÍÌâ
· �z�!d�ãzg|{ s>x#c@bja�x�]rä2{§] Á�È1·!ÎÀ¼¤Î~»jÍ)ÄzÑf¾ÀºZÎBÍzºÌË�¿fÄzÁ|Ï�Ä�·!¾%¼¤»2Ï!ºZÎ~º�Ä�·�ÍzºÌË�Æ~·!»)ºÌË�Á!Î �z�!d�ãzg|{ s>x
]���a!{Ôp
mfa!c@s>g!e Ûh¹f¼§¸�¹�¼¤»t·�»jÍ�·�Íz¼¤¸�ÍzºZ¸�¹~Îf¼æåBÑfº�ÍzÁÀËfº�Ízº�Äz¾À¼¤Î~º#Íz¹fº�Ë+Õ+În·�¾À¼¤¸�Æ0ºZ¹~·EÖo¼¤Á!ÄtÁ�È8¿fÄzÁ|Ï�Ä�·!¾À»ZÙ
ç Õ+¾�Æ0Á!Ç¤¼§¸#º�Ð+¿fÄzºZ»)»)¼¤Á!Î~»h·!Î~Ë¨ÄzºZ¸�ÑfÄ)ÄzºZÎf¸ZºZ»h·�Äzº�Ñf»)ºÌËÀÍzÁÀËfºZ»)¸�Äz¼§Æ0º
·!Ç¤Ç�¾Àº�¾ÀÁ!Ä)Õ�Äzº�È�º�ÄzºZÎf¸ZºZ»h¼¤Î
·¨¿+ÄzÁ|Ï�Ä�·!¾èÛh¹f¼¤¸�¹½·�Äzº^Íz¹~ºZÎ©»jÍzÁ�ÄzºÌË½¸�¹fÄzÁ!Î~Á!Ç§Á!Ï|¼¤¸Ì·�Ç§ÇÔÕÅ¼¤ÎØÍz¹fº�»jÕ+¾�Æ0Á!Ç¤¼§¸�Í)Ä�·!¸�º�énÇ¤º|Ù ç ºZ¸ZÁ|Î~Ë1â
·�¸Ì·!¸�¹~º�¹f¼¤Í�È�Ñ~Î~¸�Íz¼§Á!ÎêÈrÁ�Ä�»)ºZÖ|º�Ä�·!Ç'¸Z·!¸�¹~º¨·�Äz¸�¹~¼ÔÍzºZ¸�ÍzÑ+ÄzºZ»U¼§»U¸ZÁ!¾À¿~ÑfÍzºZËÅÆn·�»)ºÌËêÁ|Î�· eng!�!]�{
xza�x�y~]¨]���a|{ mfa!c@s>g!e�c`])x�yoe~s@ë�mn] ÙLì�ÑfÄU·�¿~¿fÄzÁ|·!¸�¹ÊÏ!ÁBºZ»�Æ0º�ÕBÁ|Î~Ë½¿+ÄzºZÖo¼¤Á|Ñ~»
ÛWÁ!Äzí½ÆBÕØ¿fÄzºZ¸Z¼¤»)ºZÇÔÕ
¾ÀÁoËfºZÇ¤Ç¤¼¤Î~Ï¨¿fÄzÁ!Ï!Ä�·!¾è¸ZÁ|ÎBÍ)ÄzÁ!Ç�înÁÌÛ%·!Î~Ë©¿fÄzÁ|Ï�Ä�·!¾èÑ~Î~íoÎfÁEÛhÎf»Zâ0¾ÀÁoËfº�Ç§Ç¤¼¤Î~Ï¨Ç§·�ÄzÏ!º�¸ZÇ§·!»)»)ºZ»�Á�È
¿fÄzÁ!Ï!Ä�·!¾À¾À¼¤ÎfÏUÇ§·�Î~Ï|Ñ~·!Ï!ºZ»h·!Î~Ë¨¸Ì·�¸�¹fº
·EÄz¸�¹f¼¤Ízº�¸�ÍzÑfÄzºZ»Zâf·�ÎnË�¿fÄzÁEÖo¼æË+¼¤Î~Ï�Ö�º�Ä)Õ�·�¸Z¸ZÑ+Ä�·�Ízº
¸Ì·�¸�¹fº
¹~¼ÔÍh¿fÄzºZËf¼¤¸�Íz¼¤Á|Îf»ZÙ
ï Ðf·!¾À¿fÇ¤ºZ»UÈ�Á!Ä^Íz¹~º çfð ßtñtµ%·EÄz¸�¹f¼ÔÍzºZ¸�ÍzÑfÄzº�·�Äzº¨Ñ~»)ºZËÅÍzÁØ¼§Ç¤Ç¤Ñ~»jÍ)Ä�·EÍzº¨Íz¹fº¨·!¸Z¸ZÑ+Ä�·!¸�Õê·!Î~Ë

º�ò�ºZ¸�Íz¼¤Ö�º�Î~ºZ»)»hÁ!È�Á|ÑfÄt»jÕ+¾�Æ0Á!Ç¤¼§¸�¸Ì·!¸�¹~º�¿+ÄzºÌËf¼¤¸�Íz¼¤Á|Î1Ù
ó�ôoõ�öU÷ ±�ø�¯|ùUµ'·�¸�¹fº©ú�¼ÔÍ ð ÄzºZËf¼¤¸�Íz¼¤Á|Î1â ç Õf¾^Æ0Á|Ç¤¼¤¸ ï Ö|·�Ç§Ñ~·�Íz¼¤Á|Î1â ç Í�·�Íz¼¤¸©ßtÎn·!ÇÔÕ+»)¼¤»ZâWûÊÁ!Äz»jÍ)Ó
µ'·!»)º ï Ðfº�¸ZÑfÍz¼¤Á|Î�Ú'¼¤¾Àº

ü8ýÿþ��������	��
���������

���L?��Ì5�68=@D�6���<@?��0?o<×=>9��Ì?BD0C�7��E=@5�9;7098�;�����W?BC!�E�B70<>7nC�7nC���68= �Ì?o�!���LC�70<h�L?o��=@D�98�"�E6L?
��5��#�����E7��E=@5�9870<2�B7��l7nAl=><>= �%$Ê5�&h��=>��CE5��8C�5P��?o�E�E50C��U6870�^=>98��CE?o70�E?o� �E=@D�9l=('2�B709��E<)$
=>9*�E6L?Â<>70�+�,&�?�-.$0?o7nC���/10�9�&`50C����l987��Ì?o<)$2�E6L? D�7�� A'?��3-^?B?o94�8C�5P��?o�E�E50CÊ�!$��B<@?
�E=>��?�7098� ��?o��50C�$�<>7��Ì?o98�!$�=>98��CE?o70�E?o��/65Z9�50C��L?BC7�Ì58&��l<><)$½?!9:�l<@5�= �1�E6L?;�'5��Ì?o9:�
�E=>70<'5�&<�8C�5P��?o�E�E50C���=��E6L?Ø��?o��50C�$;68=@?BC�7nC��!6>$Â�?�8�+�ÀA'?©?!@ �B=@?o9��E<)$A���E=><>=@�B?o�B/
� 5 D6�8=>�L? ����6L?o���l<>=>9LDC&�50C CE?o70<(�D�E=>��?&�+$��+�Ì?o����=�=>9�&�50C���7��E=@5�9è7nA'56��� ?!9E�

?o�����E=>5�94�E=>��?o��=>�êC�?�F��8=>CE?o� 7�� ��5��#�l=><>?!�D�E=>��?�/1G 5��L?o<><I=>9LD&�B70��6L?o�H�8CE?o�Ì?o9��E�
7 ��7�IÌ50C�50Al���E70�B<@?8�Ì5�-�7nC!�8�J�8CE?o�8=>�!�E=I9LD�?!9�?o�����E=@5�9K�E=>��?o�L&`50C���5��L?BC�9Ò��5��M�
�N���Ì?BC#7nC��!68=)�Ì?o�!���LCE?o��/�O,50C����P���B70�Ì?À70�E���8�#�N�E=@5�98��Q©?�/ÔD�/f?��0?BCR$½��?o��50C�$Ø70�B��?o���
CE?o�R�8<)�E�
=>9Ê7©�B70��6L?¨� =>�E�!STQØ�B709 �B7��8�Ì?U�0?BC�$?�W5P50C
?!9P?o�����E=@5�9M�E=>��?�?o�+�E=>� 7��Ì?o��/

¸VXW+YZY[YL\ { mo£']�btqtxza�uB]�d^s>x
¦'mfãZ{ sr�jy~]�b�����¦'b�s�e~c`])u¨sre©c�yf]<]�]�c�y~]�b�{¤a�e0u!���

^�_R`�a!b�c�d�e�fge�h[i�j,kZl�mZn!o!m�p+o!o!oEjqp+k:rtsZu:jJv�f3p



� �������	�	
��
�����
������������������	����
��������� "!#��$��	%

� 68?H&�5P���8�Å5�& �E68=>�8�l7��'?BCÅ=I�½5�9 70�B���LC�7��Ì?;�B70�!6L?ÂAW?o6l7���=@50CÅ709870< $P�E=I��/'&�5��Ì?
�E687��Â��5��L?o<><>=I9LD,�B70��6L?o�;=>� 5�98<)$ 5�9L?K�'?BC�&�50C���7098��?�70�+�'?o�!�H�E687��Â�8�l�+� A'?
��5�98��=>�L?BCE?o�Å=>9Ø50C��8?BC�Ì5��L?��Ì?BC���=I9L?U?!9�?o�����E=@5�98�E=>��?o��/ � 6L?BC�?^7nCE?���709>$½5��E6L?BC
�'?BC�&�50C���7098��?;�!687nC�70�!�Ì?BC�=>���E=>�B�ÒFj:�<>=@?BA'?BCED0?BC�=)(�*+*-,/.�:�<>=@?BA'?BCED0?BC�7098�10#=@?BD0?BC�=
(�*+*+23.L:�<>=@?BA'?BCED0?BC�=4(�*+*657.��l706LC�=>9LD0?BC�=8(�*+*+23./9�7nC;:�=<(�*+*+=3./>¨?o70<)$�?���70< /)=�(�*+*+?�[
�Ì5�A'?Ø709870< $��B?o� -�68=>��6;685�-�?��0?BC�7nCE?©A'?�$05�98� �E6L?½�E��5��'?©5�&<�E68=>�U�l7��'?BC�/

5Z9C�E6l=>�,�27��W?BC8-^? =>9��ÌCE5P�N�8��? 7Ò9L5��0?o<�7����8C�5�70��6 &`50Cê�L?BC�=)��=>9LDÒ7 68=@D�6l<)$
70�B���LC!7��Ì? 709870< $��E=>�B70< &��l98�!�E=@5�9,5�& �E6L?A@4B�C;D�E�F�C 9��8�ÅA'?BCØ5�&��B70��68? 68= �E�HG�=>�M�
�l<I=@?o� A�$�7 �8CE50D0C�70� /JI��LC 7����lCE5�70��6-=>� Al70�E?o��5�9KF�LNMPO;QNRSE#DTC�U-VNRSWXV+Y#E#Q+Z
Fj�!& /�?�/ÔD�/¨�8706LC�=I9LD0?BC;7098� ����685�<@��=[(�*+*650[ -¨68=>�!6 7�� ��5��#�l=><@?!�D�E=I��?���5�<I<@?o�!�E�
CR�l9>�E=>��?J�lCE5��'?BC��E=@?o�ØFj��5�9��ÌCE5�<t7098�;�l7��E7]\l5�-ÿ=>9�&�50C���7��E=@5�9W[�5�&
7�D�=)�0?o9 �8CE5��
D0C�70� / � 6L?�9E�8�½A'?BC©5�&��B70��6L? 68=)�E�©=>�©�8?o�E��C�=@A'?o��A�$&�+$��½A'5�<>=I�Å?!9:�8CE?o���E=@5�98�
7098�½CE?o���LCEC�?o98��?o�#�8?!'29L?o�Å5��0?BC<�E6L?"�8CE50D0C�70�_^¤��=>9������t�87��E7��Ì5�70���Ì5���70=>9��E70=>9
�E6L?©C�?o<>7��E=@5�98�E6l=)�ÂAW?��3-^?B?o9 �E6L?½�B70�!6L?½��5��+�L&��89l�!�E=@5�9;7098� �E6L?Ø=I9��N���À�87��E7:/
�
=@D6�8CE?`(&�L?��2=>�!�E�Â709 5��0?BC���=@?�- 5�&½56�8C &�C�70��?�-�50CH: �L?o�E��C�=@A'?o� =>9 �E68=>�

�l7��'?BC�/ � 6L?ba �D�8CE50D0C!70� =>����5��q�l=><@?o�M-¨6l=>��6�C�?o���8<)�E��=I9�709 =>98���ÌCR�8��?o9��Ì?o�ca �
�8C�50D0C�70� / � 6L?��Ì56�8C���?!����5P�8?�<@?��0?o<�=>98���ÌCR�8��?o9��E7��E=@5�9&=>98�Ì?BCR�E�©��5P�L?�7��,�E6L5��Ì?
�'5�=>9��E��=�-¨6L?BC�?¨��70=>9���?o��50C�$��87��E7½=I��CE?�&�?BCE?o98��?o�ÒF�C�?o70� 50C -�C�=)�+�Ì?o92[[/ � 6L?o9	=
�E6L?©=>9l�+�ÌCR�8��?o9��Ì?o� �Ì56�LC���?!����5��L?Ø=>���+$��½A'5�<>=>�B70<I<)$�?��~70< �87��Ì?o�;7098�Â7dF"LNMcOHQNRSE#D
Y#B�V6D"CfegRhC�=>����CE?o7��Ì?o�	/�i�<><���?o��50C�$ C�?�&`?BCE?o9l��?o��5�&�7H�lCE50D0C�70� 7nCE?ê�L?o�E��C�=@A'?o�
AE$Ê��$P�ÅA'5�<>=>�^?!9E�8C�?o�E�E=@5�98��709l�êCE?o���LCECE?o9l��?o�1-¨68=>�!6ê7nCE?¨�+�Ì50CE?o� =>9ê7Ø�+$��½A'5�<>=>�
�ÌC�70��?!'W<@?�/�:�70�Ì?o�-5�9 �E68?��B70��68? �l7nC!70��?��Ì?BC���=L-¨68=>�!6 �L?o�E��C!=@A'?2�E6L?��B70�!6L?
7nC��!68=)�Ì?o�!���LC�?�='709&709870< $��E=>�B70<
�B70�!6L?�68=)�J&��l98�!�E=@5�9�=>����5��q�N���Ì?o�&AE$ �+$��½A'5�<(�
=>�B70<I<)$%?��n70< �87��E=>9LDK�E6L? �+$��ÅAW5�<I=>�H�ÌC!70��?!'2<@?�/g&�5��Ì? �E687���56�LC���5��L?o<��+�ÌC�=>�!�E< $
�Ì?��27nC�7��Ì?o�Ø��70�!68=>9L?��+�'?o�B=('2�Ê�B70��68?q�l7nC�70��?��Ì?BC!��&`CE5�� �E68??�lCE50D0C�70� ��5��L?o<
-¨6l=>��6Ø�R�LAl�+�E709��E=>70<><)$�70<><@?���=>7��Ì?o��'50C��E7nAl=><>= �%$¨5�&L56�8C�7����lCE5�70��68�Ì5¨5��E6L?BC��B70�!6L?
7nC��!68=)�Ì?o�!���LC�?o�¨7098�A�8C�50D0C�70����=>98Dê<I709LD6�87nD0?o��/

9�?BC�&�50C���=I9LDÒ7 -^50C����P���B70�Ì? �B70��6L?;709870< $P�E=I�½70�B��50C��8=I9LD �Ì5�56�LCê7����8CE5�70�!6
�B709;A'?Ø�8= �P=>�8?o� =I9>�Ì5#�E6L?,&`5�<><>5�-¨=>98Dê���Ì?��l��j
(�/�:"�l=><>� �E6L?��+$��½A'5�<>=>�A�ÌC!70��?!'2<@? A270�Ì?o��5�9 �E6L?Ò=>9l�+�ÌCR�8��?o9��Ì?o� �8C�50D0C�70�
�Ì56�LC���?o�¨A�$A�8�E=>98Dê��$P�ÅA'5�<>=>��?��~70< �l7��E=@5�9	/

� /ka�5��#�N���Ì?Ø709;709l70<)$��E=I�B70<×�B70��6L?Ê68=)�"&��89l�!�E=@5�9ÂA�$ �+$��½A'5�<>=>�B70<I<)$�?��n70< �87��P�
=>9LD#�E6L?Ø�+$��ÅAW5�<I=>�J�ÌC�70��?!'2<@?�/

=E/���=I98�;7��B<@5��Ì?o� &`50C�� ?!9E�8C�?o�E�E=@5�9A&�50C;�E6L?½�B70�!6L?Å6l=)�U&��89l�!�E=@5�9	/

,�/���?��Ì?BC!��=>9L?�7�<>5�-�?BC#A'56�898�½5�&��E6L?��B70��6L?À68=)�T&��89l�!�E=@5�9½=>9½50C��L?BC��Ì5©�L?BC�=)�0?
�E6L? -�50C��+�P���B70�Ì?Ê�B70��68=>98D�A'?o687���=@50CÀ5�&<�E6L? �8CE50D0C!70� /

�:�Ì?��l�l(;7098� � 7nCE? �ÌCE?o7��Ì?o�è=>94�E68=>�M�l7��'?BC�/ � 6L?o�Ì? �+�Ì?��l��D6�87nC�709��Ì?B?Ò7
�8C�?o�B=>�Ì?©�L?o�E��C�= ���E=@5�9Â5�&��E6L?½�B70��68?Å68=)�E�À709l� ��=>�E�E?o��/
�:�Ì?��m=êCE?�FE�8=@C�?o� �Ì5 �Ì5�<)�0?ÅCE?o���LCEC�?o98��?ØCE?o<>7��E=>5�98��/�O,?Å6l7��0?ê=>�#�l<@?o��?o9>�Ì?o�

7 CE?o���LCECE?o9l��?Ê�Ì5�< �0?BCL-¨6l=>��6Ò=>�¨�L?o����C�=@A'?o� =>9 Fj�8706LC�=I9LD0?BC�709l�&���!6L5�<@��=n(�*+*657.

^�_R`�a!b�c�d�e�fge�h[i�j,kZl�mZn!o!m�p+o!o!oEjqp+k:rtsZu:jJv�ftk



 ����n��$��	�	!��/��!#��
��4����� �����	��
S$���X
���� � �8�	�k
< �������
���� =

C-Compiler

Instrumentation

ExecutableC-Files

Instrumented
C-File

Symbolic Evaluation

Symbolic
Tracefile

Parameters
Cache 

Cache-Hit
Function

Symbolic Cache Evaluation

�2s§¥!mobz]^��� ì�Ö|º�ÄzÖo¼§º�Û Á!È8¿fÄzºZËf¼¤¸�Íz¼¤Î~Ï�¸Z·!¸�¹~º�¿0º�Ä)È�Á!Äz¾�·!Îf¸Zº

�87068C�=>9LD0?BC 7098�è���!6L5�<@��=b(�*+*+*�[[/ � 68? ���LCECE?o9�� =>�q�l<@?o��?o9��E7��E=@5�9 5�&©56�LC CE?!�
���LC�CE?o98��?Ø�Ì5�<)�0?BC�687098�8<>?o��CE?o���LCECE?o9l��?o�À5�&<�E6L? &�5�<><@5�-�=>9LD]:P=I98��jL<>=>9L?o7nCÀC�?o���LC+�
CE?o9l��? �n7nC�=>7nAl<@?o��Fj=>98��CE?o��?o9>�Ì?o� =>98�E=I�L? 7�<>5�5��èA�$�7 �+$��½A'5�<>=>�Â?!9:�8CE?o���E=@5�9
�L?!'W9L?o�ê5��0?BC���5�98�+�E709��E�^709l��=>9��~7nC�=I709>�E�![[=>�W5�< $P9L5�� =>70<PCE?o���LCECE?o9l��? �~7nC�=I7nAl<@?o�
Fj=>9l��CE?o��?o9��Ì?o��AE$�7&<>=I9L?o7nCÊ��$P�ÅA'5�<>=>��?!9:�8CE?o���E=@5�9 �L?!'29L?o� 5��0?BC ��5�98�+�E709��E��=
=>9��n7nC�=>709��E��7098��CE?o���LC�CE?o98��? �n7nC�=>7nAl<@?o�|[t709l��D0?B5���?��ÌC�=>��CE?o���LCECE?o9l��? �~7nC�=I7nAl<@?o�
Fj=>9l��CE?o��?o9��Ì?o�êA�$Ê7��Ì?BC�� -¨68=I��6ê��5�9>�E70=I98��7�CE?o���LCEC�?o98��?U�~7nC�=I7nAl<@?À�8�l<)�E=)�l<>=>?o�
AE$Ø709Å=I9>�n7nC�=>709��![[/NI��8C#70<@D050C�= �E68� Fj�l706LC�=>9LD0?BC�=7(�*+*��~AW[T&�50C���5��#�����E=>9LD�<@5�-�?BC
7098�H�����'?BC
AW56�l98�8�
5�&×�+$��½A'5�<>=>��?!9:�8CE?o�E��=@5�98�
Al70�Ì?o��5�9 7Ø�Ì?��U5�&'��5�9l�+�ÌC�70=>9��E�
=>� �8�Ì?o�#�Ì5Ê�L?��Ì?o�!� -�6L?��E6L?BC^7ØCE?o���LCECE?o9l��?;�~7nC!=>7nAl<@?���5�985��Ì5�98=>�B70<><)$ê=>98��C�?o70�Ì?o�
50C �L?o��C�?o70�Ì?o��/��7�0?o9 =)&½9L5 �B<@5��Ì?o� &�50C�� �B709 A'? &`56�l98� &`50C 7 CE?o���LC�CE?o98��?
�n7nC�=>7nAl<>?�=���5�9L5��Ì5�98=>�B=)�3$©=>9�&�50C���7��E=@5�9©��7�$�AW?7�l�Ì?�&��l< =!&`50Ct=I98�+�E7098��?�=��Ì5��L?��Ì?BC+�
��=I9L? -�6L?��E6L?BCU7��l70=>C�5�&2CE?�&�?BCE?o98��?o�U�B709�?��0?BC �Ì56�8�!6q�E6L?���70��?�70�8�LCE?o����/ � 6L?

^�_R`�a!b�c�d�e�fge�h[i�j,kZl�mZn!o!m�p+o!o!oEjqp+k:rtsZu:jJv�f��



, �������	�	
��
�����
������������������	����
��������� "!#��$��	%

���LC�CE?o9>��=>�#�2<@?o��?o9��E7��E=@5�9 5�&^56�LC©�+$��½A'5�<>=>�½?��~70< �87��E=@5�9K&`C!70��?�-^50C;: ��5��L?o<>�
70�E��=@D�98��?o9��E��=�� I � IM=�5Z�"=h�E=>�#�2<@?,5��+I 7098�,7nCEC�7�$����E7��Ì?o��?o9>�E��=t<@5P5��l�©7098�
�8C�5P��?o���8CE?o��/
� 6L?�CE?o���l<)�h5�&l�E�Ì?��A=�=>�#7¨��5�98�Ì?BCR�~7��E=)�0?�7����8CE5�9�=I��7��E=@5�9Ø5�&��E68?^9E�8�½A'?BCh5�&

?!9L70�!�U�B70��68?¨68=)�E��7098��� =>�E�Ì?o��=0= /Ô?�/)=��E68?���5��#�N���Ì?o�q�����'?BC�7098��<>5�-�?BC�A'56�898�8�
7nCE??�8�Ì?o� �Ì5H'W98� 7 <@5�-�?BC�AW56�l98� &�50CJ�E68?Å�B70��68?ê6l=)�;&t�898�!�E=@5�9	/ � 6L?Å56���+�N���
&�50C�� 5�&��:�Ì?�� =,Fj���8=)�E7nAl< $ 9L50C���70<I=@�B?o�2[¨=>�©7;�B70�Ì?!���+�ÌCR�l�!���LCE?#�E687�� �'5��E�E=>Al<)$
��5��#�lC�=>�Ì?o�©�Ì?��0?BC!70<��B70��6L? 68=)��&t�898�!�E=@5�98��/ � 68?���5�98�8=)�E=@5�9l��7��+�E70�!6L?o� �Ì5 �E6L?
�8=��W?BCE?o9����B70�Ì?o� ��50CECE?o�+�'5�98�4�Ì5C�E68? 50C�=@D�=>9l70<U�8CE50D0C�70� ���ÌCR�8�!���LCE? 709l��7nCE?
7��'?o�!�Ì?o� AE$ �E6L?Ø�B70��6L?Ê7nC���6l=)�Ì?o�!���LCE?�/

5Z9��:�Ì?�� , -^?Å5�98<)$;687��0??�Ì5Â�L?��Ì?BC���=>98? �E6L?Å� =>98=>�?�8� 5�&1�E6L?Ê�B70��6L?ê68=)�
&t�898�!�E=@5�9l�ê5�&L�E6L?Ò�B70�Ì?!���+�ÌCR�8�!���8CE? ��?o9��E=@5�9L?o��7nA'5��0?�/ &�5��Ì? �E687�� = �ê=I��9L5��
9L?o��?o���E7nC�$q�Ì5��L?��Ì?BC�� =>9L? �E68?J-�50C��+�P���B70�E?Ø=>9��N���^�87��E7ÊAW?o�B7��l�Ì?L�E68?L�8C�50D0C�70�
�+�ÌC[�8�!���LCE?Ø=>�q�l<>=@?o� �E6L? -�50C��+�P���B70�Ì?Ê�B70��6L?ÅA'?o687���=@50C�/
�:�Ì?��l� =Ø709l�A,Å7nCE?��L?o�E��C�=@A'?o��=>9 �L?��E70=><8=>9ÒFj�8706LC�=>98D0?BC^7098� �L��6L5�<@��=4(�*+*657.

�87068C�=>9LD0?BC¨709l� ����6L5�<>��= (�*+*+*3.2�87068C�=>9LD0?BC�= (�*+*��~A'[[/
� 6L?ÀCE?o�+��5�& �E6L? �l7��'?BCU=>��50CED�709l=@�B?o� 70� &`5�<><>5�-¨��/�5Z9 ��?o�!�E=@5�9 � -�?¨�8=I�E���8�E�

56�LCÊ7nC���6l=)�Ì?o�!���LCE?Â��5��L?o< &�50Cê�B70��6L?o��/<5Z9 �P?o�!�E=>5�9 = -^?Â�L?o�E��C!=@A'? �+$��½A'5�<>=>�
?��n70< �87��E=@5�9�709l�Å56���E<>=>9L?À7�9L?�-���5��L?o<:&�50C�709870<)$P�o=>9LD�7nCEC�7�$���/��P?o�!�E=>5�9A,Ø��5�9:�
�E70=>9l���E6L?q�E6L?B50CE?��E=I�B70<7&�56�898�87��E=@5�9l��5�&���$P�ÅA'5�<>=>�?�ÌC�70��?!'2<@?o�½7098�%=><>< �8�+�ÌC�7��Ì?o�
78�8C�70�!�E=>�B70<2?!9L70�#�l<@?�/E5�9;�P?o�!�E=@5�9_?Å�+$��½A'5�<>=>���B70��6L?�?��n70< �87��E=@5�9 �Ì?o�!6898= FE�L?o�
7nCE? �8C�?o�Ì?o9>�Ì?o� &�50C;�8=@CE?o�!�;��7��N�W?o� 7098� �Ì?�� 70�E�E5P�B=>7��E= �0?&�B70�!6L?o��/;5Z9 �P?o�Z�
�E=@5�9l2?-�? �8CE5��P=I�L?�?!9:�'?BC�=>��?o9��E70<'CE?o���l<)�E��/�i�<)�E6856�LD�6Â56�LC�7����8C�5�70��6 -¨=I<><lA'?
?!9:�l<>70=>98?o� 7098��?!9:�W?BC!=>��?o9��E70<><)$Â?!9�70� =>9L?o��Al70�Ì?o��5�9K�E6L?Pa �D�8CE50D0C�70� ��=>9LD
<>7098D6�87nD0?�=+=)�t�B709½A'?��E=>��=><I7nC�<)$¨7����2<>=@?o���Ì5¨��5����t5��E6L?BC�8CE5���?o���LC�70<0<>7098D6�87nD0?o�
=>9l�B< �8�8=>98D i��l7�709l���L50C��ÌC�709	/�5Z9 �P?o�!�E=@5�9c5 -�?���5��#�l7nCE?À56�8C�7����8CE5�70�!6M-¨=)�E6
?!9L=>�+�E=>98D?-�50CH:�/l�
=>9870<>< $�=E-�?½��5�98�B< �8�L?��E68=>� �27��W?BC�=I9 �P?o�!�E=@5�9 �E/

�'ý	��
�������

� 68?©C�7��Ì?Å7��;-�68=>��6 �E6L? �8CE5���?o�E�Ì50C��B709 ?!9�?o�����Ì?Å=I98�+�ÌCR�8�!�E=>5�98�À=>��<>=I��=)�Ì?o� A�$
�E6L? ��?o��50C�$&�!$P�B<>?q�E=>��?�/ � 68=>��<>=>��= �E7��E=@5�9,6870�Ø=>9C&�70�!�ØA'?B?o9%7 �E=@D�98=('W�B709>�
�8C�50Al<@?o� A'?o�B7��8�Ì?,5�&?�E6L?2�'?BC��E=>�+�Ì?o9��;��=>�E� 7��E��6�A'?��%-�?B?o9 �8C�5P��?o�E�E50C 7098�
��70=I9,��?o��50C�$,�+�'?B?o�8��/'aÀ70��6L?o� Q -¨68=I��6,7nCE? CE?o<>7��E=)�0?o<)$&�E��70<I<�68=@D�6:���+�'?B?o�
��?o��50C�=@?o�<Q�687��0?�A'?B?o9 =>9>�ÌC�5P���l��?o��=>9�50C!�L?BC �Ì5Ê6L5�<>�H�E6L?���5�9��Ì?o9��E�^5�&#��5��+�
CE?o��?o9��E<)$A�8�Ì?o� �l7��E7�5�&���70=>9;��?o��50CR$ 7098� �Ì5�?!9E�2<@5�=)� �E6L? �26L?o9L5���?o9L5�9Â5�&
<@5��B70<>=)�3$�5�&�CE?�&`?BC�?o98��?�Fj�Ì?B? F#>�?o989L?o�E�+$ 7098�_9
7��+�Ì?BC��Ì5�9	= (�*+*�1[Ì[[/ � 6L?©70���n709:�
�E7nD0?ê5�&U7 �B70��6L?�=>�L�Ì5Â=>�#�8CE5��0?8�E68?Å7��0?BC!7nD0? 70�B��?o�E���E=>��?8&`50C©�87��E7 <@5��B7��Ì?o�
=>9;� 70=>9;��?o��50C�$�/ � 6L?Ø��5�98��?�����=>��=><>< �8�+�ÌC�7��Ì?o�Â=>9;�
=@D6�LC�? � /
� 6L?;�B70��6L? ��5�9��E70=>98��7,�E� 70<><"�W50CR�E=@5�9 5�&���70=>9 ��?o��50C�$�/ki �B70��68? 68=)�

5��B���LC���=�-¨6L?o9*�E6L? a)9 0 C�?�F��L?o���E�Ê7���?o��50CR$%CE?�&�?BCE?o98��? �E687���=>�,&�56�898��=>9
�E6L?,�B70�!6L?�/;5Z9 �E6l=>�Â�B70�Ì?2�E6L?,CE?�&�?BCE?o98��?�Fj��?o��50CR$ -�50C��2[ =>� �ÌC�7098����=)�+�Ì?o�

^�_R`�a!b�c�d�e�fge�h[i�j,kZl�mZn!o!m�p+o!o!oEjqp+k:rtsZu:jJv�f��



 ����n��$��	�	!��/��!#��
��4����� �����	��
S$���X
���� � �8�	�k
< �������
���� ?

CPU CACHE MEMORY

Transfer
Block

Transfer
Word

�2s§¥!mobz]�«+� µ ð�� ânµ'·!¸�¹~ºU·�ÎnË�Þ�·�¼¤ÎØÞ�ºZ¾ÀÁ!Ä)Õ

�Ì5K�E6L? a 9 08/ IJ�E6L?BCR-¨=>�Ì?�=t7��B70��68?Â� =>�E�Ø5��B���LC��8-¨68=I��6 �B7��l�Ì?o�ê7 Al<@5��H:,5�&
��?o��50C�$ Fj72'�9P?o�.9��8�ÅA'?BC�5�&L-�50C��8�|[?�Ì5%A'?A�ÌC�7098�+&�?BCECE?o� &�CE5�� �E68? ��70=>9
��?o��50C�$A�Ì5H�E6L?Ê�B70��6L?�/ a�5�98�Ì?�FE�L?o9��E<)$�=��E6L?ÅCE?�&�?BCE?o98��?½=>� �ÌC�7098�E� =)�+�Ì?o� &�CE5��
�E6L?Ø�B70�!6L?,�Ì5H�E6L? a)9 0,/4a�5�� ��5�98<)$ �E6L? a)9 0-=>�À���E70<><@?o�Â5�9 7��B70�!6L?Å� =>�E��/
a�<>?o7nC�<)$�=���?o��50CR$ C�?�&`?BCE?o9l��?o�q�E687�� �B7��8�Ì?Ò7 �B70��6L?&��=>�E��7nC�?Ò�E=@D�9l=('2�B709��E<)$
��50C�?Ø��5��+�E<)$A�E68709 =)&�E6L?ØCE?�&�?BCE?o98��?Å=>�À70<@CE?o70��$Â=>9A�E6L?Å�B70��6L?�/

5Z92�E6L? �l70�+��=B�n7nC�=@56�l�½�B70��68? 50CED�709l=@�o7��E=@5�98� F#>¨?o9898?o�E�+$,7098� 9
7��+�Ì?BC��E5�9	=
(�*+*�1[B-^?BC�?U=>9��ÌCE5P�N�8��?o�	/o�
=@D6�LCE? =LFj71[t�L?��l=I�!�E�h7ÀD0?o9L?BC�70<��B70��6L?�50CED�7098=>�o7��E=@5�9	/
i¶�B70��6L? ��5�98�E=>�+�E�Â5�& Z/F%�E<@5��E��/��U70��6 �E<@5�� �B709 6L5�<I��� D"V6D���C RSE�Z�C�F 7098�
5�9L?Ø�B70�!6L?½<>=I9L?���5�9��E70=>98�¨7êAl<@5��H: 5�&#��?o��50CR$ ��5�98��=>�+�E=>9LDê5�& D�R FØ��5�9>�E=@D6�856�8�
AE$��Ì?o��7098�Ò7q�E7nDH�E6l7���6L5�<I�8� �E6L? '2C��+�¨70�8�8CE?o�E��A2=)�E�À5�&1�E6L?Ê��?o��50C�$ÂAl<@5��H:�/
�
=@D6�LC�?d=LF�AW[½�E6L5�-��Å6L5�- 709 70�8�LC�?o�E�½=>�Å�8=)��=>�L?o�,=>9��Ì5 �E68CE?B?q'l?o<I�8� �Ì5 '298�
�87��E7 =>9 �E68?Ê�B70�!6L?+j �E6L? O�R Q�D�� Q	� F�C�YT'l?o<>� �8�Ì?o� �Ì5Â�Ì?o<@?o�!�J�E6L?Ê�L?o�E=@CE?o� �87��E7
&�CE5�� �E6L?½Al<@5��H:�=��E6L?PE�Z�
 C� 'l?o<I� �Ì5 �Ì?o<@?o�!�L�E6L?½�E<>5��¨7098� �E6L?,�E7nDq'l?o<>� �8�Ì?o�
&�50C¨��5��#�l7nC!=>�Ì5�9	/X&�5��Ì? �E687��¨985��¨70<><'Al=)�E��5�&<�E6L?Å=>98�L?!9 7nC�?,�8�Ì?o� = &���� (�/

iÿ�B70��68?½�B709;A'?©��687nC�70�!�Ì?BC!=@�B?o� AE$H�E6LC�?B?Ø��7�IZ50C �l7nC�70��?��Ì?BC���/8��=>C��+��=:�E6L?
D"V"@�V6D�E�Y#L 5�&#7ê�B70��6L?Ø�8?��Ì?BC���=>9L?o�"�E6L?©9E�8�ÅAW?BC�5�&tAE$E�Ì?o��5�&#��70=>9 ��?o��50CR$ =)�
��7�$Ò��5�9��E70=>9	/t�P?o��5�98�B=��E68?ê<I=>9L?Å��=@�B? D�R F�D�=)�0?o���E68?ê9E�8�ÅA'?BC�5�&���5�9>�E=@D6�856�8�
AE$��Ì?o�M�E6l7��ê7nC�? �ÌC�709l�+&`?BC�CE?o� &`CE5�� ��?o��50C�$%5�9 7��B70��6L? ��=I�E��/ � 68=@C��B=B�E6L?
70�E�E5P�B=>7��E= �P=)�3$;�L?��Ì?BC���=>98?o� �E6L?½9E�8�ÅAW?BC¨5�&
�B70�!6L?ê<>=>9L?o�À=>9 7��E<@5���/�5 &�7�Al<>5P�;:
5�&���?o��50C�$ �B709ÂCE?o�E=>�L?�=>9 ?!9L70�!�E<)$ 5�98?Ø<@5P�B7��E=>5�9	=:�E6L?©�B70��6L?½=I���B70<I<@?o��
NE�BHCHDY
MPV"@6@XC�
 709l� 7ê�B70�!6L?½�Ì?��À�B709Â5�98<)$ ��5�9>�E70=>9 5�9L?©�B70��6L?Ø<>=I9L?�/�5 &t7ÊAl<@5��H: �B709
CE?o��=>�L? =>9�709>$��B70��6L?;<@5��B7��E=@5�9	=��E6L? �B70�!6L? =>�Å�B70<><@?o���"W�R�R L V-F;F�Q�D�EfV+Y#E�UNC 7098�
�E6L?BC�?Ê=>��5�98<)$;5�98?ê��<@5���/�5 &�7 Al<@5��H: �B709�CE?o��=>�L?Å=I9 ?!9L70�!�E<)$�� <@5��B7��E=@5�98��7098�
�%=>�U�E68?½�E=@�B?©5�&
7��B70��68?Å�Ì?���=��E68?½�B70��6L?Ê=>�À�B70<><@?o������� VNLPF�C�Y)V-F"F�Q�D�E#V+Y#E�UNC�/

5Z9��B70�Ì?�5�& &��l<><)$Å70���Ì5P�B=I7��E=)�0?¨50C��Ì?��^70�E�E5P�B=>7��E= �0?��B70��68?o��=P7½��?o��50C�$�Al<>5P�;:
6870���Ì5ÂA'?��Ì?o<@?o�!�Ì?o� &�50C©CE?��l<>70��?o��?o9>� -¨68?o9 �E68?ê�B70�!6L? �Ì?��©5�& �E6L?���?o��50C�$
Al<>5P�;: =>�J&��l<><#709l� �E6L?M�8CE5���?o�E�Ì50C©CE?�FE�L?o�+�E��&t�LC��E6L?BC©�87��E7:/ � 68=>��=>���L5�9L?�70�Z�
��50C��l=>9LD2�Ì5 71BHC�@�R V6D�C�McC�Z4Y F�Y#B�V6Y�C��+L Fz����=)�E6B= (�*�� � [[/ a�5�� ��5�9��+�ÌC�7��Ì?BD�=>?o�
7nCE?������¶F#0t?o70�+�! �?o��?o9��E<)$*0��Ì?o�2[[="��#$�¶F#0t?o70�+���LCE?�FE�L?o9��E<)$*0��Ì?o�2[[=�7098�
B�VNZ�
6Q+M?/
�N�LC��E6L?BC���50CE?�= �E6L?BCE?�7nCE?#�3-^5 ��5�����5�9%�B70��6L?H�W5�<I=>�B=@?o�L-¨=)�E6�CE?o�+�'?o�!���Ì5

-�C!=)�Ì?Ê70�B��?o���Ì?o�Ø5�&"�E6L?da)9 0,/×�
=@C��+��= �E6L?%�kB�E#Y�CcY&�7B�QNW'�(�,�B70�!6L?o� -¨C�=)�Ì?ê�87��E7
�Ì5;��?o��50CR$ 7098���B70��6L?�/ � 68?BCE?�&`50C�?�=2A'5��E6&��?o��50C�$Ò7098�Ò�B70�!6L?�7nCE?�=>9�<>=>9L?�/
�P?o��5�9l�	=)�kB�E�Y�C_O;V6D��,�B70��6L?o�Ê5�98< $K���×�87��Ì?#�E68? �B70��6L?Â<>=>98?#-¨6L?BCE?#�E6L? �87��E7

^�_R`�a!b�c�d�e�fge�h[i�j,kZl�mZn!o!m�p+o!o!oEjqp+k:rtsZu:jJv�fts



2 �������	�	
��
�����
������������������	����
��������� "!#��$��	%

Block OffsetIndexTag
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