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Figure 1.1 Compiled application’ s execution vs. Interpreted application’ s execution.
A VM developer and an AP developer view the interpreted execution differently.
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Figure 1.2 Dynamic Compilation of AP b yte-codes. During a dynamically compiled
execution methods may be interpreted by the VM and/or compiled into native code and
directly executed. The native code may still interact with the VM; the VM acts like a runtime
library to the AP.
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Î��k°(��� ¡N� ���B¥h��� °(��� ¡N� ���-¥#� �.� ��¥O¯�£/� ¦²� ¯�¢¸� �j¦(� ¡N���y� ª��.���°(� ��¢¸� �y£/¥O���y�k¦²¥#� ¥h¢¸��� £ ����� � ��°²�y� � � ¦²±²á�§;Ê
��� £/°(�.¯�� ¦²±B¥O��¦3¦ ¤���¥O£/����¥#¯.¯À¤è��� £/°(�.¯�� ¦3����� ����� �.� ��¡�³^Î��1¢¸� ����¡_¬��y¡N�k� �è�0����°(¥O�y��� ¢j�.���1£/� ¦²� ¯��.��¥#�
¦²� ¡Z�����Àª�� ¡��.�����.��� � ��¥#��� ��� �jª�� � Á � � ��.����©��.�y� ��¥O¯S£/¥#�¶���.����¥#��¦��.����¥#°²°²¯��.�y¥O� ��� �/°(��� �a��¥#£¹¦²���y�.���¨����� �y��Å
� �.� �8� Á �j¥#¯.¡Z�j¢¸� �y��¡�� �h�0���j°(¥O�y��� ¢)�.���j£/� ¦(� ¯«�.��¥O�d¦²� ¡Z�����Àª�� ¡�°²� ��¢� ��£/¥O�����z¦²¥#�-¥��.�h� � ��£/¡�� ¢²ª«� �.�l�.���
©��.�y�-��¥O¯�£�¥#�º���.���t¦(�·©�� ¯�� °²� �yã ¡B¥O��¦k�.���t¥O°(°²¯��.�y¥O� ��� �¦(�·©�� ¯.� °²� �yã ¡^©��.� Á � ¢«�.���t����� ����� ��� ��³=Éj¡B¥4�y� ¡N��¯��-± Á �
¥#����¥Zª�¯��4� ���y� °²��� ¡Z� ���»°²� ��¢� ��£/¥#������¦²¥#� ¥Ï�.��¥#�»¦²� ¡Z�����Àª«��¡Z°²� ����¬��!Âj´_Å ÉtÃF����� � ��¥#��� �.� ��¡¨�.��¥:¯.¥#���a��¥O�a�
�.��¥#�5� ���.��� �!¦²�·©�� ¯�� °²� �!�y¥O�/����¦(� ��¡N� ¥#��¦²³

�Ðq1�sÃÄ�8¦j�§�� n�8|�vGw�|%ÇÑz=|�¤�|�v¥�8��¦j�§�8v¥��¨ª©�«7���¥¢�vGw{t3|

Ê��j¦²� ¡N�y���Àª«�j°²� ��¢� ��£/¥#�����j¦²¥#�-¥�¢��� £ �.��� � ��°(��� � � ¦(± á«§âÊ��y� £/°²�.¯�� ¦²±<¥O��¦�¦=¤���¥#£/�.�y¥O¯�¯ ¤:�y� £/°²��¯.� ¦������ Å
����� ��� ��¡�± Á �j¬���¡N����� � ¦�� �t�y� °²��� ¡Z� �����.��� ¡N�j�.¤�°²� ¡�� ¢������ �y��� �.� ��¡�³ Î��t����� � ��¦�Ã«¥O�y¥O¦ ¤���ã ¡B�y� °²�y� ¡N� ��� ¥O� ��� �
� ¢)°²�y� �*�y¥O£ ��� ¡N� ���y��� ¡�¥#��¦/��� ¡N� ���y�������.� �y¥O�y�¶����� ¡�¢¸� �B��� °(��� ¡N� ���-�����4¥k¡Z�.���a¯.�z°²�y� �*�y¥O£/ã ¡������ ����� ��� �¬�¸ß#ÜA�
� �t��� °(��� ¡N� �����.���t����� �����-��� �Ï� ¢��0���&ÉtÃ�ª#¤:�.���!Ât´_³ Î��t¬��y¡N��¦²��¡N����¡N¡B¥���� °(��� ¡N� ��� ¥#� �.� �:� ¢«�.���!ÉtÃ	ã ¡B¥#��¦
�.����Ât´rã ¡������ ����� ��� ��¡�¡Z� °²¥#��¥#� � ¯ ¤=±#¥#��¦��0��� �/��� £jª��.�����.��� ���&��� °²�y� ¡N� ��� ¥#� �.� ��¡»� ��°²�y� ¦²�������.����£/� ¦²� ¯S� ¢�¥
©��.�y�-��¥O¯<£/¥#�º���.�����y�������.���z¥#��¥#°²°(¯.����¥#� �.� �/°(��� �a��¥#£/³

�Ðq1��q1�sÃÄ�8¦j�§�� n�8|�vGwy|�Ç�zæ�¬�§t3Ç¡�£z3�á©�«7���¥¢�vGw{t3|

ÉÌ�y�������.���A°(��� �a��¥#£���¥O�Aª«�!©��.� Á � ¦�¥O¡B¥�¡N� ��� ¢«° ��¤�¡N�.�y¥O¯�¥O��¦k¯.� �a����¥#¯���� £/°(� ��� ��� ¡B�y¥O¯�¯.� ¦�°²��� �a��¥#£
a��yç��)�8ay����çy³�Õ�� �k����¥#£/°²¯��Q±�¥��y�������.����°²�y� �a��¥#£ �y� ��� ¥O����¡�°(��� ��� ¡Z¡N� ¡�±�¥O���y� ¡N¡N� ¡/°²¥#�*� ¡/� ¢»£/� £/� �º¤=±������ Å
����� � ¡j��� ¡t�y� ¦²�Q±«������¡j� ��¥¡N� ��� ¢S��� ¡N�&£/¥#�º���.��� ¡�±«¥O��¦:£/¥Z¤���� ¥#¦:� � Á ���.� �4� �A¬�¯�� ¡�³�Ô!¥#�º�F� ¢^�.��� ¡N�4°²�y� Å
�a��¥#£ �·ªQÄy� �y�-¡k�y¥O�_ª«�Ï��� °(��� ¡N� ��� � ¦ª#¤8¥���� ¡Z� �������=³SÉ °(��� �y� ¡N¡�±^¢¸�����y� �.� ��±�¡N� £/¥O° ��� ���=±^£/� £/� �º¤_ª�¯.� �º¼	±
£/� ¡N¡N¥#�a��� ¥#� ±#¥#��¦�¬�¯���¦(� ¡N���y�.°(�-� ��¥O����¥#¯.¯S°(��� �a��¥#£¹��� ¡Z� �����y� ¡ö³=É�b¡a���³�ay®�°è���C���y�8`
}1�)_h�.¡»�y� °²��� ¡Z� ��� � ¦�ªO¤
�.����¡N� �	� ¢��.� ¡�°(��� �a��¥#£¹��� ¡N� ���y��� ¡�³

½«� £/�è°(��� �a��¥#£ �y� ¡N� �����y� ¡�¥O�y�è�y� ¯.¥#� � ¦¹�.� ¥à���.� �y¥O�y�¶������¥#¯Ï£/¥O����� �³kÕ�� �F����¥#£/°²¯.�=±k¥X£/� ¦²��¯��
��� ¡Z� �����y�A��� ��¡N��¡N� ¡t� ¢^¡N�·©�� ��¥#¯)¢¸������� �.� ����� ¡N� ���y��� ¡�±�¥O��¦:¥/¢������� ��� �r��� ¡N� �������A�y� ��¡N��¡N� ¡t� ¢	¡Z�·©�� �y¥O¯5¡N� ¥#� � Å
£/� ���&�y� ¡N� ���y��� ¡�³�µ�¤��a��� ��°²�.������� ¯�¥O� � ¦:��� ¡Z� �����y� ¡!���.� ��¥#���º������¥#¯.¯À¤=± Á �A�y� °²�y� ¡N� ���&¥°(��� �a��¥#£ ����� ����� ��� �
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¥#¡!¥z¡N� �)� ¢<��� ¡!°²�y� �*�y¥O£X�y� ¡N� ���y���^����� ��¥#���º���.� ¡�³NÉ×ay��ç��)�8ay���£±8}1�ya�®�ay��±{e��.¡!¥z��� ¯�¯.� �y� �.� �k� ¢S��� ¯�¥O� � ¦A°²��� �a��¥#£
��� ¡Z� �����y� ¡ö±a¥O��¦¨�y¥O��ª«�B�.��� ���N����� ¢<¥O¡!¥&©��.� Á � ¢<¥t�y������������°²�y� �*�y¥O£X�.�k� � ��£/¡!� ¢<�0��� ¡N�»�y� ¯.¥#� � ¦¨°²��� �a��¥#£
��� ¡Z� �����y� ¡ö³OÕ�� �d����¥#£/°²¯��Q±a�.���BÃ	�y� ��� ¡N¡&��� ¡Z� �����y�^����� ��¥#���º��¤t©��.� Á ¡&�.���B���������.���j°²��� �a��¥#£X¥#¡&¥z¡N� �)� ¢S°²�y� Å
��� ¡Z¡N� ¡�³a§â�)�y� ��¡N��¡N� ¡&� ¢S¥z��� � �)��� ¦²����� °²�y� ¡N� ��� �����t¥O¯�¯(°(��� ��� ¡Z¡N� ¡&�.���.���B¥#°²°(¯.����¥#� �.� ��±O¥O��¦A¡Z� £�������£jª�� �d� ¢
�º���.¯�¦¨�y� ¡N� �����y� ¡êé�� ���B¢¸� �d� ¥O�º�r°(��� ��� ¡Z¡!���k�.���B°²�y� �*�y¥O£X����� ����� ��� ��³����.��� ������¥O£/°(¯.� ¡&� ¢<��� ¡Z� �����y�^���.� �y¥O�yÅ
�º���.� ¡�¥#����¥¨Ë&� ¦²�����.� �y¥O�y�¶��¤/¢¸� �&�0�����y� ¦²��©��.� Á � ¢��.����°(��� �a��¥#£/±O¥A´_¥#�¶���.������� ¡Z� ������������� ��¥#���º��¤¢¸� �!�.���
¡N� �5� ¢���� ¡Z�-¡�� � Á �����º���.����¥O°²°(¯.����¥#� �.� ���y����¡�±a¥#��¦A¥¨½O¤����¶���y� ���.åQ¥#� �.� �t����� ��¥#���º��¤/¢¸� �d�.����¡N� �5� ¢S¡ ¤����º���y� Å
����åQ¥O� ��� ��·ªQÄy� �y�-¡B����.����¥#°²°²¯��.�y¥O� ��� ��³=Ét�Ï¥O°(°²¯.����¥#� �.� ��ã ¡B����� ����� ��� �£/�.�N���Sª������ °(��� ¡Z� ��� � ¦�¥#¡»�.���t¢¸� ¯.¯�� Á Å
������¡Z� �)� ¢<�y� ¡N� �����y�^���.� �y¥O�y�º���.� ¡NÓ

[Process,Machine,Code,SyncObj]
³����.��� �d°²� ¡N¡Z� ª�¯.�^����� ��¥#���º����� ¡

�����ö¯���¦²��´_� £/� �f¤=±#¥O��¦4§1Y���³

Î�����¡N��¥O��·ªQÄy� �y� Å¸� ����� ��� � ¦���� °(��� ¡N� ��� ¥#� �.� �� ��¦(� ¡N�y��� ª���°²��� �a�y¥O£ ��� ¡N� ���y��� ¡�³²Ê(������� £/£/� ��º��¥O�y¥O�yÅ
� � ����¡N� �.�y¡�� ¢�¥O¯�¯<��� ¡N� ���y��� ¡�¥#������� °²�y� ¡N� ��� � ¦�ª#¤/¥¨Ò!� ¡N� ��������ª«¥#¡N����¯.¥#¡N¡�³O���.¢¢¸� ��� ���	�.¤�°(� ¡�� ¢���� ¡N� ���y��� ¡�¥#���
��� °(��� ¡N� ���-� ¦jª#¤h��¯.¥#¡N¡N� ¡�¦²� �y� ©�� ¦/¢¸��� £ �.���jÒ!� ¡N� ��������ª«¥#¡N�z�ö¯�¥O¡Z¡�³<Õ�� �B����¥#£/°²¯��Q±<£/� ¦²��¯��Q±<¢������� ��� ��±<°²�y� Å
��� ¡Z¡ö±�£/� ¡N¡N¥#�a�� ¥#� ±^¥#��¦1£/¥O�º�������¥#���Ï¦²��¡N� �.���y���.¤�°²� ¡k� ¢���� ¡Z� �����y� ¡k�0��¥#�t¥O���Ï��� °(��� ¡N� ���-� ¦ª#¤8��¯�¥O¡N¡Z� ¡
¦²� �y� ©�� ¦A¢¸�y� £X�.����ª�¥O¡Z�B��¯�¥O¡N¡Z� ¡�³aÊ<����Ò!� ¡N� ���y����ª«¥#¡N����¯.¥#¡N¡&��£�°(¯.� £/� ��� ¡&����¢¸� �y£�¥#� �.� ���.��¥#�5�.¡&��� £/£/� ��� �
¥#¯.¯	��� ¡N� ���y��� ¡�±«¡N���º�¾¥#¡j�.���4��¥#£/�4� ¢^�.���4��� ¡Z� �������=±��y� ¡N� ���y��� ã ¡j°(¥O�y� ������� ¡N� ���y���4����¡N� ¥#�����Q±«¯��.¡Z�&� ¢��¶���.¯�¦
��� ¡Z� �����y������¡N� ¥#����� ¡�±#¥O��¦�¥¨��� ��¡N� ��¥#�.���	£/� �.��� ¦4¢������� ��� �8[¸¡]\³OÊ<������� ��¡Z� ��¥#�.���	£/� �.��� ¦4��¡�¥»ª�� � ¯.� ¥#�/¢¸�����yÅ
� �.� �F�.��¥O�j�.¡��-�y��� Á ��� �8�.���:��� ¡N� ���y���Ï��¡k¥#��� �À©��=³�Î��Ï¦²��¡N�y��¡N¡���� ��¡N� �y¥O�����t£/� �.��� ¦²¡��.�F£/� ���Ï¦(� � ¥O��¯!���
½«� ��� ��� �/ÙO³ ×#³¶ÛQ³

Ê<����¦²� �y� ©�� ¦3��¯.¥#¡N¡N� ¡_��� ��� ¥#�.�è�.��¢� ��£/¥O� ��� �à�.��¥#����¡h������JO����� ��¥F°²¥#��� ������¯�¥O�:�y� ¡N� �����y���.¤�°²�Q³»Õ�� �
����¥O£/°(¯.�Q±��.��� ü&ý^ì�êOôöøfí�ì �ö¯�¥O¡Z¡�£/���y���)��¥N©��¨����¢¸� �y£�¥#� �.� �r¥Zª�� ���!¥/¢¸�����y� �.� ��ã ¡t¥O¦(¦²�y� ¡N¡�¥#��¦Ï¡N�.å=�Q³8���.��� �
����¥O£/°(¯.� ¡�� ¢�����¢¸� �y£�¥#� �.� �/�����<J#�����-��¡Z°²� ����¬��!�y� ¡N� �����y���ö¯�¥O¡Z¡N� ¡�¥#����¡-��� Á �/�.�/Õ5���*���y��ÙO³ºÛQ³

Î��/��� °(��� ¡N� ����¥_°²�y� �*�y¥O£K����� �����-��� ��± � ±<ªO¤l¥r¯.��¡N��� ¢!��� ¡4��� ¡N� ���y���j����� ��¥#���º��¤l��� � ����� ¦²�/�y� ¡N� ���y���
����¡N� ¥O���y� ¡�³	Õ�� �¨����¥#£/°²¯.�=± ��ë

[Code,Process,SyncObj,File,Memory,Machine]
��¡4�.���/¯��.¡Z��� ¢

��� ¡Z� �����y�t���.� �y¥O�y�¶��¤���� � ����� ¦(� ¡A¢¸� �¨�.����°²��� �a�y¥O£®����� ����� ��� � � ±5¥O��¦ �
[Code]

�.¡4��� � ����� ¦²���y� ¡N� ���y���
����¡N� ¥O���y�1� ¢z�.���1Ë!� ¦(����.� �y¥O�y�º��¤=³^Î��1��¡Z�1�.���1¡ ��� ���.��¥#��¦3��� � ¥#� �.� �ìÞ

root_name
ßk¢¸� �h��¥O£/�����8�.���

��� ¡Z� �����y�:�.��¡Z�-¥#���y�¬Þ �
[root_name]

ß-³�Õ�� ������¥O£/°(¯.�Q± Á � Á �.¯�¯ Á �y�.� �
Code

¢¸� � �
[Code]

³�Õ5�.�a������Ù#³ ×
¡-��� Á ¡z¥#������¥#£/°²¯.��� ¢�� Á �4�y� ¡N� ���y�������.� �y¥O�y�¶����� ¡z¥O��¦_�0���4�.¤�°²��� ¢���� ¡N� ���y�����.��¡Z� ¥O���y� ¡z�.��¥O�»�.���·¤��y� ��Å
� ¥O����³

Ò!� ¡N� ���������.��¡Z� ¥O���y� ¡j�y¥O�/ª«����� °(��� ¡N� ��� � ¦4ª#¤��.���4°(¥O�.�3��¥O£/��¢¸��� £ �0��� �.�t��� ¡N� �����������.� �y¥O�y�¶��¤���� � �
��� ¦²�=³dÊ<���_¢¸������� �.� ����� ¡N� ���y���

main
��¥#��ª��_��� °²�y� ¡N� ��� � ¦hª#¤��0���_°²¥O�.�

/Code/main.C/main
³!Ê<���

°²¥#�.�]�y� °²��� ¡Z� ��� ¡A��� ¡A�y� ¯.¥#� �.� ��¡-���.°�� ��� �.��� �z�y� ¡N� ���y��� ¡A�����.���/Ë!� ¦²�t����� ��¥#���º��¤��
main

��¡A¥ ü!ý�ì^ê#ô·øfí�ì
��� ¡Z� �����y� Á ��� ¡N�z°(¥O�y� ������¡��.��� !�í�ñ5ý�ï¶ð �y� ¡N� �����y�

main.C
±<¥#��¦

main.C
ã ¡�°²¥#��� ������¡��.���jË&� ¦²�����.� �y¥O�yÅ

�º��¤r��� � �!��� ¦(�¨�y� ¡N� �����y�Q³�Ê<���¨�y� ¡N� �����y�
/Code

��� °²�y� ¡N� ��� ¡t¥O¯�¯)� ¢5�.���A¥O°²°(¯.����¥#� �.� ��ã ¡t��� ¦(�Q±��.���¨�y� ¡N� ���y���

/Code/main.C
��� °(��� ¡Z� ��� ¡�¥O¯�¯���� ¦²�:���F£/� ¦²��¯��

main.C
±�¥#��¦��.���:�y� ¡N� �����y�

/Code/main.C/main
��� °(��� ¡N� ���-¡»¥O¯�¯<��� ¦(���.�/¢¸�����y� �.� �

main
� ¢�£/� ¦²��¯��

main.C
³
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Ê<���	Ât´ ��¡!¥j°²��� �a��¥#£��.��¥#���y����¡!� ��¥#��� °(� ��¥#� �.���t¡-¤�¡N� � £7Y¶¥#���º����� � ��� �����B°²¯�¥O� ¢� ��£/³*§â��£/���y���²ª«�B��� °(Å
��� ¡Z� ��� � ¦¨¥#¡NÓ �%!uë

[Machine,Process,Code,SyncObj]
±a¥O¡&¡-��� Á ���.���.���B¯�� ¢¸�²��¥#¯.¢S� ¢SÕ5�.�a������Ù#³ Ù

.

Ê<����ÉtÃ_��¡&����°²���	�-���0����Ât´ �.��¥O�	������¡��.� ³Zá���¡Z�5¯.�À¼	��¥#�*¤/� �.��� �!°²��� �a��¥#£x�y� ¡N� �����y� ¡�±O�.����Ât´rã ¡�����°²���
��¥#�Aª��j��� °(��� ¡N� ��� � ¦jªO¤h¥k��� ¡N� �������&����� ��¥#���º��¤h�.�h�0���&Ât´_ã ¡�°(��� �a��¥#£ ����� ����� ��� ��³(äA� Á �·©�� �¶±<�0����ÉtÃ���¡�¥
¡N°(� ����¥O¯²¢¸� �y£�� ¢<°(��� �a��¥#£�����°²���'�*������¡!�.� ¡N� ¯�¢<¥O�k����� ����� ������°²�y� �*�y¥O£/±a¥O��¦¨¥#¡!¡N���º�r��¥O��ª��»�y� °²��� ¡Z� ��� � ¦»ªO¤
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Resource Class Examples of type-specific information

Resource Base

name

list of child resource instances (possibly empty)

parent resource instance

constraint method

Function Derived

address

size

source code line numbers

Module Derived

address

size

source code file name

Process Derived

process identifier

address of stack pointer, heap, text & data segments

/proc file descriptor

Semaphore Derived
address of semaphore variable

type (binary or counting)

Machine Derived internet address

File Derived file descriptor

Figure 3.1 Example Resour ce Classes. The Resource base class implements the characteristics
that are common to all program resources, derived classes implement characteristics that are
particular to a specific type of resource

Figure 3.2 Example of T ypes of resour ce class instances in diff erent resour ce hierar chies.
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VM Resource Hierarchies: AP Resource Hierarchies:

Figure 3.3 Example of resour ce hierar chies for the vir tual machine and the application
program.
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Figure 3.4 Resour ce hierar chies representing the interpreted e xecution.
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Resource Type
example instance

Intuitive Definition of Active Example Active Test

Function

/Code/foo.c/foo

Exclusive:A programcounter(PC)is
in Functionfoo ’s code

Test if PC in functionfoo

Caller:foo  is the caller of the
function in which the PC is

Fuction foo  is in the caller
location on a stack

Inclusive: the functionfoo  has been
entered by not returned from

Function foo  is on a stack

Module

/Code/foo.c

At least one of modulefoo.c ’s
functions is active

(can be exclusive, inclusive, or caller
definition of active)

The OR of the active test for
foo.c ’s Function instances

Semaphore

/SyncObj/Semaphore/mutex

A synchronization operation on
semaphoremutex  is active

mutex  is an argument to the
active semaphoreP or V
Function resource instance

Semaphores

/SyncObj/Semaphore

A synchronization operation on a
semaphore is active

The OR of the active test
applied toSemaphore
instances

MessageTag

/SyncObj/MsgTag/tag_1

A send or receive is active for a
message with message tagtag_1

tag_1  is an argument to the
activesend  or receive
Function resource instance

MessageTags

/SyncObj/MsgTag
A message send or receive is active

The OR of the active test
applied toMessageTag
instances

File

/Files/fid_1

A file operationsuchasread,write,or
seek on filefid_1  is active

fid_1  is an argument to the
active read , write , or
seek Function resource
instance

Process

/Process/pid_1
Processpid_1  exists

Test for processpid_1  in
/proc file system

Machine

/Machine/cham

Machinecham is involved in
execution

Checkif anapplicationprocess
has been created oncham

Figure 3.5 Active Definitions f or instances of diff erent Resour ce classes .
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bool constrain(path_name) {

// if we are at the right level, apply the active test

if ( path_name == null)

return active();

// if we are not at the right level, call the child’s constrain method

child = find_child_resource( head(path_name));
if (! child) { return false;}

return (child.constrain( tail(path_name));

}

Figure 3.6 Generic algorithm f or implementing a Resour ce Class’ constrain method. A
constrain method traverses the hierarchy using its path_name argument. If there are still resources
in the path name, it finds its child resource corresponding to the next level in the path, and calls its
child’s constrain method. If it is at the level corresponding to the end of the path, then it applies its
constraint test to the resource.

Figure 3.7 Constraint tests f or constraints combined with constraint operator s. The diagram
shows the time intervals for two events (when functions foo and blah are active), and it shows the
time intervals when these events combined with constraint operators are true. In this example, the
AND of the two events never tests true because foo and blah are not active over overlapping
execution time intervals.
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ê+ëÂìFí�î ï½ëFð�ñ½ò�ó»ôÂõ ðÂö»÷�ôÂõ ðÂî ê+øæû(ü ôÂýÂú

ê+ëÂìFí�î ï½ëFð�ñ½ò�ó»ôÂõ ðÂö»÷�ôÂõ ðÂî ê+ø ù ëÂëFú+þ1ÿ^ê�ëÂìFí�î ï½ëFð�ñ½òæó»ôÂõ ðÂöJ÷&ôÂõ ðÂî ê+øæû�ü ôÂýÂú
ê+ëÂìFí�î ï½ëFð�ñ½ò�ó»ôÂõ ðÂö»÷�ôÂõ ðÂî ê+ø ù ëÂëFú������cê�ëÂìFí�î ï½ëFð�ñ½òæó»ôÂõ ðÂöJ÷&ôÂõ ðÂî ê+øæû�ü ôÂýÂú

Execution Time
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1. SyncObj.constrain(mutex) [T, F ... , F]
AND  &  & ... &
Process.constrain(pid_1) [T, F ... , F]

= [T, F ... , F] = TRUE

2. SyncObj.constrain(mutex) [T, F ... , F]
AND  & & ... &
Process.constrain(pid_2) [F, T ... , F]

= [F, F ... , F] = FALSE

3. SyncObj.constrain(mutex) [T, F ... , F ]
OR  or or ...  or
Process.constrain(pid_2) [F, T ... , F]

= [T, T ... , F] = TRUE

Figure 3.8 An example of appl ying constraint operator s for programs with multiple threads.
Each constrain method returns a vector of true or false values. Next, each corresponding element of
the two vectors is combined with the constraint operator to produce a result vector, then the elements
in the result vector are combined with OR to obtain the final true or false result.
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�Añ�ð8����õ'ý»�8ðF�¾6¥ø�ð

ò1�Añ�õÐú)ù§õ<ø�ð�ð*E�ð'��ÿ8õ'ý<ú)ôæñ�ð)òCñ�ð)ó�ð)ô8õ'ð)ö6ïA÷æõ<ø�ý�ó%ù�ú'��ÿ8ó"ý<ó"ú'�+��ÿ8ñ�ñyý<ô8þ"üÐø�ð)ôæõ<ø�ð�Ú · ú)ù£ý�õ'ó��yú)ñ�ñ�ð)ó�ò�ú)ô8öCý<ô8þ
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Threads.constrain(tid2) AND SyncObj.constrain(Moni-

tor/mon_1) AND Code.constrain(foo.class/foo)
�
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</Process,/Code/main.c>
ý�ó�����õ'ý ��ð6ü�ø�ð)ô

/Code/main.c AND

Property AND OR

Idempotency (A AND A) = A (A OR A) = A

Commutativity (A AND B) = (B AND A) (A OR B) = (B OR A)

Associativity
(A AND B) AND C) =
(A AND (B AND C))

(A OR B) OR C) =
(A OR (B OR C))

Absorption (A OR (A AND B)) = A (A AND (A OR B)) = A

Distributivity
(A AND (B OR C)) =
(A AND B) OR (A AND C)

(A OR (B AND C)) =
(A OR B) AND A OR C)

Figure 3.9 Proper ties of Constraint Operator s.
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= ([Process.constrain(pid1)] AND

Metric Metric Function How to apply to foci
func_calls [Code.constrain(*/*)] count/sec Code.constrain

Process.constrain
Machine.constrain

cpu []processTime/sec Code.constrain
SyncObj.constrain
Process.constrain
Machine.constrain

cpu_inclusive []processTime/sec Code.constrain_inclusive
SyncObj.constrain
Process.constrain
Machine.constrain

io_wait [Code.constrain(libc.so/read) OR
Code.constrain(libc.so/write)]

wallTime/sec

Code.constrain_caller
SyncObj.constrain
Process.constrain
Machine.constrain

Figure 3.10 Example Metric Definitions. Metric function plus how to apply the metric to a given
focus.
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Figure 4.1 Memor y Areas of the Ja va Vir tual Mac hine . There are three main areas the class
constant pool, the execution stack, and object memory.The VM also has four registers to define the
current state of the system. The currently executing method is in the stack frame indicated by the
Frame register.

Optop

operand stack

Ar guments

Constant Pool

Calling Frame

Local Vars

Execution Stack Class code & constantpoolsObject Memory

Class blah

Operand
Stack

args

local
vars

object

Registers

Method

constant pool

method byte-code

PC

Class foo

constant pool

method byte-code

operand stack

Ar guments

Constant Pool

Calling Frame

Local Vars

Operand
Stack

args

local
vars

object Method

. .
 .

Vars Frame



���
h��VöCð~ù�ú)ñ?õ<ø�ð���ûm�Vó�ó��chIð)õ<ø�ú)ö�ó��D�ð'�Vó]ÿ�ñ�ð'hIð)ô8õ�ú)ù6õ<ø�ð~û�ú'�VöCý<ô8þªõêýmhIð~ý�ó$ý�ô8ý<õ'ým�Võ'ð)ö~ï�ð)ù1ú)ñ�ð×õ<ø�ð���û<�Aó]ó��
ñ�ð)ó�ú)ÿ8ñ��yð)ó^�Vñyð8�yñ�ð'�Aõ'ð)ö1�

�8H�I�HJG��Þc^S�\ d¼V_]¢Y[SaQ_TWP�§UdvM&SUT?\ TWV[b S�£¾b�P#K�� �¢bc¡M
�º�Añ��AöZ÷�ô&i�¬ÿ8ó]ð)ó^�º�Añ��AöZ÷�ô&� ó�ö)÷8ô&��hIý<�¡ý<ô8ó�õ'ñ�ÿ&hIð)ô8õ(�Aõêý�ú)ô � ��Å:�8õ'ú�ý<ô8ó�ð)ñ�õ��Vô�öQö�ð)û�ð)õ'ð�ý<ô8ó�õêñyÿ&hIð)ô8õ(�Võ'ý�ú)ô

��ú)öCð�ý<ô8õ'úT�&�����9��ý�ñ�õ'ÿ&�Aûºh�����ø�ý<ô8ðU�yú)ö�ðU�Aõw�Vô{÷�òCú)ý<ô8õ£ý�ôoõ<ø�ð�ý�ô8õêð)ñyò�ñyð)õ'ð)öIð*E�ð'��ÿ8õ'ý�ú)ô&�R�º�Vñ+�Vö)÷8ô&� ó9hIð)õ ø§ú)ö
ù1ú)ñ�ý<ô�ó]õ'ñ�ÿ&hIð)ô8õ'ý�ô8þ�ù1ÿ8ô&�yõêý�ú)ô8ójý<ójõ'ú��Vû�û<ú'�+�Võ'ð-ø�ð'�Vò�ó]ò7���yð%ý<ô�õ<ø�ð��Aò�ò�û�ý<�+�Võ'ý�ú)ô�ò�ñyú'��ð)ó�ó3)8þ�ð)ô8ð)ñ+�Võ'ð%ý�ô8ó]õ'ñyÿ&i
hIð)ô8õ(�Võ'ý�ú)ô ��ú)ö�ð�ý<ôOõ<ø�ð�ø�ð'�Vò�)/ý<ô8ó]ð)ñyõ���ï�ñ��Aô&��øgý<ô8ó�õêñyÿ&��õ'ý�ú)ôÊù�ñ�ú'hÔõ<ø�ðIý�ô8ó]õ'ñ�ÿ�h�ð)ô�õêð)ö�ù�ÿ8ô&��õ'ý�ú)ôOõêú�õ<ø�ð
ý�ô8ó]õ'ñ�ÿ&hIð)ô8õ(�Aõ'ý<ú)ô¸��ú)öCð=)¾�Aô8ö"ñ�ð)û�ú'���Aõ'ð-õ<ø�ðÐù1ÿ8ô&�yõ'ý<ú)ô&� ó¡ý�ô8ó]õ'ñ�ÿ&�yõ'ý<ú)ô8ó¡õ<ø��Aõ�ü6ð)ñyð-ñyð)ò�û<����ð)ö-ïA÷�õ<ø�ð�ï�ñ��Aô&�
ø?õ'ú
õ<ø�ð%ý�ô8ó]õ'ñyÿ&hIð)ô8õ(�Võ'ý�ú)ô��yú)ö�ð%ý�ô�õ ø§ðFø�ð'�Aò���6Cø�ð"ñ�ð)û�ú'���Aõ'ð)ö�ý<ô8ó]õ'ñyÿ&��õ'ý�ú)ô8ó9�+�Vô�ï�ð%ð*E�ð'��ÿ8õ'ð)ö%ï�ð)ù1ú)ñ�ð"ú)ñ��Vù�õ'ð)ñ
õ<ø�ðÊý<ô8ó]õ'ñyÿ&hIð)ô8õ(�Võ'ý�ú)ô ��ú)ö�ðF��x$ø�ð)ô õ<ø�ðæý�ô8ó]õ'ñyÿ&hIð)ô8õ'ð)öªù1ÿ8ô&�yõ'ý<ú)ô ý<ó?ð*E�ð'��ÿ8õ'ð)öªý�õjü6ý�û<û¡ï�ñ��Aô&��ø½õ'úÊõ<ø�ð
ý�ô8ó]õ'ñ�ÿ&hIð)ô8õ(�Aõ'ý<ú)ôÝ��ú)öCð=)=ð*E�ð'��ÿ8õ'ðIõ<ø�ð�ý�ô8ó]õ'ñyÿ&hIð)ô8õ(�Võ'ý�ú)ô²�yú)ö�ð7ï ð)ù�ú)ñ�ð��Vô8ö Y ú)ñ��Vù1õ'ð)ñ%ð*E�ð'��ÿ8õ'ý�ô8þ¬õ<ø�ðIù1ÿ8ô&�+i
õ'ý<ú)ô&� ó�ñyð)û<ú'�+�Võ'ð)öQý�ô8ó]õ'ñyÿ&��õ'ý�ú)ô 
 ó��k)��Aô8öQõ<ø�ð)ô7ï�ñ��Aô&�
øIï-���°Ó�õ'ú�õ<ø�ð�ù1ÿ8ô&�yõ'ý<ú)ô&�
f ð'�+�Vÿ8ó�ðoõ ø�ð � �¾� á �Ñý<ô�ó]õ'ñ�ÿ&�yõ'ý<ú)ô ó]ð)õ�ø��AóIý�ô8ó]õ'ñ�ÿ&�yõ'ý<ú)ô8ó�õêúoó�����ð¢�Vô8öOñ�ð)ó]õ'ú)ñyðoó]õ(���°Óìù�ñ���h�ð)ó�)£õ<ø�ð

ý�ô8ó]õ'ñ�ÿ&hIð)ô8õ(�Aõ'ý<ú)ô/�yú)ö�ð¸�Vô8ö�õ<ø�ð�ñ�ð)û�ú'���Aõ'ð)ö�ý<ô8ó]õ'ñyÿ&��õ'ý�ú)ô8ó��+�Vôæð*E8ð'�yÿ8õ'ð�ý�ô$õ<ø�ð)ý<ñ�ú�ü6ô$ó]õ(���°Ó ù1ñ+��hIð)ó��Aô8ö
ÿ8ó]ý�ô8þjõ<ø�ð)ý�ñ£ú�üQô�ñ�ð)þ�ý<ó�õ'ð)ñ üQý�ô8ö�ú�ü^�¾6Cø§ý<ó3ü��]÷Iý<ô8ó]õ'ñyÿ&hIð)ô8õ(�Võ'ý�ú)ôu�yú)ö�ð�üQý�û<ûCô8ú)õ=ö�ð)ó]õ'ñyú�÷�õ<ø�ð����Aû<ÿ8ð)ó¡ý<ô�õ<ø�ð
ù1ÿ8ô&�yõ'ý<ú)ô&� ópó]õ(���°Óæù1ñ+��hIð�ú)ñÐñ�ð)þ�ý<ó]õ'ð)ñyó3�R�=ý<þ�ÿ8ñ�ð�������óêø§ú�üQó9�Vôoð*E���hIòCû<ð�ú)ù3ö)÷8ô&��hIý<�+�Vû�û ÷�ý<ô�ó]õ'ñ�ÿ&hIð)ô8õ'ý�ô8þ��
CDµù�ÿ8ô&��õ'ý�ú)ô&�

�8H�I�H��¤�PB\ S�Q_£�b Pºde\�TWV_b Sa\�h8Y[S�Q_TWPº§UdeM&SUTR\ TWV_b�S¼£�b P�±a` �¢bc¡M
xÊðoÿ8ó]ð¢�Vô ý<ô8ó�õ'ñ�ÿ&hIð)ô8õ(�Aõ'ý<ú)ô õ'ð'�
ø�ô�ý<¨Aÿ8ðl�+�Vû�û<ð)ö#ß-o�®7r&s°©�ª'o«��®1$¯kª'r&®�ª)àFr&s�$o+q,��À�r&$®7$¯�ª'rªõ'úoöZ÷�ô&��hIými

���Aû<û ÷¬ý�ô8ó]õ'ñ�ÿ&hIð)ô8õD�&�������Aò�ò�û�ý<�+�Võ'ý�ú)ô%ïA÷�õêð'ik��ú)öCð)ó3� Þ ÿ8ñFõ'ð'��ø�ô8ý<¨Aÿ8ð7ó]ú)û ��ð)óÐõ<üQú7ò�ñyú�ï û�ð'hIó@�Aó]ó]ú'�yý<�Aõ'ð)öjüQý�õ<ø
ý�ô8ó]õ'ñ�ÿ&hIð)ô8õ'ý�ô8þ2�&���&�pïA÷�õêð'ik��ú)öCð)ó8�Aõ§ñyÿ8ô&i1õ'ýmh�ðF� Þ ô8ð7òCñ�ú�ï�û<ð'h ý�ó�õ<ø��Võ£õ ø§ð)ñ�ð��Añ�ð�ô8ú§�������u�Áûm�Vó]ó'á*ý ï�ñ��Añ�÷
hIð)õ<ø�ú)ö�ójú)ñ¿� ·2¢ �� t � ó 
 òCñ�ý�ú)ñ�õ'ú%ñ�ð)û�ð'�Aó]ð í �����*ù1ú)ñ�ú�ï�õ(�Aý<ô8ý�ô8þu�:���Ñõ'ý<hIð"ù1ú)ñB��ÊòCñ�ú'�yð)ó]ó]ð)ójú)ñ�õ<ø�ñ�ð'�Aö�ó��
�jó^�%ñyð)ó]ÿ8û�õ()��º�Añ��AöZ÷�ô&i�ahIÿ8ó�õ=ÿ8ó�ðÐó]ú'hIð�ô&�Aõ'ý ��ð���ú)ö�ð�õ'ú�ú�ï õ(�Aý<ô��:���gõ'ý<hIð�hIð'�Vó�ÿ8ñ�ð)ó�ù1ú)ñÁý�ô8ó]õ'ñyÿ&hIð)ô8õ'ð)ö

Figure 4.2 Dynamic Instrumentation f or Ja va VM code . In this example VM function
invokeMethod is instrumented. An instruction in invokeMethod is replaced with a branch
instruction that jumps to the instrumentation code in the heap, and the overwritten invokeMethod
instruction is relocated to the instrumentation code.

Java VM Code

invokeMethod() {

}

jump
relocated
invokeMethod
instruction

save
jump
restore

instrumentation code
to save and restore
invokeMethod’s state instrumentation code

to compute the metric



â4ã
ä:å,æ+ç-èZé«ê-ë�ç-ìîí�ï0ð]çyìñç-éîê-ò,ënó0ôîê;ä¼õ	ç-öø÷	ìTæ	ð]ù:æ)ê-ú,ô�ä:å,æ+ç-è·éîê-ë�çy÷�ò,ìÕæ+ôîúDöûç-òDæüù:æ+÷	ê-ò�ò,ç-ç-ë0ìTê-ó�ç-ô«ù4ò,ëHìÕæ+ù4é6ý�ìñó�ù:éîçUþ
ù:ò,ënù4ô«ÿXú,ö~ç-ò,æ)ù4òDënõ	ê-éîù:õ��Dù4ô«÷	ùUä¼õ	çyìÕó�ù:éîçyæ+ê'ç��Dç-éîúDæüç=í��,ê-ô§ç��Dç-ô6å��	��ö~ç-æ	ð]ê-ënê-ò�æ@ð]çyéîù:õ�õ%ìÕæ+ù4é6ý9þ�æ	ð]ç�
�
éîô«ç-ù4æ+ç-ì�ù4ò¥ç��Dç-éîúDæü÷�ê-ò¥ìÕæ+ù:é6ý��Zô«ù4ö~çUþ_ù:ò¥ê-ó�ç-ô«ù4ò,ë�ìÕæ+ù:é<ý)þ_ù4ò,ë�ù4ô«ÿXú,ö~ç-ò,æ2ù:ò,ë�õ	ê-éîù:õ��,ù:ôî÷�ùñä¼õ	çûìñó�ù:éîç��·ê-ô
ç��Dç-éîú,æ+÷�ò,ÿ æ	ð]çÞö~ç-æ	ð]ê-ë�� ì~ä:å,æ+ç-è·éîê-ë�ç¨÷�ò,ìÕæ+ôîú,é«æ+÷	ê-ò,ì��yê-ú,ô�÷	ò,ìÕæ+ô«ú,ö~ç-ò,æ+ù4æ+÷�ê-òAä:åDæ+ç-èZéîê-ë0ç-ì�ù:õ	ìñêÞò,ç-ç-ë�æ	ð]÷�ì
ìÕó0ù4é«ç2æ+ê'ç��Dç-éîú,æ+çUí

ïdð]ç-ôîç~ù4ô«çûæ��nê	��ùñåDì�æüê~ê;äÁæ+ù:÷	òÞç��Dæ+ôîù ç��Dç-éîú,æ+÷�ê-ò¥ìñó�ù:éîç��Zê-ô ê-ú,ôTä4åDæ+ç-èZé«ê-ë�ç~÷	ò,ìÕæ+ô«ú,ö~ç-ò,æ+ù4æ+÷�ê-ò,í_ïdð]ç
� ôîìñæ���ùñå~÷	ìgæ+ê2ù4õ�õ	ê-é«ù4æ+ç'ç��,æ+ô«ù ìÕó�ù:éîç2ê-ò~æ	ð]ç2÷�ò,ìÕæ+ôîú,ö~ç-ò,æ+ç-ë�ö~ç-æ	ð]ê-ë�� ìgê-ó�ç-ô«ù4ò,ë�ìÕæ+ù:é6ý ù:ò,ë�ù4õ�õ	ê-é«ù4æ+ç2ç��Dæ+ôîù
ù:ôîÿ�ú,ö~ç-ò,æHù:ò,ëÜõ	ê-é«ù4õ��Dù:ôî÷�ùñä¼õ	ç¥ìÕó0ù4é«ç��·ê-ôpæ@ð¿ç.÷�ò,ìÕæ+ôîú,ö~ç-ò,æ+ù:æ+÷	ê-ò éîê-ë0çUí��.ð¿ç-òkæ	ð]ç�
	� ç��Dç-éîú,æ+ç-ì�æ	ð]ç
÷�ò,ìÕæ+ôîú,ö~ç-ò,æ+ù:æ+÷	ê-ò éîê-ë0çUþ%æ	ð]ç ÷	ò,ìñæ+ôîú,ö~ç-ò,æ+ù:æ+÷	ê-ò ÷	ò,ìñæ+ôîú,éîæ+÷�ê-ò,ì �n÷	õ�õ¼ç��Dç-éîú,æ+ç©÷�ò æ	ð]ç©ö~ç-æ	ð]ê-ë�� ì'ìñæ+ù4é6ý!�Zô«ù4ö~ç
ú,ìÕ÷�ò,ÿQæ	ð]÷�ì§ç��,æ+ô«ù©ù4õ�õ	ê-é«ù4æ+ç-ë�ìÕó0ù4é«çUí�ïdð]ç2ìÕç-éîê-òDë"��ùÕåû÷�ì§æ+ê�÷�ò,ìÕç-ôîæ_ù©ö~ç-æ	ð]ê-ë�éîù:õ	õ-ä:åDæ+ç-èZéîê-ë0ç�÷�ò,ìÕæ+ôîúDéîæ+÷	ê-òûæ+ê
# ú,ö~ó æ+ênä:åDæ+ç-èZéîê-ë0ç�÷	ò,ìÕæ+ô«ú,ö~ç-ò,æ+ù4æ+÷�ê-ò$��æ	ð]ç�é«ù4õ�õ��n÷	õ�õ�éîô«ç-ù4æ+ç�ùÞò,ç�� ç��Dç-éîú,æ+÷�ê-òÜìÕæ+ù4é6ý%�Zô«ù4ö~çUþ§ê-ó�ç-ô«ù4òDë
ìÕæ+ù:é<ý)þ4ù:ò,ë�ù:ôîÿ�ú,ö~ç-ò,æ9ù4ò,ënõ	ê-é«ù4õ&�Dù:ôî÷�ùñä¼õ	ç'ìÕó0ù4é«ç'�Zê-ô�æ	ð]ç'÷	òDìÕæ+ôîú,ö~ç-ò,æ+ù:æ+÷	ê-òSä:å,æ+ç-è·éîê-ë�ç-ìîí

( ���nç�ú,ìñç�æ	ð]ç � ô«ìÕæ�ù:ó�ó0ôîê-ù:é6ð]þ§ù4ò,ëAç��Dç-éîú,æ+ç�÷	ò,ìÕæ+ô«ú,ö~ç-ò,æ+ù4æ+÷�ê-ò.ä:å,æ+ç-è·éîê-ë�ç-ì)�n÷	æ	ð]÷�òÜæ	ð]ç�öûç-æ	ð]ê-ë�� ì
ìÕæ+ù:é<ý��Zô«ù4ö~çUþ0æ	ð]ç-ò)��çSö~ú,ìÕæ]÷�ò,éîôîç-ù:ìÕçQç-ù:é6ð¥ö~ç-æ	ð]ê-ë�� ì2ö~ù*�D÷	ö~ú,ö ìÕæ+ù4é6ý.ìÕ÷�+Uç=þ0ù4ô«ÿXú,ö~ç-ò,æ¿ìÕ÷�+Uç=þ0ù4ò,ëûõ�ê-éîù4õ
�Dù4ô«÷	ùUäÁõ�ç©ìÕ÷�+Uç,�'ð]ç-òp÷	æ+ì'í�éîõ	ù:ìÕì � õ�ç©÷	ì'õ�ê-ù4ë0ç-ëSä4å æ	ð]ç-
� í&�¨çSù:õ	ìñêSò,ç-ç-ë�æ+êSé6ð]ù:ò,ÿXç©æ	ð]ç©éîõ	ù:ìÕì��\é«ê-ò,ìÕæ+ù:ò,æ+è
ó�ê-ê-õyù4ænõ�ê-ù4ë æ+÷	ö~ç#æ+ê#ù4ë0ë ç-ò,æ+ôî÷�ç-ìpæ+ê#ó�ê-÷�ò,ænæ+ê#öûç-æ	ð]ê-ë0ìpæ	ð]ù:æ�ê-úDô�÷	ò,ìñæ+ôîú,ö~ç-ò,æ+ù:æ+÷	ê-ò�é«ê-ë�ç#ö~ùÕåkéîù:õ	õ
. ö~ç-æ	ð]ê-ëøé«ù4õ�õ�ä:å,æ+ç-è·éîê-ë�ç ÷�ò,ìÕæ+ôîú,é«æ+÷	ê-ò,ì�ù4ôîç ô«ç-ìÕê-õ �Dç-ëøú,ìñ÷	ò,ÿFéîê-ò,ìñæ+ù4ò,æ+ó0ê-ê-õwç-ò,æ+ôî÷�ç-ì�/Zí�0¼ð]ù:ò,ÿ�ç-ì�æ+ê ù
ö~ç-æ	ð]ê-ë�� ìgê-ó0ç-ôîù:ò,ë�ìÕæ+ù:é<ý)þ4ù:ôîÿ�ú,ö~ç-ò,æ9ù4ò,ënõ	ê-éîù:õ&�Dù:ôî÷�ùñä¼õ	ç'ìÕ÷1+Uç-ìgö~ú,ìÕædä¼ç2ë0ê-ò,ç'ù4æ9æ	ð]ç'æü÷�ö~ç'æ	ð]ç2í�éîõ	ù:ìÕì � õ�ç
÷�ìgõ�ê-ù4ë0ç-ë�í�ï0ð]çyõ�ê-ù4ë0èZæ+÷	ö~çyé6ð]ù4ò,ÿ�ç-ìTù4ô«ç'òDç-éîç-ìÕìñù4ô�å©ä¼ç-éîù:ú,ìÕçyù4æ)÷	ò,ìñæüô«ú,ö~ç-ò,æ+ù4æ+÷�ê-ò�æü÷�ö~ç . �'ð]ç-ò~æ	ð]ç 
	� ÷�ì
ó�ù:ú,ìÕç-ë�ù4æ£ù:òXå ó�ê-÷�ò,æ£÷	òp÷�æ+ì'ç��Dç-éîú,æ+÷�ê-òpæ+ê©÷	ò,ìñç-ôîæÁä:å,æ+ç-èZé«ê-ë�ç©÷�ò,ìÕæ+ôîúDöûç-òDæüù:æ+÷	ê-ò�/Zþ%æ	ð]ç,
	� ö~ùñånäÁç©ú,ó0ë�ù:æ+è
÷�ò,ÿ�æ	ð]ç	�	�2� ì�éîú,ô«ôîç-ò,æ2ç��Dç-éîú,æ+÷�ê-ò¥ìÕæ+ù4æ+ç=í��Sì�ùpôîç-ìñú,õ	æ+þ��Dù4õ�ú,ç-ì�ú,ìÕç-ë�æ+êHô«ç-ó�ô«ç-ìÕç-ò,æ3�	�2� ì�ç��,ç-é«ú,æ+÷	ê-ò¥ìñæ+ù4æ+ç
ö~ùÕå©äÁç'÷	ò
	� õ�ê-éîù:õ&�,ù:ôî÷�ùñä¼õ	ç-ìgê-ò~æ	ð]ç2ìñæ+ù4é6ý�ê-ô�÷	ò~ö~ù4é6ð]÷�ò,ç2ô«ç-ÿX÷�ìÕæ+ç-ôîì*�*�nç'éîù4òDò,ê-æ_ìÕù��Zç-õ å~é6ð]ù4ò,ÿ�ç'ù4òXå�ê4�
�	�2� ìHç��,ç-é«ú,æ+÷	ê-ò ìÕæ+ù:æ+ç�ù:æQ÷	ò,ìÕæ+ô«ú,ö~ç-ò,æ+ù4æ+÷�ê-ò¨æ+÷�ö~çUþ%ä¼ç-éîù:ú,ìÕç�ê-ú,ô�é6ð]ù4ò,ÿ�ç-ìHö~ùñå ä¼ç�ê��Dç-ô5�nôî÷�æ+æ+ç-ò ä4å6
�
ôîê-ú,æ+÷�ò,ç-ìîí ( ò,ìÕæ+ç-ù:ë�þ0ç��Dç-ô6å����ö~ç-æ	ð]ê-ë�� ì�ö~ù7�,÷�ö~ú,ö ìÕæ+ù4é6ý#ìÕ÷1+UçUþ0ù4ô«ÿ�ú,ö~ç-ò,æ)ìñ÷�+UçUþ0õ�ê-éîù4õ8�,ù:ôî÷�ùñä¼õ�çyìñ÷�+Uç=þ=ð]ù:ì
æ+ê2äÁç�ö~ê-ë�÷ � ç-ë)�'ð]ç-ò�æ@ð¿ç�í�éîõ	ù:ìÕì � õ�ç�÷�ìSõ	ê-ù:ë�ç-ë�ä:å�æ	ð]ç9
	�:�Dù:ò�ç-ìÕæ+÷	ö~ù:æ+ç�ê4�)æ	ð]ç�ö~ù7�,÷�ö~ú,ö ù:ö~ê-ú,ò,ægê4�
ìÕó0ù4é«çûú,ìÕç-ëûä:åwä4åDæ+ç-èZé«ê-ë�çû÷�ò,ìÕæ+ôîúDöûç-òDæüù:æ+÷	ê-òÞö~ú,ìÕæ]ä¼çûù:ë�ë0ç-ë�æ+ê~æ	ð]ç-ìÕçûìÕ÷1+Uç-ìîí;�,ê-ô ìÕ÷�ö~÷	õ�ù4ô ôîç-ù:ìÕê-ò,ìîþ��nç
éîù:ò,ò,ê-æ�ö~ê-ë�÷1�å æ	ð]ç éîõ	ù:ìÕì*�Xéîê-ò,ìÕæ+ù:ò,æ+ó�ê-ê-õ�ù4æ�÷	ò,ìñæ+ôîú,ö~ç-ò,æ+ù:æ+÷	ê-ò æ+÷	ö~çUí,ïdð]ç-ôîç4�Zê-ô«çUþ,ç-ò,æ+ôî÷	ç-ì	�Zê-ô2ù:õ	õ¼ó0ê-ìÕìÕ÷ äÁõ�ç
ö~ç-æ	ð]ê-ë�ì2éîù:õ	õ�ç-ëyä:åw÷	ò,ìñæ+ôîú,ö~ç-ò,æ+ù:æü÷�ê-ò�é«ê-ë�çQö~ú,ìÕæDäÁçQù:ë�ë0ç-ëHæ+êQæ	ð]çQé«ê-ò,ìÕæ+ù:ò,æ+ó�ê-ê-õ8�'ð]ç-ò�æ	ð]çQí�éîõ	ù:ìÕì � õ�çQ÷�ì
õ�ê-ù4ë�ç-ë0í ( ò�ö~ê-ìÕæ)éîù:ìÕç-ìîþ�ö~ù:òXå�ê4�Dæ	ð]çyé«ê-ò,ìÕæ+ù:ò,æ+ó�ê-ê-õ,ç-ò,æ+ôî÷	ç-ìîþ�ù:ò,ëHöûúDé<ð¥ê4�Dæ	ð]çyç��Dæ+ôîù�ìÕó0ù4é«çyù4õ�õ	ê-é«ù4æ+ç-ëHê-ò
æ	ð]ç�ê-ó�ç-ô«ù4òDëwìÕæ+ù:é6ý ù:ò,ëwù:ôîÿ�ú,ö~ç-ò,ægù4òDëwõ�ê-éîù:õ��Dù4ô«÷	ùUä¼õ	ç�ìÕó0ù4é«ç9�n÷	õ�õ_ÿ�ê�ú,ò,ú,ìñç-ë�þÁôîç-ìñú,õ	æ+÷�ò,ÿ~÷	ò�÷�ò,éîô«ç-ù4ìñç-ë
ÿ�ù4ô�äÁù:ÿ�ç2é«ê-õ	õ�ç-éîæ+÷�ê-òûù:ò,ë9<Dù��DùTð]ç-ù:ó�ù:õ	õ�ê-éîù:æ+÷	ê-ò��Zê-ô�úDò,ú,ìÕç-ë�ìñó�ù:éîçUí

ïdð]çnìÕç-éîê-ò,ë ù4ó0ó�ôîê-ù:é6ð æ+ênìÕù=�·ç-õ å.ç��Dç-éîú,æ+÷	òDÿ~÷�ò,ìÕæ+ôîú,ö~ç-ò,æ+ù:æ+÷	ê-ò#é«ê-ë�çn÷	ì æ+ê�ú,ìñçnù�éîù:õ�õ9÷�ò,ìÕæ+ôîú,é«æ+÷	ê-ò#æ+ê
# ú,ö~óHæüêQ÷�ò,ìÕæ+ôîú,ö~ç-ò,æ+ù:æ+÷	ê-ò�éîê-ë0çUí4�.ð]ç-ò�æ	ð]ç�
	� ÷�ò,æ+ç-ôîó0ôîç-æ+ì�ù�é«ù4õ�õ,÷	ò,ìñæ+ôîú,éîæ+÷�ê-ò,þ�÷�æ]éîôîç-ù:æ+ç-ì�ù�ò,ç���ç��,ç-é«ú,è
æ+÷	ê-ò¥é«ê-ò,æ+ç��,æ9�Zê-ô æ	ð]çûéîù4õ�õ	ç-ë�ö~ç-æ@ð¿ê-ë�þ_ìÕêû÷	ò,ìñæüô«ú,ö~ç-ò,æ+ù4æ+÷�ê-ò¥éîê-ë0ç	��÷�õ	õ¿ç��,ç-é«ú,æ+çû÷	ò¥÷	æ+ì�ê���ò¥ìÕæ+ù:é6ý��Zô«ù4ö~ç
�n÷	æ	ð�÷	æ+ì�ê���ò¥ê-ó�ç-ô«ù4ò,ë�ìÕæ+ù:é6ý9í�ïdð]ç-ôîçûù4ô«çHæ��nêHó�ô«ê;äÁõ�ç-ö~ì"�n÷�æ	ðÜæ	ð]÷	ì�ù:ó�ó�ô«ê-ù4é6ð]í>�_÷�ôîìÕæ+þ�ö~ç-æ	ð]ê-ë�÷	òDìÕæ+ôîú,é«è
æ+÷	ê-ò,ì�æ	ð]ù:æ�ù:ôîçûê��,ç-ô?��ô«÷	æ+æ+ç-ò���÷�æ	ðÜé«ù4õ�õ	ì�æ+êû÷	ò,ìÕæ+ô«ú,ö~ç-ò,æ+ù4æ+÷�ê-ò.é«ê-ë�çûéîù4òDò,ê-æ)ä¼çHôîç-õ�ê-éîù:æ+ç-ë�æüêûæ	ð]çH÷�ò,ìÕæ+ô«ú,è
ö~ç-ò,æ+ù4æ+÷�ê-ò é«ê-ë�ç ÷�ò æ	ð]ç�ð]ç-ù4ó��,÷	ò�æ	ð]ç ÷�ò,ìÕæ+ôîú,ö~ç-ò,æ+ù:æ+÷	ê-ò�éîê-ë�ç�æ	ð]ç-ôîç�÷	ìQò,ê"��ùñå�æ+ê ôîç-ìñæüê-ô«ç æ	ð]ç�öûç-æ	ð]ê-ë�� ì
ç��Dç-éîú,æ+÷�ê-ò�éîê-ò,æ+ç��Dæ]æ	ð]ù:æ]÷	ì2ò,ç-éîç-ìÕìñù4ô�åwæüêSç��,ç-é«ú,æ+çQæ	ð]çQô«ç-õ	ê-éîù:æ+ç-ëQä4åDæ+ç-èZéîê-ë0çQ÷�ò,ìÕæ+ôîú,é«æ+÷	ê-ò,ìîí�@Áç-éîê-ò,ë0þ0÷	ò,æ+ç-ô«è



â=A
ó�ô«ç-æ+÷	ò,ÿnö~ç-æ	ð]ê-ë�éîù:õ	õ¼÷�ò,ìÕæ+ôîú,é«æ+÷	ê-ò,ìy÷�ì'ç��Dó�ç-ò,ìñ÷ �DçUí��Þç ìÕê-õ �Dç©æ	ð]ç � ôîìÕæ�ó�ôîê;ä¼õ�ç-ötä4å ô«ç-õ	ê-é«ù4æ+÷�ò,ÿnæ	ð]ç©ç-ò,æ+÷�ôîç
ö~ç-æ	ð]ê-ë æ+êHæ@ð]çyð]ç-ù:óB�n÷	æ	ðÜç��Dæüô«ùwìÕó0ù4é«çC�Zê-ôS÷	ò,ìñç-ôîæ+÷�ò,ÿ�æ	ð]çHö~ç-æ	ð]ê-ë éîù:õ	õ)÷�ò,ìÕæ+ô«ú,éîæ+÷	ê-òDì æ	ð]ù4æ�éîù:õ	õ)÷�ò,ìÕæ+ô«ú,è
ö~ç-ò,æ+ù4æ+÷�ê-ò.éîê-ë0çUí>D ê��nç��Dç-ô·þ�æ	ð]çHìÕç-é«ê-ò,ë ó0ôîê;äÁõ�ç-ö ÷	ì�ú,ò,ù��Dê-÷�ë�ùUäÁõ�çHìÕ÷�ò,éîçHö~ç-æ	ð]ê-ë�éîù4õ�õ]÷	ò,ìÕæ+ô«ú,éîæ+÷�ê-ò,ì ù:ôîç
ù:õ	ôîç-ù:ë=å�ò,ç-éîç-ìñìÕù:ô6åE�Zê-ô�ê;ä¼æ+ù4÷�ò,÷	ò,ÿF0��2Gkö~ç-ù:ìÕú,ôîç-ì,�·ôîê-ö�ò,ù:æü÷H�Dç2é«ê-ë�ç=í

( òI�Áù:ôîù:ë=åDò,èJ<C�nç©ú,ìÕç©æ@ð¿çSìÕç-é«ê-ò,ë~ù4ó0ó�ôîê-ù:é6ð]í&�Þç©éîù:õ	õÁê-ú,ô�æ+ç-é6ð]ò,÷�K:ú,ç©ê4�¼ô«ç-õ	ê-é«ù4æ+÷�ò,ÿ�ö~ç-æ	ð]ê-ë�ì��'ð]ç-ò
� ôîìñæ�÷�ò,ìÕæ+ôîú,ö~ç-ò,æ+ç-ë0þgù:ò,ë ÷	ò,ìñæ+ôîú,ö~ç-ò,æ+÷	òDÿwä4åDæ+ç-èZé«ê-ë�ç-ìL�n÷	æ	ð�ò,ù:æü÷H�Dç�é«ê-ë�ç#÷	ìpéîù:õ	õ�ç-ëNMPORQ�S$T?UWV4OYX�Q�Z\[]V4S$Q�^
_ S$TYZ\OR`$X�aYS$Z\Q�Z\[]V4S�íÁï9ôîù:ò,ì��·ê-ôîö~ù:æü÷�ê-ò,ù:õ ( ò,ìÕæ+ô«ú,ö~ç-ò,æ+ù4æ+÷�ê-ò���ê-ô�ý9ì©ù:ìF�·ê-õ	õ�ê���ì . ÷	õ�õ	úDìÕæ+ôîù:æ+ç-ëp÷�òb��÷�ÿ�ú,ôîç'c4í â /]d
æ	ð]ç � ô«ìÕæ£æ+÷�ö~ç©ù4ò ÷	ò,ìñæ+ôîú,ö~ç-ò,æ+ù:æü÷�ê-òpô«ç4K4ú,ç-ìñæ£÷�ì'ö~ù:ë�çF�Zê-ô2ùûö~ç-æ	ð]ê-ë�þ,ôîç-õ	ê-é«ù4æ+ç æ@ð¿ç©ö~ç-æ	ð]ê-ë~æ+ê æ@ð¿çgð]ç-ù:ó
ù:ò,ëÞç��Dó�ù:ò,ë¨÷	æ+ì�ìÕ÷1+Uç�ä:å ù4ë0ë�÷	òDÿ

nop
ä4åDæ+ç-èZé«ê-ë�çp÷�ò,ìÕæ+ô«ú,éîæ+÷	ê-òDì~ù:ôîê-ú,ò,ë¨ç-ù:é<ðt÷	ò,ìñæüô«ú,ö~ç-ò,æ+ù4æ+÷�ê-ò ó0ê-÷	ò,æ+í

�.ð]ç-ò¥ùnäÁô«ù4ò,é6ð�æ+êû÷�ò,ìÕæ+ôîú,ö~ç-ò,æ+ù:æ+÷	ê-ò¥é«ê-ë�çû÷�ì�÷�ò,ìÕç-ôîæ+ç-ë�÷	ò¥æ	ð]çûö~ç-æ	ð]ê-ë�þ_÷�æ2ôîç-ó�õ�ù4é«ç-ì�æ	ð]ç
nop

÷	òDìÕæ+ôîú,é«è
æ+÷	ê-ò,ì*�%ò,ê ö~ç-æ	ð]ê-ë©ä:å,æ+ç-èZé«ê-ë�ç-ìyù:ôîç ê��Dç-ô5�nôî÷�æ+æüç-ò ù:ò,ë�þ,ù:ì'ù~ôîç-ìÕú,õ�æ+þ%ù:õ	õ�öûç-æ	ð]ê-ë ä4åDæ+ç-èZéîê-ë0ç-ìyù4ô«ç ç��,ç-é«ú,æ+ç-ë
ú,ìÕ÷�ò,ÿpæ	ð]ç�æ	ð]ç-÷	ô�ê���ò¨ê-ó�ç-ô«ù4òDë#ìÕæ+ù4é6ý�ù:ò,ë#ìÕæ+ù:é<ýe�·ôîù:öûç=í9ïdð]ç � ôîìÕæ£ä:å,æ+ç-ìn÷�òÞæ	ð]ç�ê-ô«÷	ÿ�÷	ò,ù:õ£ö~ç-æ	ð]ê-ë#ù:ôîç
ê��Dç-ô5�nôî÷�æ+æ+ç-ò��n÷�æ@ðÞù

goto_w
ä:å,æ+ç-è·éîê-ë�çS÷�ò,ìÕæ+ôîú,é«æ+÷	ê-òwæ	ð]ù4æDä¼ôîù:ò,é<ð]ç-ì2æ+êSæ	ð]çSôîç-õ	ê-é«ù4æ+ç-ë~öûç-æ	ð]ê-ë0í�@P�f�g�0

÷�ò,ìÕæ+ôîú,ö~ç-ò,æ+ù:æ+÷	ê-òøé«ê-ë�ç�÷�ìAÿ�ç-ò,ç-ôîù:æ+ç-ë ÷�òøæ	ð]ç¥ð]ç-ù:ó4þ�ù:ò,ëFöûç-æ	ð]ê-ëFéîù:õ	õSä:å,æ+ç-èZé«ê-ë�ç�÷�ò,ìÕæ+ô«ú,éîæ+÷	ê-òDìAù:ôîç
÷�ò,ìÕç-ôîæ+ç-ë.ù4æyæ	ð]ç�÷	ò,ìÕæ+ô«ú,ö~ç-ò,æ+ù4æ+÷�ê-ò¨ó�ê-÷�ò,æ+ì . æ	ð]ç

nop
ä:å,æ+ç-è·éîê-ë�ç�÷	ò,ìñæüô«ú,éîæ+÷�ê-ò,ì�/gæ+ê # ú,ö~ó.æ+ê�æ	ð]çE@P�f�g�0

÷�ò,ìÕæ+ôîú,ö~ç-ò,æ+ù:æ+÷	ê-ò~éîê-ë0çUí

ïdð]ç9
	�h�n÷	õ�õ_é«ôîç-ù:æ+ç�ù�ò,ç�� ç��,ç-é«ú,æ+÷	ê-ò�ìÕæ+ù:é6ýi�Zô«ù4ö~ç�ù4òDëwê-ó�ç-ô«ù4ò,ëpìÕæ+ù4é6ýi�·ê-ôyæ	ð]ç�÷	ò,ìñæüô«ú,ö~ç-ò,æ+ù4æ+÷�ê-ò
éîê-ë0çUþ,÷��9æ@ð¿ç # ú,ö~ó�æ+ê æ	ð]ç ÷�ò,ìÕæ+ôîúDöûç-òDæüù:æ+÷	ê-ò�éîê-ë�ç ÷�ìyö~ù:ë�çTä:å ù~ö~ç-æ	ð]ê-ë�é«ù4õ�õ:ä:å,æ+ç-è·éîê-ë�ç ÷�ò,ìÕæ+ô«ú,éîæ+÷	ê-ò��%ù:õ�õ
ä¼ôîù:ò,é<ð]ç-ì�æüêû÷�ò,ìÕæ+ôîúDöûç-òDæüù:æ+÷	ê-ò¥é«ê-ë�çûù:ôîçûéîù:õ	õ�ì�æ+êûæ	ð]çûìÕæ+ù4æ+÷�é©ö~ç-æ	ð]ê-ë

do_baseTramp(int id)
æ	ð]ù:æ

Figure 4.3 Transf ormational Instrumentation f or Ja va application b yte-codes. The darker
colored boxes represent pre-instrumented Java VM data structures, the lighter colored boxes are
added to instrument a Java Method.
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â=j
ç��Dç-éîú,æ+ç-ì§æ	ð]ç2÷�ò,ìÕæ+ôîúDöûç-òDæüù:æ+÷	ê-òûé«ê-ë�çUí4ïdð]ç

id
ù4ô«ÿ�ú,ö~ç-ò,æ_÷	ì§ú,ìñç-ë�æ+ê2÷	ò,ë0÷	é«ù4æ+ç9�Zô«ê-ök�'ð]÷	é6ð�÷	òDìÕæ+ôîú,ö~ç-ò,æ+ù:è

æ+÷	ê-ò~ó�ê-÷�ò,æ_÷�æ���ù:ì§é«ù4õ�õ	ç-ë0í4ï,ê'éîù4õ�õ
do_baseTramp

�nç'÷	ò,ìÕç-ô«æ_ê-ò,ç¿ä4åDæ+ç-èZé«ê-ë�ç2÷�ò,ìÕæ+ô«ú,éîæ+÷	ê-ò~æ+ê2ó0ú,ìüð#æ@ð¿ç
idê-ó�ç-ô«ù4ò,ë ê-òHæ	ð]ç�ê-ó�ç-ô«ù4ò,ë ìñæüù:é6ýpù4ò,ë ê-ò,ç)ä:å,æ+ç-è·éîê-ë�ç�÷�ò,ìÕæ+ôîú,é«æ+÷	ê-òHæ+êTé«ù4õ�õ�æ	ð]ç�öûç-æ	ð]ê-ë0íR�Qõ�ìÕêUþ�ìÕ÷�ò,éîç�ö~ç-æ@ð¿ê-ë

éîù:õ	õ�ìgù4ô«ç2ôîç-ìñê-õ �Dç-ë�ú,ìÕ÷	òDÿSæ@ð¿ç2éîù:õ	õ�÷	ò,ÿ©éWõ�ù4ìñì��Uéîê-ò,ìÕæ+ù:ò,æ+ó�ê-ê-õ�þ4æ	ð]ç2éîõ�ù4ìÕì*�Uéîê-ò,ìÕæ+ù:ò,æ+ó�ê-ê-õdö~ú,ìÕædäÁç'öûê-ë0÷ � ç-ë�æ+ê
ù:ë�ëpç-ò,æ+ôî÷�ç-ìSæ	ð]ù:ægó0ôîê��D÷	ë0ç�÷�ò$�Zê-ôîö~ù:æ+÷	ê-ò#ùñä¼ê-ú,æ

do_baseTramp
í=�Féîõ	ù:ìÕì*�:éîê-ò,ìÕæ+ù:ò,æ+ó�ê-ê-õ9ê-ò,õ å~ð]ù4ì©æ+ê2ä¼ç

ö~ê-ë�÷ � ç-ëwê-ò,éîç . �'ð]ç-ò�æ	ð]ç�éîõ�ù4ìÕì � õ�ç�÷	ìSõ	ê-ù:ë�ç-ë�/ZþDù:ò,ëwê-ò,õ åûð]ù:ìQæ+ê2ä¼ç�ö~ê-ë�÷ � ç-ë)�n÷	æ	ð ç-ò,æ+ôî÷�ç-ìSæüê�ôîç-ìñê-õ �Dç
ê-ò,ç�öûç-æ	ð]ê-ë�é«ù4õ�õ . æ	ð]ç�éîù:õ	õ�æ+ê

do_baseTramp
/Zí���÷�ò,ù4õ�õ å-þ,æ	ð]ç�ìÕæ+ù4æ+ç�ê4�9æ	ð]ç"�D÷	ô«æ+ú,ù4õ_öûù:é6ð]÷	ò,ç . ÷�æ+ìQç��,ç-é«ú,è

æ+÷	ê-ò�ìÕæ+ù:é6ý9ìîþ:ù:ò,ënôîç-ÿ�÷	ìñæ+ç-ô>�,ù:õ	úDç-ì�/Dö~ú,ìÕæ%äÁçyé6ð]ç-é<ý)ç-ënæ+ê'ìÕç-çy÷1�D÷	æ)÷	ìTìÕù��Zçyæ+ê'÷�ò,ìÕç-ô«æ9æ	ð]ç-ìÕçyé6ð]ù4òDÿXç-ìîí ( �D÷�æ9÷�ì
ò,ê-æ�ìÕù��Zç=þ%æ	ð]ç�é<ð]ù:ò,ÿ�ç-ìyö~ú,ìÕæ¼ä¼ç ë�ç-õ�ùñå,ç-ë�ú,ò,æ+÷	õ�ìÕê-ö~ç ó0ê-÷	ò,æ�÷�ò æ	ð]ç ç��Dç-éîú,æ+÷�ê-òB�'ð]ç-ò ÷�æ�÷	ìQìÕù=�·ç æ+ê ÷	ò,ìñç-ôîæ
æ	ð]ç-ìÕç�é<ð]ù:ò,ÿ�ç-ìîíXï,êT÷�öûó0õ	ç-ö~ç-ò,æ�ë�ç-õ	ùñåDç-ë ÷	ò,ìÕæ+ô«ú,ö~ç-ò,æ+ù4æ+÷�ê-ò,þXìÕó�ç-é«÷	ù:õ�÷	ò,ìñæ+ôîú,ö~ç-ò,æ+ù:æü÷�ê-òné«ê-ë�ç�÷	ì�÷	ò,ìÕç-ô«æ+ç-ë©÷�ò
ùHö~ç-æ@ð¿ê-ëûæ	ð]ù:æ¿÷	ì'õ	ê��nç-ôT÷�òwæ	ð]çSç��Dç-éîú,æ+÷	ê-òpìÕæ+ù4é6ý¥ù4ò,ë~æ	ð]ù4æ¿÷�ì2ù:æ¿ùnó0ê-÷	ò,æ��'ð]ç-ô«ç�Áù4ô«ù4ë-å,ò,èl< ë0ç-æ+ç-ôîö~÷�ò,ç-ì
æ	ð]ù:æ�÷	æ���÷�õ	õ-ä¼ç�ìñù=�·ç�æ+ê�÷�ò,ìÕç-ô«æ�æ	ð]ç�÷�ò,ìÕæ+ôîúDöûç-òDæüù:æ+÷	ê-òDí��.ð]ç-òHæ	ð]÷�ì§ìÕó�ç-é«÷	ù:õ0÷	ò,ìñæ+ôîú,ö~ç-ò,æ+ù:æü÷�ê-òû÷	ì§ç��,ç-é«ú,æ+ç-ë�÷	æ
ò,ê-æ+÷ � ç-ì,�Áù4ô«ù4ë-å,ò,èl<�æ	ð]ù:æ_÷�æ9ìüð]ê-ú,õ�ë�ù4æ+æ+ç-ö~ó0æ_æ+ê'÷	òDìÕç-ôîæ9ù:òXå~ë0ç-õ	ùñå,ç-ën÷	ò,ìÕæ+ô«ú,ö~ç-ò,æ+ù4æ+÷�ê-ò~éîê-ë�ç=í

�Þç�ôîç-èZú,ìñçTö~ú,é6ð ê4�m�Áù4ô«ù4ë-åDò$� ì£é«ê-ë�çTÿ�ç-ò,ç-ô«ù4æ+÷�ê-òB�Zù:éî÷�õ	÷�æ+÷	ç-ì��Zê-ô¿ÿ�ç-ò,ç-ôîù:æ+÷	ò,ÿ	@P�f�	g�0.÷	ò,ìñæüô«ú,ö~ç-ò,æ+ù4æ+÷�ê-ò
éîê-ë0çyæüêyÿ�ç-ò,ç-ôîù:æ+çy÷	ò,ìñæ+ôîú,ö~ç-ò,æ+ù:æü÷�ê-ò�éîê-ë0çn�Zê-ô><,ù*�,ù9�	��öûç-æ	ð]ê-ë0ìîí�@P�f�g�0¨÷	ò,ìñæ+ôîú,ö~ç-ò,æ+ù:æü÷�ê-ò�éîê-ë0çyéîù4ò©ä¼ç
ú,ìÕç-ëÞæ+êw÷	ò,ìñæ+ôîú,ö~ç-ò,æ-<,ù*�,ù�ä:å,æ+ç-è·éîê-ë�ç-ì~÷����nçwë�ç � ò,ç

do_baseTramp
æ+ê�ä¼çwù.ò,ù4æ+÷H�,çpö~ç-æ@ð]ê-ë0í�<,ù*�,ù�� ì

ò,ù:æ+÷ �Dç©ö~ç-æ	ð]ê-ëE�Zù:éî÷�õ	÷�æ	å ÷�ìyùûö~ç-é<ð]ù:ò,÷�ìÕö æ	ð]ô«ê-ú,ÿ«ð6�'ð]÷�é<ð ôîê-ú,æ+÷�ò,ç-ì �nôî÷	æ+æ+ç-ò ÷�òo0 ê-ô90�p$ppéîù:ò�ä¼ç éîù:õ	õ�ç-ë
ä:å�<,ù��Dù©ä:å,æ+ç-èZé«ê-ë�ç-ìîíDïdð]ç)0�éîê-ë0ç)�Zê-ô

do_baseTramp
÷	ìSéîê-ö~ó�õ�÷	ç-ëw÷�ò,æ+ê�ù�ìüð]ù:ôîç-ëwõ�÷ ä¼ôîù:ô6å=þÁù4ò,ëwùF<,ù*�,ù

BaseTramp
éîõ	ù:ìÕìy÷	ìyéîô«ç-ù4æ+ç-ë�æ	ð]ù4æ£ë0ç-éîõ	ù:ôîç-ì

do_baseTramp
æ+êgäÁç ùHìñæ+ù4æ+÷�é�ò,ù:æ+÷ �Dç©ö~ç-æ	ð]ê-ëE�Zú,ò,é«æ+÷	ê-ò,í

�.ð]ç-ò~æ	ð]÷	ìTéWõ�ù4ìñìg÷	ìgéîê-ö~ó0÷	õ�ç-ë�þ:æ@ð¿ç3<,ù*�Dù éîê-ö~ó0÷	õ�ç-ô�ÿ�ç-ò,ç-ôîù:æüç-ì9ä4åDæ+ç-èZéîê-ë0ç'ìÕæ+úXä�ó�ô«ê-éîç-ë0ú,ôîç-ì,�Zê-ô�æ	ð]ç'ò,ù:æ+÷ �Dç
ö~ç-æ	ð]ê-ë æ	ð]ù:æ¼é«ù4òyä¼ç�éîù:õ	õ�ç-ëTä:åHê-æ	ð]ç-ôDä:åDæ+ç-èZéîê-ë0çTæ+ê�æ+ôî÷�ÿ�ÿXç-ô£æ@ð¿ç2
� æ+ê�õ	ê-ù:ë ù4òDë ç��,ç-é«ú,æ+ç�æ	ð]ç�ò,ù4æ+÷H�,ç�é«ê-ë�ç
÷�òûæ	ð]ç'ìüð¿ù4ô«ç-ë�õ	÷ äÁô«ù4ô�å=í

ïdð]ç�0N÷	ö~ó0õ	ç-ö~ç-ò,æ+ù:æ+÷	ê-ò¨ê4�§æ	ð]ç
do_baseTramp

ôîê-ú,æ+÷�ò,ç~é«ê-ò,æ+ù4÷�ò,ìnùC�,ç-é«æ+ê-ô�ê4�-�Zú,ò,éîæ+÷�ê-òÞó0ê-÷	ò,æ+ç-ô«ì
æ	ð]ù:æTé«ù4õ�õ�@P�f�	g-0k÷	ò,ìÕæ+ô«ú,ö~ç-ò,æ+ù4æ+÷�ê-ò.éîê-ë�ç=í¼ïdð]ç

id
ù4ôîÿ�ú,ö~ç-ò,æ�÷	ì�ù4ò.÷�ò,ë�ç��.÷�ò,æ+êHæ	ð]ç'�Dç-é«æüê-ô©æüêHé«ù4õ�õ)æ	ð]ç

÷�ò,ìÕæ+ôîú,ö~ç-ò,æ+ù:æ+÷	ê-òNé«ê-ë�çUíyïdð]ç
do_baseTramp

ö~ç-æ@ð¿ê-ë!�n÷	õ�õ©ô«ç-æüúDôîòNæ+ê¨æ	ð]ç¨éîù:õ	õ�÷	ò,ÿ ö~ç-æ	ð]ê-ë!�D÷	ù�æ	ð]ç
ò,ù:æ+÷ �Dç'öûç-æ	ð]ê-ën÷	ò,æ+ç-ôR�Zù4é«çUí

ï,êQÿXç-æ]æ@ð¿ç <,ù*�,ù9
	� æ+êQç��,ç-é«ú,æ+çyæ	ð]ç
do_baseTramp

ö~ç-æ	ð]ê-ë�þ � ô«ìÕæ��Áù:ôîù:ë=åDò,èJ<�ð¿ù4ì�æ+êyÿ�ç-æ)æ	ð]ç 
�
æ+ê�õ�ê-ù4ëpæ	ð]ç

BaseTramp
éîõ	ù:ìÕì � õ	ç=íPq2òDç9��ùñå#æ+ê�ë�ênæ	ð]÷	ì©÷	ì©æ+ê�ù:ë�ëp÷�ò,ìÕæ+ôîú,ö~ç-ò,æ+ù:æ+÷	ê-ò#æ+ê�æ	ð]ç'
	�[æ	ð]ù:æ

�n÷	õ�õ9éîù:õ	õ)÷	æ+ì©õ	ê-ù:ëpôîê-úDæü÷�ò,ç-ì©æ+ênç��,ó0õ	÷�éî÷�æüõ å#õ�ê-ù4ë æ@ð]ç
BaseTramp

éWõ�ù:ìÕìîí=�Qò,ê-æ	ð]ç-ôQù:õ�æüç-ô«ò,ù:æü÷H�Dç�÷�ì©æ+ê � òDë
æ	ð]ç�öûù:÷�ònö~ç-æ	ð]ê-ë ù:ò,ë�þÕäÁç4�·ê-ôîç�÷	æ�÷	ì�ç��Dç-éîú,æ+ç-ë0þX÷�ò,ìÕæ+ôîú,ö~ç-ò,æ�÷	æ�æ+ê�÷	ò,éîõ	ú,ë0çTù©éîù:õ	õ�æ+ê�ùr�ù:ìÕç-ï9ôîù:ö~ó ö~ç-æ@ð¿ê-ë
�Zú,ò,é«æ+÷	ê-ò,í�ï0ð¿÷	ì2�n÷	õ�õ%æ+ôî÷�ÿXÿ�ç-ô§æ	ð]ç 
	� æ+ê'õ�ê-ù4ëHæ@ð]ç

BaseTramp
éWõ�ù4ìñìTù4æ)æ	ð]çyó�ê-÷	ò,æs�'ð]ç-ò�æ@ð¿ç'�ZúDò,éîæ+÷	ê-ò�÷�ì
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Java Specific Metric What it measures

loadTime Amount of wall clock time to load a Java .class file

GCTime Amount of time the VM spends garbage collecting

obj_create Amount of time due to VM handling object creates

MethodCall_CS Amount of CPU time due to context switching on a method call

Figure 4.4 Java Interpreter Specific Metrics.
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Figure 4.5 Performance Consultant search sho wing VM-specific bottlenec ks in a neural
netw ork Ja va application. Starting from the root node, the figure shows a bottleneck search that
tested true for CPUbound (as indicated by a dark node), and a refinement of the search to test for the
VM-specific bottleneck (MethodCallOverhead), and a further refinement of VM method call overhead
to specific AP methods. The search also was able to account for portions of the CPU bottleneck in the
Weight and VectorEnumerator classes. The white nodes represent untested hypotheses.
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Measurement Time

Time to relocate Device.start to the heap with holes 9.4 ms

Time to generate and insert instrumentation at one of method’s instrumentation point
(including generating and inserting byte-code call to do_baseTramp, and code in
do_baseTramp to jump to base tramp and mini tramp instrumentation)

1.6 ms

Time to add do_baseTramp entries to the Device class’ constantpool 1.5 ms

Time to parse metric/focus pair and create an intermediate form (an AST node) 67.5 ms

Total time to handle an instrumentation request 84.1 ms

Figure 4.6 Timing measures f or a Transf ormational Instrumentation request. The
instrumentation request is for the metric procedureCalls for a medium sized method function
Device.start. The time to parse the metric/focus pair and create the AST node is a cost that is present
in Paradyn’s dynamic instrumentation. The other costs are unique to Transformational Instrumentation.

Measurement Time

Time for VM to interpret a call to and return from an empty static native method with
one integer parameter (the cost just to call to and return from do_baseTramp(int i))

3.6 µs

Time spent in our instrumentation routine (do_baseTramp(int i)) including SPARC
instrumentation code with one timer read

7.6 µs

Total Time spent executing instrumentation with one timer mini-tramp 11.2 µs

Time for VM to interpret just the call to and return from do_baseTramp(int i) 3.6 µs

Time spent in our instrumentation routine (do_baseTramp(int i)) including SPARC
instrumentation code with one counter read

2.6 µs

Total Time spent executing instrumentation with one counter mini-tramp 6.2 µs

Figure 4.7 Timing measures of T ransf ormational Instrumentation per turbation. The number of
seconds spent in our instrumentation code at each instrumentation point, and a break down of this
time into the time for the VM to interpret the method call instruction that jumps to the SPARC
instrumentation, and the amount of time spent in the SPARC instrumentation (the time spent in the
native method do_baseTramp including base tramp and mini tramp code).
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Figure 4.8 Performance Data sho wing par t of transf ormational instrumentation per turbation.
The time histogram show the amount of time spent in most of our instrumentation code (excluding just
the time for the VM to interpret the method call instruction to jump to our instrumentation) to measure
CPU time for method Device.isBusy. This shows that approximately 1/4 of the method’s execution time
is spent executing instrumentation code (1/2 of the 0.04 seconds per second of execution time is
included in the measure of CPU time for Device. isBusy). Device.isBusy has two instrumentation
points for its 3 original byte-code instructions.
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Figure 4.9 Resour ce hierar chies fr om interpreted Ja va execution.
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Figure 4.10 High-le vel perf ormance c haracteristics of the interpreted Ja va program. The
interpreted execution can be dominated by I/O, synchronization or CPU times. In this case the
execution is CPU bound.
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Figure 4.11 Performance data sho wing VM overhead associated with the Java application’ s
execution. Method call overhead (yellow curve), object creation overhead (red curve), and cpu time
(blue curve).
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Figure 4.12  The fraction of CPU time spent in diff erent AP methods. The first column of the
table lists constrained parts of the Java application, and the second column is the fraction of CPU time
spent in each method. The table is sorted bottom-up (30% of the time we are executing methods in the
Sim class).

Figure 4.13 VM method call o verhead associated with the Sim.c lass. The time plot shows the
fraction of CPU time spent interpreting Sim class byte-codes (top curve), the fraction of CPU time the
VM spends handling method calls (middle curve), and the fraction of CPU time the VM spends
handling method calls due to interpreting method call byte-code instructions in the Sim class (bottom
curve).
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Figure 4.14 Performance Data sho wing whic h methods are called most frequentl y.
Device.isBusy and Device.nextInterrupt are called most frequently and account for almost all of the
7,487 calls/second to methods in the Device class.

Optimization
Number of

Method Calls
Number of Object

Creates
Total Execution Time

(in seconds)

Original Version 44,561,130 1,484,430 286.85

Method in-lining 28,382,051 (-36%) 1,484,430 253.75 (-12%)

Fewer Obj. Creates 35,531,280 (-20%) 53,682(-96%) 201.71 (-30%)

Both Changes 19,352,201 (-57%) 53,682 170.61 (-41%)

Figure 4.15 Performance results fr om diff erent ver sions of the application.



c §

ïdð]çpë�ù4æ+ù¥÷	ò¡�_÷	ÿ�ú,ôîç'c:í\¶ A æ+ç-õ�õgú,ì��Zô«ê-ö��'ð]÷�é<ð¡�	� ö~ç-æ@ð¿ê-ë�ì~ê;ä # ç-é«æSé«ôîç-ù:æüç-ì�ìüð]ê-ú,õ	ëpäÁçpôîç-ö~ê��Dç-ë�í
D ê��nç��Dç-ô·þs�nç~ìñæ+÷	õ�õ£ë�ê�ò,ê-æ£ý9ò,ê�� �'ð]÷	é6ðkê;ä # ç-é«æyéîôîç-ù:æ+ç-ì'�nç�ìüð]ê-ú,õ�ë#æ+ô6å æ+ê~ô«ç-ö~ê��,ç4�s�nç�ò,ç-ç-ë#æ+ê©ý9ò,ê��
�'ð]÷	é6ðwý9÷�ò,ëûê4�Áê;ä # ç-éîæ+ì2ù4ô«çQé«ôîç-ù:æ+ç-ëûö~ê-ìÕæ3�·ôîç4K:ú,ç-ò,æ+õ å-í��_÷	ÿ�ú,ôîç'c:í\¶ j ìüð¿ê���ì2æ	ð]çSæ	å,ó0ç-ì2ê4�¼ê;ä # ç-éîæ+ì2æ	ð]ù4æ¿ù:ôîç
ä¼ç-÷	ò,ÿ©éîô«ç-ù4æ+ç-ënöûê-ìñæ2�Zôîç4K:ú,ç-ò,æ+õ å~÷�ò~æ	ð]ç'ç��Dç-éîú,æ+÷	ê-òDí4ïdð]ç'æ+ùUäÁõ�ç'ìüð]ê��nìgæ	ð]ç'òDú,öQä¼ç-ô�ê4�Déîù:õ	õ�ìgó�ç-ô§ìÕç-é«ê-ò,ë�æ+ê
éîê-ò,ìñæ+ôîú,é«æüê-ô«ì ê4��æ	ð]ç

String
þ

StringBuffer
þ ù4òDë

Job
éîõ�ù4ìñìÕç-ìîí ïdð]ç ó�ç-ôR�Zê-ôîö~ù:ò,éîç�ë�ù:æüù�÷�ò

�_÷	ÿ�ú,ôîç'c:í5¶ A ù4ò,ë���÷�ÿ�ú,ôîç'c4í5¶ j æ+ç-õ�õ£ú,ìnæ+ê�õ�ê-ê;ýe�Zê-ô�ó�õ	ù:éîç-ìH÷	ò¨æ	ð]ç
Job.toString

þ)æ	ð]ç
Device.stopù:ò,ë�æ	ð]ç

Device.start
�'ð]ç-ô«ç

String
ù:ò,ë

StringBuffer
ê;ä # ç-é«æ_é«ôîç-ù:æ+ç-ìgéîù:òSäÁç'ôîç-ö~ê��Dç-ë�í

q'ònç��Dù:ö~÷	ò,÷�ò,ÿyé«ê-ë�ç�÷	òHæ	ð]ç
Device.start

ù:ò,ë
Device.sto p

ö~ç-æ	ð]ê-ë�ìîþ���ç��nç-ôîç�ùñä¼õ�çTæ+ê�ôîç-ë�úDéîç
æ	ð]çyò,ú,öSäÁç-ôgê4�

StringBuffer
ù:ò,ë

String
ê;ä # ç-é«æüì�éîôîç-ù:æ+ç-ë'ä:å�ôîç-ö~ê��D÷�ò,ÿ©ìÕæ+ô«÷	ò,ÿ�ìTæ	ð]ù:æm�nç-ôîçyé«ôîç-ù:æ+ç-ë

ä¼ú,æ9ò,ç��,ç-ô§ú,ìÕç-ë0þ:ù4ò,ë'ä:å~é«ôîç-ù:æ+÷	ò,ÿ©ìÕæ+ù:æ+÷	é§ë�ù:æ+ù�öûç-öSä¼ç-ôîì"�Zê-ô�ó0ù4ô«æ+ìgê4�DìÕæ+ôî÷�ò,ÿ�ìgæ	ð]ù:æm��ç-ô«ç'ôîç-é«ôîç-ù:æ+ç-ë�ö~ú,õ�è
æ+÷	ó0õ	çyæü÷�ö~ç-ìîí=r�å�öûê-ë0÷���å,÷�ò,ÿ©æ	ð]ç'ê-ôî÷�ÿ�÷	ò,ù:õ&<Dù��Dù�ù4ó0ó�õ	÷�éîù:æ+÷	ê-ò�ó�ôîê-ÿ�ôîù:ö�÷�ò~æ	ð]÷	ì2��ùñå=þ7��çyù4ô«ç'ùñä¼õ	çyæüêyôîç-ë�úDéîç
æ	ð]ç©æüê-æ+ù:õÁç��Dç-éîú,æ+÷�ê-òpæü÷�ö~ç§ä:å â ° à . æ	ð]÷	ô«ë~ôîê��ø÷	òo�_÷	ÿ�ú,ôîç'c:í\¶ ã /Zí��¡�Dç-ôîìÕ÷�ê-òpê4�¼æ	ð]ç©ù:ó�ó0õ	÷�éîù:æü÷�ê-òpö~ê-ë�÷ � ç-ë
ä:å�ôîç-ö~ê��D÷�ò,ÿgä¼ê-æ	ð.öûç-æ	ð]ê-ëHéîù:õ	õ�ìTù4òDënê;ä # ç-éîæ)éîô«ç-ù4æ+ç-ìTô«ç-ìÕú,õ�æ+ìT÷	ò�ù�ôîç-ë�ú,é«æ+÷	ê-ò�ê4�Dæ+ê-æ+ù:õ%ç��Dç-éîú,æ+÷�ê-ò�æ+÷	ö~ç£ä4å
c�¶ à í

( ò¥æ@ð¿÷	ì�ç��Dù:öûó0õ	ç=þ>�Áù:ôîù:ë=åDò,èJ< ó�ô«ê��,÷�ë�ç-ë�ó0ç-ôY�Zê-ô«ö~ù4ò,é«çûë�ù:æ+ùpæ	ð]ù:æ2÷	ì�ë�÷1� � é«ú,õ	æ2æ+êûê;äÁæ+ù:÷	òI��÷�æ	ð�ê-æ@ð¿ç-ô
ó�ç-ôR�Zê-ôîö~ù:ò,éîç�æ+ê-ê-õ�ì . ó0ç-ôY�·ê-ôîö~ù4òDéîç�ë�ù:æ+ù�æ	ð]ù:ægë�ç-ìñéîôî÷ ä¼ç�ç��,ó0ç-ò,ìÕ÷H�,ç�÷�ò,æ+ç-ôîù:éîæ+÷�ê-ò,ì§ä¼ç-æ×�nç-ç-ò�æ	ð]ç9<Dù��DùF
�
ù:ò,ënæ@ð]ç <,ù*�,ù�ù:ó�ó0õ	÷�éîù:æ+÷	ê-ò$/·í��Áù4ô«ù4ë-å,òDèJ<wó�ô«ç-ìÕç-ò,æ+ìTó�ç-ôR�Zê-ôîö~ù:ò,éîçyë�ù:æ+ù�ë�ç-ìÕé«ôî÷ äÁ÷�ò,ÿ©ìÕó0ç-éî÷ � é>
	� èJ���÷	ò,æ+ç-ô«è
ù:éîæ+÷	ê-ò,ìîþ�ìÕú,é6ð�ù4ì�
	� ö~ç-æ	ð]ê-ë é«ù4õ�õ�ê��Dç-ô6ð]ç-ù:ë ù4ìñìÕê-éî÷�ù4æ+ç-ë"�n÷�æ@ð�æ	ð]ç�
	� ÷�ò,æ+ç-ôîó�ô«ç-æ+÷	ò,ÿQéîù:õ	õ�÷�ò,ìÕæ+ôîúDéîæ+÷	ê-ò,ì�÷�ò
Sim

éîõ	ù:ìÕìgöûç-æ	ð]ê-ë0ìîí*� ÷	æ	ð#æ@ð]÷�ìgë�ù4æ+ù:þ*�nç3�nç-ôîç2ç-ù:ìÕ÷	õ å~ùñä¼õ	ç'æ+ê2ë�ç-æ+ç-ôîö~÷�ò,ç3�'ð]ù4æ9é<ð]ù:ò,ÿ�ç-ì§æ+ê2ö~ùUý9ç2æ+ê2æ	ð]ç
<,ù*�,ù�ù4ó0ó�õ�÷	é«ù4æ+÷�ê-òûù:ò,ë�÷�ö~ó�ô«ê��,ç'÷�æüìTó�ç-ôY�·ê-ôîö~ù:ò,éîç¿ä4å�ù��·ù4é«æ+ê-ô�ê4�3¶ñí ã í

�Þçûæ+ê-ê;ý æ	ð]ç	�,÷�ç�� ê4��æ@ð¿çn�� ë�ç��Dç-õ�ê-ó�ç-ô©ú,ìñ÷	ò,ÿwó�ç-ôR�Zê-ôîö~ù:ò,éîçûë�ù:æ+ùo�·ôîê-öv�Áù4ô«ù4ë-å,òDèJ<P�;�Áù:ôîù:ë=åDò,èJ<�� ì
ó�ç-ôR�Zê-ôîö~ù:ò,éîçûë0ù4æ+ùnð]ç-õ	ó0ç-ë�ú,ì�æ+êûæüúDò,çûæ@ð]ç	<,ù*�DùL�	�#ä4åÞö~ê-ë�÷1�åD÷	ò,ÿwæ	ð]ç	�	� æ+êûôîç-ë0ú,éîçûæ	ð]çûò,ú,öSäÁç-ô ê4�
ö~ç-æ	ð]ê-ë�é«ù4õ�õ	ìyù:ò,ë�ê;ä # ç-éîæ�éîô«ç-ù4æ+ç-ìy÷�ò ÷�æüìQç��,ç-é«ú,æ+÷	ê-ò,í$�Áç-ôY�·ê-ôîö~ù:ò,éîç ë�ù:æ+ù��Zôîê-öì�Áù:ôîù:ë=åDò,èJ<#ù4õ�ìÕê ÷�ìyú,ìÕç4�Zú,õ

Figure 4.16 Table sho wing the number of objects created/second in AP classes and
methods. The table is sorted bottom-up. Most objects are created in the Job, Device and Sim class
methods.
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Figure 4.17  Performance data sho wing whic h objects are created most frequentl y. Table
visualization showing number of calls/second to constructors of the String, StringBuffer, and Job
classes. This shows that we are creating a lot of String and StringBuffer objects.
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Case 1: object modifications Case 2: I/O intensive Case 3: small methods

iters Dyn Intr p S-up iters Dyn Intr p S-up iterations Dyn Intr p S- up

100,000 114.7 119.5 1.04 100,000 427.1 436.43 1.02 10,000,000 1.76 35.11 19.94

10,000 1.73 2.04 1.18 10,000 40.47 42.70 1.05 1,000,000 0.83 4.16 5.01

1,000 0.71 0.65 0.91 1,000 4.53 4.64 1.02 100,000 0.74 0.98 1.32

100 0.70 0.63 0.90 100 1.06 0.99 0.94 10,000 0.72 0.67 0.93

1,000 0.73 0.63 0.86

Figure 5.1 Execution time (in seconds) of each Java kernel run by ExactVM comparing
interpreted Ja va (Intrp column) to d ynamicall y compiled Ja va (Dyn column). The number of
iterations of the kernel’s main loop is listed in the iters column, and speed ups are listed in the S-up
column. Each measurement is the average of 10 runs.
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Figure 6.1 Types of resour ce instances that the APCode hierar chy can contain. For a Java
application the APCode hierarchy can contain resource instances of byte-code and native code
classes.

Figure 6.2  The APCode hierar chy after method foo  is compiled at run-time . If foo is compiled
at run-time into native code, we create a new Function resource for its native code form and a new
Module  resource corresponding to the Blah  class’ run-time compiled forms (Blah_native ).
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f:{/APCode/Blah.class/foo} → f:{/APCode/Blah_native/foo_n } →
{/APCode/Blah_native/foo_n}  { /APCode/Blah.class/foo}

Figure 6.3 Example of a 1-to-1 resour ce mapping : A 1-to-1 mapping occurs when method foo
is compiled at runtime to a native code version (foo_n ). The solid arrows indicate a mapping form the
byte-code resource instance to its native code form, and the dotted arrow indicates a mapping from a
native code resource instance to its byte-code form.

foo() {

}

foo_n() {

}
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{foo,blah} →{foo_n/addr20:40}
 �î�Ù%ä�äåÙ%Ý�Ù%ã�2�àæâ¸Û�×
Òþ1ö ¹ "�ö

Method specialization:
f:{ blah } → { blah_10, blah_20 } f:{ blah_10 } → { blah }

f:{ blah_20 } → { blah }

Method in-lining:
f:{foo} →{foo_n/addr00:07,foo_n/addr20:40} f:{foo_n/addr00:07 } →{foo}

f:{blah} →{foo_n/addr08:19} f:{foo_n/addr08:19} →{blah}

f:{foo_n/addr20:40 } →{foo}

Figure 6.4 1-to-N mappings resulting fr om method in-lining and specialization: The top figure
is an example of specialization: two specialized versions of method blah are created for specific
values of blah’s parameter j (method blah maps to {blah_10 and blah_20 }). In the bottom figure,
method foo with a call to method blah , and method blah are compiled to foo_n with blah code in-
lined. In this example, address ranges of foo_n can be attributed to foo and blah : foo maps to two
separate address ranges in foo_n  (addr00:07 and addr20:40 ).

blah (int j) {

}

call g()

if (j < 20) {

blah_10() {

} }

blah_20() {

}

call g()

foo() {

}

call blah_b()

blah() {

}

foo_n() {

in-lined
blah code

}
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Course granularity of resource mapping function:
f:{foo, blah} →{foo_n} f:{foo_n } →{foo, blah}

Mingled code that cannot be attributed to only foo or only blah:
f:{foo, blah} →{foo_n/addr20:40} f:{foo_n/addr20:40 } →{foo, blah}

f:{blah} →{foo_n/addr08:19} f:{foo_n/addr08:19} →{blah}

f:{foo} →{foo_n/addr00:07} f:{foo_n/addr20:40 } →{foo}

Figure 6.5 N-to-1 mappings resulting from method in-lining with cour se gran ularity or mingled
code: The top figure show a 2-to-1 mapping that results from systems that support a course
granularity of resource mapping functions (method-level granularity). In this case the set {foo , blah }
maps to {foo_n }. The bottom figure shows a 2-to-1 mapping that results from mingled code; lines 20
to 40 of foo_n cannot be attributed to foo or blah separately, so the set {foo , blah } maps to
{foo_n/addr20:40 }.
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}

call blah_b()

blah() {

}
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call blah_b()
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}
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��s�omuw��l y�� i�i���� äáç0Ò�Þ1ÝKÙ%Û�Ö�äEÙ%ã\Ù�îN/�Ò%ÜXäEÜX×
Ò%Þ1ä�àæÙ%Ö Ù�ð�Ò%×qç0Ò%Þ'Ó

àæÖoäáç0Ò?@B. Ó�Û�Òä�ÙÙ�îN/�Ò%ÜXä�Ø\Ü
×XÒ%Þ'äåÒ%Ó9àáÖKã�Û�Ö*ÜXä�àáÙ%Ö
foo

R Ø\Ó�àá×
Ò%ÜXä�Ò%$�Ò%Ü
Û�ä�àáÙ%Ö�ö
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ü i�jSkmlSn8omprq-l�s�o%l�t?uwvIlS� x-y4z�{ pXi�}~l y�� uwjQj � s����4�
i y�� ��� äáç0ÒÞ'ÝoÙ%Û*Ö�ä�Ù%ã�Ù�î�/
Ò%Ü
ä�ÜX×
Ò%Þ1ä�àæÙ%ÖKÙ�ð*Ò%× ç0Ò%Þ'Ó®àæÖKäáç0Ò@B.´Ó�Û�Òä�Ù�Ù�î�/�Ò%ÜXä�Ø\ÜX×
Ò%Þ1ä�Ò%Ó®àæÖKÖ�Þ'äåàóð*Ò�ÝKÒ%äáç0Ù%Ó
g
ö

»0¼�¾�¼�¾À¿ÂÁ�Ê�Æ�Á0Ã=Á�Ì©Ð(Ë
Ì©ÍÏÎoÄeÆ&\cbd�¸ÌEe�Á�ÊoÁ�ÌEe�Á�Ì©Ð�Z;Á=Æ1[õÄ�Æ&\ É�Ì�Ç�Á+]ÏÉeÐ�É
5�Ù�×XÒ%ß�×XÒ%Ø�Ò%Ö*äß�Ò%×Xã�Ù%×
ÝKÞ1Ö�Ü
Ò�Ó�Þ'äåÞ7äáç0Þ1äEàæØ9àáÖ�Ó�Ò%ß�Ò%Ö�Ó�Ò%Ö�äEÙ%ã�äáç0ÒKÜ
Û�×X×
Ò%Ö�äEÒ%$�Ò%Ü
Û�ä�àáÙ%Ö ã�Ù%×
Ý Ù%ã\Þ1Ö;ì�í

ÜXÙ%Ó�ÒûÙ�î�/
Ò%Ü
ä�ñõè9ÒûÓ�Ò%Õ*Ö�ÒûÞY�^�
���_�����`��a������`������&�g���wñ&�%ñ*äáç0Þ'ä�ÜXÞ'ÖoîwÒ®Þ1Ø�ØÚÙ%ÜXàæÞ1ä�Ò%Óûè9àáäáçaÝoÒ%ä�×
àáÜ
ï�ã�Ù%Ü
Û�ØÔØ�Ò%òáÒ%Ü
ï
ä�àáÙ%Ö�ØXög5�ç0Ò���Þ'â~ÜXÞ'Ö÷î�ÒzÞ'ß�ß�òáàæÒ%Ó�ä�ÙzÞ�ÝKÒ%ä�×XàæÜ�ñ0Þ7ã�Ù%ÜXÛ�ØXñ0Ù%×îwÙ%äáç0ög0�ä�àæÖ�Ó�àæÜXÞ'äåÒ%Øoäáç0Þ'ä�ß�Ò%×
ã�Ù%×XÝKÞ'Ö�ÜXÒgÓ�Þ1ä�Þ
Øåç0Ù%Û�òæÓ©î�ÒNÜXÙ%òæòáÒ%Ü
ä�Ò%Ó�ã�Ù%×Þ'Ö¸ê÷Ò%$*Ò%ÜXÛ*äåàæÙ%Ö÷ã�Ù%×
Ý´Ù%ã�äáç0Ò�ì�ígî'ê�ä�Ò%ï�ÜXÙ%Ó�ÒNÜ
Ù%Ö�Ø�ä�×XÞ'àæÖ�ä�ØEä�Ù�èç0àáÜ ç àæä`àáØEÞ'ß�ß�òáàæÒ%Ó�ñ
î�Û�ä�ð*àæÒ�è®Ò%Ó9àáÖKä�Ò%×XÝKØ\Ù%ã�äáç0ÒÝKÒ%ä�×XàæÜXï�ã�Ù%ÜXÛ�Ø\ØÚÒ%òáÒ%Ü
ä�àáÙ%Ö�ö

Mapping Example
 Mappings performance
data queriesfr om byte-code
to native code

Mapping performance data
fr om native to byte-code

1-to-1
Byte-code methodfoo  is
compiled to native code func-
tion foo_n.

 Requests in terms offoo
map to instrumentation of
foo_n.

Performance data collected
for foo_n is mappedbackto
foo.

1-to-M

Specialization:
Methodblah is compiledto
two specialized native func-
tionsblah_10  and
blah_20  (1-to-2 mapping).

Request in terms ofblah
map to instrumentation of
blah_20  & blah_10.

Performance data collected
for blah_20  andblah_10
is mapped back toblah  and
aggregated (e.g. summed)
into a single value.

N-to-1

In-lining:
Byte-code methodfoo is
compiled tofoo_n  with
blah in-lined
(2-to-1 mapping).

Request in terms offoo
results in instrumentation of
parts offoo_n :

(1) instrument parts of foo_n
attributed to only foo
and
(2) instrument parts of
foo_n  attributed to both
blah  andfoo  if data split-
ting is used

Requests in terms ofblah
are handled in a similar way.

Data collected forfoo_n :

(1) Measures for thefoo
partsaremappedbackto foo
and aggregated into a single
value.

(2) Measures for the
{ foo, blah } parts are
either:

(a) mapped back to set
{ foo_n, blah_n },
or
(b) split betweenfoo  and
blah andaggregatedwith
part (1) data.

N-to-M

Specialization + In-lining:
byte-code methodfoo and
blah are compiled into two
specialized native code ver-
sions (foo1_n , foo2_n )
with blah  code in-lined
(2-to-2 mapping).

Request in terms offoo  is
handled in similar way as the
in-lining case, but applied to
bothfoo1_n  andfoo2_n.

Performance data collected
for foo1_n andfoo2_n are
mapped back tofoo  and
blah  in a way similar to the
in-lining case, and aggre-
gated into single values.

Figure 6.6 Using resour ce mapping functions to map perf ormance data. Examples show how
performance data queries and performance data values are mapped between AP byte-code to native
code. We show examples for each possible mapping function type.
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• Definition6.2:A form-independentflag, *, associatedwith ametric,M, a focus,F, or a
metric-focuspair, (M,F), specifiesthatdatashouldbecollectedfor all executionforms
of AP constraintsin themetric,or in the focus,or in both.Givena metric-focuspair,
(M,F), anda resourcemappingfunction, f, for eachconstraint,C, in (M,F) produce
(M,F)* by replacingC with (C ORf(C)).

2�Ù%×�Ò%$�Þ'ÝKß�òæÒHñ'àæã�Þ�� l�o%�gi�} àáÖ�ØÚäåÞ'Ö�Ü
Ò
foo

àæØ\ÜXÙ%ÝKß�àáòæÒ%Ó®Þ'ä�×
Û�Ö�ï�ä�àáÝKÒEä�Ù���� �gn8o%uwi�� àæÖ�Ø�ä�Þ1Ö*ÜXÒ
foo_n

ñ
äáç0Ò%Ö Þ ×XÒ%ë1Û*Ò%Ø�ä ã�Ù%×  

CPUtime, � /APCode/foo.c/foo>*
" ß�×XÙ%Ó�Û*ÜXÒ%Ø  

CPUtime,

</APCode/foo.c/foo OR /APCode/foo_native/foo_n>)
öX5�ç0Òs×
Ò%Ø�Û�òæäKàáØ7ÝKÒ%Þ'Ø�Û�×
Ò%ÝKÒ%Ö�äKÙ%ã

CPUtime
ã�Ù%×�î�Ù%äáç

foo
Þ'Ö�Ó

foo_n
ö

Ñ�ç0Ò%Ö~Þ'ÖhìÔí ÜXÙ%Ö�Ø�ä�×
Þ1àæÖ�ä�Ó�Ò%Õ�Ö�Ò%ÓgàæÖ~äáç0ÒûÝKÒ%ä�×XàæÜXï�ã�Ù%ÜXÛ�ØÔß�Þ'àá×A��� �&f~¡�¢oàáØÔÜXÙ%ÝKß�àæòáÒ%ÓgÞ1ä\×XÛ�Ö�ï�ä�àæÝKÒHñ*äáç0Ò
×XÒ%ØÚÛ�òáä�àæÖ�âÔ×XÒ%ØÚÙ%Û�×XÜ
Ò�ÝKÞ'ß�ß�àæÖ�âÔã�Û*Ö�ÜXä�àáÙ%Ö*Ø�Þ'×XÒÛ�Ø�Ò%Ó®ä�ÙÝoÞ'ß®àæÖ�Ø�ä�×XÛ�ÝKÒ%Ö�ä�Þ'ä�àáÙ%ÖKä�Ù�äáç0ÒÖ�Ò�è@Ò%$*Ò%ÜXÛ�ä�àæÙ%Öoã�Ù%×XÝ
Ù%ã\äéç�Ò©ì�í�ÜXÙ%Ö�ØÚä�×XÞ'àáÖ�ä�ö.íwÒ%×
ã�Ù%×XÝKÞ'Ö�ÜXÒzÓ�Þ'äåÞ7Ü
Ù%òáòæÒ%ÜXä�Ò%Ó�ã�Ù%×®äáç0Ò�Ö�Ò�èSã�Ù%×
Ý Ù%ã\äéç0ÒzÜXÙ%Ö�ØÚäå×
Þ1àæÖ�äEàæØ9ÝKÞ'ß�ß�Ò%Ó
î�Þ1Ü ô£ä�ÙoîwÒoð�àæÒ�è³àæÖÂä�Ò%×XÝKØgÙ%ãäáç0Ò7Ù%×Xàæâ¸àæÖ�Þ'ò,ã�Ù%×XÝ Ù%ã�� Þ1Ö�Ó=feñ�Þ'ÜXÜ
Ù%×XÓ�àáÖ�âPä�Ù7äéç0Ò7ÝKÞ1ß�ß�àæÖ�âP×XÛ�òæÒ%ØzàæÖ
2�àáâõÛ�×XÒþ'ö þ1öX5�ç0Òsã�Ù%òæòáÙ�è9àæÖ�âuÞ'×XÒsÒ%$*Þ'ÝKß�òæÒ%Ø7Ù%ãNã�Ù%×XÝKï�àæÖ�Ó�Ò%ß�Ò%Ö�Ó�Ò%Ö�äKß�Ò%×Xã�Ù%×
ÝKÞ1Ö�Ü
ÒsÓ�Þ'ä�Þ Û�ØÚàáÖ�âaäáç0Òsäáè9Ù
Ò%$*Þ1ÝKß�òáÒ%Ø\ã�×
Ù%Ý£2eàæâõÛ�×XÒþ1ö4C8�
ü ¤¥p {A¦ � x�y4z�{ pri�}~l y�� i�i��4n � s��
� y j � s��g�T§
¨ ��©`í~ª ä�àæÝoÒNè�ç0Ò%Ö Þ'òáò`Ò%$*Ò%ÜXÛ�ä�àæÙ%Ö ã�Ù%×XÝKØ9Ù%ã\ÝKÒ%äéç�Ù%Ó

blahÞ'×XÒÞ1Ü
ä�à ð*Ò
�
[APCode.constrain(foo.class/blah) OR
f(APCode.constrain(foo.class/blah)]

processTime/sec

= [APCode.constrain(foo.class/blah) OR
APCode.constrain(foo_native/blah_20) OR
APCode.constrain(foo_native/blah_10)]

processTime/sec
ü ¤¥p {A¦ � x�y�z�{ pXi�}~l y�� i�i��4n � s��
� y�� i�i��T§
¨ �1©`í~ªä�àáÝKÒ�èç0Ò%Ö7Þ1òæò�Ò%$*Ò%ÜXÛ�ä�àæÙ%Ö7ã�Ù%×XÝKØÔÙ%ã.ÝKÒ%äáç0Ù%Ó

foo
Þ'×XÒ

Þ'ÜXä�à ð*Ò
�
[APCode.constrain(foo.class/foo OR
f(APCode.constrain(foo.class/foo)]

processTime/sec

= [APCode.constrain(foo.class/foo) OR
APCode.constrain(foo_native/foo_n/addr00:07) OR
APCode.constrain(foo_native/foo_n/addr20:40]

processTime/sec.÷Ò%ä�×
àáÜ
ØNÞ1òæØ�ÙhÜXÞ'Ö�Ü
Ù%Ö�ä�Þ1àæÖ
APCode

Ü
Ù%Ö�Ø�ä�×XÞ'àáÖ*äåØXöQ2�Ù%×ÔÒ%$*Þ1ÝKß�òáÒHñ
initTime

àáØNÞgÝKÒ%ä�×XàæÜÔäáç0Þ'ä�ÝKÒ%Þ'ï
Ø�Û�×
Ò%Ø äáç0Ò Þ'ÝKÙ%Û�Ö�ä÷Ù%ãoä�àáÝKÒ ØÚß�Ò%Ö�ä÷àæÖÞ«>�ÞÚð�Þ ÝKÞ'äéç^òáàóîw×
Þ1×qêàæÖ�àáä�àæÞ1òæàáøHÞ'ä�àáÙ%Ö�×XÙ%Û�ä�àáÖ*Ò
�

initTime ¬
[/APCode/Math.class/initialize]wallTime/sec

ö�5�ç0ÒÏã�Ù%×
Ýoï�àáÖ�Ó�Ò%ß�Ò%Ö�Ó�Ò%Ö�äI��Þ1â£Þ'ß�ß�òáàæÒ%Ó ä�Ù
initTime

è®àæòáò�×
Ò%Ø�Û�òæä\àæÖ7Ó�Þ'ä�ÞzÜXÙ%òæòáÒ%Ü
ä�àáÙ%Ö�ã�Ù%×�äáç0Ò9ÝoÒ%ä�×
àáÜ
initTime

Ò�ð�Ò%ÖKèç0Ò%Ö�äéç0Ò9ÝKÞ1äáç òæà î�×XÞ'× ê�àæØ
ÜXÙ%ÝKß�àáòæÒ%Ó;ä�Ù®Ö�Þ'ä�à ð*Ò9ã�Ù%×XÝKö5�ç0Ò9ã�Ù%òæòáÙ�è9àáÖ*âKÞ1×
Ò9Ò%$�Þ'ÝKß�òæÒ%ØÔÙ%ã0ß�Ò%×Xã�Ù%×
ÝKÞ1Ö�Ü
Ò®Ó�Þ1ä�ÞgÛ�Ø�àáÖ�â

initTime
Ü
Ù%ÝKï

î�àáÖ�Ò%Ó�è9àæäáç7äáç0Òã�Ù%×XÝKï�àæÖ�Ó�Ò%ß�Ò%Ö�Ó�Ò%Ö�ä~��Þ'â��

® ¤¥uw��uwomt?uwvIlS§
� y4z�{ pri�}~l y�� i�i��4n � s��
� y�� i�i�¨¯� ä�àáÝKÒÂØ�ß�Ò%Ö�ä~àáÖ�Þ1Ö¸ê�Ò%$*Ò%ÜXÛ�ä�àæÙ%Öã�Ù%×XÝ Ù%ã�.÷Þ'äáç òæà î�×XÞ'× ê
ÝKÒ%äáç0Ù%Ó

initialize
ñHèç0Ò%ÖKÜXÞ'òáòæÒ%Ó®ã�×
Ù%ÝÙ%Ö�òóêKäáç0Ò�î'ê�ä�Ò%ï�ÜXÙ%Ó�Òã�Ù%×XÝ�Ù%ã�ÝKÒ%äáç0Ù%Ó

foo
�
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[APCode.constrain_caller(foo.class/foo)]
AND
[APCode.constrain(Math.class/initialize) OR
f(APCode.constrain(Math.class/initialize)]

wallTime/sec
® ¤¥uw��uwomt?uwvIlS� y4z�{ pri�}~l y�� i�i��4n � s��
� y�� i�i�¨¯§
� ä�àáÝKÒÂØ�ß�Ò%Ö�ä~àáÖ�Þ1Ö¸ê�Ò%$*Ò%ÜXÛ�ä�àæÙ%Öã�Ù%×XÝ Ù%ã�.÷Þ'äáç òæà î�×XÞ'× ê

ÝKÒ%äáç0Ù%Ó
initialize

èç0Ò%ÖKÜXÞ'òáòæÒ%Ó®ã�×
Ù%ÝÞ'Ö¸êKÒ%$*Ò%Ü
Û�ä�àáÙ%ÖKã�Ù%×
ÝÙ%ã�ÝKÒ%äáç0Ù%Ó
foo

�
[APCode.constrain_caller(foo.class/foo) OR
f(APCode.constrain_caller(foo.class/foo)]

AND
[APCode.constrain(Math.class/initialize) OR
f(APCode.constrain(Math.class/initialize)]

wallTime/sec

°`Ù%äáç Ù%ã.äáç0Ò%Ø�Ò9Ò%$�Þ'ÝKß�òæÒ%ØÔÞ'ß�ß�ò ê�äáç0Ò9ã�Ù%×XÝKï�àæÖ�Ó�Ò%ß�Ò%Ö�Ó�Ò%Ö�ä���Þ1âKä�Ù9äéç�Ò®ÝKÒ%ä�×XàæÜ�ö10�Ö7âõÒ%Ö�Ò%×
Þ1òæñwäáç0Ò®ã�Ù%×
ÝKï
àæÖ�Ó�Ò%ß�Ò%Ö�Ó�Ò%Ö�ä�*Þ1â�Øåç0Ù%Û�òáÓ,îwÒ,Þ1ß�ß�òæàáÒ%ÓNä�Ù,Þ1Ö¸êoÝoÒ%ä�×
àáÜ�äáç0Þ'ä�Ü
Ù%Ö�ä�Þ1àæÖ�Ø

APCode
ÜXÙ%Ö�Ø�ä�×
Þ1àæÖ�ä�Ø�ù¸ØÚàáÖ�Ü
Ò�äáç0Ò,ÝKÒ%ä�ï

×XàæÜàæØ�Ò%Ö�Ü
Ù%Ó�àæÖ�âoäáç0Ò
APCode

ÜXÙ%Ö*Ø�ä�×XÞ'àáÖ�ä�àæä�ÝKÞÚô.Ò%Ø�äáç0ÒûÝKÙ%ØÚä�Ø�Ò%Ö�Ø�Ò®äåÙ,ç�àáÓ�Ò®äáç0Òû×XÛ�Ö�ï�ä�àáÝKÒûä�×XÞ'Ö�Ø�ã�Ù%×XÝKÞ'ï
ä�àáÙ%ÖKÙ%ã�äáç0Ò

APCode
ÜXÙ%Ö�ØÚä�×XÞ'àáÖ�ä�ã�×
Ù%Ýäáç0ÒÛ�ØÚÒ%×�ö

0�Ö±2�àáâõÛ�×
Ò�þ'ö4²1ñ�è®Ò7Øåç0Ù�è Þ1Ö�Ò%$�Þ'ÝKß�òæÒ~Ù%ãEã�Ù%×
ÝKï�Ó�Ò%ß�Ò%Ö�Ó�Ò%Ö�ä®Þ1Ö�Óuã�Ù%×
ÝKï�àæÖ�Ó�Ò%ß�Ò%Ö*Ó�Ò%Ö�äûß�Ò%×Xã�Ù%×XÝKÞ1Ö*ÜXÒ
Ó�Þ'ä�ÞÔÜXÙ%òáòæÒ%ÜXä�Ò%ÓNã�×XÙ%Ý íwÞ1×XÞ'Ó ê*Ö�ï�>'ö�;�Û*×0ÜXÛ�×
×XÒ%Ö�ä�àæÝKß�òæÒ%ÝKÒ%Ö�ä�Þ1ä�àæÙ%Ö9Ù%ã�íwÞ'×XÞ'Ó ê*Ö�ï�>KØ�Û�ß�ß�Ù%×
äåØ`Ù%Ö�ò êhÙ%Ö�Ò%ï�ä�Ù%ï�Ù%Ö�Ò
×XÒ%ØÚÙ%Û�×XÜ
ÒÔÝKÞ1ß�ß�àæÖ�â®ã�Û�Ö�Ü
ä�àáÙ%Ö�ØXöL0�Ö;äéç�àáØÒ%$�Þ'ÝKß�òæÒ�è9Ò©Øåç0Ù�è�Þhã�Ù%×
ÝKï�Ó�Ò%ß�Ò%Ö�Ó�Ò%Ö�ä�Þ1Ö�ÓKÞhã�Ù%×
ÝKï�àæÖ�Ó�Ò%ß�Ò%Ö*Ó�Ò%Ö�ä
ð*àáÒ�èÙ%ã�ß�Ò%×
ã�Ù%×XÝKÞ'Ö�ÜXÒÔÓ�Þ'ä�Þ9Þ1ØÚØ�Ù%ÜXàæÞ1ä�Ò%Ó�è9àáäáçsÞX>�Þ�ð*Þ9ÝKÒ%äáç0Ù%Óoã�Û�Ö�ÜXä�àæÙ%Özäáç0Þ'ä0àæØ,Ü
Ù%ÝKß�àáòæÒ%ÓoÞ1ä�×XÛ�Ö�ï�ä�àæÝKÒ�ä�Ù
Ö�Þ'ä�à ð*ÒÜXÙ%Ó�Ò ö

»0¼�¾�¼�³À¿ÂÁ�Ê�Æ�Á0Ã=Á�Ì©Ð(Ë
Ì©Íµ´ûÆ�É�Ì�Ã-[1ÄeÆ&\ ÉeÐ(Ë¸ÄeÌ�É·¶�¸÷Ä�Ã2Ð�Ã

5�Ù�×
Ò%ß�×XÒ%ØÚÒ%Ö�ä0ß�Ò%×Xã�Ù%×XÝKÞ'Ö�ÜXÒ�ÝKÒ%Þ'Ø�Û�×XÒ%Ø�Ù%ãw×XÛ*Ö�ï�ä�àáÝKÒ�Ü
Ù%ÝKß�àáòæÞ'äåàæÙ%ÖzÜXÙ%ØÚä�Ø�ñ%è9Ò�ÜXÞ'ÖzÓ�Ò%Õ*Ö�Ò�ÝKÒ%äå×
àáÜ�ã�Û�Ö�Ü
ï
ä�àáÙ%Ö�Ø9äáç0Þ1äÝKÒ%Þ'Ø�Û�×XÒKäáç0Ò%ØÚÒKÜXÙ%Ø�ä�ØXö�Ñ�ç0Ò%ÖsÜXÙ%ÝÔî�àáÖ�Ò%ÓKè9àáäáçÏã�Ù%Ü
à�Ü
Ù%Ö�ä�Þ1àæÖ�àáÖ�â

APcode
ÜXÙ%Ö�ØÚä�×XÞ'àáÖ�ä�ØXñ�äáç0Ò%Ø�Ò

ÝKÒ%ä�×XàæÜXØ`ÝKÒ%Þ'Ø�Û�×
Ò,ä�×XÞ'Ö�Ø�ã�Ù%×
ÝKÞ1ä�àæÙ%Ö�Þ1ò�ÜXÙ%ØÚä�Ø`ã�Ù%×�àáÖ�Ó�à ð*àáÓ�Û�Þ1ò%ì�í;ÜXÙ%Ó�Ò,Ù�îN/�Ò%ÜXä�ØXöM2�àáâõÛ�×XÒþ'ö º Øåç�Ù�è®Ø�Þ1ÖoÒ%$�Þ'ÝKï
ß�òæÒhÙ%ã�ß�Ò%×
ã�Ù%×XÝKÞ'Ö�ÜXÒhÓ�Þ1ä�Þ;ÜXÙ%òæòáÒ%ÜXä�Ò%Ó~ã�×XÙ%ÝSíwÞ'×XÞ'Ó ê*Ö�ï�> äáç0Þ1ä,ÝKÒ%Þ'Ø�Û�×XÒh×
Û�Ö�ï�ä�àáÝKÒhÜ
Ù%ÝKß�àáòæÞ'äåàæÙ%Ö�Ù�ð*Ò%× ç0Ò%Þ'Ó�ö
5�ç0Òuä�àáÝKÒuß�òáÙ%ägØåç�Ù�è®Øsäáç0Òuß�Ò%×
ã�Ù%×XÝKÞ'Ö�ÜXÒaÝoÒ%ä�×
àáÜ

compile_time
ÝKÒ%Þ1ØÚÛ�×XÒ%Ó ã�Ù%×�ØÚÒ�ð�Ò%×
Þ1òr>�ÞÚð�Þ ì�í

ÝKÒ%äáç0Ù%Ó�ã�Û�Ö�ÜXä�àæÙ%Ö�Ø�ù
compile_time

àáØ�ÞoÝKÒ%Þ'Ø�Û�×XÒûÙ%ã�äáç0ÒNÞ1ÝKÙ%Û�Ö�ä`Ù%ã�èûÞ1òæò�ä�àæÝKÒNäéç�Ò�@B.¥Ø�ß�Ò%Ö�Ó�Ø�àáÖ÷àæä�Ø
×XÛ�Ö*ï�ä�àáÝKÒÜXÙ%ÝKß�àáòæÒ%×`ÜXÙ%Ó�ÒHö
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Figure 6.7 Performance data associated with a transf ormed AP code object. Both time-plot
displays show performance data measuring the number of objects created by a Java application
method calculateHiddenLayer() . The top plot shows two form-dependent measures associated
with the byte-code (yellow curve) and native code form (red curve) of the method. The bottom display
shows the same performance data represented by one form-independent measure (note: Paradyn-J’s
current notation for form-independent measures differ from our model, however, the measure in the
bottom curve is equivalent to (M,F)* using our model’s notation).
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Figure 6.8 Performance Data measuring transf ormation times of seven methods from a Java
neural netw ork application pr ogram. The metric compile_time measures the amount of time the
Java VM spends compiling each method to native code form at run-time.
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Figure 6.9 Simulation of d ynamic compiling method f oo. We replace the original method foo
with a wrapper method (foo ). For the first 14 executions, the wrapper method calls an interpreted
version (foo_interp ), which contains foo ’s original byte-code. On the 15th execution, the wrapper
calls compile that simulates run-time compilation, and all subsequent executions call a JNI native
code version of the method (foo_native ).

foo () { // wrapper function

if (f oo_count < 15)
call f oo_interp();

else if (f oo_count == 15)

call compile(f oo,200);
call f oo_native();

else
call f oo_native();

}

foo_interp() {

}

original f oo() b yte-codes

compile (String name , int time) {

wait f or “time” micr o seconds

}

foo_native() {

JNI native ver sion of f oo

}

JNI native code in

instrumentation librar y

Java byte-code in f oo’s .class file
JNI native code in our

 (libbasetramp.so)

shared object (libf oo.so)
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Figure 6.10 Performance data for the updateWeights method from the dynamicall y compiled
neural netw ork Ja va application. The time plot visualization shows the fraction of CPUtime/second
for the native (red) and byte-code (blue) form of the method.

Figure 6.11 Performance data for the updateWeights method from the dynamicall y compiled
neural netw ork Ja va application. The table shows the performance measures total CPUTime
(second column) and number of calls (third column), for both the byte-code (top row), and native
(middle row) forms, and compile time (first column) associated w/the wrapper (bottom row).
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Figure 6.12 Performance data f or method calculateHiddenLayer . The total CPU time (first
column), total number of object creates (second column), and total number of calls (third column) to
the byte-code (top row) and native code (bottom row) forms of the method.
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Figure 6.13 Performance data for method calculateHiddenLayer after remo ving some
object creates. This table shows that the total CPUtime for both the native and byte-code forms of the
method is reduced as a result of reducing the number of object creates.

Original Tuned Change

Dynamic Comp. 21.09 18.97 10%

All-Inter preted 190.83 179.90 6%

Figure 6.14 Total execution times under ExactVM for the original and the tuned versions of
the neural netw ork pr ogram. We improve the performance by 10% with dynamic compiling, and by
6% with dynamic compiling disabled (all-interpreted).
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Figure 6.15  Performance data fr om the CPU Sim ulation AP . Performance measurements of
methods in the AP that have performance characteristics similar to the three test cases from
Chapter 5.
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äåàæÙ%Ö�ØoàæØoäáç0Òg×XÒ%Þ'Ø�Ù%Ö~èç�ê :NÙ%ä¯*wß�Ù%äÔàáØKÓ�Ò%Ø�àæâõÖ�Ò%ÓPä�ÙgÞ1âõâõ×XÒ%Ø�ØÚà ð*Ò%ò êaàæÖ�ï�òáàæÖ�Ò
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cdODMNm<q^[�T{ôxODT&cXôx\l�jÌFËZôx\l�jilz5wy_NcdKHm wycdT&MXm
õ�É $ ö�Þ�P�_XOFQ&ßvmtä�[�[�a>K�P]stÅ�ODQ&Þymtå~K�K�stODQRS�Þ�K�QBÑ�OFT&_XQ��*m�wR[�P�QRmtf,P^[�\
Þ�rR_XMNSbK�P�Ç0� fhOFqx�,OFeVK�\
[�P���ODa>_XS>M U

Þ�rR_NMXS>_XQRe*kROZ�RO�.��RK�q�rRcd_X[�Q&f,P^[�|RMNK�P^Y^mFÔRK�qxwyQR_Xq�ODM�P^K�ab[�P�cdsDñ�QR_ �jK�P�YB_XcXU�[�\Rä�[�MN[�P^OFSb[HsH��abP�_XM0É îFîDà m
õ�ÉH÷Dö�Ô~_NT&[�c�wjUpä�P�ODT&K�P]sD��_Nq9wyOFP^S�ß"P�_XK�S>T6OFQRsoÔRK�P^P�K�QRq^K��(_NMXMNK�P]soø�OZ�j_XS � K�}�K�P^evK�P]sD��[�}�K�P^c*Jp_NMXYB[�QRsoOFQRS

�(OFP^_N[�JL[�MXq^���,[Hm�ä�[�T&ab_XMN_XQjeukROZ�RO�kRrRYBc{n�Q'Ô,_XT&KHmW[�g(gRg�j�[\Qa�}� eiY�36v=¡m��¢}o�34¡m£>s�abOFeVK�Y6ÌF÷���ÎFÌDs
�(OZUvôÙkjrRQRK�É îFîDÍ m

õ�É Í ö�Å�K�MNK�QLø5OB�j_XY^s � cdK�a�wyK�Q���m���[�MNSbYZq9wyT&_NSbcds,OFQRS6kR[�w�QLÅ�K�QRQRK�YBYdU�m,�(rRMNcd_Xa>P^[�q�K�YBYB[�P � _XT&rRMNODcd_N[�QLOFQRS
Ô,P^OFq^_NQRe�rRYB_NQRe�ÔRODQjeV[�m�n�Q¤/214365874789;:=<->@?i3�B(CLE;7c[�<;CL7818<;^XCF:=36<;^Xv Q(36<-BS781478<;547i36<t/c^_14^_vdv=78vX/A18365874?8?4:=<->js
abOFevK�Y îDî ��É þFÍ sH��rRevrRYBc!É îDî ÉZm

õ�É à öyå~mFfhK�cdK�P%ø5K�rRcdYZq9wpOFQRS���MXOFQ � wy_N\
\
T&OFQRm�.�\
|Rq�_XK�QRc*n�T&abMNK�T&K�QRcdODcd_N[�Q�[�\0cXwyK � T&OFMXMNc�OFM��,i àFþ � UjYBcdK�T&m
n�Q¥/214365874789;:=<->@?¦3�B§CFE;7¨�P�PCFE©hiQaj GWVXK(J(36?8:dH;Kª36<©/A18:=<;54: J(vd78?¨3�B�/2143�>;14^_K�K�:=<->«nA^_<->@H;^\>@74?
z�/A�m/In�{^sFabOFevK�Y*Ë îFÍ �hÌ þ ËFs � ODMNc~å,OH�,K5ä�_Nc�U�sDñ�cdOZwysHkROFQRrRODP�UgÉ îFà ÎFm

õ�É î öb��SbOFT�kFm>ßjK�P^P^OFP^_Nmkhf����(Ç�ò�K�c�z�[�P��ÏfhODP�ODMNMXK�Mhä�[�T&abrRcd_NQRe�_XQ�kROZ�ROFm��ä�� É îDîFà JL[�Px�,Ydwy[�a6[�Q�kROZ�RO
\
[�P{Å�_Ne�wyi]fhK�P^\
[�P�T&ODQRq�K�ò{K�cXz�[�Px�pä�[�T&abrRcd_NQRes�fh[�YBcdK�P � K�YBYB_N[�QRs�fhODMN[5��MNc�[�shä�ODMN_X\
[�P�QR_XOFs�ßRK�}�P^rROFPxU
É îDîFà m

õ
Ë þ ö,n�OFQ(ßR[�YZcdK�P�OFQRS � cdK��jK�Q(Ô,rRK�qx�,KHm;.�QROZ}�MX_NQReuÔRK�qxwyQR[�MN[�eV_NK�Y�\
[�P�JLK�}�i
Þ�OFYBK�S3ñ�}�_XÁFrR_Ncd[�rRY � rRabK�P^q�[�T&i
abrRcd_NQRemjn�Q�/A18365478749;:=<->@?�3�BACFE@7+OPCFE�[SgRg(g�GWVXK(J(36?8:dH;K¬36<�r:�>@E�/m781LBS3618K�^_<;547m`:d?8CF14:=y!H@CF789�QR36K��
J(H;CL:=<->jsFabOFevK�Y�ÉDÉHË���ÉFÉ î s � UjP�ODq�rRYBKHsFò{K�z%�0[�P��,sH��rRevrRYBc!É îFî ÷Fm

õ
Ë�ÉZö*kFm � cdK��jK�Q�ß~P^_Ncd�H_XQRevK�P�ODQRS���ODP�_XOFQRQRKÏ��rRK�MXMNK�P]m0kjOB�jO � K�q^rRP�_XcXU�m � rRQ���_Xq�P^[�Y�UjYBcdK�T&Y�n�QRq�m0JÏw�_XcdK
fhOFabK�P]s�É îDî ÷Dm

õ
ËFËDö � rjYBODQ&å,ma��P�OZwyOFT&shfhK�cdK�P�Þymhù%K�YBYZMXK�P9shOFQRS��(OFP^YdwyODMNM�ù5mh��q^ù5rRYB_Nqx�,mhevabP�[�\
Ç�O3ä�OFMXM��5P^OFa�w®.��jK�q�rRi
cd_X[�QLf,P^[�|jMXK�P]m,n�Q�/214365874789;:=<->@?�3�B�CFE;7AhiQaj¯GW[\lc/�n�hmo�GXVXK(J236?8:=H;K�36<sQR36K(J(:dv=781�QR36<;?8CL18H;54CF:=36<�s
kRrRQRK�É îDà ËDm

õ
ËFÌDö~ø5OZ�R_NS���P�_XY�z�[�MNSbm�Ô�wyK*kjOB�jO6Å�[�c � ab[�c��5_NP^cdrROFMh��ODqxwy_NQRK*��P�qxwy_XcdK�q^cdrRP�KHm � rRQ(�(_Xq�P^[�YdURYZc�K�T&YoJÏwy_NcdK�i
abOFabK�P9sD��ODP�qxwpÉ îFîDà m

õ
ËFÎDö���K�K�SuÅ�OFYBcd_NQRevY!OFQRSuÞ�[�}�kR[�Ujq^K�mbf~rRP�_X\ÆURÇ>ß�ODYZc0ø5K�cdK�q^cd_X[�Q3[�\h�(K�T&[�PxU;å~K�K��0Y!OFQRS%��q^q�K�YBY�.�P^P�[�P^Y^mbn�Q
/A18365874789;:d<->;?+3�B2CLE;7i~r:=<;CF7418M N��®�(GWgRo}[��°f;785±E;<;:d58^_v�QR36<-BS741874<;587BsRabOFeVK�Y6ÉZË $ ��ÉHÌD÷Fs � ODQ�ß"P�ODQRq�_XYZq^[Hs
ä�OFMX_N\
[�P^Qj_XOFsZkROFQRrROFPxUÏÉ îFî ËFm

õ
Ë $ ö��(_Nq9wyOFK�M�ÔDm*Å�K�ODcXwØOFQRS�kRK�QRQR_X\]K�P���m2.�cXwyK�P^_NSbevKHm~�%_XYBrROFMX_N�H_NQRe�cXwyK�a>K�P^\][�P^T&ODQjq^K�[�\%a>ODP�ODMNMXK�M5abP�[�i
evP^OFT&YÂm4[SgRgRg«G�3�BSCF²+^_147�sFÎFÈ
ÌFÊ
Ç<Ë î �hÌ î s � K�a>cdK�T�}�K�P�É îDî ÉHm

õ
ËF÷DöRkR[�wyQ&å,mhÅ�K�QRQRK�YZY�U�m � URT{}�[�MX_Nq%ø5K�}�rReveV_NQRe&[�\y��a>cd_XT&_N�HK�S;ä�[�SbKHmUhiQaj�f�14^_<;?4^_58CL:=36<;?�36<�/A183�>@18^XK��
K�:=<->}n2^X<->@H;^\>@78?R^X<;9�GWVX?8CF74K�?(z=fm�m/�nIh�GW{^sDÎFÈ
ÌFÊ
Ç<ÌFËDÌ��hÌFÎFÎDsHkRrRM�UgÉ îDà ËDm

õ
Ë Í övkRK�\
\
P�K�U&ù5mDÅ�[�MXMN_XQRevY�z�[�P�c�w�sDÞ�OFP^cd[�Q&fvmF�(_NMXMNK�P]sFODQRS�kj[�Q6ä�ODP�eV_NMXMNKHmFøyUjQROFT&_Xq�f,P^[�evP^OFT¡n�QRYZcdP^rRT&K�QRcdOFi
cd_X[�Q(\
[�P � q^OFMXOH}hMNK�f�K�P^\
[�P�T6OFQRq�K�Ôj[�[�MXY^m�n�Q¤/A18365874789;:d<->;?+3�B(CLE;7iG�58^_vd^_yPv=7cr:³>;E;� J(741LB�3614K�^_<;587+QR36K��
J(H;CL:=<->�QR36<-BS741878<;547Rz=GW¤/AQRQa{�sDù5QR[��v�j_XMNMXKHsFÔRK�QRQRK�YZYBK�KHsF�(OZUgÉ îDî ÎFm

õ
Ë à öVkRK�\
\
P�K�U&ù5mDÅ�[�MNMX_NQReVYdz�[�P^cXwysDÞ�OFP^cd[�Q&fvmD�(_NMXMNK�P]sD�(OFP^q�K�MX[ykFmP��m!�5[�QRq^OFM �jK�Y^sv�5YBq�ODP�ò{OF_XT&s!wVwy_Nq9w�K�Q�ó5rRs
OFQRS�å,_XQRe�wVwyK�QRe�mV��ø�å,ÇB��å,ODQjeVrROFevKtODQRS�ä�[�T&ab_NMXK�Po\
[�P�ø�UjQRODT&_Nq�f,P^[�evP^OFTØn�QRYBcdP^rRT&K�QRcdOFcd_X[�QRmvn�Q
/A18365874789;:d<->;?23�BmCFE;7I[�<;CF7418<;^XCF:=36<;^Xv@QR36<-BS741874<;587(36<}/m^_18^Xv=v=74vxh+145�E@:=CF7854CFH;1874?(^_<@9�Q(36K(J(:=vd^_CF:=36<rf;785±E;�
<;:=´PH;78?�s � OFQ6ß~P�ODQRq�_XYBq�[HsFä�ODMN_X\][�P^QR_NODsFò{[��jK�T{}�K�P�É îFîFÍ m

õ
Ë î ö~ñ�P^Y5Å�[�MX�HMNK�ODQRS�ø5OB�j_NS&ñ�QReVOFP9m��ÒÔ�wy_XP^S>i=�5K�QRK�P^OFcd_X[�Q � K�MX\~n�T&a>MXK�T&K�QRcdOFcd_X[�QRÇ���K�q�[�QRq^_NMX_NQRe��K�YBa>[�QRi
YB_��RK�QjK�YBY0z�_XcXw�fhK�P^\][�P^T&OFQRq^KHm>n�Q�/214365874789;:=<->@?23�BRCFE;72NPCFE¤h+<;<;H;^Xv!hiQajµGW[�lm/�n�hmo¶Q(36<-BS781478<;547236<
�+y�·�7854CF�=�+18:d78<;CF749+/A183�>@18^XK�K�:d<->�GXVX?4CF78K�?¸e-n2^X<->;H@^\>@78?¸e�^X<;9+h@JXJ(vd:=58^XCF:=36<;?mz=�+�m/2GWn�hm{^svabODevK�Y�ËDË î �
ËFÎDÌFsDfh[�P�cdMXOFQRSbsF�+��sD�5q�cd[�}hK�P�É îFî ÎFm



àDà
õ
Ì þ öjn�Þ��¹ä�[�P^a>[�P^OFcd_X[�QRmHkh_NQRYB_Ne�w�c�mHwycdcdabÇ ô<ô<z5z�z*mÙOFMNa�wyOHJL[�Px�,Y^m<_�}hT&m<q^[�T{ôx\
[�P�T&rRMXOHô Ñ�_NQRYB_Ne�wycdsH��abP�_XM0É îFîDà m
õ
Ì�ÉZöjn�QRcdK�M�ä�[�P^a>[�P^OFc�_N[�QRmH��Ô,rRQRKHmHwycdc�a>Ç ôÙô<z5z5z�m<_XQjc�K�MNm<q^[�T{ô<�jc�rjQRK�ô9OFQROFM Uj�HK�PxôxsF�(OFP^qxwWÉ îFîFà m
õ
ÌFËDö"n�QRcdrR_Nc�_��jK � UjYBcdK�T&Y5n�QRqÂm��5a>c�_NT&_X�HK�n�cdm � rRQRQvUV�jOFMXKHs�ä�ODMN_X\][�P^QR_NODm�wyc�cda>Ç ôÙô<z5z5z�m<[�abcd_NT&_X�HK�_NcdmÙq�[�T{ô9s��(OFP^qxw

É îDîFî m
õ
ÌFÌDöi��mDÞ�P�rRq^K�n�Px�j_XQpOFQRSLÞ�OFP^cd[�Q&fvmo�(_NMXMNK�P]mo�(K�qxwyODQR_NYBT&Y&\
[�P6�(ODa>ab_NQRe�Å�_XeBwyi
å,K��jK�M*fhODP�ODMNMXK�M!fhK�P^\
[�P�i

T&ODQjq^K;ø5OFc�OFm�n�Q|/A18365874789;:d<->;?�3�B�CFE;7�[�Qa/�/Z~�361±¹!?4E;3dJº36<¥QRE;^_vdv=78<->@78?�B�361�/c^X18^_vdv=78v�/A18365874?8?4:=<->js
ä�wy_Nq^OFeV[�sDn�MXMN_XQj[�_XY^sZ�{rReVrjYBc!É îFî ÷Fm

õ
ÌFÎDö2�5rVU�å,K�z�_XY � c�K�K�MNK�khP9m0ODQRS¨�5K�P^OFMXS�kROZU � rRYBYBT&OFQRm0Ô>w�K�P^K��j_XYBK�SÏP^K�a>[�P^c%[�Q � qxwyK�T&KHs0O�S>_XOFMXK�q�c%[�\
å,_XYBaFmF�(n�Ô���P�cd_X|Rq�_XOFM�n�QRcdK�MXMN_XevK�QRq�K���K�T&[�Î $ ËDsHkROFQRrRODP�UgÉ îDÍFà m

õ
Ì $ ö��(OFPx�Öù5OFQRcdP^[�z�_Xcd�Hm%fh[�P�cdOZ}�MXK�ñ�cd_XMN_Xcd_NK�Yg\
[�P�ä�[�T&T6[�Q�å~_NYBaFs%ñ{YBK�P���rj_XSbK�OFQRSÃn�T&abMNK�T&K�QRcdODcd_N[�Q
ò�[�c�K�Y^mFÔRK�qxwyQR_Xq�ODM���K�ab[�P�c~ä��(ñ{i]ä � i î ÉZi�ÉZÎFÌFsDä�OFP^QRK�ev_NK���K�MXMN[�Q&ñ{QR_��jK�P^YB_NcXU�sD��OZUgÉ îDî ÉZm

õ
ÌF÷Dö�kR[�wyQ��*m~ù5K�T&K�QVULODQjS�Ô�wy[�T&ODY2.�m~ù5rRP^cd�Hm!»�^X?8:=5A/2143�>;14^_K�K�:=<->hmbkR[�wyQ;Jp_XMNK�U¦T � [�QRY^s"n�QRqÂm"f,rV}�i
MN_XY�wyK�P9shÉ î ÷ Í m

õ
Ì Í öjù�å§�5P^[�rRaFmZk�f,P^[�}�KHmDÔj[�P^[�QRcd[HsF�5QRcdODP�_X[5ä�OFQRODS>ODmHwycdcdabÇ ô<ô<z5z�z*m �0MXe�mÙq�[�T{ô ÑBabP�[�}hK�ôxm
õ
Ì à ö���[�}�K�P^c���mjù%[�z�OFMXY��0_Xmjf,P^K�S>_Xq�ODcdK�å,[�ev_Xq%OFY�f,P^[�evP^OFT&T&_XQRe6å,OFQReVrROFevKHm¼[S½I[S/	QR36<->@1478?8?�sja>ODevK�Y $ ÷ î �

$FÍ ÎFshÉ îFÍ ÎFm
õ
Ì î ö@��K�[�\]\
P^K�U�Å�mFù5rRK�QRQR_XQRe�mDf,P^K�q�_XYZK�n�QRcdK�P�ODq�c�_��jK5�(K�ODYZrRP^K�T&K�QRc,[�\R�5abK�P�ODcd_NQRe � UjYBcdK�T&Y*ù%K�P�QRK�MXY^s � [�\
cdi

z�OFP^KHmWG�3�BSCF²+^_147m/A18^X58CF:d587�^_<;9�g(¾�J(7814:=78<@587S¡x`�¡xg0¡;Q(36K�781�^_<;9�h�¡;�U¡@~�78v=vd:=<->@?+749;:=CF3618?�¡@~r:=v=7LViJ(H;yP�
v=:d?8E;781¸¡XsFË $ È�ÉHÊ
ÇxÉ��hË�ÉZsHkROFQRrRODP�UgÉ îFî!$ m

õ
Î þ ö"kROFT&K�Y2��m,å,OFP^rRY�ODQRS¿.�P�_Xq � qxwyQROFP^P]m�.R.�å,Ç,�(OFqxwy_XQRK�i]n�QRS>K�abK�QRS>K�QRc+.��jK�q^rRcdOH}�MXK�.�Sb_Xcd_NQRem,n�Q�/21436�
5874789;:d<->;?¤3�B�CFE;7¤GW[�lm/�n�hmo�QR36<-BS781478<;547}36<r/A143�>;14^_K�K�:=<->|nA^_<->@H;^\>@7A`t74?8:�>@<¦^X<;9r[\K(J(v=74K�78<;CF^X�
CF:=36<�z³/In�`+[S{^sDa>ODevK�Y*Ë î É���Ì þFþ sHkRrRQRK�É îDîP$ m

õ
Î�ÉZö�Ô~_NTÕå,_NQRS�wy[�MNTÕOFQRS�ß~P^OFQV�¿�yK�MXMN_XQRm�fIE;7}�_^X�U^§Y :d18CFH;^Xv�jq^X5�E;:d<;7}G¼J(7854:�bc54^_CF:=36<"m"Ô�wyK�kROB�jO � K�P^_XK�Y^m
��S>Sb_XYZ[�Q{JLK�YBMNK�U�shÉ îFî ÷Fm

õ
ÎFËDöáå,rRq^K�QRcØÔjK�q9wyQR[�MN[�ev_XK�Y^spn�QRqÂmpn�QR\]K�P^QR[À��K�MNK�OFYBKÕËFm þ ��K�\
K�P^K�QRq�KÕ�(OFQRrROFMXm�wycdcda>Ç ô<ô<z5z5z�m<MXrRq�K�QRcdi
_NQR\
K�P^QR[�mÙq�[�T{ô9fhOFevK�Y�ôxø5K��RK�MN[�abK�P�Y�ôxø5[�q^rRT&K�QRcdOFc�_N[�QVôL��K�\�Á>��ODQRË þ ô9_NQRSbK��jm wycdT&MXs�É îDîFÍ m

õ
ÎFÌDö���mD��ODMN[�QVU�sRÞ0mF�([�wyP9s�fvmFÞ�K�qx�,T&OFQRs�ø*mP�5ODQRQR[�Qjs � m��0OFQResRODQRS�ßDmDÞ�[�S>_XQRmRfhK�P^\][�P^T&OFQRq^K!��QROFM UjYB_NY%[�\
abä(���RÇ��Ýfh[�P�c�OH}�MXK&ø5OFcdODi]fhODP�ODMNMXK�Mof,P^[�evP^OFT&T6_NQRe � UjYBcdK�T \
[�P � q^OFMXOH}hMNK&fhOFP^OFMXMNK�Moä�[�T&abrRcdK�P^Y^m,n�Q
/A18365874789;:d<->;?3�B¤CFE@7tÂPCFE§[\<;CF7814<;^_CF:d36<;^_v�/c^X18^_vdv=78v�/A18365478?4?8:=<->¥GXVXK(J236?8:=H;KÃz�[S/�/2GW{^s�abOFeVK�Y ÍP$ � àP$ s
ä�OFQRq^rRQRsF�(K��j_Nq^[HsH��abP�_XM0É îFî ÎFm

õ
ÎFÎDö�ä�ODP�T&_XQRK���ODQRev_N[�QRKHm>fhK�P^\
[�P�T&ODQRq�K�c�K�YZcyY�wy[�zÃkROB�jO�ODY�\
ODYZc0OFYtäR�;�Rmx�X^_�U^_~�3618v=9rE;CLC J(ÄLÅ;ÅU²+²+²m¡ ·�^X�U�
^_²+3614v=9;¡Æ5836K¿ÅFsDßjK�}hP^rjODP�UgÉ îDîFà m

õ
Î $ öy�(OFP^evODP�K�c*�(OFP^cd[�QR[�YB_NsD��QR[�[�a���rRa>cdODshOFQRS;Ô�wy[�T&ODYA.�mD��QRSbK�P�YB[�QRmh�(K�T � a�URÇD��QROFM Uj�H_NQRe&�(K�T&[�PxU
� UjYBcdK�TÛÞ�[�cdcdMNK�QRK�qx�,Y�_XQ�f,P^[�evP�ODT&Y^mVn�QA/A18365478749;:=<->@?m3�BICFE;7m�PN!N��0hiQaj�GX[\lmj�g�f;�2[\QRG|^_<;9�/c741LB�3614�
K�^_<;547�Ç N��¦[�<;CL7818<@^_CF:=36<@^_v�Q(36<-BS781478<;547�36<�jq74^_?4H;1878K�74<;C+^_<@9�jq369;78vd:=<->®3�B�QR36K(J2H;CF781�GXVX?4CF78K�?�s
abOFevK�Y�É���ÉHËDsHkRrRQRK�É îFî ËDm

õ
ÎF÷DöokR[�wyQ°�(q^ä�ODP�cXwRU�m(��K�q�rRP^YB_��jK�ß,rRQRq^cd_N[�QRY3[�\ � UjT{}h[�MN_Xq�.��jabP�K�YBYB_N[�QRY3OFQRS'Ô>w�K�_XP�ä�[�T&abrRcdOFcd_X[�Q�}DU
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