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æ
To think is to confine yourself to a
single thought that one day stands
still like a star in the world’s sky.

—Martin Heidegger, çWè�é+êFë�ì�í�îzï+ð�ñ�ò!ï+ñ%é�í�ó�ô%è�ò�ñ�ô�ê

Chapter  1

Introduction
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Access Time = Cache Hit Time + (Cache Miss Rate) x (Cache Miss Penalty)
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1.2  Improving the Cache Locality of Pointer  Manipulating Programs
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typedef struct { .. } A;

... = (A *) malloc(...);

while(1) {
insert_A();
move_A();
delete_A();

}
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1.3  Overview of the Disser tation
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1.4  Related Work

Ø{Ù�Ú1Û�Û#Ü3Ý5Þ�Ú1ßàâá<ÜDã�Ú1Ü5äbÛvá<Ü5å1æDÞ1Ü3çoä�ßá�èaßàyá#Ü2ßá<ç�Ü,á�Ú�à�éêç�æ,Þ1æpæ3Ý2Ý3Ü2Û,Û#Ü2ÛvÞ1ß�Ú�ëbì�á<ßã�ÜpÛ�ì�æDÞ)Ú1æDådæ,à�ç
Þ1Ü,ë.ì�ßá<æ,åOå1ß�Ýæ,å)Ú�Þ)í�î�æ,à�çLÞ1ÜÝ5Ù�à�Ú1ïð�Ü3ÛrñTßá�Ú)ëbì�á#ßã�Ú)à�é�ærì�á<ßé�á#æ,ë ò�Û�ã�Ú�á�Þ)ð`æ5å�ó�ëSÜ,ë ßá�í�ì�Ü,á:ñ�ßáTë æDà�Ý2Ü3ô

1.4.1  Improving the Cache Locality of Scientific Programs

õ�ö:÷,ø�ù�úû�ü7ö<÷3ü5÷2ý,ö<þ5ÿ�ÿ`ý2ütý�����ý3þ���÷����)ÿ�÷���ö<ú�þ3÷2ü#ü5úö
	�� ÷� úö
����ý������ö<÷2úö���÷Dö�ù����cþ2ú�����û���ý���ù1ú�����ú
ù���þ,ö#÷2ý3ü#÷%ü���ý���ù�ý��Qý������1÷�����úö<ý����Tú�þ2ý��)ù������! �"�#$"�%�#'&%�(�)+*{ÿ�ù�ü-,búö
�/.�ú�þ,û�ü#÷0�>ú��1��ö<ú2��ö:ý��Sü-,dù���ÿ
�1ú�ú�����÷ü��1ü3��ÿ�ý��8ý2þ3þ2÷3ü5übý,ö�ö:ý���üdù��9ý%ö<÷���û��1ý,ö4� ý�����÷5ö5)'6dý�����ú��

et al. 7�8�9�:�;=<0:�>�?@<�A�B�>9�7�8�;�C�<
>�D�D�E�F�>�GBH8!B�>�8-I�<�?�<�E�>�8=<0:H>J�J-D�F�7K7�;�L�J5<MD�<�E
N�9�85>�8�;5F�?�7�F�O3>MJ5F�F�DH?�<�7�84P!Q�R�S=TVUWB�<�XYG�F�?�7�;5:�<�E�<0:



Z=[
\�]�^5_�`�a
bdc�e�f!g�h�]�h�aKi�j5h�kla�h�_�h�a�h�]�m�h�nKop\�n�h�kla�h�_=h�a�h�]�m�h�q4^�]�k�`�qdnrj=`sk�h�j=h�a
b�^�]�htj�u�htbd^�]�^�b�\�bvbwh�bxf
`�a
eMc=`�m0i�j�^5`�]�n�]yh�m0h�n�nKi�a�eMj5`zbxi�{�^�bd^�|}hVa~h\�nKhVq4^�j�u�^�]�i�c5`�`��M]�h�n�j5o�i]�kMnKh�c=h0m�j=h�klj�u�h���h�n�j}��h�a
bd\�f
j5i�j�^5`2]/��i�nKh0k/`�]@i�]�h��i�c�\�i�j!^5`�]�_�\�]�m�j�^=`�]��'�Wu�h�^�a�h�{�u�i�\�n�j�^���hwi�����aK`�i�m�u�^=n4^�b���a�i�m�j�^5m0ic�q�u�h�]
^�]�m�c�\�k�^�]�g�c5`�`���j�aKi�]�nK_=`�a�bxi�j�^5`�]rnKo�n�\�m�u�i�n�c5`�`���_�\�n�^=`�]xi�]�k�c5`�`��wk�^=n�j�a
^���\�j�^5`�]�o�q4u�^5m�uwm0`�bd��^�]�h
i�]�k�m�a~h�i�j=h�c
`�`���]�h�n�j
nK�

� `�c5_�i�]�kw��i�b k�h���h�c
`���h�k�i�c=`�`���j�a�i�]�n�_=`�a
bwi�j�^=`�]�j�u�h0`�a�e}o���i�nKh0k�`�]�\�]�^!bx`�k�\�c=i�a�bxij�a
^�{
j�aKi�]�nK_
`�a
bwi�j�^=`�]�nKo�j�u�ijy\�]�^5_!^=h0n�c5`�`���j�a�i�]�nK_
`�a�bxn�c�^!��h-^�]�j=h�a�m�u�i�]�g�h0o�a�h���ha�nKi�c=o�i�]yk�n���h�q4^�]�g1�=�������
�Wu�h�e�^�]�j�a�`�k�\�m0h�k�j!u�h�]�`�j�^=`�]�`�_+i�aKh�\�nKh���h0m�j=`�a-n���i�m�h�j5`�m0i���j�\�a�h�j�u�h���`�j5h]�j�^5ict`�_+`���j�^�b�^�|�^�]�g�i
g�^���h�]�c=`�`���]�h0n�j�_
`�a�c=`�m0i�c�^�j�ewi�]�k4\�nKh�k4j�u�^5ntj5`���a=\�]�hzj�urhsn�h�i�a~m�uwn��ri�m0h�����u�h�\�a
^=n�j!^5m4i�c�g�`�a=^!j�u�b
nKh�c=h0m�j=n�j�u�h���h0n�j�m�`�b���^�]�i�j!^5`�]�`�_}c5`�`��Mj�a�i�]�nK_�`�a
bxij�^5`�]�n����Wu�h�^�a+j
h�m�u�]�^=��\�h�^�g�]�`�aKh0n$c5`�`��s��`�\�]�k�n
h���h�]Mq�u�h�]�j�u�h�e�ia~h���]�`�q4]�m�`2]�n�j5i]�j5nK�

  i�a
a�h�j5�¡i�c¢\�n�h0kMiln�^�b���c5htbx`�k�h�c+`�_rn���i�j�^=i�c+i�]�klj=h�b���`�a~ic¢aKh�\�nKhl`�_$m�i0mu�hVc�^�]�h0nyj5`sn�h�c=h�m�j�^���h�c�e
i�����c�e1m0`�b���`�\�]�k£c5`�`���j�aKi�]�nK_
`�a
bwi�j!^5`�]�n+j�u�i�jW^�]�mc�\�k�h�c5`�`�����h�a�bd\�j
i�j�^
`�]�o�a�h���h�a~n�i�c5o}_!\�n�^=`�]�o}i�]�k
k�^5n¤j�a
^���\�j�^=`�]/�~¥�����+�Wu�h�^�azbx`�k�hc�\�nKh�nza~h�_
h�a�h]�m�h4g�a�`�\���n�o¢qsu�^5m�u/i�aKhdn�c!^�g�u�j�c�e1bx`�a�h3a~h0n�j�a
^=m�j�^���h
j�u�i�]�\�]�^=_
`�a�bdc�e�g�h]�h�a~i�j=h0k�a�h�_�h�a~h�]�m0h�n��!¦����
o�j=`�m0i�c5m\�c5i�j=h�a�h�\�nKh��

�Wu�^5n�qd`�a
��m0`�]�n�^=k�h�a�n�i]§h�]�j�^!a~h�c�e§k�^=_¤_=h�a�h�]�j£m�c5i�nKn�`�_�k�i�j
i�n�j�a�\�m�j�\�a�h0nK�©¨�`�^�]�j
h�a�f!��i�nKh0kxn�j�a
\�m�f
j�\�aKh0n�k�`�]�`�j�n�\�����`�a=j-aKi�]�k�`�bªi0m�m0h0n�nKo�i�]�k�u�h�]�m0h�m�u�i�]�g�^�]�g«i���a~`�g�a~i�bw¬�n�i�m0m0h�n�n���ij�j5ha=]j=`
^�b���a~`���h�aKh�_
h�a~h]�m0h�c=`�m�ic�^�j!e�^5n�^�bd��`�n�n�^���c=h�^�]�g�h]�h�a�i�c=�

1.4.2  Page-Conscious Data Placement
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�	�
In the face of the lack of direct mathematical

demonstration, one must be careful and
thorough to make sure of the point, ...

Nevertheless, a very great deal more truth
can become known than can be proven.

 —Richard Feynman, �E�����+�[���!���m�u�e�����C�����

Chapter  2

Cache-Conscious Structure Design
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2.1  Background: Cache Architectures
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Access Time = Hit Time + (Miss rate) x (Miss penalty)

= t + (Miss rate) x T
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2.2  Cache-Conscious Structure Design
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2.2.1  Cache Parameters
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c = cache capacity in sets

b = cache block size in bytes

a = cache associativity.
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2.2.2  Cache-Conscious Design Pr inciples
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2.2.3  Cache-Conscious Trees
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for (p = Head; p != NULL; p = p->next)
{

if(p->key == Key)
break;

}
if (p != NULL)

Examine other fields of p;
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2.3  Evaluation of Cache-Conscious Structure Design
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2.3.1  Methodology
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2.3.2  Tree Microbenchmark
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2.4  Related Work
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The test of science is its ability to predict.

Richard Feynman, ���&�����������[���5�B�S���������S�����&���$�5���

Chapter  3

A Framework for  Cache-Conscious Structure Design
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3.1  Analytic Framework
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3.1.1  Analytic Model
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3.1.2  Speedup Analysis
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3.2  Model Application: Steady-State Analysis
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3.2.1  Cache-Conscious Trees

243�56�7�8�9�:<;>=�3�?A@�B�9DC�9�E�F;DB�;�5=�9�8GF�7
5;,:�H%C
:�9�9>3�I
n JK�L�M�NDO�P�MDQRQ SM>N�T U.M>K�V�W-JK�L�M-XM e Y[Z�\�]�^�_`/acbedfhg�i�g,df4j�k Z gDl ^nm
o f m�^ b p[q�r�s�tvuDws e x by�z�{}|�~ b/e ��������4�����A������ �������������� ���������D��

������������������������ �/�����4������� ��� k = b/e ��������4�e� �c�
� ��¡���¡D¢�¤£�¥���¡�¦§.¨c¢�4� ©/���<���v¡���¥���©����ª���>�
¢���
�
¢�"����« (c/2 ¬  b/e x a) ®�¯�°�±�®�²�³
´°"³
µ�°�°>¶�·D¸º¹��»�¼�¹°D½e¾º³�®%³
´°¿²e» µ/±�³ c/2 ÀDÁ�Â�À>Ã�Ä�Â ÅÁªÆ�Ç�ÆDÅÁ
ÈhÉ Â
Å�ÊÃ�Æ�Ã�ÊÄÌË É ÆDÂ�À�Í�ÇDÊÎ}Â ÅÁÐÏ�Á�Ñ�Ç É Ê É Ê�Ò�ÊÃ�Î�Á�ÀÐÃ�Ä�Â
ÅÁ�Â
Ï/Á�Á�Ñ�Ç�Ó É Ê�Â�Ã}ÂeÅÁÐÊÁ�Ô�Â c/2 Õ�Ö�×�ÕÙØ�Ú�× ÛÖ
Ü�Ý�Ü ÛÖ"Þ�Ø�× ÛÖDß¤à�á
â�á�Õ�á�Ø�ãÕ¤Ø�Ú�×
ÛÖ Ü�Ý�Ü ÛÖ Ý ß/Ö-äØ�ÕDÕ�á å�æ�Ö�ç�è

é Ø�æ�Ø�ß�á ã�ê�Õ�ë�å�× ß/Ö�Ö�ì Ü æ
ëÕí×�ÖDß/Ö�àhå�á ã Ý ß�î}× ß/Ö�Ö�ÕvÖDãÕnë�ß�Ö�Õ�× Û Ý ×�ïðá
ã�Õn×�Ö Ý à�îì�Õ�× Ý ×�Ö�ïñ×eÛÖv×�Ø�ä (c/2 x b/e

x a) òó�ô�õ�öø÷Dù�õ�ú�ù�õ�öDõDò�û�ü
òÙûeýõGþ�÷�þDýõ�ÿ�����ü
ò÷,ù��Ðû ù/õ�õGöDõ�÷Dù/þ�ý õ��÷	�Aü òõ�ö log2(n+1) 
�������	���	
����

��� ������� � ��!#" ���$�&%'� �	
����()�$���	� "�� ���*��
+��,-���/.�� � �$���0�21�1��3��4���(5� � � ��� �-�76$� �8� �&9���� � � log2((c/2 x b/

e x a)+1) :�;�<�=�>@?BA�C�C�D�A�EFA8:GE�D�=IH�J�H�D�=LK�J2:�<�E�D�=NM =2OPJ	A8:�A�:�QG:�;�<�=�>R?0A�C8CSO�A#>$>$T�U�A�:�HL=�>7V�W�E�M$=�=L>X;�Y
>7A8ZF= k = b/e [�\�]�^�_�`	a ^Bb�c�d�_fe-^�a3^�]Bg�[5b�`Lb�h�^Ii�c#\�b	j�_$kl`G_fg�[�m�c�^Gb�`Lb2h�^�i�c-\�b	jne�a$`	[�_$o#^�api�a�g�[qm�_pg�[
log2(k+1) r�s�t�uLv�w�x�y�w�y	z u{r�u�uLt�u�t}|#s�z*w�x�u�~	��z7z u	r�w�v$u�y�z3~�x���� |�w8x�u&r����n��u�z0s�|�w�z3u�unv$u�y�z3~�x�uLv���v

Best case Cache conscious Speedup
� th tmL � tmL ���( )

th mL �( )
CC

tmL � mL � mL �×( )
CC

tmL �×�×�( )
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

�F�������������/�¡  ¢p� £¥¤'��¦3§ £¥��¦ §3¦ ¨©�3��¦3ª�«�£-¦¬��ª���££¥®�� �3¯��©®F 



°3±

²-³�´/µ�¶�·R¸¹¶}º�³�»½¼�µ�»¿¾�´3¶�À8Á�¶+Â7À�³�´�À�Ã8Ä�ÅÇÆ�¶	Á�³2È�¼-¾�´�³�»�É½³�Å�Å�´$¾�Ê�¼�ËP³2À-¶�À�ÁR¶+É�³	À�³+Â/À�´#Ä�º	À�Ä�´ ¶LÌ�Â&Å�¶	´$Í#¾�´3Ã
ËP³�»�º�¶ÎÆ�ÏÐ¼�À�Â�³�ËP¾�´7À�¼�ÑS¶�ÉÐÂ7À#¶�³LÉ�Ï�Ã#Â7À�³�À-¶ÎË�¼-Â	ÂÒ´ ³�À�¶�Ó

Ô ´3¾�ËÕÀ�Á�¶0³	Æ�¾�È�¶&É�¼�Â$º�Ä�Â$Â7¼�¾�»�·�¸�¶�Á�³�È�¶
K Ö log2(k+1) ×�Ø�Ù Rs Ú+Û og2(c/2 x k x a + 1). Ü@Ý�Þ�ßà-á�âÒã Þ ã Ý�äLå ãLæ�ç�á$ã2à-æ�è�á ß�é$ä�ä á Ý�Þ	êRä{ë æ�ì Þ2é à ß�Ý�í à�ãÐá7î Þ	ß à Þ	ëïÞ ç�ð ß-ä	í î�æ é3Þ�ëë æ�ã Þ	ë à ß�ñÇò è�ç�ã ß à#æ�ç�á$â�ó Ý à�ã Ýà�ç ß è�à ß à ê�ä�ë�ñôÞ î�î äLÞ	épß æGõ äIß�Ý�ä õ ä á ßÎÞ	ß�ß#Þ à�ç Þ õ ë�ä â¿áfà�ç�ã äIß8Ý�äöÞ ãLã ä á$á ò è�ç�ã ß à-æ�ç÷à ß á ä�ë�ò à�á ë æ�ì Þ2é à ß�Ý�í à�ãLø

ù î�î ë�ñ à�ç�ì ß�Ý�ä á ß�ä�Þ ð ñ�å á ß�Þ�ß-äpí à-á	á é Þ�ß�ä{ä�ú è Þ�ß à-æ�ç�â�ó ä ì ä	ß¡ß�Ý�äXé3ä áfè ë�ß á Ý æ�óGçöà�çÐûRà�ì�è é äýü�å#ü ø

3.3  Model Application: Transient Analysis
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3.3.1  Cache-Conscious Trees
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Nothing of him that doth fade
But doth suffer a sea-change

Into something rich and strange.
—Shakespeare, �J���3�J�6�����)��

Chapter  4

Cache-Conscious Structure Layout
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4.1  Cache-Conscious Data Reorganization
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Í9Ñ"ÕvÏuÖ"ÏNÍ�Ïu×�Í�Ô�Ø�ÙNÍ�Ø"Ô�Ó�Ú1ÏuÕ�Ø"Ò�Ù%Í�Ì�Ñ
Ò}Í�Ñ�Í	Ô-ÏNÛ�Ó%Ô�×-Ó�Í�Î�Ó
×�Í�Ô�Ø�ÙNÍ	Ø"Ô-Ó�ÚÂÏNÒ�ÖXÙ#Ï�ÙNÎ�Ó9ÐfÏ%Ô�Ï%ÜsÓ%Í�Ó%Ô-×-Ý/ÞUÑ
ÔUÓNß�Ï%Ü}Ð"à�Ó�Ú(ÞpÌ	á"Ø"Ô�Ó!â�ã-äwÙ#Ñ
Ò"Í�ÏNÌ	Ò�×pÍ	Î�ÓwÙ�Ñ"Ö"ÓvØ�×-Ó#ÖwÍ�ÑwÔ-Ó�Ñ
Ôrá�Ï�ã
Ò"Ì	å1Ó�Í�Î�ÓXæ
Ø�Ï#Ö
Í	Ô-Ó�ÓXÖ"Ï%Í�Ï6×rÍ	Ô�Ø�Ù@Í	Ø"Ô�Ó�Ì	Ò�Í	Î�Ó|ç�à�Ö"Ó%Ò�è�ÓNÒ�Ù%Î"ÜsÏ%Ô�é perimeter. êìë�í�î"ï�ð
ñ"ï�ò@ó�óií@ï�ô�õ"î�ö
î"÷	ø�í�ô�ù�ë�í next_node ú�û"ü�ýNþ	ÿ��
ü��

main()
{

...
root = maketree(4096, ..., ...);
ccmorph(root, next_node, Num_nodes,
Max_kids, Cache_sets, Cache_blk_size,

Cache_associativity, Color_const);
...

}

Quadtree next_node(Quadtree node, int i)
{

/* Valid values for i are -1,
1 ... Max_kids */

switch(i){
case -1:

return(node->parent);
case 1:

return(node->nw);
case 2:

return(node->ne);
case 3:

return(node->sw);
case 4:

return(node->se);
}

}
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ccmorph 7,8:9<;>=,?/@A?CBED>F�7GBEF<D$=H;EI<B�8J@A7,8:I<B3;LK<F�8:F�?�M<N�8<7GOP8RQTSU=GSV8:D�WYX�8:D�@HI<F<SZM�=GD[8<Q\7:8:I<BL;LK�]
F�8:F�?\M<N�8<7^O�?_QC8:D`N�@GD'K�=a?CBLDCF�7^BLF<Db=,?Cc$dfe�IgBEh�=[9<Db8<7f=,?b?bif;EBj9�@^D�BE;EBE;�8:I�?[@�BLDb=,=f]3NE;LO�=a?kBED�F�7^BLF<Db=�;LI<B>8l?CF<M�]
BLDb=f=,?mBEhn@GBA@�D�=oN�@^;�pq8:F<BrNL;EI�=f@GD>NEWsX>?G=f=utn;EK<F<D$=Hv�]3w<cbd`xyh�=l?CBLDCF�7GBEF<D$=o;�?u@GN�?G8q7,8:N�8:Db=fplB�8ZSU@G9qBEh�=
Q3;ED$?CB p z^{�zG|VzG}<~���~3���^��z����bzf��~��J�/�<}<���:��z/���:�C~L���:}P�<�T~L��zA�,�:�G��zA�>�<zG~�z^�>|l�L}�zf���<�J~E��z Color_const
���^�$�G�q�^�����>���E���^�.�o�E�E�.�n�:�_�f�:���*�L���^�.�o�E�E� �:�3���G�a¡'�L�>¢��G�E¢<�$�J�^���^�U���<��¡b£ ccmorph ¤<¥^¦�¥^§�¨Z©Lª�¥f«/¦E¬�¥
�®^¯L° ¥:«²±<³ p ´Gµ�¶¸·L¹�ºJ»C¼E½�ºJ¾<¿�»CÀ<Á<·LÂbºfº,»A¿EÂb¾:ÃÄ·3¹�ºZÅ:´fÅG¹�º�Æ�´^Â�´^Ãqº^·�º�Â�»²´^µ�¶Ç·L¹�ºJ»C·EÂ>À�Å^·EÀ<Â$ºJºGÈ�º^ÃUº^µ<·
»C¼3½�ºfÉ\Ê>µË´,¶<¶:¼3·L¼�¾:µ�Ì�¼L·m·�´�Í�º,»ÎÅf´GÂbºl·�¾Ïº�µ�»CÀ<Â$ºl·E¹�´^·m·L¹�ºlÐ�´^Æ�»o¼EµÑ·3¹�ºlÒ<¼LÂC·LÀ�´^ÈÇ´f¶<¶:Â$º:»b»Ó»CÆn´,Å:ºl·L¹�´^·
¼LÃZÆ<È�º^ÃqºGµ<·.Å,¾:È>¾:Â�¼Eµ<ÐYÅ,¾:Â>Âbº,»CÆ�¾:µ�¶�·�¾�ÃlÀ<ÈL·E¼EÆ<È�º,»/¾<¿�·3¹�º/Ò<¼LÂC·LÀ�´^È�Ô3ÃUº�ÃU¾:Â>ÕJÆ�´�Ð�º²»C¼E½�º:É
Ö ¹�ºAº,¿'¿>º,Å^·E¼LÒ�º^µ�ºf»G»�¾<¿ ccmorph ×�Ø�Ù:×�Ø^ÚGÛ�ØbØbÜfÙ�×EÝPÞyÜ,Ú^ßL×�à:ÝÇá�â�ã<â
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4.2  Cache-Conscious Heap Allocation

���������������
ccmorph ���� "!�#����%$
&�#�'�'�&(�*)���+�,��.-0/1/1#�2�,3�%4545+��6'87�#�':90!;�8�.�<2�'�&�=>+�2�&�=@?A+��8BC$D48+��E'����%��F

&�#GBC�A$5'��6!C9<'�!�����$D?�HC+�$0�1�0&8�</I�<2�'8$�9�-023JC�K/3+�LC��M�NPO52Q-�M�M�#�'�#8+�2C7P#�2C9�+��8���%90':!C$.-R,C�A+�4 ccmorph
S%T0UVT�WXW5Y�S<Z\[^]�_�`�]�T<abS%_�]5]�Y%S<Z�UCY�c0c.d"efS%_�a1[�g(Y<a>Y<U�Z(TR]8hVT0[�[�]._�T%S0iCj�kKi�l(S0imT0g8c._n]�Y�o"p�l�]�Y%cqg�l�Z�Z�g6Yr[�]�_�s
`�]�T<a1aAl�U�`Cj�l8cEZ8_K[CY<].W8_�]6atS�T�S<iCY�s6S%_�UCc0S<l(_�pCcnu�T<Z(TD[�g6T�S%Y0a>Y0U�ZqkKiCY<U>Y<g(Y<a>Y0U�Z8cnT<].Y�T0g�g8_�S�T<Z8Y%u�dwv5U
`CY<UCY<]�TRg(j�TxiCY%T0[yT<g�g8_�S%T0Z8_�]Dl8czl�U�{C_�|CY%u}a>T<U�h~a3_�]�Y�Z�l�aIY�czZ�iCT<U�T�u�T0Z8Tx].Y�_�]�`CTRU�l��PY<]�jCc0_�lGZEa1pCc5Z
pCc.Y*Z(Y%S0i�U�l6o�pCY�c
Z�iCT<Zql�UCS<p�]Eg(_�k�_�{qY0]6iCY%T�u�d�e�UC_�Z�iCY<]�u�l8W�W6Y0].Y<UCS�Y*l(c
Z�iCTRZru�T<Z(TD]�Y%_�]�`CT<U�l���Y0]�c�_�[CY<]�s
T<Z(Y�_�U>Y<U�Z�lG]�Y�c5Z�]5pCS0Z�p�]�Y%c
k�l�Z�i@`�g(_���T0gqZ8Y%S<i�U�l(o�pCY�c.j\c�pCS0i>T%c�S%_�g8_�]6l�U�`Cj�kKiCY0]�Y%T�c�T*iCY�T<[3T0g�g8_�S�T<Z(_�]
iCT%c�T0U1lGU�iCY0]�YRU�Z�g�h@g(_�S�T0g�{�l(Y0k�_�W�Z�iCY�cXZ�]8pqS0Z�p�]�Y�d���_�]EZ�iCY�c<Y�].Y�T%c._�UCc.jP_�p�]nS�T%S<iCY�s5S%_�UCc.S<l8_�pCc
iCY�T<[
T<g�g8_�S%T<Z8_�]V� ccmalloc�A���������C�<���6���5�I���(���%�0���<���C�� 8�0�5¡���¢C£ ccmalloc ¤8¥A¦<§8¥.¨©¥.¦�ª8«%¬¤�®©¯�°C¦<¯
¤�®C±%¨�²5²�«�±<¯\³C¥.¦<´C«µ¨�®�§G¶·¦�ªXª6«�±<¯8¥¸�²�¨�´�².¦0¹f¸C«0².ª6¨�²8¹3¦0®C±%«%¬�º�³�¯\®C¨�¯E±%¨�²8².«%±0¯G®C«�¥.¥0»

4.2.1  ccmalloc

ccmalloc ¼8½�¾µ¿IÀ<¿>Á�Â6ÃÄ¾RÅ�Å(Á�Æ�¾<Ç(Á�Â�½�¼�¿A¼�Å8¾<Â�Ç(Á malloc ÈPÉ�Ê�Ë ccmalloc Ì8Í0Î�Ï�Ð�ÍRÑÄÍ%Ò�Ò�Ó(Ô
Ì�Ó6Õ�ÑCÍ0Ö�×CÍ<Ø�Í<Ù>Ï<Ì(Ï<ØCÌ�ÚCÍRÌ\×CÕ�ÓGÑ�Ì(Ð�Ì8Õ}ÍRÑÛÏ<Ü�Ó(Ð�Ì�Ó�Ñ�ÝmÒ�Í<Ì(Í�Ð5Ì�Ø5ÞCß0Ì�Þ�Ø�Ï�Ï<Ö8Ï<ÙIÏ<Ñ�ÌPÖGÓ�ÎCÏ<Ö�à}Ì(Õ�áCÏ�Í%ß�ß%Ï�Ð<Ð.Ï�Ò�ß�Õ�ÑCÔ
Ì(Ï<Ù1×CÕ�Ø�Í<ÑCÏ�Õ�ÞCÐXÖ�àãâKÓ�ÌGÚãÌ�ÚCÏäÏ0Ö(Ï<Ù>Ï<Ñ�Ì~Ì8ÕåáCÏåÍ0Ö�Ö8Õ�ß�Í<Ì8Ï%Òãæ6Ï�ç ÝCçè�Ì�ÚCÏé×CÍ0Ø.Ï<Ñ�ÌQÕ�êëÍéÌ�Ø�Ï�ÏìÑCÕ�Ò�Ï0í.ç
ccmalloc î<ï�ï8ð<ñAò�ï8ó�ï(ô�õ8ô�ö%î0ï6ð�ï�÷Cð�øCð<ùûú�î<ï(î�ü�ï(ð<ñbü�øÛïG÷Cð�ó.î<ñIð�ö�î�ö<÷Cð�ý�õ(ô�ö<þëî�órï�÷Cð}ð0ÿ�ü8ó�ï�ü�ø��
ü�ï6ð0ñ����qü�������ð
	��� ö%ô�ø�ï(î0üGøCó�ö�ô�ú�ð�����ô�ñ ïG÷Cð���õ8ú�ð<ø ýCð0øCö<÷�ñ>î��8þ health ����������������������� �"!#�$����!
��%�%���&��#'(��)+*,���-!(.�%�!��/�"! 0�'1!324����� ccmalloc 5�6�785/91: ;=<8>,;�?�:�;@:3A�BDC8E�B�: F�FG<�BIH�6�J/:(FK5�L�5=:(BNM45�;�?
:�6O:(A�A�L�5=98: ;�5/C86O91: 6P> C8FG< ;�5�F�<1>Q>D<�L=<89 ;�:�>�H�5�;=:�R�L/<SA�: BD:�FG< ;"< BTR�U-L"C�9#:�LV<�W�: F�5�6�:�;�5=C86OC�JT91C�7�<@>XH�BZY
B�C8H�6�785�6�E[;�?�<\:�L�L=C�91:(;�5=C86$>X;=:�;/<�FG<�6�;]:�6�7[C8R�;=: 5�6[E�C�C�7�B�<#>XH�L�;/>_^">D<#<�`�<89�;�5/C86[a�bdc8e�b
f 6g:IF�<�FGC8B�UK?�5"< B�:�B�9�?�Uihj785=JkJ/<�BD< 6�;Q91:19 ?�<,R�L/C�9 lg>�5�m�<1>SFg<#:�6�>];�?�: ;Q7�:(;=:491:�6KR�<39#C�YnL=C�91: ;"<#735�6

785=JkJ"< BD<�6�;TMO:�U�> b ccmalloc o"p�q�r�sDt1sNp8u�v�w�p8uPxSyGq#z1q�{�tI|�v=p�q�}�s ~��/u�p8r���skw�s��=t����"��r�uK��v����Zz8��������-���(��� x � q1z#q�{�tQ|�v=p�q�}�s�z��Zt�p8u�v�w �8� |�w��=t8s
��xSy[|�v/p�q�}�s
z���t �8� |�w��"t#s ����� {��=q {OsDt���t ��t(v�w�v����G�
���"sI��{�t\u�r��K|�t���p�oIp8|8��t8q �/s_��{�z �Non��� ��u¡z�|�v=p�q }�~�¢£p8�Dt1p8��t � � ��{�t\|�p�p�}�}�t#t�¤���u�¥¦p8��t �"{�t8z#§¨��u©��{�t
z�v�v/p�q1z��/p8�N�/s_��u���t��DsDt�v�w©¤���p8¤�p8�����=p8u�z(v �=p[��{�t�sX��ªjt¨p�oIz�q1z1q {�t�|�v=p�q } � sDp[v=z��X¥�t��I|�v/p�q }�s3z���t\|�p8��{
�Gp8�Dt¨v���}�t�v�w¦�=pO|�tgsXr�q1q1t#sDs�o�r�v4z u�§$�"p$��u�q�r���v"t#sDs�p8�Tt �"{�t8z#§�~
«,u¬z$s�w�s��=t(� � ����{¬z¨v/z �k¥�t �3x �
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¯1°#¯�±�²,³�´=µ�¯�¶¸·�¹TºKµ8»�´=¼4½�¾Dµ8³�°�³�´�¿¸³�²�°#¼8À�°(Á�¹=°�Â�²#µ8»�Ã]¹=µ¸°#¼�µ8½�¹�°N±�·"² ¾�°�¾�¯�±�·=¯1° ´Q° ½�½�¾Dµ�°1¯ ±Kº4·�¹�±G¯#µ�Ä
´=µ�¯1°(¹�·=µ8ÁPÅ�·�¾ZÃX¹+°�¹�¹/²�ÆK½�¹"²#¼N·�Á-¹�±�²�ÃD°�Æ�²QÇ�ÈN¯8°#¯�±�²Q³�´/µ�¯�¶�É�ÊZÅ�¹�±�°�¹]Å�°�·�´/ÃT¹�±�²�Ã�»�³�Ã�²#Ë8»�²�Á�¹V¯#µ�Ä�´/µ�¯1°�¹�·/µ8Á
°�¹�¹/²�ÆK½�¹]¯1µ8»�´=¼�³�²Q·�Á[¹�±�²�ÃD°�ÆG²QÇQÌ$¯#°8¯�±�²
³�´=µ�¯�¶�É
Í Á¨·�ÆK½�µ8¾"¹/°�Á�¹Î·/ÃDÃX»�²_·=Ã+º4±�²�¾Z²
¹/µ¨°�´�´/µ�¯1° ¹/²3°
Á�² ºÏ¼�°�¹=°_·�¹=² ÆÏ·"Å °\¯#°1¯�±�²_³�´=µ�¯(¶�±�°8Ã+·�Á�Ã�»�ÅXÅ�·/¯�·=²�Á�¹

Ã�½�°1¯1²#É ccmalloc Ð�Ñ"Ò/Ó1ÔSÐ/Õ3Ö�×�ÐTÐ�Ø�ÓIÙ�Ó�ÚÜÛ�Ý(Ð=Ý,Ò�Ð=Ó(Þ�Ý8Ô@ß�à/Õ�ÔDÓ,Ð=Õ4Ð�Ø�Ó-Ó(á�Ò=Ô�Ð�Ò�Ù�â¸Ò�Ð"Ó ÞãÝ#Ô Ö�Õ�Ô Ô�Ò�ä�à/Ó1åæ ×�Ð�Ð�Ò�Ù�â-Ð�Ø�ÓSÒ�Ð=Ó�Þ�Ô�Õ8Ù�Ð�Ø�ÓNÔDÝ ÞgÓQç�Ò�Ñ�Ð�×�Ý�à/è�Þ�Ó�ÞGÕ8Ñ�é-Ö�Ý â�Ó Ò=Ôêà�Ò�ë�Ó(à�é-Ð/ÕNÑDÓ#Û8×�ß1ÓSÐ�Ø�ÓQÖ�ÑDÕ8â�Ñ�Ý Þgì�ÔêÚPÕ8Ñ/ë�è
Ò�Ù�âíÔDÓ�Ð/îiÐ�Ø�Ó Ñ�Ó(ä�é©Ò�ÞKÖ�Ñ�Õ8ç�Ò�Ù�âíïêðSñ�Ö�Ó Ñ�ò"Õ8Ñ"Þ�Ý Ù�ß1Ó�ä�é¦Ó�á�Ö�à=Õ8Ò�Ð�Ò�Ù�â©Ð�Ø�Ó¨Ô�Ð�ÑDÕ8Ù�â©Ø�Ò�Ù�ÐNò�ÑDÕ8ÞóÐ�Ø�Ó�Ö�ÑZÕ�è
â�Ñ�Ý�Þ¸ÞGÓ�ÑSÐ�Ø�Ý�ÐêÐ�Ø�Ó,Ð�ÚKÕ3Ò�Ð=Ó�Þ�ÔIÝ Ñ�Ó,à�Ò�ë�Ó à�é�Ð=Õ\ä�Ó�Ý1ß#ß8Ó1ÔDÔDÓ#Û\Ð=Õ8â�Ó�Ð�Ø�Ó�Ñ=å#ô£Õ8ÑZÓ8Õ8ç�Ó�Ñ(î�Ö�×�Ð�Ð�Ò�Ù�âKÐ�Ø�Ó ÞãÕ8Ù
Ð�Ø�Ó@ÔDÝ�ÞGÓSÖ�Ý�â�Ó�Ó(Ù�Ô�×�ÑZÓ1ÔTÐ�Ø�Ó é�Ú-Ò�à�àjÙ�Õ8Ð+ß8Õ8Ù�ò�à�Ò/ß ÐiÒ�Ù�Ð�Ø�Ó�ß#Ý1ß ØêÓ#å�ïÎØ�Ó�Ñ�Ó@Ý Ñ�Ó�Ô Ó�ç�Ó Ñ�Ý�àjÖ�Õ�ÔDÔ�Ò�ä�à=Ó@Ô�Ð�ÑDÝ�Ð=Ó#è
â�Ò=Ó1Ô+Ð/Õ¨ÔDÓ�à=Ó8ß ÐSÝ
ä�à=Õ�ß�ë©Õ8Ù¨Ð�Ø�Ó_Ö�Ý�â�Ó8åjïÎØ�Ó closest õXö�÷�ø(ö=ù ú�û¨ö�÷"ü/ù#õ+ö/ý�ø(þ�þ=ý�ÿ8ø�ö=ù_ö���ù���ù�� ù�þ=ù��Gù���öÎü��
ø�ÿ1ø1ÿ	��ù�
�þ=ý�ÿ�� ø8õ�ÿ þ=ý�õDù@ö=ý4ö��ù�ù���ü/õ�ö�ü��ú�
�þ"ý�ÿ	� ø1õ���ý�õ�õ�ü
�þ/ù�������ù new-block �������	�����! "�	#�#%$!&'�����(�
�)*�,+*�	-/.!�	�0��1�����231�+4�	+65!+!5*�7��.6&'��&	)*�,8!#�$!&�9*:;$(<!��12=1%����1�&'��#�# 6���'�	�	��>!1+!�6�)*������24��1+*.!�	�?$!@���)*�
8!#�$!&�9A@�$(�B@�5!��5!���C&���##��D$(+ ccmalloc E�F�G*H first-fit IKJL�M�J�N�O!P�Q*I	N�IRMCS�T�L�I�J%U0S�T�JWV*X(Y�T�Z�P�J%X�S�T�[*\]M
Z�M'Z�^*N�_!Y%X!Z�`CJ^*M�J;^*M'IaIKQ*S�SbT�Z�T%N�[!JcN	d6V!JP]I�V*M(Z'N�e!f�^*N�[*N	g!JhI	N'Z�JT%X([]N�i*M�YQ*M�J�N'IjJ�^*N'I7NRI�J�L�M�J%N�O!T�N'I�e

void addList (struct List *list, struct Patient *patient) 
{

struct List *b;
while (list != NULL){

b = list;
list = list->forward;

}
list = (struct List *)

ccmalloc(sizeof(struct List), b);
list->patient = patient;
list->back = b;
list->forward = NULL;
b->forward = list;

}

kmlonqpqrts,u'vxw;y
ccmalloc z|{~}����q���x���'�q�����b�q�'�h�q��}��D}����o�q��}��b�o�q�;�
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4.3  Evaluation of Cache-Conscious Data Placement
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4.3.1  Methodology
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4.3.2  Macrobenchmarks
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4.3.3  Olden Benchmarks

�����������! 
�#"$�&%'%��	(!)*�+!�,%�-/.�0�.	+1�,243�0�25.0�.+!�76�8�*9���� �.,�
:;:; 
�<:#*�"=6�+5)(�*! 
8�:� ��=(�>��?�# 
6��A@B+!%��	8
3��	8�.	>�"C)�5D�:FE!G�H�I�6�:#*98�JLK�M�N5OPE5Q
R�I�(! S3����,)	DT%� VUW8WUX>������(9>���(�*�"$�F*!:Y:Z���	8�(1[\K�M�N5O]*1:F)	8T�	^��,2
.	6�(9*! 
8�25%
�#*9_��	8`:#*�"=6�+5)(1 
�a(9>�)	(b"C �%��+!:�)c%
0�8�)	"d*1.&)	+�+90�2#:;.	>��,%
6�+1�
%�-� 
6�(125 ��#25 
�e%����f���e �.,�
:;:; 
�g:Z*9"$2

hjilknmporqts,uvsbw x�ySzB{vyB|B}F~=���n���S{��SyS�p�p�li4���e�li��p�,�\w;yB�V�lmp����q��pqe�em,�4il�n���li���q����e�,�p�pqtq��e�����p�eoZw



�e�

�9�5��T�!�<�9���$���5 Y¡£¢¥¤\¦�¦�¦�¦�§B�5�1¨©�	ª�ª��;�,¨;¨Z��«��¬C�	¬$�
�#®¯���1�������°���®¯�9±�°��9²�³��&¨©�±��
±�´4µ��1��°	¶���±�ª�·
¬=²����9��¸��
�5�1�
³�·¹�±�³º¸���¸������±��,³º»L¤'°
�&°���&·`�±�³¼�½±��
±�´�µ��!��°	¶��9±�ª¾�	±�³º¸��9¸��	���9±��&³º»�¿À°,�
°���&§
Á �	µ��!�YÂ�§Z¤�°,�
±��!���±�¨������c¨Z�9¬d²��1�	���1�
±Ã¸��	�;�¬C��!�	��¨§

Á �	µ��!�YÂ�§ ¿T³��&¨;°�#�9µ��&¨������ÅÄ!�
²���ÆB�!³��±Lµ��±�°	��¬C�	�!¶�¨	§\Ç��Y²�¨�,³B�9���F¢W¡È�!�É¨#�9¬d²��!��!�
�a�5�Å¸��	��Ä5�
�5¬
��³���5��9�5�,³=°
�
¬=¸��	�#�1¨;�
±C��ÄY�\²���¨;�	¬d�1´#�	²��1�
¬C�	�1�&³d°,�&°	���,´#°,�\±�¨;°�5�
²�¨Å³���!�B¸��!�&°,�	¬$��±�����¬d¸��!�¬C�±�´
�1�	���1�\±�¨ZÊ

ccmorph Ë clustering onlyÌ clustering and coloringÍ�Î�Ï	Ð�Ñ ccmalloc Ò closest Ó
first-fit ÔjÕ	Ö�× new-block Ø#Ù�ÚeÛ	Ù!Ü	Ý�Þ1Ü
Ø#ß!àáÛÝ�Û	Þ�â�Ø#Ù�ã
Ù�ä�Ü	Ú�å1Û	Ù!Ü	â�æ	ç/Ú�Ü&è
é�æÞ�â�Ý¹Ø;æ	ä�Ü	êCÜ,ØëìØ#é�æ	ä¹Û,Øfä�Û	Úeè�í

î
ï�ðð#ñ�òYó�ô1õ
ö�÷ ø
ù ñ�ú�ûö�ô1ü
ú�ýþìÿ�ú�ô�ö1ð �Ãï5ú�ö���� ù�� ����� õ�õ���	�
�ò	ú�	�������eý	ú�û÷
ï5ú�ö!ò�
�ò����7ñ�þ�ö�ô���þ�������ô���ô1õ�ò �����Ãû���û	þ!ò,ð
�Xþ9þ��Sö�÷�ò �fï5ú�ö!ò�
�ò � �û���û	þ!ò
ù�� ��ô���ô1õ�ò!��"�#
ñ�ý �;ò%$Wü�ü
ö �&����&Ãû���û	þ!ò,ð
�Xþ9þ��Sö�÷�ò � ù'� �Ãû���û	þ!ò,ð
$�ò,ü���õ�ò����Sñ�()(5ò*��"Èô�+jò ,
ø
���eý	ú�û	÷ � �;ò,õ
ô!ûö�ô!ü
ú-"�û	÷�ò . ò ��/10�ô�ö ÷�ô5ð#ö1ü��2�`û,ü
ñ�ú�ö!ò �;ð
���eý	ú�û	÷ � �;ò,õ
ô!ûö�ô!ü
ú��Sñ�(3(!ò��4"�ô�+jò 5�*�
6 �� ý�ö1ý87Sý&û÷�ò �,:9;�<�Èõ
ô���ò,û	ö�/1.$ý*����ò&õ��Èõ
ñ�ýþ���ü��#ö1ò&õ��>=<�!ô�ö1ò?/4ö9÷��;ü
ñ�
�÷
ó@�5ô�ö1ò%�Sñ�(3(!ò��A"�ô�+jò B
6 �-7Bý,û	÷�ò ��5�,C9;�D�E��/1= ý��`ðòö�ý,ð;ð	ü�ûô1ý	ö�ô���ò?��=;�5ô�ö1ò!/10�ý,û�F
7Bý,û	÷�ò 6 ô�ú�òG"Èô�+jò *��BC0���ö5ò,ð
6 F÷�ô9ö �û���û	þ!ò
6 �.=ô5ð;ð �Ãû���û	þ!ò,ð
6 ��.=ô5ð;ð ,�&Ãû���û	þ!ò,ð
�H"JI;$Lð 6 �� 6 �LKNM¥ü�(�ü
ñ�ö1ðZö1ý	ú�õ
ô�ú�

./ô1ð;ð;ò
ð2O

B���B

P�Q>RTS�UAVXWZYT[]\?^N_a`TS�Q>b�^1cTdfeXQ>ghQ>_aU>b�UighjEW



k>l

mon*p>q%r�psq�t�q�uwv*x�y�z�{-|1r�p}q?t~q�u�v�x�y�z�{-n*���X�w��n?����n z����2uw��p}q?��v ��p�p}q�z�u�����y�z�u�x�q%psq?��p}��q�p�����t)t~q*p��4n�z���� ��t1uw�
mon*p>q�r�p}q!t�q�u�v�x�y�z�{�|�m�q�y���r���q ��q z�u4������n�z��-����m�p~�����8{�psq?q!����r�psq!t�q*uwv�x�y�z�{��}v x�q*��q-�~�����A���
x�n�z����s�
� y�{���p}q����~���2x���m���u�x�q%psq!�2����u~�}�!�� �q!v ��u1yw��z�u�y���q!�4n*psq�z���p~��n���y�¡¢q?��n {�n�y�z��2u£u�x�q8��p�y1{�y�z�n �~¤?��z���r��

u�y1��y�¡¢q?�Dv?����q?�E¥�q%����q?�Dn8v?���¦����z����Ln r�r���y�q?�Dn r�r�p>��n!v*x�uw�Dn u1u�p2y�����uwqCq� �q?v���u�y���z§��q���n ����uw�:¨�n p~yw�
������v?n���� q!���~����¤�©�ª����<«st~¤<y�z¬nv ��v��wq!¤�u1x�q®r�p>��v�q!�}�}��p�psq u1y�psq?�¯u�x�q®��n� �y������ z������'q p°��t
y�z��3u�p~��v u�y���z�� ¤iu�x�n*u�v*��v��wq±yw��v?����z�uwq���n!�²�����2�<u�y��³q?�µ´:u1x�q p~m;yw�}q!¤>u�x�q:v���v���q�y��%v�x�n*p2{�q!��uw�4u�x�q:�2uwn*���w�
u�y1��q8v?����r���z�q�z�u±v���p~p>q!�)r���z���y�z�{�u��Cu�x�q8t�y1p>�2uXy�z��)u�p~��v*u�yw��z�u�x�n�u±v������w�Cz���u£��q�psq u1y�psq?���

Treeadd ¶�·�¸ perimeter ¹�º�»�¼L½ ¾s¿!À »�¿�»�¼�¿*Á�¾�Â�º�Á1Ã�»w¿*¾}ÄN¹�À!Å}¿?ÆDÅ2»�¾~Ç�½�»�Ç�¾s¿?Å%È1»�¾}¿!¿?Å2É�À »ÊÂ�¾}º�Ë�¾sÀ ÌÍÅ)»�À ¾~»wÄ
Ç�ÂÎÀ�Ã�ÆÆ�ºÏÃ�º�»ÐÅ2Ç�¹�Å}¿!Ñ�Ç�¿*Ã�»�Ò�ÓÔÌ�º�Æ�Á�Õ1Ó»�¼�¿�Ì�Ö�×<Ò�»�¼�º�Ç�Ë�¼Ø½!À?½�¼�¿?Ä~½�º�Ã�Å}½�Áwº�Ç�ÅÙÆ�À »~ÀÙÂ�ÒwÀ�½?¿�Ì�¿�Ã�»
Á�Ì¦Â�¾>º�Ú�¿!Å�Â�¿ ¾}Õ~º�¾~Ì�À�Ã�½?¿!Û?»�¼�¿AË�À�Á�Ã�Á~Å�º�Ã�Ò�Ó@Ü�Ý�Þ�ß�Ý�àá¹�¿?½!À*Ç�Å}¿aÅ2»�¾2Ç�½�»�Ç�¾}¿;¿*Òw¿ Ì³¿ Ã�»wÅ4À�¾}¿;½ ¾}¿!À »~¿?ÆGÁ�Ã
»�¼�¿oÆ�º�Ì�Á�Ã�À�Ã�»%»�¾}À�Ú�¿ ¾sÅ}À*ÒGº�¾sÆ�¿ ¾wÛ£â<¼�Á�½�¼�Â�¾>º�Æ�Ç�½!¿!Å�ÀLã�Ã�À »�Ç�¾sÀ�Òwäo½?À�½�¼�¿?Ä~½!º�Ã�Å ½ Á�º�Ç�ÅfÒ�À Ó�ºEÇ�»wÖ£åoºEâLÄ
¿�Ú�¿ ¾æÛÊÀ�Ò�Ò%½?À!½�¼�¿?Ä2½!º�Ã�Å}½ Á~º�Ç�ÅCÆ�À�»�À�Â�Ò�À?½!¿�Ì�¿�Ã�»'Á�Ì�Â�Ò�¿�Ì�¿*Ã�»wÀ�»�Áwº�Ã�Å:º�Ç�»�Â�¿�¾>Õ2º�¾~Ìç¼�À�¾>Æ�â�À�¾>¿4Â�¾s¿?Õ2¿ »�½ ¼�Ä
Á�Ã�Ë�ÛÊÀ ¾s¿�½?º�Ì¦Â�¿ »�Á1»�Á�Ú�¿:â;Á�»�¼¯Å}º�Õ�»�âoÀ*¾s¿fÂ�¾}¿!Õ�¿�»�½�¼�Á�Ã�Ë¯Õ2º�¾ treeaddè²é�ê�ë�ì�í�î�ï�ð ñ}ò~ì�ñ�óçô�ì�î�õ�ö}ì�ò1î�÷oé�ñsð
é�ê�ëÏõ�é*ñsë�÷�é ñsð�ï�ñsð?ò~ð*îwø õ�ù1ê�úÎò~ì�ñ perimeter û�ü²ý�þ ccmalloc ÿ new-block � ������� ���
	 �������� 	 ���
������� 	 ����������� � ��� ��! �#" � �$�%"&��" � � � �('�� � closest )�*�+ first-fit ,�-
-�.�/�,10�2�.�3 45.�-
2�/�276�819;:<.�= tree-

Name Descr iption
Main Pointer- 

Structures
Input Data Set

Memory 
Allocated

>@?$A�A�B
CED�D

FHG�I&JLK(M AON�P�Q G A JRJSK�T ?$A DVU
W
K ?$A�A W T D A J

X U
W P�?7Y K ?ZA�A [�\�]_^ W T D A J `ba X

c A�P�Q K
M F U IdG Q7P K U T W T�egfhT Q T�Iji U P W
M A�P�Q K(Mlk P�?�A J Y JSK A I

m T�G�i Q�YnQ U
W�o A D
Q U JSK�J

I P1p�q�Q<A1N�A�Qsrut�v
I P1p�q K U I Awr%t�x�x�x

y [ y ^ X

azJSK fhT�Ij{�G�K A JgI U�W�U IdG�I
JS{ P W�W�U�W�| K ?$A�A T�e P | ?$P {�M

C ?S?�P1Y THe}J U
W B
| Q(YnQ U(W�o A D Q U J~K7J

\���[ W T D A J ��[n^ X

� A�? U I B
A K A�?

fhT�Ij{�G�K A Jg{ A�? U I A K A1? T�e
?ZA |�U T W J U�WnU I P | A J

� G P D K ?�A�A ` ^�p ` ^ U I P | A ] `na X

���Z�����%��� �����O�Z���������Z�����Z���������Z����������������� �



¡Z¢

add £�¤�¥ perimeter, ¦�§�¨S©�§�ª1«(¬��§1®(¯±°�©�¦S¬(²´³�¦7¬�®(¯±µ�¶�§·«7¸�®7§�³�¹sº�¸�µ�§�¨}»�§�¬(º�¼±³1®(®<¸�ª�³�«�§�µ�¬
ºjº�§�½¾ª�³�ª1¿�§
»�®�¸�ª�À�¨~Á�Â

HealthÃ
ÄgÅ�Æ<Ç
È&É�ÆSÊlË�É1Ì�É�Ä~Ì(Æ<Í�Î�Ì(Í�Æ�Ï�Ä%É�ÆZÏwÐ
Ç(Ñ�Ò�Ï�Ë_Ð
Ç�ÄSÌ<Ä$Ó�Ì7Ô�Õ�Ö�Ç7Î1ÖlÏ�Ð�Ï1È±Ï1Ñ�Ì7Ä×É�Æ$Ï%Æ�Ï�Å�Ï�É�Ì�Ï�Ë�Ð
ÊlÉ�Ë�Ë�Ï�Ë
É�Ñ�ËØÆ$Ï1È´Ô�Ù�Ï�Ë�Ú�Û5Ö�ÏØÎ�É�Î1Ö�Ï�ÜSÎ�Ô�Ñ�Ä$Î�Ç�Ô�Í�ÄOÙ5Ï1Æ�Ä~Ç�Ô�ÑÝÅ�Ï�ÆSÇ�Ô�Ë�Ç7Î�É1Ð
Ð
ÊÝÇ(Ñ�Ù�Ô�Ò�Ï�Ë ccmorph Þ7ßØà�á�ß�à�â�ã�ä�å
æ@á
Þ(ç�ábè(å7éSÞ�é ê�ä�ßëã�Þ
Þ�á�ìdí�Þ×îÝã�éïì&ã�ð�á Þ<ßëð�á�Þ7á�à7ìñå(ä�ánÞ(ç�álß�í�Þ
å
ì&ã�è·å�ä�Þ�á�à<ò�ã�è×ó�á1Þ
îÝá�á�äuå(ä�ò�ßHô�ã�Þ
å�ß�ä�éSõ$ö
÷ á�éSí�å(Þ7áhÞ(ç�å<é_ß�ò�á�à<ç�á�ã�ð�ø ccmorph ùSú(û�ü�ú7ý�ú�þ�ÿ�ü��������	����
���$ý��	����������	���&ù���ý����Ýÿ���Øÿ1ü�����ÿ���	�jÿ���

����ý�����þ���ú
ü�û���� �	�bù����
�<ú7ùSú
ü�û����"!������ ccmalloc # new-block $�%�%'&�()$+*�,'&	-/.0*�1�$+*'2�3�4�5�6�7�,'(�78%�2�9�*
.�:�$)()2;,�-<()$)(�7�2;=�%�&�(�>�.?*'&@$�A�AB-�2�6/%�,C.�*D2�%�2�EF2�-�*C.�5G&	H�*�:�2+1�9C&	1�E�2)AI*�7�2J&	*�7�2�1K$�%�%'&�(	$�*'&	1�.;$�*D$J()&�.�*
&�9�L	MN$�A�A	,�*�,'&	-�$�%OE�2�EF&	1�4GP

Mst Q�RTS�U�V�W�X+UCY<Z�X�[CX�R0[�U�\�]�[�\�U�^_V'R`X`a�X)R�ab['X�c�d�^K[�a�X�[e\�R�^	Rf]+a�X�V�g�V�g�hFi�j	Uf]�j	d�d�V'R�VCj	gkU�^)R�j	d�\�[�V'j	g�l�m�[
])j	g�R�[�U�\�]�[CR?[�a�VCR;R�[�U�\�]�[�\�U�^IX�[nS�U�j	h�U�X�WoR�['X+U�['pq\�SrX�g�ZBV�[TZ�j�^)R?g�j	[T]�a�X�g�h�^IZ	\�U�V�g�h@S�U�j	h�U�X�Ws^�t�^)]�\�p
[�V�j	g�lvu RKi�j	U healthw�x�y�z ccmalloc { new-block |+}�}'~��	|��'~	��|���� ccmorph �O�0�����������C���+���������	���'�
����� ��� �����	� �	��� ��� ���+� ����� ��� ccmorph ���I���	���	 C¡�¢�£¥¤	¡C¤@¢��§¦T¨�©�ª�«B¬®��+¨r¡�¬®¯�©)�+¦K��¡�¢��	«B¦�¨�«B��¡���¦C�
° «+ �« ��¨��	 C¦�±e² � ° «�ª³«� µ´ ° ¡�¦�¨¶��¨��	 �¦·��¡'�0¦C�@©�¢�¤ ¢��®�C���)©���¡�¦�¸�¹�«�¦ ° «)«+¢º��¡C�0¦'��´»¡�¢����	 � �«	��¦;¯��'©	��«�¬�«�¢�¦
¡�¢���� ���©¼¨"¡�£�¨½¯�«+¢�©���¦�¸G±B¾e¨�« ccmalloc ¿ new-block À�Á�Á�Â�Ã�À�ÄCÂ	ÅFÆ�Ç�È�É�Ç'ÊqÇ'Ã)À�É�Ä�Á�ËÌÂ	Í�Ä�Î�Ï�Å�ÊCÂ	Å�ÐFÏ)Ñ
Ò Â	Ä�Ó first-fit Ô�Õ�Ö closest ×+Ø�Ø'Ù�Ú	×�Û�ÜCÙ	ÝrÞ�Ú�ß�à�áFà�Þ;×�ÛD×BÚ)Ù�Þ�ÛDÙ�â?Ù	Ý�Ø�ãrä	åNà�æ�Û�ç�×;á�à�áFÙ	ç�ã�è

éGêìëvíïîñð;ò�ó0ôOõ öGð�îø÷ñùïîøúüû�ývþ�ð;ùv÷eþ�û�þ�ÿ�ð§óñþ�ùvý��'þ�êìùïí����ïû��ìû����ìû�þ�ð�úüð§ý��0õ

	�
�	���������
���������� ��!"�$#�%$&' �(
 ' �$�)��� �*!"��#$%�&
+-,.
�+0/ � �1#$
"!"/ #24353768%�9#$6 �: ,;
 : 356��<���=#�4353>6�%*9#�6-�

: 3?
 : 3 @��1#$��� / A�BC6DA�3 E: 3>F : 6838
 : 3 @��1#$�9� / A�B$A�GC%*6�356D� / A�B

H�,;
IH(��J�
"KI3>6�%�L*373568%�9#$6 �
ccmalloc:

ccmorph:



M�N

O�PRQ4S�TUTWVIX4Y[Z
ccmorph \�]�^�_a`�b?c*\�b4dW`�egfah8bie�j.hIb?`.h8kaeWli\�c�^$j.h�b�`m_�b?`nc4`I^po8f�q�k�rsl8o8fa`Idt`�luc*\�b

hIv�vxwa`IkaoIf�dWh8b4yaliz{b?`�l ]�v�^�q�k�r|q�k}l4_a`�`ne�]�_al~\�cx�a������������\��a`Ib�^$fa`~wahnli`�o�hnli`�zChIkae|������������\��a`8b
_�b?`�c�`I^poIf�q$k�ra����q$^$fU^$fa`�`8�ao�`I_�^$qp\�k�\�c treeadd�n���a� ccmalloc � new-block �I�$�p�����8���p�����4�$�?�8�p�����
�I�p���a�����i�� �¡a���n ��4�a�n�� �¡��a����¢¤£a¥�¦�§�¨�©�ª«��¬a�I����i�n¢��I�*�8®��$���a¯�°4���� � ����������a±���®a� ccmalloc ² new-

block ³I´$´pµ�¶�³8·�µ�¸¹¶nµ�ºg»a³I¸i¼n½¿¾�³IÀaµ�¸?³8Á{´$ÂgÃ�Ä�·$ÅU·$Åa¼mµ�·$Åa¼I¸¹³8´�´�µ�¶n³I·�Ä*µ�Æa½¿½8¶8Åa¼IºW¼�½8Ç2Ã�Ä�·�Åg´pµ�ÃÈºt¼IºWµ�¸4Â
µ�Àa¼I¸�Åa¼n³�ÉËÊ9ÃÌÄ�·�ÅÍ·�Åa¼;¼8ÎÏ¶n¼I»�·�Ä*µ�ÆÐµ�¾ perimeter Ñ?Ò�Ó�ÔÍÕ�Ô�Öa×9Ø�Ù�ÚÜÛ�ÝaÞIÛ�Û$Ý�Øpß¹àaá8Ùi×�Ô�Ù*Ú�Þ8ÖaÕ�áuØ�Úgà�Ù?Ô�âaánã
ÚWáIÖ�ÛäØpßCÖaÔ�Û¤ÚtáIÙ�áIå$æ|ÞIÖçÞIÙ4Û�Ø*×�ÞnÕIÛxÔ�×xÔ�è�Ù ccmalloc é�êgë�ìpí�êWíIî�ï*ð8ï$é*ñ�îaòôó;í�õ�ðIî|ð�önñ0î�ï�õ�ñ�ìxíI÷�ëaíIõ�ø
é�ê�í8î�ïUó�ùaí8õ?íËó.í}õ?íIë�ìpð�öní�úÈðIì�ì ccmalloc ûaüIý�üIþtÿ��pÿ�ý������	��
����Uû�������pÿIý��������aÿ}ý?ÿ���
����������
û�ý����ýiü8þ���ûaÿ8ý����ý4þWÿ� "!�#%$�&�#(')�ý��iÿ*���aü+�����aÿ,�aü-�8ÿ,.aÿ8ý����/����0���aü+�1
��iÿ*���Cÿ2��������ÿ8þ malloc 3

4.3.4  Discussion

4�5�6�7/8,9�:<;>=�?�@A@B5�C�D�EF8-=2G�H�8�G�C�5-I�8�J�K�LML/=N5�@�K�O�P>G�H�8%Q-5�Q�H�8�J/Q-K�O�=�Q�D/K�?�=AI�5RGS5�T�7S5-Q�8�@�8�O�GUGS8-Q+H�J
O�DSV�?W8�=+:YXZH�D�7�8[D�O�Q-K�C/C�8-Q+G"?�=+8BK�L

ccmorph \�]�^_]-`a`�b-\+ced�f�g�h�f�]�ij\�g�f�f�b�\�c�^�b-k+k�lmiAn/k�]�d�d�o�p�n�^�h
ccmalloc qsr�t�t)u�v�t�wyx-zaz�{�|�}s~���u�����x+��~�{���z/u��/��x�v�|-{��,��vyx-����r�}�rSu�v���}���{�}/{-|+��v�r�����{��Nr�v�}���r/�
|���x+~�}/{+��z�u�|+����~���r��%x+��r�t�w�u�v���r�v���t/{���xR}Sx)��}�����|+}�����{-����}���u������ ccmalloc �-�+���-�����S���-�+�/�)���S���
� �����/���� �� �¢¡�£ ������ ������s�a�� �¤��R��¤� ����+¥W¦§�����©¨� ��«ª� �� � �+¬,���2����¤� ����-¬�¤���� � ¤���� £ ¨��/� ¡ ���/����� �¤��+��¤� �����¬
��®���¤�ª�®¯�����S���B ������+ ��R�����-�e�S�B�����[���� �¤��+��¤� ��s¨� �� ¡ � �[£ ���+�S��¥±°U¤� ²������®�� £/³ ¤��-�´�����Bµ�����¨�¨�� £ � ¡ �/�

Technique
Data 

Structures
Program 

Knowledge
Architectural 
Knowledge

Source 
Code 

Modifi-
cation

Per for-
mance

¶e¶B·)¸�¹�º�»�¼ ½¾¼�º�¿�¸+À�¹�Á�Â Ã§º�»�Ä Ã§º�»�Ä ÅeÁ+Àa»�¸ Ã¾º�»�Ä

ccmorph ÆFÇ�È�È�É�Ê�Ë�Ì�È ÍÏÎ�Ð�È+Ç�Ñ�ÒSÈ ÓeÎ�Ô Õ�ÖBÑ�Ê�Ê ÍÏÎ�Ð�È+Ç�ÑRÒSÈ�×Ø Ë�Ù�Ú
ccmalloc Û¾Ü�Ý�Þ�ß+à�á�â�ã äeå�æ ç)å�Ü�ß è�éBâ�ã�ã êÏå�ë�ß+à�âRìSß�íî Ý�ï�ð
ñ�ò«ó�ô�õ,ö�÷ ø1ùûú-üþýsýÿò��������	��ò
���þõ���������������þü����þò
��ò��þô�ò
��õ�ýÿõ������<õ��
�������þüþõ��«÷



���
� ��!#"%$'&)('*+!#&)*,(
�.-0/1&0*,(2/1&435-0617,(
398+�.-)&:$;7+�#(=<439(26>�#/+!�� ?A@B"+�C/+�#D,&E!F"+�G7,&:�#(H! 39/+$'-4I,�#(
$J-K/,&:�#(��9!F&0-439/+$
�#6L39/,MNI9-4<O<2�F(
�G/,&J$'&0(2*+!#&0*,(
��$=?
P *,(Q! � !F"+� R'!�39/+$F!F-439*+$S$'&K(4*+!#&0*,(
��T4�#U+39*,&V&4� !F",/,-2W9*+��$+7,T:�9! ��! 39/,&4�F617+39(��G/+� 39*+$'T)UX��! ! ��$=$#��IY�#T:��R

6L�#/,&4$Z-0/Y&)"+�H$=�#6>�[! ��!#"+�]\,T:3,!#^+?_`"�-)T4�E&)",-4$Zab-0T0T;�GT)ac�#U+$+-06c7,(
398+�H! ��!#"+�]7+�F(
<239(26>�F/+! �H39/Y*,/,-:R
7,(
3,! ��$F$=39(
$=dV<439(E61*,T0&)-)7,(=3,! ��$=$#39(�$'U+$e&:�#6>$E-K&QI,�#7+�F/+If$[39/gah"+�#&)"+�G(�&0"+�iI,�#&4�j-)&4�#6L$H�#(
�b��! ! ��$=$F� I
\,Uk$=�F6>��7,(�3,!9� $=$=39(h39(.\,UlI9-4<e<2�F(=�#/,&J7,(
3,!9��$=$F39(�$F?,m2/N&0"+��T:�#&0&:�#(h! ��$F� d�!93,RKT:3,!��G&)-K/,Mn&0"+�oI,�G&:�p�#T:��R
6L�#/,&4$Q! 39*,T4Iq�#D+� !��#('\+�F&:��<'�FT4$=��R'$'"+�#('-)/,M+?

4.4  Related Work

rtsFu:vxw%yFz+v|{H}9~2z���}9�1�,u0z+s v|�,~�},��u)w)uKz,���bu0�0��yk�+y#~'u:s#�0��},�%v9u2�'�'sF~
s#z,�ou)z+�'}9~2�>yF�0u4}9z��=}9�,~
��s9�
�,~
s �FsFz,�]yF�B�)�+sQ�0u)�%sb},�J}9�9�
s��#�Ey#w0w:},� y#�0u:}9zo�4}��,~
s�v9u4�#�Ey#z%}9�9��s��G�:�)��~
s �2sF~=s#z+��s5�K~
s��9�+sGz+�F�%yFz+v�w0u:�2s��
�)uK�LsX�'�9�+�2�]�B�+s#�|�e�+}9�Xs9vc�)�+y#�Q�,~=}9�,~
yF��~
s �4sG~
sFz+� s �[�2}g�+s yF��}9�9�s9�#�:�qy#~=si�,u)�,�,wK���,~
s v9u4�F�4yF�,w4s �
�B�+s �=sq�'�0�+v9u:s ���'},�#�+�=s�vX}9zky[�,~�}9�,~
yG�L�)�S�+yG�,u)z,�X�+sF�+y#�,u4}9~���z+}9�;u0�4��� y��#�+s[�+sF�+y#�,u4}9~4�Z .�,~.�g}9~'¡
v9u:�O�2sF~=�=�,z+}9�[}9z,wK�%�+s9��y#�+�=so},���)�+s��+y �'�Hv9u4�e�2sF~=s#z+��s�u)z¢� },�'�J�+sF�K�Xs s#z¢y1�9y �F�+s5�ou:�F�hyFz+vNy��+yF�+s
�2y#�,w0�:�9�,�,�;y#w:�=}[�+s9� yF�+�=s�� y��G�+s��,w:},�F¡+��yF~
s��4yG~.�'�>y#w)w4s#~;�K�+yFzq�>sF�>}9~2�q�+y#�+s��#�

£CyFw:v,s#~Ss#��y#w:���=¤G¥+��yF�,�,wKu:s�vC�,w:y�� sG�Ls#z,�A�:s �F�,z,u2�9�+s��Ev,sF�+s#w:}9�+s vi�2}9~+u)z+�'�0~2�+�#�0u:}9z¦� y��G�+s �S��¥+§,��¨,©,�
¨+¤9�V�:}pv,yF�2y��ª�t�+sG�1�+�#s�voy5� }9�1�,u)w2sF~#�2v9u)~=s��#�:s9voyF�,�,~=},y �F�p�)�+y#�J�#~�s yF�2s��.y#zny�v,v9~
s �F���,w:y�� s#�>s#z,�]�4}9~
�)�+s��'�4y �F¡n«0w2},��y#wB�+yF~2u4y#�,w:s9�'¬
���,w:}9�+y#w	�+yF~2u:yG�,w:s �=���+s y#�%}9�9�
s��#�:�=�ªyFz+vp��}9z+�e�4yFz,�4�;uKz>}9~=v,sF~;�:}�~
s9v9�+��s
v,y#�:y1��y �F�+sh�1u:�=�#s��=�;�B�+s#u0~[�2s��#�,z,u:�9�+s �A�b�,u4�F�>~
s �9�,u0~
s��byh�)~=yFu)z,uKz,�L~2�,z>�4}1�+y#�0�+s#~[�,~=},�Ku)w4scv,yF�4y �
�'�+}9�c�]w0u)�)�0w4sju0�1�,~
}9�+sF�%sFz,�S�2}9~��+s yG��}9�9�s �F�4�]�,�,�S�'uK�,z,u:��u:��y#z,�+�ZyFu)z+�j�4}9~[�'�2y��#¡�}9�9�s9�#�:�Hy#z+vb�,w:},�
�+y#w:�F�ZC�®� }9z,�)~=y��'�4�t�csp��~
}9�,u:v�sq�4s��G�,z,u:�9�+s �py#z+vX�:},}9w4�q�2}9~1� y �F�+s �'��}9z+�F�Fu4}9�+�[w:y#�+}9�,�h},�S�+s yF�+�
y#w)w4},� y#�4s�v>�'�K~4�+�#�)�,~=s��j�K�+yF���,~=},v9�+� sg�'uK�,z,u:�Ku4��y#z,�Eu)�1�,~
}9�+s#�>s#z,�E�bu0�)�+}9�,�E�,~
},�Ku0w)u0z,�+�V¯2z°y�v,v9uK�)u4}9z+�
�)�+s#�k�+�=s v¢yGz`s#z,�0u)~
sFwK�±v9u2�'�'sF~
s#z,�byFwKw:},� yF�0u4}9z`�e�)~
y#�:s#�,�,�+�+y �=s9v¢}xz±yq�,u:�'�4}9~2�²},�C�K�+so�,~=sF�,u4}9�+�'w0�
y#w)w4},� y#�4s�vk}9�9��s��#�:�t~�y#�0�+s#~5�)�+yFz³�)�+sq�,~�}9��~�y#�1�Ls#~#�4�O�,�,�,w)u4s vN�,u0z,�.�)�+yF�

ccmalloc ´+µF¶ µ5·4¸k¹�¸,º» ¸,¹ ¼G·:¶�¸9½9¾�¶�¹#·:µ=¿



À�Á
Above all things, keep clean.

It is not necessary to be a
pig in order to raise one.

—R. G. Ingersoll, ÂiÃZÄ9Å,ÆVÇ�È#É2Ê1Ë)Ì,ÍqË)ÌqÎ'Ï)Ï0Ë0Ì+Ä9Ë4Ð

Chapter  5

Using Garbage Collection to Optimize Data Layout

Ñ;Ò+ÓFÔ,Õ:Ö#×jØ°Ù'Ò+Ú9ÛcÖ�ÜoÕ0Ò+ÓFÕ[Ü9Ý,Þ+ÓFßoà:á�ÓGâ)â)Ý%×
Ö Ú9×eã+Ó#Þ,à)ä9à)Þ,ã°Ü,Ó#Õ4ÓcÙ'Õ0×2å+áFÕKå,×�Ö ÙCÛbÒ,à0â:ÖcÓ5Ô,×�Ú9ã,×
ÓGßæÖ#ç+Ö�è
á#å,Õ:Ö9ÙHá�Ó#Þ1à)Þ+áF×=Ö Ó�ÙFÖCà)Õ:ÙJ×
Ö�é'Ö#×
ÖFÞ+á9Öjâ:Ú,á9Ó#â)à0Õ)ÝLÓGÞ+Übà0ß1Ô,×
Ú9ê+ÖCà)Õ:Ùjá Ó áFÒ+Ö.Ô+ÖF×
é'Ú9×4ß%ÓFÞ+á Ö ëBìhÓ#×4í+Ó#ã+Öbá Ú9â:è
â:Ö áGÕ:Ú9×
ÙFîHÛbÒ,à4á#Ò�Ù'å,Ô,Ô+Ú9×'Õ>ÓGå,Õ:Ú9ßLÓGÕ)à:á�ßLÖ#ß>Ú9×2Ý�ß>Ó#Þ+ÓFã+Ö#ß>Ö#Þ,Õ:îYÜ,ÖGÕ:Ö#×4ßoà)Þ+Ö�ÛiÒ+Ö#Þ�Ü9Ý,Þ+Ó#ßcà4á Ó#â)â0Ý
Ó#â)â4Ú,á Ó#Õ4Ö�ÜkÙ'Õ4Ú9×
ÓFã+ÖqÒ+Ó Ù�í+Ö á�Ú9ßLÖqå,Þ,×
Ö Ó�áGÒ+ÓFí�â:ÖnÓ#Þ+ÜlÓ#å,Õ4Ú9ßLÓ#Õ0à:á ÓGâ)â)Ýk×
Ö áFÝ+áGâ:ÖqÕ)Ò+Ó#ÕCßLÖGßLÚ9×2Ý,ë�ïCÞ+Ö
Õ)Ý,Ô+ÖhÚ,éBã+ÓF×2í+Ó#ã+Öbá Ú9â)â2Ö�á#Õ:Ú9×'ðñÓiá Ú9Ô,Ý,à0Þ,ãcã+Ó#×'í+ÓFã+Öbá9Ú9â)â:Ö9áFÕ4Ú9×4ðñÜ,Ú,Ö9Ù]Õ0Ò,à4ÙJí,ÝcÕ0×
ÓFê+Ö#×=Ù'à)Þ,ã1Õ)Ò+Ö.Ò+Ö�Ó#Ô
Ó#Þ+Ügá Ú9Ô,Ý,à0Þ,ãcâ0à)ê+ÖiÜ,ÓGÕ:ÓjÕ4ÚcÓbÙ=Ö#Ô+ÓF×
ÓGÕ:Öj×=ÖFã,à:ÚxÞLÚ,éZß>Ö#ßLÚ9×'Ý,ëóòhâ)âZßLÖGßLÚ9×2Ýcà)ÞcÕ0Ò+ÖjÕ0×
ÓFêZÖF×=Ù=Ö ÜgÙ'Ô+Ó9á�Ö
à:Ù�Õ0Ò+ÖFÞ%éK×
Ö Ö�Ü�å,Ô>é'Ú9×J×
ÖFå+Ù=Ö9ëVôBÒ,å+Ù=î�Õ)Ò+Ö5á Ú9Ô,Ý,à0Þ,ã1Ô,Ò+Ó ÙFÖbÚ�éBã+Ó#×'í+ÓFã+Ö5á Ú9â)â4Ö áFÕ)à2Ú9Þ>Ú,éeé2ÖG×�Ù.ÓFÞ1à0Þ,ê+Ó#â)å+è
Ó#í,â:Ö%Ú9Ô,Ô+Ú9×2Õ)å,Þ,à0Õ0ÝõÕ4Ún×
Ö�Ú9×Oã+ÓFÞ,àKäAÖ>Ó1Ô,×=Ú9ã,×
Ó#ß>ö)ÙcÜ,ÓFÕ4Óoâ4ÓFÝ+Ú9å,ÕHÕ4Únà)ß1Ô,×
Ú9ê+Ö>á Ó�áGÒ+Ö1Ô+Ö#×�é'Ú9×2ßLÓGÞ+á�Ö ë
÷ Ú9ÛcÖ#ê+ÖF×�î	Ù'å+á#Ò�ÓYÙFá#Ò+Ö#ßLÖj×
Ö#â0à:Ö ÙHÚ9ÞgÕ)Ò+ÖbÓFí,à0â0à)Õ)ÝcÕ:ÚbÕK×�Ó#Þ+Ù'Ô+ÓG×�Ö#Þ,Õ)â0Ýg×
ÖGâ:Ú,á ÓFÕ2ÖHÒ+Ö ÓFÔ�Ü,ÓGÕ:Ó ëóø2Þ�Ó Ü,Ü9à:è
Õ)à2Ú9Þ+î�à0Õ�×�Ö ù9å,à)×=Ö�Ù�ÕKÒ+ÓFÕ�Ô+Ú9à)Þ,Õ2ÖF×
ÙEí+ÖqÜ9à:Ù'ÕKà)Þ,ã,å,à4Ù'Ò+Ö ÜXé0×=Ú9ßúÞ+Ú9Þ+èKÔ+Ú9à0Þ,Õ:Ö#×�Ü,Ó#Õ:Ó ë ÷ Ö#Þ+á Ö�îfà0Õ.á ÓFÞ,Þ+ÚxÕ�í+Ö
à)ßoÔ,â:Ö#ß>ÖFÞ,Õ4Ö�ÜnÓ ÙiÜ,Ö9Ù=á#×4àKí+Ö�Ü%é'Ú9×Hâ4Ú9Ûgè�â:Ö#ê+ÖFâ]â:ÓGÞ,ã,å+Ó#ã+Ö�Ù=î�Ùeå+á#Ò°Ó ÙhÑûÚ9×YÑJüZü�îVÕ0Ò+ÓFÕHÙ'å,Ô,Ô+Ú9×'ÕHÓF×2í,à:è
Õ)×=Ó#×4ÝõÔ+Ú9à)Þ,Õ2ÖF×#èKß>Ó#Þ,à)Ô,å,â4Ó#Õ)à4Ú9ÞýÚ9Ô+Ö#×�Ó#Õ0à:Ú9Þ+ÙgÓ#Þ+Ü%Ô,×
Ö á#â)å+Ü,ÖcÕ0×
Ó#Þ+ÙeÔ+ÓF×
Ö#Þ,ÕYÜ,ÓFÕ4Ócß>Ú9ê+Ö#ßLÖ#Þ,Õ4ë.ïjÞõÕ0Ò+Ö
Ú9Õ)Ò+Ö#×.Ò+ÓGÞ+Ü,î�Ú9í9þ
Ö�á#Õ:è'Ú9×2à4ÖFÞ,Õ4Ö�ÜYâ:ÓGÞ,ã,å+ÓFã+Ö Ù=îZÙ'å+áFÒkÓ�ÙSÿ�Ó#ê+ÓpÓFÞZÜNÑHÖ9á#à)â4î�Ó#Þ+Ü¦é0å,Þ+áGÕ)à:Ú9Þ+ÓGâ;â:Ó#Þ,ã,å+ÓFã+Ö9Ù=î
Ù'å+á#Ò�Ó�Ù���� Ó#Þ+Ü��]à:ÙeÔ+îóÔ+ÖF×2ß1à)ÕSá Ú9Ô,Ý,à)Þ,ãgã+ÓF×'í+Ó#ã+ÖYá�Ú9âKâ:Ö áFÕ0à4Ú9Þ+ë��EÚ9×�Õ)Ò+Ö ÙFÖHâ:Ó#Þ,ã,å+ÓGã+Ö�Ù=îBÓYá Ú9Ô,Ý,à0Þ,ã
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5.1  Background: Generational Copying Garbage Collection

ú|û)ü�ýeý�þ�ÿ��+ü������	�
���)ü��)þ%ý���	�2ü�þ�������þ����)ü�þ����	����þ���þ�����3ü�������-ÿ����	�)ü��	������������þZÿ�������þ�ÿ��3ü����� �!"�
��ü#�&ý��$��ü�ý8ÿ�%�ý8ý�þ�ýeÿ����	�)ü��	�&����"�����þ_ÿ����#��þ%ÿ���ü����'����(�3û�þ��'�)þ�ý�ÿ��2ü���þ%ý)��þ���þ��
��3ü��������ÿ����	�)ü��	�&����+*
�����þ-ÿ,���#��þ�ÿ��3ü����� .-,����þ�ý/����10�ü���ý/2�3	4	59ü�ý/6���	�	�1�&þ,�2þ��/þ���ÿ%þ7�"���98:���&þYü���������8:��+ü����:���;��þ���þ���,*
�3ü"������Xÿ,���	�)ü#�	�<����=���3û�þ��>���	��þ�ý?�	�@����������þAÿ�������þ%ÿ������&ý
 

A ���	�)ü��	�Zÿ�������þ%ÿ������8ý6��ü��)ü"�)þ��+û�þMû�þ���Bþ,B�%�����#�eü#�	���)���C�eý8þ�8 ü�*�ý����ÿ%þ�ý
DE����þ��	�F��û)ü�ÿ�ûNÿ����	���ü#��ý
ÿ�%	�"�&þ��	�6�	��"�G

TO spaceH+IKJ�L�MON#P�Q=R�N�P�Q�S�T�J�S�U�J�T�QOV FROM spaceW�XKY1Z�["\�Z�]�^=_,`�aba�^,_�c#d�`�egf�c�Z�["c�f
\	hjiba#d�k	k	d�e	]=c#l�^m[�`�a�^,f?`	i@c#l�^nc#o;`=f�k�Z�_�^,f�X	pqc�Z�[�c�d#e	]jib[�`�rsc�l�^n[
`	`�c�f
t�o$l	d�_�luZ�[
^wv	Z�c�Zw`�\�x�^,_�c�fyc�l�Z�c
Z�[�^{z	e�`�o1e1c�`6\�^9abd�|�^/}�i"`�[n^�X ]�X~t�]	a�`�\�Z�aE|�Z�[�d"Z�\	a�^�f�t�f�c�Z�_�z<v	Z�c�Z�t�|�Z�[�d�Z�\	a�^�f�d�e7[
^�]	d�f�c�^�[+f�W�t�c#l�^�_,`�k	h��
d�e	]�_�`�a�a�^�_�c�`�[$c�[�Z�|�^�[�f
^,f�c�l�^�a#d#|�^�v	Z�c�Z�f�c#["��_�c#�	[�^�f1dbe FROM space �������,���	�"�,�$�#�������"� TO

space�
���������:���O���
 �¡�¢���£� �¤{ �¤#¥����"¦��#§	�©¨"�����,��ª	«	¦#�	¥u��¬��¢�����£y¦#�	���

TO space ®�¯�°²±�³�´�³�µ�¶b¯�·�¸#¹�º�»�®b¼�±	½¾�¿�À	ÁÃÂ ¯
³�³nÄ�®#¹	Å	»�³wÆ	Ç ¿�È
ÉEÊ ¼�·�»�¼�®b´	¹OË1®#¼�±=¼�±�³9»+º	º�¼²¯
³�¼�Ì	º�Í�Î�³�Ï�¼�¯�·�»
³n¼�»
·�Ð�³�»�¯
³�Ñw®b´OÍ	»�³�·,Ñ�¼b±�Ç�ÒÓ®�»�¯�¼²º�»�Ñ	³�»
·�´�ÑÔÏ�º�Õ	®�³�ÑÖ¼"º TO space ×,ØCÙ�Ú�Û�ÜÝ×�Þ
Û�ß	à�Ø�à#Ù�Û,á	â?ãäÞ�Û�×,á�Ù#Ú�å"æbà#Þ�Ø�Ù7Ù�Þ�×�ß�Û�Þ�Ø
×�çèÞ
Û,é�ê	à#Þ�Û�Ø:×ëé�ê�Û�ê�Û�â

scavenge()
{

Flip roles of Fromspace, Tospace;
unprocessed = free = Tospace;
for R in root set

R = Tospace_copy(R);
while unprocessed < free
{

for P in children(unprocessed)
*P = Tospace_copy(*P);

unprocessed +=
sizeof(*unprocessed);

}
}

Tospace_copy(P)
{

if forwarded(P)
return forwarding_addr(P);

else
{

addr = free;
copy(P, free);
free += sizeof(P);
forwarding_addr(P) = addr;
return addr;

}
}
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5.2  Low Overhead Real-Time Data Profiling
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ld baseobjptr, %reg
st %reg, [%objaccbuf]
add %objaccbuf, 4, %objaccbuf



��

��� �"!$#$%���&('*)�&+&��+,-,.#0/ 1212�(3546,.7 !$398:)�;�;=<?>03�!0&+��,(,-��@A%B/ ,2'C# �+1B!$3��D)",(&�)(E ��70F �G'B!DF0/049@0�"&�)+&(� ��H
&+!$7 ,-&(4B!$/ ,A!$#$%��+&I'J&�!�HK;B!0&+)('=4B!$7 L�MN!$O"�(E ��3	P�4='Q8R)�<S!$E �(3-1�;6!$OT# ��'KON�+�(7S,-&�)(E �I70F ��,�L�UV)I'=� ��3�'K� )(7
4=7 &(;K/ @0�W)(7X�(Y0>0;=4B&(4='"!$E �(3�1�;B!$OZ&�� �+&([\4=7]'K� �^4=7 ,_'=3B/`8:��70'9)�'=49!$7 Pa'=� �bE04=39'K/ )(;6H�8:�(8R!$39<c,d< ,2'6�(8
&+)�/ ,���,G)A> )(F �A'=3�)�>W!$7^#0/ 1212�(3e!$E ��3�1�;B!$OeLf���046,�4B,g)h&�!�,2'BH9��1_1B�+&I'=4=E �h,-!$;�/0'=4B!$7i,24K7 &+�h!$/03j�IY0> ��3946H
�(7 &��A4=7 @$46&$)('6��,.'=� )('*,-�I'='=4K70F?'K� �G#0/ 1d19�(3j,24Kkl�g'B!?m n$P o p0p?�I70'=394B��,eq�o p0phrgs*t5>03��IE ��70'B,e!$E �(3�1K;9!$OeL
��� �a'=3-)�>u� )(7 @$;6�(3f>03!0&+�+,�,-�+,f'K� �a#0/ 1212��3.)(7 @v3-��,2'9)�39'6, '=� ��)(>0>0;K46&+)�'�46!$7 L

w 4=7 )(;K;=<lPh19!$3:3-��)+,-!$7 ,R>0/0'x1B!$32'=�y4=7{z|�+&�'=49!$7^m0L } L o Ph!$/03:F ��7 �(3�)�'K4B!$7 )�;NF )�32# )(F �~&+!$;=;B�+&('=4B!$7
,-&(� �(8R�e12!0&(/ ,-�+,J!$7h;6!$70F �(3C;K4KE ��@h!$#$%��&I'6,-L�z`4=7 &���8:!0,d'C!$#$%���&('B,J@$4B�.< !$/070F P�>03-!01�4K;=4=70F?!$E �(32� ��)+@
&+)�7N# �*3-�+@$/ &��+@j#0<N4K7 ,2'�3B/08R��70'K4K70F�!$70;�<�'=� !0,��5;6!0)$@0,a'=� )('�&�!$393-�+,2> !$7 @j'9!�!$;6@0�(3�!$#$%��&I'6,-L�MN!�O�H
�(E ��3	P�4='�46,v7 !$'�> !0,-,d4=#0;6�j'B!b>03-�+&�49,-��;K<�46@0�I70'=461�<�)�;K;g!$;9@0��3�!$#$%���&I'�;6!0)+@0,�,_'6)�'�46&�)(;K;K<lL��B7 ,_'6��)+@0P�ON�
)(>0>0;=<�)5� �(/03B49,2'=4B&V)�>�>03!0)+&I��'=� )('fON!$3B[ ,CON��;K;f4K7�>03�)�&('K46&+�$L��J/03G,_'6)�'�46&V1�4K;K'6�(3B4�70F�'6�$&��07046�$/ �*/ ,-�$,
@0)('6)$1K;B!$O�)(7 )(;=< ,d46,Q'6!�4B@0�(70'=4B1�<�;6!0)+@0,Q'K� )('�'B)(32F �I'�7 ��Oe;�<?)(;=;B!0&+)('6�$@D!$#$%���&('6,�L���� �+,��.;B!0)+@0,.)(3��7 !$'
4=7 ,_'=39/08R��70'B��@0L����04B,v!$>0'�4=8D4=kl)('K46!$7N3-��@$/ &+�+@j'�� �*70/08"# �I3�!01|4K7 ,2'K39/08R��70'B��@e;B!0)+@0,�#0<:)j1B)+&�'9!$3A!01
� H�n$p0L

5.3  Constructing Object Affinity Graphs
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construct_obj_affinity_graphs()
{

limit = objaccbuf
objaccbuf = OBJ_ACC_BUF_BASE;
while(objaccbuf < limit)
{

insert_locality_queue(objaccbuf);
if(!exists_obj_affinity_node(objaccbuf))

create_obj_affinity_node(objaccbuf);
increment_obj_affinity_edge_weights(objaccbuf);
objaccbuf += 4;

}
}
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insert_locality_queue(objaccbuf)
{

if (in_locality_queue(objaccbuf))
{

move_to_queue_tail(objaccbuf);
}
else
{

if (is_queue_full())
delete_queue_hd();

insert_queue_tail(objaccbuf);
}

}
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increment_obj_affinity_edge_weights(objaccbuf)
{

queue_elem = NULL;
init_locality_queue();
do 
{

queue_elem = next_queue_elem();
if(exists_obj_affinity_edge(queue_elem, queue_tail())

increment_affinity_edge_weight(queue_elem, queue_tail());
else

add_affinity_edge(queue_elem, queue_tail());
} while (queue_elem != queue_tail())

}

´OµQ¶I·T¸ ¹�ºT»%¼I½ ¾ ¿�À�¸�¹EÁF¹�¿IÂQµA¿T¶@Ã�ÄÅÄVµA¿�µ�ÂQÆ�¶T¸VÃ�ÇIÈ�¹�ÉI¶I¹*Ê7¹�µQ¶IÈTÂQË�½



ÌÎÍ
ÏEÐ�Ñ�Ò�ÏEÐ�Ó�Ô�Õ1Ö×ÙØ�Ú�Ï�ÖÛ�ÕHÜ�Ð�Ü&Ú�Ý�Ó�Þ�Ð�Ü�ß�Ï�Ó�Ô�Õ1Ö×�Þ�Ó�ÏEÐ=àHÖ×�á�Ð�Ï�Ô�Ý�Ó�×�Ô$Ý�Ð=Õ�×�Ô1Ð�Ï�Û�Ó�à�â�Ð�Ô�ã�Ð�Ð%×ÙÞ
Ò�Ó�Û�Ð�×�á�Ð�Þ�ä
å
ã~Ý�Ð%Ï�Ð�Ó�Þ3Ó�Ú�Ú�à�ÕHÒ�Ó�Ô$ÕHÖ×�Þ#ãGÕ�Ô$Ýæß�×�ÕHç�ÖÏHèéâ�Ð�Ý�Ó%Û�Õ1ÖÏ#è=Õ�á�Ý�ÔGâ�Ð�â�Ð�Ô�Ô1Ð�ÏLÞ�ß�Õ$Ô�Ð�Ü�ÔHÖ�Ô�Ý�Ð Õ�×�Ò�ÏEÐ�è�Ð�×�Ô1Ó�à
Ó�Ú�Ú�ÏEÖ�Ó�Ò%Ý�ê�ë;ß�Ï	Õ�è=Ú�àHÐ�è�Ð�×�ÔHÓ�Ô�ÕHÖ×æÏ
Ð�Ñ�Ò�Ï�ÐÓ�ÔHÐ�Þ�Ô�Ý�ÐBÖâìJÐ�Ò%Ô=Ó�ç çAÕ$×�Õ$Ô�íæá�Ï
Ó�Ú�ÝæÚ�ÏHÕ�ÖÏ!ÔHÖ>Õ$×�Õ$Ô�Õ1Ó�Ô�Õ$×�áîÓ
Þ
Ò�Ó�Û�Ð�×�á�Ðê§ï§Ý�ÕHÞCÚ�Ð�Ï�è=Õ�Ô1ÞdÜ�Ð�è�Ó�×�Ü�ÑHÜÏ�Õ$Û�Ð�×�á�Ï
Ó�Ú�Ý�Ò�Ö×�Þ�Ô�Ï�ß�Ò�Ô$Õ�Ö×�Ô$Ý�Ó%Ô�â�ß�Õ�à1Ü�Þ�á�Ï
Ó�Ú�Ý�ÞdÖ×�à$í�çHÖÏ*Ô�Ý�Ð
á�Ð�×�Ð�Ï�Ó%Ô$Õ1Ö×�Þ§Ô$Ý�Ó%Ô�Ó�ÏEÐCá�ÖÕ�×�á�Ô1Ö7â�Ð�Ò�Öà$à�Ð�Ò�ÔHÐ�Ü�Üß�Ï�Õ�×�á�Ô�Ý�Ð�Þ�ß�â�Þ
Ððß�Ð�×�Ô�Þ�Ò�Ó�Û�Ð�×�á�Ð�êJñ�×�Ó�Ü�ÜÕ�Ô$Õ1Ö×�å�Ô$Ý�ÕHÞ
ÏEÐ�Ñ�Ò�ÏEÐ�Ó�Ô�Õ1Ö×òÓ%Ú�Ú�ÏEÖ�Ó�Ò�Ýóè	Õ$×�Õ�è	Õ�ôKÐ�Þ!Ô�Ý�Ð�Ó�è&Öß�×�Ô�Ö�çFá�Ó�Ï�â�Ó�á�Ð Ô$Ý�Ó�ÔGÕ1Þ#Õ$×�Ò�ÖÏHÏ
Ð�Ò�Ô�à$íòÒ�ÖÚ�Õ�Ð�ÜóØ�Þ�Ð�Ð
õ Ð�Ò�Ô$ÕHÖ×3ö�ê ÷�ê ø�äEê

5.4  Combining Cache-Conscious Data Placement with Garbage Collec-
tion
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5.4.1  Cache-Conscious Copying Algor ithm
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5.5  Exper imental Evaluation
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5.5.1  Exper imental Methodology
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Å�Â�ÊXÊ�Å�ÁÅ�óQÐ?ã�éôÊ�½�È:Ç<ÄWÁßNÍ�Å�¿�¿�Ç<ÊÀÇ�Û�Ç�À�à�Ä*Å<ÄWÆ�Çe×�½�Á�Æ�â�õbì�É�Á-Ç�Ä<Å�Ä�Æ�ÇEì�ÀË�Ä�ñJ¼AÔ Õ Æ�Çc¼�É�¼�ÁÇWÍyÆ�Å*¼kÅ
â�õ7Ç�Â�Á�È5É�½ Õ$ö éV¾¨Å*¼�×BÇ�À�À8Å<¼dÅ�â�õ7Ç�Â�Á�È-É7Ê Õ$ö é�¾·ì�Ë�Á�Æ�Ë�Ø$×QÆ�½5Ä�Æ7Å�ÈAÇQØNÌ�À�À�É�Å*¼A¼AË�Ä�½-Å�Á�½�Û�Ç*Ô·åáÀ5Ç�Û�Ç�ÀÐ
Ê�Å�ÁÅ3Ä<Å*Ä�Æ�Ç¡Æ�½�ÁaÁÅ�ñ�Ç*¼¡Ë�Â�Ç8¿�È:Ë�Ä<Ç�¼A¼AË�È?Ä�É�Ä�ÀÇ*ÔUå÷À-Ç�Û�Ç�ÀeÐ3Ä*Å*Ä�Æ�Ç�ÍB½¼�¼�¾YØ-Ë�ÀNÀË�×BÇ<Ê3ì�É£Å�ÀÇ�Û�Ç�Àaà£Ä<Å�Ä�Æ�Ç
Æ�½�Á5¾�Ä*Ë�¼�Á¼fâ7Å<Ê�Ê�½NÁ�½-Ë�Â�Å�ÀcÄ�É�ÄWÀÇ<¼AÔ�åøÀÇ�Û�Ç�À¡à²Ä�Å*Ä�Æ�ÇQÍB½5¼A¼'Á�É�¿�½5Ä<Å�À�À�É7È2Ç*¼>Ì�À�Á5¼'½�Â�Å�Â�Å<Ê�Ê�½�ÁN½Ë�Â�Å�Àâ�õ
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ú5ûdüUý þ*ÿ ú�������� ���	�Jý�
 ���ÿ���ú����Wú����Jý�
����©ú������������������� �!
 ý#"$���$%&�>ú('kÿ ú(���Jú)��*�� +	���Jý�
 ���ÿ���ú����Wú,���Jý�
-���>ú(���.�/1032 � û �Wû 4	56�����6�7��� / ú#8Wú9"$���$%&�>ú�'eÿ�û
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:#;�<�=?>	:A@�B C?D�D EGF?H	:A>�IJ;JK�LMB�N?B I!H	OPB ;,ORQ�S�>�IJ;�TK
@�H$SJI!>$U�SJQ?H V�W�D X#K?<	:YH$OZH�K�I�>	S)<�TK?B�IJ:A>$;JK�I)BYTSJ[?H�:
;JK?B�I,:GBY<	=?H@ \?] C?D�D ^_S#TU?>	S`;�K?B I,:#Q?<	I�;�TKMBY<$=?H�@Q�S#H	:
IJN�FaH�<$=?H�<�b?H$: \?D�]�D�D�Ddc egf�h?i�j$k?i�j	l?i$mon!pmGpq!rtsui�j�vJq`w�f�h?iyx f?x&w�i	z
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«�$¡?��� ®?¯�� �?��� °²±��?©��´³9�	¡?���	�±��A�����!�¶µ�����������§��·����¸���,���$�
«�$¡?��§���� ®?£���¯���� °²±��?©,�o§����	±¹�Z�	���#�	�J�#��tº?�	�?�$�A�	�#��_�#��´³9�$¡?�y�Y�±��Y���
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�3�$µ����·¯�À�¢ÁgÂÃ�$�?�$���Z�	� �t���A�º��Y�	�Ä�YÀ

Å$Æ¿ÇAÈÉ6Ê,Ë3Ì3Í�É Î!Ï-Ð�Ê7Ñ$Ò�É Î,ÈÉ#Î!Ó�É�Ô�Õ9Õ�ÈÖ�Ô�É�Ö(Ò	Ò�Ô�Ì$×$Ï ØoÖ�Ê,É#Ð Ñ¶Ù�Ú	Û Ü	Ü�Ü3Ð�Ï Ý�É ÕgÌ�ÞßÎ!Ì�Ø)Ø_Ì�Ý�Õ�à�Ò	ÒÌ�Ô�ÊÎ#Ì�á	É Û�Å�à�Ê$Ê�ÈÉ
Ê7Ñ�ÒÉ!â�Î�ÈÉ!Î#Ó�Ï Ý�ãaÖ#Ð�ã�Ì�Ô�Ï Ê-È	ØoÕ¹Ö(Ô�É�Î Ì�Ø)Ò�Ð-É,Ê�É!Ð Ñ¿Õ1É�Ò�Ö�Ô�Ö(ÊJÉäÖ�Ýá?Ë3É�Ô�ÉäËdÔ�Ï Ê�Ê�É,Ý¿Å&Ñ¿á	Ï�Þ�Þ�É�Ô�É,Ý�ÊAÒ�É Ì�ÒÐ�É#Æ
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7�8�9;:�<=7?>�@ A�BDC�EGF�H�B I�EGA�A�JKEGC�H�L 8.0 M M�NGODP�Q 100
R�S;T6U�V;W�T6X�S Y�ZG[�\D[�ZG[�]�^ Y�_�Z-`�\�]DZ ^�a�b

8.8 c c�dGeDf�g 100
h�i�j%k	lmj?n=o�p�q r�sDt�uGv�w�v r�u w�r�xDuGr�v�w

9.3 y�z {�|�}G~,z�� 100
���������;�����;���=� �����G���D���G����� �������G�����D�G�����

8.4 ���G�K��� ���G�������-�K��� 100
���;���6 �¡ ¢�£�¤G¥�¦,£�¤G§�¦�¨ ¢�¢�¦�¤ ¦�©�ªD¤G«�¦�¥ 8.6 ¬� ®,¯�° ¬�-¬�±�±� ®,²�¯ 100
³�´�µ;µ?¶�·�´�¸�¹ º�»D¼�½G¾�»�» ¿�º�½GÀ�¿�ÁD½ Â�Ã�Â 19.8 Ä�ÅGÆDÇ�È É�ÅGÊ�É�Æ�ÅGÇDÆ�È 99.4
Ë�Ì%Í�Î?Ë�Ì?Ì?Ï Ð�ÑDÒ�Ó Ð�Ô�Õ Ñ�Ó Ö�×�ØKÓGÑ�Õ�× 29.5 Ù�ÚGÛDÜ�Ý Ù�ÚGÞ�ß�Ù�Ú-ÙKà�á 99.5
â$ã=ä�ã�å æ�çDè�éGê�ë�è ì�í�é î�ç�æ,éGí�ë�æ

31.2 ï�ðGñ,ò�ó ò�ðGñ�ô�õ�ð ï,ö�ñ 99.5
÷$ø=ù�ø�ú�û�ü ý�þDÿ�������� �
	��Gþ�ÿ�������	��

35.0 �������� �������������� 99.6
��������� �������� ���� !���!� ����� �"�# 28.7 $�%�&�'�( $�%�&�)�&�%�)�*�& 99.4
+-,/.�02143�5 6�798;:�<>=@?�1�,/A�BC,D0�0E:�F�,/=21�GH:�.�IJ1�F
=E<K,DLM14<>NO,
0P0RQS0E1�</<T=P?�,DUWV�6H.�X�=21�<>YZ5
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5.5.2  Exper imental Results
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ñ>ý�ùMí�ôxðPø�íDï�ù�ïPú»ò�ó�é/ð�è�î·è�õ�í/ùMóDç�çÆò�íDùZ÷2è�ùCú¥óDî�édí�ëgÿ-óDæ�ç2í�
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Avg. # of 
live small 
objects

Bytes 
occupied 

(live small 
objects)

Avg. live 
small 
object 
size 

(bytes)

Large 
objects

% live 
small 

objects

+-,/.�0�1�+32�4 5�6�7 8�9�8�:�5 15.4 ; 99.7
<�=�>@?/A�B�>@C�= D�E�F�G�E�H I�J�G�F�E�I�H

18.5 K 100.0
L@M�NPORQSN3T�U�VXW Y�Z [�\�Y ]�\�^�Z�^�_�Y

24.4 `�a 99.5
b@c�dfe�g�h�e�g�i�e�j k�l�m�n�o�p l�mPlql�r�m�s�n�k

21.6 t�u�v�wxt 96.5
y�z�{}|@~'� ����������� ����������� �x��� 23.7 ��� ����� 97.9
�X�����3���}���'� ����������� ������������� 22.9 ��������� 93.8
�X P¡�¢£�� 3 �¤ ¥�¦�§�¨�©�ª ¦�§ ¦�ª�¨�§�¥�ª�¨ 31.3 «�¬� 99.2
®°¯�±�¯X² ³�´�µ�¶�·�¶ ¸�µ�¹�º�»�µ ´�·�³

31.0 ¼�½�¾ 99.7
¿°À�Á�ÀXÂ�Ã�Ä Å�Æ�ÇPÈ�É�Ê È�Ç�Ë�Ì�Í�Ç�Î�Ê�Ë

30.5 ÏxÐ�Ñ 99.6
Ò�Ó@ÔXÔÖÕ ×�Ø�ÙPØ�ÚxØ Ø�Ù�Û�×�Ü�Ù�Ý�Þ�Ü 32.4 ß�à�á 99.4
âäã�å�æ/ç�è�é�ê�ëqìîí�ï-ðñæ�òRó�çôí�å�õöç�÷�ðøïSã�ù£ç�ïûúüã�æ�æþýÿæ/ç�ï3ïfð���ã�� ê�� å���ðøç�ï	�°é
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��!Q/���������5��������%��?v���}��*��T!v��!"��-?v#%/���(���7:�5�&�����u�������23�3^�2�&�������N������*���������*������������5Uh���M'N�5<����,-�����
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Program
Original 
execution 
time (secs)

Instrumented 
program 

execution time 
(secs)

% overhead of 
instrumentation

���^����������� ��� ����� ��� ����� 5.45
�����%�5�����%���  �¡� �¢�£  �¡�¤�¥�¥

5.19
¦�§�¨	©�ª;¨�«�¬�2® ¯�°�±�²�³ ¯�°�´�³�¯

4.69
µ�¶�·�¸�¹�º�¸�¹�»�¸�¼ ½�¾�¿�À�½�Á�Â ½{Á�Ã�À ¾�Ä�¿

3.20
Å�Æ�Ç4È%É5Ê Ë�Ì�Í�Î Ï�Ð�Ñ ÒMÑ�Ë�Î�Ë�Ó�Ô 3.10
Õ2Ö�×0×�Ø�ÙÚÖ�Û^Ü Ý�Þ�ß Þ�à Ý�à�ß	á�â 4.91
ã2ä-å{æ�ã�ä0ä0ç è�è�é�ê�è è�ë�é ì�í 5.04
îðï&ñ�ï2ò ó�ô�õ�ö�ô ÷�ø�õ�ù�ô

4.17
úðû&ü�û2ý�þ�ÿ ����� ��� ����� ���

4.12
���
	�	� ��������� ��������� 4.83
�������������  �!#"%$��'&�(��)��*,+�-&.�/�0�214365
78�9*��'32�;:�&<+�-456�
54=�>��
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Program

Queue 
size 2
(GC 
time)

Queue 
size 3
(GC 
time)

Queue 
size 5
(GC 
time)

Queue 
size 2
(Total 
time)

Queue 
size 3
(Total 
time)

Queue 
size 5
(Total 
time)

B�CED�F�G'B<H�I J�K�J�L J�K�J�L J�K�J�M J�KNL�O 0.17 P�QNR�S
T�U�V4W2X�Y�V4Z�U P�Q�[�\ P�Q�\�] R�QNR�\ ^�Q�_�\ 2.58 `�a�b�c
d6e�fhg
ijf<k'l�m)n o aNp�c o a `�q o a r�c q�aNp0r 2.76 s�t�u�v
w6x�y�z/{�|�z/{'}�z�~ s�v�t ��u ����t�v�� v���t�u�� ������t s�s 238.18 ������� ���
�������4�E� ��������� �����N��� ����� ��� ����������� 247.62 �������N���
�)���<�< �¡��'¢E£ ����¤�� ���N��� ¥���¦�� ������¥�� 27.67 §�¨�©�ª�«
¬)N®�¯.¬/<�° ¨�©N±�¨ ª�©�²�³ ±0´�©N±�µ ´�§�©N±�« 40.67 ¶�¶�· ¸�¹
º.»'¼�»)½ ¾ ·�¿�À Á�Â�·�À�¶ Á�Ã�· ¾ ¶ Ã�¿�·�¹�¹ 53.18 Ä�Å�Æ�Ç�È
É.Ê'Ë�Ê)Ì�Í�Î Ï Æ�Ç�Ð Å�Æ Ñ�Ç Ò0Ð�ÆNÒ�Ó Ñ�È�Æ Ð�È 39.26 Ô�Õ�Ö Õ�Õ
×�Ø6Ù/ÙÚ Û Ö�Ü�Ý Ô�Ö�Þ�ß Þ�Ö Û�Û Õ�ß�Ö�Ü�Õ 25.78 à�á�â ã�ä
å#æ�ç�èEé ä�â�ä�êìë�í�î æ�ï'ðòñ�óõô�ö�é�ö�é9÷hø
ù�é9ñ�úûé�ü�é/ï'ö�ð6ø2ñ�ú,ð
ø í é â
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objects (base)
Avg. # of live small 
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LZY*[�H�Y]\�^
_�YB[�_`L!L7J�L�Q�a [�bcH _Cd�WZe
richardsf deltablueg�h�i�j instr
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x�y{z}| ~�yB��w
o�p���|�u*��w
��s*m*o�~���p��0��w
�C~�v��)w
�`v0prmBo�| x��>o�p x�p�����vr| u���w��Cs�mBo�~=l
�<o�s�uSp
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��m*��p �0�Cw
��~�s�x��=s*mZ�.w
� typechecker � new-tc, � �%�=� �*�r�*���������������`�
 ¡�`��¢=£ ¤¦¥§���
£0�¨£1©��`ª
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�
���� ��!£0¤`¼C�-�!���
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�.Ç�«��� -£ � ��È0º
������²!���*���)�
���*t��������«�²!���*«S�
��£¬�*�����É¢)«B ����7£.©�¹�¹����Ê��¥IÀÉ·Ë¢)«S£ £0�!£������ typechecker Ì new-tc, Í�Î�Ï
Ð�Ñ�Ò}Ó Í�Ô�Í}Õ�Ö`×
Ø±Ö`Í�Ù�Ú  ÛCÜ0Ý
ÝßÞ§à�á�âSÝ7ã�ä�å
æ0ç±è�é�ê�ë�éìêSÜZë!í
î�Ü.ê�Ü.ïCÝ î�ïðè�êBï�éñí
ò�óõô�Ý!à+Ü.ò�ó0Ý�ô=Ý�î�ï�Ü0ä%ö¡ê�î�ë+Ý}ï*é�Ý÷ ê�â�Ü0í
î�øBùúà�ô�øBû�í
é�Ý�ó7à�â�ü�í
ó.ê�ï*é�ôýê�ÜÉêBî�Ý+þ�þCÝ+ë�ï*ê�ÿ�Ý�à�ï ó0Ý � ò�ë ê�î�ü�à���ó�í
ü�ó0à�ô��*Ü}ë!à!ë é�Ý]ô)êCÜ0ÜÉó0à ï�Ý+ç°à�î �
é�à!Ü�à)Ü.â�êBü�é�ï�â���é�ê�ü�é�Ý�óÊí
ÿ�Ý�óCé�Ý+à � ï�é�à î	�¦é�Ý�î�Ý
���*Ü�à âBü�í
ó�êBï�é�ô=çAê�ï���Ý�ó`þCí
ó.ô=Ü]è-í
ó`Ü�Ý-þCí
ó richards
deltablue������� instr sched�

Program

Greedy 
breadth

-first 
(GC 
time)

Greedy 
depth-
first 
(GC 
time)

Depth-
first with 

look- 
ahead 

(GC time)

Greedy 
breadth

-first 
(Total 
time)

Greedy 
depth-
first 

(Total 
time)

Depth-first 
with 

lookahead 
(Total 
time)

�����
���������  �!" �#  �!" �#  �!" %$  �!&#%' 0.17 (�)&*%+
,�-
.0/�1
2�.03�- (�)"4�+ (�)"5�6 *%)"(�4 6�)&*%7 2.58 8�9":�;
<0=�>@?0AB>�C�D�EGF H 9 8�I H 9 8�J H 9 I�J J�9"J�K 2.76 L�M"N�O
P0Q�RTSVU�W�SVU
X�S
Y Z�[ M L�\ Z�] M [�Z ^ \�M"_�O Z L`O%M L�_ 238.18 a�b�c�d"e�b
f�g
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5.6  Related Work
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û�ìùõ ý
û�ú � ó&ó�õ<��ô�ë0û�ø � û ì�é�í õ�ý���í���ý�ø�í1()��ý�ô�ì�ë�ÿ
÷ � ý�ô � � ëùó ú�ý�ì�ý õ�ìÛô�÷�ÿ
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õ�é�ý ���� �=( þ�÷�ì>� ë�ú�íjî$%�'�ò&� è ë � õ � û	í�ìËý � � ìÛôçíGý
ì�íVú é�ýVõ�é ìùý
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ô�ý
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ì�ýØõ�ìÛô�÷�ÿ
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Program
L2 cache 
miss rate 

(base)

L2 cache 
miss rate 
(CCDP)

% 
reductio

n (L2 
miss 
rate)

Execution 
time 

(base)

Execution 
time 

(CCDP)

% 
reduction 
(execution 

time)

F&G0H�I)J�FLK�M N�OQP�R N�OQS�R 21.4 T�U V)T�V T�U<W�X�Y 14.4
Z�[�\�]&^
_�\�`)[ a�bQc�d e)b f�d
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Definitions might be good things, if only

we did not employ words in making them.
—Rousseau

Chapter  6

Cache-Conscious Structure Definition
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Case 1: Structure size << cache block size

Case 2: Structure size ≅ cache block size

Case 3: Structure size >> cache block size
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6.1  Structure Splitting
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6.1.1  Class Information
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6.1.2  Hot/Cold Class Splitting Algor ithm
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LS �F�������D���� u¡ ¡%¢���¡*£�¡8¤�¥v �¦�§&¨����w£�©M����£�ª��F¤�§
©%«*��¥8¬g¤D���D��������® C ¯�°�±\¯8²�¯*³�´Mµ�¶�·&¸�±�¹[²�ºn»�´8³D¼�¼�±D¼n½R¾�¯�°o³�¯M´8±�³D¼�¯�³+¼�¾�µ�¿�´*±.º%¾*±�´*Àg³�»D»�±�¼�¼�Á Fi Â�Ã�Ä\Å�Æ�ÇOÈÉ Ä�Ê�Ë�ÌnÌ%Í8Ä�Î0Ï�ÐyÍ%ÅqÑ�Î8ÒDÐ�Ð i Ó�Ô�Õ Ö Ai ×�Ø�Ùr×*Ú�×*Û�ÜMÝ�Þ�ß,à�Ù�á[Ú�â6Û�ã�ãDÙDä�ä�Ù�äy×*Úeâ%å*Ù�Ü8æ�ä�å�Ýoã�Ü*ÛDä�ä i ç1èjé�ê.ëJì�í�î�ï%ï�î�ð�ñ
ò í�ñ�ó�ô�î�ï�é�õöó�ð�í�÷oø�ó�ð ë�î8ù�ê�ô�ëxø�í ò ë�ë�êDë�ú$é�ê�ô�êDû
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A�B
C�DE$F�F�G�FIH�J�E�HKC�L$M'H�N#O�P'Q'H�G�RSH�LUT�G�N�V%L$N#WXE�M�C�G�O�W6T'N�L$Y�G�WXG�M'H#F�Z\[�G�R$Q�C�O�M']^H�J'O�FIH�J'N,G�F)J�L$DRUO�M'H�N�L'R$Q�C�G�R
E?D�E�N=]�G�N_M'Q'W6P�G�N.L'V_C�E�M�R$OR'E9HG7C�D�E�F�F�G�F�Z'`6L$a6G�Y�G�NcbdH�J�G7E$R'R$O�H�O#L$M�E�DeF)T'D�O�HeC�DE$F�F�G�FfR'G�]'N�E�R'G�R^T�G�N�g
V#L$N%W:E�M�C�Gfa	J�G�MhH�J�GfT'N�L$]'N,E�WXF3aiG�N,G+N%Q'M<L$MjEkR$OV=V�G�N�G�M'H(O�M'T'Q'HUR'E9HEkF�G�HlH�J�E�MmH�J�GkL$M�G+Q�F�G�RkH�L
W:E�n�GoH�J�GfF%T'D�O�H�H�O�M']hR'G�C�OF%O#L$M�F�Z

p MmE�R'R$O�H�O�L$M�b�H�J�G+F%T'D�O�H�H�O�M']mE�D�]�L$N#O�H�J'WqL$M'D�rhC�L$M�F%O�R'G�N�F3C�D�E�F�F�G�F�H�J�E�H�E9N,G4DE9N%]�G�NsH�J�E�MmG�O�]'J'HtP'r'HG$F
E�M�R7C�L$M'HE9O�M7W:L$N�G4H�J�E�M7H�aiLkV�OG�D�R'F�Z'uvT'D�O�H�H�O�M']mF%WwE�D�D#G�NeC�DE$F�F�G�FKO�FKQ'M'D�O�n�G�D�r7H�L?T'N�L'R$Q�C�G+E�M'r7P�G�M�g
G�V�O�HF�bx]'O�Y�G�MXH�J�G6F%T�E�C$G	T�G�M�E�D�H�rXO�M�C�Q'N#N�G�R1P'rXH�J�G�N,G�V%G�N�G�M�C�G6V�N,L$WyH�J�G.J�L$H_T�L$N%H�O�L$MXHL1H�J�GiC�L$D�R
T�L$N#H�OL$M�Z

z G9{'Hb|H�J�G�E9D�]�L$N#O�H�J'W}D�E�P�G�D�FUV�O�G�D�R'FlO�M~H�J�G	F�G�D#G�C�HG$R6��D�O�Y�G���C�D#E�F�F�G�FUE�FlJ�L$HoL$NSC�L$DR'Z!��MXE�]']'N,G�F�g
F%O�Y�GhE9T'T'N,L'E�C�J�H�J�E9H3T'N�L'R$QIC�G�F7E@F%WwE�D�DG�NfJ�L$H3T�E9N#H�O�H�O�L$M'��E�M�RiT�G�N�W~O�HF?WXL$N,G�C�E�C9J�G�g�P'DL'C9n�C�L'g
DL'C�E9H�OL$M'��E9DF�LkO�M�C�N�G�E�F�G�FeH�J�G~C�LvF%HSL'V�E�C�C�G�F�F)O�M']<C�L$D�RmV�O�G�D�R'F�ZK�>J�G�F�G1C�L$W1T�G�H�O�M']�G�V)V#G�C9HFeW1Q�F%H
P�G�P�E9DE�M�C�G�R'Z p M'O�H�O�E�D�D�r�b!H�J�G�F)T'D�O�H�H�O�M']XE�D�]�L$N�O�H�J'W}H�E�n�G�F�E�MXE�]']'N�G�F�F%O�Y�G�E�T'T'N,LvE�C�J:E9M�R	WwE�N#n�FUE�M'r
V�O�G�DR+M�L$H�E�C�C�G$F�F�G�RfW:L$N�GeH�J�E�M Ai / (2 *  Fi) �����:���e�������$���'�!�	�����������i�.���'���������:���'�#���f�������w�$�����
�#���,���'�����'�,�$�%���$��'���I ����'�����	���'���$�%���$��'�+�'�,�'�$¡������@���'�@�:���'¢£���$��¤����9��'���I���'�����j�'¡'���e�������#�$���
�:�����$���t¥e�6�����	�$�����9�_�������'�!��$�6�������'�,�$�%���$��'�U�'�������9�������U�'¡'�%���'�����'�>�����^�������$�#�����'�:�!���'�����6���
��?¦I�+�$�3���'�'�������%��§��f�$�K���'���%��¦'���4�	�������\¡'�l�'���'�����$���'�7�����,�#�$�#�X���������$¨��x�����+�$�$��?���$�#�����$�h�'�s��������
i ©ª�ª%«�¬)¬�©��©®�¯'°�±�²~±³�´=µ�®e°¶+·:®�´�©�°oª%¸'±�©�°�°�©�¯'µw¹#³�°>±�®�³�ª%°oº	»'²d°®�ª(°¶~¶'¬%¬%ª�®�°I°�¼�®	ª)¸�³�$®�´�®�½$«'©�´�®$¾6¬#¶$´�°�¼�®
�¶$±¾m¶$»$¿À®��°�´�®�¬�®�´�®�¯��®�Á,Â�°�¼�®6¬%¶$±�±#¶$Ã^©�¯'µÄ�¶$¯�¾$©�°�©�¶$¯X©�ª�«Iª�®�¾k°¶w$¶$«'¯'°®�´#»�³9±³�¯��®~¶$Å�®�´,³�µ'µ'´,®�ª�ª%©�Å�®
ª%¸'±�©�°�°�©�¯'µ�Æ

(max(hot(classi)) − 2 ∗ Σ cold(classi)) / max(hot(classi)) > 0.5 ÇSÈ�É�Ê

Ë�Ì�Í9Î�ÍÐÏ�Ñ�Ò�Ó7Ô)Õ�Ñ�Ö'Ì'×4Ó�Ø'Ù�Ô�ÍÐÚ'ÛIÒ�Ú$×�Ó�×�Ñ�Ú$Ò'Ü_×�Ì�Í hot Ý�Þ�ß cold à$á�â�ã,ä�å�à$ã�æoå�ä�ç�âÐä�æoè�é'á'ê'åeäÐë9ìä�æ�æ�í>ä�é�î
ã,â�å�ê'ã#éhäfæ�â�ï$ê�â�é�ë�âfà'ðKä�ë�ë�â�æ�æ_ë�à$ê'é'åæ3à'ðKäfë�ì�ä�æ�æ�ñ�ò�à$å(ä�é�îÐë�à$ì�îÐð�è#â�ìîvæ�í$ã,â�æ%á�â�ë9å�è�ó�â9ì�ô'õ'ö�ò'è�æ3ë�à$é�î$è÷
å�è#à$é1è�æ(øXà$å�è�ó�ä�å�â�î+ù'ô~å�ã%ô'è�é'ú~åà~ä�ë�ë�à$ê'é'å�ð#à$ãUà$ù$û�â�ë�åoë$à'÷�ì�à'ë�ä9å�èà$émâ�ð=ð�â�ë9åæ�ä�é�î~ë�ä�é1ù�â3è�é�ð#à$ã#øXä�ì�ì�ô
ûê�æ=å�èð�èâ�î~ä�æ�ð#à$ì�ìà$ü6æ�õþý�à$é�æ%è�î'â�ã�è�é�æ)åä�é�ë�â�æ�à'ðtå�üià~î$èð)ð#â�ã,â�é'åoë�ìä$æ�æ�â�æ�í o1 ÿ�� � o2 
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W X
Y!ZZ![!\�\][!^ a1, .., an _�`�acb!d�egf�h�i o2 j�k�l�m m n�oqp�r�s�tFu�v�w4u�w�x/pyw!zz!pt�t�ps b1, .., bm {	|�}c~��]����{�|q�<�/~!��]�����
������~�{��A~�����~!�4{<{���~��q����������|	���c���!�~!�]�&�!����{��&�	����}���~4�)�����������~&}A|����]~���y�q���2{���~��4�������|	����{������~��
o1 ����� o2������ �¡!¢&�� ¤£�¥�¢y¦�§�¨/��£©¡ª!��¢�¢�«�¢�¨�¬®	��¢�¯�°¤ª�¡¡!¢!�]�2�� �¡�±�¨]�)ª�¡�ª¡�¥�¢y²A���]���³¦�¥���¯�¢&�� cªy²+§�¨ ¢
qª�«�§�¨/ª�´�¯�¢µ¡ª!��¢¶£	¥�¢@ª!¡¡!¢���]¢�¶ª�¨ ¢µ¡�¯	±���£�¢4¨ ¢!°'£�§�·�¢�£�¥�¢�¨4�9¦���£�¥3£�¥�¢µª¡�¡!¢�]�¶¡!§�±� �£&§�S£	¥�¢;²c§���£>	¨/¢¸¹ ±�¢� �£�¯�¬µ¨/¢!q¢�¨/¢� �¡!¢�°µ���¢�¯�°#�� �°���¡!ª�£��	 �·µ£�¥�¢" �±�²�´�¢�¨&§�0°�����£	�� �¡�£�£���²c¢!��£�¥�¢©�� ���£�ª� �¡�¢º����ª¡�¡!¢�]��¢°�»

max(a1, ..., an) < cost(o1) < Σ(a1, ..., an)

max(b1, ..., bm) < cost(o2) < Σ(b1, ... bm)

¼¤½�¾�¿gÀ�Á0Â�Ã�Ä)Ã�½�Â0Å�½�ÆqÂ�À�½�ÇÈ½�Á
o1 É�Ê¶Ë�Ì�Í�Î�Ì�ËÏ4Ð�Ñ!Ò'Ó�É�Ð	ÔÕÐ�Ô�Ñ)Ô�Ì�ÐSÖ�Ì�×�Ð�É�Ì�ØÈÌ�Ù o2Ú�Û4Ü�ÝµÞ�ß�à!á]àµâMã�ÞSã�ÜäÛå Û å ß�à©æ�ç�è å�é Ú�Þ�ß�à4Ü�ê

cost(o1) + cost(o2) ≅ (max(hot(class1), hot(class2)) + ε) + 2 ∗ (Σcold(class1) + 
Σcold(class2))

ë�ì�í4î í ε ï�ðºñ2ò�ó�ô�õ¤ð�öcñ�÷�÷ùø�ú�ñ4û�ü�ï�ü	õ7ý9þFÿ�ïqðºó!ø�ú�ñ�ü�ï���û�ÿ���÷ � ð���ó��!ñ�ú�ð�ó©ü	ÿ�ó���÷�ñ!ð]ð�ï�û�ð�ü�ñ�û��ó!ð�ÿ�ñ�ò�ó"ÿ�ï
	�ÿ
ñ���	ï�û�ï	ü�õ��	ÿ���ü��	ï�ó�÷ � ñ����!óð]ð�óð©ñ4ô/ó��4÷�ú�ð�üqó�ô/ó ��� ñ�û � ü�ÿ�ó�����÷ � �	ï�ó4÷ � ð"ñ�ô óyñ����!ó!ð]ð�ó � ü�ÿ�ô���ú�	�ÿ5ñ�÷�ó�ò�ó4÷����
ï�û � ï	ô ó���ü�ï���û�ý�þFÿ�ï�ð���ï�÷�÷ � ó��Mï�û�ï	ü�ó�÷	õ���ó���ó�û�ó��	ï���ï�ñ�÷<ï���ü�ÿ�ó�ð�ú�ö����Fü�ÿ�ó�����óðCü��!ñð�ó � ����ð�üqð�����ñ����ó!ð]ð! 
ï�û�	���ô�ï�	�ï�û�ñ�÷7ò�ó�ô ðCï���û�ð����9ü�ÿ�ó�ï�û�ðCü�ñ�û��!ó!ð<ï�ð"	�ô ó!ñ4ü�ó�ô�ü�ÿ�ñ�û�ü�ÿ�óyñ����ó!ð�ð�����ðCü�ñ��	ü�ó4ô�ü�ÿ�ó2ï�û�ð�üqñ�û��!óðFÿ�ñ�ò�ó
��ó!ó�û3ð$#�÷�ï�üùñ�û � ÿ���ü%#���ô�ü�ï���û�ð����� 	÷����!ñ�ü�ó ��&

max(a1, ..., an) + max(b1, ..., bm) >
((max(hot(class1), hot(class2)) + ε) + 2∗(Σcold(class1) + Σcold(class2))

'�(*)�(*+
min(max(hot(class1)), max(hot(class2))) >

2 ∗ (Σcold(class1) + Σcold(class2)) + ε

,.-0/�1�2�354�67-�8�67-:9�2<;�8�/�8�=?>�/@8�9A9�B�-�1CBD1FE73�G!G@-
/�G$=�3C/�1�2�G@9H-
E0E:I�2�1�8�J�E�8�1�3F=72�;�KL=0B�2MI�2�G=:9N2�1�3F/D;�8
-�G@=�8O2F/�GP�6�25=0B�3C=�Q

TD(classi) = max(hot(classi)) – 2 ∗ Σ cold(classi) >> 0 RTSAU�V
W"X�Y�Z�[�\�]C^�_0Y
_0`aY�Z�_7bFc7deb�fg_0X�bgh

temperature differential i�j7k�l�m0n�ogpCq�r�s!s!t?u�k�lvpFq�r�sFs!o�swm0n�rFmTx�k
y k�m�zeo�oFm�m
n�{�sNpCl${0m�o|l�{�k y�} r�zek�l�o~p�k y s!oCl7�@rFm0{���o~j7k�l7zg��q�r�{�sH��s!o�xam0n�rFmTq�rC��oFq7sNj�{�oFq�x�svm
n�rCm�rCl�o
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6.1.3  Program Transformation

®°¯²±e³�´�µ�¶�µ�¯�´�·�¸�¯w¹�³�º7·�¯|»½¼�³�±g¾�µ0¿7¯Fº�·7³�À¾�¿0µ�·�¼|¿�Á�À!ÀF¯�À�ÀF¯C¿�¯�¼F·�¯�´�Â�ÃÄ·0¸�¯�À$¾�¿
µ
·
·0µ0Å�ÆaÁF¿�Æ�³�º�µ
·
¸�±ÇÁCÅ�´
·�³O¾�¯Fº�¶$³�º�±È·0¸�¯ÄÁ�À!À!³�¼Fµ7ÁF·7¯�´Ä¾�º�³�Æ�º!ÁF±È·0º!ÁFÅ@À!¶�³�º$±½ÁC·
µ�³�Å�ÀFÉ�Ê�³�·T¶¢µ�¯C¿�´�ÀHÁCÅ�´�·0¸�¯Cµ
ºHÁ�¼�¼�¯�ÀFÀF¯�Àwº�¯C±½ÁCµ
Å
Ë Å�¼C¸�ÁCÅ�Æ�¯�´�É�Ì²³�¿�´Í¶�µ�¯C¿�´�ÀgÁCº�¯e¼�³�¿0¿�¯�¼C·�¯�´ÎÁFÅ�´Ï¾�¿�Á�¼�¯�´Ïµ0ÅÐÁÄÅ�¯FÑÒ¼�³�¿�´Ó¼�³ Ë Å�·�¯Cº$¾�ÁFº7·v³�¶²·�¸�¯eÀ$¾�¿�µ0·
¼C¿�Á�À!À!ÔÕÑ�¸�µ�¼C¸�µ0Å�¸�¯Cº�µ�·�ÀT¶�º�³�±Ö·
¸�¯�¾�º�µ�±½³�º!´�µ�ÁF¿5×²Â�Ø�¯�¼C·�¼C¿�Á�ÀFÀ�ÁCÅ�´H¸�Á�À�Å�³H±e¯C·0¸�³�´�ÀMÂ�¯CÃ�³�Å�´�Áv¼�³�Å�Ù
À$·�º Ë ¼C·�³�º�É?Ú�ÅÛÁ�´Ü´�µ0·
µ�³�Å�ÁC¿<¶�µ�¯|¿�´�Ô%Ñ�¸�µ�¼F¸eµ�ÀÝÁHº!¯�¶7¯Cº�¯|Å�¼�¯H·�³�·
¸�¯HÅ�¯CÑÞ¼�³�¿�´½¼|¿�Á�À!ÀFÔ%µ�ÀÝÁ�´�´�¯�´g·�³�·
¸�¯
³�º7µ
Æ�µ0Å�ÁC¿�¼F¿�Á�À!ÀFÔ.ÑH¸�µ�¼F¸NÅ�³�ÑÈ¼�³�Å�·�ÁCµ0Å�À�·�¸�¯�¸�³�·²¶�µ�¯C¿�´�ÀFÉ�ÌT³�¿�´¨¶¢µ�¯C¿�´�À<ÁFº�¯�¿�ÁCÂ�¯C¿
¿�¯�´ÝÑ�µ0·0¸N·
¸�¯

pub-

lic ß�à�à�á�âFâ�ã½ä�å�æ�ç�æ�á|è�é�ê"ë�æ�â�æ�â�ì�á�á�å�á�å�í7ä�î�áFè7ãgæ0í�ß�à�à�á�â!â�í�ä private ïCð�ñ protected ò�ó�ô�õö�÷�ø ô�õ�ù�ú0û�ü!ó�ý�þ�ûÝú
û ø ò�ó�ô�õvòCô�ÿ�ùFù@ü ø�ö7ø ü ø�� ò øTö
÷�ø ô�õ ÷�� ú0û ø ó�ü ÷ þ ÷�� ÿCô � û�ó�ú���òCô�ÿ�ù!ù��	� ÷�� ò ø ú
û ø ù ø ú0ü�ÿ � ù ö ó�ü�

� ÿCú ÷ ó � ù5ÿFü ø ÿ���ô ÷�ø õTú�ó�� ø ü ÷�ö�÷�ø õ�����ú ø ò�ó�õ ø ú
û ø �Dõ�ó � ó�ú�ÿ öö7ø òFú��ü�ó�þ�ü!ÿ � ù ø òCý�ü ÷ ú��	���ü�ó�� ÷ õ ø õTú0û�ÿCú
ú0û ø ò�ó �  ÷ ô ø ü ÷ ù�ÿ5ú
ü7ý�ù$ú ø õ ø�� ú ÷ ú��	�
� ÷�� ÿCô
ô�����ú0û ø ò�ó �  ÷ ô ø ü � ó�õ ÷�ö�÷�ø ù²ú
û ø ò�ó�õ ø ú�óÏÿ�ò�ò�ó�ý � ú ö ó�üvù��ô ÷ úTòCô�ÿ�ùFù ø ù����"û ø ù ø ú�ü�ÿ � ù ö ó�ü � ÿ�


ú ÷ ó � ù ÷�� òFô0ý�õ ø ü ø �ô�ÿ�ò ÷�� þ ÿ�ò�ò ø ù!ù ø ù²ú�óaò�ó�ô7õ ö�÷�ø ô�õ�ù�� ÷ ú0û ÿ � ø! ú0ü!ÿ�ô ø � ø ô�ó ö÷�� õ ÷ ü ø òCú ÷ ó � ú0û�ü!ó�ý�þ�û

split_classes()
{

for each class {
mark_no_split;
if((live)&&(suitable_size)){

mark_fields_aggresive;
if(sufficent_cold_fields)

if(normalized_temperature_differential > 0.5)
mark_split;

else{
re-mark_fields_conservative;
if(sufficent_cold_fields)

mark_split;
}

}
}

}
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6.1.4  Discussion
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6.2  Field Reorder ing
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class A {

protected long a1;
public int a2;
static int a3;
public float a4;
private int a5;
A(){

...
a4 = ..;

}
...

}
class B extends A {

public long b1;
private short b2;
public long b3;
B(){

b3 = a1 + 7;
...

}
...

}

class A {
public int a2;
static int a3;
public cld_A cld_A_ref;
A(){

cld_A_ref = new cld_A();
...
cld_A_ref.a4 = ..;

}
...

}
class B extends A {

public long b3;
public cld_B cld_B_ref;
B(){

cld_B_ref = new cld_B();
b3 = cld_A_ref.a1 + 7;
...

}
...

}

class cld_A {
public long a1;
public float a4;
public int a5;
cld_A(){...}

}

class cld_B {
public long b1;
public short b2;
cld_B(){...}

}
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6.2.1  Field Reorder ing Overview
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6.2.2  Constructing the Structure Access Database

fPg�h�ikjlfPm�n�n�o�p�q m]r!s�t�u2vlwGm�n�n�oyx:n�zH{�|�h�z2}�q�~���w�~��C�1w�~�q���|�o�w�m�q�~��[w���z*n��Vz7w���� �`w����/m z*w,�Lmy�:}�~�m�w��
m z�h#h,v�q��(|���h,�Qm�n?wL~�w�o }��KhDm g�h���n�|�z*�,hD��z*n���z*wL�1�F�:m��Vz*n���|��#h#�Uw�x!q�o�hG��n�~�m�w�q�~�q ~��Cq�~�x2n�z��Ew�m q2n�~Aw���n�|�m
h#w,��g[�:m�z2|���m�|�z*hXx!q�h�o��Aw#�#�,h�����vVq ~���o�|���q ~V�Am�g�he��n�|�z7�#h_x�q!o�h_w�~��?o�q�~�hXw�mb�.g�q��LgTm�g�h_w#�,�#h,���Zn��,��|�z*���

� q ��|�z�hZ���2��� j�m!z�|���m |�z�h`w,�#�,h#���]��w�m�wL��w,��h,�

�/m z2|��Lmai �:m z:|���ma�
q�~��:mai1� q ~��/m�i
s

xSq�h�o2�_w x!q�hLo��G� x�q2h�o��_�
w��,�#h#���]w�� w,���,h#���]w�s w#�,��h#���]w,�



�7�
�
���L� ������� �����,�#�#�,���l���9 !�*�,��¡�¢2£V S�
�������,¢:£V¤��U !�*�,��¡�¥!�.��� �2�,¢2¦#� ����§��2��¨�¡-©���ªE�,¦#� �����:� �:«���� «����9��©��/����©��,�#¦
��©�¡-�����G�:���2«�����«��*��¬!� �®��L¯O©���ª��,°�±²�:���2«����!«��7�	� ©��:����©��,�D���9��§!«�©����!��¤�©�¥S©���ª1��³��:���2«���� «����#¥�©���ª��<®(�����´£
�
���L�7�.������§�«�©�������¤�©�©��Lª1���,¤��:�*�,�:®l¤�©�¡��-��¤e� ���%§S«�©���� ��¤�©�� ©��.�����L��� ���
�!©��:����©��,�.���C��¨!¨�¤��#�����#¡�°
µ � ���?®�¤���©������y�L¨ �����:� ©�¶�£��,¤�ª�®�«��!� ©�¶A�:���2«�����«��*�9�!©��:����©��,�#�U�/���������,��¨�¨ ?�!©?��������ªE��©�©��������9��©A��®�®��7¤�·�¥
� ªE������¤�©�°I¸P���²§2¤�¨�¨�¤��
��©�¶¹��·���ª�®�¨��W����¨ ®��R� ¨�¨�«��/� �*���2�º� ���W®��*¤�»�¨���ª1°T¼�¤�©��/��¡����½�#¤�©����,��«�� ��¾��
�#�,�#�#�����#�`��¤¿§!����¨�¡�� a À�Á�Â b Ã Ä¿Å Æ�Ç[È�Ã2É/É2Ê�Ë*ÊLÄ�ÅHÌ:Å Ë:Í�Î�Å Í�Ë�Ê_Ã!Ä�Ì:Å�Ï�Ä�Î,Ê#Ì_Ð�Å�Ñ�Ç�ÍVÒ�Ñ[Ã�Ä�È�Ã�Ì/Å Ã Ä�Ò�Í�Ã�Ì/Ñ�Ï�Ó�Ô�Ê
Æ
Ã�Å ÑTÇ�Í�Ë]Ï�Õ�Õ�Ë7Ç�Ö�Ã!×1Ï�Å!Ã�Ç�Ä�Ø*Ù�ÚlÑVÃ�Ì]Î,Ç�Í�Ô�È`Ô2Ê,Ï#ÈGÅ�ÇGÃ�Ä�Î#Ç�Ë�Ë�Ê#Î�Å�Ô�Û_Õ�Ô�Ï#Î�Ã�Ä�ÒTÉ!Ã�Ê�Ô�È�Ì a ÜLÝ�Þ b ß�à�á�â�â�ã_à#ä,åLæ
ã�â æ�à�ç�èBé%ã�ê%à�ë�à�çLìBâ�æ�í�î`ï�í�ï_ß�ã�âQä�ð�ð�à,ä�ç]â�ãCñ�à_ä_î�à�ç�í2ã�ò�îUð�ç*ã�ñ�ó�à�ôöõ:ã�çHã�ò�ç]ð�ò�ç2ð�ã�î�à#î�ì(î/í�ß�å,àGô�ã�î:â
í ß�îdâ�ä�ß�å#à#îTî:æ�ã�ê�à#ïYî/í ôeí ó�äLçEä,å�å,à#î�îTå�æ�ä�ç7ä#åLâ�à�ç�í�î/â�í�å#îT÷!í�èøà#èøìGå,ã�ß�î�à,å�ò�â í�ë�à[ä#å,å�à#î�î�à#î_â�ã¿â�æ�à[î�ä�ô�à
õ!í�à�ó�ïùí�ß²ï�í�õ/õ2à�ç7àLß�âk÷!í�ß�ï�í�î:â�í�ß�ú�ò�í�î:æ�ä�ñ�ó�à�û%í ß�î/â�ä�ß�å#à,î�ìUç*ä�â!æ�à�ç�â æ�äLßüï�í�õdõ2à�ç*àLß�âkõ�í2à�ó�ï�î:û�è bbcache
ý*þ#ÿ����������	��
����þ`ÿ���������������9ÿ�����ý���������ý7þ`ÿ����,þ�������ÿ���ÿ���ÿ���þ��! "�������#��� ý7þ�$�ý*þ���þ������9ÿ��Uÿ%��ÿ��&�'��ÿ����þ�(��
���!ý	��������ý�þ���ÿ�)�þ��+*-,���.���ý7þ+/�0�/�13254Gÿ����6��ÿ��7�6��ÿ����þCþ�����ý�8%ý�þ�$�ý*þ���þ9�����-ÿ#����ý���������ý*þ���8�$�þCÿ����"$�(!�����	�
��(%ÿ+����7�:(�
��7��ý	���9����ý*þ���������ÿ����#þ���2;4=<�þ�ý�8>��� ý���������ý�þ+��������ÿ����,þ?$�(������	�%�	(kÿ?�������(�
�
���þ�	���@����ÿ��A %þ�ý*þ
ÿ����#þ�����þ��B����ý3(���.��C����ÿ��=��������ÿ����#þ��Oÿ�����þ#ÿ����D
���þ���B���E����ý	�C$�(������	�F�	(EÿG������?(�
Qÿ����,þ����"������þ��:����ÿ��
ý*þ���(�ý��H����þH��(���ýI�,þ��(���ÿ����	(��D
SýI(�)J "�������K����þXÿ����#þ�������(�(�LK$��ÿ��,þ�2�M��ùÿ�����������(���������þG$�ý�(�.�ý*ÿ�)N�	�
$�ýI(�
-���þ��B��(O��(���þ����=��þ�)B$�(�ý*ÿ�=����
�(�ý�)1ÿ9����(��D*� "��þ��E���O����þG$�ýI(�.�ý*ÿ�)P �þ�ý7þG����þB
���þ�	���
ÿ����#þ�����þ���1
ÿ���� þ9Q�þ��������	(��R
!ý�þ�S���þ�����8T*���(� (�
���þ��U �þ�ý*þV����þ�8 ÿ����#þ�����þ���1W(�
K�7� ý���������ý*þX
���þ�	� ÿ����,þ�����þ���2
bbcache Y�Z�[�Z#\�]�^�_�]I`�acb�[9d�Y�_�_�e�f�_ge�f�h�^�]�aV`9i�e�^�fji	^g`�Z�Z�^�k�e	`�i�[6i	[�a6\�^�]�`�l+e�f�h�^�]�aE`�i�e	^�fm`�f�b
[�n�[�k�Y�i�e	^�fKh�]�[�o�Y�[�f�k�e	[�Z�p�h�]I^�aqi�r�[%\�]3^�_�]I`9asi�]�`�k�[�p�t"e�i�rK[�`�k�rKh�e	[�l�b�u�`�k�k�[�Z�Z�Z�e�i	[�v

6.2.3  Processing the Structure Database

wyx�z'{�|�}�~���|�~�}�z��;��|�������{�z'������|�������{%��������}	�E��|��	���W������~�|:����z9����������z�{�{�z�{��	��}��C����������{7|�������z�{����
|�x�z�{����Vz�{7|�}	~��9|�~�}Iz�|�����z��;�%��}�z�����x�{�|�}�~���|�~�}3z?����{&|�������z��

bbcache �����������	�������?�'���	���� ¡���&����������¢
£ �I��¤�¥�¦;§"¥����9¥��	����§¡��� £ ¥�����  £ �3��¤�¥�§"¥����������� ����=�I��¤��I�����������-�����	 ��+���� ¨§"¥���������  £ ���+�������������
���	���� �����¥����E���I�©�������������� X��� £ ����¥����D���������3 ���� £ �	�ª��¥��>�	��«B¤����I�������3�����W����������«E�����	����¬+®�����	 ��
�������������� ?§"����¥�����¯�°�°�«6�������	���������� ��%����������¥¡����¥��������¨��¥��=���I�����=§6���I�?���������� ��9�I�� ��	��±����������������� 
���������9«6¤����I��������������¢²¬´³©¥�������§6�#��µ�¤��9����«E�������� ¨§¨����¥E����¶����I�9�A����������¶������·�I��� £ ��� £ ���I��«¹¸�°�º�¯�°�°�°
«V��¦5«E�����=���������������3���F ��	 ������=��¤�¤����9�·����±��:¶��9�	¢O�������7������¶����	����¥��G��µ������®���;������¶��9�®������ ��	�� ����������
���������9«6¤����I�����������'������������¦@�9�� ���¥��#�I���&�������+����¤����	���� 6���ª»������������K¼�¬ ½ª�������I����¤����� ¡�	���>¯�°�°�«E�



¾À¿3¿

Á�Â�Ã�Ä�Å�Æ�Ç�È	É´Ê?Ë�Ì�Ä�Í6Ä�Á�Ì�Î�Ã	Ï?Ç9Å3Ä�Ð�Å�Ñ�Ð�Ñ�Å�Ã�Á	Ñ�Â�Ç�È�Ã�Ñ¨Ã�Î�Ä#Ò�ÅIÄ�Ó�Ô�Ä�Â�Õ�ÖEÑ�Ò%Õ�Ñ�Â;Ã�Ä�×�Ð�Ñ�Å3Ç�Â�Ä�Ñ�Ô�Ï?Ç�Õ�Õ�Ä�Ï�Ï�ÉyØyÎ�Ä
Ò�Á	Ä�È�ËVÇ�Ò7Ò�Á�Â�Á�Ã�Á�Ä�ÏFÁ�ÂXÄ�Ç�Õ�ÎVÁ�Â�Ï�Ã�Ç9Â�Õ�Ä�Ò�Á	Ä�È�ËVÇ�Ò7Ò�Á�Â�Á�Ã�ÖVÌ�Å3Ç�Ð�ÎXÇ�Å�Ä#Í¡Ä9Á�Ì�Î�Ã�Ä�Ë6Ù�ÖVÃ�Î�Ä¡Ò-Å3Ç�Õ�Ã�Á�Ñ�ÂXÑ�Ò@Ã	Ñ�Ã�Ç�È
Ä�Ú�Ä�Õ�Ô�Ã�Á	Ñ�ÂOÒ�Å�Ä�Ó�Ô�Ä�Â�Õ�ÖOÑ�ÒÛÇ�È�È·Ï�Ã�Å	Ô�Õ�Ã�Ô�ÅIÄ�Ò-Á�Ä�È	Ë�Ï�Ç�Õ�Õ�Ä�Ï�Ï�Ä�Ë+Ã�Î�Å3ÑÜÔ�Ì�Î�Ã�Î�Ç�ÃÝÁ�Â�Ï�Ã�Ç9Â�Õ�Ä�Ã�Ñ+Ã�Î�Ä�Ã�Ñ�Ã�Ç�ÈÝÂ�Ô�×VÞ
Ù�Ä�Å�Ñ�Ò@Ï�Ã�Å�Ô�Õ�Ã�Ô�ÅIÄ�Ò-Á�Ä�È	Ë¡Ç�Õ�Õ�Ä�Ï�Ï�Ä�Ï@Ã�Î�Ñ�ÅIÑ�Ô�Ì�Î�Ç�È�ÈAÁ�Â�Ï�Ã�Ç�Â�Õ�Ä�Ï�É;ß®Á�Â�Ç�È�È�Ö�àyÇ�È�ÈAÍ6Ä�Á�Ì�Î�Ã	Ä�Ë¨Á�Â�Ï�Ã	Ç�Â�Õ�Ä�Ç�Ò7Ò�Á�Â�Þ
Á�Ã�Ö6Ì�Å3Ç9Ð�Î�Ï?Ñ�Ò=Ä�Ç�Õ�ÎEÏ�Ã�Å�Ô�Õ�Ã�Ô�Å�ÄFÃ�Ö�Ð�Ä¨Ç�Å�Ä#Õ�Ñ�×BÙ�Á�Â�Ä�ËGÃ�Ñ"Ð�Å�Ñ�Ë�Ô�Õ�Ä#Ç"Ï�Á�Â�Ì�È�Ä"Ç�Ò�Ò-Á�Â�Á�Ã�Ö¡Ì�Å�Ç�Ð�ÎVÒ�Ñ�Å�Ä�Ç�Õ�Î
Ï�Ã�Å	Ô�Õ�Ã�Ô�Å�Ä¨á-ß�Á�Ì�Ô�ÅIÄ+â�Þ�ã�ä=Ù�ÖVÇ�Ë�Ë�Á�Â�ÌBÃ	Ñ�Ì�Ä�Ã�Î�Ä9Å@Ã�Î�ÄFÍ6Ä�Á�Ì�Î�Ã�Ä�ËBÒ�Á�Ä9È�Ë�Ç�Ò7Ò-Á�Â�Á�Ã�Á�Ä�Ï�Ò�Ñ�Å·Ã�Î�Ä"Ï�Ç�×VÄ:Ð�Ç�Á�Å+Ñ�Ò
Ò�Á	Ä�È�Ë�Ï�É�å;Á�Â�Õ�Ä�Ç�È�È·Á�Â�Ï&Ã�Ç�Â�Õ�Ä�Ï"Ñ�Ò:ÇHÏ�Ã�Å	Ô�Õ�Ã�Ô�ÅIÄ�Ã�Ö�Ð�Ä�×BÔ�Ï�ÃFÏ�Î�Ç�Å�ÄGÃ�Î�ÄHÏ�Ç�×CÄ�Ò�Á	Ä�È	ËKÑ�Å�Ë�Ä�ÅÀà�Ã�Î²Á	Ï:Ô�Ï�Ä�Ñ�Ò
Í¡Ä9Á�Ì�Î�Ã�Ï·Ã�ÑBÕ�Ñ�×6Ù�Á�Â�ÄF×BÔ�È�Ã�Á�Ð�È�Ä�Á�Â�Ï7Ã	Ç�Â�Õ�Ä¨Ç�Ò7Ò�Á�Â�Á�Ã�ÖBÌ�Å3Ç�Ð�Î�Ï·Á�Â�Ã	Ñ6Ç#Ï&Á�Â�Ì�È	Ä#Ï�Ã�Å	Ô�Õ�Ã�Ô�ÅIÄ#Ç�Ò7Ò�Á�Â�Á�Ã�Ö6Ì�ÅIÇ�Ð�Î
Ò�Ç�Æ�Ñ�ÅIÏ�Ò�Á	Ä�È�Ë'Ç�Ò7Ò�Á�Â�Á�Ã�Á�Ä�Ï�Ã�Î�Ç�ÃæÑ�Õ�Õ�Ô�ÅÛÁ�ÂKÒ�ÅIÄ�Ó�Ô�Ä9Â�Ã�È�ÖKÇ�Õ�Õ�Ä�Ï�Ï�Ä�Ë+Á�Â�Ï�Ã	Ç�Â�Õ�Ä�Ï�É

6.2.4  Producing Structure Field Order ings
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for each structure type
{

for each instance of this type
{

combine field access information for multiple
occurrences of the same field;

// Build a field affinity graph for this instance
for each pair of instance fields
{

compute field affinity edge weight;
}

}

//Combine instance field affinity graphs to create a
// structure field affinity graph
for each pair of structure fields
{

find all structure instances for which 
this pair of fields has an affinity edge
and compute a weighted affinity;

}
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Field layout affinity(fi) = wt(f1, fi)∗ aff(f1,fi) + ...
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wt(fi, fj) = (monus1(cache_block_size, dist(fi, fj)) / cache_block_size)
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( ) affini ty x a,( ) b IJ
b

K K K K K K K K K K K K K× affini ty x e,( ) b LM
b

N N N N N N N N N N N N N

aaaaaaaaaaaaaaaaaaaaa O affini ty x k,( )P b QR
b

S S S S S S S S S S S S S× affini ty x s,( ) b TVUW
b

X X X X X X X X X X X X X X X X×Y Y
×Z[
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6.2.5  Evaluating Structure Field Order ings
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Cache block pressure = Σ( b1, ...,bn) / n ª7«¬�®
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Cache block utilization = Σ( f11, ....,fnbn) / Σ( b1, ...,bn) ú7ûü�ý

6.3  Exper imental Evaluation of Class Splitting
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6.4  Exper imental Evaluation of Field Reorder ing
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All’s well that ends well; still the fine’s the crown;

Whate’er the course, the end is the renown.
—Shakespeare, ò#ó�ó$ô�õ9ö~÷�óFóJø�ù�ú øJû�ü�ý�õ9ö~÷�ó�ó

Chapter  7

Conclusion
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7.2  Some Final Remarks
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