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����|�����v6¬6}�x��{��v#z4���¶v#���wv�}��3��}�����}����,�4v#}��~£+�,�w|�tA���6���~�~v��&���{�A|�����v`x����w�#v��"���������+ 0s%�±�<�#­wv
�{twv��wv�}�����}��<�#zw|�v��wv#zwv��·x{�������§|���|�twv���|���zw�~|#x����w�*����}��w|��{��}~v��*���w�#x{���#����v�������twv����wv�}����wv���}~����}����(�
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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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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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1.4.2  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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Access Time = Hit TimeL1 + Miss rateL1 x (Hit TimeL2 + (Miss rateL2 x Miss

penaltyL2))
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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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pointer-path access Þ�ß2à�ß�Þ�ß�áRâSß2ã&ä,å�æ�ç�è�é�æ�ßYß�æJßIädß�á�ç�ã�ê�à&ëYì�ë�ç�ëaã�ç�Þ�å&â�ç�å�Þ�ß�í4î1ç�Þ}ë�ï&ß�ÞVã�è�á�ð°é&ê$è�á�çJñ
ß�ÞVã�ò>ó>ê$ädß°ß�ô&ëIäWé�æJß$ãYë�ÞVß$õHã�ßSëIÞVâ�ö�è�á�ð×à�ê$ÞYë�á÷ß�æJßIädß�á�ç&è�á×ë_ç�ÞVßSß$ø�ê$Þ�ç�ÞVë�ï&ß�Þ�ã�è�á�ð×ë_æ�è�á�ù&ß2ì�æ�è�ã�çJòwú�ê
ädë�ù&ß'ç�ö&ß°ì�ß�ç�ë�è�æ�ãaâ2ê$á&âIÞ}ß�çJß$øgç�ö�è�ãaâ�ö&ë�é�ç�ß�Þaë�é�é�æ�èJßSãLç�ö&ß1ë�á&ëIæ�î�ç�è�â°à�Þ�ë�ädßIû	ê$Þ�ùWçJê°é�ÞVß$ì$èJâ�çHí&ê$ç�ö	ç�ö&ß
ã�ç�ßSë2ì$î&ñ�ã�ç�ë�çJß	é&ß�Þ}à�ê$Þ�ä[ë�á&âSß÷ë�á&ì÷ç�ö&ß×ã�çJë�Þ�ç�ñ�å�éüê$Þ�ç�Þ}ëIá&ã�èJß�á�ç`é&ßIÞ}à�ê$Þ�ädë�á&âSß÷ê�à�â2ëSâ�ö&ß2ñ�â2ê$á&ã�â�è�ê$å&ã
ç�Þ�ß2ßSã�ò$ý�á�ë$ì�ì$è�ç�è�ê$á&ø$è�ç!ÞVß�é&ê�Þ�çJã�ê$á�ß�ô�é&ßIÞ�è�ä[ß�á�çJã&çJêYï&ë�æ�èJì�ë�ç�ß�ç�ö&ß�ä[ê�ì�ß�æJþ�ãHé�ÞVß$ì$èJâ�ç�èJê$á&ã�ò
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3.1  Analytic Framework
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3.1.1  Analytic Model

|�}
~E�����,}��q��������������}N���������x�(�(�����,�&}
���q�#����~A���#��}
���/�����,�������&�����(�X�L���L}
~��0�)�(�&�(�(�5���#�#�U�b�)}
~��
��}
�#�N����~��:�����:�2�&�(�(�&�5�P�)}������:�����(}
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tmemory = (th + mL1 x tmL1 + mL1 x mL2 x tmL2) x � Memory References�

th�&�����0�����]�(�(�� ��G�
�&�(�&¡�¡P¢�£#¤<�
mL1, mL2¥§¦X¨)©5©PªA«�¬�­(©¯®�°
ª\¬#±�­�²�­�³�­�²�´]«�µ�¶]²�­�³�­�²K·2¸&«(¸�±�­&©�ªA­(©�¹�­
¸�¬#¨:³�­�²#º
tmL1, tmL2»½¼H¾�¿5¿�À�Á�Â�Ã�Ä�Å�¾�Á(¿[Æ)Ç
ÈÉÅ:Ê�Á[Ä�Á�Ë�Á�Ä�Ì]Ã�Â�Í]Ä�Á�Ë0Á�Ä/Î2Ï(Ã
Ï�Ê�Á(¿PÈAÁ&¿ÐÀ�Á&Ï�Å#¾�Ë�Á�Ä#Ñ
Ò Ï
Ã&Ï�Ê�Á(Ó�Ï(Ç
Â�¿�Ï�¾�Ç
Ô�¿CÍ�Ã�Å�Ã,¿�Å�È)Ô�Ï�Å�Ô�ÈAÁ,¿ Ê�Ç
Ô�Ä�ÍX¼X¾:Â�¾#¼'¾#Õ$ÁMÅ#Ê�Á,Á�Ö�À0Á&Ï�Å�Á(ÍXË�Ã�Ä:Ô�Á,Ç�Æ�Å:Ê�¾�¿6¼<Á�¼LÇ
È�Ñ

Ã(Ï&Ï(Á(¿�¿�Á�Ö�À�È�Á(¿5¿�¾�Ç
Â�×ÙØR¾�Â�Ï(Á4¼X¾)¿5¿ÉÀ�Á�Â�Ã�Ä#Å:¾�Á&¿�Ã�È5Á�Í�Á�Å�Á�È)¼'¾#Â�Á(ÍFÚ�ÑHÊ�Ã�ÈAÍ
ÛXÃ�ÈAÁ(ÜKÍ�Á&¿�¾:Ý�Â<Ã�Â�ÍFÄ�Ã�Ñ�Ç
Ô�Å�Ç�Æ
ÃUÍ�Ã�Å)Ã<¿�Å:È�Ô�Ï�Å�Ô�ÈAÁUÏ&Ã�ÂÞÇ
Â�Ä#ÑÞÃ�Å#Å�Á�¼XÀ�Å�Å�Ç2¼'¾#Â�¾�¼X¾:ÕKÁH¾#Å�¿M¼H¾�¿5¿VÈAÃ�Å)Á&×PßàÁHÂ�Ç
ÛáÍ�Á�Ë�Á�Ä�Ç
ÀÞÃU¿�¾�¼XÀ�Ä�Á
¼LÇ�ÍNÁ�ÄMÆ�Ç
È'Ï(Ç
¼XÀ�Ô�Å�¾#Â�ÝâÃãÍ�Ã�Å�Ãã¿ Å�È�Ô�Ï�Å#Ô�ÈAÁ
ä#¿F¼'¾�¿5¿GÈ�Ã�Å�Á
×�ØN¾#Â�Ï
ÁãÃ�À�Ç
¾#Â�Å)Á�È�Ó:À�Ã�Å:ÊåÃ(Ï&Ï(Á
¿5¿GÅ�ÇæÃZÍ�Ã�Å�Ã
¿�Å:È�Ô�Ï�Å#Ô�È5ÁVÏ&Ã�Â'È5Á&Æ)Á�ÈAÁ�Â�Ï(Á4¼'Ô�Ä�Å#¾#À�Ä�ÁV¿�Å#È�Ô�Ï�Å#Ô�È5Á�Á�Ä�Á�¼LÁ�Â�Å�¿5Ü&Ä�Á�Å m(i) çAè�é�ç5è(ê5è�ë�ì�ì�í�è4î'ï�ê5êÉç5ð�ì�èVñ�ò
çYì�í�è
i-ó#ô9õ�ö
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i-th $�%�&�')(�*,+.-/$�01(�23054546*�7.7.8:9;*<( R(i) =?><@)=?>�A.><B)CDC�E�>FB)G)H�I�>1=KJ)LM>1N�>1HO>1B)C�APJ)L�C�E�>RQ)S<C;S
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y�z�{�| w;}<~1� y�� w
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m(i) «­¬/®)¯)°�±�²1³¤´)µ�¶5·5¶<¸�²ª°l¹�º1º.²6º�»½¼�¬
¾;´�¾;·<¿À³?²5µ;²,³?²<®�¶5²5º�»
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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
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3.3  Model Application: Transient Analysis
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3.3.1  Cache-Conscious Trees
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3.4  Model Validation
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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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4.1.1  ccmorph
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ccmorph ª
«f¬%­�®%¯�¬�°�ªl±d¯�­(¬#¬#²�³�´�µ�¬g°�¯	­�¶�·%¯	¶_­�¬#°U¯	¸�®@¯'¸�®N¹�¬q¸�ªlº�ª
»�¬%±�¬#ª
¶�°�¬N³�¬Nºi¬@±"¯�°�®N±�¼d¼"ª6±�ª
¯
¸�®N¹�¬�¬%½"¯�¬%­�±�®N³n«�ª
´	±"¯�¬N­�°�´�±"¯�ªq¯�¸�¬Uº�´�¼"¼
³�¬�ª"¾1¯�¸�¬�°r¯�­�¶�·@¯	¶"­�¬q¿�ª
­�ª
±I®%±"Àd¼"®%¯�®�°�¯�­�¶�·N¯�¶"­�¬U¯�¸�®N¯v·
®%±BÁ�¬
¼"¬#·�ªlº�«�ª"°-¬#¼q´	±Â¯�ªB·#ª
º�«�ª
±�¬N±"¯�°U°-®N¯	´�°-¾�À"´�±"»g¯	¸"´�°�«"­-ª
«�¬N­�¯�À"Ã(ÄlÅ�ª
Æ,¬%¹�¬N­�Çl´	¯e¸�®�°!®U³�´	Á�¬@­(®N³'¼"¬�¾�´	±"´�¯	´�ª
±
ª"¾�®u¯�­�¬�¬�´	±sÆ|¸"´�·@¸È¬N³�¬Nºi¬%±"¯�°�º�®NÀÈ·�ª
±"¯�®%´�±È®|«�®@­�¬%±"¯wª
­w«"­�¬#¼"¬�·#¬
°-°-ª
­�«�ª
´	±"¯�¬N­�Ä1ÉÊ«"­�ª
»"­�®%º�º�¬%­
°�¶"«"«"³�´�¬�° ccmorph ËXÌ�Í	Î*Ï�Ð�Ñ
Ì	Ò"Í�ÓNÔvÍ�Ñ�Í	Î�Ó�Ô-Ñ"Ñ
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 ÝCç
è�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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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
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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
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4.4  Related Work
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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
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5.1  Background: Generational Copying Garbage Collection
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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
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³n¼�»
·�Ð�³�»�¯
³�Ñw®b´OÍ	»�³�·,Ñ�¼b±�Ç�ÒÓ®�»�¯�¼²º�»�Ñ	³�»
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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
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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())

}
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5.4  Combining Cache-Conscious Data Placement with Garbage Collec-
tion
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5.4.2  Discussion
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5.5  Exper imental Evaluation
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5.5.1  Exper imental Methodology
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5.5.2  Exper imental Results
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5.6  Related Work
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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

���������������
 �! �"�#�$&%('�)�%�*+)�,�)- �.�/1032�%546)�780-4
9:)�;<;�=�.�"�%> �#?)�,�0�7@)�A�0B%('�0�C?)�7@0�)ED�D�78 �F�G(9H)�%�0E;(C?I

.�C�%�034
;�)E7!A�0�7�%('�)E#KJL0�2�G(;M �.�/10�2�%�4@=�D�7NG(9H)�75GO;(CK$�"�0P%5 Q;�)�7RA�0�7�*S)�,�)T �.�/�032�%U'�03)3$�0�7@4@V1WXG<7�0�2�%(;<CK)�D�D�;(C�Y
G(#�AZ%('�0-2+)�2�'�03YN2+ �#[4�2�G� �"[4\A�)�7!.�)�A�0-2+ �;(;N0+2�%(G5 �#]2� �Y<;5 �2+)E%(G� �#?4@2E'�0�9H06%� &*S)�,�)BD�78 �A^7�)�9H4TC�G�0�;5$�4
4!9_)�;(;N0�7`D�0�78�N �7N9H)�#�2+0QG<9aD�78 �,�0�9:0�#�%54Tb@c�d�e�f�d�g_hi%('�)�#&%<'� �4@0Q7@0�D� �7N%503$&�N �7TJQ032�G(;`b8cEj�e�k�l�g_h8Vnm
D� �4@4
G<.�;�0-0�F�D�;5)�#�)�%<G� �#o�N �7T%<'�G546$�G��R�50�7@0�#�230XG54L%('�)�%`;�)�7
A�0�7\*3)�,�)& �.�/10�2�%�4L7@03$�"�2+0X%('�0p#�"�9q.�0�7r ��
23 �#�%�0E9qD� �78)�#�0� �"�4!;(C�)32�2+034@4@03$s �.�/�032�%UG(#�4!%5)�#�2+034M%<'�)�%t23)�#B.�0uD�)32�v�03$TG(#�%N s)>23)32�'�0i.�;� �2�v�V
w #�0yx-)�C_%� a7@03$�"�2+0p%<'�0q0+�R�5032�%<G(,�0a4!G(z{0q ��P*S)E,�)& �.�/1032E%�4QG54Q%5 H4
D�;<G(%i*S)�,�)&2�;5)34@4@0�4QG(#�%5 H)p'� �%

bN�|7�03}�"�0�#�%<;(C~)�232+034@4@0�$�hLD[ �7N%(GN �#~)�#�$�)q23 �;5$_bO7@)�780�;<C~)32+2�034@4@0+$�hQD� �7N%<G5 �#�={.�)+4@03$� �#~�OG50�;�$�)3232+034�4
�O7@0+}�"�0�#�2�G�0+4` �.�%�)�GO#�0+$T,�G5)uD�7@ ��OG<;(G(#�A
V���D�;<G(%O%(G<#�A�2�;�)34�4@034�)�;O;� �xq4M9: �7@0u'� �%� �.�/�032�%UG(#�4!%5)�#�2+034M%5 T.�0
D�)32�v[0+$BG<#�%� -)s2+)32�'�0T.�;5 �2�v�)�#�$Bv�0�D�%�G<#-%('�0s23)+2E'�0s)�%�%<'�0s4@)�9:0T%<G(9_0+V
�n%(7!"�2�%("�7@0s4!D�;(G<%<%<G(#�A-G54>)
x&0E;(;�Y|v�#� �xX#? �D�%<G(9qGOzU)�%<G� �#Z%<'�)�%uG54s ��<%N0�#?)�D�D�;(G503$&9:)�#�"�)�;O;(CZ%5 -G<9qD�7@ �,�0BD�0�78�N �7!9:)�#�230�V
�& �x-Y
0�,�0�7�=�%� Q%O'�0i.�0�4!%M ��� �"�7�v�#[ �xX;50+$�A�03=�%('�G54[GN4[%<'�0T�|G(784
%�2� �9qD�;�0E%�0�;<C-)�"�%5 �9:)�%<G�2tG(9qD�;N0�9:0E#�%�)�%<G� �#- ��
%('�0`%5032�'�#�G5}�"�0+V

� G(A�"�7@0>��YOf�V J�;�)+4�4u4!D�;(G<%(%OG(#�A� �,�0�75,�GN0�xpV

� 0�7NG5�OG�0�$T*S)�,�).�C�%�032� �$�0

� #�4!%(7!"�9:0�#�%50+$*S)�,�)u.�C�%N0+23 �$�0

* �X�

Jt;�)34�4�)32+230+4�44!%N)�%(GN4!%(G5234

��%N)�%(GN2>2�;5)34@4GO#��5 �7N9H)�%(G5 �# *+)�,�)u#�)�%(G<,[0>23 �$�0xpG<%<'�4!D�;(G<%�2�;5)34@4@034

� ���

�  �75%�0EF

Jt;5)+4@4u4
D�;(G<%(%<G<#�A�)�;OA� �75GO%('�9



���
�
�(�����@�>���O�B�O�(�<���!�(�@�������[�<���L���5�3�@�P�!���<�(�(�O�(���X���8 ��3�+����¡1�[�O���!�N¢£�t¤S��¥��t���8 ������E¦:¢8�(�B�O���Q§5 ��N¦¨ �§^¥������

��§|���3©aª�«��5�3�3 �©��+�@¢U�5�X�!�����<���3���O�(«~�������(«^¬U��©H����©­�<���!�(�!��¦:�����5�3©a���!�<���H®°¯�±³²O´�µ�¶!¢¸·X���5���H�5�B�p¤+��¥��
ª�«����3�� �©��+�O�(���
�<�5��¦_�����N���(�N ��B�� � ��5¡n¹^�<���3�L�
������©����@©Q�O�(ª��8���!«-���5�3�@�@���[·q���8�t�� ��M�3����©���©��E���+�P§N ��`�!���<�(���
�(�O���a�5 \¦:���<�������<�a���@ ����8��¦º�� ��!����ª��<�(�(�<«�¢+�<���y�!�5����©^���8©>�(�Oª������!«a·q�3���� ����<���!�(�!��¦:�����5�3©�¡¸±����y�!�5���(�5�
�������O«��!���>���8 �©����+�3�­�s¥����N���E�(«³ �§p���5�3�@�>�(��§N ��!¦:���<�� ���¢[�(�����<��©��(���³�E���3�@�­����©»§|�����5©�����¦_�+�@¢u§|�����5©
�(«����3��¢�����©&§|�����5©&�!�O¬U�3�@¡n¼q��½���¢¾�(���Q�<���!�O�5��¦H�����5�3©X¤S�E¥��Q���8 ����8��¦¿�N�T�E½��+�������3©q����©X���� ^§O�(�N�+©�¡�±����
���8 �§|�(���t¦:�+���!���8�+�i�������@�@�O�<���!���E���(���E�(�� ��&�3 ��������i����©L�O���!�5�����+�3�O¥����!����ª��5�3�5�3���+�3�@�i�!�����<���!�O���+�iÀN§! ��M�� ����
�!�N���(�N�­�E���+���y§|�����5©��!Áy ����\�����p�������@�uª��+�
�5�@¡^ÂX�»���(�� ��!�(�<��¦Ã�����+�u�<���s�!�����<���s����©K©�«�����¦a���s©������T�5 
©������E�5¦a�<���X·p�������o���5�+���@�+�X�!�� �����©­ª��&�!���(�<�5¡Ä�[�O�����(�O«{¢¸�<���+���&�!���<�(�<�<�<���o©��3���5�
�� ����B���@�&�3 �¦a¦q�������
�3���N�+©L�� L�O���`Å° ��!����½K�� �¦q���(�N���u²8Æ�µ�¶5¢�·p�����E�K�+ �¦a���<���3�[¤S��¥��`ª�«��5�3�3 �©��`�5 L�����<�(¥��T�+ �©���¡^±����\�3 �¦:�
���(�N���`�!���(�O���
�(���Q�!���3���5§O����©B���5�+���@�+�i����©Q�<�8������§5 ��5¦H�
�<���i���@ ����8��¦Ç�� X�3�+�3 ������M§N ��[�<���L�����������+¡n±����
�������@�a�
���(�(�O�(�<���³���<�� ��N�<�(��¦È����©»���@�@ ����5���5�+©K���8 ����8��¦É�<�8�����@§! ��N¦H���(�5 ����a���@�_©��3�����5�Oª��+©��(��¦H ��8�
©������E�(�Ä�<���
��ª��@�+Ê����E���t�@�3�E�(�� �����¡

ÂX�����<«��<���X�(���Q�3�+�����+�!�3 ����@���5 ����` �ª�Ë��3���M�3 ��O�5 ��+���(�5 ��&�����[��¦:�Q©��3�@���N�<ª��+©°�<�X�(���t���8��¥��N ����`���������
�����p�� ��(���­¤+��¥��­���8 ����8��¦:�a �ª��5���<���3©Ì§O�8 �¦Í���N�+�@�a�!���<�<�(�<�<���~�@�3�!���(�5�p�O�Ì�����8§! ��5¦_�����3�a�O¦q���8 �¥��+�
¦:�����5�s �§rÆ�Î�Ï���Î�Ð~¢�·p�(�<�Ñ����Ï�����ÐÒ �§`�(���5�T�(¦­���� �¥[��¦:�E���y���(�<�N�<ª�������ª��5�B�� Z�������@�s�!���(�<�<�<�(���?ÀN���+�
¹
�+���(�5 �����¡ÔÓ�Á8¡

6.1.1  Class Information
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6.1.2  Hot/Cold Class Splitting Algor ithm

46587�9�9:9�;�5�<%=�=�<�>�?@<�>�A�B�5�A�CD9-9�C�A�C�EF7�5'=�E�7�G�CDH0B�IJI09�KML0=89�;�E0<�NO7�E*PQ7DG�A�7�>�=87�?�CR<89�=�S�CT7�U�<�5�<�=%PO=8B,;�7�V�W
NOB�E�C$X�S�B�=%Y+V�587D9�9�<�>�9�=87�>�V�C�9�<�>O7RVD7�V�S�C�U�50B�V�W�K�L�=89�G�<89�7�G�A�7�>�=87�? C�9�<�>�V�5�Z�G�C[=�S�C:V�B�9�=\B�I'7�>]7DG�G�<8H
=�<0B�>�7�5 EFCDI*C�EFC�>�VDC$I%EFB�N^=�S�C�S�B�= =8B&V�B�5*GR; B�E*=�<0B�>�_MV�B�G�C[U�58B�7�=8_�N@B�EFC$B�U�`aCDV�=*9�<�>bN@C�NOB�E�Pc_M7�>�Gb7�>
C�d�=�E�7eI%<8C�58Gf7�> Gg<�>�G�<�EFC�V�=�<8B�>hI0B�ERVDB�5*GfI%<8C�58Gf7�VDVDC�9�9�C�9�K ijS�<89k9�CDV�=�<8B�>hG�CD9�V�E0<�U�C�9k7,V�587D9�9k9J;�5�<�=%=�<�>�?
7�5�?�B�E�<�=�S�Nl=�S�7�=6V�B�>�9�<0G�C�EF9�=�S�CD9�C'<89�9�Z�C�9nm$S�<�58C.9�C�58C�V�=�<�>�?oV�5*7D9�9�C�9n=8Bg9�;�5%<�=*K

L0=p<89[C�d�=�EFC�NqC�5�PeS�7�E�G+=*BeI0B�E0N&Z�587�=*Cr=�S�CkV�5*7D9�9[9s;�5�<�=�=�<%>�?e;�EFB�U�58C�Nt;�EFCDV�<09�C�5%Pc_DN&Z�V�Sg5*CD9�9[9�B�5%A�Cr<�=
B�;�=�<%NO7�5�5�PuK�ivS�CwV�B�9�=09xB�In9J;�5�<�=%=�<�>�?�_u9�Z�V�So7�9rV�B�G�C'U�5*B�7�=y7�>�GwNOB�E�C.B�U�`�C�V�=89�<�>-NOC�NOB�E0P�_u7�E�CwG�<8IJI%<8H
V�Z�5�=�=8B{z�Z�7�>�=�<8I|P}7D9\=%S�C�P]7�EFC:B�I%=8C�>{>�B�>�H0G�C�=0C�E0Nb<�>�<*9J=�<8V:7�>�G{G�C�;�C�>�G�C�>�=rB�>{=�S�C-9J;�CDV�<8I|<8V-9JP�9�=8C�N
VDB�>�I%<�?�Z�EF7�=�<*B�>�KuL0>}7�G�G�<%=�<*B�>�_v7�>�Pf;�EFCDV�<*9�Cg9�B�5�Z�=�<0B�>fm$<�5�5nU�C+A�7�5�<*G{B�>�5�P{<8I�=�S�C+;�E�B�?�E�7�N~<*9\EFC�E�Z�>
B�>g=�S�C.9�7�N@Cr<�>�;�Z�=�G�7�=*7k9�C�=�7�>�G+=�S�Cr;�EFB�?�E�7�N�<09[G�C�=8C�E0Nb<�>�<89�=%<8V�K��bB�mbC�A�C�E�_�mbCk7�E�C\<�>�=8C�E�C�9�=8CDG+<�>
9�;�5%<�=�=�<�>�?�V�5*7D9�9�C�9g9�Bb=�S�C$E�C�9�Z�5%=�<�>�?O;�EFB�?�E�7�N�;�C�EFI0B�E�NO9wmbC�5�5.I0B�E-7:m$<*G�C:EF7�>�?�C{B�I�<�>�;�Z�=89�KM�rB�E
=�S�CD9�CQE�CD7�9�B�>�9�_�=%S�C�V�587�9�9�9J;u5�<�=�=�<%>�?~7�5�?�B�E�<�=�S�N Z�9�CD9Q9�C�A�C�E�7�5{S�C�Z�E�<89�=�<*V�9�K.��C�7�9JZ�E�C�N@C�>�=89q<�>
�vC�V�=�<*B�>o��K���KJ��G�C�NqB�>�9�=�EF7�=0C�=%S�7�=v=�S�C�P&mTB�E�WbmbC�5�5v<�>&;�EF7DV�=%<8V�C�K�L0>@7DG�G�<�=�<*B�>�_�=�S�C�P&mTB�E�W�C�G�U�C�=%=8C�E
=�S�7�>�9�C�A�C�E�7�5�7�5�=*C�E0>�7�=�<�A�CD9[=%S�7�=�mTC�E�C&C�d�7�N,<�>�C�G�K�L0>�=�S�C,C�>�9�Z�<�>�?�G�<*9�V�Z�9�9�<*B�>�_c=�S�C�=*C�E*N��DI%<*C�5*G��
EFCDI0C�EF9n=*BgV�587�9�9n<�>�9J=87�>�VDCrA�7�E0<87�U�50C�9xX|<8K�CDK�_�>�B�>�H�9�=87�=�<8V.V�507�9�9 A�7�E0<87�U�58CD9�YFK

�v<�?�Z�E�Ck��H0��;�E�C�9�C�>�=89]=�S�C�9�;�5�<�=�=�<�>�?�7�5%?�B�E*<%=�S�NOKbivS�C�9�;�5�<�=�=�<�>�?�7�5�?�B�E0<�=�S�N B�>�5�P�V�B�>�9J<*G�C�E�9
V�587�9�9�CD9 m:S�B�9�C'=8B�=07�56I|<8C�5*G-7DV�VDCD9�9�CD9rC�d�V�C�CDG-7+9J;�C�V�<8I|<8CDGw=�S�EFC�9�S�Ba58G�KuijS�<89\V�S�C�V�Wf7�A�B�<0G�9r9J;�5�<�=%=�<�>�?
V�587�9�9�CD9e<�>�=�S�C�7�U�9�C�>�VDC�B�I,9�Z�IsI%<*V�<*C�>�=�EFC�;�E�CD9�C�>�=07�=�<%A�C�7�VDV�C�9�9�G�7�=87�K+ijS�ChI0B�5�5*B�m$<�>�?�I*B�E�NbZ�5*7
mTB�E�W�C�G�mbC�5�5'I*B�E�G�C�=8C�E�Nb<%>�<�>�?,=�S�<*9�=�S�EFC�9�S�Ba58G�K��wC�=

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

Ai > LS / (100 ∗ C) üwý�þ�ÿ
���������	��

���������������	����
�
����	��������
�����������

��������� ÿ! #" �����$���%� "'& ���'���(���'�����)��*$

�+�,���$-������.����� " -'/10����

*'23��
#���������4�������(56���,�7��� " �$���'���
���+2#*$�.�%8'
�������� "'& � " *$-'�30�� " �9�'/:���%;<�=-'���
� ÿ �>�������?� " ��
�-��'���@�%8'
����



A�B
C�D
E$F�F�G�FIH�J�E�HKC�L$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$Q�C�O�M']^H�J'O�FIH�J'N,G�F)J�L$D
RUO�M'H�N�L'R$Q�C�G�R
E?D�E�N=]�G�N_M'Q'W6P�G�N.L'V_C�E�M�R$O
R'E9H
G7C�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�D
E$F�F�G�FfR'G�]'N�E�R'G�R^T�G�N�g
V#L$N%W:E�M�C�Gfa	J�G�MhH�J�GfT'N�L$]'N,E�WXF3aiG�N,G+N%Q'M<L$MjEkR$O
V=V�G�N�G�M'H(O�M'T'Q'HUR'E9H
EkF�G�HlH�J�E�MmH�J�GkL$M�G+Q�F�G�RkH�L
W:E�n�GoH�J�GfF%T'D�O�H�H�O�M']hR'G�C�O
F%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$M�F%O�R'G�N�F3C�D�E�F�F�G�F�H�J�E�H�E9N,G4D
E9N%]�G�NsH�J�E�MmG�O�]'J'HtP'r'H
G$F
E�M�R7C�L$M'H
E9O�M7W:L$N�G4H�J�E�M7H�aiLkV�O
G�D�R'F�Z'uvT'D�O�H�H�O�M']mF%WwE�D�D#G�NeC�D
E$F�F�G�FKO�FKQ'M'D�O�n�G�D�r7H�L?T'N�L'R$Q�C�G+E�M'r7P�G�M�g
G�V�O�H
F�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$MXH
L1H�J�GiC�L$D�R
T�L$N#H�O
L$M�Z

z G9{'H
b|H�J�G�E9D�]�L$N#O�H�J'W}D�E�P�G�D�FUV�O�G�D�R'FlO�M~H�J�G	F�G�D#G�C�H
G$R6��D�O�Y�G���C�D#E�F�F�G�FUE�FlJ�L$HoL$NSC�L$D
R'Z!��MXE�]']'N,G�F�g
F%O�Y�GhE9T'T'N,L'E�C�J�H�J�E9H3T'N�L'R$QIC�G�F7E@F%WwE�D�D
G�NfJ�L$H3T�E9N#H�O�H�O�L$M'��E�M�RiT�G�N�W~O�H
F?WXL$N,G�C�E�C9J�G�g�P'D
L'C9n�C�L'g
D
L'C�E9H�O
L$M'��E9D
F�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�C9H
FeW1Q�F%H
P�G�P�E9D
E�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$N�O�H�J'W}H�E�n�G�F�E�MXE�]']'N�G�F�F%O�Y�G�E�T'T'N,LvE�C�J:E9M�R	WwE�N#n�FUE�M'r
V�O�G�D
R+M�L$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'åeäÐë9ì
ä�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'å
æ3à'ðKäfë�ì�ä�æ�æ�ñ�ò�à$å(ä�é�îÐë�à$ì�îÐð�è#â�ì
îvæ�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$å�è�ó�ä�å�â�î+ù'ô~å�ã%ô'è�é'ú~å
à~ä�ë�ë�à$ê'é'å�ð#à$ãUà$ù$û�â�ë�åoë$à'÷�ì�à'ë�ä9å�è
à$émâ�ð=ð�â�ë9å
æ�ä�é�î~ë�ä�é1ù�â3è�é�ð#à$ã#øXä�ì�ì�ô
û
ê�æ=å�è
ð�è
â�î~ä�æ�ð#à$ì�ì
à$ü6æ�õþý�à$é�æ%è�î'â�ã�è�é�æ)å
ä�é�ë�â�æ�à'ðtå�üià~î$è
ð)ð#â�ã,â�é'åoë�ì
ä$æ�æ�â�æ�í o1 ÿ�� � o2 

�����	��

����������
��������
����������� �!
����"
!�������#

��$	����
!�����
%&���'�	(��)����*+�#

�!
�(��"������
�,�-/. ��(����0��1 �2������(3
���*�����1 �4�����"���5����67�"���
�8
!�!
�(��������9
�,:����%;��(��4�<(���=��8�>(���?�(@����*A����1/���2�!BCB	����������D
E)�4�F������������

�

o1 G�H4I�J n KML�N�O�P�QSR�T�U�R2U�V/N



W X
Y!Z
Z![!\�\][!^ a1, .., an _�`�acb!d�egf�h�i o2 j�k�l�m m n�oqp�r�s�tFu�v�w4u�w�x/pyw!z
z!p
t�t�p
s 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)
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cost(o1) + cost(o2) ≅ (max(hot(class1), hot(class2)) + ε) + 2 ∗ (Σcold(class1) + 
Σcold(class2))
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max(a1, ..., an) + max(b1, ..., bm) >
((max(hot(class1), hot(class2)) + ε) + 2∗(Σcold(class1) + Σcold(class2))
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min(max(hot(class1)), max(hot(class2))) >

2 ∗ (Σcold(class1) + Σcold(class2)) + ε
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6.1.3  Program Transformation
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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
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6.2.3  Processing the Structure Database
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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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b
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6.2.5  Evaluating Structure Field Order ings
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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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6.5  Related Work
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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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7.1  Future Work
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7.2  Some Final Remarks
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