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Abstract
3URFHVVRU� DQG� PHPRU\� WHFKQRORJ\� WUHQGV� SRUWHQG� D� FRQWLQXDO� LQFUHDVH� LQ� WKH� UHODWLYH� FRVW� RI

DFFHVVLQJ�PDLQ�PHPRU\�� VR� WKDW� WRGD\�D�PHPRU\� DFFHVV�FDQ�EH�KXQGUHGV�RI� WLPHV�PRUH�FRVWO\� WKDQ�DQ
DULWKPHWLF�RSHUDWLRQ��0DFKLQH�GHVLJQHUV�KDYH�WULHG�WR�PLWLJDWH�WKH�HIIHFW�RI�WKLV�WUHQG�WKURXJK�KDUGZDUH�DQG
VRIWZDUH�SUHIHWFKLQJ��PXOWLSOH�OHYHOV�RI�FDFKH��QRQ�EORFNLQJ�FDFKHV��G\QDPLF�LQVWUXFWLRQ�VFKHGXOLQJ��VSHF�
XODWLYH� H[HFXWLRQ�� HWF��7KHVH� WHFKQLTXHV�� XQIRUWXQDWHO\�� KDYH�RQO\� EHHQ�SDUWLDOO\� VXFFHVVIXO� IRU� SRLQWHU�
PDQLSXODWLQJ�SURJUDPV�

7KLV�SDSHU�H[SORUHV�D�FRPSOHPHQWDU\�DSSURDFK�RI�HQOLVWLQJ�SURJUDPPHUV�DQG�WRRO�ZULWHUV�LQ�WKH
WDVN�RI�LPSURYLQJ�WKH�FDFKH�ORFDOLW\�RI�DFFHVVHV�WR�SRLQWHU�EDVHG�GDWD�VWUXFWXUHV��7KURXJKRXW��ZH�H[SORLW
WKH�ORFDWLRQ�WUDQVSDUHQF\�RI�SRLQWHU�EDVHG�GDWD�VWUXFWXUHV�WKDW�DOORZ�FKDQJHV�WR�WKH�PHPRU\��DQG�FDFKH�
OD\RXW�RI�QRGHV��UHFRUGV��ILHOGV��HWF��7KLV�SDSHU�EULQJV�WR�D�EURDGHU�DXGLHQFH�RI�VRIWZDUH�SURIHVVLRQDOV�WKH
UHVXOWV�ZH�KDYH�SUHYLRXVO\�SUHVHQWHG�LQ�WKUHH�UHVHDUFK�SDSHUV�DQG�D�3K�'��WKHVLV�>�������@�
� :H�GLVFXVV�KRZ�SURJUDPPHUV�FDQ�PDQXDOO\�LPSURYH�FDFKH�SHUIRUPDQFH�ZLWK�WHFKQLTXHV��VXFK�DV�FOXV�

WHULQJ��FRPSUHVVLRQ��DQG�FRORULQJ�
� :H�WKHQ�H[SORUH�KRZ�WR�OHVVHQ�D�SURJUDPPHU¶V�EXUGHQ�ZLWK�WKH�KHOS�RI�VHPL�DXWRPDWLF�DQG�DXWRPDWLF

WRROV� IRU� FKDQJLQJ� VWUXFWXUH� OD\RXW� WR� LPSURYH� FDFKH� SHUIRUPDQFH�� 7HFKQLTXHV� LQFOXGH� UHRUGHULQJ
ILHOGV�LQ�D�VWUXFWXUH�GHILQLWLRQ��FDUHIXOO\�SODFLQJ�QRGHV�LQ�PHPRU\�DW�DOORFDWLRQ�WLPH��DQG�G\QDPLFDOO\
UHRUJDQL]LQJ�H[WDQW�GDWD�VWUXFWXUHV�

� 7KURXJKRXW�ZH�GLVFXVV�WKH�LPSDFW�KRZ�ODQJXDJH�FKRLFH�DIIHFWV�ZKHWKHU�RSWLPL]DWLRQ�FDQ�EH�VXSSRUWHG
DXWRPDWLFDOO\��&�DQG�&����IRU�H[DPSOH��PDNH�LW�GLIILFXOW��RU�LPSRVVLEOH��WR�UHRUGHU�ILHOGV�LQ�D�UHFRUG�RU
SODFHPHQW�RI�QRGHV�LQ�D�GDWD�VWUXFWXUH��%\�FRQWUDVW��-DYD��/LVS��DQG�0/�GR�QRW�VSHFLI\�WKH�LPSOHPHQWD�
WLRQ�RUGHU�RI�ILHOGV�DQG�HQDEOH�VDIH�UHRUJDQL]DWLRQ��H�J���GXULQJ�SHULRGLF�JDUEDJH�FROOHFWLRQ��

1 Introduction
0LFURSURFHVVRU�SHUIRUPDQFH�KDV�LPSURYHG�E\�����HDFK�\HDU�IRU�DOPRVW�WZR�GHFDGHV��<HW��RYHU

WKH�VDPH�SHULRG��PHPRU\�DFFHVV�WLPH�KDV�GHFUHDVHG�E\�OHVV�WKDQ�����SHU�\HDU�>��@��7KHVH�WUHQGV�DSSHDU
OLNHO\� WR�SHUVLVW� EDUULQJ� DQ�XQIRUHVHHQ� WHFKQRORJLFDO� EUHDNWKURXJK��7KLV� LV� EHFDXVH� WKH�SULPDU\�GULYLQJ
IRUFH� EHKLQG� PHPRU\� WHFKQRORJ\� LV� VWRUDJH� FDSDFLW\�� DQG� FXUUHQW� WHFKQRORJ\� SUHFOXGHV� KLJK�FDSDFLW\
PHPRULHV�ZLWK�IDVW�DFFHVV�WLPHV�

7KH� XQIRUWXQDWH�� EXW� LQHYLWDEOH�� FRQVHTXHQFH� LV� DQ� HYHU�LQFUHDVLQJ� SURFHVVRU±PHPRU\� SHUIRU�
PDQFH�JDS��0HPRU\�FDFKHV�DUH� WKH�XELTXLWRXV�KDUGZDUH�VROXWLRQ� WR� WKLV�SUREOHP��7KHVH�DUH�VPDOO�� IDVW
PHPRULHV�WKDW�VWRUH�UHFHQWO\�DFFHVVHG�GDWD�LWHPV�DQG�DWWHPSW�WR�LQWHUFHSW�DQG�VDWLVI\�GDWD�UHTXHVWV�ZLWKRXW
DFFHVVLQJ�PDLQ�PHPRU\��,Q�WKH�EHJLQQLQJ��D�VLQJOH�OHYHO�RI�FDFKH�VXIILFHG��EXW�WKH�LQFUHDVLQJ�SHUIRUPDQFH
JDS��QRZ�WZR�RUGHUV�RI�PDJQLWXGH��UHTXLUHV�WZR�OHYHOV�RI�FDFKHV�WRGD\�DQG�WKUHH�LQ�WKH�QHDU�IXWXUH�

,Q�DGGLWLRQ�WR�FDFKHV��D�YDULHW\�RI�KDUGZDUH�DQG�VRIWZDUH�WHFKQLTXHV²VXFK�DV�SUHIHWFKLQJ��PXOWL�
WKUHDGLQJ�� QRQ�EORFNLQJ� FDFKHV�� G\QDPLF� LQVWUXFWLRQ� VFKHGXOLQJ�� DQG� VSHFXODWLYH� H[HFXWLRQ²KDYH� EHHQ
GHYHORSHG�DQG�LPSOHPHQWHG�WR�UHGXFH�RU�WROHUDWH�PHPRU\�ODWHQF\��'HVSLWH�WKHVH�WHFKQLTXHV��ZKLFK�UHTXLUH
FRPSOH[�KDUGZDUH�RU�VRIWZDUH��PDQ\�SURJUDPV¶�H[HFXWLRQ�WLPH�LV�GRPLQDWHG�E\�WKH�ODWHQF\�RI�PHPRU\
UHIHUHQFHV��0RUHRYHU�� KLJK� DQG�YDULDEOH�PHPRU\� DFFHVV� FRVWV�XQGHUFXW� WKH� IXQGDPHQWDO� UDQGRP�DFFHVV
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PHPRU\��5$0��PRGHO��DOO�PHPRU\�DFFHVVHV�KDYH�XQLW�FRVW��WKDW�PRVW�SURJUDPPHUV�XVH�WR�XQGHUVWDQG�DQG
GHVLJQ�GDWD�VWUXFWXUHV�DQG�DOJRULWKPV��7KLV�FDQ�FDXVH�XQH[SHFWHG�EHKDYLRU��IRU�H[DPSOH��DOJRULWKPV�ZLWK�D
ODUJHU�QXPEHU�RI�RSHUDWLRQV��EXW�IHZHU�PHPRU\�UHIHUHQFHV��PD\�RXWSHUIRUP�DOWHUQDWLYH�DOJRULWKPV�ZLWK
IHZHU�RSHUDWLRQV�

)URP�D�VRIWZDUH�SHUVSHFWLYH��SURJUDPPLQJ�ODQJXDJHV�XVHG�WR�ZULWH�SURJUDPV�KDYH�DOVR�HYROYHG�
(DUO\�ODQJXDJHV�VXFK�DV�)RUWUDQ�DQG�$OJRO��XVHG�PDLQO\�IRU�VFLHQWLILF�DSSOLFDWLRQV��GLG�QRW�VXSSRUW�SRLQW�
HUV��$SSOLFDWLRQV�ZULWWHQ�LQ�WKHVH�ODQJXDJHV�VWRUH�WKHLU�GDWD�LQ�DUUD\�VWUXFWXUHV��6XEVHTXHQW�ODQJXDJHV�VXFK
DV�6LPXOD��3DVFDO��&��DQG�&���VXSSRUWHG�SRLQWHUV��0DQ\�DSSOLFDWLRQV�ZULWWHQ�LQ�WKHVH�ODQJXDJHV��VXFK�DV
GDWDEDVHV�DQG�RSHUDWLQJ�V\VWHPV��PDNH�H[WHQVLYH�XVH�RI�SRLQWHU�VWUXFWXUHV�WR�VWRUH�GDWD��

$�SRLQWHU�VWUXFWXUH�LV�D�FROOHFWLRQ�RI�KHDS�DOORFDWHG�GDWD�HOHPHQWV�FRQQHFWHG�E\�SRLQWHUV�VXFK�DV
OLQNHG� OLVWV�DQG�%�WUHHV��6LQFH�SRLQWHU�VWUXFWXUHV�DUH�FROOHFWLRQV�RI�KHDS�DOORFDWHG�HOHPHQWV�� WKH\�FDQ�EH
G\QDPLFDOO\�VL]HG�ZKLOH�D�SURJUDP�LV�H[HFXWLQJ��$�SRLQWHU�VWUXFWXUH�FDQ�EH�JURZQ�E\�DOORFDWLQJ�DGGLWLRQDO
HOHPHQWV�RQ�WKH�KHDS��DQG�DWWDFKLQJ�WKHP�WR�WKH�H[LVWLQJ�VWUXFWXUH�ZLWK�SRLQWHUV��6KULQNLQJ�D�VWUXFWXUH�LV�WKH
UHYHUVH�SURFHVV�LQ�ZKLFK�HOHPHQWV�DUH�GHOHWHG�DQG�WKH�IUHHG�KHDS�VSDFH�PDGH�DYDLODEOH�IRU�UHXVH��3RLQWHU
VWUXFWXUHV�DUH�IUHTXHQWO\�XVHG�LQ�DSSOLFDWLRQV�LQ�ZKLFK�WKH�GDWD�UHTXLUHPHQWV�DUH�QRW�NQRZQ�XQWLO�WKH�SUR�
JUDP�H[HFXWHV�RU�YDULHV�ZLGHO\�GXULQJ�H[HFXWLRQ��'XH�WR�WKHLU�G\QDPLF�QDWXUH�DQG�UHOLDQFH�RQ�KHDS�DOOR�
FDWHG�VWRUDJH��SRLQWHU�VWUXFWXUHV�WHQG�WR�KDYH�OHVV�UHJXODU�DFFHVV�SDWWHUQV�WKDQ�DUUD\�VWUXFWXUHV�

:H�FDOO�DSSOLFDWLRQV�WKDW�PDNH�H[WHQVLYH�XVH�RI�SRLQWHU�VWUXFWXUHV�pointer-manipulating programs�
1RW�VXUSULVLQJO\��WHFKQLTXHV�IRU�UHGXFLQJ�DQG�WROHUDWLQJ�ODWHQF\�WKDW�ZHUH�GHYHORSHG�SULPDULO\�IRU�DSSOLFD�
WLRQV�WKDW�PDQLSXODWH�GDWD�VWRUHG�LQ�DUUD\�VWUXFWXUHV�DUH�QRW�DV�HIIHFWLYH�IRU�SRLQWHU�PDQLSXODWLQJ�SURJUDPV
>��@�� ,Q�DGGLWLRQ��PDQ\� WHFKQLTXHV�DUH� IXQGDPHQWDOO\� OLPLWHG�E\� WKHLU� IRFXV�RQ� WKH�PDQLIHVWDWLRQ�RI� WKH
SUREOHP��PHPRU\�ODWHQF\���UDWKHU�WKDQ�LWV�FDXVH��SRRU�UHIHUHQFH�ORFDOLW\��

,Q�JHQHUDO��UHIHUHQFH�ORFDOLW\�FDQ�EH�LPSURYHG�HLWKHU�E\�FKDQJLQJ�D�SURJUDP¶V�GDWD�DFFHVV�SDWWHUQ
RU�LWV�GDWD�RUJDQL]DWLRQ�DQG�OD\RXW��7KH�ILUVW�DSSURDFK�KDV�EHHQ�VXFFHVVIXOO\�DSSOLHG�WR�LPSURYH�WKH�FDFKH
ORFDOLW\�RI�VFLHQWLILF�SURJUDPV�WKDW�PDQLSXODWH�GHQVH�PDWULFHV�>��������@��)LJXUH���LOOXVWUDWHV�WKLV�ZLWK�DQ
H[DPSOH��7KH�FRGH�VQLSSHW�RQ�WKH�OHIW�UHIHUHQFHV�DUUD\�HOHPHQWV�LQ�D�PDQQHU�WKDW�F\FOHV�WKURXJK�GLIIHUHQW
FDFKH�EORFNV��SRWHQWLDOO\�LQFXUULQJ�D�FDFKH�PLVV�DW�HDFK�DUUD\�DFFHVV��,I� LW�LV�SRVVLEOH�WR�LQWHUFKDQJH�WKH

for i = 0 to n do
for j = 0 to m do

...

... = A(j, i)

...
done

done

for j = 0 to m do
for i= 0 to n do

...

... = A(j, i)
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done

done
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Figure 1. Improving software locality through program transformation. ,Q� WKH�ZRUVW� FDVH�� WKH
FRGH�VQLSSHW�RQ�WKH�OHIW�ZLOO�VXIIHU�D�FDFKH�PLVV�RQ�HYHU\�DFFHVV��ZKHUHDV�WKDW�RQ�WKH�ULJKW�ZLOO�LQFXU�D
FDFKH�PLVV�RQO\�RQ�HYHU\�IRXUWK�DFFHVV�
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ORRSV�DV�VKRZQ�LQ�WKH�FRGH�VQLSSHW�RQ�WKH�ULJKW��WKH�UHVXOWDQW�GDWD�UHIHUHQFH�SDWWHUQ�ZLOO�VWHS�WKURXJK�DOO
DUUD\�HOHPHQWV�LQ�D�FDFKH�EORFN�EHIRUH�DFFHVVLQJ�WKH�QH[W�EORFN��UHGXFLQJ�WKH�QXPEHU�RI�SRWHQWLDO�FDFKH
PLVVHV�E\�D�IDFWRU�RI�IRXU��7ZR�SURSHUWLHV�RI�DUUD\�VWUXFWXUHV²XQLIRUP��UDQGRP�DFFHVV�WR�HOHPHQWV��DQG�D
QXPEHU�WKHRUHWLF� EDVLV� IRU� VWDWLFDOO\� DQDO\]LQJ� GDWD� GHSHQGHQFLHV²DOORZ� FRPSLOHUV� WR� DQDO\]H� DUUD\
DFFHVVHV�DQG�SHUIRUP�WUDQVIRUPDWLRQV�WKDW�UHRUGHU�DFFHVVHV�ZLWKRXW�DIIHFWLQJ�D�SURJUDP¶V�UHVXOW

8QIRUWXQDWHO\��SRLQWHU�VWUXFWXUHV�VKDUH�QHLWKHU�SURSHUW\��&RQVLGHU��IRU�H[DPSOH��D�WUHH�VWUXFWXUH��$
NH\�VHDUFK�RQ� WKLV� WUHH�VWUXFWXUH�KDV� WR� VWDUW�DW� WKH� URRW�RI� WKH� WUHH�DQG� IROORZ� WUHH�QRGH�SRLQWHUV� WR� WKH
DSSURSULDWH�OHDI��5HRUGHULQJ�WKHVH�DFFHVVHV�LV��LQ�JHQHUDO��LPSRVVLEOH��,Q�DGGLWLRQ��DOWKRXJK�PXFK�SURJUHVV
KDV�EHHQ�PDGH�LQ�SRLQWHU�DQDO\VLV�WHFKQLTXHV��WKH\�DUH�VWLOO�QRW�VWURQJ�HQRXJK�WR�JXDUDQWHH�WKDW�UHRUGHULQJ
SRLQWHU�DFFHVVHV�ZLOO�QRW�DIIHFW�D�SURJUDP¶V�UHVXOW��3RLQWHU�VWUXFWXUHV�DUH�KRZHYHU�FRPSRVHG�RI�VHSDUDWHG�
LQGHSHQGHQWO\�DOORFDWHG�SLHFHV�DQG�SRVVHVV�DQ�H[WUHPHO\�SRZHUIXO�SURSHUW\�RI�location transparency��HOH�
PHQWV� LQ� D� FRPSRXQG� GDWD� VWUXFWXUH� FDQ� EH� SODFHG� DW� GLIIHUHQW�PHPRU\� �DQG� FDFKH�� ORFDWLRQV�ZLWKRXW
FKDQJLQJ�D�SURJUDP¶V�VHPDQWLFV��7KH�WKHVLV�RI� WKLV�ZRUN�LV� WKDW�FDUHIXO�SODFHPHQW�RI�VWUXFWXUH�HOHPHQWV
SURYLGHV� WKH� HVVHQWLDO�PHFKDQLVP� WR� LPSURYH� WKH� FDFKH� ORFDOLW\� RI� SRLQWHU�PDQLSXODWLQJ� SURJUDPV�� DQG
FRQVHTXHQWO\��WKHLU�SHUIRUPDQFH�

7KH�UHVW�RI�WKH�SDSHU�LV�RUJDQL]HG�DV�IROORZV��6HFWLRQ���SURYLGHV�D�EULHI�RYHUYLHZ�RI�FDFKH�PHPR�
ULHV��6HFWLRQ���GLVFXVVHV�JHQHUDO�GHVLJQ�SULQFLSOHV� WKDW�D�SURJUDPPHU�FDQ�XVH� WR� LPSURYH�FDFKH�SHUIRU�
PDQFH�E\� LQFUHDVLQJ�D�SRLQWHU�VWUXFWXUH¶V�VSDWLDO�DQG� WHPSRUDO� ORFDOLW\�DQG�E\�UHGXFLQJ�FDFKH�FRQIOLFWV�
6HFWLRQ���H[SORUHV�VHYHUDO�PRVWO\�DXWRPDWLF�DQG�FRPSOHWHO\�DXWRPDWLF�VWUDWHJLHV�IRU�SURGXFLQJ�FDFKH�FRQ�
VFLRXV�SRLQWHU�VWUXFWXUHV�

2 SIDEBAR: Cache Memory
&DFKHV�DUH�VPDOO��IDVW�PHPRULHV�WKDW�VWRUH�UHFHQWO\�DFFHVVHG�GDWD�LWHPV�DQG�DWWHPSW�WR� LQWHUFHSW

DQG�VDWLVI\�GDWD�UHTXHVWV�ZLWKRXW�DFFHVVLQJ�PDLQ�PHPRU\��&DFKHV�FDQ�LPSURYH�SHUIRUPDQFH�E\�H[SORLWLQJ
GDWD�UHIHUHQFH�ORFDOLW\��VHH�)LJXUH�����7KHUH�DUH�WZR�W\SHV�RI�GDWD�ORFDOLW\²temporal�DQG�spatial��$�GDWD
LWHP�H[KLELWV� WHPSRUDO� ORFDOLW\�LI� LW� LV�UHSHDWHGO\�DFFHVVHG�ZLWKLQ�D�VKRUW�SHULRG�RI�WLPH��6SDWLDO� ORFDOLW\

&38 &DFKH 0HPRU\

load a
load n
load m

...
load a

a b

m n

7HPSRUDO�ORFDOLW\

6SDWLDO�ORFDOLW\

Figure 2. Exploiting locality with a cache. 7KH�VHFRQG�DFFHVV�WR�a�FRXOG�EH�VDWLVILHG�ZLWKRXW�D�PHPRU\
WUDQVIHU�GXH�WR�LWV�WHPSRUDO�SUR[LPLW\�WR�D�SULRU�DFFHVV�WR�a��7KH�ORDG�RI�m�ZLOO�DOVR�QRW�UHTXLUH�D�PHPRU\
DFFHVV�VLQFH�m�LV�LQ�WKH�VDPH�FDFKH�EORFN�DV�n��ZKLFK�ZDV�EURXJKW�LQWR�WKH�FDFKH�E\�WKH�SUHYLRXV�DFFHVV�
����������������������������������������������������������������������������������������



LPSOLHV�WKDW�GDWD�LWHPV�VWRUHG�LQ�DGMDFHQW�PHPRU\�ORFDWLRQV�DUH�OLNHO\�WR�EH�DFFHVVHG�FRQWHPSRUDQHRXVO\�
&DFKHV�H[SORLW�WHPSRUDO�ORFDOLW\�E\�VWRULQJ�UHFHQWO\�DFFHVVHG�GDWD��&DFKHV�WUDQVIHU�GDWD�IURP�PDLQ�PHP�
RU\�LQ�FRQWLJXRXV�EORFNV�WKDW�HQFRPSDVV�PXOWLSOH�ZRUGV�DQG��FRQVHTXHQWO\��EHQHILW�IURP�VSDWLDO�ORFDOLW\�

&DFKH�PHPRU\�LV�FRQVWUDLQHG�WR�EH�VPDOO�WR�HQVXUH�KLJK�VSHHG�DFFHVV��DQG�KHQFH�FDFKH�FDSDFLW\�LV
PXFK�VPDOOHU�WKDQ�PDLQ�PHPRU\�FDSDFLW\��7R�DPRUWL]H�WKH�KLJK�FRVW�RI�DFFHVVLQJ�PDLQ�PHPRU\��GDWD�LV
WUDQVIHUUHG�LQ�XQLWV�FDOOHG�FDFKH�blocks�WKDW�HQFRPSDVV�PXOWLSOH�ZRUGV��W\SLFDOO\��������E\WHV���7R�OLPLW
WKH� EORFNV� VLPXOWDQHRXVO\� VHDUFKHG� RQ� D� FDFKH� DFFHVV�� EORFN� SODFHPHQW� LQ� WKH� FDFKH� LV� W\SLFDOO\� FRQ�
VWUDLQHG�WR�������RU���ORFDWLRQV��7KH�QXPEHU�RI�ORFDWLRQV�ZKHUH�D�EORFN�FDQ�EH�SODFHG�LV�D�FDFKH¶V�associa-
tivity��)LJXUH���LOOXVWUDWHV�WKHVH�GHVLJQ�FRQVWUDLQWV�

$�SURJUDP¶V�FDFKH�SHUIRUPDQFH�LV�RIWHQ�FKDUDFWHUL]HG�E\�LWV�miss rate��7KLV�LV�WKH�IUDFWLRQ�RI�WKH
WRWDO�QXPEHU�RI�UHIHUHQFHV�WKDW�PLVV�LQ�WKH�FDFKH�DQG�QHHG�WR�DFFHVV�PDLQ�PHPRU\��+LJKHU�PLVV�UDWHV�LQGL�
FDWH�SRRUHU�FDFKH�SHUIRUPDQFH��7KH�DYHUDJH�PHPRU\�DFFHVV�WLPH�IRU�D�PDFKLQH�DUFKLWHFWXUH�ZLWK�D�FDFKH
LV�JLYHQ�E\

Access Time = Cache Hit Time + (Cache Miss Rate) x (Cache Miss Penalty)

6LQFH�FDFKH�KLW�WLPH�DQG�PLVV�SHQDOW\�DUH�GHWHUPLQHG�E\�WKH�XQGHUO\LQJ�KDUGZDUH��UHGXFLQJ�WKH�FDFKH�PLVV
UDWH�SURYLGHV�WKH�RQO\�RSSRUWXQLW\�WR�LPSURYH�D�SURJUDP¶V�PHPRU\�V\VWHP�SHUIRUPDQFH�

+LOO� FKDUDFWHUL]HG�FDFKH�PLVVHV�DV�compulsory�PLVVHV��capacity�PLVVHV��DQG�conflict�PLVVHV� >�@�
&RPSXOVRU\�PLVVHV�DUH�LQFXUUHG�ZKHQ�D�GDWD�LWHP�LV�ILUVW�ORDGHG�LQ�WKH�FDFKH��$�PLVV�LV�D�FDSDFLW\�PLVV�LI�LW
ZRXOG�KLW� LQ�D�FDFKH�RI�ODUJHU�VL]H��)LQDOO\��D�FRQIOLFW�PLVV� LV�D�UHVXOW�RI� OLPLWHG�FDFKH�DVVRFLDWLYLW\�DQG
DULVHV�IURP�GLIIHUHQW�EORFNV�PDSSLQJ�WR�WKH�VDPH�SRVLWLRQ�LQ�WKH�FDFKH�

)LJXUH���LOOXVWUDWHV�GLIIHUHQW�DSSURDFKHV�WR�LPSURYLQJ�FDFKH�SHUIRUPDQFH��7KH�VKDGHG�XQLWV�LQGL�
FDWH�FRQWHPSRUDQHRXVO\�DFFHVVHG�GDWD�LWHPV��6LQFH�GDWD�LV�WUDQVIHUUHG�LQ�FDFKH�EORFN�VL]HG�XQLWV�WKDW�FDQ
FRQWDLQ�PXOWLSOH� GDWD� LWHPV�� LQFUHDVLQJ� FDFKH� EORFN� XWLOL]DWLRQ� E\� SODFLQJ� FRQWHPSRUDQHRXVO\� DFFHVVHG
GDWD� LQ� WKH� VDPH� FDFKH� EORFN� LQFUHDVHV� WKH� HIILFLHQF\� RI� GDWD� WUDQVIHU� IURP�PHPRU\� DQG� SURYLGHV� DQ
LPSOLFLW�SUHIHWFKLQJ�PHFKDQLVP��D���7KLV�UHGXFHV�WKH�QXPEHU�RI�FRPSXOVRU\�DQG�FDSDFLW\�PLVVHV��0RUH�
RYHU��PDNLQJ�PRUH�HIILFLHQW�XVH�RI�FDFKH�VSDFH�E\�UHGXFLQJ�D�VWUXFWXUH¶V�FDFKH�EORFN�IRRWSULQW�ZLOO�DOVR
UHGXFH�WKH�QXPEHU�RI�FDSDFLW\�PLVVHV��VHH�)LJXUH��E���)LQDOO\��PDSSLQJ�FRQFXUUHQWO\�DFFHVVHG�VWUXFWXUH
HOHPHQWV��ZKLFK�GR�QRW�ILW�LQ�D�VLQJOH�FDFKH�EORFN��WR�QRQ�FRQIOLFWLQJ�FDFKH�EORFNV�UHGXFHV�FRQIOLFW�PLVVHV
�F��

&38 &DFKH 0HPRU\

$VVRFLDWLYLW\��D�

%ORFN�

&DFKH�
VL]H��F�

VL]H��E�

Figure 3. Memory cache. ,PSRUWDQW�FDFKH�SDUDPHWHUV�LQFOXGH�EORFN�VL]H��ZKLFK�GHWHUPLQHV�WKH�WUDQVIHU
XQLW�EHWZHHQ�PHPRU\�DQG�FDFKH��FDFKH�FDSDFLW\��DQG�FDFKH�DVVRFLDWLYLW\��ZKLFK�FRQVWUDLQV�WKH�QXPEHU�RI
GLVWLQFW�FDFKH�ORFDWLRQV�WKDW�D�EORFN�FDQ�EH�SODFHG�
����������������������������������������������������������������������������������������



3 Designing Cache-Conscious Data Structures
7KLV�VHFWLRQ�GLVFXVVHV�WKUHH�JHQHUDO�GDWD�SODFHPHQW�GHVLJQ�SULQFLSOHV�WKDW�FDQ�EH�FRPELQHG�LQ�D

ZLGH�YDULHW\�RI�ZD\V�WR�SURGXFH�FDFKH�FRQVFLRXV�GDWD�VWUXFWXUHV��Clustering�DWWHPSWV�WR�SDFN�GDWD�VWUXFWXUH
HOHPHQWV�OLNHO\�WR�EH�DFFHVVHG�FRQWHPSRUDQHRXVO\�LQWR�D�FDFKH�EORFN��7KLV�LQFUHDVHV�FDFKH�EORFN�XWLOL]D�
WLRQ�DQG�UHGXFHV�WKH�FDFKH�EORFN�ZRUNLQJ�VHW��VHH�)LJXUH�����Coloring�VHJUHJDWHV�KHDYLO\�DQG�LQIUHTXHQWO\
DFFHVVHG� HOHPHQWV� LQ�QRQ�FRQIOLFWLQJ� FDFKH� UHJLRQV��7KLV� UHGXFHV�FDFKH�FRQIOLFWV��Compression� UHGXFHV
VWUXFWXUH�VL]H�RU�VHSDUDWHV� WKH�DFWLYH�SRUWLRQ�RI�VWUXFWXUH�HOHPHQWV��7KLV� LQFUHDVHV� WKH�EHQHILWV� WKDW�DULVH
IURP�DSSO\LQJ�FOXVWHULQJ�RU�FRORULQJ��

3.1 Clustering
&OXVWHULQJ�DWWHPSWV�WR�SDFN�LQ�D�FDFKH�EORFN��GDWD�VWUXFWXUH�HOHPHQWV�OLNHO\�WR�EH�DFFHVVHG�FRQWHP�

SRUDQHRXVO\��&OXVWHULQJ�LPSURYHV�VSDWLDO�DQG�WHPSRUDO�ORFDOLW\�DQG�SURYLGHV�LPSOLFLW�SUHIHWFKLQJ�
7R�LOOXVWUDWH�WKH�FRQFHSW�OHW�XV�FRQVLGHU�D�WUHH�VWUXFWXUH��$Q�HIIHFWLYH�ZD\�WR�FOXVWHU�D�WUHH�LV�WR�SDFN

VXEWUHHV��LQWR�D�FDFKH�EORFN��)LJXUH���VKRZV�D�VXEWUHH�FOXVWHUHG�ELQDU\�WUHH��$Q�LQWXLWLYH�MXVWLILFDWLRQ�IRU
ELQDU\�VXEWUHH�FOXVWHULQJ�LV�DV�IROORZV��)RU�D�VHULHV�RI�UDQGRP�WUHH�VHDUFKHV��WKH�SUREDELOLW\�RI�DFFHVVLQJ
HLWKHU�FKLOG�RI�D�QRGH�LV������:LWK�k�QRGHV�LQ�D�VXEWUHH�FOXVWHUHG�LQ�D�FDFKH�EORFN��WKH�H[SHFWHG�QXPEHU�RI
DFFHVVHV�WR�WKH�EORFN�LV�WKH�KHLJKW�RI�WKH�VXEWUHH��log2(k+1), ZKLFK�LV�JUHDWHU�WKDQ���IRU�k�!����&RQVLGHU�WKH
DOWHUQDWLYH�RI�D�GHSWK�ILUVW�FOXVWHULQJ�VFKHPH��LQ�ZKLFK�WKH�k�QRGHV�LQ�D�EORFN�IRUP�D�VLQJOH�SDUHQW�FKLOG�
JUDQGFKLOG�����FKDLQ��,Q�WKLV�FDVH��WKH�H[SHFWHG�QXPEHU�RI�DFFHVVHV�WR�WKH�EORFN�SHU�WUHH�VHDUFK�LV�

�� 7KH�WHUP�VXEWUHH�LV�XVHG�WR�UHIHU�WR�VXEWUHH�UHJLRQV�UDWKHU�WKDQ�FRPSOHWH�VXEWUHHV�

Figure 4. Improving cache performance (block size = 3 words, capacity = 5 blocks, associativity =
1). �D�� &DFKH� EORFN� XWLOL]DWLRQ� FDQ� EH� LPSURYHG� E\� SDFNLQJ� FDFKH� EORFNV� ZLWK� FRQWHPSRUDQHRXVO\
DFFHVVHG�GDWD���E��&DFKH�EORFN�ZRUNLQJ�VHW�FDQ�EH�UHGXFHG�E\�D�VLPLODU�WHFKQLTXH�DSSOLHG�DFURVV�PXOWLSOH
FDFKH�EORFNV���F��&DFKH�FRQIOLFWV�FDQ�EH�UHGXFHG�E\�KDYLQJ�FRQWHPSRUDQHRXVO\�DFFHVVHG�GDWD�PDS�WR�GLI�
IHUHQW�FDFKH�ORFDWLRQV�

Cache block

Cache block
working set

utilization

Cache
conflicts

&DFKH�EORFN�VL]H

&DFKH�FDSDFLW\

&DFKH�DVVRFLDWLYLW\
����������������������������������������������������������������������������������������
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2I� FRXUVH�� WKLV� DQDO\VLV� DVVXPHV� D� UDQGRP�DFFHVV�SDWWHUQ��)RU� VSHFLILF� DFFHVV�SDWWHUQV�� VXFK� DV
GHSWK�ILUVW� VHDUFK�� RWKHU� FOXVWHULQJ� VFKHPHV�PD\� EH� EHWWHU�� ,Q� DGGLWLRQ�� WUHH� PRGLILFDWLRQV� FDQ� GHVWUR\
ORFDOLW\��+RZHYHU��RXU�H[SHULPHQWV�LQGLFDWH�WKDW�IRU�WUHHV�WKDW�FKDQJH�LQIUHTXHQWO\��VXEWUHH�FOXVWHULQJ�LV�IDU
PRUH�HIILFLHQW�WKDQ�DOORFDWLRQ�RUGHU�FOXVWHULQJ��ZKLFK�SODFHV�FRQWHPSRUDQHRXVO\�DOORFDWHG�WUHH�QRGHV�LQ�WKH
VDPH�FDFKH�EORFN�

3.2 Coloring
&DFKHV�KDYH�ILQLWH�DVVRFLDWLYLW\��ZKLFK�PHDQV�WKDW�RQO\�D�OLPLWHG�QXPEHU�RI�FRQFXUUHQWO\�DFFHVVHG

GDWD�HOHPHQWV�FDQ�PDS�WR�WKH�VDPH�FDFKH�EORFN�ZLWKRXW�LQFXUULQJ�FRQIOLFW�PLVVHV��&RORULQJ�PDSV�FRQWHP�
SRUDQHRXVO\� DFFHVVHG� HOHPHQWV� WR� QRQ�FRQIOLFWLQJ� UHJLRQV� RI� WKH� FDFKH�� )LJXUH� �� LOOXVWUDWHV� D� ��FRORU

Figure 5. Subtree clustering. 7KH�FKLOGUHQ�RI�D�QRGH�DUH�SODFHG�LQ�WKH�VDPH�FDFKH�EORFN�DV�WKH�SDUHQW�
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9LUWXDO�$GGUHVV�6SDFH

S

&�S

�
� � � �

�

DFFHVVHG�HOHPHQWV
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Figure 6. Coloring data structure elements to reduce cache conflicts. )UHTXHQWO\�DFFHVVHG�HOHPHQWV
DUH�XQLTXHO\�PDSSHG�WR�D�SRUWLRQ�RI�WKH�FDFKH�VR�WKDW�WKH\�DUH�QRW�GLVSODFHG�E\�LQIUHTXHQWO\�DFFHVVHG�HOH�
PHQWV��7KLV�LV�DFFRPSOLVKHG�E\�LQVHUWLQJ�JDSV�LQ�WKH�YLUWXDO�DGGUHVV�VSDFH�WKDW�DUH�NHSW�HPSW\�

S &�S S &�S S &�S S &�S

(PSW\ (PSW\
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VFKHPH�IRU�D���ZD\�VHW�DVVRFLDWLYH�FDFKH��HDVLO\�H[WHQGHG�WR�PXOWLSOH�FRORUV���$�FDFKH�ZLWK�C�FDFKH�VHWV
�HDFK�VHW�FRQWDLQV�a = associativity�EORFNV��LV�SDUWLWLRQHG�LQWR�WZR�UHJLRQV��RQH�FRQWDLQLQJ�p�VHWV��DQG�WKH
RWKHU�C – p�VHWV��)UHTXHQWO\�DFFHVVHG�VWUXFWXUH�HOHPHQWV�DUH�XQLTXHO\�PDSSHG�WR�WKH�ILUVW�FDFKH�UHJLRQ��L�H��
VXFK�WKDW�WKH\�GRQ¶W�FRQIOLFW�ZLWK�HDFK�RWKHU���DQG�WKH�UHPDLQLQJ�HOHPHQWV�DUH�PDSSHG�WR�WKH�RWKHU�UHJLRQ�
7KH�PDSSLQJ�HQVXUHV�WKDW�KHDYLO\�DFFHVVHG�GDWD�VWUXFWXUH�HOHPHQWV�GR�QRW�FRQIOLFW�DPRQJ�WKHPVHOYHV�DQG
DUH�QRW�UHSODFHG�E\�LQIUHTXHQWO\�DFFHVVHG�HOHPHQWV��,Q�DGGLWLRQ��LI�WKH�JDSV�LQ�WKH�YLUWXDO�DGGUHVV�VSDFH�WKDW
LPSOHPHQW�FRORULQJ�FRUUHVSRQG�WR�PXOWLSOHV�RI�WKH�YLUWXDO�PHPRU\�SDJH�VL]H��WKLV�VFKHPH�GRHV�QRW�ZDVWH
DQ\�SK\VLFDO�PHPRU\�

3.3 Compression
&RPSUHVVLQJ�GDWD�VWUXFWXUH�HOHPHQWV�HQDEOHV�PRUH�HOHPHQWV�WR�EH�FOXVWHUHG�LQ�D�FDFKH�EORFN��7KLV

ERWK�LQFUHDVHV�FDFKH�EORFN�XWLOL]DWLRQ�DQG�VKULQNV�D�VWUXFWXUH¶V�PHPRU\�IRRWSULQW��ZKLFK�FDQ�UHGXFH�FDSDF�
LW\� DQG� FRQIOLFW�PLVVHV��&RPSUHVVLRQ� W\SLFDOO\� UHTXLUHV� DGGLWLRQDO�SURFHVVRU�RSHUDWLRQV� WR�GHFRGH� FRP�
SUHVVHG� LQIRUPDWLRQ�� +RZHYHU�� ZLWK� KLJK� PHPRU\� DFFHVV� FRVWV�� FRPSXWDWLRQ� PD\� EH� FKHDSHU� WKDQ
DGGLWLRQDO�PHPRU\�UHIHUHQFHV��6WUXFWXUH�FRPSUHVVLRQ�WHFKQLTXHV�LQFOXGH�data encoding techniques��VXFK
DV�NH\�FRPSUHVVLRQ�>�@��DQG�structure encoding techniques��VXFK�DV�SRLQWHU�HOLPLQDWLRQ�DQG�KRW�FROG�VWUXF�
WXUH�VSOLWWLQJ�

Pointer elimination�UHSODFHV�SRLQWHUV�E\�FRPSXWHG�RIIVHWV��7KH�FODVVLF�H[DPSOH�RI�SRLQWHU�HOLPLQD�
WLRQ�LV�WKH�LPSOLFLW�KHDS�GDWD�VWUXFWXUH��LQ�ZKLFK�FKLOGUHQ�RI�D�QRGH�DUH�VWRUHG�DW�NQRZQ�RIIVHWV�LQ�DQ�DUUD\�
$QRWKHU�H[DPSOH�LV�HOLPLQDWLQJ�WKH�LQWHUQDO�VXEWUHH�SRLQWHUV�IURP�WKH�FOXVWHUV�LQ�WKH�WUHH�VKRZQ�LQ�)LJXUH����

Hot/cold structure splitting LV�EDVHG�RQ�WKH�REVHUYDWLRQ�WKDW�PRVW�VHDUFKHV�H[DPLQH�RQO\�D�SRUWLRQ
RI�LQGLYLGXDO�HOHPHQWV�XQWLO�D�PDWFK�LV�IRXQG��6WUXFWXUH�VSOLWWLQJ�VHSDUDWHV�KHDYLO\�DFFHVVHG��KRW��SRUWLRQV
RI�GDWD�VWUXFWXUH�HOHPHQWV�IURP�UDUHO\�DFFHVVHG��FROG��SRUWLRQV��)LJXUH�����7KLV�VOLJKWO\�LQFUHDVHV�WKH�WRWDO
VL]H�RI�WKH�GDWD�VWUXFWXUH��EXW�FDQ�VLJQLILFDQWO\�UHGXFH�WKH�VL]H�RI�WKH�KRW�³ZRUNLQJ�VHW�´

+HDG

+HDG

&ROG

.H\

Figure 7. Compression through structure splitting. &ROG�SRUWLRQV�RI�D�VWUXFWXUH�DUH�H[WUDFWHG��7KLV
SHUPLWV�SDFNLQJ�D�ODUJHU�QXPEHU�RI�KRW�VWUXFWXUH�LQVWDQFHV�LQ�WKH�VDPH�FDFKH�EORFN�

for (p = Head; p != NULL; p = p->next)
{

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

}
if (p != NULL)

Examine other fields of p;

&ROG

6WUXFWXUH�VSOLWWLQJ 
����������������������������������������������������������������������������������������



4 Strategies for Cache-Conscious Data Placement
:KLOH�FDFKH�FRQVFLRXV�SRLQWHU�VWUXFWXUH�GHVLJQ�RIIHUV�VLJQLILFDQW�SHUIRUPDQFH�EHQHILWV��WKHUH�DUH

VHYHUDO�UHDVRQV�ZK\�WKLV�DSSURDFK�LV�GLIILFXOW�IRU�WKH�DYHUDJH�SURJUDPPHU�WR�DSSO\�WR�UHDO�SURJUDPV��)LUVW�
DSSOLFDWLRQ�RI�WKHVH�GHVLJQ�SULQFLSOHV�LV�GHSHQGHQW�RQ�WKH�GDWD�VWUXFWXUH�DQG�LWV�DVVRFLDWHG�DFFHVV�SDWWHUQ�
DQG�FRQVHTXHQWO\�UHTXLUHV�FRPSOHWH�XQGHUVWDQGLQJ�RI�DQ�DSSOLFDWLRQ¶V�FRGH�DQG�GDWD�VWUXFWXUHV��0RUHRYHU�
WKH\�UHTXLUH�NQRZOHGJH�RI�WKH�XQGHUO\LQJ�FDFKH�DUFKLWHFWXUH²VRPHWKLQJ�PDQ\�SURJUDPPHUV�DUH�XQIDPLO�
LDU�ZLWK��)LQDOO\��WKH\�UHTXLUH�VLJQLILFDQW�UHZULWLQJ�RI�DQ�DSSOLFDWLRQ¶V�FRGH�

7R�DGGUHVV�WKHVH�SUREOHPV��ZH�KDYH�GHVLJQHG�DQG�HYDOXDWHG�VHYHUDO�PRVWO\�DXWRPDWLF�DQG�FRP�
SOHWHO\�DXWRPDWLF�VWUDWHJLHV�IRU�SURGXFLQJ�FDFKH�FRQVFLRXV�SRLQWHU�VWUXFWXUHV��$OO�WKHVH�VWUDWHJLHV�KDYH�WKH
FRPPRQ�JRDO�RI�PDNLQJ�WKH�EHQHILWV�RI�FDFKH�FRQVFLRXV�GDWD�VWUXFWXUHV�DYDLODEOH�WR�DQ�DYHUDJH�SURJUDP�
PHU��MXVW�DV�FRPSLOHUV�SURYLGHG�SURJUDPPHUV��XQZLOOLQJ�RU�XQDEOH�WR�FRGH�LQ�DVVHPEO\�ODQJXDJH��WKH�DELO�
LW\�WR�ZULWH�KLJK�SHUIRUPDQFH�SURJUDPV��7KH�GLIIHUHQW�VWUDWHJLHV�DSSO\�WKH�GHVLJQ�SULQFLSOHV�GHVFULEHG�LQ
WKH�SUHYLRXV�VHFWLRQ�WR�WUDQVIRUP�H[LVWLQJ�SRLQWHU�VWUXFWXUHV�LQWR�FDFKH�FRQVFLRXV�YHUVLRQV�

:H�FKRRVH�WR�RUJDQL]H�WKH�YDULRXV�FDFKH�FRQVFLRXV�VWUDWHJLHV�DFFRUGLQJ�WR�WKH�WLPH²GHILQLWLRQ�
DOORFDWLRQ��RU�DFFHVV� WLPH²ZKHQ� WKH\�DUH�DSSOLHG� WR�GDWD�VWUXFWXUHV��$V�)LJXUH��� LOOXVWUDWHV��FDFKH�FRQ�
VFLRXV�SRLQWHU�VWUXFWXUHV�FDQ�EH�FRQVWUXFWHG�E\�FKDQJLQJ�WKH�VWUXFWXUH�GHILQLWLRQ��E\�PRGLI\LQJ�WKH�DOORFD�
WLRQ�SROLF\�IRU�VWUXFWXUH�HOHPHQWV��RU�E\�UHRUJDQL]LQJ�WKH�VWUXFWXUH�OD\RXW��&KDQJLQJ�D�VWUXFWXUH¶V�GHILQLWLRQ
E\�UHRUGHULQJ�ILHOGV�SHUPLWV�FOXVWHULQJ�ILHOGV�WKDW�DUH�DFFHVVHG�FRQWHPSRUDQHRXVO\�LQ�WKH�VDPH�FDFKH�EORFN�
6SOLWWLQJ� VWUXFWXUHV� LQWR� D� KRW� DQG� FROG� SRUWLRQ� EDVHG� RQ� SURJUDP� DFFHVVHV� SHUPLWV� SDFNLQJ� PRUH� KRW
LQVWDQFHV�� WKDW� DUH�DFFHVVHG� WRJHWKHU�� LQ� WKH� VDPH�FDFKH�EORFN��%RWK�RI� WKHVH� WHFKQLTXHV� LQFUHDVH� FDFKH
EORFN�XWLOL]DWLRQ��&DFKH�FRQVFLRXV�DOORFDWLRQ�DWWHPSWV�WR�FR�ORFDWH�FRQWHPSRUDQHRXVO\�DFFHVVHG�GDWD�HOH�
PHQWV�LQ�WKH�VDPH�SK\VLFDO�FDFKH�EORFN�DW�DOORFDWLRQ�WLPH��7KLV�LPSURYHV�FDFKH�SHUIRUPDQFH�E\�LQFUHDVLQJ
FDFKH�EORFN�XWLOL]DWLRQ��)LQDOO\��FDFKH�FRQVFLRXV�UHRUJDQL]DWLRQ�DWWHPSWV�WR�WUDQVIRUP�WKH�PHPRU\�OD\RXW
RI�SRLQWHU�VWUXFWXUHV�E\�OLQHDUL]LQJ�WKHP�ZLWK�UHVSHFW�WR�WKH�H[SHFWHG�GDWD�DFFHVV�SDWWHUQ��DQG�E\�PDSSLQJ
VWUXFWXUH�HOHPHQWV�WR�UHGXFH�FDFKH�FRQIOLFWV��7KH�H[SHFWHG�DFFHVV�SDWWHUQ�FDQ�EH�REWDLQHG�IURP�SURJUDP
SURILOHV��)RU�FHUWDLQ�SRLQWHU�VWUXFWXUHV�VXFK�DV�WUHHV��DFFHVV�LQIRUPDWLRQ�FDQ�EH�JOHDQHG�IURP�GDWD�VWUXFWXUH
WRSRORJ\��)RU�D�WUHH�VWUXFWXUH��D�QRGH�DFFHVV�LV�OLNHO\�WR�EH�IROORZHG�E\�DQ�DFFHVV�WR�D�FKLOG�RI�WKDW�QRGH�
+HQFH�FOXVWHULQJ�WUHH�QRGHV�LQWR�VXEWUHHV�WKDW�ILW�LQ�D�FDFKH�EORFN�LQFUHDVHV�FDFKH�EORFN�XWLOL]DWLRQ�

)LJXUH���SUHVHQWV�D�IORZJUDSK�WKDW�LOOXVWUDWHV�KRZ�WKH�YDULRXV�FDFKH�FRQVFLRXV�VWUDWHJLHV�GHVFULEHG
ODWHU�LQ�WKLV�VHFWLRQ�FDQ�EH�FRPELQHG�WR�SURGXFH�D�FDFKH�FRQVFLRXV�GDWD�VWUXFWXUH�

Figure 8. Strategies for cache-conscious data placement. &DFKH�FRQVFLRXV�VWUDWHJLHV�FDQ�EH�DSSOLHG
ZKHQ�D�VWUXFWXUH�LV�GHILQHG��ZKHQ�LW�LV�DOORFDWHG��RU�ZKHQ�LW�LV�DFFHVVHG�

typedef struct { .. } A;

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

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

}

&DFKH�FRQVFLRXV�GHILQLWLRQ

&DFKH�FRQVFLRXV�DOORFDWLRQ

&DFKH�FRQVFLRXV�UHRUJDQL]DWLRQ
����������������������������������������������������������������������������������������



 SIDEBAR: Programming Language Impact
7KH�SURJUDPPLQJ�ODQJXDJH�HPSOR\HG�FDQ�GUDPDWLFDOO\�DIIHFW�WKH�IHDVLELOLW\�DQG�HDVH�RI�DSSO\LQJ

WKHVH�FDFKH�FRQVFLRXV�WUDQVIRUPDWLRQ�VWUDWHJLHV��)RU�H[DPSOH��ORZ�OHYHO�ODQJXDJHV�VXFK�DV�&�DQG�&���VXS�
SRUW�W\SH�FDVWLQJ�DQG�SRLQWHU�DULWKPHWLF�RSHUDWLRQV�WKDW�PDNH�LW�H[WUHPHO\�GLIILFXOW�WR�WUDQVSDUHQWO\�PRYH
VWUXFWXUHV� �L�H���ZLWKRXW� SURJUDPPHU� LQWHUYHQWLRQ��� DQG�KDPSHU� DQ\� VWUXFWXUH� UHRUJDQL]DWLRQ� VWUDWHJ\�� ,Q
DGGLWLRQ�� WKHVH� ODQJXDJHV� RYHU�VSHFLI\� WKH� LQWHUQDO� UHSUHVHQWDWLRQ� RI� VWUXFWXUH� LQVWDQFHV�� ZKLFK� KLQGHUV
WUDQVSDUHQW�PRGLILFDWLRQ�RI�WKH�VWUXFWXUH�GHILQLWLRQ��'HVSLWH�WKHVH�SUREOHPV��WKLV�SDSHU�H[SORUHV�WKH�DSSOL�
FDWLRQ�RI�HDFK�RI�WKH�FDFKH�FRQVFLRXV� WUDQVIRUPDWLRQ�VWUDWHJLHV²cache-conscious definition��cache-con-
scious allocation�� DQG�cache-conscious reorganization²WKDW� UHTXLUH�PLQLPDO� SURJUDPPHU� DVVLVWDQFH� LQ
VXFK�XQIULHQGO\�HQYLURQPHQWV��DQG�\HW�SURGXFH�ODUJH�SHUIRUPDQFH�LPSURYHPHQWV�

2Q�WKH�RWKHU�KDQG��KLJK�OHYHO�ODQJXDJHV�VXFK�DV�-DYD�SURYLGH�D�PXFK�PRUH�FRQGXFLYH�HQYLURQPHQW
IRU�VXFK�GDWD�OD\RXW�RSWLPL]DWLRQV��7KH�XQUHVWULFWHG�SRLQWHUV�RI�&�DQG�&���DUH�UHSODFHG�E\�UHIHUHQFHV�WKDW
IDFLOLWDWH� WUDQVSDUHQW�PRYHPHQW�RI� VWUXFWXUHV�� ,Q� IDFW�� DXWRPDWLF�PHPRU\�PDQDJHPHQW� VFKHPHV� VXFK� DV
FRS\LQJ� JDUEDJH� FROOHFWLRQ�� FRPPRQO\� HPSOR\HG� E\� WKHVH� ODQJXDJHV�� URXWLQHO\�PRYH� GDWD�� 7KLV� SDSHU
VKRZV�WKDW�FRS\LQJ�JDUEDJH�FROOHFWLRQ�FDQ�EH�XVHG�IRU�WUDQVSDUHQW�DQG�DXWRPDWLF�LPSOHPHQWDWLRQ�RI�FDFKH�
FRQVFLRXV�GDWD�OD\RXWV��,Q�DGGLWLRQ��KLJK�OHYHO�ODQJXDJHV�VXFK�DV�-DYD�DUH�W\SH�VDIH��DQG�WKLV�SHUPLWV�WUDQV�
SDUHQW�FKDQJHV�RI�WKH�LQWHUQDO�VWUXFWXUH�UHSUHVHQWDWLRQ��:H�H[SORLW�WKLV�WR�DXWRPDWLFDOO\�VSOLW�VWUXFWXUHV�LQWR
D�KRW�DQG�FROG�SRUWLRQ��7KLV�VSOLWWLQJ�SHUPLWV�PRUH�KRW�VWUXFWXUH�LQVWDQFHV��ZKLFK�DUH�UHIHUHQFHG�WRJHWKHU��WR
EH�SDFNHG�LQWR�D�FDFKH�EORFN��:KHQ�FRPELQHG�ZLWK�RXU�JDUEDJH�FROOHFWLRQ�VFKHPH�IRU�REMHFW�FR�ORFDWLRQ�
WKLV�SURGXFHV�VLJQLILFDQW�VSHHGXSV��*LYHQ�WKH�UHVWULFWLRQV�ORZ�OHYHO�ODQJXDJHV�SODFH�RQ�JHQHUDWLQJ�FDFKH�
FRQVFLRXV�GDWD�OD\RXWV��WKHVH�WHFKQLTXHV�PD\�KHOS�QDUURZ��RU�HYHQ�UHYHUVH��WKH�SHUIRUPDQFH�JDS�EHWZHHQ
KLJK�OHYHO�SURJUDPPLQJ� ODQJXDJHV�� VXFK�DV�/LVS��0/��RU� -DYD��DQG� ORZ�OHYHO� ODQJXDJHV�� VXFK�DV�&�DQG
&���

&DFKH�FRQVFLRXV�'HILQLWLRQ

&DFKH�FRQVFLRXV�$OORFDWLRQ

&DFKH�FRQVFLRXV�5HRUJDQL]DWLRQ

&DFKH�FRQVFLRXV�'DWD�6WUXFWXUH
Figure 9. Using cache-conscious strategies to produce a cache-conscious data structure. 7KH�GLI�
IHUHQW�FDFKH�FRQVFLRXV�VWUDWHJLHV�FDQ�EH�FRPELQHG�LQ�D�ZLGH�YDULHW\�RI�ZD\V�WR�SURGXFH�D�FDFKH�FRQ�
VFLRXV�GDWD�VWUXFWXUH�

QR�DFWLRQ VWUXFWXUH�VSOLWWLQJ ILHOG�UHRUGHULQJ

QR�DFWLRQ FFPDOORF

QR�DFWLRQ 7RSRORJ\�EDVHG�UHRUJDQL]DWLRQ��FFPRUSK� 3URILOH�EDVHG�UHRUJDQL]DWLRQ��*&�
����������������������������������������������������������������������������������������



4.1 Cache-Conscious Structure Definition
7KLV�VHFWLRQ�IRFXVHV�RQ� WKH� LQWHUQDO�RUJDQL]DWLRQ�RI� VWUXFWXUH�HOHPHQWV�DQG�H[SORUHV� WZR�FDFKH�

FRQVFLRXV� GHILQLWLRQ� WHFKQLTXHV²structure splitting DQG� field reordering²WKDW� FDQ� LPSURYH� WKH� FDFKH
EHKDYLRU�RI�SURJUDPV��)LJXUH����LOOXVWUDWHV�WKH�UHODWLRQVKLS�RI�FDFKH�FRQVFLRXV�GHILQLWLRQ�WHFKQLTXH�WR�WKH
VL]H�RI�VWUXFWXUH�LQVWDQFHV��7KHUH�DUH�WKUHH�SRVVLELOLWLHV��GHSHQGLQJ�RQ�WKH�VL]H�RI�VWUXFWXUH�LQVWDQFHV�UHOD�
WLYH�WR�WKH�FDFKH�EORFN�VL]H�

)RU�LQVWDQFHV�VPDOOHU� WKDQ�KDOI�D�FDFKH�EORFN��FDVH����WHFKQLTXHV�WKDW�DUUDQJH�PXOWLSOH�VWUXFWXUH
LQVWDQFHV�LQ�PHPRU\�DUH�HIIHFWLYH��VHH�6HFWLRQ�����DQG�6HFWLRQ�������7KHVH�VWUXFWXUHV�DUH�XQOLNHO\�WR�EHQHILW
IURP�DGGLWLRQDO�PDQLSXODWLRQ�DW�GHILQLWLRQ�WLPH�

,I�WKH�VL]H�RI�GDWD�VWUXFWXUH�HOHPHQWV�LV�FRPSDUDEOH�WR�WKH�VL]H�RI�D�FDFKH�EORFN��FDVH�����WHFKQLTXHV
WKDW�FOXVWHU�PXOWLSOH�VWUXFWXUH�LQVWDQFHV�LQ�WKH�VDPH�FDFKH�EORFN�GR�QRW�ZRUN�ZHOO��+RZHYHU��UHGXFLQJ�WKH
HIIHFWLYH�VWUXFWXUH�LQVWDQFH�VL]H�FDQ�SHUPLW�DSSOLFDWLRQ�RI�WKHVH�WHFKQLTXHV��6HFWLRQ�����GLVFXVVHG�VHYHUDO
FRPSOHPHQWDU\�DSSURDFKHV�WR�VWUXFWXUH�FRPSUHVVLRQ��VXFK�DV�GDWD�FRPSUHVVLRQ��SRLQWHU�HOLPLQDWLRQ��DQG
VWUXFWXUH�VSOLWWLQJ��'DWD�FRPSUHVVLRQ�GRHV�QRW�DSSHDU�ZHOO�VXLWHG�WR�WKLV�SUREOHP�GXH�WR�WKH�FRPSUHVVLRQ�
GHFRPSUHVVLRQ�RYHUKHDG�HDFK�WLPH�D�VWUXFWXUH�LQVWDQFH�LV�DFFHVVHG��3RLQWHU�HOLPLQDWLRQ�RIWHQ�UHTXLUHV�SUR�
JUDPPHU�NQRZOHGJH�RI�WKH�GDWD�VWUXFWXUH��ZKLFK�PDNHV�LW�KDUG�WR�DXWRPDWH��6WUXFWXUH�VSOLWWLQJ�SDUWLWLRQV
VWUXFWXUH�HOHPHQWV� LQWR�D�KRW�DQG�FROG�SRUWLRQ��EDVHG�RQ� ILHOG�DFFHVV� IUHTXHQFLHV��7KLV�FDQ�SURGXFH�KRW
VWUXFWXUH�SLHFHV�VPDOOHU�WKDQ�D�FDFKH�EORFN��ZKLFK�SHUPLWV�DSSOLFDWLRQ�RI�FDFKH�FRQVFLRXV�UHRUJDQL]DWLRQ
WHFKQLTXHV�WR�WKHVH�SRUWLRQV��,Q�DGGLWLRQ��IRU�W\SH�VDIH�ODQJXDJHV��VWUXFWXUH�VSOLWWLQJ�FDQ�EH�DXWRPDWHG�

)LQDOO\��ZKHQ�VWUXFWXUH�HOHPHQWV�VSDQ�PXOWLSOH�FDFKH�EORFNV��FDVH�����VWUXFWXUH�VSOLWWLQJ�LV�OLNHO\�WR
SURGXFH�KRW� LQVWDQFHV� WKDW� DUH� ODUJHU� WKDQ� D� FDFKH�EORFN��PDNLQJ� LW� LQHIIHFWLYH�� ,Q� WKLV� FDVH�� UHRUGHULQJ
VWUXFWXUH�ILHOGV�WR�SODFH�WKRVH�ZLWK�KLJK�WHPSRUDO�DIILQLW\�LQ�WKH�VDPH�FDFKH�EORFN�FDQ�LPSURYH�FDFKH�EORFN
XWLOL]DWLRQ��7\SLFDOO\��ILHOGV�LQ�ODUJH�VWUXFWXUHV�DUH�JURXSHG�FRQFHSWXDOO\��ZKLFK�PD\�QRW�FRUUHVSRQG�WR�WKHLU
WHPSRUDO�DFFHVV�SDWWHUQ��8QIRUWXQDWHO\��WKH�ORJLFDO�RUGHU�IRU�D�SURJUDPPHU�PD\�FDXVH�VWUXFWXUH�UHIHUHQFHV
WR�LQWHUDFW�SRRUO\�ZLWK�D�SURJUDP¶V�GDWD�DFFHVV�SDWWHUQ�DQG�UHVXOW�LQ�XQQHFHVVDU\�FDFKH�PLVVHV��&RPSLOHUV

Figure 10. Cache-conscious structure definition. ,Q�FDVH���� WKH� VWUXFWXUH�KDV�D� VLQJOH� ILHOG� DQG� LV
PXFK�VPDOOHU�WKDQ�WKH�FDFKH�EORFN�VL]H�VR�QR�DFWLRQ�LV�QHFHVVDU\�DW�GHILQLWLRQ�WLPH��,Q�FDVH����ZKHUH�WKH
VWUXFWXUH� VL]H� LV� FRPSDUDEOH� WR� WKH� FDFKH� EORFN� VL]H�� VSOLWWLQJ� PD\� SHUPLW� PXOWLSOH� KRW� VWUXFWXUH
LQVWDQFHV� WR�EH�SDFNHG�LQ�WKH�VDPH�FDFKH�EORFN��)LQDOO\�LQ�FDVH����ZKHUH� WKH�VWUXFWXUH�VL]H� LV�PXFK
ODUJHU�WKDQ�WKH�FDFKH�EORFN�VL]H��ILHOG�UHRUGHULQJ�PD\�LPSURYH�FDFKH�EORFN�XWLOL]DWLRQ�

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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IRU�PDQ\�ODQJXDJHV�DUH�FRQVWUDLQHG�WR�IROORZ�WKH�SURJUDPPHU�VXSSOLHG�ILHOG�RUGHU�DQG�VR�FDQQRW�FRUUHFW
WKLV�SUREOHP��<HW��JLYHQ�WKH�HYHU�LQFUHDVLQJ�FDFKH�PLVV�SHQDOWLHV��UHRUGHULQJ�VWUXFWXUH�ILHOGV�WR�SODFH�WKRVH
ZLWK�KLJK�WHPSRUDO�DIILQLW\�LQ�WKH�VDPH�FDFKH�EORFN��LV�D�UHODWLYHO\�VLPSOH�DQG�HIIHFWLYH�ZD\�WR�LPSURYH
SURJUDP�SHUIRUPDQFH��6LQFH�WKLV�FDQQRW�EH�GRQH�DXWRPDWLFDOO\�IRU�PDQ\�ODQJXDJHV��LQ�SDUWLFXODU�IRU�ODQ�
JXDJHV�VXFK�DV�&�WKDW�FRQWDLQ�ODUJH�VWUXFWXUHV���RXU�DSSURDFK�LV�WR�SURYLGH�UHFRPPHQGDWLRQV�WR�WKH�SUR�
JUDPPHU�RQ�WKH�RUGHU�LQ�ZKLFK�VWUXFWXUH�ILHOGV�VKRXOG�RFFXU�

4.1.1 Structure Splitting
0DQ\�-DYD�REMHFWV�DUH�FRPSDUDEOH�WR�WKH�VL]H�RI�D�FDFKH�EORFN��FDVH����>�@��,Q�DGGLWLRQ��VLQFH�-DYD

LV�D�W\SH�VDIH�ODQJXDJH��FODVV��VWUXFWXUH��VSOLWWLQJ�FDQ�EH�DXWRPDWHG��7KH�ILUVW�VWHS�LQ�WKLV�SURFHVV�LV�WR�LGHQ�
WLI\�FODVV�PHPEHU�ILHOGV�DV�KRW��IUHTXHQWO\�DFFHVVHG��RU�FROG��UDUHO\�DFFHVVHG���:KLOH�LW�PD\�EH�SRVVLEOH�WR
FODVVLI\� VRPH�PHPEHU� ILHOGV�YLD� VWDWLF�DQDO\VLV��ZH�SURILOH�D�SURJUDP� WR�GHWHUPLQH�PHPEHU�DFFHVV� IUH�
TXHQF\�VLQFH�WKLV�DSSHDUV�WR�EH�D�VLPSOHU�DQG�PRUH�JHQHUDO�DSSURDFK��$�FRPSLOHU�H[WUDFWV�FROG�ILHOGV�IURP
WKH�FODVV�DQG�SODFHV�WKHP�LQ�D�QHZ�REMHFW��ZKLFK�LV�UHIHUHQFHG�LQGLUHFWO\�IURP�WKH�RULJLQDO�REMHFW��$FFHVVHV
WR�FROG�ILHOGV�UHTXLUH�DQ�H[WUD�LQGLUHFWLRQ�WR�WKH�QHZ�FODVV��ZKLOH�DFFHVVHV�WR�KRW�ILHOGV�UHPDLQ�XQFKDQJHG�
7KH�RYHUKHDG�RI�VSOLWWLQJ�LQFOXGHV�WKH�VSDFH�FRVW�RI�DQ�DGGLWLRQDO�UHIHUHQFH�IURP�WKH�KRW�SRUWLRQ�WR�WKH�FROG
SRUWLRQ��FRGH�EORDW��PRUH�REMHFWV�LQ�PHPRU\��DQG�DQ�H[WUD�LQGLUHFWLRQ�IRU�DFFHVVHV�WR�FROG�ILHOGV��7KH�VSOLW�
WLQJ�DOJRULWKP�WDNHV�WKHVH�IDFWRUV�LQWR�DFFRXQW�DQG�LV�FDUHIXOO\�GHVLJQHG�WR�UHGXFH�WKHVH�FRVWV��VHH�>�@�IRU
GHWDLOV��� ,Q� DGGLWLRQ��ZH�XVH�RXU�JDUEDJH� FROOHFWLRQ� VFKHPH� IRU� FDFKH�FRQVFLRXV�REMHFW� FR�ORFDWLRQ� �VHH
6HFWLRQ�������� WR�DJJUHVVLYHO\�H[SORLW� WKH�DGYDQWDJH�RIIHUHG�E\�VPDOOHU� �KRW��FODVV� LQVWDQFHV�E\�SDFNLQJ
PRUH�KRW�LQVWDQFHV�LQ�WKH�VDPH�FDFKH�EORFN�

)RU� ILYH�PHGLXP�VL]HG� -DYD� EHQFKPDUNV�� FODVV� VSOLWWLQJ� FRPELQHG�ZLWK� RXU� JDUEDJH� FROOHFWLRQ
VFKHPH�IRU�FDFKH�FRQVFLRXV�REMHFW�FR�ORFDWLRQ�UHGXFHG�/��FDFKH�PLVV�UDWHV�E\���±�����ZLWK�FODVV�VSOLW�
WLQJ�DFFRXQWLQJ�IRU���±����RI�WKLV�UHGXFWLRQ��DQG�LPSURYHG�SHUIRUPDQFH�E\���±�����ZLWK�FODVV�VSOLWWLQJ
FRQWULEXWLQJ���±����RI� WKLV� LPSURYHPHQW� >�@��)RU� ODQJXDJHV� VXFK�DV�&�DQG�&����ZKLFK�GR�QRW�SHUPLW
DXWRPDWLF�VWUXFWXUH�VSOLWWLQJ��WKH�DOJRULWKP¶V�VSOLWWLQJ�UHFRPPHQGDWLRQV�FDQ�EH�XVHG�IRU�SURJUDPPHU�IHHG�
EDFN�

4.1.2 Field Reordering
/HJDF\�DSSOLFDWLRQV�ZHUH�GHVLJQHG�ZKHQ�PDFKLQHV�ODFNHG�PXOWLSOH�OHYHOV�RI�FDFKH�DQG�PHPRU\�

DFFHVV� WLPHV�ZHUH�PRUH�XQLIRUP�� ,Q�SDUWLFXODU��FRPPHUFLDO�&�DSSOLFDWLRQV�RIWHQ�PDQLSXODWH� ODUJH�VWUXF�
WXUHV��7R�LQYHVWLJDWH�WKH�EHQHILWV�RI�ILHOG�UHRUGHULQJ��ZH�LPSOHPHQWHG�DQ�DOJRULWKP�IRU�UHFRPPHQGLQJ�UHRU�
GHULQJ�RI�VWUXFWXUH�ILHOGV�LQ�&�SURJUDPV��7KLV�ILHOG�UHRUGHULQJ�DOJRULWKP�FRUUHODWHV�VWDWLF�LQIRUPDWLRQ�DERXW
WKH�VRXUFH� ORFDWLRQ�RI�VWUXFWXUH�ILHOG�DFFHVVHV�ZLWK�G\QDPLF�LQIRUPDWLRQ�DERXW�WKH� WHPSRUDO�RUGHULQJ�RI
DFFHVVHV�DQG�WKHLU�H[HFXWLRQ�IUHTXHQF\��7KLV�GDWD�LV�XVHG�WR�FRQVWUXFW�D�ILHOG�DIILQLW\�JUDSK�IRU�HDFK�VWUXF�
WXUH��7KHVH�JUDSKV�DUH�WKHQ�SURFHVVHG�WR�SURGXFH�ILHOG�RUGHU�UHFRPPHQGDWLRQV��0HDVXUHPHQWV�LQGLFDWH�WKDW
UHRUGHULQJ�ILHOGV� LQ���DFWLYH�VWUXFWXUHV� LPSURYHV� WKH�SHUIRUPDQFH�RI�0LFURVRIW�64/�6HUYHU������D� ODUJH�
KLJKO\�WXQHG�FRPPHUFLDO�DSSOLFDWLRQ��E\��±���RQ�WKH�73&�&�EHQFKPDUN�>�@�

4.2 Cache-Conscious Structure Allocation
7KH�HOHPHQWV�RI�D�GDWD�VWUXFWXUH�DUH�W\SLFDOO\�DOORFDWHG�ZLWK�OLWWOH�FRQFHUQ�IRU�D�PHPRU\�KLHUDUFK\�

7KH�UHVXOWLQJ�OD\RXW�PD\�LQWHUDFW�SRRUO\�ZLWK�WKH�SURJUDP¶V�GDWD�DFFHVV�SDWWHUQV��WKHUHE\�FDXVLQJ�XQQHFHV�
VDU\� FDFKH� PLVVHV� DQG� UHGXFLQJ� SHUIRUPDQFH�� &DFKH�FRQVFLRXV� DOORFDWLRQ� DGGUHVVHV� WKLV� SUREOHP� E\
DWWHPSWLQJ�WR�FR�ORFDWH�FRQWHPSRUDQHRXVO\�DFFHVVHG�GDWD�HOHPHQWV�LQ�WKH�VDPH�FDFKH�EORFN��6LQFH�D�KHDS
DOORFDWRU�LV�LQYRNHG�PDQ\�WLPHV��LW�PXVW�XVH�WHFKQLTXHV�WKDW�LQFXU�ORZ�RYHUKHDG��)XUWKHU��D�KHDS�DOORFDWRU
KDV�DQ�LQKHUHQWO\�ORFDO�YLHZ�RI�D�VWUXFWXUH��)RU�WKHVH�UHDVRQV��RXU�FDFKH�FRQVFLRXV�KHDS�DOORFDWRU��ccmal-
loc��RQO\�SHUIRUPV�ORFDO�FOXVWHULQJ��ccmalloc�LV�DOVR�VDIH��LQ�WKDW�LQFRUUHFW�XVDJH�RQO\�DIIHFWV�SURJUDP
SHUIRUPDQFH��EXW�QRW�FRUUHFWQHVV�

ccmalloc�LV�D�PHPRU\�DOORFDWRU�VLPLODU�WR�malloc��EXW�ccmalloc�WDNHV�DQ�DGGLWLRQDO�SDUDP�
�����������������������������������������������������������������������������������������



HWHU�WKDW�SRLQWV�WR�DQ�H[LVWLQJ�GDWD�VWUXFWXUH�HOHPHQW�OLNHO\�WR�EH�DFFHVVHG�FRQWHPSRUDQHRXVO\�ZLWK�WKH�HOH�
PHQW�WR�EH�DOORFDWHG��H�J���WKH�SDUHQW�RI�D�WUHH�QRGH���ccmalloc�DWWHPSWV�WR�ORFDWH�WKH�QHZ�GDWD�LWHP�LQ�WKH
VDPH�FDFKH�EORFN�DV�WKH�H[LVWLQJ�LWHP��)LJXUH����FRQWDLQV�FRGH�IURP�WKH�2OGHQ�EHQFKPDUN�health�WKDW�LOOXV�
WUDWHV�WKH�DSSURDFK��2XU�H[SHULHQFH�ZLWK�ccmalloc�LQGLFDWHV�WKDW�HYHQ�D�SURJUDPPHU�XQIDPLOLDU�ZLWK�DQ
DSSOLFDWLRQ�FDQ�RIWHQ�VHOHFW�D�VXLWDEOH�SDUDPHWHU�E\�ORFDO�H[DPLQDWLRQ�RI�FRGH�VXUURXQGLQJ�WKH�DOORFDWLRQ
VWDWHPHQW�DQG�REWDLQ�JRRG�UHVXOWV�

,Q�D�PHPRU\�KLHUDUFK\��GLIIHUHQW�FDFKH�EORFN�VL]HV�PHDQV�WKDW�GDWD�FDQ�EH�FR�ORFDWHG�LQ�GLIIHUHQW
ZD\V��ccmalloc�IRFXVHV�RQO\�RQ�/��FDFKH�EORFNV��,Q�WKH�6XQ�8OWUD63$5&���XVHG�LQ�WKLV�VWXG\��/��FDFKH
EORFNV�DUH�RQO\����E\WHV��/��EORFNV�DUH����E\WHV���ZKLFK�VHYHUHO\�OLPLWV�WKH�QXPEHU�RI�REMHFWV�WKDW�ILW�LQ�D
EORFN��0RUHRYHU��WKH�ERRNNHHSLQJ�RYHUKHDG�LQ�WKH�DOORFDWRU�LV�LQYHUVHO\�SURSRUWLRQDO�WR�WKH�VL]H�RI�D�FDFKH
EORFN��VR�ODUJHU�EORFNV�DUH�ERWK�PRUH�OLNHO\�WR�EH�VXFFHVVIXO�DQG�WR�LQFXU�OHVV�RYHUKHDG��2Q�D�V\VWHP�ZLWK�D
ODUJHU�/��FDFKH�EORFN�LW�ZRXOG�SUREDEO\�EH�DGYDQWDJHRXV�WR�DGRSW�D�KLHUDUFKLFDO�DSSURDFK�ZLWK�FR�ORFDWLRQ
ILUVW�DWWHPSWHG�LQ�WKH�VDPH�/��FDFKH�EORFN��,I�WKDW�IDLOV�WKH�VXEVHTXHQW�FR�ORFDWLRQ�DWWHPSW�FRXOG�EH�LQ�WKH
VDPH�/��FDFKH�EORFN�

$Q�LPSRUWDQW� LVVXH�LV�ZKHUH�WR�DOORFDWH�D�QHZ�GDWD�LWHP�LI�D�FDFKH�EORFN�KDV�LQVXIILFLHQW�VSDFH�
ccmalloc�WULHV�WR�SXW�WKH�QHZ�GDWD�LWHP�DV�FORVH�WR�WKH�H[LVWLQJ�LWHP�DV�SRVVLEOH��3XWWLQJ�WKH�LWHPV�RQ�WKH
VDPH�YLUWXDO�PHPRU\�SDJH�LV�OLNHO\�WR�UHGXFH�WKH�SURJUDP¶V�ZRUNLQJ�VHW��WKHUHE\�LPSURYLQJ�7/%�SHUIRU�
PDQFH�E\� H[SORLWLQJ� WKH� VWURQJ� KLQW� IURP� WKH� SURJUDPPHU� WKDW� WKH� WZR� LWHPV� DUH� OLNHO\� WR� EH� DFFHVVHG
WRJHWKHU��0RUHRYHU��SXWWLQJ�WKHP�RQ�WKH�VDPH�SDJH�HQVXUHV�WKH\�ZLOO�QRW�FRQIOLFW�LQ�WKH�FDFKH��7KHUH�DUH
VHYHUDO�SRVVLEOH�VWUDWHJLHV�WR�VHOHFW�D�EORFN�RQ�WKH�SDJH��7KH�closest�VWUDWHJ\�WULHV�WR�DOORFDWH�WKH�QHZ�HOH�
PHQW�LQ�D�FDFKH�EORFN�DV�FORVH�WR�WKH�H[LVWLQJ�EORFN�DV�SRVVLEOH��7KH�new-block�VWUDWHJ\�DOORFDWHV�WKH�QHZ
GDWD�LWHP�LQ�DQ�XQXVHG�FDFKH�EORFN��RSWLPLVWLFDOO\�UHVHUYLQJ�WKH�UHPDLQGHU�RI�WKH�EORFN�IRU�IXWXUH�FDOOV�RQ
ccmalloc�� 7KH� first-fit� VWUDWHJ\� XVHV� D� ILUVW�ILW� SROLF\� WR� ILQG� D� FDFKH� EORFN� WKDW� KDV� VXIILFLHQW� HPSW\
VSDFH��2XU�HYDOXDWLRQV� LQGLFDWH� WKDW� WKH� ILUVW�ILW� VWUDWHJ\�RXWSHUIRUPV� WKH�RWKHUV�DW� WKH�FRVW�RI�D� VOLJKWO\
KLJKHU�PHPRU\�RYHUKHDG��VHH�>�@�IRU�GHWDLOV���&DFKH�FRQVFLRXV�KHDS�DOORFDWLRQ��ccmalloc��UHVXOWHG�LQ�D
VSHHGXS�RI�����IRU�9,6��D��������� OLQH� V\VWHP� WKDW� IRUPDOO\�YHULILHV� ILQLWH�VWDWH� V\VWHPV�XVLQJ�%LQDU\
'HFLVLRQ�'LDJUDPV� �%''V�� >�@��6LJQLILFDQWO\�� YHU\� IHZ�FKDQJHV� WR� WKH�SURJUDP� �OHVV� WKDQ����� OLQHV�RI
FRGH��SURGXFHG�WKHVH�ODUJH�SHUIRUPDQFH�LPSURYHPHQWV�

4.3 Cache-Conscious Structure Reorganization
$�FRPSOHPHQWDU\�DSSURDFK� WR�FDFKH�FRQVFLRXV�DOORFDWLRQ� LV� WR� UHRUJDQL]H�D�VWUXFWXUH¶V�PHPRU\

OD\RXW�WR�FRUUHVSRQG�WR�LWV�DFFHVV�SDWWHUQ��8QOLNH�FDFKH�FRQVFLRXV�DOORFDWLRQ��ZKLFK�FDQ�EH�GRQH�MXVW�RQFH
ZKHQ�D�GDWD�HOHPHQW�LV�FUHDWHG��FDFKH�FRQVFLRXV�UHRUJDQL]DWLRQ�FDQ�EH�GRQH�DV�RIWHQ�DV�UHTXLUHG��*HQHUDO

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;

}

Figure 11. ccmalloc: Cache-conscious heap allocation. ccmalloc� DWWHPSWV� WR� FR�ORFDWH� WKH
QHZO\�DOORFDWHG�HOHPHQW�ZLWK�WKH�H[LVWLQJ�GDWD�LWHP�WKDW�LV�SDVVHG�LQ�DV�D�SDUDPHWHU�
�����������������������������������������������������������������������������������������



JUDSK�OLNH�VWUXFWXUHV�UHTXLUH�D�GHWDLOHG�SURILOH�RI�D�SURJUDP¶V�GDWD�DFFHVV�SDWWHUQV�IRU�VXFFHVVIXO�PHPRU\
OD\RXW�UHRUJDQL]DWLRQ�>����@��+RZHYHU��D�YHU\�LPSRUWDQW�FODVV�RI�VWUXFWXUHV��WUHHV��SRVVHVV�WRSRORJLFDO�SURS�
HUWLHV�WKDW�SHUPLW�FDFKH�FRQVFLRXV�GDWD�UHRUJDQL]DWLRQ�ZLWKRXW�SURILOLQJ��6HFWLRQ�������SUHVHQWV�D�WUDQVSDU�
HQW� �VHPDQWLFV�SUHVHUYLQJ�� FDFKH�FRQVFLRXV� WUHH� UHRUJDQL]HU� �ccmorph�� WKDW� DSSOLHV� WKH� FOXVWHULQJ� DQG
FRORULQJ�WHFKQLTXHV�GHVFULEHG�LQ�6HFWLRQ����ccmorph�LV�DSSURSULDWH�IRU�³UHDG�PRVWO\´�GDWD�VWUXFWXUHV²
RQH�WKDW�DUH�EXLOW�HDUO\�LQ�D�FRPSXWDWLRQ�DQG�VXEVHTXHQWO\�KHDYLO\�UHIHUHQFHG��:LWK�WKLV�DSSURDFK��QHLWKHU
WKH�FRQVWUXFWLRQ�QRU�WKH�FRQVXPSWLRQ�FRGH�QHHG�FKDQJH��DV�WKH�VWUXFWXUH�FDQ�EH�UHRUJDQL]HG�EHWZHHQ�WKH
WZR�SKDVHV��0RUHRYHU��LI�WKH�VWUXFWXUH�FKDQJHV�VORZO\��ccmorph�FDQ�EH�SHULRGLFDOO\�LQYRNHG�

/DQJXDJHV� WKDW� VXSSRUW� JDUEDJH� FROOHFWLRQ�RIIHU� D�PRUH� DWWUDFWLYH� DOWHUQDWLYH��&RS\LQJ�JDUEDJH
FROOHFWRUV��ZKLFK�VXSSRUW�DXWRPDWLF�PHPRU\�PDQDJHPHQW��GHWHUPLQH�ZKHQ�G\QDPLFDOO\�DOORFDWHG�VWRUDJH
KDV�EHFRPH�XQUHDFKDEOH�DQG�DXWRPDWLFDOO\�UHF\FOH�WKDW�PHPRU\�E\�WUDYHUVLQJ�WKH�KHDS�DQG�FRS\LQJ�OLYH
GDWD�WR�D�VHSDUDWH�UHJLRQ�RI�PHPRU\��$OO�PHPRU\�LQ�WKH�WUDYHUVHG�VSDFH�LV�WKHQ�IUHHG�XS�IRU�UHXVH��7KXV��WKH
FRS\LQJ�SKDVH�RI�JDUEDJH�FROOHFWLRQ�RIIHUV�DQ�LQYDOXDEOH�RSSRUWXQLW\�WR�UHRUJDQL]H�D�SURJUDP¶V�GDWD�OD\RXW
WR�LPSURYH�FDFKH�SHUIRUPDQFH��+RZHYHU��VXFK�D�VFKHPH�UHOLHV�RQ�WKH�DELOLW\�WR�WUDQVSDUHQWO\�UHORFDWH�KHDS
GDWD�� ,Q� DGGLWLRQ�� LW� UHTXLUHV� WKDW� SRLQWHUV� EH� GLVWLQJXLVKHG� IURP� QRQ�SRLQWHU� GDWD�� +HQFH�� LW� FDQQRW� EH
LPSOHPHQWHG�DV�GHVFULEHG�IRU�ORZ�OHYHO�ODQJXDJHV��VXFK�DV�&�RU�&����WKDW�VXSSRUW�DUELWUDU\�SRLQWHU�PDQLS�
XODWLRQ�RSHUDWLRQV�DQG�SUHFOXGH�WUDQVSDUHQW�GDWD�PRYHPHQW��2Q�WKH�RWKHU�KDQG��REMHFW�RULHQWHG�ODQJXDJHV�
VXFK�DV�-DYD�DQG�&HFLO��DQG�IXQFWLRQDO�ODQJXDJHV��VXFK�DV�0/�DQG�/LVS��SHUPLW�FRS\LQJ�JDUEDJH�FROOHFWLRQ�
)RU�WKHVH�ODQJXDJHV��D�FRS\LQJ�JDUEDJH�FROOHFWRU�FDQ�EH�XVHG�WR�UHRUJDQL]H�GDWD�DQG�SURGXFH�D�FDFKH�FRQ�
VFLRXV�VWUXFWXUH�OD\RXW�

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);
}

}

Figure 12. ccmorph: Transparent cache-conscious data reorganization. 7KH�next_node�IXQFWLRQ
SHUPLWV� UHRUJDQL]DWLRQ� E\� SURYLGLQJ� D� PHFKDQLVP� WR� WUDYHUVH� WKH� GDWD� VWUXFWXUH�� 7KH� color_const
SDUDPHWHU�VSHFLILHV�WKDW�IUDFWLRQ�RI�WKH�FDFKH�UHVHUYHG�IRU�IUHTXHQWO\�DFFHVVHG�GDWD�HOHPHQWV�

�
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4.3.1 Topology-based Structure Reorganization
,Q�D�ODQJXDJH�VXFK�DV�&��ZKLFK�VXSSRUWV�XQUHVWULFWHG�SRLQWHUV��DQDO\WLFDO� WHFKQLTXHV�FDQQRW�SUH�

FLVHO\�LGHQWLI\�DOO�SRLQWHUV�WR�D�VWUXFWXUH�HOHPHQW��:LWKRXW�WKLV�NQRZOHGJH��D�V\VWHP�FDQQRW�PRYH�RU�UHRUGHU
GDWD�VWUXFWXUHV�ZLWKRXW�DQ�DSSOLFDWLRQ¶V�FRRSHUDWLRQ��DV�LW�FDQ�LQ�D�ODQJXDJH�GHVLJQHG�IRU�JDUEDJH�FROOHFWLRQ
>�@���+RZHYHU��LI�D�SURJUDPPHU�JXDUDQWHHV�WKH�VDIHW\�RI�WKH�WUDQVIRUPDWLRQ��ccmorph�WUDQVSDUHQWO\�UHRU�
JDQL]HV�D�WUHH�GDWD�VWUXFWXUH�WR�LPSURYH�LWV�ORFDOLW\�E\�DSSO\LQJ�WKH�FOXVWHULQJ�DQG�FRORULQJ�WHFKQLTXHV�IURP
6HFWLRQ���

ccmorph�RSHUDWHV�RQ�WUHH�OLNH�VWUXFWXUHV�WKDW�KDYH�KRPRJHQHRXV�HOHPHQWV�DQG�GR�QRW�KDYH�H[WHU�
QDO�SRLQWHUV�LQWR�WKH�PLGGOH�RI�WKH�VWUXFWXUH��RU�RQ�DQ\�GDWD�VWUXFWXUH�WKDW�FDQ�EH�GHFRPSRVHG�LQWR�FRPSR�
QHQWV�VDWLVI\LQJ�WKLV�SURSHUW\���+RZHYHU��LW�KDV�D�OLEHUDO�GHILQLWLRQ�RI�D�WUHH�LQ�ZKLFK�HOHPHQWV�PD\�FRQWDLQ
D�SDUHQW� RU�SUHGHFHVVRU�SRLQWHU��$�SURJUDPPHU� VXSSOLHV�ccmorph�ZLWK� D�SRLQWHU� WR� WKH� URRW� RI� D�GDWD
VWUXFWXUH��D�IXQFWLRQ�WR�WUDYHUVH�WKH�VWUXFWXUH��DQG�FDFKH�SDUDPHWHUV��)RU�H[DPSOH��)LJXUH����FRQWDLQV�WKH
FRGH�XVHG�WR�UHRUJDQL]H�WKH�TXDGWUHH�GDWD�VWUXFWXUH�LQ�WKH�2OGHQ�EHQFKPDUN�perimeter. 7KH�SURJUDPPHU
VXSSOLHV�WKH�next_node�IXQFWLRQ�

ccmorph� FRSLHV� D� VWUXFWXUH� LQWR� D� FRQWLJXRXV� EORFN� RI� PHPRU\� �RU� D� QXPEHU� RI� FRQWLJXRXV
EORFNV�IRU�ODUJH�VWUXFWXUHV���,Q�WKH�SURFHVV��LW�SDUWLWLRQV�D�WUHH�OLNH�VWUXFWXUH�LQWR�VXEWUHHV�WKDW�DUH�ODLG�RXW
OLQHDUO\��VHH�)LJXUH�����7KH�VWUXFWXUH�LV�DOVR�FRORUHG�WR�PDS�WKH�ILUVW�p�HOHPHQWV�WUDYHUVHG�WR�D�XQLTXH�SRU�
WLRQ�RI�WKH�FDFKH��GHWHUPLQHG�E\�WKH�Color_const�SDUDPHWHU��WKDW�ZLOO�QRW�FRQIOLFW�ZLWK�RWKHU�VWUXFWXUH�HOH�
PHQWV��ccmorph�GHWHUPLQHV�WKH�YDOXHV�RI�p�DQG�WKH�VL]H�RI�VXEWUHHV�IURP�WKH�FDFKH�SDUDPHWHUV�DQG�WKH
VWUXFWXUH�HOHPHQW�VL]H��,Q�DGGLWLRQ�� LW� WDNHV�FDUH� WR�HQVXUH�WKDW� WKH�JDSV�LQ�WKH�YLUWXDO�DGGUHVV�VSDFH� WKDW
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Figure 13. Cache-conscious tree reorganization. 6XEWUHH�FOXVWHULQJ�LV�DSSOLHG�WR�WKH�HQWLUH�WUHH��7KH
WRS�OHYHOV��IUHTXHQWO\�DFFHVVHG�HOHPHQWV��RI�WKH�WUHH�DUH�DOORFDWHG�VXFK�WKDW�WKH\�PDS�WR�D�SRUWLRQ�RI�WKH
FDFKH�ZKHUH�WKH\�FDQQRW�EH�GLVSODFHG�E\�ORZHU�OHYHO�WUHH�QRGHV��LQIUHTXHQWO\�DFFHVVHG�HOHPHQWV��

S�HOHPHQWV
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LPSOHPHQW�FRORULQJ�FRUUHVSRQG�WR�PXOWLSOHV�RI�WKH�YLUWXDO�PHPRU\�SDJH�VL]H�
ccmorph�ZDV�XVHG�WR�RSWLPL]H�WKH�SHUIRUPDQFH�RI�5$',$1&(��D��������OLQH�SURJUDP�IRU�PRG�

HOLQJ�WKH�GLVWULEXWLRQ�RI�YLVLEOH�UDGLDWLRQ�LQ�DQ�LOOXPLQDWHG�VSDFH��5$',$1&(¶V�SULPDU\�GDWD�VWUXFWXUH�LV
DQ�RFWUHH�WKDW�UHSUHVHQWV�WKH�VFHQH�WR�EH�PRGHOHG��&DFKH�FRQVFLRXV�FOXVWHULQJ�DQG�FRORULQJ�RI�WKH�RFWUHH
SURGXFHG�D�VSHHGXS�RI������WKLV�LQFOXGHV�WKH�RYHUKHDG�RI�UHVWUXFWXULQJ�WKH�RFWUHH��>�@�

4.3.2 Profile-based Structure Reorganization Using Garbage Collection
$�FDFKH�FRQVFLRXV�GDWD�OD\RXW�SODFHV�REMHFWV�ZLWK�KLJK�WHPSRUDO�DIILQLW\�QHDU�HDFK�RWKHU��VR�WKDW

WKH\�DUH�OLNHO\�WR�UHVLGH�LQ�WKH�VDPH�FDFKH�EORFN��,Q�WKLV�DSSURDFK��D�SURJUDP�LV�LQVWUXPHQWHG�WR�SURILOH�LWV
GDWD�DFFHVV�SDWWHUQV��7KH�SURILOLQJ�GDWD�JDWKHUHG�GXULQJ�DQ�H[HFXWLRQ�LV�XVHG�WR�RSWLPL]H�WKDW�H[HFXWLRQ�
UDWKHU�WKDQ�D�VXEVHTXHQW�RQH��:H�UHO\�RQ�D�SURSHUW\�RI�REMHFW�RULHQWHG�SURJUDPV²PRVW�REMHFWV�DUH�VPDOO²
WR�SHUIRUP�ORZ�RYHUKHDG�real-time�GDWD�SURILOLQJ�>����@��7KH�JDUEDJH�FROOHFWRU�XVHV�WKLV�SURILOH�WR�FRQVWUXFW
DQ�REMHFW�DIILQLW\�JUDSK��LQ�ZKLFK�ZHLJKWHG�HGJHV�HQFRGH�WKH�WHPSRUDO�DIILQLW\�EHWZHHQ�REMHFWV��QRGHV���$
QHZ�FRS\LQJ�JDUEDJH�FROOHFWLRQ�DOJRULWKP�XVHV�WKH�DIILQLW\�JUDSK�WR�SURGXFH�FDFKH�FRQVFLRXV�GDWD�OD\RXWV
ZKLOH�FRS\LQJ�REMHFWV��VHH�)LJXUH������7KH�WHFKQLTXH�LV�FRPSOHWHO\�DXWRPDWLF�DQG�UHTXLUHV�QR�SURJUDPPHU
LQWHUYHQWLRQ�

([SHULPHQWDO� UHVXOWV� IRU� VHYHUDO� REMHFW�RULHQWHG� SURJUDPV� VKRZ� WKDW� WKLV� FDFKH�FRQVFLRXV� GDWD
SODFHPHQW�WHFKQLTXH�UHGXFHV�FDFKH�PLVV�UDWHV�E\���±����DQG�LPSURYHV�SURJUDP�SHUIRUPDQFH�E\���±���
�LQFOXGLQJ�WKH�UHDO�WLPH�GDWD�SURILOLQJ�RYHUKHDG��>����@��)XUWKHU��ZH�FRPSDUHG�RXU�FDFKH�FRQVFLRXV�FRS\LQJ
VFKHPH�DJDLQVW�DQ�HDUOLHU�DOJRULWKP�WKDW�DWWHPSWHG�WR�LPSURYH�D�SURJUDP¶V�YLUWXDO�PHPRU\��SDJH��ORFDOLW\
E\�FKDQJLQJ� WKH� WUDYHUVDO�DOJRULWKP�XVHG�E\�D�FRS\LQJ�JDUEDJH�FROOHFWRU� �WKH�:LOVRQ�/DP�0RKHU�DOJR�
ULWKP�>��@���7KH�UHVXOWV�VKRZ�WKDW�RXU�FDFKH�FRQVFLRXV�REMHFW�OD\RXW�WHFKQLTXH�UHGXFHV�FDFKH�PLVV�UDWHV�E\
��������DQG�LPSURYHV�SURJUDP�SHUIRUPDQFH�E\��±����RYHU�WKHLU�WHFKQLTXH��ZKLFK�LQGLFDWHV�WKDW�SDJH�
OHYHO�LPSURYHPHQWV�DUH�QRW�QHFHVVDULO\�HIIHFWLYH�DW�WKH�FDFKH�OHYHO�>�@�
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Figure 14. Combining cache-conscious data placement with garbage collection. 7KH�REMHFW�DIILQLW\
JUDSK� LV�XVHG� WR�JXLGH� WKH�SODFHPHQW�RI�GDWD�HOHPHQWV�XSRQ�FRS\LQJ� IURP� WKH�)520�VSDFH� WR�72
VSDFH�
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4.4 Discussion
7DEOH ��LQGLFDWHV�WKH�SULQFLSOHV²FOXVWHULQJ��FRORULQJ��FRPSUHVVLRQ²XWLOL]HG�E\�WKH�VWUDWHJLHV�WR

HIIHFW�LPSURYHPHQW�LQ�FDFKH�SHUIRUPDQFH��,Q�DGGLWLRQ��WKH�WDEOH�LQGLFDWHV�WKH�VWUDWHJLHV¶�GHJUHH�RI�DXWRPD�
WLRQ�LQ�GLIIHUHQW�ODQJXDJH�FRQWH[WV�

5 Conclusions
7UDGLWLRQDOO\��SRLQWHU�EDVHG�GDWD�VWUXFWXUHV�ZHUH�GHVLJQHG�DQG�SURJUDPPHG�DV�LI�PHPRU\�DFFHVV

FRVWV�ZHUH�XQLIRUP��,QFUHDVLQJO\�H[SHQVLYH�PHPRU\�KLHUDUFKLHV�KDYH�IDOVLILHG�WKLV�VLPSOLI\LQJ�DVVXPSWLRQ
DQG�RSHQHG�DQ�RSSRUWXQLW\�IRU�VLJQLILFDQW�SHUIRUPDQFH�LPSURYHPHQWV�ZLWK�UHGHVLJQHG�GDWD�VWUXFWXUHV�WKDW
XVH�FDFKHV�PRUH�HIIHFWLYHO\��7KLV�SDSHU�GLVFXVVHV�WKUHH�GDWD�SODFHPHQW�GHVLJQ�SULQFLSOHV²clustering��com-
pression��DQG�coloring²WKDW�SURJUDPPHUV�FDQ�XVH�WR�LPSURYH�WKH�VSDWLDO�DQG�WHPSRUDO�ORFDOLW\�RI�SRLQWHU�
EDVHG�GDWD�VWUXFWXUHV�

+RZHYHU�� WKH�GHVLJQ�RI�FDFKH�FRQVFLRXV�GDWD�VWUXFWXUHV� UHTXLUHV�D�GHHS�XQGHUVWDQGLQJ�RI�D�SUR�
JUDP¶V�VWUXFWXUHV�DQG�RSHUDWLRQ��DQG�IDPLOLDULW\�ZLWK�D�PDFKLQH¶V�PHPRU\�DUFKLWHFWXUH��7KHVH�SUHUHTXLVLWHV
PD\�OLPLW� WKH�XVH�RI�FDFKH�FRQVFLRXV�GDWD�VWUXFWXUHV�WR�SHUIRUPDQFH�FULWLFDO�SRUWLRQV�RI�FRGH�ZULWWHQ�E\
H[SHUW�SURJUDPPHUV��PXFK�DV�DVVHPEO\�SURJUDPPLQJ�LV�XVHG�WRGD\��7R�PDNH�WKH�SHUIRUPDQFH�EHQHILWV�RI
FDFKH�FRQVFLRXV�VWUXFWXUHV�DYDLODEOH�WR�WKH�DYHUDJH�SURJUDPPHU��WKLV�SDSHU�SUHVHQWV�VHYHUDO�HIIHFWLYH�VWUDW�
HJLHV� WKDW� UHRUGHU� WKH� LQWHUQDO� OD\RXW� RI� D� VWUXFWXUH¶V� ILHOGV� DQG� DUUDQJH� VWUXFWXUH� LQVWDQFHV� LQ�PHPRU\�
:KLOH�VRPH�RI�WKHVH�WHFKQLTXHV�UHTXLUH�PRGHVW�SURJUDPPHU�DVVLVWDQFH�IRU�ORZ�OHYHO�ODQJXDJHV�VXFK�DV�&
DQG�&����RWKHUV�DUH�FRPSOHWHO\�DXWRPDWLF��0HDVXUHPHQWV�VKRZ�WKDW�WKHVH�WHFKQLTXHV�UHGXFH�FDFKH�PLVV
UDWHV�DQG�DFKLHYH�VLJQLILFDQW�SHUIRUPDQFH�LPSURYHPHQWV��XS�WR������RQ�UHDO�SURJUDPV�

%DVHG�RQ�SDVW�WUHQGV�DQG�IXWXUH�WHFKQRORJ\��WKH�SURFHVVRU�PHPRU\�SHUIRUPDQFH�JDS�ZLOO�FRQWLQXH
WR� LQFUHDVH�DQG�VRIWZDUH�ZLOO�FRQWLQXH� WR�JURZ� ODUJHU�DQG�PRUH�FRPSOH[��$OWKRXJK� WKH�DOJRULWKPLF�DQG
GDWD�VWUXFWXUH�GHVLJQ�SKDVH�RI�VRIWZDUH�GHYHORSPHQW� LV� WKH�ILUVW��DQG�SHUKDSV�EHVW��SODFH� WR�DGGUHVV� WKLV

Cache-conscious strategy
Design 

principle 
used

Low-level 
language (e.g., C)

High-level 
language (e.g., 

Java)

&DFKH�FRQVFLRXV�GHILQLWLRQ�
�VWUXFWXUH�VSOLWWLQJ�

FRPSUHVVLRQ VHPL�DXWRPDWLFD

D� 'LG�QRW�H[SHULPHQW�

DXWRPDWLF

&DFKH�FRQVFLRXV�GHILQLWLRQ��ILHOG�
UHRUGHULQJ�

FOXVWHULQJ VHPL�DXWRPDWLF DXWRPDWLFD

&DFKH�FRQVFLRXV�DOORFDWLRQ�
�FFPDOORF�

FOXVWHULQJ VHPL�DXWRPDWLFE

E� &DQ�EH�PDGH�DXWRPDWLF�

Q�DF�

F� 'LG�QRW�LPSOHPHQW�

&DFKH�FRQVFLRXV�UHRUJDQL]DWLRQ�
�7RSRORJ\�FFPRUSK�

FOXVWHULQJ��
FRORULQJ

VHPL�DXWRPDWLF Q�DF

&DFKH�FRQVFLRXV�UHRUJDQL]DWLRQ�
�3URILOH�*&�

FOXVWHULQJ Q�DF DXWRPDWLF

Table 1: Summary of language impact on the various cache-conscious strategies.
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JURZLQJ�JDS��WKH�FRPSOH[LW\�RI�VRIWZDUH�GHVLJQ��DQG�DQ�LQFUHDVLQJ�WHQGHQF\�WR�EXLOG�ODUJH�VRIWZDUH�V\V�
WHPV�E\�JOXLQJ�WRJHWKHU�VPDOOHU�FRPSRQHQWV��GRHV�QRW�IDYRU�D�IRFXVHG��LQWHJUDWHG�DSSURDFK��7KHVH�UHDOLWLHV
PDNH� WHFKQLTXHV� IRU� SURGXFLQJ� FDFKH�FRQVFLRXV� GDWD� OD\RXWV�� VXFK� DV� WKRVH� SUHVHQWHG� LQ� WKLV� SDSHU�� DQ
HVVHQWLDO�DVSHFW�RI� WKH�SURFHVV�RI�DFKLHYLQJ� WKH�KLJKHVW�SHUIRUPDQFH�RQ�FXUUHQW�DQG�IXWXUH�PDFKLQHV�� ,Q
DGGLWLRQ�� JLYHQ� WKH� UHVWULFWLRQV� ORZ�OHYHO� ODQJXDJHV� SODFH� RQ� JHQHUDWLQJ� FDFKH�FRQVFLRXV� GDWD� OD\RXWV�
WKHVH�WHFKQLTXHV�PD\�KHOS�QDUURZ��RU�HYHQ�UHYHUVH��WKH�SHUIRUPDQFH�JDS�EHWZHHQ�KLJK�OHYHO�SURJUDPPLQJ
ODQJXDJHV��VXFK�DV�/LVS��0/��RU�-DYD��DQG�ORZ�OHYHO�ODQJXDJHV��VXFK�DV�&�DQG�&���
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