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$EVWUDFW� &DFKH PLVVHV DQG EXV WUDIILF DUH NH\ REVWDFOHV WR DFKLHYLQJ KLJK

SHUIRUPDQFH RI EXV�EDVHG VKDUHG PHPRU\ PXOWLSURFHVVRUV XVLQJ LQYDOLGDWLRQ�

EDVHG VQRRSLQJ FDFKHV� 7R RYHUFRPH WKHVH SUREOHPV� VRIWZDUH�FRQWUROOHG WHFK�

QLTXHV IRU WROHUDWLQJ PHPRU\ ODWHQF\ FDQ EH XVHG� VXFK DV FDFKH SUHIHWFKLQJ

DQG GDWD IRUZDUGLQJ� +RZHYHU� VRPH SUHYLRXV VWXGLHV KDYH VKRZQ WKDW FDFKH

SUHIHWFKLQJ LV QRW VR HIIHFWLYH LQ EXV�EDVHG VKDUHG PHPRU\ PXOWLSURFHVVRUV�

ZKLOH GDWD IRUZDUGLQJ LV QRW HDV\ WR LPSOHPHQW LQ WKLV HQYLURQPHQW� ,Q WKLV SD�

SHU� ZH SURSRVH D QRYHO WHFKQLTXH FDOOHG FDFKH LQMHFWLRQ� ZKLFK FRPELQHV FRQ�

VXPHU DQG SURGXFHU LQLWLDWHG DSSURDFKHV� DV ZHOO DV WKH EURDGFDVWLQJ QDWXUH RI

EXV� 3HUIRUPDQFH HYDOXDWLRQ EDVHG RQ SURJUDP�GULYHQ VLPXODWLRQ DQG D VHW RI

HLJKW SDUDOOHO EHQFKPDUN SURJUDPV VKRZV WKDW FDFKH LQMHFWLRQ LV KLJKO\ HIIHF�

WLYH LQ UHGXFLQJ FRKHUHQFH PLVVHV DQG EXV WUDIILF�

����,QWURGXFWLRQ

3ULYDWH FDFKHV DUH HVVHQWLDO WR UHGXFH WKH EXV WUDIILF DQG WKH PHPRU\ ODWHQF\ LQ EXV�

EDVHG VKDUHG PHPRU\ PXOWLSURFHVVRUV �603V�� ,Q VXFK V\VWHPV� VQRRSLQJ ZULWH�

LQYDOLGDWH FDFKH FRKHUHQFH SURWRFROV DUH FRPPRQO\ DFFHSWHG DV DQ HIIHFWLYH DSSURDFK

WR NHHS WKH GDWD FRKHUHQW >�@� +RZHYHU� WKH SUREOHP RI KLJK PHPRU\ ODWHQF\ LV VWLOO

WKH PRVW FULWLFDO SHUIRUPDQFH LVVXH LQ WKHVH V\VWHPV� 2QH ZD\ WR FRSH ZLWK WKLV SURE�

OHP LV WR WROHUDWH KLJK PHPRU\ ODWHQF\ E\ RYHUODSSLQJ PHPRU\ DFFHVVHV ZLWK FRPSX�

WDWLRQ� 7KH LPSRUWDQFH RI WHFKQLTXHV IRU WROHUDWLQJ KLJK PHPRU\ ODWHQF\ LQ PXOWLSURF�

HVVRU V\VWHPV LQFUHDVHV� GXH WR WKH ZLGHQLQJ VSHHG JDS EHWZHHQ &38 DQG PHPRU\�

KLJK FRQWHQWLRQ RQ WKH EXV� EXV WUDIILF FDXVHG E\ GDWD VKDULQJ EHWZHHQ SURFHVVRUV� DQG

WKH LQFUHDVLQJ SK\VLFDO GLVWDQFHV EHWZHHQ SURFHVVRUV DQG PHPRU\�

6RIWZDUH�FRQWUROOHG FDFKH SUHIHWFKLQJ LV D ZLGHO\ DFFHSWHG FRQVXPHU�LQLWLDWHG

WHFKQLTXH IRU WROHUDWLQJ PHPRU\ ODWHQF\ LQ PXOWLSURFHVVRUV� DV ZHOO DV LQ XQLSURFHV�

VRUV� ,Q VRIWZDUH�FRQWUROOHG FDFKH SUHIHWFKLQJ� D &38 H[HFXWHV D VSHFLDO prefetch
LQVWUXFWLRQ WKDW PRYHV D GDWD EORFN �H[SHFWHG WR EH XVHG E\ WKDW &38� LQWR LWV FDFKH�

EHIRUH LW LV DFWXDOO\ QHHGHG >�@� ,Q WKH EHVW FDVH� WKH GDWD EORFN DUULYHV DW WKH FDFKH

EHIRUH LW LV QHHGHG� DQG WKH &38 ORDG LQVWUXFWLRQ UHVXOWV LQ D KLW� +RZHYHU� IRU PDQ\

SURJUDPV DQG VKDULQJ SDWWHUQV �H�J�� SURGXFHU�FRQVXPHU�� SURGXFHU�LQLWLDWHG GDWD

WUDQVIHUV DUH D QDWXUDO VW\OH RI FRPPXQLFDWLRQ� 3URGXFHU LQLWLDWHG SULPLWLYHV DUH NQRZQ



DV GDWD IRUZDUGLQJ� GHOLYHU\� UHPRWH ZULWHV� DQG VRIWZDUH�FRQWUROOHG XSGDWHV� :LWK

GDWD IRUZDUGLQJ� ZKHQ D &38 SURGXFHV WKH GDWD� LQ DGGLWLRQ WR XSGDWLQJ LWV FDFKH� LW

VHQGV D FRS\ RI WKH GDWD WR WKH FDFKHV RI WKH SURFHVVRUV WKDW DUH LGHQWLILHG E\ FRPSLOHU

RU SURJUDPPHU DV LWV IXWXUH FRQVXPHUV >�@� 7KHUHIRUH� ZKHQ FRQVXPHU SURFHVVRUV

DFFHVV WKH GDWD EORFN� WKH\ ILQG LW LQ WKHLU FDFKHV�

0RVW RI WKH VWXGLHV >���@ H[DPLQHG WKH HIIHFWLYHQHVV RI FDFKH SUHIHWFKLQJ DQG GDWD

IRUZDUGLQJ LQ &&��1�80$ DUFKLWHFWXUHV� H[FHSW >�@� ZKLFK H[DPLQHG WKH SRWHQWLDO RI

FDFKH SUHIHWFKLQJ LQ EXV�EDVHG 603V� 7KLV VWXG\ UHSRUWHG SRRU HIIHFWLYHQHVV RI FDFKH

SUHIHWFKLQJ� GHVSLWH WKH DVVXPHG KLJK PHPRU\ ODWHQF\� 7KH PDLQ UHDVRQV IRU WKDW DUH

WKH IROORZLQJ� )LUVW� SUHIHWFKLQJ LQFUHDVHV EXV WUDIILF� 6LQFH EXV�EDVHG DUFKLWHFWXUH LV

YHU\ VHQVLWLYH WR FKDQJHV LQ EXV WUDIILF� LW FDQ UHVXOW LQ SHUIRUPDQFH GHJUDGDWLRQ� 6HF�

RQG� WRR HDUO\ LQLWLDWHG SUHIHWFKLQJ FDQ QHJDWLYHO\ DIIHFW GDWD VKDULQJ� /DVW� FXUUHQW

SUHIHWFKLQJ DOJRULWKPV DUH QRW VR HIIHFWLYH LQ SUHGLFWLQJ FRKHUHQFH PLVVHV� $FWXDOO\�

FRKHUHQFH PLVVHV UHSUHVHQW WKH ELJJHVW FKDOOHQJH IRU GHVLJQHUV� HVSHFLDOO\ DV FDFKHV

EHFRPH ODUJHU DQG WKH\ GRPLQDWH WKH SHUIRUPDQFH RI SDUDOOHO SURJUDPV�

2Q WKH RWKHU VLGH� FRPSOH[LW\ RI LPSOHPHQWDWLRQ DQG FRPSLOHU DOJRULWKP UHVWULFWV

DSSOLFDELOLW\ RI GDWD IRUZDUGLQJ LQ EXV�EDVHG DUFKLWHFWXUHV� 'DKOJUHQ HW DO� H[SORUHG

WKH HIIHFWLYHQHVV RI WKH VRIWZDUH�FRQWUROOHG XSGDWH LQ EXV�EDVHG 603V� ZKHUH D VSH�

FLDO LQVWUXFWLRQ LQLWLDWHV DQ XSGDWH RI DOO LQYDOLG FRSLHV RI WKH VSHFLILHG FDFKH EORFN LQ

WKH V\VWHP >��@� 7KLV DSSURDFK UHTXLUHV OHVV VRSKLVWLFDWHG FRPSLOHU VXSSRUW VLQFH LW

GRHV QRW UHTXLUH LGHQWLILFDWLRQ RI IXWXUH FRQVXPHUV� DQG LW FDQ EH LPSOHPHQWHG DW ORZ

FRVW� +RZHYHU� LW LV OHVV IOH[LEOH WKDQ FODVVLF GDWD IRUZDUGLQJ DV GHILQHG LQ >�@� EH�

FDXVH LW GRHV QRW DOORZ IRUZDUGLQJ WR WKH SURFHVVRUV QRW KDYLQJ WKH LQYDOLG FRSLHV RI

WKH GDWD EORFN� ,Q SDSHU >��@� $QGHUVRQ DQG %DHU VKRZHG WKDW WKH WHFKQLTXH FDOOHG

UHDG VQDUILQJ FRXOG EH YHU\ HIIHFWLYH LQ UHGXFLQJ WKH QXPEHU RI FRKHUHQFH PLVVHV DQG

WKH EXV WUDIILF LQ EXV�EDVHG 603V� :LWK UHDG VQDUILQJ� D GDWD EORFN WKDW LV WUDQVIHUUHG

RQ WKH EXV DV D UHDG UHVSRQVH QRW RQO\ XSGDWHV WKH QRGH WKDW UHTXHVWHG LW� EXW DOVR

XSGDWHV DOO RWKHU FDFKHV KDYLQJ WKH EORFN LQYDOLGDWHG� 5HDG VQDUILQJ LV D KDUGZDUH�

EDVHG WHFKQLTXH� HDV\ WR LPSOHPHQW� +RZHYHU� LW LV EDVHG RQ WKH KHXULVWLF WKDW DOO

EORFNV WKDW DUH LQYDOLG ZLOO EH QHHGHG LQ WKH IXWXUH� DQG LWV HIIHFWLYHQHVV KLJKO\ GH�

SHQGV RQ FDFKH VL]H� ,Q WKH V\VWHP ZLWK UHODWLYHO\ VPDOO FDFKH VL]H� WKH LQYDOLG FDFKH

EORFNV ZLOO EH SUREDEO\ GLVSODFHG IURP WKH FDFKH� VR UHDG VQDUILQJ LV QRW DSSOLFDEOH�

,Q WKLV SDSHU� ZH SURSRVH D QRYHO VRIWZDUH�FRQWUROOHG WHFKQLTXH FDOOHG FDFKH LQMHF�

WLRQ� DLPHG WR UHGXFH FRKHUHQFH PLVVHV DQG EXV WUDIILF� 8VLQJ DGYDQWDJHV RI WKH H[LVW�

LQJ WHFKQLTXHV DQG WKH FKDUDFWHULVWLFV RI EXV�EDVHG DUFKLWHFWXUHV� FDFKH LQMHFWLRQ RYHU�

FRPHV VRPH RI WKH VKRUWFRPLQJV RI WKH H[LVWLQJ WHFKQLTXHV� VXFK DV� �D� EXV DQG PHP�

RU\ FRQWHQWLRQ� �E� QHJDWLYH LPSDFW RQ GDWD VKDULQJ DQG LQVWUXFWLRQ RYHUKHDG LQ WKH

FDVH RI FDFKH SUHIHWFKLQJ� DQG �F� FRPSLOHU DQG LPSOHPHQWDWLRQ FRPSOH[LW\ LQ FDVH RI

GDWD IRUZDUGLQJ� 7KH SURSRVHG WHFKQLTXH FDQ EH FRPELQHG ZLWK WKH H[LVWLQJ RQHV LQ

RUGHU WR UDLVH SHUIRUPDQFH LQ EXV�EDVHG 603V�

,Q WKH IROORZLQJ VHFWLRQ� ZH GHILQH FDFKH LQMHFWLRQ DQG GLVFXVV LWV LPSOHPHQWDWLRQ

LQ D EXV�EDVHG VKDUHG PHPRU\ PXOWLSURFHVVRU� 6HFWLRQ � GHVFULEHV H[SHULPHQWDO

PHWKRGRORJ\� 6HFWLRQ � SUHVHQWV UHVXOWV RI WKH H[SHULPHQWV� 6HFWLRQ � VXPPDUL]HV

FXUUHQW DQG GLVFXVVHV WKH SRVVLEOH IXWXUH ZRUN�



����&DFKH�,QMHFWLRQ

,Q FDFKH LQMHFWLRQ� D FRQVXPHU SUHGLFWV LWV IXWXUH QHHGV IRU VKDUHG GDWD E\ H[HFXWLQJ

DQ OpenWin LQVWUXFWLRQ� 7KLV LQVWUXFWLRQ RQO\ VWRUHV WKH ILUVW DQG WKH ODVW DGGUHVV RI

VXFFHVVLYH FDFKH EORFNV� LQ D VSHFLDO ORFDO LQMHFWLRQ WDEOH� 7KLV DGGUHVV VFRSH LV FDOOHG

DGGUHVV ZLQGRZ� 7KHUH DUH WZR PDLQ VFHQDULRV ZKHQ FDFKH LQMHFWLRQ FRXOG KDSSHQ�

GXULQJ WKH UHDG EXV WUDQVDFWLRQ �LQMHFWLRQ RQ ILUVW UHDG� RU GXULQJ WKH VRIWZDUH�LQLWLDWHG

ZULWH�EDFN EXV WUDQVDFWLRQ �LQMHFWLRQ RQ ZULWH�EDFN��

,QMHFWLRQ RQ ILUVW UHDG LV DSSOLFDEOH ZKHQ WKHUH LV PRUH WKDQ RQH FRQVXPHU� (DFK

FRQVXPHU LQLWLDOL]HV LWV LQMHFWLRQ WDEOH DFFRUGLQJ WR LWV IXWXUH QHHGV� :KHQ WKH ILUVW RQH

DPRQJ FRQVXPHUV H[HFXWHV D ORDG LQVWUXFWLRQ� LW VHHV FDFKH PLVV DQG LQLWLDWHV D EXV

UHDG WUDQVDFWLRQ� 'XULQJ WKLV WUDQVDFWLRQ� HDFK FDFKH FRQWUROOHU VQRRSV WKH EXV DQG LI

WKHUH LV DQ LQMHFWLRQ KLW� WKH SURFHVVRU VWRUHV WKH EORFN LQWR LWV FDFKH �)LJ� �D�� +HQFH�

LQ FDVH RI PXOWLSOH FRQVXPHUV� RQO\ RQH UHDG EXV WUDQVDFWLRQ LV QHHGHG WR XSGDWH DOO

FRQVXPHUV� LI WKH\ DOO KDYH LQLWLDOL]HG WKHLU LQMHFWLRQ WDEOHV�

,QMHFWLRQ RQ ZULWH�EDFN EXV WUDQVDFWLRQ LV DSSOLFDEOH ZKHQ VKDUHG GDWD H[KLELW ERWK

��3URGXFHU���&RQVXPHU ��3��&� DQG ��3URGXFHU�0XOWLSOH�&RQVXPHUV ��3�0&� SDW�

WHUQV� ,Q WKHVH VFHQDULRV� HDFK FRQVXPHU DOVR LQLWLDOL]HV LWV LQMHFWLRQ WDEOH� $W WKH SUR�

GXFHU VLGH� DIWHU WKH GDWD SURGXFLQJ LV ILQLVKHG� WKH SURGXFHU LQLWLDWHV ZULWH�EDFN EXV

WUDQVDFWLRQV LQ RUGHU WR XSGDWH WKH PHPRU\� E\ H[HFXWLQJ DQ Update LQVWUXFWLRQ�

'XULQJ WKLV WUDQVDFWLRQ� DOO FRQVXPHUV VQRRS WKH EXV� DQG LI WKH\ ILQG LQMHFWLRQ KLW�

WKH\ FDWFK WKH GDWD EORFN IURP WKH GDWD EXV DQG VWRUH LW LQWR WKHLU FDFKHV �)LJ� �E��

7KH DERYH GHILQLWLRQ RI FDFKH LQMHFWLRQ DVVXPHV D EXV�EDVHG 603 ZKHUH HDFK

SURFHVVRU KDV RQH RU PRUH OHYHOV RI FDFKH PHPRU\ DQG D ZULWH�EDFN LQYDOLGDWH FDFKH�

FRKHUHQFH SURWRFRO EDVHG RQ VQRRSLQJ� +DUGZDUH VXSSRUW IRU FDFKH LQMHFWLRQ LQFOXGHV

LQMHFWLRQ WDEOH� SURSRVHG LQVWUXFWLRQV �)LJ �F�� DQG D QHJOLJLEOH PRGLILFDWLRQ RI WKH EXV

FRQWURO XQLW� 7KH LQMHFWLRQ WDEOH LV LPSOHPHQWHG DV D SDUW RI WKH FDFKH FRQWUROOHU� (DFK

HQWU\ LQFOXGHV WZR DGGUHVV ILHOGV� /DGGU DQG +DGGU� ZKLFK GHILQH WKH ILUVW DQG WKH ODVW

DGGUHVV RI DQ DGGUHVV ZLQGRZ� UHVSHFWLYHO\� DQG D YDOLG ELW 9� :H XVH WKH UDQGRP

UHSODFHPHQW SROLF\�

�D� ,QMHFWLRQ RQ ILUVW UHDG

3�

store A

7LPH

load A

3�

load A

3�

0RGLILHG ,QYDOLG ,QYDOLG

6KDUHG 6KDUHG
6KDUHG

)HWFK $

OpenWin A

�E� ,QMHFWLRQ RQ ZULWH�EDFN

OpenWin A

3�

StoreUpdate A

7LPH

load A

3�

load A

3�

0RGLILHG ,QYDOLG ,QYDOLG

6KDUHG 6KDUHG 6KDUHG

OpenWin A

OpenWin A

OpenWin <Laddr><Haddr>  -  in i t ia l izes an
entry in the in ject ion table,  by set t ing the val id
bi t  and put t ing Laddr and H a d d r va lues in the
corresponding entry  f ie lds.  I f  on ly  one cache
block should be in jected,  L a d d r = H a d d r.

CloseWin <Laddr><Haddr>  -  checks
in ject ion tab le ,  and i f  there is  an open window
wi th  spec i f ied Laddr and H a d d r,  i t  c loses that
window by reset t ing the va l id  b i t .

Update <Addr>  -  checks the cache and i f  the
speci f ied cache b lock is  modi f ied,  i t  in i t ia tes
the wr i te -back bus t ransact ion and changes
the b lock s tate in to Shared;  otherwise,  i t  acts
l ike noop inst ruct ion [7] .

StoreUpdate <Addr><Value>  -  per forms an
ordinary store instruct ion;  in addi t ion,  i t
in i t ia tes a wr i te-back bus t ransact ion [7] .

�F� 3URSRVHG LQVWUXFWLRQV

([HFXWH

5HDG 6WDOO

)LJ� �� &DFKH LQMHFWLRQ PHFKDQLVP�



����([SHULPHQWDO�0HWKRGRORJ\

:H HYDOXDWH WKH SHUIRUPDQFH LPSDFW RI FDFKH LQMHFWLRQ XVLQJ /LPHV >��@ ± D WRRO IRU

SURJUDP�GULYHQ VLPXODWLRQ RI 603V� $ V\QFKURQL]DWLRQ NHUQHO �/7(67�� WKUHH SDUDO�

OHO WHVW DSSOLFDWLRQV ZHOO VXLWHG WR GHPRQVWUDWH YDULRXV GDWD VKDULQJ SDWWHUQV �3&� 00�

-DFREL�� DQG IRXU DSSOLFDWLRQV IURP 63/$6+�� VXLWH �5DGL[� ))7� /8� 2FHDQ� >��@

DUH XVHG LQ WKH HYDOXDWLRQ� 7KH\ DUH DOO ZULWWHQ LQ & XVLQJ WKH $1/ PDFURV WR H[SUHVV

SDUDOOHOLVP DQG FRPSLOHG E\ JFF ZLWK WKH RSWLPL]DWLRQ IODJ ±2�� 3URSRVHG LQVWUXFWLRQV

IRU FDFKH LQMHFWLRQ VXSSRUW DUH KDQG�LQVHUWHG LQWR WKH DSSOLFDWLRQV� )RU HDFK DSSOLFD�

WLRQ ZH FRPSDUH WKH QXPEHU RI UHDG PLVVHV DQG WKH EXV WUDIILF IRU WKH EDVH V\VWHP �%��

WKH V\VWHP ZLWK UHDG VQDUILQJ �6�� WKH V\VWHP ZLWK VRIWZDUH�FRQWUROOHG XSGDWH DQG UHDG

VQDUILQJ �8�� DQG WKH V\VWHP ZLWK FDFKH LQMHFWLRQ �,��

7KH PRGHOHG DUFKLWHFWXUH LV EXV�EDVHG 603 FRQWDLQLQJ �� SURFHVVRUV ZLWK WKH

0(6, ZULWH�EDFN LQYDOLGDWH FDFKH FRKHUHQFH SURWRFRO� 7KH EXV VXSSRUWV VSOLW WUDQVDF�

WLRQV DQG XVHV URXQG URELQ DUELWUDWLRQ VFKHPH� :H DVVXPH D VLQJOH�LVVXH� LQ�RUGHU

SURFHVVRU PRGHO ZLWK EORFNLQJ UHDGV� 3URFHVVRUV H[HFXWH D VLQJOH F\FOH SHU LQVWUXF�

WLRQ� (DFK SURFHVVRU LQFOXGHV RQO\ ILUVW OHYHO FDFKH PHPRU\� :H DVVXPH WKDW LQVWUXF�

WLRQV DOZD\V KLW LQWR WKH FDFKH� &DFKH KLW LV VROYHG ZLWKRXW SHQDOW\� 7KH UHOHYDQW V\V�

WHP SDUDPHWHUV DUH WKH IROORZLQJ� FDFKH OLQH VL]H LV ��%� GDWD EXV ZLGWK LV �%� VQRRS

F\FOH LV �SFON �SFON � SURFHVVRU F\FOH�� DQG ZULWH�EDFN EXIIHU VL]H LV ��%� 7KH UHDG

DQG WKH UHDG�H[FOXVLYH EXV WUDQVDFWLRQV LQFOXGH WKH UHTXHVW DQG WKH UHVSRQVH SKDVHV�

7KH PHPRU\ UHDG F\FOH GHILQHV WLPH QHHGHG WR UHWULHYH D UHTXHVWHG EORFN IURP PHP�

RU\� DVVXPHG YDOXH LV ��SFON� $ WZR�ZRUG WUDQVIHU YLD WKH GDWD EXV WDNHV �SFON� KHQFH�

WKH EORFN WUDQVIHU WDNHV �SFON� ,W LV DVVXPHG WKDW WKH PHPRU\ FRQWUROOHU EXIIHU KDV

HQRXJK FDSDFLW\ WR DFFHSW HDFK EORFN GXULQJ ZULWH�EDFN EXV WUDQVDFWLRQV DW WKH GDWD

EXV VSHHG� $ ����HQWU\ LQMHFWLRQ WDEOH ZDV XVHG LQ WKH HYDOXDWLRQ�

:H KDYH XVHG WKH IROORZLQJ GDWD VHWV� ���� DFTXLUH UHTXHVWV SHU SURFHVVRU IRU

/7(67� ���×��� VKDUHG PDWUL[ DQG �� LWHUDWLRQV IRU 3&� ���×��� PDWUL[ IRU 00�

���×��� PDWUL[ DQG �� LWHUDWLRQV IRU -DFREL� ���. NH\V ZLWK ��ELW GLJLW IRU 5DGL[�

���×��� PDWUL[ ZLWK �×� EORFNV� ���×��� IRU ))7� DQG ���×��� IRU 2FHDQ�

7KH DLP RI RXU HYDOXDWLRQ LV WR ILUVW GHWHUPLQH WKH XSSHU ERXQG RI SHUIRUPDQFH

EHQHILW RI FDFKH LQMHFWLRQ� EHIRUH ZH VWDUW GHYHORSLQJ FRPSLOHU VXSSRUW� +HQFH� ZH XVH

VLPSOH KHXULVWLFV EDVHG RQ DSSOLFDWLRQ EHKDYLRU WR LQVHUW LQVWUXFWLRQV IRU FDFKH LQMHF�

WLRQ E\ KDQG� 6XSSRUW IRU LQMHFWLRQ RI V\QFKURQL]DWLRQ YDULDEOHV LV DFFRPSOLVKHG XVLQJ

LQMHFWLRQ RQ ILUVW UHDG� VLQFH WKLV DSSURDFK GRHV QRW UHTXLUH DQ\ PRGLILFDWLRQ RI V\Q�

FKURQL]DWLRQ RSHUDWLRQV� 7KLV VXSSRUW LV TXLWH VLPSOH DQG LQFOXGHV WKH LQLWLDOL]DWLRQ RI

WKH LQMHFWLRQ WDEOH EHIRUH D V\QFKURQL]DWLRQ HYHQW DQG WKH LQYDOLGDWLRQ RI WKH FRUUH�

VSRQGLQJ HQWU\ LQ WKH LQMHFWLRQ WDEOH DIWHU WKH V\QFKURQL]DWLRQ LV ILQLVKHG� ,W LV FOHDU

WKDW LQVHUWLQJ LQVWUXFWLRQV WR VXSSRUW LQMHFWLRQ RI V\QFKURQL]DWLRQ YDULDEOHV FDQ EH

VROYHG E\ XVLQJ PDFURV WKDW H[SDQG V\QFKURQL]DWLRQ RSHUDWLRQV� +HQFH� WKH WUXH FKDO�

OHQJH LV WKH FRPSLOHU VXSSRUW IRU LQMHFWLRQ RI WUXH�VKDUHG GDWD� ,I WKHUH LV D �3�0&

VKDULQJ SDWWHUQ� LQMHFWLRQ RQ ILUVW UHDG RU LQMHFWLRQ RQ ZULWH�EDFN FDQ EH XVHG� $O�

WKRXJK LQMHFWLRQ RQ ZULWH�EDFN PD\ EH PRUH HIILFLHQW� ZH XVH LQMHFWLRQ RQ ILUVW UHDG

EHFDXVH LW LPSOLHV QR DFWLRQ DW WKH SURGXFHU VLGH� +RZHYHU� LI VKDULQJ SDWWHUQ LV �3��&�

ZH KDYH WR XVH LQMHFWLRQ RQ ZULWH�EDFN�



����5HVXOWV

)RU V\QFKURQL]DWLRQ NHUQHO /7(67 ERWK UHDG VQDUILQJ DQG FDFKH LQMHFWLRQ DUH KLJKO\

HIIHFWLYH� UHDG VQDUILQJ UHGXFHV WKH QXPEHU RI UHDG PLVVHV DQG WKH EXV WUDIILF IRU ���

DQG ���� UHVSHFWLYHO\� ZKLOH FDFKH LQMHFWLRQ IRU ��� DQG ���� 6LQFH WKH HIIHFWLYH�

QHVV RI WKHVH WZR WHFKQLTXHV LV DSSUR[LPDWHO\ WKH VDPH IRU V\QFKURQL]DWLRQ RSHUDWLRQ�

ZH GR QRW PRGHO V\QFKURQL]DWLRQ UHTXHVWV RQ WKH EXV LQ WKH H[SHULPHQWV ZLWK WKH SDU�

DOOHO DSSOLFDWLRQV� ,Q WKLV ZD\� ZH DYRLG WKH RYHU�HVWLPDWLRQ RI WKH V\QFKURQL]DWLRQ

RYHUKHDG GXH WR UHODWLYHO\ VPDOO GDWD VHWV�

)LJ� � VKRZV WKH QXPEHU RI UHDG PLVVHV DQG WKH EXV WUDIILF IRU SDUDOOHO DSSOLFDWLRQV�

QRUPDOL]HG WR WKH EDVH V\VWHP� ZKHQ WKH FDFKHV DUH UHODWLYHO\ VPDOO �OHIW� DQG UHOD�

WLYHO\ ODUJH �ULJKW�� )RU DOO DSSOLFDWLRQV FDFKH LQMHFWLRQ �,� RXWSHUIRUPV UHDG VQDUILQJ

�6� DQG VRIWZDUH�FRQWUROOHG XSGDWH ZLWK UHDG VQDUILQJ �8�� 7KH HIIHFWLYHQHVV RI VROX�

WLRQ , UHODWLYH WR VROXWLRQV 6 DQG 8 LV KLJKHU LQ WKH V\VWHP ZLWK VPDOO FDFKHV� LQYDOLG

EORFNV DUH IUHTXHQWO\ GLVSODFHG IURP WKH FDFKH DQG LQ WKDW FDVH VQDUILQJ LV QRW DSSOLFD�

EOH� 1H[W� FDFKH LQMHFWLRQ FDQ EH HIIHFWLYH LQ UHGXFLQJ FROG PLVVHV� ZKHQ WKHUH DUH

PXOWLSOH FRQVXPHUV RI VKDUHG GDWD� ZKLOH VQDUILQJ FDQ HOLPLQDWH RQO\ FRKHUHQFH

PLVVHV� /DVW� FDFKH LQMHFWLRQ LQFUHDVHV WKH SRVVLELOLW\ RI VXFFHVVIXO LQMHFWLRQ� VLQFH WKH

WLPH ZLQGRZ GXULQJ ZKLFK D EORFN FDQ EH LQMHFWHG LV VRIWZDUH�FRQWUROOHG� 7KH UHVW RI

WKLV VHFWLRQ H[SODLQV WKH GDWD VKDULQJ SDWWHUQV DQG LQMHFWLRQ VXSSRUW� DQG GLVFXVVHV

UHVXOWV IRU HDFK DSSOLFDWLRQ�

3&� ,Q 3&� WKH FRKHUHQFH PLVVHV GRPLQDWH VLQFH HDFK SURFHVVRU PRGLILHV LWV DV�

VLJQHG VXE PDWUL[� ZKLFK LV UHDG E\ DOO RWKHU SURFHVVRUV LQ WKH QH[W LWHUDWLRQ ��3�0&

VKDULQJ SDWWHUQ�� 6ROXWLRQV 6 DQG 8 DUH DOPRVW DV HIIHFWLYH DV FDFKH LQMHFWLRQ� LQ WKH

V\VWHP ZLWK ODUJH FDFKHV� 6OLJKW DGYDQWDJH RI FDFKH LQMHFWLRQ LV GXH WR HOLPLQDWLRQ

VRPH RI FROG PLVVHV� +RZHYHU� LQ WKH V\VWHP ZLWK VPDOO FDFKHV� VROXWLRQV 6 DQG 8 DUH

QRW HIIHFWLYH DW DOO� 7KH PDLQ UHDVRQ IRU WKLV LV WKDW LQYDOLGDWHG GDWD� ZKLFK VKRXOG EH

XSGDWHG GXULQJ WKH QH[W EXV UHDG RU ZULWH�EDFN WUDQVDFWLRQ� DUH GLVSODFHG IURP WKH

FDFKH GXH WR FDFKH FRQIOLFWV�

00� 00 LV D SDUDOOHO YHUVLRQ RI PDWUL[ PXOWLSOLFDWLRQ $ $[%� ZKHUH HDFK SURF�

HVVRU FRPSXWHV HOHPHQWV RI WKH DVVLJQHG VXE PDWUL[ RI PDWUL[ $� $V DOO SURFHVVRUV

RQO\ UHDG HOHPHQWV RI WKH VKDUHG PDWUL[ %� WR VXSSRUW FDFKH LQMHFWLRQ HDFK SURFHVVRU

GHILQHV DQ DGGUHVV ZLQGRZ HQFRPSDVVLQJ WKH ZKROH PDWUL[ %� &DFKH LQMHFWLRQ UHGXFHV

WKH QXPEHU RI UHDG PLVVHV DQG EXV WUDIILF IRU ��� DQG ���� UHVSHFWLYHO\� LQ WKH V\V�

WHP ZLWK VPDOO FDFKHV� DQG IRU ��� DQG ��� LQ WKH V\VWHP ZLWK ODUJH FDFKHV� +HUH

VROXWLRQV 6 DQG 8 DUH QRW HIIHFWLYH DW DOO VLQFH WKH VKDUHG GDWD DUH UHDG RQO\ SUHGRPL�

QDQWO\� 7KH HIILFLHQF\ RI FDFKH LQMHFWLRQ GRHV QRW LQFUHDVH DV WKH FDFKH VL]H LQFUHDVHV�

7KH V\VWHP ZLWK VPDOO FDFKHV H[SORLWV WKH EHQHILW RI PXOWLSOH LQMHFWLRQV RI GDWD ZKLFK

DUH WKURZQ RXW RI WKH FDFKH GXH WR FDFKH FRQIOLFWV� ZKLOH LQ WKH V\VWHP ZLWK ODUJH

FDFKHV WKH HOHPHQWV RI PDWUL[ % DUH LQMHFWHG RQO\ RQFH GXULQJ WKH H[HFXWLRQ�

-DFREL� -DFREL LV D PHWKRG IRU VROYLQJ SDUWLDO GLIIHUHQWLDO HTXDWLRQV DQG LWHUDWHV

RYHU D WZR�GLPHQVLRQDO DUUD\� ,Q HDFK LWHUDWLRQ� HYHU\ PDWUL[ HOHPHQW LV XSGDWHG WR WKH

DYHUDJH RI LWV IRXU QHLJKERUV� $OO SURFHVVRUV DUH DVVLJQHG URXJKO\ HTXDO FKXQNV RI

URZV� 1HLJKERULQJ SURFHVVRUV VKDUH WKH URZV RQ D FKXQN¶V ERXQGDU\� VR WKHUH LV D

SUHGRPLQDQWO\ �3��& VKDULQJ SDWWHUQ� &RQVHTXHQWO\� ZH KDYH WR DSSO\ WKH LQMHFWLRQ RQ

ZULWH�EDFN� 6ROXWLRQ 6 LV QRW HIIHFWLYH DW DOO� ZKLOH VROXWLRQV 8 DQG , DUH HTXDOO\ HIIHF�



WLYH DQG UHGXFH WKH QXPEHU RI UHDG PLVVHV IRU ��� LQ WKH V\VWHP ZLWK ODUJH FDFKHV� LQ

WKH V\VWHP ZLWK VPDOO FDFKHV VROXWLRQ , LV VOLJKWO\ PRUH HIIHFWLYH�

5DGL[� 5DGL[ VRUWV LQWHJHU NH\V XVLQJ WKH WKUHH�SKDVH LWHUDWLYH UDGL[�VRUWLQJ

PHWKRG� 7KH LQMHFWLRQ RI WKH JOREDO KLVWRJUDP UDQN LV DSSOLHG LQ WKH ILUVW SKDVH RI

LWHUDWLRQ� (DFK SURFHVVRU LQLWLDOL]HV WKH LQMHFWLRQ WDEOH WR DFFHSW WKH HOHPHQWV RI UDQN

DUUD\ FXUUHQWO\ EHLQJ XSGDWHG E\ WKH QH[W SURFHVVRU� ZKLFK VKRXOG LQVHUW DQ Update
LQVWUXFWLRQ DIWHU WKH ODVW ZULWH LQ WKH FDFKH EORFN� ,Q WKH VHFRQG SKDVH� HDFK SURFHVVRU

FRPSXWHV LWV UDQNBII� XVLQJ WKH JOREDO KLVWRJUDP UDQN DQG ORFDO KLVWRJUDPV UDQNBPH

RI DOO SURFHVVRUV ZLWK ORZHU ,'� $V WKHUH DUH PXOWLSOH FRQVXPHUV� ZH XVH WKH LQMHFWLRQ

RQ ILUVW UHDG� ,Q WKH ODVW SKDVH� WKHUH LV DQ LUUHJXODU DOO�WR�DOO FRPPXQLFDWLRQ� VR ZH GLG

QRW XVH WKH LQMHFWLRQ LQ WKLV SKDVH� ,Q WKH V\VWHP ZLWK VPDOO FDFKHV� VROXWLRQV 6� 8� DQG

, UHGXFH WKH QXPEHU RI UHDG PLVVHV IRU ��� ��� DQG ���� DQG WKH EXV WUDIILF IRU ���

��� DQG ��� UHVSHFWLYHO\� ,Q WKH V\VWHP ZLWK ODUJH FDFKHV� WKH\ UHGXFH WKH QXPEHU RI

UHDG PLVVHV IRU ���� ���� DQG ���� DQG WKH EXV WUDIILF IRU ���� ���� DQG ����

UHVSHFWLYHO\�

))7� ))7 H[HFXWHV WKH ��' YHUVLRQ RI WKH VL[�VWHS ))7 DOJRULWKP� 7KH GDWD VHW

FRQVLVWV RI WKH Q FRPSOH[ GDWD SRLQWV WR EH WUDQVIRUPHG� DQG Q FRPSOH[ GDWD SRLQWV

UHIHUUHG DV WKH URRWV RI XQLW\� ERWK RUJDQL]HG DV n × n PDWULFHV� ZKLFK DUH SDUWL�

WLRQHG DPRQJ SURFHVVRUV LQ FRQWLJXRXV FKXQNV RI URZV� ,Q WKH DOJRULWKP VWHSV �� ��

DQG �� HDFK SURFHVVRU PRGLILHV RQO\ LWV DVVLJQHG FKXQN RI URZV� ,Q WKH VWHSV �� �� DQG

�� WKH PDWUL[ LV WUDQVSRVHG� WKH SURFHVVRU FRPPXQLFDWLRQ LV DOO�WR�DOO� DQG WKH GDWD�

VKDULQJ SDWWHUQ LV �3��&� $ SURGXFHU LQVHUWV Update LQVWUXFWLRQV EHIRUH WKH WUDQV�

SRVLQJ VWHS� ZKLOH D FRQVXPHU LQLWLDOL]HV WKH LQMHFWLRQ WDEOH WR LQMHFW WKH FRUUHVSRQGLQJ

GDWD� 6ROXWLRQ 6 LV QRW HIIHFWLYH VLQFH WKHUH LV SUHGRPLQDQWO\ �3��& VKDULQJ SDWWHUQ� ,Q

WKH V\VWHP ZLWK VPDOO FDFKHV� WKH HIIHFWLYHQHVV RI VROXWLRQV 8 DQG , LV OLPLWHG E\ FRQ�

IOLFWV LQ FDFKHV� WKH QXPEHU RI UHDG PLVVHV LV UHGXFHG IRU �� DQG ��� UHVSHFWLYHO\�

ZKLOH WKH EXV WUDIILF LV LQFUHDVHG IRU ���� DQG ��� UHVSHFWLYHO\� ,Q WKH V\VWHP ZLWK

ODUJH FDFKHV� VROXWLRQ , LV KLJKO\ HIIHFWLYH DQG UHGXFHV ��� RI UHDG PLVVHV� DQG ���

RI EXV WUDIILF� ZKLOH VROXWLRQ 8 UHGXFHV ��� RI UHDG PLVVHV DQG �� RI EXV WUDIILF�

/8� /8 IDFWRUV D GHQVH PDWUL[ LQWR WKH SURGXFW RI ORZHU WULDQJXODU DQG XSSHU WULDQ�

JXODU PDWULFHV� 7KH PDWUL[ LV GLYLGHG LQWR EORFNV� D EORFN RZQHUVKLS LV DVVLJQHG XVLQJ

�'�VFDWWHU GHFRPSRVLWLRQ� ZLWK EORFNV EHLQJ XSGDWHG E\ WKH SURFHVVRU WKDW RZQV WKHP�

2XWHU ORRS LWHUDWHV RYHU WKH GLDJRQDO EORFNV� ,Q WKH VHFRQG SKDVH RI WKH LWHUDWLRQ N� WKH

SURFHVVRUV WKDW RZQ WKH SHULPHWHU EORFNV XSGDWH WKRVH EORFNV� XVLQJ WKH GLDJRQDO

EORFN $..� PRGLILHG LQ WKH SUHYLRXV SKDVH� $V WKHUH DUH PRUH FRQVXPHUV� HDFK SURFHV�

VRU LQVHUWV LQVWUXFWLRQV WR VXSSRUW WKH LQMHFWLRQ RI WKH GLDJRQDO EORFN� ,Q WKH WKLUG

SKDVH� WKH SURFHVVRUV PRGLI\ WKH LQWHULRU EORFNV� XVLQJ WKH FRUUHVSRQGLQJ SHULPHWHU

EORFNV� ,Q WKLV SKDVH� WKHUH DUH DOVR PRUH FRQVXPHUV� VR DW WKH EHJLQQLQJ RI WKH SKDVH

HDFK SURFHVVRU LQVHUWV WKH LQVWUXFWLRQV WR VXSSRUW WKH LQMHFWLRQ RI WKH FRUUHVSRQGLQJ

SHULPHWHU EORFNV� 6ROXWLRQ , RXWSHUIRUPV VROXWLRQV 6 DQG 8� LW UHGXFHV WKH QXPEHU RI

UHDG PLVVHV DQG EXV WUDIILF IRU ��� DQG ���� UHVSHFWLYHO\� LQ WKH V\VWHP ZLWK VPDOO

FDFKHV� DQG IRU ��� DQG ��� LQ WKH V\VWHP ZLWK ODUJH FDFKHV�

2FHDQ� 2FHDQ VLPXODWHV ODUJH�VFDOH RFHDQ PRYHPHQWV� 'DWD VHW FRQVLVWV RI WKH XQL�

IRUP WZR�GLPHQVLRQDO JULGV ZLWK Q×Q QRQ�ERUGHU SRLQWV� SDUWLWLRQHG DPRQJ SURFHVVRUV

LQ VTXDUH�OLNH VXE JULGV� 0RVW RI WLPH� WKH DSSOLFDWLRQ VROYHV SDUWLDO GLIIHUHQWLDO HTXD�

WLRQV XVLQJ WKH UHG�EODFN *DXVV�6HLGHOO HTXDWLRQ VROYHU� 7KH LQMHFWLRQ RI WUXH�VKDUHG



GDWD LV LPSOHPHQWHG SUHGRPLQDQWO\ LQ WKH SKDVH RI WKH VROYLQJ RI SDUWLDO GLIIHUHQWLDO

HTXDWLRQV� *HQHUDOO\� D SURFHVVRU FRPPXQLFDWHV ZLWK IRXU QHLJKERU SURFHVVRUV �7RS�

%RWWRP� /HIW� 5LJKW�� WKH GDWD�VKDULQJ SDWWHUQ LV �3��&� $ SURGXFHU LQLWLDWHV XSGDWH RI

WKH FRQVXPHU FDFKH ZLWK GDWD WR EH XVHG LQ WKH QH[W LWHUDWLRQ� $ FRQVXPHU LQLWLDOL]HV

WKH LQMHFWLRQ WDEOH WR DFFHSW WKH ODVW URZ RI WKH VXE JULG DVVLJQHG WR WKH SURFHVVRU 7RS�

ILUVW URZ RI WKH %RWWRP� OHIW FROXPQ RI WKH 5LJKW DQG ULJKW FROXPQ RI WKH /HIW� ,Q WKH

V\VWHP ZLWK VPDOO FDFKHV� VROXWLRQV 6� 8� DQG , UHGXFH WKH QXPEHU RI UHDG PLVVHV IRU

���� ���� DQG ���� DQG WKH EXV WUDIILF IRU ���� ���� DQG ���� UHVSHFWLYHO\� ,Q WKH

V\VWHP ZLWK ODUJH FDFKHV� VROXWLRQV 6� 8� DQG , UHGXFH WKH QXPEHU RI UHDG PLVVHV IRU

���� ���� DQG ���� DQG WKH EXV WUDIILF IRU ���� ���� DQG ���� UHVSHFWLYHO\�

$GGLWLRQDO H[SHULPHQWV QRW SUHVHQWHG LQ WKLV SDSHU� ZKLFK YDULHG DUFKLWHFWXUDO SD�

UDPHWHUV� VKRZ WKDW WKH HIILFLHQF\ RI FDFKH LQMHFWLRQ LQFUHDVHV ZLWK WKH QXPEHU RI

SURFHVVRUV LQ WKH V\VWHP� FDFKH PHPRU\ VL]H� DQG PHPRU\ UHDG F\FOH WLPH� :KHQ WKH

QXPEHU RI SURFHVVRUV LQFUHDVHV� WKH SHUFHQWDJH RI VKDUHG GDWD LQFUHDVHV� DV ZHOO DV WKH

QXPEHU RI VKDUHUV� KHQFH WKH EHQHILW RI LQMHFWLRQ LQFUHDVHV GXH WR ORZHULQJ WKH RYHUDOO

PLVV UDWH DQG UHGXFLQJ WKH EXV WUDIILF� /DUJHU FDFKHV UHGXFH SUREDELOLW\ RI FROOLVLRQ RI

WKH LQMHFWHG GDWD DQG WKH FXUUHQW ZRUNLQJ VHW� ,I WKH PHPRU\ UHDG F\FOH WLPH LV ORQJHU�

WKHUH LV PRUH WR JDLQ E\ UHGXFLQJ WKH UHDG VWDOO WLPH�
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)LJ� �� 1XPEHU RI UHDG PLVVHV �XSSHU� DQG EXV WUDIILF �ORZHU� UHODWLYH WR WKH EDVH V\VWHP�

&DFKHBVL]H ������.% ����.% IRU ))7� /8� 2FHDQ� �OHIW�� DQG &DFKHBVL]H ����.% �ULJKW��

����&RQFOXVLRQ

7KLV SDSHU SUHVHQWV D QRYHO VRIWZDUH�FRQWUROOHG WHFKQLTXH IRU WROHUDWLQJ PHPRU\ OD�

WHQF\ LQ EXV�EDVHG 603V� 7KLV WHFKQLTXH� FDOOHG FDFKH LQMHFWLRQ� KDV EHHQ GHYHORSHG

LQ RUGHU WR RYHUFRPH VRPH RI WKH VKRUWFRPLQJV RI WKH H[LVWLQJ WHFKQLTXHV� FDFKH SUH�



IHWFKLQJ� VRIWZDUH�FRQWUROOHG XSGDWH� DQG UHDG VQDUILQJ� FRPELQLQJ DGYDQWDJHV RI

WKHVH WHFKQLTXHV DQG LQKHUHQW FKDUDFWHULVWLFV RI EXV�EDVHG DUFKLWHFWXUHV�

([SHULPHQWDO DQDO\VLV� EDVHG RQ H[HFXWLRQ GULYHQ VLPXODWLRQ� VKRZHG KLJKO\ HIIHF�

WLYHQHVV RI FDFKH LQMHFWLRQ LQ UHGXFWLRQ RI WKH QXPEHU RI UHDG PLVVHV DQG WKH EXV WUDI�

ILF� FRPSDUHG WR WKH EDVH V\VWHP� ,Q DGGLWLRQ� LW SURYLGHV IXUWKHU LPSURYHPHQWV FRP�

SDUHG WR WKH V\VWHPV ZLWK UHDG VQDUILQJ DQG VRIWZDUH�FRQWUROOHG XSGDWH�

3RVVLEOH IXWXUH UHVHDUFK LQFOXGHV GHYHORSLQJ DQG LPSOHPHQWDWLRQ RI D FRPSLOHU DO�

JRULWKP IRU LQVHUWLQJ LQVWUXFWLRQV WR VXSSRUW LQMHFWLRQ RI VKDUHG GDWD� $QRWKHU GLUHF�

WLRQ LV WR LPSOHPHQW VRPH NLQG RI FDFKH LQMHFWLRQ LQ VFDODEOH FDFKH FRKHUHQW VKDUHG

PHPRU\ PXOWLSURFHVVRUV�
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SLOHU�&RQWUROOHG 6QRRSLQJ &DFKH 3URWRFRO ([WHQVLRQV� 3URFHHGLQJV RI WKH +L3&� ������
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��� $QGHUVRQ� &�� %DHU� -��/�� 7ZR 7HFKQLTXHV IRU ,PSURYLQJ 3HUIRUPDQFH RQ %XV�%DVHG
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��� :RR 6� &�� 2KDUD 0�� 7RUULH (�� 6LQJK -� 3�� *XSWD $�� 7KH 63/$6+�� 3URJUDPV� &KDUDF�

WHUL]DWLRQ DQG 0HWKRGRORJLFDO &RQVLGHUDWLRQV� 3URFHHGLQJV RI WKH ��QG ,6&$� ������ ���
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