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+HWHURJHQHRXV DUFKLWHFWXUHV� LQFOXGLQJ *38 DFFHOHUDWRUV DQG PHPRU\
VXEV\VWHPV FRQVLVWLQJ IDVW�VORZ FRPSRQHQWV� KDYH EHFRPH SRSXODU GXH WR
SURJUDPPLQJ IOH[LELOLW\ DQG HQHUJ\ HIILFLHQF\� $FKLHYLQJ KLJK SHUIRUPDQFH
UHTXLUHV VRSKLVWLFDWHG WRROV DQG DSSOLFDWLRQV IRU KHWHURJHQHRXV DUFKLWHFWXUHV
EHFDXVH WKH\ HLWKHU ODFN KDUGZDUH VXSSRUW IRU IDVW PHPRU\ FRPSRQHQW� RU
SURYLGH FRPSOH[ SURJUDPPLQJ PRGHO� ZKLFK SXWV H[WUD EXUGHQV RQ FRPSLOHUV
DQG SURJUDPPHUV� +RZHYHU� H[LVWLQJ WRROV HLWKHU UHO\ RQ VLPXODWRUV RU ODFN
VXSSRUW DFURVV GLIIHUHQW *38 DUFKLWHFWXUHV� UXQWLPH RU GULYHU YHUVLRQV� 7KXV�
WKH\ RQO\ SURYLGH LQVXIILFLHQW LQVLJKWV�

,Q WKH ILUVW SURMHFW� ZH GHYHORS 'DWD3ODFHU� D SURILOLQJ WRRO WR SURYLGH JXLGDQFH
IRU GDWD SODFHPHQW� :H FKDUDFWHUL]H D UHDO KHWHURJHQHRXV V\VWHP� WKH 7,
.H\6WRQH ,,� ZKRVH PHPRU\ V\VWHP FRQVLVWV RI IDVW DQG VORZ FRPSRQHQW� DQG
WKH IDVW PHPRU\ ODFNV KDUGZDUH VXSSRUW� :H GHYHORS D VHW RI SDUDOOHO
EHQFKPDUNV WR FKDUDFWHUL]H WKH SHUIRUPDQFH DQG SRZHU HIILFLHQF\ RI
KHWHURJHQHRXV DUFKLWHFWXUHV� 'DWD3ODFHU DQDO\]HV PHPRU\ DFFHVV SDWWHUQV
DQG SURYLGHV KLJK�OHYHO IHHGEDFN DW WKH VRXUFH�FRGH OHYHO IRU RSWLPL]DWLRQ� :H
DSSO\ WKH GDWD SODFHPHQW RSWLPL]DWLRQ WR RXU EHQFKPDUNV DQG HYDOXDWH WKH
HIIHFWLYHQHVV RI +0 LQ ERRVWLQJ SHUIRUPDQFH �11× VSHHGXS� DQG VDYLQJ HQHUJ\
�50� UHGXFWLRQ LQ HQHUJ\ FRQVXPSWLRQ��

,Q WKH VHFRQG SURMHFW� ZH SUHVHQW &8'$$GYLVRU� D SURILOLQJ IUDPHZRUN WR JXLGH
FRGH RSWLPL]DWLRQ LQ PRGHUQ 19,',$ *38V� *HQHUDO�SXUSRVH *38V KDYH
EHHQ ZLGHO\ XWLOL]HG WR DFFHOHUDWH SDUDOOHO DSSOLFDWLRQV� *LYHQ D UHODWLYHO\
FRPSOH[ SURJUDPPLQJ PRGHO DQG IDVW DUFKLWHFWXUH HYROXWLRQ� SURGXFLQJ
HIILFLHQW *38 FRGH LV QRQWULYLDO� &8'$$GYLVRU SHUIRUPV YDULRXV ILQH�JUDLQHG
DQDO\VHV EDVHG RQ WKH SURILOLQJ UHVXOWV IURP *38 NHUQHOV� VXFK DV
PHPRU\�OHYHO DQDO\VLV �H�J�� UHXVH GLVWDQFH DQG PHPRU\ GLYHUJHQFH�� FRQWURO
IORZ DQDO\VLV �H�J�� EUDQFK GLYHUJHQFH� DQG FRGH��GDWD�FHQWULF GHEXJJLQJ�
&8'$$GYLVRU VXSSRUWV *38 SURILOLQJ DFURVV GLIIHUHQW &8'$ YHUVLRQV DQG
DUFKLWHFWXUHV� :H GHPRQVWUDWH VHYHUDO FDVH VWXGLHV WKDW GHULYH VLJQLILFDQW
LQVLJKWV WR JXLGH *38 FRGH RSWLPL]DWLRQ IRU SHUIRUPDQFH LPSURYHPHQW�

,Q WKH WKLUG SURMHFW� ZH SUHVHQW 3UHVSRQVH� D *38�EDVHG LQFUHPHQWDO JUDSK
SURFHVVLQJ IUDPHZRUN ZKLFK UHGXFHV UHVSRQVH ODWHQF\ IRU ODUJH�VFDOH JUDSK
TXHULHV� :H ILUVW ILOO WKH JDS WKDW IHZ LQFUHPHQWDO JUDSK DOJRULWKPV KDYH EHHQ
WDLORUHG IRU *38V� 7KHQ� EDVHG RQ WKH NH\ REVHUYDWLRQ WKDW JUDSK HYROXWLRQ
RIWHQ IROORZV FHUWDLQ SDWWHUQV WKDW FDQ EH DFFXUDWHO\ SUHGLFWHG� RXU IUDPHZRUN
VSHFXODWLYHO\ FRQGXFWV SUHSURFHVVLQJ RQ WKH JUDSK GXULQJ WKH LGOH SHULRG
DKHDG RI UHDO JUDSK XSGDWH� VLJQLILFDQWO\ UHGXFLQJ UHVSRQVH WLPH� ([SHULPHQWV
VKRZ WKDW 3UHVSRQVH FDQ SUHGLFW RYHU 90� RI IXWXUH JUDSK XSGDWHV� \LHOGLQJ XS
WR D 25× VSHHGXS LQ JUDSK TXHU\ UHVSRQVH ODWHQF\�
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7KLV GLVVHUWDWLRQ LV ZULWWHQ ZLWK WKH VXSSRUW DQG KHOS IURP PDQ\ LQGLYLGXDOV� ,
ZRXOG OLNH WR WKDQN DOO RI WKHP�

)LUVW DQG IRUHPRVW� , ZRXOG OLNH WR H[SUHVV P\ GHHSHVW DSSUHFLDWLRQ WR P\
DGYLVRU DQG DOO P\ FRPPLWWHH� 'U� ;X /LX� 3URIHVVRU 4XQ /L� 3URIHVVRU :HL]KHQ
0DR� 'U� %LQ 5HQ DQG 'U� $QJ /L� IRU VHUYLQJ RQ P\ FRPPLWWHH DV ZHOO DV
SURYLGLQJ LQVLJKWIXO FRPPHQWV�

, HQMR\HG ZRUNLQJ LQ WKH RIILFH DOVR EHFDXVH RI P\ IHOORZ VWXGHQWV� 6KDVKD
:HQ� 3URELU 5R\� 4LQJVHQ :DQJ� +DR ;X� 3HQJIHL 6X� %ROXQ /L DQG -LDOLDQJ
7DQ�

,Q DGGLWLRQ� , ZRXOG OLNH WR H[SUHVV P\ JUDWLWXGH WR P\ IULHQGV KHUH LQ WKH ¶EXUJ�
0L� =KHQ� +DQ� 6KDVKD� +RQJ\DQJ� 7KH WLPH ZH VSHQW WRJHWKHU PHDQV D ORW�

/DVW EXW QRW OHDVW� VSHFLDO WKDQNV WR 7DUR IRU PDNLQJ WKH ZRUOG D KDSSLHU SODFH�
<RXU FRPSDQLRQVKLS DQG FRPIRUW KHOSHG PH WKURXJK WKH KDUG WLPHV� .HHS RQ
ZDJJLQJ�

Y



7KLV GLVVHUWDWLRQ LV GHGLFDWHG WR P\ EHORYHG SDUHQWV� IRU WKHLU HQGOHVV DQG
VHOIOHVV ORYH DQG VXSSRUW�

YL



/,67 2) 7$%/(6

��� %DQGZLGWK FRPSDULVRQ RI 060& DQG ''5 ZLWK D VLQJOH WKUHDG� � ��

��� %HQFKPDUN GHVFULSWLRQV� � � � � � � � � � � � � � � � � � � � � � � � ��

��� 'DWD3ODFHU¶V RSWLPL]DWLRQ GHFLVLRQV EDVHG RQ WZR PHWULFV� � � � � ��

��� 7KH DQDO\VLV DQG RSWLPL]DWLRQ JXLGDQFH SURYLGHG E\ 'DWD3ODFHU�

7KH VSHHGXSV DUH PHDVXUHG IRU DOO EHQFKPDUNV UXQQLQJ ZLWK HLJKW

WKUHDGV LQ .H\6WRQH ,,� � � � � � � � � � � � � � � � � � � � � � � � � ��

��� *38 DUFKLWHFWXUHV IRU HYDOXDWLRQ� � � � � � � � � � � � � � � � � � � ��

��� %HQFKPDUNV IRU VKRZFDVLQJ &8'$$GYLVRU� � � � � � � � � � � � � ��

��� 5HVXOWV RI %UDQFK 'LYHUJHQFH RQ 3DVFDO� � � � � � � � � � � � � � � ��

��� *UDSK 'DWDVHWV IRU $OJRULWKP (YDOXDWLRQV� � � � � � � � � � � � � � ��

��� 'HVFULSWLRQ RI 5HDO�ZRUOG 'DWDVHWV� � � � � � � � � � � � � � � � � � ��

YLL
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��� 7KH DUFKLWHFWXUH DQG PHPRU\ KLHUDUFK\ RI WKH .H\6WRQH ,,� 3DUW RI

/� FDFKH LQ '63 DQG WKH ZKROH 060& VKDUHG E\ '63 DQG $50

DUH FRQILJXUHG DV +0 E\ GHIDXOW� � � � � � � � � � � � � � � � � � � ��

��� 7KH IXQFWLRQDOLW\ RI 'DWD3ODFHU� 'DWD3ODFHU PRQLWRUV SURJUDP H[�

HFXWLRQ RQ [�� DQG JHQHUDWHV SXUH VRIWZDUH�EDVHG SURILOHV WR JXLGH

SURJUDP RSWLPL]DWLRQ ZKHQ SRUWLQJ WKH FRGH WR DQ +0�EDVHG DU�

FKLWHFWXUH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &UHDWLQJ D &&7 IRU D SURJUDP DQG SUXQLQJ LW E\ GLVFDUGLQJ QRGHV

ZLWK VPDOO QXPEHUV RI PHPRU\ DFFHVVHV� 7KH EOXH QRGHV DUH LQ�

WHUQDO IXQFWLRQV� ZKLOH WKH UHG QRGHV DUH OHDI IXQFWLRQV� � � � � � � ��

��� $Q RXWSXW H[DPSOH RI 'DWD3ODFHU ZKHQ PRQLWRULQJ b`�/� � � � � � ��

��� &RPSDULVRQ RI ZKROH�V\VWHP HQHUJ\ FRQVXPSWLRQ EHWZHHQ EDVH�

OLQH DQG RSWLPL]HG EHQFKPDUNV UXQQLQJ ZLWK HLJKW WKUHDGV� 7KH

YHUWLFDO D[LV LQGLFDWHV WKH HQHUJ\ FRQVXPSWLRQ� PHDVXUHG LQ -RXOHV� ��

��� &RPSDULVRQ RI G\QDPLF HQHUJ\ FRQVXPSWLRQ EHWZHHQ EDVHOLQH DQG

RSWLPL]HG EHQFKPDUNV UXQQLQJ ZLWK HLJKW WKUHDGV� 7KH YHUWLFDO

D[LV LQGLFDWHV WKH HQHUJ\ FRQVXPSWLRQ� PHDVXUHG LQ -RXOHV� � � � ��

��� :RUNIORZ RI &8'$$GYLVRU� � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH ZRUNIORZ RI WKH HQJLQH LQVHUWLQJ LQVWUXPHQWDWLRQ� � � � � � � ��

��� &8'$$GYLVRU¶V GDWD�FHQWULF SURILOLQJ� � � � � � � � � � � � � � � � � ��

YLLL



��� 5HXVH GLVWDQFH DQDO\VLV WKURXJK &8'$$GYLVRU� ∞ LV GHILQHG DV

GDWD LV QHYHU UHXVHG DJDLQ GXULQJ WKH SURJUDP H[HFXWLRQ RU EHIRUH

WKH QH[W ZULWH WR WKH DGGUHVV �H�J�� ZULWH�HYLFW /� RQ 19,',$ *38V�� ��

��� 3URILOHG PHPRU\ GLYHUJHQFH GLVWULEXWLRQ RI XQLTXH WRXFKHG FDFKH

OLQHV E\ LQVWUXFWLRQV RI DQ HQWLUH DSSOLFDWLRQ RQ .HSOHU� ;�D[LV UHS�

UHVHQWV QXPEHU RI XQLTXH FDFKH OLQHV WRXFKHG �PLQ LV RQH DQGPD[

LV ���� �D� .HSOHU DUFKLWHFWXUH ZLWK ��� %\WH FDFKH OLQH� �E� 19,',$

7HVOD 3��� �3DVFDO� ZLWK �� %\WH FDFKH OLQH� � � � � � � � � � � � � ��

��� 1RUPDOL]HG H[HFXWLRQ WLPH RI GLIIHUHQW DSSOLFDWLRQV RQ 19,',$ .H�

SOHU DUFKLWHFWXUH ZKHQ XVLQJ WKH SUHGLFWHG RSWLPDO QXPEHU RI ZDUSV

SHU &7$ IRU E\SDVVLQJ� %DVHOLQH FDVH LV XVLQJ DOO WKH ZDUSV �QR E\�

SDVVLQJ�� 2UDFOH H[KDXVWLYHO\ VHDUFKHV WKH RSWLPDO VROXWLRQ� 3UH�

GLFWLRQ UHSUHVHQWV RXU PRGHO� � � � � � � � � � � � � � � � � � � � � ��

��� 1RUPDOL]HG H[HFXWLRQ WLPH RI GLIIHUHQW DSSOLFDWLRQV RQ19,',$ 3DV�

FDO DUFKLWHFWXUH ZKHQ XVLQJ WKH SUHGLFWHG RSWLPDO QXPEHU RI ZDUSV

SHU &7$ IRU E\SDVVLQJ� %DVHOLQH FDVH LV XVLQJ DOO WKH ZDUSV �QR E\�

SDVVLQJ�� 2UDFOH H[KDXVWLYHO\ VHDUFKHV WKH RSWLPDO VROXWLRQ� 3UH�

GLFWLRQ UHSUHVHQWV RXU PRGHO� � � � � � � � � � � � � � � � � � � � � ��

��� &RGH�FHQWULF YLHZ VKRZV FRQFDWHQDWHG FDOOLQJ FRQWH[W IURP ERWK

KRVW DQG GHYLFH� � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 'DWD�FHQWULF YLHZ VKRZV WKH LQWHUHVWLQJ GDWD REMHFWV� ZKHUH LW LV

DOORFDWHG RQ KRVW DQG GHYLFH DQG ZKHUH LW LV WUDQVIHUUHG� � � � � � ��

����2YHUKHDG RI PHPRU\ DQG FRQWURO IORZ LQVWUXPHQWDWLRQ� RQ .HSOHU

DQG 3DVFDO $UFKLWHFWXUHV� � � � � � � � � � � � � � � � � � � � � � � ��

L[



��� &RPSDULVRQ RI WKUHH DSSURDFKHV WR HYROYLQJ JUDSK� �D� VWDWLF UH�

FRPSXWDWLRQ� �E� LQFUHPHQWDO SURFHVVLQJ� �F� SURSRVHG DSSURDFK�

7KH KRUL]RQWDO ERWWRP DUURZ LQGLFDWHV WLPH� 7KH YHUWLFDO GDVKHG

OLQHV LQGLFDWH EDWFK HPLW WLPHV� 7KH OHQJWK RI EOXH DUURZV LQGLFDWH

WKH SURFHVVLQJ WLPH� � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� :RUNIORZ RI 3UHVSRQVH� 7KH UHFWDQJOHV UHSUHVHQWV FRPSRQHQWV RI

3UHVSRQVH� *LYHQ WKH RULJLQDO JUDSK� VWDWLF SURFHVVLQJ REWDLQV LQL�

WLDO SURSHUW\ DQG SUHGLFWLRQ HQJLQH JHQHUDWHV SUHGLFWLRQ XSGDWHV�

,QFUHPHQWDO SURFHVVLQJ WDNHV XSGDWHV DV LQSXW DQG FRPSXWHV LQ�

WHUPHGLDWH SURSHUWLHV� :KHQ DQ XSGDWH EDWFK LV HPLWWHG� LQFUH�

PHQWDO SURFHVVLQJ WDNHV FRUUHFWLRQ DV LQSXW DQG FRPSXWHV XS�

GDWHG SURSHUW\� 2UDQJH VKDGHG DUHD UHSUHVHQWV SURFHGXUHV ZKLFK

UXQ UHSHDWHGO\ IRU HDFK EDWFK� � � � � � � � � � � � � � � � � � � � � ��

��� 'HWDLOV RI WUDLQLQJ D FODVVLILHU IRU 3UHVSRQVH¶V SUHGLFWLRQ HQJLQH� � ��

��� 6SHHGXS RI LQFUHPHQWDO %)6� +RUL]RQWDO D[HV DUH ORJ�VFDOHG� +RU�

L]RQWDO D[HV UHSUHVHQW WKH VL]H RI XSGDWH EDWFKHV� 9HUWLFDO D[HV

UHSUHVHQW LQFUHPHQWDO %)6¶V VSHHGXS DJDLQVW VWDWLF %)6� � � � � ��

��� 5HODWLRQ EHWZHHQ VSHHGXS DQG IUDFWLRQ RI LPSDFWHG YHUWLFHV� 7KH

KRUL]RQWDO D[LV UHSUHVHQWV WKH IUDFWLRQ RI QRQ�LPSDFWHG YHUWLFHV LQ

SHUFHQWDJH� 7KH YHUWLFDO D[LV UHSUHVHQWV WKH UDWLR RI HODSVHG WLPH

RI LQFUHPHQWDO %)6 FRPSXWDWLRQ WR VWDWLF %)6 FRPSXWDWLRQ� 7KH

EOXH VFDWWHUHG SRLQWV DUH GDWD SRLQWV� ZKLOH WKH UHG GDVKHG OLQH

UHSUHVHQWV OLQHDU ILWWLQJ� � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 6SHHGXS RI LQFUHPHQWDO &&� +RUL]RQWDO D[HV DUH ORJ�VFDOHG� )RU

GHOHWLRQ FDVHV� ERWK D[HV DUH ORJ�VFDOHG� +RUL]RQWDO D[HV UHSUH�

VHQW WKH VL]H RI XSGDWH EDWFKHV� 9HUWLFDO D[HV UHSUHVHQW LQFUHPHQ�

WDO &&¶V VSHHGXS DJDLQVW VWDWLF &&� � � � � � � � � � � � � � � � � � ��

[



��� 6SHHGXS RI LQFUHPHQWDO 7&� %RWK D[HV DUH ORJ�VFDOHG� +RUL]RQWDO

D[HV UHSUHVHQW WKH VL]H RI XSGDWH EDWFKHV� 9HUWLFDO D[HV UHSUHVHQW

LQFUHPHQWDO 7&¶V VSHHGXS DJDLQVW VWDWLF 7&� � � � � � � � � � � � � ��

��� 5HODWLRQ EHWZHHQ VSHHGXS DQG IUDFWLRQ RI LPSDFWHG YHUWLFHV� +RU�

L]RQWDO D[LV UHSUHVHQWV WKH SHUFHQWDJH RI LPSDFWHG YHUWLFHV� 9HUWL�

FDO D[LV UHSUHVHQWV VSHHGXS� 7KH EOXH VFDWWHUHG FLUFOHV UHSUHVHQW

HDFK GDWD SRLQW� DQG WKH UHG GDVKHG OLQH UHSUHVHQWV WKHRUHWLFDO

VSHHGXS REWDLQHG YLD UHJUHVVLRQ� � � � � � � � � � � � � � � � � � � ��

��� 3UHGLFWLRQ DFFXUDF\� +RUL]RQWDO D[LV UHSUHVHQWV WKH WLPH� 9HUWLFDO

D[LV UHSUHVHQWV SUHGLFWLRQ DFFXUDF\ LQ SHUFHQWDJH� � � � � � � � � ��

����3UHGLFWLRQ DFFXUDF\ ZKHQ UH�WUDLQLQJ HQDEOHG� �D� IRU DSSOH� DQG

�E� IRU DQGURLG� +RUL]RQWDO D[LV UHSUHVHQWV WKH WLPH� 9HUWLFDO D[LV

UHSUHVHQWV SUHGLFWLRQ DFFXUDF\� LQ SHUFHQWDJH� 2ULJLQDO VHWXS ZLWK�

RXW UH�WUDLQLQJ LV VKRZQ DV EDVHOLQH� 5HG WULDQJOH PDUNHUV LQGLFDWH

SRLQWV RI UH�WUDLQLQJ� � � � � � � � � � � � � � � � � � � � � � � � � � � ��

[L



([SORULQJ +HWHURJHQHRXV $UFKLWHFWXUHV ZLWK 7RROV DQG
$SSOLFDWLRQV



&KDSWHU �

,QWURGXFWLRQ

,QPRGHUQ FRPSXWHU V\VWHPV� HPHUJLQJ SDUDOOHO DUFKLWHFWXUHV RIIHU KHWHURJHQHRXVPHP�

RU\ V\VWHPV WR EULGJH WKH KXJH JDS EHWZHHQ SURFHVVRUV DQG PHPRU\� 'XH WR WKH FRP�

SXWDWLRQ HIILFLHQF\ DQG SURJUDPPLQJ IOH[LELOLW\� KHWHURJHQHRXV DUFKLWHFWXUHV KDYH EH�

FRPH LQFUHDVLQJO\ SRSXODU DQG WKH\ DUH ZLGHO\ DGRSWHG LQ FRPSXWLQJ GRPDLQV VXFK DV

DFFHOHUDWLQJ VFLHQWLILF FRPSXWLQJ DSSOLFDWLRQV� GHHS OHDUQLQJ DQG JUDSK ZRUNORDGV�

$ KHWHURJHQHRXV PHPRU\ V\VWHP FRQVLVWV RI D IDVW PHPRU\ FRPSRQHQW LQ FRPSOH�

WLRQ WR WUDGLWLRQDO PHPRU\ V\VWHPV� 7KHUH DUH YDULRXV W\SHV RI KHWHURJHQHRXV DUFKLWHF�

WXUHV� VXFK DV ,QWHO ;HRQ 3KL� 7H[DV ,QVWUXPHQWV .H\6WRQH DQG *UDSKLFV 3URFHVVLQJ

8QLWV �*38V�� 7KHLU IDVW PHPRU\ FRPSRQHQW KDV D KLJKHU EDQGZLGWK DQG ORZHU ODWHQF\�

)RU H[DPSOH� .QLJKWV 0LOO� WKH ODWHVW PRGHO RI ,QWHO ;HRQ 3KL� KDV DQ RQ�SDFNDJHPHPRU\

WKDW KDV 4× EDQGZLGWK DV WKH RII�SDFNDJH PHPRU\� ,Q DGGLWLRQ WR WKDW� XQOLNH WUDGLWLRQDO

KDUGZDUH�PDQDJHG FDFKH� IDVW PHPRU\ FRPSRQHQW PD\ DOORZ VRIWZDUH PDQDJHPHQW

ZKHUH RQH FDQ FRQWURO ZKHQ WR KRLVW RU HYLFW GDWD� :LWK WKLV IOH[LELOLW\ LQ SURJUDPPLQJ�

RQH FDQ H[SOLFLWO\ FRQWURO GDWD SODFHPHQW DQG UHSODFHPHQW WR IXUWKHU UHGXFH ODWHQFLHV

DQG HQHUJ\ FRQVXPSWLRQ LQFXUUHG E\ LQDSSURSULDWH GDWH PRYHPHQW�

+RZHYHU� KLJKHU IOH[LELOLW\ FRPHV ZLWK KLJKHU SURJUDPPLQJ UHTXLUHPHQWV� )LUVW� KHW�

HURJHQHRXV DUFKLWHFWXUHV UHTXLUH XVLQJ FHUWDLQ ORZ�OHYHO SURJUDPPLQJ PRGHOV� VXFK DV

&8'$ >�@ DQG 2SHQ&/ >�@� 6HFRQG� ZLWKRXW GHHS LQVLJKWV RI WKH VSHFLILF DUFKLWHFWXUH�

RQH FDQ VXIIHU IURP LQDSSURSULDWH XVDJH RI WKH SUHFLRXV UHVRXUFHV RI IDVW PHPRU\� UH�

�



VXOWLQJ LQ KLJKHU RYHUKHDG DQG HQHUJ\ FRQVXPSWLRQ� )RU H[DPSOH� WKH FDFKHG GDWD PD\

EH HYLFWHG ZLWKRXW EHLQJ IXOO\ XWLOL]HG GXH WR DQ HYLFWLRQ� 6LPLODUO\ IRU 6,07 SURJUDPPLQJ

PRGHOV� VXFK DV *38� FRQWURO IORZ GLYHUJHQFH RU PHPRU\ GLYHUJHQFH FDQ VLJQLILFDQWO\

KXUW SHUIRUPDQFH� 7KXV� LW LV QRQ�WULYLDO WR GHVLJQ HIILFLHQW SURJUDPV IRU KHWHURJHQHRXV

DUFKLWHFWXUHV WR IXOO\ XWLOL]H WKH FRPSXWDWLRQ SRZHU�

,W LV WHGLRXV� HUURU�SURQH DQG VRPHWLPHV LPSRVVLEOH IRU ODUJH FRGHEDVHV WR PDQXDOO\

DQDO\]LQJ SURJUDPV IRU KHWHURJHQHRXV DUFKLWHFWXUHV� &KDUDFWHUL]LQJ WKH SHUIRUPDQFH

DQG HQHUJ\ FRQVXPSWLRQ LV LPSRUWDQW WR DLG SURJUDPPHUV WR SLQSRLQW SHUIRUPDQFH ERW�

WOHQHFNV� ([LVWLQJ WRROV OLNH SURILOHUV PD\ RQO\ SURYLGH FRDUVH�JUDLQHG DQDO\VLV DQG WKH

RXWSXW FDQ EDUHO\ EH KHOSIXO WR DLG SURJUDPPHUV GLUHFWO\� 2Q WKH RWKHU KDQG� VLPXOD�

WRUV DQG HPXODWRUV XVXDOO\ LQFXU XQGHVLUDEOH RYHUKHDG DQG KDYH D OLPLWHG VXSSRUW IRU

HPHUJLQJ KDUGZDUH IHDWXUHV� 7KHUHIRUH� VRSKLVWLFDWHG SURILOLQJ WRROV DQG WDLORUHG DSSOL�

FDWLRQV DUH LQ GHPDQGHG WR DFKLHYH KLJK SHUIRUPDQFH RQ KHWHURJHQHRXV DUFKLWHFWXUHV�

7KXV� LQ WKLV GLVVHUWDWLRQ� ZH WDFNOHV WKHVH SUREOHPV IURP WZR DVSHFWV� FKDUDFWHUL]LQJ

KHWHURJHQHRXV DUFKLWHFWXUHV ZLWK DLG ILQG�JUDLQHG SURILOLQJ WRROV DQG GHVLJQLQJ WDLORUHG

DSSOLFDWLRQV�

��� 3UREOHP 6WDWHPHQWV

&KDUDFWHUL]LQJ KHWHURJHQHRXVPHPRU\ VXEV\VWHPV� 1RZDGD\V� &38 HPSOR\VPXO�

WLSOH OHYHOV RI FDFKHV WR EULGJH WKH JDS EHWZHHQ SURFHVVRU DQG PHPRU\� $FFHVVLQJ

PHPRU\ LQFXUV KLJK ODWHQF\� +RZHYHU� FDFKH LV SUHFLRXV UHVRXUFH GXH WR WKH OLP�

LWHG VSDFH� &DFKH LV WUDQVSDUHQW WR SURJUDPPHUV DQG SURYLGHV RQO\ KDUGZDUH FRQWURO�

7KDW EHLQJ VDLG� RQH FDQ QRW H[SOLFLWO\ FRQGXFW GDWD SODFHPHQW LQ FDFKH� $OWHUQDWLYHO\�

HPHUJLQJ SDUDOOHO DUFKLWHFWXUHV RIIHU KHWHURJHQHRXV PHPRU\ VXEV\VWHPV WR FRPSOH�

PHQW KDUGZDUH�PDQDJHG FDFKHV� $ W\SLFDO KHWHURJHQHRXVPHPRU\ VXEV\VWHP FRQVLVWV

IDVW DQG VORZ PHPRU\ FRPSRQHQW DQG IDVW PHPRU\ UHTXLUHV VRIWZDUH PDQDJHPHQW�

7KHUHIRUH� ZLWKRXW JXLGDQFH RI D WRRO� LQDSSURSULDWH GDWD SODFHPHQW DQG PRYHPHQW FDQ

�



UHVXOW LQ XQVDWLVIDFWRU\ PHPRU\ SHUIRUPDQFH� 3ULRU ZRUN PDLQO\ HPSOR\V VLPXODWRUV WR

VWXG\ WKH GDWD SODFHPHQW� +RZHYHU� LW LV GLIILFXOW WR VLPXODWH HYHU\ IHDWXUH RI WKH FRPSOH[

DUFKLWHFWXUH RI KHWHURJHQHRXV PHPRU\ VXEV\VWHPV� ,Q DGGLWLRQ� LW LV WLPH�FRQVXPLQJ WR

HYDOXDWH UHDO SDUDOOHO DSSOLFDWLRQV GXH WR WKH KLJK RYHUKHDG RI VLPXODWLRQ� 7R WDFNOH

WKHVH WZR LVVXHV� ZH VWXG\ UHDO KDUGZDUH LQ WKLV GLVVHUWDWLRQ�

0RQLWRULQJ SURJUDPH[HFXWLRQ DQG JXLGLQJ RSWLPL]DWLRQ IRU*38V� *HQHUDO�SXUSRVH

*38V DUH ZLGHO\ DGRSWHG LQ YDULRXV DSSOLFDWLRQ GRPDLQV� LQFOXGLQJ VFLHQWLILF FRPSXW�

LQJ� GHHS OHDUQLQJ DQG JUDSK ZRUNORDGV� 8QOLNH &38V� *38V RIIHU D PRUH FRPSOH[

SURJUDPPLQJ DQG DUFKLWHFWXUDO VFHQDULR� 7KXV� HIILFLHQWO\ GHVLJQLQJ D *38 NHUQHO LV

GLIILFXOW� )RU H[DPSOH� GHVLJQLQJ D *38 NHUQHO XVXDOO\ UHTXLUHV ORZ�OHYHO SURJUDPPLQJ

ODQJXDJHV� VXFK DV &8'$ DQG 2SHQ&/� 6LQFH *38V HPSOR\V 6,07 �6LQJOH�,QVWUXFWLRQ

0XOWLSOH�7KUHDGV� SURJUDPPLQJ PRGHO� FRQWURO IORZ GLYHUJHQFH DQG PHPRU\ GLYHUJHQFH

FDQ KXUW SHUIRUPDQFH� 0RUHRYHU� WKRXVDQGV RI WKUHDGV PD\ FRPSHWH IRU WKH SUHFLRXV

FDFKH UHVRXUFHV� 3ULRU ZRUN UHOLHV RQ VLPXODWRUV RU HPXODWRUV WR SHUIRUP ILQH�JUDLQHG

DQDO\VLV RI *38 SURJUDPV� +RZHYHU� VLPXODWRU DQG HPXODWRUV GR QRW VXSSRUW HYHU\ IHD�

WXUH RI FRPSOH[ DUFKLWHFWXUHV� 6RPH RWKHU WRROV PD\ SURYLGH ILQH�JUDLQHG DQDO\VLV EXW

KDYH WKHLU OLPLWDWLRQV LQ WHUPV RI SRUWDELOLW\ DQG FRYHUDJH� ,Q RUGHU WR DGGUHVV DOO WKHVH

FKDOOHQJHV� ZH SUHVHQW D IUDPHZRUN WKDW SURYLGHV LQVLJKW RI *38 SURJUDP� FRYHUV WKH

LQWHUDFWLRQ EHWZHHQ *38 DQG *38� DQG JXLGHV RSWLPL]DWLRQ�

$FFHOHUDWLQJ LQFUHPHQWDO ODUJH JUDSK SURFHVVLQJ RQ *38� /DUJH�VFDOH JUDSKV DUH

SHUYDVLYH QRZDGD\V� 0HDQZKLOH� HQRUPRXV TXHULHV RQ FHUWDLQ JUDSK SURSHUWLHV LPSRVH

LQFUHDVLQJ UHVWULFWLRQV RQ UHVSRQVH ODWHQF\� 7KLV GHPDQGV KXJH FRPSXWDWLRQ SRZHU

VXFK WKDW *38 LV IUHTXHQWO\ OHYHUDJHG DQG LQFUHPHQWDO SURFHVVLQJ LV DGRSWHG IRU DFFHO�

HUDWLRQ� +RZHYHU� DGRSWLQJ *38 DQG LQFUHPHQWDO SURFHVVLQJ GRHV QRW DOZD\V SURYLGH

IDVW UHVSRQVHV� ,W LV GHVLUHG WKDW ZH IXUWKHU VKULQN WKH JUDSK TXHU\ ODWHQFLHV� ([LVWLQJ

ZRUNV KDYH IRFXVHG RQ &38 RU ,QWHO ;HRQ 3KL VW\OH DUFKLWHFWXUHV� +RZHYHU� *38V LQ�

WURGXFHV GLIIHUHQW GHVLJQ SULQFLSOHV DQG SHUIRUPDQFH FRQFHUQV LQ WKH SDUDOOHO H[HFXWLRQ�

0RUHRYHU� H[LVWLQJ ZRUNV GR QRW VHHN DSSURDFKHV RWKHU WKDQ RSWLPL]LQJ DOJRULWKPV� 7R

�



WDFNOH WKLV� ZH SURSRVH DQ DSSURDFK WKDW ERRVWV JUDSK SURFHVVLQJ YLD OLQN SUHGLFWLRQ�

��� &RQWULEXWLRQV

&KDUDFWHUL]LQJ KHWHURJHQHRXV PHPRU\ VXEV\VWHPV� :H FKDUDFWHUL]H WKH IDVW DQG

VORZ FRPSRQHQW RI KHWHURJHQHRXV PHPRU\ VXEV\VWHPV DQG DSSO\ GDWD SODFHPHQW RS�

WLPL]DWLRQ DQG HYDOXDWH WKH HIIHFWLYHQHVV LQ ERRVWLQJ SHUIRUPDQFH DQG VDYLQJ HQHUJ\�

6SHFLILFDOO\� ZH PDNH WKUHH FRQWULEXWLRQV�

� :H GHYHORS D EHQFKPDUN VXLWH� +0%HQFK� +0%HQFK LV FRGHG LQ 2SHQ03 DQG

UXQV RQ KHWHURJHQHRXV PHPRU\ DUFKLWHFWXUHV� 7R WKH EHVW RI RXU NQRZOHGJH� LW LV

WKH ILUVW EHQFKPDUN VXLWH EDVHG RQ 2SHQ03 ��� VWDQGDUG�

� :H GHVLJQ D SHUIRUPDQFH WRRO� 'DWD3ODFHU� WR JXLGH GDWD SODFHPHQW LQ KHWHURJH�

QHRXV PHPRU\� 'DWD3ODFHU JXLGHV SURJUDPPHUV WR SRUW WKHLU FRGH WR D KHWHUR�

JHQHRXV PHPRU\ V\VWHP DQG SURYLGHV ULFK LQIRUPDWLRQ WR LQWXLWLYHO\ SUHVHQW WKH

DQDO\VLV UHVXOWV�

� :H RSWLPL]H +0%HQFK JXLGHG E\ 'DWD3ODFHU� :H XVH RSWLPL]HG EHQFKPDUNV WR

FKDUDFWHUL]H DQG XQGHUVWDQG WKH LPSRUWDQFH RI +0 LQ ERWK SHUIRUPDQFH DQG HQ�

HUJ\�

0RQLWRULQJ SURJUDP H[HFXWLRQ DQG JXLGLQJ RSWLPL]DWLRQ IRU *38V� :H SUHVHQW D

IUDPHZRUN WKDW SURYLGHV LQVLJKW DQG JXLGH RSWLPL]DWLRQ IRU *38 SURJUDP� 6SHFLILFDOO\�

ZH PDNH WKUHH FRQWULEXWLRQV�

� &8'$$GYLVRU LV WKH ILUVW ILQH�JUDLQHG *38 SURILOHU WKDW VXSSRUWV YDULRXV JHQHUD�

WLRQV RI PRGHUQ 19,',$ *38 DUFKLWHFWXUHV DQG &8'$ YHUVLRQV� WR WKH EHVW RI RXU

NQRZOHGJH�

� &8'$$GYLVRU FRPELQHV WKH FRGH� DQG GDWD�FHQWULF SURILOLQJ UHVXOWV IURP ERWK &38

DQG *38� DQG DVVRFLDWHV SHUIRUPDQFH ERWWOHQHFNV ZLWK WKHLU URRW FDXVHV�

�



� :H GHPRQVWUDWH &8'$$GYLVRU LV DEOH WR FRPELQH GLIIHUHQW DQDO\VHV DQG GHULYH

XVHIXO PHWULFV DQG LQVLJKWV WR JXLGH RSWLPL]DWLRQV IRU *38V�

$FFHOHUDWLQJ ,QFUHPHQWDO /DUJH*UDSK 3URFHVVLQJ RQ*38�:HGHYHORS D IUDPH�

ZRUN WKDW HPSOR\V OLQN SUHGLFWLRQ WR ERRVW LQFUHPHQWDO JUDSK SURFHVV WR UHGXFH JUDSK

SURSHUW\ TXHU\ ODWHQFLHV� 6SHFLILFDOO\� ZH PDNH IRXU FRQWULEXWLRQV�

� :H GHYHORS LQFUHPHQWDO LPSOHPHQWDWLRQV RI WKUHH IXQGDPHQWDO JUDSK DOJRULWKPV�

%UHDGWK )LUVW 6HDUFK� &RQQHFWHG &RPSRQHQWV� DQG 7ULDQJOH &RXQWLQJ� 7KH LP�

SOHPHQWDWLRQV DUH WDLORUHG IRU *38 H[HFXWLRQ�

� :H GHPRQVWUDWH WKDW XSGDWHV DUH KLJKO\ SUHGLFWDEOH IRU UHDO�ZRUOG HYROYLQJ JUDSKV�

ZKLFK FDQ JUHDWO\ EHQHILW WKH LQFUHPHQWDO FRPSXWDWLRQ�

� :H SURSRVH 3UHVSRQVH� D IUDPHZRUN WKDW OHYHUDJHV JUDSK XSGDWH SUHGLFWLRQ DQG

XWLOL]HV *38 WR ERRVW LQFUHPHQWDO JUDSK SURFHVVLQJ�

� :H VKRZ WKDW 3UHVSRQVH FDQ DFFHOHUDWH LPSRUWDQW JUDSK DOJRULWKPV RQ UHDO�ZRUOG

JUDSKV ZLWK VLJQLILFDQW VSHHGXSV�

��� 'LVVHUWDWLRQ 2UJDQL]DWLRQ

7KH UHVW RI WKLV GLVVHUWDWLRQ LV VWUXFWXUHG DV IROORZV� ,Q &KDSWHU �� ZH SUHVHQW RXU VWXG\ RI

FKDUDFWHUL]LQJ D KHWHURJHQHRXV PHPRU\ V\VWHP DQG JXLGLQJ GDWD SODFHPHQW� ,Q &KDS�

WHU �� ZH SUHVHQW RXU WRRO WKDW PRQLWRUV SURJUDP H[HFXWLRQ DQG JXLGHV FRGH RSWLPL]DWLRQ

IRU *38V� ,Q &KDSWHU �� ZH SUHVHQW RXU IUDPHZRUN WKDW UHGXFHV JUDSK UHVSRQVH ODWHQF\

YLD OLQN SUHGLFWLRQ DQG LQFUHPHQWDO SURFHVVLQJ� ,Q &KDSWHU �� ZH FRQFOXGH WKH GLVVHUWD�

WLRQ�

�



&KDSWHU �

&KDUDFWHUL]LQJ (PHUJLQJ

+HWHURJHQHRXV 0HPRU\

��� ,QWURGXFWLRQ

,Q PRGHUQ FRPSXWHU V\VWHPV� WKH VSHHG JDS EHWZHHQ SURFHVVRUV DQG PHPRU\ KDV

EHFRPH KXJH� $V D UHVXOW� DFFHVVLQJ PDLQ PHPRU\ LQFXUV QRW RQO\ KLJK ODWHQF\ EXW

DOVR H[FHVVLYH HQHUJ\� 7R EULGJH VXFK D VSHHG JDS� &38V HPSOR\ PXOWLSOH OHYHOV RI

FDFKHV� &DFKH KLWV UHGXFH PHPRU\ DFFHVV ODWHQF\� &DFKHV DUH SUHFLRXV UHVRXUFHV

GXH WR WKHLU OLPLWHG VSDFH� )RU D WUDGLWLRQDO PHPRU\ VXEV\VWHP� KDUGZDUH PDQDJHV

FDFKHV DW WKH JUDQXODULW\ RI FDFKH OLQHV� +DUGZDUH DOVR HPSOR\V EXLOW�LQ DOJRULWKPV�

H�J�� OHDVW UHFHQWO\ XVHG �/58�� WR GHWHUPLQH ZKLFK OLQHV RI GDWD WR HYLFW� 0RUHRYHU�

PXOWL�FRUH V\VWHPV HPSOR\ VRSKLVWLFDWHG SURWRFROV �H�J�� 0(6,� WR JXDUDQWHH WKH GDWD

FRQVLVWHQF\ LQ SULYDWH DQG VKDUHG FDFKHV� DVVRFLDWHG ZLWK GLIIHUHQW FRUHV DQG VRFNHWV�

&DFKHV DUH WUDQVSDUHQW WR FRPSLOHUV DQG SURJUDPPHUV� 2QH FDQQRW H[SOLFLWO\ FRQWURO

WKH GDWD SODFHPHQW DQG UHSODFHPHQW LQ FDFKHV� 6RIWZDUH XVXDOO\ FDQQRW H[SOLFLWO\ FRQ�

WURO WKH GDWD ORFDOLW\ WR H[SORLW FDFKHV� 2QH SROLF\ GRHV QRW ILW DOO XVDJH SDWWHUQV� +HQFH�

H[LVWLQJ KDUGZDUH�PDQDJHG FDFKHV GR QRW SURYLGH D VWUDLJKWIRUZDUG ZD\ WR DFKLHYH WKH

RSWLPDO SHUIRUPDQFH� :LWKRXW WKH HQWLUH SURJUDP SURILOH� KDUGZDUH LV KDQGLFDSSHG LQ

PDNLQJ EHVW GDWD PRYHPHQW GHFLVLRQV� 7KH VLWXDWLRQ LV DJJUDYDWHG LQ WKH FRQWH[W RI

�



SDUDOOHO DUFKLWHFWXUHV� ZKHUH FRUHV FRPSHWH IRU VKDUHG FDFKH� )RU H[DPSOH� WKH FDFKHG

GDWD PD\ EH HYLFWHG ZLWKRXW EHLQJ IXOO\ XWLOL]HG GXH WR DQ HYLFWLRQ FDXVHG E\ DQRWKHU

FRUH� &RQWHQWLRQ FDQ VLJQLILFDQWO\ GHJUDGH SURJUDP SHUIRUPDQFH� %HFDXVH RI WKH H[LVW�

LQJ KDUGZDUH�PDQDJHG FDFKH V\VWHP� RQH FDQ RQO\ XVH VRPH ZRUNDURXQGV WR H[SOLFLWO\

EXW LQGLUHFWO\ LQWHUDFW ZLWK FDFKHV� VXFK DV QRQ�WHPSRUDO LQVWUXFWLRQV >�@� FDFKH SDUWL�

WLRQLQJ EDVHG RQ SDJH FRORULQJ >�@� DQG PHPRU\ IRRWSULQW UHGXFWLRQ YLD ORRS WLOLQJ >�@�

7KRXJK HIIHFWLYH� WKHVH ZRUNDURXQGV UHO\ RQ VSHFLDO VXSSRUW IURP LQVWUXFWLRQ VHW DUFKL�

WHFWXUHV �,6$V�� VSHFLDO KDUGZDUH� FXVWRPL]HG RSHUDWLQJ V\VWHPV DQG FRPSOH[ VRXUFH

FRGH WUDQVIRUPDWLRQV�

$V DQ DOWHUQDWLYH� HPHUJLQJ SDUDOOHO DUFKLWHFWXUHV RIIHU KHWHURJHQHRXV PHPRU\ �+0�

DOVR NQRZQ DV K\EULG PHPRU\� WR FRPSOHPHQW KDUGZDUH�PDQDJHG FDFKHV� $ W\SLFDO +0

V\VWHP FRQVLVWV RI D IDVW PHPRU\ FRPSRQHQW DQG D VORZ PHPRU\ FRPSRQHQW� 7KH IDVW

FRPSRQHQW� XQOLNH WUDGLWLRQDO FDFKHV� QHHGV H[SOLFLW VRIWZDUH RSHUDWLRQV WR KRLVW RU HYLFW

GDWD LQ RU RXW� 0HPRU\ WHFKQLTXHV LQFOXGH �' VWDFN PHPRU\ >�@ DQG QRQ�YRODWLOH PHP�

RU\ >�@� ZKLFK WRJHWKHU ZLWK WUDGLWLRQDO '5$0 IRUP WKH HPHUJLQJ +0 V\VWHPV� )RU H[DP�

SOH� WKH ODWHVW JHQHUDWLRQ RI ,QWHO ;HRQ 3KL� .QLJKWV /DQGLQJ �.1/�� KDV RQ�RII�SDFNDJH

PHPRULHV� 7KH RQ�SDFNDJH PHPRU\ KDV 5× WKH EDQGZLGWK RI RII�SDFNDJH PHPRU\ >�@�

7KH .1/¶V PHPRU\ KLHUDUFK\ LV D NLQG RI +0� 0RUHRYHU� VFUDWFKSDGPHPRU\ >�@ LV ZLGHO\

XVHG LQ DFFHOHUDWRUV� VXFK DV *38V DQG GLJLWDO VLJQDO SURFHVVRUV �'63V�� DQG KDV D

KLJKHU EDQGZLGWK DQG ORZHU ODWHQF\ WKDQ '5$0� ,Q WKLV FKDSWHU� ZH UHIHU WR D V\VWHP

ZLWK IDVW DQG VORZ PHPRU\ DV +0�

+0 RIIHUV IOH[LELOLW\ LQ PDQDJLQJ GDWD� )RU H[DPSOH� SURJUDPPHUV FDQ SDUWLWLRQ WKH

IDVW PHPRU\ DFURVV GLIIHUHQW WKUHDGV WR DYRLG FRQWHQWLRQ� $QRWKHU DGYDQWDJH RI +0

LV LWV SRZHU HIILFLHQF\� +0 GRHV QRW UHTXLUH SRZHU KXQJU\ KDUGZDUH PHFKDQLVPV IRU

FDFKH PDQDJHPHQW >��@� ,Q WKH IRUHVHHDEOH IXWXUH� +0 ZLOO EHFRPH PRUH SRSXODU WR

FRPSOHPHQW KDUGZDUH FDFKHV IRU LWV SURJUDPPLQJ IOH[LELOLW\�

+RZHYHU� VRIWZDUH�EDVHG GDWD PRYHPHQW FDQ LQFXU PXFK KLJKHU RYHUKHDG WKDQ

D KDUGZDUH�EDVHG DSSURDFK� 7KXV� LQDSSURSULDWH GDWD SODFHPHQW DQG IUHTXHQW GDWD

�



PRYHPHQW LQ +0 FDQ VLJQLILFDQWO\ GHJUDGH PHPRU\ SHUIRUPDQFH� QHJDWLQJ LWV EHQHILW�

7KHUHIRUH� LW LV LPSRUWDQW WR FKDUDFWHUL]H WKH SHUIRUPDQFH DQG HQHUJ\ FRQVXPSWLRQ RI

+0 WR DFKLHYH EHQHILFLDO GDWD SODFHPHQW� 3ULRU ZRUN PDLQO\ XWLOL]HV VLPXODWRUV WR VWXG\

WKH GDWD SODFHPHQW >��� ��� ��� ��� ��@� 7KHUH DUH WZR ZHDNQHVVHV WR WKLV DSSURDFK�

ILUVW� JLYHQ WKH FRPSOH[ DUFKLWHFWXUHV� LW LV GLIILFXOW WR VLPXODWH HYHU\ IHDWXUH RI +0 DQG

LWV LQWHUDFWLRQV ZLWK WKH &38V� 6HFRQG� GXH WR WKH KLJK RYHUKHDG RI VLPXODWLRQ� LW LV WLPH

FRQVXPLQJ WR HYDOXDWH UHDO� ORQJ�UXQ SDUDOOHO SURJUDPV� 7R DGGUHVV WKHVH WZR LVVXHV�

ZH VWXG\ +0 LQ UHDO KDUGZDUH LQ WKLV FKDSWHU�

*LYHQ WKH UHDO KDUGZDUH HYDOXDWLRQ� ZH KDYH WKH IROORZLQJ TXHVWLRQV� ��� )RU D UHDO

SDUDOOHO SURJUDP� KRZ VKRXOG ZH SODFH LWV GDWD LQ +0 WR DFKLHYH KLJK SHUIRUPDQFH" ���

+RZ PXFK FDQ D UHDO +0 DIIHFW D SURJUDP¶V SHUIRUPDQFH DQG HQHUJ\" ,Q SXUVXLW RI

DQVZHUV WR WKHVH TXHVWLRQV� ZH PDNH WKUHH FRQWULEXWLRQV LQ WKLV FKDSWHU�

� :H GHYHORS D EHQFKPDUN VXLWH� +0%HQFK� +0%HQFK LV FRGHG LQ 2SHQ03 DQG

UXQV RQ +0�EDVHG PDFKLQHV� 7R WKH EHVW RI RXU NQRZOHGJH� LW LV WKH ILUVW EHQFK�

PDUN VXLWH EDVHG RQ 2SHQ03 ��� VWDQGDUG IRU VWXG\LQJ WKH SHUIRUPDQFH DQG HQ�

HUJ\ LPSDFWV RI +0�

� :H GHVLJQ D SHUIRUPDQFH WRRO� 'DWD3ODFHU� WR JXLGH GDWD SODFHPHQW LQ +0� 7KLV

WRRO FDQ KHOS SURJUDPPHUV ZKHQ WKH\ WU\ WR SRUW WKHLU FRGH WR D V\VWHP ZLWK +0�

'DWD3ODFHU SURYLGHV ULFK LQIRUPDWLRQ VRUWHG E\ NH\ PHWULFV WR LQWXLWLYHO\ SUHVHQW

WKH DQDO\VLV UHVXOWV�

� :H RSWLPL]H +0%HQFK JXLGHG E\ 'DWD3ODFHU� :H XWLOL]H WKH RULJLQDO DQG RSWL�

PL]HG EHQFKPDUNV WR FKDUDFWHUL]H WKH FDSDELOLWLHV RI +0�EDVHG DUFKLWHFWXUHV DQG

XQGHUVWDQG WKH LPSRUWDQFH RI +0 LQ ERWK SHUIRUPDQFH DQG HQHUJ\�

:H XVH .H\6WRQH ,, >��@� D VHUYHU�FODVV $50�'63 KHWHURJHQHRXV DUFKLWHFWXUH IURP

7H[DV ,QVWUXPHQWV� LQ RXU VWXGLHV� .H\6WRQH ,,¶V +0 FRQVLVWV RI DQ RII�FKLS '5$0 DQG

D UHODWLYHO\ ODUJH RQ�FKLS 65$0 �VFUDWFKSDG PHPRU\�� :H FKRRVH '5$0�VFUDWFKSDG

PHPRU\ WR VWXG\ +0 EHFDXVH VWDFNHG PHPRU\ DQG QRQ�YRODWLOH PHPRU\ DUH QRW FRP�

�



PHUFLDOO\ DYDLODEOH� 0RUHRYHU� WKH VFUDWFKSDG PHPRU\ RQ .H\6WRQH ,, LV PXFK ODUJHU

WKDQ WKH RQHV LQ H[LVWLQJ HPEHGGHG V\VWHPV� ZKLFK FDQ EH HIIHFWLYHO\ XVHG WR HPXODWH

WKH HPHUJLQJ IDVW PHPRU\� ,Q WKH UHVW RI WKLV FKDSWHU� ZH UHIHU WR '5$0 DQG VFUDWFKSDG

PHPRU\ DV +0 RQ .H\6WRQH ,,�

2XU H[SHULPHQWV VKRZ WKDW +0 GHPDQGV H[WHQVLYH DWWHQWLRQV WR REWDLQ KLJK SHUIRU�

PDQFH DQG ORZ HQHUJ\ EHQHILWV� 2XU 'DWD3ODFHU SURYLGHV ULFK LQIRUPDWLRQ ZLWK UHDVRQ�

DEOH RYHUKHDG WR VXFFHVVIXOO\ JXLGH GDWD SODFHPHQW LQ +0� 7KLV FKDSWHU DOVR SURYLGHV

LQVLJKWV DQG SUDFWLFDO HYDOXDWLRQ RI WKH .H\6WRQH ,,�

7KLV FKDSWHU LV RUJDQL]HG DV IROORZV� 6HFWLRQ ��� UHYLHZV VWDWH�RI�WKH�DUW ZRUN DQG

GLVWLQJXLVKHV RXU DSSURDFK IURP SULRU ZRUN� 6HFWLRQ ��� GHVFULEHV .H\6WRQH ,,� WKH

WHVWEHG ZH XVH WR HYDOXDWH +0� 6HFWLRQ ��� GHVFULEHV WKH GHVLJQ DQG LPSOHPHQWDWLRQ

RI +0%HQFK� ZKLFK LV XVHG WR FKDUDFWHUL]H WKH SHUIRUPDQFH DQG HQHUJ\ HIIHFWV RI +0�

6HFWLRQ ��� GHVFULEHUV 'DWD3ODFHU� D WRRO WR SURYLGH KLJK�OHYHO JXLGDQFH IRU RSWLPL]DWLRQ

ZLWK +0� 6HFWLRQ ��� VWXGLHV +0%HQFK LQ .H\6WRQH ,,� LQFOXGLQJ SHUIRUPDQFH FKDUDFWHU�

L]DWLRQ� SRZHU PHDVXUHPHQW� DQG +0�EDVHG RSWLPL]DWLRQ� 6HFWLRQ ��� GLVFXVVHV VRPH

OLPLWDWLRQV LQ VWXG\LQJ +0 ZLWK .H\6WRQH ,,� 6HFWLRQ ��� RIIHUV RXU FRQFOXVLRQV DQG SUH�

YLHZV IXWXUH ZRUN�

��� 5HODWHG :RUN

+0 KDV EHHQ UHFRJQL]HG DV D NH\ DOWHUQDWLYH RU FRPSOHPHQW WR FDFKHV DQG PDLQ PHP�

RU\ >�@� 'XH WR LWV VLPSOHU KDUGZDUH GHVLJQ� LW FDQ SURYLGH KLJK SHUIRUPDQFH� SUHGLFWDELO�

LW\� DQG HQHUJ\ HIILFLHQF\� 3ULRU UHVHDUFK GHPRQVWUDWHV WKDW +0�EDVHG V\VWHPV DUH

DEOH WR DFKLHYH KLJKHU SHUIRUPDQFH WKDQ FDFKH�EDVHG V\VWHPV ZKHQ WKH SURJUDP GDWD

LV FDUHIXOO\ SODFHG >��@� ,Q PRGHUQ DFFHOHUDWRUV� VXFK DV .H\VWRQH ,,>��@� +0 LV UHJDUGHG

DV D NH\ HQDEOHU IRU KLJK *IORSV�:DWW YDOXH >��@� DV KDV EHHQ GHPRQVWUDWHG LQ KDQG�

RSWLPL]HG SURJUDPV >��@� +RZHYHU� XVLQJ +0 IDFHV NH\ FKDOOHQJHV RI SURJUDPPDELOLW\

LQ REWDLQLQJ JRRG SHUIRUPDQFH�

��



5HFRJQL]LQJ WKH VLJQLILFDQFH RI +0� PXFK ZRUN KDV EHHQ GRQH WR HDVH LWV PDQ�

DJHPHQW� 8QIRUWXQDWHO\� GXH WR WKH GLIILFXOW\ LQ DFFHVVLQJ UHDO KDUGZDUH SODWIRUPV DQG

DSSOLFDWLRQV� SULRU HYDOXDWLRQ PHWKRGRORJLHV ZHUH OLPLWHG WR WZR FDWHJRULHV� PRVW RI

WKHP DUH VLPXODWLRQ ZLWKRXW DFWXDO KDUGZDUH >��� ��� ��@� VRPH RI WKHP UHSOD\ PHPRU\

WUDFH RQ KDUGZDUH SODWIRUPV� IRU ZKLFK WKH PHPRU\ WUDFH LV RIWHQ UHFRUGHG E\ XVLQJ D

VLPXODWRU RU VRIWZDUH LQVWUXPHQWDWLRQ >��@� 2XU HIIRUWV EULGJH WKH JDS ZLWK D UHDOLVWLF

EHQFKPDUN VXLWH WDUJHWLQJ SK\VLFDO SODWIRUPV�

7KH ODFN RI DQ +0 EHQFKPDUN VXLWH KDV EHHQ DQ LPSRUWDQW GUDZEDFN� ,Q PXFK RI

WKH SULRU ZRUN� PLFUR EHQFKPDUNV KDYH EHHQ XVHG >��� ��� ��@� +RZHYHU� LW LV RIWHQ

GLIILFXOW WR PDS WKH PLFUR EHQFKPDUN RXWFRPH WR WKDW RI UHDO DSSOLFDWLRQV� 6RPH ZRUN

HPSOR\V PDFUR EHQFKPDUNV LQ VWXG\LQJ +0� KRZHYHU� ZLWK VRPHZKDW DG�KRF FKRLFHV�

7KH PDFUR EHQFKPDUNV HPSOR\HG LQFOXGH 63(&���� >��@� 1$6 >��@� /8/(6+ >��@� RU

KDQG�VHOHFWHG DSSV >��@� ,W LV XQFOHDU WR ZKDW H[WHQW WKHVH EHQFKPDUNV FDQ H[HUFLVH

+0 DQG WKHUHIRUH WKHVH EHQFKPDUNV FDQQRW TXDQWLI\ WKH EHQHILWV RI +0�

6LQFH +0 ZDV RIWHQ HPSOR\HG LQ HPEHGGHG DQG QHWZRUN SURFHVVRUV� HPEHGGHG

V\VWHPV EHQFKPDUNV� H�J�� 0L%HQFK� DUH RIWHQ VHOHFWHG LQ HYDOXDWLQJ +0 SURSRVDOV WDU�

JHWLQJ WKHVH SURFHVVRUV >��� ��@� +RZHYHU� HPEHGGHG V\VWHP EHQFKPDUNV RIWHQ IHD�

WXUH YHU\ VPDOO ZRUNLQJ VHWV� IURP WHQV WR KXQGUHGV RI .%V� 7KLV LV DOVR WKH FDVH IRU *38�

6LQFH +0 LV D FULWLFDO IHDWXUH RI *38� ZHOO�NQRZQ *38 EHQFKPDUNV� H�J� 6+2&>��@�

DUH RIWHQ H[SORLWLQJ +0 IRU SHUIRUPDQFH DQG DUH XVHG LQ HYDOXDWLQJ VRIWZDUH WKDW PDQ�

DJHV *38 +0 >��� ��@� +RZHYHU� 6+2& EHQFKPDUNV DUH H[SOLFLWO\ WXQHG WRZDUGV WKH

VPDOO +0 �D IHZ KXQGUHGV RI .%� RQ *38� 0RUHRYHU� WKH &8'$ SURJUDPPLQJ PRGHO

FDQQRW UHSUHVHQW WKH JHQHUDO PXOWLWKUHDGLQJ PRGHOV LQ PDLQVWUHDP &38 SURFHVVRUV�

7KXV� WKH UHVXOWLQJ SURJUDPV FDQ KDUGO\ H[HUFLVH WKH ODUJH +0 WKDW DUH HPHUJLQJ LQ QHZ

DUFKLWHFWXUHV� VXFK DV .H\6WRQH ,,�

%H\RQG DQ HIIHFWLYH EHQFKPDUN VXLWH� WKHUH H[LVWV QR WRRO WR JXLGH WKH GDWD SODFH�

PHQW LQ KHWHURJHQHRXV PHPRU\ V\VWHPV� 2XU SUHYLRXV ZRUN RQ PHPLI >��@ SURYLGHV

DQ HIILFLHQW ZD\ WR VXSSRUW GDWD PRYHPHQW EHWZHHQ IDVW DQG VORZ PHPRU\ LQ .H\6WRQH

��



,,� +RZHYHU� PHPLI LV DQ 26 VHUYLFH IRU GDWD PRYHPHQW� SURYLGLQJ QR JXLGDQFH IRU WKH

GDWD SODFHPHQW WR DQ DSSOLFDWLRQ GHYHORSHU� $ UHFHQW ZRUN >��@ GHVFULEHV D SURILOHU WR

DQDO\]H PHPRU\ DFFHVV SDWWHUQV WR JXLGH GDWD SODFHPHQW� +RZHYHU� WKH SURILOHU GRHV

QRW SURYLGH SHUIRUPDQFH LQVLJKWV VXFK DV PHPRU\ IRRWSULQW PHWULFV LQ WKH IXOO FDOOLQJ

FRQWH[WV� ZKLFK DUH LPSRUWDQW WR XQGHUVWDQG WKH GDWD VWUXFWXUH DOORFDWLRQV DQG SURJUDP

SKDVHV�

8QOLNH H[LVWLQJ DSSURDFKHV� ZH GHYHORSHG +0%HQFK� ZKLFK KDV WKUHH XQLTXH DG�

YDQWDJHV� )LUVW� +0%HQFK LV GHYHORSHG EDVHG RQ D ZLGHO\ XVHG EHQFKPDUN VXLWH� 5R�

GLQLD� ZKLFK UHSUHVHQWV WKH SURJUDP EHKDYLRUV RI GLIIHUHQW GRPDLQV� 6HFRQG� +0%HQFK

OHYHUDJHV WKH ODWHVW 2SHQ03 ��� VWDQGDUG� )XUWKHUPRUH� ZH GHYHORSHG 'DWD3ODFHU DQG

UHOHDVHG LW DORQJ ZLWK +0%HQFK� 'DWD3ODFHU� WR WKH EHVW RI RXU NQRZOHGJH� LV WKH ILUVW

SUDFWLFDO WRRO WKDW SURYLGHV KLJK�OHYHO RSWLPL]DWLRQ JXLGDQFH� VXFK DV D YDULHW\ RI PHW�

ULFV ZLWKLQ WKH IXOO FDOOLQJ FRQWH[WV� ZKHQ SURJUDPPHUV SRUW VRXUFH FRGH WR D +0�EDVHG

PDFKLQH�

��� 7HVWEHG 'HVFULSWLRQ DQG 0RWLYDWLRQ

7H[DV ,QVWUXPHQWV �7,� &RUSRUDWLRQ GHYHORSHG .H\6WRQH ,,� D KHWHURJHQHRXV FKLS WKDW

HPSOR\V &38V DQG '63V� ,W DLPV WR DFKLHYH KLJK SHUIRUPDQFH ZLWK ORZ HQHUJ\ FRVWV�

$ .H\6WRQH ,, FKLS LQWHJUDWHV D TXDG�FRUH $50 &RUWH[�$�� SURFHVVRU DV WKH KRVW &38

DQG HLJKW 706���&��[ '63V DV DFFHOHUDWRUV� (DFK $50 FRUH KDV ��� *+] FORFN

IUHTXHQF\� ZKLOH HDFK '63 KDV ��� *+]� 7KH WKHRUHWLFDO SHDN SHUIRUPDQFH RI WKH RYHU�

DOO FKLS LV �� *)/236 RI GRXEOH SUHFLVLRQ DQG ��� *)/236 RI VLQJOH SUHFLVLRQ >��@�

7KH $50 FRUHV DQG '63V DUH FRXSOHG ZLWK VHFXULW\ DQG SDFNHW SURFHVVLQJ DQG (WKHU�

QHW VZLWFKLQJ� ZKLFK LV GHVLJQHG IRU ORZHU HQHUJ\ FRQVXPSWLRQ� FRPSDUHG WR PXOWL�FKLS

VROXWLRQV� 7KH SURJUDPPLQJ PRGHOV WKDW .H\6WRQH ,, VXSSRUWV DUH 2SHQ03 >��@ DQG

2SHQ&/ >��@� 7KH GHVLJQ RI .H\6WRQH ,, LV IRU HPEHGGHG LQIUDVWUXFWXUH DSSOLFDWLRQV�

VXFK DV PHGLD SURFHVVLQJ� KLJK�SHUIRUPDQFH FRPSXWLQJ� WUDQVFRGLQJ� VHFXULW\� JDP�

��
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)LJXUH ���� 7KH DUFKLWHFWXUH DQG PHPRU\ KLHUDUFK\ RI WKH .H\6WRQH ,,� 3DUW RI /� FDFKH
LQ '63 DQG WKH ZKROH 060& VKDUHG E\ '63 DQG $50 DUH FRQILJXUHG DV +0 E\ GHIDXOW�

LQJ� DQDO\WLFV� DQG YLUWXDO GHVNWRS�

)LJXUH ��� VKRZV WKH DUFKLWHFWXUH RI .H\6WRQH ,, DQG LWV PHPRU\ KLHUDUFK\� 2Q WKH

KRVW VLGH� HDFK $50 FRUH KDV D �� .% /� LQVWUXFWLRQ FDFKH DQG �� .% GDWD FDFKH� $OO

IRXU $50 FRUHV VKDUH D � 0% /� FDFKH� %RWK /� DQG /� FDFKHV RQ WKH KRVW $50 FRUHV

DUH PDQDJHG E\ KDUGZDUH� 2Q WKH DFFHOHUDWRU VLGH� HDFK '63 KDV D �� .% /� FDFKH

DQG D � 0% /� FDFKH� %\ GHIDXOW� WKH /� FDFKH LV FRQILJXUHG DV D ��� .% KDUGZDUH�

PDQDJHG FDFKH DQG D ��� .% VFUDWFKSDG PHPRU\� 7KH KRVW DQG DFFHOHUDWRUV VKDUH D

0XOWLFRUH 6KDUHG 0HPRU\ &RQWUROOHU �060&�� D VFUDWFKSDG PHPRU\ RI � 0%� %H\RQG

060&� ERWK &38 DQG '63 KDYH PHPRU\ FRQWUROOHUV WR DFFHVV PDLQ PHPRU\ �''5��

,Q .H\6WRQH ,,� ERWK WKH VFUDWFKSDG PHPRU\ LQ /� DQG 060& DUH IDVW +0 OD\HUV� ZKLFK

UHTXLUHV VRIWZDUH WR FRQWURO WKH GDWD SODFHPHQW DQG PDQDJH GDWD FRQVLVWHQF\�

:LWK WKH GHIDXOW FRQILJXUDWLRQ� WKH .H\6WRQH ,, KDV WKUHH +0 OD\HUV� /� VFUDWFKSDG

PHPRU\� /� 060&� DQG ''5� 8QOLNH RWKHU HPEHGGHG V\VWHPV� WKH VFUDWFKSDG PHP�

RULHV �/� DQG /�� LQ WKH .H\6WRQH ,, DUH ODUJH HQRXJK WR HPXODWH IXWXUH +0 LQ WKH PDLQ�

VWUHDP &38 DUFKLWHFWXUHV� 7R H[SOLFLWO\ SODFH WKH GDWD LQ HDFK OD\HU� 7, SURYLGHV $3,V DV

VKRZQ LQ /LVWLQJ ���� 7KHVH $3,V� OLNH VWDQGDUG GDWD DOORFDWLRQ IXQFWLRQV �K�HHQ+ DQG

��



� f iQ �HHQ+�i2 BM Gk  f
� pQB/ nn?2�TnBMBinHk UpQB/  Ti`- BMi bBx2Vc
� f iQ K�M�;2 � ?2�T QM Gk  f
� pQB/  nnK�HHQ+nHk UbBx2ni bBx2Vc
�
� f iQ �HHQ+�i2 BM KbK+  f
� pQB/ nn?2�TnBMBinKbK+ UpQB/  Ti`- BMi bBx2Vc
� f iQ K�M�;2 � ?2�T QM JaJ*  f
� pQB/  nnK�HHQ+nKbK+ UbBx2ni bBx2Vc

�� pQB/  nn+�HHQ+nKbK+ UbBx2ni MmK-bBx2ni bBx2Vc
�� pQB/  nn`2�HHQ+nKbK+ UpQB/  Ti`-bBx2ni bBx2Vc
�� pQB/ nn7`22nKbK+ UpQB/  Ti`Vc
�� pQB/  nnK2K�HB;MnKbK+ UbBx2ni �HB;MK2Mi - bBx2ni bBx2Vc
��
�� f iQ �HHQ+�i2 BM //`  f
�� pQB/ nn?2�TnBMBin//`UpQB/  Ti`- BMi bBx2Vc
�� f iQ K�M�;2 � ?2�T QM .._  f
�� pQB/  nnK�HHQ+n//` UbBx2ni bBx2Vc
�� pQB/  nn+�HHQ+n//` UbBx2ni MmK- bBx2ni bBx2Vc
�� pQB/  nn`2�HHQ+n//` UpQB/  Ti`- bBx2ni bBx2Vc
�� pQB/ nn7`22n//` UpQB/  Ti`Vc
�� pQB/  nnK2K�HB;Mn//` UbBx2ni �HB;MK2Mi - bBx2ni bBx2Vc

/LVWLQJ ���� $3,V IRU PDQDJLQJ .H\6WRQH ,,¶V /� FDFKH� 060&� DQG ''5�
7`22� LQ HB#+� FDQ DOORFDWH DQG IUHH PHPRU\ LQ GLIIHUHQW +0 OD\HUV� 7KH .H\6WRQH ,,

PDSV WKH VSDFH RI GLIIHUHQW +0 OD\HUV WR GLVMRLQW PHPRU\ VHJPHQWV� 2QH FDQ VLPSO\

LVVXH D K2K+Tv WR FRS\ GDWD IURP RQH PHPRU\ VHJPHQW WR DQRWKHU�

3HUIRUPDQFH FKDUDFWHUL]DWLRQ RI WKH .H\6WRQH ,,¶V +0

7R HYDOXDWH WKH LPSDFWV RI /�� 060&� DQG ''5 LQ SURJUDP SHUIRUPDQFH� ZH GHYHO�

RSHG WZR PLFUR EHQFKPDUNV WR FKDUDFWHUL]H .H\6WRQH ,,� ai`2�K DQG G�i� 7KH GHVFULS�

WLRQ RI WKH WZR PLFUR EHQFKPDUNV LV DV IROORZV�

� 6WUHDP� D ZHOO�NQRZQ EHQFKPDUN >��@� LV XVHG WR TXDQWLI\ WKH PHPRU\ EDQGZLGWK�

,W LVVXHV PHPRU\ DFFHVVHV ZLWK VWUHDPLQJ SDWWHUQV� VXFK DV DUUD\ FRS\� VFDOH�

DGG� DQG WULDG� :H DGDSW 6WUHDP WR PHDVXUH WKH EDQGZLGWK RI ERWK 060& DQG

''5�

� /DW LV GHYHORSHG IRU HYDOXDWLQJ WKH SHUIRUPDQFH LPSDFW RI GLIIHUHQW GDWD SODFHPHQW

SROLFLHV LQ +0�EDVHG PHPRU\ KLHUDUFKLHV� 7KH NHUQHO RI /DW LV D VHTXHQFH RI

UDQGRP DFFHVVHV WR DQ DUUD\ SODFHG LQ D VSHFLILF +0 OD\HU� ,W DOVR PRYHV GDWD

��



7DEOH ���� %DQGZLGWK FRPSDULVRQ RI 060& DQG ''5 ZLWK D VLQJOH WKUHDG�

+0 FRS\ VFDOH DGG WULDG
060& ��� *%�V ��� *%�V ��� *%�V ��� *%�V
''5 ��� *%�V ��� *%�V ��� *%�V ��� *%�V

EHWZHHQ GLIIHUHQW +0 OD\HUV WR HYDOXDWH WKH GDWD PRYHPHQW ODWHQF\�

7DEOH ��� VKRZV WKH H[SHULPHQWDO UHVXOWV RI EDQGZLGWK WHVWV LQ 060& DQG ''5� :H

FDQ VHH WKDW 060&¶V EDQGZLGWK LV DURXQG �����× ''5¶V EDQGZLGWK� ZLWK UHVSHFW WR

GLIIHUHQW DFFHVV SDWWHUQV� 0RUHRYHU� /DW VKRZV WKDW SODFLQJ GDWD LQ 060& REWDLQV DQ

�× DFFHOHUDWLRQ FRPSDUHG WR SODFLQJ GDWD LQ ''5� 7KH /� VFUDWFKSDG PHPRU\ VKRZV

VLPLODU ODWHQF\ DV 060&� $GGLWLRQDOO\� /DW HYDOXDWHV DJJUHVVLYH GDWD PRYHPHQW SROLF\�

ZKLFK DOZD\V ORDGV HDFK ZRUG RQH E\ RQH IURP ''5 WR 060& EHIRUH XVLQJ LW� 7KLV SRO�

LF\ VLJQLILFDQWO\ GHJUDGHV WKH SHUIRUPDQFH EHFDXVH RI WKH QRQWULYLDO RYHUKHDG LQFXUUHG

E\ WKH VRIWZDUH�EDVHG PHPRU\ PRYHPHQW� ,W FDXVHV D ��× VORZGRZQ FRPSDUHG WR WKH

RULJLQDO FRGH ZLWK DOO DFFHVVHV WR ''5� DQG DQ ��× VORZGRZQ FRPSDUHG WR WKH RSWLPDO

FRGH ZLWK DOO DFFHVVHV WR 060&�

7KH H[SHULPHQWV RQ WKHVH WZR PLFUR EHQFKPDUNV GHPRQVWUDWH WKH LPSRUWDQFH RI

GDWD SODFHPHQW DQG GDWD PRYHPHQW SROLFLHV ZKHQ SRUWLQJ FRGH WR +0�EDVHG V\VWHPV�

,W LV QHFHVVDU\ WR KDYH D VHW RI EHQFKPDUNV DQG WRROV WR FKDUDFWHUL]H WKH SHUIRUPDQFH

LPSDFW RI +0 LQ WKH UHDO ZRUOG� 7KH IROORZLQJ VHFWLRQV GHVFULEH WKH GHVLJQ DQG LPSOH�

PHQWDWLRQ RI WKH EHQFKPDUNV DQG WRROV ZLWK WKLV SXUSRVH� ,W LV ZRUWK QRWLQJ WKDW WKH

EHQFKPDUNV ZH SURSRVH LQ WKLV FKDSWHU DUH JHQHUDO IRU +0 V\VWHPV EH\RQG WKH .H\�

6WRQH ,,� ,W LV SXEOLFO\ DYDLODEOH DW ?iiTb,ff#Bi#m+F2iXQ`;f?K#2M+?f?K#2M+?X;Bi�

��� 'HVLJQ DQG ,PSOHPHQWDWLRQ RI +0%HQFK

:H GHYHORS +0%HQFK� D EHQFKPDUN VXLWH WR FKDUDFWHUL]H WKH SHUIRUPDQFH LPSDFW RI

+0 LQ UHDO KDUGZDUH� +0%HQFK PHHWV WKH IROORZLQJ IRXU FULWHULD�

�� +0%HQFK QHHGV WR ZRUN RQ KHWHURJHQHRXV DUFKLWHFWXUHV� L�H�� &38�DFFHOHUDWRUV�

��
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7DEOH ���� %HQFKPDUN GHVFULSWLRQV�

$SSOLFDWLRQ 'RPDLQ 'HVFULSWLRQ
Ki`�Mb OLQHDU DOJHEUD 0DWUL[ 7UDQVSRVLWLRQ�
KKmHiB OLQHDU DOJHEUD 0DWUL[ 0XOWLSOLFDWLRQ�
#7b JUDSK DOJRULWKP %UHDGWK�)LUVW 6HDUFK RQH D JUDSK�
+7/ IOXLG G\QDPLFV &RPSXWDWLRQDO )OXLG '\QDPLFV VROYHV ��

' (XOHU HTXDWLRQV IRU FRPSUHVVLRQ IOXLG
IORZ�

?QibTQi SK\VLFV VLPXODWLRQ +RWVSRW LV D WKHUPDO VLPXODWLRQ EHQFK�
PDUN WKDW DVVHVVHV SURFHVVRU WHPSHUD�
WXUHV�

FK2�Mb GDWD PLQLQJ .�PHDQV FOXVWHUV SRLQWV LQWR XVHU VSHF�
LILHG QXPEHU RI FDWHJRULHV EDVHG RQ WKH
GLVWDQFH WR RWKHU SRLQWV�

H�p�J. PROHFXODU G\QDPLFV /DYD0' FRPSXWHV SDUWLFOH SRWHQWLDOV DQG
UHORFDWLRQ IRUFHV� ,W GLYLGHV D �' VSDFH
LQWR FXEHV IRU FRPSXWDWLRQ�

Hm/ OLQHDU DOJHEUD /XG SHUIRUPV PDWUL[ /8 GHFRPSRVLWLRQ�
MM GDWD PLQLQJ 1HDUHVW 1HLJKERU LV D EHQFKPDUN WKDW

ILQGV WKH ILUVW N QHDUHVW QHLJKERUV IRU D
VSHFLILHG ORFDWLRQ�

Mr ELRLQIRUPDWLFV 1HHGOHPDQ�:XQVFK LV D EHQFKPDUN WKDW
SHUIRUPV '1$ VHTXHQFH DOLJQPHQW RSWL�
PL]DWLRQ�

T�`iB+H27BHi2` PHGLFDO LPDJLQJ 3DUWLFOH )LOWHU DVVHVVHV WKH ORFDWLRQ RI D
WDUJHW REMHFW ZLWK QRLV\ PHDVXUHPHQWV RI
WKH WDUJHW¶V ORFDWLRQ�

T�i?7BM/2` JULG WUDYHUVDO 3DWKILQGHU VHDUFKHV D SDWK ZLWK WKH ORZ�
HVW DJJUHJDWH ZHLJKWV LQ D ��' JULG�

b`�/ LPDJH SURFHVVLQJ 6UDG� ZLWK WKH IXOO QDPH 6SHFNOH 5HGXF�
LQJ $QLVRWURSLF 'LIIXVLRQ� LV D GLIIXVLRQ DO�
JRULWKP WKDW UHPRYHV VSHFNOHV IURP DQ
LPDJH�

EHFDXVH PRGHUQ +0 �H�J�� VFUDWFKSDG PHPRU\ � '5$0� LV ZLGHO\ XVHG LQ DFFHO�

HUDWRUV� UDWKHU WKDQ PDLQVWUHDP &38V�

�� +0%HQFK VKRXOG UXQ LQ SDUDOOHO� DV DFFHOHUDWRUV W\SLFDOO\ HPSOR\ PXOWLSOH WKUHDGV

IRU KLJK WKUHDG�OHYHO SDUDOOHOLVP� ZKLFK OHDGV WR VLJQLILFDQWO\ GLIIHUHQW EHKDYLRUV LQ

+0 IURP VHTXHQWLDO H[HFXWLRQ�

�� +0%HQFK VKRXOG OHYHUDJH WKH LQWHUIDFHV SURYLGHG E\ WKH +0 WR FRQWURO WKH GDWD

��



SODFHPHQW DQG PRYHPHQW IRU HYDOXDWLQJ GLIIHUHQW VWUDWHJLHV�

�� +0%HQFK VKRXOG FRYHU GLIIHUHQW NLQGV RI DSSOLFDWLRQV� $V WKH SHUIRUPDQFH RI +0

LV WLJKWO\ UHODWHG WR PHPRU\ DFFHVV SDWWHUQV� ZKLFK GLIIHU VLJQLILFDQWO\ LQ GLIIHUHQW

NLQGV RI DSSOLFDWLRQV� UDQJLQJ IURP GDWD DQDO\WLFV WR VFLHQWLILF FRPSXWLQJ� 7KXV� D

KLJK FRYHUDJH RI DSSOLFDWLRQV FDQ HYDOXDWH +0 WKRURXJKO\�

+0%HQFK OHYHUDJHV QKT i�`;2i WR VXSSRUW KHWHURJHQHRXV ZRUNORDGV� 7KXV� +0�

%HQFK� ZLWK PLQLPDO DGDSWDWLRQ� ZRUNV RQ H[LVWLQJ DQG HPHUJLQJ +0 DUFKLWHFWXUHV LQ

DFFHOHUDWRUV RU FR�SURFHVVRUV� VXFK DV '63� *38 DQG ;HRQ 3KL� 0RUHRYHU� LW SURYLGHV

$3,V WR HQFDSVXODWH PHPRU\ PDQDJHPHQW LQWHUIDFHV SURYLGHG LQ +0�EDVHG DUFKLWHF�

WXUHV� 7KH LQLWLDO EHQFKPDUN VXLWH FRQVLVWV RI �� DSSOLFDWLRQV IURP GLIIHUHQW DUHDV� LQFOXG�

LQJ WZR VFLHQWLILF EHQFKPDUNV IRU PDWUL[ FRPSXWDWLRQ DQG �� EHQFKPDUNV GHULYHG IURP

5RGLQLD ��� >��@� 7KH UHDVRQ ZH FKRRVH WR DGDSW 5RGLQLD EHQFKPDUNV LV WKDW 5RGLQLD

KDV D JRRG FRYHUDJH RI DSSOLFDWLRQ GRPDLQV� ,W KDV DQ 2SHQ03 LPSOHPHQWDWLRQ EXW

QR +0�DZDUH GHVLJQ� ZKLFK SURYLGHV XV DQ RSSRUWXQLW\ WR H[WHQG LWV EHQFKPDUNV ZLWK

WKH 2SHQ03 ��� VWDQGDUG DQG +0�IULHQGO\ GHVLJQ� +0%HQFK LV RSHQ WR HQFORVH PRUH

EHQFKPDUNV LQ WKH IXWXUH� ,Q WKH UHVW RI WKLV VHFWLRQ� ZH GHVFULEH GLIIHUHQW EHQFKPDUNV

LQ GHWDLO DQG VKRZ RXU GHVLJQ DQG LPSOHPHQWDWLRQ VSHFLILF IRU +0�EDVHG DFFHOHUDWRUV�

����� %HQFKPDUN 'HVFULSWLRQ

7DEOH ��� VKRZV WKH GHVFULSWLRQV RI +0%HQFK EHQFKPDUNV� 7KH\ DUH KLJKO\ UHSUHVHQ�

WDWLYH LQ WKHLU RZQ ILHOGV DFFRUGLQJ WR 5RGLQLD¶V VSHFLILFDWLRQ >��@� 7RJHWKHU ZLWK WZR

PDWUL[�EDVHG VFLHQWLILF EHQFKPDUNV� +0%HQFK KDV JRRG FRYHUDJH RI GLIIHUHQW GRPDLQV

RI UHDO�ZRUOG SDUDOOHO DSSOLFDWLRQV�

����� 6LPSOH %HQFKPDUN ,PSOHPHQWDWLRQ

3RUWLQJ WKHVH EHQFKPDUNV WR DQ +0�EDVHG V\VWHP� VXFK DV WKH .H\6WRQH ,,� LV QRQWULY�

LDO� 7KH FKDOOHQJHV FRPH IURP LWV XQFRPPRQ DUFKLWHFWXUH DQG V\VWHP VXSSRUW� ZKLFK

��



LV GLIIHUHQW IURP JHQHUDO�SXUSRVH &38V� 6SHFLILFDOO\� ZH QHHG WR KDQGOH ZRUN GHFRP�

SRVLWLRQ EHWZHHQ &38 DQG DFFHOHUDWRUV� OLPLWHG FRPSLOHU VXSSRUW LQ DFFHOHUDWRUV� DQG

ODFN RI ,�2 FDSDELOLW\ LQ DFFHOHUDWRUV� ,Q WKH UHVW RI WKLV VHFWLRQ� ZH XVH WKH .H\6WRQH ,,

WR LOOXVWUDWH WKH FKDOOHQJHV DQG RXU VROXWLRQV�

:RUN GHFRPSRVLWLRQ 7R IXOO\ OHYHUDJH WKH FRPSXWLQJ UHVRXUFHV LQ WKH .H\6WRQH ,,�

ZH QHHG WR VSOLW WKH ZRUN LQWR WKH &38 SDUW DQG WKH '63 SDUW� :H DSSO\ D VLPSOH ZRUN

GHFRPSRVLWLRQ VWUDWHJ\ LQ +0%HQFK� ZH RIIORDG DOO 2SHQ03 SDUDOOHO UHJLRQV WR WKH '63

GHYLFH DQG OHDYH DOO QRQ�2SHQ03 UHJLRQV UXQQLQJ RQ WKH &38� $V PRVW FRPSXWDWLRQ

LV GRQH LQ WKH 2SHQ03 UHJLRQV� WKLV VWUDWHJ\ FDQ H[SRVH DV PXFK DV FRPSXWDWLRQ IRU

HYDOXDWLQJ WKH +0 RQ WKH DFFHOHUDWRU �'63� VLGH�

7R DOORZ GLIIHUHQW YHQGRU�SURYLGHG FRPSLOHUV ZRUN RQ GLIIHUHQW FRGH UHJLRQV� WKH RI�

IORDG FRGH UHJLRQ PXVW EH HQFDSVXODWHG LQ D VXEURXWLQH DQG SODFHG LQ D VHSDUDWH WDUJHW

VRXUFH ILOH� 7KXV� WKH &38 FRPSLOHU FDQ SURGXFH &38 ELQDU\ DQG DOVR FURVV FRPSLOH WKH

'63 ELQDU\ IRU H[HFXWLRQ� 7R HQFDSVXODWH HDFK 2SHQ03 UHJLRQ� ZH LGHQWLI\ LWV LQSXWV

DQG RXWSXWV� ZKLFK DUH DOO SDVVHG DV DUJXPHQWV E\ UHIHUHQFH WR WKH QHZ VXEURXWLQH�

&RGH DGDSWDWLRQ IRU WKH '63 FRPSLOHU 7KH '63 FRPSLOHU RQO\ VXSSRUWV &�OLNH V\Q�

WD[� 7KXV� WKH FRGH UXQQLQJ RQ WKH '63 FDQQRW XVH &�� IHDWXUHV� VXFK DV FODVVHV�

PHPRU\ DOORFDWLRQV� DQG W\SH FRQYHUVLRQV� 0RUHRYHU� PRYLQJ GDWD EHWZHHQ &38 DQG

'63 UHTXLUHV WKH VXSSRUW IURP '63¶V 2SHQ03 FRPSLOHU� ZKLFK H[SOLFLWO\ DFFHSWV DU�

UD\ QDPHV DQG VL]HV� +RZHYHU� WKH FRPSLOHU GRHV QRW VXSSRUW PXOWL�GLPHQVLRQDO DUUD\V

ZHOO� ,Q RUGHU WR PRYH PXOWL�GLPHQVLRQDO DUUD\V EHWZHHQ &38 DQG '63� ZH QHHG WR PDS

WKHP WR D FRQWLQXRXV ��' PHPRU\ FKXQN IRU SURFHVVLQJ RQ '63� DQG WKHQ PDS WKHP

EDFN WR WKH RULJLQDO OD\RXW IRU SURFHVVLQJ RQ &38� %HQFKPDUNV� VXFK DV T�i?7BM/2`�

QHHG VXFK FRGH WUDQVIRUPDWLRQV�

6\VWHP ,�2 6RPH EHQFKPDUNV� VXFK DV #7b DQG MM� UHTXLUH LQSXW ILOHV� 6LQFH WKH '63

VRIWZDUH VWDFN LQ WKH .H\6WRQH ,, GRHV QRW VXSSRUW V\VWHP ,�2� ZH QHHG WR PRGLI\ WKH

��



FRGHV VR WKDW WKH KRVW &38 UHDGV LQSXW ILOHV DQG PDS WKH GDWD WR WKH '63 IRU FRPSXWD�

WLRQ� '63V SURFHVV WKH GDWD DQG PRYH LW EDFN WR WKH KRVW IRU ZULWLQJ WR WKH ILOH V\VWHP�

7KLV VLPSOH VFKHPH ZRUNV IRU PRVW RI RXU EHQFKPDUNV� +RZHYHU� WKHUH LV RQH H[FHS�

WLRQ� %HQFKPDUN MM UHSHDWHGO\ UHDGV LQ �� HQWULHV RI D GDWDEDVH IRU SURFHVVLQJ� XQWLO

FRPSOHWLQJ WKH ZKROH GDWDEDVH� 7R DYRLG IUHTXHQW GDWD PRYHPHQW EHWZHHQ &38 DQG

'63� ZH SHUIRUP WKH ,�2 RQFH WR UHDG LQ DOO WKH HQWULHV LQ WKH LQSXW GDWDEDVH DQG RIIORDG

WKHP DOWRJHWKHU WR '63 IRU SURFHVVLQJ�

6XPPDU\� +0%HQFK YV� 5RGLQLD $OWKRXJK +0%HQFK VKDUHV VRPH FRPPRQ SUR�

JUDPV ZLWK WKH 5RGLQLD EHQFKPDUN VXLWH� LW RYHUKDXOV WKHLU LPSOHPHQWDWLRQV� ��� +0�

%HQFK XVHV 2SHQ03 ��� QKT i�`;2i WR RIIORDG SDUDOOHO UHJLRQV WR DFFHOHUDWRUV� ZKHUH

ZH FDQ XVH WKH IDVW VFUDWFKSDG PHPRU\� :H LGHQWLI\ WKH LQSXW DQG RXWSXW GDWD IRU QKT

i�`;2i SUDJPD WR HQVXUH WKH FRUUHFWQHVV RI WKH FRGH� 0RUHRYHU� DV DIRUHPHQWLRQHG�

ZH QHHG WR WUDQVSRVH WKH DUUD\ OD\RXW IRU WKH GDWD WUDQVIHU EHWZHHQ WKH KRVW DQG DF�

FHOHUDWRU� ��� +0%HQFK IXVHV 2SHQ03 UHJLRQV WR PLQLPL]H WKH GDWD WUDQVIHU RYHUKHDG

EHWZHHQ WKH KRVW &38 DQG WKH WDUJHW DFFHOHUDWRU� ��� +0%HQFK LV H[WHQGHG WR PDQDJH

DOORFDWLRQV RI KHWHURJHQHRXV PHPRU\�

����� /LPLWDWLRQ RI +0%HQFK ,PSOHPHQWDWLRQ

2XU LPSOHPHQWDWLRQ RI +0%HQFK LV VWUDLJKWIRUZDUG� ZLWKRXW WDNLQJ WKH +0 LQWR FRQVLG�

HUDWLRQ� %\ GHIDXOW� WKH FRPSLOHU SODFHV DOO GDWD LQ WKH VORZ PHPRU\� H�J�� ''5 RI WKH

.H\6WRQH ,,� %HQFKPDUNV ZLWK WKLV LPSOHPHQWDWLRQ GR QRW DFKLHYH JRRG SHUIRUPDQFH�

:H QHHG WR WDNH DGYDQWDJH RI GLIIHUHQW +0 OD\HUV WR FDFKH GDWD IRU HIILFLHQW DFFHVVHV�

+RZHYHU� GHWHUPLQLQJ ZKLFK GDWD WR SODFH LQ WKH IDVW +0 OD\HUV LV GLIILFXOW� VR ZH QHHG

D SURILOLQJ WRRO WR KHOS PDNH GHFLVLRQV� 7KH QH[W VHFWLRQ GHVFULEHV 'DWD3ODFHU IRU WKLV

SXUSRVH�

��



��� 'HVLJQ DQG ,PSOHPHQWDWLRQ RI 'DWD3ODFHU

,W LV FKDOOHQJLQJ IRU SURJUDPPHUV WR SRUW FRGH WR DQ +0�EDVHG V\VWHP� 2QH QHHGV KLJK�

OHYHO JXLGDQFH WR SODFH GDWD REMHFWV LQ WKH IDVW +0 OD\HUV WR REWDLQ KLJK SHUIRUPDQFH�

,Q WKLV VHFWLRQ� ZH GHVFULEH WKH GHVLJQ DQG LPSOHPHQWDWLRQ RI 'DWD3ODFHU� D SURILOHU

WKDW LGHQWLILHV RSWLPL]DWLRQ RSSRUWXQLWLHV RI GDWD SODFHPHQW LQ +0� )LJXUH ��� VKRZV

WKH ZRUNIORZ RI 'DWD3ODFHU� 'DWD3ODFHU ZRUNV RQ DQ [�� KRVW PDFKLQH� ,W PRQLWRUV

SURJUDP H[HFXWLRQ DQG SURYLGHV RSWLPL]DWLRQ JXLGDQFH IRU SRUWLQJ WKLV FRGH WR DQ +0�

EDVHG WDUJHW PDFKLQH� 'DWD3ODFHU KDV WKH IROORZLQJ WKUHH IHDWXUHV WRPDNH LW DQ HIIHFWLYH

WRRO�

� 'DWD3ODFHU SURYLGHV VRIWZDUH PHWULFV RQO\� %HFDXVH WKH KRVW DQG WDUJHW PDFKLQHV

KDYH GLIIHUHQW DUFKLWHFWXUHV� XVLQJ WKH KRVW¶V KDUGZDUH PHWULFV LV LQDSSURSULDWH WR

JXLGH WKH RSWLPL]DWLRQ LQ WKH WDUJHW +0�EDVHG PDFKLQH�

� 'DWD3ODFHU SURYLGHV KLJK�OHYHO RSWLPL]DWLRQ JXLGDQFH IRU SURJUDPPHUV� 7KH JXLG�

DQFH FDQ EH HDVLO\ XVHG IRU VRXUFH FRGH WUDQVIRUPDWLRQ�

� 'DWD3ODFHU FDQ PRQLWRU SDUDOOHO SURJUDP H[HFXWLRQ ZLWK UHDVRQDEOH RYHUKHDG� )RU

SULYDWH DQG VKDUHG +0 OD\HUV EHWZHHQ PXOWL�FRUHV� 'DWD3ODFHU SURYLGHV GLIIHUHQW

RSWLPL]DWLRQ JXLGDQFHV�

,Q WKH UHVW RI WKLV VHFWLRQ� ZH GHVFULEH WKH EDVLF PHWKRGRORJ\ RI 'DWD3ODFHU DQG

VHYHUDO UHILQHPHQWV WR PDNH LW SUDFWLFDO�

����� %DVLF 0HWKRGRORJ\ RI 'DWD3ODFHU

'DWD3ODFHU OHYHUDJHV ,QWHO 3LQ >��@ WR LQVWUXPHQW ELQDU\ DQG FROOHFW PHPRU\ WUDFHV�

$OO WKH DQDO\VHV DUH EDVHG RQ WKH PHPRU\ WUDFHV ZLWKRXW XVLQJ DQ\ LQIRUPDWLRQ IURP

DUFKLWHFWXUH�VSHFLILF KDUGZDUH SHUIRUPDQFH FRXQWHUV� 7R SURYLGH KLJK�OHYHO RSWLPL]DWLRQ

JXLGDQFH� 'DWD3ODFHU SHUIRUPV DUUD\�FHQWULF DQDO\VLV� ,W LGHQWLILHV DUUD\V ZLWK D VLJQLI�

LFDQW DPRXQW RI DFFHVVHV� ZKLFK� LI SXW LQWR IDVW +0 OD\HUV� FDQ LPSURYH SHUIRUPDQFH�
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)LJXUH ���� 7KH IXQFWLRQDOLW\ RI 'DWD3ODFHU� 'DWD3ODFHU PRQLWRUV SURJUDP H[HFXWLRQ
RQ [�� DQG JHQHUDWHV SXUH VRIWZDUH�EDVHG SURILOHV WR JXLGH SURJUDP RSWLPL]DWLRQ ZKHQ
SRUWLQJ WKH FRGH WR DQ +0�EDVHG DUFKLWHFWXUH�

:LWK WKLV JXLGDQFH� SURJUDPPHUV FDQ HDVLO\ WUDQVIRUP WKH VRXUFH FRGH IRU RSWLPL]D�

WLRQ� 7R DFKLHYH DUUD\�FHQWULF DQDO\VLV� 'DWD3ODFHU QHHGV WR PRQLWRU DUUD\ DOORFDWLRQV�

DVVRFLDWH PHPRU\ DFFHVVHV ZLWK DUUD\V� DQG GHULYH PHWULFV IRU DQDO\VLV�

7UDFNLQJ DUUD\ DOORFDWLRQV 'DWD3ODFHU OHYHUDJHV 3LQ WR DQDO\]H D ELQDU\ H[HFXWDEOH

DQG PRQLWRU LWV H[HFXWLRQ WR H[WUDFW DUUD\ DOORFDWLRQV� 'DWD3ODFHU PRQLWRUV ERWK VWDWLF

DQG KHDS DUUD\V� 2Q RQH KDQG� 'DWD3ODFHU UHDGV WKH V\PERO WDEOH RI WKH ELQDU\ WR

LGHQWLI\ WKH QDPHV DQG PHPRU\ UDQJHV RI VWDWLF DUUD\V� 2Q WKH RWKHU KDQG� 'DWD3ODFHU

LQVWUXPHQWV DUUD\ DOORFDWLRQ IXQFWLRQV� VXFK DV K�HHQ+� +�HHQ+� DQG `2�HHQ+� WR FDSWXUH

WKH DOORFDWHG PHPRU\ UDQJHV DV ZHOO DV WKH DOORFDWLRQ ORFDWLRQ PDSSHG WR WKH VRXUFH

FRGH ZLWK WKH KHOS RI FRPSLOHU GHEXJJLQJ LQIRUPDWLRQ� 'DWD3ODFHU ORJV WKHVH PHPRU\

UDQJHV DQG ,'V �QDPHV IRU VWDWLF DUUD\V DQG DOORFDWLRQ VLWHV LQ VRXUFH FRGH IRU KHDS

DUUD\V� LQWR D PDS IRU IXUWKHU XVH�

&ROOHFWLQJ DQG DWWULEXWLQJ PHPRU\ WUDFHV 'DWD3ODFHU XWLOL]HV 3LQ WR LQVWUXPHQW ERWK

PHPRU\ ORDGV DQG VWRUHV IRU WKHLU HIIHFWLYH DGGUHVVHV� 8SRQ D PHPRU\ DFFHVV� 'DWD�

3ODFHU FKHFNV WKH PDS WR LGHQWLI\ WKH PHPRU\ LQWHUYDO WKDW LQFOXGHV WKH HIIHFWLYH DGGUHVV

��



RI WKLV PHPRU\ DFFHVV DQG DVVRFLDWHV LW ZLWK WKH DUUD\� 'DWD3ODFHU FRXQWV WKH QXPEHU

RI DFFHVVHV DWWULEXWHG WR HDFK DUUD\� )RU PXOWLWKUHDGHG SURJUDPV� DFFHVVHV IURP PXOWL�

SOH WKUHDGV FDQ EH DWWULEXWHG WR WKH VDPH DUUD\ DW WKH VDPH WLPH� VR 'DWD3ODFHU QHHGV

WR XVH DWRPLF RSHUDWLRQV WR HQVXUH WKH FRUUHFWQHVV RI DFFXPXODWLQJ WKH FRXQWHU�

'HULYLQJ PHWULFV )URP WKH DUUD\�FHQWULF DQDO\VLV� 'DWD3ODFHU REWDLQV WKH QXPEHU RI

DFFHVVHV WR HDFK DUUD\� $UUD\V ZLWK VLJQLILFDQW DFFHVVHV DUH FDQGLGDWHV IRU EHLQJ SODFHG

LQWR WKH IDVW +0 OD\HUV� 7R ZHLJK WKH VLJQLILFDQFH RI DUUD\V� ZH XVH (TXDWLRQ ��� WR

GHULYH D PHWULF F̂ IRU HDFK DUUD\� ZKLFK LV WKH DYHUDJH DFFHVV IUHTXHQF\ SHU E\WH� ,Q

WKH HTXDWLRQ� C LV WKH WRWDO QXPEHU RI PHPRU\ DFFHVVHV WR DQ DUUD\� S LV WKH QXPEHU RI

PHPRU\ E\WHV DOORFDWHG WR WKH DUUD\�

F̂ =
C

S
�����

'DWD3ODFHU VRUWV DOO DUUD\V DFFRUGLQJ WR F̂ � :LWK D JUHHG\ DOJRULWKP� 'DWD3ODFHU UHFRP�

PHQGV SODFLQJ DUUD\V ZLWK KLJK F̂ XQWLO WKH VSDFH RI +0 UXQV RXW�

����� 5HILQHG 0HWKRGRORJ\ RI 'DWD3ODFHU

7KH EDVLF GHVLJQ RI 'DWD3ODFHU LV LQDGHTXDWH WR EH XVHG LQ SUDFWLFH� 7KHUH DUH ILYH

PDMRU LVVXHV�

�� 0HWULFV F̂ DQG C DORQH DUH LQVXIILFLHQW LQ SURYLGLQJ HIIHFWLYH JXLGDQFH� :H QHHG

PRUH LQVLJKWIXO DFFHVV SDWWHUQ DQDO\VLV WR H[WUDFW PRUH IHDWXUHV RI DQ DUUD\� VXFK

ORFDOLW\� EH\RQG WKH VLPSOH DFFHVV TXDQWLW\�

�� ,I WKH IDVW +0 OD\HUV KDYH OLPLWHG VSDFH DQG WKH DUUD\V XVHG LQ WKH SURJUDPV DUH

WRR ODUJH WR ILW LQ� 'DWD3ODFHU FDQQRW SODFH VXFK ODUJH DUUD\V� 0RUHRYHU� QRW DOO

HOHPHQWV RI DQ DUUD\ KDYH WKH VDPH QXPEHU RI DFFHVVHV WR UHFHLYH WKH HTXDO

WUHDWPHQW�

��



�� +0 PD\ KDYH OD\HUV WKDW DUH SULYDWH RU VKDUHG EHWZHHQ FRUHV� $SSO\LQJ WKH VDPH

GDWD SODFLQJ VWUDWHJ\ WR GLIIHUHQW NLQGV RI +0 OD\HUV PD\ KXUW SHUIRUPDQFH� )RU

H[DPSOH� LQDSSURSULDWH SODFHPHQW FDQ FDXVH KLJK RYHUKHDG GXH WR PDLQWDLQLQJ

GDWD FRQVLVWHQF\�

�� 'DWD3ODFHU SURGXFHV VWDWLF GDWD SODFHPHQW JXLGDQFH� 2QFH WKH GDWD LV ORDGHG

LQWR +0� LW QHYHU JHWV UHSODFHG� ,Q SUDFWLFH� VWDWLF SODFHPHQW SUHFOXGH RSWLPDO

SHUIRUPDQFH EHFDXVH SURJUDP H[HFXWLRQ FDQ KDYH GLIIHUHQW SKDVHV ZLWK GLIIHUHQW

PHPRU\ DFFHVV SDWWHUQV�

�� $ V\VWHP WKDW LQWHJUDWHV ERWK WUDGLWLRQDO KDUGZDUH FDFKHV DQG +0 LV GLIILFXOW WR

RSWLPL]H� 'DWD3ODFHU QHHGV WR WDNH WKLV LQWR FRQVLGHUDWLRQ IRU +0�EDVHG GDWD

SODFHPHQW�

7KXV� ZH UHILQH 'DWD3ODFHU WR DGGUHVV DOO WKHVH LVVXHV�

'DWD ORFDOLW\ $Q DUUD\ ZLWK D ODUJH VWULGH RU D UDQGRP DFFHVV SDWWHUQ GRHV QRW H[SORLW

WKH UHXVH LQ FDFKHV� :H FDOO VXFK DUUD\ RQH RI SRRU ORFDOLW\� $Q DUUD\ RI SRRU ORFDO�

LW\ FDQ VLJQLILFDQWO\ GHJUDGH SURJUDP SHUIRUPDQFH EHFDXVH DFFHVVHV WR WKLV DUUD\ DUH

PRUH OLNHO\ WR VXIIHU IURP FDFKH PLVVHV DQG KLJK H[SRVHG PHPRU\ ODWHQF\� 7KHUHIRUH�

'DWD3ODFHU SULRULWL]HV WKH SODFHPHQW RI DUUD\V ZLWK EDG ORFDOLW\ LQWR IDVW +0� 'DWD3ODFHU

DGRSWV RXU SUHYLRXV DSSURDFK >��@ WR FROOHFW WKH UHXVH GLVWDQFH RI PHPRU\ DFFHVVHV

DQG DVVRFLDWHV WKHP ZLWK DUUD\V� 7KH WHFKQRORJ\ LV WR LQVWUXPHQW DOO PHPRU\ DFFHVVHV

DQG UHFRUG WKH WUDFH RI HIIHFWLYH DGGUHVVHV LQ D KDVK PDS IRU WKH FRPSXWDWLRQ RI UHXVH

GLVWDQFH� :H UHSRUW WKH LQVWUXFWLRQV DQG DUUD\V DVVRFLDWHG ZLWK ORQJ UHXVH GLVWDQFHV

DV ZLWK SRRU ORFDOLW\� :H HYDOXDWH WKH QHFHVVLW\ IRU SODFLQJ DUUD\V RI SRRU ORFDOLW\ LQ

6HFWLRQ ����

/DUJH DUUD\V 'DWD3ODFHU GHFRPSRVHV WKH PHPRU\ LQWHUYDOV DOORFDWHG IRU ODUJH DUUD\V

LQWR VPDOO FKXQNV ZLWK WKH VL]HV QRW ODUJHU WKDQ N � N LV WXQDEOH E\ SURJUDPPHUV� E\

��



GHIDXOW� ZH VHW LW DV RQH WHQWK RI WKH +0 VL]H� 'DWD3ODFHU WUHDWV HDFK FKXQN DV D VHS�

DUDWH DUUD\ DQG SHUIRUPV RULJLQDO DUUD\�FHQWULF DQDO\VLV� :LWK WKH RIIVHWV FRPSXWHG IRU

FKXQNV LQ WKH DUUD\� SURJUDPPHUV FDQ HDVLO\ SODFH SDUW RI WKH DUUD\ LQ WKH +0� %HVLGHV

KDQGOLQJ ODUJH DUUD\V WKDW GR QRW ILW LQWR WKH +0� 'DWD3ODFHU¶V DUUD\ GHFRPSRVLWLRQ LV

PRUH DSSURSULDWH IRU KDQGOLQJ LUUHJXODU DFFHVV SDWWHUQV� :LWK LUUHJXODU DFFHVV SDWWHUQV�

HOHPHQWV LQ DQ DUUD\ PD\ KDYH GLIIHUHQW DFFHVV IUHTXHQFLHV� 7KH DUUD\ GHFRPSRVLWLRQ

SURYLGHV PRUH GHWDLOV LQ WKH DUUD\ LQWHUQDOV IRU GDWD SODFHPHQW�

3ULYDWH YV� VKDUHG +0 +0 FDQ EH SULYDWH RU VKDUHG LQ D PXOWL�FRUH V\VWHP� H�J�� WKH

.H\6WRQH ,,� )RU H[DPSOH� HDFK '63 LQ WKH .H\6WRQH ,, KDV D SULYDWH IDVW OD\HU²/�

FDFKH² DQG DOO HLJKW '63V VKDUH D IDVW OD\HU²/� 060&� 2SWLPL]DWLRQV RQ WKHVH WZR

NLQGV RI IDVW +0 OD\HUV DUH GLIIHUHQW� 2Q RQH KDQG� 'DWD3ODFHU UHFRPPHQGV WKUHDG�ORFDO

DUUD\V UDWKHU WKDQ VKDUHG DUUD\V WR EH SODFHG LQ SULYDWH +0 EHFDXVH KDQGOLQJ VKDUHG

DUUD\V QHHGV WR PDLQWDLQ GDWD FRQVLVWHQF\� )RU H[DPSOH� LI DQ HOHPHQW RI D VKDUHG DUUD\

LV XSGDWHG E\ RQH WKUHDG LQ WKH SULYDWH +0� WKH XSGDWH VKRXOG EH ZULWWHQ EDFN WR WKH PDLQ

PHPRU\� 0RUHRYHU� DOO RI WKH FRSLHV RI WKLV HOHPHQW LQ GLIIHUHQW SULYDWH +0V KDYH WR EH

LQYDOLGDWHG DQG UHORDGHG IURP WKH PDLQ PHPRU\� ,Q D WUDGLWLRQDO FDFKH V\VWHP� WKLV GDWD

FRQVLVWHQF\ LV JXDUDQWHHG E\ WKH KDUGZDUH� ZKLFK LV HIILFLHQW� +RZHYHU� +0 UHTXLUHV

VRIWZDUH WR NHHS WKH GDWD FRQVLVWHQF\� ZKLFK LV H[SHQVLYH� 7KXV� 'DWD3ODFHU DYRLGV

UHFRPPHQGLQJ VKDUHG DUUD\V WR EH SODFHG LQ SULYDWH +0 OD\HUV�

2Q WKH RWKHU KDQG� 'DWD3ODFHU SULRULWL]HV VKDUHG DUUD\V WR EH SODFHG LQ VKDUHG +0

OD\HUV� ,I WKHUH LV VSDFH� 'DWD3ODFHU SODFHV ORFDO DUUD\V LQ WKH VKDUHG +0� 2QH VWUHQJWK

RI WKLV VWUDWHJ\ LV WKDW QR VRIWZDUH�EDVHG GDWD FRQVLVWHQF\ LV QHHGHG� 0RUHRYHU� VKDUHG

DUUD\V DUH XVHG E\ PXOWLSOH WKUHDGV� VR ORDGLQJ WKHP LQWR VKDUHG +0 FDQ EHQHILW PDQ\

WKUHDGV� ,Q FRQWUDVW� ORDGLQJ ORFDO DUUD\V LQWR VKDUHG +0 RQO\ EHQHILWV D VXEVHW RI

WKUHDGV� UDWKHU WKDQ DOO RI WKHP�

7R SURYLGH DSSURSULDWH RSWLPL]DWLRQ JXLGDQFH� 'DWD3ODFHU LGHQWLILHV ZKHWKHU DQ DUUD\

LV ORFDO RU VKDUHG DQG DGDSWV WKH DUUD\�FHQWULF DQDO\VLV DFFRUGLQJO\� :KHQ LW DWWULEXWHV

��



PHPRU\ DFFHVVHV WR DUUD\V� LW DOVR DVVRFLDWHV WKH ,'V RI WKUHDGV WKDW SHUIRUP WKH DF�

FHVVHV ZLWK WKH DUUD\� ,I DQ DUUD\ LV DFFHVVHG E\ PRUH WKDQ RQH WKUHDG� 'DWD3ODFHU

UHFRJQL]HV LW DV D VKDUHG DUUD\� 2WKHUZLVH� LW LV D ORFDO DUUD\�

6WDWLF YV� G\QDPLF SODFHPHQW 7KH EDVLF LPSOHPHQWDWLRQ RI 'DWD3ODFHU SURGXFHV WKH

VWUDWHJLHV RI DUUD\ SODFHPHQW LQ D VWDWLF ZD\� RQFH DQ DUUD\ LV SODFHG LQ WKH +0� LW LV

QHYHU HYLFWHG WKURXJKRXW WKH HQWLUH H[HFXWLRQ� +RZHYHU� D W\SLFDO SURJUDP KDV SKDVHV�

/RDGLQJ DQ DUUD\ LQWR WKH IDVW +0 OD\HU ZLWKRXW XVLQJ LW LQ VRPH SKDVHV FDQ ZDVWH WKH

SUHFLRXV +0 UHVRXUFHV� 7KHUHIRUH� ZH LPSURYH 'DWD3ODFHU WR SURYLGH JXLGDQFH IRU

SODFLQJ DUUD\V G\QDPLFDOO\� 7KH PDLQ FKDOOHQJH RI JHQHUDWLQJ JXLGDQFH IRU G\QDPLF

SODFHPHQW LV WR LGHQWLI\ WKH SKDVH FKDQJHV WR DSSO\ G\QDPLF DGDSWDWLRQ RI GDWD SODFH�

PHQW� 0RUHRYHU� 'DWD3ODFHU QHHGV WR SURYLGH KLJK�OHYHO JXLGDQFH WKDW FDQ EH XVHG E\

SURJUDPPHUV WR UHIDFWRU WKHLU VRXUFH FRGH�

7R DGGUHVV WKH FKDOOHQJH� 'DWD3ODFHU PDNHV DQ DVVXPSWLRQ� SKDVH FKDQJHV RFFXU

DW IXQFWLRQ ERXQGDULHV� ,Q RWKHU ZRUGV� 'DWD3ODFHU DSSOLHV WKH VDPH GDWD SODFHPHQW

VWUDWHJ\ LQVLGH D IXQFWLRQ� :KHQ VZLWFKLQJ WR D GLIIHUHQW IXQFWLRQ� 'DWD3ODFHU DGDSWV

WKH GDWD SODFHPHQW VWUDWHJ\� LI QHHGHG� EDVHG RQ WKH PHPRU\ DFFHVVHV LQ WKH QHZ

IXQFWLRQ RQO\� +RZHYHU� IUHTXHQW FKDQJHV RI GDWD SODFHPHQW DUH FRVWO\ EHFDXVH RI WKH

KHDY\ZHLJKW VRIWZDUH�EDVHG GDWD PRYHPHQWV� 7R UHGXFH WKH RYHUKHDG� 'DWD3ODFHU

DGDSWV WKH GDWD SODFHPHQW ZKHQ FRPLQJ LQWR D QHZ IXQFWLRQ WKDW LQYRNHV D VLJQLILFDQW

QXPEHU RI PHPRU\ DFFHVVHV� 7R SURYLGH KLJK�OHYHO JXLGDQFH� 'DWD3ODFHU DVVRFLDWHV

PHPRU\ DFFHVVHV ZLWK IXQFWLRQV LQ WKHLU IXOO FDOOLQJ FRQWH[WV�

'DWD3ODFHU XVHV 3LQ >��@ WR LQVWUXPHQW HYHU\ IXQFWLRQ FDOO DQG UHWXUQ LQVWUXFWLRQ� ,W

PDLQWDLQV D VKDGRZ VWDFN WR WUDFN IXQFWLRQ IUDPHV LQ WKH V\VWHP H[HFXWLRQ VWDFN� :KHQ

FDOOLQJ D IXQFWLRQ� 'DWD3ODFHU SXVKHV WKH IXQFWLRQ IUDPH� LGHQWLILHG E\ WKH VWDUWLQJ DG�

GUHVV RI WKH IXQFWLRQ� LQWR WKH VKDGRZ VWDFN� :KHQ UHWXUQLQJ IURP D IXQFWLRQ� 'DWD3ODFHU

SRSV WKH IXQFWLRQ IUDPH RQ WRS RI WKH VKDGRZ VWDFN� 7KH FDOOLQJ FRQWH[W RI DQ\ LQVWUXF�

WLRQ XQGHU H[HFXWLRQ LV LQ WKH VKDGRZ VWDFN� 'DWD3ODFHU DFFXPXODWHV WKH QXPEHU RI

��



)LJXUH ���� &UHDWLQJ D &&7 IRU D SURJUDP DQG SUXQLQJ LW E\ GLVFDUGLQJ QRGHV ZLWK VPDOO
QXPEHUV RI PHPRU\ DFFHVVHV� 7KH EOXH QRGHV DUH LQWHUQDO IXQFWLRQV� ZKLOH WKH UHG
QRGHV DUH OHDI IXQFWLRQV�

PHPRU\ DFFHVVHV acc WR WKH IXQFWLRQ IUDPH RQ WRS RI WKH VKDGRZ VWDFN� DV H[FOXVLYHO\

WR WKH IXQFWLRQ �QRW WR LWV FDOOHUV��

7R HIILFLHQWO\ PDLQWDLQ WKHVH SHU�IXQFWLRQ PHWULFV� DOO WKH FDOOLQJ FRQWH[WV DUH RUJD�

QL]HG LQ D FRPSDFW GDWD VWUXFWXUH� FDOOHG D FDOOLQJ FRQWH[W WUHH �&&7� >��@� E\ PHUJLQJ

DOO FRPPRQ SUHIL[HV� )LJXUH ��� VKRZV D W\SLFDO &&7� 7KH URRW QRGH RI D &&7 LV WKH

VWDUWLQJ IXQFWLRQ� W\SLFDOO\ ³PDLQ´ RU ³WKUHDG VWDUW´� WKH LQWHUQDO QRGHV �LQ EOXH� DUH IXQF�

WLRQV WKDW KDYH IXQFWLRQ FDOOV LQVLGH� WKH OHDI QRGHV �LQ UHG� DUH RQHV ZLWK QR IXQFWLRQ

FDOO LQVLGH� 7R FRPSXWH WKH LQFOXVLYH PHWULFV IRU HDFK QRGH �L�H�� WKH DJJUHJDWH PHWULF

RI WKH IXQFWLRQ DQG DOO LWV FDOOHHV�� 'DWD3ODFHU WUDYHUVHV WKH &&7 IURP ERWWRP WR WRS WR

DFFXPXODWH WKH LQFOXVLYH acc IRU HYHU\ QRGH� ,W WKHQ SUXQHV WKH &&7� OHDYLQJ WKH QRGHV

WKDW DFFRXQW IRU VLJQLILFDQW SURSRUWLRQV RI PHPRU\ DFFHVVHV GXULQJ WKH HQWLUH SURJUDP

H[HFXWLRQ� DV VKRZQ LQ )LJXUH ���� )RU OHDI QRGHV LQ WKH SUXQHG &&7� 'DWD3ODFHU WUHDWV

WKHP DV VHSDUDWH SKDVHV� LQ ZKLFK WKH GDWD SODFHPHQW VWUDWHJ\ LV G\QDPLFDOO\ DGDSWHG

DFFRUGLQJ WR WKH DUUD\�FHQWULF PHWULF F̂ � FRPSXWHG ZLWK PHPRU\ DFFHVVHV LQ WKH SKDVH�

$V IRU WKH RSWLPL]DWLRQ� SURJUDPPHUV QHHG WR IOXVK WKH GDWD LQ WKH IDVW +0 OD\HUV DW WKH

EHJLQQLQJ RI WKH IXQFWLRQ DQG WKHQ SODFH WKH GDWD DFFRUGLQJ WR 'DWD3ODFHU¶V VXJJHVWLRQV�

��



7DEOH ���� 'DWD3ODFHU¶V RSWLPL]DWLRQ GHFLVLRQV EDVHG RQ WZR PHWULFV�

acc fp RSWLPL]DWLRQ GHFLVLRQV
KLJK KLJK RSWLPL]DWLRQ ZLWK KLJK SULRULW\
ORZ KLJK OLWWOH SHUIRUPDQFH JDLQV �ORZ GDWD UHXVH�

ORZ�KLJK ORZ OLWWOH SHUIRUPDQFH JDLQV �GDWDVHW ILW LQ KDUGZDUH FDFKH�

+\EULG PHPRU\ VXEV\VWHP $ V\VWHP ZLWK K\EULG KDUGZDUH� DQG VRIWZDUH�PDQDJHG

FDFKH�PHPRU\ LV FKDOOHQJLQJ IRU GDWD SODFHPHQW� )RU H[DPSOH� HDFK RI .H\6WRQH ,,¶V

'63V KDV D ��� .% /� FDFKH WKDW LV PDQDJHG E\ KDUGZDUH� :H ILQG WKDW LI WKH GDWDVHW

RI D SURJUDP LV VPDOO HQRXJK WR ILW LQWR WKH KDUGZDUH FDFKH� SODFLQJ GDWD REMHFWV LQWR

+0 GRHV QRW KHOS LWV SHUIRUPDQFH� 7KHUHIRUH� 'DWD3ODFHU FROOHFWV PHPRU\ IRRWSULQWV

fp IRU HDFK QRGH LQ WKH SUXQHG &&7� OLNH acc� 0HPRU\ IRRWSULQW LV GHILQHG DV WKH XQLTXH

PHPRU\ E\WHV DFFHVVHG LQ D FDOOLQJ FRQWH[W� 7DEOH ��� VKRZV KRZ 'DWD3ODFHU PDNHV

RSWLPL]DWLRQ GHFLVLRQV EDVHG RQ WKHVH WZR PHWULFV� 'DWD3ODFHU VXJJHVWV WKDW RSWLPL]LQJ

GDWD SODFHPHQW LQ FRQWH[WV ZLWK KLJK acc DQG fp FDQ OHDG WR VLJQLILFDQW SHUIRUPDQFH

LPSURYHPHQW� ,I acc LV ORZ DQG fp LV KLJK� WKH FRGH H[SRVHV OLWWOH ORFDOLW\� 7KXV� SODFLQJ

GDWD LQWR +0 GRHV QRW EHQHILW SHUIRUPDQFH PXFK� 0RUHRYHU� LI fp LV ORZ� WKH KDUGZDUH

FDFKHV FDQ KROG DOO WKH GDWD� PLQLPL]LQJ WKH HIIHFWV RI +0�

7R FROOHFW fp� 'DWD3ODFHU FUHDWHV D KDVK VHW WR PDLQWDLQ DOO XQLTXH PHPRU\ E\WHV

DFFHVVHG H[FOXVLYHO\ WR &&7 QRGHV� /LNH acc� WKH KDVK VHW LV PHUJHG IURP ERWWRP WR

WRS LQ WKH &&7 DORQJ DOO FDOO SDWKV IRU WKH LQFOXVLYH IRRWSULQW RI D FRQWH[W� fp RI D IXQFWLRQ

LV FRPSXWHG DV WKH VL]H RI WKH LQFOXVLYH KDVK VHW DVVRFLDWHG ZLWK WKH IXQFWLRQ�

����� 'DWD3ODFHU 2XWSXW

'DWD3ODFHU SURGXFHV WKH WH[W RXWSXW RQFH WKH SURJUDP ILQLVKHV LWV H[HFXWLRQ� )LJXUH ���

VKRZV DQ H[DPSOH RXWSXW RI 'DWD3ODFHU IRU b`�/� D FDVH VWXG\ WR EH GHVFULEHG LQ WKH

QH[W VHFWLRQ� UXQQLQJ ZLWK IRXU WKUHDGV� $W WKH EHJLQQLQJ RI WKH RXWSXW ILOH� 'DWD3ODFHU

VKRZV WKH WRWDO QXPEHU RI PHPRU\ DFFHVVHV LQ WKLV H[HFXWLRQ� 7KHQ� 'DWD3ODFHU UDQNV

DOO GDWD REMHFWV LQ D GHVFHQGLQJ RUGHU E\ F̂ � ,Q WKH ILJXUH� ZH RQO\ VKRZ RQH H[DPSOH

DUUD\� 'DWD3ODFHU RXWSXWV WKH GDWD ,' �IRU 'DWD3ODFHU¶V LQWHUQDO XVDJH� DQG WKH QXPEHU

��



A total of 184016202 memory accesses.

Rank 0 >>>>
Dynamic Data 45703 chunk 1 accessed 33107904 times. 

Data allocation call path:
45678:0x7f20c32816e0:pushq %rbp:malloc::0
  45676:0x400dda:callq 0x400bf0:main:[...]/main.c:157             
    30599:0x7f20c3227b03:callq %rax:__libc_start_main::0 
      29824:0x401b40:callq 0x400ba0:_start: [...]/sysdeps/x86_64/start.S:122
        1:(nil)::THREAD[0]_ROOT_CTXT::0
                 
size = 898.109 KB contribution = 17.9918% F = 36.00

accessed by threads:
12445583 6927600 6867360 6867360

Footprint and accesses per context
Footprint is 4591168 Bytes, #accesses is 22831020 
Calling contexts:
24341:0x401cf0:movsxdl  (%r14,%rax,4), %rcx:main._omp_fn.1::0
  24289:0x401590:callq  0x401c10:main::0
    14026:0x7f896debbb03:callq  %rax:__libc_start_main::0
      13647:0x401b40:callq  0x400ba0:_start:/home/abuild/rpmbuild/BUILD/
      glibc-2.19/csu/../sysdeps/x86_64/start.S:122
        1:(nil)::THREAD[0]_ROOT_CTXT::0

)LJXUH ���� $Q RXWSXW H[DPSOH RI 'DWD3ODFHU ZKHQ PRQLWRULQJ b`�/�

RI DFFHVVHV� )RU VWDWLF DUUD\V� 'DWD3ODFHU GLVSOD\V LWV QDPH� )RU G\QDPLF DUUD\V� 'DW�

D3ODFHU SULQWV WKH IXOO FDOO SDWK VR WKDW D SURJUDPPHU FDQ DVVRFLDWH WKH GDWD REMHFW ZLWK

WKH VRXUFH FRGH� ,Q WKLV H[DPSOH� WKH GDWD REMHFW LV DOORFDWHG RQ KHDS E\ K�HHQ+� 'DW�

D3ODFHU DOVR PDSV WKH FDOO SDWKV WR WKH VRXUFH FRGH IRU HDV\ LQWHUSUHWDWLRQ� WKH K�HHQ+

LV FDOOHG DW OLQH ��� LQ K�BMX+�

0RUHRYHU� 'DWD3ODFHU FRPSXWHV WKH DUUD\ VL]H LQ E\WHV� WKH FRQWULEXWLRQ RI PHPRU\

DFFHVVHV �LQ SHUFHQWDJH� WR WKH ZKROH SURJUDP H[HFXWLRQ� DQG F̂ � 'DWD3ODFHU OLVWV WKH

QXPEHU RI DFFHVVHV E\ HDFK WKUHDG DQG LGHQWLILHV ZKHWKHU WKH GDWD REMHFW LV VKDUHG RU

SULYDWH� ,Q WKLV H[DPSOH� DV DOO WKH IRXU WKUHDGV DFFHVV WKLV DUUD\� WKLV DUUD\ LV VKDUHG E\

DOO WKH WKUHDGV DQG VKRXOG EH SODFHG LQWR WKH VKDUHG IDVW PHPRU\ OD\HU�

'DWD3ODFHU DOVR UHSRUWV acc DQG fp� DV VKRZQ LQ 7DEOH ��� IRU WKH ZKROH SURJUDP�

7R JLYH G\QDPLF RSWLPL]DWLRQ JXLGDQFH� 'DWD3ODFHU IXUWKHU UHSRUWV acc DQG fp LQ DOO WKH

IXQFWLRQV ZLWK IXOO FDOOLQJ FRQWH[WV� )LJXUH ��� VKRZV RQH H[DPSOH 2SHQ03 IXQFWLRQ�

$V WKLV 2SHQ03 IXQFWLRQ SHUIRUPV WKH PRVW FRPSXWDWLRQ� 'DWD3ODFHU VXJJHVWV WR WDUJHW

WKLV IXQFWLRQ ZLWK RQH VWUDWHJ\ WR SODFH WKH DUUD\ LQ WKH IDVW PHPRU\� KLJKOLJKWHG LQ WKH

��



DOORFDWLRQ FDOO SDWK�

,W LV ZRUWK QRWLQJ WKDW WKH WH[W RXWSXW RI 'DWD3ODFHU FDQ FRQWDLQ WKRXVDQGV RI OLQHV

EHFDXVH DOO WKH DOORFDWLRQV DQG IXQFWLRQV ZLWK WKHLU IXOO FDOO SDWKV DUH LQFOXGHG� +RZ�

HYHU� E\ VRUWLQJ DOO WKH LWHPV �VRUWLQJ DUUD\V ZLWK F̂ DQG VRUWLQJ IXQFWLRQV ZLWK acc�� ZH

FDQ VXFFHVVIXOO\ VKULQN WKH VHDUFKLQJ VSDFH DQG IRFXV RQ D IHZ DUUD\V DQG IXQFWLRQ

FRQWH[WV� ,Q WKH IXWXUH� ZH SODQ WR EXLOG D JUDSKLFDO LQWHUIDFH IRU 'DWD3ODFHU IRU HDV\

GDWD LQWHUSUHWDWLRQ�

��� (YDOXDWLRQ

:H HYDOXDWH +0%HQFK DQG 'DWD3ODFHU RQ WKH 7, .H\6WRQH ,,� 7KH FRQILJXUDWLRQ RI .H\�

6WRQH ,, LV GHVFULEHG LQ 6HFWLRQ ���� 7KH FRPSLOHU RQ WKH KRVW VLGH LV ;++ 9XdXk� ZKLOH WKH

FRPSOLHU RQ WKH GHYLFH VLGH LV 7,¶V 2SHQ03 $FFHOHUDWRU 0RGHO &RPSLOHU +H�++ RXRXR�

:H FRPSLOH DOO WKH EHQFKPDUNV LQ +0%HQFK ZLWK @Pj� 'DWD3ODFHU FROOHFWV H[HFXWLRQ

SURILOHV RI +0%HQFK RQ DQ [�� PDFKLQH� ZKLFK KDV �� ,QWHO ;HRQ ��� *+] FRUHV� ZLWK

��� *% PHPRU\� 'DWD3ODFHU PRQLWRUV WKH SURJUDP H[HFXWLRQV ZLWK HLJKW WKUHDGV� 7KH

RYHUKHDG LV �����× WKH QDWLYH H[HFXWLRQ� :H DYHUDJH WKH H[HFXWLRQ WLPH DQG SRZHU

FRQVXPSWLRQ ZLWK UXQQLQJ HDFK H[SHULPHQW ILYH WLPHV� ZH ILQG WKDW YDULDQFH LV QHJOLJLEOH�

:H GLVFXVV RXU H[SHULPHQWV LQ IRXU DVSHFWV� ,Q 6HFWLRQ ������ ZH RSWLPL]H +0�

%HQFK DFFRUGLQJ WR WKH JXLGDQFH RI 'DWD3ODFHU� ,Q 6HFWLRQ ������ ZH FKDUDFWHUL]H WKH

SHUIRUPDQFH GLIIHUHQFH RI +0%HQFK GXH WR +0 LQ .H\6WRQH ,,� ,Q 6HFWLRQ ������ ZH

FKDUDFWHUL]H WKH GLIIHUHQFH LQ SRZHU FRQVXPSWLRQ ZLWK WKH XWLOL]DWLRQ RI +0 LQ .H\6WRQH

,,� )LQDOO\� ZH GLVFXVV VRPH LVVXHV LQ RXU H[SHULPHQWV LQ 6HFWLRQ ������

����� 2SWLPL]LQJ +0%HQFK RQ .H\6WRQH ,,

:LWK WKH JXLGDQFH RI 'DWD3ODFHU� ZH DUH DEOH WR DSSO\ WKH RSWLPL]DWLRQV WR DOO WKH EHQFK�

PDUNV LQ +0%HQFK� 7R HYDOXDWH 'DWD3ODFHU DQG GHPRQVWUDWH RXU RSWLPL]DWLRQV� ZH

VWXG\ IRXU EHQFKPDUNV LQ GHWDLO� :LWKRXW VSHFLILF H[SODQDWLRQ� WKH VSHHGXSV ZH UHSRUW

��



� f �HHQ+�iBQM �M/ BMBiB�HBx�iBQM  f
� OT`�;K� QKT T�`�HH2H 7Q` XXX
� 7Q`U B 4 y c B I L c BYYV
� 7Q`U D 4 y c D I L c DYYV
� "(D)(B) 4 �(B)(D)c

/LVWLQJ ���� &RGH VQLSSHW RI Ki`�Mb� PDWUL[ � LV WUDQVSRVHG LQWR PDWUL[ "�

DUH RYHU WKH GHIDXOW H[HFXWLRQ RI +0%HQFK RQ .H\6WRQH ,,� ZKLFK GRHV QRW XVH WKH IDVW

+0�

PWUDQV 7KHUH DUH WZR DUUD\V LQ WKLV PLFUR EHQFKPDUN� WKH RULJLQDO PDWUL[ � DQG WKH

WUDQVSRVHG RQH "� DV VKRZQ LQ /LVWLQJ ���� %RWK PDWULFHV DUH VKDUHG E\ DOO WKUHDGV�

'DWD3ODFHU VXJJHVWV ZH VKRXOG SODFH PDWUL[ " LQWR IDVW PHPRU\ LI WKHUH LV QRW HQRXJK

URRP IRU ERWK� EHFDXVH RI WKH EDG ORFDOLW\ LQ PDWUL[ "� :H RSWLPL]HG WKH DSSOLFDWLRQ

IROORZLQJ 'DWD3ODFHU DQG REVHUYHG DQ �����× VSHHGXS� ,Q FRQWUDVW� SODFLQJ PDWUL[ � �RI

JRRG ORFDOLW\� LQWR IDVW PHPRU\ REWDLQV RQO\ D ����× VSHHGXS� RU KDOI WKH SHUIRUPDQFH

JDLQ RI SODFLQJ PDWUL[ "�

OXG 7KHUH DUH WZR SKDVHV LQ Hm/� D ILOH LQSXW SKDVH DQG D NHUQHO FRPSXWDWLRQ SKDVH�

'DWD3ODFHU LGHQWLILHV WKDW WKHUH LV RQO\ RQH VLJQLILFDQW DUUD\ K� ZKLFK FRQWDLQV DOO WKH

PDWUL[ GDWD IRU GHFRPSRVLWLRQ FRPSXWDWLRQ� $V VKRZQ LQ /LVWLQJ ���� m LV DOORFDWHG LQ

+`2�i2nK�i`Btn7`QKn7BH2 DQG XVHG LQ Hm/nQKT� WKH SDUDOOHO NHUQHO� $UUD\ K DFFRXQWV

IRU ∼��� RI WRWDO PHPRU\ DFFHVVHV� 0RUHRYHU� K LV VKDUHG E\ DOO WKUHDGV� VR 'DWD�

3ODFHU VXJJHVWV SODFLQJ LW LQWR IDVW PHPRU\� :H DSSO\ WKH RSWLPL]DWLRQ DFFRUGLQJ WR

'DWD3ODFHU¶V JXLGDQFH DQG DFKLHYH D ����× VSHHGXS IRU WKH 2SHQ03 SDUDOOHO UHJLRQ

ZKHQ UXQQLQJ RQ HLJKW '63V�

QZ 'DWD3ODFHU LGHQWLILHV WZR VLJQLILFDQW DUUD\V XVHG LQ Mr� $V VKRZQ LQ /LVWLQJ ���� WKH

WZR DUUD\V `272``2M+2 DQG BMTminBi2Kb2ib ZLWK WKH VDPH VL]H� 2.2 0%� %RWK RI WKHP

DUH XVHG LQ D SDUDOOHO UHJLRQ� VKDUHG E\ DOO WKUHDGV� 7KHVH WZR DUUD\V DFFRXQW IRU ∼���

RI WRWDO PHPRU\ DFFHVVHV� :LWK WKLV SHUIRUPDQFH LQVLJKWV� 'DWD3ODFHU UHFRPPHQGV

��



� 7HQ�i  Kc
� XXX
� f 7BH2 BMTmi  f
� +`2�i2nK�i`Btn7`QKn7BH2U�K-BMTmin7BH2 -�K�i`Btn/BKVc
� XXX
� f  F2`M2H +QKTmi�iBQM  f
� Hm/nQKTUK- K�i`Btn/BKVc
/LVWLQJ ���� &RGH VQLSSHW RI Hm/� $UUD\ K UHDGV WKH LQSXW ILOH DQG WKHQ LV SDVVHG IRU
NHUQHO FRPSXWDWLRQ�

SODFLQJ ERWK DUUD\V LQWR IDVW PHPRU\� ZKLFK OHDGV WR D ���× VSHHGXS IRU WKH RYHUDOO

SURJUDP�

VUDG %HVLGHV WKH DUUD\ KLJKOLJKWHG LQ )LJXUH ���� 'DWD3ODFHU LGHQWLILHV VL[ PRUH VLJQLI�

LFDQW DUUD\V� DV VKRZQ LQ /LVWLQJ ���� ZKLFK DFFRXQW IRU ∼��� RI WRWDO PHPRU\ DFFHVVHV

LQ WKH SURJUDP� 7KUHDGV VKDUH VL[ RI WKHVH DUUD\V LQ WKH IROORZLQJ SDUDOOHO UHJLRQ� ,GH�

DOO\� 'DWD3ODFHU UHFRPPHQGV SODFLQJ DOO VHYHQ DUUD\V LQ WKH IDVW PHPRU\� +RZHYHU�

GXH WR WKH OLPLWHG VSDFH� WKH IDVW PHPRU\ FDQQRW KROG DOO WKH DUUD\V� :LWK WKH DQDO\VLV

RI 'DWD3ODFHU� ZH SODFH ILYH DUUD\V ZLWK WKH KLJKHVW F̂ WR WKH IDVW PHPRU\� 7KHVH DUUD\V

DUH BK�;2� /L� /a� /q DQG +� $V IRU WKH RSWLPL]DWLRQ� WKH DUUD\ BK�;2 QHHGV WR EH LQLWLDO�

L]HG LQ WKH KRVW DQG WKHQ SDVVHG WR WKH GHYLFH� )RU WKH RWKHU IRXU DUUD\V� WKH\ FDQ EH

LQLWLDOL]HG RQ WKH GHYLFH� :LWK WKLV RSWLPL]DWLRQ� ZH REWDLQ D ����× VSHHGXS�

)XUWKHU DQDO\VLV RQ VSHHGXSV 7DEOH ��� VXPPDUL]HV WKH RSWLPL]DWLRQ WR DOO WKH EHQFK�

PDUNV LQ +0%HQFK ZLWK WKH JXLGDQFH RI 'DWD3ODFHU� ,Q WKH WDEOH� ZH VKRZ WKH IRRWSULQW�

WKH QXPEHU RI DFFHVVHV� DQG WKH QXPEHU RI DUUD\V SODFHG LQWR IDVW PHPRU\ XQGHU WKH

JXLGDQFH RI 'DWD3ODFHU� :H VHW WZR EDVHOLQHV WR PDNH WKH FRPSDULVRQ� %DVHOLQH B1 LV

WKH GHIDXOW SURJUDP FRQILJXUDWLRQ ZLWKRXW XWLOL]LQJ WKH IDVW PHPRU\� %DVHOLQH B2 XWLOL]HV

VFUDWFKSDG PHPRU\ ZLWK D QDLYH GDWD SODFHPHQW VWUDWHJ\� ILUVW FRPH� ILUVW VHUYHG� )URP

WKH WDEOH� ZH FDQ VHH WKDW HLJKW RI �� EHQFKPDUNV EHQHILW IURP WKH +0 RSWLPL]DWLRQ

DQG DFKLHYH PRUH WKDQ ����× VSHHGXSV RYHU B1� $PRQJ WKHP� PWUDQV DQG OXG RE�

WDLQ VLJQLILFDQW VSHHGXSV� +RZHYHU� EHQFKPDUNV OLNH FK2�Mb� H�p�J.� T�`iB+H27BHi2`�

��



� `272``2M+2 4 UBMi  VK�HHQ+U K�tn`Qrb  K�tn+QHb  bBx2Q7UBMiV Vc
� BMTminBi2Kb2ib 4 UBMi  VK�HHQ+U K�tn`Qrb  K�tn+QHb  bBx2Q7UBMiV V

c
� XXX
� f T`Q+2bb iQT@H27i K�i`Bt  f
� OT`�;K� QKT T�`�HH2H 7Q` XXX
� 7Q`U B/t 4 y c B/t I4 B c B/tYYV&
� XXX
� BMTminBi2Kb2ib(BM/2t)4 K�tBKmKU BMTminBi2Kb2ib(BM/2t@R@K�tn+QHb)

Y `272``2M+2(BM/2t)-
� BMTminBi2Kb2ib(BM/2t @R) @ T2M�Hiv-

�� BMTminBi2Kb2ib(BM/2t@K�tn+QHb) @ T2M�HivVc
�� '
�� XXX
�� f T`Q+2bb #QiiQK@`B;?i K�i`Bt  f
�� OT`�;K� QKT T�`�HH2H 7Q` XXX
�� 7Q`U B/t 4 y c B/t I4 B c B/tYYV&
�� XXX
�� BMTminBi2Kb2ib(BM/2t)4 K�tBKmKU BMTminBi2Kb2ib(BM/2t@R@K�tn+QHb)

Y `272``2M+2(BM/2t)-
�� BMTminBi2Kb2ib(BM/2t @R) @ T2M�Hiv-
�� BMTminBi2Kb2ib(BM/2t@K�tn+QHb) @ T2M�HivVc
�� '

/LVWLQJ ���� &RGH VQLSSHW RI Mr� $UUD\V `272``2M+2 DQG BMTminBi2Kb2ib DUH IUHTXHQWO\
DFFHVVHG�

DQG T�i?7BM/2` REWDLQ QHDUO\ QR SHUIRUPDQFH LPSURYHPHQW� 7KHUHIRUH� QRW DOO NLQGV RI

EHQFKPDUNV FDQ EHQHILW IURP +0� :H GLVFXVV WKH SHUIRUPDQFH LPSDFW RI +0 WR GLIIHU�

HQW NLQGV RI EHQFKPDUNV LQ WKH QH[W VHFWLRQ� 0RUHRYHU� ZH FDQ VHH WKDW ILYH RXW RI ��

EHQFKPDUNV �Ki`�Mb� KKmHiB� #7b� ?QibTQi� DQG Mr� DFKLHYH PRUH WKDQ 1.10× VSHHGXS

RYHU B2� 2Q DYHUDJH� 'DWD3ODFHU DFKLHYHV D VSHHGXS RI ����× DQG ����× RYHU B1 DQG

B2 EDVHOLQHV� UHVSHFWLYHO\�

����� 3HUIRUPDQFH &KDUDFWHUL]DWLRQ

,Q WKLV VHFWLRQ� ZH FKDUDFWHUL]H WKH SHUIRUPDQFH LPSDFW RI +0 DQG LGHQWLI\ WKH ZRUNORDG

IHDWXUHV WKDW FDQ EHQHILW IURP +0� :H PDLQO\ IRFXV RQ WKH SHUIRUPDQFH RI SDUDOOHO UH�

JLRQV LQ WKHVH EHQFKPDUNV� &RPPRQ WR DOO WKH EHQFKPDUNV WKDW EHQHILW IURP +0� WKH\

KDYH WKUHH IHDWXUHV� )LUVW� WKHLU SDUDOOHO UHJLRQV VKRXOG EH ODUJH HQRXJK WR DYRLG SDUDOOHO

RYHUKHDG LQ 2SHQ03 IURP RYHUZKHOPLQJ WKH H[HFXWLRQ WLPH� )RU H[DPSOH� WKH SDUDOOHO

��



� BK�;2nQ`B 4 U7T VK�HHQ+UbBx2Q7U7TV BK�;2nQ`Bn2H2KVc
� XXX
� BK�;2 4 U7T VK�HHQ+UbBx2Q7U7TV  L2Vc
� XXX
� /L 4 K�HHQ+UbBx2Q7U7TV L2Vc ff MQ`i? /B`2+iBQM /2`Bp�iBp2
� /a 4 K�HHQ+UbBx2Q7U7TV L2Vc ff bQmi? /B`2+iBQM /2`Bp�iBp2
� /q 4 K�HHQ+UbBx2Q7U7TV L2Vc ff r2bi /B`2+iBQM /2`Bp�iBp2
� /1 4 K�HHQ+UbBx2Q7U7TV L2Vc ff 2�bi /B`2+iBQM /2`Bp�iBp2
� XXX

�� + 4 K�HHQ+UbBx2Q7U7TV L2Vc ff /B77mbBQM +Q277B+B2Mi
�� XXX
�� `2bBx2U BK�;2nQ`B - BK�;2nQ`Bn`Qrb -XXXVc
�� XXX
�� OT`�;K� QKT T�`�HH2H 7Q` XXX
�� 7Q` UD4yc DIL+c DYYV
�� 7Q` UB4yc BIL`c BYYV &
�� XXX
�� ff /Bp2`;2M+2
�� . 4 +L /L(F) Y +a /a(F) Y +q /q(F) Y +1 /1(F)c
�� ff mT/�i2b BK�;2
�� BK�;2(F) 4 BK�;2(F) Y yXk8 H�K#/� .c
�� XXX
�� '
�� '

/LVWLQJ ���� &RGH VQLSSHW RI b`�/� 7KHUH DUH VHYHQ DUUD\V ZLWK VLJQLILFDQW DFFHVVHV LQ
WKH 2SHQ03 SDUDOOHO UHJLRQ�

UHJLRQ LQ OXG DFFRXQWV IRU DOPRVW ���� RI WKH SURJUDP H[HFXWLRQ WLPH� VR RXU RSWLPL]D�

WLRQ VKRZV D VLJQLILFDQW VSHHGXS� 6HFRQG� SDUDOOHO UHJLRQV KDYH UHDVRQDEOH PHPRU\

IRRWSULQWV DQG DFFHVVHV� 7KLUG� EHQFKPDUNV KDYH KRW DUUD\V� ZKRVH SODFHPHQW LQ WKH

+0 FDQ EHQHILW D ODUJH QXPEHU RI PHPRU\ DFFHVVHV� )RU H[DPSOH� Hm/� Mr� DQG b`�/

KDYH KRW DUUD\V� SODFLQJ WKHP LQ +0 FDQ EHQHILW ������ RI WKH WRWDO PHPRU\ DFFHVVHV�

+RZHYHU� DV VKRZQ LQ 7DEOH ���� WKHUH DUH EHQFKPDUNV KDYLQJ OLWWOH SHUIRUPDQFH LP�

SURYHPHQW ZLWK +0 RSWLPL]DWLRQ� :LWK WKH KHOS RI 'DWD3ODFHU� ZH REWDLQ WKH EHQFKPDUN

FKDUDFWHULVWLFV WKDW PD\ QRW EHQHILW IURP +0�

� 6PDOO IRRWSULQWV� ,I WKH PHPRU\ IRRWSULQW LV VPDOO� DOO GDWD FDQ EH ORDGHG LQWR .H\�

6WRQH ,,¶V /� DQG /� FDFKHV� VR RSWLPL]DWLRQ GRHV QRW KHOS� )RU H[DPSOH� +7/ KDV

OHVV WKDQ �0% IRRWSULQWV WKDW FDQ ILW LQWR WKH KDUGZDUH�PDQDJHG /� FDFKH� 7KXV�

WKH VSHHGXS IRU +7/ LV WULYLDO�

��



7DEOH ���� 7KH DQDO\VLV DQG RSWLPL]DWLRQ JXLGDQFH SURYLGHG E\ 'DWD3ODFHU� 7KH
VSHHGXSV DUH PHDVXUHG IRU DOO EHQFKPDUNV UXQQLQJ ZLWK HLJKW WKUHDGV LQ .H\6WRQH ,,�

EHQFKPDUNV IRRWSULQW
�E\WHV� DFFHVVHV

�DUUD\V
LQ
+0

6SHHGXS
RYHU
B1

6SHHGXS
RYHU
B2

Ki`�Mb ���(� ���(� � �����× ����×
KKmHiB ���(� ���(� � ����× ����×
#7b ���(� ���(� � ����× ����×
+7/ ���(� ���(� � ����× ����×

?QibTQi ���(� ���(� � ����× ����×
FK2�Mb ���(� ���(�� � ����× ����×
H�p�J. ���(� ���(� � ����× ����×
Hm/ ���(� ���(� � ����× ����×
MM ���(� ���(� � ����× ����×
QZ ���(� ���(� � ����× ����×

T�`iB+H27Hi` ���(� ���(� �� ����× ����×
T�i?7BM/2` ���(� ���(� � ����× ����×

b`�/ ���(� ���(� � ����× ����×
*HR�PHDQ � � � ���� × ����×

� 6WUHDPLQJ DFFHVV SDWWHUQV� ,I D EHQFKPDUN KDV D VWUHDPLQJ DFFHVV SDWWHUQ� ORDG�

LQJ GDWD LQWR +0 GRHV QRW EHQHILW IURP PDQ\ UHXVHV� )RU H[DPSOH� H�p�J. KDV D

VWUHDPLQJ DFFHVV SDWWHUQ �fp ≈ acc�� RSWLPL]LQJ LW VKRZV QHDUO\ QR VSHHGXS�

� /DUJH IRRWSULQW ZLWK D XQLIRUP DFFHVV SDWWHUQ� ,I DOO DUUD\V LQ D EHQFKPDUN DUH XQL�

IRUPO\ DFFHVVHG� SODFLQJ D VPDOO QXPEHU RI DUUD\V LQ WKH IDVW +0 OD\HUV GRHV QRW

VLJQLILFDQWO\ LPSURYH WKH SHUIRUPDQFH� )RU H[DPSOH� FK2�Mb KDV D ODUJH IRRWSULQW

ZLWK DQ XQLIRUP DFFHVV SDWWHUQ� 3ODFLQJ RQO\ D VPDOO VXEVHW RI GDWD LQWR +0 OHDGV

WR QHDUO\ QR VSHHGXS�

,Q DGGLWLRQ WR WKH SHUIRUPDQFH� +0 FDQ LPSURYH SURJUDP VFDODELOLW\� :H HYDOXDWH

VWURQJ VFDOLQJ � RI DOO EHQFKPDUNV LQ +0%HQFK� 0RVW RI WKH EHQFKPDUNV KDYH VOLJKWO\

EHWWHU VFDODELOLW\ ZKHQ RSWLPL]HG ZLWK +0� 7KH UHDVRQ LV WKDW 060& KDV PXFK ODUJHU

EDQGZLGWK WKDQ ''5 LQ .H\6WRQH ,,� VR FRQWHQWLRQV LQ PHPRU\ EDQGZLGWK FDQ EH UH�
�6WURQJ VFDOLQJ PHDQV WKDW WKH SUREOHP VL]H LV FRQVWDQW DQG WKH QXPEHU RI FRUHV LQFUHDVHV�

��
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)LJXUH ���� &RPSDULVRQ RI ZKROH�V\VWHP HQHUJ\ FRQVXPSWLRQ EHWZHHQ EDVHOLQH DQG
RSWLPL]HG EHQFKPDUNV UXQQLQJ ZLWK HLJKW WKUHDGV� 7KH YHUWLFDO D[LV LQGLFDWHV WKH HQHUJ\
FRQVXPSWLRQ� PHDVXUHG LQ -RXOHV�

GXFHG ZLWK WKH XVH RI 060&�

����� 3RZHU &KDUDFWHUL]DWLRQ

:H PHDVXUH WKH SRZHU FRQVXPHG E\ HDFK DSSOLFDWLRQ RQ D 7, HYDOXDWLRQ ERDUG WKDW

IHDWXUHV RQH .H\VWRQH ��$.�+ 6R&� UXQQLQJ ZLWK �� �� � DQG � '63 FRUHV� :LWKRXW D

FRQYHQLHQW ZD\ WR WDS LQWR WKH SRZHU UDLOV IRU WKH '63 DQG PHPRU\� ZH PHDVXUH WKH

ERDUG�OHYHO SRZHU FRQVXPSWLRQ� E\ VDPSOLQJ WKH YROWDJH DQG FXUUHQW ZLWK DQ H[WHUQDO

GLJLWDO PXOWLPHWHU� $JLOHQW �����$� :KHQ WKH ERDUG LV LGOH �QR ZRUNORDG RQ &38 DQG

'63�� ZH PHDVXUH WKH ERDUG SRZHU DV WKH EDVHOLQH� ZKHQ ZRUNORDG LV EHLQJ H[HFXWHG�

ZH VDPSOH WKH ERDUG SRZHU� :H UHSHDWHGO\ UXQ HDFK EHQFKPDUN PXOWLSOH WLPHV WR PLQ�

LPL]H WKH PHDVXUHPHQW HUURUV LQWURGXFHG E\ WKH V\VWHP QRLVH� :H UHSRUW WKH ZRUNORDG

HQHUJ\ FRQVXPSWLRQ E\ LQWHJUDWLQJ WKH SRZHU RYHU WLPH�

)LJXUH ��� FRPSDUHV WKH HQHUJ\ FRQVXPSWLRQ RI WKH ZKROH V\VWHP ZKHQ UXQQLQJ WKH

RULJLQDO �ZLWKRXW XVLQJ 060&� DQG RSWLPL]HG EHQFKPDUNV� $V VKRZQ LQ WKH ILJXUH� WKH

��
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)LJXUH ���� &RPSDULVRQ RI G\QDPLF HQHUJ\ FRQVXPSWLRQ EHWZHHQ EDVHOLQH DQG RSWL�
PL]HG EHQFKPDUNV UXQQLQJ ZLWK HLJKW WKUHDGV� 7KH YHUWLFDO D[LV LQGLFDWHV WKH HQHUJ\
FRQVXPSWLRQ� PHDVXUHG LQ -RXOHV�

RSWLPL]DWLRQV ZLWK +0 IRU +0%HQFK DOZD\V UHGXFH HQHUJ\ FRQVXPSWLRQ� :H FDQ VHH

WKDW VHYHQ EHQFKPDUNV KDYH PRUH WKDQ 20� HQHUJ\ UHGXFWLRQ GXH WR RXU +0 RSWLPL]D�

WLRQ� ,W LV ZRUWK QRWLQJ WKDW VRPH EHQFKPDUNV� VXFK DV +7/� FK2�Mb DQG T�`iB+H27BHi2`�

GR QRW REWDLQ VSHHGXSV ZLWK WKH XWLOL]DWLRQ RI IDVW +0� EXW WKH\ REWDLQ QRQWULYLDO HQHUJ\

UHGXFWLRQ� ������

'XH WR WKH GHVLJQ OLPLWDWLRQ RI WKH HYDOXDWLRQ ERDUG� LWV VWDWLF SRZHU LV NQRZQ WR EH

PXFK KLJKHU WKDQ WKDW RI D SURGXFWLRQ GHYLFH� 7R IXUWKHU KLJKOLJKW RXU HIILFLHQF\ EHQH�

ILW� ZH FRPSDUH WKH G\QDPLF HQHUJ\ FRQVXPSWLRQ� ZKLFK LV FRPSXWHG DV WKH GLIIHUHQFH

EHWZHHQ WKH PHDVXUHG HQHUJ\ DQG WKH EDVHOLQH HQHUJ\ RQ FKLS� )LJXUH ��� VKRZV WKH

PHDVXUHPHQW UHVXOWV� PRVW RI WKH EHQFKPDUNV KDYH VLJQLILFDQW UHGXFWLRQ LQ HQHUJ\ FRQ�

VXPSWLRQ� PRUH WKDQ �× RQ DYHUDJH� :H IXUWKHU QRWLFH WKDW MM DQG T�i?7BM/2` DIWHU

RSWLPL]DWLRQ FRQVXPH PRUH G\QDPLF HQHUJ\ �)LJXUH ����� EXW OHVV RYHUDOO HQHUJ\ �)LJ�

XUH ����� 7KH UHDVRQ LV WKDW WKH H[HFXWLRQ WLPH UHGXFWLRQ RI WKHVH EHQFKPDUNV VDYHV D

VLJQLILFDQW DPRXQW RI VWDWLF HQHUJ\� ZKLFK VXUSDVVHV WKH G\QDPLF HQHUJ\ LQFUHPHQW�

��



����� 7DNHDZD\V IURP ([SHULPHQWLQJ .H\6WRQH ,,

:LWK WKH HYDOXDWLRQ RI D EHQFKPDUN VXLWH UXQQLQJ RQ D UHDO V\VWHP� .H\6WRQH ,,� ZH

LGHQWLI\ WKDW +0 FDQ EHQHILW ERWK SHUIRUPDQFH DQG SRZHU FRQVXPSWLRQ IRU PDQ\� EXW QRW

DOO� DSSOLFDWLRQV� $ SHUIRUPDQFH WRRO� OLNH 'DWD3ODFHU� LV QHFHVVDU\ WR JXLGH WKH XVH RI

+0 IRU WKH EHVW SHUIRUPDQFH�

+RZHYHU� ZH FDQQRW IXUWKHU FKDUDFWHUL]H +0¶V LPSDFW LQ SHUIRUPDQFH DQG HQHUJ\

ZLWK KDUGZDUH SHUIRUPDQFH HYHQWV RQ .H\6WRQH ,,� 6XFK KDUGZDUH HYHQWV LQFOXGH /��/�

FDFKH DFFHVVHV�PLVVHV DQG 060& DFFHVVHV� 7KH UHDVRQ LV WKDW '63V RQ .H\6WRQH

,, ODFN RI SHUIRUPDQFH FRXQWHUV WR UHFRUG VXFK HYHQWV� :LWKRXW WKLV LQIRUPDWLRQ� ZH

FDQQRW H[SODLQ VRPH SKHQRPHQD� )RU H[DPSOH� ZH FDQQRW GLUHFWO\ XQGHUVWDQG ''5

FRQWHQWLRQ ZKHQ VFDOLQJ EHQFKPDUNV WR PRUH '63V� 0RUHRYHU� ZH KDYH QR LGHD ZK\

QQ DQG SDWKILQGHU FRQVXPH PRUH G\QDPLF HQHUJ\ ZLWK +0 RSWLPL]DWLRQV� 7KLV ZRUN

PRWLYDWHV 7, WR SURYLGH VXFK VXSSRUW LQ '63V WR EHWWHU XQGHUVWDQG WKHLU DSSOLFDWLRQ EH�

KDYLRUV�

��� /LPLWDWLRQV ZLWK .H\6WRQH ,,

2XU VWXG\ RI +0 EDVHG RQ .H\6WRQH ,, KDV WZR OLPLWDWLRQV� )LUVW� WKH IDVW PHPRU\ �/�

DQG 060&� RQ .H\6WRQH ,, KDV D VPDOO VL]H �� 0%�� VR ZH QHHG WR WXQH WKH +0%HQFK

LQSXWV ZLWK VPDOO VL]HV WR PDNH VXUH WKH IDVW PHPRU\ FDQ KROG D VXIILFLHQW SRUWLRQ RI

DUUD\V WR DIIHFW WKH SHUIRUPDQFH� :H WULHG ODUJH LQSXWV RI +0%HQFK� ZKLFK DUH GLIILFXOW

IRU XV WR REWDLQ WKH SHUIRUPDQFH JDLQV� :H H[SHFW ���� *% IDVW PHPRU\ LQ WKH HPHUJLQJ

DUFKLWHFWXUHV� ZKHUH ZH IRUHVHH WKH EHQHILW FDQ EH REWDLQHG IURP RSWLPL]LQJ +0%HQFK

ZLWK ODUJH LQSXWV�

6HFRQG� ZH ODFN WKH LQVLJKWV RI WKH PHPRU\ EHKDYLRU LQ +0�EDVHG DFFHOHUDWRUV EH�

FDXVH WKHUH DUH QR SHUIRUPDQFH PRQLWRULQJ XQLWV �308V� LQ '63� 7KXV� ZH FDQQRW SUH�

FLVHO\ H[SODLQ ZK\ VHYHUDO +0%HQFK EHQFKPDUNV IDLO WR REWDLQ VSHHGXSV ZLWK SODFLQJ

GDWD LQ WKH IDVW PHPRU\� $V WKH PDLQVWUHDP &38 DUFKLWHFWXUHV ZLOO HPSOR\ +0 LQ WKH

��



IXWXUH� ZH H[SHFW WR XVH &38¶V 308 WR FROOHFW ULFK LQIRUPDWLRQ WR XQGHUVWDQG WKH +0

SHUIRUPDQFH�

��� &KDSWHU 6XPPDU\

,Q FRQFOXVLRQ� WKLV FKDSWHU LQWURGXFHV +0%HQFK DQG 'DWD3ODFHU WR VWXG\ WKH LPSDFW

RI VRIWZDUH�PDQDJHG KHWHURJHQHRXV PHPRU\ LQ D UHDO V\VWHP� WKH 7, .H\6WRQH ,,� +0�

%HQFK LV WKH ILUVW 2SHQ03 EHQFKPDUN VXLWH WKDW DGRSWV 2SHQ03 ��� VWDQGDUG DQG ZRUNV

RQ KHWHURJHQHRXV DUFKLWHFWXUHV� 'DWD3ODFHU LV D SURILOHU WR SURYLGH JXLGDQFH IRU GDWD

SODFHPHQW LQ GLIIHUHQW OD\HUV RI VRIWZDUH�PDQDJHG FDFKH DQG PHPRU\� 8VLQJ +0%HQFK

DQG 'DWD3ODFHU� ZH REVHUYH WKH LQVLJKW WKDW +0 SOD\V DQ LPSRUWDQW UROH LQ ERWK ERRVWLQJ

SHUIRUPDQFH DQG UHGXFLQJ HQHUJ\ FRQVXPSWLRQ� 0RUHRYHU� ZH OHYHUDJH +0%HQFK DQG

'DWD3ODFHU WR FKDUDFWHUL]H WKH SHUIRUPDQFH JDLQV ZLWK +0�

2XU IXWXUH ZRUN LV WZRIROG� )LUVW� ZH ZLOO GHYHORS PRUH EHQFKPDUNV IRU +0%HQFK WR

PDNH LW DV WKH VWDQGDUG EHQFKPDUN VXLWH IRU HYDOXDWLQJ +0�EDVHG V\VWHPV DQG FRPSLO�

HUV� 6HFRQG� ZHZLOO H[WHQG 'DWD3ODFHU WR SURYLGH ORZ�OHYHO JXLGDQFH IRU FRPSLOHU�EDVHG

RSWLPL]DWLRQ IRU +0� 6XFK ORZ�OHYHO LQIRUPDWLRQ LQFOXGHV WKH ILQHU JUDQXODULW\ RI GDWD

SODFHPHQW RQ FDFKH OLQHV RU SDJHV� LQVWHDG RI DUUD\V� :H EHOLHYH WKDW RSWLPL]DWLRQV RQ

+0 IURP ERWK KLJK�OHYHO VRXUFH FRGH WUDQVIRUPDWLRQ DQG ORZ�OHYHO FRPSLOHU�VXSSRUWHG

FRGH JHQHUDWLRQ FDQ DFKLHYH WKH RSWLPDO SHUIRUPDQFH�

��



&KDSWHU �

&8'$$GYLVRU� //90�%DVHG

5XQWLPH 3URILOLQJ IRU 0RGHUQ *38V

��� ,QWURGXFWLRQ

*HQHUDO�SXUSRVH *38V KDYH EHHQ ZLGHO\ DGRSWHG LQ YDULRXV FRPSXWLQJ GRPDLQV� VXFK

DV DFFHOHUDWLQJ VFLHQWLILF FRPSXWLQJ DSSOLFDWLRQV� GHHS OHDUQLQJ DQG JUDSK ZRUNORDGV�

)URP KDUGZDUH SHUVSHFWLYH� �� VXSHUFRPSXWHUV LQ WKH WRS ��� OLVW HPSOR\ &38�*38

KHWHURJHQHRXV DUFKLWHFWXUHV DV RI -XQH ���� >��@� DPRQJ WKHP� 3L] 'DLQW DQG 7LWDQ�

ERWK RI ZKLFK HPSOR\ &38�*38 DUFKLWHFWXUHV� UDQN WKLUG DQG IRXUWK RQ WKH OLVW� UHVSHF�

WLYHO\� 0RUHRYHU� GXH WR WKH DGYDQFHPHQW RI GHHS OHDUQLQJ� 19,',$ UHOHDVHG '*;�

� >��@� D GHHS OHDUQLQJ V\VWHP FRQVLVWLQJ RI HLJKW 3DVFDO *38V� )URP VRIWZDUH SHU�

VSHFWLYH� ODUJH SDFNDJHV� VXFK DV /$0036 >��@� 7HQVRU)ORZ >��@ DQG *DORLV >��@� KDYH

EHHQ OHYHUDJLQJ PRGHUQ *38V WR DFKLHYH VXSHULRU SHUIRUPDQFH�

8QOLNH &38V� *38V W\SLFDOO\ RIIHU D UHODWLYHO\ PRUH FRPSOH[ SURJUDPPLQJ DQG DU�

FKLWHFWXUDO VFHQDULR� )RU LQVWDQFH� WKH\ HPSOR\ WKRXVDQGV RI WKUHDGV� ZKLFK DUH GLYLGHG

LQWR ZDUSV� :LWK WKH 6LQJOH�,QVWUXFWLRQ 0XOWLSOH�7KUHDGV �6,07� SURJUDPPLQJ PRGHO� DOO

WKH WKUHDGV LQ RQH ZDUS VKDUH WKH VDPH SURJUDP FRXQWHU� 0RUHRYHU� D ZDUS LV DEOH WR

FRDOHVFH PXOWLSOH PHPRU\ UHTXHVWV WR DGMDFHQW PHPRU\ ZRUGV LQWR RQH VLQJOH UHTXHVW�

VR WKUHDGV FDQ EHQHILW IURP VSDWLDO ORFDOLW\� &DFKHV RQ *38V DUH RIWHQ YHU\ OLPLWHG LQ

��



FDSDFLW\ DQG WKH\ DUH VKDUHG DFURVV WKUHDGV� 7\SLFDOO\� SURJUDPPHUV KDYH WR RIIORDG

NHUQHOV WR *38 �H�J�� 19,',$ *38V� WR EHQHILW IURP LWV KLJK SDUDOOHOLVP�

(IILFLHQWO\ GHVLJQLQJ D *38 NHUQHO LV GLIILFXOW� HVSHFLDOO\ ZKHQ XVLQJ ORZ�OHYHO SUR�

JUDPPLQJ PRGHOV� VXFK DV &8'$ >�@ DQG 2SHQ&/ >�@� 7KXV� LW LV QRW XQFRPPRQ WR

FRPH DFURVV SHUIRUPDQFH ERWWOHQHFNV WKDW SUHYHQW WKH FRGH IURP DFKLHYLQJ KLJK SHUIRU�

PDQFH RQ *38V� 7KHUH DUH PXOWLSOH XQLTXH W\SHV RI FKDOOHQJHV IRU *38 SHUIRUPDQFH

RSWLPL]DWLRQ� )LUVW� DV *38 XVHV WKH 6,07 SURJUDPPLQJ PRGHO� FRQWURO IORZ GLYHUJHQFH

PD\ KXUW SDUDOOHOLVP� 6LQFH WKUHDGV LQ GLIIHUHQW EUDQFK SDWKV KDYH WKH VDPH SURJUDP

FRXQWHU� WKH\ QHHG WR VHULDOL]H EHWZHHQ HDFK RWKHU� 6HFRQG� GXH WR PHPRU\ GLYHUJHQFH

FDXVHG E\ LUUHJXODU RU VWULGHG PHPRU\ DFFHVV SDWWHUQV� *38 SHUIRUPDQFH FDQ EH VLJQLI�

LFDQWO\ GHJUDGHG� 7KLUG� JLYHQ WKH OLPLWHG FDFKH VL]H RQ *38� D ODUJH QXPEHU RI WKUHDGV

FDQ HDVLO\ FRPSHWH IRU FDFKH UHVRXUFHV ZLWKRXW HIILFLHQW FDFKH PDQDJHPHQW VWUDWHJLHV�

)LQDOO\� RSWLPL]DWLRQV DW WKH OHYHO RI LQWUD� DQG LQWHU�&7$ >��@ FDQQRW EH HDVLO\ FRQGXFWHG

ZLWKRXW VRPH FOHDU JXLGDQFH� HVSHFLDOO\ ZKHQ G\QDPLF SDUDOOHOLVP >��@ LV LQYROYHG�

0DQXDOO\ DQDO\]LQJ WKHVH SHUIRUPDQFH ERWWOHQHFNV LV WHGLRXV� HUURU�SURQH DQG VRPH�

WLPHV LPSRVVLEOH IRU ODUJH FRGH EDVHV� 7KXV� RQH XVXDOO\ XVHV SHUIRUPDQFH SURILOHUV WR

JXLGH FRGH RSWLPL]DWLRQ� )RU H[DPSOH� PDQ\ &38 SURILOHUV KDYH EHHQ SURSRVHG� VXFK

DV ,QWHO 97XQH >��@� 2UDFOH 6RODULV 6WXGLR >��@� +3&7RRONLW >��@ DQG JSURI >��@� +RZ�

HYHU� WKHVH &38 SHUIRUPDQFH WRROV FDQQRW GLUHFWO\ SURILOH *38 NHUQHOV� ([LVWLQJ *38

SURILOHUV� VXFK DV 193URI >��@� 7$8 >��@� DQG *�+3&7RRONLW >��@� SHUIRUP FRDUVH�JUDLQHG

DQDO\VLV IRU *38 NHUQHOV ZLWK UHODWLYHO\ IL[HG PHWULFV� 7KHVH WRROV OHYHUDJH &837, >��@

LQWHUIDFH DYDLODEOH LQ 19,',$ *38V WR REWDLQ WKH FDOOEDFNV XSRQ NHUQHO ODXQFKHV DQG

UHWXUQV� 7KH\ HQDEOH KDUGZDUH SHUIRUPDQFH FRXQWHUV RQ *38V DW WKH NHUQHO ODXQFK

SRLQW� UHFRUG WKH RFFXUUHQFH RI SHUIRUPDQFH HYHQWV GXULQJ WKH NHUQHO H[HFXWLRQ� DQG

DVVRFLDWH WKH HYHQWV ZLWK WKH NHUQHO DIWHU WKH NHUQHO H[HFXWLRQ� 7KHVH SHUIRUPDQFH

HYHQWV LQFOXGH FDFKH PLVVHV� PHPRU\ GLYHUJHQFH� DQG EUDQFK GLYHUJHQFH� +RZHYHU�

WKHVH FRDUVH�JUDLQHG DQDO\VHV DVVRFLDWH SHUIRUPDQFH PHWULFV ZLWK *38 NHUQHOV� ODFN�

LQJ LQVLJKWV LQWR NHUQHO¶V LQVWUXFWLRQV� ORRSV� RU IXQFWLRQV� 5HFHQW 19,',$ 0D[ZHOO DQG

��



LWV ODWHU *38 JHQHUDWLRQV VXSSRUW 3& VDPSOLQJ >��@� ZKLFK VDPSOHV LQVWUXFWLRQV LQ D

URXQG�URELQ IDVKLRQ DQG SURYLGHV YDULRXV VWDOO UHDVRQV� +RZHYHU� 3& VDPSOLQJ RQO\

SURYLGHV VSDUVH LQVWUXFWLRQ�OHYHO LQVLJKWV�

7R SHUIRUP ILQH�JUDLQHG DQDO\VLV LQVLGH D *38 NHUQHO� RQH QHHGV WR UHO\ RQ *38

VLPXODWRUV �H�J� *3*38�6LP >��@� RU HPXODWRUV �H�J�� 2FHORW >��@�� +RZHYHU� VLPXOD�

WLRQ DQG HPXODWLRQ XVXDOO\ LQFXU KLJK RYHUKHDG DQG DUH FRPSOH[ WR GHYHORS� 0RUHRYHU�

WKH\ PD\ VXIIHU IURP FRPSDWLELOLW\ LVVXHV UHODWHG WR WKH ODWHVW DSSOLFDWLRQ DQG UXQWLPH

IHDWXUHV� 6LQFH WKH\ GR QRW VLPXODWH RU HPXODWH HYHU\ IHDWXUH RI WKH VWDWH�RI�WKH�DUW

*38 DUFKLWHFWXUHV� WKH RSWLPL]DWLRQ JXLGDQFH JHQHUDWHG PD\ QRW DSSO\ WR FRQWHPSR�

UDU\ *38 KDUGZDUH� 7KHUHIRUH� WKHUH LV D KLJK GHPDQG IRU ILQH�JUDLQHG SURILOHUV WKDW

PRQLWRU NHUQHO H[HFXWLRQ RQ UHDO *38 DUFKLWHFWXUHV�

7R VXSSRUW ILQH�JUDLQHG SURILOLQJ� 19,',$ UHOHDVHG D UHVHDUFK SURWRW\SH QDPHG

6$66, >��@ ²D WRRO WKDW LQVWUXPHQWV *38 FRGHV WR VXSSRUW ILQH�JUDLQHG DQDO\VLV� +RZ�

HYHU� DV D FORVH�VRXUFH WRRO� 6$66, KDV VHYHUDO OLPLWDWLRQV LQ SUDFWLFH� LQ WHUPV RI SRUWD�

ELOLW\ �L�H�� QRW SRUWDEOH DFURVV &8'$ UXQWLPH DQG DUFKLWHFWXUHV�� H[SDQVLELOLW\ �L�H�� LQ�

VWUXPHQWDWLRQ HQJLQH LV QRW RSHQ VRXUFHG�� FRPSOH[LW\ �L�H�� LPSOHPHQWDWLRQ OHYHO FDQ

EH WRR ORZ IRU FRPPRQ GHYHORSHUV� DQG FRYHUDJH �L�H�� RYHUORRNV WKH LQWHUDFWLRQ EH�

WZHHQ &38 KRVW DQG *38�� 7R DGGUHVV DOO WKHVH FKDOOHQJHV� ZH SUHVHQW &8'$$GYLVRU�

D ILQH�JUDLQHG SURILOLQJ IUDPHZRUN WKDW ZRUNV RQ UHDO *38 DUFKLWHFWXUHV DFURVV GLIIHU�

HQW &8'$ YHUVLRQV� &8'$$GYLVRU OHYHUDJHV //90 LQIUDVWUXFWXUH WR LQVWUXPHQW D &8'$

SURJUDP IRU ERWK LWV &38 DQG *38 FRGH� 0RUHRYHU� &8'$$GYLVRU FROOHFWV SHUIRUPDQFH

GDWD GXULQJ &8'$ SURJUDP H[HFXWLRQ� DVVRFLDWHV WKH SHUIRUPDQFH GDWD ZLWK &38 DQG

*38 EHKDYLRUV DQG LQWHUDFWLRQV� DQG GHULYHV XVHIXO PHWULFV WR JXLGH YDULRXV RSWLPL]D�

WLRQ WHFKQLTXHV�

&RQWULEXWLRQV� ,Q VXPPDU\� ZH PDNH WKH IROORZLQJ FRQWULEXWLRQV LQ &8'$$GYLVRU�

� &8'$$GYLVRU LV WKH ILUVW ILQH�JUDLQHG *38 SURILOHU WKDW ZRUNV DFURVV JHQHUDWLRQV RI

PRGHUQ 19,',$ *38 DUFKLWHFWXUHV DQG &8'$ YHUVLRQV� WR WKH EHVW RI RXU NQRZOHGJH�

� &8'$$GYLVRU FRPELQHV WKH FRGH� DQG GDWD�FHQWULF SURILOLQJ UHVXOWV IURP ERWK &38

��



DQG *38 DQG DVVRFLDWHV SHUIRUPDQFH ERWWOHQHFNV ZLWK WKHLU URRW FDXVHV�

� :H DOVR GHPRQVWUDWH &8'$$GYLVRU LV DEOH WR FRPELQH GLIIHUHQW DQDO\VHV DQG GHULYH

XVHIXO PHWULFV DQG LQVLJKWV WR JXLGH RSWLPL]DWLRQV �H�J�� FDFKH E\SDVVLQJ��

:H HYDOXDWH &8'$$GYLVRU RQ WZR*38 SODWIRUPV WR GHPRQVWUDWH SRUWDELOLW\� 19,',$

7HVOD .��F �.HSOHU DUFKLWHFWXUH� ZLWK &8'$ UXQWLPH ��� DQG 19,',$ 7HVOD 3��� �3DVFDO

DUFKLWHFWXUH� ZLWK &8'$ ���� %\ DSSO\LQJ &8'$$GYLVRU WR D QXPEHU RI FRPPRQO\�XVHG

*38 DSSOLFDWLRQV� ZH VKRZ WKDW &8'$$GYLVRU FDQ VXFFHVVIXOO\ DVVRFLDWH SHUIRUPDQFH

ERWWOHQHFNV ZLWK SURJUDP VRXUFH FRGH DQG XQGHUVWDQG WKHLU SURYHQLHQFH� 7R VKRZFDVH

WKH RSWLPL]DWLRQ VFHQDULRV� ZH DOVR SHUIRUP VRIWZDUH�OHYHO KRUL]RQWDO FDFKH E\SDVVLQJ

XQGHU WKH JXLGDQFH RI &8'$$GYLVRU� ZKLFK \LHOGV VSHHGXS DV KLJK DV �×�

��� ([LVWLQJ *38 3URILOHUV DQG /LPLWDWLRQV

,Q WKLV VHFWLRQ� ZH HODERUDWH RQ WKH PRVW UHODWHG ZRUN²6$66,� WKH VWDWH�RI�WKH�DUW ILQH�

JUDLQHG SURILOLQJ IUDPHZRUN²DQG GLVWLQJXLVK RXU DSSURDFK� 6$66, LV D UHVHDUFK SURWR�

W\SH IURP 19,',$ UHVHDUFK JURXS� ZKLFK LV LPSOHPHQWHG DV D SDVV LQ 19,',$¶V EDFNHQG

FRPSLOHU SW[DV� 6$66, VHOHFWLYHO\ LQVHUWV LQVWUXPHQWDWLRQ FRGH WR PRQLWRU WKH H[HFXWLRQ

RI &8'$ NHUQHOV� 6$66, FDQ LQVWUXPHQW LQVWUXFWLRQV DQG IXQFWLRQV� 0RUHRYHU� 6$66,

LV DEOH WR UHDG WKH YDOXHV UHVLGLQJ LQ PHPRU\ ORFDWLRQ DQG UHJLVWHUV� $V GHPRQVWUDWHG

LQ WKH FKDSWHU >��@� 6$66, VXSSRUWV WR EXLOG HIIHFWLYH ILQH�JUDLQHG SURILOHUV� +RZHYHU�

6$66, KDV VHYHUDO OLPLWDWLRQV LQ LWV SRUWDELOLW\� H[SDQVLELOLW\� FRPSOH[LW\� DQG FRYHUDJH�

� 3RUWDELOLW\� $V 6$66, LV EDVHG RQ WKH &8'$ EDFNHQG FRPSLOHU Tit�b� LW UHTXLUHV

VXEVWDQWLDO HIIRUWV IURP 19,',$ WR VXSSRUW 6$66, ZLWK WKH UDSLG HYROXWLRQ RI &8'$

UXQWLPH DQG *38 DUFKLWHFWXUHV� 6$66, FXUUHQWO\ GRHV QRW ZRUN IRU &8'$ UXQWLPH

���� ,Q FRQWUDVW� &8'$$GYLVRU LV EDVHG RQ //90 IRU FRGH LQVWUXPHQWDWLRQ� ZKLFK FDQ

EH JHQHUDOO\ DSSOLHG WR DOO PRGHUQ 19,',$ *38V DQG &8'$ YHUVLRQV�

� ([SDQVLELOLW\� $V 6$66,¶V LQVWUXPHQWDWLRQ HQJLQH LV FORVH VRXUFH� WRRO GHYHORSHUV FDQ�

��
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)LJXUH ���� :RUNIORZ RI &8'$$GYLVRU�

QRW DGG DQ\ QHZ FDSDELOLW\ LQ 6$66,� ,Q FRQWUDVW� &8'$$GYLVRU¶V LQVWUXPHQWDWLRQ HQ�

JLQH LV EDVHG RQ //90� ZKLFK LV RSHQ VRXUFH� 7RRO GHYHORSHUV DUH DEOH WR H[WHQG

&8'$$GYLVRU�

� &RPSOH[LW\� 6$66, SHUIRUPV LQVWUXPHQWDWLRQ GXULQJ WKH WUDQVODWLRQ IURP 37; FRGH WR

D ORZHU LQWHUQDO FRGH UHSUHVHQWDWLRQ IRU &8'$� 7RRO GHYHORSHUV QHHG WR JDLQ D GHHS

NQRZOHGJH RI 37; WR GHYHORS HIILFLHQW SURILOHUV� 7R LQFUHDVH SURGXFWLYLW\� &8'$$GYL�

VRU LQVWUXPHQWV DW ELWFRGH OHYHO� ZKLFK KLGHV DOO WKH GHWDLOV LQ &8'$�

� &RYHUDJH� 6$66, LQVWUXPHQWV *38 NHUQHOV RQO\� ZKLFK RYHUORRNV WKH LQWHUDFWLRQ EH�

WZHHQ &38 DQG *38� ,QVWHDG� &8'$$GYLVRU LQVWUXPHQWV ERWK &38 DQG *38 FRGH

WR DQDO\]H LWV LQWHUDFWLRQV�

��� &8'$$GYLVRU 0HWKRGRORJ\

,Q WKLV VHFWLRQ� ZH LQWURGXFH &8'$$GYLVRU¶V LPSOHPHQWDWLRQ PHWKRGRORJ\� )LJXUH ���

VKRZV WKH ZRUNIORZ RI &8'$$GYLVRU� ZKLFK FRQVLVWV RI WKUHH FRPSRQHQWV� LQVWUXPHQWD�

WLRQ HQJLQH� SURILOHU� DQG DQDO\]HU� &8'$$GYLVRU¶V LQVWUXPHQWDWLRQ HQJLQH DFFHSWV WKH

VRXUFH FRGH RI &8'$ SURJUDP� ,W SHUIRUPV FRGH WUDQVIRUPDWLRQ DQG OHYHUDJHV &8'$

FRPSLOHU WR SURGXFH WKH ELQDU\ FRGH� &8'$$GYLVRU¶V SURILOHU WKHQ FROOHFWV WKH GDWD WKDW

UHSUHVHQW WKH EHKDYLRU RI WKH ELQDU\ FRGH GXULQJ LWV H[HFXWLRQ RQ D UHDO *38 KDUGZDUH�

)LQDOO\� &8'$$GYLVRU¶V DQDO\]HU DQDO\]HV WKH SURILOLQJ GDWD DQG JHQHUDWHV RSWLPL]DWLRQ

DGYLFH ZLWK VRXUFH FRGH DWWULEXWLRQ� 3URJUDPPHUV FDQ IROORZ WKH DGYLFH WR RSWLPL]H WKH

VRXUFH FRGH DQG EHJLQ DQRWKHU URXQG RI DQDO\VLV LI QHFHVVDU\�

��



,Q WKLV VHFWLRQ� ZH HODERUDWH RQ WKH GHVLJQ DQG LPSOHPHQWDWLRQ RI HDFK &8'$$GYLVRU

FRPSRQHQW� ,Q WKH HQG� ZH SRLQW RXW VRPH OLPLWDWLRQV RI &8'$$GYLVRU� &8'$$GYLVRU

LV DYDLODEOH DW ?iiTb,ff;Bi?m#X+QKfb/2`2Ff*l.��/pBbQ`X;Bi�

����� &8'$$GYLVRU ,QVWUXPHQWDWLRQ (QJLQH

7KH WDVN RI WKH LQVWUXPHQWDWLRQ HQJLQH LV WR DGG QHFHVVDU\ LQVWUXPHQWDWLRQ WR &8'$

FRGH� :H EXLOG &8'$$GYLVRU¶V LQVWUXPHQWDWLRQ HQJLQH RQ WRS RI //90 IUDPHZRUN >��@

IRU WKUHH UHDVRQV� )LUVW� //90 LV D JHQHUDO FRPSLOHU LQIUDVWUXFWXUH WKDW ZRUNV RQ ERWK

&38 DQG *38 FRGHV� 6HFRQG� //90 ZRUNV DFURVV GLIIHUHQW *38 DUFKLWHFWXUHV DQG

&8'$ YHUVLRQV� 7KLUG� //90 LV UREXVW� HYHQ IRU FRPSOH[ +3& SURJUDPV� )LJXUH ���

VKRZV WKH SRVLWLRQV RI WKH LQVWUXPHQWDWLRQ HQJLQH LQ WKH ZKROH FRPSLODWLRQ ZRUNIORZ� $V

VKRZQ LQ WKH ILJXUH� //90 IURQWHQG²*H�M; FDQ WUDQVODWH WKH VRXUFH FRGH RQ ERWK KRVW

�&38� DQG GHYLFH �*38� LQWR ELWFRGH� WKH //90¶V LQWHUPHGLDWH UHSUHVHQWDWLRQ� *H�M;

DOVR VXSSRUWV &8'$ FRPSLOLQJ �;Tm++� >��@� 7KHQ� WKH LQVWUXPHQWDWLRQ HQJLQH� LPSOH�

PHQWHG DV DQ //90 SDVV� ZRUNV RQ ERWK KRVW DQG GHYLFH ELWFRGHV� $IWHU LQVWUXPHQWDWLRQ

LQ WKH GHYLFH ELWFRGH� //90 XVHV VSHFLILF EDFNHQG >��@ WR WUDQVODWH WKH LQVWUXPHQWHG ELW�

FRGH LQWR WKH &8'$ 37; LQWHUPHGLDWH FRGH� 7KH QDWLYH &8'$ DVVHPEOHU DVVHPEOHV

WKH 37; FRGH LQWR D IDW ELQDU\ �L�H�� D ILOH ZLWK �IDWELQ H[WHQVLRQ�� ZKLFK LV WKHQ LQVHUWHG

WR WKH KRVW�VLGH &38 ELWFRGH DV D VWULQJ OLWHUDO� )LQDOO\� //90 FRPSLOHV WKH KRVW ELWFRGH

LQWR D ELQDU\ H[HFXWDEOH�

7KH HQJLQH LQVHUWV PDQGDWRU\ LQVWUXPHQWDWLRQ DQG SURYLGHV DQ LQWHUIDFH WR DGG RS�

WLRQDO LQVWUXPHQWDWLRQ� :H GHVFULEH WKHVH WZR NLQGV RI LQVWUXPHQWDWLRQV DV IROORZV�

�,� 0DQGDWRU\ LQVWUXPHQWDWLRQ &8'$$GYLVRU¶V HQJLQH LQVHUWV PDQGDWRU\ LQVWUXPHQ�

WDWLRQV VLQFH &8'$$GYLVRU DOZD\V UHFRQVWUXFWV WKH FDOO SDWK DQG GDWD IORZ LQ WKH SURILO�

LQJ FRPSRQHQW� ZKLFK ZLOO EH VKRZQ LQ 6HFWLRQ ������ 7R FROOHFW QHFHVVDU\ SHUIRUPDQFH

GDWD IRU WKH SURILOLQJ� &8'$$GYLVRU¶V HQJLQH PDQGDWRULO\ LQVWUXPHQWV FDOOV DQG UHWXUQV

IRU &38 IXQFWLRQV� DV ZHOO DV IRU *38 NHUQHOV� 0RUHRYHU� LW LQVWUXPHQWV IXQFWLRQV WKDW

��
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)LJXUH ���� 7KH ZRUNIORZ RI WKH HQJLQH LQVHUWLQJ LQVWUXPHQWDWLRQ�

DOORFDWH PHPRU\ LQ &38 FRGH �H�J�� PDOORF� FDOORF� UHDOORF�� LQ *38 FRGH �H�J�� FXGD0DO�

ORF�� DQG &38�*38 GDWD WUDQVIHU IXQFWLRQV �H�J�� FXGD0HPFS\�� $W HDFK LQVWUXPHQWD�

WLRQ VLWH� WKH HQJLQH LQVHUWV D IXQFWLRQ DQG SDVVHV WKH LQIRUPDWLRQ DV DUJXPHQWV RI HDFK

IXQFWLRQ� )RU WKH PHPRU\ DOORFDWLRQV� WKH DUJXPHQWV LQFOXGH WKH VWDUWLQJ DGGUHVVHV DQG

WKH QXPEHU RI E\WHV DOORFDWHG RQ &38 RU *38� IRU GDWD WUDQVIHUV� WKH DUJXPHQWV LQFOXGH

WKH VWDUWLQJ DGGUHVVHV RI PHPRU\ UDQJHV RQ ERWK &38 DQG *38� DV ZHOO DV WKH DPRXQW

RI E\WHV IRU WKH WUDQVIHU�

�,,� 2SWLRQDO LQVWUXPHQWDWLRQ &8'$$GYLVRU¶V HQJLQH SURYLGHV WKH FDSDELOLW\ RI LQ�

VHUWLQJ RSWLRQDO LQVWUXPHQWDWLRQV WR VXSSRUW GLIIHUHQW DQDO\VHV� &XUUHQWO\� WKH HQJLQH

VXSSRUWV RSWLRQDO LQVWUXPHQWDWLRQ LQ WKUHH FDWHJRULHV�

� 0HPRU\ RSHUDWLRQV� 7KH HQJLQH FDQ LQVWUXPHQW HYHU\ PHPRU\ UHDG DQG ZULWH DQG

REWDLQ WKH HIIHFWLYH PHPRU\ DGGUHVV DFFHVVHG E\ WKLV RSHUDWLRQ DQG LWV DFFHVV ZLGWK�

� $ULWKPHWLF RSHUDWLRQV� 7KH HQJLQH FDQ LQVWUXPHQW HYHU\ DULWKPHWLF FRPSXWDWLRQ DQG

REWDLQ WKH RSHUDWRU DQG WKH �V\PEROLF� YDOXHV RI WKH RSHUDQGV�

��



� &RQWURO IORZ RSHUDWLRQV� 7KH HQJLQH FDQ LQVWUXPHQW HYHU\ FRQWURO IORZ LQVWUXFWLRQ� VXFK

DV FRQGLWLRQDO RU XQFRQGLWLRQDO EUDQFKHV� DQG UHFRUG WKHLU WDUJHWV�

&RPPRQ WR DOO WKHVH PDQGDWRU\ DQG RSWLRQDO LQVWUXPHQWDWLRQ IXQFWLRQV� WKH HQJLQH

LV DEOH WR REWDLQ WKH VRXUFH FRGH FRUUHODWLRQ RI HDFK LQVWUXPHQWHG RSHUDWLRQ� LQFOXGLQJ

WKH ILOH QDPH� OLQH QXPEHU DQG FROXPQ QXPEHU LI DYDLODEOH LQ WKH GHEXJJLQJ LQIRUPDWLRQ�

7KLV LQIRUPDWLRQ LV DOVR SDVVHG WR WKH LQVWUXPHQWDWLRQ IXQFWLRQ DV DUJXPHQWV�

,Q 6HFWLRQ ����� DQG ������ ZH LQWURGXFH WKH GHWDLOV RI WKH SURILOLQJ PHWKRGV WKDW DUH

EDVHG RQ PDQGDWRU\ DQG RSWLRQDO LQVWUXPHQWDWLRQ� UHVSHFWLYHO\�

����� &8'$$GYLVRU 3URILOHU

&8'$$GYLVRU¶V SURILOHU GLYLGHV LWV WDVN LQWR WZR VWDJHV� ��� WKH GDWD FROOHFWLRQ GXULQJ

WKH &8'$ NHUQHO H[HFXWLRQ� DQG ��� WKH GDWD DWWULEXWLRQ DW WKH HQG RI HDFK &8'$ NHUQHO

LQVWDQFH� &RPELQLQJ WKHVH WZR VWDJHV� &8'$$GYLVRU SHUIRUPV ERWK FRGH� DQG GDWD�

FHQWULF DQDO\VHV RQ WKH IO\� ZKLFK SURYLGH WKH EDVLF LQIUDVWUXFWXUH IRU FRGH RSWLPL]DWLRQ

JXLGDQFH�

������� &RGH�FHQWULF 3URILOLQJ

&8'$$GYLVRU PDLQWDLQV D VKDGRZ VWDFN WR PLUURU WKH H[HFXWLRQ VWDFN RI HDFK WKUHDG

ZKHQ WKH NHUQHO UXQV RQ *38� 7KH SURILOHU SXVKHV WKH FDOO VLWH RQWR WKH VKDGRZ VWDFN LQ

WKH LQVWUXPHQWHG IXQFWLRQ DW HYHU\ FDOO LQVWUXFWLRQ� DQG SRSV WKH FDOO VLWH IURP WKH VKDGRZ

VWDFN LQ WKH LQVWUXPHQWHG IXQFWLRQ DW HYHU\ UHWXUQ LQVWUXFWLRQ� %\ LPPHGLDWHO\ TXHU\LQJ

WKH VKDGRZ VWDFN� &8'$$GYLVRU LV DEOH WR REWDLQ WKH FDOO SDWK IRU HDFK PRQLWRUHG LQ�

VWUXFWLRQ� )RU HIILFLHQW DQDO\VLV� &8'$$GYLVRU HQFRGHV HDFK IXQFWLRQ ZLWK D XQLTXH ,'

QXPEHU DQG D FDOO VWDFN LV UHSUHVHQWHG DV DQ DUUD\ RI ,'V� $OO *38 WKUHDGV VKDUH WKH

VDPH HQFRGLQJ PDS IURP WKH QXPEHU WR IXQFWLRQ QDPH DQG VRXUFH FRGH� WKH PDS UH�

VLGHV LQ *38 JOREDO PHPRU\� 7R VFDOH WKH DQDO\VLV� HDFK *38 WKUHDG PDLQWDLQV LWV RZQ

VKDGRZ VWDFN� WKH VKDGRZ VWDFNV DUH DOVR LQ *38¶V JOREDO PHPRU\� 8SRQ NHUQHO UHWXUQ�

&8'$$GYLVRU FRSLHV DOO WKH GDWD IURP *38 WR &38 IRU IXUWKHU DQDO\VLV�

��



2Q WKH &38 VLGH� &8'$$GYLVRU PDLQWDLQV VLPLODU VKDGRZ VWDFNV IRU &38 WKUHDGV�

ZKLFK DUH XVHG WR GHWHUPLQH WKH FDOO VWDFN IRU WKH LQYRFDWLRQ RI HDFK &8'$ NHUQHO�

&8'$$GYLVRU FRQFDWHQDWHV WKLV &38 FDOO SDWK ZLWK WKH RQHV FROOHFWHG LQVLGH WKH *38

NHUQHO LQVWDQFH WR JLYH D FRPSOHWH SDWK IURP WKH K�BM IXQFWLRQ WR HDFK PRQLWRUHG &8'$

LQVWUXFWLRQ� :H FDOO WKLV FDSDELOLW\ RI &8'$$GYLVRU DV FRGH�FHQWULF SURILOLQJ�

������� 'DWD�FHQWULF 3URILOLQJ

&8'$$GYLVRU¶V GDWD�FHQWULF SURILOLQJ UHFRQVWUXFWV WKH GDWD IORZ IURP &38 WR *38 WR

KHOS XQGHUVWDQG WKH DFFHVV SDWWHUQV RI D GDWD REMHFW DFURVV &38 DQG *38� RU HYHQ

DFURVV GLIIHUHQW *38 NHUQHOV� )LJXUH ��� KLJKOLJKWV WKH EHKDYLRU RI &8'$$GYLVRU¶V SUR�

ILOHU IRU GDWD�FHQWULF DQDO\VLV� 7KH GDWD IORZ RI RQH GDWD REMHFW VWDUWV DW WKH EHJLQQLQJ

RI LWV OLIHWLPH DQG HQGV LQ WKH PHPRU\ DFFHVVHV LQ *38 NHUQHOV WKDW UHIHUHQFH WKLV GDWD

REMHFW� 7\SLFDOO\� D GDWD REMHFW LV DOORFDWHG RQ WKH &38 VLGH G\QDPLFDOO\ RU VWDWLFDOO\�

7KH SURILOHU LQWHUSUHWV WKH PDOORF IDPLO\ IXQFWLRQV �ZKLFK DUH DOUHDG\ LQVWUXPHQWHG E\

WKH HQJLQH� IRU G\QDPLF DOORFDWLRQ DQG UHDGV WKH V\PERO WDEOH IRU VWDWLF DOORFDWLRQ� 7KH

SURILOHU PDLQWDLQV D PDS WKDW UHFRUGV WKH DOORFDWLRQ FDOO SDWK IRU G\QDPLF GDWD REMHFWV

DQG QDPHV IRU VWDWLF GDWD REMHFWV� DQG WKHLU DOORFDWHG PHPRU\ UDQJHV� 6LPLODUO\� &8'�

$$GYLVRU¶V SURILOHU FDSWXUHV WKH GDWD REMHFW DOORFDWLRQ RQ WKH *38 VLGH DQG NHHSV WKHVH

GDWD REMHFWV LQ DQRWKHU PDS� 7R FRUUHODWH WKH WZR PDSV� &8'$$GYLVRU RYHUORDGV WKH

K2K+Tv IDPLO\ IXQFWLRQV DQG FDSWXUHV WKH WZR PHPRU\ UDQJHV LQYROYHG LQ WKH PHPRU\

FRS\�

:LWK WKH WZR PDSV UHDG\� &8'$$GYLVRU¶V SURILOHU DVVRFLDWHV WKH PHPRU\ DFFHVVHV

LQ *38 NHUQHOV ZLWK WKH GDWD DOORFDWLRQ� $V WKH PHPRU\ LQVWUXPHQWDWLRQ REWDLQV WKH

HIIHFWLYH DGGUHVV DFFHVVHG E\ HDFK PHPRU\ UHDG RU ZULWH� WKH SURILOHU XWLOL]HV WKLV HIIHF�

WLYH DGGUHVV WR DVVRFLDWH WKH PHPRU\ DFFHVV ZLWK GDWD REMHFW� 6LQFH DOO GDWD DOORFDWLRQV

DQG WUDQVIHUV DUH LQYRNHG RQ WKH &38 VLGH� WKH SURILOHU SHUIRUPV GDWD�FHQWULF DWWULEX�

WLRQ DW WKH HQG RI HDFK NHUQHO LQVWDQFH DIWHU WKH PHPRU\ DFFHVV WUDFHV DUH FRSLHG EDFN

WR WKH KRVW &38� $IWHU WKH GDWD�FHQWULF SURILOLQJ� &8'$$GYLVRU LV DEOH WR FRQVWUXFW D

��



ID Memory

1 [0x20, 0x30]

3 [0x40, 0x50]

… …

ID Memory

2 [0x60, 0x70]

4 [0x80, 0x90]

… …

CPU allocation GPU allocation

0x60 0x61 0x62 0x63 … 0x83 0x84 0x85 …

data

transfer

)LJXUH ���� &8'$$GYLVRU¶V GDWD�FHQWULF SURILOLQJ�

FRPSOHWH GDWD IORZ IURP HYHU\ GDWD DOORFDWLRQ WR LWV DFFHVVHV� ZKLFK KHOSV REVHUYH LQ�

WHUHVWLQJ PHPRU\ EHKDYLRUV� VXFK DV WKH FKDQJH RI DFFHVV SDWWHUQV RI WKH VDPH GDWD

REMHFW DFURVV GLIIHUHQW *38 NHUQHOV�

������� 3URILOLQJ 2XWSXWV

7R PLQLPL]H WKH RYHUKHDG� &8'$$GYLVRU¶V SURILOHU GRHV QRW SHUIRUP DQ\ DQDO\VLV RWKHU

WKDQ WKH FRGH� DQG GDWD�FHQWULF DWWULEXWLRQ� $W WKH HQG RI HDFK NHUQHO LQVWDQFH� WKH

SURILOHU FRSLHV DOO WKH SHUIRUPDQFH GDWD IURP *38 WR &38 IRU IXUWKHU DQDO\VLV� ,Q 6HF�

WLRQ ���� ZH HODERUDWH RQ WKH LPSOHPHQWDWLRQV ZLWK FDVH VWXGLHV�

����� &8'$$GYLVRU $QDO\]HU

&8'$$GYLVRU¶V DQDO\]HU KDV DQ RQOLQH FRPSRQHQW WKDW LV LQYRNHG DW WKH HQG RI HDFK

NHUQHO LQVWDQFH� ,W SHUIRUPV WKH DQDO\VLV RQ WKH GDWD FROOHFWHG E\ WKH SURILOHU� 7KH DQD�

O\]HU FDQ EH FXVWRPL]HG IRU GLIIHUHQW SXUSRVHV� ,Q 6HFWLRQ ���� ZH VKRZ KRZ ZH GHYLVH

WKH DQDO\VLV IRU UHXVH GLVWDQFH� PHPRU\ GLYHUJHQFH DQG EUDQFK GLYHUJHQFH� 0RUHRYHU�

&8'$$GYLVRU¶V DQDO\]HU KDV DQ RIIOLQH FRPSRQHQW WKDW PHUJHV WKH DQDO\VLV UHVXOWV RI

NHUQHO LQVWDQFHV LQ WKH VDPH FDOO SDWK� ,W SURYLGHV DQ DJJUHJDWH VWDWLVWLFDO YLHZ� VXFK

DV PHDQ� PLQ� PD[� DQG VWDQGDUG GHYLDWLRQ DFURVV DOO WKHVH LQVWDQFHV� 6XFK VWDWLVWLFDO

DQDO\VLV GHPRQVWUDWHV WKH SHUIRUPDQFH YDULDWLRQ DFURVV GLIIHUHQW LQVWDQFHV RI WKH VDPH

��



7DEOH ���� *38 DUFKLWHFWXUHV IRU HYDOXDWLRQ�

$UFKLWHFWXUH *38 &&� &8'$ 'ULYHU +RVW &38
.HSOHU 7HVOD .��F ��� ��� ������ ,QWHO ;HRQ (������
3DVFDO 7HVOD 3��� ��� ��� ������ ,QWHO ;HRQ (������

*38 NHUQHO DQG SURYLGHV LQWXLWLYH JXLGDQFH IRU SHUIRUPDQFH RSWLPL]DWLRQ�

����� /LPLWDWLRQV RI &8'$$GYLVRU

&8'$$GYLVRU KDV D IHZ OLPLWDWLRQV� )LUVW� VLPLODU WR RWKHU UXQWLPH SURILOHUV VXFK DV

6$66,� LW LQFXUV UHODWLYHO\ KLJK RYHUKHDG �EXW PXFK ORZHU WKDQ VLPXODWRUV�� ZKLFK LV

FDXVHG E\ KHDY\ZHLJKW ILQH�JUDLQHG LQVWUXPHQWDWLRQ WR &38 DQG *38 LQVWUXFWLRQV� 7KLV

KLJK RYHUKHDG PD\ GLVWXUE D SURJUDP H[HFXWLRQ� +RZHYHU� WKH JRDO RI &8'$$GYLVRU LV

QRW WR FDSWXUH WKH DEQRUPDO EHKDYLRU RI KDUGZDUH�VRIWZDUH LQWHUDFWLRQV� EXW WR IRUPX�

ODWH VRIWZDUH PHWULFV WR LGHQWLI\ VRIWZDUH LQHIILFLHQFLHV� 7KXV� &8'$$GYLVRU¶V RYHUKHDG

GRHV QRW DIIHFW WKH DFFXUDF\ RI WKH IUDPHZRUN� 0RUHRYHU� LW FDQ FDSWXUH GHWDLOHG H[H�

FXWLRQ EHKDYLRU� ZKLOH QR H[LVWLQJ FRDUVH�JUDLQHG WRROV VXFK DV 193URI >��@ DQG +3&�

7RRONLW >��@ FDQ� 6HFRQG� &8'$$GYLVRU LV EDVHG RQ //90� ZKLFK UHTXLUHV WKH DYDLODELOLW\

DQG UHFRPSLODWLRQ RI WKH VRXUFH FRGH RI D PRQLWRUHG SURJUDP� ,Q WKH +3& FRPPXQLW\�

WKH VRXUFH FRGH LV RIWHQ DYDLODEOH DQG WKH UHFRPSLODWLRQ WLPH LV PXFK OHVV WKDQ WKH

H[HFXWLRQ WLPH� 7KXV� WKH EHQHILW RI FRGH RSWLPL]DWLRQ VXUSDVVHV WKH H[WUD ZRUN RI UH�

FRPSLODWLRQ� 7KLUG� WKH SHUIRUPDQFH DQDO\VLV LV EDVHG RQ WKH FRGH JHQHUDWLRQ RI //90�

QRW RWKHU *38 FRPSLOHUV� VXFK DV Mp++� :H ZLOO VKRZ WKDW &8'$$GYLVRU¶V RSWLPL]DWLRQ

JXLGDQFH DOVR ZRUNV IRU &8'$ FRGHV ZLWK RWKHU FRPSLOHUV� )LQDOO\� VLQFH &8'$$GYLVRU

LV LPSOHPHQWHG DW WKH ELWFRGH OHYHO� LW FDQQRW SURILOH UHJLVWHU�UHODWHG VWDWV VLQFH 19,',$

KDV QRW UHOHDVHG LWV DVVHPEO\ OD\HU WR WKH SXEOLF�

��� (YDOXDWLRQ

,Q WKLV VHFWLRQ� ZH SUHVHQW XVH FDVHV RI &8'$$GYLVRU RQ GHWDLOHG PHPRU\ DQG FRQWURO

IORZ DQDO\VLV� XVLQJ D JURXS RI *38 DSSOLFDWLRQV� :H DOVR VKRZ WZR H[DPSOHV ZKHUH

��



7DEOH ���� %HQFKPDUNV IRU VKRZFDVLQJ &8'$$GYLVRU�
$SSOLFDWLRQ 'HVFULSWLRQ ZDUSV�&7$ ,QSXW GDWDVHW 6RXUFH
EDFNSURS %DFN 3URSDJDWLRQ � ����� 5RGLQLD>��@

EIV %UHDGWK )LUVW 6HDUFK �� JUDSK�0:B��W[W 5RGLQLD>��@
KRWVSRW 7HPSHUDWXUH 6LPXODWLRQ � WHPSB��� SRZHUB��� 5RGLQLD>��@
ODYD0' 0ROHFXODU '\QDPLFV � �ER[HV�G �� 5RGLQLD>��@

QQ 1HDUHVW 1HLJKERU � ILOHOLVWB� �U � �ODW�� �OQJ�� 5RGLQLD>��@
QZ 1HHGOHPDQ�:XQVFK � ������� 5RGLQLD>��@

VUDGBY� 6SHFNOH 5HGXFLQJ $QLVRWURSLF 'LIIXVLRQ � ��������������������� 5RGLQLD>��@
ELFJ %L&*6WDE /LQHDU 6ROYHU � �������� 3RO\EHQFK>��@
V\UN 6\PPHWULF 5DQN�. 2SHUDWLRQV � GHIDXOW 3RO\EHQFK>��@
V\U�N 6\PPHWULF 5DQN��. 2SHUDWLRQV � GHIDXOW 3RO\EHQFK>��@

&8'$$GYLVRU SURYLGHV JXLGDQFH IRU FRGH RSWLPL]DWLRQ�

����� (YDOXDWLRQ 0HWKRGRORJ\

(YDOXDWLRQ (QYLURQPHQW� :H HYDOXDWH &8'$$GYLVRU RQ WZR GLIIHUHQW DUFKLWHFWXUHV�

ZKLFK DUH VXPPDUL]HG LQ 7DEOH ���� %RWK KRVW DUFKLWHFWXUHV DUH ,QWHO ;HRQ &38V ZLWK

JFF ����� DQG LQVWDOOHG ZLWK //90 ���� )RU *38V� ZH VHOHFW DQ 19,',$ .HSOHU DUFKLWHF�

WXUH EHFDXVH RI LWV PDLQVWUHDP DGDSWDWLRQ� .HSOHU¶V /� FDFKH VKDUHV WKH VDPH RQ�FKLS

VWRUDJH ZLWK WKH VKDUHG PHPRU\ �L�H�� VFUDWFKSDG PHPRU\� RQ HDFK 60� 7KHLU VL]HV DUH

FRQILJXUDEOH� ����� .%� ����� .% RU ����� .% IRU .HSOHU� )RU GHPRQVWUDWLQJ SRUWDELO�

LW\� ZH DOVR HYDOXDWH &8'$$GYLVRU RQ WKH PRVW UHFHQW 19,',$ 3DVFDO DUFKLWHFWXUH ZLWK

&8'$ ���� 3DVFDO FRPSOHWHO\ XVHV WKH HQWLUH RQ�FKLS VWRUDJH IRU VKDUHG PHPRU\ EXW

LW KDV D ��.% UHDG�RQO\ /��7H[WXUH XQLILHG FDFKH� 1RWH WKDW DOWKRXJK RQO\ .HSOHU DQG

3DVFDO DUH WHVWHG LQ WKLV FKDSWHU� &8'$$GYLVRU FDQ EH JHQHUDOO\ DSSOLHG WR DOO WKH RWKHU

PRGHUQ 19,',$ *38V VXFK DV )HUPL DQG 0D[ZHOO�

%HQFKPDUNV� 6KRZQ LQ 7DEOH ���� ZH VKRZFDVH &8'$$GYLVRU XVLQJ WHQ UHSUHVHQ�

WDWLYH *38 DSSOLFDWLRQV� IURP5RGLQLD >��@ DQG 3RO\EHQFK >��@� %RWK DUH DPRQJ WKHPRVW

FRPPRQO\�XVHG RSHQ VRXUFH &8'$ EHQFKPDUNV� 7KH\ FRQWDLQ D ZLGH UDQJH RI DSSOL�

FDWLRQV WKDW IDOO LQWR YDULRXV UHVHDUFK FDWHJRULHV� 7KH VHOHFWHG DSSOLFDWLRQV LQ 7DEOH ���

DUH DOVR XVHG LQ WKH SUHYLRXV VWXGLHV >��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��@�

��



����� &DVH 6WXGLHV

,Q WKLV VXEVHFWLRQ� ZH SUHVHQW WKH XVH FDVHV RI &8'$$GYLVRU RQ GHWDLOHG PHPRU\ V\V�

WHP DQDO\VLV DQG FRQWURO IORZ DQDO\VLV� ERWK RI ZKLFK DUH FULWLFDO SHUIRUPDQFH ERWWOH�

QHFNLQJ IDFWRUV IRU PRGHUQ *38V� 7R IXUWKHU VKRZFDVH WKH DSSOLFDWLRQ RI RXU WRRO� ZH

GHPRQVWUDWH KRZ WKHVH LQVLJKWV H[WUDFWHG IURP &8'$$GYLVRU FDQ EH XVHG WR DLG SUR�

JUDP GHEXJJLQJ� VWHHU SHUIRUPDQFH RSWLPL]DWLRQV DQG IDFLOLWDWH FRPSLOHU�DUFKLWHFWXUH

UHVHDUFK� $GGLWLRQDOO\� ZH SURYLGH LQVWUXPHQWDWLRQ VFHQDULRV IRU WKHVH FDVH VWXGLHV WR

DVVLVW XVHUV�

�$� *38 5HXVH 'LVWDQFH

6LJQLILFDQFH� 5HFHQW UHVHDUFK >��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��� ��@

KDV IRFXVHG RQ RQ�FKLS FDFKH ORFDOLW\ RSWLPL]DWLRQ IRU RYHUDOO SHUIRUPDQFH DQG HQHUJ\

FRQVXPSWLRQ VLQFH PRGHUQ *38V KHDYLO\ UHO\ RQ WKHLU RQ�FKLS PHPRULHV �H�J�� /� DQG

WH[WXUH FDFKHV� WR UHGXFH WKH RII�FKLS PHPRU\ ZDOO HIIHFWV� 2QH RI WKH PRVW ZLGHO\

DSSOLHG DSSURDFKHV WR DQDO\]H FDFKH EHKDYLRU LV UHXVH GLVWDQFH DQDO\VLV >��� ��@� $W WKH

VXUIDFH OHYHO� UHXVH GLVWDQFH FDQ JHQHUDOO\ UHIOHFW KRZ JRRG FDFKH ORFDOLW\ DQ DSSOLFDWLRQ

KDV XQGHU FHUWDLQ LQSXW� &RPELQHG ZLWK RWKHU GHWDLOHG LQIRUPDWLRQ VXFK DV PHPRU\

GLYHUJHQFH GHJUHH DQG 06+5 �PLVV�VWDWXV KROGLQJ�UHJLVWHUV� VWDWXV� LW FDQ EH XVHG WR

KHOS DUFKLWHFWV SUHGLFW RSWLPDO FDFKH GHVLJQ VXFK DV VL]H DQG DVVRFLDWLYLW\� +RZHYHU�

FRQGXFWLQJ WKLV DQDO\VLV FDQ EH TXLWH FRPSOH[ GXH WR *38¶V SDUDOOHO H[HFXWLRQ PRGHO

DQG ILQH�JUDLQHG PDVVLYH PXOWL�WKUHDGLQJ� &RQYHQWLRQDO DSSURDFKHV UHVRUW WR HLWKHU D

*38 VLPXODWRU VXFK DV *3*38�6LP� ZKLFK RIWHQ XVHV WULPPHG GRZQ LQSXW VL]HV GXH WR

WLPH�FRQVXPLQJ H[HFXWLRQ� RU D *38 HPXODWRU VXFK DV 2FHORW >��@ ZKLFK RQO\ SURYLGHV

XQRUGHUHG OLVWV RI PHPRU\ DFFHVVHV UDWKHU WKDQ RUGHUHG WUDFHV WKDW FDQ EH REWDLQHG

IURP VLPXODWRUV �H�J�� >��@ KDV WR HQDEOH LWV RZQ DVVXPHG ZDUS DQG &7$ VFKHGXOHU RQ

WRS RI 2FHORW WR SURGXFH XVDEOH WUDFHV�� 2Q WKH FRQWUDU\� RXU &8'$$GYLVRU HQDEOHV

PXFK IDVWHU DQG FRQYHQLHQW UXQWLPH SURILOLQJ RI UHXVH GLVWDQFH DFURVV JHQHUDWLRQV RI

19,',$ *38 DUFKLWHFWXUHV�

&8'$$GYLVRU ,QVWUXPHQWDWLRQ� :H LQVWUXFW &8'$$GYLVRU WR LQVWUXPHQW DW DOO WKH

��
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/LVWLQJ ���� 7KH //90 SDVV WR LQVWUXPHQW PHPRU\ DFFHVVHV�

JOREDO PHPRU\ RSHUDWLRQV� $W HDFK LQVWUXPHQWDWLRQ VLWH� &8'$$GYLVRU FROOHFWV VRPH

VSHFLILF LQIRUPDWLRQ DQG SDVVHV WKHP DV DUJXPHQWV WR WKH DQDO\VLV IXQFWLRQ� VXFK DV

HIIHFWLYH DGGUHVV� QXPEHU RI ELWV DFFHVVHG� VRXUFH FRGH ORFDWLRQ� HWF� $V GLVFXVVHG

SUHYLRXVO\� &8'$$GYLVRU OHYHUDJHV D //90 SDVV WR FRQGXFW LQVWUXPHQWDWLRQ DW WKH ELW�

FRGH OHYHO� 6KRZQ LQ /LVWLQJ ���� //90 SDUVHV WKH ELWFRGH �/LQH � DQG �� DQG LQVWUXPHQWV

HYHU\ JOREDO ORDG LQVWUXFWLRQ �/LQH ��� ,W WKHQ H[WUDFWV WKH VRXUFH FRGH OLQH DQG FROXPQ

IURP WKH GHEXJJLQJ LQIRUPDWLRQ �/LQH ����� REWDLQV WKH HIIHFWLYH DGGUHVV �/LQH ������ DQG

WKH QXPEHU RI ELWV �/LQH ������� )LQDOO\� WKH SDVV FUHDWHV D IXQFWLRQ FDOO WR D SUHGHILQHG

DQDO\VLV IXQFWLRQ DQG SDVVHV DOO WKHVH DUJXPHQWV �/LQH ���� 1RWH WKDW JOREDO VWRUHV DQG

VKDUHG�FRQVWDQW�WH[WXUH�UHDG�RQO\ DFFHVVHV FDQ EH SURILOHG LQ D VLPLODU IDVKLRQ�

/LVWLQJ ��� VKRZV D VQLSSHW RI LQVWUXPHQWHG ELWFRGH� /LQH � LV WKH RULJLQDO FRGH�

ZKLFK ORDGV D IORDW IURP DGGUHVV �a� /LQH � DQG � DUH LQVHUWHG E\ &8'$$GYLVRU� /LQH

� FRQYHUWV WKH SRLQWHU IURP IORDW �IORDW� LQWR D JHQHUDO SRLQWHU �L��� ZKLOH /LQH � FDOOV
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/LVWLQJ ���� 0HPRU\ DFFHVV LQVWUXPHQWHG ELWFRGH�
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)LJXUH ���� 5HXVH GLVWDQFH DQDO\VLV WKURXJK &8'$$GYLVRU� ∞ LV GHILQHG DV GDWD LV
QHYHU UHXVHG DJDLQ GXULQJ WKH SURJUDP H[HFXWLRQ RU EHIRUH WKH QH[W ZULWH WR WKH DGGUHVV
�H�J�� ZULWH�HYLFW /� RQ 19,',$ *38V��

DQDO\VLV IXQFWLRQ 5HFRUG��� DQG SDVVHV DUJXPHQWV DV WKH HIIHFWLYH DGGUHVV� QXPEHU RI

ELWV DFFHVVHG� WKH VRXUFH FRGH OLQH DQG FROXPQ� DQG RSHUDWLRQ W\SH� 5HFRUG�� SDFNV DOO

WKH DUJXPHQWV DORQJ ZLWK &7$ ,' DQG WKUHDG ,' LQWR RQH HQWU\� (QWULHV IURP DOO PHP�

RU\ DFFHVVHV IRUP D WUDFH� &8'$$GYLVRU VWRUHV WKLV WUDFH LQ D EXIIHU ORFDWHG LQ *38¶V

JOREDO PHPRU\� 7KLV DQDO\VLV IXQFWLRQ LV D GHYLFH IXQFWLRQ VR WKDW LW LV FDOODEOH E\

GHYLFH� ,W LV ZULWWHQ LQ D VHSDUDWH &8'$ VRXUFH ILOH DQG FRPSLOHG LQWR D VHSDUDWH ELW�

FRGH ILOH EHIRUH EHLQJ PHUJHG ZLWK WKH NHUQHO ELWFRGH E\ OOYP�OLQN� )RU GDWD PDUVKDOLQJ�

&8'$$GYLVRU LQLWLDWHV GDWD WUDQVIHU XVLQJ +m/�J2K+Tv DQG FRSLHV FROOHFWHG WUDFH IURP

GHYLFH WR KRVW �H�J�� FDQ EH DFFRPSOLVKHG WKURXJK 8QLILHG 0HPRU\ VXSSRUWHG E\ &8'$

� DQG EH\RQG�� 7R FDOFXODWH UHXVH GLVWDQFH IRU HDFK &7$� WKH WUDFH LV ILUVW UHJURXSHG LQWR

PXOWLSOH WUDFHV EDVHG RQ WKHLU DVVRFLDWHG &7$ ,'V� ZKLFK LV WKHQ XVHG E\ &8'$$GYL�

VRU� &8'$$GYLVRU RIIHUV WZR UHXVH GLVWDQFH PRGHO� PHPRU\ HOHPHQW EDVHG DQG FDFKH

OLQH EDVHG� ,Q DGGLWLRQ WR UHXVH� &8'$$GYLVRU DOVR UHFRUGV WKH QXPEHU RI VWUHDPLQJ

DFFHVVHV �L�H�� DFFHVVHV WR PHPRU\ HOHPHQWV WKDW DUH QHYHU UHXVHG E\ WKH VDPH &7$��

5HVXOWV DQG $QDO\VLV� 7KURXJKRXW WKH FKDSWHU� ZH UHIHU WR UHXVH GLVWDQFH DV WKH

WUDGLWLRQDO GHILQLWLRQ RI GDWD UHXVH GLVWDQFH� )URP WKH YLHZ RI PHPRU\ DQG FDFKH� D

VHTXHQWLDO H[HFXWLRQ RI D SURJUDP LV D VHTXHQFH RI GDWD DFFHVV >��@� *LYHQ VXFK D VH�

��



TXHQFH� ZH GHILQH UHXVH GLVWDQFH DV WKH QXPEHU RI GLVWLQFWLYH GDWD HOHPHQWV DFFHVVHG

EHWZHHQ WZR FRQVHFXWLYH XVHV RI WKH VDPH HOHPHQW� 8QGHU VXFK GHILQLWLRQ� UHXVH GLV�

WDQFH GLUHFWO\ UHIOHFWV GDWD WHPSRUDO UHXVH� )RU LQVWDQFH� ABCCDEFAAAB LV D GDWD

DFFHVV VHTXHQFH� 7KH UHXVH GLVWDQFH RI B LV �� )RU EHWWHU IDFLOLWDWLQJ WKH ODWHU GLV�

FXVVLRQ RQ *38 /� FDFKH�OHYHO RSWLPL]DWLRQ� ZH VOLJKWO\ WZHDN LWV GHILQLWLRQ� RQFH DQ

DGGUHVV A LV ZULWWHQ� ZH ZLOO UHVWDUW LWV UHXVH GLVWDQFH FRXQWLQJ DV DQRWKHU DGGUHVV µA′¶

EHFDXVH *38 /� FDFKH IROORZV ZULWH�QR�DOORFDWH ZULWH�HYLFW SROLF\ >��� ��@� 6LQFH UHXVH

GLVWDQFH LV DQ LQKHUHQW SURJUDP SURSHUW\ DQG LQGHSHQGHQW RI FDFKH SDUDPHWHUV RU XQ�

GHUO\LQJ PDFKLQHV� ZH SHUIRUP UHXVH GLVWDQFH DQDO\VLV ZLWK &8'$$GYLVRU RQ .HSOHU

DUFKLWHFWXUH RQO\� :H HYDOXDWHG WHQ DSSOLFDWLRQV IURP 7DEOH ���� 6HYHQ RI WKHP DUH

VKRZQ LQ )LJXUH ���� "6a DQG LL DUH H[FOXGHG EHFDXVH WKH\ H[KLELW YHU\ ORZ UHXVH

�PRUH WKDQ ��� RI WKH DFFHVVHV�� ZKLOH av`kF LV H[FOXGHG VLQFH LW UHVHPEOHV av`F� 7KH

[�D[LV UHSUHVHQWV WKH UDQJH RI UHXVH GLVWDQFH� ∞ UHSUHVHQWV QR�UHXVH� LQGLFDWLQJ WKDW

GDWD LV QHYHU UHXVHG LQ WKH SURJUDP RU EHIRUH WKH QH[W ZULWH WR LW� :H KDYH WKH IRO�

ORZLQJ LQWHUHVWLQJ REVHUYDWLRQV� ��� "6a DQG LL H[KLELW YHU\ ORZ UHXVH� ERWK VXIIHULQJ

IURP EUDQFK�KHDY\ FRGHV ZLWK OLWWOH ORDGV GXULQJ H[HFXWLRQ� )RU H[DPSOH� Kernel DQG

Kernel2ZLWK IHZ ORDGV WR someBarray LQ "6a� DQG euclidZLWK IHZ ORDGV WR dBlocations LQ

LL� ��� (LJKW RXW RI WHQ DSSOLFDWLRQV VXIIHU IURP KLJK QR�UHXVH DFFHVVHV �H[FHSW IRU av`F

DQG av`kF�� ZKLFK ZDVWHV WKH SUHFLRXV UHVRXUFHV VXFK DV FDFKH DQG 06+5V� $PRQJ

WKHP� >QibTQi H[KLELWV ERWK ORQJ UHXVH GLVWDQFH DQG YHU\ KLJK QR�UHXVH� PDNLQJ LW LQ�

VHQVLWLYH WR /� FDFKH OHYHO RSWLPL]DWLRQV� VXFK DV FDSDFLW\ LQFUHPHQW DQG E\SDVVLQJ�

7KH RWKHU VHYHQ FDVHV LQFXU DFFHVVHV ZLWK ERWK GHFHQW IUHTXHQF\ RI VKRUW UHXVH GLV�

WDQFH DQG KLJK QR�UHXVH� H�J�� "A*: DQG G�p�J.� 7KH\ SUHVHQW VRPH OHYHO RI VHQVLWLYLW\

WR /� OHYHO RSWLPL]DWLRQ VFKHPHV� ��� av`F DQG av`kF ERWK H[KLELW ORZ QR�UHXVH DQG

KLJKHU IUHTXHQF\ RI VKRUW UHXVH GLVWDQFH �H�J�� UHXVH GLVWDQFH �¶V IUHTXHQF\ LV FORVH WR

����� +RZHYHU� WKH\ DOVR H[KLELW DFFHVVHV ZLWK YHU\ ORQJ UHXVH GLVWDQFH �H�J�� DURXQG

��� EH\RQG ����� LQGLFDWLQJ WKDW FDFKH FDSDFLW\ OLNHO\ DIIHFWV WKH HIIHFWLYHQHVV RI /�

OHYHO RSWLPL]DWLRQ VFKHPHV� ,Q VXPPDU\� &8'$$GYLVRU¶V UHXVH GLVWDQFH DQDO\VLV SDLQWV

��



D JHQHUDO SLFWXUH RI DQ DSSOLFDWLRQ¶V FDFKH ORFDOLW\ DQG SURYLGHV LPSRUWDQW LQVLJKWV IRU

VHOHFWLQJ SRWHQWLDO RSWLPL]DWLRQV IRU GLIIHUHQW VRIWZDUH�DUFKLWHFWXUHV� 7R EHWWHU VWHHU RS�

WLPL]DWLRQV� UHXVH GLVWDQFH DQDO\VLV FDQ EH FRPELQHG ZLWK RWKHU LQIRUPDWLRQ� VXFK DV

PHPRU\ GLYHUJHQFH GHJUHH� UHJLVWHU SUHVVXUH DQG VKDUHG PHPRU\ XVDJH�

�%� 0HPRU\ 'LYHUJHQFH )UHTXHQF\ DQG 'HJUHH

6LJQLILFDQFH� *38 PHPRU\ GLYHUJHQFH FDQ VLJQLILFDQWO\ ERWWOHQHFN SHUIRUPDQFH�

WKXV EHFRPHV D SRSXODU UHVHDUFK WRSLF LQ UHFHQW \HDUV >��� ��� ��� ��� ��@� ,W LV DOVR

DQ LPSRUWDQW LQGLFDWRU RQ ZKHWKHU D SURJUDP LV ZHOO RSWLPL]HG IRU PHPRU\ DFFHVV� %H�

FDXVH RI *38¶V 6,07 H[HFXWLRQ PRGHO� ZDUS LQVWUXFWLRQV H[HFXWH LQ D ORFN�VWHS� $OO WKH

PHPRU\ UHTXHVWV IRU D JLYHQ LQVWUXFWLRQ PXVW EH UHFHLYHG EHIRUH WKLV ZDUS FDQ SURFHHG�

$W DUFKLWHFWXUH OHYHO� D FRDOHVFLQJ XQLW KDV EHHQ DGGHG LQWR WKH GDWD SDWK EHIRUH UHDFK�

LQJ WR /� FDFKH DV D ³EHVW HIIRUW´ DSSURDFK IRU FRPELQLQJ DFFHVVHV WR WKH VDPH FDFKH

OLQH LQWR D VLQJOH UHTXHVW IRU UHGXFLQJ RII�FKLS PHPRU\ DFFHVV� +RZHYHU� PHPRU\ GL�

YHUJHQFH VWLOO RFFXUV TXLWH RIWHQ LQ LUUHJXODU NHUQHOV WKDW WRXFK PDQ\ XQLTXH FDFKH OLQHV�

FDXVLQJ SHUIRUPDQFH GHJUDGDWLRQ� (IIHFWLYHO\ SURILOLQJ PHPRU\ GLYHUJHQFH IUHTXHQF\

DQG GHJUHH IRU DSSOLFDWLRQV LV HVVHQWLDO IRU RSWLPL]DWLRQV� 8QOLNH SURGXFWLRQ WRROV �H�J��

19SURI >��@� WKDW SURYLGHV FRDUVH�JUDLQHG HVWLPDWLRQ DQG LV OLPLWHG WR HDUO\ JHQHUDWLRQV

RI KDUGZDUH� &8'$$GYLVRU SURYLGHV SURJUDPPHUV ZLWK ILQH�JUDLQHG SURILOLQJ IRU PHP�

RU\ GLYHUJHQFH DW LQVWUXFWLRQ OHYHO� ,W DOVR IOH[LEO\ UHSRUWV VXPPDUL]HG UHVXOWV� VXFK DV

PHPRU\ GLYHUJHQFH GHJUHH�

&8'$$GYLVRU ,QVWUXPHQWDWLRQ� &8'$$GYLVRU UHOLHV RQ PHPRU\ WUDFHV WR DQDO\]H

*38 NHUQHO¶V PHPRU\ GLYHUJHQFH FKDUDFWHULVWLFV� :H LQVWUXFW &8'$$GYLVRU WR LQVWUX�

PHQW DW DOO WKH JOREDO PHPRU\ UHDG DQG ZULWH RSHUDWLRQV� 6LPLODU WR UHXVH DQDO\VLV� &8�

'$$GYLVRU FROOHFWV HIIHFWLYH DGGUHVV� QXPEHU RI ELWV DFFHVVHG DQG VRXUFH FRGH ORFDWLRQ

DW LQVWUXPHQWDWLRQ VLWH� DQG WKHQ SDVVHV WKHP WR WKH DQDO\VLV IXQFWLRQ� &8'$$GYLVRU

OHYHUDJHV WKH VDPH //90 SDVV RI 5HXVH 'LVWDQFH LQ /LVWLQJ ��� IRU PHPRU\ GLYHUJHQFH

SURILOLQJ� 5XQWLPH WUDFHV DUH VWRUHG RQ *38¶V JOREDO PHPRU\ DQG FRSLHG WR KRVW IRU

GDWD PDUVKDOLQJ� $QDO\VLV PHWULFV VXFK DV PHPRU\ GLYHUJHQFH GHJUHH LV PRGXODUL]HG
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)LJXUH ���� 3URILOHG PHPRU\ GLYHUJHQFH GLVWULEXWLRQ RI XQLTXH WRXFKHG FDFKH OLQHV E\ LQ�
VWUXFWLRQV RI DQ HQWLUH DSSOLFDWLRQ RQ .HSOHU� ;�D[LV UHSUHVHQWV QXPEHU RI XQLTXH FDFKH
OLQHV WRXFKHG �PLQ LV RQH DQG PD[ LV ���� �D� .HSOHU DUFKLWHFWXUH ZLWK ��� %\WH FDFKH
OLQH� �E� 19,',$ 7HVOD 3��� �3DVFDO� ZLWK �� %\WH FDFKH OLQH�

LQ SRVW�DQDO\VLV�

5HVXOWV DQG $QDO\VLV� )LJXUH ��� VKRZV WKH SURILOHG PHPRU\ GLYHUJHQFH GLVWULEX�

WLRQ IRU DQ HQWLUH DSSOLFDWLRQ RQ .HSOHU ���� %\WH FDFKH OLQH� DQG 3DVFDO ��� %\WH FDFKH

OLQH� DUFKLWHFWXUHV LQ 7DEOH ���� ZKLFK LV FDOFXODWHG DV WKH QXPEHU RI XQLTXH FDFKH OLQHV

WRXFKHG E\ HDFK LQVWUXFWLRQ� 7KH VHOHFWHG DSSOLFDWLRQV DUH IURP 7DEOH ��� DQG WKH PD[L�

PXP UDQJH RI [�D[LV LV �� IRU 19,',$ *38V GXH WR �� WKUHDGV�ZDUS� 1RWH WKDW VLQFH WKH

GLVWULEXWLRQ ILJXUHV IRU WKUHH DSSOLFDWLRQV LQFOXGLQJ "A*:- av`F �M/ av`kF KDYH PRVWO\

� DQG �� FDFKH OLQHV WRXFKHG� ZH GR QRW VKRZ WKHP LQ WKH ILJXUHV WR VDYH VSDFH EXW UH�

SRUW WKHLU QXPEHUV KHUH� IRU .HSOHU DUFKLWHFWXUH� "A*: ��⇒ ���� ��⇒ ����� av`F ��⇒

������� ��⇒ ������� DQG 6\U�N ��⇒ ���� ��⇒ ����� IRU 3DVFDO� "A*: ��⇒ ����

� ⇒ ���� �� ⇒ ����� 6\UN �� ⇒ ������� �� ⇒ ������� DQG av`kF �� ⇒ �������

�� ⇒ �������� 6XFK GLVWULEXWLRQ RI XQLTXH FDFKH OLQHV WRXFKHG UHIOHFWV WKH JHQHUDO

RSWLPL]DWLRQ GHJUHH RQ PHPRU\ DFFHVV IRU DQ DSSOLFDWLRQ� RU KRZ ZHOO WKH PHPRU\ DF�

FHVV SDWWHUQ LV VWUXFWXUHG� )RU H[DPSOH� ZH FDQ REVHUYH LQ )LJXUH ��� WKDW "�+FT`QT-

>QibTQi �M/ a`�/npk KDYH EHWWHU FRGH RSWLPL]DWLRQ IRU DYRLGLQJ PHPRU\ GLYHUJHQFH

WKDQ WKH RWKHUV LQ WKH JURXS� $OVR� DUFKLWHFWXUH SOD\V D UROH LQ GHFLGLQJ WKH GLVWULEXWLRQ�

WKH ODUJHVW QXPEHU RI XQLTXH FDFKH OLQH WRXFKHG LQ 3DVFDO LV JHQHUDOO\ ODUJHU WKDQ WKDW RQ

.HSOHU SULPDULO\ GXH WR FDFKH OLQH VL]H� &8'$$GYLVRU DOVR SURYLGHV XVHU LQWHUIDFHV IRU

��



� pB`im�H #QQH `mMPM"�bB+"HQ+FU6mM+iBQM,,Bi2`�iQ` �"V &
� f +QMbi`m+i �M �`;mK2Mi 7Q` #�bB+ #HQ+F^b M�K2  f
� bi/,,bi`BM; ##nM�K2 4 "@=;2iL�K2UVXbi`UVc
� o�Hm2 bi`n##M�K2 4 #mBH/2`X*`2�i2:HQ#�Hai`BM;Si`U##nM�K2Vc
� o�Hm2 Ti`n##M�K2 4 #mBH/2`X*`2�i2SQBMi2`*�biUbi`n##M�K2 - hvT2,,

;2iAMi3Si`hvU*V Vc
�
� f 72i+? /2#m; BM7Q`K�iBQM  f
� +QMbi .2#m;GQ+ �HQ+ 4 BMbi@=;2i.2#m;GQ+UVc
� BMi HM 4 HQ+X;2iGBM2UVc

�� BMi +H 4 HQ+X;2i*QHUVc
��
�� f +`2�i2 � 7mM+iBQM +�HH iQ �M�HvbBb 7mM+iBQM  f
�� #mBH/2`X*`2�i2*�HHU?QQF""- &Ti`n##M�K2 - #mBH/2`X;2iAMijkUHMV-

#mBH/2`X;2iAMijkU+HV ' Vc
�� '

/LVWLQJ ���� ,PSOHPHQWDWLRQ RI //90 SDVV WR LQVWUXPHQW EDVLF EORFNV�

SURILOLQJ DSSOLFDWLRQ¶V PHPRU\ GLYHUJHQFH GHJUHH� ZKLFK LV FRPSXWHG XVLQJ WKH DYHUDJH

RI ZHLJKWHG VXP RI GLVWULEXWLRQ IRU WKH QXPEHU RI XQLTXH FDFKH OLQHV WRXFKHG� 0HPRU\

GLYHUJHQFH GHJUHH LV DOVR DQ LPSRUWDQW LQGH[ IRU PRGHOLQJ *38 SHUIRUPDQFH�

�&� %UDQFK 'LYHUJHQFH

6LJQLILFDQFH� ,Q DGGLWLRQ WR WKH PHPRU\�OHYHO DQDO\VLV FDSDELOLW\ GLVFXVVHG LQ �$�

DQG �%�� &8'$$GYLVRU DOVR SURYLGHV SURILOLQJ IRU FRQWURO IORZ DQDO\VLV� 0RGHUQ *38 SUR�

JUDPPLQJ PRGHOV HQDEOHV IOH[LELOLW\ IRU SURJUDPPHUV WR DGG FRQWURO IORZ LQ WKHLU FRGHV�

%XW FRQGLWLRQDO FRQWURO IORZ FDQ VLJQLILFDQWO\ DIIHFW ZDUS HIILFLHQF\ DQG RYHUDOO SHUIRU�

PDQFH VLQFH LW FRXOG FDXVH WKUHDGV LQ D ZDUS WR H[HFXWH GLIIHUHQW LQVWUXFWLRQV� ZKLFK LV

FDOOHG EUDQFK GLYHUJHQFH� %UDQFK GLYHUJHQFH FDQ EH YHU\ KDUPIXO WR *38 SHUIRUPDQFH

EHFDXVH D VXEVHW RI WKUHDGV LQ D ZDUS ZLOO EH GHIHUUHG WR D GLYHUJHQW VWDFN XQWLO DOO WKH

RWKHU WKUHDGV ILQLVK H[HFXWLQJ WKHLU SDWK� &8'$$GYLVRU FDQ SURYLGH LQVLJKWV RI WKH NHU�

QHO¶V GLYHUJHQFH� VXFK DV KRZ PDQ\ WLPHV D EUDQFK LV H[HFXWHG� KRZ PDQ\ WKUHDGV

H[HFXWH WKLV EUDQFK DQG KRZ RIWHQ D FHUWDLQ EUDQFK FDXVHV D ZDUS WR GLYHUJH�

&8'$$GYLVRU ,QVWUXPHQWDWLRQ� :H LQVWUXFW &8'$$GYLVRU WR LQVWUXPHQW DW DOO ED�

VLF EORFN HQWULHV� $W HDFK LQVWUXPHQWDWLRQ VLWH� &8'$$GYLVRU FROOHFWV WKH QDPHV RI WKHVH

EDVLF EORFNV DQG H[WUDFWV WKHLU VRXUFH ORFDWLRQ IURP GHEXJ LQIRUPDWLRQ EHIRUH SDVVLQJ

WKHP WR WKH DQDO\VLV IXQFWLRQ� 6LPLODU WR PHPRU\ DFFHVV LQVWUXPHQWDWLRQ� &8'$$GYLVRU

��



� f bi`BM; Q7 #�bB+ #HQ+F B/  f
�#8 4 T`Bp�i2 mMM�K2/n�//` +QMbi�Mi (e t B3) +]2Mi`v$$yy]
�
� f QM2 #�bB+ #HQ+F BM � +2`i�BM 7mM+iBQM  f
� 2Mi`v,
� +�HH pQB/ #T�bb"�bB+"HQ+FUB3 ;2i2H2K2MiTi` BM#QmM/b U(e t B3)- (e

t B3) #8- Bjk y- Bjk yV- Bjk R8- Bjk jeV- 5/#; 5eky
� f ?2`2 bi�`ib i?2 Q`B;BM�H BMbi`m+iBQMb  f
� Wy 4 i�BH +�HH Bjk #HHpKXMppKX`2�/XTitXb`2;XiB/XtUV- 5/#; 5ek8

/LVWLQJ ���� %DVLF EORFN LQVWUXPHQWHG ELWFRGH�
7DEOH ���� 5HVXOWV RI %UDQFK 'LYHUJHQFH RQ 3DVFDO�

$SSOLFDWLRQ � GLYHUJHQW EORFNV � WRWDO EORFNV � GLYHUJHQFH
EDFNSURS ����� ����� ������

EIV ������ ������� ������
KRWVSRW ���� ���� ������
ODYD0' ��� ��� ������

QQ �� ���� �����
QZ ������ ������ ������

VUDGBY� ����� ������ ������
ELFJ � ���� �����
V\UN � ��� �����
V\U�N �� ��� �����

UHOLHV RQ DQ //90 SDVV WR LQVWUXPHQW DW ELWFRGH OHYHO� $V VKRZQ LQ /LVWLQJ ���� WKH SDVV

UHWULHYHV WKH QDPH RI HDFK EDVLF EORFN DQG FUHDWHV D SRLQWHU WR WKH VWULQJ ZKHUH WKH

QDPH LV VWRUHG �/LQH ����� ,W WKHQ IHWFKHV WKH VRXUFH FRGH ORFDWLRQV IURP GHEXJ LQIRU�

PDWLRQ �/LQH ������ )LQDOO\� LW FUHDWHV D IXQFWLRQ FDOO WR WKH DQDO\VLV IXQFWLRQ DQG SDVV

WKHVH DUJXPHQWV �/LQH ���� /LVWLQJ ��� VKRZV D VQLSSHW RI LQVWUXPHQWHG ELWFRGH� /LQH �

DQG � DUH WKH RULJLQDO ELWFRGHV DQG WKH\ UHVLGH LQ D FHUWDLQ IXQFWLRQ� /LQH � LQGLFDWHV D

EDVLF EORFN QDPHG ³HQWU\´ DQG /LQH � LV WKH ILUVW LQVWUXFWLRQ LQ WKLV EDVLF EORFN� /LQH � DQG

� DUH LQVHUWHG E\ &8'$$GYLVRU� /LQH � LV D JOREDO VWULQJ ZKLFK VWRUHV WKH EDVLF EORFN¶V

QDPH� /LQH � LV D IXQFWLRQ FDOO WR WKH SUHGHILQHG DQDO\VLV IXQFWLRQ passBasicBlock()

ZKLFK WDNHV LQ WKH EDVLF EORFN¶V QDPH DQG VRXUFH FRGH ORFDWLRQ� passBasicBlock()

UHFRUGV DUJXPHQWV DORQJ ZLWK &7$ ,' DQG WKUHDG ,' LQ D EXIIHU� 6LPLODU WR PHPRU\ DF�

FHVV LQVWUXPHQWDWLRQ� passBasicBlock() LV ZULWWHQ LQ D VHSDUDWH &8'$ VRXUFH ILOH DQG

PHUJHG LQWR DSSOLFDWLRQ¶V NHUQHO DW ELWFRGH OHYHO� )RU GDWD PDUVKDOLQJ� WKH WUDFH LV WUDQV�

IHUUHG WR &38 XSRQ NHUQHO H[LW�

5HVXOWV DQG $QDO\VLV� 7DEOH ��� VKRZV WKH SURILOLQJ UHVXOWV RQ WKH SHUFHQWDJH RI

GLYHUJHQW EORFNV LQ DQ DSSOLFDWLRQ UXQQLQJ RQ 19,',$ 3DVFDO DUFKLWHFWXUH� 7KLV UHVXOW
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)LJXUH ���� 1RUPDOL]HG H[HFXWLRQ WLPH RI GLIIHUHQW DSSOLFDWLRQV RQ 19,',$ .HSOHU DU�
FKLWHFWXUH ZKHQ XVLQJ WKH SUHGLFWHG RSWLPDO QXPEHU RI ZDUSV SHU &7$ IRU E\SDVVLQJ�
%DVHOLQH FDVH LV XVLQJ DOO WKH ZDUSV �QR E\SDVVLQJ�� 2UDFOH H[KDXVWLYHO\ VHDUFKHV WKH
RSWLPDO VROXWLRQ� 3UHGLFWLRQ UHSUHVHQWV RXU PRGHO�

VXPPDU\ DOVR DSSOLHV WR RWKHU 19,',$ *38V VLQFH EUDQFK GLYHUJHQFH XQGHU &8'$ LV

LQGHSHQGHQW RI DUFKLWHFWXUHV� :H FDQ REVHUYH WKDW LL- "A*:- av`F �M/ av`kF KDYH

YHU\ ORZ IUHTXHQF\ RI EUDQFK GLYHUJHQFH ZKLOH WKH RWKHUV �HVSHFLDOO\ Lq� VXIIHU IURP

KLJK IUHTXHQF\ RI EUDQFK GLYHUJHQFH� 7KLV DQDO\VLV HIIHFWLYHO\ KHOSV SURJUDPPHUV WDU�

JHW DSSOLFDWLRQV WKDW DUH LQ QHHG RI EUDQFK GLYHUJHQFH RSWLPL]DWLRQV� WR ZKLFK SUHYLRXV

RSWLPL]DWLRQ WHFKQLTXHV >��� ��� ��@ FDQ EH DSSOLHG�

�'� 2SWLPL]DWLRQ �� +RUL]RQWDO &DFKH %\SDVVLQJ�

5HFHQWO\� FDFKH E\SDVVLQJ KDV EHFRPH D KHDYLO\ LQYHVWLJDWHG UHVHDUFK WRSLF LQ *38

FRPSXWLQJ� 7KLV LV EHFDXVH PRGHUQ *38V KDYH YHU\ OLPLWHG /� GDWD FDFKH DQG PDV�

VLYHO\ WKUHDGHG *38 DSSOLFDWLRQV RIWHQ H[FHHG WKH /� FDSDFLW\� FDXVLQJ VHYHUH WKUDVK�
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)LJXUH ���� 1RUPDOL]HG H[HFXWLRQ WLPH RI GLIIHUHQW DSSOLFDWLRQV RQ 19,',$ 3DVFDO DU�
FKLWHFWXUH ZKHQ XVLQJ WKH SUHGLFWHG RSWLPDO QXPEHU RI ZDUSV SHU &7$ IRU E\SDVVLQJ�
%DVHOLQH FDVH LV XVLQJ DOO WKH ZDUSV �QR E\SDVVLQJ�� 2UDFOH H[KDXVWLYHO\ VHDUFKHV WKH
RSWLPDO VROXWLRQ� 3UHGLFWLRQ UHSUHVHQWV RXU PRGHO�

LQJ >��� ��@� $GGLWLRQDOO\� FDFKH�OHYHO UHVRXUFHV �H�J�� 06+5 HQWULHV DQG ORDG�VWRUH

TXHXHV� DUH DOVR YHU\ OLPLWHG� RIWHQ FDXVLQJ VHYHUH UHVRXUFH FRQJHVWLRQ �H�J�� 06+5

DOORFDWLRQ IDLOXUHV� >��� ��� ��@� 7R WDFNOH WKLV SUREOHP� PDQ\ DUFKLWHFWXUH VROXWLRQV DUH

SURYLGHG� H�J�� HQDEOLQJ E\SDVVLQJ WKUHVKROG LQ WDJ VWRUH >��@ DQG SURSRVLQJ QHZ E\�

SDVVLQJ SROLF\ >��@� 7ZR JHQHUDO W\SHV RI VRIWZDUH�OHYHO E\SDVVLQJ DUH DOVR SURSRVHG�

YHUWLFDO E\SDVVLQJ >��@ WDUJHWLQJ RQ HYHU\ JOREDO PHPRU\ DFFHVV LQVWUXFWLRQ LQ 37; �E\�

SDVVLQJ WKHP IRU HYHU\ ZDUS�� DQG KRUL]RQWDO E\SDVVLQJ >��@ ZKLFK IRFXVHV RQ FRQFXU�

UHQF\ DQG RQO\ DOORZV FHUWDLQ QXPEHU RI FRQFXUUHQW ZDUSV SHU &7$ WR DFFHVV /� FDFKH�

(DFK RI WKHP KDV FHUWDLQ DGYDQWDJHV DQG GLVDGYDQWDJHV� YHUWLFDO E\SDVVLQJ LV PRUH

ILQH�JUDLQHG EXW UHTXLUHV DUFKLWHFWXUDO DQG UXQWLPH LQIRUPDWLRQ WR HYDOXDWH HYHU\ LQGLYLG�

XDO ORDG DQG DOVR E\SDVV DOO WKH ZDUSV� KRUL]RQWDO E\SDVVLQJ LV PXFK VLPSOHU DQG FDQ

PDQDJH E\SDVVLQJ JUDQXODULW\ EHWWHU EXW FDQQRW GLVWLQJXLVK ORDGV ZLWK OLWWOH UHXVH� 7R

� ff444 +QKTmi2 r�`T B/ �M/ b2i i?`2b?QH/ 444
� KQpXmjk W`y- WiB/Xtc ffh?`2�/ BM/2t
� b?`Xmjk W`y- W`y- 8c ffq�`T BM/2t
� b2iTXHiXbjk WTy- W`yb- 0TB0c ffa2i h?`2b?QH/
�
� ff444 7Q` 2�+? ;HQ#�H HQ�/ 444
�#WTy H/X;HQ#�HX+�Xbjk W`N- (W`/e)c ff*�+?2
�#5WTy H/X;HQ#�HX+;Xbjk W`N- (W`/e)c ff"vT�bb

/LVWLQJ ���� 37; LQVWUXPHQWDWLRQ IRU KRUL]RQWDO E\SDVVLQJ�

��



VKRZFDVH RXU WRRO¶V SUHGLFWLRQ FDSDELOLW\� ZH FKRRVH WKH PRVW UHFHQW VRIWZDUH�OHYHO KRUL�

]RQWDO E\SDVVLQJ SURSRVHG LQ >��@ WR FRPSDUH ZLWK� ZKLFK XVHV D SUH�H[HFXWLRQ VDPSOLQJ

SHULRG WR GR H[KDXVWLYH VHDUFKLQJ IRU WKH RSWLPDO QXPEHU ZDUSV SHU &7$ WR DFFHVV /�

RQ D 60 DQG WKHQ IROORZV VXFK VXJJHVWLRQ IRU WKH UHPDLQLQJ H[HFXWLRQ� $OWKRXJK LW FDQ

DFFXUDWHO\ LGHQWLI\ WKH EHVW ZDUS QXPEHU WR DFFHVV /�� LW UHTXLUHV H[KDXVWLYHO\ VHDUFKLQJ

DOO WKH RSWLRQV IRU QXPEHU RI ZDUSV� 7KH DFWXDO E\SDVVLQJ LQ 37; LV VKRZQ LQ /LVWLQJ ����

8VLQJ WKH PHPRU\ WUDFLQJ IXQFWLRQDOLW\ GHPRQVWUDWHG LQ �$� UHXVH GLVWDQFH DQG �%� PHP�

RU\ GLYHUJHQFH IURP &8'$$GYLVRU� ZH FDQ DFWXDOO\ PRGHO WKH RSWLPDO QXPEHU ZDUSV WR

DFFHVV /� DORQJ ZLWK RWKHU SDUDPHWHUV SURYLGHG E\ WKH DSSOLFDWLRQ DQG DUFKLWHFWXUH IHD�

WXUHV� ZLWKRXW WKH QHHG RI H[KDXVWLYH VHDUFKLQJ� :H EXLOG WKH RSWLPDO ZDUS HVWLPDWLRQ

PRGHO LQ (T������� ZKLFK FDQ EH EXLOW LQWR SRVW SURFHVVLQJ RI &8'$$GYLVRU DV DQ PHWULF�

,Q WKLV PRGHO� R.D. UHSUHVHQWV DQ DSSOLFDWLRQ¶V DYHUDJH UHXVH GLVWDQFH� DQG M.D. LV

WKH DYHUDJH PHPRU\ GLYHUJHQFH RI WKH DSSOLFDWLRQ� ERWK FDQ EH FDOFXODWHG WKURXJK WKH

RXWSXWV RI &8'$$GYLVRU� 1RWH WKDW IRU VKRZFDVLQJ SXUSRVH ZH XVH WKH DYHUDJH YDOXH

RI R.D. DQGM.D. LQVWHDG RI HOLPLQDWLQJ WKH RXWOLHUV �H�J�� H[WUHPH GDWD SRLQWV� WR UDWKHU

FRQVHUYDWLYHO\ HVWLPDWH WKH RSWLPDO ZDUS QXPEHU�

OptBNumBWarps =
L1BCacheBSize

R.D. ∗ CachelineBSize ∗M.D. ∗ �CTAs/SM
�����

:H WHVWHG RXU PRGHO RQ WKH WZR *38 DUFKLWHFWXUHV VKRZQ LQ 7DEOH ���� .HSOHU ZLWK

��.% RU ��.% /� FDFKH DQG 3DVFDO ZLWK ��.% /��7H[WXUH XQLILHG FDFKH� :H DOVR VH�

OHFW FDFKH�E\SDVVLQJ IDYRUDEOH DSSOLFDWLRQV �EDVHG RQ WKH H[SHULHQFH IURP UHFHQW VLP�

XODWLRQ ZRUN >��@� IURP 7DEOH ��� WR GHPRQVWUDWH RXU PRGHO¶V SUHGLFWLRQ DFFXUDF\ IRU

E\SDVVLQJ� )LJXUH ��� DQG ��� VKRZ WKH SUHGLFWLRQ HYDOXDWLRQ RQ .HSOHU DQG 3DVFDO�

7KH EDVHOLQH FDVH LV WKH GHIDXOW VFHQDULR ZKHUH FDFKH E\SDVVLQJ LV GLVDEOHG �L�H�� XVLQJ

FDFKH�� ZKLOH RUDFOH VWDQGV IRU WKH H[KDXVWLYH KRUL]RQWDO E\SDVVLQJ LQ >��@ DQG SUHGLF�

WLRQ UHSUHVHQWV RXU PRGHO� %RWK ILJXUHV FOHDUO\ VKRZ WKDW RXU PRGHO DFKLHYHV YHU\ JRRG

SHUIRUPDQFH� ,W LV ���� DQG ���� VORZHU WKDQ WKH RUDFOH VFHQDULR� IRU ��.% DQG ��.%

/� RQ .HSOHU� UHVSHFWLYHO\� $QG IRU WKH ��.% XQLILHG FDFKH RQ 3DVFDO� RXU SUHGLFWLRQ

��



ff #7bX+m
�� BMi K�BMU BMi �`;+- +?�`  �`;pV &

XXX
�� "6a:`�T?U �`;+- �`;pVc

XXX
'

�� pQB/ "6a:`�T?U BMi �`;+- +?�`  �`;pV &
XXX

��� +m/�J�HHQ+UUpQB/  V �/n;`�T?npBbBi2/ - #vi2bV c
��� +m/�J2K+TvU/n;`�T?npBbBi2/ - ?n;`�T?npBbBi2/ - #vi2b-

+m/�J2K+Tv>QbihQ.2pB+2V c
XXX

��� E2`M2HIII;`B/-i?`2�/b -y===UXXX- /n;`�T?npBbBi2/ - XXXVc
XXX

'

ff E2`M2HX+m
�� nn;HQ#�Hnn pQB/ E2`M2HUXXX-#QQH  ;n;`�T?npBbBi2/ -XXXV &

XXX
�� B7U5;n;`�T?npBbBi2/(;n;`�T?n2/;2b(B))V

XXX
'

/LVWLQJ ���� &RGH 6QLSSHW RI %)6�

LV �� VORZHU� :H DOVR REVHUYH WKDW WKHVH VXSSRVHG E\SDVVLQJ�IDYRUDEOH DSSOLFDWLRQV

DFWXDOO\ DUH TXLWH GLIIHUHQW� "6a DQG >QibTQi DUH TXLWH LQVHQVLWLYH DSSOLFDWLRQV ZKLFK

PDWFK WKHLU VWUHDPLQJ IHDWXUHV GLVFXVVHG LQ 6HFWLRQ �����$� DQG )LJXUH ���� 7KH RWKHU

WKUHH ZKR EHQHILW IURP E\SDVVLQJ DFWXDOO\ VXIIHU JUHDWO\ IURP FDSDFLW\ PLVVHV EHFDXVH

LQFUHDVLQJ FDFKH VL]H IURP ��.% WR ��.% GUDPDWLFDOO\ UHGXFHV E\SDVVLQJ EHQHILWV �H�J��

��� WR �� IRU RUDFOH RQ .HSOHU�� $GGLWLRQDOO\� DUFKLWHFWXUH IHDWXUHV SOD\ DQ LPSRUWDQW

UROH LQ E\SDVVLQJ� )RU LQVWDQFH� E\SDVVLQJ RQ 3DVFDO SHUIRUPV EHWWHU WKDQ WKDW RQ .HSOHU

EHFDXVH WKH XQLILHG FDFKH RQ 3DVFDO ORFDWHV LQ WH[WXUH SURFHVVRU FOXVWHU �73&� LQVWHDG

RI 60 �L�H�� PXOWLSOH 60V ORFDWH RQ RQH 73& VR WKH XQLILHG FDFKH WHFKQLFDOO\ ORFDWHV

EHWZHHQ 60 DQG 1R& LQVWHDG RI RQ 60�� $OO WKHVH GHWDLOHG DQDO\VLV RQ FDFKH E\SDVV�

LQJ RSWLPL]DWLRQ RI UHDO *38 KDUGZDUH FDQ EH HDVLO\ REWDLQHG DQG PRGHOHG WKURXJK RXU

&8'$$GYLVRU WRRO�

�(� 2SWLPL]DWLRQ �� &RGH� DQG 'DWD�&HQWULF 'HEXJJLQJ�

:KHQ XQGHUVWDQGLQJ RU GHEXJJLQJ D ODUJH SURMHFW� LW FDQ EH FXPEHUVRPH DQG HUURU�

��



0: main():: [some path]/bfs.cu: 57
1: BFSGraph():: [some path]/bfs.cu: 63
2: Kernel():: [some path]/bfs.cu: 217
3: Kernel()::  [some path]/Kernel.cu: 33 

CPU

GPU

)LJXUH ���� &RGH�FHQWULF YLHZ VKRZV FRQFDWHQDWHG FDOOLQJ FRQWH[W IURP ERWK KRVW DQG
GHYLFH�

SURQH WR UHDG WKH FRGH DQG WUDFN DOO GDWD REMHFWV� $V GLVFXVVHG LQ 6HFWLRQ ������ D PDMRU

FRQWULEXWLRQ RI &8'$$GYLVRU LV WR SURYLGH FRGH�FHQWULF DQG GDWD�FHQWULF SURILOLQJ WR VKRZ

LQVLJKWV RI WKH SURJUDP DQG JXLGH GHEXJJLQJ� 7R VKRZFDVH WKHVH IHDWXUHV� ZH WDNH "6a

DV DQ H[DPSOH� $ FRGH VQLSSHW LV VKRZQ LQ /LVWLQJ ���� 6LQFH "6a¶V NHUQHO XVHV GDWD

W\SHV RI ERRO DQG IORDW� D ZDUS FDQ LGHDOO\ WRXFK RQO\ RQH FDFKH OLQH RQ .HSOHU ���� %\WH

FDFKH OLQH� DQG XS WR IRXU FDFKH OLQHV RQ 3DVFDO ��� %\WH FDFKH OLQH�� DVVXPLQJ WKH

SURJUDP KDV QR PHPRU\ GLYHUJHQFH� +RZHYHU� "6a KDV D SRUWLRQ RI PHPRU\ DFFHVVHV

WKDW WRXFK PRUH WKDQ WKH OLPLWV� DV SUHYLRXVO\ VKRZQ LQ )LJXUH ����

,I D SURJUDPPHU LV LQWHUHVWHG WR NQRZ ZKLFK PHPRU\ DFFHVVHV VXIIHU IURP PHPRU\

GLYHUJHQFH� &8'$$GYLVRU FDQ VKRZ QRW RQO\ WKH VRXUFH FRGH ORFDWLRQ� EXW DOVR WKH FDOO�

LQJ FRQWH[W� )LJXUH ��� LV DQ LOOXVWUDWLYH H[DPSOH� (DFK URZV OLVWV WKH LQGH[� WKH IXQFWLRQ

QDPH� WKH VRXUFH ILOH DQG OLQH QXPEHU� 7KLV H[DPSOH VKRZV WKDW /LQH �� RI .HUQHO�FX

KDV VLJQLILFDQW PHPRU\ GLYHUJHQFH� $V FDQ EH VHHQ LQ WKH ILJXUH� &8'$$GYLVRU FRQ�

FDWHQDWHV WKH FDOO SDWK IURP ERWK KRVW DQG GHYLFH WR VKRZ WKH FDOOLQJ FRQWH[W VWDUWLQJ

IURP PDLQ IXQFWLRQ RQ KRVW DOO WKH ZD\ WR WKH VXVSLFLRXV VLWH RQ GHYLFH� WR EHWWHU JXLGH

SURJUDPPHUV WR XQGHUVWDQG WKH SURJUDP¶V EHKDYLRU� 1RWH WKDW &8'$$GYLVRU LV DEOH WR

FDSWXUH DQG GLVSOD\ IXQFWLRQ FDOOV LQ &8'$ NHUQHO DV ZHOO�

&8'$$GYLVRU DOVR GHWHFWV ZKLFK GDWD REMHFW LV DVVRFLDWHG ZLWK PHPRU\ GLYHUJHQFH�

$Q LOOXVWUDWLYH RXWSXW LV VKRZQ )LJXUH ���� &8'$$GYLVRU VKRZV WKH FDOOLQJ FRQWH[W

WR PDOORF��� FXGD0DOORF�� DQG FXGD0HPFS\��� ,W VKRZV SURJUDPPHU WKDW DQ DUUD\ RI

ERRO /n;`�T?npBbBi2/ DOORFDWHG DW /LQH ��� RI EIV�FX VXIIHUV IURP PHPRU\ GLYHUJHQFH�

DQG WKDW LWV FRXQWHUSDUW RQ KRVW LV ?n;`�T?npBbBi2/ DOORFDWHG DW /LQH ��� RI EIV�FX�

��



0: main():: [some path]/bfs.cu: 57
1: BFSGraph():: [some path]/bfs.cu: 63

2: malloc():: [some path]/bfs.cu: 113

2: cudaMalloc():: [some path]/bfs.cu: 172

2: cudaMemcpy():: [some path]/bfs.cu: 173

h_graph_visited = (bool*) malloc(bytes);

cudaMalloc( (void**) &d_graph_visited, bytes) ;

cudaMemcpy(d_graph_visited, h_graph_visited, bytes, cudaMemcpyHostToDevice) ;

h_graph_visited d_graph_visited
CPU GPU 

)LJXUH ���� 'DWD�FHQWULF YLHZ VKRZV WKH LQWHUHVWLQJ GDWD REMHFWV� ZKHUH LW LV DOORFDWHG
RQ KRVW DQG GHYLFH DQG ZKHUH LW LV WUDQVIHUUHG�
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)LJXUH ����� 2YHUKHDG RI PHPRU\ DQG FRQWURO IORZ LQVWUXPHQWDWLRQ� RQ .HSOHU DQG 3DV�
FDO $UFKLWHFWXUHV�

7KHVH IHDWXUHV RI &8'$$GYLVRU FDQ VLJQLILFDQWO\ UHGXFH GHEXJJLQJ WLPH IRU D IDLUO\ ODUJH

SURMHFW�

��� 7RRO¶V 2YHUKHDG $QDO\VLV

)LJXUH ���� VKRZV WKH UXQWLPH RYHUKHDGV RI UXQQLQJ *38 NHUQHOV IRU HDFK EHQFKPDUN

OLVWHG LQ 7DEOH ���� 7KH EDVHOLQH XVHG LV WKH RULJLQDO EHQFKPDUN FRPSLOHG E\ &ODQJ

���� :H SHUIRUP RYHUKHDG DQDO\VLV RQ .HSOHU DQG 3DVFDO DUFKLWHFWXUHV� ZLWK GHWDLOHG

LQIRUPDWLRQ LQ 7DEOH ���� 7KH H[SHULPHQWDO UHVXOWV DUH DYHUDJHG RQ ILYH UXQV� $V VKRZQ

��



LQ )LJXUH ����� WKH UXQWLPH RYHUKHDG PRVWO\ UDQJHV IURP 10× WR 120×� ,W LV PXFK IDVWHU

WKDQ VLPXODWRUV VXFK DV *3*38�6LP WKDW XVXDOO\ LQFXUV ���� PLOOLRQV RI VORZ GRZQ WR

WKH QDWLYH H[HFXWLRQ >��@�

:LWK IXUWKHU DQDO\VLV� WKH RYHUKHDG PRVWO\ FRPHV IURP WKUHH VRXUFHV� )LUVW� &8'�

$$GYLVRU XWLOL]HV DWRPLF RSHUDWLRQV WR VHULDOL]H PHPRU\ DFFHVV RU FRQWURO IORZ HYHQWV�

6HFRQG� &8'$$GYLVRU LQVHUWV D IXQFWLRQ FDOO WR HDFK LQVWUXPHQWDWLRQ VLWH� ,Q WKH IXWXUH�

ZH ZLOO H[SORUH D PRUH HIILFLHQW ZD\ WR LQVHUW LQVWUXFWLRQV UDWKHU WKDQ KHDY\ZHLJKW IXQF�

WLRQ FDOOV� 7KLUG� WKH EXIIHU RQ WKH GHYLFH VLGH OLYHV LQ *38¶V JOREDO PHPRU\� ,W FRPSHWHV

WKH *38 NHUQHO ZLWK VKDUHG UHVRXUFHV VXFK DV FDFKH DQG 06+5�

��� 5HODWHG :RUN

:H KDYH GLVWLQJXLVKHG &8'$$GYLVRU IURP WKH PRVW UHODWHG ZRUN²6$66, >��@ LQ 6HF�

WLRQ ���� ,Q WKLV VHFWLRQ� ZH UHYLHZ RWKHU SURILOHUV WKDW ZRUN RQ *38V�

19,',$ SURYLGHV LWV RZQ WRROV WR VXSSRUW SURILOLQJ &8'$ FRGH� VXFK DV 9LVXDO 3URILOHU

�193� >��@� QYSURI >��@� DQG 16LJKW >��@� 7KHVH SURILOHUV FROOHFW SHUIRUPDQFH GDWD YLD

KDUGZDUH SHUIRUPDQFH FRXQWHUV DQG OLJKWZHLJKW ELQDU\ LQVWUXPHQWDWLRQ� 7KH\ DUH DEOH

WR LGHQWLI\ LQHIILFLHQW &38�*38 LQWHUDFWLRQV DQG SLQSRLQW SHUIRUPDQFH ERWWOHQHFNV LQ

&8'$ FRGH� +RZHYHU� WKHVH SURGXFWLRQ�TXDOLW\ WRROV DUH QRW RSHQ VRXUFHG DQG YHU\

LQIOH[LEOH IRU QRYHO UHVHDUFK H[SORUDWLRQ DQG YDULRXV DQDO\VLV VLQFH WKH\ RQO\ SURYLGH

YHU\ OLPLWHG SUH�VHOHFWHG PHWULFV� )RU H[DPSOH� XQOLNH &8'$$GYLVRU� WKHVH WRROV GR QRW

SURYLGH LQWXLWLYH RSWLPL]DWLRQ JXLGDQFH ZLWK FDFKH E\SDVVLQJ� GHWDLOHG UHXVH GLVWDQFH

DQDO\VLV� DQG PHPRU\ GLYHUJHQFH GLVWULEXWLRQ IUHTXHQF\�

,Q WKH +3& FRPPXQLW\� VHYHUDO SURILOHUV WKDW FDQ VXSSRUW FRDUVH�JUDLQHG *38�

OHYHO DQDO\VLV KDYH EHHQ SURSRVHG� LQFOXGLQJ 9DPSLUH >��@� 7$8 >��@� 6FDODVFD >��@�

*�+3&7RRONLW >��@ DQG >��@� 7KH\ FROOHFW GDWD YLD &837, WRRO >��@ DQG KDUGZDUH SHU�

IRUPDQFH FRXQWHUV DYDLODEOH RQ *38V DQG DVVRFLDWH WKHVH GDWD ZLWK *38 NHUQHOV DQG

WLPHVWDPSV� 7KHVH WRROV XVXDOO\ LQFXU VPDOO RYHUKHDG DQG SURYLGH LQVLJKWV LQWR SURE�

��



OHPDWLF &38�*38 LQWHUDFWLRQV ZLWK SURILOHV DQG WUDFHV� +RZHYHU� WKH\ IDLO WR LGHQWLI\

GHWDLOHG SHUIRUPDQFH LQVLJKWV LQWR *38 NHUQHOV DQG ODFN WKH URRW FDXVH DQDO\VLV RQ

SHUIRUPDQFH ERWWOHQHFNV LQVLGH &8'$ NHUQHOV�

,Q WKH DUFKLWHFWXUH FRPPXQLW\� *3*38�VLP >��@ LV D ZLGHO\�XVHG VLPXODWRU WR SHU�

IRUP ILQH�JUDLQHG VLPXODWLRQ WUDFLQJ� +RZHYHU� FRPSDUHG WR UXQWLPH SURILOHUV� VLPXODWLRQ

LV YHU\ VORZ� SUHYHQWLQJ LW IURP ZRUNLQJ RQ UHDO LQSXWV� 0RUHRYHU� VLPXODWLRQ PD\ QRW

VLPXODWH DOO WKH IHDWXUHV RI HDFK KDUGZDUH FRPSRQHQW� VR WKH DQDO\VLV UHVXOW PD\ QRW

UHIOHFW WKH UHDO H[HFXWLRQ RQ QHZHU *38 DUFKLWHFWXUHV �L�H�� *3*38�VLP RQO\ PRGHOV

)HUPL DUFKLWHFWXUH��

��� &KDSWHU 6XPPDU\

7KLV FKDSWHU SUHVHQWV &8'$$GYLVRU� D JHQHUDO IUDPHZRUN WKDW VXSSRUWV ILQH�JUDLQHG

DQDO\VLV WR LGHQWLI\ SHUIRUPDQFH ERWWOHQHFNV RI &8'$ FRGH� &8'$$GYLVRU LV EXLOW DWRS

//90 WR LQVWUXPHQW &8'$ FRGH UXQQLQJ DFURVV GLIIHUHQW *38 DUFKLWHFWXUHV DQG &8'$

UXQWLPHV� 0RUHRYHU� &8'$$GYLVRU VXSSRUWV QRYHO FRGH� DQG GDWD�FHQWULF SURILOLQJ WR

SURYLGH LQWXLWLYH JXLGDQFH IRU XQGHUVWDQGLQJ DEQRUPDO EHKDYLRUV LQ &8'$ FRGH� )LQDOO\�

&8'$$GYLVRU VXSSRUWV YDULRXV DQDO\VLV WHFKQLTXHV� :H KDYH VKRZQ WKUHH GLIIHUHQW

DQDO\VHV IRU UHXVH GLVWDQFH� PHPRU\ DQG EUDQFK GLYHUJHQFH� %DVHG RQ WKHVH DQDO\VHV�

&8'$$GYLVRU LV DEOH WR IXUWKHU GHYLVH QHZ PHWULFV WR JXLGH *38 RSWLPL]DWLRQ RI FDFKH

E\SDVVLQJ� ZKLFK DFKLHYHV XS WR �× VSHHGXS� ,W DOVR SURYLGHV XQLTXH FRGH�FHQWULF DQG

GDWD�FHQWULF GHEXJJLQJ FDSDELOLW\�

��



&KDSWHU �

3UHVSRQVH� $FFHOHUDWLQJ

,QFUHPHQWDO /DUJH *UDSK

3URFHVVLQJ RQ *38 YLD 6SHFXODWLYH

3UHSURFHVVLQJ

��� ,QWURGXFWLRQ

3URFHVVLQJ ODUJH JUDSKV LV DOZD\V D GLIILFXOW \HW KLJKO\�FUXFLDO WDVN IRU ZDUHKRXVH FRP�

SDQLHV DQG KLJK SHUIRUPDQFH FRPSXWLQJ DV LW GHPDQGV VXEVWDQWLDO FRPSXWDWLRQ SRZHU

DQG KLJK PHPRU\ EDQGZLGWK� $V D UHVXOW� *38V DUH RIWHQ DGRSWHG WR DFFHOHUDWH JUDSK

SURFHVVLQJ >��� ��� ��@ EHFDXVH RI WKH VFDODELOLW\ DQG HQHUJ\ HIILFLHQF\�

,Q WKH PHDQWLPH� UHDO�ZRUOG JUDSKV DUH QRW VWDWLFDOO\ FRQVHUYHG EXW FRQWLQXRXVO\

HYROYLQJ� 4XHULHV UHJDUGLQJ WR WKH JUDSK SURSHUWLHV RIWHQ LQYROYH FRPSXWDWLRQ XSRQ D

ODUJH SRUWLRQ RI WKH JUDSK� :KHQ D JUDSK HYROYHV� LW LV GHVLUHG WKDW SURSHUWLHV DUH XS�

WR�GDWH DQG WKH ODWHVW FKDQJHV WR WKH JUDSK DUH UHIOHFWHG LQ TXHU\ UHVSRQVHV� +RZHYHU�

IDVW SURFHVVLQJ IRU JUDSK XSGDWHV LV FRPSXWDWLRQ LQWHQVLYH DQG FUXFLDO� 2QH ZRUNDURXQG

LV WR DJJUHJDWH XSGDWHV LQ EDWFKHV DQG HPLW WKH EDWFKHV SHULRGLFDOO\� 7KH SHULRG EH�

��



WZHHQ EDWFKHV GHSHQGV RQ WKH XSGDWH UDWH DQG EDWFK VL]H� 4XHU\ UHVSRQVHV UHIOHFW

WKH FKDQJHV LQ WKH ODWHVW EDWFK DQG UHPDLQ YDOLG XQWLO WKH QH[W EDWFK LV HPLWWHG DQG SUR�

FHVVHG�

7R SURFHVV DQ XSGDWH EDWFK� D QDLYH DSSURDFK LV WR XSGDWH WKH JUDSK DQG UHFRPSXWH

WKH SURSHUWLHV RI WKH HQWLUH HYROYHG JUDSK� PDUNHG DV bi�iB+ LQ )LJ ���D� %DVHG RQ WKH

REVHUYDWLRQ WKDW XSGDWHV XVXDOO\ DSSO\ WR RQO\ D VPDOO IUDFWLRQ RI D ODUJH JUDSK� H[LVWLQJ

DSSURDFKHV HPSOR\ LQFUHPHQWDO FRPSXWDWLRQ WR DFKLHYH HIILFLHQW SURFHVVLQJ IRU HYROY�

LQJ JUDSKV >��� ��� ��� ��� ��@� 8QOLNH VWDWLF UH�FRPSXWDWLRQ� LQFUHPHQWDO SURFHVVLQJ

FRQGXFWV PLQLPDO FRPSXWDWLRQ RQO\ IRU WKH HYROYHG IUDFWLRQ� 7KXV� WKH FRPSXWDWLRQ DQG

UHVSRQVH ODWHQF\ FDQ EH VXEVWDQWLDOO\ UHGXFHG� DV VKRZQ LQ )LJ ���E�
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)LJXUH ���� &RPSDULVRQ RI WKUHH DSSURDFKHV WR HYROYLQJ JUDSK� �D� VWDWLF UH�
FRPSXWDWLRQ� �E� LQFUHPHQWDO SURFHVVLQJ� �F� SURSRVHG DSSURDFK� 7KH KRUL]RQWDO
ERWWRP DUURZ LQGLFDWHV WLPH� 7KH YHUWLFDO GDVKHG OLQHV LQGLFDWH EDWFK HPLW WLPHV� 7KH
OHQJWK RI EOXH DUURZV LQGLFDWH WKH SURFHVVLQJ WLPH�

:H FDQ IXUWKHU DFFHOHUDWH WKH LQFUHPHQWDO SURFHVVLQJ E\ VSHFXODWLYHO\ FRPSXWLQJ WKH

SRVVLEOH XSGDWHV EDVHG RQ RXU REVHUYDWLRQ WKDW JUDSK XSGDWHV DUH KLJKO\ SUHGLFWDEOH�

/DUJH JUDSKV LQ WKH UHDO ZRUOG� VXFK DV VRFLDO QHWZRUNV� URDG PDSV� SDSHU FLWDWLRQV

DQG FRPPXQLW\ TXHVWLRQ DQVZHULQJ JUDSKV� RIWHQ UHIOHFW UHDO UHODWLRQV EHWZHHQ YHUWLFHV�

7KXV� UHDO�ZRUOG JUDSKV DUH QRW UDQGRP EXW VHPDQWLFDOO\ PHDQLQJIXO� )RU H[DPSOH� LQ D

��



VRFLDO QHWZRUN� D YHUWH[ VWDQGV IRU D XVHU� DQG DQ HGJH EHWZHHQ WZR YHUWLFHV UHSUHVHQWV

D IULHQG UHODWLRQ EHWZHHQ WKH WZR XVHUV� 1HZ HGJHV DUH PRUH OLNHO\ WR DSSHDU EHWZHHQ

XVHUV ZKR KDYH D ORW RI PXWXDO IULHQGV� RU VKDUH FRPPRQ LQWHUHVWV� %DVHG RQ WKLV�

FKDQJHV WR UHDO�ZRUOG JUDSKV IROORZ FHUWDLQ SDWWHUQV� PDNLQJ WKHP SUHGLFWDEOH� 2XU

H[SHULPHQWV VKRZ WKDW D ZHOO�WUDLQHG FODVVLILHU FDQ UHDFK RYHU 90� DFFXUDF\�

%DVHG RQ WKLV REVHUYDWLRQ� ZH SURSRVH 3UHVSRQVH� D SUHGLFWLRQ�EDVHG LQFUHPHQWDO

JUDSK SURFHVVLQJ IUDPHZRUN� $V VKRZQ LQ )LJ ���F� GXULQJ WKH LGOH LQWHUYDO EHWZHHQ

EDWFKHV� 3UHVSRQVH SUHGLFWV WKH XSGDWHV LQ WKH QH[W EDWFK� DQG VSHFXODWLYHO\ FRPSXWHV

WKH LQWHUPHGLDWH SURSHUWLHV� :KHQ WKH UHDO XSGDWH EDWFK LV HPLWWHG� RXU IUDPHZRUN FRP�

SXWHV WKH XSGDWHG SURSHUWLHV E\ SURFHVVLQJ VRPH FRUUHFWLRQ FKDQJHV� 7KH IDOVHO\ SUH�

GLFWHG FKDQJHV DUH UROOHG EDFN� DQG PLVVHG FKDQJHV DUH SDWFKHG� *LYHQ D VXIILFLHQWO\

KLJK SUHGLFWLRQ DFFXUDF\� WKH SURFHVVLQJ WLPH LV VXEVWDQWLDOO\ UHGXFHG� ,W LV ZRUWK QRWLQJ

WKDW WKH XSGDWH SDWWHUQ PD\ DOVR HYROYH RYHU WLPH� 7R WDNH WKDW LQWR FRQVLGHUDWLRQ� 3UH�

VSRQVH PRQLWRUV WKH FKDQJHV WR WKH JUDSK DQG NHHSV OHDUQLQJ WKH QHZ SDWWHUQV� ZKLFK

JXDUDQWHHV WKDW RXU IUDPHZRUN FRQWLQXRXVO\ IROORZV WKH SDWWHUQ FKDQJHV DQG GHOLYHUV

UHOLDEOH SUHGLFWLRQV�

,Q VXPPDU\� ZH SUHVHQW 3UHVSRQVH� D IUDPHZRUN WKDW ERRVWV JUDSK SURFHVVLQJ E\

SUHGLFWLQJ JUDSK XSGDWHV� :H SURSRVH WKUHH LQFUHPHQWDO JUDSK DOJRULWKPV WDLORUHG IRU

*38� :H HPSLULFDOO\ VKRZ WKDW SUHGLFWLRQ DFFXUDF\ FDQ UHDFK RYHU 90�� DQG GHOLYHUV

VSHHGXSV XS WR 25× IRU TXHU\ UHVSRQVHV�

&RQWULEXWLRQV� ,Q VXPPDU\� ZH PDNH WKH IROORZLQJ FRQWULEXWLRQV LQ WKLV FKDSWHU�

� :H GHYHORS LQFUHPHQWDO LPSOHPHQWDWLRQV RI WKUHH IXQGDPHQWDO JUDSK DOJRULWKPV�

%UHDGWK )LUVW 6HDUFK� &RQQHFWHG &RPSRQHQWV� DQG 7ULDQJOH &RXQWLQJ� 7KH LP�

SOHPHQWDWLRQV DUH WDLORUHG IRU *38 H[HFXWLRQ�

� :H GHPRQVWUDWH WKDW XSGDWHV DUH KLJKO\ SUHGLFWDEOH IRU UHDO�ZRUOG HYROYLQJ JUDSKV�

ZKLFK FDQ JUHDWO\ EHQHILW WKH LQFUHPHQWDO FRPSXWDWLRQ�

� :H SURSRVH 3UHVSRQVH� D IUDPHZRUN WKDW OHYHUDJHV JUDSK XSGDWH SUHGLFWLRQ DQG

��



XWLOL]HV *38 WR ERRVW LQFUHPHQWDO JUDSK SURFHVVLQJ�

� :H VKRZ WKDW 3UHVSRQVH FDQ DFFHOHUDWH LPSRUWDQW JUDSK DOJRULWKPV RQ UHDO�ZRUOG

JUDSKV ZLWK VLJQLILFDQW VSHHGXSV�

,Q WKH UHVW RI WKLV FKDSWHU� 6HFWLRQ ��� GLVFXVVHV VRPH EDFNJURXQG NQRZOHGJH XVHG

LQ WKLV FKDSWHU� 6HFWLRQ ��� HODERUDWHV RQ WKH PHWKRGRORJ\ XVHG E\ 3UHVSRQVH� 6HF�

WLRQ ��� VKRZV RXU HYDOXDWLRQ DQG DQDO\VLV RQ 3UHVSRQVH� 6HFWLRQ ��� GLVFXVVHV VRPH

UHODWHG ZRUN DQG GLVWLQJXLVKHV 3UHVSRQVH� 6HFWLRQ ��� VXPPDUL]HV WKLV FKDSWHU�

��� %DFNJURXQG

,Q WKLV VHFWLRQ� ZH GLVFXVV WKH WZR PRVW UHODWHG WRSLFV� JUDSK IHDWXUH HPEHGGLQJ DQG

*38 VXSSRUW IRU SURFHVVLQJ HYROYLQJ JUDSKV�

����� *UDSK (PEHGGLQJ

*UDSK HPEHGGLQJ H[WUDFWV JOREDO SURSHUWLHV IURP D JUDSK E\ PDSSLQJ WR D PXOWL�

GLPHQVLRQDO IHDWXUH VSDFH� $ WUHQGLQJ WHFKQLTXH WR H[WUDFW IHDWXUHV LV WR DSSO\ UDQGRP

ZDONV >��� ��� ��@� 0XOWLSOH SDWKV DUH VDPSOHG IURP D JUDSK� DQG HDFK SDWK LV UHJDUGHG

DV D ZRUG VHTXHQFH� )XUWKHU IHDWXUH OHDUQLQJ LV FRQGXFWHG EDVHG RQ 6NLS�JUDP� ZKLFK

LV RULJLQDOO\ GHYHORSHG LQ WKH FRQWH[W RI 1/3 �1DWXUDO /DQJXDJH 3URFHVVLQJ�� 7KH DS�

SURDFK MQ/2kp2+ >��@ LV WKH VWDWH�RI�WKH�DUW IUDPHZRUN IRU OHDUQLQJ IHDWXUH YHFWRUV IRU

YHUWLFHV LQ D JUDSK� ,W H[SORUHV GLYHUVH QHLJKERUKRRG RI D YHUWH[ E\ FRQGXFWLQJ D ELDVHG

UDQGRP ZDON�

����� *38 $FFHOHUDWLRQ

$GRSWLQJ *38 IRU HYROYLQJ JUDSK SURFHVVLQJ UHTXLUHV VWRUDJH VWUXFWXUH WKDW VXSSRUWV HI�

ILFLHQW JUDSK XSGDWHV� DQG ILQH�WXQHG LPSOHPHQWDWLRQV RI DOJRULWKPV� :H FRQFHQWUDWH RQ

WKH VWRUDJH VWUXFWXUH DQG WKH DOJRULWKPV ZLOO EH GLVFXVVHG LQ WKH IROORZLQJ VHFWLRQ� 7KHUH

��



DUH WZR W\SHV RI JUDSK UHSUHVHQWDWLRQ� DGMDFHQW PDWUL[ >��@ DQG FRPSUHVVHG VSDUVH URZ

�&65� >��@� $GMDFHQW PDWUL[ VXSSRUWV HIILFLHQW HGJH LQVHUWLRQ�GHOHWLRQV EXW FRQVXPHV

VXEVWDQWLDO VSDFH� &65 LV HIILFLHQW LQ WHUPV RI VSDFH FRQVXPSWLRQ EXW LV QRW LGHDO IRU

HYROYLQJ JUDSKV� %HFDXVH DGGLQJ RU GHOHWLQJ RQH VLQJOH HGJH UHTXLUHV UHVL]LQJ DUUD\V

DQG H[WHQVLYH PHPRU\ FRSLHV� $V D UHVXOW� WKH ODWHVW ZRUN XWLOL]HV D K\EULG VWRUDJH VWUXF�

WXUH >���@ WR VXSSRUW HYROYLQJ JUDSKV� 7KH NH\ RI K\EULG VWRUDJH LV WR DGRSW D OLQNHG OLVW

RI HGJH EORFNV� (DFK EORFN LV FRQWLQXRXV RQ PHPRU\ DQG EORFN VL]H LV D FRQILJXUDEOH

SDUDPHWHU� 8SRQ LQVHUWLRQ� D QHZ HGJH LV DSSHQGHG WR WKH ODVW EORFN LI WKHUH LV D YD�

FDQF\� ,I WKH ODVW EORFN LV IXOO\ RFFXSLHG� D QHZ EORFN LV DOORFDWHG� 8SRQ GHOHWLRQ� WKH

HGJH LV VZDSSHG WR WKH ODVW HGJH DQG PDUN WKH ODVW HGJH DV GHOHWHG� 7KXV� HIILFLHQW

XSGDWHV WR HYROYLQJ JUDSKV DUH VXSSRUWHG�

��� 0HWKRGRORJ\

7KLV VHFWLRQ LQWURGXFHV WKH ZRUNIORZ RI 3UHVSRQVH� GHILQHV WKH SUREOHP WKDW 3UHVSRQVH

VROYHV� GLVFXVVHV JUDSK XSGDWH SUHGLFWLRQ� DQG HODERUDWHV RQ LQFUHPHQWDO DOJRULWKPV�

����� :RUNIORZ 2YHUYLHZ

3UHVSRQVH FRQVLVWV RI WZR PDMRU FRPSRQHQWV� SUHGLFWLRQ HQJLQH DQG JUDSK SURFHVVLQJ�

7KH SUHGLFWLRQ HQJLQH DFFHSWV WKH RULJLQDO JUDSK DV LQSXW� SUHGLFWV FKDQJHV IRU QH[W

EDWFK DQG JHQHUDWHV D OLVW RI SUHGLFWLRQ XSGDWHV� 7KH JUDSK SURFHVVLQJ FRPSRQHQW

SURFHVVHV D JUDSK HLWKHU VWDWLFDOO\ RU LQFUHPHQWDOO\ DQG RXWSXWV JUDSK SURSHUWLHV IRU

TXHU\ UHVSRQVH�

)LJXUH ��� RYHUYLHZV WKH ZRUNIORZ RI 3UHVSRQVH� )RU LQLWLDOL]DWLRQ� 3UHVSRQVH WDNHV

WKH RULJLQDO JUDSK DQG JHQHUDWHV LQLWLDO SURSHUWLHV YLD VWDWLF SURFHVVLQJ� ,Q WKH QH[W VWHS�

3UHVSRQVH¶V SUHGLFWLRQ HQJLQH JHQHUDWHV SUHGLFWLRQ XSGDWHV EDVHG RQ WKH FKDUDFWHULV�

WLFV RI WKH RULJLQDO JUDSK� :H GLVFXVV WKH GHWDLOV RI WKH SUHGLFWLRQ HQJLQH LQ WKH IROORZLQJ

VHFWLRQ� *LYHQ WKH SUHGLFWLRQ XSGDWHV DQG WKH LQLWLDO SURSHUWLHV� LQFUHPHQWDO SURFHVVLQJ
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)LJXUH ���� :RUNIORZ RI 3UHVSRQVH� 7KH UHFWDQJOHV UHSUHVHQWV FRPSRQHQWV RI 3UH�
VSRQVH� *LYHQ WKH RULJLQDO JUDSK� VWDWLF SURFHVVLQJ REWDLQV LQLWLDO SURSHUW\ DQG SUHGLF�
WLRQ HQJLQH JHQHUDWHV SUHGLFWLRQ XSGDWHV� ,QFUHPHQWDO SURFHVVLQJ WDNHV XSGDWHV DV
LQSXW DQG FRPSXWHV LQWHUPHGLDWH SURSHUWLHV� :KHQ DQ XSGDWH EDWFK LV HPLWWHG� LQFUH�
PHQWDO SURFHVVLQJ WDNHV FRUUHFWLRQ DV LQSXW DQG FRPSXWHV XSGDWHG SURSHUW\� 2UDQJH
VKDGHG DUHD UHSUHVHQWV SURFHGXUHV ZKLFK UXQ UHSHDWHGO\ IRU HDFK EDWFK�

FRPSRQHQW JHQHUDWHV LQWHUPHGLDWH SURSHUWLHV� ,W LV ZRUWK QRWLQJ WKDW WKH LQWHUPHGLDWH

SURSHUWLHV DUH QRW QHFHVVDULO\ IRU WKH UHDO JUDSK DQG DUH QRW XVHG WR UHVSRQG TXHULHV�

:KHQ DQ XSGDWH EDWFK LV HPLWWHG� 3UHVSRQVH FRPSDUHV SUHGLFWLRQ XSGDWHV ZLWK WKH

EDWFK� FRPSXWHV FRUUHFWLRQ XSGDWHV� DQG DSSOLHV DQRWKHU URXQG RI LQFUHPHQWDO SURFHVV�

LQJ WR REWDLQ XSGDWHG SURSHUWLHV� 7KHVH XSGDWHG SURSHUWLHV DUH REWDLQHG IURP WKH XS�

GDWHG JUDSK DQG DUH XVHG WR UHVSRQG TXHULHV� 6LQFH XSGDWHV DUH JURXSHG LQWR EDWFKHV�

WKH SUHGLFWLRQ DQG FRUUHFWLRQ SURFHVVHV DUH UHSHDWHG IRU HDFK EDWFK�

����� 3UHVSRQVH 3UHGLFWLRQ (QJLQH

7KH WDVN RI SUHGLFWLRQ HQJLQH LV WR SUHGLFW XSGDWHV LQ WKH IXWXUH� $V PHQWLRQHG LQ 6HFWLRQ

������ 3UHVSRQVH ODXQFKHV WKH SUHGLFWLRQ HQJLQH ZKHQ WKH VWDWLF RULJLQDO JUDSK LV DYDLO�

DEOH� 7KH HQJLQH SHULRGLFDOO\ PDNHV SUHGLFWLRQV DERXW IXWXUH FKDQJHV GXULQJ WKH LQWHUYDO

EHWZHHQ WKH DUULYDO RI WZR EDWFKHV� 7KH SUHGLFWLRQ HQJLQH ZRUNV DV\QFKURQRXVO\� 7KDW

EHLQJ VDLG ZKHQ WKH V\VWHP SUHGLFWV JUDSK FKDQJHV� WKH JUDSK SURFHVVLQJ FRPSRQHQW

��



FDQ VWLOO UHVSRQG WR TXHULHV ZLWK WKH FXUUHQW SURSHUWLHV DW WKH VDPH WLPH�

:H LPSOHPHQW 3UHVSRQVH¶V SUHGLFWLRQ HQJLQH EDVHG RQ D ZHOO�WUDLQHG ELQDU\ FODV�

VLILHU� )LJXUH ��� VKRZV WKH GLDJUDP RI WUDLQLQJ WKH FODVVLILHU� 6WDUWLQJ IURP WKH VWDWLF

JUDSK G0� 3UHVSRQVH ILUVW OHDUQV WKH FKDUDFWHULVWLFV RI WKH JUDSK E\ JHQHUDWLQJ D IHDWXUH

YHFWRU IRU HDFK YHUWH[� 6HFRQG� WKH YHUWH[ IHDWXUHV DUH FRQYHUWHG LQWR HGJH IHDWXUHV�

7KLUG� WKH SUHGLFWLRQ HQJLQH JHQHUDWHV 7UXH DQG )DOVH ODEHOV E\ VDPSOLQJ G0� /DVWO\� D

FODVVLILHU LV WUDLQHG XVLQJ DIRUHPHQWLRQHG HGJH IHDWXUHV DQG ODEHOV�

�,� )HDWXUH (PEHGGLQJ� 3UHVSRQVH UHOLHV RQ MQ/2kp2+ >��@ WR H[WUDFW JUDSK IHDWXUHV�

QRGH�YHF LV DQ DOJRULWKPLF IUDPHZRUN ZKLFK OHDUQV IHDWXUHV RI YHUWLFHV RI D JUDSK DQG

RXWSXWV D PDS RI YHUWLFHV WR D PXOWL�GLPHQVLRQDO IHDWXUH VSDFH� 7KH IHDWXUH OHDUQLQJ

SUREOHP LV IRUPXODWHG DV DQ RSWLPL]DWLRQ SUREOHP� 7R LPSOHPHQW WKDW� MQ/2kp2+ H[�

WHQGV VNLS�JUDP WR JUDSKV� 6NLS�JUDP DUFKLWHFWXUH LV RULJLQDOO\ GHYHORSHG LQ WKH FRQWH[W

RI 1DWXUDO /DQJXDJH 3URFHVVLQJ >���@� ,Q MQ/2kp2+� WKH REMHFWLYH IXQFWLRQ PD[LPL]HV

WKH SUREDELOLW\ RI REVHUYLQJ D FHUWDLQ YHUWH[¶V QHWZRUN QHLJKERUKRRG� FRQGLWLRQHG RQ LWV

IHDWXUH� 0RUHRYHU� MQ/2kp2+ GHILQHV D IOH[LEOH QHWZRUN QHLJKERUKRRG RI D YHUWH[ E\

JHQHUDWLQJ ELDVHG UDQGRP ZDON� 7KLV IOH[LEOH QRWLRQ LV NH\ WR ULFKHU IHDWXUH UHSUHVHQWD�

WLRQV� ,Q VXPPDU\� 3UHVSRQVH IHHGV D VWDWLF JUDSK WR MQ/2kp2+ DQG REWDLQV IHDWXUHV RI

HDFK YHUWH[�

7KH QH[W VWHS LV WR FRQYHUW YHUWH[ WR HGJH IHDWXUHV� 7KH IHDWXUH RI DQ HGJH (u, v) LV

JHQHUDWHG E\ WDNLQJ WKH +DGDPDUG SURGXFW >���@ RI WKH WZR YHUWLFHV u DQG v� +DGDPDUG

SURGXFW LV D ELQDU\ RSHUDWLRQ WKDW WDNHV WZR YHFWRUV RI WKH VDPH GLPHQVLRQV DQG SUR�

GXFHV D QHZ YHFWRU ZKRVH HOHPHQW i LV WKH SURGXFW RI HOHPHQWV i IURP WKH RULJLQDO WZR

YHFWRUV� (A ◦ B)i = Ai · Bi� 1RWH WKDW 3UHVSRQVH RQO\ JHQHUDWHV IHDWXUHV IRU WKRVH

HGJHV� ZKLFK ZLOO EH XVHG IRU FODVVLILHU WUDLQLQJ�

�,,� 7UDLQLQJ &ODVVLILHU� 7KH HGJH IHDWXUHV ZLOO EH XVHG WR WUDLQ D ELQDU\ FODVVLILHU� 7KH

7UXH ODEHOV UHSUHVHQW SRVLWLYH WUDLQLQJ VHW RI H[LVWLQJ HGJHV LQ G0 DQG )DOVH WUDLQLQJ VHW

UHSUHVHQWV QHJDWLYH WUDLQLQJ VHW RI HGJHV WKDW DUH QRW SUHVHQW LQG0� 7R EXLOG SRVLWLYH VHW�

HGJHV LQG0 DUH UDQGRPO\ VDPSOHG� 7R FRQVWUXFW D )DOVH ODEHO� WZR YHUWLFHV DUH UDQGRPO\
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)LJXUH ���� 'HWDLOV RI WUDLQLQJ D FODVVLILHU IRU 3UHVSRQVH¶V SUHGLFWLRQ HQJLQH�

VHOHFWHG� ,I WKHVH WZR YHUWLFHV DUH QRW GLUHFWO\ FRQQHFWHG E\ DQ HGJH� WKLV YLUWXDO HGJH

LV WDJJHG )DOVH� 7KH HQWLUH WUDLQLQJ VHW LV XVHG WR WUDLQ DQ 690 ELQDU\ FODVVLILHU >���@�

:KHQ JLYHQ DQ HGJH RI LQWHUHVW� WKH FODVVLILHU ZLOO LQGLFDWH WKH HGJH ZLOO EH SUHVHQW RU

DEVHQW LQ WKH IXWXUH� 7KXV� 3UHVSRQVH JHQHUDWHV D OLVW RI HGJHV WKDW ZLOO EH LQVHUWHG DQG

GHOHWHG�

7KXV� 3UHVSRQVH¶V SUHGLFWLRQ HQJLQH LV DEOH WR FDSWXUH WKH FKDUDFWHULVWLFV RI D JUDSK

DQG PDNH SUHGLFWLRQV� ,Q VRPH FDVHV� WKH SUHGLFWLRQ UHVXOWV PD\ VXIIHU IURP ORZ DFFX�

UDF\ EHFDXVH WKH XSGDWH SDWWHUQ RI D JUDSK LV G\QDPLFDOO\ HYROYLQJ� )RU H[DPSOH� LQ D

VRFLDO QHWZRUN� D XVHU¶V LQWHUHVW PD\ VKLIW� $V DQRWKHU H[DPSOH LQ D FRPPXQLW\ TXHVWLRQ

DQVZHULQJ JUDSK� RQH XVHU PD\ VWDUW WR H[SORUH QHZ GRPDLQV� ,Q RUGHU WR IROORZ WKHVH

FKDQJHV RI DQ HYROYLQJ JUDSK� ZH SURSRVH D UHILQHG PRGHO RI WKH SUHGLFWLRQ HQJLQH� 7KH

UHILQHG PRGHO PRQLWRUV WKH SUHGLFWLRQ DFFXUDF\ IRU HDFK EDWFK� ,I WKH FKDUDFWHULVWLFV RI

D JUDSK KDV FKDQJHG DIWHU D IHZ EDWFKHV� WKH SUHGLFWLRQ DFFXUDF\ LV JRLQJ WR GHFUHDVH�

:KHQ WKH DFFXUDF\ GURSV EHORZ D WKUHVKROG� WKH SUHGLFWLRQ HQJLQH ZLOO UH�WUDLQ WKH FODV�

VLILHU XVLQJ WKH FXUUHQW JUDSK IHDWXUHV� ZKLFK FDQ LQFUHDVH WKH SUHGLFWLRQ DFFXUDF\�
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����� 3UHVSRQVH *UDSK 3URFHVVLQJ

7KH JUDSK SURFHVVLQJ FRPSRQHQW FRQVLVWV RI VWDWLF DQG LQFUHPHQWDO LPSOHPHQWDWLRQV�

6WDWLF SURFHVVLQJ WDNHV D VWDWLF JUDSK DV LQSXW DQG FRPSXWHV FHUWDLQ SURSHUWLHV RI WKH

JUDSK� :KHQ WKH JUDSK HYROYHV� VWDWLF SURFHVVLQJ ZRXOG DSSO\ WKH FKDQJHV DQG UH�

FRPSXWH IRU WKH HQWLUH QHZ JUDSK� 7KLV DSSURDFK LV WLPH�FRQVXPLQJ� 7KHUHIRUH� 3UH�

VSRQVH XWLOL]HV VWDWLF SURFHVVLQJ PHUHO\ WR REWDLQ LQLWLDO SURSHUWLHV� DQG UHOLHV RQ LQFUH�

PHQWDO SURFHVVLQJ IRU JUDSK XSGDWHV� ,QFUHPHQWDO SURFHVVLQJ WDNHV SUHYLRXV SURSHUW\

DQG JUDSK XSGDWHV �NQRZQ DV EDWFKHV� DV LQSXW� DQG HIILFLHQWO\ FRPSXWHV WKH SURSHUW\

IRU WKH XSGDWHG JUDSK�

3UHVSRQVH UHOLHV RQ *38 WR HIILFLHQWO\ SURFHVV JUDSK DQG XSGDWHV� *38V KDYH EHHQ

ZLGHO\ XWLOL]HG LQ JUDSK ZRUNORDGV GXH WR PXOWL�WKUHDGLQJ DQG KLJK FRPSXWDWLRQ SRZHU�

+HUH ZH LQWURGXFH WKH VWRUDJH IRUPDW DQG ORDG EDODQFH VWUDWHJ\ RQ*38� 1RWH WKDW WKHVH

LPSOHPHQWDWLRQ FKRLFHV DUH LQGHSHQGHQW RI DQ\ FRQFUHWH JUDSK DOJRULWKPV� ZKLFK ZLOO

EH FRYHUHG LQ WKH QH[W VHFWLRQ�

:H HPSOR\ D K\EULG GDWD VWRUDJH IRUPDW LQWURGXFHG E\ FX6WLQJHU >���@� 7KLV K\EULG

IRUPDW VWRUHV YHUWLFHV LQ DUUD\V DQG HDFK YHUWH[ KDV D OLQNHG OLVW RI EORFNV WR PDLQ�

WDLQ LWV HGJHV� ZKHUH D EORFN LV D FRQWLQXRXV PHPRU\ VSDFH� RU HTXLYDOHQWO\� DQ DUUD\�

:H HPSOR\ WKLV IRUPDW UDWKHU WKDQ DGMDFHQW PDWUL[ IRUPDW DQG FRPSUHVVHG VSDUVH URZ

IRUPDW� $GMDFHQW PDWUL[ IRUPDW FRQVXPHV FRQVLGHUDEOH VSDFH� PDNLQJ LW XQGHVLUDEOH

WR VWRUH D ODUJH JUDSK RQ PHPRU\�FRQVWUDLQHG DUFKLWHFWXUHV� H�J�� *38� &RPSUHVVHG

VSDUVH URZ IRUPDW LV FRPSDFW LQ VSDFH� EXW LQVHUWLQJ RU GHOHWLQJ HGJHV UHTXLUHV GDWD UH�

DOORFDWLRQ DQG PRYHPHQWV� ZKLFK LQFXUV KLJK RYHUKHDG� $V D JRRG WUDGHRII� WKH OLQNHG

OLVW RI EORFNV RQO\ FRQVXPHV UHDVRQDEOH VSDFH \HW SURYLGHV KLJK HIILFLHQF\ IRU DSSO\LQJ

XSGDWHV� ZKLFK LV HVSHFLDOO\ VXLWDEOH IRU VWRULQJ HYROYLQJ JUDSKV RQ *38�

,Q RUGHU WR IXOO\ XWLOL]H WKH FRPSXWDWLRQ SRZHU RI *38� JUDSK ZRUNORDG VKRXOG EH

GLVWULEXWHG WR *38 EORFNV DQG WKUHDGV� 'HSHQGLQJ RQ GLIIHUHQW JUDSK DOJRULWKPV� WKH

NHUQHO PD\ QHHG WR WUDYHUVH HLWKHU YHUWLFHV RU HGJHV� )RU YHUWH[ WUDYHUVDO� 3UHVSRQVH

VLPSO\ DVVLJQV WKH VDPH DPRXQW RI YHUWLFHV WR HDFK EORFN� :KHQ HYHQ GLVWULEXWLRQ LV
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QRW SRVVLEOH� WKH ODVW EORFN ZLOO EH DVVLJQHG IHZHU YHUWLFHV� 2Q WKH RWKHU KDQG� HGJH

WUDYHUVDO UHTXLUHVPRUH HIIRUWV WR HQVXUH EDODQFLQJ� 7KH DPRXQW RI QHLJKERXULQJ YHUWLFHV

�L�H�� GHJUHH� LV WDNHQ LQWR DFFRXQW� (DFK EORFN ZLOO EH DVVLJQHG YDULRXV DPRXQWV RI

YHUWLFHV EXW WKH VXP RI WKH GHJUHHV RI WKHVH YHUWLFHV DUH VLPLODU� 7KXV� ZRUNORDG LV

HYHQO\ GLVWULEXWHG WR HDFK EORFN� ,W LV ZRUWK QRWLQJ WKDW VWULFW HYHQ GLVWULEXWLRQ LV RIWHQ

LPSRVVLEOH IRU HGJH WUDYHUVDO� DSSUR[LPDWH HYHQ GLVWULEXWLRQ LV VXIILFLHQW >���@�

����� *UDSK $OJRULWKP ,PSOHPHQWDWLRQ

3UHVSRQVH SURYLGHV VWDWLF DQG LQFUHPHQWDO LPSOHPHQWDWLRQ RI WKUHH JUDSK DOJRULWKPV�

%UHDGWK )LUVW 6HDUFK �%)6�� &RQQHFWHG &RPSRQHQWV �&&�� DQG 7ULDQJOH &RXQWLQJ �7&��

:H VHOHFW WKHVH DOJRULWKPV EHFDXVH WKH\ DUH IXQGDPHQWDO WR FRPSOH[ JUDSK DOJRULWKPV

WKDW DUH ZLGHO\ XWLOL]HG�

������� %UHDGWK )LUVW 6HDUFK �%)6�

%)6 VWDUWV IURP WKH URRW DQG FDOFXODWHV GHSWK RI DOO YHUWLFHV� 7KH GHSWK LV GHILQHG DV

WKH QXPEHU RI KRSV EHWZHHQ FHUWDLQ YHUWH[ DQG WKH URRW� )RU WKH YHUWLFHV WKDW DUH QRW

FRQQHFWHG WR WKH URRW� GHSWK LV LQILQLW\�

6WDWLF &RPSXWDWLRQ� ,QLWLDOO\� HDFK YHUWH[ LV DVVLJQHG ZLWK DQ LQILQLW\ GHSWK� $ URRW

LV UDQGRPO\ SLFNHG DQG SXVKHG LQWR D WDVN TXHXH� $ JOREDO GHSWK FRXQWHU LV LQLWLDOL]HG

WR 0� ,Q HDFK LWHUDWLRQ� 3UHVSRQVH WUDYHUVHV HYHU\ YHUWH[ LQ WKH WDVN TXHXH� ,I WKH WKH

YHUWH[ KDV D GHSWK VPDOOHU WKDQ LQILQLW\� LW PHDQV WKLV YHUWH[ KDV EHHQ SUHYLRXVO\ YLVLWHG

E\ DQRWKHU WKUHDG� ,Q WKLV FDVH� QR DFWLRQ LV QHHGHG RQ WKLV YHUWH[� ,I D YHUWH[ VWLOO KDV D

GHSWK RI LQILQLW\� LW WDNHV WKH YDOXH RI JOREDO GHSWK FRXQWHU DQG SXVKHV DOO LWV QHLJKERUV

LQWR WKH WDVN TXHXH IRU FRPSXWDWLRQ LQ WKH QH[W LWHUDWLRQ� $IWHU HDFK LWHUDWLRQ� WKH JOREDO

GHSWK FRXQWHU LQFUHPHQWV E\ 1� 7KH HQWLUH FRPSXWDWLRQ KDOWV ZKHQ WKH WDVN TXHXH LV

HPSW\�

,QFUHPHQWDO &RPSXWDWLRQ� 3UHVSRQVH VFDQV DOO HGJHV LQ WKH XSGDWH EDWFK DQG

LGHQWLILHV DOO XQLTXH YHUWLFHV� 3UHVSRQVH ILQGV WKH YHUWH[ WKDW LV FORVHVW WR WKH URRW� 6XFK

��



$OJRULWKP �� %UHDGWK)LUVW6HDUFK
� ai�iB+"6aUG0� frontierV
,QSXW� G0�VWDWLF LQSXW JUDSK� frontier� YHUWLFHV WR LQLWLDOL]H WKH TXHXH
2XWSXW� DQ DUUD\ D RI GHSWK RI HDFK YHUWH[

� DGG HDFK YHUWH[ LQ frontier LQWR queue
� D ← LQI
� depth← 0
� ZKLOH queue GR
� LQLWLDOL]H nextBqueue
� IRU HDFK u LQ queue GR
� LI D[u] LV LQI WKHQ
� D[u]← depth
�� DGG DOO QHLJKERUV RI u LQWR nextBqueue

�� queue← nextBqueue
�� depth← depth+ 1

�� UHWXUQ D
��
�� AM+`2K2Mi�H"6aUG0� B� D0V

,QSXW� G0�VWDWLF LQSXW JUDSK� B�XSGDWH EDWFK� D0� SUH�FRPSXWHG GHSWK RI HDFK
YHUWH[ LQ G0

2XWSXW� DQ DUUD\ D1 RI GHSWK RI HDFK YHUWH[
�� threshold← LQI
�� IRU HDFK YHUWH[ u LQ B GR
�� threshold← PLQ �threshold� D0[u]�
�� frontier ← YHUWLFHV GHSWK ≥ threshold
�� D1 ← ai�iB+"6aUG0�frontierV
�� UHWXUQ D1

YHUWH[ KDV WKH ORZHVW GHSWK YDOXH� ZKLFK ZH FDOO WKH WKUHVKROG GHSWK� 7KH JOREDO GHSWK

FRXQWHU LV VHW WR WKH WKUHVKROG GHSWK� )RU DOO YHUWLFHV RI GHSWK JUHDWHU WKDQ RU HTXDO WR

WKLV WKUHVKROG� WKHLU GHSWKV DUH UHVHW WR LQILQLW\ DQG SXVKHG LQWR D WDVN TXHXH� )LQDOO\�

3UHVSRQVH UHYHUWV WR WKH DIRUHPHQWLRQHG VWDWLF FRPSXWDWLRQ�

&RUUHFWQHVV 3URRI� 7KH LQFUHPHQWDO FRPSXWDWLRQ PHUHO\ GHFLGHV WKH WKUHVKROG

GHSWK DQG FRQGXFWV UH�FRPSXWDWLRQ IRU WKRVH YHUWLFHV RI KLJKHU GHSWK WKDQ WKUHVKROG�

7KLV LV HVVHQWLDOO\ VWDWLF FRPSXWDWLRQ ZLWKRXW YHUWLFHV DERYH �RI ORZHU GHSWK WKDQ� WKUHVK�

ROG� 7KLV DSSURDFK JHQHUDWHV FRUUHFW UHVXOWV EHFDXVH YHUWLFHV DERYH WKH WKUHVKROG DUH

QRW LPSDFWHG E\ WKH XSGDWHV� 0RUHRYHU� WKH H[HFXWLRQ WLPH RI LQFUHPHQWDO FRPSXWDWLRQ

��



$OJRULWKP �� &RQQHFWHG&RPSRQHQWV
� ai�iB+**UG0� frontierV
,QSXW� G0�VWDWLF LQSXW JUDSK� frontier� WKH HQWLUH JUDSK IRU VWDWLF LPSOHPHQWDWLRQ
2XWSXW� DQ DUUD\ componentID RI DOO YHUWLFHV

� LQLWLDOL]H componentID ZLWK YHUWH[BLG
� flag ← true
� ZKLOH flag GR
� flag ← false
� IRU HDFK HGJH (u, v) LQ frontier GR
� LI componentID[u] *= componentID[v] WKHQ
� id← PLQ(componentID[u], componentID[v])
� componentID[u]← id
�� componentID[v]← id
�� flag ← true

�� UHWXUQ componentID
��
�� AM+`2K2Mi�H**UG0� B� componentIDV

,QSXW� G0�VWDWLF LQSXW JUDSK� B�XSGDWH EDWFK� componentID� SUH�FRPSXWHG
FRPSRQHQW ,' RI DOO YHUWLFHV LQ G0

2XWSXW� componentID1 RI FRPSRQHQW ,' RI DOO YHUWLFHV
�� LQLWLDOL]H frontier IRU HDFK HGJH �u�v� LQ B GR
�� LI componentID[u] *= componentID[v] WKHQ
�� DGG u LQWR frontier
�� DGG v LQWR frontier

�� componentID1 ← ai�iB+**UG0�frontierV
�� UHWXUQ componentID1

LV GHSHQGHQW RQ WKH WKUHVKROG UDWKHU WKDQ EDWFK VL]H� ,Q VHFWLRQ ������ ZH ZLOO HPSLULFDOO\

VKRZ WKDW WKH VSHHGXS LV GHSHQGHQW RQ WKH WKUHVKROG� RU DSSUR[LPDWHO\ SURSRUWLRQDO WR

QRQ�LPSDFWHG YHUWLFHV�

������� &RQQHFWHG &RPSRQHQWV �&&�

$ FRQQHFWHG FRPSRQHQW PHDQV WKHUH LV DOZD\V D SDWK FRQQHFWLQJ DQ\ WZR YHUWLFHV ZLWKLQ

WKH FRPSRQHQW� 2XU LPSOHPHQWDWLRQ RI && FRXQWV WKH QXPEHU RI FRQQHFWHG FRPSRQHQWV

LQ D JUDSK DQG RXWSXWV WKH FRPSRQHQWV IRU DQ\ YHUWH[�

6WDWLF &RPSXWDWLRQ� 3UHVSRQVH XVHV D FODVVLFDO ZRUNLQJ VHW DOJRULWKP IRU VWDWLF

&& FRPSXWDWLRQ� ,QLWLDOO\� HDFK YHUWH[ KDV D FRPSRQHQW ,' WKDW LV HTXDO WR LWV YHUWH[ ,'�

��



ZKLFK PHDQV WKDW HDFK YHUWH[ LWVHOI LV D FRPSRQHQW� $ JOREDO ERROHDQ IODJ LV GHILQHG

WR FRQWURO WKH LWHUDWLYH FRPSXWDWLRQ� :KHQ DQ LWHUDWLRQ VWDUWV� WKH JOREDO IODJ LV ILUVW VHW

WR )DOVH� ,Q HDFK LWHUDWLRQ� 3UHVSRQVH WUDYHUVHV DOO HGJHV LQ WKH JUDSK DQG FRPSDUHV

WKH FRPSRQHQW ,'V RI WKH WZR HQGLQJ YHUWLFHV RI HDFK HGJH� ,I WKH FRPSRQHQW ,'V DUH

GLIIHUHQW� WZR DFWLRQV DUH UHTXLUHG� )LUVW� WKH IUDPHZRUN WDNHV WKH VPDOOHU RQH RI WKHVH

WZR ,'V DQG DVVLJQV LW WR ERWK YHUWLFHV� 7KXV� WKHVH YHUWLFHV DUH JURXSHG LQWR RQH FRP�

SRQHQW� 6HFRQG� WKH JOREDO IODJ LV VHW WR 7UXH DQG PRUH IROORZLQJ LWHUDWLRQV DUH QHHGHG�

:KHQ WKH JOREDO IODJ UHPDLQV )DOVH DW WKH HQG RI DQ LWHUDWLRQ� WKH FRPSXWDWLRQ FRQYHUJHV

DQG WKH H[HFXWLRQ KDOWV�

,QFUHPHQWDO &RPSXWDWLRQ� 3UHVSRQVH WUDYHUVHV WKH XSGDWH EDWFK� ,I WKH WZR HQG�

LQJ YHUWLFHV RI DQ HGJH �WR EH LQVHUWHG RU GHOHWHG� IDOO LQWR GLIIHUHQW FRPSRQHQWV� WKHVH

WZR FRPSRQHQWV DUH PDUNHG DQG IXUWKHU DFWLRQV DUH UHTXLUHG� $IWHU SDUVLQJ WKH EDWFK� DOO

YHUWLFHV LQ WKH PDUNHG FRPSRQHQWV DUH SXVKHG LQWR WKH WDVN TXHXH� 3UHVSRQVH UHVHWV

WKH FRPSRQHQW ,'V RI DOO YHUWLFHV LQ WKH WDVN TXHXH DQG UHYHUWV WR WKH VWDWLF FRPSXWD�

WLRQ DOJRULWKP� ,W LV ZRUWK QRWLQJ WKDW LI WKH WZR HQGLQJ YHUWLFHV RI D QHZ HGJH IDOO LQWR

WKH VDPH FRPSRQHQW� LQVHUWLQJ WKLV QHZ HGJH ZLOO QRW FKDQJH WKH FRPSRQHQW ,' RI DQ\

YHUWH[� 7KXV� 3UHVSRQVH GRHV QRW QHHG IXUWKHU FRPSXWDWLRQ RQ WKLV NLQG RI HGJHV�

&RUUHFWQHVV 3URRI 7KH LQFUHPHQWDO FRPSXWDWLRQ JHQHUDWHV FRUUHFW UHVXOWV EHFDXVH

LW FRQGXFWV UH�FRPSXWDWLRQ IRU DOO YHUWLFHV LQ WKH LPSDFWHG FRPSRQHQWV� ZKLFK LV D VXEVHW

RI WKH HQWLUH JUDSK� ,W LV VWUDLJKWIRUZDUG WKDW WKH VSHHGXS RI LQFUHPHQWDO FRPSXWDWLRQ

UHOLHV RQ WKH DPRXQW RI FRPSRQHQWV�

������� 7ULDQJOH &RXQWLQJ �7&�

$ WULDQJOH LQ D JUDSK PHDQV WKDW WKHUH DUH WKUHH HGJHV (u, v)� (u,w)� DQG (v, w) FRQQHFW�

LQJ WKUHH YHUWLFHV u� v� DQG w� 7KH 7& DOJRULWKP FRXQWV WKH QXPEHU RI WULDQJOHV WKDW DQ\

JLYHQ YHUWH[ LV LQYROYHG�

6WDWLF &RPSXWDWLRQ� 3UHVSRQVH PDLQWDLQV D FRXQWHU IRU HDFK YHUWH[ WR UHFRUG WKH

QXPEHU RI WULDQJOHV WKDW WKLV YHUWH[ EHORQJV WR� ,QLWLDOO\� WKH FRXQWHU LV VHW WR 0� )RU

��



$OJRULWKP �� 7ULDQJOH&RXQWLQJ
� ai�iB+h*UG0V
,QSXW� G0�VWDWLF LQSXW JUDSK
2XWSXW� numberBtri� RI HDFK YHUWH[

� numberBtri← �
� IRU HDFK YHUWH[ u LQ G0 GR
� IRU HDFK v LQ u¶V DGMDFHQW OLVW GR
� numberBtri[u]← QXPEHU RI FRPPRQ QHLJKERUV

� IRU HDFK YHUWH[ u LQ G0 GR
� numberBtri[u]← numberBtri[u]/3
� UHWXUQ numberBtri
�
�� AM+`2K2Mi�Hh*UG0� B� numberBtriV

,QSXW� G0�VWDWLF LQSXW JUDSK� B�XSGDWH EDWFK� numberBtri� SUH�FRPSXWHG WULDQJOH
FRXQWV RI DOO YHUWLFHV LQ G0

2XWSXW� DQ DUUD\ numberBtri1 RI GHSWK RI HDFK YHUWH[
�� LQLWLDOL]H queue ZLWK XQLTXH YHUWLFHV LQ B
�� IRU HDFK YHUWH[ u LQ queue GR
�� numberBtri[u]← 0

�� IRU HDFK YHUWH[ u LQ queue GR
�� IRU HDFK v LQ u¶V DGMDFHQW OLVW GR
�� IRU HDFK w DV D FRPPRQ QHLJKERU GR
�� numberBtri[u]← numberBtri[u] + 1 LI w QRW LQ queue WKHQ
�� numberBtri[w]← numberBtri[w]− 1

�� IRU HDFK YHUWH[ u LQ G0 GR
�� numberBtri[u]← numberBtri[u]/3
�� UHWXUQ numberBtri

HDFK YHUWH[ u� 3UHVSRQVH H[DPLQHV HDFK YHUWH[ v LQ LWV DGMDFHQW OLVW� )RU HDFK SDLU

RI (u, v)� 3UHVSRQVH FRXQWV WKH QXPEHU RI FRPPRQ QHLJKERUV RI u DQG v E\ WDNLQJ WKH

LQWHUVHFWLRQ RI WKHLU DGMDFHQW OLVWV� 7KLV QXPEHU RI FRPPRQ QHLJKERUV LV DFFXPXODWHG WR

WKH FRXQWHU RI YHUWH[ u� $IWHU DOO YHUWLFHV ILQDOL]H WKHLU FRXQWHUV� 3UHVSRQVH GLYLGHV WKH

FRXQWHU YDOXHV E\ WKUHH WR REWDLQ WKH WRWDO QXPEHU RI WULDQJOHV IRU HDFK YHUWH[� EHFDXVH

WKH DOJRULWKP UHSHDWHGO\ FRXQWV HDFK WULDQJOH WKUHH WLPHV�

,QFUHPHQWDO &RPSXWDWLRQ� 7KH LQFUHPHQWDO DOJRULWKP KDQGOHV HGJH LQVHUWLRQ DQG

GHOHWLRQ VHSDUDWHO\� 6LPLODU WR %)6 DQG && DOJRULWKPV� WKH LQFUHPHQWDO 7& IRU HGJH

��



LQVHUWLRQ ZRUNV RQ WKH XSGDWHG JUDSK ZLWK WKH XSGDWH EDWFK� ,W FRQVLVWV RI WZR VWHSV�

,Q WKH ILUVW VWHS� ZH WUDYHUVH WKH XSGDWH EDWFK� LGHQWLI\ DOO XQLTXH YHUWLFHV� DQG SXVK

WKHP LQWR D WDVN TXHXH� UHVHWWLQJ WKHLU FRUUHVSRQGLQJ FRXQWHUV WR 0� ,Q WKH VHFRQG VWHS�

IRU HDFK YHUWH[ u LQ WKH TXHXH� 3UHVSRQVH H[DPLQHV HDFK YHUWH[ v LQ LWV DGMDFHQW OLVW�

)RU HDFK SDLU RI (u, v)� 3UHVSRQVH FRXQWV WKH QXPEHU RI FRPPRQ QHLJKERUV RI u DQG

v E\ WDNLQJ WKH LQWHUVHFWLRQ RI WKHLU DGMDFHQW OLVWV� 7KLV QXPEHU RI FRPPRQ QHLJKERUV

LV DGGHG WR WKH FRXQWHU RI YHUWH[ u� ,Q DGGLWLRQ� IRU HDFK FRPPRQ QHLJKERU w IRU SDLU

(u, v)� WKH FRXQWHU RI w LV LQFUHPHQWHG E\ 1 LI w LWVHOI LV QRW LQ WKH WDVN TXHXH� 7KLV ZD\�

3UHVSRQVH REWDLQV WKH QXPEHU RI WULDQJOHV RI HDFK YHUWH[� 7KH VHFRQG VWHS LV VLPLODU WR

WKH VWDWLF LPSOHPHQWDWLRQ ZLWK WZR IROORZLQJ GLIIHUHQFHV� �� 7KH LQFUHPHQWDO DOJRULWKP

RQO\ WUDYHUVHV YHUWLFHV LQ WKH WDVN TXHXH ZKLOH WKH VWDWLF LPSOHPHQWDWLRQ WUDYHUVHV DOO

YHUWLFHV LQ WKH JUDSK� �� 7KH LQFUHPHQWDO DOJRULWKP QHHGV WR LQFUHPHQW WKH FRXQWHU RI

WKH FRPPRQ QHLJKERUV E\ 1 LI WKDW FRPPRQ QHLJKERU LWVHOI LV QRW LQ WKH WDVN TXHXH�

7KH LQFUHPHQWDO 7& RI HGJH GHOHWLRQ ZRUNV RQ WKH RULJLQDO JUDSK ZLWKRXW WKH EDWFK

XSGDWH� 3UHVSRQVH ILUVW WUDYHUVHV WKH XSGDWH EDWFK DQG WDJV DOO HGJHV IURP WKH EDWFK

LQ WKH RULJLQDO JUDSK ZLWK D GHOHWH PDUNHU� 3UHVSRQVH WKHQ SHUIRUPV LQFUHPHQWDO 7& RI

EDWFK LQVHUWLRQ EXW VNLS DQ\ HGJH WKDW LV PDUNHG ZLWK D GHOHWH PDUNHU� $IWHU WKH LQFUH�

PHQWDO 7& LV ILQLVKHG� ZH DSSO\ WKH EDWFK WR WKH RULJLQDO JUDSK DQG REWDLQ WKH HYROYHG

JUDSK� %HFDXVH RI WKH IDFW WKDW ZH RQO\ PDUN HGJHV WR EH GHOHWHG ZLWKRXW DFWXDOO\ UH�

PRYLQJ WKHP� LQFUHPHQWDO 7& RI EDWFK GHOHWLRQ VSHQGV WLPH DFFHVVLQJ WKRVH HGJHV RQ

PHPRU\� 7KLV SURFHGXUH GRZQJUDGHV WKH SHUIRUPDQFH� +RZHYHU� WKLV LV KDUPIXO RQO\

ZKHQ EDWFK VL]H LV FRPSDUDEOH WR WKH JUDSK� :H ZLOO FRQILUP ZLWK H[SHULPHQWV DQG

GLVFXVV WKH UHVXOWV LQ 6HFWLRQ ����

&RUUHFWQHVV 3URRI� ,I DQ YHUWH[ LV LPSDFWHG E\ WKH XSGDWHV� LQFUHPHQWDO FRPSXWD�

WLRQ UHVHWV LWV WULDQJOH FRXQWHU DQG UH�FRPSXWHV WKLV YHUWH[ YLD VWDWLF FRPSXWDWLRQ� 7KH

RQO\ H[FHSWLRQ LV WKDW WKH FRXQWHU RI D FRPPRQ QHLJKERXU DOVR QHHGV WR LQFUHPHQW ZKHQ

WKH FRPPRQ QHLJKERXU LWVHOI LV QRW LQ WKH XSGDWHV� 7KH UDWLRQDOH LV FKDQJLQJ RQH HGJH

PD\ LQWURGXFH RQH WULDQJOH� LPSDFWLQJ WKUHH YHUWLFHV� :KHQ WKH FRPPRQ QHLJKERU LV QRW

��



SUHVHQW LQ WKH XSGDWHV� LW ZLOO EH QRW EH UHVHW DQG UH�FRPSXWHG� 7KHUHIRUH� LQFUHPHQWDO

FRPSXWDWLRQ KDV WR LQFUHPHQW LWV FRXQWHU LQ RUGHU WR JXDUDQWHH FRUUHFWQHVV� ,W LV HDV\

WR QRWH WKDW WKH H[HFXWLRQ WLPH LV GHSHQGHQW RQ WKH EDWFK VL]H� 7R EH PRUH VSHFLILF� LW LV

SURSRUWLRQDO WR WKH DPRXQW RI XQLTXH YHUWLFHV LQ WKH EDWFK �VHH 6HFWLRQ �������

��� (YDOXDWLRQ

,Q WKLV VHFWLRQ� ZH HYDOXDWH WKH VSHHGXS RI DIRUHPHQWLRQHG LQFUHPHQWDO JUDSK DOJR�

ULWKPV� DQDO\]H WKH HIIHFWLYHQHVV RI SUHGLFWLRQ� DQG DVVHVV 3UHVSRQVH XVLQJ UHDO�ZRUOG

JUDSK GDWDVHWV�

����� ([SHULPHQW 6HWXS

(YDOXDWLRQ 2YHUYLHZ 2XU HPSLULFDO VWXGLHV FRQVLVW RI WZR DVSHFWV� )LUVW� ZH FRP�

SDUH WKH VWDWLF UH�FRPSXWDWLRQ DJDLQVW LQFUHPHQWDO SURFHVVLQJ� DQG GHPRQVWUDWH WKDW

LQFUHPHQWDO SURFHVVLQJ SURYLGHV SHUIRUPDQFH JDLQV� 6HFRQG� ZH HYDOXDWH WKH HIIHF�

WLYHQHVV RI 3UHVSRQVH DQG GHPRQVWUDWH WKDW FRPELQLQJ OLQN SUHGLFWLRQ DQG LQFUHPHQWDO

SURFHVVLQJ FDQ \LHOG IXUWKHU VSHHGXSV�

(YDOXDWLRQ 3ODWIRUP :HHYDOXDWH 3UHVSRQVH RQ WZR SODWIRUPV� 2QH SODWIRUP HPSOR\V

48 ,QWHO ;HRQ (����� SURFHVVRUV UXQQLQJ DW 2.2 *+] DQG DQ 19,',$ .��F �.HSOHU� *38

ZLWK GULYHU 384.111� 7KH RWKHU SODWIRUP HPSOR\V 24 ,QWHO ;HRQ (������ SURFHVVRUV UXQ�

QLQJ DW 3.4 *+]� KRVWLQJ DQ 19,',$ *7; 1080 �3DVFDO� *38 ZLWK GULYHU 390.77� )RU ERWK

SODWIRUPV� WKH KRVW FRPSLOHU LV ;++ 9X3X8� DQG &8'$ YHUVLRQ LV 8.0�

(YDOXDWHG $OJRULWKPV :H HYDOXDWHG WKUHH ZLGHO\ XVHG JUDSK DOJRULWKPV� %)6� &&

DQG 7&� %)6 WDNHV HLWKHU GLUHFWHG RU XQGLUHFWHG JUDSK DV LQSXW� ZKLOH && DQG 7& DFFHSW

XQGLUHFWHG JUDSK RQO\�

��



7DEOH ���� *UDSK 'DWDVHWV IRU $OJRULWKP (YDOXDWLRQV�

'DWDVHW 1DPH 7\SH �9HUWLFHV �(GJHV
/2H�mM�vnMR8 MR8 V\QWKHWLF ����� ������
/2H�mM�vnMR3 MR3 V\QWKHWLF ������ �������
/2H�mM�vnMky Mky V\QWKHWLF ������� �������

+�@>2TS? ?2T UHDO ZRUOG ����� ������
�7nb?2HHN b?2HH UHDO ZRUOG ������ ��������
i?2`K�HRk i?2`K�H UHDO ZRUOG ������� �������

�D� .HSOHU �E� 3DVFDO

)LJXUH ���� 6SHHGXS RI LQFUHPHQWDO %)6� +RUL]RQWDO D[HV DUH ORJ�VFDOHG� +RUL]RQWDO
D[HV UHSUHVHQW WKH VL]H RI XSGDWH EDWFKHV� 9HUWLFDO D[HV UHSUHVHQW LQFUHPHQWDO %)6¶V
VSHHGXS DJDLQVW VWDWLF %)6�

����� ,QFUHPHQWDO $OJRULWKPV

:H HYDOXDWH WKH SHUIRUPDQFH RI LQFUHPHQWDO DOJRULWKPV DJDLQVW WKH RULJLQDO VWDWLF LP�

SOHPHQWDWLRQV� *LYHQ D JUDSK DQG LWV XSGDWHV� ZH FRPSDUH WKH H[HFXWLRQ WLPH RI LQ�

FUHPHQWDO SURFHVVLQJ DJDLQVW VWDWLF UH�FRPSXWDWLRQ� 8SGDWHV DUH UDQGRPO\ JHQHUDWHG

DQG DUH UHQGHUHG LQ EDWFKHV� %DWFK VL]HV UDQJH IURP 10 WR 1, 000, 000 HGJHV� 7DEOH ���

VXPPDUL]HV WKH GDWDVHWV XVHG IRU HYDOXDWLRQ� WKHVH GDWDVHWV DUH UHSUHVHQWDWLYH RQHV

ZLGHO\ XVHG LQ SUHYLRXV ZRUN >���� ���@�

%)6� )LJXUH ��� VKRZV WKH VSHHGXS RI LQFUHPHQWDO %)6 DJDLQVW VWDWLF UH�

FRPSXWDWLRQ� :H FDQ VHH WKDW RQ ERWK SODWIRUPV� LQFUHPHQWDO DOJRULWKP UXQV IDVWHU ZLWK

VPDOOHU XSGDWH EDWFKHV ����� HGJHV�� +RZHYHU� WKH VSHHGXS GHFUHDVHV DV EDWFK VL]H

��



)LJXUH ���� 5HODWLRQ EHWZHHQ VSHHGXS DQG IUDFWLRQ RI LPSDFWHG YHUWLFHV� 7KH KRUL]RQWDO
D[LV UHSUHVHQWV WKH IUDFWLRQ RI QRQ�LPSDFWHG YHUWLFHV LQ SHUFHQWDJH� 7KH YHUWLFDO D[LV
UHSUHVHQWV WKH UDWLR RI HODSVHG WLPH RI LQFUHPHQWDO %)6 FRPSXWDWLRQ WR VWDWLF %)6 FRP�
SXWDWLRQ� 7KH EOXH VFDWWHUHG SRLQWV DUH GDWD SRLQWV� ZKLOH WKH UHG GDVKHG OLQH UHSUHVHQWV
OLQHDU ILWWLQJ�

�D� ,QVHUWLRQ .HSOHU �E� 'HOHWLRQ .HSOHU �F� ,QVHUWLRQ 3DVFDO �G� 'HOHWLRQ 3DVFDO

)LJXUH ���� 6SHHGXS RI LQFUHPHQWDO &&� +RUL]RQWDO D[HV DUH ORJ�VFDOHG� )RU GHOHWLRQ
FDVHV� ERWK D[HV DUH ORJ�VFDOHG� +RUL]RQWDO D[HV UHSUHVHQW WKH VL]H RI XSGDWH EDWFKHV�
9HUWLFDO D[HV UHSUHVHQW LQFUHPHQWDO &&¶V VSHHGXS DJDLQVW VWDWLF &&�

LQFUHDVHV� 7KH VSHHGXS VWDUWV DURXQG 1.4× DQG GURSV WR 1×� 6XFK WUHQGV DUH VLPLODU

DFURVV GLIIHUHQW GDWDVHWV�

7R XQGHUVWDQG ZK\ VSHHGXS GURSV DV XSGDWH EDWFK VL]H JURZV� ZH FRQGXFW IXUWKHU

LQYHVWLJDWLRQ� :H ILQG WKDW VSHHGXS LV KLJKO\ UHODWHG WR WKH IUDFWLRQ RI YHUWLFHV WKDW DUH

QRW LPSDFWHG E\ WKH XSGDWH EDWFK� :H WDNH Mky DV DQ H[DPSOH DQG VKRZ LWV UHVXOWV LQ

)LJXUH ���� 7KH KRUL]RQWDO D[LV UHSUHVHQWV WKH QRQ�LPSDFW IUDFWLRQ �LQ SHUFHQWDJH�� DQG

YHUWLFDO D[LV LV WKH VSHHGXS� 7KH ILJXUH FOHDUO\ VKRZV WKH IHZHU YHUWLFHV DUH LPSDFWHG

E\ WKH XSGDWH EDWFK� WKH KLJKHU VSHHGXS ZH FDQ DFKLHYH� 7R EH PRUH VSHFLILF� VSHHGXS

LV DOPRVW SURSRUWLRQDO WR QRQ�LPSDFW IUDFWLRQ� 7KH URRW FDXVH LV VWUDLJKWIRUZDUG� ,I DQ

��



�D� ,QVHUWLRQ .HSOHU �E� 'HOHWLRQ .HSOHU �F� ,QVHUWLRQ 3DVFDO �G� 'HOHWLRQ 3DVFDO

)LJXUH ���� 6SHHGXS RI LQFUHPHQWDO 7&� %RWK D[HV DUH ORJ�VFDOHG� +RUL]RQWDO D[HV
UHSUHVHQW WKH VL]H RI XSGDWH EDWFKHV� 9HUWLFDO D[HV UHSUHVHQW LQFUHPHQWDO 7&¶V VSHHGXS
DJDLQVW VWDWLF 7&�

XSGDWH LQVHUWV RU GHOHWHV DQ HGJH WKDW LV YHU\ FORVH WR WKH URRW� LW LV VWUDLJKWIRUZDUG WR

IRUHVHH WKDW YHUWLFHV WKDW DUH GHHSHU RU HTXDO WR WKDW YHUWH[ QHHG UH�FRPSXWLQJ� DV GH�

VFULEHG LQ 6HFWLRQ �������� 7KXV� LWV H[HFXWLRQ WLPH LV FORVH WR WKH VWDWLF UH�FRPSXWDWLRQ�

2Q WKH RWKHU KDQG� LI WKH XSGDWH EDWFK RQO\ LPSDFWV YHUWLFHV DUH WKDW IDU DZD\ WR WKH URRW�

LW WDNHV PXFK OHVV WLPH WR LQFUHPHQWDOO\ FRPSXWH WKH XSGDWHG UHVXOWV RQO\�

&&� )LJXUH ��� VKRZV WKH VSHHGXS RI LQFUHPHQWDO && FRPSXWDWLRQ DJDLQVW VWDWLF

UHFRPSXWDWLRQ� )RU LQFUHPHQWDO && FRPSXWDWLRQ ZLWK HGJH LQVHUWLRQ �)LJXUH ���D DQG

���F�� WKH VSHHGXS LV VLJQLILFDQWO\ JUHDWHU WKDQ 1× IRU VPDOOHU EDWFKHV� EXW GURSV DV

EDWFK VL]H LQFUHDVHV� ,W LV ZRUWK QRWLQJ WKDW WKH VSHHGXS DOZD\V VWDUWV IURP D ODUJH YDOXH

DQG TXLFNO\ GLPLVKHV DW D VR�FDOOHG LQIOHFWLRQ SRLQW� ,W LV GXH WR WKH SURSHUW\ RI JUDSKV

XVHG LQ RXU H[SHULPHQWV� 7R EH PRUH VSHFLILF� D IHZ FRPSRQHQWV FRQVLVW PRVW YHUWLFHV�

L�H�� GRPLQDQW FRPSRQHQWV� EXW RWKHU FRPSRQHQWV RQO\ FRQWDLQV IHZ YHUWLFHV� :KHQ

ZH UDQGRPO\ JHQHUDWH XSGDWHV� LW LV OLNHO\ WR FRQQHFW YHUWLFHV LQ WKH VDPH FRPSRQHQW�

$V GHVFULEHG LQ 6HFWLRQ �������� VXFK HGJHV UHTXLUHV QR H[WUD FRPSXWDWLRQ� UHVXOWLQJ

LQ KLJK VSHHGXS� :H DUH PRUH OLNHO\ WR VHH WKLV FDVH IRU VPDOOHU EDWFKHV� ,Q FRQWUDVW�

ZKHQ WKH EDWFK VL]H LQFUHDVHV� WKH SUREDELOLW\ RI LQVHUWLQJ D QHZ HGJH DFURVV GLIIHUHQW

FRPSRQHQWV LQFUHDVHV GUDPDWLFDOO\� ,Q WKLV FDVH� PRUH YHUWLFHV DUH SXW LQWR WKH WDVN

TXHXH IRU UHFRPSXWDWLRQ� UHVXOWLQJ LQ QR VSHHGXSV� ,W LV ZRUWK QRWLQJ WKDW WKH VSHHGXS

FDQ EH VPDOOHU WKDQ 1× GXH WR WKH RYHUKHDG LQFXUUHG IURP WKH XSGDWH EDWFK WUDYHUVDO�

$V IRU LQFUHPHQWDO && FRPSXWDWLRQ ZLWK HGJH GHOHWLRQ �)LJXUH ���E DQG ���G� WKH

VSHHGXS LV DOZD\V DURXQG 1 H[FHSW IRU WKH YHU\ ODUJH EDWFK RQ 3DVFDO� 7KH UHDVRQ

��



LV WKDW WKH GDWDVHWV XVHG LQ WKH H[SHULPHQWV FRQVLVW RQO\ D IHZ FRPSRQHQWV ZKHUH D

FHUWDLQ FRPSRQHQW RZQV PRVW YHUWLFHV� $V ORQJ DV RQH HGJH IURP WKH EDWFK WRXFKHV WKLV

FRPSRQHQW� DOO YHUWLFHV RI WKLV FRPSRQHQW DUH SXW LQWR WKH WDVN TXHXH IRU UHFRPSXWDWLRQ�

%HFDXVH OLWWOH FRPSXWDWLRQ FDQ EH VDYHG� WKH VSHHGXS LV DURXQG 1×�

7&� )LJXUH ��� VKRZV WKH VSHHGXS RI LQFUHPHQWDO 7& FRPSXWDWLRQ DJDLQVW VWDWLF

UHFRPSXWDWLRQ� ZLWK HGJH LQVHUWLRQV DQG GHOHWLRQV� UHVSHFWLYHO\� ,Q ERWK ILJXUHV� WKH

VSHHGXS LV VLJQLILFDQWO\ JUHDWHU WKDQ 1 IRU VPDOO XSGDWH EDWFKHV DFURVV DOO LQSXW JUDSKV�

$V WKH EDWFK VL]H LQFUHDVHV� WKH VSHHGXS GURSV� ,Q WKH HGJH LQVHUWLRQ PRGH� IRU PRVW

LQSXW JUDSKV� WKH VSHHGXS GURSV WR 1× ZKHQ EDWFK VL]H LV ODUJH� 7KH UHDVRQ LV WKDW WKH

QXPEHU RI YHUWLFHV LQ WKH WDVN TXHXH IRU UHFRPSXWDWLRQ FDQQRW H[FHHG WKH WRWDO QXPEHU

RI YHUWLFHV LQ WKH JUDSK� 7KXV� WKH LQFUHPHQWDO FRPSXWDWLRQ DW ZRUVW LV WKH VDPH DV WKH

VWDWLF UHFRPSXWDWLRQ� 6RPH GDWDVHWV VXFK DV b?2HH� MR3 VXIIHU IURP VORZGRZQ EHFDXVH

RI WKH RYHUKHDG LQFXUUHG LQ XSGDWH EDWFK WUDYHUVDO DQG WDVN TXHXH RSHUDWLRQV�

,Q HGJH GHOHWLRQ PRGH� WKH LQFUHPHQWDO FRPSXWDWLRQ FDQ LQFXU D ODUJH VORZGRZQ

JLYHQ D ODUJH HQRXJK XSGDWH EDWFK ZLWK WKH IROORZLQJ UHDVRQ� :KHQ WKH VL]H RI WKH

XSGDWH EDWFK LV FRPSDUDEOH WR WKH RULJLQDO JUDSK G0� WKH WDVN TXHXH IRU LQFUHPHQWDO 7&

FRPSXWDWLRQ LQFOXGHV PRVW YHUWLFHV LQ WKH JUDSK� :KHQ WUDYHUVLQJ WKH DGMDFHQW OLVW RI D

FHUWDLQ YHUWH[� ZH QHHG JR WKURXJK HYHU\ HGJH DQG RQO\ DFW RQ WKRVH WKDW DUH QRW PDUNHG

DV GHOHWH �VHH 6HFWLRQ ��������� 7KXV� WKH FRPSXWDWLRQ WLPH RI LQFUHPHQWDO DOJRULWKP LQ

GHOHWLRQ PRGH LV FRPSDUDEOH WR WKH VWDWLF 7& RQG0� 2Q WKH RWKHU KDQG� ZKHQ WKH XSGDWH

EDWFK LV ODUJH HQRXJK� WKH HYROYHG JUDSK FDQ EH D VPDOO VXEJUDSK RI G0� VR WKH VWDWLF

DOJRULWKP QHHGV OLWWOH WLPH IRU UHFRPSXWDWLRQ� $V DQ H[WUHPH H[DPSOH� ZKHQ WKH XSGDWH

EDWFK GHOHWHV DOO YHUWLFHV DQG HGJHV LQG0� WKH VWDWLF UHFRPSXWDWLRQ UHTXLUHV ]HUR UXQWLPH

EXW WKH LQFUHPHQWDO FRPSXWDWLRQ VWLOO \LHOGV VLJQLILFDQW UXQWLPH�

7R IXUWKHU XQGHUVWDQG WKH VSHHGXS� ZH H[DPLQH WKH UHODWLRQ EHWZHHQ WKH VSHHGXS

DQG WKH QXPEHU RI LPSDFWHG YHUWLFHV� :H WDNH VKHOO DV DQ H[DPSOH DQG VKRZ WKH UHVXOWV

LQ )LJXUH ���� )URP WKH ILJXUH ZH FDQ VHH WKDW WKH VSHHGXS LV LQYHUVHO\ SURSRUWLRQDO WR

WKH QXPEHU RI LPSDFWHG YHUWLFHV LQ WKH JUDSK GXULQJ WKH HYROXWLRQ�
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)LJXUH ���� 5HODWLRQ EHWZHHQ VSHHGXS DQG IUDFWLRQ RI LPSDFWHG YHUWLFHV� +RUL]RQWDO
D[LV UHSUHVHQWV WKH SHUFHQWDJH RI LPSDFWHG YHUWLFHV� 9HUWLFDO D[LV UHSUHVHQWV VSHHGXS�
7KH EOXH VFDWWHUHG FLUFOHV UHSUHVHQW HDFK GDWD SRLQW� DQG WKH UHG GDVKHG OLQH UHSUHVHQWV
WKHRUHWLFDO VSHHGXS REWDLQHG YLD UHJUHVVLRQ�

7DEOH ���� 'HVFULSWLRQ RI 5HDO�ZRUOG 'DWDVHWV�

'DWDVHW �9HUWLFHV �(GJHV
�M/`QB/ ����� �����
�TTH2 ����� ������
;�KBM; ����� ������
i2t ����� ������
mMBt ����� ������

����� 8SGDWH %DWFK 3UHGLFWLRQ

,Q WKLV VHFWLRQ� ZH GLVFXVV WKH DFFXUDF\ RI OLQN SUHGLFWLRQ� :H XVH UHDO�ZRUOG JUDSK

JHQHUDWHG IURP WKH GDWD IURP bi�+F2t+?�M;2X+QK IRU HYDOXDWLRQ� 7KH ZHEVLWH VWDFNH[�

FKDQJH LV IRU FRPPXQLW\ TXHVWLRQ DQVZHULQJ �&4$� DQG RIIHUV UDZ GDWD IRU GRZQORDG�

7KH UDZ GDWD DUH FDWHJRUL]HG LQWR PDQ\ GRPDLQV DQG ZH VHOHFW WKH IROORZLQJ GRPDLQV

IRU RXU HYDOXDWLRQ� DQGURLG� DSSOH� JDPLQJ� WH[� DQG XQL[� 7DEOH ��� HODERUDWHV RQ WKH

GHWDLOV RI WKHVH JUDSKV� ,Q WKHVH JUDSKV� HDFK YHUWH[ UHSUHVHQWV RQH XVHU� ZKR DVNV

DQG�RU DQVZHUHUV D TXHVWLRQ� HDFK HGJH �u�v� GHQRWHV WKDW XVHU v DQVZHUV D TXHVWLRQ

DVNHG E\ XVHU u�

��
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:H FRQVWUXFW WKH LQLWLDO JUDSK XVLQJ WKH GDWD WLOO -DQ �� ����� :H FUHDWH XSGDWHV

XVLQJ QHZ GDWD FROOHFWHG ODWHU DQG GLYLGH WKHP LQWR EDWFKHV RQ D PRQWKO\ EDVLV� ,W LV

ZRUWK QRWLQJ WKDW WKHUH DUH RQO\ LQVHUWLRQV LQ D &4$ JUDSK� EHFDXVH H[LVWLQJ TXHVWLRQV

DQG DQVZHUV DUH QHYHU GHOHWHG�

:H XVH DFFXUDF\ WR DVVHVV 3UHVSRQVH¶V FODVVLILHU� %\ GHILQLWLRQ� DFFXUDF\ LV WKH

UDWLR RI FRUUHFW SUHGLFWLRQV �WUXH SRVLWLYH SOXV WUXH QHJDWLYH� WR DOO WKH WHVW FDVHV� ����

PHDQV WKH SUHGLFWLRQ LV DOZD\V FRUUHFW� ZKLOH �� PHDQV WKH SUHGLFWLRQ LV DOZD\V ZURQJ�

)LJXUH ��� TXDQWLILHV WKH DFFXUDF\� )RU WH[ DQG JDPLQJ� WKH DFFXUDF\ LV DURXQG 90�

DQG LV VWDEOH RYHU WKH WLPH� )RU XQL[� DSSOH DQG DQGURLG� WKH DFFXUDF\ LV EHORZ 80��

LQGLFDWLQJ WKDW WKHVH WKUHH WRSLFV DUH GLIILFXOW WR SUHGLFW� $PRQJ DOO ILYH GRPDLQV� DQGURLG

DQG DSSOH VKRZ D FOHDU WUHQG WKDW WKH FODVVLILHU¶V DFFXUDF\ GHFUHDVHV RYHU WLPH� 7KLV

LPSOLHV WKDW WKH KRW WRSLFV DQG LQWHUHVWV FKDQJH IDVW LQ WKHVH WZR GRPDLQV� 7KXV� WKH

FODVVLILHU LV QRW KLJKO\ UHOLDEOH RQ SUHGLFWLQJ IXWXUH FKDQJHV�

,Q RUGHU WR DGGUHVV WKLV ORZ DFFXUDF\ LVVXH� ZH UHWUDLQ WKH FODVVLILHU ZKHQ WKH DF�

FXUDF\ LV ORZ� ,Q RXU H[SHULPHQW� ZH VHW D WKUHVKROG RI 70� DQG VKRZ WKH UHVXOWV RI

UH�WUDLQLQJ LQ )LJXUH ����� 7KH UHG OLQH UHSUHVHQWV WKH DFFXUDF\ ZLWKRXW UH�WUDLQLQJ� DQG

WKH EOXH OLQH UHSUHVHQWV DFFXUDF\ ZLWK UH�WUDLQLQJ� ,Q )LJXUH ����D� DSSOH¶V DFFXUDF\

VWDUWV DERYH 70� DQG GURSV EHORZ WKH WKUHVKROG LQ 0DU� :KHQ UH�WUDLQLQJ LV HQDEOHG�

WKH DFFXUDF\ JRHV KLJKHU� 0RUH LPSRUWDQWO\� WKH SUHGLFWLRQ DFFXUDF\ RQ WKH IROORZLQJ

EDWFKHV DOVR LPSURYHV RYHU WKH EDVHOLQH� 6LPLODUO\� LQ )LJXUH ����E� WKH FODVVLILHU LV UH�

WUDLQHG PXOWLSOH WLPHV WR LPSURYH WKH DFFXUDF\� :H REWDLQ D VDWLVIDFWRU\ DFFXUDF\ LQ

-XQ� ZKLFK LV KLJKHU WKDQ ���� ,Q FRQWUDVW� WKH DFFXUDF\ GURSV EHORZ 60� LI UH�WUDLQLQJ

LV GLVDEOHG�

����� 3UHVSRQVH 3HUIRUPDQFH ZLWK ,QFUHPHQWDO &RPSXWDWLRQ DQG /LQN

3UHGLFWLRQ

,Q WKLV VHFWLRQ� ZH GHPRQVWUDWH WKH EHQHILWV WKDW JUDSK XSGDWH SUHGLFWLRQ FDQ SURYLGH RQ

WRS RI LQFUHPHQWDO SURFHVVLQJ� :H XVH VWDQGDORQH LQFUHPHQWDO SURFHVVLQJ �ZLWKRXW WKH

��



)LJXUH ���� 3UHGLFWLRQ DFFXUDF\� +RUL]RQWDO D[LV UHSUHVHQWV WKH WLPH� 9HUWLFDO D[LV UHS�
UHVHQWV SUHGLFWLRQ DFFXUDF\ LQ SHUFHQWDJH�

OLQN SUHGLFWLRQ� DV WKH EDVHOLQH WR VKRZ WKH VSHHGXS RI 3UHVSRQVH� ZKLFK FRPELQHV OLQN

SUHGLFWLRQ DQG LQFUHPHQWDO SURFHVVLQJ� 3UHVSRQVH SUHGLFWV IXWXUH FKDQJHV� JHQHUDWHV

D SUHGLFWLRQ EDWFK� DQG LQFUHPHQWDOO\ SURFHVVHV LW� :KHQ WKH UHDO EDWFK LV HPLWWHG� 3UH�

VSRQVH JHQHUDWHV D FRUUHFWLRQ EDWFK E\ FRPSDULQJ WKH SUHGLFWLRQ DQG WKH UHDO EDWFK�

7KH ILQDO UHVXOWV FDQ EH REWDLQHG E\ LQFUHPHQWDOO\ SURFHVVLQJ WKH JUDSK ZLWK WKH FRUUHF�

WLRQ EDWFK� $V WKH LQSXWV� ZH XVH WKH VDPH UHDO�ZRUOG JUDSKV LQ 6HFWLRQ ������

)LJXUH "" VKRZV WKH QRUPDOL]HG H[HFXWLRQ WLPH� 6LQFH WUDLQLQJ FODVVLILHU LQWURGXFHV

UDQGRPQHVV� ZH UHSHDW RXU H[SHULPHQWV IRU ILYH WLPHV� (DFK EDU LQ WKH ILJXUH UHSUH�

VHQWV DYHUDJH H[HFXWLRQ WLPH� :H FDQ VHH WKDW 3UHVSRQVH LV DOZD\V IDVWHU� 7DNH 7&

UXQQLQJ RQ JDPLQJ DV DQ H[DPSOH� 3UHVSRQVH LV 25× IDVWHU� :H GLVFXVV HDFK DOJRULWKP

LQGLYLGXDOO\ LQ WKH IROORZLQJ SDUDJUDSKV�

%)6 7KH UHVXOWV RI %)6 DUH VKRZQ LQ )LJXUH ����D� 2XU ILUVW REVHUYDWLRQ LV WKDW 3UH�

VSRQVH KDV VSHHGXS RQ JDPLQJ DQG WH[� ZKLFK IDOOV DOLJQ ZLWK WKH IDFW WKDW JDPLQJ DQG

WH[ DUH KLJKO\ SUHGLFWDEOH �DV VKRZQ LQ )LJXUH ����� )RU RWKHU GDWDVHWV� WKH H[HFXWLRQ

WLPH RI 3UHVSRQVH LV JHQHUDOO\ VKRUWHU WKDQ EDVHOLQH RQ ERWK DUFKLWHFWXUHV� $V ZH H[�

SODLQHG LQ 6HFWLRQ ������ WKH SHUIRUPDQFH RI LQFUHPHQWDO %)6 LV KLJKO\ GHSHQGHQW RQ WKH

GHSWK IURP WKH URRW WR WKH LPSDFWHG OHYHO� LQVWHDG RI EDWFK VL]HV� 7KHUHIRUH� DOWKRXJK

3UHVSRQVH PDNHV FRUUHFW SUHGLFWLRQ RQ ��� FKDQJHV LQ WKH 5HDO EDWFK� LW RQO\ SURYLGHV
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�D� $SSOH �E� $QGURLG

)LJXUH ����� 3UHGLFWLRQ DFFXUDF\ ZKHQ UH�WUDLQLQJ HQDEOHG� �D� IRU DSSOH� DQG �E� IRU DQ�
GURLG� +RUL]RQWDO D[LV UHSUHVHQWV WKH WLPH� 9HUWLFDO D[LV UHSUHVHQWV SUHGLFWLRQ DFFXUDF\�
LQ SHUFHQWDJH� 2ULJLQDO VHWXS ZLWKRXW UH�WUDLQLQJ LV VKRZQ DV EDVHOLQH� 5HG WULDQJOH
PDUNHUV LQGLFDWH SRLQWV RI UH�WUDLQLQJ�

�D� %)6 �E� && �F� 7&

OLPLWHG SHUIRUPDQFH VSHHGXS EHFDXVH WKH LPSDFWHG OHYHO LV FORVH WR WKH URRW� 7KXV� 3UH�

VSRQVH KDV WR EH FRQVHUYDWLYH DERXW PDNLQJ SUHGLFWLRQV WR YHUWLFHV FORVH WR WKH URRW�

,QFRUUHFW SUHGLFWLRQV �ERWK IDOVH SRVLWLYH DQG IDOVH QHJDWLYH� RQ VXFK YHUWLFHV UHVXOW LQ D

KLJKHU SHQDOW\� ZKLFK FDQ VXUSDVV WKH EHQHILWV RI SUHGLFWLRQ�

&& 7KH UHVXOWV RI && DUH VKRZQ LQ )LJXUH ����E� 2Q ERWK DUFKLWHFWXUHV� 3UHVSRQVH

LV W\SLFDOO\ IDVWHU WKDQ WKH EDVHOLQH� $PRQJ DOO GDWDVHWV� JDPLQJ REWDLQV WKH KLJKHVW

VSHHGXS EHFDXVH RI WKH KLJK SUHGLFWLRQ DFFXUDF\� ,W LV ZRUWK QRWLQJ WKDW 3UHVSRQVH

LQFXUV VORZGRZQ IRU WH[� $V H[SODLQHG LQ 6HFWLRQ ������ WKH SHUIRUPDQFH RI LQFUHPHQWDO

&& FRPSXWDWLRQ LV KLJKO\ GHSHQGHQW RQ LPSDFWHG YHUWH[ IUDFWLRQ� ,Q D JUDSK ZKHUH WKHUH

LV D ODUJH FRPSRQHQW� ZH DUH PRUH OLNHO\ WR VHH OLPLWHG VSHHGXS� (YHQ LI WKH FKDQJH

��



LPSDFWV RQO\ RQH YHUWH[ LQ WKH GRPLQDQW FRPSRQHQW� DOO YHUWLFHV LQ WKLV FRPSRQHQW KDYH

WR EH UHFRPSXWHG� 7KXV� WKH VSHHGXS LV VTXDQGHUHG GXH WR WKH RYHUKHDG RI SDUVLQJ

EDWFKHV�

7& 7KH UHVXOWV RI 7& DUH VKRZQ LQ )LJXUH ����F� :H REVHUYH VLJQLILFDQWO\ VSHHGXSV RI

3UHVSRQVH IRU DOO GDWDVHWV RQ ERWK DUFKLWHFWXUHV� 7KH KLJKHVW VSHHGXS FDQ EH 25× RQ

WKH JDPLQJ GDWDVHW� ZKLFK IDOOV DOLJQ ZLWK WKH IDFW WKDW JDPLQJ KDV WKH KLJKHVW SUHGLFWLRQ

DFFXUDF\ �LQ )LJXUH ����� ,W LV ZRUWK QRWLQJ WKDW 3UHVSRQVH RQ XQL[ KDV 80� SUHGLFWLRQ

DFFXUDF\ EXW WKH H[HFXWLRQ WLPH LV FORVH WR EDVHOLQH� ,W LV EHFDXVH XQL[ LV WKH ODUJHVW

DPRQJ WKH ILYH GDWDVHWV� ,W KDV WKH ODUJHVW YHUWH[ DQG HGJH FRXQWV� DQG WKH KLJKHVW DY�

HUDJH GHJUHH� $V D UHVXOW� WUDYHUVLQJ WKH DGMDFHQW OLVWV FRVWV FRQVLGHUDEOH FRPSXWDWLRQ�

VXUSDVVHV WKH SUHGLFWLRQ EHQHILW�

��� 5HODWHG :RUNV

*UDSK (PEHGGLQJ ,W KDV EHHQ UHFHQWO\ VKRZQ WKDW PDQ\ SRSXODU UDQGRP ZDON EDVHG

DSSURDFKHV� VXFK DV 'HHS:DON >��@� /,1( >��@� DQG QRGH�YHF >��@� FDQ EH XQLILHG LQWR

WKH PDWUL[ IDFWRUL]DWLRQ IUDPHZRUN ZLWK FORVHG IRUPV >���@� $OO RI WKH DIRUHPHQWLRQHG

PRGHOV DUH EDVHG RQ WKH 6NLS�*UDPPRGHO LQWURGXFHG E\ 0LNRORY HW DO� >���@� )RU H[DP�

SOH� 'HHS:DON VDPSOHV PXOWLSOH SDWKV IURP WKH JUDSK� HDFK RI ZKLFK LV UHJDUGHG DV D

ZRUG VHTXHQFH� 1RGH�YHF RIIHUV D IOH[LEOH VDPSOLQJ VWUDWHJ\� ZLWK WZR SDUDPHWHUV FRQ�

WUROOLQJ WKH VKDSH RI WKH VDPSOHG SDWKV� )RU HDFK YHUWH[ LQ WKH VHTXHQFH� WKH\ SUHGLFW

WKH QHDUE\ YHUWLFHV LQ ERWK GLUHFWLRQ� DQG XSGDWH WKH YHFWRU DFFRUGLQJ WR WKH 6NLS�*UDP

PRGHO� +RZHYHU� WKHVH PHWKRGV LJQRUH WKH DV\PPHWULF QDWXUH RI WKH SDWK VDPSOLQJ SUR�

FHGXUH DQG WUDLQ WKH PRGHO V\PPHWULFDOO\� ZKLFK UHVWULFWV WKHLU DSSOLFDWLRQV� 6LQFH QRGH

SDLUV IURP WZR KRSV DZD\ ZLOO EH UHJDUGHG DV QHJDWLYH ODEHOV� /,1( FDQ RQO\ SUHVHUYH

V\PPHWULF VHFRQG�RUGHU SUR[LPLW\ ZKHQ DSSOLHG WR GLUHFWHG JUDSKV >���@�

/LQH LQWURGXFHV WKH VHFRQG RUGHU SUR[LPLW\ EHWZHHQ D SDLU RI YHUWLFHV� ZKLFK HQFRGHV

WKH VLPLODULW\ PHDVXUHG E\ WKHLU ORFDO QHLJKERUKRRG� +RZHYHU� /LQH FDQ RQO\ SUHVHUYH

��



V\PPHWULF VHFRQG�RUGHU SUR[LPLW\ ZKHQ DSSOLHG WR GLUHFWHG JUDSKV >���@� ,Q DGGLWLRQ� LW

FDQQRW SUHVHUYH WKH KLJKHU�RUGHU VLPLODULWLHV� VLQFH QRGH SDLUV IURP WZR KRS DZD\ ZLOO

EH UHJDUGHG DV QHJDWLYH ODEHOV >���@�

5HFHQWO\� RQH KDV VHHQ D VXUJH RI LQWHUHVW LQ GHYHORSLQJ PHWKRGV IRU OHDUQLQJ UHSUH�

VHQWDWLRQV IRU GLUHFWHG JUDSKV� )RU H[DPSOH� $73 >���@ LQFRUSRUDWHV JUDSK KLHUDUFK\ DQG

UHDFKDELOLW\ LQIRUPDWLRQ QDWXUDOO\ E\ UHO\LQJ RQ D QRQOLQHDU WUDQVIRUPDWLRQ WKDW RSHUDWHV

RQ WKH FRUH UHDFKDELOLW\ DQG LPSOLFLW KLHUDUFK\ ZLWKLQ VXFK GLUHFWHG JUDSKV WR SUHVHUYH

WKH DV\PPHWULF WUDQVLWLYLW\ LQ WKH HPEHGGLQJ VSDFH� 6XQ HW DO� >���@ SURSRVHG WR VROYH

WKH GLUHFWHG JUDSK HPEHGGLQJ SUREOHP YLD D WZR�VWDJH DSSURDFK� LQ WKH ILUVW VWDJH� WKH

JUDSK LV V\PPHWUL]HG LQ RQH RI VHYHUDO SRVVLEOH ZD\V� DQG LQ WKH VHFRQG VWDJH� WKH VR�

REWDLQHG V\PPHWUL]HG JUDSK LV HPEHGGHG XVLQJ DQ\ VWDWH�RI�WKH�DUW �XQGLUHFWHG� JUDSK

HPEHGGLQJ DOJRULWKP VXFK DV QRGH�YHF >��@�

/LQN 3UHGLFWLRQ� :DQJ HW DO� >���@ FDWHJRUL]H OLQN SUHGLFWLRQ WHFKQLTXHV LQWR WKH

IROORZLQJ JURXSV� QRGH�EDVHG� WRSRORJ\�EDVHG DQG VRFLDO WKHRU\ �EDVHG� 1RGH�EDVHG

DSSURDFKHV OHYHUDJH WKH DWWULEXWHV RI QRGHV WR PLQH WKH VLPLODULW\ EHWZHHQ WKHP� IRU

H[DPSOH LQWHUHVWV RI XVHUV DQG NH\ZRUGV LQ SURILOHV >���� ���� ���@� 7RSRORJ\�EDVHG

DSSURDFKHV UHOLHV RQ WKH VWUXFWXUDO IHDWXUHV RI WKH JUDSK ZKHQ DWWULEXWHV DUH DEVHQW� 7KH

VWUXFWXUDO IHDWXUHV PD\ FRPH IURP FRPPRQ QHLJKERUV� SDWKV RU UDQGRPZDONV >���� ����

���� ���@� 7KH WKLUG FDWHJRU\ LQFOXGHV D ORW RI VRFLDO WKHRU\ PHWULFV VXFK DV FRPPXQLW\�

VWURQJ DQG ZHDN WLHV� KRPRSKLO\� HWF� 7KHVH WHFKQLTXHV FDQ FDSWXUH DGGLWLRQDO VRFLDO

LQWHUDFWLRQ LQIRUPDWLRQ >���� ���� ���� ���� ���� ���@�

(YROYLQJ JUDSK SURFHVVLQJ� 7KHUH DUH WZR FDWHJRULHV� RIIOLQH DQG RQOLQH� 2IIOLQH

SURFHVVLQJ >���� ���� ��@ LQYROYHV JUDSK JHQHUDWLRQ� VWRULQJ DQG DQDO\VLV RI VQDSVKRWV

RI HYROYLQJ JUDSK� *UDSK6FRUH >���@ LV VKDUHG�PHPRU\ &38 EDVHG VROXWLRQ� ,W FRQGXFWV

FRPPXQLW\ GLVFRYHU\ DQG DQRPDO\ GHWHFWLRQ E\ SURFHVVLQJ JUDSK HQFRGLQJV� &KURQRV

>��@ VXSSRUWV WHPSRUDO JUDSK SURFHVVLQJ� ,W SXWV WRJHWKHU JUDSK YHUWH[ GDWD IURP GLIIHU�

HQW YHUVLRQV WR DFKLHYH JRRG FDFKH ORFDOLW\� 7(* >���@ SDUWLWLRQV HYROYLQJ JUDSK DFURVV

JUDSK YHUWLFHV DQG HQDEOHV VXEJUDSK TXHU\LQJ� 2QOLQH SURFHVVLQJ SURYLGHV FRQWLQXRXV

��



TXHU\� 67,1*(5 >���@ GHILQHV D OD\RXW RI VWRULQJ JUDSK YHUWLFHV DQG HGJHV� DQG VXS�

SRUWV IDVW HIILFLHQW LQVHUWLRQV�GHOHWLRQV WR WKH JUDSK� (YR*UDSK >���@ DSSOLHV D K\EULG

VWUXFWXUH WR HQDEOH FRPSUHVVHG VWRUDJH IRU VWDWLF FRPSXWDWLRQ DQG LQFUHPHQWDO FRPSX�

WDWLRQ RQ HGJH OLVWV� -L HW DO� >���@ H[SHULPHQWDOO\ GHPRQVWUDWH WKDW LQLWLDO YDOXHV RI WKH

FRPSXWDWLRQ RQ D QHZ JUDSK VQDSVKRW KDYH D FULWLFDO LPSDFW RQH WKH FRQYHUJHQFH RI

LWHUDWLYH JUDSK DOJRULWKPV� VXFK DV 3DJH5DQN DQG .PHDQV�

*38 IRU JUDSKV� ([LVWLQJ ZRUNV IRFXV RQ &38 RU ,QWHO ;HRQ 3KL VW\OH DUFKLWHFWXUHV�

VXFK DV 6WLQJHU >���@� .LQHRJUDSK >���@� &HOO,4 >���@� *UDSK7DX >���@ >���@ DQG 6/)(

>���@� +RZHYHU� *38V LQWURGXFHV GLIIHUHQW GHVLJQ SULQFLSOHV DQG SHUIRUPDQFH FRQFHUQV

LQ WKH SDUDOOHO H[HFXWLRQ >���@� .LQJ HW DO� >���@ H[SORUHV WKH GLUHFWLRQ RI XVLQJ *38V

WR SURFHVV UHDO�WLPH DQDO\WLFV RQ G\QDPLF JUDSKV� +RZHYHU� LW RQO\ VXSSRUWV LQVHUWLRQV

DQG ODFNV DQ HIILFLHQW LQGH[LQJ PHFKDQLVP� FX6WLQJHU >���@ GHILQHV D IRUPDW IRU JUDSK

SURFHVVLQJ RQ *38� FX6WLQJHU LV D IUDPHZRUN WKDW LPSOHPHQWV VHYHUDO JUDSK SUHPLVHV

IRU *38� ,W VXSSRUW YDULRXV LQSXW IRUPDW DQG HPSOR\ D K\EULG GDWD VWRUDJH WR UHDFK

D JRRG EDODQFH RQ SHUIRUPDQFH DQG VSDFH FRQVXPSWLRQ� *UDSKLH >���@ LV D V\VWHPW

WKDW VXSSRUWV WUDYHUVLQJ ODUJH�VFDOH JUDSK RQ VLQJOH *38� ,W UHOLHV RQ WZR UHQDPLQJ

DOJRULWKP WR HIILFLHQWO\ XWLOL]H VKDUHG PHPRU\ DQG UHGXFH JOREDO PHPRU\ DFFHVVHV� 6KD

HW DO� >���@ SURSRVHG WZR SDUDOOHO XSGDWH DOJRULWKPV �*30$ DQG *30$�� WR VXSSRUW

HIILFLHQW VWUHDP XSGDWHV VR WKDW WKH PDLQWDLQHG JUDSK LV LPPHGLDWHO\ DYDLODEOH IRU KLJK�

VSHHG DQDO\WLF SURFHVVLQJ RQ *38V� *30$ H[SORUHV D ORFN�EDVHG DSSURDFK ZKLFK

ZRUNV HIILFLHQWO\ IRU WKH FDVH ZKHUH IHZ FRQFXUUHQW XSGDWHV FRQIOLFW� H�J�� VPDOO�VL]H

XSGDWH EDWFKHV ZLWK UDQGRP XSGDWLQJ HGJHV LQ HDFK EDWFK� 5HJDUGLQJ WR WKH VFHQDULRV

ZKHUHPDVVLYH FRQIOLFWV RFFXU� *30$�� D ORFN�IUHH DSSURDFK� ZDV SURSRVHG LQ D ERWWRP�

XS ZD\ E\ SULRULWL]LQJ XSGDWHV WKDW RFFXU LQ VLPLODU SRVLWLRQV� *30$� LV DEOH WR PD[LPL]H

FRDOHVFHG PHPRU\ DFFHVV DQG DFKLHYH OLQHDU SHUIRUPDQFH VFDOLQJ Z�U�W WKH QXPEHU RI

FRPSXWDWLRQ XQLWV RQ *38V� UHJDUGOHVV RI WKH XSGDWH SDWWHUQV�

��



��� &KDSWHU 6XPPDU\

,Q WKLV FKDSWHU� ZH SURSRVH LQFUHPHQWDO DOJRULWKPV RI WKUHH IXQGDPHQWDO JUDSK DSSOLFD�

WLRQV �%UHDGWK�)LUVW�6HDUFK� &RQQHFWHG &RPSRQHQWV� DQG 7ULDQJOH &RXQWLQJ�� WDLORUHG

IRU *38�0RUHRYHU� WKLV FKDSWHU SUHVHQWV 3UHVSRQVH� D IUDPHZRUN WKDW ERRVWV LQFUHPHQ�

WDO JUDSK SURFHVVLQJ� 3UHVSRQVH DGRSWV OLQN SUHGLFWLRQ WKDW SUHGLFWV XSGDWH EDWFKHV IRU

HYROYLQJ JUDSK WR UHGXFH WKH GHOD\ RI WKH EDWFK SURFHVVLQJ� 7KXV� TXHULHV UHJDUGLQJ WR

JUDSK SURSHUWLHV FDQ EH UHVSRQGHG PXFK IDVWHU� :H GHPRQVWUDWH WKDW SUHGLFWLRQ DFFX�

UDF\ FDQ DV KLJK DV 90� DQG TXHU\ UHVSRQVHV FDQ EH XS WR 25× IDVWHU� )RU IXWXUH ZRUN�

ZH ZLOO IXUWKHU LPSURYH WKH LQFUHPHQWDO DOJRULWKPV VXFK WKDW WKH SHUIRUPDQFH LV RQO\ GH�

SHQGHQW RQ WKH EDWFK VL]H� :H SODQ WR JHQHUDOL]H FXUUHQW LPSOHPHQWDWLRQ WR PXOWL�*38

SODWIRUPV IRU EHWWHU VFDODELOLW\�

��



&KDSWHU �

&RQFOXVLRQ

,Q WKLV GLVVHUWDWLRQ� ZH SURSRVH VROXWLRQV WR HQKDQFH WKH SHUIRUPDQFH RI SURJUDPV IRU

KHWHURJHQHRXV DUFKLWHFWXUHV� 6SHFLILFDOO\� ZH ZRUN RQ WKH IROORZLQJ WKUHH SURMHFWV�

)LUVW� ZH SUHVHQW 'DWD3ODFHU� D IUDPHZRUN WKDW VWXGLHV WKH LPSDFW RI VRIWZDUH�

PDQDJHG KHWHURJHQHRXV PHPRU\ LQ D UHDO V\VWHP� WKH 7, .H\6WRQH ,,� :H DOVR GH�

YHORS +0%HQFK� WKH ILUVW 2SHQ03 EHQFKPDUN VXLWH WKDW DGRSWV 2SHQ03 ��� VWDQGDUG

DQG ZRUNV RQ KHWHURJHQHRXV DUFKLWHFWXUHV� 'DWD3ODFHU LV D SURILOHU WR SURYLGH JXLGDQFH

IRU GDWD SODFHPHQW LQ GLIIHUHQW OD\HUV RI VRIWZDUH�PDQDJHG FDFKH DQG PHPRU\� 8VLQJ

+0%HQFK DQG 'DWD3ODFHU� ZH REVHUYH WKH LQVLJKW WKDW +0 SOD\V DQ LPSRUWDQW UROH LQ

ERWK ERRVWLQJ SHUIRUPDQFH DQG UHGXFLQJ HQHUJ\ FRQVXPSWLRQ� 0RUHRYHU� ZH OHYHUDJH

+0%HQFK DQG 'DWD3ODFHU WR FKDUDFWHUL]H WKH SHUIRUPDQFH JDLQV ZLWK +0�

2XU IXWXUH ZRUN LV WZRIROG� )LUVW� ZH ZLOO GHYHORS PRUH EHQFKPDUNV IRU +0%HQFK WR

PDNH LW DV WKH VWDQGDUG EHQFKPDUN VXLWH IRU HYDOXDWLQJ +0�EDVHG V\VWHPV DQG FRPSLO�

HUV� 6HFRQG� ZHZLOO H[WHQG 'DWD3ODFHU WR SURYLGH ORZ�OHYHO JXLGDQFH IRU FRPSLOHU�EDVHG

RSWLPL]DWLRQ IRU +0� 6XFK ORZ�OHYHO LQIRUPDWLRQ LQFOXGHV WKH ILQHU JUDQXODULW\ RI GDWD

SODFHPHQW RQ FDFKH OLQHV RU SDJHV� LQVWHDG RI DUUD\V� :H EHOLHYH WKDW RSWLPL]DWLRQV RQ

+0 IURP ERWK KLJK�OHYHO VRXUFH FRGH WUDQVIRUPDWLRQ DQG ORZ�OHYHO FRPSLOHU�VXSSRUWHG

FRGH JHQHUDWLRQ FDQ DFKLHYH WKH RSWLPDO SHUIRUPDQFH�

6HFRQG� ZH SUHVHQW &8'$$GYLVRU� D JHQHUDO IUDPHZRUN WKDW VXSSRUWV ILQH�JUDLQHG

DQDO\VLV WR LGHQWLI\ SHUIRUPDQFH ERWWOHQHFNV RI &8'$ FRGH� &8'$$GYLVRU LV EXLOW DWRS

��



//90 WR LQVWUXPHQW &8'$ FRGH UXQQLQJ DFURVV GLIIHUHQW *38 DUFKLWHFWXUHV DQG &8'$

UXQWLPHV� 0RUHRYHU� &8'$$GYLVRU VXSSRUWV QRYHO FRGH� DQG GDWD�FHQWULF SURILOLQJ WR

SURYLGH LQWXLWLYH JXLGDQFH IRU XQGHUVWDQGLQJ DEQRUPDO EHKDYLRUV LQ &8'$ FRGH� )LQDOO\�

&8'$$GYLVRU VXSSRUWV YDULRXV DQDO\VLV WHFKQLTXHV� :H KDYH VKRZQ WKUHH GLIIHUHQW

DQDO\VHV IRU UHXVH GLVWDQFH� PHPRU\ DQG EUDQFK GLYHUJHQFH� %DVHG RQ WKHVH DQDO\VHV�

&8'$$GYLVRU LV DEOH WR IXUWKHU GHYLVH QHZ PHWULFV WR JXLGH *38 RSWLPL]DWLRQ RI FDFKH

E\SDVVLQJ� ZKLFK DFKLHYHV XS WR �× VSHHGXS� ,W DOVR SURYLGHV XQLTXH FRGH�FHQWULF DQG

GDWD�FHQWULF GHEXJJLQJ FDSDELOLW\�

7KLUG� ZH SURSRVH 3UHVSRQVH� D IUDPHZRUN WKDW ERRVWV LQFUHPHQWDO JUDSK SURFHVV�

LQJ� 3UHVSRQVH DGRSWV OLQN SUHGLFWLRQ WKDW SUHGLFWV XSGDWH EDWFKHV IRU HYROYLQJ JUDSK WR

ERRVW EDWFK SURFHVVLQJ� 7KXV� TXHULHV UHJDUGLQJ WR JUDSK SURSHUWLHV FDQ EH UHVSRQGHG

PXFK IDVWHU� 0RUHRYHU� ZH GHYHORS LQFUHPHQWDO DOJRULWKPV RI WKUHH IXQGDPHQWDO JUDSK

DSSOLFDWLRQV �%UHDGWK�)LUVW�6HDUFK� &RQQHFWHG &RPSRQHQWV� DQG 7ULDQJOH &RXQWLQJ��

WDLORUHG IRU *38� :H GHPRQVWUDWH WKDW SUHGLFWLRQ DFFXUDF\ FDQ DV KLJK DV 90� DQG

TXHU\ UHVSRQVHV FDQ EH XS WR 25× IDVWHU� )RU IXWXUH ZRUN� ZH ZLOO IXUWKHU LPSURYH WKH

LQFUHPHQWDO DOJRULWKPV VXFK WKDW WKH SHUIRUPDQFH LV RQO\ GHSHQGHQW RQ WKH EDWFK VL]H�

:H SODQ WR JHQHUDOL]H FXUUHQW LPSOHPHQWDWLRQ WR PXOWL�*38 SODWIRUPV IRU EHWWHU VFDOD�

ELOLW\�

��



%LEOLRJUDSK\

>�@ 19,',$� &8'$ 3URJUDPPLQJ *XLGH� �����

>�@ -RKQ ( 6WRQH� 'DYLG *RKDUD� DQG *XRFKXQ 6KL� 2SHQFO� $ SDUDOOHO SURJUDP�

PLQJ VWDQGDUG IRU KHWHURJHQHRXV FRPSXWLQJ V\VWHPV� &RPSXWLQJ LQ 6FLHQFH 	

(QJLQHHULQJ� ��������±��� �����

>�@ $QGUHDV 6DQGEHUJ� 'DYLG (NO|Y� DQG (ULN +DJHUVWHQ� 5HGXFLQJ FDFKH SROOXWLRQ

WKURXJK GHWHFWLRQ DQG HOLPLQDWLRQ RI QRQ�WHPSRUDO PHPRU\ DFFHVVHV� ,Q 3UR�

FHHGLQJV RI WKH ���� $&0�,((( ,QWHUQDWLRQDO &RQIHUHQFH IRU +LJK 3HUIRUPDQFH

&RPSXWLQJ� 1HWZRUNLQJ� 6WRUDJH DQG $QDO\VLV� 6& ¶��� SDJHV �±��� :DVKLQJWRQ�

'&� 86$� ����� ,((( &RPSXWHU 6RFLHW\�

>�@ -LDQJ /LQ� 4LQJGD /X� ;LDRQLQJ 'LQJ� =KDR =KDQJ� ;LDRGRQJ =KDQJ� DQG 3� 6D�

GD\DSSDQ� *DLQLQJ LQVLJKWV LQWR PXOWLFRUH FDFKH SDUWLWLRQLQJ� %ULGJLQJ WKH JDS

EHWZHHQ VLPXODWLRQ DQG UHDO V\VWHPV� ,Q 3URFHHGLQJV RI ,((( ��WK ,QWHUQDWLRQDO

6\PSRVLXP RQ +LJK 3HUIRUPDQFH &RPSXWHU $UFKLWHFWXUH� SDJHV ���±���� )HE

�����

>�@ %LQ %DR DQG &KHQ 'LQJ� 'HIHQVLYH ORRS WLOLQJ IRU VKDUHG FDFKH� ,Q 3URFHHGLQJV RI

WKH ���� ,(((�$&0 ,QWHUQDWLRQDO 6\PSRVLXP RQ &RGH *HQHUDWLRQ DQG 2SWLPL]D�

WLRQ �&*2�� &*2 ¶��� SDJHV �±��� :DVKLQJWRQ� '&� 86$� ����� ,((( &RPSXWHU

6RFLHW\�

>�@ -D\HVK *DXU� 5DJKXUDP 6ULQLYDVDQ� 6UHHQLYDV 6XEUDPRQH\� DQG 0DLQDN &KDXG�

��



KXUL� (IILFLHQW 0DQDJHPHQW RI /DVW�OHYHO &DFKHV LQ *UDSKLFV 3URFHVVRUV IRU �'

6FHQH 5HQGHULQJ :RUNORDGV� ,Q 3URFHHGLQJV RI WKH ��WK $QQXDO ,(((�$&0 ,Q�

WHUQDWLRQDO 6\PSRVLXP RQ 0LFURDUFKLWHFWXUH� 0,&52���� SDJHV ���±���� 1HZ

<RUN� 1<� 86$� ����� $&0�

>�@ 0DU\ %DNHU� 6DWRVKL $VDPL� (WLHQQH 'HSULW� -RKQ2XVHWHUKRXW� DQG0DUJR 6HOW]HU�

1RQ�YRODWLOH PHPRU\ IRU IDVW� UHOLDEOH ILOH V\VWHPV� ,Q 3URFHHGLQJV RI WKH )LIWK

,QWHUQDWLRQDO &RQIHUHQFH RQ $UFKLWHFWXUDO 6XSSRUW IRU 3URJUDPPLQJ /DQJXDJHV

DQG 2SHUDWLQJ 6\VWHPV� $63/26 9� SDJHV ��±��� �����

>�@ ,QWHO� .QLJKWV /DQGLQJ� WKH 1H[W *HQHUDWLRQ RI ,QWHO ;HRQ 3KL� ?iiT,ffrrrX

2Mi2`T`Bb2i2+?X+QKfkyR9fRRfRdf2Mi2`T`Bb2b@;2i@t2QM@T?B@`Q�/K�Tf�

/DVW DFFHVVHG� 'HF� ��� �����

>�@ 5DMHVKZDUL %DQDNDU� 6WHIDQ 6WHLQNH� %R�6LN /HH� 0� %DODNULVKQDQ� DQG 3HWHU

0DUZHGHO� 6FUDWFKSDG PHPRU\� 'HVLJQ DOWHUQDWLYH IRU FDFKH RQ�FKLS PHPRU\

LQ HPEHGGHG V\VWHPV� ,Q 3URFHHGLQJV RI WKH 7HQWK ,QWHUQDWLRQDO 6\PSRVLXP RQ

+DUGZDUH�6RIWZDUH &RGHVLJQ� &2'(6 ¶��� SDJHV ��±��� 1HZ <RUN� 1<� 86$�

����� $&0�

>��@ 7H[DV ,QVWUXPHQWV� '63 SURGXFWV ZHEVLWH� ?iiT,ffrrrXiBX+QKfHb/bfiBf/bTf

Qp2`pB2rXT�;2� /DVW DFFHVVHG� 'HF� ��� �����

>��@ :�:HL� '� -LDQJ� 6� $� 0F.HH� -� ;LRQJ� DQG 0� &KHQ� ([SORLWLQJ SURJUDP VHPDQ�

WLFV WR SODFH GDWD LQ K\EULG PHPRU\� ,Q ���� ,QWHUQDWLRQDO &RQIHUHQFH RQ 3DUDOOHO

$UFKLWHFWXUH DQG &RPSLODWLRQ �3$&7�� SDJHV ���±���� 2FW �����

>��@ 1LODGULVK &KDWWHUMHH� 0DQMXQDWK 6KHYJRRU� 5DMHHY %DODVXEUDPRQLDQ� $O 'DYLV�

=KHQ )DQJ� 5DPHVK ,OOLNNDO� DQG 5DYL ,\HU� /HYHUDJLQJ KHWHURJHQHLW\ LQ GUDP

PDLQ PHPRULHV WR DFFHOHUDWH FULWLFDO ZRUG DFFHVV� ,Q 3URFHHGLQJV RI WKH ����

��WK $QQXDO ,(((�$&0 ,QWHUQDWLRQDO 6\PSRVLXP RQ 0LFURDUFKLWHFWXUH� 0,&52�

��� SDJHV ��±��� �����

��
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>��@ /XL] (� 5DPRV� (XJHQH *RUEDWRY� DQG 5LFDUGR %LDQFKLQL� 3DJH SODFHPHQW LQ

K\EULG PHPRU\ V\VWHPV� ,Q 3URFHHGLQJV RI WKH ,QWHUQDWLRQDO &RQIHUHQFH RQ 6X�

SHUFRPSXWLQJ� ,&6 ¶��� SDJHV ��±��� �����

>��@ $KPDG +DVVDQ� +DQV 9DQGLHUHQGRQFN� DQG 'LPLWULRV 6� 1LNRORSRXORV� 6RIWZDUH�

PDQDJHG HQHUJ\�HIILFLHQW K\EULG GUDP�QYP PDLQ PHPRU\� ,Q 3URFHHGLQJV RI WKH

��WK $&0 ,QWHUQDWLRQDO &RQIHUHQFH RQ &RPSXWLQJ )URQWLHUV� &) ¶��� SDJHV ����±

����� 1HZ <RUN� 1<� 86$� ����� $&0�

>��@ 'RQJ /L� -HIIUH\ 6� 9HWWHU� *DEULHO 0DULQ� &ROOLQ 0F&XUG\� &ULVWLDQ &LUD� =KXR /LX�

DQG:HLNXDQ <X� ,GHQWLI\LQJ RSSRUWXQLWLHV IRU E\WH�DGGUHVVDEOH QRQ�YRODWLOH PHP�

RU\ LQ H[WUHPH�VFDOH VFLHQWLILF DSSOLFDWLRQV� ,Q 3URFHHGLQJV RI WKH ���� ,((( ��WK

,QWHUQDWLRQDO 3DUDOOHO DQG 'LVWULEXWHG 3URFHVVLQJ 6\PSRVLXP� ,3'36 ¶��� SDJHV

���±���� :DVKLQJWRQ� '&� 86$� ����� ,((( &RPSXWHU 6RFLHW\�

>��@ -DYHG $EVDU DQG )UDQFN\ &DWWKRRU� $QDO\VLV RI VFUDWFK�SDG DQG GDWD�FDFKH SHU�

IRUPDQFH XVLQJ VWDWLVWLFDO PHWKRGV� ,Q 'HVLJQ $XWRPDWLRQ� ����� $VLD DQG 6RXWK

3DFLILF &RQIHUHQFH RQ� SDJHV �±SS� ,(((� �����

>��@ 7H[DV ,QVWUXPHQWV� ��DN�K[ NH\VWRQHPXOWLFRUH GVS�DUP V\VWHP�RQ�FKLSV� ?iiT,

ffrrrXiBX+QKfHBifKHfbT`ie8R�fbT`ie8R�XT/7�

>��@ /LQD - .DUDP� ,VPDLO $O.DPDO� $ODQ *DWKHUHU� *HQH $ )UDQW]� 'DYLG 9 $QGHU�

VRQ� DQG %ULDQ / (YDQV� 7UHQGV LQ PXOWLFRUH GVS SODWIRUPV� 6LJQDO 3URFHVVLQJ

0DJD]LQH� ,(((� ��������±��� �����

>��@ <DQJ *DR� )DQ =KDQJ� DQG -DVRQ ' %DNRV� 6SDUVH PDWUL[�YHFWRU PXOWLSO\ RQ WKH

NH\VWRQH LL GLJLWDO VLJQDO SURFHVVRU� ,Q ,((( +3(&� �����

>��@ -DVRQ &RQJ� +XL +XDQJ� &KXQ\XH /LX� DQG <L =RX� $ UHXVH�DZDUH SUHIHWFKLQJ

VFKHPH IRU VFUDWFKSDG PHPRU\� ,Q 3URFHHGLQJV RI WKH ��WK 'HVLJQ $XWRPDWLRQ

&RQIHUHQFH� '$& ¶��� SDJHV ���±���� 1HZ <RUN� 1<� 86$� ����� $&0�

��

http://www.ti.com/lit/ml/sprt651a/sprt651a.pdf
http://www.ti.com/lit/ml/sprt651a/sprt651a.pdf


>��@ 3UHHWL 5DQMDQ 3DQGD� 1LNLO '� 'XWW� DQG $OH[DQGUX 1LFRODX� 2Q�FKLS YV� RII�FKLS

PHPRU\� 7KH GDWD SDUWLWLRQLQJ SUREOHP LQ HPEHGGHG SURFHVVRU�EDVHG V\VWHPV�

$&0 7UDQV� 'HV� $XWRP� (OHFWURQ� 6\VW�� ��������±���� -XO\ �����

>��@ 0LWHVK 50HVZDQL� *DEULHO + /RK� 6HUJH\ %ODJRGXURY� 'DYLG 5REHUWV� -RKQ 6OLFH�

DQG 0LNH ,JQDWRZVNL� 7RZDUG HIILFLHQW SURJUDPPHU�PDQDJHG WZR�OHYHO PHPRU\

KLHUDUFKLHV LQ H[DVFDOH FRPSXWHUV� ,Q +DUGZDUH�6RIWZDUH &R�'HVLJQ IRU +LJK

3HUIRUPDQFH &RPSXWLQJ �&R�+3&�� ����� SDJHV �±��� ,(((� �����

>��@ 5RVV 0F,OUR\� 3HWHU 'LFNPDQ� DQG -RH 6YHQWHN� (IILFLHQW G\QDPLF KHDS DOORFDWLRQ

RI VFUDWFK�SDG PHPRU\� ,Q 3URFHHGLQJV RI WKH �WK ,QWHUQDWLRQDO 6\PSRVLXP RQ

0HPRU\ 0DQDJHPHQW� ,600 ¶��� SDJHV ��±��� 1HZ <RUN� 1<� 86$� ����� $&0�

>��@ 6WHIDQ 6WHLQNH� /DUV :HKPH\HU� %R�6LN /HH� DQG 3HWHU 0DUZHGHO� $VVLJQLQJ SUR�

JUDP DQG GDWD REMHFWV WR VFUDWFKSDG IRU HQHUJ\ UHGXFWLRQ� ,Q 'HVLJQ� $XWRPDWLRQ

DQG 7HVW LQ (XURSH &RQIHUHQFH DQG ([KLELWLRQ� ����� 3URFHHGLQJV� SDJHV ���±

���� ,(((� �����

>��@ %HUQKDUG (JJHU� -DHMLQ /HH� DQG +HRQVKLN 6KLQ� 6FUDWFKSDG PHPRU\ PDQDJH�

PHQW IRU SRUWDEOH V\VWHPV ZLWK D PHPRU\ PDQDJHPHQW XQLW� ,Q 3URFHHGLQJV RI

WKH �WK $&0 	$PS� ,((( ,QWHUQDWLRQDO &RQIHUHQFH RQ (PEHGGHG 6RIWZDUH� (0�

62)7 ¶��� SDJHV ���±���� 1HZ <RUN� 1<� 86$� �����

>��@ 7RQJ &KHQ� 7DR =KDQJ� =HKUD 6XUD� DQG 0DU *RQ]DOHV 7DOODGD� 3UHIHWFKLQJ

LUUHJXODU UHIHUHQFHV IRU VRIWZDUH FDFKH RQ FHOO� ,Q 3URFHHGLQJV RI WKH �WK $Q�

QXDO ,(((�$&0 ,QWHUQDWLRQDO 6\PSRVLXP RQ &RGH *HQHUDWLRQ DQG 2SWLPL]DWLRQ�

SDJHV ���±���� 1HZ <RUN� 1<� 86$� �����

>��@ .H %DL DQG $YLUDO 6KULYDVWDYD� $XWRPDWLF DQG HIILFLHQW KHDS GDWD PDQDJHPHQW

IRU OLPLWHG ORFDO PHPRU\ PXOWLFRUH DUFKLWHFWXUHV� ,Q 'HVLJQ� $XWRPDWLRQ 	 7HVW LQ

(XURSH &RQIHUHQFH 	 ([KLELWLRQ �'$7(�� ����� SDJHV ���±���� ,(((� �����

���



>��@ $QWKRQ\ 'DQDOLV� *DEULHO 0DULQ� &ROOLQ 0F&XUG\� -HUHP\ 6 0HUHGLWK� 3KLOLS &

5RWK� .\OH 6SDIIRUG� 9LQRG 7LSSDUDMX� DQG -HIIUH\ 6 9HWWHU� 7KH VFDODEOH KHWHURJH�

QHRXV FRPSXWLQJ �6+2&� EHQFKPDUN VXLWH� ,Q 3URFHHGLQJV RI WKH �UG :RUNVKRS

RQ *HQHUDO�3XUSRVH &RPSXWDWLRQ RQ *UDSKLFV 3URFHVVLQJ 8QLWV� SDJHV ��±���

$&0� �����

>��@ *XR\DQJ &KHQ� %R :X� 'RQJ /L� DQG ;LSHQJ 6KHQ� 3RUSOH� $Q H[WHQVLEOH RSWL�

PL]HU IRU SRUWDEOH GDWD SODFHPHQW RQ JSX� ,Q 0LFURDUFKLWHFWXUH �0,&52�� ����

��WK $QQXDO ,(((�$&0 ,QWHUQDWLRQDO 6\PSRVLXP RQ� SDJHV ��±���� 'HF �����

>��@ &� /L� <� <DQJ� =� /LQ� DQG +� =KRX� $XWRPDWLF GDWD SODFHPHQW LQWR *38 RQ�FKLS

PHPRU\ UHVRXUFHV� ,Q3URFHHGLQJV RI WKH 7HQWK ,QWHUQDWLRQDO 6\PSRVLXP RQ&RGH

*HQHUDWLRQ DQG 2SWLPL]DWLRQ� &*2 ¶��� 1HZ <RUN� 1<� 86$� ����� $&0�

>��@ )HOL[ ;LDR]KX /LQ DQG ;X /LX� 0HPLI� 7RZDUGV SURJUDPPLQJ KHWHURJHQHRXVPHP�

RU\ DV\QFKURQRXVO\� ,Q 3URFHHGLQJV RI WKH 7ZHQW\�)LUVW ,QWHUQDWLRQDO &RQIHUHQFH

RQ $UFKLWHFWXUDO 6XSSRUW IRU 3URJUDPPLQJ /DQJXDJHV DQG 2SHUDWLQJ 6\VWHPV�

$63/26 ¶��� SDJHV ���±���� �����

>��@ 6XEUDPDQ\D 5� 'XOORRU� $PLWDEKD 5R\� =KHJXDQJ =KDR� 1DUD\DQDQ 6XQGDUDP�

1DGDWKXU 6DWLVK� 5DMHVK 6DQNDUDQ� -HII -DFNVRQ� DQG .DUVWHQ 6FKZDQ� 'DWD WLHU�

LQJ LQ KHWHURJHQHRXV PHPRU\ V\VWHPV� ,Q 3URFHHGLQJV RI WKH (OHYHQWK (XURSHDQ

&RQIHUHQFH RQ &RPSXWHU 6\VWHPV� (XUR6\V ¶��� SDJHV ����±������ 1HZ <RUN�

1<� 86$� ����� $&0�

>��@ 2SHQ03 $UFKLWHFWXUH 5HYLHZ %RDUG� 2SHQ03 DSSOLFDWLRQ SURJUDP LQWHUIDFH� YHU�

VLRQ ���� ?iiT,ffrrrXQT2MKTXQ`;fKT@/Q+mK2MibfPT2MJS9XyXyXT/7� -XO\ �����

>��@ -RKQ (� 6WRQH� 'DYLG *RKDUD� DQG *XRFKXQ 6KL� 2SHQFO� $ SDUDOOHO SURJUDPPLQJ

VWDQGDUG IRU KHWHURJHQHRXV FRPSXWLQJ V\VWHPV� ,((( 'HV� 7HVW� ��������±���

0D\ �����

���

http://www.openmp.org/mp-documents/OpenMP4.0.0.pdf


>��@ -RKQ '� 0F&DOSLQ� 675($0� 6XVWDLQDEOH PHPRU\ EDQGZLGWK LQ KLJK SHUIRUPDQFH

FRPSXWHUV� ?iiTb,ffrrrX+bXpB`;BMB�X2/mfbi`2�K�

>��@ 6KXDL &KH� 0LFKDHO %R\HU� -LD\XDQ 0HQJ� 'DYLG 7DUMDQ� -HUHP\ :� 6KHDIIHU�

6DQJ�+D /HH� DQG .HYLQ 6NDGURQ� 5RGLQLD� $ EHQFKPDUN VXLWH IRU KHWHURJHQHRXV

FRPSXWLQJ� ,Q 3URF� RI WKH ���� ,((( ,QWO� 6\PS� RQ :RUNORDG &KDUDFWHUL]DWLRQ

�,,6:&�� SDJHV ��±��� :DVKLQJWRQ� '&� 86$� �����

>��@ &KL�.HXQJ /XN HW DO� 3LQ� %XLOGLQJ FXVWRPL]HG SURJUDP DQDO\VLV WRROV ZLWK G\�

QDPLF LQVWUXPHQWDWLRQ� ,Q 3URF� RI WKH ���� $&0 6,*3/$1 FRQIHUHQFH RQ 3UR�

JUDPPLQJ /DQJXDJH 'HVLJQ DQG ,PSOHPHQWDWLRQ� SDJHV ���±���� 1HZ <RUN� 1<�

86$� �����

>��@ ;X /LX DQG -RKQ 0HOORU�&UXPPH\� 3LQSRLQWLQJ GDWD ORFDOLW\ ERWWOHQHFNV ZLWK ORZ

RYHUKHDGV� ,Q 3URF� RI WKH ���� ,((( ,QWO� 6\PS� RQ 3HUIRUPDQFH $QDO\VLV RI

6\VWHPV DQG 6RIWZDUH� $XVWLQ� 7;� 86$� $SULO ������ �����

>��@ *OHQQ $PPRQV� 7KRPDV %DOO� DQG -DPHV 5 /DUXV� ([SORLWLQJ KDUGZDUH SHUIRU�

PDQFH FRXQWHUV ZLWK IORZ DQG FRQWH[W VHQVLWLYH SURILOLQJ� $&0 6LJSODQ 1RWLFHV�

��������±��� �����

>��@ 7RS��� VXSHUFRPSXWHU VLWHV� ?iiTb,ffrrrXiQT8yyXQ`;fHBbibfkyRdfye� -XQ�

�����

>��@ 19,',$ *URXS� 19,',$ '*;�� $, 6XSHUFRPSXWHU� ?iiT,ffrrrXMpB/B�X+QKf

Q#D2+if/22T@H2�`MBM;@bvbi2KX?iKH� �����

>��@ 6WHYH 3OLPSWRQ� )DVW SDUDOOHO DOJRULWKPV IRU VKRUW�UDQJH PROHFXODU G\QDPLFV� -�

&RPSXW� 3K\V�� ��������±��� 0DUFK �����

>��@ *RRJOH ,QF� 7HQVRU)ORZ� $Q RSHQ�VRXUFH VRIWZDUH OLEUDU\ IRU 0DFKLQH ,QWHOOL�

JHQFH� ?iiTb,ffrrrXi2MbQ`7HQrXQ`;� �����

���

https://www.cs.virginia.edu/stream
https://www.top500.org/lists/2017/06
http://www.nvidia.com/object/deep-learning-system.html
http://www.nvidia.com/object/deep-learning-system.html
https://www.tensorflow.org


>��@ .HVKDY 3LQJDO� *DORLV� ?iiT,ffBbbXB+2bXmi2t�bX2/mf\T4T`QD2+ibf;�HQBb�

�����

>��@ $QJ /L� 6KXDLZHQ /HRQ 6RQJ� :HLIHQJ /LX� ;X /LX� DQG +HQN &RUSRUDDO� /RFDOLW\�

$ZDUH &7$ &OXVWHULQJ IRU 0RGHUQ *38V� ,Q 3URFHHGLQJV RI ��QG $&0 ,QWHU�

QDWLRQDO &RQIHUHQFH RQ $UFKLWHFWXUDO 6XSSRUW IRU 3URJUDPPLQJ /DQJXDJHV DQG

2SHUDWLQJ 6\VWHPV� $63/26 ;;,,� 1HZ <RUN�1<� 86$� ����� $&0�

>��@ *XR\DQJ &KHQ DQG ;LSHQJ 6KHQ� )UHH ODXQFK� RSWLPL]LQJ JSX G\QDPLF NHUQHO

ODXQFKHV WKURXJK WKUHDG UHXVH� ,Q 3URFHHGLQJV RI WKH ��WK ,QWHUQDWLRQDO 6\PSR�

VLXP RQ 0LFURDUFKLWHFWXUH� SDJHV ���±���� $&0� �����

>��@ ,QWHO 97XQH $PSOLILHU ;( ����� ?iiT,ffbQ7ir�`2XBMi2HX+QKf2M@mbfBMi2H@

pimM2@�KTHB7B2`@t2� $SULO �����

>��@ 2UDFOH� 2UDFOH 6RODULV 6WXGLR� ?iiT,ffrrrXQ`�+H2X+QKfi2+?M2irQ`Ffb2`p2`@

biQ`�;2fbQH�`Bbbim/BQfQp2`pB2rfBM/2tX?iKH� �����

>��@ /� $GKLDQWR� 6� %DQHUMHH� 0� )DJDQ� 0� .UHQWHO� *� 0DULQ� -� 0HOORU�&UXPPH\�

DQG 1� 5� 7DOOHQW� +3&7RRONLW� 7RROV IRU SHUIRUPDQFH DQDO\VLV RI RSWLPL]HG SDUDOOHO

SURJUDPV� &RQFXUUHQF\ DQG &RPSXWDWLRQ� 3UDFWLFH DQG ([SHULHQFH� ������±����

�����

>��@ 'RPLQLF $� 9DUOH\� 3UDFWLFDO H[SHULHQFH RI WKH OLPLWDWLRQV RI JSURI� 6RIWZDUH�

3UDFWLFH DQG ([SHULHQFH� ���������±���� �����

>��@ 19,',$ 9LVXDO 3URILOHU� 19,',$� �����

>��@ $OOHQ '� 0DORQ\� 6FRWW %LHUVGRUII� 6DPHHU 6KHQGH� +HLNH -DJRGH� 6WDQLPLUH 7R�

PRY� *XLGR -XFNHODQG� 5REHUW 'LHWULFK� 'XQFDQ 3RROH� DQG &KULVWRSKHU /DPE�

3DUDOOHO SHUIRUPDQFH PHDVXUHPHQW RI KHWHURJHQHRXV SDUDOOHO V\VWHPV ZLWK JSXV�

,Q 3URFHHGLQJV RI WKH ���� ,QWHUQDWLRQDO &RQIHUHQFH RQ 3DUDOOHO 3URFHVVLQJ� ,&33

¶��� SDJHV ���±���� :DVKLQJWRQ� '&� 86$� ����� ,((( &RPSXWHU 6RFLHW\�

���

http://iss.ices.utexas.edu/?p=projects/galois
http://software.intel.com/en-us/intel-vtune-amplifier-xe
http://software.intel.com/en-us/intel-vtune-amplifier-xe
http://www.oracle.com/technetwork/server-storage/solarisstudio/overview/index.html
http://www.oracle.com/technetwork/server-storage/solarisstudio/overview/index.html


>��@ 0LOLQG &KDEEL� .DUWKLN 0XUWK\� 0LFKDHO )DJDQ� DQG -RKQ 0HOORU�&UXPPH\� (I�

IHFWLYH VDPSOLQJ�GULYHQ SHUIRUPDQFH WRROV IRU JSX�DFFHOHUDWHG VXSHUFRPSXWHUV�

,Q 3URFHHGLQJV RI WKH ,QWHUQDWLRQDO &RQIHUHQFH RQ +LJK 3HUIRUPDQFH &RPSXWLQJ�

1HWZRUNLQJ� 6WRUDJH DQG $QDO\VLV� 6& ¶��� SDJHV ����±������ 1HZ <RUN� 1<�

86$� ����� $&0�

>��@ 19,',$ &RUS� &8'$ 7RROV 6'.&837, 8VHU¶V *XLGH '$����������BY��� ?iiTb,

ff/2p2HQT2`XMpB/B�X+QKfMpB/B�@pBbm�H@T`Q7BH2`� 2FWREHU �����

>��@ 19,',$� &8'$ ���� 3LQSRLQW 3HUIRUPDQFH 3UREOHPV ZLWK ,QVWUXFWLRQ�/HYHO 3UR�

ILOLQJ� ?iiTb,ff/2p#HQ;bXMpB/B�X+QKfT�`�HH2H7Q`�HHf+m/�@d@8@TBMTQBMi@

T2`7Q`K�M+2@T`Q#H2Kb@BMbi`m+iBQM@H2p2H@T`Q7BHBM;� �����

>��@ $� %DNKRGD� *� /� <XDQ� :� :� /� )XQJ� +� :RQJ� DQG 7� 0� $DPRGW� $QDO\]LQJ

FXGD ZRUNORDGV XVLQJ D GHWDLOHG JSX VLPXODWRU� ,Q ���� ,((( ,QWHUQDWLRQDO 6\P�

SRVLXP RQ 3HUIRUPDQFH $QDO\VLV RI 6\VWHPV DQG 6RIWZDUH� SDJHV ���±���� $SULO

�����

>��@ *UHJRU\ )UHGHULFN 'LDPRV� $QGUHZ 5REHUW .HUU� 6XGKDNDU <DODPDQFKLOL� DQG

1DWKDQ &ODUN� 2FHORW� D G\QDPLF RSWLPL]DWLRQ IUDPHZRUN IRU EXON�V\QFKURQRXV

DSSOLFDWLRQV LQ KHWHURJHQHRXV V\VWHPV� ,Q 3URFHHGLQJV RI WKH ��WK LQWHUQD�

WLRQDO FRQIHUHQFH RQ 3DUDOOHO DUFKLWHFWXUHV DQG FRPSLODWLRQ WHFKQLTXHV� 3$&7 ¶���

SDJHV ���±���� 1HZ <RUN� 1<� 86$� ����� $&0�

>��@ 0DUN 6WHSKHQVRQ� 6LYD .XPDU 6DVWU\ +DUL� <XQVXS /HH� (LPDQ (EUDKLPL�

'DQLHO 5� -RKQVRQ� 'DYLG 1HOODQV� 0LNH 2¶&RQQRU� DQG 6WHSKHQ:� .HFNOHU� )OH[�

LEOH VRIWZDUH SURILOLQJ RI JSX DUFKLWHFWXUHV� ,Q 3URFHHGLQJV RI WKH ��1G $QQXDO

,QWHUQDWLRQDO 6\PSRVLXP RQ &RPSXWHU $UFKLWHFWXUH� ,6&$ ¶��� SDJHV ���±����

1HZ <RUN� 1<� 86$� ����� $&0�

>��@ &KULV /DWWQHU DQG 9LNUDP $GYH� //90� $ &RPSLODWLRQ )UDPHZRUN IRU /LIHORQJ 3UR�

JUDP $QDO\VLV 	 7UDQVIRUPDWLRQ� ,Q 3URFHHGLQJV RI WKH ���� ,QWHUQDWLRQDO 6\PSR�

���

https://developer.nvidia.com/nvidia-visual-profiler
https://developer.nvidia.com/nvidia-visual-profiler
https://devblogs.nvidia.com/parallelforall/cuda-7-5-pinpoint-performance-problems-instruction-level-profiling
https://devblogs.nvidia.com/parallelforall/cuda-7-5-pinpoint-performance-problems-instruction-level-profiling


VLXP RQ &RGH *HQHUDWLRQ DQG 2SWLPL]DWLRQ �&*2¶���� 3DOR $OWR� &DOLIRUQLD� 0DU

�����

>��@ -LQJ\XH :X� $UWHP %HOHYLFK� (OL %HQGHUVN\� 0DUN +HIIHUQDQ� &KULV /HDU\�

-DFTXHV 3LHQDDU� %MDUNH 5RXQH� 5RE 6SULQJHU� ;XHWLDQ :HQJ� DQG 5REHUW +XQGW�

*SXFF � DQ RSHQ�VRXUFH JSJSX FRPSLOHU� ,Q 3URFHHGLQJV RI WKH ���� ,QWHUQDWLRQDO

6\PSRVLXP RQ &RGH *HQHUDWLRQ DQG 2SWLPL]DWLRQ� SDJHV ���±���� 1HZ <RUN�

1<� �����

>��@ //90 *URXS� //90� 8VHU *XLGH IRU 1937; %DFN�HQG� ?iiT,ffHHpKXQ`;f/Q+bf

LoShslb�;2X?iKH� �����

>��@ 6KXDL &KH� 0LFKDHO %R\HU� -LD\XDQ 0HQJ� 'DYLG 7DUMDQ� -HUHP\ : 6KHDIIHU�

6DQJ�+D /HH� DQG .HYLQ 6NDGURQ� 5RGLQLD� $ EHQFKPDUN VXLWH IRU KHWHURJH�

QHRXV FRPSXWLQJ� ,Q :RUNORDG &KDUDFWHUL]DWLRQ� ,((( ,QWHUQDWLRQDO 6\PSRVLXP

RQ� SDJHV ��±��� ,(((� �����

>��@ 6FRWW *UDXHU�*UD\� /LIDQ ;X� 5REHUW 6HDUOHV� 6XGKHH $\DODVRPD\DMXOD� DQG -RKQ

&DYD]RV� $XWR�WXQLQJ D KLJK�OHYHO ODQJXDJH WDUJHWHG WR *38 FRGHV� ,Q ,QQRYDWLYH

3DUDOOHO &RPSXWLQJ �,Q3DU�� ,(((� �����

>��@ 7LPRWK\ * 5RJHUV� 0LNH 2¶&RQQRU� DQG 7RU 0 $DPRGW� &DFKH�FRQVFLRXV ZDYH�

IURQW VFKHGXOLQJ� ,Q 3URFHHGLQJV RI WKH ���� ��WK $QQXDO ,(((�$&0 ,QWHUQDWLRQDO

6\PSRVLXP RQ 0LFURDUFKLWHFWXUH� SDJHV ��±��� ,((( &RPSXWHU 6RFLHW\� �����

>��@ 2QXU .D\ÕUDQ� $GZDLW -RJ� 0DKPXW 7D\ODQ .DQGHPLU� DQG &KLWD 5DQMDQ 'DV� 1HL�

WKHU PRUH QRU OHVV� RSWLPL]LQJ WKUHDG�OHYHO SDUDOOHOLVP IRU *3*38V� ,Q 3URFHHG�

LQJV RI WKH ��QG LQWHUQDWLRQDO FRQIHUHQFH RQ 3DUDOOHO DUFKLWHFWXUHV DQG FRPSLODWLRQ

WHFKQLTXHV� SDJHV ���±���� ,((( 3UHVV� �����

>��@ 7LPRWK\ *� 5RJHUV� 0LNH 2¶&RQQRU� DQG 7RU 0� $DPRGW� 'LYHUJHQFH�DZDUH :DUS

6FKHGXOLQJ� ,Q 3URFHHGLQJV RI WKH ��WK $QQXDO ,(((�$&0 ,QWHUQDWLRQDO 6\PSR�

���

http://llvm.org/docs/NVPTXUsage.html
http://llvm.org/docs/NVPTXUsage.html


VLXP RQ 0LFURDUFKLWHFWXUH� 0,&52���� SDJHV ��±���� 1HZ <RUN� 1<� 86$� �����

$&0�

>��@ $QJ /L� *HUW�-DQ YDQ GHQ %UDDN� $NDVK .XPDU� DQG +HQN &RUSRUDDO� $GDSWLYH

DQG WUDQVSDUHQW FDFKH E\SDVVLQJ IRU *38V� ,Q 3URFHHGLQJV RI WKH ,QWHUQDWLRQDO

&RQIHUHQFH IRU +LJK 3HUIRUPDQFH &RPSXWLQJ� 1HWZRUNLQJ� 6WRUDJH DQG $QDO\VLV�

SDJH ��� $&0� �����

>��@ &KDR /L� 6KXDLZHQ /HRQ 6RQJ� +RQJZHQ 'DL� $OEHUW 6LGHOQLN� 6LYD .XPDU 6DV�

WU\ +DUL� DQG +XL\DQJ =KRX� /RFDOLW\�GULYHQ G\QDPLF JSX FDFKH E\SDVVLQJ� ,Q

3URFHHGLQJV RI WKH ��WK $&0 RQ ,QWHUQDWLRQDO &RQIHUHQFH RQ 6XSHUFRPSXWLQJ�

,&6¶��� SDJHV ��±��� $&0� �����

>��@ :� -LD� .� $� 6KDZ� DQG 0� 0DUWRQRVL� 053%� 0HPRU\ UHTXHVW SULRULWL]DWLRQ IRU

PDVVLYHO\ SDUDOOHO SURFHVVRUV� ,Q ���� ,((( ��WK ,QWHUQDWLRQDO 6\PSRVLXP RQ

+LJK 3HUIRUPDQFH &RPSXWHU $UFKLWHFWXUH �+3&$�� SDJHV ���±���� )HE �����

>��@ ;XKDR &KHQ� /L�:HQ &KDQJ� &KULVWRSKHU ,� 5RGULJXHV� -LH /Y� =KL\LQJ :DQJ� DQG

:HQ�0HL +ZX� $GDSWLYH &DFKH 0DQDJHPHQW IRU (QHUJ\�(IILFLHQW *38 &RPSXW�

LQJ� ,Q 3URFHHGLQJV RI WKH ��WK $QQXDO ,(((�$&0 ,QWHUQDWLRQDO 6\PSRVLXP RQ0L�

FURDUFKLWHFWXUH� 0,&52���� SDJHV ���±���� :DVKLQJWRQ� '&� 86$� ����� ,(((

&RPSXWHU 6RFLHW\�

>��@ ;LDRORQJ ;LH� <XQ /LDQJ� *XDQJ\X 6XQ� DQG 'HPLQJ &KHQ� $Q (IILFLHQW &RPSLOHU

)UDPHZRUN IRU &DFKH %\SDVVLQJ RQ *38V� ,Q 3URFHHGLQJV RI WKH ,QWHUQDWLRQDO

&RQIHUHQFH RQ &RPSXWHU�$LGHG 'HVLJQ� ,&&$' ¶��� SDJHV ���±���� 3LVFDWDZD\�

1-� 86$� ����� ,((( 3UHVV�

>��@ ;� ;LH� <� /LDQJ� <� :DQJ� *� 6XQ� DQG 7� :DQJ� &RRUGLQDWHG VWDWLF DQG G\QDPLF

FDFKH E\SDVVLQJ IRU *38V� ,Q ���� ,((( ��VW ,QWHUQDWLRQDO 6\PSRVLXP RQ +LJK

3HUIRUPDQFH &RPSXWHU $UFKLWHFWXUH �+3&$�� SDJHV ��±��� )HE �����

���



>��@ 5� $XVDYDUXQJQLUXQ� 6� *KRVH� 2� .D\LUDQ� *� +� /RK� &� 5� 'DV� 0� 7� .DQGHPLU�

DQG 2� 0XWOX� ([SORLWLQJ ,QWHU�:DUS +HWHURJHQHLW\ WR ,PSURYH *3*38 3HUIRU�

PDQFH� ,Q ���� ,QWHUQDWLRQDO &RQIHUHQFH RQ 3DUDOOHO $UFKLWHFWXUH DQG &RPSLODWLRQ

�3$&7�� SDJHV ��±��� 2FW �����

>��@ /LQJGD /L� $UL % +D\HV� 6KXDLZHQ /HRQ 6RQJ� DQG (GG\ = =KDQJ� 7DJ�6SOLW &DFKH

IRU (IILFLHQW *3*38 &DFKH 8WLOL]DWLRQ� ,Q 3URFHHGLQJV RI WKH ���� ,QWHUQDWLRQDO

&RQIHUHQFH RQ 6XSHUFRPSXWLQJ� ,&6¶��� SDJH ��� $&0� �����

>��@ 0LQVRR 5KX� 0LFKDHO 6XOOLYDQ� -LQJZHQ /HQJ� DQG 0DWWDQ (UH]� $ /RFDOLW\�DZDUH

0HPRU\ +LHUDUFK\ IRU (QHUJ\�HIILFLHQW *38 $UFKLWHFWXUHV� ,Q 3URFHHGLQJV RI WKH

��WK $QQXDO ,(((�$&0 ,QWHUQDWLRQDO 6\PSRVLXP RQ 0LFURDUFKLWHFWXUH� 0,&52�

��� SDJHV ��±��� 1HZ <RUN� 1<� 86$� ����� $&0�

>��@ &� 1XJWHUHQ� *� -� YDQ GHQ %UDDN� +� &RUSRUDDO� DQG +� %DO� $ GHWDLOHG JSX

FDFKH PRGHO EDVHG RQ UHXVH GLVWDQFH WKHRU\� ,Q ���� ,((( ��WK ,QWHUQDWLRQDO

6\PSRVLXP RQ +LJK 3HUIRUPDQFH &RPSXWHU $UFKLWHFWXUH �+3&$�� SDJHV ��±���

)HE �����

>��@ &KHQ 'LQJ DQG =KRQJ <XQWDR� 5HXVH 'LVWDQFH $QDO\VLV� ,Q &RPSXWHU 6FLHQFH

DW 8QLYHUVLW\ RI 5RFKHVWHU 7HFK UHSRUW 85�&6�75����� 8 RI 5RFKHVWHU� �����

>��@ -LQJZHLMLD 7DQ� 6KXDLZHQ /HRQ 6RQJ� .DLJH <DQ� ;LQ )X� $QGUHV 0DUTXH]� DQG

'DUUHQ .HUE\VRQ� &RPEDWLQJ WKH UHOLDELOLW\ FKDOOHQJH RI JSX UHJLVWHU ILOH DW ORZ

VXSSO\ YROWDJH� ,Q 3URFHHGLQJV RI WKH ���� ,QWHUQDWLRQDO &RQIHUHQFH RQ 3DUDOOHO

$UFKLWHFWXUHV DQG &RPSLODWLRQ� 3$&7 ¶��� SDJHV �±��� 1HZ <RUN� 1<� 86$� �����

$&0�

>��@ -LD\XDQ0HQJ� 'DYLG 7DUMDQ� DQG .HYLQ 6NDGURQ� '\QDPLF ZDUS VXEGLYLVLRQ IRU LQ�

WHJUDWHG EUDQFK DQGPHPRU\ GLYHUJHQFH WROHUDQFH� ,Q3URFHHGLQJV RI WKH ��WK $Q�

QXDO ,QWHUQDWLRQDO 6\PSRVLXP RQ &RPSXWHU $UFKLWHFWXUH� ,6&$ ¶��� SDJHV ���±

���� 1HZ <RUN� 1<� 86$� ����� $&0�

���



>��@ 3� ;LDQJ� <� <DQJ� DQG +� =KRX� :DUS�OHYHO GLYHUJHQFH LQ JSXV� &KDUDFWHUL]D�

WLRQ� LPSDFW� DQG PLWLJDWLRQ� ,Q ���� ,((( ��WK ,QWHUQDWLRQDO 6\PSRVLXP RQ +LJK

3HUIRUPDQFH &RPSXWHU $UFKLWHFWXUH �+3&$�� SDJHV ���±���� )HE �����

>��@ <� /HH� 5� .UDVKLQVN\� 9� *URYHU� 6� :� .HFNOHU� DQG .� $VDQRYLü� &RQYHU�

JHQFH DQG VFDODUL]DWLRQ IRU GDWD�SDUDOOHO DUFKLWHFWXUHV� ,Q 3URFHHGLQJV RI WKH

���� ,(((�$&0 ,QWHUQDWLRQDO 6\PSRVLXP RQ &RGH *HQHUDWLRQ DQG 2SWLPL]DWLRQ

�&*2�� SDJHV �±��� )HE �����

>��@ (GG\ =� =KDQJ� <XQOLDQ -LDQJ� =L\X *XR� .DL 7LDQ� DQG ;LSHQJ 6KHQ� 2Q�WKH�IO\

HOLPLQDWLRQ RI G\QDPLF LUUHJXODULWLHV IRU JSX FRPSXWLQJ� 6,*3/$11RW�� ���������±

���� 0DUFK �����

>��@ =KHQJ &XL� <XQ /LDQJ� .\OH 5XSQRZ� DQG 'HPLQJ &KHQ� $Q DFFXUDWH JSX SHU�

IRUPDQFH PRGHO IRU HIIHFWLYH FRQWURO IORZ GLYHUJHQFH RSWLPL]DWLRQ� ,Q 3DUDOOHO 	

'LVWULEXWHG 3URFHVVLQJ 6\PSRVLXP �,3'36�� ���� ,((( ��WK ,QWHUQDWLRQDO� SDJHV

��±��� ,(((� �����

>��@ 19,',$ &RUS� 19,',$ 1VLJKW� ?iiT,ffrrrXMpB/B�X+QKfQ#D2+ifMbB;?iX?iKH�

�����

>��@ 'DQLHO +DFNHQEHUJ� *XLGR -XFNHODQG� DQG +ROJHU %UXQVW� 3HUIRUPDQFH DQDO\�

VLV RI PXOWL�OHYHO SDUDOOHOLVP� LQWHU�QRGH� LQWUD�QRGH DQG KDUGZDUH DFFHOHUDWRUV�

&RQFXUUHQF\ DQG &RPSXWDWLRQ� 3UDFWLFH DQG ([SHULHQFH� ��������±��� �����

>��@ 'DYLG %|KPH� 0DUNXV *HLPHU� /XNDV $UQROG� )HOL[ 9RLJWODHQGHU� DQG )HOL[ :ROI�

,GHQWLI\LQJ WKH URRW FDXVHV RI ZDLW VWDWHV LQ ODUJH�VFDOH SDUDOOHO DSSOLFDWLRQV� $&0

7UDQV� 3DUDOOHO &RPSXW�� ���������±������ -XO\ �����

>��@ 6KXDLZHQ /HRQ 6RQJ� &KXQ\L 6X� %DUU\ 5RXQWUHH� DQG .LUN : &DPHURQ� $ VLP�

SOLILHG DQG DFFXUDWH PRGHO RI SRZHU�SHUIRUPDQFH HIILFLHQF\ RQ HPHUJHQW JSX DU�

FKLWHFWXUHV� ,Q 3DUDOOHO 	 'LVWULEXWHG 3URFHVVLQJ �,3'36�� ���� ,((( ��WK ,QWHU�

QDWLRQDO 6\PSRVLXP RQ� SDJHV ���±���� ,(((� �����

���
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>��@ =KLVRQJ )X� 0LFKDHO 3HUVRQLFN� DQG %U\DQ 7KRPSVRQ� 0DSJUDSK� $ KLJK OHYHO DSL

IRU IDVW GHYHORSPHQW RI KLJK SHUIRUPDQFH JUDSK DQDO\WLFV RQ JSXV� ,Q 3URFHHGLQJV

RI :RUNVKRS RQ *5$SK 'DWD PDQDJHPHQW ([SHULHQFHV DQG 6\VWHPV� SDJHV �±

�� $&0� �����

>��@ 'LSDQMDQ 6HQJXSWD� 6KXDLZHQ /HRQ 6RQJ� .DSLO $JDUZDO� DQG .DUVWHQ 6FKZDQ�

*UDSKUHGXFH� SURFHVVLQJ ODUJH�VFDOH JUDSKV RQ DFFHOHUDWRU�EDVHG V\VWHPV� ,Q

6&¶��� 3URFHHGLQJV RI WKH ,QWHUQDWLRQDO &RQIHUHQFH IRU +LJK 3HUIRUPDQFH &RP�

SXWLQJ� 1HWZRUNLQJ� 6WRUDJH DQG $QDO\VLV� SDJHV �±��� ,(((� �����

>��@ <DQJ]LKDR :DQJ� $QGUHZ 'DYLGVRQ� <XHFKDR 3DQ� <XGXR :X� $QG\ 5LIIHO� DQG

-RKQ ' 2ZHQV� *XQURFN� $ KLJK�SHUIRUPDQFH JUDSK SURFHVVLQJ OLEUDU\ RQ WKH

JSX� ,Q $&0 6,*3/$1 1RWLFHV� YROXPH ��� SDJH ��� $&0� �����

>��@ $UDVK )DUG� $PLU $EGROUDVKLGL� /DNVKPLVK 5DPDVZDP\� DQG -RKQ $ 0LOOHU� 7R�

ZDUGV HIILFLHQW TXHU\ SURFHVVLQJ RQ PDVVLYH WLPH�HYROYLQJ JUDSKV� ,Q �WK ,QWHU�

QDWLRQDO &RQIHUHQFH RQ &ROODERUDWLYH &RPSXWLQJ� 1HWZRUNLQJ� $SSOLFDWLRQV DQG

:RUNVKDULQJ �&ROODERUDWH&RP�� SDJHV ���±���� ,(((� �����

>��@ :HQWDR +DQ� <RXVKDQ 0LDR� .DLZHL /L� 0LQJ:X� )DQ <DQJ� /LGRQJ =KRX� 9LMD\DQ

3UDEKDNDUDQ� :HQJXDQJ &KHQ� DQG (QKRQJ &KHQ� &KURQRV� D JUDSK HQJLQH IRU

WHPSRUDO JUDSK DQDO\VLV� ,Q 3URFHHGLQJV RI WKH 1LQWK (XURSHDQ &RQIHUHQFH RQ

&RPSXWHU 6\VWHPV� SDJH �� $&0� �����

>��@ *U]HJRU] 0DOHZLF]� 0DWWKHZ + $XVWHUQ� $DUW -& %LN� -DPHV & 'HKQHUW� ,ODQ +RUQ�

1DW\ /HLVHU� DQG *U]HJRU] &]DMNRZVNL� 3UHJHO� D V\VWHP IRU ODUJH�VFDOH JUDSK

SURFHVVLQJ� ,Q 3URFHHGLQJV RI WKH ���� $&0 6,*02' ,QWHUQDWLRQDO &RQIHUHQFH

RQ 0DQDJHPHQW RI GDWD� SDJHV ���±���� $&0� �����

>��@ -RVHSK ( *RQ]DOH]� <XFKHQJ /RZ� +DLMLH *X� 'DQQ\ %LFNVRQ� DQG &DUORV

*XHVWULQ� 3RZHUJUDSK� 'LVWULEXWHG JUDSK�SDUDOOHO FRPSXWDWLRQ RQ QDWXUDO JUDSKV�

���



,Q 3UHVHQWHG DV SDUW RI WKH ��WK {86(1,;} 6\PSRVLXP RQ 2SHUDWLQJ 6\VWHPV

'HVLJQ DQG ,PSOHPHQWDWLRQ �{26',} ���� SDJHV ��±��� �����

>��@ %U\DQ 3HUR]]L� 5DPL $O�5IRX� DQG 6WHYHQ 6NLHQD� 'HHSZDON� 2QOLQH OHDUQLQJ RI

VRFLDO UHSUHVHQWDWLRQV� ,Q .''� �����

>��@ -LDQ 7DQJ� 0HQJ 4X� 0LQJ]KH :DQJ� 0LQJ =KDQJ� -XQ <DQ� DQG 4LDR]KX 0HL�

/LQH� /DUJH�VFDOH LQIRUPDWLRQ QHWZRUN HPEHGGLQJ� ,Q :::� �����

>��@ $GLW\D *URYHU DQG -XUH /HVNRYHF� QRGH�YHF� 6FDODEOH IHDWXUH OHDUQLQJ IRU QHW�

ZRUNV� ,Q 3URFHHGLQJV RI WKH ��QG $&0 6,*.'' LQWHUQDWLRQDO FRQIHUHQFH RQ

.QRZOHGJH GLVFRYHU\ DQG GDWD PLQLQJ� SDJHV ���±���� $&0� �����

>��@ 1RUPDQ %LJJV� 1RUPDQ /LQVWHDG %LJJV� DQG %LJJV 1RUPDQ� $OJHEUDLF JUDSK WKH�

RU\� YROXPH ��� &DPEULGJH XQLYHUVLW\ SUHVV� �����

>��@ *+ *ROXE DQG &) 9DQ /RDQ� 0DWUL[ FRPSXWDWLRQV� 7KH -RKQV +RSNLQV� �����

>���@ 2GHG *UHHQ DQG 'DYLG $ %DGHU� FXVWLQJHU� 6XSSRUWLQJ G\QDPLF JUDSK DOJRULWKPV

IRU JSXV� ,Q +LJK 3HUIRUPDQFH ([WUHPH &RPSXWLQJ &RQIHUHQFH �+3(&�� ����

,(((� SDJHV �±�� ,(((� �����

>���@ 7RPDV 0LNRORY� .DL &KHQ� *UHJ &RUUDGR� DQG -HIIUH\ 'HDQ� (IILFLHQW HVWLPDWLRQ

RI ZRUG UHSUHVHQWDWLRQV LQ YHFWRU VSDFH� DU;LY SUHSULQW DU;LY����������� �����

>���@ &KDQGOHU 'DYLV� 7KH QRUP RI WKH VFKXU SURGXFW RSHUDWLRQ� 1XPHULVFKH 0DWKH�

PDWLN� ��������±���� �����

>���@ )� 3HGUHJRVD� *� 9DURTXDX[� $� *UDPIRUW� 9� 0LFKHO� %� 7KLULRQ� 2� *ULVHO� 0� %ORQ�

GHO� 3� 3UHWWHQKRIHU� 5� :HLVV� 9� 'XERXUJ� -� 9DQGHUSODV� $� 3DVVRV� '� &RXUQD�

SHDX� 0� %UXFKHU� 0� 3HUURW� DQG (� 'XFKHVQD\� 6FLNLW�OHDUQ� 0DFKLQH OHDUQLQJ

LQ 3\WKRQ� -RXUQDO RI 0DFKLQH /HDUQLQJ 5HVHDUFK� �������±����� �����

���



>���@ 'LSDQMDQ 6HQJXSWD DQG 6KXDLZHQ /HRQ 6RQJ� (YRJUDSK� 2Q�WKH�IO\ HIILFLHQW

PLQLQJ RI HYROYLQJ JUDSKV RQ JSX� ,Q ,QWHUQDWLRQDO 6XSHUFRPSXWLQJ &RQIHUHQFH�

SDJHV ��±���� 6SULQJHU� �����

>���@ 0R 6KD� <XFKHQ /L� %LQJVKHQJ +H� DQG .LDQ�/HH 7DQ� $FFHOHUDWLQJ G\QDPLF

JUDSK DQDO\WLFV RQ JSXV� YROXPH ��� SDJHV ���±���� 9/'% (QGRZPHQW� 6HSWHP�

EHU �����

>���@ -LH]KRQJ 4LX� <X[LDR 'RQJ� +DR 0D� -LDQ /L� .XDQVDQ :DQJ� DQG -LH 7DQJ�

1HWZRUN HPEHGGLQJ DV PDWUL[ IDFWRUL]DWLRQ� 8QLI\LQJ GHHSZDON� OLQH� SWH� DQG

QRGH�YHF� ,Q :6'0� �����

>���@ 7RPDV 0LNRORY� .DL &KHQ� *UHJ &RUUDGR� DQG -HIIUH\ 'HDQ� (IILFLHQW HVWLPDWLRQ

RI ZRUG UHSUHVHQWDWLRQV LQ YHFWRU VSDFH� DU;LY SUHSULQW DU;LY����������� �����

>���@ &KDQJ =KRX� <XTLRQJ /LX� ;LDRIHL /LX� =KRQJ\L /LX� DQG -XQ *DR� 6FDODEOH JUDSK

HPEHGGLQJ IRU DV\PPHWULF SUR[LPLW\� ,Q $$$,� �����

>���@ 0LQJGRQJ 2X� 3HQJ &XL� -LDQ 3HL� =LZHL =KDQJ� DQG :HQZX =KX� $V\PPHWULF

WUDQVLWLYLW\ SUHVHUYLQJ JUDSK HPEHGGLQJ� ,Q .''� �����

>���@ -LDQNDL 6XQ� %RUWLN %DQG\RSDGK\D\� $UPLQ %DVKL]DGH� -LRQJTLDQ /LDQJ� 3� 6D�

GD\DSSDQ� DQG 6ULQLYDVDQ 3DUWKDVDUDWK\� $WS� 'LUHFWHG JUDSK HPEHGGLQJ ZLWK

DV\PPHWULF WUDQVLWLYLW\ SUHVHUYDWLRQ� ,Q $$$,� �����

>���@ -LDQNDL 6XQ DQG 6ULQLYDVDQ 3DUWKDVDUDWK\� 6\PPHWUL]DWLRQ IRU HPEHGGLQJ GL�

UHFWHG JUDSKV� ,Q $$$,� �����

>���@ 3HQJ :DQJ� %DR:HQ ;X� <X5RQJ:X� DQG ;LDR<X =KRX� /LQN SUHGLFWLRQ LQ VRFLDO

QHWZRUNV� WKH VWDWH�RI�WKH�DUW� 6FLHQFH &KLQD ,QIRUPDWLRQ 6FLHQFHV� �������±���

�����

>���@ $VKWRQ $QGHUVRQ� 'DQLHO +XWWHQORFKHU� -RQ .OHLQEHUJ� DQG -XUH /HVNRYHF� (IIHFWV

���



RI XVHU VLPLODULW\ LQ VRFLDO PHGLD� ,Q 3URFHHGLQJV RI WKH ILIWK $&0 LQWHUQDWLRQDO

FRQIHUHQFH RQ :HE VHDUFK DQG GDWD PLQLQJ� SDJHV ���±���� �����

>���@ 3UDQWLN %KDWWDFKDU\\D� $QNXVK *DUJ� DQG 6K\KWVXQ )HOL[ :X� $QDO\VLV RI XVHU

NH\ZRUG VLPLODULW\ LQ RQOLQH VRFLDO QHWZRUNV� 6RFLDO QHWZRUN DQDO\VLV DQG PLQLQJ�

��������±���� �����

>���@ &XQH\W *XUFDQ $NFRUD� %DUEDUD &DUPLQDWL� DQG (OHQD )HUUDUL� 8VHU VLPLODULWLHV

RQ VRFLDO QHWZRUNV� 6RFLDO 1HWZRUN $QDO\VLV DQG 0LQLQJ� ��������±���� �����

>���@ 3DQDJLRWLV 6\PHRQLGLV DQG 1LNRODRV 0DQWDV� 6SHFWUDO FOXVWHULQJ IRU OLQN SUHGLF�

WLRQ LQ VRFLDO QHWZRUNV ZLWK SRVLWLYH DQG QHJDWLYH OLQNV� 6RFLDO 1HWZRUN $QDO\VLV

DQG 0LQLQJ� ���������±����� �����

>���@ 3XUQDPULWD 6DUNDU� 'HHSD\DQ &KDNUDEDUWL� DQG $QGUHZ : 0RRUH� 7KHRUHWLFDO

MXVWLILFDWLRQ RI SRSXODU OLQN SUHGLFWLRQ KHXULVWLFV� ,Q ,-&$, SURFHHGLQJV�LQWHUQDWLRQDO

MRLQW FRQIHUHQFH RQ DUWLILFLDO LQWHOOLJHQFH� YROXPH ��� SDJH ����� &LWHVHHU� �����

>���@ 0DUN (- 1HZPDQ� &OXVWHULQJ DQG SUHIHUHQWLDO DWWDFKPHQW LQ JURZLQJ QHWZRUNV�

3K\VLFDO UHYLHZ (� ������������� �����

>���@ 'DYLG /LEHQ�1RZHOO DQG -RQ .OHLQEHUJ� 7KH OLQN�SUHGLFWLRQ SUREOHP IRU VRFLDO QHW�

ZRUNV� -RXUQDO RI WKH $PHULFDQ VRFLHW\ IRU LQIRUPDWLRQ VFLHQFH DQG WHFKQRORJ\�

����������±����� �����

>���@ -RUJH 9DOYHUGH�5HED]D DQG $OQHX GH $QGUDGH /RSHV� ([SORLWLQJ EHKDYLRUV RI

FRPPXQLWLHV RI WZLWWHU XVHUV IRU OLQN SUHGLFWLRQ� 6RFLDO 1HWZRUN $QDO\VLV DQG 0LQ�

LQJ� ���������±����� �����

>���@ +DLIHQJ /LX� =KHQJ +X� +DPHG +DGGDGL� DQG +XL 7LDQ� +LGGHQ OLQN SUHGLFWLRQ

EDVHG RQ QRGH FHQWUDOLW\ DQG ZHDN WLHV� (3/ �(XURSK\VLFV /HWWHUV�� �������������

�����

���



>���@ 5RQJ�+XD /L� -HIIUH\ ;X <X� DQG -LDQTXDQ /LX� /LQN SUHGLFWLRQ� WKH SRZHU RI

PD[LPDO HQWURS\ UDQGRP ZDON� ,Q 3URFHHGLQJV RI WKH ��WK $&0 LQWHUQDWLRQDO

FRQIHUHQFH RQ ,QIRUPDWLRQ DQG NQRZOHGJHPDQDJHPHQW� SDJHV ����±����� �����

>���@ %DRMXQ 4LX� .ULVWLQND ,YDQRYD� -RKQ <HQ� DQG 3HQJ /LX� %HKDYLRU HYROXWLRQ DQG

HYHQW�GULYHQ JURZWK G\QDPLFV LQ VRFLDO QHWZRUNV� ,Q ���� ,((( 6HFRQG ,QWHUQD�

WLRQDO &RQIHUHQFH RQ 6RFLDO &RPSXWLQJ� SDJHV ���±���� ,(((� �����

>���@ %DRMXQ 4LX� 4L +H� DQG -RKQ <HQ� (YROXWLRQ RI QRGH EHKDYLRU LQ OLQN SUHGLFWLRQ�

,Q $$$,� &LWHVHHU� �����

>���@ 0XKDQ =KDQJ DQG <L[LQ &KHQ� /LQN SUHGLFWLRQ EDVHG RQ JUDSK QHXUDO QHWZRUNV�

,Q $GYDQFHV LQ 1HXUDO ,QIRUPDWLRQ 3URFHVVLQJ 6\VWHPV� SDJHV ����±����� �����

>���@ -LPHQJ 6XQ� &KULVWRV )DORXWVRV� &KULVWRV )DORXWVRV� 6SLURV 3DSDGLPLWULRX� DQG

3KLOLS 6 <X� *UDSKVFRSH� SDUDPHWHU�IUHH PLQLQJ RI ODUJH WLPH�HYROYLQJ JUDSKV�

,Q 3URFHHGLQJV RI WKH ��WK $&0 6,*.'' LQWHUQDWLRQDO FRQIHUHQFH RQ .QRZOHGJH

GLVFRYHU\ DQG GDWD PLQLQJ� SDJHV ���±���� $&0� �����

>���@ $UDVK )DUG� $PLU $EGROUDVKLGL� /DNVKPLVK 5DPDVZDP\� DQG -RKQ $ 0LOOHU� 7R�

ZDUGV HIILFLHQW TXHU\ SURFHVVLQJ RQ PDVVLYH WLPH�HYROYLQJ JUDSKV� ,Q &ROODER�

UDWLYH &RPSXWLQJ� 1HWZRUNLQJ� $SSOLFDWLRQV DQG :RUNVKDULQJ �&ROODERUDWH&RP��

���� �WK ,QWHUQDWLRQDO &RQIHUHQFH RQ� SDJHV ���±���� ,(((� �����

>���@ 'DYLG (GLJHU� 5RE 0F&ROO� -DVRQ 5LHG\� DQG 'DYLG $ %DGHU� 6WLQJHU� +LJK SHU�

IRUPDQFH GDWD VWUXFWXUH IRU VWUHDPLQJ JUDSKV� ,Q ���� ,((( &RQIHUHQFH RQ +LJK

3HUIRUPDQFH ([WUHPH &RPSXWLQJ� SDJHV �±�� ,(((� �����

>���@ 6KXR -L� <LQOLDQJ =KDR� DQG ;LDRPHL =KDR� $ ORZ�ODWHQF\ FRPSXWLQJ IUDPHZRUN IRU

WLPH�HYROYLQJ JUDSKV� 7KH -RXUQDO RI 6XSHUFRPSXWLQJ� ����������±����� �����

>���@ '� (GLJHU� 5� 0F&ROO� -� 5LHG\� DQG '� $� %DGHU� 6WLQJHU� +LJK SHUIRUPDQFH GDWD

VWUXFWXUH IRU VWUHDPLQJ JUDSKV� ,Q ���� ,((( &RQIHUHQFH RQ +LJK 3HUIRUPDQFH

([WUHPH &RPSXWLQJ� SDJHV �±�� 6HS� �����

���



>���@ 5D\PRQG &KHQJ� -L +RQJ� $DSR .\UROD� <RXVKDQ 0LDR� ;XHWLDQ :HQJ� 0LQJ :X�

)DQ <DQJ� /LGRQJ =KRX� )HQJ =KDR� DQG (QKRQJ &KHQ� .LQHRJUDSK� 7DNLQJ WKH

SXOVH RI D IDVW�FKDQJLQJ DQG FRQQHFWHG ZRUOG� ,Q 3URFHHGLQJV RI WKH �WK $&0

(XURSHDQ &RQIHUHQFH RQ &RPSXWHU 6\VWHPV� (XUR6\V ¶��� SDJHV ��±��� 1HZ

<RUN� 1<� 86$� ����� $&0�

>���@ $QDQG ,\HU� /L (UUDQ /L� DQG ,RQ 6WRLFD� &HOOLT � 5HDO�WLPH FHOOXODU QHWZRUN DQD�

O\WLFV DW VFDOH� ,Q ��WK 86(1,; 6\PSRVLXP RQ 1HWZRUNHG 6\VWHPV 'HVLJQ DQG

,PSOHPHQWDWLRQ �16', ���� SDJHV ���±���� 2DNODQG� &$� ����� 86(1,; $VVR�

FLDWLRQ�

>���@ $QDQG 3DGPDQDEKD ,\HU� /L (UUDQ /L� 7DWKDJDWD 'DV� DQG ,RQ 6WRLFD� 7LPH�

HYROYLQJ JUDSK SURFHVVLQJ DW VFDOH� ,Q 3URFHHGLQJV RI WKH )RXUWK ,QWHUQDWLRQDO

:RUNVKRS RQ *UDSK 'DWD 0DQDJHPHQW ([SHULHQFHV DQG 6\VWHPV� *5$'(6 ¶���

SDJHV ���±���� 1HZ <RUN� 1<� 86$� ����� $&0�

>���@ =KHQ 3HQJ� $OH[DQGHU 3RZHOO� %R :X� 7HNLQ %LFHU� DQG %LQ 5HQ� *UDSKSKL� HI�

ILFLHQW SDUDOOHO JUDSK SURFHVVLQJ RQ HPHUJLQJ WKURXJKSXW�RULHQWHG DUFKLWHFWXUHV�

,Q 3URFHHGLQJV RI WKH ��WK ,QWHUQDWLRQDO &RQIHUHQFH RQ 3DUDOOHO $UFKLWHFWXUHV DQG

&RPSLODWLRQ 7HFKQLTXHV� SDJH �� $&0� �����

>���@ 6KXDQJ 6RQJ� ;X /LX� 4LQ]KH :X� $QGUHDV *HUVWODXHU� 7DR /L� DQG /L]\ . -RKQ�

6WDUW ODWH RU ILQLVK HDUO\� D GLVWULEXWHG JUDSK SURFHVVLQJ V\VWHP ZLWK UHGXQGDQF\

UHGXFWLRQ� 3URFHHGLQJV RI WKH 9/'% (QGRZPHQW� ���������±���� �����

>���@ -DPHV .LQJ� 7KRPDV *LOUD\� 5REHUW 0� .LUE\� DQG 0DWWKHZ 0LJKW� '\QDPLF

VSDUVH�PDWUL[ DOORFDWLRQ RQ JSXV� ,Q +LJK 3HUIRUPDQFH &RPSXWLQJ� -XOLDQ 0�

.XQNHO� 3DYDQ %DODML� DQG -DFN 'RQJDUUD� HGLWRUV� SDJHV ��±��� &KDP� �����

6SULQJHU ,QWHUQDWLRQDO 3XEOLVKLQJ�

>���@ :HL +DQ� 'DQLHO 0DZKLUWHU� %R :X� DQG 0DWWKHZ %XODQG� *UDSKLH� /DUJH�VFDOH

DV\QFKURQRXV JUDSK WUDYHUVDOV RQ MXVW D JSX� ,Q ���� ��WK ,QWHUQDWLRQDO &RQIHU�

���



HQFH RQ 3DUDOOHO $UFKLWHFWXUHV DQG &RPSLODWLRQ 7HFKQLTXHV �3$&7�� SDJHV ���±

���� ,(((� �����
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