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� 5HVRXUFH RQ %LRFRPSXWLQJ� 9LVXDOL]DWLRQ� DQG ,QIRUPDWLFV� 8QLYHUVLW\ RI &DOLIRUQLD� 6DQ )UDQFLVFR�
&DOLIRUQLD


 7R ZKRP FRUUHVSRQGHQFH VKRXOG EH DGGUHVVHG� 7HO� ��� ���� ����� (PDLO�

ODUV�MXKO�MHQVHQ#FSU�NX�GN

$%675$&7

'DWD YLVXDOL]DWLRQ LV HVVHQWLDO WR GLVFRYHU SDWWHUQV DQG DQRPDOLHV LQ ODUJH KLJK�GLPHQVLRQDO

GDWDVHWV� 1HZ GLPHQVLRQDOLW\ UHGXFWLRQ WHFKQLTXHV KDYH WKXV EHHQ GHYHORSHG IRU YLVXDOL]LQJ

RPLFV GDWD� LQ SDUWLFXODU IURP VLQJOH�FHOO VWXGLHV� +RZHYHU� MRLQWO\ VKRZLQJ VHYHUDO W\SHV RI

GDWD� H�J� VLQJOH�FHOO H[SUHVVLRQ DQG JHQH QHWZRUNV� UHPDLQV D FKDOOHQJH� +HUH� ZH SUHVHQW

µ8�&,(� D YLVXDOL]DWLRQ PHWKRG WKDW HQFRGHV DUELWUDU\ KLJK�GLPHQVLRQDO GDWD DV FRORUV XVLQJ

D FRPELQDWLRQ RI GLPHQVLRQDOLW\ UHGXFWLRQ DQG WKH &,(/$% FRORU VSDFH WR UHWDLQ WKH RULJLQDO

VWUXFWXUH WR WKH H[WHQW SRVVLEOH� 8�&,( ILUVW XVHV 80$3 WR UHGXFH KLJK�GLPHQVLRQDO GDWD WR

WKUHH GLPHQVLRQV� SDUWLDOO\ SUHVHUYLQJ GLVWDQFHV EHWZHHQ HQWLWLHV� 1H[W� LW HPEHGV WKH

UHVXOWLQJ WKUHH�GLPHQVLRQDO UHSUHVHQWDWLRQ ZLWKLQ WKH &,(/$% FRORU VSDFH� 7KLV FRORU PRGHO

ZDV GHVLJQHG WR EH SHUFHSWXDOO\ XQLIRUP� PHDQLQJ WKDW WKH (XFOLGHDQ GLVWDQFH EHWZHHQ DQ\

WZR SRLQWV VKRXOG FRUUHVSRQG WR WKHLU UHODWLYH SHUFHSWXDO GLIIHUHQFH� 7KHUHIRUH� WKH

FRPELQDWLRQ RI 80$3 DQG &,(/$% WKXV UHVXOWV LQ D FRORU HQFRGLQJ WKDW FDSWXUHV PXFK RI

WKH VWUXFWXUH RI WKH RULJLQDO KLJK�GLPHQVLRQDO GDWD� :H LOOXVWUDWH LWV EURDG DSSOLFDELOLW\ E\

YLVXDOL]LQJ VLQJOH�FHOO GDWD RQ D SURWHLQ QHWZRUN DQG PHWDJHQRPLF GDWD RQ D ZRUOG PDS DQG

RQ�VFDWWHU�SORWV�

,1752'8&7,21

7RGD\ ODUJH� KLJK�GLPHQVLRQDO GDWDVHWV DUH DEXQGDQW LQ ELRPHGLFLQH� 'DWD YLVXDOL]DWLRQ LV

WKXV FUXFLDO ERWK IRU GLVFRYHULQJ SDWWHUQV LQ GDWD DQG IRU VXEVHTXHQWO\ FRPPXQLFDWLQJ WKH

LQVLJKWV� :LWK WKLV PRWLYDWLRQ� ZH SUHVHQW 8�&,( >�MXޝ 
VLޝ�@ DQ RSHQ�VRXUFH VRIWZDUH WRRO WKDW

WUDQVODWHV KLJK�GLPHQVLRQDO GDWD LQWR FRORUV� $V FRORU VSDFH LV LQKHUHQWO\ WKUHH�GLPHQVLRQDO�

8�&,( GRHV WKLV LQ WZR VWHSV� D WKUHH�GLPHQVLRQDO DSSUR[LPDWLRQ RI WKH KLJK�GLPHQVLRQDO

GDWD LV SURGXFHG XVLQJ D GLPHQVLRQDOLW\ UHGXFWLRQ PHWKRG� DQG WKLV DSSUR[LPDWLRQ LV QH[W

ILWWHG LQWR D VXLWDEOH FRORU VSDFH �)LJXUH ��� (DFK KLJK�GLPHQVLRQDO LQSXW YHFWRU� EH LW WKH

H[SUHVVLRQ SURILOH RI D JHQH RU WKH DEXQGDQFH SURILOH RI DQ RUJDQLVP� LV WKHUHE\ FRQYHUWHG
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LQWR D FRORU� 7KHVH FRORUV FDQ VXEVHTXHQWO\ EH XVHG WR YLVXDOL]H WKH� H�J�� JHQHV RU

RUJDQLVPV LQ WKH FRQWH[W RI RWKHU GDWD� VXFK DV JHQH QHWZRUNV� SK\ORJHQHWLF WUHHV� RU

ORQJLWXGH�DQG�ODWLWXGH�

'LPHQVLRQDOLW\ UHGXFWLRQ WHFKQLTXHV KDYH LPSURYHG PXFK LQ UHFHQW \HDUV� EHFRPLQJ

EHWWHU DW SUHVHUYLQJ PRUH RI ERWK WKH ORFDO DQG JOREDO VWUXFWXUH LQ KLJK�GLPHQVLRQDO GDWD E\

PDNLQJ QRQOLQHDU UDWKHU WKDQ OLQHDU WUDQVIRUPDWLRQV ���� 0HWKRGV OLNH W�61( ��� DQG 80$3

��� DV ZHOO DV JHQHUDWLYH GHHS�OHDUQLQJ PRGHOV� VXFK DV YDULDWLRQDO DXWRHQFRGHUV ���� KDYH

EHFRPH SDUWLFXODUO\ SRSXODU ZLWKLQ ELRORJ\� HVSHFLDOO\ IRU YLVXDOL]DWLRQ RI VLQJOH�FHOO GDWD�

%RWK W�61( DQG 80$3 ZHUH GHVLJQHG WR SUHGRPLQDQWO\ SUHVHUYH ORFDO VWUXFWXUH E\ JURXSLQJ

QHLJKERULQJ GDWD SRLQWV WRJHWKHU� ZKLFK SURYLGHV D YHU\ LQIRUPDWLYH YLVXDOL]DWLRQ ������ 7KH

PDLQ GLIIHUHQFH EHWZHHQ W�61( DQG 80$3 LV WKH LQWHUSUHWDWLRQ RI WKH GLVWDQFH EHWZHHQ

FOXVWHUV� 80$3 SUHVHUYHV SDLUZLVH (XFOLGHDQ GLVWDQFHV VLJQLILFDQWO\ EHWWHU WKDQ W�61(�

PHDQLQJ WKDW LW SUHVHUYHV PRUH RI WKH JOREDO VWUXFWXUH DORQJ ZLWK WKH ORFDO� 7KHUHIRUH� WKH

UHODWLYH SRVLWLRQLQJ RI GLIIHUHQW FOXVWHUV LQ W�61( LV QRW LQIRUPDWLYH DERXW WKH GLVWDQFH

EHWZHHQ WKHP� ZKLFK LV ZK\ 80$3 KDV JDLQHG SRSXODULW\ IRU YLVXDOL]DWLRQ RI VLQJOH�FHOOV

VWXGLHV� $Q DOWHUQDWLYH LV WR XVH D YDULDWLRQDO DXWRHQFRGHU �9$(�� ZKLFK LV DQ DUWLILFLDO QHXUDO

QHWZRUN WKDW LV WUDLQHG WR FRPSUHVV WKH GDWD WR D ORZHU GLPHQVLRQDO UHSUHVHQWDWLRQ IURP

ZKLFK WKH LQSXW FDQ EH UHFRQVWUXFWHG ���� (YHQ WKRXJK 9$(V FDQ EH PRUH DFFXUDWH LQ WKH

ORZ�GLPHQVLRQDO UHSUHVHQWDWLRQ� WKH\ DUH QRW FRPPRQO\ XVHG \HW� VLQFH WKH\ DUH PRUH

GLIILFXOW�WR�XVH�WKDQ�W�61(�DQG�80$3�

&RORUV DUH HYHU\ZKHUH DQG ZH DOO KDYH DQ LQWXLWLYH XQGHUVWDQGLQJ RI FRORUV� KRZHYHU�

LW LV VXUSULVLQJO\ GLIILFXOW WR UHSUHVHQW WKHP LQ D ZD\ WKDW DFFXUDWHO\ UHIOHFWV KRZ VLPLODU

KXPDQV SHUFHLYH DQ\ WZR FRORUV WR EH� 1RQH RI WKH PRVW FRPPRQO\ XVHG FRORU

UHSUHVHQWDWLRQV� VXFK DV 5*%� DSSUR[LPDWH KXPDQ YLVLRQ� $ QRWDEOH H[FHSWLRQ LV WKH

&,(/$% FRORU PRGHO ���� ZKLFK ZDV GHVLJQHG WR EH ODUJHO\ SHUFHSWXDOO\ XQLIRUP� PHDQLQJ

WKDW WKH (XFOLGHDQ GLVWDQFH EHWZHHQ DQ\ WZR SRLQWV VKRXOG FRUUHVSRQG WR WKHLU UHODWLYH

SHUFHSWXDO GLIIHUHQFH� 7KLV PDNHV LW SDUWLFXODUO\ XVHIXO IRU RXU DSSOLFDWLRQ� VLQFH ZH ZDQW WR

YLVXDOL]H SRVLWLRQV DV FRORUV� VLPLODU WR ZKDW KDV SUHYLRXVO\ EHHQ WULHG IRU VHOI�RUJDQL]LQJ

PDSV ���� &,(/$% UHSUHVHQWV FRORUV XVLQJ WKUHH YDOXHV� SHUFHSWXDO OLJKWQHVV �/
� DQG WZR

SDLUV RI FRPSOHPHQWDU\ FRORUV� QDPHO\ JUHHQ±UHG �D
� DQG EOXH±\HOORZ �E
�� 7R WDNH

DGYDQWDJH RI WKH SURSHUWLHV RI &,(/$%� ZH QHHG WR FRQYHUW WKH WKUHH�GLPHQVLRQDO

FRRUGLQDWHV REWDLQHG IURP GLPHQVLRQDOLW\ UHGXFWLRQ LQWR /
D
E
 FRRUGLQDWHV� 7KLV LV QRQWULYLDO�

EHFDXVH QRW DOO FRPELQDWLRQV RI /
� D
� DQG E
 UHVXOW LQ FRORUV WKDW FDQ EH GLVSOD\HG RQ D

FRPSXWHU�PRQLWRU�
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+HUH� ZH SUHVHQW WKH 8�&,( YLVXDOL]DWLRQ PHWKRG IRU HQFRGLQJ KLJK�GLPHQVLRQDO GDWD

DV FRORUV� :H ILUVW XVH 80$3 WR WXUQ WKH GDWD LQWR D WKUHH�GLPHQVLRQDO SRLQW FORXG� DV 80$3

SDUWLDOO\ SUHVHUYHV JOREDO (XFOLGHDQ GLVWDQFHV� 1H[W� ZH XVH DQ RSWLPL]DWLRQ DOJRULWKP WR ILW

WKH SRLQW FORXG ZLWKLQ WKH GLVSOD\DEOH SDUW RI &,(/$%� 7KH UHVXOW LV DQ HQFRGLQJ RI WKH LQSXW

GDWD� ZKHUH HDFK GDWD SRLQW KDV EHHQ DVVLJQHG D FRORU� DQG VLPLODULW\ EHWZHHQ FRORUV UHIOHFW

WKH GLVWDQFH EHWZHHQ WKH RULJLQDO SRLQWV� :H LOOXVWUDWH WKH EURDG DSSOLFDELOLW\ RI 8�&,( E\

XVLQJ LW WR YLVXDOL]H VLQJOH�FHOO H[SUHVVLRQ GDWD RQ D SURWHLQ QHWZRUN DQG PLFURELRPH

FRPSRVLWLRQ RI RFHDQ ZDWHU VDPSOHV RQ D ZRUOG PDS� 8�&,( LV IUHHO\ DYDLODEOH ERWK DV D ZHE

UHVRXUFH��KWWSV���X�FLH�MHQVHQODE�RUJ��DQG�DV�DQ�5 SDFNDJH�

)LJXUH �� 2YHUYLHZ RI WKH 8�&,( DOJRULWKP DQG DSSOLFDWLRQ WR VLQJOH�FHOO 51$VHT GDWD �VF51$�VHT�� 8�&,(
XVHV D WZR�VWHS SURFHVV WR HQFRGH KLJK�GLPHQVLRQDO GDWD DV FRORUV� 7KH ILUVW VWHS LV WR XVH D VWDWH�RI�WKH�DUW
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GLPHQVLRQDOLW\ UHGXFWLRQ WHFKQLTXH �80$3� WR UHGXFH WKH GDWD WR WKUHH GLPHQVLRQV� VLQFH KXPDQ FRORU SHUFHSWLRQ

LV LQKHUHQWO\ WKUHH�GLPHQVLRQDO� 7KH VHFRQG VWHS LV WR ILW WKH UHVXOWLQJ SRLQW FORXG LQWR WKH WKUHH�GLPHQVLRQDO

SRO\JRQ WKDW UHSUHVHQWV WKH GLVSOD\DEOH SDUW RI &,(/$% FRORU VSDFH� 7KLV LV GRQH DV DQ RSWLPL]DWLRQ SURFHVV�

ZKLFK VKLIWV� URWDWHV� DQG XQLIRUPO\ VFDOHV WKH SRLQW FORXG WR PDNH LW DV ODUJH DV SRVVLEOH ZKLOH SHQDOL]LQJ IRU

SRLQWV�SURWUXGLQJ�RXWVLGH�WKH�SRO\JRQ�

0$7(5,$/�$1'�0(7+2'6

$OJRULWKP�RYHUYLHZ

8�&,( FRORU HQFRGHV KLJK�GLPHQVLRQDO GDWD XVLQJ &,(/$% FRORU VSDFH LQ WZR VWDJHV� L�

GLPHQVLRQDOLW\ UHGXFWLRQ �FDQ EH VNLSSHG LI GDWD DUH DOUHDG\ WKUHH�GLPHQVLRQDO� DQG LL� ILWWLQJ

WKH UHVXOWLQJ SRLQW FORXG LQVLGH WKH GLVSOD\DEOH SDUW RI &,(/$% �)LJXUH ��� 7KH ODWWHU LV D

SUHFRPSXWHG�SRO\JRQ��FRQVWUXFWHG�E\�FRQYHUWLQJ�WKH�5*%�FXEH�WR�&,(/$%�FRRUGLQDWHV�

'LPHQVLRQDOLW\�UHGXFWLRQ
8QOHVV WKH LQSXW GDWD LV DOUHDG\ WKUHH�GLPHQVLRQDO� 8�&,( ZLOO VWDUW E\ UHGXFLQJ WKH GDWD WR

WKUHH GLPHQVLRQV� 7KHUH DUH WKUHH GLIIHUHQW WUDFNV IRU GRLQJ VR� µ6LQJOH FHOOV¶� µ+LJK

GLPHQVLRQDO GDWD¶� DQG µ'LVWDQFH PDWUL[¶� 7KH µ6LQJOH FHOOV¶ WUDFN IROORZV WKH 6HXUDW ���

SLSHOLQH WR UHGXFH GLPHQVLRQDOLW\ DQG SURGXFH �' 80$3 FRRUGLQDWHV IRU WKH JHQHV RI WKH

GDWDVHW� 7R GR VR� ZH ILUVW WUDQVSRVH WKH LQSXW GDWDVHW WR KDYH JHQHV DV FROXPQV DQG FHOOV

DV URZV DQG FUHDWH D 6HXUDW 2EMHFW IURP WKH FRXQWV� :LWKRXW ILUVW VFDOLQJ RU FHQWHULQJ WKH

GDWD� ZH XVH 6HXUDW WR ORJ� WUDQVIRUP RXU GDWD XVLQJ WKH �RSWLRQ �/RJ1RUPDOL]H��� UXQ 3&$

ZLWK �� GLPHQVLRQV� FDOFXODWH �� QHLJKERUV IRU HDFK JHQH� DQG ILQG FOXVWHUV ZLWK WKH /RXYDLQ

DOJRULWKP� )LQDOO\� ZH DSSO\ 80$3 WR HQG XS ZLWK WKUHH GLPHQVLRQV� 7KH µ+LJK GLPHQVLRQDO¶

WUDFN XVHV WKH XZRW OLEUDU\ WR DJDLQ UXQ 3&$ ZLWK �� GLPHQVLRQV DQG DSSO\ 80$3� )LQDOO\�

WKH�µ'LVWDQFH�PDWUL[¶�WUDFN�WDNHV�D�VTXDUH�PDWUL[�DQG�XVHV�3\WKRQ�XPDS�OHDUQ�SDFNDJH�

)LWWLQJ�WKH�SRLQW�FORXG�LQVLGH�WKH�&,(/$%�5*%�SRO\JRQ
7R EH DEOH WR KDQGOH ODUJH GDWDVHWV ZLWK PDQ\ SRLQWV� ZH ILUVW XVH WKH 5 µFKXOO¶ IXQFWLRQ WR

FRQVWUXFW WKH FRQYH[ KXOO RI WKH SRLQW FORXG� 7KLV GUDPDWLFDOO\ VSHHGV XS WKH VXEVHTXHQW

RSWLPL]DWLRQ VWHS� W\SLFDOO\ E\ VHYHUDO RUGHUV RI PDJQLWXGH� DV LW RQO\ KDV WR FRQVLGHU WKH IHZ

SRLQWV RQ WKH FRQYH[ KXOO UDWKHU WKDQ DOO SRLQWV LQ WKH LQSXW GDWDVHW� 1H[W� ZH XVH WKH

1HOGHU±0HDG VLPSOH[ RSWLPL]DWLRQ DOJRULWKP ��� WR ILW WKH FRQYH[ KXOO RI WKH SRLQW FORXG

LQVLGH WKH &,(/$% 5*% SRO\JRQ� 7KH DOJRULWKP LV DOORZHG WR VKLIW DORQJ DQG URWDWH DURXQG

WKUHH D[HV �/
� D
� DQG E
� DQG XQLIRUPO\ VFDOH WKH SRLQW FORXG FRQYH[ KXOO� 7KH REMHFWLYH

IXQFWLRQ WR EH RSWLPL]HG LV WKH VL]H RI WKH SRLQW FORXG PLQXV D SHQDOW\ WHUP IRU SRLQWV IDOOLQJ

RXWVLGH WKH SRO\JRQ� ,Q RWKHU ZRUGV� LW DLPV WR PDNH WKH SRLQW FORXG DV ODUJH DV SRVVLEOH

ZKLOH VWLOO ILWWLQJ ZLWKLQ WKH FRORU VSDFH� 7R DYRLG ORFDO RSWLPD� ZH UXQ WKH DOJRULWKP ZLWK ��
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GLIIHUHQW VHWV RI LQLWLDO URWDWLRQV� 7KH XVHU FDQ RSWLRQDOO\ SURYLGH GLIIHUHQW ZHLJKWV IRU WKH D[HV

LQ�WKH�REMHFWLYH��WKXV�SULRULWL]LQJ�VSUHDGLQJ�RXW�WKH�SRLQWV�DORQJ�FHUWDLQ�D[HV�

8VHU�,QWHUIDFH

7KH ZHE LQWHUIDFH ZDV FRQVWUXFWHG XVLQJ 5�6KLQ\ DQG -DYD6FULSW� $Q LQWHUDFWLYH JXLGHG

WXWRULDO LV DYDLODEOH WKURXJK WKH ZHE LQWHUIDFH DV ZHOO DV D <RX7XEH YLGHR H[SODLQLQJ WKH LGHD

RI�8�&,(�

$IWHU XSORDGLQJ DQG SURFHVVLQJ GDWD YLD RQH RI WKH WUDFNV GHVFULEHG DERYH� WKH GDWD

FDQ EH YLVXDOL]HG LQ WZR ZD\V� 7KH µ�' YLHZ¶ VKRZV WKH PDLQ UHVXOW RI IROORZLQJ WKH 8�&,(

SLSHOLQH� QDPHO\ WKH �' FORXG RI SRLQWV FRORUHG DFFRUGLQJ WR WKH EHVW VROXWLRQ IRXQG E\ WKH

RSWLPL]DWLRQ DOJRULWKP� 7KH YLHZ DOVR KDV D WDEOH RI DOWHUQDWLYH FRORU VROXWLRQV IURP WKH

RSWLPL]DWLRQV� ZKLFK FDQ EH VHOHFWHG DQG GLVSOD\HG LQVWHDG� 7KH µ�' SURMHFWLRQV¶ WDE

SURYLGHV WZR LQWHUDFWLYH �' SORWV� VKRZLQJ WKH VDPH �' SRLQW FORXG SURMHFWHG RQWR WKH /
D


DQG /
E
 D[HV� UHVSHFWLYHO\� 7KHUH XVHUV FDQ VHH KRZ WKH SRLQWV DUH VSUHDG ZLWKLQ WKH

SRO\JRQ� 7KH YLHZ DOVR KDV D WDEOH� ZKLFK DOORZV WKH XVHU WR VHOHFW UHJLRQV ZLWKLQ WKH SORWV WR

LGHQWLI\ WKH GDWD SRLQWV RU VHDUFK WKH GDWD SRLQWV E\ QDPH WR ORFDWH WKHP ZLWKLQ WKH FORXG�

)LQDOO\� WKH µ'RZQORDG¶ WDE VKRZV D WDEOH ZLWK ERWK 5*% KH[ FRGHV DQG &,(/$%

FRRUGLQDWHV� ZKLFK FDQ EH GRZQORDGHG WR XVH WKH FRORUV IRU IXUWKHU GDWD YLVXDOL]DWLRQ� H�J� LQ

&\WRVFDSH >�@� 7KH SORWV DQG WDEOHV DUH PDGH XVLQJ WKH 3ORWO\ ��� DQG 'DWD7DEOHV

&5$1�5�SURMHFW�RUJ�SDFNDJH GDWD�WDEOH�OLEUDULHV��UHVSHFWLYHO\�

&5$1�SDFNDJH�µXFLH¶

2XU DOJRULWKP LV DOVR DYDLODEOH DV D &5$1 SDFNDJH LQ 5� 8VHUV FDQ GRZQORDG LW IURP 5 ZLWK

WKH FRPPDQG LQVWDOO�SDFNDJHV��XFLH�� RU IURP WKH SDFNDJHV DQG WKH FRPPDQG

GHYWRROV��LQVWDOOBJLWKXE��PLNHONRX�XFLH��� 7KH SDFNDJH UHWXUQV D GDWD IUDPH ZLWK WKH QDPHV

RI WKH LQSXW GDWD SRLQWV DQG 5*% KH[ FRORUV RU &,(/$% FRRUGLQDWHV� 7KH SDFNDJH FRQWDLQV

RQO\ RQH IXQFWLRQ ZLWK � DUJXPHQWV� � RI ZKLFK DUH RSWLRQDO� 8VHUV PXVW SURYLGH D ��FROXPQ

GDWDVHW WKDW ZLOO EH HQFRGHG DV FRORUV� 7KH RWKHU RSWLRQDO DUJXPHQWV DOORZ XVHUV WR DOWHU WKH

D[LV ZHLJKWV� D ILQDO VFDOLQJ IDFWRU� DQG ZKHWKHU WKH\ ZDQW 5*% KH[ FRGHV RU &,(/$%

FRRUGLQDWHV� 7KH RXWSXW LV D GDWD IUDPH ZLWK WKH QDPHV RI WKH LQSXW GDWD SRLQWV DQG WKH

FRUUHVSRQGLQJ�FRORUV�
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5(68/76�$1'�',6&866,21

8�&,(�>�MXޝ�
VLޝ�@�DQ�RSHQ�VRXUFH�VRIWZDUH�WRRO

7R DOORZ DQ\RQH WR HDVLO\ XVH 8�&,(� ZH KDYH PDGH LW DYDLODEOH DV DQ LQWHUDFWLYH ZHE

UHVRXUFH �KWWSV���X�FLH�MHQVHQODE�RUJ� DORQJ ZLWK D JXLGHG WXWRULDO� 7KH ZHE LQWHUIDFH RIIHUV

IRXU GLIIHUHQW WUDFNV� µ6LQJOH FHOOV¶� µ+LJK GLPHQVLRQDO¶� µ'LVWDQFH PDWUL[¶� DQG µ�' GDWD¶� $OO

XVH 80$3 WR ILUVW UHGXFH GLPHQVLRQDOLW\� H[FHSW IURP WKH ODVW WUDFN� ZKLFK DOORZV WKH XVHU WR

XSORDG GDWD WKDW LV DOUHDG\ WKUHH�GLPHQVLRQDO� SRVVLEO\ SURGXFHG XVLQJ DQRWKHU

GLPHQVLRQDOLW\ UHGXFWLRQ PHWKRG� ,Q 6XSSOHPHQWDU\ )LJXUH 6� ZH VKRZ KRZ DQ DQDO\VLV FDQ

EH SHUIRUPHG XVLQJ WKH ZHE LQWHUIDFH� )LUVW� ZH XSORDG WKH PDWUL[ ZLWK H[SUHVVLRQ FRXQWV WR

WKH µ6LQJOH FHOOV¶ WUDFN� ZKLFK DVVLJQV FRORUV WR JHQHV� $ SUHYLHZ RI WKH XSORDGHG GDWD LV ILUVW

VKRZQ� DOORZLQJ XV WR YHULI\ WKDW LW ZDV SDUVHG FRUUHFWO\ EHIRUH VWDUWLQJ WKH DQDO\VLV� $V VRRQ

DV WKH DQDO\VLV KDV ILQLVKHG� ZH JDLQ DFFHVV WR LQWHUDFWLYH YLVXDOL]DWLRQ SDQHOV WKDW VKRZ WKH

FRORU HQFRGLQJ LQ �' DQG DV �' SURMHFWLRQV� FRQWUROV WR DOWHU WKH FRORU HQFRGLQJ� DQG WKH

RSWLRQ�WR�GRZQORDG�D�WDE�GHOLPLWHG�ILOH�ZLWK�WKH�JHQH�QDPHV�DQG�WKHLU�FRORUV�

8�&,( LV DOVR DYDLODEOH DV DQ 5 SDFNDJH� 6LQFH XVHUV RI WKLV SDFNDJH ZLOO EH ZRUNLQJ

LQ WKH 5 HQYLURQPHQW� ZH JLYH WKHP IXOO IOH[LELOLW\ WR XVH DQ\ GLPHQVLRQDOLW\ UHGXFWLRQ PHWKRG

IRU FUHDWLQJ WKH WKUHH�GLPHQVLRQDO UHSUHVHQWDWLRQ RI WKH LQSXW GDWD� 7KH 5 SDFNDJH WKXV

WDNHV WKLV DV LQSXW DQG SHUIRUPV WKH RSWLPL]DWLRQ WR ILW WKH GDWD LQWR &,(/$% FRRUGLQDWHV� 7KH

RXWSXW LV D GDWD IUDPH ZLWK WKH QDPHV RI WKH LQSXW GDWD DQG WKH KH[ FRGHV RI WKH FRORUV RU

WKH &,(/$% FRRUGLQDWHV� 7KLV GDWD IUDPH FDQ EH GLUHFWO\ XVHG ZLWK 5 RU VDYHG DV D ILOH

ORFDOO\ IRU XVH LQ RWKHU YLVXDOL]DWLRQ WRROV� %RWK WKH 5 SDFNDJH DQG WKH ZHE UHVRXUFH DUH

DYDLODEOH�XQGHU�WKH�RSHQ�VRXUFH�0,7�/LFHQVH�

VF51$�VHT�GDWD�RQ�SK\VLFDO�SURWHLQ�FRPSOH[HV

+DYLQJ D FRORU HQFRGLQJ RI KLJK�GLPHQVLRQDO GDWD LV XVHIXO ZKHQHYHU \RX ZDQW WR YLVXDOL]H

WKH GDWD LQ WKH FRQWH[W RI VRPH RWKHU LQIRUPDWLRQ� VLQFH LW IUHHV XS WKH VSDWLDO FRRUGLQDWHV�

)RU H[DPSOH� WUDQVFULSWRPLFV DQG SURWHRPLFV GDWD DUH FRPPRQO\ YLVXDOL]HG RQWR

JHQH�SURWHLQ QHWZRUNV� :H H[HPSOLI\ WKLV XVH RI WKH 8�&,( PHWKRG E\ DSSO\LQJ LW WR QHWZRUN

YLVXDOL]DWLRQ RI D VF51$�VHT GDWD RI ������ JHQHV DFURVV ���� FHOOV� :H XVHG 8�&,( WR

FRQYHUW WKLV GDWD WR D FRORU IRU HDFK JHQH DQG PDSSHG WKHP RQ D SK\VLFDO SURWHLQ LQWHUDFWLRQ

QHWZRUN IURP 675,1* Y���� ������� �FRQILGHQFH FXWRII ����� XVLQJ &\WRVFDSH ����� 7KLV

DOORZV XV WR JUDSKLFDOO\ VXPPDUL]H WKH WUDQVFULSWLRQDO UHJXODWLRQ RI WKH LQGLYLGXDO VXEXQLWV

ZLWKLQ SURWHLQ FRPSOH[HV� )LJXUH � VKRZV WKH VL[ ODUJHVW FRQQHFWHG FRPSRQHQWV RI WKH

QHWZRUN� 6HYHUDO FOXVWHUV FRUUHVSRQGLQJ WR ODUJH SURWHLQ FRPSOH[HV ZLWK PDQ\ JUHHQ
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VXEXQLWV VWDQG RXW LQ WKH QHWZRUN� LQFOXGLQJ WKH F\WRVROLF DQG PLWRFKRQGULDO ULERVRPHV� WKH

SURWHDVRPH� DQG WKH HOHFWURQ WUDQVIHU FKDLQ FRPSOH[HV� $V WKHVH FDUU\ RXW KRXVHNHHSLQJ

IXQFWLRQV LW PDNHV VHQVH WKDW WKH\ KDYH YHU\ VLPLODU H[SUHVVLRQ SDWWHUQV DFURVV FHOOV DQG

WKXV KDYH WKH VDPH FRORU� 7KH HOHFWURQ WUDQVIHU FKDLQ FRPSOH[HV DOVR KDYH D IHZ EOXH

VXEXQLWV� ZKLFK DUH WKH RQHV HQFRGHG E\ WKH PLWRFKRQGULDO FKURPRVRPH� 7KH QHWZRUN DOVR

FRQWDLQV D FOXVWHU RI WDQ SURWHLQV� ZKLFK DUH LQYROYHG LQ FRUH FHOO�F\FOH SURFHVVHV� VXFK DV

WKH F\FOLQ�GHSHQGHQW SURWHLQ NLQDVHV DQG '1$ UHSOLFDWLRQ FRPSOH[HV� 7KLV H[DPSOH

LOOXVWUDWHV WKDW 8�&,( LV DEOH WR DVVLJQ FRORUV WR JHQHV EDVHG RQ VF51$�VHT GDWD LQ D

ELRORJLFDOO\�PHDQLQJIXO�ZD\�
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)LJXUH �� &RORU HQFRGLQJ WKH VF51$�VHT RQ SK\VLFDO SURWHLQ FRPSOH[HV� 7R LOOXVWUDWH KRZ 8�&,( FDQ EH

XVHG WR YLVXDOL]H H[SUHVVLRQ GDWD RQ SURWHLQ QHWZRUNV� ZH GRZQORDGHG D SXEOLVKHG VF51$�VHT GDWDVHW ZLWK D

UHDG�FRXQW PDWUL[ RI ���� FHOOV ����� :H DSSOLHG 8�&,( WR WKH WUDQVSRVHG PDWUL[ �JHQHV DV FROXPQV� FHOOV DV

URZV�� H[SRUWHG WKH FRORUV� DQG YLVXDOL]HG WKHP RQ D SK\VLFDO SURWHLQ±SURWHLQ LQWHUDFWLRQ QHWZRUN IURP WKH

675,1* GDWDEDVH ��� �FRQILGHQFH FXWRII ����� XVLQJ &\WRVFDSH ���� ,Q WKH ILJXUH� ZH VKRZ WKH VL[ ODUJHVW

FRQQHFWHG FRPSRQHQWV� 7KH QHWZRUN FRQWDLQV VHYHUDO ODUJH GDUN JUHHQ FOXVWHUV� WKHVH FRUUHVSRQG WR ODUJH

FRPSOH[HV RI KRXVHNHHSLQJ SURWHLQV� VXFK DV WKH F\WRVROLF DQG PLWRFKRQGULDO ULERVRPHV� WKH SURWHDVRPH� DQG

WKH HOHFWURQ WUDQVSRUW FKDLQ FRPSOH[HV� 7KH ODWWHU DOVR FRQWDLQ VRPH EOXH VXEXQLWV� ZKLFK DUH WKH SURWHLQV

HQFRGHG E\ WKH PLWRFKRQGULDO JHQRPH� 7KH OHVV REYLRXV FOXVWHU RI WDQ QRGHV FRUUHVSRQGV WR FRUH FHOO�F\FOH

SURWHLQV��LQFOXGLQJ�F\FOLQ�GHSHQGHQW�SURWHLQ�NLQDVHV�DQG�WKH�'1$�UHSOLFDWLRQ�FRPSOH[HV�

0LFURELRPH�FRPSRVLWLRQV�RQ�D�ZRUOG�PDS
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8�&,( LV QRW OLPLWHG WR VLQJOH�FHOO GDWD� )LJXUH � VKRZV D FRPSOHWHO\ GLIIHUHQW XVH FDVH�

QDPHO\ YLVXDOL]DWLRQ RI PLFURELRPH FRPSRVLWLRQV� 6SHFLILFDOO\� ZH XVHG 8�&,( WR FRORU WKH

VDPSOLQJ VWDWLRQV RI WKH 7DUD 2FHDQV SURMHFW ���� EDVHG RQ WKHLU ��6 WD[RQRPLF SURILOHV

IURP VXUIDFH ZDWHU VDPSOHV� &RPELQLQJ WKHVH FRORUV ZLWK WKH ORQJLWXGHV DQG ODWLWXGHV RI WKH

VDPSOLQJ VWDWLRQV HQDEOHV XV WR VKRZ WKH PLFURELRPH FRPSRVLWLRQV RQ D ZRUOG PDS �)LJXUH

�$�� 7KLV PDNHV LW LPPHGLDWHO\ FOHDU WKDW WKH VDPSOHV IURP VRPH RFHDQV KDYH TXLWH VLPLODU

PLFURELRPH FRPSRVLWLRQ� )RU H[DPSOH� VDPSOHV IURP WKH 0HGLWHUUDQHDQ 6HD WHQG WR EH EOXH

ZKLOH�VDPSOHV�IURP�WKH�,QGLDQ�2FHDQ�WHQG�WR�EH�\HOORZ��)LJXUH��$��

7KH FRORUV SURGXFHG E\ 8�&,( FDQ DOVR EH LQWHUSUHWHG LQ WHUPV RI HQYLURQPHQWDO

IDFWRUV WKDW GULYH PLFURELRPH FRPSRVLWLRQ� :H GLG WKLV E\ FRUUHODWLQJ HDFK IDFWRU PHDVXUHG

LQ WKH 7DUD 2FHDQV SURMHFW ZLWK WKH LQGLYLGXDO &,(/$% FRORU D[HV� 7KH VWURQJHVW FRUUHODWLRQ

IRXQG LV WKDW WKH EOXH±\HOORZ D[LV �E
� FRUUHODWHV ZLWK ZDWHU WHPSHUDWXUH �3&& ����� )LJXUH

�%�� 7KLV DJUHHV ZLWK WKH REVHUYDWLRQ LQ WKH RULJLQDO SXEOLFDWLRQ WKDW WHPSHUDWXUH FRUUHODWHV

VWURQJO\ ZLWK PLFURELRPH FRPSRVLWLRQ ����� 7KH OLJKWQHVV �/
� DOVR FRUUHODWHV ZLWK ZDWHU

WHPSHUDWXUH �3&& ����� )LJXUH �&� EXW VKRZV D VWURQJHU QHJDWLYH FRUUHODWLRQ ZLWK WKH

GLVVROYHG R[\JHQ FRQFHQWUDWLRQ �3&& ������ )LJXUH �'�� 7RJHWKHU� WKHVH D[HV WKXV FRUUHFWO\

FDSWXUH� IURP ��6 DEXQGDQFH SURILOHV� WKDW WKH ,QGLDQ RFHDQ LV ZDUP ZLWK ORZ R[\JHQ� WKH

1RUWK $WODQWLF 2FHDQ LV FROG ZLWK KLJK R[\JHQ� DQG WKH 3DFLILF 2FHDQ KDV ORZ R[\JHQ DQG

KLJKO\ YDU\LQJ WHPSHUDWXUHV� )LQDOO\� WKH JUHHQ±UHG D[LV �D
� FRUUHODWHV ZLWK GLVVROYHG

QLWULWH�QLWUDWH FRQFHQWUDWLRQ �SDQHO (�� IRU H[DPSOH� WKH PLGGOH RI WKH 3DFLILF 2FHDQ LV D

KLJK�QLWURJHQ�HQYLURQPHQW��ZKHUHDV�WKH�ZDWHUV�DURXQG�3DQDPD�KDYH�ORZ�QLWURJHQ�
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)LJXUH �� &RORU HQFRGLQJ WKH PLFURELRPH FRPSRVLWLRQV RI RFHDQ VXUIDFH ZDWHU VDPSOHV� ��6 U51$

PLFURELRPH FRPSRVLWLRQ RI VXUIDFH ZDWHU VDPSOHV IURP WKH 7DUD 2FHDQV ���� VDPSOLQJ VWDWLRQV ZHUH HQFRGHG DV

FRORUV XVLQJ 8�&,(� 7KH UHVXOWLQJ FRORUV ZHUH PDSSHG RQWR WKH JHRJUDSKLF ORFDWLRQV RI WKH VDPSOLQJ VWDWLRQV

�SDQHO $�� 7KH EOXH±\HOORZ �E
� D[LV FRUUHODWHV ZLWK ZDWHU WHPSHUDWXUH �SDQHO %�� WKH OLJKWQHVV �/
� FRUUHODWHV
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SRVLWLYHO\ ZLWK WHPSHUDWXUH GLVVROYHG �SDQHO &� DQG QHJDWLYHO\ ZLWK R[\JHQ FRQFHQWUDWLRQ �SDQHO '�� DQG WKH

JUHHQ±UHG�D[LV��D
��FRUUHODWHV�ZLWK�GLVVROYHG�QLWULWH�QLWUDWH�FRQFHQWUDWLRQ��SDQHO�(��

6800$5<

:H KDYH GHYHORSHG D QHZ YLVXDOL]DWLRQ WRRO� 8�&,(� ZKLFK DOORZV DUELWUDU\ KLJK�GLPHQVLRQDO

GDWD WR EH HQFRGHG DV FRORUV� 7KH PHWKRG ILUVW XVHV H[LVWLQJ GLPHQVLRQDOLW\ UHGXFWLRQ

WHFKQLTXHV� H�J� 80$3� WR UHGXFH WKH LQSXW GDWD WR WKUHH GLPHQVLRQV� DQG QH[W HPEHGV WKLV

UHSUHVHQWDWLRQ RI WKH GDWD ZLWKLQ WKH &,(/$% FRORU VSDFH� :H LOOXVWUDWH WKH XVHIXOQHVV RI

8�&,( E\ DSSO\LQJ LW WR L� YLVXDOL]DWLRQ RI VF51$�VHT GDWD RQ D SK\VLFDO SURWHLQ LQWHUDFWLRQ

QHWZRUN DQG LL� YLVXDOL]DWLRQ RI PLFURELRPH FRPSRVLWLRQ IURP VDPSOLQJ VWDWLRQV RQ D ZRUOG

PDS� 8�&,( LV DYDLODEOH ERWK DV D ZHE UHVRXUFH DW KWWSV���X�FLH�MHQVHQODE�RUJ� DQG DV DQ 5

SDFNDJH�

'$7$�$9$,/$%,/,7<

(DFK WUDFN RIIHUV D GLIIHUHQW VPDOO H[DPSOH GDWDVHW� 7KH µ6LQJOH FHOOV¶ WUDFN XVHV D VLQJOH�FHOO

51$�VHT GDWDVHW RI KXPDQ HPEU\RQLF VWHP FHOOV �*(2 DFFHVVLRQ FRGH *6(������ �����

7KH µ+LJK GLPHQVLRQDO¶ WUDFN XVHV DQ $II\PHWUL[ WLPH FRXUVH GDWDVHW RI 'URVRSKLOD

PHODQRJDVWHU HPEU\RJHQHVLV ����� 7KH µ'LVWDQFH PDWUL[¶ H[DPSOH XVHV WKH EDFWHULDO VSHFLHV

WUHH DYDLODEOH IURP WKH L72/ ZHE UHVRXUFH �KWWSV���LWRO�HPEO�GH� ����� )RU WKH µ�' 'DWD¶ WUDFN

ZH XVHG WKH VDPH GDWDVHW DV LQ WKH µ+LJK GLPHQVLRQDO¶ WUDFN� UHGXFHG WR WKUHH GLPHQVLRQV

ZLWK ORFDOO\ OLQHDU HPEHGGLQJ� )LQDOO\� WKH GDWDVHW XVHG WR FUHDWH )LJXUH � FRPHV IURP ����

DQG�FDQ�EH�GRZQORDGHG�IURP KWWS���RFHDQ�PLFURELRPH�HPEO�GH�

&2'(�$9$,/$%,/,7<

7KH 8�&,( VRXUFH FRGH LV DYDLODEOH DW KWWSV���JLWKXE�FRP�PLNHONRX�8�&,(B:HEB5HVRXUFH�

7KH 5 SDFNDJH µXFLH¶ FRGH LV DYDLODEOH DW KWWSV���JLWKXE�FRP�PLNHONRX�XFLH� WKURXJK &5$1

�LQVWDOO�SDFNDJHV��XFLH�����DQG�WKURXJK�GHYWRROV��GHYWRROV�LQVWDOOBJLWKXE��PLNHONRX�XFLH���

$&.12:/('*(0(17

7KH DXWKRUV DFNQRZOHGJH .DWHULQD 1DVWRX IRU LQSXW RQ ILJXUHV DQG &DVSHU +� %ODDXZ IRU

LQSXW�RQ�WKH�5�FRGH�

)81',1*

7KLV ZRUN ZDV VXSSRUWHG E\ WKH 1RYR 1RUGLVN )RXQGDWLRQ >11)��&&����@ DQG

>11)��6$�������@� )XQGLQJ IRU RSHQ DFFHVV FKDUJH� 1RYR 1RUGLVN )RXQGDWLRQ

>11)��&&����@�DQG�>11)��6$�������@�
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&21)/,&7�2)�,17(5(67

1RQH�GHFODUHG�

5()(5(1&(6

�� /-�YDQ�GHU�0DDWHQ��3RVWPD3�(��-�YDQ�GHQ�+HULN��'LPHQVLRQDOLW\�UHGXFWLRQ��D
FRPSDUDWLYH�UHYLHZ��-RXUQDO�RI�0DFKLQH�/HDUQLQJ�5HVHDUFK������������������±���

�� YDQ�GHU�0DDWHQ��/-��+LQWRQ��*��0*��*HRIIUH\��9LVXDOL]LQJ�'DWD�XVLQJ�W�61(��-�0DFK
/HDUQ�5HV����������������������

�� 0F,QQHV�/��+HDO\�-��0HOYLOOH�-��80$3��8QLIRUP�0DQLIROG�$SSUR[LPDWLRQ�DQG�3URMHFWLRQ
IRU�'LPHQVLRQ�5HGXFWLRQ��$U;LY����������&V�6WDW�>,QWHUQHW@�������6HS����>FLWHG�����
$SU��@��$YDLODEOH�IURP��KWWS���DU[LY�RUJ�DEV�����������

�� +LQWRQ�*(��6DODNKXWGLQRY�55��5HGXFLQJ�WKH�'LPHQVLRQDOLW\�RI�'DWD�ZLWK�1HXUDO
1HWZRUNV��6FLHQFH�������-XO�����������������±��

�� ,QWHUQDWLRQDOH�%HOHXFKWXQJVNRPPLVVLRQ��HGLWRU��&RORULPHWU\���UG�HG��:LHQ��&RPP�
,QWHUQDW��GH�O¶pFODLUDJH�����������S���3XEOLFDWLRQ���&,(��

�� :DQJ�)<��7DNDWVXND�0��6HOI�RUJDQL]LQJ�0DS��620��%DVHG�'DWD�1DYLJDWLRQ�IRU
,GHQWLI\LQJ�6KDSH�6LPLODULWLHV�RI�*UDSKLF�/RJRV��1HXUDO�3URFHVV�/HWW������
-XQ����������±���

�� +DR�<��+DR�6��$QGHUVHQ�1LVVHQ�(��0DXFN�:0��=KHQJ�6��%XWOHU�$��HW�DO��,QWHJUDWHG
DQDO\VLV�RI�PXOWLPRGDO�VLQJOH�FHOO�GDWD�>,QWHUQHW@��*HQRPLFV�������2FW�>FLWHG������0DU
�@��$YDLODEOH�IURP��KWWS���ELRU[LY�RUJ�ORRNXS�GRL��������������������������

�� -RKQ�$��1HOGHU�DQG�5RJHU�0HDG��$�VLPSOH[�PHWKRG�IRU�IXQFWLRQ�PLQLPL]DWLRQ�
&RPSXWHU�-RXUQDO������������������

�� 6LHYHUW�&��,QWHUDFWLYH�ZHE�EDVHG�GDWD�YLVXDOL]DWLRQ�ZLWK�5��SORWO\��DQG�VKLQ\��%RFD
5DWRQ��)/��&5&�3UHVV��7D\ORU�DQG�)UDQFLV�*URXS�������

��� 6]NODUF]\N�'��*DEOH�$/��1DVWRX�.&��/\RQ�'��.LUVFK�5��3\\VDOR�6��HW�DO��7KH�675,1*
GDWDEDVH�LQ�������FXVWRPL]DEOH�SURWHLQ±SURWHLQ�QHWZRUNV��DQG�IXQFWLRQDO
FKDUDFWHUL]DWLRQ�RI�XVHU�XSORDGHG�JHQH�PHDVXUHPHQW�VHWV��1XFOHLF�$FLGV�5HV������
-DQ������'���'���±���

��� 'RQFKHYD�17��0RUULV�-+��*RURGNLQ�-��-HQVHQ�/-��&\WRVFDSH�6WULQJ$SS��1HWZRUN
$QDO\VLV�DQG�9LVXDOL]DWLRQ�RI�3URWHRPLFV�'DWD��-�3URWHRPH�5HV�������)HE
�����������±���

��� 6KDQQRQ�3��&\WRVFDSH��$�6RIWZDUH�(QYLURQPHQW�IRU�,QWHJUDWHG�0RGHOV�RI�%LRPROHFXODU
,QWHUDFWLRQ�1HWZRUNV��*HQRPH�5HV�������1RY��������������±����

��� &KX�/�)��/HQJ�1��=KDQJ�-��+RX�=��0DPRWW�'��9HUHLGH�'7��HW�DO��6LQJOH�FHOO�51$�VHT
UHYHDOV�QRYHO�UHJXODWRUV�RI�KXPDQ�HPEU\RQLF�VWHP�FHOO�GLIIHUHQWLDWLRQ�WR�GHILQLWLYH
HQGRGHUP��*HQRPH�%LRO�������'HF�����������

��� 6XQDJDZD�6��&RHOKR�/3��&KDIIURQ�6��.XOWLPD�-5��/DEDGLH�.��6DOD]DU�*��HW�DO��6WUXFWXUH
DQG�IXQFWLRQ�RI�WKH�JOREDO�RFHDQ�PLFURELRPH��6FLHQFH�������0D\
���������������������

��� 7RPDQFDN�3��%HDWRQ�$��:HLV]PDQQ�5��.ZDQ�(��6KX�6��/HZLV�6(��HW�DO��6\VWHPDWLF
GHWHUPLQDWLRQ�RI�SDWWHUQV�RI�JHQH�H[SUHVVLRQ�GXULQJ�'URVRSKLOD�HPEU\RJHQHVLV�
*HQRPH�%LRO�������������UHVHDUFK�������

��� /HWXQLF�,��%RUN�3��,QWHUDFWLYH�7UHH�2I�/LIH��L72/���DQ�RQOLQH�WRRO�IRU�SK\ORJHQHWLF�WUHH
GLVSOD\�DQG�DQQRWDWLRQ��%LRLQIRUPDWLFV�������-DQ������������±��
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