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'HSDUWPHQW RI (OHFWULFDO (QJLQHHULQJ�

1DWLRQDO &KXQJ &KHQJ 8QLYHUVLW\�

&KLD�<L� 7DLZDQ� 5�2�&�

(PDLO� RVFDO#HH�FFX�HGX�WZ

$%675$&7

%DVHG RQ WKH UDGL[�� %RRWK DOJRULWKP� ZH GHYHORSHG D

KLJKO\�VFDOHDEOH V\PPHWULF�DV\PPHWULF ILQLWH LPSXOVH

UHVSRQVH �),5� DUFKLWHFWXUH ZKLFK FRPSULVHV D SUH�

SURFHVVLQJ XQLW� GDWD ODWFKHV� FRQILJXUDEOH FRQQHFWLRQ XQLWV�

GRXEOH %RRWK GHFRGHUV� FRHIILFLHQW UHJLVWHUV� D SDWK FRQWURO

XQLW� DQG D SRVW�SURFHVVLQJ XQLW� ,Q RUGHU WR DFKLHYH

VFDOHDELOLW\� WKH FRQILJXUDEOH FRQQHFWLRQ XQLWV EHWZHHQ GDWD

ODWFKHV DQG WKH GRXEOH %RRWK GHFRGHUV KDYH EHHQ HIIHFWLYHO\

DGGUHVVHG� 7KH SUHFLVLRQ RI ILOWHU FRHIILFLHQWV LV DGMXVWDEOH E\

XVLQJ D SDWK FRQWURO XQLW� 7KH GRXEOH %RRWK GHFRGHU ZLWK

VLQJOH DQG GRXEOH %RRWK GHFRGLQJ LV HIILFLHQWO\ LPSOHPHQWHG�

(VSHFLDOO\� WKH SURSRVHG DUFKLWHFWXUH RQO\ HPSOR\V GDWD�SDWK

FRQWUROV WR DFFRPSOLVK WKH VFDOHDEOH RSHUDWLRQV ZLWKRXW

FKDQJLQJ ZRUG OHQJWKV DQG FRPSRQHQWV RI GDWD ODWFKHV DQG

ILOWHU WDSV� $ SUDFWLFDO ),5 SURFHVVRU� ZKLFK FDQ

DFFRPPRGDWH G\QDPLF UDQJHV RI � DQG �� ELWV RI LQSXW GDWD

DQG ILOWHU FRHIILFLHQWV� ZDV LPSOHPHQWHG E\ XVLQJ WKH

&203$66 �9 FHOO OLEUDU\ LQ WKH 760& ��� µ P &026

WHFKQRORJ\� 7KLV SURFHVVRU VXSSRUWV WHQ GLIIHUHQW RSHUDWLRQ

PRGHV RI DV\PPHWULF� V\PPHWULF� DQG DQWL�V\PPHWULF ILOWHU

FRHIILFLHQWV DW ��� ��� ��� RU �� WDSV IRU YDULRXV LQGXVWULDO

DSSOLFDWLRQV�

�� ,1752'8&7,21

)LOWHUV RI WKH ILQLWH LPSXOVH UHVSRQVH �),5� KDYH EHHQ ZLGHO\

XVHG LQ PDQ\ UHDO�ZRUOG DSSOLFDWLRQV VXFK DV

FRPPXQLFDWLRQ SURFHVVLQJ DQG PXOWLPHGLD FRPSXWLQJ >���@�

(IILFLHQW ),5 LPSOHPHQWDWLRQ KDV EHHQ H[KDXVWLYHO\

H[SORUHG LQ WKH UHFHQW GHFDGH� 7KH PDMRU RSHUDWLRQ RI D ),5

ILOWHU LV WKH FRQYROXWLRQ ZKLFK FDQ EH DFFRPSOLVKHG E\ XVLQJ

DGGHUV� PXOWLSOLHUV� DQG GHOD\ HOHPHQWV� 8VXDOO\� D PXOWLSOLHU

WDNHV D ORW RI FRPSXWDWLRQ WLPH WR UHDOL]H LWV IXQFWLRQ DV ZHOO

DV KLJK LPSOHPHQWDWLRQ FRVW� ,Q RUGHU WR HIIHFWLYHO\ UHGXFH

FRPSXWDWLRQ WLPH DQG KDUGZDUH FRPSOH[LWLHV� KLJK�VSHHG

),5 ILOWHUV ZLWKRXW XVLQJ PXOWLSOLHUV KDYH EHHQ DGGUHVVHG E\

PDQ\ UHVHDUFKHUV� 7KHVH PXOWLSOLHUOHVV ILOWHUV FDQ EH

FODVVLILHG E\ D PHPRU\�EDVHG DSSURDFK� D FDQRQLFDO VLJQHG�

GLJLW �&6'� DSSURDFK� DQG D %RRWK�DOJRULWKP DSSURDFK� 7KH

VLPSOLILHG PXOWLSOLHUOHVV ),5 GHVLJQ LQ WKHVH WKUHH

DSSURDFKHV DOORZV HDV\ LQFRUSRUDWLRQ RI SURJUDPPDELOLW\�

+RZHYHU� WKH ),5 ZLWK VFDOHDEOH G\QDPLF UDQJHV RI LQSXW

GDWD DQG ILOWHU FRHIILFLHQWV LV QRW VWUDLJKWIRUZDUGO\

DFKLHYDEOH�

+HUH� ZH FRQVLGHU WR LPSURYH WKH FRQYHQWLRQDO ),5

VWUXFWXUHV ZLWK VFDOHDEOH G\QDPLF UDQJHV RI LQSXW GDWD DQG

ILOWHU FRHIILFLHQWV� ,Q WKH PHPRU\�EDVHG ),5 GHVLJQ� WKH

ZRUG OHQJWK RI LQSXW GDWD DQG SUHFLVLRQ RI ILOWHU FRHIILFLHQWV

DUH XVXDOO\ IL[HG IRU RQH PHPRU\ FRQILJXUDWLRQ� ,Q RUGHU WR

DFKLHYH VFDOHDELOLW\� ZH KDYH WR FRQILJXUH WKH PHPRU\ FHOOV

DQG UHDUUDQJH FRQQHFWLRQV DPRQJ WDSV� 'XH WR D KLJK FRVW RI

WKH RULJLQDO DUFKLWHFWXUH IRU D ODUJH G\QDPLF GDWD UDQJH� WKH

PHPRU\�EDVHG ),5 PD\ QRW EH D JRRG FDQGLGDWH IRU

VFDOHDEOH GHVLJQ� ,Q WKH &6' ),5 GHVLJQ� ILOWHU FRHIILFLHQWV

DUH HDVLO\ VFDOHDEOH EXW IXQFWLRQDO XQLWV LQ HDFK WDS UHTXLUH

WKH PD[LPXP ZRUG�OHQJWK GHVLJQ� $OO &6' WDSV DUH GLUHFWO\

DGGUHVVHG E\ HYHU\ LQSXW GDWXP XVLQJ WKH IL[HG ZRUG�OHQJWK

KDUGZDUH� :KHQ FRQVLGHULQJ D ODUJH G\QDPLF UDQJH RI LQSXW

GDWD� ZH QHHG SDUWLWLRQ LQSXW GDWD WR EH D VXE�GDWXP

VHTXHQFH� ,Q VXFK D FDVH� WKHUH LV D QHHG RI WKH FRPSOLFDWHG

WDS GHVLJQ WR VXSSRUW WKLV ),5 FRPSXWLQJ� 7KH &6' ),5V

ZLWK VFDOHDEOH G\QDPLF UDQJHV RI LQSXW GDWD PD\ QRW EH

UHDOL]HG DW D ORZ FRVW� %\ HPSOR\LQJ WKH %RRWK DOJRULWKP LQ

WKH ),5 GHVLJQ� LQSXW GDWD DUH UHFRGHG LQ WKH ELW�OHYHO IRUPDW

VXFK WKDW GLIIHUHQW G\QDPLF UDQJHV RI LQSXW GDWD FDQ EH

DFKLHYHG E\ FRQILJXULQJ FRQQHFWLRQV EHWZHHQ DQ LQSXW ELW�

OHYHO VHTXHQFH DQG ILOWHU WDSV� ,Q DGGLWLRQ� SUHFLVLRQ RI ILOWHU

FRHIILFLHQWV FDQ EH VFDOHG E\ FRQILJXULQJ FRQQHFWLRQV DPRQJ

ILOWHU WDSV GXH WR WKHLU UHJXODU VWUXFWXUHV� 7KHUHIRUH� WKH ),5

VWUXFWXUH XVLQJ WKH %RRWK DOJRULWKP FDQ EH D FRVW�HIIHFWLYH

GHVLJQ WR DFKLHYH VFDOHDEOH FDSDELOLW\�

,Q WKLV SDSHU� ZH SURSRVH D QHZ ),5 VWUXFWXUH ZKLFK

SURYLGHV XVHUV PRUH IOH[LEO\ WR PDQLSXODWH LQSXW GDWD DQG

ILOWHU FRHIILFLHQWV� %DVHG RQ WKLV DUFKLWHFWXUH� D SUDFWLFDO ),5

SURFHVVRU ZLWK ��ELW DQG ���ELW G\QDPLF UDQJHV RI LQSXW GDWD

DQG ILOWHU FRHIILFLHQWV ZDV LPSOHPHQWHG E\ XVLQJ 760&

��� µ P &026 WHFKQRORJ\� ,W FDQ VXSSRUW WHQ GLIIHUHQW

RSHUDWLRQ PRGHV LQ IRXU JURXSV RI ��� ���WDS DV\PPHWULF�

���WDS DQG ���WDS �DQWL��V\PPHWULF ��ELW ILOWHU FRHIILFLHQWV DW

��ELW LQSXW GDWD� ��� ���WDS DV\PPHWULF� ���WDS DQG ���WDS

�DQWL��V\PPHWULF ���ELW ILOWHU FRHIILFLHQWV DW ��ELW LQSXW GDWD�

��� ���WDS DV\PPHWULF ��ELW ILOWHU FRHIILFLHQWV DW ���ELW LQSXW

GDWD� DQG ��� ���WDS DV\PPHWULF� ���WDS DQG ���WDS �DQWL��

V\PPHWULF ���ELW ILOWHU FRHIILFLHQWV DW ���ELW LQSXW GDWD�

�� ),5 86,1* 7+( 5$',;�� %227+

$/*25,7+0

*HQHUDOO\� WKH DGHTXDWH DUFKLWHFWXUH XVHG IRU LPSOHPHQWLQJ

DQ ),5 LV GHWHUPLQHG E\ WKH UDWH RI WKH LQSXW DQG RXWSXW

VHTXHQFHV DQG� HVSHFLDOO\� WKH VSHHG RI D PXOWLSOLFDWLRQ�

DFFXPXODWLRQ RSHUDWLRQ LV YHU\ FULWLFDO� ,Q RUGHU WR UHGXFH WKH

FRPSOH[LW\ RI PXOWLSOLFDWLRQ >�@� WKH UDGL[�� %RRWK

DOJRULWKP LV XWLOL]HG WR LQWHUSUHW LQSXW GDWD RI ;� (DFK GDWXP

RI ;L LV SDUWLWLRQHG LQWR PDQ\ ��ELW JURXSV� WULSOHWV� HDFK RI

ZKLFK KDV RQH ELW RYHUODSSHG ZLWK WKH SUHYLRXV JURXS�

+HQFH� WKH �©V FRPSOHPHQW RI ;L ZLWK D ZRUGOHQJWK RI : FDQ

EH UHSUHVHQWHG E\
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$FFRUGLQJ WR (T� ���� ( )Õ ë Ö
� ü ÿ ü− ¿

¿ LV WKH LQWHUPHGLDWH

SURGXFW ZKLFK FDQ EH UHSUHVHQWHG E\ � GLIIHUHQW YDOXHV RI

��&M� �&M� �� &M� DQG �&M� ,Q DGGLWLRQ� WKH PXOWLSOLFDWLRQ

EHWZHHQ DQ LQSXW GDWXP DQG D ILOWHU FRHIILFLHQW UHTXLUHV Z��

VXPPDWLRQV� )RU DQ 1�WDS ),5� WKH PXOWLSOLFDWLRQ EHWZHHQ
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FDQ EH DFFRPSOLVKHG E\ WKH UDGL[�� %RRWK

DOJRULWKP� %\ DSSO\LQJ (T� ���� ZH FDQ REWDLQ
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ZKHUH × ë
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ü
» ¼ UHSUHVHQWV WKH VLJQDO ë WR EH GHOD\HG DW L

FORFN F\FOHV DQG V UHSUHVHQWV WKH GHOD\ HOHPHQW LQ WKH LQSXW

VLJQDO IORZ $FFRUGLQJ WR (T� ���� ZH FDQ FRQVWUXFW WKH

GLUHFW�IRUP ),5 DUFKLWHFWXUH UHTXLULQJ DFFXPXODWLRQV LQ HDFK

WDS WR VXP XS LQWHUPHGLDWH SURGXFWV� ,Q RUGHU WR LPSURYH WKLV

DUFKLWHFWXUH� (T� ��� FDQ EH UHDUUDQJHG WR REWDLQ WKH

IROORZLQJ HTXDWLRQ�
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%DVHG RQ (T� ���� WKH PRGLILHG ),5 DUFKLWHFWXUH LV VKRZQ LQ

)LJ� �� 7KH DFFXPXODWLRQ LQ HDFK WDS LV PRYHG WR WKH SRVW�

SURFHVVLQJ XQLW VXFK WKDW WKH ZRUG OHQJWK DQG KDUGZDUH

FRPSRQHQWV RI HDFK WDS DUH RSWLPL]HG� ,Q RUGHU WR LQFUHDVH

WKH WKURXJKSXW UDWH� GDWD ODWFKHV FDQ EH LQVHUWHG WR WKH

DFFXPXODWLRQ IORZ� +RZHYHU� DGGLWLRQDO GDWD ODWFKHV DUH DOVR

UHTXLUHG LQ WKH LQSXW VLJQDO IORZ IRU WKH GLUHFW�IRUP VWUXFWXUH

DV VKRZQ LQ )LJ� �� :KHQ FRQVLGHULQJ WKH WUDQVSRVHG GLUHFW�

IRUP VWUXFWXUH DV VKRZQ LQ )LJ� �� GDWD ODWFKHV RI WKH LQSXW

VLJQDO IORZ FDQ EH FRUUHVSRQGLQJO\ UHGXFHG DV GHVFULEHG LQ

WKH IROORZLQJ HTXDWLRQ�
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ZKHUH WKH V\PERO� D� RI ×
ô

» ¼• UHSUHVHQWV WKH GHOD\ HOHPHQW

LQ WKH DFFXPXODWLRQ IORZ� 7KHUHIRUH� WKH WUDQVSRVHG GLUHFW�

IRUP ),5 DUFKLWHFWXUH EDVHG RQ WKH UDGL[�� %RRWK DOJRULWKP

LV EHWWHU WKDQ WKH GLUHFW�IRUP RQH IRU KLJK�VSHHG FRPSXWLQJ�

)XUWKHUPRUH� WKH �DQWL��V\PPHWULF ),5 FDQ EH HIILFLHQWO\

LPSOHPHQWHG E\ XVLQJ WKH WUDQVSRVHG GLUHFW�IRUP

DUFKLWHFWXUH DV VKRZQ LQ )LJ� �� $FFRUGLQJ WR )LJ� �� ZH FDQ

REVHUYH WKDW WKH GLUHFWLRQ RI LQSXW VLJQDO IORZ LV LQYHUVH WR

WKDW RI WKH DFFXPXODWLRQ IORZ� DQG WKHQ GDWD ODWFKHV LQ WKH

LQSXW VLJQDO IORZ DUH FRUUHVSRQGLQJO\ GHFUHDVHG GXH WR

SLSHOLQLQJ LQ WKH DFFXPXODWLRQ IORZ� ,I GLUHFWLRQV RI WKH LQSXW

VLJQDO IORZ DQG DFFXPXODWLRQ IORZ DUH WKH VDPH� WKH GDWD

ODWFKHV LQ WKH LQSXW VLJQDO IORZ DUH LQFUHDVHG� 2WKHUZLVH� WKH

QXPEHU RI GDWD ODWFKHV LQ WKH LQSXW VLJQDO IORZ UHPDLQV WKH

VDPH IRU WKH FDVH RI DQ HYHQ QXPEHU RI ILOWHU WDSV� +HUH� ZH

LOOXVWUDWH D V\PPHWULF ),5 ZLWK DQ HYHQ QXPEHU RI ILOWHU WDSV�

(T� ��� FDQ EH PRGLILHG WR
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ZKHUH WKH GRXEOH %RRWK GHFRGHU� ( )�
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KDYH QLQH SRVVLEOH YDOXHV RI ��&L� ��&L� ��&L� �&L� �� &L� �&L�

�&L� DQG �&L�

�� 352326(' ),5 $5&+,7(&785(

7KH FKRLFH RI VWUXFWXUH IRU WKH LPSOHPHQWDWLRQ RI DQ ),5

LQFOXGHV FRQVLGHUDWLRQ RI IDFWRUV VXFK DV KDUGZDUH

FRPSOH[LW\� GHVLUHG WKURXJKSXW DQG ILOWHULQJ SHUIRUPDQFH�

7KH PDLQ FKDOOHQJH ZRXOG EH WR RSWLPL]H IOH[LEOH

DUFKLWHFWXUHV IRU YDULRXV ),5 DSSOLFDWLRQV DW D ORZ FRVW� ,Q

RUGHU WR DFKLHYH VFDOHDEOH G\QDPLF UDQJHV RI LQSXW GDWD DQG

ILOWHU FRHIILFLHQWV� (T� ��� LV PRGLILHG E\ WKH IROORZLQJ ZD\�
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ZKHUH &L�M LV WKH MWK VXE�SUHFLVLRQ FRPSRQHQW RI &L� 3 LV WKH

QXPEHU RI VXE�FRHIILFLHQWV� DQG N UHSUHVHQWV WKH ELW QXPEHU

RI D VXE�FRHIILFLHQW� $FFRUGLQJ WR (T� ���� VFDOHDELOLW\ FDQ EH

UHDOL]HG LQ WKH FRQWURO RI : DQG 3� %DVHG RQ WKH UDGL[��

%RRWK DOJRULWKP WR DFFRPSOLVK PXOWLSOLFDWLRQ� WKH SURSRVHG

KLJKO\�VFDOHDEOH ),5 DUFKLWHFWXUH� DV VKRZQ LQ )LJ� ��

FRQVLVWV RI D SUH�SURFHVVLQJ XQLW� GDWD ODWFKHV� FRQILJXUDEOH

FRQQHFWLRQ XQLWV� GRXEOH %RRWK GHFRGHUV� ILOWHU FRHIILFLHQW

UHJLVWHUV� D SDWK FRQWURO XQLW� DQG D SRVW�SURFHVVLQJ XQLW� $

GHWDLOHG GHVFULSWLRQ RI HDFK XQLW RI WKH SURSRVHG KLJKO\�

VFDOHDEOH ),5 DUFKLWHFWXUH LV DV IROORZV�

$ SUH�SURFHVVLQJ XQLW� 7KH SUH�SURFHVVLQJ XQLW� DV VKRZQ

LQ )LJ� �� SDUWLWLRQV LQSXW GDWD WR EH D WULSOHW VHTXHQFH

DFFRUGLQJ WR WKH UDGL[�� %RRWK DOJRULWKP� (DFK WULSOHW GDWXP

LV UHFRGHG LQ WKH �©V FRPSOLPHQW UHSUHVHQWDWLRQ DQG WKHQ

SLSHOLQHG LQWR WKH GDWD ODWFKHV�

'DWD ODWFKHV� 'DWD ODWFKHV WKDW IRUP D SOXUDOLW\ RI

VHTXHQFH XQLWV DUH XWLOL]HG WR VWRUH D WULSOHW VHTXHQFH IURP



WKH SUH�SURFHVVLQJ XQLW�

&RQILJXUDEOH FRQQHFWLRQ XQLWV� &RQILJXUDEOH FRQQHFWLRQ

XQLWV DUH WR GHWHUPLQH ZKLFK RI WKH VHTXHQFH XQLWV DUH

VHOHFWHG IRU WKH FRQYROXWLRQ FDOFXODWLRQ� ,Q RUGHU WR

HIILFLHQWO\ UHDOL]H VFDOHDEOH G\QDPLF UDQJHV RI LQSXW GDWD�

VLPSOH PXOWLSOH[RUV FDQ EH XVHG WR FRQILJXUH WKH FRQQHFWLRQ

WRSRORJ\ DV VKRZQ LQ )LJ� �� 7KH SDWKV RI HDFK �DQWL��

V\PPHWULF ILOWHU WDS FRQQHFWHG WR VHYHUDO LQSXW GDWD ODWFKHV

DUH FRQWUROOHG E\ WZR PXOWLSOH[RUV IRU GLIIHUHQW VFDOHDEOH

UDQJHV� 2QO\ WZR SDWKV DUH HQDEOHG WR OLQN DQ �DQWL��

V\PPHWULF ILOWHU WDS WR WKH FRUUHVSRQGLQJ WZR ODWFKHV RI LQSXW

GDWD� 2QH SDWK FRPHV IURP WKH FRQILJXUDEOH FRQQHFWLRQ XQLW

,� DQG WKH RWKHU LV IURP WKH FRQILJXUDEOH FRQQHFWLRQ XQLW ,,�

'RXEOH %RRWK GHFRGHUV� 7KH GRXEOH %RRWK GHFRGHU� DV

VKRZQ LQ )LJ� �� UHFHLYHV WZR VHOHFWHG VHTXHQFH XQLWV RI

ZKLFK YDOXHV DUH DGGHG RU VXEWUDFWHG DFFRUGLQJ WR WKH

RSHUDWLRQ RI V\PPHWULF RU DQWL�V\PPHWULF ILOWHU WDSV E\ XVLQJ

DQ ��ELW FDUU\�ORRNDKHDG DGGHU� 7KH DGGHG RU VXEWUDFWHG

UHVXOW LV HQFRGHG WR EH IRXU FRQWURO VLJQDOV ZKLFK DUH 6� =��

=�� DQG =�� 7KH =� DQG =� DUH FRQWURO VLJQDOV RI D ��WR��
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