
$ 'RXEO\�/DWFKHG $V\QFKURQRXV 3LSHOLQH

5DNHIHW .RO DQG 5DQ *LQRVDU

9/6, 6\VWHPV 5HVHDUFK &HQWHU� (OHFWULFDO (QJLQHHULQJ 'HSDUWPHQW

7HFKQLRQ � ,VUDHO ,QVWLWXWH RI 7HFKQRORJ\� +DLID ������ ,VUDHO

UDNHIHW#WHFKXQL[�WHFKQLRQ�DF�LO

$EVWUDFW

'/$3� DQ DV\QFKURQRXV SLSHOLQH ZLWK PDVWHU�
VODYH �GXDO� UHJLVWHUV� RIIHUV LPSURYHG
SHUIRUPDQFH� ,W LV PRVW VXLWDEOH IRU FRQYHUWLQJ
V\QFKURQRXV FLUFXLWV LQWR DV\QFKURQRXV RQHV�
'/$3 LV FDSDEOH RI WUXO\ GHFRXSOHG RSHUDWLRQ� $OO
SLSHOLQH VWDJHV FDQ VKLIW GDWD VLPXOWDQHRXVO\� DQG
H[HFXWLRQ LV IDVWHU WKDQ SUHYLRXV GHVLJQV ZKHQ
YDULDEOH GHOD\V DUH HQFRXQWHUHG� ,PSOHPHQWDWLRQV
EDVHG RQ ERWK HGJH WULJJHUHG UHJLVWHUV DQG
WUDQVSDUHQW ODWFKHV DUH VKRZQ� 67* DQG YHULILHG
FRQWUROOHUV DUH SUHVHQWHG DQG VLPXODWHG�

�� ,QWURGXFWLRQ

$V\QFKURQRXV ORJLF GRHV QRW XVH D FORFN� /RJLF HOHPHQWV

DUH VHOI�WLPHG� WKH\ GHWHFW DQG DQQRXQFH ZKHQ WKH

FRPSXWDWLRQ LV FRPSOHWH DQG WKH RXWSXWV DUH UHDG\ >�� ��@�

7KH\ DOVR ZDLW IRU LQSXWV WR EH DQQRXQFHG EHIRUH VWDUWLQJ WKH

FRPSXWDWLRQ� 5HJLVWHUV ORDG WKHLU LQSXWV XQGHU ORFDO FRQWURO�

UDWKHU WKDQ RQ D JOREDO FORFN HGJH� $V\QFKURQRXV ORJLF

WUDGHV WLPH IRU GLVFUHWH HYHQWV� $FWXDO GHOD\V DUH KLGGHQ

�DEVWUDFWHG�� DQG RQO\ VHTXHQFHV RI HYHQWV �DV GHSLFWHG E\

WUDQVLWLRQV� PDWWHU� 7KXV� WKH FRUUHFWQHVV RI FRPSXWDWLRQ LV

PDGH LQGHSHQGHQW RI GHOD\V� $QRWKHU DGYDQWDJH LV WKDW

HYHQWV FDQ EH WUHDWHG KLHUDUFKLFDOO\ DQG ORFDO GHWDLOV FDQ EH

DEVWUDFWHG� VLPLODU WR KLHUDUFKLFDO ORJLF GHVLJQ� ZKHUHDV WKH

GHVLJQ RI FRQWLQXRXV WLPLQJ LV JOREDO DQG 
IODW
� ,QVWHDG RI

�PHWULF� WLPLQJ ZDYHIRUPV� GLVFUHWH HYHQW SUHFHGHQFH

JUDSKV� VXFK DV 67* >�@� DUH HPSOR\HG WR GHVFULEH FLUFXLW

RSHUDWLRQ�

$V\QFKURQRXV FLUFXLWV DUH H[SHFWHG WR DFKLHYH ORZHU

SRZHU FRQVXPSWLRQ DQG�RU KLJKHU SHUIRUPDQFH� E\

HOLPLQDWLQJ WKH GULYLQJ FORFN� ,Q DGGLWLRQ� FRPSXWDWLRQDO

GHOD\V FDQ EH GDWD GHSHQGHQW� :KLOH V\QFKURQRXV SLSHOLQHV

DUH WLPHG DFFRUGLQJ WR WKH ZRUVW FDVH GHOD\ RYHU DOO VWDJHV�

DV\QFKURQRXV ORJLF FDQ EH GHVLJQHG WR GHWHUPLQH DQG VLJQDO

LWV RZQ FRPSOHWLRQ WLPH� W\SLFDOO\ VDYLQJ WLPH DQG SRZHU�

2Q DYHUDJH� VHOI�WLPHG RSHUDWLRQ ZLWK FRPSOHWLRQ GHWHFWLRQ

UHVXOWV LQ DERXW �î VSHHGXS RI WKH LQGLYLGXDO XQLWV� SRZHU

VDYLQJV GHSHQG RQ WKH SDUWLFXODU DSSOLFDWLRQ� EXW FDQ UHDFK

DV KLJK DV ��� >��@�

:H KDYH GHYHORSHG DOJRULWKPV IRU FRQYHUWLQJ

V\QFKURQRXV FLUFXLWV LQWR DV\QFKURQRXV RQHV� WKXV H[SORLWLQJ

VRPH DGYDQWDJHV RI DV\QFKURQRXV FLUFXLWV ZKLOH UHWDLQLQJ

LQYHVWPHQWV LQ V\QFKURQRXV GHVLJQV DQG WRROV >�@� :H

FRQVLGHU V\QFKURQRXV ORJLF VSHFLILHG LQ 9+'/� 7KH 9+'/

FRGH LV V\QWKHVL]HG LQWR QHWOLVWV DFFRUGLQJ WR WKH FRPPRQ

DUFKLWHFWXUH RI µUHJLVWHU�DQG�FORXG¶ SLSHOLQHV >��@� ZKHUH

µFORXGV¶ RI FRPELQDWLRQDO ORJLF DUH VHSDUDWHG E\ FORFNHG

UHJLVWHUV� :H ZRXOG OLNH WR WDNH DGYDQWDJH RI WKH JHQHUDO

SLSHOLQH VWUXFWXUH DQG RI WKH FRPELQDWLRQDO ORJLF FORXGV� EXW

ZH QHHG WR JHW ULG RI WKH FORFNHG UHJLVWHUV� WKXV FRQYHUWLQJ

D V\QFKURQRXV FLUFXLW LQWR DQ DV\QFKURQRXV RQH� 7R WKDW HQG�

ZH PXVW LGHQWLI\ WKH EHVW WDUJHW DV\QFKURQRXV SLSHOLQH�

$V\QFKURQRXV PLFURSLSHOLQHV ZHUH ILUVW LQWURGXFHG LQ

>��@� 7KH\ ZHUH EDVHG RQ D ��SKDVH FRPPXQLFDWLRQ

SURWRFRO� )RXU�SKDVH KDQGVKDNH SURWRFRO SLSHOLQHV DUH

SUHVHQWHG LQ >�� �@� ZKHUH HGJH WULJJHUHG UHJLVWHUV DUH

HPSOR\HG� 9DULRXV VLPLODU FRQWURO VWUXFWXUHV ZHUH SURSRVHG

LQ RUGHU WR HQKDQFH WKH SHUIRUPDQFH RI WKH DV\QFKURQRXV

SLSHOLQH >�� �� �� ��@� EDVHG RQ HLWKHU HGJH WULJJHUHG

UHJLVWHUV RU OHYHO VHQVLWLYH ODWFKHV� +RZHYHU� DOO WKRVH

DV\QFKURQRXV SLSHOLQH GHVLJQV VXIIHU IURP RQH RI WKH

IROORZLQJ GUDZEDFNV� 7KH\ HLWKHU DFKLHYH RQO\ ���

XWLOL]DWLRQ RI WKH SLSHOLQH VWDJHV �L�H�� RQO\ HYHU\ RWKHU VWDJH

LV DFWLYH DW DQ\ RQH WLPH�� RU �LQ VRPH FDVHV� LQFXU D ORQJ

EDFNZDUGV SURSDJDWLRQ RI WKH DFNQRZOHGJH VLJQDOV� 7KH

EDFNZDUGV ODWFKLQJ VFKHPH FDQQRW EH DYRLGHG ZKHQ RQO\ D

VLQJOH UHJLVWHU LV XVHG LQ HDFK VWDJH� VLQFH D VWRUDJH HOHPHQW

FDQQRW UHOHDVH LWV YDOXH XQWLO WKH IROORZLQJ VWDJH KDV

VLJQDOHG WKDW LW LV UHDG\ IRU DQRWKHU YDOXH� 7KLV PLJKW UHVXOW

LQ D PDMRU SHUIRUPDQFH SUREOHP IRU GHHSO\ SLSHOLQHG

FLUFXLWV� H�J�� ULQJV RU OLQHDU SLSHV ZLWK GDWD GHSHQGHQW VWDJH

GHOD\V� ,Q >��@ LW ZDV VKRZQ WKDW SLSHOLQH SHUIRUPDQFH

GHSHQGV RQ WKH QXPEHU RI EXEEOHV� QDPHO\ UHJLVWHUV UHDG\

WR DFFHSW QHZ YDOXHV� :KHQ RQO\ D VLQJOH EXEEOH H[LVWV LQ

WKH DERYH PHQWLRQHG GHVLJQV� WKHLU SHUIRUPDQFH LV OLPLWHG

E\ WKH ODFN RI EXEEOHV� 6\QFKURQRXV SLSHOLQHV� RQ WKH RWKHU

KDQG� DUH QRW OLPLWHG� ,I HDFK UHJLVWHU LV PDVWHU�VODYH� WKHQ D

EXEEOH LV DOZD\V DYDLODEOH� DQG DOO YDOXHV FDQ SURSDJDWH

VLPXOWDQHRXVO\�

,Q WKLV SDSHU ZH SUHVHQW WKH 'RXEO\�/DWFKHG
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)LJ� � � $ 'RXEO\�/DWFKHG $V\QFKURQRXV 3LSHOLQH

�'/$3�

)LJ� � � $ '/$3 VWDJH VWUXFWXUH�

)LJ� � � 7KH '/$3 WHVW FLUFXLW�

$V\QFKURQRXV 3LSHOLQH �'/$3�� ZKLFK RSHUDWHV VLPLODUO\ WR

V\QFKURQRXV SLSHOLQHV� :H VKRZ WKDW QRW RQO\ LV LW PRVW

VXLWDEOH IRU V\QFKURQRXV�WR�DV\QFKURQRXV FRQYHUVLRQ� EXW LQ

FHUWDLQ LPSRUWDQW FDVHV LW RXWSHUIRUPV SUHYLRXV GHVLJQV�

6HFWLRQ � GHVFULEHV WKH 'RXEO\ /DWFKHG $V\QFKURQRXV

3LSHOLQH� (GJH WULJJHUHG DQG ODWFKHG '/$3 DUH GLVFXVVHG LQ

6HFWLRQV � DQG �� UHVSHFWLYHO\� $ FRPSDUDWLYH DQDO\VLV LV

SUHVHQWHG LV 6HFWLRQ �� DQG 6HFWLRQ � GLVFXVVHV QRQ�OLQHDU

'/$3V�

�� 7KH 'RXEO\�/DWFKHG $V\QFKURQRXV

3LSHOLQH

'/$3 �'RXEO\�/DWFKHG $V\QFKURQRXV 3LSHOLQH� LV

VKRZQ LQ )LJ� �� ,W LV GHVLJQHG IRU D VLQJOH UDLO� ��SKDVH

FRPPXQLFDWLRQ SURWRFRO EHWZHHQ WKH VWDJHV� '/$3 LPLWDWHV

WKH RSHUDWLRQ RI D V\QFKURQRXV PDVWHU�VODYH SLSHOLQH� E\

GHFRXSOLQJ WKH SLSHOLQH VWDJHV� ,I WKH SLSHOLQH LV EDODQFHG�

'/$3 RSHUDWHV WKH VDPH DV D V\QFKURQRXV SLSHOLQH� VLQFH DOO

SLSHOLQH VWDJHV ILQLVK WKHLU FRPSXWDWLRQ DW WKH VDPH WLPH�

WKH\ FDQ DOO ODWFK WKH YDOXHV FRQFXUUHQWO\ LQWR WKH PDVWHU SDUW

RI WKH UHJLVWHUV� ZKLOH WKH VODYH SDUWV UHWDLQ WKH SUHYLRXV

YDOXHV� 6XEVHTXHQWO\� DOO YDOXHV ODWFKHG LQWR WKH PDVWHUV DUH

VLPXOWDQHRXVO\ WUDQVIHUUHG WR WKH VODYHV� '/$3 WDNHV

DGYDQWDJH RI YDULDEOH GHOD\V� DV RWKHU DV\QFKURQRXV

SLSHOLQHV GR� +RZHYHU� XQOLNH RWKHU LPSOHPHQWDWLRQV� '/$3

LV WUXO\ GHFRXSOHG� 7KDQNV WR GRXEOH ODWFKLQJ� D VWDJH WKDW

KDV FRPSOHWHG HDUO\ FDQ VWDUW SURFHVVLQJ WKH QH[W GDWD HYHQ

LI WKH IROORZLQJ VWDJH LV VWLOO RFFXSLHG�

$ VLQJOH VWDJH FRQWUROOHU IRU '/$3 LV VKRZQ LQ )LJ� ��

7KH FRQWUROOHU FRPPXQLFDWHV ZLWK QHLJKERU VWDJHV E\

5HDG\ �5L� 5R� DQG $FNQRZOHGJH �$L� $R� OLQHV� 7KH

ODWFKLQJ RI GDWD LQWR WKH PDVWHU DQG VODYH UHJLVWHUV LV

FRQWUROOHG E\ DSSURSULDWH VLJQDOV �/P� /V�� 7KH 'RQH OLQHV

�'P� 'V� VLJQDO ZKHQ ODWFKLQJ KDV RFFXUUHG�

$Q H[DPSOH '/$3 WHVW FLUFXLW LV VKRZQ LQ )LJ� �� 7KH

5HDG\2XW VLJQDO HPHUJLQJ IURP VWDJH L LV GHOD\HG EHIRUH

HQWHULQJ VWDJH L��� 7KDW GHOD\ PDWFKHV WKH FRPSXWDWLRQ

GHOD\ RI WKH FRPELQDWLRQDO ORJLF EHWZHHQ WKH WZR VWDJHV� :H

HPSOR\ DQ DV\PPHWULFDO GHOD\ >��@ LQ RUGHU WR PDNH WKH

UHVHW SKDVH DV VKRUW DV SRVVLEOH� ,I WKH ORJLF JHQHUDWHV D

FRPSOHWLRQ VLJQDO �H�J�� '&96/ >�@ RU G\QDPLF ORJLF >�@��

WKHUH LV QR QHHG WR DGG D VSHFLDO PDWFKHG GHOD\ LQ WKH

FRQWURO FLUFXLW� 5HDG\2XW IHHGV WKH FRPELQDWLRQDO ORJLF

DQG WKH FRPSOHWLRQ VLJQDO VHUYHV DV 5HDG\,Q IRU WKH

IROORZLQJ FRQWUROOHU�

'/$3 FDQ EH LPSOHPHQWHG ZLWK HLWKHU HGJH�WULJJHUHG

UHJLVWHUV RU WUDQVSDUHQW ODWFKHV� DV GLVFXVVHG LQ WKH IROORZLQJ

WZR VHFWLRQV� ,Q WKH IRUPHU FDVH WKH FRQWURO LV VLPSOHU� ZKLOH

LQ WKH ODWWHU FDVH VLPSOHU UHJLVWHUV PD\ EH HPSOR\HG�

�� (GJH�7ULJJHUHG '/$3

7KH EHKDYLRU RI D FRQWUROOHU IRU DQ HGJH WULJJHUHG UHJLVWHU

EDVHG '/$3 VWDJH LV GHILQHG E\ WKH 67* >�@ RI )LJ� �� 67*

QRGHV UHSUHVHQW VLJQDO WUDQVLWLRQV �XQGHUOLQHG VLJQDOV DUH

LQSXWV�� GLUHFWHG HGJHV DUH SUHFHGHQFH UHODWLRQV� DQG WKH

EODFN GRWV DUH WRNHQV� VKRZQ DW WKH LQLWLDO PDUNLQJ� 7KH

JUDSK LV 
H[HFXWHG
 E\ PRYLQJ WRNHQV DURXQG� $ WUDQVLWLRQ LV

HQDEOHG E\ WKH SUHVHQFH RI WRNHQV RQ DOO HGJHV OHDGLQJ WR LW�

7KH WUDQVLWLRQ UHPRYHV WKRVH WRNHQV DQG SODFHV QHZ RQHV RQ
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)LJ� � � 67* IRU D 0DVWHU�6ODYH (GJH 7ULJJHUHG VWDJH

FRQWUROOHU�

)LJ� � � $ 0DVWHU�6ODYH (GJH 7ULJJHUHG VWDJH FRQWUROOHU

FLUFXLW LPSOHPHQWDWLRQ�

)LJ� � �:DYHIRUPV RI 0DVWHU�6ODYH (GJH 7ULJJHUHG

'/$3 WHVW FLUFXLW�

DOO HGJHV HPDQDWLQJ IURP LW �WKXV� WKH QXPEHU RI WRNHQV PD\

FKDQJH�� $V GHVFULEHG LQ )LJ� �� WKH PDVWHU UHJLVWHU LV

DFWLYDWHG E\ WKH ULVLQJ HGJH RI /P ZKHQ D QHZ YDOXH LV

UHDG\ �5L LV VHW�� DQG WKH SUHYLRXV YDOXH KDV EHHQ PRYHG WR

WKH VODYH �DV PDUNHG E\ WKH LQWHUQDO VLJQDO %� IRU µEXEEOH¶��

6LPLODUO\� WKH VODYH UHJLVWHU LV DFWLYDWHG E\ WKH ULVLQJ HGJH RI

/V� ZKHQ D QHZ YDOXH LV UHDG\ DW WKH PDVWHU� DQG WKH

SUHYLRXV YDOXH KDV EHHQ FRQVXPHG E\ WKH IROORZLQJ SLSHOLQH

VWDJH�3HWULI\ >�@ KDV EHHQ HPSOR\HG WR HQVXUH WKDW WKH 67*

LV VDIH� SHUVLVWHQW� DQG KDV D FRPSOHWH VWDWH FRGLQJ VR LW FDQ

EH LPSOHPHQWHG DV D VSHHG LQGHSHQGHQW FLUFXLW ZLWK QR

KD]DUGV� 7KH FRQWURO FLUFXLW LPSOHPHQWDWLRQ V\QWKHVL]HG E\

3HWULI\ LV GHSLFWHG LQ )LJ� ��

6RPH ZDYHIRUPV REWDLQHG IURP WKH VLPXODWLRQ RI D

'/$3 WHVW FLUFXLW �)LJ� �� EDVHG RQ HGJH WULJJHUHG UHJLVWHUV

DUH SUHVHQWHG LQ )LJ� �� :H KDYH GHVLJQHG WKH WZR W\SHV RI

'/$3 �HGJH WULJJHUHG DQG ODWFKHG�� DQG KDYH VLPXODWHG

WKHP ZLWK 63,&( IRU D ����� �9� W\SLFDO &026 SURFHVV�

7UDQVLVWRU VL]LQJ DUH RSWLPL]HG IRU VSHHG DQG V\PPHWULF

WUDQVLWLRQV� :H KDYH ORDGHG WKH ODWFK FRQWURO VLJQDOV

�/P�/V� WR VLPXODWH WKH GULYH RI �� ELW UHJLVWHUV� 7KH

VLPXODWHG UHJLVWHU GULYLQJ GHOD\ WLPH LV ���Q6� 1RWH WKDW WKLV

GHOD\ LV LQFOXGHG LQ WKH F\FOH WLPH �WR HQVXUH WKH FRUUHFW

RSHUDWLRQ RI WKH FRQWURO FLUFXLW�� 7KH UHODWLYH WLPLQJV DUH

VXPPDUL]HG LQ VHFWLRQ �� 2EVHUYH WKDW VLQFH WKH SLSHOLQH LV

EDODQFHG� DOO 5L OLQHV DUH VHW VLPXOWDQHRXVO\� &RQVHTXHQWO\�

DOO PDVWHUV DUH WULJJHUHG VLPXOWDQHRXVO\ �/P OLQHV�� $IWHU

FRPSOHWLQJ WKH KDQGVKDNH RQ WKH $L�$R OLQHV� DOO WKH VODYHV

DUH WULJJHUHG �/V OLQHV�� DQG 5R VLJQDOV DUH VHW� )ROORZLQJ

WKH FRPSXWDWLRQDO GHOD\V� WKH 5LV DUH VHW DJDLQ� 7KH F\FOH

WLPH �IURP 5L� WR WKH IROORZLQJ 5L�� LV ����Q6� ZKLFK

LQFOXGHV D FRPELQDWLRQDO ORJLF GHOD\ RI ����Q6� D ORJLF UHVHW

GHOD\ RI �Q6� DQG IRXU WLPHV ���Q6 IRU GULYLQJ WKH WZR

UHJLVWHUV� ,Q RWKHU ZRUGV� WKH FRQWURO RYHUKHDG LV RQO\

����Q6� 7KH UHVSRQVH WLPH �SDVVLQJ WKH GDWD WKURXJK WKH

GRXEOH UHJLVWHUV� L�H�� 5L� WR 5R�� LV ���Q6 �ZKLFK DOVR

LQFOXGHV WZLFH ���Q6 UHJLVWHU GULYLQJ GHOD\��
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)LJ� � � 67* IRU D 0DVWHU�6ODYH /DWFK VWDJH FRQWUROOHU�

)LJ� � � $ 0DVWHU�6ODYH /DWFK VWDJH FRQWUROOHU FLUFXLW

LPSOHPHQWDWLRQ�

)LJ� � �:DYHIRUPV RI 0DVWHU�6ODYH /DWFK '/$3 WHVW

FLUFXLW�

�� /DWFKHG '/$3

7UDQVSDUHQW ODWFKHV DUH VLPSOHU WKDQ HGJH WULJJHUHG

UHJLVWHUV� 7R VDYH SRZHU� WKH ODWFKHV DUH XVHG DFFRUGLQJ WR

WKH µEORFNLQJ ODWFK¶ VFKHPH >��@� L�H�� WKH\ DUH NHSW FORVHG DW

DOO WLPHV H[FHSW ZKHQ GDWD PXVW EH ODWFKHG� 3RZHU LV VDYHG

VLQFH KD]DUGV DUH EORFNHG� 1RWH WKDW VLQFH WKH ODWFKHV DUH

WUDQVSDUHQW� PDVWHU DQG VODYH FDQQRW EH ERWK RSHQ DW WKH

VDPH WLPH� &RQVHTXHQWO\� WKH FRQWUROOHU LV D ELW PRUH

FRPSOH[ WKDQ IRU HGJH WULJJHUHG '/$3� $Q H[WUD LQWHUQDO

VLJQDO LV QHHGHG WR PDUN ZKLFK RI WKH WZR ODWFKHV KDV EHHQ

RSHQHG ODVW� DQG WR HQVXUH WKDW WKH 67* KDV D FRPSOHWH VWDWH

FRGLQJ� 7KH SURSHU 67* LV SUHVHQWHG LQ )LJ� �� DQG WKH

LPSOHPHQWDWLRQ �V\QWKHVL]HG E\ 3HWULI\ >�@� LV SUHVHQWHG LQ

)LJ� ��

7KH ZDYHIRUPV REWDLQHG IURP WKH VLPXODWLRQ RI D '/$3

WHVW FLUFXLW �)LJ� �� EDVHG RQ WUDQVSDUHQW ODWFKHV DUH

SUHVHQWHG LQ )LJ� �� DQG WKH UHODWLYH WLPLQJV DUH VXPPDUL]HG

LQ VHFWLRQ � EHORZ� &RPSDULQJ WKLV WR WKH ZDYHIRUPV RI WKH

HGJH WULJJHUHG '/$3� RQH FDQ VHH WKDW WKH SLSHOLQH LV

EDODQFHG DQG DOO WKH PDVWHUV DUH HQDEOHG DW WKH VDPH WLPH

�/P VLJQDOV�� IROORZHG E\ D VLPXOWDQHRXV WUDQVIHU RI WKH GDWD

WKURXJK WKH VODYHV �E\ DFWLYDWLQJ WKH /V VLJQDOV�� 1RWH DOVR

WKDW WKH /P DQG /V VLJQDOV DUH PXWXDOO\ H[FOXVLYH� 7KH F\FOH

WLPH �IURP 5L� WR WKH IROORZLQJ 5L�� LV �����Q6 �LQFOXGLQJ

WKH FRPELQDWLRQDO ORJLF GHOD\ RI ����Q6� WKH ORJLF UHVHW

GHOD\ RI �Q6� DQG ���Q6 IRU GULYLQJ WKH WZR UHJLVWHUV� WKXV�

WKH FRQWURO RYHUKHDG LV RQO\ ����Q6�� 7KH UHVSRQVH WLPH

�5L� WR 5R�� LV ���Q6� LQFOXGLQJ IRXU WLPHV WKH ���Q6 IRU

GULYLQJ WKH UHJLVWHUV�

�� &RPSDUDWLYH $QDO\VLV

:H HPSOR\ D VFKHGXOLQJ QRWDWLRQ �)LJ� ��� WR FRPSDUH

WKH ODWHQF\ LQFXUUHG E\ IRXU NLQGV RI WZR VWDJH SLSHOLQHV�

QDPHO\ D V\QFKURQRXV SLSH� D µVHPL�GHFRXSOHG¶ �µKDOI

KDQGVKDNH¶� DV\QFKURQRXV SLSHOLQH� D µIXOO\�GHFRXSOHG¶

�µIXOO KDQGVKDNH¶� DV\QFKURQRXV SLSHOLQH� DQG '/$3� 7KUHH

WDVNV �L� M� N� DUH WR EH SURFHVVHG� DQG WKH FRPSXWDWLRQDO

GHOD\V RI HDFK WDVN SHU HDFK SLSHOLQH VWDJH DUH OLVWHG LQ

7DEOH �� $ V\QFKURQRXV GHVLJQ UHTXLUHV WKH FORFN F\FOH WLPH

WR DFFRPPRGDWH WKH ZRUVW FDVH RI DOO FDOFXODWLRQV RYHU DOO

VWDJHV� QDPHO\ � WLPH XQLWV� WKXV UHTXLULQJ HLJKW WLPH XQLWV

WR FRPSOHWH WKH FRPSXWDWLRQ �)LJ� ���D��� 7KH VHPL�

GHFRXSOHG �RU KDOI KDQGVKDNH� SLSHOLQH >�� �� �@ DFKLHYHV

RQO\ ��� XWLOL]DWLRQ� 6LQFH WKH SLSHOLQH FRQWDLQV RQO\ WZR

VWDJHV� DQG WKH\ PXVW RSHUDWH DOWHUQDWLYHO\� WKH FRPSXWDWLRQ

WDNHV HLJKW WLPH XQLWV �)LJ� ���E��� ,Q D IXOO\ GHFRXSOHG �µIXOO

KDQGVKDNH¶� DV\QFKURQRXV SLSHOLQH >�� �@ WDVN N FDQQRW VWDUW

H[HFXWLRQ DW VWDJH $� VLQFH WDVN M LV VWDOOHG WKHUH XQWLO WDVN L
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7DEOH � � 3URFHVVLQJ WLPHV �LQ UHODWLYH WLPH XQLWV��

)LJ� �� � 6FKHGXOLQJ FRPSDULVRQ RI DOWHUQDWLYH SLSHOLQHV�

�D� V\QFKURQRXV� �E� VHPL�GHFRXSOHG DV\QFKURQRXV� �F�

IXOO\�GHFRXSOHG DV\QFKURQRXV� DQG �G� '/$3�

(GJH

7ULJJHUHG

'/$3 >Q6@

/DWFK

'/$3

>Q6@

� 5L�â $L� ���� ����

� $L�â 5L� �D� ���� ����

� 5L�â $L� ���� ����

� $L�â 5L� �E� ���� ����

� &\FOH WLPH �F�

�5L�â 5L��

���� �����

� 5HVSRQVH 7LPH
�G�

�5L�â 5R��

��� ���

,QFOXGLQJ ORJLF UHVHW GHOD\ RI �Q6�D�

,QFOXGLQJ FRPSXWDWLRQDO GHOD\ RI ����Q6�E�

6XP RI OLQHV ��� �LQFOXGH WKH GHOD\ VHW DQG UHVHW WLPHV��F�

0HDVXUHG RQ D VLQJOH HPSW\ SLSH VWDJH �L�H�� WKH WLPH�G�

WR SDVV GDWD WKURXJK WKH PDVWHU DQG VODYH�

7DEOH � � 63,&( VLPXODWLRQ UHVXOWV

IUHHV VWDJH %� 7KXV WKH FRPSXWDWLRQ UHTXLUHV VL[ WLPH XQLWV

WR FRPSOHWH �)LJ� ���F��� 7KH '/$3 FRPSOHWHV WKH

FRPSXWDWLRQ LQ RQO\ ILYH WLPH XQLWV �)LJ� ���G��� VLQFH VWDJHV

$ DQG % DUH GHFRXSOHG E\ WKH GRXEOH ODWFKHV EHWZHHQ WKHP�

DQG WDVN N LV QRW VWDOOHG�

$V H[SODLQHG DERYH� ZH KDYH GHVLJQHG WKH WZR W\SHV RI ODWFKHV DUH SUHVHQWHG LQ >�� �� �@ �WKH ODWWHU HPSOR\V

'/$3 �HGJH WULJJHUHG DQG ODWFKHG�� DQG KDYH VLPXODWHG G\QDPLF ORJLF�� +RZHYHU� FRQWUDU\ WR '/$3 GHVLJQ� WKH

WKHP ZLWK 63,&(� 7KH EDVLF WHVW FLUFXLW ZLWK VHYHUDO VWDJHV ODWFKHV DUH OHIW RSHQ PRVW RI WKH WLPH� UHVXOWLQJ LQ SRVVLEO\

DQG WKH UHVXOWLQJ ZDYHIRUPV DUH SUHVHQWHG LQ )LJV� �� �� DQG KLJKHU SRZHU GLVVLSDWLRQ GXH WR GDWD KD]DUGV� 7KHLU µVHPL�

�� UHVSHFWLYHO\� 7KH PHDVXUHG WLPHV DUH VXPPDUL]HG LQ GHFRXSOHG¶ DQG µIXOO\�GHFRXSOHG¶ VFKHPHV DUH VLPLODU WR WKH

7DEOH �� 1RWH WKDW WKH UHJLVWHUV GULYLQJ GHOD\V DUH LQFOXGHG µKDOI�KDQGVKDNH¶ DQG µIXOO�KDQGVKDNH¶ RI >�@� $ ��SKDVH

LQ WKH F\FOH WLPH� SURWRFRO PLFURSLSHOLQH XVLQJ GRXEOH HGJH WULJJHUHG UHJLVWHUV

5HODWLYH WR V\QFKURQRXV SLSHOLQHV� '/$3 UHTXLUHV DERXW LV SUHVHQWHG LQ >��@� DV ZHOO DV D ��SKDVH SURWRFRO

WZLFH DV PDQ\ UHJLVWHUV DQG D VPDOO FRQWURO FLUFXLW SHU VWDJH� PLFURSLSHOLQH XVLQJ ODWFKHV DQG µEORFNLQJ ODWFK¶ VFKHPH�

+RZHYHU� ZKHQ UHSODFLQJ HDFK HGJH�WULJJHUHG )) ZLWK 7KH GHVLJQ LV UHSRUWHGO\ IDVWHU WKDQ >�@� EXW LW LV VWLOO D VHPL�

GRXEOH ODWFKHV� WKH DUHD RYHUKHDG LV NHSW WR D PLQLPXP� 7KH GHFRXSOHG FLUFXLW� OLPLWHG WR ��� SLSHOLQH XWLOL]DWLRQ�

WLPLQJ RYHUKHDG UHTXLUHG �IRU HGJH�WULJJHUHG '/$3� LV RQH 7KH F\FOH WLPH RI D VHPL�GHFRXSOHG SLSHOLQH LQFOXGH

PRUH UHJLVWHU ORDGLQJ GHOD\� 7KH UHWXUQ WR ]HUR SDWK RI WKH DSSUR[LPDWHO\ WZLFH WKH SURFHVVLQJ GHOD\ RI WKH

KDQGVKDNH SURWRFRO LV NHSW WR D PLQLPXP� 7KHVH WLPHV DUH FRPELQDWLRQDO ORJLF EHFDXVH RI LWV ��� GXW\�F\FOH RSHUDWLRQ

W\SLFDOO\ QHJOLJLEOH FRPSDUHG WR WKH ORJLF FRPSXWDWLRQDO �L�H�� D VWDJH PXVW ZDLW IRU WKH IROORZLQJ VWDJH WR FOHDU EHIRUH

WLPH� LQLWLDWLQJ LWV RZQ QH[W FDOFXODWLRQ�� ,Q D IXOO\ GHFRXSOHG

7KH ODWFKHG '/$3 �UHODWLYH WR WKH HGJH WULJJHUHG '/$3�

LQFXUV VOLJKWO\ �DERXW �Q6� ORQJHU F\FOH WLPH� GXH WR WKH QHHG

WR SUHFLVHO\ VHTXHQFH PRUH WUDQVLWLRQV� 7KH WRWDO RYHUKHDG

LV VWLOO QHJOLJLEOH FRPSDUHG WR W\SLFDO FRPSXWDWLRQDO ORJLF

GHOD\V�

)RXU SKDVH KDQGVKDNH SURWRFRO SLSHOLQHV ZLWK HGJH

WULJJHUHG UHJLVWHUV DUH DOVR XVHG LQ >�� �@� ZKHUH WZR W\SHV RI

FRQWURO FLUFXLWV DUH SUHVHQWHG� µ+DOI KDQGVKDNH¶ XWLOL]HV RQO\

��� RI WKH SLSH� DV RQO\ HYHU\ RWKHU VWDJH RSHUDWHV DW D WLPH�

µ)XOO KDQGVKDNH¶ LV PRUH HIILFLHQW� DQG DFNQRZOHGJH VLJQDOV

SURSDJDWLQJ EDFNZDUGV VHTXHQWLDOO\� FDQ VRPHWLPHV RYHUODS

VWDJH RSHUDWLRQ� )RXU SKDVH SLSHOLQHV ZLWK WUDQVSDUHQW

SLSHOLQH� HYHQ LI DOO VWDJHV ILQLVK HYDOXDWLRQ DW DOPRVW WKH

VDPH WLPH� D VWDJH FDQQRW ODWFK WKH UHVXOW LQ LWV RXWSXW
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)LJ� �� � $ )RUN VWDJH LPSOHPHQWDWLRQ� WZR RXWSXW

SLSHOLQH LQWHUFRQQHFWLRQ FLUFXLW�

)LJ� �� � $ -RLQ VWDJH LPSOHPHQWDWLRQ� WZR LQSXW

SLSHOLQH LQWHUFRQQHFWLRQ FLUFXLW�

)LJ� �� � $ ULQJ '/$3�

UHJLVWHU XQWLO WKH IROORZLQJ VWDJH KDV� :KHQ WKH SLSH LV IXOO�

RSHUDWLRQ LV OLPLWHG E\ D VLQJOH µEXEEOH¶ IORZLQJ EDFNZDUGV

DQG WKH ODWHQF\ RYHUKHDG LV UHODWLYH WR WKH OHQJWK RI WKH SLSH�

7KH PDVWHU�VODYH DFWLRQ RI WKH VWRUDJH LQ D '/$3 VHUYHV WKH

SXUSRVH RI LQWHUOHDYHG EXEEOHV LQ WKH SLSHOLQH� DQG UHOD[HV

WKH FRXSOLQJ EHWZHHQ WKH VWDJHV� 7KXV� '/$3 LV PRUH

WROHUDEOH WR FKDQJHV LQ WKH RXWSXW UDWH IURP WKH SLSH WKDQ WKH

RWKHU DV\QFKURQRXV SLSHOLQHV�

:H LPSOHPHQWHG D IXOO\�GHFRXSOHG SLSHOLQH >�@ DQG D

IXOO�KDQGVKDNH SLSHOLQH >���@� DQG UDQ 63,&( VLPXODWLRQV WR

FRPSDUH WKH SHUIRUPDQFH� 5HVXOWV VKRZ WKDW ZKHQ WKH

FRPSXWDWLRQDO ORDG SHU VWDJH LV VPDOO �UHODWLYH WR WKH FRQWURO

RYHUKHDG�� '/$3 F\FOH WLPH LV VOLJKWO\ VORZHU GXH WR WKH

H[WUD UHJLVWHUV� EXW LW LV EHVW IRU GDWD�GHSHQGHQW GHOD\V�

1HZHU YHUVLRQV RI 3HWULI\ DQG RWKHU V\QWKHVLV WRROV PD\

EH DSSOLHG WR WKH 67*V SUHVHQWHG LQ WKLV SDSHU� WR V\QWKHVL]H

VLPSOHU FRQWURO FLUFXLWV� 7KH FLUFXLWV JHQHUDWHG FDQ EH

LPSOHPHQWHG ZLWK 65�)) LQVWHDG RI &�HOHPHQWV IRU VWDQGDUG

FHOO LPSOHPHQWDWLRQ� )DVWHU '/$3 FRQWUROOHUV PLJKW EH

LPSOHPHQWHG EDVHG RQ JHQHUDOL]HG &�HOHPHQWV� RU GHVLJQHG

WR RSHUDWH DFFRUGLQJ WR QRQ�EORFNLQJ VFKHPH� DV LQ >�@� 7KH

FRQWURO FLUFXLWV ZH XVHG ZHUH GHVLJQHG WR EH GHOD\

LQVHQVLWLYH� +RZHYHU� VLPSOH HQJLQHHULQJ RSWLPL]DWLRQ

WHFKQLTXHV FDQ EH DSSOLHG IRU ORZHU ODWHQF\ RYHUKHDG� H�J��

RYHUODS FRQWURO FLUFXLW WLPLQJ ZLWK ODWFK RSHUDWLRQ�

�� 1RQ�/LQHDU '/$3V

1RQ�OLQHDU '/$3 GDWD SDWKV FDQ DOVR EH FUHDWHG E\ XVLQJ

)RUN DQG -RLQ LQWHUFRQQHFWLRQ FLUFXLWV� $ )RUN LV EDVLFDOO\

D WZR RXWSXW SLSHOLQH VWDJH� )LJ� �� VKRZV WKH

LPSOHPHQWDWLRQ RI D )RUN IRU WKH FDVH RI HGJH WULJJHUHG

'/$3� 1RWH WKDW ERWK IROORZLQJ VWDJHV VKDUH WKH VDPH 5R

OLQH� ZKLOH WKHLU $R OLQHV DUH FRPELQHG E\ WKH &�(OHPHQW�

6LPLODUO\� D -RLQ LQWHUFRQQHFWLRQ LV EDVLFDOO\ D WZR LQSXW

SLSHOLQH VWDJH� DV SUHVHQWHG LQ )LJ� ��� 7KH 5L VLJQDOV DUH

FRPELQHG E\ WKH &�(OHPHQW�

0DQ\ V\QWKHVL]HG FLUFXLWV KDYH FRPSOH[ VWUXFWXUHV WKDW ,Q RXU TXHVW IRU HIILFLHQW FRQYHUVLRQ RI V\QFKURQRXV

FRQWDLQ ORRSV �D�N�D� ULQJV�� $ '/$3 ULQJ FDQ EH FRQVWUXFWHG FLUFXLWV LQWR DV\QFKURQRXV RQHV� ZH KDYH H[DPLQHG YDULRXV

E\ HPSOR\LQJ -RLQ DQG )RUN FLUFXLWV DV VKRZQ LQ )LJ� ��� DV\QFKURQRXV SLSHOLQH VFKHPHV >�� �� �� �� �� ��� ��@� DQG

$ ULQJ VWUXFWXUH EDVHG RQ IXOO\�GHFRXSOHG SLSHOLQH KDYH IRXQG WKDW QRQH RSHUDWHV DV HIILFLHQWO\ DV D EDODQFHG

VFKHPH PXVW FRQWDLQ DQ H[WUD UHJLVWHU WR SUHYHQW D GHDGORFN V\QFKURQRXV SLSHOLQH� &RQVHTXHQWO\� ZH KDYH GHYHORSHG WKH

>�@� 7KH VLQJOH EXEEOH JRLQJ EDFNZDUGV DURXQG WKH ORRS GRXEO\�ODWFKHG DV\QFKURQRXV SLSHOLQH �'/$3� ZKLFK

PLJKW OLPLW DQG VORZ GRZQ WKH ULQJ RSHUDWLRQ� '/$3 ULQJ LV HPSOR\V PDVWHU�VODYH UHJLVWHUV� '/$3 LV FDSDEOH RI WUXO\

IDVWHU WKDQ D IXOO\�GHFRXSOHG RQH ZKHQ VWDJH GHOD\ LV VKRUWHU GHFRXSOHG RSHUDWLRQ� ,Q D EDODQFHG SLSHOLQH DOO VWDJHV FDQ

WKDQ WKH DFNQRZOHGJH URXQG WULS GHOD\� 8VLQJ VHPL� VKLIW GDWD VLPXOWDQHRXVO\� DQG ZKHQ YDULDEOH �GDWD

GHFRXSOHG SLSHOLQH WR FRQVWUXFW D IHHGEDFN ORRS \LHOGV D ULQJ GHSHQGHQW� GHOD\V DUH HQFRXQWHUHG� H[HFXWLRQ LV IDVWHU WKDQ

ZLWK RQO\ KDOI VWDJHV IXOO� VLQFH RQO\ DOWHUQDWH EORFNV FDQ SUHYLRXV GHVLJQV� '/$3 DUFKLWHFWXUH LV PRVW VXLWDEOH IRU

VWRUH YDOLG YDOXHV >�@� '/$3 ULQJV KDYH HQRXJK EXEEOHV DQG V\QFKURQRXV�OLNH RSHUDWLRQ� DQG DXWRPDWLF FRQYHUVLRQ ZKHQ

FDQ RSHUDWH WKH VDPH ZD\ DV D V\QFKURQRXV ULQJ� ZH ZLVK WR HOLPLQDWH WKH FORFN �IRU SRZHU VDYLQJ DQG HDVLHU

�� &RQFOXVLRQ

LQWHUIDFH WR RWKHU DV\QFKURQRXV XQLWV� ZLWKRXW UHGHVLJQ� :H

KDYH VKRZQ LPSOHPHQWDWLRQV EDVHG RQ HLWKHU HGJH WULJJHUHG

UHJLVWHUV RU WUDQVSDUHQW ODWFKHV� %RWK GHVLJQV KDYH EHHQ

GHILQHG ZLWK 67*V� YHULILHG� DQG IXOO\ VLPXODWHG DQG

FRPSDUHG ZLWK SUHYLRXV DUFKLWHFWXUHV�
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