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,Q GLVWULEXWHG V\VWHPV MRE VFKHGXOLQJ LV D GLIILFXOW SUREOHP�

,Q WKLV ZRUN ZH VWXG\ D VSHFLDO W\SH RI VFKHGXOLQJ FDOOHG

JDQJ VFKHGXOLQJ XQGHU ZKLFK MREV FRQVLVW RI D QXPEHU RI

LQWHUDFWLQJ WDVNV ZKLFK DUH VFKHGXOHG WR UXQ VLPXOWDQH�

RXVO\ RQ GLVWLQFW SURFHVVRUV� 7KH SHUIRUPDQFH RI YDULRXV

JDQJ VFKHGXOLQJ VFKHPHV LV VWXGLHG DQG FRPSDUHG IRU D

YDULHW\ RI ZRUNORDGV� 7KH PDLQ REMHFWLYH RI WKH SURFHVVRU

VFKHGXOHUV LV WR DFKLHYH KLJK RYHUDOO V\VWHP WKURXJKSXW

ZKLOH DW WKH VDPH WLPH SURYLGLQJ VRPH JXDUDQWHH IRU WKH

SHUIRUPDQFH RI LQGLYLGXDO MREV LQ WKH V\VWHP�

�� ,QWURGXFWLRQ

,Q GLVWULEXWHG V\VWHPV WKHUH LV D JURZLQJ QHHG IRU JRRG

VFKHGXOHUV WKDW ZLOO PDQDJH WKH GLVWULEXWHG QRGHV� +RZ�

HYHU� LW LV QRW REYLRXV KRZ WR SDUWLWLRQ WKH FRPSXWLQJ QRGHV

RI WKH GLVWULEXWHG V\VWHP DPRQJ FRPSHWLQJ MREV� 2QH LGHD�

LV JDQJ VFKHGXOLQJ� WKDW LV WKH FDVH ZKHUH D VHW RI WDVNV DUH

VFKHGXOHG WR H[HFXWH VLPXOWDQHRXVO\ RQ D VHW RI SURFHVVRUV�

,W DOORZV WKH WDVNV WR LQWHUDFW HIILFLHQWO\ E\ XVLQJ EXV\

ZDLWLQJ� ZLWKRXW WKH ULVN RI ZDLWLQJ IRU D WDVN WKDW FXUUHQWO\

LV QRW UXQQLQJ� :LWKRXW JDQJ VFKHGXOLQJ� WDVNV KDYH WR

EORFN LQ RUGHU WR V\QFKURQLVH� WKXV VXIIHULQJ WKH RYHUKHDG

RI D FRQWH[W VZLWFK�

7KH FRGH WR VLPXOWDQHRXVO\ VFKHGXOH DOO WKH WDVNV RI

HDFK JDQJ PLJKW EH RYHUO\ FRPSOH[ UHTXLULQJ HODERUDWH

ERRNNHHSLQJ DQG JOREDO V\VWHP NQRZOHGJH� %HFDXVH JDQJ

VFKHGXOLQJ GHPDQGV WKDW QR WDVN H[HFXWH XQOHVV DOO RWKHU

JDQJ PHPEHU WDVNV H[HFXWH� WKHQ VRPH SURFHVVRUV PD\ EH

LGOH HYHQ ZKHQ WKHUH DUH WDVNV ZDLWLQJ WR EH UXQ�

$W DQ\ WLPH WKHUH LV D RQH�WR�RQH PDSSLQJ EHWZHHQ

WDVNV DQG SURFHVVRUV� :H HPSKDVLVH WKDW DOWKRXJK WKH WRWDO

QXPEHU RI WDVNV LQ WKH V\VWHP PD\ EH ODUJHU WKDW WKH QXP�

EHU RI SURFHVVRUV� QR JDQJ FRQWDLQV PRUH WDVNV WKDQ SURFHV�

VRUV� :H DVVXPH WKDW DOO WKH WDVNV ZLWKLQ WKH VDPH JDQJ

H[HFXWH IRU WKH VDPH DPRXQW RI WLPH� L�H�� WKDW WKH FRPSX�

WDWLRQDO ORDG LV EDODQFHG EHWZHHQ WKHP�

7KLV LV FOHDUO\ GLIIHUHQW IURP WKH WDVN OHYHO PRGHOV �>�@�

>�@�� LQ ZKLFK� DIWHU D MRE DUULYHV WR WKH V\VWHP� LW LV LPPH�

GLDWHO\ VSOLW LQWR FRPSRQHQW WDVNV� DQG WKHVH WDVNV ZLOO EH

SURFHVVHG RQ DQ\ SURFHVVRU LQ DQ\ RUGHU DV ORQJ DV WKH

SUHFHGHQFH FRQVWUDLQWV DUH QRW YLRODWHG�

$ QXPEHU RI JDQJ VFKHGXOLQJ SROLFLHV IRU GLVWULEXWHG

V\VWHPV DQG PXOWLSURJUDPPHG SDUDOOHO V\VWHPV KDYH EHHQ

SURSRVHG DOUHDG\� HDFK GLIIHULQJ LQ WKH ZD\ UHVRXUFHV DUH

VKDUHG DPRQJ WKH MREV �>�@� >�@� >�@� >�@� >�@� >�@� >�@� >��@�

>��@� >��@�� 7KHVH ZRUNV VWXG\ WKH LQIOXHQFH RI JDQJ VFKHG�

XOLQJ RQ SURFHVVRUV SHUIRUPDQFH� 7KH\ GR QRW H[SOLFLWO\

PRGHO WKH ,�2 SURFHVVLQJ� DOWKRXJK LW FDQ VLJQLILFDQWO\ LQ�

IOXHQFH WKH RYHUDOO V\VWHP SHUIRUPDQFH� +RZHYHU� VFKHG�

XOLQJ LV QRW DQ LVRODWHG LVVXH� ,W LV EXW RQH VHUYLFH SURYLGHG

E\ WKH RSHUDWLQJ V\VWHP� 7KH VROXWLRQ WR WKH VFKHGXOLQJ

SUREOHP PXVW EH LQWHJUDWHG ZLWK VROXWLRQV WR RWKHU SURE�

OHPV� H�J� ,�2 PDQDJHPHQW� 7KH GLIIHUHQW SDUWV RI WKH V\V�

WHP PXVW ZRUN WRJHWKHU WR FUHDWH D FRKHVLYH ZKROH LQ D ZD\

WKDW PDNHV VHQVH�

&RVFKHGXOLQJ RI WDVNV LQ D FORVHG TXHXHLQJ QHWZRUN

PRGHO LV VWXGLHG LQ >��@� $ VKDUHG PHPRU\ SDUWLWLRQDEOH

SDUDOOHO SURFHVVLQJ V\VWHP LV FRQVLGHUHG LQ WKLV ZRUN DQG

UHVHTXHQFLQJ RI MREV LV UHTXLUHG DIWHU SURFHVVRU VHUYLFH�

(DJHU �ZRUN�FRQVHUYLQJ� YHUVXV OD]\ �QRQ�ZRUN�FRQVHU�

YLQJ� VFKHGXOLQJ SROLFLHV DUH VWXGLHG DQG FRPSDUHG RYHU D

ZLGH UDQJH RI V\VWHP SDUDPHWHUV�

1XPHURXV VFKHGXOLQJ GLVFLSOLQHV KDYH EHHQ SURSRVHG

IRU PXOWLSURFHVVRU V\VWHPV� WKH HYDOXDWLRQ RI ZKLFK� IRU

WKH PRVW SDUW� ZDV FRQGXFWHG RQ ZRUNORDGV ZLWK D UHOD�

WLYHO\ VPDOO YDULDELOLW\ LQ WDVN SURFHVVLQJ UHTXLUHPHQWV�

+RZHYHU� KLJK SHUIRUPDQFH FRPSXWHU FHQWHUV KDYH UHSRUW

WKDW WKHLU VHUYLFH WLPH FRHIILFLHQW RI YDULDWLRQ FDQ LQ IDFW EH

JUHDWHU WKDQ RQH�

,Q WKLV ZRUN ZH VWXG\ JDQJ VFKHGXOLQJ LQ D FORVHG

TXHXHLQJ QHWZRUN PRGHO RI D GLVWULEXWHG V\VWHP ZKHUH ZH



LQFRUSRUDWHG ,�2 HTXLSPHQW� 7KH GHVLJQ FKRLFHV WKDW DUH

FRQVLGHUHG LQFOXGH GLIIHUHQW ZD\V WR VFKHGXOH JDQJV IRU

H[HFXWLRQ� :H FRPSDUH WKH SHUIRUPDQFH RI WKUHH JDQJ

VFKHGXOLQJ SROLFLHV IRU YDULRXV FRHIILFLHQWV RI YDULDWLRQ RI

WKH SURFHVVRU VHUYLFH WLPHV DQG IRU GLIIHUHQW GHJUHHV RI

PXOWLSURJUDPPLQJ� 7R RXU NQRZOHGJH� VXFK DQ DQDO\VLV RI

JDQJ VFKHGXOLQJ KDV QRW DSSHDUHG LQ WKH UHVHDUFK OLWHUDWXUH�

7KLV SDSHU LV WKHRUHWLFDO LQ WKH VHQVH WKDW WKH UHVXOWV DUH

REWDLQHG IURP VLPXODWLRQ VWXGLHV LQVWHDG RI IURP PHDVXUH�

PHQWV RI UHDO V\VWHPV� 1HYHUWKHOHVV� ZH EHOLHYH WKDW WKH

UHVXOWV ZH SUHVHQW DUH RI SUDFWLFDO YDOXH� $OO DOJRULWKPV ZH

VWXG\ DUH SUDFWLFDO LQ WKDW WKH\ FDQ EH LPSOHPHQWHG� $O�

WKRXJK ZH GR QRW GHULYH DEVROXWH SHUIRUPDQFH SUHGLFWLRQV

IRU VSHFLILF V\VWHPV DQG ZRUNORDGV� ZH VWXG\ WKH UHODWLYH

SHUIRUPDQFH RI WKH GLIIHUHQW JDQJ VFKHGXOLQJ DOJRULWKPV

DFURVV D EURDG UDQJH RI ZRUNORDGV DQG DQDO\]H KRZ

FKDQJHV LQ WKH ZRUNORDG DIIHFW SHUIRUPDQFH�

)RU VLPSOH LGHDOL]HG V\VWHPV� SHUIRUPDQFH PRGHOV FDQ

EH PDWKHPDWLFDOO\ DQDO\]HG XVLQJ TXHXHLQJ WKHRU\ WR RE�

WDLQ SHUIRUPDQFH PHDVXUHV� 2XU V\VWHP� LQ DGGLWLRQ WR H[�

SRQHQWLDO GLVWULEXWLRQ IRU MRE H[HFXWLRQ WLPHV� LQYROYHV

%UDQFKLQJ (UODQJ DQG (UODQJ�N GLVWULEXWLRQV� $OVR� LW LQ�

YROYHV VFKHGXOLQJ SROLFLHV ZLWK GLIIHUHQW FRPSOH[LWLHV� )RU

FRPSOH[ V\VWHPV DQDO\WLFDO PRGHOOLQJ W\SLFDOO\ UHTXLUHV

DGGLWLRQDO VLPSOLI\LQJ DVVXPSWLRQV� DQG VXFK DVVXPSWLRQV

PLJKW KDYH XQIRUVHHDEOH LQIOXHQFHV RQ WKH UHVXOWV� 7KHUH�

IRUH� UHVHDUFK HIIRUWV KDYH EHHQ GHYRWHG WR ILQGLQJ DS�

SUR[LPDWH DQDO\VLV� WR GHYHORSLQJ WUDFWDEOH PRGHOV LQ VSH�

FLDO FDVHV� DQG WR FRQGXFWLQJ VLPXODWLRQV� :H FKRVH VLPX�

ODWLRQV EHFDXVH LW LV SRVVLEOH WR VLPXODWH WKH V\VWHP XQGHU

VWXG\ LQ D GLUHFW PDQQHU� WKXV OHQGLQJ FUHGLELOLW\ WR WKH

UHVXOWV� 'HWDLOHG VLPXODWLRQ PRGHOV KHOS GHWHUPLQH SHU�

IRUPDQFH ERWWOHQHFNV LQ DUFKLWHFWXUH DQG DVVLVW LQ UHILQLQJ

WKH V\VWHP FRQILJXUDWLRQ�

7KH VWUXFWXUH RI WKH SDSHU LV DV IROORZV� 6HFWLRQ ���

VSHFLILHV V\VWHP DQG ZRUNORDG PRGHOV� VHFWLRQ ��� GH�

VFULEHV WKH MRE VFKHGXOLQJ SROLFLHV DQG VHFWLRQ ��� SUHVHQWV

WKH PHWULFV HPSOR\HG LQ DVVHVVLQJ WKH SHUIRUPDQFH RI WKH

VFKHGXOLQJ SROLFLHV ZH VWXG\� 0RGHO LPSOHPHQWDWLRQ DQG

LQSXW SDUDPHWHUV DUH GHVFULEHG LQ VHFWLRQ ��� ZKLOH WKH UH�

VXOWV RI WKH VLPXODWLRQ H[SHULPHQWV DUH SUHVHQWHG DQG DQD�

O\VHG LQ VHFWLRQ ���� )LQDOO\ WKH ODVW VHFWLRQ FRQFOXGHV ZLWK

VHYHUDO FRPPHQWV DQG JLYHV GLUHFWLRQV IRU IXUWKHU UHVHDUFK�

���0RGHO��DQG��PHWKRGRORJ\

��� 6\VWHP DQG ZRUNORDG PRGHOV

$ FORVHG TXHXLQJ QHWZRUN PRGHO RI D GLVWULEXWHG V\V�

WHP LV FRQVLGHUHG� 7KHUH DUH 3  � KRPRJHQHRXV DQG LQGH�

SHQGHQW SURFHVVRUV HDFK VHUYLQJ LWV RZQ TXHXH� 7KLV LV D

UHDVRQDEOH FKRLFH IRU WKH FXUUHQW H[LVWLQJ PHGLXP�VFDOH

GHSDUWPHQWDO QHWZRUNV RI ZRUNVWDWLRQV� ,W LV EHOLHYHG WKDW

TXDOLWDWLYH UHVXOWV IRU RWKHU QXPEHUV RI SURFHVVRUV� HYHQ IRU

ODUJH�VFDOH GLVWULEXWHG� DUH VLPLODU IRU WKH GDWD GHPRQ�

VWUDWHG KHUH� 7KH GLVWULEXWHG QRGHV DUH LQWHUFRQQHFWHG E\ D

KLJK VSHHG QHWZRUN ZLWK QHJOLJLEOH FRPPXQLFDWLRQ GHOD\V�

7KH GHJUHH RI PXOWLSURJUDPPLQJ 1 LV FRQVWDQW GXULQJ

WKH VLPXODWLRQ H[SHULPHQW� $ IL[HG QXPEHU RI MREV 1 LV

FLUFXODWLQJ DOWHUQDWLYHO\ EHWZHHQ WKH SURFHVVRUV DQG WKH ,�2

XQLW� 1HLWKHU DUULYDOV QRU GHSDUWXUHV DUH SHUPLWWHG ZKLOH

WKH V\VWHP LV XQGHU REVHUYDWLRQ� 7KH FRQILJXUDWLRQ RI WKH

PRGHO LV VKRZQ LQ )LJXUH ��
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)LJXUH �� 7KH TXHXLQJ QHWZRUN PRGHO�

6LQFH ZH DUH LQWHUHVWHG LQ D V\VWHP ZLWK EDODQFHG SUR�

JUDP IORZ� ZH KDYH FRQVLGHUHG DQ ,�2 FKDQQHO ZKLFK KDV

WKH VDPH VHUYLFH FDSDFLW\ DV WKH SURFHVVLQJ XQLW�

7KH WHFKQLTXH XVHG WR HYDOXDWH WKH SHUIRUPDQFH RI WKH

VFKHGXOLQJ GLVFLSOLQHV LV H[SHULPHQWDWLRQ XVLQJ D V\QWKHWLF

ZRUNORDG VLPXODWLRQ� ,Q VWXGLHV OLNH WKLV� RQH LV XVXDOO\

UHTXLUHG WR XVH V\QWKHWLF ZRUNORDGV EHFDXVH UHDO ZRUNORDGV

FDQQRW EH VLPXODWHG HIILFLHQF\ HQRXJK DQG UHDO V\VWHPV

ZLWK DFWXDO ZRUNORDGV DUH QRW DYDLODEOH IRU H[SHULPHQWD�

WLRQ� $OVR� XVHIXO DQDO\WLF PRGHOV DUH GLIILFXOW WR GHULYH

EHFDXVH WKH VXEWOHWLHV EHWZHHQ YDULRXV GLVFLSOLQHV DUH GLIIL�

FXOW WR PRGHO DQG EHFDXVH WKH ZRUNORDG PRGHO LV TXLWH

FRPSOH[�

7KH ZRUNORDG FRQVLGHUHG KHUH LV FKDUDFWHULVHG E\ WKUHH

SDUDPHWHUV� WKH GLVWULEXWLRQ RI JDQJ VL]HV� WKH GLVWULEXWLRQ

RI H[HFXWLRQ WLPHV� DQG WKH GHJUHH RI PXOWLSURJUDPPLQJ�

:H DVVXPH WKDW WKHUH LV QRW FRUUHODWLRQ EHWZHHQ WKH GLIIHU�

HQW SDUDPHWHUV� )RU H[DPSOH� D VPDOO JDQJ PD\ KDYH D ORQJ

H[HFXWLRQ WLPH�

-REV FRQVLVW RI D VHW RI Q ≥ � WDVNV DQG HDFK WDVN UH�

TXLUHV RQH SURFHVVRU WR H[HFXWH� -REV DUH FKDUDFWHULVHG E\ D

SUREDELOLW\ GLVWULEXWLRQ RI WKH QXPEHU RI SURFHVVRUV UH�

TXLUHG� 7KH QXPEHU RI SURFHVVRUV GHPDQGHG E\ MRE [ LV

UHSUHVHQWHG DV S�[�� ZKLFK LV FDOOHG WKH ³VL]H´ RI MRE [� :H



FDOO D MRE ³VPDOO´ �³ODUJH´� LI LW UHTXLUHV D VPDOO �ODUJH�

QXPEHU RI SURFHVVRUV UHVSHFWLYHO\� (DFK WLPH D MRE UHWXUQV

IURP ,�2 VHUYLFH WR GLVWULEXWHG SURFHVVRUV� LW QHHGV D GLIIHU�

HQW QXPEHU RI SURFHVVRUV IRU H[HFXWLRQ� WKDW LV LWV GHJUHH RI

SDUDOOHOLVP LV QRW FRQVWDQW GXULQJ LWV OLIHWLPH LQ WKH V\VWHP�

(DFK WDVN RI D MRE LV URXWHG WR D GLIIHUHQW SURFHVVRU IRU

H[HFXWLRQ� 7KH URXWLQJ SROLF\ LV WKDW WDVNV HQWHU WKH VKRUWHVW

TXHXHV� 7DVNV LQ SURFHVVRU TXHXHV DUH H[DPLQHG LQ RUGHU

DFFRUGLQJO\ WR WKH VFKHGXOLQJ SROLF\� $ MRE [ VWDUWV WR H[H�

FXWH RQO\ LI DOO S�[� SURFHVVRUV DVVLJQHG WR LW DUH DYDLODEOH�

2WKHUZLVH� DOO WDVNV RI MRE [ ZDLW LQ WKH DVVLJQHG TXHXHV�

:KHQ D MRE ILQLVKHV H[HFXWLRQ� DOO SURFHVVRUV DVVLJQHG WR LW

DUH UHOHDVHG� -REV [�� [�� ��� [O FDQ EH H[HFXWHG VLPXOWDQH�

RXVO\ LI DQG RQO\ LI S�[���S�[���������S�[O� � 3�

:H DVVXPH WKDW MRE VL]HV DUH XQLIRUPO\ GLVWULEXWHG LQ

WKH UDQJH RI >����@� :H KDYH FKRVHQ WKH XQLIRUP GLVWULEX�

WLRQ EHFDXVH LW KDV D UHDVRQDEOH ODUJH GHYLDWLRQ DQG WKHUH�

IRUH PRUH IDFWV DERXW V\VWHP EHKDYLRXU FDQ EH UHYHDOHG�

7KH QXPEHU RI MREV ZKLFK FDQ EH SURFHVVHG LQ SDUDOOHO

GHSHQGV RQ MRE VL]HV DQG RQ WKH VFKHGXOLQJ SROLF\ DSSOLHG�

$V LQ PRVW VWXGLHV ZH DVVXPH WKDW WKH RYHUKHDG IRU WKH

VFKHGXOLQJ DOJRULWKPV LV QHJOLJLEOH�

:H DOVR LQYHVWLJDWH WKH LPSDFW RI WKH YDULDELOLW\ LQ MRE

VHUYLFH GHPDQG RQ V\VWHP SHUIRUPDQFH� $ KLJK YDULDELOLW\

LQ MRE VHUYLFH GHPDQG LPSOLHV WKDW WKHUH LV SURSRUWLRQDWHO\

D KLJK QXPEHU RI VHUYLFH GHPDQGV WKDW DUH YHU\ VPDOO FRP�

SDUHG WR WKH PHDQ VHUYLFH WLPH DQG D FRPSDUDWLYHO\ ORZ

QXPEHU RI VHUYLFH GHPDQGV WKDW DUH YHU\ ODUJH� :KHQ D MRE

ZLWK D ORQJ VHUYLFH GHPDQG HQWHUV WKH V\VWHP DQG VWDUWV

H[HFXWLRQ� LW ZLOO RFFXS\ D QXPEHU RI SURFHVVRUV IRU D ORQJ

WLPH DQG GHSHQGLQJ RQ WKH VFKHGXOLQJ SROLF\ DSSOLHG LW PD\

LQWURGXFH LQRUGLQDWH TXHXLQJ GHOD\V IRU WKH RWKHU MREV

ZDLWLQJ IRU VHUYLFH�

7KH SDUDPHWHU ZKLFK UHSUHVHQWV WKH YDULDELOLW\ LQ MRE

H[HFXWLRQ WLPHV LV WKH FRHIILFLHQW RI YDULDWLRQ RI H[HFXWLRQ

WLPHV �&�� 7KLV LV WKH UDWLR RI WKH VWDQGDUG GHYLDWLRQ RI MRE

H[HFXWLRQ WLPH WR LWV PHDQ� :H H[DPLQH WKH IROORZLQJ

FDVHV�

� -RE H[HFXWLRQ WLPHV KDYH DQ (UODQJ�N GLVWULEXWLRQ ZLWK

N � DQG DUH ,,'� 7KH FRHIILFLHQW RI YDULDWLRQ LV &  �

� k � � DQG WKH PHDQ LV P�

� -RE H[HFXWLRQ WLPHV DUH LQGHSHQGHQW DQG LGHQWLFDOO\ GLV�

WULEXWHG �,,'� H[SRQHQWLDO UDQGRP YDULDEOHV ZLWK PHDQ

P�

� -RE H[HFXWLRQ WLPHV KDYH D %UDQFKLQJ (UODQJ GLVWULEX�

WLRQ �>��@� ZLWK WZR VWDJHV DQG DUH ,,'� 7KH FRHIILFLHQW

RI YDULDWLRQ LV &� ZKHUH & ! � DQG WKH PHDQ LV P�

$ MRE DIWHU SURFHVVRU VHUYLFH UHTXHVWV VHUYLFH IURP WKH

,�2 XQLW� 7KH ,�2 TXHXLQJ GLVFLSOLQH LV )&)6� 7KH ,�2

VHUYLFH WLPHV DUH H[SRQHQWLDOO\ GLVWULEXWHG ZLWK PHDQ N

DQG DUH ,,'�

$OO QRWDWLRQV XVHG LQ WKLV SDSHU DUH SUHVHQWHG LQ 7DEOH

��

��� -RE VFKHGXOLQJ SROLFLHV

7KH SHUIRUPDQFH RI SURJUDPV ZKLFK FRQVLVW RI SDUDOOHO

WDVNV LV VLJQLILFDQWO\ DIIHFWHG E\ WKH FKRLFH RI WKH SROLF\

XVHG WR VFKHGXOH WDVNV� ,Q WKLV ZRUN ZH DVVXPH WKDW WKH

VFKHGXOHU KDV SHUIHFW LQIRUPDWLRQ ZKHQ PDNLQJ GHFLVLRQV�

L�H� LW NQRZV WKH H[DFW QXPEHU RI SURFHVVRUV UHTXLUHG E\ DOO

MREV� $OVR� WKH WDVN GLVSDWFKHU NQRZV WKH H[DFW OHQJWK RI DOO

TXHXHV DQG VHQGV WDVNV WR WKH VKRUWHVW TXHXHV� RQH WDVN SHU

TXHXH�

:H DQDO\VH WKH SHUIRUPDQFH RI WKH IROORZLQJ JDQJ

VFKHGXOLQJ SROLFLHV�

� )LUVW &RPH )LUVW 6HUYHG �)&)6�� :KHQ D MRE DIWHU ,�2

VHUYLFH DVNV SURFHVVRU VHUYLFH� WKHQ� LI DOO SURFHVVRUV DV�

VLJQHG WR LW DUH LGOH DQG WKHUH DUH QRW DQ\ RWKHU WDVNV LQ

WKHVH SURFHVVRUV TXHXHV� WKLV MRE VWDUWV H[HFXWLRQ� 2WKHU�

ZLVH DOO WDVNV RI WKDW MRE HQWHU SURFHVVRU TXHXHV�

:KHQ D MRE [ OHDYHV WKH V\VWHP� WKH S�[� SURFHVVRUV

DVVLJQHG WR LW DUH UHOHDVHG� 7KHQ WKH TXHXHV RI WKHVH SURF�

HVVRUV� DQG DOVR WKH TXHXHV RI WKH LGOH SURFHVVRUV DUH H[�

DPLQHG� ,I WKHUH DUH MREV ZKRVH DOO WDVNV DUH LQ WKH ILUVW

SRVLWLRQ LQ WKHVH TXHXHV� WKHQ WKHVH MREV VWDUW H[HFXWLRQ� $

MRE ZKRVH DW OHDVW RQH WDVN LV QRW LQ WKH ILUVW SRVLWLRQ RI D

TXHXH� GRHV QRW VWDUW H[HFXWLRQ�

8QIRUWXQDWHO\� )&)6 VFKHGXOLQJ E\ LWV QDWXUH LV FRQVHU�

YDWLYH LQ VFKHGXOLQJ� 7DVNV PD\ EH NHSW LQ TXHXHV HYHQ LI

WKH FRUUHVSRQGLQJ SURFHVVRUV DUH LGOH� :H FDQ PRGLI\ WKH

)&)6 VFKHGXOLQJ DOJRULWKP VR WKDW VPDOO MREV DUH SURF�

HVVHG HDUO\ LQVWHDG RI OHWWLQJ WKHP ZDLWLQJ EHKLQG ODUJH

MREV�

� $GDSWHG )&)6 �$�)&)6� DWWHPSWV WR VFKHGXOH D MRE

ZKHQHYHU WKH SURFHVVRUV DVVLJQHG WR LWV WDVNV DUH DYDLODEOH�

:KHQ WKHUH DUH QR HQRXJK SURFHVVRUV DYDLODEOH IRU D ODUJH

MRE ZKRVH WDVNV DUH ZDLWLQJ LQ WKH IURQW RI WKH TXHXHV� $�

)&)6 SROLF\ VFKHGXOHV VPDOOHU MREV ZKRVH WDVNV DUH EHKLQG

WKH WDVNV RI WKH ODUJH MRE� VR WKDW WKH DYHUDJH UHVSRQVH WLPH

FRXOG EH UHGXFHG�

2QH PDMRU SUREOHP ZLWK WKLV VFKHGXOLQJ SROLF\ LV WKDW LW

WHQGV WR IDYRXU WKRVH MREV UHTXHVWLQJ D VPDOOHU QXPEHU RI

SURFHVVRUV DQG WKXV PD\ LQFUHDVH WKH IUDJPHQWDWLRQ LQ WKH

V\VWHP�

� /DUJHVW�-RE�)LUVW�6HUYHG �/-)6�� :LWK WKLV SROLF\ WDVNV

DUH SODFHG LQ LQFUHDVLQJ MRE VL]H RUGHU LQ SURFHVVRU TXHXHV

�WDVNV WKDW EHORQJ WR ODUJHU JDQJV DUH SODFHG DKHDG LQ WKH

TXHXHV�� $OO WDVNV LQ TXHXHV DUH VHDUFKHG LQ RUGHU� DQG WKH

ILUVW MREV IRU ZKLFK WKH DVVLJQHG SURFHVVRUV DUH DYDLODEOH



VWDUW H[HFXWLRQ� 7KLV PHWKRG WHQGV WR LPSURYH WKH SHUIRUP�

DQFH RI ODUJH� KLJKO\�SDUDOOHO MREV DW WKH H[SHQVH RI VPDOOHU

MREV� EXW LQ PDQ\ FRPSXWLQJ HQYLURQPHQWV WKLV GLVFULPLQD�

WLRQ LV DFFHSWDEOH� LI QRW GHVLUDEOH� )RU H[DPSOH� VXSHUFRP�

SXWHU FHQWHUV KDYH D PDQGDWH WR UXQ ODUJH� KLJKO\�SDUDOOHO

MREV WKDW FDQQRW UXQ DQ\ZKHUH HOVH�

��� 3HUIRUPDQFH PHWULFV

&RQVLGHU WKH IROORZLQJ GHILQLWLRQV�

� 5HVSRQVH WLPH RI D UDQGRP MRE LV WKH LQWHUYDO RI WLPH

IURP WKH GLVSDWFKLQJ RI WKLV MRE WDVNV WR SURFHVVRU TXHXHV

WR VHUYLFH FRPSOHWLRQ RI WKLV MRE �WLPH VSHQW LQ SURFHVVRU

TXHXHV SOXV WLPH VSHQW LQ VHUYLFH��

� &\FOH WLPH RI D UDQGRP MRE LV WKH WLPH WKDW HODSVHV EH�

WZHHQ WZR VXFFHVVLYH SURFHVVRU VHUYLFH UHTXHVWV RI WKLV MRE�

,Q RXU PRGHO F\FOH WLPH LV WKH VXP RI UHVSRQVH WLPH SOXV

TXHXLQJ DQG VHUYLFH WLPH DW WKH ,�2 XQLW�

3DUDPHWHUV XVHG LQ ODWHU VLPXODWLRQ FRPSXWDWLRQV DUH

SUHVHQWHG LQ 7DEOH ��

7DEOH �� 1RWDWLRQV

57 PHDQ UHVSRQVH WLPH

. PHDQ F\FOH WLPH

5 V\VWHP WKURXJKSXW UDWH

8&38 PHDQ SURFHVVRU XWLOLVDWLRQ

8,�2 PHDQ ,�2 XQLW XWLOLVDWLRQ

1 GHJUHH RI PXOWLSURJUDPPLQJ

& FRHIILFLHQW RI YDULDWLRQ

P PHDQ MRE H[HFXWLRQ WLPH

N PHDQ ,�2 VHUYLFH WLPH

,Q RXU PRGHO WKH H[WHUQDO SHUIRUPDQFH LV GHWHUPLQHG E\

WKH V\VWHP WKURXJKSXW UDWH �V\VWHP SHUIRUPDQFH� DQG WKH

PHDQ F\FOH WLPH �SURJUDP SHUIRUPDQFH�� ,QWHUQDO HIIL�

FLHQF\ LV SULPDULO\ GHWHUPLQHG E\ WKH PHDQ SURFHVVRU XWLOL�

]DWLRQ EHFDXVH LW UHSUHVHQWV WKH OHYHO RI FRQWHQWLRQ IRU WKH

PRVW FULWLFDO V\VWHP UHVRXUFHV�

)&)6 LV XVHG DV D FRPSDULVRQ PHDVXUH EHWZHHQ WKH

SHUIRUPDQFH RI WKH $�)&)6 DQG /-)6 SROLFLHV� 7KH PRGHO

ZRUNV ILUVW ZLWK WKH )&)6 SROLF\ DQG WKHQ ZLWK RQH RI WKH

RWKHU WZR SROLFLHV� 7KH UHODWLYH SHUIRUPDQFH SDUDPHWHUV DUH

FDOFXODWHG RQ D SHUFHQWDJH EDVLV DV IROORZV�

'57 � UHODWLYH GHFUHDVH LQ 57

'. � UHODWLYH GHFUHDVH LQ .

'5 � UHODWLYH LQFUHDVH LQ 5

����6LPXODWLRQ��UHVXOWV��DQG��GLVFXVVLRQ

��� 0RGHO LPSOHPHQWDWLRQ DQG LQSXW SDUDPH�

WHUV

7KH TXHXLQJ QHWZRUN PRGHO ZDV VLPXODWHG ZLWK GLV�

FUHWH HYHQW VLPXODWLRQ PRGHOV �>��@� XVLQJ WKH LQGHSHQGHQW

UHSOLFDWLRQV PHWKRG� )RU HYHU\ PHDQ YDOXH D ��� FRQIL�

GHQFH LQWHUYDO ZDV HYDOXDWHG� $OO FRQILGHQFH LQWHUYDOV ZHUH

IRXQG WR EH OHVV WKDQ �� RI WKH PHDQ YDOXHV�

:H FRQVLGHUHG D EDODQFHG V\VWHP ZLWK P ��� DQG N  

������ 7KH UHDVRQ ZH KDYH FKRVHQ N ����� IRU EDODQFHG

SURJUDP IORZ LV WKDW DW WKH SURFHVVRUV WKHUH DUH RQ DYHUDJH

��� SDUDOOHO WDVNV SHU MRE� 6R� ZKHQ DOO SURFHVVRUV DUH EXV\�

DQ DYHUDJH RI ����� MREV DUH VHUYHG HDFK XQLW RI WLPH� 7KLV

LPSOLHV WKDW ,�2 PHDQ VHUYLFH WLPH PXVW EH HTXDO WR �������

 ����� LI WKH ,�2 XQLW LV WR KDYH WKH VDPH VHUYLFH FDSDFLW\�

7KH V\VWHP ZDV H[DPLQHG LQ FDVHV RI MRE H[HFXWLRQ

WLPHV ZLWK (UODQJ�N GLVWULEXWLRQ ZLWK N � �&  � � 2  

����� �� H[SRQHQWLDO �&  ��� DQG %UDQFKLQJ (UODQJ IRU &  

�� ��

7KH GHJUHH RI PXOWLSURJUDPPLQJ 1 ZDV WDNHQ DV �� ��

�� �� ��� 7KH UHDVRQ ZH KDYH H[DPLQHG YDULRXV QXPEHUV RI

SURJUDPV 1 LV EHFDXVH WKLV LV D FULWLFDO SDUDPHWHU ZKLFK

UHIOHFWV V\VWHP ORDG�

��� 3HUIRUPDQFH DQDO\VLV

'XH WR VSDFH OLPLWDWLRQV� RQO\ WKH IROORZLQJ UHVXOWV DUH

SUHVHQWHG� EXW WKH\ DUH UHSUHVHQWDWLYH RI WKH RYHUDOO PRGHO

SHUIRUPDQFH�

� ,Q 7DEOHV ��� SHUIRUPDQFH SDUDPHWHUV RI WKH & � FDVH

DUH SUHVHQWHG�

� ,Q )LJXUHV ��� V\VWHP WKURXJKSXW UDWH DQG PHDQ F\FOH

WLPH DUH SORWWHG YHUVXV 1 LQ DOO FDVHV H[DPLQHG�

2XU UHVXOWV VKRZ WKH IROORZLQJ�

)RU 1 � DOO SROLFLHV SHUIRUP WKH VDPH DV WKHUH FDQ EH DW

PRVW RQH MRE ZDLWLQJ IRU SURFHVVRU VHUYLFH�

)RU 1!� WKH SHUIRUPDQFH LQ WHUPV RI PHDQ F\FOH WLPH

�.� DQG WKURXJKSXW UDWH �5�� LV VXSHULRU ZLWK WKH $�)&)6

DQG /-)6 VFKHGXOLQJ SROLFLHV� 7KLV LV GXH WR WKH IDFW WKDW

ZLWK WKH )&)6 SROLF\ D ODUJH MRE ZDLWLQJ IRU VRPH SURFHV�

VRUV WR EH IUHHG PD\ FDXVH ORQJ GHOD\V WR RWKHU VPDOOHU

MREV� 'XULQJ WKDW WLPH LW LV PRVW SUREDEOH IRU WKH ,�2 XQLW WR

UHPDLQ LGOH DQG WKHQ WR EH VXSSOLHG ZLWK PDQ\ MREV WKDW

DUH IRUFHG WR GHOD\ LQ LWV TXHXH� $�)&)6 DQG /-)6 DOOHYLDWH



WKLV SUREOHP� \LHOGLQJ ORZHU 57 WKDQ )&)6� ZKLFK UHVXOWV

LQ ORZHU PHDQ F\FOH WLPH DQG KLJKHU V\VWHP WKURXJKSXW�

,Q PRVW RI WKH FDVHV /-)6 SHUIRUPV VOLJKWO\ EHWWHU WKDQ

$�)&)6� +RZHYHU� /-)6 QHHGV DQ H[WUD RYHUKHDG IRU WKH

UHRUGHULQJ RI WDVNV LQ WKH TXHXHV ZKLFK LV QRW PRGHOOHG LQ

WKLV ZRUN�

7KH VXSHULRULW\ RI $�)&)6 DQG /-)6 RYHU )&)6 LV LQ�

FUHDVLQJ ZLWK LQFUHDVLQJ 1� 7KLV LV GXH WR WKH IDFW WKDW DW

KLJK 1 WKHUH DUH PRUH WDVNV LQ WKH TXHXHV DQG WKHUHIRUH

WKHUH DUH PRUH RSSRUWXQLWLHV WR H[SORLW WKH DGYDQWDJHV RI

$�)&)6 DQG /-)6� )RU ORZ 1 WKH VXSHULRULW\ LV QRW VLJQLIL�

FDQW ZKLOH IRU 1 �� LV FRQVLGHUDEOH� )RU H[DPSOH ZLWK

/-)6 DQG IRU 1 � ZH KDYH '5  ����� ZKLOH IRU 1 �� ZH

KDYH '5  �������

)RU DOO 1� WKH GLIIHUHQFH LQ SHUIRUPDQFH EHWZHHQ )&)6

DQG HDFK RI $�)&)6 DQG /-)6 LV GHFUHDVLQJ ZLWK LQFUHDV�

LQJ &� 7KLV LV GXH WR WKH IDFW WKDW DV & LQFUHDVHV WKH YDUL�

DELOLW\ LQ MRE H[HFXWLRQ WLPH LQFUHDVHV WRR� 7KHUHIRUH DW

KLJK & WKH SUREDELOLW\ IRU ODUJH MREV �MREV ZLWK PDQ\ WDVNV�

WR FDXVH ORQJ GHOD\V WR VPDOOHU MREV LV VPDOO EHFDXVH LW LV

PRVW SUREDEOH IRU VHUYLFH WLPHV WR EH YHU\ VPDOO� 6R� DW

KLJK & WKH DGYDQWDJHV RI $�)&)6 DQG /-)6 DUH QRW FRP�

SOHWHO\ H[SORLWHG�

����&RQFOXVLRQV��DQG��IXUWKHU��UHVHDUFK

,Q WKLV ZRUN ZH VWXGLHG JDQJ VFKHGXOLQJ RQ D GLVWULE�

XWHG V\VWHP� :H XVHG VLPXODWLRQ DV WKH PHDQV RI REWDLQLQJ

UHVXOWV�

7KUHH JDQJ VFKHGXOLQJ SROLFLHV ZHUH FRQVLGHUHG� )LUVW

&RPH )LUVW 6HUYHG �)&)6�� $GDSWHG�)&)6 �$�)&)6�� DQG

/DVW�-RE�)LUVW�6HUYHG �/-)6�� 7KHLU SHUIRUPDQFH ZDV

VWXGLHG DQG FRPSDUHG IRU YDULRXV GHJUHHV RI PXOWLSUR�

JUDPPLQJ 1 DQG FRHIILFLHQWV RI YDULDWLRQ & RI WDVN H[HFX�

WLRQ WLPHV�

7KH VLPXODWLRQ UHVXOWV UHYHDO WKH IROORZLQJ�

� ,Q DOO FDVHV H[DPLQHG $�)&)6 DQG /-)6 SHUIRUPHG

EHWWHU WKDQ )&)6�

� $�)&)6 SHUIRUPHG YHU\ FORVH WR /-)6� $FWXDOO\� LQ

PRVW RI WKH FDVHV /-)6 SHUIRUPHG RQO\ VOLJKWO\ EHWWHU

WKDQ $�)&)6�

� 	KH VXSHULRULW\ RI $�)&)6 DQG /-)6 RYHU )&)6 LV LQ�

FUHDVLQJ ZLWK LQFUHDVLQJ 1 DQG LV GHFUHDVLQJ ZLWK LQ�

FUHDVLQJ &�

%RWK $�)&)6 DQG /-)6 SROLFLHV KDYH WKHLU PHULWV�

6\VWHP IUDJPHQWDWLRQ FDQ EH UHGXFHG ZLWK /-)6� +RZHYHU�

WKHUH LV DQ RYHUKHDG LQYROYHG ZLWK /-)6� GXH WR UHRUGHULQJ

RI WDVNV LQ WKH TXHXHV ZKLFK LV QRW PRGHOOHG LQ WKLV ZRUN�

)RU WKHVH UHDVRQV ZH EHOLHYH WKDW $�)&)6 PHWKRG VKRXOG

EH XVHG DV LW LV HDVLHU WR LPSOHPHQW DQG LW SHUIRUPV YHU\

FORVH WR /-)6�

7KLV ZRUN LV D FDVH VWXG\� ,W VKRXOG EH H[WHQGHG WR WKH

IROORZLQJ GLUHFWLRQV�

� 'LIIHUHQW MRE VL]H GLVWULEXWLRQV WR EH FRQVLGHUHG DW

ODUJHU GLVWULEXWHG V\VWHPV�

� 6\VWHP EHKDYLRXU WR EH LQYHVWLJDWHG LQ WKH SUHVHQFH RI

SURFHVVRU IDLOXUHV�
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5HIHUHQFHV

>�@ 0�-� $WDOODK� &� /� %ODFN� '� &� 0DULQHVFX� +� -� 6LHJHO�

DQG 7� /� &DVDYDQW� ³0RGHOV DQG $OJRULWKPV IRU &RVFKHG�

XOLQJ &RPSXWH�,QWHQVLYH 7DVNV RQ D 1HWZRUN RI :RUNVWD�

WLRQV´� -RXUQDO RI 3DUDOOHO DQG 'LVWULEXWHG &RPSXWLQJ�

9RO� ��� ����� SS� ��������

>�@ 6� 'DQGDPXQGL� ³3HUIRUPDQFH LPSOLFDWLRQV RI WDVN URXWLQJ

DQG WDVN VFKHGXOLQJ VWUDWHJLHV IRU PXOWLSURFHVVRU V\VWHPV´�

,Q 3URFHHGLQJV RI WKH ,(((�(XURPLFUR &RQIHUHQFH RQ

0DVVLYHO\ 3DUDOOHO &RPSXWLQJ 6\VWHPV� ,VFKLD� ,WDO\� 0D\

����� SS� ��������

>�@ '�*� )HLWHOVRQ� DQG /� 5XGROSK� ³*DQJ 6FKHGXOLQJ 3HU�

IRUPDQFH %HQHILWV IRU )LQH�*UDLQ 6\QFKURQL]DWLRQ´� -RXU�

QDO RI 3DUDOOHO DQG 'LVWULEXWHG &RPSXWLQJ� 9RO� ��� �����

SS� ��������

>�@ '�*� )HLWHOVRQ� DQG /� 5XGROSK� ³3DUDOOHO MRE VFKHGXOLQJ�

LVVXHV DQG DSSURDFKHV´� ,Q -RE 6FKHGXOLQJ 6WUDWHJLHV IRU

3DUDOOHO 3URFHVVLQJ� '�*� )HLWHOVRQ DQG /� 5XGROSK �HGV���

6SULQJHU�9HUODQJ� /HFWXUH 1RWHV LQ &RPSXWHU 6FLHQFH 9RO�

���� ����� SS� �����

>�@ '�*� )HLWHOVRQ� DQG /� 5XGROSK� ³(YDOXDWLRQ RI 'HVLJQ

&KRLFHV IRU *DQJ 6FKHGXOLQJ 8VLQJ 'LVWULEXWHG +LHUDUFKL�

FDO &RQWURO´� -RXUQDO RI 3DUDOOHO DQG 'LVWULEXWHG &RPSXW�

LQJ� 9RO� ��� ����� SS� ������

>�@ '�*� )HLWHOVRQ� DQG 0� $� -HWWH� ³,PSURYHG 8WLOL]DWLRQ DQG

5HVSRQVLYHQHVV ZLWK *DQJ 6FKHGXOLQJ´� ,Q -RE 6FKHGXOLQJ

6WUDWHJLHV IRU 3DUDOOHO 3URFHVVLQJ� '�*� )HLWHOVRQ DQG /�

5XGROSK �HGV��� 6SULQJHU�9HUODQJ� /HFWXUH 1RWHV LQ &RP�

SXWHU 6FLHQFH� 9RO� ����� ����� SS� ��������

>�@ 0�$� -HWWH� ³3HUIRUPDQFH &KDUDFWHULVWLFV RI *DQJ 6FKHG�

XOLQJ LQ 0XOWLSURJUDPPHG (QYLURQPHQWV´� /DZUHQFH



/LYHUPRUH 1DWLRQDO /DERUDWRU\� KWWS���ZZZ�OF�OOQO�JRY��

JOREDOBDFFHVV �GFWJ�JDQJ�VF���SDSHU�KWPO� �����

>�@ 0�$� -HWWH� ³*DQJ 6FKHGXOLQJ� 7LPHVKDULQJ RQ 3DUDOOHO

&RPSXWHUV´� /DZUHQFH /LYHUPRUH 1DWLRQDO /DERUDWRU\�

KWWS� �� ZZZ � OF�OOQO�JRY� JOREDOBDFFHVV� GFWJ� JDQJ� VF���

VXPPDU\�KWPO� �����

>�@ +�'� .DUDW]D� ³6LPXODWLRQ 6WXG\ RI 7DVN 6FKHGXOLQJ DQG

5HVHTXHQFLQJ LQ D 0XOWLSURFHVVLQJ 6\VWHP´� 6LPXODWLRQ

-RXUQDO� 6SHFLDO ,VVXH� 0RGHOLQJ DQG 6LPXODWLRQ RI &RP�

SXWHU 6\VWHPV DQG 1HWZRUNV� 3DUW 7ZR� $SULO ����� SS�

��������

>��@ +�'� .DUDW]D� ³(DJHU 6FKHGXOLQJ YHUVXV /D]\ 6FKHGXOLQJ

ZLWK 5HVHTXHQFLQJ´� In 3URFHHGLQJV RI WKH ���� 6\PSR�

VLXP RQ 3HUIRUPDQFH (YDOXDWLRQ RI &RPSXWHU DQG 7HOH�

FRPPXQLFDWLRQ 6\VWHPV �63(&76 
��� � ���� 6XPPHU

&RPSXWHU 6LPXODWLRQ &RQIHUHQFH �6&6& 
���� 5HQR� 1H�

YDGD� -XO\ ������ ����� SS� ��������

>��@ $� /DZ� DQG '� .HOWRQ� 6LPXODWLRQ 0RGHOOLQJ DQG $QDO\VLV�

0F*UDZ�+LOO� 1HZ <RUN� �����

>��@ &�+� 6DXHU� DQG .�0� &KDQG\� &RPSXWHU 6\VWHPV 3HU�

IRUPDQFH 0RGHOOLQJ� 3UHQWLFH�+DOO� (QJOHZRRG &OLIIV� 1�-��

�����

>��@ 3�*� 6REDOYDUUR� DQG :� (� :HLKO� ³'HPDQG�EDVHG &R�

VFKHGXOLQJ RI 3DUDOOHO -REV RQ 0XOWLSURJUDPPHG 0XOWL�

SURFHVVRUV´� ,Q /HFWXUH 1RWHV LQ &RPSXWHU 6FLHQFH� ���� '�

*� )HLWHOVRQ DQG /� 5XGROSK �HGV��� -RE 6FKHGXOLQJ 6WUDWH�

JLHV IRU 3DUDOOHO 3URFHVVLQJ� ,336 ¶�� :RUNVKRS� 6DQWD

%DUEDUD� &$� $SULO ����� SS� ��������

>��@ 0�6� 6TXLOODQWH 0�6�� )� :DQJ DQG 0� 3DSDHIWK\PLR\�

³6WRFKDVWLF $QDO\VLV RI *DQJ 6FKHGXOLQJ LQ 3DUDOOHO DQG

'LVWULEXWHG 6\VWHPV´� 3HUIRUPDQFH (YDOXDWLRQ ��	������

����� SS� ��������

>��@ )� :DQJ� 0� 3DSDHIWK\PLRX DQG 0�6� 6TXLOODQWH� ³3HUIRU�

PDQFH (YDOXDWLRQ RI *DQJ 6FKHGXOLQJ IRU 3DUDOOHO DQG

'LVWULEXWHG 6\VWHPV´� ,Q -RE 6FKHGXOLQJ 6WUDWHJLHV IRU

3DUDOOHO 3URFHVVLQJ� '�*� )HLWHOVRQ DQG /� 5XGROSK �HGV���

6SULQJHU�9HUODQJ� /HFWXUH 1RWHV LQ &RPSXWHU 6FLHQFH� 9RO�

����� ����� SS� ��������


