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$EVWUDFW

$ 3HWUL QHWV LV DQ DEVWUDFW DQG IRUPDO PRGHO RI

LQIRUPDWLRQ IORZ� 3HWUL QHWV SURYLGH D QDWXUDO

UHSUHVHQWDWLRQ RI V\VWHPV ZKHUH FRQWURO DQG VWDWH

LQIRUPDWLRQ LV GLVWULEXWHG 3HWUL QHWV FDQ DOVR EH XVHG

WR UHSUHVHQW V\VWHP KLHUDUFKLFDOO\� 3HWUL QHWV WKHRU\

VXSSO\ DQDO\VLV WHFKQLTXHV WKDW DUH XVHIXO IRU

YHULI\LQJ GHVLJQ EHIRUH WKH\ DUH V\QWKHVL]HG�

,Q WKLV SDSHU� ZH GHVFULEHV D 3HWUL QHWV EDVHG

PHWKRGRORJ\ IRU PRGHOLQJ DQG HYDOXDWLRQ

PXOWLWKUHDGHG SURFHVVRUV� $ JHQHUDO SXUSRVH 3HWUL

QHWV VLPXODWRU KDV EHHQ GHYHORSHG XVLQJ WUDFH�GULYHQ

DSSURDFK� 8VLQJ WKLV VLPXODWRU� WKH H[HFXWLRQ RI WKH

3HWUL QHWV PRGHOV RI VRPH VXE�PRGHOV KDYH EHHQ

VLPXODWHG� ,Q WKLV SDSHU ZH RQO\ FRQFHUQ RQ WKH

VFKHPH WKDW PDNHV WKH 3HWUL QHWV WR PRGHO WKH

FRPPXQLFDWLRQ FRQWURO RI PXOWLWKUHDGHG SURFHVVRUV�

DQG WR FRPSDUH WKH SHUIRUPDQFH DQG

FRVW�SHUIRUPDQFH UDWLR �&35� RI WKH PXOWLWKUHDGHG

SURFHVVRUV WR VLQJOH WKUHDG SURFHVVRU�

.H\ZRUGV� 3HWUL QHWV �31�� PXOWLWKUHDGHG

SURFHVVRUV �073�� FRVW�SHUIRUPDQFH

UDWLR �&35�� DQG WUDQVDFWLRQ�

� ,QWURGXFWLRQ

:KLOH VLJQDO FKLS SURFHVVRUV EHFRPH PRUH SRZHUIXO�

WKH XVH RI SLSHOLQLQJ VFKHPH WR VSHHG XS LQVWUXFWLRQV

IHWFKLQJ� GHFRGLQJ� H[HFXWLRQ� DQG ZULWH EDFN KDYH

EHFRPH PRUH SUHYDOHQW� 7KH PRVW PRGHO SURFHVVRUV

DUH VXSSRUWHG QHZ IHDWXUHV WR LPSURYHPHQW WKH

SHUIRUPDQFH VXFK DV LQVWUXFWLRQV SUHIHWFKLQJ� ,�FDFKH

DQG '�FDFKHV� SDUDOOHO DQG GLVWULEXWHG WHFKQLTXHV�

DQG PXOWLWKUHDGLQJ VFKHPH� 7R LPSURYH WKH

SHUIRUPDQFH JDS EHWZHHQ PHPRU\ V\VWHPV DQG

SURFHVVRUV� DQG UHGXFH WKH PHPRU\ ODWHQF\ LQFXUUHG

E\ DFFHVV IURP PHPRU\� 7KHUH DUH PDQ\ PHWKRGV RI

VROYLQJ WKLV ODWHQF\ SUREOHP� WKH ODWHQF\ KLGLQJ

WHFKQLTXHV VXFK DV FRKHUHQW FDFKH� SUHIHWFKLQJ� DQG

UHOD[HG PHPRU\ PRGHOV KDYH EHHQ GHYHORSHG�

0XOWLWKUHDG LV WKH DWWUDFWLYH WHFKQLTXHV WR UHGXFH

SURFHVVRU LGOLQJ WLPH DQG WR UDLVH SURFHVVRU

XWLOL]DWLRQ E\ IDVW FRQWH[W VZLWFKLQJ WR D UHDG�WR�UXQ

WKUHDG >�@�

0XOWLWKUHDGHG SURFHVVRUV XWLOL]H WKH VLPSOH DQG

HIILFLHQW VHTXHQWLDO H[HFXWLRQ WHFKQLTXH RI FRQWURO

IORZ FRPELQHG ZLWK GDWD IORZ OLNH FRQFXUUHQF\� 7KLV

VXSSRUWV WKH FRQFHSWXDOO\ VLPSOH EXW TXLWH SRZHUIXO

LGHD RI UHVFKHGXOLQJ UDWKHU WKDQ EORFNLQJ ZKHQ

ZDLWLQJ IRU GDWD WUDQVPLVVLRQ ODWHQFLHV� $

PXOWLWKUHDGHG SURFHVVRU¶V HIILFLHQF\ LV GHWHUPLQHG E\

IRXU SDUDPHWHUV� ��� WKH QXPEHU RI FRQWHQWV

VXSSRUWHG E\ WKH KDUGZDUH� ��� WKH FRVW RI VZLWFKLQJ

EHWZHHQ FRQWHQWV� ��� WKH QXPEHU RI F\FOHV H[HFXWHG

EHWZHHQ FRQWH[W VZLWFKLQJ DQG ��� WKH FKDUDFWHULVWLF

ODWHQF\ RI WKH RSHUDWLRQV WKDW DUH WR EH KLGGHQ

>����������@�

,Q SURFHVVRUV GHVLJQ� XQGHUVWDQGLQJ WKH GHWDLOHG

WLPLQJ RI VXFK SURFHVVRUV LV H[WUHPHO\ GLIILFXOW DQG

WKHUHIRUH XQGHUVWDQGLQJ WKH ERWWOHQHFNV LQ V\VWHPV

WKDW XVH WKHP LV DOVR GLIILFXOW� 7KH XVH RI 3HWUL QHWV

SURYLGHV FRQYHQLHQW PHDQV RI VSHFLI\LQJ FRQFXUUHQW

V\VWHPV DW WKH EHKDYLRUDO OHYHO� WKHLU DQDO\VLV DQG

YHULILFDWLRQ� DV ZHOO DV V\QWKHVLV RI WKHLU KDUGZDUH

LPSOHPHQWDWLRQV >��@� 7KH 3HWUL QHWV �31� KDG EHHQ

H[WHQG PDQ\ NLQGV RI 3HWUL QHWV FODVVLILFDWLRQ DQG

GHYHORSHG KLHUDUFKLFDO� 7KLV PHDQV WKDW ZH FDQ

FRQVWUXFW D ODUJH 3HWUL QHW E\ UHODWLQJ VPDOOHU 3HWUL

QHWV WR HDFK RWKHU� LQ D ZHOO�GHILQHG ZD\� 7KH

KLHUDUFKLFDO FRQVWUXFW RI 3HWUL QHWV SOD\ D UROH VLPLODU

WR WKDW RI VXEPRGHOV� SURFHGXUHV DQG PRGHOV RI PDLQ

PRGHO�

7KH SRVVLELOLW\ RI XVLQJ ERWK WRS�GRZQ DQG

ERWWRP�XS DSSURDFKHV LQ WKH GHVLJQ SURFHVVRU PHDQV

3HWUL QHWV DUH HIILFLHQW WRRO IRU UDSLG SURWRW\SLQJ�

7KLV SDSHU DGGUHVVHV WKH QHHGV IRU WRROV� ZKLFK FDQ

SHUPLW UDSLG FRQVWUXFWLRQ RI IDLWKIXO PRGHOV RI

PXOWLWKUHDGHG SURFHVVRUV�

3HWUL QHWV DUH EHFRPLQJ LQFUHDVLQJO\ DWWUDFWLYH DV

D IRUPDO PRGHO IRU KDUGZDUH V\VWHP GHVLJQ� 7KH

JUDSKLFDO QDWXUH RI WKH 3HWUL QHW QRWDWLRQ PDNHV LW

PRUH DWWUDFWLYH WR FLUFXLW GHVLJQHUV WKDQ DOJHEUDLF

QRWDWLRQV�

6HYHUDO PXOWLWKUHDGHG�SURFHVVRU DUFKLWHFWXUHV

KDG UHFHQWO\ EHHQ SURSRVHG DQG LPSOHPHQWHG RI

GLIIHUHQW PXOWLWKUHDGLQJ PHWKRGV >����������������@�

,Q WKLV SDSHU� ZH GHVLJQ RI VLPSOH PXOWLWKUHDGHG
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SURFHVVRUV WR EH GHYHORSHG IXWXUH LQWR D IXOO\

RSHUDWLRQDO YHUVLRQ� :H GHPRQVWUDWH WKH GHVLJQ

PHWKRG WKDW LV XVHG D 3HWUL QHWV WR PRGHO WKHLU

PRGHOLQJ SRZHU� :H DOVR VKRZ KRZ WR XVH D

WUDFH�GULYHQ VLPXODWLRQ WRROV WR VLPXODWLRQ� DQDO\]H

DQG FRPSDUH WKH SHUIRUPDQFH RI WKH SURSRVHG

PXOWLWKUHDGHG SURFHVVRUV�

)RU WKH SHUIRUPDQFH DQDO\VLV RI WKH

PXOWLWKUHDGHG SURFHVVRUV� ZH ZLOO FRPSDUH WKH

FRVW�SHUIRUPDQFH UDWLR �&35� RI PXOWLWKUHDGHG

SURFHVVRUV WR WKH VLQJOH WKUHDG SURFHVVRU DUFKLWHFWXUH

RQH
V� 7KURXJK WKLV H[DPLQH� ZH KDYH YHULILHG WKDW

WKH PXOWLWKUHDGHG SURFHVVRUV KDV KLJKHU &35 WKDQ

VLQJOH WKUHDG SURFHVVRU RQH
V�

7KH UHPDLQGHU RI WKLV SDSHU LV RUJDQL]HG DV

IROORZV� 6HFWLRQ � LQWURGXFHV WKH 3HWUL QHWV DQG

KLJKOLJKWV WKH SURSHUWLHV RI WKH PRGHO� 6HFWLRQ �

PDNHV WKH PRGHO RI PXOWLWKUHDGHG SURFHVVRUV XVLQJ

WKH 3HWUL QHWV� ,Q 6HFWLRQ � LOOXVWUDWHV WKH

6(6�ZRUNEHQFK VLPXODWLRQ WRROV WR YHULI\ WKH

PXOWLWKUHDGHG SURFHVVRUV ZLWK 3HWUL QHWV� 7KH

SHUIRUPDQFHV DUH DQDO\]HG LQ 6HFWLRQ �� )LQDOO\� ZH

UHPDUN WKH FRQFOXVLRQV DQG WDNH LQWR WKH IXWXUH LQ

6HFWLRQ ��

�� 7KH 3URSHUWLHV RI &RORUHG 3HWUL QHWV

7KH FRQFHSW RI WKH 3HWUL QHW LV D JUDSKLFDO DQG

PDWKHPDWLFDO WRRO� LW KDG RULJLQ E\ &DUO $GDP 3HWUL¶V

GLVVHUWDWLRQ LQ ����>��@� 7KHUH DUH PDQ\ UHVHDUFKHUV

KDYH SURSRVHG H[WHQVLRQV WR WKH 3HWUL QHW QRWDWLRQ IRU

WKH DFFXUDWH PRGHOLQJ RI FLUFXLW SURSHUWLHV VXFK DV

WLPLQJ LQIRUPDWLRQ� 7LPHG 3HWUL QHWV >��@� 6WRFKDVWLF

3HWUL QHWV �631� >�����@ WKDW LV PRGHO DVVRFLDWHG ZLWK

HDFK WUDQVLWLRQ DQ H[SRQHQWLDO ILULQJ WLPH� DQG

&RORUHG 3HWUL QHWV >�����@� 7KH &RORUHG 3HWUL QHWV

�&31 RI &3�QHW� DUH D IRUPDOLVP� ZKLFK H[WHQGV

RUGLQDU\ 3HWUL QHWV ZLWK GDWD W\SHV DQG PRGXODULW\�

7KLV PDNHV WKHP D YHU\ HIILFLHQW WRRO IRU GHVLJQLQJ

V\VWHPV GHDOLQJ ZLWK SDUDOOHO DQG GLVWULEXWHG� RU

PXOWLWKUHDGHG SURFHVVRUV� 7KH &RORUHG 3HWUL QHW

SURYLGHV D IUDPHZRUN IRU WKH GHVLJQ� VSHFLILFDWLRQ�

YDOLGDWLRQ� DQG YHULILFDWLRQ RI V\VWHP� &RORUHG 3HWUL

QHWV DUH SURPLVLQJ WRRO IRU GHVFULELQJ DQG VWXG\LQJ

LQIRUPDWLRQ SURFHVVLQJ V\VWHP� 7KH\ DUH

FKDUDFWHUL]HG DV EHLQJ FRQFXUUHQW� DV\QFKURQRXV�

GLVWULEXWHG DQG SDUDOOHO� QRQ�GHWHUPLQLVWLF� DQG�RU

VWRFKDVWLF &RORUHG 3HWUL QHWV FDQ EH XVHG DV D YLVXDO

FRPPXQLFDWLRQ DQG VLPLODU WR IORZ FKDUWV� EORFN

GLDJUDPV� DQG QHWZRUNV� ,Q DGGLWLRQ� WRNHQV DUH XVHG

LQ WKHVH QHWV WR VLPXODWH WKH G\QDPLF DQG FXUUHQW

DFWLYLWLHV RI V\VWHPV�

$ 3HWUL QHW LV FRPELQHG RI D SDUWLFXODU NLQG RI

GLUHFWHG JUDSK� ZKLFK LV WRJHWKHU ZLWK DQ LQLWLDO VWDWH

FDOOHG WKH LQLWLDO PDUNLQJ DQG D ELSDUWLWH JUDSK WKDW LV

FRQVLVWHG RI WZR NLQGV RI QRGHV� SODFHV �3� UHSUHVHQWV

WKH VWDWH RI D 3HWUL QHW DQG WUDQVLWLRQV �7� UHSUHVHQWV

WKH DFWLRQV RI D 3HWUL QHW� %HWZHHQ WKH SODFHV DQG

WUDQVLWLRQV� ZKHUH DUFV DUH HLWKHU IURP D SODFH WR D

WUDQVLWLRQ RU IURP D WUDQVLWLRQ WR D SODFH�

,Q JUDSKLFDO UHSUHVHQWDWLRQ� SODFHV DUH GUDZQ DV

FLUFOHV� WUDQVLWLRQV DV EDUV RU ER[HV� DQG DUFV DUH

ODEHOHG ZLWK WKHLU ZHLJKWV� ZKHUH D .�ZHLJKWHG DUF

FDQ EH LQWHUSUHWHG DV WKH VHW RI . SDUDOOHO DUFV� 7KH

EDVLF 3HWUL QHW LV XVXDOO\ GHILQHG DV D V\VWHP

FRPSRVHG RI D ILQLWH� QRQHPSW\ VHW RI SODFHV�

WUDQVLWLRQV DQG GLUHFWHG DUFV� 8VXDOO\ WKH VHW RI SODFHV

FRQQHFWHG E\ GLUHFWHG DUFV WR D WUDQVLWLRQ LV FDOOHG WKH

LQSXW VHW RI D WUDQVLWLRQ� DQG WKH VHW RI SODFHG

FRQQHFWHG E\ GLUHFWHG DUFV RXWJRLQJ IURP D WUDQVLWLRQ�

LWV RXWSXW VHW >��������@�

,Q PRGHOLQJ RI DOO NLQGV RI 3HWUL QHWV� DUH XVLQJ

WKH FRQFHSW RI FRQGLWLRQV DQG HYHQWV� SODFHV UHSUHVHQW

FRQGLWLRQV DQG WUDQVLWLRQV UHSUHVHQW HYHQWV� 6RPH

W\SLFDO LQWHUSUHWDWLRQV RI WUDQVLWLRQV DQG WKHLU LQSXW

SODFHV DQG RXWSXW SODFHV DUH VKRZQ LQ 7DEOH �� $

IRUPDO GHILQLWLRQ RI D 3HWUL QHWV DUH JLYHQ LQ 7DEOH ��

7KH EHKDYLRU RI PDQ\ V\VWHPV FDQ EH GHVFULEHG

LQ WHUPV RI V\VWHP VWDWHV DQG WKHLU FKDQJHV� ,Q RUGHU

WR VLPXODWH WKH G\QDPLF EHKDYLRU RI D V\VWHP� D VWDWH

RU PDUNLQJ D 3HWUL QHWV LV FKDQJHG DFFRUGLQJ WR WKH

IROORZLQJ WUDQVLWLRQ UXOH >����@�

7DEOH �� 6RPH W\SH LQWHUSUHWDWLRQ RI WUDQVLWLRQV DQG

SODFHV

,QSXW 3ODFHV 7UDQVLWLRQ 2XWSXW 3ODFHV

3UHFRQGLWLQV

,QSXW GDWD

,QSXW VLJQDOV

5HVRXUFHV QHHGHG

%XIIHUV

&RQGLWLRQV

2XWSXW VLJQDOV6LJQDO SURFHVVRU

&RPSXWDLRQ 2XWSXW GDWD

(YHQW 3RVWFRQGLWLRQV

%XIIHU

&RQFOXVLRQV

5HVRXUFHV UHOHDVHG

3URFHVVRU

&DXVH LQ ORJLF

7DVN RU MRE

7DEOH �� )RUPDO GHILQLWLRQ RI D 3HWUL QHWV

$ 3HWUL QHWV �31� LV D VDPSOH� &31 �3�7�)�:�0�� ZKHUH�

3  ^3�� 3�� ��������3Q` LV D ILQLWH VHW RI SODFHV�

7  ^7�� 7�� ��������7Q` LV D ILQLWH VHW RI WUDQVLWLRQV�

) �37� � �73� LV D VHW RI DUFV �IORZ UHODWLRQ��

:�) ^ ���������` LV D ZHLJKW IXQFWLRQ�

0��3 ^������������` LV WKH LQLWLDO PDUNLQJ�

3 �7 å DQG 3 � 7�å�

$ 3HWUL QHWV VWUXFWXUH 1 �3�7�)�:� ZLWKRXW DQ\ VSHFLILF LQLWLDO

PDUNLQJ LV GHQRWHG E\ 1�

$ 31 ZLWK WKH JLYHQ LQLWLDO PDUNLQJ LV GHQRWHG E\ �1� 0��

�� $ WUDQVLWLRQ LV VDLG WR HQDEOHG LI HDFK LQSXW

SODFH RI WUDQVLWLRQ LV PDUNHG ZLWK DW OHDVW

Z�S�W� WRNHQV� ZKHUH Z�S�W�LV WKH ZHLJKW RI

WKH DUF IURP SODFH WR WUDQVLWLRQ�
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�� $Q HQDEOHG WUDQVLWLRQ PD\ RU PD\ QRW ILUH WKDW

GHSHQGV RQ ZKHWKHU RU QRW WKH HYHQW DFWXDOO\

WDNHV SODFH�

�� $ ILULQJ RI DQ HQDEOHG WUDQVLWLRQ UHPRYHV

Z�S�W� WRNHQV IURP HDFK LQSXW SODFH WR

WUDQVLWLRQ� DQG DGGV Z�W�S� WRNHQV WR HDFK

RXWSXW SODFH RI WUDQVLWLRQ� ZKHUH Z�W�S� LV WKH

ZHLJKW RI WKH DUF IURP WUDQVLWLRQ WR SODFH�

�� ,PSOHPHQW 0XOWLWKUHDGHG 3URFHVVRUV

ZLWK 3HWUL 1HWV

:H IROORZ WKH WRS�GRZQ GHVLJQ PHWKRGRORJ\ LQ

ZKLFK DIWHU GHFLGLQJ XSRQ WKH WRS�OHYHO VSHFLILFDWLRQ�

:H UHILQH WKH VSHFLILFDWLRQ XQWLO ZH UHDFK WKH

LPSOHPHQWDO OHYHO� 7KH PDLQ REMHFWLYH RI WKH ILUVW

GHVLJQ VWDJH LV WR SURGXFH D ODEHOHG 3HWUL QHWV WKDW

KDYH WUDQVLWLRQV ODEHOHG RQO\ ZKHQ DFWLRQV RI WKH

FRUUHVSRQGLQJ PRGXOHV� 'XULQJ WKH VHFRQG VWDJH� ZH

WUDQVIRUP WKLV KLJK�OHYHO ODEHOHG 3HWUL QHW LQWR RQH

WKDW FRQWDLQV H[SOLFLW WUDQVDFWLRQV RI FRQWURO HOHPHQWV�

DQG FDQ WKHUHIRUH EH WUDQVODWHG LQWR D FLUFXLW�

3HWUL QHWV PRGHO RI D KDUGZDUH V\VWHP FRQVLVWV

RI D GHVFULSWLRQ RI D VHW RI SRVVLEOH HYHQWV LQ WKH

V\VWHP� (DFK HYHQW KDV SUH�FRQGLWLRQV WKDW PXVW EH

WUXH LQ RUGHU IRU WKH HYHQW WR RFFXU DQG

SRVW�FRQGLWLRQV WKDW EHFRPH WUXH RQFH WKH HYHQW KDV

RFFXUUHG LQ PXOWLWKUHDGHG SURFHVVRUV� 7\SLFDO HYHQWV

LQFOXGH� LQLWLDO WKUHDG GLVSDWFK� LQLWLDWH LQVWUXFWLRQ

SUHIHWFK� LQLWLDWH LQVWUXFWLRQ GLVSDWFK 23FRGH WR

IXQFWLRQ XQLWV� LQLWLDWH RSHUDQG IHWFK� WKH VWRULQJ RI

UHVXOWV� QHHGHG GDWD UHDG� UHVXOW GDWD FRPPLW� DQG WKH

KDQGVKDNLQJ HYHQWV RI FRPPXQLFDWLRQ XQLW DPRQJ

WKUHDGV�

:H VWDUW ZLWK WKH LQLWLDO VSHFLILFDWLRQ� LQLWLDOL]H

WUDQVLWLRQ� RI 3HWUL QHWV VKRZQ LQ )LJXUH �� 7KLV

IROORZV WKH PRVW DEVWUDFW VSHFLILFDWLRQ RI WKH

PXOWLWKUHDGHG SURFHVVRU¶V RSHUDWLRQ� LW DOWHUQDWHV

EHWZHHQ WKUHDGV FRQWH[W VZLWFK PRGHV WKURXJK

FRPPXQLFDWLRQ XQLW� 7KXV� WKH LQLWLDO VSHFLILFDWLRQ LV

VLPSO\ D ODEHOHG 3HWUL QHWV ZLWK WUDQVLWLRQV

UHSUHVHQWLQJ WKRVH PRGHV�

,Q WKLV PXOWLWKUHDGHG H[HFXWLRQ PRGHO� D

SURJUDP LV D FROOHFWLRQ RI SDUWLDOO\ RUGHUHG WKUHDGV�

DQG D WKUHDG FRQVLVWV RI D VHTXHQFH RI LQVWUXFWLRQV�

ZKLFK DUH H[HFXWHG� LQ WKH WUDGLWLRQDO SLSHOLQH

SURFHVVRU PRGHO� 7KH H[HFXWLRQV RI WKUHDGV IRU

WKUHDG VORWV DUH PRGHO E\ WKUHDG LVVXH WUDQVLWLRQ� 7KH

H[HFXWLRQV RI LQVWUXFWLRQV DUH PRGHO E\ WKH

FRQYHQWLRQDO SLSHOLQHG SURFHVVRUV DQG ILUHG E\ WKH

SURJUDP FRXQWHU �3&� WUDQVLWLRQ� (DFK WKUHDG VORW LV D

ORJLFDO SLSHOLQH SURFHVVRU� 7\SLFDO SLSHOLQH

DUFKLWHFWXUH KDV ILYH VWDJHV� LQFOXGLQJ LQVWUXFWLRQ

IHWFK� LQVWUXFWLRQV GHFRGH� RSHUDQG IHWFK� H[HFXWLRQ�

DQG UHVXOWV ZULWH EDFN� :H H[WHQG WKH GDWD PHPRU\

SLSHOLQH VWDJH DQG HPEHG D FRPPXQLFDWLRQ XQLW WR

WUDQVIHU WKH QHHGHG GDWD YLD KDQGVKDNLQJ SURWRFROV�

:KLOH WKH LQVWUXFWLRQV GHFRGH VWDJH� WKH QHHGHG

GDWD DFFHVVHG DQG WKH 2SFRGH GHFRGHG FDQ EH

RSHUDWHG RQ VLPXOWDQHRXVO\� 7KXV WKH WKUHDG VORW

PXVW GHFLGH ZKHUH UHDG WKH QHHGHG GDWD� ZKLFK PD\

EH REWDLQHG IURP JHQHUDO�SXUSRVH UHJLVWHU �*35��

'�FDFKH� RU RWKHU WKUHDG VORW� :H XVH WKH GDWD

VHOHFWLRQ SODFH WR SUHVHQW WKH GHFLGHG DQG WR REWDLQ

WKH QHHGHG GDWD IURP WKH RQH RI DERYH WKUHH GDWD

VRXUFH�
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t70
Thread issue

)LJ� �� 7KH 3HWUL QHW PRGHO IRU PXOWLWKUHDGHG

SURFHVVRUV�

7KH FRQWH[W VZLWFK DPRQJ WKUHDGV LV H[HFXWHG RI

D FRPPXQLFDWLRQ XQLW� 7KH FRPPXQLFDWLRQ

KDQGVKDNLQJ LV VWDUWHG WKH WUDQVLWLRQ RI GHSHQGHQFH

GDWD UHTXHVW� 7KURXJK WKH FRPPXQLFDWLRQ SURWRFROV

�VKRZQ LQ )LJXUH ��� WKH QHHGHG GDWD DUH WUDQVIHUUHG

IURP RQH WKUHDG VORW WR RWKHU WKUHDG VORW� )LUVW� WKH

UHTXHVWLQJ WKUHDG VORW VHQGV WKH GHSHQGHQFH GDWD

UHTXHVW VLJQDO WR WKH UHTXHVW TXHXH RI FRPPXQLFDWLRQ

XQLW� WKHQ WKH TXHXLQJ UHTXHVW LV VHQW WR WKH UHTXHVWHG

WKUHDGHG VORW IURP FRPPXQLFDWLRQ XQLW� ,I WKH QHHGHG

GDWD LV UHVLGHQW LQ WKH UHTXHVWHG WKUHDG VORW DQG LW LV

QHHGHG IRU WKH UHTXHVWLQJ WKUHDG VORW� WKHQ WKH

UHTXHVWHG WKUHDG VORW VHQGV D DFNQRZOHGJH VLJQDO WR
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WKH FRPPXQLFDWLRQ XQLW� LPPHGLDWHO\� 7KXV� WKH

DFNQRZOHGJH VLJQDO LV WKURXJK WKH FRPPXQLFDWLRQ

XQLW WUDQVPLWWHG WR WKH UHTXHVWLQJ WKUHDG VORW� )LQDOO\�

XSRQ WKH UHTXHVWLQJ WKUHDG VORW UHFHLYLQJ WKH QHHGHG

GDWD� WKH UHTXHVWLQJ WKUHDG VORW VHQG D VLJQDO WR H[FLWH

WKH GDWD WUDQVIHU WUDQVLWLRQ RI FRPPXQLFDWLRQ XQLW WR

DFWLYH� 7KXV� WKH QHHGHG GDWD DUH WUDQVIHUUHG IURP WKH

UHTXHVWHG WKUHDG VORW WR WKH UHTXHVWLQJ WKUHDG VORW YLD

WKH FRPPXQLFDWLRQ XQLW�
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)LJ� �� &RPPXQLFDWLRQ SURWRFRO DPRQJ WKUHDG VORWV�

�� 6LPXODWLRQ 0RGHO

2XU VLPXODWLRQ PRGHO LV GRQH E\ XVLQJ

6(6�ZRUNEHQFK VLPXODWLRQ HQYLURQPHQW RQ D 681

63$5& ZRUNVWDWLRQ� 6(6�ZRUNEHQFK LV D GHVLJQ

VSHFLILFDWLRQ� KLHUDUFKLFDO� PRGHOLQJ DQG VLPXODWLRQ

WRRO� ,W FDQ EH XVHG WR FRQVWUXFW DQG HYDOXDWH

SURSRVHG V\VWHP GHVLJQV� DQG WR DQDO\]H WKH

SHUIRUPDQFH RI LPSOHPHQWHG V\VWHPV� 7KH

6(6�ZRUNEHQFK�� ZKLFK LV DQ LQWHJUDWHG FROOHFWLRQ

RI VRIWZDUH WRROV IRU VSHFLI\LQJ DQG HYDOXDWLQJ

V\VWHP PRGHO GHVLJQ KLHUDUFKLFDOO\ >��@� 7KH

VLPXODWRU VLPSO\ JHQHUDWHV D WUDFH� ZKLFK LV VLPSO\

WKH GHVFULSWLRQ RI WKH LQLWLDO VWDWHV RI WKH V\VWHP�

IROORZHG E\ D VHULHV RI VWDWH GHOWDV GHVFULELQJ KRZ

WKH VWDWH RI WKH V\VWHP FKDQJHV RYHU WLPH

$ VWDWLVWLFDO VLPXODWLRQ XVHV SRSXODWLRQV DQG

XWLOL]DWLRQ WR FKDUDFWHUL]H WKH ZRUNORDG SDUDPHWHUV�

3RSXODWLRQV DUH WKH QXPEHU RI WUDQVDFWLRQV SUHVHQW DW

WKH QRGH� ZKLFK LQ D 6(6�ZRUNEHQFK PRGHO

UHSUHVHQWV WKH PDQLSXODWLRQ RI D SK\VLFDO RU ORJLFDO

UHVRXUFH RU VRPH RWKHU SURFHVVLQJ VWHS� LQ D PRGHO RU

VXE�PRGHO� 8WLOL]DWLRQ LV WKH QXPEHU RI HOHPHQWV

�VHUYHUV RU UHVRXUFHV� RI XVH RQ D QRGH RI PRGHO RU

VXE�PRGHO� 6(6�ZRUNEHQFK LV DQ LQWHJUDWHG VHW RI

VRIWZDUH WRROV WKDW VSHFLI\ DQG HYDOXDWH V\VWHP

GHVLJQV� 7KH PDMRU FRPSRQHQWV RI 6(6�ZRUNEHQFK

DUH� 6(6�GHVLJQ « D JUDSKLFDOO\ RULHQWHG

GHVLJQ�LQWHUIDFH PRGXOH� IRU VSHFLI\LQJ� RU FDSWXULQJ�

D V\VWHP GHVLJQ« DQG 6(6�VLP« D WUDQVDFWLRQV�

ZKLFK LV VLPLODU WR WRNHQ� DQG VLPXODWLRQ PRGXOH IRU

FRQYHUWLQJ WKH GHVLJQ VSHFLILFDWLRQ LQWR DQ H[HFXWDEOH

VLPXODWLRQ PRGHO�

:H XVH 6(6�ZRUNEHQFK WR HYDOXDWH WKH

SHUIRUPDQFH DQG FRUUHFWQHVV RI D GHVLJQ RI D 3HWUL

QHWV V\VWHP� :H FDQ VSHFLI\ DUELWUDU\ & GHFODUDWLRQV�

H[SUHVVLRQV� VWDWHPHQWV� DQG IXQFWLRQV DOPRVW

DQ\ZKHUH LQ D 6(6�ZRUNEHQFK PRGHO� 3HUIRUPDQFH

LV HYDOXDWHG E\ VLPXODWLQJ WKH RSHUDWLRQ RI WKH PRGHO�

&RUUHFWQHVV LV HYDOXDWHG E\ H[HFXWLQJ� GXULQJ WKH

VLPXODWLRQ DVVHUWLRQV FDOOHG FRQVLVWHQF\ FRQVWUDLQWV�

DWWDFKHG WR DQ\ FRPSRQHQW LQ WKH VSHFLILFDWLRQ RI D

GHVLJQ�

3HUIRUPDQFH PHDVXUHPHQWV DUH UHSRUWHG EDVHG

RQ WRWDO H[HFXWLRQ WLPH DQG DV D SHUFHQWDJH VSHHGXS

RYHU D PXOWLWKUHDG PDFKLQH ZLWK GLIIHUHQW

LQVWUXFWLRQV VL]H DQG GLIIHUHQW WKUHDG VORWV� 7KH

V\VWHP PRGHO LV LPSOHPHQWHG DV D KLHUDUFK\ RI

QHVWHG VXE�PRGHOV �VWUXFWXUHG PRGHOLQJ DSSURDFK��

7KLV PHWKRG NHHSV WKH PRGHO VLPSOH DQG HDV\ WR

XQGHUVWDQG� EHFDXVH LW UHSUHVHQWV D EORFN RI D

IXQFWLRQ DV D VXE�PRGHO ZLWKRXW LQFOXGLQJ DOO WKH

LPSOHPHQWDWLRQ GHWDLOV IRU WKDW EORFN RU IXQFWLRQ�

'LIIHUHQW KLJKHU�OHYHO VXE�PRGHOV RI WKH V\VWHP FDQ

FDOO WKH VDPH ORZHU OHYHO VXE�PRGHO� ,Q WKLV FDVH WKH

W\SH RI WKH WUDQVDFWLRQ HQWHULQJ WKH ORZHU OHYHO

VXE�PRGHO LQGLFDWHV WKH IHDWXUH RI WKH VHUYLFH

UHTXHVWHG E\ WKH KLJKHU�OHYHO VXE�PRGHOV�

7KH PDLQ JUDSKLFDO SDUW RI WKH 31 PRGHO RI

PXOWLWKUHDGHG SURFHVVRU LV GHVFULEHG DV 6(6�GHVLJQ�

7KH PDLQ IORZ RI GDWD WDNHV SODFH IURP WKH WRS WR

ERWWRP� $W ILUVW JODQFH� WKH PRGHO VKRZV WKH PDLQ

VWDJH RI PXOWLWKUHDGHG SURFHVVRU� 7KH PDLQ PRGHO RI

WKLV PXOWLWKUHDGHG SURFHVVRU LV FRQVWUXFWHG RI WZR

SDUWV� WKUHDG�OHYHO�SDUDOOHOLVP DQG LQVWUXFWLRQ�OHYHO�

SDUDOOHOLVP� 7KH WKUHDG GLVSDWFKHUBVXEPRGHO FRQVLVWV

RI VHYHUDO WKUHDG VORWV WR VLPXODWH WKH WKUHDG

FRQFXUUHQW H[HFXWLRQ DQG WKUHDG FRQWH[W VZLWFKLQJ

ZKHQ LQVWUXFWLRQ VXVSHQGV� GLVSDWFK LQVWUXFWLRQV WR

HDFK WKUHDG VORWV� DQG WKH QHHGHG GDWD

FRPPXQLFDWLRQ EHWZHHQ WKUHDGV�

7KH WKUHDG VORW VXEPRGHO LV XVHG WR VLPXODWH WKH

WKUHDG VORW LQ ZKLFK WKH EORFN�LQVWUXFWLRQ LV H[HFXWHG�

7KH WKUHDG WUDQVDFWLRQV HQWHULQJ WKH WKUHDG VORW

VXEPRGHO UHTXHVW WKH QHFHVVDU\ QXPEHU RI EORFNV IRU

WKH WKUHDG GLVSDWFKHU WR JHQHUDWH WKH SURSHU QXPEHU

RI QHZ WUDQVDFWLRQV WR WKH FRUUHVSRQGHG WKUHDG VORW�

,I WKH QHHGHG GDWD LV ODFN IRU WKH FRUUHVSRQGHG WKUHDG

VORW� WKHQ D GHSHQGHQFH GDWD UHTXHVW VLJQDO LV VHQW

IURP WKH FRUUHVSRQGHG WKUHDG VORW WR WKH

FRPPXQLFDWLRQ XQLW�

7KH LQVWUXFWLRQ�SLSHOLQH VXEPRGHO LV FRQVWUXFWHG

DV ORJLFDO SLSHOLQH DUFKLWHFWXUH¶V� ZKLFK FRQVLVWV RI

WKH SURJUDP FRXQWHU� LQVWUXFWLRQ UHJLVWHU� GHFRGHU�

UHJLVWHU ILOH� IXQFWLRQ XQLW� ZULWH EDFN DQG WKH

FRPPLWWHG RI WKH H[HFXWLRQ UHVXOWV WR PHPRU\� :KHQ

WKH LQVWUXFWLRQV ORDG LQWR WKLV VXEPRGHO� ZKLFK DUH

SURFHVVHG E\ WKH ORJLFDO SLSHOLQH SURFHVVRU�

7KH FRPPXQLFDWLRQ XQLW VXEPRGHO� ZKLFK
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WUDQVIHUV WKH GDWD DPRQJ WKUHDGV ZKHQ GDWD

GHSHQGHQF\ RFFXUV� 7KXV WKH QHHGHG GDWD LV

WUDQVIHUUHG IURP WKH UHVXOW VWRUH XQLW RI UHTXHVWHG

WKUHDG VORW WR WKH IXQFWLRQ XQLW RI WKH UHTXHVWLQJ

WKUHDG VORW YLD WKH KDQGVKDNLQJ FRQWURO�

�� $QDO\]LQJ WKH 3HUIRUPDQFHV

:KHQ WKH PXOWLWKUHDGHG SURFHVVRU PRGHO LV

VLPXODWHG� D WUDQVDFWLRQ LV JHQHUDWHG DPRQJVW RWKHU

WKLQJV� FRQWDLQV WKH WLPLQJ GDWD WKDW ZH DUH H[SHFWHG�

7KH VLPXODWRU WDNHV ELQDULHV FRPSLOHG ZLWK JFF IRU

WKH KLHUDUFKLFDO PRGHO� $ VWDWLVWLFDO VLPXODWLRQ XVHV

SRSXODWLRQV DQG XWLOL]DWLRQ WR FKDUDFWHUL]H WKH

ZRUNORDG SDUDPHWHUV�

7KURXJKSXW LV GHILQHG WR DV IROORZV� D WRWDO

DPRXQW RI WUDQVDFWLRQV GRQH LQ D JLYH VLPXODWHG WLPH�

ZKLFK LV GHILQHG DV WKH DYHUDJH QXPEHU RI

WUDQVDFWLRQV H[HFXWHG E\ WKH VXEPRGHO SHU VHFRQG

�736��

$OO UHVXOWV DUH SUHVHQWHG LQ WKLV VHFWLRQ� 7KRVH DUH

REWDLQHG E\ VLPXODWLRQ RI WKH FRUUHVSRQGLQJ QHW

PRGHOV� )LJXUH � VKRZV WKH WKURXJKSXW RI WKH

PXOWLWKUHDGHG SURFHVVRU DV D IXQFWLRQ RI � WKUHDG

VORWV DQG D RQH�WKUHDG VORW� ZKLFK LV VLPLODU WR D

WUDGLWLRQDO SLSHOLQH VWUXFWXUH RI WKH XQL�SURFHVVRU�

5HIHUULQJ WR )LJXUH �� WKRXJK WKH PXOWLWKUHDGHG

SURFHVVRU KDV KLJKHU GDWD DQG LQVWUXFWLRQV DFFHVV

IUHTXHQFLHV �WUDQVDFWLRQV� IURP '�FDFKH DQG ,�FDFKH�

UHVSHFWLYHO\� 7KH PXOWLWKUHDGHG SURFHVVRU KDV ORZHU

LQVWUXFWLRQ IHWFK IURP LQVWUXFWLRQ TXHXH DQG GDWD

UHVXOW EXIIHU �'65� WKDQ WKH RQH WKUHDGHG VORW� 7KLV

UHVXOWV FDXVH WKDW WKH LQVWUXFWLRQV GLVSDWFKHG E\ WKH

WKUHDG GLVSDWFKHU XQLW DQG WKH QHHGHG GDWD RI HDFK

WKUHDG DUH GLUHFWO\ DFFHVV IURP WKH RZQHU¶V UHJLVWHU

RU UHTXHVW WR RWKHU WKUHDG�VORW¶V '65 YLD WKH

FRPPXQLFDWLRQ XQLW� 7KXV WKH PXOWLWKUHDGHG

SURFHVVRU �073� KDV KLJKHU WUDQVDFWLRQV WUDQVIHU WKDQ

VLQJOH WKUHDG SURFHVVRU IRU GDWD DQG LQVWUXFWLRQ

DFFHVV RI '�FDFKH DQG ,�FDFKH� SURJUDP FRXQWHU� DQG

WUDQVDFWLRQV FRPPXQLFDWLRQ RI FRPPXQLFDWLRQ XQLW�

%XW WKH WUDQVDFWLRQ QXPEHUV IRU HDFK WUDQVLWLRQV RI

SLSHOLQH VWDJH� VXFK DV LQVWUXFWLRQ IHWFK� UHVXOWV

ZULWHEDFN DQG FRPPLW� DQG H[HFXWH RI PXOWLWKUHDGHG

SURFHVVRU� DUH ORZHU WKDQ WKH VLQJOH WKUHDG SURFHVVRU�

&RPSDULQJ WKH WUDQVDFWLRQV WUDQVPLW UDWLR �775� RI

GDWD RI WKH PXOWLWKUHDGHG SURFHVVRUV WR VLQJOH WKUHDG

SURFHVVRU� WKH 775 LV GHILQHG DV IROORZV�

775 � �7KH WUDQVDFWLRQ RI '65 ∗ WKH WUDQVDFWLRQV

RI FRPPXQLFDWLRQ XQLW��WKH WUDQVDFWLRQV RI '�FDFKH�

ZKHUH� ZH VHW WKH 736 RI WKH VLQJOH WKUHDG SURFHVVRU

LV �� 7KXV� ZH REWDLQ WKH 775 RI PXOWLWKUHDGHG

SURFHVVRU LV ������ DQG WKH 775 RI WKH VLQJOH WKUHDG

SURFHVVRU LV �����

7KH SHUIRUPDQFH RI PXOWLWKUHDGHG SURFHVVRUV

DQG VLQJOH WKUHDG SURFHVVRU DUH ����� DQG �����

UHVSHFWLYHO\� 7KH FRVW�SHUIRUPDQFH UDWLR RI ERWK LV

���� ������ LV GLYLGHG � WKUHDG�VORWV� DQG ���� �����

LV GLYLGHG � WKUHDG VORW� IRU PXOWLWKUHDGHG SURFHVVRUV

DQG VLQJOH WKUHDG SURFHVVRU� UHVSHFWLYHO\�
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'�&DFKH ,�&DFKH ,QVWU� IHWFK '65 :5XQLW $/8 &RPP� 8QLW 3&

6XEPRGHO

736
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)LJ� �� 7KH WKURXJKSXW EHWZHHQ WKH SURSRVHG

PXOWLWKUHDGHG SURFHVVRUV DQG WKH WUDGLWLRQDO

SLSHOLQH RQH�

�� &RQFOXVLRQV

,Q WKLV SDSHU� WKH XVH RI 3HWUL QHWV WR PRGHO

PXOWLWKUHDGHG SURFHVVRUV LV GHPRQVWUDWHG� ([SORLWLQJ

PRGHO EDVHG DQDO\VLV LV KHOSIXO LQ WKH GHVLJQ

PXOWLWKUHDGHG SURFHVVRUV� 3HWUL QHWV FDQ EH PRGHOHG D

KLHUDUFKLFDO PRGHO DQG EH XVHG WR GHVFULEH DQG

DQDO\]H PXOWLWKUHDGHG SURFHVVRUV V\VWHP� ,Q WKLV SDVW�

YDULRXV KLJK SHUIRUPDQFH SURFHVVRUV DUH GHVFULEHG

ZLWK VLQJOH�WKUHDGHG SURFHVVRUV DQG XVH ILQLWH VWDWH

PDFKLQH �)60�� ,Q WKLV SDSHU� ZH DWWHPSW WR H[SORLW

3HWUL QHWV WR PRGHO WKH PXOWLWKUHDGHG SURFHVVRUV DQG

XVH WKH WUDFH�GULYHQ VLPXODWLRQ WRRO� 6(6�ZRUNEHQFK�

WR FRQVWUXFW WKH KLHUDUFKLFDO OHYHO� 7KH

6(6�ZRUNEHQFK LV HIIHFWLYH WR EXLOG WKH 3HWUL QHWV

KLHUDUFKLFDO OHYHO VSHFLILFDWLRQ�

,Q WKLV SDSHU ZH RQO\ FRQFHUQ RQ WKH VFKHPH WKDW

PDNHV WKH 3HWUL QHWV WR PRGHO WKH FRPPXQLFDWLRQ

FRQWURO RI PXOWLWKUHDGHG SURFHVVRUV� :H DOVR KDYH

YHULILHG WKDW WKH PXOWLWKUHDGHG SURFHVVRUV KDYH WKH

KLJKHU FRVW�SHUIRUPDQFH UDWLR WKDQ WKH VLQJOH WKUHDG

SURFHVVRU� WKH &35 LV ���� DQG ����� UHVSHFWLYHO\� $V

IRU� WKH 3HWUL QHWV PRGHO RI LQVWUXFWLRQV EUDQFK DQG

LQWHUUXSW FRQWURO IRU SLSHOLQH RU PXOWLWKUHDGHG

SURFHVVRUV� :H OHYHO WKHVH UHVHDUFK WRSLFV WR RXU

IXWXUH ZRUNV�

5HIHUHQFHV

�� +DLWKDP $NNDU\ DQG 0LFKDHO $� 'ULVFROO� ³$
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'\QDPLF 0XOWLWKUHDG 3URFHVVRU�´ 7KH

SURFHHGLQJV RI WKH ��VW 0LFUR�DUFKLWHFWXUH

$&0�,((( $QQXDO LQWHUQDWLRQDO 6\PSRVLXP�

����� SS� ��������

�� /� $QQHEHUJ DQG 0� 6LQJK�´ 3HWUL 1HW $SSURDFK

WR 6RIWZDUH 'HYHORSPHQW 8QGHU 3LSHOLQH DQG

3DUDOOHO 3URFHVVLQJ $UFKLWHFWXUH�´ ,((( �����

SS� ��������

�� )� 3� %XUQV� $� 0� .RHOPDQV� DQG $� 9�

<DNRYOHY� ³ $QDO\]LQJ 6XSHUVFDODU 3URFHVVRU

$UFKLWHFWXUHV ZLWK &RORXUHG 3HWUL 1HWV�´ 7KH

-RXUQH\ RI 6777� )HE� ����� SS���������

�� *UHJRU\ 7� %\UG DQG 0DUN $� +ROOLGD\�

³0XOWLWKUHDGHG 3URFHVVRU $UFKLWHFWXUH�´ ,(((

63(&7580� $XJXVW ����� SS� ������

�� 5� 6� &KDSSHOO� -� 6WDUN HW DO� ³6LPXOWDQHRXV

6XERUGLQDWH 0LFURWKUHDG �6607��´ 7KH

SURFHHGLQJV RI WKH ��WK &RPSXWHU DUFKLWHFWXUH

LQWHUQDWLRQDO 6\PSRVLXP� ����� SS� ��������

�� <�. &KRQJ DQG . +ZDQJ� ³3HUIRUPDQFH

$QDO\VLV RI )RXU 0HPRU\ &RQVLVWHQF\ 0RGHOV

IRU 0XOWLWKUHDGHG 0XOWLSURFHVVRUV�´ ,(((

7UDQVDFWLRQV RQ 3DUDOOHO DQG 'LVWULEXWHG 6\VWHP�

9RO� �� 1R� ��� 2FW� ����� SS� ����������

�� 0DUFR )LOOR� 6WHSKHQ :� .HFNOHU DQG :LOOLDQ -�

'DOO\� ³7KH 0�0DFKLQH 0XOWLFRPSXWHU�´ 7KH

3URFHHGLQJV RI WKH ��WK $QQXDO LQWHUQDWLRQDO

6\PSRVLXP RQ 0LFU� DUFKLWHFWXUH� 0RQ� ���'HF�

�� ����� SS� ��������

�� &KULV -HVVKRSH DQG %LQJ /XR�´ 0LFUR�WKUHDG $

1HZ $SSURDFK WR )XWXUH 5,6&�´ 7KH

SURFHHGLQJV RI WKH �WK &RPSXWHU $UFKLWHFWXUH

&RQIHUHQFH� $XVWUDODVLDU� ����� SS� ������

�� .� 0� .DYL� +� 6� .LP HW DO�� ³$ 'HFRXSOHG

6FKHGXOHG 'DWDIORZ 0XOWLWKUHDGHG

$UFKLWHFWXUH�´ 7KH SURFHHGLQJV RI �WK

,QWHUQDWLRQDO 6\PSRVLXP 3DUDOOHO $UFKLWHFWXUHV�

$OJRULWKPV� DQG 1HWZRUNV� ����� �,�63$1 
����

SS� ��� ±����

��� <��+� .LP� 6� +� .LP HW DO�� ³ ([SORLWLQJ WKH

/RFDOLW\ RI 'DWD 6WUXFWXUH LQ 0XOWLWKUHDGHG�´ ,Q

3URFHHGLQJV RI 3DUDOOHO DQG 'LVWULEXWHG 6\VWHPV�

����� SS� ��� ±����

��� .� .LPXUD� +� +LUDWD HW DO�� ³(YDOXDWLRQ 0HWKRG

RI 0LFUR DUFKLWHFWXUH IRU PXOWLWKUHDGHG

3URFHVVRU�´ ,Q SURFHHGLQJV ,6,(¶��� ����� SS�

������

��� .� .KDUH� ³0RGHOLQJ RI 9DULRXV $GGUHVVLQJ

6FKHPHV IRU 0LFURSURFHVVRUV 8VLQJ 3HWUL 1HW�´

,((( ����� SS� ��������

��� +DUL .ULVKQD DQG 5� *RYLQGDUDMDQ�

³&ODVVLILFDWLRQ DQG 3HUIRUPDQFH (YDOXDWLRQ RI

6LPXOWDQHRXV PXOWLWKUHDGHG $UFKLWHFWXUH�´ 7KH

SURFHHGLQJ RI �WK ,QWHUQDWLRQDO &RQIHUHQFH RQ

+LJK�3HUIRUPDQFH &RPSXWLQJ� 'HF� ������ �����

SS� ������

��� /� 0� .ULVWHQVHQ� DQG 6� &KULVWHQVHQ�´ 7KH

SUDFWLWLRQHU¶V *XLGH WR &RORXUHG 3HWUL 1HWV�´

7KH -RXUQDO RI 6777� )HE� ����� SS� �������

��� =� /L DQG -��<� 7VDL HW DO�� ³&RPSLOHU 7HFKQLTXHV

IRU &RQFXUUHQW 0XOWLWKUHDG ZLWK +DUGZDUH

6SHFXODWLRQ 6XSSRUW�´ ,Q 3URFHVVLQJ RI WKH �WK

:RUNVKRS RQ /DQJXDJH DQG &RPSLOHUV IRU

3DUDOOHO &RPSXWLQJ� /1&6� $XJXVW ����� SS�

��������

��� 0� $� 0DUVDQ DQG *� &RQWH� ³$ &ODVV RI

*HQHUDOL]HG 6WRFKDVWLF 3HWUL 1HWV IRU WKH

3HUIRUPDQFH (YDOXDWLRQ RI 0XOWLWKUHDGHG

6\VWHPV�´ $&0 7UDQVDFWLRQV RQ &RPSXWHU

6\VWHPV� 9RO� �� 1R� �� 0D\ ����� SS� �������

��� .� 3� 0LNNLOLQHQL� <� �&� &KRZ DQG <� :� 6X�

³ 3HWUL 1HW�%DVHG 0RGHOLQJ DQG (YDOXDWLRQ RI

3LSHOLQHG 3URFHVVLQJ RI &RQFXUUHQW 'DWDEDVH

4XHULHV�´ ,((( 7UDQVDFWLRQ RQ 6RIWZDUH
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