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$ PDLQ FRQVLGHUDWLRQ ZKHQ LPSOHPHQWLQJ D SDUDOOHO VLPXODWLRQ DSSOLFDWLRQ LV WKH FKRLFH RI WKH

SDUDOOHO VLPXODWLRQ SURWRFRO �FRQVHUYDWLYH YV� RSWLPLVWLF�� *LYHQ D SDUWLFXODU SURWRFRO� WKH

DSSOLFDWLRQ SURJUDPPHU WKHQ KDV WR GHWHUPLQH D VXLWDEOH SDUDOOHO UXQWLPH V\VWHP WR LPSOHPHQW

WKH DSSOLFDWLRQ� ,I WKH FKRLFH LV DQ RSWLPLVWLF SURWRFRO� WKHUH DUH VHYHUDO SDUDOOHO VLPXODWLRQ

OLEUDULHV LQWHQGHG IRU DSSOLFDWLRQ SURJUDPPHUV �H�J� *7:� :DUSHG�� )RU D FRQVHUYDWLYH

SURWRFRO� WKH PRVW HIIHFWLYH DSSURDFK LV IRU WKH SURJUDPPHU WR XVH D JHQHUDO SDUDOOHO UXQWLPH

OLEUDU\� DQG LPSOHPHQW RSWLPL]DWLRQV VSHFLILF WR WKH VLPXODWLRQ DSSOLFDWLRQ DQG�RU PRGHO� ,Q

WKLV SDSHU� ZH VHOHFWHG IRXU JHQHUDO SDUDOOHO UXQWLPH OLEUDULHV SRWHQWLDOO\ UHOHYDQW WR SDUDOOHO

VLPXODWLRQV� DQG LPSOHPHQWHG D FRQVHUYDWLYH SURWRFRO RQ HDFK RI WKHP� :H VWXG\ WKH IRXU

OLEUDULHV RQ WKUHH PDLQ DVSHFWV� �D� SURJUDPPDELOLW\� �E� SHUIRUPDQFH� DQG �F� PHFKDQLVPV IRU

SHUIRUPDQFH WXQLQJ� 2XU WDUJHW SODWIRUPV DUH PDFKLQHV VXSSRUWLQJ VKDUHG DGGUHVV VSDFHV �H�J�

6*, 2ULJLQ���� 6XQ (QWHUSULVH ������ DQG ZH REWDLQHG SHUIRUPDQFH ILJXUHV IURP D ��&38

8OWUD� 6XQ (QWHUSULVH ����� )URP RXU H[SHULPHQWV� ZH ILQG WKDW 326,;� WKRXJK DQ LQGXVWU\

VWDQGDUG� VWLOO KDV UHODWLYHO\ KLJK RYHUKHDGV� DQG FDQQRW HIILFLHQWO\ VXSSRUW D SURWRFRO ZLWK

ILQH�JUDLQ /3V� 7KH UHVHDUFK OLEUDULHV DOO VKRZ VSHHGXSV RQ � SURFHVVRUV� EXW WR GLIIHUHQW

H[WHQWV� &LON VSHHGXS FXUYHV LPSURYHV ZLWK ODUJHU WKUHDG JUDQXODULW\� ZKLOH $FWLYH WKUHDGV

VKRZ UHODWLYHO\ JRRG VSHHGXS HYHQ IRU VPDOO WKUHDG JUDQXODULW\� %63 SURFHVVHV DUH QDWXUDOO\

FRDUVH�JUDLQHG� DQG WKXV JRRG VSHHGXS LV DFKLHYHG LQ RXU VLPXODWLRQ DSSOLFDWLRQ�

�� ,QWURGXFWLRQ

7KH EDFNJURXQG RI WKLV ZRUN LV IURP DQ RQJRLQJ FROODERUDWLYH SURMHFW EHWZHHQ WKH

*LQWLF ,QVWLWXWH RI 0DQXIDFWXULQJ 7HFKQRORJ\ DQG WKH 6FKRRO RI $SSOLHG 6FLHQFH LQ

1DQ\DQJ 7HFKQRORJLFDO 8QLYHUVLW\� 6LQJDSRUH� 7KH REMHFWLYH RI RXU SURMHFW LV WR

VWXG\ KRZ SDUDOOHO DQG GLVWULEXWHG VLPXODWLRQ WHFKQLTXHV FDQ EH DSSOLHG LQ D YLUWXDO

IDFWRU\ VLPXODWLRQ >�@� 7KH VLPXODWLRQV ZLOO EH SODQW�ZLGH� DQG LQFOXGH WKH PRGHOLQJ

RI PDQXIDFWXULQJ DQG EXVLQHVV SURFHVVHV� DQG FRPPXQLFDWLRQV QHWZRUN� 6XFK D

VLPXODWLRQ HQYLURQPHQW ZLOO DOORZ RQH WR PRGHO DQG DQDO\]H WKH HIIHFWV RI GLIIHUHQW

V\VWHP FRQILJXUDWLRQV DQG FRQWURO SROLFLHV RQ DFWXDO V\VWHP SHUIRUPDQFH� 7KH LQLWLDO

IRFXV LV WKH HOHFWURQLF LQGXVWU\� EHFDXVH LW LV D PDMRU FRQWULEXWRU WR WKH PDQXIDFWXULQJ

VHFWRU LQ 6LQJDSRUH�

$ PDLQ FRQVLGHUDWLRQ ZKHQ LPSOHPHQWLQJ D SDUDOOHO VLPXODWLRQ DSSOLFDWLRQ

LV WKH FKRLFH RI WKH SDUDOOHO VLPXODWLRQ SURWRFRO �H�J� YDULDQWV RI FRQVHUYDWLYH YV�

RSWLPLVWLF SURWRFRO >�@�� *LYHQ D SDUWLFXODU SURWRFRO� WKH DSSOLFDWLRQ SURJUDPPHU

WKHQ KDV WR GHWHUPLQH D VXLWDEOH SDUDOOHO UXQWLPH V\VWHP WR LPSOHPHQW WKH

DSSOLFDWLRQ� )RU D FRQVHUYDWLYH SURWRFRO� WKH PRVW HIIHFWLYH DSSURDFK LV IRU WKH
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SURJUDPPHU WR XVH D JHQHUDO SDUDOOHO UXQWLPH OLEUDU\� DQG LPSOHPHQW RSWLPL]DWLRQV

VSHFLILF WR WKH VLPXODWLRQ DSSOLFDWLRQ DQG�RU PRGHO� )RU H[DPSOH� ORRNDKHDG

LQIRUPDWLRQ� ZKLFK LV FUXFLDO IRU D FRQVHUYDWLYH SURWRFRO WR EH HIIHFWLYH� LV

DSSOLFDWLRQ�GHSHQGHQW >�@� ,I WKH FKRLFH LV DQ RSWLPLVWLF SURWRFRO� WKHUH DUH VHYHUDO

SDUDOOHO VLPXODWLRQ OLEUDULHV LQWHQGHG IRU DSSOLFDWLRQ SURJUDPPHUV �H�J� *7: >�@��

(YHQ VR� WKH SURJUDPPHU PD\ VWLOO GHYHORS D UXQWLPH V\VWHP� EDVHG RQ D JHQHUDO

SDUDOOHO OLEUDU\� EHFDXVH RI RSWLPL]DWLRQV VSHFLILF WR WKH DSSOLFDWLRQ� RU EHFDXVH WKH

H[LVWLQJ UXQWLPH GRHV QRW VXLW WKH VLPXODWLRQ©V H[HFXWLRQ PRGHO� 2QH H[DPSOH LV WKH

SUHOLPLQDU\ LPSOHPHQWDWLRQ RI 0RG6LP RQ WKH 7LPH :DUS 2SHUDWLQJ 6\VWHP

�7:26� >��@� 7KH UHVHDUFKHUV HYHQWXDOO\ EXLOW WKHLU RZQ UXQWLPH V\VWHP� EHFDXVH

7:26 SUHVHQWHG DQ HYHQW�RULHQWHG� WLPH�VWDPSHG PHVVDJH�EDVHG H[HFXWLRQ PRGHO

ZKLFK ZDV GLIILFXOW WR PDWFK ZLWK 0RGVLP©V REMHFW�RULHQWHG� SURFHVV�EDVHG PRGHO� ,W

LV WKHUHIRUH FUXFLDO WKDW WKH FKRVHQ UXQWLPH KDYH DQ HIILFLHQW LPSOHPHQWDWLRQ� DQG

SUHVHQW DQ DSSURSULDWH LQWHUIDFH WR WKH WDUJHW VLPXODWLRQ�

,Q WKLV SDSHU� ZH VHOHFWHG IRXU JHQHUDO SDUDOOHO UXQWLPH OLEUDULHV SRWHQWLDOO\

UHOHYDQW WR VLPXODWLRQ DSSOLFDWLRQV� DQG LPSOHPHQWHG WKH VDPH FRQVHUYDWLYH SURWRFRO

DQG DSSOLFDWLRQ EHQFKPDUN RQ HDFK RI WKHP� :H VWXG\ WKH IRXU OLEUDULHV LQ WKUHH

PDLQ DVSHFWV� �D� SURJUDPPDELOLW\� L�H� KRZ ZHOO WKH OLEUDU\ LQWHUIDFH VXSSRUWV WKH

H[HFXWLRQ PRGHO� �E� SHUIRUPDQFH� L�H� WKHLU UHODWLYH H[HFXWLRQ WLPHV� DQG DV

FRPSDUHG WR D VHTXHQWLDO VLPXODWLRQ� DQG �F� DQ\ DGGLWLRQDO PHFKDQLVPV WKDW DOORZV

WKH SURJUDPPHU WR HDVLO\ ILQH�WXQH WKH DSSOLFDWLRQ SHUIRUPDQFH�

7KH UHVW RI WKH SDSHU LV RUJDQL]HG DV IROORZV� 6HFWLRQ � FRYHUV RXU DSSOLFDWLRQ LQ

PRUH GHWDLOV� LQ SDUWLFXODU WKH VLPXODWLRQ SURWRFRO DQG VLPXODWLRQ EHQFKPDUN XVHG�

6HFWLRQ � VXPPDUL]HV WKH SDUDOOHO UXQWLPH SDFNDJHV ZKLFK ZH KDYH FKRVHQ WR VWXG\�

DQG H[SODLQV WKH UDWLRQDOH IRU RXU FKRLFHV� ,Q 6HFWLRQ �� ZH GHVFULEH KRZ ZH

LPSOHPHQWHG RXU DSSOLFDWLRQ IRU HDFK SDFNDJH� DQG H[DPLQH WKH ILW EHWZHHQ WKH

OLEUDU\ IXQFWLRQDOLWLHV DQG VLPXODWLRQ H[HFXWLRQ PRGHO� 7KH SHUIRUPDQFH UHVXOWV DUH

SUHVHQWHG LQ 6HFWLRQ ���� :H FRQFOXGH RXU VWXG\ DQG RXWOLQH WKH IXWXUH GLUHFWLRQV RI

RXU SURMHFW LQ 6HFWLRQ ��

�� 3DUDOOHO 'LVFUHWH (YHQW 6LPXODWLRQ

2Q HDFK RI WKH IRXU UXQWLPH V\VWHPV� ZH LPSOHPHQWHG D SDUDOOHO GLVFUHWH HYHQW

VLPXODWLRQ �3'(6� RI D VLPSOLILHG EXW JHQHULF YHUVLRQ RI D PDQXIDFWXULQJ SURFHVV�

VXFK DV WKDW IRXQG LQ VHPLFRQGXFWRU ZDIHU PDQXIDFWXULQJ >�@� ,Q D 3'(6� D SK\VLFDO

SURFHVV LQ WKH SK\VLFDO V\VWHP LV XVXDOO\ PRGHOHG E\ D ORJLFDO SURFHVV �/3� LQ WKH

VLPXODWLRQ PRGHO� DQG HYHQWV LQ WKH SK\VLFDO V\VWHP LV VLPXODWHG E\ FRPPXQLFDWLRQ

EHWZHHQ /3V XVLQJ WLPHVWDPSHG PHVVDJHV� 6LQFH /3V DUH H[HFXWHG LQ SDUDOOHO� WKHLU

VLPXODWLRQ WLPH PD\ DGYDQFH DV\QFKURQRXVO\� 7KXV� DQ /3 PD\ QRW DOZD\V UHFHLYH

PHVVDJHV ZLWK LQFUHDVLQJ WLPHVWDPSV� +RZHYHU� LQ RUGHU WR FRUUHFWO\ VLPXODWH WKH

SK\VLFDO V\VWHP� HDFK /3 PXVW SURFHVV WKHLU LQFRPLQJ PHVVDJHV LQ WKHLU JOREDO

WLPHVWDPS RUGHU�

,Q WKH ODVW GHFDGH� WKHUH DUH PDQ\ SURWRFROV WKDW KDYH EHHQ SURSRVHG WR VROYH

WKH DERYH V\QFKURQL]DWLRQ SUREOHP� ,Q JHQHUDO� WKHVH SDUDOOHO V\QFKURQL]DWLRQ

SURWRFROV FDQ EH EURDGO\ FODVVLILHG LQWR WZR DSSURDFKHV� FRQVHUYDWLYH RU RSWLPLVWLF�

,Q D FRQVHUYDWLYH DSSURDFK >�@� DQ /3 FDQ PDNH SURJUHVV LQ VLPXODWLRQ RQO\

ZKHQ WKH FDXVDOLW\ LV SUHVHUYHG� :LWK WKLV FRQVWUDLQW� LW LV SRVVLEOH WKDW D VLPXODWLRQ



PRGHO PD\ KDYH GHDGORFNV HYHQ LI WKH VLPXODWHG SK\VLFDO V\VWHP GRHV QRW� 7R DYRLG

GHDGORFNV� FRQVHUYDWLYH SURWRFROV DUH XVXDOO\ UHTXLUHG WR VHQG WKH XSGDWHG ORFDO

VLPXODWLRQ WLPH RI DQ /3 WR RWKHU /3V XVLQJ DGGLWLRQDO SURWRFRO PHVVDJHV� +DQGOLQJ

SURWRFRO PHVVDJH LV FRQVLGHUHG WR EH WKH PDMRU RYHUKHDG LQ FRQVHUYDWLYH DSSURDFK�

,Q DQ RSWLPLVWLF DSSURDFK >��@� DQ /3 LV DOORZHG WR PDNH SURJUHVV DV IDU IRUZDUG

LQ VLPXODWLRQ WLPH DV SRVVLEOH� +RZHYHU� LI WKHUH LV D YLRODWLRQ RI FDXVDOLW\ GLVFRYHUHG�

DQ /3 KDV WR PRYH EDFNZDUG LQ VLPXODWLRQ WLPH� UROOLQJ EDFN LWV VWDWHV DQG FDQFHOLQJ

WKH PHVVDJHV LW KDG VHQW WR RWKHU /3V� 7R SURFHVV WKH UROOEDFN� DQ RSWLPLVWLF SDUDOOHO

VLPXODWLRQ XVXDOO\ UHTXLUHV WR SHULRGLFDOO\ FKHFNSRLQW WKH VLPXODWLRQ VWDWH RI DQ /3�

WR KDQGOH WKH FDQFHOODWLRQ RI PHVVDJHV� DQG WR FDUU\ RXW WKH UROOEDFN RI VWDWH DQG UHGR

WKH QHFHVVDU\ FRPSXWDWLRQ� 7KHUHIRUH� WKH PDMRU RYHUKHDG LQ RSWLPLVWLF DSSURDFK LV

WKH SURFHVVLQJ RI WKH UROOEDFN�

,Q WKLV SDSHU� ZH DGRSWHG D SDUDOOHO VLPXODWLRQ SURWRFRO WKDW H[HFXWHV LQ ORFN�

VWHSV� 7KH DOJRULWKP ZDV ILUVW SURSRVHG LQ >�@� ,W LV D FRQVHUYDWLYH DOJRULWKP VLQFH DW

HDFK ORFN�VWHS DQ /3 FDQ RQO\ SURFHVV WKH HYHQWV WKDW DUH VDIH WR EH VLPXODWHG� :H

VHOHFWHG WKLV DOJRULWKP LQ RXU VWXG\ RI UXQWLPH V\VWHPV EHFDXVH LW LV VLPSOH WR

LPSOHPHQW� FRPSDUHG WR WKH RSWLPLVWLF SURWRFROV� ,Q DGGLWLRQ� LWV LWHUDWLYH QDWXUH DOVR

PDNHV LW HDV\ WR EH LPSOHPHQWHG XVLQJ ERWK &LON DQG %63 UXQWLPH V\VWHPV�

��� &RQVHUYDWLYH 6LPXODWLRQ 3URWRFRO

7KH DOJRULWKP LV JLYHQ LQ )LJXUH �� $W HDFK ORFN�VWHS� WKH HYHQWV ZKRVH VLPXODWLRQ

WLPH LV VPDOOHU WKDQ WKH 6DIH7LPH DUH SURFHVVHG� 7KH FDOFXODWLRQ RI 6DIH7LPH� ZKLFK

LV VHW WR EH WKH PD[LPXP RI ,Q&ORFN DQG WKH JOREDO VLPXODWLRQ WLPH �*67�� XVHV ERWK

ORFDO DQG JOREDO LQIRUPDWLRQ� 6LPLODU WR WKH ¦QXOO PHVVDJH§ DOJRULWKP >�@� D OLQN

FORFN LV NHSW IRU HDFK LQSXW OLQN RI DQ /3� ZKLFK LV WKH WLPHVWDPS RI WKH ODVW PHVVDJH

UHFHLYHG RQ WKDW LQSXW OLQN
�
� ,Q&ORFN LV GHILQHG DV WKH PLQLPXP YDOXH RI DOO LQSXW

OLQN FORFNV� +HQFH� QR HYHQW FDQ DUULYH RQ DQ LQSXW OLQN ZLWK D WLPHVWDPS WKDW LV

VPDOOHU WKDQ WKH ,Q&ORFN YDOXH� *67 LV GHILQHG DV WKH PLQLPXP RI DOO ORFDO

VLPXODWLRQ WLPHV DQG WKH WLPHVWDPSV RI DOO PHVVDJHV WKDW KDYH EHHQ VHQW EXW QRW \HW

UHFHLYHG� 7KHUHIRUH� LW LV WKH VPDOOHVW WLPHVWDPS RI DQ\ HYHQW LQ WKH ZKROH V\VWHP DQG

VR QR HYHQW FDQ EH JHQHUDWHG ZLWK D VPDOOHU WLPHVWHPS WKDQ *67� 7KH FDOFXODWLRQ RI

*67 UHTXLUHV D JOREDO UHGXFWLRQ RSHUDWLRQ� EXW ,Q&ORFN LV FDOFXODWHG ORFDOO\ E\ HDFK

/3�

)URP WKH DERYH GLVFXVVLRQ� LW FDQ EH VHHQ WKDW RXU DOJRULWKP JXDUDQWHHV WKDW

WKHUH LV QR YLRODWLRQ RI FDXVDOLW\� 7KH PDMRU GLIIHUHQFH EHWZHHQ RXU DOJRULWKP DQG

RWKHU ORFN�VWHS EDVHG SDUDOOHO VLPXODWLRQ DOJRULWKPV� IRU H[DPSOH� <$:16 >��@� LV

WKH FDOFXODWLRQ RI WKH 6DIH7LPH� ,Q >��@� RQO\ WKH JOREDO LQIRUPDWLRQ �L�H�� *67� LV

XVHG WR GHWHUPLQH XS WR ZKDW VLPXODWLRQ WLPH WKH FXUUHQW ORFN�VWHS FDQ VLPXODWH�

7R VKRZ WKDW GHDGORFN FDQQRW RFFXU� ZH QRWH WKDW IRU HDFK /3� ZH KDYH 6DIH7LPH

t *67� 6LQFH *67 LV WKH VPDOOHVW WLPHVWDPS RI DQ\ HYHQW LQ WKH ZKROH V\VWHP� DW

OHDVW WKRVH HYHQWV ZLWK D WLPHVWDPS HTXDO WR *67 ZLOO EH H[HFXWHG LQ WKH FXUUHQW ORFN�

�
:H DVVXPH WKDW IRU HDFK FRPPXQLFDWLRQ OLQN� PHVVDJHV DUH UHFHLYHG DFFRUGLQJ WR WKH RUGHU

WKH\ ZHUH VHQW DQG WKDW H[WHUQDO HYHQWV KDYH D WLPHVWDPS ZKLFK LV HTXDO WR WKH ORFDO

VLPXODWLRQ WLPH RI WKH VHQGLQJ /3� :H DOVR DVVXPH WKDW WKHUH LV QR SUHHPSWLRQ RI HYHQWV

VLPXODWHG�



VWHS� ,Q HDFK ORFN�VWHS RI WKH VLPXODWLRQ� WKHUH PXVW EH DW OHDVW RQH HYHQW ZLWK D

WLPHVWDPS HTXDO WR *67� VR WKH VLPXODWLRQ ZLOO SURJUHVV DQG GHDGORFN ZLOO QRW RFFXU�

JVW  �� 2OG%XII  %XII$� 1HZ%XII  %XII%� �
 ��� JOREDO LQLWLDOLVDWLRQ 
�

OS>L@�VW  �� OS>L@�HYHQWBT  HPSW\� �
 ��� ORFDO LQLWLDOLVDWLRQ 
�

IRU M  � WR OS>L@�,Q1XP�� GR OS>L@�FORFN>M@  �� %XII$>L�M@  HPSW\� %XII%>L�M@  HPSW\� HQG IRU

OS>L@�VWDWH  ,QLWLDO6WDWH���

IRU DOO ,QWHUQDO(YHQW LH FDXVHG E\ ,QLWLDO6WDWH GR

2UGHU,QVHUW�LH#2FFXUUHQFH7LPH�LH�� OS>L@�HYHQWBT��

HQG IRU

IRU DOO ([WHUQDO(YHQW HH E\ ,QLWLDO6WDWH GR

2UGHU,QVHUW�HH#OS>L@�VW� 1HZ%XII>N�M@�

ZKHUH HH LV IRU /3 N DQG /3 L FRQQHFWHG WR MWK LQSXW OLQN RI /3 N�

HQG IRU

�
 ��� PDLQ VLPXODWLRQ ORRS 
�

ZKLOH �JVW � HQGWLPH� GR

�
 ��� VZDS EXIIHUV DW VWDUW RI D VLPXODWLRQ ORFN�VWHS �RU F\FOH� 
�

VZDS 2OG%XII DQG 1HZ%XII�

,Q&ORFN  LQILQLW\ �
 ��� FDOFXODWH ,Q&ORFN 
�

IRU M  � WR OS>L@�,Q1XP�� GR

LI �2OG%XII>L�M@ � HPSW\� ^

OS>L@�FORFN>M@  /DVW(OHPHQW7LPH�2OG%XII>L�M@��

2UGHU0HUJH�2OG%XII>L�M@� OS>L@�HYHQWBT��

2OG%XII>L�M@  HPSW\� `

,Q&ORFN  PLQ�,Q&ORFN� OS>L@�FORFN>M@��

HQG IRU

�
 ��� FDOFXODWH 6DIH7LPH 
�

6DIH7LPH  PD[�,Q&ORFN� JVW�� OS>L@�RXW  LQILQLW\�

�
 ��� VLPXODWH DOO VDIH HYHQWV 
�

ZKLOH �)LUVW(OHPHQW7LPH�OS>L@�HYHQWBT� � 6DIH7LPH� GR

�
 GHTXHXH DQ HYHQW DQG SURFHVV LW 
�

H  5HPRYH)LUVW(OH�OS>L@�HYHQWBT��

OS>L@�VW  7LPH6WDPS�H�� OS>L@�VWDWH  6LPXODWH�H��

�
 HQTXHXH QHZ LQWHUQDO HYHQWV 
�

IRU DOO ,QWHUQDO(YHQW LH FDXVHG E\ 6LPXODWH�H� GR

2UGHU,QVHUW�LH#2FFXUHQFH7LPH�LH�� OS>L@�HYHQWBT��

HQG IRU

�
 RXWSXW H[WHUQDO HYHQWV 
�

IRU DOO ([WHUQDO(YHQW HH FDXVHG E\ 6LPXODWH�H� GR

2UGHU,QVHUW�HH#OS>L@�VW� 1HZ%XII>N�M@�

ZKHUH HH LV IRU /3 N DQG /3 L FRQQHFWHG WR MWK LQSXW OLQN RI /3 N�

/3>L@�RXW  PLQ�/3>L@�RXW� 7LPH6WDPS�HH���

HQG IRU

HQG ZKLOH

�
 ��� FDOFXODWH VPDOOHVW WLPHVWDPS RI DQ\ HYHQW LQ WKLV /3 
�

LI �OS>L@�HYHQWBT � HPSW\� ^ 6DIH7LPH  )LUVW(OHPHQW7LPH�OS>L@�HYHQWBT�� `

HOVH ^ 6DIH7LPH  LQILQLW\� `

6DIH7LPH  PLQ�OS>L@�RXW� 6DIH7LPH��

JVW  PLQBUHGXFH�6DIH7LPH�� �
 ��� JOREDO UHGXFWLRQ WR FDOFXODWH QHZ JVW
�

HQG ZKLOH

)LJXUH �� /RFN�VWHS SDUDOOHO VLPXODWLRQ DOJRULWKP



,Q RXU DOJRULWKP� FRPPXQLFDWLRQ OLQNV EHWZHHQ /3V DUH LPSOHPHQWHG XVLQJ

EXIIHUV� 7R DYRLG WKH FRQIOLFWV LQ DFFHVVLQJ WKH VDPH EXIIHU� WZR EXIIHUV DUH WKHUHIRUH

XVHG DOWHUQDWHO\ LQ HDFK ORFN�VWHS IRU LQSXW DQG RXWSXW� DQG SRLQWHUV WR WKHVH EXIIHUV

DUH VZDSSHG LQ WKH PDLQ VLPXODWLRQ ORRS DW WKH VWDUW RI HDFK ORFN�VWHS�

SURFHVVLQJ

VWDWLRQ

FRQWURO

VWDWLRQ

SURFHVVLQJ

VWDWLRQ

FRQWURO

VWDWLRQ
IRUN IRUNIRUN

)LJXUH �� 3URGXFWLRQ /LQH

SURGXFWLRQ

OLQH

OLQH

DVVHPEOLQJ

VWDWLRQ

DVVHPEOLQJ

VWDWLRQ
WHVWLQJ

VWDWLRQ

WHVWLQJ

VWDWLRQ

IRUN

IRUN

IRUN

WHVWLQJ

VWDWLRQ

FROOHFWFROOHFW

MRLQ

MRLQ

SURGXFWLRQ

)LJXUH �� $VVHPEOLQJ DQG 7HVWLQJ

��� 0DQXIDFWXULQJ 6LPXODWLRQ %HQFKPDUN

2XU VLPXODWLRQ PRGHO RI D JHQHULF PDQXIDFWXULQJ SURFHVV FRQVLVWV RI WKUHH VWDJHV�

SURGXFWLRQ� DVVHPEOLQJ DQG WHVWLQJ� 7KHUH DUH D QXPEHU RI SURGXFWLRQ OLQHV� HDFK

SURGXFLQJ D GLIIHUHQW FRPSRQHQW� (DFK SURGXFWLRQ OLQH LV PDGH XS RI D VHTXHQFH RI

SURFHVVLQJ DQG FRQWURO VWDWLRQV� DV VKRZQ LQ

)LJXUH �� $ SURFHVVLQJ VWDWLRQ SURFHVVHV D SDUW DQG VHQGV LW WR D FRQWURO VWDWLRQ ZKHUH

TXDOLW\ FRQWURO RQ WKH SURFHVVHG SDUW LV FRQGXFWHG� $ UH�ZRUN SUREDELOLW\ GHFLGHV

ZKHWKHU WKH SDUW QHHGV WR EH VHQW EDFN WR WKH SURFHVVLQJ VWDWLRQ IRU UH�SURFHVVLQJ�

$Q DVVHPEOLQJ VWDWLRQ DVVHPEOHV D SURGXFW XVLQJ WKH FRPSRQHQWV IURP D QXPEHU

RI SURGXFWLRQ OLQHV� $Q DVVHPEOHG SURGXFW ZLOO EH WHVWHG E\ RQH RI D QXPEHU RI WHVWLQJ

VWDWLRQV�

)LJXUH � VKRZV WKH DVVHPEOLQJ DQG WHVWLQJ RI SURGXFWV� $V ZHOO DV WKH IRXU W\SHV RI

VWDWLRQ SURFHVVLQJ� FRQWURO� DVVHPEOLQJ DQG WHVWLQJ� WKH TXHXHLQJ QHWZRUN LQFOXGHV

WKUHH RWKHU W\SHV RI QRGH�

x IRUN� 5RXWHV DQ LQSXW HYHQW WR RQH RI D QXPEHU RI RXWSXW OLQNV DFFRUGLQJ WR WKH

OLQN SUREDELOLW\�

x MRLQ� *HQHUDWHV DQ HYHQW RQ LWV RXWSXW OLQN ZKHQ DQ LQSXW HYHQW LV UHFHLYHG RQ

HDFK RI LWV LQSXWV�

x FROOHFW� *HQHUDWHV DQ HYHQW RQ LWV RXWSXW OLQN ZKHQ DQ LQSXW HYHQW LV UHFHLYHG RQ

DQ\ RI LWV LQSXWV�

7KH VLPXODWLRQ PRGHO LV SDUDPHWHUL]HG E\ WKH QXPEHU RI SURGXFWLRQ OLQHV� WKH

QXPEHU RI SURFHVVLQJ VWDWLRQV SHU SURGXFWLRQ OLQH� WKH QXPEHU RI DVVHPEOLQJ VWDWLRQV

DQG WKH QXPEHU RI WHVWLQJ VWDWLRQV� 7KH ILUVW SURFHVVLQJ VWDWLRQ RI D SURGXFWLRQ OLQH

DOVR DFWV DV D VRXUFH ZLWK D PHDQ DUULYDO WLPH IRU SDUWV� (DFK RI WKH IRXU W\SHV RI

VWDWLRQ KDV D PHDQ VHUYLFH WLPH� 1RWH WKDW IRUN� MRLQ DQG FROOHFW GR QRW LQFUHPHQW WKH

VLPXODWLRQ WLPH�



�� 3DUDOOHO 5XQWLPH /LEUDULHV

:H FRPSDUHG DQ LQGXVWU\ VWDQGDUG OLEUDU\ �326,; WKUHDGV >�@� DQG WKUHH UHVHDUFK�

EDVHG OLEUDULHV� $FWLYH WKUHDGV >��@� &LON >�@� DQG 2[IRUG %63 >�@ ZKLFK LV DQ

LPSOHPHQWDWLRQ RI %XON 6\QFKURQRXV 3DUDOOHO �%63� PRGHO� 2XU FKRLFHV ZHUH

GHWHUPLQHG PDLQO\ E\ RXU WDUJHW SODWIRUPV ZKLFK DUH PDFKLQHV VXSSRUW LQJVKDUHG�

DGGUHVV VSDFHV� ZKHWKHU LW LV 1RQ�8QLIRUP 0HPRU\ $FFHVV �180$� �H�J� 6*, 2ULJLQ

����� RU 80$ �H�J� 6XQ 8OWUD� (QWHUSULVH ������

%HFDXVH PXOWLWKUHDGLQJ LV D FRPPRQ SURJUDPPLQJ PRGHO RQ VXFK SODWIRUPV�

WKUHH RI RXU FKRLFHV DUH WKUHDG�EDVHG OLEUDULHV� 7KH\ KRZHYHU RIIHU GLIIHUHQW

V\QFKURQL]DWLRQ PHFKDQLVPV DQG KDYH GLIIHUHQW V\VWHP SHUIRUPDQFH�

x :H LQFOXGHG 326,; LQ RXU FRPSDULVRQ� EHFDXVH LW LV DQ LQGXVWU\ VWDQGDUG� ,I WKH

326,; RYHUKHDGV DUH UHDVRQDEO\ ORZ IRU DQ DSSOLFDWLRQ� LW FDQ EH DGYDQWDJHRXV

WR XVH 326,; EHFDXVH RI LWV SRUWDELOLW\ DFURVV GLIIHUHQW SODWIRUPV�

x $FWLYH WKUHDGV KDV D VLPLODU LQWHUIDFH WR 326,; WKUHDGV� DQG LV HVSHFLDOO\

WDUJHWHG IRU ILQH�JUDLQ LUUHJXODU SDUDOOHO FRPSXWDWLRQV� ,W DOVR SURLYGHV KLJK�

OHYHO DEVWUDFWLRQV IRU WKH SURJUDPPHU WR WDNH DGYDQWDJH RI WKH PHPRU\

KLHUDUFK\�

x &LON KDV DQ HIILFLHQW WKUHDG LPSOHPHQWDWLRQ� DQG D SURYDEO\ JRRG VFKHGXOLQJ DQG

ORDG EDODQFLQJ PHFKDQLVP� 8QOLNH WKH V\QFKURQL]DWLRQ LQ 326,; DQG $FWLYH

WKUHDGV� D &LON SDUHQW WKUHDG RQO\ V\FKURQL]HV ZLWK LWV FKLOGUHQ E\ ZDLWLQJ IRU

WKHLU WHUPLQDWLRQ�

/DVW EXW QRW OHDVW� ZH LQFOXGHG 2[IRUG %63 LQ RXU VWXG\� EHFDXVH LW KDV D V\FKURQRXV

PHVVDJH�SDVVLQJ PRGHO� DQ DOWHUQWLYH GLIIHUHQW IURP WKH RWKHU WKUHDG�EDVHG OLEUDULHV�

326,; WKUHDGV� 7KH 326,; OLEUDU\ SURYLGHV WKH SURJUDPPHU ZLWK WKH PHDQV

WR FUHDWH DQG V\QFKURQL]H WKUHDGV� 7KHUH DUH IDFLOLWLHV IRU WKH SURJUDPPHU WR

LQIOXHQFH ORZ�OHYHO VFKHGXOLQJ GHWDLOV� H�J� E\ VSHFLI\LQJ D WKUHDG©V VFRSH RI

FRQWHQWLRQ �LQWHUSURFHVV RU LQWUDSURFHVV�� DQG LWV VFKHGXOLQJ SULRULW\� 7KH GHIDXOWV

DUH WDNHQ FDUH RI E\ WKH RSHUDWLQJ V\VWHP� 326,; ������D >�@ LV DQ HPHUJLQJ

LQGXVWU\ VWDQGDUG IRU SODWIRUP�LQGHSHQGHQW WKUHDG LQWHUIDFH� DQG LV FXUUHQWO\

VXSSRUWHG E\ GLIIHUHQW YHQGRUV� 326,; WKUHDGV DUH OLJKW�ZHLJKW� FRPSDUHG WR

SURFHVV�EDVHG PHFKDQLPV VXFK DV IRUN� EXW WKH\ DUH VWLOO WRR KHDY\�ZHLJKW IRU ILQH�

JUDLQ SDUDOOHO SURJUDPPLQJ�

:H XVH 326,; DV D EDVHOLQH WR VWXG\ LI WKH V\FKURQL]DWLRQ RYHUKHDGV RI DQ

LQGXVWU\�VWDQGDUG OLEUDU\ DUH DFFHSWDEOH IRU D 3'(6 DSSOLFDWLRQ�

$FWLYH WKUHDGV� $FWLYH WKUHDGV >��@ LV D OLJKW�ZHLJKW WKUHDGV SDFNDJH WDUJHWHG

DW LUUHJXODU DSSOLFDWLRQV� ,WV $3, LV VLPLODU WR WKDW RI PRVW WKUHDG SDFNDJHV� ,Q

DGGLWLRQ WR VWDQGDUG V\QFKURQL]DWLRQ REMHFWV �H�J� PXWH[HV DQG V\FKURQL]DWLRQV�� LW

SURYLGHV D JHQHUDO PHFKDQLVP IRU SURJUDPPHUV WR EXLOG GDWD VWUXFWXUH VSHFLILF WKUHDG

VFKHGXOHUV� 7KUHDGV ZLWK VLPLODU SURSHUWLHV �H�J� D VLPLODU VFKHGXOHU� FDQ EH JURXSHG

WRJHWKHU DV D EXQGOH� >��@ UHSRUWHG WKDW LW RXWSHUIRUPV YHQGRU�SURYLGHG WKUHDG

SDFNDJH� DQG LWV FRQWH[W VZLWFK LV RQO\ DQ RUGHU RI PDJQLWXGH PRUH H[SHQVLYH WKDQ D

IXQFWLRQ FDOO� :H GHULYHG RXU $FWLYH WKUHDGV YHUVLRQ E\ UHSODFLQJ D 326,; YHUVLRQ©V

OLEUDU\ FDOOV E\ WKHLU FRUUHVSRQGLQJ $FWLYH WKUHDG $3,�

&LON� &LON >�@ LV D &�EDVHG ODQJXDJH IRU PXOWLWKUHDGHG SDUDOOHO SURJUDPPLQJ�

7KH &LON UXQWLPH HQYLURQPHQW WDNHV FDUH RI WKH ORZ�OHYHO GHWDLOV OLNH VFKHGXOLQJ DQG



ORDG EDODQFLQJ� 7KH ZRUN VWHDOLQJ VFKHGXOHU RI WKH &LON UXQWLPH V\VWHP LV

SDUWLFXODUO\ VXLWDEOH IRU FRPSXWDWLRQV WKDW XQIROG G\QDPLFDOO\ WR JLYH D KLHUDUFKLFDO

WUHH RI &LON SURFHGXUHV� ,Q WKH LPSOHPHQWDWLRQ RI RXU SDUDOOHO VLPXODWLRQ DOJRULWKP�

/3V �RU UDWKHU FOXVWHUV RI /3V� DUH VSDZQHG LQ HDFK ORFN�VWHS XVLQJ D GLYLGH DQG

FRQTXHU SURFHGXUH� ZKLFK SDVVHV WKH JOREDO VLPXODWLRQ WLPH WR LWV FKLOGUHQ DQG WKXV

WR HDFK /3�

%XON 6\QFKURQRXV 3DUDOOHOLVP �%63�� ,Q WKH %63 PRGHO� FRPSXWDWLRQV

SURFHHG LQ WHUPV RI VXSHUVWHSV� $ VXSHUVWHS FRQVLVWV RI D FRPSXWDWLRQ SKDVH�

IROORZHG E\ D EDUULHU V\QFKURQL]DWLRQ GXULQJ ZKLFK JOREDO FRPPXQLFDWLRQ RFFXUV�

'XULQJ WKH FRPSXWDWLRQ SKDVH� HDFK SURFHVV FRPSXWHV LQGHSHQGHQWO\� DQG FDQ RQO\

DFFHVV ORFDO GDWD� %63 VXSSRUWV D 6LQJOH 3URJUDP 0XOWLSOH 'DWD �630'�

SURJUDPPLQJ PRGHO� DQG SURYLGHV PHVVDJH�SDVVLQJ SULPLWLYHV WR H[FKDQJH GDWD

EHWZHHQ SURFHVVHV GXULQJ WKH JOREDO FRPPXQLFDWLRQ SKDVH�

�� &RPSDULVRQV

:H FRPSDUH WKH UXQWLPHV LQ WHUPV RI WKHLU �D� HDVH RI SURJUDPPLQJ �L�H� ZKHWKHU

WKHUH LV D JRRG ILW EHWZHHQ WKH $3, DQG WKH DSSOLFDWLRQ©V H[HFXWLRQ PRGHO�� DQG �E�

SHUIRUPDQFH� DQG �F� DQ\ DGGLWLRQDO PHFKDQLVPV WKDW DOORZV WKH SURJUDPPHU WR

HDVLO\ ILQH�WXQH WKH DSSOLFDWLRQ SHUIRUPDQFH�

��� (DVH RI 3URJUDPPLQJ

7R FRPSDUH WKH LPSOHPHQWDWLRQV� ZH GLVWLQJXLVK WKH IROORZLQJ WZR DEVWUDFWLRQV� ���

WKH WKUHDGV�SURFHVVHV LQ WKH OLEUDULHV� DQG ��� WKH /3©V LQ WKH VLPXODWLRQ SURWRFRO�

7KH 326,; DQG $FWLYH WKUHDGV YHUVLRQV VKDUH D VLPLODU FRPSXWDWLRQ VWUXFWXUH

�)LJXUH ��� (DFK WKUHDG H[HFXWHV WKH VLPXODWLRQ SURWRFRO IRU RQH RU PRUH /3V� HDFK

RI ZKLFK UHSUHVHQWV D VLPXODWLRQ HQWLW\ LQ WKH PRGHO� 7KH WKUHDGV V\QFKURQL]H DW D

EDUULHU DW WKH HQG RI HDFK ORFN�VWHS� VR WKDW D QHZ *67 FDQ EH FDOFXODWHG� :H FDQ

FUHDWH PRUH WKUHDGV WKDQ WKH QXPEHU RI SK\VLFDO SURFHVVRUV WR WDNH DGYDQWDJH RI WKH

OLEUDU\©V GHIDXOW ORDG�EDODQFLQJ PHFKDQLVP� ,Q WKH 326,; YHUVLRQ� ZH H[SHFW WR PDS

PXOWLSOH /3V WR HDFK WKUHDG EHFDXVH RI LWV UHODWLYHO\ KLJK RYHUKHDGV� $ VLPLODU

VWUDWHJ\ LV XVHG IRU WKH $FWLYH WKUHDGV YHUVLRQ EHFDXVH WKH QXPEHU RI /3V �XVXDOO\ LQ

WKH UDQJH RI ����©V� LV JUHDWHU WKDQ WKH QXPEHU RI WKUHDGV �DW PRVW LQ WKH UDQJH RI

���©V� WKDW FDQ EH HIILFLHQWO\ VXSSRUWHG LQ D V\VWHP ZLWK SURFHVVRUV LQ WKH UDQJH RI

��©V�

7KH &LON YHUVLRQ KDV D GLYLGH�DQG�FRQTXHU FRPSXWDWLRQ VWUXFWXUH �)LJXUH ���

(DFK WKUHDG H[HFXWHV WKH VLPXODWLRQ SURWRFRO IRU RQH RU PRUH /3V GXULQJ RQH ORFN�

VWHS� :H KDYH WR FUHDWH QHZ WKUHDGV DW HDFK ORFN�VWHS� EHFDXVH WKUHDGV V\QFKURQL]H

RQO\ DW WHUPLQDWLRQ� 7KLV UHVXOWV LQ PRUH WKUHDG FUHDWLRQ RYHUKHDG� DQG DFFRXQWV IRU

LWV ORZHU SHUIRUPDQFH �6HFWLRQ �����

6SDZQ WKUHDGV DQG LQLWLDOL]H �� ��� �� LQ )LJ �

ZKLOH �*67 � HQGWLPH� ^�
 0DLQ VLPXODWLRQ ORRS ¤ ��� LQ )LJ �� ¦PDVWHU§ WKUHDG 
�

�� 6ZDS EXIIHU �� ��� LQ )LJ �

�� $FWLYDWH DOO WKH WKUHDGV

�� :DLW IRU DOO WKH WKUHDGV WR EDUULHU�V\QFKURQL]H

�� &RPSXWH QHZ *67 IURP VKDUHG DUUD\ RI 6DIH7LPHV �� ��� LQ )LJ � `

�� 6LJQDO DOO WKH WKUHDGV WR WHUPLQDWH



�
 7KUHDG FRPSXWDWLRQ 
�

ZKLOH �QR WHUPLQDWLRQ VLJQDO� ^

�� :DLW IRU DFWLYDWLRQ

IRU HDFK /3 H PDQDJHG E\ WKUHDG ^

�� &RPSXWH ,Q&ORFN DQG 6DIH7LPH �� ��� � � LQ )LJ �

�� 6LPXODWH DOO VDIH HYHQWV IRU H �L�H� HYHQW WLPH � 6DIH7LPH� �� ��� LQ )LJ �

�� 8SGDWH H©V QHZ 6DIH7LPH LQ D VKDUHG DUUD\ ` �� ��� LQ )LJ �

�� %DUULHU V\QFKURQL]H `

)LJXUH �� 326,; DQG $FWLYH WKUHDGV YHUVLRQ RI VLPXODWLRQ SURJUDP

6SDZQ WKUHDGV DQG LQLWLDOL]H �� ��� �� LQ )LJ �

ZKLOH �*67 � HQGWLPH� ^ �� 0DLQ VLPXODWLRQ ORRS ¤ ��� LQ )LJ �

�� 6ZDS EXIIHU �� ��� LQ )LJ �

�� 6SDZQ WKUHDG ZLWK FXUUHQW *67� DQG ZDLW IRU WKUHDG WR FRPSOHWH

�� 8SGDWH *67 ZLWK QHZ 6DIH7LPH UHVXOW IURP WKUHDG `

�
 3HU�WKUHDG FRPSXWDWLRQ 
�

LI �VXIILFLHQW QXPEHU RI /3V� ^

IRU HDFK /3 H PDQDJHG E\ WKUHDG ^

�� &RPSXWH ,Q&ORFN DQG 6DIH7LPH �� ��� � � LQ )LJ �

�� 6LPXODWH DOO VDIH HYHQWV IRU H �L�H� HYHQW WLPH � 6DIH7LPH� �� ��� LQ )LJ �

�� &RPSXWH /3©V QHZ 6DIH7LPH ` �� ��� LQ )LJ �

�� &RPSXWH PLQLPXP RI DOO /3©V 6DIH7LPH �� 3DUW RI ��� LQ )LJ � `

` HOVH ^

�� 6SOLW LQWR WZR UDQJHV IRU WKH /3©V

�� 6SDZQ WKUHDG IRU HDFK UDQJH� DQG ZLWK *67

�� :DLW WZR WKUHDGV WR FRPSOHWH

�� &RPSXWH PLQLPXP RI WKH WZR WKUHDG©V 6DIH7LPH ` �� 3DUW RI ��� LQ )LJ �

5HWXUQ QHZ 6DIH7LPH

)LJXUH �� &LON YHUVLRQ RI VLPXODWLRQ SURJUDP

6SDZQ WKUHDGV DQG LQLWLDOL]H �� ��� �� LQ )LJ �

�
 0DLQ VLPXODWLRQ ORRS H[HFXWHG E\ HYHU\ SURFHVV� $ SURFHVV KDV D EXIIHU

FRQWDLQLQJ DOO PHVVDJHV VHQW WR LWV /3V GXULQJ WKH SUHYLRXV ORFN�VWHS� ¤ ��� LQ )LJ � 
�

ZKLOH �*67 � HQGWLPH� ^

�� 0RYH HYHQW PHVVDJHV IURP EXIIHU WR HDFK /3©V LQSXW EXIIHU

�� 6ZDS EXIIHU �� ��� LQ )LJ �

IRU HDFK /3 H PDQDJHG E\ SURFHVV ^

&RPSXWH ,Q&ORFN DQG 6DIH7LPH �� ��� � � LQ )LJ �

�� 6LPXODWH DOO VDIH HYHQWV IRU H �L�H� HYHQW WLPH � 6DIH7LPH� �� ��� LQ )LJ �

�� &RPSXWH /3©V QHZ 6DIH7LPH ` �� ��� LQ )LJ �

�� &RPSXWH PLQLPXP RI DOO /3©V 6DIH7LPH

�� 3URFHVV � UHGXFHV DOO PLQLPXPV� FRPSXWHV QHZ *67 DQG VHQGV

XSGDWH WR DOO RWKHUV �� ��� LQ )LJ �

`

)LJXUH �� %63 YHUVLRQ RI VLPXODWLRQ SURWRFRO

7KH %63 YHUVLRQ LV PDGH FRPSOLFDWHG E\ WKH QR�VKDUHG�GDWD SURSHUW\ RI WKH %63

SURFHVVHV� (DFK ORFN�VWHS LQ WKH SURWRFRO FRUUHVSRQGV WR D %63 VXSHUVWHS� $W WKH

EDUULHU V\QFKURQL]DWLRQ� WKH SURFHVVHV FRPSXWH D QHZ *67� DQG H[FKDQJH PHVVDJHV

FRQWDLQLQJ QHZ HYHQWV� 2XU LPSOHPHQWDWLRQ SURYLGHV D EXIIHU IRU HDFK SURFHVV� WR

KROG DOO WKH LQSXW HYHQWV IRU LWV /3©V� $Q HYHQW VHQW E\ DQ /3 � LQ SURFHVV $ WR

DQRWKHU /3 � LQ SURFHVV %� LV ILUVW SXW LQ %©V EXIIHU� 7KH HYHQW LV WKHQ PRYHG WR /3

�©V LQSXW HYHQW EXIIHU DW WKH VWDUW RI QH[W ORFN�VWHS �)LJXUH ��� ,I /3 � DQG /3 � DUH LQ

WKH VDPH SURFHVV� WKH HYHQW LV MXVW LQVHUWHG LQWR /3 �©V LQSXW HYHQW EXIIHU� �1RWH WKDW



WKH HYHQWV LQ HDFK /3©V LQSXW EXIIHU DUH PRYHG WR LWV HYHQW TXHXH LQ WKH VLPXODWLRQ

DOJRULWKP��

7KH 2[IRUG %63 OLEUDU\©V SHUIRUPDQFH GHJUDGHV ZKHQ WKH QXPEHU RI SURFHVVHV LV

JUHDWHU WKDQ WKH QXPEHU RI SK\VLFDO SURFHVVRUV� 'XH WR WKLV OLPLWDWLRQ� ZH FDQQRW

FUHDWH PRUH SURFHVVHV WKDQ SURFHVVRUV� WR PDNH XVH RI WKH RSHUDWLQJ V\VWHP©V GHIDXOW

ORDG�EDODQFLQJ PHFKDQLVP�

1RQH RI WKH IRXU UXQWLPH V\VWHPV DOORZV DQ HIILFLHQW RQH�WR�RQH PDSSLQJ

EHWZHHQ DQ DEVWUDFW /3 DQG D WKUHDG �IORZ RI FRQWURO�� %XW IRU 326,; DQG $FWLYH

WKUHDGV� D PDQ\�WR�RQH PDSSLQJ FDQ EH HDVLO\ LPSOHPHQWHG� ,Q DGGLWLRQ WR WKH PDQ\�

WR�RQH PDSSLQJ� LQ &LON� WKH FUHDWLRQ RI WKUHDGV LV WLHG WR WKH ORFN�VWHS QRWLRQ IURP

WKH SURWRFRO� %XW RQ WKH RWKHU KDQG� &LON©V WKUHDG FUHDWLRQ FRQVWUXFW LV VWUDLJKW�

IRUZDUG DQG ZHOO�VXLWHG WR WUHH�OLNH FRPSXWDWLRQV� ,Q WKH %63 YHUVLRQ� IRU HIILFLHQF\

UHDVRQ� HDFK SURFHVVRU UXQV H[DFWO\ RQH SURFHVV� DQG SODWIRUP�LQGHSHQGHQFH LV

UHGXFHG� 7KLV LV LPSOHPHQWDWLRQ�VSHFLILF� DQG VXEMHFWHG WR PRGLILFDWLRQ LQ IXWXUH�

%63 ZRXOG KDYH EHHQ HDVLHU WR XVH IRU GLVWULEXWHG SODWIRUP� )URP WKH

LPSOHPHQWDWLRQV� LW VHHPV WKDW &LON DQG %63 ZLOO EH GLIILFXOW WR XVH �WKRXJK SRVVLEOH�

IRU VLPXODWLRQ SURWRFROV ZKLFK DUH QRW JOREDOO\ V\QFKURQRXV �H�J� WLPH ZDUS��

��� 3HUIRUPDQFH

:H IRFXVHG RQ VWXG\LQJ WKH IROORZLQJ SHUIRUPDQFH TXHVWLRQV� ��� ZKDW /3

JUDQXODULW\ ZLOO VXIILFLHQWO\ PDVN WKH RYHUKHDGV WR JLYH DQ HIILFLHQW UXQ� ��� JLYHQ D

JRRG JUDQXODULW\� KRZ GR WKH YDULRXV YHUVLRQV VFDOH ZLWK YDU\LQJ QXPEHU RI

SURFHVVRUV�

,Q DOO RXU LPSOHPHQWDWLRQV� PXOWLSOH /3©V DUH PDSSHG WR D VLQJOH WKUHDG� 7R

VWXG\ ���� WKHUH DUH WKHUHIRUH WZR SDUDPHWHUV ZH FDQ YDU\� WKH HYHQW�KDQGOLQJ WLPH RI

HDFK /3 DQG WKH QXPEHU RI /3©V SHU WKUHDG �ZKLFK ZH UHIHU WR DV WKUHVKROG�� :H

WULHG ILYH YDOXHV IRU WKH HYHQW�KDQGOLQJ WLPH� �� �� ��� ��� DQG �� PV� DQG WKUHH

WKUHVKROG YDOXHV� ��� ��� DQG ���� :H REVHUYH WKDW IRU &LON� JLYHQ DQ HYHQW�

KDQGOLQJ WLPH� LWV SHUIRUPDQFH YDULHV D ORW IRU GLIIHUHQW WKUHVKROGV� )RU FRPSDULVRQ�

ZH VHOHFWHG WKH ODUJHVW DQG VPDOOHVW WKUHVKROG �L�H�� &LON �� DQG ����� $FWLYH WKUHDG

WLPLQJV VKRZ OLWWOH YDULDWLRQ IRU GLIIHUHQW WKUHVKROGV� VR ZH VHOHFWHG WKH VPDOOHVW

WKUHVKROG �L�H�� $7 ���� WR VWXG\ LWV SHUIRUPDQFH IRU VPDOO�JUDLQ WKUHDGV� 326,;

WLPLQJV DOVR VKRZ OLWWOH YDULDWLRQ� EXW ZH VHOHFWHG WKH ODUJHVW WKUHVKROG �L�H�� 3RVL[

���� EHFDXVH 326,; WKUHDGV DUH NQRZQ WR EH UHODWLYHO\ FRDUVH�JUDLQHG� %63 KDV RQH

SURFHVV SHU SURFHVVRU� VR ZH VLPSO\ GLVWULEXWH WKH /3V HYHQO\ DPRQJ WKH SURFHVVHV�

)RU FRPSDULVRQ SXUSRVH� D VHTXHQWLDO VLPXODWRU ZDV DOVR LPSOHPHQWHG XVLQJ WKH

VDPH HYHQW TXHXH PDQDJHPHQW URXWLQHV DV WKDW XVHG LQ WKH SDUDOOHO LPSOHPHQWDWLRQ�

:H FRPSDUH WKH SDUDOOHO WLPLQJV WR WKH FRUUHVSRQGLQJ VHTXHQWLDO WLPLQJV IRU

VSHHGXSV �*UDSK ��� $V H[SHFWHG� WKH VSHHGXSV LPSURYH ZLWK ODUJHU HYHQW KDQGOLQJ

WLPH� :H SLFN �� PV IRU RXU ODWHU H[SHULPHQWV� EHFDXVH LW LV UHDVRQDEO\ VPDOO WR EH

XVHG WR UHSUHVHQW ILQH�JUDLQ HYHQW�KDQGOLQJ�

%HFDXVH 326,; GRHV QRW VKRZ DQ\ VSHHGXS DW JUDLQ VL]H �� PV� *UDSK � RQO\

VKRZV WKH VSHHGXS FXUYHV RI WKH WKUHH UHVHDUFK OLEUDULHV� :H VHH WKDW WKH VSHHGXS

FXUYH IRU &LON LV TXLWH VHQVLWLYH WR WKH WKUHDG JUDQXODULW\ �&LON �� YV� &LON ����� %RWK

%63 DQG $FWLYH WKUHDGV SHUIRUP TXLWH ZHOO LQ JHQHUDO� 7KH GLIIHUHQFH LV WKDW $FWLYH

WKUHDGV FRQWLQXH WR VKRZ VSHHGXS IRU VPDOO WKUHDGV� ZKLOH %63 KDV RQH SURFHVV SHU



SURFHVVRU� DQG KDV ODUJH WKUHDGV� )URP *UDSK �� ZH FDQ DOVR VHH WKDW WKH SHUIRUPDQFH

RI $FWLYH WKUHDGV LV DOVR PRUH VFDOHDEOH WKDQ &LON DQG %63� :LWK LQFUHDVLQJ QXPEHU

RI SURFHVVRUV� LW LV OLNHO\ WKDW $FWLYH WKUHDGV ZLOO SHUIRUP PXFK EHWWHU WKDQ &LON DQG

%63� 5HVXOWV RQ DQ ��&38 8OWUD� ZLOO EH LQFOXGHG LQ WKH ILQDO YHUVLRQ RI WKLV SDSHU�

*UDSK �� 6SHHGXS YV *UDLQ 6L]H �(YHQW +DQGOLQJ 7LPH�
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*UDSK �� 6SHHGXS YV� 1XPEHU RI 3URFHVVRUV
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%63

7KH WKUHH YHUVLRQV EDVHG RQ UHVHDUFK OLEUDULHV DOO RIIHU EHWWHU SHUIRUPDQFH WKDQ

326,;� DQG SHUIRUP ZHOO ZLWK WKH FRUUHFW WKUHDG JUDQXODULW\� )RU VPDOO WKUHDG

JUDQXODULW\� RQO\ $FWLYH WKUHDGV PDQDJHG WR VKRZ VSHHGXS�

��� 0HFKDQLVPV IRU 3HUIRUPDQFH 2SWLPL]DWLRQ

%HFDXVH PHPRU\ DFFHVVHV LV D PDMRU SRWHQWLDO VRXUFH RI SHUIRUPDQFH ERWWOHQHFN RQ

FXUUHQW SODWIRUPV� LW LV FUXFLDO WR SURYLGH SDUDOOHO SURJUDPPHUV ZLWK WKH PHFKDQLVPV

WR LPSURYH WKHLU SURJUDP PHPRU\©V VSDWLDO DQG WHPSRUDO ORFDOLW\� DQG�RU WR

LPSOHPHQW WKHLU RZQ PHPRU\ PDQDJHPHQW VFKHPH�

,Q RXU SURWRFRO� RQH VLPSOH ZD\ WR LPSURYH PHPRU\ ORFDOLW\ LV WR DVVRFLDWH D SRRO

RI HYHQWV IRU HDFK /3 RU HDFK WKUHDG� 1HZ HYHQWV DUH DOORFDWHG IURP WKH SRRO� DQG

ILQLVKHG HYHQWV DUH UHWXUQHG WR WKH SRRO� 7KH VHTXHQWLDO WLPLQJ LQ 6HFWLRQ ��� PDNHV

XVH RI WKLV PHPRU\ SRRO PHFKDQLVP�

$PRQJ WKH WKUHH UHVHDUFK OLEUDULHV� RXU H[SHULHQFH ZDV DV IROORZV� ��� )RU WKH

$FWLYH WKUHDGV YHUVLRQ� ZH LPSOHPHQWHG D SHU�/3 PHPRU\ SRRO� 7KLV PHPRU\

PDQDJHPHQW VFKHPH LV PRUH HIILFLHQW WKDQ WKH 81,; OLEUDU\ EHFDXVH LW LPSURYHV

VSDWLDO ORFDOLW\� ��� &LON FDQQRW PDNH JRRG XVH RI SHU�WKUHDG PHPRU\ SRRO GXH WR WKH

VKRUW�OLYHG QDWXUH RI HDFK WKUHDG� ��� )RU %63� ZH WULHG WR LPSOHPHQW D SHU�SURFHVV

PHPRU\ SRRO� EXW GLG QRW VXFFHHG� :H VXVSHFW WKDW LW ZDV EHFDXVH WKH V\VWHP



PHPRU\ URXWLQHV LQWHUIHUHG ZLWK %63©V PHPRU\ V\VWHP ZKLFK HQIRUFHV PHPRU\

SURWHFWLRQ EHWZHHQ GLIIHUHQW SURFHVVHV�

&LON DXWRPDWLFDOO\ WDNHV FDUH RI WKUHDG VFKHGXOLQJ DQG ORDG EDODQFLQJ� 7KLV LV

DQ DGYDQWDJH EHFDXVH LW PDNHV WKH V\VWHP WUDQVSDUHQW� %XW LW LV DOVR D GLVDGYDQWDJH�

EHFDXVH WKHUH LV QR ZD\ IRU WKH SURJUDPPHU WR SURYLGH DGGLWLRQDO LQIRUPDWLRQ� IRU WKH

UXQWLPH WR GR ORFDOLW\�EDVHG VFKHGXOLQJ�

%63 DXWRPDWLFDOO\ HQIRUFHV VRPH H[WHQW RI VSDWLDO ORFDOLW\� VLPSO\ IURP LWV

SURJUDPPLQJ PRGHO� $FWLYH WKUHDGV SURYLGH IDFLOLWLHV IRU SURJUDPPHUV WR EXQGOH

WKUHDGV ZLWK D VFKHGXOHU WR LPSURYH ORFDOLW\ DQG ILQH�WXQH SHUIRUPDQFH� EXW ZH GLG

QRW XVH WKLV LQ RXU LPSOHPHQWDWLRQ EHFDXVH WKH $FWLYH WKUHDGV YHUVLRQ ZDV TXLWH

HIILFLHQW� DQG VXFK DGGLWLRQDO ILQH�WXQLQJ ZDV RXWVLGH WKH VFRSH RI WKLV VWXG\�

�� &RQFOXVLRQ

7KLV SDSHU VWXGLHV WKH LPSOHPHQWDWLRQ RI D ORFN�VWHS FRQVHUYDWLYH VLPXODWLRQ SURWRFRO

XVLQJ IRXU JHQHUDO SDUDOOHO UXQWLPH OLEUDULHV� $ VLPXODWLRQ HQWLW\ LQ RXU

PDQXIDFWXULQJ PRGHO FRUUHVSRQGV WR DQ /3 LQ WKH VLPXODWLRQ SURWRFRO� )RU DOO IRXU

OLEUDULHV� PXOWLSOH /3©V DUH KDQGOHG E\ HDFK WKUHDG � SURFHVV�

7KH SURWRFRO FDQ EH HDVLO\ LPSOHPHQWHG XVLQJ DQ\ RI WKH PXOWLWKUHDGHG OLEUDULHV

�326,;� $FWLYH WKUHDGV DQG &LON�� 7KH PDLQ GLVWLQFWLRQ LV WKDW LQ WKH 326,;�$FWLYH

WKUHDGV PRGHO� HDFK WKUHDG PDQDJHV DOO WKH VLPXODWLRQ HQWLWLHV �/3V� WKURXJKRXW WKHLU

OLIHWLPH� ZKLOH D &LON WKUHDG PDQDJHV LWV /3V GXULQJ D VLQJOH ORFN�VWHS� 7KH %63

YHUVLRQ LV PRUH FRPSOH[ EHFDXVH ZH KDYH WR LPSOHPHQW DQ DGGLWLRQDO EXIIHU IRU HDFK

SURFHVV WR VWRUH LWV /3V© LQSXW HYHQWV� 6XFK D EXIIHU LV QHLWKHU SDUW RI WKH SURWRFRO�

QRU WKH VLPXODWLRQ PRGHO� DQG GLVWUDFWV IURP WKH SURJUDPPLQJ WDVN� 7KLV FRPSOH[LW\

ZRXOG QRW DULVH LI ZH FDQ HIILFLHQWO\ PDS DQ /3 WR D SURFHVV� :H DOVR QRWH WKDW ORFN�

VWHS QDWXUH RI WKH SURWRFRO PDSV ZHOO RQWR &LON DQG %63� EXW D QRQ ORFN�VWHS

DOJRULWKP PD\ QRW EH DV VWUDLJKW�IRUZDUG�

:H REWDLQHG RXU WLPLQJV RQ DQ ��&38 8OWUD�� EXW ZLOO DOVR LQFOXGH ��&38

8OWUD� WLPLQJV LQ WKH ILQDO YHUVLRQ RI WKLV SDSHU WR FRPSDUH WKH VFDOLQJ ZLWK UHVSHFW WR

QHZ DUFKLWHFWXUHV� ,Q JHQHUDO� WKH 326,; WKUHDGV© RYHUKHDGV DUH VWLOO WRR KLJK IRU

ILQH�JUDLQ FRPSXWDWLRQ� 7KH UHVHDUFK OLEUDULHV DOO VKRZ VSHHGXSV RQ � SURFHVVRUV� EXW

WR GLIIHUHQW H[WHQWV� &LON VSHHGXS FXUYHV LPSURYH ZLWK ODUJHU WKUHDG JUDQXODULW\�

ZKLOH $FWLYH WKUHDGV© VSHHGXS LV FRQVLVWHQW DFURVV GLIIHUHQW WKUHDG JUDQXODULWLHV�

6XFK D FRPSDULVRQ LV RI FRXUVH RQO\ D VQDSVKRW RI WKH H[LVWLQJ OLEUDULHV� EXW ZH FDQ LQ

IXWXUH UHXVH RXU DSSOLFDWLRQ IRU QHZ LPSOHPHQWDWLRQV DQG OLEUDULHV WR VWXG\ DQ\ QHZ

IXQFWLRQDOLWLHV RU SHUIRUPDQFH LPSURYHPHQW�

2XU FRPSDULVRQ VWXG\ XVHG D VLPSOH PDQXIDFWXULQJ SURFHVV PRGHO� :H DUH

FXUUHQWO\ LQWHJUDWLQJ WKH YDULRXV DVSHFWV RI D YLUWXDO IDFWRU\ PRGHO� LQFOXGLQJ EXVLQHVV

SURFHVVHV� PDQXIDFWXULQJ DQG FRPPXQLFDWLRQV QHWZRUN VXSSRUW� DQG HYDOXDWLQJ WKH

GLIIHUHQW SURWRFROV WR ILQG RXW ZKLFK ZLOO JLYH EHWWHU SHUIRUPDQFH IRU RXU DSSOLFDWLRQ�

:H DOVR IRUHVHH WKH QHHG WR VWXG\ ORDG EDODQFLQJ DQG VFKHGXOLQJ LVVXHV ZKHQ WKH

LPSOHPHQWDWLRQ ZRUN RQ WKH SURWRW\SH JHWV XQGHUZD\�

$FNQRZOHGJPHQWV� :H ZRXOG OLNH WR WKDQN 6DQMD\ -DLQ �*LQWLF� 6LQJDSRUH��

DQG %RULV 9D\VPDQ �,QWHUQDWLRQDO &RPSXWHU 6FLHQFH ,QVWLWXWH� %HUNHOH\� 86$� IRU

WKHLU FRPPHQWV RQ SUHOLPLQDU\ GUDIWV RI WKLV SDSHU� DQG WKHLU YDULRXV VXJJHVWLRQV LQ

WKLV VWXG\� 7KLV UHVHDUFK LV VXSSRUWHG E\ 1DWLRQDO 6FLHQFH DQG 7HFKQRORJ\ %RDUG�



6LQJDSRUH� XQGHU SURMHFW� 3DUDOOHO $QG 'LVWULEXWHG 6LPXODWLRQ RI 9LUWXDO )DFWRU\

,PSOHPHQWDWLRQ�

5HIHUHQFHV

�� 5� '� %OXPRIH� &� )� -RHUJ� %� &� .XV]PDXO� &� (� /HLVHUVRQ� .� +� 5DQGDOO DQG

<� =KRX� &LON� $Q (IILFLHQW 0XOWLWKUHDGHG 5XQWLPH 6\VWHP� -RXUQDO RI 3DUDOOHO

DQG 'LVWULEXWHG &RPSXWLQJ� 9RO���� 1R��� SS������� �����

�� :HQWRQJ &DL� (� /HWHUWUH DQG 6� -� 7XUQHU� 'DJ &RQVLVWHQW SDUDOOHO 6LPXODWLRQ�

D 3UHGLFWDEOH DQG 5REXVW &RQVHUYDWLYH $OJRULWKP� ,Q 3URFHHGLQJV RI ��
WK

:RUNVKRS RQ 3DUDOOHO DQG 'LVWULEXWHG 6LPXODWLRQ �3$'6©���� SS� ��������

/RFNHQKDXV $XVWULD� -XQH �����

�� .� 0DQL &KDQG\ DQG -� 0LVUD� 'LVWULEXWHG 6LPXODWLRQ� $ &DVH 6WXG\ LQ 'HVLJQ

DQG 9HULILFDWLRQ RI 'LVWULEXWHG 3URJUDPV� ,((( 7UDQV� 2Q 6RIWZDUH

(QJLQHHULQJ� 9RO�6(��� 1R��� SS��������� 6HSW� �����

�� *� )HLJLQ� -� )RZOHU DQG 5� /HDFKPDQ� 6HPLFRQGXFWRU :DIHU 0DQXIDFWXULQJ

'DWD )RUPDW 6SHFLILFDWLRQ� 6(0$7(&+ 7HFKQLFDO 5HSRUW� -XO\ �����

�� 5LFKDUG 0� )XMLPRWR� 3DUDOOHO 'LVFUHWH (YHQW 6LPXODWLRQ� &RPPXQLFDWLRQV RI

WKH $&0� 2FWREHU ����� 9RO� ��� 1R� ��� SS� �� ¤ ���

�� 5LFKDUG 0� )XMLPRWR� 6DPLU 5� 'DV� .LUDQ 6� 3DQHVDU� 0DULD +\ELQHWWH DQG

&KULV &DURWKHUV� *HRUJLD 7HFK 7LPH :DUS �*7: 9HUVLRQ ���� 3URJUDPPHU©V

0DQXDO IRU 'LVWULEXWHG 1HWZRUN RI :RUNVWDWLRQV� *,7�&&������� -XO\ �� �����

&ROOHJH RI &RPSXWLQJ� *HRUJLD ,QVWLWXWH RI 7HFKQRORJ\� $WODQWD� *$ ������

�����

�� -RQDWKDQ 0�'� +LOO� ,QVWDOODWLRQ DQG 8VHU *XLGH IRU WKH 2[IRUG %63 WRROVHW

�Y���� LPSOHPHQWDWLRQ RI %63OLE� 2[IRUG 3DUDOOHO &RPSXWLQJ /DERUDWRU\�

2[IRUG 8QLYHUVLW\� -XQH �����

�� 7KH ,QVWLWXWH RI (OHFWULFDO DQG (OHFWURQLFV (QJLQHHUV� 3RUWDEOH 2SHUDWLQJ 6\VWHP

,QWHUIDFH �326,;� �3DUW �� $PHQGPHQW �� 7KUHDGV ([WHQVLRQV >& /DQJXDJH@�

326,; 3������D�'�� $SULO �����

�� 6DQMD\ -DLQ� 9LUWXDO )DFWRU\ )UDPHZRUN� $ .H\ (QDEOHU IRU $JLOH

0DQXIDFWXULQJ� 3URFHHGLQJV RI ���� ,15,$� ,((( 6\PSRVLXP RQ (PHUJLQJ

7HFKQRORJLHV DQG )DFWRU\ $XWRPDWLRQ� 3DULV� 2FW� ����� 9RO� �� SS� ��������

,((( &RPSXWHU 6RFLHW\ 3UHVV� /RV $ODPLWRV� &$�

��� 'DYLG 5� -HIIHUVRQ� 9LUWXDO 7LPH� $&0 7UDQV� 2Q 3URJUDPPLQJ /DQJXDJHV

DQG 6\VWHPV� 9RO��� 1R��� SS��������� -XO\ �����

��� 'DYLG 0� 1LFRO� ¦7KH &RVW RI &RQVHUYDWLYH 6\QFKURQL]DWLRQ LQ 3DUDOOHO 'LVFUHWH

(YHQW 6LPXODWLRQ§� -RXUQDO RI WKH $&0� 9RO���� 1R��� SS��������� $SULO �����

��� 'DYLG 2� 5LFK DQG 5DQG\ (� 0LFKHOVHQ� ¦$Q $VVHVVPHQW RI WKH 0RG6LP�7:26

3DUDOOHO 6LPXODWLRQ (QYLURQPHQW§ 3URFHHGLQJV RI ���� :LQWHU 6LPXODWLRQ

&RQIHUHQFH� SS��������� �����

��� %RULV :HLVVPDQ� $FWLYH WKUHDGV PDQDXO� ,QWHUQDWLRQDO &RPSXWHU 6FLHQFH

,QVWLWXWH� %HUNHOH\� &$ ������ 7HFKQLFDO 5HSRUW 75�������� �����


