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6LPXODWLRQ RI HPHUJHQW JURXS EHKDYLRUV IRU FUHDWXUHV

VXFK DV ELUGV DQG ILVKHV KDV EHHQ ZLGHO\ XVHG LQ FRP�

SXWHU DQLPDWLRQ� $OWKRXJK WKH VDPH WHFKQLTXH FDQ EH

DGRSWHG WR VLPXODWH FURZGV RI YLUWXDO KXPDQV LQ D VKDUHG

YLUWXDO ZRUOG� LW UHPDLQV D JUHDW FKDOOHQJH WR VLPXODWH WKH

KLJK�OHYHO LQWHOOLJHQW EHKDYLRU RI D YLUWXDO KXPDQ ZLWK

SODQQLQJ FDSDELOLWLHV� ,Q WKLV SDSHU� ZH SUHVHQW D VKDUHG

YLUWXDO HQYLURQPHQW FURZGHG ZLWK UHDO DQG YLUWXDO XVHUV�

9LUWXDO XVHUV� FRQWUROOHG E\ D ZRUOG PDQDJHU� DUH VLPX�

ODWHG LQ JURXSV� HDFK RI ZKLFK LV OHG E\ DQ LQWHOOLJHQW

JURXS OHDGHU� $W UXQ WLPH D ZRUOG PDQDJHU FDQ LQWHUDF�

WLYHO\ DVVLJQ D JRDO FRQILJXUDWLRQ WR HDFK JURXS OHDGHU�

DQG WKH V\VWHP ZLOO DXWRPDWLFDOO\ JHQHUDWH FROOLVLRQ�IUHH

SDWKV WKDW EULQJ WKH OHDGHUV WR WKH JRDOV� 6LQFH ZH DOORZ

PXOWLSOH JURXSV WR PRYH VLPXOWDQHRXVO\ LQ WKH YLUWXDO

ZRUOG� ZH DGRSW D GHFRXSOHG SDWK�SODQQLQJ DSSURDFK� LQ

ZKLFK WKH SDWKV EHLQJ H[HFXWHG E\ WKH RWKHU OHDGHUV EH�

FRPH WKH PRWLRQ FRQVWUDLQW RI WKH FXUUHQW OHDGHU XQGHU

FRQVLGHUDWLRQ� 7KH UHPDLQLQJ PHPEHUV LQ D JURXS IROORZ

WKH PRWLRQ RI WKH OHDGHU ZLWK HPHUJHQW EHKDYLRUV VXFK DV

IORFNLQJ� :H EHOLHYH WKDW VXFK DQ LQWHUDFWLYH LQWHUIDFH

ZLOO IDFLOLWDWH WKH VLPXODWLRQ RI FRQWUROOHG YLUWXDO FURZGV

IRU DSSOLFDWLRQV VXFK DV �' YLUWXDO VKRSSLQJ PDOOV�

.H\ ZRUGV� 9LUWXDO &URZG� 6KDUHG 9LUWXDO (QYLURQPHQW�

'HFRXSOHG 3DWK 3ODQQLQJ� %HKDYLRUDO $QLPDWLRQ� DQG

+XPDQRLG 6LPXODWLRQ

�� ,QWURGXFWLRQ

$V �' VKDUHG YLUWXDO HQYLURQPHQWV DUH EHFRPLQJ SUHYD�

OHQW LQ WKH F\EHUVSDFH� WKH QHHG IRU EHWWHU DXWKRULQJ WRROV

WR GLUHFW JURXSV RI DYDWDUV DOVR LQFUHDVH� )RU H[DPSOH� LQ

D �' YLUWXDO VKRSSLQJ PDOO� D ZHOO�FRQWUROOHG FURZG RI

SHRSOH ZLOO LQFUHDVH WKH UHDOLVP RI YLUWXDO VKRSSLQJ� 7KH

RZQHUV RI YLUWXDO VKRSV PLJKW ZDQW WR KLUH FURZGV RI

YLUWXDO DYDWDUV WR DWWUDFW UHDO XVHUV WR WKHLU VWRUHV� +RZ�

HYHU� PRVW VKDUHG YLUWXDO HQYLURQPHQWV WRGD\ RQO\ DFFHSW

UHDO�XVHU ORJLQV� 0RVW RI WKHP GR QRW KDYH D IOH[LEOH LQ�

WHUIDFH WR DGDSW ERWK YLUWXDO DQG UHDO XVHUV� ,Q DGGLWLRQ�

WKHUH DUH QR JRRG WRROV WR TXLFNO\ SRSXODWH WKH ZRUOG

ZLWK YLUWXDO DYDWDUV WKDW FDQ EH GLUHFWHG LQ DQ LQWHUDFWLYH

PDQQHU�

,Q WKLV SDSHU ZH SUHVHQW D VKDUHG YLUWXDO HQYLURQPHQW

�9(� V\VWHP WKDW DOORZV FRH[LVWHQFH RI YLUWXDO DQG UHDO

XVHUV DQG HQDEOHV LQWHUDFWLYH SDWK SODQQLQJ IRU YLUWXDO

FURZGV� 7KH ZRUOG LV SRSXODWHG ZLWK JURXSV RI YLUWXDO

XVHUV� FRQWUROOHG E\ D ZRUOG PDQDJHU� (DFK JURXS LV OHG

E\ DQ LQWHOOLJHQW JURXS OHDGHU� $W UXQ WLPH D ZRUOG PDQ�

DJHU FDQ LQWHUDFWLYHO\ DVVLJQ D JRDO FRQILJXUDWLRQ WR D

JURXS OHDGHU WKURXJK D JUDSKLFDO XVHU LQWHUIDFH DW WKH 9(

VHUYHU� 7KH V\VWHP ZLOO DXWRPDWLFDOO\ JHQHUDWH FROOLVLRQ�

IUHH SDWKV WKDW EULQJ WKH OHDGHUV WR WKHLU JRDOV� 6LQFH ZH

DOORZ PXOWLSOH JURXSV WR PRYH VLPXOWDQHRXVO\ LQ D YLU�

WXDO ZRUOG� WKH FRPSXWDWLRQDO FRPSOH[LW\ RI WKH LQYROYHG

SDWK�SODQQLQJ SUREOHP LV UDWKHU KLJK� 7KHUHIRUH� ZH

DGRSW D GHFRXSOHG SDWK�SODQQLQJ DSSURDFK� LQ ZKLFK WKH

SDWKV EHLQJ H[HFXWHG E\ WKH RWKHU OHDGHUV EHFRPH WKH

PRWLRQ FRQVWUDLQW RI WKH FXUUHQW OHDGHU XQGHU FRQVLGHUD�

WLRQ� 7KH UHPDLQLQJ JURXS PHPEHUV WKHQ WDNH D PRUH

HPHUJHQW VWUDWHJ\ WR IROORZ WKHLU OHDGHUV�

:H RUJDQL]H WKH UHPDLQLQJ RI WKH SDSHU DV IROORZV� ,Q WKH

QH[W VHFWLRQ� ZH ZLOO UHYLHZ WKH UHVHDUFKHV SHUWDLQLQJ WR

RXU ZRUN LQ DUWLILFLDO OLIH DQG JHRPHWULF SODQQLQJ� ,Q WKH

WKLUG VHFWLRQ� ZH ZLOO JLYH DQ RYHUYLHZ RI WKH DUFKLWHFWXUH

XVHG LQ RXU 9( V\VWHP� ,Q WKH IRXUWK VHFWLRQ� ZH ZLOO JLYH

D PRUH GHWDLO GHVFULSWLRQ RI WKH SODQQLQJ DOJRULWKP

DGRSWHG LQ RXU V\VWHP� 7KHQ ZH ZLOO SUHVHQW VRPH LP�

SOHPHQWDWLRQ GHWDLOV DQG JLYH VRPH H[DPSOHV IURP RXU

H[SHULPHQWV� )LQDOO\� ZH ZLOO FRQFOXGH WKH SDSHU ZLWK

VRPH GLVFXVVLRQV RQ FXUUHQW OLPLWDWLRQ RI RXU V\VWHP DQG

VRPH SRVVLEOH IXWXUH H[WHQVLRQV�

�� 5HODWHG :RUN

6LPXODWLRQ RI HPHUJHQW EHKDYLRUV VXFK DV IORFNLQJ KDV

EHHQ ZLGHO\ XVHG LQ FUHDWLQJ UHDOLVWLF DQLPDWLRQV IRU

JURXSV RI YLUWXDO FUHDWXUHV VXFK DV ILVKHV RU ELUGV�

>��@>��@ %\ DSSO\LQJ VLPSOH HPHUJHQW UXOHV WR HDFK FKDU�

DFWHU� RQH FDQ VLPXODWH UHDOLVWLF IORFNLQJ EHKDYLRU IRU

DQLPDOV� +RZHYHU� LW LV GLIILFXOW WR VLPXODWH D FURZG RI

SHRSOH VLPSO\ ZLWK WKHVH SULQFLSOHV EHFDXVH KXPDQ� DV DQ

LQWHOOLJHQW FKDUDFWHU� SRVVHVVHV KLJKHU GHJUHH RI LQWHOOL�

JHQFH� ,Q UHFHQW \HDUV� WKHUH KDYH EHHQ PDQ\ HIIRUWV LQ

LQFRUSRUDWLQJ SUDFWLFDO DUWLILFLDO LQWHOOLJHQFH WHFKQLTXHV

WR FUHDWH UHDO�WLPH DQLPDWLRQ� )RU H[DPSOH� D FRJQLWLRQ

PRGHO KDV EHHQ SURSRVHG LQ >�@ WR XVH D PRUH FRPSOHWH

FRQWURO ORRS WR VLPXODWH DQ LQWHOOLJHQW FKDUDFWHU� 5H�

VHDUFKHV LQ YLUWXDO KXPDQ DOVR FRQVLGHU WKH SUREOHP RI

FUHDWLQJ UHDOLVWLF KXPDQRLG JURXS PRWLRQV WKURXJK YDUL�
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RXV OHYHOV RI FRQWUROV� >�@>�@>��@>��@ +RZHYHU� PRVW RI

WKHVH UHVHDUFKHV GR QRW DFFRXQW IRU JHRPHWULF UHDVRQLQJ

FDSDELOLW\ VXFK DV SDWK SODQQLQJ� 2Q WKH RWKHU KDQG� PR�

WLRQ�SODQQLQJ WHFKQLTXHV KDYH EHHQ VXFFHVVIXOO\ DGRSWHG

IRU DXWRPDWLF PRYLH JHQHUDWLRQ>�@ RU FXVWRPL]HG WRXU

JXLGLQJ>��@� DOWKRXJK WKH\ XVXDOO\ IRFXV RQ JHQHUDWLQJ

GH[WHURXV PRWLRQV IRU D VLQJOH KXPDQ RQO\� ,Q URERWLFV�

HIILFLHQW PRWLRQ SODQQLQJ DOJRULWKPV KDYH EHHQ SURSRVHG

WR FRQWURO PRUH WKDQ RQH URERW DUP LQ DQ RQ�OLQH PDQ�

QHU>�@� +RZHYHU� ZH KDYH QRW VHHQ VLPLODU ZRUN EHHQ

DSSOLHG WR VLPXODWH KXPDQ FURZGV� 'LVWULEXWHG LQWHUDF�

WLYH VLPXODWLRQ �',6� DQG VKDUHG YLUWXDO HQYLURQPHQWV

�69(� KDYH DOVR EHHQ DFWLYH UHVHDUFK ILHOGV UHFHQWO\�

0RVW UHVHDUFK HIIRUWV DUH IRFXVHG RQ V\VWHP VFDODELOLW\�

WUDQVPLVVLRQ HIILFLHQF\� DQG VFHQH PDQDJHPHQW� ,Q UHFHQW

\HDUV� PRUH DQG PRUH 69( V\VWHPV �VXFK DV $FWLYH�

:RUOGV>�@ DQG %OD[[XQ¶V>�@� LQFOXGH SURJUDPPLQJ LQWHU�

IDFHV IRU LPSOHPHQWLQJ YLUWXDO DYDWDUV �RU FDOOHG ERWV��

+RZHYHU� WKH\ GR QRW KDYH V\VWHPDWLF ZD\V WR VLPXODWH

YLUWXDO FURZGV�

�� 2YHUYLHZ RI 6\VWHP $UFKLWHFWXUH

2XU V\VWHP LV EDVHG RQ DQ RSHQ�VRXUFH YLUWXDO HQYLURQ�

PHQW �9(� V\VWHP �91HW�>��@� 7KLV 9( V\VWHP DGRSWV D

FOLHQW�VHUYHU PRGHO WKDW XVHV 950/>��@ DV LWV IURQW�HQG

�' XVHU LQWHUIDFH� :H DXJPHQW WKH V\VWHP ZLWK WKUHH

PDMRU VRIWZDUH PRGXOHV WR IDFLOLWDWH WKH FRQWURO RI JURXS

DYDWDUV� V\VWHP LQWHUIDFH PRGXOH� DYDWDU DQLPDWLRQ

PRGXOH� DQG FURZG SDWK�SODQQLQJ PRGXOH� DV VKRZQ LQ

)LJXUH ��

)LUVW� WKH V\VWHP LQWHUIDFH PRGXOH FUHDWHV DQ LQWHUIDFH DW

WKH VHUYHU VLGH EHWZHHQ WKH 9( VHUYHU DQG WKH VLPXODWRU

IRU D ZRUOG PDQDJHU WR FRQWURO WKH PRWLRQV RI YLUWXDO

FURZGV� 7KURXJK WKLV LQWHUIDFH� D YLUWXDO XVHU LV WUHDWHG LQ

WKH VDPH ZD\ DV D UHDO XVHU DW WKH 9( VHUYHU� )URP WKH

JUDSKLFDO XVHU LQWHUIDFH RI D FOLHQW PDFKLQH� D YLUWXDO

DYDWDU FDQQRW EH GLVWLQJXLVKHG IURP D UHDO DYDWDU DV VHHQ

E\ DQRWKHU UHDO XVHU� 6HFRQG� WKH DYDWDU DQLPDWLRQ PRG�

XOH XVHV D PRGLILHG PHVVDJLQJ SURWRFRO XVHG LQ 91HW WR

VHQG SDUDPHWHUL]HG DQLPDWLRQV WR WKH FOLHQWV� :LWK WKLV

PRGXOH� WKHVH FOLHQWV FDQ FRQYHUW PRWLRQ�FDSWXUHG GDWD

RQ WKH IO\ LQWR KXPDQRLG DQLPDWLRQV FRQIRUPLQJ WR WKH

950/ KXPDQRLG YHUVLRQ ��� VWDQGDUG� 7KLUG� WKH FURZG

SDWK�SODQQLQJ PRGXOH LV WKH NH\ FRPSRQHQW WKDW JHQHU�

DWHV WKH PRWLRQV IRU HDFK JURXS OHDGHU GLUHFWHG LQWHUDF�

WLYHO\ E\ D ZRUOG PDQDJHU� ,W DOVR LQFOXGHV D OHDGHU�

IROORZHU VWHHULQJ PRGXOH ZLWK IORFNLQJ EHKDYLRUV WR JHQ�

HUDWH PRWLRQV IRU WKH UHPDLQLQJ JURXS PHPEHUV� 7KH

SDWK SODQQLQJ DQG FRRUGLQDWLQJ PHWKRGV IRU PXOWLSOH

JURXS OHDGHUV DUH GHVFULEHG LQ GHWDLOV LQ WKH QH[W VHFWLRQ�

�� 3ODQQLQJ IRU &URZG 0RWLRQV

���� 3UREOHP GHVFULSWLRQ

7KH JRDO RI RXU V\VWHP LV WR SURYLGH DQ LQWHUDFWLYH LQWHU�

IDFH IRU GLUHFWLQJ YLUWXDO DYDWDUV LQ D YLUWXDO HQYLURQPHQW�

:H DUH JLYHQ D �' SRO\JRQDO GHVFULSWLRQ RI WKH REVWDFOHV

LQ WKH YLUWXDO ZRUOG� (DFK RI RXU DYDWDUV KDV WKUHH '2)V

�[� \� θ� ZKHQ WKH\ PRYH RQ D SODQH� 7KH SDUDPHWHU

VSDFH IRU HDFK DYDWDU� FDOOHG WKH &RQILJXUDWLRQ 6SDFH �RU

&�VSDFH IRU VKRUW�� LV GHQRWHG E\ &L� 7KH RYHUDOO &�VSDFH

IRU WKH ZKROH V\VWHP� GHQRWHG E\ &� LV WKH FRPSRVLWH

VSDFH RI HDFK LQGLYLGXDO &�VSDFH �&�x&�x…x&Q�� $W DQ\

WLPH GXULQJ WKH VLPXODWLRQ� RXU V\VWHP KDV WR PDNH VXUH

WKDW WKH JHQHUDWHG PRWLRQV IRU WKH YLUWXDO DYDWDUV EH UHDO�

LVWLF DQG VDIH� ,Q RWKHU ZRUGV� WKH PRWLRQV PXVW EH FRQ�

WLQXRXV LQ & DQG FROOLVLRQ�IUHH IURP RWKHU DYDWDUV DQG WKH

REVWDFOHV LQ WKH HQYLURQPHQW� $ YLUWXDO DYDWDU VKRXOG

QHYHU PDNH D PRYH WKDW ZLOO FDXVH D FROOLVLRQ� +RZHYHU�

HYHQ LI D YLUWXDO DYDWDU GRHV QRW PDNH DQ LOOHJDO PRYH�

ZH FDQ QRW JXDUDQWHH WKDW D FROOLVLRQ ZLOO QRW KDSSHQ

ZKHQ D UHDO DYDWDU LQWHQGV WR GR VR� +RZHYHU� H[FHSW IRU

WKLV NLQG RI VLWXDWLRQ� LW LV WKH MRE RI WKH SODQQLQJ V\VWHP

WR HQVXUH WKH YLUWXDO FURZGV XQGHU LWV FRQWURO GR QRW FRO�

OLGH�

,Q RUGHU WR UHGXFH WKH FRPSOH[LW\ RI WKH SODQQLQJ SURE�

OHP� ZH DVVXPH WKDW HDFK DYDWDU FDQ EH UHSUHVHQWHG E\ DQ

HQFORVLQJ FLUFOH RI UDGLXV U� 'XH WR WKH JHRPHWULF V\PPH�

WU\ RI D FLUFOH� ZH FDQ UHGXFH WKH GHJUHH RI IUHHGRP IRU

HDFK DYDWDU WR WZR E\ WHPSRUDULO\ LJQRULQJ WKH θ�
GLPHQVLRQ� 7KH YDOXH IRU θ ZLOO EH FRPSXWHG LQ D SRVW�

SURFHVVLQJ VWHS DIWHU D SDWK KDV EHHQ JHQHUDWHG� )RU H[�

DPSOH� ZH FDQ UHTXLUH WKDW DQ DYDWDU DOZD\V IDFH WKH WDQ�

JHQWLDO GLUHFWLRQ RI D SDWK� ,Q RUGHU WR IDFLOLWDWH FROOLVLRQ

GHWHFWLRQV LQ WKH SODQQLQJ SURFHVV� ZH XVH D GLVFUHWH DS�

SURDFK E\ UHSUHVHQWLQJ WKH SRO\JRQDO REVWDFOHV ZLWK D

ELWPDS DQG WKHQ JURZ WKH REVWDFOH ERXQGDU\ E\ U WR IRUP

WKH &�VSDFH RI HDFK DYDWDU� 7KLV FRPSXWDWLRQ RQO\ QHHGV

WR EH GRQH RQFH ZKHQ REVWDFOH FRQILJXUDWLRQV DUH GHWHU�

PLQHG� 7KH SRVVLEOH FROOLVLRQV EHWZHHQ DYDWDUV DUH GH�

WHFWHG DW UXQ�WLPH E\ FKHFNLQJ WKH GLVWDQFHV EHWZHHQ WKH

DYDWDUV�

���� 7KH DSSURDFK

$OWKRXJK WKH SUREOHP RI SDWK SODQQLQJ KDV EHHQ ZLGHO\

VWXGLHG IRU WKH SDVW WKUHH GHFDGHV� RQH VWLOO FDQQRW HVFDSH

WKH FXUVH RI GLPHQVLRQDOLW\� 7KH SODQQLQJ SUREOHP EH�

FRPHV GLIILFXOW IRU V\VWHPV ZLWK KLJK GHJUHHV RI IUHHGRP

�'2)V� VXFK DV FRRUGLQDWLQJ WKH PRWLRQV RI PXOWLSOH

PRELOH URERWV� 7KH VFHQDULR RI YLUWXDO FURZGV LQKHUHQWO\

DOVR KDV VXFK KLJK FRPSOH[LW\� )RU H[DPSOH� WKH GLPHQ�

VLRQ RI WKH FRPSRVLWH &�VSDFH �&� IRU WKH ZKROH YLUWXDO
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DYDWDUV LV �P� ZKHUH P LV WKH QXPEHU RI YLUWXDO DYDWDUV�

6LQFH WKH VL]H RI D &�VSDFH JURZV H[SRQHQWLDOO\ LQ WKH

QXPEHU RI GLPHQVLRQDOLWLHV� D FRPSOHWH SODQQLQJ V\VWHP

GHHPV WR EH LQIHDVLEOH� +RZHYHU� LI ZH ORRN DW WKH SURE�

OHP RI FRQWUROOLQJ YLUWXDO FURZGV LQWHUDFWLYHO\ LQ D PRUH

SUDFWLFDO PDQQHU� ZH FDQ ILQG VHYHUDO ZD\V WR VLPSOLI\

WKH SODQQLQJ SUREOHP DQG VWLOO PDNH WKH VROXWLRQ LQWHUHVW�

LQJ�

)LUVW� ZH DVVXPH WKDW QRW HYHU\ YLUWXDO DYDWDU UHTXLUHV

KLJK�OHYHO SODQQLQJ� ,QVWHDG� ZH DVVXPH WKDW WKHVH VLPX�

ODWHG YLUWXDO DYDWDUV DUH LQ Q JURXSV� (DFK JURXS� *L FRQ�

VLVWV RI D OHDGHU� /L� DQG D IHZ IROORZHUV� )LM �ZKHUH L� Q

LV WKH LQGH[ RI D JURXS DQG M LV WKH LQGH[ RI D IROORZHU LQ

LWV JURXS�� 2QO\ WKH OHDGHUV KDYH SDWK�SODQQLQJ FDSDELOLW\

DQG WKH IROORZHUV ZLOO DGRSW ORFDO HPHUJHQW UXOHV WR IRO�

ORZ WKHLU UHVSHFWLYH OHDGHUV� :LWK WKLV DSSURDFK� WKH

QXPEHU RI DYDWDUV WKDW UHTXLUH SODQQLQJ LV JUHDWO\ UH�

GXFHG� DQG WKH IORFNLQJ EHKDYLRU RI D YLUWXDO FURZG FDQ

DOVR EH DFKLHYHG ZLWK WUDGLWLRQDO DUWLILFLDO OLIH DS�

SURDFKHV�

���� 'HFRXSOHG SODQQLQJ IRU JURXS OHDGHUV

,Q URERWLFV� WKH SUREOHP RI SDWK SODQQLQJ IRU PXOWLSOH

URERWV IDOOV LQWR WZR FDWHJRULHV� FHQWUDOL]HG DQG GHFRXS�

OHG� 7KH FHQWUDOL]HG DSSURDFKHV FRQVLGHU WKH FRPSRVLWH

&�VSDFH RI WKH ZKROH V\VWHP� ZKLFK FRXOG EH LPSUDFWLFDO

WR VHDUFK H[KDXVWLYHO\� 2Q WKH RWKHU KDQG� WKH GHFRXSOHG

DSSURDFKHV XVXDOO\ RQO\ FRQVLGHU RQH URERW DW D WLPH� ,Q

RQH VXFK GHFRXSOHG DSSURDFK� HDFK URERW LV SODQQHG LQ�

GHSHQGHQWO\ DQG WKHQ WKHLU PRWLRQV DUH WKHQ FRRUGLQDWHG

E\ YHORFLW\ WXQLQJ WHFKQLTXHV�>�@ $QRWKHU GHFRXSOHG

DSSURDFK DVVXPHV WKDW URERW PRWLRQV DUH JHQHUDWHG VH�

TXHQWLDOO\ DQG HDFK URERW LV SODQQHG XQGHU WKH FRQVWUDLQW

RI WKH URERWV ZKRVH PRWLRQV DUH JHQHUDWHG HDUOLHU�

,Q RXU FURZG FRQWURO V\VWHP� ZH WDNH WKH ODVW GHFRXSOHG

DSSURDFK E\ GHFRPSRVLQJ WKH RYHUDOO SODQQLQJ SUREOHP

IRU PXOWLSOH YLUWXDO DYDWDUV LQWR VPDOOHU VXESUREOHPV�

(DFK RI WKHVH VXESUREOHPV FRQVLGHUV RQH YLUWXDO DYDWDU DW

D WLPH XQGHU WKH FRQVWUDLQWV RI RWKHU DYDWDUV¶ PRWLRQV�

7KH VDPH DSSURDFK KDV EHHQ XVHG LQ SODQQLQJ WKH PR�

WLRQV RI PXOWLSOH URERWLF DUPV LQ DQ RQ�OLQH PDQQHU�>�@

$OWKRXJK WKLV DSSURDFK LV QRW FRPSOHWH LQ QDWXUH� WKLV

SODQQLQJ VFKHPH ILWV RXU DSSOLFDWLRQ TXLWH ZHOO VLQFH WKH

QHHGV IRU SDWK SODQQLQJ KDSSHQ VHTXHQWLDOO\� :KHQ WKH

ZRUOG PDQDJHU GLUHFWV D JURXS OHDGHU E\ VSHFLI\LQJ D

GHVLUHG JRDO� WKH SDWK SODQQHU LV FDOOHG RQ GHPDQG WR

JHQHUDWH D FROOLVLRQ�IUHH SDWK EDVHG RQ WKH

SODQQHG�VFKHGXOHG PRWLRQV RI RWKHU JURXS OHDGHUV�

$W DQ\ WLPH ZKHQ WKH ZRUOG PDQDJHU ZRXOG OLNH WR GLUHFW

D JURXS OHDGHU WR D QHZ JRDO FRQILJXUDWLRQ� WKH SODQQHU

ZLOO WU\ WR JHQHUDWH D SDWK WKDW GRHV QRW FDXVH DQ\ FROOL�

VLRQV ZLWK RWKHU JURXS OHDGHUV DV ZHOO DV WKH REVWDFOHV LQ

WKH HQYLURQPHQW� 7KH SDWKV RI WKHVH JURXS OHDGHUV �GH�

QRWHG E\ τL� KDYH EHHQ GHWHUPLQHG DV D IXQFWLRQ RI WLPH W�

:H IXUWKHU H[WHQG WKHVH SDWKV WR LQILQLWH WLPH E\ DVVXP�

LQJ WKDW DQ DYDWDU ZLOO VWD\ DW WKH ODVW FRQILJXUDWLRQ RI LWV

SDWK ZKHQ WKH SDWK LV ILQLVKHG� 7KLV H[WHQGHG SDWK LV GH�

QRWHG E\ τL

� ,Q RUGHU WR DFFRXQW IRU WKHVH FRQVWUDLQWV� ZH

VHDUFK IRU D FROOLVLRQ�IUHH SDWK LQ D VR�FDOOHG &RQILJXUD�

WLRQ�7LPH VSDFH �&7�VSDFH�� ZKLFK LV IRUPHG E\ DXJ�

PHQWLQJ WKH &�VSDFH ZLWK WKH WLPH GLPHQVLRQ� $ OHJDO

SDWK τN LQ WKH &7�VSDFH LV RQH WKDW GRHV QRW RYHUODS ZLWK

WKH HQYLURQPHQWDO REVWDFOHV �&%� DQG τL

�IRU L  � WR Q

DQG L k N� DV VKRZQ LQ )LJXUH �� (DFK τL

LQGXFHV D

WLPH�GHSHQGHQW REVWDFOH WR WKH YLUWXDO DYDWDU XQGHU FRQ�

VLGHUDWLRQ� 7KH REMHFWLYH RI WKH SDWK SODQQHU LV WR ILQG D

FROOLVLRQ�IUHH SDWK LQ WKH &7�VSDFH WKDW FDQ FRQQHFW WKH

FXUUHQW DQG WKH JRDO FRQILJXUDWLRQV� )RU UHDOLVWLF VLPXOD�

WLRQ� WKH YHORFLW\ RI D YLUWXDO DYDWDU PXVW EH ZLWKLQ VRPH

UHDVRQDEOH OLPLW� WKHUHIRUH� WKH VORSH RI DQ\ SRLQW DORQJ D

OHJDO SDWK LQ WKLV &7�VSDFH PXVW DOVR EH SRVLWLYH �WLPH LV

QRW UHYHUVLEOH� DQG OHVV WKDQ VRPH XVHU�VSHFLILHG YDOXH�

:LWK WKH FRQVWUDLQWV PHQWLRQHG DERYH� WKH VHDUFK LQ WKH

&7�VSDFH LV FRQGXFWHG LQ D EHVW�ILUVW IDVKLRQ EDVHG RQ

WKH YDOXH RI HDFK FRQILJXUDWLRQ LQ DQ DUWLILFLDO SRWHQWLDO

ILHOG� 7KLV W\SH RI SRWHQWLDO ILHOG LV ZLGHO\ DFFHSWHG DV D

JRRG KHXULVWLF IRU PRWLRQ�SODQQLQJ SUREOHPV>�@� )RU

HIILFLHQF\ FRQVLGHUDWLRQ� ZH RQO\ FRQVWUXFW D �' SRWHQ�

WLDO ILHOG DFFRXQWLQJ IRU VWDWLF HQYLURQPHQWDO REVWDFOHV�

7KH EHVW�ILUVW DOJRULWKP UHWXUQV D OHJDO FROOLVLRQ�IUHH SDWK

ZKHQ WKH VHDUFK VXFFHHGV DQG JLYHV XS ZKHQ DOO SRVVLEOH

FRQILJXUDWLRQV KDYH EHHQ YLVLWHG� 1RWH WKDW D SDWK LV OHJDO

RQO\ LI LW FDQ UHPDLQ FROOLVLRQ�IUHH IRU WKH ZKROH SHULRG

ZKHQ DOO RWKHU DYDWDUV DUH DFWLYH� 7KHUHIRUH� ZH UHTXLUH

WKDW D JRDO FRQILJXUDWLRQ LQ WKH &7�VSDFH PXVW KDYH D

WLPH YDOXH WKDW LV HTXDO WR RU JUHDWHU WKDQ WKH ODWHVW ILQLVK

WLPH RI DOO RWKHU YLUWXDO DYDWDUV� )RU LQVWDQFH� LQ )LJXUH ��
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LQJV� )RU H[DPSOH� XQOLNH RWKHU DQLPDOV¶ IORFNLQJ EHKDY�

LRU ZKHUH WKH OHDGHU�IROORZHU UHODWLRQ LV IRUPHG DXWR�

PDWLFDOO\� D OHDGHU DFWLQJ DV D WRXU JXLGH LQ D KXPDQ

JURXS LV VSHFLILHG H[SOLFLWO\� :LWK WKH FROOLVLRQ�IUHH PR�

WLRQV IRU WKH OHDGHUV JHQHUDWHG LQ WKH SUHYLRXV VXEVHFWLRQ�

ZH QRZ GHVFULEH KRZ ZH JHQHUDWH WKH PRWLRQV IRU WKH

IROORZHUV�

7R VLPXODWH WKH KXPDQ JURXSLQJ EHKDYLRU� ZH DGRSW D

VWUDWHJ\ VLPLODU WR WKH RQH SURSRVHG LQ >��@� 7KH VWUDWHJ\

XVHV YDULRXV DWWUDFWLYH DQG UHSXOVLYH IRUFHV WR JHQHUDWH

VWHHULQJ EHKDYLRUV� ,Q HDFK FRQWURO F\FOH RI WKH VLPXOD�

WLRQ� DQ DYDWDU SHUFHLYHV RWKHU DYDWDUV LQ LWV OLPLWHG YLHZ

FRQH DQG UHDFWV E\ DGMXVWLQJ LWV YHORFLW\ DFFRUGLQJ WR WKH

FRPSRVLWH IRUFH UHVXOWLQJ IURP YDULRXV VWHHULQJ DQG HQYL�

URQPHQWDO FULWHULD� )RU H[DPSOH� WKUHH VWHHULQJ IRUFHV

�VHSDUDWLRQ� FRKHVLRQ� DQG DOLJQPHQW� ZHUH VXJJHVWHG WR

GHWHUPLQH KRZ DQ DYDWDU UHDFWV WR RWKHU DYDWDUV LQ LWV

ORFDO QHLJKERUKRRG� 6HSDUDWLRQ IRUFH LV FRPSXWHG DF�

FRUGLQJ WR WKH UHSXOVLYH IRUFHV H[HUWHG E\ DOO RI LWV

QHDUE\ DYDWDUV ZLWKLQ WKH YLHZ FRQH� &RKHVLRQ LV FRP�

SXWHG E\ DSSO\LQJ DQ DWWUDFWLYH IRUFH IURP WKH DYHUDJH

SRVLWLRQ RI LWV QHLJKERU DYDWDUV LQ WKH VDPH JURXS�

$OLJQPHQW LV FRPSXWHG E\ DYHUDJLQJ WRJHWKHU WKH YHORF�

LW\ RI WKH QHDUE\ DYDWDUV RI WKH VDPH JURXS� 1RWH WKDW

RQO\ DYDWDUV LQ WKH VDPH JURXS H[HUW WKH FRKHVLRQ DQG

DOLJQPHQW IRUFHV WR HDFK RWKHU ZKLOH DYDWDUV LQ GLIIHUHQW

JURXSV FDQ VWLOO DIIHFW HDFK RWKHU ZLWK WKH VHSDUDWLRQ

IRUFHV� ,Q DGGLWLRQ WR WKHVH WKUHH IRUFHV� ZH DOVR DSSO\ D

UHSXOVLYH IRUFH WR DQ DYDWDU DFFRUGLQJ WR LWV GLVWDQFHV

IURP WKH QHDUE\ HQYLURQPHQWDO REVWDFOHV� )XUWKHUPRUH�

WKH OHDGHU RI D JURXS DOVR DSSOLHV D PDMRU DWWUDFWLYH IRUFH

WR LWV IROORZHUV� 7KLV DWWUDFWLYH IRUFH� SURSRUWLRQDO WR WKH

GLVWDQFH IURP WKH OHDGHU� GULYHV WKH IROORZHUV WR WKH

OHDGHU HYHQ LI WKH OHDGHU LV QRW PRYLQJ�

7KHVH ILYH IRUFHV DOWRJHWKHU DUH QRUPDOL]HG DQG WKHQ UH�

ZHLJKWHG EHIRUH WKH\ DUH FRPSRVHG� 7KH ZHLJKW RI HDFK

IRUFH LV G\QDPLFDOO\ DGMXVWDEOH DFFRUGLQJ WR WKH FXUUHQW

ZRUOG VWDWXV DQG WKH SDVW KLVWRU\� )RU H[DPSOH� LI WKH

IRUFH FDXVHV D IROORZHU DYDWDU WR FROOLGH ZLWK DQ REVWDFOH�

WKH ZHLJKW RI WKH UHSXOVLYH IRUFH IURP WKH REVWDFOH ZLOO

EH LQFUHDVHG� :KHQ WKH FROOLVLRQ GLVDSSHDUV� WKH ZHLJKW

IRU WKLV IRUFH ZLOO LQFUHPHQWDOO\ JR GRZQ WR LWV QRPLQDO

YDOXH� +RZHYHU� D IROORZHU VWLOO PD\ EXPS LQWR REVWDFOHV

EHFDXVH WKH UHSXOVLYH DQG DWWUDFWLYH IRUFHV FDQFHO HDFK

RWKHU� ,Q WKLV FDVH� D VOLGLQJ IRUFH DORQJ WKH REVWDFOH

ERXQGDU\ LV DSSOLHG WR SXOO WKH IROORZHUV WRZDUG WKH

OHDGHU�

���� ([DPSOHV

,Q )LJXUH �� ZH VKRZ DQ H[DPSOH RI WKUHH YLUWXDO FURZGV

LQWHUDFWLYHO\ GLUHFWHG E\ D ZRUOG PDQDJHU WR WKHLU UHVSHF�

WLYH JRDO� (QYLURQPHQWDO REVWDFOHV DUH QRW LQFOXGHG LQ

WKLV H[DPSOH IRU FODULW\� 7KH GDVKHG OLQHV LQ HDFK ILJXUH

VKRZ WKH UHPDLQLQJ SDWKV WR EH H[HFXWHG E\ WKH OHDGHUV�

$OWKRXJK WKH WUDFHV DSSHDU WR EH RYHUODSSLQJ ZLWK HDFK

�D� �E� �F�

�G� �H� �I�

)LJXUH �� 6QDSVKRWV VKRZLQJ WKUHH FURVVLQJ YLUWXDO FURZGV
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RWKHU� WKH OHDGHUV GR QRW FROOLGH ZLWK HDFK RWKHU DV WKH

WLPH DGYDQFHV� 7KH YLUWXDO FURZGV VWDUW DV WKUHH VHSD�

UDWHG JURXSV LQ )LJXUH ��D�� 7KH\ DSSURDFK HDFK RWKHU LQ

)LJXUH ��E� ZKHQ WKH OHDGHUV IROORZ WKHLU SDWKV WR WKHLU

JRDOV� 7KHVH WKUHH JURXSV DSSHDU WR EH PL[HG LQ )LJXUH

��F� DOWKRXJK WKH IROORZHUV LQ HDFK JURXS DUH VWLOO IROORZ�

LQJ WKHLU OHDGHU� 7KH WKUHH JURXSV DUH VHSDUDWHG DJDLQ LQ

)LJXUH ��G� DOWKRXJK WKH IROORZHUV DUH VRPHZKDW EHKLQG

WKHLU OHDGHUV GXH WR WKH GHOD\V UHVXOWLQJ IURP WKH FRQIOLFWV

RI SHUIRUPLQJ JURXS FURVVLQJ� ,Q )LJXUH ��H�� WKH IROORZ�

HUV FDWFK XS WKHLU UHVSHFWLYH OHDGHUV �ZH DOORZ WKH IRO�

ORZHUV WR PRYH IDVWHU WKDQ WKH OHDGHUV�� 7KH OHDGHUV DOWR�

JHWKHU ZLWK LWV IROORZHUV ILQDOO\ UHDFK WKHLU JRDOV LQ )LJ�

XUH ��I��

�� ,PSOHPHQWDWLRQ DQG ([SHULPHQWV

7KH DIRUHPHQWLRQHG VRIWZDUH PRGXOHV KDYH EHHQ IXOO\

LPSOHPHQWHG LQ -DYD EDVHG RQ WKH 91HW VKDUHG 9( V\V�

WHP� $ YLUWXDO ZRUOG LQ 950/ LV FUHDWHG WRJHWKHU ZLWK

LWV �'�OD\RXW PDS� 7KLV �' PDS LV DQ LQSXW WR WKH SDWK�

SODQQLQJ PRGXOH IRU VLPXODWLQJ WKH YLUWXDO FURZGV� ,Q

)LJXUH � ZH VKRZ VDPSOH VFUHHQ GXPSV RI WKLV V\VWHP

ZLWK LWV �' DQG �' JUDSKLFDO XVHU LQWHUIDFH� 7KH �' LQ�

WHUIDFH LV SUHVHQWHG E\ D -DYD SURJUDP DW WKH VHUYHU VLGH

IRU LQWHUDFWLYH FURZG FRQWUROV ZKLOH WKH �' LQWHUIDFH LV D

950/ EURZVHU FRQWUROOHG E\ D -DYD DSSOHW WKDW DSSHDUV

DW WKH FOLHQW PDFKLQH�

,Q WKH SDWK�SODQQLQJ PRGXOH� WKH ZRUOG LV UHSUHVHQWHG E\

D JULG RI ���[���� 7KH VDPH UHVROXWLRQ LV XVHG LQ WKH

&7�VSDFH IRU VHDUFKLQJ D IHDVLEOH SDWK� 7KH WLPH IRU

SODQQLQJ WKH PRWLRQ RI HDFK JURXS OHDGHU LV XVXDOO\ RQO\

IUDFWLRQV RI D VHFRQG� )RU H[DPSOH� LQ WKH H[DPSOH RI

)LJXUH �� WKH SODQQLQJ WLPH IRU WKH SDWK IRXQG IRU HDFK

OHDGHU LQ WKH WKUHH JURXSV LV ��PV DQG WKH FRPSXWDWLRQ

WLPH IRU WKH IROORZHU PRWLRQV GXULQJ WKH VLPXODWLRQ DUH

QHJOLJLEOH� 7KHUHIRUH WKLV NLQG RI SHUIRUPDQFH PDNH WKH

V\VWHP ZHOO VXLWHG IRU RXU LQWHUDFWLYH GLUHFWLQJ SXUSRVH�

,Q RXU V\VWHP� ZH KDYH WR HQVXUH WKDW WKH VLPXODWHG YLU�

WXDO DYDWDUV GR QRW FDXVH DQ\ XQVDIH PRWLRQV XQOHVV WKH\

DUH WKH LQWHQWLRQV RI D UHDO DYDWDU� 7KHUHIRUH� GXULQJ WKH

VLPXODWLRQ� ZH OHW WKH OHDGHUV� ZKRVH PRWLRQV QHHG WR EH

SUHFLVHO\ V\QFKURQL]HG� WR KDYH KLJKHU SULRULWLHV LQ HDFK

VWHS� 7KH IROORZHUV ZLOO WKHQ UHDFW DFFRUGLQJ WR WKH OHDG�

HUV¶ QHZ FRQILJXUDWLRQV� +RZHYHU� VLQFH WKH PRWLRQV RI

WKH IROORZHUV DUH QRW SODQQHG� WKHUH DUH VWLOO QR JXDUDQ�

WHHV WKDW WKH\ ZLOO QRW EH EORFNLQJ WKH OHDGHUV¶ ZD\V�

6LPLODUO\� LI D UHDO DYDWDU LQWHQGV WR UXQ LQWR D YLUWXDO

DYDWDU� FROOLVLRQV DUH LQHYLWDEOH� 7KHUHIRUH� ZH SHUIRUP

FROOLVLRQ FKHFNV IRU WKH OHDGHUV H[HFXWLQJ WKHLU SDWKV DW

UXQ WLPH� :KHQHYHU D FROOLVLRQ ZLOO RFFXU LQ WKH QH[W VWHS

DFFRUGLQJ WR WKH VFKHGXOHG PRWLRQ� WKH SDWK ZLOO EH FDQ�

FHOOHG� DQG WKH SODQQHU ZLOO EH FDOOHG DJDLQ ZLWK WKH

RULJLQDO JRDO DQG WKH ODWHVW ZRUOG VWDWXV�

$OWKRXJK WKH SODQQHU LV FDSDEOH RI GHWHFWLQJ XQH[SHFWHG

FROOLVLRQV DQG UHSODQ DFFRUGLQJO\� WKHUH H[LVW VLWXDWLRQV

ZKHUH WKH SDWK SODQQHU PD\ IDLO WR ILQG VROXWLRQV IRU WKH

OHDGHUV WR PDNH PRYHV� 7KHVH VROXWLRQV FRXOG DFWXDOO\

H[LVW EXW WKH SODQQHU IDLOV WR ILQG RQH EHFDXVH RI LWV LQ�

FRPSOHWH QDWXUH RI XVLQJ D GHFRXSOHG DSSURDFK� +RZ�

HYHU� LQ RXU H[SHULPHQWV� WKLV VLWXDWLRQ UDUHO\ KDSSHQV

XQOHVV ZH LQWHQG WR WHVW LW RQ D SDWKRORJLFDO FDVH� 2Q WKH

RWKHU KDQG� LW LV PRUH RIWHQ WKDW D IROORZHU JHWV VWXFN DW

VRPH ORFDWLRQ PLQLPXP RI WKH FRPSRVLWH VWHHULQJ IRUFH

ILHOG� :H WKLQN WKLV VLWXDWLRQ LV VLPLODU WR WKH ORFDO PLQL�

PXP SUREOHP LQ SRWHQWLDO�ILHOG�EDVHG PRWLRQ�SODQQLQJ

PHWKRG� $OWKRXJK LW LV SRVVLEOH WR FRQVWUXFW ORFDO�

PLQLPXP�IUHH SRWHQWLDO ILHOGV� LW LV WRR FRQVXPLQJ WR EH

XVHG IRU RQ�OLQH SXUSRVH� :H DUH LQ WKH SURFHVV RI H[�

SHULPHQWLQJ ZLWK RWKHU IRUFH ILHOGV WKDW DFFRXQW IRU HQYL�

URQPHQWDO REVWDFOHV LQ RUGHU WR LPSURYH WKH VLWXDWLRQ�

�� &RQFOXVLRQV

,Q FRQFOXVLRQ� ZH KDYH SURSRVHG DQ LQWHUDFWLYH V\VWHP

IRU GLUHFWLQJ YLUWXDO FURZGV LQ UHDO�WLPH� 7KH YLUWXDO DYD�

WDUV LQ D VKDUHG YLUWXDO HQYLURQPHQW FDQ EH FRQWUROOHG

ZLWK KLJK�OHYHO LQSXWV YLD D JUDSKLFDO XVHU LQWHUIDFH� 7KH

V\VWHP LV FDSDEOH RI JHQHUDWLQJ FROOLVLRQ�IUHH PRWLRQV

ZLWK IORFNLQJ EHKDYLRU LQ DQ DYDWDU JURXS� 7KH SODQQLQJ

FDSDELOLW\ DQG HIILFLHQF\ KDYH EHHQ VXFFHVVIXOO\ GHPRQ�

VWUDWHG LQ D SXEOLF�GRPDLQ VKDUHG YLUWXDO HQYLURQPHQW

V\VWHP� :H DUH DOVR LQFRUSRUDWLQJ WKH SODQQHU LQWR WKH

$FWLYH:RUOGV 9( V\VWHP LQ RUGHU WR VLPXODWH DXWRQR�

PRXV YLUWXDO FURZGV LQ D �' VKRSSLQJ PDOO DSSOLFDWLRQV�

 

�D� �E� �F�

)LJXUH �� *UDSKLFDO XVHU LQWHUIDFH RI WKH VKDUHG YLUWXDO HQYLURQPHQW V\VWHP ZLWK YLUWXDO FURZGV
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