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Abstract 

$OWKRXJK YLUWXDO KXPDQ KDV EHHQ DQ DFWLYH UHVHDUFK

WRSLF IRU PDQ\ \HDUV� PRVW UHVHDUFKHV IRFXV RQ VLPXODWLQJ

YDULRXV DVSHFWV RI KXPDQRLG LQVWHDG RI D FURZG RI SHRSOH�

0DQ\ HDUO\ UHVHDUFKHV LQ FRPSXWHU DQLPDWLRQ DGGUHVV WKH

LVVXH RI VLPXODWLQJ IORFNLQJ EHKDYLRU IRU FUHDWXUHV VXFK DV

ELUGV DQG ILVKHV� EXW WKHVH UHVXOWV GR QRW DSSO\ GLUHFWO\ WR

YLUWXDO FURZG VLPSO\ EHFDXVH KXPDQ EHLQJV SRVVHVVHV D

KLJKHU GHJUHH RI LQWHOOLJHQFH WKDQ RWKHU DQLPDOV� ,Q WKLV

SDSHU� ZH UHSRUW RXU SURJUHVVHV RQ JHQHUDWLQJ FROOLVLRQ�

IUHH JURVV PRWLRQV IRU PXOWLSOH YLUWXDO FURZGV� (DFK YLU�

WXDO FURZG FRQVLVWV RI D OHDGHU DQG PDQ\ IROORZHUV� 7KH

OHDGHU LV LQ FKDUJH RI JHQHUDWLQJ PRWLRQV IRU LWV RZQ

JURXS ZLWK WKH PRWLRQV RI RWKHU FURZGV WDNHQ LQWR DF�

FRXQW� 7KH IROORZHUV XVH DUWLILFLDO OLIH SULQFLSOHV WR IROORZ

WKH OHDGHU DV LW PRYHV WR WKH JRDO� 7KH KLJK GHJUHHV RI

IUHHGRP LQYROYHG LQ WKH FURZG VLPXODWLRQ V\VWHP SUHVHQW D

JUHDW FKDOOHQJH IRU JURVV PRWLRQ SODQQLQJ� :H 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 FRQVLGHUDWLRQ� ,Q

DGGLWLRQ� ZH WDNH D XQLILHG YLHZ RI VHDUFK VSDFH WR H[WHQG

WKH SODQQHU WR FRQVLGHU D ZKROH FURZG LQVWHDG RI LWV

OHDGHU RQO\� ([SHULPHQWDO UHVXOWV VKRZ WKDW RXU SODQQHU

FDQ HIILFLHQWO\ JHQHUDWH VDWLVIDFWRU\ PRWLRQV� :H EHOLHYH

WKDW VXFK D SODQQLQJ V\VWHP LV D JRRG DGGLWLRQ WR FRQWURO�

OLQJ JURXSV RI DYDWDUV LQ D �' YLUWXDO HQYLURQPHQW�

.H\ZRUGV� 9LUWXDO &URZG 6LPXODWLRQ� 6KDUHG 9LUWXDO

(QYLURQPHQW� 'HFRXSOHG 3DWK 3ODQQLQJ� $UWLILFLDO /LIH�

DQG 0RWLRQ 3ODQQLQJ IRU 0XOWLSOH 0RYLQJ 2 EMHFWV�

�� ,QWURGXFWLRQ

�' JUDSKLFV KDV EHHQ RQH RI WKH NH\ WHFKQRORJLHV LQ

EULQJLQJ ULFK PXOWLPHGLD FRQWHQWV WR RXU GDLO\ OLIH YLD

EURDGEDQG QHWZRUN VHUYLFHV� $PRQJ WKH SRVVLEOH DSSOLF D�

WLRQV� �' VKDUHG YLUWXDO HQYLURQPHQW LV EHFRPLQJ SUHY D�

OHQW LQ WKH F\EH UVSDFH� &RQVHTXHQWO\� WKH GHPDQGV IRU

EHWWHU DXWKRULQJ WRROV WR FRQWURO JURXSV RI DYDWDUV LQ D YL U�

WXDO HQYLURQPHQW DUH DOVR LQFUHDVLQJ� )R U H[DPSOH� D ZHOO �

FRQWUROOHG FURZG RI SHRSOH ZLOO LQFUHDVH WKH UHDOLVP RI

YLUWXDO VKRSSLQJ LQ D �' VKRSSLQJ PDOO� 7KHUHIRUH� WKH

RZQHU RI D YLUWXDO VKRS PLJKW ZDQW WR KLUH YLUWXDO FURZGV

WR DWWUDFW UHDO XVHUV WR WKHLU VWRUHV� 6LPLODU QHHGV PLJKW

DOVR DULVH LQ D GLVWULEXWHG QHWZRUNHG JDPH� ZKHUH WKH

FRPSXWHU PLJKW VLPXODWH PXOWLSOH YLUWXDO SOD\HUV VLPXOW D�

QHRXVO\� +RZHYHU� JHQHUD WLQJ WKH DYDWDU PRWLRQV IRU D

YLUWXDO FURZG LQ UHDO WLPH UHPDLQV D JUHDW FKDOOHQJH DIWHU

WKHVH \HDUV RI UHVHDUFKHV LQ $UWLILFLDO ,QW HOOLJHQFH DQG

FRPSXWHU DQLPDWLRQ� 6RPH SUHYLRXV ZRUN VXJJHVWV D GL V�

WULEXWHG DSSURDFK RI DGRSWLQJ UHDFWLYH UXOHV IRU HDFK YL U�

WXDO FUHDWXUH� 7KHVH HPHUJHQW EHKDYLRUV KDYH EHHQ VKRZQ

WR ZRUN ZHOO LQ VLPXODWLQJ WKH PRWLRQ IRU DQLPDOV VXFK DV

ELUGV DQG ILVKHV� +RZHYHU� WKHUH DUH QR JXDUDQWHHV RQ WKH

H[LVWHQFH RI D IHDV LEOH JOREDO SODQ WKDW FDQ EULQJ WKHVH

YLUWXDO FUHDWXUHV WR WKHLU JRDOV� ,Q FRQWUDVW WR WKHVH HPH U�

JHQW EHKDYLRUV� KXPDQ EHLQJV µSODQ¶ LQ DGG LWLRQ WR µUHDFW¶�

7KHUHIRUH� D PRUH LQWHOOLJHQW PHFKDQLVP LV QHHGHG WR

VLPXODWH UHDOLVWLF FURZG PRWLRQV LQ D YLUWXDO HQYLUR QPHQW�

$ FRPPRQ FOLHQW �VHYHU DUFKLWHFWXUH IRU D VKDUHG YLUWXDO

HQYLURQPHQW �69(� V\VWHP LV G HSLFWHG LQ )LJXUH �� 7KH

FURZG VLPXODWLRQ V\VWHP LV WKH PDLQ IRFXV RI WKLV SDSHU�

:H ZLOO SUHVHQW D GLVWULEXWHG SDWK�SODQQLQJ VFKHPH IRU

Figure 1. Overall system architecture. 
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VLPXODWLQJ PXOW LSOH YLUWXDO FURZGV� :H DVVXPH WKDW HDFK

YLUWXDO FURZG LV OHG E\ D OHDGHU� ZKR LV LQ FKDUJH RI SOD Q�

QLQJ WKH JURVV PRWLRQV IRU LWV RZQ JURXS ZLWK D JLYHQ JRDO

ORFDWLRQ VSHFLILHG DW UXQ WLPH� 7KH RWKHU PHP EHUV RI WKH

JURXS� FDOOHG IROORZHUV� ZLOO IROORZ WKH OHDGHU FORVHO\ DV LW

PRYHV WR WKH JRDO� %\ JURVVPRWLRQV� ZH PHDQ WKDW ZH ZLOO

RQO\ FRQVLGHU WKH ORFDWLRQV RI WKH DYDWDUV DQG DVVXPH WKDW

WKH FRUUHVSRQGLQJ ORFRPRWLRQ DQG FKDUDFWHU DQLPDWLRQ FDQ

EH JHQHUDWHG DFFRUGLQJO\ DV ORQJ DV WKH JURVV PRWLRQV DUH

FRQWLQXRXV� $OWKRXJK WKLV OHDGHU �IROORZHU PRGHO PD\ QRW

EH DSSOLHG WR DOO VLWXDWLRQV RI FURZG VLPXODWLRQ� LW VHUYHV

DV D JRRG H[SHULPHQWDO PRGHO WR VLPXODWH RUJDQL]HG

JURXSV RI SHRSOH LQ FRQWH[WV VXFK DV YL UWXDO VKRSSLQJ VF H�

QDULRV�

6LQFH ZH DOORZ PXOWLSOH JURXSV WR PRYH VLPXOWDQ H�

RXVO\� WKH FRPSXWDWLRQDO FRPSOH[LW\ IRU VXFK D SDWK �

SODQQLQJ SUREOHP FRXOG EH UDWKHU KLJK� 7KHUHIRUH� ZH XVH

D GHFRXSOHG SODQQLQJ DSSURDFK� LQ ZKLFK WKH SDWKV E HLQJ

H[HFXWHG E\ RWKH U OHDGHUV EHFRPH WKH PRWLRQ FRQVWUDLQW RI

WKH FXUUHQW OHDGHU XQGHU FRQVLGHUDWLRQ� 7KH OHDGHU¶V P R�

WLRQ ZLOO WKHQ EHFRPH RQH RI WKH GULYLQJ IRUFHV WKDW DWWUDFW

WKH IROORZHUV WR IROORZ LWV PRWLRQ FORVHO\� 7KH SDWK SOD Q�

QHU IRU D OHDGHU DOVR HVWLPDWHV WKH VKDSH DQG VSDFH RFF X�

SLHG E\ HDFK JURXS GXULQJ SDWK H[HFXWLRQ VR WKDW WKH P R�

WLRQ IRU WKH ZKROH JURXS� QRW MXVW WKH OHDGHU� FDQ EH FR Q�

VLGHUHG� 7KLV SODQQHU KDV EHHQ LQWHJUDWHG ZLWK D FRPPH U�

FLDO �' YLUWXDO ZRUOG� DQG WKH DGHTXDF\ DQG HII LFLHQF\ RI

VXFK D SODQQLQJ VFKHPH DUH GHPRQVWUDWHG WKURXJK VHYHUDO

H[DPSOHV WR EH SUHVHQWHG LQ WKLV S DSHU�

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

WKH QH[W VHFWLRQ� ZH ZLOO UHYLHZ WKH UHVHDUFKHV SHUWDL QLQJ

WR RXU ZRUN LQ FRPSXWHU DQLPDWLRQ� DUWLILFLDO OLIH DQG SDWK

SODQQLQJ� ,Q WKH WKLUG VHFWLRQ� ZH ZLOO JLYH DQ RYHUYLHZ RI

WKH SODQQLQJ SUREOHP FRQVLGHUHG LQ RXU V\VWHP DQG RXU

GHFRXSOH DSSURDFK WR WKLV SUREOHP� ,Q WKH IRXUWK VH FWLRQ�

ZH ZLOO SUHVHQW VRPH SULQFLSOHV LQ DUWLILFLDO OLIH IRU IR O�

ORZHU PRWLRQV DQG GHVFULEH K RZ WR DYRLG ORFDO PL QLPD

WUDSV LQ WKH DUWLILFLDO IRUFH ILHOG� ,Q WKH ILIWK VHFWLRQ� ZH

ZLOO GHVFULEH KRZ ZH HVWLPDWH WKH VKDSH DQG VL]H RI D YL U�

WXDO FURZG DW D JLYHQ ORFDWLRQ DQG KRZ ZH DFFRXQW IRU WKLV

VL]H LQ WKH SDWK SODQQHU� 7KHQ ZH ZLOO DGGUHVV VRPH L VVXHV

RQ LPSOHPHQWDWLRQ DQG H[SHULPHQWV� )LQDOO\� ZH ZLOO FR Q�

FOXGH WKH SDSHU LQ WKH ODVW VHFWLRQ�

�� 5HODWHG ZRUN

6LPXODWLQJ HPHUJHQW EHKDYLRUV VXFK DV IORFNLQJ KDV

EHHQ ZLGHO\ XVHG LQ FUHDWLQJ UHDOLVWLF DQLPDWLRQV IRU

JURXSV RI YL UWXDO FUHDWXUHV VXFK DV I LVKHV RU ELUGV

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

FKDUDFWHU� RQH FDQ VLPXODWH UHDOLVWLF IORFNLQJ EHKD YLRU IRU

DQLPDOV� +RZHYHU� LW LV GLIILFXOW WR V LPXODWH D FURZG RI

SHRSOH VLPSO\ ZLWK WKHVH SULQFLSOHV EHFDXVH KXPDQ� DV DQ

LQWHOOLJHQW FKDUDFWHU� SRVVHVVHV KLJKHU GHJUHH RI LQWHOO L�

JHQFH�

,Q UHFHQW \HDUV� WKHUH KDYH EHHQ PDQ\ UHVHDUFK HIIRUWV

LQ LQFRUSRUDWLQJ SUDFWLFDO DUWLILFLDO LQWHOO LJHQFH WHFKQLTXH V

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

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

FRQWURO ORRS WR VLPXODWH DQ LQWHOOLJHQW FKDUDFWHU� 5 H�

VHDUFKHV LQ YLUWXDO KXPDQ DOVR FRQVLGHU WKH SUREOHP RI

FUHDWLQJ UHDOLVWLF KXPDQRLG JURXS PRWLRQV WKURXJK YDULRXV

OHYHOV RI FRQWUROV >�@>��@>��@>��@� +RZHYHU� PRVW RI WKHVH

UHVHDUFKHV GR QRW DFFRXQW IRU JHRPHWULF UHDVRQLQJ FDSDEL O�

LW\ VXFK DV SDWK SODQQLQJ� 2Q WKH RWKHU KDQG� PRWLRQ �

SODQQLQJ WHFKQLTXHV KDYH EHHQ VXFFHVVIXOO\ XVHG LQ DXW R�

PDWLF PRYLH JHQHUDWLRQ >�@ RU FXVWRPL]HG WRXU JXLGLQJ >��@�

DOWKRXJK WKH\ XVXDOO\ IRFXV RQ JHQHUDWLQJ GH[WHURXV P R�

WLRQV IRU D VLQJOH KXPDQ RQO\� 2XU HDUOLHU ZRUN >��@ SUR�

SRVHG WKH LGHD RI XVLQJ PRWLRQ SODQQLQJ WHFKQLTXHV DV ZHOO

DV WKH SULQFLSOHV IURP DUWLILFLDO OLIH >�@ WR GLUHFW YLUWXDO

FURZGV LQWHUDFWLYHO\� +RZHYHU� WKH SODQQLQJ FDSDELOLW\ IRU

DQ DYDWDU LQ WKDW ZRUN LV OLPLWHG WR WKH OHDGHU RQO\ LQVWHDG

RI WKH ZKROH JURXS� ,Q DGGLWLRQ� VLQFH WKH P RWLRQV IRU WKH

IROORZHUV DUH RQO\ JXLGHG E\ DUWLILFLDO IRUFHV� WK H\ FRXOG

HDVLO\ JHW WUDSSHG GXH WR HQYLUR QPHQWDO REVWDFOHV�

,Q URERWLFV� HIILFLHQW PRWLRQ SODQQLQJ DOJ RULWKPV KDYH

EHHQ SURSRVHG WR FRQWURO PRUH WKDQ RQH URERW DUP LQ DQ

RQ�OLQH PDQQHU>��@� +RZHYHU� ZH KDYH QRW VHHQ VLPLODU

ZRUN EHHQ DSSOLHG WR VLPXODWLQJ KXPDQ FURZGV� 'LVWUL E�

XWHG LQWHUDFWLYH VLPXODWLRQ �',6� DQG VKDUHG YLUWXDO HQY L�

URQPHQWV �69(� KDYH DOVR EHHQ DFWLYH UHVHDUFK ILHOGV IRU

PRUH WKDQ D GHFDGH� 0RVW UHVHDUFK HIIRUWV IRFXV RQ V\VWHP

VFDODELOLW\� WUDQVPLVVLRQ HIILFLH QF\� DQG VFHQH PDQDJ H�

PHQW� ,Q UHFHQW \HDUV� PRUH DQG PRUH 69( V\VWHPV �VXFK

DV $FWLYH:RUOGV >�@ DQG %OD[[XQ¶V >�@� LQFOXGH SURJUD P�

PLQJ LQWHUIDFHV IRU LPSOHPHQWLQJ YLUWXDO DYDWDUV �RU FDOOHG

ERWV�� +RZHYHU� WKH\ GR QRW KDYH D V\VWH PDWLF ZD\ WR

VLPXODWH YLUWXDO FURZGV�

�� 'HFRXSOHG SODQQLQJ IRU PXOWLSOH OHDGHUV

,Q WKLV VHFWLRQ� ZH FRQVLGHU WKH EDVLF SUREOHP RI JHQH U�

DWLQJ FROOLVLRQ�IUHH JURVV PRWLRQV IRU PXOWLSOH JURXS OHD G�

HUV� :H ZLOO ILUVW JLYH D JHQHU DO GHVFULSWLRQ RI WKH SODQQLQJ

SUREOHP DQG QHFHVVDU\ DVVXPSWLRQV ZH PDGH� 7KHQ ZH

ZLOO SUHVHQW RXU DSSURDFK WR WKLV EDVLF SUREOHP DQG FR Q�

FOXGH WKLV VHFWLRQ E\ VRPH H[DPSOHV IURP RXU H[SHU L�

PHQWV�

���� %DVLF SDWK�SODQQLQJ SUREOHP

:H DUH JLYHQ D �' SRO\JRQDO GHV FULSWLRQ RI WKH REVW D�

FOHV LQ D YLUWXDO ZRUOG� 7KH YLUWXDO ZRUOG LV DOVR FURZGHG

ZLWK JURXSV RI DYDWDUV VLPXODWHG E\ RXU V\VWHP� (DFK

JURXS FRQVLVWV RI D OHDGHU DQG PXOWLSOH IROORZHUV� ,Q WKLV



VHFWLRQ� ZH ZLOO RQO\ FR QVLGHU WKH PRWLRQV IRU WKH OHDGHUV

DQG WDNH WKH IROORZHUV LQWR DFFRXQW LQ WKH QH[W VHFWLRQV�

:H DVVXPH WKDW HDFK OHDGHU KDV WKUHH GHJUHHV RI IUHHGRP

�'2)¶V� �[� \� θ� ZKHQ WKH\ PRYH RQ WKH JURXQG� 7KH SD�

UDPHWHU VSDFH IRU WKH LWK OHDGHU� FDOOHG WKH &RQILJXUDWLRQ

6SDFH �RU &�VSDFH IRU VKRUW�� LV G HQRWHG E\ &L� 7KH RYHUDOO

&�VSDFH IRU WKH ZKROH V\VWHP� GHQRWHG E\ &� LV WKH FRP�

SRVLWH VSDFH RI HDFK LQG LYLGXDO &�VSDFH �&�x&�x…x&P��

ZKHUH P LV WKH QXPEHU RI OHDGHUV LQ WKH ZRUOG� $W DQ\ WLPH

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

JHQHUDWHG PRWLRQV IRU DOO OHDGHUV DUH UHDOL VWLF DQG VDIH� ,Q

RWKHU ZRUGV� WKH PRWLRQV PXVW EH FRQWLQXRXV LQ & DQG FRO�

OLVLRQ�IUHH IURP RWKHU OHDGHUV DQG REVWDFOHV LQ WKH HQY L�

URQPHQW� (DFK OHDGHU� ZKHQ EHFRPLQJ LGOH� ZLOO EH D V�

VLJQHG D QHZ JRDO FRQILJXUDWLRQ DW UXQ WLPH WKURXJK DQ

LQWHUDFWLYH LQWH UIDFH RU D VFULSW�

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

OHP� ZH IXUWK HU DVVXPH WKDW HDFK DYDWDU �OHDGHU RU IR O�

ORZHU� LV UHSUHVHQWHG E\ DQ HQFORVLQJ FLUFOH RI UDGLXV U�

'XH WR WKH JHRPHWULF V\PPHWU\ RI D FLUFOH� ZH FDQ U HGXFH

WKH '2)¶V IRU HDFK OHDGHU 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 D OHDGHU DOZD\V IDFH WKH WD Q�

JHQWLDO GLUHFWLRQ RI D SDWK� ,Q DGGLWLRQ� LQ RUGHU WR PDNH

FROOLVLRQ GHWHFWLRQV PRUH HIILFLHQW GX ULQJ SODQQLQJ� ZH XVH

D GLVFUHWH DSSURDFK E\ UHSUHVHQWLQJ WKH SRO\JRQDO REVW D�

FOHV ZLWK D ELWPDS DQG WKHQ JURZ WKH REVWDFOH ERXQGDU\ E\

U WR IRUP WKH &�VSDFH REVWDFOHV IRU HDFK OHDGHU� 7KLV FRP�

SXWDWLRQ RQO\ QHHGV WR EH GRQH RQFH LQLWLDOO\ ZKHQ REVW D�

FOH FRQILJXUDWLRQV EHFRPH NQRZQ�

$OWKRXJK WKH SDWK �SODQQLQJ SUREOHP KD V EHHQ ZLGHO\

VWXGLHG IRU WKH SDVW WKUHH GHFDGHV� RQH VWLOO FDQQRW HVFDSH

WKH FXUVH RI G LPHQVLRQDOLW\ ZKHQ VROYLQJ VXFK D SUREOHP�

,QGHHG� WKH SODQQLQJ SUREOHP EHFRPHV YHU\ GLIILFXOW IRU

V\VWHPV ZLWK KLJK '2)¶V VXFK DV FRRUGLQDWLQJ WKH PRWLRQV

RI PXOWLSOH PRELOH URERWV� 7KH VF HQDULR RI YLUWXDO FURZGV

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

GLPHQVLRQ RI WKH FRPSRVLWH & �VSDFH �&� IRU WKH ZKROH

YLUWXDO DYDWDUV LV �P� ZKHUH P LV WKH QXPEHU RI YLUWXDO

DYDWDUV� 6LQFH WKH VL]H RI D & �VSDFH JURZV H[SR QHQWLDOO\ LQ

WKH QXPEHU RI GLPHQVLRQV� D FR PSOHWH SODQQLQJ V\VWHP

GHHPV WR EH LQIH DVLEOH�

���� 'HFRXSOHG SODQQLQJ DSSURDFK

,Q WKH URERWLFV OLWHUDWXUH� WKH DSSURDFKHV WR VROYLQJ WKH

SDWK�SODQQLQJ SUREOHP IRU PXOWLSOH URERWV IDOO LQWR WZR

FDWHJRULHV� FHQWUDOL]HG DQG GHFRXSOHG� 7KH FHQWUDOL]HG

DSSURDFKHV FRQVLGHU WKH FRPSRVLWH & �VSDFH RI WKH ZKROH

V\VWHP� ZKLFK FRXOG EH LPSUDFWLFDO WR VHDUFK H[KDXVWLYHO\�

6RPH SUDFWLFDO UDQGRPL]HG DOJRULWKPV VDFULILFLQJ FR P�

SOHWHQHVV DUH RIWHQ XVHG LQ WKLV DSSURDFK>�@� 2Q WKH RWKHU

KDQG� WKH GHFRXSOHG DSSURDFKHV XVXDOO\ RQO\ FR QVLGHU RQH

URERW DW D WLPH� ,Q RQH VXFK GHFRXSOHG DSSURDFK� HDFK

URERW LV SODQQHG LQGHSHQGHQWO\ DQG WKHQ WKHLU PRWLRQV DUH

FRRUGLQDWHG E\ YHORFLW\ WXQLQJ WHF KQLTXHV>�@� $QRWKHU

GHFRXSOHG DSSURDFK DVVXPHV WKDW URERW PRWLRQV DUH JHQH U�

DWHG VHTXHQWLDOO\� DQG HDFK URERW LV SODQQHG XQGHU WKH FR Q�

VWUDLQW RI RWKHU URERWV ZKRVH P RWLRQV DUH JHQHUDWHG HDUOLHU�

,Q RXU FURZG VLPXODWLRQ V\VWHP� ZH WDNH WKH ODVW G H�

FRXSOHG DSSURDFK E\ GHFRPSRVLQJ WKH RYHUDOO SODQQLQJ

SUREOHP IRU PXOWLSOH OHDGHUV LQWR VPDOOHU VXESUREOHPV�

(DFK RI WKHVH VXESUREOHPV FRQVLGHUV RQH OHDGHU DW D WLPH

XQGHU WKH FRQVWUDLQWV RI RWKHU OHDGHUV¶ PRWLRQV� 7KH VDPH

DSSURDFK KDV EHHQ VXFFHVVIXOO\ XVHG LQ SODQQLQJ WKH PR�

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

$OWKRXJK WKLV DSSURDFK LV QRW FRPSOHWH LQ Q DWXUH� LW ILWV

RXU DSSOLFDWLRQ TXLWH ZHOO VLQFH WKH QHHGV IRU SDWK SOD Q�

QLQJ KDSSHQ VHTXHQWLDOO\� 7KH SODQQHU LV FDOOHG RQ GHPDQG

ZKHQ WKH JRDOV IRU WKH OHDGHUV DUH VSHFLILHG LQWH UDFWLYHO\ DW

UXQ WLPH E\ D XVHU RU E\ D VFULSW� 7KHUHIRUH� LW EHFRPHV

�D� �E�

Figure 3. Examples of (a) artificial potential field 
and (b) distance map in a workspace (values in 

gray scale). 

Figure 2. Searching for a feasible path amongst 
obstacle regions in the CT-space. 
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XQQHFHVVDU\ WR GHWH UPLQH WKH RUGHU LQ ZKLFK WKH OHDGHUV

DUH SODQQHG�

$W WKH LQVWDQW ZKHQ WKH JRDO IRU D OHDGHU LV VS HFLILHG�

WKH SODQQHU ZLOO WU\ WR FRPSXWH D SDWK IRU WKH OHDGHU WKDW

GRHV QRW FDXVH DQ\ FROOLVLRQV ZLWK RWKHU JURXS OHDGHUV DV

ZHOO DV DQ\ VWDWLF REVWDFOHV LQ WKH HQYLUR QPHQW� 7KH SDWK

RI WKH LWK JURXS OHDGHU �GHQRWHG E\ τL
� L  � WR P� LV NQRZQ

DV D IXQFWLRQ RI WLPH W� LQFOXGLQJ ZKHQ LW LV VWDWLF � ,Q RXU

GHFRXSOHG DSSURDFK� IRU NWK OHDGHU XQGHU FRQVL GHUDWLRQ ZH

DXJPHQW LWV &�VSDFH E\ WKH WLPH GLPHQVLRQ WR IRUP WKH VR �

FDOOHG &RQILJXUDWLRQ�7LPH 6SDFH �&7�VSDFH�� $Q FRQFHS�

WXDO H[DPSOH LV GHSLFWHG LQ )LJXUH �� 7KHUH DUH WZR W\SHV

RI IRUELGGHQ UHJLRQV LQ WKH &7 �VSDFH UHSUHVHQWLQJ REVWDFOH

UHJLRQV WKDW WKH OHDGHU VKRXOG DYRLG HQWHULQJ� 2QH �G H�

QRWHG E\ 6&%� LV GXH WR WKH VWDWLF REVW DFOHV ZKLOH WKH RWKHU

�GHQRWHG E\ '&%� LV GXH WR RWKHU PRYLQJ OHDGHUV� 1RWH

WKDW 6&% LV D[LV�SDUDOOHO H[WUXVLRQ RI �' R EVWDFOHV LQ WLPH

ZKLOH '&%¶V DUH FXUYH H[WUXVLRQV RI WKH REVWDFOH UHJLRQV

LPSRVHG E\ RWKHU PRYLQJ OHDGHUV� :KHQ WKH LWK OHDGHU

ILQLVKHV LWV PRWLRQ DW WLPH WI
L
� ZH DVVXPH WKDW LW ZLOO VWD\

WKHUH XQOHVV RWKHUZLVH LQVWUXFWH G� (TXLYDOHQWO\� ZH DUH

H[WHQGLQJ WKH SDWK IRU WKH LWK OHDGHU WR LQILQLW\ DQG WKLV

H[WHQGHG SDWK LV GHQRWHG E\ τL

� 7KH REMHFWLYH RI WKH SDWK

SODQQHU LV WR ILQG D FROOLVLRQ �IUHH SDWK τN
IRU WKH NWK OHDGHU

LQ WKH &7�VSDFH WKDW FDQ FRQQHFW WKH FXUUHQW �TV
N
� FRQILJX�

UDWLRQ DW WKH FXUUHQW WLPH � W�� WR WKH VSHFLILHG JRDO FRQILJX�

UDWLRQ �TJ
N
� DW VRPH WLPH � WI� LQ WKH IXWXUH� )RU UHDOLVWLF

VLPXODWLRQ� WKH YHORFLW\ RI DQ DYDWDU PXVW EH ZLWKLQ VRPH

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

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

LV QRW UHYHUV LEOH� DQG OHVV WKDQ VRPH XVHU �VSHFLILHG YDOXH

�PD[LPDO YHORFLW\� �

:LWK WKH FRQVWUDLQWV PHQWLRQHG DERYH� ZH FRQGXFW WKH

VHDUFK LQ WKH &7�VSDFH LQ D EHVW �ILUVW IDVKLRQ EDVHG RQ WKH

SRWHQWLDO YDOXH RI DQ DUWLILFLDO SRWHQWLDO ILHOG� 7KLV W\SH RI

SRWHQWLDO ILHOG LV ZLGHO\ DFFHSWHG DV D JRRG KHXULVWLF IRU

PRWLRQ�SODQQLQJ SUREOHPV >�@� )RU HIILFLHQF\ FRQVLGHU D�

WLRQ� ZH RQO\ FRQVWUXFW D �' SRWHQWLDO ILHOG DFFRXQWLQJ IRU

VWDWLF REVWDFOHV� $Q H[DPSOH RI WKH SRWHQWLDO ILHOG FRP�

SXWHG E\ WKH VR �FDOOHG 1)� DOJRULWKP LV VKRZQ LQ )LJXUH

��D�� 7KLV SRWHQWLDO ILHOG DOJRULWKP DQG WKH VWDQGDUG EHVW�

ILUVW VHDUFK DOJRULWKP IRU SDWK SODQQLQJ FDQ EH IRXQG LQ

>��@� 7KH 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 U HTXLUH

WKDW D JRDO FRQILJXU DWLRQ LQ WKH &7�VSDFH PXVW KDYH D WLPH

YDOXH WKDW LV HTXDO WR R U JUHDWHU WKDQ WKH ODWHVW ILQLVK WLPH

RI DOO RWKHU OHDGHUV� )RU LQVWDQFH� LQ )L JXUH �� WI
N
�WKH ILQDO

WLPH IRU τN
� PXVW EH JUHDWHU WKDQ WI

L
� IRU DOO L ≠ N�

���� ([DPSOHV RI FRRUGLQDWHG PRWLRQV

,Q )LJXUHV ���� ZH VKRZ WZR H[DPSOHV RI FRRUGLQDWHG

PRWLRQV JHQHUDWHG E\ RXU SODQHU � )RXU VQDSVKRWV DUH WDNHQ

LQ HDFK H[DPSOH� 7KH SDWKV UHPDLQLQJ WR EH H[ HFXWHG LQ

HDFK LQVWDQFH DUH VKRZQ DV FLUFOH WUDFHV ZKLOH WKH FXUUHQW

FRQILJXUDWLRQV DUH LQ VROLG GRWV� 7KH QXPEHUV EHVLGH WKH

OHDGHUV LQGLFDWH WKH RUGHU LQ ZKLFK WKH\ DUH DVNHG WR SODQ�

�D� �E� �F� �G�

Figure 5. Example 2: an example of coordinated crossing motions for four leaders. 
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Figure 4. Example 1: an example of the basic planning problem for leaders’ coordinated motions. 



7KH SODQQLQJ WLPHV RI WKHVH H[DPSOHV DUH PHDVXUHG RQ D

UHJXODU 3& ZLWK ���0+] ' XURQ &38 DQG ���0% 5$0�

,Q ([DPSOH � �)LJXUH ��� OHDGHU � ¶V PRWLRQ ZDV SODQQHG

EHIRUH OHDGHU � ¶V� DQG LW EHFDPH D P RWLRQ FRQVWUDLQW IRU

OHDGHU �� &RQVHTXHQWO \� OHDGHU � KDV WR ZDLW IRU OHDGHU � WR

SDVV WKH QDUURZ SDVVDJH DPRQJVW REVW DFOHV EHIRUH LW FDQ

SURFHHG� 7KH SODQQLQJ WLPHV DUH ��PV DQG ���PV IRU

OHDGHU � DQG �� UHVSHFWLYHO\� ([DPSOH � LV D FRPSOH[ H [�

DPSOH LQYROYLQJ IRXU OHDGHUV PRYLQJ DFURVV D FRPPRQ

UHJLRQ IURP GLIIHUHQW GLUHFWLRQV� $V WKH QXPEHU RI OHDGHUV

EHFRPH ODUJH� LW EHFRPHV D OPRVW LPSRVVLEOH IRU D KXPDQ

WR FRRUGLQDWH WKHLU PRWLRQV E\ LQVSHFWLRQ� 7KH DYHUDJH

SODQQLQJ WLPH IRU HDFK DYDWDU LQ WKLV H[DPSOH LV RQO\

���PV�

�� )ROORZHU PRWLRQV LQ D YLUWXDO FURZG

&RPSDUHG WR RWKHU DQLPDOV� KXPDQ FURZG SRVVHVV

FKDUDFWHULVWLFV XQLTXH WR KXPDQ EHLQJV� )RU H[DPSOH�

XQOLNH RWKHU DQLPDOV ¶ IORFNLQJ EHKDYLRU ZKHUH WKH JURXS

UHODWLRQ LV IRUPHG DXW RPDWLFDOO\� D OHDGHU � DFWLQJ DV D WRXU

JXLGH LQ D KXPDQ JURXS� LV VSHFLILHG H[SOLFLWO\ � DQG LW LV

VHOI�FRQVFLRXV RI EHLQJ D OHDGHU � 7KH IROORZHUV ZLOO WKHQ

IROORZ WKH PRWLRQ RI WKHLU GH VLJQDWHG OHDGHU FORVHO\� ,Q

WKLV VHFWLRQ ZH ZLOO ILUVW GHVFULEH KRZ ZH XVH WKH EDVLF

SULQFLSOHV IURP DUWLILFLDO OLIH WR FR PSXWH VWHHULQJ IRUFHV IRU

FRQWUROOLQJ WKH IROORZHUV¶ PRWLRQV� 7KHQ ZH ZLOO VKRZ

ZLWK DQ H[DPSOH KRZ WR PR GLI\ WKH IRUFHV WR DYRLG WKH

SUREOHP RI ORFDO PLQLPD� ,Q WKH ODVW VXEVHFWLRQ� ZH ZLOO

XVH DQ H[DPSOH WR GHPR QVWUDWH D VLPSOH H[WHQVLRQ RI WKH

VWHHULQJ IRUFH V WR VLPXODWH HPHUJHQW HYDFX DWLRQ�

���� %DVLF IORFNLQJ EHKDYLRU

7R VLPXODWH KXPDQ JURXSLQJ EHKDYLRU� ZH DGRSW D

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

XVHV YDULRXV DWWUDFWLYH DQG UHSXOVLYH IRUFHV WR FUHDWH VWHHU�

LQJ EHKDYLRUV� ,Q HDFK FRQWURO F\FOH RI WKH VLPXODWLRQ� DQ

DYDWDU SHUFHLYHV RWKHU DYDWDUV DQG HQYLURQPHQWDO REVWDFOHV

LQ LWV OLPLWHG YLHZ FRQ H DQG UHDFWV E\ DGMXVWLQJ LWV YHORFLW\

DFFRUGLQJ WR WKH FRPSRVLWH IRUFH� )RU H[DPSOH� WKUHH

VWHHULQJ IRUFHV �VHSDUDWLRQ� FRKHVLRQ� DQG DOLJQPHQW� ZHUH

VXJJHVWHG WR GHWHUPLQH KRZ D Q DYDWDU UHDFWV WR RWKHU DYD�

WDUV LQ LWV QHLJKERUKRRG� 6HSDUDWLRQ IRUFH LV FRPSXWHG

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

QHDUE\ DYDWDUV ZLWKLQ WKH YLHZ FRQH� &RKHVLRQ LV FR P�

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

SRVLWLRQ RI LWV QHLJKERU DYDWDUV LQ WKH VDPH JURXS� $OLJ Q�

PHQW LV FRPSXWHG E\ DYHUDJLQJ WKH YHOR FLW\ 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\ HQYLURQP HQWDO

REVWDFOHV� )XUWKHUPRUH� WKH OHDGHU RI D JURXS DOVR DSSOLHV

D PDMRU DWWUDFWLYH IRUFH WR LWV IROORZHUV� 7KLV DWWUDFWLYH

IRUFH� SURSRUWLRQDO WR WKH (XFOLGHDQ GLVWDQFH IURP WKH

OHDGHU� GULYHV WKH IR OORZHUV WR WKHLU OHDGHU�

�D� �E� �F� �G� �H�
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Figure 6. Examples of follower motions in a virtual crowd. (a)-(d) show regular flocking behavior (e)-(g) 
show motions with trapped followers, and (h)-(j) show a better tracking method escaping the trap. 



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

ZHLJKWHG EHIRUH WKH\ DUH FR PSRVHG� 7KH ZHLJKW RI HDFK

IRUFH LV G\QDPLFDOO\ DGMXVWHG DFFRUGLQJ WR WKH FXUUHQW

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

FDXVHV D IROORZHU WR FROOLGH ZLWK DQ REVWDFOH� WKH ZHLJKW RI

WKH UHSXOVLYH IRUFH IURP WKH REVWDFOH ZLOO EH LQFUHDVHG�

:KHQ WKH FROOLVLRQ GLVD SSHDUV� WKH ZHLJKW IRU WKLV IRUFH

ZLOO LQFUHPHQWDOO\ JR GRZQ WR LWV QRPLQDO YDOXH� +RZHYHU�

D IROORZHU VWLOO PD\ EXPS LQWR REVWDFOHV EHFDXVH WKH UHSX O�

VLYH DQG DWWUDFWLYH IRUFH V FDQFHO HDFK RWKHU� ,Q WKLV FDVH� D

VOLGLQJ IRUFH DORQJ WKH REVWDFOH ERXQGDU\ LV DSSOLHG WR SXOO

WKH IROORZHUV WRZDUG WKH OHDGHU� )XUWKHUPRUH� FROOLVLRQV

EHWZHHQ WZR IROORZHUV VRP HWLPHV PLJKW QRW EH DYRLGDEOH�

DQG WKH VLWXDWLRQ PD\ HYHQ UHVXOW LQ GHDGORFN V LQ WKH ZRUVW

FDVH� 7KHUHIRUH� ZKHQHYHU FROO LVLRQV EHWZHHQ IROORZHUV

DUH GHWHFWHG� ZH PDNH WKH DWWUDFWLYH IRUFHV IURP YDULRXV

VRXUFHV LQDFWLYH IRU D IHZ F\FOHV DQG U HVXPH DIWHUZDUG�

'XULQJ WKLV WLPH� HDFK IROORZHU ZLOO DWWHPSW WR PRYH LQ D

GLIIHUHQW UDQGRP GLUHFWLRQ LQ RUGHU WR UHVROYH WKH GHDGORFN

VLWXDWLRQ� $Q H[DPSOH RI FURZG PRWLRQV ZLWK WKH IORFNLQJ

EHKDYLRU LV VKRZQ LQ )LJXUHV ��D� ���G��

���� (VFDSLQJ ORFDO PLQLPD

$OWKRXJK WKH SU LQFLSOHV GHVFULEHG LQ WKH SUHYLRXV VX E�

VHFWLRQ ZRUN YHU\ ZHOO IRU VLPXOD WLQJ IORFNLQJ EHKDYLRU

IRU KXPDQ FURZGV� WKHUH DUH VWLOO VLWXDWLRQV ZKHUH IROOR Z�

HUV PD\ JHW WUDSSHG LQ D ORFDO PLQLPD RI WKH IRUFH ILHOG

IRUPHG E\ VHYHUDO VRXUFHV� )RU H[DPSOH� LQ )LJXU HV ��H��

��J�� IROORZHUV DUH WUDSSHG LQ WKH 8 �VKDSHG REVWDFOHV� 7KH

ORFDO PLQLPD H[LVW PDLQO\ GXH WR WKH FDQFHOODWLRQ RI WKH

DWWUDFWLYH IRUFH IURP WKH OHDGHU DQG WKH UHSX OVLYH IRUFH

IURP WKH REVWDFOHV� 7KH UDQGRPL]HG DSSURDFK DGRSWHG LQ

WKH SUHYLRXV VXEVHFWLRQ IRU UHVROYLQJ FROOLVLRQV EHWZHHQ

DYDWDUV PLJKW QRW ZRUN KHUH VLQFH WKH ORFDO PLQLPD FRXOG

EH YHU\ GHHS DQG GLIILFXOW WR H VFDSH�

,QWXLWLYHO\� D KXPDQ IROORZHU FDQ HDVLO\ WUDFN D OHDGHU

HYHQ LI KH�VKH FDQQRW VHH WKH OHDGHU IRU D VKRUW SHULRG RI

WLPH� :KHQ D KXPDQ IROORZHU FDQQRW VHH WKH OHDGHU� KH�VKH

XVXDOO\ PRYHV WRZDUG WKH ORFDWLRQ ZKHUH WKH OHDGHU ZDV

ODVW VHHQ� :LWK WKLV REVHUYDWLRQ ZH PRGLI\ WKH D WWUDFWLYH

VRXUFH WR WKH OHDGHU¶V ODVW �VHHQ ORFDWLRQ� :H UHFRUG WKH

SDWK WUDFH RI WKH OHDGHU DQG WU\ WR FRQQHFW WKH IROORZHU WR

WKH ODWHVW SRLQW LQ WKLV SDWK ZKHUH D FROOLVLRQ �IUHH VWUDLJKW �

OLQH VHJPHQW FDQ EH FRQQHFWHG DV GHSLFWHG LQ )LJXUH ��

)XUWKHUPRUH� VLQFH WKH PDJQLWXGH RI DWWUDFWLYH IRUFH LV

FRPSXWHG DFFRUGLQJ WR WKH UHDO GLVWDQFH� QRW (XFOLGHDQ

GLVWDQFH� IURP WKH OHDGHU� ZH KDYH WR PRGLI\ WKH GLVWDQFH

FRPSXWDWLRQ URXWLQH DFFRUGLQJO\� )RU H[DPSOH� WKH GL V�

WDQFH EHWZHHQ WKH OHDGHU DQG WKH IROORZHU LQ )LJXUH � LV VHW

WR G��G�� )LJXUHV ��K� ���M� VKRZ DQ H[DPSOH VLPLODU WR WKH

WUDSSHG FDVH VKRZQ LQ )LJXUHV ��H����J�� :LWK WKH LP�

SURYHG VWUDWHJ\ WKH IROORZHUV FDQ HDVLO\ HVFDSH WKH ORFDO

PLQLPD DQG TXLFNO\ FDWFK XS WKH OHDGHU DV LW PRYHV WR WKH

JRDO�

���� (PHUJHQW HYDFXDWLRQ EHKDYLRU

$OWKRXJK WKH SULQFLSOHV GHVFULEHG LQ WKLV VHFWLRQ KDYH

EHHQ VKRZQ WR EH DQ HIIHFWLYH ZD\ IRU VLPXODWLQJ IORFNLQJ

EHKDYLRU LQ D YLUWXDO FURZG� LW UHPDLQV DQ HPSLULFDO SUR F�

HVV LQ WXQLQJ WKH ZHLJKWV RI YDULRXV DUWLILFLDO IRUFHV WR R E�

WDLQ D GHVLUDEOH HPHUJHQ W EHKDYLRU� 2Q WKH RWKHU KDQG� WKH

IOH[LELOLW\ RI WXQLQJ WKHVH IRUFHV DOORZV RQH WR H[SHULPHQW

ZLWK YDULRXV VHWWLQJV� $Q LQWHUHVWLQJ H[DPSOH� DV VKRZQ LQ

)LJXUH �� FDQ EH FUHDWHG E\ FKDQJLQJ WKH VLJQ RI WKH IRUFHV

IRU IORFNLQJ EHKDYLRU WR VLPXODWH HPHUJHQW HYDFXDWLRQ

EHKDYLRU� ,Q WKLV H[DPSOH� WKH IR OORZHUV JDWKHU DURXQG WKH

OHDGHU DW WKH LQLWLDO FRQILJXU DWLRQ DQG VWDUW WR UXQ DZD\

IURP WKH OHDGHU ZKHQ WKH PRGH LV VZLWFKHG WR WKH HYDFX D�

WLRQ PRGH� 2WKHU LQWHUHVWLQJ PRGHV IRU VLPXODWLQJ YDULRXV

Figure 7. Escaping local minima by tracking 
leader’s path trace. 
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Figure 8. An example of emergent evacuation 
behavior

/HDGHU

)ROORZHU

/HDGHU¶V SDWK WUDFH

G�

G�

2EVWDFOH



EHKDYLRUV RI KXPDQ FURZGV FRXOG EH IXUWKHU GHYH ORSHG

ZLWK D VLPLODU DSSURDFK�

�� 0RWLRQ SODQQLQJ IRU PXOWLSOH FURZGV

,Q WKLV VHFWLRQ ZH ZLOO H[WHQG WKH SDWK SODQQHU G H�

VFULEHG LQ WKH 6HFWLRQ � WR FRQVLGHU WKH PRWLRQV IRU QRW

RQO\ WKH OHDGHUV EXW DOVR WKH FURZGV WKH\ DUH OHDGLQJ� :H

QHHG WR DGGUHVV WZR QHZ LVVXHV LQ GHDOLQJ ZLWK WKLV FKD O�

OHQJLQJ SUREOHP� )LUVW� ZH QHHG WR KDYH DQ HIIHFWLYH ZD\

WR PRGHO WKH VKDSH RI WKH FURZGV� 6HFRQG� ZH KDYH WR SODQ

IRU WKH FURZGV ZLWK WKH VKDSH PRGHO ZH DGRSW�

���� 3UREOHP GHVFULSWLRQ

$FFRUGLQJ WR WKH DUWLILFLDO UXOHV DGRSWHG IRU WKH IROOR Z�

HUV� ZH FDQ DVVXPH WKDW WKH \ ZLOO FORVHO\ IR OORZ WKHLU

OHDGHU DQG IRUP D FURZG RI VRPH VKDSH EHKLQG WKH OHDGHU�

+RZHYHU� VLQFH WKH FURZG LV IOH[LEOH DQG FRQIRUPLQJ WR

WKH HQYLURQPHQW DW UXQ WLPH� LW LV GLI ILFXOW WR SUHGLFW WKHLU

VKDSHV� (YHQ LI ZH FDQ PRGHO WKH VKDSH RI D FURZG� WKH

SODQQLQJ SUREOHP LV VWLOO QRW VWUDLJKWIRUZDUG� ,Q IDFW� ZH

VKRXOG DFFRXQW IRU FURZG PRWLRQV ZLWK WZR REMH FWLYHV LQ

PLQG� )LUVW� ZKHQ D OHDGHU SODQV LWV PRWLRQ� LW VKRXOG WDNH

LQWR DFFRXQW QRW RQO\ RWKHU OHDGHUV EXW DOVR WKH FURZGV

WKH\ OHDG� 6H FRQG� D OHDGHU VKRXOG QRW RQO\ SODQ IRU LWVHOI�

EXW DOVR LWV IROORZHUV EHKLQG� ,Q RWKHU ZRUGV � ZH DUH H[�

WHQGLQJ WKH SDWK �SODQQLQJ SUREOHP IRU PXOWLSOH R EMHFWV RI

IL[HG JHRPHWU\ WR WKH SUREO HP IRU PXOWLSOH REMHFWV RI YDU L�

DEOH VKDSHV �HDFK FURZG LV WUHDWHG DV D IOH[LEOH REMHFW��

+RZHYHU� ZH GR QRW NQRZ DQ\ SODQQHUV LQ WKH OLWHUDWXUH

WKDW FDQ SODQ IRU WKLV W\SH RI IOH[LEOH R EMHFWV�

$OWKRXJK JHQHUDWLQJ D SUHFLVH SODQ IRU PXOWLSOH IOH[LEOH

REMHFWV LV GLIILFXOW� ZH WKLQN� LQWXLWLYHO\� D UHDO KXPDQ

OHDGHU LQ D JURXS GRHV KDYH VRPH SULQFLSOHV LQ SODQQLQJ

WKH PRWLRQV IRU LWV JURXS� )RU H[DPSOH� D OHDGHU QR UPDOO\

VKRXOG QRW OHDG LWV FURZG WR FXW WKURXJK RWKHU FURZGV RU

EH FXW WKURXJK E\ RWKHU FURZGV� , Q WKLV VHFWLRQ� ZH ZLOO

GHVFULEH RXU DWWHPSW WR PRGHO WKLV SODQQLQJ SULQFLSOH DQG

WR JHQHUDWH D UH DVRQDEO\ JRRG SODQ IRU FURZG PRWLRQV�

���� &URZG VKDSH HVWLPDWLRQ

:H ZLOO WU\ WR PRGHO WKH VKDSH RI D FURZG UHJLRQ� HVW L�

PDWH LWV VL]H� DQG WKHQ REWDLQ HVWLPDWLRQ RQ WKH ORQJLWXG L�

QDO GHSWK RI WKH PRYLQJ FURZG LQ WKLV VXEVHFWLRQ� :H D V�

VXPH WKDW WKH IROORZHUV ZLOO JDWKHU EHKLQG WKH OHDGHU�

WKHUHIRUH� WKH WUDFH RI WKH OHDGHU IRUPV DQ D[LV IRU WKH

FURZG¶V HVWLPDWHG VKDSH DV VKRZQ LQ )LJXUH �� 7KH ORQJHU

WKH SDWK VHJPHQW ZH FRQVLGHU� WKH ODUJHU WKH UHJLRQ EHKLQG

WKH OHDGHU WKDW FDQ DFFRPPRGDWH IROORZHUV� 7KH PLQLPDO

OHQJWK RI WKLV SDWK VHJPHQW GHSHQGV QRW RQO\ RQ WKH QX P�

EHU RI IROORZHUV EXW DOVR RQ WKH ORFDWLRQ RI WKLV VHJPHQW LQ

WKH HQYLURQPHQW�

:H XVH D KDOI FLUFOH RI UDGLXV 'L EHKLQG WKH OHDGHU WR

HVWLPDWH WKH DUHD IRU DFFRPPRGDWLQJ IROORZHUV� 'L LV D

IXQFWLRQ RI WKH QXPEHU RI IROORZHUV DV LOOXVWUDWHG LQ )L J�

XUHV ���D� DQG ���E�� ZKHUH QI LV WKH QXPEHU RI IROORZHUV

LQ WKH JURXS� ,I WKH DUHD FDQQRW DFFRPPRGDWH DOO IROOR Z�

HUV� ZH ZLOO VZHHS WKH KDOI FLUFOH EDF NZDUG DORQJ WKH WUDFH

RI WKH OHDGHU¶V SDWK XQWLO WKH DUHD IRU WKH FURZG UHJLRQ � 5L�

LV ODUJH HQRXJK� ,Q DGGLWLRQ� LQVWHDG RI EHLQJ IL[HG� 'L

FRXOG EH IXUWKHU OLPLWHG GXH WR WKH OHDGHU¶V ORFDWLRQ DQG

WKH VXUURXQGLQJ HQYLURQPHQWDO REVWDFOHV� 7R JHW DQ LGHD RI

KRZ IDU WKH OHDGHU LV IURP WKH REVWDFOHV� ZH FRPSXWH D

QXPHULFDO /� GLVWDQFH PDS �GHQRWHG E\ '0� DV VKRZQ LQ

)LJXUH ��E�� (DFK FHOO LQ '0 VWRUHV LWV PLQLPDO GLVWDQFH

IURP REVWDFOH ERXQGDULHV� ZKLFK LV D JRRG LQGLFDWLRQ RI

WKH UDGLXV RI WKH FROOLVLRQ �IUHH FLUFOH DURXQG WKH ORFDWLRQ�

,I WKLV GLVWDQFH YDOXH LV VPDOOHU WKDQ 'L� WKHQ 'L ZLOO EH

UHVHW WR WKLV YD OXH� $V GHSLFWHG LQ )L JXUHV ���F� DQG ���G��

WKH FURZG UHJLRQ FKDQJHV LWV VKDSH DV WKH OHDGHU PRYHV

Figure 9. Crowd region estimation. 
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Figure 10. Examples of estimated crowd regions. 
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WKURXJK WKH QDUURZ SDVVDJH� 2QFH ZH KDYH GHWHUPLQHG WKH

SDWK IRU D OHDGHU� ZH FDQ XVH WKLV PHWKRG WR FRPSXWH WKH

OHQJWK �OL� RI SDWK VHJPHQW IRU D FRQILJXU DWLRQ TL WKDW ZH GR

QRW ZDQW RWKHU FURZGV WR FXW WKURXJK� :H FDOO OL WKH ORQJL�

WXGLQDO GHSWK RI D FURZG ZKHQ WKH OHDGHU LV DW FRQILJXU D�

WLRQ TL�

���� 3ODQQLQJ FURZG PRWLRQV

:H H[WHQG WKH GHFRXSOHG SDWK SODQQHU GHVFULEHG LQ

6HFWLRQ � WR DFFRXQW IRU WKH PRWLRQV RI RWKHU FURZGV LQ

DGGLWLRQ WR WKHLU OHDGHUV� 7KH PRWLRQV IRU RWKHU OHDGHUV DUH

NQRZQ DQG XVHG DV G\QDPLF REVWDFOHV IRU WKH OHDGHU XQGHU

FRQVLGHUDWLRQ� 1RZ WKH G\QDPLF REVWDFOHV DUH H[WHQGHG

IURP D VLQJOH FRQILJXUDWLRQ WR D WUDFH RI FRQILJ XUDWLRQV IRU

VRPH OHQJWK� 7KLV OHQJWK LV WKH ORQJLWXGLQDO GHSWK WKDW D

FURZG H[WHQGV DQG FDQ EH FRPSXWHG E\ WKH DERYH PHWKRG

IRU FURZG VKDSH HVWLPDWLRQ� 7KHU HIRUH� DOO ZH KDYH WR GR LV

PRGLI\ WKH FROOLVLRQ GHWHFWLRQ URXWLQH LQ WKH SODQQHU WR

WUHDW HDFK OHDGHU DV DQ H[WHQGHG REVWDFOH DORQJ D OLVW RI

FRQILJXUDWLRQV� 7KH QXPEHU RI FRQILJXUDWLRQV WR FKHFN IRU

HDFK OHDGHU ZLOO GHSHQG RQ WKH ORQJLWXG LQDO GHSWK RI LWV

JURXS DW WKH LQVWDQW� %\ G RLQJ VR� ZH FDQ HQVXUH WKDW ZH

ZLOO SODQ D SDWK WKDW GRHV QRW FXW WKURXJK RWKHU FURZGV�

+RZHYHU� KRZ GR ZH NQRZ WKDW D OHDGHU ZLOO QRW OHDG

LWV JURXS WR D VLWXDWLRQ ZKHUH RWKHU JURXSV ZLOO FXW LW

WKURXJK" ,Q IDFW� ZH FDQQRW JXDUDQWHH VR EHFDXVH WKH VX E�

MHFW RI RXU SODQQLQJ LV WKH OHDGHU RQO\� 7R DGGUHVV WKLV

SUREOHP� ZH KDYH WR FRQVLGHU PRUH WK DQ WKH OHDGHU� )RU

H[DPSOH� ZH FDQ SODQ IRU D OLVW RI OHDGHU FRQILJXUDWLRQV

DORQJ WKH ORQJLWXG LQDO GHSWK RI WKH FURZG� +RZHYHU� ZH GR

QRW NQRZ WKH SDVW WUDFH RI D OHDGHU DW D JLYHQ FRQILJXUDWLRQ

VLPSO\ EHFDXVH ZH DUH VWLOO LQ WKH SURFHVV RI VHDUFKLQJ IRU

D IHDVLEOH SDWK� &RQVHTXHQWO\� LQ WKLV FDVH ZH DVVXPH WKDW

OL EH D IL[HG YDOXH SURSRUWLRQDO WR WKH QXPEHU RI IROORZHUV�

'XULQJ WKH VHDUFK� D FRQILJXUDWLRQ LV OHJDO RQO\ LI WKH

OHDGHU ZLOO U HPDLQ FROOLVLRQ�IUHH IRU GXUDWLRQ RI OL VWDUWLQJ

IRUP WKH FXUUHQW FR QILJXUDWLRQ LQ WKH &7�VSDFH�

���� &RQVLGHUDWLRQV IRU SODQQLQJ HIILFLHQF\

$VVXPH WKDW WKHUH DUH P FURZGV LQ WKH HQYLURQPHQW�

7KH ORQJLWXGLQDO GHSWK IRU WKH FURZG XQGHU FRQVLGHU DWLRQ

LV O
F
� DQG WKH DYHUDJH ORQJLWXGLQDO GHSWK IRU RWKHU FURZGV LV

O
R
� 7KHQ DFFRUGLQJ WR WKH H[WHQVLRQ GHVFULEHG LQ WKH SUHY L�

RXV VXEVHFWLRQ� ZH KDYH WR LQFUHDVH WKH QXPEHU RI FDOOV WR

WKH FROOLVLRQ GHWHFWLRQ URXWLQH EHWZHHQ DYDWDUV IRU HDFK

FRQILJXUDWLRQ ZH YLVLW IURP P�� WR �P���
� O
F
�
� O

R
�� 7KH

SHUIRUPDQFH IRU VXFK D SODQQHU ZLOO GH ILQLWHO\ VXIIHU E H�

FDXVH LW GHSHQGV RQ WKH VL]HV RI WKH FURZGV� DQG FROOLVLRQ

GHWHFWLRQV DUH WKH PRVW IXQGDPHQWDO UR XWLQH LQ WKH VHDUFK

SURFHVV�

+RZHYHU� ZLWK WKH IROORZLQJ REVHUYDWLRQV� ZH FDQ U H�

GXFH WKH UXQ�WLPH FRPSOH[LW\ RI FROOLVLRQ FKHFNV EHWZHHQ

OHDGHUV WR FRQVWDQW WLPH� :H QRWH WKDW WKH VKDSH RI & �

REVWDFOH EHWZHHQ WZR OHDGHUV �WZR VPDOOHU FLUFOHV� LV DQ

HQODUJHG FLUFOH� 7KHUHI RUH� LQVWHDG RI FKHFNLQJ FROOLVLRQV

EHWZHHQ WZR FLUFOHV DW UXQ WLPH� ZH FDQ EXLOG D &7 �VSDFH�

VXFK DV WKH RQH VKRZQ LQ )LJXUH �� E\ PDUNLQJ WKH WUDFH RI

WKH HQODUJHG FLUFOH DV REVWDFOHV DORQJ WKH WLPH GLPHQVLRQ�

,Q DGGLWLRQ� ZKHQ ZH FR QVLGHU WKH ORQJLWXGLQ DO GHSWK RI

DQRWKHU FURZG DW D FRQILJXUDWLRQ� ZH FDQ DFWXDOO\ FRS\ WKH

HQODUJHG FLUFOH IRU WKDW FRQILJXUDWLRQ IRUZDUG LQ WLPH IRU

WKH UHTXLUHG OHQJWK� )XUWKHUPRUH� ZKHQ ZH FR QVLGHU WKH

ORQJLWXGLQDO GHSWK RI WKH FURZG XQGHU SODQQLQJ� ZH KDYH

WR PDNH VXUH WK DW D FRQILJXUDWLRQ UHPDLQV FROOLVLRQ �IUHH IRU

D IL[HG SHULRG RI WLPH� 7KLV LV HTXLYDOHQW WR FRS\ DOO REVW D�

FOH UHJLRQV LQ &7 �VSDFH EDFNZDUG LQ WLPH IRU WKDW GXU D�

WLRQ� 7KHUHIRUH� E\ FRS\LQJ REVWDFOHV UHJLRQV IRUZDUG DQG

EDFNZDUG LQ &7 �VSDFH� ZH FDQ UHGXFH WK H SODQQLQJ SUR E�

OHP WR VHDUFKLQJ IRU D FROOLVLRQ �IUHH SDWK IRU D SRLQW LQ WKH

H[WHQGHG &7�VSDFH� 7KLV XQLILHG YLHZ RI REVWDFOHV LQ WKH

H[WHQGHG &7�VSDFH FDQ JUHDWO\ UHGXFH WKH FRPSXWDWLRQ

WLPH IRU SODQQLQJ FURZG P RWLRQV�

���� ([DPSOHV

,Q )LJXUH ��� ZH VKRZ VQ DSVKRWV RI FURZG PRWLRQV

JHQHUDWHG E\ RXU SODQQHU IRU �� IROORZHUV� 7ZR FURZGV�

GHSLFWHG LQ JUHHQ DQG EOXH� UHVSHFWLYHO\� DUH WU\LQJ WR

PRYH DFURVV D FRPPRQ DUHD DW WKH VDPH WLPH� )RU FODULW\�

QR REVWDFOHV DUH SODFHG LQ WKH ZRUNVSDFH� 7KH PRWLRQ IRU

WKH ILUVW FURZG LV VWUDLJKWIRUZDUG VLQFH WKH VH FRQG FURZG LV

VWDWLF DW WKH WLPH RI SODQQLQJ� 7KXV� D VWUDLJKW �OLQH SDWK

�D� �E� �F� �G� �H�

Figure 11. An example of motion plans for two virtual crowds consisting of 10 followers each.



WRZDUG WR WKH ULJKW LV JHQHUDWHG� :KHQ WKH SODQQHU LV

HYRNHG IRU WKH VHFRQG OHDGHU� LW KDV WR WDNH WKH P RWLRQV RI

WKH ILUVW FURZG DQG LWV RZQ IROORZHUV LQWR DFFRXQW� &RQV H�

TXHQWO\� WKH SODQQHU IRU WKH VHFRQG FURZG GHFLGHV WR FURVV

WKH SDWK VHJPHQW RQ WKH ULJKW IRU WKH ILUVW FURZG� 1RWH WKDW

LI ZH FRQVLGHU WKH OHDGHU RQO\� WKH VHFRQG OHDGHU VKRXOG

QRW KDYH PRYHG LWV FURZG WR WKH ULJKW WR VXFK DQ H [WHQW�

,QVWHDG� LW FDQ PRYH G LUHFWO\ GRZQZDUG ZLWKRXW FROOLGLQJ

ZLWK WKH ILUVW OHDGHU� +RZHYHU� LI WKLV LV WKH FDVH� WKHVH WZR

FURZGV ZLOO WDQJOH IRU D ORQJ WLPH EHIRUH WKH\ FDQ EH VHS D�

UDWHG DJDLQ� 7KHUHIRUH� WKH H[DPSOH LQ )LJXUH �� GHPR Q�

VWUDWHV WKDW RXU SODQQHU FDQ JHQHUDWH DQ HIIHFWLYH PRWLRQ

VWUDWHJ\ WKDW PLJKW EH WDNHQ E\ D UHDO KXPDQ OHDGHU LQ

OHDGLQJ D JURXS RI SHRSOH�

�� ,PSOHPHQWDWLRQ DQG H[SHULPHQWV

:H KDYH LPSOHPHQWHG WKH FURZG PRWLRQ SODQQHU DQG

VLPXODWRU GHVFULEHG DERYH LQ -D YD DV D VWDQGDORQH VLPXO D�

WLRQ PRGXOH� :H KDYH DOVR LQWHJUDWHG WKH SODQQHU ZLWK D

YLUWXDO HQYLURQPHQW V\VWHP FDOOHG $FWLYH :RUOGV YLD LWV

-DYD $3,� ,Q )L JXUH �� ZH VKRZ VDPSOH VFUHHQ GXPSV RI

WKLV V\VWHP ZLWK LWV �' DQG �' JUDSKLFDO XVHU LQWHUIDFH IRU

D PRUH UHDOLVWLF ZRUOG� 7KH �' LQWHUIDFH LV SU HVHQWHG E\

WKH SODQQHU DW WKH VHUYHU VLGH IRU LQWHUDFWLYH FURZG FRQWUROV

ZKLOH WKH �' EURZVHU� SUHVHQWHG E\ $FWLYH :RUOGV� D S�

SHDUV DW WKH FOLHQW P DFKLQH� 7KH SODQQHU RQO\ QHHGV WR VHW

WKH SRVLWLRQ RI DQ DYDWDU� DQG WKH EURZVHU ZLOO WDNH FDUH RI

JHQHUDWLQJ FRQWLQXRXV ORFRPRWLRQ DQG DSSURSULDWH FKDUD F�

WHU DQLPDWLRQ�

7KH SODQQHU LV LQ LWLDOO\ JLYHQ D JHRPHWULF GHVFULSWLRQ RI

WKH REVWDFOHV LQ WKH ZRUOG IURP D �' �OD\RXW ILOH� 7KH ZRUOG

LV UHSUHVHQWHG E\ D JULG RI ���[���� DQG WKH VDPH UHVRO X�

WLRQ LV XVHG LQ WKH &7 �VSDFH WR VHDUFK IRU D IHDVLEOH SDWK�

7KH SODQQLQJ WLPH IRU HDFK FDOO WR WKH SODQQHU LV XV XDOO\

RQO\ IUDFWLRQV RI D VHFRQG� ZKLFK LV DSSURSULDWH IRU RXU

LQWHUDFWLYH XVH� )RU H[DPSOH� IRU WKH FDVH LQ )LJXUH ��� WKH

SODQQLQJ WLPHV IRU WKH ILUVW DQG VHFRQG FURZGV DUH ���PV

DQG ����PV� UHVSH FWLYHO\� RQ D FRQVLGHUHG ORZ �HQG 3&�

1RWH WKDW WKH SODQQLQ J WLPH IRU D JLYHQ SUREOHP LQVWDQFH LV

LQGHSHQGHQW RI WKH FRPSOH[LW\ RI HQY LURQPHQWDO JHRPHWU\

VLQFH ZH XVH D SUHFRPSXWHG ELWPDS IRU FROOLVLRQ FKHFNV

ZLWK WKH HQYLURQPHQW� 7KH SODQQLQJ WLPH G HSHQGV RQ WKH

QXPEHU RI IROORZHUV VLQFH WKLV QXPEHU G HWHUPLQHV WKH VL]H

RI HVWLPDWHG FURZG UHJLRQ� ,Q DGGLWLRQ� WKH SODQQLQJ WLPH

DOVR GHSHQGV RQ WKH QXPEHU RI OHDGHUV FRH [LVWLQJ LQ WKH

YLUWXDO ZRUOG VLQFH LW DIIHFWV WKH QXPEHU RI LQWHU �DYDWDU

FROOLVLRQ FKHFNV IRU HDFK YLVLWHG FRQILJXU DWLRQ�

,I RQH FRPSDUHV WKH FDVHV RI JHQHUDWLQJ FRRUGLQDWHG

PRWLRQ IRU D OHDGHU RQO\ DQG IRU WKH ZKROH FURZG� WKH VH F�

RQG RQH LV QR GRXEW PRUH FRPSOH[ DQG WLPH FRQVXPLQJ�

+RZHYHU� IRU WKH H[DPSOHV UHSRUWHG LQ SUHYLRXV VHFWLRQ�

WKH SODQQLQJ WLPH IRU WKH VHFRQG FDVH VHHPV WR UHPDLQ DW

WKH VDPH GHJUHH DV IRU WKH ILUVW RQH� 7KH PDLQ UHDVRQ IRU

WKLV HIILFLHQF\ LV PDLQO\ GXH WR WKH XQLILHG YLHZ RI REVW D�

FOHV LQ WKH H[WHQGHG &7 �VSDFH DV H[SODLQHG LQ WKH SUHYLRXV

VHFWLRQ� 7KURXJK HIILFLHQW L PSOHPHQWDWLRQ RI GXSOLFDWLQJ

REVWDFOH UHJLRQV� ZH FDQ UHGXFH W KH RULJLQDO SUREOHP WR D

VHDUFK SUREOHP LQ WKH &7 �VSDFH� ,Q 7DEOH �� ZH FRPSDUH

WKH SHUIRUPDQFH LPSURYHPHQW RI WKLV QHZ PHWKRG RYHU WKH

RULJLQDO VWUDLJKWIRUZDUG PHWKRG LQ ILYH WHVW FDVHV� 7KH QHZ

PHWKRG LV DERXW DQ RUGHU RI PDJQLWXGH IDVWHU WKDQ WKH

RULJLQDO RQH� 7KH SODQQLQJ WLPHV UHSRUWHG KHUH DUH WDNHQ

IRU H[DPSOHV ZLWK WZR FURZGV RI VL]H VL[ HDFK� $OWKRXJK

WKH QXPEHU RI FURZGV DQG WKHLU VL]HV ZLOO DIIHFW SODQQLQJ

WLPHV� WKH WDEOH IRFXVHV RQ FRPSDULQJ WKH UHODWLYH HII L�

FLHQF\ RI XVLQJ GLIIHUHQW FROO LVLRQ�GHWHFWLRQ PHWKRGV� ,Q

IDFW� WKH ODUJHU WKH QXPEHU RI IROOR ZHUV� WKH PRUH WKH

VDYHG WLPH�

�� &RQFOXVLRQV

,Q FRQFOXVLRQ� ZH KDYH SURSRVHG D SODQQLQJ V\VWHP F D�

SDEOH RI JHQHUDWLQJ FRRUGLQDWHG JURVV PRWLRQV IRU PXOW LSOH

FURZGV LQ D YLUWXDO HQYLURQPHQW� 6XFK D SO DQQLQJ SUREOHP

LV GLIILFXOW EHFDXVH RI ODFNLQJ DQ H IIHFWLYH FURZG PRGHO

DQG WKH KLJK GHJUHHV RI IUHHGRP LQYROYHG� :H KDYH SU H�

VHQWHG RXU LQLWLDO DWWHPSW WR DGGUHVV WKLV SODQQLQJ SUREOHP

Table 1. Performance improvement with ex-
tended CT-space computation. 
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Figure 12. Graphical user interfaces for crowd 
simulation: (a) 2D control interface (b) 3D Active 

Worlds browser. 



WR FRPH XS D JRRG� LI QRW JXDUDQWHHG� PRWLRQ SODQ WKDW FDQ

QRW RQO\ EUL QJ WKH FURZGV WR WKHLU JRDOV EXW DOVR DYRLG

LQWHUIHUHQFH EHWZHHQ FURZGV� 7KLV SODQQHU IHDWXUHV D

FURZG VKDSH HVW LPDWLRQ PRGXOH� LQWHJUDWHG YLHZ RI FURZG

PRWLRQ SODQQLQJ� DQG DQ HII LFLHQW LPSOHPHQWDWLRQ RI

VHDUFK URXWLQHV� :H DOVR KDYH SURSRVHG D VXFFHVVIXO PR�

WLRQ VWUDWHJ\ WKDW DOORZV WKH IROORZHUV WR FORVHO\ IROORZ WKH

OHDGHU ZLWKRXW EHLQJ WUDSSHG E\ HQYLURQPHQWDO REVWDFOHV�

7KH SODQQLQJ FDSDELOLW\ DQG HIILFLHQF\ KDYH EHHQ VXFFHV V�

IXOO\ GHPRQVWUDWHG E\ VHYHUDO H[DPSOHV SUHVHQWHG LQ WKLV

SDSHU� 7KH SODQQHU KD V DOVR EHHQ LQWHJUDWHG ZLWK D FR P�

PHUFLDO YLUWXDO ZRUOG WR VLPXODWH UHDOLVWLF FURZG PRWLRQV�

:H EHOLHYH WKDW VXFK D SODQQLQJ V\VWHP FDQ QRW RQO\ H Q�

KDQFH WKH IXQFWLRQV RI D VKDUHG YLUWXDO HQYLURQPHQW EXW

DOVR RSHQ D QHZ GLUHFWLRQ IRU UHDO �WLPH FRPSXWHU DQLP D�

WLRQ IRU KXPDQ FURZGV�

$FNQRZOHGJHPHQW

7KLV ZRUN ZDV SDUWLDOO\ VXSSRUWHG E\ JUDQWV IURP WKH 1 D�

WLRQDO 6FLHQFH &RXQFLO� 52&� XQGHU FRQWUDFW 16&�� �

�����(���������
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