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Abstract 

6LPXODWLRQ RI YLUWXDO KXPDQV KDV EHHQ DQ DFWLYH UHVHDUFK

WRSLF LQ WKH SDVW IHZ \HDUV� 0RVW RI WKHVH UHVHDUFKHV IRFXV

RQ VLPXODWLQJ YDULRXV DVSHFWV RI KXPDQRLG LQVWHDG RI D

FURZG RI SHRSOH� 2Q WKH RWKHU KDQG� VHYHUDO HDUO\ UH�

VHDUFKHV LQ FRPSXWHU DQLPDWLRQ DGGUHVV WKH LVVXH RI VLPX�

ODWLQJ IORFNLQJ EHKDYLRUV IRU FUHDWXUHV VXFK DV ELUGV DQG

ILVKHV� +RZHYHU� WKHVH UHVXOWV GR QRW DSSO\ GLUHFWO\ WR YLU�

WXDO FURZG VLPXODWLRQ EHFDXVH KXPDQ EHLQJV SRVVHVV

KLJKHU GHJUHH RI LQWHOOLJHQFH WKDQ RWKHU DQLPDOV� ,Q WKLV

SDSHU� ZH DWWHPSW WR DGGUHVV WKH LVVXH RI JHQHUDWLQJ FROOL�

VLRQ�IUHH PRWLRQV LQ DQ RQ�OLQH PDQQHU IRU PXOWLSOH YLUWXDO

FURZGV� (DFK YLUWXDO FURZG LV OHG E\ D JURXS OHDGHU� ZKR

LV LQ FKDUJH RI JHQHUDWLQJ PRWLRQV IRU LWV RZQ JURXS ZLWK

WKH PRWLRQV RI RWKHU FURZGV WDNHQ LQWR DFFRXQW� 7KHVH PR�

WLRQV VKRXOG EH FROOLVLRQ�IUHH IURP REVWDFOHV LQ WKH HQYL�

URQPHQW DV ZHOO DV RWKHU FURZGV RI YDULDEOH VL]H� 7KH KLJK

GHJUHHV RI IUHHGRP LQYROYHG LQ WKH FURZG VLPXODWLRQ V\V�

WHP SUHVHQW D JUHDW FKDOOHQJH IRU SDWK 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 HIIL�

FLHQWO\ JHQHUDWH VDWLVIDFWRU\ PRWLRQV� :H EHOLHYH WKDW VXFK

D SODQQLQJ V\VWHP LV D JRRG DGGLWLRQ WR FRQWUROOLQJ JURXSV

RI DYDWDU PRWLRQV LQ D �' YLUWXDO HQYLURQPHQW�

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

YLURQPHQW� 'HFRXSOHG 3DWK 3ODQQLQJ� DQG 0RWLRQ 3ODQQLQJ

IRU 0XOWLSOH 0RYLQJ 2EMHFWV�

�� ,QWURGXFWLRQ

$V FRPSXWHU JUDSKLFV KDUGZDUH DQG QHWZRUN FRPPXQLF D�

WLRQ WHFKQRORJLHV DUH UDSLGO\ HYROYLQJ� �' VKDUHG YL UWXDO

HQYLURQPHQWV KDYH EHFRPH SUHYDOHQW LQ WKH F\EH UVSDFH�

&RQVHTXHQWO\� GHPDQGV IRU EHWWHU DXWKRULQJ WRROV WR FRQWURO

JURXSV RI DYDWDUV LQ D YLUWXDO HQYLURQPHQW DUH DOVR LQFUHD V�

LQJ� )RU H[DPSOH� D ZHOO �FRQWUROOHG FURZG RI SH RSOH ZLOO

LQFUHDVH WKH UHDOLVP RI YLUWXDO VKRSSLQJ LQ D �' VKRSSLQJ

PDOO� 7KH 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 QH WZRUNHG JDPH� ZKHUH WKH

FRPSXWHU PLJKW VLPXODWH VRPH YLUWXDO SOD\HUV� +RZHYHU�

JHQHUDWLQJ WKH PRWLRQV RI D YLUWXDO KXPDQ FURZG LQ UHDO

WLPH UHPDLQV D FKDOOHQJLQJ U HVHDUFK DIWHU WKHVH \HDUV RI

GHYHORSPHQW LQ $UWLILFLDO ,QWHOOLJHQFH� 6RPH SUHYLRXV ZRUN

VXJJHVWV D GLVWULEXWHG DSSURDFK RI DGRSWLQJ UHDFWLYH UXOHV

IRU HDFK LQGLYLGXDO DYDWDU� 7KHVH HPHUJHQW EHKDYLRUV KDYH

EHHQ VKRZQ WR ZRUN ZHOO LQ VLPXODWLQJ WKH PRWLRQ IRU DQ L�

PDOV VXFK DV ELUGV DQG ILVKHV� +RZHYHU� WKHUH DUH QR JXD U�

DQWHHV RQ WKH H[L VWHQFH RI D IHDVLEOH JOREDO SODQ WKDW FDQ

EULQJ WKHVH YLUWXDO FUHDWXUHV WR WKHLU JRDOV� ,Q FRQWUDVW WR

WKHVH HPHUJHQW EHKDYLRUV� KXPDQ EHLQJV µSODQ¶ LQ DGGLWLRQ

WR µUHDFW¶� 7KHUHIRUH� D PRUH LQWH OOLJHQW PHFKDQLVP LV

QHHGHG WR VLPXODWH UHDOLVWLF FURZG PRWLRQV LQ D YLUWXDO H Q�

YLURQPHQW�

$ FRPPRQ FOLHQW �VHYHU DUFKLWHFWXUH IRU D VKDUHG YLUWXDO

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

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

:H ZLOO SUHVHQW D GLVWULEXWHG SDWK �SODQQLQJ VFKHPH IRU

JHQHUDWLQJ WKH PRWLRQV RI PXOWLSOH YLUWXDO FURZGV� (DFK

JURXS RI YLUWXDO KXPDQV LV OHG E\ D OHDGHU� ZKR LV LQ FKDUJH

RI SODQQLQJ WKH PRWLRQ IRU LWV RZQ JURXS ZLWK D JLYHQ JRDO

ORFDWLRQ VSHFLILHG DW UXQ WLPH� 6LQFH ZH DOORZ PXOWLSOH

JURXSV WR PRYH VLPXOWDQHRXVO\� WKH FRPSXWDWLRQDO FR P�

SOH[LW\ IRU VXFK D SDWK �SODQQLQJ SUREOHP LV UDWKHU KLJK�

Figure 1. Overall system architecture 
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7KHUHIRUH� ZH DGRSW D G HFRXSOHG SODQQLQJ DSSURDFK� LQ

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

WKH PRWLRQ FRQVWUDLQW RI WKH FXUUHQW OHDGHU XQGHU FRQVLGHU D�

WLRQ� 7KH SODQQHU FDQ DOVR HVWLPDWH WKH VKDSH DQG VSDFH

RFFXSLHG E\ HDFK JURXS GXULQJ SDWK H[HF XWLRQ VR WKDW WKH

PRWLRQ 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 HIILFLHQF\ RI

VXFK D SODQQLQJ VFKHPH DUH GHPR QVWUDWHG WKURXJK VHYHUDO

H[DPSOHV WR EH SU HVHQWHG LQ WKLV SDSHU�

: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 DUWLILFLDO OLIH DQG SDWK SODQQLQJ� ,Q WKH WKLUG

VHFWLRQ� ZH ZLO O JLYH DQ RYHUYLHZ RI WKH SODQQLQJ SUR EOHP

FRQVLGHUHG LQ RXU V\VWHP DQG RXU GHFRXSOHG D SSURDFK WR

WKLV SUREOHP� ,Q WKH IRXUWK VHFWLRQ� ZH ZLOO GHVFULEH KRZ

ZH HVWLPDWH WKH VKDSH DQG VL]H RI D YLUWXDO FURZG DW D JLYHQ

ORFDWLRQ DQG KRZ ZH DFFRXQW IRU WKLV VL ]H LQ WKH SDWK SOD Q�

QHU� 7KHQ ZH ZLOO SUHVHQW VRPH LPSOHPHQWDWLRQ DQG H [�

SHULPHQWDO LVVXHV� )LQDOO\� ZH ZLOO FRQFOXGH WKH SDSHU LQ

WKH ODVW VHFWLRQ�

�� 5HODWHG :RUN

6LPXODWLRQ RI HPHUJHQW EHKDYLRUV VXFK DV IORFNLQJ KDV

EHHQ ZLGHO\ XVHG LQ FUHDWLQJ UHDOLVWLF DQ LPDWLRQV IRU JURXSV

RI YLUWXDO FUHDWXUHV VXFK DV ILVKHV RU ELUGV� >��@>��@ %\

DSSO\LQJ VLPSOH HPHUJHQW UXOHV WR HDFK FKD UDFWHU� RQH FDQ

VLPXODWH UHDOLVWLF IORFNLQJ EHKDYLRU IRU DQLPDOV� +R ZHYHU�

LW LV GLIILFXOW WR VLPXODWH D FURZG RI SHRSOH VLPSO\ ZLWK

WKHVH SULQFLSOHV EHFDXVH KXPDQ� DV DQ LQWHOOLJHQW FKDUDFWHU�

SRVVHVVHV KLJKHU GHJUHH RI LQWHOO LJHQFH�

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

LQFRUSRUDWLQJ SUDFWLFDO DUWLILFLDO LQWHO OLJHQFH 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� 5HVHDUFKHV LQ YL U�

WXDO KXPDQ DOVR FRQVLGHU WKH S UREOHP RI FUHDWLQJ UHDOLVWLF

KXPDQRLG JURXS PRWLRQV WKURXJK YDULRXV OHYHOV RI FR Q�

WUROV� >�@>�@>��@>��@ +RZHYHU� PRVW RI WKHVH UHVHDUFKHV GR

QRW DFFRXQW IRU JHRPHWULF UHDVRQLQJ SUREOHPV VXFK DV SDWK

SODQQLQJ� 2Q WKH RWKHU KDQG� P RWLRQ�SODQQLQJ WHFKQLTXHV

KDYH EHHQ VXFFHVVIXOO\ XVHG LQ DXWRPDWLF PRYLH JHQHU D�

WLRQ>�@ RU FXVWRPL]HG WRXU JXLGLQJ >��@� DOWKRXJK WKH\ XV X�

DOO\ IRFXV RQ JHQHUDWLQJ GH [WHURXV PRWLRQV IRU D VLQJOH

KXPDQ RQO\� 2XU HDUOLHU ZRUN >��@ SURSRVHG WKH LGHD RI

XVLQJ PRWLRQ SODQQLQJ WHF KQLTXHV DV ZHOO DV WKH SULQFLSOHV

RI DUWLILFLDO OLIH >��@ WR GLUHFW WKH YLUWXDO FURZGV LQWHUD F�

WLYHO\� +RZHYHU� WKH SODQQLQJ FDSDEL OLW\ IRU D OHDGHU DYDWDU

LQ WKDW ZRUN LV OLPLWHG WR WKH OHDGHU RQO\ L QVWHDG RI WKH

ZKROH JURXS�

,Q URERWLFV� HIILFLHQW PRWLRQ SODQQLQJ DOJRULWKPV 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 VLPXODWH KXPDQ FURZGV� 'LVWUL EXWHG LQWHUDFWLYH

VLPXODWLRQ �',6� DQG VKDUHG YLUWXDO HQY LURQPHQWV �69(�

KDYH DOVR EHHQ DFWLYH UHVHDUFK ILHOGV IRU PRUH WKDQ D GH F�

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

WUDQVPLVVLRQ HIILFLHQF\� DQG VFHQH PDQDJHPHQW� ,Q UHFHQW

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

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

IDFHV IRU LPSO HPHQWLQJ YLUWXDO DYDWDUV �RU FDOOHG ERWV��

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

YLUWXDO FURZGV�

�� 'HFRXSOHG 3ODQQLQJ IRU 0XOWLSOH /HDGHUV

,Q WKLV VHFWLRQ� ZH FRQVLGHU WKH EDVLF SUREOHP RI JHQHUD WLQJ

FROOLVLRQ�IUHH PRWLRQV IRU PXOWLSOH JURXS OHDGHUV� :H ZLOO

ILUVW JLYH D JHQHUDO GHVFULSWLRQ RI WKH SODQQLQJ SUR EOHP DQG

QHFHVVDU\ DVVXPSWLRQV ZH PDGH� 7KHQ ZH ZLOO SUHVHQW RXU

DSSURDFK WR WKLV EDVLF SUREOHP� :H Z LOO DOVR FRQFOXGH WKLV

VHFWLRQ E\ VRPH H[DPSOHV IURP RXU H[SHU LPHQWV�

���� %DVLF 3DWK�3ODQQLQJ 3UREOHP

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

LQ D YLUWXDO ZRUOG� 7KH YLUWXDO ZRUOG LV 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\ FRQVLGHU WKH PRWLRQV IRU OHDGHUV DQG WDNH IR O�

ORZHUV LQWR DFFRXQW LQ WKH QH[W VHFWLRQ� :H D VVXPH WKDW

HDFK OHDGHU KDV WKUHH G HJUHHV RI IUHHGRP �'2)¶V� � [� \� θ�
ZKHQ WKH\ PRYH RQ WKH JURXQG� 7KH SDUDPHWHU VSDFH IRU

HDFK OHDGHU� 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 LQG L�

YLGXDO &�VSDFH �&�x&�x…x&P�� ZKHUH P LV WKH QXPEHU RI

OHDGHUV� $W DQ\ WLPH GXULQJ WKH VLPXO DWLRQ� RXU V\VWHP KDV

WR PDNH VXUH WKDW WKH JHQHUDWHG PRWLRQV IRU HDFK OHDGHU LV

UHDOLVWLF DQG VDIH� ,Q RWKHU ZRUGV� WKH PRWLRQV PXVW EH FR Q�

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

REVWDFOHV LQ WKH HQYLUR QPHQW� (DFK OHDGHU� ZKHQ EHFRPLQJ

LGOH� ZLOO EH DVVLJQHG D JRDO FRQILJXUDWLRQ DW UXQ WLPH

WKURXJK DQ LQWHUDFWLYH LQWH UIDFH RU D VFULSW�

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

ZH DVVXPH WKDW HDFK DYDWDU �OHDGHU RU IROO RZHU� LV UHSUH�

VHQWHG E\ DQ HQFORVLQJ FLUFOH RI UDGLXV U� 'XH WR WKH JH R�

PHWULF 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[D P�

SOH� ZH FDQ UHTXLUH WKDW D OHDGHU DOZD\V IDFH WKH WD QJHQWLDO

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

GHWHFWLRQV PRUH HIILF LHQW GXULQJ SODQQLQJ� ZH XVH D GLVFUHWH

DSSURDFK E\ UHSUHVHQWLQJ WKH SRO\JRQDO REVW DFOHV ZLWK D



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

WKH REVWDFOH UHJLRQV� FDOOHG &�REVWDFOHV� LQ WKH &�VSDFH IRU

HDFK OHDGHU� 7KLV FRPSXWDWLRQ RQO\ QHHGV WR EH GRQH RQFH

LQLWLDOO\ ZKHQ REVWDFOH FRQILJ XUDWLRQV EHFRPH NQRZQ�

$OWKRXJK WKH SDWK �SODQQLQJ SUREOHP KDV EHHQ ZLGHO\ VWX G�

LHG IRU WKH SDVW WKUHH GHFDGHV� RQH VWLOO FDQQRW HVFDSH WKH

FXUVH RI GLPHQVLRQDOLW\ ZKHQ VROYLQJ VXFK D SUREOHP� ,Q�

GHHG� WKH SODQQLQJ SUREOHP EHFRPHV YHU\ GLIILFXOW IRU V\ V�

WHPV ZLWK KLJK '2)¶V VXFK DV FRRUGLQDWLQJ WKH P RWLRQV RI

PXOWLSOH PRELOH URERWV� 7KH VFHQDULR RI YLUWXDO FURZGV L Q�

KHUHQWO\ KDV VXFK KLJK FRPSOH[LW\� )RU H[DPSOH� WKH QX P�

EHU RI GLPHQVLRQV IRU WKH FRPSRVLWH & �VSDFH �&� LV �Q�

ZKHUH Q LV WKH QXPEHU RI YLUWXDO DYDWDUV� 6LQFH WKH VL]H RI D

&�VSDFH JURZV H[SRQHQWLDOO\ LQ WKH QXPEHU RI GLPHQVLRQV�

D FRPSOHWH SODQQLQJ V\VWHP GHHPV WR EH LQIHDVLEOH�

���� '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 D S�

SURDFKHV FRQVLGHU WKH FRPSRVLWH & �VSDFH RI WKH ZKROH V\ V�

WHP� ZKLFK FRXOG EH LPSUDFWLFDO WR VHDUFK H[KDX VWLYHO\�

6RPH SUDFWLFDO UDQGRPL]HG DOJRULWKPV VDFULILFLQJ FR P�

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

KDQG� WKH GHFRXSOHG DSSURDFKHV XVXDOO\ RQ O\ FRQVLGHU RQH

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

ERW LV SODQQHG LQGHSHQGHQWO\ DQG WKHQ WKHLU PRWLRQV DUH

FRRUGLQDWHG E\ YHORFLW\ WXQLQJ WHFKQLTXHV� >�@ $QRWKHU GH�

FRXSOHG DSSURDFK DVVXPHV WKDW URERW PRWLRQV DUH JHQHUDWHG

VHTXHQWLDOO\� DQG HDFK URERW LV SODQQHG XQGHU WKH FRQVWUDLQW

RI RWKHU URERWV ZKRVH P RWLRQV DUH JHQHUDWHG HDUOLHU�

,Q RXU FURZG VLPXODWLRQ V\VWHP� ZH WDNH WKH ODVW GHFRX SOHG

DSSURDFK E\ GHFRPSRVLQJ WKH RYHUDOO SODQQLQJ SUR EOHP IRU

PXOWLSOH OHDGHUV LQWR VPDOOHU VXESUREOHPV� (DFK RI WKHVH

VXESUREOHPV FRQVLGHUV RQH OHDGHU DW D WLPH XQGHU WKH FR Q�

VWUDLQWV RI RWKHU OHDGHUV¶ PRWL RQV� 7KH VDPH DSSURDFK KDV

EHHQ VXFFHVVIXOO\ XVHG LQ SODQQLQJ WKH PRWLRQV RI PX OWLSOH

URERWLF DUPV LQ DQ RQ �OLQH PDQQHU� >��@ $OWKRXJK WKLV D S�

SURDFK LV QRW FRPSOHWH LQ Q DWXUH� LW ILWV RXU DSSOLFDWLRQ

TXLWH ZHOO VLQFH WKH QHHGV I RU SDWK SODQQLQJ KDSSHQ VHTXH Q�

WLDOO\� 7KH SODQQHU LV FDOOHG RQ G HPDQG ZKHQ WKH JRDOV IRU

WKH OHDGHUV DUH VSHFLILHG LQWHUD FWLYHO\ DW UXQ WLPH E\ D XVHU

RU E\ D VFULSW�

$W WKH LQVWDQW ZKHQ WKH JRDO IRU D OHDGHU LV VSHFLILHG� WKH

SODQQHU WULHV WR JHQHUDWH D SDWK IRU WKH OHDGHU WKDW GRHV QRW

FDXVH DQ\ FROOLVLRQV ZLWK RWKHU JURXS OHDGHUV DV ZHOO DV WKH

VWDWLF REVWDFOHV LQ WKH HQYLUR QPHQW� 7KH SDWK RI WKH LWK

JURXS OHDGHU �GHQRWHG E\ τL
� L  � WR P� LV NQRZQ DV D IXQ F�

WLRQ RI WLPH W HYHQ LI LW LV VWDWLF � ,Q RXU GHFRXSOHG DSSURDFK�

ZH DXJPHQW WKH & �VSDFH IRU WKH NWK OHDGHU XQGHU FRQVLGHU D�

WLRQ E\ WKH WLPH GLPHQVLRQ WR IRUP WKH VR �FDOOHG &RQILJX�

UDWLRQ 7LPH 6SDFH �&7�VSDFH�� DV LOOXVWUDWHG LQ )LJXUH ��

7KHUH DUH WZR W\SHV RI IRUELGGHQ U HJLRQV LQ WKH &7 �VSDFH

UHSUHVHQWLQJ R EVWDFOH UHJLRQV WKDW WKH OHDGHU VKRXOG DYRLG

HQWHULQJ� 2QH � VWDWLF &�REVWDFOHV� GHQRWHG E\ 6&%� LV GXH

WR WKH VWDWLF HQYLURQPHQWDO REVWDFOHV ZKLOH WKH RWKHU � G\�

QDPLF &�REVWDFOHV� GHQRWHG E\ '&%� LV GXH WR RWKHU PR Y�

LQJ OHDGHUV� 1RWH WKDW 6&% LV D[LV�SDUDOOHO H[WUXVLRQ RI �'

REVWDFOHV LQ WLPH ZKLOH '&%¶V DUH FXUYH H[WUXVLRQV RI WKH

REVWDFOH UHJLRQV GXH WR RWKHU PRYLQJ OHDGHUV� :KHQ WKH LWK

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

VWD\ WKHUH XQOHVV RWKHUZLVH LQVWUXFWHG� (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 FROO LVLRQ�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 D YLUWXDO DYDWDU PXVW EH ZLWKLQ

VRPH UHDVRQDEOH OLPLW� WKHU HIRUH� WKH VORSH DW DQ\ SRLQW

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

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

�PD[LPDO YHORFLW\� �

Figure 2. Searching for a feasible path amongst ob-
stacle regions in the CT-space 

�D� �E�

Figure 3. Example of (a) artificial potential field and 
(b) distance map in workspace (values in gray scale) 
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: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 KH XULVWLF IRU

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

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

HQYLURQPHQWDO REVWDFOHV� $Q H[DPSOH RI WKH SRWHQWLDO ILHOG

LV VKRZQ LQ )LJXUH ��D�� 7KH EHVW �ILUVW DOJRULWKP U HWXUQV D

OHJDO FROOLVLRQ�IUHH SDWK ZKHQ WKH VHDUFK VXFFHHGV DQG

JLYHV XS ZKHQ DOO SRVVLEOH FRQILJXUDWLRQV KDYH EHHQ YL V�

LWHG� 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 FRQILJXU DWLRQ LQ WKH &7�

VSDFH PXVW KDYH D WLPH YDOXH WKDW LV HTXDO WR RU JUHDWHU WKDQ

WKH ODWHVW ILQLVK WLPH RI DOO RWKHU OHDGHUV� )RU LQVWDQFH� LQ

)LJXUH �� 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 WKUHH 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 DVLGH WKH

OHDGHUV LQGLFDWH WKH RUGHU LQ ZKLFK WKH\ DUH SODQQHG� 7KH

SODQQLQJ WLPHV IRU WKHVH H[DPSOHV DUH PHDVXUHG RQ D UHJ X�

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

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

EHIRUH OHDGHU � ¶V� DQG LW EHFDPH D PRWLRQ FRQVWUDLQW IRU

OHDGHU �� &RQV HTXHQWO\� OHDG HU � KDV WR ZDLW IRU OHDGHU � WR

SDVV WKH QDUURZ SDVVDJH DPRQJVW REVWDFOHV EHIRUH LW FDQ

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

OHDGHU � DQG �� UHVSHFWLYHO\� ,Q )LJXUH �� ZH VKRZ DQ H [�

DPSOH ZKHUH OHDGHU � FDQ UHDFK LWV JRDO HDUOLHU EXW LW LV QR W

DOORZHG WR GR VR EHFDXVH LWV JRDO FR QILJXUDWLRQ LV LQ WKH

ZD\ RI OHDGHU � ¶V PRWLRQ� 7KH SDWK SODQQHU LV U HTXLUHG WR

HQVXUH WKDW QR FROOLVLRQV FRXOG KDSSHQ WLOO DOO RWKHU OHDGHUV

VWRS� 7KDW LV� WKH WLPH YDOXH RI D JRDO FR QILJXUDWLRQ LQ WKH

&7�VSDFH PXVW EH ODUJHU WKDQ WKH ILQLVK WLPHV RI DOO RWKHU

PRWLRQV� 7KH SODQQLQJ WLPHV IRU WKLV H[DPSOH DUH ���PV

DQG ����PV IRU OHDGHU � DQG �� UHVSHFWLYHO\� ([DPSOH � LV

D FRPSOH[ H[DPSOH LQYROYLQJ IRXU OHDGHUV PRYLQJ DFURVV D

FRPPRQ UHJLRQ IURP GL IIHUHQW GLUHFWLRQV� $ V WKH QXPEHU RI

OHDGHUV EHFRPH ODUJH� LW EHFRPHV DOPRVW LPSRVVLEOH IRU D

KXPDQ WR FRRUGLQDWH WKHLU PRWLRQV E\ LQVSHFWLRQ� 7KH DYH U�

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

���PV�

�D� �E� �F� �G�

Figure 6. Example 3: an example of coordinated crossing motions for four leaders 

�D� �E� �F� �G�

Figure 5. Example2: an example of coordinated motions requiring path extension 

�D� �E� �F� �G�

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



�� 0RWLRQ 3ODQQLQJ IRU 0XOWLSOH &URZGV

,Q WKLV VHFWLRQ ZH ZLOO H[WHQG WKH SDWK SODQQHU GHVFULEHG LQ

WKH SUHYLRXV VHFWLRQ 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 FKDOOHQJLQJ

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

:KHQ WKH PRWLRQ RI D OHDGHU KDV EHHQ GHWHUPLQHG� WKH P R�

WLRQV IRU LWV IROORZHUV FDQ EH JHQH UDWHG HLWKHU E\ SOD QQLQJ

RU E\ UHDFWLYH UXOHV� ,Q HLWKHU FDVH� IRU WKH FURZG PRWLRQV WR

EH UHDOLVWLF� ZH FDQ DVVXPH WKDW WKH IROORZHUV ZLOO FORVHO\

IROORZ WKHLU OHDGHU DQG IRUP D FURZG RI VRPH VKDSH EHKLQG

WKH OHDGHU� +RZHYHU� VLQFH WKH FURZG LV IOH[LEOH D QG FRQ�

IRUPLQJ WR WKH HQYLURQPHQW DW UXQ WLPH� LW LV GLIILFXOW 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 F�

WLYHV LQ PLQG� ) LUVW� ZKHQ D OHDGHU SODQV LWV PRWLRQ� LW

VKRXOG WDNH LQWR D FFRXQW QRW RQO\ RWKHU OHDGHUV EXW DOVR WKH

FURZGV WKH\ OHDG� 6HFRQG� D OHDGHU VKRXOG QRW RQO\ SODQ IRU

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

H[WHQGLQJ WKH SDWK �SODQQLQJ SURE OHP IRU PXOWLSOH REMHFWV

RI IL[HG JHRPHWU\ WR WKH SUREOHP IRU PXOWLSOH REMHFWV RI

YDULDEOH VKDSHV� +R ZHYHU� 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[L EOH

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 G H�

VFULEH RXU DWWHPSW WR PRGHO WKLV SODQQLQJ SULQFLSOH DQG WR

JHQHUDWH D UHDVRQDEO\ JRRG SODQ IRU FURZG PRWLRQV�

���� &URZG VKDSH HVWLPDWLRQ

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

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

GHSWK RI WKH PRYLQJ FURZG LQ WKLV VXEVHFWLRQ� :H DVVXPH

WKDW WKH IROORZHUV ZLO O JDWKHU EHKLQG WKH OHDGHU� WKHU HIRUH�

WKH WUDFH RI WKH OHDGHU IRUPV DQ D[LV IRU WKH FURZG¶V HVW L�

PDWHG VKDSH DV VKRZQ LQ )LJXUH �� 7KH ORQJHU WKH SDWK

VHJPHQW ZH FRQVLGHU� WKH ODUJHU WKH U HJLRQ EHKLQG WKH

OHDGHU WKDW FDQ DFFRPPRGDWH IROORZHUV� 7KH PLQLPDO

OHQJWK RI WKLV SDWK VHJPHQW G HSHQGV QRW RQO\ RQ WKH QXPEHU

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 HVW L�

PDWH WKH DUHD IRU DFFRPPRGDWLQJ IROORZHUV� 'L LV D IXQF�

WLRQ RI WKH QXPEHU RI IROORZHUV DV LOOXVWUDWHG LQ )L JXUHV

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

JURXS� ,I WKH DUHD FDQQRW DFFRPPRGDWH DOO IROOR ZHUV� ZH

ZLOO VZHHS WKH KDOI FLUFOH EDFNZDUG DORQJ WKH WUDFH RI WKH

OHDGHU¶V SDWK XQWLO WKH DUHD IRU W KH FURZG UHJLRQ � 5L� LV

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

EH DGMXVWHG DFFRUGLQJ WR WKH VXUURXQGLQJ HQYLUR QPHQW

ZKHUH WKH OHDGHU VWDQGV� 7R JHW DQ LGHD RI KRZ IDU WKH

OHDGHU LV IURP HQYLURQPHQWDO REVWDFOHV� ZH FRPSXWH D Q X�

PHULFDO /� GLVWDQFH PDS �G HQRWHG E\ '0� DV VKRZQ LQ

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

WKLV ORFDWLRQ 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 YDOXH� $V GHSLFWHG LQ )L JXUHV ��F�

DQG ��G�� WKH FURZG UHJLRQ FKDQJHV LWV VKDSH DV WKH OHDGHU

PRYHV WKURXJK D QDUURZ SDVVDJH� 2QFH ZH KDYH GHWH U�

PLQHG 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

Figure 7. Crowd region estimation 
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Figure 8. Examples of crowd regions: (a)(b) are for 
different number of followers, and (c)(d) are at differ-

ent locations 
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OL WKH ORQJLWXGLQDO GHSWK RI D FURZG ZKHQ WKH OHDGHU LV DW

FRQILJXUDWLRQ TL�

���� 3ODQQLQJ FURZG PRWLRQV

:H ILUVW H[WHQG WKH GHFRXSOHG SDWK SODQQHU GHVFULEHG LQ

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

DGGLWLRQ WR WKHLU OHD GHUV� 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 DE RYH PHWKRG

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

PRGLI\ WKH FROOLVLRQ GHWHFWLRQ URXWLQH LQ WKH SODQQHU WR FR Q�

VLGHU D OLVW RI FRQILJXUDWLRQV IRU HDFK OHDGHU WUHDWHG DV D

G\QDPLF REVWDFOH� 7KH QXPEHU RI FR QILJXUDWLRQV WR FKHFN

IRU HDFK OHDGHU ZLOO GHSHQG RQ WKH ORQJLWXGLQDO 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"

8QOLNH WKH SUHYLRXV SUREOHP� ZH FDQQRW JXDUDQWHH VR E H�

FDXVH WKH VXEMHFW RI RXU SODQQLQJ LV WKH OHDGHU RQO\� 7R

DGGUHVV WKLV SUREOHP� ZH KDYH WR FRQVLGHU PRUH WKDQ WKH

OHDGHU� )RU H[DPSOH� ZH FDQ SODQ IRU D OLVW RI OHDGHU FR Q�

ILJXUDWLRQV DORQJ WKH ORQJLWXGLQDO GHSWK RI WKH FURZG� +R Z�

HYHU� ZH GR QRW NQRZ WKH SDVW WUDFH RI D OHDGHU DW D JLYHQ

FRQILJXUDWLRQ VLPSO\ EHFDXVH ZH DUH VWLOO LQ WKH SUR FHVV RI

VHDUFKLQJ IRU D IHDVLEOH SDWK� 7KHU HIRUH� ZH DVVXPH WKDW OL
EH D IL[HG YDOXH SURSRU WLRQDO WR WKH QXPEHU RI IR OORZHUV�

'XULQJ WKH VHDUFK� D FRQILJXU DWLRQ LV OHJDO RQO\ LI WKH OHDGHU

ZLOO UHPDLQ FROOLVLRQ �IUHH IRU GXUDWLRQ RI OL VWDUWLQJ IRUP WKH

FXUUHQW FRQILJXU DWLRQ 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 LRXV

VXEVHFWLRQ� ZH KDYH WR LQFUHDVH WKH QX PEHU RI FDOOV WR WKH

LQWHU�DYDWDU FROOLVLRQ GHWHFWLRQ URXWLQH IRU HDFK FRQILJXU D�

WLRQ IURP P�� WR �P���x�OF�x�OR�� 7KH SHUIRUPDQFH IRU VXFK
D SODQQHU ZLOO GHILQLWHO\ VXIIHU EHFDXVH LW GHSHQGV RQ WKH

VL]HV RI WKH FURZGV� DQG FROOLVLRQ GHWH FWLRQV DUH WKH PRVW

IXQGDPHQWDO DQG WLPH �FRQVXPLQJ URXWLQH GXULQJ WKH VHDUFK�

+RZHYHU� ZLWK WKH IROORZLQJ REVHUYDWLRQV� ZH FDQ UHGXFH

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

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

EHWZHHQ WZR OHDGHUV �WZR VPDOOHU FLUFOHV� LV DQ HQODUJHG

FLUFOH� 7KHUHIRUH� LQVWHDG RI FKHFNLQJ FROOLVLRQV EHWZHHQ

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

WKH RQH VKRZQ LQ )LJXUH �� E\ PDU NLQJ WKH WUDFH RI WKH

HQODUJHG FLUFOH DV REVWDFOHV DORQJ WKH WLPH GLPHQVLRQ� ,Q

DGGLWLRQ� ZKHQ ZH FRQVLGHU WKH ORQJLWXGLQDO GHSWK RI D Q�

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

HQODUJH FLUFOH IRU WK DW FRQILJXUDWLRQ IRUZDUG LQ WLPH IRU WKH

UHTXLUHG OHQJWK� )XUWKHUPRUH� ZKHQ ZH FRQVLGHU WKH ORQJ L�

WXGLQDO GHSWK RI WKH FURZG XQGHU SODQQLQJ� ZH KDYH WR

PDNH VXUH WKDW D FRQILJXU DWLRQ UHPDLQV FROOLVLRQ �IUHH IRU D

IL[HG SHULRG RI WLPH� 7KLV LV HTXLYDOHQW WR F RS\ DOO REVWDFOH

UHJLRQV LQ &7�VSDFH EDFNZDUG LQ WLPH IRU WKDW GXUDWLRQ�

7KHUHIRUH� E\ FRS\LQJ REVWDFOHV UHJLRQV IR UZDUG DQG

EDFNZDUG LQ &7 �VSDFH� ZH FDQ UHGXFH WKH 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 SODQQLQJ WLPH IRU

JHQHUDWLQJ FURZG PRWLRQV�

�D� �E� �F� �G�

Figure 9. Example of motion plans for two virtual crowds consisting of 5 followers 

�D� �E� �F� �G�

Figure 10. Another example of motion plans for two virtual crowds consisting of 15 followers 



���� ([DPSOHV

,Q )LJXUHV � DQG ��� ZH VKRZ VQDSVKRWV RI FURZG P RWLRQV

JHQHUDWHG E\ RXU SODQQHU IRU � DQG �� IROORZHUV� UHVSH F�

WLYHO\� 7KH OHDGHU DQG IROORZHUV LQ D FURZG DUH GHSLFWHG LQ

JUHHQ DQG EOXH� UHVSHFWLYHO\� 7ZR FURZGV 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 V LQFH WKH VHFRQG FURZG LV

VWDWLF DW WKH WLPH RI SOD QQLQJ� $ VWUDLJKW �OLQH SDWK WRZDUG WR

WKH ULJKW LV JHQHUDWHG� :KHQ WKH SOD QQHU LV HYRNHG IRU WKH

VHFRQG OHDGHU� LW KDV WR WDNH WKH P RWLRQV RI WKH ILUVW FURZG

DQG LWV RZQ IROORZHUV LQWR D FFRXQW� ,Q WKH FDVH LQ )LJXUH ��

VLQFH WKHUH DUH RQO\ � IROORZHUV� WKH ORQJLWXG LQDO GHSWK RI

WKH FURZG LV VKRUW HQRXJK IRU LW WR VDIHO\ FURVV WKH SDWK

VHJPHQW QRW \HW H[HFXWHG RQ WKH ULJKW� +RZHYHU� LQ WKH VH F�

RQG FDVH RI �� IROORZHUV� WKH VL]H RI WKH FURZG SURKLELWV

WKH OHDGHU WR WDNH VXFK D ULVN\ PRYH� ,QVWHDG� WKH RQO\ IH D�

VLEOH SODQ LV WR ZDLW XQWLO WKH ILUVW FURZG SDVV WKH FRPPRQ

DUHD DQG WKHQ FRQWLQXH OHDGLQJ LWV FURZG GRZQZDUG� 1RWH

WKDW LQVWHDG RI EHLQJ ZDLWLQJ� WKH VH FRQG FURZG PDNHV D

VPDUW PRYH WR WKH OHIW VR WKDW LW FDQ SDVV WKH ILUVW FURZG

HDUOLHU�

�� ,PSOHPHQWDWLRQ DQG ([SHULPHQWV

:H KDYH LPSOHPHQWHG WKH FURZG PRWLRQ SODQQHU G HVFULEHG

DERYH LQ -DYD DV D VWDQGDORQH VLPXODWLRQ PR GXOH� :H KDYH

DOVR LQWHJUDWHG WKH SODQQHU ZLWK D YLUWXDO HQYLURQPHQW V\ V�

WHP FDOOHG $FWLYH :R UOGV YLD LWV -DYD $3,� ,Q )LJXUH �� ZH

VKRZ VDPSOH VFUHHQ GXPSV RI WKLV V\VWHP ZLWK LWV �' DQG

�' JUDSKLFDO XVHU LQWHUIDFH IRU D PRUH UHDOLVWLF ZRUOG� 7KH

�' LQWHUIDFH LV SUHVHQWHG E\ WKH SODQQHU DW WKH VHUYHU VLGH

IRU LQWHUDFWLYH FURZG FRQWUROV ZKLOH WKH �' EURZVHU� SU H�

VHQWHG E\ $FWLYH :RUOGV� DSSHDUV DW WKH FOLHQW P DFKLQH�

7KH SODQQHU LV LQLWLDOO\ 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 UHVROXWLRQ

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

SODQQLQJ WLPH IRU HDFK FDOO WR WKH SODQQHU LV XVXDOO\ RQO\

IUDFWLRQV RI D VHFRQG� ZKLFK LV DSSURSULDWH IRU RXU LQWHUD F�

WLYH XVH� )RU H[DPSOH� IRU WKH FDVH LQ )L JXUH �� WKH SODQQLQJ

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

UHVSHFWLYHO\� )RU WKH FDVH LQ )LJXUH ��� WKH SODQQLQJ WLPH

IRU WKH VHFRQG FURZG LQFUHDVHV WR ����PV� ZKLFK LV VWLOO

UHDVRQDEOH IRU RXU LQWHUDFWLYH D SSOLFDWLRQ� 7KH SODQQLQJ

WLPH LV ORQJHU LQ WKLV FDVH SDUWO\ EHFDXVH LW WD NHV D ORQJHU

WLPH �DERXW ��� RI SODQQLQJ WLPH� WR HVW LPDWH WKH VKDSH RI

D ODUJHU FURZG�

,I RQH FRPSDUHV WKH FDVHV RI JHQHUDWLQJ FR RUGLQDWHG PRWLRQ

IRU D OHDGHU RQO\ DQG IRU WKH ZKROH FURZG� WKH VH FRQG RQH

LV QR GRXEW PRUH FRPSOH[ DQG WLPH FRQVXPLQJ� +RZHYHU�

IRU WKH H[DPSOHV UHSRUWHG LQ SUHYLRXV VHFWLRQ� WKH SOD QQLQJ
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JUHH DV IRU WKH ILUVW RQH� 7KH PDLQ UHDVRQ IRU WKLV HIILFLHQF\

LV PDLQO\ GXH WR WKH XQLILHG YLHZ RI REVWDFOHV LQ WKH H [�

WHQGHG &7�VSDFH DV H[SODLQHG LQ WKH SUHY LRXV VHFWLRQ�

7KURXJK HIILFLHQW LPSOHPHQWDWLRQ RI GXSO LFDWLQJ REVWDFOH

UHJLRQV� ZH FDQ UHGXFH WKH RULJLQDO SU REOHP WR D VHDUFK
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YLUWXDO HQYLURQPHQW� 6XFK D SODQQLQJ SUREOHP LV GLIILFXOW

EHFDXVH RI ODFNLQJ DQ HIIHFWLYH FURZG PRGHO DQG WKH KLJK

GHJUHHV RI IUHHGRP LQYROYHG� :H KDYH SUHVHQWHG RXU LQLWLDO

DWWHPSW WR DGGUHVV WKLV SOD QQLQJ SUREOHP WR FRPH XS D
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Figure 11. Graphical user interfaces for crowd simu-
lation: (a) 2D control interface (b) 3D Active Worlds 

browser 

Table 1. Performance improvement with extended 
CT-space computation 
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GHPRQVWUDWHG E\ VH YHUDO H[DPSOHV SUHVHQWHG LQ WKLV SDSHU�
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YLUWXDO ZRUOG WR VLPXODWH UHDOLVWLF FURZG PRWLRQV� :H E H�

OLHYH WKDW VXFK D SODQQLQJ V\VWHP FDQ QRW RQO\ HQKDQFH WKH

IXQFWLRQV RI D VKDUHG YLUWXDO HQYLURQPHQW EXW DOVR RSHQ D

QHZ GLUHFWLRQ IRU UHDO �WLPH FRPSXWHU DQLP DWLRQ IRU KXPDQ

FURZGV�
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