
,QFHQWLYH &RPSDWLEOH 0RYLQJ 7DUJHW 'HIHQVH DJDLQVW
90�&RORFDWLRQ $WWDFNV LQ &ORXGV

<XORQJ =KDQJ�� 0LQ /L�� .XQ %DL�� 0HQJ <X�� DQG :DQ\X =DQJ�

� &RPSXWHU 6FLHQFH 'HSDUWPHQW� 9LUJLQLD &RPPRQZHDOWK 8QLYHUVLW\
��� :� 0DLQ 6WUHHW� 5LFKPRQG� 9$ ������ 86$

� ,%0 7�-� :DWVRQ 5HVHDUFK &HQWHU
�� 6N\OLQH 'U�� +DZWKRUQH� 1< ������ 86$

$EVWUDFW� &ORXG FRPSXWLQJ KDV FKDQJHG KRZ VHUYLFHV DUH SURYLGHG DQG VXSSRUWHG
WKURXJK WKH FRPSXWLQJ LQIUDVWUXFWXUH� +RZHYHU� UHFHQW ZRUN >��@ UHYHDOV WKDW YLUWXDO
PDFKLQH �90� FRORFDWLRQ EDVHG VLGH�FKDQQHO DWWDFN FDQ OHDN XVHUV¶ SULYDF\� 7HFK�
QLTXHV KDYH EHHQ GHYHORSHG DJDLQVW VLGH�FKDQQHO DWWDFNV� 6RPH RI WKHP OLNH 1R+\SH
UHPRYH WKH K\SHUYLVRU OD\HU� ZKLFK VXJJHVWV UDGLFDOO\ FKDQJHV RI WKH FXUUHQW FORXG
DUFKLWHFWXUH� :KLOH VRPH RWKHU WHFKQLTXHV PD\ UHTXLUH QHZ SURFHVVRU GHVLJQ WKDW LV
QRW LPPHGLDWHO\ DYDLODEOH WR WKH FORXG SURYLGHUV�
,Q WKLV SDSHU� ZH SURSRVH WR FRQVWUXFW DQ LQFHQWLYH�FRPSDWLEOHPRYLQJ�WDUJHW�GHIHQVH
E\ SHULRGLFDOO\ PLJUDWLQJ 90V� PDNLQJ LW PXFK KDUGHU IRU DGYHUVDULHV WR ORFDWH WKH
WDUJHW 90V� :H GHYHORSHG WKHRULHV DERXW ZKHWKHU WKH PLJUDWLRQ RI 90V LV ZRUWK\
DQG KRZ WKH RSWLPDO PLJUDWLRQ LQWHUYDO FDQ EH GHWHUPLQHG� 7R WKH EHVW RI RXU NQRZO�
HGJH� RXU ZRUN LV WKH ILUVW HIIRUW WR GHYHORS D IRUPDO DQG TXDQWLILHG PRGHO WR JXLGH
WKH PLJUDWLRQ VWUDWHJ\ RI FORXGV WR LPSURYH VHFXULW\� 2XU DQDO\VLV VKRZV WKDW RXU
SODFHPHQW EDVHG GHIHQVH FDQ VLJQLILFDQWO\ LPSURYH WKH VHFXULW\ OHYHO RI WKH FORXG
ZLWK DFFHSWDEOH FRVWV�

.H\ZRUGV� &ORXG FRPSXWLQJ� 0RYLQJ WDUJHW GHIHQFH� 90 PLJUDWLRQ� 9&* PHFK�
DQLVP

� ,QWURGXFWLRQ

&ORXG FRPSXWLQJ >�@ LV EHFRPLQJ D PDMRU WUHQG LQ FRPSXWLQJ VHUYLFHV ZLWK LWV LQVSLU�
LQJ IHDWXUHV RI HODVWLF ³GDWD DQ\ZKHUH´ DQG ³FRPSXWLQJ DQ\ZKHUH´� *HQHUDOO\� WKHUH DUH
WKUHH W\SHV RI FORXG FRPSXWLQJ VHUYLFHV� ,QIUDVWUXFWXUH�DV�D�6HUYLFH �,DD6�� 3ODWIRUP�DV�D�
6HUYLFH �3DD6� DQG 6RIWZDUH�DV�D�6HUYLFH �6DD6�� $PRQJ WKHP WKH ,DD6 LV WKH PRVW IXQGD�
PHQWDO RQH� ZKHUH D FORXG XVHU RZQV D YLUWXDO PDFKLQH �90� DQG SXUFKDVHV YLUWXDO SRZHU
WR H[HFXWH DV QHHGHG� MXVW OLNH UXQQLQJ D YLUWXDO VHUYHU� $ W\SLFDO H[DPSOH RI SXEOLF ,DD6
LV WKH $PD]RQ (ODVWLF &RPSXWLQJ �(&�� 6HUYLFHV >�@� $OWKRXJK ,DD6 RIIHUV FRVW�HIILFLHQF\
DQG HDVH�RI�XVH WR FORXG XVHUV� WKHUH DUH VLJQLILFDQW VHFXULW\ FRQFHUQV WKDW QHHG WR EH DG�
GUHVVHG ZKHQ FRQVLGHULQJ PRYLQJ FULWLFDO DSSOLFDWLRQV DQG VHQVLWLYH GDWD WR WKH FORXGV�
5HFHQW ZRUN >��@ UHYHDOV WKH SUREOHP RI VLGH�FKDQQHO EDVHG DWWDFNV WKURXJK YLUWXDO PD�
FKLQH FRORFDWLRQ� VKRZLQJ WKDW WKH DGYHUVDULHV FDQ PDS WKH LQWHUQDO 90�SODFHPHQW RI WKH
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� ,QFHQWLYH &RPSDWLEOH 0RYLQJ 7DUJHW 'HIHQVH DJDLQVW 90�&RORFDWLRQ $WWDFNV LQ &ORXGV

FORXG DQG PRXQW FURVV�90 VLGH�FKDQQHO DWWDFNV E\ SODFLQJ PDOLFLRXV 90V RQ WKH YLFWLP¶V
SK\VLFDO VHUYHU�

0DQ\ VRIWZDUH OHYHO DSSURDFKHV >��@ DQG KDUGZDUH PRGLILFDWLRQ PHWKRGV >��� �@ KDYH
EHHQ GHYHORSHG DJDLQVW WKH VLGH�FKDQQHO DWWDFNV� 8QIRUWXQDWHO\� WKH VRIWZDUH DSSURDFK FDQ�
QRW SHUIHFWO\ FRYHU WKH QHZ DGYDQFHV LQ DWWDFN PRGHOV� DQG WKH KDUGZDUH DSSURDFK� PRGL�
I\LQJ WKH FORXG SK\VLFDO SODWIRUP� LV IDU IURP SUDFWLFDO IRU FRPPHUFLDO FORXGV� 8VLQJ FRP�
PHUFLDO RII�WKH�VKHOI �&276� FRPSRQHQWV� WKH 6KDPLU¶V VHFUHW VKDULQJ DSSURDFK >��@ FDQ
PDNH WKH DWWDFN PXFK KDUGHU� :H FDQ VSOLW RXU VHFUHW ' LQWR N SLHFHV DQG VWRUH WKHP LQWR
N 90V �� 8VLQJ 6KDPLU¶V VHFUHW VKDULQJ� ' FDQ EH HDVLO\ FRQVWUXFWHG IURP DOO N SLHFHV EXW
NQRZOHGJH OHVV WKDQ N SLHFHV UHYHDOV QR LQIRUPDWLRQ DERXW '� 1RWH WKDW WKH VHFUHW VKDULQJ
PLJKW EH FRQWUROOHG E\ HLWKHU D VLQJOH SDUW\ RU PXOWLSOH SDUWLHV >�@� 7KXV� WKH DWWDFNHU ZLOO EH
IRUFHG WR XVH EUXWH�IRUFH�DWWDFNV WR DFKLHYH FRORFDWLRQ ZLWK PXOWLSOH WDUJHW 90V� DFFRUG�
LQJ WR >��@� 1RZ� WKH GHIHQVH SUREOHPV EHFRPHV KRZ WR SURWHFW WKH N SLHFHV IURP EHLQJ DOO
FDSWXUHG E\ WKH DWWDFNHU�

7KH PHWKRGV WR VHFXUHO\ OLYH�PLJUDWH 90V >�� �@ FDQ PDNH LW PXFK KDUGHU IRU DGYHU�
VDULHV WR ORFDWH WKH WDUJHW 90V >�@� $V VKRZQ LQ )LJXUH �� WKH VHFUHW� ³KHOORZRUOG´� LV GL�
YLGHG LQWR WZR SLHFHV DQG KHOG E\ WZR 90V� LQLWLDOO\ DV 90� DQG 90�� $Q DWWDFNHU FDQ
ODXQFK 90V FRORFDWHG ZLWK WKH EHQLJQ 90V ZLWK VRPH SUREDELOLWLHV� )RU H[DPSOH� LI 90�
LV FRQWUROOHG E\ DQ DWWDFNHU� WKH DWWDFNHU ZLOO EH DEOH WR H[WUDFW SDUWLDO VHFUHW� ³KHOOR´� RXW
RI 90�� $OWKRXJK WKH VSOLWWLQJ RI ³KHOORZRUOG´ LQWR ³KHOOR´ DQG ³ZRUOG´ FDQ SUHYHQW WKH
DWWDFN IURP UHFRQVWUXFWLQJ WKH VHFUHW IURP 90�� ZH VKRXOG DW WKH VDPH WLPH JXDUDQWHH WKDW
90� FDQ QHYHU EH WDNHQ RYHU E\ WKH VDPH DWWDFNHU� 7KH IDFW WKDW WKH DWWDFN ZRXOG VLPXO�
WDQHRXVO\ DWWHPSW WR ODXQFK ORWV RI 90V WR HQXPHUDWH WKH FRORFDWLRQV ZLWK ERWK 90� DQG
90� PRWLYDWHV WKH PLJUDWLRQ RI WKH 90V� H�J� PRYLQJ 90� WR 90�� 8QIRUWXQDWHO\� WKHUH
LV FXUUHQWO\ QR IRUPDO PRGHO WR JXLGH WKH G\QDPLF PLJUDWLRQ VWUDWHJ\ IRU FORXGV� 6LPLODUO\�
TXDQWLI\LQJ WKH EHQHILWV RI G\QDPLVP VWLOO UHPDLQV DQ RSHQ SUREOHP�

Node 1 Node 2 Node N...

)LJ� �� 6KDPLU¶V VHFUHW VKDULQJ LQ FORXG HQYLURQPHQW DQG WKH PRYLQJ WDUJHW GHIHQVH WKURXJK
90�PLJUDWLRQ�

,QWXLWLYHO\� WKH FORXG SURYLGHU FDQ RIIORDG WKH FKRLFH WR FORXG XVHUV� OHWWLQJ WKHPPLJUDW�
LQJ DW IUHH ZLOO� 2U WKH FORXG SURYLGHU FDQ PLJUDWH 90V DFFRUGLQJ WR WKH VHFXULW\ GHPDQG �
WKRVH 90V ZLWK KLJKHU VHFXULW\ GHPDQG RI G\QDPLVP KDYH KLJKHU FKDQFHV WR EH PLJUDWHG�

� ,W LV QRW QHFHVVDU\ WR KDYH N LGHQWLFDO 90V� :H FDQ KDYH RQH VHUYLFH 90 DQG N� � VHFUHW KROGLQJ
90V WKDW FDQ EH YHU\ VPDOO DQG FRVW OLWWOH�
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,QFHQWLYH &RPSDWLEOH 0RYLQJ 7DUJHW 'HIHQVH DJDLQVW 90�&RORFDWLRQ $WWDFNV LQ &ORXGV �

$W ILUVW JODQFH� WKLV LV UHDVRQDEOH� +RZHYHU� DV ORQJ DV VRPH RI WKH 90V VKDULQJ WKH VHFUHW
DUH PLJUDWHG� RWKHU 90V FDQ WDNH WKH IUHH ULGH RI WKH DFKLHYHG G\QDPLVP� 6LQFH DQ\ UDWLR�
QDO FORXG XVHU ZLOO WU\ WR PD[LPL]H WKHLU EHQHILW� � KH�VKH FRXOG UHSRUW D ORZHU SUHIHUHQFH RI
G\QDPLVP WKDQ WKH DFWXDO RQH� SLQLQJ LWV KRSH RQ RWKHU 90V KRQHVW PRYHPHQWV WR UHDFK WKH
VHFXULW\ JRDO� 6R LQ WKLV FDVH� WKH JDPH HTXLOLEULXP LV WKDW QR RQH ZRXOG WUXWKIXOO\ UHSRUW
WKH VHFXULW\ YDOXDWLRQ DQG PLJUDWH�

2XU JRDO DQG FRQWULEXWLRQV� 7R VROYH WKH DIRUHPHQWLRQHG SUREOHPV� WKH JRDOV RI WKLV
SDSHU DUH ��� WR PRGHO WKH PLJUDWLRQ EHQHILW DQG FRVW� ��� WR SURYLGH LQVWUXFWLRQDO FULWHULD IRU
WKH PLJUDWLRQ VWUDWHJ\ RI WKH FORXG SURYLGHU� DQG ��� WR PRWLYDWH WKH FORXG XVHUV WR PLJUDWH
LQ D LQFHQWLYH�FRPSDWLEOH ZD\� ,Q RUGHU WR DGGUHVV WKHVH LVVXHV� ZH GHYHORS D PLJUDWLRQ
VWUDWHJ\ EDVHG RQ WKH 9LFNUH\�&ODUNH�*URYHV�9&*�PHFKDQLVP>�@ LQ JDPH WKHRULHV� ZKLFK
FDQ PD[LPL]H WKH VRFLDO ZHOIDUH JLYHQ WKH LQGLYLGXDOV DUH DOO ³VHOILVK´�

7KH FRQWULEXWLRQV RI WKLV SDSHU DUH DV IROORZV� 7R WKH EHVW RI RXU NQRZOHGJH� ��� WKLV
LV WKH ILUVW ZRUN WR DGGUHVV 90�FRORFDWLRQ EDVHG DWWDFNV LQ FORXGV XVLQJ PRYLQJ WDUJHW
GHIHQVH� ��� RXU ZRUN LV WKH ILUVW HIIRUW WR DSSO\ 9&* JDPH DQG UHDOL]H LQFHQWLYH FRPSDWLEOH
PLJUDWLRQ LQ FORXG� ��� ZH RIIHU WZR FULWHULD DERXW KRZ WR PDNH WKH VWUDWHJ\ DFFHSWDEOH E\
UDWLRQDO FORXG XVHUV� DQG KRZ WR GHWHUPLQH WKH RSWLPDO WLPH LQWHUYDO RI PLJUDWLRQV� ��� RXU
DQDO\WLFDO HYDOXDWLRQ VKRZV WKDW RXU GHIHQVH DSSURDFK LV SUDFWLFDO IRU FRPPHUFLDO FORXGV�

7KLV SDSHU LV RUJDQL]HG DV IROORZV� ,Q 6HFWLRQ �� ZH UHYLHZ VRPH RI WKH IXQGDPHQWDO
FRQFHSWV RI JDPH WKHRU\� HVSHFLDOO\ WKH 9&* PHFKDQLVP� ,Q 6HFWLRQ �� ZH SUHVHQW RXU
SURSRVHG PHWKRG� ,Q 6HFWLRQ �� ZH HYDOXDWH WKH VHFXULW\ DQG SUDFWLFDELOLW\ RI RXU VFKHPH�
:H FRQFOXGH WKH ZRUN LQ 6HFWLRQ ��

� 3UHOLPLQDULHV

��� $VVXPSWLRQV DQG 1RWDWLRQV

:H KDYH WKH IROORZLQJ DVVXPSWLRQV� ��� WKH FORXG FRQWUROOHU DQG WKH PLJUDWLRQ SURFHVV
DUH DOO VHFXUH� ��� IRU VLPSOLFLW\� HDFK PLJUDWLRQ RI D 90 ZLOO UHVXOW LQ D FRQVWDQW FRVW LQ
WHUPV RI VHUYLFH LQWHUUXSWLRQ DQG FRQVXPH WKH VDPH DPRXQW RI UHVRXUFHV� ��� WKH FORXG
SURYLGHU KDV HQRXJK &38� QHWZRUN EDQGZLGWK� DQG RWKHU UHVRXUFHV WR SHUIRUP DUELWUDU\
PLJUDWLRQ� ��� WKH FORXG SURYLGHU KDV VXIILFLHQW UHVRXUFHV DV WKH UHZDUG� H�J�� H[WUD PHPRU\
RU &38V� WR PRWLYDWH WKH SOD\HUV WR PLJUDWH� ZKLFK ZLOO EH IXUWKHU GLVFXVVHG ODWHU� DQG ���
D QRGH¶V GHVWLQDWLRQ RI PLJUDWLRQ LV UDQGRPO\ FKRVHQ� DV ORQJ DV WKH FORXG KDV IUHH VSDFH�
,Q UHDOLW\� FORXG SURYLGHU ZRXOG WDNH SHUIRUPDQFH DQG HIILFDF\ LQWR FRQVLGHUDWLRQ GXULQJ
WKH PLJUDWLRQ� )RU H[DPSOH� 90V ZLWK IUHTXHQW FRQQHFWLRQV VKRXOG EH SODFHG FORVH WR HDFK
RWKHU� ,Q WKLV SDSHU� IRU VLPSOLFLW\� ZH RQO\ PHDVXUH VHFXULW\ LQ WKH JRDO IXQFWLRQ� EXW D
FRPPHUFLDO FORXG FDQ IUHHO\ PRGLI\ WKH JRDO IXQFWLRQ DV QHHGHG� ZKHUH RXU JDPH PRGHO
UHPDLQV WKH VDPH�

7KH LQFHQWLYH SUREOHP RI FORXGPLJUDWLRQ FDQ EHPRGHOOHG DV D JDPH� 7KH VSHFLILF JDPH
GLVFXVVHG KHUH LV D ILQLWH SOD\HU� VLQJOH URXQG� VLPXOWDQHRXV DFWLRQ� LQFRPSOHWH LQIRUPDWLRQ
JDPH� ZLWK SD\RIIV GHSHQGLQJ RQ WKH ILQDO UHVXOW RI SOD\HUV¶ DFWLRQV� ,Q WKH FORXG PLJUDWLRQ
� 1RWH WKDW HYHQ LI DOO WKH 90V VKDULQJ WKH VHFUHW DUH FRQWUROOHG E\ RQH XVHU� EHFDXVH GLIIHUHQW 90V
PD\ KDYH GLIIHUHQW SXUSRVHV� HDFK 90 VKRXOG EH WUHDWHG DV DQ LQGHSHQGHQW SDUW\ ZLWK LQGLYLGXDO
LQWHUHVW�
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� ,QFHQWLYH &RPSDWLEOH 0RYLQJ 7DUJHW 'HIHQVH DJDLQVW 90�&RORFDWLRQ $WWDFNV LQ &ORXGV

SUREOHP� WKH JDPH SOD\HUV� 3�,3�, ...,3Q� DUH Q 90V VKDULQJ D VHFUHW� 7KH FORXG SURYLGHU
�JDPH PHGLDWRU� LV GHQRWHG DV 3W� ZKR GRHVQ¶W SDUWLFLSDWH LQ WKH JDPH EXW RSHUDWHV WKH
JDPH� 3OD\HUV KDYH DFWLRQV ZKLFK WKH\ FDQ SHUIRUP DW GHVLJQDWHG WLPHV LQ WKH JDPH� DQG DV
D UHVXOW WKH\ UHFHLYH SD\RIIV� 7KH DFWLRQV RI WKH SOD\HUV DUH GHQRWHG DV ; = ([�, [�, ..., [Q)�
DQG VSHFLDOO\ ;�L = ([�, [�, ..., [L��, [L+�, ..., [Q)� 7KH SOD\HUV KDYH GLIIHUHQW SLHFHV RI LQ�
IRUPDWLRQ� RQ ZKLFK WKH SD\RIIV PD\ GHSHQG� HDFK SOD\HU KDV KLV�KHU LQGLYLGXDO VWUDWHJ\
WR PD[LPL]H KLV RU KHU SD\RII� (DFK SOD\HU 3L 2 {3�,3�, ...,3Q} FDQ GHFLGH ZKHWKHU WR
DFFHSW WKH PLJUDWLRQ UHTXHVW IURP 3W RU QRW� VR [L = {DFFHSW, UHIXVH}� )RU WKRVH ZKR DJUHH
WR PLJUDWH� WKH GLUHFW SD\PHQW LV S̄L� ZKLFK PHDVXUHV WKH FRVW RI GRZQWLPH GXH WR OLYH PL�
JUDWLRQ� +HUH ZH DVVXPH WKH FRVW RI GRZQWLPH LV D FRQVWDQW YDOXH IRU HDFK 3L� $V D UHVXOW
RI PLJUDWLRQ� DOO WKH SOD\HUV JHW EHQHILWHG� :H PHDVXUH WKH EHQHILW DV YL(;)� ZKHUH WKH YDO�
XDWLRQ IXQFWLRQ YL TXDQWLILHV 3L¶V UHDO VHFXULW\ GHPDQG RI WKH RYHUDOO G\QDPLVP� +RZHYHU�
XQGHU WKH DVVXPSWLRQ RI LQFRPSOHWH LQIRUPDWLRQ� 3L FDQ GHFLGH WR UHSRUW D IDNH YDOXDWLRQ
IXQFWLRQ Y0L DW ZLOO� )LQDOO\� WKH XWLOLW\ IXQFWLRQ RI HDFK SOD\HU LV XL = YL � SL�

��� ,QFHQWLYH &RPSDWLEOH *DPH

:KLOH RXU XOWLPDWH JRDO LV WR GHVLJQ D PLJUDWLRQ VWUDWHJ\ WR IXOILO VRPH VHFXULW\ UHTXLUH�
PHQWV� WKH SUREOHP LV WKDW LQ UHDO�ZRUOG FORXG HQYLURQPHQW PRVW RI WKH FORXG XVHUV DUH QRW
ZLOOLQJ WR PLJUDWH WKHLU 90V XQOHVV LW LV QHFHVVDU\� EHFDXVH WKH PLJUDWLRQ ZLOO UHVXOW LQ
VHUYLFH LQWHUUXSWLRQ� 6R WKH PDLQ SXUSRVH RI RXU ZRUN LV WR GHVLJQ DQ LQFHQWLYH FRPSDWLEOH
PHFKDQLVP WR PLWLJDWH WKLV SUREOHP� )ROORZLQJ 1LVDQ¶V ZRUN >�@� WKH WHUPV ³PHFKDQLVP´
DQG ³LQFHQWLYH FRPSDWLEOH´ DUH GHILQHG DV �

'HILQLWLRQ � �0HFKDQLVP� >�@ *LYHQ D VHW RI Q SOD\HUV� DQG D VHW RI RXWFRPHV� $� OHW 9L EH
WKH VHW RI SRVVLEOH YDOXDWLRQ IXQFWLRQV RI WKH IRUP YL(D) ZKLFK SOD\HU L FRXOG KDYH IRU DQ
RXWFRPH D 2 $� $ PHFKDQLVP LV D IXQFWLRQ I : 9�⇥9�⇥...⇥9Q ! $� *LYHQ WKH YDOXDWLRQV
FODLPHG E\ WKH SOD\HUV� I VHOHFWV DQ RXWFRPH� DQG Q SD\PHQW IXQFWLRQV� S�, S�, ..., SQ� ZKHUH
SL : 9� ⇥ 9� ⇥ ...⇥ 9Q ! 5�

'HILQLWLRQ � �,QFHQWLYH FRPSDWLEOH� >�@ ,I� IRU HYHU\ SOD\HU L� HYHU\ Y� 2 9�, Y� 2 9�, ..., YQ 2
9Q� DQG HYHU\ Y0L 2 9L� ZKHUH D = I(YL, Y�L) DQG D0 = I(Y0L , Y�L)� WKHQ YL(D)� SL(YL, Y�L) �
YL(D0)� SL(Y0L , Y�L)� WKHQ WKH PHFKDQLVP LV LQFHQWLYH FRPSDWLEOH�

6SHFLDOO\� DPRQJ WKRVH LQFHQWLYH FRPSDWLEOH PHFKDQLVPV� WKH 9LFNUH\�&ODUNH�*URYHV
�9&*� PHFKDQLVP LV WKH PRVWO\ XVHG RQH� 7KH 9&* PHFKDQLVP JHQHUDOO\ VHHNV WR PD[�
LPL]H WKH VRFLDO ZHOIDUH RI DOO SOD\HUV LQ RQH JDPH� ZKHUH WKH VRFLDO ZHOIDUH LV FDOFXODWHG
DV

PQ
L=� YL� 6R WKH JRDO IXQFWLRQ RI 9&* LV DUJPD[D2$

PQ
L=� YL� 7KH 9&* PHFKDQLVP DQG

WKH UXOH WR GHVLJQ 9&* PHFKDQLVPV >�@ DUH GHILQHG DV�

'HILQLWLRQ � �9LFNUH\�&ODUNH�*URYHV PHFKDQLVP� >�@ $ PHFKDQLVP� FRQVLVWLQJ RI SD\�
PHQW IXQFWLRQV S�, S�, ..., SQ DQG D IXQFWLRQ I� IRU D JDPH ZLWK RXWFRPH VHW $� LV D 9LFNUH\�
&ODUNH�*URYHV PHFKDQLVP LI I(Y�, Y�, ..., YQ) = DUJPD[D2$

P
YL(D) �I PD[LPL]HV WKH VRFLDO

ZHOIDUH� DQG IRU VRPH IXQFWLRQV K�, K�, ..., KQ� ZKHUH KL : 9�L ! 5 �KL GRHV QRW GHSHQG RQ
YL�� 8YL 2 9, SL(YL) = K(Y�L)�

P
M6=L YM�

'HILQLWLRQ � �&ODUNH SLYRW UXOH� >�@ 7KH FKRLFH KL(Y�L) = PD[E2$
P

M6=L YL(E) LV FDOOHG
WKH &ODUNH SLYRW SD\PHQW� 8QGHU WKLV UXOH WKH SD\PHQW RI SOD\HU L LV SL(Y�, Y�, ..., YQ) =
PD[E

P
M6=L YL(E)�

P
M6=L YL(D)� ZKHUH D = I(Y�, Y�, ..., YQ)�
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,QFHQWLYH &RPSDWLEOH 0RYLQJ 7DUJHW 'HIHQVH DJDLQVW 90�&RORFDWLRQ $WWDFNV LQ &ORXGV �

� 90�PLJUDWLRQ %DVHG 0RYLQJ 7DUJHW 'HIHQFH

��� 7KH 2SWLPDO 1XPEHU RI 0RYLQJ 90V

$W ILUVW JODQFH� LW DSSHDUV WKDW PD[LPXP G\QDPLVP FDQ EH DFKLHYHG LI DOO 90V PLJUDWH�
EXW LQ WKLV VHFWLRQ ZH ZLOO GLVSURYH LW DQG ILQG WKH RSWLPDO QXPEHU RI PRYLQJ 90V� $V
GHQRWHG LQ 6HFWLRQ �� HDFK SOD\HU KDV WKH XQLTXH YDOXDWLRQ IXQFWLRQ YL(;)� ZKHUH ; =
([�, [�, ..., [Q) LV WKH YHFWRU RI DFWLRQV RI DOO SOD\HUV� ,QWXLWLYHO\� YL KDV D SRVLWLYH FRUUHODWLRQ
ZLWK WKH UDQGRPQHVV RU GLYHUVLW\ RI WKH 90 SODFHPHQW� 6XSSRVH WKHUH DUHP SK\VLFDO QRGHV
DV WKH DYDLODEOH FDQGLGDWHV� DQG �RI WKHP DUH UDQGRPO\ FKRVHQ DV WKH PLJUDWLRQ GHVWLQDWLRQ�
RI ZKLFK WKH FDSDFLWLHV �WKH PD[LPXP QXPEHU RI H[WUD 90V RQH QRGH FDQ KRVW XVLQJ LWV
FXUUHQW IUHH VSDFH� DUH & = F�, F�, ..., F� � ,I N RXW RI Q 90V DUH UDQGRPO\ VHOHFWHG WR EH
PLJUDWHG �N <

P�
L=� FL�� WKH QXPEHU RI SRVVLEOH SODFHPHQWV�1(P, �, Q, N,&) FDQ EH GHULYHG

XVLQJ WKH %DOOV ,Q %LQV DQDO\VLV�
)RU VHOHFWLQJ � RQHV RXW RI WKH P QRGHV� DQG VHOHFWLQJ N RQHV RXW RI WKH Q 90V� WKH

QXPEHUV RI SRVVLEOH VFKHPHV DUH JLYHQ UHVSHFWLYHO\�

6(P, �) =
✓
P
�

◆
, 7(Q, N) =

✓
Q
N

◆
���

7KH JHQHUDWLQJ IXQFWLRQ IRU SODFLQJ N GLVWLQJXLVKDEOH 90V �EDOOV� LQ � GLVWLQJXLVKDEOH
QRGHV �ELQV� LV

*) =
�Y

L=�

FLX

M=�

[M

M!
���

ZKHUH WKH FRHIILFLHQW RI [N
N! � GHQRWHG DV ✓(�, N,&)� LV WKH QXPEHU RI WKH WRWDO QXPEHU RI

SRVVLEOH SODFHPHQWV�
6SHFLDOO\� LI F� = F� = ... = F� = F̄� (TXDWLRQ � UHGXFHV WR EH

*) = (�+ [+
[�

�!
+

[�

�!
+ ...+

[F̄

F̄!
)� ���

)LQDOO\� WKH WRWDO QXPEHU SRVVLEOH 90�SODFHPHQWV LV

1(P, �, Q, N,&) = 6(P, �)7(Q, N)✓(�, N,&) ���

*LYHQ WKHP� �� Q DQG&� ZH FDQ XVH (TXDWLRQ � WR ILQG NRSW� ZKLFK LV WKH RSWLPDO QXPEHU
RI PRYLQJ 90V FRUUHVSRQGLQJ WR WKH ODUJHVW 1� 7R PDNH LW WDQJLEOH� DQ H[DPSOH FXUYH
LOOXVWUDWLQJ WKH N � 1 UHODWLRQVKLS LV VKRZQ LQ )LJXUH �� 6LQFH 6(P, �) GRHV QRW FRQWULEXWH
WRR PXFK LQ WKH PDJQLWXGH RI1� ZH VLPSO\ VHW � = P �VR 6(P, �) = ��� IRU GHPRQVWUDWLRQ�
ZH VHW WKH WRWDO 90V DV Q = �� DQG WKH FDSDFLW\ RI HDFK GHVWLQDWLRQ QRGH DV F̄ = �� )URP
WKH FXUYH ZH FDQ OHDUQ WKDW�

�� ,W LV QRW WUXH WKDW D ODUJHU N LV EHWWHU� ZKLFK PHDQV WKDW WKH LQWXLWLYH VWUDWHJ\ RI PLJUDWLQJ
90V DV PDQ\ DV SRVVLEOH LV LQFRUUHFW�

�� $ ODUJHU �� QDPHO\ PRUH GHVWLQDWLRQ QRGHV� VLJQLILFDQWO\ LQFUHDVHV WKH QXPEHU RI SRV�
VLEOH SODFHPHQW VFKHPHV�
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� ,QFHQWLYH &RPSDWLEOH 0RYLQJ 7DUJHW 'HIHQVH DJDLQVW 90�&RORFDWLRQ $WWDFNV LQ &ORXGV
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9 The k−N relationship(γ=m, n=25)
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)LJ� �� 7KH N�1 UHODWLRQVKLS ZKHQ Q ��� F̄ = �� DQG P � YDULHV IURP �� WR ��

�� &RPSDUHG WR �� 1 LV HYHQ PRUH VHQVLWLYH WR N� 1 FDQ UHDFK WKH RUGHU RI ��� ZKHQ N LV
VWLOO LQ WKH RUGHU RI ���� ZKLFK LPSOLHV WKH KXJH SRWHQWLDO RI 90PLJUDWLRQ DV D PRYLQJ
WDUJHW GHIHQVH VWUDWHJ\�

2Q WKH RQH KDQG� WKH RSWLPDO N LV JLYHQ E\

NRSW = DUJPD[N1(P, �, Q, N,&) ���

DQG LQ UHDOLW\� RQO\ FORXG SURYLGHU FRQWUROV WKH FRPSOHWH LQIRUPDWLRQ RI P, �, Q, N,&� VR LW
LV WKH FORXG SURYLGHU¶V UHVSRQVLELOLW\ WR FDOFXODWH WKH NRSW�

2Q WKH RWKHU KDQG� LI ZH DVVLJQ � WR DFFHSW DQG � WR UHIXVH� ZH KDYH WKH DFWXDO QXPEHU
RI PRYLQJ 90V� NUHDO� DV�

NUHDO =
QX

L=�

[L ���

,Q HFRQRPLFV� WKH YDOXDWLRQ IXQFWLRQ VKRXOG UHIOHFW WKH VHFXULW\ SUHIHUHQFH RI WKH FORXG
XVHUV� 6LQFH WKLV LV QRW WKH PDLQ IRFXV RI WKLV SDSHU� ZH VLPSO\ PRGHO WKH SUHIHUHQFH DV D
OLQHDU IXQFWLRQ RI WKH V\VWHP GLYHUVLW\�

YL(;)|P,�,Q,& = �L1(P, �, Q,
QX

L=�

[L,&) + ⌘L ���

ZKHUH �L DQG ⌘L DUH GHWHUPLQHG E\ WKH LWK FORXG XVHU¶V SUHIHUHQFH�
2QFH WKH FORXG SURYLGHU GHFLGHV WKH VHFXULW\ OHYHO� DQG WKXV WKH YDOXH RI N� WKH UHVW LV WR

PRWLYDWH WKH UDQGRPO\ FKRVHQ N 90V� GHQRWHG DV⌦� WR JHW PLJUDWHG� 7R VDWLVI\ WKH &ODUNH
SLYRW UXOH GHILQHG LQ 'HILQLWLRQ �� ZH GHVLJQ WKH SD\PHQW IXQFWLRQ IRU HDFK 3L 2 ⌦ DV�

SL(;) =
X

M6=L

YM(;�L)�
X

M6=L

YM(;) + S̄L ���

ZKHUH S̄L LV WKH FRQVWDQW FRVW GXH WR VHUYLFH LQWHUUXSWLRQ DV DVVXPHG� :H ZLOO IXUWKHU LQWUR�
GXFH WKH GHWHUPLQDWLRQ RI S̄L LQ 6HFWLRQ ����

7KH VHFRQG SDUW RI (TXDWLRQ �� �
P

M6=L YM(;)� LV DFWXDOO\ D SRVLWLYH UHZDUG IURP FORXG
SURYLGHU WR WKH LWK 90� ,W FDQ EH DQ\ IRUP ZLWK PRQHWDU\ YDOXH HTXDOOLQJ WR LW� OLNH H[WUD
&38 VFKHGXOLQJ FUHGLW� ERQXV 90 OLIH� H[WUD QHWZRUN EDQGZLGWK DQG VR RQ� GHSHQGLQJ RQ
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WKH QHHG RI 3L� 7KH ILUVW SDUW�
P

M6=L YM(;�L)� LV WKH PRQHWDU\ FKDUJH RI 3L� ,I 3L FKRRVHV
DFFHSW� S̄L LV WKH DFWXDO PLJUDWLRQ FRVW� LI 3L FKRRVHV UHIXVH� S̄L LV LQ WKH IRUP RI PRQHWDU\
FKDUJH� *LYHQ WKDW HYHU\RQH HOVH DFFHSWV PLJUDWLRQ� LI3L GHFLGHV WRPLJUDWH� ZH KDYH NUHDO =
NRSW� LI 3L UHIXVHV WR GR VR� NUHDO = NRSW � ��

7KHRUHP � �7KH FULWHULRQ IRU WKH PLJUDWLRQ GHFLVLRQ� 7KH PHFKDQLVP ZLWK WKH YDOXDWLRQ
IXQFWLRQ VKRZQ LQ (TXDWLRQ � DQG WKH SD\PHQW IXQFWLRQ VKRZQ LQ (TXDWLRQ � LV LQGLYLGXDOO\
UDWLRQDO LI DQG RQO\ LI

QX

L=�

�L(1(P, �, Q, NRSW,&)� 1(P, �, Q, NRSW � �,&)) > S̄L

3URRI� 7R SURYH WKDW WKH PHFKDQLVP LV LQGLYLGXDOO\ UDWLRQDO� ZH VKRXOG VKRZ WKDW WKH PHFK�
DQLVP KDV D XWLOLW\ RI DW OHDVW ]HUR IRU HDFK RI WKH SOD\HUV� )RU WKRVH VHOHFWHG WR EH PLJUDWHG�

XL(;) = YL(;)� SL(;) =
QX

L=�

YL(;)�
QX

M6=L

YM(;�L)� S̄L

=
QX

L=�

�L(1(P, �, Q, NRSW,&)� 1(P, �, Q, NRSW � �,&))� S̄L ���

2QO\ ZKHQ WKH YDOXH RI WKH DERYH HTXDWLRQ LV ODUJHU WKDQ �� 3L FDQ DFKLHYH LQGLYLGXDO
UDWLRQDOLW\� $V D PDWWHU RI IDFW� 7KHRUHP � SURYLGHV D FULWHULRQ IRU FORXG SURYLGHU WR GHFLGH
ZKHWKHU D PLJUDWLRQ LV FRVW�HIILFLHQW�

7KHRUHP � �,QFHQWLYH &RPSDWLELOLW\� 7KH PHFKDQLVP ZLWK WKH DERYH YDOXDWLRQ DQG SD\�
PHQW IXQFWLRQV LV LQFHQWLYH FRPSDWLEOH DQG WKXV PRWLYDWHV WKH SOD\HUV WR WUXWKIXOO\ UHYHDO
WKHLU VHFXULW\ SUHIHUHQFH�

3URRI� 7R JHW WR WKH SURRI RI LQFHQWLYH FRPSDWLELOLW\� ZH PXVW VKRZ WKDW IRU DQ\ JLYHQ L�
;�L DQG WKH 3L¶V FKRLFH [L = DFFHSW RU [L = UHIXVH�

XL(; = DFFHSW [ ;�L) � XL(;0 = UHIXVH [ ;�L) ����

7KH XWLOLW\ RI 3L IRU ; LV JLYHQ E\

XL(;) = YL(;)� SL(;) =
QX

L=�

YL(;)�
QX

M6=L

YM(;�L)� S̄L ����

/LNHZLVH�

XL(;0) =
QX

L=�

YL(;0)�
QX

M6=L

YM(;�L)� S̄L ����

6R ZH KDYH
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� ,QFHQWLYH &RPSDWLEOH 0RYLQJ 7DUJHW 'HIHQVH DJDLQVW 90�&RORFDWLRQ $WWDFNV LQ &ORXGV

XL(;)� XL(;0) =
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L=�

YL(;)�
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L=�

YL(;0)

=
QX

L=�

�L(1(P, �, Q, NRSW,&)� 1(P, �, Q, NRSW � �,&)) ����

$FFRUGLQJ WR (TXDWLRQ �� WKH YDOXH RI (TXDWLRQ �� LV DOZD\V QRQ�QHJDWLYH� 7KHUHIRUH�
WKH PHFKDQLVP LV LQFHQWLYH FRPSDWLEOH�

��� 7KH &RQVWDQW &RVW RI 0LJUDWLRQ
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�D� ,PSDFW RQ &38 H[HFXWLRQ WLPH RI D FHUWDLQ WDVN GXH WR PLJUDWLRQ� $V LOOXVWUDWHG
LQ WKH JUDSK� WKH H[HFXWLRQ GRZQWLPH LV DURXQG ���PV�
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�E� 0LJUDWLRQ LPSDFW RQ UHVSRQVH GHOD\ RI ZHE VHUYHU� $V LOOXVWUDWHG LQ WKH JUDSK�
WKH ZHE VHUYLFH GRZQWLPH GXH WR PLJUDWLRQ LV ���PV�

)LJ� �� 7KH LQIOXHQFH RI PLJUDWLRQ WR 90 FRPSXWDWLRQ DQG ZHE VHUYLFH�

,Q (TXDWLRQ � ZH LQWURGXFHG WKH S̄L� ZKLFK LV WKH FRQVWDQW FRVW RI VHUYLFH LQWHUUXSWLRQ
HDFK WLPH 3L LV PLJUDWHG� $FFRUGLQJ WR >�@� S̄L LV GHWHUPLQHG E\ WKH LQLWLDO PHPRU\ VL]H RI
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D 90 DQG WKH DSSOLFDWLRQV¶ PHPRU\ DFFHVV SDWWHUQ� )RU GHPRQVWUDWLRQ� ZH LOOXVWUDWH WKH
GRZQWLPH GXH WR PLJUDWLRQ LQ )LJXUH �� 7KH SODWIRUP VSHFLILFDWLRQV DUH OLVWHG LQ 7DEOH ��
DQG WKH 90 WKDW ZH PLJUDWH LV RI � YFSX� � *% PHPRU\ DQG � *% GLVN� 7R WHVW WKH LQ�
IOXHQFH WR WKH FSX H[HFXWLRQ� ZH NHHS WKH 90 H[HFXWLQJ ³

´ DQG UHFRUGLQJ WKH H[HFXWLRQ SHULRG� $V VKRZQ LQ �D�
WKH PLJUDWLRQ ZLOO EULQJ LQ DQ H[HFXWLRQ GHOD\ RI DURXQG ���PV� 7R WHVW WKH LQIOXHQFH WR WKH
QHWZRUN VHUYLFH� ZH NHHS PHDVXULQJ WKH 90¶V UHVSRQVH GHOD\ RI UHTXHVWV� $V VKRZQ
LQ �E� WKHUH ZLOO EH D ���PV GRZQWLPH WR WKH ZHE VHUYHU� 3W DQG HDFK 3L FDQ HVWLPDWH WKH
S̄L UHVSHFWLYHO\� DFFRUGLQJ WR WKH VHUYLFH GRZQWLPH�

7DEOH �� 3ODWIRUP VSHFLILFDWLRQV RI PLJUDWLRQ GRZQWLPH H[SHULPHQW�
+DUGZDUH �VRXUFH DQG GHVWLQDWLRQ QRGHV�� 900�
&38� ,QWHO ;HRQ [���� ����*+] ⇥ � ;HQ YHUVLRQ� ������������������
5$0� �*% ''5� ����0+] ⇥ � 'RP�� RSHQ686( ���� [��B��
(WKHUQHW� %URDGFRP 1HW;WUHPH ,, %&0���� 'RP� NHUQHO� �������������[HQ

��� 'HIHQVH 7LPHOLQH

$OWKRXJK WKH PLJUDWLRQ FDQ FRQIXVH WKH DWWDFNHUV DQG IRUFH WKHP WR UHVWDUW WKH DWWDFN SURFH�
GXUHV� ZLWK WLPH JRLQJ E\ WKH DWWDFNHUV FDQ VWLOO ILJXUH RXW WKH QHZ 90 SODFHPHQW DV ZHOO�
7R VROYH WKH SUREOHP� ZH KDYH WR NHHS PLJUDWLQJ WKH 90V� DQG KRZ WR GHWHUPLQH WKH RSWL�
PDO WLPH LQWHUYDO EHFRPHV D QHZ SUREOHP� )ROORZLQJ WKH PRGHO LQ >�@� WKH 6WDWH 7UDQVLWLRQ
'LDJUDP �67*� RI DWWDFNV LV VKRZQ LQ )LJXUH �D� 0RUH VSHFLILFDOO\� WKH DWWDFNHUV KDYH WR
ILUVWO\ SUREH WKH SODFHPHQW RI WKH 90V� IRU H[DPSOH� E\ FRQWLQXDOO\ FUHDWLQJ DQG VWRSSLQJ
WKHLU SURELQJ 90V DQG WHVWLQJ WKH FRORFDWLRQ ZLWK WDUJHW 90V� WKHQ� LW WDNHV VRPH WLPH WR
FRQVWUXFW WKH DWWDFNV� DQG WKHUH LV VWLOO D SHULRG EHIRUH WKH DWWDFNHUV VXFFHVVIXOO\ JDWKHULQJ
DOO WKH LQIRUPDWLRQ� $Q\ GLVWRUWLRQ RI WKH 90 SODFHPHQW� IRU H[DPSOH� E\ PLJUDWLQJ DQ\ RI
WKH 90V WR RWKHU SODFHV� ZLOO UHVHW WKH DWWDFN WR WKH LQLWLDO VWDWH�

$V VKRZQ LQ )LJXUH �E� VXSSRVH WKH WRWDO WLPH QHHGHG IRU D VXFFHVVIXO DWWDFN LV W�� WKH
WLPH LQWHUYDO EHWZHHQ DQ\ WZR PLJUDWLRQV W� VKRXOG VDWLVI\ W� < W�� ZKLFK RIIHUV WKH FORXG
SURYLGHU WKH FULWHULRQ WR GHWHUPLQH PLJUDWLRQ LQWHUYDOV� ,I W� � W�� WKHUH LV D KLJKO\ FKDQFH
IRU WKH DWWDFNHUV WR IXOO\ H[WUDFW WKH VHFUHW� ,Q UHDOLW\ WKH FRQVWUXFWLQJ WLPH DQG WKH ODXQFK�
LQJ WLPH RI WKH DWWDFNV FRXOG EH WUHDWHG DV FRQVWDQWV� ZKLOH WKH SURELQJ WLPH KDV D OLQHDU
UHODWLRQVKLS ZLWK WKH 1� ZKLFK H[SORGHV ZLWK WKH LQFUHDVLQJ RI � DV VKRZQ LQ )LJXUH �G�

� (YDOXDWLRQ

��� 6HFXULW\

:H FDQ QHYHU JXDUDQWHH WKDW RXU GHIHQVH VWUDWHJ\ RU DOJRULWKP LV DJQRVWLF WR WKH DGYHUVDULHV�
6R ZKHQ ZH GHVLJQ D PRYLQJ WDUJHW GHIHQVH VFKHPH� ZH PXVW HQVXUH WKDW WKH DGYHUVDULHV
DUH LPSRVVLEOH RU GLIILFXOW WR UHFRYHU RXU DFWXDO LQWHUQDO LQIUDVWUXFWXUHV HYHQ LI WKH VWUDWHJ\
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�� ,QFHQWLYH &RPSDWLEOH 0RYLQJ 7DUJHW 'HIHQVH DJDLQVW 90�&RORFDWLRQ $WWDFNV LQ &ORXGV

Probing
Constructing

VMs migration
LaunchingVMs migration

�D� 7KH 6WDWH 7UDQVLWLRQ 'LDJUDP �67*� RI DWWDFNV�

Time0
reconfiguration interval

probe

t2

time to compromise t1

construct launch

�E� $WWDFN DQG GHIHQVH OLIHWLPH�

)LJ� �� 7KH WLPHOLQH RI DWWDFNV DQG PRYLQJ WDUJHW GHIHQVH �90 PLJUDWLRQ��

LV QRW VHFUHW� ,Q WKH PHFKDQLVP GHVLJQHG KHUH� ZH DVVXPH WKDW WKH IRUPV RI WKH YDOXDWLRQ
IXQFWLRQ DQG WKH GHOLEHUDWH SD\PHQW IXQFWLRQ DUH NQRZQ WR WKH SXEOLF� +RZHYHU� LQ UHDOLW\
WKH LQGLYLGXDO VHFXULW\ SUHIHUHQFH LV NHSW DV D SULYDF\ RI HDFK FORXG XVHU� WKXV WKH DGYHUVDULHV
KDYH QR ZD\ WR JHW �L DQG ⌘L� (YHQ LI VRPH RI WKHVH SDUDPHWHU�SDLUV DUH H[SRVHG� DV ORQJ
DV WKH DGYHUVDULHV FDQQRW REWDLQ WKH LQIRUPDWLRQ RI DOO WKH 90V LQ WKH FORXG� RXU VWUDWHJ\
EDVHG RQ WKH RYHUDOO VRFLDO ZHOIDUH LV DOZD\V VHFXUH� )XUWKHUPRUH� GXULQJ WKH JHQHUDWLRQ
RI WKH PLJUDWLRQ VFKHPH� � DUH UDQGRPO\ FKRVHQ DQG WKH FDSDFLW\ & = {F�, F�, ..., FQ} LV D
VHFUHW RI FORXG SURYLGHU RQO\� WKXV DFFRUGLQJ WR (TXDWLRQ � WKH ILQDO PLJUDWLRQ VFKHPH LV
RQO\ NQRZQ WR FORXG SURYLGHU�

$QRWKHU LQGLFDWRU RI RQHPRYLQJ WDUJHW GHIHQVH VFKHPH¶V FDSDELOLW\ LV WKH QXPEHU RI WKH
WRWDO WDUJHW VSDFH� $V GHPRQVWUDWHG ODWHU LQ )LJXUH �G� 1 FDQ LQFUHDVH UDSLGO\ ZLWK D VPDOO
LQFUHDVH RI �� :LWK WKH H[SORGLQJ QXPEHU RI SRVVLEOH 90 SODFHPHQWV� WKH DGYHUVDULHV DUH
H[WUHPHO\ GLIILFXOW WR HQXPHUDWH DOO WKH SRVVLELOLWLHV�

:H QRWH WKDW WKHUH PLJKW EH LQIRUPDWLRQ OHDNDJH GXULQJ 90 PLJUDWLRQ� %XW VLQFH WKH
GHVLJQ RI PLJUDWLRQ PHWKRGV LV QRW ZLWKLQ WKH VFRSH RI WKLV SDSHU� ZH SURVSHFW PRUH VHFXUHG
90 PLJUDWLRQ PHFKDQLVPV�

��� 3UDFWLFDELOLW\

$V VKRZQ LQ )LJXUH �� FRPSDUHG ZLWK F̄� � FRQWULEXWHV PRUH RQ WKH YDOXH RI ERWK NRSW DQG
1PD[� (PSLULFDOO\� NRSW ⇡ �� WKHRUHWLFDOO\� IRU DQ\ F�, F�, [ 2 N DQG F� < F� ZH KDYH
[F�
F�! > [F�

F�! DQG OLPF!1 [F
F! = �� VR DFFRUGLQJ WR (TXDWLRQ �� � KDV D VLJQLILFDQWO\ ODUJHU

LQIOXHQFH RQ WKH YDOXH RI NRSW� &RQVHTXHQWO\� IRU WKH UHDO�ZRUOG FORXG SURYLGHUV� LW LV SUHWW\
HDV\ WR GHWHUPLQH WKH RSWLPDO VWUDWHJ\ E\ DVVLJQLQJ NRSW = � ZLWKRXW FRPSOH[ DOJRULWKPV�
ZKLFK PDNV WKLV DSSURDFK VFDODEOH�

$QRWKHU SRWHQWLDO FRQFHUQ LV WKDW ZKHWKHU WKH FORXG XVHUV DUH ZLOOLQJ WR VSOLW D VHFUHW LQWR
PXOWLSOH 90V� ZKLFK LV WKH SUHFRQGLWLRQ RI RXU 90 PLJUDWLRQ EDVHG GHIHQVH� $V VKRZQ LQ
7DEOH �� WKH VPDOO LQVWDQFH KDV D SULFH RI �/� RI WKH SULFH RI WKH ODUJH RQH� DQG RIIHUV �/�
RI WKH FRPSXWH XQLWV� �/�.� RI WKH PHPRU\ DQG �/�.� RI WKH VWRUDJH� 7KHUHIRUH VSOLWWLQJ D
VHFUHW IURP RQH ODUJH 90 LQWR IRXU VDPOO 90V ZRQ¶W ODUJHO\ LQFUHDVH WKH FRVW� &RPSDUH
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ZLWK WKH ULVN RI EHLQJ DWWDFNHG WKURXJK FRYHUW FKDQQHOV� WKH FORXG XVHUV ZLOO EH ZLOOLQJ WR
HQGXUH WKH FRVW GXH WR WUDQVIHUULQJ FRPSXWDWLRQ IURP IHZ ODUJH 90V WR QXPHURXV VPDOO
90V�
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)LJ� �� 7KH LQIOXHQFH WR NRSW DQG FRUUHVSRQGLQJ 1PD[ E\ DGMXVWLQJ F̄ RU � LQ (TXDWLRQ ��

7DEOH �� $PD]RQ (&� /LQX[�81,; LQVWDQFHV SULFLQJ DQG VSHFLILFDWLRQV �86 (DVW� XS WR
-DQXDU\ ����� >�@ �

,QVWDQFH W\SHV 3ULFH 0HPRU\ &RPSXWH 8QLWV 6WRUDJH $3, QDPH
6PDOO ������ SHU KRXU ��� *% � ��� *% P��VPDOO
/DUJH ����� SHU KRXU ��� *% � ��� *% P��ODUJH

� 'LVFXVVLRQ DQG &RQFOXVLRQ

2XU ZRUN FDQ EH H[WHQGHG LQ GLIIHUHQW DYHQXHV� )LUVW� RQO\ VHFXULW\ JRDO LV FRQVLGHUHG KHUH
IRU VLPSOLFLW\� EXW WKH YDOXDWLRQ DQG SD\PHQW IXQFWLRQV FDQ EH HDVLO\ DGMXVWHG WR LQFOXGH WKH
SHUIRUPDQFH FRQVLGHUDWLRQV� 6HFRQG� VR IDU ZH KDYH RQO\ FRQVLGHUHG WKH QRQ�FRRSHUDWLYH
JDPH� $FWXDOO\� WKHUH PLJKW EH VRPH FRQQHFWLRQV EHWZHHQ 90V RQ FORXG� IRUPLQJ D FR�
RSHUDWLYH JDPH ZKLFK LV D FRPSHWLWLRQ EHWZHHQ FRDOLWLRQV RI SOD\HUV UDWKHU WKDQ EHWZHHQ
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LQGLYLGXDO SOD\HUV� ,Q WKH IXWXUH� ZH ZLOO GHYHORS WKH PHFKDQLVP LQ UHJDUG WR WKH FRRUGL�
QDWLRQ JDPH� )XUWKHUPRUH� LQ WKH QH[W VWHS� ZH ZLOO H[WHQG WKH PHFKDQLVP WR VXLWH LQWR WKH
DV\PPHWULF LQIRUPDWLRQ JDPH� EHFDXVH LQ UHDOLW\ VRPH 90V DUH RIIHULQJ VHUYLFHV WR RWKHU
90V �WKXV NQRZLQJ VRPH VWDWLVWLFV RI WKH ODWWHU�� DQG VRPH 90V PD\ HYHQ EH FRQWUROOHG
E\ DWWDFNHUV ZLWK VRPH NQRZOHGJH RI RWKHU 90V�

7R VXPPDUL]H� ZH SURSRVHG DQ LQFHQWLYH FRPSDWLEOH PRYLQJ WDUJHW GHIHQVH RI FORXG
90�FRORFDWLRQ DWWDFNV� EDVHG RQ WKH 9&* PHFKDQLVP� :KHQ WKH PLJUDWLRQ LV DFFHSWDEOH
E\ UDWLRQDO XVHUV DQG KRZ WR GHWHUPLQH WKH WLPH LQWHUYDO DUH GLVFXVVHG� 2XU DQDO\VLV VKRZV
WKDW WKLV GHIHQVH VWUDWHJ\ LV SUDFWLFDO WR EH DSSOLHG WR FRPPHUFLDO FORXGV�

$FNQRZOHGJPHQWV� 7KLV ZRUN ZDV VXSSRUWHG LQ SDUW E\ 16) *UDQWV &16�������� DQG
&16���������

5HIHUHQFHV

�� $PD]RQ ZHE VHUYLFHV�
�� :RUNVKRS RQ 6HFUHW 6KDULQJ DQG &ORXG &RPSXWLQJ� 0(;7� ,QVWLWXWH RI 0DWKHPDWLFV IRU ,QGXV�

WU\� .\XVKX 8QLYHUVLW\� -DSDQ ������
�� $UPEUXVW� 0�� )R[� $�� *ULIILWK� 5�� -RVHSK� $�'�� .DW]� 5�+�� .RQZLQVNL� $�� /HH� *�� 3DWWHUVRQ�

'�$�� 5DENLQ� $�� 6WRLFD� ,�� =DKDULD� 0�� $ERYH WKH FORXGV� $ EHUNHOH\ YLHZ RI FORXG FRPSXWLQJ�
7HFK� 5HS� 8&%�((&6��������� ((&6 'HSDUWPHQW� 8QLYHUVLW\ RI &DOLIRUQLD� %HUNHOH\ �)HE
�����

�� 'DQHY� %�� 0DVWL� 5�-�� .DUDPH� *�2�� &DSNXQ� 6�� (QDEOLQJ VHFXUH YP�YWSPPLJUDWLRQ LQ SULYDWH
FORXGV� ,Q� 3URFHHGLQJV RI WKH ��WK $QQXDO &RPSXWHU 6HFXULW\ $SSOLFDWLRQV &RQIHUHQFH� SS�
���±���� $&6$& ¶��� $&0� 1HZ <RUN� 1<� 86$ ������

�� (YDQV� '�� 1JX\HQ�7XRQJ� $�� .QLJKW� -�� (IIHFWLYHQHVV RI PRYLQJ WDUJHW GHIHQVHV� ,Q� -DMRGLD�
6�� *KRVK� $�.�� 6ZDUXS� 9�� :DQJ� &�� :DQJ� ;�6� �HGV�� 0RYLQJ 7DUJHW 'HIHQVH� $GYDQFHV LQ
,QIRUPDWLRQ 6HFXULW\� YRO� ��� SS� ��±��� 6SULQJHU 1HZ <RUN ������

�� .DQW� .�� &RQILJXUDWLRQPDQDJHPHQW VHFXULW\ LQ GDWD FHQWHU HQYLURQPHQWV� ,Q� -DMRGLD� 6�� *KRVK�
$�.�� 6ZDUXS� 9�� :DQJ� &�� :DQJ� ;�6� �HGV�� 0RYLQJ 7DUJHW 'HIHQVH� $GYDQFHV LQ ,QIRUPDWLRQ
6HFXULW\� YRO� ��� SS� ���±���� 6SULQJHU 1HZ <RUN ������

�� .HOOHU� (�� 6]HIHU� -�� 5H[IRUG� -�� /HH� 5�%�� 1RK\SH� YLUWXDOL]HG FORXG LQIUDVWUXFWXUH ZLWKRXW WKH
YLUWXDOL]DWLRQ� 6,*$5&+ &RPSXW� $UFKLW� 1HZV ��� ���±��� �-XQH �����

�� /LX� +�� ;X� &�=�� -LQ� +�� *RQJ� -�� /LDR� ;�� 3HUIRUPDQFH DQG HQHUJ\PRGHOLQJ IRU OLYH PLJUDWLRQ
RI YLUWXDO PDFKLQHV� ,Q� 3URFHHGLQJV RI WKH ��WK LQWHUQDWLRQDO V\PSRVLXP RQ +LJK SHUIRUPDQFH
GLVWULEXWHG FRPSXWLQJ� SS� ���±���� +3'& ¶��� $&0� 1HZ <RUN� 1<� 86$ ������

�� 1LVDQ� 1�� 5RXJKJDUGHQ� 7�� 7DUGRV� (�� 9D]LUDQL� 9�� ,QWURGXFWLRQ WR 0HFKDQLVP 'HVLJQ �IRU
&RPSXWHU 6FLHQWLVWV�� &DPEULGJH 8QLYHUVLW\ 3UHVV ������

��� 3DJH� '�� 'HIHQGLQJ DJDLQVW FDFKH�EDVHG VLGH�FKDQQHO DWWDFNV� ,QIRUPDWLRQ 6HFXULW\ 7HFKQLFDO
5HSRUW ����� �� ± �� ������

��� 5LVWHQSDUW� 7�� 7URPHU� (�� 6KDFKDP� +�� 6DYDJH� 6�� +H\� \RX� JHW RII RI P\ FORXG� H[SORULQJ
LQIRUPDWLRQ OHDNDJH LQ WKLUG�SDUW\ FRPSXWH FORXGV� ,Q� 3URFHHGLQJV RI WKH ��WK $&0 FRQIHUHQFH
RQ &RPSXWHU DQG FRPPXQLFDWLRQV VHFXULW\� SS� ���±���� &&6 ¶��� $&0� 1HZ <RUN� 1<� 86$
������

��� 6KDPLU� $�� +RZ WR VKDUH D VHFUHW� &RPPXQ� $&0 ��� ���±��� �1RYHPEHU �����
��� :DQJ� =�� /HH� 5�%�� 1HZ FDFKH GHVLJQV IRU WKZDUWLQJ VRIWZDUH FDFKH�EDVHG VLGH FKDQQHO DWWDFNV�

6,*$5&+ &RPSXW� $UFKLW� 1HZV ��� ���±��� �-XQ �����
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