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$�1�'LPHQVLRQDO��1'��� SURMHFWLYH� UHSUH�
VHQWDWLRQ� WR� VXSSRUW� TXDOLWDWLYH� VSDWLDO
UHDVRQLQJ� LV�SUHVHQWHG��7KH�SULQFLSDO� IHD�
WXUHV� RI� WKLV� UHSUHVHQWDWLRQ� DUH�� WKH
WUDQVODWLRQ� IURP� D� 1�GLPHQVLRQDO� (XFOLG�
HDQ� VSDFH� LQWR� D�1'��ZRUOG�ZLWKRXW� ORVW
RI� LWV� VSDWLDO� SURSHUWLHV�� WKH� FRPSUHVVLRQ
RI� GDWD� RQ� TXDOLWDWLYH� UHSUHVHQWDWLRQ� RI
HOHPHQWV�� WKH� UHSUHVHQWDWLRQ� RI� FKDQJH
XVLQJ� D� PLQLPDO� VHW� RI� RSHUDWRUV�� WKH
FRPSOHWLRQ� DQG� FRQVLVWHQF\� RI� DOO� ZRUOG
WRSRORJLFDO� GHVFULSWLRQV�� DQG� WKH� DXWR�
PDWLF� GHILQLWLRQ� RI� DOO� WRSRORJLFDO� UHOD�
WLRQVKLSV�DPRQJ�HOHPHQWV�
&RQVHTXHQWO\�WKH�UHVXOWLQJ�1'��UHDVRQLQJ
SURFHVV� LV� YHU\� HIIHFWLYH�� 7KLV� RIIHUV� IRXU
VLJQLILFDQW� DGYDQWDJHV� RYHU� RWKHU� PXOWL�
GLPHQVLRQDO� VSDWLDO� UHDVRQLQJ�DSSURDFKHV�
)LUVWO\�� WKH� WRSRORJLFDO� UHODWLRQV� DPRQJ
HOHPHQWV� DUH� LQWULQVLF� WR� WKH� UHSUHVHQWD�
WLRQ�DQG�WKHUHIRUH�WKH�H[SRQHQWLDO�JURZWK
LQ� WKH� QXPEHU� RI� UHODWLRQV� Z�U�W�� WKH
QXPEHU� RI� HOHPHQWV� DQG� WKH� GLPHQVLRQDO�
LW\� RI� VSDFH� GRHV� QRW� KDSSHQ�� 6HFRQGO\�
WKHUH� LV� QR� JHQHUDWLRQ� RI� LQFRQVLVWHQW
WRSRORJLFDO� GHVFULSWLRQV� DQG� FRQVHTXHQWO\
WKH�FRPSXWDWLRQDO� UHVRXUFHV�GHPDQGHG�WR
JHQHUDWH�� WHVW� DQG� SXUJH� LQFRQVLVWHQW� GH�
VFULSWLRQV� DUH� QR� ORQJHU� QHHGHG�� 7KLUW\�
WKHUH�LV�QR�SODFH�RI�LQFRPSOHWH�WRSRORJLFDO
GHILQLWLRQV� DQG� WKHQ�� DOVR�� LQ� WKLV� DVSHFW
QR�FRPSXWDWLRQDO�UHVRXUFHV�DUH�H[SHQGHG�
)LQDOO\�� WKH� FRPSXWDWLRQDO� FRVW� RI� PD�
QLSXODWLQJ�D�1'�� VSDFH� LQFUHDVHV� OLQHDUO\
1� WLPHV� ZKHQ� FRPSDUHG� ZLWK� D� �'�
VSDFH�
)RU� WKH� SUHVHQW�� DV� WKLV� UHSUHVHQWDWLRQ� LV
FRPSOHWHO\�SLFWRULDO��ZKLFK�PHDQV� LW�GRHV
QRW� LQFRUSRUDWH� YHUEDO� GHILQLWLRQV�� WKHQ
DOO� ZRUOG� HOHPHQWV� ZLWK� DQ\� VKDSH� DUH
TXDOLWDWLYHO\� WUDQVIRUPHG� LQWR� ZRUOG�
UHJLRQV� WKDW� DUH� ERGLHV� ZLWK� ERXQGDULHV
SDUDOOHO� WR� WKH� SURMHFWLYH� D[LV�

                                                
�$Y��5RYLVFR�3DLV�������������/LVERD��3RUWXJDO�

1RWZLWKVWDQGLQJ� WKLV� GUDZEDFN�� WKH
VSDWLDO� SURSHUWLHV� RI� WKH� UHDO� ZRUOG� ZLOO
QRW�EH�ORVW�LQ�WKH�1'��ZRUOG�DV�VXJJHVWHG
E\� WKH� UHVXOWV� REWDLQHG� E\� WKH
LPSOHPHQWHG�V\VWHP�

� ,QWURGXFWLRQ

7ZR� RI� WKH�PRVW� FKDOOHQJLQJ� DQG� KDUG� SUREOHPV
LQ�$�,�� LV�KRZ�DQ�DUWLILFLDO�V\VWHP�SHUIRUPV�DXWR�
PDWLFDOO\�UHDVRQLQJ�DERXW�DQ�XQNQRZQ�GRPDLQ�RU
DERXW� D� NQRZQ� 13� FRPSOHWH� GRPDLQ� ZKHUH� WKH
FRPSOH[LW\� DQG� WKH� FRPSXWDWLRQDO� UHVRXUFHV
QHHGHG� WR� VROYH� SUREOHPV� JURZ� XS� H[SRQHQWLDOO\�
3DUWLFXODUO\�LQ�VSDWLDO�UHDVRQLQJ��WKHUH�LV�D�ORW�RI
UHVHDUFK� ZRUN� FRQFHUQHG� ZLWK� RQH� >$OOHQ�
����@�>'HWFKHU� HW� DO��� ����@� DQG� WZR� GLPHQVLRQDO
VSDFHV� >+HUQDQGH]�� ����@�>)UHNVD�� ����@�� >5HW]�
6FKPLGW�� ����@� EXW� ZLWK� UHVSHFW� WR� VSDFHV� ZLWK
WKUHH� RU� PRUH� GLPHQVLRQV� D� IHZ� VXFFHVVIXO� DS�
SURDFKHV�KDYH�EHHQ�GHYHORSHG��WR�RXU�NQRZOHGJH�
>&RHQHQ� HW� DO��� ����@�� 6FDOLQJ� XS� VSDWLDO� DS�
SURDFKHV� GHYHORSHG� WR� VROYH� RQH� RU� WZR� GLPHQ�
VLRQDO�GRPDLQV� LQWR� WKUHH�RU�PRUH�GLPHQVLRQV�DO�
PRVW� JHQHUDWHV� D� FRPELQDWRULDO� H[SORVLRQ� LQ� WKH
QXPEHU� RI� UHODWLRQV� QHHGHG� WR� UHSUHVHQWLQJ� WKH
GRPDLQ� UHODWLRQVKLSV� DPRQJ� HOHPHQWV� DQG� LQ� WKH
FRPSXWDWLRQDO�UHVRXUFHV�WR�VROYH�SUREOHPV�
7KH� TXHVWLRQ� KRZ� WR� PRGHO� DQ� DUWLILFLDO� V\VWHP
DQG�LWV�HQYLURQPHQW�LV�D�TXHVWLRQ�VWUHVVHG�LQ�>$O�
EXV�� ����@� DQG� KLV� RSLQLRQ� LV� FRPSOHWHO\� VKDUHG
E\�XV� EHFDXVH�ZH� DUH� FRQYLQFHG� WKDW� WKH�ZD\� RI
UHSUHVHQWDWLRQ� NQRZOHGJH� DERXW� WKH� ZRUOG� FDQ
PDNH� WKH� UHDVRQLQJ� SURFHVV� VLPSOHU� RU� KDUGHU� LQ
VROYLQJ�SUREOHPV��$QG�WKH�PRVW�LPSRUWDQW�SDUW�RI
WKH�ZRUOG� UHSUHVHQWDWLRQ�GRQH�E\� WKH� KXPDQ� EH�
LQJV�LQ�HYHU\�GD\�OLIH�VHHPV�WR�EH�DOPRVW�TXDOLWD�
WLYH�
$V� WKH� UHDO�ZRUOG� VSDFH� LV� KDUG� WR�PRGHO� D� VLP�
SOHU� PRGHO� RI� VSDFH� QDPHG� �'�� ZRUOG� ZDV� SUR�
SRVHG�LQ�>%DFNVWURP������@��,W� LV�EDVHG�RQ�D�JHR�
PHWULFDO� ORJLF� WKDW� LV� D� ILUVW� RUGHU� SUHGLFDWH� FDO�
FXOXV�FRPSRVHG�E\�SULPLWLYH�DQG�GHULYDEOH�SUHGL�
FDWHV�� 7KH� PDLQ� REMHFWLYH� RI� �'�� ZRUOG� ZDV� WR
PRGHO� VLPSOLILHG� JHRPHWULFDO� REMHFWV� DQG� PH�
FKDQLFDO� DVVHPEO\� SURFHVVHV� ZLWK� UHDO� HIIHFWLYH�
QHVV�� LQ� WHUPV� RI� UHVXOWV� DQG� LQ� WKH� DLP� RI� SUH�
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VHUYLQJ�WKH�UHDO�ZRUG�SURSHUWLHV�
7KH� SURMHFWLYH� UHSUHVHQWDWLRQ� KHUH� SUHVHQWHG
VKDUHV� RQH� FKDUDFWHULVWLF� ZLWK� �'�� ZRUOG� WKDW� LV
WKH� VKDSH� RI� HOHPHQWV�� ZKLFK� KDYH� SDUDOOHO
ERXQGDULHV� ZLWK� WKH� SURMHFWLYH� D[LV�� +RZHYHU�
H[FOXGLQJ�WKH�UHIHUUHG�DVSHFW��WKH�1'��SURMHFWLYH
UHSUHVHQWDWLRQ�LV�FRPSOHWHO\�SLFWRULDO�ZKHUHDV�WKH
�'��DSSURDFK�LV�EDVHG�RQ�YHUEDO�FKDUDFWHUL]DWLRQ
�SUHGLFDWHV��
7KH� 1'�� SURMHFWLYH� UHSUHVHQWDWLRQ� �1'�35�� LV
EDVHG� RQ� IXQGDPHQWDO� JHRPHWULF� SULQFLSOHV
>$\UHV������@�DQG�KDV�1�SURMHFWLYH�D[LV��$�UHJLRQ
LV� D� ERG\�ZLWK� ERXQGDULHV� SDUDOOHO� WR� DOO� SURMHF�
WLYH� D[LV� DQG� LQ� HDFK� SURMHFWLYH� D[LV� DQ� H[LVWLQJ
UHJLRQ�LV�GHILQHG�E\�WZR�SURMHFWLYH�UHJLRQ�YHUWH[�
WKH� VWDUW� DQG� WKH� HQG� YHUWH[� SURMHFWLRQV�� &RQVH�
TXHQWO\� WKH�1'�35� LV� D� FRPSOHWHO\� SLFWRULDO� DS�
SURDFK� DQG� LWV� SULQFLSDO� IHDWXUHV� FDQ� EH� VXPPD�
UL]HG�DV�IROORZV�

• 'DWD�FRPSUHVVLRQ�EHFDXVH�HDFK�UHJLRQ� LV�RQO\
LGHQWLILHG� LQ� HDFK� SURMHFWLYH� D[LV� E\� LWV� VWDUW
DQG�HQG�YHUWH[�SURMHFWLRQV�

• $OO� WRSRORJLFDO� GHVFULSWLRQV� DUH� FRPSOHWH� DQG
FRQVLVWHQW�

• $OO� WRSRORJLFDO� UHODWLRQVKLSV� DPRQJ� HOHPHQWV
DUH�DXWRPDWLFDOO\�GHILQHG�

• -XVW� WZR� PRYHPHQW� RSHUDWRUV� OHIW� DQG� ULJKW
JHQHUDWH�FKDQJH�LQ�HDFK�SURMHFWLYH�D[LV�

• 7KH� RQH�GLPHQVLRQDO� UHDVRQLQJ� SURFHVV� LV� HI�
IHFWLYH� DV� FRQVHTXHQFH� RI� WKH� PHQWLRQHG� IHD�
WXUHV�

• 7KH� H[WHQVLELOLW\� IURP� D� �'�� WR� D� 1'�� UHD�
VRQLQJ�SURFHVV�MXVW�UHTXLUHV�DQ�1�WLPHV�UHSHWL�
WLRQ�RI�WKH��'��DOJRULWKP�

$�PRUH�GHWDLOHG�GLVFXVVLRQ�RI�WKH�1'��SURMHFWLYH
UHSUHVHQWDWLRQ� ZLOO� EH� SUHVHQWHG� LQ� VHFWLRQ� ��� $
GHILQLWLRQ�RI��'��RSHUDWRUV�ZLOO�EH�GRQH�LQ�VHFWLRQ
�� DQG� LWV� H[WHQVLELOLW\� WR� D� PXOWLGLPHQVLRQDO
VSDFH�� ,Q� VHFWLRQ� �� ZLOO� EH� SUHVHQWHG� WKH� DOJR�
ULWKP� WKDW� VXSSRUWV� WKH� RQH�GLPHQVLRQDO� UHDVRQ�
LQJ�SURFHVV�RI�RXU� V\VWHP�DQG� LWV�H[WHQVLELOLW\� WR
D�PXOWLGLPHQVLRQDO� VSDFH��5HVXOWV� LQ�GLIIHUHQW�GL�
PHQVLRQ� VSDFH� ZLOO� EH� VKRZHG� LQ� VHFWLRQ� ��� )L�
QDOO\�� LQ� VHFWLRQ� ��ZH� GLVFXVV� WKH� GUDZEDFN� RI� D
FRPSOHWH� SLFWRULDO� DSSURDFK� DQG� KRZ� LQ� IXWXUH
ZRUN�LW�FDQ�EH�VROYHG�
� 7KH�2QH�'LPHQVLRQDO

�
�3UR�

MHFWLYH�5HSUHVHQWDWLRQ

7KH� IRXQGDWLRQV� RI� WKLV� UHSUHVHQWDWLRQ� DUH� EDVHG
RQ�WKUHH�JHRPHWULFDO�FRQFHSWV�WKDW�DUH�E\�KLHUDU�
FKLFDO� RUGHU� WKH� SURMHFWLYH� D[LV�� WKH� SURMHFWLYH
D[LV�YHUWH[��DQG�WKH�SURMHFWLYH�UHJLRQ�YHUWH[�
��� 3URMHFWLYH�$[LV
$�SURMHFWLYH�D[LV� LV�D� VWUDLJKW� OLQH� WKDW�GHILQHV�D
�'��UHSUHVHQWDWLRQ�LQ�WKH�(XFOLGHDQ�6SDFH�

7KH�UHSUHVHQWDWLRQ�RI�DQ�1'��VSDFH�LV�GRQH�XVLQJ
1� SURMHFWLYH� D[LV� WKDW� FDQ� EH� GHILQHG
DV { }QQ $$6 ��� �= �� ZKHUH� L$ � UHSUHVHQWV� WKH� LWK
SURMHFWLYH� D[LV�� 3DUWLFXODUO\�� WKH� �'�� VSDFH� FDQ
EH�UHSUHVHQWHG�DV� { }���� �� $$$6 = �WKDW�GHILQHV�WKH
VSDFH�VKRZHG�LQ�ILJXUH���
��� 3URMHFWLYH�5HJLRQ�9HUWH[
$� SURMHFWLYH� UHJLRQ� YHUWH[� LV� D� IRUP� WR� UHSUH�
VHQWLQJ� VWDUW� DQG� HQG� SRLQWV� RI� D� UHJLRQ� SURMHF�
WLRQ�RYHU�D� FHUWDLQ�SURMHFWLYH� D[LV��$� UHJLRQ� LV� D
ERG\�ZLWK� ERXQGDULHV� SDUDOOHO�ZLWK� DOO� SURMHFWLYH
D[LV� DQG� LW� FDQ� EH� FRQVLGHUHG� DV� D� UHVXOW� RI� D
JHRPHWULFDO� WUDQVIRUPDWLRQ� DSSOLHG� WR� D� SK\VLFDO
HOHPHQW� ZLWK� DQ\� VKDSH�� )RU� LQVWDQFH�� ILJXUH� �
VKRZHG� D� JHRPHWULFDO� WUDQVIRUPDWLRQ� IURP� D
SK\VLFDO�HOHPHQW�WR�D�UHJLRQ�LQWR�D��'��VSDFH�

)LJXUH����7KH��'��JHRPHWULFDO�WUDQVIRUPDWLRQ�
7KH�H[LVWLQJ�UHJLRQV� LQWR�D�GRPDLQ�FDQ�EH� UHSUH�
VHQWHG�E\�D�VHW� { }NN UUU5 ��� �� �= ��VXFK�WKDW� MU �UHS�
UHVHQWV�MWK�UHJLRQ�LQWR�D�GRPDLQ�

)LJXUH����3URMHFWLYH�UHJLRQ�YHUWH[�
$�SURMHFWLYH�UHJLRQ�LV�UHSUHVHQWHG�LQ�HDFK�SURMHF�
WLYH� D[LV� E\� WZR� YHUWH[�� DMV9 � �� WKH� FKDUDFWHU� 
V

LGHQWLILHV� WKH� SURMHFWLYH� VWDUW� YHUWH[� RI� UHJLRQ� M
RYHU� DQ� D[LV� D$ �� DQG� DMH9 � �� WKH� FKDUDFWHU� 
H
� GH�
ILQHV�WKH�SURMHFWLYH�HQG�YHUWH[�RI�UHJLRQ�M�RYHU�DQ
D[LV� D$ �VHH�ILJXUH���
��� 3URMHFWLYH�$[LV�9HUWH[
$�SURMHFWLYH�D[LV�YHUWH[�LV�DQ�HQWLW\� DP9 �WKDW�UHS�
UHVHQWV� WKH�PWK� YHUWH[�D[LV� LQWR�D�SURMHFWLYH�D[LV

D$ ��DQG�LW�H[LVWV�ZKHWKHU�LW�DOZD\V�KROGV�DW�OHDVW
RQH� SURMHFWLYH� UHJLRQ� YHUWH[�� 7KLV� PHDQV� WKDW� D
SURMHFWLYH� D[LV� YHUWH[� LV� D� QRQ�HPSW\� VHW� RI� SUR�
MHFWLYH�UHJLRQ�YHUWH[�
$Q� H[DPSOH� LV� VKRZHG� LQ� ILJXUH� ��� ZKHUH� LV� GH�
ILQHG�D�WKUHH�GLPHQVLRQDO�VSDFH�ZLWK�WZR�UHJLRQV�
ZKLFK� SURGXFH� IRXU� SURMHFWLYH� UHJLRQ� YHUWH[� LQ
HDFK�SURMHFWLYH�D[LV�EXW�WKH�QXPEHU�RI�SURMHFWLYH
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D[LV� YHUWH[� FDQ� YDU\� EHWZHHQ� WZR� DQG� IRXU� GH�
SHQGLQJ�IURP�WKH�VSDWLDO�SRVLWLRQ�RI�UHJLRQV�

)LJXUH��)LJXUH����3URMHFWLYH�D[LV�YHUWH[���3URMHFWLYH�D[LV�YHUWH[�

��� 6KDSH�RI�5HJLRQV
,Q��'��VSDFH�D�UHJLRQ� LV�DQ� LQWHUYDO�EHWZHHQ�WKH
VWDUW�DQG�WKH�HQG�SURMHFWLYH�UHJLRQ�YHUWH[��,Q��'�
VSDFH�D� UHJLRQ� LV� D� UHFWDQJOH�RU� D� VTXDUH� GHILQHG
E\� IRXU� SURMHFWLYH� UHJLRQ� YHUWH[�� WZR� LQ� HDFK
SURMHFWLYH�D[LV�� ,Q��'�� VSDFHV�D� UHJLRQ� LV� D� FXEH
DQG�� LQ� VSDFHV� JUHDWHU� WKDQ� �'�� UHJLRQV� DUH� K\�
SHUFXEHV�
� 3URMHFWLYH�2SHUDWRUV

��� �'��3RVLWLRQDO�2SHUDWRUV
$OO�GHVLUHG�LQIRUPDWLRQ�DERXW�WKH�ZRUOG�VKRXOG�EH
GHULYDEOH� IURP� WKH� SULPLWLYH� SRVLWLRQDO� RSHUD�
WRUV�� ZKLFK� WKHPVHOYHV� VKRXOG� QRW� EH� GHULYDEOH
IURP� HDFK� RWKHU�� 7KH� SULPLWLYH� SRVLWLRQDO� RSHUD�
WRUV�GHILQH�D�PLQLPDO�PRGHO�RI�WKH�ZRUOG�DQG�DUH
MXVW�GHILQHG�E\�WKH�VHW� { }≡<<� �

• DNHDNV 99 �� << ��PHDQV� WKDW� WKH� SURMHFWLYH� UHJLRQ
VWDUW�YHUWH[� DNV9 � �LV�FORVHU�WKDQ�WKH�HQG�YHUWH[DNH9 � �IURP�WKH�SURMHFWLYH�D[LV�RULJLQ�RI�D�

• DKVDNV 99 �� ≡ �� VLJQLILHV� WKDW� WKHVH� WZR� SURMHFWLYH
UHJLRQ�YHUWH[�DUH�HTXLGLVWDQW� IURP�WKH�SURMHF�
WLYH�D[LV�RULJLQ�

7KH� GHULYDEOH� SRVLWLRQDO� RSHUDWRUV� DUH� XVHIXO� WR
GHILQLQJ� WRSRORJLFDO� UHODWLRQVKLSV� DPRQJ� SURMHF�
WLYH� UHJLRQ� YHUWH[�� 7KHVH� RSHUDWRUV� DUH� DVVHUWHG
XVLQJ�SULPLWLYH�SRVLWLRQDO�RSHUDWRUV��DV�IROORZV�

• ( ) ( )DULDP[DULDP[DULDUL 9999/HIW ������ � <<ϕ∈∀ϕ=

• ( ) ( )DP[DULDULDP[DULDUL 99995LJKW ������ � <<δ∈∀δ=

• ( ) ( )DULDP[DULDP[DULDUL 9999&RLQFLGHQW ������ � ≡γ∈∀γ=

��� �'��5HODWLRQDO�2SHUDWRUV
5HODWLRQDO�RSHUDWRUV�DUH�XVHG�WR�GHILQLQJ�D�VHW�RI
SULPLWLYH� WRSRORJLFDO� UHODWLRQVKLSV� DPRQJ� UHJLRQV
LQWR� D� SURMHFWLYH� D[LV� �$ �� ZKLFK� DUH� GHILQHG� DV
IROORZV�

• 
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LV[HL[
LL
9/HIW9U

U$W2XWVLGH/HI
∈α∈∀

⇒α=

• 
( )

( )�����
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�
�

LH[VL[
LL
95LJKW9U

U$KW2XWVLGH5LJ
∈χ∈∀

⇒χ=

• 
( )

( )�����
��

�
�

LV[HL[
LL

9&RLQFLGHQW9U
U$WW&RLQFLGHQ2XWVLGH/HI

∈φ∈∀⇒

φ=

• 
( )

( )�����
��

�
�

LH[VL[
LL

9&RLQFLGHQW9U
U$QWKW&RLQFLGH2XWVLGH5LJ

∈δ∈∀⇒

δ=

• 
( )

( ) ( )��������

��� ��
LH[HLV[V

L[LL
9&RLQFLGHQW99&RLQFLGHQW9

UU$&RLQFLGHQW&RPSOHWHO\
∈∧∈

ε∈∀⇒ε=

• 
( )

( ) ( )���������
��

�
�

LH[HLV[VL[
LL

9/HIW995LJKW9U
U$,QVLGH&RPSOHWHO\

∈∧∈ϕ∈∀

⇒ϕ=

• 
( )

( ) ( )��������

��� ��
LH[HLV[V

L[LL
9/HIW99&RLQFLGHQW9
UU$&RLQFLGHQW,QVLGH/HIW

∈∧∈

γ∈∀⇒γ=

• 
( )

( ) ( )��������

��� ��
LH[HLV[V

L[LL
9&RLQFLGHQW995LJKW9
UU$WW&RLQFLGHQ,QVLGH5LJK

∈∧∈

η∈∀⇒η=

• 
( )

( ) ( )( ) ( )����������

��� ��
LH[HLHLV[V

L[LL
95LJKW99/HIW95LJKW9

UU$5LJKW2YHUODSSHG
∈∧∈

λ∈∀⇒λ=

�

• 
( )

( ) ( ) ( )( )����������

��� ��
LHLV[HLV[V

L[LL
9/HIW95LJKW99/HIW9

UU$/HIW2YHUODSSHG
�∈∧∈

ω∈∀⇒ω=

��� 1'��2SHUDWRUV
,Q� D� 1'�� ZRUOG�� VFDOLQJ� XS� SRVLWLRQDO� RSHUDWRUV
IURP��'��WR�1'��MXVW�UHTXLUHV�WR�VXEVWLWXWLQJ�WKH
V\PERO� �$ � WKDW� UHSUHVHQWV� WKH� XQLTXH� SURMHFWLYH
D[LV�E\�WKH�FXUUHQW�SURMHFWLYH�D[LV� L$ �
$QDO\]LQJ� ILJXUH� �� WKDW� UHSUHVHQWV� D� UHJLRQ� �U
LQWR� D� �'�� VSDFH� DQG� FRQVLGHULQJ� WKH� �'�

SRVLWLRQDO� RSHUDWRU�/HIW� DSSOLHG� RYHU� DOO� SURMHF�
WLYH� D[LV�� WKHQ� WKH� UHVXOWLQJ� SRVLWLRQDO� RSHUDWRUV
DUH� ( )���V9/HIW �� ( )���V9/HIW �DQG� ( )���V9/HIW �WKDW�FDQ�EH
XVXDOO\� LQWHQGHG� LQ� FRPPRQ� VHQVH� DV� OHIW�� EDFN�
ZDUG�DQG� EHORZ� RSHUDWRUV��7KXV�� D� FRUUHFW� LQWHU�
SUHWDWLRQ� RI� RXU� UHODWLRQDO� RSHUDQGV� GHSHQGV� RQ
WKH� GLVWULEXWLRQ� RI� WKH� SURMHFWLYH� D[LV� RYHU� WKH
(XFOLGHDQ�6SDFH�
7KH�SUHYLRXV� H[DPSOH� LOOXVWUDWHV� KRZ� WR� H[SDQG�
LQJ�DOO�RXU�RSHUDQGV� IURP�D��'��ZRUOG�WR�D�1'�
ZRUOG�� ,Q� IDFW�� LW� MXVW�FRQVLVWV�RI�VXEVWLWXWLQJ� WKH
SDUDPHWHU� �$ � LQ� IRUPXODH� SUHVHQWHG� LQ� VHFWLRQV
����DQG�����E\�WKH�SDUDPHWHU� L$ ��ZKLFK�LV�WKH�LWK
SURMHFWLYH�D[LV�DPRQJ�1�
� 1'
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• ( )LML UN9/HIW0RYH9HUWH[ ϑ�� �� PRYHV� D� SURMHFWLYH
UHJLRQ�YHUWH[� L UN9 � � IURP�WKH�FXUUHQW�SURMHFWLYH
D[LV� YHUWH[� LMϑ � WR� LWV� OHIW� SURMHFWLYH� D[LV� YHU�
WH[�

• ( )LML UN95LJKW0RYH9HUWH[ ϑ�� �� FKDQJHV� D� SURMHF�
WLYH� UHJLRQ� YHUWH[� L UN9 � � IURP� WKH� FXUUHQW� SUR�
MHFWLYH� D[LV� YHUWH[� LMϑ � WR� DQRWKHU� SURMHFWLYH
D[LV�YHUWH[�RQ�LWV�ULJKW�

)LJXUH����0RYH�OHIW�D�VWDUW�UHJLRQ�YHUWH[�
,I� QRQH� RI� WKHVH� RSHUDWRUV� DUH� DSSOLHG� DQRWKHU
PRYHPHQW� RSHUDWRU� WKDW� JHQHUDWHV� QR� FKDQJH� LV
GHILQHG�DV� ( )LML UN9H[1R0RYH9HUW ϑ�� �

)LJXUH������0RYH�OHIW�DQ�HQG�UHJLRQ�YHUWH[�

)LJXUH���0RYH�5LJKW�D�VWDUW�UHJLRQ�YHUWH[�
7KH� PRYHPHQW� RSHUDWRUV� PXVW� JXDUDQWHH� FRQWL�
QXLW\� EHWZHHQ� YHUWH[� UHJLRQV� DQG� UHJLRQV�� 7KXV�
ZKHQ� D� YHUWH[� UHJLRQ� D[LV� L UN9 � � PRYHV� DORQJ� DQ\
GRPDLQV� UHJLRQ� PRYHPHQW� RSHUDWRUV� PXVW� JXDU�
DQWHH� FKDQJH� DFURVV� VSDWLDO� UHODWLRQVKLSV� IURP

/HIW� WR�5LJKW� RU� WKH� RSSRVLWH�� GHSHQGLQJ� RI� WKH
PRYHPHQW� GLUHFWLRQ�� &RQVLGHULQJ� VXFK� UXOHV�� WKH
DOJRULWKPV� WR� GHVFULELQJ� WKHVH� RSHUDWRUV� DUH� SUH�
VHQWHG�LQ�ILJXUHV���������DQG����1RWH�WKDW�LQ�WKHVH
ILJXUHV� WKH�SURMHFWLYH� UHJLRQ�YHUWH[� LUV9 � � DQG� L UH9 �
DUH�FRQVLGHUHG�LQWR�WKH�SURMHFWLYH�YHUWH[� LMϑ �

)LJXUH����0RYH�ULJKW�DQ�HQG�UHJLRQ�YHUWH[�

��� 1'��0RYHPHQW�$OJRULWKPV
3DUWLFXODUO\�� �'�� DOJRULWKP� WDNHV� DGYDQWDJH� RI
WKH�UHODWLRQDO�DQG�PRYHPHQW�RSHUDWRUV�GHILQHG�LQ
SUHYLRXV�VHFWLRQV��&RQVLGHULQJ� �& �DQG� �) �DV�EHLQJ
WKH�FXUUHQW�DQG� ILQDO�SURMHFWLRQV�RYHU� WKH�XQLTXH
SURMHFWLYH�D[LV�WKH��'��DOJRULWKP�LV�DV�VKRZHG�LQ
ILJXUH���

)LJXUH����7KH��'��0RYHPHQW�$OJRULWKP�
7KH� �'�� DOJRULWKP� FRPSOH[LW\� LV� TXDGUDWLF� LQ
RUGHU� WR� WKH� QXPEHU� RI� SURMHFWLYH� UHJLRQ� YHUWH[
LQWR�WKH�SURMHFWLYH�D[LV��$V�WKH�QXPEHU�RI�SURMHF�
WLYH� UHJLRQ� YHUWH[� DUH� RQO\� WZR� SHU� UHJLRQ� DQG
ZKHWKHU� FRQVLGHULQJ�.� UHJLRQV� LQWR� GRPDLQ�� WKHQ
WKH� FRPSOH[LW\� LQ� ZRUVW� FDVH� FDQ� EH� UHSUHVHQWHG
DV� ( )��� .2 × �
*HQHUDOO\��1'��DOJRULWKP� MXVW� UHTXLUHV�H[HFXWLQJ
�'�� DOJRULWKP� IRU� HDFK� RQH� RI� WKH� 1� SURMHFWLYH
D[LV�� DV� LOOXVWUDWHG� LQ� ILJXUH� ��� FRQVHTXHQWO\� WKH
UHVXOWLQJ� FRPSOH[LW\� RI� WKH� 1'�� DOJRULWKP� LV

( )��� .12 ×× �� )RU� LQVWDQFH�� WR� ILQG� RXW� D� VROX�
WLRQ�LQ�D��'��VSDFH�LV�WKUHH�WLPHV�PRUH�H[SHQVLYH
WKDQ� LQ� RQH�GLPHQVLRQDO� VSDFH�� FRQVLGHULQJ� DQ

0RYH9HUWH[/HIW� LUV9 � � LMϑ �
5HPRYH5HJLRQ9HUWH[� LUV9 � �IURP� LMϑ

,)� ( )LMLEHLML EVLEHLEV 9999 ϑ∈∧ϑ∈∃ − ����� ��
&UHDWH3URMHFWLYH9HUWH[� LMLNLMLN ϑ<<ϑ<<ϑϑ −��
,QVHUW5HJLRQ9HUWH[� LUV9 � �LQWR� LN9

(/6(
,QVHUW5HJLRQ9HUWH[� LUV9 � �LQWR� LM �−ϑ

��,)� ( )Φ=ϑLM �5HPRYH$[LV9HUWH[� LMϑ �

0RYH9HUWH[/HIW� LUH9 � � LMϑ �
5HPRYH5HJLRQ9HUWH[� LUH9 � �IURP� LMϑ

,) ( ) ( )LMLEHLMLEVLEHLEVLMLUV 99999 ϑ∈∧ϑ∈∃∨ϑ∈ −− ������� ��
&UHDWH3URMHFWLYH9HUWH[� LMLNLMLN ϑ<<ϑ<<ϑϑ −��
,QVHUW5HJLRQ9HUWH[� LUH9 � �LQWR� LNϑ

(/6(
,QVHUW5HJLRQ9HUWH[� LUH9 � �LQWR� LM �−ϑ

��,)� ( )Φ=ϑLM �5HPRYH$[LV9HUWH[� LMϑ �

0RYH9HUWH[5LJKW� LUV9 � � LMϑ �
��5HPRYH5HJLRQ9HUWH[� LUV9 � �IURP� LMϑ
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��,)� ( )Φ=ϑLM �5HPRYH$[LV9HUWH[� LMϑ �

0RYH9HUWH[5LJKW� LUH9 � � LMϑ �
��5HPRYH5HJLRQ9HUWH[� L UH9 � �IURP� LMϑ

��,)�� ( )LMLEHLML EVLEHLEV 9999 ����� �� +ϑ∈∧ϑ∈∃

����&UHDWH3URMHFWLYH9HUWH[� LMLNLMLN �� +ϑ<<ϑ<<ϑϑ

����,QVHUW5HJLRQ9HUWH[� L UH9 � �LQWR� LNϑ
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HTXDO�QXPEHU�RI�UHJLRQV�LQ�ERWK�VSDFHV�

)LJXUH����7KH�1'��0RYHPHQW�$OJRULWKP�
7KHQ�� WKH� FRPSOH[LW\� RI� WKLV� DSSURDFK� LQFUHDVHV
OLQHDUO\� LQ�RUGHU� WR� WKH�GLPHQVLRQDOLW\�RI� WKH�GR�
PDLQ�
� 5HVXOWV

7KH�1'�35� EHKDYLRU� FDQ� EHVW� EH� LOOXVWUDWHG� E\
FRQVLGHULQJ� DQ� H[DPSOH� LQ� D� �'�� ZRUOG� ZLWK� �
UHJLRQV�QDPHG�;�DQG�<��DV�VKRZHG�LQ�ILJXUH����

)LJXUH�����7KH��'��LQLWLDO�DQG�ILQDO�VWDWHV�
7KH�VROXWLRQ�SDWKV�JHQHUDWHG�E\� WKH�1'�35�DS�
SURDFK� WR� WKH� SUREOHP� GHVFULEHG� LQ� ILJXUH� ��� LV
VKRZHG� LQ� ILJXUH� ��� UHVSHFWLYHO\�� 6XFK� VROXWLRQ
SDWK�LV�DQ�RSWLPDO�VROXWLRQ�SDWK�DQG�LW�LV�WKH�ILUVW
RQH�JHQHUDWHG�E\�WKH�1'�35�DSSURDFK�

)LJXUH�����7KH��'��RSWLPDO�VROXWLRQ�SDWK�

� &RQFOXVLRQV�DQG�)XWXUH�:RUN

$V� FDQ� EH� VHHQ�1'�35� LV� D� FRPSOHWHO\� SLFWRULDO
DSSURDFK� LQ�PRGHOLQJ�1�GLPHQVLRQDO� GRPDLQV� UH�
TXLULQJ� IHZ� FRPSXWDWLRQDO� UHVRXUFHV� WR� VROYH

SUREOHPV�
+RZHYHU� WKLV� UHSUHVHQWDWLRQ� DQG� LWV� UHDVRQLQJ
SURFHVV� LV� QRW� DEOH� WR� GHDOLQJ� ZLWK� VSDWLDO� FRQ�
VWUDLQWV�WKDW�RFFXU� LQ�UHDO�ZRUOG�SUREOHPV�E\�WKH
LQWULQVLF�SK\VLFDO�SURSHUWLHV�RI�HOHPHQWV��H�J���LP�
SHQHWUDELOLW\�� ULJLGLW\�� HWF���� $OVR�� WKH� QRWLRQ� RI
WKH�RULJLQDO�VKDSH�RI�ERGLHV�LV�ORVW�ZKHQ�WKH�1'�
JHRPHWULFDO� WUDQVIRUPDWLRQV� DUH� SHUIRUPHG�� )RU
DOO�WKDW��WKH�HIIHFWLYHQHVV�RI�WKH�LPSOHPHQWHG�V\V�
WHP� HQFRXUDJHV� XV� WR� VROYH� LWV� GUDZEDFNV� DV
TXLFNO\�DV�SRVVLEOH�
$SSDUHQWO\� WKH� KXPDQ� EUDLQ� ZRUNV� LQWHUOHDYLQJ
ERWK� SLFWRULDO� DQG� YHUEDO� NQRZOHGJH� WR� VROYLQJ
SUREOHPV�� 7KH� FKDOOHQJH� LV�� WKHUHIRUH�� WR� PDNH
SRVVLEOH� DQ� DUFKLWHFWXUH�� ZKLFK� LQFRUSRUDWHV� YHU�
EDO� NQRZOHGJH� RQ� WKH� SUHVHQWHG� SLFWRULDO� UHSUH�
VHQWDWLRQ�ZLWKRXW�GHJUDGLQJ�WKH�V\VWHP�HIIHFWLYH�
QHVV�
5HIHUHQFHV

>$OOHQ������@ $OOHQ� -�)��� �7LPH� DQG� 7LPH� $JDLQ�
7KH� 0DQ\� :D\V� WR� 5HSUHVHQW� 7LPH��� LQ�� ,Q�
WHUQDWLRQDO� -RXUQDO� RI� ,QWHOOLJHQW� 6\VWHPV� ��
��������

>'HWFKHU�HW�DO�������@ 'HWFKHU� 5��� 0HLUL� ,��� 3HDUO
-��� �7HPSRUDO� &RQVWUDLQW� 1HWZRUNV��� LQ��$UWL�
ILFLDO�,QWHOOLJHQFH������������

>+HUQDQGH]������@ +HUQDQGH]�'����5HODWLYH�5HS�
UHVHQWDWLRQ� RI� 6SDWLDO� .QRZOHGJH�� 7KH� �'
&DVH���LQ��&RJQLWLYH�DQG�/LQJXLVWLF�$VSHFWV�RI
*HRJUDSKLF� 6SDFH�� ��������� .OXZHU� $FDGHPLF
3XEOLVKHUV��1HWKHUODQGV�

>)UHNVD������@ )UHNVD� &��� �4XDOLWDWLYH� 6SDWLDO
5HDVRQLQJ��� LQ�� &RJQLWLYH� DQG� /LQJXLVWLF� $V�
SHFWV� RI� *HRJUDSKLF� 6SDFH�� ��������� .OXZHU
$FDGHPLF�3XEOLVKHUV��1HWKHUODQGV�

>5HW]�6FKPLGW������@ 5HW]�6FKPLGW� *��� �9DULRXV
9LHZV� RQ� 6SDWLDO� 3URSRVLWLRQ��� LQ� $�,�� 0DJD�
]LQH���������������

>&RHQHQ�HW�DO�������@ &RHQHQ� )��� %HDWWLH� %��
6KDYH� 0��� %HQFK�&DSRQ� 7��� 'LD]� %��� �6SDWLDO
5HDVRQLQJ�8VLQJ�WKH�4XDG�7HVVHUDO�5HSUHVHQWD�
WLRQ��� LQ�� $UWLILFLDO� ,QWHOOLJHQFH� 5HYLHZ� ���
��������� .OXZHU� $FDGHPLF� 3XEOLVKHUV�� 1HWKHU�
ODQGV�

>$OEXV������@$OEXV� -�6��� 5RERWLFV�� LQ�� 5RERWLFV
DQG� $UWLILFLDO� ,QWHOOLJHQFH� �1$72� $6,� 6HULHV�
9RO�� )�����0��%UDG\�� /�$��*HUKDUGW��+�)��'D�
YLGVRQ��(GV���%HUOLQ��6SULQJHU�9HUODJ�

>%DFNVWURP������@ %DFNVWURP� &��� /RJLFDO� 0RG�
HOLQJ�RI�6LPSOLILHG�*HRPHWULFDO�2EMHFWV�DQG�0H�
FKDQLFDO� $VVHPEO\� 3URFHVVHV�� LQ�� $GYDQFHV� LQ
6SDWLDO� 5HDVRQLQJ� 9RO���� HGLWHG� E\� 6X�6KLQJ
&KHQ��$%/(;�SXEOLVKLQJ�FRUSRUDWLRQ��86$�

>$\UHV������@$\UHV� )��� 7KHRU\� DQG� 3UREOHPV� RI
3URMHFWLYH� *HRPHWU\�� LQ�� 6FKDXP
V� RXWOLQH� VH�
ULHV�LQ�0DWKHPDWLFV��0F*UDZ�+LOO�

1'LPHQVLRQDO6SDWLDO0RYHPHQW��
��:+,/(� ( )11 )& ≠
����)25�HDFK�L�RI�1�SURMHFWLYH�D[LV
������,)� ( )LL )& ≠
��������2QH'LPHQVLRQDO6SDWLDO0RYHPHQW� L& � L) �
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>&XL�HW�DO�������@ &XL� =��� &RKQ� $��� DQG� 5DQGHOO
'����4XDOLWDWLYH�6LPXODWLRQ�%DVHG�RQ�D�/RJLFDO
)RUPDOLVP�RI�6SDFH�DQG�7LPH���LQ��3URFHHGLQJV
RI�$$$,����$$$,�3UHVV�

>3DLV�HW�DO������@ 3DLV� -��� 3LQWR�)HUUHLUD� &��
�6HDUFK� 6WUDWHJLHV� IRU�5HDVRQLQJ� DERXW� 6SDWLDO
2QWRORJLHV��� LQ�� ��WK� ,(((� ,QWHUQDWLRQDO� &RQ�
IHUHQFH� 2Q� 7RROV� ZLWK� $UWLILFLDO� ,QWHOOLJHQFH�
7DLZDQHVH�$VVRFLDWLRQ�IRU�$UWLILFLDO�,QWHOOLJHQFH
�,&7$,�����7DLZDQ�

>%HDWWLH� HW� DO������@� %HDWWLH� %��� &RHQHQ� )�3��
+RXJK� $��� %HQFK�&DSRQ� 7�-�0��� 'LD]� %�0��
6KDYH�0�-�5��� �6SDWLDO� 5HDVRQLQJ� IRU� (QYLURQ�
PHQWDO� ,PSDFW�$VVHVVPHQW��� LQ��7KLUG� ,QWHUQD�
WLRQDO� &RQIHUHQFH� RQ� *,6� DQG� (QYLURQPHQWDO
0RGHOLQJ�� 1DWLRQDO� &HQWUH� IRU� *HRJUDSKLF� ,Q�
IRUPDWLRQ�DQG�$QDO\VLV��:::�DQG�&'��6DQWD
%DUEDUD�


