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&RPSXWHU�$VVLVWHG�3URYLQJ�E\�WKH�3&6�0HWKRG

%UXQR�%XFKEHUJHU

5HVHDUFK�,QVWLWXWH�IRU�6\PEROLF�&RPSXWDWLRQ

�-RKDQQHV�.HSOHU�8QLYHUVLW\��$�����/LQ]��$XVWULD

$EVWUDFW��,Q�WKLV�SDSHU�ZH�GHVFULEH�7KHRUHPD��D�V\VWHP�IRU�VXSSRUWLQJ�PDWKHPDWLFDO�SURYLQJ�E\�FRPSXWHU�

7KH�HPSKDVLV�RI�WKH�SDSHU�LV�RQ�VKRZLQJ�KRZ��LQ�PDQ\�VLWXDWLRQV��SURYLQJ�FDQ�EH�UHGXFHG�WR�VROYLQJ�LQ
DOJHEUDLF�GRPDLQV��:H�ILUVW�LOOXVWUDWH�WKLV�E\�NQRZQ�WHFKQLTXHV��LQ�SDUWLFXODU�WKH�*U|EQHU�EDVHV�WHFKQLTXH�

7KHQ�ZH�JR�LQWR�WKH�GHWDLOV�RI�GHVFULELQJ�WKH�3&6�WHFKQLTXH��D�QHZ�WHFKQLTXH�WKDW�LV�SDUWLFXODUO\�ZHOO�VXLWHG

IRU�GRLQJ�SURRIV�LQ�HOHPHQWDU\�DQDO\VLV�DQG�VLPLODU�DUHDV�LQ�ZKLFK�WKH�QRWLRQV�LQYROYHG��W\SLFDOO\��FRQWDLQ

DOWHUQDWLQJ� TXDQWLILHUV� LQ� WKHLU� GHILQLWLRQV��:H� FRQFOXGH�ZLWK� D� JHQHUDO� YLHZ� RQ� WKH� LQWHUSOD\� EHWZHHQ

DXWRPDWHG�SURYLQJ��VROYLQJ��DQG�VLPSOLI\LQJ�

��� $OJHEUD��$OJRULWKPV��3URYLQJ

���� $Q�$OJHEUDLF�1RWLRQ��*U|EQHU�%DVHV

:H�VWDUW�ZLWK�D� W\SLFDO�DOJHEUDLF�GHILQLWLRQ�� WKH�GHILQLWLRQ�RI� WKH�FRQFHSW�RI� �*U|EQHU

EDVLV��ZKLFK�� LQ� WKH�QRWDWLRQ�RI�RXU�7KHRUHPD�V\VWHP�>%XFKEHUJHU�HW�DO������������@�

ORRNV�OLNH�WKLV�

'HILQLWLRQ%�*U|EQHU EDVLV�� DQ\#)'�

LV±*U|EQHU±EDVLV#)' � y �
I±,GHDO#)'

I �)
 �)

+HUH��→�)
�GHQRWHV�WKH�DOJRULWKPLF�UHGXFWLRQ��GLYLVLRQ��UHODWLRQ�RQ�SRO\QRPLDOV�PRGXOR

VHWV� )� RI� PXOWLYDULDWH� SRO\QRPLDOV�� 7KH� QRWLRQ� RI� *U|EQHU� EDVLV� WXUQHG� RXW� WR� EH

LPSRUWDQW� IRU� SRO\QRPLDO� LGHDO� WKHRU\� EHFDXVH�PDQ\� LGHDO� WKHRUHWLF� SUREOHPV� FDQ� EH

VROYHG� �HDVLO\�� LI� *U|EQHU� EDVHV� JHQHUDWLQJ� WKH� LGHDOV� LQYROYHG� DUH� NQRZQ� DQG�

IXUWKHUPRUH��PDQ\�SUREOHPV� LQ�RWKHU� DUHDV�RI�PDWKHPDWLFV� FDQ�EH�UHGXFHG� �HDVLO\�� WR

LGHDO� WKHRUHWLF� SUREOHPV�� �)RU� WKH� WKHRU\� RI� *U|EQHU� EDVHV�� RULJLQDOO\� LQWURGXFHG� LQ

>%XFKEHUJHU�����������@��VHH�WKH�WH[WERRNV�RQ�*U|EQHU�EDVHV��H�J��>.UHX]HU��5REELDQR

����@�WKDW�FRQWDLQV�D�OLVW�RI�DOO�RWKHU�FXUUHQW�WH[WERRNV�RQ�*U|EQHU�EDVHV��7XWRULDOV�RQ�WKH
DSSOLFDWLRQV�RI�*U|EQHU�EDVHV�WR�ILHOGV�RWKHU�WKDQ�SRO\QRPLDO�LGHDO�WKHRU\�FDQ�EH�IRXQG�LQ

>%XFKEHUJHU�� :LQNOHU� ����@�� )RU� H[DPSOH�� LW� WXUQHG� RXW� WKDW� *U|EQHU� EDVHV� KDYH

LPSRUWDQW� DSSOLFDWLRQV� DOVR� WR� IXQGDPHQWDO� SUREOHPV� LQ� V\VWHPV� WKHRU\�� $� UHFHQW

RYHUYLHZ�E\�-��:RRG��>:RRG�����@��OLVWV�WKH�IROORZLQJ�SUREOHPV�RI�V\VWHPV�WKHRU\�WKDW

FDQ�EH�VROYHG�E\�WKH�*U|EQHU�EDVHV�PHWKRG�

HOLPLQDWLRQ�RI�YDULDEOHV�

FRPSXWDWLRQ�RI�PLQLPDO�OHIW�DQG�ULJKW�DQQLKLODWRUV�
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FRPSXWDWLRQ�RI�FRQWUROODEOH�SDUW��FRQWUROODELOLW\�WHVW�

REVHUYDELOLW\�WHVW�

FRPSXWDWLRQ�RI�WUDQVIHU�PDWUL[�DQG�PLQLPDO�UHDOL]DWLRQ�

VROXWLRQ�RI�WKH�&DXFK\�SUREOHP�IRU�GLVFUHWH�V\VWHPV�

WHVWLQJ�IRU�LQFOXVLRQ��DGGLWLRQ�RI�EHKDYLRUV�

WHVWV�IRU�]HUR��ZHDN�]HUR���PLQRU�SULPHQHVV��%H]RXW�LGHQWLW\�FRQVWUXFWLRQ�

ILQLWH�GLPHQVLRQDOLW\�WHVW�

FRPSXWDWLRQ�RI�YDULRXV�VHWV�RI�SROHV�DQG�]HURV��SRODU�GHFRPSRVLWLRQ�

DFKLHYDELOLW\�E\�UHJXODU�LQWHUFRQQHFWLRQ�

FRPSXWDWLRQ�RI�VWUXFWXUH�LQGLFHV�

%HFDXVH�RI�WKH�PDQ\�SRVVLEOH�DSSOLFDWLRQV��WKH�DOJRULWKPLF�FRQVWUXFWLRQ�RI�*U|EQHU�EDVHV

LV�RI�FRQVLGHUDEOH�LPSRUWDQFH��,Q�WKH�VHTXHO��ZH�ZLOO�WDNH�WKH�H[DPSOH�RI�*U|EQHU�EDVHV�DV

DQ�H[DPSOH�IRU�LOOXVWUDWLQJ�YDULRXV�QRWLRQV�RI��FRQVWUXFWLQJ��LQ�PDWKHPDWLFV��7KH�SDSHU

ZLOO� WKHQ�IRFXV�RQ�EULQJLQJ� WRJHWKHU� WZR�OHYHOV�RI� ORRNLQJ�WR�PDWKHPDWLFV��7KH�REMHFW

OHYHO��LQ�ZKLFK�ZH�GHYHORS�DQ�DOJRULWKPLF�WKHRU\�OLNH�*U|EQHU�EDVHV�WKHRU\�XVLQJ�YDULRXV

�DXWRPDWHG��SURRI� WHFKQLTXHV�DQG� WKH�PHWDOHYHO�� LQ�ZLFK�ZH�DSSO\�DOJRULWKPLF� UHVXOWV

IURP� WKH�REMHFW� OHYHO�� H�J��*U|EQHU�EDVHV� WKHRU\�� IRU� IXUWKHU� DXWRPDWLRQ�RI�SURYLQJ� LQ

RWKHU�DUHDV�RI�PDWKHPDWLFV�

���� ,QFRQVWUXFWLYH��&RQVWUXFWLRQ��RI�*U|EQHU�%DVHV

7KH�SUREOHP�RI��FRQVWUXFWLQJ��*U|EQHU�EDVHV�FDQ�EH�FDVW�LQWR�WKH�IRUP�RI�WKH�IROORZLQJ

WKHRUHP��ZKLFK�LQ�7KHRUHPD�QRWDWLRQ�ORRNV�DV�IROORZV�

7KHRUHP%�([LVWHQFH RI *U|EQHU EDVHV��

�
)
�
*

+,GHDO#*'  ,GHDO#)' Â LV±*U|EQHU±EDVLV#*'/)

$�ILUVW�SURRI�RI�WKLV�WKHRUHP�FRXOG�EH�JLYHQ�E\�MXVW�REVHUYLQJ�WKDW�*� ,GHDO>)@�KDV�WKH

UHTXLUHG�SURSHUWLHV��7ULYLDOO\��DOO�SRO\QRPLDOV�I∈,GHDO>*@� �,GHDO>,GHDO>)@@� �,GHDO>)@�FDQ
EH�UHGXFHG�WR�]HUR�PRGXOR�*�E\�MXVW�VXEWUDFWLQJ�I��+RZHYHU��WKLV�LV�OLNH�D�EDG�MRNH��7KH

�FRQVWUXFWLRQ��RI�WKH�LGHDO�JHQHUDWHG�E\�)�LV�DQ�LQILQLWH�SURFHVV��7KXV��WKLV�SURRI�RI�WKH

WKHRUHP�FRQWDLQV�WRR�OLWWOH�LQIRUPDWLRQ�IRU�EHLQJ�DOJRULWKPLFDOO\�XVHIXO�

���� ,QFRQVWUXFWLYH��&RQVWUXFWLRQ��RI�)LQLWH�*U|EQHU�%DVHV

:H� QRZ�PRYH� RQH� VWHS� IXUWKHU� DQG� FRQVLGHU� WKH� IROORZLQJ�� VWURQJHU�� YHUVLRQ� RI� WKH

WKHRUHP�

7KHRUHP%�([LVWHQFH RI ILQLWH *U|EQHU EDVHV��

�
)
�
*

+LV±ILQLWH#*' Â ,GHDO#*'  ,GHDO#)' Â LV±*U|EQHU±EDVLV#*'/)
��

7KH�SURRI�FDQ�EH�JLYHQ�LQ�WKH�IROORZLQJ�ZD\��:H�FRQVLGHU�WKH�VHW
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&RQWRXU#)' � 
� /3#I ' I ± ,GHDO#)' �

» �
J±,GHDO#)'

/3#J' � /3#I ' �
GLYLGHV#/3#J'� /3#I ''!�

�+HUH��/3>I@�GHQRWHV�WKH�OHDGLQJ�SRZHU�SURGXFW�RI�WKH�SRO\QRPLDO�I���%\�'L[RQ¶V�OHPPD�

WKLV�VHW�LV�ILQLWH��1RZ�LW�LV�HDV\�WR�VHH�WKDW

*� ^�6HOHFW>W@�_��W±&RQWRXU>)@��`

KDV�WKH�GHVLUHG�SURSHUWLHV��ZKHUH�6HOHFW�LV�D�FKRLFH�IXQFWLRQ�WKDW��IRU�DQ\�SRZHU�SURGXFW

W∈&RQWRXU>)@�VHOHFWV�D�SRO\QRPLDO�LQ�,GHDO>)@�ZKRVH�OHDGLQJ�SRZHU�SURGXFW�LV�W���7KLV
SURRI� LV� PXFK� PRUH� FRQVWUXFWLYH� WKDQ� WKH� SUHYLRXV� RQH� DQG� JLYHV� WKH� DGGLWLRQDO

LQIRUPDWLRQ�RQ�WKH�ILQLWHQHVV�RI�*��+RZHU��DOWKRXJK�WKH�ILQDO�RXWFRPH�RI�WKH�FRQVWUXFWLRQ

LV�WKH�ILQLWH�VHW�*��WKH�FRQVWUXFWLRQ�LWVHOI�LV�IDU�IURP�EHLQJ�DQ�DOJRULWKP��)RU�FRQVWUXFWLQJ

&RQWRXU>)@�� RQH� VWLOO� KDV� WR� FRQVLGHU� WKH� LQILQLWHO\� PDQ\� SRO\QRPLDOV� I� LQ� WKH� LGHDO

JHQHUDWHG�E\�)�DQG��IRU�HDFK�VXFK�I��RQH�KDV�WR�FKHFN�ZKHWKHU�DQ\�RI�WKH�LQILQLWHO\�PDQ\�J

LQ� WKH� VDPH� LGHDO� VDWLVILHV� D� FHUWDLQ� �DOJRULWKPLF�� FRQGLWLRQ�� $OVR�� 6HOHFW� LV� QRW� DQ

DOJRULWKPLF�IXQFWLRQ�

���� $OJRULWKPLF�&RQVWUXFWLRQ�RI�)LQLWH�*U|EQHU�%DVHV

7KH�DOJRULWKPLF�YHUVLRQ�RI�WKH�SUREOHP�FDQ�EH�IRUPXODWHG�DV�IROORZV�

7KHRUHP%�$OJRULWKPLF FRQVWUXFWLRQ RI ILQLWH *U|EQHU EDVHV��
�
*%

LV±DOJRULWKPLF#*%'
�
)

+LV±ILQLWH#*%#)'' Â

,GHDO#*%#)''  ,GHDO#)' Â LV±*U|EQHU±EDVLV#*%#)''/)

,W� WXUQV� RXW� WKDW� DQ� DOJRULWKP�*%� FDQ� EH� HVWDEOLVKHG� UHODWLYHO\� HDVLO\� DV� VRRQ� DV� WKH

IROORZLQJ�WKHRUHP�LV�SURYHG�

7KHRUHP%�$OJRULWKPLF FKDUDFWHUL]DWLRQ RI *U|EQHU EDVHV�� DQ\#)'�

LV±*U|EQHU±EDVLV#)' � y �
I�J±)

63#I � J' �)
 �)

+HUH��63>I�J@�LV�WKH��6�SRO\QRPLDO�RI�I�DQG�J��GHILQHG�E\

63>I�J@�� ��X�I�−�Y�J�

ZKHUH� WKH� PRQRPLDOV� X� DQG� Y� DUH� FKRVHQ� LQ� VXFK� D� ZD\� WKDW� X�/3>I@ Y�

/3>J@ /&0>/3>I@�/3>J@@��1RWH�WKDW��LI�)�LV�ILQLWH��WKH�ULJKW�KDQG�VLGH�RI�WKH�WKHRUHP�LV�DQ
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DOJRULWKP��+HQFH��E\�WKLV�WKHRUHP��WKH�LQFRQVWUXFWLYH�FRQGLWLRQ�LQ�WKH�RULJLQDO�GHILQLWLRQ

RI�WKH�QRWLRQ�RI�*U|EQHU�EDVLV�FDQ�EH�UHSODFHG�E\�DQ�DOJRULWKPLF�FRQGLWLRQ��7KH�SRZHU�RI

WKH�*U|EQHU�EDVLV�PHWKRG�LV�FRQWDLQHG�HQWLUHO\�LQ�WKLV�WKHRUHP�DQG�LWV�SURRI��ZKLFK�ZDV

RULJLQDOO\�JLYHQ�LQ�>%XFKEHUJHU�����������@�

7KH�DERYH�WKHRUHP�FDQ�QRZ�EH�WXUQHG�LQWR�DQ�DOJRULWKP�*%�IRU�FRQVWUXFWLQJ�*U|EQHU

EDVHV�E\�FRQVLGHULQJ�DOO�6�SRO\QRPLDOV�RI�SRO\QRPLDOV�LQ�)�DQG�UHGXFLQJ�WKHP�WR�QRUPDO

IRUPV�� ,I�DOO� WKHVH� UHGXFWLRQV�\LHOG�]HUR��E\�7KHRUHP>�$OJRULWKPLF�FKDUDFWHUL]DWLRQ�RI

*U|EQHU�EDVHV�@��WKH�RULJLQDO�)�LV�DOUHDG\�D�*U|EQHU�EDVLV��2WKHUZLVH��RQH�KDV�WR�DGMRLQ

WKH� UHVXOWV� RI� WKH� UHGXFWLRQV� WR� WKH� EDVLV� DQG� UHSHDW� WKH� SURFHVV� XQWLO� LW� WHUPLQDWHV�

�7HUPLQDWLRQ� RI� WKLV� SURFHVV� FDQ� HLWKHU� EH� VKRZQ� E\� +LOEHUW¶V� EDVLV� WKHRUHP� RU�

DOWHUQDWLYHO\��E\�'LFNVRQ¶V�OHPPD���)RU�GHWDLOV�RQ�WKH�DOJRULWKP�*%��VHH�WKH�WH[WERRNV�RQ

*U|EQHU�EDVHV��H�J��>.UHX]HU��5REELDQR�����@�

���� 5HGXFWLRQ�RI�0DWKHPDWLFDO�3UREOHPV�WR�WKH�&RQVWUXFWLRQ�RI�*U|EQHU�%DVHV

$V�D�PDWWHU�RI�IDFW��PDQ\�IXQGDPHQWDO�SUREOHPV�LQ�YDULRXV�PDWKHPDWLFDO�DUHDV�FRQ�EH

UHGXFHG� WR� WKH� FRQVWUXFWLRQ� RI� *U|EQHU� EDVHV� DQG�� KHQFH�� EHFRPH� DOJRULWKPLFDOO\

VROYDEOH��,Q�WKLV�SDSHU��RXU�IRFXV�LV�QRW�RQ�WKLV�ZHOO�NQRZQ�UHGXFWLRQ�RI�SUREOHPV�LQVLGH

YDULRXV�PDWKHPDWLFDO�DUHDV�EXW�RQ�WKH�UHGXFWLRQ�RI�SURYLQJ�DERXW�YDULRXV�PDWKHPDWLFDO

DUHDV�WR�WKH�VROXWLRQ�RI�DOJHEUDLF�SUREOHPV�DV��IRU�H[DPSOH��*U|EQHU�EDVHV�FRQVWUXFWLRQ�

7KHUHE\��SURYLQJ�LQ�FHUWDLQ�DUHDV�RI�PDWKHPDWLFV�EHFRPHV�DOJRULWKPLF��/RRNLQJ�IXUWKHU

LQWR�WKH�IXWXUH��DOVR�SURYLQJ�DERXW�*U|EQHU�EDVHV�WKHRU\�PD\�EHFRPH�DOJRULWKPLF�VRPH

GD\��:H�DUH�FXUUHQWO\�ZRUNLQJ�RQ�WKLV�

��� 5HGXFH�3URYLQJ�WR�$OJHEUD��7ZR�:HOO�.QRZQ�0HWKRGV

���� 3URYLQJ�%RROHDQ�&RPELQDWLRQV�RI�(TXDOLWLHV�E\�WKH�*U|EQHU�%DVHV�0HWKRG

7KH�WUXWK�RI�D�ZKROH�FODVV�RI�IRUPXODH�FDQ�EH�GHFLGHG�E\�UHGXFLQJ�WKH�GHFLVLRQ�WR�WKH

FRPSXWDWLRQ�RI�*U|EQHU�EDVHV��7KLV�FODVV�FRQVLVWV�RI�DOO�XQLYHUVDOO\�TXDQWLILHG�ERROHDQ

FRPELQDWLRQV�RI�HTXDOLWLHV�EHWZHHQ�DULWKPHWLFDO� WHUPV�ZLWK�YDULDEOHV� UDQJLQJ�RYHU� WKH

FRPSOH[� QXPEHUV� �RU� DQ\� RWKHU� DOJHEUDLFDOO\� FORVHG� ILHOG� ZLWK� DOJRULWKPLF� ILHOG

RSHUDWLRQV��� ,Q� IDFW�� WKLV� FODVV� RI� IRUPXODH� FRQWDLQV� WKH� KXQGUHGV� RI� LQWHUHVWLQJ

JHRPHWULFDO�WKHRUHPV�LQ�DOJHEUDLF�IRUPXODWLRQ�XVLQJ�FRRUGLQDWHV��+HUH�LV�DQ�H[DPSOH�RI

VXFK�D�IRUPXOD�

)RUPXOD � �7HVW�� DQ\� [� \� �� �
[� \ � �[ � � � � � � � [\ 	 [ 	 \� � �� �� � �

[� \ 	 �[ 
 �� � � � � �[� 	�� �[\ 	 [� \ 	 [� \ 	� �\� 	�� �[\� 	 �[� \� � 
 �� �� � �
[� 	�� [\ 	 [� \ 	�� �\� 	�� �[\� � 
 �� �

�%���

%\� WKH� IROORZLQJ� FDOO�� 7KHRUHPD� JHQHUDWHV� WKH� SURRI� RI� WKLV� IRUPXOD� WRJHWKHU� ZLWK

H[SODQDWRU\� WH[W� WKDW�� LQ� IDFW�� H[SODLQV� WKH�JHQHUDO� UHGXFWLRQ�PHWKRG� WR�*U|EQHU�EDVHV

FRPSXWDWLRQV�IRU�WKH�SDUWLFXODU�LQSXW�IRUPXOD�
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3URYH>�)RUPXOD>�7HVW�@��XVLQJ�→�^`��E\�→�*URHEQHU%DVHV3URYHU@

7KH�RXWSXW�RI�WKLV�FDOO�LV�WKH�SURRI�WH[W�LQ�$SSHQGL[�$���WKDW�PD\�ZHOO�EH�VXIILFLHQW�IRU�WKH

UHDGHU� WR� XQGHUVWDQG� DOVR� WKH� JHQHUDO�PHWKRG� EHKLQG� WKLV� UHGXFWLRQ� RI� SURYLQJ� WR� WKH

FRQVWUXFWLRQ�RI�FHUWDLQ�*U|EQHU�EDVHV���7KH�QHVWHG�EUDFNHWV�DW�WKH�ULJKW�KDQG�PDUJLQ�RI

WKH�SURRI�WH[W�� LQ�DQ�RQ�OLQH�YHUVLRQ�RI�WKH�SURRI��FDQ�EH�XVHG�WR�RSHQ�DQG�FORVH�HQWLUH

VHTXHQFHV�RI�FHOOV�IRU�VWUXFWXUHG�EURZVLQJ�RI�WKH�SURRI�WH[W��

���� 3URYLQJ�)LUVW�2UGHU�)RUPXODH�RYHU�WKH�5HDOV�E\�&\OLQGULFDO�$OJHEUDLF

'HFRPSRVLWLRQ

$QRWKHU� ZHOO�NQRZQ�� DQG� UDWKHU� VRSKLVWLFDWHG�� PHWKRG� IRU� UHGXFLQJ� SURYLQJ� WR� WKH

VROXWLRQ� RI� D� FHUWDLQ� DOJHEUDLF� SUREOHP� LV� &ROOLQV¶� PHWKRG� IRU� SURYLQJ� ILUVW�RUGHU

IRUPXODH�RYHU�WKH�UHDOV�E\�F\OLQGULFDO�DOJHEUDLF�GHFRPSRVLWLRQ�RI��¸Q��&ROOLQV¶�WKHRUHP

RQ�ZKLFK� WKH�PHWKRG�KLQJHV�� HVVHQWLDOO\�� VWDWHV� WKDW�� JLYHQ� D� ILQLWH� VHW� RI�PXOWLYDULDWH

SRO\QRPLDOV�)���¸Q��GHFRPSRVHV�LQWR�ILQLWHO\�PDQ\��FHOOV��VR�WKDW��RQ�HDFK�RI�WKHP��HDFK

I�∈�)�VWD\V�VLJQ�LQYDULDQW��*LYHQ�)��&ROOLQV¶�DOJRULWKP�WKHQ�ILQGV�DW�OHDVW�RQH��VDPSOH�
SRLQW�LQ�HDFK�FHOO��,Q�DQ�RYHUVLPSOLILHG�SUHVHQWDWLRQ��WKH�WUXWK�RI�DQ\�ILUVW�RUGHU�SUHGLFDWH

IRUPXOD�RYHU�WKH�UHDOV�FDQ�WKHQ�EH�GHFLGHG�LQ�WKH�IROORZLQJ�ZD\�

•� )LUVW�FRQVWUXFW�VDPSOH�SRLQWV�LQ�HDFK�FHOO�LQ�D�VLJQ�LQYDULDQW�GHFRPSRVLWLRQ�RI��¸Q

IRU�WKH�VHW�)�RI�SRO\QRPLDOV�RFFXUULQJ�LQ�WKH�IRUPXOD�

•� 3DUWLDO�IRUPXODH�RI�WKH�IRUP��∀[∈¸��3>[@��FDQ�WKHQ�EH�GHFLGHG�E\�FKHFNLQJ��3>α�@
∧����∧3>αN@�IRU�WKH�ILQLWHO\�PDQ\�VDPSOH�SRLQWV�αL��

•� 6LPLODUO\����∃[∈¸��3>[@�FDQ�EH�GHFLGHG�

)RU�WKH�GHWDLOV��ZKLFK�DUH�LQ�IDFW�TXLWH�LQYROYHG��VHH�WKH�RULJLQDO�SDSHU�>&ROOLQV�����@�DQG

WKH�UHFHQW�FROOHFWLRQ�RI�DUWLFOHV�RQ�&ROOLQV¶�PHWKRG�>&DYLQHVV��-RKQVRQ�����@��&ROOLQV¶V

DOJRULWKP��DV�WKH�DOJRULWKP�IRU�FRQVWUXFWLQJ�*U|EQHU�EDVHV��LV�QRZ�DYDLODEOH�LQ��VRPH�RI�

WKH� PDWKHPDWLFDO� VRIWZDUH� V\VWHPV�� OLNH� 0DWKHPDWLFV�� DQG� FDQ�� KHQFH�� EH� URXWLQHO\

DSSOLHG�IRU�SURYLQJ�

��� 5HGXFH�3URYLQJ�WR�$OJHEUD��3&6��D�1HZ�0HWKRG

���� 7KH�3XUSRVH�RI�WKH�0HWKRG

:H�IRFXV�QRZ�RQ�SUHVHQWLQJ�D�QHZ�PHWKRG��WKH��3&6�0HWKRG���IRU�UHGXFLQJ�SURYLQJ�LQ

FHUWDLQ� DUHDV� RI�PDWKHPDWLFV� WR� WKH� VROXWLRQ� RI� DOJHEUDLF� SUREOHPV�� 7KLV�PHWKRG� LV� D

KHXULVWLF�PHWKRG��ZKLFK

•� DLPV�DW� DXWRPDWLFDOO\�JHQHUDWLQJ� �QDWXUDO��SURRIV� WKDW� FDQ�HDVLO\�EH�XQGHUVWRRG
DQG�FKHFNHG�E\�D�KXPDQ�UHDGHU�
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•� LV� SDUWLFXODUO\� VXLWHG� IRU� IRUPXODH� LQYROYLQJ� FRQFHSWV� GHILQHG� E\� IRUPXODH

FRQWDLQLQJ��DOWHUQDWLQJ�TXDQWILHUV���L�H��DOWHUQDWLRQV�RI�WKH�TXDQWLILHUV�∀��DQG��∃���DV
WKLV�LV�W\SLFDOO\�WKH�FDVH�LQ�SURRIV�LQ�DQDO\VLV��DQG

•� DOORZV�WKH�UHGXFWLRQ�RI�KLJKHU�RUGHU�IRUPXODH��L�H��IRUPXODH�FRQWDLQLQJ�YDULDEOHV
RQ� IXQFWLRQV� DQG� SUHGLFDWHV�� WR� VROYLQJ� ILUVW�RUGHU� IRUPXODH�� LQ� SDUWLFXODU

TXDQWLILHU�IUHH� ILUVW�RUGHU� IRUPXODH� �WKDW� FDQ� WKHQ� EH� VROYHG�� IRU� H[DPSOH�� E\

&ROOLQV¶�PHWKRG��

7KH� PHWKRG� LV� D� KHXULVWLF� PHWKRG� LQ� WKH� VHQVH� WKDW� ZH� DUH� QRW� �\HW�� DEOH� WR� JLYH� D

FRPSOHWHQHVV�UHVXOW�IRU�WKH�PHWKRG��$V�D�SUDFWLFDO�UHVXOW�ZH�REVHUYHG��KRZHYHU��WKDW�PRVW

RI�WKH�W\SLFDO�SURSRVLWLRQV�LQ�HOHPHQWDU\�DQDO\VLV�WH[WERRNV��ZKLFK�DUH�VWLOO�FRQVLGHUHG�WR

SUHVHQW�TXLWH�VRPH�FKDOOHQJH�IRU�DXWRPDWHG�WKHRUHP�SURYLQJ��FDQ�EH�DXWRPDWLFDOO�SURYHG

E\�WKH�PHWKRG�DQG�WKDW��DFWXDOO\��WKHVH�SURRIV�FDQ�EH�IRXQG�ZLWK�YHU\�OLWWOH�VHDUFK�LQ�WKH

VHDUFK�VSDFH��$SSOLFDWLRQV�RI�WKH�DSSURDFK�WR�DUHDV�LQ�PDWKHPDWLFV�RWKHU�WKDQ�DQDO\VLV�

H�J��WR�DUHDV�LQYROYLQJ�VHW�WKHRU\��DUH�FXUUHQWO\�LQYHVWLJDWHG��VHH�>:LQGVWHLJHU�����@�

���� $Q�([DPSOH

7KH� 3&6� PHWKRG� LV� EHVW� H[SODLQHG� LQ� DQ� H[DPSOH�� &RQVLGHU�� IRU� H[DPSOH�� WKH� XVXDO

GHILQLWLRQ�RI��VHTXHQFH�I�KDV�OLPLW�D���ZKLFK�LQ�7KHRUHPD�QRWDWLRQ�ORRNV�DV�IROORZV�

'HILQLWLRQ%�OLPLW��� DQ\#I � D'�

OLPLW#I � D'y �
H

H!�

�
1
�
Q

Q�1

�I #Q' � D� � H)

1RWH� WKDW� ¶I¶� LV� D� IXQFWLRQ�YDULDEOH�� L�H�� D� KLJKHU�RUGHU� YDULDEOH�� DV� FDQ�EH� VHHQ�E\� LWV

RFFXUHQFH�LQ�WKH�WHUP�¶I>Q@¶��7KXV��SURSRVLWLRQV�LQYROYLQJ�WKLV�QRWLRQ�FDQQRW�EH�WUHDWHG�E\

ILUVW�RUGHU�PHWKRGV�OLNH�&ROOLQV¶�PHWKRG��$�W\SLFDO�WKHRUHP�RQ�WKH�QRWLRQ�¶OLPLW¶�LV��IRU

H[DPSOH�

3URSRVLWLRQ#�OLPLW RI VXP�� DQ\#I � D� J� E'�
+OLPLW#I � D' Â OLPLW#J� E'/ Á OLPLW#I � J� D � E''

2I�FRXUVH��WKLV�SURSRVLWLRQ�FDQQRW�EH�SURYHG�ZLWKRXW�IXUWKHU�NQRZOHGJH�RQ�WKH�QRWLRQV

RFFXUULQJ�LQ�WKH�SURSRVLWLRQ�DQG�WKH�GHILQLWLRQ�RI�OLPLW�DV��IRU�H[DPSOH��WKH�QRWLRQV�¶�¶

DQG� ¶_� _¶�� ,W� WXUQV� RXW� WKDW�� DFWXDOO\�� YHU\� OLWWHO� NQRZOHGJH� VXIILFHV� IRU� SURYLQJ� WKH

SURSRVLWLRQ�

'HILQLWLRQ#����� DQ\#I � J� ['�
+I � J/#['  I #['� J#[''

��

/HPPD#�«�«�� DQ\#[� \� D� E� G� H'�
+�+[� \/� +D � E/� � +G� H// u +�[� D� � G Â �\� E� � H/'



�

/HPPD#�PD[�� DQ\#P� 0�� 0�'�
P� PD[#0�� 0�' Á +P� 0�ÂP� 0�/'

,Q�7KHRUHPD��ZH�KDYH�ODQJXDJH�FRQVWUXFWV�IRU�SDFNLQJ�IRUPXODH�LQWR��NQRZOHGJH�EDVHV�

WKDW�FDQ�EH�QHVWHG�WR�DUELWUDU\�GHSWK��,Q�RXU�VLPSOH�FDVH��ZH�GHILQH�WKH�WKHRU\��OLPLW��E\

HQWHULQJ

7KHRU\%�OLPLW��

'HILQLWLRQ#�OLPLW��'
'HILQLWLRQ#����'
/HPPD#�«�«�'
/HPPD#�PD[�'

)

1RZ��WKH�IROORZLQJ�FDOO�ZLOO�JHQHUDWH�D�SURRI�RI�WKH�SURSRVLWLRQ�

��3URYH>�3URSRVLWLRQ>�OLPLW�RI�VXP�@��XVLQJ�→��7KHRU\>�OLPLW�@���E\�→�3&6�@��

7KH�SURRI�JHQHUDWHG�LV�VKRZQ�LQ�$SSHQGL[�$���1RWH�WKDW�WKH�HQWLUH�SURRI��LQFOXGLQJ�WKH

H[SODQDWRU\� (QJOLVK� WH[W�� LV� IRXQG� DQG� GLVSOD\HG� E\� WKH� 3&6� PHWKRG� FRPSOHWHO\

DXWRPDWLFDOO\��L�H��ZLWK�QR�XVHU�LQWHUDFWLRQ�

���� 7KH��3&6��0HWKRG��5HGXFH�3URYLQJ�RYHU�5HDO�)XQFWLRQV�WR�6ROYLQJ�RYHU�5HDO

1XPEHUV

:H�QRZ�H[SODLQ� WKH�HVVHQWLDO�SDUWV�RI� WKH�3&6�PHWKRG�E\�JRLQJ� WKURXJK�WKH�H[DPSOH

SURRI�

)LUVW��WKH�JRDO�RI�WKH�SURRI�DQG�WKH�DYDLODEOH�NQRZOHGJH�EDVH�LV�HFKRHG�

3�SKDVH���SUHGLFDWH� ORJLF�3URYLQJ���� ,Q�VWHSV�����DQG������ WKH�W\SLFDO�QDWXUDO�GHGXFWLRQ

VWHSV� RI� SUHGLFDWH� ORJLF� DUH� DSSOLHG�� +RZHYHU�� DOO� IRUPXODH� LQYROYLQJ� HTXLYDOHQFHV�

HTXDOWLHV��DQG�LPSOLFDWLRQV�DUH�QRW�\HW�XVHG�LQ�WKLV�SKDVH�

&�SKDVH���V\PEROLF�&RPSXWLQJ����(TXLYDOHQFHV��HTXDOLWLHV��DQG�LPSOLFDWLRQV�DUH�XVHG�IRU

�UHZULWLQJ���L�H���V\PEROLF�FRPSXWDWLRQ���1RWDEO\��GHILQLWLRQV�DUH�XVHG�LQ�WKLV�ZD\��7KXV�

LQ�WKH�H[DPSOH�������������DQG�����DUH�SURGXFHG�

,Q�WKH�&�SKDVH��ZH�DOVR�DSSO\�6NROHPL]DWLRQ�RQ�IRUPXODH�LQ�WKH�NQRZOHGJH�EDVH�WKDW�VWDUW

ZLWK�∀�∃��7KLV�NLQG�RI� �UHVWULFWHG�6NROHPL]DWLRQ�� LV� HVVHQWLDO� IRU�EHLQJ� DEOH�� ODWHU�� WR
FRQVWUXFW�VROYLQJ�WHUPV�IRU�H[LVWHQWLDO�JRDOV��VHH�IRUPXOD�������1RWH�WKDW��LQ�FRQWUDVW�WR�WKH

UHVROXWLRQ�PHWKRG��ZH�GR�QRW�DW�DOO�H[SDQG�WKH�HQWLUH�JRDO�DQG�NQRZOHGJH�EDVH�WR�FODXVH

IRUP�DQG�GR�QRW�DSSO\�6NROHPL]DWLRQ�WR�WKH�HQWLUH�UHVXOWLQJ�IRUPXOD��:H�WKLQN�WKDW�WKH

DSSURSULDWH� �GRVH�� RI� 6NROHPL]DWLRQ� LV� HVVHQWLDO� IRU� SURGXFLQJ� QDWXUDO� SURRIV�� ,Q� WKH

H[DPSOH��6NROHPL]DWLRQ�LV�DSSOLHG�WR�����DQG�����IRU�SURGXFLQJ�����DQG�����



�

1RZ�ZH�DUH�EDFN�LQ�D�3�SKDVH��LQ�ZKLFK�ZH�SURGXFH�����DQG�����

6�SKDVH���6ROYLQJ����1RZ��IRUPXOD�����LV�DQ�H[LVWHQWLDO�IRUPXOD��,Q�VXFK�D�VLWXDWLRQ�ZH

LQWURGXFH��ILQG�FRQVWDQWV��OLNH��¶�1�¶�WKDW�DOORZ�XV�WR�VSHDN�DERXW�REMHFWV��ZKLFK�ZH�GR

QRW�\HW�NQRZ�DQG��IRUPDOO\��WR�JHW�ULG�RI�WKH�H[LVWHQWLDO�TXDQWLILHU�VR�WKDW�ZH�FDQ�JR�RQ

ZLWK�ZRUNLQJ�RQ�WKH�LQQHU�SDUWV�RI�WKH�JRDO�IRUPXOD�

8VLQJ�D�GHILQLWLRQ�LQ�D�&�VWHS��ZH�DUULYH�DW�������7KLV�LV�D�FUXFLDO�VLWXDWLRQ�LQ�WKH�SURRI�

7KH�FXUUHQW�JRDO�IRUPXOD�LV�FORVH�WR�WKH�/HPPD>�_�_�@�LQ�WKH�NQRZOHGJH�EDVH��+RZHYHU�

ZH�FDQQRW�REWDLQ�WKH�JRDO�IURP�WKH�OHPPD�E\�VXEVWLWXWLRQ��+HUH��ZH�DSSO\�ZKDW�ZH�FDOO

�VHPDQWLF�UHZULWLQJ���$OWKRXJK�WKHUH�LV�QR�VXEVWLWXWLRQ�IRU�δ�DQG�ε�VXFK�WKDW�δ�ε�UHVXOWV�LQ
WKH�FRQVWDQW�ε����RQH�FDQ�VWDWH�WKH�WKH�JRDO�ZRXOG�EH�LPSOLHG�E\�NQRZLQJ�WKDW�WKHUH�H[LVWHG
δ�DQG�ε�VXFK�WKDW�δ�ε �ε���DQG�WKH�SUHPLVHV�RI�/HPPD>�_�_�@�KHOG��7KXV��ZH�DUH�DEOH�WR�JHW
RYHU�WKLV�VLWXDWLRQ�RQ�WKH�H[SHQVH�RI�LQWURGXFLQJ�DGGLWLRQDO�H[LVWHQWLDO�TXDQWLILHUV�RU��LQ

RWKHU�ZRUGV��RQ�WKH�H[SHQVH�RI�KDYLQJ�WR�ILQG�QRW�RQO\�1�
�EXW�DOVR�D�δ��DQG�DQ�ε���,Q

WKH�H[DPSOH��VHPDQWLF�UHZULWLQJ�EULQJV�XV�IURP������RYHU������WR������

:H�DUH�QRZ�DJDLQ�LQ�D�&�SKDVH��LQ�ZKLFK�D�FRXSOH�RI�UHZULWLQJ�VWHSV�XVLQJ�IRUPXODH�LQ�WKH

NQRZOHGJH�EDVH�VLPSOLILHV�WKH��ILQG�SUREOHP��WR�WKH�IRUP������LQ�ZKLFK�LW�QRZ�EHFRPHV

DSSDUHQW�WKDW��DFWXDOO\��WKH�SUREOHP�FDQ�EH�VSOLW�LQWR�WZR�LQGHSHQGHQW��ILQG�SUREOHPV��

•� WKH�SUREOHP�RI�ILQGLQJ�δ��DQG�ε���ZKLFK�LV�D�SUREOHP�WKDW�GRHV�QRW�LQYROYH�DQ\
KLJKHU�RUGHU�FRQFHSWV��LQ�RXU�FDVH��D�SUREOHP�RQ�UHDO�QXPEHUV��DQG

•� WKH�SUREOHP�RI�ILQGLQJ�1�
��ZKLFK�FDQ�EH�VROYHG�E\�SXUH�SUHGLFDWH�ORJLF�DV�VRRQ�DV

δ��DQG�DQ�ε��DUH�NQRZQ�
�

7KH�SUREOHP�RI�ILQGLQJ�δ��DQG�ε��FDQ�EH�VROYHG�E\�FDOOLQJ�DQ\�DOJHEUDLF�DOJRULWKP�IRU
VROYLQJ�HTXDWLRQV�DQG�LQHTXDOLWLHV�RYHU�WKH�UHDOV��IRU�H[DPSOH�E\�&ROOLQV¶�PHWKRG��7KH

PHWKRG�GRHV�QRW�RQO\�UHWXUQ�RQH�SDUWLFXODU�VROXWLRQ�EXW��HLWKHU�UHSRUWV�WKDW�QR�VROXWLRQ

H[LVWV�RU��UHWXUQV�D�JHQHUDO�VROXWLRQ��,Q�RXU�H[DPSOH�LW�VXJJHVWV�WKDW�RQH�PD\�WDNH�DQ\�δ�

EHWZHHQ���DQG�ε���ZKLFK�LV�!���E\�DVVXPSWLRQ������DQG�ε� �ε��−�δ��

)LQDOO\��WKH�VROYLQJ�WHUP

PD[>�1��>δ�@���1��>�ε��−δ�@@

IRU�1�
�LV�SURGXFHG��1RWH�WKDW�WKLV�WHUP�FRQWDLQV�PXFK�PRUH�FRQVWUXFWLYH�LQIRUPDWLRQ

WKDQ�LV�XVXDOO\�JLYHQ�LQ�SURRIV�SUHVHQWHG�LQ�WH[WERRNV�RI�HOHPHQWDU\�DQDO\VLV��,W�WHOOV�XV
WKDW�� LI�ZH�NQRZ�D� IXQFWLRQ�1��WKDW�JLYHV�WKH� LQGH[�ERXQG�IRU� I� LQ�GHSHQGHQFH�RQ� WKH

GLVWDQFH�EHWZHHQ�VHTXHQFH�YDOXHV�DQG� OLPLW�DQG�VLPLODUO\�D� IXQFWLRQ�1��IRU�J��ZH�FDQ

H[SOLFLWO\�FRPSXWH�WKH�LQGH[�ERXQG�IRU�WKH�VXP�VHTXHQFH�I�J��,I�ZH�ZDQW�WR�EH�VXUH�WKDW

�I�J�>Q@�VWD\V�FORVHU�WR�D�E�WKDQ�D�JLYHQ�ε�!���WDNH�DQ\�δ��EHWZHHQ���DQG�ε��DQG�WDNH



�

Q!PD[>�1��>δ�@��1��>�ε��−�δ�@@��,Q�FDVH�1��DQG�1��DUH�DOJRULWKPV��WKLV�SURFHGXUH�LV�DQ
DOJRULWKP�� ,Q� RWKHU� ZRUGV�� WKH� DERYH� SURRI� GRHV� QRW� RQO\� SURYH� WKH� WKHRUHP� EXW� LW

DXWRPDWLFDOO\�V\QWKHVL]HV�DQ�DOJRULWKP�IRU�WKH�LQGH[�ERXQG�RI�WKH�VXP�RI�VHTXHQFHV�

���� $�*HQHUDO�9LHZ

7KH�3&6�PHWKRG�KHDYLO\�LQWHUUHODWHV�SURYLQJ��VROYLQJ��DQG�VLPSOLI\LQJ��FRPSXWLQJ���,Q

IDFW��ZH�EHOLHYH�WKDW�WKH�LQWHUUHODWLRQ�RI�SURYLQJ��VROYLQJ��DQG�VLPSOLI\LQJ�LV�IXQGDPHQWDO

IRU�WKH�IXWXUH�RI�DOJRULWKPLF�PDWKHPDWLFV��3URYLQJ��VROYLQJ��DQG�VLPSOLI\LQJ�VHHP�WR�EH

WKH�WKUHH�EDVLF�PDWKHPDWLFDO�DFWLYLWLHV�WKDW��URXJKO\��FRUUHVSRQG�WR�KRZ�WKH�IUHH�YDULDEOHV

LQ�IRUPXODH�DUH�WUHDWHG�

$Q�DOJRULWKP�(�LV�D�SURYHU�IRU�WKH�WKHRU\�7�LII��IRU�DOO�IRUPXODH�)�DQG�NQRZOHGJH�EDVHV�.�

LI�(>)�.@� ��SURYHG��WKHQ�7∪.����∀[��)
�ZKHUH�[�DUH�WKH�IUHH�YDULDEOHV�LQ�)��

�&RPSOHWH�SURYHUV�ZRXOG�KDYH�WR�SURGXFH��SURYHG��LII��7∪.����∀[��)��

$Q�DOJRULWKP�(�LV�D�VROYHU�IRU�WKH�WKHRU\�7�LII��IRU�DOO�)�DQG�.�

LI�7∪.����∃[��)�WKHQ�7∪.����∀\��(>)�.@Î)

�ZKHUH�[�DUH�WKH�IUHH�YDULDEOHV�LQ�)�DQG�\�DUH�WKH�IUHH�YDULDEOHV�LQ�WKH�VXEVWLWXWLRQ�(>)�.@

ZKLFK�KDV�WKH�IRUP�[�→�6��ZKHUH�6�LV�D�WHUP��

$Q�DOJRULWKP�(��LV�D�VLPSOLILHU�IRU�WKH�WKHRU\�7�LII��IRU�DOO�)�DQG�.�

��7∪.����∀[����(>)�.@�⇔�)����DQG�(>)�.@��LV�VLPSOHU�WKDQ��)�

��ZKHUH�[�DUH�WKH�IUHH�YDULDEOHV�LQ�)��

$FFRUGLQJO\��7KHRUHPD�LV�D��JURZLQJ��OLEUDU\�RI

•� HOHPHQWDU\�SURYHUV��VROYHUV��VLPSOLILHUV�IRU�YDULRXV�WKHRULHV�DQG

•� UHGXFWLRQ�PHWKRGV�WKDW�UHGXFH�SURYLQJ��VROYLQJ��VLPSOLI\LQJ�LQ�YDULRXV�WKHRULHV�WR
SURYLQJ��VROYLQJ��VLPSOLI\LQJ�LQ�RWKHU�WKHRULHV

WRJHWKHU� ZLWK� WRROV� IRU� SURGXFLQJ� H[SODQDWRU\� WH[W� DQG� QLFH� V\QWD[� DQG� PDQDJLQJ

PDWKHPDWLFDO� NQRZOHGJH� EDVHV�� 7KHRUHPD� LV� SURJUDPPHG� LQ� 0DWKHPDWLFD� DQG� DOVR

KHDYLO\�XVHV�WKH�IURQW�HQG�RI�0DWKHPDWLFD��+HQFH��7KHRUHPD�UXQV�RQ�DOO�SODWIRUPV�RQ

ZKLFK�0DWKHPDWLFD�LV�DYDLODEOH��,Q�WKH�IXWXUH��WKH�LQWHUSOD\�EHWZHHQ�SURYLQJ��VROYLQJ��DQG

VLPSOLI\LQJ� ZLOO� EH� PDGH� WKH� PDLQ� VWUXFWXULQJ� GHVLJQ� IHDWXUH� RI� 7KHRUHPD�� $V� D

FRQVHTXHQFH��ZH�ZLOO�JLYH�WKH�XVHU�PRUH�H[SOLFLW�FRQWURO�RYHU�WKLV�LQWHUSOD\�



��

��� 5HIHUHQFHV

>%XFKEHUJHU�����������@�%��%XFKEHUJHU��$Q�$OJRULWKPLF�&ULWHULRQ�IRU�WKH�6ROYDELOLW\�RI

$OJHEUDLF�6\VWHPV�RI�(TXDWLRQV��*HUPDQ���$HTXDWLRQHV�PDWKHPDWLFDH������SS����������

������ �(QJOLVK� WUDQVODWLRQ� LQ�� >%XFKEHUJHU��:LQNOHU� ����@�� SS�� ���������� 7KLV� LV� WKH

MRXUQDO�SXEOLFDWLRQ�RI�WKH�3K'�WKHVLV��%��%XFKEHUJHU��2Q�)LQGLQJ�D�9HFWRU�6SDFH�%DVLV�RI

WKH� 5HVLGXH� &ODVV� 5LQJ� 0RGXOR� D� =HUR� 'LPHQVLRQDO� 3RO\QRPLDO� ,GHDO� �*HUPDQ��

8QLYHUVLW\�RI�,QQVEUXFN��$XVWULD�������

>%XFKEHUJHU�HW�DO������@�%��%XFKEHUJHU��7��-HEHOHDQ��)��.ULIWQHU��0��0DULQ��'��9DVDUX�

������$Q�2YHUYLHZ�RQ�WKH�7KHRUHPD�SURMHFW��,Q��3URFHHGLQJV�RI�,66$&
����,QWHUQDWLRQDO

6\PSRVLXP�RQ�6\PEROLF�DQG�$OJHEUDLF�&RPSXWDWLRQ��0DXL��+DZDLL��-XO\��������������

:��.XHFKOLQ��HG����$&0�3UHVV�������SS����������

>%XFKEHUJHU�HW�DO������@�%��%XFKEHUJHU��&��'XSUH��7��-HEHOHDQ��)��.ULIWQHU��.��1DNDJDZD�

'��9DVDUX��:��:LQGVWHLJHU�� ������7KH�7KHRUHPD�3URMHFW��$�3URJUHVV�5HSRUW�� ,Q���WK

6\PSRVLXP�RQ�WKH�,QWHJUDWLRQ�RI�6\PEROLF�&RPSXWDWLRQ�DQG�0HFKDQL]HG�5HDVRQLQJ��6W�

$QGUHZV�� 6FRWODQG�� $XJXVW� ����� 0�� .HUEHU� DQG� 0�� .RKOKDVH� �HGV���� DYDLODEOH� IURP

)DFKEHUHLFK�,QIRUPDWLN��8QLYHUVLWlW�GHV�6DDUODQGHV��*HUPDQ\��SS����������

>%XFKEHUJHU�� :LQNOHU� ����@� %�� %XFKEHUJHU�� )�� :LQNOHU� �HGV���� *U|EQHU� %DVHV� DQG

$SSOLFDWLRQV�� 3URF�� RI� WKH� ,QWHUQDWLRQDO� &RQIHUHQFH� ���� <HDUV� RI� *URHEQHU� %DVHV��

/RQGRQ�0DWKHPDWLFDO�6RFLHW\� /HFWXUH�1RWH�6HULHV�������&DPEULGJH�8QLYHUVLW\�3UHVV�

����S�

>&DYLQHVV��-RKQVRQ�����@�%��)��&DYLQHVV��-��-RKQVRQ��HGV���4XDQWLILHU�(OLPLQDWLRQ�DQG

&\OLQGULFDO�$OJHEUDLF�'HFRPSRVLWLRQ��6SULQJHU��:LHQ�±�1HZ�<RUN������������S�

>&ROOLQV�����@�*��(��&ROOLQV��4XDQWLILHU�(OLPLQDWLRQ�IRU�WKH�(OHPHQWDU\�7KHRU\�RI�5HDO

&ORVHG�)LHOGV�E\�&\OLQGULFDO�$OJHEUDLF�'HFRPSRVLWLRQ��,Q��+��%UDNKDJH��HG����$XWRPDWD

7KHRU\�DQG�)RUPDO� /DQJXDJHV�� /HFWXUH�1RWHV� LQ�&RPSXWHU�6FLHQFH�����SS�� ��������

5HSULQWHG�LQ�>&DYLQHVV��-RKQVRQ�����@��SS���������

>.UHX]HU�� 5REELDQR� ����@� 0�� .UHX]HU�� /�� 5REELDQR�� &RPSXWDWLRQDO� &RPPXWDWLYH

$OJHEUD����6SULQJHU��%HUOLQ�±�+HLGHOEHUJ�±�1HZ�<RUN������������S�

>:LQGVWHLJHU�����@�:��:LQGVWHLJHU��$�6HW�7KHRU\�3URYHU�:LWKLQ�7KHRUHPD��3K'�7KHVLV�

5,6&�,QVWLWXWH��8QLYHUVLW\�RI�/LQ]��$XVWULD��WR�DSSHDU�������

>:RRG� ����@� -�� :RRG�� 0RGXOHV� DQG� %HKDYLRXUV� LQ� Q'� 6\VWHPV� 7KHRU\�

0XOWLGLPHQVLRQDO�6\VWHPV�DQG�6LJQDO�3URFHVVLQJ�����SS��������������


