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$EVWUDFW
2YHU� WKH� SDVW� IHZ� \HDUV�� QDQR�VFLHQFH� DQG�LWV�DVVRFLDWHG�QDQR�WHFKQRORJ\�KDYH�HPHUJHG�LQWR�SURPLQHQFH�LQ�UHVHDUFK
LQVWLWXWLRQV� DFURVV� WKH� ZRUOG�� 7KH\� KDYH� EURXJKW� DERXW� QHZ� VFLHQWLILF� DQG�HQJLQHHULQJ�SDUDGLJPV��DOORZLQJ�IRU�WKH
PDQLSXODWLRQ� RI� VLQJOH� DWRPV�DQG�PROHFXOHV��GHVLJQLQJ�DQG�IDEULFDWLQJ�QHZ�PDWHULDOV��DWRP�E\�DWRP��DQG�GHYLFHV�WKDW
RSHUDWH� RQ� VLJQLILFDQWO\� UHGXFHG� WLPH� DQG� OHQJWK� VFDOHV�� 2QH� LPSRUWDQW� DUHD�RI�UHVHDUFK�LQ�QDQR�VFLHQFH�DQG�QDQR�
WHFKQRORJ\� LV� FDUERQ�EDVHG� SK\VLFV� LQ�WKH�IRUP�RI�IXOOHUHQH SK\VLFV��7KH�&�� PROHFXOH��DQG�RWKHU�FDJH�OLNH�IXOOHUHQHV�
WRJHWKHU� ZLWK� FDUERQ� QDQRWXEHV SURYLGH� REMHFWV� WKDW� FDQ� EH� FRPELQHG� WR� JHQHUDWH� WKUHH�GLPHQVLRQDO� IXQFWLRQDO
VWUXFWXUHV� IRU� XVH� LQ� WKH� DQWLFLSDWHG� QDQR�WHFKQRORJ\� RI�IXWXUH��7KH�XQLTXH�SURSHUWLHV�RI�&�� FDQ�DOVR�EH�H[SORLWHG�LQ
GHVLJQLQJ� QDQR�SKDVH� WKLQ� ILOPV� ZLWK� DSSOLFDWLRQV� LQ� QDQRVFRSLF GHYLFH� WHFKQRORJ\� DQG� SURFHVVHV� VXFK� DV�QDQR�
OLWKRJUDSK\�� 7KLV� UHTXLUHV� D� GHHS� XQGHUVWDQGLQJ� RI� WKH� KLJKO\� FRPSOH[� SURFHVV�RI�DGVRUSWLRQ�RI�WKLV�PROHFXOH�RQ�D
YDULHW\� RI� VXEVWUDWHV�� � :H� UHYLHZ� WKH� ILHOG� RI� QDQR�VFDOH� QXFOHDWLRQ� DQG� JURZWK� RI� &�� PROHFXOHV�RQ�VRPH�RI�WKH
WHFKQRORJLFDOO\� LPSRUWDQW� VXEVWUDWHV�� ,Q� DGGLWLRQ� WR� H[SHULPHQWDO� UHVXOWV�� WKH� UHVXOWV� RI� D� VHW� RI� KLJKO\� DFFXUDWH
FRPSXWDWLRQDO�VLPXODWLRQV�DUH�DOVR�UHSRUWHG�
.H\ZRUGV��QDQR�VFLHQFH��QDQR�WHFKQRORJ\��QDQR�SKDVH�ILOPV��QDQR�VFDOH�PRGHOOLQJ��0'�VLPXODWLRQV��QDQR�VFLHQFH�RI�&����&���6L��&���JUDSKLWH

�
�� ,QWURGXFWLRQ
1DQR�VFLHQFH� DQG� QDQR�WHFKQRORJ\�>����������@�IRUP�WZR
EDVLF� SDWKZD\V� LQ� UHVHDUFK� FRQFHUQHG�ZLWK� SXUSRVHIXO
PDQLSXODWLRQ� DQG�VWUXFWXUDO�WUDQVIRUPDWLRQ�RI�FRQGHQVHG
SKDVHV�DW�WKHLU�PRVW�IXQGDPHQWDO�OHYHOV��7KH\�DOORZ�XV�WR
H[HUFLVH� D� FRPSOHWH� FRQWURO� RYHU� WKH� VWUXFWXUH� DQG
IXQFWLRQLQJ� RI� SK\VLFDO� PDWWHU� DW� WKH� DWRPLVWLF DQG
PROHFXODU� VFDOHV�� 7KLV� FRQWURO� LPSOLHV� WKDW� SK\VLFDO
PDWWHU� FDQ� EH�LQWHUURJDWHG�DWRP�E\�DWRP�DQG�PROHFXOH�
E\�PROHFXOH� DQG�QHZ�W\SHV�RI�PDWHULDOV�FDQ�EH�GHVLJQHG
IURP� ERWWRP�XS��DWRP�E\�DWRP��E\�D�SUHFLVH�SRVLWLRQLQJ
RI� LQGLYLGXDO� DWRPV� DQG� PROHFXOHV�� OHDGLQJ� WR� WKH
IRUPDWLRQ� RI� SKDVHV� ZLWK� IXQGDPHQWDOO\� GLIIHUHQW
SURSHUWLHV� DQG�IXQFWLRQV�WKDQ�WKH�H[LVWLQJ�PLFUR�VFDOH��RU
PDFUR�VFDOH� SKDVHV�

0DWWHU� DW�QDQRVFRSLF VFDOHV�DQG��PDWWHU FRPSRVHG�RI
QDQR�VFDOH� JUDLQV��WKH�VR�FDOOHG�QDQR�SKDVH�PDWWHU��KDYH
SURSHUWLHV� WKDW� DUH� VLJQLILFDQWO\� GLIIHUHQW� IURP� WKH
RUGLQDU\� FRDUVH�JUDLQHG� PDWWHU�� )RU�H[DPSOH��D�QXPEHU
RI� VWXGLHV� KDYH� VKRZQ� WKDW� QDQR�VWUXFWXUHG� PHWDOOLF
PDWHULDOV� ZLWK� DYHUDJH� JUDLQ� VL]HV� EHWZHHQ� � DQG� ��
QDQRPHWUHV H[KLELW�YHU\�XQLTXH�SURSHUWLHV��,Q�SDUWLFXODU�
LW� LV� NQRZQ� WKDW� WKHVH� PDWHULDOV� KDYH� PXFK�LPSURYHG
PHFKDQLFDO� SURSHUWLHV� FRPSDUHG� ZLWK� WKHLU� FRDUVH�
JUDLQHG�FRXQWHUSDUWV�>����@��)RU�H[DPSOH��WKH�GHQVH�QDQR�
VWUXFWXUHG� 1L DQG�1L DOOR\V�VKRZ�DQ�LQFUHDVH�LQ�VWUHQJWK
E\� IDFWRUV� IURP�� WR��� DQG�LQ�KDUGQHVV�E\�D�IDFWRU�RI���
DQG� DQ� HQKDQFHPHQW� LQ� ZHDU� UHVLVWDQFH� E\� XS� WR����
WLPHV�WKH�QRUPDO�FRDUVH�JUDLQHG�PDWHULDOV�>�@�

7KH� IXQGDPHQWDO� HQWLWLHV� ZKLFK� QDQR�VFLHQFH� DQG
QDQR�WHFKQRORJ\� DUH� FRQFHUQHG� ZLWK� DUH� WKH� QDQR�
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VWUXFWXUHV��7KHVH�DUH�FRQVWUXFWHG�IURP�FRXQWDEOH QXPEHU
RI� DWRPV�� RU� PROHFXOHV�� DQG� DUH� LQWHUPHGLDWH� LQ� VL]H
EHWZHHQ� PROHFXOHV� DQG� PLFUR�VWUXFWXUHV�� 2QH� RI�WKHLU
FKDUDFWHULVWLF� IHDWXUHV� LV� WKHLU� KLJK� VXUIDFH�WR�YROXPH
UDWLR�� 7KHLU� HOHFWURQLF�DQG�PDJQHWLF�SURSHUWLHV�DUH�RIWHQ
GLVWLQJXLVKHG� E\� TXDQWXP� PHFKDQLFDO�EHKDYLRXU��ZKLOH
WKHLU� PHFKDQLFDO� DQG� WKHUPDO� SURSHUWLHV� FDQ� EH
XQGHUVWRRG� ZLWKLQ� WKH� IUDPHZRUN�RI�FODVVLFDO�VWDWLVWLFDO
PHFKDQLFV�� 1DQR�VWUXFWXUHV� FDQ� DSSHDU� LQ� DOO�IRUPV�RI
FRQGHQVHG� PDWWHU�� EH� LW� VRIW�RU�KDUG��ELRORJLFDO�RU�QRQ�
ELRORJLFDO�� RUGHUHG� RU� GLVRUGHUHG�� $FFRUGLQJO\�� QDQR�
VFLHQFH� DQG� QDQR�WHFKQRORJ\�KDYH�EHHQ�VSHFLDOLVHG LQWR
VHYHUDO� GLVWLQFW� DUHDV�� QDPHO\�WKH�ZHW QDQR�WHFKQRORJ\�
WKH� GU\ QDQR�WHFKQRORJ\� DQG� WKH� FRPSXWDWLRQDO QDQR�
WHFKQRORJ\�� 7KH� ZHW� QDQR�WHFKQRORJ\� LV� PDLQO\
FRQFHUQHG� ZLWK� WKH� VWXG\� RI�QDQR�VWUXFWXUHV�DQG�QDQR�
SURFHVVHV� LQ� ELRORJLFDO� V\VWHPV� WKDW� OLYH� LQ� DTXHRXV
HQYLURQPHQW�� 7KH�IXQFWLRQDO�QDQR�VWUXFWXUHV�LQ�WKLV�ILHOG
DUH� ELR�PDWHULDOV�� JHQHWLF� PDWHULDOV�� ELR�PHPEUDQHV�
HQ]\PHV� DQG� PDQ\� RWKHU�FHOOXODU�FRPSRQHQWV��7KHUH�LV
QR� GRXEW� WKDW�� ELRORJLFDO� V\VWHPV� RIIHU� DQ� H[FHOOHQW
H[DPSOH� RI� IXQFWLRQLQJ� QDQR�VWUXFWXUHV�� 'U\� QDQR�
WHFKQRORJ\�� RQ� WKH� RWKHU� KDQG�� LV� EDVHG� RQ� VXUIDFH
VFLHQFH� DQG� SK\VLFDO� FKHPLVWU\�� 7KH� IRFXV� RI� WKLV
WHFKQRORJ\� LV� RQ� PHWDOOLF�� VHPL�PHWDOOLF� DQG� VHPL�
FRQGXFLQJ� PDWHULDOV�� 7KH� HOHFWURQLF� VWUXFWXUH� RI�WKHVH
PDWHULDOV� SURYLGHV� D� IDYRXUDEOH IUDPHZRUN� IRU
FRQVWUXFWLQJ� QDQR�VWUXFWXUHV� WKDW� FDQ� EH� XVHG� LQ
HOHFWURQLF��PDJQHWLF�DQG�RSWLFDO�GHYLFHV�

&RPSXWDWLRQDO� QDQR�WHFKQRORJ\�� LQ� WKH� IRUP� RI
QXPHULFDO� PRGHOOLQJ DQG�FRPSXWHU�EDVHG�VLPXODWLRQ��LV
EDVHG� RQ� FRPSXWDWLRQDO� FRQGHQVHG� PDWWHU�SK\VLFV�DQG
PDWHULDOV� PRGHOOLQJ >�@�� ,WV�GRPDLQ�FRYHUV�ERWK�DVSHFWV
RI� QDQR�WHFKQRORJ\�� DQG� E\� HPSOR\LQJ� FRQFHSWV�IURP
ERWK� FODVVLFDO� SK\VLFV� DQG� TXDQWXP�PHFKDQLFDO� PDQ\
ERG\� WKHRULHV�� LW� LQYHVWLJDWHV� WKH� SURSHUWLHV� RI� QDQR�
VWUXFWXUHV� DQG� QDQR�SURFHVVHV�� WKHLU� IRUPDWLRQ� DQG
HYROXWLRQ�� DWRP�E\�DWRP�� YLD� SUHFLVH� QXPHULFDO
H[SHULPHQWV�RQ�DQ\�IRUP�RI�FRQGHQVHG�SKDVHV�

7KH� HPHUJHQFH� RI� JLJDQWLF�FRPSXWDWLRQDO�IDFLOLWLHV�
LQ� WKH� IRUP� RI� VXSHU�FRPSXWHUV�� JUDSKLF� ZRUNVWDWLRQV
DQG� SRZHUIXO� SHUVRQDO� FRPSXWHUV�� KDV� OHG� WR� WKH
IRUPDWLRQ� RI� D� QHZ� VFLHQFH�� UHIHUUHG WR� DV� WKH
&RPSXWDWLRQDO� 6FLHQFH�� IRUPLQJ� WKH� 7KLUG� %UDQFK� RI
UHVHDUFK� DORQJ� VLGH� WKH� WUDGLWLRQDO� WKHRU\�EXLOGLQJ�DQG
ODERUDWRU\�EDVHG� H[SHULPHQWDWLRQ�� &RPSXWDWLRQDO
VFLHQFH� FRQVLVWV� RI� QXPHULFDO�PRGHOOLQJ DQG�FRPSXWHU�

EDVHG� VLPXODWLRQ� RI� FRQGHQVHG� SKDVHV� DW� WKH� PDFUR��
PHVR�� DQG� QDQR�VFDOHV�� DQG�� UHFHQWO\�� WKHLU�LQWHJUDWLRQ
LQWR� XQLILHG�PXOWL�VFDOH PRGHOV�RI�SKHQRPHQD�LQ�ZKLFK�D
FRPSOHWH� GHVFULSWLRQ� UHTXLUHV� WKH� FRXSOLQJ� RI� PDQ\
SURFHVVHV� � DW ZLGHO\� GLIIHUHQW� OHQJWK�� WLPH�DQG�HQHUJ\
VFDOHV�� $W� WKH� QDQR�VFDOH�� WKH�DLP�RI�WKH�FRPSXWDWLRQDO
VFLHQFH� LV� WR� VWXG\� WKH� HYROXWLRQ�RI�SK\VLFDO��FKHPLFDO
DQG� ELRORJLFDO�V\VWHPV�RQ�VLJQLILFDQWO\�UHGXFHG�WLPH�DQG
OHQJWK� VFDOHV��1XPHULFDO�VLPXODWLRQV�LPSOHPHQWHG�DW�WKH
WKLV VFDOH� IRUP� WKH� EDVLV� RI� FRPSXWDWLRQDO� QDQR�
WHFKQRORJ\�� 7KHVH� VLPXODWLRQV� DOORZ� IRU� DQ
XQGHUVWDQGLQJ� RI� WKH� DWRPLVWLF PHFKDQLVPV��HQHUJHWLFV
DQG� G\QDPLFV�XQGHUO\LQJ�WKH�SK\VLFDO�SURFHVVHV�WKDW�FDQ
XQIROG� LQ� LVRODWHG� DQG�LQWHUDFWLQJ�QDQR�VWUXFWXUHV�XQGHU
GLIIHUHQW� FRQGLWLRQV��1XPHULFDO�VLPXODWLRQV�DUH�EDVHG�RQ
ODUJH�VFDOH� FRGHV� WKDW� FDQ� EH� LPSOHPHQWHG� RQ�YDULRXV
W\SHV� RI� FRPSXWLQJ� SODWIRUPV�� 7KH� LPSOHPHQWDWLRQ�RI
VXFK� FRGHV� FRQVWLWXWHV� D� NLQG� RI� FRPSXWDWLRQDO
H[SHULPHQWDWLRQ� IRU� WHVWLQJ� WKH� PRGHO� V\VWHP� IRU� D
YDULHW\� RI� LQLWLDO� DQG� HQYLURQPHQWDO� SDUDPHWHUV� ,Q
VLPXODWLRQV�� ZH� KDYH� D� FRPSOHWH� FRQWURO� RYHU� DOO� WKH
IRUFHV� WKDW� PD\�LQIOXHQFH�WKH�VWUXFWXUH�DQG�SURSHUWLHV�RI
WKH� QDQR�VWUXFWXUH� XQGHU� VWXG\�� 7KH�HIIHFWV�RI�SK\VLFDO
SDUDPHWHUV� RQ� WKH� V\VWHP� FDQ�EH�SUHFLVHO\�LVRODWHG�DQG
V\VWHPDWLFDOO\� VWXGLHG�� &RPSXWDWLRQDO� VLPXODWLRQV� FDQ
EH� XVHG� WR� SURYLGH� H[KDXVWLYH� DFFRXQWV� RI� WKH�ORJLFDO
FRQVHTXHQFHV� WKDW� HPDQDWH� IURP� VSHFLILF�DVVXPSWLRQV�
LQSXW� GDWD� DQG� WKH� SK\VLFDO� WKHRULHV� XQGHUO\LQJ� WKH
HQHUJHWLFV DQG�G\QDPLFV�RI�WKH�PRGHO�V\VWHP��7KHUHIRUH�
VLPXODWLRQV� SURYLGH� D� FRPSUHKHQVLYH�NQRZOHGJH�DERXW
WKH� FRQGHQVHG� SKDVHV�DW�D�OHYHO�WKDW�FDQ�QRW�EH�REWDLQHG
LQ� RWKHU� ZD\V�� )URP� WKLV� SHUVSHFWLYH�� VLPXODWLRQV�FDQ
SURYLGH� WKH�UHVHDUFK�VFLHQWLVWV�ZLWK�XQIRUVHHQ DQG�WRWDOO\
XQH[SHFWHG�VFHQDULRV�

&RPSXWDWLRQDO� QDQR�VFLHQFH� LQ� WKH� IRUP� RI� QDQR�
VFDOH� PRGHOOLQJ >�@�� WRJHWKHU� ZLWK� H[SHULPHQWDO�QDQR�
VFLHQFH�� HPSOR\LQJ� WLS�EDVHG SUREH�WHFKQLTXHV��VXFK�DV
VFDQQLQJ� WXQQHOOLQJ PLFURVFRS\� �670�� >�@�DQG�DWRPLF
IRUFH� PLFURVFRS\� �$)0�� >��@��KDYH�JHQHUDWHG�QHZ�DQG
H[FLWLQJ� ILHOGV�RI�UHVHDUFK��FORVHO\�DOLJQHG�WR�WKH�ILHOG�RI
QDQR�WHFKQRORJ\�� VXFK� DV�QDQR�PHFKDQLFV��QDQR�RSWLFV�
QDQR�PDJQHWLVP� DQG� QDQR�HOHFWURQLFV� 7KHVH�WLS�EDVHG
GHYLFHV� KDYH� SURYLGHG� UHYROXWLRQDU\� WRROV� IRU� D
QDQRVFRSLF LQWHUURJDWLRQ� RI� WKH� PRUSKRORJ\� DQG
HOHFWURQLF� VWUXFWXUH� PDSV� RI�PDWHULDO�VXUIDFHV�DQG�KDYH
PDGH� WKHLU� DWRPLF�VFDOH� PDQLSXODWLRQ� SRVVLEOH��3UREH�
EDVHG� WHFKQLTXHV� KDYH� EHHQ� IXUWKHU� H[WHQGHG� DQG� DUH
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QRZ� FROOHFWLYHO\� UHIHUUHG� WR� DV� WKH� VFDQQLQJ� SUREH
PLFURVFRS\��630��

7KLV� UHYLHZ� LV� FRQFHUQHG� ZLWK� RQH� RI� WKH� PRVW
LPSRUWDQW� DUHDV� RI� WKH� FXUUHQW�UHVHDUFK�LQ�QDQR�VFLHQFH
DQG� QDQR�WHFKQRORJ\�� L�H�� WKH� ILHOG� RI� IXOOHUHQH�EDVHG
SK\VLFV�� DQG� LQ� SDUWLFXODU� WKH� QDQR�VFLHQFH� RI� WKH�&��
PROHFXOH�� ZKLFK� FRQWLQXHV�WR�RFFXS\�D�SURPLQHQW�SODFH
LQ� UHVHDUFK� DFWLYLWLHV� LQ� WKH� ILHOG�RI�FRPSXWDWLRQDO�DQG
H[SHULPHQWDO� QDQR�VFLHQFH�DFURVV�WKH�ZRUOG� 7KH�UHYLHZ
LV� PDLQO\� EDVHG� RQ� WKH� UHVHDUFK� ZKLFK WKH�DXWKRU�KDV
EHHQ� DVVRFLDWHG� ZLWK�LQ�WKH�ILHOG�RI�FRPSXWDWLRQDO�QDQR�
VFLHQFH� RI� &���� 7KH� RUJDQLVDWLRQ RI� WKLV� SDSHU� LV� DV
IROORZV�� ,Q� 6HFWLRQ� ��� RQH�RI�WKH�PRGHOOLQJ WRROV�RI�WKH
FRPSXWDWLRQDO� QDQR�VFLHQFH� � DQG� WKH�RQH�HPSOR\HG�LQ
WKH� VLPXODWLRQV� UHSRUWHG� KHUH��LV�EULHIO\�GHVFULEHG��7KLV
LV� IROORZHG� � LQ� 6HFWLRQ� ��� E\� D� GHVFULSWLRQ� RI� WKH
SHUWLQHQW� LQWHU�DWRPLF� SRWHQWLDOV� WKDW� PRGHO� WKH
HQHUJHWLFV DQG�G\QDPLFV�RI�WKH�SURFHVVHV�LQYROYHG�LQ�WKH
DGVRUSWLRQ� RI� WKLV� PROHFXOH� RQ� D� YDULHW\�RI�VXEVWUDWHV�
:H� WKHQ� EULHIO\� UHYLHZ�� LQ� 6HFWLRQ� ���WKH�PDLQ�UHVXOWV
IURP� VRPH� RI� WKH� H[SHULPHQWV� SHUIRUPHG� RQ� WKH
DGVRUSWLRQ� RI� &�� PROHFXOHV� � RQ D� YDULHW\ RI�PHWDOOLF
VXUIDFHV�� 6HFWLRQ� � LV� GHYRWHG� WR�WKH�GHVFULSWLRQ�RI�WKH
FRPSXWDWLRQDO� VLPXODWLRQV� RI� WKH� DGVRUSWLRQ� RI� &��
PROHFXOHV� RQ� VHPL�FRQGXFWLQJ� DQG� VHPL�PHWDOOLF
VXUIDFHV�

��� 0ROHFXODU� G\QDPLFV��0'��PRGHOOLQJ RI�D
FDQRQLFDO�HQVHPEOH
��� %DVLF�QRWLRQV
&RPSXWDWLRQDO� VLPXODWLRQV� DW� QDQRVFRSLF VFDOHV� DUH
SHUIRUPHG� WKURXJK� VHYHUDO� GLVWLQFW�PHWKRGRORJLHV��7KH
PRVW� ZLGHO\� XVHG� LQ� PRGHOOLQJ WKH�QDQR�VWUXFWXUHV�DQG
QDQR�SURFHVVHV� LQ� FRQGHQVHG� PDWWHU� SK\VLFV� DQG� WKH
UHODWHG� ILHOG� RI� PDWHULDOV� PRGHOOLQJ LV� WKH� G\QDPLF
DSSURDFK� NQRZQ� DV� WKH� PROHFXODU� G\QDPLFV� �0'�
VLPXODWLRQ� PHWKRG� >���� ���� ��@� ZKHUH� WKH� PRWLRQ� RI
LQGLYLGXDO� DWRPV�� ZLWKLQ� DQ� DVVHPEO\� RI� 1 DWRPV�� RU
PROHFXOHV�� LQ� DQ\�W\SH�RI�FRQGHQVHG�SKDVH��LV�PRGHOOHG
RQ� WKH� EDVLV� RI� HLWKHU� D� 1HZWRQLDQ� GHWHUPLQLVWLF
G\QDPLFV� RU�D�/DQJHYLQ�W\SH�VWRFKDVWLF�G\QDPLFV��JLYHQ
WKHLU� LQLWLDO� SRVLWLRQ� FRRUGLQDWHV� DQG� YHORFLWLHV� $
FODVVLFDO� 0'� VLPXODWLRQ� SURFHHGV� E\� FRQVWUXFWLQJ� D
ILQLWH� QDQR�VL]HG SRUWLRQ�� VD\� 1 DWRPV�� RI� DQ� LQILQLWH
PRGHO� V\VWHP� ZLWK�DQ\�GHVLUHG�FRQILJXUDWLRQ�LQ�HLWKHU�D
FU\VWDOOLQH� RU� DQ� DPRUSKRXV� VWDWH� LQ� D� SULPDU\
FRPSXWDWLRQDO� FHOO�RI�YROXPH�9��7KH�FHOO�LV�UHSOLFDWHG�LQ

DOO�VSDWLDO�GLPHQVLRQV�JHQHUDWLQJ�LWV�RZQ�SHULRGLF�LPDJHV
DV� ZHOO� DV� WKRVH� RI� WKH�RULJLQDO�1 DWRPV� 7KLV�LV�FDOOHG
WKH� SHULRGLF� ERXQGDU\� FRQGLWLRQ� �3%&��� DQG� LV
LQWURGXFHG� WR� UHPRYH� WKH� XQGHVLUDEOH� HIIHFWV� RI� WKH
DUWLILFLDO� VXUIDFHV� DVVRFLDWHG� ZLWK� WKH� ILQLWH�VL]H�RI�WKH
VLPXODWHG�V\VWHP�

7KH� HQHUJHWLFV DQG� G\QDPLFV� RI� WKH� DWRPV� DUH
REWDLQHG� IURP� SUHVFULEHG� WZR�ERG\� DQG� PDQ\�ERG\
SKHQRPHQRORJLFDO� LQWHU�DWRPLF� SRWHQWLDOV�� +, �ULM���IURP
ZKLFK� WKH�1HZWRQLDQ�IRUFHV�H[SHULHQFHG�E\�WKHVH�DWRPV
DUH�GHULYHG�YLD¦
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7KH� �1 SRVLWLRQ� GHJUHHV� RI� IUHHGRP� VHW� XS� �1
VLPXOWDQHRXV� FRXSOHG� GLIIHUHQWLDO� HTXDWLRQV� RI� PRWLRQ
ZKLFK DUH� LQWHJUDWHG� QXPHULFDOO\� ZLWKLQ� WKH
FRPSXWDWLRQDO� FHOO� E\� D� YDULHW\� RI� ILQLWH�GLIIHUHQFH
WHFKQLTXHV�� DPRQJ�ZKLFK�WKH�PRVW�IUHTXHQWO\�XVHG�LV�WKH
YHORFLW\� 9HUOHW DOJRULWKP� >��@�� $FFRUGLQJ� WR� WKLV
DOJRULWKP�� WKH� SRVLWLRQV�� UL�� DQG� YHORFLWLHV�� YL�� RI� WKH
DWRPV� RI� PDVV� PL DUH� XSGDWHG� DW�HDFK�VLPXODWLRQ�WLPH
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:KHQ� WKH� RULJLQDO� 1 DWRPV� PRYH� LQ� WKH�SULPDU\�FHOO�
WKHLU� SHULRGLF�LPDJHV�H[HFXWH�H[DFWO\�LGHQWLFDO�PRWLRQ�LQ
WKHLU� UHVSHFWLYH� LPDJH� FHOOV�� :KHQ�RQH�DWRP�OHDYHV�WKH
SULPDU\� FHOO� IURP� RQH� VLGH�� RQH� RI�LWV�SHULRGLF�LPDJHV
HQWHUV� IURP� WKH�RSSRVLWH�VLGH�YLD�WKH�3%&��WKXV�NHHSLQJ
WKH� QXPEHU� RI�SDUWLFOHV�FRQVWDQW��7KH�G\QDPLFDO�KLVWRU\
RI� D� SDUWLFXODU� PLFUR�VWDWH RI� WKH� V\VWHP�� FRQVWUXFWHG
LQLWLDOO\�� FDQ� WKHUHIRUH� EH� IROORZHG� E\� FRPSXWLQJ� WKH
VSDFH�WLPH� WUDMHFWRULHV WKURXJK�WKH�SKDVH�VSDFH�YLD�HTV�
����� $W� HDFK� LQVWDQW� RI� WKH� VLPXODWLRQ� WLPH�� WKH�H[DFW
LQVWDQWDQHRXV� YDOXHV� RI� WKH� REVHUYDEOHV�� VXFK� DV
SUHVVXUH�� WHPSHUDWXUH� DQG� WKHUPRG\QDPLFV� UHVSRQVH
IXQFWLRQV�� DUH� DOVR� REWDLQHG�� OHDGLQJ� WR� WLPH�DYHUDJH
YDOXHV�DW�WKH�FRQFOXVLRQ�RI�WKH�VLPXODWLRQ�

��� 1RVH�+RRYHU�G\QDPLFV
7KH�EHKDYLRXU RI�D�V\VWHP�ZLWK�D�IL[HG�QXPEHU�RI�DWRPV�
1�� FRQILQHG� WR� D� IL[HG� YROXPH�� 9��DQG�PDLQWDLQHG�DW�D
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FRQVWDQW� SUHVHW� WHPSHUDWXUH�� 7�� LV� VWXGLHG� ZLWKLQ� WKH
IUDPHZRUN� RI� D� FRQVWDQW��197��� RU� D� FDQRQLFDO�
HQVHPEOH� >��@�� ZLWK� WKH�WHPSHUDWXUH�DFWLQJ�DV�D�FRQWURO
SDUDPHWHU�

$� FRQVWDQW�WHPSHUDWXUH� 0'� VLPXODWLRQ� FDQ� EH
UHDOLVHG LQ� D� YDULHW\�RI�ZD\V��7KH�HDUOLHVW�SURSRVDO�>���
��@� FRQVLVWHG� RI� D� VLPSOH FRQVWUDLQW�PHWKRG�WR�UHVWULFW
WKH�WRWDO�NLQHWLF�HQHUJ\�RI�WKH�V\VWHP�LQ�RUGHU�WR�PDLQWDLQ
D� UHIHUHQFH� WHPSHUDWXUH�� 7KLV� ZDV�GRQH�E\�D�VLPSOH�UH�
VFDOLQJ� RI� WKH�SDUWLFOH�YHORFLWLHV�DW�HDFK�VLPXODWLRQ�WLPH
VWHS� LQ RUGHU�WR�FRUUHFW�IRU�WKH�WKHUPDO�GULIW���1R�ULJRURXV
SURRI� ZDV�� KRZHYHU��DGYDQFHG�WR�MXVWLI\�WKLV�PHWKRG��RU
VKRZ� WKDW� LW�OHDGV�WR�WKH�JHQHUDWLRQ�RI�D�FRQVWDQW��197�
HQVHPEOH�� $Q� HDUO\� DSSOLFDWLRQ� RI� WKLV� PHWKRG� WR� DQ
H[DFWO\� VROYDEOH� SUREOHP� FRQVLVWLQJ� RI� ���� FRXSOHG
KDUPRQLF� RVFLOODWRUV >��@�VKRZHG�WKDW�LW�KDG�D�QHJOLJLEOH
HIIHFW� RQ� WKH� G\QDPLFDO� SURSHUWLHV� RI� WKH�V\VWHP��7KH
PHWKRG� ZDV� PRGLILHG� >��@� E\� FRQVWUDLQLQJ�WKH�NLQHWLF
HQHUJ\� YLD�D�PRPHQWXP�VFDOLQJ��+RZHYHU��LW�ZDV�VKRZQ
>��@� WKDW�LQ�DQ�1�SDUWLFOH�V\VWHP��WKLV�PRPHQWXP�VFDOLQJ
PHWKRG� SURGXFHV� DQ� HTXLOLEULXP� GLVWULEXWLRQ� IXQFWLRQ
ZKLFK� GHYLDWHV�IURP�D�FDQRQLFDO�GLVWULEXWLRQ�E\�DQ�RUGHU

RI� �
�

1� �
$� VHFRQG� SURSRVDO� WR�UHDOLVH D�FRQVWDQW�WHPSHUDWXUH

HQVHPEOH� ZDV� EDVHG� RQ� D� VWRFKDVWLF�� /DQJHYLQ�W\SH�
PHWKRG� >���� ������@��7KLV�LV�HVVHQWLDOO\�D�K\EULG�PHWKRG
WKDW� FRPELQHV� WKH� 0'� DQG�0RQWH�&DUOR�WHFKQLTXHV��,Q
WKLV� PHWKRG� WKH� SDUWLFOH� YHORFLWLHV� DUH�PRGLILHG�GXULQJ
VWRFKDVWLF� FROOLVLRQV� ZLWK� VRPH�IRUP�RI�JKRVW�SDUWLFOHV�
7KHVH� FROOLVLRQV� UHVHW� WKH� SDUWLFOH� YHORFLWLHV� WR� QHZ
YDOXHV� DQG� HVWDEOLVK� D� EDODQFH� EHWZHHQ� UDQGRPL]HG
WKHUPDO� DJLWDWLRQV DQG� D� IULFWLRQDO�IRUFH��OHDGLQJ�WR�WKH
JHQHUDWLRQ� RI� D� FDQRQLFDO�GLVWULEXWLRQ��7KH�PHWKRG�ZDV
DSSOLHG� WR� WKH� VLPXODWLRQ� RI� D�ZDWHU�V\VWHP�>��@�DQG LW
ZDV� IRXQG� WKDW�LQ�RUGHU�WR�UHDOLVH D�FRQVWDQW�WHPSHUDWXUH
WKH� IUHTXHQF\� RI� UDQGRP� FROOLVLRQV� PXVW� EH� VHOHFWHG
IURP� D�FHUWDLQ�UDQJH��$�UDSLG�FROOLVLRQ�UDWH�ZRXOG�OHDG�WR
WKH� ORVV� RI� VKRUW�WLPH� PHPRU\� E\�WKH�SDUWLFOHV�DQG�WKH
UDSLG� GLVVLSDWLRQ� RI� WKH� ORQJ�WLPH� DXWR�FRUUHODWLRQ
IXQFWLRQ�� +HQFH�� WKHVH� FROOLVLRQV� PXVW� WDNH�SODFH�ZLWK
ORZ�IUHTXHQF\�

$� VHFRQG�FRQVWUDLQW�PHWKRG��EDVHG�RQ�WKH�WHFKQLTXHV
RI� QRQ�HTXLOLEULXP� 0'�� ZDV�DOVR�SURSRVHG�>����������@
LQ�ZKLFK�DQ�DGGLWLRQDO�WHUP��SURSRUWLRQDO�WR�WKH�PRPHQWD
RI� WKH� SDUWLFOHV�� LV� DGGHG� WR� WKH� IRUFH� WHUPV� LQ� WKH
HTXDWLRQV� RI� WKH� PRWLRQ�� 7KLV� DGGLWLRQ� PDNHV� WKHVH

HTXDWLRQV� QR�ORQJHU�RI�D�FDQRQLFDO�IRUP��7KH�FRQVWDQW�RI
SURSRUWLRQDOLW\� LV� WKHQ� GHWHUPLQHG� VR� DV� WR� SURGXFH�D
FRQVWDQW� WRWDO� NLQHWLF� HQHUJ\�� 7KLV� PHWKRG�JHQHUDWHV�D
FDQRQLFDO� GLVWULEXWLRQ� RQO\� LQ� WKH� FRQILJXUDWLRQ� VSDFH
SDUW� RI� WKH� SKDVH� VSDFH� LI� WKH� QXPEHU� RI� GHJUHHV� RI
IUHHGRP� RI� DQ� 1�SDUWLFOH� V\VWHP�LV�VHW�WR���1����UDWKHU
WKDQ� WR� �1�� ,W� KDV� EHHQ� SRLQWHG� RXW�WKDW�>��@�WKLV�QHZ
FRQVWUDLQW� PHWKRG� KDV� WZR�GUDZEDFNV��)LUVWO\��VLQFH�WKH
UHIHUHQFH� WHPSHUDWXUH� GRHV� QRW� DSSHDU�H[SOLFLWO\�LQ�WKH
HTXDWLRQV�� WKHQ�DQ\�LQDFFXUDF\�RI�WKH�DOJRULWKP�FDQ�OHDG
WR� DQ� LQVWDELOLW\ LQ� WKH� YDOXH� RI� WKH� WHPSHUDWXUH�
6HFRQGO\�� WKH� +DPLOWRQLDQ RI� WKH� PHWKRG� GRHV� QRW
FRUUHVSRQG� WR� D� SK\VLFDO� V\VWHP�� DQG� WKHUHIRUH� WKH
LQWURGXFWLRQ� RI� D� QRQ�SK\VLFDO� +DPLOWRQLDQ PD\� EH
REMHFWLRQDEOH�� RQ� SK\VLFDO� JURXQGV�� IRU� VLPXODWLRQV�RI
SK\VLFDO� V\VWHPV�HYHQ�WKRXJK�WKLV�+DPLOWRQLDQ SURGXFHV
FRQVLVWHQW�HTXDWLRQV�RI�PRWLRQ�RQ�PDWKHPDWLFDO�JURXQGV�

,Q� DGGLWLRQ� WR� WKHVH� FRQVWUDLQW� DQG� VWRFKDVWLF
PHWKRGV�� D� QHZ� PHWKRG� WKDW� JHQHUDWHV� WKH� FDQRQLFDO
HQVHPEOH� GLVWULEXWLRQ� LQ� ERWK WKH� FRQILJXUDWLRQ� VSDFH
DQG� PRPHQWXP� VSDFH� SDUWV� RI� WKH� SKDVH� VSDFH� ZDV
SURSRVHG� E\� 1RVH
 >���� ������@�DQG�+RRYHU�>��@�DQG�LV
UHIHUUHG�WR�DV�WKH�H[WHQGHG�V\VWHP PHWKRG��7KH�PHWKRG�LV
TXLWH� ULJRURXV� DQG� PRUH� JHQHUDO� WKDQ� WKH� VHFRQG
FRQVWUDLQW� PHWKRG� GLVFXVVHG� DERYH� VLQFH� WKDW� PHWKRG
SURGXFHV� D� FDQRQLFDO� GLVWULEXWLRQ� LQ� WKH� FRQILJXUDWLRQ
VSDFH� DORQH�� ,Q� IDFW� LW� ZDV� GHPRQVWUDWHG� >��@�WKDW�WKH
HTXDWLRQV� RI� WKH� VHFRQG� FRQVWUDLQW� PHWKRG� FDQ� EH
REWDLQHG� IURP� WKLV� H[WHQGHG� PHWKRG�� 7KH� H[WHQGHG
V\VWHP� PHWKRG�LV�WKHUHIRUH�WKH�DSSURDFK�WKDW�ZH�DGRSWHG
IRU� FRQVWUXFWLQJ� WKH� FDQRQLFDO� HQVHPEOHV� XVHG� LQ� RXU
VLPXODWLRQV�� %HIRUH� ZH� GLVFXVV� WKH� GHWDLOV� RI� WKLV
PHWKRG�� OHW�XV�ILUVW�UHPDUN�WKDW�LQ�VWDWLVWLFDO�PHFKDQLFV��D
UHSUHVHQWDWLYH� FDQRQLFDO�HQVHPEOH�FDQ�EH�FRQVWUXFWHG�E\
WDNLQJ� D� ODUJH� QXPEHU� RI� V\VWHPV�� WKDW� DUH� PHQWDO
UHSOLFDV� RI� WKH� SK\VLFDO� V\VWHP�� HDFK�RI�YROXPH�9�DQG
FRQWDLQLQJ� 1� DWRPV�� DQG� VWDFN�WKHP�WRJHWKHU�WR�IRUP�D
WKUHH�GLPHQVLRQDO� EORFN� �HQVHPEOH�� 7KH� EORFN�LV�WKHQ
SODFHG� LQ�D�KHDW�EDWK�DW�WHPSHUDWXUH�7��,I�ZH�DVVXPH�WKDW
WKH� ERXQGDULHV� VHSDUDWLQJ�WKH�PHPEHUV�RI�WKLV�EORFN�DUH
RQO\� SHUPHDEOH� WR� WKH� H[FKDQJH� RI� HQHUJ\�� DQG� QRW
PDWWHU�� WKHQ� ZKHQ� WKH� PHPEHUV� RI� WKH� EORFN� KDYH
HTXLOLEUDWHG� ZLWK� WKH� EDWK�� WKH\� DOO� DWWDLQ� D� FRPPRQ
WHPSHUDWXUH�7��,I�VXFK�D�EORFN�LV�WKHQ�WKHUPDOO\�LQVXODWHG
LW�IRUPV�D�FDQRQLFDO�HQVHPEOH� ,Q�WKLV�PHWKRG��DQ�DPRXQW
RI� HQHUJ\�� WKH� HQHUJ\� RI� WKH� EDWK�� LV� VKDUHG E\� WKH
PHPEHUV� RI� WKH� HQVHPEOH� DQG�WKH�VWDWLVWLFV�LQYROYHG�LV
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WKDW� RI� WKLV� VKDULQJ� SURFHVV�� $Q� HTXLYDOHQW� SURFHGXUH
ZRXOG� EH� WR� FRQVLGHU� WKH�V\VWHP�DV�LQ�HTXLOLEULXP�ZLWK
DQ� H[WHUQDO� KHDW� EDWK� DW� D�FRPPRQ�WHPSHUDWXUH�7��7KH
V\VWHP� DQG� WKH� EDWK� H[FKDQJH� QR SDUWLFOHV� EXW� RQO\
HQHUJ\�� 6LQFH�WKHUH�LV�D�WKHUPDO�FRQWDFW�EHWZHHQ�WKH�WZR�
WKH� WRWDO� HQHUJ\� RI� WKH� V\VWHP� IOXFWXDWHV� DQG� LWV
HTXLOLEULXP� GLVWULEXWLRQ� DSSURDFKHV� WKDW� RI�D�FDQRQLFDO
HQVHPEOH�� ,Q� WKLV� PHWKRG�� WKH�VWDWLVWLFV�LQYROYHG�LV�WKDW
RI� WKLV� HQHUJ\ H[FKDQJH� EHWZHHQ� WKH� V\VWHP� DQG� WKH
EDWK�

$FFRUGLQJ� WR� WKH� H[WHQGHG� V\VWHP� PHWKRG�� WKH
VLPXODWHG� V\VWHP� DQG� WKH� KHDW� EDWK� FRXSOH� WR� IRUP�D
FRPSRVLWH� V\VWHP�� 7KH� FRXSOLQJ� EUHDNV� WKH� HQHUJ\
FRQVHUYDWLRQ� WKDW�UHVWULFWV�WKH�EHKDYLRXU RI�WKH�VLPXODWHG
V\VWHP� DQG� OHDGV� WR� D� FDQRQLFDO� HQVHPEOH�� 7KH
FRQVHUYDWLRQ� RI� HQHUJ\� VWLOO� KROGV� LQ� WKH� FRPSRVLWH
V\VWHP�� EXW� WKH� WRWDO� HQHUJ\� RI�WKH�VLPXODWHG�V\VWHP�LV
DOORZHG�WR�IOXFWXDWH�

7KH� VFKHPH� IXUQLVKHV� D� FRQWLQXRXV� GHWHUPLQLVWLF
G\QDPLFV�� ,W� LV� EDVHG� RQ� WKH� H[WHQVLRQ RI�WKH�VSDFH�RI
G\QDPLFDO� YDULDEOHV� RI� WKH� V\VWHP� EH\RQG� WKDW� RI�WKH
FRRUGLQDWHV� DQG�PRPHQWD RI�WKH�UHDO�SDUWLFOHV�WR�LQFOXGH
RQH� DGGLWLRQDO� SKDQWRP FRRUGLQDWH��V��DQG�LWV�FRQMXJDWH
PRPHQWXP��SV��>��@��,I�WKHVH�FRRUGLQDWHV�DUH�DSSHQGHG�WR
WKH� V\VWHP�� LW�LV�WKHQ�UHIHUUHG�WR�DV�WKH�H[WHQGHG�V\VWHP�
7KLV� H[WUD� GHJUHH� RI� IUHHGRP�DFWV�DV�D�KHDW�EDWK�IRU�WKH
UHDO� SDUWLFOHV�� 7KHUH� DUH�� WKHUHIRUH�� IRXU� V\VWHPV� WR
FRQVLGHU�� QDPHO\�� WKH� UHDO� �UL�� SL�� V\VWHP�� WKH� YLUWXDO

�a�a� LL SU V\VWHP�� WKH� UHDO� H[WHQGHG� �UL��SL��V��SV��V\VWHP
DQG� WKH� YLUWXDO� H[WHQGHG� �S�V�a�a� VLL SU V\VWHP��7KH�DLP
RI� WKH� 1RVH
V�DSSURDFK�LV�WR�VKRZ�WKDW�WKHUH�LV�D�PHWKRG
IRU� VHOHFWLQJ� WKH� +DPLOWRQLDQ RI� WKH� H[WHQGHG� V\VWHP
DQG�� VLPXOWDQHRXVO\�� WR� UHODWH� WKH� YDULDEOHV� RI�WKH�UHDO
SK\VLFDO� V\VWHP� WR�WKRVH�RI�WKH�YLUWXDO�V\VWHP��VXFK�WKDW
WKH� PLFUR�FDQRQLFDO� SDUWLWLRQ� IXQFWLRQ� RI� WKH�H[WHQGHG
YLUWXDO� V\VWHP� LV�SURSRUWLRQDO�WR�WKH�FDQRQLFDO�SDUWLWLRQ
IXQFWLRQ�RI�WKH�UHDO�SK\VLFDO�V\VWHP >��@�

7KH�+DPLOWRQLDQ RI�WKH�YLUWXDO�H[WHQGHG�V\VWHP�LV
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ZKHUH� J� LV� WKH� QXPEHU�RI�GHJUHHV�RI�IUHHGRP��N% LV�WKH
%ROW]PDQQ FRQVWDQW�� 4� LV� D� SDUDPHWHU� ZKLFK�EHKDYHV
OLNH�D�CPDVV
�DVVRFLDWHG�ZLWK�WKH�PRWLRQ�RI�WKH�FRRUGLQDWH
V�� DQG� UL�� SL�� LaU DQG� LaS DUH�WKH�FDQRQLFDO�SRVLWLRQ�DQG
PRPHQWXP� FRRUGLQDWHV�RI�DOO�WKH�SDUWLFOHV�LQ�WKH�UHDO�DQG
YLUWXDO� V\VWHPV�� 7KH� YLUWXDO� FRRUGLQDWHV�� DQG�WKH�WLPH�

DUH� UHODWHG�WR�WKH�FRUUHVSRQGLQJ�UHDO�SK\VLFDO�FRRUGLQDWHV
YLD�WKH�WUDQVIRUPDWLRQV
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6LQFH� +, LQ� HT�� ���� LV� WKH�SRWHQWLDO�HQHUJ\�IRU�ERWK�WKH
UHDO� DQG� YLUWXDO� V\VWHPV�� WKHQ�WKH�ILUVW�WZR�WHUPV�LQ�HT�
���� UHSUHVHQW� WKH� NLQHWLF� DQG� SRWHQWLDO� HQHUJLHV� RI�WKH
SK\VLFDO� V\VWHP��DQG�WKH�ODVW�WZR�WHUPV�FRUUHVSRQG�WR�WKH
NLQHWLF� DQG� SRWHQWLDO� HQHUJLHV� DVVRFLDWHG�ZLWK�WKH�H[WUD
GHJUHH�RI�IUHHGRP�

)URP� WKLV� +DPLOWRQLDQ�� WKH� HTXDWLRQV� RI�PRWLRQ�RI
WKH�SK\VLFDO�V\VWHP�DUH�REWDLQHG
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ZKHUH K LV�FDOOHG�WKH�IULFWLRQ�FRHIILFLHQW�RI�WKH�EDWK��7KLV
FRHIILFLHQW�LV�QRW�D�FRQVWDQW�DQG�FDQ�WDNH�RQ�ERWK�SRVLWLYH
DQG� QHJDWLYH� YDOXHV�� 7KLV� JLYHV� ULVH�WR�ZKDW�LV�FDOOHG�D
QHJDWLYH� IHHGEDFN� PHFKDQLVP�� 7KH� ODVW�HTXDWLRQ�LQ����
FRQWUROV� WKH� IXQFWLRQLQJ� RI� WKH� KHDW� EDWK�� )URP� WKLV
HTXDWLRQ� ZH� REVHUYH� WKDW� LI� WKH� WRWDO� NLQHWLF�HQHUJ\�LV
JUHDWHU�WKDQ�JN%7�� WKHQ� GWGK ��DQG�KHQFH�K��LV�SRVLWLYH�
7KLV� SURPSWV� D� IULFWLRQ� LQVLGH� WKH� EDWK� DQG
FRUUHVSRQGLQJO\� WKH�PRWLRQ�RI�WKH�DWRPV�DUH GHFHOHUDWHG
WR� ORZHU� WKHLU� NLQHWLF� HQHUJ\�WR�WKDW�RI�WKH�EDWK��2Q�WKH
RWKHU� KDQG�� LI� WKH� NLQHWLF� HQHUJ\�LV�ORZHU�WKDQ�JN% 7���
WKHQ� GWGK ZLOO�EH�QHJDWLYH��DQG�WKLV�UHVXOWV�LQ�WKH�EDWK
EHLQJ� KHDWHG� XS�DQG�DFFHOHUDWH�WKH�PRWLRQ�RI�WKH�DWRPV�
(TXDWLRQV ���� DUH� FROOHFWLYHO\� UHIHUUHG� WR�DV�WKH�1RVH
�
+RRYHU�WKHUPRVWDW�

��� (TXDWLRQV�RI�PRWLRQ
7KH� UHDOLVDWLRQ RI� D� FDQRQLFDO� HQVHPEOH� YLD� 1RVH
�
+RRYHU�G\QDPLFV�OHDGV
WR D� PRGLILFDWLRQ�RI�HTXDWLRQV�RI�PRWLRQ������$�YHORFLW\
9HUOHW IRUPXODWLRQ� RI� WKH� HTXDWLRQV� RI� PRWLRQ� LQ�WKLV
G\QDPLFV�FDQ�EH�JLYHQ�>��@
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$�SDUWLFXODU�SDUDPHWHUL]DWLRQ�RI�WKH�4�LV�JLYHQ�E\

�7JN4 �% W ���
ZKHUH W LV�WKH�UHOD[DWLRQ�WLPH�RI�WKH�KHDW�EDWK��QRUPDOO\
RI� WKH� VDPH� RUGHU� RI� PDJQLWXGH�DV�WKH�VLPXODWLRQ�WLPH
VWHS�� GW��,W�FRQWUROV�WKH�VSHHG�ZLWK�ZKLFK�WKH�EDWK�GDPSV
GRZQ� WKH�IOXFWXDWLRQV�LQ�WKH�WHPSHUDWXUH��7KH�QXPEHU�RI
GHJUHHV�RI�IUHHGRP�LV�JLYHQ�E\�J ��1����

���,QWHU�DWRPLF�SRWHQWLDOV
7KH� XVH� RI� SKHQRPHQRORJLFDO�LQWHU�DWRPLF�SRWHQWLDOV�WR
PRGHO� WKH� HQHUJHWLFV DQG� G\QDPLFV� RI�QDQR�VWUXFWXUHV
OLHV� DW� WKH� YHU\� IRXQGDWLRQ� RI�WKH�FRPSXWHU�EDVHG�0'
VLPXODWLRQV�� 7KHVH� SRWHQWLDOV� FRQWDLQ�WKH�SK\VLFV�RI�WKH
PRGHO� V\VWHPV�� 7KH� VLJQLILFDQFH� RI� PXFK� RI� WKH
VLPXODWLRQ� UHVXOWV��WKHLU�DFFXUDF\�DQG�WKH�H[WHQW�WR�ZKLFK
WKH\� UHSUHVHQW� WKH� UHDO� EHKDYLRXU RI�FRQGHQVHG�SKDVHV�
DQG� WKHLU� WUDQVLWLRQV��XQGHU�YDULHG�FRQGLWLRQV�GHSHQGV�LQ
D� FULWLFDO� PDQQHU� RQ� D� UHDOLVWLF� FKRLFH� RI� D� SRWHQWLDO
HQHUJ\� IXQFWLRQ�� $� YDULHW\� RI� SDLU�ZLVH� DGGLWLYH� DQG
PDQ\�ERG\� LQWHU�DWRPLF� SRWHQWLDOV� IRU� PRGHOOLQJ WKH
SK\VLFV� RI� GLIIHUHQW�FODVVHV�RI�PDWHULDOV��VXFK�DV�PHWDOV�
QRQ�PHWDOV�� VHPL�FRQGXFWRUV� HWF�� KDYH� EHHQ�GHYHORSHG
>��@�� DQG� LQ� WKLV� VHFWLRQ� ZH� VKDOO� GHVFULEH� WKRVH
SRWHQWLDOV� WKDW� DUH� GLUHFWO\� UHOHYDQW� WR� WKH� PRGHOOLQJ
VWXGLHV�UHSRUWHG�LQ�WKLV�VXUYH\�

��� &RYDOHQWO\�ERQGLQJ�DWRP�SRWHQWLDOV
����� 7KH�7HUVRII PDQ\�ERG\�&�&��6L�6L DQG�&�6L SRWHQWLDOV
$FFRUGLQJ� WR� $EHOO
V SUHVFULSWLRQ� >��@�� WKH� ELQGLQJ
HQHUJ\� RI�DQ�DWRPLF�PDQ\�ERG\�V\VWHP�FDQ�EH�FRPSXWHG
LQ� WHUPV� RI�SDLU�ZLVH�QHDUHVW�QHLJKERXU LQWHUDFWLRQV�WKDW

DUH�� KRZHYHU��PRGLILHG�E\�WKH�ORFDO DWRPLF�HQYLURQPHQW�
7HUVRII HPSOR\HG� WKLV�SUHVFULSWLRQ�WR�REWDLQ�WKH�ELQGLQJ
HQHUJ\� LQ� 6L >���� ������@��&�>��@��6L�&�>������@��*H DQG
6L�*H >��@�VROLG�VWDWH�VWUXFWXUHV�

,Q� WKH� 7HUVRII
V PRGHO�� WKH� WRWDO� ELQGLQJ� HQHUJ\�LV
H[SUHVVHG�DV
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ZKHU (L LV�WKH�HQHUJ\�RI�VLWH�L DQG�9�ULM��LV�WKH�LQWHUDFWLRQ
HQHUJ\�EHWZHHQ�DWRPV�L DQG�M��JLYHQ�E\

��U�9E�U�9�U�I�U�9 LM$LMLM5LMFLM »¼º«¬ª � ���
7KH� IXQFWLRQ� 95�ULM�� UHSUHVHQWV� WKH� UHSXOVLYH�SDLU�ZLVH
SRWHQWLDO�� VXFK� DV� WKH� FRUH�FRUH LQWHUDFWLRQV�� DQG� WKH
IXQFWLRQ�9$�ULM��UHSUHVHQWV�WKH�ERQGLQJ�GXH�WR�WKH�YDOHQFH
HOHFWURQV�� 7KH� PDQ\�ERG\� IHDWXUH� RI� WKH� SRWHQWLDO� LV
UHSUHVHQWHG� E\� WKH� WHUP�ELM ZKLFK�DFWV�DV�WKH�ERQG�RUGHU
WHUP�DQG�ZKLFK�GHSHQGV�RQ�WKH�ORFDO�DWRPLF�HQYLURQPHQW
LQ� ZKLFK�D�SDUWLFXODU�ERQG�LV�ORFDWHG��7KH�DQDO\WLF�IRUPV
RI�WKHVH�SRWHQWLDOV�DUH�JLYHQ�E\
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7DEOH��� 3DUDPHWHUV�RI�WKH�7HUVRII SRWHQWLDOV�IRU�&�DQG�6L�
& 6L

$�H9� ������u��� ������u���
%�H9� �����u��� ������u���

�$�
��

O $
������ ������
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P $
������ ������

E ������u���� ������u����
Q ������u���� ������u����
F ������u��� ������u���
G ����� ������
K �������� ��������

�$�5 ��� $ ��� ���

�$�5 ��� $ ��� ���

F � �
F&�6L ������

ZKHUH WKH� ODEHOV� L�� M� DQG� N�UHIHU�WR�WKH�DWRPV�LQ�WKH�LMN
ERQG�� ULM DQG�ULN UHIHU�WR�WKH�OHQJWKV�RI�WKH�LM DQG�LN ERQGV
ZKRVH� DQJOH� LV�TLMN��6LQJO\�VXEVFULSWHG�SDUDPHWHUV��VXFK
DV� OL DQG� QL��GHSHQG�RQO\�RQ�RQH W\SH�RI�DWRP��H�J��&�RU
6L�� 7KH�SDUDPHWHUV�IRU�WKH�&�&��6L�6L DQG�6L�&�SRWHQWLDOV
DUH� OLVWHG� LQ� 7DEOH� ��� )RU� WKH� &�� WKH�SDUDPHWHUV�ZHUH
REWDLQHG� E\� ILWWLQJ� WKH� FRKHVLYH� HQHUJLHV� RI� FDUERQ
SRO\W\SHV�� DORQJ� ZLWK� WKH� ODWWLFH� FRQVWDQW� DQG� EXON
PRGXOXV� RI� GLDPRQG�� )RU� WKH� 6L�� WKH�SDUDPHWHUV�ZHUH
REWDLQHG� E\� ILWWLQJ� WR� D�GDWDEDVH�FRQVLVWLQJ�RI�FRKHVLYH
HQHUJLHV� RI� UHDO� DQG� K\SRWKHWLFDO� EXON�SRO\W\SHV RI�6L�
DORQJ� ZLWK� WKH� EXON� PRGXOXV� DQG� ERQG� OHQJWK� LQ� WKH
GLDPRQG� � VWUXFWXUH� )XUWKHUPRUH�� WKHVH� SRWHQWLDO
SDUDPHWHUV� ZHUH� UHTXLUHG� WR� UHSURGXFH�DOO�WKUHH�HODVWLF
FRQVWDQWV�RI�6L WR�ZLWKLQ�����

����� 7KH�%UHQQHU 7HUVRII�W\SH�K\GURFDUERQ�SRWHQWLDOV
7KH� 7HUVRII SRWHQWLDOV�FRUUHFWO\�PRGHO�WKH�G\QDPLFV�RI�D
YDULHW\� RI� VROLG�VWDWH� VWUXFWXUHV�� VXFK� DV� WKH� VXUIDFH
UHFRQVWUXFWLRQ� LQ� 6L >���� ��@� RU� WKH� IRUPDWLRQ� RI
LQWHUVWLWLDO� GHIHFWV� LQ�FDUERQ�>��@��+RZHYHU��ZKLOH�WKHVH
SRWHQWLDOV� FDQ� JLYH� D� UHDOLVWLF� GHVFULSWLRQ� RI� WKH� &�&
VLQJOH�� GRXEOH� DQG� WULSOH� ERQG� OHQJWKV� DQG�HQHUJLHV�LQ
K\GURFDUERQV�� VROLG� JUDSKLWH� DQG�GLDPRQG��WKH\ OHDG�WR
QRQ�SK\VLFDO� UHVXOWV� IRU� WKH� ERQGLQJ� VLWXDWLRQV
LQWHUPHGLDWH� EHWZHHQ� WKH�VLQJOH�DQG�GRXEOH�ERQGV��VXFK
DV� WKH� ERQGLQJ� LQ� WKH� .HNXOH FRQVWUXFWLRQ� IRU� WKH

JUDSKLWH� ZKHUH�� GXH� WR� ERQG� FRQMXJDWLRQ��HDFK�ERQG�LV
FRQVLGHUHG� WR� EH� DSSUR[LPDWHO\� RQH�WKLUG GRXEOH�ERQG
DQG� WZR�WKLUGV� VLQJOH�ERQG� LQ� FKDUDFWHU� 7R�FRUUHFW�IRU
WKLV�� DQG�VLPLODU�SUREOHPV�LQ�K\GURFDUERQV��DV�ZHOO�DV�WR
FRUUHFW� IRU� WKH� QRQ�SK\VLFDO� RYHUELQGLQJ RI� UDGLFDOV�
%UHQQHU >��@� KDV� GHYHORSHG�D�7HUVRII�W\SH�SRWHQWLDO�IRU
K\GURFDUERQV� WKDW� FDQ�PRGHO�WKH�ERQGLQJ�LQ�D�YDULHW\�RI
VPDOO� K\GURFDUERQ� PROHFXOHV�DV�ZHOO�DV�LQ�GLDPRQG�DQG
JUDSKLWH�� ,Q� WKLV� SRWHQWLDO�� HTXDWLRQV ���� DQG� ���� DUH
ZULWWHQ�DV
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7KH� TXDQWLWLHV� �&�
L1 DQG� �+�

L1 UHSUHVHQW�WKH�QXPEHU�RI
&� DQG�+�DWRPV�ERQGHG�WR�DWRP�L�� �11�1 �+�

L
�&�

L
�W�

L � 
LV� WKH� WRWDO� QXPEHU� RI� QHLJKERXUV RI� DWRP� L DQG� LWV
YDOXHV�� IRU�QHLJKERXUV RI�WKH�WZR�FDUERQ�DWRPV�LQYROYHG
LQ� D�ERQG��FDQ�EH�XVHG�WR�GHWHUPLQH�LI�WKH�ERQG�LV�SDUW�RI
D� FRQMXJDWHG� V\VWHP��)RU�H[DPSOH��LI� �1 �W�

L � ��WKHQ�WKH
FDUERQ� DWRP� IRUPV� D� FRQMXJDWHG� ERQG� ZLWK�LWV�FDUERQ
QHLJKERXUV�� FRQM

LM1 GHSHQGV� RQ� ZKHWKHU� DQ� LM FDUERQ
ERQG� LV�SDUW�RI�D�FRQMXJDWHG�V\VWHP��7KHVH�TXDQWLWLHV�DUH
JLYHQ�E\
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7KH� H[SUHVVLRQ� IRU� FRQM

LM1 \LHOGV�D�FRQWLQXRXV�YDOXH�DV
WKH� ERQGV� EUHDN� DQG� IRUP�� DQG� DV� VHFRQG�QHLJKERXU
FRRUGLQDWLRQV FKDQJH��)RU� �1FRQM

LM  ��WKH�ERQG�EHWZHHQ�D
SDLU� RI� FDUERQ� DWRPV� L DQG�M�LV�QRW�SDUW�RI�D�FRQMXJDWHG
V\VWHP�� ZKHUHDV� IRU� �1FRQM t WKH� ERQG� LV� SDUW� RI� D
FRQMXJDWHG�V\VWHP�

7KH� IXQFWLRQV� +LM DQG� )LM DUH�SDUDPHWHUL]HG�E\�WZR�
DQG� WKUHH�GLPHQVLRQDO�FXELF�VSOLQHV UHVSHFWLYHO\� DQG�WKH
SRWHQWLDO� SDUDPHWHUV�LQ�HTV�������WR �����ZHUH�GHWHUPLQHG
E\� ILUVW� ILWWLQJ� WR� V\VWHPV� FRPSRVHG� RI� FDUERQ� DQG
K\GURJHQ� DWRPV� RQO\�� DQG� WKHQ� WKH� SDUDPHWHUV� ZHUH
FKRVHQ� IRU� WKH� PL[HG� K\GURFDUERQ�V\VWHP��7ZR�VHWV�RI
SDUDPHWHUV�� FRQVLVWLQJ� RI��� DQG��� HQWULHV��DUH�OLVWHG�LQ
>��@�� 7KHVH� SDUDPHWHUV� ZHUH� REWDLQHG� E\� ILWWLQJ� WR� D
YDULHW\� RI� K\GURFDUERQ� GDWD� VHWV�� VXFK� DV� WKH�ELQGLQJ
HQHUJLHV� DQG� ODWWLFH� FRQVWDQWV� RI� JUDSKLWH�� GLDPRQG�
VLPSOH� FXELF� DQG� IFF VWUXFWXUHV�� DQG� WKH� YDFDQF\
IRUPDWLRQ�HQHUJLHV��7KH FRPSOHWH�ILWWLQJ�VHWV�DUH�JLYHQ�LQ
7DEOHV���� LQ�>��@�

7KH� DERYH�SRWHQWLDO�ZDV�UHFHQWO\�IXUWKHU�UHILQHG�>��@
E\� LQFOXGLQJ� LPSURYHG� DQDO\WLF� IXQFWLRQV� IRU� WKH
LQWUDPROHFXODU LQWHUDFWLRQV�� DQG� E\� DQ�H[WHQGHG�ILWWLQJ
GDWD� EDVH�� UHVXOWLQJ� LQ� D�VLJQLILFDQWO\�EHWWHU�GHVFULSWLRQ
RI� ERQG� OHQJWKV�� HQHUJLHV� DQG� IRUFH� FRQVWDQWV�� ,Q�WKLV
LPSURYHG�YHUVLRQ��WKH�WHUPV�LQ�HT�������DUH�UH�GHILQHG�DV

�H$U
4��U�I�U�9 LMLMULM
LM
LM

LMFLM5 D
»»¼
º

««¬
ª � 

�H%�U�I�U�9 LMLMQ U

����Q�
LMQLMFLM$ E

 
¦� 

�S�
SS

E LM
MLLM

LM
S

VSVS
�¹̧

·©̈§ �
 

�S GK
LM

UF
LMLM S�S S

�1�13*�S �
�

�&�
L

�+�
LLMLMLM

�VS »¼
º«¬

ª
¹̧·©̈§�� 

¦
z

�OT 
M�LN

�UU�
MLNLLNFLM �H����FRV*�U�I* LNLMLMN

�1�1�1) FRQM
LM

�W�
M

�W�
LLMUF

LM ¹̧·©̈§ S
�DWRPVFDUERQ

M�LN
LNLNF

FRQM
LM �[�)�U�I�1 »»¼

º
««¬
ª

� ¦
z

��[�)�U�I
�DWRPVFDUERQ

M�LO
MOMOF »»¼
º

««¬
ª

� ¦
z

¹̧·©̈§ S FRQM
LM

�W�
M

�W�
LLMKG

LM 1�1�17

��U�I�U�I�FRV��
M�LN M�LO

MOFLNFLMNO� »»¼
º

««¬
ª

Z�¦ ¦
z z

LMOLMNLMNO H�HFRV  Z ����
4LM LV� WKH� VFUHHQHG� &RXORPE� SRWHQWLDO�� ZKLFK� JRHV�WR
LQILQLW\� DV�WKH�LQWHU�DWRPLF�GLVWDQFHV�DSSURDFK�]HUR��7KH
WHUP� UF

LMS UHSUHVHQWV� WKH� LQIOXHQFH�RI�UDGLFDO�HQHUJHWLFV
DQG� S�ERQG� FRQMXJDWLRQ� RQ� WKH� ERQG� HQHUJLHV��DQG�LWV
YDOXH� GHSHQGV� RQ�ZKHWKHU�D�ERQG�EHWZHHQ�DWRPV�L DQG�M
KDV� D� UDGLFDO� FKDUDFWHU� DQG� LV� SDUW� RI� D� FRQMXJDWHG
V\VWHP�� 7KH�YDOXH�RI� GK

LMS GHSHQGV�RQ�WKH�GLKHGUDO�DQJOH
IRU� WKH�&�& GRXEOH�ERQGV��3LM UHSUHVHQWV�D�ELFXELF VSOLQH�
)LM DQG� 7LM DUH� WULFXELF VSOLQH IXQFWLRQV��,Q�WKH�GLKHGUDO
WHUP�� GK

LMS �� WKH� IXQFWLRQV� HMLN DQG� HLMO DUH�XQLW�YHFWRUV�LQ
WKH� GLUHFWLRQ� RI� WKH� FURVV� SURGXFWV� 5MLu5LN DQG�5LMu5MO
UHVSHFWLYHO\�� ZKHUH� WKH�5¶V�DUH�WKH�LQWHU�DWRPLF�YHFWRUV�
7KH� IXQFWLRQ� ����FRV* MLNF T PRGXODWHV�WKH�FRQWULEXWLRQ
WKDW� HDFK� QHDUHVW�QHLJKERXU PDNHV�WR� LME ��7KLV�IXQFWLRQ
ZDV� GHWHUPLQHG� LQ� WKH�IROORZLQJ�ZD\��,W�ZDV�FRPSXWHG
IRU� WKH� VHOHFWHG� YDOXHV� RI� T ������q DQG� T ���q�
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FRUUHVSRQGLQJ� WR� WKH� ERQG� DQJOHV� LQ� GLDPRQG� DQG
JUDSKLWLF VKHHWV�� DQG� IRU� T ��q DQG� T ���q�
FRUUHVSRQGLQJ� WR� WKH� ERQG� DQJOHV� DPRQJ� WKH� QHDUHVW
QHLJKERXUV LQ� D� VLPSOH� FXEH� ODWWLFH�� 7KH� IFF ODWWLFH
FRQWDLQV� DQJOHV� RI� ��q�� ��q�����q DQG����q��$�YDOXH�RI
*F�FRV�T ��q��� ZDV� DOVR� FRPSXWHG� IURP� WKH� DERYH
YDOXHV�� 7R� FRPSOHWH� DQ� DQDO\WLF� IXQFWLRQ� IRU� WKH
*F�FRV�T���� VL[WK�RUGHU�SRO\QRPLDO�VSOLQHV LQ�FRV�T��ZHUH
XVHG�WR�REWDLQ�LWV�YDOXHV�IRU�T EHWZHHQ�������q DQG����q�
)RU� T EHWZHHQ� �q DQG� ���q�� IRU� D� FDUERQ� DWRP�L��WKH
DQJXODU�IXQFWLRQ

� � � � � �> @��FRV�*�FRV���1�4�FRV�*J FFW
LFF T�TJ�T 

����
LV HPSOR\HG�� ZKHUH� JF�FRV�T��� LV� D� VHFRQG� VSOLQH
IXQFWLRQ�� GHWHUPLQHG� IRU� DQJOHV� OHVV�WKDQ�������q��7KH
IXQFWLRQ� �1�4 W
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7KH� ODUJH� GDWD�EDVH RI�WKH�QXPHULFDO�GDWD�RQ�SDUDPHWHUV
DQG� VSOLQH IXQFWLRQV�IRU�WKLV�SRWHQWLDO�DUH�DYDLODEOH�IURP
>��@�� 7KHVH� SDUDPHWHUV� ZHUH� REWDLQHG� E\� ILWWLQJ WKH
HODVWLF� FRQVWDQWV�� YDFDQF\� IRUPDWLRQ� HQHUJLHV� DQG� WKH
IRUPDWLRQ�HQHUJLHV�IRU�LQWHUVWLWLDO�GHIHFWV�IRU�GLDPRQG�

��� 7KH�&�& QRQ�ERQGLQJ�SRWHQWLDOV
7KH� QRQ�ERQGLQJ�LQWHUDFWLRQV�EHWZHHQ�FDUERQ�DWRPV�DUH
UHTXLUHG� LQ� VRPH� RI� WKH� VLPXODWLRQ� VWXGLHV�UHSRUWHG�LQ
WKLV� UHYLHZ��7KHVH�FDQ�EH�PRGHOOHG DFFRUGLQJ�WR�YDULRXV
W\SHV� RI� SRWHQWLDOV�� :H� KDYH� HPSOR\HG� WKH� /HQQDUG�
-RQHV� SRWHQWLDO� WR� GHVFULEH� WKH� YDQ� GHU :DDOV LQWHU�
PROHFXODU� LQWHUDFWLRQV� EHWZHHQ� VXFK� V\VWHPV� DV� &��
PROHFXOHV�� DQG� EHWZHHQ� WKH� EDVDO� SODQHV� LQ D�JUDSKLWH
ODWWLFH�� 2WKHU� XVHIXO� SRWHQWLDOV� DUH� WKH� ��H[S SRWHQWLDO
>��@� ZKLFK DOVR� GHVFULEHV� WKH�&���&�� LQWHUDFWLRQV��DQG
WKH� 5XRII�+LFNPDQ SRWHQWLDO�>��@�ZKLFK�PRGHOV�WKH�&���
JUDSKLWH�LQWHUDFWLRQV�

����� 7KH�/HQQDUG�-RQHV�SRWHQWLDO
7KH� WRWDO�LQWHUDFWLRQ�SRWHQWLDO�EHWZHHQ�WKH�FDUERQ�DWRPV
LQ� WZR� &�� PROHFXOHV�� RU�EHWZHHQ�WKRVH�LQ�WZR�JUDSKLWH
EDVDO��SODQHV��FDQ��EH�UHSUHVHQWHG��E\��WKH��/HQQDUG�-RQHV

SRWHQWLDO >��@
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ZKHUH� ,� DQG� -� GHQRWH�WKH�WZR�PROHFXOHV��SODQHV��� ,-
LMU LV

WKH�GLVWDQFH�EHWZHHQ�WKH�DWRP�L LQ�PROHFXOH��SODQH��,�DQG
DWRP� M� LQ� PROHFXOH� �SODQH�� -�� 7KH� SDUDPHWHUV� RI� WKLV
SRWHQWLDO�� �H �������u���� HY�� V ��� $

$ ��� ZHUH� WDNHQ
IURP�D�VWXG\�RI�JUDSKLWH�>��@�

����� 7KH���H[S SRWHQWLDO
7KLV� LV� DQRWKHU� SRWHQWLDO� WKDW� GHVFULEHV� WKH�LQWHUDFWLRQ
EHWZHHQ�WKH�FDUERQ�DWRPV�LQ�WZR�&�� PROHFXOHV
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7ZR� VHWV� RI� YDOXHV� RI�WKH�SDUDPHWHUV�DUH�SURYLGHG��DQG
WKHVH� DUH� OLVWHG� LQ�7DEOH����7KHVH�SDUDPHWHUV�KDYH�EHHQ
REWDLQHG� IURP� WKH� JDV� SKDVH� GDWD�RI�D�ODUJH�QXPEHU�RI
RUJDQLF� FRPSRXQGV�� ZLWKRXW� DQ\� DGMXVWPHQW�� 7KH
PHDVXUHG� YDOXH� RI� WKH� &�� VROLG� ODWWLFH� FRQVWDQW� LV
D �����

$

$ DW�7 �� .��7KH�FDOFXODWHG�YDOXH�XVLQJ�WKH�VHW
RQH� ZDV� D �����

$

$ DQG� XVLQJ� WKH� VHW� WZR� ZDV
D �����

$

$ �� 7KH� H[SHULPHQWDOO\� HVWLPDWHG� KHDW� RI
VXEOLPDWLRQ� LV� HTXDO� WR���� NFDO�PRO �H[WUDSRODWHG�IURP
WKH� PHDVXUHG� YDOXH� RI������r��� NFDO�PRO DW�7 ��� .��
7KH� FRPSXWHG� YDOXH� XVLQJ� WKH� VHW� RQH� ZDV� �����
NFDO�PRO DQG� XVLQJ� WKH�VHW�WZR�ZDV������ NFDO�PRO��:H
VHH� WKDW� ZKHUHDV� WKH� VHW�WZR�SURGXFHV�D�ODWWLFH�FRQVWDQW
QHDUHU� WKH�H[SHULPHQWDO�YDOXH��WKH�WKHUPDO�SURSHUWLHV�DUH
EHWWHU�GHVFULEHG�E\�XVLQJ�WKH�VHW�RQH�

7DEOH����3DUDPHWHUV�RI�WKH���H[S SRWHQWLDO�IRU�&�

$��NFDO�PROu
$

�$ � %��NFDO�PRO� D
$

�$�
VHW�RQH
VHW�WZR

���
���

�����
�����

����
����

����� 7KH�5XRII�+LFNPDQ &���JUDSKLWH�SRWHQWLDO
7KLV� SRWHQWLDO�� EDVHG�RQ�WKH�PRGHO�DGRSWHG�E\�*LULIDOFR
>��@�� GHVFULEHV� WKH� LQWHUDFWLRQ� RI�D�&�� PROHFXOH�ZLWK�D
JUDSKLWH� VXEVWUDWH� E\� DSSUR[LPDWLQJ� WKHVH�WZR�V\VWHPV
DV� FRQWLQXXP VXUIDFHV� RQ� ZKLFK� WKH� FDUERQ�DWRPV�DUH
µVPHDUHG� RXW¶�ZLWK�D�XQLIRUP�GHQVLW\��7KH�VXPV�RYHU�WKH
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SDLU� LQWHUDFWLRQV� DUH� WKHQ� UHSODFHG�E\�LQWHJUDOV�WKDW�FDQ
EH� HYDOXDWHG� DQDO\WLFDOO\�� 7KH� &�� LV� PRGHOOHG DV� D
KROORZ� VSKHUH� KDYLQJ� D� UDGLXV� E ����

$

$ ��DQG�WKH�&�&
SDLU�LQWHUDFWLRQ�WDNHV�RQ�D�/HQQDUG�-RQHV�IRUP

�UFUF�U�+ ������LM, �� � ����

ZLWK�F� ����� H9
$

�$ DQG�F�� ����� H9
$

��$ >��@��7KH
LQWHUDFWLRQ� SRWHQWLDO�EHWZHHQ�WKH�KROORZ�&�� DQG�D�VLQJOH
FDUERQ� DWRP�RI�D�JUDSKLWH�VXEVWUDWH��ORFDWHG�DW�D�GLVWDQFH
]!E�IURP�WKH�FHQWUH RI�WKH�VSKHUH��LV�WKHQ�HYDOXDWHG�DV
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ZKHUH 1� LV�WKH�QXPEHU�RI�DWRPV�RQ�WKH�VSKHUH��1 �� LQ
WKLV� FDVH�� DQG� Q ������ 7KH� WRWDO� LQWHUDFWLRQ� HQHUJ\
EHWZHHQ� WKH� &�� DQG�WKH�JUDSKLWH�SODQH�LV�WKHQ�REWDLQHG
E\� LQWHJUDWLQJ� +5+�]�� RYHU� DOO� WKH� DWRPV� LQ�WKH�SODQH�
JLYLQJ
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DQG 5� LV� WKH� YHUWLFDO� GLVWDQFH�RI�WKH�FHWUH RI�WKH�VSKHUH
IURP�WKH�SODQH�

��� )RUPDWLRQ�RI�QDQR�VFDOH�ILOPV�RQ�VXSSRU�
WLQJ�VXEVWUDWHV
$WRPLVWLF PRGHOOLQJ RI� WKH� IRUPDWLRQ� RI� ORZ�
GLPHQVLRQDO� VHPL�FRQGXFWLQJ� ILOPV� RQ� VXSSRUWLQJ
VXEVWUDWHV� KDV� IRUPHG� DQ� DFWLYH� DUHD� RI�UHVHDUFK��7KLV
SURFHVV� LV� D� KLJKO\� FRPSOH[� YDSRXU�WR�VROLG
KHWHURJHQHRXV� SKDVH�WUDQVLWLRQ�SKHQRPHQRQ�LQ�ZKLFK�DQ
LQLWLDO� FRQGHQVDWLRQ� RI�WKH�LPSLQJLQJ�DWRPV��RU�FOXVWHUV�
LV� IROORZHG� E\� WKHLU� VXUIDFH�GLIIXVLRQ��FRDOHVFHQFH�DQG
WKH� HYHQWXDO� JURZWK� LQWR� OD\HUHG� VWUXFWXUHV�� 7KUHH
QXFOHDWLRQ� DQG� JURZWK� PRGHV� KDYH� EHHQ�GLVWLQJXLVKHG
>��@�� 7KHVH� DUH� WKH� 9ROPHU�:HEHU�� WKH� )UDQN�YDQ�GHU
0HUZH DQG� WKH� 6WUDQVNL�.UDVWDQRY PRGHV�� ,Q� WKH
9ROPHU�:HEHU� PRGH�� VPDOO� FOXVWHUV� DUH�ILUVW�QXFOHDWHG
GLUHFWO\ RQ� WKH� VXEVWUDWH� VXUIDFH��7KHVH�WKHQ�GLIIXVH�RQ
WKH�VXUIDFH��FRDOHVFH�DQG�JURZ�LQWR�LVODQGV��7KLV�KDSSHQV

ZKHQ� WKH�DGDWRPV��RU�FOXVWHUV��LQWHUDFW�IDU�PRUH�VWURQJO\
DPRQJ� WKHPVHOYHV� WKDQ� ZLWK� WKH� XQGHUO\LQJ�VXEVWUDWH�
7KLV� PRGH� LV� GLVSOD\HG� E\� PDQ\� V\VWHPV� RI� PHWDOV
JURZLQJ� RQ� LQVXODWRUV��LQFOXGLQJ�PDQ\�PHWDOV�JURZQ�RQ
DONDOL� KDOLGHV�� JUDSKLWH� DQG� RWKHU� FRPSRXQGV� VXFK� DV
PLFD�� 7KH� )UDQN�YDQ� GHU 0HUZH PRGH�LV�UHDOLVHG ZKHQ
WKH� DGDWRPV LQWHUDFW�IDU�PRUH�VWURQJO\�ZLWK�WKH VXEVWUDWH
WKDQ� ZLWK� HDFK� RWKHU�� ,Q� WKLV� PRGH�� WKH� ILUVW�DWRPV�WR
FRQGHQVH� RQ� WKH� VXUIDFH� IRUP� D� FRPSOHWH PRQROD\HU
GLUHFWO\�� 7KLV� LV� WKHQ� IROORZHG� E\�WKH�IRUPDWLRQ�RI�WKH
QH[W� OD\HU� ZKLFK LV� PXFK�OHVV�WLJKWO\�ERXQG�WR�WKH�ILUVW
OD\HU�� 7KLV� PRGH�LV�REVHUYHG�LQ�WKH�JURZWK�RI�UDUH�JDVHV
RQ� JUDSKLWH� DQG� RQ� VHYHUDO� PHWDOV�� LQ� VRPH�PHWDO�RQ�
PHWDO� V\VWHPV�� DV� ZHOO� DV�LQ�VHPL�FRQGXFWRU�JURZWK�RQ
VHPL�FRQGXFWRUV��7KH�6WUDQVNL�.UDVWDQRY PRGH�RFFXSLHV
DQ� LQWHUPHGLDWH� VWDJH�LQ�ZKLFK�WKHUH�LV�D�PL[HG PRGH�RI
OD\HU�SOXV�LVODQG� JURZWK�� ,Q� WKLV� PRGH�� IROORZLQJ� WKH
IRUPDWLRQ� RI� WKH� ILUVW� IHZ� OD\HUV�� WKH� OD\HU� JURZWK
EHFRPHV� XQIDYRXUDEOH DQG�LVODQGV�DUH�IRUPHG�RQ�WKH�WRS
RI� WKH� OD\HUV�� 7KLV� PRGH� LV� UHDOLVHG LQ� WKH� PHWDO�RQ�
PHWDO�� PHWDO�RQ�VHPLFRQGXFWRU� DQG� JDV�RQ�PHWDO
V\VWHPV�

,Q� DOO�WKHVH�PRGHV��VLQJOH�DWRPV��RU�FOXVWHUV��DUULYLQJ
DW� WKH� VXEVWUDWH� IURP� D� JDV� SKDVH�� RU� D� FOXVWHU�EHDP
SKDVH�� DUH� LQ� KLJKO\�H[LWHG�VWDWHV�DQG�DUH�QRW�LQLWLDOO\�LQ
WKHUPDO� HTXLOLEULXP� ZLWK�WKH�VXSSRUWLQJ�VXEVWUDWH��7KH\
WKHQ� XQGHUJR� VHYHUDO� W\SHV RI�LQGLYLGXDO�DQG�FROOHFWLYH
PRWLRQV� RQ� WKH�VXUIDFH�EHIRUH�WKH\�HYHQWXDOO\�FRQGHQVH
RQ� WKH� VXUIDFH�� WKH\� PD\� PLJUDWH� RYHU� WKH�VXUIDFH�E\
KRSSLQJ� IURP� RQH� ZHOO� LQ� WKH� VXEVWUDWH
V� SRWHQWLDO� WR
DQRWKHU� GXH� WR� WKHLU�WKHUPDO�DFWLYDWLRQ�DQG�RU�WKHLU�RZQ
NLQHWLF HQHUJ\�SDUDOOHO�WR�WKH�VXUIDFH��RU�WKH\�PD\�GHVRUE
DQG� HVFDSH�EDFN�LQWR�WKH�JDV�SKDVH��RU�QXFOHDWH�WZR��DQG
WKUHH�GLPHQVLRQDO� ORFDO� FOXVWHUV� GXULQJ�ILQLWH�UHVLGHQFH
WLPH� RQ�WKH�VXUIDFH�E\�LQWHUDFWLQJ�ZLWK�RWKHU�DGDWRPV��RU
LPSODQW� LQWR� WKH� VXEVWUDWH�� RU� EH� FDSWXUHG� DW� VSHFLDO
GHIHFW� VLWHV� VXFK� DV� NLQNV� DQG� GLVORFDWLRQV� 7KH�LQLWLDO
FRQGHQVDWLRQ LV� WKHUHIRUH� D� FRPSHWLWLRQ� EHWZHHQ�WKHVH
HYHQWV�� L�H�� WKH� DGVRUSWLRQ� DQG� GHVRUSWLRQ HTXLOLEULXP
SURFHVVHV��7KH�GHWHUPLQLQJ�IDFWRU�LV�WKH�LQWHUDFWLRQ�DW�WKH
LQWHUIDFH�ZKLFK FRQWUROV�WKH�JURZWK�PRGH�

2QH� DUHD�RI�UHFHQW�DQG�DFWLYH�UHVHDUFK�FRQFHUQLQJ�WKH
IRUPDWLRQ� RI� WKLQ� ILOPV� KDV� EHHQ� WKH� FRQWUROOHG
QXFOHDWLRQ� DQG� JURZWK�RI�QDQR�VFDOH�ILOPV�FRPSRVHG�RI
FOXVWHUV�� 'HWDLOHG� NQRZOHGJH� RI� FOXVWHU�VXEVWUDWH
LQWHUDFWLRQV� DQG FOXVWHU� GLIIXVLRQ� RQ� VXEVWUDWHV� LV
HVVHQWLDO� LQ� PDQ\� WHFKQRORJLFDO� DSSOLFDWLRQV� UDQJLQJ
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IURP� VSXWWHULQJ�WR�WKH�IRUPDWLRQ�RI�GHIHFW�IUHH�ILOPV�WKDW
ZLOO� SOD\� D� IXQGDPHQWDO� UROH� LQ� WKH� QH[W� SKDVH�RI�WKH
PLQLDWXULVDWLRQ SURJUDPPH�� ZKLFK� IRUPV� DQ�LPSRUWDQW
FRPSRQHQW� RI� WKH� WRS�GRZQ� DSSURDFK� WR� QDQR�
WHFKQRORJ\�� DQG� ZKRVH�DLP�LV�WKH�GHVLJQ�DQG�IDEULFDWLRQ
RI� TXDQWXP�VFDOH� GHYLFHV� $Q� LPSRUWDQW� DVSHFW�RI�WKLV
FOXVWHU�RQ�VXEVWUDWH� UHVHDUFK� KDV� EHHQ� WKH� FRQWUROOHG
DGVRUSWLRQ� RI� &�� PROHFXOHV� RQ� WHFKQRORJLFDOO\
LPSRUWDQW� PHWDOOLF� DQG�VHPL�FRQGXFWLQJ�VXEVWUDWHV��7KH
LQIRUPDWLRQ� REWDLQHG� RQ� WKH� JURZWK� PRGH� DQG
PRUSKRORJ\� RI� WKH� ILUVW� IHZ�OD\HUV�ZLOO�KHOS�GHWHUPLQH
WKH�SURSHUWLHV�RI�WKH�UHVXOWLQJ�&�� ILOPV�
,Q� 6HFWLRQ����ZH�FRQVLGHU�WZR�H[DPSOHV�RI�DSSOLFDWLRQ�RI
0'� VLPXODWLRQ� WR�WKH�SUREOHP�RI�QDQRVFRSLF QXFOHDWLRQ
DQG� JURZWK� RI� VHPL�FRQGXFWLQJ� ILOPV� RQ� VXSSRUWLQJ
VXEVWUDWHV�� 7KHVH� VLPXODWLRQV�LQYHVWLJDWH�WKH�DGVRUSWLRQ
RI� &�� PROHFXOHV� RQ� WKH� 6L������ DQG� JUDSKLWH� ������
VXUIDFHV� ,Q� ERWK� FDVHV�WKH�UHOHYDQW�H[SHULPHQWV�DUH�ILUVW
VXPPDUL]HG�LQ�6HFWLRQ�����

��� $� UHYLHZ� RI� WKH�H[SHULPHQWDO�UHVXOWV�RQ�DGVRUS�
WLRQ RI�&�� PROHFXOHV�RQ�PHWDOOLF�DQG�VHPL�FRQGXFWLQJ
VXUIDFHV
7KH� &�� IXOOHUHQH PROHFXOH�� VKRZQ� LQ� )LJ���� ZDV
GLVFRYHUHG� LQ� ���� >��@��,W�FRQVLVWV�RI��� FDUERQ�DWRPV�
ORFDWHG� RQ� �� SHQWDJRQV� DQG��� KH[DJRQV��,W�IRUPV�WKH
WKLUG� DOORWURSH� RI� WKH� VWDEOH� VWDWH�RI�FRQGHQVHG�FDUERQ�
DORQJ� VLGH� JUDSKLWH� DQG� GLDPRQG�� 7KH� PROHFXOH�KDV�D

)LJ�� �� 7KH� VWUXFWXUH� RI�&�� PROHFXOH��VKRZLQJ�WKH�SHQWDJRQV
DQG�WKH�KH[DJRQV

KLJK V\PPHWU\��ZLWK���� V\PPHWU\�RSHUDWLRQV�WKDW�PDS
LW� RQWR� LWVHOI��,WV�V\QWKHVL]DWLRQ LQ�PDFURVFRSLF�DPRXQWV
>��@� OHG� WR� WKH�HPHUJHQFH�RI�WKH�QHZ�ILHOG�RI�IXOOHUHQH�
EDVHG�SK\VLFV�DQG�FKHPLVWU\�

6RPH�RI�WKH�EDVLF�SURSHUWLHV�RI�&�� PROHFXOH�DUH�
$YHUDJH�&�& GLVWDQFH� ����

$

$
0HDQ�GLDPHWHU� ����

$

$
2XWHU�GLDPHWHU� �����

$

$
,QQHU�GLDPHWHU� ����

$

$
0DVV�GHQVLW\� ���� J�FP�

0ROHFXODU�GHQVLW\� ����u�����FP�

%XON�PRGXOXV� �� *SD
6WUXFWXUDO�SKDVH�WUDQVLWLRQV� ��� .���� .
%LQGLQJ�HQHUJ\�SHU�DWRP� ��� H9

)ROORZLQJ�&����D�ZKROH�IDPLO\�RI�IXOOHUHQHV LQFOXGLQJ
&���� &���� &���� &���� &�� DQG� WKH� PXFK� ODUJHU� TXDVL�
VSKHULFDO� IXOOHUHQHV�� &����� &���� �&���� >��@�� KDYH� EHHQ
LGHQWLILHG�

(DUO\� H[SHULPHQWDO� VWXG\�>��@�DQG�FRPSXWDWLRQ�>��@
RI� &�� SURSHUWLHV� SUHGLFWHG� LWV� WUXQFDWHG� LFRVDKHGUDO
VRFFHU�EDOO� KROORZ�FDJH� JHRPHWU\� KDYLQJ� DQ XVXDO
GHJUHH� RI� VWDELOLW\�� %DQG� VWUXFWXUH� FDOFXODWLRQV� >��@�
EDVHG� RQ� WKH� GHQVLW\�IXQFWLRQDO IRUPDOLVP��VKRZHG�WKDW
&�� PROHFXOHV� IRUP� D� ZHDNO\�ERXQG�YDQ�GHU :DDOV IFF
VHPL�FRQGXFWLQJ FU\VWDO� �ODWWLFH�FRQVWDQW �����

$

$ ��ZLWK
D� EDQG� JDS� RI� ��� H9 EHWZHHQ� WKH� KLJKHVW� RFFXSLHG
PROHFXODU� RUELWDO �+202�� DQG� WKH�ORZHVW�XQRFFXSLHG
PROHFXODU� RUELWDO �/802�� OHYHOV�� ,Q� WKLV� FU\VWDO�� WKH
FHQWUH�WR�FHQWUH VHSDUDWLRQV� RI� WKH� PROHFXOHV� DUH
�����

$

$ �� WKH� &���&�� FRKHVLYH� HQHUJ\� LV� ��� H9�� WKH
PHOWLQJ� WHPSHUDWXUH� LV� ����q&�� WKH� VXEOLPDWLRQ
WHPSHUDWXUH� LV� ���q&�� WKH� KHDW� RI� VXEOLPDWLRQ� LV�����
NFDO�PRO DQG� WKH� ODWHQW� KHDW� LV� ���� H9�&�� >��@�
)XUWKHUPRUH�� WKH� PROHFXOHV� XQGHUJR� ��� IUHH�URWDWLRQV
SHU� VHFRQG� XQGHU� WKH� DPELHQW�FRQGLWLRQV >��@��$QRWKHU
LQWHUHVWLQJ� SURSHUW\�RI�&�� LV�LWV�GRSHG�VWDWH��ZKHUHE\�WKH
LQWURGXFWLRQ� RI� DONDOL� PHWDO� DWRPV� LQWR� WKH� PROHFXOH
SURGXFHV� VXSHUFRQGXFWLQJ FRPSRXQGV� ZLWK�D�WUDQVLWLRQ
WHPSHUDWXUH�LQ�H[FHVV�RI�7 �� .�>��@�

,Q� WKH� IROORZLQJ� VXEVHFWLRQV� ZH� UHYLHZ� WKH� PDLQ
UHVXOWV� RQ� WKH� DGVRUSWLRQ� RI� &�� PROHFXOHV� RQ�D�VHW�RI
PHWDOOLF�� VHPL�PHWDOOLF� DQG�VHPL�FRQGXFWLQJ�VXEVWUDWHV�
7KHVH� VXEVWUDWHV� DUH�� $X������� $J������� 1L������
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&X������� $J������� $X�������JUDSKLWH��+23*���6L������
6L������

����� $GVRUSWLRQ�RI�&�� RQ�$X��$J��1L DQG�&X�VXEVWUDWHV
(DUO\� 670�EDVHG�LQYHVWLJDWLRQV�RQ�WKH�DGVRUSWLRQ�RI�&��
PROHFXOHV� RQ� WKH� $X������VXUIDFH�>������@�VKRZHG�WKDW
WKH� DGVRUEHG� OD\HU� FRQVLVWHG�RI�D�FORVH�SDFNHG�XQVWDEOH
VWUXFWXUH� FRPSRVHG� RI� PRELOH�KH[DJRQDO�DUUD\V�RI�VXE�
FOXVWHUV�ZLWK�D�VSDFLQJ�RI���

$

$ ��7KH�$X������VXUIDFH�LV�D
������F u UHFRQVWUXFWHG� VXUIDFH� ZKRVH� ODWWLFH

SDUDPHWHU� LV� IDLUO\� FORVH� WR� WKH� QHDUHVW�QHLJKERXU
GLVWDQFH� LQ�WKH�EXON�IFF &�� FU\VWDO��)XUWKHU�VWXGLHV�RI�WKH
DGVRUSWLRQ� RI� &�� PROHFXOHV� RQ� WKLV� VXUIDFH� >���� ��@
VKRZHG� WKDW�WZR�PRUSKRORJLHV�FRXOG�EH�LGHQWLILHG�LQ�WKH
DEVRUEHG� OD\HU�� DQ� DOLJQPHQW� FRPPHQVXUDWH� ZLWK� WKH

������F u UHFRQVWUXFWLRQ�� DQG� DQRWKHU� KDYLQJ� D
F���u���� VWUXFWXUH�� LQGLFDWLQJ�D�JURZWK�IURP�WKH�����!
VWHS�HGJH�

$QRWKHU� LQWHUHVWLQJ�$X�VXUIDFH�LV�WKH�$X������ZKLFK
KDV� D� F��u����UHFRQVWUXFWLRQ�DORQJ�WKH�����!�GLUHFWLRQ�
7KH� DGVRUSWLRQ� RQ� WKLV� VXUIDFH� >��@� VKRZHG� WKDW� WKH
H[LVWLQJ� GLVORFDWLRQV� DQG� ULGJHV� LQ� WKH� UHFRQVWUXFWLRQ
IRUPHG� SUHIHUHQWLDO�QXFOHDWLRQ�VLWHV��,W�ZDV�DOVR�REVHUYHG
WKDW� WKHUH� ZDV� D� GLODWLRQ� RI� WKH� QHDUHVW�QHLJKERXU
GLVWDQFH� EHWZHHQ� WKH� DGVRUEHG� PROHFXOHV�DV�FRPSDUHG
ZLWK� WKH� GLVWDQFH� LQ� WKH� EXON� &���� LQGLFDWLYH� RI� WKH
SUHVHQFH� RI� VWUHVV� LQ� WKH� PRQROD\HU DORQJ� WKH� ����!
GLUHFWLRQ�

7KH� $J������ VXUIDFH� KDV�D�UHFRQVWUXFWLRQ�VLPLODU�WR
WKH� $X������ VXUIDFH�� ,WV� � �����F u UHFRQVWUXFWLRQ�LV
URWDWHG� E\� ��q�� 7KH� DGVRUSWLRQ�RQ�WKLV�VXUIDFH�>������@
VKRZHG� D� FRPPHQVXUDWH� ILUVW� OD\HU�� ZLWK� VRPH
DOLJQPHQWV�LQ�SDUWV�RI�WKH�OD\HU�URWDWHG�E\���q DQG���q�

7KH� DGVRUSWLRQ� RQ� WKH� $X������ DQG� WKH� $J�����
VXUIDFHV� ZHUH� LQYHVWLJDWHG� LQ� 670�EDVHG� H[SHULPHQWV
>���� ��@�� DQG� LW�ZDV�IRXQG�WKDW�WKH�DGVRUSWLRQ�LQGXFHG D
PRGLILFDWLRQ� RI� WKH� H[LVWLQJ� UHFRQVWUXFWLRQ� RQ� WKH�$X
VXUIDFH� ZKHQ�WKH�V\VWHP�ZDV�DQQHDOHG�DW�7 ��� .��7KLV
VXUIDFH� PRGLILFDWLRQ�UHVXOWHG�LQ�WKH�IRUPDWLRQ�RI�D�FORVH�
SDFNHG� &�� PRQROD\HU ZLWK�D�F��u���SHULRGLFLW\�UHODWLYH
WR� DQ� XQUHFRQVWUXFWHG� $X� VXUIDFH�� 1R� LQGXFHG
UHFRQVWUXFWLRQ� ZDV�� KRZHYHU�� REVHUYHG� RQ� WKH
XQUHFRQVWUXFWHG�$J VXUIDFH�

7KH� 670�EDVHG� LQYHVWLJDWLRQ� RQ� WKH�DGVRUSWLRQ�RQ
WKH� &X�����F��u��� VXUIDFH� >��@� VKRZHG� WKDW� WKH

PROHFXOHV� LQ� WKH� ILUVW� OD\HU� ZHUH�PRELOH�RQ�WKH�WHUUDFH
DQG� ZHUH� VWDELOL]HG� DW� WKH� VWHS� HGJHV�� DQG� ZLWK� WKH
LQFUHDVH� LQ� FRYHUDJH� D� ZHOO�RUGHUHG� WZR�GLPHQVLRQDO
LVODQG� ZLWK� D�F��u���WULDQJXODU�V\PPHWU\�EHJDQ�WR�IRUP
RQ�WKH�ILUVW�OD\HU�

7KH� TXHVWLRQ� RI� FKDUJH� WUDQVIHU �&7�� WR� &��
PROHFXOHV� DGVRUEHG� RQ� PHWDOOLF�VXUIDFHV�ZDV�DGGUHVVHG
LQ� D�ORZ�HQHUJ\�HOHFWURQ�GLIIUDFWLRQ �/(('��H[SHULPHQW
>��@� ZKHUH�WKH�$X�������WKH�SRO\FU\VWDOOLQH�$J������DQG
WKH� 1L������ VXUIDFHV� ZHUH� HPSOR\HG�DV�VXEVWUDWHV��7KH
DLP� ZDV� WR� FRPSDUH� WKH� WUDQVIHU� IURP� WKH�UDWKHU�LQHUW
QREOH� PHWDO� VXUIDFHV� ZLWK� WKH�WUDQVIHU�IURP�D�WUDQVLWLRQ
PHWDO� VXUIDFH�� 7KH� H[SHULPHQW� SURYLGHG� TXDQWLWDWLYH
HVWLPDWHV� RI� WKLV� &7�� ZKLFK� ZDV� IRXQG� WR� EH� ��r��
HOHFWURQV� IURP� WKH� $X������ DQG� $J������VXUIDFHV�DQG
��r��� HOHFWURQV� IURP� WKH�1L������VXUIDFH��7KHVH�YDOXHV
GHPRQVWUDWHG� WKDW�WKH�&7�ZDV�VWURQJO\�GHSHQGHQW�RQ�WKH
W\SH� RI� PHWDO� UDWKHU� WKDQ� LWV� ZRUN� IXQFWLRQ�� VLQFH�WKH
ZRUN� IXQFWLRQ� RI� WKH�1L�������DW����� H9��LV�LQ�EHWZHHQ
WKDW� RI� WKH� $X������� DW ���� H9��DQG�WKH�SRO\FU\VWDOOLQH
$J�� DW� DURXQG� ��� H9�� 7KHVH� UHVXOWV� VXSSRUWHG� WKH
SURSRVDO� >��@� WKDW� WKH� &7� LV� GXH� WR� WKH� IRUPDWLRQ�RI
FKHPLFDO� ERQGV�EHWZHHQ�WKH�DGVRUEHG�&�� PROHFXOHV�DQG
WKH� PHWDOOLF� VXUIDFHV�� 7KH� PDJQLWXGHV� RI� WKH�&7�ZHUH
HVWLPDWHG� IURP� WKH� VRIWHQLQJ� RI� WKH� YLEUDWLRQDO
IUHTXHQFLHV� RI� WKH�&�� PROHFXOHV�XSRQ�WKHLU�DGVRUSWLRQV
RQ�WKH�VXUIDFHV�

7KH� DOLJQPHQWV� DGRSWHG� E\� WKH�DGVRUEHG�PROHFXOHV
ZHUH� DOVR� GHWHUPLQHG� LQ� WKLV� /(('� H[SHULPHQW�DQG�LW
ZDV� IRXQG� WKDW�LQ�WKH�ORZ�FRYHUDJH�UHJLPH�WKH DGVRUEHG
RYHUOD\HU VWUXFWXUH� RQ� WKH� 1L������ VXUIDFH� GLIIHUHG
VLJQLILFDQWO\� IURP� WKRVH� REVHUYHG� RQ� WKH� $X� DQG� $J
VXUIDFHV��7KH�VWURQJHU�&���1L LQWHUDFWLRQV��GXH�WR�D�ODUJHU
DPRXQW� RI� &7�� KDG� OHG� WR� WKH� IRUPDWLRQ� RI� D� QRYHO
UHFWDQJXODU� 1L������F��u��� &�� PRUSKRORJ\�� DV
FRPSDUHG� ZLWK�WKH�FORVH�SDFNHG�LVODQGV�REVHUYHG�RQ�WKH
QREOH� PHWDO� VXUIDFHV�� ZKLFK� ZHUH� QXFOHDWHG� RQ� WKH
VXEVWUDWHV
�WHUUDFHV�

7KH� FKDUJH� GLVWULEXWLRQ� RQ� &�� PROHFXOHV� KDV�DOVR
EHHQ�GHWHUPLQHG�IRU�WKH�DGVRUSWLRQ�RQ�WKH�&X�����F��u��
VXUIDFH� >��@�� 7KH� 670� LPDJHV�>��@�RI�WKLV�GLVWULEXWLRQ
VKRZHG� D� VWURQJ ELDV�YROWDJH�GHSHQGHQFH��7KH�LPDJH�RI
WKH� HPSW\� HOHFWURQLF�VWDWHV�RI�DQ�DEVRUEHG�&�� VKRZHG�D
WKUHH�OHDI� FORYHU VKDSH� IRU� HDFK� DGVRUEHG� PROHFXOH�
LQGLFDWLYH� RI� D� URWDWLRQDOO\� ZHOO�RUGHUHG VWDWH� RI� WKH
PROHFXOHV�� 7KH� FRPSXWHG� WZR�GLPHQVLRQDO� ��'�� EDQG
VWUXFWXUH� DQG� SDUWLDO�FKDUJH�GHQVLW\�GLVWULEXWLRQ�>��@�IRU
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WKH� F��u��� �'� VWUXFWXUH��PHQWLRQHG�EHIRUH��VKRZHG�WKDW
WKUHH� GLIIHUHQW� GLVWULEXWLRQV� FDQ� EH� DVVRFLDWHG�ZLWK�WKH
HQHUJ\� OHYHOV��D�URXQG�VKDSH ZLWK�D�KROH�LQ�WKH�PLGGOH�LQ
WKH� +202�OLNH�VWDWHV��D�URXQG�VKDSH�ZLWKRXW�D�KROH��DQG
D� WKUHH�IROG� V\PPHWU\�UHSUHVHQWLQJ�WKH�WKUHH�SHQWDJRQDO
&� ULQJV� LQ� WKH� /802�OLNH� VWDWHV�� 7KHVH� GLVWULEXWLRQV
ZHUH� YHU\� VLPLODU� WR�WKRVH�REVHUYHG�LQ�WKH�670�LPDJHV
DW�GLIIHUHQW ELDV�YROWDJHV >��@�

����� $GVRUSWLRQ�RI�&�� RQ�6L DQG�JUDSKLWH�VXEVWUDWHV
7KH� UHFRQVWUXFWHG� 6L VXUIDFHV�� 6L�����F��u��� DQG
6L�����F��u���� SOD\� D� YHU\� LPSRUWDQW� UROH� LQ� WKH
HOHFWURQLF� GHYLFH�IDEULFDWLRQ��DQG�ZLOO�SOD\�DQ�HYHQ�PRUH
VLJQLILFDQW� UROH�LQ WKH�DQWLFLSDWHG�QDQR�WHFKQRORJ\��7KH\
KDYH�� WKHUHIRUH�� SURYLGHG� YHU\�LQWHUHVWLQJ�VXEVWUDWHV�IRU
WKH� JURZWK�RI�PRQROD\HUV DQG�PXOWLOD\HUV RI�DGVRUEDWHV�
VXFK� DV� WKH� HSLWD[LDO JURZWK�RI�&�� ILOPV��,Q�FRQWUDVW�WR
WKH� LQHUW� PHWDOOLF� VXUIDFHV�� VXFK� DV� $X�� WKH� 6L�����
GLPHUL]HG VXUIDFH� >��@� LV� D� YHU\� DFWLYH VXUIDFH�ZKHUH
HDFK� 6L DWRP�FRQWULEXWHV�D�GDQJOLQJ ERQG��,W�LV�WKHUHIRUH
H[SHFWHG� WKDW� D� FRQVLGHUDEOH� DPRXQW� RI� &7� ZRXOG�EH
LQYROYHG� ZKHQ� D� &�� PROHFXOH� LV� DGVRUEHG� RQ� WKLV
VXUIDFH�� 6XFK� D�VWURQJ�FRXSOLQJ�EHWZHHQ�D�&�� PROHFXOH
DQG� WKH� 6L������ VXUIDFH� ZRXOG�EH�H[SHFWHG�WR�OHDG�WR�D
FHVVDWLRQ� RI�LWV�URWDWLRQDO�GLIIXVLRQ�XSRQ�DGVRUSWLRQ��)RU
WKH� 6L������ VXUIDFH�� RQ�WKH�RWKHU�KDQG��HDFK�FRUQHU�KROH
DWRP��DGDWRP DQG�UHVW�DWRP�KDV�D�GDQJOLQJ�ERQG�>��@�

7KH� 670� LQYHVWLJDWLRQ� RQ� WKH�DGVRUSWLRQ�RI�&�� RQ
WKH� 6L�����F��u��� VXUIDFH� >��@� VKRZHG� WKDW� GXH�WR�WKH
PXFK� VWURQJHU� DGVRUEDWH�VXEVWUDWH� LQWHUDFWLRQV�� WKH�&��
PROHFXOHV� ZHUH� UDQGRPO\� DGVRUEHG� RQ� WKH� VXUIDFH�
$QRWKHU� 670�EDVHG� H[SHULPHQW� >��@� UHYHDOHG� WKH
DGVRUSWLRQ� VLWHV� ZLWKLQ� WKH� F��u��� VXUIDFH� XQLW� FHOO�
ZKHUH� WKH� PROHFXOHV�IDYRXUHG DGVRUSWLRQ�RQ�WKH�IDXOWHG
KDOI� RI� WKH�XQLW�FHOO�DV�FRPSDUHG�ZLWK�WKH�XQIDXOWHG KDOI�
VLQFH� WKH� IRUPHU� LV�PRUH�HQHUJHWLF�ZLWK�D�ODUJHU�GHQVLW\
RI� VWDWHV� QHDU� WKH� )HUPL OHYHO��2FFDVLRQDOO\�PROHFXOHV
ZHUH� DGVRUEHG� RQ� WKH� FRUQHU� YDFDQFLHV�� EXW�YHU\�OLWWOH
DGVRUSWLRQ�RQ�WKH�GLPHU OLQHV�ZDV�REVHUYHG�

7KH� DGVRUSWLRQ� RQ� WKH� 6L�����F��u��� VXUIDFH� ZDV
UHSRUWHG� LQ� D� ILHOG�LRQ� 670��),�670��H[SHULPHQW�>���
���� ��@�� 6LQFH� WKLV�H[SHULPHQW�IRUPV�WKH�EDVLV�RI�RQH�RI
WKH� QXPHULFDO� VLPXODWLRQ� VWXGLHV� WKDW� ZH� KDYH�FDUULHG
RXW�� DQG� ZKLFK� ZLOO� EH� UHSRUWHG� LQ� 6HFWLRQ����ZH�KHUH
VXPPDUL]H� LWV� PDLQ� FRQFOXVLRQV��DUULYHG�DW�RQ�WKH�EDVLV
RI� D� ODUJH� QXPEHU�RI�670�LPDJHV��FRQFHUQLQJ�WKH�ILQDO
DOLJQPHQWV�RI�WKH�DGVRUEHG�PROHFXOHV�

�� 7KH� DGVRUEHG�PROHFXOHV�UHVLGHG�LQ�WKH�YDOOH\V�RI�WKH
GLPHU URZV� RQ� WKH� 6L VXUIDFH�DQG�ZHUH�GLVWULEXWHG
UDQGRPO\� ZLWK� D� PLQLPXP� LQWHU�PROHFXODU
VHSDUDWLRQ�RI���

$

$ ZKHQ�WKH�&�� GHQVLW\�ZDV�VPDOO�
�� 7KH� LQGLYLGXDO� PROHFXOHV� RFFXSLHG� VLWH� $�

VFKHPDWLFDOO\� VKRZQ�LQ�)LJ����ZLWK�D�KLJK�GHJUHH�RI
V\PPHWU\� DQG�ZHUH�VXUURXQGHG�E\�� GLPHU�IRUPLQJ
6L DWRPV�

�� 8QOLNH� WKH� DGVRUSWLRQ� RQ� WKH� *D$V������ VXUIDFH
>��@�� QR�FRDOHVFHQFH�RQ�WKH�WHUUDFHV�DQG�VHJUHJDWLRQ
WR�WKH�VWHSV�RU�GHIHFW�VLWHV�ZHUH�REVHUYHG�

�� 7KHUH� ZDV� D� VKRUW�UDQJH� ORFDO� RUGHULQJ� RI� WKH
PROHFXOHV� LQ� WKH�ILUVW�OD\HU��7ZR�W\SHV�RI�VWUXFWXUHV
FRXOG� EH� GLVWLJXLVKHG�� D� F��u��� DOLJQPHQW� DQG� D
F��u��� DOLJQPHQW�� DV�FDQ�EH�VHHQ�LQ�WKH�670�LPDJH
VKRZQ� LQ� )LJ�� �� 7KH� F��u��� IRUPV� WKH� IFF�����
SODQH� DV� ZHOO�DV�WKH�KFS EDVDO�SODQH��DQG�WKH�F��u��
IRUPV� WKH�������SODQH�RI�D�VLPSOH�FXEH��7KH�QHDUHVW�
QHLJKERXU GLVWDQFHV� ZHUH����

$

$ DQG�����
$

$ IRU�WKH
F��u���DQG�F��u���UHVSHFWLYHO\�

�� :LWK� WKH� FRPSOHWLRQ� RI� WKH� ILUVW� OD\HU��WKH�VHFRQG
OD\HU� EHJDQ� WR� IRUP�� ,VODQG� IRUPDWLRQ� ZDV� DOVR
REVHUYHG�� VLJQDOOLQJ D� 6WUDQVNL�.UDVWDQRY PRGH�RI
JURZWK�

�� 670� LPDJHV� ZHUH� REWDLQHG�WKDW�VKRZHG�VWUXFWXUHV
RQ� LQGLYLGXDO� DGVRUEHG�PROHFXOHV��7KH�670�LPDJH
LQ�)LJ�� VKRZV�WKUHH�RU�IRXU�EULJKW�VWULSHV UXQQLQJ�LQ
SDUDOOHO� RQ� HDFK�PROHFXOH��6LQFH�WKH�RULHQWDWLRQV�RI
WKHVH� VWULSHV� ZHUH� WKH� VDPH�� WKLV� ZDV� WDNHQ� WR
LQGLFDWH� WKDW�WKH�URWDWLQJ�PROHFXOHV�KDG�FHDVHG�WKHLU
URWDWLRQV� RQFH� WKH\� KDG� EHHQ� DEVRUEHG� RQ� WKH
VXUIDFH�� 7KH�RULJLQ�RI�WKHVH�VWULSHV�ZDV�DWWULEXWHG�WR
WKH�&7�IURP�WKH�GLPHUL]HG VXUIDFH�
,QYHVWLJDWLRQ� RI�WKH�DGVRUSWLRQ�RI�&�� PROHFXOHV�RQ�D

JUDSKLWH� VXUIDFH� IRUPV� DQ� LQWHUHVWLQJ� WRSLF� GXH� WR� D
VWURQJ� VLPLODULW\� LQ� WKH� HOHFWURQLF� DQG� JHRPHWULFDO
VWUXFWXUHV� RI� WKHVH� WZR�PDWHULDOV���6HYHUDO�H[SHULPHQWDO
LQYHVWLJDWLRQV�RQ�WKLV�V\VWHP�KDYH�EHHQ�UHSRUWHG�RYHU�WKH
UHFHQW� \HDUV��7KH�VWUXFWXUDO�DQG�YLEUDWLRQDO SURSHUWLHV�RI
WKH� &�� ILOP� DGVRUEHG� RQ�WKH�VXUIDFH�RI�KLJKO\�RULHQWHG
S\URO\WLF JUDSKLWH� �+23*�� ZHUH� H[DPLQHG� LQ� D� KLJK
UHVROXWLRQ HOHFWURQ�HQHUJ\�ORVV�VSHFWURVFRS\ �+5((/6�
H[SHULPHQW� >��@�� $� QRYHO� KLJK�RUGHU� SHULRGLFLW\� DW
PRQROD\HU FRYHUDJHV ZDV� REVHUYHG��LPSO\LQJ�WKDW�HYHQ
WKH� ZHDN� FRUUXJDWLRQ� SRWHQWLDO� RI� WKH� VXUIDFH� ZDV
VXIILFLHQW�WR�SHUWXUE�WKH�DGOD\HU���DQG WKDW��WKH��&��V� ZHUH
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)LJ�� �� 6FKHPDWLF� SRVLWLRQV�RI�&�� PROHFXOHV�WKDW�IRUP�F��u��
DQG� F��u��� ODWWLFHV�RQ�6L������F��u���VXUIDFH��2SHQ�FLUFOHV�DUH
6L DWRPV� EXON� SRVLWLRQV�� VROLG� FLUFOHV�DUH�GLPHUL]HG 6L DWRPV
DQG� ODUJH� RSHQ� FLUFOHV� LQGLFDWH� SRVLWLRQ� RI� &�� PROHFXOHV�
)LJXUH IURP�>��@�

)LJ�� �� 670� LPDJH�RI�WKH�6L������VXUIDFH�ZLWK�DSSUR[LPDWHO\
RQH� PRQROD\HU FRYHUDJH� RI� &�� PROHFXOHV� VKRZLQJ�ERWK�WKH
F��u��� DQG� F��u���SDFNLQJV��7KH�UHJLRQV�DUH�VWLOO�XQILOOHG�EDUH
6L VXUIDFH��)LJ� WDNHQ IURP�>��@�

)LJ���� 670�LPDJH�RI�WKH�ILUVW�OD\HU�RI�WKH�&�� PROHFXOHV�RQ�WKH
6L������ VXUIDFH�� 7KH� LPDJH� VKRZV� VRPH�LQWHUQDO�VWUXFWXUH�LQ
WKH� IRUP� RI�EULJKW�VWULSHV�UXQQLQJ�LQ�SDUDOOHO�RQ�WKH�PROHFXOHV�
)LJ� WDNHQ IURP�>��@�

SK\VLVRUEHG RQ�WKH�JUDSKLWH��$QRWKHU�+5((/6�EDVHG
H[SHULPHQW� >��@� RQ� WKH� HDUO\� VWDJHV�LQ�JURZWK�DW�URRP
WHPSHUDWXUH� VXJJHVWHG� D� SUHGRPLQDQWO\� OD\HU�E\�OD\HU
JURZWK� RI� WZR�GLPHQVLRQDO� LVODQGV�� ZKLOH� D�FRPELQHG
+5((/6�DQG�670�EDVHG� H[SHULPHQW� >���� ��@�VKRZHG
WKDW� WKH� DGVRUEHG� PROHFXOHV� DJJUHJDWHG� WR� IRUP
DV\PPHWULF� GHQGULWH�OLNH LVODQGV�� DV� VKRZQ� LQ� )LJ��D�
LPSO\LQJ� D� KLJK� PRELOLW\� RQ� WKH� VXUIDFH�� +LJKHU
PDJQLILFDWLRQ� RI�WKH�670�LPDJHV�LQ�WKLV�H[SHULPHQW�DOVR
UHYHDOHG� WKDW� WKH� &��V� DUUDQJHG� WKHPVHOYHV� LQ� D
KH[DJRQDO� FORVH�SDFNHG� PRUSKRORJ\�� DV� VKRZQ� LQ
)LJ��E�� DQG� WZR� FU\VWDOORJUDSKLF� GLUHFWLRQV� ZHUH
LGHQWLILHG�� 7KH�JURZWK�PRGH�RQ�WKH�VXUIDFH�ZDV�IRXQG�WR
EH� FRQVLVWHQW� ZLWK�ERWK�WKH�)UDQN�YDQ�GHU 0HUZH OD\HU�
E\�OD\HU� PRGH� DQG� WKH� PL[HG� PRQROD\HU�SOXV�LVODQG
6WUDQVNL�.UDVWDQRY PRGH�

9HU\� UHFHQWO\�� DQRWKHU�670�EDVHG�H[SHULPHQW�>��@�
SHUIRUPHG� DW� VXEVWUDWH� WHPSHUDWXUHV� RI� 7 � ��� .�DQG
7 ��� .�� KDV� H[DPLQHG�WKH�LQIOXHQFH�RI�WKH�GHSRVLWLRQ
UDWH� DQG� WKH� WHPSHUDWXUH�� DQG�WKH�LQIOXHQFH�RI�QDWXUDOO\
RFFXUULQJ� VXUIDFH� VWHSV� RQ�WKH�JURZWK�RI�&�� LVODQGV��$W
URRP� WHPSHUDWXUH�� PXOWLOD\HU LVODQGV�RI�&����RI�GLIIHUHQW
VL]HV�� ZHUH�QXFOHDWHG�SUHGRPLQDWHO\�DW�WKH�VWHS�HGJHV��DV
VKRZQ� LQ� )LJ�� ��� ZLWK� D� QHJOLJLEOH� IRUPDWLRQ� RQ� WKH
WHUUDFHV��8QOLNH�LQ�RWKHU�VWXGLHV��D�VLPSOH��OD\HU�E\�OD\HU
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)LJ�� �� 670� LPDJHV�RI�&�� ILOP�RQ�WKH�JUDSKLWH�VXUIDFH�DW�FRYHUDJH�RI���� 0/���D��7KH�VL]H�RI�WKH�LPDJH�LV����u��� QP��WKH�VDPSOH
ELDV� LV���� 9��WKH�WXQQHOOLQJ FXUUHQW�LV���� S$� �E��7KH�VL]H�RI�WKH�LPDJH�LV���u�� QP��WKH�VDPSOH�ELDV�LV���� 9��WKH�WXQQHOOLQJ FXUUHQW
LV���� S$� )LJXUH�WDNHQ�IURP�>��@�

)LJ�� �� �D����� PPu��� PP�VFDQ�RI�� 0/�&�� FRYHUDJH�RQ�+23*�GHSRVLWHG�DW�D�UDWH�RI����� 0/ PLQ�����E����� PPu��� PP�VFDQ�RI��
0/� &�� GHSRVLWHG�DW�D�VORZHU�UDWH�RI������ 0/ PLQ����7KH�VWHS�KHLJKW�RI�WKH�LVODQGV�LV�����

$

$ DYHUDJHG�RYHU�VHYHUDO�UHDGLQJV��)LJXUH
WDNHQ�IURP�>��@�

JURZWK PRGH� ZDV� RQO\� REVHUYHG� DW� WKH� HOHYDWHG
WHPSHUDWXUH�� 7KH� RULJLQ�RI�D��'�JURZWK�ZDV�IRXQG�WR�EH
DQ� LQLWLDO� ELOD\HU�� UDWKHU� WKDQ� D� PRQROD\HU��IRUPDWLRQ�
,VODQGV� ZLWK� IDFHWHG� HGJHV� ZHUH� QXFOHDWHG� ZKHQ� WKH
GHSRVLWLRQ� UDWH� ZDV� ORZHUHG�� LQGLFDWLQJ� WKDW� WKH
PROHFXOHV� DUULYLQJ� DW� DQ�LVODQG�HGJH�KDG�QRZ�VXIILFLHQW
WLPH� WR� GLIIXVH� DURXQG� WKH� LVODQG� DQG� WDNH� XS�D�PRUH
RUGHUHG�HTXLOLEULXP�SRVLWLRQ�

,Q� DGGLWLRQ� WR� WKHVH� 670�EDVHG� H[SHULPHQWV
FRQGXFWHG� XQGHU� XOWUD�KLJK� YDFXXP��8+9��FRQGLWLRQV�
WKH� UHVXOWV�RI�DQRWKHU�670�EDVHG�H[SHULPHQW��SHUIRUPHG
LQ� DLU�>��@��ZKHUH�WKH�&�� PROHFXOHV�ZHUH�DGVRUEHG�IURP
D� VROXWLRQ� RQWR� +23*�� KDYH� DOVR� EHHQ� UHSRUWHG�� 7KH

UHVXOWV� VKRZHG� WKDW� WKH� PROHFXOHV� IRUPHG� FOXVWHUV� RI
YDULRXV� VL]HV� WKDW� WHQGHG� WR�DJJUHJDWH�IXUWKHU��'HWDLOHG
H[DPLQDWLRQ� RI� WKH� 670� LPDJHV� UHYHDOHG� ZKDW� ZHUH
FODLPHG� WR� EH� H[WUD�CUHDO
�IHDWXUHV��LQ�WKH�IRUP�RI�ULGJHV
DQG�EXPSV��RQ�LQGLYLGXDO�PROHFXOHV��7KH�RULJLQV�RI�WKHVH
IHDWXUHV� FRXOG� QRW�� KRZHYHU�� EH� XQDPELJXRXVO\
LGHQWLILHG� DQG� WKH\� ZHUH� DWWULEXWHG� WR�HOHFWURQLF�VWDWHV
LQGXFHG HLWKHU�E\�WKH�DFWLRQ�RI�WKH�+23*�VXEVWUDWH�RU�E\
WKH�670�WLS�RQ�WKH�FKDUJH�VWDWHV�RI�WKH�&�� PROHFXOHV�

���&RQVWDQW�WHPSHUDWXUH�0'�VLPXODWLRQV
,Q�WKLV��6HFWLRQ�� ZH�UHSRUW��RQ��RXU��UHVXOWV��RI�WZR�KLJKO\
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FRPSOH[ 0'� VLPXODWLRQV�WR�PRGHO�WKH�G\QDPLF SURFHVV
RI� DGVRUSWLRQ� RI� &�� PROHFXOHV� RQ� WKH� 6L�����F��u��
VXUIDFH� >���� ��@� DQG� RQ� D� JUDSKLWH�VXEVWUDWH�>��@��7KH
SHUWLQHQW� H[SHULPHQWV�XQGHUO\LQJ�WKHVH�VLPXODWLRQV��>��@
IRU� 6L�������DQG�>������@�IRU�WKH JUDSKLWH��ZHUH�GLVFXVVHG
LQ� 6HFWLRQ� ���7KH�0'�VLPXODWLRQV�WKDW�DUH�UHSRUWHG�KHUH
ZHUH�RI�HTXLOLEULXP�W\SH�DSSOLHG�WR�FDQRQLFDO�HQVHPEOHV�
��� &���6L������V\VWHP
)RU�WKH�VLPXODWLRQ�RI�WKLV�FRPSOH[�V\VWHP��ZH�WUHDWHG�WKH
&��V� DV� ERWK� IOH[LEOH� DQG� ULJLG�PROHFXOHV��7KUHH�LQWHU�
DWRPLF� SRWHQWLDOV� ZHUH� HPSOR\HG� WR� GHVFULEH� WKH
LQWHUDFWLRQV� EHWZHHQ�WKH�6L�6L DWRPV�LQ�WKH�VXEVWUDWH��WKH
&�& DWRPV� LQ� GLIIHUHQW�PROHFXOHV�DQG�WKH�&�6L DWRPV�DW
WKH�LQWHUIDFH�
�� 7KH� 6L�6L DQG� &�6L LQWHUDFWLRQV� DUH� FRYDOHQWO\�

ERQGLQJ�� DQG ZHUH� GHVFULEHG� E\�WKH�XQLILHG�PDQ\�
ERG\�7HUVRII SRWHQWLDOV�JLYHQ�LQ�HT������

�� 7KH� QRQ�ERQGLQJ� &�& LQWHUDFWLRQV� EHWZHHQ� WKH
DWRPV� LQ� WZR� PROHFXOHV� ZHUH� GHVFULEHG� E\� WKH
/HQQDUG�-RQHV�SRWHQWLDO�JLYHQ�LQ�HT�������
7KH� 6L VXEVWUDWH� FRQVLVWHG� RI� � DWRPLF�OD\HUV ZLWK

��� DWRPV� SHU� OD\HU�� :LWK� WKH� H[FHSWLRQ� RI� WKH
ORZHUPRVW� 6L DWRPV�� DOO� WKH�RWKHU�VXEVWUDWH�DWRPV�ZHUH
WUHDWHG� G\QDPLFDOO\�� 3HULRGLF�ERXQGDU\�FRQGLWLRQV�ZHUH
DSSOLHG� LQ� DOO�WKUHH�VSDWLDO�GLUHFWLRQV��,Q�WKH�LQLWLDO�VWDWH�
VKRZQ� LQ� )LJ��D�� �� PROHFXOHV� ZHUH� UDQGRPO\
GLVWULEXWHG� DERYH� WKH� ����!� GLPHUL]HG VXUIDFH�� 7KH
V\VWHP� ZDV� HTXLOLEUDWHG�IRU����� WLPH�VWHSV��GW ����� V�
DW� WKH� FRQVWDQW� WHPSHUDWXUH� RI� 7 ��� .� DQG�FRQVWDQW
SUHVVXUH� E\� WUHDWLQJ�WKH�YROXPH�RI�WKH�VLPXODWLRQ�FHOO�DV
D� YDULDEOH��7KH�WHPSHUDWXUH�ZDV�PDLQWDLQHG�DW�WKLV�YDOXH
GXULQJ� WKLV�SKDVH��DQG�LQGHHG�WKURXJKRXW�WKH�VLPXODWLRQ�
E\� LPSOHPHQWLQJ� WKH� 1RVH
�� +RRYHU�WKHUPRVWDW��ZKRVH
HTXDWLRQV� RI� PRWLRQ� DUH� JLYHQ� LQ� HT�� ����� 'XULQJ�WKLV
HTXLOLEUDWLRQ� SKDVH�� QR� LQWHUDFWLRQV� ZHUH� DOORZHG
EHWZHHQ� WKH� PROHFXOHV� DQG� WKH� VXUIDFH��)LJ���E�VKRZV
WKH� FRQILJXUDWLRQ� RI� WKH� V\VWHP� DIWHU� HTXLOLEUDWLRQ�
)ROORZLQJ� HTXLOLEUDWLRQ�� WKH� YROXPH� RI� WKH
FRPSXWDWLRQDO� FHOO�ZDV�IL[HG�DW�LWV�UHOD[HG�YDOXH��DQG�WKH
PROHFXOHV� ZHUH� VLPXOWDQHRXVO\�UHOHDVHG�LQ�WKH�GLUHFWLRQ
RI� WKH� VXEVWUDWH�� 7KH� DQLPDWLRQ� RI� WKH� FRPSOHWH� UXQ�
XVLQJ� WKUHH�GLPHQVLRQDO� YLVXDOLVDWLRQV�� VKRZHG�WKDW�WKH
PROHFXOHV� SHUIRUPHG� FRQWLQXRXV�ERXQFLQJ�LQWHUDFWLRQV�
ZLWK� HDFK� RWKHU� DQG� ZLWK�WKH�VXUIDFH��EHIRUH�WKH\�ZHUH
DGVRUEHG� RQ�� DQG� HTXLOLEUDWHG� ZLWK�WKH�VXUIDFH��)LJ���F
VKRZV� WKH� ILQDO� VWDWH�� ZKHUH�WKH�PROHFXOHV�FDPH�WR�UHVW
LQ� WKH� GLPHU YDOOH\V�RI�WKH�VXUIDFH�DQG�ZHUH�VXUURXQGHG

E\� HLJKW� GLPHU�IRUPLQJ� 6L DWRPV�� H[DFWO\� DV� ZDV
SUHGLFWHG� LQ� WKH� ),�670� H[SHULPHQW� >��@� GLVFXVVHG
DERYH�� )XUWKHUPRUH�� )LJ�� �G� VKRZV� WKH� SUHVHQFH� RI�D
F��u��� DOLJQPHQW� ZKHUH�� IRU� FRQYHQLHQFH��ZH�KDYH�QRW
VKRZQ� WKRVH�PROHFXOHV�XQGHUJRLQJ�3%&��7KLV�UHVXOW�ZDV
DOVR�LQ�DJUHHPHQW�ZLWK�WKH�H[SHULPHQWDO�ILQGLQJ�>��@�

,Q� D� IXUWKHU��ODUJHU��VLPXODWLRQ�>��@�ZH�LQFUHDVHG�WKH
VL]H� RI� WKH� V\VWHP�� 7KH� VXEVWUDWH� VWLOO� FRQVLVWHG� RI� �
OD\HUV�� EXW� ZLWK���� DWRPV�SHU�OD\HU��DQG�WKH�LQLWLDO�VWDWH
ZDV� QRZ� FRPSRVHG� RI���� PROHFXOHV�DV�RSSRVHG�WR����
)XUWKHUPRUH�� WKH�&��V�ZHUH�WUHDWHG�DV�IOH[LEOH�PROHFXOHV�
ZLWK� WKH� LQWUD�PROHFXODU� LQWHUDFWLRQV� GHVFULEHG E\� D
VLPSOH� KDUPRQLF� SRWHQWLDO�� DQG� WKH\� ZHUH�LQGLYLGXDOO\
UHOHDVHG� WRZDUGV� WKH� VXEVWUDWH�� 7KH� ILQDO� VWDWH� RI� WKH
VLPXODWLRQ� LV� VKRZQ� LQ� )LJ����$V�EHIRUH��WKH�PROHFXOHV
FDPH� WR� UHVW� LQ� WKH� GLPHU YDOOH\V� RQ� WKH� VXUIDFH�
+RZHYHU�� LQ� WKLV� FDVH�� ERWK� WKH� F��u��� DQG� F��u��
DOLJQPHQWV� ZHUH� REWDLQHG�� LQ� FRPSOHWH�DJUHHPHQW�ZLWK
WKH�H[SHULPHQWDO�UHVXOWV�>��@�VFKHPDWLFDOO\�VKRZQ�LQ�)LJ�
��

7R� HOXFLGDWH�WKH�RULJLQ�RI�WKH�VWULSHV�REVHUYHG�RQ�WKH
PROHFXOHV� LQ� WKH� H[SHULPHQW� >��@�� DQG�VKRZQ�LQ�)LJ���
ZH�DOVR�SHUIRUPHG�DQ�DE LQLWLR EDQG�VWUXFWXUH�FDOFXODWLRQ
>��@� XVLQJ� WKH� PL[HG�EDVLV� DOO� HOHFWURQ &DU�3DUULQHOOR
PHWKRG� >��@��2XU�UHVXOWV�VKRZHG�WKDW�WKH�FKDUJH�WUDQVIHU
IURP� WKH� VXEVWUDWH�ZDV�UHVSRQVLEOH�IRU�WKH�HPHUJHQFH�RI
WKH�REVHUYHG�VWUXFWXUHV�

��� &���JUDSKLWH������ V\VWHP
,Q� WKLV� VLPXODWLRQ�� WKH� &��V� ZHUH� WUHDWHG� DV� IOH[LEOH
PROHFXOHV��)RXU�LQWHU�DWRPLF�SRWHQWLDOV�ZHUH�XVHG�
�� 7KH� QRQ�ERQGLQJ� &�& LQWHUDFWLRQV� EHWZHHQ� WKH

DWRPV� LQ� WZR� JUDSKLWH� EDVDO�SODQHV�ZHUH�GHVFULEHG
E\� WKH� /HQQDUG�-RQHV� SRWHQWLDO� JLYHQ� LQ� HT�������
DQG� EHWZHHQ� WKH� DWRPV� LQ�WZR�PROHFXOHV�E\�WKH���
H[S SRWHQWLDO�JLYHQ�LQ�HT�������

�� 7KH� QRQ�ERQGLQJ� &���JUDSKLWH� LQWHUDFWLRQV� DW� WKH
LQWHUIDFH� ZHUH� GHVFULEHG� E\� WKH� 5XRII�+LFNPDQ
SRWHQWLDO� JLYHQ� LQ�HT��������,Q�RXU�DGDSWDWLRQ�RI�WKLV
SRWHQWLDO�� RQO\�WKH�&��V�ZHUH�PRGHOOHG DV�FRQWLQXXP
KROORZ� VSKHUHV� �UDGLXV� E ����

$

$ �� GXULQJ� WKH
LQWHUIDFLDO� LQWHUDFWLRQV�� DQG� WKH� JUDSKLWH� VXEVWUDWH
ZDV� WUHDWHG� DV� D� ODWWLFH�RI�LQGLYLGXDO�DWRPV��8QGHU
WKLV� DSSUR[LPDWLRQ�� WKH� RULJLQDO�IRUP�RI�WKH�5XRII�
+LFNPDQ SRWHQWLDO��QRZ�GHVFULELQJ�WKH�LQWHUDFWLRQ�RI
D� KROORZ� VSKHUH� ZLWK� D�VLQJOH�DWRP�RI�WKH�JUDSKLWH
VXEVWUDWH��WRRN�RQ�WKH�IRUP�JLYHQ�LQ�HT�������
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)LJ�� �� 7KUHH�GLPHQVLRQDO� ��'�� JHRPHWULHV RI� VLPXODWHG� &���6L������V\VWHP���D��LQLWLDO�VWDWH�ZLWK�UDQGRPO\�GLVWULEXWHG�PROHFXOHV
DERYH� VXUIDFH��YHUWLFDO�GLUHFWLRQ�LV�����!��KRUL]RQWDO�GLUHFWLRQ�LV�����!�DQG�����!�GLUHFWLRQ�LV�SHUSHQGLFXODU�WR�SODQH�RI�SDSHU�DZD\
IURP� UHDGHU���E��DIWHU�HTXLOLEUDWLRQ��KRUL]RQWDO�DQG�YHUWLFDO�GLUHFWLRQV�DUH�����!�DQG�����!���F��ILQDO�VWDWH�ZLWK�PROHFXOHV�UHVLGLQJ�LQ
WURXJKV�RI�GLPHU URZV��GLUHFWLRQV�DUH�VDPH�DV�LQ��D����G��WRS�YLHZ�VKRZLQJ�DOLJQPHQW�RI�PROHFXOHV�DQG�IRUPDWLRQ�RI�D�F��u���SDFNLQJ�
KRUL]RQWDO�DQG�YHUWLFDO�GLUHFWLRQV�DUH�����!�DQG�����!�

)LJ��� 7RS�YLHZ�VKRZLQJ�DOLJQPHQW�RI�VLPXODWHG�&�� PROHFXOHV
RQ�6L������VXUIDFH�ZKHQ�����RI�VXUIDFH�ZDV�FRYHUHG��([DPSOH
RI� F��u��� SDFNLQJ� �VROLG� OLQHV�� DQG� F��u��� SDFNLQJ��EURNHQ
OLQHV�� LV� PDUNHG� LQ� ILJXUH��2QO\�FHQWUHV RI�PDVV�RI�PROHFXOHV
�GDUNHU�FLUFOHV��DUH�VKRZQ�

�� 7KH� FRYDOHQWO\�ERQGLQJ &�& LQWUD�PROHFXODU� DQG
LQWUD�SODQDU� LQWHUDFWLRQV� ZHUH� GHVFULEHG� E\� WKH
SRZHUIXO� DQG� LPSURYHG PDQ\�ERG\� 7HUVRII�W\SH
%UHQQHU SRWHQWLDOV�JLYHQ�LQ�HTV�������� �����������
,Q� RXU�0'�VLPXODWLRQ�>��@��WKH�LQLWLDO�VWDWH��VKRZQ�LQ

)LJ��D�� FRQVLVWHG� RI� �� IOH[LEOH &��PROHFXOHV�UDQGRPO\
GLVWULEXWHG�DERYH�WKH�WRS��������EDVDO�SODQH�RI�D�JUDSKLWH
VXEVWUDWH�� 7KH� VXEVWUDWH� ZDV� FRPSRVHG� RI�WKUHH�SODQHV
ZLWK�� UHVSHFWLYHO\���������� DQG���� DWRPV�LQ�WKH�XSSHU�
PLGGOH� DQG� ORZHU� SODQHV�� %RWK�WHUUDFHV�DQG�VWHSV�ZHUH
WKHUHIRUH� DYDLODEOH� LQ� WKH� FDVH� RI�WHUUDFH�GLIIXVLRQ�DQG
VHJUHJDWLRQ� WR� WKH� VWHSV�� 7KH� VLPXODWLRQ�WLPH�VWHS�DQG
WHPSHUDWXUH�ZHUH�VHW�UHVSHFWLYHO\�DW�GW �����V�DQG�7 ���
.�� DQG� WKH� YHORFLW\� 9HUOHW DOJRULWKP� ZDV� XVHG� WR
LQWHJUDWH� WKH� HTXDWLRQV� RI� PRWLRQ�� 7KH� VLPXODWLRQ
WHPSHUDWXUH� ZDV� FRQWUROOHG� YLD� D� 1RVH
�+RRYHU
WKHUPRVWDW��HT������

7KH� V\VWHP� ZDV� HTXLOLEUDWHG� IRU� ������ WLPH�VWHSV
GXULQJ�ZKLFK�WKH�&��V�ZHUH�QRW�DOORZHG�WR�PRYH�LQ�WKH�]�
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)LJ�� �� 7KUHH�GLPHQVLRQDO���'��VQDSVKRWV�IURP�0'�VLPXODWLRQ�VKRZLQJ�&���JUDSKLWH�V\VWHP�LQ��LQLWLDO�VWDWH��D���DIWHU��� SLFRVHFRQGV
�E���DIWHU���� SLFRVHFRQGV �F���WRS�YLHZ�DIWHU���� SLFRVHFRQGV �G���7KH�����!�GLUHFWLRQ�UXQV�IURP�OHIW�WR�ULJKW�

GLUHFWLRQ�� RU� LQWHUDFW� ZLWK� HDFK� RWKHU�� RU� ZLWK� WKH
VXEVWUDWH�� $OO�RWKHU�LQWHUDFWLRQV��L�H���WKH�LQWUD�PROHFXODU�
LQWUD�SODQDU� DQG�LQWHU�SODQDU�LQWHUDFWLRQV�ZHUH��KRZHYHU�
VZLWFKHG� RQ�� :H� REVHUYHG� D�VPDOO�VKLIW�RI�WKH�JUDSKLWH
EDVDO� SODQHV� UHODWLYH� WR� WKHLU� LQLWLDO�VWDWHV��DV�VKRZQ�LQ
)LJ��E�

)ROORZLQJ� HTXLOLEUDWLRQ��WKH�PROHFXOHV�ZHUH�UHOHDVHG
WRZDUGV� WKH� VXEVWUDWH�� RQH�DW�D�WLPH��HQVXULQJ�WKDW�WKHUH
ZHUH� QR�FRUUHODWLRQV EHWZHHQ�WKH�PROHFXOHV�SULRU�WR�WKHLU
VRIW�ODQGLQJ� DQG�DGVRUSWLRQ�RQ�WKH�JUDSKLWH�VXUIDFH��7KLV
ZDV� D� FRPSOH[�G\QDPLFDO DGVRUSWLRQ�PHWKRG�FRQVLVWLQJ
RI� WKH� IROORZLQJ� VWHSV�� )LUVW� D� PROHFXOH� ZDV�UHOHDVHG
IURP� LWV� HTXLOLEUDWHG� SRVLWLRQ� DQG� LWV� WUDMHFWRU\� ZDV
IROORZHG� XQWLO� LW� VRIW�ODQGHG� RQ� WKH� VXEVWUDWH� DQG
HTXLOLEUDWHG� ZLWK� LW�� ZKLFK� KDSSHQHG� DIWHU� LW�H[HFXWHG
VHYHUDO� ERXQFH�RQ� ERXQFH�RII� YHUWLFDO�PRWLRQV��DV�ZHOO

DV� ODWHUDO� GLIIXVLYH� PRWLRQV�� RYHU�WKH�VXUIDFH��8SRQ�WKH
DGVRUSWLRQ� RI� WKH� PROHFXOH�� WKH� QH[W� RQH� ZDV� WKHQ
UHOHDVHG�� 7KH� VWDWHV� RI� WKH�PROHFXOHV�DOUHDG\�DGVRUEHG
RQ� WKH� VXUIDFH�ZHUH�PRQLWRUHG�VLPXOWDQHRXVO\�ZLWK�WKDW
RI� D� QHZO\�UHOHDVHG�PROHFXOH��L�H��ZKHQ�D�QHZ�PROHFXOH
ZDV� KHDGLQJ� WRZDUGV� WKH� VXEVWUDWH� WKH� LQWHUDFWLRQV
DPRQJ� WKRVH� PROHFXOHV� DOUHDG\�DGVRUEHG��DQG�EHWZHHQ
WKHP� DQG�WKH�VXEVWUDWH��ZHUH�DOVR�FRQVLGHUHG�DW�WKH�VDPH
WLPH�� 7KH�&���&�� LQWHUDFWLRQV�ZHUH�VZLWFKHG�RQ�RQO\�IRU
WKRVH� PROHFXOHV� WKDW ZHUH� UHVLGLQJ� RQ�WKH�VXUIDFH��,I�D
PROHFXOH� ERXQFHG� RII� WKH� VXUIDFH��LWV�LQWHUDFWLRQV�ZLWK
WKH� UHVW� RI� WKH� PROHFXOHV� RQ�WKH�VXUIDFH�ZHUH�VZLWFKHG
RII�� LI�WKH�YHUWLFDO�GLVWDQFH�RI�LWV�FHQWUH RI�PDVV�IURP�WKH
VXEVWUDWH� H[FHHGHG��

$

$ ��DQG ZHUH�WKHQ�VZLWFKHG�EDFN�RQ
LI� LW�GURSSHG�EHORZ�WKLV�YDOXH��)LJ��E�VKRZV�WKH�VQDSVKRW
RI� WKH� V\VWHP� DIWHU� � PROHFXOHV�KDG�VRIW�ODQGHG�RQ�WKH
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VXUIDFH�� DQG� )LJ��F�VKRZV�WKH�ILQDO�VWDWH�ZKHQ��� RXW�RI
WKH� �� PROHFXOHV� KDG� EHHQ� DGVRUEHG� DQG� HTXLOLEUDWHG
ZLWK� WKH� VXEVWUDWH�� WKH� RWKHU� � PROHFXOHV��XQGHUJRLQJ
3%&�� DUH� QRW� VKRZQ�KHUH��)LJ��G�VKRZV�WKH�WRS�YLHZ�RI
)LJ��F�� 7KH�HTXLOLEULXP�FRQILJXUDWLRQ�RI�WKH��� DGVRUEHG
PROHFXOHV� RQ� WKH�VXUIDFH�ZDV�UHDFKHG�DIWHU�D�VLJQLILFDQW
SHULRG� RI� ��� SLFRVHFRQGV IURP� WKH� VWDUW RI� WKH
GHSRVLWLRQ� SURFHVV��7KH�V\VWHP�ZDV�UH�HTXLOLEUDWHG�IRU�D
IXUWKHU� � SLFRVHFRQGV GXULQJ� ZKLFK� WKH� PROHFXOHV
VKRZHG� VRPH� VXUIDFH�GLIIXVLRQ�EHIRUH�UHDFKLQJ�WKH�ILQDO
DOLJQPHQW� VKRZQ� LQ� )LJ��F�� ZKLFK� FRUUHVSRQGV� WR� WKH
FRQILJXUDWLRQ� REWDLQHG� DIWHU� ��� SLFRVHFRQGV��L�H���DIWHU
��� PLOOLRQ� WLPH� VWHSV��7KH�JDSV�EHWZHHQ�WKH�FHQWUHV RI
PDVV� RI� WKH�DGVRUEHG�PROHFXOHV�DQG�WKH�WRS�EDVDO�SODQH�
VKRZQ� LQ�)LJ��F��YDU\�IURP�����

$

$ WR�����
$

$ ��7KLV�UDQJH
LV� YHU\�FORVH�WR�WKH�YDOXH�����

$

$ FRPSXWHG�E\��5H\ HW��DO
>��@� ZKR� HPSOR\HG� WKH� 5XRII�+LFNPDQ SRWHQWLDO� WR
REWDLQ� WKH� PRVW� VWDEOH� FRQILJXUDWLRQV�RI�&�� PROHFXOHV
VXSSRUWHG E\� D� JUDSKLWH�VXEVWUDWH��L�H���QRW�G\QDPLFDOO\
GHSRVLWHG� GXULQJ� DQ� DGVRUSWLRQ� SURFHVV�� 2XU� UDQJH�RI
YDOXHV�DOVR�DJUHHV�ZLWK�WKH�YDOXH�REWDLQHG�E\�*UDYLO HW�DO
>��@�� ,Q� )LJ��G�� WKH� FHQWUH�WR�FHQWUH LQWHU�PROHFXODU
VHSDUDWLRQV� DUH� RQ� DYHUDJH����

$

$ ��7KH�DOLJQPHQW�RI�WKH
PROHFXOHV�LQ�WKLV�ILJXUH�VWURQJO\�UHVHPEOHV�WKH�DOLJQPHQW
UHSRUWHG� LQ� WKH�670��EDVHG�H[SHULPHQW�>��@��DQG�VKRZQ
LQ� )LJ��E��DQG�DOVR�WKDW�REWDLQHG�FRPSXWDWLRQDOO\�E\�5H\
HW� DO�>��@��,W�ZDV�VWDWHG�DERYH�WKDW�LQ�D�UHFHQW�H[SHULPHQW
>��@� LW� ZDV� REVHUYHG�WKDW�WKH�&�� LVODQGV�SUHGRPLQDWHO\
QXFOHDWHG� QHDU�WKH�+23* VWHS�HGJHV��7KLV�UHVXOW��VKRZQ
LQ� )LJ���� ZDV� EDVHG� RQ� WKH� VFDQ� RI�D�VXEVWUDWH�RI�DUHD
���u��� PP� ,Q RXU� VLPXODWLRQ�� RQ� WKH�RWKHU�KDQG��WKH
VL]HV� RI� RXU� EDVDO� SODQHV� ZHUH�� DW�PRVW��QRW�PRUH�WKDQ
DERXW� �� QP��� 7KLV� LPSOLHV� WKDW� RXU�VXEVWUDWH�WHUUDFHV
UHSUHVHQWHG� VXUIDFH� DUHDV� LQ� WKH� FORVH�SUR[LPLW\�RI�WKH
VWHS� HGJHV� RI� WKH� VXEVWUDWH� XVHG� LQ� WKH� H[SHULPHQW�
+HQFH�� ZH� FDQ� DOVR� VWDWH�� IURP�RXU�)LJ��G��WKDW�WKH�&��
ILOP� LQ� RXU� VLPXODWLRQ� QXFOHDWHG�IDLUO\�FORVH�WR�WKH�VWHS
HGJH�� $�ODUJHU�VL]H�V\VWHP��ZKLFK�ZRXOG KDYH�GHPDQGHG
D� IDU� ORQJHU� SHULRG�RI�VLPXODWLRQ��ZRXOG�KDYH�LPSURYHG
WKH� � VWDWLVWLFV ZLWK� UHVSHFW� WR� WKH� LQIOXHQFH�RI�WKH�VWHS
HGJHV� DQG� WKH� LPSRUWDQFH� RI� WHUUDFH� VL]HV�IRU�WKH�ILOP
JURZWK�
��� ,QWUDPROHFXODU IHDWXUHV� LQ� &���JUDSKLWH������
V\VWHP
$V�ZH�� PHQWLRQHG SUHYLRXVO\���DFFRUGLQJ��WR��WKH��670�

EDVHG H[SHULPHQW� RI� <X HW� DO >��@�� SHUIRUPHG� LQ�DLU�
H[WUD� VWUXFWXUHV� LQ� WKH� IRUP� RI� EXPSV�DQG�ULGJHV�ZHUH
REVHUYHG� RQ� LQGLYLGXDO� DGVRUEHG� PROHFXOHV�� 7KHVH
IHDWXUHV� KDG� GLPHQVLRQV� RI� ���

$

$ WR� ���
$

$ DQG�YDULHG
IURP� RQH� PROHFXOH� WR� WKH� QH[W�� $FFRUGLQJ� WR� WKH
H[SHULPHQWHUV�� LI� WKHVH� IHDWXUHV� ZHUH� LQGHHG�UHDO��WKHQ
WKH\� PXVW�KDYH�RULJLQDWHG�IURP�HOHFWURQLF�VWDWHV�LQ�FORVH
SUR[LPLW\� WR� WKH� )HUPL HQHUJ\�� (I�� FRQWULEXWLQJ�WR�WKH
670� WXQQHOOLQJ FXUUHQW�� +RZHYHU�� VLQFH� D� UHFHQW
FDOFXODWLRQ� >��@�KDG�VKRZQ�WKDW�QHLWKHU�WKH�HQHUJ\�RI�WKH
/802� OHYHO� QRU�WKDW�RI�WKH�+202�OHYHO�RI�&�� LV�FORVH
HQRXJK� WR� (I WR� FRQWULEXWH� WR� WKH�WXQQHOOLQJ FXUUHQW��LW
ZDV�VXJJHVWHG�WKDW�D�SUREDEOH�FDXVH�FRXOG�EH�WLS�LQGXFHG
VWDWHV�� VLQFH� LQ� RUGHU� WR�REWDLQ�KLJK�DWRPLF�UHVROXWLRQV�
WKH� H[SHULPHQW� KDG� WR� EH� SHUIRUPHG� ZLWK� WKH�WLS�YHU\
FORVH� WR� WKH� VDPSOH� �DERXW� ���

$

$ ��ZKHUH�WKH�GRPLQDQW
FRQWULEXWLRQ� WR�WKH�WXQQHOOLQJ FXUUHQW�RULJLQDWHV�IURP�WKH

�]G VWDWH� RI� WKH�G�EDQG�PHWDO��:��XVHG�DV�WKH�WLS��9HU\
UHFHQWO\� ZH�H[DPLQHG�WKLV�FRQMHFWXUH�>��@�XVLQJ�WKH�QRQ�
HTXLOLEULXP� *UHHQ� IXQFWLRQ� PHWKRG�RI�.HOG\VK >��@�IRU
FRPSXWLQJ� WKH� WXQQHOOLQJ FXUUHQW� EHWZHHQ� D� :� WLS�
RSHUDWLQJ� LQ� D� FRQVWDQW FXUUHQW PRGH�� DV� LQ� WKH
H[SHULPHQW�� DQG�RQH�RI�WKH�DEVRUEHG�PROHFXOHV�H[WUDFWHG
IURP� )LJ��G��2XU�FRPSXWDWLRQV�RI�WKH�670�OLNH�+202
DQG� /802� LPDJHV� ZHUH� EDVHG� RQ�WKLV�PHWKRG��ZKRVH
GHWDLOV�DUH�GHVFULEHG�HOVHZKHUH�>��@�

7R� NHHS� WR� WKH� H[SHULPHQWDO� LPDJLQJ�FRQGLWLRQV�DV
FORVHO\� DV�SRVVLEOH��ZH�NHSW�WKH�WLS�WR�VDPSOH�VHSDUDWLRQ�
L�H��� WKH�GLVWDQFH�IURP�WKH�DSH[�RI�WKH�WLS�WR�WKH�WRS�RI�WKH
DGVRUEHG� PROHFXOH�� DURXQG� ���

$

$ LQ�RXU�FRPSXWDWLRQV�
6XFK� D� VPDOO� WLS�WR�VDPSOH� GLVWDQFH� ����

$

$ �� LQ� WKH
H[SHULPHQW� PXVW� KDYH� SURPSWHG� D� VLJQLILFDQW
FRQWULEXWLRQ� IURP�WKH� �]G RUELWDO�RI�WKH�DSH[�WLS�DWRP�WR
WKH� WXQQHOOLQJ FXUUHQW�DQG�PXVW�KDYH�WKHUHIRUH�OHG�WR�WKH
KLJK� UHVROXWLRQV�REVHUYHG�LQ�WKH�670�LPDJHV��+RZHYHU�
VLQFH� WKH�H[SHULPHQW�ZDV�SHUIRUPHG�LQ�DLU��DQG�QRW�XQGHU
8+9� FRQGLWLRQV�� WKH� FRQWDPLQDWLRQ� RI� WKH� WLS� E\
LPSXULWLHV� FRXOG� QRW� EH� UXOHG�RXW�DQG�KHQFH�WKH�UROH�RI
WKH� �]G VWDWH� RI� WKH� :� WLS� PD\� QRW� EH� VR� FOHDU�
)XUWKHUPRUH�� ZH� NQRZ�WKDW�>������@�DUWLILFLDO�IHDWXUHV�LQ
WKH� 670� LPDJHV�� ZKLFK� GR� QRW� UHIOHFW�WKH�UHDO�FKDUJH
GLVWULEXWLRQ� LQ� WKH� VDPSOH��PD\�EH�JHQHUDWHG�E\�D�VPDOO
WLS�WR�VDPSOH� VHSDUDWLRQ��6XFK�DQRPDOLHV�PD\�EH�FDXVHG
E\� WKH�WXQQHOOLQJ WKURXJK�WKRVH�RUELWDOV RI�WKH�DSH[�DWRP
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LQ� WKH� WLS� WKDW� DUH� RULHQWHG� SDUDOOHO� WR�WKH��[�\��SODQH�
DVVXPLQJ� WKDW� WKH� ]�D[LV� UHSUHVHQWV� WKH� GLUHFWLRQ
SHUSHQGLFXODU� WR�WKH�VXEVWUDWH�VXUIDFH��&RQVHTXHQWO\��IRU
D� VPDOO� WLS�WR�VDPSOH� GLVWDQFH� DQG� D� VXIILFLHQWO\� KLJK
GHQVLW\� RI� VWDWHV�� WXQQHOOLQJ WKURXJK� WKHVH�RUELWDOV FDQ
SURGXFH� DUWLILFLDO� IHDWXUHV� LQ� WKH� 670� LPDJHV� RI� WKH
VXUIDFH�� VXFK� DV� DQ�LQYHUWHG�FRUUXJDWLRQ�RU�WKH�LPDJH�RI
DQ� DGVRUEHG� DWRP� ZLWK� D� FUDWHU�OLNH� IRUP� >���� ��@�
QHLWKHU� RI� ZKLFK� FRUUHVSRQGV� WR� WKH� UHDO� FKDUJH
GLVWULEXWLRQ�LQ�WKH�VDPSOH�

)LJV� �� DQG� �� VKRZ� UHVSHFWLYHO\�WKH�+202��DQG
WKH� /802�OLNH� LPDJHV� RI� WKH� VLQJOH� DGVRUEHG� &��
PROHFXOH� REWDLQHG� IURP� RXU�FRPSXWDWLRQV��WKH�SRVLWLRQ
DQG� RULHQWDWLRQ� RI�WKLV�PROHFXOH�ZHUH�REWDLQHG�IURP�RXU
0'� UHVXOWV�VKRZQ�LQ�)LJ��G��,Q�ERWK�WKH�+202�DQG�WKH
/802� LPDJHV� WKH� SRVLWLRQV�RI�WKH�FDUERQ�DWRPV�LQ�WKH
XSSHU� SDUW�RI�WKH�PROHFXOH�DUH�PDUNHG��:H�FDQ�VHH�WKDW�D
VL[�PHPEHUHG ULQJ� LV� DSSUR[LPDWHO\� SDUDOOHO� WR� WKH
VXUIDFH�� 7KLV� LV� LQ� OLQH� ZLWK�WKH�WKHRUHWLFDO�FDOFXODWLRQ
>��@� ZKHUH� LW� ZDV� IRXQG� WKDW� VXFK� D� FRQILJXUDWLRQ
FRUUHVSRQGHG� WR� WKH� PRVW� VWDEOH� RULHQWDWLRQ� RI�WKH�&��
PROHFXOH� RQ� WKH� JUDSKLWH� VXUIDFH� LUUHVSHFWLYH� RI� WKH
SRVLWLRQ�ZLWKLQ�WKH�VXUIDFH�XQLW�FHOO�

'HWDLOHG� DQDO\VLV� RI� WKH� FRQWULEXWLRQV� WR� WKH
WXQQHOOLQJ FXUUHQW�IURP�GLIIHUHQW�RUELWDOV FOHDUO\�VKRZHG
WKDW� WKH� FHQWUDO� UHJLRQV� LQ� ERWK� )LJV� �� DQG� �� ZHUH
PDLQO\� EXLOW� XS� IURP� WKH� WXQQHOOLQJ WKURXJK� WKH� �]G
RUELWDO� RI� WKH� WXQJVWHQ�WLS
V�DSH[�DWRP��WKLV�FRQWULEXWLRQ
FRQVWLWXWHG� DURXQG� ���� RI� WKH�WRWDO�WXQQHOOLQJ FXUUHQW�
7KH� SHUSHQGLFXODU� RULHQWDWLRQ� RI� WKH� �]G RUELWDO��ZLWK
UHVSHFW� WR� WKH� �[�\�� SODQH�� HQDEOHG�WXQQHOOLQJ IURP�WKH
SDUW� RI� WKH� VDPSOH� GLUHFWO\� ORFDWHG� EHORZ� WKH� WLS�DQG
WKHUHIRUH� ZH� H[SHFW� WKDW� WKH� VFDQQLQJ� GLG� FRUUHFWO\
UHSURGXFH� WKH�FKDUJH�GLVWULEXWLRQ�RI�WKH�&�� PROHFXOH��,Q
IDFW�� LQ� ERWK� )LJV� �� DQG� �� WKH� WRSRJUDSKLHV� RI� WKH
LPDJHV�FRUUHVSRQG�YHU\�ZHOO�WR�WKH�FKDUJH�GLVWULEXWLRQ�RI
WKH� +202� DQG� WKH� /802� VWDWHV� RI� DQ� LVRODWHG� &��
PROHFXOH�� 2XU� +202�OLNH� LPDJH� FRQILUPV� WKDW WKH
+202� VWDWHV� ZHUH� PDLQO\� ORFDOL]HG� RQ�WKH�KH[DJRQDO
ULQJV�� 7KH� LPDJH� DOVR� VKRZV�WKH�FKDUDFWHULVWLF�KROHV�LQ
WKH� FHQWUHV RI� WKH� WRSPRVW� KH[DJRQV� UHSUHVHQWLQJ� WKH
W\SLFDO� HOHPHQW� RI�WKH�FKDUJH�GLVWULEXWLRQ�RI�WKH�+202
VWDWHV�

7KH� /802� VWDWHV�RI�D�IUHH�&�� DUH�ORFDWHG�DORQJ�WKH
VLQJOH�&�& ERQGV��ZKLFK�PDNH�WKH�PD[LPD LQ�WKH�/802
GHQVLW\� RI� VWDWHV� WR�DSSHDU�DW�WKH�SHQWDJRQDO�ULQJV��7KLV
IDFW� LV�FOHDUO\�ERUQH�RXW�E\�RXU�QXPHULFDO�UHVXOWV��)LJ���

VKRZV� WKDW� WKH�GRPLQDWLQJ�IHDWXUHV�LQ�WKH�FHQWUDO�SDUW�RI
RXU� /802�OLNH� LPDJH� DUH� ORFDWHG�DW�WKH�WKUHH�WRSPRVW
SHQWDJRQDO� ULQJV�� 2XU� FRPSXWHG� WRSRJUDSK\�FRPSDUHV
ZLWK� WKH�UHVXOWV�RI�FDOFXODWLRQV�RI�WKH�GHQVLW\�RI�VWDWHV�RI
WKH�/802�VWDWHV�RI�WKH�&�� PROHFXOH�

7KH� VL]H� RI� WKH�&�� PROHFXOH�LQ�WKH�+202��DQG�WKH
/802�OLNH� LPDJHV�REWDLQHG�IURP�RXU�FRPSXWDWLRQV�ZDV
ODUJHU� WKDQ�LWV�YDQ�GHU :DDOV GLDPHWHU��DQG�WKLV�LV�GXH�WR
WKH� WLS�VDPSOH� FRQYROXWLRQ� HIIHFW� ZKLFK LV�DOVR�NQRZQ
H[SHULPHQWDOO\� >��@�� 7KH� WXQQHOOLQJ UHVLVWDQFH�REWDLQHG
LQ� RXU� FRPSXWDWLRQV� ZDV� �� 0:��7KLV�YDOXH�FRPSDUHV
YHU\� ZHOO�ZLWK�WKRVH�REWDLQHG�LQ�WKH�H[SHULPHQW�>��@����
0: WR��� 0:��WKH�H[DPLQDWLRQ�RI�ZKRVH�UHVXOWV�ZDV�WKH
DLP� RI� RXU� FRPSXWDWLRQV�� 7KLV� YDOXH� ZDV�� KRZHYHU�
PXFK� VPDOOHU� WKDQ� WKRVH� REWDLQHG� LQ� WKH� 8+9�EDVHG
670�H[SHULPHQWV��VXFK�DV�>��@��ZKHUH LW�ZDV�IRXQG�WR�EH
DERXW� �� *:��7KLV�GLVFUHSDQF\�PXVW�EH�DWWULEXWHG�WR�WKH
VPDOOQHVV� RI�WKH�WLS�WR�VDPSOH�GLVWDQFH�HPSOR\HG�ERWK�LQ
WKH� H[SHULPHQW�>��@�DQG�RXU�FRPSXWDWLRQV�ZKHUH�RXU�DLP
ZDV� WR� WHVW�WKH�YDOLGLW\�RI�WKH�FODLP�WKDW�WKH� �]G VWDWH�RI
WKH�:�WLS�PLJKW�KDYH�EHHQ�UHVSRQVLEOH�IRU�WKH�HPHUJHQFH
RI�WKH�H[WUD�SXUSRUWHG�IHDWXUHV�

6XPPDUL]LQJ� WKH� UHVXOWV� RI� RXU� 670�OLNH
FRPSXWDWLRQV�� ZH� FDQ� VWDWH� WKDW� RXU�DFFXUDWH�UHVXOWV�RI
WKH� FKDUJH� GLVWULEXWLRQ� RI�WKH�&�� PROHFXOH�DGVRUEHG�RQ
WKH� JUDSKLWH� VXEVWUDWH� GLG� QRW�VKRZ�WKH�SUHVHQFH�RI�DQ\
H[WUD� VWDWHV�� DQG� WKLV� ZRXOG�UXOH�RXW�WKH�SRVVLELOLW\�WKDW
WKH� UHSRUWHG� REVHUYHG� LQWUD�PROHFXODU� IHDWXUHV� LQ� WKH
H[SHULPHQW� >��@� RULJLQDWHG� IURP� WKH� WLS�LQGXFHG�VWDWHV
GXULQJ� WKH� VFDQQLQJ� SURFHVV� 7KH� VWUXFWXUH� RI� WKHVH
REVHUYHG� IHDWXUHV�LV�YHU\�GLIIHUHQW�IURP�WKH�WRSRJUDSKLHV
RI� WKH�/802�RU�WKH�+202�OLNH�LPDJHV�RI�D�IUHH�&�� RU
D� &�� SK\VLVRUEHG RQ� WKH� 6L������ RU� RQ� WKH� &X�����
VXUIDFHV�� 7KH� RULJLQV� RI�WKHVH�ULGJHV�DQG�EXPSV��LI�WKH\
DUH� LQGHHG� UHDO� VWUXFWXUHV� DQG� QRW� VRPH� H[SHULPHQWDO
DQRPDOLHV� FRQQHFWHG� ZLWK�WKH�SUHVHQFH�RI�LPSXULWLHV�RQ
WKH� VXUIDFH� RU� WKH� FRQWDPLQDWLRQ� RI� WKH� WLS�E\�WKH�&��
PROHFXOHV� WKHPVHOYHV�� PXVW� EH� ORRNHG� IRU� HOVHZKHUH�
VXFK�DV�WKH�LQIOXHQFH�RI�RI WKH�JUDSKLWH�VXEVWUDWH�

���&RQFOXVLRQV
5HVHDUFK� LQWR� WKH� FRQWUROOHG� IRUPDWLRQ� RI� QDQR�
VWUXFWXUHG� PDWHULDOV� LQ�WKH�IRUP�RI�WKLQ�ILOPV��FRPSRVHG
RI�FOXVWHUV��DGVRUEHG�RQ�YDULHWLHV�RI�VXEVWUDWHV�RFFXSLHV�D
YHU\� FHQWUDO� SRVLWLRQ�LQ�H[SHULPHQWDO�QDQR�VFDOH�VXUIDFH
SK\VLFV� DQG� LQ� WKH� QHZO\� HPHUJLQJ� ILHOGV� RI
FRPSXWDWLRQDO�FRQGHQVHG��PDWWHU SK\VLFV��DQG��PDWHULDOV
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)LJ�� ��� 7KH� FRPSXWHG� 670�OLNH� LPDJH� RI�WKH�+202�EDQG�IRU�D�&�� PROHFXOH�H[WUDFWHG�IURP�)LJ���G��7KH�SRVLWLRQV�RI�WKH�DWRPV
DQG� WKH� ERQGV� RI�WKH�WRS�SDUW�RI�WKH�PROHFXOH�DUH�LQGLFDWHG��7KH�VFDOHV�DUH�LQ�WKH�XQLWV�RI�WKH�QHDUHVW�QHLJKERXU GLVWDQFH�EHWZHHQ�WKH

FDUERQ� DWRPV� LQ�DQ�LGHDO�&�� PROHFXOH��L�H ����
$

$ ��7KH�KRUL]RQWDO�DQG�YHUWLFDO�D[HV�UHIHU�WR�WKH��[��\��FRRUGLQDWHV�RI�WKH�WLS�DORQJ�WKH
VXUIDFH�

)LJ����� 7KH�FRPSXWHG�670�OLNH�LPDJH�RI�WKH�/802�EDQG�IRU�D�&�� PROHFXOH�H[WUDFWHG�IURP�)LJ���G��7KH�SRVLWLRQV�RI�WKH�DWRPV�DQG
WKH�ERQGV�RI�WKH�WRS�SDUW�RI�WKH�PROHFXOH�DUH�LQGLFDWHG��7KH�VFDOHV�DQG�WKH�D[HV�DUH�WKH�VDPH�DV�WKRVH�LQ�)LJ�� ���
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PRGHOOLQJ�� :LWKLQ WKLV� RYHUDOO� IUDPHZRUN�� DQ� DUHD� RI
GHHS� LQWHUHVW� LV� WKH� JURZWK�RI�QDQR�VFDOH�IRUPDWLRQV�RI
&�� IXOOHUHQHV RQ�PHWDOOLF�DQG�VHPL�FRQGXFWLQJ�VXUIDFHV�
7KHVH� ZLOO� KDYH� VLJQLILFDQW� DSSOLFDWLRQV� LQ� TXDQWXP�
VFDOH� GHYLFH� IDEULFDWLRQ�� ,Q� WKLV� UHYLHZ�� ZH� KDYH
VXUYH\HG� WKLV� ILHOG� ERWK� IURP� WKH� H[SHULPHQWDO� DQG
PRGHOOLQJ SHUVSHFWLYHV�� 7KH� QDQR�VFDOH� PRGHOOLQJ
VWXGLHV� VKRZ� WKH� SRWHQWLDO� SRZHU� RI� FRPSXWHU�EDVHG
VLPXODWLRQV� WR� HOXFLGDWH�LPSRUWDQW�SUREOHPV�SHUWLQHQW�WR
ERWK�EDVLF�DQG�H[SHULPHQWDO�UHVHDUFK�WKDW�PD\�EH�EH\RQG
WKH� FDSDELOLWLHV� RI� WKH� VWDQGDUG� PDFURVFRSLF�DQDO\WLFDO
WKHRULHV� RU� WKH� H[SHULPHQWV�� 7KHVH� LVVXHV� FDQ�EH�YHU\
UHOHYDQW� WR�PDQ\�UHVHDUFK�SURJUDPPHV��DQG�LQ�SDUWLFXODU
WR� WKH� HPHUJLQJ� ILHOGV� RI� QDQR�VFLHQFH� DQG� QDQR�
WHFKQRORJ\�� :H� KDYH�VHHQ�WKDW�RXU�G\QDPLF�VLPXODWLRQV
KDYH� EHHQ�DEOH�WR�SUHGLFW�WKH�H[SHULPHQWDO�UHVXOWV��ZKHUH
WKH\� H[LVW�� ,QGHHG�� VLQFH� QXPHULFDO� PRGHOOLQJ DQG
FRPSXWHU�EDVHG� VLPXODWLRQV� FDQ� EH� FRQVLGHUHG� DV
CFRPSXWDWLRQDO� H[SHULPHQWDWLRQV
�� WKHQ� LW� LV� TXLWH

SRVVLEOH� WR� XVH� VLPXODWLRQV� DV� JXLGHV� WR� SRLQW�WR�QHZ
W\SHV� RI�H[SHULPHQWV�WKDW�FDQ�EH�VHW�XS��DQG�WKH�UDQJH�RI
UHVXOWV� WKDW� FDQ� EH� H[SHFWHG�� 7KHVH� QXPHULFDO
VLPXODWLRQV� DUH� EDVHG� RQ� WKH� XVH� RI� LQWHU�DWRPLF
SRWHQWLDOV� WKDW� VHUYH� DV� WKH� SK\VLFDO� EDVLV� IRU� WKHP�
+HQFH�� FRQVWUXFWLQJ� DQG� WHVWLQJ� VXLWDEOH� LQWHU�DWRPLF
SRWHQWLDOV� DUH� DQ� LPSRUWDQW� SDUW� RI� DQ\�FRPSXWDWLRQDO
QDQR�VFLHQFH�UHVHDUFK�SURJUDPPH�

1DQR�VFLHQFH� DQG�QDQR�WHFKQRORJ\�DUH�UHIHUUHG�WR�DV
WKH� CWKLUG�UHYROXWLRQ
�LQ�VFLHQFH�DQG�WHFKQRORJ\��7KHUH�LV
QR� GRXEW� WKDW� WKH\� ZLOO� FRPH�WR�GRPLQDWH�WKH�VFLHQFHV
DQG� WHFKQRORJLHV�RI�PRVW�FRXQWULHV�LQ�WKH�\HDUV�WR�FRPH�
,W� LV�YHU\�DSSURSULDWH�WKDW�,UDQ�VKRXOG�EH�LQYROYHG�LQ�WKLV
HQGHDYRXU DW�WKLV�HDUO\�VWDJH��QRZ�WKDW�WKH�JDS�VHSDUDWLQJ
WKH� FRXQWULHV� LQYROYHG� LQ� WKH� UHVHDUFK�LQ�WKHVH�ILHOGV�LV
QRW� YHU\� ZLGH�� 2QH� DUHD�RI�UHVHDUFK�WKDW�D�FRXQWU\�OLNH
,UDQ� FDQ� EH� IUXLWIXOO\� LQYROYHG�LQ�LV�WKH�IXOOHUHQH�EDVHG
SK\VLFV�� LQ� SURMHFWV� VXFK� DV� WKRVH� VXUYH\HG� LQ� WKLV
UHYLHZ�

5HIHUHQFHV
�� .� (� 'UH[OHU�� 1DQRV\VWHPV��0ROHFXODU�0DFKLQDU\�

0DQXIDFWXULQJ�DQG�&RPSXWDWLRQ��:LOH\��1HZ�<RUN�
�����

�� &ROOHFWLRQ� RI� $UWLFOHV� LQ� 6FLHQFH�� 9RO�� �����1RY�
�����

�� KWWS���ZZZ�IRUVLJKW�RUJ�
�� 5�3�)H\QPDQ��(QJ��6FL� �� �������
�� +�*OHLWHU��3URJ��0DWHU��6FL���� �����������
�� +�*OHLWHU��1DQR6WU��0DWHU��� ����������
�� 8�(UE��1DQR6WU��0DWHU� � �����������
�� +�5DILL�7DEDU��3K\VLFV�5HSRUWV ��� �����������
�� *�%LQQLJ DQG�+�5RKUHU��+HOY��3K\V��$FWD���� ������

����
��� *� %LQQLJ��&�)�4XDWH DQG�&��*HUEHU��3K\V��5HY��/HWW�

�� �����������
��� 0� 3� $OOHQ�DQG�'�-�7LOGHVOH\��&RPSXWHU�6LPXODWLRQ

RI�/LTXLGV��&ODUHQGRQ 3UHVV��2[IRUG�������
��� -� 0� +DLOH�� 0ROHFXODU� '\QDPLFV� 6LPXODWLRQ�

(OHPHQWDU\� 0HWKRGV -�� :LOH\� 	� 6RQV� ,QF�� 1HZ
<RUN�������

��� '� &� 5DSDSRUW�� 7KH� $UW� RI� 0ROHFXODU� '\QDPLFV
6LPXODWLRQ &DPEULGJH�8QLYHUVLW\�3UHVV��&DPEULGJH�
8.�������

��� 5� .�3DWKULD��6WDWLVWLFDO�0HFKDQLFV 3HUJDPRQ 3UHVV�
2[IRUG�������

��� /�9�:RRGFRFN��&KHP��3K\V��/HWW���� �����������

��� )� ) $EUDKDP�� 6�:�.RFK�DQG�5�&�'HVL��3K\V��5HY�
/HWW���� �����������

��� 7� 6FKQHLGHU� DQG� (� 6WROO�� 3K\V�� 5HY�� %�� ������
�����

��� -� 0� +DLOH DQG� 6� *XSWD��-��&KHP��3K\V���� ������
�����

��� 6�1RVH��-��&KHP��3K\V���� �����������
��� 7� 6FKQHLGHU� DQG� (� 6WROO�� 3K\V�� 5HY�� %�� ������

�����
��� 7� 6FKQHLGHU� DQG� (� 6WROO�� 3K\V�� 5HY�� %�� ������

�����
��� +�&�$QGHUVRQ�DQG�-��&KHP��3K\V���� ������������
��� +� 7DQDND�� .� 1DNDQLVKL DQG�1�:DWDQDEH��-��&KHP�

3K\V� �� ������������
��� :� *� +RRYHU��$�-�&�/DGG DQG�%�0RUDQ��3K\V��5HY�

/HWW� �� ������������
��� $� -� &� /DGG DQG� :� *� +RRYHU�� 3K\V�� 5HY�� %��

������������
��� '�-�(YDQV�DQG�-��&KHP��3K\V���� ������������
��� +� -� &� %HUHQGVHQ�� -� 3� 0� 3RVWPD�� :� )� YDQ

*XQVWHUHQ�� $� 'L1ROD DQG�-�5�+DDN��-��&KHP��3K\V�
�� ������������

��� 6�1RVH
��0RO��3K\V���� �����������
��� 6�1RVH
��3URJ��7KHRU��3K\V��6XSSO����� ���������
��� :�*�+RRYHU��3K\V��5HY��$�� ������������
��� -� -HOOLQHN DQG� 5� 6� %HUU\�� 3K\V�� 5HY��$�� ������

�����
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��� $� 3� 6XWWRQ�� -� %� 3HWKLFD�� +� 5DILL�7DEDU DQG� -�$
1LHPLQHQ�� LQ�� '� *� 3HWWLIRU�� $ +� &RWWUHOO �(GV���
(OHFWURQ� 7KHRU\� LQ� $OOR\� 'HVLJQ�� ,QVWLWXWH� RI
0DWHULDOV��/RQGRQ��������S������

��� 6�(UNRF��3K\VLFV�5HSRUWV ��� ����������
��� *�&�$EHOO��3K\V��5HY��%�� ������������
��� -�7HUVRII��3K\V��5HY��/HWW���� �����������
��� -�7HUVRII��3K\V��5HY��%�� ������������
��� -�7HUVRII��3K\V��5HY��%�� ������������
��� -�7HUVRII��3K\V��5HY��/HWW���� ������������
��� -�7HUVRII��3K\V��5HY��%�� ������������
��� '�:�%UHQQHU��3K\V��5HY��%�� ������������
��� '� :�%UHQQHU��6�%�6LQQRWW DQG�-�$�+DUULVRQ��SULYDWH

FRPPXQLFDWLRQ�
��� GZE#ULSOH\�PWH�QFVX�HGX�
��� .� 'KDUDPYLU DQG�9�.�-LQGDO��,QW��-��0RG��3K\V��%�

�����������
��� 5� 6� 5XRII DQG� $� 3� +LFNPDQ�� -��3K\V��&KHP����

������������
��� &KHQJ�DQG�0�/�.OHLQ��3K\V��5HY��%�� ������������
��� :� $� 6WHHOH�� 7KH� ,QWHUDFWLRQ� RI� *DVHV� ZLWK�6ROLG

6XUIDFHV��3HUJDPRQ��1HZ�<RUN�������
��� /�$�*LULIDOFR��-��&KHP��3K\V���� �����������
��� -� $� 9HQDEOHV�� *� '� 7� 6SLOOHU DQG�0�+DQE�FNHQ�

5HS��3URJ��3K\V���� �����������
��� +� :�.URWR��-�5�+HDWK��6�&�2
%ULDQ��5�)�&XUO�DQG�5

(�6PDOOH\��1DWXUH ��� �����������
��� :� .UDWVFKPHU�� /�'�/DP��.�)RVWLURSRXORV DQG�'�5

+XIIPDQ��1DWXUH ��� �����������
��� 0� 7HUURQHV�� :� .� +VX�� -� 3� +DUH�� +�:�.URWR��+

7HUURQHV DQG� '� 5� 0� :DOWRQ��3KLO��7UDQV��5��6RF�
�/RQG��$��� ������������

��� &� 6� <DQQRQL��5�'�-RKQVRQ��*�0HLMHU��'�6�%HWKXQH
DQG�-�5��6DOHP��-��3K\V��&KHP���� ���������

��� 6� 6DLWR�DQG�$ 2VKL\DPD��3K\V��5HY��/HWW���� ������
�����

��� 0� 6� 'UHVVHOKDXV�� *� 'UHVVHOKDXV��DQG�3�&�(NOXQG�
LQ�� 6LHQFH RI� )XOOHUHQHV DQG� &DUERQ� 1DQRWXEHV�
$FDGHPLF�3UHVV��6DQ�'LHJR��������S�����

��� 3� $� +HLQH\�� -� (� )LVKHU�� $� 5� 0F*KLH�� :� -
5RSPDQRZ�� $�0�'HQHVWHLQ��-�3�0F�&DXOH\ -U��$�%
6PLWK� ,,,� DQG� '� (�&R[��3K\V��5HY��/HWW� �� ������
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