
1RQOLQHDU�RSWLFV�LQ�WKH�HOHFWURQ�KROH�FRQWLQXXP�LQ��'�VHPLFRQGXFWRUV��

WZR�SKRWRQ�WUDQVLWLRQ��VHFRQG�KDUPRQLF�JHQHUDWLRQ�DQG�YDOOH\�FXUUHQW�

LQMHFWLRQ

$XWKRUV� 3X *RQJ ���+RQJ\L�<X�Ș��<RQJ :DQJ���:DQJ <DR �

$IILOLDWLRQV�

� 'HSDUWPHQW�RI�3K\VLFV�DQG�&HQWHU�RI�7KHRUHWLFDO� DQG�&RPSXWDWLRQDO�3K\VLFV�� 7KH�

8QLYHUVLW\�RI�+RQJ�.RQJ��+RQJ�.RQJ��&KLQD

�6FKRRO�RI�3K\VLFV��1DQNDL�8QLYHUVLW\��7LDQMLQ��&KLQD

&RUUHVSRQGHQFH�WR�� � SXJRQJ�SK\#JPDLO�FRP

Ș&RUUHVSRQGHQFH�WR�� � \XKRQJ\L#KNX�KN

$EVWUDFW

:H�LQYHVWLJDWH�WZR�SKRWRQ�WUDQVLWLRQV�WR�WKH�HOHFWURQ�KROH�VFDWWHULQJ�FRQWLQXXP�

LQ�PRQROD\HU WUDQVLWLRQ�PHWDO�GLFKDOFRJHQLGHV��DQG�LGHQWLI\�WZR�FRQWULEXWLRQV�WR

WKLV�QRQOLQHDU�RSWLFDO�SURFHVV ZLWK�RSSRVLWH�FLUFXODUO\�SRODUL]HG�YDOOH\�VHOHFWLRQ�

UXOHV��,Q�WKH�QRQ�LQWHUDFWLQJ�OLPLW��WKH�FRPSHWLWLRQ EHWZHHQ�WKH�WZR�FRQWULEXWLRQV�

OHDGV�WR�D�FURVVRYHU�RI�WKH�VHOHFWLRQ�UXOH�ZLWK�WKH�LQFUHDVH�RI�WKH WZR�SKRWRQ�HQHUJ\��

:LWK� WKH� VWURQJ� &RXORPE� LQWHUDFWLRQ� EHWZHHQ� WKH� HOHFWURQ� DQG� KROH�� WKH� WZR

FRQWULEXWLRQV� H[FLWH� HOHFWURQ�KROH� VFDWWHULQJ� VWDWHV� LQ� RUWKRJRQDO� DQJXODU�

PRPHQWXP� FKDQQHOV�� ZKLOH WKH� VWUHQJWK� RI� WKH� WUDQVLWLRQ� FDQ� EH� VXEVWDQWLDOO\�

HQKDQFHG�E\�WKH�LQWHUDFWLRQ��%DVHG�RQ�WKLV�SLFWXUH RI�WKH�WZR�SKRWRQ�WUDQVLWLRQ��

WKH�VHFRQG�KDUPRQLF JHQHUDWLRQ��6+*� LQ�WKH�HOHFWURQ�KROH�FRQWLQXXP LV�DQDO\]HG��

ZKHUH�WKH�&RXORPE�LQWHUDFWLRQ�LV�VKRZQ�WR�JUHDWO\�DOWHU�WKH�UHODWLYH�VWUHQJWK�RI�

GLIIHUHQW FURVV�FLUFXODU�SRODUL]HG�6+*�SURFHVVHV��9DOOH\�FXUUHQW�LQMHFWLRQ E\�WKH�

TXDQWXP�LQWHUIHUHQFH�RI RQH�SKRWRQ�DQG�WZR�SKRWRQ�WUDQVLWLRQ�LV�DOVR�LQYHVWLJDWHG�

LQ�WKH SUHVHQFH�RI�WKH�VWURQJ�&RXORPE LQWHUDFWLRQ��ZKLFK�VLJQLILFDQWO\�HQKDQFHV�

WKH�LQMHFWLRQ�UDWH�



0DLQ�7H[W

���,QWURGXFWLRQ

0RQROD\HU�WUDQVLWLRQ�PHWDO�GLFKDOFRJHQLGHV��70'V� KDYH�HPHUJHG�DV�D�QHZ FODVV�RI�

VHPLFRQGXFWRUV�LQ�WKH DWRPLFDOO\�WKLQ�WZR�GLPHQVLRQDO�OLPLW�>���@��7KH\�IHDWXUH�D�GLUHFW�

EDQG�JDS�LQ�WKH�YLVLEOH�IUHTXHQF\�UDQJH��ZLWK WKH�EDQG�HGJHV�ORFDWHG�DW�WKH�GHJHQHUDWH�

EXW�LQHTXLYDOHQW .�DQG��.�FRUQHUV�RI�WKH�KH[DJRQDO�%ULOORXLQ�]RQH�>���@�

7KH�GHJHQHUDWH�EDQG�HGJHV�DW�.�DQG��.�DUH�FKDUDFWHUL]HG E\�DQ�H[WUD�TXDQWXP�GHJUHH

RI�IUHHGRP�NQRZQ�DV�YDOOH\� 7KH�ORZ�HQHUJ\�HOHFWURQV�DQG�KROHV�DUH�GHVFULEHG�E\�D

PDVVLYH�'LUDF�)HUPLRQ�PRGHO��ZKHUH�WKH�LQWHUEDQG�RSWLFDO�WUDQVLWLRQV�IHDWXUH�D�YDOOH\�

GHSHQGHQW�VHOHFWLRQ�UXOHV WKDW�DOORZV�WKH�VHOHFWLYH H[FLWDWLRQ�RI�.�DQG��.�YDOOH\V E\�

DEVRUELQJ� D� FLUFXODU� SRODUL]HG� SKRWRQ� >����@�� *HQHUDWLRQ� DQG� GHWHFWLRQ� RI� YDOOH\�

SRODUL]DWLRQ�DQG�FRKHUHQFH FDQ�WKHUHIRUH�EH�UHDOL]HG�WKURXJK�WKH�OLJKW�PDWWHU�LQWHUDFWLRQ�

>�����@�� DOORZLQJ� DFFHVV� WR� YDULRXV� YDOOH\� UHODWHG SKHQRPHQD� XVLQJ� OLQHDU� RSWLFDO�

SURFHVVHV� >�����@��:LWK WKH�H[FHSWLRQDOO\� VWURQJ�&RXORPE� LQWHUDFWLRQ� LQ�PRQROD\HU�

70'V�EHFDXVH� RI� LWV� �'�JHRPHWU\� DQG� WKH� ODUJH HIIHFWLYH�PDVV�� D� SDLU� RI RSWLFDOO\�

H[FLWHG�HOHFWURQ�DQG KROH�FDQ�IRUP�WLJKWO\�ERXQG�K\GURJHQ�OLNH�VWDWH�NQRZQ DV�H[FLWRQ�

>�����@��7KH�H[FLWRQ�%RKU�UDGLXV�LV�LQ�WKH RUGHU�RI�D�IHZ�QP��VWLOO�PXFK�ODUJHU�FRPSDUHG�

WR�WKH�ODWWLFH�FRQVWDQW��7KHUHIRUH��LQ�WKH�PRPHQWXP�VSDFH��WKH H[FLWRQ�ZDYHIXQFWLRQ�LV

ZHOO�ORFDOL]HG�DW�WKH�.�DQG��. YDOOH\V��ZKLFK�LQKHULW�WKH�YDOOH\�RSWLFDO�VHOHFWLRQ UXOHV�

RI WKH�LQWHUEDQG�WUDQVLWLRQV��7KH�YDULRXV�H[FLWRQLF�JURXQG DQG�H[FLWHG�VWDWHV�DW�WKH�.�

DQG��.�YDOOH\V�FDQ�WKHQ�EH VHOHFWLYHO\�DFFHVVHG�WKURXJK�WKH�RQH�SKRWRQ�SURFHVV�>��@�

7ZR�SKRWRQ� WUDQVLWLRQ LV� D� IXQGDPHQWDO� QRQOLQHDU� RSWLFDO� SURFHVV� ZKLFK� IROORZV�

GLIIHUHQW�VHOHFWLRQ�UXOHV�IURP WKH�RQH�SKRWRQ�SURFHVV�>�����@��0RQROD\HU�70'V�DV�D

GLUHFW�JDS�VHPLFRQGXFWRU�SURYLGHV�D�QHZ�SODWIRUP�IRU�QRQOLQHDU�RSWLFDO�VWXGLHV LQ�WKH�

XOWLPDWH� �'� OLPLW� >��@� 7ZR�SKRWRQ� PHDVXUHPHQWV� LQ� PRQROD\HU� 70'V� KDYH EHHQ�

LPSOHPHQWHG�WR PHDVXUH�WKH�UHVRQDQFHV�RI�H[FLWRQLF�H[FLWHG�VWDWHV�WKDW�DUH�GDUN�LQ�RQH�

SKRWRQ�SURFHVV��IRU�D�GHWHUPLQDWLRQ�RI�WKH�H[FLWRQ�5\GEHUJ�VHULHV DQG�WKH�GHWDLO�RI�WKH�



&RXORPE�ELQGLQJ�>�����@��)RU WKH�H[FLWRQLF�ERXQG�VWDWHV��VHOHFWLRQ�UXOHV�IRU�WKH�WZR�

SKRWRQ�SURFHVV�FDQ�EH�VLPLODUO\�GHWHUPLQHG�IURP�URWDWLRQDO�V\PPHWU\�>�����@� MXVW�OLNH�

WKH�RQH�SKRWRQ�RSWLFDO�VHOHFWLRQ�UXOHV��6HFRQG�KDUPRQLF�JHQHUDWLRQ��6+*��LV�DQRWKHU�

QRQOLQHDU�RSWLFDO� SURFHVV�RI� IXQGDPHQWDO� LPSRUWDQFH��ZKLFK� LV� SRVVLEOH LQ�PDWHULDOV�

ODFNLQJ�RI�LQYHUVLRQ�V\PPHWU\�>�����@��6HFRQG�KDUPRQLF�VLJQDOV�KDYH EHHQ�XVHG�IRU�

UHYHDOLQJ�WKH�V\PPHWU\�DQG�FU\VWDOOLQH RULHQWDWLRQ�RI��'�70'V�>�����@��,W�KDV�EHHQ�

VKRZQ WKDW�H[FLWRQLF�ERXQG�VWDWHV�FDQ�VLJQLILFDQWO\�HQKDQFH�WKH 6+*�ZKHQ�WKH\�DUH�LQ�

UHVRQDQFH� ZLWK� WKH� WZR�SKRWRQ HQHUJ\� >������� �����@�� %DVHG� RQ� VXFK� UHVRQDQFH�

HQKDQFHPHQW�� UHPDUNDEOH� HOHFWULFDO� WXQDELOLW\� RI� 6+*� KDV� EHHQ GHPRQVWUDWHG� LQ�

PRQROD\HU�70'�WUDQVLVWRU�>��@�

:KLOH� PRVW� H[LVWLQJ� VWXGLHV� KDYH� IRFXVHG� RQ WKH� H[FLWRQLF� ERXQG� VWDWHV�� QRQOLQHDU�

RSWLFDO� WUDQVLWLRQV� LQWR� WKH HOHFWURQ�KROH� FRQWLQXXP��L�H�� WKH�FRQWLQXXP�RI�VFDWWHULQJ�

VWDWHV�ZLWK�HQHUJLHV�DERYH�WKH�VLQJOH�SDUWLFOH�EDQG� DUH�DOVR�RI�LQWHUHVW��$�SURPLQHQW�

H[DPSOH�LV�WKH�RSWLFDO LQMHFWLRQ�RI�VSLQ�DQG�FKDUJH�FXUUHQWV�WKURXJK�WKH�LQWHUIHUHQFH�RI�

WZR�SKRWRQ� DQG� RQH�SKRWRQ� WUDQVLWLRQ� LQ� WKH HOHFWURQ�KROH� FRQWLQXXP�� ZKLFK� EHHQ�

H[WHQVLYHO\�VWXGLHG�LQ�EXON�DQG�TXDQWXPZHOO�VWUXFWXUHV�RI�VHPLFRQGXFWRUV�>�����@��7KH�

VFKHPH KDV�EHHQ�H[SHULPHQWDOO\�LPSOHPHQWHG�LQ�JHQHUDWLQJ�EDOOLVWLF�FKDUJH�FXUUHQW�LQ�

�'�PDWHULDOV�DV�ZHOO�>�����@��,Q D�QRQ�LQWHUDFWLQJ�SLFWXUH��WKH TXDQWXP�LQWHUIHUHQFH�RI

RQH� DQG� WZR�SKRWRQ� H[FLWDWLRQ E\� WZR� OLJKW� EHDPV� OHDG� WR� XQEDODQFHG� LQWHUEDQG�

WUDQVLWLRQV�DW�D�SDLU�RI�PRPHQWXP�VSDFH�SRLQWV�RI�RSSRVLWH�EDQG�YHORFLWLHV��ZKLFK�WKHQ�

FRUUHVSRQG�WR�D�FXUUHQW�RI WKH�SKRWR�FDUULHUV�WKDW�FDQ�EH�FRQWUROOHG�E\�WKH�UHODWLYH SKDVHV�

RI�WKH�WZR�OLJKW ILHOGV�>��@� 7KHRUHWLFDO�VWXGLHV�LQ�WKH�QRQ�LQWHUDFWLQJ�OLPLW�KDYH�DOVR�

JHQHUDOL]HG�WKLV WZR�FRORU�TXDQWXP�LQWHUIHUHQFH�VFKHPH�IRU�YDOOH\�FXUUHQW�LQMHFWLRQ�LQ�

PRQROD\HU� 70'V� >��@��:LWK� WKH� VWURQJ &RXORPE� LQWHUDFWLRQ LQ� PRQROD\HU� 70'V��

KRZHYHU� WKH RQH�SKRWRQ� DQG� WKH� WZR�SKRWRQ� WUDQVLWLRQ� FDQQRW� EH� GHVFULEHG� E\�

LQWHUEDQG� WUDQVLWLRQV� DW� LQGLYLGXDO� PRPHQWXP VSDFH� SRLQWV�� 7KH� FRQWLQXXP� RI�

VFDWWHULQJ�VWDWHV�XQGHU WKH�VWURQJ�&RXORPE�LQWHUDFWLRQ�EHWZHHQ�WKH�HOHFWURQ�DQG KROH�

QHHG�WR�EH�XVHG�LQVWHDG��7KH�H[FLWRQLF�HIIHFW�LQ�WKH FRQWLQXXP�FDQ�VLJQLILFDQWO\�FKDQJH�

WKH� FXUUHQW� JHQHUDWLRQ� HIILFLHQF\�� DV�ZHOO� DV� WKH� SK\VLFDO� GHVFULSWLRQ� RI� WKH FXUUHQW�



LQMHFWLRQ�>��@�

,Q�WKLV�SDSHU��ZH�LQYHVWLJDWH�WZR�SKRWRQ�QRQOLQHDU�RSWLFDO�WUDQVLWLRQV�WR�WKH�HOHFWURQ�

KROH� FRQWLQXXP� LQ� PRQROD\HU� 70'V�� DQG� LGHQWLI\� WZR� FRQWULEXWLRQV� ZLWK� RSSRVLWH

FLUFXODUO\�SRODUL]HG�YDOOH\�RSWLFDO�VHOHFWLRQ�UXOHV��7KH ILUVW�FRQWULEXWLRQ�FRQVLVWV�RI�WZR�

LQWHUEDQG�WUDQVLWLRQV PHGLDWHG�E\�D�UHPRWH�EDQG� ,W�KDV�D�YDOOH\�RSWLFDO�VHOHFWLRQ�UXOH�

RSSRVLWH�WR� WKDW�RI WKH�RQH�SKRWRQ�WUDQVLWLRQ� DQG�WKH�PDJQLWXGH�LV� LQVHQVLWLYH�WR� WKH�

WZR�SKRWRQ� HQHUJ\�� 7KH� VHFRQG� LV� D� FRQWULEXWLRQ� ZLWKLQ� WKH� PDVVLYH 'LUDF� FRQH��

FRQVLVWLQJ�RI DQ�LQWHUEDQG�WUDQVLWLRQ�DQG�DQ LQWUDEDQG�RQH��DQG�WKH�VHOHFWLRQ�UXOH�LV�WKH�

VDPH�DV�WKH RQH�SKRWRQ�WUDQVLWLRQ��,Q�WKH�QRQ�LQWHUDFWLQJ�OLPLW��WKH VHFRQG�FRQWULEXWLRQ�

LV�SURSRUWLRQDO�WR�WKH�EDQG�YHORFLW\ ZKLFK�YDQLVKHV�DW�WKH�EDQG�HGJH�DQG�JURZV�IDVW�ZLWK�

WKH LQFUHDVH�LQ� WZR�SKRWRQ�HQHUJ\��DQG�FRQVHTXHQWO\�WKHUH�LV D�FURVVRYHU� LQ�VWUHQJWK

EHWZHHQ�WKH�WZR�FRQWULEXWLRQV� DFFRPSDQLHG�E\�D�UHYHUVDO�LQ�WKH�YDOOH\�RSWLFDO�VHOHFWLRQ�

UXOH��*RLQJ�EH\RQG�WKH�QRQ�LQWHUDFWLQJ�SLFWXUH��WKH VWURQJ�&RXORPE�LQWHUDFWLRQ�EHWZHHQ�

HOHFWURQ�DQG�KROH�LV WDNHQ�LQWR�DFFRXQW�WKURXJK�D��'�K\GURJHQ�PRGHO�ZLWK�PRGLILHG�

%RKU�UDGLXV�IRU�GHVFULELQJ�WKH�HOHFWURQLF�VWDWHV LQYROYHG�LQ�WKH�RSWLFDO�WUDQVLWLRQ��7KH�

WZR� FRQWULEXWLRQV� H[FLWH� HOHFWURQ�KROH VFDWWHULQJ� VWDWHV� LQ� RUWKRJRQDO FKDQQHOV�

UHVSHFWLYHO\��DQG�ZH�ILQG�WKH�&RXORPE�LQWHUDFWLRQ�FDQ�VXEVWDQWLDOO\ HQKDQFH�WKH�WZR�

SKRWRQ�WUDQVLWLRQ�VWUHQJWK�IURP�WKH�VHFRQG�FRQWULEXWLRQ��ZLWKLQ�WKH PDVVLYH�'LUDF�FRQH���

ZKLFK�EHFRPHV�ILQLWH�DW�WKH�HGJH�RI WKH�HOHFWURQ�KROH�FRQWLQXXP��%DVHG�RQ�WKHVH�UHVXOWV�

RQ WZR�SKRWRQ�WUDQVLWLRQ�PDWUL[�HOHPHQWV��WKH�6+*�LQ�WKH HOHFWURQ�KROH�FRQWLQXXP�LV�

DQDO\]HG�� DQG�&RXORPE� LQWHUDFWLRQ� LV� VKRZQ� WR� JUHDWO\ DOWHU� WKH� UHODWLYH� VWUHQJWK�RI

GLIIHUHQW�FURVV�FLUFXODU�SRODUL]HG�6+*�SURFHVV��0RUHRYHU� WKH�TXDQWXP�LQWHUIHUHQFH�RI�

RQH�SKRWRQ�DQG�WZR�SKRWRQ WUDQVLWLRQ�LV�DOVR�LQYHVWLJDWHG�LQ�WKH�SUHVHQFH�RI�WKH�VWURQJ

&RXORPE�LQWHUDFWLRQ��ZKHUH�WKH�LQWHUIHUHQFH�RI�WKH�V�ZDYH DQG�S�ZDYH�HOHFWURQ�KROH�

VFDWWHULQJ�VWDWHV�H[FLWHG�UHVSHFWLYHO\�E\�OLJKW�ILHOGV�RI�WKH�WZR�FRORUV�OHDG�WR�WKH�EDOOLVWLF

FXUUHQW�LQMHFWLRQ��8QGHU WKH�FR�FLUFXODU�SRODUL]HG�WZR�FRORU�H[FLWDWLRQV��ZH�VKRZ�WKH�

YDOOH\� FXUUHQW� LQMHFWLRQ FRQWUROOHG� E\� WKH� SRODUL]DWLRQ�� ZKHUH� &RXORPE� LQWHUDFWLRQ�

VLJQLILFDQWO\�HQKDQFHV�WKH�LQMHFWLRQ�UDWH�



���1RQ�LQWHUDFWLQJ�OLPLW� SRODUL]DWLRQ UHYHUVDO�LQ�WZR�SKRWRQ�WUDQVLWLRQ

:H�FRQVLGHU�WZR�SKRWRQ�WUDQVLWLRQ�IURP�WKH�YDODQFH�EDQG�WR�FRQGXFWLRQ�EDQG��:H�EHJLQ�

ZLWK�WKH�QRQ�LQWHUDFWLQJ�FDVH�LQ�ZKLFK�WKH�&RXORPE�LQWHUDFWLRQ�RI�HOHFWURQV�LV�QHJOHFWHG��

7KH�WZR�SKRWRQ�WUDQVLWLRQ�UDWH�LV�JLYHQ�E\
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ǡ ሺʹሻ

ZKHUH� ۳ఠ ൌ ఠ݁ܧ
ିఠ௧  �Ǥ �Ǥ LV� WKH� OLJKW� ILHOG� LQ� IUHTXHQF\� ߱ ZLWK�  WKH�

SRODUL]DWLRQ�YHFWRU RI�WKH�ILHOG� 7KH�LQLWLDO�VWDWH�LV�WKH�JURXQG�VWDWH ȁͲۧ ZLWK�FRPSOHWHO\�

ILOOHG�YDOHQFH�EDQG�DQG�HPSW\�FRQGXFWLRQ�EDQG��,Q�QRQ�LQWHUDFWLQJ�FDVH��WKH�ILQDO�VWDWH�

ȁ݂ۧ ൌ ܽǡܓ
ற ܽ௩ǡܓȁͲۧ LV� D� IUHH� HOHFWURQ�KROH� SDLU� VWDWH� IRUPHG� E\� FRQGXFWLRQ� �ܿ �� DQG�

YDOHQFH��ݒ��EDQGV�DW�WKH�ZDYH�YHFWRU ܓ ൌ ݇ሺ��� ߠ ǡ ��� �ሻ��ZKLFK�LV�WKH�UHODWLYH�ZDYHߠ

YHFWRU�PHDVXUHG�IURP� േ� SRLQW� ݁ DQG ݉ DUH� WKH�IUHH�HOHFWURQ�FKDUJH�DQG�PDVV�

7KH�VXP�RI�LQWHUPHGLDWH�VWDWH� ȁ݅ሺܓሻۧ UXQV�RYHU�GLIIHUHQW�HOHFWURQLF�EDQG�LQGH[HV ݅ ൌ

ܿǡ ǡݒ ǥ � DQG� ሻܓሺܧ WKHEDQG HQHUJ\� DW� ܓ � $V� YDOOH\� LQGH[� LV� FRQVHUYHG� LQ� RSWLFDO�

WUDQVLWLRQV��KHUH�ZH�IRFXV�RQ�WKH�WUDQVLWLRQV�LQ�RQH�����YDOOH\��DQG�WKH UHVXOWV�RI� െ�

YDOOH\�FDQ�EH�REWDLQHG�IURP�WKH�WLPH�UHYHUVDO�RSHUDWLRQ�

,Q�PRQROD\HU�70'V� WKH�PDWHULDO�GLVSOD\HG�YDOOH\�GHSHQGHQW�RSWLFDO�VHOHFWLRQ�UXOHV�IRU

േߪ �ULJKW� DQG� OHIW�KDQGHG�� FLUFXODU� SRODUL]HG OLJKW� >�@�� DW� � SRLQW� WKH� RQH�SKRWRQ�

LQWHUEDQG�WUDQVLWLRQ�LV�H[FLWHG�E\� േߪ OLJKW��)RU�WZR�SKRWRQ�WUDQVLWLRQ��ZH�DOVR�FRQVLGHU�

WKH�H[FLWDWLRQ�RI� ାߪ OLJKW�GHQRWHG�E\�WKH�SRODUL]DWLRQ YHFWRU േ ൌ ොܠ േ �ො��7KH�WZRܡ݅

SKRWRQ� H[FLWDWLRQ� IUHTXHQF\ VDWLVILHV ʹɘ  ܧ ZKHUH� ܧ LV� WKH� EDQG� JDS�� LQ�

FDOFXODWLRQV�RI�WKLV�SDSHU�ZH�WDNH� ܧ ൌ ʹǤͷ�� ZKLFK�LV�DW�W\SLFDO�UDQJH�RI�EDQG�JDS�

IRU� PRQROD\HU� 70'V�� :H� GLYLGH� WKH� WZR�SKRWRQ� PDWUL[� HOHPHQW� LQWR� WZR� SDUWV�

DFFRUGLQJ� WR� WKH� FRQWULEXWLRQV� IURP� GLIIHUHQW� LQWHUPHGLDWH� EDQG� VWDWHV� ሻܓേሺܯ ൌ

ܯ
േ ሺܓሻ  ௩ܯ
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߱
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+HUH� ௩ܯ
േ ሺܓሻ LV� WKH� FRQWULEXWLRQ� E\� LQWHUPHGLDWH� VDWHV� IURP� WKH� FRQGXFWLRQ� DQG�

YDOHQFH� EDQGV�� ܯ
േ ሺܓሻ UHSUHVHQWV� WKH� FRQWULEXWLRQ� IURP� WKH� EDQGV� RWKHU� WKDQ�

FRQGXFWLRQ�DQG�YDOHQFH�EDQGV�UHIHUUHG�DV�UHPRWH��ݎ��EDQGV� +HUH� 
േሺܓሻ ൌ 

௫ ሺܓሻ േ

݅
௬ሺܓሻ��ZLWK� 

ఈሺܓሻ ൌ ർݑǡܓቚ
బ



புబ

பഀ
ቚݑǡܓ WKH�LQWHUEDQG��LQWUDEDQG��PRPHQWXP PDWUL[�

HOHPHQW�QHDU� േ� SRLQW�IRU� ݅ ് ݆ �݅ ൌ ݆��� ܪ LV�WKH�VLQJOH�SDUWLFOH�+DPLOWRQLDQ�RI�WKH�

PRQROD\HU�DQG� ܓǡݑ LV� WKH�%ORFK�SHULRGLF�SDUW�RI�EDQG�VWDWH��7KH�PRPHQWXP�PDWUL[�

HOHPHQWV� 
േሺܓሻ FDQ�EH�FDOFXODWHG�E\�SHUWXUEDWLRQ�H[SDQVLRQ�>��@��'XH�WR�WKH�GLVFUHWH�

WKUHH�IROG�URWDWLRQ�V\PPHWU\�RI�WKH�PDWHULDO��DW േ� SRLQW��݇ ൌ Ͳ��WKH�HOHFWURQLF�VWDWH�

IRU�EDQG� ݅ KDV�D�WKUHH�IROG�URWDWLRQ�TXDQWXP�QXPEHU ݉��)RU�EDQG�LQGH[HV� ݅�� ݆ WKHUH�

LV� ο݉ ؠ ݉ െ ݉ ൌ ͵ܰǡטͳ  ͵ܰ ZKHUH� ܰ LV�DQ�LQWHJHU�>�@��,I� ο݉ ൌ ͳט  ͵ܰ��

WKH� LQWHUEDQG� RQH�SKRWRQ� WUDQVLWLRQ� E\� േߪ טߪ� � H[FLWDWLRQ� ZLOO� EH� GLSROH�DOORZHG�

�GLSROH�IRUELGGHQ���ZKLFK�UHIHUV�WR�ILQLWH��]HUR��WUDQVLWLRQ�VWUHQJWK�DW�WKH�EDQG�H[WUHPD�

� SRLQW��7KH�FRUUHVSRQGLQJ�LQWHUEDQG PRPHQWXP�PDWUL[�HOHPHQWV� 
േሺܓሻ �

�ሻ��LQܓሺט

� YDOOH\�>��@�DUH


േሺܓሻ ൌ ߙ  ݇ߚ

ଶ  ܱሺ݇ଷሻǡ ሺͶ�ሻ


ሻܓሺט ൌ ݇݁ߛ

േఏܓ  ݇ߦ
ଶ݁טଶఏܓ  ܱሺ݇ଷሻǡ ሺͶ�ሻ

ZKHUH� ��ߙ ��ߚ ��ߛ ߦ DUH� WKH�SDUDPHWHUV�GHSHQGLQJ�RQ�EDQG� FRPELQDWLRQV� ܓߠ LV�

WKH� SRODU� DQJOH� DW� ܓ VSDFH� )RU� ο݉ᇲᇲ ൌ ͵ܰ �� ZLWK� േߪ RQH�SKRWRQ� H[FLWDWLRQ� ZH�

KDYH

ᇲᇲ
േ ሺܓሻ ൌ ܾᇲᇲ݇݁

േఏܓ  ܿᇲᇲ݇
ଶ݁טଶఏܓ  ܱሺ݇ଷሻǡ ሺͷሻ

DV�LQ�VXFK�FDVH�DW� � SRLQW�WKH�RSWLFDO�WUDQVLWLRQ�LV�IRUELGGHQ�ZLWK� ᇲᇲ
േ ሺͲሻ ൌ Ͳ��RQO\�DW�



݇ ് Ͳ ZKHUH� WKH WKUHH�IROG� URWDWLRQ� LV� QRW� FRQVHUYHG� WKDW� ᇲᇲ
േ ሺܓሻ LV� ILQLWH��

6SHFLILFDOO\��IRU�WKH�LQWUDEDQG�PRPHQWXP�PDWUL[�HOHPHQWV�IRU� ܿ DQG� ݒ EDQGV� 
േ ሺܓሻ��

௩௩
േ ሺܓሻ DSSHDULQJ� DW� ௩ܯ

േ ሺܓሻ�� WKHUH� LV� 
േ ሺܓሻ െ ௩௩

േ ሺܓሻ ൌ


ఓೡ
݇݁േఏܓ  ܱሺ݇ଶሻ ZLWK�

WKH�UHGXFHG�PDVV� ௩ߤ GHILQHG�DV� ͳ ௩Τߤ ൌ ͳ ݉Τ  ͳ ݉௩Τ E\�WKH�FRQYHQWLRQ�WKDW�WKH�

FRQGXFWLRQ��YDOHQFH��EDQG�HOHFWURQ�PDVV� ݉ሺ௩ሻ  Ͳ��

EDQG�LQGH[HV 
ାሺͲሻȀ௩

ା ሺͲሻ 
ିሺͲሻȀ௩

ା ሺͲሻ

݅ ݆

ܿ ݒ � �

ܿ ݒ െ Ͷ ���� �

ܿ ݒ െ ͵ � ����

ܿ  ʹ ݒ � ����

ݒ െ ͵ ݒ � ����

ݒ െ ͷ ݒ ����� �

7DEOH�,�� 
ା YDOXHV�DW� � SRLQW�IURP�WKH�ILUVW�SULQFLSOH�FDOFXODWLRQV��)RU�XS�WR����EDQGV�

ZKHUH� WKHUH�DUH���XSSHU�EDQGV �ܿǡ ܿ  ͳǡ Ǥ Ǥ ܿ  ͵��DERYH� WKH�EDQG�JDS�DQG��� ORZHU�

EDQGV� � ǡݒ ݒ െ ͳǡ Ǥ Ǥ ݒ െ  �� EHORZ� WKH� JDS�� WKH� 
ାሺͲሻ YDOXHV� ZLWK� QRQ�QHJOLJLEOH�

FRQWULEXWLRQV�  ͳ ൈ ͳͲିଷ௩
ା ሺͲሻ DUH�OLVWHG�



)LJXUH� �� �D� 6WUHQJWKV� RI� WZR�SKRWRQ� WUDQVLWLRQ� PDWUL[� HOHPHQWV� DW� .� YDOOH\� ZLWK�

FLUFXODU�SRODUL]HG�H[FLWDWLRQ��7KH�PDWUL[�HOHPHQWV�DUH�GLYLGHG�LQWR�WZR�FRQWULEXWLRQV�

DFFRUGLQJ� WR� WKH� EDQG� LQGH[HV� LQ� LQWHUPHGLDWH� VWDWHV�� LQ� ZKLFK� ௩ܯ
േ ሺܓሻ LV� WKH�

FRQWULEXWLRQ�IURP�F�DQG�Y�EDQGV�DQG� ܯ
േ ሺܓሻ LV�E\�UHPRWH��ݎ��EDQGV�UHVSHFWLYHO\���E�

3RODUL]DWLRQ�UHYHUVDO�RI�WZR�SKRWRQ�WUDQVLWLRQ�DW� � YDOOH\��7KH�FRORUHG�GLVN�LOOXVWUDWHG�

LV�WKH�GHJUHH�RI�WZR�SKRWRQ�FLUFXODU�SRODUL]DWLRQ� ݄ሺܓሻ ZKLFK�UHYHUVHG�IURP� െͳ DW� �

SRLQW�WR� ͳ DW�ODUJHU� ݇�

7KH� YDOXHV� RI� 
േሺܓሻ DUH� REWDLQHG� E\� ILWWLQJ� ILUVW�SULQFLSOH� FDOFXODWLRQ� UHVXOWV� IRU�

PRQROD\HU� :6��� ,Q� 7DEOH� , WKH� YDOXHV� DW� � SRLQW� 
േሺͲሻ ZLWK� LQQHJOLJLEOH�

FRQWULEXWLRQV� DUH� OLVWHG� IRU� GLIIHUHQW� EDQG� LQGH[� FRPELQDWLRQV�� %HKDYLRU� RI�

ȁܯ௩
േ ሺܓሻȁଶDQG� ȁܯ

േ ሺܓሻȁଶ LV� GLVSOD\HG LQ� )LJ�� ��D��� $W� � SRLQW�� DV� WKH� LQWUDEDQG�

PRPHQWXP PDWUL[�HOHPHQWV� LV� ]HUR�� WKH� WZR�SKRWRQ� േߪ WUDQVLWLRQ�FRQWULEXWHG�E\� ܿ

DQG� ݒ EDQGV�YDQLVKHV��DQG� ௩ܯ
േ ሺܓሻ LQFUHDVHV�DV�N�EHFRPHV�ILQLWH�DQG�ODUJHU��:KLOH�

IRU� WKH� FRQWULEXWLRQ� IURP� WKH� ݎ EDQGV�� ܯ
ି ሺܓሻ LV� QRQ�]HUR� DW� � SRLQW�� DQG� WKH�

PDJQLWXGH� ȁܯ
ି ሺܓሻȁ LV� PHUHO\� GHSHQGHQW RQ ݇ �� 7KH� EHKDYLRU� RI� ȁܯ௩

ା ሺܓሻȁ DQG�

ȁܯ
ି ሺܓሻȁ LV�FRQVLVWHQW�ZLWK�WKH�GLVFUHWH�WKUHH�IROG�URWDWLRQ�V\PPHWU\�RI�WKH�PDWHULDO��



$W� � SRLQW� WKH� RQH�SKRWRQ�DOORZHG� H[FLWDWLRQ� LV� E\� ାߪ SRODUL]HG� OLJKW�� WKH� WZR�

SKRWRQ� WUDQVLWLRQ� LV� E\� ିߪ OLJKW�� DV� ο݉௩  ݉ ൌ ͵ܰ IRU� ݉ ൌ െʹ ሺͳሻ IRU�

WZR� ିߪ �RQH� ାߪ �� SKRWRQV�� $ZD\� IURP� � SRLQW�� ZLWK� WKH� LQFUHDVH� RI� ݇ WKH� WZR�

SKRWRQ�WUDQVLWLRQ�GLVSOD\V�UHYHUVDO�RI�FLUFXODU�SRODUL]DWLRQ�>VHH�)LJ�����D�@��$W�VPDOOHU�

݇ �� WKH� WZR�SKRWRQ� WUDQVLWLRQ� LV� GRPLQDWHG� E\� WZR� ିߪ SURFHVV�� DV� ݇ LQFUHDVHV� WKH�

FLUFXODU�SRODUL]DWLRQ�RI�WZR�SKRWRQ�WUDQVLWLRQ�UHYHUVHV�WR�D�WZR� ାߪ WUDQVLWLRQ�GXH�WR�

WKH�LQFUHDVH�RI� ȁܯ௩
ା ሺܓሻȁ��:H LOOXVWUDWHG�VXFK�SRODUL]DWLRQ�UHYHUVDO�E\�WKH�GHJUHH�RI�

WZR�SKRWRQ� SRODUL]DWLRQ ݄ሺܓሻ ൌ ሾȁܯାሺܓሻȁଶ െ ȁିܯሺܓሻȁଶሿ ሾȁܯାሺܓሻȁଶ  ȁିܯሺܓሻȁଶሿΤ

LQ� )LJ�� ��E� DV� ሻܓേሺܯ ൌ ௩ܯ
േ ሺܓሻ  ܯ

േ ሺܓሻ �� $W� .� SRLQW�� ݄ሺͲሻ ൌ െͳ DQG� DV� WKH�

LQFUHDVH� RI� ݇ �� ݄ሺܓሻ FKDQJHV� IURP� െͳ WR� ݄ሺܓሻ̱ͳ DW� ODUJHU� ݇ �� WKH� WZR�SKRWRQ�

SRODUL]DWLRQ�FKDQJLQJ�IURP� ିߪ WR� �ାߪ

��� 7ZR�SKRWRQ� WUDQVLWLRQ� WR� HOHFWURQ�KROH� VFDWWHULQJ� FRQWLQXXP� XQGHU� VWURQJ�

&RXORPE�LQWHUDFWLRQ

,Q� WKH� SUHYLRXV� VHFWLRQ� ZH� VWXGLHG� WZR�SKRWRQ� WUDQVLWLRQ� ZLWKRXW� HOHFWURQ�KROH�

&RXORPE�LQWHUDFWLRQ��:KLOH�VXFK�LQWHUDFWLRQ�KDV�EHHQ�GHPRQVWUDWHG�WR�SOD\�LPSRUWDQW�

UROH�LQ��'�70'V��LQ�WKLV�VHFWLRQ�ZH�LQFOXGH�HOHFWURQ�KROH�LQWHUDFWLRQ�WR�WKH�SUREOHP��

:LWK� WKH� LQWHUDFWLRQ� WKH� HOHFWURQ�KROH� SDLU� VWDWHV� DW� GLIIHUHQW� ܓ DV ܽǡܓ
ற ܽ௩ǡܓȁͲۧ DUH�

FRXSOHG��WKH�VWDWH�RI�LQWHUHVW�EHFRPHV� ȁܿۧܺݒ ൌ σ ߮ሺܓሻܓ ܽǡܓ
ற ܽ௩ǡܓȁͲۧ ZKHUH� ߮ሺܓሻ LV�

WKH�HQYHORSH�IXQFWLRQ�IRU�WKH�UHODWLYH�PRWLRQ�RI�HOHFWURQ�DQG�KROH��7KH�PDWUL[�HOHPHQW�

RI�WZR�SKRWRQ�WUDQVLWLRQ�LV

ܯ ൌ
݁ଶܧఠ

ଶ

݉
ଶ߱ଶ


ȁܺݒܿۦ ή ᇱܺᇱȁݒᇱܿۦᇱܺᇱۧݒෝȁܿᇱܘ ή ෝȁͲۧܘ

ᇲ௩ᇲܧ
ᇲ

െ ߱
ᇲ௩ᇲᇲ

ǡ ሺሻ

7KH� LQWHUPHGLDWH� VWDWHV� ȁܿᇱݒᇱܺᇱۧ ZLWK� HQHUJ\� ᇲ௩ᇲܧ
ᇲ

DUH� WKH� VWDWHV ZLWK� DWWUDFWLYH�

&RXORPE�LQWHUDFWLRQ�E\� ܿᇱ EDQG�HOHFWURQ�DQG� ᇱݒ EDQG�KROH� 7KH�VXP�RI�LQWHUPHGLDWH�

VWDWHV� UXQV� IRU� DOO� WKH�EDQG� LQGH[HV�ZLWK� DOO� SRVVLEOH� FRQILJXUDWLRQV�RI� ߮ᇲ��)RU� WKH�

HQYHORSH�IXQFWLRQ� ߮��ZH�WDNH�WKH��'�K\GURJHQ�PRGHO�>��@�DV�D�WHQWDWLYH�GHVFULSWLRQ��



7KHUH� DUH� WZR� NLQGV� RI� VROXWLRQV� RI� WKH�PRGHO�� ERXQG� VWDWHV� NQRZQ� DV� H[FLWRQV� LQ

GLVFUHWH�HQHUJ\�OHYHOV�ORFDWHG�ZLWKLQ�WKH�EDQG�JDS��DQG�VFDWWHULQJ�VWDWHV�DERYH�WKH EDQG�

HGJH� ZKLFK� DUH� DOVR� NQRZQ� DV� HOHFWURQ�KROH� FRQWLQXXP� VWDWHV�� )RU� WKH� WZR�SKRWRQ�

WUDQVLWLRQ�DERYH�WKH EDQG�HGJH��WKH�VFDWWHULQJ�HOHFWURQ�KROH�FRQWLQXXP�VROXWLRQ�VKDOO�EH�

WKH�ILQDO�VWDWH�RI�LQWHUHVW��,Q�WKH��'�K\GURJHQ�ZDYHIXQFWLRQ�WKH�VFDWWHULQJ�FRQWLQXXP�

FDQ�EH�GHQRWHG�DV� ߰௩
ఎǡሺܚሻ ൌ σ ߮௩

ఎǡሺܓሻ݁ܓήܓܚ >������@��ZLWK�WKH�HQHUJ\� ௩ܧ
ఎ
ൌ

మఎమ

ଶఓೡ


௩ܧ
 ZKHUH� ߟ LV� WKH� ZDYH� QXPEHU� IRU� FRQWLQXXP� VWDWH� DQG� � ൌ Ͳǡേͳǡേʹǥ LV� WKH�

DQJXODU� PRPHQWXP� TXDQWXP� QXPEHU� IRU� ǡݏ ǡ ݀ǡ ǥ VFDWWHULQJ� ZDYHV�� 6XFK� VWDWH� LV�

GHQRWHG�E\ ܺ ؠ ሺߟǡ݉ሻ��

)LJXUH� �� �D� 6HOHFWLRQ� UXOHV� IRU� WZR�SKRWRQ� WUDQVLWLRQ� WR� HOHFWURQ�KROH� FRQWLQXXP��

7ZR�SKRWRQ�WUDQVLWLRQ�IRU� ାߪ �ିߪ� OLJKW�H[FLWHV�WKH�S�VWDWH��V�VWDWH����E��0DJQLWXGHV�

RI�WZR�SKRWRQ�PDWUL[�HOHPHQWV� ȁܯȁ ZLWK�ZLWKRXW�WKH�DWWUDFWLYH�&RXORPE�LQWHUDFWLRQ��

7KH�WZR� ାߪ SURFHVV��UHG�VROLG�OLQH��LV�VWURQJHU�WKDQ�WKH�WZR� ିߪ RQH��EOXH�VROLG�OLQH���

,Q� WKH� FDVH� ZLWKRXW� LQWHUDFWLRQ�� WKH� SRODUL]DWLRQ� UHYHUVDO� EHKDYLRU� GLVFXVVHG� LQ� ODVW�

VHFWLRQ�LV�GLVSOD\HG��*LDQW�HQKDQFHPHQW�RI�WZR�SKRWRQ�WUDQVLWLRQ�VWUHQJWK�LQ� WKH� ାߪ

SURFHVV�LV�LOOXVWUDWHG��GHQRWHG�E\�WKH�GDVK�XS�DUURZ��

,Q�RXU�SUHYLRXV�ZRUN��H[FLWRQV�LQ�PRQROD\HU�70'V�DUH�VKRZQ�WR�SRVVHVV�GLVFUHWH�WKUHH�



IROG� URWDWLRQ� LQYDULDQFH� >��@�� DOORZLQJ� V�VWDWH� H[FLWRQ� WR� EH� RQH�SKRWRQ� EULJKW�ZLWK�

FLUFXODUO\�SRODUL]HG�OLJKW��,W�KDV�EHHQ GHPRQVWUDWHG�LQ�UHFHQW�ZRUNV�WKDW� WKH�H[FLWRQV�

ZKLFK� DUH� WZR�SKRWRQ� EULJKW� DUH� S�VWDWHV� >�����@�� 7KH� HOHFWURQ�KROH� VFDWWHULQJ�

FRQWLQXXP�VWDWHV�SRVVHVV�WKH�VDPH�V\PPHWU\�DV�WKH�ERXQG�H[FLWRQV��ZH�FRQVLGHU�WKH�

WZR�SKRWRQ� WUDQVLWLRQ� WR� VXFK�FRQWLQXXP�VWDWHV�ZLWK�FLUFXODUO\�SRODUL]HG� OLJKW��$W� �

YDOOH\�WKH�WZR�SKRWRQ�PDWUL[�HOHPHQWV�RI� ାߪ �SRODUL]HG�H[FLWDWLRQ�DUH�ିߪ� �VHH�DOVR�

VXSSOHPHQWDU\�LQIRUPDWLRQ�

ఎǡଵܯ
ሺଶሻǡା

ൌ
െ݁ଶܧఠ

ଶξܵ

݉
ଶ߱ଶ

൫ߜ௩ǡ௩ᇲܾǡᇲ െ ᇲ௩ᇲǡᇲܾ௩ǡ௩ᇲ൯ߜ
ା ሺͲሻ

ᇲ௩ᇲ

ൈ නൣ߰௩
ఎǡଵሺܚሻ൧

כ
ሺା ή ǡܚᇲ௩ᇲ൫ܩሻܚ Ͳǡ ᇲ௩ᇲܧ


Ȁ െ ߱൯݀ଶݎǡ

ሺ�ሻ

ఎǡܯ
ሺଶሻǡି

ൌ
െ݁ଶܧఠ

ଶξܵ

݉
ଶ߱ଶ

ቀߜ௩ǡ௩ᇲᇲ
ି ሺͲሻ െ ௩௩ᇲǡᇲߜ

ି ሺͲሻቁ ᇲ௩ᇲ
ି ሺͲሻ

ᇲ௩ᇲ

ൈ නൣ߰௩
ఎǡሺܚሻ൧

כ
ǡܚᇲ௩ᇲ൫ܩ Ͳǡ ᇲ௩ᇲܧ


Ȁ െ ߱൯݀ଶݎǡ

ሺ�ሻ

+HUH� ఎǡଵܯ
ሺଶሻǡା ఎǡܯ�

ሺଶሻǡି��GHQRWHV�PDWUL[�HOHPHQWV�IRU�WKH WZR ାߪ �ିߪ� WUDQVLWLRQV�DW� �

YDOOH\�ZLWK�WKH�VHOHFWLRQ UXOHV�WR�S�VWDWH��V�VWDWH��ZLWK� � ൌ ͳ �� ൌ Ͳ� DQG� ܵ LV�WKH

DUHD�RI�WKH�PDWHULDO� 7KHVH�WZR�WHUPV�DUH FRQVLVWHQW�ZLWK�WKH�V\PPHWU\�DQDO\VLV RQ�WKH�

RSWLFDO�VHOHFWLRQ�UXOHV�RI�H[FLWRQLF�VWDWHV�ZLWK�URWDWLRQDO�V\PPHWU\�>���������@� 6XFK�

WZR�RUWKRJRQDO�DQJXODU�PRPHQWXP�FKDQQHOV�RI� WZR�SKRWRQ� WUDQVLWLRQV� IRU�FLUFXODUO\�

SRODUL]HG� OLJKW� SOD\� WKH NH\� UROH� LQ� RXU� SDSHU�� 7KH� FKDQQHO� RI� S�VWDWH� E\� ାߪ OLJKW�

ఎǡଵܯ
ሺଶሻǡା LV�PDLQO\�IURP�WKH�FRQWULEXWLRQ�RI� ܿ DQG ݒ EDQGV��ZKLOH�WKH FKDQQHO�RI�V�VWDWH�

E\� ିߪ OLJKW ఎǡܯ
ሺଶሻǡି LV� PDLQO\� FRQWULEXWHG� E\� ݎ EDQGV�� +HUH ǡܚᇲ௩ᇲሺܩ ܚ

ᇱǡ ߱ሻ ൌ

σ ൣ߰ᇲ௩ᇲ
 ሺܚሻ߰ᇲ௩ᇲ

כ ሺܚᇱሻ൧ ൫ܧᇲ௩ᇲ
 െ ߱൯ൗ LV� WKH�&RXORPE�*UHHQ IXQFWLRQ� >��@� LQFOXGLQJ

DOO�WKH�ERXQG�DQG�VFDWWHULQJ�LQWHUPHGLDWH�VWDWHV� ,Q�)LJ����E��ZH�GHPRQVWUDWHG�WKH�WZR�

SKRWRQ�WUDQVLWLRQ�PDWUL[�HOHPHQWV�IRU� ାߪ \�OLJKW�RI�IUHTXHQF�ିߪ� ߱ ZLWK�H[FHVV�WZR�

SKRWRQ�HQHUJ\ ʹ߱ െ ܧ  Ͳ VDWLVI\LQJ� ʹ̱߱ܧ௩
ఎ
 ��)RU�PRQROD\HU�70'V�ZHܧ



WDNH ܽ௩ ൌ ͳǤͷ��� WKH�YDOXH�RI�%RKU�UDGLXV�IURP�ILUVW�SULQFLSOH�FDOFXODWLRQV�RQ���ଶ

>��@�� :H� FRPSDUHG� WKH� PDWUL[� HOHPHQWV� ZLWK� HOHFWURQ�KROH� LQWHUDFWLRQ� WR� WKH� QRQ�

LQWHUDFWLQJ� FDVH�� ,Q�)LJ� � �E��� E\� LQFOXGLQJ� WKH� LQWHUDFWLRQ�� WKH� VWUHQJWK� RI� WZR� ାߪ

SURFHVV�LV�JUHDWO\�HQKDQFHG DQG�EHFDPH�WKH�GRPLQDQW�SURFHVV�IRU�WZR�SKRWRQ�WUDQVLWLRQ�

RI�HOHFWURQ�KROH�FRQWLQXXP��7KH�SRODUL]DWLRQ�UHYHUVDO GLVFXVVHG�LQ�QRQ�LQWHUDFWLQJ�FDVH�

LQGLFDWHG�E\�WKH�LQWHUVHFW�RI�WKH�WZR�GDVK�FXUYHV�LQ�)LJ��� �E���LV�³VXEPHUJHG´ E\�WKH�

WZR� ାߪ SURFHVV��7KH�VWUHQJWK�RI�WZR� ିߪ SURFHVV�FRQWULEXWHG�E\�WKH�V�VWDWH��ZKLFK�LV�

RULJLQDWHG�IURP�WKH�UHPRWH�EDQG�FRQWULEXWLRQV��GRHV�QRW�FKDQJH�PXFK�DIWHU�LQFOXGLQJ�

DWWUDFWLYH�LQWHUDFWLRQ��

:H�FDQ�XQGHUVWDQG�WKH�HQKDQFHPHQW�LQ�WZR�SKRWRQ�WUDQVLWLRQ�IRU� ାߪ FKDQQHO�IURP�WZR�
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ሺଶሻǡା IRU� WZR� ାߪ SKRWRQ� H[FLWDWLRQ�� 7KH� DWWUDFWLYH� &RXORPE�
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H[FHVV� SKRWRQ� HQHUJ\� ʹ߱ െ ܧ LQ� �Ȁെ� YDOOH\� LV� GHPRQVWUDWHG�� )RU� VXFK�

H[FLWDWLRQ�VFKHPH�� WKH�FXUUHQW�DW� � YDOOH\� LV�PXFK�VWURQJHU� WKDQ� LQ� െ� YDOOH\�� WKH�

YDOOH\�SRODUL]HG�FXUUHQW�LV�PDLQO\�FRQWULEXWHG�E\�WKH � YDOOH\�FDUULHUV�XQGHU�WKH�WZR�

ାߪ EHDPV��&RPSDULQJ� WKH� LQMHFWLRQ� UDWH� LQ�ERWK� LQWHUDFWLQJ� �VROLG� FXUYHV�� DQG�QRQ�

LQWHUDFWLQJ� FDVH� �GDVK� FXUYHV��� ZH� VKRZHG� WKDW� WKH� HOHFWURQ�KROH� LQWHUDFWLRQ�

VLJQLILFDQWO\�HQKDQFHV�WKH�LQMHFWLRQ�UDWH�

)LJXUH� �� �D� &XUUHQW� LQMHFWLRQ� E\� RQH� DQG� WZR�SKRWRQ� LQWHUIHUHQFH� VFKHPH�� /HIW��

H[FLWDWLRQ�ZLWK� WZR� OLQHDU� SRODUL]HG� EHDPV� LQ� QRQ�LQWHUDFWLQJ� FDVH�� 7KH WZR� EHDPV

LQWHUIHUHQFH� FUHDWHV� LPEDODQFH FDUULHU� SRSXODWLRQ� DW േܓ LQ� D� YDOOH\�� 5LJKW�� WZR�

FLUFXODUO\�SRODUL]HG�EHDPV�JHQHUDWHV�GLIIHUHQW�PDJQLWXGHV�RI�FXUUHQWV� IURP�.�YDOOH\�



LQGXFLQJ�YDOOH\�SRODUL]HG�FXUUHQW�� �E� )RU� WZR� ାߪ FLUFXODUO\�SRODUL]HG�H[FLWDWLRQ� LQ�

LQWHUDFWLQJ�FDVH��DW� � ሺെ�ሻ YDOOH\�WKH�WZR�SKRWRQ�EHDP�ZLOO�H[FLWH� ���VWDWHݏ��ା�VWDWH

FRQWLQXXP� WRJHWKHU� ZLWK� RQH�SKRWRQ� WUDQVLWLRQ� WR� V�VWDWH� ି� �VWDWH��� ଶఠߪ
ା DQG� ఠߪ

ା

GHQRWH� WKH�FLUFXODU�SRODUL]DWLRQ�IRU�RQH� DQG� WZR�SKRWRQ� WUDQVLWLRQV� UHVSHFWLYHO\�� �F�

&XUUHQW�LQMHFWLRQ�UDWH�DW� � YDOOH\�IURP� ାߪ FR�FLUFXODUO\�WZR�FRORU�ILHOG�ZLWK��ZLWKRXW��

HOHFWURQ�KROH�LQWHUDFWLRQ�GLVSOD\HG�LQ�VROLG��GDVK��FXUYHV��,QVHW��FXUUHQW�LQMHFWLRQ�UDWH�

DW� െ� YDOOH\� IURP� WKH� VDPH� FR�FLUFXODU� SRODUL]DWLRQ��+HUH 
 ൌ
ర

మ
ఠܧଶఠܧ

ଶ �� �േ�VWDWH

KDV�DQJXODU�PRPHQWXP�TXDQWXP�QXPEHU� � ൌ േͳ�

���'LVFXVVLRQV

$OWKRXJK� WKH�PRQROD\HU�70'V� GLVFXVVHG� WKURXJK� WKH� SDSHU� LV� QDWXUDOO\� D�PDWHULDO�

IDPLO\�ZLWK�VWURQJ�HOHFWURQ�KROH�&RXORPE�LQWHUDFWLRQ��LW�LV�VWLOO�PHDQLQJIXO�WR�GLVFXVV�

IURP�WKH�QRQ�LQWHUDFWLQJ�FDVH��ZKLFK�LV�GXH�WR�WKH�IROORZLQJ�UHDVRQV������,Q WKH�QRQ�

LQWHUDFWLQJ�FDVH��WKH�GLVFXVVLRQ�RI�WZR�SKRWRQ�WUDQVLWLRQ�LQ�VHFWLRQ���DOORZV�WR�UHYHDO�

WKH�PHDQLQJIXO�WZR�SKRWRQ�SRODUL]DWLRQ�UHYHUVDO�SLFWXUH�LQ� ܓ VSDFH��6XFK�D�UHYHUVDO�LV�

PLFURVFRSLFDOO\� GHVFULEHG� E\� WKH� FRPSHWLWLRQ� EHWZHHQ� WKH� ାߪ FRQWULEXWLRQ� IURP�

FRQGXFWLRQ� DQG�YDOHQFH� EDQG� ௩ܯ
ା ሺܓሻ DQG� WKH� ିߪ FRQWULEXWLRQ� IURP� UHPRWH� EDQGV�

ܯ
ି ሺܓሻ��:KLOH�LQ�WKH�LQWHUDFWLQJ�FDVH��WKH�WZR�FRQWULEXWLRQV�FDQ�RQO\�EH�GLVWLQJXLVKHG�

LQ� WKH� YLHZ�RI� URWDWLRQDO� V\PPHWU\� �V� RU� S�VWDWH�� RI� HOHFWURQ�KROH� FRQWLQXXP� VWDWHV��

$OWKRXJK�LQ�OD\HUHG�70'V�WKH�&RXORPE�LQWHUDFWLRQ�LV�LQGHHG�VWURQJ��WKH�PLFURVFRSLF�

SLFWXUH WR�GLVWLQJXLVK�WKH�WZR�FRQWULEXWLRQV�LV�JHQHUDO��ZKLFK�FDQ�EH�SHGDJRJLFDO�DQG�

DOVR� SRWHQWLDOO\� XVHIXO� LQ� RWKHU� V\VWHPV�� 6SHFLILFDOO\�� LQ� WKH� WRSLF� RSWLFDO� FXUUHQW�

LQMHFWLRQ�VFKHPHV��PRVW�RI�WKH�DYDLODEOH�OLWHUDWXUH�GLVFXVVHV�LW�IURP�WKH� ܓ VSDFH�SRLQW�

RI�YLHZ��DQG�WKH�XQGHUVWDQGLQJ�LQ�QRQ�LQWHUDFWLQJ�FDVH�VKDOO�EH�KHOSIXO�LQ�VWXG\LQJ�WKH�

FXUUHQW� LQMHFWLRQ� VFKHPH� LQYROYLQJ� WZR�SKRWRQ�SURFHVV�� ����)URP�QRQ�LQWHUDFWLQJ� WR�

LQWHUDFWLQJ�FDVH��ZH�WULHG�WR�SURYLGH�D�SHGHVWULDQ�DSSURDFK�WR�XQGHUVWDQG�WKH�V\VWHP��

IURP� D� UHODWLYHO\� VWUDLJKW� IRUZDUG� EDQG� SLFWXUH� WR� D�PRUH� FRPSOLFDWHG� YHUVLRQ� WKDW�

DWWUDFWLYH� &RXORPE� LQWHUDFWLRQ� LV� LQFOXGHG�� 6XFK� D� FRQVLGHUDWLRQ� RI� DUUDQJLQJ� WKH�



PDQXVFULSW�LV�DOVR�IRU�WKH�FRPSOHWHQHVV�RI�GLVFXVVLRQV�RI�WKH�PDWHULDO������,Q�H[SHULPHQW�

GHVLJQ��ZKHQ�SHUIRUPLQJ� WKH� QRQOLQHDU� RSWLFDO�PHDVXUHPHQWV�ZH�PD\� SXW�PDWHULDOV�

ZLWK�ODUJH�GLHOHFWULF�FRQVWDQWV�RQ�ERWK�WRS�DQG�ERWWRP�RI�WKH�PRQROD\HU�70'&��,W�FDQ�

FUHDWH�D�VDQGZLFKHG�VWUXFWXUH�WR�UHGXFH�WKH�HIIHFWLYH�&RXORPE�LQWHUDFWLRQ�RI�WKH�70'&��

ZKLFK�UHVHPEOHV�WKH�ZHDN�LQWHUDFWLRQ�OLPLW�RI�WKH�PDWHULDO��VHH��H�J��� UHI� >��@�� 6XFK�

GHVLJQ SURYLGHV�WKH�SRVVLELOLW\�WR�VWXG\�WKH�V\VWHP�LQ�WKH�ZHDN�LQWHUDFWLQJ�OLPLW�

$V� GLVFXVVHG� LQ� DERYH� VHFWLRQV�� ERWK� WKH� WZR�FRORU� TXDQWXP� LQWHUIHUHQFH� DQG� 6+*�

SURFHVV�LQYROYH�RQH� DQG�WZR�SKRWRQ�WUDQVLWLRQV�IURP�RUWKRJRQDO�DQJXODU�PRPHQWXP�

FKDQQHOV� E\� FLUFXODUO\� SRODUL]HG� EHDPV�� ,Q� 7DEOH� ,, ZH� VXPPDUL]HG� WKH� UHOHYDQW�

SURFHVVHV�LQ�HOHFWURQ�KROH�FRQWLQXXP�UHJLPH�WKDW�DUH�LQYROYHG��%\�WKH�WDEOH�ZH�SURYLGH�

D�SHGHVWULDQ�DSSURDFK�WR�FRQQHFW� WKH�UHODWHG�RSWLFDO�SKHQRPHQD�WRJHWKHU�DV�ZH�KDYH�

GLVFXVVHG�WKURXJK WKH�SDSHU�

&LUFXODU 3RODUL]DWLRQ H�K &RQWLQXXP�6WDWHV 5HPDUN �.�9DOOH\�

2QH�SKRWRQ ଶఠߪ
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7ZR�FRORU�

LQWHUIHUHQFH

ଶఠߪ
ା  ఠߪ

ା ݏ   YDOOH\�FXUUHQW�JHQHUDWLRQ

7DEOH ,,��2SWLFDO�SURFHVVHV�RI�RQH�SKRWRQ�DQG�WZR�SKRWRQ�WUDQVLWLRQ��6+*��DQG�WZR�

FRORU� TXDQWXP� LQWHUIHUHQFH� RI� HOHFWURQ�KROH� FRQWLQXXP� DW� .� YDOOH\�� ଶఠߪ
േ DQG� ఠߪ

േ

GHQRWH�WKH�FLUFXODU�SRODUL]DWLRQ�IRU�RQH� DQG�WZR�SKRWRQ�WUDQVLWLRQV��2SWLFDO�VHOHFWLRQ�

UXOHV�DUH�JLYHQ�ZKHQ�FRPELQHG�WKH�H[FLWDWLRQ�VFKHPH�IRU�FLUFXODU�SRODUL]HG�OLJKW�DW�WKH�



VHFRQG�FROXPQ�ZLWK�WKH�FRQWLQXXP�VWDWHV�IRU�RUWKRJRQDO�DQJXODU�PRPHQWXP�FKDQQHOV�

DW�WKLUG�FROXPQ��6HH�DOVR�WKH�GLVFXVVLRQ�LQ�WKH PDLQ WH[W�

���&RQFOXVLRQ

,Q� WKH� SDSHU�ZH� VWXGLHG� WKH� WZR�SKRWRQ� WUDQVLWLRQ� DQG� VHFRQG�KDUPRQLF� JHQHUDWLRQ�

SURFHVV� LQ� HOHFWURQ�KROH� FRQWLQXXP� UHJLPH� LQ� PRQROD\HU� �'� VHPLFRQGXFWRUV�� :H�

GHPRQVWUDWHG�D�WZR�SKRWRQ�VHOHFWLRQ�UXOH�UHYHUVDO�RI�FLUFXODUO\�SRODUL]HG�OLJKW�E\�WKH�

FRPSHWLWLRQ�RI�WZR�FRQWULEXWLRQV�IURP�GLIIHUHQW�EDQGV��%\�LQFOXGLQJ�WKH�HOHFWURQ�KROH�

LQWHUDFWLRQ��ZH�VKRZHG�WKDW�WKH�LQWHUDFWLRQ�TXDOLWDWLYHO\�FKDQJHV�VHOHFWLRQ�UXOHV�YLD�WKH�

WZR� RUWKRJRQDO� DQJXODU� PRPHQWXP� FKDQQHOV� RI� H[FLWDWLRQ�� ZLWK� VLJQLILFDQW�

HQKDQFHPHQW� HIIHFW��:H�DOVR�GLVFXVVHG� WKH�YDOOH\�SRODUL]HG� FXUUHQW� LQMHFWLRQ�E\� WKH�

RQH� DQG�WZR�SKRWRQ�TXDQWXP�LQWHUIHUHQFH�ZLWK�WKH�LQWHUDFWLRQ��2XU�VWXG\�SURYLGHV�D�

FRKHUHQW� DQG� FRPSUHKHQVLYH� YLHZ� IRU� XQGHUVWDQGLQJ� WKH� UHOHYDQW� QRQOLQHDU� RSWLFDO�

SURFHVVHV�LQ�HOHFWURQ�KROH�FRQWLQXXP�UHJLPH�LQ�PRQROD\HU��'�VHPLFRQGXFWRUV�

$FNQRZOHGJPHQWV

7KH�ZRUN�LV�VXSSRUWHG�E\�WKH�&URXFKHU�)RXQGDWLRQ��&URXFKHU�,QQRYDWLRQ�$ZDUG���WKH�

5HVHDUFK�*UDQWV�&RXQFLO��+.8��������3��&�������:��

$XWKRU &RQWULEXWLRQV

3�*� DQG�:�<� FRQFHLYHG�WKH�SURMHFW��3�*� SHUIRUPHG�WKH�FDOFXODWLRQV��ZLWK�LQSXW�IURP�

DOO�DXWKRUV��3�*�� +�<��DQG :�<��ZURWH�WKH�PDQXVFULSW�

5HIHUHQFHV



>�@�:DQJ 4+��.DODQWDU�=DGHK .��.LV $� HW�DO� (OHFWURQLFV�DQG�RSWRHOHFWURQLFV�RI�WZR�

GLPHQVLRQDO�WUDQVLWLRQ�PHWDO�GLFKDOFRJHQLGHV� 1DWXUH 1DQRWHFKQRORJ\ ����� �������
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>�@ ;X�;��<DR�:��;LDR�'��+HLQ]�7)��6SLQ�DQG�SVHXGRVSLQV�LQ�OD\HUHG�WUDQVLWLRQ�PHWDO�

GLFKDOFRJHQLGHV��1DWXUH�3K\VLFV������ ��� ��������

>�@ /LX *%��;LDR�'��<DR�<� HW�DO��(OHFWURQLF�VWUXFWXUHV�DQG�WKHRUHWLFDO�PRGHOOLQJ�RI

WZR�GLPHQVLRQDO�JURXS�9,%�WUDQVLWLRQ PHWDO�GLFKDOFRJHQLGHV��&KHP��6RF��5HY� �����

��� �����

>�@ 0DN�.)��6KDQ -�� 3KRWRQLFV� DQG�RSWRHOHFWURQLFV� RI� �'� VHPLFRQGXFWRU� WUDQVLWLRQ�

PHWDO�GLFKDOFRJHQLGHV��1DWXUH�3KRWRQLFV ����� ��� ��������

>�@ 0DN .)�� /HH &�� +RQH� -�� HW� DO�� $WRPLFDOO\� 7KLQ� ���ଶ �� $� 1HZ� 'LUHFW�*DS�

6HPLFRQGXFWRU��3K\V��5HY��/HWW� ����� ������������

>�@ 6SOHQGLDQL $��6XQ /��=KDQJ <��HW�DO��(PHUJLQJ SKRWROXPLQHVFHQFH LQ PRQROD\HU�

���ଶ��1DQR /HWW� ����� ��������������

>�@ =KDQJ�<��&KDQJ &��=KRX %� HW�DO� 'LUHFW�REVHUYDWLRQ�RI�WKH�WUDQVLWLRQ�IURP�LQGLUHFW�

WR�GLUHFW�EDQGJDS�LQ�DWRPLFDOO\�WKLQ�HSLWD[LDO�0R6H���1DWXUH�1DQRWHFKQRORJ\ ����� ���
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>�@<DR�:��;LDR '��1LX�4��9DOOH\�GHSHQGHQW�RSWRHOHFWURQLFV�IURP�LQYHUVLRQ�V\PPHWU\�

EUHDNLQJ��3K\V��5HY��% ����� �����������

>�@ ;LDR�'��/LX *%��)HQJ�:��HW�DO��&RXSOHG�6SLQ�DQG�9DOOH\�3K\VLFV�LQ�0RQROD\HUV�RI�

0R6��DQG�2WKHU�*URXS�9,�'LFKDOFRJHQLGHV��3K\V��5HY��/HWW� ����� ������������

>��@ &DR�7��:DQJ�*��+DQ�:� HW�DO� 9DOOH\�VHOHFWLYH�FLUFXODU�GLFKURLVP�RI�PRQROD\HU�

PRO\EGHQXP�GLVXOSKLGH��1DWXUH�&RPPXQLFDWLRQV������ �������

>��@ -RQHV $0�� <X +�� *KLPLUH� 0-�� HW� DO� 2SWLFDO� JHQHUDWLRQ� RI� H[FLWRQLF� YDOOH\�

FRKHUHQFH LQ�PRQROD\HU����ଶ� 1DWXUH 1DQRWHFKQRORJ\������ �� ��������



>��@ 0DN�0)��+H�.��6KDQ�-�� DQG�+HLQ]�7)��HW� DO� &RQWURO�RI�YDOOH\�SRODUL]DWLRQ� LQ�

PRQROD\HU����ଶ E\�RSWLFDO�KHOLFLW\� 1DWXUH 1DQRWHFKQRORJ\������ �� ��������

>��@ =HQJ +�� 'DL� -�� <DR :�� ;LDR� '� DQG� &XL ;� 9DOOH\� SRODUL]DWLRQ� LQ� ���ଶ

PRQROD\HUV�E\ RSWLFDO�SXPSLQJ� 1DWXUH 1DQRWHFKQRORJ\������ �� ��������

>��@ +DR .��0RRG\ *��:X�)��HW�DO��'LUHFW�PHDVXUHPHQW�RI�H[FLWRQ�YDOOH\�FRKHUHQFH�LQ�

PRQROD\HU����ଶ� 1DWXUH 3K\VLFV������ ������������

>��@ :DQJ 4��*H 6��/L ;��HW�DO��9DOOH\�FDUULHU�G\QDPLFV�LQ�PRQROD\HU�PRO\EGHQXP�

GLVXOILGH�IURP�KHOLFLW\�UHVROYHG�XOWUDIDVW�SXPS�SUREH�VSHFWURVFRS\� $&6�1DQR������
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>��@ 0DL &�� %DUUHWWH $�� <X� +�� HW� DO�� 0DQ\�ERG\� HIIHFWV� LQ� YDOOH\WURQLFV�� GLUHFW�

PHDVXUHPHQW�RI�YDOOH\�OLIHWLPHV�LQ�VLQJOH�OD\HU� ���ଶ� 1DQR�/HWW� ����� ������������

>��@ 0DN� .)� 0F*LOO� ./� 3DUN� -� DQG� 0F(XHQ� 3/� 7KH� YDOOH\� +DOO� HIIHFW� LQ�

���ଶ WUDQVLVWRUV� 6FLHQFH ����� ���������������

>��@ (JLQOLJLO 0��&DR %��:DQJ�=��HW�DO��'LFKURLF�VSLQ�YDOOH\�SKRWRFXUUHQW�LQ�PRQROD\HU�

PRO\EGHQXP�GLVXOSKLGH�1DWXUH�&RPPXQLFDWLRQV ����� ��������

>��@ <X +�� &XL ;�� ;X ; DQG� <DR� :�� 9DOOH\� H[FLWRQV� LQ� WZR�GLPHQVLRQDO�

VHPLFRQGXFWRUV� 1DWLRQDO�6FLHQFH�5HYLHZ������ �� ������

>��@:DQJ *��&KHUQLNRY $��*OD]RY�00��HW�DO��&ROORTXLXP��([FLWRQV�LQ�DWRPLFDOO\�WKLQ�

WUDQVLWLRQ PHWDO�GLFKDOFRJHQLGHV� 5HY��0RG��3K\V������ ��� �������

>��@ 5RVV�-��:X�6��<X�+� HW�DO� (OHFWULFDO�FRQWURO�RI�QHXWUDO�DQG�FKDUJHG�H[FLWRQV

LQ�D�PRQROD\HU�VHPLFRQGXFWRU��1DWXUH�&RPPXQLFDWLRQV������ ��������

>��@ 0DN�.)��+H .��/HH�&��HW�DO��7LJKWO\�ERXQG� WULRQV� LQ�PRQROD\HU ���ଶ��1DWXUH�

0DWHULDOV������ ��� ��������

>��@ )HQJ�-��4LDQ ;��+XDQJ�&:��DQG�/L�-��6WUDLQ�HQJLQHHUHG�DUWLILFLDO�DWRP�DV�D



EURDG�VSHFWUXP�VRODU�HQHUJ\�IXQQHO��1DWXUH�3KRWRQLFV������ �� ��������

>��@ 4LX� '<�� GD� -RUQDGD� )+�� /RXLH� 6*�� 2SWLFDO� 6SHFWUXP� RI� ���ଶ ��0DQ\�%RG\�

(IIHFWV�DQG�'LYHUVLW\�RI�([FLWRQ�6WDWHV��3K\V��5HY��/HWW� ����� ������������

>��@ &KHLZFKDQFKDPQDQJLM 7 DQG� /DPEUHFKW :5/�� 4XDVLSDUWLFOH� EDQG� VWUXFWXUH�
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>��@ 6KL +��3DQ +��=KDQJ <:��DQG�<DNREVRQ %,� 4XDVLSDUWLFOH�EDQG�VWUXFWXUHV�DQG�

RSWLFDO� SURSHUWLHV� RI� VWUDLQHG� PRQROD\HU� ���ଶ DQG���ଶ �� 3K\V� 5HY� % ����� ����

�������

>��@ &KHUQLNRY $�� %HUNHOEDFK 7&�� +LOO� +0�� HW� DO�� ([FLWRQ� ELQGLQJ� HQHUJ\� DQG�

QRQK\GURJHQLF�5\GEHUJ�6HULHV�LQ�0RQROD\HU���ଶ 3K\V��5HY��/HWW������� ������������
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>��@ =KX�%��&KHQ�;��&XL�;��([FLWRQ�%LQGLQJ�(QHUJ\�RI�0RQROD\HU ��ଶ� 6FLHQWLILF�

5HSRUWV ��������������

>��@ :DQJ *��0DULH ;�� *HUEHU� ,�� HW� DO�� *LDQW� HQKDQFHPHQW� RI� WKH� RSWLFDO� VHFRQG�

KDUPRQLF� HPLVVLRQ� RI� ���ଶ PRQROD\HUV� E\� ODVHU� H[FLWDWLRQ� DW� H[FLWRQ� UHVRQDQFHV�

3K\V��5HY��/HWW��������������������

>��@ ;LDR -��<H =� :DQJ <��HW� DO��1RQOLQHDU�RSWLFDO� VHOHFWLRQ� UXOH�EDVHG�RQ�YDOOH\�

H[FLWRQ ORFNLQJ�LQ�PRQROD\HU���ଶ� /LJKW��6FLHQFH�DQG�$SSOLFDWLRQV ���������H����

>��@%HUNHOEDFK 7&��+\EHUWVHQ 06 DQG�5HLFKPDQ�'5� %ULJKW�DQG�GDUN�VLQJOHW�H[FLWRQV�

YLD�OLQHDU�DQG�WZR�SKRWRQ�VSHFWURVFRS\�LQ�PRQROD\HU WUDQVLWLRQ�PHWDO�GLFKDOFRJHQLGHV��

3K\V� 5HY� % ����� �����������

>��@*OD]RY00��*ROXE /(��:DQJ *� HW�DO� ,QWULQVLF�H[FLWRQ�VWDWH�PL[LQJ�DQG�QRQOLQHDU�

RSWLFDO�SURSHUWLHV�LQ�WUDQVLWLRQ PHWDO�GLFKDOFRJHQLGH�PRQROD\HUV��3K\V� 5HY� % �����

�����������

>��@ =KRX )�� .XD -+�� /X� 6� DQG� -L :�� 7ZR�SKRWRQ� DEVRUSWLRQ� DULVHV� IURP� WZR�

GLPHQVLRQDO�H[FLWRQV��2SW��([SUHVV���������� �������

>��@ 6KHQ�<5��2SWLFDO� VHFRQG KDUPRQLF� JHQHUDWLRQ DW LQWHUIDFHV��$QQX�� 5HY�� 3K\V��

&KHP ����� ����������

>��@+HLQ] 7)��&KDSWHU���RI�WKH�ERRN�³1RQOLQHDU�6XUIDFH�(OHFWURPDJQHWLF�3KHQRPHQD´�

HGLWHG�E\�3RQDWK +( DQG�6WHJHPDQ *,��(OVHYLHU�6FLHQFH�3XEOLVKHUV �����

>��@ /L <��5DR <��0DN�.)��HW�DO��3URELQJ�V\PPHWU\�SURSHUWLHV�RI�IHZ�OD\HU� ���ଶ DQG�

K�%1�E\�RSWLFDO�VHFRQG�KDUPRQLF�JHQHUDWLRQ� 1DQR�/HWW� ����� ��������������

>��@ 0DODUG /0�� $OHQFDU 79�� %DUER]D $3� HW� DO� 2EVHUYDWLRQ� RI� LQWHQVH� VHFRQG�

KDUPRQLF�JHQHUDWLRQ�IURP����ଶ DWRPLF�FU\VWDOV��3K\V� 5HY� % ����� �����������

>��@ .XPDU 1��1DMPDHL 6��&XL 4� HW�DO� 6HFRQG�KDUPRQLF�PLFURVFRS\�RI�PRQROD\HU�



���ଶ��3K\V� 5HY� % ����� �����������

>��@ =HQJ +��/LX *��'DL -� HW�DO��2SWLFDO�VLJQDWXUH�RI�V\PPHWU\�YDULDWLRQV DQG�VSLQ�

YDOOH\�FRXSOLQJ�LQ�DWRPLFDOO\ WKLQ�WXQJVWHQ�GLFKDOFRJHQLGHV� 6FLHQWLILF�5HSRUWV ������

��������

>��@ -LDQJ 7� /LX�+5� +XDQJ '��HW�DO��9DOOH\�DQG�EDQG�VWUXFWXUH�HQJLQHHULQJ�RI�IROGHG�

���ଶ ELOD\HUV��1DWXUH 1DQRWHFKQRORJ\������ �����������

>��@ &ODUN '-��6HQWKLONXPDU 9��/H &7� HW�DO� 6WURQJ�RSWLFDO�QRQOLQHDULW\�RI�&9'�JURZQ�

���ଶ PRQROD\HU� DV SUREHG� E\� ZDYHOHQJWK�GHSHQGHQW VHFRQG�KDUPRQLF� JHQHUDWLRQ��

3K\V� 5HY� % ����� �����������

>��@ <LQ� ;�� <H� =�� &KHQHW� '$�� HW� DO�� (GJH� 1RQOLQHDU� 2SWLFV� RQ� D ���ଶ $WRPLF�

0RQROD\HU� 6FLHQFH �������������������

>��@ +VX :��=KDR =��/L /��HW�DO��6HFRQG�KDUPRQLF�JHQHUDWLRQ�IURP�DUWLILFLDOO\�VWDFNHG�

WUDQVLWLRQ�PHWDO�GLFKDOFRJHQLGH�WZLVWHG�ELOD\HUV� $&6�1DQR��������������������

>��@ /LQ�.,��+R�<+��/LX�6��HW�DO��$WRP�'HSHQGHQW�(GJH�(QKDQFHG�6HFRQG�+DUPRQLF�

*HQHUDWLRQ�RQ� ���ଶ 0RQROD\HUV��1DQR�/HWW� ����� ������������

>��@ *UXQLQJ�0��DQG�$WWDFFDOLWH�&� 6HFRQG�KDUPRQLF�JHQHUDWLRQ�LQ�K�%1�DQG����ଶ

PRQROD\HUV��5ROH�RI�HOHFWURQ�KROH�LQWHUDFWLRQ��3K\V� 5HY� % ����� �����������

>��@ 3HGHUVHQ 7*� ,QWUDEDQG�HIIHFWV� LQ� H[FLWRQLF� VHFRQG�KDUPRQLF�JHQHUDWLRQ��3K\V�

5HY� % ����� �����������

>��@ /XFNLQJ 0&��%HDFK . DQG�7HUURQHV +��/DUJH� VHFRQG� KDUPRQLF� JHQHUDWLRQ� LQ�

DOOR\HG�70'V�DQG�ERURQ�QLWULGH�QDQRVWUXFWXUHV� 6FLHQWLILF�5HSRUWV ���������������

>��@ 6H\OHU ./��6FKDLEOH\ -5��*RQJ 3� HW� DO� (OHFWULFDO� FRQWURO� RI� VHFRQG�KDUPRQLF�

JHQHUDWLRQ LQ�D����ଶ PRQROD\HU�WUDQVLVWRU� 1DWXUH 1DQRWHFKQRORJ\������ ��� ��������

>��@ $WDQDVRY 5�� +DFKH $�� +XJKHV -/3�� HW� DO�� &RKHUHQW� FRQWURO� RI� SKRWRFXUUHQW�

JHQHUDWLRQ�LQ�EXON�VHPLFRQGXFWRUV��3K\V��5HY��/HWW� ����� ���������



>��@ +DFKH $��.RVWRXODV <��$WDQDVRY�5��HW�DO��2EVHUYDWLRQ�RI�FRKHUHQWO\�FRQWUROOHG�

SKRWRFXUUHQW�LQ�XQELDVHG��EXON�*D$V��3K\V��5HY��/HWW� ����� ��������

>��@ %KDW�5'5��6LSH�-(��2SWLFDOO\�LQMHFWHG�VSLQ�FXUUHQWV�LQ�VHPLFRQGXFWRUV��3K\V��5HY��

/HWW� ����� ���������

>��@ 6WHYHQV�0-��6PLUO�$-��%KDW�5'5��HW�DO��4XDQWXP�LQWHUIHUHQFH�FRQWURO�RI�EDOOLVWLF�

SXUH�VSLQ�FXUUHQWV�LQ�VHPLFRQGXFWRUV��3K\V��5HY��/HWW� ����� �����������

>��@+XEQHU -��5XKOH::��.OXGH0� HW�DO��'LUHFW�REVHUYDWLRQ�RI�RSWLFDOO\�LQMHFWHG�6SLQ�

SRODUL]HG�FXUUHQWV�LQ�VHPLFRQGXFWRUV��3K\V��5HY��/HWW� ����� �����������

>��@ %KDW� 5'5�� 6LSH� -(�� ([FLWRQLF� HIIHFWV� RQ� WKH� WZR�FRORU� FRKHUHQW� FRQWURO� RI�

LQWHUEDQG�WUDQVLWLRQV�LQ�EXON�VHPLFRQGXFWRUV��3K\V��5HY��% ����� �����������

>��@ =KDR�+��/RUHQ (-��YDQ�'ULHO +0� HW�DO��&RKHUHQFH�FRQWURO�RI�+DOO�FKDUJH�DQG�VSLQ�

FXUUHQWV��3K\V��5HY��/HWW� ����� �����������

>��@ 6XQ '�� 'LYLQ� &� 5LRX[� - HW� DO�� &RKHUHQW� FRQWURO� RI� EDOOLVWLF� SKRWRFXUUHQWV� LQ�

PXOWLOD\HU�HSLWD[LDO�JUDSKHQH�XVLQJ�TXDQWXP�LQWHUIHUHQFH��1DQR�/HWW� ����� ���������

�����

>��@ &XL�4��=KDR +��&RKHUHQW�&RQWURO�RI�1DQRVFDOH�%DOOLVWLF�&XUUHQWV� LQ�7UDQVLWLRQ�

0HWDO�'LFKDOFRJHQLGH� ���ଶ� $&6�1DQR��������������������

>��@ 0XQL]�5$��6LSH�-(��9DOOH\�GHSHQGHQW�RSWRHOHFWURQLFV�IURP�LQYHUVLRQ�V\PPHWU\�

EUHDNLQJ��3K\V��5HY��% ����� �����������

>��@ 6KLQDGD 0� 6XJDQR 6�� ,QWHUEDQG� RSWLFDO� WUDQVLWLRQV� LQ� H[WUHPHO\� DQLVRWURSLF�

VHPLFRQGXFWRUV��,��%RXQG�DQG�XQERXQG�H[FLWRQ�DEVRUSWLRQ��-��3K\V��6RF��-DSDQ�������

��������������

>��@ &KDR�&<3��&KXDQJ�6/��$QDO\WLFDO�DQG�QXPHULFDO�VROXWLRQV�IRU�D�WZR�GLPHQVLRQDO�

H[FLWRQ�LQ�PRPHQWXP�VSDFH��3K\V��5HY��% ����� ��������������

>��@ +RVWOHU�/��&RXORPE�*UHHQ¶V�IXQFWLRQ�LQ�I�GLPHQVLRQDO VSDFH��-��0DWK��3K\V��������

��� ����������



>��@ 6LPRQ�+-��%ORHPEHUJHQ 1�� 6HFRQG�KDUPRQLF� OLJKW� JHQHUDWLRQ� LQ� FU\VWDOV�ZLWK

QDWXUDO�RSWLFDO�DFWLYLW\��3K\V��5HY������� ���������������

>��@ /LX� :�� .DQJ� -� 6DUNDU� ' HW� DO�� 5ROH� RI� 0HWDO� &RQWDFWV� LQ� 'HVLJQLQJ� +LJK�

3HUIRUPDQFH�0RQROD\HU�Q�7\SH����ଶ )LHOG�(IIHFW�7UDQVLVWRUV��1DQR�/HWW� ����� ����

����������

3X�*RQJ�UHFHLYHG�KLV�3K'�LQ�WKHRUHWLFDO�TXDQWXP�SK\VLFV�DQG RSWLFV�LQ������DW�7KH�

8QLYHUVLW\�RI�+RQJ�.RQJ��+.8���+H�UHFHLYHG�EDFKHORU�GHJUHH�LQ�RSWLFDO�LQIRUPDWLRQ�

VFLHQFH� DQG� WHFKQRORJ\� DW� 6XQ�<DW�VHQ�8QLYHUVLW\� LQ� ������+H� LV� FXUUHQWO\� D� SRVW�

GRFWRUDO� IHOORZ� UHVHDUFKHU� DW�+.8��+LV� UHVHDUFK� LQFOXGHV RSWLFDO� SK\VLFV�� TXDQWXP�

WHFKQRORJ\�DQG�PDQ\�ERG\�SK\VLFV�RI�QRYHO�VHPLFRQGXFWRUV�

+RQJ\L�<X�REWDLQHG�KLV�3K'�GHJUHH�LQ�WKHRUHWLFDO�SK\VLFV�IURP�,QVWLWXWH�RI�3K\VLFV��

&KLQHVH� $FDGHP\� RI� 6FLHQFHV� LQ� -XO\ ������ +H� WKHQ� ZRUNHG� DV� D� SRVWGRFWRU� LQ�

'HSDUWPHQW�RI�3K\VLFV��WKH�8QLYHUVLW\�RI�+RQJ .RQJ IURP������WR������ +H�LV�QRZ�D�

5HVHDUFK�$VVLVWDQW� 3URIHVVRU� LQ� WKH�8QLYHUVLW\� RI�+RQJ .RQJ��+LV� FXUUHQW� UHVHDUFK�

LQWHUHVWV DUH�YDOOH\�DQG�VSLQ�SK\VLFV�LQ��' PDWHULDOV�DQG�WKHLU KHWHURVWUXFWXUHV�


