
$FWD�&KLP��6ORY���������������������

.� $UK� &� 3RKDU� (QWKDOSLHV RI 'LOXWLRQ RI $TXHRXV ,RQHQH 6ROXWLRQV

����

(17+$/3,(6�2)�',/87,21�2)�$48(286�,21(1(�62/87,216
��
�

�

.DWMD�$UK�DQG�&LULO�3RKDU��
)DFXOW\ RI &KHPLVWU\ DQG &KHPLFDO 7HFKQRORJ\� 8QLYHUVLW\ RI /MXEOMDQD� $ãNHUþHYD �� 6, ± ����

/MXEOMDQD� 6ORYHQLD

�
7KLV SDSHU LV GHGLFDWHG WR 3URIHVVRU 'DYRULQ 'RODU RQ WKH RFFDVLRQ RI KLV ��

WK
ELUWKGD\

5HFHLYHG������������

$EVWUDFW�
7KH HQWKDOSLHV RI GLOXWLRQ �'+'� Fo ����� PRO�GP

��
� RI DTXHRXV VROXWLRQV RI ���� ���� ����

DQG ���� LRQHQHV ZLWK %U
�
DQG &O

�
FRXQWHULRQV� UHVSHFWLYHO\� KDYH EHHQ PHDVXUHG RYHU D

EURDG FRQFHQWUDWLRQ UDQJH DW ���&� 7KH HQWKDOSLHV RI GLOXWLRQ VKRZ UDWKHU ELJ GHSHQGHQFH

RQ WKH NLQG RI WKH FRXQWHULLRQ� DV ZHOO DV ODUJH GHSHQGHQFH RQ WKH FKDUJH GHQVLW\ RI

LRQHQHV� )RU ���� DQG ���� W\SHV GLOXWLRQ HIIHFWV DUH HQGRWKHUPLF� ZKLOH IRU ���� DQG ����

LRQHQHV DUH H[RWKHUPLF LQ WKH ORZ FRQFHQWUDWLRQ UDQJH DQG EHFRPH HQGRWKHUPLF LQ PRUH

FRQFHQWUDWHG VROXWLRQV� 7KH FRQFHQWUDWLRQ GHSHQGHQFH RI WKH HQWKDOS\ RI GLOXWLRQ RI LRQHQH

VROXWLRQV ZHUH FRPSDUHG ZLWK SUHGLFWLRQV RI HOHFWURVWDWLF FHOO WKHRU\� $Q DJUHHPHQW

EHWZHHQ WKHRU\ DQG H[SHULPHQW ZDV IRXQG RQO\ LI WKH HIIHFWV RI VSHFLILF LQWHUDFWLRQV ZHUH

LQFOXGHG LQ WKH FDOFXODWLRQV�

,QWURGXFWLRQ�

'XULQJ�ODVW�GHFDGHV�WKH�WKHUPRG\QDPLF�DQG�WUDQVSRUW�SURSHUWLHV�RI�SRO\HOHFWURO\WHV��

KDYH� EHHQ� H[WHQVLYHO\� LQYHVWLJDWHG�� �7KH� UHDVRQ� IRU� WKLV� LQWHUHVW� OLHV� LQ� LPSRUWDQW� UROH�

WKDW� SRO\HOHFWURO\WHV� SOD\� LQ� QDWXUDO� DQG� WHFKQRORJLFDO� SURFHVVHV�� )RU� H[DPSOH��

SRO\HOHFWURO\WHV�DUH�QRZ�XVHG�LQ�LQGXVWU\�IRU�WKH�IORFFXODWLRQ�RI�D�ZLGH�UDQJH�RI�DTXHRXV�

VXVSHQVLRQV�� FROORLGV�� DQG� VROXWLRQV��� � 6ROXWLRQV� FRQWDLQLQJ� FKDUJHG�PDFURLRQV�GLVSOD\�

ODUJH� GHYLDWLRQV� IURP� WKH� WKHUPRG\QDPLF� LGHDOLW\�� DQG� YHU\� ORZ� YDOXHV� RI� WKH� DFWLYLW\�

DQG� RVPRWLF� FRHIILFLHQWV� RI� FRXQWHULRQV� DUH� REVHUYHG� HYHQ� LQ� GLOXWH� VROXWLRQV� 7KHVH�

QRQLGHDOLWLHV�DUH�D�FRQVHTXHQFH�RI�GLIIHUHQW� LQWHUDFWLRQV�EHWZHHQ�VSHFLHV� LQ�D�VROXWLRQ���

7KH�PDLQ�LQIOXHQFH�LV�DV�JHQHUDOO\�UHFRJQL]HG�DVFULEHG�WR�ODUJH�HOHFWURVWDWLF�LQWHUDFWLRQ�

EHWZHHQ� KLJKO\� FKDUJHG�PDFURLLRQ� DQG� VPDOO� FRXQWHULRQV�� �%HFDXVH� RI� WKLV� LQWHUDFWLRQ�

FRXQWHULRQV� EHFRPH� WUDSSHG� LQ� WKH� YLFLQLW\� RI� SRO\LRQV� DQG� VLJQLILFDQWO\� ORVH� WKHLU�

LGHQWLW\�DV�LQGHSHQGHQW�PRELOH�VSHFLHV���
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7R�GDWH�VHYHUDO�WKHRULHV��ZKLFK�PRGHO�SK\VLFRFKHPLFDO�SURSHUWLHV�RI�SRO\HOHFWURO\WH�

VROXWLRQV� RQ� WKH� EDVLV� RI� HOHFWURVWDWLF� LQWHUDFWLRQV� DPRQJ� FKDUJHG� VSHFLHV� KDYH� EHHQ�

GHYHORSHG�� �)RU�H[DPSOH�� WKH�SRSXODU�URGOLNH�PRGHO�����RU�WKH�OLQH�FKDUJH�PRGHO���KDYH�

JDLQHG� FRQVLGHUDEOH� VXFFHVV� LQ� H[SODLQLQJ� YDULRXV� H[SHULPHQWDO� UHVXOWV�� � +RZHYHU��

QXPHURXV�GLVDJUHHPHQWV�EHWZHHQ�WKHRU\�DQG�H[SHULPHQW��KDYH�DOVR�EHHQ�REVHUYHG�����������

0HDVXUHPHQW�RI�KHDWV�RI�GLOXWLRQ��û+'� ��RI�SRO\�VW\UHQHVXOIRQDWHV��VKRZ�WKDW�WKHUH�LV�D�

VWURQJ�WHPSHUDWXUH�GHSHQGHQFH�RI�û+'�� �,Q�DGGLWLRQ�WKH�HIIHFW�LV�VWURQJO\�GHSHQGHQW�RQ�

WKH� QDWXUH� RI� WKH� FRXQWHULRQV�� � $JUHHPHQW� EHWZHHQ� WKH� HOHFWURVWDWLF� FHOO� PRGHO� DQG�

H[SHULPHQW� LV� OHVV�JRRG� IRU� ORZHU� WHPSHUDWXUHV�DQG�PRUH�FRQFHQWUDWHG� VROXWLRQV�� �7KH�

UHDVRQV�IRU�WKLV�PDUNHG�GLVFUHSDQF\�DUH�QRW�\HW�FOHDU���$PRQJ�WKH�SDUDPHWHUV�ZKLFK�KDYH�

D�GLUHFW� LQIOXHQFH�RQ� WKH�HOHFWURVWDWLF� LQWHUDFWLRQ�EHWZHHQ�FKDUJHG�HQWLWLHV��DQG�WKXV�RQ�

WKH�EHKDYLRU�RI�D�FKDUJHG�PDFURPROHFXOH�LQ�VROXWLRQ��DUH�FHUWDLQO\�DQ�DPRXQW�DQG�VSDWLDO�

DUUDQJHPHQW� RI� FKDUJHG� JURXSV� RQ� D� PDFURPROHFXOH�� � :LWKLQ� WKH� IUDPH� RI� WKH�

HOHFWURVWDWLF� WKHRULHV�RI�SRO\HOHFWURO\WH� VROXWLRQV� WKHVH� HIIHFWV�DUH�DSSUR[LPDWHG�E\� WKH�

FKDUJH�GHQVLW\�SDUDPHWHU����ZKLFK�LV�GHILQHG�DV�
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ZKHZUH�H� LV� WKH�SURWRQLF�FKDUJH��0� WKH SHUPLWWLYLW\�� H � WKH�GLHOHFWULF�FRQVWDQW�RI�ZDWHU�

�H  � ����� DW� ���&��� N� WKH� %ROW]PDQQ� FRQVWDQW��7� WKH� DEVROXWH� WHPSHUDWXUH�� DQG� E� WKH�

DYHUDJH�OLQHDU�FKDUJH�VSDFLQJ�RQ�WKH�SRO\LRQ��

7KH�DLP�RI� WKLV�VWXG\�LV� WR�H[WHQG�PHDVXUHPHQWV�RI� WKH�HQWKDOS\�RI�GLOXWLRQ�WR� WKH�

V\VWHP� RI� V\QWKHWLF� SRO\HOHFWURO\WHV� QDPHG� LRQHQHV�� ZKLFK� DUH� FKDUDFWHUL]HG� ZLWK�

GLIIHUHQW�OLQHDU�FKDUJH�GHQVLWLHV�����,RQHQHV�DUH�VWURQJO\�FKDUJHG�FDWLRQLF�SRO\HOHFWURO\WHV�

ZKRVH� FKDUJHG� JURXSV� DUH� ORFDWHG� RQ� WKH� SRO\PHU� PDLQ� FKDLQ���� 7KH� DOLSKDWLF� [�\�

LRQHQH��� LV� D� FRPSRXQG� ZKLFK� FRQVLVWV� RI� VSHFLPHQV� ZLWK� GLIIHUHQW� QXPEHUV� �[�\�� RI�

PHWK\O� JURXSV� EHWZHHQ� WKH� TXDWHUQL]HG� QLWURJHQ� DWRPV�� 7KH� FKDUJH� GHQVLWLHV� RI� WKHVH�

FRPSRXQGV� FDQ� EH� YDULHG� LQ� WKH� V\QWKHVLV� E\� XVLQJ� DSSURSULDWH� UHDJHQWV���� � 7KXV� WKH�

LRQHQHV� E\� GLIIHUHQW� FKDUJH�GHQVLWLHV�ZHUH�XVHG� WR� H[DPLQH� WKH� HQWKDOS\�RI�GLOXWLRQ�� D�

SURSHUW\��ZKLFK�LV�FRQVLGHUHG�WR�EH�D�YHU\�ULJRURXV�WHVW�RI�DQ\�HOHFWURVWDWLF�WKHRU\��7KH�
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H[SHULPHQWDO�UHVXOWV�DUH�GLVFXVVHG�LQ�OLJKW�RI�WKH�H[WHQGHG�FHOO�PRGHO�RI�SRO\HOHFWURO\WH�

VROXWLRQV���

,W�LV�LQWHUHVWLQJ�WR�QRWH�WKDW�D�YDVW�DPRXQW�RI�WKH�H[SHULPHQWDO�DQG�WKHRUHWLFDO�VWXGLHV�

RI�WKH�HQWKDOS\�RI�GLOXWLRQ�KDYH�EHHQ�GHYRWHG�WR�DQLRQLF�SRO\HOHFWURO\WHV������ ������ZKLOH�

IRU�FDWLRQLF�SRO\HOHFWRO\WHV�RQO\�IHZ�DUWLFOHV�KDYH�EHHQ�IRXQG�LQ�WKH�OLWHUDWXUH��������
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([SHULPHQWDO�

0DWHULDOV�

$OO� LQYHVWLJDWHG� SRO\HOHFWURO\WH� LRQHQH� VDOWV� ZHUH� V\QWKHVL]HG� LQ� RXU� ODERUDWRU\�

IROORZLQJ�WKH�SURFHGXUH�GHVFULEHG�E\�$��5HPEDXP�HW�DO�������

%URPLGH� VDOWV� RI� DOLSKDWLF� [�� \� LRQHQHV� ������ ������ ����� DQG� ����LRQHQH�%U�� ZHUH�

SUHSDUHG� LQ� '0)� E\� XVLQJ� DSSURSULDWH� UHDJHQWV�� $� VROXWLRQ� RI� D� 1 1 1 1� � �c c ��

WHWUDPHWK\O���[�±�GLDPLQRDONDQH�ZDV�PL[HG�ZLWK�D�VROXWLRQ�RI�D���\�±�GLEURPRDONDQH�DW�

WKH�PRODU�UDWLR�RI�WKH�ERWK�UHDJHQWV�����DQG�WKH�PL[WXUH�ZDV�VWHHUHG�DW�URRP�WHPSHUDWXUH�

DERXW����&�XQGHU�DUJRQ�DWPRVSKHUH��7KH�IROORZLQJ�UHDFWLRQ�WDNHV�SODFH�

�
�

�
��������������&+� &+� &+� &+�

����������������?����������������������������������������������������������������������?���������������������

1���&+��[�1����������%U��&+��\�%U����:�����������1���&+��[�1
���&+��\��

������������������������������������?����������������������������������������������������������������������?�
��������������&+��������������&+����������������������������������������������&+� %U� &+� �� %U

� �
�

�

$IWHU����KRXUV��WKH�SUHFLSLWDWHG�SRO\PHU�LRQHQHV�ZHUH�ILOWUHG�E\�XVLQJ�WHIORQ�ILOWHUV��

ZDVKHG� ZLWK� ODUJH� DPRXQW� RI� DFHWRQH� DQG� GULHG� XQGHU� YDFXXP� DW� ���&�� 7KH� VDPSOH�

VROXWLRQV�ZHUH�GLDO\VHG� IRU� WKUHH�ZHHNV� LQ�FHOOXORVH�EDJV� �6,*0$��0:&2� ���������

DQG�FRQFHQWUDWHG�E\�YDFXXP�HYDSRUDWLRQ�EHIRUH�XVH��&KORULGH�VDOWV�ZHUH�SUHSDUHG�IURP�

K\GUR[LGHV� E\� WKH� QHXWUDOL]DWLRQ� UHDFWLRQ� ZLWK� +&O�� +\GUR[LGHV� ZHUH� REWDLQHG� IURP�

EURPLGHV� E\� LRQ� H[FKDQJH�� � %HFDXVH� RI� WKH� LQVWDELOLW\� RI� WKH� EDVLF� IRUP�� WKH� LRQ�

H[FKDQJH�ZDV�FDUULHG�RXW�MXVW�EHIRUH�WKH�SUHSDUDWLRQ�RI�WKH�FKORULGH�IRUP���7KH�VWUXFWXUH�
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DQG�SXULW\�RI�WKH�SRO\PHULF�SURGXFWV�ZHUH�FKHFNHG�E\�105�DQDO\VLV��ZKLFK�VKRZHG�WKH�

DEVHQFH�RI�WKH�PRQRPHU�UHDFWDQWV�LQ�DOO�ILQDO�SURGXFWV���

$SSDUDWXV� �

&DORULPHWULF� PHDVXUHPHQWV� ZHUH� SHUIRUPHG� DW� ���&� LQ� DQ� /.%� �������� )ORZ�

PLFURFDORULPHWHU� XVLQJ� WKH� IORZ�PL[� PHWKRG�� 7KH� VROXWLRQ� DQG� GLVWLOOHG� ZDWHU� ZHUH�

SXPSHG�VLPXOWDQHRXVO\�E\�PHDQV�RI�WZR�SHULVWDOWLF�SXPSV�ZLWK�HTXDO�IORZ�UDWHV�LQWR�WKH�

FDORULPHWULF�FHOO�ZKHUH�WKH�LQFRPLQJ�IORZV�PL[HG��7KH�LQLWLDO�FRQFHQWUDWLRQ�RI�VROXWLRQ�

IRU�HDFK�FDORULPHWULF�PHDVXUHPHQW�ZDV�SUHSDUHG�WR�PDWFK�WKH�FRQFHQWUDWLRQ�REWDLQHG�LQ�

D� SUHYLRXV� GLOXWLRQ� H[SHULPHQW�� %\� VXPPLQJ� XS� WKH� KHDW� HIIHFWV� DFFRPSDQ\LQJ�

VXFFHVVLYH�GLOXWLRQV��û+'�RYHU�D�ODUJH�FRQFHQWUDWLRQ�UDQJH�ZDV�REWDLQHG��

�

5HVXOWV�DQG�GLVFXVVLRQ�

7KH�H[SHULPHQWDO�HQWKDOSLHV�RI�GLOXWLRQ��'+
'
��RI�DTXHRXV�LRQHQH�VROXWLRQV�DUH�

SUHVHQWHG�LQ�)LJXUHV�������

�

��� ��� ��� ���

����

�

���

���

���

���

���� ���

���

���

���

'
+
'
�
-
P
R
O�
�

� ORJ �P � PRO GP���

�

)LJXUH����(QWKDOSLHV�RI�GLOXWLRQ�RI�DTXHRXV�VROXWLRQV�RI�[�\�LRQHQH�%U�DW����&�
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7KH� H[SHULPHQWDO� GDWD� LQGLFDWH� VWURQJ�GHSHQGHQFH�RI� WKH�HQWKDOSLHV�RI�GLOXWLRQ�RQ�

WKH� NLQG� RI� FRXQWHULRQV�� � $� FRPSDULVRQ� RI� WKH� DEVROXWH� YDOXHV� RI� WKH� HQWKDOSLHV� RI�

GLOXWLRQ�SUHVHQWHG�LQ�)LJXUHV���DQG���VKRZV�WKDW�WKH�YDOXHV�IRU�EURPLGH�VDOWV�H[FHHGV�WKH�

YDOXHV�IRU�FKORULGHV�E\�D�IDFWRU�DOPRVW�WZR���7KLV�FKDUDFWHULVWLFV�UHVHPEOHV�VROXWLRQV�RI�

DQLRQLF�SRO\HOHFWURO\WHV��ZKHUH�DOVR�D�VWURQJ�GHSHQGHQFH�RI�WKH�HQWKDOS\�RI�GLOXWLRQ�RQ�

WKH�QDWXUH�RI�FRXQWHULRQV�KDV�EHHQ�REVHUYHG��������� �

1H[W�LPSRUWDQW�UHVXOW�LV�D�VWURQJ�GHSHQGHQFH�RI�û+'�RQ�WKH�OLQHDU�FKDUJH�GHQVLW\�RI�

LRQHQHV�� � 7KH� HQWKDOSLHV� RI� GLOXWLRQ� LQFUHDVH� ZLWK� WKH� LQFUHDVLQJ� FKDUJH� GHQVLW\�

SDUDPHWHU� �GHFUHDVLQJ� VSDFLQJ�EHWZHHQ�FKDUJHV�RQ� D�EDFNERQH�RI� WKH�PDFURLRQ��� �7KH�

H[SHULPHQWDO� YDOXHV� FDQ� EH� FRPSDUHG� ZLWK� SUHGLFWLRQV� RI� DSSURSULDWH� SRO\HOHFWURO\WH�

WKHRULHV�� � )RU� VROXWLRQV� FRQWDLQLQJ� QR� VLPSOH� HOHFWURO\WH�� WZR� WKHRULHV�� EDVHG� RQ� WKH�

F\OLQGULFDO�FHOO�DQG�LQILQLWH�OLQH�FKDUJH�PRGHOV�DUH�YHU\�SRSXODU���,Q�WKH�FHOO�PRGHO������WKH�

SRO\LRQV�DUH� WUHDWHG�DV�YHU\�ORQJ�F\OLQGHUV��HDFK�SODFHG�LQ� WKH�FHQWHU�RI� LWV�RZQ�FHOO�RI�

F\OLQGULFDO� V\PPHWU\�� 7KH� HTXLYDOHQW� QXPEHU� RI� FRXQWHULRQV� ZKLFK� PDLQWDLQ�

HOHFWURQHXWUDOLW\� DUH� GLVWULEXWHG� ZLWKLQ� WKH� FHOO� DFFRUGLQJ� WR� WKH� 3RLVVRQ�%ROW]PDQQ�
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HTXDWLRQ�� ,Q� WKLV� WKHRU\� WKH�PROHFXODU�QDWXUH�RI� WKH� VROYHQW� LV� LJQRUHG��DV�DUH�DOO�RWKHU�

WKDQ�&RXORPELF�LQWHUDFWLRQV���$FFRUGLQJ�WR�WKH�FHOO�WKHRU\�WKH�HOHFWURVWDWLF�HQWKDOS\�RI�D�

SRO\HOHFWURO\WH�VROXWLRQ�LV�JLYHQ�E\�WKH�H[SUHVVLRQ��
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7KLV�TXDQWLW\�PD\�EH�LQ�WKH�ILUVW�DSSUR[LPDWLRQ�UHODWHG�WR�WKH�REVHUYHG�HQWKDOS\�RI�

GLOXWLRQ� �� �� PP'
+

o
' �� GHILQHG� DV� WKH� HQWKDOS\� FKDQJH�ZKLFK�DFFRPSDQLHV�GLOXWLRQ� IURP�

FRQFHQWUDWLRQ�P�� WR�P� FDOFXODWHG�SHU�PRQRPROH�RI�VROXWH�� �,W�PD\�EH�IRUPDOO\�GLYLGHG�

LQWR�WZR�SDUWV��
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ZKHUH� �
+' � LV� WKH� QRQHOHFWURVWDWLF� DQG�

H
+' � WKH� HOHFWURVWDWLF� FRQWULEXWLRQ�� ,W� ZDV�

DVVXPHG�WKDW� �+' �LV�PXFK�VPDOOHU�WKDQ�
H

+' DQG�WKHUHIRUH�FDQ�EH�QHJOHFWHG���,Q�(T�������

]�� LV� WKH� FKDUJH� FDUULHG� E\� WKH� LRQLF� JURXS� RQ� WKH� SRO\LRQ� DQG� ]�� LV� WKH� FKDUJH� RQ� WKH�

FRXQWHULRQ��5� LV� WKH� JDV� FRQVWDQW�� D� LV� WKH� UDGLXV� RI� WKH� SRO\LRQ�� �� LV� D� FRQFHQWUDWLRQ�

SDUDPHWHU�SURSRUWLRQDO�WR�±�OQ�F����LV�D�FRQVWDQW�UHODWHG�WR���DQG���E\�WKH�HTXDWLRQ��
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7KH�
GOQ7

GOQD�
� WHUP� LQ� (T�� �� ZDV� LQWURGXFHG� DUELWUDULO\� LQ� RUGHU� WR� LQFOXGH� SRVVLEOH�

VSHFLILF�LQWHUDFWLRQV�LQ�WKH�PRVW�VLPSOH�ZD\�LQWR�WKH�WKHRU\���

7R� FRQIURQW� WKH� H[SHULPHQWDO� DQG� WKHRUHWLFDO� UHVXOWV� ZH� XVHG� WKH� SDUDPHWHUV�

SUHVHQWHG� LQ� 7DEOH� ,�� � ,Q� WKH� WDEOH� LQFOXGHG� DOVR� WKH� YDOXHV� RI� WKH� HPSLULFDO� WHUPV�
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GOQD�GOQ7�� ZKLFK� KHOSHG� WR� EULQJ� WKH� WKHRU\� LQWR� D� UHDVRQDEOH� DJUHHPHQW� ZLWK� WKH�

REVHUYHG�GDWD�����

�

7DEOH�,��7KH�VWUXFWXUDO�SURSHUWLHV�RI�LRQHQHV��

�

,RQHQH� ����� ����� ����� �����
D�QP ���� ���� ���� ����
E�QP ������ ������ ������ ������
����(T����� ����� ����� ����� �����
GOQ�D�GOQ�7�&O�� �� ���� ���� ��
GOQD�GOQ�7�%U�� �� �� ���� ��
�
�
)RU� WKH� RWKHU� SDUDPHWHUV� QHHGHG� LQ� FDOFXODWLRQV�� WKH� IROORZLQJ� YDOXHV� ZHUH� XVHG��

7 �������.��GOQ0�GOQ7� ����������DQG�GOQ9�GOQ7� ���������

7KH� FRPSDULVRQ� RI� WKH� H[SHULPHQWDO� HQWKDOSLHV� RI� GLOXWLRQ� � RI� � [�\�LRQHQH�%U� DQG�

[�\��LRQHQH�&O�VROXWLRQV�ZLWK�WKRVH�SUHGLFWHG�E\�WKH�HOHFWURVWDWLF�FHOO�WKHRU\�LV�VKRZQ�LQ�

)LJXUHV���DQG����UHVSHFWLYHO\���)URP�WKH�FXUYHV�ZKLFK�UHSUHVHQW�SXUH�HOHFWURVWDWLF�WKHRU\�

DQG�DUH�GHVLJQDWHG�E\�WKH�YDOXH�RI�WKH�SDUDPHWHU�GOQ�D�GOQ�7� ����LW�LV�VHHQ�WKDW�WKH�WKHRU\�

IDLOV� WR� DFFRXQW� IRU� WKH� H[SHULPHQWDO� UHVXOWV�� 7KH� UHDVRQ� IRU� WKLV� GLVFUHSDQF\�PD\� EH�

VRXJKW� LQ� WKH� LQWULQVLF� GHILFLHQFLHV� RI� WKH� FHOO� PRGHO� WR� WUHDW� RWKHU� WKDQ� &RXORPELF�

LQWHUDFWLRQV������� � ,RQHQHV� FRQVLVW� RI� D� IDLUO\� ORQJ� QRQSRODU� PDLQ� FKDLQ� ZKLFK� FDXVHV�

K\GURSKRELF�LQWHUDFWLRQ�EHWZHHQ�WKH�SRO\LRQ�DQG�FRXQWHULRQV���7KH�PRUH�K\GURSKRELF�RU�

OHVV� K\GUDWHG� LRQ� LQWHUDFWV� ZLWK� WKH� SRO\LRQ� PRUH� VWURQJO\������� � $QRWKHU� SRVVLEOH�

H[SODQDWLRQ�IRU� WKH�GLVFUHSDQF\�PD\�H[KLELW�D�FRQVLGHUDEO\�ORZHU�GLHOHFWULF�FRQVWDQW� LQ�

WKH�YLFLQLW\�RI��WKH�PDFURLRQ�WKDQ�LQ�WKH�EXON�ZDWHU�ZKDW�OHDG�WR�D�VWURQJHU�LQWHUDFWLRQ�RI�

WKH�PDFURLRQ�ZLWK�WKH�FRXQWHULRQV�WKDQ�LV�SUHGLFWHG���
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)LJXUH����7KHRUHWLFDO�HQWKDOSLHV�RI�GLOXWLRQ�RI�DTXHRXV�VROXWLRQV�RI�[�\�LRQHQH�

&O���GDVKHG�OLQHV��DW����&��
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,Q�RUGHU�WR�JDLQ�VRPH�PRUH�TXDQWLWDWLYH�LQIRUPDWLRQ�RI�WKH�LQWHQVLW\�RI�WKH�VSHFLILF�

LQWHUDFWLRQV�LQ�DTXHRXV�VROXWLRQV�RI�LRQHQHV��ZH�LQFOXGH�WKHP�LQ�WKH�FDOFXODWLRQV�WKURXJK�

WKH�GOQD�GOQ7�WHUP�LQ�WKH�ZD\�DV�GRQH�EHIRUH������������,Q�)LJXUHV���DQG���WKH�XVHG�YDOXHV�

RI� WKH�GOQD�GOQ7� WHUP�ZLWK� WKH� FRUUHVSRQGLQJ� WKHRUHWLFDO� FXUYHV� DUH� SUHVHQWHG� IRU� �����

DQG������LRQHQH�EURPLGH�DQG�FKORULGH�VROXWLRQV��UHVSHFWLYHO\��7KH�DGMXVWDEOH�FRHIILFLHQWV�

DUH�ELJJHU�IRU�%U�WKDQ�IRU�&O�VDOWV��DQG�DUH�RI�WKH�VDPH�RUGHU�RI�PDJQLWXGH�DV�WKRVH�ZKLFK�

WRRN� LQWR� DJUHHPHQW� WKHRU\� DQG� H[SHULPHQW� IRU� WKH�GLOXWLRQ�HQWKDOSLHV�RI�FHVLXP�SRO\�

VW\UHQHVXOIRQDWH�VROXWLRQ�DW����&�

�

� �

$FNQRZOHGJHPHQWV�

7KH� DXWKRUV� DUH� LQGHEWHG� WR� 3URIHVVRU� -RåH� âNHUMDQF� WR� LQLWLDWH� WKLV�ZRUN� DQG� IRU�

PDQ\�IUXLWIXO�GLVFXVVLRQV��7KH\�DUH�DOVR�WKDQNIXO�'U��-DQH]�&HUNRYQLN�IRU�105�DQDO\VHV�

RI� WKH� VDPSOHV��7KLV�ZRUN�ZDV�SDUWO\�VXSSRUWHG�E\� WKH�6ORYHQLDQ�0LQLVWU\� IRU�6FLHQFH�

DQG�7HFKQRORJ\�XQGHU�*UDQW�1R��36���������������

�

5HIHUHQFHV��
�� +XQWHU� 5� -� )RXQGDWLRQ RI &ROORLGH 6FLHQFH� &ODUHQGRQ 3UHVV� 2[IRUG� ����� SS� ����

�� $UPVWURQJ� 5� 9�� 6WUDXVV� 8� 3�� LQ 0DUN� +� )�� *D\ORUG� 1� *�� %LNDOHV� 1� 0� (QF\FORSHGLD RI

3RO\PHU 6FLHQFH DQG 7HFKQRORJ\� 9RO� ��� :LOH\� 1� <�� ����� SS�����

�� )XRVV� 5� 0�� .DWFKDOVN\� $�� /LIVRQ� 6� 3URF� 1DWO� $FDG� 6FL� 8�6�$ ����� ��� �������� $OIUH\� 7��

%HUJ� 3� :�� 0RUDZHW]� +� -� 3RO\P� 6FL� ����� �� ��������

�� /LIVRQ� 6�� .DWFKDOVN\� $� -� 3RO\P� 6FL� ����� ��� ������

�� 'RODU� '� LQ 0� 0DQGHO DQG 8� 3� 6WUDXVV� HGV�� 3RO\HOHFWURO\WHV� 5LHGHO� 'RUWUHFKW� ����� SS� �������

�� 0DQQLQJ� *� 6� -� &KHP� 3K\V� ����� ��� ������� �
�� *URVV� /� 0�� 6WUDXVV� 8� 3� LQ %� (� &RQZD\ DQG 5� *� %DUUDGDV HGV�� &KHPLFDO 3K\VLFV RI ,RQLF

6ROXWLRQ� :LOH\� 1� <�� ����� SS� ��������
�� 9ODFK\� 9� (XU� 3RO\P� -� ����� ��� ������� �
�� 9HVQDYHU� *�� 5XGHå� 0�� 3RKDU� &�� âNHUMDQF� -� -� 3K\V� &KHP� ����� ��� ��������� �
��� 9HVQDYHU� *�� âNHUMDQF� -� -� 3K\V� &KHP� ����� ��� ����������
��� 9HVQDYHU� *�� .UDQMF� =�� 3RKDU� &�� âNHUMDQF� -� -� 3K\V� &KHP� ����� ��� ����������
��� 'RODU� '�� %HãWHU� 0� -� 3K\V� &KHP� ����� ��� ����������
��� 5HPEDXP� $�� %DXPJDUWQHU�:�� (LVHQEHUJ� $� -� 3RO\P� 6FL� % ����� �� ��������
��� 7KH FKHPLFDO QDPH IRU WHWUDPHWK\O�����LRQHQH EURPLGH LV ����G\PHWK\O������GLD]DWULGHFDPHWK\OHQH

SRO\�PHWKREURPLGH
��� 1DJD\D� -� � 0LQDNDWD� $�� 7DQLRND� $� /DQJPXLU ����� ��� ����������
��� âNHUMDQF� -�� 'RODU� '�� /HVNRYãHN� '� =� 3K\VLN� &KHP� 1HXH )ROJH ����� ��� ������� �
��� âNHUMDQF� -�� 'RODU� '�� /HVNRYãHN� '� =� 3K\VLN� &KHP� 1HXH )ROJH ����� ��� ������
��� âNHUMDQF� -�� +RþHYDU� 6�� 'RODU� '� =� 3K\VLN� &KHP� 1HXH )ROJH ����� ��� ��������
��� âNHUMDQF� -�� 'RODU� ' -� &KHP� 3K\V� ����� ��� ����������
��� 'DRXVW� +�� +DGH� $� 0DFURPROHFXOHV� ����� �� ��������
��� %R\G� *� (�� :LOVRQ� '� 3� -� 3K\V� &KHP� ����� ��� ��������
��� %HQHJDV� -� &�� 'L %ODV� $�� 3DROHWWL� 6�� &HVjUR� $� -� 7KHUP� $QDO� ����� ��� ����������
��� +HLQW]� $� %HU� %XQVHQJHV� 3K\V� &KHP� ����� ���� ��������
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��� %ODXO� -�� :LWWHPDQQ� 0�� %DOODXII� 0� -� 3K\V� &KHP� % ����� ���� ����������

��� 1RJXFKL� +�� 5HPEDXP� $� 0DFURPROHFXOHV ����� �� ��������
��� 5HPEDXP� $�� 1RJXFKL� +� 0DFURPROHFXOHV ����� �� ��������
��� 1DJD\D� -�� 0LQDNDWD� $�� 7DQLRND� $� &ROORLGV 6XUI�� $ ���� ���� ��������
��� 2WULQ 'HEHYF� .�� 9ODFK\� 9�� 3RKDU� &� -� 6ROXWLRQ &KHPLVWU\ ����� ��� ��������
��� 3RKDU� &�� 2WULQ 'HEHYF� .�� 9ODFK\� 9� $FWD� &KLP� 6ORY� ����� ��� ������
��� &DVVRQ� '�� 5HPEDXP� $� 0DFURPROHFXOHV ����� ��������
��� 3RKDU� &�� $UK� .� -� 6ROXWLRQ &KHPLVWU\ ����� ��� ����������
��� 3RKDU� &�� $UK� .�� âNXIFD� .� -� 7KHUPDO $QDO� &DO� ����� ��� ��������

�

�

�

3RY]HWHN�
,]PHULOL VPR UD]UHGþLOQH HQWDOSLMH �'+'� Fo ����� PRO�GP��� YRGQLK UD]WRSLQ ���� ���� ����
LQ ���� LRQHQRY ] %U� LQ &O� SURWLLRQL Y ãLURNHP NRQFHQWUDFLMVNHP REPRþMX LQ SUL WHPSHUDWXUL

�� �&� 5D]UHGþLOQH HQWDOSLMH VR ]HOR RGYLVQH RG YUVWH SURWLLRQD �%U!!&O�� NDNRU WXGL RG YUVWH

LRQHQD� 3UL ��� LQ ���� LRQHQLK VR HIHNWL HQGRWHUPQL� PHGWHP NR LPDMR NULYXOMH ���� LQ ����

LRQHQRY PLQLPXP� .RQFHQWUDFLMVNR RGYLVQRVW UD]UHGþLOQLK HQWDOSLM UD]WRSLQ LRQHQRY�

]DGRYROMLYR RSLãH OH UD]ãLUMHQD FHOLþQD WHRULMD�


