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7KLV SDSHU LV GHGLFDWHG WR 3URIHVVRU 'U� 'DYRULQ 'RODU RQ KLV ��
WK
ELUWKGD\

5HFHLYHG������������

$EVWUDFW��
7KH NLQHWLFV RI WKH HDUO\ VWDJHV RI SDVVLYH ILOP IRUPDWLRQ RQ $,6, ��� VWDLQOHVV VWHHO LQ

PL[WXUHV RI ���0 +�62� DQG ���0 1D�62�� ZLWK S+�YDOXHV RI ����� ���� DQG ����� ZHUH

VWXGLHG DW GLIIHUHQW DQRGLF SRWHQWLDOV� 7KH SRWHQWLRVWDWLF VWHS PHWKRG ZDV XVHG DV DQ

HOHFWURFKHPLFDO WHFKQLTXH LQ ZKLFK WKH DQRGLF FXUUHQW GHQVLW\ ZDV PHDVXUHG DV D IXQFWLRQ RI

WLPH� )RU DQDO\VLV RI WKH PHDVXUHG GDWD� WKH WKHRU\ RI ³WRSRFKHPLFDO UHDFWLRQ´ ZDV DSSOLHG

IRU WKH FKDUDFWHUL]DWLRQ RI WKH H[SRQHQW Q LQ WKDW SDUW ZKHUH WKH VWHHSHVW FXUUHQW GHFD\ ZDV

REVHUYHG� 7KURXJK WKLV WKHRU\� ZKLFK LQFOXGHV WKH (URIHHY HTXDWLRQ [  � �� H NW
Q

�ZKHUH Q

 V � D�� WKH QXPEHU RI FRQYHUVLRQ VWHSV V FRXOG EH REWDLQHG� DV ZHOO DV WKH QXPEHU RI

GLUHFWLRQV D LQ ZKLFK WKH QXFOHL JURZ� ,W ZDV IRXQG WKDW WKLV WKHRU\ FDQ EH VXFFHVVIXOO\

DSSOLHG WR WKH SDVVLYDWLRQ SURFHVV RI $,6, ��� VWDLQOHVV VWHHO�

,QWURGXFWLRQ��

3DVVLYDWLRQ�RI�FKURPLXP�VWHHOV�LV�RI�YLWDO�LPSRUWDQFH�LQ�WKH�XVH�RI�VWDLQOHVV�VWHHOV�

LQ�SRWHQWLDOO\� DJJUHVVLYH�PHGLD�DQG� WKLV� WRSLF�KDV�QDWXUDOO\� UHFHLYHG�PXFK�DWWHQWLRQ�����

7KHUH� LV� D�JHQHUDO� DJUHHPHQW� LQ� WKH� OLWHUDWXUH� WKDW� WKH�H[FHOOHQW�FRUURVLRQ� UHVLVWDQFH�RI�

VWDLQOHVV�VWHHOV� LQ�DFLGLF�VROXWLRQV�KDV� LWV� URRWV� LQ� WKH�EHQHILFLDO�UROH�RI�&U�DGGLWLRQV�LQ�

)H�EDVHG� DOOR\V�� ,Q� RUGHU� IRU� VWDLQOHVV� VWHHOV� WR� KDYH� WKLV� HIIHFW�� WKH�&U� FRQWHQW� LQ� WKH�

DOOR\�PXVW�EH�JUHDWHU�WKDQ����DW����������

3DVVLYDWLRQ� RI� VWDLQOHVV� VWHHOV� LQ� VXOSKXULF� DFLG� LV� D� ZLGHO\� VWXGLHG� VXEMHFW� LQ�

FRUURVLRQ� VFLHQFH��$OWKRXJK�QXPHURXV� VWXGLHV�KDYH�EHHQ� UHSRUWHG�RQ� WKH�SURSHUWLHV�RI�

SDVVLYH� ILOPV� WKDW� IRUP� RQ� UHDFWLYH� PHWDO� VXUIDFHV� LQ� FRQWDFW� ZLWK� R[LGL]LQJ�

HQYLURQPHQWV��ZH�SRVVHVV�LQVXIILFLHQW�IXQGDPHQWDO�XQGHUVWDQGLQJ�RI�WKH�PHFKDQLVPV�E\�

ZKLFK�VXFK�ILOPV�JURZ�RU�EUHDN�GRZQ��7KH�VWXGLHV�KDYH�GHPRQVWUDWHG�WKDW�SDVVLYH�ILOPV�

RQ�PHWDOV� DQG� DOOR\V� IRUP� DV� ELOD\HUV�� FRQVLVWLQJ� RI� D� FRPSDFW� EDUULHU� OD\HU��ZKLFK� LV�

FRPSRVHG�RI�D�GLVRUGHUHG�FU\VWDOOLQH�SKDVH�JURZLQJ� LQWR� WKH�PHWDO��DQG�DQ�XSSHU� OD\HU�
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ZKLFK�IRUPV�DV�SUHFLSLWDWH�IURP�FDWLRQV�HPHUJLQJ�IURP�WKH�EDVH�OD\HU���$ONLUH� GHVFULEHG�

WKH�SDVVLYDWLRQ�RI�)H�LQ�DTXHRXV�VROXWLRQV�RI��+�62�� XVLQJ�WKH�SRWHQWLDO�VWHS�PHWKRG�LQ�

WKH�IROORZLQJ�PDQQHU��,Q�WKH�ILUVW�VWHS��WKHUH�LV�UDSLG�PHWDO�GLVVROXWLRQ�XQGHU�,5�OLPLWHG�

FRQVWDQW�FXUUHQW�FRQGLWLRQV��ZKLFK�FDXVHV�DQ�LQFUHDVH�LQ�WKH�PHWDO�VDOW�FRQFHQWUDWLRQ�QHDU�

WKH�FRUURGLQJ�VXUIDFH��1XFOHDWLRQ�RI�DQ�DGKHUHQW�VDOW�ILOP�RFFXUV�RQ�WKH�VXUIDFH��ZKLFK�

WKHQ�JURZV�E\�FRQWLQXHG�SUHFLSLWDWLRQ�IURP�WKH�VXSHUVDWXUDWHG�HOHFWURO\WH�DQG�DOVR�E\�WKH�

FRQWLQXHG�DQRGLF�GLVVROXWLRQ�RI� WKH�PHWDO��)RUPDWLRQ�RI� WKH�SDVVLYH�R[LGH�OD\HU�RFFXUV�

XQGHU�WKH�SRURXV�VDOW�OD\HU��7KH�UHJLRQ�RI�VXSHUVDWXUDWHG�HOHFWURO\WH�EHFRPHV�GLVVLSDWHG�

DQG�WKH�VDOW�ILOP�WKHUHE\�DWWDLQV�D�PD[LPXP�WKLFNQHVV��7KH�VDOW�ILOP�EHJLQV�WR�GLVVROYH��

HYHQWXDOO\� WR� GLVDSSHDU� DOWRJHWKHU�� OHDYLQJ� RQO\� WKH� SDVVLYH� R[LGH� ILOP� RQ� WKH� PHWDO�

VXUIDFH�� $� QXPEHU� RI� DXWKRUV���� � VXJJHVWHG� WKDW� D� SULPDU\� VDOW� ILOP� LV� D� QHFHVVDU\�

SUHFXUVRU�LQ�WKH�SDVVLYDWLRQ�RI�LURQ�LQ�VXOSKXULF�DFLG��,Q�DQRWKHU�VWXG\��$EDNXPRYD�DQG�

0LO\XWLQ��� VXJJHVWHG� WKDW� WKH� VDOW� ILOP� FUHDWHV� FRQGLWLRQV� XQGHU� ZKLFK� VXEVHTXHQW�

SDVVLYDWLRQ�E\�R[LGH�ILOPV�FDQ�RFFXU���

0XFK�LQIRUPDWLRQ�RQ�WKH�LQLWLDO�SURFHVV�RI�ILOP�JURZWK�RQ�LURQ�KDV�EHHQ�SURYLGHG�

E\�.UXJHU� DQG�&DOYHUW����7KHVH� DXWKRUV� IRXQG� WKDW� ILOP�JURZWK�RFFXUV� LQ� WKUHH� VWDJHV��

7KH� ILUVW� LV� FRQWUROOHG� E\� GLIIXVLRQ� RI� 2+�� LRQV� WR� WKH� HOHFWURGH� VXUIDFH�� 'XULQJ� WKH�

VHFRQG�VWDJH�� D�QXPEHU�RI�FRPSOH[�SURFHVVHV�RFFXU��ZKLFK�FDQQRW�EH�FKDUDFWHULVHG�E\�

DQ\�VLPSOH�UDWH�ODZ��7KH�WKLUG�VWDJH��L�H��WKDW�RI�VWHDG\�VWDWH�JURZWK��FDQ�EH�HTXDOO\�ZHOO�

GHVFULEHG�E\�HLWKHU�D�ORJDULWKPLF�RU�DQ�LQYHUVH�ORJDULWKPLF�ODZ��2Q�WKH�EDVLV�RI�WKH�GDWD�

REWDLQHG� WKURXJK� HOHFWURFKHPLFDO� DQG� HOOLSVRPHWULF� LQYHVWLJDWLRQV� RI� SDVVLYH� ILOPV�

IRUPHG� RQ� LURQ� LQ� ERUDWH� VROXWLRQV�6]NODUVND�6PLDORZVND� DQG�.R]ORZVNL��� VWDWHG� WKDW�

GHYHORSPHQW�RI�SDVVLYH�ILOPV�DW�FRQVWDQW�DQRGLF�SRWHQWLDO�RFFXUUHG�LQ�IRXU�VWDJHV��,Q�KLV�

ZRUN�� *ULIILQ��� VXJJHVWHG� WKDW� WKH� WKUHH� VWHSV�PLJKW� LQ� SULQFLSOH� UHSUHVHQW� HOHPHQWDU\�

VWHSV� LQ� WKH�SDVVLYDWLRQ�RI�D�SXUH�PHWDO��1DPHO\��VWHS��� LV� WKH�IRUPDWLRQ�RI�D�K\GUDWHG�

PHWDO� DG�LRQ�� VWHS��� LV� WKH�GHVRUSWLRQ�RI� WKH�DG�LRQ� LQWR� WKH�DTXHRXV�HOHFWURO\WH�SKDVH��

DQG� WKH� VWHS� �� LV� D� WZR�GLPHQVLRQDO� SKDVH� WUDQVLWLRQ� WKDW� SURGXFHV� D� FRQGHQVHG� R[LGH�

OD\HU��

7KH�JRDO�RI�WKH�SUHVHQW�ZRUN�ZDV�WR�H[DPLQH�WKH�HIIHFW�RI�S+�RQ�WKH�NLQHWLFV�RI�

WKH� HDUO\� VWDJHV� RI� SDVVLYH� ILOP� JURZWK� RQ� $,6,� ���� VWDLQOHVV� VWHHO�� 7KH� HOHFWURO\WLF�
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PHGLD�XVHG�LQ� WKLV�VWXG\�ZHUH�PL[WXUHV�RI�����0�+�62��������0�1D�62����S+� �������

�����DQG��������7KHVH�S+�YDOXHV�ZHUH�FKRVHQ�RQ� WKH�EDVLV�RI�SUHYLRXV� LQYHVWLJDWLRQV���

VKRZLQJ�WKDW�WKLV�VWHHO�FRUURGHV�PRUH�UDSLGO\�DW�S+�YDOXHV�ORZHU�WKDQ�������$ERYH�������

WKLV� W\SH�RI� VWHHO� KDV�EHHQ� VKRZQ� WR�EH�PRUH�RU� OHVV�FRUURVLRQ� UHVLVWDQW��7KH�SRWHQWLDO�

VWHS� PHWKRG� ZDV� XVHG� DV� DQ� HOHFWURFKHPLFDO� WHFKQLTXH� LQ� ZKLFK� WKH� DQRGLF� FXUUHQW�

GHQVLW\�ZDV�PHDVXUHG� DV� D� IXQFWLRQ� RI� WLPH�� ([SHULPHQWDO� GDWD�ZHUH� FROOHFWHG� DW� ILYH�

SDVVLYH�SRWHQWLDOV��)RU�GDWD�DQDO\VLV�WKH�WKHRU\�RI��³WRSRFKHPLFDO�UHDFWLRQ´��ZDV�DSSOLHG�

IRU� WKH�FKDUDFWHUL]DWLRQ�RI� WKH�H[SRQHQW�Q� LQ� WKDW�SDUW�ZKHUH� WKH�VWHHSHVW�FXUUHQW�GHFD\�

ZDV� REVHUYHG�� 8VLQJ� WKLV� WKHRU\�� ZKLFK� LQFOXGHV� WKH� (URIHHY� HTXDWLRQ��

[  � �� H NW
Q

�ZKHUH�Q� �V���D���WKH�QXPEHU�RI�FRQYHUVLRQ�VWHSV�V��DV�ZHOO�DV�WKH�QXPEHU�

RI�GLUHFWLRQV�D�LQ�ZKLFK�WKH�QXFOHL�JURZ�FDQ�EH�GHWHUPLQHG��,W�ZDV�VKRZQ�WKDW�WKH�WKHRU\�

FDQ�EH�VXFFHVVIXOO\�DSSOLHG�WR�WKH�SDVVLYDWLRQ�SURFHVV�RI�$,6,�����VWDLQOHVV�VWHHO��

�

([SHULPHQWDO��

&\OLQGULFDOO\�VKDSHG� VSHFLPHQV� ZHUH�PDGH� IURP� D� URG� RI�PDUWHQVLWLF� VWDLQOHVV�

VWHHO�$,6,������FRPSRVLWLRQ�LQ�ZW����&��������6���������6L��������&U��������1L��������&X��

�������7KH�VDPSOHV�XVHG�IRU�HOHFWURFKHPLFDO�H[SHULPHQWV�KDG�D�GLDPHWHU�RI����PP�DQG�D�

WKLFNQHVV� RI� ��PP�� 7KH� GLVFV�ZHUH� ILUVW� ZHW� JURXQG� GRZQ� WR� ���� JULW� VLOLFRQ� FDUELGH�

SDSHU�� IROORZHG� E\� SROLVKLQJ�ZLWK� �P� DQG� WKHQ�ZLWK� �P� GLDPRQG� SDVWH� WR� QHDU�PLUURU�

TXDOLW\�� 7KH� WHVW� VROXWLRQV�ZHUH�PL[WXUHV� RI� ����0� VXOSKXULF� DFLG� �+�62��� DQG� ����0�

VRGLXP� VXOSKDWH� �1D�62���� ZLWK� S+�YDOXHV� RI� ������ ����� DQG� ������ ZKLFK� ZHUH�

GHWHUPLQHG�ZLWK�D�GLJLWDO�P9�S+�PHWHU��

)RU�WKH�FRUURVLRQ�VWXG\�SUHVHQWHG�KHUH��D�*UHHQ�FHOO��D�SRWHQWLRJDOYDQRVFDQ��XVHG�

DV�D�SRWHQWLRVWDW��DQG�D�SHUVRQDO�FRPSXWHU�ZHUH�XVHG��D�GLDJUDP�RI�WKH�HOHFWURFKHPLFDO�

FHOO�ZDV�VKRZQ�LQ�D�SUHYLRXV�DUWLFOH����� �7KH�GLVF��ZLWK�DQ�H[SRVHG�VXUIDFH�DUHD�RI�|���

FP��ZDV�IL[HG�LQ�D�SRO\WHWUDIOXRUHWK\OHQH��37)(��KROGHU�DV�WKH�ZRUNLQJ�HOHFWURGH��:(��

DQG� WKH� FRXQWHU�HOHFWURGH�ZDV�PDGH�RI�SODWLQXP��$�VDWXUDWHG�FDORPHO�HOHFWURGH� �6&(��

ZDV�FKRVHQ�DV�WKH�UHIHUHQFH�HOHFWURGH��,QLWLDOO\��WKH�VXUIDFH�R[LGH�OD\HU�ZDV�UHPRYHG�E\�

DSSO\LQJ� IRXU�PLQXWHV� RI� QHJDWLYH� SRWHQWLDO� WR� WKH� VDPSOH��$IWHU� WKDW�:(�ZDV� NHSW� DW�

RSHQ�FLUFXLW� SRWHQWLDO� �2&3�� WR� REWDLQ� D� UHSURGXFLEOH� LQLWLDO� VWDWH�� 7KH� SRWHQWLDO� VWHS�
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PHDVXUHPHQWV� ZHUH� SHUIRUPHG� LQ� WKH� UHJLRQ� IURP�2&3� WR� VXLWDEOH� SDVVLYH� SRWHQWLDOV��

7KH�H[SHULPHQWV�ZHUH�PDGH�DW�D�WHPSHUDWXUH�RI������r�����q&�ZLWKRXW�GHDHUDWLRQ�RI�WKH�

HOHFWURO\WH��

�

7KHRU\�

8QGHU� WKH� KHDGLQJ� RI� ³WRSRFKHPLFDO� UHDFWLRQV´��� QXPHURXV� SURFHVVHV� FDQ� EH�

LQFOXGHG��7KH�SURFHVVHV�VKRXOG�LQFOXGH�DW�OHDVW�RQH�VROLG�VXEVWDQFH�DPRQJ�WKH�UHDFWDQWV�

DV� ZHOO� DV� DPRQJ� WKH� SURGXFWV�� )LUVW� WKHUH� DUH� D� ODUJH� QXPEHU� RI� UHDFWLRQV� RI�

GHFRPSRVLWLRQ� RI� VROLGV�� VHFRQG�� WKHUH� DUH� UHDFWLRQV� EHWZHHQ� D� VROLG� DQG� D� JDV�� RU�

DOWHUQDWLYHO\�� D� OLTXLG�FRXOG�EH� LQYROYHG� LQVWHDG�RI�D�JDV��$OO� WKHVH� UHDFWLRQV�KDYH�RQH�

FKDUDFWHULVWLF�IHDWXUH�LQ�FRPPRQ��L�H��WKH�SURFHVV�SURFHHGV�DW�WKH�LQWHUIDFH�EHWZHHQ�WZR�

VROLG�SKDVHV��WKH�UHDFWDQW�DQG�WKH�SURGXFW��

)RU�WRSRFKHPLFDO�UHDFWLRQV�WKH�XVXDO�GHILQLWLRQ�RI�WKH�UHDFWLRQ�UDWH�LV�QRW�VXLWDEOH�

VLQFH�WKH�SURFHVV�WDNHV�SODFH�QHLWKHU�LQ�WKH�YROXPH�QRU�LQ�WKH�EXON�RI�WKH�VXEVWDQFHV�EXW�

DW�WKH�LQWHUIDFH�EHWZHHQ�WKH�SKDVHV��,W�LV�IRU�WKLV�UHDVRQ�WKDW�WKH�UHDFWLRQ�UDWH�LV�GHILQHG�DV�

WKH�FKDQJH�RI�WKH�GHJUHH�RI�FRQYHUVLRQ�[�RYHU�WLPH�W��7KXV�WKH�UHDFWLRQ�UDWH�LV�JLYHQ�E\�

GW

G[
�� ZKHUH� � �

��
111 � [ LI� 1�� LV� WKH� LQLWLDO� DPRXQW� RI� UHDFWDQW� DQG� 1� DQ�

LQVWDQWDQHRXV�DPRXQW�RI�WKH�UHDFWDQW��

7KHUH� DUH� QR� JHQHUDOO\� DGRSWHG� WKHRULHV� RI� WRSRFKHPLFDO� UHDFWLRQV� DQG��

DFFRUGLQJO\��WKHUH�DUH�QR�WRSRNLQHWLF�HTXDWLRQV�VXLWDEOH�IRU�GHVFULSWLRQ�RI�DOO�WKH�VWHSV�RI�

D�GHFRPSRVLWLRQ�UHDFWLRQ��7KHUHIRUH��ZH�VKDOO�FRQILQH�RXUVHOYHV�WR�WKH�PRVW�UHOLDEOH�DQG�

PRVW�ZLGHO\�DFFHSWHG�FRQFHSWV��WKH�IRUPDWLRQ�DQG�JURZWK�RI��³UHDFWLRQ�QXFOHL´��QXFOHL�RI�

WKH� VROLG� SURGXFW���� 7KXV� WKH� NLQHWLFV� RI� UHDFWLRQ� GHSHQG� SULPDULO\� RQ� WKH� ODZ� RI�

QXFOHDWLRQ�DQG�RQ�WKH�ODZ�RI�JURZWK�RI�WKH�QXFOHL��%\�XVLQJ�WKH�ODZ�RI�QXFOHDWLRQ�DW�DQ�

LQFUHDVLQJ�UDWH�DQG� WKH�DVVXPSWLRQ� WKDW� IRU� WKH�FRQYHUVLRQ�RI�DQ\�RQH�RI� WKH�
�
Q �QXFOHL�

LQWR� DQ� DFWLYHO\� JURZLQJ� QXFOHXV� WKHUH� DUH� UHTXLUHG�V� FRQVHFXWLYH� VWHSV� ZLWK� WKH� UDWH�

FRQVWDQWV�N���N�«NV��(URIHHY�GHULYHG�WKH�HTXDWLRQ��
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7KH� H[SRQHQW� Q�  � V� �� �� DQG� V� KDV� WKH� PHDQLQJ� RI� WKH� HOHPHQWDU\� VWHS� LQ� WKH�

WUDQVIRUPDWLRQ� RI� D� QXFOHXV� WR� DQ� DFWLYHO\� JURZLQJ� QXFOHXV�� ,Q� D� PRUH� FRPSOHWH�

WUHDWPHQW�Q� �V���D��ZKHUH�V� LV� WKH�QXPEHU�RI�VWHSV�DQG�D�GHSHQGV�RQ�WKH�QXPEHU�RI�

GLUHFWLRQV�LQ�ZKLFK�WKH�QXFOHL�JURZ��

�

5HVXOWV�DQG�GLVFXVVLRQ�

7R� FKDUDFWHUL]H� WKH� EHKDYLRXU� RI� DQ� $,6,� ���� HOHFWURGH� LQ� PL[WXUHV� RI� ���0�

+�62� DQG� ���0�1D�62��� ZLWK� S+�YDOXHV� RI� ������ ����� DQG� ������ WKH� DQRGLF� FXUUHQW�

GHQVLW\�ZDV�UHFRUGHG�DV�D�IXQFWLRQ�RI�WLPH�DW�YDULRXV�SDVVLYH�SRWHQWLDOV�RI�±���������������

���������96&(��)LJXUH���VKRZV�WKH�WLPH�GHSHQGHQFH�RI�FXUUHQW�GHQVLW\�DW�±����96&(��

�

�

�

)LJXUH����&XUUHQW�GHQVLW\�DV�D�IXQFWLRQ�RI�WLPH�XQGHU�SRWHQWLRVWDWLF�FRQWURO�DW��
����������������( �������96&( IRU�$,6,�����VWDLQOHVV�VWHHO�LQ�PL[WXUHV�RI�����0�+�62��������0�����
����������������1D�62���S+� �������������������
�

7KH�FXUYHV�LQ�)LJ����GLVSOD\�PXFK�KLJKHU�YDOXHV�RI�WKH�LQLWLDO�FXUUHQW�GHQVLW\�LLQLW �W� �����

DW� S+� � ����� DQG� DW� S+� � ����� WKDQ� DW� S+� � ����� DQG� D� GLIIHUHQW� GHFUHDVH� RI� FXUUHQW�

GHQVLW\�WR�WKH�SDVVLYH�YDOXH��6LPLODU�EHKDYLRXU�ZDV�REVHUYHG�DW�RWKHU�SDVVLYH�SRWHQWLDOV��

�
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7KH� WKHRU\� GHVFULEHG� EULHIO\� DERYH� ZDV� XVHG� IRU� LQWHUSUHWDWLRQ� RI� WKH�

H[SHULPHQWDOO\�REWDLQHG�UHVXOWV��7KH�GHFD\�UDWH�RI�DQRGLF�FXUUHQW�GHQVLW\�ZDV�H[SODLQHG�
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HOHFWURGH�VXUIDFH�LV�VDWXUDWHG�LQ�DFFRUGDQFH�ZLWK�RXU�SUHYLRXV�VWXGLHV����,Q�VWDJH�,,�ILOP�

JURZWK�RFFXUV�DQG�WKH�SURFHVVHV�LQ�WKLV�VWDJH�ZHUH�RXU�PDLQ�WDUJHWV�RI�LQWHUHVW��,Q�VWDJH�

,,,�WKH�R[LGDWLRQ�UDWH�LV�UHODWLYHO\�ORZ��DQG�PXFK�RI�WKH�ILOP�LV�IRUPHG���

7KH�QXPHULFDO�YDOXHV�RI�WKH�H[SRQHQW�Q��HYDOXDWHG�IURP�WKH�VWUDLJKW�OLQH�LQ�VWDJH�,,��DUH�

VKRZQ�LQ�7DEOH����

�
7DEOH����9DOXHV�RI�WKH�H[SRQHQW�Q�IRU�$,6,�����VWDLQOHVV�VWHHO�DW�GLIIHUHQW�YDOXHV�RI�FHOO��
���������������YROWDJH�DQG�S+�RI�VROXWLRQ��
�
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$V�VHHQ�IURP�7DEOH����WKH�YDOXH�RI�Q�LV�FORVH�WR�WKH�LQWHJHU���LQ�VROXWLRQV�RI�S+�

YDOXHV������DQG������� DQG� DERXW��� DW� D� S+�YDOXH�RI������ DW� DOO� ILYH�SDVVLYH�SRWHQWLDOV��

$FFRUGLQJ�WR�(URIHHY����LQ�WKH�FDVH�ZKHUH�WKH�UHDFWLRQ�QXFOHL�JURZ�IURP�VHSDUDWH�SRLQWV�

RQ�WKH�VXUIDFH�LQ�WKUHH�GLUHFWLRQV��Q� �V������ZKHUH�DV�LV�DOUHDG\�NQRZQ��V�LV�WKH�QXPEHU�

RI�FRQVHFXWLYH�VWHSV�LQ�WKH�SURFHVV�RI�IRUPDWLRQ�RI�WKH�SURGXFW�QXFOHL��:LWK�UHJDUG�WR�WKH�

IDFW� WKDW� WKH�SDVVLYH� ILOP� LV� D� WKUHH�GLPHQVLRQDO� SKDVH� ILOP� �FI�� UHI������� WKH�QXPEHU�RI�

GLUHFWLRQV�ZDV� WKH� VDPH� LQ� DOO� WKUHH� FDVHV� �S+� � ������ ����� DQG� ������� QDPHO\�D� ����

7KXV��WKH�YDOXH�RI�Q� ���LQ�WKH�FDVH�RI�S+� ������DQG�������LQGLFDWHV�WKDW�WKH�SDVVLYDWLRQ�

SURFHVV�SURFHHGV� LQ� WKUHH� VWHSV��7DNLQJ� LQWR�DFFRXQW� VHYHUDO�SUHYLRXV� VWXGLHV� LQ�ZKLFK�

ERWK� HOHFWURFKHPLFDO�PHWKRGV� DV� VXUIDFH� VHQVLWLYH� WHFKQLTXHV�ZHUH� XVHG�������������� �ZH�

SURSRVH�WKH�IROORZLQJ�FRQYHUVLRQ�VWHSV��WKH�ILUVW�VWHS�LV�IRUPDWLRQ�RI�D�SUHSDVVLYH�ILOP��

WKH�VHFRQG�VWHS�FDQ�EH�DWWULEXWHG�WR�WKH�IRUPDWLRQ�RI�D�SDVVLYH�OD\HU��VXFK�DV�K\GUR[LGH�

RU�R[\K\GUR[LGH��DQG�LQ�WKH�WKLUG�VWHS�WKLV�ILOP�WUDQVIRUPV�LQ�WR�WKH�R[LGH�IRUP���
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�����������$� FHUWDLQ� FKDQJH� RFFXUV� DW� S+� ������ QDPHO\� Q� LV� FORVH� WR� �� DQG� V�  � ��� 7KH�

H[SODQDWLRQ� IRU� WKLV� FRXOG� EH� D� GHFUHDVH� RI� VROXELOLW\����$Q� LQFUHDVH� RI� S+� ORZHUV� WKH�

VROXELOLW\�GUDPDWLFDOO\��L�H���IRU�WKH�UHDFWLRQ��)H������+���o�)H�2�����+
���D�GHFUHDVH�RI�

WKUHH�RUGHUV�RI�PDJQLWXGH�ZRXOG�RFFXU�SHU�XQLW�RI�S+��7KHUHIRUH��RQH�ZRXOG�H[SHFW�WKDW��

LQ� QHXWUDO� VROXWLRQ�� GLVVROXWLRQ� LV� LPPHGLDWHO\� IROORZHG� E\� SUHFLSLWDWLRQ�� RU� R[LGDWLRQ�

ZRXOG� RFFXU� RQ� WKH� HOHFWURGH� VXUIDFH� GLUHFWO\���� ,Q� DFFRUGDQFH� ZLWK� WKLV�� LW� ZRXOG� EH�

SRVVLEOH� WKDW� LQ�D�VROXWLRQ�RI�S+� ������R[LGDWLRQ�FRXOG�RFFXU�RQ�WKH�HOHFWURGH�VXUIDFH�

GLUHFWO\��L�H��LQ�D�VLPSOH�VWHS��

�

&RQFOXVLRQV�

x� 7KH� WKHRU\� RI� � ³WRSRFKHPLFDO� UHDFWLRQV´� ZDV� DSSOLHG� WR� H[SODLQ� SRVVLEOH�

WUDQVIRUPDWLRQ�VWHSV�GXULQJ�WKH�HDUO\�VWDJHV�RI�SDVVLYDWLRQ�RI�$,6,�����VWDLQOHVV�VWHHO�

LQ� PL[WXUHV� RI� ���0�+�62� DQG� ���0�1D�62��� ZLWK� S+�YDOXHV� RI� ������ ����� DQG�

������

x� 7KH�QXPEHU�RI� FRQYHUVLRQ�VWHSV�V�DQG� WKH�QXPEHU�RI�GLUHFWLRQV�D� LQ�ZKLFK�QXFOHL�

JURZWK�ZHUH�REWDLQHG�IURP�WKH�(URIHHY�HTXDWLRQ��

x� ,Q�VROXWLRQV�RI�S+������DQG������WKH�H[SRQHQW�Q� �V���D�DW�DOO�ILYH�SDVVLYH�SRWHQWLDOV�

ZDV�FRQVWDQW�DQG�FORVH�WR����DQG�DW�S+������DERXW�����

x� 'XH�WR�WKH�IDFW�WKDW�WKH�SDVVLYH�ILOP�LV�D�WKUHH�GLPHQVLRQDO�SKDVH�ILOP��WKH�QXPEHU�RI�

GLUHFWLRQV�ZDV�WKH�VDPH�LQ�DOO�VROXWLRQV��QDPHO\�D� �����

x� 2Q� WKH� EDVLV� RI� VHYHUDO� SUHYLRXV� VWXGLHV�ZH� SURSRVHG� WKDW� WKH� SDVVLYDWLRQ� SURFHVV��

SURFHHGV�LQ�WKUHH�FRQYHUVLRQ�VWHSV��V� ����LQ�VROXWLRQV�RI�S+� ������DQG�������ZKHUH�

WKH� ILUVW� VWHS� L�� � LV� WKH� IRUPDWLRQ�RI�D�SUHSDVVLYH� ILOP��7KH�VHFRQG�VWHS�� � LL��FDQ�EH�

DWWULEXWHG� WR� WKH� IRUPDWLRQ� RI� D� SDVVLYH� OD\HU�� VXFK� DV� K\GUR[LGH� RU� R[\K\GUR[LGH�

OD\HU��DQG�LQ�WKH�WKLUG�VWHS�LLL��WKLV�ILOP�FKDQJHV�LQ�WR�DQ�R[LGH�IRUP��

x� )RU� � S+�  � ����� R[LGDWLRQ�PD\� RFFXU� RQ� WKH� HOHFWURGH� VXUIDFH� GLUHFWO\�� L�H�� LQ� RQH�

FRQYHUVLRQ�VWHS�RQO\��V� ������
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$FNQRZOHGJHPHQWV�

7KLV�ZRUN�ZDV�VXSSRUWHG�E\�WKH�6ORYHQLDQ�0LQLVWU\�RI�6FLHQFH�DQG�7HFKQRORJ\��0â=â�

�����������

�5HIHUHQFHV�DQG�1RWHV��
�� 2NDPRWR� *�� 6KLEDWD� 7�� 3DVVLYLW\ RI 0HWDOV� 7KH (OHFWURFKHPLFDO 6RFLHW\� 3ULQFHWRQ� 1�-� ���� SS�

����

�� *RHW]� 5�� /DQGROW� '�� (OHFWURFKLP� $FWD ����� ��� ����

�� .RORW\UNLQ� <D� 0�� (OHFWURFKLP� $FWD ����� ��� ����

�� 2OHIMRUG� ,�� &RUURV� 6FL� ����� ��� ����

�� 2OHIMRUG� ,�� 0DWHULDO 6FLHQFH DQG (QJLQHHULQJ ����� ��� ����

�� .LUFKHLP� 5�� +HLQH� %�� )LVFKPHLVWHU� +�� &RUURVLRQ 6FLHQFH ����� ��� �� ����

�� 0DFGRQDOG� '�'�� 8UTXLGL� 0DFGRQDOG� 0�� -� (OHFWURFKHP� 6RF� ����� ���� �����

�� $ONLUH� 5�� (UQVEHUJ� '�� -� (OHFWURFKHP� 6RF� ����� ���� �����

�� 6FKZDEH� .�� =� 3K\V�&KHP� ����� ���� ����

��� +lIHOH� -�� +HLQH� %�� .LUFKKHLP� 5�� =� 0HWDOONG� ����� ��� ����

��� 6RQJ� *��/�� &DR� &��1�� /LQ� +��&�� &RUURVLRQ 6FLHQFH ����� ��� �� �����

��� )ROH\� & � /�� .UXJHU -�� %HFKWKROGW� &� -�� -� (OHFWURFKHP� 6RF� ����� ���� ����

��� +HUEVOHE� *�� (QJHOO� +��-�� =� (OHNWURFKHP� ����� ��� ��� ����

��� $EDNXPRYD� <X� 3�� 0LO\XWLQ� 1�1�� - $SSO� &KHP� 8665 ����� ��� ����

��� .UXJHU� -�� &DOYHUW� -�3�� -� (OHFWURFKHP� 6RF� ����� ���� ���

��� 6]NODUVND�6PLDORZVND� =�� .R]ORZVNL� :�� -� (OHFWURFKHP� 6RF� ����� ���� ����

��� *ULIILQ� *�/�� -� (OHFWURFKHP� 6RF� ����� ���� ���

��� )XFKV�*RGHF� 5�� 'ROHþHN� 9�� 9HVW� 6ORY� .HP� 'UXã� ����� ��� ���

��� <HUHPLQ� (�1�� )RXQGDWLRQV RI &KHPLFDOV .LQHWLFV� 0LU 3XEOLVKHUV� ����� SS� ��������

�(URIHHY� %�9�� ,]Y� $NDG� 1DXN %665 ����� �� �����

��� *RGHF� 5�� 3HWHN� $�� 'ROHþHN� 9�� &RUURVLRQ ����� ��� �� ����

��� 9HWWHU� .� -�� (OHFWURFKHPLFDO .LQHWLF� $FDGHPLF 3UHVV� 1HZ <RUN� �����

��� %XUVWHLQ� *�7�� 'DYLHV� '�+�� &RUURVLRQ 6FLHQFH ����� ��� �����

��� .LUFKKHLP� 5�� 0RGLILFDWLRQ RI SDVVLYH ILOPV� 3URF� &RQI�� ����� )HEUXDU� 3DULV� ����� SS� ����

��� %HUD� 6�� 1DUDVLPKDQ� 6�9�� 5DQJDUDMDQ� 6�� &RUU� 6FLHQFH ����� ��� �����

��� 2NDPRWR� *R�� &RUURVLRQ 6FLHQFH �������� ����

��� $VDPL� .�� +RVLPRWR� .�� 6KLPRGDULD� 6�� &RUU� 6FLH� ����� ��� ����

��� %DUGZHOO� -�$�� 0DF'RXJDOO� %�� *UDKDP� 0�-�� -� (OHFWURFKHP� 6RF� ����� ���� ����

��� 0LWFKHOO� '�)�� 3URXOH� *�,�� *UDKDP� 0�-�� $SSO�6XUI� 6FL� ����� ��� ����

��� 0LWFKHOO� '�)�� *UDKDP� 0�-�� -� (OHFWURFKHP� 6RF� ��������� ����

��� +HLQH� %�� 3K' 7KHVLV� 8QLYHUVLW\ RI 6WXWWJDUW� *HUPDQ\� �����

3RY]HWHN��
9 SULVSHYNX VPR REUDYQDYDOL NLQHWLNR SDVLYDFLMH PDUWHQ]LWQHJD MHNOD $,6, ��� Y PRGHOQHP

PHGLMX� .RW NRURGLUQL PHGLM VPR L]EUDOL PHãDQLFR UD]WRSLQ ���0 +�62� LQ ���0 1D�62��

UD]OLþQLK S+�YUHGQRVWL ������ ���� LQ ������ âWXGLMD MH ELOD RVUHGRWRþHQD QD ]JRGQMR ID]R
QDVWDQND SDVLYQH SODVWL L]EUDQHJD MHNOD� 8SRUDEOMHQD PHWRGD ]D HOHNWURNHPLMVND PHUMHQMD MH
ELOD SRWHQFLRVWDWVND PHWRGD� SUL NDWHUL VPR PHULOL WRN NRW IXQNFLMR þDVD� =D DQDOL]R
HNVSHULPHQWDOQLK SRGDWNRY Y SRGURþMX QDMVWUPHMãHJD SDGFD WRND VPR XSRUDELOL WHRULMR

µWRSRNHPLMVNLK UHDNFLM¶ � NL YNOMXþXMH (URIHHYR HQDþER [  � �� H NW
Q

� Q  V � D�� NDWHUH

HNVSRQHQW Q GDMH ãWHYLOR VWRSHQM SUHRVQRYH V � WHU VPHUL UDVWL D� QDVWDOHJD ILOPD� 'REOMHQL

UH]XOWDWL NDåHMR QD GREUR XMHPDQMH ] XSRUDEOMHQR WHRULMR�


