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([SHULPHQWDO DQG�LQVWUXPHQWDWLRQ

��� ,QWURGXFWLRQ

7KLV� FKDSWHU�GHDOV�ZLWK� WKH�EULHI�RXWOLQH� DERXW� WKH�PDWHULDOV V\QWKHVLV�� VDPSOH�

SUHSDUDWLRQV� YLD� /%�/6� PHWKRG DQG� WKHLU� FKDUDFWHUL]DWLRQ� WHFKQLTXHV� 3,Q� DQG� LWV�

GHULYDWLYH� SRO\���DPLQRLQGROH�� ���$3,Q�� ZHUH� SRO\PHUL]HG� IURP� WKHLU� UHVSHFWLYH�

PRQRPHUV�YLD�FKHPLFDO��HOHFWURFKHPLFDO�DQG�LQWHUIDFLDO�URXWHV��3RRU�VROXELOLW\�RI�WKLV�3,Q�

IDPLO\�LQ�FRPPRQ�YRODWLOH�RUJDQLF�VROYHQWV�KDYH�SODJXHG�WKHP�IRU�SUDFWLFDO�DSSOLFDWLRQV�

DQG�IDEULFDWLRQ�RI�GHYLFHV��7KRXJK��YDULRXV�QDQRFRPSRVLWHV�RI�3,Q�KDYH�EHHQ�SUHSDUHG�

ZKLFK�H[KLELW�JRRG�HOHFWUR�FDWDO\WLF�DFWLYLW\��SKRWRHOHFWURFKHPLFDO�SURSHUW\�DV�ZHOO�DV�

EHWWHU�HOHFWULFDO�SURSHUWLHV�>��������@��6WLOO��WKH�LVVXH�RI�VROXWLRQ�SURFHVVDELOLW\�DQG�SRRU�

FRQGXFWLYLW\�KDQJ�RQ�WKH�PDMRU�OLPLWLQJ�IDFWRU�IRU�LWV�EURDG�SUDFWLFDO�DSSOLFDWLRQV��,Q�WKLV�

WKHVLV��ZH�WULHG�WR�UHVROYH�WKH�SURFHVVDELOLW\�LVVXH�RI�XQVXEVWLWXWHG�3,Q DQG�VXEVWLWXWHG�

3,Q WR�PXFK�H[WHQW�E\�HPSOR\LQJ�WKH�FRQFHSW�RI�FR�VROYHQW�PHWKRGRORJ\�L��H��GLVVROYLQJ�

LQ� RQH� VROYHQW� �GLPHWK\O� VXOIR[LGH��'062��ZKLFK� DFWV� DV� JRRG� VROYHQW� IROORZHG� E\�

WUDQVIHU� LQ� RWKHU� FRPPRQ� YRODWLOH� RUJDQLF� VROYHQW� �FKORURIRUP��� /%� WHFKQLTXH�

QHFHVVLWDWHV�WKH�PDWHULDO�VROXELOLW\�LQ�YRODWLOH�VROYHQW�WKDW�LV�LPPLVFLEOH�ZLWK�ZDWHU�IRU�

XQLIRUP�VSUHDGLQJ�RYHU�ZDWHU�VXESKDVH��'062�EHLQJ�D�YHU\�JRRG�SRODU�VROYHQW�FDSDEOH�

RI� VROXELOL]LQJ� QLWURJHQ� FRQWDLQLQJ� SRO\PHUV� ZLWKRXW� PXFK� DIIHFWLQJ� WKH� PDWHULDO� LV�

DVVRFLDWHG�ZLWK�WKH�GHPHULW�RI�KLJKHU�ERLOLQJ�SRLQW�DQG�VRPH�PLVFLELOLW\�ZLWK�ZDWHU��:H�

WKHQ�WRRN�WKH�ZHDOWK�RI�'062�IRU�EHLQJ�PLVFLEOH�ZLWK�FKORURIRUP�DQG�DFFRPSOLVKHG�WKH�

SUHUHTXLVLWH�RI�/%�VDPSOH�SUHSDUDWLRQ��$IWHU�WKDW��ZH�H[SORUHG /%�WHFKQLTXH�WR�REWDLQ�LWV�

VWDEOH�DQG�ZHOO�RUGHUHG�ILOP��ZLWKRXW�XWLOL]LQJ�DQ\�H[WHUQDO�WHPSODWH��ZLWK�YHU\�VPRRWK�

VXUIDFH�DQG�IXUWKHU�LQYHVWLJDWHG�LWV�OD\HU�GHSHQGHQW�FKDUJH�WUDQVSRUW�SURSHUW\�DQG�EHWWHU�

HOHFWURQLF�GHYLFH�SDUDPHWHU�
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7KH�SRO\PHU V\QWKHVL]HG ZDV�FKDUDFWHUL]HG�IRU�LWV�IRUPDWLRQ�DQG�VWDELOLW\�YLD��+�

105��)7�,5��89�9LV��6SHFWURVFRS\��7*$�'7$��/% DQG�/6 WHFKQLTXH�ZHUH�HPSOR\HG

WR�GHSRVLW� WKH�ILOP�RI�3,Q�DQG���$3,Q SRO\PHUV RYHU�YDULRXV VXEVWUDWHV��7KHVH�/%�/6�

ILOPV�ZHUH�FKDUDFWHUL]HG�YLD 89�YLV��DQG�UDPDQ�VSHFWURVFRS\ IRU�RUGHULQJ��ʌ�ʌ�VWDFNLQJ��

HQKDQFHPHQW��7KHLU�ODUJH�DUHD�ILOP�XQLIRUPLWLHV�ZHUH�LQYHVWLJDWHG�YLD 6FDQQLQJ�(OHFWURQ�

0LFURVFRS\� �6(0��� 7(0��$WRPLF� IRUFH�PLFURVFRS\� �$)0�� DQG� SKDVH� LPDJLQJ�� DQG�

ILQDOO\�HOHFWULFDO�SDUDPHWHUV�ZHUH�VWXGLHG�

��� ([SHULPHQWDO

���������0DWHULDOV

,QGROH� �,Q�� PRQRPHU�� ��$PLQRLQGROH� ���$,Q��� DPPRQLXP� SHUVXOIDWH�

��1+���6�2��� $36��� 7%$3� �WHWUDEXW\ODPPRQLXP� SHUFKORUDWH��� VRGLXP� PRO\EGDWH�

�1D�0R2���+�2��� /�&\VWHLQH� �+2�&&+�1+��&+�6+��� 6LOYHU� 1LWUDWH� �$J12���

DQK\GURXV��� 6RGLXP�%RURK\GULGH� �1D%+��� DQK\GURXV���'LGRGHF\OGLPHWK\ODPPRQLXP�

EURPLGH��''$%��ZHUH�SXUFKDVHG�IURP�6LJPD�$OGULFK��,QGLD��0LOOL�4��UHVLVWLYLW\� ������

ȍ� FPí� DQG� S+ ����� ZDWHU� KDV� EHHQ� XVHG� LQ� DOO� H[SHULPHQWV�� $FHWRQLWULOH�� '062��

FKORURIRUP�DQG�GLVWLOOHG�ZDWHU�ZHUH�REWDLQHG�IURP�0HUFN��,QGLD� $OO�FKHPLFDO�ZHUH�XVHG�

DV�SURFXUHG�ZLWKRXW�DQ\�IXUWKHU�SXULILFDWLRQ�SURFHVVLQJ�

���������&KHPLFDO��VLQJOH�SKDVH��V\QWKHVLV RI 3,Q

7KHUH� DUH�PDQ\� SURWRFROV� UHSRUWHG� IRU� WKH� FKHPLFDO� V\QWKHVLV� RI� 3,Q� XWLOL]LQJ�

YDULRXV�R[LGDQWV >��@�� ,Q� WKLV� WKHVLV� WKH� LQ�VLWX R[LGDWLYH�FKHPLFDO�SRO\PHUL]DWLRQ�KDV�

EHHQ�FDUULHG�RXW�E\�GLVVROYLQJ �����0�LQGROH�PRQRPHU LQ�PLQLPDO�YROXPH�RI�HWKDQRO DQG�

DGGLQJ�LW WR�SUH�LFH�FRROHG��a��&���QLWURJHQ�SXUJHG����1�+&O�LQ�D�VWRSSHUHG�FRQLFDO�IODVN

>�����@��7KHQ�����0�$36�VROXWLRQ��LQ��P/�GLVWLOOHG�ZDWHU��ZDV�DGGHG�GURSZLVH�WR�WKH�



&KDSWHU��

��

DERYH�V\VWHP�ZLWK�FRQWLQXRXV�VWLUULQJ��7KLV�VHWXS�ZDV�NHSW�RQ�VWLUULQJ�RYHU�QLJKW�����K��

LQ�LFH�EDWK��a��&��IRU�FRPSOHWH�SRO\PHUL]DWLRQ��7KH�JUHHQ�SUHFLSLWDWH�VR�REWDLQHG�ZDV�

DOORZHG�WR�VHWWOH�GRZQ�EHIRUH�LW�ZDV�ILOWHUHG�DQG�ZDVKHG�ZLWK�ZDWHU�DQG�HWKDQRO VHYHUDO�

WLPHV�� 7KH� ILQDO� SURGXFW� ZDV� GULHG� XQGHU� YDFXXP� DQG� \LHOG� ZDV� FDOFXODWHG�� 6LPLODU

SURWRFRO�LV�IROORZHG�IRU�VXEVWLWXWHG�3,Q�VXFK�DV���$3,Q�>��@ )LJXUH�����GHPRQVWUDWHV�WKH�

UHDWLRQ�VFKHPH�DQG�WKH�UHDFWLRQ�PHFKDQLVP�LV�DOUHDG\�GLVFXVVHG�LQ�VHFWLRQ����������

)LJXUH�����5HDFWLRQ�VFKHPH�IRU�WKH�V\QWKHVLV�RI�3,Q�

���������(OHFWURFKHPLFDO�V\QWKHVLV�RI�3,Q�

(OHFWURSRO\PHUL]DWLRQ� ZDV� FDUULHG� RXW� LQ� D� WKUHH� HOHFWURGH� FHOO� DVVHPEO\�

FRQVLVWLQJ�RI�$X DV�ZRUNLQJ��SODWLQXP��3W��DV�FRXQWHU�DQG�$J�$J&O��DW�����9��DV�UHIHUHQFH�

HOHFWURGHV �DV�VKRZQ�LQ�)LJXUH����� ZHUH�XVHG�IRU�WKH�HOHFWURFKHPLFDO�SRO\PHUL]DWLRQ������

0�7%$3�LQ�DFHWRQLWULOH�ZDV�HPSOR\HG�DV�VXSSRUWLQJ�HOHFWURO\WH�ZKLFK ZDV�1� SXUJHG�

SULRU�WR�V\QWKHVLV�>�����@��$IWHU�WKH�SRO\PHUL]DWLRQ��WKH�FRDWHG�$X�HOHFWURGH�ZDV�TXLFNO\�

ULQVHG�LQ�DFHWRQLWULOH�WR�ZDVK�RXW�XQUHDFWHG�PRQRPHU�DQG�HOHFWURO\WH��7KH�GULHG�SRO\PHU�

ZDV�FDUHIXOO\�UHPRYHG�IURP�WKH�HOHFWURGH�DQG�ZDV�XVHG�IXUWKHU�IRU�/%�ILOP�SUHSDUDWLRQ��

6LPLODULO\��UHSRUWV RQ�HOHFWURFKHPLFDO�V\QWKHVLV�RI���$3,Q�LV�DOVR�DYDLODEOH >�����@����

$3,Q�V\QWKHVL]HG�HOHFWURFKHPLFDOO\�XQGHUJRHV�LUUHYHUVLEOH�GHJUDGDWLRQ�RQ�DSSOLFDWLRQ�RI

R[LGL]LQJ� SRWHQWLDOV� JUHDWHU� WKDQ� ���� 9� 7KLV� SKHQRPHQD RI� ORVV� LQ� HOHFWURFKURPLF�

SURSHUWLHV�DW�SRWHQWLDOV�JUHDWHU�WKDQ���� 9 LV�GXH�WR�RYHU�R[LGDWLRQ�>�����@��7KHUHIRUH��

DQRWKHU� V\QWKHVLV� WHFKQLTXH� L�H�� LQWHUIDFLDO� WHFKQLTXH� ZDV� HPSOR\HG� WKDW� \LHOGHG�
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PRUSKRORJ\� FRQWUROOHG� SRO\PHU� LQ� EXON ZLWK H[FHOOHQW� HOHFWURDFWLYLW\ HYHQ� DW� KLJKHU�

SRVLWLYH�SRWHQWLDOV�GHVFULEHG�LQ�GHWDLO�FKDSWHU���

)LJXUH�����([SHULPHQWDO�VHWXS�IRU�HOHFWURFKHPLFDO�V\QWKHVLV�RI�3,Q�

���������,QWHUIDFLDO��ELSKDVH��V\QWKHVLV�RI���$3,Q

7KH� LQWHUIDFLDO� V\QWKHVLV� PHWKRG� IRU� ��$3,Q� V\QWKHVLV� ZDV� FDUULHG� RXW� XVLQJ�

IROORZLQJ�SURWRFRO� LQ�D ���P/�YLDO�DW�URRP�WHPSHUDWXUH����������&���7ZR�LPPLVFLEOH�

VROYHQWV�FKRVHQ�KHUH�ZHUH�FKORURIRUP�DQG�ZDWHU��,QLWLDOO\�������0���$,Q�PRQRPHU�ZDV�

GLVVROYHG�LQ�����P/�FKORURIRUP��7R�WKLV��D�IUHVKO\�SUHSDUHG�VROXWLRQ�RI�$36������0������

P/��LQ�GRXEOH�GLVWLOOHG�ZDWHU�ZDV�DGGHG�GURS�ZLVH�DORQJ�WKH�ZDOO�RI�WKH�YLDO�XQGHU�QRQ�

VWLUULQJ� FRQGLWLRQ�� *UDGXDOO\�� D� GDUN� EURZQ� ULQJ� �LQLWLDWLRQ� RI� SRO\PHUL]DWLRQ�� ZDV�

REVHUYHG� DW� WKH� LQWHUIDFH� �UHG� FLUFOH� LQ� �E�� )LJXUH� ����� ZKLFK� LQFUHDVHG� LQ� ZLGWK�

VLPXOWDQHRXVO\� ZLWK� WKH� DGGLWLRQ� RI� $36�� 7KH� LQWHUIDFLDO� V\VWHP� IRUPHG� KDG� XSSHU�

DTXHRXV� OD\HU� FRQWDLQLQJ� R[LGL]LQJ� DJHQW� �$36�� DQG� ERWWRP� RUJDQLF� OD\HU� FRQWDLQLQJ�

PRQRPHU�� $IWHU� WKH� FRPSOHWH� DGGLWLRQ� RI� $36�� WKH� YLDO� ZDV� VHDOHG� FRYHUHG� ZLWK�

DOXPLQXP�IRLO�DQG�OHIW�XQGLVWXUEHG�IRU����K��7KH�XSSHU�DTXHRXV�OD\HU�ZDV�WKHQ�FDUHIXOO\�

UHPRYHG�XVLQJ�SLSHWWH�ZLWKRXW�GLVWXUELQJ�WKH�LQWHUIDFH��7KH�VROLG�SRO\PHU��SURWRQDWHG�
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IRUP�� ZDV� WKHQ� FROOHFWHG� E\� FHQWULIXJDWLRQ� IROORZHG� E\� PXOWLSOH� ZDVKLQJV� ZLWK� GH�

LRQLVHG�ZDWHU��WR�GHSURWRQDWH�DPLQR�JURXS�DQG�UHPRYH�H[FHVV�RI�R[LGL]LQJ�DJHQW��DQG�

WKHQ�ZLWK�FKORURIRUP��WR�UHPRYH�XQUHDFWHG�PRQRPHU���)LQDOO\�� WKH�SRO\PHU�ZDV�GULHG�

XQGHU� YDFXXP� DQG� \LHOG� RI� WKH� SURGXFW� ZDV� UHSRUWHG� DV� ���� 6LPLODU� SURFHGXUH LV�

IROORZHG�IRU�LQWHUIDFLDO�V\QWKHVLV�RI�XQVXEVLWXWHG�3,Q >��@�

)LJXUH� ��� 6FKHPDWLF� UHSUHVHQWDWLRQ� RI� LQWHUIDFLDO� SRO\PHUL]DWLRQ� RI� ��$,Q� DW�

DTXHRXV�RUJDQLF�VROYHQW�V\VWHP��7KH�WRS�SKDVH�LV�DQ�DTXHRXV�VROXWLRQ�RI�$36�DQG�ERWWRP�

SKDVH�LV�PRQRPHU�&KORURIRUP�VROXWLRQ�

���������&RPSRVLWH�IRUPDWLRQ�RI�3,Q

�������� +\GURWKHUPDO� V\QWKHVLV� RI� 0R6�� QDQRVKHHWV� DQG� IRUPDWLRQ� RI�0R6��3,Q�

FRPSRVLWH

0R6� QDQRVKHHWV� DUH� V\QWKHVL]HG� XVLQJ� IDFLOH�� VLQJOH� VWHS� K\GURWKHUPDO� PHWKRG DV�

GLVSOD\HG� LQ� )LJXUH� ���� >��@�� 6RGLXP� PRO\EGDWH� �1D�0R2���+�2�� DQG� /�F\VWHLQH�

�+2�&&+�1+��&+�6+�������Z�Z��DUH�GLVVROYHG�LQ����PO�RI�0LOOL�4�ZDWHU�LQ�VHSDUDWH�

EHDNHUV�DQG�NHSW�RQ�FRQVWDQW�VWLUULQJ�IRU����PLQXWHV��7KHQ�WKH�WZR�VROXWLRQV�DUH�PL[HG�
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VORZO\�ZLWK�FRQWLQXRXV� VWLUULQJ�PDLQWDLQLQJ� WHPSHUDWXUH�DW�a���&�DQG�S+�DW�����ZLWK�

FRQFHQWUDWHG� +&O�� 7KLV� VROXWLRQ� LV� WKHQ� WUDQVIHUUHG� LQWR� VWDLQOHVV� VWHHO� OLQHG� 7HIORQ�

DXWRFODYH������PO�FDSDFLW\��PDLQWDLQHG�DW�a����&�IRU����KRXUV��$IWHU�WKLV��WKH�FRQWHQW�LV�

OHIW�WR�FRRO�GRZQ�QDWXUDOO\��ILQDOO\�ZH�REWDLQ�GDUN�EURZQ�SUHFLSLWDWH��QDQRVKHHWV��VHWWOHG�

DW� WKH� ERWWRP�� 7KHVH� QDQRVKHHWV� ZHUH� ZDVKHG� UHSHDWHGO\� YLD� FHQWULIXJDWLRQ� DQG� UH�

GLVSHUVLRQ� LQ� ZDWHU� WR� REWDLQ� WKH� ILQDO� SURGXFW� )RU� WKH� LQ�VLWX R[LGDWLYH� FKHPLFDO�

SRO\PHUL]DWLRQ�RI� LQGROH�PRQRPHU��0R6� QDQRVKHHWV� �����PJ�P/��ZHUH� DGGHG� WR� WKH�

LQGROH�VROXWLRQ��HWKDQRO�ZDWHU�PL[WXUH��SULRU�WR�DGGLWLRQ�RI�$36��7KHQ�WKLV�V\VWHP�ZDV�

VXEMHFWHG�WR�XOWUDVRQLFDWLRQ�IRU����PLQ IROORZHG�E\�GURSZLVH�DGGLWLRQ�RI�$36�VROXWLRQ�

����� 0� LQ� �P/� GLVWLOOHG� ZDWHU�� ZLWK� FRQWLQXRXV� VWLUULQJ�� 5HVW� VWHSV� ZHUH� WKH� VDPH�

IROORZHG�GXULQJ� FKHPLFDO� SRO\PHUL]DWLRQ�RI� ,Q� �GLVFXVVHG� LQ� VHFWLRQ� ��������7KH� ILQDO�

SURGXFW�ZDV�GULHG�XQGHU�YDFXXP�DQG�\LHOG�ZDV�FDOFXODWHG�DV�����

)LJXUH�����6FKHPDWLF�UHSUHVHQWDWLRQ�RI�K\GURWKHUPDO�V\QWKHVLV�RI�0R6� QDQRVKHHWV��WKHLU�

H[IROLDWLRQ��DQG�0R6��3,Q�QDQRFRPSRVLWH�IRUPDWLRQ�

:H� KDYH� SURSRVHG� D� SODXVLEOH� PHFKDQLVP� IRU� JUHHQ� V\QWKHVLV� RI� 0R6� QDQRVKHHWV�

XWLOL]LQJ� VRGLXP� PRO\EGDWH� DQG� /�F\VWHLQH� DV� SUHFXUVRUV�� 2YHUDOO� WKH� UHDFWLRQ� LQ�
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K\GURWKHUPDO�UHDFWRU�FDQ�EH VDLG�WR�LQYROYH�IRXU�PDLQ�VWHSV������+\GURO\VLV�RI�/�F\VWHLQH��

���� FRQYHUVLRQ� RI� 0R2�
�� WR� 0R2[6��[�� ���� DFLG� FDWDO\VHG� IRUPDWLRQ� RI� 0R6��� ����

IRUPDWLRQ�RI�0R6� QDQRVKHHWV��7KLV�FRPSOH[�SURFHVV�FDQ�EH�H[SUHVVHG�DV�IROORZV�

��ଶ���ሺ��ଶሻ��ଶ�� ൅ �ଶ� ՜ ��ଷ������ ൅ ��ଷ ൅ �ଶ� ሺͳሻ

���ସ
ଶି ൅ ��ି ՜ ���௫ܵସି௫ ൅ �ଶ� ሺʹሻ

���௫ܵସି௫ ൅ �ା ՜ ���ଷ ሺ͵ሻ

���ଷ
ο
՜ ���ଶ ሺͶሻ

:H� KDYH� HPSOR\HG� FRQWUROOHG� H[SHULPHQWDO� FRQGLWLRQV� �VXFK� DV� SUHVVXUH� DQG�

WHPSHUDWXUH�� SURYLGHG� E\� K\GURWKHUPDO� VHW� XS� DORQJ�ZLWK� SUHVHQFH� RI� UHGXFLQJ� DJHQW�

�WZLFH� WKH�PRODU� UDWLR� WKDW� RI�PRO\EGDWH�� LQ� WKH� YLFLQLW\� WKDW� SURYLGHV� HQRXJK�6�� IRU�

UHSODFLQJ�ODWWLFH�2�� DW�WKH�LPPHGLDWH�VLWH��7KHUH�LV�DOVR�SRVVLELOLW\�RI�IRUPDWLRQ�RI�RFWD�

PRO\EGDWHV�� 7KHVH� FRQWUROOHG� FRQGLWLRQV� SUHYHQW� LWV� IRUPDWLRQ� WKXV� IDYRULQJ� WKH�

IRUPDWLRQ�RI�0R6���7KH�UROH�RI�ORZ�S+�KHUH�LV�WR�FDWDO\VH�DFFHOHUDWH�WKH�UHDFWLRQ�VWHS�����

PHQWLRQHG�DERYH��

�������� 6\QWKHVLV� RI� $J13V�� WKHLU� OLTXLG�OLTXLG� SKDVH� WUDQVLWLRQ� DQG� FRPSRVLWH�

IRUPDWLRQ�ZLWK�3,Q

7KH�V\QWKHVLV�ZDV�GRQH�WKURXJK�UHGXFWLRQ�RI�VLOYHU�VDOW�ZLWK�VRGLXP�ERURK\GULGH�ZKHUH�

DOO�WKH�FRPSRQHQWV�ZHUH�WDNHQ�LQ�VROXWLRQ�IRUP�SUHSDUHG�LQ�GHLRQLVHG�ZDWHU��$����P/�RI�

������0�$J12� VROXWLRQ�SUHSDUHG�LQ�GHLRQL]HG�ZDWHU�ZDV�DGGHG�DW�UDWH�RI�RQH�GURS�SHU�

VHFRQG�WR�D����P/������ 0�VROXWLRQ�RI�IUHVKO\�SUHSDUHG�1D%+� LQ�D���� P/�ERURVLOLFDWH�

EHDNHU�XQGHU�FRQVWDQW�VWLUULQJ�������USP���7KH�1D%+��VROXWLRQ�EHDNHU�LV�NHSW�LQ�DQ�LFH�

EDWK�DW�DOO�WLPHV�WR�SUHYHQW�LW�IURP�GHJUDGLQJ�RU�UHDFWLQJ�ZLWK�ZDWHU��$IWHU�D�IHZ�GURSV�RI�

$J12��VROXWLRQ�EHLQJ�DGGHG�WR�WKH�V\VWHP�WKH�FRORXU�LV�VHHQ�WR�FKDQJH�WR�D�OLJKW�\HOORZ�

DQG�NHHSV�JHWWLQJ�GDUNHU�ZLWK�IXUWKHU�DGGLWLRQ�RI�$J12� VROXWLRQ��6WLUULQJ�LV�VWRSSHG�DV�

VRRQ�DV�DOO�WKH�$J12��KDV�EHHQ�DGGHG�WR�WKH�ERURK\GULGH�VROXWLRQ�DQG D�GDUN�\HOORZ�FOHDU�
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VROXWLRQ�LV�REWDLQHG��7KLV�VROXWLRQ�LV�DQDO\VHG�WKURXJK�89�9LV�DQG�7(0�IRU�LWV�IRUPDWLRQ�

$J13V� IURP� WKH�SUHSDUHG�$J K\GURVRO�DUH� WKHQ� WUDQVIHUUHG� WR�DQ�RUJDQLF�SKDVH�XVLQJ�

''$%�DV�SKDVH�WUDQVIHU�DJHQW��37$���9DULRXV�FRQFHQWUDWLRQV�RI�''$%�VROXWLRQ��QDPHO\�

��������������DQG����P0�DUH�SUHSDUHG�LQ�FKORURIRUP���P/�RI�WKHVH�VROXWLRQV�DUH�NHSW�LQ�

D��� P/�FDSSHG�ERURVLOLFDWH�YLDO��$�VDPH�YROXPH�RI�$J K\GURVRO�LV�DGGHG�VORZO\�WR�DOO�

WKH�DERYH�YLDOV�DORQJ�WKH�ZDOOV��,QLWLDOO\��D�GLVWLQFW�ELSKDVLF�V\VWHP�LV�REWDLQHG�DV�VKRZQ�

LQ�)LJXUH����� �D��ZLWK�FOHDU�FKORURIRUP�SKDVH�DW� WKH�ERWWRP�DQG�GDUN�\HOORZ�K\GURVRO�

DERYH� LW� GXH� WR� LPPLVFLELOLW\� DQG� GHQVLW\� GLIIHUHQFHV� RI� ZDWHU� DQG� FKORURIRUP��

,PPHGLDWHO\�WKH�YLDO�LV�WKHQ�FDSSHG�ZHOO�WR�SUHYHQW�DQ\�OHDNDJH�DQG�VKDNHG�YLJRURXVO\�

�IRU����� VHFV�� WR� IDFLOLWDWH�PD[LPXP� LQWHUIDFH� IRUPDWLRQ� IRU�SKDVH� WUDQVIHU��9LJRURXV�

VKDNLQJ�SURYLGHV�VXIILFLHQW�NLQHWLF�HQHUJ\�WR�''$%�FDSSHG�$J13V�FURVV�WKH�LQWHUIDFH�

EDUULHU� 7KH�PL[WXUH� LQ� WKH�YLDO� LV� DOORZHG� WR� UHVW� DQG� VWDELOL]H� WR�REWDLQ� WKH�ELSKDVLF�

V\VWHP�ZLWK�FKORURIRUP�SKDVH�JDLQLQJ�\HOORZ�FRORXU�ZKLOH�GDUN�\HOORZ�IURP�WKH�DTXHRXV�

SKDVH� WXUQV� OLJKWHU� �)LJXUH� ���� �E����$V� LW� LV� HYLGHQW� IURP�)LJXUH� ���� �E���ZH�REVHUYH�

GLIIHUHQFH�LQ�FRORXU� LQWHQVLW\�DIWHU�SKDVH�WUDQVIHU�IRU�YDU\LQJ�''$%�FRQFHQWUDWLRQ�� ,Q�

DEVHQFH� RI� ''$%� DGGLWLRQ� LQWR� FKORURIRUP� �FRQWURO H[SHULPHQW�� QR� SKDVH� WUDQVIHU�

RFFXUHG� WKDW� FOHDUO\� GHPRQVWUDWHV� WKH� LQWHUDFWLRQV EHWZHHQ� VLOYHU� QDQRSDUWLFOHV� DQG�

''$% IDFLOLWDWHV�SKDVH�WUDQVIHU��7KH�GLIIHUHQFH�LQ�FRORXU�LQWHQVLW\�RI�WKH�ERWWRP�SKDVH�

FOHDUO\� VXSSRUWV�RXU� VSHFXODWLRQ� WKDW�''$� LQGXFHG�SKDVH� WUDQVIHU� LV� VL]H�GHSHQGHQW��

7KLV�REVHUYDQFH�LV�LQ�DJUHHPHQW�ZLWK�WKH�7(0 FKDUDFWHUL]DWLRQV�PHQWLRQHG�LQ�GHWDLO�LQ�

&KDSWHU����''$%�VXUIDFWDQW�DLGHG�SKDVH�WUDQVIHU�RI�13V�DV�ZHOO�DV�LWV�VWDELOL]DWLRQ�LQ�WKH�

RUJDQLF� SKDVH� VWXGLHG� IRU� YDULRXV� ''$%� FRQFHQWUDWLRQV�� RXW� RI� ZKLFK� ��� P0�

FRQFHQWUDWLRQ�DSSHDUHG�WR�H[KLELW�PD[LPXP�QXPEHU�DQG�DOPRVW�XQLIRUP�VL]H�RI�SDUWLFOHV�

WUDQVIHUUHG�LQWR�WKH�RUJDQLF�SKDVH �)LJXUH������
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)LJXUH� ��� %LSKDVLF� V\VWHP� ZLWK� FKORURIRUP� DW� ERWWRP� FRQWDLQLQJ� YDULRXV� ''$%�

FRQFHQWUDWLRQ� ODEHOOHG�DV� ������� �������� �������� �������DQG��������P0�DQG�XSSHU� OD\HU�

FRQWDLQLQJ K\GURVRO��D��%HIRUH�SKDVH�WUDQVIHU��E��$IWHU�SKDVH�WUDQVIHU�

3,Q�ZDV�FKHPLFDOO\�V\QWKHVL]HG�IROORZLQJ�WKH�VDPH�SURFHGXUH�DV�GHWDLOHG�LQ�VHFWLRQ�������

7KH�DV�V\QWKHVL]HG�3,Q�ZDV�GLVSHUVHG� LQ�'062��SRODU�DQG�VORZ�HYDSRUDWLQJ�VROYHQW��

IROORZHG�E\�DGGLWLRQ�RI�$J RUJDQRVRO�KDYLQJ�FRQFHQWUDWLRQ�XS�WR�a��PJ�P/�ZKLFK�ZDV�

XWLOL]HG�IXUWKHU�IRU�VSUHDGLQJ�RQ�ZDWHU�VXESKDVH�IRU�/6�ILOP�GHSRVLWLRQ�

��������6DPSOH�SUHSDUDWLRQ�WHFKQLTXHV E\�/%�/6�PHWKRG

3RO\PHU� DQG� WKHLU� FRPSRVLWHV� V\QWKHVLVHG� YLD� FKHPLFDO�� HOHFWURFKHPLFDO� DQG�

LQWHUIDFLDO�URXWH�ZHUH WKHQ�XVHG�IRU�IRUPDWLRQ�RI�/%�/6�ILOP�RYHU�YDULRXV�VXEVWUDWHV��$V�

V\QWKHVL]HG� 3,Q�� ��$3,Q� DQG� WKHLU� FRPSRVLWHV� GLG� QRW� JLYH� D� WUXH� GLVSHUVLRQ� LQ�

FKORURIRUP�� WKHUHIRUH� ��� PJ�P/ VROXWLRQ� ZDV� SUHSDUHG� ILUVW� LQ� '062� IROORZHG� E\

DGGLWLRQ� RI� FKORURIRUP� �LQ� UDWLR� ������ WR� REWDLQ� D� WUXH� GLVSHUVLRQ� RI� ���� PJ�P/�

FRQFHQWUDWLRQ��/%�WURXJK�DQG�WKH�EDUULHU�ZHUH�FOHDQHG�ZLWK�GHWHUJHQWV�DQG�ZLSHG�RII��7KH�

QH[W�VWHS�ZDV�VROYHQW�FOHDQLQJ�SURFHVV�ZLWK�DFHWRQH��HWKDQRO DQG�FKORURIRUP�LQ�VHTXHQFH

IROORZHG�E\�ULQVLQJ�ZLWK�GLVWLOOHG�ZDWHU� 7KHQ�WKH�WURXJK�ZDV�ILOOHG�ZLWK�ZDWHU�GLVWLOOHG�

ZDWHU� DQG� OHIW� XQGLVWXUEHG� IRU� IHZ� KRXUV�� 7KLV� ZDLWLQJ�ZDV� QHFHVVDU\� EHFDXVH�ZKLOH�

FOHDQLQJ�WKH�WURXJK�WKHUH�PLJKW�EH�VRPH�VWUD\�OHIW�RQ�WKH�WURXJK�ZDOO�ZKLFK�PD\�WDNH�WLPH�

WR�OHHFK�XS�WR�WKH�DLU�ZDWHU�LQWHUIDFH >�����@�
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,W�LV�YHU\�QHFHVVDU\�WR�UHPRYH�WKH�VWUD\�FRQWDPLQDQWV�EHIRUH�VSUHDGLQJ�RI�WKH�VDPSOH�

RQ�WKH�ZDWHU�VXESKDVH��$LU�ZDWHU�LQWHUIDFH�FOHDQLQJ�LV�GRQH�YLD VXFWLRQ�SXPS�WR�HQVXUH�

WKDW�63 DWWDLQV ]HUR�YDOXH�SULRU�WR�VDPSOH�VSUHDGLQJ��1H[W�VWHS�LV�WKH�VXEVWUDWH�FOHDQLQJ�

SURFHVV VXFK� DV XQPRGLILHG� ,72� �K\GURSKLOLF� QDWXUH��� YLD XOWUDVRQLFDWLRQ LQ� DFHWRQH��

FKORURIRUP�DQG�ZDWHU��IRU����PLQ UHVSHFWLYHO\�DQG�GU\LQJ�LQ�YDFXXP��3ULRU�WR�IRUPDWLRQ�

RI� RUGHUHG� /%� ILOP� RI� SRO\PHU�� ʌ�$ LVRWKHUP� PXVW� EH LQYHVWLJDWHG� WR� LQWHUSUHW� WKH�

LQWHUDFWLRQ�EHWZHHQ�SRO\PHU�FKDLQV��LQWHUPROHFXODU�DQG�LQWUDPROHFXODU�LQWHUDFWLRQV��DQG�

ILOP�VWDELOLW\�DW�WKH�DLU�ZDWHU�LQWHUIDFH��7KHQ�WKH�VDPSOH�LV�VSUHDG�RQ�WKH�ZDWHU�VXESKDVH�

�S+ �����ȡ �����ȍ�FPí���7a�����&� RI� WURXJK�ZLWK�ZRUNLQJ�DUHD�����PP�[�����PP�

�0RGHO�1R�� /%�����'&��$SH[�� ILWWHG�ZLWK� GRXEOH� EDUULHU�� 6SUHDGLQJ ZDV� GRQH ZLWK

+DPLOWRQ�V\ULQJH��GURS�UDWH ���ȝ/�PLQ���7KH�/%�V\VWHP�ZLWK�:LQ/% VRIWZDUH�SURYLGHV�

H[SDQVLRQ�FRPSUHVVLRQ�UHVROXWLRQ�RI�������PP�DQG�VXUIDFH�SUHVVXUH�UHVROXWLRQ�RI�������

P1�P��7KH�ILOPV�DUH�GHSRVLWHG�RQ�VROLG�VXEVWUDWHV�DW�DQ�RSWLPXP�63�REWDLQHG�IURP�WKHLU�

UHVSHFWLYH� LVRWKHUPV�)LOPV� DUH� OLIWHG� HLWKHU� YHUWLFDOO\ �%ORGJHWW� VW\OH� DW� D� VSHHG� RI� ��

PP�PLQ�RU�VWDPSHG��/6� DQG�GULHG�LQ�DQ�LQHUW��1���DWPRVSKHUH��JORYH�ER[��

����&KDUDFWHUL]DWLRQV

,QVWUXPHQWDWLRQ�DQG�FKDUDFWHUL]DWLRQ�WHFKQLTXHV�XWLOL]HG�LQ�WKLV�WKHVLV DUH�DV�IROORZV��

)LJXUH ��� 3KRWRJUDSK�RI�/% ILOP�GHSRVLWLRQ�V\VWHP�
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������1XFOHDU�PDJQHWLF�UHVRQDQFH��105� VSHFWURVFRS\

1XFOHDU�0DJQHWLF�5HVRQDQFH��105��VSHFWURVFRS\� LV�XVHG�WR�GHWHUPLQH�WKH�PROHFXODU�

VWUXFWXUH�RI�D�VDPSOH�DV�ZHOO�DV� IRU�GHWHUPLQLQJ� WKH�SXULW\�DQG�FRQWHQW�RI� WKH�VDPSOH�

)LJXUH�����GLVSOD\V�SKRWRJUDSK�RI�RXU�105�LQVWUXPHQW�%UXNHU�)7�105������0+]��DQG�

EDVLF�SULQFLSOH�LQYROYHG�LQ�REWDLQLQJ�D�VSHFWUD� 105 LQ�WKLV�WKHVLV�KDV�EHHQ�XWLOL]HG�WR�

)LJXUH� ��� 3KRWRJUDSK� RI� 1XFOHDU�0DJQHWLF� 5HVRQDQFH� �105�� VSHFWURPHWHU DQG� LWV�

EDVLF�ZRUNLQJ�SULQFLSOH�

LQYHVWLJDWH�WKH�SRO\PHUL]DWLRQ�OLQNDJHV�RI�WKH�PRQRPHU�XQLWV��105�KHOSV�WR�GHWHUPLQH�

SK\VLFDO�SURSHUWLHV�RI�WKH�VDPSOH�DW�WKH�PROHFXODU�OHYHO�VXFK�DV�VROXELOLW\��SKDVH�FKDQJHV��

FRQIRUPDWLRQDO� H[FKDQJH� DQG� GLIIXVLRQ� >�����@�� �+�105� VSHFWUD� ZHUH� UHFRUGHG� LQ�

GHXWHUDWHG�VROYHQW�OLNH�'062�G� VROYHQW��DQG�FKHPLFDO�VKLIW��į��ZDV�UHSRUWHG�LQ�SDUWV�SHU�

PLOOLRQ��SSP��

����� 89�9LV DEVRUSWLRQ�VSHFWURSKRWRPHWU\

89�9LV�VSHFWURVFRS\�LV�DQ�LPSRUWDQW�WRRO�WR�ORFDWH�WKH�DEVRUSWLRQ�EDQG�LQ�PDWHULDOV
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VFLHQFH��7KLV�DEVRUSWLRQ RU�UHIOHFWDQFH VSHFWURVFRS\�LQ�WKH�89�9LV UHJLRQ��QRUPDOO\�����

QP�WR������QP��GLUHFWO\�DIIHFWV�WKH�SHUFHLYHG�FRORU�RI�WKH�FKHPLFDOV�LQYROYHG��7KH�EDVLF�

SULQFLSOH�LQYROYHG�LQ�WKLV�HOHFWURQLF�VSHFWURVFRS\ LV WKH�H[FLWDWLRQ RI HOHFWURQV�IURP�WKH�

JURXQG�VWDWH �*�6�� WR�WKH�KLJKHU�HQHUJ\ H[FLWHG�VWDWH �(�6�� ZLWKLQ�WKH�PROHFXOH�KDYLQJ�

SDUWLFXODU�HOHFWURQLF�HQYLURQPHQW�VKRZQ�LQ�)LJXUH���� >�����@�

)LJXUH���� (OHFWURQLF�WUDQVLWLRQV LQ�D�PROHFXOH�

$PRQJ�WKH�YDULRXV�SRVVLEOH�WUDQVLWLRQV�LQ�D�PROHFXOH�VKRZQ�LQ�)LJXUH������PRVW�IDYRUDEOH

HOHFWURQLF�WUDQVLWLRQ�RFFXUV�IURP�WKH�+202 WR�/802��%DVLF�LQVWUXPHQWDWLRQ�IRU�89�

9LV VSHFWURVFRS\�LV�UHSUHVHQWHG�DV�)LJXUH������$FFRUGLQJ�WR�WKH�%HHU�/DPEHUW�ODZ��ZKHQ�

D�PRQRFKURPDWLF�OLJKW�ZLWK LQWHQVLW\�,� SDVVHV�WKURXJK�D�VROXWLRQ��DEVRUELQJ�PHGLXP��

FRQWDLQHG�LQ�SDWK�OHQJWK�RI���FP��WKH�UDWH�RI�GHFUHDVH�LQ�LQWHQVLW\�LV�GLUHFWO\�SURSRUWLRQDO�

WR�,� DQG�WKH�VDPSOH�FRQFHQWUDWLRQ��0ROHFXOHV�WKDW�FRQWDLQ ʌ�HOHFWURQV�RU�QRQ�ERQGLQJ��Q��

HOHFWURQV�VXFK DV�KHWHURDWRP�FRQWDLQLQJ�FRQMXJDWHG�SRO\PHUV DEVRUE�HQHUJ\� LQ 89�RU�

9LV UHJLRQ DQG SURPRWH WKHVH�HOHFWURQV�WR�DQWL�ERQGLQJ �KLJKHU�HQHUJ\� PROHFXODU�RUELWDO

�)LJXUH�������7KH�PRUH�HDVLO\�WKHVH�HOHFWURQV�DUH�H[FLWHG� ORZHU�LV�WKH�HQHUJ\�JDS�EHWZHHQ�

+202�DQG�/802�� DQG� WKXV ORQJHU� LV� WKH� UDGLDWLRQ�ZDYHOHQJWK� WKDW� LW� DEVRUEV��7KLV�

VSHFWURVFRS\� WHFKQLTXH� LV� XQLTXH� LQ� LWVHOI� IRU� FKDUDFWHUL]LQJ� VLJQDWXUH� DEVRUSWLRQV RI�

QREOH�PHWDOV �OLNH�$J��$X��NQRZQ�DV�VXUIDFH�SODVPRQ�UHVRQDQFH��635��EDQG�ZKLFK�LV�QRW�

SUHVHQW�LQ�WKHLU�EXON�PHWDO�FRXQWHUSDUW�RU�LWV�UHVSHFWLYH�LRQV��635�RULJLQDWHV�IURP FRKHUHQW�

LQWHUDFWLRQ� RI� WKH� HOHFWURQV� LQ� WKH� FRQGXFWLRQ� EDQG� RI� WKH�PHWDO�ZLWK� HOHFWURPDJQHWLF�
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UDGLDWLRQ��2SWLFDO� SURSHUWLHV� RI�13V� LV� VHQVLWLYH� WR� WKH� VL]H�� VKDSH�� FRQFHQWUDWLRQ DQG�

GLHOHFWULF�HQYLURQPHQW RI�WKH�13V�ZKLFK�LV�HDVLO\�DQDO\VHG�YLD�WKLV�WHFKQLTXH�>�����@��$V�

D� SDUW� RI� UHVHDUFK�ZRUN�ZH� KDYH� H[FOXVLYHO\� XWLOL]HG�89�9LV WHFKQLTXH� WR� ORFDWH� WKH�

DEVRUSWLRQ�VSHFWUXP�RI�PHWDO�QDQRVWUXFWXUHV�DQG�/%�/6�ILOPV�RI�SRO\PHU�WR�LQYHVWLJDWH�

H[WHQW�RI�FRQMXJDWLRQ�LQ�WKLV�WKHVLV� 89�9LV�DEVRUSWLRQ�VWXG\�LQ�WKLV�WKHVLV�ZDV�FDUULHG�

RXW� XVLQJ� /DPEGD� ��� VSHFWURSKRWRPHWHU� RI� 3HUNLQ� (OPHU�� *HUPDQ\���

)LJXUH���� %DVLF�LQVWUXPHQWDWLRQ�RI�89�9LV�VSHFWURPHWHU�

����� )RXULHU�7UDQVIRUP�,QIUDUHG�VSHFWURVFRS\

)RXULHU�7UDQVIRUP�,QIUDUHG�VSHFWURVFRS\��)7�,5��LV�DQ�LPSRUWDQW�WRRO�ZKLFK�LV�XVHG�WR�

DQDO\]H� WKH� FKHPLFDO� FRPSRVLWLRQ� RI� PDQ\� RUJDQLF FRPSRXQGV�� ELRORJLFDO� VDPSOHV��

SRO\PHUV�DQG�LQRUJDQLF�PLQHUDOV��:LGH�UDQJH�RI�VDPSOH�PDWHULDOV�LQ�EXON�RU�WKLQ�ILOPV�

)LJXUH����� �D��$�VLPSOH�VFKHPDWLF�GLDJUDP�RI�WKH�)7�,5�VSHFWURPHWHU��E��3KRWRJUDSK�

RI�)7�,5�VSHFWURPHWHU�
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OLTXLG��VROLG��SRZGHUV���ILEHUV�DQG�RWKHU�IRUPV�FDQ�EH�DQDO\VHG YLD�)7�,5��/LNH�HOHFWURQLF�

WUDQVLWLRQV� LQ�89�9LV�VSHFWURVFRS\��YLEUDWLRQDO� WUDQVLWLRQV� LQ�D�PROHFXOH�DOVR�UHODWH�WR�

GLVFUHWH�HQHUJ\�OHYHOV��WKXV�PROHFXOHV�DEVRUE�,5�UDGLDWLRQ�RQO\�DW�GHILQLWH�ZDYHOHQJWKV�

DQG�IUHTXHQFLHV�>�����@��)LJXUH������VKRZV�WKH�ZRUNLQJ�SULQFLSOH�RI�)7�,5�VSHFWURPHWHU�

DQG�LWV�SKRWRJUDSK���)7�,5�VSHFWUD�IRU�DOO�VDPSOHV�ZHUH�UHFRUGHG�ZLWK�D�7KHUPR������

)7�,5 VSHFWURPHWHU��*HUPDQ\�

������5DPDQ�VSHFWURVFRS\

5DPDQ�VSHFWURVFRS\�LV�D�KLJKO\�YHUVDWLOH� QRQ�GHVWUXFWLYH FKHPLFDO�DQDO\VLV WHFKQLTXH�

WKDW�LV�XVHG�WR�REVHUYH�YLEUDWLRQDO�DQG�URWDWLRQDO�WUDVLWLRQV�DV�ZHOO�DV�VRPH�ORZ�IUHTXHQF\�

PRGHV�RI�D�V\VWHP� 7KLV�WHFKQLTXH�LV�DOVR�NQRZQ�WR�SURYLGH�VWUXFWXUDO�ILQJHUSULQW�RI�D�

PROHFXOH�� ,W� LV� EDVHG� RQ� LQHODVWLF� VFDWWHULQJ �5DPDQ� VFDWWHULQJ� RI� PRQRFKURPDWLF�

UDGLDWLRQ LQWHUDFWLQJ�ZLWK�WKH�VDPSOH��>�����@��,Q�WKLV�ZRUN��0LFUR�5DPDQ�6SHFWURPHWHU�

�5HQLVKDZ��*HUPDQ\��DW������VFDWWHULQJ�JHRPHWU\�DWWDFKHG�ZLWK�DQ�$U� ODVHU��������QP��

��� P:�� ZDV� XVHG� WR� LQYHVWLJDWH� WKH� SRO\PHU� 3,Q� /%�/6� ILOPV� IRU� SRO\PHU� FKDLQV�

RUGHULQJ�� RULHQWDWLRQ� DQG� WR� FRPSDUH� LW� ZLWK� WKH� HOHFWURFKHPLFDOO\� IRUPHG� VWDUWLQJ�

PDWHULDO��3,Q��3KRWRSK\VLFDO�SURSHUWLHV�RI�SRO\PHU�PHWDO�QDQRSDUWLFOH�FRXSOHG�XQLILHG�

V\VWHP� YLD� 6XUIDFH�HQKDQFHG� 5DPDQ� 6SHFWURVFRS\� �6(56�� KDV� EHHQ� REVHUYHG� DQG�

GLVFXVVHG� 5DPDQ�VSHFWUD�RI�/%�/6�ILOPV�KDYH�EHHQ�LQYHVWLJDWHG�RQ�:,7HF��DOSKD������

,QGLD�

������;�UD\�SKRWRHOHFWURQ�VSHFWURVFRS\

;�UD\�SKRWR�HOHFWURQ�VSHFWURVFRS\��;36��RU�HOHFWURQ�VSHFWURVFRS\ IRU�FKHPLFDO�DQDO\VLV�

�(6&$� LV� EDVLFDOO\� WKH� LUUDGLDWLRQ� RI� D� VDPSOH� VXUIDFH�ZLWK�PRQRFKURPDWLF� ;�UD\V�

)LJXUH����� LOOXVWUDWHV WKH�VFKHPDWLF�SUHVHQWDWLRQ�RI�WKH�SK\VLFDO�SURFHVV LQYROYHG�LQ�;36

EDVHG�RQ�WKH�SKRWRHOHFWULF�HIIHFW�



&KDSWHU��

��

)LJXUH����� 3K\VLFDO�SURFHVV�LQYROYHG�LQ�;36�

&RPPRQ�ZD\�RI�VSHFWURVFRSLF�VXUIDFH�PHDVXUHPHQW�FRPSULVH�WKH�LUUDGLDWLRQ�RI�VDPSOH�

ZLWK�D�SULPDU\�EHDP�PDGH�XS�RI�SKRWRQ��HOHFWURQV�DQG�LPSDFW�RI�WKLV�RQ�WKH�VXUIDFH�UHVXOW�

LQ�WKH�IRUPDWLRQ�RI�VHFRQGDU\�EHDP�IURP�WKH�VXEVWUDWH�ZKLFK�LV�PHDVXUHG�GHWHFWHG�E\�WKH�

VSHFWURPHWHU�DV�VKRZQ�LQ�)LJXUH�������;36�VSHFWUXP�WKXV�REWDLQHG�LV�WKH�SORW�RI�LQWHQVLW\�

�FRXQW�VHF��YV��ELQGLQJ�HQHUJ\��H9���:LGH�VFDQ�;36�VSHFWUXP�LV�FDOOHG�VXUYH\�VSHFWUXP�

ZKLFK�JHQHUDOO\ GLVSOD\V VFDQ�IURP���WR������H9�ELQGLQJ�HQHUJ\��,Q�WKH�SUHVHQW�WKHVLV�ZH�

KDYH�XWLOL]HG�;36�VSHFWUXP�IRU�HOHPHQWDO�DQDO\VLV� LGHQWLILFDWLRQ�RI�R[LGDWLRQ�VWDWH�RI�WKH

V\QWKHVL]HG�QDQRPDWHULDOV�DQG�WKHLU�RQ�LQWHUDFWLRQ�ZLWK�SRO\PHU�RQ�6KLPDG]X�$PLFXV�

;36��8.���.UDWRV�DQDO\WLFDO�LQVWUXPHQW��Ȝ0J�.Į ������c�UDGLDWLRQ��

������&\FOLF�YROWDPPHWU\

&\FOLF�YROWDPPHWU\ �&9� LV�WKH�PRVW�H[WHQVLYHO\ XVHG�WHFKQLTXH�IRU�REWDLQLQJ TXDOLWDWLYH�

GHWDLOV DERXW�HOHFWURFKHPLFDO� UHDFWLRQV LQ�D�V\VWHP�� ,W�RIIHUV�D� UDSLG� ORFDWLRQ�RI�UHGR[�

SRWHQWLDOV�RI�WKH�HOHFWUR�DFWLYH�VSHFLHV LQ�WKH�V\VWHP��7KH�H[SHULPHQWDO�VHWXS FRQVLVWV�RI�

DVVHPEO\� RI� WKUHH� HOHFWURGHV� LQ� FHOO� YL]�� ZRUNLQJ�� FRXQWHU� DQG� UHIHUHQFH� HOHFWURGHV��

UHVSHFWLYHO\ FRQQHFWHG�WR�D�SRZHU�VXSSO\ �)LJXUH�������

,Q�&9�PHDVXUHPHQW��PDWHULDOV�FRDWHG�RYHU�FRQGXFWLQJ�VXUIDFH�DUH�QDPHG�DV�ZRUNLQJ



&KDSWHU��

��

)LJXUH����� 6FKHPDWLF�UHSUHVHQWDWLRQ�RI�WKH�H[SHULPHQWDO�VHWXS�RI�&9�

HOHFWURGH�ZKLOH�QREOH�PHWDO�OLNH�SODWLQXP�JROG�LV�XVHG�DV�FRXQWHU�HOHFWURGH�WR FRPSOHWH�

WKH� FLUFXLW�� $J�$J&O� LV� XVHG� DV� UHIHUHQFH� HOHFWURGH� LQ� RUGHU� WR�PHDVXUH� WKH�ZRUNLQJ

HOHFWURGH�SRWHQWLDO��7KH�YROWDJH�LV�VFDQQHG�EHWZHHQ�WZR�VHWV�RI�SRWHQWLDO�DV�ORZHU�OLPLW�

DQG XSSHU�OLPLW��$IWHU�UHDFKLQJ�D�VHW�SRWHQWLDO�GXULQJ�&9�VFDQ�RI�D�V\VWHP��WKH�SRWHQWLDO�

UDPS�RI�ZRUNLQJ�HOHFWURGH�JHWV�LQYHUWHG�WR�JLYH�D�F\FOLF�YROWDPPRJUDP��7KH�VFDQQLQJ�

ZLWK�FRQVWDQW�VFDQ�UDWH�EHWZHHQ�WZR�VHWV�RI�SRWHQWLDO�FDXVHV�DSSHDUDQFH�RI�SHDN�V�ZKLFK�

JLYHV�WKH�OHYHO�RI�HOHFWURQ�ZKHUH�HOHFWURQ�FDQ�HMHFW�RU�LQVHUW��R[LGDWLRQ�RU�UHGXFWLRQ���7KH�

SHDNV�RI�&9�FDQ�EH�XVHG�WR�ORFDWH�WKH�+202 RU�/802��)RUPXOD�XVHG�WR�FDOFXODWH�WKH�

+202�LV�JLYHQ�EHORZ�

(+202 �>�(R[� (����IHUURFHQH�������@�H9� ������

:KHUH�(R[ LV�REWDLQHG�IURP�WKH�SHDN�YDOXH�RI�FXUUHQW�YROWDJH�RI�&9�DQG�(��� �IHUURFHQH� LV�

KDOI�R[LGDWLRQ SRWHQWLDO�RI� IHUURFHQH >��@� &\FOLF�YROWDPPRJUDPV�ZHUH� UHFRUGHG�ZLWK�

$XWRODE��3*�67$7�������7KH�1HWKHUODQGV��*3(6�VRIWZDUH��XVLQJ�D�FRQYHQWLRQDO�WKUHH�

HOHFWURGH� V\VWHP��$X� DQG� 3W HOHFWURGHV�ZHUH� XVHG� DV�ZRUNLQJ� DQG� FRXQWHU� HOHFWURGHV�

UHVSHFWLYHO\�� (OHFWURFKHPLFDO� LPSHGDQFH� VSHFWURVFRS\� �(,6�� ZDV� SHUIRUPHG� DW�

(OHFWURFKHPLFDO�:RUNVWDWLRQ� �&+,����&��86$�� 3ULRU� WR� HOHFWURGH�PRGLILFDWLRQ��GLVF�
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HOHFWURGHV��GLDPHWHU� ����PP��ZHUH�SROLVKHG�ZLWK�DOXPLQD�VOXUU\��SDUWLFOH�VL]H� ����

ȝP��RYHU�SROLVKLQJ�SDG��7KHQ�LW�ZDV�ULQVHG�ZLWK�DFHWRQH�LQ�XOWUDVRQLF�EDWK�IRU�VXUIDFH�

FOHDQLQJ��7KHQ�DIWHU��GLVSHUVLRQ�RI�WKH�VDPSOH��SRO\PHU�RU�LWV�FRPSRVLWH��ZDV�FDVW�RYHU�

WKH�HOHFWURGH�DQG OHIW�IRU�GU\LQJ�DW�URRP�WHPSHUDWXUH�

������7KHUPR�*UDYLPHWULF�$QDO\VLV

7KHUPDO�$QDO\VLV WHFKQLTXHV�VXFK�DV�WKHUPRJUDYLPHWULF�DQDO\VLV��7*$��DQG�GLIIHUHQWLDO�

WKHUPDO�DQDO\VLV��'7$��KHOS�WR GHWHUPLQH UDWH�RI�FKDQJH�LQ�ZHLJKW�PDVV DQG�HQWKDOS\�

�KHDW� IORZ� DV D� IXQFWLRQ�RI� WHPSHUDWXUH� 7KLV�PHDVXUHPHQW� LV� XVHG�SULPDULO\� XVHG� WR�

VWXG\�WKH�SURSHUWLHV RI�PDWHULDOV�ZLWK�FKDQJH�LQ�WHPSHUDWXUH�DQG WKXV�KHOS WR�SUHGLFW�WKHLU�

WKHUPDO�VWDELOLW\ >��@��7KHUPDO�VWDELOLW\�RI�VDPSOHV�ZHUH LQYHVWLJDWHG�E\�7*$�'7$ WKDW�

LV�D�QRWHZRUWK\�ZD\�RI�VWXG\LQJ� WKHLU� WKHUPDO�GHJUDGDWLRQ�EHKDYLRU� 7KHUPDO�DQDO\VLV�

ZDV� FDUULHG� RXW� RQ�0HWWOHU� 7ROHGR� �7*$�'6&� � 67$5(� 6\VWHP�� 6ZLW]HUODQG�� DW� D�

KHDWLQJ UDWH�RI�����&�PLQ�� LQ�WKH LQHUW�DWPRVSKHUH��

����� 6FDQQLQJ�HOHFWURQ�PLFURVFRS\ �6(0�

$�VFDQQLQJ�HOHFWURQ�PLFURVFRSH��6(0���VKRZQ�LQ�)LJXUH�������JLYHV�GHWDLO LQIRUPDWLRQ�

RI�WKH�VXUIDFH�WRSRJUDSK\�DQG�HOHPHQWDO�FRPSRVLWLRQ RI�WKH�VDPSOH��7KH�HOHFWURQ�EHDP�

SRVVHVVLQJ�VLJQLILFDQW�DPRXQW�RI�NLQHWLF�HQHUJ\�LQWHUDFWV�ZLWK�WKH�VDPSOH�WKDW�SURGXFHV�

YDULRXV� VLJQDOV� GHSHQGLQJ� RQ� WKH� SHQHWUDWLRQ� GHSWK� RI� WKH� HOHFWURQ� EHDP >��@� 7LPH�

GHSHQGHQW� JURZWK� DQG�PRUSKRORJ\�RI� V\QWKHVL]HG� SRO\PHUV�ZHUH� VWXGLHG� XVLQJ�6(0�

LQVWUXPHQW�RI�&DUO�=HLVV��6XSUD�����*HUPDQ\��RSHUDWLQJ�YROWDJH������N9���7KH�VWUXFWXUDO�

LQIRUPDWLRQ�RI�WKH�SRO\PHU�/%�/6�ILOPV�ZHUH�REWDLQHG�XVLQJ�+LJK�UHVROXWLRQ�6(0 �1RYD�

1DQRVHP�����)(,��1HWKHUODQGV��

������7UDQVPLVVLRQ�HOHFWURQ�PLFURVFRS\��7(0�

3KRWRJUDSK�VKRZQ�LQ�)LJXUH������LV�D�KLJK�UHVROXWLRQ�WUDQVPLVVLRQ�HOHFWURQ�PLFURVFRSH
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)LJXUH����� 3KRWRJUDSK�RI�RXU�6(0�DQG�+5�6(0�

)LJXUH����� �D��3KRWRJUDSK�RI�7(0��E��/D\RXW�RI�RSWLFDO�FRPSRQHQW�RI�7(0�

LQVWUXPHQW�

�+5�7(0� LQVWUXPHQW� RI� PRGHO� )(,�� 7(&+1$,� *� ��� 7:,1� �&]HFK� 5HSXEOLF��

RSHUDWLQJ�DW�DQ DFFHOHUDWLQJ�YROWDJH�RI�����N9��,W�LV�HTXLSSHG�ZLWK�7($0�('6�6<67(0�

ZLWK� 2FWDQH� 3OXV� 6''� GHWHFWRU� IRU� HQHUJ\� GLVSHUVLYH� VSHFWURVFRS\� �('6��� ,PDJH�

DFTXLUHPHQW� DQG� SURFHVVLQJ� ZHUH� SHUIRUPHG� XVLQJ� WKH� *DWDQ� 'LJLWDO� 0LFURJUDSK�

VRIWZDUH� 7(0� RIIHUV QDQRPDWHULDOV� LPDJLQJ JLYLQJ� GHWDLOHG� LQIRUPDWLRQ� DERXW� WKHLU�

FU\VWDOOLQH�VWUXFWXUH�LQ�VHOHFWHG�DUHD�HOHFWURQ�GLIIUDFWLRQ��6$('� SDWWHUQ�DQG�HOHPHQWDO�

FRPSRVLWLRQ� $V�VKRZQ�LQ�VFKHPDWLF�UHSUHVHQWDWLRQ�LQ�)LJXUH�������7(0 ZRUNV�OLNH�D�

OLJKW�PLFURVFRSH�ZLWK�JODVV�OHQVHV�UHSODFHG�E\ PDJQHWLF�FRLOV�DQG�WKH�LOOXPLQDWLQJ�VRXUFH�
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EHLQJ�WKH�HOHFWURQ�EHDP >��@��,Q�WKLV�WKHVLV��WKLV�WHFKQLTXH�KDV�EHHQ�H[WHQVLYHO\�XVHG�IRU�

LQYHVWLJDWLQJ�0R6� QDQRVKHHW�DQG�$J13V�IRUPDWLRQ�DQG�ODUJH�DUHD�XQLIRUP�GLVWULEXWLRQ�

LQ�SRO\PHU�PDWULFHV��$SDUW�IURP�WKLV��/%�/6�SULVWLQH�SRO\PHU�ILOPV�OLIWHG�DW�RSWLPXP�

VXUIDFH�SUHVVXUH�RQ�7(0�JULG�LQIRUPV�XV�DERXW�WKH�HQKDQFHG�FU\VWDOOLQLW\��ʌ�ʌ�VWDFNLQJ�

GLVWDQFH��

�������$WRPLF�)RUFH 0LFURVFRS\

$WRPLF� IRUFH� PLFURVFRS\� �$)0�� SURYLGHV� VXUIDFH� VWUXFWXUH� ��'�� DQG� SKDVH� FRQWUDVW�

LPDJH� DQDO\VLV� PLFURJUDSK� RI� SRO\PHU� ILOPV� RU� YDULRXV� PDWHULDOV VXFK� DV� PHWDOV��

FHUDPLFV��VHPLFRQGXFWRUV��DQG�ELRORJLFDO�VDPSOHV� ,W�LV�D�YHUVDWLOH�WHFKQLTXH�WKDW�GRQRW�

UHTXLUHV� YDFXXP� FRQGLWLRQ� DQG� SUHVHQWV� WKH� LQWHUDFWLRQ� RI� SUREH� �$)0� WLS�� ZLWK� WKH�

VDPSOH�VXUIDFH� 6XUIDFH�VWXG\�RI�DOO�VDPSOHV�LQ�WKLV�WKHVLV�ZHUH�GRQH�RQ�VFDQQLQJ�SUREH�

PLFURVFRSH� �630�� �PRGHO�� 17(*5$� 3ULPD�� 17�0'7� 6HUYLFHV� 	� /RJLVWLFV� /WG����

)LJXUH����� GLVSOD\V�D�VLPSOH�VFKHPDWLF�GLDJUDP RI�D�W\SLFDO�$)0��

)LJXUH����� $�VLPSOH�VFKHPDWLF�GLDJUDP�RI�WKH�$)0�

�������;�UD\�GLIIUDFWLRQ�

;�UD\� GLIIUDFWLRQ� �;5'�� SDWWHUQ� LV� D� SULPDU\� WHFKQLTXH XVHG� LQ� WKH� SUHVHQW� ZRUN WR�

GHWHUPLQH�WKH�GHJUHH�RI�FU\VWDOOLQLW\�LQ�VDPSOHV�VXFK�DV�QDQRPDWHULDOV��SRO\PHU�DQG�LWV�

FRPSRVLWHV�RQ�D�;5'�0LQLIOH[�����GLIIUDFWRPHWHU�HTXLSSHG�ZLWK &X.Į��ƫ.Į  ��������
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c��UDGLDWLRQ�DW�D�VFDQ�UDWH�RI����PLQ� ,W�KHOSV� LQ�GHWHUPLQLQJ�WKH�FU\VWDOOLWH�VL]H�LQ� WKH�

SRO\PHUV�

����'HYLFH�IDEULFDWLRQ

7KH�GHYLFH� LV� IDEULFDWHG� LQ�6DQGZLFK�VWUXFWXUH� ,72�3RO\PHU /%��RU�/6��$O �6FKRWWN\�

GLRGH��DQG�SURFHVV�FRQVLVWV�RI�IROORZLQJ�VWHSV�

������6XEVWUDWH�FOHDQLQJ

,72�LV XVHG�DV�VXEVWUDWH�IRU�GHYLFH�IDEULFDWLRQ��7KH�VXEVWUDWH�ZHUH�FOHDQHG�XVLQJ�',�ZDWHU��

DFHWRQH��FKORURIRUP�IRU����PLQ HDFK�XVLQJ�XOWUDVRQLF�EDWK��7KH�FOHDQHG�VXEVWUDWHV ZHUH�

IRU����PLQ LQ�YDFXXP�RYHQ�DW�����&�

������7KLQ�ILOP�GHSRVLWLRQ

7ZR�WHFKQLTXHV�KDYH�EHHQ�XVHG�IRU�GHSRVLWLRQV�RI�SRO\PHU�ILOPV�RYHU�VXEVWUDWH��/%�DQG�

/6�WHFKQLTXH��7KH�GHWDLOV�DERXW�WKHVH�WHFKQLTXHV�KDYH�GLVFXVVHG�LQ�VHFWLRQ�������	�������

������(OHFWURGH�GHSRVLWLRQ

9DFXXP� WKHUPDO� HYDSRUDWLRQV WHFKQLTXHV� KDYH� EHHQ� XVHG� LQ� SUHVHQW� VWXG\� WR� GHSRVLW�

PHWDO�HOHFWURGH�WKLQ�ILOPV��,Q�WKLV SURFHVV��PDWHULDOV�DUH�YDSRUL]HG�DW�ORZ�SUHVVXUH�DSSUR[��

���� WRUU E\�KHDWLQJ�WKH�ILODPHQW DFFRUGLQJ�WR�PDWHULDO�WR�EH�HYDSRUDWHG �)LJXUH��������$Q�

HOHFWULF� YDULDF� LV� XVHG� WR� PRQLWRU� WKH� WHPSHUDWXUH RI� WKH� ILODPHQW� E\� FRQWUROOLQJ� WKH�

FXUUHQW��7KHUH�DUH�VHYHUDO�SDUDPHWHU�ZKLFK�FDQ�EH�YDULHG GXULQJ�WKH�GHSRVLWLRQ�RI�ILOP�

VXFK�DV�GHSRVLWLRQV�UDWH��ILOP�WKLFNQHVV��VXEVWUDWH�WHPSHUDWXUH DQG�GHSRVLWLRQ�DQJOH�HWF�

7KH� GLIIXVLRQ� SXPS� EDFNHG� E\� URWDU\� SXPS� ZDV� XVHG� WR� FUHDWH� YDFXXP� LQVLGH� WKH�

FKDPEHU� 7KH�WKLFNQHVV�RI�ILOP�LV�FRQWUROOHG�E\�XVLQJ�WKH�TXDUW]�FU\VWDO�PLFUR�EDODQFH��

7KHVH�SURFHVVHV RIIHU�D�YHU\�FOHDQ�PHWKRG�RI�GHSRVLWLRQV�RI�PHWDO� ILOP�DV�HOHFWURGHV�

&LUFXODU�VKDGRZ�PDVNLQJ�RI�$O�GRWV��HOHFWURGH��RI�GLDPHWHU���PP�DQG�WKLFNQHVV�RI����

QP� PRQLWRUHG� YLD� GLJLWDO� WKLFNQHVV� PRQLWRU� �'70�� ZDV� DFKLHYHG� RQ� SRO\PHU� DQG�
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QDQRFRPSRVLWH�/%�/6� ILOPV�YLD� WKHUPDO�GHSRVLWLRQ� WHFKQLTXH� �+LQG�+LJK�9DF�� ,QGLD��

PRGHO����$�'��PDLQWDLQLQJ�SUHVVXUH�DW��[���� PEDU�

)LJXUH����� 6FKHPDWLF�GLDJUDP RI�7KHUPDO�(YDSRUDWLQJ�YDFXXP V\VWHP�

������'HYLFH�FKDUDFWHUL]DWLRQ

)LJXUH� ���� VKRZV� WKH� VFKHPDWLF� GLDJUDP� RI� ,72�VHPLFRQGXFWRU� /% �RU� /6� ILOP�$O�

VDQGZLFKHG�VWUXFWXUH IRU�GHYLFH�IRUPDWLRQ��7KH PHDVXUHPHQW�RI�WKH�GHYLFHV�SUHSDUHG LV�

SHUIRUPHG LQ�WZR�SUREH�PHDVXUHPHQW�XVLQJ�VRXUFH�PHWHU�.HLWKOH\��PRGHO�����$�� 7KLV

VRXUFHPHWHU XQLW��LQWHUIDFHG�ZLWK�FRPSXWHU��ZDV�XVHG�WR�PHDVXUH�WKH�FXUUHQW��,�� YROWDJH�

�9�� UHODWLRQVKLS�� E\ YDU\LQJ� VPDOO� VWHS� RI� YROWDJH� UDQJH� ZKLOH� UHFRUGLQJ� WKH� FXUUHQW�

GHQVLW\�WKURXJK�GHYLFH��$ YROWDJH��9��LV�DSSOLHG�EHWZHHQ�WKH�HOHFWURGHV�XVLQJ�YROWPHWHU�

DQG�FRUUHVSRQGLQJ�FXUUHQW��-��LV PHDVXUHG�XVLQJ�DPPHWHU��$OO� WKH�PHDVXUHPHQWV�KDYH�

EHHQ� UHFRUGHG�ZLWK�FXUUHQW�PHDVXUHPHQW� UDQJH� IURP����� $� WR������ $�DQG PD[LPXP�

YROWDJH�XSWR���� 9 DW GDUN�FRQGLWLRQ�LQ�DPELHQW�
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)LJXUH����� �D��6FKHPDWLF�GLDJUDP�RI�,72�6HPLFRQGXFWRU�/%��RU�/6� ILOP�$O�

VDQGZLFKHG�VWUXFWXUH��DQG��E��3KRWRJUDSK�RI�VRXUFHPHWHU�


