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2UJDQLF�&KHPLVWU\��,QYLWHG�/HFWXUH 2&����

5LQJ�([SDQVLRQ�$SSURDFKHV�IRU�WKH�6\QWKHVLV�RI�)XQFWLRQDOLVHG�0DFURF\FOHV

:��3��8QVZRUWK�

�8QLYHUVLW\�RI�<RUN��<RUN��<2����''��8.���H�PDLO��ZLOOLDP�XQVZRUWK#\RUN�DF�XN

7KLV WDON FRQFHUQV WKH GHYHORSPHQW RI WZR ULQJ HQODUJHPHQW QHZ ZD\ WR FRQVWUXFW IXQFWLRQDOLVHG
PDFURF\FOHV ���� PHPEHUHG ULQJV� DQG PHGLXP�VL]HG ULQJV ��૱���PHPEHUHG�� 7KHVH ULQJ
V\VWHPV DUH XVXDOO\ GLIILFXOW WR PDNH� ZLWK RQH RI WKH NH\ FKDOOHQJHV EHLQJ WKH HIIHFWLYH FRQWURO RI
LQWUD� DQG LQWHUPROHFXODU UHDFWLRQ GXULQJ HQG�WR�HQG F\FOLVDWLRQ�>���@ %RWK DSSURDFKHV , ZLOO GLVFXVV
LQ WKLV WDON DUH EDVHG RQ VWUDWHJLHV E\ ZKLFK WKH GLIILFXOW HQG�WR�HQG F\FOLVDWLRQ VWHS FDQ EH
FRPSOHWHO\ DYRLGHG� )LUVW� , ZLOO GHVFULEH DQ LWHUDWLYH ULQJ HQODUJHPHQW DSSURDFK NQRZQ DV
૶6XFFHVVLYH 5LQJ ([SDQVLRQ૷ �6X5(��>���@ 6X5( ZRUNV EH HQDEOLQJ WKH FRQWUROOHG LQVHUWLRQ RI DPLQR
DFLG DQG K\GUR[\ DFLG IUDJPHQWV LQWR ULQJ HQODUJHG SURGXFWV YLD D WHOHVFRSHG
DF\ODWLRQ�UHDUUDQJHPHQW UHDFWLRQ VHTXHQFH� %DFNJURXQG� PHWKRGV GHYHORSPHQW� VXEVWUDWH
VFRSH�OLPLWDWLRQV� WKH V\QWKHVLV RI FRPSRXQG OLEUDULHV IRU ELRORJLFDO HYDOXDWLRQ>�@ DQG ')7
FDOFXODWLRQV>�@ ZLOO DOO EH FRYHUHG� 6HFRQG� D QHZ ULQJ H[SDQVLRQ FDVFDGH VWUDWHJ\>���@ ZLOO EH
LQWURGXFHG� WKDW HQDEOHV WKH DWURSRVHOHFWLYH V\QWKHVLV RI PHGLXP VL]HG ULQJV GLUHFWO\ IURP OLQHDU
SUHFXUVRUV�>��@

���
>�@��5LQJ�(QODUJHPHQW�LQ�2UJDQLF�&KHPLVWU\��0��+HVVH��������9&+
>�@��:��3��8QVZRUWK��-��5��'RQDOG��&KHP��(XU��-����������������૱�����
>�@ &� .LWVLRX� -� -� +LQGHV� 3� ,૷$QVRQ� 3� -DFNVRQ� 7� &� :LOVRQ� (� .� 'DO\� +� 5� )HOVWHDG� 3�
+HDUQVKDZ��:��3��8QVZRUWK��$QJHZ��&KHP��,QW��(G�����������������૱������
>�@ /� *� %DXG� 0� $� 0DQQLQJ� +� /� $UNOHVV� 7� &� 6WHSKHQV� :� 3� 8QVZRUWK� &KHP� (XU� -� �����
��������૱�����
>�@ 7� &� 6WHSKHQV� 0� /RGL� $� 6WHHU� <� /LQ� 0� *LOO� :� 3� 8QVZRUWK� &KHP� (XU� -� ����� ���
�����૱������
>�@��7��&��6WHSKHQV��$��/DZHU��7��)UHQFK��:��3��8QVZRUWK��&KHP��(XU��-�����������������૱������
>�@ $� /DZHU� 5� *� (SWRQ� 7� &� 6WHSKHQV� .� <� 3DODWH� 0� /RGL� (� 0DURWWH� .� -� /DPE� -� .� 6DQJKD�
-��/\QDP��:��3��8QVZRUWK��&KHP��(XU��-��������GRL����������FKHP�����������
>�@��7��&��6WHSKHQV��:��3��8QVZRUWK��6\QOHWW��������������૱����
>�@��$��.��&ODUNH��:��3��8QVZRUWK��&KHP��6FL�����������������૱�����
>��@ $� /DZHU� -� $� 5RVVL�$VKWRQ� 7� &� 6WHSKHQV� %� -� &KDOOLV� 5� *� (SWRQ� -� 0 /\QDP� :� 3�
8QVZRUWK��$QJHZ��&KHP���,QW��(G�����������������૱������
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2UJDQLF�&KHPLVWU\��6KRUW�WDON 2&����

,ULGLXP�FDWDO\]HG�DFLG�DVVLVWHG�DV\PPHWULF�K\GURJHQDWLRQ�RI�R[LPHV�WR�K\GUR[\ODPLQHV

-��0DV�5RVHOOµ���7��6PHMNDO���1��&UDPHU�


�(3)/�/DXVDQQH��6ZLW]HUODQG���6\QJHQWD�&URS�3URWHFWLRQ�$*��6WHLQ��6ZLW]HUODQG

$V\PPHWULF K\GURJHQDWLRQ ZLWK KRPRJHQHRXV WUDQVLWLRQ PHWDO�FDWDO\VWV LV RQH RI WKH
PRVW HIILFLHQW PHWKRGV IRU WKH V\QWKHVLV RI FKLUDO EXLOGLQJ EORFNV DW LQGXVWULDO VFDOH�>�@ 7KH VHOHFWLYH
UHGXFWLRQ RI DQ R[LPH WR WKH FRUUHVSRQGLQJ FKLUDO K\GUR[\ODPLQH GHULYDWLYH UHPDLQV HOXVLYH� 7KHVH
VXEVWUDWHV DUH RIWHQ LQHUW� DQG ZKHQ UHDFWLYLW\ LV REVHUYHG� XQGHVLUHG UHGXFWLYH FOHDYDJH RI WKH
ODELOH 1૰2 ERQG OHDGV WR SULPDU\ DPLQHV�>�@ &XUUHQW ELRDFWLYH 1૰2 FRPSRXQGV �H�J� $GHSLG\Q�
=LOHXWRQ� DUH PDUNHWHG DV UDFHPDWHV� $ SUDFWLFDO DV\PPHWULF V\QWKHVLV ZRXOG IDFLOLWDWH
LQFRUSRUDWLRQ�RI�FKLUDO��'�K\GUR[\ODPLQH�VFDIIROGV�DV�GHVLJQ�HOHPHQWV�LQ�GUXJ�GLVFRYHU\�

:H GHYHORSHG D UREXVW F\FORPHWDODWHG LULGLXP�,,,� FRPSOH[ EHDULQJ D FKLUDO F\FORSHQWDGLHQ\O
OLJDQG �&S;� DV DQ HIILFLHQW FDWDO\VW IRU R[LPH K\GURJHQDWLRQ XQGHU KLJKO\ DFLGLF FRQGLWLRQV�>�@ 7KH
UHDFWLRQ LV IXOO\ FKHPRVHOHFWLYH WRZDUGV UHGXFWLRQ RI WKH & 1 ERQG� VKRZLQJ QR FOHDYDJH RI WKH
1૰2 ERQG� 9DOXDEOH 1�DONR[\ DPLQHV FDQ EH DFFHVVHG DW URRP WHPSHUDWXUH LQ FDWDO\VW WXUQRYHU
QXPEHUV XS WR ���� DQG HQDQWLRPHULF UDWLRV XS WR ����� 7KHVH ILQGLQJV PD\ LQVSLUH IXWXUH PHWDO�
FDWDO\]HG�HQDQWLRVHOHFWLYH�K\GURJHQDWLRQV�RI�FKDOOHQJLQJ�VXEVWUDWHV�

>�@ 'DYLG -� $JHU� $QGU« +� 0� GH 9ULHV� -RKDQQHV *� GH 9ULHV� &KHP� 6RF� 5HY�� ����� ���
����������
>�@ $QQD 0� 0DM� ,VDEHOOH 6XLVVH� )UDQFLQH $JERVVRX�1LHGHUFRUQ� 7HWUDKHGURQ� $V\PPHWU\� �����
������������
>�@�-RVHS�0DV�5RVHOOµ��7RPDV�6PHMNDO��1LFRODL�&UDPHU��6FLHQFH��LQ�SUHVV�
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2UJDQLF�&KHPLVWU\��6KRUW�WDON 2&����

)OXRUHVFHQW�3UREHV�WR�,PDJH�3K\VLFDO�)RUFHV�LQ�/LYLQJ�&HOOV

.��6WUDNRYD�����-��/µSH]�$QGDULDV�����*��/LFDUL���$��&RORP�����1��-LPHʲQH]�5RMR�����(��7DMNKRUVKLG���$�
5RX[�����+��5LH]PDQ�����1��6DNDL���6��0DWLOH���


�'HSDUWPHQW�RI�2UJDQLF�&KHPLVWU\��8QLYHUVLW\�RI�*HQHYD��6ZLW]HUODQG���&HQWHU�IRU�%LRSK\VLFV�DQG
4XDQWLWDWLYH�%LRORJ\��8QLYHUVLW\�RI�,OOLQRLV�DW�8UEDQD�&KDPSDLJQ��86$���%LRFKHPLVWU\�'HSDUWPHQW�
8QLYHUVLW\�RI�*HQHYD��6ZLW]HUODQG���1DWLRQDO�&HQWUH�RI�&RPSHWHQFH�LQ�5HVHDUFK��1&&5��&KHPLFDO

%LRORJ\

$LPLQJ WR SURYLGH EHWWHU XQGHUVWDQGLQJ RI IRUFHV UXOLQJ LQ ELRORJLFDO PHPEUDQHV�
PHFKDQRVHQVLWLYH ૺIOLSSHUૻ SUREHV KDYH EHHQ GHYHORSHG� 7KHVH IOXRUHVFHQW SXVK�SXOO GLPHUV
UHVSRQG WR YDU\LQJ IRUFHV LQ PHPEUDQHV E\ D FRPELQHG HIIHFW RI JURXQG VWDWH SODQDUL]DWLRQ DQG
SRODUL]DWLRQ� WKXV JLYLQJ D GLUHFW IOXRUHVFHQW UHDGRXW RI FKDQJHV LQ WHQVLRQ DQG OLSLG RUGHU RI WKH
VXUURXQGLQJ�PHPEUDQH�>���@�

,Q SDVW IHZ \HDUV� RXU DWWHQWLRQ KDV EHHQ IRFXVHG PDLQO\ RQ D� LPSURYLQJ WKH VSHFWURVFRSLF DQG
PHFKDQLFDO SURSHUWLHV RI WKH G\H DQG E� DWWDFKLQJ WDUJHWLQJ JURXSV WR VSHFLILFDOO\ UHDFK GHVLUHG
FHOOXODU VLWHV� %\ WDLORULQJ RXU IOLSSHUV DOPRVW DWRP E\ DWRP� ZH KDYH JDLQHG LQVLJKW RQ WKH
UHODWLRQVKLS EHWZHHQ WZLVW�SXVK�SXOO VWUHQJWK DQG PHFKDQRVHQVLWLYLW\ >���@� 0RUH LPSRUWDQWO\ IRU
ELRORJ\� E\ DWWDFKLQJ FODVVLFDO WDUJHWLQJ PRWLIV >�@� RU H[SORLWLQJ SURWHLQ WDJ VWUDWHJLHV >�@� ZH KDYH
EHHQ DEOH WR VSHFLILFDOO\ VWDLQ PHPEUDQHV RI YDULRXV FHOOXODU RUJDQHOOHV DQG UHSRUW VXFFHVVIXOO\ RQ
WKHLU�OLSLG�RUGHU�DQG�PHPEUDQH�WHQVLRQ�FKDQJHV�LQGXFHG�E\�GLIIHUHQW�PHDQV�

>�@ .� 6WUDNRYD� /� $VVLHV� $� *RXMRQ� )� 3LD]]ROOD� +� +XPHQLXN� 6� 0DWLOH� &KHP� 5HY� ����� ����
�����૱������
>�@�*��/LFDUL��.��6WUDNRYD��6��0DWLOH��(��7DMNKRUVKLG��&KHP��6FL��������LQ�SUHVV�
>�@�.��6WUDNRYD��$��3REODGRU�%DKDPRQGH��1��6DNDL��6��0DWLOH��&KHP��(XU��-�����������������૱������
>�@�0��0DFFKLRQH��1��&KXDUG��1��6DNDL��6��0DWLOH��&KHP3OXV&KHP����������������૱�����
>�@ $� *RXMRQ� $� &RORP� .� 6WUDNRYD� 9� 0HUFLHU� '� 0DKHFLF� 6� 0DQOH\� 1� 6DNDL� $� 5RX[� 6� 0DWLOH�
�$P��&KHP��6RF�����������������૱�����
>�@ .� 6WUDNRYD� -� /RʲSH]�$QGDULDV� 1� -LPHʲQH]�5RMR� -� &KDPEHUV� 6� -� 0DUFLQLDN� +� 5LH]PDQ� 1�
6DNDL��6��0DWLOH��VXEPLWWHG�
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$VVHVVPHQW�RI�WKH�6\QWKHWLF�)HDVLELOLW\�RI�*HQHUDWHG�&KHPLFDO�6SDFH�E\�&RPSXWHU
$VVLVWHG�6\QWKHVLV�3ODQQLQJ

$��7KDNNDU���9��&KDGLPRYD���(��-��%MHUUXP���2��(QJNYLVW���-��/��5H\PRQG�


�'HSDUWPHQW�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\��)UHLHVWUDVVH���������%HUQ���+LW�'LVFRYHU\��'LVFRYHU\
6FLHQFHV��5	'��$VWUD=HQHFD��*RWKHQEXUJ��6ZHGHQ

&RPSXWHU DVVLVWHG V\QWKHVLV SODQQLQJ KDV JDLQHG FRQVLGHUDEOH LQWHUHVW LQ UHFHQW \HDUV RZLQJ WR
WKH UHVXUJHQFH RI DUWLILFLDO LQWHOOLJHQFH �$,�� DQG WKH SURVSHFW RI DFFHOHUDWLQJ WKH GLVFRYHU\ DQG
V\QWKHVLV RI QHZ FKHPLFDO HQWLWLHV�>�@ 2XU SUHYLRXV ZRUN KLJKOLJKWV WKH LPSOHPHQWDWLRQ RI D
UHWURV\QWKHWLF SUHGLFWLRQ WRRO WUDLQHG RQ WKH ODUJHVW FROOHFWLRQ RI GDWDVHWV WR GDWH� DQG
GHPRQVWUDWHV LWV DSSOLFDELOLW\ WR D VHW RI FRPSRXQGV REWDLQHG IURP YLUWXDO OLEUDULHV�>�@ $GGLWLRQDOO\�
ZH KDYH IXUWKHU DXJPHQWHG RXU &$63 WRRO ZLWK D PRGHO FDOOHG ૶5LQJ %UHDNHU૷ WR DVVHVV V\QWKHWLF
GLVFRQQHFWLRQV IRU FRPSOH[ ULQJ V\VWHPV�>�@ 7KLV PRGHO LV WUDLQHG VSHFLILFDOO\ IRU ULQJ IRUPLQJ
UHDFWLRQV DQG LV XVHG WR DXJPHQW WKH VHDUFK IRU V\QWKHWLF SDWKZD\V E\ LGHQWLI\LQJ URXWHV WKDW
XWLOLVH ULQJ IRUPDWLRQV� 7R PD[LPLVH WKH QXPEHU RI V\QWKHWLF RSWLRQV GXULQJ WKH VHDUFK IRU
V\QWKHWLF SDWKZD\V� ZH IXUWKHU DXJPHQW WKH PRGHO ZLWK DQ DSSOLFDELOLW\ ILOWHU� ZKLFK LQIRUPV WKH
PRGHO�ZKLFK�UHDFWLRQV�DUH�DSSOLFDEOH�LQ�VLOLFR���

,Q WKLV VWXG\� ZH EXLOG XSRQ RXU SUHYLRXV ZRUN LQ FRPSXWHU DLGHG V\QWKHVLV SODQQLQJ �&$63� E\
WDFNOLQJ WKH SUREOHP RI V\QWKHWLF DFFHVVLELOLW\�>�� �@ 7KH LPSURYHPHQWV WR RXU EDVHOLQH
UHWURV\QWKHWLF WRRO DOORZ IRU D EHWWHU HVWLPDWLRQ RI WKH V\QWKHWLF IHDVLELOLW\ RI D GLYHUVH VHW RI
FRPSRXQGV REWDLQHG IURP &K(0%/� *'%&K(0%/� *'%0HG&KHP DQG 'UXJEDQN� DV GHWHUPLQHG E\
UXQQLQJ IXOO UHWURV\QWKHWLF SUHGLFWLRQV� 7KH RXWFRPHV RI WKH UHWURV\QWKHWLF SUHGLFWLRQV DUH XVHG DV
DQ HVWLPDWH IRU V\QWKHWLF IHDVLELOLW\ DQG DUH XVHG WR WUDLQ D YDULHW\ RI PDFKLQH�GHHS OHDUQLQJ
PRGHOV WKDW FDQ EH XVHG DV D VXUURJDWH WR WKH SUHGLFWLRQ RI IXOO V\QWKHWLF URXWHV� 7KH UHVXOWLQJ
VXUURJDWH PRGHO FDQ EH XVHG WR VFRUH WKH V\QWKHWLF DFFHVVLELOLW\ RI D GLYHUVH VHW RI JHQHUDWHG
FRPSRXQGV IURP YLUWXDO OLEUDULHV RU XVHG LQ WKH JHQHUDWLRQ SURFHVV WR PD[LPLVH WKH V\QWKHWLF
IHDVLELOLW\�RI�FRPSRXQGV�

>�@ -HQVHQ� .� )�� &ROH\� &� :�� (\NH� 1� 6�� $XWRQRPRXV GLVFRYHU\ LQ WKH FKHPLFDO VFLHQFHV SDUW ,�
3URJUHVV��$QJHZDQGWH�&KHPLH�,QWHUQDWLRQDO�(GLWLRQ������
>�@ 7KDNNDU� $�� .RJHM� 7�� 5H\PRQG� -��/�� (QJNYLVW� 2�� %MHUUXP� (� -�� 'DWDVHWV DQG WKHLU
LQIOXHQFH RQ WKH GHYHORSPHQW RI FRPSXWHU DVVLVWHG V\QWKHVLV SODQQLQJ WRROV LQ WKH SKDUPDFHXWLFDO
GRPDLQ��&KHPLFDO�6FLHQFH�����������������������
>�@ 7KDNNDU� $�� 6HOPL� 1�� 5H\PRQG� -��/�� (QJNYLVW� 2�� %MHUUXP� (� -�� ૶5LQJ %UHDNHU૷� 1HXUDO
1HWZRUN�'ULYHQ�6\QWKHVLV�3UHGLFWLRQ�RI�WKH�5LQJ�6\VWHP�&KHPLFDO�6SDFH��&KHP5[LY������
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6\QWKHVLV�RI�7HWUDDU\OHWKHQH�/XPLQRJHQV�E\�&�+�9LQ\ODWLRQ�RI�$UHQHV

$��$��6XOH\PDQRY���.��6HYHULQ�


�(FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH

&RPSRXQGV VKRZLQJ DJJUHJDWLRQ�LQGXFHG HPLVVLRQ �$,(� SURSHUWLHV KDYH IRXQG QXPHURXV
DSSOLFDWLRQV LQ DQDO\WLFDO FKHPLVWU\� LPDJLQJ� PDWHULDOV VFLHQFHV� DQG ELRORJ\� 7HWUDDU\OHWKHQHV
DUH SDUWLFXODUO\ SRSXODU LQ WKLV FRQWH[W� 'XULQJ RXU LQYHVWLJDWLRQV RI WKH FKHPLVWU\ RI YLQ\O
WULD]HQHV�>���@ ZH KDYH GHYHORSHG D QRYHO URXWH WRZDUGV WHWUDDU\OHWKHQH $,( HPLWWHUV YLD PHWDO�
IUHH &�+ WULDU\OYLQ\ODWLRQ RI DURPDWLF FRPSRXQGV ZLWK YLQ\O WULD]HQHV�>�@ 7KH VFRSH RI WKH FRXSOLQJ
UHDFWLRQ LQFOXGHV VLPSOH XQDFWLYDWHG DUHQHV� IXQFWLRQDO DUHQHV� KHWHURDUHQHV DQG DURPDWLF
SRO\PHUV� :LWKLQ WKH FRXUVH RI WKLV VWXG\� ZH KDYH DFFLGHQWDOO\ IRXQG D QHZ FODVV RI VROLG VWDWH
HPLWWHUV EDVHG RQ ̩��WULD]ROLQHV�>�@ 7KHVH PROHFXOHV GLVSOD\ HOHFWURIOXRURFKURPLVP� LW LV SRVVLEOH
WR�FRQYHUW�WKHP�UHYHUVLEO\�LQWR�VWDEOH�QRQ�IOXRUHVFHQW�UDGLFDO�FDWLRQV�

>�@ '� .RVVOHU� )� 3HUULQ� $� $� 6XOH\PDQRY� *� .LHIHU� 5� 6FRSHOOLWL� .� 6HYHULQ� 1� &UDPHU� $QJHZ�
&KHP��,QW��(G������������������
>�@�$��$��6XOH\PDQRY��5��6FRSHOOLWL��)��)DGDHL�7LUDQL��.��6HYHULQ��2UJ��/HWW�����������������
>�@�$��$��6XOH\PDQRY��5��6FRSHOOLWL��)��)DGDHL�7LUDQL��.��6HYHULQ��$GY��6\QWK��&DWDO������������������
>�@ $� $� 6XOH\PDQRY� (� /H 'X� =� 'RQJ� %� 0XULHO� 5� 6FRSHOOLWL� )� )DGDHL�7LUDQL� -� :DVHU� .�
6HYHULQ��2UJ��/HWW����������������DFV�RUJOHWW��F������
>�@ $� $� 6XOH\PDQRY� 0� 'ROO� $� 5XJJL� 5� 6FRSHOOLWL� )� )DGDHL�7LUDQL� .� 6HYHULQ� $QJHZ� &KHP� ,QW�
(G����������������DQLH�����������
>�@ $� $� 6XOH\PDQRY� $� 5XJJL� 2� 0� 3ODQHV� $��6� &KDXYLQ� 5� 6FRSHOOLWL� )� )DGDHL�7LUDQL� $�
6LHQNLHZLF]��$��)DEUL]LR��&��&RUPLQERHXI��.��6HYHULQ��&KHP��(XU��-�����������������

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


2UJDQLF�&KHPLVWU\��6KRUW�WDON 2&����

'LYHUJHQW�7RWDO�6\QWKHVLV�RI��૰��HSLFRFFLQ�*�DQG��૰��URVWUDWLQ�$�(QDEOHG�E\�'RXEOH
&�VS��૰+�$FWLYDWLRQ

3��7KHVPDU���2��%DXGRLQ�


�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�%DVHO��6ZLW]HUODQG

'LWKLRGLNHWRSLSHUD]LQH �'73� QDWXUDO SURGXFWV FRPSULVH D ODUJH QXPEHU RI PHWDEROLWHV� ZKLFK
GLVSOD\ D ZLGH UDQJH RI ELRORJLFDO DFWLYLWLHV LQFOXGLQJ DQWLYLUDO� DQWLEDFWHULDO� DQWLDOOHUJLF�
DQWLPDODULDO DQG F\WRWR[LF SURSHUWLHV�>�@ '73V� FKDUDFWHUL]HG E\ VXOIXU DWRPV RQ D IXVHG
GLNHWRSLSHUD]LQH �'.3� VWUXFWXUH� KDYH JDLQHG VLJQLILFDQW LQWHUHVW IURP WKH V\QWKHWLF FRPPXQLW\�
GXH WR WKHLU XQLTXH VWUXFWXUDO DQG ELRORJLFDO SURSHUWLHV� ,Q SDUWLFXODU� WKH JURXSV RI 1LFRODRX�
5HLVPDQ DQG 7RNX\DPD KDYH UHSRUWHG HOHJDQW WRWDO V\QWKHVHV RI '73 PROHFXOHV FRQWDLQLQJ D
V\PPHWULFDO SHQWDF\FOLF ULQJ V\VWHP�>�����@ 7KH LQQRYDWLYH VWUDWHJ\ UHSRUWHG KHUHLQ LV EDVHG RQ D
3G��FDWDO\VHG GRXEOH &�VS��૰+ DONHQ\ODWLRQ NH\ VWHS DOORZLQJ VWUDLJKWIRUZDUG� KLJK�\LHOGLQJ DQG
FRQFLVH DFFHVV WR D FRPPRQ DGYDQFHG LQWHUPHGLDWH EHDULQJ WKH SHQWDF\FOLF '.3 VFDIIROG�>���@ 7KH
ODWWHU�FDQ�EH�UHDGLO\�GHULYDWLVHG�LQWR�VHYHUDO�'73�QDWXUDO�SURGXFWV��

+HUHLQ� ZH UHSRUW WKH DSSOLFDWLRQ RI WKLV &�VS��૱+ DFWLYDWLRQ�EDVHG VWUDWHJ\ WR WKH HQDQWLRVHOHFWLYH�
VFDODEOH DQG GLYHUJHQW V\QWKHVLV RI �૰��HSLFRFFLQ * DQG �૰��URVWUDWLQ $� ZKLFK DUH V\QWKHVL]HG IRU
WKH VHFRQG DQG ILUVW WLPH� UHVSHFWLYHO\�>���@ 0RUHRYHU� LQ UHDVRQ RI WKHLU LQWHUHVWLQJ F\WRWR[LF
SURSHUWLHV� ELRORJLFDO DVVD\V DUH FXUUHQWO\ XQGHUJRLQJ RQ �૰��URVWUDWLQ $ DQG FORVHO\ UHODWHG
DQDORJXHV�

>�@�$��'��%RUWKZLFN��&KHP��5HY�����������������ಗ�����
>�@�.��&��1LFRODRX�DQG�DO��-��$P��&KHP��6RF������������������૱������
>�@�-��$��&RGHOOL��$��/��$��3XFKORSHN�DQG�6��(��5HLVPDQ��-��$P��&KHP��6RF�����������������૱����
>�@ +� )XMLZDUD� 7� .XURJL� 6� 2ND\D� .� 2NDQR DQG +� 7RNX\DPD� $QJHZ� &KHP�� ,QW� (G�� ����� ���
�����૱������
>�@�2��%DXGRLQ��$FF��&KHP��5HV���������������������૱����
>�@�'��'DLOOHU��*��'DQRXQ��2��%DXGRLQ��$QJHZ��&KHP��,QW��(G���������������������
>�@�3��7KHVPDU��2��%DXGRLQ��-��$P��&KHP��6RF������������������ಗ������
>�@�3��7KHVPDU��6��&RRPDU��$��3UHVFLPRQH��'��*LOOLQJKDP��2��%DXGRLQ��PDQXVFULSW�LQ�SUHSDUDWLRQ�
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5HFHQW�&DVH�6WXG\�E\�-DQVVHQ�5	'

6��:DJVFKDO�

�-DQVVHQ�3KDUPDFHXWLFD���VZDJVFKD#LWV�MQM�FRP

6LPRQ :DJVFKDO�>D@ 'LHJR %URJJLQL�>D@ 7RELDV 6WULWWPDWWHU�>D@ 7UXQJ 'X\ &KL &DR�>D@ /XFD 3HUHJR�>D@
3DVFDO 6FKOHLVV�>D@.ULVWLDQ 3DXQ�>D@ -HVVLFD 6WHLQHU�>D@ $QQD�/HQD 0HUN�>D@ -RDFKLP +DUVGRUII�>D@ 6YHQ
+RFN�>D@ (OHQD &RVLPL�>D@ 6WHIDQ 6FKLUOLQJ�>D@ -DQ 'LMNPDQV�>E@ %UHFKW (JOH�>E@ 6«EDVWLHQ /HPDLUH�>E@
)HUGLQDQG�+��/XWWHU�>F@�/XFLH�*URNHQEHUJHU�>F@�3DXO�.QRFKHO>F@�DQG�5RJHU�)¦VVOHU>D@

>D@ 'LVFRYHU\ 3URGXFW 'HYHORSPHQW DQG 6XSSO\� -DQVVHQ 3KDUPDFHXWLFD� +RFKVWUDVVH ���� ����
6FKDIIKDXVHQ �6ZLW]HUODQG�� >E@ 'LVFRYHU\ 3URGXFW 'HYHORSPHQW DQG 6XSSO\� -DQVVHQ
3KDUPDFHXWLFD� 7XUQKRXWVHZHJ ��� %����� %HHUVH �%HOJLXP�� >F@ /XGZLJ�0D[LPLOLDQV�8QLYHUVLW¦W
0¾QFKHQ��'HSDUWPHQW�&KHPLH��%XWHQDQGWVWUDVVH�������+DXV�)��������0¾QFKHQ��*HUPDQ\�

$U\O D]ROH VFDIIROGV DUH SUHVHQW LQ D ZLGH UDQJH RI SKDUPDFHXWLFDOO\ UHOHYDQW PROHFXOHV� 7KHLU
RUWKR�VHOHFWLYH PHWDODWLRQ DW WKH DU\O ULQJ LV FKDOOHQJLQJ� GXH WR WKH FRPSHWLWLYH PHWDODWLRQ RI WKH
PRUH DFLGLF KHWHURF\FOH� 6HHNLQJ D SUDFWLFDO DFFHVV WR D NH\ $FWLYH 3KDUPDFHXWLFDO ,QJUHGLHQW �$3,�
LQWHUPHGLDWH FXUUHQWO\ LQ GHYHORSPHQW� ZH LQYHVWLJDWHG WKH PHWDODWLRQ RI ��DU\O��������+�WULD]ROHV
DQG RWKHU UHODWHG KHWHURF\FOHV ZLWK VWHULFDOO\ KLQGHUHG PHWDO DPLGH EDVHV� :H UHSRUW KHUH D URRP�
WHPSHUDWXUH DQG KLJKO\ UHJLRVHOHFWLYH RUWKR PDJQHVLDWLRQ RI VHYHUDO DU\O D]ROHV XVLQJ D QHZ
WDLORUHG PDJQHVLXP DPLGH� 7030J%X �703  ��������WHWUDPHWK\OSLSHULG\O� LQ K\GURFDUERQ
VROYHQWV IROORZHG E\ DQ HIILFLHQW 3G�FDWDO\]HG DU\ODWLRQ� 7KLV VFDODEOH DQG VHOHFWLYH UHDFWLRQ DOORZV
YDULDWLRQ RI WKH LQLWLDO VXEVWLWXWLRQ SDWWHUQ RI WKH DU\O ULQJ� WKH QDWXUH RI WKH D]ROH PRLHW\� DV ZHOO
DV WKH QDWXUH RI WKH HOHFWURSKLOH� 7KLV YHUVDWLOH PHWKRG FDQ EH DSSOLHG WR WKH V\QWKHVLV RI ELRDFWLYH
D]ROH�GHULYDWLYHV�DQG�FRPSOHPHQWV�H[LVWLQJ�PHWDO�PHGLDWHG�RUWKR�IXQFWLRQDOL]DWLRQV�

>�@ )� +� /XWWHU� /� *URNHQEHUJHU� /� $� 3HUHJR� '� %URJJLQL� 6� /HPDLUH� 6� :DJVFKDO� 3� .QRFKHO�
VXEPLWWHG�
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8QGHUVWDQGLQJ�&DWDO\VLV�LQ�,URQ�+HPH�0HWDOORSURWHLQV�8VLQJ�1RQ�&DQRQLFDO�$PLQR�$FLGV

0��7LQ]O���7��+D\DVKL���0��3RWW���8��.UHQJHO���-��3URSSH���-��6RHWEHHU���'��.ORVH���0��5HLKHU���*�
-HVFKNH���'��+LOYHUW�


�(7+�=¾ULFK���8QLYHUVLW\�RI�2VOR

1RQ�FDQRQLFDO DPLQR DFLG OLJDQGV DUH XVHIXO IRU ILQH�WXQLQJ WKH FDWDO\WLF SURSHUWLHV RI
PHWDOORHQ]\PHV� :H VKRZHG WKDW UHFRPELQDQW UHSODFHPHQW RI WKH KLVWLGLQH OLJDQG SUR[LPDO WR
KHPH LQ P\RJORELQ ZLWK 1͈�PHWK\OKLVWLGLQH HQKDQFHV WKH SURWHLQ૷V SURPLVFXRXV FDUEHQH WUDQVIHU
FKHPLVWU\� HQDEOLQJ HIILFLHQW VW\UHQH F\FORSURSDQDWLRQ LQ WKH DEVHQFH RI UHGXFWDQW� HYHQ XQGHU
DHURELF FRQGLWLRQV�� 7KH PXWDQW SURWHLQ૷V UHGXFHG VHQVLWLYLW\ WR R[\JHQ HQDEOHG XV WR FDSWXUH DQG
FKDUDFWHUL]H D UHDFWLYH FDUEHQRLG DGGXFW E\ 89�YLV VSHFWURVFRS\� (35 VSHFWURVFRS\ DQG ;�UD\
FU\VWDOORJUDSK\� 7RJHWKHU ZLWK DQRWKHU VWUXFWXUH UHFHQWO\ SXEOLVKHG E\ WKH $UQROG JURXS�� WKHVH
WZR VWUXFWXUHV UHSUHVHQW WKH ILUVW FDUEHQRLG VWUXFWXUHV FKDUDFWHUL]HG LQ D SURWHLQ� (ODERUDWLQJ RQ
WKLV DSSURDFK� ZH IXUWKHU H[SDQGHG WKH SDQHO RI KLVWLGLQH DQDORJV DFFHVVLEOH IRU LQFRUSRUDWLRQ LQWR
SURWHLQV YLD VWRS FRGRQ VXSSUHVVLRQ� 7KHVH DQDORJV LQFOXGH �� DQG ��WKLD]RO\O DODQLQH DV ZHOO DV
��WKLHQ\O DODQLQH ZKLFK FDQ FRRUGLQDWH WKH LURQ KHPH HLWKHU YLD QLWURJHQ RU VXOIXU� &KDUDFWHUL]DWLRQ
RI WKH UHDFWLYLW\ RI WKHVH SURWHLQV LQ WKUHH FDUEHQH WUDQVIHU PRGHO UHDFWLRQV૱ 1�+ LQVHUWLRQ� 6�+
LQVHUWLRQ DQG F\FORSURSDQDWLRQ૱ VKRZV WKDW WKH QRQ�FDQRQLFDO DPLQR DFLG ��WKLD]RO\O DODQLQH LV D
SULYLOHJHG SUR[LPDO OLJDQG� DV WKH FRUUHVSRQGLQJ P\RJORELQ GHULYDWLYHV RXWSHUIRUP RWKHU HQ]\PHV
XQGHU PRVW WHVWHG UHDFWLRQ FRQGLWLRQV� 2XU ILQGLQJV VXJJHVW WKDW )H�,,,� FDWDO\VLV LV SRVVLEOH LQ
FDUEHQH WUDQVIHU UHDFWLRQV FDWDO\]HG E\ LURQ KHPH SURWHLQV� SUHYLRXVO\ )H�,,� FDWDO\VLV ZDV WKH
PRVW ZLGHO\ DFFHSWHG PHFKDQLVWLF SURSRVLWLRQ� 2YHUDOO� RXU VWXGLHV VKRZ WKDW QRQ�FDQRQLFDO DPLQR
DFLGV FDQ HQKDQFH FDWDO\WLF SHUIRUPDQFH� HQDEOH QRYHO FKHPLVWULHV DQG UHYHDO UHDFWLYH
LQWHUPHGLDWHV�

)LJ� $FWLYH VLWH RI P\RJORELQ VKRZLQJ OLJDWLRQ RI WKH KHPH FRIDFWRU E\ +LV��� 1RQ FDQRQLFDO DPLQR
DFLGV LQFRUSRUDWHG LQ SODFH RI KLVWLGLQH DUH 1͈�PHWK\OKLVWLGLQH �10+�� ��WKLD]RO\O DODQLQH ��7K]��
��WKLD]RO\O�DODQLQH���7K]��DQG���WKLHQ\O�DODQLQH���7KL$��

>�@�7DNDKLUR�+D\DVKL��0DWWKLDV�7LQ]O��HW�DO���1DWXUH�&DWDO\VLV��������������૱����
>�@ 5XVVHO '� /HZLV� HW DO�� 3URFHHGLQJV RI WKH 1DWLRQDO $FDGHP\ RI 6FLHQFHV� ����� ����
����૱����
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5DGLFDO�)XQFWLRQDOL]DWLRQ�RI�&\FORSURSHQHV�IRU�WKH�6\QWKHVLV�RI�%LF\FOR>�����@KH[DQHV
DQG�6XEVWLWXWHG�$ONHQHV

%��0XULHO���$��*DJQHELQ���-��:DVHU�


�/DERUDWRU\�RI�&DWDO\VLV�DQG�2UJDQLF�6\QWKHVLV��/&62���,QVWLWXWH�RI�&KHPLFDO�6FLHQFHV�DQG
(QJLQHHULQJ��,6,&���(3)/

,Q WKH ODVW WZR GHFDGHV� F\FORSURSHQHV KDYH EHHQ ZLGHO\ XVHG DV KLJKO\ UHDFWLYH WKUHH�FDUERQ
EXLOGLQJ EORFNV WR DFFHVV GLYHUVH FKHPLFDO PRWLIV� >�@ &RPSDUHG WR FDUERPHWDOODWLRQ UHDFWLRQV DQG
WUDQVLWLRQ PHWDO�PHGLDWHG SURFHVVHV� >�@ WKH XVH RI UDGLFDO FKHPLVWU\ WR IXQFWLRQDOL]H WKH GRXEOH
ERQG RI F\FORSURSHQHV KDV QRW EHHQ PXFK LQYHVWLJDWHG VR IDU� GHVSLWH LWV KLJK V\QWKHWLF SRWHQWLDO�
>�@ +HUHLQ� ZH UHSRUW WZR QHZ WUDQVIRUPDWLRQV EDVHG RQ WKH UDGLFDO IXQFWLRQDOL]DWLRQ RI
F\FORSURSHQHV� 7KH ILUVW SURFHHGV ZLWK UHWHQWLRQ RI WKH WKUHH�PHPEHUHG ULQJ� LQYROYLQJ D
SKRWRUHGR[�PHGLDWHG ����� DQQXODWLRQ ZLWK F\FORSURS\ODQLOLQHV� 7KLV SURFHVV SURYLGHV D QHZ DQG
FRQYHUJHQW VWUDWHJ\ WRZDUGV GLDVWHUHRPHULFDOO\ HQULFKHG DQG KLJKO\ VXEVWLWXWHG
ELF\FOR>�����@KH[DQHV� ZKLFK DUH LPSRUWDQW VFDIIROGV LQ PHGLFLQDO FKHPLVWU\� >�@ ,Q DGGLWLRQ� RXU
ODWHVW UHVXOWV IRU WKH V\QWKHVLV RI WHWUDVXEVWLWXWHG DONHQHV E\ D UDGLFDO IXQFWLRQDOL]DWLRQ RI
F\FORSURSHQHV IROORZHG E\ ULQJ RSHQLQJ� ZLOO EH SUHVHQWHG� >�@ 'LVFXVVLRQ DERXW WKLV UHVHDUFK ZLOO
EH�DOVR�SRVVLEOH�GXULQJ�D�]RRP�PHHWLQJ�RQ�7XHVGD\��������������������������>�@

>�@�5��9LQFHQWH��6\QWKHVLV�����������������������
>�@�=��=KX��<��:HLE��0��6KL��&KHP��6RF��5HY������������������������
>�@�1��6��'DQJH��)��5REHUW��<��/DQGDLV��2UJ��/HWW������������������������
>�@�%��0XULHO��$��*DJQHELQ��-��:DVHU��&KHP��6FL��������������������������
>�@�%��0XULHO��-��:DVHU��0DQXVFULSW�LQ�SUHSDUDWLRQ��
>�@�7KH�OLQN�ZLOO�EH�DYDLODEOH�RQ�WKH�IROORZLQJ�GRFXPHQW�VKRUWO\�EHIRUH�
KWWSV���GULYH�JRRJOH�FRP�ILOH�G��V�7J��$%M�T���)\89��VFN7+*RS4Y�R�YLHZ"XVS VKDULQJ

�
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$�PXOWL�PRGDOLW\�SODWIRUP�WR�GHYHORS�VXSUDPROHFXODU�UDGLRSKDUPDFHXWLFDOV

)��'
2UFK\PRQW���-��3��+ROODQG�


�8QLYHUVLW\�RI�=XULFK��'HSDUWPHQW�RI�&KHPLVWU\��=XULFK��6ZLW]HUODQG

6XSUDPROHFXODU FKHPLVWU\ LQYROYHV V\VWHPV KHOG WRJHWKHU E\ QRQ�FRYDOHQW LQWHUDFWLRQV� 7KHVH
V\VWHPV KROG SURPLVH LQ WKH GHVLJQ RI GUXJ GHOLYHU\ V\VWHPV WDUJHWLQJ FDQFHU� 2XU JRDO LV WR XVH
WKH VXSUDPROHFXODU FKHPLVWU\ RI URWD[DQHV DV D VFDIIROG IRU EXLOGLQJ PXOWL�PRGDOLW\ LPDJLQJ
DJHQWV� 7R WKLV HQG� ZH UHSRUW WKH V\QWKHVLV DQG FKDUDFWHULVDWLRQ RI IXQFWLRQDOLVHG� FDQFHU
WDUJHWLQJ�UDGLRWUDFHUV�

$ FRRSHUDWLYH FDSWXUH DSSURDFK ZDV XVHG WR GHYHORS UDGLRODEHOOHG� PHFKDQLFDOO\ LQWHUORFNHG
PROHFXOHV �URWD[DQHV�� 2XU DWWHQWLRQ IRFXVHG RQ D ૶FOLFN૷ FKHPLVWU\ UHDFWLRQ LQYROYLQJ WULD]ROH
IRUPDWLRQ E\ FDWDO\VLV XVLQJ &%>�@ DQG ͆�&'� $Q HIILFLHQW SUHRUJDQLVDWLRQ EHWZHHQ WKH D]LGH DQG
DON\QH GHULYDWLYHV� &%>�@ DQG ͆�&' YLD K\GURJHQ ERQGV� IDFLOLWDWHG D UDSLG V\QWKHVLV RI URWD[DQHV
IXQFWLRQDOLVHG ZLWK PHWDO LRQ FRPSOH[HV� IOXRURSKRUHV DQG FDQFHU�VSHFLILF OLJDQGV� 7KH
PRQRIXQFWLRQDOLVDWLRQ RI ͆�&' DOVR H[SDQG WKH YHUVDWLOLW\ RI WKH FRQVWUXFW� 7R GHPRQVWUDWH WKH
IOH[LELOLW\ RI RXU GHVLJQ� ZH V\QWKHVLVHG YDULRXV UDGLRDFWLYH URWD[DQHV LQ D RQH�SRW VWUDWHJ\� 7KXV�
��*D�GHVIHUULR[DPLQH RU ��*D�12'$*$ FRPSOH[HV� IOXRUHVFHLQ DQG /\V�1+&�2�1+�*OX LQKLELWRUV
ZHUH XVHG DV VWRSSHUV RQ WKH D[HOV RI WKH URWD[DQHV RU DV IXQFWLRQDO IHDWXUHV RQ WKH ͆�&'
PDFURF\FOH� 5HDFWLRQV WR PDNH PXOWL�IXQFWLRQDO URWD[DQHV ZHUH FRPSOHWH LQ OHVV WKDQ RQH PLQXWH
DW �� r& LQ ELRORJLFDOO\ FRPSDWLEOH PHGLD� $OO FRQVWUXFWV ZHUH FKDUDFWHULVHG E\ PXOWLQXFOHDU 105�
KLJK�UHVROXWLRQ HOHFWURVSUD\ LRQLVDWLRQ PDVV VSHFWURPHWU\ DQG KLJK�SHUIRUPDQFH OLTXLG
FKURPDWRJUDSK\� 5DGLRODEHOOLQJ UHDFWLRQV JDYH ��*D�URWD[DQHV LQ KLJK UDGLRFKHPLFDO \LHOG DQG
SXULW\� 7R WKH EHVW RI RXU NQRZOHGJH� WKLV ZRUN UHSUHVHQWV WKH ILUVW XVH RI VXSUDPROHFXODU
FKHPLVWU\ WR DFFHVV FDQFHU�VSHFLILF UDGLRWUDFHUV IRU PXOWL�PRGDOLW\ LPDJLQJ� %LRORJLFDO VWXGLHV
LQFOXGLQJ FHOOXODU XSWDNH DQG ELQGLQJ DVVD\V� DQG 3(7 LPDJLQJ LQ PRXVH PRGHOV RI KXPDQ FDQFHU�
DUH�XQGHUZD\�

>�@�0��:HEEHU��5��/DQJHU��&KHP��6RF��5HY�����������������������
>�@�:��/��0RFN��7��$��,UUD��-��3��:HSVLHF��7��/��0DQLPDUDQ��-��2UJ��&KHP�����������������������
>�@�;��+RX��&��.H��-��)��6WRGGDUW��&KHP��6RF��5HY�����������������������
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6\QWKHVLV�RI�FKLUDO�DQG�UHGR[�DFWLYH�FRYDOHQW�RUJDQLF�FDJHV

+��+XDQJ���7��ĢRORPHN�


�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�%DVHO��6W��-RKDQQV�5LQJ����������%DVHO��6ZLW]HUODQG

3RURXV RUJDQLF PDWHULDOV KDYH EHHQ GLVFRYHUHG URXJKO\ D GHFDGH DJR EXW UDSLGO\ GHYHORSHG
EHFDXVH WKH\ SRVVHVV VHYHUDO DWWUDFWLYH IHDWXUHV DV JDV VWRUDJH RU VHSDUDWLRQ PDWHULDOV���� )RU
H[DPSOH� SRURXV RUJDQLF FDJHV KDYH DQ LQWULQVLF FDYLW\ DQG FDQ EH FU\VWDOOL]HG ZLWK SHUPDQHQW
YRLGV WKDW DOORZ DFFHVV IRU JXHVW PROHFXOHV WR JHW DGVRUEHG LQVLGH WKH FU\VWDO� 7KHVH W\SHV RI
PROHFXOHV FDQ� WKHUHIRUH� EHKDYH OLNH D ]HROLWH EHFDXVH RI WKH SRURVLW\ EXW RIIHU SURFHVVDELOLW\
W\SLFDO�IRU�RUJDQLF�FRPSRXQGV�

3RURXV RUJDQLF FDJHV DUH W\SLFDOO\ DVVHPEOHG E\ G\QDPLF FRYDOHQW FKHPLVWU\� �'&&� WKDW DOORZV
IRU HUURU FRUUHFWLRQ LQ WKH FDJH IRUPDWLRQ� 5HFHQWO\� ZH KDYH V\QWKHVL]HG D VHULHV RI FKLUDO
FRYDOHQW RUJDQLF FDJHV ZLWK WKUHH EXLOW�LQ UHGR[�DFWLYH U\OHQH�EDVHG XQLWV E\ G\QDPLF LPLQH
FKHPLVWU\�� 6WUXFWXUDO FKDUDFWHUL]DWLRQV ZHUH FDUULHG RXW YLD 105 DQG VLQJOH�FU\VWDO ;�UD\
GLIIUDFWLRQ� ZKLFK GHPRQVWUDWHG WKH WKUHH�GLPHQVLRQDO VWUXFWXUH SUHYHQWV WKH WKUHH UHGR[�DFWLYH
XQLWV IURP DJJUHJDWLRQ� 7KH VWUXFWXUH RI WKHVH FDJHV DOORZHG XV WR LQYHVWLJDWH WKHLU SURSHUWLHV LQ
DSSOLFDWLRQV� VXFK DV JDV DGVRUSWLRQ DQG VHSDUDWLRQ ZLWK SURPLVLQJ UHVXOWV� 7KLV FRQWULEXWLRQ ZLOO
UHYHDO RXU HDUO\ DFKLHYHPHQWV DQG ZLOO GLVFXVV RXU ILQGLQJV UHJDUGLQJ WKH IRUPDWLRQ RI WKH U\OHQH
FDJHV DQG WKHLU QHZ H[FLWLQJ GHULYDWLYHV� 2XU LQYHVWLJDWLRQV VKRZ D JUHDW SRWHQWLDO RI RXU RUJDQLF
FDJHV�LQ�DSSOLFDWLRQV�EH\RQG�WKH�KRVW�JXHVW�FKHPLVWU\�

>�@7RP�+DVHOO��$QGUHZ�,��&RRSHU��1DWXUH�5HYLHZV����������������
>�@)ORULDQ %HXHUOH� %DSSDGLW\ *ROH� $QJHZDQGWH &KHPLH ,QWHUQDWLRQDO (GLWLRQ� ����� ���
����������
>�@0DWKHZ�(��%HORZLFK��-��)UDVHU�6WRGGDUW��&KHPLFDO�6RFLHW\�5HYLHZV����������������������
>�@ D�� 7RP£ģ ĢRORPHN� 1DWDOLD (� 3RZHUV�5LJJV� <L�/LQ :X� 5\DQ 0� <RXQJ� 0DWWKHZ '� .U]\DQLDN�
1RDK (� +RUZLW]� 0LFKDHO 5� :DVLHOHZVNL� -RXUQDO RI WKH $PHULFDQ &KHPLFDO 6RFLHW\� ����� ����
����������� E�� +VLQ�+XD +XDQJ� .\XQJ 6HRE 6RQJ� $OHVVDQGUR 3UHVFLPRQH� 5DMHVK
0DQQDQFKHUU\��$OL�&RVNXQ��7RP£ģ�ĢRORPHN��PDQXVFULSW�LQ�SUHSDUDWLRQ�
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3RODU�2SSRVLWHV�LQ�3KRVSKRUXV�&DWDO\VLV��$SSOLFDWLRQV�RI�������'LD]DSKRVSKROHQHV

-��5HHG���1��&UDPHU�


�/DERUDWRU\�RI�$V\PPHWULF�&DWDO\VLV�DQG�6\QWKHVLV��(3)�/DXVDQQH

3KRVSKRUXV EDVHG FDWDO\VWV KDYH� LQ UHFHQW \HDUV� UHFHLYHG FRQVLGHUDEOH DWWHQWLRQ IURP WKH
V\QWKHWLF RUJDQLF FKHPLVWU\ FRPPXQLW\ DV D UHVXOW RI WKHLU XQLTXH DQG LQWHUHVWLQJ UHDFWLYLW\� DQG
WKHLU VXSHULRU HFRQRPLF DQG HFRORJLFDO SURILOHV ZKHQ FRPSDUHG WR WUDQVLWLRQ�PHWDO EDVHG FDWDO\VWV�
������'LD]DSKRVSKROHQHV �'$3V� DUH D SDUWLFXODU FODVV RI FDWDO\VWV WKDW RIIHU RUWKRJRQDO UHDFWLYLW\
WR PRUH FDQRQLFDO SKRVSKRUXV EDVHG FDWDO\VWV �)LJXUH ���>�@ 7KH VLJQLILFDQW GHORFDOLVDWLRQ RI
HOHFWURQV DURXQG WKH KHWHURF\FOLF FRUH OHDGV DQ 8PSROXQJ RI WKH 3�+ ERQG� UHVXOWLQJ LQ WKH PRVW
SRZHUIXO�K\GULGH�GRQRU�TXDQWLILHG�RQ�WKH�0D\U�QXFOHRSKLOLFLW\�VFDOH�>�@

:H KDYH H[SORLWHG WKLV UHPDUNDEOH SURSHUW\ RI WKH '$3V WR GHYHORS D UDQJH RI FDWDO\WLF UHGXFWLYH
PHWKRGRORJLHV� D EHVSRNH FKLUDO '$3 HQDEOHG WKH KLJKO\ HQDQWLRVHOHFWLYH FRQMXJDWH UHGXFWLRQ RI D
ZLGH YDULHW\ RI ͅ�͆�XQVDWXUDWHG FDUERQ\O FRPSRXQGV �)LJXUH ���>�@ ZKLOH WKH WUDQVLHQW SKRVSKRUXV
HQRODWH WKDW LV JHQHUDWHG LQ WKLV SURFHVV FRXOG EH H[SORLWHG WR JHQHUDWH &�& ERQGV WKURXJK D
>���@�VLJPDWURSLF UHDUUDQJHPHQW�>�@ ([DPLQDWLRQ RI WKH VROLG�VWDWH VLQJOH FU\VWDO ;�UD\ GLIIUDFWLRQ
DQDO\VLV LQ FRPELQDWLRQ ZLWK GHWDLOHG 105 VWXGLHV KDYH VKHG OLJKW RQ PHFKDQLVP E\ ZKLFK WKHVH
FDWDO\VWV�RSHUDWH��DV�ZHOO�DV�SURYLGLQJ�D�EOXHSULQW�IRU�IXWXUH�GHYHORSPHQWV�LQ�WKLV�ILHOG�

>�@ 'LHWULFK *XGDW� $VDGROOD +DJKYHUGL� 0DUWLQ 1LHJHU� $QJHZ� &KHP� ,QW� (G� ����� ���
����૱�����
>�@�-LQJMLQJ�=KDQJ��-LQ�'RQJ�<DQJ��-LQ�3HL�&KHQJ��$QJHZ��&KHP��,QW��(G����������������૱�����
>�@ 6ROªQH 0LDVNLHZLF]
� -RKQ +� 5HHG
� 3DYHO $� 'RQHWV� &DLR &� 2OLYHLUD� 1LFRODL &UDPHU� $QJHZ�
&KHP��,QW��(G����������������૱�����
>�@ -RKQ +� 5HHG� 3DYHO $� 'RQHWV� 6ROªQH 0LDVNLHZLF]� 1LFRODL &UDPHU� $QJHZ� &KHP� ,QW� (G�
��������������������
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$QWL�0DUNRYQLNRY�2[\DON\Q\ODWLRQ�RI�(QH�FDUEDPDWHV�DQG�(QRO�HWKHUV�XQGHU
3KRWRUHGR[�&DWDO\VLV

6��*��$PRV���6��1LFRODL���-��:DVHU�


�/DERUDWRU\�RI�&DWDO\VLV�DQG�2UJDQLF�6\QWKHVLV��(3)/�/DXVDQQH���/DERUDWRU\�RI�&DWDO\VLV�DQG
2UJDQLF�6\QWKHVLV���/DERUDWRU\�RI�&DWDO\VLV�DQG�2UJDQLF�6\QWKHVLV��/&6

$WRP HFRQRP\ FRQVWLWXWHV D NH\ SRLQW RI LQWHUHVW IRU QHZ V\QWKHWLF PHWKRGRORJLHV� $ONHQH
GLIXQFWLRQDOLVDWLRQ LV� LQ WKLV FRQWH[W� DQ H[FHOOHQW H[DPSOH� ,W DOORZV D UDSLG LQFUHDVH RI PROHFXODU
FRPSOH[LW\� LQ SDUWLFXODU LQ UDGLFDO WUDQVIRUPDWLRQV�>�@ 2YHU WKH SDVW GHFDGHV� SKRWRFDWDO\VLV KDV
HPHUJHG DV D VHOHFWLYH DQG HIILFLHQW ZD\ WR JHQHUDWH UHDFWLYH UDGLFDO LQWHUPHGLDWHV�>�@ ,Q UHFHQW
\HDUV� WKH VFRSH RI DWRP WUDQVIHU UDGLFDO DGGLWLRQV �$75$� WR DONHQHV KDV EHHQ H[WHQGHG XQGHU
SKRWRFDWDO\WLF FRQGLWLRQV� DOORZLQJ WKHP WR WDNH SODFH XQGHU PLOG FRQGLWLRQV DW URRP
WHPSHUDWXUH�>�@

$ON\QHV KDYH EURDG DSSOLFDWLRQV DQG DUH KLJKO\ XVHIXO SODWIRUPV IRU VXEVHTXHQW UHDFWLRQV� 7KH
GHYHORSPHQW RI QHZ DON\Q\ODWLRQ VWUDWHJLHV KDV EHFRPH D PDMRU UHVHDUFK WRSLF LQ RXU JURXS�
+HUHLQ� ZH SUHVHQW D QHZ PHWDO�IUHH SKRWRFDWDO\WLF PHWKRG IRU WKH VHOHFWLYH GLIXQFWLRQDOLVDWLRQ RI
HQH�FDUEDPDWHV DQG HQRO�HWKHUV SDVVLQJ WKURXJK D UDGLFDO FDWLRQ LQWHUPHGLDWH� 7KLV PHWKRGRORJ\
H[SORLWV WKH VRPRSKLOLF FKDUDFWHU RI WKH (WK\Q\O%HQ]LRGR;RORQH �(%;� UHDJHQWV WR DOORZ WKH DWRP
HFRQRPLFDO R[\DON\Q\ODWLRQ RI DONHQHV SURYLGLQJ DFHW\OHQH FRQWDLQLQJ ����DPLQRDOFRKROV DQG
����GLROV�>�@��>�@

�

>�@�0��3��3OHVQLDN��+��0��+XDQJ��'��-��3URFWHU��1DW��5HY��&KHP����������������
>�@�&��.��3ULHU��'��$��5DQLF��'��:��&��0DF0LOODQ��&KHP��5HY�����������������������
>�@�7��&RXUDQW��*��0DVVRQ��-��2UJ��&KHP����������������������
>�@�6��*��(��$PRV��6��1LFRODL��-��:DVHU��0DQXVFULSW�LQ�SUHSDUDWLRQ�
>�@ 'LVFXVVLRQ DERXW WKLV UHVHDUFK ZLOO EH SRVVLEOH GXULQJ D ]RRP PHHWLQJ RQ 7XHVGD\ �����������
��������K����7KH�OLQN�ZLOO�EH�DYDLODEOH�RQ�WKH�IROORZLQJ�GRFXPHQW�VKRUWO\�EHIRUH�
KWWSV���GULYH�JRRJOH�FRP�ILOH�G��V�7J��$%M�T���)\89��VFN7+*RS4Y�R�YLHZ"XVS VKDULQJ�

Powered by TCPDF (www.tcpdf.org)

https://drive.google.com/file/d/1s1Tg48ABj5q010FyUV29sckTHGopQv6o/view?usp=sharing
http://www.tcpdf.org


2UJDQLF�&KHPLVWU\��9LUWXDO�3RVWHU 2&����

$�5KRGLXP�,,,��&DWDO\]HG�&\FORSURSDQH�&�+�&�&�$FWLYDWLRQ�6HTXHQFH�3URYLGHV
'LDVWHUHRVHOHFWLYH�$FFHVV�WR�ͅ�$ONR[\ODWHG�͇�/DFWDPV

%��$XGLF���1��&UDPHU�


�(3)/�/DXVDQQH��6ZLW]HUODQG

7KH F\FORSHQWDGLHQ\O �&S� OLJDQG DQG LWV SHQWDPHWK\OVXEVWLWXWHG GHULYDWLYHV DUH RI IXQGDPHQWDO
LPSRUWDQFH LQ RUJDQRPHWDOOLF FKHPLVWU\�>�@ &S FRPSOH[HV DUH NQRZQ IRU PRVW WUDQVLWLRQ PHWDOV�
DQG KDYH EHHQ ZLGHO\ DSSOLHG LQ QXPHURXV FDWDO\WLF SURFHVVHV� QRWDEO\ IRU &�+ IXQFWLRQDOL]DWLRQ
WUDQVIRUPDWLRQV� +RZHYHU� WR GDWH� RQO\ RQH H[DPSOH>�@ H[SORLW WKH SRWHQWLDO RI &S
5K�,,,� FDWDO\VWV
IRU�&�&�ERQG�FOHDYDJH�RI�VWUDLQHG�ULQJ�>�@

+HWHURF\FOHV DUH YHU\ LPSRUWDQW VWUXFWXUDO� DPRQJ WKHP ͇�ODFWDPV DUH XELTXLWRXV LQ PDQ\
ELRORJLFDOO\ DFWLYH QDWXUDO SURGXFWV DQG SKDUPDFHXWLFDOV�>�@ +HUHLQ� ZH SUHVHQW DQ XQSUHFHGHQWHG
V\QWKHVLV RI KLJKO\ VXEVWLWXWHG S\UUROLGLQRQH �)LJXUH ��� D SUHFXUVRU WR S\UUROH KHWHURF\FOHV� 7KH
GHYHORSHG WUDQVIRUPDWLRQ UHO\ RQ D PXOWLFRPSRQHQW SURFHVV XQGHU PLOG FRQGLWLRQV� )XUWKHUPRUH�
H[DPLQDWLRQ RI VLGH�SURGXFWV VWUXFWXUHV FRPELQH ZLWK FRQWURO H[SHULPHQWV KDYH VKHG OLJKW RQ WKH
RSHUDWLYH�PHFKDQLVP�

>�@ +DUWZLJ� -� 2UJDQRWUDQVLWLRQ 0HWDO &KHPLVWU\� )URP %RQGLQJ WR &DWDO\VLV� 8QLYHUVLW\ 6FLHQFH
%RRNV��6DXVDOLWR��&$������
>�@�6XQOLDQJ�&XL��<DQ�=KDQJ��4LIDQ�:X��&KHP��6FL����������������૱����
>�@�*DEULHOH�)XPDJDOOL��6WHYHQ�6WDQWRQ��-RKQ�)��%RZHU��&KHP��5HY�����������������������
>�@ -RV«SKLQH &DUXDQR� *XLOLR 0XFFLROL� 5DSKD­O 5RELHWWH 2UJ� %LRPRO� &KHP� ����� ���
�����ಗ������
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2QH�3RW�$ONHQH�+\GURERUDWLRQ�૰�3DOODGLXP�&DWDO\]HG�0LJUDWRU\�6X]XNL�૰�0L\DXUD�&�VS��
૰�&�VS���&URVV�&RXSOLQJ

<��%DXPJDUWQHU���2��%DXGRLQ�


�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�%DVHO��6W��-RKDQQV�5LQJ����������%DVHO��6ZLW]HUODQG

7KH GHYHORSPHQW RI &�+ ERQG IXQFWLRQDOL]DWLRQ KDV H[SRQHQWLDOO\ LQFUHDVHG VLQFH WKH VWDUW RI WKH
��WK FHQWXU\ H[SDQGLQJ WKH RUJDQLF UHDFWLRQ WRROER[� &KDOOHQJLQJ VLWH�VHOHFWLYH WUDQVIRUPDWLRQV
ZHUH H�J� DFKLHYHG ZLWK WKH LQWURGXFWLRQ RI D GLUHFWLQJ JURXS RU E\ H[SORLWLQJ WKH LQWULQVLF UHDFWLYLW\
RI WKH VXEVWUDWHV�>�@ $Q DOWHUQDWLYH WR WKHVH H[WHQVLYHO\ UHVHDUFKHG PHWKRGV H[SORLWV WKH FRQWUROOHG
PLJUDWLRQ RI WKH RUJDQRWUDQVLWLRQ�PHWDO VSHFLHV DORQJ DQ DON\O FKDLQ WR WKH FURVV�FRXSOLQJ
VLWH�>�@ 2XU JURXS KDV EHHQ HPSOR\LQJ WKLV VWUDWHJ\ PXOWLSOH WLPHV RYHU WKH ODVW \HDUV IRU WKH 3G�
FDWDO\]HG ͆� RU ORQJHU�UDQJH DU\ODWLRQ RI HVWHU HQRODWHV� VHFRQGDU\ RUJDQR]LQF UHDJHQWV DV ZHOO DV
VXUURJDWHV�>�@�

+HUH ZH UHSRUW WKH RQH�SRW K\GURERUDWLRQ RI XQDFWLYDWHG LQWHUQDO ROHILQV DQG PLJUDWRU\ 6X]XNL�
0L\DXUD FURVV�FRXSOLQJ WR WKH EHQ]\OLF SRVLWLRQ�>�@ 7KH VHOHFWLYLW\ LV DFKLHYHG E\ FDUHIXO VHOHFWLRQ RI
UHDFWLRQ FRQGLWLRQV� WKH R�FKORULQH VXEVWLWXHQW RQ WKH HOHFWURSKLOLF FRXSOLQJ SDUWQHU DQG EORFNLQJ
WKH�WHUPLQDO�SRVLWLRQ�

>�@ D� -��4� <X� (G�� 6FLHQFH RI 6\QWKHVLV� *HRUJ 7KLHPH 9HUODJ .*� 6WXWWJDUW�1HZ <RUN ����� 9RO�
�ಗ���E��-��)��+DUWZLJ��-��$P��&KHP��6RF��������������ಗ���
>�@ D� (� /DULRQRY� +� /L� &� 0D]HW� &KHP� &RPPXQ� ����� ��� ���������� E� $� 9DVVHXU� -�
%UXIIDHUWV� ,� 0DUHN� 1DW� &KHP� ����� �� �������� F� +� 6RPPHU� )� -XOL£�+HUQ£QGH]� 5� 0DUWLQ� ,�
0DUHN� $&6 &HQW� 6FL� ����� �� �������� G� 7� .RFKL� 6� .DQQR� )� .DNLXFKL� 7HWUDKHGURQ /HWW� �����
������������
>�@ D� 2� %DXGRLQ� &KLPLD ����� ��� �������� E� :� /LQ� .��)� =KDQJ� 2� %DXGRLQ� 1DWXUH
&DWDO\VLV������������������
>�@�<��%DXPJDUWQHU��2��%DXGRLQ��VXEPLWWHG�PDQXVFULSW�
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)LFLQL�7\SH�5HDFWLRQV�ZLWK���$ON\Q\OWULD]HQHV

&��7��%RUPDQQ���.��6HYHULQ�


��FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH��(3)/�

7KH )LFLQL UHDFWLRQ UHSUHVHQWV D VWUDLJKWIRUZDUG ZD\ WR V\QWKHVL]H F\FOREXWHQHV IURP 1�VXEVWLWXWHG
DON\QHV DQG XQVDWXUDWHG NHWRQHV� 2ULJLQDOO\ GHVFULEHG E\ )LFLQL XVLQJ \QDPLQHV>�@ LWV VFRSH ZDV
ODWHU H[SDQGHG WR \QDPLGHV E\ +VXQJ>�@ DQG 0H]]HWWL�>���@ :H UHSRUW WKH XVH RI ��DON\Q\OWULD]HQHV
IRU�WKH�FRQVWUXFWLRQ�RI���F\FOREXWHQ\OWULD]HQHV�E\�D�/HZLV�DFLG�FDWDO\]HG�)LFLQL�UHDFWLRQ�

)RU XQVDWXUDWHG NHWRQHV �(  +�� WKH WULD]HQH XQGHUJRHV UHDFWLRQ LQ WKH SUHVHQFH RI
WULV�SHQWDIOXRUR�SKHQ\O�ERUDQH �%&)� LQ WROXHQH� )RU XQVDWXUDWHG ͆�NHWRHVWHUV �(  &2�5�� &X�27I�
LQ '&0 LV D VXLWDEOH FDWDO\WLF V\VWHP� %RWK UHDFWLRQV SURFHHG DW URRP WHPSHUDWXUH ZLWK JRRG WR
YHU\ JRRG \LHOGV DQG FRPSOHWH UHJLRVHOHFWLYLW\� 7KH UHDFWLYLW\ RI WKH SURGXFWV LV FXUUHQWO\ XQGHU
LQYHVWLJDWLRQ�

>�@�-��)LFLQL��$��.ULHI��7HWUDKHGURQ�/HWW����������������૱�����
>�@�+��/L��5��3��+VXQJ��.��$��'H.RUYHU��<��:HL��2UJ��/HWW����������������૱�����
>�@�&��6FKRWHV��$��0H]]HWWL��$QJHZ��&KHP��,QW��(G����������������૱�����
>�@�&��6FKRWHV��$��0H]]HWWL��-��2UJ��&KHP����������������૱�����
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6\QWKHVLV�RI�)XQFWLRQDOL]HG�͆��DQG�͇�+\GUR[\�6XOILGHV�E\�2[\�$ON\Q\ODWLRQ�RI�7KLLUDQHV
DQG�7KLHWDQHV�

-��%RUUHO���*��3LVHOOD���-��:DVHU�


�/DERUDWRU\�RI�&DWDO\VLV�DQG�2UJDQLF�6\QWKHVLV��/&62���,QVWLWXWH�RI�&KHPLFDO�6FLHQFHV�DQG
(QJLQHHULQJ��,6,&���(3)/

VW\OH �WH[W�DOLJQ� MXVWLI\��!(SLVXOIRQLXPV DUH UHDFWLYH VSHFLHV LQYROYHG LQ GLIIHUHQW W\SHV RI
WUDQVIRUPDWLRQV� 7KH\ DUH XVXDOO\ DFFHVVHG IURP SUHIXQFWLRQDOL]HG WKLRHWKHUV YLD D 61� RU E\ WKH
UHDFWLRQ RI DONHQHV ZLWK DQ HOHFWURSKLOLF VXOIXU VRXUFH�� 7KHLU IRUPDWLRQ E\ WKH GLUHFW
IXQFWLRQDOL]DWLRQ RI WKLLUDQHV ZLWK DQ HOHFWURSKLOH LV PRVWO\ XQH[SORUHG ZLWK RQO\ D IHZ
PHWKRGRORJLHV XWLOL]LQJ WKLV SDWKZD\�� 3UHYLRXVO\� RXU JURXS UHSRUWHG WKH HOHFWURSKLOLF DON\Q\ODWLRQ
RI WKLROV ZLWK HWK\Q\OEHQ]LRGR[RORQHV �(%;��� 8VLQJ WKLV SULRU NQRZOHGJH� ZH VSHFXODWHG WKDW DQ
DON\Q\ODWHG HSLVXOIRQLXP LQWHUPHGLDWH FRXOG EH DFFHVVHG E\ UHDFWLQJ D WKLLUDQH ZLWK DQ (%;
UHDJHQW� 'XULQJ WKH SURFHVV WKH UHOHDVHG FDUER[\ODWH FRXOG DFW DV D QXFOHRSKLOH IRU D VXEVHTXHQW
DGGLWLRQ RQ WKH LQWHUPHGLDWH� +HUHLQ� ZH UHSRUW WKH ULQJ RSHQLQJ RI WKLLUDQHV XVLQJ (%; UHDJHQWV WR
DFFHVV IXQFWLRQDOL]HG ͆�K\GUR[\ VXOILGHV LQ PRGHUDWH WR JRRG \LHOGV�� 7KH UHDFWLRQ LV FRSSHU
FDWDO\]HG DQG SUREDEO\ RFFXUV WKURXJK WKH IRUPDWLRQ RI D KLJKO\ UHDFWLYH DON\Q\O�HSLVXOIRQLXP
LQWHUPHGLDWH� 7KH WUDQVIRUPDWLRQ LV WROHUDQW WR D YDVW YDULHW\ RI (%; UHDJHQWV DQG WKLLUDQHV� WKH
VFRSH FRXOG EH H[WHQGHG WR WKLHWDQHV WR DIIRUG ͇�K\GUR[\ VXOILGHV� 'LVFXVVLRQ DERXW WKLV UHVHDUFK
ZLOO�EH�SRVVLEOH�GXULQJ�D�]RRP�PHHWLQJ�RQ�7XHVGD\��������������������������

>�@��D��6RQJ�/LQ��(ULF�1��-DFREVHQ��1DW��&KHP���������������ಗ������E��6FRWW�(��'HQPDUN��$OH[
-DXQHW��-��$P��&KHP��6RF������������������ಗ�����
>�@��D��&KULVWRSKHU�0��5D\QHU��6\QWKHWLF�7UDQVIRUPDWLRQV�,QYROYLQJ�7KLLUDQLXP�,RQ�,QWHUPHGLDWHV��,Q
2UJDQRVXOIXU�&KHPLVWU\��(OVHYLHU��������&KDSWHU����9RO�����SS���ಗ������E��-XQ�'RQJ��+RQJJXDQJ
'X��-LD[L�;X��-��2UJ��&KHP������������������ಗ��������F��3U]HP\VODZ�)UHL��'��+HXO\Q�-RQHV��6WHYHQ
7��.D\��-D\GH�$��0F/HOODQ��%ODLU�)��-RKQVWRQ��$ODQ�5��.HQQHG\��1LFKRODV�&��2��7RPNLQVRQ��-�
2UJ��&KHP�����������������ಗ�����
>�@��D��5HWR�)UHL��-HURPH�:DVHU��-��$P��&KHP��6RF������������������ಗ�������E��5HWR�)UHL��0DWWKHZ
'��:RGULFK��'XUJD�3UDVDG�+DUL��3LHUUH�$QWRLQH�%RULQ��&O«PHQW�&KDXYLHU��-HURPH�:DVHU��-�
$P��&KHP��6RF�������������������ಗ������
>�@�-XOLHQ�%RUUHO��*XLOODXPH�3LVHOOD��-HURPH�:DVHU��2UJ��/HWW����������������ಗ����



>�@�7KH�OLQN�ZLOO�EH�DYDLODEOH�RQ�WKH�IROORZLQJ�GRFXPHQW�VKRUWO\�EHIRUH�
KWWSV���GULYH�JRRJOH�FRP�ILOH�G��V�7J��$%M�T���)\89��VFN7+*RS4Y�R�YLHZ"XVS VKDULQJ
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$�&KLUDO�1DSKWK\ULGLQH�'LLPLQH�/LJDQG�3ODWIRUP�(QDEOHV�1LFNHO�&DWDO\]HG�$V\PPHWULF
$ON\OLGHQHF\FORSURSDQDWLRQV

(��%UDFRQL���1��&UDPHU�


�(3)/�/DXVDQQH��6ZLW]HUODQG

$ON\OLGHQHF\FORSURSDQHV �$&3V� DUH PHPEHUV RI WKH F\FORSURSDQH IDPLO\ SRVVHVVLQJ D WULJRQDO
FDUERQ FHQWHU HPEHGGHG LQWR D WKUHH�PHPEHUHG ULQJ�>�@ ,Q VSLWH RI WKHLU KLJK VWUDLQ� H[FHHGLQJ WKH
RQH RI VDWXUDWHG F\FORSURSDQHV E\ PRUH WKDQ �� NFDO�PRO� $&3V DUH VXUSULVLQJO\ VWDEOH
FRPSRXQGV�>�@ $ON\OLGHQHF\FORSURSDQHV KDYH EHHQ IRXQG LQ QDWXUDO SURGXFWV�>�@ DV ZHOO DV LQ
SKDUPDFHXWLFDOV�>�@ ,Q DGGLWLRQ� JLYHQ WKHLU KLJK FKHPLFDO UHDFWLYLW\�>�@ $&3V KDYH EHHQ VKRZQ WR
HQJDJH LQ D SOHWKRUD RI FKHPLFDO WUDQVIRUPDWLRQV� LQYROYLQJ WKH F\FORSURSDQH XQLW RU WKH & &
GRXEOH�ERQG�

$ QRYHO FODVV RI FKLUDO QDSKWK\ULGLQH GLLPLQH OLJDQGV �1',
� UHDGLO\ DFFHVVLEOH IURP &��V\PPHWULF
����GL����DU\OHWK\O�DQLOLQHV LV GHVFULEHG� 7KHLU XWLOLW\� LQ SDUWLFXODU D PHPEHU ZLWK IOXRULQDWHG DU\O
VLGH DUPV� LV GHPRQVWUDWHG E\ D UHGXFWLYH 1L�FDWDO\]HG HQDQWLRVHOHFWLYH DON\OLGHQH WUDQVIHU
UHDFWLRQ IURP ����GLFKORURDONHQHV WR ROHILQV� 7KLV WUDQVIRUPDWLRQ SURYLGHV GLUHFW DFFHVV WR D EURDG
UDQJH�RI�V\QWKHWLFDOO\�YDOXDEOH�DON\OLGHQHF\FORSURSDQHV�LQ�KLJK�\LHOGV�DQG�HQDQWLRVHOHFWLYLWLHV�

>�@�5LFKDUG�6��*UDLQJHU��.HYLQ�5��0XQUR��7HWUDKHGURQ���������������������
>�@ D� 5REHUW '� %DFK� 2OJD 'PLWUHQNR� -� $P� &KHP� 6RF� ����� ���� ���������� E� .HQQHWK %�
:LEHUJ��5LFKDUG�$��)HQRJOLR��-��$P��&KHP��6RF����������������������
>�@ D� -� 5� (YDQV� (XQLFH -� 1DSLHU� 5� $� )OHWWRQ� -� $QWLELRW� �7RN\R� ����� ��� �������� E� &� +�
+DVVDOO��.��5H\OH��3��)HQJ��1DWXUH��������������������
>�@ 6KDRPDQ =KRX� -XOLH 0� %UHLWHQEDFK� .DWKHULQH =� %RU\VNR� -RKQ &� 'UDFK� (DUO 5� .HUQ�
(OL]DEHWK�*XOOHQ��<XQJ�&KL�&KHQJ��-LUL�=HPOLFND��-��0HG��&KHP��������������������
>�@ D� +«OªQH 3HOOLVVLHU� 7HWUDKHGURQ ����� ��� ���������� E� $OEHUWR %UDQGL� 6WHIDQR &LFFKL�
)UDQFD�0��&RUGHUR��$QGUHD�*RWL��&KHP��5HY�����������������������

�
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2UJDQLF�&KHPLVWU\��9LUWXDO�3RVWHU 2&����

2UJDQRFDWDO\]HG�&RQMXJDWH�$GGLWLRQ�5HDFWLRQV�RI�$OGHK\GHV�WR�1LWURROHILQV�ZLWK
$QWL�6HOHFWLYLW\

$��%XGLQVN£���7��6FKQLW]HU���+��:HQQHPHUV�


�/DERUDWRU\�RI�2UJDQLF�&KHPLVWU\��'�&+$%��(7+�=¾ULFK

,Q WKH SDVW WZR GHFDGHV� VWHUHRVHOHFWLYH FRQMXJDWH DGGLWLRQ UHDFWLRQV RI DOGHK\GHV WR QLWURROHILQV
XVLQJ DPLQH RUJDQRFDWDO\VWV KDYH EHHQ D VXEMHFW RI LQWHQVH UHVHDUFK�>�@ 7KH UHVXOWLQJ SURGXFWV� ͇�
QLWURDOGHK\GHV� DUH YHUVDWLOH V\QWKHWLF LQWHUPHGLDWHV WKDW FDQ EH IXUWKHU GHULYDWL]HG LQWR NH\
PRLHWLHV SUHVHQW LQ ELRDFWLYH FRPSRXQGV VXFK DV S\UUROLGLQHV DQG ͇�EXW\URODFWDPV� <HW� WKH
FRQMXJDWH DGGLWLRQ SURGXFWV DUH W\SLFDOO\ REWDLQHG DV V\Q�GLDVWHUHRLVRPHV�>�@ %URDGO\ DSSOLFDEOH�
QRQ�VXEVWUDWH�VSHFLILF�DQWL�VHOHFWLYH�PHWKRGV�UHPDLQ�XQSUHFHGHQWHG�

2XU JURXS LQWURGXFHG KLJKO\ UHDFWLYH WULSHSWLGLF FDWDO\VWV RI WKH W\SH +�3UR�3UR�;DD �;DD  DQ\
DPLQR DFLG�� ZKLFK FDWDO\]H FRQMXJDWH DGGLWLRQ UHDFWLRQV RI FDUERQ\O FRPSRXQGV WR QLWURROHILQV LQ
KLJK \LHOGV DQG ZLWK H[FHOOHQW V\Q�GLDVWHUHRVHOHFWLYLW\ DQG HQDQWLRVHOHFWLYLW\�>�@ 'HWDLOHG
PHFKDQLVWLF DQG FRQIRUPDWLRQDO VWXGLHV RQ WKHVH WULSHSWLGHV VKRZHG WKDW WKH V�WUDQV HQDPLQH
LQWHUPHGLDWH�LV�LQYROYHG�LQ�WKH�UDWH��DQG�VWHUHRVHOHFWLYLW\�GHWHUPLQLQJ�VWHS�>�@�

'UDZLQJ RQ WKLV NQRZOHGJH DQG WKH HDVH RI VWUXFWXUDO PRGLILFDWLRQ RI SHSWLGHV� ZH HQYLVLRQHG WKDW
D JHQHUDO DQWL�VHOHFWLYH FDWDO\VW FRXOG EH GHYHORSHG�>�@ .H\ WR WKH UHYHUVDO RI GLDVWHUHRVHOHFWLYLW\
DUH VXEVWLWXHQWV DW WKH &͈ SRVLWLRQ RI WKH UHDFWLYH S\UUROLGLQH WKDW IDYRU WKH &૱& ERQG IRUPDWLRQ YLD
D V�FLV�FRQILJXUHG HQDPLQH� 'LIIHUHQW DOGHK\GHV DQG QLWURROHILQV ZHUH FRQYHUWHG WR DQWL�FRQILJXUHG
͇�QLWURDOGHK\GHV LQ KLJK \LHOGV DQG VWHUHRVHOHFWLYLWLHV� KLJKOLJKWLQJ WKH JHQHUDOLW\ RI RXU
PHWKRGRORJ\� 105 VSHFWURVFRSLF DQG FRPSXWDWLRQDO LQVLJKWV FRUURERUDWHG WKH SUHIHUHQWLDO
IRUPDWLRQ RI V�FLV HQDPLQH DQG VKRZHG WKDW WKH FDWDO\WLF V\VWHP RSHUDWHV XQGHU D &XUWLQ�+DPPHWW
VFHQDULR�

>�@ D� '� $� $ORQVR� $� %DH]D� 5� &KLQFKLOOD� &� *µPH]� *� *XLOOHQD� ,� 0� 3DVWRU� '� -� 5DPµQ�
0ROHFXOHV��������������૱����
>�@ )RU H[DPSOHV� VHH� D� 0� :LHVQHU� -� '� 5HYHOO� +� :HQQHPHUV� $QJHZ� &KHP� ,QW� (G� ����� ���
����૱������E��5��.DVWO��+��:HQQHPHUV��$QJHZ��&KHP��,QW��(G����������������૱�����
>�@ D� )� %¦FKOH� -� 'XVFKPDO«� &� (EQHU� $� 3IDOW]� +� :HQQHPHUV� $QJHZ� &KHP� ,QW� (G� ����� ���
�����૱������ E� &� 5LJOLQJ� -� .� .LVXQ]X� -� 'XVFKPDO«� '� +¦XVVLQJHU� 0� :LHVQHU� 0� 2� (EHUW� +�
:HQQHPHUV��-��$P��&KHP��6RF������������������૱������
>�@�7��6FKQLW]HU��$��%XGLQVN£��+��:HQQHPHUV��1DW��&DWDO��������������૱����
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6\QWKHVLV�RI�$PLGHV�DQG�(VWHUV�YLD�3G��&DWDO\]HG�&DUERQ\ODWLYH�&�VS���+�$FWLYDWLRQ��
����3G�6KLIW

7��ÎDUQ¿���5��5RFDER\���$��&OHPHQFHDX���2��%DXGRLQ�


�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�%DVHO��6ZLW]HUODQG

3G��FDWDO\]HG DFWLYDWLRQV RI &�VS��૱+ ERQGV KDYH SURYHQ D SRZHUIXO PHWKRG WR FRQVWUXFW &૱&
ERQGV DQG SURGXFH DQ DUUD\ RI XVHIXO FDUER� DQG KHWHURF\FOHV�>�@ 7UDSSLQJ RI UHDFWLRQ
LQWHUPHGLDWHV� VXFK DV SDOODGDF\FOHV RU ͗�DON\OSDOODGLXP FRPSOH[HV� DOORZV IRUPDWLRQ RI YDULRXV
LQWHUHVWLQJ SURGXFWV� ,QGDQHV FDQ EH IRUPHG E\ WUDSSLQJ RI RUJDQRSDOODGDF\FOH $ ZLWK
GLEURPRPHWKDQH�>�@ ZKLOH LQGDQRQHV DUH IRUPHG XSRQ WUDSSLQJ ZLWK &2�>�@ 7KH ͗�DON\OSDOODGLXP
FRPSOH[ % DULVLQJ IURP ����3G VKLIW FDQ HLWKHU XQGHUJR ͆�+ HOLPLQDWLRQ WR IRUP ROHILQV�>�@ RU FDQ EH
WUDSSHG�E\�ERURQLF�DFLGV�RU�DQLOLQHV�SURYLGLQJ�WKH�FRUUHVSRQGLQJ�DU\ODWLRQ�RU�DPLQDWLRQ�SURGXFWV�>�@

:H UHSRUW D PHWKRG IRU WKH V\QWKHVLV RI FDUER[\OLF GHULYDWLYHV IURP DU\O EURPLGHV� SURFHHGLQJ YLD
&�VS��૱+ DFWLYDWLRQ�����3G VKLIW WR JLYH D ͗�DON\OSDOODGLXP LQWHUPHGLDWH ZKLFK LV IXUWKHU WUDSSHG E\
FDUERQ PRQR[LGH DQG YDULRXV DPLQHV RU DOFRKROV�>�@ 7KH FRUUHVSRQGLQJ DPLGH DQG HVWHU SURGXFWV
EHDULQJ D TXDWHUQDU\ ͆ FDUERQ ZHUH LVRODWHG XS WR ��� \LHOG �6FKHPH ��� 0HFKDQLVWLF VWXGLHV
VKRZHG WKDW WKH DPLQRFDUERQ\ODWLRQ RI WKH ͗�DON\OSDOODGLXP LQWHUPHGLDWH LV IDVW XVLQJ 33K� DV WKH
OLJDQG��DQG�OHDGV�WR�WKH�DPLGH�IRUPDWLRQ�UDWKHU�WKDQ�WKH�SUHYLRXVO\�UHSRUWHG�LQGDQRQH�SURGXFW�

6FKHPH����3G��FDWDO\]HG�FDUERQ\ODWLYH�&�VS���+�DFWLYDWLRQ�������3G�VKLIW�

>�@�2��%DXGRLQ��$FF��&KHP��5HV�����������������
>�@�=��:X��'��0D��%��=KRX��;��-L��;��0D��;��:DQJ��<��=KDQJ��$QJHZ��&KHP��,QW��(G������������������
>�@�6��/��&DL��<��/L��&��<DQJ��-��6KHQJ��;��6��:DQJ��$&6�&DWDO�����������������
>�@ -� +LWFH� 3� 5HWDLOOHDX� 2� %DXGRLQ� &KHP� (XU� -� ����� ��� ���� E� (� 0RWWL� 0� &DWHOODQL� $GY�
6\QWK��&DWDO�����������������
>�@ D� 7� (� %DUGHU� 6� '� :DONHU� -� 5� 0DUWLQHOOL� 6� /� %XFKZDOG� -� $P� &KHP� 6RF� ����� ���� �����
E��-��3DQ��0��6X��6��/��%XFKZDOG��$QJHZ��&KHP��,QW��(G�����������������
>�@�7��ÎDUQ¿��5��5RFDER\��$��&OHPHQFHDX��2��%DXGRLQ��VXEPLWWHG�ZRUN�
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'LUHFW�6\QWKHVLV�RI�&\FORSURSDQHV�IURP�JHP�'LDON\O�*URXSV�WKURXJK�'RXEOH�&૱+
$FWLYDWLRQ

$��&OHPHQFHDX�����3��7KHVPDU���2��%DXGRLQ�


�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�%DVHO���25,/�LQGXVWULHV

3DOODGLXP�FDWDO\]HG &�VS��૰+ IXQFWLRQDOLVDWLRQ KDV EHHQ HVWDEOLVKHG DV D SRZHUIXO WRRO WR
FRQVWUXFW YDULRXV LPSRUWDQW F\FOLF V\VWHPV�>�@ 7R WDNH DGYDQWDJH RI WKLV FKHPLVWU\� ZH DUH IRFXVLQJ
RXU HIIRUWV RQ WKH HODERUDWLRQ RI GRXEOH &�VS���+ DFWLYDWLRQ WR UDSLGO\ DFFHVV FRPSOH[ QDWXUDO
SURGXFWV>�@�DQG�KHWHURF\FOHV�>�@

,Q WKLV FRQWH[W� ZH GHYHORSHG DQ XQSUHFHGHQWHG V\QWKHVLV RI F\FORSURSDQHV� LPSRUWDQW
SKDUPDFRSKRUHV� YLD WKH DFWLYDWLRQ RI WZR DON\O &�+ ERQGV WR IRUJH D VWUDLQHG &�& ERQG� 7KLV
WUDQVIRUPDWLRQ H[SORLWV 3G ����VKLIW�>�@ DQG WKH LVRODWLRQ RI GLIIHUHQW SDOODGLXP FRPSOH[
LQWHUPHGLDWHV�DIIRUGHG�D�YDOXDEOH�LQVLJKW�LQWR�WKH�FRPSOH[�PHFKDQLVWLF�SDWKZD\�>�@

>�@�2��%DXGRLQ��$FF��&KHP��5HV����������������������
>�@�3��7KHVPDU��2��%DXGRLQ��-��$P��&KHP��6RF������������������ಗ������
>�@�5��5RFDER\��,��$QDVWDVLRX��2��%DXGRLQ��$QJHZ��&KHP��,QW��(G������������������������
>�@�-�4��<X��=��6KL��7RS��&XUU��&KHP����������������
>�@�$��&OHPHQFHDX��3��7KHVPDU��0��*LFTXHO��$��/H�)ORKLF��2��%DXGRLQ��VXEPLWWHG�ZRUN��
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3DOODGLXP�&DWDO\]HG�'L�IXQFWLRQDOL]DWLRQ�RI�$OO\OLF�$PLQHV�DQG�$OFRKROV�8VLQJ�$OGHK\GH�
'HULYHG�7HWKHUV

$��.��'DV���6��1LFRODL���-��:DVHU�


�/DERUDWRU\�RI�&DWDO\VLV�DQG�2UJDQLF�6\QWKHVLV��/&62���,QVWLWXWH�RI�&KHPLFDO�6FLHQFHV�DQG
(QJLQHHULQJ��,6,&���(3)/�/DXVDQQH

$ONHQH GL�IXQFWLRQDOL]DWLRQ WKURXJK DQ LQWHUPROHFXODU DSSURDFK SUHVHQWV LPSRUWDQW FKDOOHQJHV RI
UHDFWLYLW\� UHJLRVHOHFWLYLW\ DQG VWHUHRVHOHFWLYLW\� 7KH LQVWDOODWLRQ RI D PROHFXODU WHWKHU DOORZV
DGGUHVVLQJ WKH UHDFWLYLW\ LVVXH E\ PDNLQJ WKH UHDFWLRQ LQWUDPROHFXODU� )XUWKHUPRUH� D F\FOLF
WUDQVLWLRQ VWDWH IDFLOLWDWHV FRQWURO RYHU UHJLR DQG VWHUHRVHOHFWLYLW\� 2XU JURXS UHSRUWHG WKH
IXQFWLRQDOL]DWLRQ RI DOO\O DPLQHV DQG DOFRKROV XQGHU 3G FDWDO\VLV XVLQJ WULIOXRURDFHWDOGHK\GH�
GHULYHG WHWKHUV YLD DPLQR�R[\�DON\Q\ODWLRQ DQG DU\ODWLRQ WR DFFHVV DPLQR DOFRKROV� RU GLDPLQHV�
DIWHU WHWKHU UHPRYDO� +HUHLQ� ZH ZLOO SUHVHQW RXU UHFHQW SURJUHVV LQ WKH DUHD LQYROYLQJ GLIIHUHQW
IXQFWLRQDOL]DWLRQ UHDFWLRQV RI DONHQHV� 'LVFXVVLRQ DERXW WKLV UHVHDUFK ZLOO EH SRVVLEOH GXULQJ D
]RRP�PHHWLQJ�RQ�7XHVGD\��������������������������

>�@�8��2UFHO�DQG�-��:DVHU��$QJHZ��&KHP���,QW��(G������������������
>�@�8��2UFHO�DQG�-��:DVHU��$QJHZ��&KHP���,QW��(G�������������������
>�@�7KH�OLQN�ZLOO�EH�DYDLODEOH�RQ�WKH�IROORZLQJ�GRFXPHQW�VKRUWO\�EHIRUH�
�����KWWSV���GULYH�JRRJOH�FRP�ILOH�G��V�7J��$%M�T���)\89��VFN7+*RS4Y�R�YLHZ
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+\SHUYDOHQW�,RGLQH�5HDJHQWV�DV�2[\�$OO\O�&DWLRQ�6\QWKHWLF�(TXLYDOHQWV�IRU�WKH
6\QWKHVLV�RI�9LQ\O�(WKHUV�DQG�.HWRQHV

1��'HFODV���-��:DVHU�


�/DERUDWRU\�RI�&DWDO\VLV�DQG�2UJDQLF�6\QWKHVLV��/&62���,QVWLWXWH�RI�&KHPLFDO�6FLHQFHV�DQG
(QJLQHHULQJ��,6,&���(3)/

+\SHUYDOHQW LRGLQH UHDJHQWV DUH ZLGHO\ XVHG LQ RUJDQLF V\QWKHVLV DV HIILFLHQW JURXS WUDQVIHU
UHDJHQWV YLD 8PSROXQJ RI QXFOHRSKLOHV�>�@ (QRODWHV� HQRO HWKHUV DQG HQDPLQHV DUH DPRQJ WKH PRVW
LPSRUWDQW QXFOHRSKLOLF V\QWKRQV LQ V\QWKHWLF FKHPLVWU\�>�@ DQG WKH 8PSROXQJ RI HQRODWHV ZLWK
K\SHUYDOHQW LRGLQH UHDJHQWV LV ZHOO HVWDEOLVKHG�>�@ +RZHYHU� WKH WUDQVIRUPDWLRQV LQYROYH KLJKO\
UHDFWLYH LQWHUPHGLDWHV IRUPHG LQ VLWX� DQG DQ DFFHVV WR VWDEOH UHDJHQWV LV RI D KLJK LQWHUHVW� ,Q
����� RXU JURXS SXEOLVKHG D KLJKO\ VWHUHRVHOHFWLYH V\QWKHVLV RI =�HQDPLGHV DQG HQRO HWKHUV EDVHG
YLQ\OEHQ]LRGR[RORQH UHDJHQWV �1� DQG 2�9%;�� LQ WZR VWHSV IURP VLO\O DON\QHV�>�@ 7KH HQKDQFHG
UHDFWLYLW\ RI WKH K\SHUYDOHQW ERQG DOORZHG WKHLU XVH DV IRUPDO YLQ\O FDWLRQV LQ SUHVHQFH RI
QXFOHRSKLOHV� +HUHLQ ZH UHSRUW D QHZ PRGH RI UHDFWLYLW\ RI 2�9%; UHDJHQWV� DFWLQJ DV R[\�DOO\O
FDWLRQ V\QWKHWLF HTXLYDOHQWV� D UHDFWLYLW\ WKDW GLIIHUV IURP WKH ZHOO�HVWDEOLVKHG �YLQ\O�FDWLRQ�
EHKDYLRU RI DONHQ\O LRGRQLXP VDOWV�>�@ 7KH QHZ WUDQVIRUPDWLRQ� SURPRWHG E\ DQ H[FHVV RI EDVH� LV
ZRUNLQJ HVSHFLDOO\ ZHOO ZLWK SKHQRO QXFOHRSKLOHV� OHDGLQJ WR DU\O HQRO HWKHUV EHDULQJ DQ DOO\OLF
HWKHU ZLWK FRPSOHWH (�VWHUHRVHOHFWLYLW\� ,Q DEVHQFH RI H[WHUQDO QXFOHRSKLOHV� WKH ��LRGREHQ]RDWH
JURXS RI WKH UHDJHQW FRXOG EH WUDQVIHUUHG� 8QGHU R[LGDWLYH FRQGLWLRQV� WKH REWDLQHG SURGXFWV ZHUH
WUDQVIRUPHG LQ DOSKD�IXQFWLRQDOL]HG NHWRQHV� RIIHULQJ D QHZ V\QWKHWLF SDWKZD\ WR DFFHVV
IXQFWLRQDOL]HG NHWRQHV IURP DON\QHV LQ WKUHH WR ILYH VWHSV�>�@ 'LVFXVVLRQ DERXW WKLV UHVHDUFK ZLOO EH
SRVVLEOH�GXULQJ�D�]RRP�PHHWLQJ�RQ�7XHVGD\���������������������K���>�@

>�@�D��9��9��=KGDQNLQ��+\SHUYDOHQW�,RGLQH�&KHPLVWU\��3UHSDUDWLRQ��6WUXFWXUH�DQG�6\QWKHWLF�$SSOLFDWLRQV�RI
3RO\YDOHQW�,RGLQH�&RPSRXQGV��,Q�+\SHUYDOHQW�,RGLQH�&KHPLVWU\��-RKQ�:LOH\�	�6RQV��/WG��������SS��૱����E�
$��<RVKLPXUD��9��9��=KGDQNLQ��&KHP��5HY�������������������>�@�D��*��6WRUN��-��6]PXV]NRYLF]��5��7HUUHOO��$�
%UL]]RODUD��+��/DQGHVPDQ��-��$P��&KHP��6RF�����������������E��7��0XNDL\DPD��.��%DQQR��.��1DUDVDND��-�
$P��&KHP��6RF������������������F��.��*RSDODLDK��+��%��.DJDQ��&KHP��5HY�������������������>�@�(��$�
0HUULWW��%��2ORIVVRQ��6\QWKHVLV������������>�@�3��&DUDPHQWL��1��'HFODV��5��7HVVLHU��0��'��:RGULFK��-��:DVHU��
&KHP��6FL����������������૱������>�@�7��2NX\DPD��7��7DNLQR��7��6XHGD��0��2FKLDL��-��$P��&KHP��6RF��������
�����������>�@�1��'HFODV��-��:DVHU��8QSXEOLVKHG�UHVXOWV��>�@�7KH�OLQN�ZLOO�EH�DYDLODEOH�RQ�WKH�IROORZLQJ
GRFXPHQW�VKRUWO\
EHIRUH��KWWSV���GULYH�JRRJOH�FRP�ILOH�G��V�7J��$%M�T���)\89��VFN7+*RS4Y�R�YLHZ"XVS VKDULQJ�
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6WXG\LQJ�WKH�(IIHFWLYHQHVV�RI�/LWKLXP�=LQFDWHV�6SHFLHV�LQ�0LFKDHO�$GGLWLRQ�5HDFWLRQV�
6\QWKHWLF�DQG�6WUXFWXUDO�,QVLJKWV�

0��'HOO
$HUD�����$��$OWRPDUH���9��&DSULDWL�
��(��+HYLD�


�'HSDUWPHQW�I¾U�&KHPLH�XQG�%LRFKHPLH��8QLYHUVLW¦W�%HUQ��&+������%HUQ��6ZLW]HUODQG���,&�&15��9LD
$PHQGROD�����R��,��������%DUL��,WDO\���'LSDUWLPHQWR�GL�)DUPDFLD�6FLHQ]H�GHO�)DUPDFR��8QLYHUVLW¢�GL

%DUL��,�������%DUL��,WDO\

7KH FRQMXJDWH DGGLWLRQ RI RUJDQRPHWDOOLFV WR QLWURDONHQHV SURYLGHV D XVHIXO PHWKRG IRU QLWUR�
DON\ODWLRQ� 7KLV W\SH RI DGGLWLRQ LV PXFK SXUVXHG LQ RUJDQLF V\QWKHVLV DV WKH QLWUR JURXS FDQ EH
HDVLO\ WUDQVIRUPHG LQWR YDULRXV IXQFWLRQDO JURXSV LQFOXGLQJ FDUERQ\O GHULYDWLYHV E\ WKH 1HI
UHDFWLRQ� DPLQHV E\ UHGXFWLRQ� QLWULOHV� LPLQHV E\ RWKHU WUDQVIRUPDWLRQV�>�@ :KLOH ����FRQMXJDWHG
DGGLWLRQV RI RUJDQR]LQF UHDJHQWV �5�=Q DQG 5=Q;� KDYH EHHQ H[WHQVLYHO\ VWXGLHG�>�@ DSSOLFDWLRQV RI
DONDOL�PHWDO ]LQFDWHV LQ IXQGDPHQWDO RUJDQLF WUDQVIRUPDWLRQV DUH VWLOO LQ WKHLU LQIDQF\�>�@ 7KHVH W\SH
RI UHDJHQWV VKRZ XQLTXH� V\QHUJLVWLF FKHPLFDO FKDUDFWHULVWLFV ZKLFK FDQQRW EH UHSOLFDWHG E\ WKHLU
PRQRPHWDOOLF �RUJDQROLWKLXP�RUJDQR]LQF� FRXQWHUSDUWV� )XUWKHUPRUH� WKH UHSODFHPHQW RI WKH
YLQ\OLF QLWUR JURXS E\ DQ DON\O JURXS UHPDLQV D FRPSOLFDWLRQ HQFRXQWHUHG ZKHQ QLWURVW\UHQHV DUH
UHDFWHG ZLWK GLDON\O]LQF FRPSRXQGV LQ WKH DEVHQFH RI D /HZLV DFLG�>�@ ,Q RXU UHFHQW ZRUN ZH
GHPRQVWUDWHG WKDW XQGHU RSWLPL]HG UHDFWLRQ FRQGLWLRQV� � r& DQG ZLWK QR DGGLWLRQDO VROYHQWV�
0LFKDHO DGGLWLRQV SURPRWHG E\ DOLSKDWLF DQG DURPDWLF RUJDQR]LQFDWHV WDNH SODFH ZLWK KLJK UHJLR�
DQG FKHPRVHOHFWLYLW\ SURYLGLQJ WKH H[SHFWHG QLWURDONDQHV LQ \LHOGV XS WR !���� DQG ZLWK QR
UHSODFHPHQW�RI�WKH�YLQ\OLF�QLWUR�JURXS�E\�WKH�DON\O�JURXS�>�@

%DVHG RQ WKHVH ILQGLQJV� WKH QHFHVVLW\ WR GHYHORS DQ HQDQWLRVHOHFWLYH YHUVLRQ RI WKLV
WUDQVIRUPDWLRQ EHFDPH LPSRUWDQW� ,Q RUGHU WR GHYHORS DQ HQDQWLRVHOHFWLYH UHDFWLRQ� D FKLUDO OLJDQG
LV NQRZQ WR EH QHFHVVDU\� ,Q WKLV FDVH� ZH WKRXJKW WR FUHDWH D FKLUDO OLWKLXP ]LQFDWH XVLQJ WZR
GLIIHUHQW DSSURDFKHV� KDUQHVVLQJ WKH GHSURWRQDWLYH FDSDELOLW\ RI WKH WHWUDRUJDQR]LQFDWH VSHFLHV
WRZDUGV PRELOH SURWRQV OLNH WKH RQHV SUHVHQW LQ DPLQR DOFRKROV DQG XVLQJ D FR�FRPSOH[DWLRQ
DSSURDFK EHWZHHQ WKH FRUUHVSRQGLQJ OLWKLXP DONR[LGH RI WKH OLJDQG HPSOR\HG DQG DQ RUJDQR]LQF
FRPSRXQG� ,Q WKLV FRPPXQLFDWLRQ� LVRODWLRQ RI NH\ LQWHUPHGLDWHV DV ZHOO DV VWUXFWXUDO DQG
V\QWKHWLF�DVSHFWV�ZLOO�EH�GLVFXVVHG�

>�@�1RERUX�2QR��7KH�1LWUR�*URXS�LQ�2UJDQLF�6\QWKHVLV��:LOH\�9&+������
>�@ %HQ /� )HULQJD� 0DXUR 3LQHVFKL� /HJJ\ $� $UQROG� 5RVDOLQGH ,PERV� $QGU« +� 0� GH 9ULHV� $QJHZ�
&KHP��,QW��(G��(QJO�����������������
>�@ 'DYLG 5� $UPVWURQJ� &KULVWLQH 'RXJDQ� 'DYLG 9� *UDKDP� (YD +HYLD� $ODQ 5� .HQQHG\�
2UJDQRPHWDOOLFV����������������
>�@�+DUDOG�6FKDHIHU��'LHWHU�6HHEDFK��7HWUDKHGURQ���������������������
>�@ 0DU]LD 'HOO૷$HUD� )LOLSSR 0� 3HUQD� 3DROD 9LWDOH� $QJHOD $OWRPDUH� $OHVVDQGUR 3DOPLHUL� /HZLV &�
+� 0DGGRFN� /HRQLH -� %ROH� $ODQ 5� .HQQHG\� (YD +HYLD� 9LWR &DSULDWL� &KHP� (XU� -� $FFHSWHG
$XWKRU�0DQXVFULSW��GRL���������FKHP����������
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)XQFWLRQDOL]DEOH�SHSWLGH�FRDWHG�3W13V�IRU�WDUJHWLQJ�OLYHU�FDQFHU�FHOOV

(��(QJHOVEHUJHU���0��6KRVKDQ���+��:HQQHPHUV�


�/DERUDWRU\�RI�2UJDQLF�&KHPLVWU\��'�&+$%��(7+�=¾ULFK���8QLYHUVLW\�RI�=XULFK

+HSDWRFHOOXODU FDUFLQRPD �+&&� LV WKH VL[WK PRVW IUHTXHQW FDQFHU DQG WKH VHFRQG OHDGLQJ FDXVH RI
GHDWK IURP FDQFHU ZRUOGZLGH�� )'$ DSSURYHG GUXJV �H�J� 6RUDIHQLE� VXIIHU IURP ORZ HIILFDF\ DQG
VHYHUH VLGH HIIHFWV�� 3ODWLQXP�EDVHG GUXJV ૱ ZLWK FLVSODWLQ DV WKH PRVW XVHG FKHPRWKHUDSHXWLF ૱
DUH YHU\ HIIHFWLYH EXW DOVR WR[LF WR KHDOWK\ RUJDQV� )XQFWLRQDOL]HG SODWLQXP QDQRSDUWLFOHV �3W13V�
DUH SURPLVLQJ DOWHUQDWLYHV� EXW SUHYLRXV VWXGLHV KDYH QHLWKHU VKRZQ LPSURYHG F\WRWR[LFLW\ QRU
WXPRXU VHOHFWLYLW\ RI 3W13V RYHU FLVSODWLQ���� 5HFHQWO\ RXU JURXS GHYHORSHG SHSWLGH�FRDWHG 3W13V
WKDW KDYH VLJQLILFDQWO\ JUHDWHU WR[LFLW\ DJDLQVW KHSDWLF FDQFHU FHOOV �+HS*�� WKDQ RWKHU FDQFHU FHOOV
DQG QRQ�FDQFHURXV OLYHU FHOOV� PRVW OLNHO\ GXH WR WKH IRUPDWLRQ RI F\WRWR[LF 3W�,,� LRQV XQGHU WKH
R[LGDWLYH FRQGLWLRQV LQ OLYHU FDQFHU FHOOV�� 7KH QDQRSDUWLFOH�VWDELOLVLQJ SHSWLGLF DGGLWLYH +�/\V�>3UR�
*O\�/\V@��1+� ZDV GLVFRYHUHG WKURXJK D FRPELQDWRULDO VFUHHQLQJ RI PRUH WKDQ ���� GLIIHUHQW
SHSWLGHV IROORZHG E\ IXUWKHU RSWLPLVDWLRQ� 7KLV SHSWLGH HQDEOHV WKH IRUPDWLRQ RI ZDWHU�VROXEOH�
PRQRGLVSHUVH 3W13V ZLWK DYHUDJH GLDPHWHUV RI ��� QP WKDW DUH VWDEOH IRU \HDUV� +HUH ZH SUHVHQW
WKDW WKLV KHSWDSHSWLGH FDQ IXUWKHU EH XVHG DV D SODWIRUP IRU WKH IXQFWLRQDOLVDWLRQ RI 3W13V�
'LIIHUHQW IXQFWLRQDO PRLHWLHV ZHUH DWWDFKHG WR WKH 3W13V IRU WDUJHWLQJ OLYHU FDQFHU FHOOV DV ZHOO DV
PRQLWRULQJ RU HQKDQFLQJ FHOOXODU XSWDNH� 7KH UHVXOWV VKRZ WKH UREXVWQHVV DQG YHUVDWLOLW\ RI WKH
SHSWLGH�FRDWHG�3W13V�

>�@�:RUOG�&DQFHU�5HSRUW�������:RUOG�+HDOWK�2UJDQL]DWLRQ��S������
>�@ D� $� 5D]D� *� .� 6RRG� :RUOG -� *DVWURHQWHURO� ����� ��� ����� E� -� 0� /ORYHW� 6� 5LFFL� 9�
0D]]DIHUUR��-��%UXL[��1HZ�(QJO��-��0HG������������������
>�@ +� 0RKDPPDGL� $� $EHGL� $� $NEDU]DGHK� 0� -� 0RNKWDUL� +� (� 6KDKPDEDGL� 0� 5� 0HKUDEL� 6�
-DYDGLDQ��0��&KLDQL��,QW��1DQR/HWW��������������
>�@�3��9��$VKDUDQL��1��;LQ\L��0��3��+DQGH��6��9DOL\DYHHWWLO��1DQRPHGLFLQH��������������
>�@ 0� 6� 6KRVKDQ� 7� 9RQGHUDFK� %� +DWWHQGRUI� +� :HQQHPHUV� $QJHZ� &KHP� ,QW� (G� ����� ���
����૱�����
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7KURXJK�%RQG�DQG�6SDFH��&XUYHG�/LJKW�+DUYHVWLQJ�$UUD\V

/��*DOOHJR���0����5LFNKDXV�


�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�=¾ULFK

7KH SURSHUWLHV RI IODW ͔�ULFK PROHFXOHV KDYH EHHQ ZLGHO\ VWXGLHG DQG DUH ZHOO NQRZQ IRU WKHLU XVH
DV FRQGXFWLYH DQG RSWLFDO PDWHULDOV� :H NQRZ WKDW GLVWRUWLQJ WKH V\VWHPV DZD\ IURP SODQDULW\ FDQ
VXEVWDQWLDOO\ LPSDFW WKHLU EHKDYLRXU� EXW ZH NQRZ OLWWOH WR ZKDW H[WHQW� &XUYHG� F\FOLF� FRQMXJDWHG
V\VWHPV KDYH EHHQ ODWHO\ XVHG LQ HQHUJ\ WUDQVIHU SURFHVVHV� ZLWK >Q@�F\FORSDUDSKHQ\OHQHV DQG
SRUSK\ULQ QDQRULQJV VWDQGLQJ RXW� VKRZLQJ HQKDQFHG HOHFWURQLF GHORFDOL]DWLRQ DQG QDUURZHU +202�
/802 JDSV WKDQ WKHLU OLQHDU DQDORJXHV� &\FORSDUDSKHQ\OHQHV DQG GHULYDWLYHV OLNH
F\FORSDUDSKHQ\OEXWDGL\Q\OHQHV �VHH ILJXUH �� D� KDYH UHFHLYHG PXFK DWWHQWLRQ EHFDXVH RI WKHLU
VLPLODULWLHV WR FDUERQ QDQRWXEHV� ZKLOH SRUSK\ULQ�EDVHG ULQJV KDYH UHFHLYHG DWWHQWLRQ HVSHFLDOO\
EHFDXVH WKH\ PLPLF DUUD\V RI QDWXUH૷V IDYRXULWH FKURPRSKRUHV� 7KHLU FRQVWUXFWLRQ UHTXLUHV
HYROYHG�WULFNV�WR�FRPSHQVDWH�WKH�LQWURGXFWLRQ�RI�VWUDLQ�WKDW�FRPHV�ZLWK�PDFURF\FOL]DWLRQ�

+HUH ZH VKRZ RXU DSSURDFK WRZDUGV D QDQRULQJ �VHH ILJXUH �� E� E\ WDNLQJ DGYDQWDJH RI DQ
LQKHUHQWO\ FXUYHG EXLOGLQJ EORFN� PHUJLQJ WKH VWXG\ RI WRSRJUDSK\ ZLWK WKH ILHOG RI PDWHULDOV
VFLHQFH� :H FKRVH FDUS\ULGLQH �&3� DV PRQRPHU� D QRYHO SRUSK\ULQRLG�UHODWHG� PHWDO�FRQWDLQJ
PDFURF\FOH EHDULQJ WZR FDUED]ROH DQG WZR S\ULGLQH XQLWV DOWHUQDWHO\ FRQQHFWHG WKURXJK RUWKR DU\O�
DU\O ERQGV� 7KLV DUUDQJHPHQW UHVXOWV LQ D VDGGOH VKDSHG VHFRQGDU\ VWUXFWXUH� :KDW PDNHV &3V
LQWULJXLQJ IURP D PDWHULDOV SHUVSHFWLYH LV WKDW WKH FDUED]ROHV DQG WKH S\ULGLQHV DUH GHFRXSOHG GXH
WR WKH EHQGLQJ� (DFK PRQRPHU E\ LWVHOI KDV WKXV OLPLWHG GHORFDOL]DWLRQ� +RZHYHU� ZKHQ FRQQHFWHG
WKURXJK HWK\Q\O EULGJHV WR PDNH D QDQRULQJ� WKH FRQMXJDWLRQ SDVVHV IURP OLQNHU YLD S\ULGLQH DQG
JRHV WKURXJK WKH PHWDO� OLNH LQ D PHWDO GRSHG F\FORSDUDSKHQ\OEXWDGL\Q\OHQH� 7KH SUHVHQFH RI WKH
PHWDO LQ WKH &3 XQLWV DOVR HQDEOHV KRVWLQJ D JXHVW E\ FRRUGLQDWLRQ� DQG ZKHQ XVLQJ DQ DFFHSWRU
JXHVW� WKLV ZRXOG DOORZ WKH VWXG\ RI HQHUJ\ WUDQVIHU SURFHVVHV IURP WKH QDQRULQJ WKURXJK VSDFH
WRZDUGV�WKH�DFFHSWRU�
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7UDQVLWLRQ�0HWDO�)UHH�$U\ODWLRQ�RI�1�2�$FHWDOV�8VLQJ�&RRSHUDWLYH�=Q�=Q�3DUWQHUVKLSV

-��0��*LO�1HJUHWH���(��+HYLD�


�'HSDUWPHQW�I¾U�&KHPLH�XQG�%LRFKHPLH��8QLYHUVLW¦W�%HUQ��&+������%HUQ��6ZLW]HUODQG

6LQFH UHFHQW \HDUV� WKH GHYHORSPHQW RI PRUH VXVWDLQDEOH UHDFWLRQ VWUDWHJLHV WKDW UHSUHVHQW DQ
DOWHUQDWLYH WR WKH XVH RI RIWHQ H[SHQVLYH DQG WR[LF WUDQVLWLRQ�PHWDO FDWDO\VWV KDV EHFRPH DQ
LPSRUWDQW DUHD RI UHVHDUFK�>�@ ,Q WKLV UHJDUG� ZH KDYH UHFHQWO\ FRPPXQLFDWHG WKH DU\ODWLRQ RI
JO\FRV\O EURPLGHV EDVHG RQ WKH V\QHUJLVWLF SDUWQHUVKLS RI ELV�DU\O�]LQF UHDJHQWV ZLWK WKH VWURQJHU
/HZLV DFLGLF >�=Q$U)��@ �$U)  &�)�� LQ WKH DEVHQFH RI WUDQVLWLRQ PHWDOV DQG XQGHU PLOG FRQGLWLRQV�>�@
$V SDUW RI DQ RQJRLQJ SURMHFW DLPHG DW H[SDQGLQJ WKLV QHZ W\SH RI =Q�=Q૷ V\QHUJLVWLF FRRSHUDWLYLW\�
ZH QRZ UHSRUW WKH =Q$U)� PHGLDWHG DU\ODWLRQ RI 1�2�DFHWDOV� 7KH UHDFWLRQ FDQ EH FDUULHG RXW XVLQJ
GLDU\O DQG KHWHURDU\O ]LQF UHDJHQWV ZLWK D YDULHW\ RI HOHFWURQ�GHILFLHQW RU HOHFWURQ�ULFK VXEVWUDWHV
WR DIIRUG WKH FRUUHVSRQGLQJ GLDU\OPHWKDQDPLQH SURGXFWV LQ JRRG \LHOGV� 7KH =Q$U)� HQDEOHV WKH
XVH RI D OLPLWLQJ �� PRO� RI WKH GLDU\O]LQF UHDJHQWV� HIIHFWLYHO\ SURPRWLQJ WKH WUDQVIHUHQFH RI WKH
WZR RUJDQLF JURXSV WR WKH HOHFWURSKLOH� .H\ DVSHFWV IRU WKH VXFFHVVIXO RXWFRPH RI WKH UHDFWLRQ
LQFOXGH�DYRLGDQFH�RI�GRQRU�OLJDQGV��SDUWLFXODUO\�WKH�XVH�RI�HWKHUHDO�VROYHQWV�VXFK�DV�7+)�RU�(W�2�

>�@�6XQ��&��/���6KL��=��-��&KHP��5HY�����������������������
>�@ +HUQ£Q�*µPH]� $�� 2UU� 6� $�� 8]HODF� 0�� .HQQHG\� $� 5�� %DUURVR� 6�� -XVVHDX� ;�� /HPDLUH� 6��
)DULQD��9���+HYLD��(��$QJHZ��&KHP��,QW��(G������������������������
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3QLFWRJHQ�%RQGLQJ�&DWDO\VLV��3RO\HWKHU�&\FOL]DWLRQV��%UHDNLQJ�WKH�%DOGZLQ�5XOHV

$��*LQL���0��3DUDMD���%��*DOP«V���&��%HVQDUG���$��,��3REODGRU�%DKDPRQGH����1��6DNDL���$��)URQWHUD���6�
0DWLOH�


�'HSDUWPHQW�RI�2UJDQLF�&KHPLVWU\��8QLYHUVLW\�RI�*HQHYD���'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI
WKH�%DOHDULF�,VODQGV

7KH ORQJ MRXUQH\ LQWR QRQ�FRYDOHQW LQWHUDFWLRQV LV IDU WR EH HQGHG� ,Q WKH ODVW GHFDGH WKH
H[SORLWDWLRQ RI KDORJHQ�� DQG FKDOFRJHQ�ERQG� GRQRU DV FDWDO\VW RSHQHG QHZ URXWHV RQ WKH
DSSOLFDWLRQ RI WKH VR�FDOOHG ͗�KROH LQWHUDFWLRQV RYHU PRUH FODVVLFDO QRQ�FRYDOHQW ERQG� VXFK DV
K\GURJHQ ERQGLQJ� +RZHYHU� WKH FORVHO\ UHODWHG SQLFWRJHQ� DQG WHWUHOV�ERQG LQWHUDFWLRQV DUH VWLOO
SRRUO\ H[SORUHG� ,Q WKLV FRQWH[W� SQLFWRJHQ�ERQG GRQRUV DUH DWWUDFWLYH IRU XVH LQ FDWDO\VLV EHFDXVH
RI�GHHS�͗�KROH��KLJK�PXOWLYDOHQF\��ULFK�K\SHUYDOHQF\��DQG�FKLUDO�ELQGLQJ�SRFNHWV���

:H KHUH UHSRUW QDWXUDO SURGXFW LQVSLUHG HSR[LGH�RSHQLQJ SRO\HWKHU F\FOL]DWLRQV FDWDO\]HG E\
IOXRURDU\ODWHG 6E�9� ! 6E�,,,� ! %L ! 6Q ! *H DV H[RWLF QRQ�FRYDOHQW ͗�KROH GRQRU� 7KH GLVWLQFWLYH
FKDUDFWHULVWLF IRXQG IRU SQLFWRJHQ�ERQGLQJ FDWDO\VLV LV WKH EUHDNLQJ RI WKH %DOGZLQ UXOHV� WKDW LV
VHOHFWLYH HQGR F\FOL]DWLRQ LQWR WKH WUDQV�IXVHG ODGGHU ROLJRPHUV NQRZQ IURP WKH EUHYHWR[LQV�� ,Q
DGGLWLRQ� WULV�������WULIOXRURSKHQ\O�VWLELQHV DQG WKHLU K\SHUYDOHQW VWLERUDQH FDWHFKRODWHV DIIRUG
GLIIHUHQW DQWL�%DOGZLQ VWHUHRVHOHFWLYLW\� DV ZHOO DV GLYHUVH WUDQVLWLRQ�VWDWH FRQIRUPDWLRQ� /HZLV
�6E&O��� %UºQVWHG �$F2+� DQG ͔ DFLGV IDLO WR SURYLGH VLPLODU DFFHVV WR WKHVH IRUELGGHQ ULQJV�� /LNH
K\GURJHQ�ERQGLQJ FDWDO\VLV GLIIHUV IURP %UºQVWHG DFLG FDWDO\VLV� SQLFWRJHQ�ERQGLQJ FDWDO\VLV WKXV
HPHUJHV�DV�WKH�VXSUDPROHFXODU�FRXQWHUSDUW�RI�FRYDOHQW�/HZLV�DFLG�FDWDO\VLV�

>�@�+XL�:DQJ��:HL]KRX�:DQJ��:HL�-XQ�-LQ��&KHP��5HY�����������������������
>�@�/XNDV�9RJHO��3DWULFN�:RQQHU��6WHIDQ�0��+XEHU��$QJHZ��&KHP��,QW��(G����������������������
>�@ 6HEDVWLDQ %HQ]� $PDOLD ,� 3REODGRU�%DKDPRQGH� 1LFRODV /RZ�'HUV� 6WHIDQ 0DWLOH� $QJHZ� &KHP�
,QW��(G����������������������
>�@�,YDQ�9LORWLMHYLF��7LPRWK\�)��-DPLVRQ��$QJHZ��&KHP��,QW��(G����������������૱�����
>�@ 0LJXHO 3DUDMD� ;LDR\X +DR� 6WHIDQ 0DWLOH� $QJHZ� &KHP� ,QW� (G� �����
��������DQLH����������
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3KRWR7DJV��3KRWRDFWLYDWDEOH�IOXRURSKRUHV�IRU�SURWHLQ�ODEHOOLQJ

$��*XLOORX���-��3��+ROODQG�


�8QLYHUVLW\�RI�=XULFK��'HSDUWPHQW�RI�&KHPLVWU\��:LQWHUWKXUHUVWUDVVH������&+�������=XULFK

(IILFLHQW PHWKRGV WR IXQFWLRQDOLVH SURWHLQV DUH YLWDO LQ WKH GHYHORSPHQW RI PDQ\ GLDJQRVWLF DQG
WKHUDSHXWLF FRPSRXQGV VXFK DV UDGLRODEHOOHG PRQRFORQDO DQWLERGLHV �P$EV� IRU SRVLWURQ HPLVVLRQ
WRPRJUDSK\ �3(7�� IOXRUHVFHQW SUREHV IRU LPPXQRKLVWRFKHPLVWU\� DQG DQWLERG\�GUXJ FRQMXJDWHV
�$'&V�� ,QKHUHQWO\ IOXRUHVFHQW SURWHLQV VXFK DV JUHHQ IOXRUHVFHQW SURWHLQ �*)3� FDQ EH XVHG IRU
FRQIRFDO PLFURVFRS\� EXW ODEHOOLQJ QRQ�IOXRUHVFHQW SURWHLQV H[WULQVLFDOO\ ZLWK RUJDQLF IOXRURSKRUHV
JLYHV DFFHVV WR RSWLFDO SUREHV ZLWK D ZLGHU UDQJH RI ELRORJLFDO DSSOLFDWLRQV�>���@ 6PDOO�PROHFXOH
IOXRURSKRUHV GHULYHG IURP WKH IOXRUHVFHLQ� UKRGDPLQH� FRXPDULQ RU %2',3< IDPLOLHV DUH RIWHQ XVHG
IRU WDJJLQJ SURWHLQ� 6WDQGDUG SURWHLQ�FRQMXJDWLRQ FKHPLVWULHV IRU DWWDFKLQJ WKH IOXRURSKRUH LQFOXGH
IXQFWLRQDOLVDWLRQ RI O\VLQH UHVLGXHV YLD DPLGH ERQG IRUPDWLRQ ZLWK DFWLYDWHG HVWHUV �1�
K\GUR[\VXFFLQLPLGH >1+6@�W\SH FKHPLVWU\� RU WKH IRUPDWLRQ RI WKLRXUHD OLQNDJHV XVLQJ IOXRURSKRUHV
EHDULQJ�EHQ]\O�LVRWKLRF\DQDWH��%Q�1&6��JURXSV�>���@

5HFHQWO\� RXU JURXS KDV EHHQ H[SORULQJ WKH XVH RI OLJKW�LQGXFHG V\QWKHVLV RI
SURWHLQ�FRQMXJDWHV�>���@ +HUH� ZH SUHVHQW WKH V\QWKHVLV DQG H[SHULPHQWDO FKDUDFWHULVDWLRQ RI IRXU
SKRWRDFWLYDWDEOH IOXRURSKRUHV �3KRWR7DJV� EHDULQJ OLJKW�VHQVLWLYH DU\O D]LGH �$U1�� JURXSV FRXSOHG
WR WKH IOXRURSKRUH YLD D ZDWHU�VROXELOLVLQJ WULV�SRO\HWK\OHQH JO\FRO �3(*�� OLQNHU� 3KRWRFKHPLFDO
NLQHWLF VWXGLHV UHYHDOHG WKDW UDSLG DFWLYDWLRQ RFFXUV XQGHU LUUDGLDWLRQ DW ��� RU ��� QP� ,UUDGLDWLRQ
IRU ��� PLQ DW S+� LQ WKH SUHVHQFH RI YDULRXV SURWHLQV� LQFOXGLQJ KXPDQ VHUXP DOEXPLQ DQG ,J*�
LPPXQRJOREXOLQV� IROORZHG E\ SUHSDUDWLYH VL]H�H[FOXVLRQ FKURPDWRJUDSK\ SURGXFHG D VHULHV RI
IOXRUHVFHQW SURWHLQ�FRQMXJDWHV WKDW ZHUH FKDUDFWHULVHG IXUWKHU E\ HOHFWURQLF DEVRUSWLRQ DQG
IOXRUHVFHQFH HPLVVLRQ VSHFWURVFRS\� SKRWREOHDFKLQJ VWXGLHV� JHO HOHFWURSKRUHVLV� DQG VL]H�
H[FOXVLRQ +3/&� )XUWKHU H[SHULPHQWV DUH XQGHUZD\ WR RSWLPLVH WKH FRQGLWLRQV UHTXLUHG IRU HIILFLHQW
SKRWRDFWLYDWHG SURWHLQ�IXQFWLRQDOLVDWLRQ� $ WRRO�ER[ RI GLIIHUHQW 3KRWR7DJV LV QRZ DYDLODEOH WR
PDNH�IOXRUHVFHQWO\�WDJJHG�SURWHLQV�OLWHUDOO\�૶LQ�D�IODVK૷�

)LJXUH �� &KHPLFDO VWUXFWXUHV RI IRXU FODVVHV RI SKRWRDFWLYDWDEOH G\HV �3KRWR7DJV�� DV ZHOO DV
WKHLU �FRORXU�FRGHG� HPLVVLRQ VSHFWUD� DQG D SKRWRJUDSK\ VKRZLQJ IOXRUHVFHQFH XQGHU 89
LUUDGLDWLRQ�

>�@�&ULYDW��*��HW�DO��7UHQGV�%LRWHFKQRO�������������ಗ���
>�@�)XMLNL��<��HW�DO��&\WRPHWU\��3DUW�$������������������
>�@�.RZDGD��7��HW�DO��&KHP��6RF��5HY����������������ಗ�����
>�@�6X]XNL��7��HW�DO��$FWD�+LVWRFKHP��&\WRFKHP���������������ಗ���
>�@�)D\��5��HW�DO��2UJ��/HWW����������������ಗ����
>�@�*XLOORX��$��HW�DO��&KHP��(XU��-��������LQ�SUHVV���'2,����������FKHP����������

https://doi.org/10.1002/chem.202001987
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6WHUHRVHOHFWLYH�6\QWKHVLV�RI�$WURSRLVRPHULF�%LDU\OV

=��-RQÏHY���&��6SDUU�


�8QLYHUVLW\�RI�%DVHO

$WURSLVRPHUV DUH VWHUHRLVRPHUV WKDW DULVH IURP WKH UHVWULFWHG URWDWLRQ DERXW D VLQJOH ERQG�
$SSOLFDWLRQV DFURVV GLIIHUHQW GLVFLSOLQHV KDYH PDGH WKHVH FRPSRXQGV LQGLVSHQVDEOH� WKHUHIRUH
GLIIHUHQW VWHUHRVHOHFWLYH PHWKRGV WR FRQVWUXFW D[LDOO\ FKLUDO ELDU\OV KDYH EHHQ GHYHORSHG� 2IWHQ�
FDWDO\VW�FRQWUROOHG DWURSRVHOHFWLYH DUHQH�FRQVWUXFWLRQ UHTXLUHV WUDQVLWLRQ PHWDOV WKDW FDQ EH WR[LF
LQ SKDUPDFHXWLFDO LQJUHGLHQWV� HYHQ LQ WUDFH DPRXQWV� ,QVSLUHG E\ WKH ELRV\QWKHVLV RI DURPDWLF
SRO\NHWLGHV� RXU JURXS LV IRFXVLQJ RQ WKH RUJDQRFDWDO\WLF DWURSRVHOHFWLYH DOGRO FRQGHQVDWLRQ� 'H
QRYR FRQVWUXFWLRQ RI DUHQHV WKDW VLPXOWDQHRXVO\ OHDGV WR D URWDWLRQDOO\ UHVWULFWHG ERQG LQ D
VWHUHRFRQWUROOHG IDVKLRQ� KDV EHHQ GHYHORSHG WR WUDQVIRUP XQVDWXUDWHG NHWRDOGHK\GHV ��� RU ͅ�
NHWRDPLGH VXEVWUDWH ��� WR URWDWLRQDOO\ UHVWULFWHG FRPSRXQGV ZLWK KLJK DWURSRVHOHFWLYLWLHV DQG
\LHOGV �6FKHPH �D DQG �E�� >���@ )XUWKHU GHYHORSPHQW RI DWURSRGLDVWHUHRVHOHFWLYH UHDFWLRQV ZDV
DFFRPSOLVKHG E\ LWHUDWLYH DVVHPEO\� UHVXOWLQJ LQ UHPDUNDEOH FRPSRXQGV ZLWK PRUH WKDQ RQH
FRQILJXUDWLRQDOO\�VWDEOH�D[LV��6FKHPH��F���>�@�

'LUHFW HVWHU LQWR DUHQH WUDQVIRUPDWLRQ �G($7� VWUDWHJ\ ZDV GHYHORSHG LQ RXU ODE XVLQJ
����ELIXQFWLRQDO RUJDQRPDJQHVLXP UHDJHQW �6FKHPH �D�>�@� %XLOGLQJ XSRQ G($7� DWURSRVHOHFWLYH
YHUVLRQ DOORZHG IRU FHQWUDO�WR�D[LDO FKLUDOLW\ FRQYHUVLRQ �6FKHPH �E��>�@ 7KHVH YHUVDWLOH V\QWKHWLF
FRQFHSWV SURYLGH QHZ UHOLDEOH PHWKRGV IRU WKH V\QWKHVLV RI YDULRXV URWDWLRQDOO\ UHVWULFWHG
FRPSRXQGV� 7KH DOGRO FRQGHQVDWLRQ DV ZHOO DV WKH G($7 DUH FRQGXFWHG XQGHU PLOG FRQGLWLRQV WKDW
DOORZ IRU WKH SUHSDUDWLRQ RI D EURDG UDQJH RI IXQFWLRQDOO\ GLVWLQFW DWURSLVRPHUV� 2QJRLQJ VWXGLHV
IRFXV RQ WKH DSSOLFDWLRQ RI SUHFLVHO\ GHILQHG PROHFXODU IUDPHZRUNV DQG DGYDQFHPHQW RI QHZ
FDWDO\WLF�PHWKRGV�

>�@�$��/LQN��&��6SDUU��$QJHZ��&KHP��,QW��(G����������������૱�����
>�@�9��&��)¦VHNH��&��6SDUU��$QJHZ��&KHP��,QW��(G����������������૱�����
>�@ '� /RWWHU� 0� 1HXEXUJHU� 0� 5LFNKDXV� '� +¦XVLQJHU� &� 6SDUU� $QJHZ� &KHP� ,QW� (G� ����� ���
�����
>�@�$��/LQN��&��)LVFKHU��&��6SDUU��$QJHZ��&KHP��,QW��(G�����������������૱������
>�@�$��/LQN��&��6SDUU��$QJHZ��&KHP��,QW��(G����������������૱�����
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6ZLWFKLQJ�RI�&KURPRSKRUHV�LQ�2SWLFDO�$QWHQQDV

/��-XFNHU���0��2FKV���5��.XOORFN���0��0D\RU���
��%��+HFKW�


�8QLYHUVLW\�RI�%DVHO��'HSDUWPHQW�RI�&KHPLVWU\���8QLYHUVLW\�RI�:¾U]EXUJ��([SHULPHQWDO�3K\VLFV�����
.DUOVUXKH�,QVWLWXWH�RI�7HFKQRORJ\��,QVWLWXWH�RI�1DQRWHFKQRORJ\

7KH UHYHUVLEOH VZLWFKLQJ RI RSWLFDO JROG DQWHQQDV E\ WKH LQFRUSRUDWLRQ RI FKURPRSKRUHV LQ WKH
DQWHQQD IHHGJDS LV SUHVHQWHG� 7KURXJK DSSOLFDWLRQ RI DQ HOHFWULF SRWHQWLDO GLIIHUHQFH� ZH HQYLVLRQ
D�FKDQJH�LQ�SKRWROXPLQHVFHQFH�LQWHQVLW\��UHVXOWLQJ�LQ�D�VLPSOH�QDQRVFDOH�VZLWFK�

7KH JROG QDQRVWUXFWXUHV>�@ DUH IDEULFDWHG E\ IRFXVHG LRQ EHDP PLOOLQJ RI VLQJOH�FU\VWDOOLQH JROG
IODNHV SODFHG RQ D JROG HOHFWURGH� HQDEOLQJ ILQH�WXQLQJ RI WKH DQWHQQD WR DGMXVW LWV JDS VL]H DQG
RSWLFDO�SURSHUWLHV�

7KH HPLVVLRQ ZDYHOHQJWK RI WKH V\QWKHVL]HG SXVK�SXOO FKURPRSKRUH RYHUODSV ZLWK WKH VXUIDFH
SODVPRQ UHVRQDQFH RI WKH DQWHQQD� LQFUHDVLQJ WKH SKRWROXPLQHVFHQFH LQWHQVLW\� ,QFRUSRUDWLRQ RI D
WKLRO�WHUPLQDWHG 3(*�FKDLQ OLQNHU HQVXUHV VHOI�DVVHPEOHG PRQROD\HU IRUPDWLRQ DQG VXIILFLHQW
GLVWDQFH�RI�WKH�FKURPRSKRUH�WR�WKH�JROG�VXUIDFH�WR�SUHYHQW�XQGHVLUHG�H[FLWHG�VWDWH�TXHQFKLQJ�

7KH GLUHFWLRQDOLW\ UHTXLUHG IRU VZLWFKLQJ H[SHULPHQWV LV REWDLQHG WKURXJK VHOHFWLYH YROWDPPHWULF
UHPRYDO RI WKH VHOI�DVVHPEOHG PRQROD\HU IURP RQH DQWHQQD DUP� )LUVW PHDVXUHPHQWV H[DPLQLQJ
WKH EHKDYLRU RI WKH FKURPRSKRUH LQ WKH JROG DQWHQQD IHHGJDS VKRZ UHYHUVLEOH VZLWFKLQJ RI WKH
HPLVVLRQ LQWHQVLW\ XSRQ DSSOLFDWLRQ RI DQ HOHFWULF SRWHQWLDO GLIIHUHQFH WR WKH HOHFWURGHV� )XUWKHU
LQYHVWLJDWLRQV�LQWR�WKH�XQGHUO\LQJ�PHFKDQLVP�DUH�RQJRLQJ�

>�@ -RUG &� 3UDQJVPD� -RKDQQHV .HUQ� $OH[DQGHU *� .QDSS� 6ZHQ *URVVPDQQ� 0RQLND (PPHUOLQJ�
0DUWLQ�.DPS��%HUW�+HFKW��1DQR�/HWWHUV���������������������
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1HZ�1HR�&OHURGDQH�'LWHUSHQHV�IURP�7HXFULXP�SROLXP

0��.HOOHU���6��&KDEDQH���$��%RXGMHODO���0��+DPEXUJHU���2��3RWWHUDW�


�'LYLVLRQ�RI�3KDUPDFHXWLFDO�%LRORJ\��8QLYHUVLW\�RI�%DVHO��6ZLW]HUODQG���'HSDUWPHQW�RI�/LIH�DQG
1DWXUH�6FLHQFH��)DFXOW\�RI�6FLHQFHV��0RKDPHG�%RXGLDI�8QLYHUVLW\��0
6LOD��$OJHULD���'HSDUWPHQW�RI
0LFURELRORJ\�DQG�%LRFKHPLVWU\��)DFXOW\�RI�6FLHQFHV��0RKDPHG�%RXGLDI�8QLYHUVLW\��0
6LOD��$OJHULD

7KH DHULDO SDUWV RI 7HXFULXP SROLXP /�� SRSXODUO\ NQRZQ DV IHOW\ JHUPDQGHU� DUH XVHG LQ $OJHULDQ
WUDGLWLRQDO PHGLFLQH IRU WKH WUHDWPHQW RI GLDEHWHV� K\SHUWHQVLRQ� DQG LQ WKH IRUP RI D SRZGHU
PL[HG ZLWK SHWUROHXP MHOO\ RU EHHVZD[ DV D ZRXQG KHDOLQJ DJHQW >�@� 7KH ZRXQG KHDOLQJ
SURSHUWLHV RI D PHWKDQROLF H[WUDFW ZDV FRQILUPHG XVLQJ D ZRXQG H[FLVLRQ PRGHO LQ UDEELWV� DQG WKH
SRO\SKHQROLF FRQVWLWXHQWV FKDUDFWHUL]HG E\ +3/&�3'$�06 DQDO\VLV IROORZHG E\ WDUJHWHG LVRODWLRQ
>�@�

)RU WKH DQDO\VLV RI WKH QRQ�SKHQROLF FRPSRXQGV� WKH HWK\O DFHWDWH�VROXEOH IUDFWLRQ RI WKH DFWLYH
PHWKDQROLF H[WUDFW ZDV VHSDUDWHG E\ SUHSDUDWLYH +3/&�06 RQ DQ 53��� FROXPQ� )LYH QHR�
FOHURGDQH GLWHUSHQHV ZHUH REWDLQHG� LQFOXGLQJ WKH NQRZQ ���DFHW\ODXURSROLQ DQG IRXU QHZ
FRQJHQHUV� 7KHLU VWUXFWXUHV ZHUH HOXFLGDWHG ZLWK WKH DLG RI H[WHQVLYH 105 DQDO\VLV DQG +5(6,06�
DQG (&'� 7KH DEVROXWH FRQILJXUDWLRQ RI ���DFHW\ODXURSROLQ ZDV FRQILUPHG E\ ;�UD\ FU\VWDOORJUDSKLF
GLIIUDFWLRQ�DQDO\VLV�

>�@�$PHO�%RXGMHODO��&KHULID�+HQFKLUL��0DGDQL�6DUL��HW�DO���-RXUQDO�RI�(WKQRSKDUPDFRORJ\������������
���૱����
>�@�6DUUD�&KDEDQH��$PHO�%RXGMHODO��0RUULV�.HOOHU��HW�DO���6RXWK�$IULFDQ�-RXUQDO�RI�%RWDQ\��VXEPLWWHG�
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6\QWKHVLV�RI�D�0DFURF\FOLF�*ROG�$WRP�$FFHSWRU

&��.UHVV���3��=ZLFN���0��0D\RU�


�8QLYHUVLW\�RI�%DVHO��'HSDUWPHQW�RI�&KHPLVWU\

,VRF\DQLGHV DUH VXJJHVWHG WR EH SURPLVLQJ DQFKRULQJ JURXSV IRU VLQJOH PROHFXODU MXQFWLRQV
PHDVXUHG EHWZHHQ JROG HOHFWURGHV���� 7KLV K\SRWKHVLV ZDV IXUWKHU FRQILUPHG E\ 0� &DODPH HW DO�
REVHUYLQJ VLQJOH PROHFXODU MXQFWLRQ IRUPDWLRQ RI ��� XVLQJ ����EHQ]HQHGLLVRF\DQLGH LQ D OLTXLG
HQYLURQPHQW� )XUWKHU GLVSODFHPHQW RI WKH PHFKDQLFDOO\ FRQWUROOHG EUHDN MXQFWLRQ �0&%-� UHVXOWHG
LQ WKH IRUPDWLRQ RI D RQH�GLPHQVLRQDO FRRUGLQDWLRQ SRO\PHU� VXJJHVWLQJ WKH UHOHDVH RI VLQJOH JROG
DWRPV IURP WKH HOHFWURGH�� 7KHVH ILQGLQJV PRWLYDWHG XV WR IXUWKHU LQYHVWLJDWH WKH LVRF\DQLGH�JROG
LQWHUDFWLRQ�E\�VWXG\LQJ�WKH�DIILQLW\�RI�D�PDFURF\FOLF�GLLVRF\DQLGH�OLJDQG�WR�JROG�,��

7KH PHWD�WHUSKHQ\O PDFURF\FOH EHDULQJ WZR LVRF\DQLGHV RQ RSSRVLWH VLGHV EULGJHG E\ EXWDGL\QHV
DV VSDFLQJ JURXSV ZDV GHVLJQHG DV D ULJLG ELGHQWDWH OLJDQG� 7KH V\QWKHVLV RI WKLV PDFURF\FOLF
VWUXFWXUH ZDV VXFFHVVIXOO\ DFKLHYHG RYHU � VWHSV DQG DQ RYHUDOO \LHOG RI ��� 7KH DVVRFLDWLRQ
FRQVWDQW�RI�$X�,��WR�WKH�PDFURF\FOH�ZDV�GHWHUPLQHG�E\�89�YLV�WLWUDWLRQ�H[SHULPHQWV�

>�@�.LJXFKL��6��0LXUD��.��+DUD��0��6DZDPXUD��.��0XUDNRVKL��$SSO��3K\V��/HWW��������������������
>�@ /¸UWVFKHU� &� -� &KR� 0� 0D\RU� 0� 7VFKXG\� &� 5HWWQHU� +� 5LHO� &KHP3K\V&KHP� ����� ���
����૱�����
>�@ 9ODG\ND� 0� /� 3HUULQ� -� 2YHUEHFN� 5� 5� )HUUDG£V� 9� *DUF¯D૮6X£UH]� 0� *DQWHQEHLQ� -� %UXQQHU�
0��0D\RU��-��)HUUHU��0��&DODPH��1DW�&RPPXQ�������������૱��
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%UºQVWHG�DQG�/HZLV�DFLG�DGGXFWV�RI�WULD]HQHV

,��5��/DQGPDQ���$��$��6XOH\PDQRY���.��6HYHULQ�


�/&6��,6,&��(FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH��(3)/��������/DXVDQQH��6ZLW]HUODQG

7KH V\QWKHWLF XWLOLW\ RI WULD]HQHV UHVWV RQ WKH IDFW WKDW WKH WULD]HQH IXQFWLRQ FDQ EH FOHDYHG E\
%UºQVWHG RU /HZLV DFLGV� OLEHUDWLQJ GLD]RQLXP FRPSRXQGV� +RZHYHU� WKH SUHIHUUHG FRRUGLQDWLRQ
VLWH RI WKH DFLG LV VWLOO D PDWWHU RI GHEDWH� :H KDYH DQDO\]HG WULIOLF DFLG� %�&�)���� DQG 3G&O� DGGXFWV
RI WULD]HQHV E\ 105 VSHFWURVFRS\ DQG VLQJOH FU\VWDO ;�UD\ FU\VWDOORJUDSK\� ,Q DOO FDVHV� ZH REVHUYH
FRRUGLQDWLRQ RI WKH DFLG WR WKH 1� DWRP RI WKH WULD]HQH� 7KLV ILQGLQJ LV QRW RQO\ RI UHOHYDQFH IRU
DFLG�LQGXFHG FOHDYDJH UHDFWLRQV� EXW DOVR IRU PHWDO�FDWDO\]HG UHDFWLRQV ZLWK WULD]HQHV� ZKLFK DUH
LQFUHDVLQJO\�EHLQJ�XVHG�LQ�V\QWKHWLF�RUJDQLF�FKHPLVWU\�

>�@ /DQGPDQ� ,� 5�� 6XOH\PDQRY� $� $�� 6FRSHOOLWL� 5�� )DGDHL�7LUDQL� )�� &KDGZLFN� )� 0�� 6HYHULQ� .�
'DOW��7UDQV����������������૱�����
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&�7HUPLQDO�2[LGDWLYH�'HFDUER[\ODWLYH�)XQFWLRQDOL]DWLRQ�RI�3HSWLGHV��D�7RROER[�7RZDUGV
6WUXFWXUDO�'LYHUVLW\

(��/H�'X���0��*DUUHDX���-��:DVHU�


�/DERUDWRU\�RI�&DWDO\VLV�DQG�2UJDQLF�6\QWKHVLV��/&62���,QVWLWXWH�RI�&KHPLFDO�6FLHQFHV�DQG
(QJLQHHULQJ��,6,&���(3)/

'XH WR WKH ULVLQJ LQWHUHVW RI SHSWLGHV LQ GUXJ GLVFRYHU\� VHOHFWLYH FKHPLFDO SHSWLGH PRGLILFDWLRQ
KDV HPHUJHG DV D XVHIXO WRRO�� )RU LQVWDQFH� PDFURF\FOL]DWLRQ DQG ELRFRQMXJDWLRQ RI SHSWLGHV DOORZ
WR LPSURYH WKHLU ELRORJLFDO SURSHUWLHV�� 0RVW PHWKRGV UHO\ RQ WKH VSHFLILF UHDFWLYLW\ RI WKH
IXQFWLRQDO JURXSV RQ WKH VLGH FKDLQV VXFK DV WKLRO �F\VWHLQH� RU DPLQH �/\VLQH��� +RZHYHU H[DPSOHV
RI IXQFWLRQDOL]DWLRQ RI WKH &�WHUPLQDO SRVLWLRQ RI QDWLYH SHSWLGHV DUH VFDUFH�� ,Q WKLV UHJDUG� RXU
JURXS UHFHQWO\ UHSRUWHG WKH SKRWRFDWDO\]HG R[LGDWLYH GHFDUER[\ODWLYH DON\Q\ODWLRQ RI DPLQR DFLGV
DQG SHSWLGHV�� +HUHLQ� ZH SUHVHQW D JHQHUDO SODWIRUP IRU WKH &�WHUPLQDO IXQFWLRQDOL]DWLRQ RI QDWLYH
SHSWLGHV� 'LVFXVVLRQ DERXW WKLV UHVHDUFK ZLOO EH SRVVLEOH GXULQJ D ]RRP PHHWLQJ RQ 7XHVGD\
��������������������K����

>�@�%RXWXUHLUD��2���%HUQDUGHV��*��-��/��&KHP��5HY�����������������૱�����
>�@�+X��4��<���%HUWL��)���$GDPR��5��&KHP��6RF��5HY����������������૱�����
>�@�6OHWWHQ��(��0���%HUWR]]L��&��5��$QJHZ��&KHP��,QW��(G����������������૱�����
>�@�0DOLQV��/��5��3HSW��6FL�������������H������
>�@ �D� /H 9DLOODQW� )�� &RXUDQW� 7�� :DVHU� -� $QJHZ� &KHP� ,QW� (G� ����� ��� �����૱������ �E�
*DUUHDX��0���/H�9DLOODQW��)���:DVHU��-��$QJHZ��&KHP��,QW��(G����������������૱�����
>�@�7KH�OLQN�ZLOO�EH�DYDLODEOH�RQ�WKH�IROORZLQJ�GRFXPHQW�VKRUWO\�EHIRUH�
KWWSV���GULYH�JRRJOH�FRP�ILOH�G��V�7J��$%M�T���)\89��VFN7+*RS4Y�R�YLHZ"XVS VKDULQJ
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,URQ�FDWDO\VHG�5HPRWH�&�VS���+�$]LGDWLRQ�RI�2�DF\O�2[LPHV�DQG�1�DF\OR[\�,PLGDWHV

$��/HFODLU���5��2��7RUUHV�2FKRD���4��1JX\HQ���-��=KX�


�/DERUDWRU\�RI�6\QWKHVLV�DQG�1DWXUDO�3URGXFWV��,QVWLWXW�RI�&KHPLFDO�6FLHQFHV�DQG�(QJLQHHULQJ��(3)/

$]LGHV DUH LPSRUWDQW DQG YHUVDWLOH EXLOGLQJ EORFNV LQ V\QWKHVLV� DOORZLQJ D IDVW DFFHVV WR DQ DUUD\
RI GLIIHUHQW IXQFWLRQDOLWLHV >�@ �H�J� DPLQHV� WULD]ROHV�� QRWDEO\ KLJKOLJKWHG E\ WKHLU XVH LQ
ELRFRQMXJDWLRQ>�@>�@� 8QGHU WKH DFWLRQ RI D FDWDO\WLF DPRXQW RI LURQ�,,,� DFHW\ODFHWRQDWH
>)H�DFDF��@� YDULRXV NHWR[LPH HVWHUV DQG 1�DF\OR[\ LPLGDWHV ZHUH UHDFWHG ZLWK WULPHWK\OVLO\O D]LGH
�7061���DFKLHYLQJ�D�QHZ�DFFHVV�WR�͇�D]LGR�NHWRQHV�DQG�͆�D]LGR�DOFRKROV>�@�

7KLV QRYHO UHPRWH &�VS���+ ERQG D]LGDWLRQ RFFXUUHG IROORZLQJ D VHTXHQFH RI UHGXFWLYH JHQHUDWLRQ
RI LPLQ\O RU LPLGDWH UDGLFDO� ����K\GURJHQ DWRP WUDQVIHU �����+$7� DQG LURQ�PHGLDWHG UHGR[ D]LGR
WUDQVIHU WR WKH WUDQVORFDWHG FDUERQ UDGLFDO� ,Q WKLV XQSUHFHGHQWHG WUDQVIRUPDWLRQ� WKH LURQ FDWDO\VW
GRHV QRW RQO\ DFW DV D UHGXFWDQW IRU WKH JHQHUDWLRQ RI WKH NH\ UDGLFDO LQWHUPHGLDWHV EXW DOVR DV D
SODWIRUP WR SURPRWH WKH UHGR[ WUDQVIHU RI WKH D]LGR PRLHW\� 7KLV PHWKRGRORJ\ ZDV VXFFHVVIXOO\
DSSOLHG WR WKH V\QWKHVLV RI D EURDG YDULHW\ RI ͇�D]LGR NHWRQHV DQG ͆�D]LGR DOFRKROV LQ PRGHUDWH WR
H[FHOOHQW�\LHOG�

>�@ 6WHIDQ %U¦VH� &DUPHQ *LO� .HUVWLQ .QHSSHU� 9LNWRU =LPPHUPDQQ� $QJHZ� &KHP� ,QW� (G� �����
��������������
>�@ 4LDQ :DQJ� 7LPRWK\ 5� &KDQ� 5REHUW +LOJUDI� 9DOHU\ 9� )RNLQ� .� %DUU\ 6KDUSOHVV� 0� *� )LQQ� -�
$P��&KHP��6RF�����������������������
>�@ &KULVWLQH ,� 6FKLOOLQJ� 1LFROH -XQJ� 0RULW] %LVNXS� 8WH 6FKHSHUV� 6WHIDQ %U¦VH�&KHP� 6RF� 5HY�
��������������������
>�@ 5XE«Q 2PDU 7RUUHV�2FKRD� $OH[DQGUH /HFODLU� 4LDQ :DQJ� -LHSLQJ =KX� &KHP� (XU� -� ����� ���
����������
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>�Q@&\FORSKDQH�FDUERQ�QDQRKRRSV

-��0DOLQÏ¯N���.��5H]QLNRYD���7��ĢRORPHN�


�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�%DVHO

7KH ODFN RI V\QWKHWLF FRQWURO RYHU WKH FKLUDOLW\ RI FXUYHG FDUERQ QDQRVWUXFWXUHV GHULYHG IURP
JUDSKHQH� VXFK DV FDUERQ QDQRWXEHV �&17V�� SUHYHQWV WKH GHYHORSPHQW RI PROHFXODU HOHFWURQLFV
DSSOLFDWLRQV WKDW UHTXLUH KLJK SXULW\ DQG XQLIRUPLW\ RI WKHVH PDWHULDOV� 6LQJOH� DQG PXOWL�ZDOOHG
&17V DUH W\SLFDOO\ IRUPHG DV D PL[WXUH RI FKLUDO� DUPFKDLU DQG ]LJ]DJ QDQRVWUXFWXUHV WKDW
VLJQLILFDQWO\ GLIIHU LQ WKHLU SURSHUWLHV� >�@ 7KH XUJHQF\ RI FRQWUROOHG FKLUDOLW\�VSHFLILF V\QWKHVLV RI
&17V DGYDQFHG WKH V\QWKHVLV RI FXUYHG PROHFXODU QDQRFDUERQV ૱ PROHFXODU SUHFXUVRUV IRU D
VWHSZLVH V\QWKHVLV RI XQLIRUP VLQJOH�ZDOOHG &17V� $SSOLFDWLRQV LQ ELRLPDJLQJ� VHQVLQJ� FDWDO\VLV
DQG RUJDQLF HOHFWURQLFV KDYH EHHQ UDSLGO\ HPHUJLQJ RQ DFFRXQW RI WKH XQXVXDO SURSHUWLHV RI WKHVH
KRRS�OLNH PROHFXODU QDQRFDUERQV� >�@ $QDORJRXV PROHFXODU SUHFXUVRUV IRU WRSRORJLFDOO\ PRUH
FRPSOH[ FDUERQ QDQRVWUXFWXUHV DUH VFDUFH EHFDXVH WKHLU WRSRORJLHV GR QRW KDYH D VWDEOH
PROHFXODU UHSUHVHQWDWLRQ� )RU LQVWDQFH� VLQJOH�ZDOOHG &17V FDQ EH FRQVLGHUHG DV D UROOHG XS VKHHW
RI JUDSKHQH ZLWK FRQQHFWHG HGJHV EXW JUDSKHQH FDQ EH UROOHG IXUWKHU LQWR D FDUERQ QDQRVFUROO ZLWK
IUHH HGJHV� 6XFK D VWUXFWXUH KROGV WRJHWKHU WKDQNV WR D FROOHFWLYH DFWLRQ RI YDQ GHU :DDOV IRUFHV
WKDW�RYHUFRPH�HQHUJHWLFDOO\�XQIDYRUDEOH�EHQGLQJ�RI�WKH�VS��K\GULGL]HG�DURPDWLF�V\VWHPV��>�@
,Q WKLV ZRUN� ZH GHVLJQHG D VHULHV RI PROHFXODU QDQRVFUROOV EDVHG RQ D SUHYLRXVO\ UHSRUWHG
PROHFXODU IUDJPHQW � >�@� ZKHUH WKH VSLUDO WRSRORJ\ LV FOLSSHG ZLWK WKH KHOS RI D F\FORSKDQH XQLW
�)LJXUH �� WR FRPSHQVDWH WKH LQVXIILFLHQW YDQ GHU :DDOV IRUFHV LQ WKHVH PROHFXODU QDQRVFUROOV� :H
XWLOL]H >���@SDUDF\FORSKDQH DQG >���@������QDSKWKDOHQRSKDQH PRLHWLHV DV VXFK FRYDOHQW WHWKHUV�
:H LQYHVWLJDWH WKH HIIHFW RI F\FORSKDQH VXEVWLWXWLRQ SDWWHUQ RQ WKH VSLUDO VKDSH� DQG LWV VL]H DQG
WKH QXPEHU RI SKHQ\OHQH XQLWV �P LQ )LJXUH �� RQ SKRWRSK\VLFDO SURSHUWLHV RI WKHVH PROHFXODU
QDQRVFUROOV�WR�HVWDEOLVK�D�FOHDU�VWUXFWXUH�SURSHUW\�UHODWLRQVKLSV�

>�@�3��0��$MD\DQ��&KHP��5HY������������������
>�@�(ULN�-��/HRQKDUGW��DQG�5DPHVK�-DVWL��1DW��5HY��&KHP����������������
>�@ =KLJDQJ /LX� -XQIHQJ *DR� *DQJ =KDQJ� <XDQ &KHQJ� DQG <RQJ�:HL =KDQJ�1DQRWHFKQRORJ\�
�����������������
>�@ <D\X :X� *XLOLQ =KXDQJ� 6KHQJVKHQJ &XL� <X =KRX� -LQ\L :DQJ� 4LDQJ +XDQJ� DQG 3LQJZX 'X�
&KHP��&RPPXQ�������������������
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$�&RQIRUPDWLRQDOO\�7DLORUHG�3HSWLGH�&DWDO\VW�$OORZV�IRU�$PLQH�&DWDO\VLV�ZLWK�1�
+HWHURF\FOLF�0RLHWLHV

-��6��0¸KOHU���7��6FKQLW]HU���+��:HQQHPHUV�


�/DERUDWRU\�RI�2UJDQLF�&KHPLVWU\��'�&+$%��(7+�=¾ULFK

3UROLQH DQG UHODWHG ͅ�VXEVWLWXWHG FKLUDO DPLQHV DUH SRZHUIXO FDWDO\VWV IRU VWHUHRVHOHFWLYH &૱& ERQG
IRUPLQJ UHDFWLRQV WKDW SURFHHG YLD DQ HQDPLQH LQWHUPHGLDWH�>�@ 7KH FRQMXJDWH DGGLWLRQ UHDFWLRQ
EHWZHHQ DOGHK\GHV DQG QLWURROHILQV� DV D SURPLQHQW H[DPSOH� SURYLGHV V\QWKHWLFDOO\ YHUVDWLOH ͇�
QLWURDOGHK\GHV WKDW DOORZ IRU VWUDLJKWIRUZDUG WUDQVIRUPDWLRQV LQWR H�J� ����GLVXEVWLWXWHG
S\UUROLGLQHV DQG ͇�EXW\URODFWDPV� 7KHVH DUH FRPPRQ PRWLIV LQ ELRDFWLYH FRPSRXQGV� HVSHFLDOO\� LI
VXEVWLWXWHG ZLWK 1�KHWHURF\FOLF PRLHWLHV�>�@ )RU RUJDQRFDWDO\WLF WUDQVIRUPDWLRQV� KRZHYHU�
XQSURWHFWHG 1�KHWHURF\FOLF PRLHWLHV FDQ SRVH D PDMRU FKDOOHQJH GXH WR XQGHVLUHG LQWHUDFWLRQV ZLWK
WKH FDWDO\VW RU UHDFWLRQ LQWHUPHGLDWHV YLD H�J� FRPSHWLWLYH K\GURJHQ ERQGLQJ� +HQFH� FDWDO\VWV
QHHG WR EH VXIILFLHQWO\ UREXVW DQG VWHUHRVHOHFWLYH WR HQDEOH WKH GHVLUHG WUDQVIRUPDWLRQ� LGHDOO\ DW
ORZ FDWDO\VW ORDGLQJV� 2XU JURXS KDV GHYHORSHG SHSWLGHV RI WKH W\SH +�3UR�3UR�;DD DV KLJKO\
UHDFWLYH DQG VWHUHRVHOHFWLYH FDWDO\VWV IRU &ಗ& ERQG IRUPDWLRQV�>�@ 5HFHQWO\� ZH VKRZHG WKDW WKH
UHDFWLYLW\ RI ͅ�VXEVWLWXWHG S\UUROLGLQHV FDQ EH LQFUHDVHG E\ GHILQLQJ WKH S\UDPLGDOL]DWLRQ RI WKH
HQDPLQH�QLWURJHQ�>�@ 7KLV ILQGLQJ DOORZHG IRU WKH ILUVW WLPH IRU RUJDQRFDWDO\WLF FRQMXJDWH DGGLWLRQ
UHDFWLRQV RI DOGHK\GHV ZLWK D EURDG UDQJH RI QLWURROHILQV EHDULQJ 1�KHWHURF\FOLF PRLHWLHV� 7KH ͇�
QLWURDOGHK\GHV ZHUH REWDLQHG LQ H[FHOOHQW \LHOGV DQG VWHUHRVHOHFWLYLWLHV XVLQJ DV OLWWOH DV ��� PRO�
RI WKH FDUHIXOO\ WDLORUHG SHSWLGLF FDWDO\VW�>�@ :H DOVR VKRZ WKDW WKH IRUPDWLRQ RI DQ HQGR
�S\UDPLGDOL]HG HQDPLQH�QLWURJHQ LV NH\ IRU WKH KLJK VWHUHRVHOHFWLYLW\ DQG WKHUHE\ SURYLGH JHQHUDO
JXLGHOLQHV IRU WKH RSWLPL]DWLRQ RI FKLUDO �r DPLQHV WKDW FDWDO\]H UHDFWLRQV YLD DQ HQDPLQH�EDVHG
PHFKDQLVP�

>�@ D� 6DQWDQX 0XNKHUMHH� -XQJ :� <DQJ� 6HEDVWLDQ +RIIPDQQ� %HQMDPLQ /LVW� &KHPLFDO
5HYLHZV� ����� ���� ����૱����� E� <RX 4� =RX� )DELDQ 0� +¸UPDQQ� 7KRUVWHQ %DFK� &KHPLFDO
6RFLHW\�5HYLHZV���������������૱����
>�@ (GRQ 9LWDNX� 'DYLG 7� 6PLWK� -RQ 7� 1MDUGDUVRQ� -RXUQDO RI 0HGLFLQDO &KHPLVWU\� ����� ���
�����૱������
>�@ )RU H[DPSOHV VHH� D� 3KLOLSS .UDWWLJHU� 5RPDQ .RYDV\� -HIIHUVRQ '� 5HYHOO� 6WDQLVODY ,YDQ�
+HOPD :HQQHPHUV� 2UJDQLF /HWWHUV� ����� �� ����૱����� E� 0DUNXV :LHVQHU� -HIIHUVRQ '� 5HYHOO�
+HOPD :HQQHPHUV� $QJHZDQGWH &KHPLH � ,QWHUQDWLRQDO (GLWLRQ� ����� ��� ����૱���� F� &ODXGLR (�
*U¾QHQIHOGHU� -HVVLFD .� .LVXQ]X� +HOPD :HQQHPHUV� $QJHZDQGWH &KHPLH � ,QWHUQDWLRQDO (GLWLRQ�
����� ��� ����૱���� G� 7RELDV 6FKQLW]HU� $OHQD %XGLQVN£� +HOPD :HQQHPHUV�1DWXUH &DWDO\VLV�
������������૱����
>�@ 7RELDV 6FKQLW]HU�૿ -DVSHU 6� 0¸KOHU�૿ +HOPD :HQQHPHUV� &KHPLFDO 6FLHQFH� ����� ���
����૱�����
>�@�-DVSHU�6��0¸KOHU�૿�7RELDV�6FKQLW]HU�૿�+HOPD�:HQQHPHUV��PDQXVFULSW�VXEPLWWHG�
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$W�WKH�&RUH�RI�'\QDPLF�3RO\PHUV��7KH�6HOI�$VVHPEO\�RI�7ZLVWHG�$U\O�$PLQHV

0��1HKPH���0��5LFNKDXV�


�8QLYHUVLW\�RI�=¾ULFK��'HSDUWPHQW�RI�&KHPLVWU\

&RQYHQWLRQDOO\� FKHPLVWU\ UHOLHV RQ WKH FRYDOHQW ERQG IRU WKH FRQVWUXFWLRQ RI PROHFXODU V\VWHPV�
:KLOH KLJKO\ YHUVDWLOH IRU VPDOO V\VWHPV� WKLV VWUDWHJ\ LV OHVV VXLWHG WR EXLOG ODUJH DUFKLWHFWXUHV �!
� QP�� 7KH SRVVLELOLW\ WR FUHDWH LQWHUIDFHV EHWZHHQ WKH YHUVDWLOH ZRUOG RI WDLORUHG PROHFXOHV DQG
UHDO�ZRUOG GHYLFHV QHFHVVLWDWHV D EHWWHU XQGHUVWDQGLQJ RI REMHFWV WKDW VSDQ PDQ\ QDQRPHWHUV�
7KXV� WKH PDVWHULQJ RI QRQ�FRYDOHQW LQWHUDFWLRQV EHFRPHV HVVHQWLDO� 8VLQJ WKRVH� RQH FDQ JXLGH
VPDOO� FKHDS DQG FXVWRPL]DEOH EXLOGLQJ EORFNV WR VSRQWDQHRXVO\ DUUDQJH WKHPVHOYHV LQWR DUUD\V RI
KLJKHU RUGHU� EULGJLQJ WKH VL]H JDS� 6XSUDPROHFXODU SRO\PHUV DUH DUUD\V� ZKRVH PRQRPHULF XQLWV
DUH KHOG WRJHWKHU E\ XQLGLUHFWLRQDO DQG UHYHUVLEOH QRQFRYDOHQW LQWHUDFWLRQV� 7KH VLPSOHVW
UHSUHVHQWDWLRQ RI D VXSUDPROHFXODU SRO\PHU LV WKH FROXPQDU VWDFN� ZKHUH GLVFRWLF PRQRPHUV
FRQWDLQLQJ IOH[LEOH VLGH FKDLQV DQG D SODQDU FRUH IRUP XQLGLPHQVLRQDO DVVHPEOLHV� 2QH VXFK PRGHO
DUH VXEVWLWXWHG 1�WULSKHQ\ODPLQHV �73$� WKDW FDQ IRUP KHOLFDO VWUXFWXUHV YLD WUL�LQWHUPROHFXODU +�
ERQGV� 7R GDWH� WKHUH LV QR UHOLDEOH PHWKRG WR SUHGLFW KRZ H[DFWO\ D JLYHQ EXLOGLQJ EORFN ZLOO
RUJDQL]H LWVHOI LQ VROXWLRQ RU WKH VROLG VWDWH� FRQVHTXHQWO\ DOORZLQJ XV WR IRUPXODWH WKH IROORZLQJ
TXHVWLRQV�

�� :KDW UXOHV JRYHUQ VXSUDPROHFXODU RUGHU" $QG KRZ GR ZH HQFRGH WKHVH UXOHV LQWR PROHFXODU
EXLOGLQJ�EORFNV"��

���&DQ�ZH�SUHGLFW�QHZ�SURSHUWLHV�WKDW�HPHUJH�DV�D�UHVXOW�RI�DQ�DVVHPEO\�RI�VXEXQLWV"

7R DGGUHVV WKHVH VHPLQDO JRDOV� ZH DLP WR VWXG\ WKH LQIOXHQFH RI V\VWHPDWLF YDULDWLRQV RI WKH FRUH
RI D WULDU\ODPLQH WULVDPLGH �7$7$� FRUH XQLW� ZKLOH NHHSLQJ WKH RXWHU OD\HU �L�H� VLGHFKDLQV�
FRQVWDQW� 7KLV HQVXUHV WKDW WKH PDLQ GULYLQJ IRUFH IRU WKH DVVHPEO\ �WKH K\GURJHQ ERQGV� ORFDWHG
DW WKH SHULSKHU\ UHPDLQ LQ SODFH� OHDGLQJ WR FROXPQDU VWDFNLQJ� )RU WKLV SXUSRVH� ZH KDYH GHYLVHG
)DPLO\ $� ZKLFK DLPV DW KLJKOLJKWLQJ GLIIHUHQW SDUDPHWHUV VXFK DV JHRPHWU\� VWHULF KLQGUDQFH� VL]H�
DQG IOH[LELOLW\� )DPLO\ $ �)LJXUH �� ZLOO EH GHGLFDWHG WR D VHULHV RI 7$7$ GHULYDWLYHV ZLWK GLVWRUWHG
FRUHV� %HVLGHV WKH 73$ FRUH� WKHVH V\VWHPV IHDWXUH D VHFRQGDU\ DON\O OLQNDJH RI GLIIHUHQW OHQJWK
�&�&�� WKDW FRQQHFWV HDFK DU\O ZLWK LWV QHLJKERU� 7KH OHQJWK RI WKH EULGJH LV DQWLFLSDWHG WR LQGXFH
GLIIHUHQW GHJUHHV RI WZLVW WR WKH FRUH� GLVWRUWLQJ WKH DYDLODEOH ͔�VXUIDFH� 7KH PDLQ REMHFWLYH LQ WKLV
IDPLO\ LV WKXV WR LQYHVWLJDWH LI LW LV SRVVLEOH WR ILQG D GLUHFW UHODWLRQVKLS EHWZHHQ WKH GLVWRUWLRQRI WKH
IODW�VXUIDFH�DQG�WKH�REVHUYHG�GHJUHHV�RI�VXSUDPROHFXODU�RUGHU�
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,QWHUPROHFXODU�3DOODGLXP����&DWDO\]HG�$WURSR�HQDQWLRVHOHFWLYH�&�+�$U\ODWLRQ�RI
+HUHURDUHQHV

4��1JX\HQ���

�/DERUDWRU\�RI�$V\PPHWULF�&DWDO\VLV�DQG�6\QWKHVLV���(3)/�/DXVDQQH

$WURSLVRPHULF �KHWHUR�ELDU\OV DUH PRWLIV ZLWK LQFUHDVLQJ VLJQLILFDQFH LQ OLJDQGV� QDWXUDO SURGXFWV
DQG ELRORJLFDOO\ DFWLYH PROHFXOHV� 7KH VWUDLJKWIRUZDUG FRQVWUXFWLRQ RI WKH VWHUHRJHQLF D[LV E\
HIILFLHQW &૱+ IXQFWLRQDOL]DWLRQ PHWKRGV LV H[WUHPHO\ UDUH DQG FKDOOHQJLQJ� $Q LQWHUPROHFXODU DQG
KLJKO\ HQDQWLRVHOHFWLYH &૱+ DU\ODWLRQ RI UHOHYDQW KHWHURDUHQHV SURYLGLQJ DQ HIILFLHQW DFFHVV WR
DWURSLVRPHULF �KHWHUR�ELDU\OV LV UHSRUWHG� 7KH XVH RI D 3G��� FRPSOH[ HTXLSSHG ZLWK +��%,1$32 DV
FKLUDO OLJDQG HQDEOHV WKH GLUHFW IXQFWLRQDOL]DWLRQ RI D EURDG UDQJH RI ������WULD]ROHV DQG S\UD]ROHV
LQ H[FHOOHQW \LHOGV DQG VHOHFWLYLWLHV RI XS WR �������� HU� 7KH PHWKRG DOVR DOORZV IRU DQ
DWURSRVHOHFWLYH GRXEOH &૱+ DU\ODWLRQ IRU WKH FRQVWUXFWLRQ RI WZR VWHUHRJHQLF D[HV ZLWK !��������
HU�

>�@�)RU�D�UHYLHZ��VHH�6KL��%��)��HW�DO���&KHP��&RPPXQ������������������
>�@�&UDPHU��1��HW�DO���$QJHZ��&KHP��,QW��(G������������������
>�@�<DPDJXFKL��-���,WDPL��.��HW�DO���&KHP��6FL�����������������
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6\QWKHVLV�DQG�&KDUDFWHUL]DWLRQ�RI�QHZ�FKLUDO�%LIXQFWLRQDO�1+&�&RPSOH[HV

1��(��1LJJOL���2��%DXGRLQ�


�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�%DVHO

'HVSLWH QXPHURXV DWWHPSWV� WKH XVH RI HLWKHU NQRZQ FKLUDO DQFLOODU\ OLJDQGV� FKLUDO EDVHV RU FKLUDO
ELIXQFWLRQDO OLJDQGV DOORZV RQO\ D OLPLWHG DFFHVV WR HQDQWLRHQULFKHG &�+ DFWLYDWLRQ�IXQFWLRQDOL]DWLRQ
SURGXFWV VR IDU�>�@ 6WULYLQJ IRU D EURDGHU DSSOLFDELOLW\ RI HQDQWLRVHOHFWLYH &�+ DFWLYDWLRQ� QHZ
FDWDO\WLF V\VWHPV PXVW EH GHYHORSHG DQG LQYHVWLJDWHG� 7KH XVH RI 1+&�W\SH OLJDQGV LV NQRZQ WR
UHVXOW LQ KLJK DFWLYLW\ DQG HQDQWLRVHOHFWLYLW\ LQ 3G����FDWDO\]HG &�VS���+ DFWLYDWLRQ� )RU PRUH VLPSOH
VXEVWUDWHV� LW ZDV VKRZQ WKDW FKLUDO 1+&�W\SH OLJDQGV FDQ FRPSHWH ZLWK PRUH FRPPRQO\ DSSOLHG
SKRVSKRUXV W\SH OLJDQGV�>�@>�@ 6RPH SUHYLRXV UHVXOWV LQ RXU JURXS HYHQ GHPRQVWUDWH WKH VXSHULRULW\
RI VXFK 1+&�W\SH OLJDQGV LQ WHUPV RI DFWLYLW\� VHOHFWLYLW\ DQG HQDQWLRVHOHFWLYLW\ LQ PRUH GLIILFXOW
&�VS���+ DFWLYDWLRQV�>�@ 7KLV� WRJHWKHU ZLWK WKH LPSURYHG HIILFLHQF\ DQG HQDQWLRVHOHFWLYLW\ LQGXFHG
E\ ELIXQFWLRQDO SKRVSKLQH�FDUER[\ODWH OLJDQGV RYHU WKH FRUUHVSRQGLQJ PRQRIXQFWLRQDO RQHV�>�@ OHG
XV WR WKH V\QWKHVLV DQG FKDUDFWHUL]DWLRQ RI D VPDOO OLEUDU\ RI QHZ ELIXQFWLRQDO 1+&�OLJDQGV �$� DQG
WKHLU FRUUHVSRQGLQJ ZHOO�RUJDQL]HG '0%3$>�@�SDOODGDF\FOHV �&$�� ,W LV EHOLHYHG WKDW WKH LQQDWH
QDWXUH RI WKH 1+&�FRUH WRJHWKHU ZLWK WKH KLJKO\ RUJDQL]HG VWUXFWXUH RI WKH FRPSOH[ PLJKW VKRZ
KLJKO\ EHQHILFLDO HIIHFWV LQ WKH HQDQWLRVHOHFWLYH &�+ IXQFWLRQDOL]DWLRQ DOORZLQJ WKH DFFHVV WR QHZ
HQDQWLRHQULFKHG�FRPSRXQGV�

>�@ &KULVWRSKHU *� 1HZWRQ� 6KRX�*XR :DQJ� &DLR &� 2OLYHLUD� 1LFRODL &UDPHU� &KHP� 5HY� �����
���������૱�����
>�@ 0DVDIXPL 1DNDQLVKL� 'PLWU\ .DWD\HY� &«OLQH %HVQDUG� (� 3HWHU .¾QGLJ�$QJHZ� &KHP� ,QW� (G�
��������������૱�����
>�@�5RPDLQ�0HORW��0DUFR�=XFFDUHOOR��XQSXEOLVKHG�UHVXOWV�
>�@�/HL�<DQJ��0DUNXV�1HXEXUJHU��2OLYLHU�%DXGRLQ��$QJHZ��&KHP��,QW��(G����������������૱�����
>�@ 0LKDL 6� 9LFLX� 5R\ $� .HOO\ ,,,� (GZLQ '� 6WHYHQV� )U«G«ULF 1DXG� 0DUWLQ 6WXGHU� 6WHYHQ 3� 1RODQ�
2UJ��/HWW���������������૱�����
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3ULPDU\�$QLRQ�͔�&DWDO\VLV�RI�(SR[LGH�2SHQLQJ�(WKHU�&\FOL]DWLRQV��$FFHVV�WR�1HZ
5HDFWLYLW\�DQG�1DWXUDO�3URGXFW�,QVSLUHG�&DVFDGHV

0��3DUDMD���;��+DR���6��0DWLOH�


�'HSDUWPHQW�RI�2UJDQLF�&KHPLVWU\��8QLYHUVLW\�RI�*HQHYD��*HQHYD��6ZLW]HUODQG

7KH WHUP DQLRQ�͔ FDWDO\VLV LV EDVHG RQ WKH VWDELOL]DWLRQ RI DQLRQLF WUDQVLWLRQ VWDWHV RQ DURPDWLF ͔
VXUIDFHV� ,Q WKH ODVW \HDUV� PDQ\ UHDFWLRQV KDYH EHHQ DFFHOHUDWHG RQ ͔ DFLGLF DURPDWLF VXUIDFHV
>�@� +RZHYHU SDUWLFXODUO\ LQWHUHVWLQJ KDYH EHHQ WKH HSR[LGH�RSHQLQJ HWKHU F\FOL]DWLRQV� EHFDXVH LW
ZDV IRXQG WR EH WKH ILUVW SULPDU\ DQLRQ�͔ FDWDO\VLV� DOVR VKRZLQJ DXWRFDWDO\WLF EHKDYLRU >�@�
$OWKRXJK WKH UHDFWLRQ SURFHHGV WKURXJK XQFRQYHQWLRQDO PHFKDQLVPV� WKH REWDLQHG SURGXFWV DUH
WKH VDPH DV WKRVH IURP FRQYHQWLRQDO %UºQVWHG DFLG FDWDO\VLV DQG LQ DJUHHPHQW ZLWK WKH %DOGZLQ
UXOHV� 7KXV� DIWHU IXUWKHU LQYHVWLJDWLRQ LW ZDV SRVVLEOH WR UHSRUW WKDW DQLRQ�͔ FDWDO\VLV FDQ OHDG WR
XQFRQYHQWLRQDO ULQJ FKHPLVWU\ IXUQLVKLQJ D ZLGH YDULHW\ RI DQWL�%DOGZLQ F\FOL]DWLRQV >�@� )RU
VPDOOHU ULQJV� DQLRQ�͔ FDWDO\VLV DIIRUGV DQWL�%DOGZLQ R[RODQHV� ��R[DELF\FOR>�����@RFWDQH DQG WKH
PHWK\O PLJUDWLRQ IRU WKH H[SDQVLRQ RI D %DOGZLQ R[HWDQH� )RU ODUJH ULQJV� DQLRQ�͔ WHPSODWHG
DXWRFDWDO\VLV LV WKRXJKW WR DOOHYLDWH WKH HQWURSLF SHQDOW\ RI IROGLQJ WR HQDEOH GLVIDYRUHG DQWL�
%DOGZLQ�F\FOL]DWLRQV�LQWR�R[HSDQHV�DQG�R[RFDQHV�

7KH GHORFDOL]HG QDWXUH RI DQLRQ�͔ LQWHUDFWLRQV KDV DOZD\V VXJJHVWHG WKDW WKH\ VKRXOG VHUYH EHVW LQ
VWDELOL]LQJ ORQJ�GLVWDQFH FKDUJH GLVSODFHPHQWV� 7DNLQJ LQVSLUDWLRQ IURP VWHURLG F\FOL]DWLRQV�
FRQYHQWLRQDO WULJJHU IRU FDWLRQ�͔ ELRFDWDO\VW LQ QDWXUH� ZH ZHUH FDSDEOH WR SURPRWH WKH HSR[LGH�
RSHQLQJ HWKHU F\FOL]DWLRQV RI ROLJRPHUV XS WR WHWUDPHUV WRZDUGV DQLRQ͔ FDWDO\VLV >�@� KHVH QDWXUDO
SURGXFWV LQVSLUHG SRO\HWKHU FDVFDGH F\FOL]DWLRQV SURFHHG ZLWK H[FHSWLRQDOO\ KLJK DXWRFDWDO\VLV
�UDWH�HQKDQFHPHQWV�NDXWR�NFDW�!�����0����ZKLFK�RSHQV�XS�LQWHUHVWLQJ�SHUVSHFWLYHV�IRU�IXWXUH�

>�@ <� =KDR� <� &RWHOOH� /� /LX� -� /µSH]�$QGDULDV� $� %� %RUQKRI� 0� $NDPDWVX� 1� 6DNDL� 6� 0DWLOH�
$FF��&KHP��5HV����������������������
>�@ ;� =KDQJ� ;� +DR� /� /LX� $��7� 3KDP� -� /µSH]�$QGDULDV� $� )URQWHUD� 1� 6DNDL� 6� 0DWLOH� -�
$P��&KHP��6RF�������������������������
>�@�0��3DUDMD��6��0DWLOH��$QJHZ��&KHP��,QW��(G����������������������
>�@�0��3DUDMD��;��+DR��6��0DWLOH��$QJHZ��&KHP��,QW��(G��'2,����������DQLH�����������
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&HWKUHQHV�૱�&KLURSWLFDO�	�PDJQHWLF�VZLWFKHV�IRU�VXSUDPROHFXODU�FRQGXFWLYH�DVVHPEOLHV

7��3DVWLHULN���3��5LEDU���&��6FKXSSLVVHU���0��-XU¯ÏHN�


�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�=XULFK��:LQWHUWKXUHUVWUDVVH������&+�������=¾ULFK���
'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�%DVHO��6W��-RKDQQV�5LQJ�����&+�������%DVHO

7KH GLVFRYHU\ RI FRQMXJDWHG FDUERQ DOORWURSHV ૱ IXOOHUHQHV� FDUERQ QDQRWXEHV� DQG JUDSKHQH ૱
XQOHDVKHG WKH XQLTXH HOHFWURQLF SURSHUWLHV RI WKHVH PDWHULDOV� HDUQLQJ WKHP WKH VWDWXV TXR DV WKH
IXWXUH RI WKH HOHFWURQLFV� 2YHU WKH \HDUV� WKHVH KRSHV WXUQHG LQWR UHDOLW\� DQG FDUERQ�EDVHG
PDWHULDOV IRXQG WKHLU ZD\ LQWR DUWLILFLDO V\VWHPV WKDW PLPLF SKRWRV\QWKHVLV RU LQWR SKRWRYROWDLF
GHYLFHV� 7KH ODWWHU DSSOLFDWLRQ LV DQ H[DPSOH WKDW DOUHDG\ HDUQV PRQH\ RQ WKH PDUNHWV� 7KH
SRVVLELOLW\ RI XVLQJ JUDSKHQH LQ GLJLWDO HOHFWURQLFV ZDV GHPRQVWUDWHG E\ WKH FRQVWUXFWLRQ RI D
JUDSKHQH�EDVHG ILHOG�HIIHFW WUDQVLVWRU� ZKLFK ZDV GULYHQ E\ LWV H[WUHPH FXUUHQW�FDUU\LQJ FDSDFLW\�
FKDUJH�WUDQVIHU PRELOLW\� DQG XOWLPDWHO\ ORZ WKLFNQHVV�>�@ 7KH FRVW�HIIHFWLYH SUHSDUDWLRQ RI ZHOO�
GHILQHG ODUJH FDUERQ VWUXFWXUHV UHPDLQV� KRZHYHU� DQ HQRUPRXV FKDOOHQJH� 7R DGGUHVV WKLV
FKDOOHQJH� RXU JURXS HPSOR\V VPDOO� ZHOO�GHILQHG IUDJPHQWV RI FRQMXJDWHG FDUERQ DOORWURSHV WR
EXLOG�ODUJH�DVVHPEOLHV�RI�PDJQHWLF�DQG�FRQGXFWLYH�PDWHULDOV�

2SHQ�VKHOO JUDSKHQH IUDJPHQWV ZHUH VKRZQ WR IRUP VHOI�DVVHPEOHG ZLUHV� ZKLFK GLVSOD\
FRQGXFWLYLW\ WKDW LV VXSHULRU WR WKHLU FORVHG�VKHOO DQDORJXHV�>�@ ,Q RXU JURXS� ZH WRRN WKLV FRQFHSW
IXUWKHU E\ GHVLJQLQJ D KHOLFDO GLUDGLFDORLG V\VWHP WKDW DFWV DV D VZLWFK EHWZHHQ DQ RSHQ
SDUDPDJQHWLF DQG D FORVHG GLDPDJQHWLF IRUP�>���@ 6XFK PROHFXODU V\VWHPV FDQ GHOLYHU PDWHULDOV�
ZKHUH PDJQHWLVP DQG FRQGXFWLYLW\ FDQ EH VZLWFKHG 21 DQG 2))� 7KH ILUVW JHQHUDWLRQ RI WKLV
VZLWFK� >��@FHWKUHQH �ILJXUH� WRS OHIW�� SURYHG WR EH PDJQHWLFDOO\ DFWLYH� EXW WKH FORVHG�IRUP
UHDGLO\ R[LGL]HG WR D IODW K\GURFDUERQ� ZKLFK GLG QRW DOORZ XV WR H[SORUH WKH SRWHQWLDO RI WKLV
PROHFXOH IXUWKHU�>�@ ,Q P\ WDON� , ZLOO SUHVHQW V\QWKHVLV DQG VWXG\ RI WKH QH[W JHQHUDWLRQ VZLWFK ૱
GLEHQ]R>��@FHWKUHQH �ILJXUH� WRS ULJKW� ૱ LPPXQH WR R[LGDWLRQ DQG VKRZ LWV SRWHQWLDO WR \LHOG
UHVSRQVLYH�VXSUDPROHFXODU�DVVHPEOLHV�

>�@�$��+LUVFK��1DW��0DWHU���������������૱���
>�@ 7� .XER� $� 6KLPL]X� 0� 6DNDPRWR� 0� 8UXLFKL� .� <DNXVKL� 0� 1DNDQR� '� 6KLRPL� .� 6DWR� 7�
7DNXL��<��0RULWD��.��1DNDVXML��$QJHZ��&KHP��,QW��(G�����������������૱����
>�@�7��ĢRORPHN��3��5DYDW��=��0RX��0��.HUWHV]��0��-XU¯ÏHN��-��2UJ��&KHP�����������������૱����
>�@ 3� 5DYDW� 7� ĢRORPHN� '� +¦XVVLQJHU� 2� %ODFTXH� 0� -XU¯ÏHN� -� $P� &KHP� 6RF�� ����� ����
�����૱�����
>�@ 3� 5DYDW� 7� ĢRORPHN� 0� 5LFNKDXV� '� +¦XVVLQJHU� 0� 1HXEXUJHU� 0� %DXPJDUWHQ� 0� -XU¯ÏHN�
$QJHZ��&KHP��,QW��(G�����������������૱����
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7KUHH�&RPSRQHQW�2[\�$ON\Q\ODWLRQ�RI�'LD]R�&RPSRXQGV��6\QWKHVLV�RI�+LJKO\
)XQFWLRQDOL]HG�3URSDUJ\O�(WKHUV�

*��3LVHOOD���$��*DJQHELQ���-��:DVHU�


�/DERUDWRU\�RI�&DWDO\VLV�DQG�2UJDQLF�6\QWKHVLV��/&62���(3)/

0XOWLFRPSRQHQW UHDFWLRQV SURYLGH HIILFLHQW PHDQV WR DFFHVV PROHFXODU FRPSOH[LW\�� ,Q WKLV FRQWH[W�
WUDQVLHQW \OLGH LQWHUPHGLDWHV JHQHUDWHG IURP WKH LQVHUWLRQ RI SURWLF QXFOHRSKLOHV �DOFRKROV� DPLQHV�
WKLROV DQG DURPDWLF FRPSRXQGV� LQWR PHWDO�FDUEHQHV JHQHUDWHG IURP GLD]R FRPSRXQGV KDYH EHHQ
LQWHUFHSWHG ZLWK YDULRXV HOHFWURSKLOHV �FDUERQ\O FRPSRXQGV� LPLQHV� 0LFKDHO DFFHSWRUV�଄� WR
DIIRUG YDOXDEOH WKUHH�FRPSRQHQW SURGXFWV �6FKHPH �$��� 7R IXUWKHU H[SDQG WKH XVH RI VXFK
PXOWLFRPSRQHQW VWUDWHJ\� ZH GHYHORSHG D FRSSHU�FDWDO\]HG R[\�D\ON\Q\ODWLRQ RI GLD]R FRPSRXQGV
XVLQJ DOFRKROV DQG HWK\Q\OEHQ]LRGR[RORQH �(%;� UHDJHQWV DV SDUWQHUV IRU WKH FRQVWUXFWLRQ RI
KLJKO\�IXQFWLRQDOL]HG�SURSDUJ\O�HWKHUV��6FKHPH��%��

7KH WKUHH FRPSRQHQWV RI WKH UHDFWLRQV FDQ EH H[WHQVLYHO\ YDULHG� OHDGLQJ WR D EURDG UDQJH
RI SURGXFWV ZLWK KLJK VWUXFWXUDO GLYHUVLW\� ,Q SDUWLFXODU� SULPDU\� VHFRQGDU\ DQG WHUWLDU\ DOFRKROV� DV
ZHOO DV� YDULRXV LPSRUWDQW IXQFWLRQDO JURXSV �LQFOXGLQJ DONHQH� DON\QH� IOXRUR� FKORUR� EURPR� HWKHU�
HVWHU� NHWRQH� FDUEDPDWH� LPLGH� F\DQR� ERURQLF HVWHU DQG KHWHURF\FOLF JURXSV� ZHUH ZHOO
WROHUDWHG� ZKLFK ZRXOG EH GLIILFXOW WR DFKLHYH XVLQJ WUDGLWLRQDO HWKHULILFDWLRQ PHWKRGV XQGHU
VWURQJO\ EDVLF RU DFLGLF FRQGLWLRQV� 7KH WUDQVIRUPDWLRQ FDQ EH SHUIRUPHG XVLQJ VLPSOH FRSSHU VDOWV
DV FDWDO\VW� DQG GRHV QRW UHTXLUH WKH XVH RI RQH RI WKH SDUWQHUV LQ ODUJH H[FHVV� 7KH UHDFWLRQ LV
VSHFXODWHG�WR�SURFHHG�YLD�D�FRSSHU�R[RQLXP�\OLGH�LQWHUPHGLDWH�
)XUWKHU GLVFXVVLRQ DERXW WKLV ZRUN ZLOO EH SRVVLEOH WKURXJK =RRP RQ 7XHVGD\ �����������
������������

>�@�*��3LVHOOD��$��*DJQHELQ��-��:DVHU�&KHP��(XU��-��������GRL����������FKHP�����������
>�@�0XOWLFRPSRQHQW�5HDFWLRQV��(G��-��=KX��+��%LHQD\P«��:LOH\�9&+�9HUODJ�������
>�@ D� ;� *XR� :� +X� $FF� &KHP� 5HV� ����� ��� ���������� E� '� =KDQJ� :� +� +X� &KHP�
5HF��������������������
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0ROHFXODU�WHWKHULQJ�IRU�3G�FDWDO\]HG�VWHUHRVHOHFWLYH�GLIXQFWLRQDOL]DWLRQ�RI�XQVDWXUDWHG
V\VWHPV

0��3XULQV���/��%X]]HWWL���3��*UHHQZRRG���-��:DVHU�


�/DERUDWRU\�RI�&DWDO\VLV�DQG�2UJDQLF�6\QWKHVLV��/&62���,QVWLWXWH�RI�&KHPLFDO�6FLHQFHV�DQG
(QJLQHHULQJ��,6,&���(3)/

'LIXQFWLRQDOL]DWLRQ RI GRXEOH ERQGV LV D IDFLOH ZD\ WR EXLOG XS PROHFXODU FRPSOH[LW\ VWDUWLQJ IURP
DEXQGDQW� HDVLO\ DFFHVVLEOH IHHGVWRFN FKHPLFDOV� +RZHYHU� IRU QRQ�DFWLYDWHG RU XQELDVHG
VXEVWUDWHV� LW LV GLIILFXOW WR DFKLHYH KLJK OHYHOV RI UHDFWLYLW\ DQG VHOHFWLYLW\�� 7KHUHIRUH� DOWHUQDWLYH
PHWKRGV IRU VHOHFWLYH GLIXQFWLRQDOL]DWLRQ RI ROHILQV DUH KLJKO\ GHVLUDEOH� ,Q WKH ODVW \HDUV� RXU JURXS
KDV WDFNOHG WKH SUREOHP RI VHOHFWLYH QXFOHRSDOODGDWLRQ RI XQVDWXUDWHG V\VWHPV� :H KDYH UHFHQWO\
GHYHORSHG DQ LQ VLWX WHWKHULQJ DSSURDFK XVLQJ WULIOXRUDFHWDOGHK\GH GHULYHG HOHFWURSKLOLF
FRPSRXQGV DV PROHFXODU WHWKHUV� 7KH QLWURJHQ RU R[\JHQ RI WKH DEXQGDQW DOO\O DPLQHV DQG
DOFRKROV ZHUH XVHG DV KDQGOHV IRU WKH LQVWDOODWLRQ RI DQ LQWUDPROHFXODU QXFOHRSKLOLF FHQWHU GLUHFWLQJ
WKH 3G FDWDO\]HG GLIXQFWLRQDOL]DWLRQ UHDFWLRQV���� 5HPDUNDEO\� WKH LQVWDOOHG WHWKHU FDQ EH HDVLO\
K\GURO\]HG WR UHYHDO WKH LPSRUWDQW ����DPLQRDOFRKRO DQG ����GLDPLQH VFDIIROGV� 7KLV WHWKHULQJ
FRQFHSW ZDV H[WHQGHG WR WKH GLIXQFWLRQDOL]DWLRQ RI WULSOH ERQGV WR V\QWKHVL]H KLJKO\ VXEVWLWXWHG
HQ\QHV�DQG�FRPSOH[�ͅ�DPLQR�NHWRQH�GHULYDWLYHV��

+HUHLQ� ZH ZLOO SUHVHQW RXU HIIRUWV WRZDUGV WKH GHYHORSPHQW RI DQ HQDQWLRVHOHFWLYH WHWKHUHG
FDUERHWKHULILFDWLRQ RI SURSDUJ\O DPLQHV� 2XU DSSURDFK H[SORLWV DV\PPHWULF FDWDO\VLV WR DFFHVV
WHWUDVXEVWLWXWHG ROHILQV VXEVWLWXWHG ZLWK DQ HQDQWLRHQULFKHG FKLUDO R[D]ROLGLQH FRUH� ZKLFK FDQ EH
H[SORLWHG DV WHPSRUDU\ FKLUDO DX[LOLDU\ IRU GLUHFWLQJ WKH IROORZLQJ DV\PPHWULF K\GURJHQDWLRQ DQG
DFFHVV HQDQWLRHQULFKHG DPLQR DOFRKROV SUHFXUVRUV� 'LVFXVVLRQ DERXW WKLV UHVHDUFK ZLOO EH SRVVLEOH
YLD�]RRP�PHHWLQJ�RQ�7XHVGD\���������������������������

>�@�0F'RQDOG��5��,���/LX��*���6WDKO��6��6��&KHP��5HY�����������������૱�����
>�@�2UFHO��8���:DVHU��-��$QJHZ��&KHP��,QW��(G����������������૱�����
>�@�2UFHO��8���:DVHU��-��$QJHZ��&KHP��,QW��(G�����������������૱������
>�@�0XULHO��%���2UFHO��8���:DVHU��-��2UJ��/HWW����������������૱�����
>�@�*UHHQZRRG��3��'��*���*UHQHW��(���:DVHU��-��&KHP��(XU��-����������������૱�����
>�@ 7KH OLQN ZLOO EH DYDLODEOH RQ WKH IROORZLQJ GRFXPHQW VKRUWO\ EHIRUH�
KWWSV���GULYH�JRRJOH�FRP�ILOH�G��V�7J��$%M�T���)\89��VFN7+*RS4Y�R�YLHZ"XVS VKDULQJ
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6\QWKHVLV�DQG�ELRORJLFDO�SURILOH�RI�DOO�VWHUHRLVRPHUV�RI�*5���ODFWDP�DQG�DQDORJXHV

3��4XLQRGR]���$��/XPEURVR���0��/DFKLD���&��6FUHSDQWL���6��5HQGLQH���6��&DWDN���5��)RQQ«�3ILVWHU���.�
+HUPDQQ���$��'H�0HVPDHNHU���


�6\QJHQWD�&URS�3URWHFWLRQ�$*���%RJD]LFL�8QLYHUVLW\��,VWDQEXO��7XUNH\

7KH VLJQDOLQJ SURSHUWLHV RI 6WULJRODFWRQHV �6/V� DQG WKHLU PXOWLSOH UROHV LQ WKH GHYHORSPHQW RI
SODQWV KDV UDLVHG WKH LQWHUHVW RI WKH SODQW VFLHQFH FRPPXQLW\ IRU PRUH WKDQ WHQ \HDUV� 'HYHORSLQJ
WKH XVH RI WKHVH SK\WRKRUPRQHV IRU FURS HQKDQFHPHQW DQG DELRWLF VWUHVV PDQDJHPHQW SXUSRVHV
ZRXOG EH D NH\ WHFKQRORJ\ WR LPSURYH WKH UHVLOLHQFH DQG JXDUDQWHH WKH VXVWDLQDELOLW\ RI
DJULFXOWXUH�LQ�WKH�IXWXUH�>�@�

,Q WKLV FRQWH[W� WKH GHVLJQ DQG V\QWKHVLV RI QDWXUDO 6/V DQG GHULYDWLYHV ZLOO EH SUHVHQWHG >�@ >�@�
HVSHFLDOO\ WKH ODFWDP DQDORJXHV RI *5��� D FRPPRQ V\QWKHWLF 6/ GHULYHG IURP ����VWULJRO �VHH
VFKHPH EHORZ�� 7KH V\QWKHVLV RI WKHVH VWULJRODFWDPV >�@� KDUQHVVLQJ WKH FKHPLVWU\ RI NHWHQLPLQXP
VDOWV� ZLOO EH GLVFORVHG� DV ZHOO DV WKHLU DFWLYLW\ LQ ELRORJLFDO DVVD\V� ,Q SDUWLFXODU� WKH FUXFLDO
LQIOXHQFH RI VWHUHRFKHPLVWU\ ZLOO EH KLJKOLJKWHG E\ FRPSDULQJ WKH ELRORJLFDO SURILOH RI WKH GLIIHUHQW
VWHUHRLVRPHUV�

>�@ $� 'H 0HVPDHNHU� &� 6FUHSDQWL� 5� )RQQ«�3ILVWHU� 0� /DFKLD� $� /XPEURVR� +� %RXZPHHVWHU�
&KLPLD������������������������
>�@ 0� /DFKLD� +�&K� :ROI� 3� -� 0� -XQJ� &� 6FUHSDQWL �$� 'H 0HVPDHNHU�%LR� 2UJ� 0HG� &KHP��
��������������૱����
>�@ 0� <RVKLPXUD� 0� 'LHFNPDQQ� 3�<��'DNDV� 5� )RQQ«�3ILVWHU� .� +HUPDQQ� 6� 5HQGLQH� 3�
4XLQRGR]��%��+RUR]��6��&DWDN��$��'H�0HVPDHNHU��+HOY��&KLP��$FWD�������������H�������
>�@ 0� /DFKLD� +�&K� :ROI� 3� -� 0� -XQJ� &� 6FUHSDQWL �$� 'H 0HVPDHNHU� %LR� 2UJ� 0HG� &KHP�� �����
��� ����૱����W /XPEURVR� (� 9LOOHGLHX�3HUFKHURQ� '� =XUZHUUD� &� 6FUHSDQWL� 0� /DFKLD� 3��<�
'DNDV� /� &DVWHOOL� 9� 3DXO� +� &� :ROI� '� 6D\HU� $� %HFN� 6� 5HQGLQH� 5� )RQQ«�3ILVWHU� $� 'H
0HVPDHNHU��3HVW��0DQDJ��6FL��������������������������
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7DLORU�0DGH�0ROHFXODU�5RGV�IRU�*UDSKHQH�-XQFWLRQV

.��5H]QLNRYD���/��'HODUXH�%L]]LQL���0��(O�$EEDVVL���2��6FKPXFN�����$��&KULVW\���'��+¦XVVLQJHU���0�
1HXEXUJHU���0��&DODPH�����0��0D\RU���


�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�%DVHO���'HOIW�8QLYHUVLW\�RI�7HFKQRORJ\��)DFXOW\�RI�$SSOLHG
6FLHQFH���'HSDUWPHQW�RI�3K\VLFV��8QLYHUVLW\�RI�%DVHO���(03$��6ZLVV�)HGHUDO�/DERUDWRULHV�IRU

0DWHULDOV�6FLHQFH�DQG�7HFKQRORJ\���.DUOVUXKH�,QVWLWXWH�RI�7HFKQRORJ\��,QVWLWXWH�RI�1DQRWHFKQRORJ\

*UDSKHQH KDV EHHQ DSSOLHG LQ VHYHUDO WHFKQRORJLHV VLQFH LWV GLVFRYHU\ LQ ����� >�@ $ QHZ
SURPLVLQJ LGHD LV WR XVH JUDSKHQH DV D FRQWDFW PDWHULDO LQ QDQRHOHFWURQLFV� )RU WKLV DSSOLFDWLRQ�
JUDSKHQH LV VXSHULRU WR JROG EHFDXVH RI LWV VWDELOLW\� �' VWUXFWXUH DQG ODUJH YDULHW\ RI SRVVLEOH
DQFKRULQJ JURXSV� >���@ +HUH� ZH ZLOO SUHVHQW WKH V\QWKHVLV DQG IXUWKHU VWXGLHV RQ D VHULHV RI WDLORU�
PDGH PROHFXODU URGV IRU JUDSKHQH MXQFWLRQV� 7KH GHVLUHG PROHFXOHV DUH GHVLJQHG WR EULGJH D
QDQRJDS EHWZHHQ WZR JUDSKHQH HOHFWURGHV RQ D VLOLFRQ LQVXODWRU� 7KH PROHFXODU URG FRQVLVWV RI D
FHQWUDO PRLHW\ ZKLFK LV PRGLILHG ZLWK WZR VLOLFD DQFKRULQJ JURXSV WR SUHYHQW WKH PROHFXODU URG
IURP VOLGLQJ RXW RI WKH MXQFWLRQ� 2OLJR�SKHQ\OHQH�HWK\Q\OHQH� �23(� OLQNHUV HVWDEOLVK WKH HOHFWURQLF
FRPPXQLFDWLRQ DQG RXWHU DURPDWLF DQFKRULQJ JURXSV FRQWDFW JUDSKHQH YLD ͔�͔ LQWHUDFWLRQV� :H
SURSRVH WKH V\QWKHVLV RI D OLEUDU\ RI 23(V ZLWK GLIIHUHQW OHQJWKV� FRQWDLQLQJ YDULRXV DURPDWLF
JURXSV�IRU�WKH�GHSRVLWLRQ�WR�WKH�JUDSKHQH�VXUIDFH�

>�@ .� 6� 1RYRVHORY� $� .� *HLP� 6� 9� 0RUR]RY� '� -LDQJ� <� =KDQJ� 6� 9� 'XERQRV� ,� 9� *ULJRULHYD�
$��$��)LUVRY��6FLHQFH�����������������૱����
>�@ )� 3ULQV� $� %DUUHLUR� -� :� 5XLWHQEHUJ� -� 6� 6HOGHQWKXLV� 1� $OLDJD�$OFDQH� /� 0� .� 9DQGHUV\SHQ�
+��6��-��YDQ�GHU�=DQW��1DQR�/HWW�����������������૱�����
>�@ &� 1HI� /� 3µVD� 3� 0DNN� :� )X� $� +DOEULWWHU� &� 6FK¸QHQEHUJHU� 0� &DODPH� 1DQRVFDOH� �����
�������૱�����
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(QDQWLRVHOHFWLYH�&�VS���+�DU\ODWLRQ�IRU�WKH�V\QWKHVLV�RI�ZDUSHG�PROHFXOHV

'��6DYDU\���2��%DXGRLQ�


�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�%DVHO

(QDQWLRVHOHFWLYH 3G��FDWDO\VHG &�+ DFWLYDWLRQ UHDFWLRQV UHO\ RQ WKH XVH RI D FKLUDO DQFLOODU\ OLJDQG
DQG�RU D FKLUDO EDVH >�@� 2XU JURXS UHFHQWO\ GHYHORSHG D QHZ IDPLO\ RI FKLUDO ELIXQFWLRQDO
SKRVSKLQH�FDUER[\ODWH OLJDQGV >�@� ZKLFK HQVXUH KLJK VWHUHRFRQWURO RYHU WKH HQDQWLRGHWHUPLQLQJ
&0' VWHS� IRU DV\PPHWULF &�VS���+ DU\ODWLRQ� +HUHLQ� ZH GHVFULEH WKH DSSOLFDWLRQ RI WKLV QHZ
DSSURDFK�WR�WKH�ILUVW�HQDQWLRVHOHFWLYH�V\QWKHVLV�RI�ZDUSHG�PROHFXOHV�

2XU FDWDO\WLF V\VWHP ZDV RSWLPLVHG IRU WKH SUHSDUDWLRQ RI IOXRUDGHQHV XVLQJ WKH PRGHO VXEVWUDWH
VKRZQ RQ )LJXUH �� 7KH GHYHORSHG SURWRFRO ZDV WKHQ DSSOLHG WR WKH SUHSDUDWLRQ RI RWKHU ZDUSHG
PROHFXOHV LQ RUGHU WR LQYHVWLJDWH WKH DSSOLFDWLRQ VFRSH RI WKLV WUDQVIRUPDWLRQ� 9HU\ GLYHUVH
SRO\F\OLF�FRPSRXQGV�FRXOG�EH�IRUPHG�LQ�KLJK�\LHOG�DQG�ZLWK�JRRG�WR�H[FHOOHQW�HQDQWLRVHOHFWLYLW\�

>�@ D� &� *� 1HZWRQ� 6��*� :DQJ� &� &� 2OLYHLUD� 1� &UDPHU� &KHP� 5HY�� ����� ���� ���������� E�
7� *� 6DLQW�'HQLV� 5��<� =KX� *� &KHQ� 4��)� :X� -��4� <X� 6FLHQFH� ����� ���� �������� F� /� <DQJ�
5��0HORW��0��1HXEXUJHU��2��%DXGRLQ��&KHP�6FL����������������૱�����
>�@�/��<DQJ��0��1HXEXUJHU��2��%DXGRLQ��$QJHZ��&KHP��,QW��(G������������������૱�����
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(PHUJHQFH�RI�&RPSOH[�0ROHFXODU�6\VWHPV�YLD�&RPELQDWLRQ�RI�&RYDOHQW�DQG�1RQ�
&RYDOHQW�6\QWKHVLV

7��6FKQLW]HU���(��:��0HLMHU�


�(LQGKRYHQ�8QLYHUVLW\�RI�7HFKQRORJ\

&RPSOH[ PROHFXODU V\VWHPV DUH NH\ IRU GHYLFH PLQLDWXUL]DWLRQ� GHYHORSPHQW RI HQHUJ\ PDWHULDOV
DQG HIIRUWV WR PLPLF ELRORJLFDO SURFHVVHV���� 6HOI�DVVHPEO\� WKH SRZHU RI PROHFXOHV WR
DXWRQRPRXVO\ IRUP GHILQHG DJJUHJDWHV� LV D NH\ SOD\HU LQ WKH HPHUJHQFH RI FRPSOH[LW\ LQ
PROHFXODU V\VWHPV� <HW� WKH FRQVWUXFWLRQ RI VXFK V\VWHPV LV QRW HDV\� ,QVSLUHG E\ WRWDO V\QWKHVLV LQ
RUJDQLF FKHPLVWU\� D SDUDGLJP VKLIW IURP RQH�VWHS DVVHPEO\ WR PXOWL�VWHS QRQ�FRYDOHQW V\QWKHVLV
ZDV SURSRVHG� &RPSOH[ PROHFXODU V\VWHPV DUH QRW REWDLQHG LQ D VLQJOH QRQ�FRYDOHQW DVVHPEO\
VWHS� EXW UDWKHU LQ D FRPELQDWLRQ RI FRYDOHQW DQG QRQ�FRYDOHQW UHDFWLRQ VWHSV�� 7KLV UDLVHV WKH
TXHVWLRQ KRZ WR SHUIRUP FRYDOHQW RUJDQLF UHDFWLRQV LQ FRPELQDWLRQ ZLWK VXSUDPROHFXODU
VWUXFWXUHV� 7KLV LV FKDOOHQJLQJ EHFDXVH VXSUDPROHFXODU VWUXFWXUHV DUH RIWHQ DVVHPEOHG E\ ZHDN
IRUFHV� LQ FRQWLQXRXV G\QDPLF H[FKDQJH DQG DUH KLJKO\ VHQVLWLYH WR HQYLURQPHQWDO FKDQJHV����
7KXV��VXSUDPROHFXODU�VXEVWUDWHV�DUH�GLIILFXOW�WDUJHWV�IRU�FRPPRQ�RUJDQLF�V\QWKHVHV�

+HUH� ZH SUHVHQW QHZ V\QWKHWLF VWUDWHJLHV IRU VXSUDPROHFXODU DVVHPEOLHV XVLQJ D FRPELQDWLRQ RI FRYDOHQW
DQG QRQ�FRYDOHQW FKHPLVWU\� 7KH ZHOO�VWXGLHG KHOLFDO DVVHPEOLQJ RI ������EHQ]HQHWULFDUER[DPLGH �%7$�
W\SH PRQRPHUV VHUYHG DV PRGHO V\VWHP� 7KH LQ�VLWXJHQHUDWLRQ RI %7$ PRQRPHUV LQ D PXOWL�FRPSRQHQW
DVVHPEO\ ZDV LQYHVWLJDWHG� IRFXVLQJ RQ WKH LQWHUSOD\ EHWZHHQ UHDFWLRQ NLQHWLFV RI WKH FRYDOHQW ERQG
IRUPDWLRQ DQG WKH QRQ�FRYDOHQW DVVHPEOLQJ SURFHVV� ,Q DGGLWLRQ� WKH DVVHPEOLHV GHULYHG IURP SUH�IRUPHG
%7$ PRQRPHUV YHUVXV LQ�VLWX JHQHUDWHG %7$V ZHUH LQYHVWLJDWHG WR JDLQ D GHHSHU XQGHUVWDQGLQJ RQ WKH
IXQGDPHQWDOV�RI�VXFK�PXOWL�FRPSRQHQW�DVVHPEOLHV�

>�@�-��)��/XW]��-��0��/HKQ��(��:��0HLMHU��.��0DW\MDV]HZVNL��1DWXUH�5HYLHZV�0DWHULDOV����������������
>�@�7��$LGD��(��:��0HLMHU��6��,��6WXSS��6FLHQFH������������������
>�@�7��$LGD��(��:��0HLMHU��,VU��-��&KHP���������������
>�@�*��9DQWRPPH��(��:��0HLMHU��6FLHQFH�����������������
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3HSWLGH�FDWDO\]HG�VWHUHRVHOHFWLYH�FRQMXJDWH�DGGLWLRQ�UHDFWLRQ�RI�DOGHK\GHV�WR
IOXRULQDWHG�QLWURROHILQV�

0��6FKQXUU���+��:HQQHPHUV�


�/DERUDWRU\�RI�2UJDQLF�&KHPLVWU\��'�&+$%��(7+�=XULFK��6ZLW]HUODQG

7ULSHSWLGHV RI WKH +�3UR�3UR�;DD W\SH DUH KLJKO\ UHDFWLYH DQG VWHUHRVHOHFWLYH FDWDO\VWV IRU
DV\PPHWULF DOGRO UHDFWLRQV>�@ DQG FRQMXJDWH DGGLWLRQ UHDFWLRQV RI FDUERQ\O FRPSRXQGV WR
QLWURROHILQV>���@� GLF\DQRROHILQV>�@ DQG PDOHLPLGH�>�@ )RU H[DPSOH� DV OLWWOH DV ��� PRO� +૯'3UR૯3UR�
*OX�1+� VXIILFHV WR FDWDO\]H FRQMXJDWH DGGLWLRQ UHDFWLRQV RI DOGHK\GHV WR QLWURROHILQV LQ KLJK \LHOGV
DQG�H[FHOOHQW�VWHUHRVHOHFWLYLWLHV�>�@

+HUHLQ ZH SUHVHQW WKH VWHUHRVHOHFWLYH FRQMXJDWH DGGLWLRQ RI DOGHK\GHV WR IOXRULQDWHG QLWURROHILQV� D
KLJKO\ UHDFWLYH FODVV RI HOHFWURSKLOHV ZKLFK XVXDOO\ GHDFWLYDWH VHFRQGDU\ DPLQH EDVHG
RUJDQRFDWDO\VWV E\ 1૯DON\ODWLRQ� %\ XVLQJ SHSWLGH FDWDO\VWV� ZH ZHUH DEOH WR RYHUFRPH WKLV
GHDFWLYDWLRQ DQG SHUIRUP WKH UHDFWLRQ ZLWK RQO\ ��� PRO� FDWDO\VW� ZKLOH PDLQWDLQLQJ KLJK \LHOG
DQG�VWHUHRVHOHFWLYLW\�

>�@�3��.UDWWLJHU��5��.RYDV\��-��'��5HYHOO��6��,YDQ��+��:HQQHPHUV��2UJ��/HWW���������������૱�����
>�@�0��:LHVQHU���-��'��5HYHOO��+��:HQQHPHUV��$QJHZ��&KHP��,QW��(G�����������������૱�����
>�@�-��'XVFKPDO«��+��:HQQHPHUV��&KHP��(XU��-����������������૱�����
>�@�5��.DVWO��+��:HQQHPHUV��$QJHZ��&KHP��,QW��(G����������������૱�����
>�@�7��6FKQLW]HU��+��:HQQHPHUV��6\QOHWW���������������૱�����
>�@�&��(��*U¾QHQIHOGHU��-��.��.LVXQ]X��+��:HQQHPHUV��$QJHZ��&KHP��,QW��(G����������������૱�����
>�@�0��:LHVQHU��*��8SHUW��*��$QJHOLFL��+��:HQQHPHUV��-��$P��&KHP��6RF��������������૱��
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*UHHQ��͔�$FLGLF�1DSKWKDOHQHGLLPLGHV�ZLWK�2OLJRVXOILGHV�LQ�7KHLU�&RUH

,��6K\EHND���$��$VWHU���1��6DNDL���$��)URQWHUD���(��9DXWKH\���6��0DWLOH�


�6FKRRO�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\��8QLYHUVLW\�RI�*HQHYD���8QLYHUVLW\�RI�WKH�%DOHDULF�,VODQGV

1DSKWKDOHQHGLLPLGHV �1',V� KDYH EHHQ NQRZQ WR EH XVHG IRU GLIIHUHQW DSSOLFDWLRQV� VHQVRUV�
DUWLILFLDO SKRWRV\VWHPV� LRQ FKDQQHOV� FDWDO\VLV WKURXJK DQLRQಗ͔ LQWHUDFWLRQV� LQWHUFDODWLRQV ZLWK
'1$ IRU ELRORJLFDO DSSOLFDWLRQ >�@� 7KH FKHPLVWU\ RI FRUH�VXEVWLWXWHG 1',V LV FRORUIXO DQG VLQJOH�
DWRP VXEVWLWXWLRQV DUH DOUHDG\ HQRXJK WR FRYHU WKH SULPDU\ FRORUV >�@� +HUHLQ ZH SUHVHQW 1',V
ZLWK F\FOLF ROLJRFKDOFRJHQLGHV �&2&V� LQ WKHLU FRUH� 1',�ELV�WULWKLROH�V DUH JUHHQ� DEVRUE DW ��� QP�
7KLV UHFRUG UHG VKLIW RFFXUV EHFDXVH FKDOFRJHQ ERQGV �&%� >�@ IURP WKH LPLGHV LQMHFW VXIILFLHQW
HOHFWURQ GHQVLW\ WR VKLIW WKH +202 IURP WKH DURPDWLF FRUH WR WKH WULVXOILGH� ([FLWHG DW ��� QP� WKH\
FRQWUDFW LQWR 1',�ELV�GLWKLHWH�� 5LQJ�WHQVLRQ LQ GLVXOILGH PHGLDWHG FKDOFRJHQ ERQG FOHDYDJH DQG
SURPRWH EOXH VKLIW WR ��� QP� 1',�ELV�WULWKLROH�V DUH UHDFWLYH ZLWK WKLROV DQG WKH\ VKRZ KLJK
UHWHQWLRQ RQ WKLRO�H[FKDQJH DIILQLW\ FROXPQV FRPSDUHG WR RWKHU F\FOLF ROLJRFKDOFRJHQLGHV �&2&V�
>�@� 7KLV PDNHV &2&�1',V LQWHUHVWLQJ QRW RQO\ IRU HVWDEOLVKHG DSSOLFDWLRQV� EXW DOVR IRU WKH
SHQHWUDWLRQ�RI�OLYLQJ�FHOOV�

>�@ 0� $O .REDLVL� 6�9� %KRVDOH� .� /DWKDP� $� 0� 5D\QRU� 6� 9� %KRVDOH� &KHPLFDO 5HYLHZV� �����
����������૱������
>�@�1��6DNDL��-��0DUHGD��(��9DXWKH\��6��0DWLOH��&KHPLFDO�&RPPXQLFDWLRQV�����������������
>�@ /� 9RJHO� 3� :RQQHU� 6� 0� +XEHU� $QJHZDQGWH &KHPLH ,QWHUQDWLRQDO (GLWLRQ� ����� ���
����૱�����
>�@ <� &KHQJ� /� =RQJ� -� /µSH]૮$QGDULDV� (� %DUWRODPL� <� 2NDPRWR� 7� 5� :DUG� 1� 6DNDL� 6� 0DWLOH�
�$QJHZDQGWH�&KHPLH�,QWHUQDWLRQDO�(GLWLRQ����������������૱�����

�

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


2UJDQLF�&KHPLVWU\��9LUWXDO�3RVWHU 2&����

7RZDUGV�0ROHFXODU�*UDSKHQH�%HOWV�DQG�0¸ELXV�6WULSV

(��6LGOHU���0��0D\RU�


�8QLYHUVLW\�RI�%DVHO��'HSDUWPHQW�RI�&KHPLVWU\

7KH V\QWKHVLV RI WRSRORJLFDO LQWHUHVWLQJ FDUERQ DUFKLWHFWXUHV KDV VSDUNHG WKH LQWHUHVW RI PDQ\
VFLHQWLVWV DQG HVSHFLDOO\ WKH GHILQHG ERWWRP�XS V\QWKHVLV RI FDUERQ QDQRWXEHV �&17V� LV KLJKO\
VRXJKW DIWHU� 2XU ZRUN WRZDUGV ODUJH PROHFXODU ULQJ VWUXFWXUHV IRU WKH LQYHVWLJDWLRQ RI SHUVLVWHQW
FXUUHQWV KDV EURXJKW XV WR WKH FKDOOHQJH RI V\QWKHVL]LQJ DUPFKDLU &17V�� 'XH WR WKH OLPLWDWLRQV RI
DYDLODEOH VWDWH RI WKH DUW PDJQHWLF ILHOG VWUHQJWKV� SHUVLVWHQW FXUUHQW LQYHVWLJDWLRQV DUH OLPLWHG WR
ULQJV ZLWK GLDPHWHUV RI �� QP DQG DERYH� WKHUHIRUH LQFUHDVLQJ WKH GLIILFXOW\ RI WKHLU IDEULFDWLRQ�
%DVHG RQ WKH V\QWKHVLV RI DUPFKDLU JUDSKHQH VKHHWV E\ 'LFKWHO DQG FR�ZRUNHUV� ZH HQYLVLRQ WR
V\QWKHVL]H WKH &17 IURP WKH VLPLODU ROLJR�S�SKHQ\OHQH HWK\Q\OHQH� �23(� MRLQHG LQWR D VWUDLQHG
PDFURF\FOH�� 7KH 23( EDFNERQH FRQVLVWV RI DOWHUQDWLQJ SKHQ\OV DQG ����QDSKWK\O VXEVWLWXWHG
SKHQ\OV FRQQHFWHG E\ DON\QH XQLWV�� 7UDQVIRUPDWLRQ RI WKH DON\QHV E\ EHQ]DQQXODWLRQ IROORZHG E\
6FKROO R[LGDWLRQ DOORZV WKH IRUPDWLRQ RI WKH IXOO\ IXVHG JUDSKHQH EHOW�� 7R LQGXFH WKH VWUDLQ LQWR WKH
EDFNERQH DQG IDYRU WKH PDFURF\FOL]DWLRQ� DQJOHG FRUQHU XQLWV� VSHFLILFDOO\ ����F\FORKH[DGLHQH
XQLWV� DUH LQVHUWHG VWUDWHJLFDOO\� 6LJQILFDQW DFKLHYHPHQWV WRZDUGV WKH V\QWKHWLF JRDO KDYH DOUHDG\
EHHQ�PDGH�DQG�VPDOO�23(�PDFURF\FOHV�ZHUH�V\QWKHVL]HG�DV�WHVW�V\VWHPV�

$GGLWLRQDOO\� D VWUDWHJ\ WR V\QWKHVL]H D 0¸ELXV VWULS RI DQ DUPFKDLU &17 ZDV GHYHORSHG� $ WDUJHWHG
LQVHUWLRQ RI DQ DV\PPHWULF 23( VXEXQLW VKRXOG LQKLELW WKH IRUPDWLRQ RI WKH JUDSKHQH VKHHW ZLWKRXW
WZLVWLQJ WKH ZKROH XQLW E\ ���r� WKHUHIRUH IRUPLQJ WKH 0¸ELXV WRSRORJ\� 7KH LQFUHDVHG VWUDLQ GXH
WR WKH ���r WZLVW ZLOO SUHVXPDEO\ DOORZ WKH 0¸ELXV WRSRORJ\ RQO\ IRU ODUJH V\VWHPV� IXUWKHU
LQFUHDVLQJ�WKH�FKDOOHQJH�RI�LWV�V\QWKHVLV�

>�@�0D\RU��&��'LGVFKLHV��$QJHZ��&KHP��,QW��(G�����������������������
>�@ -� *DR� )� -� 8ULEH�5RPR� -� '� 6DDWKRII� +� $UVODQ� &� 5� &ULFN� 6� -� +HLQ� %� ,WLQ� 3� &ODQF\� :� 5�
'LFKWHO��<��/RR��$&6�1DQR����������������������
>�@ +� $UVODQ� -� '� 6DDWKRII� '� 1� %XQFN� 3� &ODQF\� :� 5� 'LFKWHO� $QJHZ� &KHP�� ����� ����
������������
>�@�1��$VDR��7��1RJDPL��6��/HH��<��<DPDPRWR��-��$P��&KHP��6RF��������������������������
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$�KLJKO\�VHQVLWLYH�DQG�VHOHFWLYH�FRORULPHWULF�DQG�IOXRUHVFHQW�VHQVRU�IRU�SKRVJHQH
GHWHFWLRQ

$��%��6ROHD�����$��&URFKHW���&��$OOHPDQQ���.��0��)URPP���2��0DPXOD�


�+DXWH�(FROH�G૷,QJ«QLHULH�HW�G૷$UFKLWHFWXUH�GH�)ULERXUJ��+(6�62�8QLYHUVLW\�RI�$SSOLHG�6FLHQFHV
:HVWHUQ�6ZLW]HUODQG��3«UROOHV�����&+������)ULERXUJ��6ZLW]HUODQG���8QLYHUVLW\�RI�)ULERXUJ�

'HSDUWPHQW�RI�&KHPLVWU\��&KHPLQ�GX�0XV«H����&+������)ULERXUJ��6ZLW]HUODQG

3KRVJHQH LV D KLJKO\ WR[LF DQG UHDFWLYH JDV WKDW ZDV H[WHQVLYHO\ XVHG LQ :RUOG :DU , DV D FKHPLFDO
ZHDSRQ� ,WV WR[LFLW\ LV GXH WR WKH GLVUXSWLRQ RI WKH DLU�EORRG EDUULHU LQ WKH SXOPRQDU\ DOYHROL ZKLFK
OHDGV WR SXOPRQDU\ HGHPD DQG HYHQWXDOO\ GHDWK�>�@ 'HVSLWH LWV WR[LFLW\� SKRVJHQH LV YDVWO\
HPSOR\HG DV D VWDUWLQJ PDWHULDO LQ WKH FKHPLFDO LQGXVWU\ IRU WKH SURGXFWLRQ RI SKDUPDFHXWLFDOV DQG
LVRF\DQDWHV�>�@ +HQFH� LWV IDVW DQG SUHFLVH GHWHFWLRQ LV RI KLJK LPSRUWDQFH QRW RQO\ IRU WKH
SURWHFWLRQ RI WKH RSHUDWRUV LQYROYHG LQ WKH LQGXVWULDO SURFHVVHV� EXW DOVR IRU WKH JHQHUDO VDIHW\ LQ
FDVH�RI�WHUURULVW�DWWDFNV�RU�DFFLGHQWV�

:H KDYH GHYHORSHG D KLJKO\ VHQVLWLYH DQG VHOHFWLYH SKRVJHQH VHQVRU EDVHG RQ D FDUER[\OLF DFLG
GHULYDWLYH RI SKHQ\O ����SLQHQHS\ULGLQH ���� ZKLFK VKRZV IDVW UHVSRQVH LQ VROXWLRQ DQG VROLG VWDWH
�)LJXUH �$�� 7KH VHQVRU GLVSOD\V ERWK FRORULPHWULF DQG IOXRUHVFHQW UHVSRQVH LQ WKH SUHVHQFH RI
SKRVJHQH �)LJXUH �%�� OHDGLQJ WR DQ LVRLQGRORQH�GHULYDWLYH ���� DV GHPRQVWUDWHG E\ VLQJOH�FU\VWDO ;�
5D\ GLIIUDFWLRQ �)LJXUH �&�� 7KH SURSRVHG PHFKDQLVP IRU WKH V\QWKHVLV RI � LQYROYHV WKH IRUPDWLRQ
RI DQ DF\O FKORULGH� IROORZHG E\ D QXFOHRSKLOLF DWWDFN IURP WKH S\ULGLQH� 7KLV LV WKH ILUVW H[DPSOH RI
VXFK D VHQVLQJ UHDFWLRQ IRU SKRVJHQH GHWHFWLRQ� DV PRVW RI WKH UHSRUWHG VHQVRUV DUH EDVHG RQ WKH
IRUPDWLRQ�RI�XUHD�GHULYDWLYHV�VWDUWLQJ�IURP�GLDPLQHV�>�૱�@

:LWK D OLPLW RI GHWHFWLRQ LQ VROXWLRQ LQ WKH RUGHU RI � SSE� RXU SKRVJHQH VHQVRU LV RQH RI WKH PRVW
VHQVLWLYH UHSRUWHG XS WR GDWH� ,Q DGGLWLRQ� D UDQJH RI FKORULQDWHG FRPSRXQGV ZDV WHVWHG DQG WKH
FRPSRXQG � KDV VKRZQ WR EH YHU\ VSHFLILF LQ LWV UHVSRQVH WRZDUGV SKRVJHQH� ,Q WKLV FRQWULEXWLRQ�
ZH ZLOO SUHVHQW FRPSOHWH VWXGLHV RQ WKH V\QWKHVLV RI WKH VHQVRU DV ZHOO DV WKH DQDO\WLFDO DQG
SKRWRSK\VLFDO�GHWDLOV�RI�WKH�VHQVLQJ�UHDFWLRQ�

)LJXUH����7KH�VHQVLQJ�UHDFWLRQ��$���89�9LV�VSHFWUD�RI���DQG���LQ�7+)��DW�����P0�FRQFHQWUDWLRQ��%��
;�UD\�VWUXFWXUH�RI����ZLWK�WKHUPDO�HOOLSVRLGV�DW�����SUREDELOLW\��WKH�K\GURJHQ�DWRPV�ZHUH�RPLWWHG

IRU�FODULW\���&��

>�@�:��/L��)��/LX��&��:DQJ��+��7UXHEHO��-��3DXOXKQ��7R[LFRO��6FL����������������૱����
>�@ -� -� &ROOLQV� '� 0� 0ROHQDDU� /� 2� %RZOHU� 7� -� +DUERXUW� 0� &DUVRQ� %� $YDVKLD� 7� &DOKRXQ� &�
9LWUDQR��3��$PHLV��5��&KDOIDQW��HW�DO���-��2FFXS��(QYLURQ��0HG���������������૱����
>�@�/��&KHQ��'��:X��-��0��.LP��-��<RRQ��$QDO��&KHP�����������������૱������
>�@�6��/��:DQJ��/��=KRQJ��4��+��6RQJ��&KHP��&RPPXQ����������������૱�����
>�@�+��;LH��<��:X��)��=HQJ��-��&KHQ��6��:X��&KHP��&RPPXQ����������������૱�����
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+LJKO\�'LYHUJHQW�$FFHVV�WR�'HQVHO\�6XEVWLWXWHG�$UHQHV��3\ULGLQHV�DQG�3\ULGRQHV�YLD
7UDQVLWLRQ�0HWDO�&DWDO\]HG�7UDQVIRUPDWLRQV�RI�$ON\Q\O�7ULD]HQHV

-��)��7DQ���&��7��%RUPDQQ���)��3HUULQ���0��)��&KDGZLFN���.��6HYHULQ�
��1��&UDPHU�


�(3)/�/DXVDQQH��6ZLW]HUODQG

*LYHQ WKHLU XQLTXH SURSHUW\ DV D VWDEOH DU\O GLD]RQLXP VXUURJDWH� DU\O WULD]HQHV KDYH JDUQHUHG
JUHDW DWWHQWLRQ ZLWK WKHLU YHUVDWLOLW\ LQ RUJDQLF V\QWKHVLV� +RZHYHU� WKH DFFHVV WR VXFK DU\O
WULD]HQHV UHTXLUHV DQ DOUHDG\ DSSURSULDWHO\ SUHIXQFWLRQDOL]HG DU\O SUHFXUVRU� VXFK DV DQLOLQHV RU
DU\O PDJQHVLXP VDOWV �6FKHPH �D�� 7KLV VHYHUHO\ OLPLWV H[SORLWDWLRQ RI WKH WULD]HQH IXQFWLRQDOLW\�
SDUWLFXODUO\ LI WKH WDUJHWHG VFDIIROGV IHDWXUH FRPSOH[ VXEVWLWXWLRQ SDWWHUQV RU KHWHURF\FOLF
VWUXFWXUHV� 7R IXUWKHU H[SDQG RQ WKH V\QWKHWLF SRWHQWLDO RI DU\O WULD]HQHV� FRPSOHPHQWDU\ PHWKRGV
ZLWKRXW�WKH�UHTXLUHPHQW�RI�SUHIXQFWLRQDOL]HG�DUHQHV�ZRXOG�EH�KLJKO\�VRXJKW�DIWHU�

,Q WKLV UHVSHFW� ZH UHSRUW DSSOLFDWLRQV RI DON\Q\O WULD]HQHV>�@ �6FKHPH �E� LQ WUDQVLWLRQ PHWDO�
FDWDO\]HG F\FOL]DWLRQV DQG &�+ DFWLYDWLRQV� 6SHFLILFDOO\� ZH XWLOL]HG UXWKHQLXP DQG UKRGLXP
FDWDO\VLV WR UDSLGO\ JHQHUDWH FRPSOH[ DQG GHQVHO\ VXEVWLWXWHG DU\O DQG KHWHURDU\O WULD]HQHV�
LQFOXGLQJ S\ULGLQHV DQG S\ULGRQHV �6FKHPH ���>���@ 7KHVH UHDFWLRQV DUH DOO FKDUDFWHUL]HG E\ YHU\
SURQRXQFHG UHJLRVHOHFWLYLWLHV LQGXFHG E\ WKH WULD]HQ\O JURXS� 8QGHU DFLGLF FRQGLWLRQV� WKH SUHFLVHO\
LQVWDOOHG WULD]HQH PRLHW\ RQ WKH ULQJ V\VWHP LV VPRRWKO\ FRQYHUWHG LQWR D ZLGH UDQJLQJ DUUD\ RI
LPSRUWDQW DU\O VXEVWLWXHQWV� LQFOXGLQJ IOXRULGHV� 7KLV PHWKRGRORJ\ RIIHUV ODWH�VWDJH� KLJKO\
GLYHUJHQW IXQFWLRQDO JURXS PDQLSXODWLRQV RQ WKHVH ELRORJLFDOO\ UHOHYDQW KHWHURF\FOLF IUDPHZRUN�
ZKLFK�RSHQV�XS�D�QRYHO�DQG�H[SHGLHQW�DYHQXH�IRU�PHGLFLQDO�FKHPLVWU\�VWXGLHV�

>�@ *UHJRU .LHIHU� 7LQD 5LHGHO� 3DXO '\VRQ� 5RVDULR 6FRSHOOLWL� .D\ 6HYHULQ� $QJHZDQGWH &KHPLH
,QWHUQDWLRQDO�(GLWLRQ��������������������
>�@ -LQ�)D\ 7DQ� &DUO 7KRPDV %RUPDQQ� )ORULDQ 3HUULQ� 0DUN &KDGZLFN� .D\ 6HYHULQ� 1LFRODL
&UDPHU��-RXUQDO�RI�$PHULFDQ�&KHPLFDO�6RFLHW\�������������������������
>�@�-LQ�)D\�7DQ��&��7��%RUPDQQ��.��6HYHULQ��1��&UDPHU��$&6�&DWDO\VLV����������������������
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6\QWKHVLV�DQG�&KDUDFWHULVDWLRQ�RI�0HWDOOR�3RUSK\ULQ�'\DGV

-��7KLHGH���5��,QJOH���0��&KHUJXL���6��/LX���5��+¦QHU�


�'HSDUWPHQW�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\��8QLYHUVLW\�RI�%HUQ��)UHLHVWUDVVH���������%HUQ�
6ZLW]HUODQG���/DERUDWRU\�RI�8OWUDIDVW�6SHFWURVFRS\�/68���FROH�SRO\WHFKQLTXH�I«G«UDOH�GH�/DXVDQQH�

6WDWLRQ����&+������/DXVDQQH

,Q FRPSDULVRQ WR RWKHU FKURPRSKRUHV� SRUSK\ULQV VKRZ YHU\ GLVWLQFW SKRWRSK\VLFDO DQG
HOHFWURFKHPLFDO IHDWXUHV� 7KHLU UHGR[ DQG RSWLFDO SURSHUWLHV FDQ HDVLO\ EH WXQHG E\ VXEVWLWXWLRQV
RQ WKH FHQWUDO SRUSK\ULQ FRUH� DV ZHOO DV E\ WKH LQVHUWLRQ RI D GLIIHUHQW PHWDO LRQ LQ WKH FDYLW\�>�૱�@
,Q WKLV ZRUN� ZH KDYH SUHSDUHG IRXU GLIIHUHQW G\DGV �)LJXUH ��� ZKHUH WZR PHWDOORSRUSK\ULQ XQLWV
DUH FRQQHFWHG HLWKHU GLUHFWO\ RU YLD D SKHQ\OHQH OLQNHU DW WKHLU PHVR�SRVLWLRQV� $ GLVFUHSDQF\ LQ
HOHFWURQLF DQG &RXORPELF LQWHUDFWLRQV EHWZHHQ WZR SRUSK\ULQ FRUHV LV XQDPELJXRXVO\
GHPRQVWUDWHG E\ F\FOLF YROWDPPHWU\� 89�9LV DEVRUSWLRQ DQG IOXRUHVFHQFH HPLVVLRQ VSHFWUD� $OO
WKHVH�UHVXOWV�ZLOO�EH�SUHVHQWHG�DQG�GLVFXVVHG�LQ�WKH�YLUWXDO�SRVWHU�YLGHR�

)LJXUH����6FKHPDWLF�UHSUHVHQWDWLRQ�RI�WKH�SRUSK\ULQ�G\DGV�

>�@ )DEULFH 2GREHO� 6� 6XUHVK� (UURO %ODUW� <RKDQQ 1LFRODV� -HDQ૮3DXO 4XLQWDUG� 3DVFDO -DQYLHU�
-HDQ૮<YHV /H 4XHVWHO� 'DYLG 5RQGHDX� 3DVFDO 5LFKRPPH� 7LOPDQQ +¦XSO� 6WDIIDQ :DOOLQ� /HLI
+DPPDUVWU¸P��&KHPLVWU\�D�(XURSHDQ�-RXUQDO���������������������
>�@ -DFRE -� 3LHW� 3HWHU 1� 7D\ORU� +DUU\ /� $QGHUVRQ� $WVXKLUR 2VXND� DQG -RKQ 0� :DUPDQ� -RXUQDO
RI�WKH�$PHULFDQ�&KHPLFDO�6RFLHW\��������������������������
>�@ -RQ�3DXO 6WUDFKDQ� 6WHYH *HQWHPDQQ� -\RWL 6HWK� :LOOLDP $� .DOVEHFN� -RQDWKDQ 6� /LQGVH\�
'HZH\�+ROWHQ��DQG�'DYLG�)��%RFLDQ��,QRUJDQLF�&KHPLVWU\�������������������������
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&RQWLQXRXV�IORZ�FKHPLVWU\�PHWKRGRORJLHV�WR�VXSSRUW�8&%�GUXJ�GLVFRYHU\

0��7LVVRW�

�8&%�%LRSKDUPD�65/��%HOJLXP

+HUHLQ� ZH ZLOO SUHVHQW WZR GLVWLQFW IORZ PHWKRGRORJLHV WRZDUGV WKH V\QWKHVLV RI ����GLVXEVWLWXWHG
F\FOREXW\OV�

7KH ILUVW PHWKRG LQYROYHV WKH GHYHORSPHQW RI D QHZ RUJDQRPHWDOOLF PHWKRGRORJ\ WR LQWURGXFH
YDULRXV XQSUHFHGHQWHG IXQFWLRQDOLVHG VPDOO F\FORDON\OV WR KHWHURDURPDWLFV� ,Q D ILUVW WLPH� WKLV
PHWKRG KDV EHHQ GHYHORSHG LQ EDWFK PRGH DQG WKHQ VXFFHVVIXOO\ WUDQVIHUUHG WR D FRQWLQXRXV
SURFHVV �6FKHPH ��� ,Q RUGHU WR DOORZ PHGLFLQDO FKHPLVWV WR JHQHUDWH UDSLGO\ OLEUDULHV ZLWK WKLV
PHGLFLQDOO\�LQWHUHVWLQJ�PRLHW\��ZH�H[WHQGHG�WKH�SURFHVV�WR�DQ�DXWRPDWHG�SODWIRUP��

7KH VHFRQG PHWKRG LQYROYHV DQ DPLQDWLRQ RI PHV\ODWHG F\FOREXWDQRO HQDEOHG E\ D PXOWLVWHS
FRQWLQXRXV IORZ SURFHVV� 7KH IORZ VHTXHQFH LQYROYHG DQ D]LGDWLRQ IROORZHG E\ D 6WDXGLQJHU
UHGXFWLRQ ZKLFK DYRLGV WKH KDQGOLQJ DQG LVRODWLRQ RI D KD]DUGRXV DON\O D]LGH FRPSRXQG �6FKHPH
��� 7KH SURFHVV LV VWHUHRVSHFLILF ZLWK WKH D]LGDWLRQ VWHS SURFHHGLQJ WR FRPSOHWH VWHUHRFKHPLFDO
LQYHUVLRQ��

>�@ 0DWWKLHX 7LVVRW� 1DWKDOLH %RG\� 6\OYDLQ 3HWLW� -HKDQ &ODHVVHQV� &KULVWRSKH *HQLFRW�
3DWULFN�3DVDX��2UJDQLF�/HWWHUV����������������
>�@ 0DWWKLHX 7LVVRW� -«URPH -DFT� 3DWULFN 3DVDX� 2UJDQLF 3URFHVV 5HVHDUFK 'HYHORSPHQW �����
DVDS
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5HPRWH�&�VS���+�)XQFWLRQDOL]DWLRQ�(QDEOHG�E\�7UDQVLWLRQ�0HWDOV

5��2��7RUUHV�2FKRD���$��/HFODLU���=��/L���4��:DQJ���-��=KX�


�'HSDUWDPHQWR�GH�4X¯PLFD�2UJ£QLFD��,QVWLWXWR�GH�4X¯PLFD��8QLYHUVLGDG�1DFLRQDO�$XWµQRPD�GH
0«[LFR���/DERUDWRU\�RI�6\QWKHVLV�DQG�1DWXUDO�3URGXFWV��,6,&��(3)/�/DXVDQQH���&ROOHJH�RI�0DWHULDO

DQG�(QHUJ\��6RXWK�&KLQD�$JULFXOWXUDO�8QLYHUVLW\

&�VS���+ ERQG IXQFWLRQDOL]DWLRQ UHSUHVHQWV WKH PRVW GLUHFW DQG GHVLUDEOH V\QWKHWLF VWUDWHJ\ WR
FUHDWH QHZ &�&�&�; �KHWHURDWRP� ERQGV�>�@ 7KH PDLQ REVWDFOHV WKDW KDPSHU WKH JURZWK RI VXFK D
ILHOG FRQFHUQ WR WKH H[WUHPHO\ ORZ UHDFWLYLW\ RI &�+ ERQGV WRJHWKHU ZLWK LWV ZLGHVSUHDG XELTXLW\ LQ
RUJDQLF PROHFXOHV� ZKLFK EULQJV UHJLRVHOHFWLYLW\ LVVXHV� 7KH XVH RI QLWURJHQ FHQWHUHG UDGLFDOV
�1&5� DV V\QWKHWLF LQWHUPHGLDWHV>�@ KDV OLJKWHG WKH ZD\ WR RYHUFRPH VXFK GLIILFXOWLHV GXH WR WKHLU
KLJK UHDFWLYLW\ DQG QRWDEOH WHQGHQF\ WR HYROYH LQWR D FDUERQ FHQWHU UDGLFDO�>�@ 7KH GHYHORSPHQW RI
QHZ V\QWKHWLF SURFHGXUHV WKDW DOORZ WKH IRUPDWLRQ RI 1&5 LQ D PXFK PLOGHU IDVKLRQ KDV
WUHPHQGRXVO\ FRQWULEXWHG WR WKHLU UHVXUJHQW DQG H[SORLWDWLRQ LQ WKH &�VS���+ ERQG IXQFWLRQDOL]DWLRQ
UHVHDUFK DUHD� )RU LQVWDQFH� LPLQ\O UDGLFDOV FDQ EH VPRRWKO\ IRUPHG YLD 1�2 FOHDYDJH RI
K\GUR[\ODPLQH GHULYDWLYHV>�@ E\ WUDQVLWLRQ PHWDOV�>�@ DQG WKHLU VXEVHTXHQW UHJLRVHOHFWLYH
SURJUHVVLRQ LQWR D &�VS���FHQWHUHG UDGLFDO� YLD HLWKHU VFLVVLRQ RI WKH ULQJ�VWUDLQHG 1&5
LQWHUPHGLDWH�>�@ RU ����K\GURJHQ DWRP WUDQVIHU �+$7�>�@� SURYLGHV WKH RSSRUWXQLW\ WR LQFRUSRUDWH
QHZ IXQFWLRQDOLWLHV RQ GLVWDO DQG LQLWLDOO\ XQUHDFWLYH SRVLWLRQV� %DVHG RQ WKH UHDFWLYLW\ RI WKRVH
1&5� ZH GHYHORSHG D VHW RI WUDQVIRUPDWLRQV WKDW DOORZHG XV WR FUHDWH &�VS���1 DQG &�VS���&�VS�
ERQGV LQ UHPRWH SRVLWLRQV RI NHWRQHV DQG QLWULOHV E\ XVLQJ HDVLO\ DFFHVVLEOH 2�DF\O R[LPHV DV
VWDUWLQJ�PDWHULDOV�

>�@ D� +RQJ <L� *XRWLQJ =KDQJ� +XDPLQ :DQJ� =KL\XDQ +XDQJ� -XH :DQJ� $WXO .� 6LQJK� $LZHQ /HL�
&KHP� 5HY������ ���� ���������� E� <DQ 4LQ� /LKXL =KX� 6DQ]KRQJ /XR� &KHP� 5HY� ����� ����
���������� F� +HLNR 6RPPHU� )UDQFLVFR -XOL£�+HUQ£QGH]� 5XEHQ 0DUWLQ� ,ODQ 0DUHN�$&6 &HQW� 6FL�
�����������������
>�@�6DPLU�=��=DUG��&KHP��6RF��5HY����������������������
>�@�6KXQVXNH�&KLED��+XL�&KHQ��2UJ��%LRPRO��&KHP����������������������
>�@ D� -RKQ &� :DOWRQ� $FF� &KHP� 5HV� ����� ��� ���������� E� -RKQ &� :DOWRQ� 0ROHFXOHV� �����
��������F��+XDZHQ�+XDQJ��-LQKXL�&DL��*XR�-XQ�'HQJ��2UJ��%LRPRO��&KHP����������������������
>�@�0LWVXUX�.LWDPXUD��.RLFKL�1DUDVDND��&KHP��3KDUP��%XOO��-SQ��������������������
>�@�:HQTLQJ�<LQ��;XHOLDQ�:DQJ��1HZ�-��&KHP����������������������
>�@ -DFRE 'DYLHV� 6DUD 3� 0RUFLOOR� -DPHV -� 'RXJODV� 'DQLHOH /HRQRUL� &KHP� (XU� -� ����� ���
������������
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$VVHVVPHQW�RI�WKH�6\QWKHWLF�)HDVLELOLW\�RI�*HQHUDWHG�&KHPLFDO�6SDFH�E\�&RPSXWHU
$VVLVWHG�6\QWKHVLV�3ODQQLQJ

$��7KDNNDU���9��&KDGLPRYD���(��-��%MHUUXP���2��(QJNYLVW���-��/��5H\PRQG�


�'HSDUWPHQW�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\��)UHLHVWUDVVH���������%HUQ���+LW�'LVFRYHU\��'LVFRYHU\
6FLHQFHV��5	'��$VWUD=HQHFD��*RWKHQEXUJ��6ZHGHQ

&RPSXWHU DVVLVWHG V\QWKHVLV SODQQLQJ KDV JDLQHG FRQVLGHUDEOH LQWHUHVW LQ UHFHQW \HDUV RZLQJ WR
WKH UHVXUJHQFH RI DUWLILFLDO LQWHOOLJHQFH �$,�� DQG WKH SURVSHFW RI DFFHOHUDWLQJ WKH GLVFRYHU\ DQG
V\QWKHVLV RI QHZ FKHPLFDO HQWLWLHV�� 2XU SUHYLRXV ZRUN KLJKOLJKWV WKH LPSOHPHQWDWLRQ RI D
UHWURV\QWKHWLF SUHGLFWLRQ WRRO WUDLQHG RQ WKH ODUJHVW FROOHFWLRQ RI GDWDVHWV WR GDWH� DQG
GHPRQVWUDWHV LWV DSSOLFDELOLW\ WR D VHW RI FRPSRXQGV REWDLQHG IURP YLUWXDO OLEUDULHV�� $GGLWLRQDOO\�
ZH KDYH IXUWKHU DXJPHQWHG RXU &$63 WRRO ZLWK D PRGHO FDOOHG ૶5LQJ %UHDNHU૷ WR DVVHVV V\QWKHWLF
GLVFRQQHFWLRQV IRU FRPSOH[ ULQJ V\VWHPV�� 7KLV PRGHO LV WUDLQHG VSHFLILFDOO\ IRU ULQJ IRUPLQJ
UHDFWLRQV DQG LV XVHG WR DXJPHQW WKH VHDUFK IRU V\QWKHWLF SDWKZD\V E\ LGHQWLI\LQJ URXWHV WKDW
XWLOLVH ULQJ IRUPDWLRQV� 7R PD[LPLVH WKH QXPEHU RI V\QWKHWLF RSWLRQV GXULQJ WKH VHDUFK IRU
V\QWKHWLF SDWKZD\V� ZH IXUWKHU DXJPHQW WKH PRGHO ZLWK DQ DSSOLFDELOLW\ ILOWHU� ZKLFK LQIRUPV WKH
PRGHO�ZKLFK�UHDFWLRQV�DUH�DSSOLFDEOH�LQ�VLOLFR���

,Q WKLV VWXG\� ZH EXLOG XSRQ RXU SUHYLRXV ZRUN LQ FRPSXWHU DLGHG V\QWKHVLV SODQQLQJ �&$63� E\
WDFNOLQJ WKH SUREOHP RI V\QWKHWLF DFFHVVLELOLW\��� � 7KH LPSURYHPHQWV WR RXU EDVHOLQH UHWURV\QWKHWLF
WRRO DOORZ IRU D EHWWHU HVWLPDWLRQ RI WKH V\QWKHWLF IHDVLELOLW\ RI D GLYHUVH VHW RI FRPSRXQGV REWDLQHG
IURP &K(0%/� *'%&K(0%/� *'%0HG&KHP DQG 'UXJEDQN� DV GHWHUPLQHG E\ UXQQLQJ IXOO
UHWURV\QWKHWLF SUHGLFWLRQV� 7KH RXWFRPHV RI WKH UHWURV\QWKHWLF SUHGLFWLRQV DUH XVHG DV DQ HVWLPDWH
IRU V\QWKHWLF IHDVLELOLW\ DQG DUH XVHG WR WUDLQ D YDULHW\ RI PDFKLQH�GHHS OHDUQLQJ PRGHOV WKDW FDQ
EH XVHG DV D VXUURJDWH WR WKH SUHGLFWLRQ RI IXOO V\QWKHWLF URXWHV� 7KH UHVXOWLQJ VXUURJDWH PRGHO FDQ
EH XVHG WR VFRUH WKH V\QWKHWLF DFFHVVLELOLW\ RI D GLYHUVH VHW RI JHQHUDWHG FRPSRXQGV IURP YLUWXDO
OLEUDULHV�RU�XVHG�LQ�WKH�JHQHUDWLRQ�SURFHVV�WR�PD[LPLVH�WKH�V\QWKHWLF�IHDVLELOLW\�RI�FRPSRXQGV�

>�@ -HQVHQ� .� )�� &ROH\� &� :�� (\NH� 1� 6�� $XWRQRPRXV GLVFRYHU\ LQ WKH FKHPLFDO VFLHQFHV SDUW ,�
3URJUHVV��$QJHZDQGWH�&KHPLH�,QWHUQDWLRQDO�(GLWLRQ������
>�@ 7KDNNDU� $�� .RJHM� 7�� 5H\PRQG� -��/�� (QJNYLVW� 2�� %MHUUXP� (� -�� 'DWDVHWV DQG WKHLU
LQIOXHQFH RQ WKH GHYHORSPHQW RI FRPSXWHU DVVLVWHG V\QWKHVLV SODQQLQJ WRROV LQ WKH SKDUPDFHXWLFDO
GRPDLQ��&KHPLFDO�6FLHQFH�����������������������
>�@ 7KDNNDU� $�� 6HOPL� 1�� 5H\PRQG� -��/�� (QJNYLVW� 2�� %MHUUXP� (� -�� ૶5LQJ %UHDNHU૷� 1HXUDO
1HWZRUN�'ULYHQ�6\QWKHVLV�3UHGLFWLRQ�RI�WKH�5LQJ�6\VWHP�&KHPLFDO�6SDFH��&KHP5[LY������
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&DWDO\WLFDOO\�$FWLYH�3HSWLGHV�)RU�&RQMXJDWH�$GGLWLRQ�5HDFWLRQV�ZLWK�&�VXEVWLWXWHG
0DOHLPLGHV

*��9DVWDNDLWH���+��:HQQHPHUV�


�/DERUDWRU\�RI�2UJDQLF�&KHPLVWU\��'�&+$%��(7+�=¾ULFK

3HSWLGHV RI WKH W\SH +�3UR�3UR�;DD �;DD  DQ\ DPLQR DFLG� DUH KLJKO\ UHDFWLYH DQG VWHUHRVHOHFWLYH
FDWDO\VWV IRU RUJDQRFDWDO\WLF &�& ERQG IRUPDWLRQV� VXFK DV DOGRO UHDFWLRQV>�@ DV ZHOO DV FRQMXJDWH
DGGLWLRQ�UHDFWLRQV�RI�DOGHK\GHV�WR�QLWURROHILQV>�@�DQG�PDOHLPLGHV�>�@�

7KH SRVWHU ZLOO IRFXV RQ WKH H[SDQVLRQ RI WKH VFRSH RI SHSWLGH FDWDO\]HG FRQMXJDWH DGGLWLRQ UHDFWLRQV WR D
UHDFWLRQ WKDW SURYLGHV SURGXFWV ZLWK � FRQWLJXRXV VWHUHRJHQLF FHQWUHV� :H VKRZ WKDW WKH UHDFWLRQ
SURFHHGV ZLWK KLJK UHJLR� DQG FKHPRVHOHFWLYLW\ DQG ZLWKRXW PDMRU VLGH UHDFWLRQV RI WKH XQSURWHFWHG
PDOHLPLGHV��:H�DOVR�SUHVHQW�LQVLJKWV�LQWR�WKH�UHDFWLRQ�PHFKDQLVP�

>�@�3��.UDWWLJHU��5��.RYDV\��-��'��5HYHOO��6��,YDQ��+��:HQQHPHUV��2UJ��/HWW�������������������
>�@ D� 0� :LHVQHU� 0� 1HXEXUJHU� +� :HQQHPHUV� &KHP� (XU� -� ����� ��� ������ E� -� 'XVFKPDO«�
+� :HQQHPHUV� &KHP� (XU� -� ����� ��� ����� F� 7� 6FKQLW]HU� $� %XGLQVND� +� :HQQHPHUV� 1DWXUH
&DWDO\VLV��������������
>�@�&��*U¾QHQIHOGHU��-��.LVXQ]X��+��:HQQHPHUV��$QJHZ��&KHP��,QW��(G�����������������
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7KHUPDO�DQG�(OHFWULFDO�7UDQVSRUW�7KURXJK�2UJDQLF�5DGLFDOV��7DNLQJ�$GYDQWDJH�RI�WKH
.RQGR�(IIHFW

'��9RJHO���&��+VX���0��0D\RU���
��+��YDQ�GHU�=DQW��


�8QLYHUVLW\�RI�%DVHO��'HSDUWPHQW�RI�&KHPLVWU\���'HOIW�8QLYHUVLW\�RI�7HFKQRORJ\��.DYOL�,QVWLWXWH�RI
1DQRVFLHQFH���.DUOVUXKH�,QVWLWXWH�RI�7HFKQRORJ\��.,7���,QVWLWXWH�IRU�1DQRWHFKQRORJ\��,17�

7KH .RQGR HIIHFW SUHGLFWV DQ LQFUHDVH LQ FRQGXFWLYLW\ LI WKH FRQGXFWLQJ HOHFWURQV SDVV E\ D VSLQ
LPSXULW\ VLWXDWHG RQ DQ RUJDQLF PROHFXOH RU TXDQWXP GRW EHWZHHQ WZR HOHFWURGHV DW ORZ
WHPSHUDWXUHV� 7KLV ]HUR�ELDV DQRPDO\ LQ WKH ORZ WHPSHUDWXUH UHJLPH LV RI LQWHUHVW IRU HOHFWULFDO
DQG WKHUPDO FRQGXFWLYLW\ WKURXJK RUJDQLF PROHFXOHV� 7KHUHIRUH ZH KDYH GHVLJQHG DQG V\QWKHVL]HG
VHYHUDO VWDEOH RUJDQLF UDGLFDOV� ZKLFK DUH FRPSULVHG RI DQ DU\O EDFNERQH IXQFWLRQDOL]HG ZLWK WZR
S\ULGLQH DQFKRULQJ JURXSV DQG D QLWURQ\O�QLWUR[LGH EDVHG UDGLFDO� 7KH LQIOXHQFH RI WKH UHODWLYH
SRVLWLRQ RI WKH DQFKRULQJ JURXSV WR WKH UDGLFDO ZDV VWXGLHG DQG ILUVW UHVXOWV ZLOO EH SUHVHQWHG RQ
WKH IROORZLQJ SRVWHU� 7KHVH SUHOLPLQDU\ UHVXOWV VXJJHVW WKDW FORVH SUR[LPLW\ RI WKH DQFKRULQJ JURXS
WR�WKH�UDGLFDO�LQFUHDVHV�WKH�.RQGR�HIIHFW�

�
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2[LGDWLYH�ULQJ�RSHQLQJ�IOXRULQDWLRQ�RI�F\FORSURS\ODPLGHV

0��:DQJ���-��:DVHU�


�/DERUDWRU\�RI�&DWDO\VLV�DQG�2UJDQLF�6\QWKHVLV��/&62���,QVWLWXWH�RI�&KHPLFDO�6FLHQFHV�DQG
(QJLQHHULQJ��,6,&���(3)/

$PLQRF\FORSURSDQHV DUH LPSRUWDQW EXLOGLQJ EORFNV LQ V\QWKHWLF FKHPLVWU\� 7KHLU UHDFWLYLW\ ZDV
H[SORUHG PDLQO\ E\ XWLOL]LQJ WUDQVLWLRQ�PHWDO FDWDO\VLV WR IRUP D PHWDOORF\FOREXWDQH LQWHUPHGLDWHV�
RU E\ SKRWRUHGR[ FKHPLVWU\ WR R[LGL]H WKH DPLQR JURXS WR D UDGLFDO FDWLRQ VSHFLHV�>�@ 2XU JURXS KDV
IRFXVHG LQ WKH SDVW RQ WKH DELOLW\ RI GRQRU�DFFHSWRU VXEVWLWXWHG DPLQRF\FORSURSDQHV �'�$
DPLQRF\FORSURSDQHV� WR UHDFW DV ]ZLWWHULRQLF V\QWKRQV >�@ DQG UHFHQWO\� ZH UHSRUWHG D GLIIHUHQW
VWUDWHJ\ IRU WKH DFWLYDWLRQ RI PRQR�VXEVWLWXWHG DPLQRF\FORSURSDQHV JLYLQJ DFFHVV WR ELVFDWLRQLF
V\QWKRQV��)LJXUH��$���>�@

:H KHUHLQ UHSRUWHG D PLOG ULQJ�RSHQLQJ IOXRULQDWLRQ RI F\FORSURS\ODPLGHV HQDEOHG E\ SKRWRUHGR[
FDWDO\VLV �)LJXUH �%�� 7KH DPLGH QLWURJHQ ZDV R[LGL]HG WR IRUP D UDGLFDO FDWLRQ VSHFLHV ZKLFK
LQGXFHG ULQJ RSHQLQJ IOXRULQDWLRQ E\ UHDFWLQJ ZLWK )� VRXUFH OLNH 6HOHFW)OXRU� ,QWURGXFLQJ D VHULHV
RI QXFOHRSKLOHV WR WKH LPLQH FDUERQ FHQWHU FDQ EH GRQH XQGHU DFLGLF FRQGLWLRQV� WKXV JHQHUDWLQJ D
ZLGH�UDQJH�RI���IOXRULQDWHG�SURS\ODPLGHV�LQ�RQH�SRW�

>�@�5DVVDGLQ��9��$���6L[��<��7HWUDKHGURQ���������������������
>�@ D� )� GH 1DQWHXLO� )� 'H 6LPRQH� 5� )UHL� )� %HQIDWWL� (� 6HUUDQR� -� :DVHU� &KHP�
&RPPXQ� ����� ��� ������������ E� 6� 5DFLQH� %� +HJHGXV� 5� 6FRSHOOLWL� -� :DVHU� &KHP� (XU�
-� ����� ��� ������������ F� -� 3UHLQGO� 6� &KDNUDEDUW\� -� :DVHU� &KHP� 6FL� ����� �� ����������
G��'��3HUURWWD��0��0��:DQJ��-��:DVHU��$QJHZ��&KHP��,QW��(G����������������������
>�@�0��0��:DQJ��-��:DVHU��$QJHZ��&KHP��,QW��(G������������������������
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&HWKUHQHV��6HOI�DVVHPEO\�RI�PDJQHWLF�FRQGXFWLQJ�PROHFXODU�ZLUHV

<��:DQJ�

�8QLYHUVLW\�RI�=XULFK��'HSDUWPHQW�RI�&KHPLVWU\

0ROHFXODU ZLUHV PD\ RQH GD\ UHSODFH PHWDO� DQG VLOLFRQ�EDVHG ZLUHV LQ HOHFWURQLF GHYLFHV� 2QH
SRVVLELOLW\ IRU PDNLQJ VXFK ZLUHV LV VHOI�DVVHPEO\ RI FRQMXJDWHG RUJDQLF PROHFXOHV ZLWK WKH DLG RI
͔૱͔ VWDFNLQJ RU YDQ GHU :DDOV LQWHUDFWLRQV� 2XU DSSURDFK IRU WKH DVVHPEO\ RI PROHFXOHV LQWR ZLUHV
HPSOR\V D PXOWL�FHQWHU ERQGLQJ LQWHUDFWLRQ� NQRZQ DV SDQFDNH ERQG� 7KLV ERQGLQJ PRWLI� ZKLFK
HQKDQFHV FKDUJH WUDQVSRUW LQ EXON PDWHULDOV� LV W\SLFDO IRU VSLQ�GHORFDOL]HG FRQMXJDWHG V\VWHPV� $Q
H[DPSOH RI VXFK V\VWHPV LV SKHQDOHQ\O UDGLFDO�� LQ ZKLFK RQH XQSDLUHG HOHFWURQ LV XQLIRUPO\
GHORFDOL]HG EHWZHHQ VL[ FDUERQ DWRPV� 'XH WR WKH SUHVHQFH RI WKH XQSDLUHG HOHFWURQ� SKHQDOHQ\O
H[LVWV LQ HTXLOLEULXP ZLWK LWV VLJPD�GLPHU�� :KHQ WKH IRUPDWLRQ RI WKH VLJPD�GLPHU LV VXSSUHVVHG
NLQHWLFDOO\� D SL�GLPHU IRUPV LQVWHDG YLD D WZR�HOHFWURQ PXOWL�FHQWHU FRYDOHQW ERQG� �)LJXUH �� OHIW��
)XVLQJ RI WZR SKHQDOHQ\O XQLWV YLD D KHOLFDO EDFNERQH UHVXOWV LQ PROHFXOHV QDPHG FHWKUHQHV� LQ
ZKLFK HOHFWURQV FDQ FRPPXQLFDWH WKURXJK EDFNERQH DQG VSDFH VLPXOWDQRXVO\�� 7KH SUHGLVSRVLWLRQ
IRU SDQFDNH ERQGLQJ PDNHV FHWKUHQHV JRRG FDQGLGDWHV IRU VHOI�DVVHPEOHG PDWHULDOV �)LJXUH ��
PLGGOH�� 7KH REMHFWLYH RI WKLV UHVHDUFK ZDV WR V\QWKHVL]H FHWKUHQH FRPSRVHG RI WHQ EHQ]HQRLG
ULQJV WKDW FRQWDLQV WZR XQSDLUHG HOHFWURQV �)LJXUH �� ULJKW� DQG VWXG\ LWV VHOI�DVVHPEO\ LQWR KHOLFDO
ZLUHV� 7KLV V\VWHP ZLOO DOORZ XV WR VWXG\ WKH HIIHFW RI LQWUDPROHFXODU VSLQ�LQWHUDFWLRQ RQ WKH
LQWHUPROHFXODU RQH DQG WR HVWDEOLVK GHVLJQ SULQFLSOHV RI VHOI�DVVHPEO\ RI VSLQ�GHORFDOL]HG V\VWHPV
DQG��XOWLPDWHO\��PDJQHWLF�FRQGXFWLQJ�PDWHULDOV�

�

>�@�'��+��5HLG��4��5HY��&KHP��6RF���������������૱����
>�@�=��0RX��.��8FKLGD��7��.XER��0��.HUWHV]��-��$P��&KHP��6RF������������������૱������
>�@ .� *RWR� 7� .XER� .� <DPDPRWR� .� 1DNDVXML� .� 6DWR� '� 6KLRPL� 7� 7DNXL� 0� .XERWD� 7�
.RED\DVKL��.��<DNXVL��-��<��2X\DQJ��-��$P��&KHP��6RF�����������������૱�����
>�@ 3� 5DYDW� 7� ĢRORPHN� 0� 5LFNKDXV� '� +¦XVVLQJHU� 0� 1HXEXUJHU� 0� %DXPJDUWHQ� 0� -XU¯ÏHN�
$QJHZ��&KHP��,QW��(G����������������૱�����
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6\QWKHVLV�RI�&DUS\ULGLQHV

-��)��:RRGV���0��5LFNKDXV�


�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�=XULFK���'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�=¾ULFK

3RUSK\ULQV DUH D ZHOO�UHVHDUFKHG FODVV RI DURPDWLF FKURPRSKRUHV GXH WR WKHLU UDQJH RI XVHV DV
OLJDQGV LQ ELRORJ\ DQG UROHV LQ ODUJHU VXSUDPROHFXODU VWUXFWXUHV�>���@ DV ZHOO DV WKHLU HOHFWURQLF DQG
RSWLFDO SURSHUWLHV�>�@ $ ODUJHO\ XQH[SORUHG EXW UHODWHG FRQVWUXFW DUH PDFURF\FOHV FRPSRVHG RI
S\ULGLQH�DQG�FDUED]ROH�VXEXQLWV��LQLWLDOO\�UHSRUWHG�E\�0¾OOHQ�>�@�ZKLFK�ZH�WHUP�૶FDUS\ULGLQH૷�

7KH LQFOXVLRQ RI WZR RSSRVLWHO\ IDFLQJ ILYH PHPEHUHG ULQJV LQ WKH FDUED]ROH PRLHW\ DOORZV
FDUS\ULGLQHV WR H[KLELW D QHJDWLYH FXUYDWXUH� ZKLFK LV FRQILUPHG E\ FU\VWDOORJUDSK\�>�@ 'HVSLWH
EHQGLQJ ZLWKLQ WKH PDFURF\FOH� WKH FDYLW\ VWLOO SURYLGHV D YDFDQF\ IRU FKHODWLRQ WR D PHWDO DGRSWLQJ
D VTXDUH SODQDU JHRPHWU\� 8QRFFXSLHG D[LDO VLWHV RI D FRRUGLQDWHG PHWDO SUHVHQW DQ RSSRUWXQLW\
IRU PHWDO�PHWDO LQWHUDFWLRQV ZLWK RWKHU PRQRPHUV WR WDNH SODFH VXFK WKDW D UHOD\ RI
FRPPXQLFDWLRQ PD\ RFFXU EHWZHHQ XQLWV DQG VKRXOG EH HYLGHQW XSRQ LQVSHFWLRQ RI RSWLFDO
SURSHUWLHV�

6HYHUDO ILUVW�URZ WUDQVLWLRQ PHWDOV KDYH EHHQ VXFFHVVIXOO\ FRRUGLQDWHG LQWR WKH UHODWHG ૶FDUS\]LQ૷
�S\ULGLQH PRLHW\ UHSODFHG E\ S\UD]LQH� WKURXJK XVH RI PLFURZDYH UDGLDWLRQ DQG KDYH D VWDUN HIIHFW
XSRQ WKH SKRWRFKHPLFDO SURSHUWLHV RI WKH V\VWHP �)LJXUH ��� 0RGLILFDWLRQ RI FDUS\ULGLQH VLGH FKDLQV
ZLOO DOVR DOWHU WKH EHKDYLRXU RI WKH PRQRPHUV� DQG LQ WXUQ� DQ HIIHFW LV KDG XSRQ WKH RSWLFDO
SURSHUWLHV� %XON\� EUDQFKHG JURXSV �5  W%X� ZLOO SUHYHQW DJJUHJDWLRQ GXH WR VWHULF FURZGLQJ
ZKHUHDV OLQHDU DON\O FKDLQV �5  Q�&��+��� SURPRWH DVVRFLDWLRQ DQG PD\ OHDG WR DJJUHJDWLRQ
LQGXFHG�HPLVVLRQ�LQ�WKH�DEVHQFH�RI�D�PHWDO�RU�TXHQFKLQJ�LQ�WKH�LQFOXVLRQ�RI�RQH�

)LJXUH����&DUS\ULGLQH�PRQRPHU��OHIW��DQG�FRRUGLQDWHG�PHWDOV�LQWR�FDUS\]LQV��ULJKW�

0RGLILFDWLRQ RI FDUS\ULGLQH VLGH FKDLQV ZLOO DOVR DOWHU WKH EHKDYLRXU RI WKH PRQRPHUV� DQG LQ WXUQ�
DQ HIIHFW LV KDG XSRQ WKH RSWLFDO SURSHUWLHV� %XON\� EUDQFKHG JURXSV �5  W%X� ZLOO SUHYHQW
DJJUHJDWLRQ GXH WR VWHULF FURZGLQJ ZKHUHDV OLQHDU DON\O FKDLQV �5  Q�&��+��� SURPRWH DVVRFLDWLRQ
DQG PD\ OHDG WR DJJUHJDWLRQ LQGXFHG HPLVVLRQ LQ WKH DEVHQFH RI D PHWDO RU TXHQFKLQJ LQ WKH
LQFOXVLRQ�RI�RQH�

>�@ )� 1� /LHZ� 0� $� %UDQG\V� 6� %LVZDV� -� 1� 1JX\HQ� 0� 5DKPDZDWL� 0� 1HYDOD� %� 2� (OPRUH� 0� 3�
+HQGULFK��+��-��.LP��%LRFKHPLVWU\����������������
>�@ 0� 5LFNKDXV� 0� -LUDVHN� /� 7HMHULQD� +� *RWIUHGVHQ� 0� '� 3HHNV� 5� +DYHU� +� :� -LDQJ� 7� '� :�
&ODULGJH��+��/��$QGHUVRQ��1DWXUH�&KHPLVWU\����������������
>�@ $� .KDGULD� -� )OHLVFKKDXHU� ,� %RF]DURZ� -� '� :LONLQVRQ� 0� 0� .RKO� +� /� $QGHUVRQ� L6FLHQFH�
�������������
>�@ /� $UQROG� +� 1RURX]L�$UDVL� 0� :DJQHU� 9� (QNHOPDQQ� .� 0¾OOHQ� &KHP� &RPPXQ�� ����� ���
����
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$FFHVV�WR�3��DQG�$[LDOO\�&KLUDO�%LDU\O�3KRVSKLQH�2[LGHV�E\�(QDQWLRVHOHFWLYH
&S[,U,,,�&DWDO\]HG�&�+�$U\ODWLRQV

ă��:RļQLDN���<��6��-DQJ���-��3HGURQL���1��&UDPHU�


�/DERUDWRU\�RI�$V\PPHWULF�&DWDO\VLV�DQG�6\QWKHVLV��(3)/�/DXVDQQH

&KLUDO ELDU\O SKRVSKLQH OLJDQGV DUH D FULWLFDOO\ LPSRUWDQW FRUQHUVWRQH RI DV\PPHWULF WUDQVLWLRQ�
PHWDO FDWDO\VLV� >�@ &KLUDO HOHPHQWV VXFK DV D VWDEOH FKLUDO D[LV RI WKH ELQDSKWK\O EDFNERQH RU D 3
�FKLUDO FHQWHU DUH NH\ VWUXFWXUDO IHDWXUHV� $ FRPELQDWLRQ RI WKHVH WZR HOHPHQWV KDV SURYHQ
DGYDQWDJHRXV IRU D IHZ FDWDO\WLF WUDQVIRUPDWLRQV� >���@ +RZHYHU� KDUQHVVLQJ WKH IXOO SRWHQWLDO RI
OLJDQGV SRVVHVVLQJ ERWK D FKLUDO D[LV DQG D 3�FKLUDO SKRVSKRUXV DWRP LV RIWHQ KDPSHUHG E\ WKHLU
HODERUDWH�PXOWLVWHS�V\QWKHVLV��>�@

+HUHLQ� ZH SUHVHQW D PHWKRGRORJ\ IRU WKH V\QWKHVLV RI 3� DQG DWURS�FKLUDO ELDU\O SKRVSKLQH R[LGHV
E\ KLJKO\ DV\PPHWULF LULGLXP FDWDO\]HG &�+ DU\ODWLRQ RI SKRVSKLQH R[LGHV ZLWK R�TXLQRQH GLD]LGHV�
>�@ 7KH VXEVHTXHQW HQDQWLRVSHFLILF UHGXFWLRQV SURYLGH PRQRGHQWDWH FKLUDO SKRVSKRUXV�,,,�
FRPSRXQGV KDYLQJ VWUXFWXUHV ZLWK SURYHQ LPSRUWDQFH DV OLJDQGV LQ DV\PPHWULF FDWDO\VLV� 7KH
FRRSHUDWLYH DFWLRQ RI WKH LULGLXP�,,,� FRPSOH[ EHDULQJ DQ DWURSFKLUDO F\FORSHQWDGLHQ\O �&S[� OLJDQG
>�@ DQG SKWKDOR\O WHUW�OHXFLQH FRFDWDO\VW HQDEOHV HQDQWLRVHOHFWLYH &�+ DU\ODWLRQ� 7KLV PHWKRG
DOORZV D� DFFHVV WR 3�FKLUDO ELDU\O SKRVSKLQH R[LGHV� E� DWURSR�HQDQWLRVHOHFWLYH FRQVWUXFWLRQ RI
VWHULFDOO\ GHPDQGLQJ ELDU\O EDFNERQHV� DQG DOVR F� VHOHFWLYH DVVHPEO\ RI D[LDO DQG 3�FKLUDO
FRPSRXQGV�LQ�H[FHOOHQW�\LHOGV�DQG�GLDVWHUHR��DQG�HQDQWLRVHOHFWLYLWLHV�

>�@�3ULYLOHJHG�&KLUDO�/LJDQGV�DQG�&DWDO\VWV��(GV���4��/��=KRX���:LOH\�9&+��:HLQKHLP�������
>�@�$��0��7D\ORU��5��$��$OWPDQ��6��/��%XFKZDOG��-��$P��&KHP��6RF�����������������������
>�@ 6� 5RXVVHDX[� -� *DUFLD�)RUWDQHW� 0� $� 'HO $JXLOD 6DQFKH]� 6� /� %XFKZDOG�-� $P� &KHP� 6RF�
���������������������
>�@�7��+DPDGD��6��/��%XFKZDOG��2UJ��/HWW��������������������
>�@�<��6��-DQJ��ă��:RļQLDN��-��3HGURQL��1��&UDPHU��$QJHZ��&KHP��,QW��(G�����������������������
>�@�&��*��1HZWRQ��'��.RVVOHU��1��&UDPHU��-��$P��&KHP��6RF�����������������������
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3G��FDWDO\]HG�(QDQWLRVHOHFWLYH�,QWUDPROHFXODU�$U\ODWLRQ�RI�(QDQWLRWRSLF�6HFRQGDU\�&૱+
%RQGV

0��=XFFDUHOOR���5��0HORW���'��&DYDOOL���1��(��1LJJOL���2��%DXGRLQ�


�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�%DVHO��6ZLW]HUODQG

(QDQWLRVHOHFWLYH &૱+ DFWLYDWLRQ LV D FXUUHQW WRSLF RI KLJK LQWHUHVW SURYLGLQJ DFFHVV WR VWUXFWXUHV RI
JUHDW FRPSOH[LW\ IURP HDVLO\ DFFHVVLEOH SUHFXUVRUV LQ D VWHS HFRQRPLFDO PDQQHU� 'HVSLWH HIIRUWV
IURP WKH &UDPHU� .¾QGLJ� .DJDQ DQG RXU JURXS LQ DV\PPHWULF 3G��FDWDO\]HG &૱+ DFWLYDWLRQ�
PHWKRGV ZKHUH WKH VWHUHRJHQLF FHQWHU LV IRUPHG DW WKH DFWLYDWHG VLWH UHPDLQ VFDUFH�>���@ 7KH
V\QWKHVLV RI ͆�ODFWDPV E\ DFWLYDWLRQ RI EHQ]\OLF &�VS��૱+ ERQGV E\ &UDPHU UHPDLQV WKH RQO\
H[DPSOH WR WKLV GDWH�>�@ +HUHLQ� ZH UHSRUW WKH KLJKO\ HQDQWLRVHOHFWLYH V\QWKHVLV RI LQGDQHV XVLQJ
,%LR[�W\SH�1+&>���@�OLJDQGV�>�@

+LJK \LHOGV �XS WR ���� DQG HQDQWLRVHOHFWLYLHV �H�U� XS WR !����� ZHUH REWDLQHG DFURVV D YDULHW\ RI
SURGXFWV� 7KH UHDFWLRQ WROHUDWHV D ZLGH UDQJH RI VXEVWLWXHQWV LQFOXGLQJ HOHFWURQ GRQDWLQJ DQG
ZLWKGUDZLQJ JURXSV RQ WKH DURPDWLF SDUW DQG GLIIHUHQW IXQFWLRQDOLWLHV RQ WKH FKDLQ XQGHUJRLQJ &�+
DFWLYDWLRQ� $GGLWLRQDOO\� WKH V\QWKHVLV RI WHUWLDU\ DPLGHV ZLWK D ODELOH VWHUHRFHQWHU FRXOG EH
DFKLHYHG�ZLWKRXW�DQ\�GURS�LQ�HQDQWLRVHOHFWLYLW\�

>�@�&��*��1HZWRQ��6��*��:DQJ��&��&��2OLYHLUD��1��&UDPHU��&KHP��5HY�����������������૱�����
>�@�7��*��6DLQW�'HQLV��5��<�=KX��*��&KHQ��4��)�:X��-��4�<X��6FLHQFH���������������૱����
>�@�-��3HGURQL��0��%RJKL��7��6DJHW��1��&UDPHU��$QJHZ��&KHP��,QW��(G����������������૱�����
>�@�)��*ORULXV��*��$OWHQKRII��5��*RGGDUG��&��:��/HKPDQQ��&KHP��&RPPXQ������������૱�����
>�@ 6� :¾UW]� &� /RKUH� 5� )U¸KOLFK� .� %HUJDQGHU� )� *ORULXV� -� $P� &KHP� 6RF� ����� ����
����૱�����
>�@�5��0HORW��0��=XFFDUHOOR��'��&DYDOOL��1��1LJJOL��0��'HYHUHX[��2��%DXGRLQ��VXEPLWWHG�ZRUN�

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org

