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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

/LJDQG�7XQHG�0XOWLQXFOHDU�&RSSHU�&RPSOH[HV�DV�+RPRJHQRXV�:DWHU�2[LGDWLRQ
&DWDO\VWV

'��$GL\HUL�6DVHHQGUDQ���*��5��3DW]NH�

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

2YHU WKH SDVW IHZ GHFDGHV� WKH HPHUJLQJ XQGHUVWDQGLQJ RI QDWXUHV FXEDQH ^&D0Q�2�` R[\JHQ
HYROXWLRQ FRPSOH[ KDV LQVSLUHG WKH VFLHQWLILF ZRUOG WR GHYHORS KRPRJHQHRXV FDWDO\VWV IRU DUWLILFLDO
SKRWRV\QWKHVLV WKHUHE\ FRQYHUWLQJ VRODU HQHUJ\ WR FKHPLFDO IXHOV�>�@ $OWKRXJK D VXVWDLQDEOH
DSSURDFK� DUWLILFLDO SKRWRV\QWKHVLV LV ERWK NLQHWLFDOO\ DQG WKHUPRG\QDPLFDOO\ FKDOOHQJLQJ� ZKLFK
LQFUHDVHV WKH QHHG IRU VXSHULRU FDWDO\VWV� 6LQFH WKHQ� PDQ\ WUDQVLWLRQ PHWDO�EDVHG KRPRJHQHRXV
FDWDO\VWV KDYH EHHQ GHYHORSHG LQ WDUJHW WR PLPLF WKH DFWLYLW\ RI WKH R[\JHQ HYROXWLRQ FRPSOH[�>�@
+RZHYHU� VWDELOLW\ LVVXHV VXFK DV PHWDO OHDFKLQJ DQG OLJDQG GHJUDGDWLRQ�R[LGDWLRQ FDXVH WKH
FDWDO\VWV WR GHFUHDVH WKHLU DFWLYLW\ RYHU WLPH� +HQFH� WKH VHOHFWLRQ RI DSSURSULDWH PHWDO DQG OLJDQG
LV RI XWPRVW LPSRUWDQFH� &RSSHU� DQ HDUWK DEXQGDQW DQG OHVV WR[LF PHWDO LV RIWHQ DFFRXQWHG IRU LWV
XQLTXH UHGR[ SURSHUWLHV� 6LQFH WKH DSSHDUDQFH RI WKH ILUVW KRPRJHQHRXV FRSSHU�ELS\ULGLQH
HOHFWURFDWDO\VW IRU ZDWHU R[LGDWLRQ>�@� WKH XVH RI FRSSHU PHWDO IRU IXUWKHU LQYHVWLJDWLRQV LQ
KRPRJHQHRXV ZDWHU R[LGDWLRQ LV H[SHFWHG WR EH SURPLVLQJ� $ORQJ ZLWK FRSSHU� D OLJDQG ZLWK
JUHDWHU VWDELOLW\ XQGHU KDUVK R[LGDWLRQ FRQGLWLRQV DQG PXFK GRQRU FDSDFLW\ LV VHOHFWHG� 5HFHQWO\�
WKH �����S\ULG\O����SURSDQRDWH �3\DON� � �����S\ULG\O����SURSDQRO �3\DON+� OLJDQG KDV EHHQ
LGHQWLILHG WR VWDELOL]H KLJK R[LGDWLRQ VWDWHV RI PHWDO FHQWHUV ZLWKRXW XQGHUJRLQJ VHOI�GHJUDGDWLRQ
XQGHU H[WUHPH R[LGDWLYH FRQGLWLRQV�>�@ 3UHYLRXV UHSRUWV RQ ZDWHU R[LGDWLRQ DFWLYLW\ RI FRSSHU
PROHFXODU FDWDO\VWV ZDV LGHQWLILHG WR KDYH PDMRU GHSHQGHQFH RQ WKH OLJDQG HQYLURQPHQW DQG
QXFOHDULW\ RI WKH PHWDO FRUH� WKXV PDNLQJ LW DYDLODEOH IRU ERWK SKRWR DQG HOHFWURFDWDO\WLF ZDWHU
R[LGDWLRQ� *LYHQ WKH DERYH� WKH REMHFWLYH RI RXU ZRUN ZDV IRFXVHG RQ LQYHVWLJDWLRQV IRU ZDWHU
R[LGDWLRQ�DFWLYLW\�RI�FDWDO\VWV�E\�OLJDQG�WXQLQJ�XVLQJ�VXLWDEOH�SUHFXUVRUV�

$ORQJ WKH OLQHV RI WKH DERYH DSSURDFK� WZR ELQXFOHDU FRSSHU FRPSOH[HV ZHUH V\QWKHVL]HG� QDPHO\�
&X��S\DON���2$F���+�2�� DQG &X��S\DON���S\DON+���&O2��� 7KH FDWDO\VWV ZHUH VWUXFWXUDOO\
FKDUDFWHUL]HG E\ VLQJOH FU\VWDO ;�UD\ GLIIUDFWLRQ� SRZGHU ;�UD\ GLIIUDFWLRQ� DQG KLJK�UHVROXWLRQ (6,
PDVV VSHFWURPHWU\� 7KH HOHFWURQLF DQG RSWLFDO FKDUDFWHUL]DWLRQV ZHUH FDUULHG RXW ZLWK 89�9LV DQG
)7�,5 VSHFWURVFRS\ LQ VROXWLRQV� )XUWKHUPRUH� WKH FDWDO\VWV ZHUH VFUHHQHG IRU ZDWHU R[LGDWLRQ
DFWLYLW\ XQGHU ERWK SKRWRFKHPLFDO DQG HOHFWURFKHPLFDO FRQGLWLRQV LQ RUGHU WKHLU SHUIRUPDQFH WR EH
FRPSDUHG� 7KH SKRWRFDWDO\WLF R[\JHQ HYROXWLRQ XQGHU GLIIHUHQW S+ FRQGLWLRQV ZDV PRQLWRUHG E\
JDV�FKURPDWRJUDSK\�DQG�&ODUN�HOHFWURGH�NLQHWLFV�

>�@ ;� -LDQJ� -� /L� %� <DQJ� ;� =� :HL� %� :� 'RQJ� <� .DR� 0� <� +XDQJ� &� +� 7XQJ� /� =� :X�
$QJHZ��&KHP�����������������૱�����
>�@�������0��<DJL��0��.DQHNR��&KHP��5HY���������������૱���
>�@�������6��0��%DUQHWW��.��,��*ROGEHUJ��-��0��0D\HU��1DW��&KHP��������������૱����
>�@ 5� +� &UDEWUHH� .� -� )LVKHU� +� 0� &� /DQW� 7� .� 0LFKDHORV� *� :� %UXGYLJ� /� 6�
6KDUQLQJKDXVHQ��'��<��6KRSRY��6��%��6LQKD��$FF��&KHP��5HV���������������૱����

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

/HDG�+DOLGH�6FDODU�&RXSOLQJV�LQ����3E�105�RI�$3E;��3HURYVNLWHV��$� �&V�
0HWK\ODPPRQLXP��)RUPDPLGLQLXP��;� �&O��%U��,�

0��$HEOL�����/��3LYHWHDX�����2��1D]DUHQNR�����%��0��%HQLQ�����)��.ULHJ�����5��9HUHO���0��9��.RYDOHQNR���

�(7+�=¾ULFK��'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV���(PSD�6ZLVV�)HGHUDO�/DERUDWRULHV
IRU�0DWHULDOV�6FLHQFH�DQG�7HFKQRORJ\��'¾EHQGRUI

8QGHUVWDQGLQJ WKH VWUXFWXUH DQG G\QDPLFV RI OHDG KDOLGH SHURYVNLWHV $3E;� >$  &V�
PHWK\ODPPRQLXP �&+�1+��� 0$�� IRUPDPLGLQLXP �&+�1+����� )$�� ;  &O� %U� ,@  KDV EHHQ D
PDMRU UHVHDUFK WKUXVW� 1HZ LQVLJKWV ZHUH JDLQHG E\ XVLQJ ���3E VROLG�VWDWH QXFOHDU PDJQHWLF
UHVRQDQFH �105� VSHFWURVFRS\ DW YDULDEOH WHPSHUDWXUHV EHWZHHQ ��� DQG ��� . >�@� 7KH
H[LVWHQFH RI VFDODU FRXSOLQJV �-3E�&O RI FD� ��� +] DQG �-3E�%U RI FD� ��� N+] FRXOG EH FRQILUPHG IRU
0$3E;� DQG &V3E;�� 'LYHUVH DQG IDVW VWUXFWXUDO G\QDPLFV WKDW LQFOXGH URWDWLRQV RI $�FDWLRQV�
KDUPRQLF DQG DQKDUPRQLF YLEUDWLRQV RI WKH OHDG�KDOLGH IUDPHZRUN DQG LRQLF PRELOLW\ DIIHFW WKH
UHVROXWLRQ RI WKH FRXSOLQJ SDWWHUQ� $V D UHVXOW� ���3E 105 FDQ EH XVHG WR GHWHFW ERWK VWUXFWXUDO
GLVRUGHU DQG SKDVH WUDQVLWLRQV� )LQDOO\� E\ FRPSDULQJ EXON DQG QDQRFU\VWDOOLQH &V3E%U�� LW ZDV
FRQILUPHG WKDW WKH 3E%U��RFWDKHGUD H[SHULHQFH JUHDWHU VWUXFWXUDO GLVRUGHU DW WKH QDQRVFDOH  D
IHDWXUH�WKDW�FDQQRW�EH�UHDGLO\�FDSWXUHG�E\�GLIIUDFWLRQ�EDVHG�WHFKQLTXHV�

>�@ 0DUFHO $HEOL� /DXUD 3LYHWHDX� 2OJD 1D]DUHQNR� %RJGDQ 0� %HQLQ� )UDQ]LVND .ULHJ� 5HQ« 9HUHO
DQG�0DNV\P�9��.RYDOHQNR��VXEPLWWHG�������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

8QGHUVWDQGLQJ�KRZ�OLJDQG�VXEVWLWXWLRQ�LQIOXHQFHV�&2��DGVRUSWLRQ�LQ�D�VHULHV�RI�VRGDOLWH�
EDVHG�02)V

0��$VJDUL���5��6HPLQR���3��$��6FKRXZLQN���,��.RFKHW\JRY���2��7UXNKLQD���0��&HULRWWL���:��/��4XHHQ�

�,QVWLWXWH�RI�&KHPLFDO�6FLHQFHV�DQG�(QJLQHHULQJ���FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH��(3)/�
&+������6LRQ��6ZLW]HUODQG����,QVWLWXWH�RI�0DWHULDOV��(FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH�

�����/DXVDQQH��6ZLW]HUODQG�

8QGHUVWDQGLQJ VWUXFWXUH�SURSHUW\ UHODWLRQVKLSV LV HVVHQWLDO IRU WKH UDWLRQDO GHVLJQ RI 0HWDO 2UJDQLF
)UDPHZRUNV �02)V� IRU &2� FDSWXUH DSSOLFDWLRQV� ,Q WKLV ZRUN� ZH FRQGXFW D GHWDLOHG VWXG\ RI WKH
HIIHFW RI VWUXFWXUH RQ &2� DGVRUSWLRQ SURSHUWLHV RI WZR KLJKO\ FU\VWDOOLQH IDPLOLHV RI IUDPHZRUNV�
NQRZQ DV 0�%77 DQG 0�%77UL� :KLOH ERWK VWUXFWXUHV FRQVLVW RI D VRGDOLWH W\SH VWUXFXWUH� WKHLU
GLIIHUHQFH OLHV LQ WKH QDWXUH RI WKH RUJDQLF EXLOGLQJ EORFN� D WHWUD]ROH YHUVXV D WULD]ROH�
UHVSHFWLYHO\� :KLOH &X�%77UL H[LELWV HQKDQFHG WKHUPDO DQG FKHPLFDO VWDELOLW\� &2� DGVRUSWLRQ
FDSDFLWLHV RI &X�%77UL DUH ORZHU ZKHQ FRPSDUHG WR LWV LVRVWUXFWXUDO FRXQWHUSDUW� &X�%77� $V VXFK�
LQ VLWX V\QFKURWURQ DQG QHXWURQ GLIIUDFWLRQ WHFKQLTXHV ZHUH XVHG WR YLVXDOL]H WKH SRVLWLRQ DQG
RULHQWDWLRQ RI VXUIDFH ERXQG &2� LQ ERWK PDWHULDOV� :H ILQG WKDW WKH RULJLQ RI WKHLU GLIIHUHQFH LQ
SHUIRUPDQFH DULVHV IURP WKH KLJKHU HOHFWURQ GRQDWLQJ HIIHFW RI %77UL �WULD]ROH� OLJDQG FRPSDUHG WR
WKH %77 �WHWUD]ROH�� WKLV GLIIHUHQFH PDNHV WKH -DKQ�7HOOHU HIIHFW PRUH SURQRXQFHG LQ &X�%77UL� ,Q
DGGLWLRQ� YDULDEOH WHPSHUDWXUH LQ VLWX GLIIUDFWLRQ PHDVXUHPHQWV ZHUH HPSOR\HG WR VKHG OLJKW RQ
WKH VWUXFWXUDO FKDQJHV RI WKH &2��DGVRUEHG &X�%77UL IUDPHZRUN DV D IXQFWLRQ RI WHPSHUDWXUH� /DVW�
VLPXODWHG EUHDNWKURXJK FXUYHV IRU ERWK &X�FRQWDLQLQJ PDWHULDO ZHUH XVHG WR GHPRQVWUDWH WKH
PDWHULDOV SHUIRUPDQFH LQ GU\ SRVW�FRPEXVWLRQ &2� FDSWXUH SURFHVV� 7KH VHSDUDWLRQ SRWHQWLDO�
ZKLFK WDNHV LQWR DFFRXQW ERWK FDSDFLW\ DQG VHOHFWLYLW\ RI WKH IUDPHZRUN� SUHGLFWV WKDW &X�%77
VKRXOG RXWSHUIRUP &X�%77UL XQGHU GU\ SRVW�FRPEXVWLRQ FDSWXUH FRQGLWLRQV� 7KH LQIRUPDWLRQ
REWDLQHG�LQ�WKLV�ZRUN�KLJKOLJKWV�WKH�LPSRUWDQFH�RI�YDULRXV�VWUXFWXUDO�IHDWXUHV�RQ�&2��DGVRUSWLRQ�



,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

'LQLWURJHQ�UHGXFWLRQ�DQG�1�IXQFWLRQDOL]DWLRQ�E\�XUDQLXP�PXOWLPHWDOOLF�FRPSOH[HV

/��%DUOX]]L���0��0D]]DQWL�

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

2QH RI WKH PRVW LPSRUWDQW DQG FKDOOHQJLQJ WDVNV LQ PRGHUQ FKHPLVWU\ LV WKH UHGXFWLRQ RI
GLQLWURJHQ DQG LWV WUDQVIRUPDWLRQ LQWR DPPRQLD �1+�� RU YDOXH�DGGHG 1�FRQWDLQLQJ RUJDQLF
FRPSRXQGV� ,Q SDUWLFXODU� XUDQLXP QLWULGH PDWHULDOV �81� KDYH SURYHQ WKHLU DFWLYLW\ DV FDWDO\VWV IRU
WKH +DEHU�%RVFK SURFHVV ZKLFK� FRPELQHG ZLWK WKHLU SRWHQWLDO DSSOLFDWLRQ DV QXFOHDU IXHOV�
DWWUDFWHG D ODUJH LQWHUHVW RQ WKHLU V\QWKHVLV� 5HFHQWO\ LQ RXU JURXS� D PXOWLPHWDOOLF ORZ YDOHQW
XUDQLXP QLWULGH FRPSOH[ ZDV UHSRUWHG WR SHUIRUP WKH IRXU�HOHFWURQ UHGXFWLRQ RI GLQLWURJHQ�� 7KH
UHGXFHG GLQLWURJHQ FRXOG DOVR EH IXQFWLRQDOL]HG RU FRQYHUWHG LQWR DPPRQLD� $ QHZ PXOWLPHWDOOLF
ORZ YDOHQW XUDQLXP FRPSOH[ DEOH WR SHUIRUP WKH IRXU�HOHFWURQ UHGXFWLRQ RI GLQLWURJHQ ZLOO EH
SUHVHQWHG LQ WKLV ZRUN� 7KH GLIIHUHQW QDWXUH RI WKH EULGJLQJ OLJDQG UHYHDOHG WR KDYH PDMRU HIIHFWV
RQ�WKH�IXQFWLRQDOL]DWLRQ�DQG�WKH�UHDFWLYLW\�RI�WKH�UHGXFHG�GLQLWURJHQ���

:KHQ WKH UHGXFWLRQ RI GLQLWURJHQ LV SHUIRUPHG LQ SUHVHQFH RI D UHGXFLQJ DJHQW� ELV�w�QLWULGH�
FRPSOH[HV DUH UHSRUWHG DV SRVVLEOH SURGXFWV� 'HVSLWH WKDW� IXQFWLRQDOL]DWLRQ RI WKRVH FRPSOH[HV
KDV QHYHU EHHQ DFKLHYHG LQ XUDQLXP FKHPLVWU\ DQG LV YHU\ UDUH LQ G�EORFN FKHPLVWU\� 0RUHRYHU�
XUDQLXP QLWULGHV DUH DOVR LGHDO WDUJHW PROHFXOHV IRU WKH LQYHVWLJDWLRQ RI PDJQHWLF FRPPXQLFDWLRQ
EHWZHHQ XUDQLXP DWRPV� ZKRVH H[DPSOHV UHPDLQ OLPLWHG� ,Q WKLV ZRUN� WKH V\QWKHVLV RI D ELV�w�
QLWULGH� XUDQLXP�9� DQG WKH IXQFWLRQDOL]DWLRQ RI WKH QLWULGH OLJDQG ZLWK VPDOO PROHFXOHV�LV DOVR
SUHVHQWHG� WRJHWKHU ZLWK WKH LQYHVWLJDWLRQ RI LWV PDJQHWLF SURSHUWLHV DQG WKH FRPSDULVRQ ZLWK WKH
RQHV�RI�RWKHU�XUDQLXP�QLWULGHV�GHULYLQJ�IURP�VPDOO�PROHFXOH�UHDFWLYLW\�

>�@�0��)DOFRQH��/��&KDWHODLQ��0��0D]]DQWL��HW�DO���1DWXUH���������������������
>�@�0��)DOFRQH��/��%DUOX]]L��0��0D]]DQWL��HW�DO���1DWXUH�&KHPLVWU\��������������������
>�@�/��%DUOX]]L��/��&KDWHODLQ��0��0D]]DQWL��HW�DO���&KHPLFDO�6FLHQFH����������������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

7RZDUGV�IDVW�DQG�ORZ�FRVW�V\QWKHVLV�PHWKRG�RI�3UXVVLDQ�EOXH�DQG�LWV�DQDORJV���FDWKRGH
PDWHULDOV�IRU�1D�LRQ�EDWWHULHV

'��%DVWHU���:��2OLYHLUD�'D�6LOYD���9��&RVWD�%DVVHWWR���+��*LUDXOW�

�/DERUDWRU\�RI�3K\VLFDO�DQG�$QDO\WLFDO�(OHFWURFKHPLVWU\���FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH
�(3)/��9DODLV�:DOOLV��5XH�GH�O,QGXVWULH�����&DVH�3RVWDOH������&+������6LRQ��6ZLW]HUODQG

3UXVVLDQ EOXH � 3% LV DQ XQLTXH LQRUJDQLF SRO\FU\VWDO ZLWK IRUPDO QDPH LURQ �,,,� KH[DF\DQRIHUUDWH
�,,� DQG HPSLULFDO IRUPXOD JLYHQ E\ )H�>)H�&1��@�� ZKLFK LQGLFDWHV WKH SUHVHQFH RI WKH )H�,,� DQG
)H�,,,� LQ WKH FRPSOH[ FRPSRXQG� :KHUHDV� WKH JHQHUDO FKHPLFDO IRUPXOD RI 3UXVVLDQ EOXH DQDORJV
�3%$V� FDQ EH GHVFULEHG DV $[0>)H�&1��@\ y ]+�2 ���[��� ��\���� ZKHUH $ LV DQ DONDOL PHWDO �/L��
1D�� .�� DQG 0  )H� 0Q� &R� 1L� &X� 3UXVVLDQ EOXH DQG LWV DQDORJV SRVVHVV D IDFH�FHQWHUHG FXELF
VWUXFWXUH IFF� KDYLQJ RSHQ LRQLF FKDQQHOV ZLWK GLDPHWHUV RI DERXW ���� QP DQG ODUJH LQWHUVWLWLDO ૺ$ૻ
VLWHV �್ ���� QP��� 'XH WR WKHLU �' RSHQ IUDPHZRUN DQG VWUXFWXUDO VWDELOLW\� KH[DF\DQRIHUUDWHV
KDYH UHFHQWO\ DWWUDFWHG PXFK DWWHQWLRQ DV PDWHULDOV DEOH WR UHYHUVLEOH LQVHUWLRQ UHDFWLRQ RI ODUJH
DONDOL LRQV� VXFK DV 1D� VRGLXP�LRQ EDWWHULHV� $ W\SLFDO ZD\ WR REWDLQ 3UXVVLDQ EOXH DQG LWV DQDORJV
LV D FR�SUHFLSLWDWLRQ V\QWKHVLV DW URRP WHPSHUDWXUH IURP DQ DTXHRXV VROXWLRQ RI D
KH[DF\DQRIHUUDWH �,,� VDOW H�J� .�>)H,,�&1��@ PL[HG ZLWK DQ DTXHRXV VROXWLRQ FRQWDLQLQJ VDOW RI
WUDQVLWLRQ PHWDO RQ WKH �� R[LGDWLRQ VWDWH� H�J� )H&O��� (OHFWURFKHPLFDO GHSRVLWLRQ IURP DTXHRXV
VROXWLRQV FRXOG EH DOVR IRXQG DV DQ XVHIXO PHWKRG IRU SURGXFLQJ WKLQ ILOP HOHFWURGHV�� 2QH RI WKH
VXFFHVVIXO DQG ORZ�FRVW WHFKQLTXHV RI HOHFWURGHV IDEULFDWLRQ IRU YDULRXV HQHUJ\ VWRUDJH DSSOLFDWLRQ
LV LQNMHW SULQWLQJ�� 3ULQW�OLJKW�V\QWKHVLV KDV EHHQ VXFFHVVIXOO\ LPSOHPHQWHG LQ SKRWRYROWDLF
PDQXIDFWXULQJ DQG HOHFWURQLFV LQGXVWU\� 3ULQW�OLJKW�V\QWKHVLV LV D QHZ FRQFHSW RI REWDLQLQJ
PDWHULDOV XVLQJ KLJK�HQHUJ\ OLJKW LQ D YHU\ VKRUW SHULRG RI WLPH RYHU D UHODWLYHO\ ODUJH SURFHVVLQJ
DUHD IRU KHDWLQJ RI WKLQ ILOP FRQWDLQLQJ SKRWRVHQVLWLYH SUHFXUVRU UHDFKLQJ WHPSHUDWXUHV RI VHYHUDO
KXQGUHG GHJUHHV FHQWLJUDGH�� $ ORW RI HIIRUW KDV EHHQ SXW WR GHYHORS SULQWHG EDWWHULHV DQG SULQWHG
PDWHULDOV IRU OLWKLXP�LRQ EDWWHULHV KDYH EHHQ LQYHVWLJDWHG�� +RZHYHU� WKHUH LV ODFN RI LQIRUPDWLRQ
DERXW�SULQWHG�HOHFWURGHV�IRU�VRGLXP�LRQ�EDWWHULHV�

,Q WKLV ZRUN� ZH REWDLQHG 3% DQG 3%$V E\ QRYHO 3ULQW�/LJKW�6\QWKHVLV PHWKRG DQG E\ ZHOO�NQRZQ FR�
SUHFLSLWDWLRQ PHWKRG� &RPSDULVRQ RI WKH FU\VWDO VWUXFWXUH DQG HOHFWURFKHPLFDO EHKDYLRU RI PDWHULDOV
V\QWKHVL]HG XVLQJ ERWK PHWKRGV ZDV SUHVHQWHG� 2Q WKH EDVLV RI ;�UD\ GLIIUDFWLRQ VWXGLHV� LW ZDV UHYHDOHG
WKDW 3ULQW�/LJKW�6\QWKHVLV PHWKRG DOORZV WR DFKLHYH ZHOO�FU\VWDOL]HG� VLQJOH�SKDVH 3UXVVLDQ EOXH SRZGHU
ZLWK FXELF FU\VWDO VWUXFWXUH �)P�P VSDFH JURXS�� 7KH YDODQFH VWDWH RI WUDQVLWLRQ PHWDOV LQ 3UXVVLDQ EOXH
DQG�3UXVVLDQ�EOXH�DQDORJV�ZDV�GHWHUPLQHG�XVLQJ�;�UD\�SKRWRHOHFWURQ�VSHFWURVFRS\�

>�@�0��-��3LHUQDV�0X³R]�DQG�(��&DVWLOOR�0DUW¯QH]��3UXVVLDQ�%OXH�%DVHG�%DWWHULHV�������
>�@ 3� 0DU]DN� -� <XQ� $� 'RUVHO� $� .ULHOH� 5� *LOOHV� 2� 6FKQHLGHU DQG $� 6� %DQGDUHQND� -� 3K\V�
&KHP��&�����������������૱�����
>�@�$��/HVFK��$GY��0DWHU��7HFKQRO�������������૱���
>�_ <� *X� $� :X� +� 6RKQ� &� 1LFROHWWL� =� ,TEDO DQG -� )� )HGHULFL� -� 0DQXI� 3URFHVV�� ����� ���
���૱����
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

/RZ�GLPHQVLRQDO�WLQ�KDOLGHV��SURSHUWLHV�DQG�QRYHO�DSSOLFDWLRQV

%��0��%HQLQ�����6��<DNXQLQ�����'��1��'LULQ�����0��9��.RYDOHQNR���

�/DERUDWRU\�RI�,QRUJDQLF�&KHPLVWU\��'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=¾ULFK�
�/DERUDWRU\�IRU�7KLQ�)LOPV�DQG�3KRWRYROWDLFV��(PSD�૱�6ZLVV�)HGHUDO�/DERUDWRULHV�IRU�0DWHULDOV

6FLHQFH�DQG�7HFKQRORJ\

1HZO\ GLVFRYHUHG PHWDO�KDOLGH EDVHG PDWHULDOV VHOGRP DGKHUH WR D FXELF� �' SHURYVNLWH VWUXFWXUH�
EXW UDWKHU DGRSW ORZHU�GLPHQVLRQDO VWUXFWXUHV ZLWK UHGXFHG FRQQHFWLYLW\ EHWZHHQ SRO\KHGUD� ,Q
WKH FDVH RI ]HUR�GLPHQVLRQDO ��'�� IXOO\ GLVFRQQHFWHG� PDWHULDOV� D XQLTXH VHW RI SURSHUWLHV DUH
REVHUYHG�

2QH UHFHQW H[DPSOH LV WKH IXOO\�LQRUJDQLF� SHURYVNLWH�GHULYHG� &V�6Q%U�� ZKLFK H[KLELWV URRP�
WHPSHUDWXUH� EURDG�EDQG SKRWROXPLQHVFHQFH �3/� FHQWHUHG DW ��� QP ZLWK D TXDQWXP \LHOG RI
��s���>�@ 7KLV PDWHULDO DOVR IRUPV D FRPSRVLWLRQDO VHULHV &V��[$[6Q�%U��\,\�� �$  5E� .� [ ೩ �� \ ೩
�� ZLWK 3/ WKDW LV WXQDEOH IURP ������� QP DQG D FRPSRVLWLRQDOO\ WXQDEOH 6WRNHV VKLIWV�
)XUWKHUPRUH� WKHVH PDWHULDOV DQG RWKHU ORZ�GLPHQVLRQDO WLQ�KDOLGHV VXFK DV �&�1�+��,��6Q,� DQG
>&�1+���@�6Q%U� ZHUH DOO IRXQG WR VKDUH DQ DGGLWLRQDO SURSHUW\ ૱ KLJKO\ WHPSHUDWXUH�VHQVLWLYH 3/
OLIHWLPHV�>�@ 7KHVH OLIHWLPHV DUH LQYDULDQW WR H[FLWDWLRQ SRZHU GHQVLW\� HQFDSVXODWLRQ� R[LGDWLRQ�
VSHFWUDO SRVLWLRQ� RU RWKHU SRWHQWLDO GHIHFWV� DQG WKH\ DUH KLJKO\ UHSURGXFLEOH ZLWK D YDULDWLRQ RI FD�
�� SLFRVHFRQGV RYHU WKH FRXUVH RI �� FRQVHFXWLYH PHDVXUHPHQWV� :LWK WKHVH KLJKO\ UHSURGXFLEOH
DQG WKHUPDOO\ XOWUD�VHQVLWLYH OLIHWLPHV� FXWWLQJ�HGJH UHPRWH RSWLFDO WKHUPRJUDSK\ FDQ EH DFKLHYHG
ZLWK�D�WKHUPRPHWULF�SUHFLVLRQ�RI����P.�

>�@ %RJGDQ 0� %HQLQ� 'PLWU\ 1� 'LULQ� 9LNWRULLD 0RUDG� 0LFKDHO :RUOH� 6HUJLL <DNXQLQ�
*DEULHOH 5DLQR� 2OJD 1D]DUHQNR� 0DUNXV )LVFKHU� ,YDQ ,QIDQWH� 0DNV\P 9� .RYDOHQNR� $QJHZ�
&KHP��,QW��(G��(QJO������������������������
>�@ 6HUJLL <DNXQLQ� %RJGDQ 0� %HQLQ� <HYKHQ 6K\QNDUHQNR� 2OJD 1D]DUHQNR� 0DU\QD ,�
%RGQDUFKXN� 'PLWU\ 1� 'LULQ� &KULVWRSK +RIHU� 6WHIDQR &DWWDQHR� 0DNV\P 9� .RYDOHQNR� 0DQXVFULSW
6XEPLWWHG������

�
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

1��FRRUGLQDWLRQ�LQ���7F�FRPSOH[HV

0��%HVPHU���+��%UDEDQG���5��$OEHUWR�

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

7KH IL[DWLRQ RI QLWURJHQ LQWR 1+� LV RQH RI WKH PRVW HQHUJ\ FRQVXPLQJ LQGXVWULDO SURFHVVHV� 7KH
+DEHU৽%RVFK SURFHVV SURGXFHV DPPRQLD IURP QLWURJHQ DQG K\GURJHQ JDV� $V D UHVXOW RI HQHUJ\
FRQVLGHUDWLRQV DQG WKH KLJK GHPDQG IRU DPPRQLD IRU IHUWLOL]HUV DQG DV IHHGVWRFN IRU FKHPLFDO
V\QWKHVLV��WKH�VHDUFK�IRU�DOWHUQDWLYHV�WR�WKH�+DEHU৽%RVFK�SURFHVV�LV�VWLOO�LPSRUWDQW�>�@

1RYHO DSSURDFKHV WRZDUGV WKH VSOLWWLQJ RI 1� ZHUH UHSRUWHG LQ WKH FRRUGLQDWLRQ VSKHUH RI UKHQLXP
FRPSOH[HV ZLWK D EXON\ SLQFHU W\SH OLJDQG �313��>���@ ,Q WKLV DSSURDFK� WKH UHGXFWLRQ RI 1� E\ WKH
5H�,� FHQWHU OHDGV WR WKH IRUPDWLRQ RI D QLWULGR�UKHQLXP�9� FRPSOH[� 'XH WR WKH H[WUHPHO\ IDVW
QLWULGR�FRPSOH[ IRUPDWLRQ� PHFKDQLVWLF VWXGLHV RI WKH VSOLWWLQJ SURFHVV WXUQHG RXW WR EH
GHPDQGLQJ� )ROORZLQJ JHQHUDO WUHQGV LQ WKH SHULRGLF WDEOH� WKH OLJKWHU KRPRORJXH RI UKHQLXP�
WHFKQHWLXP� LV VXSSRVHG WR EH OHVV VHQVLWLYH IRU 7F೦1 IRUPDWLRQ� ZKLFK VKRXOG LQFUHDVH WKH
SRVVLELOLW\ RI LVRODWLQJ DQG FKDUDFWHUL]LQJ LQWHUPHGLDWH VWUXFWXUHV RI WKLV QLWURJHQ DFWLYDWLRQ
UHDFWLRQ�

+HUH ZH UHSRUW WKH V\QWKHVLV RI ��7F�,,,� FRPSOH[HV RI WKH W\SH >��7F�313�&O�@ DQG WKHLU UHDFWLYLWLHV
ZLWK�1��

8QGHU WKH VDPH UHDFWLRQ FRQGLWLRQV DV DSSOLHG IRU 5H� QHZ WHFKQHWLXP�,� GLQLWURJHQ FRPSOH[HV
IRUP �� DQG ��� 7KHVH 7F�,� FRPSOH[HV KDYH EHHQ LVRODWHG DQG VWUXFWXUDOO\ FKDUDFWHUL]HG�
'LQLWURJHQ FRPSOH[HV RI WHFKQHWLXP DUH UDUH� RQO\ WZR H[DPSOHV KDYH EHHQ UHSRUWHG�>���@
7KHUHIRUH� WKHVH FRPSOH[HV � DQG � SDYH WKH ZD\ IRU D QHZ FODVV RI ORZ YDOHQW ��7F FRPSRXQGV�
)XUWKHUPRUH� WKH\ DUH SRWHQWLDO PLPLFV RI WKH PRUH UHDFWLYH 5H DQDORJXHV� ZKLFK ZLOO KHOS WR JDLQ
GHHSHU�LQVLJKWV�LQWR�WKH�1��VSOLWWLQJ�DFWLYDWLRQ�PHFKDQLVPV�LQ�WKH�QHDU�IXWXUH�

>�@�+��3��-LD��(��$��4XDGUHOOL��&KHP��6RF��5HY���������������૱����
>�@ ,� .ORSVFK� 0� .LQDXHU� 0� )LQJHU� &� :¾UWHOH� 6� 6FKQHLGHU� $QJHZ� &KHPLH � ,QW� (G� ����� ���
����૱�����
>�@ ,� .ORSVFK� 0� )LQJHU� &� :¾UWHOH� %� 0LOGH� '� %� :HU]� 6� 6FKQHLGHU� -� $P� &KHP� 6RF� �����
���������૱�����
>�@ <� 7� 6WUXFKNRY� $� 6� %D]DQRY� /� .DGHQ� %� /RUHQ]� 0� :DKUHQ� +� 0H\HU� =HLWVFKULIW IXU $QRUJ�
XQG�$OOJ��&KHPLH��������������૱���
>�@�$��.��%XUUHOO��-��&��%U\DQ��*��-��.XEDV��-��$P��&KHP��6RF�����������������૱�����
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

3RURXV�QHWZRUNV�EDVHG�RQ�LURQ�LL��FODWKURFKHODWH�FRPSOH[HV

-��/��%LOD���-��3LMHDW���)��)DGDHL�7LUDQL���5��6FRSHOOLWL���.��6HYHULQ�

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

0LFURSRURXV QHWZRUNV EDVHG RQ ERURQDWH HVWHU�FDSSHG LURQ�,,� FODWKURFKHODWH FRPSOH[HV DUH
GHVFULEHG� 7KH QHWZRUNV ZHUH REWDLQHG E\ FRYDOHQW FURVV�OLQNLQJ RI WHWUDEURPLQDWHG FODWKURFKHODWH
FRPSOH[HV YLD 6X]XNL૱0L\DXUD SRO\FURVV�FRXSOLQJ UHDFWLRQV ZLWK GLERURQLF DFLGV� RU E\
6RQRJDVKLUD૱+DJLKDUD SRO\FURVV�FRXSOLQJ RI FODWKURFKHODWH FRPSOH[HV ZLWK WHUPLQDO DON\QH
IXQFWLRQV DQG ������WULEURPREHQ]HQH� 7KH QHWZRUNV GLVSOD\ SHUPDQHQW SRURVLW\ ZLWK DSSDUHQW
%UXQDXHU૱(PPHWW૱7HOOHU VXUIDFH DUHDV RI XS WR 6$%(7  ��� P� Jಗ�� $ FODWKURFKHODWH FRPSOH[ EDVHG
RQ DQ HQDQWLRSXUH GLR[LPDWR OLJDQG ZDV XVHG WR SUHSDUH FKLUDO QHWZRUNV� 2QH RI WKHVH QHWZRUNV
ZDV�VKRZQ�WR�SUHIHUHQWLDOO\�DEVRUE�'�WU\SWRSKDQ�RYHU�/�WU\SWRSKDQ�

6HYHULQ�HW�DO���'DOWRQ�7UDQV����������������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

$�PXOWL�DSSOLFDWLRQ�WRRONLW���RQH�320�IRU�ZDWHU�VSOLWWLQJ��SODVWLF�ZDVWH�UHFRYHU\�DQG
DQWL�EDFWHULD�XQGHU�OLJKW�LUUDGLDWLRQ

+��&KHQ���*��5��3DW]NH�

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

320V� DV RQH FODVV RI XQLTXH PHWDO�R[R FOXVWHUV ZLWK ZHOO�GHILQHG VWUXFWXUHV DQG QDQR VL]H� DUH
FRPSRVHG RI :� 0R� 9� 1E� DQG 7D FHQWHUV ZLWK WKHLU KLJKHVW R[LGDWLRQ VWDWHV >�@� 7KH XQLTXH UHGR[
DFWLYLW\� VWURQJ %UºQVWHG DFLGLW\ DQG XQPDWFKHG UDQJH RI PROHFXODU VWUXFWXUHV DUH NH\ WR WKH
UHDFWLRQV WKDW IHDWXUH SURPLQHQWO\ LQ PDQ\ DSSOLFDWLRQV >�@� 7KH\ IHDWXUH D UHPDUNDEO\ ZLGH
DSSOLFDWLRQ SRWHQWLDO LQ WKH GHVLJQ RI PXOWLIXQFWLRQDO 320 PDWHULDOV ZLWK WKH DELOLW\ WR DGGUHVV
GLIIHUHQW HQYLURQPHQWDO LVVXHV� VXFK DV HQHUJ\ WUDQVIRUPDWLRQ� ZDVWH UHFRYHU\� DQG VWHULOL]DWLRQ RI
ZDWHU >�૱�@� $W SUHVHQW� PDWHULDOV FKHPLVWU\ KDV HYROYHG WR WKH SRLQW ZKHUH UDWLRQDO GHVLJQ RI RQH
PXOWL�IXQFWLRQDO 320 ZLWK V\QHUJLVWLF FDSDELOLWLHV LV SRVVLEOH� 7KXV� GHVLJQLQJ D ORZ�FRVW PXOWL�
DSSOLFDWLRQ�320�ZLOO�EH�XQGRXEWHGO\�SURPLVLQJ�

>�@ ;LQ %DR +DQ� <DQJ *XDQJ /L� =KL 0LQJ =KDQJ� +XD 4LDR 7DQ� <LQJ /X� DQG (Q %R :DQJ� -RXUQDO
RI�WKH�$PHULFDQ�&KHPLFDO�6RFLHW\�����������������૱�����
>�@ .HYLQ 3� 6XOOLYDQ� 4LXVKL <LQ� 'DQLHO /� &ROOLQV�:LOGPDQ� 0HLOLQ 7DR� <XULL 9� *HOHWLL� 'MDPDODGGLQ
*��0XVDHY��7LDQTXDQ�/LDQ��DQG�&UDLJ�/��+LOO��)URQWLHUV�LQ�FKHPLVWU\���������������
>�@ $OHNVDQGDU %LMHOLF� 0DQXHO $XUHOLDQR� DQG $QQHWWH 5RPSHO� &KHPLFDO FRPPXQLFDWLRQV� �����
��������૱�����
>�@ ;X� /HL� <DQJ� ;LD� *XR� <LKDQJ� 0D� )HQJ\DQ� *XR� <LQJQD� <XDQ� ;LQJ� +XR� 0LQJ[LQ� -RXUQDO RI
KD]DUGRXV�PDWHULDOV�����������������૱�����
>�@ /LX� :HL� 0X� :HL� /LX� 0HQJMLH� =KDQJ� ;LDRGDQ� &DL� +RQJOL� 'HQJ� <XOLQ� 1DWXUH
&RPPXQLFDWLRQV����������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

&ROORLGDO�5RXWHV�WRZDUGV�+LJKO\�0RQRGLVSHUVH�,QWHUPHWDOOLF�DQG�$OOR\HG�1DQRFU\VWDOV

-��&ODU\VVH���$��0RVHU���2��<DUHPD���0��<DUHPD���9��&��:RRG�

�(7+�=¾ULFK

&RPSRXQGV FRQWDLQLQJ WZR DQG PRUH PHWDOV �L�H�� LQWHUPHWDOOLF FRPSRXQGV DQG DOOR\V� DUH
XELTXLWRXV IURP VWHHO LQGXVWU\ WR SUHFLVLRQ HQJLQHHULQJ� IURP DUW ZRUNV WR FXWWLQJ HGJH
WHFKQRORJLHV VXFK DV VWDWH�RI�WKH�DUW PHGLFDO HTXLSPHQW� ,QWHUPHWDOOLF FRPSRXQGV FRPELQH WKH
SURSHUWLHV RI WKH FRQVWLWXHQW PHWDOV DQG IUHTXHQWO\ H[KLELW V\QHUJLVWLF HIIHFWV� H�J� LQ WKH IRUP RI
HQKDQFHG FDWDO\WLF SURSHUWLHV RU OLWKLXP�LRQ EDWWHU\ DQRGHV� 5HDOL]LQJ LQWHUPHWDOOLF DQG DOOR\HG
FRPSRXQGV LQ IRUP RI QDQRSDUWLFOHV EURDGHQV WKHLU IXQFWLRQDOLW\� H[SORLWLQJ H�J� KLJK VSHFLILF
VXUIDFH �L�H�� FDWDO\VLV�� VL]H�GHSHQGHQW SURSHUWLHV �L�H�� SODVPRQLFV DQG SKDVH�FKDQJH�EDVHG
GHYLFHV���DQG�QRYHO�QDQRVFDOH�SKHQRPHQD��L�H���IRU�PDJQHWLF�QDQRPDWHULDOV���HWF�

'HVSLWH WKHVH PDQ\ LQWHUHVWLQJ IHDWXUHV WKH LQWHUPHWDOOLF QDQRSDUWLFOHV RIIHU� YHU\ IHZ
FRPSRVLWLRQV KDYH EHHQ UHSRUWHG LQ WKH OLWHUDWXUH WKXV IDU� &RPSDULQJ WR ZHOO�UHSRUWHG VLQJOH
FRPSRQHQW PHWDOOLF QDQRSDUWLFOHV� >���@ WKH VL]H DQG VL]H GLVWULEXWLRQ UHPDLQ SXUHO\ FRQWUROOHG IRU
LQWHUPHWDOOLF QDQRSDUWLFOHV� 6\QWKHVLV SURFHGXUHV IDFH WKH FKDOOHQJH RI SURGXFLQJ ELPHWDOOLF
QDQRSDUWLFOHV LQ ZKLFK PHWDOV ZLWK GLIIHUHQW UHGXFWLRQ SRWHQWLDOV QHHG WR EH FRPELQHG� 2Q WRS RI
WKLV FRPSRVLWLRQDO FKDOOHQJH� WKH V\QWKHVLV VKRXOG DOVR DOORZ FRQWURO RYHU UHDFWLRQ NLQHWLFV IRU WZR
PHWDO�SUHFXUVRUV��RIWHQ�H[KLELWLQJ�GLVWLQFW�UHDFWLYLW\�GLIIHUHQFHV�LQ�D�JLYHQ�UHDFWLRQ�PHGLXP�

,Q WKLV ZRUN� ZH UHSRUW D QRYHO FROORLGDO V\QWKHVLV SURFHGXUH ZKLFK DOORZV WKH V\QWKHVLV RI D UDQJH
RI ELPHWDOOLF FRPSRVLWLRQV �UDQGRP DOOR\V DQG LQWHUPHWDOOLF QDQRSDUWLFOHV�� 2XU V\QWKHVLV
SURFHGXUH DOORZV H[WHQVLYH FRQWURO RYHU WKH GHVLJQ RI WKH LQWHUPHWDOOLF QDQRSDUWLFOHV LQ WHUPV RI
FRPSRVLWLRQ� VL]H� VL]H PRQRGLVSHUVLW\� FU\VWDOOLQLW\� VKDSH DQG VXUIDFH FKHPLVWU\� ,Q DGGLWLRQ� ZH
REVHUYH LQWHUHVWLQJ SODVPRQLF SURSHUWLHV IRU WKH V\QWKHVL]HG LQWHUPHWDOOLF DQG DOOR\HG
QDQRSDUWLFOHV� )LJXUH � H[HPSOLILHV KLJKO\�PRQRGLVSHUVH LQWHUPHWDOOLF QDQRSDUWLFOHV ZLWK WKH $X�*D
FRPSRVLWLRQ��>�@

)LJXUH �� +$$') 7(0 LPDJH DQG 67(0 ('; PDSSLQJ RI KLJKO\ PRQRGLVSHUVH LQWHUPHWDOOLF
QDQRSDUWLFOHV RI JROG DQG JDOOLXP DV DQ H[DPSOH RI QDQRSDUWLFOHV ZKLFK FDQ EH V\QWKHVL]HG XVLQJ
WKH�QHZ�FROORLGDO�V\QWKHVLV�SURFHGXUH��>�@

>�@�0��<DUHPD�HW�DO���-��$P��&KHP��6RF�������������������������
>�@�0��<DUHPD�HW�DO���$&6�1DQR��������������������
>�@�-��&ODU\VVH�HW�DO���LQ�SUHSDUDWLRQ�
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

6\QWKHVLV�RI�WZR�GLPHQVLRQDO�]HROLWLF�QDQRVKHHWV�IRU�K\GURJHQ�VLHYLQJ�

0��'DNKFKRXQH���.��9��$JUDZDO�

�,QVWLWXWH�RI�&KHPLFDO�6FLHQFHV�	�(QJLQHHULQJ��,6,&�

7KH V\QWKHVLV RI KLJK�SHUIRUPDQFH JDV�VLHYLQJ LQRUJDQLF ILOPV E\ IDFLOH VHOI�DVVHPEO\ RI
QDQRSRURXV EXLOGLQJ EORFNV LV KLJKO\ DWWUDFWLYH DQG FDQ DGGUHVV UHSURGXFLELOLW\ DQG VFDOH�XS LVVXHV
RI LQRUJDQLF PHPEUDQHV�>���@ +LJKO\ FU\VWDOOLQH WZR�GLPHQVLRQDO ]HROLWLF QDQRVKHHWV DUH LGHDO IRU
WKLV DWWULEXWLQJ WR WKHLU VWDELOLW\ LQ KDUVK FKHPLFDO DQG WKHUPDO FRQGLWLRQV� ,Q WKLV WDON� , ZLOO GLVFXVV
VXFFHVVIXO H[IROLDWLRQ RI VRGDOLWH SUHFXUVRU 58%��� LQWR FU\VWDOOLQH QDQRPHWHU�WKLFN QDQRVKHHWV
KRVWLQJ JDV�VLHYLQJ SRUH ZLQGRZV IRUPHG E\ ULQJV RI VL[ VLOLFDWH WHWUDKHGUD �)LJXUH �D�G�� $E�LQLWLR
FDOFXODWLRQV FRQILUP WKDW WKHVH SRUHV ZLQGRZV FDQ HIILFLHQWO\ VLHYH +� IURP &2� �)LJXUH �H�� 7KLQ
ILOPV RI H[IROLDWHG 58%���� SUHSDUHG E\ WKH KRW�GURS FDVWLQJ DQG YDFXXP ILOWUDWLRQ RQ SRURXV
FHUDPLF VXEVWUDWH OHG WR FRPSDFW ILOPV� ZKLFK GHPRQVWUDWHG K\GURJHQ VLHYLQJ ZLWKRXW UHTXLULQJ
WKH VHFRQGDU\ JURZWK VWHS� ZKLFK LV RWKHUZLVH HVVHQWLDO IRU WKH V\QWKHVLV RI ]HROLWH PHPEUDQHV�
+��&2�� +��1�� DQG +��&+� VHOHFWLYLWLHV XS WR ����� ���� DQG ���� ZLWK D +� SHUPHDQFH RI ����
*38� UHVSHFWLYHO\� ZHUH DFKLHYHG� 5HPDUNDEOH SHUIRUPDQFH LPSURYHPHQWV ZHUH REWDLQHG E\
VHDOLQJ QRQ�VHOHFWLYH SDWKZD\V ZLWK D IHZ QDQRPHWHU�WKLFN DPRUSKRXV VLOLFD FRDWLQJ>�@ �+��&2� DQG
+��1�� +��&+� VHOHFWLYLWLHV XS WR �� DQG ���� UHVSHFWLYHO\� ZKLOH &+� ZDV FRPSOHWHO\ UHMHFWHG�
)LJXUH �I�� 58%��� QDQRVKHHWV�EDVHG PHPEUDQHV UHSUHVHQW WKH ILUVW W\SH RI ]HROLWH QDQRVKHHWV
FDSDEOH RI VL]H�VLHYLQJ OLJKW JDVHV� &XUUHQW HIIRUWV DUH DLPHG WR WHVW WKHVH PHPEUDQHV DW
WHPSHUDWXUHV KLJKHU WKDQ ��� r& WR SUREH WKHLU SHUIRUPDQFH LQ WKH UHDO ZDWHU�JDV VKLIW UHDFWLRQ
FRQGLWLRQV�LQ�WKH�WDUJHW�WR�EH�H[SORLWHG�DV�PHPEUDQH�UHDFWRUV�

�

>�@�0��7VDSDWVLV��$,&K(�-����������������૱�����
>�@�-��&DUR�HW�DO���0LFURSRURXV�0HVRSRURXV�0DWHU����������������૱����
>�@�6��.DULPL��HW�DO���-��0HPE��6FL����������������૱����

�
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

7ULV�GLLPLQH�)H,,�6SLQ�&URVVRYHU�&RPSOH[HV�8VLQJ�9DULRXV�1�+HWHURF\FOLF�/LJDQGV

1��'HRUXNKNDU���7��/DWKLRQ���&��%HVQDUG���/��*X«Q«H���&��3LJXHW�

�'HSW��RI�,QRUJDQLF�DQG�$QDO\WLFDO�&KHPLVWU\��8QLYHUVLW\�RI�*HQHYD���/DERUDWRU\�RI�&U\VWDOORJUDSK\�
8QLYHUVLW\�RI�*HQHYD

)H,, VSLQ FURVVRYHU �6&2� FRPSOH[HV� VWLPXODWHG H[WHUQDOO\ E\ WHPSHUDWXUH RU OLJKW LUUDGLDWLRQ�
KDYH EHHQ H[WHQVLYHO\ VWXGLHG IRU WKHLU PDJQHWLF DQG RSWLFDO SURSHUWLHV� ,Q WKHVH FRPSOH[HV�
)H,,�G�� GLVSOD\V DQ HTXLOLEULXP EHWZHHQ WKH ORZ VSLQ ��$�J� 6  �� GLDPDJQHWLF� DQG KLJK VSLQ ��7�J�
6  �� SDUDPDJQHWLF� FRQILJXUDWLRQV� 7KH VSLQ FURVVRYHU SURFHVV LV FRQWUROOHG E\ WKH EDODQFH
EHWZHHQ WKH OLJDQG�ILHOG VSOLWWLQJ DQG WKH VSLQ�SDLULQJ HQHUJ\ DQG UHPDLQV HVVHQWLDOO\
XQSUHGLFWDEOH DV WKH YDULRXV FRQWULEXWLRQV WR WKHVH IDFWRUV DUH QXPHURXV DQG VXEWOH �VROYDWLRQ�
QDWXUH�RI�WKH�FRRUGLQDWLRQ�ERQGV��LQGXFHG�ORFDO�SUHVVXUH��

,Q DQ HIIRUW WR GHYHORS WULV�GLLPLQH )H,, FRPSOH[HV GLVSOD\LQJ VSLQ FURVVRYHU SURSHUWLHV LQ VROXWLRQ
DW URRP WHPSHUDWXUH� VHYHUDO DV\PPHWULF GLGHQWDWH XQLWV ZHUH LQYHVWLJDWHG �)LJXUH �� /HIW� OLJDQGV
/��/��� %\ FKDQJLQJ WKH QXPEHU RI QLWURJHQ DWRPV RU WKHLU SRVLWLRQ ZLWKLQ WKH ��PHPEHUHG 1
�KHWHURF\FOLF SDUW RI WKH OLJDQGV� WKH VSLQ WUDQVLWLRQ FDQ EH ILQHO\ WXQHG� )H,, FRPSOH[HV ZLWK
XQV\PPHWULFDO GLLPLQH OLJDQGV H[LVW DV D PL[WXUH RI IDFLDO DQG PHULGLRQDO LVRPHUV LQ VROXWLRQ
�)LJXUH �� ULJKW� IRU ZKLFK GLIIHUHQW PDJQHWLF DQG RSWLFDO SURSHUWLHV DUH H[SHFWHG� 7KH UHVXOWDQW
VSLQ FURVVRYHU EHKDYLRXU RI WKH FRPSOH[HV WKHUHIRUH GHSHQGV RQ WKH UDWLR RI WKHVH WZR LVRPHUV
DQG�WKHLU�UHVSHFWLYH�PDJQHWLF�SURSHUWLHV�>�@�>�@

)LJXUH �� /HIW� LQYHVWLJDWHG QRQ�V\PPHWULFDO 1�1�GLLPLQH OLJDQGV� 5LJKW� PHU ఙ IDF HTXLOLEULXP LQ
VROXWLRQ�

>�@ $ERVK\DQ�6RUJKR� /�� /DWKLRQ� 7� *X«Q«H� /�� %HVQDUG� &�� 3LJXHW� &� ,QRUJ� &KHP� ����� ���
������
>�@�/DWKLRQ��7���*X«Q«H��/���%HVQDUG��&���%RXVVHNVRX��$���3LJXHW��&��&KHP��(XU��-������������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

6WXG\�RI�SODVPRQ�HQKDQFHG�ZDWHU�VSOLWWLQJ�LQ�D�KHPDWLWH�SKRWRDQRGH

/��'ULHQFRXUW�����%��*DOOLQHW���6��)ULFNH���&��(��+RXVHFURIW���(��&��&RQVWDEOH�

�&6(0���'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�%DVHO

6RODU ZDWHU VSOLWWLQJ FDQ SURGXFH K\GURJHQ JDV IURP ZDWHU WKURXJK WKH HOHFWURQ WUDQVIHU EHWZHHQ
DQ DTXHRXV HOHFWURO\WH DQG D VHPLFRQGXFWRU HOHFWURGH >�@� +HPDWLWH �ͅ�)H�2��� FDQ DEVRUE D ODUJH
SDUW RI WKH VRODU VSHFWUXP GXH WR LWV DSSHDOLQJ EDQGJDS RI DERXW � H9� +RZHYHU� EHFDXVH RI WKH
SRRU FKDUJH WUDQVSRUW SURSHUWLHV RI WKLV PDWHULDO� DQ HIILFLHQW SKRWRDQRGH QHHGV WR KDYH QDQRVFDOH
IHDWXUHV VXFK WKDW PRVW OLJKW LV DEVRUEHG FORVH WR WKH VHPLFRQGXFWRU�HOHFWURO\WH LQWHUIDFH >�@� 7KH
TXDQWLW\ RI OLJKW DEVRUEHG LQ D WKLQ ILOP RI KHPDWLWH FDQ EH IXUWKHU LQFUHDVHG E\ LQFOXGLQJ
SODVPRQLF QDQRVWUXFWXUHV �)LJ� �� LQ WKH GHVLJQ RI WKH HOHFWURGH� GXH WR WKHLU DELOLW\ RI FRQILQLQJ
WKH HOHFWURPDJQHWLF ILHOG RYHU YHU\ VPDOO GLVWDQFHV� 7KLV HIIHFW LV VWXGLHG WKHRUHWLFDOO\ ZLWK DQ
DQDO\WLFDO PRGHO DQG SHULRGLF HOHFWURPDJQHWLF VLPXODWLRQV� $ FRVW HIIHFWLYH PHWKRG IRU WKH
IDEULFDWLRQ RI SODVPRQLF VXEVWUDWHV LV GHPRQVWUDWHG DQG LWV XVH IRU LPSURYLQJ WKH HIILFLHQF\ RI
KHPDWLWH�SKRWRDQRGHV�LV�VWXGLHG�H[SHULPHQWDOO\�

>�@�0��*UDW]HO��1DWXUH����������������૱���
>�@�$��*��7DPLUDW�HW�DO���1DQRVFDOH�+RUL]����������

�

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

6LOLFRQ�2[\FDUELGH���7LQ�1DQRFRPSRVLWH�DV�D�+LJK�3RZHU�'HQVLW\�$QRGH�IRU�/L�,RQ
%DWWHULHV

5��'XEH\�����3��9DOODFKLUD�:DUULDP�6DVLNXPDU���)��.UXPHLFK���*��%OXJDQ���.��9��.UDYFK\N�����7�
*UDXOH���0��9��.RYDOHQNR���

�/DERUDWRU\�RI�,QRUJDQLF�&KHPLVWU\��'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=¾ULFK�
�/DERUDWRU\�IRU�+LJK�3HUIRUPDQFH�&HUDPLFV��(PSD���/DERUDWRU\�IRU�7KLQ�)LOPV�DQG�3KRWRYROWDLFV�

(PSD

'XH WR WKH KXJH YROXPH FKDQJHV RFFXUULQJ XSRQ OLWKLDWLRQ RI 6Q� REWDLQLQJ D VWDEOH
HOHFWURFKHPLFDO SHUIRUPDQFH RI 6Q�EDVHG DQRGHV IRU /L�LRQ EDWWHULHV UHPDLQV D IRUPLGDEOH
FKDOOHQJH� 7KH SUHYDLOLQJ DSSURDFKHV WRZDUGV VWDELOL]DWLRQ RI VXFK HOHFWURGHV LQYRNH HPEHGGLQJ RI
6Q LQ WKH IRUP RI QDQRSDUWLFOHV �13V� LQ DQ DFWLYH�LQDFWLYH PDWUL[� 7KH ODWWHU KHOSV WR EXIIHU WKH
YROXPH FKDQJHV RI 6Q� LPSDUW HOHFWULFDO FRQWDFW DQG SUHYHQW SDUWLFOH DJJUHJDWLRQ XSRQ LWV
OLWKLDWLRQ�GHOLWKLDWLRQ� $PRQJ DOO PDWULFHV� VLOLFRQ R[\FDUELGH �6L2&� DSSHDUV WR EH DQ LGHDO FKRLFH�
FRPELQLQJ LQWHU DOLD JRRG HOHFWULFDO FRQGXFWLYLW\ DQG KLJK LQWULQVLF FDSDFLW\� >�@ +RZHYHU� D
KRPRJHQHRXV GLVSHUVLRQ RI 6Q 13V ZLWKLQ 6L2& KDV QRW EHHQ UHSRUWHG XQWLO QRZ� >�@ :H UHSRUW D
IDFLOH V\QWKHVLV RI ���� QP 6Q 13V H[FHSWLRQDOO\ KRPRJHQHRXVO\ HPEHGGHG LQ 6L2& PDWUL[ YLD WKH
S\URO\VLV�RI�D�IXQFWLRQDOL]HG�SUHFHUDPLF�SRO\PHU��>�@

$QRGHV FRPSULVLQJ 6L2&�6Q QDQRFRPSRVLWH GHPRQVWUDWH KLJK FDSDFLWLHV RI ��� P$K J�� DQG ���
P$K J�� DW FXUUHQW GHQVLWLHV RI ���� DQG ��� P$ J�� �&�� DQG �& UDWHV IRU JUDSKLWH DQRGH��
UHVSHFWLYHO\� DQG VKRZ H[FHOOHQW UDWH FDSDELOLW\� 7KH PHFKDQLVP RI OLWKLDWLRQ�GH�OLWKLDWLRQ RI
6L2&�6Q QDQRFRPSRVLWH DQG LWV PRUSKRORJLFDO FKDQJHV KDYH EHHQ DVVHVVHG E\ LQ�VLWX SRZGHU ;�
UD\ GLIIUDFWLRQ DQG H[�VLWX WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\ PHDVXUHPHQWV� )LQDOO\� IXOO FHOOV KDYH
EHHQ WHVWHG� ZKLFK GHPRQVWUDWH WKH SRWHQWLDO RI 6L2&�6Q DW DUHDO FDSDFLWLHV UHOHYDQW IRU KLJK�
SRZHU�LQGXVWULDO�DSSOLFDWLRQV�

>�@��&��6WDEOHU�HW�DO���-��$P��&HUDP��6RF������������������������
>�@��-��.DVSDU�HW�DO���$GY��)XQFW��0DWHU�����������������������
>�@��5��'XEH\�HW�DO���������VXEPLWWHG�
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

&DQ�DQ�2[LGL]HG�=LQF�)LQJHU�%LQG�=LQF"�5HYHUVLEOH�2[LGDWLRQ�RI�=LQF�ILQJHUV

0��'XUWVFKL���6��-RKDQQVHQ���5��2��6LJHO�

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

=LQF ILQJHU �=Q)� GRPDLQV DUH RQH RI WKH PRVW SK\VLRORJLFDOO\ UHOHYDQW H[DPSOHV RI
PHWDOORSURWHLQV� DV WKH\ DUH SUHVHQW LQ DERXW �� RI DOO JHQHV LQ WKH KXPDQ JHQRPH� 7KH\ DUH SDUW
RI WUDQVFULSWLRQ IDFWRUV WKDW UHJXODWH GLYHUVH SURFHVVHV VXFK DV WUDQVFULSWLRQ� WUDQVODWLRQ� RU
DSRSWRVLV� %H\RQG WKHVH UROHV� =Q) SURWHLQV FDQ DOVR DFW DV UHGR[ VZLWFKHV� VHQVLQJ WKH FHOO UHGR[
VWDWXV DQG WULJJHULQJ DSSURSULDWH UHVSRQVHV� 7KLV LV SRVVLEOH EHFDXVH =Q�,,��FRRUGLQDWLQJ F\VWHLQH
UHVLGXHV DUH UHDGLO\ R[LGL]HG� OHDGLQJ WR GLVVRFLDWLRQ IURP WKH VWDELOL]LQJ =Q�,,� LRQ DORQJ ZLWK ORVV
RI�VWUXFWXUH�DQG�ORVV�RI�'1$�ELQGLQJ�DFWLYLW\�

,Q RUGHU WR HIILFLHQWO\ DFW DV UHJXODWRU\ WUDQVFULSWLRQ IDFWRUV XQGHU QRUPDO SK\VLRORJLFDO FRQGLWLRQV�
=Q)V QHHG WR DVVRFLDWH EXW DOVR WR GLVVRFLDWH UHDGLO\ IURP '1$� +RZHYHU� QR GLVVRFLDWLRQ
PHFKDQLVP LV FXUUHQWO\ NQRZQ� 'LVVRFLDWLRQ XQGHU VLPXOWDQHRXV =Q�,,� UHOHDVH VHHPV XQOLNHO\�
VLQFH WKH OHYHO RI IUHH =Q�,,� LQ WKH FHOO LV YLUWXDOO\ ]HUR DQG QR =Q�,,� FKDSHURQHV DUH NQRZQ� DQG
VLQFH RQH�WLPH XVH RI =Q)V ZRXOG EH KLJKO\ LQHIILFLHQW� :H WKHUHIRUH K\SRWKHVL]H WKDW WKH
GLVVRFLDWLRQ RI =Q)V IURP '1$ LQYROYHV R[LGDWLRQ�LQGXFHG IRUPDWLRQ RI DQ DOWHUQDWLYH VWUXFWXUH LQ
ZKLFK =Q�,,� UHPDLQV ERXQG� 7KXV� VXEVHTXHQW UHGXFWLRQ� RI WKH =Q)V ZRXOG HDVLO\ UHVWRUH LWV '1$�
ELQGLQJ�DFWLYLW\�

2XU FHQWUDO DLP LV WR SURYH WKH H[LVWHQFH RI VXFK DQ R[LGL]HG =Q�,,��ELQGLQJ VWUXFWXUH XQGHU
SK\VLRORJLFDO FRQGLWLRQV DQG WR FKDUDFWHUL]H LW E\ 105 DQG ;�UD\ FU\VWDOORJUDSK\� 7KH VWUXFWXUDO
UROH RI DOWHUQDWLYH =Q�,,� OLJDQGV LV RI SDUWLFXODU LQWHUHVW� DQG FDQ EH GLUHFWO\ DGGUHVVHG LI WKH
VWUXFWXUH LV FKDUDFWHUL]HG� 6LPLODU R[LGL]HG =Q�,,��ELQGLQJ VWUXFWXUHV KDYH EHHQ VKRZQ WR H[LVW H�J�
LQ WKH QXFOHRFDSVLG SURWHLQ RI +,9���� DQG LQ LQ YLWUR R[LGL]HG =Q) PRGHOV�� DOWKRXJK WKH ODWWHU
LQYROYHV WKH IRUPDWLRQ RI VXOILQDWH PRLHWLHV� ZKLFK PLJKW QRW EH IRUPHG LQ YLYR� 2YHUDOO� WKLV VWXG\
LV RI IXQGDPHQWDO LQWHUHVW LQ REWDLQLQJ D VWUXFWXUDO DQG PHFKDQLVWLF XQGHUVWDQGLQJ RI WKH
GLVVRFLDWLRQ�SURFHVV�RI�]LQF�ILQJHUV�LQ�JHQHUDO��DQG�RI�WKHLU�IXQFWLRQ�DV�UHGR[�VZLWFKHV�LQ�SDUWLFXODU�

)LQDQFLDO�VXSSRUW�E\�WKH�8QLYHUVLW\�RI�=XULFK�LV�JUDWHIXOO\�DFNQRZOHGJHG�

��

>�@ /� <X� <� +DWKRXW� &� )HQVHODX� 5�&� 6RZGHU� /�(� +HQGHUVRQ� :�*� ULFH� -� 0HQGHOH\HY� (� .XQ�
&KHP��5HV��7R[LFRO�������������������
>�@ /HEUXQ� $� 7URQ� &� /HEUXQ� -��0� /DWRXU� 1� '� 0F&OHQDJKDQ� 2� 6«QªTXH� &KHPLVWU\ ����� ���
������������
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8QSUHFHGHQWHG�XUDQLXP�VSHFLHV��IURP�ZDWHU�VWDEOH�XUDQ\O�9��WR�XUDQLXP�,9��320
FOXVWHUV�

5��)DL]RYD���/��&KDWHODLQ���5��6FRSHOOLWL���)��)DGDHL�7LUDQL���0��0D]]DQWL�

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

7UDGLWLRQDOO\ SHQWDYDOHQW XUDQ\O KDV EHHQ WKRXJKW RI DV D KLJKO\ XQVWDEOH VSHFLHV RI OLPLWHG
HQYLURQPHQWDO LPSRUWDQFH EHFDXVH RI WKH WHQGHQF\ RI DTXHRXV 8�9� WR GLVSURSRUWLRQDWH XQGHU
PRVW (K�S+ FRQGLWLRQV� +RZHYHU� LQ WKH SDVW GHFDGH� LW KDV EHHQ GHPRQVWUDWHG WKDW XUDQ\O�9� LV D
SHUVLVWHQW LQWHUPHGLDWH LQ WKH ELRORJLFDO DQG DELRWLF WUDQVIRUPDWLRQ RI VROXEOH XUDQ\O�9,�
FRPSRXQGV LQWR LQVROXEOH XUDQLXP�,9� VSHFLHV �82� RU 8�,9� GLVFUHWH FOXVWHUV�� ,Q SDUWLFXODU� 8�9� LV
RIWHQ IRXQG LQ DVVRFLDWLRQ ZLWK )H�FRQWDLQLQJ PLQHUDOV VXFK DV JRHWKLWH DQG PDJQHWLWH� %HVLGHV WKH
LPSRUWDQFH RI WKLV SURFHVV IRU JURXQG�ZDWHU UHPHGLDWLRQ� WKH UROH RI 8�9� UHPDLQV XQFOHDU DV WKHUH
LV�QR�DSSURSULDWH�V\QWKHWLF�PRGHO�WR�SHUIRUP�WKH�UHTXLUHG�VWXGLHV�

7KH ILUVW H[DPSOH RI VWDEOH XUDQ\O�9� FRPSOH[ LQ RUJDQLF PHGLD ZDV UHSRUWHG PRUH WKDQ �� \HDUV
DJR� LQVSLULQJ YHU\ IDVW GHYHORSPHQW LQ WKH ILHOG� EXW QRQH RI WKH UHSRUWHG FRPSRXQGV KDYH VKRZQ
VWDELOLW\�LQ�DTXHRXV�PHGLD�DW�HQYLURQPHQWDOO\�UHOHYDQW�S+�

:H ZLOO SUHVHQW WKH V\QWKHVLV RI WKH ILUVW XUDQ\O�9� FRPSOH[ WKDW LV VWDEOH LQ ERWK RUJDQLF DQG
DTXHRXV PHGLD� 7KLV ZDV DFKLHYHG E\ XVLQJ DQ DPLQRSLFROLQDWH OLJDQG� FRPELQLQJ WKH
SHQWDGHQWDWH ELQGLQJ PRGH ZLWK WKH DELOLW\ WR IRUP VWDEOH FRPSOH[HV ZLWK PHWDO LRQV LQ ZDWHU� �
$GGLWLRQDOO\� WKH HIIHFW RI )H�� RQ WKH VWDELOLW\ RI 8�9� WRZDUG SURWRQ LQGXFHG GLVSURSRUWLRQDWLRQ
DQG UHGR[ UHDFWLRQV ZDV LQYHVWLJDWHG� &DWLRQ�FDWLRQ LQWHUDFWLRQ EHWZHHQ XUDQ\O�9� R[\JHQ DQG
)H�� ZDV VKRZQ WR EH HVVHQWLDO IRU WKH VWDELOL]DWLRQ RI 8�9��� 7KH IRUPDWLRQ RI GLVFUHWH XUDQLXP�,9�
FOXVWHUV RI YDULRXV QXFOHDULWLHV �8� ૱ 8��� DQG WKH WLPH GHSHQGHQFH RI WKH DVVHPEO\ RI XUDQLXP
R[R�FOXVWHUV�LQ�K\GURO\WLF�FRQGLWLRQV�ZLOO�DOVR�EH�SUHVHQWHG��

>�@�5��)DL]RYD��5��6FRSHOOLWL��$��6��&KDXYLQ��0��0D]]DQWL��-��$P��&KHP��6RF��������������������
>�@�5��)DL]RYD��6��:KLWH��5��6FRSHOOLWL��0��0D]]DQWL��&KHPLFDO�6FLHQFH���������������૱�����
>�@ /� &KDWHODLQ� 5� )DL]RYD� )� )DGDHL�7LUDQL� -� 3«FDXW� 0� 0D]]DQWL� $QJHZDQGWH &KHPLH
,QWHUQDWLRQDO�(GLWLRQ����������������૱�����
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5H�,��͎�1�WULFDUERQ\O�DQG�͎�1�GLFDUERQ\O�FRPSOH[HV�ZLWK�WHUS\ULGLQH�OLJDQGV��XQXVXDO
VXEVWLWXHQW�HIIHFWV�DQG�SKRWRFDWDO\WLF�SURSHUWLHV

5��-��)HUQ£QGH]�7HU£Q���/��6HYHU\���'��7LOOH\���3��+DPP�

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

7KH JURXQG� DQG H[FLWHG�VWDWH SURSHUWLHV RI VL[ 5H�,� ͎�1�WULFDUERQ\O DQG VL[ ͎�1�GLFDUERQ\O
FRPSOH[HV ZLWK �����VXEVWLWXWHG�SKHQ\O��WHUS\ULGLQH OLJDQGV EHDULQJ VXEVWLWXHQWV RI GLIIHUHQW
HOHFWURQ GRQDWLQJ DELOLWLHV ZHUH HYDOXDWHG� 6LJQLILFDQW PRGXODWLRQ RI WKH HOHFWURFKHPLFDO SRWHQWLDOV
DQG��0/&7�OLIHWLPHV�ZHUH�REVHUYHG�ZKHQ�JRLQJ�IURP�&1�WR�20H��)LJXUH����

:LWK WKH PRUH HOHFWURQ�GRQDWLQJ 10H� VXEVWLWXHQW� D GUDPDWLF HQKDQFHPHQW RI WKH OLIHWLPH �IURP
FD� ��� QV WR FD� ��� QV� UHVXOWV IURP WKH FKDQJH LQ WKH FKDUDFWHU RI WKH ORZHVW WULSOHW H[FLWHG
VWDWH� ZKLFK VKLIWV IURP �0/&7 WR �,/&7� 7KHVH REVHUYDWLRQV ZHUH DEVHQW LQ WKHLU FRUUHVSRQGLQJ
͎�1�GLFDUERQ\O FRXQWHUSDUWV� ZKLFK UHOD[ LQVWHDG WR D �0/&7 VWDWH� 7KH FKDUDFWHUV DQG VLJQDWXUHV
RI DOO WKHVH H[FLWHG VWDWHV ZHUH GHWHUPLQHG E\ XOWUDIDVW WUDQVLHQW ,5 VSHFWURVFRS\ UDQJLQJ IURP
IHPWR� WR PLFURVHFRQGV� DQG ZHUH HYDOXDWHG WKHRUHWLFDOO\ ZLWK WKH KHOS RI ')7 FDOFXODWLRQV DQG ,5
VSHFWURHOHFWURFKHPLVWU\� 6HOHFWHG FRPSOH[HV ZHUH DOVR HYDOXDWHG DV SKRWRVHQVLWL]HUV IRU
KRPRJHQHRXV K\GURJHQ SURGXFWLRQ� ZLWK WKH ͎�1�10H� FRPSOH[ UHVXOWLQJ LQ D VWDEOH DQG HIILFLHQW
SKRWRFDWDO\WLF�V\VWHP��UHDFKLQJ�7215H�YDOXHV�RI�RYHU������

>�@�5��)HUQ£QGH]�7HU£Q��/��6«YHU\��6��'��7LOOH\��3��+DPP��������VXEPLWWHG�
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)XQFWLRQDOLVHG�%RURQDWH�(VWHU�&DSSHG�+HOLFDWHV

(��*LUDOGL���.��6HYHULQ�

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

&ODWKURFKHODWH FRPSOH[HV KDYH EHHQ H[WHQVLYHO\ XVHG LQ VXSUDPROHFXODU FKHPLVWU\ DQG PDWHULDO
VFLHQFH� WKH\ DUH YHU\ VWDEOH DQG LQHUW FRPSOH[HV ZLWK LQWULJXLQJ SURSULHUWLHV�� +DOI�FODWKURFKHODWH
FRPSOH[HV DUH IRUPHG E\ FRQGHQVDWLRQ RI ��S\ULGLQH DOGR[LPH ZLWK D ERURQLF DFLG LQ WKH SUHVHQFH
RI D PHWDO�,,� VDOW �0�,,�  )H� =Q RU 0Q�� 7KHVH QHZ FRPSOH[HV DUH PRUH ODELOH WKDQ FODVVLFDO
FODWKURFKHODWHV� WKH\ DUH FDSSHG E\ RQH ERURQDWH HVWHU FDS DQG WKH PHWDO LRQ LV QRW FRPSOHWHO\
HQFDSVXODWHG� %\ FKDQJLQJ WKH R[LPH OLJDQG� 0�/� KHOLFDWH�OLNH FRPSOH[HV KDYH EHHQ REWDLQHG� $
OLEUDU\ RI ERURQDWH HVWHU�FDSSHG KHOLFDWHV KDYH EHHQ GHYHORSHG IURP OLQHDU GLR[LPH OLJDQGV ZLWK
��S\ULGLQH DOGR[LPH FRQQHFWHG E\ YDU\LQJ QXPEHUV RI S�[\OHQH VSDFHUV �Q  �� ���� %RWK KDOI�
FODWKURFKHODWH DQG KHOLFDWH FRPSOH[HV KDYH EHHQ IRXQG WR VFUDPEOH WKH ERURQDWH HVWHUV FDS DQG
WR H[FKDQJH WKH PHWDO FHQWUH IURP 0Q�,,� WR =Q�,,� XSRQ DGGLWLRQ RI =Q�27I��� 7KH IXQFWLRQDOLVDWLRQ
RI ERURQDWH HVWHU�FDSSHG KHOLFDWHV ZLWK S\ULGLQ\OERURQLF DFLGV PDNH WKHP VXLWDEOH PHWDOOROLJDQGV
IRU WKH REWDLQPHQW RI ODUJH DVVHPEOLHV LQ FRPELQDWLRQ ZLWK 3G RU 3W VDOWV� 0RUHRYHU� WKH R[LPH
OLJDQGV FRXOG IXUWKHU EH WDLORUHG XSRQ H[WHQVLRQ RI WKH OLQHDU VSDFHUV EHWZHHQ WKH WZR
��S\ULGLQHDOGR[LPH JURXS WR REWDLQ VWUXFWXUHV ZLWK ODUJHU FDYLWLHV VXLWDEOH IRU JXHVW
HQFDSVXODWLRQ��

�

>�@�6��0��-DQV]H�DQG�.D\�6HYHULQ��$FF��&KHP��5HV�����������������������
>�@ 1� 2XVDND� 6� *UXQGHU� $� 0� &DVWLOOD� $� &� :KDOOH\� -� )� 6WRGGDUW� -� 5� 1LWVFKNH� -� $P� &KHP�
6RF��������������������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

2[\JHQ�IXQFWLRQDOL]DWLRQ�RI�FDUERQ�PROHFXODU�VLHYH�PHPEUDQHV�WR�PRGXODWH�SRUH�VL]H�
GLVWULEXWLRQ�IRU�JDV�VHSDUDWLRQ

6��+XDQJ���.��9��$JUDZDO�

�/DERUDWRU\�RI�$GYDQFHG�6HSDUDWLRQV��/$6����FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH��(3)/�

&DUERQ PROHFXODU VLHYHV �&06� ILOPV� SUHSDUHG E\ FRQWUROOHG S\URO\VLV RI SRO\LPGLHV� SRVVHVV VOLW�
OLNH QDQRSRUHV� 6XFK QDQRSRUHV FDQ VLHYH PROHFXOHV EDVHG RQ WKHLU VL]H� DQG D VXE�DQJVWURP
UHVROXWLRQ LQ PROHFXODU GLIIHUHQWLDWLRQ FDQ EH DFKLHYHG GHSHQGLQJ XSRQ WKH SRO\PHU FKHPLVWU\ DQG
WKH S\URO\VLV FRQGLWLRQV��૱� � WXQDEOH PRGXODWLRQ RI WKH SRUH�VL]H�GLVWULEXWLRQ �36'� E\ FKHPLFDO
IXQFWLRQDOL]DWLRQ RI WKH FDUERQ IUDPHZRUN LV KLJKO\ DWWUDFWLYH� +RZHYHU� VXFK IXQFWLRQDOL]DWLRQ�
W\SLFDOO\ LQ SUHVHQFH LQ WUDFHV RI R[\JHQ� KDV EHHQ RQO\ GHPRQVWUDWHG RQO\ DW D KLJK WHPSHUDWXUH
�!����|&��LQFUHDVLQJ�WKH�VRSKLVWLFDWLRQ�RI�WKH�PHPEUDQH�IDEULFDWLRQ�

,Q WKLV WDON� , ZLOO GHPRQVWUDWH D VWUDLJKWIRUZDUG DQG KLJKO\ WXQDEOH R[\JHQ IXQFWLRQDOL]DWLRQ XVLQJ
D SXOVHG R]RQH WUHDWPHQW DW URRP WHPSHUDWXUH RQ ����QP�WKLFN &06 ILOP �)LJ� �D�� \LHOGLQJ
DWWUDFWLYH JDV VHSDUDWLRQ SHUIRUPDQFH�� &DUERQ\O JURXSV DQG HSR[\ JURXSV ZHUH JUDIWHG RQ &06
EDFNERQH DV FRQILUPHG E\ ;�UD\ SKRWRHOHFWURQ VSHFWURVFRS\ �)LJ� �E�� +H� +�� &2�� DQG &+�� ZLWK
WKH NLQHWLF GLDPHWHU LQ WKH UDQJH RI ����� ૱ ���� QP� ZHUH XVHG DV SUREH JDVHV WR PRQLWRU WKH
HYROXWLRQ RI 36'� $IWHU R]RQH WUHDWPHQW� JDV VHOHFWLYLW\ FRXOG EH LPSURYHG E\ VHYHUDO IROGV�
SULPDUO\ LQGXFHG E\ WKH QDUURZLQJ RI WKH HOHFWURQ�GHQVLW\�JDS LQ WKH VOLWV OLNH SRUHV LQ &06 E\ D
IUDFWLRQ RI DQ DQJVWURP DV D UHVXOW RI R[\JHQ IXQFWLRQDOL]DWLRQ� )RU H[DPSOH� +��&+� DQG +��&2�
VHOHFWLYLWLHV LQFUHDVHG IURP ���� WR ����� DQG IURP ��� WR ���� UHVSHFWLYHO\ �)LJ��F�� 7KH
IXQFWLRQDOL]DWLRQ�FKHPLVWU\�LV�HDV\�WR�LPSOHPHQW�DQG�LV�H[SHFWHG�WR�EH�DGRSWHG�ZLGHO\�

>�@ 5XQJWD� 0�� :HQ]� *� %�� =KDQJ� &�� ;X� /�� 4LX� :�� $GDPV� -� 6�� .RURV� :� -� &DUERQ� �����
��������૱����
>�@ $GDPV� -� 6�� ,WWD� $� .�� =KDQJ� &�� :HQ]� *� %�� 6DQ\DO� 2�� .RURV� &DUERQ� ����� ����
���૱����
>�@��.RK��'��<���0F&RRO��%��$���+DUU\�:���'���5\DQ�3���/��6FLHQFH������������
>�@ +XDQJ� 6�� 9LOODORERV� /�)�� %DEX� '� -�� +H� *�� /L� 0�� =¾WWHO� $�� $JUDZDO� .� 9� $&6 $SSO� 0DWHU�
,QWHUIDFHV������������������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

6\QWKHVLV�RI�QDQRSRUHV�LQ�JUDSKHQH�ODWWLFH�ZLWK�D�VXE�DQJVWURP�UHVROXWLRQ

6��+XDQJ���.��9��$JUDZDO�

�/DERUDWRU\�RI�$GYDQFHG�6HSDUDWLRQV��/$6���FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH��(3)/�

*UDSKHQH ODWWLFH LV DWRP WKLFN� LGHDOO\ VXLWHG IRU KLJK�SHUIRUPDQFH VL]H�VLHYLQJ RI PROHFXOHV�
+RZHYHU� WKH KRQH\FRPE ODWWLFH RI JUDSKHQH LV LPSHUPHDEOH WR HYHQ WKH VPDOOHVW RI WKH
PROHFXOHV� DQG RQH KDV WR HWFK YDFDQF\�GHIHFWV �QDQRSRUHV� LQ JUDSKHQH���� 7KH VWDWH�RI�WKH�DUW
HWFKLQJ FKHPLVWULHV QHLWKHU VHOI�OLPLWLQJ QRU HDV\ WR FRQWURO� DQG DV D UHVXOW� D QDUURZ SRUH�VL]H�
GLVWULEXWLRQ �36'�� QHHGHG WR GLIIHUHQWLDWH PROHFXOHV ZLWK KLJK�HIILFLHQF\ KDV QRW EHHQ UHSRUWHG�
&RPPRQ HWFKLQJ WHFKQLTXHV OHDG WR ZLGH 36' ZKLFK UHVXOWV LQ D SRRU PROHFXODU VHOHFWLYLW\� 6LQFH D
KLJK SRURVLW\ LQ JUDSKHQH LV GHVLUHG WR PD[LPL]H WKH PROHFXODU IOX[� LW LV KLJKO\ DWWUDFWLYH WR
GHYHORS D FRQWUROODEOH HWFKLQJ FKHPLVWULHV WKDW PD[LPL]HV SRURVLW\ ZKLOH \LHOGLQJ DQ RSWLPDO 36'�
,Q WKLV WDON� , ZLOO GLVFXVV DQ R]RQH�EDVHG HWFKLQJ FKHPLVWU\ ZKLFK ZDV UHJXODWHG E\ KRPHPDGH
PLOOLVHFRQG UHDFWRU� :LWK WKH PLOOLVHFRQG�HWFKLQJ UHDFWRU� FRQWUROODEOH DQG UDSLG R]RQH HWFKLQJ RQ
JUDSKHQH ODWWLFH ZDV DFKLHYHG� ZKHUH WKH FRQFHQWUDWHG HWFKLQJ PHGLXP JHQHUDWHG KLJK�GHQVLW\
SRUH QXFOHDWLRQ� ZKLOH PLQLPL]HG WKH SRUH H[SDQVLRQ GXH WR WKH VKRUW WLPH� +�� &2�� 1�� DQG &+��
ZLWK WKH NLQHWLF GLDPHWHU LQ WKH UDQJH RI ����� ૱ ���� QP� ZHUH XVHG DV SUREH JDVHV WR PRQLWRU
WKH HYROXWLRQ RI 36'� 2YHUDOO 36' ZLWK UHVROXWLRQ RI ��� QP ZRXOG EH HWFKHG OHDGLQJ WR H[WUHPHO\
DWWUDFWLYH VHSDUDWLRQ SHUIRUPDQFH ZLWK &2� SHUPHDQFH RI ���� *38 DQG &2��&+� VHOHFWLYLW\ RI ��
DQG &2��1� VHOHFWLYLW\ RYHU �� �)LJ���� 6XFK PHWKRGV ZLOO DFFHOHUDWH WKH GHYHORSPHQW RI KLJK�
SHUIRUPDQFH�PHPEUDQHV�IRU�WKH�FDUERQ�FDSWXUH�

>�@ :DQJ� /�� %RXWLOLHU� 0� 6� +�� .LGDPEL� 3� 5�� -DQJ� '�� +DGMLFRQVWDQWLQRX� 1� *�� .DUQLN�
5���1DWXUH�1DQRWHFKQRORJ\���������������૱����
>�@ +XDQJ� 6�� 'DNKFKRXQH� 0�� /XR� :�� 2YHLVL� (�� +H� *�� 5H]DHL� 0�� =KDR� -�� $OH[DQGHU� '� 7� /��
=¾WWHO��$���6WUDQR��0��6���$JUDZDO��.��9��1DWXUH�&RPPXQLFDWLRQV�����������૱���
>�@ =KDR� -�� +H� *�� +XDQJ� 6�� 9LOODORERV� /� )�� 'DNKFKRXQH� 0�� %DVVDV� +�� 2YHLVL� (�� $JUDZDO� .�
9��6FLHQFH�$GYDQFHV����������HDDY�����
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

1�3��0DFURF\FOLF�,URQ�,,��&DWDO\VWV�IRU�WKH�$V\PPHWULF�&\FORSURSDQDWLRQ�RI�$ONHQHV

+��-D\DSUDNDVK���$��0H]]HWWL�

�(7+�=¾ULFK

7KH DV\PPHWULF LURQ�FDWDO\]HG F\FORSURSDQDWLRQ RI DONHQHV KDV EHHQ VWXGLHG ZLWK
WHWUDSKHQ\OSRUSK\ULQ�� DQG ELVR[D]ROLQHV�� EXW QR SKRVSKLQH OLJDQGV KDYH EHHQ WHVWHG� 3KRVSKLQH
OLJDQGV�DUH�RI�VSHFLDO�LQWHUHVW�GXH�WR�WKHLU�DELOLW\�RI�FKLUDO�LQGXFWLRQ�DQG�HDV\�V\QWKHVLV�

:H UHSRUW KHUH WKH ILUVW LQWHUPROHFXODU DV\PPHWULF F\FORSURSDQDWLRQ RI DFWLYDWHG DONHQHV ZLWK D
FKLUDO )H�,,� 1�3� PDFURF\FOLF FDWDO\VW�� &RPSOH[ � ZDV WUHDWHG ZLWK .%U ��� HTXLY� DQG OLJDQG / ��
HTXLY� DFHWRQH� ��R &� � K� WR REWDLQ WKH EURPRLVRQLWULOH GHULYDWLYH �� 7KH DFWLYH FDWDO\VW � ZDV
SUHSDUHG�YLD�EURPLGH�DEVWUDFWLRQ�IURP���ZLWK�7O3)�������HTXLY��7+)��VRQLFDWLRQ�����PLQ��

&DWDO\VW � �� PRO�� 7+)� 57� �� K� F\FORSURSDQDWHV ��PHWKR[\VW\UHQH XSRQ VORZ DGGLWLRQ RI HWK\O
GLD]RDFHWDWH �� HTXLY� RYHU � K WR JLYH WKH WUDQV F\FORSURSDQH DV WKH PDMRU SURGXFW DQG DV VLQJOH
HQDQWLRPHU LQ ��� \LHOG�7KH RSWLPL]DWLRQ� VXEVWUDWH VFRSH� DQG PHFKDQLVWLF VWXGLHV DUH LQ
SURJUHVV VR DV WR FRPSDUH LWV EHKDYLRU ZLWK WKH UXWKHQLXP FRPSOH[HV ZLWK RSHQ FKDLQ 3113
OLJDQGV�WKDW�KDYH�EHHQ�SUHYLRXVO\�SUHSDUHG�LQ�RXU�JURXS��

>�@ �D� ,QJPDU %DXHU� +DQV�-RDFKLP .Q¸ONHU� &KHP� 5HY� ����� ���� ����� �E� *XRGRQJ 'X� %UXQR
$QGULROHWWL� (ULF 5RVH� .HLWK :RR� 2UJDQRPHWDOOLFV� ����� ��� ����� �F� -XQ�-LH 6KHQ� 6KRX�)HL =KX�
<DQ�&DL��+XDQ�;X��;LX�/DQ�;LH��4L�/LQ�=KRX��$QJHZ��&KHP���������������
>�@�5DSKDHO�%LJOHU��5DIIDHO�+XEHU��0DUFR�6W¸FNOL��$QWRQLR�0H]]HWWL��$&6�&DWDO����������������
>�@ �D� 6WHSKDQ %DFKPDQQ� 0D\D )XUOHU� $QWRQLR 0H]]HWWL� 2UJDQRPHWDOOLFV ����� ��� ����� �E�
&ULVWLQD�%RQDFFRUVL�DQG�$QWRQLR�0H]]HWWL��2UJDQRPHWDOOLFV����������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

'1$�ELV�EHQ]HQH�LURQ�EDVHG�PHFKDQRSKRUHV

(��-HDQ�3LHUUH���(��-DQHWW���&��*��%RFKHW���.��0��)URPP�

�8QLYHUVLW\�RI�)ULERXUJ��&KHPLVWU\�GHSDUWPHQW

6LQFH PDQ\ \HDUV� UHVHDUFKHUV DUH LQWHUHVWHG LQ VDQGZLFK�W\SH FRPSOH[HV WKDW FDQ EH XVHG LQ
YDULRXV DUHDV OLNH LQ RUJDQLF FDWDO\VLV RU LQ LQGXVWU\ IRU WKH SURGXFWLRQ RI SKDUPDFHXWLFDO IDOYRXUV�
LQ DJURFKHPLFDO��� 5HFHQWO\� ZH KDYH VKRZQ WKDW IHUURFHQH FDQ EH XVHG DV PHFKDQRSKRUH� KHQFH
DV�SUHIHUHQWLDO�EUHDNLQJ�SRLQW�LQ�SRO\PHUV�VXFK�DV�SRO\XUHWKDQH>�@�

,Q WKLV SURMHFW� ZH GHFLGHG WR XVH ELV�EHQ]HQH�LURQ>�@ DVVRFLDWHG WR D OLQNHU>�@ DOORZLQJ WR IL[ LW WR '1$�
(PEHGGLQJ VXFK DQ HQWLW\ LQWR D SRO\PHU LV H[SHFWHG WR JLYH ULVH WR D WZR�VWHS PHFKDQRSKRUH>�@ LQ ZKLFK
ILUVW WKH +�ERQGV RI '1$� DQG WKHQ WKH VDQGZLFK�FRPSOH[ DUH FOHDYHG DV LQFUHDVLQJ IRUFH LV H[HUWHG�
0LVPDWFKHV�LQ�'1$�SDLULQJ�FDQ�WXQH�WKH�PHFKDQLFDO�VWUHQJWK�RI�WKH�PHFKDQRSKRUH�

>�@ 0LFKHOD 'L *LDQQDQWRQLR� 0DWKLHX $� $\HU� (VWHU 9HVWHU�6HVWR� 0DUFR /DWWXDGD� &KULVWRSK
:HGHU��.DWKDULQD�0��)URPP��$QJHZ�&KHP�,QW��(G������������������૱������
>�@�'��-RQHV��/��3UDWW��*��:LONLQVRQ��-��&KHP��6RF�������������������
>�@ 0DUFR &RXWR� ,JQDFLR 0DVWDQGUHD� 0DXULFLR &DEUHUD� 3DEOR &DEUHOD� )UDQFHVF 7HL[LGRU� +XJR
&HUHFHWWR��&ODUD�9L³DV��&KHP��(XU�����������������������
>�@�-XQ�/L��&KLNNDQQDJDUL�1DJDPDQL��-HIIUH\�6��6PRUH��$FF��&KHP��5HV���������������������૱�����

�
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

&DUERQ�'LR[LGH�,QVHUWLRQ�5HDFWLRQV�'ULYHQ�E\�(OHFWURQ�5LFK�8UDQLXP�,9��&RPSOH[HV
6XSSRUWHG�E\�7ULGHQWDWH�1RQ�,QQRFHQW�/LJDQGV

1��-RUL���0��)DOFRQH���5��6FRSHOOLWL���0��0D]]DQWL�

�,QVWLWXW�GHV�6FLHQFHV�HW�,QJ«QLHULH�&KLPLTXHV��(FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH��(3)/�

:LWK WKH DLP RI SHUIRUPLQJ PXOWL�HOHFWURQ UHGR[ WUDQVIRUPDWLRQV� WKHUH LV D JURZLQJ LQWHUHVW LQ WKH
V\QWKHVLV RI FRRUGLQDWLRQ FRPSRXQGV ZLWK QRQ�LQQRFHQW UHGR[ OLJDQGV� 7KHVH OLJDQGV FDQ
FRRSHUDWH ZLWK WKH PHWDO FHQWHU LQ WKH UHGR[ DFWLYLW\ RI FRPSOH[HV� EHFDXVH WKH\ DFW DV HOHFWURQ
UHVHUYRLUV DQG WUDQVIHU WKHVH HOHFWURQV WR GLIIHUHQW VXEVWUDWHV�>�@ ,Q SDUWLFXODU IRU XUDQLXP� ZKLFK
FRPPRQO\ SHUIRUPV RQH�HOHFWURQ WUDQVIHU� WKH SRVVLELOLW\ RI VWRULQJ H[WUD HOHFWURQV LQ WKH OLJDQG
FDQ�RSHQ�QHZ�SDWKZD\V�LQ�LWV�UHGR[�DFWLYLW\�WRZDUGV�WKH�VPDOO�PROHFXOH�DFWLYDWLRQ�

3RO\GHQWDWH 6FKLII EDVHV DUH FRQYHQLHQW DQG V\QWKHWLFDOO\ YHUVDWLOH FDQGLGDWHV� 7HWUDGHQWDWH 6FKLII
EDVH OLJDQGV� WKURXJK WKH UHYHUVLEOH IRUPDWLRQ DQG FOHDYDJH RI &�& ERQGV� FDQ DFW DV HOHFWURQ
UHVHUYRLUV DQG VRXUFH� UHVSHFWLYHO\�>�@ $ WULGHQWDWH OLJDQG� WKH WUHQVDO FDQ EH XVHIXO WR V\QWKHVL]H
XQVDWXUDWHG�8�,,,��FRPSRXQGV�ZLWK�SRWHQWLDO�VPDOO�PROHFXOH�DFWLYDWLRQ�

,Q WKLV ZRUN ZH UHSRUW WKH V\QWKHVLV� VWUXFWXUDO SURSHUWLHV DQG UHDFWLYLW\ RI WKH ELV�8�,9� WUHQVDO
FRPSOH[� ZKLFK LV FDSDEOH RI LQVHUW &2� DQG WKH UHGXFHG F\FOLF VSHFLHV IRUPHG E\ UHDFWLRQ ZLWK
VWRLFKLRPHWULF DPRXQW RI .&�VKRZV QRW RQO\ &2� LQVHUWLRQ� EXW DOVR VFLVVLRQ DQG IRUPDWLRQ RI
FDUERQDWH�

>�@��9RORG\P\U�/\DVNRYVN\\��%DV�GH�%UXLQ��$&6�&DWDO\VLV����������������������
>�@ -XOLH $QGUH]� 9DOHQWLQ *XLGDO� 5RVDULR 6FRSHOOLWL� -DFTXHV 3«FDXW� 6HUJH *DPEDUHOOL� 0DULQHOOD
0D]]DQWL��-��$P��&KHP��6RF���������������������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

6HOHFWLYH�&2��FDSWXUH�IURP�$XWRPRELOH�H[KDXVWV�XVLQJ�SRO\HWK\OHQH�LPLQH�LPSUHJQDWHG
PHVRSRURXV�VLOLFD�

$��-XVWLQ���:��/��4XHHQ�

�,QVWLWXWH�RI�&KHPLFDO�6FLHQFHV�DQG�(QJLQHHULQJ��/),0

,QFUHDVLQJ &2� OHYHO LQ WKH DWPRVSKHUH EHFDPH RQH RI WKH PDMRU HQYLURQPHQWDO FRQFHUQV OHDGLQJ
WR JOREDO ZDUPLQJ DQG QHJDWLYHO\ LPSDFWLQJ WKH HFRV\VWHP� *URZWK RI FRXQWULHV
 HFRQRPLHV FDXVH
DODUPLQJ &2� HPLVVLRQV GXH WR LPSHWXRXV LQGXVWULDOL]DWLRQ DQG XQFRQWUROOHG LQFUHDVH RI D QXPEHU
RI DXWRPRELOHV� 7KH FRPSRVLWLRQ RI JDV PL[WXUHV IURP DQ DXWRPRELOH H[KDXVW LV NQRZQ DV
&2��2��1�  ��������� DQG WKH PDWHULDO KDYLQJ KLJK &2� FDSDFLW\ DQG VHOHFWLYLW\ DW ���� EDU LV
EHOLHYHG WR KHOS LQ PLWLJDWLQJ WKLV LVVXH� ,Q WKLV UHSRUW� ZH GHVLJQHG DQG V\QWKHVL]HG FRPSRVLWH
PDWHULDOV EDVHG RQ SRURXV VLOLFD ZLWK SRO\HWK\OHQH LPLQH �3(,� ZLWK ��� DYHUDJH PROHFXODU ZHLJKW�
ZKLFK ZDV VHOHFWHG DV RQH RI WKH PRVW HIILFLHQW UHDJHQWV DEOH WR FDSWXUH &2� DW ORZ SUHVVXUHV
WKDQNV WR DQ LQFUHDVHG QXPEHU RI SULPDU\ DQG VHFRQGDU\ DPLQHV WKHUHLQ� )XUWKHU� ZH
GHPRQVWUDWHG WKH LPSRUWDQFH RI DFFHVVLEOH PHVRSRUHV RI WKH VHOHFWHG W\SH RI VLOLFD WR DFKLHYH
KLJK 3(, ORDGLQJ ���ZW �� ZKLFK DIIRUGHG D VXSHULRU &2� FDSDFLW\� ,QFUHDVLQJ WKH SRUH VL]H DQG
SRUH YROXPH IURP ��� QP DQG ���� FP��J IRU VLOLFD 6%$��� WR ���� QP DQG ��� FP��J IRU VLOLFD
.,7��� &2� XSWDNH HQKDQFHG IURP ��� PPRO�J WR ��� PPRO�J DW ��R& DQG � EDU� :H XVHG
7HPSHUDWXUH 6ZLQJ $GVRUSWLRQ �76$� PHWKRG LQ 7*$ WR VWXG\ &2� ZRUNLQJ FDSDFLW\ RI WKH PDWHULDO
RQ FRQWLQXRXV DGVRUSWLRQ GHVRUSWLRQ F\FOHV� %\ VFUHHQLQJ &2� SHUIRUPDQFH LQ RXU FRPSRVLWHV DW
WKUHH GLIIHUHQW GHVRUSWLRQ WHPSHUDWXUHV� ZH IRXQG QR FRPSOHWH GHVRUSWLRQ DW ���R&� ZKHUHDV &2�
UHDFW ZLWK DPLQHV WR IRUP F\FOLF XUHD DW ���R& DQG OLQHDU XUHD IRUPDWLRQ DW ���R&� )LQDOO\� ZH
GHYHORSHG D PLOG UHJHQHUDWLRQ SURFHGXUH WR DVVXUH D FRPSOHWH GHVRUSWLRQ RI WKH FDSWXUHG &2�
IURP RXU FRPSRVLWH WR DYRLG D FKHPLVRUSWLRQ�W\SH VHFRQGDU\ SURFHVVHV RFFXUULQJ PDLQO\ RQ
SULPDU\ DPLQHV RI SRO\PHU DOLSKDWLF FKDLQV E\ FRQYHUWLQJ WR VHFRQGDU\ DPLQHV E\ HSR[\EXWDQH
�(%� WR IRUP (%�3(,� ��ZW� (%�3(, .,7�� VLOLFD FRPSRVLWH VKRZHG D FRQVWDQW &2� FDSDFLW\ RI ���
PPRO�J RYHU �� F\FOHV DW � EDU� 7KLV FRPSRVLWH LQGHHG VKRZHG VDPH &2� FDSDFLW\ LQ D VDWXUDWHG
KXPLG ����� 5+� VWUHDP DV ZHOO� :H IXUWKHU XWLOL]HG EUHDNWKURXJK VWXG\ RQ WKLV PDWHULDO WR
TXDQWLI\ WKH DGVRUSWLRQ VHOHFWLYLW\ DQG SHUIRUPDQFH XQGHU ���&2� DQG ��� 1� PL[WXUH� DV ZHOO DV
XQGHU�����5+�
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

51$�IROGLQJ�RI�D�JURXS�,,�LQWURQ�LQYHVWLJDWHG�E\�VLQJOH�PROHFXOH�)5(7�XQGHU�YDULRXV
0DJQHVLXP�,,��FRQFHQWUDWLRQV�XVLQJ�7,50�DQG�FRQIRFDO�PLFURVFRS\

.��.UDIW���6��=HOJHU�3DXOXV���5��%¸UQHU���5��2��6LJHO�

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

*URXS ,, LQWURQV DUH D FODVV RI VHOI�VSOLFLQJ ULER]\PHV DQG EHORQJ WR WKH ODUJHVW ULER]\PHV LQ QDWXUH
>�@� 7KH\ IROG LQWR WKHLU QDWLYH VWUXFWXUH LQ D VWHSZLVH SURFHVV� \HW 0J�� GHSHQGHQW PDQQHU >�@� )RU
VWXG\LQJ WKH IROGLQJ PHFKDQLVP� WKH PRGHO V\VWHP '����/��� GHULYHG IURP WKH JURXS ,, LQWURQ
6F�DL�͇ RI 6DFFKDURP\FHV FHUHYLVLDH LV ZLGHO\ XVHG� 7KH FRQVWUXFW SRVVHVVHV DOO QHFHVVDU\
GRPDLQV �'� IRU FDWDO\WLF DFWLYLW\ DQG KDV WZR DGGLWLRQDO ORRSV �/� IRU ODEHOOLQJ ZLWK IOXRUHVFHQFH
G\HV� WKXV VXLWDEOH IRU VLQJOH�PROHFXOH )¸UVWHU UHVRQDQFH HQHUJ\ WUDQVIHU �VP)5(7�� 3UHYLRXV
VWXGLHV DVVXPHG DQ RYHUDOO FRPSDFWLRQ RI WKH FRQVWUXFW IURP WKH XQIROGHG WR WKH QDWLYH VWDWH
>���@� 7R IXUWKHU LQYHVWLJDWH WKH IROGLQJ SURFHVV� ZH GHYHORSHG D QHZ FRQVWUXFW H'����/��H WKDW
FRPSULVHV WKH WZR IODQNLQJ H[RQV ODEHOOHG ZLWK IOXRUHVFHQFH G\HV >���@� +HQFH� WRJHWKHU ZLWK /�
DQG /� ODEHOOLQJ WKLV HQDEOHV YDULRXV )5(7 DQG GLVWDQFH WUDMHFWRULHV WR VWXG\ WKH IROGLQJ LQ D
FRPSUHKHQVLYH PDQQHU >�@� 6R IDU VP)5(7 VWXGLHV KDYH EHHQ FDUULHG RXW DW D 0J�� FRQFHQWUDWLRQ
RI ��� P0 RQO\� 7R GHWHUPLQH WKH )5(7 QHWZRUN� L�H�� WKH FRPELQDWLRQ RI PXOWLSOH )5(7 WUDMHFWRULHV
WR DWWULEXWH GLVWLQFW )5(7 YDOXHV RI GLIIHUHQW ODEHOOLQJ SRVLWLRQV WR WKH VDPH FRQIRUPDWLRQDO VWDWH�
VP)5(7 H[SHULPHQWV XQGHU YDULRXV 0J�� FRQFHQWUDWLRQV ZLOO EH SHUIRUPHG� :H DVVXPH� WKDW )5(7
KLVWRJUDPV ZLOO FKDQJH DQG UHYHDO DQG WKH PDJQHVLXP�,,� GHSHQGHQW SRSXODWLRQ RI FRQIRUPDWLRQDO
VWDWHV UDQJLQJ IURP WKH XQIROGHG WR WKH QDWLYH IROG RI WKH ULER]\PH� 7KH &\��� ODEHOOHG FRQVWUXFW LV
LQYHVWLJDWHG XVLQJ ERWK WRWDO LQWHUQDO UHIOHFWLRQ PLFURVFRS\ �7,50� DQG FRQIRFDO PLFURVFRS\
VP)5(7 WR HQVXUH GDWD LQWHJULW\ RQ DOO WLPH VFDOHV� :LWK WKH )5(7 QHWZRUN DW KDQG� ZH ZLOO EH DEOH
WR�VROYH�WKH�G\QDPLF�SDWKZD\�IURP�WKH�SUH��WR�WKH�SRVW�FDWDO\WLF�VWDWH�RI�WKH�ULER]\PH��

�)LQDQFLDO�VXSSRUW�E\�WKH�8QLYHUVLW\�RI�=XULFK�LV�JUDWHIXOO\�DFNQRZOHGJHG�

>�@�&KHQ�=KDR��$QQD�0DULH�3\OH��7UHQGV�LQ�%LRFKHP�����������������������
>�@ 0LULDP 6WHLQHU� .ULVKDQWKL 6� .DUXQDWLODND� 5RODQG .�2� 6LJHO� 'DYLG 5XHGD� 1DWO� $FDG� 6FL�
8�6�$�������������������������������
>�@ .ULVKDQWKL 6� .DUXQDWLODND� $PDQGD 6ROHP� $QQD 0DULH 3\OH� 'DYLG 5XHGD� 1DWXUH� ����� ���
����������������
>�@ %LVKQX 3� 3DXGHO� (ULFD )LRULQL� 5LFKDUG %¸UQHU� 5RODQG .�2� 6LJHO� 'DYLG 6� 5XHGD� 1DWO� $FDG�
6FL��8�6�$�������������������������������
>�@ $QLWD *� 6FKPLW]� 6XVDQQ =HOJHU�3DXOXV� *LOOHV *DVVHU� 5RODQG .�2� 6LJHO� &KHP%LR&KHP� �����
������������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

$�FRPSDULVRQ�RI�UDGLRODEHOLQJ�PHWKRGV�IRU�LURQ�R[LGH�QDQRSDUWLFOHV�

-��/DPE���-��3��+ROODQG�

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

1DQRSDUWLFOHV KDYH HPHUJHG DV YDOXDEOH VFDIIROGV IRU WKH GHYHORSPHQW RI PXOWLPRGDO LPDJLQJ
DJHQWV� 6XSHUSDUDPDJQHWLF LURQ R[LGH QDQRSDUWLFOHV �63,21V� H[KLELW VKRUWHQHG 7�UHOD[DWLRQ WLPHV
FDQ EH PRGLILHG ZLWK D UDGLRLVRWRSH� DOORZLQJ WKHP WR DFW DV SRWHQWLDO SRVLWURQ HPLVVLRQ
WRPRJUDSK\�PDJQHWLF UHVRQDQFH LPDJLQJ �3(7�05,� DJHQWV� &ODVVLFDOO\� WKH UDGLRODEHOOLQJ RI
QDQRSDUWLFOHV RIWHQ UHOLHV RQ FKHPLFDO PRGLILFDWLRQ ZLWK SURVWKHWLF JURXSV RU UDGLRPHWDO LRQ
FKHODWHV� $OWKRXJK IHDVLEOH� WKHVH PHWKRGV FDQ KDYH DGYHUVH HIIHFWV RQ WKH SKDUPDFRNLQHWLF
SURILOH RI WKH QDQRSDUWLFOHV LQ YLYR� 7R FLUFXPYHQW WKLV SUREOHP� UHFHQW HIIRUWV OHG WKH GHYHORSPHQW
RI D FKHODWH�IUHH� LQWULQVLF UDGLRODEHOOLQJ RI 63,21V��,Q WKLV ZRUN� ZH FRPSDUH WKH UDGLRODEHOLQJ
HIILFLHQFLHV RI FODVVLFDO DQG LQWULQVLF PHWKRGV XVLQJ )HUHKHPHp �)+�� DQ )'$ FOHDUHG 63,21�EDVHG
05,�FRQWUDVW�DJHQW�FRQVLVWLQJ�RI�DQ�LURQ�R[LGH�FRUH�ZLWK�D�FDUERK\GUDWH�FRDWLQJ�

)+ ZDV PRGLILHG XVLQJ ���DPLQRSURS\O�WULHWKR[\VLODQH �$37(6� ZKLFK LQWURGXFHG D IUHH DPLQH IRU
IXUWKHU PRGLILFDWLRQ� '\QDPLF OLJKW VFDWWHULQJ DQDO\VLV VKRZHG WKDW PRGLILFDWLRQ KDG OLWWOH HIIHFW RQ
WKH VL]H RI WKH SDUWLFOHV �����s��� QP YHUVXVFRQWURO ����s��� QP�� 7KH DPLQH FRQWHQW ZDV
GHWHUPLQHG FRORXULPHWULFDOO\ WR EH ���� wPRO SHU PJ RI QDQRSDUWLFOH� 7KH IUHH DPLQH WKHQ DFWHG DV
D KDQGOH WR DWWDFK D SKRWRFKHPLFDOO\ DFWLYH >��*D@*D'27$�3(*��$U1�FRPSOH[� DOORZLQJ IRU OLJKW�
LQLWLDWHG SKRWRUDGLRODEHOOLQJ RI WKH QDQRSDUWLFOH XQGHU LOOXPLQDWLRQ DW ��� QP ZLWK D UDGLRFKHPLFDO
FRQYHUVLRQ HIILFLHQF\ RI ���s���� �)LJXUH ��� ,Q VSLWH RI WKH ORZ UDGLRODEHOOLQJ HIILFLHQF\ RXU GDWD
FRQILUP WKDW SKRWRUDGLRFKHPLFDO PHWKRGV FDQ EH FRPELQHG ZLWK QDQRSDUWLFOHV� 7KH LQWULQVLF�
VXUIDFH ODEHOOLQJ LQGLFDWHG WKDW )+ FRXOG EH HDVLO\ UDGLRODEHOOHG ZLWK ��*D��LRQV ZLWKRXW WKH XVH RI
FKHODWH ZLWK UDGLRFKHPLFDO FRQYHUVLRQV DQG SXULWLHV !��� �Q ����7KHVH KLJK UDGLRFKHPLFDO
FRQYHUVLRQV DQG UDSLG UDGLRODEHOLQJ NLQHWLFV LQGLFDWH WKDW WKH FKHODWH�IUHH DSSURDFK EDVHG RQ
VXUIDFH UDGLR�PLQHUDOLVDWLRQ RI WKH QDQRSDUWLFOH FRUH LV D VXSHULRU WHFKQLTXH LQ FRPSDULVRQ WR ERWK
HVWDEOLVKHG�FKHPLVWULHV�DQG�UHFHQW�SKRWRFKHPLFDO�FRQMXJDWLRQ�PHWKRGV�

-�3�+ WKDQNV WKH 6ZLVV &DQFHU /HDJXH �.UHEVOLJD 6FKZHL]� ./6��������������� WKH 6ZLVV 1DWLRQDO
6FLHQFH )RXQGDWLRQ �616) 3URIHVVRUVKLS 33��3�B�������� WKH (XURSHDQ 5HVHDUFK &RXQFLO �(5&�
6W*�������1DQR6&$1�૱����������DQG�WKH�8QLYHUVLW\�RI�=XULFK�IRU�ILQDQFLDO�VXSSRUW�

)LJXUH �� $� 6\QWKHVLV RI WKH >��*D@*D'27$�3(*��$U1��$37(6�)+ %� $QDO\WLFDO 3'����6(& HOXWLRQ
SURILOHV�RI�WKH�>��*D@*D'27$�3(*��$U1��$37(6�)+�FUXGH�UHDFWLRQ�PL[WXUH�YV�WKH�SXULILHG�FRQVWUXFW�

>�@�-��/DPE�DQG�-��3��+ROODQG��-�1XFO�0HG���������������૱�����
>�@�(��%RURV��$��0��%RZHQ��/��-RVHSKVRQ��1��9DVGHY�DQG�-��3��+ROODQG��&KHP��6FL���������������૱����



,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

(QKDQFHPHQW�LQ�OLTXLG�YDSRU�SKDVH�WUDQVLWLRQ�NLQHWLFV�RI�ZDWHU�XSRQ�FRQILQHPHQW�XQGHU
JUDSKHQH�QDQRSRUHV�

:��/HH���.��9��$JUDZDO�

�/DERUDWRU\�RI�$GYDQFHG�6HSDUDWLRQV��/$6���(FROH�SRO\WHFKQLTXH�I«G«UDOH�GH�/DXVDQQH��(3)/�

7KH FRQILQHPHQW DW QDQRVFDOH OHDGV WR LQWHUHVWLQJ SK\VLFDO DQG FKHPLFDO HIIHFWV� RIWHQ GHYLDWLQJ
IURP EHKDYLRU GHVFULEHG E\ WKH FODVVLFDO WKHRULHV >�� �@� ,Q SDUWLFXODU� HYDSRUDWLRQ RI IOXLGV IURP
QDQRSRUHV SOD\V DQ LPSRUWDQW UROH LQ QDWXUDO DV ZHOO DV LQGXVWULDO SURFHVVHV� &RQWURO RI VXFK
SURFHVVHV FDQ EH SURPLVLQJ IRU HQHUJ\�HIILFLHQW DSSOLFDWLRQV VXFK DV VWHDP JHQHUDWLRQ >�@ IURP
ZDVWH KHDW� +RZHYHU� LW LV FKDOOHQJLQJ WR SUHFLVHO\ FUHDWH D FRQILQLQJ JHRPHWU\ ZLWK FRQWUROOHG VXE�
QDQRPHWHU GLPHQVLRQV� ,Q WKLV WDON� , ZLOO GLVFXVV WKH V\QWKHVLV RI VLQJOH�OD\HU JUDSKHQH ILOP
KRVWLQJ QDQRSRUHV VSDQQLQJ LQ VL]H IURP ��� QP WR VHYHUDO QDQRPHWHU� , ZLOO IXUWKHU GLVFXVV RXU
DWWHPSWV WR HOXFLGDWH WKH ZDWHU HYDSRUDWLRQ EHKDYLRU �OLTXLG�YDSRU WUDQVLWLRQ� DW WKH QDQRVFDOH�
7KH IUHH�VWDQGLQJ PHPEUDQH KDV D KLHUDUFKLFDO VWUXFWXUH �)LJ� �D� FRPSRVHG RI JUDSKHQH�
QDQRSRURXV FDUERQ DQG FDUERQ QDQRWXEHV OD\HUV WKDW IDFLOLWDWH HIILFLHQW OLTXLG WUDQVSRUW WR OLTXLG�
YDSRU LQWHUIDFH DW QDQRSRUHV� DQG WKXV HQDEOHV WKH VWXG\ WKH LQWHUIDFLDO HYDSRUDWLRQ NLQHWLFV� 7KH
SUHOLPLQDU\ UHVXOWV VKRZHG WKDW ZDWHU HYDSRUDWHV IDVWHU ZLWK WKH SUHVHQFH RI JUDSKHQH PHPEUDQH
FRPSDUHG WR WKDW ZLWKRXW �)LJ� �E�� DQG LW KDV EHHQ UHYHDOHG WKDW WKH HYDSRUDWLRQ HQKDQFHPHQW LV
FRUUHODWHG ZLWK SRUH VL]H� 0HDQZKLOH� ODUJH�DUHD JUDSKHQH ILOPV �DUHD XS WR �� PP�� ZHUH
HQJLQHHUHG�IRU�WKH�IXWXUH�DSSOLFDWLRQV�WKDW�H[SORLW�WKH�IDVW�HYDSRUDWLRQ�SKHQRPHQRQ��)LJ���F��

>�@ $JUDZDO� .� 9�� 6KLPL]X� 6�� 'UDKXVKXN� /� :�� .LOFR\QH� '�� 6WUDQR� 0� 6�� 1DWXUH
1DQRWHFKQRORJ\���������������
>�@�+XPPHU��*���5DVDLDK��-��&���1RZRU\WD��-��3���1DWXUH���������������������������
>�@ 1L� *�� /L� *�� %RULVNLQD� 6YHWODQD 9�� /L� +�� <DQJ� :�� =KDQJ� 7�� &KHQ� *�� 1DWXUH
(QHUJ\����������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

6XSHUFRQGXFWLYLW\�LQ�WKH�͋�FDUELGH�W\SH�R[LGHV�=U�5K�2[

.��0D���-��/DJR�����)��2��YRQ�5RKU�

�'HSDUWPHQW�RI�&KHPLVWU\�DQG�'HSDUWPHQW�RI�3K\VLFV�8QLYHUVLW\�RI�=XULFK��&+������=¾ULFK�
6ZLW]HUODQG���'HSDUWPHQW�RI�,QRUJDQLF�&KHPLVWU\��8QLY��GHO�3DLV�9DVFR��839�(+8��������

%LOEDR�6SDLQ

.H\ZRUGV��LQWHUPHWDOOLFV��͋�FDUELGHV��VXSHUFRQGXFWLYLW\

$ SURPLVLQJ DSSURDFK IRU VXSHUFRQGXFWLYLW\ KDV EHHQ WKH H[SORUDWLRQ RI OD\HUHG RU FDJH VWUXFWXUHG
FRPSRXQGV ZLWK LQWHUOD\HU VSDFH RU YRLG SRVLWLRQV WKDW FDQ EH RFFXSLHG ZLWK DGGLWLYH HOHPHQWV DV
HOHFWURQ GRSDQWV �VHH� H�J�� UHIHUHQFHV >���@�� +HUH� ZH UHSRUW RQ WKH V\QWKHVLV DQG WKH
VXSHUFRQGXFWLYLW\ LQ =U�5K�2[ �[  ���� ���� ���� ���� ����� 7KHVH FRPSRXQGV FU\VWDOOL]H LQ WKH ͋�
FDUELGH VWUXFWXUH� ZKLFK LV D ILOOHG YHUVLRQ RI WKH FRPSOH[ LQWHUPHWDOOLF 7L�1L VWUXFWXUH� :H ILQG WKDW
LQ WKH V\VWHP =U�5K�2[� DOUHDG\ D VPDOO DPRXQW �[ ೪ ���� RI R[\JHQ DGGLWLRQ VWDELOL]HV WKH ͋�
FDUELGH VWUXFWXUH RYHU WKH PRUH FRPPRQ LQWHUPHWDOOLF &X$O� VWUXFWXUH�W\SH� LQ ZKLFK =U�5K
FU\VWDOOL]HV� :H VKRZ WKDW =U�5K�2��� DQG =U�5K�2 DUH EXON VXSHUFRQGXFWRUV ZLWK FULWLFDO
WHPSHUDWXUHV RI 7F ್ ��� . DQG ��� . LQ WKH UHVLVWLYLW\� UHVSHFWLYHO\� 2XU DQDO\VLV RI WKH
VXSHUFRQGXFWLQJ SURSHUWLHV UHYHDOV ERWK FRPSRXQGV WR EH VWURQJO\ W\SH�,, VXSHUFRQGXFWRUV ZLWK
FULWLFDO ILHOGV XS WR w�+F���� ್ ��� P7 DQG w�+F���� ್ ���� 7� 2XU UHVXOWV VXSSRUW WKDW WKH ͋�FDUELGHV
DUH D YHUVDWLOH IDPLO\ RI FRPSRXQGV IRU WKH LQYHVWLJDWLRQ RI WKH LQWHUSOD\ RI LQWHUVWLWLDO GRSLQJ RQ
SK\VLFDO�SURSHUWLHV��HVSHFLDOO\�IRU�VXSHUFRQGXFWLYLW\���

>�@�+��+RVRQR�HW�DO���3KLO�7UDQV��5�6RF���$���������������������
>�@�(��0RURVDQ��HW�DO���1DWXUH�3K\VLFV���������������
>�@�<��=KDQJ��HW�DO���QSM�4XDQWXP�0DWHULDOV��������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

7HWUDWRSLF�ELV����
��
����WHUS\ULGLQHV��DQG�ELV����
��
����WHUS\ULGLQHV���WZR�GLIIHUHQW
LVRPHUV�IRU�WKH�V\QWKHVLV�RI��'�FRRUGLQDWLRQ�QHWZRUNV

*��0DQIURQL���)��%DFD���<��0��.OHLQ���$��3UHVFLPRQH���(��&��&RQVWDEOH���&��(��+RXVHFURIW�

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

1HZ WHWUDWRSLF ELV����
��
��

�WHUS\ULGLQH� DQG ELV����
��
��

�WHUS\ULGLQH� OLJDQGV KDYH EHHQ
SUHSDUHG DQG FKDUDFWHUL]HG� 7KH GLIIHUHQW IOH[LELOLWLHV RI WKH WZR LVRPHUV ZLWK UHVSHFW WR 1�GRQRU
GLUHFWLRQDOLW\ LV DIIHFWHG LQ RQH FDVH� EXW QRW LQ WKH RWKHU� E\ URWDWLRQ DERXW WKH LQWHU�S\ULGLQH ULQJ
&૱& ERQGV� 7KHLU UROH LQ WKH GHVLJQ DQG VWUXFWXUH RI FRRUGLQDWLRQ QHWZRUNV GHULYHG IURP UHDFWLRQV
ZLWK�&R�1&6���ZLOO�EH�GLVFXVVHG�DQG�FRPSDUHG�

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

6LOYHU�,QGXFHG�$OSKD�+HOL[�)RUPDWLRQ�IURP�5DQGRP�&RLOHG�3HSWLGH

)��0DUTXHQHW���/��%DEHO���9��&KDEHUW���.��0��)URPP�

�)URPP�*URXS��'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�)ULERXUJ��&KHPLQ�GX�PXV«H���&+�����
)ULERXUJ��6ZLW]HUODQG�

7KUHH�GLPHQVLRQDO FRQIRUPDWLRQ LV DQ LPSRUWDQW SDUDPHWHU RI D PROHFXOHV VWUXFWXUH� 7KH
VWUXFWXUH RI D PROHFXOH FDQ LQGXFH D SDUWLFXODU UROH DV ZHOO DV DQ LQIRUPDWLRQ VWRUDJH�� 7KLV LV ZK\
UHVHDUFKHUV WU\ WR XQGHUVWDQG WKH GHVLJQ RI VHOI�RUJDQL]HG V\VWHPV FDOOHG IROGDPHUV� 2QH VXFK
SRVVLEOH IROGDPHU VWUXFWXUH LV WKH ͅ�KHOL[�� )RU D SURWHLQ� LW FRQVLVWV RI WKH VHOI�DVVHPEO\ RI DPLQR
DFLGV��$$��LQWR�D�KHOL[�FRPSRVHG�RI�����UHVLGXHV�WXUQ�

7KH 6LO( SURWHLQ LV D SURWHLQ RI WKH VLOYHU HIIOX[ SXPS DQG EHOLHYHG WR DEVRUE DQG UHOHDVH VLOYHU
DFWLQJ DV D VSRQJH� :H FRXOG SUHYLRXVO\ VKRZ WKDW WKLV FDSDFLW\ LV GXH WR WKH SUHVHQFH RI ERWK
PHWKLRQLQH DQG KLVWLGLQH UHVLGXHV�� �� DFWLQJ DV OLJDQGV IRU VLOYHU LRQV LQ D OLQHDU PRGH� WKXV
LQGXFLQJ WKH IRUPDWLRQ RI DQ ͅ�KHOL[ �)LJXUH ��� ,QGHHG� ZH V\QWKHVL]HG D PRGHO SHSWLGH� H[FHUSW
IURP 6LO(� ZKLFK KDV DQ DPRUSKRXV VWUXFWXUH XQWLO LW VHOI�RUJDQL]HV XSRQ DGGLWLRQ RI VLOYHU LRQV GXH
WR�WKH�FRRUGLQDWLRQ�ZLWK�PHWKLRQLQH�DQG�KLVWLGLQH�UHVLGXHV�

>�@�6DPXHO�+��*HOOPDQ��$FF��&KHP��5HV��������������������
>�@ &ODLUH 0� *ULVRQ� -HQQLIHU $� 0LOHV� 6\OYLH 5RELQ� $QGUHZ -� :LOVRQ� 'DYLG -� $LWNHQ� $QJHZ�
&KHP��,QW��(G������������������������
>�@ 9DOHQWLQ &KDEHUW� 0DJJ\ +RORJQH� 2OLYLHU 6«QªTXH� 2OLYLHU :DONHU� .DWKDULQD 0� )URPP�
$QJHZ��&KHP��&RPPXQ������������������������
>�@ 9DOHQWLQ &KDEHUW� 0DJJ\ +RORJQH� 2OLYLHU 6«QªTXH� $XU«OLHQ &URFKHW� .DWKDULQD 0� )URPP�
$QJHZ��&KHP��&RPPXQ����������������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

&KDSHURQH�PHGLDWHG�FU\VWDOOL]DWLRQ�RI�WKH�HDUO\�F\VWHLQH�ODEHOHG�SURWHLQ��(F���

$��0DUTXH]�(VSLQR]D���(��)UHLVLQJHU�

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

,Q JHQHUDO� PHWDOORWKLRQHLQV �07V� DUH XELTXLWRXV VPDOO� F\VWHLQH�ULFK SURWHLQV WKDW DUH PRVWO\
LPSRUWDQW IRU =Q�,,� DQG�RU &X�,� KRPHRVWDVLV DV ZHOO DV KHDY\ PHWDO GHWR[LILFDWLRQ� 7KH HDUO\
F\VWHLQH�ODEHOHG SURWHLQ �(F��� IURP 7ULWLFXP DHVWLYXP �EUHDG ZKHDW� HPEU\RV ZDV WKH ILUVW 07
IURP KLJKHU SODQWV WR EH LVRODWHG DQG FKDUDFWHUL]HG >�@� 6SHFWURVFRSLF GDWD LQFOXGLQJ VWUXFWXUH
GHWHUPLQDWLRQ ZLWK 105 VSHFWURVFRS\ VKRZHG WKDW (F�� LV D WZR�GRPDLQ SURWHLQ WKDW FDQ
FRRUGLQDWH VL[ =Q�,,� LRQV YLD F\VWHLQH DQG KLVWLGLQH OLJDQGV�>���@� +RZHYHU� DV 105 VSHFWURVFRS\ LV
RQO\ DEOH WR JLYH LQGLUHFW LQIRUPDWLRQ DERXW PHWDO LRQ FRRUGLQDWLRQ� DQG RQ WRS� DV PRVW RI WKLV
LQGLUHFW LQIRUPDWLRQ LV EDVHG RQ H[SHULPHQWV XVLQJ WKH ���&G QXFOHXV DV D PLPLF IRU =Q�,,��
DGGLWLRQDO VWUXFWXUDO GDWD IURP FU\VWDOORJUDSK\ LV KLJKO\ GHVLUDEOH� $V SUHYLRXV WULDOV ZLWK WKH IXOO�
OHQJWK SURWHLQ DV ZHOO DV LWV VHSDUDWH GRPDLQV ZHUH QRW VXFFHVVIXO� ZH SUHVHQW KHUH RXU ILUVW
DWWHPSWV RI FU\VWDOOL]DWLRQ PHGLDWHG E\ FKDSHURQHV� *OXWDWKLRQH V�WUDQVIHUDVH �*67� RU WKH
PDOWRVH�ELQGLQJ SURWHLQ �0%3� LV XVHG WR SURYLGH DQ DGGLWLRQDO VXUIDFH DUHD WR SURPRWH FU\VWDO
FRQWDFW IRUPDWLRQ >�@� :H DOUHDG\ REWDLQHG VHYHUDO FU\VWDOV RI IXVLRQ�SURWHLQV WKDW FRXOG SURYLGH
FRPSOHPHQWDU\ LQIRUPDWLRQ RI WKH (F�� DUFKLWHFWXUH WR XQGHUVWDQG LWV ELRORJLFDO IXQFWLRQV� ,Q
DGGLWLRQ� WKLV DSSURDFK FRXOG EH H[WHQGHG WR RWKHUV 07V ZLWK LQWULQVLFDOO\ GLVRUGHUHG UHJLRQV WKDW
SURKLELW�VWUXFWXUDO�LQYHVWLJDWLRQV�HYHQ�ZLWK�105�VSHFWURVFRS\�

)LQDQFLDO VXSSRUW IURP WKH 6ZLVV 1DWLRQDO 6FLHQFH )RXQGDWLRQ DQG WKH )DFXOW\ RI 6FLHQFH RI WKH
8QLYHUVLW\�RI�=XULFK�LV�JUDWHIXOO\�DFNQRZOHGJHG�

>�@�/DQH��5��.DMLRND��7��.HQQHG\��%LRFKHP��&HOO�%LRO�����������������������
>�@�,��/HV]F]\V]\Q��5��6FKPLG��&��%OLQGDXHU��3URWHLQV��������������������
>�@�(�$��3HUR]D��5��6FKPXFNL��3�*¾QWHUW��(��)UHLVLQJHU��2��=HUEH��-��0RO��%LRO����������������������
>�@ /RHEXV� (�$� 3HUR]D� 1� %O¾WKJHQ� 7� )R[� :� 0H\HU�.ODXFNH� 2� =HUEH� (� )UHLVLQJHU� -� %LRO�
,QRUJ��&KHP���������������������
>�@�.REH��7��9H��6�-��:LOOLDPV��$FWD�&U\VW��)�6WUXFW��%LRO��&RPPXQ���������������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

5XWKHQLXP�&RPSOH[HV�ZLWK�6XEVWLWXWHG�3LQFHU�W\SH�3<$�/LJDQGV�IRU�,QFUHDVHG�$FWLYLW\
LQ�7UDQVIHU�+\GURJHQDWLRQ�&DWDO\VLV

3��0HOOH���-��7KLHGH���'��+H\���0��$OEUHFKW�

�'HSDUWPHQW�I¾U�&KHPLH�	�%LRFKHPLH��8QLYHUVLW¦W�%HUQ��)UHLHVWUDVVH���������%HUQ��6ZLW]HUODQG���
)DNXOW¦W�I¾U�&KHPLH��7HFKQLVFKH�8QLYHUVLW¦W�0¾QFKHQ��/LFKWHQEHUJVWUD¡H����������*DUFKLQJ�

*HUPDQ\

/LJDQG V\VWHPV WKDW RIIHU IOH[LELOLW\ DQG DVVLVW WKH PHWDO LQ FDWDO\WLF ERQG PDNLQJ DQG EUHDNLQJ
KDYH UHFLHYHG PXFK DWWHQWLRQ UHFHQWO\�� 3\ULG\OLGHQH DPLGH �3<$� OLJDQGV KDYH EHHQ VKRZQ WR EH
HOHFWURQLFDOO\ IOH[LEOH 1૯GRQRU VLWHV DQG KDYH VXFHVVIXOO\ EHHQ XVHG IRU WUDQVIHU K\GURJHQDWLRQ
FDWDO\VLV���� +HUH ZH SUHVHQW D QHZ VHULHV RI UXWKHQLXP FRPSOH[HV EHDULQJ SDUD�VXEVWLWXWHG 3<$
SLQFHU OLJDQGV �)LJXUH ��� $QDO\WLF VWXGLHV UHYHDOHG D VXEVWDQWLDO LQIOXHQFH RI WKH VXEVWLWXHQWV RQ
WKH HOHFWURQLF SURSHUWLHV RI WKH PHWDO FHQWUH� 7KHVH FRPSOH[HV VKRZHG LPSURYHG FDWDO\WLF DFWLYLW\
LQ WUDQVIHU K\GURJHQDWLRQ RI NHWRQHV� )XUWKHU RSWLPL]DWLRQ VWUDWHJLHV DIIRUGHG D PRVW DFWLYH
SUHFDWDO\VW ZKLFK IHDWXUHV D ��IROG LQFUHDVH RI FDWDO\WLF DFWLYLW\ FRPSDUHG WR WKH XQVXEVWLWXWHG
UHIHUHQFH FRPSOH[� UHDFKLQJ WXUQRYHU IUHQTXHQFLHV RI PRUH WKDQ ������ K�� XQGHU D ORZ FDWDO\VW
ORDGLQJ�RI�����PRO��

)LJXUH �� /LJDQG PRGLILFDWLRQ� FDWDO\VW GHVLJQ DQG UHDFWLRQ VFUHHQLQJ RI UXWKHQLXP FRPSOH[HV
EHDULQJ�SDUD�VXEVWLWXWHG�3<$�OLJDQGV�IRU�LPSURYHG�DFWLYLW\�LQ�WUDQVIHU�K\GURJHQDWLRQ�FDWDO\VLV�

>�@�5��.KXVQXWGLQRYD��'��0LOVWHLQ��$QJHZ��&KHP��,QW��(G������������������������
>�@�3��0HOOH��<��0DQRKDUDQ��0��$OEUHFKW��,QRUJ��&KHP������������������������
>�@�3��0HOOH��0��$OEUHFKW��&KLPLD�������������������

�
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

&DQ�KLJK�TXDOLW\�VLQJOH�OD\HU�JUDSKHQH�EH�UHDOO\�V\QWKHVL]HG�DW�ORZ�WHPSHUDWXUH"

0��0RUDGL���0��+��.KDQ���.��9��$JUDZDO�

�/DERUDWRU\�RI�$GYDQFHG�6HSDUDWLRQV��/$6��,QVWLWXWH�RI�&KHPLFDO�6FLHQFHV�	�(QJLQHHULQJ��,6,&�
�FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH��(3)/�

7KH V\QWKHVLV RI KLJK�TXDOLW\ VLQJOH�OD\HU JUDSKHQH LV RI SDUDPRXQW LQWHUHVW IRU D QXPEHU RI
DSSOLFDWLRQV VSUHDG DFURVV GLVFLSOLQHV LQ FKHPLVWU\� SK\VLFV� PDWHULDO VFLHQFHV DQG HQJLQHHULQJ� :H
DUH KLJKO\ LQWHUHVWHG LQ XWLOL]LQJ LQWULQVLF GHIHFWV LQ JUDSKHQH ODWWLFH IRU VL]H�VLHYLQJ RI PROHFXOHV��
%DVHG RQ VWXGLHV RI RWKHU PDWHULDOV� ZH SRVWXODWH WKDW WKH QDWXUH RI LQWULQVLF GHIHFWV DUH D IXQFWLRQ
RI WKH FU\VWDOOL]DWLRQ WHPSHUDWXUH DQG WKH FRPSRVLWLRQ RI WKH FDUERQ SUHFXUVRU� 6R IDU� RQO\
PHWKDQH KDV EHHQ XVHG DV D SUHFXUVRU WR V\QWKHVL]H KLJK�TXDOLW\ VLQJOH�OD\HU JUDSKHQH KRVWLQJ D
VPDOO�GHQVLW\�RI�LQWULQVLF�GHIHFWV���6XFK�V\QWKHVLV�LV�XVXDOO\�FDUULHG�RXW�DW������|&�

,QVSLUHG E\ WKH UHFHQW UHSRUWV RQ WKH V\QWKHVLV RI JUDSKHQH DW ORZ WHPSHUDWXUH �XS WR ��� |& RQ &X IRLO�
XVLQJ EHQ]HQH DV WKH SUHFXUVRU�� ZH V\VWHPDWLFDOO\ VWXGLHG WKH WHPSHUDWXUH�GHSHQGHQW JURZWK DQG GHIHFW
GHQVLW\ RI EHQ]HQH�GHULYHG JUDSKHQH� 2XU UHVXOWV ZHUH VXUSULVLQJ DQG LQ VWDUN FRQWUDVW ZLWK WKHVH UHSRUWV�
,Q WKLV WDON� , ZLOO GHPRQVWUDWH WKDW VLQJOH�OD\HU JUDSKHQH FDQQRW JURZ DW WHPSHUDWXUH EHORZ ��� |&� , ZLOO
IXUWKHU HVWDEOLVK WKDW HDUOLHU UHSRUWV ZHUH OLNHO\ PLVOHG E\ WKH SUHVHQFH RI WKH XQLQWHQWLRQDO EHQ]HQH
UHVLGXHV LQ WKH JURZWK FKDPEHU� ZKLFK WKHQ OHDGV WR JUDSKHQH FU\VWDOOL]DWLRQ GXULQJ WKH SUHSDUDWLRQ VWDJH
RI WKH FDWDO\WLF &X IRLO �SUH�DQQHDOLQJ DW ���� r&�� %\ FDUHIXOO\ SXUJLQJ WKH UHDFWRU EHIRUH WKH SUH�
DQQHDOLQJ VWHS� ZH FRQILUP WKDW RQO\ DPRUSKRXV FDUERQ LV GHSRVLWHG EHORZ ��� r&� )LQDOO\� ZH UHSRUW WKDW
KLJK�TXDOLW\ VLQJOH�OD\HU JUDSKHQH FDQ EH V\QWKHVL]HG DERYH ��� r& E\ XVLQJ EHQ]HQH DV JURZWK
SUHFXUVRU� 7KH V\QWKHVL]HG JUDSKHQH VKHHW FRQWDLQV D VPDOO GHQVLW\ RI LQWULQVLF GHIHFWV� 8VLQJ JDV
WUDQVSRUW H[SHULPHQWV� ZH UHSRUW WKDW WKHVH GHIHFWV DUH VPDOOHU WKDQ ���� QP� 7KH PHPEUDQH PDGH RI
WKHVH JUDSKHQH VLQJOH�VKHHWV VKRZHG DQ DWWUDFWLYH +� VLHYLQJ �+� SHUPHDQFH RYHU ���� JDV SHUPHDWLRQ
XQLWV��+��&�+��DQG�+��6)��VHOHFWLYLWLHV�RI����DQG�����UHVSHFWLYHO\��

>�@�-LDQJ��'���HW�DO���1DQR�/HWW����������������������
>�@�&HOHEL��.���HW�DO���6FLHQFH���������������������
>�@�+XDQJ��6���HW�DO���1DW��6RPPXQ����������������
>�@�-DQJ��-���HW�DO���6FL��5HS������������������
>�@�/L��=���HW�DO���$&6��1DQR����������������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

3ODQW�07��SURWHLQV��7KH�XQSUHGLFWDEOH�07�IDPLO\

0��3HULQHOOL���(��)UHLVLQJHU�

�8QLYHUVLW\�RI�=XULFK

0HWDOORWKLRQHLQV �07�� DUH D VXSHU�IDPLO\ RI VPDOO PHWDOORSURWHLQV WKDW FDQ EH IRXQG LQ DQ\ OLYLQJ
RUJDQLVP� 7KH\ DUH FKDUDFWHUL]HG E\ D FRQVLGHUDEOH KLJK DPRXQW RI F\VWHLQH UHVLGXHV �XS WR ���
RI DOO DPLQR DFLGV�� ZKLFK JLYH WKHVH SURWHLQV DQ H[WUDRUGLQDU\ ELQGLQJ FDSDFLW\ IRU VRIW WUDQVLWLRQ
PHWDO LRQV� 7KH SODQW 07� VXEIDPLO\ KDV EHHQ XQGHU LQYHVWLJDWLRQ IRU D ORQJ WLPH� LQ SDUWLFXODU WKH
PXVB07� IRUP IURP 0XVD DFXPLQDWD �EDQDQD�� 0XVB07� IHDWXUHV WZR F\VWHLQH�ULFK GRPDLQV� 1�
DQG &�WHUPLQXV� WKDW ELQG RQH RU WZR PHWDO LRQV �&G,, DQG =Q,, ZHUH LQYHVWLJDWHG�� UHVSHFWLYHO\�
DQG� GXH WR WKH SUHVHQFH RI D F\VWHLQH�IUHH OLQNHU� DUH DEOH WR FORVH XS WR DOORZ IRU D VLQJOH FOXVWHU
FRQIRUPDWLRQ ZLWK IRXU PHWDO LRQV LQ WRWDO���� %HVLGHV WKLV LQWHUHVWLQJ UHDUUDQJHPHQW DELOLW\� WKH
07� VXEIDPLO\ SUHVHQWV WZR VHPL�FRQVHUYHG SRVLWLRQ IRU KLVWLGLQH UHVLGXHV� �� DQG ��� ERWK
ORFDWHG�LQ�WKH�&�WHUPLQDO�UHJLRQ�ZLWK����UHSUHVHQWLQJ�WKH�WHUPLQDO�DPLQR�DFLG��

,Q RUGHU WR VWXG\ WKH FOXVWHU IRUPDWLRQ DQG WKH UROH RI WKH KLVWLGLQH UHVLGXHV� GLIIHUHQW PHPEHUV RI
WKLV VXEIDPLO\ KDYH EHHQ VWXGLHG� HLWKHU DV WKH IXOO�OHQJWK SURWHLQ RU IRFXVLQJ RQ WKH VHSDUDWH &�
WHUPLQXV� PDOB07� IURP DSSOH IHDWXULQJ WZR KLVWLGLQH ��� DQG ��� DQG IUDB07� IURP VWUDZEHUU\�
ZKLFK LV GHYRLG RI DQ\ KLVWLGLQHV� )RU FRPSDULVRQ� WKH 1��+BPXVB07� PXWDQW ZDV DOVR SUHSDUHG
DQG LQYHVWLJDWHG DQG FRQWDLQV WZR KLVWLGLQH UHVLGXHV DV PDOB07�� 7KH SURWHLQV KDYH EHHQ
FKDUDFWHUL]HG ZLWK GLIIHUHQW VSHFWURVFRSLF WHFKQLTXHV LQ RUGHU WR HYDOXDWH WKHLU ELQGLQJ FDSDFLW\�
7R RXU JUHDW VXUSULVH� LW ZDV REVHUYHG WKDW WKH SUHVHQFH RI WKH DGGLWLRQDO KLVWLGLQH LQ PDOB07� DQG
1��+B0XV07� UDWKHU LQKLELWV VLQJOH FOXVWHU IRUPDWLRQ FRPSOHWHO\ WKDQ DVVLVWLQJ RU HQKDQFLQJ WKH
ELQGLQJ FDSDFLW\ LQ WKH SUHVHQFH RI =Q,, DV SUHGLFWHG� %RWK� &R,, WLWUDWLRQV DQG �'�KHWHURQXFOHDU
105� KDYH EHHQ XVHG WR XQGHUVWDQG LI WKH KLVWLGLQHV KDYH D UROH LQ PHWDO ELQGLQJ DQG ZKLFK
LQWHUDFWLRQV�DUH�UHVSRQVLEOH�IRU�WKH�FOXVWHU�IRUPDWLRQ�

3URMHFW�IXQGLQJ�E\�6ZLVV�1DWLRQDO�6FLHQFH�)RXQGDWLRQ�WR�()�LV�JUDWHIXOO\�DFNQRZOHGJHG�

>�@�(��)UHLVLQJHU��,QRUJ��&KLP��$FWD���������������������
>�@�(��)UHLVLQJHU��-��%LRO��,QRUJ��&KHP�����������������������
>�@ $� &� 6� &DEUDO� -� -DNRYOHVND� $� 'HE� -� (� 3HQQHU�+DKQ� 9� /� 3HFRUDUR DQG (� )UHLVLQJHU� -� %LRO�
,QRUJ��&KHP���������������૱����
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

,QVWDOOLQJ�D�PHWDO�DFWLYH�FHQWUH�LQ�SHSWLGH�VFDIIROGV�WKURXJK�DQ�XQQDWXUDO�1+&�DPLQR
DFLG

0��3ODQFKHVWDLQHU���.��/HQ]HQ���)��3DUDGLVL�����0��$OEUHFKW�

�'HSDUWHPHQW�I¾U�&KHPLH�XQG�%LRFKHPLH��8QLYHUVLW¦W�%HUQ���6FKRRO�RI�&KHPLVWU\��8QLYHUVLW\�RI
1RWWLQJKDP

:H KDYH UHFHQWO\ REWDLQHG HYLGHQFH WKDW UHSODFLQJ D KLVWLGLQH LQ D PXWDQW RI 3VHXGRPRQDV
DHUXJLQRVDD]XULQ��D VPDOO 7��W\SH FRSSHU SURWHLQ� ZLWK DQ H[WUDQHRXV 1�KHWHURF\FOLF FDUEHQH
�1+&� OLJDQG PDUNHGO\ IDFLOLWDWHV UHGR[ SURFHVVHV��:H KDYH WKHQ H[SDQGHG RXU FRQVLGHUDWLRQ WR
WKH QLWULWH UHGXFWDVH �1L5� IURP $OFDOLJHQHV IDHFDOLV� DQ DFWLYH HQ]\PH ZLWK DQ D]XULQ�OLNH 7�
FRSSHU FHQWUH DQG WKH DELOLW\ WR FDWDO\VH WKH UHGXFWLRQ RI QLWULWH WR QLWULF R[LGH��$OWKRXJK WKH
DFWLYLW\ ZDV ORZHU WKDQ WKH :7 1L5� WKH PXWDQW +���* UHVFXHG ZLWK 1+& VKRZHG D WKUHH�
IROG�LQFUHDVH�FRPSDUHG�WR�LPLGD]ROH�DV�H[RJHQRXV�OLJDQG�

,Q OLJKW RI WKHVH UHVXOWV� ZH GHYHORSHG D V\QWKHWLF URXWH WR DFFHVV D )PRF�SURWHFWHG KLVWLGLQLXP
VDOW� SUHFXUVRU RI D 1+& ELQGLQJ DPLQR DFLG� WR GHOLYHU D QRYHO PHWDO FRRUGLQDWLRQ PRWLYH LQ
SHSWLGH EDFNERQHV IRU WKH JHQHUDWLRQ RI DUWLILFLDO HQ]\PHV� ,W ZDV WKHQ VXFFHVVIXOO\ LQFRUSRUDWHG
LQWR YDULRXV SHSWLGH VHTXHQFHV WKURXJK VROLG�SKDVH SHSWLGH V\QWKHVLV �6336� DQG IXQFWLRQDOLVHG
ZLWK ,U&O�&S� :H ZLOO GLVFXVV V\QWKHWLF DVSHFWV DV ZHOO DV WKH FDWDO\WLF DFWLYLW\ RI WKHVH SHSWLGH
1+& FRPSOH[HV LQ K\GURJHQDWLRQ ZLWK D SDUWLFXODU IRFXV RQ WKH LQIOXHQFH RI QHDUE\ DPLQR DFLGV LQ
WKLV�DUWLILFLDO�DFWLYH�VLWH�

�

>�@ 0� 3ODQFKHVWDLQHU� 1� 6HJDXG� 0� 6KDQPXJDP� -� 0F0DVWHU� )� 3DUDGLVL DQG 0� $OEUHFKW� $QJHZ�
&KHPLH�,QW��(G��������������૱������
>�@�0��0HODLPL��0��6ROHLOKDYRXS�DQG�*��%HUWUDQG��$QJHZ��&KHPLH���,QW��(G�����������������૱�����
>�@�<��/L��0��+RGDN�DQG�-��%HUQKROF��%LRFKHPLVWU\����������������૱�����
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

3UHFLVH�HWFKLQJ�RI�QDQRSRUHV�LQ�VLQJOH�OD\HU�JUDSKHQH

0��5H]DHL���.��9��$JUDZDO�

�/DERUDWRU\�RI�$GYDQFHG�6HSDUDWLRQV��/$6���,QVWLWXWH�RI�&KHPLFDO�6FLHQFHV�	�(QJLQHHULQJ��,6,&��
�FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH��(3)/�

*UDSKHQH PHPEUDQHV KDYH WKH SRWHQWLDO WR H[FHHG WKH SHUPHDQFH DQG VHOHFWLYLW\ OLPLWV RI
FRQYHQWLRQDO JDV VHSDUDWLRQ PHPEUDQHV LQ YDULRXV ILHOGV LQFOXGLQJ QDWXUDO JDV SXULILFDWLRQ�
K\GURJHQ UHFRYHU\� DQG FDUERQ FDSWXUH���� +RZHYHU� D SUHFLVH FRQWURO RI WKH SRUH VL]H GLVWULEXWLRQ
DQG DFKLHYLQJ D KLJK SRUH�GHQVLW\ KDV EHHQ WKH ELJJHVW ERWWOHQHFN LQ UHDOL]LQJ WKHLU IXOO FDSDFLW\�
5HFHQW HIIRUWV LQ LQWURGXFLQJ VHOHFWLYH SRUHV LQ JUDSKHQH KDV EHHQ OHG WR HLWKHU ZLGH SRUH VL]H
GLVWULEXWLRQ �36'�� GXH WR VLPXOWDQHRXV SRUH QXFOHDWLRQ DQG H[SDQVLRQ RI WKH H[LVWLQJ SRUHV�� RU
ORZ GHQVLW\ RI SRUHV� KLQGHULQJ WKH WUXH SRWHQWLDO RI WKLV PDWHULDO���� 7R RYHUFRPH WKLV LVVXH� ZH
XWLOL]LQJ D FOHDQ PLOG HWFKDQW WR H[SDQG WKH GHIHFWV LQ JUDSKHQH� QXFOHDWHG E\ 2��SODVPD RU RWKHU
WHFKQLTXHV� ZLWKRXW LQWURGXFLQJ QHZ GHIHFWV LQ JUDSKHQH EDVDO SODQH LQ D SUHFLVH DQG VFDODEOH
PDQQHU��WKXV�NHHSLQJ�WKH�GHVLUHG�QDUURZ�36'�

$PRQJ WKH VXUYH\HG RSWLRQV� &2� LV WKH PRVW SURPLVLQJ JDV IRU HWFKLQJ WKH JUDSKHQH HGJHV DW
KLJK WHPSHUDWXUHV ZLWKRXW LQWURGXFLQJ QHZ GHIHFWV LQ WKH SULVWLQH JUDSKHQH ODWWLFH�� 7KLV LV DOVR
FRQILUPHG LQ RXU H[SHULPHQWV E\ VFDQQLQJ HOHFWURQ PLFURVFRS\ �6(0� DQG 5DPDQ DQDO\VLV�
3UHVHQFH RI ERQG GLVRUGHUV DQG IXQFWLRQDO JURXSV DW WKH HGJHV RI WKH FKHPLFDO YDSRU GHSRVLWHG
�&9'� JUDSKHQH UHVXOWV LQ WKH KLJKHU FKHPLFDO UHDFWLYLW\ RI WKH HGJH FDUERQ DWRPV FRPSDUHG WR
WKH SHUIHFWO\ ERQGHG VS� FDUERQ DWRPV LQ WKH EDVDO SODQH� 0RUHRYHU� D FRUUHODWLRQ EDVHG RQ
$UUKHQLXV H[SUHVVLRQ LV GHYHORSHG WR HVWLPDWH WKH SUHFLVH YDOXH RI WKH WHPSHUDWXUH� DQG &2�
FRQFHQWUDWLRQ�GHSHQGHQW HWFKLQJ UDWH� DQG WKH DFWLYDWLRQ HQHUJ\ RI ��� N-�PRO LV PHDVXUHG� %\
WXQLQJ WKH HWFKLQJ FRQGLWLRQ� LW LV SRVVLEOH WR DFFXUDWHO\ FRQWURO WKH HWFKLQJ UDWH GRZQ WR � QP�PLQ�
7R WKH EHVW RI RXU NQRZOHGJH� WKLV LV WKH ILUVW FOHDQ DQG FRQWUROODEOH HWFKLQJ WHFKQLTXH WKDW DYRLGV
WKH ZLGH 36' GXH WR QXFOHDWLQJ QHZ SRUHV ZKLOH H[SDQGLQJ WKH H[LVWLQJ RQHV� 7KLV PHWKRG FDQ EH
XVHG WR DFKLHYH WKH GHVLUHG SRUH VL]H IRU YDULRXV VHSDUDWLRQ DSSOLFDWLRQV EDVHG RQ WKH VLHYLQJ
SULQFLSOH�

>�@�:DQJ��/���HW�DO���1DWXUH�1DQRWHFKQRORJ\��������������������
>�@�'XWWD��6���HW�DO���6FLHQWLILF�5HSRUWV����������������
>�@�6XUZDGH��6�3���HW�DO���1DWXUH�1DQRWHFKQRORJ\��������������������
>�@�=KDR��-���HW�DO���6FLHQFH�$GYDQFHV����������������
>�@�<DQJ��5�7��DQG�'XDQ��5�=���&DUERQ��������������������



,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

���
�%LS\ULGLQH�/LJDQGV�LQ�&RSSHU�,��EDVHG�G\HV�IRU�'\H�VHQVLWL]HG�6RODU�&HOOV��'RHV�D
VSDFHU�PDNH�LW�EHWWHU"

*��5LVL���&��(��+RXVHFURIW���(��&��&RQVWDEOH�

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

7KH G\H VHQVLWL]HG VRODU FHOO �'6&� ZKLFK ZDV ILUVW UHSRUWHG LQ ����>�@ LV D FKHDS DQG UHODWLYHO\
VLPSOH FRQVWUXFWHG GHYLFH� ,W LV D SURPLVLQJ VRXUFH IURP ZKLFK WR REWDLQ FRVW HIIHFWLYH DQG
VXVWDLQDEOH�VRODU�HQHUJ\�

,Q RXU UHVHDUFK JURXS ZH GHYHORS &X�,��EDVHG G\HV ZKLFK DUH FRPSRVHG RI DQ DQFKRULQJ DQG DQ
DQFLOODU\ OLJDQG�>�@ 7KH ODWWHU LV WXQHG DFFRUGLQJ WR WKH GHVLUHG SKRWRFKHPLFDO�VWUXFWXUDO SURSHUWLHV�
0DQ\ DUH EDVHG RQ WKH ���
�ELS\ULGLQH �ES\� VFDIIROG� WKH ͔�V\VWHP RI ZKLFK LV H[WHQGHG E\
LQWURGXFLQJ�VXEVWLWXWHG�SKHQ\O�ULQJV�LQ�WKH����
�SRVLWLRQV�RI�WKH�ES\�XQLW�

,Q WKLV LQYHVWLJDWLRQ ZH FRPSDUH WKH SURSHUWLHV RI VRPH ���
�GLVXEVWLWXWHG ES\ OLJDQGV ZLWK WKHLU
FRUUHVSRQGLQJ GHULYDWLYHV EHDULQJ D VSDFHU EHWZHHQ WKH PDLQ VFDIIROG DQG WKH SKHQ\O ULQJV� 7KH
OLJDQGV DUH FKDUDFWHULVHG DV ZHOO DV WKHLU KRPROHSWLF &X�,� FRPSOH[HV� DQG WKH SHUIRUPDQFHV
WHVWHG�LQ�'6&V�GHYLFHV�

)LJXUH� +RPROHSWLF &X�,� FRPSOH[HV RI ���GLPHWK\O�����GLVXEVWLWXWHG�����GLS\ULG\O OLJDQGV� ZLWK
DQG�ZLWKRXW�VSDFHU�RQ�����SRVLWLRQV�

>�@�%��25HJDQ��0��*U¦W]HO��1DWXUH���������������������
>�@�&��(��+RXVHFURIW�DQG�(��&��&RQVWDEOH��&KHP��6RF��5HY������������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

'LWRSLF����
��
��

�WHUS\ULGLQH�OLJDQGV��'LYHUVLW\�RI�FRRUGLQDWLRQ�DVVHPEOLHV�

'��5RFFR���$��3UHVFLPRQH���&��(��+RXVHFURIW���(��&��&RQVWDEOH�

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

1HZ ��������WHUS\ULGLQH OLJDQGV �6FKHPH �� KDYH EHHQ SUHSDUHG DQG FKDUDFWHUL]HG� 7KHLU
FRRUGLQDWLRQ�EHKDYLRU�WRZDUGV�PHWDO�VDOWV�LQFOXGLQJ�&R�1&6���ZLOO�EH�GLVFXVVHG�DQG�FRPSDUHG�

6FKHPH����OLJDQG�VWUXFWXUH�
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

$�VLPSOH�FHULXP�EDVHG�IOXRUHVFHQW�LQGLFDWRU�GLVSODFHPHQW�DVVD\�IRU�WKH�VHOHFWLYH�QDNHG�
H\H�GHWHFWLRQ�RI�SKRVSKDWH�LRQV�LQ�ZDWHU

7��5RVVHO���0��&UHXV�����6WXGHQWV�*)�%LHQQH�

�3U«�-HDQ�0HXQLHU���������0RXWLHU���.OLQJHOEHUJVWUDVVH�������������%DVHO

$ VLPSOH IOXRUHVFHQW LQGLFDWRU GLVSODFHPHQW DVVD\ �,'$� ZDV XVHG WR SUREH SKRVSKDWH LRQV LQWR
ZDWHU E\ PL[LQJ RQO\ PHWK\OFDOFHLQ EOXH �0&%� DQG FHULXP DPPRQLXP QLWUDWH �&$1�� 7KH
IOXRUHVFHQFH RI 0&% LV TXHQFKHG ZKHQ DGGHG WR &$1� LQ EXIIHUHG FRQGLWLRQV �+(3(6 ��� P0� S+
 ���� DQG UHFRYHUHG E\ WKH DGGLWLRQ RI SKRVSKDWH GXH WR OLJDQG H[FKDQJH� &RPSDUHG WR SUHYLRXV
UHVXOWV� SUHVHQWHG LQ ����� ZH VKRZ KHUH WKDW WKLV VLPSOH KRPROHSWLF FRPSOH[ LV DEOH WR GHWHFW
VHOHFWLYHO\ SKRVSKDWH LRQV EHORZ PLFURPRODU FRQFHQWUDWLRQV� ERWK VSHFWURSKRWRPHWULFDOO\ DQG ZLWK
WKH�QDNHG�H\H��,Q�DGGLWLRQ��ZH�ZLOO�DOVR�SUHVHQW�RXU�HIIRUWV�WRZDUGV�WKH�GHWHFWLRQ�RI�JO\SKRVDWH�

�

)LJ��� 0L[LQJ &$1 ���� ͐0� ZLWK 0&% ���� ͐0� $ RIIHUV >&H�0&%�@��% ���� ͐0� D QRQ�IOXRUHVFHQW
ZDWHU VROXEOH LQRUJDQLF FRPSOH[� 7KLV LQRUJDQLF FRPSOH[ % LV H[SRVHG WR WKH SUHVHQFH RI DQLRQV�
8SRQ H[SRVLWLRQ WR VRGLXP SKRVSKDWH ���� ͐0�� WKH FRPSOH[ % GLVDVVHPEOH YLD DQ LQGLFDWRU
GLVSODFHPHQW DVVD\ SURGXFLQJ IOXRUHVFHQFH YLVLEOH ZLWK WKH QDNHG�H\H XQGHU WKH 89 ODPS DW ���
DQG�����QP�

>�@�*��%ULWDLQ��$QDO\WLFDO�&KHPLVWU\�����������������������
>�@�7��5RVVHO��0��&UHXV��&KHP5[LY�������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

3KRWRLQGXFHG�+\GURJHQ�$WRP�7UDQVIHU�5HDFWLRQV�&DWDO\]HG�E\�,ULGLXP�+\GULGHV

0��5��6FKUHLHU���;��*XR���-��$��.¾EOHU���2��6��:HQJHU�

�8QLYHUVLW\�RI�%DVHO

7KH FRPELQDWLRQ RI SKRWRUHGR[ FDWDO\VLV DQG WUDQVLWLRQ PHWDO FDWDO\VLV KDV JDLQHG EURDG DWWHQWLRQ
DV D PHWKRG IRU QRYHO FKHPLFDO WUDQVIRUPDWLRQV�� 'XH WR WKHLU FDSDELOLW\ WR IXQFWLRQ ERWK DV VWURQJ
SKRWRDFLG� DQG DV SRZHUIXO K\GULGH GRQRU�� LULGLXP K\GULGHV DWWUDFWHG SDUWLFXODU LQWHUHVW DV
FDWDO\VWV IRU GLYHUVH FKHPLFDO UHDFWLRQV� (YHQ WKRXJK WKH UHDFWLYLW\ RI LULGLXP K\GULGHV KDV EHHQ
WKRURXJKO\ VWXGLHG LQ UHFHQW \HDUV�� WKHLU FDSDFLW\ WR WUDQVIHU K\GURJHQ DWRPV WR QRQ�DFWLYDWHG
ROHILQLF�VXEVWUDWHV�XQGHU�LUUDGLDWLRQ�ZLWK�OLJKW�VHHPV�WR�EH�XQNQRZQ�

2XU QHZO\ HVWDEOLVKHG V\VWHP H[SORLWV WKH GXDO UROH RI LULGLXP K\GULGHV WR IXQFWLRQ ERWK DV
SKRWRVHQVLWL]HU DQG K\GURJHQ DWRP WUDQVIHU FDWDO\VW� 8SRQ H[FLWDWLRQ RI WKH LULGLXP K\GULGH ZLWK
YLVLEOH OLJKW� D K\GURJHQ DWRP LV WUDQVIHUUHG IURP WKH PHWDO FHQWHU WR QRQ�DFWLYDWHG ROHILQLF
VXEVWUDWHV� 'HSHQGLQJ RQ WKH UHDFWLRQ FRQGLWLRQV� WKH IRUPHG UDGLFDO LQWHUPHGLDWH FDQ WKHQ
XQGHUJR�YDULRXV�FRQVHFXWLYH�UDGLFDO�UHDFWLRQV�WR�IRUP�GLIIHUHQW�SURGXFWV��)LJXUH����

>�@�&��.��3ULHU��'��$��5DQNLF��'��:��&��0DF0LOODQ��&KHP��5HY������������������������
>�@�7��6XHQREX��'��0��*XOGL��6��2JR��6��)XNX]XPL��$QJHZ��&KHP��,QW��(G�����������������������
>�@ 6� 0� %DUUHWW� &� /� 3LWPDQ� $� *� :DOGHQ� $� -� 0� 0LOOHU� -� $P� &KHP� 6RF�� ����� ����
�����������
>�@�5��1��3HUXW]��%��3URFDFFL��&KHP��5HY������������������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

%LRLQVSLUHG�0HWDO�&RPSOH[HV�DV�&KHODWRUV�RI�%DFWHULDO�0HWDOOR�͆�/DFWDPDVH�=LQF�,RQV

-��9��6FKZDUWH���.��0��)URPP�

�)URPP�*URXS��'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�)ULERXUJ

7KH EDFWHULDO PHWDOOR�͆�ODFWDPDVHV DUH D FXUUHQW DQG SUHVVLQJ WDUJHW IRU GUXJ GHVLJQ� ,QGHHG� WKH\
LQGXFH DQWLELRWLF UHVLVWDQFH E\ SDUWLFLSDWLQJ LQ WKH K\GURO\VLV RI D ZKROH FODVV RI DQWLELRWLFV� WKH ͆�
ODFWDPV��H[FHSW�PRQREDFWDPV���ZKLFK�DUH�FXUUHQWO\�XVHG�ZRUOGZLGH�>�@

$V LOOXVWUDWHG EHORZ� WKHLU PHFKDQLVP RI DFWLRQ LPSOLHV WKH SDUWLFLSDWLRQ RI ZDWHU PROHFXOHV DQG
]LQF�LRQV�

2QH SRVVLEOH ZD\ WR LQDFWLYDWH WKHVH PHWDOOR�SURWHLQV FRXOG EH WKH XVH RI FKHODWLQJ GUXJV WR
UHPRYH WKH LRQV�>�@ 7KHUHIRUH� WKH SURMHFW DLPV DW WKH H[WUDFWLRQ RI WKH ]LQF LRQV IURP WKH DFWLYH
VLWHV� DQG WKHLU UHSODFHPHQW E\ D OLJDQG RU RWKHU PHWDO LRQV� ([SHFWLQJ D V\QHUJHWLF HIIHFW� ZH DUH
ZRUNLQJ RQ FRPSOH[HV EHWZHHQ DQWLEDFWHULDO PHWDO�LRQ EDVHG FRPSRXQGV� DQG ELRFRPSDWLEOH DQG
FKHODWLQJ�PROHFXOHV�GHULYHG�IURP�DPLQR�DFLGV�

>�@ <XVUDOLQD <XVRI� 'DQLHO 7� &� 7DQ� 2PLG .KDOLOL $UMRPDQGL� *HUKDUG 6FKHQN� 5RVV 3� 0F*HDU\�
%LRRUJDQLF�0HGLFLQDO�&KHPLVWU\�/HWWHUV����������������������
>�@ 1DWDVD 0LWLF� 0DQIUHGL 0LUDXOD� &KULVWRSKHU 6HOOHFN� .LHUDQ 6� +DGOHU� (OHQD 8ULEH� 0DUFHOR 0�
3HGURVR��*HUKDUG�6FKHQN��$GYDQFHV�LQ�3URWHLQ�&KHPLVWU\�DQG�6WUXFWXUDO�%LRORJ\������������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

,PLGD]RO\OLGHQH�FRSSHU�,,��FRPSOH[HV��V\QWKHVLV�DQG�UH�DUUDQJHPHQW�EHKDYLRXU

1��6«JDXG���-��0F0DVWHU���*��YDQ�.RWHQ�����0��$OEUHFKW�

�'HSDUWHPHQW�I¾U�&KHPLH�XQG�%LRFKHPLH��8QLYHUVLW¦W�%HUQ���6FKRRO�RI�&KHPLVWU\��8QLYHUVLW\�RI
1RWWLQJKDP��8QL���8WUHFKW�8QLYHUVLW\

&RSSHU HQ]\PHV DUH HIILFLHQW FDWDO\VWV IRU HOHFWURQ WUDQVIHU DQG GLR[\JHQ DFWLYDWLRQ� +LVWLGLQH LV
WKH FRPPRQ DPLQR DFLG LQ WKH GLIIHUHQW DFWLYH VLWH W\SHV �7\SH �� �� � DQG &X$�� DQG ELQGV FRSSHU
WKURXJK D ZHOO�HVWDEOLVKHG 1�ERQGLQJ PRGH� ,Q V\QWKHWLF FRPSOH[HV� &�ERQGLQJ WR GLIIHUHQW PHWDO
FHQWHUV KDV EHHQ REVHUYHG E\ WDXWRPHUL]DWLRQ SURFHVVHV� :H DUH LQWHUHVWHG LQ LQGXFLQJ &�ERQGLQJ
UDWKHU WKDQ 1�ERQGLQJ RI DQ LPLGD]ROH DQG LQ LQYHVWLJDWLQJ LWV HIIHFW RQ WKH DFWLYLW\ RI VHOHFWHG
FRSSHU HQ]\PHV� )RU WKLV SXUSRVH� 1�1�GLPHWK\OLPLGD]ROLXP���FDUER[\ODWH �'0,�&2�� KDV EHHQ
XVHG DV DQ 1�KHWHURF\FOLF FDUEHQH �1+&� SUHFXUVRU� :H VXFFHVVIXOO\ SURYHG 1+&�&X�,,� ELQGLQJ WR
D VPDOO SURWHLQ 7\SH � PRGLILHG DFWLYH VLWH� ZKHUH UHGR[ SURFHVVHV ZKHUH IDFLOLWDWHG E\ D &�
ERQGLQJ�PRGH��

+HUH ZH ZLOO SUHVHQW WKH V\QWKHVLV DQG VSHFWURVFRSLF FKDUDFWHULVDWLRQ RI D VHULHV RI XQSUHFHGHQWHG
FRSSHU�,,� FRPSOH[HV ZLWK XQVXSSRUWHG 1+& OLJDQGV YLD D PLOG DQG JHQHUDO URXWH DQG GLVFXVV
VSHFLILF�IDFWRUV�WKDW�JRYHUQ�GLVWLQFW�UH�DUUDQJHPHQW�SDWWHUQV�RI�WKHVH�FRPSOH[HV��

)LQDQFLDO�VXSSRUW�E\�WKH�+�����06&$�,)��(5&�DQG�61)�LV�JUDWHIXOO\�DFNQRZOHGJHG�

>�@ 3ODQFKHVWDLQHU� 0�� 6HJDXG� 1�� 6KDQPXJDP� 0�� 0F0DVWHU� -�� 3DUDGLVL� )�� $OEUHFKW� 0�
&DUEHQH LQ &XSUHGR[LQ 3URWHLQ 6FDIIROGV� 5HSODFHPHQW RI D +LVWLGLQH /LJDQG LQ WKH $FWLYH 6LWH
6XEVWDQWLDOO\�$OWHUV�&RSSHU�5HGR[�3URSHUWLHV��$QJHZ��&KHPLH�,QW��(G�����������������૱������
>�@�6«JDXG��1���0F0DVWHU��-���YDQ�.RWHQ��*���$OEUHFKW��0��0DQXVFULSW�LQ�SUHSDUDWLRQ�
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

+RZ�WR�&U\VWDOOL]H�&RRUGLQDWLRQ�&RPSOH[HV��ZKLFK�DUH�6WDEOH�LQ�:DWHU"

%��6SLQJOHU���5��$OYDUH]�

�8QLYHUVLW\�RI�=XULFK

:H KDYH UHFHQWO\ GHVLJQHG D FU\VWDOOL]DWLRQ VFUHHQ FRQVLVWLQJ RI �� GLIIHUHQW DQLRQV DQG
VXFFHVVIXOO\ DSSOLHG WKH VFUHHQ IRU WKH FU\VWDOOL]DWLRQ RI VL[ RXW RI VHYHQ YHU\ GLYHUVH RUJDQLF
FDWLRQV�>�� �@ 7KH �� GLIIHUHQW VROXWLRQV RI WKH VFUHHQ DUH HLWKHU PL[HG ZLWK WKH KHOS RI D SLSHWWLQJ
URERW>�@ RU MXVW ZLWK D FKHDS PXOWL�FKDQQHO SLSHWWH XQGHU RLO>�@� 9DSRXU GLIIXVLRQ RI ZDWHU IURP WKH
FU\VWDOOL]DWLRQ GURSV HLWKHU LQ WKH ELJJHU UHVHUYRLU>�@ �VHH )LJXUH� RU WKURXJK WKH RLO LQWR WKH DLU>�@
LQGXFHV WKH JURZWK RI WKH FU\VWDOV� ,Q WKLV SUHVHQWDWLRQ� ZH ZDQW WR VKRZ RXU UHVXOWV RI JURZLQJ
VLQJOH FU\VWDOV RI YDULRXV SRVLWLYHO\ FKDUJHG FRRUGLQDWLRQ FRPSRXQGV ZLWK WKH KHOS RI WKLV
FU\VWDOOL]DWLRQ�VFUHHQ�

>�@ 3KLOLSS 3� 1LHYHUJHOW� 0DUWLQ %DERU� -DQ ÎHMND� %HUQKDUG 6SLQJOHU� &KHP� 6FL�� ����� ��
����������
>�@ 0DUWLQ %DERU� 3KLOLSS 3� 1LHYHUJHOW� -DQ ÎHMND� 9LW =YRQ¯ÏHN� %HUQKDUG 6SLQJOHU� ,8&U-� ����� ��
��������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

6ROXWLRQ�3KDVH�'HSRVLWHG�7LQ�6XOILGH��6Q6��7KLQ�)LOPV�)RU�:DWHU�6SOLWWLQJ

-��6XK���'��7LOOH\�

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

6Q6 LV D S�W\SH VHPLFRQGXFWRU ZLWK D EDQGJDS RI ������� H9 DQG ODUJH RSWLFDO DEVRUSWLRQ
FRHIILFLHQW LQ WKH YLVLEOH� ,WV FRQGXFWLRQ EDQG DOLJQPHQW LV IDYRUDEOH IRU ZDWHU UHGXFWLRQ� &RPSDUHG
WR &,*6 �&X,Q*D�6�6H�� RU &G7H� WLQ DQG VXOIXU DUH ERWK HDUWK DEXQGDQW DQG QRQ�WR[LF HOHPHQWV�
7KXV� 6Q6 LV D SURPLVLQJ SKRWRFDWKRGH PDWHULDO IRU ORZ�FRVW DQG ODUJH VFDOH ZDWHU VSOLWWLQJ�
6ROXWLRQ�SKDVH GHSRVLWLRQ RI LQRUJDQLF VHPLFRQGXFWRU WKLQ ILOPV LV D IDFLOH DQG VFDODEOH PHWKRG IRU
PDQXIDFWXULQJ WKLQ ILOP SKRWRHOHFWURFKHPLFDO �3(&� FHOOV� ,Q D ELQDU\ VROYHQW PL[WXUH RI
HWK\OHQHGLDPLQH DQG ����HWKDQHGLWKLRO DW ���� YRO�YRO UDWLR� EXON 6Q6 SRZGHU GLVVROYHV DQG IRUPV D
PROHFXODU 6Q�6 LQN >�@� 3KDVH SXUH 6Q6 WKLQ ILOPV DUH WKHQ SUHSDUHG E\ VSLQ�FRDWLQJ WKH ��� 0 6Q�6
LQN RQ $X ����QP��FRDWHG )72 �)OXRULQH GRSHG 7LQ 2[LGH� DQG DQQHDOLQJ LQ LQHUW DWPRVSKHUH DW
���r&� %DUH 6Q6 VKRZV YHU\ ODWH RQVHW SRWHQWLDO IRU K\GURJHQ UHGXFWLRQ DQG LV XQVWDEOH LQ WKH
DFLGLF FRQGLWLRQV RI WKH 3(& FHOO� 7R VKLIW WKH RQVHW YROWDJH SRVLWLYHO\� GLIIHUHQW LQRUJDQLF WKLQ ILOP
EXIIHU OD\HUV ZHUH JURZQ E\ DWRPLF OD\HU GHSRVLWLRQ DQG FKHPLFDO EDWK GHSRVLWLRQ WR IRUP D
KHWHURMXQFWLRQ� 7R LPSURYH WKH VWDELOLW\ RI WKH HOHFWURGH� Q�W\SH 7L2� ��� QP� ZDV JURZQ RQ WRS RI
WKH EXIIHU OD\HUV� $V D K\GURJHQ HYROXWLRQ FDWDO\VW� 3W QDQRSDUWLFOHV ZHUH GHSRVLWHG RQ WKH VXUIDFH
RI 7L2� E\ SKRWRHOHFWURGHSRVLWLRQ� 7KH FKDPSLRQ SKRWRFDWKRGHV JHQHUDWH DQ RQVHW YROWDJH VKLIW RI
���� P9 DQG D SKRWRFXUUHQW GHQVLW\ RI ���� P$ FP�� DW � 9 YHUVXV UHYHUVLEOH K\GURJHQ HOHFWURGH
�5+(� IRU ZDWHU VSOLWWLQJ XQGHU � VXQ LOOXPLQDWLRQ� 7KH SKRWRFXUUHQW GHQVLW\ GRHV QRW GHFUHDVH
RYHU WLPH ��� PLQ DW � 9 YV 5+(� VKRZLQJ WKDW WKH 6Q6�EXIIHU OD\HU�7L2��3W VWUXFWXUH GHYLFH KDV
JRRG�VWDELOLW\�IRU�ZDWHU�VSOLWWLQJ�

>�@ 3ULVFLOOD '� $QWXQH]� 'DQLHO $� 7RUHOOL� )DQ <DQJ� )HGHULFR $� 5DEXIIHWWL� 1DWKDQ 6� /HZLV� DQG
5LFKDUG�/��%UXWFKH\��&KHPLVWU\�RI�0DWHULDOV��������������������������

�

�

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

'HVLJQ�RI�3RURXV�02)�3RO\PHU�&RPSRVLWHV�IRU�6HOHFWLYH�DQG�(QKDQFHG�&KHPLFDO
6HSDUDWLRQV�LQ�$TXHRXV�0HGLD

'��7��6XQ���:��/��4XHHQ�

�/DERUDWRU\�IRU�)XQFWLRQDO�,QRUJDQLF�0DWHULDOV��(3)/�/DXVDQQH���,QVWLWXW�GHV�6FLHQFHV�HW�,QJ«QLHULH
&KLPLTXHV��(3)/�/DXVDQQH

7KH GLVFKDUJH RI WR[LF FRQWDPLQDQWV RU FRPPRGLWLHV VXFK DV KHDY\ DQG SUHFLRXV PHWDOV LQWR WKH
HQYLURQPHQW DUH RI JUHDW FRQFHUQ� :LWK WKH HYHU�LQFUHDVLQJ SURGXFWLRQ RI HOHFWURQLFV� WKHUH LV DQ
HQVXLQJ QHHG IRU JROG H[WUDFWLRQ IURP VRXUFHV RWKHU WKDQ YLUJLQ PLQHV� $V VXFK� PDQ\ VWUDWHJLHV
DUH XQGHU LQWHQVH LQYHVWLJDWLRQ IRU WKH H[WUDFWLRQ RI VXFK FKHPLFDO VSHFLHV IURP WKHLU UHOHYDQW
PL[WXUHV� 5HFHQWO\ ZH KDYH GHYHORSHG D PHWKRGRORJ\ WR LQWURGXFH H[WULQVLF SRURVLW\ WR
LQWULQVLFDOO\ QRQ�SRURXV SRO\PHUV XVLQJ 02)V DV D WHPSODWH >�� �@� +HUH ZH LOOXVWUDWH KRZ ZH WDNH
DGYDQWDJH RI XQVDWXUDWHG RSHQ PHWDO VLWHV LQVLGH RI 02)V WR IDFLOLWDWH WKH LQ�VLWX SRO\PHUL]DWLRQ
DGKHULQJ WKH SRO\PHU WR WKH SRUH VXUIDFH� 7KH UHVXOW LV D QXPEHU RI QHZ SRURXV FRPSRVLWHV ZLWK
VLJQLILFDQWO\ HQKDQFHG SURSHUWLHV IRU FKHPLFDO VHSDUDWLRQV LQ DTXHRXV PHGLD� 2QH FRPSRVLWH� )H�
%7&�3S3'$� LV VKRZQ WR UDSLGO\ DQG VHOHFWLYHO\ H[WUDFW WUDFH DPRXQWV RI JROG IURP VHYHUDO
FRPSOH[ ZDWHU PL[WXUHV WKDW LQFOXGH ZDVWHZDWHU� IUHVK ZDWHU� RFHDQ ZDWHU� DQG VROXWLRQV XVHG WR
OHDFK JROG IURP HOHFWURQLF ZDVWH DQG VHZDJH VOXGJH DVK >�@� 7KH PDWHULDO KDV DQ H[FHSWLRQDO
UHPRYDO FDSDFLW\� ��� PJ JROG SHU JUDP RI FRPSRVLWH DQG DOVR H[WUDFWV JROG IURP WKHVH FRPSOH[
PL[WXUHV DW UHFRUG�EUHDNLQJ UDWHV� LQ DV OLWWOH DV � PLQ� )XUWKHU� GXH WR WKH KLJK F\FODELOLW\� ZH
GHPRQVWUDWH WKDW WKH FRPSRVLWH FDQ HIIHFWLYHO\ FRQFHQWUDWH JROG DQG \LHOG SXULWLHV RI ���� .�
ZKLFK LV WKH KLJKHVW SXULW\ RI JROG UHSRUWHG WR GDWH IRU WKHVH W\SHV RI H[WUDFWLRQ SURFHVVHV�
'HVLJQLQJ QRYHO 02)�3RO\PHU FRPSRVLWHV IRU VHOHFWLYH PHWDO UHPHGLDWLRQ IURP ZDWHU ZLWK KLJK
HQHUJHWLF HIILFLHQF\ LV RI JUHDW LPSRUWDQFH DQG RIIHUV D VLJQLILFDQW FKDOOHQJH IURP D PDWHULDOV
GHVLJQ SHUVSHFWLYH� ,Q WKLV ZRUN� WKH EOXHSULQW WR V\QWKHVL]H 02)�3RO\PHU FRPSRVLWHV WKDW H[KLELW
LQWHUHVWLQJ KRVW�JXHVW SURSHUWLHV IRU HQYLURQPHQWDO FRQWDPLQDQW DQG FRPPRGLW\ UHPHGLDWLRQ ZLOO
EH�VKRZQ��

>�@ '� 7� 6XQ� /� 3HQJ� :� 6� 5HHGHU� 6� 0� 0RRVDYL� '� 7LDQD� '� .� %ULWW� (� 2YHLVL� :� /� 4XHHQ� $&6
&HQW��6FL��������������૱�����������
>�@ '� 7� 6XQ� 1� *DVLORYD� 6� <DQJ� (� 2YHLVL� :� /� 4XHHQ� -� $P� &KHP� 6RF�� ��� �����
������������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

6HOI�$VVHPEO\�RI�G૱I�KHWHURQXFOHDU�WULSOH�KHOLFHV

,��7DDULW���6��*XHUUD���%��'RLVWDX���&��3LJXHW�

�'HSW��RI�,QRUJDQLF�DQG�$QDO\WLFDO�&KHPLVWU\��8QLYHUVLW\�RI�*HQHYD

7KH IRUPDWLRQ RI VXSUDPROHFXODU SRO\PHWDOOLF HGLILFHV E\ VHOI�DVVHPEO\ UDLVHG WKH FKHPLVW LQWHUHVW�
EXW WKH V\QWKHVLV RI ZHOO�GHILQHG KHWHURPHWDOOLF DUFKLWHFWXUH UHPDLQ D FKDOOHQJH�� 7KH PL[WXUH RI
ODELOH PHWDOOLF FHQWUHV ZLWK GHVLJQHG SRO\WRSLF OLJDQG VWUDQGV� XVLQJ DQ DFFXUDWH VWRLFKLRPHWU\� LV
NQRZQ DV DQ HIILFLHQW VWUDWHJ\ WR DIIRUG SRO\PHWDOOLF KHOLFDWHV E\ VHOI�DVVHPEO\ XQGHU
WKHUPRG\QDPLF FRQWURO� 7KH ODWWHU PHWKRG ZDV DSSOLHG WR VHJPHQWDO OLJDQGV� DQG SHUPLWWHG WKH
IRUPDWLRQ RI PL[WH G૱I WULSOH KHOLFDWHV DOORZLQJ WKH REVHUYDWLRQ RI GRZQVKLIWLQJ� DQG XS�FRQYHUVLRQ
SKHQRPHQD LPSOHPHQWHG LQ PROHFXODU FRPSRXQGV���� :H GHFLGHG WR IXUWKHU H[WHQG WKH ZHOO�
GHILQHG &U�/Q�&U RU *D�/Q�*D DUFKLWHFWXUHV WR GLIIHUHQW ODQWKDQLGHV LQ RUGHU WR H[SORUH WKH
YHUVDWLOLW\ RI WKH XS�FRQYHUVLRQ SKHQRPHQRQ RU PRUH JHQHUDOO\ HQHUJ\ FRQYHUVLRQ� 7KH OLJDQG
V\QWKHVLV ZLOO EH SUHVHQWHG DV ZHOO DV 0�/Q�0 WULSOH KHOLFHV VHOI�DVVHPEO\ DQG SKRWRSK\VLFDO
H[SHULPHQWV�

>�@ (O $URXVVL� %�� =HEUHW� 6�� %HVQDUG� &�� 3HUURWWHW� 3� 3�� +DPDFHN� -� -� $P� &KHP� 6RF� �����
�����������������
>�@�3LJXHW��&���%RFTXHW��%���+RSIJDUWQHU��*��+HOYHWLFD��&KLPLFD��$FWD��������������������
>�@ $ERVK\DQ�6RUJKR� /�� 1R]DU\� +�� $HELVFKHU� $�� %¾Q]OL� -��&� *�� 0RUJDQWLQL� 3��<�� .LWWLOVWYHG� .�
5���+DXVHU��$���(OLVHHYD��6��9���3HWRXG��6���3LJXHW��&��-��$P��&KHP��6RF�������������������
>�@ $ERVK\DQ�6RUJKR� /�� %HVQDUG� &�� 3DWWLVRQ� 3�� .LWWLOVWYHG� .� 5�� $HELVKHU� $�� %¾Q]OL� -� &� *��
+DXVHU��$���3LJXHW��&��$QJHZ��&KHP��,QW��(G����������������������
>�@ 6XIIUHQ� <�� =DUH� '�� (OLVHHYD� 6� 9�� *X«Q«H� /� � 1R]DU\� +� � /DWKLRQ� 7� � $ERVK\DQ�6RUJKR� /��
3HWRXG��6���3LJXHW��&��-��3K\V��&KHP��&�������������������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

&RRSHUDWLYLW\�LQ�6SLQ�&URVVRYHU�6\VWHPV��$Q�$WRPLVWLF�3HUVSHFWLYH�RQ�WKH�'HYLOV
6WDLUFDVH

6��9HOD�����+��3DXOVHQ�

�,QVWLWXWH�RI�&KHPLFDO�6FLHQFHV�DQG�(QJLQHHULQJ���FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH��(3)/��
/DERUDWRU\�IRU�&RPSXWDWLRQDO�0ROHFXODU�'HVLJQ��&+������/DXVDQQH��6ZLW]HUODQG���,QVWLWXW�I¾U
3K\VLN��8QLYHUVLW¦W�]X�/¾EHFN��5DW]HEXUJHU�$OOHH������������/¾EHFN��*HUPDQ\���/DERUDWRLUH�GH

&KLPLH�4XDQWLTXH��8QLYHUVLW«�GH�6WUDVERXUJ����UXH�%ODLVH�3DVFDO��6WUDVERXUJ��)UDQFH

6SLQ &URVVRYHU �6&2� FRPSRXQGV DUH PROHFXODU PDWHULDOV WKDW FDQ EH VWDEOH LQ WZR HOHFWURQLF
VWDWHV ZLWK GLIIHUHQW PDJQHWLF UHVSRQVH� DQG ZKRVH UHODWLYH VWDELOLW\ FDQ EH LQWHUFRQYHUWHG E\ WKH
DSSOLFDWLRQ RI H[WHUQDO VWLPXOL VXFK DV OLJKW� KHDW RU SUHVVXUH� DPRQJ RWKHUV� 7KLV TXDOLW\ PDNHV
WKHP LGHDO FDQGLGDWHV WR EH H[SORLWHG LQ QHZ HOHFWURQLF DQG VSLQWURQLF GHYLFHV� HVSHFLDOO\ LI WKH
V\VWHP�IHDWXUHV�VXIILFLHQW�FRRSHUDWLYLW\�WR�RSHQ�DQ�K\VWHUHVLV�ORRS�>�@

,Q WKLV FRPPXQLFDWLRQ ZH SUHVHQW D VWXG\ RQ WKH FRRSHUDWLYLW\ RI WZR VROYDWRPRUSKV RI WKH
FRPSOH[ >)H,,���SLF��@&O� ���� 7KLV PDWHULDO GLVSOD\V D WKHUPDO 6&2 IURP D ORZ�VSLQ �/6� WR D KLJK�
VSLQ �+6� VWDWH ZLWK HLWKHU JUDGXDO RU DEUXSW FKDUDFWHU�>�@ ([WHQVLYH ')7 FRPSXWDWLRQV
�**$�8�'� OHYHO>�@� KDYH EHHQ FDUULHG RXW WR UHWULHYH WKH HQHUJHWLFV RI VXFFHVVLYH VWHSV RI WKH /6�
+6 WUDQVLWLRQ �'HYLOV VWDLUFDVH�� DQG UDWLRQDOL]HG XVLQJ DQ H[WHQGHG 6OLFKWHU�'ULFNDPHU PRGHO� 7KH
GLVWLQFW VKDSH RI WKH VSLQ WUDQVLWLRQ GLVSOD\HG E\ WKH WZR VROYDWRPRUSKV FRXOG EH VXFFHVVIXOO\
UHSURGXFHG DQG XQGHUVWRRG XVLQJ WKH PLQLPDO H[SHULPHQWDO LQSXW �;�UD\ GDWD�� 7KH PLFURVFRSLF
RULJLQ RI FRRSHUDWLYLW\ LV WUDFHG EDFN WR JHRPHWULFDO GLVWRUWLRQV RI WKH )H�1� FRUH LQ FDVH RI WKH
VROYDWRPRUSK H[KLELWLQJ DQ DEUXSW WUDQVLWLRQ� ZLWK GLIIHUHQW FRQWULEXWLRQV IURP WKH +6 DQG /6
PROHFXOHV� 7KLV PDQLIHVWV LQ ODUJHU FRRSHUDWLYLW\ YDOXHV LQ WKH HDUO\ VWHSV RI WKH /6�WR�+6
WUDQVIRUPDWLRQ� $ FRPSXWDWLRQDO SURWRFRO WR GLVFULPLQDWH WKH VKDSH RI D 6&2 WUDQVLWLRQ ZLWKRXW D
SULRUL�DVVXPSWLRQV�LV��WKXV��SUHVHQWHG�DQG�YDOLGDWHG�IRU�WKH�FDVH�VWXG\�>�@

)LJXUH� ')7 HQHUJ\ HQHUJLHV �KRUL]RQWDO EDUV� RI WKH �� V\PPHWU\�XQLTXH PDJQHWLF FRQILJXUDWLRQV
RI WKH HWKDQRO VROYDWRPRUSK RI � DV D IXQFWLRQ RI WKH +6 IUDFWLRQ� &RRSHUDWLYLW\ LV SURSRUWLRQDO WR
WKH�GLIIHUHQFH�EHWZHHQ�WKHVH�HQHUJ\�OHYHOV�DQG�WKH�QRQ�FRRSHUDWLYH�HQHUJ\��GDVKHG�OLQH��

>�@ 0DOFROP $� +DOFURZ� 6SLQ�&URVVRYHU 0DWHULDOV� 3URSHUWLHV DQG $SSOLFDWLRQV� :LOH\� 2[IRUG� 8.�
�����
>�@ 0DUF +RVWHWWOHU� .DUO :� 7¸UQURRV� 'PLWU\ &KHUQ\VKRY� %ULWD 9DQJGDO� +DQV�%HDW %¾UJL� $QJHZ�
&KHP��,QW��(G�����������������
>�@ 6HUJL 9HOD� 0DULD )XPDQDO� -RUGL 5LEDV�$ULQR� 9LQFHQW 5REHUW� 3K\V� &KHP� &KHP� 3K\V� �����
���������������
>�@�6HUJL�9HOD��+DXNH�3DXOVHQ��,QRUJDQLF�&KHPLVWU\���������������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

%DVH�0HWDO�&RPSOH[HV�RI�&KHODWLQJ�3\ULG\OLGHQH�$PLGH��3<$��/LJDQGV�IRU�2[LGDWLRQ
&DWDO\VLV

'��9HUKRHYHQ���0��$OEUHFKW�

�'HSDUWHPHQW�I¾U�&KHPLH�XQG�%LRFKHPLH��8QLYHUVLW¦W�%HUQ

/LJDQGV ZLWK IOH[LEOH HOHFWURQ GRQDWLQJ SURSHUWLHV DUH RI NH\ LQWHUHVW LQ WKH GHYHORSPHQW RI ILUVW�
URZ WUDQVLWLRQ PHWDO FDWDO\VWV� DV D PHDQV WR RYHUFRPH FRPPRQ RQH�HOHFWURQ UHDFWLYLW\ E\ PDNLQJ
XVH RI PHWDO�OLJDQG FRRSHUDWLYLW\�>�@ ([DPSOHV RI SURPLVLQJ OLJDQGV DUH WKH S\ULG\OLGHQH�DPLGH
�3<$� OLJDQGV DV D UHVXOW RI WKHLU XQLTXH HOHFWURQLF IOH[LELOLW\�>�@ 7KHVH OLJDQGV FRQVLVW RI DQ DPLGH
VXEVWLWXWHG ZLWK D PHWK\ODWHG S\ULGLQH� ZKLFK HQDEOHV WKH SUHVHQFH RI D� D QHXWUDO GLHQH IRUP� DQG
E� D FKDUJH VHSDUDWHG ]ZLWWHULRQLF UHVRQDQFH VWUXFWXUH� HQKDQFLQJ WKH HOHFWURQLF IOH[LELOLW\ LQ WKH
OLJDQG�DQG�IDFLOLWDWLQJ�HOHFWURQ�VWRUDJH�GXULQJ�D�FDWDO\WLF�F\FOH��)LJXUH����

,Q WKLV UHVHDUFK� WKH XVH RI 3<$ OLJDQGV LQ FRPELQDWLRQ ZLWK (DUWK�DEXQGDQW LURQ LV H[SORUHG�
PHUJLQJ WKH SURPLVLQJ HOHFWURQLF IHDWXUHV RI WKLV VWURQJO\ GRQDWLQJ OLJDQG ZLWK DQ HQYLURQPHQWDOO\
EHQLJQ PHWDO FHQWHU� &KHODWLQJ 3<$ OLJDQGV DUH HPSOR\HG WR HQVXUH VWURQJ DQG UHOLDEOH
FRRUGLQDWLRQ WR LURQ �)LJXUH ��� :H ZLOO GLVFXVV V\QWKHWLF DVSHFWV RI WKHVH XQSUHFHGHQWHG 3<$ LURQ
FRPSOH[HV�DQG�KLJKOLJKW�WKHLU�DSSOLFDWLRQ�DV�HIILFLHQW�FDWDO\VWV�LQ�R[LGDWLRQ�UHDFWLRQV�

>�@ '�*�$� 9HUKRHYHQ� 0��(� 0RUHW� 'DOWRQ 7UDQV�� ����� ��� �����૱������ -� 5� .XVQXWGLQRYD� '�
0LOVWHLQ��$QJHZ��&KHP��,QW��(G������������������૱������
>�@ .�)� 'RQQHOO\� &� 6HJDUUD� /��;� 6KDR� 5� 6XHQ� +� 0¾OOHU�%XQ]� 0� $OEUHFKW�2UJDQRPHWDOOLFV�
����� ��� ����ಗ����� 3� 0HOOH� <� 0DQRKDUDQ� 0� $OEUHFKW� ,QRUJ� &KHP�� ����� �������
�����૱������ 0� 1DYDUUR� &�$� 6PLWK� 0� /L� 6� %HUQKDUG� 0� $OEUHFKW� &KHP� (XU� -�� ����� ���
����૱����� 0� 1DYDUUR� 9� 5RVDU� 7� 0RQWLQL� %� 0LODQL� 0� $OEUHFKW� 2UJDQRPHWDOOLFV� ����� �������
����૱�����
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

6LQJOH�OD\HU�SRO\�WULD]LQH�LPLGH��QDQRVKHHWV�IRU�JDV�VLHYLQJ

/��)��9LOODORERV���.��9��$JUDZDO�

�/DERUDWRU\�RI�$GYDQFHG�6HSDUDWLRQV��/$6����FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH��(3)/�

3RO\�WULD]LQH LPLGH� RU 37,�>�@ RQH RI WKH IHZ WUXO\ FU\VWDOOLQH JUDSKLWLF FDUERQ QLWULGHV V\QWKHVL]HG
VR IDU� LV D KLJKO\ SURPLVLQJ PDWHULDO IRU HQHUJ\ VWRUDJH DQG FRQYHUVLRQ� VHQVRUV� DQG HQHUJ\�
HIILFLHQW WZR�GLPHQVLRQDO PHPEUDQHV�>�@ +RZHYHU� WKH IXOO SRWHQWLDO RI 37, FDQ RQO\ EH KDUQHVVHG
E\ �L� GHYHORSLQJ D VFDODEOH VROLG�VWDWH FKHPLVWU\ IRU WKH OD\HUHG 37, �LL� H[IROLDWLQJ 37, FU\VWDOV LQWR
VLQJOH�OD\HU QDQRVKHHWV DQG� �LLL� GHYHORSLQJ VHOI�DVVHPEO\ VWUDWHJLHV WR SURFHVV VXFK QDQRVKHHWV
LQWR FRDWLQJV RU WKLQ ILOPV ZLWK D FRQWUROOHG QXPEHU RI OD\HUV� ,Q WKLV WDON� , ZLOO GHVFULEH HIIRUWV LQ
VXFK GLUHFWLRQV WR XVH 37, IRU HQHUJ\�HIILFLHQW PHPEUDQHV� 37, LV DQ H[WUHPHO\ VWDEOH PDWHULDO WKDW
FDQ ZLWKVWDQG DFLGLF DQG EDVLF HQYLURQPHQWV�>�@ DV ZHOO DV WHPSHUDWXUHV RI XS WR ��� r&� >�@ 7KLV
RSHQV XS WKH SRVVLELOLW\ RI XVLQJ 37, ILOPV IRU +� DQG 2+� WUDQVSRUW LQ HOHFWURO\WLF FHOOV� DQG WR
UHFRYHU +� GLUHFWO\ IURP WKH HIIOXHQW RI WKH VWHDP UHIRUPLQJ SURFHVV ZLWKRXW KDYLQJ WR FRRO LW
GRZQ� )LUVW�SULQFLSOHV VLPXODWLRQV IRUP RXU SDUW VKRZ WKDW H[IROLDWHG 37, LV SURPLVLQJ IRU +��1��
+��&+���&2��1��DQG�&2��&+��VHSDUDWLRQV�

7KH VFDODEOH V\QWKHVLV RI KLJKO\ FU\VWDOOLQH 37, LV FKDOOHQJLQJ� EHFDXVH 37, UHTXLUHV D VROLG�VWDWH
V\QWKHVLV URXWH XVLQJ YDFXXP DPSXOHV�>�@ 0RUHRYHU� WKH H[IROLDWLRQ RI 37, KDV EHHQ OLPLWHG WR IHZ�
OD\HU QDQRVKHHWV >���@� ,Q IDFW� WKH WULDQJXODU QDQRSRUHV IRUPHG E\ LPLGH�EULGJHG WULD]LQH XQLWV LQ
WKH LQGLYLGXDO OD\HU RI 37, KDYH QHYHU EHHQ REVHUYHG�LPDJHG� +HUHLQ� ZH GHPRQVWUDWH D VFDODEOH
DPELHQW�SUHVVXUH VROLG�VWDWH V\QWKHVLV RI 37, ZLWK ��� \LHOG ZLWK UHVSHFW WR WKH SUHFXUVRU� :H
GLVFXVV D KRW VROYHQW�EDVHG H[IROLDWLRQ WKDW OHDGV WR VLQJOH�OD\HU 37,� HYLGHQFHG E\ WKH REVHUYDWLRQ
RI WKH WULDQJXODU QDQRSRUHV RI JUDSKLWLF FDUERQ QLWULGH IRU WKH ILUVW WLPH� 6HOI�DVVHPEO\ RI WKH
H[IROLDWHG QDQRVKHHWV \LHOGHG +H DQG +� VLHYLQJ PHPEUDQHV ZLWK +H�&+� DQG +��1� VHOHFWLYLWLHV RI
�� DQG ��� UHVSHFWLYHO\� PDNLQJ 37, QDQRVKHHWV DWWUDFWLYH IRU KHOLXP DQG K\GURJHQ SXULILFDWLRQ�
2YHUDOO� ZH SUHVHQW WKH ILUVW GHPRQVWUDWLRQ RI LVRODWLRQ DQG DSSOLFDWLRQ RI KLJKO\�FU\VWDOOLQH
QDQRVKHHWV�WKDW�DUH�QDQRSRURXV�DQG�WKDW�DUH�RQO\�DQ�DWRP�WKLFN�

>�@ (� :LUQKLHU� 0� '¸EOLQJHU� '� *XQ]HOPDQQ� -� 6HQNHU� %� 9� /RWVFK� :� 6FKQLFN�&KHP� � $ (XU� -�
���������������
>�@ )� .� .HVVOHU� <� =KHQJ� '� 6FKZDU]� &� 0HUVFKMDQQ� :� 6FKQLFN� ;� :DQJ� 0� -� %RMG\V� 1DW� 5HY�
0DWHU�����������������
>�@ .� 6FKZLQJKDPPHU� %� 7XII\� 0� %� 0HVFK� (� :LUQKLHU� &� 0DUWLQHDX� )� 7DXOHOOH� :� 6FKQLFN� -�
6HQNHU��%��9��/RWVFK��$QJHZ��&KHPLH�,QW��(G�����������������
>�@ 7� 6� 0LOOHU� 7� 0� 6XWHU� $� 0� 7HOIRUG� /� 3LFFR� 2� '� 3D\WRQ� )� 5XVVHOO�3DYLHU� 3� /� &XOOHQ� $�
6HOOD��0��6��3��6KDIIHU��-��1HOVRQ��9��7LOHOL��3��)��0F0LOODQ��&��$��+RZDUG��1DQR�/HWW�����������������
>�@ -� -LD� (� 5� :KLWH� $� -� &ODQF\� 1� 5XELR� 7� 6XWHU� 7� 6� 0LOOHU� .� 0F&ROO� 3� )� 0F0LOODQ� 9�



%U£]GRY£� )� &RU¢� &� $� +RZDUG� 5� 9� /DZ� &� 0DWWHYL� 0� 6� 3� 6KDIIHU� $QJHZ� &KHPLH ����� ����
������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

6WUXFWXUH�3URSHUW\�5HODWLRQV�LQ�WKH�&D��[6U[$O6L�6ROLG�6ROXWLRQ

'��,��:DOLFND���-��/DJR�����)��2��YRQ�5RKU�

�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�=XULFK��&+������=XULFK��6ZLW]HUODQG���'HSDUWPHQW�RI
,QRUJDQLF�&KHPLVWU\��8QLY��GHO�3D¯V�9DVFR��893�(+8���������%LOEDR��6SDLQ

7KH GLVFRYHU\ RI WKH VXSHUFRQGXFWLYLW\ LQ WKH OD\HUHG FRPSRXQG 0J%� ZLWK D FULWLFDO WHPSHUDWXUH
RI 7F  �� . KDV VSDUNHG JUHDW LQWHUHVW LQ VXSHUFRQGXFWRUV ZLWK UHODWHG FU\VWDO VWUXFWXUHV� >�@
6SHFLILFDOO\ &D$O6L DQG 6U$O6L DUH WHUQDU\ VXSHUFRQGXFWRUV WKDW FU\VWDOOL]H LQ $O%��W\SH VWUXFWXUHV
ZLWK FULWLFDO WHPSHUDWXUHV RI 7F  � .� DQG � .� UHVSHFWLYHO\� >�@ 7KH\ VXUSULVLQJO\ GLIIHU LQ
SURSHUWLHV DPRQJ HDFK RWKHU DOWKRXJK WKH\ KDYH VLPLODU HOHFWURQLF VWUXFWXUHV� DQG RQO\ D VPDOO
GLIIHUHQFH�LQ�WKHLU�FU\VWDOORJUDSKLF�VWUXFWXUHV�

:H KDYH LQ D V\VWHPDWLF DSSURDFK DQDO\]HG WKH &D��[6U[$O6L VROLG VROXWLRQ DQG LWV HYROXWLRQ RI WKH
HOHFWURQLF DQG VWUXFWXUDO SURSHUWLHV� :H ILQG WKDW WKH VXSHUFRQGXFWLYLW\ LQ WKLV V\VWHP LV FORVHO\
FRQQHFWHG WR WKH DSSHDUDQFH RI WKH VWUXFWXUDO GLVWRUWLRQ RI WKH >$O6L@��� OD\HUV� %DVHG RQ RXU UHVXOWV
ZH�HVWDEOLVK�WKH�HOHFWURQLF�SKDVH�GLDJUDP�DQG�FRPSDUH�LW�WR�WKH�RQH�RI�0J%��

>�@�0D�5���+XDQJ�*���/LX�0���)URQW��3K\V��&KLQD���������������������
>�@�/RUHQ]HW�%���&PDLGDOND�-���0HQJ�5��/���&KX�&��:���3K\V��5HY��%�������������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��3RVWHU ,&����

+HWHURDOOHQHV�UHGXFWLRQ�E\�GLQXFOHDU�<E�,,��DQG�6P�,,��FRPSOH[HV�VXSSRUWHG�E\�VLOR[LGH
OLJDQGV�

$��5��:LOODXHU���'��7RQLROR���5��6FRSHOOLWL���)��)DGDHL�7LUDQL���0��0D]]DQWL�

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

6PDOO PROHFXOHV DFWLYDWLRQ E\ /Q�,,� FRPSOH[HV KDV DWWUDFWHG LQFUHDVLQJ LQWHUHVW GXH WR WKHLU UHGR[
SURSHUWLHV DQG XQLTXH UHDFWLRQ SDWKZD\V� ,Q WKLV SXUSRVH� WKH XVH RI EXON\� HOHFWURQ�ULFK
WULV�WHUW�EXWR[\�VLOR[LGH OLJDQGV DUH RI LQWHUHVW WR V\QWKHVL]H KLJKO\ UHDFWLYH GLYDOHQW ODQWKDQLGH
FRPSOH[HV� 5HFHQWO\ RXU JURXS UHSRUWHG D UDWLRQDO URXWH WR PRQRQXFOHDU GLYDOHQW ૺDWHૻ FRPSOH[HV
>/Q�26L�2W%X����.�@ �/Q  (X� <E� 6P� WKDW KDYH EHHQ VKRZQ WR EH SRWHQW UHGXFLQJ DJHQWV�>�@ 6PDOO
PROHFXOH DFWLYDWLRQ E\ I�HOHPHQWV XVXDOO\ LQYROYHV D PXOWL�HOHFWURQ SURFHVV DQG FRRSHUDWLYH
ELQGLQJ RI WKH VXEVWUDWH KDV EHHQ VKRZQ WR EH LPSRUWDQW LQ RUGHU WR SURPRWH WKHLU DFWLYDWLRQ DQG
UHGXFWLRQ� 7KHUHIRUH� SRO\PHWDOOLF FRPSOH[HV FRXOG EH LQWHUHVWLQJ WDUJHWV� EXW VPDOO PROHFXOH
UHGXFWLRQ�E\�SRO\QXFOHDU�ODQWKDQLGH�FRPSOH[HV�LV�VFDUFH�

+HUH� ZH ZLOO UHSRUW WKH V\QWKHVLV RI KLJKO\ UHDFWLYH GLQXFOHDU /Q�,,� FRPSOH[HV >/Q��26L�2W%X����@
�/Q  <E� 6P� ZLWK XQXVXDOO\ ORZ FRRUGLQDWLRQ QXPEHU� 7KHVH FRPSOH[HV VKRZ LQWHUHVWLQJ
UHDFWLYLW\ WRZDUGV KHWHURDOOHQHV�>���@ 7KH UHGXFWLRQ RI &2� E\ WKH <E�,,� DQG 6P�,,� FRPSOH[HV OHG WR
FDUERQDWH DQG R[DODWH ZKHUH WKH VHOHFWLYLW\ RI WKH UHGXFWLRQ GHSHQGV RQ WKH QDWXUH RI WKH PHWDO
LRQ DQG WKH SRODULW\ RI WKH VROYHQW� 1RWDEO\� FU\VWDOV RI WKH WHWUDQXFOHDU UHGXFWLRQ SURGXFWV�
><E�/��&�2��@ DQG >6P�/��&2���@� FRXOG EH LVRODWHG IURP QRQ�SRODU VROYHQWV� VXJJHVWLQJ WKH
LQWHUDFWLRQ RI WZR GLQXFOHDU FRPSOH[HV ZLWK FDUERQ GLR[LGH PROHFXOHV LQ D QRQ�SRODU VROYHQW�>�@ 7KH
UHDFWLYLW\ RI ><E��26L�2W%X����@ ZLWK &6� OHG WR WKH ILUVW H[DPSOH RI DFHW\OHQHGLWKLRODWH IRUPDWLRQ
IURP UHGXFWLRQ RI &6� E\ DQ\ PHWDO FRPSOH[� ><E�/��͐�&�6��@� ')7 FDOFXODWLRQ DWWULEXWHG WKLV XQLTXH
UHDFWLYLW\ WR WKH XQXVXDO ELQGLQJ PRGH RI &6��� LQ WKH LVRODWHG LQWHUPHGLDWH SURGXFW ><E�/��͐�&6��@
ZKLFK�LV�UHVXOWLQJ�IURP�WKH�GLQXFOHDU�QDWXUH�RI�WKH�<E�,,��FRPSOH[�>�@

>�@�-��$QGUH]��-��3«FDXW��3��$��%D\OH��0��0D]]DQWL��$QJHZ��&KHP��,QW��(G�����������������૱������
>�@ $� 5� :LOODXHU� '� 7RQLROR� )� )DGDHL�7LUDQL� <� <DQJ� 0� /DXUHQW� 0� 0D]]DQWL�'DOWRQ 7UDQV�
��������������������
>�@ '� 7RQLROR� $� 5� :LOODXHU� 5� 6FRSHOOLWL� -� $QGUH]� <� <DQJ� /� 0DURQ� 0� 0D]]DQWL�&KHP� ৽ (XU� -�
������'2,���������FKHP�����������
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6HOI�VXSSRUWHG�IRUPDWLRQ�RI�&R�)H�6�ER[�OLNH�VWUXFWXUH�DV�D�UREXVW�ELIXQFWLRQDO
HOHFWURFDWDO\VW

<��*��=KDR���*��5��3DW]NH�

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

/RZ GLPHQVLRQDO QDQRVL]HG VXEXQLWV �QDQRSDUWLFOHV� QDQRVKHHWV DQG QDQRURGV�� RIIHU KLJK VXUIDFH
DUHD DQG DFWLYH VLWHV IRU HIILFLHQW HOHFWURFDWDO\LF ZDWHU VSOLWWLQJ ZKLOH FRXOG ODUJHO\ UHGXFH WKH LRQ
WUDQVSRUW SDWKZD\V DQG SURPRWH HOHFWURQLF FRQGXFWLYLW\�>�@ 7KH WKUHH�GLPHQVLRQDO PLFURVL]HG
KROORZ VWUXFWXUHV� RQ WKH RWKHU KDQG� XVXDOO\ SURYLGHG UREXVW FKHPLFDO VWDELOLW\� WKXV SUHYHQWLQJ
WKH SRVVLEOH DJJUHJDWLRQ RI DFWLYH PDWHULDOV GXULQJ WKH ZDWHU UHGXFWLRQ �K\GURJHQ HYROXWLRQ
UHDFWLRQ +(5� RU R[LGDWLRQ � R[\JHQ HYROXWLRQ UHDFWLRQ 2(5� SURFHVV�>�@ 7KHUHIRUH� WKH HPSOR\PHQW
RI FRPSOH[ PLFUR�QDQR VWUXFWXUHV FDQ DGGUHVV SUREOHPV UHODWHG WR QDQR�XQVWDEOLOLW\ RU PLFUR�ORZ
VXUIDFH DUHD IRU ZDWHU VSOLWWLQJ� 7KH PHWDO�RUJDQLF IUDPHZRUN �02)� EDVHG PDWHULDOV RIIHU VHYHUDO
DGYDQWDJHV� VXFK DV KLJK GHVLJQ IOH[LELOLW\� WXQDEOH SRUH FKDQQHOV� ODUJH VXUIDFH DUHD� YDULRXV
PHWDO FHQWHUV DQG UREXVW FKHPLFDO VWDELOLW\� 5DWLRQDO GHVLJQ RI 02) SURYLGHV D JUHDW RSSRUWXQLW\
WR FRQVWUXFW KLJKO\ HIILFLHQW HOHFWURFDWDO\VWV IRU ZDWHU VSOLWWLQJ� +HUHLQ� ZH UHSRUW D VWUDWHJ\ WR
V\QWKHVL]H VHYHUDO &R�)H�6 EDVHG QDQRVWUXFWXUHV �LQFOXGH QDQRFXEHV 1&V� QDQRER[V 1%V DQG
QDQRSDUWLFOHV 13V� GHULYHG IURP 3%$ PDWHULDOV IRU WKH HOHFWURFDWDO\WLF R[\JHQ HYROXWLRQ UHDFWLRQV
2(5� $IWHU VXOILGDWLRQ RI WKH &R�)H 1%V� WKH &R�)H�6 1%V FDQ EH IRUPHG LQ VHOI�WHPSODWLQJ
DSSURDFK��ZKLFK�VKRZ�VXSHULRU�SHUIRUPDQFH�IRU�2(5�

>�@�*��4��=KDQJ�DQG�;��:��/RX��$GY��0DWHU�����������������
>�@�&��/LX��)��/L��/��3��0D��DQG�+��0��&KHQJ��$GY��0DWHU�������������(���(���
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��,QYLWHG�OHFWXUH ,&����

(OHFWURFKHPLFDO�DQG�3KRWRFKHPLFDO�7UDQVIRUPDWLRQV�RI�'LQLWURJHQ

6��6FKQHLGHU�

�*HRUJ�$XJXVW�8QLYHUVLW¦W�*¸WWLQJHQ��7DPPDQQVWU�����������*¸WWLQJHQ��*HUPDQ\
VYHQ�VFKQHLGHU#FKHPLH�XQL�JRHWWLQJHQ�GH

7KH IXQFWLRQDOL]DWLRQ RI GLQLWURJHQ WR DPPRQLD DQG SDUWLFXODUO\ WR RUJDQLF QLWURJHQ FRPSRXQGV�
VXFK DV DPLQHV� QLWULOHV RU QLWUR FRPSRXQGV� DW DPELHQW FRQGLWLRQV UHPDLQV DV RQH RI WKH PRVW
FKDOOHQJLQJ WDVNV LQ KRPRJHQHRXV FDWDO\VLV� ,Q WXUQ� VHOHFWLYH R[LGDWLRQV RI DPPRQLD RU RUJDQLF
DPLQHV DUH RI JUHDW LPSRUWDQFH� H�J� LQ WKH FRQWH[W RI HOHFWURFDWDO\WLF DPPRQLD FRPEXVWLRQ RU
QLWUHQH�WUDQVIHU�FDWDO\VLV�

2XU JURXS H[DPLQHV HOHPHQWDU\ UHDFWLRQV UHOHYDQW WR 1��IL[DWLRQ VWUDWHJLHV� VXFK DV QLWULGH
K\GURJHQRO\VLV DQG FRXSOLQJ� RU 1�VSOLWWLQJ LQWR PROHFXODU QLWULGHV DQG 1�WUDQVIHU IURP WKH
UHVXOWLQJ QLWULGHV WR RUJDQLF PROHFXOHV �)LJXUH�� ,Q WKLV FRQWH[W� PHFKDQLVWLF DVSHFWV RI NH\
UHDFWLRQV DQG HOHFWURQLF VWUXFWXUH�UHDFWLYLW\ UHODWLRQVKLSV IRU SLYRWDO LQWHUPHGLDWHV ZLOO EH
GLVFXVVHG�

>�@ ,� .ORSVFK� 0� )LQJHU� &� :¾UWHOH� %� 0LOGH� '� %� :HU]� 6� 6FKQHLGHU� -� $P� &KHP� 6RF� �����
����������
>�@ ,� .ORSVFK� 0� .LQDXHU� 0� )LQJHU� &� :¾UWHOH� 6� 6FKQHLGHU� $QJHZ� &KHP� ,QW� (G� ��������
�����
>�@ *� $� 6LODQW\HY� 0� )¸UVWHU� %� 6FKOXVFKD¡� -� $EEHQVHWK� &� :¾UWHOH� &� 9RONPDQQ� 0� &�
+ROWKDXVHQ��6��6FKQHLGHU��$QJHZ��&KHP��,QW��(G�����������������
>�@ %� 0� /LQGOH\� 5� 6� YDQ $OWHQ� 0� )LQJHU� )� 6FKHQG]LHORU]� &� :¾UWHOH� $� -� 0� 0LOOHU� ,� 6LHZHUW�
6��6FKQHLGHU��-��$P��&KHP��6RF������������������
>�@ )� 6FKHQG]LHORU]� 0� )LQJHU� -� $EEHQVHWK� &� :¾UWHOH� 9� .UHZDOG� 6� 6FKQHLGHU� $QJHZ� &KHP�
,QW��(G����������������
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Inorganic & Coordination Chemistry, Short talk IC-013

Addressing Lattice Flexibility in Metal Organic Framework Membranes for Carbon
Capture

D. J. Babu1, K. V. Agrawal1*

1Laboratory of Advanced Separations (LAS), EPFL Lausanne

Metal-organic framework (MOF) membranes are advantageous to their nanoporous counterparts
owing to a high degree of structural tunability, relatively fast crystallization kinetics, and higher
reproducibility [1-3]. Although MOF membranes were first reported almost a decade ago, so far, an
attractive CO2/CH4 or CO2/N2 separation performance has remained elusive. This is because MOFs
possessing a pore aperture suitable for CO2 sieving, typically suffer from lattice flexibility and gate-
opening phenomena and as a result, a sharp molecular cut-off is not obtained. For example, ZIF-8,
one of the most popular MOFs, has a crystallographically-determined pore aperture of 0.34 nm,
ideal for separating CO2 (kinetic diameter or k.d. of 0.33 nm) from N2 (k.d. of 0.36 nm) and CH4
(k.d. of 0.38 nm). However, CO2/CH4 or CO2/N2 selectivities greater than 5 have not been reported
from the polycrystalline ZIF-8 membranes, hindering their application in biogas purification,
natural gas sweetening and post-combustion carbon capture.
Here we report a novel post-synthetic rapid heat treatment (RHT) method, implemented in a few
seconds between 320-400 °C, which drastically improves the carbon capture performance of the
ZIF-8 membranes. Lattice stiffening is confirmed by the appearance of a temperature-activated
transport, attributed to a stronger interaction of gas molecules with the pore aperture.
Spectroscopic and X-ray diffraction studies confirm that while the coordination environment and
crystallinity are unaffected, lattice distortion and strain are incorporated in the ZIF-8 lattice,
increasing the lattice stiffness. Unprecedented CO2/CH4, CO2/N2, and H2/CH4 selectivities of up to
34, 37, and 200 respectively, which is an order of magnitude higher than the values reported so
far for ZIFs, and a complete blockage of C3H6 is achieved [4]. Overall, the RHT treatment is a facile
and versatile technique that can vastly improve the gas separation performance of the MOF
membranes.

[1] Zhao, X.; Wang, Y.; Li, D. S.; Bu, X.; Feng, P.  Mater. 2018, 30 (37), 1705189.
[2] He, G.; Dakhchoune, M.; Zhao, J.; Huang, S.; Agrawal, K. V. Funct. Mater. 2018, 28 (20),
1707427.
[3] Babu, D. J.; He, G.; Villalobos, L. F.; Agrawal, K. V. ACS Sustain. Chem. Eng. 2019, 7 (1), 49–69.
[4] Babu, D. J.; He, G.; Hao, J.; Vahdat, M. T.; Schouwink, P. A.; Mensi, M.; Agrawal, K. V. Advanced
Materials, 2019, Just Accepted. doi:10.1002/adma.201900855.
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����IROG�,QFUHDVH�LQ�&ROORLGDO�6WDELOLW\�RI�&HVLXP�/HDG�+DOLGH�3HURYVNLWH�1DQRFU\VWDOV
XVLQJ�/HFLWKLQ�DV�&DSSLQJ�/LJDQG

)��.ULHJ�����0��9��.RYDOHQNR���

�,QVWLWXWH�RI�,QRUJDQLF�&KHPLVWU\��'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=¾ULFK���
/DERUDWRU\�IRU�7KLQ�)LOPV�DQG�3KRWRYROWDLFV��(PSD�૱�6ZLVV�)HGHUDO�/DERUDWRULHV�IRU�0DWHULDOV

6FLHQFH�DQG�7HFKQRORJ\

&HVLXP DQG IRUPDPLGLQLXP OHDG EURPLGH SHURYVNLWH QDQRFU\VWDOV KROG JUHDW SURPLVH IRU
DSSOLFDWLRQV DV GRZQ�FRQYHUWLQJ JUHHQ SKRVSKRUV LQ OLTXLG�FU\VWDO GLVSOD\V� ,Q SDUWLFXODU� WKH\ DUH
XQPDWFKHG DQG OLNHO\ WKH RQO\ NLQG RI HPLWWHU IRU VR�FDOOHG FRORU�ILOWHU�IUHH� IURQW�SL[HO GLVSOD\V >��
�@� 6XFK SL[HOV PXVW H[KLELW QHDU FRPSOHWH DEVRUSWLRQ RI WKH EOXH EDFNOLJKWLQJ DQG FRQYHUW WKH
EOXH H[FLWDWLRQ LQWR JUHHQ SKRWROXPLQHVFHQFH ZLWK QHDU XQLW\ TXDQWXP HIILFLHQF\� 7RZDUGV WKHVH
JRDOV� SHURYVNLWH 1&V H[KLELW D ILYH�IROG KLJKHU DEVRUSWLRQ FRHIILFLHQW WKDQ WKHLU PDMRU FRQWHQGHUV
�,Q3�EDVHG TXDQWXP GRWV�� 0DNLQJ VXFK WKLFN ILOPV WKURXJK RQH�VWHS VROXWLRQ SURFHVVLQJ� VXFK DV
LQN�MHW SULQWLQJ RU VSLQ�FRDWLQJ� UHTXLUHV KLJKO\ FRQFHQWUDWHG� DJJUHJDWH�IUHH QDQRFU\VWDO LQNV�
8VLQJ LQVLJKWV IURP WKH SRO\PHU SK\VLFV RQ SRO\PHU EUXVKHV DQG RXU HDUOLHU H[SHULHQFH ZLWK
WLJKWO\ ELQGLQJ ]ZLWWHULRQLF FDSSLQJ OLJDQGV IRU SHURYVNLWH 1&V >�@� ZH KDYH LGHQWLILHG OHFLWKLQ DV D
OLJDQG WKDW LV SDUWLFXODUO\ VXLWHG IRU REWDLQLQJ SXULILHG FROORLGV ZLWK FRQFHQWUDWLRQV DV KLJK DV ���
PJ RI 1&V SHU RQH P/ RI VROYHQW >�@� 7KLV HQDEOHV WKH IRUPDWLRQ RI PLFURQ�WKLFN� RSWLFDOO\ VPRRWK
DQG RSWLFDOO\ FOHDU ILOPV WKURXJK RQH VSLQ�FRDWLQJ VWHS� $W WKH VDPH WLPH WKHVH FROORLGV FDQ EH
GLOXWHG E\ � RUGHUV RI PDJQLWXGH� LH� GRZQ WR � QJ�P/� ZLWKRXW FRPSURPLVLQJ WKH FROORLGDO DQG
VWUXFWXUDO�LQWHJULW\�RI�WKH�1&V�

>�@�0DNV\P�9��.RYDOHQNR�DQG�0DU\QD�,��%RGQDUFKXN��&KLPLD��������������������
>�@ +DLZHL &KHQ� -XDQ +H� DQG 6KLQ�7VRQ :X� ,((( -RXUQDO RI 6HOHFWHG 7RSLFV LQ 4XDQWXP
(OHFWURQLFV����������������
>�@ )UDQ]LVND .ULHJ� 6WHIDQ 7� 2FKVHQEHLQ� 6HUJLL <DNXQLQ� 6WHSKDQLH WHQ %ULQFN� 3KLOLSS $HOOHQ�
$GULDQ 6¾HVV� %DSWLVWH &OHUF� 'RPLQLF *XJJLVEHUJ� 2OJD 1D]DUHQNR� <HYKHQ 6K\QNDUHQNR� 6XGKLU
.XPDU� &KLK�-HQ 6KLK� ,YDQ ,QIDQWH DQG 0DNV\P 9� .RYDOHQNR� $&6 (QHUJ\ /HWWHUV� ����� ��
��������
>�@�)UDQ]LVND�.ULHJ�HW�DO��VXEPLWWHG
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&KHPLVWU\�DW�+LJK�'LOXWLRQ��'LQXFOHDU���P7F�FRPSOH[HV�GR�H[LVW�

5��%ROOLJHU���+��%UDEDQG���*��0HROD���5��$OEHUWR�

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

2QH RI WKH PRVW ZLGHO\ XVHG UDGLRQXFOLGHV LQ QXFOHDU PHGLFLQDO GLDJQRVWLFV LV ��P7F �KDOI�OLIH WLPH
W���  �K�� WKH PHWDVWDEOH IRUP RI WKH ��7F�LVRWRSH �W���  ���N\�� ,WV QHDUO\ LGHDO GHFD\ SURSHUWLHV�
VXFK DV KDOI OLIH WLPH DQG GHFD\ HQHUJ\ RI ��� NH9� PDNHV ��P7F SHUIHFWO\ VXLWHG IRU 6LQJOH 3KRWRQ
(PLVVLRQ &RPSXWHG 7RPRJUDSK\ �63(&7��>�@ $OO ��P7F DSSOLFDWLRQV VWDUW ZLWK >��P7F2�@૱ IURP WKH
HOXWLRQ RI D ��0R���P7F JHQHUDWRU ZLWK VDOLQH� 7KH ��P7F�FRQFHQWUDWLRQV DUH YHU\ VPDOO ����� ૱ ����
0� DQG WKXV WKH IRUPDWLRQ RI GL� RU SRO\QXFOHDU FRPSOH[HV LV NLQHWLFDOO\ XQIDYRXUHG DQG WKHUH KDV
QRW EHHQ D VLQJOH UHSRUW DERXW WKH IRUPDWLRQ RI D GLQXFOHDU ��P7F�FRPSOH[�>�@ $OO UHSRUWHG ��P7F�
FRPSRXQGV DUH PRQRQXFOHDU� GHVSLWH QXPHURXV UHSRUWV RI SRO\QXFOHDU ��7F�FRPSRXQGV�>���@
'LIIHUHQW UHDFWLRQ FRQGLWLRQV RQ WKH WUDFHU ���P7F� DQG RQ WKH PDFURVFRSLF OHYHO ���7F� PLJKW EH
UHVSRQVLEOH� /LJDQG FRQFHQWUDWLRQV DUH XVXDOO\ LQ ��� ૱ ��� IROG H[FHVV RYHU ��P7F� ZKLOH HTXLPRODU
FRQFHQWUDWLRQV ZLWK ��7F DSSO\� $V WKHUH ZDV QR UHSRUW RI D GL� RU SRO\QXFOHDU ��P7F FRPSOH[� VXFK
FRPSOH[HV�DUH�EHOLHYHG�WR�EH�V\QWKHWLFDOO\�LQDFFHVVLEOH�

+RZHYHU� XVLQJ DSSURSULDWH EULGJLQJ OLJDQGV �KHUHLQ WKLROV +6�5� DQG D VXLWDEOH ��P7F�SUHFXUVRU
>��P7F�&2���+�2��@�� ZH GHPRQVWUDWH WKDW GLQXFOHDU ��P7F�FRPSOH[HV DUH IRUPHG DW URRP
WHPSHUDWXUH DQG DW QDQRPRODU FRQFHQWUDWLRQV� 7KH GLQXFOHDU QDWXUH RI >��P7F��͐��65���&2��@૱ ZDV
DVVHVVHG E\ FKURPDWRJUDSKLF FRPSDULVRQ ZLWK LWV UKHQLXP KRPRORJXH DQG ZLWK LWV WUXH ��7F
DQDORJXH� .LQHWLF VWXGLHV VKRZHG WKDW WKH UDWH OLPLWLQJ VWHS LV QRW WKH GLPHUL]DWLRQ� EXW WKH
IRUPDWLRQ�RI�D�PRQRQXFOHDU���P7F�WKLRO�FRPSOH[��ZKLFK�UDSLGO\�GLPHUL]HV�>�@

>�@�6KXDQJ�/LX��&KHP��6RF��5HY���������������������
>�@ 5RJHU $OEHUWR� +HQULN %UDEDQG� LQ� �&RPSUHKHQVLYH ,QRUJDQLF &KHPLVWU\ ,,� -� 5HHGLMN� .�
3RSSHOPHLHU��HG����������(OVHYLHU��2[IRUG����������
>�@�+HQULN�%UDEDQG��8OULFK�$EUDP��-��2UJDQRPHW��&KHP������������������������
>�@ )UDQFHVFR 7LVDWR� &ULVWLQD %RO]DWL� $GULDQR 'XDWWL� *LXOLDQR %DQGROL� )LRUHQ]R 5HIRVFR� ,QRUJ�
&KHP����������������������
>�@ 5RELQ %ROOLJHU� $QJHOR )UHL� +HQULN %UDEDQG� *LXVHSSH 0HROD� %HUQKDUG 6SLQJOHU� 5RJHU $OEHUWR�
&KHP��(XU��-�����������FKHP�����������
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%LPHWDOOLF�'LUKRGLXP�&RPSOH[HV�DV�0RGHOV�WR�6WXG\�+\GURJHQ�$FWLYDWLRQ�RQ�&DUERQ�
6XSSRUWHG�5K����&DWDO\VWV

3��-XUW���7��/��*LDQHWWL���$��)HGRURY���+��*U¾W]PDFKHU�

�'�&+$%��(7+�=¾ULFK���8QLYHUVWLW\�RI�$UL]RQD��7XFVRQ

6XSSRUWHG UKRGLXP FDWDO\VWV DUH NQRZQ DV RQH RI WKH PRVW DFWLYH FDWDO\VWV IRU K\GURJHQDWLRQ DQG
GHK\GURJHQDWLRQ UHDFWLRQV�� +RZHYHU� WKH PRGH RI LQWHUDFWLRQ EHWZHHQ 5K VLWHV DQG +� LV VWLOO QRW
IXOO\ XQGHUVWRRG�� 7R JDLQ IXUWKHU LQVLJKW� ZH GHYHORSHG D VHULHV RI ELPHWDOOLF FRPSOH[HV EHDULQJ
QRYHO 5K�,� GLPHU PRLHWLHV VXFK DV � DQG �� ,Q FRPSDULVRQ WR KHWHURJHQHRXV FDWDO\VWV� VXFK PRGHO
FRPSRXQGV DOORZ IRU FKDUDFWHULVDWLRQ RI WKH SURGXFWV E\ VROXWLRQ 105 WHFKQLTXHV LQFOXGLQJ
SDUDK\GURJHQ LQGXFHG SRODUL]DWLRQ �3+,3� RU ���5K 105� :LWK GSSP DV OLJDQG� FRPSOH[ � DGGV
K\GURJHQ UHYHUVLEO\ LQ VROXWLRQ� 'HWDLOHG ')7 FDOFXODWLRQV DOORZHG XV WR FRQILUP WKDW K\GURJHQ
DFWLYDWLRQ SUHFHGHV IRUPDWLRQ RI � FRQVLVWHQW ZLWK LQ VLWX 105 H[SHULPHQWV �)LJXUH �� E��
5HPDUNDEO\� � DFWLYDWHV +� LQ D YHU\ VLPLODU PDQQHU DV ZDV FDOFXODWHG IRU VPDOO UKRGLXP FOXVWHUV��
,W LV WKHUHIRUH D YLDEOH PRGHO FRPSRXQG IRU KHWHURJHQHRXV UKRGLXP FDWDO\VWV� 2WKHU FRPSOH[HV
VXFK DV � WUDQVIHU K\GURJHQ WR XQVDWXUDWHG &�& ERQGV LQ WKH OLJDQG LQ D VWHSZLVH PDQQHU IRUPLQJ
� DQG � �)LJXUH �� F�� 7KHVH UHDFWLRQV SURYLGH LQVLJKW LQWR FRQFHLYDEOH SDWKZD\V RI K\GURJHQ
WUDQVIHU�WR�D�FDUERQ�VXSSRUW�ZKLFK�PD\�EH�UHOHYDQW�IRU�5K�&�K\GURJHQDWLRQ�FDWDO\VWV�

)LJXUH �� D� &U\VWDO VWUXFWXUH RI �� E� K\GURJHQ DFWLYDWLRQ RQ � OHDGV WR GLK\GULGH VSHFLHV �� F� D
VWHSZLVH�+��DGGLWLRQ�WR�WKH�UKRGLXP�ERXQG�WULSOH�ERQGV�LQ����/�LV�&'�&1�

>�@ 9HOLQD .� 0DUNRYD� *HRUJL 1� 9D\VVLORY DQG 1RWNHU 5¸VFK� -� 3K\V� &KHP� &� ����� ����
����������
>�@�3HGUR�6HUQD�DQG�%UXFH�&��*DWHV��$FF��&KHP��5HV�����������������������
>�@�$EKLMLW�'XWWD�DQG�3DULWRVK�0RQGDO��-��3K\V��&KHP��&�������������������������
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4XDQWLWDWLYH�LQVLJKWV�LQWR�FKDUJH�VHSDUDWHG�VWDWHV�UHOHYDQW�IRU�DUWLILFLDO�SKRWRV\QWKHVLV

6��1HXPDQQ���&��.HU]LJ���2��6��:HQJHU�

�8QLYHUVLW\�RI�%DVHO

(IILFLHQW PXOWL�HOHFWURQ WUDQVIHU UHDFWLRQV LQ SKRWRV\QWKHVLV UHO\ RQ FKDUJH�VHSDUDWHG VWDWHV DV NH\
LQWHUPHGLDWHV�>�@ 'HVSLWH WKH LPSRUWDQFH RI FKDUJH�VHSDUDWHG VWDWHV� WKH IDFWRUV WKDW JRYHUQ WKHLU
IRUPDWLRQ HIILFLHQFLHV DUH VWLOO SRRUO\ XQGHUVWRRG�>�@ 0RUHRYHU� WKH GHVLUHG FKDUJH DFFXPXODWLRQV
FRPSHWH ZLWK OLJKW�LQGXFHG HOHFWURQ�KROH UHFRPELQDWLRQV DV PDLQ GHDFWLYDWLRQ SDWKZD\V� ZKLFK
DUH ODUJHO\ XQH[SORUHG�>�@ 2XU VWXG\ SUHVHQWV D V\VWHPDWLF LQYHVWLJDWLRQ>�@ RI WZR GRQRU�
SKRWRVHQVLWL]HU�DFFHSWRU WULDGV>�@ FDSDEOH RI VWRULQJ DV PXFK DV ��� H9 LQ WKHLU FKDUJH�VHSDUDWHG
VWDWHV� 'LIIHUHQW GRQRU�DFFHSWRU GLVWDQFHV LQ WKH WULDGV HQDEOHG XV WR LQFOXGH GLVWDQFH�GHSHQGHQFH
LQYHVWLJDWLRQV� 8VLQJ TXDQWLWDWLYH RQH�SXOVH ODVHU IODVK SKRWRO\VLV� ZH SURYLGH GHHS LQVLJKWV LQWR
WKH FKDUJH�VHSDUDWHG VWDWH IRUPDWLRQ TXDQWXP \LHOGV� ZKLFK FDQ UHDFK XS WR ���� )XUWKHUPRUH�
WKH IDWH RI WKH FKDUJH�VHSDUDWHG VWDWH XSRQ IXUWKHU �VHFRQGDU\� H[FLWDWLRQ ZLWK JUHHQ SKRWRQV LV
HOXFLGDWHG E\ DGGLWLRQDO WZR�SXOVH ODVHU IODVK SKRWRO\VLV H[SHULPHQWV>�@� 2QH NH\ ILQGLQJ RI RXU
VWXG\ LV WKDW WKHUPDO DQG OLJKW�LQGXFHG FKDUJH UHFRPELQDWLRQV �)LJXUH �� VKRZ RSSRVLWH EHKDYLRUV
LQ�WHUPV�RI�WKHLU�GLVWDQFH�GHSHQGHQFHV�

)LJXUH �� 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH PHFKDQLVP IRU OLJKW�LQGXFHG �K͑�� IRUPDWLRQ RI D FKDUJH�
VHSDUDWHG VWDWH LQ D PROHFXODU HOHFWURQ GRQRU�SKRWRVHQVLWL]HU�HOHFWURQ DFFHSWRU WULDG WRJHWKHU ZLWK
WKHUPDO��͘��DQG�OLJKW�LQGXFHG��K͑���FKDUJH�UHFRPELQDWLRQ�

>�@�/HLI�+DPPDUVWU¸P��$FF��&KHP��5HV����������������૱����
>�@ 7RPRKLUR +LJDVKLQR� 7RPRNL <DPDGD� 0DVDQRUL <DPDPRWR� $NLKLUR )XUXEH� 1LFNRODL 9�
7NDFKHQNR� 7DNX 0LXUD� <DVXKLUR .RERUL� 5\RWD -RQR� .RLFKL <DPDVKLWD� +LURVKL ,PDKRUL�
$QJHZ��&KHP��,QW��(G����������������૱����
>�@�$QGUHD�3DQQZLW]��2OLYHU�6��:HQJHU��&KHP��&RPPXQ�����������������૱�����
>�@ 6YHQMD 1HXPDQQ� &KULVWRSK .HU]LJ� 2OLYHU 6� :HQJHU� &KHP� 6FL�� ����� '2,�
��������F�VF�����G�
>�@�6YHQMD�1HXPDQQ��2OLYHU�6��:HQJHU��,QRUJ��&KHP����������������૱����
>�@�&KULVWRSK�.HU]LJ��;LQJZHL�*XR��2OLYHU�6��:HQJHU��-��$P��&KHP��6RF������������������૱�����
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(QKDQFHG�FKDUJH�FDUULHU�WUDQVSRUW�LQ�VXOIXUL]HG�6E�6H��LQYHVWLJDWHG�E\�LQ�VLWX�SRWHQWLDO
VHQVLQJ�DQG�WLPH�UHVROYHG�VSHFWURVFRS\

5��5��3UDEKDNDU���7��0RHKO���'��)LHGULFK���:��&XL����'��7LOOH\�

�8QLYHUVLW\�RI�=XULFK���+HOPKROW]�=HQWUXP�%HUOLQ

6E�6H� KDV HPHUJHG DV D SURPLVLQJ SKRWRFDWKRGH IRU ZDWHU VSOLWWLQJ RZLQJ WR LWV KLJK
SKRWRHOHFWURFKHPLFDO SHUIRUPDQFH �a �� P$FP��� DQG UHVLVWDQFH WR SKRWRFRUURVLRQ LQ WKH DEVHQFH
RI DQ\ SURWHFWLRQ OD\HUV�>�@ ,W KDV EHHQ GHPRQVWUDWHG WKDW VXOIXUL]DWLRQ WUHDWPHQW RI
6E�6H� LPSURYHV WKH RQVHW SRWHQWLDO DQG KHQFH WKH SKRWRYROWDJH� +RZHYHU� WKH RULJLQ RI VXFK DQ
LPSURYHPHQW LQ WKH SKRWRYROWDJH LV QRW IXOO\ XQGHUVWRRG LQ WKH OLWHUDWXUH� ,Q WKLV ZRUN� ZH HPSOR\
� WHFKQLTXHV WR XQGHUVWDQG WKLV SKHQRPHQRQ� )LUVWO\� E\ HPSOR\LQJ D QRYHO GXDO ZRUNLQJ HOHFWURGH
WHFKQLTXH ZKHUH WKH VXUIDFH SRWHQWLDO FRXOG EH VHQVHG DQG WKLV ZDV XVHG WR GHWHUPLQH WKH
SKRWRYROWDJH� %\ LQ�VLWX VXUIDFH SRWHQWLDO VHQVLQJ� WKH SKRWRYROWDJH ZDV IRXQG WR LQFUHDVH IURP
��� P9 WR ��� P9 XSRQ VXOIXUL]DWLRQ WUHDWPHQW� 1H[W� IURP WLPH�UHVROYHG PLFURZDYH FRQGXFWLYLW\
�750&�� WKH FDUULHU OLIHWLPHV DQG FDUULHU PRELOLWLHV ZHUH GHWHUPLQHG� $OWKRXJK WKH FDUULHU PRELOLWLHV
UHPDLQHG WKH VDPH� WKHUH ZDV DQ LQFUHDVH LQ WKH FDUULHU OLIHWLPH XSRQ VXOIXUL]DWLRQ WUHDWPHQW�
,QWHUHVWLQJO\� WKLV LQFUHDVH ZDV PRUH SURQRXQFHG LQ VKRUWHU ZDYHOHQJWKV �������� QP� WKDQ ORQJHU
ZDYHOHQJWK ���������QP� VXJJHVWLQJ WKDW WKH VXOIXUL]DWLRQ WUHDWPHQW SULPDULO\ UHGXFHV WKH
VXUIDFH UHFRPELQDWLRQ UDWKHU WKDQ EXON UHFRPELQDWLRQ� 7KH FDUULHU OLIHWLPHV REWDLQHG IURP 6E�6H�
ZHUH DPRQJ WKH ORQJHVW �LQ wV� LQ FRPSDULVRQ WR RWKHU HPHUJLQJ HDUWK DEXQGDQW PDWHULDOV OLNH
%L92�� &X)H2�� &X:2� HWF VKRZLQJ WKH LPPHQVH SRWHQWLDO RI 6E�6H� IRU SKRWRHOHFWURFKHPLFDO
ZDWHU�VSOLWWLQJ�DSSOLFDWLRQV�

>�@ 5DMLY 5DPDQXMDP 3UDEKDNDU� :LOPDQ 6HSWLQD� 6HEDVWLDQ 6LRO� 7KRPDV 0RHKO� 5HQ« :LFN�
-ROLDW��DQG��6��'DYLG�7LOOH\��-�0DWHU��&KHP��$���������������������
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$�QHZ�SRVW�V\QWKHWLF�SRO\PHUL]DWLRQ�VWUDWHJ\�PDNHV�PHWDO�RUJDQLF�IUDPHZRUNV�PRUH
VWDEOH

6��<DQJ���/��3HQJ���'��7��6XQ���0��$VJDUL���(��2YHLVL���2��7UXNKLQD���6��%XOXW���$��-DPDOL���:��/�
4XHHQ�

�,QVWLWXWH�RI�&KHPLFDO�6FLHQFHV�DQG�(QJLQHHULQJ��/),0���FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH
�(3)/����&HQWUH�IRU�(OHFWURQ�0LFURVFRS\��(3)/��/DXVDQQH

0HWDO�RUJDQLF IUDPHZRUNV DUH RI LQWHUHVW LQ D QXPEHU RI KRVW�JXHVW DSSOLFDWLRQV >�@� +RZHYHU� WKHLU
ZHDN FRRUGLQDWLRQ ERQGLQJ RIWHQ OHDGV WR LQVWDELOLW\ LQ DTXHRXV HQYLURQPHQWV� SDUWLFXODUO\ DW
H[WUHPH S+� DQG KHQFH� LV D FKDOOHQJLQJ WRSLF LQ WKH ILHOG >�@� ,Q WKLV ZRUN� D WZR�VWHS� SRVW�
V\QWKHWLF SRO\PHUL]DWLRQ PHWKRG LV XVHG WR FUHDWH D VHULHV RI KLJKO\ K\GURSKRELF� VWDEOH 02)
FRPSRVLWHV >�@� 7KH 02)V DUH ILUVW FRDWHG ZLWK WKLQ OD\HUV RI SRO\GRSDPLQH IURP IUHH�EDVH
GRSDPLQH XQGHU D PLOG R[\JHQ DWPRVSKHUH� ZKLFK WKHQ XQGHUJRHV D 0LFKDHO DGGLWLRQ WR
FRYDOHQWO\ JUDIW K\GURSKRELF PROHFXOHV WR WKH H[WHUQDO 02) VXUIDFH �)LJ� ��� 7KLV QRYHO WHFKQLTXH�
ZKLFK HQWDLOV WKH XVH RI IUHH�EDVH GRSDPLQH WR JUDIW K\GURSKRELF +6) PROHFXOHV RQWR WKH H[WHUQDO
02) VXUIDFH� VLJQLILFDQWO\ HQKDQFHV 02) VWDELOLW\ LQ ZDWHU DQG LQ DFLGLF RU EDVLF FRQGLWLRQV� )UHH�
EDVH GRSDPLQH ZDV VHOHFWHG DV D ELQGHU EHWZHHQ WKH 02) DQG +6) EHFDXVH LW LV D VWURQJ DGKHVLYH
DQG SRO\PHUL]HV XQGHU D PLOG R[\JHQ DWPRVSKHUH DW URRP WHPSHUDWXUH PDNLQJ LW VXLWDEOH WR
PRGLI\�HYHQ�WKH�PRVW�XQVWDEOH�02)V�

7KLV HDV\� PLOG SRVW�V\QWKHWLF FRXOG EH DSSOLHG WR D QXPEHU RI FRPSRVLWHV XVLQJ D VWUXFWXUDOO\
GLYHUVH VHW RI 02)V ZLWK YDU\LQJ PHWDOV� OLJDQGV� DQG WRSRORJLHV� 7KH DV�SUHSDUHG FRPSRVLWHV�
LQFOXGLQJ +.867��#3'$�6)� =,)���#3'$�6)� =,)��#3'$�6)� 8L2���#3'$�6)� &X�7'3$7#3'$�6)�
0J�02)���#3'$�6)� DQG 0,/�����)H#3'$�6)� VKRZ H[FHOOHQW VWDELOLW\ HYHQ XQGHU KDUVK DFLG RU
EDVLF FRQGLWLRQV� &RQVLGHULQJ WKH QRYHO UHVXOWV REWDLQHG IURP +.867�� DQG WKH PDQ\ RWKHU
VWUXFWXUDOO\ GLVVLPLODU IUDPHZRUNV� LW LV WKRXJKW WKDW WKLV IDFLOH� PLOG PHWKRG FDQ EH XQLYHUVDOO\
DSSOLHG WR LPSURYH WKH VWDELOLW\ PRVW 02)V DQG DQ\ RWKHU PDWHULDOV NQRZQ WR KDYH ZDWHU�S+
LQVWDELOLW\� ,W LV H[SHFWHG WKDW WKLV ZRUN FDQ RSHQ GRRUV WR QXPHURXV QHZ DSSOLFDWLRQV WKDW ZHUH
EHIRUH LQDFFHVVLEOH� DQG�RU HQKDQFH 02) SHUIRUPDQFH LQ H[LVWLQJ DUHDV FRXSOHG WR FDWDO\VLV�
VHOHFWLYH JDV VHSDUDWLRQ� GHOLYHU\ HWF� E\ LQKLELWLQJ GHFRPSRVLWLRQ� HQKDQFLQJ K\GURSKRELFLW\ DQG
GHFUHDVLQJ�ZDWHU�SHUPHDELOLW\�

>�@ D� +� )XUXNDZD� .� (� &RUGRYD� 0� 2
.HHIIH� 2� 0� <DJKL� 6FLHQFH� ����� ���� �������� E� -�
/HH� 2� .� )DUKD� -� 5REHUWV� .� $� 6FKHLGW� 6� 7� 1JX\HQ� -� 7� +XSS� &KHP� 6RF� 5HY�� ����� ���
����������
>�@ $� -� +RZDUWK� <� /LX� 3� /L� =� /L� 7� &� :DQJ� -� 7� +XSS� 2� .� )DUKD� 1DW� 5HY� 0DWHU�� ����� ��
������
>�@ 6� <DQJ� /� 3HQJ� '� 6XQ� 0� $VJDUL� (� 2YHLVL� 2� 7UXNKLQD� 6� %XOXW� $� -DPDOL� :� /�
4XHHQ��&KHP��6FL�����������������������



,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��6KRUW�WDON ,&����

0DQJDQHVH�,��&DWDO\]HG�$V\PPHWULF�+\GURJHQDWLRQ�RI�.HWRQHV��([SORULQJ�WKH�$QDORJ\
WR�,URQ�,,�

$��3DVVHUD���$��0H]]HWWL�

�(7+�=¾ULFK

:H GHVFULEH KHUH WKH ILUVW 0Q�,� FRPSOH[HV ZLWK 3�VWHUHRJHQLF 31�+�3 SLQFHU OLJDQGV ��� DV
FDWDO\VWV IRU WKH DV\PPHWULF K\GURJHQDWLRQ RI NHWRQHV� &RPSOH[ �E �� PRO�� �� EDU +�� WROXHQH�
�� r&� K\GURJHQDWHV DFHWRSKHQRQH WR ��SKHQ\OHWKDQRO ZLWK ��� \LHOG DQG ��� HH DIWHU �� K
UHDFWLRQ�WLPH�

)XUWKHUPRUH� ZH VWXGLHG �D IRU WKH VDNH RI FRPSDULVRQ ZLWK WKH LURQ�,,� DQDORJXH �D� ZKLFK KDV
EHHQ SUHYLRXVO\ SUHSDUHG LQ RXU JURXS�� 7KH FRPSDULVRQ EHWZHHQ WKH LVRHOHFWURQLF PDQJDQHVH�,�
DQG LURQ�,,� K\GURJHQDWLRQ FDWDO\VWV KDV UDSLGO\ JURZQ LQWR D KRW WRSLF�� EXW QR TXDQWLWDWLYH
DQDO\VLV KDV EHHQ UHSRUWHG WR GDWH� ')7 FDOFXODWLRQV� 105 VSHFWURVFRSLF DQG NLQHWLF VWXGLHV
LQGLFDWH WKDW WKH ORZHU FDWDO\WLF DFWLYLW\ RI 0Q�,� LV GXH WR WKH ODUJH HQHUJHWLF VSDQ EHWZHHQ WKH
WUDQVLWLRQ VWDWH RI GLK\GURJHQ DFWLYDWLRQ ��� DQG WKH DONR[LGH FRPSOH[ WKDW LV IRUPHG DV UHVWLQJ
VSHFLHV������

>�@�5��+XEHU��$��3DVVHUD��(��*XEOHU��$��0H]]HWWL��$GY��6\QWK��&DWDO�������������������
>�@ D� *� $� )LORQHQNR� 5� YDQ 3XWWHQ� (� -� 0� +HQVHQ� (� $� 3LGNR� &KHP� 6RF� 5HY�� ����� ��� �����
E� )� .DOOPHLHU� 5� .HPSH� $QJHZ� &KHP� ,QW� (G�� ����� ��� ��� F� 1� *RUJDV� .� .LUFKQHU� $FF�
&KHP��5HV�������������������G��/��$OLJ��0��)ULW]��6��6FKQHLGHU��&KHP��5HY�������������������
>�@�/��GH�/XFD��$��3DVVHUD��$��0H]]HWWL��-��$P��&KHP��6RF�������������������

�
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1LFNHO�FRPSOH[HV�FRQWDLQLQJ�R[\JHQ�FKHODWLQJ�PHVRLRQLF�FDUEHQHV�DV�HDVLO\�DFFHVVLEOH
FDWDO\VWV�IRU�&2��UHGXFWLRQ

6��%HUWLQL���0��5DKDPDQ���)��*ORDJXHQ���3��6FKROOKDPPHU���3��%URHNPDQQ���0��$OEUHFKW�

�'HSDUWHPHQW�I¾U�&KHPLH�XQG�%LRFKHPLH��8QLYHUVLW¦W�%HUQ��6ZLW]HUODQG����805�������&156�
8QLYHUVLW«�GH�%UHWDJQH�2FFLGHQWDOH��&6��������������%UHVW��)UDQFH�

5HVHDUFK LQWR QHZ DQG HIILFLHQW FDWDO\WLF V\VWHPV EDVHG RQ (DUWK�DEXQGDQW PHWDOV UHSUHVHQWV D
VLJQLILFDQW FKDOOHQJH IRU FKHPLVWU\�� $ NH\ SUHUHTXLVLWH WR UHDFK WKLV JRDO LV WKH DYDLODELOLW\ RI
VXLWDEOH OLJDQGV WR VWDELOL]H WKH PHWDO FHQWHU� 7KLV ILHOG KDV EHHQ FRQVLGHUDEO\ VWLPXODWHG E\ WKH
GLVFRYHU\ RI 1�KHWHURF\FOLF FDUEHQHV �1+&V� DV OLJDQGV WKDW LPSDUW XQLTXH
SURSHUWLHV�� 7ULD]RO\OLGHQHV DUH D VXEFODVV RI 1+&V WKDW DUH H[FHOOHQW ͗�GRQRUV DQG KDYH JUHDW
HOHFWURQLF IOH[LELOLW\�� ZKLFK DOORZV IRU WKH VWDELOL]DWLRQ RI D ZLGH YDULHW\ RI R[LGDWLRQ VWDWHV RI
WUDQVLWLRQ PHWDOV� )XUWKHUPRUH� WKHLU FRQYHQLHQW V\QWKHWLF PRGLILFDWLRQ SURYLGHV DFFHVV WR
KHWHURDWRP�IXQFWLRQDOL]HG�1+&V�IRU�FKHODWLRQ��

+HUH ZH ZLOO SUHVHQW D IDFLOH DQG YHUVDWLOH V\QWKHVLV RI PHVRLRQLF OLJDQGV EHDULQJ D SRWHQWLDOO\
FKHODWLQJ K\GUR[LGH PRLHW\ RQ WKH WULD]ROH VFDIIROG DV ZHOO DV D QHZ FODVV RI QLFNHO�,,� FRPSOH[HV
FRQWDLQLQJ WKHVH &�2�ELGHQWDWH FKHODWLQJ PHVRLRQLF FDUEHQHV VWDUWLQJ IURP D FKHDS DQG VLPSOH
PHWDO SUHFXUVRU� 7KHVH QLFNHO FRPSOH[HV VKRZ H[FHOOHQW DFWLYLW\ DQG VHOHFWLYLW\ LQ &2� UHGXFWLRQ�
GHPRQVWUDWLQJ JUHDW EHQHILW RI WKH K\GUR[\O JURXS DV FKHODWLQJ PRLHW\ IRU ERWK WKH V\QWKHVLV DQG
WKH�FDWDO\WLF�DSSOLFDWLRQ�RI�(DUWK�DEXQGDQW�PHWDO�FRPSOH[HV�

�

>�@�5�0��%XOORFN��ૺ&DWDO\VLV�ZLWKRXW�SUHFLRXV�PHWDOVૻ��������:LOH\�9&+��:HLQKHLP��*HUPDQ\�
>�@ .�+� '¸W]� -� 6WHQGHO� &KHP� 5HY� ����� ���� ����� )�(� +DKQ� 0�&� -DKQNH� ����� ��� �����
:�$�+HUUPDQQ��$QJHZ��&KHP��,QW��(G������������������
>�@ -�'� &URZOH\� $� /HH� .� -� .LOSLQ� $XVW� -� &KHP�� ����� ��� ����� .�)� 'RQQHOO\� $� 3HWURQLOKR� 0�
$OEUHFKW��&KHP��&RPPXQ������������������
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7XQLQJ�5HDFWLYLW\�RI�1LWULGH�%ULGJHG�8UDQLXP�&RPSOH[HV�ZLWK�$PLGH�DQG�6LOR[LGH
/LJDQGV

&��7��3DOXPER���/��%DUOX]]L���5��6FRSHOOLWL���0��0D]]DQWL�

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

8UDQLXP QLWULGH FRPSRXQGV KDYH EHHQ LPSOLFDWHG LQ GLQLWURJHQ IL[DWLRQ� 1�DWRP WUDQVIHU FDWDO\VLV�
DQG DUH SURSRVHG DV DGYDQFHG IXHOV LQ JHQHUDWLRQ ,9 QXFOHDU UHDFWRUV� 7KH FKHPLVWU\ RI XUDQLXP
QLWULGH FRPSOH[HV LV OHVV GHYHORSHG WKDQ WKDW RI WUDQVLWLRQ PHWDOV� EXW WKH KLJKO\ SRODUL]LQJ QDWXUH
RI XUDQLXP� LWV ODUJH LRQLF UDGLXV� DQG I HOHFWURQV WKDW FDQ LQWHUDFW ZLWK WKH OLJDQGV FRXOG DOORZ QHZ
W\SHV RI WUDQVIRUPDWLRQV� 5HFHQWO\� D ELPHWDOOLF 8�� QLWULGH FRPSOH[ VXSSRUWHG E\ WKH
WULV�WHUWEXWR[\�VLOR[LGH OLJDQG� >&V^��%XW2��6L2��8`��w�1�@�� ZDV UHSRUWHG DQG UHDFWV ZLWK &2�� &2�
DQG +� WR \LHOG FRPSOH[HV RI GLFDUEDPDWH �1�&2�����ಗ� F\DQLGH &1ಗ� DQG DQ LPLGH K\GULGH
FRPSOH[� UHVSHFWLYHO\� WKH +� UHDFWLYLW\ LV UHYHUVLEOH��૱� )XUWKHU� UHGXFWLRQ RI
>&V^��%XW2��6L2��8`��w�1�@ ZLWK H[FHVV .&� JHQHUDWHG IRU WKH ILUVW WLPH DQ LVRODEOH 8�� QLWULGH
FRPSOH[� .�>^��W%X2��6L2�� 8`��͐�1�@�� ZKLFK UHGXFHV 1� WR LWV WHWUDDQLRQ �1���ಗ WR JLYH D FRPSOH[
WKDW IDFLOLWDWHV VXEVHTXHQW IXQFWLRQDOL]DWLRQ�� 7KH UHVXOWV WR EH SUHVHQWHG GHVFULEH DWWHPSWV WR
SUHSDUH UHDFWLYH XUDQLXP QLWULGH FRPSOH[HV LQFOXGLQJ WKRVH RI 8�� VLQFH .�>^��W%X2��6L2��8`��͐�1�@
LV WKH RQO\ NQRZQ WR GDWH� 6SHFLILFDOO\� V\QWKHVHV RI FRPSOH[HV ZLWK DPLGH OLJDQGV ZLOO EH
SUHVHQWHG DQG FRPSDULVRQV EHWZHHQ DPLGH DQG VLOR[LGH OLJDQGV RQ VPDOO PROHFXOH DQG UHGXFWLRQ
UHDFWLYLW\�ZLOO�EH�PDGH�

>�@ &DPS� &�� 3«FDXW� -�� 0D]]DQWL� 0� 7XQLQJ 8UDQLXP૱1LWURJHQ 0XOWLSOH %RQG )RUPDWLRQ ZLWK
$QFLOODU\�6LOR[LGH�/LJDQGV��-��$P��&KHP��6RF������������������૱������
>�@ )DOFRQH� 0�� &KDWHODLQ� /�� 0D]]DQWL� 0� 1XFOHRSKLOLF 5HDFWLYLW\ RI D 1LWULGH�%ULGJHG
'LXUDQLXP�,9� &RPSOH[� &2� DQG &6� )XQFWLRQDOL]DWLRQ� $QJHZ� &KHP� ,QW� (G� ����� ���
����૱�����
>�@ )DOFRQH� 0�� .HIDOLGLV� &� (�� 6FRSHOOLWL� 5�� 0DURQ� /�� 0D]]DQWL� 0� )DFLOH &2 &OHDYDJH E\ D
0XOWLPHWDOOLF�&V8��1LWULGH�&RPSOH[��$QJHZ��&KHP��,QW��(G�����������������૱������
>�@ )DOFRQH� 0�� 3RRQ� /� 1�� )DGDHL 7LUDQL� )�� 0D]]DQWL� 0� 5HYHUVLEOH 'LK\GURJHQ $FWLYDWLRQ DQG
+\GULGH�7UDQVIHU�E\�D�8UDQLXP�1LWULGH�&RPSOH[��$QJHZ��&KHP��,QW��(G����������������૱�����
>�@ &KDWHODLQ� /�� 6FRSHOOLWL� 5�� 0D]]DQWL� 0� 6\QWKHVLV DQG 6WUXFWXUH RI 1LWULGH�%ULGJHG 8UDQLXP�,,,�
&RPSOH[HV��-��$P��&KHP��6RF�����������������૱�����
>�@ )DOFRQH� 0�� &KDWHODLQ� /�� 6FRSHOOLWL� 5�� =LYNRYLF� ,�� 0D]]DQWL� 0� 1LWURJHQ 5HGXFWLRQ DQG
)XQFWLRQDOL]DWLRQ�E\�D�0XOWLPHWDOOLF�8UDQLXP�1LWULGH�&RPSOH[��1DWXUH���������������૱����
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��6KRUW�WDON ,&����

3UR[LPDO�0RQRPHULF�&X�,,��6LWHV�RQ�$OXPLQD�&RQYHUW�6HOHFWLYHO\�&+��WR�&+�2+

-��0H\HW���.��6HDUOHV���0��1HZWRQ���$��3��YDQ�%DYHO���$��'��+RUWRQ���-��$��YDQ�%RNKRYHQ�����&�
&RS«UHW�

�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=¾ULFK���6KHOO�*OREDO�6ROXWLRQV
,QWHUQDWLRQDO�%�9����/DERUDWRU\�IRU�&DWDO\VLV�DQG�6XVWDLQDEOH�&KHPLVWU\��3DXO�6FKHUUHU�,QVWLWXWH

7KH FRQYHUVLRQ RI PHWKDQH WR PHWKDQRO LV RI VLJQLILFDQW HFRQRPLF DQG HQYLURQPHQWDO LPSRUWDQFH�
EXW WKLV WUDQVIRUPDWLRQ UHPDLQV D JUDQG FKDOOHQJH GXH WR WKH IDYRUHG IRUPDWLRQ RI RYHU�R[LGDWLRQ
SURGXFWV�>�@ ,Q FRQWUDVW� PHWKDQH PRQRR[\JHQDVHV� ZKLFK DUH HQ]\PHV EDVHG RQ &X RU )H PHWDO
FHQWHUV� DUH YHU\ VHOHFWLYH IRU WKLV UHDFWLRQ DQG KDYH WKXV EHHQ DQ LQVSLUDWLRQ IRU FDWDO\VW GHVLJQ�
2I WKH YDULRXV V\VWHPV VWXGLHG� &X�H[FKDQJH ]HROLWHV KDYH VKRZQ WKH JUHDWHVW SRWHQWLDO IRU WKH
VHOHFWLYH R[LGDWLRQ RI PHWKDQH WR PHWKDQRO� 6WHSZLVH UHDFWLRQ FRQGLWLRQV DUH HPSOR\HG WR DYRLG
WKH LQWULQVLF ORZ \LHOG DVVRFLDWHG ZLWK GLUHFW FDWDO\WLF R[LGDWLRQ�>�@ +RZHYHU� GHVSLWH \HDUV RI
UHVHDUFK��WKH�LGHQWLW\�DQG�QXFOHDULW\�RI�WKH�DFWLYH�VLWH�LV�VWLOO�XQGHU�GHEDWH�>�@
,Q WKDW FRQWH[W� VXUIDFH RUJDQRPHWDOOLF FKHPLVWU\ �620&�>�@ FRPELQHG ZLWK WKHUPRO\WLF PROHFXODU
SUHFXUVRUV �703�>�@ KDV HPHUJHG DV D SRZHUIXO DSSURDFK WR JHQHUDWH LVRODWHG PHWDO VLWHV ZLWK
FRQWUROOHG QXFOHDULW\ DQG R[LGDWLRQ VWDWH RQ R[LGH VXSSRUWV IRU D EURDG UDQJH RI PHWDOV� +HUHLQ� ZH
VKRZ WKDW WKLV DSSURDFK DOORZV JHQHUDWLQJ RQ QRQ�SRURXV DOXPLQD VXSSRUW &X�,,� VLWHV WKDW FRQYHUW
PHWKDQH LQWR PHWKDQRO ZLWK KLJK VHOHFWLYLW\ �! ����� 7KURXJK FRPELQHG ;�UD\ DEVRUSWLRQ �;$6�
DQG HOHFWURQ SDUDPDJQHWLF UHVRQDQFH �(35� VSHFWURVFRSLHV� ZH VKRZ WKDW WKLV UHDFWLRQ WDNHV SODFH
RQ SDLUV RI PRQRPHULF &X�,,� VLWHV LQ FORVH SUR[LPLW\�>�@ 7KLV GLVFRYHU\ FRQWUDVWV ZLWK WKH DFWLYH
FHQWHUV SURSRVHG LQ &X�H[FKDQJHG ]HROLWHV� ZKHUH w��&X�2� RU >&X�2�@�� DUH SURSRVHG� EXW
SDUDOOHOV WKH PRVW UHFHQW ILQGLQJV RQ SDUWLFXODWH PHWKDQH PRQRR[\JHQDVHV �S002� ZKHUH WKH
SUHVHQFH�RI�RQO\�PRQRQXFOHDU�&X�FHQWHUV�DUH�SURSRVHG�>�@

6FKHPH�IRU�WKH�SDUWLDO�R[LGDWLRQ�RI�PHWKDQH�WR�PHWKDQRO

>�@ D� &UDEWUHH HW DO� &KHP� 5HY� ����� ��� �������� E� /DELQJHU HW DO� 1DWXUH ����� ���� �������
F� 6FKZDU] HW DO� $QJHZ� &KHPLH ,QW� (G� ����� ��� ����������� G� 5DYL HW DO� $QJHZ� &KHP� ,QW�
(G�����������������������
>�@ D� *URRWKDHUW HW DO� -� $P� &KHP� 6RF� ����� ���� ��������� E� $OD\RQ HW DO� &KHP�
&RPPXQ�������������������
>�@ D� :RHUWLQN HW DO� 3URF� 1DWO� $FDG� 6FL� ����� ���� ����������� E� *UXQGQHU HW DO� 1DW�
&RPPXQ� ����� �� ���� F� 6Q\GHU HW DO� &KHP� 5HY� ����� ���� ��������� G� 6XVKNHYLFK HW DO�
$QJHZ��&KHP��,QW��(G����������������������
>�@ D� &RS«UHW HW DO� $QJHZ� &KHP� ,QW� (G� ����� ��� ��������� E� &RS«UHW HW DO� $FF� &KHP�
5HV���������XQGHU�UHYLVLRQ
>�@)XMGDOD�HW�DO��7RSLFV�2UJDQRPHWDO��&KHP��������������૱��
>�@�0H\HW�HW�DO��$QJHZ��&KHP��,QW��(G�������૱�LQ�SUHVV��GRL����������DQJH�����������
>�@�5RVV�HW�DO��6FLHQFH����������������
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,QRUJDQLF�	�&RRUGLQDWLRQ�&KHPLVWU\��6KRUW�WDON ,&����

$�1RYHO�1L�FRQWDLQLQJ�%���'HULYDWLYH�૱�(OXFLGDWLQJ�WKH�2ULJLQ�RI�&RUULQRLG�DQG�&RUSKLQRLG
&RIDFWRUV

&��%UHQLJ���/��3ULHWR���5��2HWWHUOL���)��=HOGHU�

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

)RU D EHWWHU XQGHUVWDQGLQJ RI ELRORJLFDO SURFHVVHV FDWDO\]HG E\ WUDQVLWLRQ PHWDO FRPSOH[HV ZLWK
SRUSKLQRLG OLJDQGV� LW LV LPSRUWDQW WR GLVFHUQ ZK\ GLIIHUHQW VWUXFWXUDO DOWHUDWLRQV RI RQH OLJDQG
V\VWHP ZHUH FKRVHQ E\ QDWXUH LQ RUGHU WR DFFRPPRGDWH D VSHFLILF PHWDO FHQWHU� 6RPH LPSRUWDQW
SRUSKLQRLG FRIDFWRUV WKDW GLVSOD\ D KLJK VWUXFWXUDO FRPSOH[LW\ DUH WKH %�� FRIDFWRUV
PHWK\OFREDODPLQ �0H&EO� DQG ��GHR[\DGHQRV\OFREDODPLQ �$GR&EO�� DV ZHOO DV FRIDFWRU )����
:KLOH WKH WZR IRUPHU FRIDFWRUV� GHULYHG IURP YLWDPLQ %��� SOD\ LPSRUWDQW UROHV LQ WKH PHWDEROLVP
RI PHWKLRQLQH DQG IRODWH� QXFOHRWLGH V\QWKHVLV>�@ DQG WKH EUHDNGRZQ RI RGG IDWW\ DFLGV�>�@ WKH ODWWHU
�ૺ)���ૻ� LV IRXQG RQO\ LQ PHWKDQRJHQLF EDFWHULD ZKHUH LW FDWDO\]HV WKH IRUPDWLRQ ૱ DV ZHOO DV WKH
R[LGDWLRQ ૱ RI PHWKDQH�>�@ 5HFHQWO\ ZH DFFRPSOLVKHG WKH ILUVW SDUWLDO FKHPLFDO V\QWKHVLV RI D
FREDODPLQ GHULYDWLYH VWDUWLQJ IURP YLWDPLQ %��� WKDW FRQWDLQV D FHQWUDO QLFNHO LRQ LQVWHDG RI FREDOW�
.H\ VWHS RI WKH V\QWKHWLF URXWH ZDV WKH VLPXOWDQHRXV GHPHWDOODWLRQ DQG ULQJ FORVXUH RI D ULQJ�
RSHQHG ����VHFR�FREDODPLQ� 7KH UHVXOWLQJ QLEDODPLQ GHULYDWLYH VKDUHV VSHFWURVFRSLF IHDWXUHV
ZLWK�)����WKDW�DUH�DWWULEXWHG�WR�VWUXFWXUDO�VLPLODULWLHV�RI�WKH�WHWUDGHQWDWH�OLJDQG�IUDPHZRUN�>�@

7KH FRRUGLQDWLRQ FKHPLVWU\ RI WKLV K\EULG )���૱%�� VSHFLHV� KRZHYHU� VXSSRUWV SLRQHHULQJ ZRUN RI
WKH (VFKHQPRVHU JURXS UHJDUGLQJ ZK\ QDWXUH KDV FRPELQHG 1L ZLWK D FRUSKLQ UDWKHU WKDQ D FRUULQ
OLJDQG LQ )��� WR DOORZ IRU FKDOOHQJLQJ ELRFKHPLFDO WUDQVIRUPDWLRQV�>�@ 6HPL�V\QWKHWLF
PHWDOORFRUULQV FDQ VKHG QHZ OLJKW RQ WKH ROG TXHVWLRQ RI FRUULQ YV� FRUSKLQ OLJDQG LQ QDWXUH EXW
PLJKW DV ZHOO EHDU SRWHQWLDO IRU DSSOLFDWLRQV LQ DQDO\WLFDO DQG PHGLFLQDO VFLHQFH� )LQDQFLDO VXSSRUW
E\�WKH�)RUVFKXQJVNUHGLW�RI�WKH�8QLYHUVLW\�RI�=XULFK��JUDQW�).���������LV�JUDWHIXOO\�DFNQRZOHGJHG�

>�@ 5� %DQHUMHH� 6� :� 5DJVGDOH� $QQX� 5HY� %LRFKHP� ����� ��� ���૱���� >�@ 5� %DQHUMHH� &KHP
5HY ����� ���� ����૱����� >�@ $� 3IDOW]� '� $� /LYLQJVWRQ� %� -DXQ� *� 'LHNHUW� 5� .� 7KDXHU DQG $�
(VFKHQPRVHU� +HOY� &KLP� $FWD ����� ��� ����૱����� >�@ &� %UHQLJ� /� 3ULHWR� 5� 2HWWHUOL DQG )�
=HOGHU� $QJHZ� &KHP� ,QW� (G� ����� ��� �����૱������ >�@ $� (VFKHQPRVHU� $QJHZ� &KHP� ,QW� (G�
���������������૱������
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