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2UJDQLF�&KHPLVWU\��3RVWHU 2&����

5DGLFDO�F\FOL]DWLRQV�RI�ͅ�R[\�FDUERQ�FHQWHUHG�UDGLFDOV

(��$QGU«�-R\DX[���3��5HQDXG�


�8QLYHUVLW¦W�%HUQ

2[RODQHV DUH XELTXLWRXV LQ QDWXUDO SURGXFWV DQG KDYH ORQJ EHHQ DQ LPSRUWDQW FODVV RI ELRDFWLYH
KHWHURF\FOHV�>�@ 7KHVH R[DF\FOHV DUH UHDGLO\ DFFHVVLEOH YLD UDGLFDO F\FOL]DWLRQ UHDFWLRQV� 'HVSLWH
WKHLU LPSRUWDQFH� RQO\ D IHZ SDSHUV KDYH UHSRUWHG WKH F\FOL]DWLRQ RI D�R[\ FDUERQ FHQWHUHG
UDGLFDOV� ZLWK D PDMRULW\ LQYROYLQJ WLQ UHDJHQWV�>���@ +HUHLQ� ZH UHSRUW D WLQ�IUHH SURFHGXUH WR
JHQHUDWH WKHVH UDGLFDOV WKDW XVHV DLU�VWDEOH RUJDQRERUDQHV DV SUHFXUVRUV IRU WKH UDSLG FRQVWUXFWLRQ
RI�GHFRUDWHG�R[RODQH�GHULYDWLYHV�

7KLV VWUDWHJ\ LQYROYHV WKH LQ�VLWX IRUPDWLRQ RI ඩ�R[\ FDWHFKROERURQLF HVWHU LQWHUPHGLDWHV WR VLGH�
VWHS WULFN\ LVRODWLRQV�>���@ )XOO GHWDLOV RI WKH PHWKRG ZLOO EH GLVFORVHG� VXFK DV WKH DSSOLFDWLRQ WR WKH
V\QWKHVLV RI GL�� WUL� DQG WHWUDVXEVWLWXWHG R[RODQH GHULYDWLYHV� LQ JRRG WR KLJK \LHOGV DQG
GLDVWHUHRVHOHFWLYLWLHV�

>�@ $� /RUHQWH� -� /DPDULDQR�0HUNHWHJL� )� $OEHULFLR� 0� �OYDUH]� &KHP� 5HY�� ����� ����
����������
>�@�9��+��5DZDO��6��3��6LQJK��&��'XIRXU��&��0LFKRXG���-��2UJ��&KHP�����������������������
>�@�+��=KX��-��&��7��/HXQJ��*��0��6DPPLV���-��2UJ��&KHP���������������������
>�@�-��$��%DEDQ��1��-��*RRGFKLOG��%��3��5REHUWV��-��&KHP��6RF���3HUNLQ�7UDQV��,,���������������
>�@�0��/¾WK\��9��'DUPHQF\��3��5HQDXG��(XU��-��2UJ��&KHP�����������������
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&S
5K�,,,��FDWDO\]HG�&\FORSURSDQH�5LQJ�([SDQVLRQ�IRU�WKH�6\QWKHVLV�RI�3\UUROLGLQRQH

%��$XGLF���1��&UDPHU�


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

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

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

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

<��%DXPJDUWQHU���'��.DWR���'��&DYDOOL���2��%DXGRLQ�


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

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

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

�

�

>�@�D��-LQ�4XDQ�<X��(G���6FLHQFH�RI�6\QWKHVLV��*HRUJ�7KLHPH�9HUODJ�.*��6WXWWJDUW�1HZ�<RUN��������9RO�
�ಗ���E��-RKQ�)��+DUWZLJ��-��$P��&KHP��6RF��������������ಗ���
>�@�+HLNR�6RPPHU��)UDQFLVFR�-XOL£�+HUQ£QGH]��5XEHQ�0DUWLQ��,ODQ�0DUHN��$&6�&HQW��6FL��������������������
>�@�2OLYLHU�%DXGRLQ��&KLPLD��������������������
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3DQFDNH�%RQGV�LQ�'LPHULF�'LUDGLFDOV

$��%HUQKDUGW���0��-XU¯ÏHN�


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

$ FHQWUDO HOHPHQW RI RXU UHVHDUFK DUH ͔�FRQMXJDWHG V\VWHPV WKDW FRQWDLQ RQH RU PRUH XQSDLUHG ͔�
HOHFWURQV� 3KHQDOHQ\O>�@ ��� LV D W\SLFDO H[DPSOH UHSUHVHQWLQJ VSLQ�GHORFDOL]HG V\VWHPV� 7KH
XQSDLUHG HOHFWURQ LQ SKHQDOHQ\O LV GHORFDOL]HG XQLIRUPO\ EHWZHHQ VL[ SRVLWLRQV �VHH WKH VKDSH RI
WKH VLQJO\ RFFXSLHG PROHFXODU RUELWDO �6202� RI ��� 7KH XQLTXH IHDWXUH RI WKHVH V\VWHPV LV WKHLU
DELOLW\ WR IRUP PXOWLFHQWHU ERQGV>�@� WKH VR�FDOOHG SDQFDNH ERQGV� EHWZHHQ WZR RU PRUH FRIDFLDOO\
DVVHPEOHG VSLQ XQLWV ����� 7KLV ERQGLQJ PRWLI JLYHV WKHVH RUJDQLF PDWHULDOV H[FHSWLRQDO EXON
SURSHUWLHV VXFK DV PDJQHWLVP DQG FRQGXFWLYLW\� ZKLFK DUH FRPPRQO\ GLVSOD\HG E\ PHWDOV� 'HVSLWH
WKH SRWHQWLDO LQ PDWHULDO VFLHQFH� OLWWOH LV NQRZQ DERXW WKH SDQFDNH ERQGLQJ PRWLI LQ WKH UHSRUWHG
V\VWHPV� 7R VKHG PRUH OLJKW RQ WKH ELQGLQJ VLWXDWLRQ� RXU FXUUHQW VWXG\ IRFXVHV RQ GLPHULF
GLUDGLFDO V\VWHPV VXFK DV �� 7KLV V\VWHP FRQVLVWV RI WZR SKHQDOHQ\O XQLWV �ZKLWH� WKDW DUH KHOG LQ D
FORVH SUR[LPLW\ WR RQH DQRWKHU E\ DQ ROLJR�RUWKR�SKHQ\OHQH>�@ VSDFHU �JUD\�� ZKLFK RQO\ DOORZV WKH
VSLQ XQLWV WR LQWHUDFW WKURXJK VSDFH� 7KLV VSDFHU SURYLGHV WKHVH V\VWHPV ZLWK IOH[LELOLW\ DQG WKH
DELOLW\ WR DGRSW D KHOLFDO JHRPHWU\� ZKHUH WKH VSLQ XQLWV DUH SRVLWLRQHG RQ WRS RI HDFK RWKHU�
'LIIHUHQW OLQNDJH SDWWHUQV �ͅͅ� ͆ͅ �VKRZQ�� RU ͆͆� ZLOO EH XVHG WR VWXG\ WKH HIIHFW RI OLQNDJH RQ WKH
VSLQ FRXSOLQJ �WULSOHW YHUVXV VLQJOHW� LQ WKH JURXQG VWDWH RI WKHVH PROHFXOHV� 7KH SRVWHU
SUHVHQWDWLRQ ZLOO LQFOXGH WKH V\QWKHWLF DSSURDFK WRZDUGV WKHVH WDUJHW PRGHO FRPSRXQGV DQG WKH
SUHOLPLQDU\�LQYHVWLJDWLRQV�RI�WKHLU�SURSHUWLHV�DQG�VWHUHRG\QDPLFV�

>�@�3��%��6RJR��0��1DND]DNL��0��&DOYLQ��-��&KHP��3K\V����������������૱�����
>�@ .� *RWR� 7� .XER� .� <DPDPRWR� .� 1DNDVXML� .� 6DWR� '� 6KLRPL� 7� 7DNXL� 0� .XERWD� 7�
.RED\DVKL��.��<DNXVL��-��<��2X\DQJ��-��$P��&KHP��6RF�����������������૱�����
>�@�&��6��+DUWOH\��-��+H��-��2UJ��&KHP����������������૱�����
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0HWDVWDEOH�VWDWH�SKRWRDFLGV��FRPSDUDWLYH�VWXG\�RI�VXEVWLWXHQW�HIIHFWV�

&��%HUWRQ���&��3H]]DWR�
��.��6HYHULQ�


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

0HWDVWDEOH�VWDWH SKRWRDFLGV �3$+V�� UHSUHVHQW D YHU\ VLPSOH� \HW SRZHUIXO PHDQ WR FRQYHUW YLVLEOH
OLJKW VWLPXOL LQWR D ODUJH DQG UHYHUVLEOH S+ YDULDWLRQ� 8SRQ LUUDGLDWLRQ WKHVH FRPSRXQGV XQGHUJR DQ
LQWUDPROHFXODU F\FOL]DWLRQ OHDGLQJ WR SURWRQ GLVVRFLDWLRQ� ZKLOH XQGHU GDUN FRQGLWLRQV WKH\
VSRQWDQHRXVO\ UHOD[ EDFN WR WKHLU RULJLQDO� OHVV DFLGLF� VWDWH �)LJXUH ��� 7KLV UHPDUNDEOH IHDWXUH
ILQGV DSSHDOLQJ DSSOLFDWLRQV LQ SRO\PHU VFLHQFH � DQG VXSUDPROHFXODU FKHPLVWU\ �� +RZHYHU� WKHVH
FRPSRXQGV DUH NQRZQ DOVR IRU WKHLU ODELOLW\ WRZDUGV K\GURO\WLF SURFHVVHV ZKLFK OLPLWV WKHLU
LPSOHPHQWDWLRQ LQ DTXHRXV�EDVHG V\VWHPV�� ,Q OLJKW RI WKLV� ZH KDYH V\QWKHVL]HG D OLEUDU\ RI 3$+V
EHDULQJ PHWKR[\ JURXSV LQ IRXU GLIIHUHQW SRVLWLRQV FRQMXJDWHG WR FHQWUDO GRXEOH ERQG �)LJXUH ���
DQG FDUHIXOO\ LQYHVWLJDWHG WKH HIIHFWV RI HDFK VXEVWLWXWLRQ SDWWHUQ RQ WKH FKHPLFDO VWDELOLW\ DQG WKH
SKRWRFKHPLVWU\�LQ�ZDWHU�

>�@�<L�/LDR��$FFRXQWV�RI�&KHPLFDO�5HVHDUFK��������������������
>�@ 7KDDHU .KDOLO� $UZD $OKDUEL� &OD\WRQ %DXP� <L /LDR� 0DFURPROHFXODU 5DSLG
&RPPXQLFDWLRQV�������������������
>�@�6X]DQQH�-DQV]H��*LDFRPR�&HFRW��.D\�6HYHULQ��&KHPLFDO�6FLHQFH���������������������
>�@ 9DOHQWLQH -RKQV� =KXR]KL :DQJ� ;LQ[XH /L� <L /LDR� 7KH -RXUQDO RI 3K\VLFDO &KHPLVWU\ $� �����
���������������
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6\QWKHVLV�DQG�UHDFWLYLW\�RI�QRQ�F\FORPHWDOODWHG�$X�,,,��)��PLOG�&�VS���&�VS��ERQG
IRUPDWLRQ

0��%LHGU]\FNL���$��*HQRX[���&��1HYDGR�


�8QLYHUVLW\�RI�=XULFK

/DWH WUDQVLWLRQ PHWDO IOXRULGH FRPSOH[HV UDLVH LQWHUHVWLQJ IHDWXUHV LQ ERQGLQJ DQG UHDFWLYLW\
FRPSDUHG WR WKHLU KHDYLHU KDOLGH DQDORJXHV�>�@ $OWKRXJK WKHVH VSHFLHV KDYH EHHQ SURSRVHG WR EH
NH\ LQWHUPHGLDWHV LQ FDWDO\WLF FURVV�FRXSOLQJ DQG &�+ DFWLYDWLRQ UHDFWLRQV� WKHLU LVRODWLRQ DQG
FKDUDFWHUL]DWLRQ LV VWLOO H[WUHPHO\ UDUH� 2XU JURXS KDV UHFHQWO\ LVRODWHG DQG FKDUDFWHUL]HG $X�,,,��)
XVLQJ D KLJKO\ VWDELOL]LQJ �1A&A&� OLJDQG E\ D IDFLOH &O�) OLJDQG H[FKDQJH UHDFWLRQ�>�@ 7KH ODFN RI
QRQ�F\FORPHWDOODWHG JROG�,,,� PRQRIOXRULGH VSHFLHV HQFRXUDJHG XV WR V\QWKHVL]H DQG LVRODWH WKH
ILUVW ELGHQWDWH �3A1� VXSSRUWHG JROG�,,,� IOXRULGH FRPSOH[HV DQG IXUWKHU VWXG\ WKHLU UHDFWLYLW\
WRZDUGV DON\QHV DQG WULPHWK\OVLO\O�EDVHG QXFOHRSKLOHV� 2XU VWXGLHV VXJJHVW DQ XQSUHFHGHQWO\ IDVW
UHGXFWLYH HOLPLQDWLRQ WR IRUP QHZ &�VS���&�VS� ERQGV IRU WKLV W\SH RI VFDIIROG �6FKHPH
���>�@ ,PSOLFDWLRQV RI WKLV UHDFWLYLW\ WRZDUGV WKH GHYHORSHPHQW RI FDWDO\WLF SURFHVVHV ZLOO DOVR EH
SUHVHQWHG�KHUH�

6FKHPH����5HDFWLYLW\�RI��3A1��$X�,,,��)�ZLWK�DON\QHV�DQG�706&1�

>�@�'RKHUW\��1��0���+RIIPDQQ��1��:��&KHP��5HY��������������������
>�@�.XPDU��5���/LQGHQ��$���1HYDGR��&��$QJHZ��&KHP��,QW��(G�������������������������
>�@�%LHGU]\FNL��0���*HQRX[��$���1HYDGR��&��PDQXVFULSW�LQ�SUHSDUDWLRQ�
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5K�&DWDO\]HG�6\QWKHVLV�RI�,QGHQ\O�7ULD]HQHV

&��7��%RUPDQQ���)��*��3HUULQ���.��6HYHULQ�


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

,QGHQ\O WULD]HQHV DQG WKHLU GHULYDWLYHV DUH FRPSRXQGV RI LQWHUHVW EHFDXVH RI WKH ELRORJLFDO DFWLYLW\
RI LQGHQHV >�@ DQG WKH V\QWKHWLF SRVVLELOLWLHV DIIRUGHG E\ WKH WULD]HQH JURXS�>�@ 7KH RQO\ GHVFULEHG
H[DPSOH RI WKH V\QWKHVLV RI DQ LQGHQ\O WULD]HQH VXIIHUV IURP WKH QHHG IRU DQ LQGHQ\O *ULJQDUG
UHDJHQW DQG ORZ \LHOG�>�@ %XLOGLQJ RQ WKH V\QWKHVLV RI LQGHQHV IURP \QDPLGHV DV GHVFULEHG E\ /DP
HW DO�� >�@ ZH LQYHVWLJDWHG WKH 5K�FDWDO\]HG UHDFWLRQ RI �૯DON\Q\O WULD]HQHV ZLWK ELIXQFWLRQDO ERURQLF
DFLGV�DQG�HVWHUV�

7KH SURFHGXUH WROHUDWHV DLU DQG UHTXLUHV WKH SUHVHQFH RI ZDWHU� +LJKO\ VXEVWLWXWHG LQGHQ\O
WULD]HQHV ZHUH REWDLQHG LQ \LHOGV XS WR �� � DQG UHJLRVHOHFWLYLWLHV XS WR !���� UU� 7KH
UHJLRVHOHFWLYLW\ LV GHWHUPLQHG E\ WKH FKRLFH RI WKH DON\Q\O VXEVWLWXHQW 5� $URPDWLF� DON\OLF DQG
DOFRKROLF VXEVWLWXHQWV ZHUH VXLWDEOH 5૷ JURXSV� ZKLOH WKH IXQFWLRQDO JURXS �)*� RQ WKH ERURQLF
DFLG�HVWHU�FRXOG�EH�DQ�DOGHK\GH��NHWRQH��QLWULOH�RU�D�0LFKDHO�DFFHSWRU�

7KH DFLG�LQGXFHG FOHDYDJH RI WKH WULD]HQH JURXS JDYH D YDULHW\ RI GLIIHUHQW SURGXFWV GHSHQGLQJ RQ
WKH�QDWXUH�RI�;�

>�@�/��9HOWUL�HW�DO���&KHP����(XU��-����������������૱�����
>�@�&��/LX�HW�DO���&XUU��2UJ��&KHP���������������૱����
>�@�.��6HYHULQ�HW�DO���2UJ��/HWW����������������૱�����
>�@�+��:��/DP�HW�DO���2UJ��/HWW����������������૱�����
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6LQJOHW�RU�7ULSOHW"�7KDW�LV�WKH�4XHVWLRQ

'��ÎDYORYLÉ���0��-XU¯ÏHN�


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

3RO\DURPDWLF K\GURFDUERQV FDQ EH GHVLJQHG VXFK WKDW� GHSHQGLQJ RQ WKH WRSRORJ\ RU WKH H[WHQW RI
FRQMXJDWLRQ RI WKH DURPDWLF V\VWHP� GLIIHUHQW JURXQG VWDWHV FRPELQHG ZLWK GLIIHUHQW SURSHUWLHV FDQ
EH DFKLHYHG� $ FODVV RI VXFK SRO\DURPDWLF K\GURFDUERQV DUH >QN@FHWKUHQHV� PROHFXOHV REWDLQHG E\
IXVLRQ RI Q EHQ]HQRLG ULQJV DQG IHDWXULQJ D >N@KHOLFHQH EDFNERQH �KLJKOLJKWHG LQ JUD\�� 'HSHQGLQJ
RQ WKH WRSRORJ\ RI IXVHG EHQ]HQRLG ULQJV� FHWKUHQHV SRVVHVV HLWKHU D QRQ�.HNXO« GLUDGLFDO RU D
.HNXO« GLUDGLFDORLG HOHFWURQLF VWUXFWXUH� 7ZR W\SLFDO IHDWXUHV>���@ RI GLUDGLFDORLG FHWKUHQHV DUH D
VPDOO +202૱/802 JDS DQG D ORZ�O\LQJ WULSOHW H[FLWHG VWDWH WKDW FDQ EH SRSXODWHG WKHUPDOO\� :KLOH
WKH ILUVW FKDUDFWHULVWLF UHVXOWV LQ D SDUWLDO RFFXSDQF\ RI ERWK WKH +202 DQG WKH /802 LQ WKH JURXQG
VWDWH� WKH ODWWHU JLYHV ULVH WR PDJQHWLF SURSHUWLHV RI WKHVH V\VWHPV� %\ H[WHQGLQJ WKH FRQMXJDWLRQ
OHQJWK� WKH PDJQLWXGH RI WKH +202૱/802 DV ZHOO DV WKH VLQJOHW૱WULSOHW HQHUJ\ JDS LV W\SLFDOO\
GHFUHDVHG� 7KLV VWUXFWXUH૱SURSHUW\ UHODWLRQVKLS FDQ EH XVHG WR WXQH WKH PDJQHWLF SURSHUWLHV LQ WKH
VHULHV RI FHWKUHQHV� 6KRZQ EHORZ DUH WKUHH KRPRORJV RI WKLV VHULHV� ZKHUH� IURP OHIW WR ULJKW� LV WKH
SDUHQW>���@ GLUDGLFDORLG >��@FHWKUHQH� DQ H[WHQGHG GLUDGLFDORLG >���@FHWKUHQH� DQG GLUDGLFDO
>��@FHWKUHQH WKDW LV H[SHFWHG WR GLVSOD\ D WULSOHW JURXQG VWDWH� 8VLQJ WKHVH PROHFXOHV� ZH ZRXOG
OLNH WR VWXG\ WKH HIIHFW RI FRQMXJDWLRQ OHQJWK DQG WRSRORJ\ RQ WKH HOHFWURQLF VWUXFWXUH� 7KH SRVWHU
SUHVHQWDWLRQ�ZLOO�LQFOXGH�RXU�HIIRUWV�WR�V\QWKHVL]H�WKHVH�FKDOOHQJLQJ�EXW�EHDXWLIXO�FRPSRXQGV�

>�@ 3� 5DYDW� 7� ĢRORPHN� '� +¦XVVLQJHU� 2� %ODFTXH� 0� -XU¯ÏHN� -� $P� &KHP� 6RF�� ����� ����
������
>�@�7��ĢRORPHN��3��5DYDW��=��0RX��0��.HUWHV]��0��-XU¯ÏHN��-��2UJ��&KHP������������������
>�@�'��ÎDYORYLÉ��0��-XU¯ÏHN��&KLPLD����������������
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'\QDPLF�&RYDOHQW�%HQ]RSRO\VXOIDQH�1HWZRUNV��$�1HZ�&RQFHSW�IRU�7KLRO�0HGLDWHG
&HOOXODU�8SWDNH

<��&KHQJ���-��/µSH]�$QGDULDV���5��0DUWLQHQW���<��2NDPRWR���7��:DUG���1��6DNDL���6��0DWLOH�


�'HSDUWPHQW�RI�2UJDQLF�&KHPLVWU\��8QLYHUVLW\�RI�*HQHYD���'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI
%DVHO

&\FOLF ROLJRFKDOFRJHQLGHV �&2&V� DUH HPHUJLQJ DV SRZHUIXO WRROV WR SHQHWUDWH FHOOV WKURXJK
G\QDPLF FRYDOHQW GLFKDOFRJHQLGH H[FKDQJH ZLWK H[RIDFLDO WKLROV RQ WKH FHOO VXUIDFH��
%HQ]RSRO\VXOIDQHV �%36� DUH &2&V ZLWK XQLTXH ULQJV RI VXOIXU DWRPV IXVHG WR D EHQ]HQH ULQJ�� 7KH
FHOOXODU XSWDNH RI EHQ]RSHQWDVXOILGHV �%36�� IDU H[FHHGV RWKHU UHSRUWHG &2&V ZLWK HIILFLHQW
GHOLYHU\ WR F\WRVRO DQG QXFOHXV� OLWWOH HQGRVRPDO FDSWXUH� ORZ WR[LFLW\� LQVHQVLWLYLW\ WR LQKLELWRUV RI
HQGRF\WRVLV� 7KH WUDQVIRUPDWLRQ RI %36 LQWR LQ VLWX G\QDPLF�FRYDOHQW QHWZRUNV RI H[WUHPH VXOIXU
VSHFLHV�ZLWK�WKLROV��IRU�VHOHFWLRQ�DQG�SRVVLEO\�DPSOLILFDWLRQ�RI�WKH
EHVW� DSSHDUV WR EH FUXFLDO IRU WKLV KLJK FHOO�SHQHWUDWLQJ DFWLYLW\� ,QWUDFHOOXODU GHOLYHU\ RI SURWHLQV
DVVLVWHG ZLWK %36 ZDV WKHQ FRQILUPHG E\ WKH DUWLILFLDO PHWDOORHQ]\PH FDWDO\VLV ZLWKLQ FHOOV��
&RYDOHQW %36�VWUHSWDYLGLQ FRQMXJDWHV FRXOG DOVR DOORZ SHQHWUDWLRQ RI ODUJH SURWHLQV OLNH DQWL�*)3
QDQRERGLHV�DQG�DQWLERGLHV�LQWR�F\WRVRO�RI�FHOOV�

>�@ �D� *LXOLR *DVSDULQL� *HYRUJ 6DUJV\DQ� (XQ�.\RXQJ %DQJ� 1DRPL 6DNDL� 6WHIDQ 0DWLOH� $QJHZ�
&KHP� ,QW� (G� ����� ��� ���������� �E� 'DQLHO $EHJJ� *LXOLR *DVSDULQL� 'RPLQLF *� +RFK� $QWRQ
6KXVWHU� (OLQH %DUWRODPL� 6WHIDQ 0DWLOH� $OH[DQGHU $GLEHNLDQ� -� $P� &KHP� 6RF� ����� ����
�������� �F� /LOL =RQJ� (OLQH %DUWRODPL� 'DQLHO $EHJJ� $OH[DQGHU $GLEHNLDQ� 1DRPL 6DNDL� 6WHIDQ
0DWLOH� $&6 &HQW 6FL� ����� �� �������� �G� 1LFRODV &KXDUG� $PDOLD ,� 3REODGRU�%DKDPRQGH� /LOL
=RQJ� (OLQH %DUWRODPL� -DQD +LOGHEUDQGW� :ROIJDQJ :HLJDQG� 1DRPL 6DNDLD� 6WHIDQ 0DWLOH� &KHP�
6FL���������������������
>�@�5DOI�6WHXGHO��&KHP��5HY�����������������������
>�@ �D� <DVXQRUL 2NDPRWR� 5\RVXNH .RMLPD� )DELDQ 6FKZL]HU� (OLQH %DUWRODPL� 7LOOPDQQ +HLQLVFK�
6WHIDQ 0DWLOH� 0DUWLQ )XVVHQHJJHU� 7KRPDV 5� :DUG� 1DW� &RPPXQ� ����� �� ����� �E� (OLQH
%DUWRODPL� 'LPLWULV %DVDJLDQQLV� /LOL =RQJ� 5�����«PL 0DUWLQHQW� <DVXQRUL 2NDPRWR� 4XHQWLQ
/DXUHQW� 7KRPDV 5� :DUG� 0DUFRV *RQ]DOH]�*DLWDQ� 1DRPL 6DNDL� 6WHIDQ 0DWLOH�&KHP� ৽ (XU� -�
��������������������
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7KH�6\QWKHVLV�RI�+HOLFDOO\�&KLUDO�DQG�'RQRU�$FFHSWRU�&DUERQ�1DQRKRRSV

$��'
$GGLR���-��0DOLQÏ¯N���7��ĢRORPHN�


�8QLYHUVLW\�RI�%DVHO

3URSHUWLHV RI PROHFXOHV DUH WLJKWO\ ERXQG WR WKHLU WRSRORJ\� &RQVLGHULQJ FDUERQ�ULFK PROHFXOHV� H�J�
JUDSKHQH� FDUERQ QDQRWXEHV �&17V� RU IXOOHUHQHV� HDFK VKRZ GLVWLQFW SURSHUWLHV� DOWKRXJK WKH\ DUH
DOO PDGH RI VS��K\EULGL]HG FDUERQ DWRPV� &17V FDQ EH VHHQ DV QDQRVFDOH F\OLQGHUV IRUPHG E\
UROOLQJ XS JUDSKHQH VKHHWV IROORZHG E\ VHDOLQJ RI WKH JUDSKHQH HGJHV� 6XFK WRS�GRZQ DSSURDFK WR
&17V V\QWKHVLV GRHV QRW OHDG� KRZHYHU� WR XQLIRUP &17V EHFDXVH JUDSKHQH FDQ EH UROOHG XS DW
PDQ\ GLIIHUHQW DQJOHV� 7KHUHIRUH� KRRS�VKDSHG FDUERQ PDFURF\FOHV WKDW UHSUHVHQW VPDOO
IUDJPHQWV RI &17V WKDW UHWDLQ LQIRUPDWLRQ UHJDUGLQJ FKLUDOLW\ DQG GLDPHWHU KDYH EHHQ GHVLJQHG DV
WHPSODWHV IRU WKH V\QWKHVLV RI XQLIRUP &17V��૱� ,Q FDVH RI SDUD�ERXQG EHQ]HQH VXEXQLWV�
VXFK QDQRKRRSV DUH FDOOHG F\FORSDUDSKHQ\OHQHV �&33V�� 8QOLNH LQ OLQHDU SDUDSKHQ\OHQHV� WKH
+202 DQG /802 HQHUJLHV GR QRW FRQYHUJH ZLWK LQFUHDVLQJ VL]H RI WKH &33���� 7KLV OHDGV WR UDWKHU
XQLTXH HOHFWURQLF SURSHUWLHV RI &33V� SDUWLFXODUO\ WKRVH ZLWK IHZHU UHSHDWLQJ XQLWV� %UHDNLQJ WKH
V\PPHWU\ RI &33V� L�H� FKDQJLQJ WKH SDUD FRQQHFWLYLW\ WRPHWD LQ RQH RI WKH EHQ]HQH VXEXQLWV GRHV
QRW DOWHU WKH HOHFWURQLF SURSHUWLHV EXW FKDQJHV WKH VHOHFWLRQ UXOHV PDNLQJ WKH VPDOOHVW
PDFURF\FOHV IOXRUHVFHQW�� &RQWURO RI WKH HOHFWURQLF SURSHUWLHV RI &33V E\ GRSLQJ KDV EHHQ
GHPRQVWUDWHG�� +RZHYHU� ILQH�WXQLQJ RI WKHLU WKH &33V DUH DOVR QRW FKLUDO DQG FRXOG VHUYH DV
WHPSODWHV�RQO\�LQ�WKH�V\QWKHVLV�RI�DUPFKDLU�&17V�

7KLV FRQWULEXWLRQ ZLOO GHVFULEH WKH V\QWKHVLV RI QDQRKRRSV LQ ZKLFK �D� D KHOLFDO FKLUDOLW\ RU �E�
GRQRU�DFFHSWRU PRWLIV DUH LQWURGXFHG� 7KH IRUPHU DSSURDFK SURPLVHV D QHZ FODVV RI FDUERQ�ULFK
PDWHULDOV WR EH SURGXFHG� ZKLOH WKH ODWWHU DOORZV IRU FRQWUROOLQJ WKH HOHFWURQLF SURSHUWLHV RI WKH
&33V�DQG�WKHLU�GHULYDWLYHV�

>�@ 5DPHVK -DVWL� -R\GHHS %KDWWDFKDUMHH� -HIIUH\ %� 1HDWRQ� &DURO\Q 5� %HUWR]]L�-� $P� &KHP� 6RF��
����������������૱������
>�@�(YDQ�5��'DU]L��5DPHVK�-DVWL��&KHP��6RF��5HY�����������������૱�����
>�@�0DWWKHZ�5�*ROGHU��5DPHVK�-DVWL��$FF��&KHP��5HV����������������૱����
>�@ 7HUUL &� /RYHOO� &XUWLV (� &ROZHOO� /HY 1� =DNKDURY� 5DPHVK -DVWL� &KHP� 6FL� ����� ���
����૱�����
>�@ (YDQ 5� 'DU]L� (OL]DEHWK 6� +LUVW� &KULVWRSKHU '� :HEHU� /HY 1� =DNKDURY� 0DUN &� /RQHUJDQ�
5DPHVK�-DVWL��$&6�&HQW��6FL���������������૱����
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7KH�NHWHQLPLQLXP�FKHPLVWU\�DV�DQ�HIILFLHQW�WRRO�IRU�WKH�V\QWKHVLV�RI���DPLQRKHWHUROHV

'��'DJRQHDX���$��.ROOHWK���$��/XPEURVR���3��4XLQRGR]���*��7DQULYHU���6��&DWDN���6��6XO]HU�0RVV«���$�
'H�0HVPDHNHU�


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

%DVHG RQ RXU SUHYLRXV PHWKRGV WR V\QWKHVL]H ��DPLQR�EHQ]R�WKLRSKHQHV� XVLQJ NHWHQLPLQLXP DV
NH\ LQWHUPHGLDWH� ZH ZLOO SUHVHQW WKH H[SDQVLRQ RI WKLV FKHPLVWU\ WRZDUGV WKH IRUPDWLRQ RI RWKHU
��DPLQRKHWHUROHV��&RQWURO�DQG�FRPSHWLWLRQ�H[SHULPHQWV�ZLOO�EH�DOVR�KLJKOLJKWHG�

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


2UJDQLF�&KHPLVWU\��3RVWHU 2&����

6WUDLJKWIRUZDUG�6\QWKHVLV�RI���$PLQRWKLRSKHQHV�8VLQJ�$FWLYDWHG�$PLGHV

'��'DJRQHDX���$��.ROOHWK���$��/XPEURVR���3��4XLQRGR]���*��7DQULYHU���6��&DWDN���6��6XO]HU�0RVV«���$�
'H�0HVPDHNHU�


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

:H ZLOO SUHVHQW D IDFLOH DSSURDFK WRZDUGV WKH V\QWKHVLV RI GLYHUVHO\ VXEVWLWXWHG
��DPLQRWKLRSKHQHV� $ ZLGH UDQJH RI IXQFWLRQDO JURXSV FDQ EH LQFRUSRUDWHG DW WKH &��� &�� DQG &��
SRVLWLRQV RI WKH WKLRSKHQHV DQG WKLV URXWH LV DOVR VXLWDEOH IRU WKH V\QWKHVLV RI IXVHG ELF\FOLF
KHWHURF\FOHV VXFK DV ��DPLQRWHWUDK\GUREHQ]RWKLRSKHQHV� 7KLV PHWKRGRORJ\ UHOLHV RQ D �S
�HOHFWURF\FOL]DWLRQ LQYROYLQJ D YLQ\O VXOILGH OLQNHG WR D NHWHQLPLQLXP VDOW� WKH ODWWHU EHLQJ IRUPHG LQ�
VLWX�YLD�DFWLYDWLRQ�RI�WKH�FRUUHVSRQGLQJ�DPLGH�ZLWK�WULIOLF�DQK\GULGH�
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6WHUHRVHOHFWLYH�6\QWKHVLV�RI�=�(QDPLGHV�DQG�(QRO�(WKHUV�IURP�+\SHUYDOHQW�,RGLQH
5HDJHQWV

1��'HFODV���3��&DUDPHQWL���5��7HVVLHU���0��'��:RGULFK���-��:DVHU�


�/DERUDWRU\�RI�&DWDO\VLV�DQG�2UJDQLF�6\QWKHVLV��(3)/�/DXVDQQH���/DERUDWRU\�IRU�&RPSXWDWLRQDO
0ROHFXODU�'HVLJQ��(3)/�/DXVDQQH

(QDPLGHV DQG HQRO HWKHUV DUH LPSRUWDQW EXLOGLQJ EORFNV LQ V\QWKHWLF RUJDQLF FKHPLVWU\�>�@ +RZHYHU�
WKHLU VWHUHRVHOHFWLYH V\QWKHVLV UHPDLQ FKDOOHQJLQJ� )XUWKHUPRUH� WKHLU QHDUO\ H[FOXVLYH XVH DV
QXFOHRSKLOHV IRU &�& ERQG IRUPDWLRQ OLPLWV WKH QXPEHU RI SRVVLEOH GLVFRQQHFWLRQV� DQG WKH
DYDLODELOLW\ RI HOHFWURSKLOLF V\QWKRQV ZRXOG JUHDWO\ HQKDQFH WKH IOH[LELOLW\ RI RUJDQLF V\QWKHVLV� 7KH
SRODULW\ RI PDQ\ IXQFWLRQDO JURXSV ZDV VXFFHVVIXOO\ LQYHUWHG XVLQJ K\SHUYDOHQW LRGLQH
FRPSRXQGV�>�@ DQG WKHLU SRWHQWLDO IRU IXQFWLRQDO�JURXS WUDQVIHU KDV EHHQ EURDGO\ H[SORUHG GXULQJ
WKH SDVW GHFDGHV�>�@ +HUHLQ� ZH SUHVHQW WKH VWHUHRVHOHFWLYH V\QWKHVLV RI =�HQDPLGHV DQG HQRO
HWKHUV�EDVHG EHQ]LRGR[RORQHV� 7KHVH FRPSRXQGV ZHUH V\QWKHVL]HG IURP WKH FRUUHVSRQGLQJ
HWK\Q\OEHQ]LRGR[RORQHV �(%;� WKURXJK WKH VWHUHRVHOHFWLYH DGGLWLRQ RI 1� DQG 2� QXFOHRSKLOHV� 7KH
VR REWDLQHG YLQ\OEHQ]LRGR[RORQHV �9%;� UHDJHQWV ZHUH HQJDJHG LQ PHWDO�FDWDO\]HG DQG PHWDO�IUHH
UHDFWLRQV� 7KHVH WUDQVIRUPDWLRQV SURFHHG DW URRP WHPSHUDWXUH DQG JUDQWHG DFFHVV WR YDULRXV =
�HQDPLGHV�DQG�HQRO�HWKHUV�>�@

>�@�7��&RXUDQW��*��'DJRXVVHW�DQG�*��0DVVRQ��6\QWKHVLV�����������������
>�@�$��<RVKLPXUD��9��9��=KGDQNLQ��&KHP��5HY������������������
>�@ 9� 9� =KGDQNLQ� +\SHUYDOHQW ,RGLQH &KHPLVWU\� 3UHSDUDWLRQ� 6WUXFWXUH DQG 6\QWKHWLF
$SSOLFDWLRQV RI 3RO\YDOHQW ,RGLQH &RPSRXQGV� ,Q +\SHUYDOHQW ,RGLQH &KHPLVWU\� -RKQ :LOH\ 	 6RQV�
/WG��������SS��૱���
>�@�3��&DUDPHQWL��1��'HFODV��5��7HVVLHU��0��'��:RGULK��-��:DVHU��&KHP��6FL�����������������
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/LJDQG�&RQWUROOHG�&KHPRGLYHUJHQW�&RSSHU�&DWDO\]HG�%RU\ODWLRQV�RI���6XEVWLWXWHG
>�@'HQGUDOHQHV

&��'HVIHX[���&��0D]HW�


�'HSDUWPHQW�RI�2UJDQLF�&KHPLVWU\��8QLYHUVLW«�GH�*HQªYH

'HQGUDOHQHV DUH FURVV�FRQMXJDWHG SRO\ROHILQV WKDW FDQ EH HLWKHU F\FOLF RU DF\FOLF� $F\FOLF
GHQGUDOHQHV DUH W\SLFDOO\ DFFHVVHG E\ LWHUDWLYH FURVV�FRXSOLQJ VWUDWHJLHV� 7KH LQWULJXLQJ SK\VLFDO
SURSHUWLHV RI DF\FOLF GHQGUDOHQHV KDYH EHHQ H[WHQVLYHO\ VWXGLHG LQ WKH SDVW WHQ \HDUV� DQG WKHLU
XVH LQ F\FORDGGLWLRQV WR JHQHUDWH FRPSOH[ SRO\F\FOLF FDUERQ IUDPHZRUNV KDV EHHQ LQYHVWLJDWHG LQ
GHWDLOV �H�J� LQ GLHQH WUDQVPLVVLYH 'LHOV�$OGHU UHDFWLRQV�� >�@>�@ 7R GDWH� WKHLU XVH DV VXEVWUDWHV IRU
WUDQVLWLRQ PHWDO�FDWDO\]HG VHOHFWLYH IXQFWLRQDOL]DWLRQV KDV EHHQ EDUHO\ H[SORUHG� 7KLV PD\ EH
EHFDXVH IXQFWLRQDOL]DWLRQV RI SRO\FRQMXJDWHG GLHQHV SRVH FKDOOHQJHV ERWK LQ WHUPV RI UHDFWLYLW\
�PRQR� YV� SRO\�IXQFWLRQDOL]DWLRQ� DQG VHOHFWLYLW\ �FKHPRVHOHFWLYLW\� UHJLRVHOHFWLYLW\�
GLDVWHUHRVHOHFWLYLW\��HQDQWLRVHOHFWLYLW\଄��

�

7R WDFNOH WKHVH FKDOOHQJHV� ZH GLUHFWHG RXU HIIRUWV WRZDUGV WKH GHYHORSPHQW RI FRPSOHPHQWDU\
VLWH�VHOHFWLYH &X�FDWDO\]HG SURWRERU\ODWLRQV RI >�@GHQGUDOHQHV� +HUHLQ� ZH SUHVHQW WKH UHVXOWV RI
WKHVH LQYHVWLJDWLRQV DQG WKH LGHQWLILFDWLRQ RI WZR FRPSOHPHQWDU\ FDWDO\WLF V\VWHPV IRU WKH �L�
����DGGLWLRQ ZLWK DQWL�0DUNRYQLNRY VHOHFWLYLW\ DQG WKH �LL� ���૷�DGGLWLRQ ZLWK DQWL�0DUNRYQLNRY
VHOHFWLYLW\� ,Q WKH ODWWHU FDVH� WKH FRUUHVSRQGLQJ VNLSSHG�GLHQHV ZHUH QRW RQO\ REWDLQHG ZLWK
H[FHOOHQW FKHPRVHOHFWLYLW\ EXW DOVR ZLWK KLJK OHYHOV RI HQDQWLRFRQWURO� 6XFFHVVIXO DSSOLFDWLRQ RI
WKHVH�WZR�PHWKRGV�WR�KLJKHU�KRPRORJXHV�ZLOO�DOVR�EH�SUHVHQWHG�

>�@�0LFKDHO�6��6KHUEXUQ��$FF��&KHP��5HV����������������������
>�@ &URVV &RQMXJDWLRQ ૱ 0RGHUQ 'HQGUDOHQH� 5DGLDOHQH DQG )XOYHQH &KHPLVWU\ �(GV�� +HQQLQJ
+RSI��0LFKDHO�6��6KHUEXUQ���:LOH\�9&+��:HLQKHLP�����������SS�

�
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1LFNHO�&DWDO\]HG�(QDQWLRVHOHFWLYH�&૱+�)XQFWLRQDOL]DWLRQV�RI�+HWHURF\FOHV�(QDEOHG�E\
%XON\�1�+HWHURF\FOLF�&DUEHQH�/LJDQGV

-��'LHVHO���$��0��)LQRJHQRYD���'��*URVKHYD���1��&UDPHU�


�/DERUDWRU\�RI�$V\PPHWULF�&DWDO\VLV�DQG�6\QWKHVLV�

+HWHURF\FOHV VXFK DV �� DQG ��S\ULGRQHV� DV ZHOO DV LQGROHV DQG S\UUROHV DUH SUHYDOHQW
KHWHURDURPDWLF VWUXFWXUHV� ZKLFK DUH IRXQG LQ D EURDG YDULHW\ RI QDWXUDO SURGXFWV� ELRDFWLYH DJHQWV
DQG DSSURYHG GUXJV�>�@ 2YHU WKH SDVW GHFDGH� UDSLG DGYDQFHV LQ &૱+ IXQFWLRQDOL]DWLRQ WHFKQRORJ\
KDYH EHHQ GHPRQVWUDWHG WR EH RI JUHDW XWLOLW\ IRU WKH SUHSDUDWLRQ RI IXQFWLRQDOL]HG S\ULGRQHV�>�@ DV
ZHOO DV LQGROHV�>�@ +RZHYHU QLFNHO�FDWDO\]HG HQDQWLRVHOHFWLYH &૱+ IXQFWLRQDOL]DWLRQV DUH UDUH DQG
XQGHUGHYHORSHG� &KLUDO 1૯KHWHURF\FOLF FDUEHQHV �1+&V�� SDLULQJ VWHULF DQG HOHFWURQLF WXQDELOLW\
ZLWK DQ DSSUHFLDWHG UREXVWQHVV RI PRQR�OLJDWHG WUDQVLWLRQ�PHWDO VSHFLHV� KDYH EHFRPH PRUH
FRPPRQ LQ DV\PPHWULF FDWDO\VLV DQG LQ SDUWLFXODU LQ QLFNHO����FDWDO\]HG WUDQVIRUPDWLRQV�>�@ +HUH
ZH SUHVHQW D FRRSHUDWLYH /HZLV DFLG�QLFNHO����FDWDO\]HG &૱+ DFWLYDWLRQ WR IRUP FKLUDO DQQXODWHG
S\ULGRQHV�>�@ $GGLWLRQDOO\ ZH LQWURGXFH QLFNHO����FDWDO\]HG XQGLUHFWHG &૱+ IXQFWLRQDOL]DWLRQV RI
LQGROHV DQG S\UUROHV�>�@ %RWK WUDQVIRUPDWLRQV UHO\ RQ D QHZ FODVV RI VWHULFDOO\ GHPDQGLQJ FKLUDO
1+&V ZLWK ODUJH PRGXODWLRQ RSSRUWXQLWLHV� HQDEOLQJ WKH QLFNHO����FDWDO\]HG &૱+ IXQFWLRQDOL]DWLRQ RI
KHWHURF\FOHV�LQ�H[FHOOHQW�\LHOGV�DQG�HQDQWLRVHOHFWLYLW\�

>�@ D� 0� 7RUUHV� 6� *LO� 0� 3DUUD� &XUU� 2UJ� &KHP�� ����� �� ����� �E� -� +� -HVVHQ� .� *DGHPDQQ�
1DW��3URG��5HS�������������������E��$��/L��7HWUDKHGURQ�����������������
>�@�.��+LUDQR��0��0LXUD��&KHP��6FL���������������
>�@ D� $� +� 6DQGWRUY� $GY� 6\QWK� &DWDO�� ����� ���� ����� E� -� $� /HLWFK� <� %KRQRDK� &� *� )URVW�
$&6�&DWDO�����������������
>�@ D� 0� 5� &KDXODJDLQ� *� -� 6RUPXQHQ� -� 0RQWJRPHU\� -� $P� &KHP� 6RF�� ����� ���� ����� E� -�
6� (� $KOLQ� 3� $� 'RQHWV� 1� &UDPHU� $QJHZ� &KHP� ,QW� (G�� ����� ��� ������ F� +� :DQJ� *� /X� *�
-��6RUPXQHQ��+��$��0DOLN��3��/LX��-��0RQWJRPHU\��-��$P��&KHP��6RF�������������������
>�@�-��'LHVHO��$��)LQRJHQRYD��1��&UDPHU��-��$P��&KHP��6RF�������������������
>�@ -� 'LHVHO� '� *URVKHYD� 6� .RGDPD� 1� &UDPHU� $QJHZ� &KHP� ,QW� (G�� �����
'2,����������DQLH�����������
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$�JUHHQ�FKHPLFDO�V\QWKHVLV�RI�UHXVDEOH�SDOODGLXP�QDQRSDUWLFOHV�IURP�SK\WRFKHPLFDO
UHVLQV��$SSOLFDWLRQV�IRU�PLOG�DQG�FKHPRVSHFLILF�K\GURJHQDWLRQV�RI�QLWURDUHQHV�

0��(QQHL\P\���&��/H�'ULDQ���-��%HFKW�


�8QLYHUVLW«�GH�+DXWH�$OVDFH��&156��,6�0�805�����

$ IDVW DQG HIILFLHQW JUHHQ SUHSDUDWLRQ RI 3G QDQRSDUWLFOHV �13V� XVLQJ D URRW H[WUDFW IURP 3XOLFDULD
RGRUD /� DQG 3G&O� LQ ZDWHU LV UHSRUWHG� 7KH REWDLQHG 3G 13V � VXUURXQGHG E\ SK\WRFKHPLFDO
UHVLQV SUHVHQW D KRPRJHQHRXV VL]H EHWZHHQ � DQG � QP GHSHQGLQJ RQ WKH SUHSDUDWLRQ FRQGLWLRQV�
7KH 3G 13V � ZHUH FKDUDFWHUL]HG E\ GLIIHUHQW WHFKQLTXHV �7(0� +57(0� ;5' DQG ;36� DQG KDYH
EHHQ VXFFHVVIXOO\ XVHG IRU WKH FKHPRVSHFLILF K\GURJHQDWLRQV RI QLWURDUHQHV DW 57 LQ (W2+ XQGHU
+� �� DWP� LQ WKH SUHVHQFH RI RQO\ � PHTXLY� RI 3G� 7KH 3G 13V � ZHUH HDVLO\ UHFRYHUHG DQG FRXOG
EH UHXVHG DW OHDVW VHYHQ WLPHV ZLWKRXW ORVV RI HIILFLHQF\� 7KH 3G OHDFKLQJ LV YHU\ ORZ �� ��� � RI
WKH�LQWURGXFHG�DPRXQW��

>�@ &ORYLV 3HWHU� $QWRLQH 'HULEOH� -HDQ�0LFKHO %HFKW� -XOLHQ .LHQHU� &ODXGH /H 'ULDQ� -XOLHQ
3DUPHQWLHU� 9DQHVVD )LHUUR� 0DULD *LUOHDQX DQG 2YLGLX (UVHQ� -RXUQDO RI 0DWHULDOV &KHPLVWU\ $�
���������������������
>�@ &DPHOLD 0DWHL *KLPEHX� $OH[DQGUD 3XVFDVX� $OLFLD 0DUWLQH] GH <XVR� &ODXGLD =ORWHD� <DVVLQH
2XPHOODO� 0LFKHO /DWURFKH� &DWKLH 9L[�*XWHUO� 0LFURSRURXV DQG 0HVRSRURXV 0DWHULDOV ����� ����
������
>�@ D� 0RKDPHG (QQHL\P\� &ODXGH /H 'ULDQ� &DPHOLD 0DWHL *KLPEHX� -HDQ�0LFKHO %HFKW� 56&
$GYDQFHV ����� �� ������������ E� &ORYLV 3HWHU� $QWRLQH 'HULEOH� -XOLHQ 3DUPHQWLHU� &ODXGH /H
'ULDQ�DQG�-HDQ�0LFKHO�%HFKW��1HZ�-RXUQDO�RI�&KHPLVWU\���������������������

�
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'LUHFW�$FFHVV�WR�&KLUDO�6HFRQGDU\�$PLGHV�E\�&RSSHU�&DWDO\]HG�%RU\ODWLYH
&DUER[DPLGDWLRQ�RI�9LQ\ODUHQHV�ZLWK�,VRF\DQDWHV

'��)LRULWR���<��/LX���&��%HVQDUG���&��0D]HW�


�'HSDUWPHQW�RI�2UJDQLF�&KHPLVWU\��8QLYHUVLW«�GH�*HQªYH���/DERUDWRU\�RI�&U\VWDOORJUDSK\�
8QLYHUVLW«�GH�*HQªYH

7KH GHK\GUDWLYH FRQGHQVDWLRQ RI DQ DPLQH DQG D FDUER[\OLF DFLG LV WKH PRVW FRPPRQ PHWKRG IRU
DPLGH�ERQG IRUPDWLRQ� >�@ $ PDMRU GUDZEDFN RI VXFK DQ DSSURDFK LV WKH XVH RI HODERUDWHG DQG
H[SHQVLYH FRXSOLQJ UHDJHQWV WKDW FULWLFDOO\ DIIHFW WKH HIILFLHQF\ DQG DWRP HFRQRP\ RI WKH SURFHVV�
7KHUHIRUH� WKH TXHVW IRU DOWHUQDWLYH DPLGDWLRQ SURWRFROV ૱ LGHDOO\ FDWDO\WLF� DWRP�HFRQRPLF DQG
UHO\LQJ RQ ORZ�FRVW IHHGVWRFN UHDJHQWV ૱ LV RI SULPDU\ LPSRUWDQFH LQ FRQWHPSRUDU\ RUJDQLF
FKHPLVWU\� 6HYHUDO LQQRYDWLYH VWUDWHJLHV WKDW IXOILO VRPH RI WKHVH UHTXLUHPHQWV KDYH EHHQ UHFHQWO\
GHYLVHG� >�@ ,Q WKLV FRQWH[W� LVRF\DQDWHV VWDQG DV DWWUDFWLYH HOHFWURSKLOHV IRU DPLGH V\QWKHVLV E\
&૰& UDWKHU WKDQ WKH PRUH FRQYHQWLRQDO &૰1 ERQG IRUPDWLRQ DSSURDFK�>�@ 'HVSLWH UHPDUNDEOH
DGYDQFHV� WKH FXUUHQW SRUWIROLR RI LVRF\DQDWH�EDVHG DPLGDWLRQ SURFHVVHV ODFNV RI D FDWDO\WLF
SURWRFRO IRU WKH FURVV�FRXSOLQJ RI LVRF\DQDWHV ZLWK DONHQHV� 6XFK D PHWKRG ZRXOG SURYLGH D
VXVWDLQDEOH DQG FRVW�HIIHFWLYH DFFHVV WR ͅ�FKLUDO VHFRQGDU\ DPLGHV DQG� LQ SULQFLSOH� DQ
HQDQWLRVHOHFWLYH�YDULDQW�FRXOG�DOVR�EH�HODERUDWHG�

+HUHLQ� ZH GHVFULEH D FRSSHU�FDWDO\]HG ERU\ODWLYH FDUER[DPLGDWLRQ RI YLQ\ODUHQHV ZLWK
LVRF\DQDWHV� HQDEOLQJ DFFHVV WR FKLUDO VHFRQGDU\ DPLGHV EHDULQJ D ͅ�VWHUHRFHQWHU DQG D ͆�
ERURQDWH KDQGOH� $Q HQDQWLRVHOHFWLYH YDULDQW RI WKLV WUDQVIRUPDWLRQ ZDV GHYHORSHG� DIIRUGLQJ D VHW
RI FKLUDO DPLGHV ZLWK XQSUHFHGHQWHG OHYHOV RI HQDQWLRVHOHFWLYLW\� >�@ 2YHUDOO� RXU DSSURDFK KROGV
SURPLVH�IRU�WKH�GHYHORSPHQW�RI�QHZ�FDWDO\WLF�DV\PPHWULF�VWUDWHJLHV�LQ�DPLGH�ERQG�IRUPDWLRQ�

>�@�(ULF�9DOHXU��0DUF�%UDGOH\��&KHP��6RF��5HY���������������
>�@ �D� 9LMD\D 5� 3DWWDELUDPDQ� -HIIUH\ :� %RGH� 1DWXUH ����� ���� ���� �E� 0DUFR 7� 6DEDWLQL� /HH
7��%RXOWRQ��+HOHQ�)��6QHGGRQ��7RP�'��6KHSSDUG��1DW��&DWDO�������������
>�@�(ORLVD�6HUUDQR��5XEHQ�0DUWLQ��(XU��-��2UJ��&KHP������������������
>�@�'DQLHOH�)LRULWR��<DQJELQ�/LX��&«OLQH�%HVQDUG��&O«PHQW�0D]HW��VXEPLWWHG�
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$Q�(QDQWLRVHOHFWLYH�'LDVWHUHRFRQYHUJHQW�>&X�5K@�&DWDO\WLF�6HTXHQFH�WR�$FFHVV
3RO\IXQFWLRQDOL]HG���0HPEHUHG�5LQJV�IURP�����'LHQHV

0��*DUER���&��0D]HW�


�8QLYHUVLW«�GH�*HQªYH

6HYHQ�PHPEHUHG FDUERF\FOHV DUH D FRPPRQ PRWLI LQ QDWXUDO SURGXFWV DQG ELRORJLFDOO\ DFWLYH
FRPSRXQGV� LQ SDUWLFXODU ZLWKLQ WKH WHUSHQRLG IDPLOL\�>�@ 0HWKRGRORJLHV IRU WKHLU VWHUHRVHOHFWLYH
SUHSDUDWLRQ DUH QRW QHDUO\ DV PXFK GHYHORSHG DV IRU VL[�PHPEHUHG F\FOHV DQG RIWHQ UHO\ RQ
F\FORDGGLWLRQ UHDFWLRQV� 'HVSLWH IXQGDPHQWDO DGYDQFHV RYHU WKH ODVW WZR GHFDGHV� WKHUH LV QR
UHSRUW WR GDWH RI DQ LQWHUPROHFXODU DQG HQDQWLRVHOHFWLYH >���@ F\FORDGGLWLRQ�>���@ ,WV GHYHORSPHQW
ZRXOG FRQVWLWXWH DQ XQGRXEWHGO\ XVHIXO DGGLWLRQ WR WKH FXUUHQW SRUWIROLR DQG SURYLGH DFFHVV WR
YDOXDEOH�VWHUHRFKHPLFDOO\�FRPSOH[���PHPEHUHG�ULQJV�

+HUHLQ� ZH UHSRUW WKH VXFFHVVIXO UHDOL]DWLRQ RI WKLV REMHFWLYH� 2XU DSSURDFK LV EDVHG RQ WKH
GHYHORSPHQW RI D PXOWLPHWDOOLF VHTXHQWLDO HQDQWLRVHOHFWLYH F\FORSURSDQDWLRQ �
GLDVWHUHRFRQYHUJHQW�F\FORDGGLWLRQ�VWDUWLQJ�IURP�UHDGLO\�DYDLODEOH�FRQMXJDWHG�����GLHQHV�

>�@ /HDQGUR GH &� $OYHV� $QGU« /� 'HVLGHU£� .OHEHU 7� GH 2OLYHLUD� 6HDQ 1HZWRQ� 6WHYHQ 9� /H\
DQG��7LPRWK\�-��%URFNVRP��6WXGLHV�LQ�1DWXUDO�3URGXFWV�&KHPLVWU\��������������������
>�@�/HL�-LDR��=KL�;LDQJ�<X��-��2UJ��&KHP����������������������
>�@ 3HQJ /LX� /DXUHQ (� 6LURLV� 3DXO +D�<HRQ &KHRQJ� =KL�;LDQJ <X� ,QJR 9� +DUWXQJ� +HLNR 5LHFN�
3DXO�$��:HQGHU��.HQGDOO�1��+RXN�-��$P��&KHP��6RF�������������������������
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(SR[LGH�RSHQLQJ�HWKHU�F\FOL]DWLRQ�PHGLDWHG�E\�H[RWLF�͗�KROH�LQWHUDFWLRQV

$��*LQL���0��3DUDMD���1��6DNDL���6��0DWLOH�


�'HSDUWPHQW�RI�2UJDQLF�&KHPLVWU\��8QLYHUVLW\�RI�*HQHYD

7KH ORQJ MRXUQH\ LQWR QRQ�FRYDOHQW LQWHUDFWLRQV LV IDU WR EH HQGHG� ,Q WKH ODVW GHFDGH WKH
H[SORLWDWLRQ RI KDORJHQ�>�@ DQG FKDOFRJHQ�ERQG>�@>�@ GRQRU DV FDWDO\VW RSHQHG QHZ URXWHV RQ WKH
DSSOLFDWLRQ RI WKH VR�FDOOHG VLJPD�KROH LQWHUDFWLRQV RYHU PRUH FODVVLFDO QRQ�FRYDOHQW ERQG� VXFK DV
K\GURJHQ ERQGLQJ� +RZHYHU� WKH FORVHO\ UHODWHG SQLFWRJHQ� DQG WHWUHOV�ERQG LQWHUDFWLRQV DUH VWLOO
SRRUO\ H[SORUHG� ,QGHHG� RQO\ UHFHQWO\ DQWLPRQ\�EDVHG RUJDQRFDWDO\VW KDV EHHQ UHYHDOHG DV D
YDOLG PHGLDWRU IRU FKORULGH�ELQGLQJ FDWDO\VLV LQ 5HLVVHUW�W\SH UHDFWLRQ RQ LVRTXLQROLQH�>�@ 7KXV�
RWKHU DSSOLFDWLRQV RQ QHJDWLYH�VLWH DFWLYDWLRQ DUH VWLOO GHPDQGLQJ WR GHVFULEH WKH SRWHQWLDOLW\ DQG
WKH�OLPLWDWLRQV�RI�VXFK�XQXVXDO�SQLFWRJHQ��DQG�WHWUHOV�ERQG�LQWHUDFWLRQV�

,Q WKLV SHUVSHFWLYH� LQVSLUHG E\ WKH QDWXUH� WKH HSR[LGH RSHQLQJ HWKHU F\FOL]DWLRQ UHVXOWHG D YDOLG
DOWHUQDWLYH WR DFFRPSOLVK H[RWLF QRQ�FRYDOHQW FDWDO\VLV� 5HFHQWO\ WKLV UHDFWLRQ KDV EHHQ HIILFLHQWO\
PHGLDWHG E\ DQLRQ�͔ FDWDO\VLV�>�@ )ROORZLQJ WKLV FRQFHSW� KHUHLQ ZH SUHVHQW WKH ILUVW H[DPSOHV RI
WHWUHOV�� SQLFRWJHQ� FKDOFRJHQ�ERQG FDWDO\VHG HSR[LGH RSHQLQJ HWKHU F\FOL]DWLRQ� 7KH UHDFWLRQ RI
YDULRXV HSR[LGH DQG SRO\�HSR[LGH RI GLIIHUHQW OHQJWK ZDV VWXGLHG LQ WKH SUHVHQFH RI RUJDQR�WHWUHOV�
�SQLFRWHJQ DQG �FKDOFRJHQ FDWDO\VWV� ,Q DGGLWLRQ� WKH LQIOXHQFH RI GLYHUVH SRO\IOXRUR�SKHQ\O
VXEVWLWXHQWV�ZDV�WHVWHG�

>�@�+XL�:DQJ��:HL]KRX�:DQJ��:HL�-XQ�-LQ��&KHP��5HY�����������������������
>�@ 6HEDVWLDQ %HQ]� -DYLHU /µSH]�$QGDULDV� -LUL 0DUHGD� 1DRPL 6DNDL� 6WHIDQ 0DWLOH� $QJHZ� &KHP�
,QW��(G��������������������
>�@ 6HEDVWLDQ %HQ]� $PDOLD ,� 3REODGRU�%DKDPRQGH� 1LFRODV /RZ�'HUV� 6WHIDQ 0DWLOH� $QJHZ� &KHP�
,QW��(G����������������������
>�@ ;LDQJ =KDQJ� ;LDR\X +DR� /H /LX� $QK�7XDQ 3KDP� -DYLHU /µSH]�$QGDULDV� $QWRQLR )URQWHUD�
1DRPL�6DNDL��6WHIDQ�0DWLOH��-��$P��&KHP��6RF�������������������������
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1RQ�R[LGDWLYH�ULQJ�RSHQLQJ�RI�VWUDLQHG�ULQJV�ZLWK�JROG��D�PHFKDQLVWLF�VWXG\

-��*RQ]£OH]���)��9HUGXJR���)��/µSH]���-��/��0DVFDUH³DV���&��1HYDGR�


�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�=XULFK���&HQWUR�6LQJXODU�GH�,QYHVWLJDFLµQ�HQ�4X¯PLFD
%LROµ[LFD�H�0DWHULDLV�0ROHFXODUHV��&L486�

7KH DFWLYDWLRQ RI &�& ERQGV LQ KLJKO\ VWUDLQHG F\FOLF V\VWHPV� VXFK DV F\FORSURSDQH DQG
PHWK\OHQHF\FORSURSDQHV GHULYDWLYHV �0&3� LV D XVHIXO DQG VWUDLJKWIRUZDUG VWUDWHJ\ WR DFKLHYH
PROHFXODU FRPSOH[LW\�� 7UDQVLWLRQ PHWDOV FDQ DFWLYDWH HLWKHU WKH VLQJOH RU WKH GRXEOH &�& ERQG LQ D
0&3 YLD RQH RXW RI WKH IRXU GLIIHUHQW UHDFWLRQ SDWWHUQV VKRZQ LQ )LJ �D�� 6XUSULVLQJO\� GHVSLWH LWV
V\QWKHWLF SRWHQWLDO� RQO\ D IHZ VWXGLHV RI WKH UHDFWLYLW\ EHWZHHQ 0&3V DQG JROG KDYH EHHQ UHSRUWHG
XS�WR�GDWH�

,Q WKLV ZRUN ZH GHPRQVWUDWH� IRU WKH ILUVW WLPH� D QRQ�R[LGDWLYH &�& ERQG FOHDYDJH GHOLYHULQJ D QHZ
W\SH RI EHQFK VWDEOH F\FORPHWDOODWHG �1A&�JROG�,,,� FRPSOH[HV �)LJ �E�� 7KH PHFKDQLVP RI WKLV
WUDQVIRUPDWLRQ KDV EHHQ H[WHQVLYHO\ VWXGLHG E\ PHDQV RI NLQHWLF PHDVXUHPHQWV� OLQHDU IUHH�
HQHUJ\ UHODWLRQVKLSV DQG LVRODWLRQ RI UHDFWLRQ LQWHUPHGLDWHV� 7KH UDWH�GHWHUPLQLQJ VWHS VHHPV WR
LQYROYH D FRQFHUWHG ULQJ�RSHQLQJ UHDFWLRQ YLD D IRXU�PHPEHUHG WUDQVLWLRQ VWDWH� )XUWKHU
DSSOLFDWLRQV�RI�WKHVH�V\VWHPV�LQ�FDWDO\VLV�DUH�XQGHUZD\�LQ�RXU�JURXS�DQG�ZLOO�EH�SUHVHQWHG�KHUH�

>�@ �D�*DEULHOH )XPDJDOOL� 6WHYHQ 6WDWRQ� &KHP� 5HY� ����� ���� ���������� �E� 0LQ 6KL� -LDQ�0HL
/X��<LQ�:HL��/L�;LRQJ�6KDR��$FF��&KHP��5HV�����������������������
>�@�0LFKDHO�5XELQ��0DULQD�5XELQD��9ODGLPLU�*HYRUJ\DQ��&KHP��5HY�����������������������
>�@ �D�&KXQJ�<HK :X� 7DNDKLUR +RULEH� &KULVWLDQ %RUFK -DFREVHQ� 'HDQ 7RVWH� 1DWXUH� ����� ���
������� �������� �E� -DFRE &� 7LPPHUPDQ� %UDGOH\ '� 5REHUWVRQ� 5RVV $� :LGHQKRHIHU� $QJHZ�
&KHP� ,QW� (G� ����� ��� ��������� �F� -DFRE &� 7LPPHUPDQ� :LOOLDP :� 6FKPLWW� 5RVV $�
:LGHQKRHIHU��2UJ��/HWW����������������������

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


2UJDQLF�&KHPLVWU\��3RVWHU 2&����

,QYHVWLJDWLQJ�WKH�+HUELFLGDO�3URSHUWLHV�RI�6WUHSWRO�DQG�LWV�$QDORJXHV

7��'��*UD\IHU���$��*HRUJLRX���$��%DLOO\���-��0LFKHO���6��6LHEHU���/��(EHUO���.��*DGHPDQQ�


�8QLYHUVLW\�RI�=¾ULFK��'HSDUWPHQW�RI�&KHPLVWU\��:LQWHUWKXUHUVWUDVVH������&+������=¾ULFK�
6ZLW]HUODQG���8QLYHUVLW\�RI�=¾ULFK��,QVWLWXWH�RI�3ODQW�DQG�0LFURELDO�%LRORJ\��=ROOLNHUVWUDVVH�����

&+������=¾ULFK��6ZLW]HUODQG

1DWXUDO SURGXFWV KDYH DOZD\V IDVFLQDWHG VFLHQWLVWV GXH WR WKHLU VWUXFWXUDO GLYHUVLW\ DQG YDULHG
ELRORJLFDO DFWLYLWLHV� $PRQJ WKHP� VHOHFWLYH DQG QRQ�WR[LF SHVWLFLGHV KDYH JDLQHG LQFUHDVLQJ
DWWHQWLRQ LQ WKH UHFHQW \HDUV� :RUNLQJ RQ D UDUH V\PELRWLF SODQW�EDFWHULXP V\VWHP� RXU JURXS KDV
UHFHQWO\ LVRODWHG D VWUXFWXUDOO\ XQXVXDO SODQW JURZWK LQKLELWRU� VWUHSWRO JOXFRVLGH ����>�@�>�@ ,W LV D
SVHXGRVXJDU EHDULQJ D JOXFRVH PRLHW\ DQG D FDUEDVXJDU FRUH NQRZQ DV VWUHSWRO ���� ,QWULJXLQJO\�
VWUHSWRO ZDV DOVR SUHYLRXVO\ GHVFULEHG DV D SODQW JURZWK LQKLELWRU>�@ DQG ZDV VKRZQ WR EH QRQ�
F\WRWR[LF WR PDPPDOLDQ FHOOV�>�@ KRZHYHU� LWV PHFKDQLVP RI DFWLRQ KDV QHYHU EHHQ UHSRUWHG� 2XU
JURXS KDV VKRZQ WKDW VWUHSWRO FDQ EH GHWHFWHG DORQJVLGH VWUHSWRO JOXFRVLGH LQ WKH DIRUHPHQWLRQHG
V\PELRWLF V\VWHP� *LYHQ WKH QRYHOW\ RI WKLV VFDIIROG DV FRPSDUHG WR FRPPHUFLDOO\ DYDLODEOH
SHVWLFLGHV� WKLV SURMHFW VHW RXW WR H[SORUH DQG HQKDQFH WKH SODQW JURZWK LQKLELWRU\ DFWLYLW\ RI
VWUHSWRO�DQG�VWUHSWRO�JOXFRVLGH�

5HPDUNDEO\� WKH VWUHSWRO FRUH FORVHO\ PLPLFV ͅ�JOXFRVH� ZKLFK SURPSWHG XV WR SURSRVH VHYHUDO
ELRORJLFDO SDWKZD\V LQ ZKLFK WKH IRUPHU FRXOG EH LQYROYHG LQVWHDG RI WKH ODWWHU LQ SODQWD� 1DPHO\�
ZH VSHFXODWHG WKDW VWUHSWRO FRXOG WDUJHW JOXFRVLGDVHV RU FHOO ZDOO FRQVWUXFWLRQ RI SODQWV� ,Q RUGHU WR
SUREH IRU WKHVH WDUJHWV DQG SLQSRLQW WKH SKDUPDFRSKRUH PRLHWLHV RI VWUHSWRO� ZH V\QWKHVLVHG D
VPDOO OLEUDU\ RI LWV VWUXFWXUDO DQDORJXHV� 7KH V\QWKHVLV RI WKHVH QHZ FRPSRXQGV ZDV GHVLJQHG LQ D
KLJKO\�FKHPRGLYHUJHQW�DQG�VFDODEOH�PDQQHU�

2XU V\QWKHWLF DSSURDFK DV ZHOO DV VWUXFWXUH�DFWLYLW\ UHODWLRQVKLS VWXGLHV ZLOO EH SUHVHQWHG LQ WKLV
WDON� :H EHOLHYH WKDW� EHVLGH WKHLU IXQGDPHQWDO LQWHUHVW� WKHVH GDWD FRXOG SURYH XVHIXO WR SDYH WKH
ZD\�WRZDUGV�VHOHFWLYH�DQG�SRWHQW�KHUELFLGHV�ZLWK�D�SRWHQWLDOO\�QRYHO�PRGH�RI�DFWLRQ�

>�@ 0� 3LQWR�&DUEµ� 6� 6LHEHU� 6� 'HVVHLQ� 7� :LFNHU� %� 9HUVWUDHWH� .� *DGHPDQQ� /� (EHUO� $�
&DUOLHU��,60(�-����������������������
>�@ &�૮&� +VLDR� 6� 6LHEHU� $� *HRUJLRX� $� %DLOO\� '� (PPDQRXLOLGRX� $� &DUOLHU� /� (EHUO� .�
*DGHPDQQ��&KHP��(XU��-����������������������
>�@ $� ,VRJDL� 6� 6DNXGD� -� 1DND\DPD� 6� :DWDQDEH� $� 6X]XNL� $JULF� %LRO�
&KHP����������������������
>�@ 7� .� 0� 6KLQJD� +� 7� :X� +� )� .ZRN� &� %� 6� /DX� %LRRUJ� 0HG� &KHP� /HWW� ����� ���
����������
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5K�,,,��&DWDO\VHG�&�+��+HWHUR�DU\ODWLRQ�RI�3\ULGRQHV�DQG�4XLQROLQHV�ZLWK�,QGROH%;

$��'DV���(��*UHQHW���3��&DUDPHQWL���-��:DVHU�


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

,QGROH KHWHURF\FOHV KDYH EHHQ IRXQG LQ D GLYHUVH UDQJH RI ELRORJLFDOO\ DFWLYH FRPSRXQGV DQG
QDWXUDO SURGXFWV� >�@ 5HFHQWO\� RXU JURXS GHYHORSHG ,QGROH%HQ]LRGR;RORQHV �,QGROH%;� >�@ DV
XVHIXO UHDJHQWV IRU WKH HIILFLHQW WUDQVIHU RI LQGROH PRLHWLHV� 7KH LQGROH PRLHW\ FDQ EH LQVWDOOHG
WKURXJK GLUHFWHG &�+ ERQG IXQFWLRQDOL]DWLRQ XQGHU 5K�,,,� FDWDO\VLV RQ 1�S\ULG\O S\ULGLQHV DQG
TXLQRORQH 1�R[LGHV >�@� 7KLV QHZ UHDFWLRQ VKRZHG WROHUDQFH WRZDUGV D EURDG UDQJH RI IXQFWLRQDO
JURXSV DQG ZDV KLJKO\ UHJLRVHOHFWLYH �IXQFWLRQDOL]DWLRQ RI &�� IRU 1�S\ULG\O S\ULGLQHV� DQG &�� IRU
TXLQROLQH 1�R[LGHV�� 8SRQ UHPRYDO RI WKH GLUHFWLQJ JURXSV� LQGROH�FRQWDLQLQJ S\ULGRQHV DQG
LVRTXLQRORQHV�SURGXFWV�FRXOG�EH�HDVLO\�REWDLQHG�

>�@ D� -DQD� *� .�� 6LQKD� 6� 7HWUDKHGURQ /HWW� ����� ��� ����� E� 6XQGEHUJ� 5� -�� +RQJ� -�� 6PLWK� 6�
4���6DEDW��0���7DEDNRYLF��,��7HWUDKHGURQ����������������
>�@ D� 3� &DUDPHQWL� 6� 1LFRODL� -� :DVHU� &KHP� (XU� -� ����� ��� ������ E� 3� &DUDPHQWL� -� :DVHU�
+HOY��&KLP��$FWD�������������H�������
>�@�(�*UHQHW��$��'DV��3��&DUDPHQWL��-��:DVHU��%HLOVWHLQ�-��2UJ��&KHP�����������������
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3HSWLGH�6WDSOLQJ�E\�WKH�0HDQV�RI�6HOHFWLYH�&\VWHLQH�$ON\Q\ODWLRQ�8VLQJ�+\SHUYDOHQW
,RGLQH�5HDJHQWV

(��*ULQKDJHQD���-��GH�&HEDOORV���-��:DVHU�


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

$ VWDSOHG SHSWLGH LV IRUPHG YLD D FRYDOHQW OLQNDJH RI WZR DPLQR DFLG VLGH FKDLQV� 6XFK FURVV�
OLQNLQJ FDQ EH XVHG WR VWDELOLVH VKRUW ͅ�KHOLFHV� 7KLV VHFRQGDU\ VWUXFWXUH LV FRPPRQO\ PHGLDWLQJ
SURWHLQ�SURWHLQ LQWHUDFWLRQV �33,V�� 7KXV� VWDSOHG SHSWLGHV EHDULQJ KHOLFLW\ KDYH D SRWHQWLDO WR
LQKLELW�33,V��PDNLQJ�WKHP�D�GHVLUDEOH�WDUJHW��>�@

6HOHFWLYH F\VWHLQH DON\Q\ODWLRQ XVLQJ K\SHUYDOHQW LRGLQH UHDJHQWV KDV EHHQ SUHYLRXVO\ GHYHORSHG
LQ WKH JURXS� >�����@ 7KLV PHWKRG KDV EHHQ IXUWKHU H[WHQGHG WR F\VWHLQH�F\VWHLQH DQG F\VWHLQH�O\VLQH
VWDSOLQJ E\ WKH LQWURGXFWLRQ RI QRYHO UHDJHQWV� +HUHLQ� ZH ZLOO SUHVHQW WKH UHFHQW SURJUHVV DQG
GLVFRYHULHV WRZDUGV RXU PHWDO IUHH SHSWLGH VWDSOLQJ PHWKRG WKDW XWHOLVHV QDWXUDO DPLQR DFLG
UHVLGXHV�

>�@�<��+HQJ�/DX��3��GH�$QGUDGH��<��:XD��'��5��6SULQJ��&KHP��6RF��5HY��������������������
>�@ 5� 7HVVLHU� -� &HEDOORV� 1� *XLGRWWL� 5� 6LPRQHW�'DYLQ� %� )LHU]� -� :DVHU� PDQXVFULSW VXEPLWWHG
IRU�SXEOLFDWLRQ�
>�@�5��7HVVLHU��3K'�WKHVLV��(3)/��������
>�@ '� $EHJJ� 5� )UHL� /� &HUDWR� '� 3UDVDG +DUL� &� :DQJ� -� :DVHU� $� $GLEHNLDQ� $QJHZ� &KHP� ,QW�
(G�������������������������

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


2UJDQLF�&KHPLVWU\��3RVWHU 2&����

6FRUSLRQ�/LNH�'HVLJQHU�$PLQHV�IRU�(IILFLHQW�DQG�5HYHUVLEOH�&2��&DSWXUH�IURP�*DV
0L[WXUHV

-��0��+DQXVFK���,��3��.HUVFKJHQV���)��+XEHU���0��1HXEXUJHU���.��*DGHPDQQ�


�8QLYHUVLW\�RI�=XULFK���8QLYHUVLW\�RI�%DVHO

7KH LQFUHDVH RI WKH DWPRVSKHULF &2� FRQFHQWUDWLRQ LV FXUUHQWO\ UHJDUGHG DV D PDMRU HQYLURQPHQWDO
SUREOHP� 7KHUHIRUH� QHZ DQG PRUH HIILFLHQW ZD\V WR UHPRYH &2� IURP IOXH JDV RU GLUHFWO\ IURP DLU
DUH QHHGHG WR DGGUHVV WKLV FKDOOHQJH� 6LQFH GHFDGHV� DPLQH DEVRUEHQWV DUH WKH VWDWH�RI�WKH�DUW
DSSURDFK WR SHUIRUP SRVW�FRPEXVWLRQ &2� FDSWXUH RU UHPRYH &2� IURP QDWXUDO JDVHV LQ WKH VR�
FDOOHG JDV VZHHWHQLQJ SURFHVV� 7KHVH PHWKRGV RIWHQ ODFN LQ VHOHFWLYLW\� VWDELOLW\ RU GHPDQG KLJK
HQHUJ\ GXULQJ UHOHDVH� 0RUHRYHU� WKH FDSWXUHG &2� FRXOG EH XVHG DV D FKHDS DQG JUHHQ &� VRXUFH
WR�FRQYHUW�LQWR�YDOXH�DGGHG�SURGXFWV�

2Q WKLV SRVWHU� ZH UHSRUW RQ WKH LQYHVWLJDWLRQ RI D QHZ W\SH RI ORZ PROHFXODU ZHLJKW GLDPLQHV ZLWK
KLJK &2� FDSWXUH FDSDFLW\ DQG KLJK VHOHFWLYLW\ WRZDUGV &2�� 0RUHRYHU� WKHVH DPLQHV GHPRQVWUDWHG
IDVW XSWDNH DQG UHOHDVH NLQHWLFV GXH WR VSHFLDO VWUXFWXUDO IHDWXUHV� JRRG VWDELOLW\ RYHU PXOWLSOH
FDSWXULQJ F\FOHV DQG ORZHU HQHUJ\ GHPDQG IRU UHF\FOLQJ� ,Q DGGLWLRQ� JLYHQ WKH KLJK DIILQLW\
WRZDUGV &2�� WKHVH DPLQHV FRXOG DOVR EH XVHG LQ GLUHFW DLU FDSWXULQJ ZKLFK VWLOO UHPDLQV D PDLQ
FKDOOHQJH LQ WKLV ILHOG RI UHVHDUFK� )XUWKHUPRUH� 1)& LV PRGLILHG DQG XVHG DV D FDUULHU WR JHW WKH
ELJ�DGYDQWDJH�RI�VROLG�&2��DEVRUEHQWV�

>�@ -� 0� +DQXVFK� ,� 3� .HUVFKJHQV� )� +XEHU� 0� 1HXEXUJHU� .� *DGHPDQQ� &KHP� &RPPXQ� �����
������������
>�@�,��3��.HUVFKJHQV��.��*DGHPDQQ��6\QWKHVLV���������������������
>�@ $� *RHSSHUW� 0� &]DXQ� -��3� -RQHV� *� .� 6� 3UDNDVK� *� $� 2ODK� &KHP� 6RF� 5HY� ����� ���
����������
>�@ &� *HEDOG� -� $� :XU]EDFKHU� $� %RUJVFKXOWH� 7� =LPPHUPDQQ� $� 6WHLQIHOG� (QYLURQ� 6FL� 7HFKQRO�
��������������������
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Anion-π Catalysis on Epoxide-Opening Cascade

X. Hao1, X. Zhang1, A. Bornhof1, J. López-Andarias1, W. Liu1, J. Wang1, A. Pham1, N. Sakai1, S.
Matile1*

1Department of Organic Chemistry, University of Gen

Anion−π catalysis, functioning through stabilizing anionic transition states or intermediates on π-
acidic aromatic surfaces, has emerged in recent years.[1] Since then, anion–π catalysis has been
explored with enolate,[2] enamine,[3] iminium,[4] transamination[5] and oxocarbenium[6] chemistry,
and the first anion–π enzyme[2b] has been created.

Recently, we focused on epoxide-opening reaction, which is potent and practical pathway in the
synthesis of the biologically interesting polycyclic polyether natural products. The primary anion−π
catalysis on epoxide-opening reaction has been unveiled with the discovering of autocatalysis and
violation of Baldwin rules. [7] Herein, the primary anion−π catalysis on epoxide-opening cascade
reactions with diepoxide and triepoxide are disclosed.

[1] Yingjie Zhao, Yoann Cotelle, Le Liu, Javier López-Andarias, Anna-Bea Bornhof, Masaaki
Akamatsu, Naomi Sakai, Stefan Matile, Acc. Chem. Res. 2018, 51, 2255−2263.
[2] a) Yoann Cotelle, Sebastian Benz, Alyssa-Janifer Avestro, Thomas R. Ward, Naomi Sakai, Stefan
Matile, Angew. Chem., Int. Ed., 2016, 55, 4275–4279; b) Yoann Cotelle, Vincent Lebrun, Naomi
Sakai, Thomas R. Ward, Stefan Matile, ACS Cent. Sci., 2016, 2, 388–393.
[3] Yingjie Zhao, Yoann Cotelle, Alyssa-Janifer Avestro, Naomi Sakai, Stefan Matile, J. Am. Chem.
Soc., 2015, 137, 11582–11585.
[4] Le Liu, Yoann Cotelle, Alyssa-Janifer Avestro, Naomi Sakai, Stefan Matile, J. Am. Chem. Soc.,
2016, 138, 7876–7879.
[5] Le Liu, Stefan Matile, Supramol. Chem. 2017, 29, 702-706
[6] Alvrecht Berkessel, Somnath Das, Daniel Pekel, Jörg‐M. NeudÖrfl, Angew. Chem., Int. Ed.,
2014, 53, 11660–11664.
[7] Xiang Zhang, Xiaoyu Hao, Le Liu, Anh-Tuan Pham, Javier López-Andarias, Antonio Frontera,
Naomi Sakai, Stefan Matile, J. Am. Chem. Soc. 2018, 140, 17867-17871.
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7RZDUGV�DQ�([FLWHG�6WDWH�+DPPRQG�3RVWXODWH

)��+DUYH\���&��%RFKHW�


�8QLYHUVLW\�RI�)ULERXUJ���8QLYHUVLW\�RI�)ULERXUJ

&ODVVLFDO WKHUPDO UHDFWLRQV FDQ EH VWXGLHG E\ HVWLPDWLQJ WKH ORFDWLRQ RI WKH WUDQVLWLRQ VWDWH DORQJ
WKH UHDFWLRQ FRRUGLQDWH XVLQJ +DPPRQG૷V SRVWXODWH� 3KRWRFKHPLFDO UHDFWLRQV� KRZHYHU� ODFN
VLPSOH TXDOLWDWLYH WRROV WR GHWHUPLQH WKH ORFDWLRQ RI WKH FRQLFDO LQWHUVHFWLRQV �&,� RQ WKH SRWHQWLDO
HQHUJ\ VXUIDFHV OHDGLQJ WR WKH SURGXFWV� DQG FRPSOH[ TXDQWXP PHFKDQLFV FDOFXODWLRQV DUH
QHFHVVDU\�LQ�RUGHU�WR�SUHGLFW�WKH�RXWFRPH�RI�D�UHDFWLRQ�

,Q SUHYLRXV H[SHULPHQWDO ZRUN RQ SKRWRO\VLV RI R�QLWUREHQ]\O GHULYDWLYHV >�@ LW ZDV REVHUYHG WKDW WKH %HOO�
(YDQV�3RODQ\L SULQFLSOH ZDV IROORZHG� DQG WKH SRVLWLRQ RI WKH &, DOVR YDULHG ZLWK WKH VXEVWLWXHQWV� 7KLV
VXJJHVWV�WKDW�+DPPRQG૷V�SRVWXODWH�PD\�EH�DSSOLFDEOH�WR�&,V�LQ�WKH�H[FLWHG�VWDWH�

7R SUREH WKH LQIOXHQFH RI WKH SRVLWLRQ RI WKH &, ZLWK UHVSHFW WR WKH HQHUJ\ OHYHO RI WKH UHDFWDQWV DQG
SURGXFWV��WKH�IROORZLQJ�UHDFWLRQ�V\VWHP�ZDV�GHVLJQHG�

$ UHDFWDQW�OLNH &, VKRXOG EH VWHUHRFKHPLFDOO\ ELDVHG �$�� ZKHUHDV D SURGXFW�OLNH &, VKRXOG EH
VWHUHRFKHPLFDOO\ XQELDVHG �%�� $U DQG $U૷ LQIOXHQFH ERWK WKH HQHUJ\ OHYHO RI WKH UHDFWDQW DQG WKH
SRVLWLRQ�RI�WKH�&,�

7KH DERYH VXEVWUDWHV ZLOO EH V\QWKHVLVHG WKHQ VXEPLWWHG WR D VHULHV RI SKRWRO\VHV� DQG WKH UDWLR RI
+�'�VW\UHQH ZLOO EH DQDO\VHG DV D IXQFWLRQ RI WKH VXEVWLWXHQW $U� 7KH UHDFWLRQ ZLOO EH SHUIRUPHG IRU
ERWK�LVRPHUV�LQ�RUGHU�WR�WDNH�LQWR�DFFRXQW�WKH�LVRWRSH�HIIHFW�

>�@ �D� 6RORPHN� 7�� 0HUFLHU� 6�� %DOO\� 7�� %RFKHW� &� *� 3KRWRFKHP� 3KRWRELRO� 6FL�� ����� ��� ��� ૱
�����E��6RORPHN��7���%RFKHW��&��*���%DOO\��7��&KHP��(XU��-������������������૱�����
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9LVLEOH�OLJKW�PHGLDWHG�HQDQWLRVHOHFWLYH�IRUPDWLRQ�RI�DOO�FDUERQ�TXDWHUQDU\�FHQWHUV�RQ
DF\FOLF�V\VWHPV

&��+HUYLHX���7��6XDUH]���0��0¾OOHU���(��0HULQR���&��1HYDGR�


�8QLYHUVLW\�RI�=XULFK

7KH HQDQWLRVHOHFWLYH V\QWKHVLV RI DOO�FDUERQ TXDWHUQDU\ VWHUHRFHQWHUV ZLWKLQ DF\FOLF V\VWHPV
UHSUHVHQWV D PDMRU FKDOOHQJH IRU V\QWKHWLF FKHPLVWV� 6WUDWHJLHV LQYROYLQJ ERWK VLQJOH RU PXOWLSOH &�
& ERQG�IRUPLQJ HYHQWV SHU FKHPLFDO VWHS KDYH EHHQ GHYHORSHG EXW VHQVLWLYH UHDJHQWV DQG FDUHIXO
WHPSHUDWXUH FRQWURO DUH W\SLFDOO\ UHTXLUHG� >�������@ +HUH� ZH SUHVHQW WKH HQDQWLRVHOHFWLYH V\QWKHVLV
RI ͅ�DU\O�͆�VXEVWLWXWHG DPLGHV EHDULQJ DQ DOO�FDUERQ TXDWHUQDU\ FHQWHU� 7KH UHDFWLRQ SURFHHGV YLD
UDGLFDO FDVFDGH 6PLOHV UHDUUDQJHPHQW WULJJHUHG E\ D SKRWRUHGR[ FDWDO\VW� ,Q WKLV SURFHVV� D
VXOIR[LGH JURXS VHUYHV DV D FKLUDO DX[LOLDU\ EHLQJ UHPRYHG GXULQJ WKH UHDFWLRQ� 7KLV QRYHO PHWKRG
DOORZV WKH SURGXFWLRQ RI D ZLGH YDULHW\ RI GHULYDWLYHV QRW RQO\ LQ JRRG \LHOGV� EXW DOVR H[FHOOHQW
OHYHOV�RI�VWHUHRVSHFLILW\��>�@

>�@�'DEURZVNL��-��$���9LOODXPH��0��7���+RYH\GD��$��+��$QJHZ��&KHP��,QW��(G�����������������
>�@�$ODP��5���9ROOJUDII��7���(ULNVVRQ��/���6]DEµ��.��-��-��$P��&KHP��6RF�������������������
>�@ 0DUHN� ,�� 0LQNR� <�� 3DVFR� 0�� 0HMXFK� 7�� *LOERD� 1�� &KHFKLN� +�� 'DV� -� 3�-� $P� &KHP� 6RF�
����������������
>�@ +ROPHV� 0�� 1JX\HQ� .� '�� 6FKZDUW]� /� $�� /XRQJ� 7�� .ULVFKH� 0� -� -� $P� &KHP� 6RF� �����
����������
>�@�+HUYLHX��&���6XDUH]��7���0¾OOHU��0���0HULQR��(���1HYDGR��(���PDQXVFULSW�LQ�SUHSDUDWLRQ��
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6\QWKHVLV�RI�&KLUDO�DQG�5HGR[�$FWLYH�&RYDOHQW�2UJDQLF�&DJHV�DQG�0DFURF\FOHV

+��+XDQJ���7��ĢRORPHN�


�8QLYHUVLW\�RI�%DVHO

'HVSLWH WKH SURPLVLQJ FKDUDFWHULVWLFV RI IXOOHUHQHV LQ VHPLFRQGXFWRU FRPSRVLWHV� WKH\ VXIIHU IURP
VHYHUDO GUDZEDFNV� VXFK DV FKHPLFDO DFFHVVLELOLW\� PRGXODULW\ RU ZHDN YLVLEOH OLJKW DEVRUSWLRQ�
ZKLFK KDPSHU WKH VWUXFWXUH�SURSHUW\ UHODWLRQVKLSV LQ VXFK PDWHULDOV WR EH HVWDEOLVKHG� 5\OHQH�
EDVHG PDWHULDOV� LQ FRQWUDVW� RIIHU YHUVDWLOH FKHPLFDO PRGLILDELOLW\� (OHFWURQLF DQG RSWLFDO SURSHUWLHV
RI U\OHQH�EDVHG PDWHULDOV FDQ EH WDLORUHG E\ LQWURGXFLQJ VXLWDEOH VXEVWLWXHQWV� ZKLFK FRXOG DOORZ
RYHUFRPLQJ WKHVH FKDOOHQJHV�� +RZHYHU� U\OHQH�GHULYDWLYHV DUH SODQDU DQG WHQG WR DJJUHJDWH�
XQOLNH VSKHULFDO IXOOHUHQHV� ZKLFK RIWHQ KDV D GHWULPHQWDO LPSDFW RQ WKH HIILFLHQF\ RI GHYLFHV WKDW
HPSOR\�WKHP�

5HFHQWO\� D FKLUDO FRYDOHQW RUJDQLF FDJH ZLWK WKUHH EXLOW�LQ UHGR[�DFWLYH QDSKWKDOHQH GLLPLGH �1',� XQLWV�
DVVHPEOHG E\ G\QDPLF LPLQH FKHPLVWU\��� ZDV UHSRUWHG� 7KH WKUHH�GLPHQVLRQDO VWUXFWXUH SUHYHQWV WKH
WKUHH UHGR[�DFWLYH XQLWV IURP DJJUHJDWLRQ� ,Q DGGLWLRQ� WKH SUHFLVH VSDWLDO DUUDQJHPHQW RI WKH 1', XQLWV
SURYLGHV D JUHDW SODWIRUP WR VWXG\ HOHFWURQ WUDQVIHU SURFHVVHV� +HUH� V\QWKHVLV RI D VHULHV RI U\OHQH�EDVHG
FKLUDO�RUJDQLF�FDJHV�ZLWK�D�YDULHW\�RI�RSWLFDO�DQG�UHGR[�SURSHUWLHV�ZLOO�EH�SUHVHQWHG�

�

>�@ $JQLHV]ND 1RZDN�.UµO� .D]XWDND 6KR\DPD� 0DWWKLDV 6WROWH� )UDQN :¾UWKQHU� &RPPXQLFDWLRQV�
����������������������
>�@ 7RP£ģ� ĢRORPHN� 1DWDOLD (� 3RZHUV�5LJJV� <L�/LQ :X� 5\DQ 0� <RXQJ� 0DWWKHZ '� .U]\DQLDN�
1RDK (� +RUZLW]� 0LFKDHO 5� :DVLHOHZVNL� -RXUQDO RI WKH $PHULFDQ &KHPLFDO 6RFLHW\� ����� ����
����������
>�@�0DWKHZ�(��%HORZLFK��-��)UDVHU�6WRGGDUW��&KHPLFDO�6RFLHW\�5HYLHZV����������������������
>�@ )ORULDQ %HXHUOH� %DSSDGLW\ *ROH� $QJHZDQGWH &KHPLH ,QWHUQDWLRQDO (GLWLRQ� ����� ���
����������
>�@�7RP�+DVHOO��$QGUHZ�,��&RRSHU��1DWXUH�5HYLHZV����������������

�
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6\QWKHVLV�DQG�FKDUDFWHUL]DWLRQ�RI�QHZ�R[D]ROLGLQH�GHULYDWLYHV

0��.DUDPDVK���0��*LDQQDQWRQLR���$��&URFKHW���.��0��)URPP�


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

'XH WR WKH UDSLG LQFUHDVH LQ FDQFHU FDVHV DOO RYHU WKH ZRUOG� WKH UHVHDUFK RI QHZ SRWHQWLDO
DQWLFDQFHU DJHQWV LV DQ LPSRUWDQW UHVHDUFK ILHOG� 2[D]ROLGLQRQHV DUH D FODVV RI D]ROHV� ZLWK WKH
FDUERQ EHWZHHQ WKH QLWURJHQ DQG R[\JHQ LQ D ��PHPEHUHG VDWXUDWHG ULQJ� 7KH\ DSSHDU WR EH
SURPLVLQJ�SKDUPDFHXWLFDO�FDQGLGDWHV�DV�DQWLFDQFHU�DQG�RU�DQWLEDFWHULDO�DJHQWV��>���@

,Q WKLV UHVHDUFK� D QHZ DSSURDFK WR WKH V\QWKHVLV RI R[D]ROLGLQH GHULYDWLYHV KDV EHHQ DSSOLHG DQG
DQDO\]HG� &RQVHTXHQWO\� D SRVVLEOH PHFKDQLVP ZDV SURSRVHG� $ OLEUDU\ RI QHZ R[D]ROLGLQH
GHULYDWLYHV ZDV V\QWKHVL]HG DQG FKDUDFWHUL]HG E\ GLIIHUHQW 105 VSHFWURVFRSLF PHWKRGV� PDVV
VSHFWURPHWU\��DQG�;�UD\�VLQJOH�FU\VWDO�GLIIUDFWLRQ�

>�@�0DUJH\�7DGHVVH��-RKDQ�6YHQVRQ��7RU�+DXJ��HW�DO��7HWUDKHGURQ�/HWWHUV����������������૱�����
>�@�$ORN�6LQJK��-XQJFKDQ�3DUN��HW�DO��%LRRUJDQLF�	�0HGLFLQDO�&KHPLVWU\����������������૱�����
>�@ 2OXGRWXQ $� 3KLOOLSV� /H\OD +� 6KDUDI� ([SHUW 2SLQLRQ RQ 7KHUDSHXWLF 3DWHQWV� ����� ������
��������
>�@�5REHUWR�5RPHR��0DULD�$��&KLDFFKLR��6DOYDWRUH�9��*LRIUª��HW�DO��0ROHFXOHV��������������������
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6\QWKHVLV�RI�WKH�)LUVW�3HUVLVWHQW�+HOLFDO�1RQ�.HNXO«�7ULSOHW�'LUDGLFDO�>��@&HWKUHQH

0��.DUEDVL\RXQ���0��-XU¯ÏHN�


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

3KHQDOHQ\OO �KLJKOLJKWHG LQ EOXH� LV WKH VPDOOHVW WULDQJXODU JUDSKHQH IUDJPHQW WKDW FRQWDLQV DQ
XQSDLUHG HOHFWURQ �6  ���� GHORFDOL]HG RYHU WKH HQWLUH ͔�FRQMXJDWHG FRUH� :KHQ WZR SKHQDOHQ\O
XQLWV DQG DGGLWLRQDO EHQ]HQRLG ULQJV DUH IXVHG WRJHWKHU� WZR W\SHV RI SRO\F\FOLF ͔�FRQMXJDWHG
K\GURFDUERQV FDQ EH REWDLQHG� .HNXO« DQG QRQ�.HNXO«� :KLOH LQ .HNXO« V\VWHPV DOO ͔�HOHFWURQV DUH
SDLUHG WR JLYH D FORVHG�VKHOO V\VWHP ZLWK D VLQJOHW JURXQG VWDWH �6  ��� LQ QRQ�.HNXO« V\VWHPV�
QRW DOO HOHFWURQV FDQ EH SDLUHG� ZKLFK UHVXOWV LQ DQ RSHQ�VKHOO V\VWHP ZLWK D XQLTXH IHDWXUH RI
KLJKHVW SRVVLEOH PXOWLSOLFLW\ LQ WKH JURXQG VWDWH �6 ೪ ��� $V D FRQVHTXHQFH� WKHVH PDWHULDOV DUH
KLJKO\ UHDFWLYH DQG WKHLU V\QWKHVHV DUH FKDOOHQJLQJ� (YHQ WKRXJK SUHSDUDWLRQ RI SHUVLVWHQW QRQ�
.HNXO« JUDSKHQH IUDJPHQW LV KDUG� LW LV FUXFLDO IRU JDLQLQJ D GHHSHU LQVLJKW LQWR WKH SURSHUWLHV RI
WKHVH XQLTXH PDWHULDOV� )LJXUH EHORZ VKRZV W\SLFDO H[DPSOHV RI ERWK W\SHV� .HNXO« >�@]HWKUHQH�
�૶=૷ VKDSH� DQG QRQ�.HNXO« >�@XWKUHQH �૶8૷ VKDSH�� WKH VWUXFWXUHV RI ZKLFK GLIIHU LQ KRZ WZR
SKHQDOHQ\O VXEXQLWV �EOXH� DUH IXVHG WR WKH FHQWUDO QDSKWKDOHQH PRLHW\ �ZKLWH�� $OWKRXJK .HNXO«
V\VWHPV VXFK DV >�@]HWKUHQH KDYH EHHQ VWXGLHG�૱� LQWHQVLYHO\ RYHU WKH SDVW WZR GHFDGHV� WKH
FKHPLVWU\ RI QRQ�.HNXO« V\VWHPV UHPDLQV ODUJHO\ XQH[SORUHG� EHFDXVH RI H[WUHPHO\ KLJK UHDFWLYLW\
RI WKHVH VSHFLHV� 7KH JRDO RI WKLV SURMHFW LV WR V\QWKHVL]H WKH ILUVW KHOLFDO QRQ�.HNXO« JUDSKHQH
IUDJPHQW� >��@FHWKUHQH �૶&૷ VKDSH�� D GLUDGLFDO LVRPHU RI >�@XWKUHQH� ,Q WKLV PROHFXOH� WZR
SKHQDOHQ\O VXEXQLWV DUH IXVHG WR D QDSKWKDOHQH PRLHW\ VXFK WKDW D WZLVWHG >�@KHOLFHQH EDFNERQH
�KLJKOLJKWHG LQ JUD\� LV REWDLQHG� $V D UHVXOW� >��@FHWKUHQH ZLOO KDYH D KHOLFDO JHRPHWU\� ZKLFK
PLJKW� LQ FRQFHUW ZLWK EXON\ VXEVWLWXHQWV LQVWDOOHG WR SURWHFW WKH PRVW UHDFWLYH SRVLWLRQV� LPSURYH
NLQHWLF VWDELOLW\ RI WKHVH V\VWHPV DQG PDNH WKHP LVRODEOH DV VROLG PDWHULDOV� ,Q DGGLWLRQ� VSLQ
GHQVLW\ LQ >��@FHWKUHQH LV GHORFDOL]HG RYHU D FKLUDO EDFNERQH� ZKLFK PDNHV WKLV V\VWHP LQWHUHVWLQJ
IRU LQYHVWLJDWLRQ RI SKHQRPHQD WKDW DULVH IURP WKH LQWHUSOD\ RI PDJQHWLVP DQG FKLUDOLW\� 7KH
V\QWKHVLV DQG SURSHUWLHV RI D GHULYDWLYH RI >��@FHWKUHQH HTXLSSHG ZLWK VL[ VXEVWLWXHQWV ZLOO EH
SUHVHQWHG�

>�@�'��+��5HLG��4��5HY��&KHP��6RF����������������૱����
>�@ <� /L� :��.� +HQJ� %� 6� /HH� 1� $UDWDQL� -� /� =DIUD� 1� %DR� 5� /HH� <� 0� 6XQJ� =� 6XQ� .��:�
+XDQJ� 5� '� :HEVWHU� -� 7� /µSH] 1DYDUUHWH� '� .LP� $� 2VXND� -� &DVDGR� -� 'LQJ� -� :X� -�
$P��&KHP��6RF�������������������૱������
>�@ 3� 5DYDW� 7� ĢRORPHN� 0� 5LFNKDXV� '� +¦XVVLQJHU� 0� 1HXEXUJHU� 0� %DXPJDUWHQ� 0� -XU¯ÏHN�
$QJHZ��&KHP��,QW��(G�����������������૱�����
>�@ 3� 5DYDW� 7� ĢRORPHN� '� +¦XVVLQJHU� 2� %ODFTXH� 0� -XU¯ÏHN� -� $P� &KHP� 6RF� ����� ����
�����૱������
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��$F\O�7ULD]HQHV��6\QWKHVLV�DQG�5HDFWLYLW\

,��5��/DQGPDQ���.��6HYHULQ�


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

��$F\O WULD]HQHV DUH ZHOO�VWXGLHG FRPSRXQGV ZLWK DSSOLFDWLRQV LQ PHGLFLQDO DQG V\QWKHWLF
FKHPLVWU\���� ,Q FRQWUDVW� WKHUH DUH KDUGO\ DQ\ UHSRUWV DERXW WULD]HQHV ZLWK DF\O JURXSV DWWDFKHG WR
WKH 1� DWRP� DQG JHQHUDO PHWKRGV WR SUHSDUH WKHVH FRPSRXQGV DUH PLVVLQJ� +HUH� ZH VKRZ WKDW
��DF\O WULD]HQHV DUH UHDGLO\ DFFHVVLEOH E\ DFLG�FDWDO\VHG K\GUDWLRQ RI ��DON\Q\O WULD]HQHV� RU E\
JROG� RU LRGLQH�FDWDO\VHG R[LGDWLRQ RI ��DON\Q\O WULD]HQHV�� &U\VWDOORJUDSKLF DQDO\VHV VKRZ WKDW
��DF\O WULD]HQHV DUH FKDUDFWHUL]HG E\ YHU\ VKRUW 1��1� ERQGV� ��$F\O WULD]HQHV GLVSOD\ KLJK
WKHUPDO DQG K\GURO\WLF VWDELOLW\� DQG WROHUDWH R[LGDWLYH DQG VWURQJ EDVLF FRQGLWLRQV� 8QGHU VWURQJ
DFLGLF FRQGLWLRQV� ��DF\O WULD]HQHV DFWV DV DF\ODWLRQ UHDJHQWV� 7KLV UHDFWLYLW\ FRXOG RSHQ�XS QHZ
SDWKZD\V IRU RUJDQLF V\QWKHVLV� ,Q DGGLWLRQ� IXQFWLRQDO JURXS WUDQVIRUPDWLRQ RI ��DF\O WULD]HQHV
FRXOG�OHDG�WR�EXLOGLQJ�EORFNV�WKDW�HQDEOH�ODWH�VWDJH�IXQFWLRQDOL]DWLRQ�

>�@�'��%��.LPEDOO��0��0��+DOH\��$QJHZ��&KHP��,QW��(G����������������૱�����
>�@ �D� $� 6RXVD� )� 6DQWRV� 0� 0� *DVSDU� 6� &DODGR� -� '� 3HUHLUD� (� 0HQGHV� $� 3� )UDQFLVFR� 0� -�
3HUU\� %LRRUJ� 0HG� &KHP� ����� ��� ����૱����� �E� +� +� &KRX� 5� 7� 5DLQHV� -� $P� &KHP� 6RF�
����������������૱������
�F� 5� +� 6PLWK� $� )� 0HKO� '� /� 6KDQW]� &� -� 0LFKHMGD� *� 1� &KPXUQ\� -� 2UJ� &KHP� ����� ���
����૱�����
>�@ *� .LHIHU� 7� 5LHGHO� 3� -� '\VRQ� 5� 6FRSHOOLWL� .� 6HYHULQ� $QJHZ� &KHP� ,QW� (G� ����� ���
���૱����
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5LQJ�2SHQLQJ�RI�����'LWKLRODQH�DQG�����'LVHOHQRODQH��&RQVHTXHQFHV�IRU�&HOOXODU�8SWDNH
DQG�3URELQJ�RI�7KLRO�0HGLDWHG�8SWDNH�LQWR�%DFWHULD

4��/DXUHQW�����0��%HUWKHW�����6��%DUOXHQJD�����1��6DNDL�����1��:LQVVLQJHU���
��6��0DWLOH���


�'HSDUWPHQW�RI�2UJDQLF�&KHPLVWU\��8QLYHUVLW\�RI�*HQHYD���1&&5�&KHPLFDO�%LRORJ\

&\FOLF ROLJRFKDOFRJHQLGHV �&2&V� KDYH HPHUJHG DV SRZHUIXO WRROV IRU WKH F\WRVROLF GHOLYHU\ RI
ELRORJLFDOO\ UHOHYDQW VXEVWUDWHV �SURWHLQV� SHSWLGHV� TXDQWXP GRWV� ଄��� 8QGHUVWDQGLQJ WKH XSWDNH
PHFKDQLVP RI VXFK WUDQVSRUWHUV LV RI WKH XWPRVW LPSRUWDQFH� 8SRQ WKLRO�PHGLDWHG ULQJ RSHQLQJ RI
����GLWKLRODQHV DQG ����GLVHOHQRODQHV� ZH ZHUH DEOH WR GHWHUPLQH WKDW WKH QXFOHRSKLOH DWWDFNV
VSHFLILFDOO\ WKH VHFRQGDU\ FKDOFRJHQ DWRP� ZKLFK LV IROORZHG E\ IDVW LQWUDPROHFXODU UHDUUDQJHPHQW
WR WKH SULPDU\ FKDOFRJHQ DWRP� 7KH FODULILFDWLRQ RI WKLV UHJLRVHOHFWLYLW\ LV RI LPSRUWDQFH LQ
SRO\�GLVXOILGH�V DQG FHOOXODU XSWDNH� %DVHG RQ WKLV VWXG\� ZH SURSRVHG D PHFKDQLVP RI PROHFXODU
ZDONHU WR H[SODLQ WKH SDUWLFXODUO\ HIILFLHQW GLVHOHQRODQH�PHGLDWHG GHOLYHU\ RI ODUJH VXEVWUDWHV
�)LJXUH �� D���([SHULPHQWV DUH LQ SURJUHVV WR HODERUDWH RQ WKLV ZRUNLQJ K\SRWKHVLV� ,QVSLUHG E\ ZHOO�
HVWDEOLVKHG VLGHURSKRUH�EDVHG 7URMDQ +RUVH VWUDWHJ\�� &2&V KDYH EHHQ DWWDFKHG WR *UDP�SRVLWLYH
DQWLELRWLFV WR SUREH IRU WKLRO�PHGLDWHG XSWDNH LQ EDFWHULD� ZLWK WKH KRSH RI SURYLGLQJ WKHP ZLWK
DFWLYLW\�DJDLQVW�*UDP�QHJDWLYH�EDFWHULD��)LJXUH����E��

>�@ 5«PL 0DUWLQHQW� 4XHQWLQ /DXUHQW� 1DRPL 6DNDL� 6WHIDQ 0DWLOH� &KLPLD ����� ��� ���૱���� (OLQH
%DUWRODPL� 'LPLWULV %DVDJLDQQLV� /LOL =RQJ� 5«PL 0DUWLQHQW� <DVXQRUL 2NDPRWR� 4XHQWLQ /DXUHQW�
7KRPDV 5� :DUG� 0DUFRV *RQ]DOH]�*DLWDQ� 1DRPL 6DNDL� 6WHIDQ 0DWLOH� &KHP� (XU� -� ����� ���
����૱�����
>�@�4XHQWLQ�/DXUHQW��1DRPL�6DNDL��6WHIDQ�0DWLOH��+HOY��&KLP��$FWD������������H��������
>�@ 5XL /LX� 3DWULFLD $� 0LOOHU� 6HUJHL %� 9DNXOHQNR� 1LFKROH .� 6WHZDUW� :LOOLDP &� %RJJHVV� 0DUYLQ
-��0LOOHU��-��0HG��&KHP����������������૱�����

�

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


2UJDQLF�&KHPLVWU\��3RVWHU 2&����

$Q�(FR�IULHQGO\�5RXWH�WR�5HXVDEOH�3G�FRQWDLQLQJ�0HVRSRURXV�&DUERQV�IRU�0LOG�DQG
&KHPRVSHFLILF�+\GURJHQDWLRQV�RI�1LWURDUHQHV

&��/H�'ULDQ���0��(QQHL\P\���&��0DWHL�*KLPEHX���-��%HFKW�


�8QLYHUVLW«�GH�+DXWH�$OVDFH��&156��,6�0�805�����

0HVRSRURXV FDUERQV FRQWDLQLQJ 3G QDQRSDUWLFOHV �&�� ZHUH SUHSDUHG E\ D IDVW� HIILFLHQW DQG HFR�
IULHQGO\ URXWH IURP UHDGLO\ DYDLODEOH DQG QRQ�WR[LF FDUERQ SUHFXUVRUV �SKORURJOXFLQRO� JO\R[DO�� D
SRURJHQ WHPSODWH �SOXURQLF )���� DQG D SDOODGLXP VDOW� 7KHVH PDWHULDOV ZHUH FKDUDFWHUL]HG E\
VHYHUDO WHFKQLTXHV �7(0� 67(0� 1� VRUSWLRQ� ;5' DQG ;36� DQG XVHG VXFFHVVIXOO\ IRU PLOG
K\GURJHQDWLRQV RI QLWURDUHQHV DW 57 XQGHU DQ DWPRVSKHUH RI K\GURJHQ� 7KH 3G�OHDFKLQJ ZDV YHU\
ORZ �� ���� RI WKH LQLWLDO DPRXQW� DQG WKH FDWDO\VWV ZHUH UHXVHG VHYHUDO WLPHV ZLWK QR VLJQLILFDQW
ORVV�LQ�HIILFLHQF\��$OPRVW�SXUH�DU\ODPLQHV�ZHUH�REWDLQHG�GLUHFWO\�DIWHU�UHDFWLRQ�LQ�H[FHOOHQW�\LHOGV�

7(0�,PDJH�RI�&DWDO\VW�&�

>�@ &ORYLV 3HWHU� $QWRLQH 'HULEOH� -HDQ�0LFKHO %HFKW� -XOLHQ .LHQHU� &ODXGH /H 'ULDQ� -XOLHQ
3DUPHQWLHU� 9DQHVVD )LHUUR� 0DULD *LUOHDQX DQG 2YLGLX (UVHQ� -RXUQDO RI 0DWHULDOV &KHPLVWU\ $�
���������������������
>�@ &DPHOLD 0DWHL *KLPEHX� $OH[DQGUD 3XVFDVX� $OLFLD 0DUWLQH] GH <XVR� &ODXGLD =ORWHD� <DVVLQH
2XPHOODO� 0LFKHO /DWURFKH� &DWKLH 9L[�*XWHUO� 0LFURSRURXV DQG 0HVRSRURXV 0DWHULDOV ����� ����
������
>�@ D� 0RKDPHG (QQHL\P\� &ODXGH /H 'ULDQ� &DPHOLD 0DWHL *KLPEHX� -HDQ�0LFKHO %HFKW� 56&
$GYDQFHV ����� �� ������������ E� &ORYLV 3HWHU� $QWRLQH 'HULEOH� -XOLHQ 3DUPHQWLHU� &ODXGH /H
'ULDQ�DQG�-HDQ�0LFKHO�%HFKW��1HZ�-RXUQDO�RI�&KHPLVWU\���������������������
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&RSSHU�&DWDO\]HG�&KHPR���5HJLR��DQG�(QDQWLRVHOHFWLYH�%RU\ODWLRQ�RI�����'LHQH

<��/LX���'��)LRULWR���&��0D]HW�


�'HSDUWPHQW�RI�2UJDQLF�&KHPLVWU\��8QLYHUVLW«�GH�*HQ���8QLYHUVLW«�GH�*HQªYH

2YHUFRPLQJ WKH VHOHFWLYLW\ FKDOOHQJH LQ RUJDQLF V\QWKHVLV �LQFOXGLQJ FKHPR�� UHJLR� DQG
HQDWLRVHOHFWLYLW\� WR DFKLHYH RQO\ IDYRUHG FRPSRXQG DPRQJ GLIIHUHQW SRVVLEOH SURGXFWV LV WKH FRUH
SUREOHP WR EH VROYHG IRU RUJDQLF FKHPLVWV� 7KH UHDGLO\ DYDOLODEOH FRQMXJDWHG ����GLHQHV UHSUHVHQW
D SDUWLFXODUO\ DWWUDFWLYH SODWIRUP IRU VHOHFWLYH IXQFWLRQDOL]DWLRQV�>�@ +RZHYHU� VHOHFWLYH
IXQFWLRQDOL]DWLRQ RI FRQMXJDWHG ����GLHQHV LV D VLJQLILFDQW FKDOOHQJH EHFDXVH RI WKH SRVVLELOLW\ RI
WKH DGGLWLRQ RI WZR GLIIHUHQW GRXEOH ERQGV RU FRQMXJDWHG DGGLWLRQ� OHDGLQJ WR FKLUDO DQG DFKLUDO
SURGXFWV�>�@ 7UDQVLWLRQ PHWDO�FDWDO\]HG K\GURERUDWLRQV DQG ERU\ODWLRQV RI XQVDWXUDWHG ERQGV KDYH
HPHUJHG DV DWWUDFWLYH VWUDWHJLHV SURYLGLQJ DFFHVV WR IXQFWLRQDOL]HG VWUXFWXUDO PRWLIV� (VSHFLDOO\ IRU
��VXEVWLWXWHG ����GLHQHV� WKH VHOHFWLYLW\ FKDOOHQJH LV KLJKOLJKWHG E\ WKH IDFW WKDW XS WR VL[ GLIIHUHQW
LVRPHUV FDQ EH JHQHUDWHG XSRQ H[FOXVLYH PRQR�IXQFWLRQDOL]DWLRQ� 7KH ERU\ODWLRQ RI FRQMXJDWH RU
OHVV VXEVWLWXWHG GRXEOH ERQG KDV EHHQ UHDOL]HG E\ VHYHUDO UHVHDUFK JURXSV�>�@ 7R RXU NQRZOHGJH�
PHWKRGV WR DFFHVV XQXVXDO ����VHOHFWLYH ERU\ODWLRQ RI ����GLHQH DUH DEVHQW IURP WKH FXUUHQW
OLWHUDWXUH� +HUHLQ� ZH HVWDEOLVKHG D SHUIHFWO\ &X�FDWDO\]HG ����VHOHFWLYH ERU\ODWLRQ RI ��VXEVWLWXWHG
����GLHQHV WR DFFHVV YDOXDEOH HQDQWLRHQULFKHG KRPRDOO\OLF ERURQDWHV�>�@ 0RUH LPSRUWDQW� WKLV
VXFFHVVIXO PHWKRGRORJ\ UHSUHVHQWV WKH H[FHOOHQW XQLIRUP DQG KDUPRQ\ RI FKHPR�� UHJLR� DQG
HQDWLRVHOHFWLYLW\�LQ�RUJDQLF�UHDFWLRQV�

>�@ .� &� 1LFRODRX� 6FRWW $� 6Q\GHU� 7DPV\Q 0RQWDJQRQ� *HRUJLRV 9DVVLOLNRJLDQQDNLV� $QJHZ�
&KHP��,QW��(G����������������������
>�@�<DQJ�;LRQJ��<RXZHQ�6XQ��*XR]KX�=KDQJ��7HWUDKHGURQ�/HWW��������������������
>�@ �D� 0DNRWR 6DWRK� <RVKLKLUR 1RPRWR� 1RULR 0L\DXUD� $NLUD 6X]XNL� 7HWUDKHGURQ /HWW� ����� ���
���������� �E� -HVVLFD <� :X� %HQR°W 0RUHDX� 7RELDV� 5LWWHU� -� $P� &KHP� 6RF� ����� ����
������������ �F� <XVXNH 6DVDNL� &KRQJPLQ =KRQJ� 0DVD\D 6DZDPXUD� +DMLPH ,WR� -� $P� &KHP�
6RF� ����� ���� ���������� �G� -HQQLIHU 9� 2EOLJDFLRQ� 3DXO -� &KLULN� -� $P� &KHP� 6RF� ����� ����
������������ �H� $EGXOUDKPDQ '� ,EUDKLP� 6WHYHQ :� (QWVPLQJHU� $OLVRQ 5� )RXW� $&6 &DWDO�
�������������������
>�@�<DQJELQ�/LX��'DQLHOH�)LRULWR��&O«PHQW�0D]HW��&KHP��6FL���������������������
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$QLRQ�͔�&DWDO\VLV�RQ�)XQFWLRQDO�)XOOHUHQH�2OLJRPHUV

:��/LX���-��:DQJ���$��%RUQKRI���;��=KDQJ���-��/µSH]�$QGDULDV���;��+DR���$��3KDP���1��6DNDL���6�
0DWLOH�


�'HSDUWPHQW�RI�2UJDQLF�&KHPLVWU\��8QLYHUVLW\�RI�*HQHYD

$QLRQಗ͔ FDWDO\VLV� IXQFWLRQLQJ WKURXJK VWDELOL]LQJ DQLRQLF WUDQVLWLRQ VWDWHV RU LQWHUPHGLDWHV RQ ͔�
DFLGLF DURPDWLF VXUIDFHV� KDV HPHUJHG LQ UHFHQW \HDUV�>�@ )XOOHUHQHV ZLWK ODUJH VSKHULFDO ͔ VXUIDFHV
FDQ FDWDO\]H WKH GHFDUER[\ODWLYH DOGRO UHDFWLRQ RI PDORQLF DFLG KDOI WKLRHVWHU �0$+7� DV ZHOO DV
'LHOV�$OGHU UHDFWLRQV�>���@ )RU IXUWKHU VWXGLHV� KHUHLQ� ZH GHVLJQ DQG V\QWKHVL]H D VHULHV RI
IXQFWLRQDO IXOOHUHQH ROLJRPHUV ZLWK ODUJHU ͔ VXUIDFHV� 7KHVH IXOOHUHQH ROLJRPHU FDWDO\VWV KDYH EHHQ
XWLOL]HG LQ WKH HSR[LGH ULQJ�RSHQLQJ F\FOL]DWLRQ>�@ DQG VKRZ EHWWHU DFWLYLWLHV WKDW WKH IXOOHUHQH
PRQRPHU�

>�@ <� =KDR� <� &RWHOOH� /� /LX� -� /µSH]�$QGDULDV� $��%� %RUQKRI� 0� $NDPDWVX� 1� 6DNDL� 6� 0DWLOH�
$FF��&KHP��5HV����������������ಗ�����
>�@�-��/µSH]�$QGDULDV��$��)URQWHUD��6��0DWLOH��-��$P��&KHP��6RF�������������������������
>�@ -� /µSH]�$QGDULDV� $� %DX]£� 1� 6DNDL� $� )URQWHUD� 6� 0DWLOH� $QJHZ� &KHP� ,QW�
(G������������������������
>�@ ;� =KDQJ� ;� +DR� /� /LX� $��7� 3KDP� -� /µSH]�$QGDULDV� $� )URQWHUD� 1� 6DNDL� 6� 0DWLOH� -� $P�
&KHP��6RF�������������������������
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%LRLQVSLUHG�6\QWKHVLV�RI�/LJQDQV�

5��0DUWL���6��%UDQGDR���)��'DUGDQR�

�+(6�62�+DXWH�«FROH�VS«FLDOLV«H�GH�6XLVVH�RFFLGHQWDO��+(,$�)ULERXUJ��,QVWLWXWH�&KHP7HFK

7KH OLJQDQV DUH D ODUJH JURXS RI SRO\SKHQROV IRXQG LQ SODQWV� 7KHVH SODQW OLJQDQV KDYH EHHQ VKRZQ
WR EH WUDQVIRUPHG LQ WKH JXW E\ PLFURRUJDQLVPV WR SK\VLRORJLFDOO\ PRUH DFWLYH DQG ELRDYDLODEOH
PDPPDOLDQ OLJQDQV OLNH HQWHURGLRO RU HQWHURODFWRQH� 7KHVH SKHQROLF FRPSRXQGV KDYH DQ LQWHUHVW
UHJDUGLQJ WKHLU DQWLR[LGDQW SRWHQWLDO DQG KHDOWK EHQHILWV RI OLJQDQV KDYH EHHQ OLQNHG WR WKH
SUHYHQWLRQ�RI�FDUGLRYDVFXODU�GLVHDVH��K\SHUFKROHVWHUROHPLD��DQG�YDULRXV�FDQFHUV�>�@�

�

+HUH� ZH SUHVHQW RXU ZRUN� ZKLFK LV RQ D ELRLQVSLUHG V\QWKHVLV RI D NH\ LQWHUPHGLDWH LQ WKH
V\QWKHVLV RI VHFRLVRODULFLUHVLQRO �6(&2�� D ELV�ODFWRQH EDVHG RQ GLPHUL]DWLRQ RI IHUXOLF DFLG� 6HYHUDO
V\QWKHWLF DSSURDFKHV� LQFOXGLQJ ELRFDWDO\VLV >�@� ZHUH HYDOXDWHG UHJDUGLQJ VHOHFWLYLW\� \LHOG DQG
ૺSUDFWLFDOLW\ૻ�RQ�VFDOH��7KH�PRVW�SURPLVLQJ�V\QWKHVLV�ZDV�VFDOHG�XS�WR�PXOWL�JUDP�VFDOH�

�

>�@�5��%��7HSRQQR��6��.XVDUL��0��6SLWHOOHU��1DW��3URG��5HS�����������������������
>�@�2�(��$GHODNXQ�HW�DO���-��0RO��&DW��%��(Q]\PDWLF�������������૱���
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6\QWKHVLV�RI�0ROHFXODU�1DQRSULVPV�%DVHG�RQ�3HU\OHQH����������GLFDUER[LPLGHV�

&��*��0DUWLQH]���7��ĢRORPHN�


�8QLYHUVLW\�RI�%DVHO

7KH FRQVXPSWLRQ RI HQHUJ\ LQ RXU VRFLHW\ LV H[SHFWHG WR LQFUHDVH UDSLGO\ GXH WR JURZLQJ ZRUOG
SRSXODWLRQ�� 7KHUHIRUH� SURGXFLQJ WKH HQHUJ\ LQ D FOHDQ DQG VXVWDLQDEOH ZD\ LV D NH\VWRQH WR
FRQWURO FOLPDWH FKDQJH� +HUH� VRODU HQHUJ\ KDV D JUHDW SRWHQWLDO EHFDXVH LW LV LQH[KDXVWLEOH DQG DW
WKH VDPH WLPH LWV HQYLURQPHQWDO LPSDFW LV ORZ� 2UJDQLF SKRWRYROWDLF �239� WHFKQRORJ\ DSSHDUV DV
D SURPLVLQJ DOWHUQDWLYH RIIHULQJ D JUHDW VHULHV RI DGYDQWDJHV� +RZHYHU� WKH FKDOOHQJH ZLWK 239V LV
LQ LPSURYLQJ WKHLU SRZHU FRQYHUVLRQ HIILFLHQF\ E\ XQGHUVWDQGLQJ WKH LQWHUQDO SK\VLFDO SURFHVVHV LQ
DQ 239� 6SHFLILFDOO\� RUJDQLF PDWHULDOV PXVW DEVRUE OLJKW� GLVVRFLDWH H[FLWRQV� WUDQVSRUW WKH IUHH
FKDUJHV DQG FROOHFW WKHP HIILFLHQWO\�� $PRQJ WKHP� IXOOHUHQHV KDYH EHHQ WKH PRVW VXFFHVVIXO
HOHFWURQ DFFHSWRUV LQ 239V XQWLO YHU\ UHFHQWO\� $OWKRXJK IXOOHUHQHV DUH JUHDW DFFHSWRUV� WKH\
DEVRUE�VXQOLJKW�ZHDNO\��DUH�GLIILFXOW�WR�PRGLI\�DQG�H[SHQVLYH�WR�PDQXIDFWXUH��

+HUH� D VWUDWHJ\ IRU REWDLQLQJ PROHFXODU QDQRSULVPV �)LJXUH �� EDVHG RQ SHU\OHQH����������GLFDUER[LPLGHV
�3',V� ZLOO EH GLVFXVVHG� 7KHVH FRPSRXQGV� OLNH IXOOHUHQHV� H[KLELW KLJK V\PPHWU\ DQG ULJLGLW\� DQG ZLOO
GLVSOD\ HOHFWURQ GHORFDOL]DWLRQ DQG WUDQVSRUW LQ WKUHH GLPHQVLRQV� 3', XQLWV ZHUH VHOHFWHG EHFDXVH WKH\
DEVRUE YLVLEOH OLJKW ZLWK ODUJH PRODU DEVRUSWLRQ FRHIILFLHQWV� DUH DLU� DQG SKRWRVWDEOH� GLVSOD\ JRRG UHGR[
SURSHUWLHV DQG HOHFWURQ PRELOLWLHV� DQG WKHLU VWUXFWXUH FDQ EH HDVLO\ PRGLILHG�� 6XFK VLPSOH PRGHO V\VWHPV
ZLOO DOORZ VWXG\LQJ WKH HIIHFW RI HOHFWURQ GHORFDOL]DWLRQ RQ FKDUJH VHSDUDWLRQ DQG UHFRPELQDWLRQ WKHUHE\
LPSURYLQJ�RXU�XQGHUVWDQGLQJ�RI�239V�

>�@ 7LPRWK\ 5� &RRN� 'LOHN .� 'RJXWDQ� 6WHYHQ <� 5HHFH� <RJHVK 6XUHQGUDQDWK� 7KRPDV 6� 7HHWV�
'DQLHO�*��1RFHUD��&KHPLFDO�5HYLHZV�����������������૱�����
>�@ 6DTLE 5� 6KDKLQR 0� $� .KDXODK 6� 0LWVXPDVD ,�5HQHZDEOH 	 6XVWDLQDEOH (QHUJ\ 5HYLHZV�
������������૱���
>�@ $JQLHV]ND 1RZDN�.UµO� .D]XWDND 6KR\DPD� 0DWWKLDV 6WROWH� )UDQN :¾UWKQHU� &KHPLFDO
&RPPXQLFDWLRQV������������������������
>�@�$JQLHV]ND�1RZDN�.UµO��)UDQN�:¾UWKQHU��2UJDQLF�&KHPLVWU\�)URQWLHUV���������������૱�����

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


2UJDQLF�&KHPLVWU\��3RVWHU 2&����

6\QWKHVLV�RI�SRVVLEOH�SURWHLQ�ELRPDUNHUV�DV�UHIHUHQFH�PDWHULDOV�IRU�UHWURVSHFWLYH
YHULILFDWLRQ�RI�H[SRVXUH�WR�&KORULQH

6��0DUW]�����&��%RFKHW�
��&��&XUW\�


�8QLYHUVLW\�RI�)ULERXUJ����)HGHUDO�'HSDUWPHQW�RI�'HIHQFH��63,(=�/$%25$725<

&KHPLFDO ZDUIDUH DJHQWV �&:$૷V� EHFDPH ZHOO NQRZQ VLQFH :RUOG :DU ,� (YHQ WKRXJK ��� RI DOO
GHFODUHG FKHPLFDO ZHDSRQV VWRFNSLOHV KDYH EHHQ YHULILDEO\ GHVWUR\HG�� &:$૷V DUH VWLOO SUHVHQW LQ
WKH PRGHUQ ZRUOG GHVSLWH WKH PDMRULW\ RI WKH VWDWHV KDYH UDWLILHG WKH &RQYHQWLRQ RQ WKH 3URKLELWLRQ
RI WKH 'HYHORSPHQW� 3URGXFWLRQ� 6WRFNSLOLQJ DQG 8VH RI &KHPLFDO :HDSRQV DQG RQ WKHLU
'HVWUXFWLRQ �&:&��� 6LQFH ����� DERXW ��� FKHPLFDO ZHDSRQV DWWDFNV ZHUH UHSRUWHG LQ WKH 6\ULDQ
$UDELF :DU� %HVLGH WKH XVH RI WKH QHUYH DQG EOLVWHULQJ DJHQWV OLNH 6DULQ DQG VXOIXU PXVWDUG�
DQRWKHU FKHPLFDO UHJDLQHG D ORW RI SRSXODULW\ ૱ &KORULQH�� &KORULQH JDV� EHLQJ D WR[LF EXW ZLGHO\
XVHG FKHPLFDO LQ LQGXVWU\ ZLWK QXPHURXV FLYLOLDQ DSSOLFDWLRQV�� VHUYHV DV D SDUDGH H[DPSOH IRU WKH
GXDO�XVH�SUREOHP�

1RZDGD\V� RQO\ IHZ ELRPDUNHUV� IRU WKH XQDPELJXRXV YHULILFDWLRQ RI H[SRVXUH WR &KORULQH JDV DUH
NQRZQ� )DFLQJ WKLV VSHFLILF SUREOHP� SRVVLEOH &KORULQH�PRGLILHG SURWHLQ ELRPDUNHUV DUH
V\QWKHVL]HG IRU DQDO\WLFDO LQYHVWLJDWLRQ� 8QHTXLYRFDO PHWKRGV WR YHULI\ H[SRVXUH VWURQJO\
FRQWULEXWH WR VWUHQJWKHQLQJ WKH YHULILFDWLRQ UHJLPH RI WKH &:&� )XUWKHUPRUH� WKHVHV ELRPDUNHUV
FDQ�JLYH�LPSRUWDQW�LQGLFDWLRQV�DERXW�WKH�DFWLRQ�RI�&KORULQH�LQ�WKH�KXPDQ�ERG\�

>�@ 2UJDQLVDWLRQ IRU WKH 3URKLELWLRQ RI &KHPLFDO :HDSRQV 23&: E\ WKH
1XPEHUV��KWWSV���ZZZ�RSFZ�RUJ�PHGLD�FHQWUH�RSFZ�QXPEHUV��DFFHVVHG�����-XO\����
>�@ 2UJDQLVDWLRQ IRU WKH 3URKLELWLRQ RI &KHPLFDO :HDSRQV 0LVVLRQ� $ ZRUOG IUHH RI FKHPLFDO
ZHDSRQV��KWWSV���ZZZ�RSFZ�RUJ�PHGLD�FHQWUH�RSFZ�QXPEHUV��DFFHVVHG�����0D\����
>�@ 7RELDV 6FKQHLGHU� 7� /�� 1RZKHUH WR +LGH� 7KH /RJLF RI &KHPLFDO :HDSRQV 8VH LQ 6\ULD� *OREDO
3XEOLF�3ROLF\�,QVWLWXWH��*33L�������
>�@ (XUR&KORU :KDW LV FKORULQH XVHG
IRU" KWWS���ZZZ�HXURFKORU�RUJ�WKH�FKORULQH�XQLYHUVH�ZKDW�LV�FKORULQH�XVHG�IRU�DVS[ �DFFHVVHG ���
-XO\����
>�@ (OIVPDUN� /�� $JUHQ� /�� $NIXU� &�� %XFKW� $�� -RQDVVRQ� 6�� ��,VRSURVWDQH LV DQ HDUO\ ELRPDUNHU IRU
R[LGDWLYH�VWUHVV�LQ�FKORULQH�LQGXFHG�DFXWH�OXQJ�LQMXU\��7R[LFRO�/HWW���������������
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'XDO�SKRWRUHGR[�1L�FDWDO\]HG�WKUHH�FRPSRQHQW�FDUERIXQFWLRQDOL]DWLRQV�RI�DONHQHV

5��0RQGDO���$��*DUF¯D�'RP¯QJXH]���&��1HYDGR�


�8QLYHUVLW\�RI�=XULFK

,QWHUPROHFXODU GLIXQFWLRQDOL]DWLRQ RI DONHQHV UHSUHVHQWV D SRZHUIXO VWUDWHJ\ WR FRQVWUXFW FRPSOH[
DOLSKDWLF VWUXFWXUHV E\ FRQFRPLWDQW IRUPDWLRQ RI &�& DQG�RU &�; ERQGV DFURVV WKH ͔�V\VWHP��
+HUHLQ� ZH UHSRUW D PXOWLFRPSRQHQW GLIXQFWLRQDOL]DWLRQ RI ROHILQV PHUJLQJ SKRWRUHGR[ DQG QLFNHO
FDWDO\VLV XQGHU YLVLEOH OLJKW LUUDGLDWLRQ� 7KLV WUDQVIRUPDWLRQ XQYHLOV DGGLWLRQ RI DON\O DQG DU\O�DON\O
VXOIRQ\O UDGLFDO UHJLRVHOHFWLYHO\ WR WKH WHUPLQDO SRVLWLRQ RI WKH ROHILQ DQG VLPXOWDQHRXV DU\ODWLRQ RI
WKH LQWHUQDO FDUERQ LQ D VLQJOH VWHS XQGHU PLOG UHDFWLRQ FRQGLWLRQV� 7KH SURFHVV� GHYRLG RI
VWRLFKLRPHWULF DGGLWLYHV� EHQHILWV IURP WKH XVH RI EHQFK�VWDEOH DQG HDV\�WR�KDQGOH UHDJHQWV� LV
RSHUDWLRQDOO\�VLPSOH�DQG�WROHUDWHV�D�ZLGH�YDULHW\�RI�IXQFWLRQDO�JURXSV���

>�@ D� 0HULQR� (�� 1HYDGR� &� 6RF� 5HY� ����� ��� ����� E� 3HWURQH� '� $�� <H� -�� /DXWHQV� 0��
&KHP� 5HY� ����� ���� ����� F� 'KXQJDQD� 5� .�� %DVQHW� 6� .&� 3�� *LUL� 5� &KHP� 5HF� ����� ���
����� G� )XMLKDUD� 7�� 7VXML� <� 6\QWKHVLV ����� ��� ����� H� =KDQJ� -��6�� /LX� /�� &KHP� 7�� +DQ�
/��%���&KHP��$VLDQ�-�����������������
>�@�*DUF¯D�'RP¯QJXH]��$���0RQGDO��5���1HYDGR��&���&KHP���,QW��(G��������DFFHSWHG�PDQXVFULSW��
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3DOODGLXP�FDWDO\]HG�,QWHUPROHFXODU�%LDU\O�$WURSRHQDQWLRVHOHWLYH�&૱+�)XQFWLRQDOL]DWLRQ

4��1JX\HQ���6��*XR���1��&UDPHU�
��2��%DXGRLQ�


�/DERUDWRU\�RI�$V\PPHWULF�&DWDO\VLV�DQG�6\QWKHVLV��(3)�/DXVDQQH���'HSDUWPHQW�RI�&KHPLVWU\�
8QLYHUVLW\�RI�%DVHO

$ FRQVLGHUDEOH DPRXQW RI QDWXUDO SURGXFWV� SKDUPDFHXWLFDOV DV ZHOO DV DV\PPHWULF FDWDO\VWV
H[KLELW URWDWLRQDO UHVWULFWLRQ DERXW D ELDU\O D[LV� 6XFK DWURSLVRPHUV DUH ODUJHO\ DFKLHYHG E\
G\QDPLF NLQHWLF UHVROXWLRQ� 7KH DLP RI WKLV UHVHDUFK LV WR GHYHORS D 3G��3G,, FDWDO\WLF V\VWHP ZLWK
FDUHIXOO\ GHVLJQHG OLJDQGV WKDW IDFLOLWDWHV WKH DU\ODWLRQ RI KHWHURDUHQHV LQ DQ
DWURSRHQDQWLRVHOHFWLYH�PDQQHU�
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$GYDQFHG�ZDVWHZDWHU�WUHDWPHQW�WR�DEDWH�PLFURSROOXWDQWV�ZLWK�JUDQXODU�DFWLYDWHG
FDUERQ��*$&��DORQH�DQG�FRPELQHG�ZLWK�SDUWLDO�R]RQDWLRQ��2��*$&�

&��2OWUDPDUH���$��+HUQDQGH]���6��0DQJROG���0��%¸KHU�
��&��0F$UGHOO�


�(DZDJ��6ZLVV�)HGHUDO�,QVWLWXWH�RI�$TXDWLF�6FLHQFH�DQG�7HFKQRORJ\��&+������'¾EHQGRUI�
6ZLW]HUODQG

,Q 6ZLW]HUODQG� VLQFH -DQXDU\ ���� D QHZ OHJLVODWLRQ LV LPSOHPHQWHG ZLWK WKH DLP WR HQKDQFH
VXUIDFH ZDWHU TXDOLW\� 7KH WDUJHW LV WR UHGXFH WKH PLFURSROOXWDQW ORDG GLVFKDUJHG E\ WKH
ZDVWHZDWHU WUHDWPHQW SODQW �::73�� &RQYHQWLRQDOO\� ::73V DUH GHVLJQHG WR UHGXFH WKH ELRORJLFDO
DQG FKHPLFDO R[\JHQ GHPDQG DQG WR UHPRYH VXVSHQGHG VROLGV DQG QXWULHQWV� 7KH 6ZLVV )HGHUDO
2IILFH IRU WKH (QYLURQPHQW KDV HVWDEOLVKHG D OLVW RI �� LQGLFDWRU VXEVWDQFHV WR PRQLWRU WKH
HIILFLHQF\ RI XSJUDGHG ::73V� 7KHVH FRPSRXQGV DUH QRW HDVLO\ RU QRW ELRGHJUDGDEOH DQG DUH
XVXDOO\ QRW UHPRYHG E\ D FRQYHQWLRQDO ::73V� 7KH DYHUDJH DEDWHPHQW RI WKH �� FRPSRXQGV
VKRXOG EH !���� 7R UHDFK WKLV JRDO� R]RQDWLRQ RU WUHDWPHQW ZLWK SRZGHUHG DFWLYDWHG FDUERQ �3$&�
LV UHFRPPHQGHG� +RZHYHU� GLIIHUHQW WHFKQRORJLHV DUH DOVR SRVVLEOH� 7KH WUHDWPHQW ZLWK JUDQXODU
DFWLYDWHG FDUERQ �*$&� KDV PDQ\ EHQHILWV DV LW LV HDVLHU WR EH RSHUDWHG DQG KDV D VPDOOHU &2�
IRRWSULQW��EXW�EHVW�SUDFWLFH�WR�EH�HFRQRPLF�LV�QRW�DYDLODEOH�\HW�

,Q WKLV SURMHFW� WKH FRPSHWLWLYHQHVV RI *$& LQ ZDVWHZDWHU WUHDWPHQW DQG WKH FRPELQDWLRQ RI *$&
ZLWK D ORZ GRVH SUH�R]RQDWLRQ LV HYDOXDWHG� 7KH SURMHFW LV IRFXVLQJ RQ WKH ::73 RI *ODUQHUODQG
DQG LV LQ FROODERUDWLRQ ZLWK WKH HQJLQHHU FRQVXOWDQW +XQ]LNHU $*� ,W LV FXUUHQWO\ UHFHLYLQJ WKH
ZDVWHZDWHU IURP � FRPPXQLWLHV DQG WKH ZDVWHZDWHU RI VHYHUDO LQGXVWULHV �WRWDO ��૷��� SHUVRQ
HTXLYDOHQWV�� 7KH GLIIHUHQW LQGXVWULHV DUH SURGXFLQJ SDSHU� WH[WLOHV RU SKDUPDFHXWLFDOV� 'XH WR WKLV
LQIORZ� WKH ::73 KDV WR GHDO ZLWK D ZLGH UDQJH RI '2& FRPLQJ LQ ����� PJ'2&�/ IURP
�����������

)RU FKHPLFDO DQDO\VLV� D PHWKRG XVLQJ KLJK SUHVVXUH OLTXLG FKURPDWRJUDSK\ FRXSOHG WR KLJK
UHVROXWLRQ PDVV VSHFWURPHWU\ �+3/&�+506 ZLWK WKH 4([DFWLYH IURP 7KHUPR� RU FRXSOHG WR WULSOH
TXDG 06 �+3/&�44406 IURP $JLOHQW ����� ZDV DSSOLHG WR DURXQG �� WDUJHW FRPSRXQGV� ,Q D SLORW
SODQW� � GLIIHUHQW W\SHV RI JUDQXODU DFWLYDWHG FDUERQ DUH XVHG DQG FRPSDUHG� 7ZR *$& FROXPQV
ZLWK WZR RI WKH DERYH PDWHULDO DUH DGGLWLRQDOO\ UXQ ZLWK D SUH�R]RQDWLRQ DW D ORZ GRVH RI DURXQG
��� J2��J'2&� 2YHUDOO� WKHUH LV D JRRG DEDWHPHQW RI WKH �� LQGLFDWRU VXEVWDQFHV REVHUYHG� 7KH
ILUVW UHVXOWV WKDW FRPSDUH WKH *$& HIILFLHQF\ RI WKH IRXU PDWHULDOV KDYH VKRZQ WKDW WKH *$&
GHQVLW\ LQIOXHQFHV WKH VRUSWLRQ� 7KH *$& ZLWK WKH ORZHVW GHQVLW\ VKRZHG D ORZHU HIILFLHQF\ WKDQ
WKH RWKHU FROXPQV� DV WKHUH LV OHVV FDUERQ LQ WKH FROXPQ DW WKH VDPH YROXPH� 7KH FRPELQDWLRQ
ZLWK D SUH�R]RQDWLRQ UHVXOWV DUH SURPLVLQJ� 7KH HOLPLQDWLRQ RI PLFURSROOXWDQWV RYHU WKH *$&
FROXPQ WKDW IROORZHG WKH SUH�R]RQDWLRQ LV RYHUDOO EHWWHU WKDQ RYHU WKH *$& FROXPQ WKDW GLG QRW
KDYH D SUH�R]RQDWLRQ� :LWK WKH FRPELQDWLRQ 2��*$&� WKH JRDO RI DYHUDJH ��� UHPRYDO RI WKH ��
LQGLFDWRU VXEVWDQFHV DUH DUFKLYHG XS WR ��૷��� EHG YROXPHV �%9� ZLWK DQ R]RQH GRVH RI ���
J2��J'2&� :LWK WKH *$& DORQH� WKH DYHUDJH UHPRYDO IHOO EHORZ WKH ��� DOUHDG\ DW �����૷��� %9�
&XUUHQWO\��WKH�HFRQRPLF�DVSHFWV�RI�*$&�WUHDWPHQW�DQG�2��*$&�FRPELQDWLRQ�DUH�HYDOXDWHG�
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&KLUDO�&S[&R�&2�,��&RPSOH[HV�LQ�$V\PPHWULF�&૱+�)XQFWLRQDOL]DWLRQ

.��2]ROV���<��-DQJ���1��&UDPHU�


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

,Q UHFHQW \HDUV� �G PHWDO FDWDO\VWV KDYH SURYHQ WKHLU SRWHQWLDO LQ &૱+ DFWLYDWLRQ UHDFWLRQV�>�@ ,Q
SDUWLFXODU� FREDOW KDV UHFHLYHG FRQVLGHUDEOH LQWHUHVW DV D QRQ�QREOH FRQJHQHU RI UKRGLXP� ,Q OLQH
ZLWK RXU LQWHUHVW LQ WKH GHYHORSPHQW RI DV\PPHWULF FDWDO\WLF WUDQVIRUPDWLRQV� ZH KDYH UHFHQWO\
VKRZQ WKH ILUVW DSSOLFDWLRQ RI FKLUDO &S[&R�&2�,� FRPSOH[HV E\ GHPRQVWUDWLQJ WKHLU XVH LQ
DV\PPHWULF�V\QWKHVLV�RI�GLK\GURTXLQROLQRQHV�>�@

7KH GHYHORSHG PHWKRG JLYHV DFFHVV WR WKH WDUJHW FRPSRXQGV LQ KLJK \LHOGV DQG HU XS WR ���������
1RWDEO\� WKH REWDLQHG HQDQWLRVHOHFWLYLWLHV DUH W\SLFDOO\ VXSHULRU WR WKRVH SUHYLRXVO\ UHSRUWHG IRU
UKRGLXP�FDWDO\VLV�

>�@ 3DUWKDVDUDWK\ *DQGHHSDQ� 7KRPDV 0¾OOHU� 'DQLHO =HOO� *LDQSLHUR &HUD� 6YHQMD :DUUDW]� /XW]
$FNHUPDQQ��&KHPLFDO�5HYLHZV�����������������૱�����
>�@ .ULVWHUV 2]ROV� <XQ�6XN -DQJ� 1LFRODL &UDPHU� -RXUQDO RI WKH $PHULFDQ &KHPLFDO 6RFLHW\�
���������������૱�����
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(QDQWLRVHOHFWLYH�6\QWKHVLV�RI�%HQ]RQRUFDUDGLHQHV�E\�&KLUDO�&\FORSHQWDGLHQ\O
5XWKHQLXP�&DWDO\VLV

6��+��3DUN���6��:DQJ���1��&UDPHU�


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

&\FORSHQWDGLHQ\O OLJDQGV �&S� DQG WKHLU FRUUHVSRQGLQJ WUDQVLWLRQ�PHWDO FRPSOH[HV KDYH EURDG
DSSOLFDWLRQ RQ FDWDO\VLV�>�@ 2Q WKLV EDVLV� FKLUDO F\FORSHQWDGLHQ\O OLJDQGV �&S[� KDYH EHHQ GHYHORSHG
DQG XWLOL]HG ZLWK WUDQVLWLRQ�PHWDOV VXFK DV 5K,,,� ,U,,, DQG 5X,,� VKRZFDVLQJ WKHLU KLJK SRWHQWLDO IRU
DV\PPHWULF UHDFWLRQV�>�@>�@ ,Q VSLWH RI WKH KLJK GHPDQG IRU FKLUDO F\FORSHQWDGLHQ\O OLJDQG� WKH
GHYHORSPHQW RI D FRQFLVH V\QWKHWLF URXWH LV VWLOO DW DQ HDUO\ VWDJH� +HQFH� LQ RXU SUHYLRXV UHVHDUFK�
ZH SUHVHQWHG UHDGLO\ DFFHVVLEOH DQG QRYHO FODVV RI &S[ OLJDQG�>�@ +HUHLQ� ZH UHSRUW D UHODWHG
&S[5X,,FDWDO\]HG KLJKO\ GLDVWHUHR� DQG HQDQWLRVHOHFWLYH FRXSOLQJ RI R[DEHQ]RQRUERUQDGLHQHV DQG
LQWHUQDO DON\QHV IRU WKH V\QWKHVLV RI EHQ]RQRUFDUDGLHQHV ZLWK XS WR �������� HU�>�@ 7KH UHDFWLRQ
LOOXVWUDWHV�WKH�SRWHQF\�RI�WKLV�&S[5X,,�W\SH�FDWDO\VW�IRU�DV\PPHWULF�FDWDO\VLV�

>�@ 5� +� &UDEWUHH� 7KH 2UJDQRPHWDOOLF &KHPLVWU\ RI WKH 7UDQVLWLRQ 0HWDOV �:LOH\� 1HZ <RUN� HG� ��
������
>�@�%��<H��1��&UDPHU��$FF��&KHP��5HV����������������������
>�@�&��*��1HZWRQ��'��.RVVOHU��1��&UDPHU��-��$P��&KHP��6RF�����������������������
>�@�6��*��:DQJ��6��+��3DUN��1��&UDPHU��$QJHZ��&KHP��,QW��(G����������������������
>�@�$��7HQDJOLD��6��0DUF��/��*LRUGDQR��,��'��5LJJL�$QJHZ��&KHP��,QW��(G����������������૱����
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>�@�	�>�@&HWKUHQHV��&KLURSWLFDO�	�0DJQHWLF�6ZLWFKHV

7��3DVWLHULN���0��-XU¯ÏHN�


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

'LUDGLFDORLG ͔�FRQMXJDWHG K\GURFDUERQV>�@ DUH FKDUDFWHUL]HG E\ VPDOO +202૱/802 JDSV DQG ORZ�
O\LQJ WULSOHW H[FLWHG VWDWHV WKDW FDQ EH SRSXODWHG WKHUPDOO\� ,Q RXU JURXS� ZH LQYHVWLJDWH
GLUDGLFDORLG V\VWHPV ZLWK KHOLFDO JHRPHWULHV� FDOOHG FHWKUHQHV>�@� ZKHUH WKURXJK�VSDFH RUELWDO
LQWHUDFWLRQV� ZKLFK DIIHFW WKH HQHUJLHV RI WKH JURXQG DQG H[FLWHG VWDWHV� DULVH� 7KHVH V\VWHPV FDQ
DOVR DFW>���@ DV SKRWRFKHPLFDO VZLWFKHV EHWZHHQ DQ RSHQ DQG D FORVHG IRUP� ZKLFK VKRZ GLVWLQFW
PDJQHWLF DQG FKLURSWLFDO SURSHUWLHV� 7KH JRDO RI WKLV SURMHFW ZDV WR HYDOXDWH WKH HIIHFW RI
FRQMXJDWLRQ OHQJWK RQ WKH HQHUJ\ JDS EHWZHHQ WKH VLQJOHW JURXQG VWDWH DQG WULSOHW H[FLWHG VWDWH LQ
D VHULHV RI FRPSRXQGV EDVHG RQ >�@KHOLFHQH �JUD\�ILOOHG ULQJV�� ZKLFK GLIIHU LQ WKH QXPEHU RI
DGGLWLRQDO IXVHG EHQ]HQRLG ULQJV �ZKLWH�ILOOHG ULQJV�� 7KLV NQRZOHGJH ZLOO DOORZ XV WR HVWDEOLVK
GHVLJQ SULQFLSOHV WKDW FDQ EH XVHG WR ILQH�WXQH WKH SURSHUWLHV RI WKLV FODVV RI PDWHULDOV� 6\QWKHVLV
DQG FKDUDFWHUL]DWLRQ RI WZR QHZ PRGHO FRPSRXQGV� >��@� �PLGGOH� DQG >��@FHWKUHQH �ULJKW��
H[WHQGHG�KRPRORJV�RI�>��@FHWKUHQH��OHIW��SUHYLRXVO\�UHSRUWHG>�@�E\�RXU�JURXS��ZLOO�EH�SUHVHQWHG�

>�@�$��.RQLVKL��7��.XER��7RS��&XUU��&KHP��������������૱���
>�@ 3� 5DYDW� 7� ĢRORPHN� 0� 5LFNKDXV� '� +¦XVVLQJHU� 0� 1HXEXUJHU� 0� %DXPJDUWHQ� 0� -XU¯ÏHN�
$QJHZ��&KHP��,QW��(G�����������������૱�����
>�@�7��ĢRORPHN��3��5DYDW��=��0RX��0��.HUWHV]��0��-XU¯ÏHN��-��2UJ��&KHP�����������������૱�����
>�@ 3� 5DYDW� 7� ĢRORPHN� '� +¦XVVLQJHU� 2� %ODFTXH� 0� -XU¯ÏHN� -� $P� &KHP� 6RF� ����� ����
�����૱������
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*ROG�1DQRSDUWLFOH�'LPHUV�YLD�$FHW\OHQH�+RPRFRXSOLQJ

(��+��3HWHUV���0��0D\RU�


�8QLYHUVLW\�RI�%DVHO

'XH WR WKHLU XQLTXH SURSHUWLHV� IXQFWLRQDO JROG QDQRSDUWLFOHV �$X 13V� DUH RI PDMRU LQWHUHVW IRU
PROHFXODU HOHFWURQLFV� >���@ :H KDYH V\QWKHVL]HG D WULSRGDO WKLRHWKHU�EDVHG OLJDQG ZKLFK VWDELOL]HV
$X 13V LQ D ��� OLJDQG�WR�13 UDWLR DQG RIIHUV IXUWKHU FKHPLFDO IXQFWLRQDOLW\ E\ H[SRVLQJ D SURWHFWHG
DFHW\OHQH LQ SHUSHQGLFXODU RULHQWDWLRQ WR WKH SDUWLFOH� 7KH $X 13V KDYH D QDUURZ VL]H GLVWULEXWLRQ
����� s ���� QP� DQG ZLWKVWDQG WKHUPDO VWUHVV XS WR ��� r&� 7KH $X 13V ZHUH XVHG WR V\QWKHVL]H
GLPHUV YLD VWDQGDUG DFHW\OHQH GHSURWHFWLRQ�KRPRFRXSOLQJ SURWRFRO� 7KH GLPHU�GLPHU GLVWDQFH LV LQ
DJUHHPHQW ZLWK PROHFXODU PRGHOLQJ� )XUWKHUPRUH� WKH GLPHUV FDQ EH LVRODWHG E\ VL]H�H[FOXVLRQ
FKURPDWRJUDSK\�DQG�DUH�VWDEOH�IRU�DQ�H[WHQGHG�SHULRG�

>�@�$��0DQJROG��0��&DODPH��0��0D\RU��$��:��+ROOHLWQHU��$&6�1DQR����������������
>�@�-��/LDR��/��%HUQDUG��0��/DQJHU��&��6FK¸QHQEHUJHU��0��&DODPH��$GY��0DWHU������������������
>�@ '� +XDQJ� )� /LDR� 6� 0ROHVD� '� 5HGLQJHU� 9� 6XEUDPDQLDQ� -� (OHFWURFKHP� 6RF�� ����� ����
*����
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6FHQHV�RI�7HQVLRQ�,QVLGH�WKH�&HOO�ZLWK�6HOHFWLYH�0HFKDQRVHQVLWLYH�)OXRUHVFHQW�3UREHV

)��3LD]]ROOD���1��6DNDL���6��0DWLOH�


�'HSDUWPHQW�RI�2UJDQLF�&KHPLVWU\��8QLYHUVLW\�RI�*HQHYD

7KH GHYHORSPHQW RI SUDFWLFDO DQG UHOLDEOH VWUDWHJLHV WR PHDVXUH PHFKDQLFDO IRUFHV LQVLGH FHOOV LV
VWLOO�D�GLIILFXOW�FKDOOHQJH�IRU�FKHPLVWV�DQG�ELRORJLVWV�>�@

)RU WKLV SXUSRVH� WKH ZHOO�NQRZQ IOXRUHVFHQW PHFKDQRVHQVLWLYH IOLSSHU VFDIIROG KDV EHHQ LGHQWLILHG
DV WKH LGHDO EXLOGLQJ EORFN WR V\QWKHWL]H VHOHFWLYH RUJDQHO WDUJHWLQJ SUREHV�>�@ 7KH IOLSSHU SXVK�SXOO
V\VWHP� GLVSOD\LQJ D SHFXOLDU GHSODQDUL]DWLRQ LQ WKH JURXQG VWDWH� KDV EHHQ WKXV FRXSOHG ZLWK
VXLWDEOH�KHDGJURXSV�WR�HQVXUH�WKH�VHOHFWLYLW\�

)XUWKHU WDLORULQJ RI WKLV VFDIIROG LV QRZ H[SHFWHG WR JLYH D ILQH WXQLQJ RI LWV VHOHFWLYH FRQILQHPHQW
LQ�GLIIHUHQWO\�DFLGLF�HQGRFHOOXODU�FRPSDUWPHQWV��OLNH�WKH�YDULRXV�HQGRVRPDO�VXESRSXODWLRQV�

,Q WKLV ZD\ LPDJLQJ DQG PHPEUDQH WHQVLRQ PHDVXUHPHQW RI WKHVH FRPSDUWPHQWV ZLOO EH DFKLHYHG
DQG IXUWKHU XQGHUVWDQGLQJ RI WKHLU UROH LQ YDULRXV SK\VLRORJLFDO DQG SDWKRORJLFDO SURFHVVHV ZLOO EH
SRVVLEOH�

>�@ %UXQR 3RQWHV� 3DVFDOH 0RQ]R� 1LOV &� *DXWKLHU� 6HPLQDUV LQ &HOO 	 'HYHORSPHQWDO %LRORJ\
������������૱���
>�@ $QWRLQH *RXMRQ� $GDL &RORP� .DURO¯QD 6WUDNRY£� 9LQFHQW 0HUFLHU� 'RUD 0DKHFLF� 6XOLDQD 0DQOH\�
1DRPL 6DNDL� $XU«OLHQ 5RX[� 6WHIDQ 0DWLOH� -RXUQDO RI $PHULFDQ &KHPLFDO 6RFLHW\ ����� ����
����૱�����
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&RSSHU�&DWDO\]HG�,QVHUWLRQ�RI�'LD]R�&RPSRXQGV�LQWR�9LQ\O�+\SHUYDOHQW�,RGLQH�5HDJHQWV
WR�*HQHUDWH�$OO\OLF�(VWHUV

*��3LVHOOD���-��:DVHU�

�/DERUDWRU\�RI�&DWDO\VLV�DQG�2UJDQLF�6\QWKHVLV

0HWDO FDUEHQHV DUH KLJKO\ YHUVDWLOH LQWHUPHGLDWHV� HDVLO\ JHQHUDWHG IURP GLD]R FRPSRXQGV� ZKLFK
KDYH EHHQ H[WHQVLYHO\ XVHG LQ V\QWKHWLF FKHPLVWU\ �F\FORSURSDQDWLRQ� 1X�+ LQVHUWLRQ� \OLGH
FKHPLVWU\��� 5HFHQWO\� PHWDO FDUEHQHV KDYH HPHUJHG DV D QHZ W\SH RI FURVV�FRXSOLQJ SDUWQHUV IRU
WKH IRUPDWLRQ RI &ಗ& ERQGV�� ,Q WKLV FRQWH[W� WKH JHQHUDWLRQ RI SDOODGLXP FDUEHQH LQWHUPHGLDWHV
IRU WKH FURVV�FRXSOLQJ ZLWK YLQ\O KDOLGHV KDV EHHQ KLJKO\ VXFFHVVIXO IRU WKH V\QWKHVLV RI
IXQFWLRQDOL]HG ROHILQV� EXW UHVXOWHG LQ WKH IRUPDWLRQ RI LVRPHUL]HG ����DONHQH SURGXFWV WKURXJK
GRXEOH�ERQG�PLJUDWLRQ��6FKHPH��$���

7R GHYHORS WKH ILUVW GLUHFW YLQ\ODWLRQ RI GLD]R FRPSRXQGV �6FKHPH �%�� ZH LGHQWLILHG
YLQ\OEHQ]LRGR[RORQH �9%;� UHDJHQWV DV LGHDO FRXSOLQJ SDUWQHUV�� 7KH K\SHUYDOHQW ERQG FRQIHUV D
KLJKO\ HOHFWURSKLOLF FKDUDFWHU WR WKH YLQ\O PRWLI DQG WKH EHQ]RDWH JURXS FDQ DFW DV D QXFOHRSKLOLF
R[\JHQ VRXUFH� 9%; UHDJHQWV KDYH EHHQ PXFK OHVV XVHG WKDQ WKH PRUH HVWDEOLVKHG (%;V
�HWK\Q\OEHQ]LRGR[RORQHV��� 7KH XVH RI LQH[SHQVLYH DQG HDUWK�DEXQGDQW FRSSHU DVVRFLDWHG WR WKH
KLJK DWRP�HIILFLHQF\ RI WKH UHDFWLRQ DUH QRWDEOH DGYDQWDJHV RI WKH PHWKRGRORJ\� 7KH
WUDQVIRUPDWLRQ LV WROHUDQW WR D ZLGH UDQJH RI IXQFWLRQDO JURXSV DQG SURYLGHV UHDG\ DFFHVV WR D
EURDG�VFRSH�RI�DOO\OLF�HVWHUV�LQ�YHU\�KLJK�\LHOGV�

>�@�3LVHOOD��*���*DJQHELQ��$���:DVHU��-��������GRL�RUJ����������FKHPU[LY���������Y��
>�@ D� 'R\OH� 0� 3�� 'XII\� 5�� 5DWQLNRY� 0�� =KRX� /� &KHP� 5HY� ����� ���� ���� E� )RUG� $�� 0LHO�
+���5LQJ��$���6ODWWHU\��&��1���0DJXLUH��$��5���0F.HUYH\��0��$��&KHP��5HY������������������
>�@�;LD��<���4LX��'���:DQJ��-�&KHP��5HY�������������������
>�@ 6HOHFWHG H[DPSOHV� D� 'HYLQH� 6� .� -�� 9DQ 9UDQNHQ� '� /� 2UJ� /HWW� ����� �� ����� E� .XGLUND�
5���'HYLQH��6��.��-���$GDPV��&��6���9DQ�9UDQNHQ��'��/��$QJHZ��&KHP��,QW��(G�����������������
>�@ 6WULGIHOGW� (�� 6HHPDQQ� $�� %RXPD� 0� -�� 'H\� &�� (UWDQ� $�� 2ORIVVRQ� %� &KHP� (XU� -� ����� ���
������
>�@ D� +DUL� '� 3�� :DVHU� -� -� $P� &KHP� 6RF� ����� ���� ����� E� +DUL� '� 3�� :DVHU� -� -� $P� &KHP�
6RF�������������������



2UJDQLF�&KHPLVWU\��3RVWHU 2&����

6\QWKHVLV�RI�EHQ]D]HSLQRQHV�YLD�LQWUDPROHFXODU�F\FOL]DWLRQ�LQYROYLQJ�NHWHQH�LPLQLXP
LQWHUPHGLDWHV

3��4XLQRGR]���$��.ROOHWK���'��'DJRQHDX���$��/XPEURVR���$��'H�0HVPDHNHU�


�6\QJHQWD�&URS�3URWHFWLRQ�$*

7KH UHDFWLYLW\ RI VW\UHQLF DQLOLQHV � WRZDUGV WULIOLF DQK\GULGH ZDV H[SORUHG DQG GHVFULEHG KHUHLQ�
7KH DFWLYDWLRQ RI WKH DPLGH PRLHW\ JHQHUDWHV D NHWHQLPLQLXP VDOW �� WKDW FRXOG UHDFW LQ WZR
GLIIHUHQW�ZD\V�GHSHQGLQJ�RQ�WKH�HOHFWURGHQVLW\�RI�WKH�DQLOLQH��VHH�VFKHPH��

:KHQ WKH QLWURJHQ LV VXEVWLWXWHG ZLWK D VWURQJ HOHFWURQ�ZLWKGUDZLQJ JURXS� F\FOREXWDQRQHV � DUH
IRUPHG SUHIHUHQWLDOO\ E\ D >���@ F\FORDGGLWLRQ� RWKHUZLVH D )ULHGHO�&UDIWV W\SH F\FOL]DWLRQ RFFXUV
OHDGLQJ WR EHQ]D]HSLQRQHV �� 7KH VFRSH DV ZHOO DV PHFKDQLVWLF DVSHFWV RI WKHVH UHDFWLRQV ZLOO EH
GLVFXVVHG�
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&DWDO\WLF�&DVFDGH�5HDFWLRQV�,QVSLUHG�E\�3RO\NHWLGH�%LRV\QWKHVLV

)��&��5DSV���9��&��)¦VHNH���'��+¦XVVLQJHU���&��6SDUU�


�8QLYHUVLW\�RI�%DVHO

7KH ELRV\QWKHVLV RI DURPDWLF SRO\NHWLGHV E\ QRQ� RU SDUWLDOO\ UHGXFLQJ SRO\NHWLGH V\QWKDVHV
LQYROYHV WKH FRQWUROOHG IROGLQJ RI SRO\�͆�FDUERQ\O FKDLQV E\ D FRPSOH[ HQ]\PDWLF PDFKLQHU\�
&RPSDUHG WR SRO\HQH F\FOL]DWLRQV DQG HSR[LGH�RSHQLQJ FDVFDGHV� DQ H[WUDRUGLQDU\ QXPEHU RI
IROGV OHDG WR JUHDW VWUXFWXUDO YDULDELOLW\� *LYHQ WKH YHUVDWLOLW\ RI SURFHVVHV FRQWUROOLQJ WKH IROGLQJ
PRGH LQ ELRPLPHWLF SRO\NHWLGH F\FOL]DWLRQV ZLWK FDWDO\VW�FRQWURO LV \HW XQSUHFHGHQW� GHVSLWH WKH
VHPLQDO�HDUO\�HIIRUWV�LQ�WKH�DUHD�RI�VWRLFKLRPHWULF�UHDFWLRQV�>�@

7KH SRVWHU RXWOLQHV RXU VWHSZLVH DSSURDFK WR FDWDO\VW�FRQWUROOHG ELRPLPHWLF SRO\NHWLGH F\FOL]DWLRQV
E\ JUDGXDOO\ LQFUHDVLQJ WKH VL]H DQG IOH[LELOLW\ RI WKH SRO\�͆�FDUERQ\O VXEVWUDWHV� 1RQFDQRQLFDO
KH[DFDUERQ\O FKDLQV ZHUH VHOHFWLYHO\ FRQYHUWHG LQWR DURPDWLF SURGXFWV ZLWK D QHZ�WR�QDWXUH
R[\JHQDWLRQ SDWWHUQ ZLWK KLJK VHOHFWLYLW\ RULJLQDWLQJ IURP D FDUHIXO FDWDO\VW GHVLJQ�>�@ $ SXWDWLYH
IROGLQJ E\ DQ H[WHQGHG K\GURJHQ�ERQG QHWZRUN LV SURSRVHG DQG YDULRXV DSSOLFDWLRQV RI WKH
SURGXFWV�ZLOO�EH�SUHVHQWHG�

%\ WDNLQJ LQVSLUDWLRQ IURP HDUO\ VWHUHRFKHPLVWV DQG LQ SDUWLFXODU WKH FRQFHSWV RI PDFURF\FOLF
VWHUHRFRQWURO� WUDQVDQQXODU F\FOL]DWLRQV RI F\FOLF SRO\�͆�FDUERQ\O VXEVWUDWHV OHDGLQJ WR VWUXFWXUDOO\
FRPSOH[ SURGXFWV ZLWK D KLJK GHJUHH RI FDWDO\VW�FRQWURO ZHUH LQYHVWLJDWHG�>�@ 7KH SRVWHU ZLOO
KLJKOLJKW UHDFWLRQ FDVFDGHV IURP VXEVWUDWHV LGHQWLFDO WR D K\SRWKHWLFDO SRO\NHWLGH
PDFURF\FOL]DWLRQ� WUDQVDQQXODU DOGRO UHDFWLRQV DQG FOHDYDJH VWHSV DOORZLQJ WR UHHQWHU ELRV\QWKHWLF
VHTXHQFHV�

>�@ 7� 0� +DUULV� &� 0� +DUULV� 7HWUDKHGURQ ����� ��� ����� 5� 0� :LW]LJ� '� /RWWHU� 9� &� )¦VHNH� &�
6SDUU��&KHP��(XU��-������������������
>�@�5��0��:LW]LJ��9��&��)¦VHNH��'��+¦XVVLQJHU��&��6SDUU��������VXEPLWWHG�
>�@�)��&��5DSV�૾�9��&��)¦VHNH�૾�'��+¦XVVLQJHU��&��6SDUU��LQ�SUHSDUDWLRQ���૾�HTXDO�FRQWULEXWLRQV�

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


2UJDQLF�&KHPLVWU\��3RVWHU 2&����

3G��&DWDO\VHG�&�VS���+�$FWLYDWLRQ��)URP�'LUHFW�WR�5HPRWH�)XQFWLRQDOL]DWLRQ�IRU�WKH
&RQVWUXFWLRQ�RI�0HGLXP�6L]HG�5LQJV

5��3��5RFDER\���2��%DXGRLQ�


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

:LWK WKH UHFHQW GHYHORSPHQW RI SDOODGLXP FDWDO\VHG &�+ DFWLYDWLRQ� GLUHFW IXQFWLRQDOL]DWLRQ RI
&�VS���+ ERQGV KDV SURYHG WR EH D PHWKRG RI FKRLFH WR DFFHVV YDOXDEOH EXLOGLQJ EORFNV� >�@ >�@
7DNLQJ DGYDQWDJH RI WKLV PHWKRGRORJ\� ZH UHFHQWO\ SURSRVHG QHZ GLUHFW IXQFWLRQDOL]DWLRQ RI
&�VS���+ ERQGV WR DFFHVV E�ODFWDPV >�@ DQG EHQ]R[D]LQHV� >�@ 7KH DSSOLFDELOLW\ RI WKH UHDFWLRQV
ZHUH GHPRQVWUDWHG ZLWK WKH GHULYDWL]DWLRQV RI WKH REWDLQHG FRPSRXQGV WR DFFHVV UHVSHFWLYHO\
YDOXDEOH�EHWD�DPLQR�DFLGV�RU�QDWXUDO�SURGXFWV�FRUH�

,Q DGGLWLRQ WR GLUHFW IXQFWLRQDOL]DWLRQ� WKH DELOLW\ RI SDOODGLXP WR XQGHUJR D ����WKURXJK�VSDFH VKLIW
DOORZV WKH IXQFWLRQDOL]DWLRQ RI GLVWDO SRVLWLRQV� >�@ 7KLV LQWHUHVWLQJ IHDWXUH ZDV GHYHORSHG DQG
FRPELQHG ZLWK &�+ DFWLYDWLRQ RQ GLIIHUHQW V\VWHPV� WR DFFHVV D ZLGH UDQJH RI JDPPD�ODFWDPV�
LQGDQRQHV��EHQ]RIXUDQV��FKURPDQRQHV�DQG�LQGROLQHV��>�@>�@

>�@��-��+H��0��:DVD��.��6��/��&KDQ��4��6KDR��-��4��<X�&KHP��5HY�����������������ಗ����
>�@��2��%DXGRLQ��$FF��&KHP��5HV���������������������
>�@��'��'DLOOHU��5��5RFDER\��$QJHZ��&KHP��,QW��(G����������������������
>�@� 5� 5RFDER\� '� 'DLOOHU� )� =HOOZHJHU� 0� 1HXEXUJHU� &� 6DORP«� (� &ORW� 2� %DXGRLQ� $QJHZ�
&KHP��,QW��(G������������������������
>�@��-�4��<X��=��6KL��7RS��&XUU��&KHP�����������
>�@��5��5RFDER\��2��%DXGRLQ��2UJ��/HWW�����������������૱����
>�@��5��5RFDER\��2��%DXGRLQ��XQSXEOLVKHG�UHVXOWV
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3UHSDUDWLRQ�RI�,QGROHQLQHV�YLD�1XFOHRSKLOLF�$URPDWLF�6XEVWLWXWLRQ

-��5RHVVOHLQ���)��+XEHU���.��*DGHPDQQ�


�8QLYHUVLW\�RI�=XULFK

7KH LQGROH DQG LQGROHQLQH FRUH VWUXFWXUH LV D SRSXODU PRWLYH DPRQJ PDQ\ QDWXUDO
SURGXFWV�>�@ %HVLGHV LWV XVH LQ QDWXUDO SURGXFW V\QWKHVLV� LQGROHQLQHV DUH DOVR XVHG DV SUHFXUVRUV LQ
WKH V\QWKHVLV RI LQGROHQLQH EDVHG G\HV WKDW DUH HPSOR\HG LQ PDQ\ GLIIHUHG ILHOGV VXFK DV LQ YLYR
DQG H[ YLYR LPDJLQJ�>�@ )RU WKH V\QWKHVLV RI LQGROHQLQHV WKH LQWHUUXSWHG )LVFKHU LQGROL]DWLRQ LV
PRVWO\ XVHG� ZKLFK DSSOLFDWLRQ LV PDLQO\ OLPLWHG WR VXEVWLWXWLRQV DW WKH ��SRVLWLRQ�>�@ ,Q WKLV FRQWH[W�
ZH KDYH GHYHORSHG D QHZ PHWKRG IRU WKH SUHSDUDWLRQ RI LQGROHQLQHV YLD D QXFOHRSKLOLF DURPDWLF
VXEVWLWXWLRQ XVLQJ HDV\ DFFHVVLEOH EHQ]\O QLWULOHV DV VWDUWLQJ PDWHULDOV�>�@ 7KLV F\FOL]DWLRQ PHWKRG LV
KLJK \LHOGLQJ �XS WR ���� DQG WROHUDWHV D ZLGH UDQJH RI GLIIHUHQW IXQFWLRQDO JURXSV� ZKLFK LV
H[HPSOLILHG E\ WKH VXEVWUDWH VFRSH RI �� LQGROHQLQHV� 6XEVWLWXWLRQV DW DOO SRVVLEOH SRVLWLRQV RI WKH
DURPDWLF ULQJ DV ZHOO DV HOHFWURQ ULFK DQG SRRU EHQ]\O QLWULOHV DUH ZHOO WROHUDWHG� )XUWKHUPRUH� ZH
LQYHVWLJDWHG WKH PHFKDQLVP RI WKH QXFOHRSKLOLF DURPDWLF VXEVWLWXWLRQ UHDFWLRQ� )LQDOO\� ZH DSSOLHG
WKLV QHZ PHWKRG IRU WKH V\QWKHVLV QHZ LQGROHQLQH�EDVHG G\HV� ZKLFK DUH GLIILFXOW WR DFFHVV ZLWK
FXUUHQWO\�OLWHUDWXUH�NQRZQ�SURFHGXUHV�

>�@ 0LQRUX ,VKLNXUD� 7DNXPL $EH� 7RPLQDUL &KRVKL� 6DWRVKL +LELQR� 1DW� 3URG� 5HS� ����� ���
����ಗ�����
>�@ 0D\HXO &ROORW� 7NKH .\RQJ )DP� 3LFKDQGL $VKRNNXPDU� 2UHVWLV )DNODULV� 7KLHUU\ *DOOL� /\GLD
'DQJORW��$QGUH\��6��.O\PFKHQNR��-��$P��&KHP��6RF�����������������ಗ�����
>�@�%HUQKDUG�:LWNRS��-��%��3DWULFN��-��$P��&KHP��6RF����������������૱�����
>�@�)ORULDQ�+XEHU
��-RHO�5RHVVOHLQ
��.DUO�*DGHPDQQ��2UJ��/HWW����������������૱�����
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(QDQWLRVHOHFWLYH�&�VS���+�DU\ODWLRQ�IRU�WKH�V\QWKHVLV�RI�ZDUSHG�PROHFXOHV

'��6DYDU\���2��%DXGRLQ�


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

(QDQWLRVHOHFWLYH 3G��FDWDO\]HG &�+ DFWLYDWLRQ UHDFWLRQV UHO\ RQ WKH XVH RI D FKLUDO DQFLOODU\ OLJDQG
DQG�RU D FKLUDO EDVH >�@� 2XU JURXS UHFHQWO\ GHYHORSHG D QHZ IDPLO\ RI FKLUDO ELIXQFWLRQDO
SKRVSKLQH�FDUER[\ODWH OLJDQGV IRU DV\PPHWULF &�VS���+ DU\ODWLRQ >�@� $SSOLFDWLRQ RI WKLV QHZ
DSSURDFK WR WKH SUHSDUDWLRQ RI HQDQWLRHQULFKHG IOXRUDGHQHV DQG UHODWHG VWUXFWXUHV LV GHVFULEHG
KHUHLQ�

7KH UHDFWLRQ FRQGLWLRQV DQG WKH OLJDQG VWUXFWXUH ZHUH RSWLPL]HG XVLQJ WKH PRGHO VXEVWUDWH VKRZQ
RQ )LJXUH �� 7KHVH FRQGLWLRQV ZHUH WKHQ DSSOLHG WR WKH SUHSDUDWLRQ RI RWKHU ZDUSHG PROHFXOHV�
0RUHRYHU� VWDUWLQJ IURP WKHVH &�+ DFWLYDWLRQ SURGXFWV D VHFRQG F\FOL]DWLRQ UHDFWLRQ FRXOG DOORZ WKH
SUHSDUDWLRQ RI HQDQWLRHQULFKHG ERZO�VKDSHG PROHFXOHV IURP DFKLUDO EXLOGLQJ EORFNV� (IIRUWV
WRZDUGV�WKLV�JRDO�DUH�DOVR�GLVFXVVHG�

>�@ D� 3� 0� +ROVWHLQ� 0�9RJOHU� 3� /DULQL� *� 3LOHW� (� &ORW� 2� %DXGRLQ� $&6 &DWDO�� ����� ��
����૱����
E��/��<DQJ��5��0HORW��0��1HXEXUJHU��2��%DXGRLQ��&KHP��6FL����������������૱�����
F��*��6DLQW�'HQLV��5��<��=KX��*��&KHQ��4��)��:X��-��4��<X��6FLHQFH��������������������
G��&��*��1HZWRQ��6��*��:DQJ��&��&��2OLYHLUD��1��&UDPHU��&KHP��5HY�����������������������
>�@�/��<DQJ��0��1HXEXUJHU��2��%DXGRLQ��$QJHZ��&KHP��,QW��(G�����������������૱����
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6\QWKHVLV�RI�1RYHO���0RQRVXEVWLWXWHG�V�7HWUD]LQHV�DQG�$SSOLFDWLRQ�LQ�WKH�/DEHOLQJ�RI
0DFURPROHFXOHV

6��'��6FKQHOO���6��6LHEHU���$��3DQFKDJQXOD���.��*DGHPDQQ�


�8QLYHUVLW\�RI�=XULFK

6LQFH WKH ILUVW GLVFRYHU\ RI V�WHWUD]LQHV LQ WKH ODWH ��WK FHQWXU\�>�@ V�WHWUD]LQHV KDYH EHHQ HPSOR\HG
LQ WKH GHYHORSPHQW RI RUJDQLF HOHFWURQLFV �H�J 239V DQG 2)(7V��>�@ HQHUJHWLF PDWHULDOV�>�@ WRWDO
V\QWKHVLV>�@ DQG FRRUGLQDWLRQ FKHPLVWU\�>�@ 0RUH UHFHQWO\� UHVHDUFK LQWHUHVW VKLIWHG WR WKHLU
DSSOLFDWLRQ LQ WKH FRQWH[W RI ELRRUWKRJRQDO FKHPLVWU\� GXH WR WKHLU KLJK SRWHQWLDO DV VXEVWUDWHV IRU
LQYHUVH�HOHFWURQ GHPDQG 'LHOV�$OGHU UHDFWLRQV ZLWK VWUDLQHG DONHQHV DQG DON\QHV� 7KXV� WKHUH LV D
FRQWLQXRXV�LQWHUHVW�LQ�WKH�GHYHORSPHQW�RI�QRYHO�V�WHWUD]LQHV�

%DVHG RQ RXU LQWHUHVW LQ WKH GHYHORSHPHQW RI QRYHO FKHPLFDO SUREHV IRU WKH ODEHOLQJ RI
PDFURPROHFXOHV� ZH V\QWKHVL]HG D QRYHO V�WHWUD]LQH DQG LQYHVWLJDWHG LWV FKHPLFDO SURSHUWLHV� 7KH
V\QWKHVLV RI QRYHO ��PRQRVXEVWLWXWHG V�WHWUD]LQHV DQG V�WHWUD]LQH ODEHOHG DPLQR DFLGV FRXOG EH
DFFRPSOLVKHG DQG WKH SRWHQWLDO LQ WKH VLWH�VHOHFWLYH ODEHOLQJ RI PDFURPROHFXOHV DQG SHSWLGHV DV
ZHOO�DV�WKH�HPSOR\PHQW�LQ�WKH�ODEHOLQJ�RI�SURWHLQV�ZDV�GHPRQVWUDWHG�

>�@�$��3LQQHU��%HU��'WVFK�&KHP��*HV����������������৽�����
>�@�=��/L��-��'LQJ��1��6RQJ��;��'X��-��=KRX��-��/X��<��7DR��&KHP��0DW����������������৽�����
>�@ '� (� &KDYH]� 0� $� +LVNH\� 5� '� *LODUGL� 2UJ� /HWW� ����� �� ����৽����� '� (� &KDYH]� '� $�
3DUULVK��/��0LWFKHOO��*��+��,POHU��$QJHZ��&KHP�����������������৽�����
>�@�0��/DQGU\��*��0F.HQQD��1��%XUQV��-��$P��&KHP��6RF�����������������৽�����
>�@ 0� *O¸FNOH� :� .DLP� $QJHZ� &KHP� ,QW� (G� ����� ��� ����৽����� :� .DLP� &RRUG�
&KHP� 5HY� ����� ���� ���৽���� -� <XDVD� $� 0LWVXL� 7� .DZDL� &KHP� &RPP� ����� ���
����৽�����
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&͇�68%67,78(176�$6�722/6�72�,1)/8(1&(�7+(�5($&7,9,7<�$1'�67(5(26(/(&7,9,7<
2)�352/,1(�%$6('�&$7$/<676

0��6FKQXUU���+��:HQQHPHUV�


�/DERUDWRULXP�I¾U�2UJDQLVFKH�&KHPLH��'�&+$%��(7+�=¾ULFK

7ULSHSWLGHV RI WKH +�3UR�3UR�;DD W\SH DUH KLJKO\ UHDFWLYH DQG VWHUHRVHOHFWLYH FDWDO\VWV IRU
DV\PPHWULF DOGRO UHDFWLRQV DQG FRQMXJDWH DGGLWLRQ UHDFWLRQV RI FDUERQ\O FRPSRXQGV WR
QLWURROHILQV� GLF\DQRROHILQV DQG XQSURWHFWHG PDOHLPLGH >�@� )RU H[DPSOH� DV OLWWOH DV ��� PRO�
+૯'3UR૯3UR૯*OX૯1+� VXIILFHV WR FDWDO\]H FRQMXJDWH DGGLWLRQ UHDFWLRQV RI DOGHK\GHV WR QLWURROHILQV LQ
KLJK \LHOGV DQG H[FHOOHQW VWHUHRVHOHFWLYLWLHV >�@� 0HFKDQLVWLF VWXGLHV VKRZHG� WKDW WKH FDWDO\WLF
F\FOH SURFHHGV YLD DQ HQDPLQH LQWHUPHGLDWH� ZKLFK WDNHV SDUW LQ WKH UDWH� DQG VWHUHRGHWHUPLQLQJ
&૱&�ERQG IRUPDWLRQ VWHS >�@� :H HQYLVLRQHG WKDW WKH HQDPLQH UHDFWLYLW\ DQG VWHUHRVHOHFWLYLW\ FDQ
EH LQIOXHQFHG E\ FKDQJLQJ WKH FRQIRUPDWLRQ RI WKH 1�WHUPLQDO SUROLQH� :H LQWURGXFHG VXEVWLWXHQWV
DW WKH &͇�SRVLWLRQ RI WKH SUROLQH ULQJ� ZKLFK DUH NQRZQ WR IDYRU GLIIHUHQW ULQJ SXFNHUV >�@� :H XVHG
WKH FRQMXJDWH DGGLWLRQ UHDFWLRQ RI EXWDQDO WR QLWURVW\UHQH DV WHVWLQJ JURXQG WR DQDO\]H WKH
SHUIRUPDQFH RI WKH &͇૯VXEVWLWXWHG FDWDO\VWV E\ LQ VLWX ,5� DQG 105�VSHFWURVFRSLF H[SHULPHQWV� :H
FRPSOHPHQWHG RXU ILQGLQJV E\ VWXGLHV RQ HQDPLQH PRGHO FRPSRXQGV� ZKLFK ZHUH GHULYHG IURP &͇�
VXEVWLWXWHG SUROLQH PHWK\O HVWHUV� 2XU LQYHVWLJDWLRQV SURYLGHG LQVLJKW LQWR WKH HIIHFW RI GLIIHUHQW
ULQJ�SXFNHUV�RQ�WKH�UHDFWLYLW\�DQG�VWHUHRVHOHFWLYLW\�RI�SUROLQH�GHULYHG�FDWDO\VWV�

>�@ D� 3� .UDWWLJHU� 5� .RYDV\� -� '� 5HYHOO� 6� ,YDQ� +� :HQQHPHUV� 2UJ� /HWW� ����� �� ����૱�����
E� 0� :LHVQHU� -� '� 5HYHOO� +� :HQQHPHUV� $QJHZ� &KHP� ,QW� (G� ����� ���� ����૱����� F� -�
'XVFKPDO«� +� :HQQHPHUV� &KHP� (XU� -� ����� ��� ����૱����� G� 5� .DVWO� +� :HQQHPHUV�
$QJHZ� &KHP� ,QW� (G� ����� ��� ����૱����� H� 7� 6FKQLW]HU� +� :HQQHPHUV� 6\QOHWW ����� ���
����૱����� I� &� (� *U¾QHQIHOGHU� -� .� .LVXQ]X� +� :HQQHPHUV� $QJHZ� &KHP� ,QW� (G� ����� ���
����૱������
>�@ D� 0� :LHVQHU� *� 8SHUW� *� $QJHOLFL� +� :HQQHPHUV� -� $P� &KHP� 6RF� ����� ���� �૱�� E� 7�
6FKQLW]HU��+��:HQQHPHUV��-��$P��&KHP��6RF������������������૱������
>�@ )� %¦FKOH� -� 'XVFKPDO«� &� (EQHU� $� 3IDOW]� +� :HQQHPHUV� $QJHZ� &KHP� ,QW� (G� ����� ���
�����૱������
>�@ D� /� (� =LPPHU� &� 6SDUU� 5� *LOPRXU� $QJHZ� &KHP� ,QW� (G� ����� ��� �����૱������ E� /� 6�
6RQQWDJ��6��6FKZHL]HU��&��2FKVHQIHOG��+��:HQQHPHUV��-��$P��&KHP��6RF������������������૱������
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6\QWKHVLV�RI�ͅ�DPLQRERURQLF�DFLGV�DQG�ͅ�WHUWLDU\�DPLQHV�IURP�SRWDVVLXP
DF\OWULIOXRURERUDWHV��.$7V�

$��6FKXKPDFKHU���7��6KLUR���0��.��-DFNO���-��:��%RGH�


�(7+�=¾ULFK

7KH DSSOLFDWLRQ RI SRWDVVLXP DF\OWULIOXRURERUDWHV �.$7V� IRU WKH V\QWKHVLV RI ͅ�DPLQRERURQLF DFLGV
DQG ͅ�WHUWLDU\ DPLQHV ૱ ZKLFK DUH LPSRUWDQW PRWLYHV LQ PRGHUQ GUXJ GLVFRYHU\ ૱ LV GHVFULEHG� .$7V
DUH VWDEOH� FRPPHUFLDOO\ DYDLODEOH FRPSRXQGV IRU ZKLFK VHYHUDO V\QWKHWLF URXWHV KDYH EHHQ
GHYHORSHG� 7KH\ XQGHUJR LPLQLXP IRUPDWLRQ ZLWK SULPDU\ DQG VHFRQGDU\ DPLQHV WR JLYH
]ZLWWHULRQLF WULIOXRURERUDWH�LPLQLXPV �7,0V�� 7KHVH FDQ EH IXUWKHU WUHDWHG ZLWK D K\GULGH VRXUFH RU
*ULJQDUG UHDJHQWV WR JLYH ͅ�DPLQRWULIOXRURERUDWHV� 7KHVH ͅ�DPLQRWULIOXRURERUDWHV FDQ EH
K\GURO\]HG WR JLYH ͅ�DPLQRERURQLF DFLGV XVLQJ 6L&O� DV /HZLV DFLG� 7KH ͅ�DPLQRWULIOXRURERUDWHV FDQ
EH FRXSOHG ZLWK *ULJQDUG UHDJHQWV WR DFKLHYH WKH V\QWKHVLV RI 1�1�VXEVWLWXWHG ͅ�WHUWLDU\ DPLQHV LQ
D�SURFHVV�LQYROYLQJ�D�XQLTXH��GLVWDO�R[LGDWLRQ�RI�WKH�FDUERQ૱ERURQ�ERQG�

>�@ 7RPR\D 6KLUR
� $QQH 6FKXKPDFKHU
� 0RULW] .� -DFNO� -HIIUH\ :� %RGH� &KHP� 6FL�� ����� ��
����૱������
�HTXDO�FRQWULEXWLRQ��
>�@ 0RULW] .� -DFNO� $QQH 6FKXKPDFKHU� 7RPR\D 6KLUR� -HIIUH\ :� %RGH� 2UJ� /HWW�� ����� ���
����૱�����

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


2UJDQLF�&KHPLVWU\��3RVWHU 2&����

0RGXODU�6\QWKHVLV�RI�ͅ�$PDQLWLQ

3��*��6HHEHUJHU���1��&UDPHU�


�/DERUDWRU\�RI�$V\PPHWULF�&DWDO\VLV�DQG�6\QWKHVLV૱����/DERUDWRU\�RI�$V\PPHWULF�&DWDO\VLV�DQG
6\QWKHVLV�

$PDWR[LQV DUH ULERVRPDOO\ V\QWKHVL]HG DQG SRVW�WUDQVODWLRQDOO\ PRGLILHG ELF\FOLF RFWDSHSWLGHV
ELRV\QWKHVL]HG E\ WKH GHDGO\ EDVLGLRP\FHWH IXQJXV $PDQLWD SKDOORLGHV� 7KH\ IRUP D FODVV
FRPSULVHG RI D UDQJH RI PDFURF\FOHV ZLWK DQ HLJKW�DPLQR DFLG FRUH VHTXHQFH� ,:*,*&�1�'�3� DQG
H[KLELW YDU\LQJ GHJUHHV RI K\GUR[\ODWLRQ� $PRQJVW WKLV JURXS� ͅ�DPDQLWLQ LV PRVW SURPLQHQW� ,W
ELQGV YHU\ VHOHFWLYHO\ WR WKH ��� N'D VXEXQLW �6%�� RI '1$�GHSHQGHQW 51$ SRO\PHUDVH ,, LQ QXFOHL
RI DOO HXNDU\RWLF FHOOV� ZLWK VXEQDQRPRODU GLVVRFLDWLRQ FRQVWDQWV�� ,QWHUDFWLRQ RI ͅ�DPDQLWLQ ZLWK
3RO ,, OHDGV WR LQKLELWLRQ RI WKH WUDQVORFDWLRQ RI WKH 51$ SRO\PHUDVH DORQJ WKH '1$ WHPSODWH�
WKHUHIRUH EORFNLQJ WKH V\QWKHVLV RI P51$� DQG DV D FRQVHTXHQFH SURWHLQ V\QWKHVLV�� 7KLV
LQWHUDFWLRQ LV UHVSRQVLEOH IRU WKH WR[LF HIIHFW RI $PDQLWD SKDOORLGHV� OHDGLQJ WR GHDWK DIWHU ���
GD\V�� 7KHUH LV VLJQLILFDQW LQWHUHVW LQ LQYHVWLJDWLQJ ͅ�DPDQLWLQ DQG LWV GHULYDWLYHV LQ RUGHU WR JDLQ
IXUWKHU LQVLJKW LQWR WKH WUDQVFULSWLRQ PHFKDQLVP� DQG LWV SURSHUWLHV PDNH LW D WDUJHW VFDIIROG IRU
SRWHQWLDO�QHZ�GUXJV��

7KH PRVW FKDUDFWHULVWLF VWUXFWXUDO IHDWXUH RI ͅ�DPDQLWLQ LV WKH OLQNDJH EHWZHHQ F\VWHLQH DQG
��K\GUR[\�WU\SWRSKDQ� ZKLFK HIIHFWLYHO\ FURVV�OLQNV WKH PDLQ FKDLQ SHSWLGH F\FOH� +RZHYHU�
UHODWLYHO\ OLWWOH LV NQRZQ RQ WKH VWUXFWXUH DFWLYLW\ UHODWLRQVKLS RI WKH PROHFXOH� HVSHFLDOO\ ZLWK
UHJDUGV�WR�WKLV�PRLHW\�

:H GLVFORVH RXU V\QWKHVLV RI ͅ�DPDQLWLQ YLD DQ XQSUHFHGHQWHG 5K�,,,��FDWDO\]HG WU\SWDWKLRQLQH
IRUPDWLRQ UHDFWLRQ� ZKLFK SHUPLWV DFFHVV WR D UDQJH RI SRWHQWLDO QHZ GHULYDWLYHV WR EH LQYHVWLJDWHG
IRU�WKHLU�ELRORJLFDO�DFWLYLW\�

>�@�-��3��0D\��'��0��3HUULQ��&KHP��(XU��-����������������������
>�@�$��&��9DLVLXV��7��:LHODQG��%LRFKHPLVWU\���������������������
>�@�7��:LHODQG��+��)DXOVWLFK��/��)LXPH��&ULW��5HY��%LRFKHP��0RO��%LRO�������������������
>�@�'��$��%XVKQHOO��3��&UDPHU��5��'��.RUQEHUJ��3URF��1DWO��$FDG��6FL��86$���������������������

�

�
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6\QWKHVLV�RI�7HWUDDU\OHWKHQH�DQG�7ULD]ROLQH�$,(�(PLWWHUV

$��$��6XOH\PDQRY���.��6HYHULQ�


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

&RPSRXQGV VKRZLQJ DJJUHJDWLRQ�LQGXFHG HPLVVLRQ �$,(� SURSHUWLHV KDYH IRXQG QXPHURXV
DSSOLFDWLRQV LQ DQDO\WLFDO FKHPLVWU\� LPDJLQJ� PDWHULDOV VFLHQFHV� DQG ELRORJ\� 7HWUDDU\OHWKHQHV
DUH SDUWLFXODUO\ SRSXODU LQ WKLV FRQWH[W� 'XULQJ RXU LQYHVWLJDWLRQV RI FKHPLVWU\ RI YLQ\O WULD]HQHV�>���@
ZH KDYH GHYHORSHG D QRYHO URXWH WRZDUGV WHWUDDU\OHWKHQH $,( HPLWWHUV YLD PHWDO�IUHH &�+
WULDU\OYLQ\ODWLRQ RI DURPDWLF FRPSRXQGV ZLWK YLQ\O WULD]HQHV�>�@ 6FRSH RI WKH FRXSOLQJ LQFOXGHV
VLPSOH XQDFWLYDWHG DUHQHV� IXQFWLRQDO DUHQHV� KHWHURDUHQHV DQG DURPDWLF SRO\PHUV� :LWKLQ WKH
FRXUVH RI WKLV VWXG\� ZH KDYH DFFLGHQWDOO\ IRXQG D QHZ FODVV RI VROLG VWDWH HPLWWHUV EDVHG RQ
̩��WULD]ROLQHV�>�@ 7KHVH PROHFXOHV GLVSOD\ HOHFWURIOXRURFKURPLVP� LW LV SRVVLEOH WR FRQYHUW WKHP
UHYHUVLEO\�LQWR�VWDEOH�QRQ�IOXRUHVFHQW�UDGLFDO�FDWLRQV�

>�@ '� .RVVOHU� )� 3HUULQ� $� $� 6XOH\PDQRY� *� .LHIHU� 5� 6FRSHOOLWL� .� 6HYHULQ� 1� &UDPHU� $QJHZ�
&KHP��,QW��(G������������������
>�@�$��$��6XOH\PDQRY��5��6FRSHOOLWL��)��)DGDHL�7LUDQL��.��6HYHULQ��2UJ��/HWW�����������������
>�@�$��$��6XOH\PDQRY��5��6FRSHOOLWL��)��)DGDHL�7LUDQL��.��6HYHULQ��$GY��6\QWK��&DWDO������������������
>�@�$��$��6XOH\PDQRY��0��'ROO��5��6FRSHOOLWL��)��)DGDHL�7LUDQL��.��6HYHULQ��PDQXVFULSW�LQ�SUHSDUDWLRQ�
>�@ $� $� 6XOH\PDQRY� $� 5XJJL� 2� 0� 3ODQHV� $��6� &KDXYLQ� 5� 6FRSHOOLWL� )� )DGDHL 7LUDQL� $�
6LHQNLHZLF]��$��)DEUL]LR��&��&RUPLQERHXI��.��6HYHULQ��&KHP��(XU��-�����������������
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$WRP�WUDQVIHU�UDGLFDO�DGGLWLRQ�RI�D�ERU\O�FDUERQ�FHQWHUHG�UDGLFDOV�WR�DONHQHV�IRU�D�QHZ
F\FORSURSDQDWLRQ�PDQLIROG

1��'��7DSSLQ���:��0LFKDOVND���6��5RKUEDFK���3��5HQDXG�


�8QLYHUVLW¦W�%HUQ���8QLYHUVLW\�RI�/DQFDVWHU���8QLYHUVLW\�RI�6WUDWKFO\GH

7KH KLWKHUWR XQGHUH[SORUHG \HW FRPPHUFLDOO\ DYDLODEOH DQG EHQFK�VWDEOH ,&+�%SLQ���� PD\
XQGHUJR DWRP WUDQVIHU UDGLFDO DGGLWLRQ �$75$� RYHU XQDFWLYDWHG� WHUPLQDO DONHQHV LQ WKH SUHVHQFH
LQWHUQDO HOHFWURQ�ULFK RU HOHFWURQ�SRRU ROHILQV� 7KH UHVXOWLQJ J�LRGRERURQLF HVWHUV DUH LQIUHTXHQWO\
IRXQG LQ WKH OLWHUDWXUH GHVSLWH FRQWDLQLQJ WZR SUR[LPDO DQG RUWKRJRQDOO\ WUDQVIRUPDEOH
FDUERQ૱KHWHURDWRP�ERQGV��

)RU HIILFLHQW DGGLWLRQ� ZH UHO\ RQ WKH VWDELOL]LQJ LQIOXHQFH RI WKH YDFDQW ERURQ S�RUELWDO RQ D UDGLFDO
IRUPDOO\ ORFDWHG RQ LWV DGMDFHQW FDUERQ DWRP���� 7KH UHDFWLRQ FDQ EH WHOHVFRSHG LQWR DQ
RSHUDWLRQDOO\ VLPSOH� RQH�SRW SURWRFRO ZLWK D VXEVHTXHQW QXFOHRSKLOLF WUHDWPHQW WR WULJJHU D
����F\FOL]DWLRQ� )XOO GHWDLOV RI WKH FKHPRVHOHFWLYLW\ DQG FRPSOHPHQWDULW\ RI WKLV F\FORSURSDQDWLRQ
LQ�FRPSDULVRQ�WR�RWKHU�PHWKRGV�ZLOO�EH�GLVFXVVHG�LQ�PRUH�GHWDLO�

>�@�.XUDQGLQD��'���3DUDVUDP��0���*HYRUJ\DQ��9��$QJHZ��&KHP��,QW��(G�����������������૱������
>�@�+DUWRJ��7��GHQ��7RUR��-��0��6���&KHQ��3��2UJ��/HWW����������������૱�����
>�@�6XQ��6��=���0DUWLQ��5��$QJHZ��&KHP��,QW��(G����������������૱�����
>�@ :DOWRQ� -� &�� 0F&DUUROO� $� -�� &KHQ� 4�� &DUERQL� %�� 1]LHQJXL� 5� -� $P� &KHP� 6RF� ����� ����
����૱�����
>�@�%DWH\��5��$���3HGUDP��%���<RQJ��.���%DTXHU��*��7HWUDKHGURQ�/HWW����������������૱�����

�

��������
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'LYHUJHQW�7RWDO�6\QWKHVLV�RI�����(SLFRFFLQ�*�DQG�����5RVWUDWLQ�$�(QDEOHG�E\�'RXEOH
&�VS���+�$FWLYDWLRQ

3��7KHVPDU���2��%DXGRLQ�


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

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

>�@�$��'��%RUWKZLFN��&KHP��5HY�����������������ಗ����
>�@�.��&��1LFRODRX�DQG�DO��-��$P��&KHP��6RF������������������૱�������
>�@�-��$��&RGHOOL��$��/��$��3XFKORSHN�DQG�6��(��5HLVPDQ��-��$P��&KHP��6RF�����������������૱����
>�@ +� )XMLZDUD� 7� .XURJL� 6� 2ND\D� .� 2NDQR DQG +� 7RNX\DPD� $QJHZ� &KHP�� ,QW� (G�� ����� ���
�����૱������
>�@�2��%DXGRLQ��$FF��&KHP��5HV���������������������૱����
>�@�'��'DLOOHU��*��'DQRXQ��2��%DXGRLQ��$QJHZ��&KHP��,QW��(G���������������������
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&DWDO\VLV�LQ�WKH�6XSUDPROHFXODU�5HVRUFLQDUHQH�&DSVXOH

.��7LHIHQEDFKHU�����4��=KDQJ�

�8QLYHUVLW\�RI�%DVHO���(7+�=XULFK

1DWXUH૷V H[WUDRUGLQDU\ HOHJDQFH ZKHQ SHUIRUPLQJ FKHPLFDO UHDFWLRQV KDV IDVFLQDWHG DQG LQVSLUHG
FKHPLVWV IRU GHFDGHV� $UJXDEO\� RQH RI WKH PRVW FRPSOH[ RUJDQLF WUDQVIRUPDWLRQV SHUIRUPHG LQ
OLYLQJ RUJDQLVPV� LV WKH WDLO�WR�KHDG WHUSHQH �7+7� F\FOL]DWLRQ �VHH )LJ�� IRU RQH H[DPSOH����� ,W
DOORZV WKH FRQVWUXFWLRQ RI WKH PRVW GLYHUVH FODVV RI QDWXUDO SURGXFWV� QDPHO\ WHUSHQHV� YLD
QDWXUH૷V ZD\ RI FRPELQDWRULDO FKHPLFDO V\QWKHVLV� 7KRXVDQGV RI GLIIHUHQW QDWXUDO SURGXFWV DUH
IRUPHG IURP MXVW D KDQGIXO RI VLPSOH� DF\FOLF VWDUWLQJ PDWHULDOV� JHUDQ\O S\URSKRVSKDWH
�PRQRWHUSHQHV�� IDUQHV\O�33 �VHVTXLWHUSHQHV� DQG JHUDQ\OJHUDQ\O�33 �GLWHUSHQHV�� 1DWXUH XWLOL]HV
HQ]\PHV� WHUPHG F\FODVHV RU WHUSHQH V\QWKDVHV� WR FDUU\ RXW WKLV FRPSOH[ WUDQVIRUPDWLRQ� %XLOGLQJ
XSRQ RXU LQLWLDO UHVXOWV���� ZH H[SORUH SRVVLELOLWLHV WR XWLOL]H VXSUDPROHFXODU VWUXFWXUHV WR PLPLF
VXFK�FRPSOH[�WUDQVIRUPDWLRQV�LQ�WKH�ODERUDWRU\�

>�@�6��9��3URQLQ��5��$��6KHQYL��1DWXUH�&KHP���������������
>�@�'��-��0LOOHU��5��.��$OOHPDQQ��1DW��3URG��5HS���������������
>�@�4��=KDQJ��.��7LHIHQEDFKHU��1DW��&KHP���������������
>�@�4��=KDQJ��/��&DWWL��-��3OHLVV��.��7LHIHQEDFKHU��-��$P��&KHP��6RF�������������������
>�@�4��=KDQJ��-��5LQNHO��%��*ROGIXVV��-��6��'LFNVFKDW��.��7LHIHQEDFKHU��1DW��&DW���������������
>�@�4��=KDQJ��/��&DWWL��.��7LHIHQEDFKHU��$FF��&KHP��5HV�����������������
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Developing Chiral 1,3,2-Diazaphospholenes for Enantioselective Catalysis

J. H. Reed1,2, P. Donets1, S. F. Miaskiewicz1, N. Cramer1*

1Laboratory of Asymmetric Catalysis and Synthesis, EPFL SB ISIC LCSA, BCH 4305, 1015 Lausanne,
2John.reed@epfl.ch

Organocatalysts offer complementary reactivity to transition-metal based catalysts while obviating
the need for expensive and rare metals. As a result of their σ-aromaticity, secondary
1,3,2-diazaphospholenes display an umpolung of the P‒H bond, rendering them as organic
molecular hydride donors (Figure 1).[1] They have shown competency as catalysts for the
reduction of carbonyl compounds and their derivatives, showing high selectivity for the
1,4-reduction of α,β-unsaturated carbonyl compounds.[2-5]

We introduce a family of chiral 1,3,2-diazaphospholenes, characterized by a rigidified backbone
that enable the asymmetric reduction of a variety of α,β-unsaturated carbonyl compounds with
excellent levels of enantiocontrol.[6] Furthermore, examination of the solid state single crystal X-
ray diffraction analysis combined with nuclear magnetic resonance spectroscopic studies have
shed light on the operative mechanism.

[1] D. Gudat, A. Haghverdi, M. Nieger, Angew. Chem. Int. Ed. 2000, 39, 3084.
[2] S. Burck, D. Gudat, M. Nieger, W.-W. Du Mont, J. Am. Chem. Soc. 2006, 128, 3946.
[3] C. C. Chong, H. Hirao, R. Kinjo, Angew. Chem. Int. Ed. 2014, 53, 3342.
[4] C. C. Chong, H. Hirao, R. Kinjo, Angew. Chem. Int. Ed. 2015, 54, 190.
[5] C. C. Chong, R. Kinjo, Angew. Chem. Int Ed. 2015, 54, 12116.
[6] J. H. Reed, S. Miaskiewicz, P. A. Donets, C. C. Oliveira, N. Cramer, Angew. Chem. Int. Ed. 2018,
57, 4039.
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7KH�+HPLDVWHUOLQ���(�����&RXSOH�DV�7UDLQLQJ�6HW�IRU�2UJDQLF�DQG�1DWXUDO�3URGXFWV
&KHPLVWU\�&RXUVHV�LQ�WKH�)LHOG�RI�/LIH�6FLHQFHV

&��$��9RFN���

�'HSDUWPHQW�RI�)RRG�6FLHQFHV��)DFXOW\�RI�/LIH�6FLHQFHV��8QLYHUVLW\�RI�9LHQQD��$OWKDQVWU������8=$�,,��
$������9LHQQD��$XVWULD���)DFXOW\�RI�&KHPLVWU\��8QLYHUVLW\�RI�9LHQQD��:¦KULQJHU�6WU���������$�����

9LHQQD��$XVWULD

,Q�PHPRULDP�3URI��'U��:DOWKHU�6FKPLG���DQ�RXWVWDQGLQJ�WHDFKHU�RI�2UJDQLF�&KHPLVWU\

�

+HPLDVWHUOLQ � LV D KLJKO\ F\WRWR[LF QDWXUDO WULSHSWLGH RI PDULQH RULJLQ� ,W KDV EHHQ LVRODWHG IURP
VHYHUDO PDULQH VSRQJHV>���@ DQG FRQVLVWV RI WKUHH XQXVXDO DQG VWUXFWXUDOO\ KLJKO\ LQWHUHVWLQJ DPLQR
DFLGV� 7KH XQLTXH VXEVWUXFWXUHV KDYH PDGH>�@ DQG VWLOO PDNH>�@ � DQ LQWHUHVWLQJ WDUJHW IRU WRWDO
V\QWKHWLF DSSURDFKHV� 7KH F\WRWR[LF DFWLRQ RI � LV GXH WR WXEXOLQ ELQGLQJ DQG SUHYHQWLRQ RI WXEXOLQ
SRO\PHUL]DWLRQ�>�@ WKH LQ YLYR DSSOLFDWLRQ RI � DV DQWLFDQFHU DJHQW� KRZHYHU� REYLRXVO\ VXIIHUV IURP
JHQHUDO WR[LFLW\�>�@ ([FKDQJH RI MXVW RQH DPLQR DFLG KDV OHG WR WKH V\QWKHWLF GHULYDWLYH (�����
ZLWK LPSURYHG SKDUPDFRORJLFDO SURILOH�>�@ ZKLFK KDV DOUHDG\ EHHQ HYDOXDWHG LQ VHYHUDO SKDVH ,
FOLQLFDO�WULDO�VWXGLHV�

:H ZLOO GHPRQVWUDWH KRZ � DQG � DQG WKHLU XQLTXH VWUXFWXUDO IHDWXUHV FDQ EH XVHG LQ /LIH 6FLHQFHV
WR LPSURYH NQRZOHGJH DQG DWWUDFW VWXGHQWV
 LQWHUHVW IRU SHSWLGH�UHODWHG UHVHDUFK DOUHDG\ LQ EDVLF
FRXUVHV�GHDOLQJ�ZLWK�2UJDQLF�DQG�1DWXUDO�3URGXFWV�&KHPLVWU\��

>�@ 5DYLW 7DOSLU� <HKXGD %HQD\DKX� <RHO .DVKPDQ� /HZLV .� 3DQQHOO� 0LFKDHO 6FKOH\HU� 7HWUDKHGURQ
/HWWHUV����������������������
>�@ -RKQ (� &ROHPDQ� (� 'LOLS GH 6LOYD� )DQJPLQJ .RQJ� 5D\PRQG -� $QGHUVHQ� 7KHUHVD 0� $OOHQ�
7HWUDKHGURQ������������������������
>�@ :LOOLDP 5� *DPEOH� 1HLO $� 'XUVR� 5LFKDUG :� )XOOHU� &KDQGUD .� :HVWHUJDDUG� 7DQ\D 5� -RKQVRQ�
'DQ /� 6DFNHWW� (UQHVW +DPHO� -RKQ +� &DUGHOOLQD ,,� 0LFKDHO 5� %R\G� %LRRUJDQLF DQG 0HGLFLQDO
&KHPLVWU\���������������������
>�@ 5D\PRQG -� $QGHUVHQ� -RKQ (� &ROHPDQ� (GZDUG 3LHUV� 'HEUD -� :DOODFH�7HWUDKHGURQ /HWWHUV�
������������������
>�@ -DQ +� /DQJ� 3HWHU *� -RQHV� 7KRPDV /LQGHO� &KHPLVWU\ � $ (XURSHDQ -RXUQDO� ����� ���
������������
>�@ *DOLQD .X]QHWVRY� .DUHQ 7HQ'\NH� 0XUUD\ -� 7RZOH� +RQJVKHQJ &KHQJ� -XQNH /LX� -RDQQH 3�
0DUVK� 6KDZQ (�5� 6FKLOOHU� 0DUN 5� 6S\YHH� +X <DQJ� %RULV 0� 6HOHWVN\� &KULVWLQD -� 6KDIIHU�
9HURQLTXH 0DUFHDX� <H <DR� (GZDUG 0� 6XK� 6LOYLR &DPSDJQD� )UDQFLV *� )DQJ� -DPHV -� .RZDOF]\N�
%UXFH�$��/LWWOHILHOG��0ROHFXODU�&DQFHU�7KHUDSHXWLFV���������������������
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(OHFWURQ�GLIIUDFWLRQ��$�QHZ�WRRO�IRU�WKH�VWUXFWXUDO�FKHPLVW�

-��7��:HQQPDFKHU���7��*UXHQH���-��$��YDQ�%RNKRYHQ���


�3DXO�6FKHUUHU�,QVWLWXWH��9LOOLJHQ���&HQWUH�IRU�;�UD\�6WUXFWXUH�$QDO\VLV��8QLYHUVLW\�RI�9LHQQD����
,QVWLWXWH�IRU�&KHPLFDO�DQG�%LRHQJLQHHULQJ��(7+�=XULFK

$WRPLF VWUXFWXUH GHWHUPLQDWLRQ LV HVVHQWLDO WR FKHPLVWU\� VLQFH WKH DWRPLF VWUXFWXUHV RI PDWWHU
UHYHDO WKHLU IXQFWLRQ DQG GHVWLQ\� )RU PDQ\ GHFDGHV ;�UD\ FU\VWDOORJUDSK\ DQG KLJK UHVROXWLRQ
WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\ KDYH EHHQ WKH GHGLFDWHG WRRO IRU VWUXFWXUDO FKHPLVWU\� %RWK
WHFKQLTXHV KRZHYHU UHTXLUH FU\VWDOOLQH DQG UDGLDWLRQ�UHVLVWDQW PDWWHU LQ WKH PLFURPHWHU�VL]H
UHJLPH� <HW� PRVW FU\VWDOOLQH VXEVWDQFHV OLNH FDWDO\VWV� SKDUPDFHXWLFDOV DQG VHPLFRQGXFWRUV DUH
DEXQGDQW DV SRZGHUV ZLWK FU\VWDOOLQH SDUWLFOHV LQ WKH VXEPLFURPHWHU�UDQJH DQG VXIIHU IURP EHDP�
LQGXFHG GDPDJH� +HUH� GXH WR WKH ORZHU UDGLDWLRQ LQWHQVLW\ XVHG DQG WKH KLJKHU HODVWLF VFDWWHULQJ
FURVV VHFWLRQ� HOHFWURQ GLIIUDFWLRQ KDV EHHQ GHYHORSHG� 7KH UHFHQW DGYDQFHV LQ GHWHFWRU WHFKQRORJ\
JDYH QHZ RSSRUWXQLWLHV WR WKLV ILHOG� ZKLFK ZH KHUH H[SORLWHG RQ VDPSOHV� ZKHUH XVXDO VWUXFWXUH
GHWHUPLQDWLRQ ZRXOG IDLO� 7KHUHIRUH� ZH HTXLSSHG D FRQYHQWLRQDO )(, �� HOHFWURQ WUDQVPLVVLRQ
PLFURVFRSH ZLWK DQ (LJHU �0 ; GHWHFWRU DQG \LHOGHG D FXVWRPLVHG HOHFWURQ GLIIUDFWRPHWHU� :H
VROYHG WKH VWUXFWXUH RI WKH DFWLYH SKDUPDFHXWLFDO FRPSRXQG SDUDFHWDPRO EDVHG RQ WKH SRZGHU
EOHQG RI WKH FROG PHGLFLQH ૺ*ULSSRVWDGWpૻ� 7KRXJK GDWD ZDV LQFRPSOHWH� WKHLU KLJK TXDOLW\
UHYHDOHG WKH DWRPLF FRRUGLQDWHV RI WKH K\GURJHQ DWRPV� 7KH QH[W FDVH ZDV UHVHPEOHG E\ WKH VDOW
RI D PHWK\OHQH EOXH GHULYDWLYH� ZKRVH VXEPLFURPHWHU�VL]HG QHHGOHV GLG QRW VKRZ VXIILFLHQW
GLIIUDFWLRQ ZLWK V\QFKURWURQ UDGLDWLRQ� +HUH HOHFWURQ GLIIUDFWLRQ GLG QRW UHYHDO WKH PROHFXOH RQO\� LW
ZDV DOVR FDSDEOH RI UHVROYLQJ D FU\VWDOORJUDSKLF GLVRUGHU RI D %)� ૱ �DQLRQ� 7KH DWRPLF FRRUGLQDWHV
ZHUH LQ KLJK DJUHHPHQW ZLWK WKH ;�UD\ FU\VWDOORJUDSKLF VWUXFWXUH \LHOGHG ODWHU RQ� ([SHULPHQWDO
VWUXFWXUH GHWHUPLQDWLRQ SURFHHGHG ZLWK WKH VDPH WLPH LQYHVWPHQW DV IRU DQ\ VWDQGDUGLVHG ;�UD\
FU\VWDOORJUDSKLF PHDVXUHPHQW� 7KHVH UHVXOWV HOHYDWH HOHFWURQ GLIIUDFWLRQ WR D OHYHO ZLWK WKH RWKHU
HVWDEOLVKHG WRROV IRU DWRPLF VWUXFWXUH GHWHUPLQDWLRQ LQ FKHPLVWU\� 7KH VLPSOLFLW\ RI WKH
H[SHULPHQWDO VHW�XS DQG WKH XVH RI WKH IUHHO\ DYDLODEOH ;�UD\ FU\VWDOORJUDSK\ VRIWZDUH ;'6 DQG
6+(/;�DOORZV�LWV�GXUDELOLW\�DW�DQ\�UHVHDUFK�LQVWLWXWLRQ�LQ�WKH�ZRUOG�

$Q HOHFWURQ GLIIUDFWLRQ SDWWHUQ FRQWDLQV VWUXFWXUDO LQIRUPDWLRQ� HYHQ LI G\QDPLFDO VFDWWHULQJ LV
SUHVHQW�

>�@ 7LP *UXHQH� -XOLDQ 7� &� :HQQPDFKHU� -HURHQ $� YDQ %RNKRYHQ HW DO�� $QJHZ� &KHP� ,QW�
(G������������������૱�����
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7RWDO�6\QWKHVLV�RI�+HOLRODFWRQH

0��<RVKLPXUD���0��&��'LHFNPDQQ���3��4XLQRGR]���$��'H�0HVPDHNHU�


�(7+�=¾ULFK���6\QJHQWD�&URS�3URWHFWLRQ�$*

6WULJRODFWRQHV DUH RQH IDPLO\ RI SODQW KRUPRQHV� ZKLFK DIIHFW GLYHUVH DVSHFWV RI SODQW JURZWK DQG
GHYHORSPHQW� 5HFHQWO\� KHOLRODFWRQH KDV EHHQ LVRODWHG DV D QRQ�FDQRQLFDO W\SH RI VWULJRODFWRQH
IURP WKH URRW H[XGDWHV RI VXQIORZHU� DQG LW FRXOG EH LQYROYHG LQ FURS HQKDQFHPHQW� +RZHYHU� WKH
ELRORJLFDO DFWLYLW\ LV \HW WR EH HOXFLGDWHG GXH WR WKH LQKHUHQW FKHPLFDO LQVWDELOLW\ DQG WKH ORZ
QDWXUDO DEXQGDQFH� 7R GLVFORVH WKH ELRORJLFDO FRQWULEXWLRQ RI KHOLRODFWRQH WR FURSV� ZH KHUHLQ
V\QWKHWLFDOO\ SURYLGHG KHOLRODFWRQH DQG LWV UHODWHG GHULYDWLYHV E\ XVLQJ 6WLOOH FURVV�FRXSOLQJ DV WKH
NH\�VWHS�
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$�0LOG�'LYHUVLILFDWLRQ�6WUDWHJ\�3URYLGLQJ�'LUHFW�$FFHVV�WR�1LWURDONHQHV��1LWURK\GULQV�
,VR[D]ROLQHV�DQG�,VR[D]ROHV�IURP�DQ�12��5HGR[�$FWLYH�6FDIIROG

.��=KDQJ���%��-��-HOLHU���$��3DVVHUD���*��-HVFKNH���'��.DWD\HY�


�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��6ZLVV�)HGHUDO�,QVWLWXWH�RI�7HFKQRORJ\��9ODGLPLU�
3UHORJ�:HJ����������=¾ULFK��6ZLW]HUODQG

7KH SOXUDOLW\ RI QLWUDWLRQ PHWKRGV LQ WKH FKHPLVW૷V UHSHUWRLUH LV IL[DWHG RQ WKH XVH RI FDWLRQLF DQG
DQLRQLF IRUPV RI QLWURJHQ GLR[LGH WR FRQVWUXFW D &૱12� ERQG�� &XUUHQWO\� ERWK DSSURDFKHV SUHVHQW
VHYHUDO OLPLWDWLRQV IURP SUDFWLFDO DQG V\QWKHWLF SHUVSHFWLYHV� HVSHFLDOO\ LQ PRUH GHOLFDWH V\QWKHVHV
RU XSRQ UHDFWLRQ VFDOH�XS�� 6SXUUHG E\ WKH SUHVHQFH RI WKH QLWUR PRWLI LQ GUXJ�OLNH PROHFXOHV DQG
WKH V\QWKHWLF LPSRUWDQFH RI WKH QLWUR JURXS LQ IXQFWLRQDO JURXS LQWHUFRQYHUVLRQV� ZH KDYH GHVLJQHG
D�QHZ�FODVV�RI�12��WUDQVIHU�UHDJHQWV�PLWLJDWLQJ�PDQ\�RI�WKH�FODVVLFDO�FKDOOHQJHV�

:H HYDOXDWHG D FODVV RI QHRWHULF 1૱12� KHWHURF\FOHV EDVHG RQ WKH S\UUROLGLQRQH VFDIIROG� :KLOH WKH
V\QWKHVLV RI 1�QLWURS\UUROLGLQRQH ,� 1�QLWURVXFFLQLPLGH ,, DQG 1�QLWURSKWKDOLPLGH ,,, KDV EHHQ UXGLPHQWDULO\
QRWHG PRUH WKDQ ILIW\ \HDUV DJR� VXUSULVLQJO\ QR GHPRQVWUDWHG UHDFWLYLW\ KDV EHHQ GHVFULEHG VLQFH� +HUHLQ�
WKH VORZ OLEHUDWLRQ RI QLWURJHQ GLR[LGH IURP D EHQFK�VWDEOH UHDJHQW XQGHU FDWDO\WLF FRQGLWLRQV DOORZV IRU D
PLOG DQG VHOHFWLYH ͆�QLWUDWLRQ RI DONHQHV� 5HPDUNDEO\� ZKHQ FDUULHG RXW LQ WKH SUHVHQFH RI ZDWHU RU
NHWRQHV� GLIXQFWLRQDOL]HG DONHQHV DUH UDSLGO\ DFFHVVHG ZLWK WKH VDPH UHDJHQW SURYLGLQJ D FRQYHQLHQW
URXWH WR V\QWKHWLFDOO\ YDOXDEOH ͆�QLWURK\GULQV RU ELRORJLFDOO\ DFWLYH LVR[D]ROH GHULYDWLYHV� UHVSHFWLYHO\��
0HFKDQLVWLF LQVLJKW LQFOXGLQJ F\FOLF YROWDPPHWU\� SKRWRSK\VLFV� ')7� DQG (35 VXJJHVW D PHVRO\WLF 1૱1
ERQG�IUDJPHQWDWLRQ�DIIRUGLQJ�D�QLWU\O�UDGLFDO�DV�WKH�NH\�LQWHUPHGLDWH�

>�@�<��1LHYHV�4XLQRQHV��'��$��6LQJOHWRQ��-��$P��&KHP��6RF������������������ಗ������
>�@ 7� &HUQDN� .� '� '\NVWUD� 6� 7\DJDUDMDQ� 3� 9DFKDO� 6� :� .UVNDY� &KHP� 6RF� 5HY� ����� ���
���ಗ����
>�@�.��=KDQJ��%��-��-HOLHU��$��3DVVHUD��*��-HVFKNH�DQG�'��.DWD\HY��PDQXVFULSW�VXEPLWWHG�
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'LYHUJHQW�����'LIXQFWLRQDOL]DWLRQ�RI�$PLQRF\FORSURSDQHV

0��:DQJ���-��:DVHU�


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

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

:H GHYHORSHG D PLOG ULQJ�RSHQLQJ VWUDWHJ\ WR WUDQVIRUP DF\O� VXOIRQ\O RU FDUEDPDWH SURWHFWHG
DPLQRF\FORSURSDQHV LQWR ����GLHOHFWURSKLOHV EHDULQJ KDOLGH DWRPV �%U� ,� DQG KHPL�DPLQDOV�
6XEVWLWXWLRQ RI WKH KDOLGHV E\ D VHULHV RI QXFOHRSKLOHV FDQ EH GRQH XQGHU EDVLF FRQGLWLRQV YLD 61�
SDWKZD\ ZKLOH UHSODFLQJ WKH DONR[\ JURXS RI WKH KHPL�DPLQDO FDQ EH GRQH XQGHU DFLGLF FRQGLWLRQV
YLD DQ HOLPLQDWLRQ�DGGLWLRQ SDWKZD\� WKXV JHQHUDWLQJ D ZLGH UDQJH RI ����GLIXQFWLRQDOL]HG
SURS\ODPLQHV�LQ�RQH�SRW�RU�LQ�WZR�VWHSV�

>�@�5DVVDGLQ��9��$���6L[��<��7HWUDKHGURQ���������������������
>�@ D� )� GH 1DQWHXLO� )� 'H 6LPRQH� 5� )UHL� )� %HQIDWWL� (� 6HUUDQR� -� :DVHU� &KHP�
&RPPXQ� ����� ��� ������������ E� 6� 5DFLQH� %� +HJHGXV� 5� 6FRSHOOLWL� -� :DVHU� &KHP� (XU�
-� ����� ��� ������������ F� -� 3UHLQGO� 6� &KDNUDEDUW\� -� :DVHU� &KHP� 6FL� ����� �� ����������
G��'��3HUURWWD��0��0��:DQJ��-��:DVHU��$QJHZ��&KHP��,QW��(G����������������������
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8QUDYHOOLQJ�WKH�FRQGXFWDQFH�SDWK�WKURXJKVLQJOH�SRUSK\ULQ�MXQFWLRQV

3��=ZLFN���0��(��$EEDVVL���$��5DWHV���'��6WHIDQL���$��3UHVFLPRQH���+��6��YDQ�GHU�=DQW���0��0D\RU���
�
'��'XOLÉ�


�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�%DVHO��&+������%DVHO��6ZLW]HUODQG���.DYOL�,QVWLWXWH�RI
1DQRVFLHQFH��'HOIW�8QLYHUVLW\�RI�7HFKQRORJ\�������*$�'HOIW��7KH�1HWKHUODQGV���'HSDUWPHQW�RI

&KHPLVWU\��8QLYHUVLW\�RI�%DVHO���8QLYHUVLW\�RI�%DVHO���.,QVWLWXWH�RI�1DQRWHFKQRORJ\��,17���.DUOVUXKH
,QVWLWXWH�RI�7HFKQRORJ\��.,7���'�������.DUOVUXKH��*HUPDQ\���'HSDUWPHQW�RI�3K\VLFV�DQG

'HSDUWPHQW�RI�(OHFWULFDO�(QJLQHHULQJ��)DFXOW\�RI�3K\VLFDO�DQG�0DWKHPDWLFDO�6FLHQFHV��8QLYHUVLW\�RI
&KLOH��$YHQLGD�%ODQFR�(QFDODGD�������6DQWLDJR����������&KLOH�

3RUSK\ULQ GHULYDWLYHV DUH NH\ FRPSRQHQWV LQ QDWXUH PDFKLQHU\ HQDEOLQJ WR VWRUH VXQOLJKW DV
FKHPLFDO HQHUJ\� ,Q VSLWH RI WKHLU SURPLQHQW UROH LQ FDVFDGHV VHSDUDWLQJ HOHFWULFDO FKDUJHV DQG
WKHLU SRWHQWLDO DV VHQVLWL]HUV LQ PROHFXODU GHYLFHV� UHSRUWV FRQFHUQLQJ WKHLU HOHFWURQLF WUDQVSRUW
FKDUDFWHULVWLFV DUH LQFRQVLVWHQW� +HUH ZH UHSRUW D V\VWHPDWLF LQYHVWLJDWLRQ RI HOHFWURQLF WUDQVSRUW
SDWKV WKURXJK VLQJOH SRUSK\ULQ MXQFWLRQV� 7KH WUDQVSRUW WKURXJK VHYHQ VWUXFWXUDOO\ UHODWHG
SRUSK\ULQ GHULYDWLYHV ZDV UHSHDWHGO\ PHDVXUHG LQ DQ DXWRPDWL]HG PHFKDQLFDOO\ FRQWUROOHG EUHDN�
MXQFWLRQ VHW�XS DQG WKH UHFRUGHG GDWD ZDV DQDO\]HG E\ DQ XQVXSHUYLVHG FOXVWHULQJ DOJRULWKP� 7KH
FRUUHODWLRQ EHWZHHQ WKH DSSHDUDQFHV RI VLPLODU FOXVWHUV LQ SDUWLFXODU VXE�VHWV RI WKH SRUSK\ULQV
ZLWK D FRPPRQ VWUXFWXUDO PRWLI DOORZHG WR DVVLJQ WKH FRUUHVSRQGLQJ FXUUHQW SDWK� 7KH VPDOO VHULHV
RI PRGHO SRUSK\ULQV DOORZHG WR LGHQWLI\ DQG GLVWLQJXLVK WKUHH GLIIHUHQW HOHFWURQLF SDWKV FRYHULQJ
PRUH�WKDQ�IRXU�RUGHUV�RI�PDJQLWXGH�LQ�FRQGXFWDQFH�
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$�*HQHUDO�$SSURDFK�7RZDUGV�&ROODJHQ�+HWHURWULPHUV

1��%��+HQW]HQ���9��,VODPL���+��:HQQHPHUV�


�/DERUDWRULXP�I¾U�2UJDQLVFKH�&KHPLH��'�&+$%��(7+�=¾ULFK

&ROODJHQ LV DQ DEXQGDQW ILEURXV SURWHLQ LQ WKH H[WUDFHOOXODU PDWUL[ RI FRQQHFWLYH WLVVXHV�� $
FKDUDFWHULVWLF IHDWXUH RI FROODJHQ LV WKH WULSOH KHOLFDO VWUXFWXUH IRUPHG E\ WKUHH SRO\SHSWLGH
VWUDQGV� 'HSHQGLQJ RQ WKH W\SH RI FROODJHQ� WKH WULSOH KHOL[ LV FRPSRVHG RI WKUHH LGHQWLFDO FKDLQV
�$� KRPRWULPHUV�� RU RI WZR RU WKUHH GLIIHUHQW FKDLQV �$�% RU $%& KHWHURWULPHUV��� ,Q RUGHU WR
HQDEOH ELRPHGLFDO DSSOLFDWLRQV RI FROODJHQ�PLPHWLF PDWHULDOV� LW LV GHVLUDEOH WR JDLQ V\QWKHWLF
DFFHVV WR KHWHURWULPHULF FROODJHQV� +RZHYHU� ZKLOH QDWXUH HPSOR\V HQ]\PHV WR SUHFLVHO\ FRQWURO
WKH IROGLQJ DQG DVVHPEO\ RI VLQJOH FROODJHQ FKDLQV LQWR KHWHURWULPHUV� LW LV FKDOOHQJLQJ WR
UHFDSLWXODWH WKLV VSHFLILFLW\ LQ V\QWKHWLF V\VWHPV� 3UHYLRXVO\� ZH ZHUH DEOH WR SUHSDUH KLJKO\ VWDEOH
KHWHURWULPHULF WULSOH KHOLFHV IURP FROODJHQ PRGHO SHSWLGHV XVLQJ FRYDOHQW R[LPH OLQNDJHV�� :H QRZ
VRXJKW DQ DOWHUQDWLYH DSSURDFK WKDW XVHV VHOHFWLYH QRQ�FRYDOHQW LQWHUDFWLRQV IRU DFFHVVLQJ
V\QWKHWLF�FROODJHQ�DVVHPEOLHV�

+HUH ZH SUHVHQW D QHZ VDOW EULGJH EHWZHHQ DPLQRSUROLQH� DQG DVSDUWLF DFLG WR JXLGH WKH VHOI�
DVVHPEO\ RI GLVWLQFWO\ GLIIHUHQW SHSWLGH VWUDQGV E\ VHOHFWLYH QRQ�FRYDOHQW LQWHUDFWLRQV LQWR
KHWHURWULPHUV� 1RWDEO\� WKH IRUPDWLRQ RI RQO\ WKUHH VDOW EULGJHV HQDEOHG WKH DVVHPEO\ RI D VSHFLILF
$%&�W\SH KHWHURWULPHU IURP D PL[WXUH RI WKUHH GLIIHUHQW VWUDQGV� 105 DQG &' VSHFWURVFRSLF
VWXGLHV� DV ZHOO DV QDWLYH 06 DQDO\VLV� FRQILUPHG WKDW WKH VWUDQGV IROG LQWR D XQLTXH WULSOH KHOL[ RXW
RI ��  �� SRVVLELOLWLHV� )XUWKHUPRUH� ZH KLJKOLJKW WKH XWLOLW\ RI RXU GHVLJQ WR DFFHVV WULSOH KHOLFHV
RI DQ\ GHVLUHG FRPSRVLWLRQ DQG UHJLVWHU E\ WKH IRUPDWLRQ RI $$% DQG $%$�W\SH V\VWHPV� 7KHVH
ILQGLQJV UHSUHVHQW WKH ILUVW JHQHUDO DSSURDFK WRZDUGV WKH SUHSDUDWLRQ RI VHOI�DVVHPEOHG FROODJHQ
KHWHURWULPHUV�DQG�VLJQLILFDQWO\�DGYDQFH�WKH�ILHOG�RI�HQJLQHHUHG�FROODJHQ�VWUXFWXUHV�

>�@�0��'��6KRXOGHUV��5��7��5DLQHV��$QQX��5HY��%LRFKHP����������������
>�@�$��$��-DODQ��-��'��+DUWJHULQN��&XUU��2SLQ��&KHP��%LRO����������������
>�@ 1� %� +HQW]HQ� /� (� -� 6PHHQN� -� :LWHN� 6� 5LQLNHU� +� :HQQHPHUV� -� $P� &KHP� 6RF� �����
�����������
>�@�&��6LHEOHU��5��6��(UGPDQQ��+��:HQQHPHUV��$QJHZ��&KHP��,QW��(G������������������
>�@ 0� .¸KOHU� $� 0DUFKDQG� 1� %� +HQW]HQ� -� (JOL� $� ,� %HJOH\� +� :HQQHPHUV� 5� =HQREL�
PDQXVFULSW�LQ�SUHSDUDWLRQ�
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6LHJIULHG૷V�3URFHVV�5	'�૱�)URP�FKHPLFDO�IHDVLELOLW\�WR�PXOWL�WRQ�SURGXFWLRQ

7��3¸KOHU���7��'HEQDU�

�6LHJIULHG�$*��8QWHUH�%U¾KOVWUDVVH���������=RILQJHQ��6ZLW]HUODQG���WKRPDV�SRHKOHU#VLHJIULHG�FK

6LHJIULHG LV RQH RI WKH OHDGLQJ &RQWUDFW 0DQXIDFWXULQJ 2UJDQLVDWLRQV ZRUOGZLGH� 2XU FRPSDQ\ KDV
H[WHQVLYH H[SHULHQFH LQ FKHPLFDO DQG SKDUPDFHXWLFDO SURFHVV GHYHORSPHQW DQG PDQXIDFWXULQJ RI
DFWLYH SKDUPDFHXWLFDO LQJUHGLHQWV �$3,V�� LQWHUPHGLDWHV DQG ILQLVKHG GRVDJH IRUPV RQ PXOWL WRQ
VFDOH�

6WDUWLQJ IURP H[SHULPHQWDWLRQV RQ FKHPLFDO IHDVLELOLW\ WKH PDMRU FKDOOHQJHV ZLWKLQ RXU SURFHVV
5	' SURMHFWV LQYROYH RSWLPL]DWLRQ RI PDQXIDFWXULQJ FRVWV DQG UHDFWLRQ \LHOGV DV ZHOO DV
LQYHVWLJDWLRQV�RQ�FULWLFDO�UHDFWLRQ�SDUDPHWHUV��VLGH�UHDFWLRQV�DQG�SURFHVV�VDIHW\�

6LHJIULHG ODEV DQG SURGXFWLRQ SODQWV DUH GHVLJQHG WR FDUU\ RXW DOO W\SLFDO RUJDQLF FKHPLFDO
UHDFWLRQV DQG HQ]\PH�FDWDO\VHG WUDQVIRUPDWLRQV� 5HDFWLRQ FRQGLWLRQV UDQJH IURP ����r& WR ���r&
DQG�IURP���PEDU�WR����EDU���

8VLQJ V\QWKHVLV PDFKLQHV� VXFK DV /DE0D[� 5&�� SDUDOOHO V\QWKHVLV �&KHP6SHHG $6: ����3� DQG
&U\VWDO �� HQVXUHV ZH JHQHUDWH SURFHVV GDWD DQG LQIRUPDWLRQ LQ WKH PRVW HIIHFWLYH ZD\� VSHHGLQJ
XS�GHYHORSPHQW�OHDG�WLPHV�DQG�JDLQLQJ�JUHDWHU�XQGHUVWDQGLQJ�RI�UHDFWLRQ�SDUDPHWHUV��

,Q DGGLWLRQ� 6LHJIULHG SD\V VSHFLDO DWWHQWLRQ WR FU\VWDOOL]DWLRQ 	 SURGXFW LVRODWLRQ SURFHVVHV� DV
WKHVH DUH YLWDO IRU SURGXFW \LHOG DQG SXULW\� 0DQXIDFWXULQJ SURFHVVHV IRU FOHDUO\ GHILQHG FU\VWDO
PRGLILFDWLRQV DQG SDUWLFOH VL]H GLVWULEXWLRQ DUH GHYHORSHG ૱ DLGHG E\ YDULRXV DQDO\WLFDO WHFKQLTXHV
૱ DQG FRPSOHPHQWHG E\ PLOOLQJ SURFHVVHV� )XUWKHU WHFKQLTXHV WR PDQLSXODWH SK\VLFDO IRUP LQFOXGH
VSUD\�GU\LQJ��PLFURQL]DWLRQ�DQG�SUH�IRUPXODWLRQ�PL[WXUHV�

)LQDOO\� RXU SURFHVV DQG FKHPLFDO GHYHORSPHQW FDSDELOLWLHV DUH IXOO\ VXSSRUWHG WKURXJK WKH UHJXODU
XVH RI DQ DUUD\ RI DQDO\WLFDO WHFKQLTXHV 	 HTXLSPHQW� LQFOXGLQJ 105� +3/&� 83/&� *&� /&06�
*&06��'6&�7*$��DQG�0DOYHUQ��0LFURWUDF�DQG�+HORV�36'�HTXLSPHQW�
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2UJDQLF�&KHPLVWU\��,QYLWHG�OHFWXUH 2&����

+DUQHVVLQJ�1DWXUH૷V�7RROER[�IRU�6HOHFWLYH�+DORJHQDWLRQV��1HZ�&RQFHSWV�IRU�DQ�2OG
3UREOHP

7��*XOGHU�

�+HLVHQEHUJ�3URIHVVRU�RI�%LRPLPHWLF�&DWDO\VLV��'HSDUWPHQW�RI�&KHPLVWU\�DQG�&DWDO\VLV�5HVHDUFK
&HQWHU��7HFKQLFDO�8QLYHUVLW\�0XQLFK��/LFKWHQEHUJVWUDVVH����������*DUFKLQJ��*HUPDQ\��

WDQMD�JXOGHU#WXP�GH

$OWKRXJK WKH KDORJHQDWLRQ RI RUJDQLF PROHFXOHV LV RQH RI WKH PRVW ZLGHVSUHDG WHFKQLTXHV IRU WKH
IXQFWLRQDOL]DWLRQ RI VXEVWUDWHV� HIILFLHQW FDWDO\WLF PHWKRGV IRU WKH VHOHFWLYH �UHJLR�� FKHPR�� DQG LQ
SDUWLFXODU VWHUHRVHOHFWLYH� FRQVWUXFWLRQ RI FDUERQ�KDORJHQ ERQGV DUH UDUH� ,Q FRQWUDVW� 1DWXUH KDV
HYROYHG GLIIHUHQW VWUDWHJLHV WR FUHDWH FDUERQ�KDORJHQ ERQGV LQ D KLJKO\ HIIHFWLYH DQG VSHFLILF
PDQQHU�

2XU UHVHDUFK WKHUHIRUH IRFXVHV RQ WKH H[SORUDWLRQ RI WKH PHFKDQLVP DV ZHOO DV WKH VWUXFWXUH�
IXQFWLRQ UHODWLRQVKLS RI VXFK KDORJHQDWLRQ FDWDO\]LQJ HQ]\PHV� %DVHG RQ WKHVH ILQGLQJV PLOG�
JHQHUDOO\ DSSOLFDEOH� DQG VHOHFWLYH FDWDO\WLF PHWKRGV IRU WKH IRUPDWLRQ RI FDUERQ�KDORJHQ ERQGV
�EURPLQDWLRQV� FKORULQDWLRQV DQG HYHQ IOXRULQDWLRQV� DUH GHYHORSHG FRPELQHG ZLWK WKHLU DSSOLFDWLRQ
WR DFFHVV PHGLFDOO\ UHOHYDQW WDUJHW VWUXFWXUHV LQ HIILFLHQW ZD\V� 6HOHFWHG H[DPSOHV RI RXU JURXS
LPLWDWLQJ 1DWXUH૷V FRQFHSWV RI KDORJHQDWLRQ UHDFWLRQV ZLOO EH SUHVHQWHG� LQ SDUWLFXODU WKRVH XWLOL]LQJ
K\SHUYDOHQW ͏��LRGDQHV�DQG /HZLV EDVH�/HZLV DFLG FRRSHUDWLYH QHWZRUNV��7KHVH VWUDWHJLHV KHOS WR
SXVK WKH ERXQGDULHV RI FKHPLFDO VSDFH DV WKH\ JUDQW DFFHVV WR D ULFK GLYHUVLW\ RI QRYHO FKHPLFDO
VWUXFWXUHV�WKDW�RIWHQ�FDQQRW�EH�DSSURDFKHG�E\�RXU�FXUUHQW�VWDQGDUG�PHWKRG�UHSHUWRLUH�

>�@ D� $� 0� $UQROG� $� 8OPHU� 7� *XOGHU� 7�� &KHP� (XU� -� ����� ��� ����� E� 6� 9� .RKOKHSS� 7�
*XOGHU� &KHP� 6RF� 5HY� ����� ��� ����� F� $QGULHV�8OPHU� $�� %UXQQHU� &�� 5HKEHLQ� -�� *XOGHU� 7�
-��$P��&KHP��6RF�������������������
>�@��$��0��$UQROG��$��3���0��'UHHV��7��*XOGHU�-��$P��&KHP��6RF������������������
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)DFLOH�$FFHVV�WR�1LWURDUHQHV�DQG�1LWURKHWHURDUHQHV�8VLQJ�1�1LWURVDFFKDULQ��$Q
(OHFWURSKLOLF�1LWUDWLQJ�5HDJHQW

5��&DOYR���'��.DWD\HY�
��.��=KDQJ���$��3DVVHUD�

�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��6ZLVV�)HGHUDO�,QVWLWXWH�RI�7HFKQRORJ\��(7+
=¾ULFK

(OHFWURSKLOLF DURPDWLF QLWUDWLRQ UHPDLQV RQH RI WKH PRVW H[WHQVLYHO\ VWXGLHG WUDQVIRUPDWLRQV LQ
RUJDQLF V\QWKHVLV� DQG QLWURDURPDWLFV DQG QLWURKHWHURDURPDWLFV KDYH EHFRPH DQ HVVHQWLDO FODVV RI
FRPSRXQGV ZKLFK VHUYH DV NH\ EXLOGLQJ EORFNV DQG LQWHUPHGLDWHV LQ WKH SUHSDUDWLRQ RI D YDULHW\ RI
LQGXVWULDO SURGXFWV� 1HYHUWKHOHVV� WKHUH UHPDLQV D ODFN RI PLOG DQG SUDFWLFDO PHWKRGRORJLHV WR
DFFHVV WKHVH FRPSRXQGV� (OHFWURSKLOLF QLWUDWLRQ XVLQJ D PL[WXUH RI +12� DQG +�62� UHPDLQV WKH
IXQGDPHQWDO SURFHVV IRU WKH SURGXFWLRQ RI QLWUR�KHWHUR�DURPDWLFV RQ ERWK D ODERUDWRU\ DQG
LQGXVWULDO VFDOH� KRZHYHU� WKH UHDFWLRQ SUHVHQWV D QXPEHU RI FULWLFDO GUDZEDFNV LQFOXGLQJ SRRU
IXQFWLRQDO JURXS WROHUDQFH� WKH IRUPDWLRQ RI VLGH SURGXFWV DQG WKH JHQHUDWLRQ RI QLWURJHQ R[LGHV
DQG�VXSHUVWRLFKLRPHWULF�DPRXQWV�RI�DFLGLF�ZDVWH�>�@�

8VLQJ 1�QLWURVDFFKDULQ � DV DQ RUJDQLF� EHQFK VWDEOH QLWUDWLQJ UHDJHQW� ZH GHPRQVWUDWH D JHQHUDO
SURWRFRO IRU WKH GLUHFW QLWUDWLRQ RI DQ H[WHQVLYH UDQJH RI DUHQHV DQG KHWHURDUHQHV XQGHU PLOG DQG
QHXWUDO FRQGLWLRQV� DQG GHPRQVWUDWLQJ DQ H[FHSWLRQDOO\ EURDG IXQFWLRQDO JURXS WROHUDQFH� 2XU
PHWKRGRORJ\ ZDV DOVR DSSOLFDEOH WR WKH ODWH VWDJH IXQFWLRQDOL]DWLRQ RI ELRUHOHYDQW PROHFXOHV�
SKDUPDFHXWLFDOV� DJURFKHPLFDOV DQG PDWHULDOV ZKLFK ZRXOG EH XQVXLWDEOH VXEVWUDWHV IRU H[LVWLQJ
QLWUDWLRQ PHWKRGV� 7KH UHDJHQW FDQ EH V\QWKHVL]HG LQ RQH VWHS DQG LQ H[FHOOHQW \LHOG IURP
VDFFKDULQ��DQG�WKH�VDFFKDULQ�E\�SURGXFW�IROORZLQJ�QLWUDWLRQ�FDQ�EH�UHFRYHUHG�DQG�UHF\FOHG�>�@�

&RPSUHKHQVLYH H[SHULPHQWDO ZRUN LQ FRPELQDWLRQ ZLWK FRPSXWDWLRQDO VWXGLHV VXSSRUW D SRODU
HOHFWURSKLOLF DURPDWLF QLWUDWLRQ� 7KH XQLTXH DQG KLJKO\ RUGHUHG WUDQVLWLRQ VWDWH IRXQG E\ ')7
HOXFLGDWHV KRZ RXU UHDJHQW EHKDYHV DV D FRQWUROODEOH VRXUFH RI WKH QLWURQLXP LRQ� HQDEOLQJ VXFK D
JHQHUDO DQG IXQFWLRQDO JURXS WROHUDQW UHDFWLRQ >�@� :H DQWLFLSDWH WKDW RXU SUDFWLFDO DQG PLOG
HOHFWURSKLOLF DURPDWLF QLWUDWLRQ ZLOO ILQG DSSOLFDWLRQ DFURVV D EURDG UDQJH RI GLVFLSOLQHV DW ERWK DQ
DFDGHPLF�DQG�LQGXVWULDO�OHYHO�

>�@ *� $� 2ODK� 5� 0DOKRWUD� 6� &� 1DUDQJ� 1LWUDWLRQ� 0HWKRGV DQG PHFKDQLVPV� 9&+ 3XEOLVKHUV� ,QF�
1HZ�<RUN��86$�������
>�@�'��.DWD\HY��5��&DOYR��.��=KDQJ��$��3DVVHUD��PDQXVFULSW�VXEPLWWHG�
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1RYHO�ૺPLJUDWRU\ૻ�&�VS���&�VS��UHGXFWLYH�HOLPLQDWLRQ�RQ�*ROG�,,,��FRPSOH[HV��D
PHFKDQLVWLF�LQVLJKW

$��*HQRX[���-��*RQ]£OH]���(��0HULQR���&��1HYDGR�


�8QLYHUVLW\�RI�=XULFK

,Q UHFHQW \HDUV� JROG�FDWDO\]HG FURVV FRXSOLQJV KDYH FRPH WR WKH IRUHIURQW RI V\QWKHWLF PHWKRGV
IRU WKH IRUPDWLRQ RI ERWK &�& DQG &�; ERQGV�� 5HGXFWLYH HOLPLQDWLRQ DW D JROG�,,,� LQWHUPHGLDWH
SUHFHGHV WKH IRUPDWLRQ RI WKH GHVLUHG ERQG DQG LV RQH RI WKH NH\ VWHSV LQ WKHVH UHDFWLRQV� $Q LQ�
GHSWK XQGHUVWDQGLQJ RI WKH IDFWRUV WKDW DIIHFW WKH UDWH DQG VHOHFWLYLW\ RI WKH HOHPHQWDU\
RUJDQRPHWDOOLF SURFHVVHV XQGHUO\LQJ WKH UHDFWLRQ PHFKDQLVP LV FUXFLDO WR GHYHORS PRUH HIILFLHQW
FDWDO\WLF V\VWHPV� +HUHLQ� ZH SUHVHQW D FRPELQH GHWDLOHG H[SHULPHQWDO DQG FRPSXWDWLRQDO VWXG\
RQ WKH &�VS���&�VS� UHGXFWLYH HOLPLQDWLRQ DW PRQRSKRVSKLQH DU\OF\DQRJROG�,,,� FRPSOH[HV� 2XU
LQYHVWLJDWLRQV XQUDYHO D ૺPLJUDWRU\ૻ UHGXFWLYH HOLPLQDWLRQ PHFKDQLVP QRW REVHUYHG SUHYLRXVO\ LQ
ZHOO�VWXGLHG &�VS���&�VS��� DQG &�VS���&�VS��� UHGXFWLYH HOLPLQDWLRQ SURFHVVHV DW KLJKO\ R[LGL]HG
JROG�FHQWHUV��

>�@ �D� *� =KDQJ� <� 3HQJ� /� &XL� =� =KDQJ� &KHP� ,QW� (G� ����� ��� ����� �E� 0� 1� +RSNLQVRQ� $�
7HVVLHU� $� 6DOLVEXU\� *� 7� *LXIIUHGL� /� (� &RPEHWWHV� $� '� *HH� 9� *RXYHUQHXU� &KHP� (XU�
-� ����� ��� ����� �F� :� (� %UHQ]RYLFK� -U�� -� )� %UD]HDX� )� '� 7RVWH� 2UJ� /HWW� ����� ��� ����� �G�
/� 7� %DOO� *� &� /OR\G�-RQHV� &� $� 5XVVHOO� 6FLHQFH ����� ���� ����� �H� 7� 'H +DUR� &� 1HYDGR� -�
$P��&KHP��6RF������������������
>�@ $� 7DPDNL� 6� $� 0DJHQQLV� -� .� .RFKL� $P� &KHP� 6RF� ����� ��� ����� E� 7� $� $OEULJKW� 5�
+RIIPDQQ� -� .� .RFKL� -� $P� &KHP� 6RF� ����� ��� ����� F� 6� .RPL\D� -� .� .RFKL� -� $P� &KHP�
6RF������������������G��3��/��.XFK��5��6��7RELDV��-��2UJDQRPHW��&KHP�����������������
>�@�-��:ROI��0��6��:LQVWRQ��)��'��7RVWH��)��'��1DW��&KHP���������������
>�@�*HQRX[��-��*RQ]£OH]��(��0HULQR��&��1HYDGR��PDQXVFULSW�LQ�SUHSDUDWLRQ
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6WXGLHV�WRZDUGV�WKH�6\QWKHVLV�RI�6KHDULQLQH�1DWXUDO�3URGXFWV

1��+DXVHU���0��$��,PKRI���(��0��&DUUHLUD�


�/DERUDWRU\�RI�2UJDQLF�&KHPLVWU\��'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV

6KHDULQLQHV DUH LQGROH WULWHUSHQRLGV LVRODWHG IURP D YDULHW\ RI IXQJL�� 7KH\ ZHUH VHOHFWHG DV WDUJHWV
ERWK EHFDXVH RI WKHLU FRPSOH[ PROHFXODU VFDIIROGV DQG WKHLU LQWHUHVWLQJ ELRDFWLYLWLHV� $PRQJ
RWKHUV� &LFKHZLF] DQG FRZRUNHUV IRXQG VKHDULQLQH ' DQG VKHDULQLQH ( WR EH SRWHQW LQKLELWRUV RI
ELRILOP IRUPDWLRQ E\ &DQGLGD DOELFDQV� 7KH\ DGGLWLRQDOO\ REVHUYHG V\QHUJLVWLF HIIHFWV ZKHQ WKH
DONDORLGV ZHUH HPSOR\HG LQ FRPELQDWLRQ ZLWK DPSKRWHULFLQ %�� D FRPSRXQG ZKLFK KDV D ORQJ
KLVWRU\ LQ RXU UHVHDUFK JURXS�� 2XU KLJKO\ FRQYHUJHQW V\QWKHWLF VWUDWHJ\ UHOLHV RQ WKH ODWH�VWDJH
DVVHPEO\ RI WZR FRPSOH[ IUDJPHQWV DQG DOORZV IRU WKH VWUDLJKWIRUZDUG LPSOHPHQWDWLRQ RI YDULRXV
PRGLILFDWLRQV�HQDEOLQJ�D�VWUXFWXUH૱DFWLYLW\�UHODWLRQVKLS�VWXG\�RQ�WKH�VKHDULQLQH�QDWXUDO�SURGXFWV�

6KHDULQLQHV ' DQG ( SUHVHQW D IRUPLGDEOH V\QWKHWLF FKDOOHQJH GXH WR WKHLU FRPSOH[ QRQDF\FOLF
VWUXFWXUHV EHDULQJ HLJKW VWHUHRFHQWHUV� ZKHUHLQ WZR DUH YLFLQDO TXDWHUQDU\ FDUERQV� 2XU FDPSDLJQ
KDV�OHG�WR�WKH�FRPSOHWLRQ�RI�WKH�ILUVW�WRWDO�V\QWKHVLV�RI�VKHDULQLQH�'�

>�@ D� *LOEHUW 1� %HORIVN\� -DPHV %� *ORHU� 'RQDOG 7� :LFNORZ� 3DWULFN )� 'RZG� 7HWUDKHGURQ� �����
��� ���������� E� 0LQMXDQ ;X� *XLGR *HVVQHU� ,QJULG *URWK� &RULQQD /DQJH� $UQXOI &KULVWQHU�
7RUVWHQ %UXKQ� =KLZHL 'HQJ� ;LDQJ /L� 6WHIDQ +� +HLQHPDQQ� 6XVDQQH *UDEOH\� *HUKDUG
%ULQJPDQQ� ,VDEHO 6DWWOHU� :HQKDQ /LQ� 7HWUDKHGURQ� ����� ��� �������� F� 2OJD )� 6PHWDQLQD�
$QDWRO\ ,� .DOLQRYVN\� <XOL\D 9� .KXG\DNRYD� 0LNKDLO 9� 3LYNLQ� 3DYHO 6� 'PLWUHQRN� 6HUJH\ 1�
)HGRURY� +RQJ -L� -RQJ�<RXQJ .ZDN� 7DW\DQD $� .X]QHWVRYD� -� 1DW� 3URG�� ����� ��� �������� G�
%DVDQWD 'KRGDU\� 0LFKHOH 6FKLOJ� 5DLQHU :LUWK� 'LHWHU 6SLWHOOHU� &KHP� (XU� -�� ����� ���
����������
>�@ -LDQODQ <RX� /LQ 'X� -DUURG %� .LQJ� %ULDQ (� +DOO� 5REHUW +� &LFKHZLF]� $&6 &KHP� %LRO�� ����� ��
��������
>�@ )RU D FRPSOHWH OLVW RI UHODWHG SXEOLFDWLRQV� VHH KWWS���ZZZ�FDUUHLUD�HWK]�FK�UHVHDUFK�FKHPLFDO�
ELRORJ\�KWPO�
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(QDQWLRVHOHFWLYH�1LFNHO�&DWDO\]HG�$PLQDWLRQ�RI���6XEVWLWXWHG�����'LHQHV

*��7UDQ���:��6KDR���&��0D]HW�


�8QLYHUVLW«�GH�*HQªYH

&RQMXJDWHG ����GLHQHV DUH D SDUWLFXODUO\ YHUVDWLOH SODWIRUP LQ WKH FRQWH[W RI VHOHFWLYH
IXQFWLRQDOL]DWLRQ� DQG KDYH EHHQ ZLGHO\ XVHG DV EXLOGLQJ EORFNV IRU RUJDQLF V\QWKHVLV� +RZHYHU�
VHOHFWLYH IXQFWLRQDOL]DWLRQ RI ����GLHQHV LV SDUWLFXODUO\ FKDOOHQJLQJ GXH WR WKH QXPHURXV
FRRUGLQDWLRQ DQG LQVHUWLRQ PRGHV FRQFHLYDEOH IRU D WUDQVLWLRQ PHWDO FDWDO\VW�>�@ ,Q UHFHQW \HDUV�
HIIRUWV WRZDUG WKH GHYHORSPHQW RI VHOHFWLYH FDWDO\WLF WUDQVIRUPDWLRQV KDYH EHHQ PDLQO\ IRFXVHG RQ
OLQHDU ����GLHQHV�>�@ ZKLOH WKH OLPLWHG V\QWKHWLF DYDLODELOLW\ RI EUDQFKHG ����GLHQHV KDV VHYHUHO\
KDPSHUHG WKHLU XVH LQ WKH GHYHORSPHQW RI VHOHFWLYH WUDQVIRUPDWLRQV�>�@ :LWKLQ WKLV FRQWH[W� RXU
ODERUDWRU\ UHFHQWO\ UHSRUWHG D JHQHUDO 1L�FDWDO\]HG SURWRFRO ZKLFK VWUHDPOLQHV DFFHVV WR
�૯VXEVWLWXWHG�����GLHQHV�IURP�UHDGLO\�DYDLODEOH�PDWHULDOV�>�@

+HUHLQ ZH GHVFULEH RXU UHVXOWV LQ WKH VHOHFWLYH QLFNHO�FDWDO\]HG K\GURIXQFWLRQDOL]DWLRQ RI WKLV
XQGHUH[SORUHG FODVV RI FRQMXJDWHG ROHILQV� 8VLQJ D �3�3� FKLUDO OLJDQG� ��VXEVWLWXWHG ����GLHQHV
FRXOG EH K\GURDPLQDWHG E\ SULPDU\ DPLQHV� +LJK \LHOGV� UHJLRVHOHFWLYLWLHV DQG HQDQWLRPHULF
H[FHVVHV ZHUH REWDLQHG IRU D ZLGH YDULHW\ RI VXEVWUDWHV�>�@ $ PHFKDQLVWLF VWXG\ FRPELQLQJ NLQHWLF
DQDO\VLV� VWRHFKLRPHWULF H[SHULPHQWV DQG VXSSRUWLQJ RUJDQRPHWDOOLF FKHPLVWU\ DOORZHG XV WR JDLQ
LQ�GHSWK XQGHUVWDQGLQJ RI WKH VXEWOHWLHV RI WKLV UHDFWLRQ� WKXV SDYLQJ WKH ZD\ IRU LWV H[WHQVLRQ WR
RWKHU FODVVHV RI VXEVWUDWHV� 2YHUDOO� ZH ZLOO GLVFORVH D FDWDO\WLF VWUDWHJ\ WKDW VROYHV FULWLFDO
FKDOOHQJHV DULVLQJ IURP WKH XVH RI FRQMXJDWHG GLHQHV� ERWK LQ WHUPV RI UHDFWLYLW\ �PRQR� YV� GL�
IXQFWLRQDOL]DWLRQ� SDUDVLWLF UHGXFWLRQ� FRPSHWLQJ LVRPHUL]DWLRQ� DQG VHOHFWLYLW\ �FKHPRVHOHFWLYLW\�
UHJLRVHOHFWLYLW\��HQDQWLRVHOHFWLYLW\��

>�@ -HVVDGD 0DKDWWKDQDQFKDL� $DURQ 0� 'XPDV� -HIIUH\ :� %RGH $QJHZ� &KHP�� ,QW� (G� ����� ���
������
>�@�9DQHHW�6DLQL��0DUN�2૷'DLU��0DWWKHZ�6��6LJPDQ��-��$P��&KHP��6RF�����������������
>�@�.KRD�'��1JX\HQ��'DQLHO�+HUNRPPHU��0LFKDHO�-��.ULVFKH��-��$P��&KHP��6RF�������������������
>�@�'DQLHOOH�)LRULWR��6DUDK�)ROOLHW��<DQJELQ�/LX��&O«PHQW�0D]HW��$&6�&DWDO����������������
>�@�*D­O�7UDQ��:HQ�6KDR��&O«PHQW�0D]HW��0DQXVFULSW�LQ�SUHSDUDWLRQ
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3G��&DWDO\VHG�&�VS���+�$FWLYDWLRQ��)URP�'LUHFW�WR�5HPRWH�)XQFWLRQDOL]DWLRQ�IRU�WKH
&RQVWUXFWLRQ�RI�0HGLXP�6L]HG�5LQJV

5��3��5RFDER\���2��%DXGRLQ�


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

,Q WKH FRQWH[W RI WKH UHFHQW GHYHORSPHQWV RI SDOODGLXP�FDWDO\VHG &�+ DFWLYDWLRQ� WKH GLUHFW
IXQFWLRQDOL]DWLRQ RI &�VS���+ ERQGV KDV SURYHG WR EH D PHWKRG RI FKRLFH WR DFFHVV YDOXDEOH
EXLOGLQJ EORFNV� >�@ >�@ 7DNLQJ DGYDQWDJH RI WKLV PHWKRGRORJ\� ZH UHFHQWO\ SURSRVHG QHZ GLUHFW
IXQFWLRQDOL]DWLRQV�RI�&�VS���+�ERQGV�WR�DFFHVV�EHWD�ODFWDPV�>�@�DQG�EHQ]R[D]LQHV��>�@

,Q DGGLWLRQ WR GLUHFW IXQFWLRQDOL]DWLRQ� WKH DELOLW\ RI SDOODGLXP WR XQGHUJR D ����WKURXJK�VSDFH VKLIW
DOORZV WKH IXQFWLRQDOL]DWLRQ RI GLVWDO SRVLWLRQV� >�@ 7KLV LQWHUHVWLQJ IHDWXUH ZDV FRPELQHG ZLWK
&�VS���+ DFWLYDWLRQ UHDFWLRQ RQ GLIIHUHQW V\VWHPV� WR DFFHVV D ZLGH UDQJH RI JDPPD�ODFWDPV�
LQGDQRQHV��EHQ]RIXUDQV��FKURPDQRQHV�DQG�LQGROLQHV��>�@>�@

>�@��-��+H��0��:DVD��.��6��/��&KDQ��4��6KDR��-��4��<X�&KHP��5HY�����������������ಗ����
>�@��2��%DXGRLQ��$FF��&KHP��5HV���������������������
>�@��'��'DLOOHU��5��5RFDER\��$QJHZ��&KHP��,QW��(G����������������������
>�@� 5� 5RFDER\� '� 'DLOOHU� )� =HOOZHJHU� 0� 1HXEXUJHU� &� 6DORP«� (� &ORW� 2� %DXGRLQ� $QJHZ�
&KHP��,QW��(G������������������������
>�@��-�4��<X��=��6KL��7RS��&XUU��&KHP����������������
>�@��5��5RFDER\��2��%DXGRLQ��2UJ��/HWW�����������������૱����
>�@��5��5RFDER\��2��%DXGRLQ��XQSXEOLVKHG�UHVXOWV

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


2UJDQLF�&KHPLVWU\��6SRQVRU�WDON 2&����

$V\PPHWULF�6\QWKHVLV�RI�(VNHWDPLQH

&��&KHQ�

�$3,�6PDOO�0ROHFXOHV��'LVFRYHU\�3URGXFW�'HYHORSPHQW�	�6XSSO\��-DQVVHQ�5HVHDUFK�	�'HYHORSPHQW�
+RFKVWUDVVH�����������6FKDIIKDXVHQ��6ZLW]HUODQG

7KH 8�6� )'$ KDV UHFHQWO\ DSSURYHG 6SUDYDWR70 �HVNHWDPLQH� QDVDO VSUD\ DV D UDSLGO\ DFWLQJ
DQWLGHSUHVVDQW IRU DGXOWV ZLWK WUHDWPHQW�UHVLVWDQW GHSUHVVLRQ �75'�� ZKLFK UHSUHVHQWV RQH RI WKH
PRVW VLJQLILFDQW PLOHVWRQHV IRU GHSUHVVLRQ WUHDWPHQW LQ GHFDGHV� 7KH GUXJ VXEVWDQFH KDV EHHQ
SURGXFHG IRU GHFDGHV YLD D UDFHPLF V\QWKHVLV RI NHWDPLQH DQG LWV UHVROXWLRQ� :H KHUHLQ ZLVK WR
GLVFORVH DQ DV\PPHWULF V\QWKHVLV RI HVNHWDPLQH EDVHG RQ FDWDO\WLF HQDQWLRVHOHFWLYH WUDQVIHU
K\GURJHQDWLRQ RI HQRQH DQG >���@�VLJPDWURSLF UHDUUDQJHPHQW RI DOO\OLF F\DQDWH� 7KH FDWDO\WLF
DV\PPHWULF URXWH WR HVNHWDPLQH ������ HH� ��� RYHUDOO \LHOG� IRUPV WKH EDVH IRU WKH IXWXUH
GHYHORSPHQW�RI�WKH�GUXJ�
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3UHSDUDWLRQ�RI�,QGROHQLQHV�YLD�1XFOHRSKLOLF�$URPDWLF�6XEVWLWXWLRQ

-��5RHVVOHLQ���)��+XEHU���.��*DGHPDQQ�


�8QLYHUVLW\�RI�=XULFK

7KH LQGROH DQG LQGROHQLQH FRUH VWUXFWXUH LV D SRSXODU PRWLYH DPRQJ PDQ\ QDWXUDO
SURGXFWV�>�@ %HVLGHV LWV XVH LQ QDWXUDO SURGXFW V\QWKHVLV� LQGROHQLQHV DUH DOVR XVHG DV SUHFXUVRUV LQ
WKH V\QWKHVLV RI LQGROHQLQH EDVHG G\HV WKDW DUH HPSOR\HG LQ PDQ\ GLIIHUHG ILHOGV VXFK DV LQ YLYR
DQG H[ YLYR LPDJLQJ�>�@ )RU WKH V\QWKHVLV RI LQGROHQLQHV WKH LQWHUUXSWHG )LVFKHU LQGROL]DWLRQ LV
PRVWO\ XVHG� ZKLFK DSSOLFDWLRQ LV PDLQO\ OLPLWHG WR VXEVWLWXWLRQV DW WKH ��SRVLWLRQ�>�@ ,Q WKLV FRQWH[W�
ZH KDYH GHYHORSHG D QHZ PHWKRG IRU WKH SUHSDUDWLRQ RI LQGROHQLQHV YLD D QXFOHRSKLOLF DURPDWLF
VXEVWLWXWLRQ XVLQJ HDV\ DFFHVVLEOH EHQ]\O QLWULOHV DV VWDUWLQJ PDWHULDOV�>�@ 7KLV F\FOL]DWLRQ PHWKRG LV
KLJK \LHOGLQJ �XS WR ���� DQG WROHUDWHV D ZLGH UDQJH RI GLIIHUHQW IXQFWLRQDO JURXSV� ZKLFK LV
H[HPSOLILHG E\ WKH VXEVWUDWH VFRSH RI �� LQGROHQLQHV� 6XEVWLWXWLRQV DW DOO SRVVLEOH SRVLWLRQV RI WKH
DURPDWLF ULQJ DV ZHOO DV HOHFWURQ ULFK DQG SRRU EHQ]\O QLWULOHV DUH ZHOO WROHUDWHG� )XUWKHUPRUH� ZH
LQYHVWLJDWHG WKH PHFKDQLVP RI WKH QXFOHRSKLOLF DURPDWLF VXEVWLWXWLRQ UHDFWLRQ� )LQDOO\� ZH DSSOLHG
WKLV QHZ PHWKRG IRU WKH V\QWKHVLV QHZ LQGROHQLQH�EDVHG G\HV� ZKLFK DUH GLIILFXOW WR DFFHVV ZLWK
FXUUHQWO\�OLWHUDWXUH�NQRZQ�SURFHGXUHV�

>�@ 0LQRUX ,VKLNXUD� 7DNXPL $EH� 7RPLQDUL &KRVKL� 6DWRVKL +LELQR� 1DW� 3URG� 5HS� ����� ���
����ಗ�����
>�@ 0D\HXO &ROORW� 7NKH .\RQJ )DP� 3LFKDQGL $VKRNNXPDU� 2UHVWLV )DNODULV� 7KLHUU\ *DOOL� /\GLD
'DQJORW��$QGUH\��6��.O\PFKHQNR��-��$P��&KHP��6RF�����������������ಗ�����
>�@�%HUQKDUG�:LWNRS��-��%��3DWULFN��-��$P��&KHP��6RF����������������૱�����
>�@�)ORULDQ�+XEHU
��-RHO�5RHVVOHLQ
��.DUO�*DGHPDQQ��2UJ��/HWW����������������૱�����
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&KLUDO�&\FORSHQWDGLHQ\O�/LJDQGV��6WUXFWXUDO�,QVLJKWV�DQG�$SSOLFDWLRQ�LQ�(QDQWLRVHOHFWLYH
&\FORSURSDQDWLRQ

&��'XFKHPLQ���1��&UDPHU�


�/DERUDWRU\�RI�$V\PPHWULF�&DWDO\VLV�DQG�6\QWKHVLV�����/DERUDWRU\�RI�$V\PPHWULF�&DWDO\VLV�DQG
6\QWKHVLV

7KH GHVLJQ RI FRPSOH[ PROHFXODU DUFKLWHFWXUHV KDV HYROYHG FRQVLGHUDEO\ WKDQNV WR WUDQVLWLRQ PHWDO
FDWDO\]HG IXQFWLRQDOL]DWLRQ RI &�+ ERQGV� 7KH KDOI�VDQGZLFK F\FORSHQWDGLHQ\O �&S� PHWDO
FRPSOH[HV RI WKH JURXS � DUH SUHFLRXV FDWDO\VWV IRU WKH GHYHORSPHQW RI FKDOOHQJLQJ
WUDQVIRUPDWLRQV� 2XU JURXS SLRQHHUHG WKH GHYHORSPHQW RI KLJKO\ HIILFLHQW FKLUDO &S OLJDQGV IRU
FDWDO\VLV�>�@ 7KHLU SRWHQWLDO ZDV GHPRQVWUDWHG LQ FRPELQDWLRQ ZLWK YDULRXV PHWDOV IRU D YDULHW\ RI
HQDQWLRVHOHFWLYH UHDFWLRQV�>�@ +HUHLQ� ZH SUHVHQW D GHWDLOHG DQDO\VLV RI XQGHU�H[SORUHG ELDU\O &S[
OLJDQGV� REWDLQHG IURP FRQFLVH V\QWKHVHV� 8SRQ FRPSOH[DWLRQ WR JURXS � PHWDOV� WKH FDWDO\VWV
ZHUH FKDUDFWHUL]HG E\ ;�5D\ DQDO\VLV DQG WKHLU SHUIRUPDQFHV ZHUH H[SORUHG WRZDUGV EHQFKPDUN &�
+�DFWLYDWLRQ�WUDQVIRUPDWLRQV�>�@

,Q D VHFRQG SDUW� ZH UHSRUW WKH DSSOLFDWLRQ RI &S[5K FRPSOH[HV WR HQDQWLRVHOHFWLYH DQG
GLDVWHUHRVHOHFWLYH F\FORSURSDQDWLRQ YLD DFWLYDWLRQ RI YLQ\O &�+ ERQGV� &RPELQHG ZLWK WKH RQH�VWHS
$X�,��FDWDO\]HG IRUPDWLRQ RI WKH 1�HQR[\LPLGHV VXEVWUDWHV IURP DON\QHV� WKH V\QWKHWLF XWLOLW\ RI
WKLV PHWKRG LV GHPRQVWUDWHG E\ FRQFLVH V\QWKHVHV RI .02 LQKLELWRU 83)���� DQG PHPEHUV RI WKH
R[\OLSLQ�IDPLO\�RI�QDWXUDO�SURGXFWV�>�@

>�@�%��<H��1��&UDPHU�6FLHQFH����������������
>�@�&��*��1HZWRQ��'��.RVVOHU��1��&UDPHU��-��$P��&KHP��6RF������������������
>�@�&��'XFKHPLQ��*��6PLWK��1��&UDPHU��0DQXVFULSW�VXEPLWWHG�
>�@ �D� &� 'XFKHPLQ� 1� &UDPHU� 2UJ� &KHP� )URQW� ����� �� �������� �E� &� 'XFKHPLQ� 1� &UDPHU�
&KHP��6FL����������������������
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6WHUHRGLYHUJHQW�&DWDO\VW�&RQWURO�RI�7ZR�6WHUHRJHQLF�$[HV

'��0RVHU���&��6SDUU�


�8QLYHUVLW\�RI�%DVHO

7KH LPSOLFDWLRQV RI VWHUHRLVRPHULVP RQ ELRORJLFDO DFWLYLW\ LV ZHOO NQRZQ DQG YHUVDWLOH PHWKRGV IRU
WKHLU VHOHFWLYH V\QWKHVLV LV KHQFH UHTXLUHG� 0RVW PROHFXOHV LPSRUWDQW WR OLIH KDYH PXOWLSOH
VWHUHRJHQLF PRLHWLHV DQG FDWDO\VW�FRQWURO RYHU GLDVWHUHRPHUV LV WKHUHIRUH SDUWLFXODU UHOHYDQW� 7KH
VLPXOWDQHRXV FUHDWLRQ RI PRUH WKDQ RQH VWHUHRFHQWHU LQ D VLQJOH V\QWKHWLF VWHS LV WKXV KLJKO\
GHVLUDEOH DQG SURYLGHV WKH EDVLV IRU VWUDLJKWIRUZDUG DQG VKRUW URXWHV WR FRPSOH[HV PROHFXODU
VFDIIROGV� 2XU JURXS UHFHQWO\ GHYHORSHG DQ LWHUDWLYH PHWKRG IRU WKH FDWDO\VW�FRQWUROOHG
VWHUHRGLYHUJHQW V\QWKHVLV RI DWURSLVRPHULF PXOWLD[LV V\VWHPV�>�@:H QRZ SUHVHQW D VWHUHRGLYHUJHQW
GLDVWHUHR� DQG HQDQWLRVHOHFWLYH PHWKRG ZLWK VLPXOWDQHRXV FDWDO\VW�FRQWURO RYHU WZR VWHUHRJHQLF
D[HV� $ORQJ ZLWK FRQWUROODEOH V\Q� RU DQWL�FRQILJXUDWLRQ� WKH SURGXFWV VKRZ XVHIXO OHYHOV RI
HQDQWLRSXULW\� 7KH VWUXFWXUDOO\ ZHOO�GHILQHG VFDIIROGV EHDU WZR VWHUHRJHQLF D[HV DQG DUH HQYLVLRQHG
WR�SURYLGH�OLJDQGV��FDWDO\VWV�DQG�PROHFXODU�EXLOGLQJ�EORFNV�>�@

>�@�'��/RWWHU��$�&DVWURJLRYDQQL��0��1HXEXUJHU��&��6SDUU���$&6�&HQW��6FL��������������������
>�@�'�0RVHU��&��6SDUU��XQSXEOLVKHG�UHVXOWV�
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5HDFWLYLW\�DQG�V\QWKHWLF�XWLOLW\�RI�D�ERU\O�FDUERQ�FHQWHUHG�UDGLFDOV��WZR�RSSRVLQJ
UHDFWLRQ�PDQLIROGV

1��'��7DSSLQ���:��0LFKDOVND���6��5RKUEDFK���0��*QDHJL�/X[���3��5HQDXG�


�8QLYHUVLW¦W�%HUQ���8QLYHUVLW\�RI�/DQFDVWHU���8QLYHUVLW\�RI�6WUDWKFO\GH

7KH YDFDQW ERURQ S�RUELWDO LQ RUJDQRERUDQHV KDV D VWDELOL]LQJ LQIOXHQFH RQ D UDGLFDO IRUPDOO\
ORFDWHG RQ DQ DGMDFHQW FDUERQ DWRP���� 7KH VWDELOL]HG UDGLFDO SUHFXUVRU ,&+�%SLQ SHUIRUPV DWRP
WUDQVIHU UDGLFDO DGGLWLRQ �$75$� WR DONHQHV WR IXUQLVK J�LRGRERURQLF HVWHUV� ,Q DQ DOWHUQDWLYH
PDQLIROG� RFFXS\LQJ WKH YDFDQW S�RUELWDO RQ YLQ\OERURQLF HVWHUV ZLWK D OLJDQG HUDGLFDWHV DQ\
VWDELOL]DWLRQ� DQG JHQHUDWHV DQ H[FHOOHQW WUDS IRU HOHFWURSKLOLF UDGLFDOV��૱� 7KLV WLPH WKH PHFKDQLVP
RSHUDWHV�WKURXJK�D�VLQJOH�HOHFWURQ�WUDQVIHU��6(7��

2XU LQYHVWLJDWLRQV FRQFOXGHG ZLWK WZR RSHUDWLRQDOO\ VLPSOH� RQH�SRW SURWRFROV� DQ $75$�
����F\FOL]DWLRQ WR \LHOG F\FORSURSDQHV RU D WKUHH�FRPSRQHQW FRXSOLQJ UHDFWLRQ RI DQ RUJDQROLWKLXP�
HOHFWURSKLOLF KDOLGH� DQG YLQ\OERURQLF HVWHU� 7KH VFRSH� PHFKDQLVP� DQG FKHPRVHOHFWLYLW\ RI WKHVH
WZR�D�ERU\O�UDGLFDO�FKDLQ�SURFHVVHV�ZLOO�EH�GLVFXVVHG�

>�@ -� &� :DOWRQ� $� -� 0F&DUUROO� 4� &KHQ� %� &DUERQL� 5� -� 1]LHQJXL� $P� &KHP� 6RF� ����� ����
����૱�����
>�@�5��$��%DWH\��%��3HGUDP��.��<RQJ��*��%DTXHU��7HWUDKHGURQ�/HWW����������������૱�����
>�@�1��'��&��7DSSLQ��0��*Q¦JL�/X[��3��5HQDXG��&KHP��(XU��-�����������������૱������
>�@�0��.LVFKNHZLW]��.��2NDPRWR��&��0¾FN�/LFKWHQIHOG��$��6WXGHU��6FLHQFH���������������૱����
>�@�0��6LOYL��&��6DQGIRUG��9��.��-��$JJDUZDO��$P��&KHP��6RF�����������������૱�����
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$�7HWKHUHG�$SSURDFK�WR�WKH�3DOODGLXP�&DWDO\]HG�'XDO�)XQFWLRQDOL]DWLRQ�RI�$ON\QHV�

3��'��*UHHQZRRG���(��*UHQHW���-��:DVHU�


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

7KH SDOODGLXP FDWDO\]HG GL�IXQFWLRQDOL]DWLRQ RI DONHQHV FRQWDLQLQJ K\GUR[\ DQG DPLQR JURXSV KDV
EHHQ HVWDEOLVKHG DV DQ HIIHFWLYH V\QWKHWLF DSSURDFK WR DFFHVV D GLYHUVH UDQJH RI KHWHURF\FOHV DQG
RWKHU KLJKO\ IXQFWLRQDOL]HG FRPSRXQGV >���@� 5HFHQWO\� RXU JURXS KDV GHPRQVWUDWHG WKH H[SHGLHQW
XVH RI WULIOXRURDFHWDOGHK\GH�WHWKHUHG K\GUR[\ DQG DPLQR QXFOHRSKLOHV LQ WKH 3G� FDWDO\]HG
GLIXQFWLRQDOL]DWLRQ RI DONHQHV XVLQJ HLWKHU DQ DON\Q\O EURPLGH RU DU\O LRGLGH DV HOHFWURSKLOH� 7KLV
DSSURDFK� ZKHQ DSSOLHG WR DOO\OLF DPLQHV DQG DOFRKROV� JDYH DFHVV WR D UDQJH RI YLFLQDO DPLQR
DOFRKROV >���@ RU GLDPLQHV >�@� 7KH UHVXOWDQW DPLQDOV DQG DFHWDOV FRXOG EH K\GURO\VHG WR JLYH ULVH
WR WKH IUHH DPLQRDOFRKROV� +HUHLQ� WKH H[WHQVLRQ RI WKLV VWUDWHJ\ WR SURSDUJ\OLF DPLQHV WR
V\QWKHVLVH KLJKO\ VXEVWLWXWHG HQ\QHV DQG FRPSOH[ ͅ�DPLQR NHWRQH GHULYDWLYHV LV SUHVHQWHG� 7KH
JHQHUDWHG R[D]ROLQHV FRXOG EH IXUWKHU WUDQVIRUPHG LQWR D UDQJH RI GLIIHUHQW FRPSRXQGV>�@� 'XULQJ
WKH GHYHORSPHQW RI WKLV PHWKRG� D FDUER[\ODWLRQ DON\Q\ODWLRQ UHDFWLRQ XVLQJ FDUERQDWH VDOW DV
FDUERQ�VRXUFH�ZDV�GLVFRYHUHG�VHUHQGLSLWRXVO\�DQG�JDYH�DFFHVV�WR�R[D]ROLGLQRQHV>�@�

>�@�=��-��*DUOHWV��'��5��:KLWH��-��3��:ROIH��$VLDQ�-��2UJ��&KHP�������������������
>�@�8��2UFHO��-��:DVHU��&KHP��6FL������������������
>�@�8��2UFHO��-��:DVHU��$QJHZ��&KHP���,QW��(G����������������������
>�@�%��0XULHO��8��2UFHO��-��:DVHU��2UJ��/HWW����������������૱�����
>�@�8��2UFHO��-��:DVHU��$QJHZ��&KHP���,QW��(G������������������������
>�@�3��'��*��*UHHQZRRG��(��*UHQHW��-��:DVHU��&KHP��(XU��-�����������������૱�����
>�@�3��'��*��*UHHQZRRG��-��:DVHU��(XU��-��2UJ��&KHP���������������HMRF����������
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