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3RO\PHUV��&ROORLGV�	�,QWHUIDFHV��3RVWHU 3,����

��5HOD\HG�'\QDPLF�1XFOHDU�3RODUL]DWLRQ�WR�,PDJH�WKH�0RUSKRORJ\�RI�&RPSOH[�0DWHULDOV

3��%HUUX\HU���$��&��3LQRQ���-��9LJHU�*UDYHO���:��/DQ���*��/��'ULVNR���-��6��/XWHUEDFKHU���0��%DUGHW���&�
6DQFKH]���/��(PVOH\�


�,QVWLWXW�GHV�6FLHQFHV�HW�,QJ«QLHULH�&KLPLTXHV��(FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH��(3)/��
&+������/DXVDQQH����&156��8QLYHUVLW«�GH�%RUGHDX[��%RUGHDX[�,13��,&0&%��805������)������
3HVVDF���8QLYHUVLW«�*UHQREOH�$OSHV��&($��,1$&��0(0��/DERUDWRLUH�GH�5«VRQDQFH�0DJQ«WLTXH�

*UHQREOH��)���������6RUERQQH�8QLYHUVLW«��&ROOªJH�GH�)UDQFH��36/�8QLYHUVLW\��&156��/DERUDWRLUH�GH
&KLPLH�GH�/D�0DWLªUH�&RQGHQV«H�GH�3DULV�/&0&3��)�������3DULV

'\QDPLF 1XFOHDU 3RODUL]DWLRQ �'13� LV DQ HPHUJLQJ HIILFLHQW DSSURDFK WR K\SHUSRODUL]H VDPSOH LQ
VROLG�VWDWH 0$6 105� 3UHYLRXVO\� ZH KDYH HVWDEOLVKHG KRZ WKH SURSDJDWLRQ RI QXFOHDU '13
K\SHUSRODUL]DWLRQ FDQ EH XVHG WR GHWHUPLQH WKH PRUSKRORJ\ LQ FRPSOH[ PDWHULDOV��7KLV LV DFKLHYHG
E\ LPSUHJQDWLQJ D PDWHULDO ZLWK D VROXWLRQ FRQWDLQLQJ D '13 SRODUL]LQJ DJHQW� 8SRQ PLFURZDYH
LUUDGLDWLRQ �+ QXFOHL RI WKH IUR]HQ VROYHQW DUH UDSLGO\ K\SHUSRODUL]HG WR JHQHUDWH D VRXUFH RI
K\SHUSRODUL]DWLRQ� WKLV K\SHUSRODUL]DWLRQ WKHQ JUDGXDOO\SURSDJDWHV� WKURXJK VSRQWDQHRXV �+ ��+
VSLQ GLIIXVLRQ� LQWR DGMDFHQW SDUWLFOHV �DV LOOXVWUDWHG LQ )LJXUH ����૱�3RODUL]DWLRQ EXLOG�XS RI
UHVRQDQFHV DV IXQFWLRQ RI WLPH LQVLGH WKH WDUJHW PDWHULDOV GHSHQGV RQ WKHLU VL]H DQG ORFDWLRQ ZLWK
UHVSHFW�WR�WKH�VRXUFH��W\SLFDOO\�D�IUR]HQ�VROYHQW�GRSHG�ZLWK�VWDEOH�RUJDQLF�UDGLFDO����

8VLQJ WKLV DSSURDFK� ZH VKRZ KHUH WKDW 5�'13 FDQ EH XVHG WR GHWHUPLQH D VHULHV RI FRPSOH[
VWUXFWXUHV DQG PRUSKRORJLHV� LQFOXGLQJ FRUH�VKHOO VWUXFWXUHV RI RUJDQLF DQG LQRUJDQLF QDQRSDUWLFOHV
DV ZHOO DV OLJQRFHOOXORVLF DQG IXQFWLRQDOL]HG FHOOXORVH VDPSOHV ZLWK LQGXVWULDO UHOHYDQFH� ,Q WKHVH
FDVHV��WKH�FRPSOH[�QDWXUH�RI�WKH�PDWHULDOV�PHDQV�WKH\�DUH�QRW�DPHQDEOH�WR�RWKHU�DSSURDFKHV�

�

>�@ 3LQRQ� $� &�� 6FKODJQLWZHLW� -�� %HUUX\HU� 3�� 5RVVLQL� $� -�� /HOOL� 0�� 6RFLH� (�� 7DQJ� 0�� 3KDP� 7��
/HVDJH��$���6FKDQW]��6���(PVOH\��/��-��3K\V��&KHP��&�����������������૱������
>�@ 5RVVLQL� $� -�� =DJGRXQ� $�� +HJQHU� )�� 6FKZDU]Z¦OGHU� 0�� *DMDQ� '�� &RS«UHW� &�� /HVDJH� $��
(PVOH\��/��-��$P��&KHP��6RF������������������૱������
>�@ YDQ GHU :HO� 3� &� $�� +X� .��1�� /HZDQGRZVNL� -�� *ULIILQ� 5� *� -� $P� &KHP� 6RF� ����� ����
�����૱������
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6XSUDPROHFXODU�6HOI�$VVHPEO\�DQG�)XQFWLRQDOL]DWLRQ�RI�'1$�0RGLILHG�9HVLFOHV

1��%¾UNL���6��0��/DQJHQHJJHU���5��+¦QHU�


�'HSDUWPHQW�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\��8QLYHUVLW\�RI�%HUQ

,Q SUHYLRXV ZRUN� ZH VKRZHG WKDW SKHQDQWKUHQH ROLJRPHUV FRQMXJDWHG WR '1$ DVVHPEOH LQWR
YHVLFOHV�>�@ 7KH KHUH SUHVHQWHG '1$�SKHQDQWKUHQH FRQMXJDWHV ZHUH DOVR IRXQG WR DVVHPEOH LQWR
YHVLFXODU REMHFWV� 7KH '1$�PRGLILHG YHVLFOHV ZHUH LQYHVWLJDWHG E\ K\EULGL]DWLRQ ZLWK D '1$ VLQJOH
VWUDQG ZLWK IOXRUHVFHQFH DFFHSWRU G\HV� %\ H[FLWDWLRQ RI WKH '1$�SKHQDQWKUHQH FRQMXJDWHV�
HQHUJ\ WUDQVIHU IURP WKH SKHQDQWKUHQH WR WKH IOXRUHVFHQFH G\H ZDV REVHUYHG� 7KH YHVLFOHV ZHUH
FKDUDFWHUL]HG E\ DWRPLF IRUFH PLFURVFRS\ �$)0�� WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\ �7(0�� 89�YLV
DQG IOXRUHVFHQFH VSHFWURVFRS\� ,Q WKLV SRVWHU� ZH ZLOO SUHVHQW DQG GLVFXVV WKH PRUSKRORJ\ RI WKH
VXSUDPROHFXODU�DVVHPEOLHV�DV�ZHOO�DV�WKH�HIIHFWV�RI�HQHUJ\�WUDQVIHU�

>�@ &DUROLQH '� %¸VFK� -RYDQD -HYULF� 1XWFKD %¾UNL� 0DUNXV 3UREVW� 6LPRQ 0� /DQJHQHJJHU� 5REHUW
+¦QHU��%LRFRQMXJDWH�&KHPLVWU\����������������૱�����
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3W����FRQWDLQLQJ�PHWDOORVXSUDPROHFXODU�SRO\PHUV�DV�SUHFXUVRUV�IRU�QDQRSDUWLFOH
FRPSRVLWHV

&��&DSSHOOHWWL���/��2ODHFKHD���(��2YHLVL���6��6FKUHWWO���&��:HGHU�


�$GROSKH�0HUNOH�,QVWLWXWH��8QLYHUVLW\�RI�)ULERXUJ���&HQWUH�IRU�(OHFWURQ�0LFURVFRS\��(3)/��/DXVDQQH

&RPSRVLWHV RI PHWDOOLF QDQRSDUWLFOHV �13� DQG SRO\PHUV FDQ RIIHU D FRPELQDWLRQ RI WKH IXQFWLRQDO
FKDUDFWHULVWLFV RI WKH IRUPHU DQG WKH VWUXFWXUDO DQG PHFKDQLFDO SURSHUWLHV RI WKH ODWWHU DQG
SURPLVH WR EH XVHIXO IRU D ZLGH UDQJH RI DSSOLFDWLRQV�� +RZHYHU� WKH SUHSDUDWLRQ RI VXFK PDWHULDOV
LV XVXDOO\ WHGLRXV� DQG W\SLFDOO\ UHTXLUHV ILUVW V\QWKHVL]LQJ WKH 13V LQ D OLTXLG�SKDVH V\QWKHVLV�
VWDELOL]DWLRQ RI WKHVH 13V E\ D VXUIDFWDQW� SXULILFDWLRQ� EHIRUH WKH\ FDQ EH HPEHGGHG LQ SRO\PHULF
PDWULFHV�� 7KLV DSSURDFK DOVR PDNHV LW GLIILFXOW WR LQFRUSRUDWH WKH 13V LQ D VSDWLDOO\ FRQWUROOHG
PDQQHU�LQ�WKH�SRO\PHU�
%XLOGLQJ RQ D SUHYLRXVO\ UHSRUWHG V\QWKHWLF DSSURDFK LQ ZKLFK ELV�͋��DON\QH�SODWLQXP��� FRPSOH[HV
ZHUH FUHDWHG WR FURVV�OLQN SRO\�S�SKHQ\OHQH HWK\Q\OHQH�V�� ZH LQYHVWLJDWHG WKH XVH RI
PHWDOORVXSUDPROHFXODU SRO\PHUV �063V� EDVHG RQ ]HUR�YDOHQW 3W FRPSOH[HV DV SUHFXUVRUV IRU WKH
LQ�VLWX SUHSDUDWLRQ RI PHWDOOLF 13V ZLWKLQ D SRO\PHU PDWUL[� 'LSKHQ\ODFHW\OHQH�IXQFWLRQDOL]HG
WHOHFKHOLF SRO\�WHWUDK\GURIXUDQ� ZDV SUHSDUHG DQG XVHG WR FUHDWH 063V XSRQ FKDLQ H[WHQVLRQ
WKURXJK WKH IRUPDWLRQ RI ELV�͋��DON\QH�SODWLQXP��� FRPSOH[HV� +HDWLQJ WKH 063V DERYH D
WKUHVKROG WHPSHUDWXUH OHDGV WR DQ LUUHYHUVLEOH GLVVRFLDWLRQ RI WKH PHWDO�OLJDQG FRPSOH[HV�
3W��DWRPV DUH UHOHDVHG� DQG WKH QXFOHDWLRQ DQG JURZWK RI FU\VWDOOLQH 3W�13V LV REVHUYHG� 7KH
SDUWLFOHV DUH KRPRJHQRXVO\ GLVWULEXWHG LQ WKH SRO\PHULF PDWUL[ DQG WKH SURFHVV FRPSOHWHO\ DYRLGV
WKH W\SLFDOO\ UHTXLUHG KDUVK UHGXFWLRQ VWHS�� 0RUHRYHU� LUUDGLDWLRQ ZLWK 89 OLJKW FDQ EH XVHG WR
WULJJHU WKH 13 IRUPDWLRQ LQ D VSDWLDOO\ UHVROYHG PDQQHU� 7KH XVH RI PDFURPRQRPHUV RI GLIIHUHQW
PROHFXODU ZHLJKW DOORZV RQH WR FRQWURO WKH 3W FRQWHQW� DQG LQIOXHQFHV WKH UHVXOWLQJ 13V� WKH
SURSHUWLHV�RI�WKH�FRPSRVLWHV��DV�ZHOO�DV�WKHLU�FDWDO\WLF�DFWLYLW\�

)LJXUH �� �$� 3KRWRJUDSKV GRFXPHQWLQJ WKDW HODVWLF QDQRFRPSRVLWHV FRQWDLQLQJ SODWLQXP
QDQRSDUWLFOHV DUH REWDLQHG XSRQ KHDWLQJ WKH PHWDOORVXSUDPROHFXODU SRO\PHUV VWXGLHG KHUH WR
��� r&� �%� 'DUN ILHOG WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\ LPDJH VKRZLQJ WKH 3W QDQRSDUWLFOHV
IRUPHG�LQ�WKH�SURFHVV�

>�@ �D� -RVHSK .DR� .DUL 7KRUNHOVVRQ� 3HWHU %DL� %HQMDPLQ 5DQFDWRUH� 7LQJ ;X� &KHPLFDO 6RFLHW\
5HYLHZV� ����� ��� ���������� �E� *XL[LD =KDR� ;LXELQJ +XDQJ� =KHQZX 7DQJ� 4LIHL +XDQJ�
)HQJOHL 1LX� ;LDQJNH :XDQJ� 3RO\PHU &KHPLVWU\� ����� �� ���������� �F� ,VDEHO 3DVWRUL]D�6DQWRV�
&DOXP .LQQHDU� -RUJH 3«UH]�-XVWH� 3DXO 0XOYDQH\� /XLV 0� /L]�0DU]£Q� 1DWXUH 5HYLHZV
0DWHULDOV����������������
>�@ �D� /LKHQJ :X� $GULDQD 0HQGR]D�*DUFLD� 4LQJ /L� 6KRXKHQJ 6XQ� &KHPLFDO 5HYLHZV� ����� ����
��������E��7KRPDV�+DQHPDQQ��'RURWK«H�9LQJD�6]DEµ��0DWHULDOV���������������૱�����
>�@ $NVKD\ .RNLO� &KULVWLDQ +XEHU� :DOWHU 5� &DVHUL� &KULVWRSK :HGHU� 0DFURPROHFXODU &KHPLVWU\
DQG�3K\VLFV������������������
>�@ 6HXQJ :KDQ /HH� -XVWLQ 5� .XPSIHU� 3LQ $QQ /LQ� *XRGRQJ /L� ;XDQ 3� $� *DR� 6WXDUW -� 5RZDQ�
5��0RKDQ�6DQNDUDQ��0DFURPROHFXOHV����������������������
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$ONDOL�,RQ�5HVSRQVLYH�0LFURJHO�6\VWHPV

9��&KLPLVVR���&��)RGRU���:��0HLHU�


�'HSDUWPHQW�RI�&KHPLVWU\��0DWWHQVWUDVVH���D��%35�����������%DVHO

6WLPXOL UHVSRQVLYH PLFURJHOV KDYH EHHQ XQGHU VWURQJ IRFXV IRU WKHLU SURPLVLQJ XVH DV VHQVRUV�
ILOWHUV� LQ VHYHUDO ELRPHGLFDO DSSOLFDWLRQV DQG GUXJ GHOLYHU\ V\VWHPV� 'XH WR WKHLU SHFXOLDU VRIW DQG
SRURXV VWUXFWXUH� H[WHQVLYH UHVHDUFK KDV EHHQ GRQH RQ WKHLU DELOLW\ WR XSWDNH DQG VHOHFWLYHO\
UHOHDVH GUXJV DQG SURWHLQV�>�@ +RZHYHU� VPDOOHU LQWHUHVW KDV EHHQ VKRZQ IRU WKHLU UHVSRQVLYHQHVV
WRZDUGV DONDOL LRQV� GHVSLWH WKHLU IXQGDPHQWDO UROH LQ ELRORJLFDO SURFHVVHV VXFK DV PXVFOH
FRQWUDFWLRQ�>�@

$QLRQLF LRQ UHVSRQVLYH YLQ\O FDSURODFWDP �9&/� EDVHG PLFURJHOV KDYH EHHQ SUHSDUHG DQG WKHLU
EHKDYLRXU WRZDUGV DONDOL LRQV KDV EHHQ LQYHVWLJDWHG LQ DTXHRXV PHGLD� 7KH JHOV DUH GHVLJQHG WR EH
ELRFRPSDWLEOH DQG UHVSRQVLYH WR PXOWLSOH VWLPXOL� VXFK DV WHPSHUDWXUH� S+ DQG PHWDO LRQ
FRQFHQWUDWLRQV�>�@ 7KH JHOV KDYH EHHQ V\QWKHVL]HG E\ SUHFLSLWDWLRQ SRO\PHULVDWLRQ DQG WKHLU
VWUXFWXUH� FKHPLFDO FRPSRVLWLRQ DQG PRUSKRORJ\ ZHUH FKDUDFWHULVHG� 7KHLU UHVSRQVLYHQHVV
WRZDUGV WHPSHUDWXUH DQG S+ KDV DOVR EHHQ VWXGLHG YLD G\QDPLF OLJKW VFDWWHULQJ �'/6�� EHKDYLQJ LQ
DFFRUGDQFH WR WKH OLWHUDWXUH� 7KHLU UHVSRQVLYHQHVV WRZDUGV DONDOL LRQV KDV DOVR EHHQ LQYHVWLJDWHG
YLD '/6� DQG WKH TXDQWLILFDWLRQ RI LRQ XSWDNH KDV EHHQ PHDVXUHG YLD LRQ FKURPDWRJUDSK\�
0RUHRYHU� ZH SUHVHQW KHUHLQ WKH G\QDPLFV RI ELQGLQJ� ZKLFK PLJKW SOD\ D GHWHUPLQLQJ UROH IRU
IXWXUH�DSSOLFDWLRQV�LQ�V\QWKHWLF�ELRORJ\�

>�@�)HOL[�3ODPSHU��:DOWHU�5LFKWHULQJ��$FFRXQWV�RI�FKHPLFDO�UHVHDUFK�����������������������
>�@ *DU\ (LFKHQEDXP� 3DWULFN .LVHU� 'LSDN 6KDK� :LOOLDP 0HXHU� 3DWULFN 1HHGKDP� 6LGQH\ 6LPRQ�
0DFURPROHFXOHV��������������������������
>�@ 6XVDQQ 6FKDFKVFKDO� $QGUHHD %DODFHDQX� &ODXGLX 0HOLDQ� 'DQ (� 'HPFR� 7KRPDV (FNHUW�
:DOWHU�5LFKWHULQJ��$QGULM�3LFK��0DFURPROHFXOHV�������������������������
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&RSRO\PHUV�RI�SKHQ\OHQH�PHWK\OHQH�XQLWV�DQG�LWV�GHULYDWLYHV��3KRWROXPLQHVFHQW�
&RUURVLRQ�3URWHFWLYH�&RDWLQJ�0DWHULDOV

0��)��'
(OLD�

�'HSDUWPHQW�RI�0DWHULDOV��0XOWLIXQFWLRQDO�0DWHULDOV��(7+�=¾ULFK

,Q WKLV VWXG\ FRSRO\PHUV RQ WKH EDVLV RI SRO\�SKHQ\OHQH PHWK\OHQH� �330� )LJXUH � D� DUH H[SORUHG
DV SURWHFWLYH FRDWLQJ IRU WKH KLJK VWUHQJWK DOXPLQXP DOOR\ $$����� ZLGHO\ HPSOR\HG LQ DHURVSDFH
DSSOLFDWLRQV� 330 LV D K\GURFDUERQ SRO\PHU ZKLFK FRQVLVWV RI DQ DOWHUQDWLQJ VHTXHQFH RI
SKHQ\OHQH DQG PHWK\OHQH XQLWV REWDLQHG� H�J�� E\ FDWDO\WLF SRO\PHUL]DWLRQ RI EHQ]\O FKORULGH� 330
XQH[SHFWHGO\ H[KLELWV SKRWROXPLQHVFHQFH� GXH WR WKH UDUH SKHQRPHQRQ RI KRPRFRQMXJDWLRQ ZKLFK
LV D FRQVHTXHQFH RI RYHUODSSLQJ RI S�RUELWDOV RI DGMDFHQW HOHFWURQLFDOO\ VHSDUDWHG SKHQ\OHQH ULQJV
WKURXJK VSDFH �)LJXUH � E� >�@� ,Q DGGLWLRQ� 330 SRVVHVVHV KLJK WKHUPDO VWDELOLW\ >�@ �RQVHW RI
GHFRPSRVLWLRQ ��� r& ૱ ��� r&� WKDW RYHUFRPHV WKH WKHUPDO VWDELOLW\ RI FRPPRQ RUJDQLF
PDWHULDOV� DQG VKRZV K\GURSKRELFLW\ >�@� &RSRO\PHUV ZHUH V\QWKHWL]HG E\ FRSRO\PHUL]DWLRQ RI
EHQ]\O FKORULGH DQG VXEVWLWXWHG EHQ]\O FKORULGH �RFW\OR[\� KHSW\O� PHWKR[\� K\GUR[\�� LQ GLIIHUHQW
UDWLRV RI ��� �� DQG ��� PRO�PRO ZLWK WKH JRDO WR LPSHGH FUDFN IRUPDWLRQ RI 330 KRPRSRO\PHU
ZKLFK SUHYHQWV WKH XVH RI QHDW 330 DV D SURWHFWLYH FRDWLQJ >�@� )RU WKLV SXUSRVH� ILUVW WKH
FRPSDWLELOLW\ EHWZHHQ WKH K\GURSKLOLF VXUIDFH RI WKH DOXPLQXP DOOR\ DQG WKH K\GURSKRELF 330 ZDV
LPSURYHG E\ DSSOLFDWLRQ RI D OD\HU RI SRO\EHQ]\OVLOR[DQHV �WKLFNQHVV �PP�� 6XEVHTXHQWO\ WKH
VXEVWUDWHV ZHUH FRYHUHG ZLWK 330 FRSRO\PHU ILOPV SUHSDUHG E\ KRW SUHVVLQJ� 7KH PHFKDQLFDO
VWDELOLW\� WKH KRPRJHQHLW\ RI WKH ILOPV� WKH HODVWLF PRGXOXV DQG WKH JODVV WUDQVLWLRQ WHPSHUDWXUH RI
WKH ILOPV RU FRSRO\PHUV� UHVSHFWLYHO\� ZHUH LQYHVWLJDWHG� 7KH FRUURVLRQ SURWHFWLRQ SURSHUWLHV RI WKH
RUJDQLF EDUULHU OD\HUV ZHUH WHVWHG E\ HOHFWURFKHPLFDO PHDVXUHPHQWV �DQRGLF SRODUL]DWLRQ�
SRWHQWLRG\QDPLF DQDO\VHV଄� DQG WKH UHVXOWV ZHUH WKHQ FRPSDUHG ZLWK RWKHU RUJDQLF FRDWLQJV
�LQFOXGLQJ 330 LWVHOI� 6HOI�KHDOLQJ SURSHUWLHV� ZKLFK ZHUH IRXQG IRU ILOPV RI 330 LWVHOI� DUH DOVR
DGGUHVVHG�LQ�WKLV�VWXG\�

)LJXUH � �D� &KHPLFDO VWUXFWXUH RI SRO\�SKHQ\OHQH PHWK\OHQH� �330�� �E� 6FKHPDWLF UHSUHVHQWDWLRQ
RI KRPRFRQMXJDWLRQ LQ 330 DV D UHVXOW RI RYHUODSSLQJ S�RUELWDOV RI SKHQ\OHQH ULQJV ZKLFK DUH
VHSDUDWHG�E\�D�PHWK\OHQH�JURXS�

>�@ %UDHQGOH� $�� 3HUHYHGHQWVHY� $�� &KHHWKDP� 1�-�� 6WDYULQRX� 3�1�� 6FKDFKQHU� -�$�� 0¸VFK�
=DQHWWL��1�&���1LHGHUEHUJHU��0���&DVHUL��:�5���-��3RO\P��6FL��%�3RO\P��3K\V�����������������
>�@ '૷(OLD 0�)�� %UHDQGOH $�� 6FKZHL]HU 7�%�� 2UWHQ]L 0�$�� 7UDVDWWL 6�3�� 1LHGHUEHUJHU 0�� &DVHUL
:�5���&RDWLQJV���������������
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3URJUDPPDEOH�DQG�'\QDPLF�$VVHPEO\�RI�0RELOH�0LFURPDFKLQHV

$��)��'HPLURHUV�

�&RPSOH[�0DWHULDOV��(7+�=XULFK

0DFKLQHV�DQG�URERWV�DW�DOO�VFDOHV�UHO\�RQ�RUJDQL]DWLRQ�RI�PXOWLSOH�FRPSRQHQWV�WR�DFKLHYH
DGYDQFHG�ORFRPRWLRQ�DQG�IXQFWLRQV��,Q�WKH�PLFURZRUOG��PLFURPDFKLQHV�FRPSULVLQJ�GLYHUVH�SDUWV
�FDQ�FDUU\�RXW�VHQVLQJ��PDQLSXODWLRQ�DQG�RWKHU�WDVNV��RU�EH�LQWHJUDWHG�LQWR�PRUH�FRPSOH[�V\VWHPV�
�HQDEOLQJ�OLIH�LQVSLUHG�KLHUDUFKLFDO�DVVHPEOLHV��7R�WKLV�HQG��ILHOG�GLUHFWHG�DQG�VHOI�SURSHOOHG
FROORLGDO�DVVHPEO\�KDYH�EHHQ�XVHG�WR�EXLOG�PRELOH�DQG�UHFRQILJXUDEOH�FROORLGDO�ZDONHUV�
VZLPPHUV�DQG�VSLQQHUV��+RZHYHU��LQWHJUDWLQJ�KHWHURJHQHRXV�FRPSRQHQWV�LQWR�D�PLFURPDFKLQH
ZLWK�VSHFLILHG�VWUXFWXUH��IXQFWLRQ�DQG�G\QDPLFV�UHPDLQV�D�VLJQLILFDQW�FKDOOHQJH��+HUH��ZH�VKRZ
PRELOH�PLFURPDFKLQHV�WKDW�VSRQWDQHRXVO\�VHOI�DVVHPEOH�LQWR�GHVLUHG�FRQILJXUDWLRQV�WKURXJK�SUH
SURJUDPPHG�SK\VLFDO�LQWHUDFWLRQV�EHWZHHQ�VWUXFWXUDO�DQG�PRWRU�VXE�XQLWV��7KH�DVVHPEO\�LV
GULYHQ�E\�GLHOHFWURSKRUHWLF�LQWHUDFWLRQV��HQFRGHG�LQ�WKH�WKUHH�GLPHQVLRQDO�VKDSH�RI�LQGLYLGXDO
SDUWV��0LFURPDFKLQHV�DVVHPEOHG�IURP�PDJQHWLF�DQG�VHOI�SURSHOOHG�PRWRU�SDUWV�H[KLELW
UHFRQILJXUDEOH�ORFRPRWLRQ�PRGHV�DQG�DGGLWLRQDO�URWDWLRQDO�GHJUHHV�RI�IUHHGRP�QRW�DYDLODEOH�WR
FRQYHQWLRQDO�PRQROLWKLF�PLFURURERWV�
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+LJKO\�(ODVWLF�3RO\URWD[DQH�%LQGHUV�IRU�0HFKDQLFDOO\�6WDEOH�/LWKLXP�+RVWV�LQ�/LWKLXP
0HWDO�%DWWHULHV

$��(ODEG���$��&RVNXQ�


�8QLYHUVLW\�RI�)ULERXUJ

/LWKLXP PHWDO DQRGHV KDYH JDLQHG LQFUHDVLQJ DWWHQWLRQ� DV WKH\ RIIHU DWWUDFWLYH SURSHUWLHV LQ WHUPV
RI VSHFLILF FDSDFLW\ DQG RSHUDWLQJ YROWDJH� 7KH WKHRUHWLFDO VSHFLILF FDSDFLW\ UHDFKHV XS WR ����
P$K P/૰� RU ���� P$K J૰�� DQG WKH WKHUPRG\QDPLF UHGR[ SRWHQWLDO LV DV ORZ DV ૰���� 9 YV
VWDQGDUG K\GURJHQ HOHFWURGH �6+(�� 1HYHUWKHOHVV� WKH LQKHUHQW GUDZEDFNV RI WKH /L PHWDO DQRGHV
VXFK DV FRQWLQXRXV HOHFWURO\WH GHFRPSRVLWLRQ DQG GHQGULWH JURZWK RYHU F\FOLQJ VWLOO SRVH
IRUPLGDEOH FKDOOHQJHV� UHQGHULQJ WKH JLYHQ WHFKQRORJ\ WR OLQJHU DW D UHVHDUFK VWDJH�>���@ $PRQJ WKH
UHSRUWHG VWUDWHJLHV WR WDFNOH OLPLWDWLRQV RI /L PHWDO DQRGHV � WKH LQWHJUDWLRQ RI D WKUHH�GLPHQVLRQDO
��'� FRQGXFWLYH QHWZRUN DFWLQJ DV D KRVW IRU /L VWRUDJH KDV EHHQ SURYHG WR RIIHU UHOLDEOH RSHUDWLRQ
ZLWK /L PHWDO DQRGHV� 2QH RI WKH PHFKDQLVPV LQ DOOHYLDWLQJ WKH /L GHQGULWH JURZWK E\ �'
FRQGXFWLYH QHWZRUNV LV WKH UHGXFWLRQ RI HIIHFWLYH FXUUHQW GHQVLW\� )RU D JLYHQ HOHFWURGH DUHD� WKH
�' QHWZRUN ORZHUV WKH HIIHFWLYH DUHDO FXUUHQW GHQVLW\� D FULWLFDO SDUDPHWHU LQ GHWHUPLQLQJ WKH
PDJQLWXGH RI GHQGULWH JURZWK LQ FRUUHODWLRQ ZLWK 6DQG૷V WLPH�>�@ $QRWKHU PHFKDQLVP LV WR JXLGH /L
GHSRVLWLRQ LQWR WKH SRUHV RI D �' QHWZRUN E\ LPSOHPHQWLQJ QXFOHDWLRQ VHHGV >�@ RU IXQFWLRQDOL]DWLRQ
RI WKH FDUERQ VXUIDFH�>�@ 2QH RI WKH SURPLVLQJ FDQGLGDWHV RI �' FRQGXFWLYH /LWKLXP KRVWV DUH
FDUERQ QDQRWXEHV �&17V� EHFDXVH RI WKHLU FDSDELOLW\ RI SHUFRODWLQJ D FRQGXFWLYH QHWZRUN�
+RZHYHU� &17 QHWZRUNV DUH SURQH WR UXSWXUH HDVLO\ GXH WR ODUJH WHQVLOH VWUHVV JHQHUDWHG GXULQJ
OLWKLXP XSWDNH�UHOHDVH F\FOHV� +HUHLQ� ZH SUHVHQW &17 QHWZRUNV LQWHJUDWHG ZLWK D KLJKO\ HODVWLF
ELQGHU� FDOOHG 353$$� YLD VXSUDPROHFXODU LQWHUDFWLRQV� LQ ZKLFK WKH XQLTXH ULQJ�VOLGLQJ PRWLRQ RI
IOH[LEOH SRO\URWD[DQH FRQWDLQLQJ ELQGHU HQGRZHG H[WUDRUGLQDU\ VWUHWFKDELOLW\ DQG HODVWLFLW\ WR WKH
HQWLUH ELQGHU QHWZRUN� ,Q FRPSDULVRQ WR D FRQWURO VDPSOH ZLWK WKH LQHODVWLF ELQGHU �39$�� WKH &17
QHWZRUN ZLWK 353$$ ELQGHU FDQ HQGXUH ODUJH VWUHVV GXULQJ UHSHDWHG OLWKLXP XSWDNH�UHOHDVH F\FOHV�
WKHUHE\ HQKDQFLQJ WKH PHFKDQLFDO LQWHJULW\ RI WKH FRUUHVSRQGLQJ HOHFWURGH RYHU EDWWHU\ F\FOLQJ�
$V D UHVXOW� WKH 353$$�LQFRUSRUDWHG &17 QHWZRUN H[KLELWHG VXEVWDQWLDOO\ LPSURYHG F\FODELOLW\ LQ
OLWKLXP�FRSSHU DV\PPHWULF FHOOV DQG IXOO�FHOOV SDLUHG ZLWK ROLYLQH�/L)H32�� LQGLFDWLQJ WKDW KLJK
HODVWLFLW\ HQDEOHG E\ PHFKDQLFDOO\ LQWHUORFNHG PROHFXOHV VXFK DV SRO\URWD[DQHV FDQ EH D XVHIXO
FRQFHSW LQ DGYDQFLQJ OLWKLXP PHWDO EDWWHULHV�>�@ )LJXUH�� *UDSKLFDO SUHVHQWDWLRQ RI &17 QHWZRUN
FRQILJXUDWLRQ�GXULQJ�OLWKLDWLRQ�DQG�GHOLWKLDWLRQ��I&17�39$�QHWZRUN�YV�I&17�353$$�QHWZRUN�

>�@ ;� /LDQJ� /� )� 1D]DU� 1DW� (QHUJ\ ����� �� ������ >�@ &� /LX� +� 0� &KHQJ� $GY� 0DWHU� �����
��� (��� >�@ :� ;X� -��*� =KDQJ� (QHUJ\ (QYLURQ� 6FL� ����� �� ���� >�@ & 4� 3DQJ� /� )� 1D]DU�
-RXOH ����� �� ���� >�@ *� /L� '� :DQJ� 1DW� (QHUJ\ ����� �� ����� >�@ /� /LX� -� :DQ� $GY�
0DWHU� ����� ��� �������� >�@ '��-� <RR� $� (ODEG� 6� &KRL� <� &KR� -� .LP� 6� -� /HH� 6� +� &KRL� 7��Z�
.ZRQ��.��&KDU��.��-��.LP��$��&RVNXQ��-��:��&KRL��$GY��0DWHU��������$FFHSWHG��
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6SDWLRWHPSRUDO�,PDJLQJ�RI�:DWHU�LQ�2SHUDWLQJ�9ROWDJH�JDWHG�,RQ�&KDQQHOV�5HYHDOV�WKH
6ORZ�0RWLRQ�RI�,QWHUIDFLDO�,RQV

0��(UHPFKHY���2��%��7DUXQ���$��5DGHQRYLF���6��5RNH�


�/DERUDWRU\�IRU�IXQGDPHQWDO�%LR3KRWRQLFV��/%3����FROH�SRO\WHFKQLTXH�I«G«UDOH�GH�/DXVDQQH���
/DERUDWRU\�RI�1DQRVFDOH�%LRORJ\���FROH�SRO\WHFKQLTXH�I«G«UDOH�GH�/DXVDQQH

,RQ FKDQQHOV DUH UHVSRQVLEOH IRU QXPHURXV SK\VLRORJLFDO IXQFWLRQV DQG UHO\ RQ D FRPSOH[ PROHFXODU
LQWHUIDFLDO DUFKLWHFWXUH WKDW KHDYLO\ UHOLHV RQ ZDWHU� $OWKRXJK LRQ FKDQQHO VWUXFWXUH KDV EHHQ
VWXGLHG� WKH PROHFXODU PHFKDQLVP RI RSHUDWLRQDO LRQ FKDQQHOV DQG LQ SDUWLFXODU WKH UROH RI ZDWHU LQ
LW KDV QRW EHHQ DFKLHYHG� +HUH� ZH SHUIRUP VSDWLRWHPSRUDO VHFRQG KDUPRQLF LPDJLQJ DQG
FDSDFLWDQFH PHDVXUHPHQWV RI RSHUDWLRQDO YROWDJH�JDWHGDODPHWKLFLQ LRQ FKDQQHOV LQ D
IUHHVWDQGLQJOLSLG PHPEUDQH VXUURXQGHG E\ DTXHRXV VROXWLRQ RQ HLWKHU VLGH DQG KDYLQJ WKH VDPH
SK\VLRORJLFDOO\ UHOHYDQW VDOW FRQFHQWUDWLRQ� 7KH LPDJH FRQWUDVW RI WKH RSHQLQJ DQG FORVLQJ RI LRQ
FKDQQHOV ZKLFK LV FRQWUROOHG E\ DQ H[WHUQDO ELDV LV GXH WR FKDQJHV LQ WKH RULHQWDWLRQDO GLVWULEXWLRQ
RI ZDWHU PROHFXOHV LQGXFHG E\ HOHFWULF ILHOG JUDGLHQWV� 2QO\ D IUDFWLRQ RI ����RI WKH WUDQVSRUWHG LRQV
DUULYHVDW WKH K\GUDWHG PHPEUDQH LQWHUIDFH� OHDGLQJ WR LQWHUIDFLDO HOHFWURVWDWLF FKDQJHV RQ WKH
WLPH VFDOH RI D VHFRQG� 2XU VWXG\ VKRZV WKDW LRQ WUDQVSRUW DORQJ WKH PHPEUDQH� ZKLFK LV WKRXJKW
WR EH LQYROYHG LQ WKH SURSDJDWLRQ RI DFWLRQ SRWHQWLDO� LV WDNLQJ SODFH RYHU VHFRQGV� 7KLV REVHUYDWLRQ
VXJJHVWV�D�PRUH�FRPSOH[�PHFKDQLVP�IRU�WKH�SURSDJDWLRQ�RI�DFWLRQ�SRWHQWLDOV�
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%LRGHJUDGDEOH�DQG�S+�5HVSRQVLYH�1DQRSDUWLFOHV�IURP�5DGLFDO�5LQJ�2SHQLQJ
3RO\PHUL]DWLRQ

-��*DLW]VFK���-��)ROLQL���-��&��$QGHUVRQ���:��0HLHU�

�0DWWHQVWUDVVH���D��%35�����������%DVHO������*RUGRQ�6WUHHW��/RQGRQ��:&�+��$-���8.���
'HSDUWPHQW�RI�&KHPLVWU\��0DWWHQVWUDVVH���D��%35���

$PSKLSKLOLF EORFN�FRSRO\PHUV DUH LGHDO IRU VHOI�DVVHPEO\ LQWR QDQRSDUWLFOHV DQG KDYH VKRZQ D YHU\
KLJK SRWHQWLDO IRU GUXJ GHOLYHU\ DV ZHOO DV IRU QDQRUHDFWRUV�>�@ :KLOH WKH PDMRULW\ RI VHOI�DVVHPEO\
VWXGLHV DUH SHUIRUPHG ZLWK QRQ�GHJUDGDEOH SRO\PHUV� DOLSKDWLF SRO\HVWHUV DUH DOVR IHDVLEOH
FDQGLGDWHV IRU WKH IRUPDWLRQ RI SRO\PHULF QDQRSDUWLFOHV DQG WKH\ DUH ELRGHJUDGDEOH� :H WKHUHIRUH
ZRUN RQ UDGLFDO ULQJ�RSHQLQJ SRO\PHULVDWLRQ �5523� IURP F\FOLF NHWHQH DFHWDOV �&.$V� WR FUHDWH
VXFK�QDQRSDUWLFOHV�

)LJXUH �� D� 7KH GLROV � FRQWDLQLQJ DQ DPLQH DUH WUDQVIRUPHG LQWR WKH S+ VHQVLWLYH &.$V � E\ ULQJ
FORVXUH DQG IXQFWLRQDO JURXS WUDQVIRUPDWLRQV� E� 7KH QDQRSDUWLFOHV IURP WKH UHVXOWLQJ SRO\HVWHUV
FDQ WKHQ GLVDVVHPEOH XSRQ DFLGLILFDWLRQ �SURWRQDWLRQ RI WKH DPLQHV� RU DGGLQJ HVWHUDVH� WULJJHULQJ
ELRGHJUDGDWLRQ�

,Q RUGHU WR HQKDQFH WKH VFRSH WRZDUG S+�WULJJHUHG UHVSRQVLYHQHVV� DQ 1�IXQFWLRQDOL]HG JURXS ZDV
LQWURGXFHG LQWR HDFK PRQRPHU� 5523 FRPELQHV WKH DGYDQWDJHV RI UDGLFDO SRO\PHUL]DWLRQ LQ EHLQJ
DEOH WR LQFRUSRUDWH VWLPXOL UHVSRQVLYH JURXSV DQG ULQJ�RSHQLQJ SRO\PHUL]DWLRQ �523� WR HQDEOH
ELRGHJUDGDELOLW\ >�@� $OWKRXJK KRPRSRO\PHUL]DWLRQ RI WKH 1�IXQFWLRQDOL]HG &.$V PRQRPHUV E\
5523 ZDV D FKDOOHQJLQJ WDVN� FR�SRO\PHUL]DWLRQ ZLWK 3(*�EDVHG HQG JURXSV ZDV DFFRUGLQJO\
HIᎦFLHQW� 7KH UHVXOWHG DPSKLSKLOLF GLEORFN FRSRO\PHUV LQWURGXFHG WR IRUP QDQRSDUWLFOHV E\ VHOI�
DVVHPEO\� 7KH DELOLWLHV WRZDUG ELRGHJUDGDWLRQ DQG S+�UHVSRQVLYHQHVV ZHUH SURYHQ E\ G\QDPLF
OLJKW VFDWWHULQJ �'/6�� %DVHG RQ WKH REVHUYHG UHVXOWV� WKH QDQRSDUWLFOHV ZHUH UHVSRQVLYH XSRQ S+�
WULJJHUV�DQG�HQ]\PDWLF�GHJUDGDWLRQ�

:H DUH FHUWDLQ WKDW WKHVH UHVXOWV PDUN D JUHDW LPSURYHPHQW IRU 5523 DQG 1DQRSDUWLFOHV LQ
JHQHUDO�

>�@�
*DLW]VFK��-���
+XDQJ��;���
9RLW��%���&KHP��5HY����������������������૱�����
>�@ 
*DLW]VFK� -�� :HOVFK� 3� &�� )ROLQL� -�� 6FKRHQHQEHUJHU� &��$�� $QGHUVRQ� -� &�� 0HLHU� :� 3�� (XU�
3RO\P��-����������������������
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+ROORZ�VLOLFD�FXEHV�ZLWK�FXVWRPLVDEOH�SRURVLW\

6��+��*DOODJKHU���2��7UXVVDUGL���'��%U¾KZLOHU�


�=XULFK�8QLYHUVLW\�RI�$SSOLHG�6FLHQFHV��=+$:���6ZLW]HUODQG�

0HVRSRURXV VLOLFD SDUWLFOHV FRQWDLQ DGYDQWDJHRXV SURSHUWLHV� VXFK DV ODUJH VSHFLILF VXUIDFH DUHDV�
GHILQHG SRUH VWUXFWXUHV DQG YHUVDWLOH VXUIDFH FKHPLVWU\���� 7KH LQWHUQDO YROXPH RI WKH SDUWLFOHV FDQ
EH PD[LPLVHG E\ XVLQJ D WHPSODWH WR SUHSDUH KROORZ VLOLFD SDUWLFOHV� +RZHYHU� WKH FRPPRQ
V\QWKHVLV SURFHGXUH \LHOGV D PDFURSRURXV VLOLFD VKHOO ZLWK D ORZ VXUIDFH DUHD� :H SUHVHQW D
PHWKRG WR SUHSDUH KROORZ FXELF SDUWLFOHV ZLWK D ZHOO�GHILQHG PHVRSRURXV VLOLFD VKHOO DQG D VXUIDFH
DUHD RI XS WR ��� P�J��� $ FXELF PRUSKRORJ\ ZDV FKRVHQ DV LW LV VHOGRP UHSUHVHQWHG LQ WKH
OLWHUDWXUH�EXW�RIIHUV�DWWUDFWLYH�SDFNLQJ�SURSHUWLHV�

6FKHPH �� 3URFHGXUH IRU WKH V\QWKHVLV RI KROORZ PHVRSRURXV VLOLFD FXEHV �+06&�� +HPDWLWH FXEHV
�$� DUH ILUVW FRDWHG ZLWK D VLOLFD OD\HU �%�� $ PDFURSRURXV VLOLFD VKHOO UHPDLQV DIWHU H[WUDFWLRQ RI WKH
KHPDWLWH FRUH �&�� 'HILQHG PHVRSRUHV DUH VXEVHTXHQWO\ LQWURGXFHG E\ SVHXGRPRUSKLF
WUDQVIRUPDWLRQ��'��

,QIRUPDWLRQ UHJDUGLQJ SRURVLW\ ZDV HOXFLGDWHG WKURXJK DUJRQ DQG NU\SWRQ VRUSWLRQ PHDVXUHPHQWV�
&XVWRPLVDELOLW\ ZDV DFKLHYHG E\ WXQLQJ WKH SRUH GLDPHWHU WKURXJK VHOHFWLRQ RI WKH VWUXFWXUH
GLUHFWLQJ DJHQW �6'$�� 9DU\LQJ WKH FRQGLWLRQV RI WKHSVHXGRPRUSKLF WUDQVIRUPDWLRQ �37� FKDQJHG
WKH UHODWLYH DPRXQW RI GHILQHG PHVRSRUHV LQ WKH VLOLFD VKHOOV� &RPSOHWH WUDQVIRUPDWLRQ LQFUHDVHG
WKH VSHFLILF VXUIDFH DUHD E\ D IDFWRU RI ��� ZKLOVW WKH LQWHUQDO YRLG YROXPH DQG FXELF PRUSKRORJ\
ZHUH UHWDLQHG� 7KH KROORZ PHVRSRURXV VLOLFD FXEHV FRXOG EH FRQYHQLHQWO\ DUUDQJHG LQWR D GHQVH
PRQROD\HU�

>�@ )� +RIIPDQQ� 0� &RUQHOLXV� -� 0RUHOO DQG 0� )U¸ED� $QJHZ� &KHPLH � ,QW� (G�� ����� ���
����૱�����
>�@�'��%U¾KZLOHU��1DQRVFDOH��������������૱����
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6WDEOH�,PPRELOL]DWLRQ�RI�(Q]\PH�3RO\PHU�&RQMXJDWHV�LQ�D�3RURXV�6LOLFD�0RQROLWK

1��*K«F]\���&��+RX���3��:DOGH�


�/DERUDWRU\�IRU�0XOWLIXQFWLRQDO�0DWHULDOV��'HSDUWPHQW�RI�0DWHULDOV��(7+�=¾ULFK��9ODGLPLU�3UHORJ�
:HJ����&+������=¾ULFK��6ZLW]HUODQG���)DFXOW\�RI�3ULQWLQJ��3DFNDJLQJ�DQG�'LJLWDO�0HGLD��;L૷DQ
8QLYHUVLW\�RI�7HFKQRORJ\��-LQKXD�6RXWK�5RDG�����;L૷DQ�&LW\����������6KDDQ[L�3URYLQFH��&KLQD

7KURXJK VWDEOH ELV�DU\O K\GUD]RQH ERQGV �%$+�� D ODUJH QXPEHU RI HQ]\PH PROHFXOHV FDQ EH
DWWDFKHG FRYDOHQWO\ WR SRO\FDWLRQLF� GHQGURQL]HG SRO\PHUV �GHPSROV� >�@� 7KH REWDLQHG ZDWHU
VROXEOH HQ]\PH�GHQSRO FRQMXJDWHV FDQ EH LPPRELOL]HG XQGHU PLOG DTXHRXV FRQGLWLRQV DQG XQGHU
UHWHQWLRQ RI HQ]\PDWLF DFWLYLW\ E\ VWDEOH QRQ�FRYDOHQW DGVRUSWLRQ RQ IODW VLOLFD VXUIDFHV >���@� 8VLQJ
FRQMXJDWHV PDGH IURP KRUVHUDGLVK SHUR[LGDVH �+53� RU SURWHLQDVH . �SUR.� DQG D VHFRQG�
JHQHUDWLRQ GHQSRO� VXFFHVVIXO HQ]\PH LPPRELOL]DWLRQ ZDV UHFHQWO\ GHPRQVWUDWHG LQ D PDFUR� DQG
PHVRSRURXV VLOLFD PRQROLWK >�@� 7KHVH PRQROLWKV FRQWDLQLQJ LPPRELOL]HG +53 ZHUH XVHG DV IORZ�
WKURXJK�UHDFWRUV�IRU�WKH�TXDQWLWDWLYH�GHWHUPLQDWLRQ�RI�K\GURJHQ�SHUR[LGH�>�@�

>�@ $QGUHD *URW]N\� 7KRPDV 1DXVHU� +XUL\H (UGRJDQ� $� 'LHWHU 6FKO¾WHU� 3HWHU :DOGH� -� $P� &KHP�
6RF��������������������������
>�@ $QGUHDV .¾FKOHU� -R]HI $GDPFLN� 5DIIDHOH 0H]]HQJD� $� 'LHWHU 6FKO¾WHU� 3HWHU :DOGH�56& $GY��
���������������������
>�@ $QGUHDV .¾FKOHU� -XOLDQ 1� %OHLFK� %HUQKDUG 6HEDVWLDQ� 3HWUD 6� 'LWWULFK� 3HWHU :DOGH� $&6 $SSO�
0DWHU��,QWHUIDFHV�����������������������
>�@ &KHQJPLQ +RX� 1LFRODV *K«F]\� 'DQLHO 0HVVPHU� .DWDU]\QD 6]\PDĆVND� -R]HI $GDPFLN�
5DIIDHOH�0H]]HQJD��$QGU]HM�%��-DU]ÛEVNL��3HWHU�:DOGH��$&6�2PHJD���������������૱�����
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6XSUDPROHFXODU�7KHUPRSODVWLF�0DWHULDOV�%DVHG�RQ�3RO\HWK\OHQH

0��*LIILQ���'��*¸UO���+��)UDXHQUDWK�


�(3)/�67,�,0;�/020��6WDWLRQ�����������/DXVDQQH

0XFK LQWHUHVW KDV EHHQ VKRZQ LQ VXSUDPROHFXODU QHWZRUN IRUPDWLRQ LQ VRIW K\GURJHQ�ERQGHG
SRO\PHUV GXH WR WKHLU DELOLW\ WR IRUP UHYHUVLEOH SK\VLFDO FURVVOLQNV� JLYLQJ ULVH WR WKHUPRSODVWLF
HODVWRPHUV ZLWK VKDUS VRIWHQLQJ WUDQVLWLRQV� 7KH DSSOLFDELOLW\ RI VHOI�DVVHPEO\ FRQFHSWV LQ
VHPLFU\VWDOOLQH SRO\PHUV VXFK DV SRO\HWK\OHQH �3(�� RQ WKH RWKHU KDQG� LV OLPLWHG EHFDXVH WKH
PDFURVFRSLF EXON SURSHUWLHV DUH ODUJHO\ GRPLQDWHG E\ WKH FU\VWDOOLQLW\ RI WKH SRO\PHU PDWUL[� 7KH
LQWURGXFWLRQ RI K\GURJHQ ERQGLQJ XQLWV� KRZHYHU� LQWR WKHVH PDWHULDOV PD\ EH EHQHILFLDO IRU
DYHQXHV�VXFK�DV�VHOI�KHDOLQJ��HQKDQFHG�SURFHVVLQJ��DQG�UHF\FODELOLW\�

+HUH� ZH VKRZ KRZ WKH VXSUDPROHFXODU VWUXFWXUH IRUPDWLRQ LQ KLJK�GHQVLW\ SRO\HWK\OHQH �+'3(��
WKH PRVW DEXQGDQW SRO\PHU XVHG WRGD\� FDQ EH HVWDEOLVKHG LQ RUGHU WR REWDLQ QRYHO WKHUPRSODVWLF
PDWHULDOV� 7R WKLV HQG� ZH PRGLI\ WKH HQG JURXSV RI +'3( ZLWK VKRUW ROLJRSHSWLGHV WKDW IRUP EHWD�
VKHHW WDSHV RU QDQRILEULOV LQ WKH EXON PDWHULDO� $V UHYHDOHG E\ RXU GHWDLOHG UKHRORJLFDO� ,5
VSHFWURVFRSLF� DQG FDORULPHWULF VWXGLHV� WKH VHOI�DVVHPEOHG DQG VHUYH DV SK\VLFDO FURVV�OLQNV IRU
WKH 3( PDWUL[� $V D UHVXOW� WKH PDWHULDO EHKDYHG DV D WKHUPRSODVWLF HODVWRPHU DERYH WKH
FU\VWDOOL]DWLRQ WHPSHUDWXUH DQG VKRZHG D SODWHDX PRGXOXV *૷ ್ ��� 03D� ZKLOH WKH URRP
WHPSHUDWXUH WHQVLOH SURSHUWLHV ZHUH QRW FRQYHUVHO\ DIIHFWHG E\ WKH SUHVHQFH RI WKH
VXSUDPROHFXODU VWUXFWXUHV� 0RUHRYHU� WKH ODWWHU HYHQ VHUYHG DV D VWDELOL]LQJ DJHQW IRU +'3( DW
HOHYDWHG WHPSHUDWXUHV� 2XU ELRLQVSLUHG DSSURDFK RI WKH VXSUDPROHFXODU PRGLILFDWLRQ RI 3(
GHPRQVWUDWHV WKDW WKH WKHUPRPHFKDQLFDO FKDUDFWHULVWLFV RI VHPLFU\VWDOOLQH SRO\PHUV LQ JHQHUDO�
DQG SRO\HWK\OHQH LQ SDUWLFXODU� FDQ EH WDLORUHG IRU LPSURYHG SURFHVVLQJ DQG D EURDGHQHG VFRSH RI
DSSOLFDWLRQV�

>�@�(PPDQXHO�&URLVLHU��+ROJHU�)UDXHQUDWK��HW��DO��1DWXUH�&RPPXQLFDWLRQV���������������
>�@�6HEDVWLDQ�6HLIIHUW��-RULV�6SUDNHO��&KHP��6RF��5HY�������������������૱����
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5HLQIRUFHG�6XSUDPROHFXODU�3RO\PHU�1HWZRUNV���)URP�&RQFHSWXDO�'HVLJQ�7RZDUGV
0DWHULDOV�6WDQGDUGL]DWLRQ

'��*¸UO���6��+DUDJXFKL���2��2JX]KDQ���+��)UDXHQUDWK�

�(3)/�67,�,0;�/020��6WDWLRQ�����������/DXVDQQH

6XSUDPROHFXODU QHWZRUNV REWDLQHG IURP SRO\PHUV ZLWK VHOI�DVVHPEOLQJ HQG JURXSV UHVXOW LQ
WKHUPRSODVWLF HODVWRPHUV ZLWK ZHOO�GHILQHG DQG WDLORUDEOH WKHUPDO WUDQVLWLRQV�>�@ +RZHYHU� FXUUHQW
H[DPSOHV H[FOXVLYHO\ UHO\ RQ ORZ RU PRGHUDWH PROHFXODU ZHLJKW SRO\PHU VHJPHQWV� VLQFH HQG
JURXS VHOI�DVVHPEO\ EHFRPHV SURJUHVVLYHO\ LQHIILFLHQW DW LQFUHDVLQJ SRO\PHU PROHFXODU ZHLJKW�
7KLV VHYHUHO\ OLPLWV WKH UHVXOWLQJ PDWHULDOV૷ WHQVLOH SURSHUWLHV� SDUWLFXODUO\ DW ODUJH VWUDLQV� DV WKHVH
SURSHUWLHV�ODUJHO\�GHSHQG�RQ�SRO\PHU�HQWDQJOHPHQW�
+HUH� ZH SUHVHQW KRZ WKH VXSUDPROHFXODU PRGLILFDWLRQ RI GLIIHUHQW KLJK PROHFXODU ZHLJKW SRO\PHUV
FDQ EH HPSOR\HG WR REWDLQ D ZLGH YDULHW\ RI HODVWRPHULF RU WKHUPRSODVWLF PDWHULDOV ZLWK RIWHQ
H[WUDRUGLQDU\ WKHUPRPHFKDQLFDO SURSHUW\ SURILOHV� 7R WKLV HQG� ZH PDGH XVH RI ROLJRSHSWLGH HQG
JURXSV WKDW DUH VHOI�FRPSOHPHQWDU\ DQG GLWRSLF LQ QDWXUH DQG WKHUHIRUH VHOI�DVVHPEOH LQWR ZHOO�
GHILQHG� RQH�GLPHQVLRQDOO\ H[WHQGHG QDQRVWUXFWXUHV�>�@ 7KLV SDUWLFXODU IHDWXUH UHQGHUV WKHP
FDSDEOH WR FR�DVVHPEOH ZLWK D FRUUHVSRQGLQJ ORZ PROHFXODU ZHLJKW DGGLWLYH� LQGHSHQGHQWO\ RI WKH
FKRVHQ SRO\PHU PROHFXODU ZHLJKW �)LJXUH ��� $V UHYHDOHG E\ RXU GHWDLOHG WKHUPRPHFKDQLFDO
DQDO\VLV� FRPSOHPHQWHG E\ VSHFWURVFRSLF� VFDWWHULQJ� DQG LPDJLQJ WHFKQLTXHV� VXFK
VXSUDPROHFXODU QDQRVWUXFWXUHV SURYLGH DQ HIIHFWLYH VWUXFWXUDO UHLQIRUFHPHQW RI HQWDQJOHG
SRO\PHUV DW DGGLWLYH FRQFHQWUDWLRQV DV ORZ DV � ZW�� ZKLFK OHDGV WR D UREXVW SRO\PHU QHWZRUN WKDW
UHPDLQV�WKHUPRG\QDPLFDOO\�VWDEOH�XS�WR�WKH�GLVVRFLDWLRQ�WHPSHUDWXUH�
:H GHPRQVWUDWH WKDW WKLV DSSURDFK FRQVWLWXWHV D XQLYHUVDO SDWKZD\ WR QHZ VXSUDPROHFXODU
HODVWRPHUV DQG WKHUPRSODVWLF PDWHULDOV ZLWK XQXVXDO FRPELQDWLRQV RI KLJK VRIWHQLQJ
WHPSHUDWXUHV� VWUDLQ DW EUHDN� \LHOG VWUHQJWK� GXFWLOLW\� WRXJKQHVV� DQG SURFHVVLQJ RSWLRQV� 7KH
WDLORUDELOLW\ RI WKHVH SDUDPHWHUV PD\ KHQFH SDYH WKH ZD\ WRZDUGV WKH VWDQGDUGL]DWLRQ RI SODVWLF
PDWHULDOV EDVHG RQ D UHGXFHG DPRXQW RI XVHG EDVH SRO\PHUV LQ RUGHU WR IRVWHU WKH WUDQVLWLRQ WR D
FLUFXODU�DQG�PRUH�VXVWDLQDEOH�HFRQRP\�

)LJXUH �� &R�DVVHPEO\ RI PROHFXODUO\ XQLIRUP SRO\PHU HQG JURXSV DQG PDWFKLQJ DGGLWLYHV OHDGV
WR UHLQIRUFHG QDQRVWUXFWXUHV� ZKLFK JLYHV ULVH WR QRYHO VXSUDPROHFXODU HODVWRPHUV DQG
WKHUPRSODVWLFV�

>�@�7RUVWHQ�5RVVRZ��6HEDVWLDQ�6HLIIHUW��$GY��3RO\P��6FL�������������������
>�@�(PDQXHO�&URLVLHU�HW�DO���1DW��&RPPXQ�����������������

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


3RO\PHUV��&ROORLGV�	�,QWHUIDFHV��3RVWHU 3,����

/D\HU�E\�/D\HU�6HOI�$VVHPEO\�RI�&DWLRQLF�DQG�$QLRQLF�6XSUDPROHFXODU�3RO\PHUV

-��-HYULF���6��0��/DQJHQHJJHU���5��+¦QHU�


�'HSDUWPHQW�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\��8QLYHUVLW\�RI�%HUQ

7KH VHOI�DVVHPEO\ RI VHYHUDO DPLQH�OLQNHG VXSUDPROHFXODU SRO\PHUV ZLWK D SRVLWLYHO\ FKDUJHG
EDFNERQH LQ DTXHRXV PHGLXP LV VWXGLHG� 3UHYLRXVO\� LW ZDV VKRZQ WKDW ����GLVXEVWLWXWHG
SKRVSKRGLHVWHU�OLQNHG S\UHQH WULPHUV ૱ SRVVHVVLQJ D QHJDWLYHO\ FKDUJHG EDFNERQH � DVVHPEOH LQWR
VKHHWV� 'XH WR HOHFWURVWDWLF LQWHUDFWLRQV RI WKH FDWLRQLF DQG DQLRQLF VSHFLHV� DOWHUQDWHG OD\HULQJ RI
WKH VHOI�DVVHPEOHG VWUXFWXUHV LV SRVVLEOH� 7KH VXSUDPROHFXODU SRO\PHUV DUH XVXDOO\ SUHIRUPHG LQ
WKHLU VSHFLILF HQYLURQPHQW� LQ RUGHU WR DYRLG SUREOHPV EHFDXVH RI GLIIHUHQW DPELHQW FRQGLWLRQV�
7KHUHIRUH� WKH OD\HULQJ RQ D PLFD VXEVWUDWH LV GRQH LQ D VWHSZLVH SURFHGXUH� 7KH VWUXFWXUHV IRUPHG
E\�OD\HU�E\�OD\HU�VHOI�DVVHPEO\�DUH�DQDO\]HG�E\�PLFURVFRS\��$)0��7(0��

>�@ &DUROLQH '� %¸VFK� -RYDQD -HYULF� 1XWFKD %¾UNL� 0DUNXV 3UREVW� 6LPRQ 0� /DQJHQHJJHU� 5REHUW
+¦QHU��%LRFRQMXJDWH�&KHP����������������������
>�@ 0\NKDLOR 9\ERUQ\L� $OH[DQGHU 9� 5XGQHY� 6LPRQ 0� /DQJHQHJJHU� 7KRPDV :DQGORZVNL� *LRQ
&DO]DIHUUL��5REHUW�+¦QHU��$QJHZ��&KHP��,QW��(G������������������������
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(OHFWUR�WULJJHUHG�VHOI�DVVHPEO\�DQG�LQ�VLWX�QDQRSDUWLFOH�VHQVLWL]DWLRQ�RI�VXSUDPROHFXODU
PHWDO�SRO\SKHQROLF�QDQRILOPV�GHVLJQHG�IRU�YROWDPPHWULF�VHQVLQJ�RI�DOXPLQXP�LQ�EORRG

VHUXP

$��.U\ZNR�&HQGURZVND�����/��0DURW���)��%RXOPHGDLV�


�8QLYHULVW\�RI�6WUDVERXUJ��&156��,QVWLWXW�&KDUOHV�6DGURQ��6WUDVERXUJ��)UDQFH���'HSDUWPHQW�RI
3K\VLFV��8QLYHUVLW\�RI�%DVHO��.OLQJHOEHUJVWUDVVH����������%DVHO��6ZLW]HUODQG

1DQRPDWHULDO�GRSHG VXSUDPROHFXODU PHWDO�SRO\SKHQROLF WKLQ VHQVRU ILOPV UHSUHVHQW D XQLTXH FODVV
RI FRPSRVLWH PDWHULDOV� 7KHLU SURSHUWLHV DQG VHQVLWLYLW\ FDQ EH HDVLO\ PRGLILHG YLD FRQWUROOHG VHOI�
DVVHPEO\ RI WKHLU PROHFXODU FRPSRQHQWV� ,Q WKLV ZRUN ZH SUHVHQW D QRYHO LRQLFDOO\�LPSULQWHG WKLQ
VHQVRU ILOP EDVHG RQ WDQQLF DFLG� 7$� DQG VLOYHU QDQRSDUWLFOHV� $J 13V� ZKLFK ZDV WDLORU�GHVLJQHG
IRU YROWDPPHWULF WUDFLQJ RI DOXPLQXP LRQV �,,,�� $O��� LQ ELRORJLFDO IOXLG� ,Q WKH ILUVW VWDJH� $J 13V
ZHUH REWDLQHG YLD GLUHFW UHGXFWLRQ RI $J� E\ 7$ UHVXOWLQJ LQ WDQQLF DFLG�FDSSHG VLOYHU QDQRFOXVWHUV
RI VL]H UDQJLQJ EHWZHHQ � DQG �� QP� DV REVHUYHG E\ G\QDPLF OLJKW VFDWWHULQJ DQG WUDQVPLVVLRQ
HOHFWURQ PLFURVFRS\� 1H[W� WKH 7$ PROHFXOHV DGVRUEHG RQ WKHVH QDQRFOXVWHUV ZHUH VXEMHFWHG WR
FRPSOH[DWLRQ ZLWK $O�� EHIRUH WKH DSSOLFDWLRQ RI DQRGLF SRWHQWLDO RI ��� 9� WR VHOI�DVVHPEOH WKH
�7$#$J13V�[ $O VSHFLHV RQ WKH VXUIDFH RI WKH HOHFWURGH� 7KH SRWHQWLDO DSSOLHG ZDV VXIILFLHQW
HQRXJK WR FDXVH FURVV�OLQNLQJ EHWZHHQ WKH PROHFXOHV RI 7$ DQG WKXV� WR LPSURYH WKH FKHPLFDO
UREXVWQHVV RI WKH ILOP� L�H� WR DYRLG LWV GHVWUXFWLRQ XQGHU SK\VLRORJLFDO FRQGLWLRQV� 7KH $O�� LRQV
LPSULQWHG RQ WKH VXUIDFH RI WKH ILOP� ZHUH WKHQ FKHPLFDOO\ UHPRYHG IURP WKH ILOP� DV PRQLWRUHG E\
F\FOLF YROWDPPHWU\ DQG ;�UD\ SKRWRHOHFWURQ VSHFWURVFRS\� FUHDWLQJ YDFDQFLHV UHDG\ WR ELQG WKH
$O�� SUHVHQW LQ WKH DQDO\]HG IOXLG� 7KH REWDLQHG ILOP ZDV HPSOR\HG IRU VHQVLQJ RI $O�� SUHVHQW LQ
WKH EORRG VHUXP� $ FRUUHODWLRQ EHWZHHQ WKH FXUUHQW YDOXH RI 7$�$O�� &9 SHDN DQG WKH FRQFHQWUDWLRQ
RI $O�� LQ WKH UDQJH FRUUHVSRQGLQJ WR DOXPLQXP OHYHOV IRU D KHDOWK\ LQGLYLGXDO� IURP � WR � wJ�/�
ZDV�REWDLQHG�
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/LQNLQJ�NLQHWLFV�WR�YLVFRHODVWLFLW\�LQ�G\QDPLF�FRYDOHQW�K\GURJHOV�E\��'��+�105

%��0DUFR�'XIRUW���0��:��7LEELWW�


�'HSDUWPHQW�RI�0HFKDQLFDO�DQG�3URFHVV�(QJLQHHULQJ��(7+�=¾ULFK

'\QDPLF FRYDOHQW QHWZRUNV HQDEOH WKH IRUPDWLRQ RI UHVSRQVLYH� PRXOGDEOH� DQG VHOI�KHDOLQJ
PDWHULDOV� DV WKH ERQGV LQ WKH QHWZRUN FDQ EUHDN DQG UHIRUP LQ UHVSRQVH WR H[WHUQDO VWLPXOL� 7KH
PDFURVFDOH SURSHUWLHV RI WKHVH QHWZRUNV GHSHQG RQ WKH VSHFLILF FKHPLVWU\ RI WKH FURVV�OLQN ELQGLQJ
SDLUV DV ZHOO DV WKH QHWZRUN WRSRORJ\ >�@� ,Q WKLV ZRUN� ZH UHODWHG WKH YLVFRHODVWLF SURSHUWLHV RI
G\QDPLF FRYDOHQW QHWZRUNV� DV PHDVXUHG E\ G\QDPLF PHFKDQLFDO DQDO\VLV� WR WKH PLFURVFRSLF
EHKDYLRXU RI WKH UHYHUVLEOH MXQFWLRQV� WKURXJK NLQHWLF VWXGLHV XVLQJ �' �+ 105 H[FKDQJH
VSHFWURVFRS\ �(;6<�� %RURQLF HVWHU�EDVHG K\GURJHOV �)LJXUH �D� ZHUH XVHG DV PRGHO G\QDPLF
FRYDOHQW QHWZRUNV� DV WKHLU YLVFRHODVWLF SURSHUWLHV FDQ EH WXQHG RYHU VHYHUDO RUGHUV RI PDJQLWXGH
E\�WDLORULQJ�WKH�FKHPLVWU\�RI�WKH�DFLG�GLRO�ELQGLQJ�SDLU�RU�E\�FKDQJLQJ�QHWZRUN�S+�>�@�

)LJXUH � D� 5HYHUVLEOH QHWZRUN IRUPDWLRQ IRU D W\SLFDO ERURQLF HVWHU�EDVHG K\GURJHO� )UHTXHQF\
VZHHSV VKRZLQJ SODWHDX PRGXOXV *�ଐ DQG UHOD[DWLRQ WLPH ͘U DUH VKRZQ IRU JHOV IRUPHG DW E�
GLIIHUHQW ZHLJKW SHUFHQWDJHV DQG F� YDU\LQJ S+� G� $ UHSUHVHQWDWLYH �' �+ 105 VSHFWUXP VKRZV
KRZ IRUZDUG DQG EDFNZDUG UHDFWLRQ UDWHV NI DQG NE EHWZHHQ H[FKDQJLQJ ERURQLF DFLGV DQG GLROV
DUH REWDLQHG LQ (;6< IURP WKH UHODWLYH LQWHQVLWLHV RI WKH FURVV�SHDNV WR WKH GLDJRQDO DW GLIIHUHQW
PL[LQJ WLPHV ��V� ���V� DQG ���V�� H� )UHTXHQF\ VZHHSV IRU JHOV DW GLIIHUHQW S+ VFDOH ZLWK WKH
UHDFWLRQ�UDWHV�REWDLQHG�IURP�(;6<�
2VFLOODWRU\ VKHDU UKHRPHWU\ UHYHDOHG WKDW WXQLQJ QHWZRUN GHQVLW\ FRQWUROOHG WKH SODWHDX
PRGXOXV *�ଐ EXW GLG QRW LQIOXHQFH WKH UHOD[DWLRQ WLPH ͘U �)LJXUH �E�� ,Q FRQWUDVW� YDU\LQJ WKH S+
FKDQJHG ͘U EXW GLG QRW DIIHFW *�ଐ �)LJXUH �F�� 7R UHODWH MXQFWLRQ NLQHWLFV WR PDWHULDO SURSHUWLHV� WKH
UHDFWLRQ UDWHV IRU ELQGLQJ DQG XQELQGLQJ RI WKH ERURQLF HVWHU FURVV�OLQNV ZHUH REWDLQHG XVLQJ �' �+
105 (;6< �)LJXUH �G� >�@� 7KLV PHWKRG ZDV XVHG WR FDOFXODWH WKH UHDFWLRQ UDWHV IRU VHOHFWHG
ERURQLF DFLGV DQG GLROV DW GLIIHUHQW S+� )LJXUH �H VKRZV KRZ WKH IUHTXHQF\ VZHHSV IRU JHOV DW
GLIIHUHQW S+ VFDOH ZLWK WKH UHDFWLRQ UDWHV REWDLQHG IURP (;6<� 7KLV ZRUN� ZKLFK OLQNV G\QDPLFV RI
WKH MXQFWLRQ FKHPLVWU\ LQ D UHYHUVLEOH QHWZRUN WR LWV EXON EHKDYLRXU� LV EHLQJ XVHG WR GHYHORS
SK\VLFDO PRGHOV WKDW UHODWH ELQGLQJ SDLU WKHUPRG\QDPLFV DQG NLQHWLFV WR PDFURVFDOH SURSHUWLHV LQ
RUGHU�WR�HQDEOH�WKH�UDWLRQDO�GHVLJQ�RI�K\GURJHO�V\VWHPV�

>�@�%��0DUFR�'XIRUW��0��:��7LEELWW��0DWHULDOV�7RGD\�&KHPLVWU\��������������૱���
>�@�9��<HVLO\XUW��'��$QGHUVRQ��$GY��0DWHU���������������૱���
>�@�-��/X��'��=KX��-��&KHP��6RF���'DOWRQ�7UDQV����������������������
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6TXDUDLQH�FRQWDLQLQJ�SKRVSKRGLHVWHU�OLQNHG�SRO\PHUV��YDULHW\�RI�FRPSRXQGV�IRU
YDULRXV�DSSOLFDWLRQV

/��0DUNRYD���5��+¦QHU�


�'HSDUWPHQW�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\��8QLYHUVLW\�RI�%HUQ��)UHLHVWUDVVH����%HUQ�&+�����

7KH PHWKRGV GHYHORSHG IRU SUHSDUDWLRQ RI V\QWKHWLF '1$ RSHQ EURDG SHUVSHFWLYHV IRU V\QWKHVLV RI
QHZ PDWHULDOV ZLWK XQLTXH SURSHUWLHV� 7KXV� QRW RQO\ QDWXUDO QXFOHRWLGHV FDQ EH LQYROYHG LQ WKH
V\QWKHVLV EXW DOVR DUWLILFLDO PROHFXOHV ZKLFK SURSHUWLHV ZLOO GHWHUPLQH WKH SURSHUWLHV RI WKH
V\QWKHVL]HG�ROLJRPHU�
6TXDUDLQHV RU VTXDUDLQH G\HV EHORQJ WR FKURPRSKRUHV ZKLFK DEVRUE DQG HPLW OLJKW LQ WKH ORQJ�
ZDYHOHQJWK �QHDU૱,5� UHJLRQ RI WKH YLVLEOH VSHFWUXP� 7KH\ H[KLELW D PRODU DEVRUSWLYLW\ RI XS WR ���
��� 0��FP�� DQG VWURQJ GHSHQGHQFH RI WKH IOXRUHVFHQFH FKDUDFWHULVWLFV RQ HQYLURQPHQWDO�
)XUWKHUPRUH��WKH\�WHQG�WR�IRUP�ZHOO�RUGHUHG�DJJUHJDWHV�LQ�RUJDQLF�DQG�DTXHRXV�VROXWLRQV�
,Q WKLV ZRUN� ZH SUHVHQW DQ RYHUYLHZ RI WKH VTXDUDLQH�FRQWDLQLQJ SKRVSKRGLHVWHU�OLQNHG SRO\PHUV
ZKLFK ZH KDYH V\QWKHVL]HG E\ D VROLG SKDVH SKRVSKRUDPLGLWH DSSURDFK DQG ILJXUH RXW WKH ILHOGV RI
WKHLU�DSSOLFDWLRQ�

:H IRXQG WKDW WKH VTXDUDLQH�FRQWDLQLQJ SKRVSKRGLHVWHU�OLQNHG ROLJRPHUV FDQ EH SRWHQWLDOO\ XVHG
OLNH QHDU�,5 FKLURSWLFDO UHSRUWHUV �W\SH $� >�� �@� 7\SH % ROLJRPHUV DUH D SURPLVLQJ V\VWHP IRU
VWXG\LQJ LQWHUDFWLRQV EHWZHHQ VTXDUDLQH PROHFXOHV� 2OLJRPHUV & DQG ' IRUP ORQJ�ZDYHOHQJWK
VXSUDPROHFXODU�SRO\PHUV�LQ�DTXHRXV�VROXWLRQV�

>�@ /DU\VD 0DUNRYD� 9ODGLPLU 0DOLQRYVNLL� /HRQLG 3DWVHQNHU� 5REHUW +¦QHU� 2UJ� %LRPRO� &KHP��
��������������������
>�@ /DU\VD 0DUNRYD� 9ODGLPLU 0DOLQRYVNLL� /HRQLG 3DWVHQNHU� 5REHUW +¦QHU� &KHP� &RPPXQ�� �����
��������������
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8OWUDOLJKW�JUDSKHQH�FDUERQ�QDQRILEHU�DHURJHOV�IRU�FRPELQHG�JDV�DQG�SDUWLFOH�ILOWUDWLRQ

1��$��0RHVFKOLQ���&��$GOKDUW�


�,QVWLWXWH�RI�&KHPLVWU\�DQG�%LRWHFKQRORJ\��=XULFK�8QLYHUVLW\�RI�$SSOLHG�6FLHQFHV�=+$:

3DUWLFOH RU DHURVRO ILOWUDWLRQ LV WKH PDMRU DSSOLFDWLRQ RI QDQRILEHU PDWV �1)0�� 6XFK 1)0V DUH
W\SLFDOO\ REWDLQHG IURP HOHFWUR�VSXQ QDQRILEHUV >�@� 5HPRYDO RI YRODWLOH RUJDQLF JDVHV XVLQJ 1)0V�
LV UHODWLYHO\ QHZ� EXW WKH KLJK VSHFLILF VXUIDFH DUHD� WKH SRURXV VWUXFWXUH RI 1)0V SURYLGH D
SURPLVLQJ�DQG�YHUVDWLOH�SODWIRUP�IRU�JDV�DGVRUSWLRQ�>�@�

+HUH� ZH V\QWKHVL]HG D �' XOWUDOLJKW FRPSRVLWH IURP QDQRILEHUV DQG JUDSKHQH� DOVR NQRZQ DV
QDQRILEHU VSRQJH RU QDQRILEHU DHURJHO �1)$� ZLWK WKH SXUSRVH RI FRPELQLQJ JDV DQG SDUWLFOH
ILOWUDWLRQ ZLWKLQ WKH VDPH PDWHULDO� 7KH 1)$V ZHUH SUHSDUHG IURP HOHFWUR�VSXQ SRO\DFU\ORQLWULOH
�3$1� QDQRILEHUV WKURXJK GU\LQJ DQG VXEVHTXHQW SHUR[LGDWLRQ �DYHUDJH GLDPHWHU RI ��� QP��
IROORZHG E\ FXWWLQJ �DYHUDJH OHQJWK RI �� wP�� GLVSHUVLQJ WKHP LQ GHLRQL]HG ZDWHU DQG PL[LQJ WKH
GLVSHUVLRQ ZLWK D JUDSKHQH R[LGH VXVSHQVLRQ� )UHH]LQJ WKH VXVSHQVLRQ DW ��� r&� IROORZHG E\
IUHH]H�GU\LQJ DQG ILQDO WUHDWPHQW DW ��� r& UHVXOWHG LQ D JUDSKHQH FDUERQ 1)$ DV DOUHDG\
GHVFULEHG E\ +XDQJ HW DO� >�@� 7KH 1)$ VKRZHG XOWUDORZ GHQVLWLHV RI ��� s ��� PJ FP��� D KLJK
SRURVLW\ XS WR ������� D SHUPHDELOLW\ RI ���y���� PP�� D VSHFLILF VXUIDFH DUHD RI �� P� J�� DQG D
<RXQJ
V PRGXOXV RI XS WR ����� N3D� 7KH UHYHUVLEOH &2� DGVRUSWLRQ FDSDFLW\ DW �� r& ZDV �� PJ
J��� ZKLOH 1� DQG 2� GLG QRW DGVRUE� &XUUHQWO\ ZH DUH HYDOXDWLQJ WKH SDUWLFOH DGVRUSWLRQ FDSDFLW\ RI
WKH 1)$V ZKLFK PD\ UHDFK XS WR ������� >�@ � WR H[SORLW WKH SRWHQWLDO RI FRPELQHG JDV DQG
SDUWLFOH�ILOWHU�

>�@ )DELDQ 'HXEHU� 6DUD 0RXVDYL� /XNDV )HGHUHU� 0DUFR +RIHU� &KULVWLDQ $GOKDUW� $&6 $SSO� 0DWHU�
,QWHUIDFHV����������������������
>�@ 0LDRPLDR =KX� -LQJTXDQ +DQ� )DQJ :DQJ� :HL 6KDR� 5DQKXD ;LRQJ� 4LOX =KDQJ� +XL 3DQ� <RQJ
<DQJ� 6DQJUDP .HVKDUL 6DPDO� )HQJ =KDQJ� &KDRER +XDQJ� 0DFURPRO� 0DWHU� (QJ�� ����� ����
�૱���
>�@ <XQSHQJ +XDQJ� )HLOL /DL� /RQJVKHQJ =KDQJ� +HQJ\L /X� <XH�(� 0LDR� 7LDQ[L /LX�6FL� 5HS��
����������૱���
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6\QWKHVLV�RI�&KLWRVDQ�%DVHG�1DQRPDWHULDOV�IRU�&RQGHQVDWLRQ�RI�'1$�LQ�*HQH�7KHUDS\
RI�/LYHU�'LVHDVHV

/��1LFROOH���&��-RXUQRW���$��*KHDWD���3��'HWDPSHO���7��(LQIDOW���+��*ULVFK���0��:LOOLPDQ���%��7K¸Q\���-�
+XZ\OHU���6��*HUEHU�/HPDLUH�


�,6,&��(FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH���3KDUPDFHXWLFDO�6FLHQFHV��8QLYHUVLW\�RI�%DVHO���
3DHGLDWULFV��8QLYHUVLW\�&KLOGUHQ૷V�+RVSLWDO�=¾ULFK���,QVWLWXWH�RI�&KHPLFDO�6FLHQFHV�DQG�(QJLQHHULQJ�

(3)/�/DXVDQQH

*HQH WKHUDS\ FDQ PDNH SURILW RI YLUDO DQG QRQ�YLUDO YHFWRUV WR GHOLYHU 51$ RU SODVPLG '1$
�S'1$��� :KHUHDV WKH IRUPHU RIIHUV EHWWHU WUDQVIHFWLRQ HIILFLHQFLHV� QRQ�YLUDO YHFWRUV SURYLGH VDIHU
SURILOHV ZLWK QR RU ORZ LPPXQRJHQLFLW\ DQG HDVH RI SURGXFWLRQ DQG DGPLQLVWUDWLRQ WR WKH SDWLHQW��
7KHVH ELRFRPSDWLEOH GHOLYHU\ V\VWHPV DUH EDVHG RQ ELRGHJUDGDEOH SRO\PHUV VXFK DV FKLWRVDQ �&6�
RU SRO\HWK\OHQH JO\FRO �3(*�� :H KHUHLQ GHVFULEH WKH GHYHORSPHQW RI D S'1$ SRO\PHULF�EDVHG
QDQRFDUULHU IRU JHQH WKHUDS\ RI OLYHU GLVHDVHV� 7KLV GHOLYHU\ V\VWHP LV ILUVW FRPSRVHG RI D &6
EDFNERQH FRQMXJDWHG WR EUDQFKHG SRO\HWK\OHQHLPLQH �%3(,� FKDLQV DOORZLQJ FRQGHQVDWLRQ RI S'1$�
$ VHFRQG &6�EDVHG FRPSRQHQW LQFOXGH JUDIWHG 3(* GHULYDWLYHV SUHVHQWLQJ FURVV�UHDFWLYH HQG
IXQFWLRQDOLWLHV� &RPELQDWLRQ RI WKHVH &6 GHULYDWLYHV ZLWK YDULDWLRQ RQ WKH QDWXUH RI WKH FRYDOHQW
JUDIWLQJ OLQNDJH DQG RQ WKH FURVVOLQNLQJ VWUDWHJ\ VKRZHG VLJQLILFDQW LPSDFW RQ VROXELOLW\ LQ DFLGLF
EXIIHU� SDFNLQJ SURSHUWLHV DQG DOVR WUDQVIHFWLRQ HIILFLHQF\� 7KH FKHPLFDO FRPSRVLWLRQ RI WKH
PXOWLIXQFWLRQDO SRO\PHUV REWDLQHG ZDV GHWHUPLQHG E\ �' DQG �' 105 VSHFWURVFRS\� 7KH ILUVW
UHVXOWV�RI�LQ�YLWUR�DQG�LQ�YLYR�HYDOXDWLRQ�DUH�DOVR�GLVFORVHG�

>�@ *XLPLDR /LQ� /L /L� 1LVKWKD 3DQZDU� -LH :DQJ� 6ZHH &KXDQ 7MLQ� ;LDRPHL :DQJ� .HQ�7\H <RQJ�
&RRUGLQDWLRQ�&KHPLVWU\�5HYLHZ��������������������
>�@ 'RQJQL :X� <RQJQX =KDQJ� ;LDRWLQJ ;X� 7LQJ *XR� 'HPLQJ ;LH� 5RQJ =KX� 6KHQJIHQJ &KHQ�
6HHUDP�5DPDNULVKQD��/LXPLQ�+H��$FWD�%LRPDWHULDOD��������������������
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&RPSOH[�&KHPLFDO�'\QDPLFV�IRU�7LPH�'RPDLQ�&RQWURO�RI�6HOI�$VVHPEO\�DQG
6XSUDPROHFXODU�*HODWLRQ

*��3DQ]DUDVD���(��5��'XIUHVQH�


�/DERUDWRU\�IRU�6RIW�DQG�/LYLQJ�0DWHULDOV��'HSDUWPHQW�RI�0DWHULDOV��(7+�=XULFK

7KH DELOLW\ WR FRQWURO VHOI�DVVHPEO\ RI SRO\PHUV DQG FROORLGV LQ WKH WLPH GRPDLQ ZLOO RSHQ QHZ
H[FLWLQJ SHUVSHFWLYHV IRU PDWHULDOV VFLHQFH� HVSHFLDOO\ IRU WKH GHYHORSPHQW RI DFWLYH� RXW�RI�
HTXLOLEULXP ELRPLPHWLF PDWHULDOV ���� &RPSOH[ FKHPLFDO G\QDPLFV VXFK DV WKRVH GLVSOD\HG E\
FORFN UHDFWLRQV� V\VWHPV LQ ZKLFK SURGXFW IRUPDWLRQ RFFXUV DEUXSWO\ DIWHU D WDLORUDEOH LQGXFWLRQ
WLPH��DUH�IXQGDPHQWDO�WRROV�WR�DFKLHYH�WKLV�JRDO�

+HUH ZH SURYLGH DQ DFFRXQW RI WKH UHVXOWV DFFRPSOLVKHG LQ RXU /DERUDWRU\ E\ FRXSOLQJ GLIIHUHQW
FKHPLFDO FORFNV DV LQ VLWX VRXUFHV RI VWLPXOL �S+� UHGR[� ZLWK PROHFXODU DQG PDFURPROHFXODU
EXLOGLQJ�EORFNV�WR�REWDLQ�SDUWLFOHV�DQG�JHOV�

:H VKRZ KRZ WKH IRUPDOGHK\GH�VXOILWH UHDFWLRQ DOORZV WKH S+�GULYHQ� WLPH�FRQWUROOHG SUHFLSLWDWLRQ
RI FKLWRVDQ� D ELRSRO\PHU ZLWK EURDG WHFKQRORJLFDO DSSOLFDWLRQV ���� :H SURYH WKDW WUDQVLHQW� S+�
PHGLDWHG VXSUDPROHFXODU VHOI�DVVHPEO\ RI SHU\OHQHGLLPLGH G\HV FDQ EH DFKLHYHG ZLWK
XQSUHFHGHQWHG WHPSRUDO FRQWURO �)LJXUH ��� ,Q DGGLWLRQ� ZH GHPRQVWUDWH KRZ VXSUDPROHFXODU JHO
IRUPDWLRQ�FDQ�EH�FRQWUROOHG�E\�PHDQV�RI�FORFN�UHDFWLRQV�

>�@ (OHQD 7RWK�6]HOHV� -XGLW +RUYDWK� *DERU +ROOR� 5RV]VD 6]XFV� +LGH\XNL 1DNDQLVKL� ,VWYDQ /DJ]L�
0RO��6\VW��'HV��(QJ�������������������

>�@ *XLGR 3DQ]DUDVD� $OLQD 2V\SRYD� $OED 6LFKHU� $ULH %UXLQLQN� (ULF 5� 'XIUHVQH� 6RIW 0DWWHU �����
�������������

>�@ (OHQD 7RWK�6]HOHV� -XGLW +RUYDWK� *DERU +ROOR� 5RV]VD 6]XFV� +LGH\XNL 1DNDQLVKL� ,VWYDQ /DJ]L�
0RO��6\VW��'HV��(QJ������������������
>�@ *XLGR 3DQ]DUDVD� $OLQD 2V\SRYD� $OED 6LFKHU� $ULH %UXLQLQN� (ULF 5� 'XIUHVQH� 6RIW 0DWWHU �����
�������������

�
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5ROH�DQG�LQIOXHQFH�RI�FDUERK\GUDWHV�RQ�VXSUDPROHFXODU�VHOI�DVVHPEO\

*��3LFFD���5��+¦QHU���6��0��/DQJHQHJJHU�

�'HSDUWPHQW�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\��8QLYHUVL

6XSUDPROHFXODU SRO\PHUV DUH DUUD\V LQ ZKLFK WKH VLQJOH XQLWV DUH KHOG WRJHWKHU WKURXJK QRQ�
FRYDOHQW ERQGV� 7KH\ UHSUHVHQW SURPLVLQJ FDQGLGDWHV IRU D ZLGH UDQJH RI DSSOLFDWLRQV� VXFK DV
GUXJ GHOLYHU\� JHQH WUDQVIHFWLRQ� SURWHLQ GHOLYHU\� ELR�LPDJLQJ DQG GLDJQRVWLFV� WLVVXH HQJLQHHULQJ�
DQG�ELRPLPHWLF�FKHPLVWU\�>�@

)LJXUH �� ,OOXVWUDWLRQ RI WKH VHOI�DVVHPEO\ RI D SKRVSKRGLHVWHU�OLQNHG S\UHQH WULPHU PRGLILHG ZLWK
DQ�ͅ�'�PDQQRVH�XQLW�LQWR��'�VXSUDPROHFXODU�SRO\PHUV�

�

$V ZH GHPRQVWUDWHG LQ RXU UHVHDUFK JURXS� D WULPHU GHULYHG IURP S\UHQH �)LJXUH �� VHOI�DVVHPEOHV
LQWR D QDQRVKHHW VWUXFWXUHV�>�@ +HUH� ZH VWXG\ WKH LQIOXHQFH RI D '�PDQQRVH DWWDFKHG WR RQH RI
WKH WZR HQGV RI WKH S\UHQH�WULPHU� 7KH SXUSRVH RI WKLV SURMHFW LV WR IROORZ WKH SURFHVV RI VHOI�
DVVHPEO\ LQ WKH SUHVHQFH RI D FDUERK\GUDWH DQG LQ SDUWLFXODU LI WKH VXJDUV DUH SODFHG RQ ERWK RU RQ
RQH VLGH RI WKH VXSUDPROHFXODU VWUXFWXUH� 6SHFWURVFRSLF PHDVXUHPHQWV DQG LPDJLQJ UHVXOWV ZLOO EH
VKRZQ�

>�@�'RQJ�5���=KRX�<���+XDQJ�;���=KX�;���/X�<���6KHQ�-��$GY��0DWHU���������������૱��
>�@ 9\ERUQ\L 0�� 5XGQHY $� 9�� /DQJHQHJJHU 6� 0�� :DQGORZVNL 7�� &DO]DIHUUL *�� +¦QHU 5�� $QJHZ�
&KHP��,QW��(G������������������૱�����
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:DWHU�5HGXFWLRQ�&DWDO\VW�(PEHGGHG�LQ�D�6HPL�&RQGXFWLQJ�3RO\PHU

)��5DKQ���%��3UREVW���5��$OEHUWR�


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

+RPRJHQHRXV SKRWRFDWDO\WLF ZDWHU UHGXFWLRQ LV LQYHVWLJDWHG E\ RXU JURXS ZLWK SRO\S\ULG\O�EDVHG
FREDOW FRQWDLQLQJ ZDWHU UHGXFWLRQ FDWDO\VWV �:5&� DQG UKHQLXP� RU UXWKHQLXP�EDVHG
SKRWRVHQVLWLVHUV �36��>�@ $V IRU D ZKROH ZDWHU VSOLWWLQJ V\VWHP WKH R[LGDWLRQ DQG UHGXFWLRQ KDYH WR
EH VHSDUDWHG� GLIIHUHQW DSSURDFKHV WR LPPRELOLVH ZDWHU UHGXFWLRQ FDWDO\VWV DQG SKRWRVHQVLWLVHUV
DUH FXUUHQWO\ IROORZHG� 2QH DSSURDFK LV WKH SUHSDUDWLRQ RI D SKRWRFDWKRGH FRQVLVWLQJ RI
SRO\PHULVHG 36 DQG SRO\PHULVHG :5& RQ D FRQGXFWLYH VXSSRUW� :H SUHVHQW KHUH WKH SURJUHVV ZLWK
RQH�:5&�PRQRPHU�
$ WKLRSKHQH ZDV DGGHG WR WKH EDVLF VWUXFWXUH RI VHOHFWHG DQG KLJKO\ DFWLYH SRO\S\ULG\O OLJDQGV�
:LWK WKLV WKLRSKHQH� D SRO\PHULVDEOH XQLW ZDV LQWURGXFHG WR WKH OLJDQG WKDW FDQ IRUP D VHPL�
FRQGXFWLQJ SRO\PHU� $IWHU FRPSOH[DWLRQ WR FREDOW� WKH PRQRPHULF :5& � ZDV REWDLQHG�
3RO\PHULVDWLRQ RI WKLRSKHQH DQG LWV GHULYDWLYHV ZLWK )H�,,,� LQ SUHVHQFH RI GLIIHUHQW GRSLQJ DQLRQV
KDV EHHQ GHVFULEHG�>�@ 7KLV PHWKRG ZDV VXFFHVVIXOO\ DSSOLHG WR � DQG UHVXOWHG LQ D ZDWHU VROXEOH�
FDWDO\WLFDOO\ DFWLYH SRO\PHU� ,W LV SRVVLEOH WR SUHFLSLWDWH WKLV SRO\�FDWLRQ ZLWK WKH SRO\�DQLRQ
SRO\VW\UHQH VXOIRQDWH IURP WKH DTXHRXV VROXWLRQ� $OWHUQDWLYHO\� HOHFWURSRO\PHULVDWLRQ DOORZV D
GLUHFW JUDIWLQJ RQWR DQ HOHFWURGH� 'LUHFW HOHFWURSRO\PHULVDWLRQ RQ JODVV\ FDUERQ �*&� ZDV QRW
DFKLHYHG� +RZHYHU� ZKHQ D VPDOO DPRXQW RI ����GL����WKLHQ\O��S\UUROH ZDV ILUVW SRO\PHULVHG RQ *&�
VXEVHTXHQW�HOHFWURSRO\PHULVDWLRQ�RI���RQWR�WKLV�PRGLILHG�HOHFWURGH�ZDV�VXFFHVVIXO�

>�@ 6WHSKDQ 6FKQLGULJ� &\ULO %DFKPDQQ� 3HWHU 0¾OOHU� 1LFROD :HGHU� %HUQKDUG 6SLQJOHU� (YHO\QH
-ROLDW�:LFN� 0DWKLDV 0RVEHUJHU� -RKDQQHV :LQGLVFK� 5RJHU $OEHUWR� %HQMDPLQ 3UREVW�
&KHP6XV&KHP����������������������
>�@ =KDR\DQ *XR� <XFRQJ 4LDR� +XDQ /LX� &KXQPHL 'LQJ� <LQJ =KX� 0HL[LDQJ :DQ� /HL -LDQJ� -RXUQDO
RI�0DWHULDOV�&KHPLVWU\������������������������
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/DEHO�IUHH�DQG�FKDUJH�VHQVLWLYH�VHFRQG�KDUPRQLF�LPDJLQJ�RI�JLDQW�YHVLFOH�K\GUDWLRQ

'��5RHVHO���0��(UHPFKHY���6��5RNH�


�/DERUDWRU\�IRU�IXQGDPHQWDO�%LR3KRWRQLFV��/%3����FROH�SRO\WHFKQLTXH�I«G«UDOH�GH�/DXVDQQH��(3)/�

$ ELRORJLFDO PHPEUDQH IRUPV D G\QDPLF DQG FRPSOH[ EDUULHU EHWZHHQ FRPSDUWPHQWV RI WKH OLYLQJ
FHOO DQG LWV HQYLURQPHQW� +RZHYHU� LWV LQ YLYR VWXGLHV DUH GLIᎦFXOW EHFDXVH LW FRQVLVWV RI D KLJK
YDULHW\ RI OLSLGV DQG SURWHLQV DQG LV FRQWLQXRXVO\ UHRUJDQL]HG E\ WKH FHOO� 7KHUHIRUH� PHPEUDQH
PRGHO V\VWHPV ZLWK SUHFLVHO\ FRQWUROOHG FRPSRVLWLRQ DUH XVHG WR LQYHVWLJDWH IXQGDPHQWDO
LQWHUDFWLRQV RI PHPEUDQH FRPSRQHQWV XQGHU ZHOO�GHᎦQHG FRQGLWLRQV� *LDQW XQLODPHOODU YHVLFOHV
�*89V� DUH D SRZHUIXO PRGHO V\VWHP RI WKH FHOO PHPEUDQH GXH WR WKHLU FRPSDUDEOH VL]H DQG
PHPEUDQH FXUYDWXUH� 7KH PDMRULW\ RI VWXGLHV FDUULHG RXW RQ *89V XWLOL]H IOXRUHVFHQFH PLFURVFRS\
LQ FRPELQDWLRQ ZLWK IOXRUHVFHQW PDUNHUV� +RZHYHU� WKHVH PHWKRGV RI PHPEUDQH LPDJLQJ W\SLFDOO\
QHJOHFW PROHFXODU OHYHO GHWDLOV� $V D FRQVHTXHQFH� WKHUH LV YLUWXDOO\ QR NQRZOHGJH RQ WKH UROH RI
PHPEUDQH K\GUDWLRQ� HYHQ WKRXJK LW LV FOHDU WKDW ZLWKRXW ZDWHU OLSLG ELOD\HU PHPEUDQHV FDQQRW
H[LVW� $ UHFHQW LPSURYHPHQW LQ LPDJLQJ WKURXJKSXW KDV UHVXOWHG LQ WKH FRQVWUXFWLRQ RI D VHFRQG
KDUPRQLF LPDJLQJ GHYLFH WKDW FDQ QRQ�UHVRQDQWO\ DQG G\QDPLFDOO\ LPDJH LQWHUIDFLDO ZDWHU
PROHFXOHV >���@� 7KLV PLFURVFRSH ZDV VXEVHTXHQWO\ XVHG WR LPDJH WKH K\GUDWLRQ RI PDFURVFRSLF
IUHH�IORDWLQJ PHPEUDQHV LQ DTXHRXV VROXWLRQV >�@� +HUH� ZH HQYLVLRQ WR H[WHQG RXU DSSURDFK WR 6+
LPDJH WKH LQWHUIDFLDO K\GUDWLRQ RI *89V� %\ YDU\LQJ WKH LRQLF VWUHQJWK RI WKH DGMDFHQW VROXWLRQV DQG
OLSLG FRPSRVLWLRQ RI WKH YHVLFOHV� ZH VKRZ WKDW WKH QRQUHVRQDQW 6+ UHVSRQVH RI ZDWHU PROHFXOHV
DOLJQHG E\ FKDUJHಗGLSROH LQWHUDFWLRQV ZLWK FKDUJHG OLSLGV FDQ DOVR EH XVHG DV D ODEHO�IUHH SUREH RI
PHPEUDQH�VWUXFWXUH�RI�*89V�

>�@�&DUORV�0DFLDV�5RPHUR�HW�DO���2SWLFV�H[SUHVV����������������������૱������
>�@�&DUORV�0DFLDV�5RPHUR�HW�DO���6FLHQFH�����������������������૱���
>�@�2UO\�%��7DUXQ�HW�DO���31$6����������������������૱�����
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$,(�$FWLYH�6XSUDPROHFXODU�$VVHPEOLHV�RI�73(�'1$�&RQMXJDWHV

6��5RWKHQE¾KOHU���6��0��/DQJHQHJJHU���5��+¦QHU�


�'HSDUWPHQW�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\��8QLYHUVLW\�RI�%HUQ��)UHLHVWUDVVH���������%HUQ�
6ZLW]HUODQG

2SSRVLWH WR PDQ\ FKURPRSKRUHV WKDW VXIIHU IURP DJJUHJDWLRQ�FDXVHG TXHQFKLQJ �$&4��
DJJUHJDWLRQ�LQGXFHG HPLVVLRQ �$,(� W\SH FKURPRSKRUHV H[KLELW LQWHQVH IOXRUHVFHQFH DQG HIILFLHQW
HQHUJ\ WUDQVIHU LQ PROHFXODU DVVHPEOLHV� 7KDW LV ZK\ DJJUHJDWLRQ�LQGXFHG HPLWWHUV KDYH JDLQHG
PXFK DWWHQWLRQ LQ WKH ILHOGV RI RSWRHOHFWURQLF GHYLFHV DQG WKH FUHDWLRQ RI DUWLILFLDO OLJKW�KDUYHVWLQJ
V\VWHPV DPRQJ RWKHUV�>�@ 3UHYLRXV ZRUN GHPRQVWUDWHG OLJKW�KDUYHVWLQJ LQ VXSUDPROHFXODU YHVLFOHV
DVVHPEOHG IURP SKHQDQWKUHQH�'1$ FRQMXJDWHV�>�@ ,Q WKLV ZRUN� WKH SKHQDQWKUHQHV KDYH EHHQ
UHSODFHG E\ HLWKHU (�WHWUDSKHQ\OHWK\OHQHV �73(V� �)LJXUH �$� RU =�73(V DQG UHVXOWHG LQ WKH
IRUPDWLRQ RI $,(�DFWLYH VXSUDPROHFXODU DVVHPEOLHV� $V HYLGHQFHG E\ $)0� GXSOH[ � VHOI�DVVHPEOHV
LQ DTXHRXV PHGLXP LQWR VSKHULFDO REMHFWV �)LJXUH �%�� 6LPLODU UHVXOWV DUH DOVR REWDLQHG IRU =�73(�
PRGLILHG '1$ FRQMXJDWHV� 6SHFWURVFRSLF GDWD DV ZHOO DV SK\VLFRFKHPLFDO SURSHUWLHV RI WKH
VXSUDPROHFXODU�DUUD\V�ZLOO�EH�SUHVHQWHG�DQG�GLVFXVVHG�RQ�WKLV�SRVWHU�

>�@ -X 0HL� 1HOVRQ /� &� /HXQJ� 5\DQ 7� .� .ZRN� -DFN\ :� <� /DP� %HQ =� 7DQJ� &KHP� 5HY�� �����
����������૱������
>�@ &DUROLQH '� %¸VFK� -RYDQD -HYULF� 1XWFKD %¾UNL� 0DUNXV 3UREVW� 6LPRQ 0� /DQJHQHJJHU� 5REHUW
+¦QHU��%LRFRQMXJDWH�&KHP�����������������૱�����
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/LSLG�PHPEUDQH�SKDVH�WUDQVLWLRQV�LQYROYH�VWUXFWXUDO�UHGLVWULEXWLRQ�RI�LQWHUIDFLDO�ZDWHU

7��6FK¸QIHOGRY£���)��.RYDFLN���+��,��2NXU���2��%��7DUXQ���&��/¾WJHEDXFNV���6��5RNH�


�/DERUDWRU\�IRU�IXQGDPHQWDO�%LR3KRWRQLFV��/%3����FROH�SRO\WHFKQLTXH�I«G«UDOH�GH�/DXVDQQH��(3)/�

0RUSKRORJLFDO WUDQVLWLRQV RI OLSLG PHPEUDQHV DUH WKRXJKW WR GHSHQG SULPDULO\ RQ WKH FKDLQ OHQJWK
GLYHUVLW\ RI LWV FRPSRQHQWV� +RZHYHU� WKH UROH RI GLIIHUHQW OLSLG KHDG JURXSV� WKHLU FRXQWHU LRQV DQG
K\GUDWLQJ ZDWHU PROHFXOHV LQ WKH FORVH SUR[LPLW\ RI WKH PHPEUDQH RQ WKH JHO�WR�OLTXLG SKDVH
WUDQVLWLRQ RI OLSLG LV PRVWO\ XQNQRZQ� :H HPSOR\HG VHFRQG KDUPRQLF �6+� VFDWWHULQJ
PHDVXUHPHQWV WR SUREH DV\PPHWULF GLVWULEXWLRQ RI ZDWHU PROHFXOHV EHWZHHQ WKH OLSLG OHDIOHWV�
0HDVXUHPHQWV RQ WKH VDPH DF\O FKDLQ OHQJWK DQG VLQJOH OLSLG FRPSRQHQW OLSRVRPHV FRQVLVWLQJ RI
����GLP\ULVWR\O�VQ�JO\FHUR���SKRVSKDWH �VRGLXP VDOW� �'03$��
����GLP\ULVWR\O�VQ�JO\FHUR���SKRVSKR�/�VHULQH �VRGLXP VDOW� �'036��
����GLP\ULVWR\O�VQ�JO\FHUR���SKRVSKR���
�UDF�JO\FHURO� �VRGLXP VDOW� �'03*� DQG
����GLP\ULVWR\O�VQ�JO\FHUR���SKRVSKRFKROLQH �'03&� VKRZHG D VLJQLILFDQW OLSLG K\GUDWLRQ DOWHUDWLRQ
DV D IXQFWLRQ RI WHPSHUDWXUH� 0RUH VSHFLILFDOO\� ZH REVHUYHG D ! ��� LQFUHDVH LQ WKH VHFRQG
KDUPRQLF LQWHQVLW\ DW WKH SKDVH WUDQVLWLRQ WHPSHUDWXUH IRU OLSRVRPHV PDGH RI FKDUJHG OLSLGV�
=ZLWWHULRQLF '03& OLSLGV RQ WKH RWKHU KDQG� GLVSOD\ RQO\ VPDOOHU �a ��� FKDQJHV� 7KLV GDWD LPSOLHG
WKDW DQ LQFUHDVLQJ QXPEHU RI ZDWHU PROHFXOHV DQLVRWURSLFDOO\ RULHQWHG WRZDUGV VXUIDFH QRUPDO
DERYH WKH SKDVH WUDQVLWLRQ DQG WKH FKDUJH VWDWH RI WKH OLSLGV SOD\ NH\ UROH RQ WKH JHO�WR�OLTXLG
SKDVH WUDQVLWLRQ� 7KH LQFUHDVH LQ 6+ LQWHQVLW\� ZKLFK UHIOHFWV DQ LQFUHDVH LQ WKH DPRXQW RI
LQWHUIDFLDO RUGHUHG ZDWHU PROHFXOHV LV H[SODLQHG DV D FRQVHTXHQFH RI WKH FKDQJH LQ OLSLG GHQVLW\
�DOO OLSLGV� DQG D FRQVHTXHQWLDO LQFUHDVH LQ FKDUJH�GLSROH LQWHUDFWLRQV �FKDUJHG OLSLGV�� 2XU GDWD
GHPRQVWUDWH WKDW OLSLG SKDVH WUDQVLWLRQV QRW RQO\ OHDG WR VWUXFWXUDO FKDQJHV LQ WKH ELOD\HU LWVHOI EXW
DOVR�LQ�WKH�DGMDFHQW�DTXHRXV�SKDVH�
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&RQMXJDWHG�&R�3RO\PHUV�'HULYHG�IURP�3KHQDQWKUHQH������GLRQH��DQG
'LEHQ]R>I�K@TXLQR[DOLQH

%��$ODPHGGLQH���1��%DLJ���6��6KHWW\�

�*XOI�8QLYHUVLW\�IRU�6FLHQFH�DQG�7HFKQRORJ\��'HSDUW���*XOI�8QLYHUVLW\�IRU�6FLHQFH�DQG�7HFKQRORJ\�
)XQFWLRQDO�0DWHULDOV�*URXS��.XZDLW���*XOI�8QLYHUVLW\�IRU�6FLHQFH�DQG�7HFKQRORJ\

'RQRU�$FFHSWRU �'�$� FRQMXJDWHG SRO\PHUV EHDULQJ SKHQDQWKUHQH������GLRQH DQG
GLEHQ]R>I�K@TXLQR[DOLQH DV WKH DFFHSWRU XQLWV ZHUH V\QWKHVL]HG YLD DQ RSWLPL]HG 6X]XNL FURVV�
FRXSOLQJ UHDFWLRQ� (DFK RI WKH DERYHPHQWLRQHG DFFHSWRUV ZDV UHDFWHG ZLWK WKUHH GLIIHUHQW GRQRU
FR�PRQRPHUV� QDPHO\� IOXRUHQH� FDUED]ROH DQG VLODIOXRUHQH GHULYDWLYHV EHDULQJ ORQJ DON\O FKDLQV�
7KH UHVXOWLQJ FR�SRO\PHUV GLVSOD\ H[FHOOHQW VROXELOLW\ LQ FRPPRQ RUJDQLF VROYHQWV ZLWK KLJK
FKHPLFDO VWDELOLW\� DOORZLQJ IRU WKH GHWHUPLQDWLRQ RI WKHLU VWUXFWXUDO� WKHUPDO� DQG RSWLFDO SURSHUWLHV
E\�YDULRXV�DQDO\WLFDO�WHFKQLTXHV�

>�@ %DLJ� 1�� 6KHWW\� 6�� $O�0RXVDZL� 6�� $O�6DJKHHU� )�� $ODPHGGLQH� %� 0DWHULDOV 7RGD\
&KHPLVWU\�������������������
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7ULSW\FHQH�&RQWDLQLQJ�3RO\�YLQ\OHQH�VXOIRQH��'HULYDWLYHV�)URP�D�0HWDO�)UHH�7KLRO�<QH
&OLFN�3RO\PHUL]DWLRQ�)ROORZHG�E\�D�0LOG�2[LGDWLRQ�5HDFWLRQ

%��$ODPHGGLQH���1��%DLJ���6��6KHWW\�����)��$O�6DJKHHU���6��$O�0RXVDZL�

�*XOI�8QLYHUVLW\�IRU�6FLHQFH�DQG�7HFKQRORJ\��'HSDUW���*XOI�8QLYHUVLW\�IRU�6FLHQFH�DQG�7HFKQRORJ\�
)XQFWLRQDO�0DWHULDOV�*URXS��.XZDLW���*XOI�8QLYHUVLW\�IRU�6FLHQFH�DQG�7HFKQRORJ\���.XZDLW

8QLYHUVLW\��&KHPLVWU\�'HSDUWPHQW��.XZDLW���)XQFWLRQDO�0DWHULDOV�*URXS��.XZDLW

7ULSW\FHQH�GHULYHG YLQ\O VXOILGH SRO\PHUV �D�G ZHUH V\QWKHVL]HG IURP D YHUVDWLOH FDWDO\VW�IUHH
WKLRO�\QH FOLFN UHDFWLRQ XVLQJ ����GLHWK\Q\O WULSW\FHQH� ZLWK YDULRXV DU\O GLWKLRO EXLOGLQJ EORFNV�D�
G� 7KH UHVXOWLQJ WULSW\FHQH�EHDULQJ SRO\�YLQ\OHQH VXOILGH�V �D�G GLVSOD\ H[FHOOHQW VROXELOLW\ DQG
FKHPLFDO VWDELOLW\ DOORZLQJ IRU WKHLU VWUXFWXUDO� WKHUPDO� DQG SKRWRSK\VLFDO FKDUDFWHUL]DWLRQ E\
YDULRXV LQVWUXPHQWDO DQDO\VLV WHFKQLTXHV� 7KH WKLRHWKHU JURXSV LQ SRO\PHUV �D�G ZHUH VHOHFWLYHO\
R[LGL]HG LQWR WKHLU UHVSHFWLYH VXOIRQH GHULYDWLYHV YLD PLOG UHDFWLRQ FRQGLWLRQV DIIRUGLQJ WKH
FRUUHVSRQGLQJ�WULSW\FHQH�EDVHG�SRO\�YLQ\OHQH�VXOIRQH�V��D�G�LQ�TXDQWLWDWLYH�\LHOG��

>�@ $ODPHGGLQH� %�� %DLJ� 1�� 6KHWW\� 6�� $O�0RXVDZL� 6�� $O�6DJKHHU� )� 3RO\PHU ����� ����
��������
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0XOWLFRPSRQHQW�DOJLQDWH�EDVHG�K\GURJHOV�SUHVHQWLQJ�WXQDEOH�SURSHUWLHV�IRU�DOOR��DQG
[HQRJHQHLF�FHOO�WUDQVSODQWDWLRQ

/��6]DEµ���&��*RQHOOH�*LVSHUW���(��0RQWDQDUL���)��1RYHUUD]���/��+��%¾KOHU���6��*HUEHU�/HPDLUH�


�,QVWLWXWH�RI�&KHPLFDO�6FLHQFHV�DQG�(QJLQHHULQJ��*URXS�IRU�)XQFWLRQDOL]HG�%LRPDWHULDOV���8QLYHUVLW\
+RVSLWDO�RI�*HQHYD��6XUJLFDO�5HVHDUFK�8QLW

2YHU WKH ODVW WZR GHFDGHV� FHOO�EDVHG WKHUDS\ KDV HPHUJHG DV D KLJKO\ SURPLVLQJ DSSURDFK WR
UHSODFH GDPDJHG RU G\VIXQFWLRQDO FHOOV LQ WKH FRQWH[W RI PHWDEROLF DQG GHJHQHUDWLYH GLVRUGHUV�
DQG HQG�VWDJH RUJDQ IDLOXUH�>�@ ,Q SDUWLFXODU� WKH WUDQVSODQWDWLRQ RI KXPDQ SDQFUHDWLF LVOHWV LQ
W\SH�� GLDEHWLF SDWLHQWV ZKR GR QRW DFKLHYH JOXFRVH UHJXODWLRQ GHVSLWH H[RJHQRXV LQVXOLQ VXSSO\
UHVWRUHG RSWLPDO JO\FHPLF FRQWURO LQ ��� UHFLSLHQWV� WRJHWKHU ZLWK LPSURYHG TXDOLW\ RI OLIH�>�@
+RZHYHU� WKH GHYHORSPHQW RI FHOO�EDVHG WKHUDSLHV LV OLPLWHG E\ WKH VKRUWDJH RI KXPDQ GRQRU
PDWHULDOV� WKH YDULDEOH TXDOLW\ RI KXPDQ GRQRU FHOOV VXLWDEOH IRU WUDQVSODQWDWLRQ DQG WKH QHHG IRU
SHUPDQHQW LPPXQRVXSSUHVVLYH PHGLFDWLRQ ZKLFK KDV GHWULPHQWDO HIIHFWV IRU ERWK JUDIWHG FHOOV
DQG WKH UHFLSLHQWV� ,PPXQRSURWHFWLRQ RI HIIHFWRU FHOOV LQWR �' VHPL�SHUPHDEOH K\GURJHOV KROGV WKH
SRWHQWLDO WR RYHUFRPH WKHVH VKRUWFRPLQJV E\ PDLQWDLQLQJ FHOO IXQFWLRQDOLW\ ZLWKRXW WKH QHHG IRU
LPPXQRVXSSUHVVLRQ DQG E\ SDYLQJ WKH ZD\ WR WKH WUDQVSODQWDWLRQ RI [HQRJHQHLF FHOOV ZKLFK ZRXOG
JLYH�DFFHVV�WR�VWDQGDUGL]HG�FHOO�VRXUFHV�
2XU ZRUN LV IRFXVLQJ RQ WKH DVVHPEO\ RI PXOWLFRPSRQHQW FURVV�OLQNHG DOJLQDWH�EDVHG K\EULG
K\GURJHOV SUHVHQWLQJ WXQDEOH PHFKDQLFDO SURSHUWLHV DQG RSWLPDO HQYLURQPHQW IRU WKH ORQJ�WHUP
IXQFWLRQDOLW\ RI HQFDSVXODWHG HQGRFULQH FHOOV� 7KLV LV DFKLHYHG E\ FRYDOHQW IXQFWLRQDOL]DWLRQ RI
DOJLQDWH ZLWK FURVV�UHDFWLYH SRO\�HWK\OHQH JO\FRO� �3(*� GHULYDWLYHV DQG DQWL�LQIODPPDWRU\ GUXJV�
0LFURVSKHUHV DUH IRUPHG E\ FRQFRPLWDQW LRQLF JHODWLRQ LQ WKH SUHVHQFH RI GLYDOHQW FDWLRQV DQG
VSRQWDQHRXV FRYDOHQW FURVVOLQNLQJ EHWZHHQ FRPSOHPHQWDU\ 3(* FKDLQV� 7KH UHVXOWLQJ GXDO LRQLF�
FRYDOHQW K\GURJHO PLFURVSKHUHV GLVSOD\HG HQKDQFHG HODVWLFLW\ DQG VWDELOLW\ DJDLQVW LRQ H[FKDQJH
LQ FRPSDULVRQ ZLWK FRQYHQWLRQDO DOJLQDWH K\GURJHOV�>�@ ,Q DGGLWLRQ� VXVWDLQDEOH UHOHDVH RI DQWL�
LQIODPPDWRU\ GUXJV �L�H� NHWRSURIHQ� IURP WKH K\GURJHO PDWUL[ UHVXOWHG LQ D VLJQLILFDQW GHFUHDVH RI
SHULFDSVXODU ILEURWLF RYHUJURZWK LQ WKH FRQWH[W RI WKH WUDQVSODQWDWLRQ RI PLFURHQFDSVXODWHG LQVXOLQ
SURGXFLQJ FHOOV�>�@ 'HWDLOHG UHVXOWV RI LQ YLWUR LQYHVWLJDWLRQV XVLQJ KXPDQ DQG [HQRJHQHLF FHOOV DV
ZHOO�DV�WKH�RXWFRPH�RI�FHOO�WUDQVSODQWDWLRQ�LQ�PLFH�PRGHO�ZLOO�EH�SUHVHQWHG����

>�@�)LVFKEDFK��0��$���%OXHVWRQH��-��$���/LP��:���6FLHQFH�7UDQVODWLRQDO�0HGLFLQH��������������SV��
>�@ %DUWRQ� )�%�� 5LFNHOV� 0� 5�� $OHMDQGUR� 5�� +HULQJ� %� -�� :HDVH� 6�� 1D]LUXGGLQ� %�� 2EHUKRO]HU� -��
2GRULFR� -� 6�� *DUILQNHO� 0� 5�� /HY\� 0�� 3DWWRX� )�� %HUQH\� 7�� 6HFFKL� $�� 0HVVLQJHU� 6�� 6HQLRU� 3�
$�� 0DII� 3�� 3RVVHOW� $�� 6WRFN� 3� *�� .DXIPDQ� '� %�� /XR� ;�� .DQGHHO� )�� &DJOLHUR� (�� 7XUJHRQ� 1�
$�� :LWNRZVNL� 3�� 1DNL� $�� 2
&RQQHOO� 3� -�� *UHHQEDXP� &�� .XGYD� <� &�� %UD\PDQ� .� /�� $XOO� 0� -��
/DUVHQ� &�� .D\� 7� :� +�� )HUQDQGH]� /� $�� 9DQW\JKHP� 0�� &�� %HOOLQ� 0�� 6KDSLUR� $� 0� -�� 'LDEHWHV
&DUH���������������������
>�@ 6]DEµ� /�� *RQHOOH�*LVSHUW� &�� 0RQWDQDUL� (�� 1RYHUUD]� )�� %RUQHW� $�� %¾KOHU� /�� *HUEHU�
/HPDLUH��6���$&6�$SSO��3RO\P��0DWHU���������$6$3��'2,����������DFVDSP��E������
>�@ 1RYHUUD]� )�� 0RQWDQDUL� (�� 3LPHQWD� -�� 6]DER� /�� 2UWL]� '�� *RQHOOH�*LVSHUW� &�� %¾KOHU� /� +��
*HUEHU�/HPDLUH��6���%LRFRQMXJDWH�&KHP�����������������������
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0HFKDQLFDOO\�5HVSRQVLYH�3RO\PHUV�%DVHG�RQ�'\H�,QWHUDFWLRQV

+��7UDHJHU����6��6FKUHWWO���&��:HGHU�


�$GROSKH�0HUNOH�,QVWLWXWH��8QLYHUVLW\�RI�)ULERXUJ

0HFKDQRFKHPLFDO WUDQVGXFWLRQ VFKHPHV� ZKLFK WUDQVODWH D PHFKDQLFDO VWLPXOXV LQWR D FKHPLFDO
HYHQW� DUH RPQLSUHVHQW LQ 1DWXUH DQG FDQ VHUYH DV D EOXHSULQW IRU WKH GHVLJQ RI DUWLILFLDO PDWHULDOV
WKDW GLVSOD\ XVHIXO PHFKDQRUHVSRQVLYH SURSHUWLHV�>�@ 3RO\PHUV ZLWK HPEHGGHG URWD[DQHV
FRPSULVHG RI LQWHUORFNHG IOXRURSKRUH DQG TXHQFKHU PRLHWLHV ZHUH IRXQG WR GLVSOD\ D UHYHUVLEO\
VZLWFKDEOH IOXRUHVFHQFH LQ UHVSRQVH WR EXON PHFKDQLFDO GHIRUPDWLRQ�>�@ EXW WKHLU V\QWKHVLV LV YHU\
FRPSOH[� ([DPSOHV RI ૻORRS\ૻ PHFKDQRUHVSRQVLYH PRWLIV EDVHG RQ H[FLPHU IRUPLQJ G\HV RU G\H
SDLUV FDSDEOH RI D )¸UVWHU UHVRQDQFH HQHUJ\ WUDQVIHU �)5(7� KDYH VKRZQ SURPLVLQJ IOXRUHVFHQFH
FRORU�FKDQJHV�DQG�DUH�V\QWKHWLFDOO\�OHVV�GHPDQGLQJ�>�@

,QVSLUHG E\ WKHVH FRQFHSWV� D ZHDNO\ DVVRFLDWHG GRQRU�DFFHSWRU SDLU ZDV OLQNHG E\ D FRYDOHQW ORRS
VWUXFWXUH DQG LQFRUSRUDWHG DV PHFKDQRSKRUH LQWR SRO\PHUV� EDVHG RQ WKH H[SHFWDWLRQ WKDW
H[WHUQDO VWLPXODWLRQ E\ PHFKDQLFDO IRUFH ZRXOG VHSDUDWH WKH G\H FRPSOH[ DQG WULJJHU D GHILQHG
IOXRUHVFHQFH UHVSRQVH �)LJXUH ��� $ ͔�H[WHQGHG EHQ]RWKLDGLD]ROH ZDV FKRVHQ DV GRQRU DQG
FRYDOHQWO\ OLQNHG ZLWK DQ ROLJR HWK\OHQH JO\FRO OLQNHU WR D QDSKWKDOHQH ELVLPLGH DFFHSWRU WR REWDLQ
WKH GHVLUHG ORRS PRWLI� 7KH RSWLFDO FKDUDFWHUL]DWLRQ RI WKH ORRS VWUXFWXUH E\ VROXWLRQ�SKDVH
IOXRUHVFHQFH DQG 89�YLV VSHFWURVFRS\ VXJJHVWV WKDW IOXRUHVFHQFH TXHQFKLQJ RFFXUV LQ SRODU
HQYLURQPHQWV� LQ ZKLFK WKH GRQHU DQG DFFHWRU VWDFN WR HDFK RWKHU� ZKHUHDV QRQSRODU VROYHQWV
FDXVH GLVDVVHPEO\� 7KH QHZ PRWLI ZDV WKHQ LQFRUSRUDWHG LQWR SRO\XUHWKDQHV WR HVWDEOLVK LWV XWLOLW\
DV�D�PHFKDQRSKRUH�LQ�EXON�PDWHULDOV�

)LJXUH�����&RQFHSW�RI�QRYHO�ORRS�PHFKDQRSKRUHV�EDVHG�RQ�QRQ�FRYDOHQW�GRQRU�DFFSWRU�G\H
LQWHUDFWLRQV�

>�@ 6WHSKHQ 6FKUHWWO� 'LHGHULN :� 5� %DONHQHQGH� &«OLQH &DOYLQR� 0DUF .DUPDQ� $QQD /DYUHQRYD�
/DXUD 1� 1HXPDQQ�<RVKLPLWVX 6DJDUD� (VWHU 9HUGH�6HVWR� 0LFKHOD 'L *LDQQDQWRQLR� <RDQ &� 6LPRQ�
.DWKDULQD 0� )URPP� 0DUFR /DWWXDGD� &KULVWRSK :HGHU� &KLPLD� ����� ��� ����� E� &«OLQH &DOYLQR�
/DXUD 1HXPDQQ� &ULVWRSK :HGHU� 6WHSKHQ 6FKUHWWO� -RXUQDO RI 3RO\PHU 6FLHQFH� 3DUW $� 3RO\PHU
&KHPLVW\� ����� ��� �������� F� 3HWHU� *� *LOOHVSLH� 5LFKDUG� *� :DONHU� 1DWXUH� ����� ����
��������
>�@ <RVKLPLWVX 6DJDUD� 0DUF .DUPDQ� $WVXVKL 6HNL� 0HKERREDOL 3DQQLSDUD� 1REX\XNL 7DPDRNL�
&KULVWRSK :HGHU� $&6 &HQWUDO 6FLHQFH� ����� E� <RVKLPLWVX 6DJDUD� 0DUF .DUPDQ� (VWHU 9HUGH�
6HVWR� .D]X\D 0DWVXR� <XQD .LP� 1REX\XNL 7DPDRNL� &KULVWRSK :HGHU� -RXUQDO RI WKH $PHULFDQ
&KHPLFDO�6RFLHW\����������������������
>�@ -LDQ &KHQ� $GDP :� =LHJOHU� %DRPLQJ =KDR� :HL :DQ� $OH[DQGHU '� 4� /L� &KHPLFDO
&RPPXQLFDWLRQV� ����� ��� ���������� E� 5HPL 0HULQGRO� *LRYDQQH 'HOHFKLDYH� /DXUD +HLQHQ�
/XL]�+��&DWDODQL��$QGUHDV�:DOWKHU��1DWXUH�&RPPXQLFDWLRQV����������������

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


3RO\PHUV��&ROORLGV�	�,QWHUIDFHV��3RVWHU 3,����

&KLUDO�1DQRSDUWLFOHV��7KH�(IIHFW�RI�7DFWLFLW\�LQ�$PSKLSKLOLF�$%�'LEORFN�&RSRO\PHUV

5��:HKU���-��*DLW]VFK���&��)RGRU���'��'DXELDQ���:��0HLHU�


�0DWWHQVWUDVVH���D��%35�����������%DVHO

&KLUDOLW\ LV D NH\ IDFWRU LQ ELRORJLFDO SURFHVVHV DV PDQ\ VSHFLILF IXQFWLRQV VWURQJO\ GHSHQG RQ FKLUDO
UHFRJQLWLRQ�>�@ ([DPSOHV DUH HQ]\PDWLF UHDFWLRQV RU WKH VHOHFWLYH LPSDFW RI HQDQWLRSXUH
SKDUPDFHXWLFDOV� 7KH VHOI�DVVHPEO\ RI DPSKLSKLOLF EORFN FRSRO\PHUV LQWR QDQRSDUWLFOHV LQ DTXHRXV
PHGLD KDV EHHQ VWXGLHG LQ GHSWK�>�@ +RZHYHU� WKH HIIHFW RI WDFWLFLW\ LQ WKH SRO\PHUV KDV EHHQ
QHJOHFWHG VR IDU� ,W LV ZHOO NQRZQ WKDW LVRWDFWLF SRO\PHUV GLIIHU LQ WKHLU EXON SURSHUWLHV IURP DWDFWLF
RQHV� UHJDUGLQJ FU\VWDOOLQLW\� JODVV WUDQVLWLRQ RU PHOWLQJ WHPSHUDWXUHV�>�@ ,Q FRQVHTXHQFH�
LQWHUDFWLRQ RI QDQRSDUWLFOHV IURP FKLUDO SRO\PHUV ZLWK HQDQWLRSXUH FRPSRXQGV KROGV DQ HQRUPRXV
SRWHQWLDO�WR�FRQVLGHUDEO\�ZLGHQ�WKH�DSSOLFDWLRQV�RI�DTXHRXV�VHOI�DVVHPEOLHV�

7KH GLEORFN FRSRO\PHU SRO\�EXW\OHQH R[LGH��EORFN�SRO\�JO\FLGRO� �3%2�E�3*� ZDV V\QWKHVL]HG LQ
WZR VHTXHQWLDO PLFURZDYH�EDVHG DQLRQLF ULQJ�RSHQLQJ SRO\PHUL]DWLRQV� VWDUWLQJ IURP WKH
PRQRPHUV EXW\OHQH R[LGH DQG D SURWHFWHG JO\FLGRO GHULYDWLYH� &OHDYDJH RI WKH SURWHFWLYH JURXS
OHG WR WKH ILQDO 3%2�E�3* GLEORFN FRSRO\PHU� %\ XVLQJ HQDQWLRSXUH PRQRPHUV WKH WDFWLFLW\ RI HDFK
EORFN FRXOG EH DGMXVWHG DFFRUGLQJO\� 6HOI�DVVHPEO\ LQ ZDWHU RU 3%6 EXIIHU YLD ILOP UHK\GUDWLRQ RU
VROYHQW H[FKDQJH OHG WR WKH IRUPDWLRQ RI FKLUDO PLFHOOHV� ZRUPV RU YHVLFOHV� HVWDEOLVKLQJ WKLV QHZ
FODVV RI FKLUDO QDQRVWUXFWXUHV� $QDO\VLQJ WKHLU FKLUDO LQWHUDFWLRQ ZLWK HQDQWLRSXUH FRPSRXQGV ZLOO
EH�UHOHYDQW�LQ�PDQ\�ELRORJLFDO�RU�ELRPHGLFDO�SURFHVVHV�

>�@�$��%HUWKRG��&KLUDO�5HFRJQLWLRQ�0HFKDQLVPV��$QDO\WLFDO�&KHPLVWU\��������������������૱����
>�@ 0� *DUQL� 5� :HKU� 6� <RUXOPD]�$YVDU� &� -RKQ� &� 3DOLYDQ� :� 0HLHU� 3RO\PHU PHPEUDQHV DV
WHPSODWHV IRU ELR�DSSOLFDWLRQV UDQJLQJ IURP DUWLILFLDO FHOOV WR DFWLYH VXUIDFHV� (XURSHDQ 3RO\PHU
-RXUQDO����������������૱���
>�@�'��:��YDQ�.UHYHOHQ��.��WH�1LMHQKXLV��3URSHUWLHV�RI�3RO\PHUV���WK�(GLWLRQ��$PVWHUGDP������
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$J#6L2��QDQRUDWWOHV�IRU�DQWLPLFURELDO�FRDWLQJV

3��<HS���6��$EUDP���.��0��)URPP�


�8QLYHUVLW\�RI�)ULERXUJ��'HSDUWPHQW�RI�&KHPLVWU\

1DQRUDWWOHV RU \RON�VKHOO QDQRSDUWLFOHV DUH VLPLODU WR FRUH�VKHOO QDQRSDUWLFOHV EXW ZLWK D YRLG
EHWZHHQ WKH FRUH DQG WKH VKHOO �6FKHPH ��� 7KLV NLQG RI VWUXFWXUH KDV PDQ\ DSSOLFDWLRQV LQ
GLIIHUHQW ILHOGV VXFK DV FDWDO\VLV� EDWWHULHV RU GUXJ GHOLYHU\ GHSHQGLQJ RQ WKH FKHPLFDO FRPSRVLWLRQ
RI�WKH�FRUH�VKHOO�DQG�WKH�YRLG�SRUH�VL]H��>�@

2XU JURXS KDV GHYHORSHG $J#6L2� QDQRUDWWOHV DV DQ DQWLPLFURELDO DJHQW� >�@ 7KH DQWLPLFURELDO
SURSHUWLHV RI VLOYHU DUH ZHOO�NQRZQ IRU FHQWXULHV DQG JDLQ EDFN LQWHUHVW GXH WR LWV PXOWLPRGDO
DQWLEDFWHULDO DFWLYLWLHV� >�@ ,Q DGGLWLRQ� WKH SUHVHQFH RI WKH VLOLFD VKHOO DURXQG WKH VLOYHU
QDQRSDUWLFOHV KHOSV WR DYRLG DJJUHJDWLRQ� FRQWUROV WKH UHOHDVH RI $J� DQG HQODUJHV WKH SRVVLELOLWLHV
RI IXQFWLRQDOL]DWLRQ ZLWK GLIIHUHQW IXQFWLRQDO JURXSV� )LQDOO\� WKHVH QDQRUDWWOHV ZLOO EH GHSRVLWHG RQ
D�VXUIDFH�WR�DFW�DV�DQ�DQWLPLFURELDO�FRDWLQJ�

6FKHPH � � D� $J#6L2� FRUH�VKHOO� E� $J#6L2� QDQRUDWWOHV� &� $J#6L2� QDQRUDWWOHV DV DQ
DQWLPLFURELDO�FRDWLQJ

>�@�0DJGDOHQD�3ULHEH��.DWKDULQD�0��)URPP��&KHPLVWU\���$�(XURSHDQ�-RXUQDO����������������������
>�@ 6DUDK�/XLV $EUDP� -DFLQWKH *DJQRQ� 0DJGDOHQD 3ULHEH� 1HOO\ +«UDXOW� .DWKDULQD 0� )URPP�
&KLPLD��������������������
>�@ 1HOVRQ 'XU£Q� 0DUFHOD 'XU£Q� 0DUFHOR %LVSR GH -HVXV� $PHGHD %� 6HDEUD� :DJQHU -� )£YDUR�
*HUVRQ�1DND]DWR��1DQRPHGLFLQH��������������������

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


3RO\PHUV��&ROORLGV�	�,QWHUIDFHV��3RVWHU 3,����

'LVVROXWLRQ�,QKLELWDWLRQ�(IIHFW�RI�'LD]RQDSKWKRTXLQRQH�3KRWRDFWLYH�&RPSRXQGV�RQ
3RVLWLYH�7RQH�3KRWRVHQVLWLYH�3RO\LPLGHV�$�&RPSXWDWLRQDO�6WXG\

)��=KHQJ���4��/X�

�7RQJML�8QLYHUVLW\

3RVLWLYH WRQH SKRWRVHQVLWLYH SRO\LPLGHV �S�363,V� FRPSRVHG RI SRO\�DPLF DFLG� �3$$� DQG D
GLD]RQDSKWKRTXLQRQH SKRWRDFWLYH FRPSRXQG �'14 3$&� KDYH EHHQ JUHDWO\ FRQWULEXWHG WR WKH
SURJUHVV RI PLFURHOHFWURQLFV� +RZHYHU WKH UHODWLRQVKLSV DPRQJ 3$& PROHFXODU VWUXFWXUHV�
K\GURJHQ ERQGLQJ LQWHUDFWLRQV DQG GLVVROXWLRQ LQKLELWDWLRQ IRU S�363,V KDYH QRW EHHQ ZHOO
XQGHUVWRRG� ,Q WKLV VWXG\� PXOWLVFDOH PROHFXODU PRGHOLQJ ZDV XWLOL]HG WR HYDOXDWH VXFK
UHODWLRQVKLSV� 'HQVLW\ IXQFWLRQDO WKHRU\ �')7� FDOFXODWLRQV ZHUH XVHG WR SUHGLFW WKH SRODULW\ RI
YDULRXV '14 3$& PRGHOV DQG WKHLU FRUUHVSRQGLQJ LQGHQ\OLGHQH NHWHQH �,.� FRPSRXQGV� 0ROHFXODU
G\QDPLFV �0'� VLPXODWLRQV ZHUH SHUIRUPHG WR PLPLF WKH LQWHUDFWLRQV EHWZHHQ '14 3$& DQG 3$$
SRO\PHU FKDLQV E\ FDOFXODWLQJ SDUDPHWHUV VXFK DV WKH HQHUJ\ RI PL[LQJ �ಋ(PL[� DQG )ORU\�+XJJLQV
SDUDPHWHU �F$%�� 7KH FRPSXWDWLRQDO UHVXOWV VKRZHG WKDW F$% YDOXHV RI 3$&V FRQWDLQLQJ PRQR
IXQFWLRQDO SKHQROV VLJQLILFDQWO\ GLIIHUHG EHIRUH DQG DIWHU 89 H[SRVXUH� 7KHLU FRUUHVSRQGLQJ
VXSSRVLWLRQDO S�363, ILOPV ZHUH IRXQG WR IRUP D ૺVNLQ OD\HUૻ E\ FRYHULQJ KLJK FRQFHQWUDWLRQ RI 3$&
RQ WKH VXUIDFH RI WKH ILOP� ([SHULPHQWDO GLVVROXWLRQ EHKDYLRU PHDVXUHPHQWV RI VHOHFWHG S�363,
ILOPV VWURQJO\ VXSSRUWHG WKH FRPSXWDWLRQDO REVHUYDWLRQV� 6XFFLQFWO\� WKLV ZRUN GHPRQVWUDWHG WKH
DSSOLFDELOLW\ RI DWRPLVWLF PROHFXODU VLPXODWLRQV IRU WKH HYDOXDWLRQ RI GLVVROXWLRQ LQKLELWDWLRQ HIIHFW
RI�'14�3$&V�DQG�WR�XQGHUVWDQG�WKH�SRVVLEOH�GLVVROXWLRQ�LQKLELWLRQ�PHFKDQLVPV�RI�S�363,V�
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7LS�HQKDQFHG�5DPDQ�VSHFWURVFRS\�IRU�VWUXFWXUDO�DQDO\VLV�RI�WZR�GLPHQVLRQDO�FRYDOHQW
PRQROD\HUV�V\QWKHVL]HG�RQ�ZDWHU�DQG�RQ�$X������

/��=KHQJ���0��6HUYDOOL���$��'��6FKO¾WHU���5��=HQREL�


�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=XULFK���'HSDUWPHQW�RI�0DWHULDOV��,QVWLWXWH
RI�3RO\PHU�&KHPLVWU\��(7+�=XULFK

7ZR�GLPHQVLRQDO ��'� SRO\PHUV� ZKLFK DUH RQH DWRP� RU RQH PRQRPHU XQLW�WKLQ� ORQJ�UDQJH
SHULRGLFDOO\ VWUXFWXUHG� FRYDOHQW QHWZRUNV� KDYH DWWUDFWHG LQWHQVH DWWHQWLRQ GXH WR WKHLU SRWHQWLDO
DSSOLFDWLRQV LQ HOHFWURQLFV DQG VHQVLQJ�� :KHQ LW FRPHV WR PRQROD\HU DQDO\VLV� RQH LV IDFHG ZLWK
WKH H[WUHPHO\ VPDOO TXDQWLWLHV RI PDWHULDO DYDLODEOH DQG WKH LQWULQVLF VRIWQHVV DQG IOH[LELOLW\ �'
SRO\PHUV FDQ H[KLELW� D FKDUDFWHULVWLF GXH WR WKHLU KLJK GHQVLW\ RI QDQR�SRUHV� 7KHUHIRUH� PDQ\
URXWLQH DQDO\WLFDO WHFKQLTXHV VXFK DV ;5' DQG FRQYHQWLRQDO 105 VSHFWURVFRS\ DUH QRW DSSOLFDEOH�
)RUWXQDWHO\� WKHUH DUH VRPH QHZ WHFKQLTXHV WKDW DUH VHQVLWLYH HQRXJK WR DQDO\]H PRQROD\HUV�
VXFK�DV�WLS�HQKDQFHG�5DPDQ�VSHFWURVFRS\��7(56��

7(56 LV DERXW WR EHFRPH DQ LPSRUWDQW PHWKRG IRU VWUXFWXUDO DQDO\VLV RI �' SRO\PHUV� RXU JURXS
KDV UHSRUWHG VHYHUDO LQQRYDWLYH ZRUNV RQ WKH FKDUDFWHUL]DWLRQ RI �' SRO\PHUV XVLQJ 7(56���� 7(56
RIIHUV WKH RSSRUWXQLW\ WR PRQLWRU WKH SRO\PHUL]DWLRQ SURJUHVV DW DQ DLU�ZDWHU LQWHUIDFH� ZKLFK LV
LPSRUWDQW IRU VWXG\LQJ WKH NLQHWLFV DQG GHWHUPLQLQJ ZKHQ WKH SRO\PHUL]DWLRQ UHDFWLRQ LV FRPSOHWH�
7(56 LV QRW OLPLWHG WR VWXG\LQJ �' SRO\PHUV DIWHU WUDQVIHU IURP WKH DLU�ZDWHU LQWHUIDFH� EXW DOVR
DOORZV�WR�FRPSDUH�RQH�DQG�WKH�VDPH�UHDFWLRQ�SHUIRUPHG�RQ�D�PHWDO�VXUIDFH�

+HUH ZH UHSRUW RQ WKH DLU�ZDWHU LQWHUIDFLDO EHKDYLRU RI D PDFURF\FOLF DQWKUDSKDQH PRQRPHU DQG
WKH VWUXFWXUDO DQDO\VLV RI WKH FRYDOHQW VKHHW REWDLQHG ZKHQ LUUDGLDWLQJ WKH VSUHDG PRQROD\HU DW O 
��� QP WR WULJJHU DQWKUDFHQH GLPHUL]DWLRQ UHDFWLRQ� )RU WKLV� GLIIHUHQW DQDO\WLFDO WHFKQLTXHV ZHUH
HPSOR\HG� LQFOXGLQJ LQ�VLWX %UHZVWHU DQJOH PLFURVFRS\ �%$0�� 6(0 �DIWHU WUDQVIHU RQWR KROH\
FRSSHU JULGV�� $)0 �DIWHU WUDQVIHU RQWR 6L2��FRDWHG 6L ZDIHUV� DQG ILQDOO\ 7(56 �DIWHU WUDQVIHU RQWR
$X VXEVWUDWHV�� 7(56 PDSSLQJ �ZLWK $J�WLSV� ZDV DOVR XVHG WR PRQLWRU DQG TXDQWLI\ WKH FRQYHUVLRQ
RI WKH SRO\PHUL]DWLRQ DIWHU GLIIHUHQW LUUDGLDWLRQ WLPHV� )LQDOO\� D PRQROD\HU RI PRQRPHU ZDV
WUDQVIHUUHG RQWR D $X ����� VXUIDFH SULRU WR SRO\PHUL]DWLRQ� IROORZHG E\ LUUDGLDWLRQ DW ��� QP� 7KH
FRQYHUVLRQ QXPEHU RI WKH SRO\PHUL]DWLRQ RQ WKLV PHWDO VXUIDFH ZDV FRPSDUHG WR WKDW RI WKH
SRO\PHUL]DWLRQ�DW�WKH�DLU�ZDWHU�LQWHUIDFH�

>�@�+DIHHVXGHHQ�6DKDEXGHHQ�HW�DO���1DWXUH�&RPPXQLFDWLRQV����������������
>�@�/RWKDU�2SLOLN�HW�DO���$&6�1DQR��������������������
>�@ 9LYLDQ 0¾OOHU HW DO�� $QJHZ� &KHP� ,QW� (G� ����� ��� ������������ $QJHZ� &KHP� ����� ����
������������
>�@�)HQJ�6KDR��HW�DO���$&6�1DQR���������������������
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7KH�HYROXWLRQ�RI�SRO\PHU�FKHPLVWU\�LQ�WKH�SUHVHUYDWLRQ�RI�PRQXPHQWV

0��/��6DQWDUHOOL�����0��3��%UDFFLDOH���

�'HSW��&KHPLFDO�(QJLQHHULQJ�0DWHULDOV�(QYLURQPHQW��8QLYHUVLW\�RI�5RPH�6DSLHQ]D���&,67H&�
5HVHDUFK�&HQWUH�LQ�6FLHQFH�DQG�7HFKQRORJLHV�IRU�WKH�&RQVHUYDWLRQ�RI�+LVWRULFDO�$UFKLWHFWXUDO

+HULWDJH��8QLYHUVLW\�RI�5RPH�6DSLHQ]D���PDULDODXUD�VDQWDUHOOL#XQLURPD��LW

&RQVHUYDWLRQ VFLHQFH ZDV ERUQ DURXQG WKH ����V ZKHQ� ZLWK WKH LQFUHDVLQJ RI WKH SROOXWLRQ LQ WKH
DWPRVSKHUH� HYLGHQW VLJQV RI GHWHULRUDWLRQ ZHUH REVHUYHG RQ WKH VXUIDFH RI WKH PRQXPHQWV LQ
UHODWLRQ WR WKH DFWLRQ RI DFLG UDLQV� &XUUHQWO\� DURXQG �� IRUPV RI PDWHULDO GHJUDGDWLRQ DUH GHILQHG
GXH WR WKH LQWHUDFWLRQ RI ZDWHU DQG DLU �SROOXWHG DQG QRW� RQ PRQXPHQWDO VXUIDFHV >�@� &RQVLGHULQJ
LQ (XURSH WKH SUHVHQFH DERXW ��������� PRQXPHQWV� WKH SUHYHQWLYH FRQVHUYDWLRQ RI PRQXPHQWDO
VXUIDFH�LV�DQ�LPSRUWDQW�JRDO�ERWK�RI�FXOWXUDO�DQG�HFRQRPLF�QDWXUH�
6LQFH WKH ����V� D FORVH LQWHUDFWLRQ ZDV HVWDEOLVKHG EHWZHHQ FRQVHUYDWLRQ VFLHQWLVWV DQG
SURGXFHUV RI FRDWLQJV� $ FRDWLQJ VKRXOG DOORZ DW WKH PDVRQU\ WR EUHDWKH� ZLWKRXW DOWHULQJ WKH
DSSHDUDQFH DQG VKRZLQJ D KLJK FRPSDWLELOLW\ DQG UHYHUVLELOLW\� 0DQ\ VWXGLHV LGHQWLILHG WZR
FDWHJRULHV RI FRDWLQJV DV SURWHFWLYHV DQG FRQVROLGDQWV� VLOLFD�EDVHG SRO\PHUV DQG DFU\OLF�EDVHG
SRO\PHUV�>�@�
7KH IDPLO\ RI VLOR[DQH UHVLQV FDQ EH GLVWLQJXLVKHG LQ UHVLQV SRO\PHUL]LQJ LQ VLWX DQG SRO\PHUL]HG
UHVLQV WR EH DSSOLHG GLUHFWO\ E\ EUXVK RU VSUD\� $PRQJ WKH PRVW IDPRXV SURGXFWV� HWK\O VLOLFDWH LV
FHUWDLQO\�DSSOLHG�DV�D�FRQVROLGDQW�RQ�YDULRXV�PDWHULDOV�
$FU\OLF�EDVHG SRO\PHUV DUH JHQHUDOO\ 00$�(0$ FRSRO\PHUV� 6XUHO\ WKH PRVW DSSOLHG SURGXFW LV
3DUDORLG��5KRP�	�+DDV��IRU�LWV�UHYHUVLELOLW\�DQG�WUDQVSDUHQF\�FKDUDFWHULVWLFV�
7KH WHFKQLFDO�VFLHQWLILF HYROXWLRQ KHOSHG D GHHSHU NQRZOHGJH RI WKH QDWXUH RI DQFLHQW PDWHULDOV
DQG WKHLU GHFD\� LQFUHDVLQJ WKH NQRZOHGJH RI WKHLU FKHPLFDO LQWHUDFWLRQ DQG FRPSDWLELOLW\ ZLWK
FRDWLQJV��LGHQWLI\LQJ�VWUHQJWKV�DQG�ZHDNQHVVHV�RI�WKHLU�QDWXUH�DQG�IXQFWLRQ�
/DWHO\� WKH GLIIXVLRQ RI QHZ QDQRVWUXFWXUHG SRO\PHUV KDV OHG WRZDUGV D QHZ LQWHUHVW LQ WKHVH QHZ
PDWHULDOV� ZKRVH SURSHUWLHV VHHP WR PDWFK ZHOO ZLWK WKH FRQVHUYDWLYH QHHGV� +RZHYHU� LW LV VWLOO
QHFHVVDU\�D�IXOO�XQGHUVWDQGLQJ�RI�WKHLU�FKDUDFWHULVWLFV�DQG�WKHLU�EHKDYLRU�LQ�WKH�WLPH�
6RPH H[SHULPHQWV KDYH VKRZQ D IXOO DSSOLFDELOLW\ RI FOHDQLQJ V\VWHPV RQ SDLQWHG VXUIDFHV EDVHG
RQ K\GURJHOV� ZKLOH WKH DSSOLFDWLRQ RI SRO\PHULF FRPSRVLWH DQG K\EULG V\VWHPV DUH VWLOO XQGHU
VWXG\��)LJ������HVSHFLDOO\�WR�LQFUHDVH�WKH�VHOI�FOHDQLQJ��DQWL�PLFURELDO�DQG�K\GURSKRELF�EHKDYLRU�>�@�

>�@,&2026�,6&6�ZZZ�LFRPRV�RUJ�SXEOLFDWLRQV�PRQXPHQWVBDQGBVLWHV����SGI�0RQXPHQWVBDQGB6LWH
VB��B,6&6B*ORVVDU\B6WRQH�SGI�������
>�@�0��6DGDW�6KRMDL��$��(UVKDG�/DQJURXGL��-��$SSO��3RO\P��6FL�����������������������
>�@ )� 6EDUGHOOD� /� 3URQWL� 0� /� 6DQWDUHOOL� -� 0� $VXD *RQ]¢OH]� 0� 3� %UDFFLDOH� &RDWLQJV� ����� ��
��������
>�@ 11� 5RV\DGDK $KPDG� +� 0XNKWDU� ')� 0RKVKLP� 5� 1DVLU� =� 0DQ� 5HY &KHP (QJ� ����� ���
���૱����
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+RVW�JXHVW�LQWHUDFWLRQV�RQ�HOHFWURGH�VXUIDFHV�IRU�LPPRELOL]DWLRQ�RI�PROHFXODU�FDWDO\VWV

/��6HYHU\���-��6]F]HUELQVNL���0��,DQQX]]L���*��7RFFL���5��=HQREL���'��7LOOH\�


�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�=XULFK���'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG
%LRVFLHQFHV

&RQQHFWLQJ PROHFXOHV WR �SKRWR��HOHFWURGH VXUIDFHV LV RQH RI WKH PDLQ FKDOOHQJHV IRU PROHFXODU
DSSURDFKHV LQ FDWDO\WLF WUDQVIRUPDWLRQV GULYHQ E\ UHQHZDEOH UHVRXUFHV VXFK DV VXQOLJKW� &ODVVLFDO
JUDIWLQJ VWUDWHJLHV LQFOXGH DQFKRULQJ JURXSV WR ELQG WKH PROHFXOHV RQWR WKH VXEVWUDWHV�
IXQFWLRQDOL]DWLRQ RQWR FDUERQ�EDVHG PDWHULDOV DV ZHOO DV SRO\PHU VFDIIROGV WR IL[ FDWDO\VWV FORVH WR
WKH HOHFWURGH VXUIDFH >�@� +RZHYHU� PDQ\ RI WKHVH JUDIWLQJ PHWKRGV VXIIHU IURP GUDZEDFNV VXFK
DV XQVWDEOH ELQGLQJ WR WKH VXUIDFH� FRPSOLFDWHG V\QWKHVLV DQG SXULILFDWLRQ RI OLJDQGV DQG GHFUHDVH
RI�DFWLYLW\�GXH�WR�QHFHVVDU\�PRGLILFDWLRQV�RI�WKH�FDWDO\VWV�>�@�

:H SURSRVH D QHZ DSSURDFK WKDW UHOLHV RQ KRVW�JXHVW FRPSOH[ IRUPDWLRQ� D KLJKO\ VSHFLILF IRUP RI QRQ�
ELQGLQJ LQWHUDFWLRQV� XVLQJ PRGLILHG F\FORGH[WULQ PROHFXOHV DV VXUIDFH�ERXQG KRVW GRPDLQV� :H
GHPRQVWUDWH WKH VLPSOH SUHSDUDWLRQ RI PROHFXODUO\ IXQFWLRQDOL]HG HOHFWURGHV� IDFLOH FDWDO\VW DGDSWDWLRQ WR
FDUU\ D JXHVW GRPDLQ DQG WKDW HOHFWURFDWDO\VLV ZLWK WKHVH V\VWHPV FDQ EH SHUIRUPHG HIILFLHQWO\ LQ ZDWHU RU
RUJDQLF VROYHQW� 8VLQJ VSHFWURVFRSLF DQG VXUIDFH VHQVLWLYH FKDUDFWHUL]DWLRQ PHWKRGV DV ZHOO DV
FRPSXWDWLRQDO VLPXODWLRQV� ZH VKRZ WKDW WKH FDWDO\VW PROHFXOHV DUH DWWDFKHG WR WKH VXUIDFH YLD WKHLU JXHVW�
VXEVWLWXHQW DV D KRVW�JXHVW FRPSOH[ ZLWK WKH F\FORGH[WULQ� (OHFWURFKHPLFDO PHDVXUHPHQWV GHPRQVWUDWH
WKDW HOHFWURQ WUDQVIHU WR WKH JXHVW PHWDO FHQWHU OHDGV WR FDWDO\VLV LQ ERWK RUJDQLF DQG DTXHRXV HOHFWURO\WH
V\VWHPV� 7KLV PDNHV KRVW�JXHVW LQWHUDFWLRQV D YHU\ DWWUDFWLYH PHWKRG IRU DWWDFKLQJ PROHFXODU FDWDO\VWV
RQWR�ERWK�PHWDO�DQG�PHWDO�R[LGH�HOHFWURGH�VXSSRUWV�

>�@�=KDQJ��%��	�6XQ��/���&KHP��6RF��5HY������������������
>�@�/LX��;���,QDJDNL��6��	�*RQJ��-���$QJHZ��&KHP��,QW��(G�������������������
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&DUERQ�1DQRPDWHULDO�)RUPDWLRQ�DW�WKH�/LTXLG�/LTXLG�,QWHUIDFH

(��%RPDO���5��<HR���1��&DQGDX���+��)UDXHQUDWK�


�(3)/�/DXVDQQH��67,�,0;�/020��6WDWLRQ�����������/DXVDQQH

7KH OLTXLG�OLTXLG LQWHUIDFH LV D KLJK�HQHUJ\ LQWHUIDFH WKDW FDQ EH VWDELOL]HG XVLQJ LQWHUIDFLDOO\ DFWLYH
PROHFXOHV� 7KH VXUIDFWDQWV VHOI�DVVHPEOH DW WKH RLO�ZDWHU LQWHUIDFH� H[SRVLQJ WKHLU SRODU KHDG
JURXS WR ZDWHU DQG DSRODU WDLO JURXS WR WKH RLO SKDVH� DOORZLQJ WKH XVH RI WKH OLTXLG�OLTXLG LQWHUIDFH
DV WHPSODWH IRU WZR�GLPHQVLRQDO DVVHPEO\� +HUH ZH UHSRUW WKH LQ�VLWX IRUPDWLRQ RI �' FDUERQ
QDQRPDWHULDO DW WKH OLTXLG�OLTXLG LQWHUIDFH� VWDUWLQJ IURP UHDFWLYH FDUERQ�ULFK VXUIDFWDQWV EDVHG RQ
KH[D\QHV� WKDW XQGHUJR VSRQWDQHRXV WZR�GLPHQVLRQDO LQWHUIDFLDO SRO\PHUL]DWLRQ� 2XU ODERUDWRU\
KDG SUHYLRXVO\ XVHG FDUERQ�ULFK UHDFWLYH VXUIDFWDQWV WR IDEULFDWH FDUERQ QDQRVKHHWV DW WKH DLU�
ZDWHU LQWHUIDFH�>�@ ,Q WKH ZRUN SUHVHQWHG KHUH� ZH HPSOR\ KH[D\QH DPSKLSKLOHV ZLWK D SKRVSKRQLF
DFLG KHDG JURXS WKDW UHDGLO\ VHOI�DVVHPEOH DW WKH RLO�ZDWHU LQWHUIDFH DQG VSRQWDQHRXVO\ UHDFW WR
IRUP D FURVV�OLQNHG FDUERQ�ULFK PHPEUDQH� 7KLV PHPEUDQH FDQ EH IXUWKHU FURVVOLQNHG E\ 89
LUUDGLDWLRQ� IRUPLQJ D WKLQ �' FDUERQ QDQRPDWHULDO DW WKH LQWHUIDFH� ,Q FRQWUDVW WR PROHFXODU
VXUIDFWDQWV� WKH UHVXOWLQJ QDQRPDWHULDO SUHVHQW GLVWLQFWLYH SURSHUWLHV RI D 3LFNHULQJ HPXOVLRQ� VXFK
DV EXFNOLQJ XSRQ D FKDQJH LQ WKH LQWHUIDFLDO DUHD� 7KH FKHPLFDO VWUXFWXUH RI WKH IRUPHG �'
QDQRPDWHULDO LV LQYHVWLJDWHG LQ GHSWK WKURXJK YDULRXV VSHFWURVFRSLF WHFKQLTXHV� )XUWKHUPRUH� WKH
WUDQVLWLRQ IURP PROHFXODU VXUIDFWDQW VWDELOL]DWLRQ WR D FROORLGDO VWDELOL]DWLRQ RI WKH LQWHUIDFH FDQ EH
IROORZHG E\ GURS WHQVLRPHWU\ DV ZHOO DV LQWHUIDFLDO UKHRORJ\ DQG DOORZV WR JDLQ IXQGDPHQWDO
LQVLJKWV�LQWR�WKH�LQWHUIDFLDO�VWDELOL]DWLRQ�SURFHVV�

)LJXUH �� �' FDUERQ QDQRPDWHULDO IRUPDWLRQ D� PROHFXODU VWUXFWXUH RI WKH VXUIDFWDQW E� VHOI�
DVVHPEO\ DW WKH RLO�ZDWHU LQWHUIDFH F� VSRQWDQHRXV FURVVOLQNLQJ LQGXFLQJ WKH IRUPDWLRQ RI D
SRO\GLDFHW\OHQH�OLNH�PHPEUDQH�G��FDUERQL]DWLRQ�WKURXJKW�89�LUUDGLDWLRQ�LQWR�D�FDUERQ�PHPEUDQH

>�@�6FKUHWWO��6���)UDXHQUDWK��+��HW�DO��1DWXUH�&KHP�������������������
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7KH�LQWHUSOD\�RI�FKDQQHO�JHRPHWU\�DQG�PROHFXODU�IHDWXUHV�GHWHUPLQH�GLIIXVLRQ�LQ�OLSLGLF
FXELF�SKDVHV�

5��*KDQEDUL�����5��0H]]HQJD���

�'HSDUWPHQW�RI�+HDOWK�6FLHQFHV�DQG�7HFKQRORJ\��(7+�=¾ULFK���$GROSKH�0HUNOH�,QVWLWXWH��8QLYHUVLW\
RI�)ULERXUJ���'HSDUWPHQW�RI�0DWHULDOV��(7+�=¾ULFK

7KH WUDQVSRUW EHKDYLRU RI LQYHUVH ELFRQWLQXRXV FXELF SKDVHV LV H[SHULPHQWDOO\ LQYHVWLJDWHG DV WKH
FRPELQHG RXWFRPH RI VROXWH PROHFXODU VWUXFWXUH DQG JHRPHWULFDO GHWDLOV RI WKH FRQILQLQJ
V\PPHWU\� 0ROHFXODU GLIIXVLRQ LV GLVFXVVHG LQ UHODWLRQ WR FXUYDWXUH� ERWWOHQHFNV DQG LQWHUIDFLDO
SURSHUWLHV RI HDFK FXELF SKDVH� 3RLQW�OLNH PROHFXOHV VKRZ IDVWHU GLIIXVLRQ DFURVV WKH GRXEOH
GLDPRQG �3Q�P� V\PPHWU\� ZKLOH XQIROGHG PDFURPROHFXOHV GLVSOD\ EHWWHU SHUIRUPDQFH LQVLGH WKH
GRXEOH SULPLWLYH �,P�P� FXELF SKDVH� 7KH IRUPHU REVHUYDWLRQ LV LQ DJUHHPHQW ZLWK SUHYLRXV
VLPXODWLRQ ZRUN� ZKHUHDV WKH ODWWHU LQGLFDWHV WKDW GHGLFDWHG WKHRU\ QHHGV WR EH GHYHORSHG IRU
GLIIXVLQJ SRO\PHUV� )XUWKHU� WKH HIIHFW RI HOHFWURVWDWLF LQWHUDFWLRQV LV DVVHVVHG E\ D VWXG\ RI
GLIIXVLRQ RI QDQRSDUWLFOHV� DQG LV UDWLRQDOL]HG YLD D FRPELQDWLRQ RI VLPXODWLRQV DQG WKHRUHWLFDO
FRQVLGHUDWLRQV DV WKH UHVXOW RI D FRPSHWLWLRQ EHWZHHQ ZDWHU PRELOLW\ DQG JHRPHWULFDO IHDWXUHV RI
WKH�FKDQQHO�

>�@ 5H]D *KDQEDUL� 6DOYDWRUH $VVHQ]D� 5DIIDHOH 0H]]HQJD� -RXUQDO RI &KHPLFDO 3K\VLFV� ����� ����
������
>�@ 'DYLG 0� $QGHUVRQ� 6RO 0� *UXQHU DQG 6WDQLVODV /HLEOHU� 3URFHHGLQJV RI WKH 1DWLRQDO $FDGHP\
RI�6FLHQFHV�RI�WKH�86$����������������������
>�@ ,VDEHOOH 0DUWLHO� 1LFROH %DXPDQQ� -LMR -� 9DOORRUDQ� -RWDP %HUJIUHXQG� /DXUHQW 6DJDORZLF] DQG
5DIIDHOH�0H]]HQJD��-RXUQDO�RI�&RQWURO�5HOHDVH�������������������
>�@ ;DYLHU 0XOHW� %HQ -� %R\G DQG &DOXP -� 'UXPPRQG� -RXUQDO RI &ROORLG ,QWHUIDFH 6FLHQFH� �����
���������
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3HUIRUPDQFH�DW�,QWHUIDFHV�૱�IURP�KDLU�WR�FHUDPLF�WLOHV

'��.XSSHUW�

�&ODULDQW��)UDQNIXUW��*HUPDQ\���GLUNURODQG�NXSSHUW#FODULDQW�FRP

&KHPLVWU\ DQG PDWHULDOV DUH DW WKH KHDUW RI WKH VSHFLDOW\ FKHPLFDOV LQGXVWU\� &XVWRPHU IRFXV DQG
LQQRYDWLRQ DUH WKH NH\V WR VXFFHVV LQ WKDW LQGXVWU\� %\ ZRUNLQJ FORVHO\ ZLWK FXVWRPHUV� ZH
WUDQVODWH XQPHW PDUNHW QHHGV LQWR OHDGLQJ�HGJH WHFKQRORJLHV DQG SHUIRUPDQFH SURGXFW VROXWLRQV
WR DGG YDOXH WR RXU FXVWRPHUV DQG WR UHGXFH RXU LPSDFW RQ WKH HQYLURQPHQW� 7R HQDEOH XV WR GR
WKDW HIILFLHQWO\ WKH OHYHUDJH RI LQWHUQDWLRQDO VFLHQWLILF H[SHUWLVH DQG NQRZOHGJH ZLWK LQGXVWU\ NQRZ�
KRZ�LV�QHFHVVDU\�

'LIIHUHQW NLQGV RI LQWHUIDFHV DQG WKH LQWHUDFWLRQ RI PROHFXOHV ZLWK WKRVH LQWHUIDFHV SOD\ D FUXFLDO
UROH LQ WKH GHYHORSPHQW RI KLJK�SHUIRUPDQFH SURGXFWV� (YHQ LI XQGHUVWDQGLQJ WKH LQWHUDFWLRQV RI
FKHPLFDO FRPSRXQGV DW LQWHUIDFHV LV FKDOOHQJLQJ� LW FRQVWLWXWHV D KLJKO\ YDOXDEOH DSSURDFK IRU WKH
GHYHORSPHQW�RI�QHZ�DQG�LQQRYDWLYH�VROXWLRQV�

3UDFWLFDO H[DPSOHV ZLOO EH SUHVHQWHG KRZ VXFK DQ XQGHUVWDQGLQJ RI LQWHUDFWLRQ DW LQWHUIDFHV OHDG
WR WKH GHYHORSPHQW RI H�J� QHZ SRO\PHUV ZLWK RSWLPL]HG WRSRORJLHV DQG LQQRYDWLYH ELR�EDVHG
VXUIDFWDQWV ZLWK RXWVWDQGLQJ SHUIRUPDQFH SURSHUWLHV LQ GLIIHUHQW DSSOLFDWLRQ DUHDV� 7KH
DSSOLFDWLRQV ZLOO FRYHU VXFK GLYHUVH ILHOGV OLNH H�J� KDLU FRQGLWLRQLQJ DJHQWV� DX[LOLDULHV IRU FOHDQLQJ
SRO\HVWHU�IDEULFV�RU�KDUG�VXUIDFHV�OLNH�EDWKURRP�RU�NLWFKHQ�WLOHV�

KWWSV���ZZZ�FODULDQW�FRP�
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(3'0�5XEEHU�'HYHORSPHQWV�(QDEOHG�%\�$GYDQFHG�0ROHFXODU�&DWDO\VW�7HFKQRORJ\

9��7KDNXU���6��:X�

�'RZ�(XURSH�*PE+��+RUJHQ��6ZLW]HUODQG���'RZ�3DFNDJLQJ�	�6SHFLDOW\�3ODVWLFV��/DNH�-DFNVRQ�
7H[DV��86$���9WKDNXU�#GRZ�FRP

(WK\OHQH 3URS\OHQH 'LHQH �(3'0� K\GURFDUERQ UXEEHU LV XVHG LQ PDQ\ DSSOLFDWLRQV GXH WR LWV
H[FHOOHQW ZHDWKHULQJ� FKHPLFDO� DQG KHDW DJLQJ UHVLVWDQFH SURSHUWLHV� 7KH PDMRU DSSOLFDWLRQV
LQFOXGH DXWRPRWLYH VHDOLQJ DQG XQGHU WKH KRRG SDUWV� FRQVWUXFWLRQ PHPEUDQHV DQG JDVNHWV�
FRQVXPHU SDUWV� DSSOLDQFHV JDVNHWV� DQG ZLUH DQG FDEOH� ,W LV PDLQO\ SURGXFHG XVLQJ =LHJOHU�1DWWD
DQG�VLQJOH�VLWH�FDWDO\VWV�LQ�D�VROXWLRQ�RU�LQ�VXVSHQVLRQ�SKDVH�

'RZ UHYROXWLRQL]HG WKH (3'0 LQGXVWU\ LQ ���� E\ SURGXFLQJ (3'0V XVLQJ ,16,7(70 WHFKQRORJ\ >�@�
7KH ,16,7(70 7HFKQRORJ\ XWLOL]HG WKH VLQJOH VLWH FDWDO\VW DQG PRGHUQ SURFHVV WHFKQRORJ\ WR
GHOLYHU FOHDQ DQG JHO�IUHH (3'0V WKDW EHFDPH WKH EHQFKPDUN LQ WKH UXEEHU LQGXVWU\� 5HFHQWO\�
'RZ IXUWKHU SLRQHHUHG WKH HYROXWLRQ RI FDWDO\VW WHFKQRORJ\ E\ GHYHORSLQJ QH[W JHQHUDWLRQ RI
PROHFXODU FDWDO\VWV >�@� QDPHG DV $GYDQFHG 0ROHFXODU &DWDO\VW �$0&�� 7KH $0& WHFKQRORJ\ VHW
WKH VWDQGDUGV KLJK LQ WHUPV RI FDWDO\VW HIILFLHQF\� KLJKHU GLHQH LQFRUSRUDWLRQ� DQG KLJKHU
WHPSHUDWXUH VWDELOLW\ RI WKH VROXWLRQ SURFHVV� ZKLOH VWLOO PDLQWDLQLQJ WKH FOHDQ DQG JHO�IUHH (3'0
FKDUDFWHULVWLFV� 8VLQJ KLJK WKURXJKSXW WHFKQRORJLHV >�@� QHZ FDWDO\VWV ZHUH GLVFRYHUHG ZKLFK
DOORZHG WKH HIILFLHQW PDQXIDFWXULQJ RI QHZHU (3'0V ZHUH GHYHORSHG ZLWK XOWUD�KLJK PROHFXODU
ZHLJKW >�@� KLJKHU GLHQH FRQWHQW >�@� KLJKHU ORQJ FKDLQ EUDQFKLQJ >�@� DQG EURDGHU PROHFXODU
ZHLJKW GLVWULEXWLRQ� ,Q WKLV SDSHU� ZH ZLOO KLJKOLJKW WKH HYROXWLRQ RI FDWDO\VW WHFKQRORJ\� (3'0
VXVWDLQDELOLW\�IRRWSULQW�>�@��QHZ�(3'0�GHYHORSPHQWV��DQG�ILQDOO\��VRPH�DSSOLFDWLRQ�H[DPSOHV�

ழ�7UDGHPDUN�RI�7KH�'RZ�&KHPLFDO�&RPSDQ\��ૺ'RZૻ��RU�DQ�DIILOLDWHG�FRPSDQ\�RI�'RZ

>�@�-��&��6WHYHQV��6WXG��6XUI��6FL��	�&DWDO������������������
>�@�-��.ORVLQ�HW�DO���$FFRXQWV�RI�&KHPLFDO�5HVHDUFK�����������������������
>�@�9��0XUSK\�HW�DO���-��$P��&KHP��6RF�������������������������
>�@�;��:X�HW�DO���73(�0DJD]LQH�������������������A
>�@�5HVVQLJ�HW�DO���5XEEHU�)LEHUV�	�3ODVWLFV���������������������
>�@�9��7KDNXU�HW�DO���3ODVWLFV�5XEEHUV�	�&RPSRVLWHV�������������������
>�@�5��+HOOLQJ��+��%RRQH��/&$�,QWHUQDO�5HSRUW��������
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3RO\PHU�%UXVK�)XQFWLRQDOL]HG�0DJQHWLF�1DQRSDUWLFOH�&OXVWHUV�DV�0DJQHWLF�%ORRG
3XULILFDWLRQ�$JHQWV

$��+��$QWKLV�����0��7��0DWWHU�����,��.��+HUUPDQQ���


�3DUWLFOHV�%LRORJ\�,QWHUDFWLRQV��'HSDUWPHQW�0DWHULDOV�0HHW�/LIH��6ZLVV�)HGHUDO�/DERUDWRULHV�IRU
0DWHULDOV�6FLHQFH�DQG�7HFKQRORJ\��(PSD����/DERUDWRU\�IRU�1DQRSDUWLFOH�6\VWHPV�(QJLQHHULQJ�

'HSDUWPHQW�RI�0HFKDQLFDO�DQG�3URFHVV�(QJLQHHULQJ��(7+�=XULFK

0DJQHWLF EORRG SXULILFDWLRQ EDVHG RQ WKH XVH RI IXQFWLRQDOL]HG DQG IUHHO\ GLIIXVLQJ PDJQHWLF
QDQRSDUWLFOHV KDV GHPRQVWUDWHG JUHDW SRWHQWLDO IRU WKH FDSWXULQJ RI WR[LQV DQG SDWKRJHQV IURP
EORRG H[WUDFRUSRUHDOO\�� +LJK VXUIDFH DUHD DYDLODEOH IRU ELQGLQJ DQG IDVW H[WUDFWLRQ RIIHU VLJQLILFDQW
DGYDQWDJH FRPSDUHG WR WUDGLWLRQDO EORRG SXULILFDWLRQ WHFKQLTXHV� ZKLFK RIWHQ VXIIHU IURP
PHPEUDQH VDWXUDWLRQ DQG FORWWLQJ�� +RZHYHU� WKH FRPSURPLVH EHWZHHQ JRRG GLVSHUVLELOLW\ RI WKH
PDJQHWLF�EHDGV�DQG�KLJK�EHDG�UHFRYHU\�SRVHV�D�PDMRU�FKDOOHQJH�

+HUH� ZH UHSRUW RQ WKH V\QWKHVLV DQG IXQFWLRQDOL]DWLRQ RI ��� QP VXSHUSDUDPDJQHWLF PDJQHWLWH
FOXVWHU QDQRSDUWLFOHV IXQFWLRQDOL]HG ZLWK FDWLRQLF �FR�SRO\PHU EUXVKHV JURZQ XVLQJ 6XUIDFH
,QLWLDWHG $WRP 7UDQVIHU 5DGLFDO 3RO\PHUL]DWLRQ �$753�� 7KHVH QDQRSDUWLFOHV IRUP FRPSDUDWLYHO\
VWDEOH GLVSHUVLRQV LQ SK\VLRORJLFDO IOXLGV �VWDEOH IRU PRUH WKDQ ��KUV FRPSDUHG WR PLQXWHV IRU WKH
XQIXQFWLRQDOL]HG QDQRSDUWLFOHV� DQG FDQ EH IXOO\ UHFRYHUHG �!������ LQ XQGHU WKUHH PLQXWHV� %\
DSSURSULDWHO\ VHOHFWLQJ FR�PRQRPHUV� WKH FROORLGDO VWDELOLW\ DQG EHDG VHSDUDWLRQ WLPHV FDQ EH
IXUWKHU WDLORUHG� ,QWURGXFWLRQ RI P3(* PRQRPHUV ����� UHGXFHV EHDG UHFRYHU\ WLPHV DV ZHOO DV WKH
F\WRO\WLF DFWLYLW\ RI WKH SRO\FDWLRQLF EUXVK�IXQFWLRQDOL]HG QDQRSDUWLFOHV� )ROORZLQJ LQ�GHSWK VWXGLHV
RQ WKH FROORLGDO VWDELOLW\ DV ZHOO DV EHDG VHSDUDELOLW\� ZH WKHQ GHPRQVWUDWH WKH TXDQWLWDWLYH
H[WUDFWLRQ RI IUHH ELOLUXELQ IURP SK\VLRORJLFDO PHGLD XVLQJ FDWLRQLF SRO\PHU EUXVK�IXQFWLRQDOL]HG
QDQRSDUWLFOHV�

7DNHQ WRJHWKHU� ZH SUHVHQW WDLORUDEOH IXQFWLRQDOL]HG PDJQHWLF QDQRSDUWLFOH V\VWHPV WKDW XQLI\
FROORLGDO VWDELOLW\ ZLWK KLJK PDJQHWLF UHFRYHU\ UDWHV� 7KH GHPRQVWUDWHG ELOLUXELQ FDSWXULQJ E\ WKH
EUXVK�IXQFWLRQDOL]HG PDJQHWLF QDQRSDUWLFOHV KDV SURVSHFWLYH DSSOLFDWLRQV LQ DUWLILFLDO OLYHU VXSSRUW
V\VWHPV�

>�@�,QJH�.��+HUUPDQQ��&ULWLFDO�&DUH���������������ಗ����
>�@�6WDGOEDXHU�9DQHVVD��.ULVSHU�3HWHU��%HXHUV�8OULFK��HW�DO���$6$,2�-RXUQDO��������������������
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�'�3ULQWLQJ�RI�3HUVRQDOL]HG�%LRGHJUDGDEOH�$LUZD\�6WHQWV�YLD�9DW�3KRWRSRO\PHUL]DWLRQ

<��%DR���.��0DVDQLD���1��.OHJHU���-��&DGDOEHUW���-��/HURX[�


�'UXJ�)RUPXODWLRQ�DQG�'HOLYHU\��,QVWLWXWH�RI�3KDUPDFHXWLFDO�6FLHQFH��'HSDUWPHQW�RI�&KHPLVWU\�DQG
$SSOLHG�%LRVFLHQFHV��(7+�=XULFK���&RPSOH[�0DWHULDOV��'HSDUWPHQW�RI�0DWHULDOV��(7+�=XULFK���
0XVFXORVNHOHWDO�5HVHDUFK�8QLW��9HWVXLVVH�)DFXOW\��8QLYHUVLW\�RI�=XULFK���'HSDUWPHQW�RI

3XOPRQRORJ\��8QLYHUVLW\�+RVSLWDO�=XULFK

6WHUHROLWKRJUDSK\ �6/$��EDVHG �' SULQWLQJ H[KLELWV GLVWLQJXLVKHG DGYDQWDJHV LQFOXGLQJ KLJK
UHVROXWLRQ� JRRG VXUIDFH TXDOLW\ DQG UHODWLYHO\ ORZ FRVW� ,W LV EDVHG RQ D YDW SKRWRSRO\PHUL]DWLRQ
SURFHVV� WDNLQJ SODFH LQ D EDWK FRQWDLQLQJ OLTXLG �PDFUR�PRQRPHUV DQG SKRWRLQLWLDWRUV� ,Q
FRPELQDWLRQ ZLWK PHGLFDO LPDJLQJ WHFKQLTXHV� WKLV PLJKW SURYLGH HQRUPRXV RSSRUWXQLWLHV WR
GHVLJQ FXVWRPL]HG GUXJ IRUPXODWLRQV DQG ELRPHGLFDO GHYLFHV�>�@ 8QIRUWXQDWHO\� WKH ODFN RI
ELRPDWHULDOV VXLWDEOH IRU 6/$ OLPLWV LWV PHGLFDO DSSOLFDWLRQV� HVSHFLDOO\ ZKHQ WKH PDQXIDFWXUH RI
ELRGHJUDGDEOH HODVWLF GHYLFHV LV VRXJKW� $V D W\SLFDO HODVWLF LPSODQW� DLUZD\ VWHQWV DUH GHVLJQHG WR
VLPXODWH WKH DLUZD\ DQDWRP\� SDOOLDWLQJ V\PSWRPV LQ SDWLHQWV VXIIHULQJ IURP FHQWUDO DLUZD\
REVWUXFWLRQ� +RZHYHU� WKH FOLQLFDO XVH RI FRPPHUFLDO RQH�VL]H�ILWV�DOO VWHQWV LV RIWHQ FRQVWUDLQHG E\
WKH JHRPHWULFDO PLVPDWFKLQJ WR WKH FRPSOH[ WUDFKHDEURQFKLDO DQDWRP\ RI LQGLYLGXDO SDWLHQWV�>�@
7KHUHIRUH� ELRGHJUDGDEOH DLUZD\ VWHQWV ZLWK SHUVRQDOL]HG JHRPHWU\ DUH KLJKO\ GHVLUHG� +HUH� ZH
UHSRUW WKH 6/$ SULQWLQJ RI SHUVRQDOL]HG DLUZD\ VWHQWV IURP ELRGHJUDGDEOH SRO\PHULF PDWHULDOV
�)LJXUH ��� $ VHULHV RI SRO\PHUV ZLWK YDULRXV PROHFXODU ZHLJKWV ZHUH V\QWKHVL]HG IRU �' SULQWLQJ LQ
D FXVWRPL]HG 6/$ SULQWHU� 7KH SULQWHG VSHFLPHQV H[KLELWHG KLJKO\ WXQDEOH PHFKDQLFDO SURSHUWLHV�
GHSHQGLQJ RQ WKH SRO\PHU FKDLQ OHQJWK DQG RQ WKH IHHGLQJ UDWLR RI WKH GLIIHUHQW SRO\PHUV� $Q
DLUZD\ VWHQW SURWRW\SH EDVHG RQ WKH FRPSXWHG WRPRJUDSK\ �&7� VFDQ LPDJHV RI UDEELW WUDFKHD
ZDV VXFFHVVIXOO\ SULQWHG IURP WKH RSWLPL]HG SRO\PHULF PDWHULDOV� ,W H[KLELWHG KLJK IOH[LELOLW\ DQG
VWUHWFKDELOLW\� ZKLFK ZHUH FRPSDUDEOH WR WKRVH RI FRPPHUFLDO VLOLFRQH SURGXFWV ZLWK WKH DGGHG
DGYDQWDJH RI EHLQJ ELRUHVRUEDEOH� 7KLV ZRUN RSHQV QHZ SHUVSHFWLYHV IRU GHYHORSLQJ ELRGHJUDGDEOH
�'�SULQWHG�SHUVRQDOL]HG�PHGLFDO�GHYLFHV�ZLWK�DGHTXDWH�PHFKDQLFDO�SURSHUWLHV�����

)LJXUH �� 5HSUHVHQWDWLYH WHQVLOH VWUHVV�VWUDLQ FXUYHV RI �' SULQWHG VSHFLPHQV ZLWK KLJKO\ WXQDEOH
PHFKDQLFDO SURSHUWLHV� ,QVHW� �' SULQWHG ELRGHJUDGDEOH VWHQW EDVHG RQ &7 VFDQ LPDJHV RI UDEELW
WUDFKHD�

>�@ =KDQJ� -�� ;LDR� 3� 3RO\P� &KHP�� ����� �� ����� >�@ ;X� -�� 2QJ� +� ;�� 7UDLQL� '�� %\URP� 0��
:LOOLDPVRQ��-���<RXQJ��3��0��'UXJ��'HY��,QG��3KDUP��������������
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'HYHORSLQJ�$�6DIH�E\�'HVLJQ�1DQRDJURFKHPLFDO

)��6FKZDE���0��0DFHURQL���0��+��(O�6KHWHK\���/��$FNHUPDQQ�+LUVFKL���$��0RUDGL���)��0DXFK���%�
5RWKHQ�5XWLVKDXVHU���$��3HWUL�)LQN�

�$GROSKH�0HUNOH�,QVWLWXWH���8QLYHUVLW\�RI�)ULERXUJ

6DIH E\ 'HVLJQ QDQR�DJURFKHPLFDOV SURPLVH KLJKHU HIILFLHQF\ WKDQ FRQYHQWLRQDO SHVWLFLGHV� DQG
WKHUHIRUH KDYH D KLJK SRWHQWLDO LQ UHGXFLQJ WKH SROOXWLRQ SHQDOW\ RI WKHVH SURGXFWV� +RZHYHU� PXFK
KDV WR EH OHDUQHG DERXW WKH JDLQ RI HIILFLHQF\ FRPSDUHG WR FRQYHQWLRQDO SURGXFWV� WKH HFRQRPLFDO
DQG HQYLURQPHQWDO FRVWV RI D ODUJH�VFDOH SURGXFWLRQ� WKH ZLOOLQJQHVV RI IDUPHUV WR DGRSW WKHLU
SUDFWLFH� UHJXODWLRQV� DQG WKH ULVN RI GLUHFWO\ DSSO\LQJ VXFK QHZ W\SHV RI \LHOG HQKDQFHUV RQ
DJULFXOWXUDO�VRLO�

�

+HUH� ZH SUHVHQW WKH UHVXOWV RI ODERUDWRU\ VFDOH H[SHULPHQWV WR GHYHORS D ELRLQVSLUHG
QDQRELRVWLPXODQW DQG FRPSDUH LWV HIIHFWV ZLWK FRQYHQWLRQDO SHVWLFLGH LQJUHGLHQWV RQ WKH
DJULFXOWXUDO OHJXPH DOIDOID �OXFHUQH� 0HGLFDJR VDWLYD� DQG WKH PRGHO SODQW $UDELGRSVLV WKDOLDQD� $V
D UHIHUHQFH VXEVWDQFH IRU FRQYHQWLRQDO SHVWLFLGHV� WKH EURDGEDQG IXQJLFLGH WHEXFRQD]ROH ZDV
WHVWHG� 6HHG JHUPLQDWLRQ DQG LQIHFWLRQ WHVWV� DQG SODQW JURZWK WHVWV DV ZHOO DV ELRFKHPLFDO WHVWV
ZLWK SDWKRJHQV DV ZHOO DV VRLO RUJDQLVP HFRWR[LFLW\ WHVWV ZHUH FRQGXFWHG� 7KH UHOHDVH SURILOH RI
WKH QDQRSDUWLFOH ZDV TXDQWLILHG E\ DQ LQGXFWLYHO\ FRXSOHG SODVPD ૱ RSWLFDO HPLVVLRQ VSHFWURVFRS\
�,&3�2(6� PHWKRG GHYHORSHG LQ KRXVH >�@� DQG LWV LQWHUDFWLRQV ZLWK WKH SODQW ZHUH YLVXDOL]HG LQ
YLHZ RI SRWHQWLDO XSWDNH DQG WUDQVORFDWLRQ XVLQJ WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\ �7(0� DQG
HQHUJ\�GLVSHUVLYH�;�UD\�VSHFWURVFRS\��('6��

7KH SHUIRUPDQFH RI WKH QDQRELRVWLPXODQW ZDV IRXQG WR EH XS WR WZLFH DV KLJK DV IRU WKH
FRQYHQWLRQDO SURGXFW� 7KH XVH RI QDQRELRVWLPXODQWV SURPLVHV WR VWURQJO\ UHGXFH WKH RUJDQLF
SHVWLFLGH�EXUGHQ�RI�SHRSOH�DQG�WKH�HQYLURQPHQW�

>�@ %RVVHUW� '�� 8UEDQ� '� $�� 0DFHURQL� 0�� $FNHUPDQQ�+LUVFKL� /�� +DHQL� /�� <DMDQ� 3�� 6SXFK�
&DOYDU� 0�� 5RWKHQ�5XWKLVKDXVHU� %�� 5RGULJXH]�/RUHQ]R� /�� 3HWUL�)LQN� $�� 6FKZDE� )�� 6FLHQWLILF
5HSRUWV��������DFFHSWHG
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$PLQH�IXQFWLRQDOL]HG�QDQRILEHU�DHURJHO�IRU�HIILFLHQW�&2��FDSWXUH

6��0RXVDYL���6��.R���&��$GOKDUW�


�,QVWLWXWH�RI�&KHPLVWU\�DQG�%LRWHFKQRORJ\��=XULFK�8QLYHUVLW\�RI�$SSOLHG�6FLHQFHV�=+$:���6FKRRO�RI
&KHPLVWU\��8QLYHUVLW\�&ROOHJH�&RUN��,UHODQG

,QFUHDVLQJ &2� HPLVVLRQV PDLQO\ DV WKH UHVXOW RI IRVVLO IXHO FRPEXVWLRQ DUH D NH\ IDFWRU EHKLQG
JOREDO ZDUPLQJ ���� 7KLV JLYHV WKH &2� FDSWXUH DQG VHTXHVWUDWLRQ �&&6� WHFKQRORJLHV D SULRULW\ LQ
FRQWUROOLQJ DQG EDODQFLQJ WKH DWPRVSKHULF &2�� &XUUHQWO\� GLIIHUHQW WHFKQRORJLHV VXFK DV
DGVRUSWLRQ��GLVWLOODWLRQ�DQG�PHPEUDQH�VHSDUDWLRQ�KDYH�EHHQ�XVHG�IRU�&2��FDSWXUH�����������

6XSSRUWHG DPLQH PDWHULDOV DUH DQ DWWUDFWLYH JURXS RI VROLG DGVRUEHQWV ZLWK VRPH DGYDQWDJHV
FRPSDUHG WR OLTXLG DPLQHV ��� ��� &RQVLGHULQJ FHUWDLQ OLPLWDWLRQV VXFK DV FORJJLQJ DQG UHF\FOLQJ
LVVXHV RI SDUWLFOHV DQG SRZGHUV� GLIIHUHQW VWXGLHV DUH UHFHQWO\ LQGLFDWLQJ WKDW DPLQH PRGLILHG
DHURJHOV ZLWK QRQSRURXV DQG WKUHH�GLPHQVLRQDO VWUXFWXUHV DUH SURPLVLQJ &2� DGVRUEHQWV ��� ���
+RZHYHU� ILQGLQJ IOH[LEOH DQG PHFKDQLFDOO\ VWDEOH DHURJHOV� ZKLFK DUH SURYLGLQJ WKH SRVVLELOLW\ RI
VXUIDFH�PRGLILFDWLRQ��LV�VWLOO�FKDOOHQJLQJ�

,Q WKH SUHVHQW ZRUN� ZH GHYHORSHG D �' SRURXV SXOOXODQ�39$�3$$ QDQRILEHU DHURJHO LPSUHJQDWHG
ZLWK 3$0$0 GHQGULPHU� ,W LV D YHU\ HIILFLHQW &2� DGVRUEHQW IDYRULQJ WKH JDV GLIIXVLRQ GXH WR LWV
SRURXV DUFKLWHFWXUH� 7KH PRUSKRORJ\� SRUH VWUXFWXUH DQG FKHPLFDO FRPSRVLWLRQ RI WKH QDQRILEHU
DHURJHO ZHUH FKDUDFWHUL]HG� &2� FDSWXUH ZDV SHUIRUPHG LQ D FRQWLQXRXV &2� FDSWXUH DSSDUDWXV
XVLQJ GU\ &2��DUJRQ JDV PL[WXUHV� 5HSHDWHG DGVRUSWLRQ�GHVRUSWLRQ F\FOHV VKRZHG D VLJQLILFDQW
UHJHQHUDWLRQ FDSDFLW\ RI WKH QDQRILEHU DHURJHO UHQGHULQJ LW D SURPLVLQJ DGVRUEHQW IRU FRQWLQXRXV
&2��UHPRYDO�6\VWHPV�

>�@�2VFKDW\��0���$QWRQLHWWL��0��(QHUJ\�(QYLURQ��6FL������������������
>�@ /HXQJ� '� <�&�� &DUDPDQQD� *�� 0DURWR�9DOHU� 0� 5HQHZDEOH 6XVWDLQDEOH (QHUJ\ 5HY�� ����� ���
��������
>�@ :� +H� )� =KDQJ� =� :DQJ� :� 6XQ� =� =KRX� =� 5HQ� ,QG� (QJ� &KHP� 5HV� ����� ���
�����૱������
>�@ =DLQDE� *�� ,TEDO� 1�� %DEDU� $�� +XDQJ� &�� :DQJ� ;�� <X� -�� 'LQJ� %�� &RPSRV� &RPPXQ� ����� �
�������
>�@�%ROOLQL�3��'LGDV�6$��-RQHV�&:��-��0DWHU��&KHP������������������������
>�@�'૷$OHVVDQGUR�'0��6PLW�%��/RQJ�-5��&KHP��,QW��(G����������������������
>�@ 5� %HJDJ� +� .UXWND� :� 'RQJ� '� 0LKDOFLN� :� 5KLQH� *� *RXOG� -� %DOGLF� 3� 1DKDVV� *UHHQKRXVH
*DVHV�6FL��7HFKQRO�������������૱���
>�_�.RQJ��<���+LDQJ��*���:X��<���&XL��6���6KHQ��;���&KHP��(QJ��-��������������������
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3RO\PHUV��&ROORLGV�	�,QWHUIDFHV��6KRUW�WDON 3,����

0HFKDQRFKHPLFDO�$FWLYDWLRQ�DW�,QWHUIDFHV�'ULYHQ�E\�6ZHOOLQJ�RI�3RO\PHU�%UXVKHV

-��1��%OHLFK���0��0��0DUFLQHN���+��$��.ORN�


�,QVWLWXW�GHV�0DW«ULDX[�HW�,QVWLWXW�GHV�6FLHQFHV�HW�,QJ«QLHULH�&KLPLTXHV��/DERUDWRLUH�GHV�3RO\PHʱUHV�
(ʲFROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH��(3)/���&+������/DXVDQQH��6ZLW]HUODQG

6XUIDFH�LQLWLDWHG FRQWUROOHG UDGLFDO SRO\PHUL]DWLRQ �6,�&53� LV D SRZHUIXO WHFKQLTXH WR JURZ GHQVHO\
JUDIW FKDLQ�HQG WHWKHUHG SRO\PHUV IURP VXUIDFHV� 7KHVH SRO\PHU DVVHPEOLHV DUH XVXDOO\ UHIHUUHG
WR DV SRO\PHU EUXVKHV� 6,�&53 DOORZV WR FRQWURO JUDIWLQJ GHQVLW\ DQG FKDLQ FRQIRUPDWLRQ� ,PPHUVHG
LQ D JRRG VROYHQW� SRO\PHU EUXVKHV VZHOO DQG LQGLYLGXDO FKDLQV DUH IRUFHG LQWR DQ H[WHQGHG
FRQIRUPDWLRQ� 7KLV H[WHQGHG FKDLQ FRQIRUPDWLRQ LV DQ LPSRUWDQW FRQWULEXWRU WR WKH QRQ�IRXOLQJ DQG
ORZ IULFWLRQ SURSHUWLHV� ZKLFK ZHUH UHSRUWHG IRU D QXPEHU RI K\GURSKLOLF SRO\PHU EUXVKHV� :KLOH IRU
D ORQJ WLPH VXUIDFH JUDIWHG SRO\PHU EUXVKHV ZHUH FRQVLGHUHG YHU\ VWDEOH WKLQ ILOPV� DQ LQFUHDVLQJ
QXPEHU RI SDSHUV KDV EHHQ SXEOLVKHG ZLWKLQ WKH ODVW GHFDGH WKDW UHSRUW GHJUDIWLQJ RI K\GURSKLOLF
EUXVKHV LQ DTXHRXV PHGLD� +HQFH� WKH VWUHWFKHG FKDLQ FRQIRUPDWLRQ LV QRW RQO\ DQ LPSRUWDQW
IDFWRU IRU WKH EUXVK SURSHUWLHV� EXW DOVR LQIOXHQFHV WKH FKHPLFDO UHDFWLYLW\ DW WKH VXEVWUDWH�EUXVK
LQWHUIDFH� $ IXQGDPHQWDO XQGHUVWDQGLQJ RI WKLV SKHQRPHQRQ� KRZHYHU� LV VWLOO ODFNLQJ� ,Q WKH ILHOG
RI SRO\PHU PHFKDQRFKHPLVWU\ H[WHUQDO IRUFH ILHOGV DUH XVXDOO\ DSSOLHG WR DOWHU WKH SRO\PHU
UHDFWLYLW\ XVLQJ WHFKQLTXHV VXFK DV XOWUDVRXQG VRQLFDWLRQ� DQG WXUEXOHQW RU HORQJDWLRQDO IORZ ILHOGV�
0HFKDQRFKHPLFDO DFWLYDWLRQ E\ VZHOOLQJ RI D SRO\PHU EUXVK PD\ RIIHU DQ DOWHUQDWLYH WRRO ZLWK WKH
DGYDQWDJH�WKDW�QR�H[WHUQDO�VWLPXOXV�LV�QHHGHG�

:LWK WKH DLP WR EHWWHU XQGHUVWDQG DQG SUHGLFW WKH GHJUDIWLQJ RI SRO\PHU EUXVKHV� K\GURSKLOLF
SRO\PHU EUXVKHV DUH SUHSDUHG YLD VXUIDFH�LQLWLDWHG DWRP WUDQVIHU UDGLFDO SRO\PHUL]DWLRQ �$753�
IURP VLOLFRQ VXEVWUDWHV PRGLILHG ZLWK D GLPHWK\OFKORURVLODQH�EDVHG $753 LQLWLDWRU� 6XEVHTXHQWO\
WKH SRO\PHU EUXVK PRGLILHG VXEVWUDWHV DUH LQFXEDWHG LQ DTXHRXV PHGLD DQG WKHLU GHJUDIWLQJ
EHKDYLRU LV PRQLWRUHG E\ HOOLSVRPHWU\� $SSDUHQW LQLWLDO UDWH FRQVWDQWV DUH GHWHUPLQHG IURP WKH
GHJUDIWLQJ SURILOHV DVVXPLQJ SVHXGR ILUVW�RUGHU NLQHWLFV� :H GHVFULEH DQG GLVFXVV WKH DQDO\VLV RI
WKHVH DSSDUHQW UDWH FRQVWDQWV DQG RXU DWWHPSWV WR FRUUHODWH WKHVH ZLWK WKH VZHOOLQJ EHKDYLRU RI
SRO\PHU EUXVK ILOPV RI GLIIHUHQW SRO\PHU PROHFXODU ZHLJKWV DQG JUDIWLQJ GHQVLWLHV LQ GLIIHUHQW
PHGLD� 0RUHRYHU� VWUDWHJLHV WR LQYHVWLJDWH UHDFWLRQV RWKHU WKDQ WKH HVWHU RU VLOR[DQH K\GURO\VLV
PHQWLRQHG DERYH �H�J� SULPDU\ VXOIRQDWH K\GURO\VLV RU UHGXFWLYH GLVXOILGH FOHDYDJH� DUH GHYHORSHG�
7KH FKDOOHQJH KHUHLQ OLHV LQ WKH GHYHORSPHQW RI K\GURO\VLV VWDEOH SODWIRUPV� ZKLFK RQO\ XQGHUJR
WKH UHDFWLRQ RI LQWHUHVW� 1H[W WR K\GURSKRELF�K\GURSKLOLF GLEORFN SRO\PHU EUXVK VWUXFWXUHV�
K\GURSKRELF SRO\PHU EUXVKHV LQFXEDWHG LQ GU\ RUJDQLF PHGLD DUH LQYHVWLJDWHG ZLWK WKH DGYDQWDJH
WKDW�EDFNJURXQG�K\GURO\VLV�RI�WKH�SUHVHQW�HVWHU�DQG�VLOR[DQH�IXQFWLRQDOLWLHV�LV�DYRLGHG�
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