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3RO\PHUV��&ROORLGV�	�,QWHUIDFHV��,QYLWHG�/HFWXUH 3,����

1RYHO�K\SHUEUDQFKHG�RUJDQRIXQFWLRQDO�SRO\DONR[\VLOR[DQHV��YHUVDWLOH�SUHFXUVRUV�IRU
PROHFXODU�OHYHO�GHVLJQ�RI�DGYDQFHG�FROORLGDO�PDWHULDOV

0��0��.RHEHO�����$��6WRMDQRYLF���:��-��0DOIDLW���$��1RXU���/��+XEHU�

�%XLOGLQJ�(QHUJ\�0DWHULDOV�DQG�&RPSRQHQWV��6ZLVV�)HGHUDO�/DERUDWRULHV�IRU�0DWHULDOV�6FLHQFH�DQG
7HFKQRORJ\���(PSD���EHUODQGVWUDVVH������&+������'¾EHQGRUI��6ZLW]HUODQG���

PDWWKLDV�NRHEHO#HPSD�FK

2UJDQLF�LQRUJDQLF K\EULG PDWHULDOV FRPELQH WKH UREXVWQHVV RI LQRUJDQLF PDWHULDOV ZLWK WKH
PXOWLSOLFLW\ WR GHVLJQ VSHFLILF IXQFWLRQ DQG FKHPLFDO LQWHUDFWLRQV RI RUJDQLF FKHPLVWU\ >�@� 'HVSLWH
WUHPHQGRXV SURJUHVV LQ SUHSDUDWLYH WHFKQLTXHV� PDQ\ V\QWKHWLF SURWRFROV HLWKHU RIIHU RQO\ OLPLWHG
FRQWURO RYHU WKH FROORLGDO PDWHULDO VXEVWUXFWXUH� DUH QRW LQGXVWULDOO\ VFDODEOH RU ERWK� 3DUWLFXODUO\ LQ
WKH ILHOG RI RUJDQRVLOLFD K\EULGV� WKH FRQWUROOHG �VXEVWUXFWXULQJ� DW WKH QDQRSDUWLFOH RU FROORLG OHYHO
LV KDPSHUHG E\ SRRU PROHFXODU�OHYHO FRQWURO RYHU LWV EXLOGLQJ EORFNV� SDUWLFXODUO\ ZKHQ XVLQJ
K\GURO\WLF�FKHPLVWU\�SURWRFROV���

,QVSLUHG E\ WKH ZRUNV RI WKH 0¸OOHU JURXS >�@� ZH SUHVHQW D QHZ FODVV RI FRUH�VKHOO�W\SH
RUJDQRIXQFWLRQDO SRO\DONR[\VLOR[DQH PROHFXODU EXLOGLQJ EORFNV� 7KHVH FRPSRXQGV DUH OLTXLGV DW
URRP WHPSHUDWXUH LQ QHDW IRUP DQG FDQ EH WKRXJKW RI DV VWDU�SRO\PHUV PDGH RI 4�W\SH VLOR[DQH
PRLHWLHV LQ WKH FRUH DQG 7�W\SH RUJDQRIXQFWLRQDO PRLHWLHV JUDIWHG DW WKH H[WUHPLWLHV RI LWV GHQGULWLF
DUPV� ,Q WKLV SUHVHQWDWLRQ� ZH ZLOO DGGUHVV WKH QRQ�K\GURO\WLF V\QWKHVLV DQG FKDUDFWHUL]DWLRQ RI
WKHVH QRYHO EXLOGLQJ EORFNV DV ZHOO DV JLYH DQ RXWORRN LQWR DSSOLFDWLRQV LQ FROORLGDO PDWHULDOV
V\QWKHVLV�

>�@�%UXFH�0��1RYDN��$GY��0DWHU����������������������
>�@ =KX� ;�� -DXPDQQ� 0�� 3HWHU� .�� 0¸OOHU� 0�� 0HOLDQ� &�� $GDPV�%XGD� $�� 'HPFR� '� (�� %O¾PLFK�
%���0DFURPROHFXOHV���������������������
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0DVV�WUDQVSRUW�VWXGLHV�LQ�SRURXV�VLOLFD�DV�D�IXQFWLRQ�RI�FRUH�VKHOO�DUFKLWHFWXUH

6��+��*DOODJKHU���3��6FKODXUL���(��&HVDUL���-��'XUUHU���'��%U¾KZLOHU�

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

7KH VWXG\ RI PROHFXODU WUDQVSRUW ZLWKLQ WKH SRUHV RI VLOLFD LV RI JUHDW LPSRUWDQFH WR PDQ\ UHVHDUFK
DUHDV� GUXJ GHOLYHU\� VHQVLQJ� FDWDO\VLV� ILOWUDWLRQ� HQFDSVXODWLRQ DQG JDV VRUSWLRQ� 7KHRUHWLFDO
PRGHOV GHVFULELQJ WUDQVSRUW EHKDYLRXU KDYH DOUHDG\ EHHQ UHSRUWHG� KRZHYHU� IHZ KDYH SUHVHQWHG
D SK\VLFDO V\VWHP IRU REVHUYLQJ WKH DFFHVVLELOLW\ RI JXHVW VSHFLHV LQ PHVRSRURXV VLOLFD� +HUH ZH
UHSRUW IOXRUHVFHQW FRUH�VKHOO SDUWLFOHV DV D SODWIRUP WR VWXG\ PROHFXODU WUDQVSRUW ZLWKLQ D SRURXV
VLOLFD V\VWHP ZLWK WXQHDEOH FKDUDFWHULVWLFV VXFK DV SRUH OHQJWKV� SRUH GLDPHWHUV DQG VXUIDFH
FKHPLVWU\� 7KH FRUH SDUWLFOHV ZHUH V\QWKHVLVHG IURP QRQ�SRURXV VLOLFD VSKHUHV ZLWK SRVW�
V\QWKHWLFDOO\ JUDIWHG IOXRUHVFHLQ PRLHWLHV� )LJXUH �D� $ VLOLFD VKHOO ZDV VXEVHTXHQWO\ GHSRVLWHG
DURXQG WKH IXQFWLRQDOLVHG FRUHV� $ YDULHW\ RI VKHOO WKLFNQHVVHV ZHUH DFKLHYDEOH WKURXJK FDUHIXO
FRQWURO RI WKH DGGLWLRQ UDWH RI VLODQH �WHWUDHWK\O RUWKRVLOLFDWH �7(26�� DQG K\GURO\VLV VROXWLRQ� $
SULPDU\ VKHOO �V�� DSSUR[� ��� QP� )LJXUH �E� GHPRQVWUDWHG D YHU\ QDUURZ SDUWLFOH VL]H GLVWULEXWLRQ
ZKLFK EURDGHQHG RQ DGGLWLRQDO VKHOO JURZWK �V�� DSSUR[� ���� QP� )LJXUH �F�� 7KH H[WHULRU RI WKH
FRUH�VKHOO SDUWLFOH ZDV IXQFWLRQDOLVHG ZLWK UKRGDPLQH IRU FRQYHQLHQW YLVXDOLVDWLRQ E\ &/60� )LJXUH
�G� 7KH VKHOO LV LQKHUHQWO\ PDFURSRURXV EXW ZHOO�GHILQHG PHVRSRUHV FDQ EH LQWURGXFHG LQWR WKH
VLOLFD QHWZRUN WKURXJK SVHXGRPRUSKLF WUDQVIRUPDWLRQ �37�� ZKLOH UHWDLQLQJ WKH RULJLQDO
PRUSKRORJ\� 37 LQ DGGLWLRQ WR SRVWV\QWKHWLF IXQFWLRQDOLVDWLRQ JHQHUDWHG D YDULHW\ RI SRUH VL]HV DQG
SRUH VXUIDFH FKHPLVWULHV� &RUH DFFHVVLELOLW\ DQG VXUIDFH ZHWWDELOLW\ FDQ WKHQ EH GHWHUPLQHG E\
LQYHVWLJDWLQJ�WKH�TXHQFKLQJ�RI�WKH�IOXRUHVFHQW�FRUH�

7KH ODUJH YDULHW\ RI FRUH�VKHOO SDUWLFOHV DYDLODEOH WKURXJK FXVWRPLVDWLRQ HQDEOHG WKH WHVWLQJ RI FRUH
DFFHVVLELOLW\�DV�D�IXQFWLRQ�RI�WKH�VKHOO�DUFKLWHFWXUH�

)LJXUH �� 6(0 LPDJHV RI WKH GLIIHUHQW VWDJHV RI WKH IXQFWLRQDOLVHG FRUH�VKHOO SDUWLFOHV� �$� 6W¸EHU
SDUWLFOHV� �%� FRUH�VKHOO �V�� SDUWLFOHV� �&� FRUH�VKHOO �V�� SDUWLFOHV DQG �'� D &/60 LPDJH RI V�
SDUWLFOHV IXQFWLRQDOLVHG ZLWK WZR G\HV� )OXRUHVFHLQ RQ WKH FRUH �JUHHQ� DQG UKRGDPLQH % RQ WKH
H[WHULRU��UHG���$OO�VFDOH�EDUV�DUH�HTXDO�WR���͐P�
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)XQFWLRQDOL]DWLRQ�RI�&KLWRVDQ�IRU�1RQ�YLUDO�*HQH�'HOLYHU\�WR�WKH�/LYHU

/��1LFROOH���&��-RXUQRW���-��&DVSHU���3��'HWDPSHO���7��(LQIDOW���+��*ULVFK�&KDQ���%��7K¸Q\���-��+XZ\OHU��
6��*HUEHU�/HPDLUH�

�,QVWLWXWH�RI�FKHPLFDO�VFLHQFHV�	�HQJLQHHULQJ��(3)/���'HSDUWPHQW�RI�3KDUPDFHXWLFDO�6FLHQFHV��8QL
%DVHO���'HSDUWPHQW�RI�3DHGLDWULFV��8QLYHUVLW\�&KLOGUHQV�+RVSLWDO�RI�=¾ULFK

/LYHU LQKHULWHG PRQRJHQHWLF GLVRUGHUV OLNH SKHQ\ONHWRQXULD �3.8� RU RUQLWKLQH WUDQVFDUEDP\ODVH
�27&� GHILFLHQF\ JUHDWO\ VXIIHU IURP D ODFN RI DYDLODEOH WUHDWPHQWV� )RU PRVW SDWLHQWV� OLYHU
WUDQVSODQWDWLRQ FXUUHQWO\ UHPDLQV WKH RQO\ RSWLRQ� OHDGLQJ WKHP WR GHDO ZLWK OLIH�ORQJ VLGH HIIHFWV�
*HQH WKHUDS\ LV QRZDGD\V HPHUJLQJ DV D SRZHUIXO DOWHUQDWLYH IRU WKH WUHDWPHQW RI VXFK GLVRUGHUV
E\ PDNLQJ SURILW RI YLUDO DQG QRQ�YLUDO YHFWRUV WR GHOLYHU 51$ RU SODVPLG '1$ �S'1$��>�@ :KHUHDV
WKH IRUPHU RIIHUV EHWWHU WUDQVIHFWLRQ HIILFLHQFLHV� QRQ�YLUDO YHFWRUV SURYLGH VDIHU SURILOHV ZLWK QR RU
ORZ LPPXQRJHQLFLW\ DQG HDVH RI SURGXFWLRQ DQG DGPLQLVWUDWLRQ WR WKH SDWLHQW�>�@ 6XFK
ELRFRPSDWLEOH GHOLYHU\ V\VWHPV DUH EDVHG RQ ELRGHJUDGDEOH SRO\PHUV VXFK DV FKLWRVDQ �&6� RU
SRO\HWK\OHQH�JO\FRO��3(*��
:H KHUHLQ GHVFULEH WKH GHYHORSPHQW RI D S'1$ SRO\PHULF�EDVHG QDQRFDUULHU GHVLJQHG IRU OLYHU�
WDUJHWHG JHQH WKHUDS\� 7KLV GHOLYHU\ V\VWHP LV FRPSRVHG RI D FKLWRVDQ EDFNERQH RI ����� N'D RQ
DYHUDJH� REWDLQHG E\ GHSRO\PHUL]DWLRQ RI FRPPHUFLDO FKLWRVDQ �್ �� N'D�� 7KLV GHSRO\PHUL]HG &6
�G&6� EDFNERQH ZDV FRQMXJDWHG WR EUDQFKHG RU OLQHDU SRO\HWK\OHQHLPLQH �%3(, RU /3(,� FKDLQV�
DOORZLQJ HIILFLHQW FRQGHQVDWLRQ RI S'1$ WKURXJK HOHFWURVWDWLF LQWHUDFWLRQV� ,Q RUGHU WR ORZHU
F\WRWR[LFLW\ DQG LQFUHDVH VROXELOLW\ DQG ELRDYDLODELOLW\� WKLV FRSRO\PHULF VWUXFWXUH ZDV JUDIWHG ZLWK
KHWHURELIXQFWLRQDO 3(* XVLQJ WZR GLIIHUHQW OLQNHUV� 3(* ZDV OLQNHG WR WKH G&6 EDFNERQH HLWKHU YLD
DQ HVWHU RU D FDUEDPDWH ERQG� HYHQWXDOO\ OHDGLQJ WR GLIIHUHQW SDWKZD\V RI GHJUDGDELOLW\ IRU WKH
FRSRO\PHU� ,Q RUGHU WR FRPSDUH WKH HIILFLHQF\ RI D FRYDOHQW V\VWHP YHUVXV D QRQ�FRYDOHQW RQH� ZH
DOVR GHVLJQHG G&6�3(* V\VWHPV WR EH PL[HG ZLWK G&6�%3(, �RU G&6�/3(,� RQHV� 7KH FURVV�UHDFWLYH
3(* FKDLQV DOORZ IRU IXUWKHU FRYDOHQW FRQMXJDWLRQ RI 3(*�G&6�%3(, V\VWHPV WR HQKDQFH WKH VWDELOLW\
RI�WKH�FRSRO\PHULF�DVVHPEOLHV��
7KH FKHPLFDO FRPSRVLWLRQ �H�J JUDIWLQJ GHJUHHV RI 3(* DQG 3(, RQ G&6� DQG WKH FRYDOHQF\ RI WKH
YDULRXV V\QWKHVL]HG V\VWHPV ZDV GHWHUPLQHG E\ �+ DQG '26< �'LIIXVLRQ 2UGHUHG 6SHFWURVFRS<�
105� ,Q YLWUR DVVD\V ZHUH SHUIRUPHG RQ WKH PRVW UHOHYDQW FRQMXJDWHV� LQ RUGHU WR GHWHUPLQH WKH
FRQGHQVDWLRQ DELOLW\� WUDQVIHFWLRQ HIILFLHQF\� SK\VLFDO SURSHUWLHV DQG F\WRWR[LFLW\ RI WKH V\VWHPV�
3URPLVLQJ FDQGLGDWHV ZHUH FRPSDUHG WR FRPPHUFLDO MHW3(,� D 3(, DTXHRXV IRUPXODWLRQ GHVLJQHG IRU
JHQH GHOLYHU\ ZLWK KLJK WUDQVIHFWLRQ HIILFLHQFLHV� /DVWO\� WKH ILUVW LQ YLYR HYDOXDWLRQ RI /3(,�EDVHG
V\VWHP��VR�IDU�WKH�PRVW�SURPLVLQJ�FRPELQDWLRQ��LV�GLVFORVHG�

>�@�5�1��$UDYDOOL��-�'��%HOFKHU��&�-��6WHHU��/LYHU�7UDQVSODQWDWLRQ��������������������
>�@�'��,EUDKHHP��$��(ODLVVDUL��+��)HVVL��,QWHUQDWLRQDO�-RXUQDO�RI�3KDUPDFHXWLFV�������������������
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6XSUDPROHFXODU�$VVHPEO\�RI�$PSKLSKLOLF�'1$�LQWR�9HVLFXODU�$UFKLWHFWXUHV

6��5RWKHQE¾KOHU���,��,DFRYDFKH���6��0��/DQJHQHJJHU���%��=XEHU���5��+¦QHU�

�'HSDUWPHQW�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\��8QLYHUVLW\�RI�%HUQ��)UHLHVWUDVVH���������%HUQ�
6ZLW]HUODQG���,QVWLWXWH�RI�$QDWRP\��8QLYHUVLW\�RI�%HUQ��%DOW]HUVWUDVVH���������%HUQ��6ZLW]HUODQG

$JJUHJDWLRQ�LQGXFHG HPLVVLRQ �$,(� W\SH FKURPRSKRUHV DUH QRQ�HPLVVLYH LQ WKH PROHFXODUO\
GLVVROYHG VWDWH EXW EHFRPH KLJKO\ IOXRUHVFHQW LQ WKHLU DJJUHJDWHG VWDWH� ,Q WKLV HPHUJLQJ ILHOG�
LPSOHPHQWDWLRQV RI WKH $,( SKHQRPHQRQ LQFOXGH ELRPROHFXODU VHQVLQJ RU RSWRHOHFWURQLF GHYLFHV�
WR QDPH D IHZ� '1$ FRQMXJDWHV GHVFULEH WKH IXVLRQ RI QDWXUDO '1$ VLQJOH VWUDQGV ZLWK DUWLILFLDO
QXFOHRWLGH VXUURJDWHV DQG WKXV� H[SDQG WKH VFRSH RI '1$� 6XSUDPROHFXODU DVVHPEO\ RI VXFK '1$
FRQMXJDWHV OHDG WR IXQFWLRQDO FRQVWUXFWV� ZLWK DSSOLFDWLRQV LQ PDWHULDOV VFLHQFH DQG '1$
QDQRWHFKQRORJ\� ,Q WKLV FRQWULEXWLRQ� ZH SUHVHQW RXU UHFHQW ILQGLQJV RI D FRPELQDWLRQ RI WKH WZR
SUHYLRXVO\�GHVFULEHG�FRQFHSWV�

'1$ FRQMXJDWHV� WHUPLQDOO\ IXQFWLRQDOL]HG ZLWK $,(�DFWLYH WHWUDSKHQ\OHWK\OHQH �73(� XQLWV� KDYH
EHHQ SUHSDUHG� $V YLVXDOL]HG E\ FU\R�HOHFWURQ PLFURVFRS\ �FU\R�(0�� WKHVH 73(�'1$ FRQMXJDWHV
VHOI�DVVHPEOH LQWR WZR GLIIHUHQW YHVLFXODU FRQVWUXFWV� YDU\LQJ LQ WKH DOLJQPHQW RI WKH '1$ K\EULGV�
7KH DFFHVVLELOLW\ RI WKH WZR '1$ DUFKLWHFWXUHV LV GHPRQVWUDWHG E\ HWKLGLXP EURPLGH LQWHUFDODWLRQ
H[SHULPHQWV DQG WKH LQFRUSRUDWLRQ RI D &\��ODEHOOHG '1$ YLD VWUDQG H[FKDQJH� OHDGLQJ WR '1$�
DGGUHVVDEOH� OLJKW�KDUYHVWLQJ FRQVWUXFWV� 7KLV G\QDPLF EHKDYLRU RI WKHVH '1$�FRQVWUXFWHG YHVLFOHV
UHQGHUV WKHP YHUVDWLOH LQWHUPHGLDWHV IRU QDQRWHFKQRORJ\ DSSOLFDWLRQV� VXFK DV '1$�WULJJHUHG
GHOLYHU\�GHYLFHV�

-X 0HL� 1HOVRQ /� &� /HXQJ� 5\DQ 7� .� .ZRN� -DFN\ :� <� /DP� %HQ =KRQJ 7DQJ� &KHP� 5HY�� �����
����������૱������
&DUROLQH '� %¸VFK� -RYDQD -HYULF� 1XWFKD %¾UNL� 0DUNXV 3UREVW� 6LPRQ 0� /DQJHQHJJHU� 5REHUW
+¦QHU��%LRFRQMXJDWH�&KHP�����������������૱�����
6LPRQ 5RWKHQE¾KOHU� ,RDQ ,DFRYDFKH� 6LPRQ 0� /DQJHQHJJHU� %HQR°W =XEHU� 5REHUW +¦QHU�
XQSXEOLVKHG�
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4XDQWLWDWLYH�PHFKDQRFKURPLVP�RI�SRO\GLDFHW\OHQHV�DW�WKH�QDQRVFDOH

/��-XKDV]���5��'��2UWXVR���.��6XJLKDUD�

�8QLYHUVLW\�RI�*HQHYD

3RO\GLDFHW\OHQHV �3'$� DUH PHFKDQRFKURPLF SRO\PHUV� WKDW VKRZ D FRORXU FKDQJH �H�J� EOXH WR
UHG� XSRQ H[WHUQDO VWLPXOL VXFK DV KHDW� VWUHVV RU FKDQJHV LQ WKH FKHPLFDO HQYLURQPHQW >�@�
+RZHYHU� KRZ WKHVH VWLPXOL FKDQJH WKHLU VWUXFWXUH DQG KRZ WKDW UHODWHV WR WKHLU RSWLFDO SURSHUWLHV
LV VWLOO QRW FRPSOHWHO\ FOHDU WR WKLV GD\� 7KH RYHUZKHOPLQJ SDUW RI WKH UHVHDUFK KLWKHUWR KDV IRFXVHG
RQ DFWLYDWLRQ RI WKH FRORXU FKDQJH RI 3'$ E\ KHDW>�@ RU VROYHQWV>�@� DQG OLWWOH DWWHQWLRQ KDV EHHQ
GHYRWHG WR WKH PHFKDQRVHQVLWLYLW\ RI 3'$ LQ LWV WUXH VHQVH� L�H� DFWLYDWLRQ RI WKH EOXH�WR�UHG FRORXU
FKDQJH E\ IRUFHV� )XUWKHUPRUH� WKHVH VWXGLHV ZHUH HLWKHU RQO\ TXDOLWDWLYH>�@ RU PDFURVFRSLF>�@� 7KH
RQO\ VWXG\ RQ WKH PHFKDQRVHQVLWLYLW\ RI SRO\GLDFHW\OHQHV DW WKH QDQRVFDOH KDV EHHQ WKH ZRUN RI
3RODFFKL HW DO�>�@� KRZHYHU� WKH\ FRUUHODWHG WKH DSSOLHG YHUWLFDO IRUFH WR WKH IOXRUHVFHQFH LQFUHDVH RI
SRO\GLDFHW\OHQHV� ,Q FRQWUDVW� LW KDV EHHQ HVWDEOLVKHG WKDW ODWHUDO IRUFHV DUH QHHGHG WR WULJJHU WKH
PRYHPHQW RI WKH VLGH FKDLQV RI 3'$ DQG WKXV WULJJHU WKH FRORXU FKDQJH�>�D@ 'XH WR H[SHULPHQWDO
GLIILFXOWLHV� QR TXDQWLWDWLYH VWXG\ KDV EHHQ SXEOLVKHG RQ WKH IOXRUHVFHQFH UHVSRQVH RI
SRO\GLDFHW\OHQHV�DJDLQVW�ORFDOO\�H[HUWHG�ODWHUDO�IRUFHV�

7R DGGUHVV WKLV TXHVWLRQ� ZH GHSRVLWHG ������WULFRVDGL\QRLF DFLG DQG ������SHQWDFRVDGL\QRLF DFLG
RQWR SODVPD�DFWLYDWHG JODVV VXEVWUDWHV ZLWK /DQJPXLU�%ORGJHWW WHFKQLTXH� H[SRVHG WKHP WR 89 IRU
SRO\PHULVDWLRQ� DQG DSSOLHG IRUFHV WR WKH SRO\PHULVHG ILOP E\ DQ DWRPLF IRUFH PLFURVFRSH �$)0��
ZKLOH VLPXOWDQHRXVO\ PHDVXULQJ WKH HPLWWHG IOXRUHVFHQFH� 7KH VWDQGDUG $)0 LV QRW DEOH WR
PHDVXUH ODWHUDO IRUFHV GLUHFWO\� WKXV ZH QHHGHG D FDOLEUDWLRQ PHWKRG WR FRQYHUW WKH UHJLVWHUHG
ODWHUDO GHIOHFWLRQ WR ODWHUDO IRUFH�>�@ 7KH UHJLVWHUHG IOXRUHVFHQFH LV FKDUDFWHULVWLF RI WKH WUDQVIRUPHG
UHG SKDVH RI SRO\GLDFHW\OHQHV� WKXV HQDEOLQJ XV WR IROORZ WKH SKDVH WUDQVLWLRQ� ZKLOH WKH DWRPLF
IRUFH PLFURVFRSH UHJLVWHUV WKH IRUFHV H[HUWHG WR WKH SRO\GLDFHW\OHQH FKDLQV� &RPELQLQJ WKH WZR
WHFKQLTXHV FRXOG RSHQ D SDWK WR WKH IOXRUHVFHQFH ૱ ODWHUDO IRUFH FDOLEUDWLRQ RI WKH FRORXU FKDQJH�
FRQWULEXWLQJ WR D GHHSHU XQGHUVWDQGLQJ RI SRO\GLDFHW\OHQHV DQG SRLQWLQJ WRZDUGV SRWHQWLDO IRUFH
VHQVLQJ�DSSOLFDWLRQV�

>�@�5��'��2UWXVR��8��&DWDOGL�DQG�.��6XJLKDUD��6RIW�0DWWHU���������������������
>�@ D� 6� :DFKDUDVLQGKX� 6� 0RQWKD� -� %RRQ\LVHQJ� $� 3RWLVDWLW\XHQ\RQJ� &� 3KROORRNLQ� *�
7XPFKDUHUQ DQG 0� 6XNZDWWDQDVLQLWW� 0DFURPROHFXOHV ����� ��� �������� E� %� <RRQ� +� 6KLQ� (�
0� .DQJ� '� :� &KR� .� 6KLQ� +� &KXQJ� &� :� /HH DQG -� 0� .LP� $&6 $SSO 0DWHU ,QWHUIDFHV ����� ��
����������
>�@ D� +� -LDQJ� <� :DQJ� 4� <H� *� =RX� :� 6X DQG 4� =KDQJ� 6HQVRUV DQG $FWXDWRUV %�
&KHPLFDO ����� ���� �������� E� <� ;X� 6� )X� )� /LX� +� <X DQG -� *DR� 6RIW 0DWWHU ����� ���
����������
>�@ D� 5� :� &DUSLFN� '� <� 6DVDNL DQG $� 5� %XUQV� /DQJPXLU ����� ��� ���������� E� $� 5� %XUQV�
5��:��&DUSLFN��'��<��6DVDNL��-��$��6KHOQXWW�DQG�5��+DGGDG��7ULERORJ\�/HWWHUV�����������������
>�@�+��7HUDGD��+��,PDL�DQG�<��2DNL��$GY�0DWHU�����������H��������
>�@ /� 3RODFFKL� $� %URVVHDX� 5� 0HWLYLHU DQG &� $OODLQ� &KHP &RPPXQ �&DPE� ����� ���
������������
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3DWLHQFH�LV�D�9LUWXH��6HOI�$VVHPEO\�DQG�3K\VLFR�&KHPLFDO�3URSHUWLHV�RI�&HOOXORVH
1DQRFU\VWDO�$OORPRUSKV

*��'HOHSLHUUH�����:��7KLHOHPDQV���6��(\OH\���&��:HGHU���(��&UDQVWRQ���-��=RSSH�

�8QLYHUVLW\�RI�)ULERXUJ��$GROSKH�0HUNOH�,QVWLWXWH���.8�/HXYHQ���8QLYHUVLW\�RI�%ULWLVK�&ROXPELD���
2P\D

&HOOXORVH QDQRFU\VWDOV �&1&V� DUH ELR�EDVHG URG�OLNH QDQRSDUWLFOHV ZLWK D TXLFNO\ H[SDQGLQJ
PDUNHW� 'HSHQGLQJ RQ WKHLU RULJLQ DQG FKHPLFDO WUHDWPHQW� D YDULHW\ RI FHOOXORVH FU\VWDO
DOORPRUSKV FDQ EH SUHSDUHG� ,QGXVWULDOO\ SURGXFHG &1&V DUH LVRODWHG IURP WKH QDWLYH FU\VWDOOLQH
DOORPRUSK FHOOXORVH ,� JLYLQJ FHOOXORVH , QDQRFU\VWDOV �&1&�,�� $Q LQWHUHVWLQJ IHDWXUH RI &1&�, LV WKDW
WKH\ VHOI�DVVHPEOH LQWR FKLUDO QHPDWLF OLTXLG FU\VWDOOLQH SKDVHV XSRQ VDPSOH FRQFHQWUDWLRQ DV D
UHVXOW RI WKH LQFUHDVH LQ WUDQVODWLRQDO HQWURS\ GXH WR WKH DOLJQPHQW RI WKH &1&�URGV� 7R GDWH� WKH
OLTXLG FU\VWDOOLQH SURSHUWLHV KDYH RQO\ EHHQ LQYHVWLJDWHG IRU WKH QDWLYH DOORPRUSK� &1&�,� 7R ILOO WKLV
YRLG� ZH FRPSDUH WKH SK\VLFR�FKHPLFDO SURSHUWLHV DQG OLTXLG FU\VWDOOLQH EHKDYLRU RI &1&�, WR WKRVH
SURGXFHG IURP D GLIIHUHQW FU\VWDO DOORPRUSK� NQRZQ DV FHOOXORVH ,, �&1&�,,�� )LUVW� FHOOXORVH ,, LV
REWDLQHG E\ WUHDWLQJ PDFURVFRSLF FHOOXORVH , ILEHUV ZLWK D VWURQJ DTXHRXV VRGLXP K\GUR[LGH
VROXWLRQ� 7KHQ� WKH DOORPRUSKV DUH LVRODWHG LQ D WRS�GRZQ PDQQHU IURP PDFURVFRSLF FHOOXORVH , DQG
FHOOXORVH ,, ILEHUV� E\ VXOIXULF DFLG K\GURO\VLV� UHVXOWLQJ LQ FROORLGDOO\ VWDEOH VXOIDWHG &1&�, DQG &1&�
,,� UHVSHFWLYHO\� 7KH WZR DOORPRUSKV VKRZ VLPLODU VXUIDFH FKDUJH GHQVLWLHV DQG ]�SRWHQWLDO� %RWK
&1&�W\SHV DUH GHWHUPLQHG WR KDYH D ULJKW�KDQGHG WZLVW E\ LQGXFHG FLUFXODU GLFKURLVP� &1&�,, DUH
VKRUWHU LQ OHQJWK DQG WKHUHIRUH KDYH D VOLJKWO\ ORZHU DVSHFW UDWLR FRPSDUHG WR &1&�, �)LJXUH ���
'HVSLWH KDYLQJ YHU\ VLPLODU SK\VLFR�FKHPLFDO SURSHUWLHV� WKH VHOI�DVVHPEO\ RI WKH WZR &1&
DOORPRUSKV LQ ZDWHU ZDV GLVWLQFWLYH� :KLOVW &1&�, HTXLOLEUDWH LQWR D FKLUDO QHPDWLF SKDVH LQ XQGHU
WZR ZHHNV� &1&�,, ILUVW SKDVH VHSDUDWH LQWR DQ XSSHU LVRWURSLF DQG ORZHU QHPDWLF SKDVH� DIWHU
ZKLFK WKH &1&�,, VORZO\ UHRUJDQL]H LQWR D ORQJ�SLWFK FKLUDO QHPDWLF OLTXLG FU\VWDO RYHU D SHULRG RI
IRUW\ ZHHNV� +HUH� ZH SURSRVH D QXPEHU RI K\SRWKHVHV WKDW FRXOG FRQWULEXWH WR WKHVH
REVHUYDWLRQV� )LUVW� WKH GLIIHUHQW VHOI�DVVHPEO\ EHKDYLRU RI WKH DOORPRUSKV PD\ EH FDXVHG E\ WKHLU
IDVWHU GLIIXVLRQ� ZKLFK LV PRVW OLNHO\ UHODWHG WR WKHLU VKRUWHU OHQJWKV� 7KH VORZ DVVHPEO\ FRXOG DOVR
EH D UHVXOW RI WKH GLIIHUHQW FU\VWDO VWUXFWXUHV RI WKH DOORPRUSKV� ZKLFK SUHVXPDEO\ KDYH GLVWLQFW
GLSROH PRPHQWV� )LQDOO\� WKH &1& WZLVW IUHTXHQF\ DQG VXUIDFH VXOIDWH JURXS GLVWULEXWLRQ PD\
OLNHZLVH�SOD\�D�UROH�

)LJXUH �� $)0 LPDJHV RI &1&�, �WRS� DQG &1&�,, �GRZQ�� DQG WKHLU VHOI�DVVHPEO\ WR D FKLUDO QHPDWLF
OLTXLG�FU\VWDOOLQH�SKDVH�
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)XQFWLRQDOL]HG�3RO\ROHILQV�IRU�5HF\FOLQJ�	�'RZV�6XVWDLQDELOLW\�&RPPLWPHQWV

2��+HQVFKNH�����.��+DXVPDQQ���,��$UUR\R�

�'RZ�(XURSH�*PE+��+RUJHQ��6ZLW]HUODQG���'RZ�,EHULFD��3DFNDJLQJ�	�6SHFLDOW\�3ODVWLFV��7DUUDJRQD�
6SDLQ����RKKHQVFKNH#GRZ�FRP

$W 'RZ ZH EHOLHYH WKDW SODVWLF VKRXOG RQO\ EH XVHG ZKHQ LW RIIHUV WKH ORZHVW HQYLURQPHQWDO
LPSDFW� 3ODVWLF ZDVWH VKRXOG QHYHU HQG XS LQ WKH HQYLURQPHQW� 7KDWV ZK\ ZHUH FRPPLWWHG WR
DFFHOHUDWLQJ WKH WUDQVLWLRQ WR D FLUFXODU HFRQRP\ DQG WR PDNLQJ SODVWLF SDUW RI D FLUFXODU ZRUOG ૱ D
ZRUOG ZKHUH LWV YDOXH LV UHWDLQHG� DQG WKH HQYLURQPHQWDO LPSDFW LV PLQLPL]HG� 7KH (XURSHDQ
&RPPLVVLRQ KDV PDGH D SROLWLFDO FRPPLWPHQW WKDW DOO SODVWLF SDFNDJLQJ PXVW EH UHXVDEOH RU
HFRQRPLFDOO\ UHF\FODEOH E\ ����� 0DMRU EUDQGV DQG UHWDLOHUV DUH WDUJHWLQJ ���� WR EH ����
UHF\FODEOH� ,Q OLQH ZLWK RXU VXVWDLQDELOLW\ JRDOV� ZH DUH FRPPLWWHG WR HQVXULQJ WKDW DOO SDFNDJLQJ
PDGH�IURP�RXU�UHVLQV�LV�GHVLJQHG�WR�EH�UHF\FODEOH�E\������

6ROXWLRQV IRU UHF\FODEOH SDFNDJLQJ ULJKW IURP WKH GHVLJQ SKDVH DUH RIIHUHG WR WKH YDOXH FKDLQ�
0RQR�PDWHULDO FRQFHSWV� VXFK DV WKH DOO�SRO\HWK\OHQH DQG DOO�SRO\ROHILQ SDFNDJHV ZLWK DQG ZLWKRXW
EDUULHU DUH DW WKH IRUHIURQW RI WKH GLVFXVVLRQ ZLWK ILUVW FRPPHUFLDO VXFFHVVHV DYDLODEOH� 7KH\ DUH
FRPSOHPHQWHG E\ D XQLTXH SURGXFW SRUWIROLR IRU SODVWLFV UHF\FOLQJ� )ROORZLQJ WKH LQWHJUDWLRQ RI
'X3RQWvV HWK\OHQH FRSRO\PHU EXVLQHVV 'RZ FDQ VXSSRUW WKH SRO\PHU DQG UHF\FOLQJ LQGXVWU\ ZLWK
RQH RI WKH EURDGHVW RIIHULQJV RI SHUIRUPDQFH PRGLILHUV DQG FRPSDWLELOL]HUV� :H RIIHU VROXWLRQV IRU
SRVW�LQGXVWULDO�DQG�SRVW�FRQVXPHU�IOH[LEOH�DQG�ULJLG�SODVWLFV�ZDVWH��

7KH PRGLILHU FKHPLVWU\ EHKLQG RXU QRQ�SRODU DQG SRODU SURGXFWV ZLOO EH SUHVHQWHG� LOOXVWUDWHG E\
DSSOLFDWLRQ H[DPSOHV� 5HQRZQHG SURGXFW EUDQGV LQFOXGH QRQ�SRODU SRO\ROHILQV (1*$*(ழ�
,1781(ழ��,1)86(ழ��DQG�SRODU�RIIHULQJV�OLNH�5(7$,1ழ��(/9$/2<70�DQG�)86$%21'70��

:LWK WKH FRPELQHG UDQJH ZH FDQ KHOS PDQDJH GLYHUVH SRVW�LQGXVWULDO DQG SRVW�FRQVXPHU UHF\FOLQJ
VWUHDPV IRU D KXJH YDULHW\ RI SRO\PHUV� LQFOXGLQJ SRO\HWK\OHQH �3(�� SRO\SURS\OHQH �33�� SRO\HVWHUV
�3(7�� SRO\DPLGH �3$� DQG (92+� DQG XS�F\FOLQJ RSSRUWXQLWLHV IRU UHF\FOHUV DQG EUDQG RZQHUV�
$SSOLFDWLRQ ILHOGV DUH LQ WKH DUHDV RI WUDQVSRUWDWLRQ� LQIUDVWUXFWXUH DQG FRQVXPHU SURGXFWV� ZLWK
SHUIRUPDQFH�WDUJHWV�VLPLODU�WR�YLUJLQ�PDWHULDOV��

ழ�7UDGHPDUN�RI�7KH�'RZ�&KHPLFDO�&RPSDQ\��ૺ'RZૻ��RU�DQ�DIILOLDWHG�FRPSDQ\�RI�'RZ
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3RO\PHUVRPH�FOXVWHUV�IRU�DGYDQFHG�QDQRWKHUDQRVWLFV

&��(��0H\HU���-��/LX���,��&UDFLXQ���'��:X���+��:DQJ���0��;LH���0��)XVVHQHJJHU���&��*��3DOLYDQ�

�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�%DVHO��0DWWHQVWUDVVH���D��%DVHO�������6ZLW]HUODQG���
'HSDUWPHQW�RI�%LRV\VWHPV�6FLHQFH�(QJLQHHULQJ��(7+=��0DWWHQVWUDVVH�����%DVHO�������6ZLW]HUODQG

1DQRWKHUDQRVWLFV LV DQ HPHUJLQJ ILHOG WKDW EULQJV WRJHWKHU QDQRVFDOH�HQJLQHHUHG PDWHULDOV ZLWK
ELRORJLFDO V\VWHPV SURYLGLQJ D FRPELQDWLRQ RI WKHUDSHXWLF DQG GLDJQRVWLF VWUDWHJLHV� +RZHYHU�
FXUUHQW WKHUDQRVWLF QDQRSODWIRUPV KDYH VHULRXV OLPLWDWLRQV� PDLQO\ GXH WR D PLVPDWFK EHWZHHQ WKH
SK\VLFDO SURSHUWLHV RI WKH VHOHFWHG QDQRPDWHULDOV DQG WKHLU IXQFWLRQDOL]DWLRQ HDVH� ORDGLQJ DELOLW\
RU RYHUDOO FRPSDWLELOLW\ ZLWK ELRDFWLYH PROHFXOHV� +HUHLQ ZH SURSRVH D QHZ QDQRWKHUDQRVWLF
V\VWHP EDVHG RQ QDQRFRPSDUWPHQW FOXVWHUV FRPSRVHG RI WZR GLIIHUHQW SRO\PHUVRPHV OLQNHG
WRJHWKHU E\ '1$� &DUHIXO GHVLJQ DQG SURFHGXUH RSWLPL]DWLRQ UHVXOWHG LQ FOXVWHUV VHJUHJDWLQJ WKH
WKHUDSHXWLF HQ]\PH KXPDQ 'RSD GHFDUER[\ODVH �''&� DQG IOXRUHVFHQW SUREHV IRU WKH GHWHFWLRQ
XQLW LQ GLVWLQFW EXW FRORFDOL]HG QDQRFRPSDUWPHQWV� 7KH GLDJQRVWLF FRPSDUWPHQW SURYLGHV D WZRIROG
IXQFWLRQ� WUDFNDELOLW\ YLD G\H�ORDGLQJ DV WKH LPDJLQJ FRPSRQHQW DQG WKH DELOLW\ WR DWWDFK WKH
FOXVWHU FRQVWUXFW WR WKH VXUIDFH RI FHOOV� 7KH WKHUDSHXWLF FRPSDUWPHQW� ORDGHG ZLWK DFWLYH ''&�
WULJJHUV WKH FHOOXODU H[SUHVVLRQ RI D VHFUHWHG UHSRUWHU HQ]\PH YLD SURGXFWLRQ RI GRSDPLQH DQG
DFWLYDWLRQ RI GRSDPLQHUJLF UHFHSWRUV LPSOLFDWHG LQ DWKHURVFOHURVLV� 7KLV QRYHO WZR�FRPSDUWPHQW
QDQRWKHUDQRVWLF SODWIRUP LV H[SHFWHG WR SURYLGH WKH EDVLV RI D QHZ WUHDWPHQW VWUDWHJ\ IRU
DWKHURVFOHURVLV� WR H[SDQG YHUVDWLOLW\ DQG GLYHUVLI\ WKH W\SHV RI XWLOL]DEOH DFWLYH PROHFXOHV� DQG
WKXV�E\�H[WHQVLRQ�H[SDQG�WKH�EUHDGWK�RI�DWWDLQDEOH�DSSOLFDWLRQV�

)LJ� �� 6FKHPDWLF LOOXVWUDWLRQ RI FHOO DWWDFKPHQW RI '1$�]LSSHG WKHUDQRVWLF SRO\PHUVRPH FOXVWHUV
FRPSRVHG RI WZR GLVWLQFW FRPSDUWPHQWV� WKH WKHUDSHXWLF ''&�1FRPS DQG WKH LPDJLQJ '\H�
1FRPS� :KLOH '\H�1FRPSV FRQWDLQ IOXRUHVFHQW '<���� G\HV� WKH ''&�1FRPS FRQWDLQ ELRORJLFDOO\
UHOHYDQW ''& HQ]\PHV WKDW FRQYHUW /�'RSD LQWR 'RSDPLQH� 7KLV ODWWHU ELRDFWLYH FRPSRXQG LV
UHFHLYHG E\ FHOOV DQG WULJJHUV JHQH H[SUHVVLRQ UHVXOWLQJ LQ WKH SURGXFWLRQ RI D GHWHFWDEOH 6($3
UHSRUWHU�HQ]\PH�
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6LJQDOLQJ�'HIRUPDWLRQ�LQ�3RO\PHULF�0DWHULDOV�YLD�6XSUDPROHFXODU�,QWHUDFWLRQV

'��.LHEDOD���6��6FKUHWWO���&��:HGHU�

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

3RO\PHUV WKDW FKDQJH WKHLU IOXRUHVFHQFH FRORU LQ UHVSRQVH WR PHFKDQLFDO GHIRUPDWLRQ SURYLGH DQ
HDV\ ZD\ WR GLUHFWO\ DVVHVV VWUHVVHV LQ D PDWHULDO���� 6XFK PHFKDQRFKURPLF UHVSRQVHV FRXOG EH
H[WUHPHO\ XVHIXO LQ ORDG�EHDULQJ SDUWV WKDW GLUHFWO\ VLJQDO WKH ORFDWLRQ DQG H[WHQW RI GDPDJH DQG
ZRXOG FUXFLDOO\ DOORZ IRU D WLPHO\ UHSDLU RU UHSODFHPHQW� 7KH VLPSOH EOHQGLQJ RI DJJUHJDFKURPLF
G\HV KDV VKRZQ WR EH D FRQYHQLHQW� LQGXVWULDOO\ VFDODEOH WHFKQLTXH IRU IDEULFDWLQJ
PHFKDQRFKURPLF PDWHULDOV�� +RZHYHU� WKH DSSURDFK KDV ODUJHO\ EHHQ OLPLWHG WR VHPL�FU\VWDOOLQH
SRO\PHU PDWULFHV��૱� DV WKH GLVVRFLDWLRQ RI G\H DJJUHJDWHV LV WKRXJKW WR UHTXLUH WKH UHODWLYHO\ KLJK
VKHDU�IRUFHV�WKDW�RFFXU�XSRQ�GLVUXSWLRQ�RI�WKH�FU\VWDOOLQH�GRPDLQV�
7R RYHUFRPH WKLV FKDOOHQJH� RXU JURXS KDV UHFHQWO\ IRFXVHG RQ WKH GHYHORSPHQW RI
PHFKDQRSKRUHV WKDW IHDWXUH UHODWLYHO\ ZHDN� QRQ�FRYDOHQW LQWHUDFWLRQV� ([SDQGLQJ EH\RQG WKH XVH
RI VLPSOH DJJUHJDFKURPLF G\HV� ZH GHYHORSHG D WHOHFKHOLF SRO\�HWK\OHQH�FR�EXW\OHQH� ZLWK
ROLJR�SKHQ\OHQH�YLQ\OHQH� �239� G\HV DW WKH WHUPLQL �W239� DQG KDYH VKRZQ WKDW EOHQGLQJ RI WKLV
W239 DGGLWLYH ZLWK GLIIHUHQW WKHUPRSODVWLF HODVWRPHUV UHQGHUV WKH ODWWHU PHFKDQRFKURPLF�� :H
QRZ GHPRQVWUDWH WKH YHUVDWLOLW\ RI WKLV W239 DGGLWLYH DV D VHQVLWLYH� UHYHUVLEOH VWUDLQ VHQVRU LQ
FRPPHULFDO WKHUPRSODVWLF SRO\XUHWKDQHV �738V� ZLWK YDU\LQJ GHJUHHV RI FU\VWDOOLQLW\� 8VLQJ D
VLPSOH� LQ VLWX RSWR�PHFKDQLFDO WHVWLQJ DSSDUDWXV� ZH GHWHFW D GHFLVLYH FKDQJH LQ WKH IOXRUHVFHQFH
RI WKH 738�W239 EOHQG PDWHULDOV DW WHQVLOH VWUDLQV DV ORZ DV �� DQG XVH WKLV YLVXDO UHVSRQVH WR
HOXFLGDWH�GLIIHUHQW�SURFHVVHV�LQ�WKH�VDPSOHV�
0RUHRYHU� ZH KDYH GHYHORSHG D GHULYDWLYH RI WKH ZHOO�NQRZQ FRPSOHPHQWDU\ +�ERQGLQJ XUHLGR
S\ULPLGLQRQH �83\� PRWLI WKDW VLJQDOV GLVVRFLDWLRQ RI WKH QRQ�FRYDOHQW LQWHUDFWLRQ WKURXJK D GLVWLQFW
IOXRUHVFHQFH VLJQDO� 7KH LQWHJUDWLRQ RI 83\ PRWLIV FDQ VWUHQJWKHQ D SRO\PHU PDWHULDO YLD QRQ�
FRYDOHQW UHLQIRUFHPHQW DQG HQGRZ LW ZLWK VHOI�KHDOLQJ SURSHUWLHV���� 8VLQJ WKLV PRWLI DV WKH FRUH�
ZH KDYH GHYHORSHG D PRGXODU V\QWKHWLF VWUDWHJ\ WR LQWURGXFH H[FLPHU�IRUPLQJ S\UHQH XQLWV
YLD VKRUW FDUERQ OLQNHUV� :KHQ WZR RI WKHVH 83\�ELVS\UHQH �83%� PROHFXOHV LQWHUDFW WR IRUP D
GLPHU� WKH S\UHQH HPLVVLRQ VKLIWV WR ORQJHU ZDYHOHQJWKV� WKXV GLUHFWO\ FRQQHFWLQJ D YLVXDO VLJQDO WR
83\ ERQGLQJ DQG EUHDNDJH HYHQWV ZLWKRXW LQWHUIHULQJ ZLWK WKH PDWHULDO HQKDQFHPHQW SURSHUWLHV RI
WKH ODWWHU� :KHQ LQWHJUDWHG LQWR SRO\PHULF PDWHULDOV� WKLV QRQ�FRYDOHQW ELQGLQJ PRWLI DFWV ERWK DV D
VXSUDPROHFXODU FURVVOLQNHU DQG DV D PHFKDQRSKRUH� 7KH LQYHVWLJDWLRQ RI WKH PHFKDQLFDO DV ZHOO DV
PHFKDQRFKURPLF�SURSHUWLHV�RI�SRO\PHUV�WKDW�IHDWXUH�WKLV�PRWLI�LV�FXUUHQWO\�RQJRLQJ�

>�@�&DOYLQR��&���1HXPDQQ��/��HW�DO��-��3RO\P��6FL��3DUW�$�3RO\P��&KHP�������������������૱����
>�@�&LDUGHOOL��)���5XJJHUL��*���3XFFL��$��&KHP��6RF��5HY�������������������૱����
>�@�&UHQVKDZ��%��5���:HGHU��&��&KHP��0DWHU���������������������૱�����
>�@�.LQDPL��0���&UHQVKDZ��%��5���:HGHU��&��&KHP��0DWHU�������������������૱����
>�@�&UHQVKDZ��%��5���:HGHU��&��0DFURPROHFXOHV��������������������૱�����
>�@�&DOYLQR��&���6DJDUD��<��HW�DO��0DFURPRO��5DSLG�&RPPXQ������������������������
>�@�%DONHQHQGH��'��:��5���0RQQLHU��&��$��HW�DO��1DW��&RPPXQ������������૱��
>�@�.XVKQHU��$��0���*DEXFKLDQ��9��HW�DO��-��$P��&KHP��6RF�����������������������૱������
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6LPXOWDQHRXV�H[WUDFWLRQ�DQG�FRQWUROOHG�FKHPLFDO�PRGLILFDWLRQ�RI�SRO\PHULF�OLJQLQ�IURP
KDUGZRRG

6��%HUWHOOD���-��/XWHUEDFKHU�

�/DERUDWRU\�RI�6XVWDLQDEOH�DQG�&DWDO\WLF�3URFHVVLQJ��,QVWLWXWH�RI�&KHPLFDO�6FLHQFHV�DQG
(QJLQHHULQJ���FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH��(3)/���&+������/DXVDQQH��6ZLW]HUODQG�

/LJQLQ� WRJHWKHU ZLWK FHOOXORVH DQG KHPLFHOOXORVH� LV RQH RI WKH PDLQ FRPSRQHQWV RI OLJQRFHOOXORVLF
ELRPDVV DQG WKH PRVW DEXQGDQW VRXUFH RI UHQHZDEOH DURPDWLF PROHFXOHV RQ HDUWK� %HFDXVH RI
WKLV� OLJQLQ LV D SURPLVLQJ FDQGLGDWH IRU UHSODFLQJ IRVVLO�EDVHG PDWHULDOV VXFK DV UHVLQV� FDUERQ
ILEHUV DQG SODVWLF PDWHULDOV>�@� 'HVSLWH WKH PDQ\ DWWHPSWV RI XVLQJ OLJQLQ LQ VXFK PDWHULDOV�
LQGXVWULDO DSSOLFDWLRQV UHPDLQ OLPLWHG� 7KLV LV PDLQO\ GXH WR WKH GHJUDGDWLRQ RI OLJQLQV VWUXFWXUH
GXULQJ LVRODWLRQ� ZKHUH WKH KDUVK S+ DQG WHPSHUDWXUH S+ FRQGLWLRQV IDYRXU FRQGHQVDWLRQ DQG
UHSRO\PHUL]DWLRQ UHDFWLRQV� 7KLV \LHOGV WR LVRODWHG OLJQLQV ZLWK XQFRQWUROOHG FKHPLFDO VWUXFWXUHV
DQG WKDW DUH WKHUPRG\QDPLFDOO\ GLIILFXOW WR EOHQG ZLWK H[LVWLQJ PDWHULDOV RU WR IXUWKHU
IXQFWLRQDOL]H>�@� :H KDYH GHYHORSHG D SURFHVV IRU WKH IUDFWLRQDWLRQ RI ELRPDVV DQG LVRODWLRQ RI
OLJQLQ WKDW XVHV DOGHK\GHV WR IRUP VWDEOH DFHWDOV ZLWK WKH GLRO SUHVHQW ZLWKLQ WKH EHWD�2�� ERQGV RI
OLJQLQ GXULQJ H[WUDFWLRQ IURP OLJQRFHOOXORVLF ELRPDVV� 7KLV IXQFWLRQDOL]DWLRQ SUHYHQWV WKH
FRQGHQVDWLRQ RI WKH DURPDWLF ELRSRO\PHU>�@� +HUH� ZH GHYHORSHG D PHWKRG WR H[WUDFW D FKHPLFDOO\
PRGLILHG OLJQLQ IURP KDUGZRRG E\ XVLQJ D PXOWLIXQFWLRQDO DOGHK\GH� ZKLFK DOORZHG XV WR ERWK
LVRODWH DQ XQFRQGHQVHG OLJQLQ DQG� DW WKH VDPH WLPH� SUHFLVHO\ FRQWURO WKH GHJUHH RI
IXQFWLRQDOL]DWLRQ�RI�WKH�ELRSRO\PHU�IRU�IXUWKHU�LQFRUSRUDWLRQ�LQWR�QHZ�PDWHULDOV�

,Q WKLV ZRUN ZH XVHG WHUHSKWKDOLF DOGHK\GH �7$/'� WR VWDELOL]H OLJQLQ GXULQJ H[WUDFWLRQ DQG DW WKH
VDPH WLPH IXQFWLRQDOL]H WKH ELRSRO\PHU ZLWK UHVLGXDO DOGHK\GH JURXSV� 6HYHUDO 7$/'
IXQFWLRQDOL]HG OLJQLQV ZHUH LVRODWHG IURP ELUFK ZRRG E\ XVLQJ GLIIHUHQW FRQFHQWUDWLRQV RI
WHUHSKWKDOLF DOGHK\GH LQ WKH UHDFWLRQ V\VWHP� 7$/'�/LJQLQV ZHUH ILUVW FKDUDFWHUL]HG WKURXJK +64&
105� DQG TXDQWLWDWLYH �+ 105 WR GHWHUPLQH WKH PRODU DPRXQW RI IUHH DOGHK\GHV RQ WKH OLJQLQ
EDFNERQH� 7KH TXDQWLILFDWLRQ VKRZHG D OLQHDU FRUUHODWLRQ EHWZHHQ WKH DPRXQW RI 7$/' XVHG LQ WKH
H[WUDFWLRQ SURFHVV DQG WKH PROHV RI IUHH DOGHK\GH JURXSV ERXQG WR WKH OLJQLQ VFDIIROG�
GHPRQVWUDWLQJ WKH SRVVLELOLW\ RI LVRODWLQJ OLJQLQV ZLWK D FRQWUROOHG TXDQWLW\ RI IXQFWLRQDO JURXSV�
)XUWKHUPRUH� WR LQYHVWLJDWH WKH DELOLW\ RI 7$/' WR HIILFLHQWO\ VWDELOL]H WKH DURPDWLF ELRSRO\PHU� ZH
SHUIRUPHG FDWDO\WLF K\GURJHQRO\VLV� FRPSDULQJ WKH UHVXOWV WR WKH UHGXFWLYH FDWDO\WLF IUDFWLRQDWLRQ
RI ELUFK ZRRG� 7KH KLJK PRQRPHU \LHOGV REWDLQHG LQ WKH K\GURJHQRO\VLV RI OLJQLQ VKRZHG WKDW WKH
WHUHSKWKDOLF DOGHK\GH SURWHFWLRQ VWUDWHJ\ LV SDUWLFXODUO\ HIIHFWLYH DW SUHVHUYLQJ OLJQLQV QDWLYH
VWUXFWXUH� ,QWHUHVWLQJO\� WKH \LHOG RI PRQRPHUV GLGQW GHFUHDVH UDSLGO\ ZLWK D UHGXFWLRQ LQ WKH
DPRXQW RI ERXQG DOGHK\GH� VXJJHVWLQJ WKDW 7$/' VWDELOL]HG WKH OLJQLQ QRW RQO\ WKURXJK WKH
IRUPDWLRQ�RI�DFHWDOV��EXW�SRWHQWLDOO\�DOVR�WKURXJK�VWHULF�KLQGHUDQFH�

2YHUDOO� ZH GHPRQVWUDWHG WKDW OLJQLQ FRXOG EH FKHPLFDOO\ PRGLILHG ZLWK XQSUHFHGHQW FRQWURO E\
LQWURGXFLQJ RQ LWV VFDIIROG D IUHH DQG QRQ�QDWLYH DOGHK\GH IXQFWLRQDO JURXS� *LYHQ WKH HDVH ZLWK
ZKLFK DOGHK\GHV FDQ EH WUDQVIRUPHG LQWR D YDULHW\ RI RWKHU IXQFWLRQDO JURXSV XQGHU PLOG
FRQGLWLRQV� WKLV SURFHVV FRXOG KHOS RYHUFRPH WKH FKDOOHQJHV WKDW OLPLW OLJQLQV XVH LQ QHZ PDWHULDOV
VXFK�DV�UHVLQV�RU�SODVWLFV�

>�@�6WHIDQLD�%HUWHOOD���-HUHP\�/XWHUEDFKHU��7UHQGV�LQ�&KHPLVWU\��������������૱����
>�@ 9LYLHQ 5RPK£Q\L� '¢YLG .XQ DQG %«OD 3XN£QV]N\� $&6 6XVWDLQDEOH &KHPLVWU\ 	 (QJLQHHULQJ�
��������������૱������
>�@ /L 6KXDL� 0DVRXG 7DOHEL $PLUL� <GQD 0DULH 4XHVWHOO�6DQWLDJR� )ORUHQW +«URJXHO� <DQGOLQJ /L�
+RRQ .LP� 5LFKDUG 0HLODQ� &OLQW &KDSSOH� -RKQ 5DOSK DQG -HUHP\ /XWHUEDFKHU� 6FLHQFH� ����� ����
���૱����
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/LJDQG�$VVLVWHG�6ROLG�3KDVH�6\QWKHVLV�RI�0L[HG�+DOLGH�3HURYVNLWH�1DQRFU\VWDOV�IRU
+LJKO\�(OHFWUROXPLQHVFHQW�/LJKW�(PLWWLQJ�'LRGHV

6��)��6RODUL���6��.XPDU���-��-DJLHOVNL���1��0��.XER���)��.UXPHLFK���&��6KLK�

�,QVWLWXWH�IRU�&KHPLFDO�DQG�%LRHQJLQHHULQJ��'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+
=XULFK���/DERUDWRU\�RI�,QRUJDQLF�&KHPLVWU\��'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+

=XULFK

&ROORLGDO RUJDQLF�LQRUJDQLF K\EULG SHURYVNLWHV �2,+3V� ZLWK WKH JHQHUDO VWUXFWXUH $%;� �$ VWDQGV IRU
PHWK\ODPPRQLXP �0$� RU IRUPDPLGLQLXP �)$�� % VWDQGV IRU 3E RU 6Q� DQG ; DUH KDOLGHV �&O� %U� ,��
EHORQJ WR DQ LQWHUHVWLQJ FODVV RI VHPLFRQGXFWRU PDWHULDOV IRU RSWRHOHFWURQLF DSSOLFDWLRQV� LQFOXGLQJ
VRODU FHOOV� ODVHUV� SKRWRGLRGHV� DQG OLJKW�HPLWWLQJ GLRGHV �/('V�� >���@ *UHDW DGYDQWDJHV RYHU
RWKHU FRPSHWLQJ VHPLFRQGXFWRU V\VWHPV VXFK DV FDGPLXP FKDOFRJHQLGHV DUH WKH VLPSOH V\QWKHWLF
URXWHV� KLJK SKRWROXPLQHVFHQFH TXDQWXP \LHOGV �͋3/�� DQG HVSHFLDOO\ WKH FRORU WXQDELOLW\ RYHU WKH
ZKROH YLVLEOH VSHFWUD RI WKHVH PDWHULDOV� ZKLFK FDQ EH HDVLO\ DFKLHYHG E\ YDU\LQJ WKH KDOLGH
FRPSRVLWLRQ RI WKH 2,+3V� ,Q WKLV ZRUN� ZH SUHVHQW D IDFLOH VROLG�VWDWH SRVW�V\QWKHWLF DQLRQ
H[FKDQJH PHWKRG� OLJDQG�DVVLVWHG VROLG SKDVH V\QWKHVLV �/$636�� WR SUHSDUH KLJKO\ OXPLQHVFHQW
PHWK\ODPPRQLXP OHDG KDOLGH �0$3E;�� QDQRFU\VWDOV �1&V�� ZKLFK H[KLELW D VWURQJ 3/ HPLVVLRQ LQ
WKH HQWLUH YLVLEOH UHJLRQ EHWZHHQ ��� DQG ��� QP ZLWK KLJK ͋3/ XS WR ���� :H UHSRUW SDUWLDO
VXEVWLWXWLRQ SURFHVVHV RI WKH DQLRQV DW WKH VROLG�OLTXLG LQWHUIDFH \LHOGLQJ KDOLGH PL[WXUHV RI
0$3E�%U�,�� DQG 0$3E�%U�&O�� 1&V� UHVSHFWLYHO\� )XUWKHUPRUH� ZH GHPRQVWUDWH /('V XVLQJ /$636
EDVHG 2,+3 1&V ZLWK WKH PD[LPXP H[WHUQDO TXDQWXP HIILFLHQF\ �͋H[W� RI ������ WR ���� DW ���
�EOXH� DQG ��� QP �UHG�� UHVSHFWLYHO\� ZKHUHDV SDUHQW 0$3E%U� 1&V VKRZHG DQ ͋H[W RI ���� DW ���
QP�

>�@�%UDQGRQ�5��6XWKHUODQG��(GZDUG�+��6DUJHQW��1DWXUH�3KRWRQLFV��������������������
>�@ =KL�.XDQJ 7DQ� 5H]D 6DEHUL 0RJKDGGDP� 0D\ /LQJ /DL� 3DEOR 'RFDPSR� 5XEHQ +LJOHU� )HOL[
'HVFKOHU� 0LFKDHO 3ULFH� $GLW\D 6DGKDQDOD� /XLV 0� 3D]RV� 'DQ &UHGJLQJWRQ� )DELDQ
+DQXVFK� 7KRPDV %HLQ� +HQU\ -� 6QDLWK� 5LFKDUG +� )ULHQG� 1DWXUH 1DQRWHFKQRORJ\� ����� ��
��������
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$OJLQDWH�EDVHG�K\GURJHOV�DV�PXOWLIXQFWLRQDO�PDWHULDOV�IRU�FHOO�WUDQVSODQWDWLRQ��DQG
SURGXFWLRQ�RI�PLFURVSKHUHV�ZLWK�D�PLFURIOXLGLF�WHFKQLTXH

/��6]DER���6��*HUEHU�/HPDLUH�

�,QVWLWXWH�RI�FKHPLFDO�VFLHQFHV�	�HQJLQHHULQJ��(3)/�/DXVDQQH���,QVWLWXWH�RI�FKHPLFDO�VFLHQFHV�	
HQJLQHHULQJ��(3)/���8QLY��*UHQREOH�$OSHV��&($��/(7,��'7%6��/60%��*UHQREOH��)UDQFH

7UDQVSODQWDWLRQ RI HQFDSVXODWHG [HQRJHQHLF FHOOV LV D SURPLVLQJ WUHDWPHQW DOWHUQDWLYH IRU VHYHUDO
GLVHDVHV� ZKHUH VKRUWDJH RI KXPDQ GRQRUV DQG WKH LQYDVLYH QDWXUH RI VXUJHU\ SXWV WKH OLYHV RI
SDWLHQWV DW ULVN� 7KH PDLQ ILHOG RI DSSOLFDWLRQ LV 7\SH , GLDEHWHV WUHDWPHQW� ZKHUH HQFDSVXODWLRQ RI
LVOHW SURGXFLQJ FHOOV SURYLGHV SURWHFWLRQ WR WKH FHOOV ZKLOH DOORZLQJ DQ LQVXOLQ UHOHDVH WR FRQWURO
EORRG JOXFRVH OHYHOV�� 7KH PDLQ VKRUWFRPLQJV RI WKH HQFDSVXODWLRQ PDWHULDOV LQFOXGH LQVWDELOLW\ DQG
SRRU GXUDELOLW\� DQG WKH ILEURWLF FHOOXODU RYHUJURZWK DURXQG WKH WUDQVSODQWHG PLFURVSKHUHV� ,Q
DGGLWLRQ� WKH ILHOG ZRXOG EHQHILW IURP QHZ WHFKQRORJLHV� VXFK DV PLFURIOXLGLFV� WKDW SURGXFH
PRQRGLVSHUVH�PLFURVSKHUHV�RI�GHVLUHG�VL]HV�ZLWK�D�KLJK�WKURXJKSXW�

:H GHYHORSHG D K\GURJHO PDWUL[ WKDW WDUJHWV WKH WZR PDLQ LVVXHV UHODWHG WR HQFDSVXODWLRQ
PDWHULDOV� HQKDQFHV VWDELOLW\ DQG HOXWHV DQWL�LQIODPPDWRU\ GUXJV WR PLWLJDWH ILEURVLV� 3(*\ODWHG
DOJLQDWH K\GURJHOV ZHUH SUHSDUHG E\ D UREXVW� VWUDLJKWIRUZDUG JUDIWLQJ SURFHVV� WKDW UHVXOWHG LQ
K\GURJHOV ZLWK HLWKHU D UHDFWLYH IXQFWLRQDOLW\ WR SURYLGH D VWURQJ FRYDOHQW FURVV�OLQNLQJ�� RU ZLWK DQ
DQWL�LQIODPPDWRU\ FRPSRXQG WKDW LV UHOHDVHG YLD D K\GURO\WLF UHDFWLRQ�� &RPELQDWLRQ RI WKHVH
3(*\ODWHG DOJLQDWH GHULYDWLYHV OHG WR PXOWLIXQFWLRQDO PLFURVSKHUHV SUHVHQWLQJ LPSURYHG VWDELOLW\�
UHVLVWDQFH DQG VKDSH UHFRYHU\ SHUIRUPDQFH FRPSDUHG WR XQPRGLILHG &D�DOJLQDWH PLFURVSKHUHV�
DQG HOXWHG NHWRSURIHQ DQWL�LQIODPPDWRU\ GUXJ IRU RYHU WZR ZHHNV LQ D VXVWDLQHG� FRQWUROOHG
PDQQHU�

,Q DGGLWLRQ� FURVV�OLQNHG 3(*\ODWHG DOJLQDWH DQG NHWRSURIHQ GUXJ HOXWLQJ K\GURJHO PLFURVSKHUHV
ZHUH SURGXFHG ZLWK D PLFURIOXLGLF V\VWHP� (QFDSVXODWLRQ RI QHRQDWDO SLJ LVOHWV ZLWKLQ WKHVH
PDWHULDOV UHVXOWHG LQ JRRG FHOO YLDELOLW\ DQG KRPRJHQHRXV PLFURFDSVXOHV RI DURXQG ��� wP
GLDPHWHU�

>�@�'DYLG�:��6FKDUS��3LHUR�0DUFKHWWL��$GYDQFHG�'UXJ�'HOLYHU\�5HYLHZV���������������������
>�@�/XFD�6]DER�HW�DO��$&6�$SSO��3RO\P��0DWHU����������������������
>�@�)UDQ©RLV�1RYHUUD]�HW�DO��%LRFRQMXJDWH�&KHP�����������������������
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&RQMXJDWHG�3RO\PHUV�YLD�&\FORSHQWDQQXODWLRQ�5HDFWLRQ��3URPLVLQJ�0DWHULDOV�IRU�,RGLQH
$GVRUSWLRQ

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

�*XOI�8QLYHUVLW\�IRU�6FLHQFH�DQG�7HFKQRORJ\��.XZDLW���.XZDLW�8QLYHUVLW\���)XQFWLRQDO�0DWHULDOV
*URXS��&$0%��*867��.XZDLW

$ QHZ FODVV RI FRQMXJDWHG SRO\PHUV LV SUHSDUHG E\ PHDQV RI D YHUVDWLOH SDOODGLXP�FDWDO\]HG
F\FORSHQWDQQXODWLRQ UHDFWLRQ XVLQJ D VHULHV RI VSHFLDOO\ GHVLJQHG GLHWK\Q\O DU\O V\QWKRQV ZLWK WKH
FRPPHUFLDOO\ DYDLODEOH �����GLEURPRDQWKUDFHQH '%$ PRQRPHU� 7KH WDUJHW SRO\PHUV� &33���
GLVSOD\ KLJK VROXELOLW\ DQG H[FHOOHQW FKHPLFDO VWDELOLW\� ZKLFK DOORZ IRU WKHLU VWUXFWXUDO DQG
SKRWRSK\VLFDO FKDUDFWHUL]DWLRQ E\ YDULRXV LQVWUXPHQWDO DQDO\VLV WHFKQLTXHV VXFK DV� JHO
SHUPHDWLRQ FKURPDWRJUDSK\ �*3&�� �+� DQG ��&�QXFOHDU PDJQHWLF UHVRQDQFH �105�� )RXULHU
WUDQVIRUP LQIUDUHG �)7,5�� 89�YLV DEVRUSWLRQ� DQG HPLVVLRQ VSHFWURVFRSLHV� *3& FKURPDWRJUDPV RI
&33��� GLVSOD\ D KLJK UHODWLYH ZHLJKW�DYHUDJH �0Z� PROHFXODU ZHLJKW LQ WKH UDQJH RI ���� WR ����
.'D ZLWK D SRO\GLVSHUVLW\ LQGH[ �Ò 0Z�0Q� RI a���� ,QYHVWLJDWLRQ RI WKH LRGLQH DGVRUSWLRQ
SURSHUWLHV RI &33��� UHYHDOV WKHLU KLJK XSWDNH� QDPHO\ IRU &33� a��� ZW�� ZKRVH VRUSWLRQ
SURSHUW\�ZDV�VXVWDLQHG�HYHQ�DIWHU�LWV�UHXVH�VHYHUDO�WLPHV�>�@

>�@ %DLJ� 1�� 6KHWW\� 6�� $O�0RXVDZL� 6�� $ODPHGGLQH� %�� 6\QWKHVLV RI &RQMXJDWHG 3RO\PHUV YLD
&\FORSHQWDQQXODWLRQ 5HDFWLRQ� 3URPLVLQJ 0DWHULDOV IRU ,RGLQH $GVRUSWLRQ� 3RO\PHU
&KHPLVWU\����������������������������
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&RQMXJDWHG�&RSRO\PHUV�%HDULQJ�����'LWKLHQ\OSKHQDQWKUHQH������GLDONR[\�8QLWV��+LJKO\
6ROXEOH�DQG�6WDEOH�'HHS�%OXH�(PLVVLYH�0DWHULDOV

1��%DLJ�����6��6KHWW\�����6��)DOO���7��+HLVHU���%��$ODPHGGLQH���

�*XOI�8QLYHUVLW\�IRU�6FLHQFH�DQG�7HFKQRORJ\��.XZDLW���/DERUDWRLUH�,&XEH��8QLYHUVLW«�GH�6WUDVERXUJ�
&156��)UDQFH���)XQFWLRQDO�0DWHULDOV�*URXS���&$0%��*867��.XZDLW

&RQMXJDWHG FRSRO\PHUV 313���ZHUH SUHSDUHG IURP WKH SDOODGLXP FDWDO\]HG 6X]XNL�0L\DXUD FURVV�
FRXSOLQJ UHDFWLRQ RI ����GLWKLHQ\OSKHQDQWKUHQH XQLWV � EHDULQJ YDULRXV DONR[\ JURXSV � 310���
DQG ����GLRFW\OIOXRUHQH�����GLERURQLF DFLG )%$� 7KH IRUPDWLRQ RI FRSRO\PHUV 313��� ZDV FRQILUPHG
E\ GLIIHUHQW DQDO\WLFDO WHFKQLTXHV� VXFK DV� JHO SHUPHDWLRQ FKURPDWRJUDSK\ �*3&��
WKHUPRJUDYLPHWU\ DQDO\VLV �7*$�� �+� DQG ��&�QXFOHDU PDJQHWLF UHVRQDQFH �105�� )RXULHU
WUDQVIRUP LQIUDUHG �)7,5�� 89�YLV DEVRUSWLRQ DQG HPLVVLRQ VSHFWURVFRSLHV� 7KH WDUJHW FRSRO\PHUV
ZHUH IRXQG WR KDYH D UHODWLYHO\ KLJK WKHUPDO DQG FKHPLFDO VWDELOLW\ DV ZHOO DV DQ H[FHOOHQW
VROXELOLW\ LQ FRPPRQ RUJDQLF VROYHQWV� *3& WUDFHV RI FRSRO\PHUV 313��� GLVSOD\ QRWLFHDEO\ ODUJH
ZHLJKW�DYHUDJH �0Z� PROHFXODU ZHLJKWV LQ WKH UDQJH RI ���������� .'D DQG D SRO\GLVSHUVLW\ LQGH[
�Ò  0Z�0Q� RI �������� 3KRWRSK\VLFDO DQDO\VLV RI 313��� GLYXOJHV WKHLU OXPLQHVFHQFH LQ WKH GHHS
EOXH UHJLRQ� QDPHO\� LQ WKH UDQJH RI ������� QP ZLWK DQ HPLVVLRQ TXDQWXP \LHOG XS WR ���� ,Q
DGGLWLRQ� FRSRO\PHUV 313��� ZHUH H[SORUHG DV ILHOG�HIIHFW WUDQVLVWRUV UHYHDOLQJ D KROH PRELOLW\ XS
WR�a���[��૱��FP��9૱�V૱��>�@

>�@ %DLJ� 1�� 6KHWW\� 6�� )DOO� 6�� $O�0RXVDZL� 6�� +HLVHU� 7�� $ODPHGGLQH� %�� &RQMXJDWHG &RSRO\PHUV
%HDULQJ ����'LWKLHQ\OSKHQDQWKUHQH������GLDONR[\ 8QLWV� +LJKO\ 6ROXEOH DQG 6WDEOH 'HHS�%OXH
(PLVVLYH�0DWHULDOV��1HZ�-RXUQDO�RI�&KHPLVWU\�������'2,����������'�1-�����'�
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7XQLQJ�6ROLG�6WDWH�(PLVVLRQ�IURP�D�6LQJOH�)OXRURSKRUH�E\�&RQWUROOHG�5DGLFDO
3RO\PHUL]DWLRQ

<��%DR

�'UXJ�)RUPXODWLRQ�DQG�'HOLYHU\��,QVWLWXWH�RI�3KDUPDFHXWLFDO�6FLHQFH��'HSDUWPHQW�RI�&KHPLVWU\�DQG
$SSOLHG�%LRVFLHQFHV��(7+�=XULFK���,QVWLWXWH�IRU�&KHPLFDO�DQG�%LRHQJLQHHULQJ��'HSDUWPHQW�RI
&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=XULFK���6FKRRO�RI�6FLHQFH��&ROOHJH�RI�6FLHQFH�

(QJLQHHULQJ�DQG�+HDOWK��50,7�8QLYHUVLW\

0DQLSXODWLRQ RI PROHFXODU IOXRUHVFHQFH LV RI IXQGDPHQWDO LQWHUHVW� 2ZLQJ WR WKH FRPSOH[ LQWHUSOD\
EHWZHHQ WKH FKDUJH�WUDQVIHU DQG VLQJOHW H[FLWRQV� LW LV KLJKO\ FKDOOHQJLQJ WR PDQLSXODWH WKH
HPLVVLRQ FRORU DQG TXDQWXP \LHOG RI VLQJOH IOXRURSKRUHV� HVSHFLDOO\ IRU WKDW LQ VROLG RU DJJUHJDWHG
VWDWH���� ,Q WKLV ZRUN� ZH UHSRUW D V\VWHPDWLF \HW VLPSOH PHWKRGRORJ\ IRU WXQLQJ VROLG�VWDWH
HPLVVLRQ IURP D VLQJOH IOXRURSKRUH E\ FRQWUROOHG UDGLFDO SRO\PHUL]DWLRQ�PHGLDWHG FKDUJH WUDQVIHU�
8VLQJ D OLEUDU\ RI ZHOO�GHILQHG GRQRU�W\SH SRO\PHUV JURZQ IURP DQ DFFHSWRU�W\SH IOXRURSKRUH E\
DWRP WUDQVIHU UDGLFDO SRO\PHUL]DWLRQ� ZH UHYHDO WKHLU VROLG�VWDWH HPLVVLRQ FRORU DV ZHOO DV TXDQWXP
\LHOG FDQ EH HIILFLHQWO\ WXQHG E\ SUHFLVLRQ PDFURPROHFXODU HQJLQHHULQJ� WKDW LQFOXGHV �L� VHOHFWLRQ
RI PRQRPHUV ZLWK GLIIHUHQW HOHFWURQ�GRQDWLQJ JURXSV� �LL� HQG JURXS WUDQVIRUPDWLRQV� DQG �LLL�
SRO\PHU FKDLQ OHQJWK YDULDWLRQ� 7KH HPLVVLRQ WXQDELOLW\ RULJLQDWHV IURP WKH VWUXFWXUDOO\ GHSHQGHQW
WKURXJK�VSDFH FKDUJH WUDQVIHU �76&7� SURFHVV WKDW UHJXODWHV WKH &7 HQHUJ\� %RWK H[SHULPHQWV DQG
PXOWLVFDOH PRGHOLQJ ZHUH SHUIRUPHG WR VXSSRUW WKH SURSRVHG PHFKDQLVP� 7KDQNV WR WKH VLPSOH
FKHPLFDO FRPSRVLWLRQ� ZH IXUWKHU GHPRQVWUDWH WKDW VXFK SRO\PHU V\VWHPV FDQ EH SURFHVVHG LQWR
WKLQ�ILOPV�HQDEOLQJ�YHUVDWLOH�SKRWROLWKRJUDSK\�

$FNQRZOHGJHPHQWV

7KH ILQDQFLDO VXSSRUW IURP )RQGDWLRQ &ODXGH HW *LXOLDQD �5HVHDUFK SURMHFW� 1R� ������� DQG 6ZLVV
1DWLRQDO�6FLHQFH�)RXQGDWLRQ��6SDUN�JUDQW��1R������������LV�DFNQRZOHGJHG�

>�@�=KDQJ��*���.RRL��6��(���'HPDV��-��	�)UDVHU��&��/��$GY��0DWHU����������������������
>�@�:DQJ��-���:DQJ��1���:X��*���:DQJ��6��	�/L��;��$QJHZ��&KHP��,QW��(G����������������������

�
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(QHUJ\�7UDQVIHU�LQ�'1$�2UJDQL]HG��0XOWL�6HJPHQWDO�&KURPRSKRUH�6WDFNV

1��%¾UNL���(��*URVVHQEDFKHU���&��'��%¸VFK���0��1D]DUL���$��&DQQL]]R���7��)HXUHU����6��0�
/DQJHQHJJHU���5��+¦QHU�

�'HSDUWPHQW�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\��8QLYHUVLW\�RI�%HUQ���,QVWLWXWH�RI�$SSOLHG�3K\VLFV�
8QLYHUVLW\�RI�%HUQ

,Q SUHYLRXV ZRUN� RXU UHVHDUFK JURXS VKRZHG WKDW WKH LQFRUSRUDWLRQ RI ����GLFDUER[DPLGH S\UHQH
DQG ����GLFDUER[DPLGH SKHQDQWKUHQH LQWR D '1$ GXSOH[ UHVXOW LQ DQ HIILFLHQW OLJKW KDUYHVWLQJ
DQWHQQD� ZKHUH WKH SKHQDQWKUHQHV DFW DV GRQRUV DQG WKH S\UHQH DV DQ DFFHSWRU�>�@ ,Q IXUWKHU
LQYHVWLJDWLRQV WKH FDUER[DPLGH GHULYDWLYHV ZHUH UHSODFHG E\ DON\Q\O VXEVWLWXWHG RQHV DQG WKH OLJKW
FROOHFWLQJ DQWHQQD ZDV LQWHUUXSWHG E\ EDVH SDLUV� ,W ZDV VKRZQ WKDW WKH DQWHQQD DOVR WUDQVPLWWHG
HQHUJ\ ZKHQ LQWHUUXSWHG E\ XS WR WKUHH EDVH SDLUV� >�@ ,Q WKLV ZRUN ZH VKRZ D V\VWHP ZKHUH WKH
DQWHQQD LV DOZD\V LQWHUUXSWHG DIWHU WZR SKHQDQWKUHQHV ZLWK RQH EDVH SDLU� 6R WKDW LQ DGGLWLRQ WR
WKH HQHUJ\ WUDQVIHU ZH KDYH DJDLQ WKH VSHFLILFLW\ RI WKH QXFOHREDVHV� 7KLV QHZ :DWVRQ &ULFN
VSHFLILF OLJKW KDUYHVWLQJ DQWHQQD ZDV VWXGLHG E\ WKHUPDO 89�YLV DQG IOXRUHVFHQFH VSHFWURVFRS\
H[SHULPHQWV�

>�@�)ORULDQ�*DUR��5REHUW�+¦QHU��$QJHZ��&KHP��,QW��(G������������������������
>�@ &DUROLQH '� %¸VFK� (OLI $ED\� 6LPRQ 0� /DQJHQHJJHU� 0DU\DP 1D]DUL� $QGUHD &DQQL]]R� 7KRPDV
)HXUHU��5REHUW�+¦QHU��+HOY��&KLP��$FWD�������
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(IILFLHQW�6\QWKHVLV�DQG�&RPSOH[�6HOI�$VVHPEO\�RI�WKH�$PSKLSKLOLF�3(2�E�3(+2[
SRO\PHUV�LQWR�0XOWLFRPSDUWPHQW�0LFHOOHV��3VHXGR�9HVLFOHV�DQG�<RON�6KHOO�1DQRSDUWLFOHV

'��'DXELDQ���-��*DLW]VFK���:��0HLHU�

�8QLYHUVLW\�RI�%DVHO��'HSDUWPHQW�RI�&KHPLVWU\��0DWWHQVWUDVVH���D�������%DVHO��6ZLW]HUODQG

3UHSDULQJ ZHOO�GHILQHG DPSKLSKLOLF EORFN FRSRO\PHUV KDV EHFRPH D IRFXV RI PRGHUQ UHVHDUFK
WKDQNV WR WKHLU DELOLW\ WR VHOI�RUJDQL]H LQWR YDULRXV FRPSOH[ VWUXFWXUHV�� +RZHYHU� OLWWOH DWWHQWLRQ
ZDV JLYHQ WR $% GLEORFN FRSRO\PHUV ZLWK D ORQJ DQG EUDQFKHG VLGH FKDLQ LQ WKH K\GURSKRELF EORFN�
SRWHQWLDOO\ OHDGLQJ WR QRYHO LQWHUDFWLRQV GXULQJ WKH VHOI�DVVHPEO\� 7KH DLP RI WKLV ZRUN LV WR GHVLJQ
VXFK DQ $% GLEORFN FRSRO\PHU DQG VWXG\ LWV VHOI�DVVHPEO\� :H XVHG WKH K\GURSKRELF
SRO\������HWK\OKHSW\O����R[D]ROLQH �3(+2[� DV RXU K\GURSKRELF EORFN� 7KLV SRO\PHU VKRZV D ORZ
JODVV WUDQVLWLRQ WHPSHUDWXUH �7J� RI ��r& DQG EHQHILWV IURP D SXUHO\ K\GURFDUERQ VLGH FKDLQ RI QLQH
FDUERQ DWRPV SURYLGLQJ VXIILFLHQW K\GURSKRELFLW\ DQG DQ HWK\O EUDQFK WKDW VXSUHVV FU\VWDOOLQLW\�
3(+2[ LV WKXV SHUIHFWO\ VXLWDEOH DV D K\GURSKRELF EORFN LQ DQ DPSKLSKLOLF EORFN FRSRO\PHU WR IRUP
QHZ VHOI�DVVHPEO\ VWUXFWXUHV� %\ XVLQJ D QHZ QRV\ODWHG SRO\�HWK\OHQH R[LGH� �3(2� PDFURLQLWLDWRU�
ZH V\QWKHWL]HG D ZKROH OLEUDU\ RI 3(2�E�3(+2[ DPSKLSKLOLF $% GLEORFN�FRSRO\PHUV YLD D
PLFURZDYH�DVVLVWHG SRO\PHUL]DWLRQ �)LJ ���� .LQHWLFV RI WKH SRO\PHUL]DWLRQ LQ GLIIHUHQW VROYHQWV
ZHUH SHUIRUPHG DQG SURYHG D SHUIHFWO\ FRQWUROOHG SRO\PHUL]DWLRQ LQ FKORUREHQ]HQH EXW QRW LQ
DFHWRQLWULOH�RU�VXOIRODQH�

)LJ� �� $PSKLSKLOLF GLEORFN FRSRO\PHU 3(2�E�3(+2[ DQG UHSUHVHQWDWLYH FDUWRRQV ZLWK WKH
FRUUHVSRQGLQJ PRGHO &U\R�7(0 LPDJH RI WKH YDULRXV VHOI�DVVHPEOLHV� 6FDOH EDUV� ���QP� $ � 0XOWL�
FRPSDUWPHQW�PLFHOOHV��0&0V���%���3VHXGR�YHVLFOHV��&���<RON�6KHOO�QDQRSDUWLFOHV�

6HOI�DVVHPEO\ RI 3(2�E�3(+2[ ZDV SHUIRUPHG XVLQJ ILOP UHK\GUDWLRQ DQG VROYHQW VZLWFK� $SDUW
IURP PLFHOOHV DQG ZRUPV� ZH ZHUH DEOH WR SURYH WKH IRUPDWLRQ RI PXOWLSOH FRPSOH[ VWUXFWXUHV E\
OLJKW VFDWWHULQJ� 7(0 DQG &U\R�7(0� PXOWL�FRPSDUWPHQW PLFHOOHV �0&0V�� 3VHXGR�9HVLFOHV DQG <RON�
6KHOO QDQRSDUWLFOHV� 7R WKH EHVW RI RXU NQRZOHGJH� WKLV LV WKH ILUVW WLPH VXFK FRPSOH[ PDWHULDOV DUH
IRUPHG IURP D VLQJOH $% GLEORFN FRSRO\PHU� 7KH VLGH FKDLQ RI 3(+2[ ZLWK LWV HWK\O EUDQFK DQG ORQJ
OHQJWK JHQHUDWHG DGGLWLRQDO K\GURSKRELF�K\GURSKRELF LQWHUDFWLRQV ZKLOH SUHYHQWLQJ D FRPSDFW
RUGHU RU VWURQJ HQWDQJOLQJ RI WKH $% GLEORFN FRSRO\PHUV LQ D PHPEUDQH� 7KLV VKRZV WKH XQLTXH
SURSHUWLHV RI 3(2�E�3(+2[ DQG WKH SRWHQWLDO RI K\GURSKRELF EORFN ZLWK D ORQJ DQG EUDQFKHG VLGH
FKDLQ WR REWDLQ FRPSOH[ QDQRSDUWLFOHV� $OWRJHWKHU� RXU UHVXOWV VKRZ WKDW 3(2�3(+2[ LV D
PHDQLQJIXO DGGLWLRQ WR WKH FDQRQ RI VHOI�DVVHPEOLQJ EORFN FRSRO\PHUV� &RPELQHG ZLWK LWV
EDFNERQH VWUXFWXUH FORVH WR D SHSWLGH PDNH 3(+2[ D FRPSHOOLQJ K\GURSKRELF EORFN WR OHDG WR QHZ
FRPSOH[�VHOI�DVVHPEO\�VWUXFWXUHV�DQG�LQVLJKWV�LQWR�VHOI�DVVHPEOHG�QDQRSDUWLFOHV�

>�@ .RQLVKFKHYD� (�� 'DXELDQ� '�� *DLW]VFK� -�� 0HLHU� :�� +HOYHWLFD &KLPLFD $FWD ����� ��� ����
H��������Q�D�
>�@�'DXELDQ��'���*DLW]VFK��-���0HLHU��:���3RO\PHU�&KHPLVWU\�������������������������



�
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6SDWLRWHPSRUDO�LPDJLQJ�RI�ZDWHU�LQ�RSHUDWLQJ�YROWDJH�JDWHG�LRQ�FKDQQHOV�UHYHDOV�WKH
VORZ�PRWLRQ�RI�LQWHUIDFLDO�LRQV

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

�/DERUDWRU\�IRU�IXQGDPHQWDO�%LR3KRWRQLFV��/%3���(3)/���/DERUDWRU\�RI�1DQRVFDOH�%LRORJ\��(3)/

,RQ FKDQQHOV DUH UHVSRQVLEOH IRU QXPHURXV SK\VLRORJLFDO IXQFWLRQV UDQJLQJ IURP WUDQVSRUW WR
FKHPLFDO DQG HOHFWULFDO VLJQDOLQJ� $OWKRXJK VWDWLF LRQ FKDQQHO VWUXFWXUH KDV EHHQ VWXGLHG IROORZLQJ
D VWUXFWXUDO ELRORJ\ DSSURDFK� VSDWLRWHPSRUDO LQYHVWLJDWLRQ RI WKH G\QDPLF PROHFXODU PHFKDQLVPV
RI RSHUDWLRQDO LRQ FKDQQHOV KDV QRW EHHQ DFKLHYHG H[SHULPHQWDOO\� ,Q SDUWLFXODU� WKH UROH RI ZDWHU
UHPDLQV HOXVLYH� +HUH� ZH SHUIRUP ODEHO�IUHH VSDWLRWHPSRUDO VHFRQG KDUPRQLF �6+� LPDJLQJ DQG
FDSDFLWDQFH PHDVXUHPHQWV RI RSHUDWLRQDO YROWDJH�JDWHG DODPHWKLFLQ LRQ FKDQQHOV LQ IUHHVWDQGLQJ
OLSLG PHPEUDQHV VXUURXQGHG E\ DTXHRXV VROXWLRQ RQ HLWKHU VLGH� :H REVHUYH FKDQJHV LQ 6+
LQWHQVLW\ XSRQ FKDQQHO DFWLYDWLRQ WKDW LV WUDFHG EDFN WR FKDQJHV LQ WKH RULHQWDWLRQDO GLVWULEXWLRQ RI
ZDWHU PROHFXOHV WKDW UHRULHQW DORQJ WKH ILHOG OLQHV RI WUDQVSRUWHG LRQV� 2I WKH WUDQVSRUWHG LRQV� D
IUDFWLRQ RI ���� DUULYHV DW WKH K\GUDWHG PHPEUDQH LQWHUIDFH� OHDGLQJ WR LQWHUIDFLDO HOHFWURVWDWLF
FKDQJHV RQ WKH WLPH VFDOH RI D VHFRQG� 7KH WLPH VFDOH RI WKHVH LQWHUIDFLDO FKDQJHV LV LQIOXHQFHG E\
WKH GHQVLW\ RI LRQ FKDQQHOV DQG LV VXEMHFW WR D FURZGLQJ PHFKDQLVP� ,RQ WUDQVSRUW DORQJ FHOO
PHPEUDQHV LV RIWHQ DVVRFLDWHG ZLWK WKH SURSDJDWLRQ RI HOHFWULFDO VLJQDOV LQ QHXURQV� $V RXU VWXG\
VKRZV WKDW WKLV SURFHVV LV WDNLQJ SODFH RYHU VHFRQGV� D PRUH FRPSOH[ PHFKDQLVP LV OLNHO\
UHVSRQVLEOH IRU WKH SURSDJDWLRQ RI QHXURQDO HOHFWULFDO VLJQDOV WKDQ MXVW WKH PLOOLVHFRQG PRYHPHQW
RI�LRQV�
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/LJKW�+DUYHVWLQJ�$QWHQQD��'HWHFWLRQ�RI�3RO\DURPDWLF�0ROHFXOHV�E\�6XSUDPROHFXODU
)LEHUV

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

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

7KH VHOI�DVVHPEO\ RI ����GLVXEVWLWXWHG SKHQDQWKUHQH WULPHUV ZLWK SKRVSKRGLHVWHU�EULGJHV OHDGV WR
WKH IRUPDWLRQ RI VXSUDPROHFXODU ILEHUV� 3UHYLRXVO\� LW ZDV VKRZQ WKDW WKHVH ILEHUV DFW DV DQ
HIILFLHQW OLJKW�KDUYHVWLQJ DQWHQQD� 6R IDU� WKH DFFHSWRU ZDV LQFRUSRUDWHG LQWR DQ ROLJRPHU DQG
DGGHG DV VXFK� 2XU QHZ DSSURDFK HQDEOHV XV WR XVH YDULRXV PRQRPHULF FKURPRSKRUHV� WKH
SRO\DURPDWLF DFFHSWRU LV DGGHG GXULQJ WKH VHOI�DVVHPEO\ SURFHVV RI WKH IRUPLQJ VXSUDPROHFXODU
SRO\PHU� 8SRQ H[FLWDWLRQ RI WKH SKHQDQWKUHQH XQLWV� WKH HQHUJ\ LV WUDQVIHUUHG WR WKH DFFHSWRU�
ZKLFK HPLWV WKH OLJKW LQ LQFUHDVHG LQWHQVLW\� %HQ]R�D�S\UHQH UHDFKHG DV RQH RI WKH KLJKHVW
IOXRUHVFHQFH TXDQWXP \LHOGV RI ��� DW DQ DFFHSWRU�SKHQDQWKUHQH UDWLR RI �� PRO��� 7KH ILEHUV
ZHUH DQDO\]HG E\ PLFURVFRS\ �$)0� 89�YLV� IOXRUHVFHQFH�� 7KLV DOORZV XV WR GHWHFW VPDOO DPRXQWV
RI�FKURPRSKRUHV�LQ�DQ�DTXHRXV�PHGLXP�

>�@ -RYDQD -HYULF� 6LPRQ 0� /DQJHQHJJHU� 5REHUW +¦QHU� (XU� -� 2UJ� &KHP�� ����� LQ SULQW�
GRL���������HMRF�����������
>�@ &KULVWLDQ %� :LQLJHU� 6KDRJXDQJ /L� *DQHVK 5� .XPDU� 6LPRQ 0� /DQJHQHJJHU�
5REHUW�+¦QHU��$QJHZ��&KHP��,QW��(G�������������������������
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3KDVH�6HSDUDWHG�0HWDOORVXSUDPROHFXODU�3RO\PHU�%OHQGV�ZLWK�7XQDEOH�0HFKDQLFDO
3URSHUWLHV

)��0DU[���-��6DXWDX[���/��1HXPDQQ���&��:HGHU���6��6FKUHWWO�

�8QLYHUVLW\�RI�)ULERXUJ��$GROSKH�0HUNOH�,QVWLWXWH��&KHPLQ�GHV�9HUGLHUV����&+������)ULERXUJ

0HWDOORVXSUDPROHFXODU SRO\PHUV �063V� DUH REWDLQHG XSRQ IRUPDWLRQ RI FRRUGLQDWLRQ FRPSOH[HV
EHWZHHQ �PDFUR�PRQRPHULF EXLOGLQJ EORFNV WKDW FDUU\ DW OHDVW WZR OLJDQGV DQG VXLWDEOH PHWDO LRQV�
7KH G\QDPLF QDWXUH RI WKH PHWDO�OLJDQG FRPSOH[HV LQ 063V RIIHUV D ZD\ WR FUHDWH VWLPXOL�
UHVSRQVLYH PDWHULDOV�>�@ )RU H[DPSOH� 063V WKDW KHDO XSRQ H[SRVXUH WR OLJKW RU KHDW ZHUH REWDLQHG
IURP SRO\�HWK\OHQH�FR�EXW\OHQH� HQGFDSSHG ZLWK WULGHQWDWH PHWK\OEHQ]LPLGD]RO\O S\ULGLQH�OLJDQGV
�%.%� DQG WUDQVLWLRQ PHWDO VDOWV�>�@ 7KH SRO\PHU EDFNERQH� OLJDQG� PHWDO LRQ� DQG FRXQWHU LRQ DOO
LQIOXHQFH WKH SURSHUWLHV RI 063V�>�@ DQG LW LV WKH LQWHUSOD\ RI WKHVH FRPSRQHQWV WKDW GHWHUPLQHV WKH
SRO\PHUV PLFURVWUXFWXUH DQG G\QDPLFV�>�@ 'XH WR WKH ORZ JODVV WUDQVLWLRQ WHPSHUDWXUH RI PRVW RI
WKH HPSOR\HG PDFURPRQRPHUV� W\SLFDO 063V VKRZ PHFKDQLFDO SURSHUWLHV WKDW DUH FRPSDUDEOH WR
WKRVH�RI�FODVVLFDO��WKHUPRSODVWLF��HODVWRPHUV�

+HUH ZH UHSRUW WKDW EOHQGLQJ RI GLIIHUHQW 063V� LQ WKLV FDVH RQH EDVHG RQ WKH WULIXQFWLRQDO
FRPSRQHQW 7+0 DQG RQH PDGH E\ %.%� DOORZV WR WXQH WKH PDWHULDOV SURSHUWLHV�>�@ 7KH FR�DVVHPEO\
RI WKH WZR FRPSRQHQWV� ZKLFK LQGLYLGXDOO\ DVVHPEOH LQWR VHPLFU\VWDOOLQH� ULJLG DQG UXEEHU\
PDWHULDOV� UHVSHFWLYHO\� UHOLHV RQ WKH XVH RI WKH VDPH W\SH RI OLJDQG� 7KH YDULDWLRQ RI WKH ZHLJKW
IUDFWLRQ RI WKH WZR FRPSRQHQWV DOORZV RQH WR DGMXVW WKH VWUHQJWK DQG WRXJKQHVV RI WKH EOHQGV
EH\RQG WKH SURSHUWLHV RI HLWKHU FRPSRQHQW DORQH� DQG 063V ZLWK SURSHUWLHV FRPSDUDEOH WR
FRPPRGLW\ SODVWLFV DUH REWDLQHG� :H IXUWKHU VKRZ WKDW WKH DGGLWLRQ RI D SODVWLFL]HU DOORZV IXUWKHU
H[SDQGLQJ WKH DFFHVVLEOH SURSHUW\ UHJLPH DQG WKH LQWURGXFWLRQ RI QHZ OLJDQGV IXUWKHU LPSURYHV
SURFHVVDELOLW\�

)LJXUH �� %OHQGLQJ RI WZR PHWDOORVXSUDPROHFXODU SRO\PHUV LQ GLIIHUHQW UDWLRV DIIRUGV PDWHULDOV
ZKRVH�PHFKDQLFDO�EHKDYLRU�FDQ�EH�WXQHG�IURP�VRIW�WR�VWLII�

>�@ .� 0� +HUEHUW� 6� 6FKUHWWO� 6� -� 5RZDQ� &� :HGHU� 0DFURPROHFXOHV ����� ��� ����૱����� $�
:LQWHU� 8� 6� 6FKXEHUW� &KHP� 6RF� 5HY� ����� ��� ����૱����� /� 1� 1HXPDQQ� &� :HGHU� 6�
6FKUHWWO��&KLPLD��������������૱����
>�@ 0� %XUQZRUWK� /� 7DQJ� -� 5� .XPSIHU� $� -� 'XQFDQ� )� /� %H\HU� *� /� )LRUH� 6� -� 5RZDQ� &�
:HGHU��1DWXUH��������������������
>�@ /� 1� 1HXPDQQ� ,� *XQNHO� $� %DUURQ� (� 2YHLVL� $� 3HW]ROG� 7� 7KXUQ�$OEUHFKW� 6� 6FKUHWWO� &�
:HGHU��������VXEPLWWHG�
>�@�-��6DXWDX[���)��0DU[��,��*XQNHO��&��:HGHU��6��6FKUHWWO��������,Q�3UHSDUDWLRQ�
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)XQFWLRQDO�LQVHUWLRQ�DQG�FKDUDFWHUL]DWLRQ�RI�KH[DPHULF�UHVRUFLQDUHQH�FDSVXOHV�LQWR
VROLG�VXSSRUWHG��V\QWKHWLF�PHPEUDQHV�IRU�XVH�DV�ELRPLPLFNLQJ�VXUIDFH�DQG�LRQ�FDUULHU

0��6��0XWKZLOO�����6��<RUXOPD]�$YVDU�����6��)��0HUJHW���.��7LHIHQEDFKHU�����&��*��3DOLYDQ���

�8QLYHUVLW\�RI�%DVHO��'HSDUWPHQW�RI�&KHPLVWU\���1&&5�0ROHFXODU�6\VWHPV�(QJLQHHULQJ

:KHQ V\QWKHWLF SRO\PHU PHPEUDQHV RQ D VROLG VXSSRUW DUH GHFRUDWHG ZLWK GLIIHUHQW ELRPROHFXOHV
LQFOXGLQJ SURWHLQV DQG '1$� VPDUW DFWLYH VXUIDFHV DUH IRUPHG ZKLFK FDQ EH XVHG LQ PDQ\
DSSOLFDWLRQV VXFK DV ELRVHQVLQJ� DQWLPLFURELDO VXUIDFHV DQG FDWDO\VLV��� � &DOL[>�@DUHQHV� DOVR FDOOHG
UHVRUFLQDUHQHV� DUH SRO\DURPDWLF PDFURF\FOLF PROHFXOHV� SRVVHVVLQJ WKH DELOLW\ WR IRUP FDSVXOHV
ZLWK D ODUJH YROXPH RI DURXQG ���� ��� ZKLFK FDQ EH H[SORLWHG DPRQJVW RWKHUV IRU WKH VWDELOL]DWLRQ
RI FDUERFDWLRQLF LQWHUPHGLDWH DQG WUDQVLWLRQ VWDWHV�� ,QVHUWLRQ RI UHVRUFLQDUHQHV LQWR V\QWKHWLF
PHPEUDQHV DOORZV XV WR PRQLWRU IXQFWLRQDO SURSHUWLHV RI UHVRUFLQDUHQHV DV HQ]\PH�OLNH FDWDO\VLVW
RU WR FDWLRQ KRVW� 7KHUHIRUH� LQ WKLV VWXG\� ZH DLP WR LQVHUW UHVRUFLQDUHQHV LQWR V\QWKHWLF
PHPEUDQHV DVVHPEOHG IURP DPSKLSKLOLF SRO\PHUV� OLSLGV DQG K\EULG PHPEUDQHV FRPELQLQJ ERWK�
6LQFH WKH UHVRUFLQDUHQHV DUH VROXEOH RQO\ LQ DSRODU VROYHQWV VXFK DV FKORURIRUP� ZH ILUVW
LQYHVWLJDWHG FKDQJHV LQ SRO\PHU PHPEUDQH EHKDYLRU LQ WKH SUHVHQFH RI UHVRUFLQDUHQHV DW WKH DLU�
ZDWHU LQWHUIDFH E\ UHFRUGLQJ /DQJPXLU LVRWKHUPV� 7KHQ� ZHOO�FKDUDFWHUL]HG SRO\PHU�UHVRUFLQDUHQH
ILOPV ZHUH GHSRVLWHG RQ GLIIHUHQW VROLG VXSSRUWV E\ /DQJPXLU�%ORGJHWW GHSRVLWLRQ� 5HVXOWLQJ
PHPEUDQHV ZLWK UHVRUFLQDUHQHV ZHUH FKDUDFWHUL]HG WR PRQLWRU WKH FKDQJHV LQ PHPEUDQH
KRPRJHQHLW\ DQG LQWHJULW\ E\ DWRPLF IRUFH PLFURVFRS\ �$)0�� )LQDOO\� HOHFWURFKHPLFDO LPSHGDQFH
VSHFWURVFRS\ LV XQGHUWDNHQ WR PHDVXUH WKH LRQ FDUU\LQJ FDSDFLW\ RI WKH PHPEUDQHV� 7DNHQ
WRJHWKHU� ZH ZLVK WR FUHDWH D QHZ NLQG RI ELRPLPLFNLQJ PHPEUDQHV ZKLFK DUH HQGRZHG ZLWK
RUWKRJRQDO�IXQFWLRQ��WKHUHE\�RSHQLQJ�GRRUV�WR�PXOWLSOH�LPDJLQDEOH�DSSOLFDWLRQV�

>�@ 9� &KLPLVVR� 9� 0DIIHLV� '� +XUOLPDQQ� &� *� 3DOLYDQ DQG :� 0HLHU� 0DFURPRO %LRVFL� ����� ���
H��������
>�@ 6� <RUXOPD] $YVDU� 0� .\URSRXORX� 6� 'L /HRQH� &��$� 6FKRHQHQEHUJHU� :� 3� 0HLHU DQG &� *�
3DOLYDQ��)URQWLHUV�LQ�&KHPLVWU\���������������
>�@�4��=KDQJ�DQG�.��7LHIHQEDFKHU��1DWXUH�&KHPLVWU\�������������������
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3RO\SKHQ\OHQH�1HWZRUNV�&RQWDLQLQJ�7ULSW\FHQH�8QLWV��3URPLVLQJ�3RURXV�0DWHULDOV�IRU
&2���&+���DQG�+��$GVRUSWLRQ

6��6KHWW\�����1��%DLJ�����$��+DVVDQ���6��$O�0RXVDZL���1��'DV���%��$ODPHGGLQH���

�*XOI�8QLYHUVLW\�IRU�6FLHQFH�DQG�7HFKQRORJ\��.XZDLW���,QGLDQ�,QVWLWXWH�RI�7HFKQRORJ\�3DWQD��,QGLD���
.XZDLW�8QLYHUVLW\���)XQFWLRQDO�0DWHULDOV�*URXS���&$0%��*867��.XZDLW

7KH V\QWKHVLV RI WULSW\FHQH�EDVHG WKUHH�GLPHQVLRQDO QHWZRUNV DQG WKHLU XSWDNH WRZDUGV YDULRXV
JDVHV DUH GHVFULEHG� 7KH WDUJHW SRO\PHUV 733��� ZHUH V\QWKHVL]HG E\ HPSOR\LQJ D FRQYHQLHQW
SDOODGLXP�FDWDO\]HG 6X]XNL�0L\DXUD FURVV�FRXSOLQJ UHDFWLRQ EHWZHHQ D WULSW\FHQH V\QWKRQ EHDULQJ
WZR SHULSKHUDO GLEURPRWHWUDSKHQ\O EHQ]HQH �7%7� XQLWV DQG YDULRXV DU\OERURQLF DFLG�HVWHU
PRLHWLHV� 3RO\PHUV 733��� ZHUH FKDUDFWHUL]HG E\ VHYHUDO LQVWUXPHQWDO DQDO\VLV WHFKQLTXHV�
QDPHO\� VROLG�VWDWH ��&�QXFOHDU PDJQHWLF UHVRQDQFH �66105�� WKHUPRJUDYLPHWULF DQDO\VLV �7*$��
)RXULHU WUDQVIRUP LQIUDUHG �)7,5�� DQG HPLVVLRQ VSHFWURSKRWRPHWU\� %UXQDXHU�(PPHWW�7HOOHU �%(7�
QLWURJHQ DGVRUSWLRQ LQYHVWLJDWLRQ RI 733��� UHYHDOHG VXUIDFH DUHDV XS WR ��� P� J�� DQG DQ
DYHUDJH SRUH YROXPH RI a���� FP� J��� ,QWHUHVWLQJO\� ORZ�SUHVVXUH JDV DGVRUSWLRQ VWXGLHV RI
733��� GLVFORVHG D &2� XSWDNH IRU 733� RI ���� PJ J�� ���� .� DQG D JDV DGVRUSWLRQ FDSDFLW\ IRU
733��WRZDUGV�+��DQG�&+��RI����PJ�J�������.��DQG�����PJ�J��������.���UHVSHFWLYHO\�>�@

>�@ % 6KHWW\� 6�� %DLJ� 1�� +DVVDQ� $�� $O�0RXVDZL� 6�� 'DV� 1�� $ODPHGGLQH� %�� 3RO\SKHQ\OHQH
QHWZRUNV FRQWDLQLQJ WULSW\FHQH XQLWV� 3URPLVLQJ SRURXV PDWHULDOV IRU &2�� &+�� DQG +� DGVRUSWLRQ�
0LFURSRURXV�DQG�0HVRSRURXV�0DWHULDOV�������������������
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3%2�E�3*�6HOI�DVVHPEOLHV��D�6WUDLJKWIRUZDUG�3DWK�WRZDUGV�%LRPHGLFDOO\�5HOHYDQW
1DQRSDUWLFOHV

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

�8QLYHUVLW\�RI�%DVHO��'HSDUWPHQW�RI�&KHPLVWU\��0DWWHQVWUDVVH���D��%35������������%DVHO�
6ZLW]HUODQG���/HLEQL]�,QVWLWXW�I¾U�3RO\PHUIRUVFKXQJ�'UHVGHQ�H��9���+RKH�6WUDVVH����������'UHVGHQ�

*HUPDQ\

$TXHRXV VHOI�DVVHPEO\ RI DPSKLSKLOLF EORFN FRSRO\PHUV LV VWXGLHG H[WHQVLYHO\ IRU ELRPHGLFDO
DSSOLFDWLRQV OLNH GUXJ GHOLYHU\ DQG QDQRUHDFWRUV�>�@ 7KH FRPPRQO\ XVHG K\GURSKLOLF EORFN
SRO\�HWK\OHQH R[LGH� �3(2�� KRZHYHU� VXIIHUV IURP VHYHUDO GUDZEDFNV� $V SRWHQW DOWHUQDWLYH�
SRO\�JO\FLGRO� �3*� KDV JDLQHG LQFUHDVLQJ LQWHUHVW� EHQHILWLQJ IURP LWV HDV\ V\QWKHVLV� KLJK
ELRFRPSDWLELOLW\ DQG IOH[LELOLW\ DV ZHOO DV HQKDQFHG IXQFWLRQDOLW\ FRPSDUHG WR 3(2�>�@ +HUH� ZH
SUHVHQW D TXLFN DQG ZHOO�FRQWUROOHG V\QWKHVLV RI SRO\�EXW\OHQH R[LGH��EORFN�SRO\�JO\FLGRO�
�3%2�E�3*� DPSKLSKLOLF GLEORFN FRSRO\PHUV WRJHWKHU ZLWK D VWUDLJKW�IRUZDUG VHOI�DVVHPEO\
SURWRFRO�>�@ 'HSHQGLQJ RQ WKH K\GURSKLOLF PDVV IUDFWLRQ RI WKH FRSRO\PHU� QDQRVFRSLF PLFHOOHV�
ZRUPV DQG SRO\PHUVRPHV ZHUH IRUPHG DV ZHOO DV PLFURVFRSLF JLDQW XQLODPHOODU YHVLFOHV� 7KH
SDUWLFOHV ZHUH DQDO\VHG UHJDUGLQJ WKHLU VL]H DQG VKDSH� XVLQJ G\QDPLF DQG VWDWLF OLJKW VFDWWHULQJ�
7(0 DQG &U\R�7(0 LPDJLQJ DV ZHOO DV FRQIRFDO ODVHU VFDQQLQJ PLFURVFRS\� :H KDYH GLVFRYHUHG D
VWURQJ GHSHQGHQFH RI WKH IRUPHG PRUSKRORJ\ RQ WKH VHOI�DVVHPEO\ PHWKRG DQG VKRZ WKDW RQO\
VROYHQW H[FKDQJH OHDGV WR WKH IRUPDWLRQ RI KRPRJHQRXV SKDVHV� 7KXV� D YDULHW\ RI GLIIHUHQW
VWUXFWXUHV FDQ EH REWDLQHG IURP D KLJKO\ IOH[LEOH FRSRO\PHU� MXVWLI\LQJ D SRWHQWLDO XVH LQ
ELRPHGLFDO�DSSOLFDWLRQV�

>�@ 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����������������૱���
>�@ $� 7KRPDV� 6� 0¾OOHU� +� )UH\� %H\RQG 3RO\�HWK\OHQH JO\FRO�� /LQHDU 3RO\JO\FHURO DV D
0XOWLIXQFWLRQDO 3RO\HWKHU IRU %LRPHGLFDO DQG 3KDUPDFHXWLFDO $SSOLFDWLRQV� %LRPDFURPROHFXOHV�
�������������������
>�@�5��:HKU��-��*DLW]VFK��'��'DXELDQ��&��)RGRU��:��0HLHU��VXEPLWWHG
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0HFKDQRUHVSRQVLYH�$J#6L2��QDQRUDWWOHV�SRO\PHU�DQWLPLFURELDO�QDQRFRPSRVLWHV

3��<HS�����6��/��$EUDP���.��0��)URPP�

�8QLYHUVLW\�RI�)ULERXUJ��&KHPLQ�GX�0XV«H����&+������)ULERXUJ��6ZLW]HUODQG���
SKLOLSSH�\HS#XQLIU�FK

1DQRUDWWOHV RU \RON�VKHOO QDQRSDUWLFOHV DUH VLPLODU WR FRUH�VKHOO QDQRSDUWLFOHV EXW ZLWK D YRLG
EHWZHHQ WKH FRUH DQG WKH VKHOO� 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� 7KH QH[W VWHS RI WKLV ZRUN LV WR GHYHORS D
PHFKDQRUHVSRQVLYH QDQRFRPSRVLWH RI VLOYHU QDQRUDWWOHV HPEHGGHG LQWR D SRO\PHU PDWUL[ WR
WULJJHU�WKH�UHOHDVH�RI�VLOYHU�LRQV�DQG�NLOO�EDFWHULDO�FHOOV���6FKHPH���

6FKHPH �� 6FKHPDWLF UHSUHVHQWDWLRQ RI VLOYHU LRQV UHOHDVH WULJJHU E\ PHFKDQLFDO IRUFHV WR NLOO
EDFWHULD

>�@�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��������������������
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