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3K\VLFDO�&KHPLVWU\��,QYLWHG�/HFWXUH 3&����

8QUDYHOOLQJ�WKH�LQWULFDWH�LQWHUSOD\�EHWZHHQ�GRQRU�DQG�DFFHSWRU�PDWHULDOV�LQ�EXON
KHWHURMXQFWLRQ�EOHQGV�IRU�RUJDQLF�SKRWRYROWDLFV

6��9DQ�'RRUVODHU�����,��6XGDNRY�����0��9DQ�/DQGHJKHP�����:��0DHV���(��*RRYDHUWV�

�%,0()��'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�$QWZHUS�������$QWZHUS��%HOJLXP���,QVWLWXWH�RI
0DWHULDOV�5HVHDUFK��'HVLJQ�	�6\QWKHVLV�RI�2UJDQLF�6HPLFRQGXFWRUV��+DVVHOW�8QLYHUVLW\������
'LHSHQEHHN��%HOJLXP���(&0��'HSDUWPHQW�RI�3K\VLFV��8QLYHUVLW\�RI�$QWZHUS�������$QWZHUS�

%HOJLXP����VDELQH�YDQGRRUVODHU#XDQWZHUSHQ�EH

2YHU WKH ODVW GHFDGH� WKH SRZHU FRQYHUVLRQ HIILFLHQFLHV RI EXON KHWHURMXQFWLRQ RUJDQLF VRODU FHOOV
�26&V� KDYH LQFUHDVHG VWHDGLO\� GHPRQVWUDWLQJ WKHLU JUHDW SRWHQWLDO IRU IXWXUH SKRWRYROWDLF
DSSOLFDWLRQV� 7KURXJK UHFHQW DGYDQFHV LQ WKH V\QWKHVLV RI VPDOO PROHFXOH QRQ�IXOOHUHQH DFFHSWRUV�
WKH GUDZEDFNV RI HDUOLHU IXOOHUHQH�EDVHG 26&V KDYH EHHQ FLUFXPYHQWHG� :LWK UDSLG DGYDQFHV LQ
PDWHULDO V\QWKHVLV DQG GHYLFH SHUIRUPDQFH� WKH ORQJ�WHUP VWDELOLW\ RI WKH 26&V KDV EHFRPH WKH
PDLQ UHPDLQLQJ FKDOOHQJH WRZDUGV FRPPHUFLDOL]DWLRQ� ,Q WKLV WDON� LW ZLOO EH VKRZQ KRZ D
FRPELQDWLRQ RI DGYDQFHG HOHFWURQ SDUDPDJQHWLF UHVRQDQFH �(35� WHFKQLTXHV DQG RSWLFDO
VSHFWURVFRS\ WRROV FDQ JLYH XQLTXH LQVLJKW LQ WKH GHJUDGDWLRQ PHFKDQLVPV� LQYROYLQJ ERWK UDGLFDO
SDWKZD\V DQG WULSOHW H[FLWRQ IRUPDWLRQ ZLWK WKH FUHDWLRQ RI UHDFWLYH R[\JHQ VSHFLHV� 7KHVH UHVXOWV
SURYLGH�LQSXW�IRU�D�UDWLRQDO�GHVLJQ�RI�QHZ�GRQRU�DQG�DFFHSWRU�PDWHULDOV�
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3K\VLFDO�&KHPLVWU\��6KRUW�WDON 3&����

$�6XSUDPROHFXODU�$SSURDFK�WR�+\EULG�3HURYVNLWH�3KRWRYROWDLFV

-��9��0LOLF���0��$��5XL]�3UHFLDGR���'��-��.XELFNL�����$��+RIVWHWWHU���/��(PVOH\���0��*UDHW]HO�

�/DERUDWRU\�RI�3KRWRQLFV�DQG�,QWHUIDFHV��(3)/��6ZLW]HUODQG���/DERUDWRU\�RI�0DJQHWLF�5HVRQDQFH�
(3)/��6ZLW]HUODQG

+\EULG SHURYVNLWHV KDYH UHFHQWO\ HPHUJHG DV RQH RI WKH OHDGLQJ PDWHULDOV LQ WKLQ�ILOP
SKRWRYROWDLFV GXH WR WKHLU UHPDUNDEOH VRODU�WR�HOHFWULF SRZHU FRQYHUVLRQ HIILFLHQFLHV�>���@ +RZHYHU�
WKHLU OLPLWHG VWDELOLW\ XQGHU GHYLFH RSHUDWLRQ FRQGLWLRQV UHPDLQV FKDOOHQJLQJ�>���@ ,Q FRQWUDVW� ORZ�
GLPHQVLRQDO SHURYVNLWH DQDORJV KDYH VKRZQ SURPLVLQJ RSHUDWLRQDO VWDELOLWLHV�>���@ :H GHPRQVWUDWH
D VWUDWHJ\ WR SURYLGH VWDELOL]DWLRQ RI K\EULG SHURYVNLWH VRODU FHOOV ZLWKRXW FRPSURPLVLQJ WKHLU
SHUIRUPDQFH WKURXJK ILQH�WXQLQJ YDULRXV QRQFRYDOHQW LQWHUDFWLRQV �L�H� VXSUDPROHFXODU
HQJLQHHULQJ��>����@ VXFK DV PHWDO FRRUGLQDWLRQ�>��@ K\GURJHQ>������@ RU KDORJHQ ERQGLQJ�>�@ DQG ͔�
LQWHUDFWLRQV�>�@ DW WKH LQWHUIDFH ZLWK DFWLYH SHURYVNLWH PDWHULDOV LQ D PDQQHU XQLTXHO\ DVVHVVHG E\
VROLG�VWDWH 105 VSHFWURVFRS\�>��������@ $V D UHVXOW� ZH REWDLQ SHURYVNLWH VRODU FHOOV IHDWXULQJ VXSHULRU
SKRWRYROWDLF SHUIRUPDQFHV� DFFRPSDQLHG E\ HQKDQFHG RSHUDWLRQDO VWDELOLWLHV�>����@ 0RUHRYHU� WKH
IRUPDWLRQ RI OD\HUHG SHURYVNLWH DUFKLWHFWXUHV HQDEOHV IXUWKHU VWDELOLW\ HQKDQFHPHQWV�>���@ 7KLV KDV
EHHQ LQYHVWLJDWHG XVLQJ D FRPELQDWLRQ RI WHFKQLTXHV FRPSOHPHQWHG E\ VROLG�VWDWH 105 WR XQUDYHO
WKH XQGHUO\LQJ GHVLJQ SULQFLSOHV DQG H[HPSOLI\ WKH SRWHQWLDO RI WKLV VXSUDPROHFXODU DSSURDFK LQ
DGYDQFLQJ�K\EULG�SHURYVNLWH�SKRWRYROWDLFV�

6FKHPDWLF�UHSUHVHQWDWLRQ�RI�ORZ�GLPHQVLRQDO�SHURYVNLWHV�DQG�WKH�FRUUHVSRQGLQJ�VRODU�FHOOV

>�@ -� 9� 0LOLÉ HW DO� &KLPLD ����� ��� ���� >�@ 0� *UDHW]HO HW DO� 6XEVWDQWLD ����� �� ��� >�@ <� /L HW
DO��1DQR�/HWW�����������������>�@�-��9��0LOLÉ�HW�DO��$GY��(QHUJ\�0DWHU����������������
>�@ /� +RQJ� HW DO� $QJHZ� &KHP� ,QW� (G� ����� GRL���������DQLH���������� >�@ $� 4� $ODQD]L� HW
DO��-��$P��&KHP��6RF��������������������>�@�<��/LX�HW�DO��6FL��$GY�����������HDDZ�����
>�@ 0� $� 5XL]�3UHFLDGR HW DO� -� $P� &KHP� 6RF� ����� GRL���������MDFV��E������ >�@ 0� 0� 7DYDNROL
HW�DO��(QHUJ\�(QYLURQ��6FL������������������>��@�'��%L�HW�DO��1DW��&RPPXQ����������������
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6L]H�VHOHFWLRQ��$Q�HVVHQWLDO�VWHS�IRU�XQGHUVWDQGLQJ�OHDG�KDOLGH�SHURYVNLWH�TXDQWXP
RSWLFV

)��.ULHJ�����0��9��.RYDOHQNR���

�,QVWLWXWH�RI�,QRUJDQLF�&KHPLVWU\��'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=¾ULFK�
9ODGLPLU�3UHORJ�:HJ����&+������=¾ULFK��6ZLW]HUODQG���/DERUDWRU\�IRU�7KLQ�)LOPV�DQG�3KRWRYROWDLFV�
(PSD�૱�6ZLVV�)HGHUDO�/DERUDWRULHV�IRU�0DWHULDOV�6FLHQFH�DQG�7HFKQRORJ\���EHUODQGVWUDVVH�����

&+������'¾EHQGRUI��6ZLW]HUODQG

/HDG KDOLGH SHURYVNLWHV DUH WKH PRVW SURPLVLQJ VHPLFRQGXFWRU PDWHULDO RI PRGHUQ WLPHV� 7KLV
FODVV RI PDWHULDOV LV FXUUHQWO\ LQYHVWLJDWHG IRU LWV XVH LQ DSSOLFDWLRQV IURP VRODU�FHOOV DQG SKRWR�
GHWHFWRUV �LQ SDUWLFXODU IRU KDUG UDGLDWLRQ� WR OLJKW HPLWWLQJ GHYLFHV VXFK DV /('V DQG /&' GLVSOD\V
>�@� 1DQRFU\VWDOV RI FHVLXP OHDG EURPLGH �&V3E%U�� KDYH EHHQ IRXQG WR HPLW VLQJOH SKRWRQV ZLWK
ORQJ FRKHUHQFH WLPHV >�@� WKDW FDQ EH RSWLFDOO\ FRXSOHG WR JLYH ULVH WR VXSHU�IOXRUHVFHQFH >�@� 7KLV
HIIHFW ZDV WKXV IDU REVHUYHG LQ RUGHUHG SHURYVNLWH QDQRFU\VWDO DVVHPEOLHV� 7KH LQWULQVLF RSWLFDO
FKDUDFWHULVWLFV RI WKHVH QDQRFU\VWDOV DQG WKHLU UHODWLRQ WR WKH QDQRFU\VWDO KDELW DUH� KRZHYHU� QRW
ZHOO VWXGLHG GXH WR D ODFN RI PRQRGLVSHUVH HQVHPEOHV ZLWK WXQDEOH FU\VWDO KDELW� :H SUHVHQW D VL]H
VHOHFWLRQ SURFHGXUH ZKLFK HQDEOHV WKH LVRODWLRQ RI PRQRGLVSHUVH HQVHPEOHV RI &V3E%U�
QDQRFU\VWDOV LQ D VL]H UDQJH EHWZHHQ ��� DQG ���� QP >�@� :H DQDO\]HG WKHLU FU\VWDO KDELW E\ VPDOO
DQJOH ;�5D\ VFDWWHULQJ DQG ZHUH DEOH WR TXDQWXP PHFKDQLFDOO\ PRGHO WKH FKDQJH RI WKH ILUVW DQG
VHFRQG H[FLWRQLF WUDQVLWLRQ DV ZHOO DV WKHLU UDGLDWLYH OLIHWLPH DV D IXQFWLRQ RI WKH QDQRFU\VWDO VL]H
DQG WR SUHGLFW WKH HIIHFW RI WKH QDQRFU\VWDO VKDSH� :H� DGGLWLRQDOO\� GHPRQVWUDWH WKH VHOI�DVVHPEO\
RI WKHVH QDQRFU\VWDOV LQWR VXSHU�FU\VWDOV DQG WKHLU VXSHU�IOXRUHVFHQFH� +DYLQJ DFFHVV WR PRUH
VL]HV WKDQ SUHYLRXVO\ WKH HIIHFW RI WKH QDQRFU\VWDO VL]H RQ WKH VXSHU�IOXRUHVFHQFH FKDUDFWHULVWLFV
FRXOG EH LQYHVWLJDWHG� 7KLV VKRZV WKDW WKHVH PRQRGLVSHUVH HQVHPEOHV DUH D YDOLG UHIHUHQFH
V\VWHP IRU WKH IXUWKHU LQYHVWLJDWLRQ RI WKH FRXSOLQJ PHFKDQLVP JLYLQJ ULVH WR WKH VXSHU�
IOXRUHVFHQFH�EHKDYLRU�

>�@ .RYDOHQNR� 0� 9�� 3URWHVHVFX� /�� %RGQDUFKXN� 0� ,�� 3URSHUWLHV DQG SRWHQWLDO RSWRHOHFWURQLF
DSSOLFDWLRQV�RI�OHDG�KDOLGH�SHURYVNLWH�QDQRFU\VWDOV��6FLHQFH��������������������
>�@ 8W]DW� +�� 6XQ� :�� .DSODQ� $� (� .�� .ULHJ� )�� *LQWHUVHGHU� 0�� 6SRNR\Q\� %�� .OHLQ� 1� '��
6KXOHQEHUJHU� .� (�� 3HUNLQVRQ� &� )�� .RYDOHQNR� 0� 9�� %DZHQGL� 0� *�� &RKHUHQW VLQJOH�
SKRWRQHPLVVLRQ IURP FROORLGDO OHDG KDOLGH SHURYVNLWH TXDQWXP GRWV� 6FLHQFH ����� ����
����૱����
>�@ 5DLQR� *�� %HFNHU� 0� $�� %RGQDUFKXN� 0� ,�� 0DKUW� 5� )�� .RYDOHQNR� 0� 9�� 6WRIHUOH� 7��
6XSHUIOXRUHVFHQFH IURP OHDG KDOLGH SHURYVNLWH TXDQWXP GRW VXSHUODWWLFHV� 1DWXUH ����� ����
��������
>�@�)UDQ]LVND�.ULHJ�HW�DO��VXEPLWWHG
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(OHFWURQHJDWLYLW\�DQG�/RFDWLRQ�RI�$QLRQLF�/LJDQGV�'ULYH�<WWULXP�105�IRU�0ROHFXODU�
6XUIDFH�DQG�6ROLG�6WDWH�6WUXFWXUHV

/��/¦WVFK���(��/DP���&��&RS«UHW�

�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=¾ULFK��9ODGLPLU�3UHORJ�:HJ�������������
=¾ULFK��6ZLW]HUODQG

<WWULXP FRQWDLQLQJ FRPSRXQGV DQG PDWHULDOV� WKDW DUH XVHG LQ D EURDG UDQJH RI DSSOLFDWLRQV VXFK
DV FDWDO\VWV� ODVHUV DQG RSWLFDO GHYLFHV� FDQ EH LQ SULQFLSOH UHDGLO\ FKDUDFWHUL]HG E\ 105� ,QGHHG�
��<� D ���� DEXQGDQW VSLQ � QXFOHXV� LV DVVRFLDWHG ZLWK D EURDG UDQJH RI 105 FKHPLFDO VKLIWV��
$OWKRXJK WKH ODWWHU JUHDWO\ GHSHQG RQ WKH FRRUGLQDWLRQ HQYLURQPHQW DW <� LW KDV VR IDU EHHQ GLIILFXOW
WR REWDLQ D GLUHFW UHODWLRQVKLS EHWZHHQ ��< FKHPLFDO VKLIWV DQG LWV FRRUGLQDWLRQ QXPEHU� )RU
LQVWDQFH� SUHYLRXV UHSRUWV LQ WKH OLWHUDWXUH RQ ��< 105 VKRZHG WKDW WKH LVRWURSLF FKHPLFDO VKLIWV IRU
R[LGHV WHQG WR GHFUHDVH IRU LQFUHDVLQJ FRRUGLQDWLRQ QXPEHUV�� EXW D FRQWUDU\ WUHQG ZDV IRXQG IRU
VLOLFD�VXSSRUWHG <�,,,� VLWHV�� 7R GDWH� WKH GLIIHUHQFHV RI EHKDYLRXU EHWZHHQ WUHQGV IRXQG DFURVV
EXON�DQG�VXUIDFH�VLWHV�DV�ZHOO�DV�LQ�PROHFXODU�FRPSRXQGV�KDYH�UHPDLQHG�XQFOHDU�������
,Q WKLV FRQWULEXWLRQ� ZH XVH FRPSXWDWLRQDO FKHPLVWU\ DORQJ ZLWK VROXWLRQ DQG VROLG�VWDWH 105 GDWD
WR SURYLGH D PROHFXODU OHYHO XQGHUVWDQGLQJ RI ��<�FKHPLFDO VKLIW XVLQJ D EURDG UDQJH RI <�,,,�
PROHFXODU FRPSRXQGV� :H VKRZ WKURXJK 1&6�DQDO\VLV WKDW LVRWURSLF FKHPLFDO VKLIWV FDQ HDVLO\ KHOS
WR GLVWLQJXLVK EHWZHHQ GLIIHUHQW W\SHV RI OLJDQGV VROHO\ EDVHG RQ WKH HOHFWURQHJDWLYLW\ RI WKH DWRP
RI WKH DQLRQLF OLJDQGV GLUHFWO\ ERXQG WR <�,,,�� 1&6�DQDO\VLV IXUWKHU GHPRQVWUDWHV WKDW WKH VHFRQG
PRVW LPSRUWDQW SDUDPHWHU LV ORFDWLRQ RI WKH WKUHH DQLRQLF OLJDQGV LPSRVHG E\ DGGLWLRQDO QHXWUDO
OLJDQGV� :KLOH LVRWURSLF FKHPLFDO VKLIWV FDQ EH VLPLODU GXH WR FRPSHQVDWLQJ HIIHFWV� LQYHVWLJDWLRQ RI
WKH FKHPLFDO VKLIW DQLVRWURS\ �&6$� HQDEOHV GLVFULPLQDWLQJ EHWZHHQ WKH FRRUGLQDWLRQ HQYLURQPHQW
RI \WWULXP� 2YHUDOO� ZH VKRZ WKDW D PROHFXODU OHYHO DSSURDFK WR FKHPLFDO VKLIW LV NH\ WR XQGHUVWDQG
VSHFWURVFRSLF VLJQDWXUHV RI PROHFXODU FRPSRXQGV DQG PDWHULDOV� DQG WKDW < 105 FDQ WKXV EH XVHG
WR UHDGLO\ REWDLQ NH\ LQIRUPDWLRQ DERXW WKH ORFDO HQYLURQPHQW RI < DWRPV LQ D EURDG UDQJH RI
FRPSRXQGV�DQG�PDWHULDOV�

>�@�5��(��:KLWH��7��3��+DQXVD��2UJDQRPHWDOOLFV����������������૱������������
>�@ $� -DZRUVNL� 7� &KDUSHQWLHU� %� 6WHYHQVVRQ� 0� (G«Q� -� 3K\V� &KHP� &� ����� ����
�����૱�����������������
>�@ 0� )� 'HOOH\� *� /DSDGXOD� )� 1¼³H]�=DUXU� $� &RPDV�9LYHV� 9� .DOHQGUD� *� -HVFKNH� '� %DDEH�
0� '� :DOWHU� $� -� 5RVVLQL� $� /HVDJH� /� (PVOH\� 2� 0DXU\� &� &RS«UHW� -� $P� &KHP� 6RF�� �����
���������૱�����
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4XDQWLI\LQJ�LQWHUIDFH�GLIIXVLRQ�LQ�/L�LRQ�EDWWHU\�FDWKRGH�PDWHULDOV

3��%HQHGHN���2��.��)RUVOXQG���(��1RFHULQR���1��<D]GDQL���<��6DVVD�����0��0HGDUGH���0��0§QVVRQ���9�
:RRG�

�(7+�=¾ULFK���.7+�6WRFNKROP���3DXO�6FKHUUHU�,QVWLWXW���&KDOPHUV�8QLYHUVLW\

7R EH DEOH WR UHGXFH LQWHUQDO FHOO UHVLVWDQFHV WKDW OLPLW FKDUJLQJ UDWHV LQ D OLWKLXP LRQ EDWWHU\� D
GHWDLOHG XQGHUVWDQGLQJ RI WKH XQGHUO\LQJ FKDUJH GLIIXVLRQ SURFHVVHV LV FUXFLDO� :KLOH WKHUH DUH
QXPHURXV NQRZQ WHFKQLTXHV WKDW FDQ GHWHUPLQH WKH GLIIXVLRQ FRHIILFLHQWV LQ WKH EXON RI D PDWHULDO�
PHDVXULQJ GLIIXVLRQ WKURXJK LQWHUIDFHV LV FKDOOHQJLQJ >�@� 1RQHWKHOHVV� DV LQWHUIDFHV RIWHQ DUH UDWH�
OLPLWLQJ��PHWKRGV�WR�GHWHUPLQH�LQWHUIDFH�GLIIXVLRQ�DUH�VRXJKW�DIWHU�

+HUH� ZH VKRZ DQ DSSURDFK WR VWXG\ GLIIXVLRQ DW LQWHUIDFHV XVLQJ PXRQ VSLQ VSHFWURVFRS\� %\
SHUIRUPLQJ PHDVXUHPHQWV RQ /L)H32� SODWHOHWV ZLWK GLIIHUHQW VL]HV� ZH GHWHUPLQH KRZ GLIIXVLRQ
WKURXJK WKH /L)H32� ����� LQWHUIDFH GLIIHUV IURP WKDW LQ WKH FHQWHU RI WKH SDUWLFOH �L�H�� EXON
GLIIXVLRQ�� :H SHUIRUP DE LQLWLR FDOFXODWLRQV WR DLG WKH XQGHUVWDQGLQJ RI WKH UHVXOWV DQG VKRZ WKH
UHOHYDQFH RI RXU LQWHUIDFLDO GLIIXVLRQ PHDVXUHPHQW WR HOHFWURFKHPLFDO SHUIRUPDQFH WKURXJK F\FOLF
YROWDPPHWU\ PHDVXUHPHQWV� 7KHVH UHVXOWV LQGLFDWH WKDW VXUIDFH HQJLQHHULQJ FDQ EH XVHG WR
LPSURYH�WKH�SHUIRUPDQFH�RI�OLWKLXP�LRQ�EDWWHULHV�>�@�

)LJXUH �� $ PXRQ SXOVH LQWHUDFWV ZLWK WKH /L)H32� SDUWLFOHV OHDGLQJ WR D VSLQ URWDWLRQ RI WKH
PXRQ� ,QVHW� 'HSHQGLQJ RQ WKH LRQ G\QDPLFV� WKH PXRQ VSLQ URWDWLRQ FKDQJHV HYHQWXDOO\ OHDGLQJ
WR�DQ�HIIHFWLYH�SUREH�RI�LRQ�G\QDPLFV�

>�@�<L\DQJ�/L��+XQJUX�&KHQ��HW�DO���1DW��0DWHU���������������������
>�@�3HWHU�%HQHGHN��2OD�.��)RUVOXQG��HW�DO���$&6�$SSO��0DWHU��,QWHUIDFHV������������������������
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6XUIDFH�3RWHQWLDO�DQG�,QWHUIDFLDO�:DWHU�2UGHU�DW�WKH�$PRUSKRXV�7L2�
1DQRSDUWLFOH�$TXHRXV�,QWHUIDFH

0��%LVFKRII���'��%LULXNRY���0��3ěHGRWD���6��5RNH���$��6WXFNL�

�/DERUDWRU\�IRU�IXQGDPHQWDO�%LR3KRWRQLFV��/%3���(ʲFROH�SRO\WHFKQLTXH�IHʲGHʲUDOH�GH�/DXVDQQH��(3)/��
�,QVWLWXWH�RI�3K\VLFV��)DFXOW\�RI�6FLHQFH��8QLYHUVLW\�RI�6RXWK�%RKHPLD

&ROORLGDO VHPLFRQGXFWRU QDQRSDUWLFOHV H[KLELW XQLTXH VL]H�GHSHQGHQW SURSHUWLHV FRPSDUHG WR WKHLU
EXON FRXQWHUSDUWV� ZKLFK FDQ EH SDUWLFXODUO\ EHQHILFLDO IRU FDWDO\WLF DSSOLFDWLRQV� 7R GHYHORS KLJKO\
HIILFLHQW� HQYLURQPHQWDOO\�IULHQGO\ SKRWRFDWDO\WLF GHYLFHV LW LV HVVHQWLDO WR XQGHUVWDQG WKH VXUIDFH
FKHPLFDO UHDFWLYLW\ RI QDQRVFDOH VHPLFRQGXFWRU PDWHULDOV DQG WKH PLFURVFRSLF VWUXFWXUH RI WKH
QDQRSDUWLFOH�OLTXLG�LQWHUIDFH�
+HUH ZH XVH SRODULPHWULF DQJOH�UHVROYHG VHFRQG KDUPRQLF VFDWWHULQJ WR GHWHUPLQH VXUIDFH
SRWHQWLDO YDOXHV DV ZHOO DV LQWHUIDFLDO ZDWHU RULHQWDWLRQ RI a��� QP GLDPHWHU DPRUSKRXV 7L2�
QDQRSDUWLFOHV GLVSHUVHG LQ DTXHRXV VROXWLRQV� ZLWKRXW DQ\ LQLWLDO DVVXPSWLRQ RQ WKH GLVWULEXWLRQ RI
LQWHUIDFLDO FKDUJHV� :H ILQG WKUHH UHJLRQV RI GLIIHUHQW EHKDYLRU ZLWK LQFUHDVLQJ 1D&O FRQFHQWUDWLRQ�
$W YHU\ ORZ LRQLF VWUHQJWKV ����� ͐0�� WKH 1D� LRQV DUH SUHIHUHQWLDOO\ DGVRUEHG DW WKH 7L2� VXUIDFH
DV LQQHU VSKHUH FRPSOH[HV� $W ORZ LRQLF VWUHQJWKV ������� ͐0�� D GLVWULEXWLRQ RI FRXQWHULRQV
HTXLYDOHQW WR D GLIIXVH OD\HU LV REVHUYHG� ZKLOH DW KLJKHU LRQLF VWUHQJWKV �!��� ͐0�� DQ DGGLWLRQDO
OD\HU RI K\GUDWHG FRQGHQVHG LRQV LV IRUPHG� :H ILQG D VLPLODU EHKDYLRU IRU 7L2� QDQRSDUWLFOHV LQ
VROXWLRQV RI GLIIHUHQW EDVLF S+� &RPSDUHG WR LGHQWLFDOO\�VL]HG 6L2� QDQRSDUWLFOHV� WKH 7L2� LQWHUIDFH
KDV D KLJKHU DIILQLW\ IRU 1D� LRQV� ZKLFK ZH IXUWKHU FRQILUP ZLWK PROHFXODU G\QDPLFV VLPXODWLRQV�
:LWK LWV DELOLW\ WR PRQLWRU LRQ DGVRUSWLRQ DW WKH VXUIDFH ZLWK PLFURPRODU VHQVLWLYLW\ DQG FKDQJHV LQ
WKH VXUIDFH SRWHQWLDO� $5�6+6 LV D SRZHUIXO WRRO WR LQYHVWLJDWH LQWHUIDFLDO SURSHUWLHV LQ D YDULHW\ RI
�SKRWR�FDWDO\WLF�DSSOLFDWLRQV�
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/60���)DPLO\���9HUVDWLOH�&RQIRFDO�0LFURVFRS\�IRU�$GYDQFHG�,PDJLQJ�DQG�6XUIDFH
7RSRJUDSK\

&��6WUDVVHU���

�&DUO�=(,66�$*��)HOGEDFKVWU����������)HOGEDFK��6FKZHL]����FKULVWLQH�VWUDVVHU#]HLVV�FRP

/HDUQ PRUH DERXW WKH QHZHVW GHYHORSPHQWV LQ FRQIRFDO LPDJLQJ IRU OLYH DQG PDWHULDO VSHFLPHQ�
:LWK WKH QHZ 0XOWLSOH[ PRGH IRU $LU\VFDQ � LW LV SRVVLEOH WR DFTXLUH KLJK UHVROXWLRQ LPDJHV ZLWK
KLJK VLJQDO�WR�QRLVH DW H[WUHPHO\ KLJK IUDPH UDWHV� ,Q FRPELQDWLRQ ZLWK WKH ODWHVW YHUVLRQ RI =(1�
ZKLFK RIIHUV D ZLGH UDQJH RI VRIWZDUH WRROV OLNH 6PDUW 6HWXS� 6DPSOH 1DYLJDWRU DQG WKH QHZ 7LOLQJ
IXQFWLRQDOLW\� LW LV QRZ HDVLHU WKDQ HYHU EHIRUH� WR SHUIRUP FRPSOH[ OLYH FHOO LPDJLQJ H[SHULPHQWV�
%XW� QRW RQO\ OLYLQJ FHOOV EHQHILW IURP WKH QHZ /60 � IDPLO\� DOVR PDWHULDO VDPSOHV FDQ EH
LQYHVWLJDWHG� &KDUDFWHUL]H WRSRJUDSKLF VWUXFWXUHV DQG HYDOXDWH VXUIDFH URXJKQHVV ZLWK QRQ�
FRQWDFW FRQIRFDO LPDJLQJ� )XUWKHUPRUH� \RX FDQ GHWHUPLQH WKH WKLFNQHVV RI FRDWLQJV DQG WKLQ ILOPV
QRQ�GHVWUXFWLYHO\�DQG�FRUUHODWH�OLYH�FHOO�LPDJLQJ�ZLWK�WRSRJUDSKLF�PHDVXUHPHQWV�
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7RZDUGV�LQ�FHOO�GUXJ�GHWHFWLRQ�DQG�TXDQWLILFDWLRQ�E\�0$6�'13

$��%HUWDUHOOR���/��(PVOH\�

�/DERUDWRU\�RI�0DJQHWLF�5HVRQDQFH��(3)/

$QGUHD %HUWDUHOOR�� 3LHUULFN %HUUX\HU�� 8UEDQ 6NDQW]H�� 6HSLGHK +DJYDOO�� 6DPLNVKD 6DUGDQD��
0DOYLND 6DUGDQD�� &KDUOHV 6� (OPRUH�� 5RGULJR -� &DUEDMR��� (OLVDEHWWD &KLDUSDULQ�� 6WDIIDQ
6FKDQW]���/\QGRQ�(PVOH\�

��,QVWLWXW�GHV�6FLHQFHV�HW�,QJ«QLHULH�&KLPLTXHV���FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH��/DXVDQQH�
6ZLW]HUODQG����$GYDQFHG�'UXJ�GHOLYHU\��3KDUPDFHXWLFDO�6FLHQFH��$VWUD=HQHFD��*RWKHQEXUJ��6ZHGHQ����(DUO\

&950��%LRSKDUPDFHXWLFDO�5	'��$VWUD=HQHFD��*RWKHQEXUJ��6ZHGHQ����3KDUPDFHXWLFDO�6FLHQFH��5	'�
$VWUD=HQHFD��*RWKHQEXUJ��6ZHGHQ����&KHPLVWU\��2QFRORJ\�5	'��$VWUD=HQHFD��&DPEULGJH��8QLWHG
.LQJGRP����2UDO�3URGXFW�'HYHORSPHQW��3KDUPDFHXWLFDO�7HFKQRORJ\�	�'HYHORSPHQW��2SHUDWLRQV�

$VWUD=HQHFD��*RWKHQEXUJ��6ZHGHQ
�1RZ�OHIW�$VWUD=HQHFD

.QRZOHGJH RI LQWUDFHOOXODU GUXJ FRQFHQWUDWLRQ JLYHV LQIRUPDWLRQ RQ XSWDNH� WUDIILFNLQJ DQG WDUJHW
HQJDJHPHQW� SURYLGLQJ D EHWWHU XQGHUVWDQGLQJ RI IXQFWLRQ DQG HIILFDF\� 'HWHFWLRQ VKRXOG LGHDOO\
EH SHUIRUPHG QRQ�GHVWUXFWLYHO\� DQG ZLWKRXW PRGLILFDWLRQ RI HLWKHU WKH GUXJ RU WKH WDUJHW� ,W
UHTXLUHV WKH FDSDELOLW\ WR GHWHFW ORZ DPRXQWV RI WKH PROHFXOH RI LQWHUHVW� RIWHQ LQ WKH w0 ૱ Q0
UDQJH� +RZHYHU� WKHUH LV FXUUHQWO\ QR H[SHULPHQWDO WHFKQLTXH WKDW FDQ SURYLGH GLUHFW LQWUDFHOOXODU
GUXJ�FRQFHQWUDWLRQV�VDWLVI\LQJ�VLPXOWDQHRXVO\�DOO�WKHVH�UHTXLUHPHQWV�

6ROXWLRQ 105 LV D ZHOO�HVWDEOLVKHG WHFKQLTXH IRU WKH QRQ�GHVWUXFWLYH� WDJ IUHH�TXDQWLILFDWLRQ RI
DQDO\WHV� DQG RYHU WKH ODVW GHFDGH RU VR KDV EHHQ H[WHQVLYHO\ XVHG IRU WKH FKDUDFWHUL]DWLRQ RI
PROHFXOHV �H�J� SURWHLQV�� LQ WKHLU QDWLYH FHOOXODU HQYLURQPHQWV� +RZHYHU� 105 LV KLQGHUHG E\ ORZ
VHQVLWLYLW\� DQG ELDVHG WR WKH VWXG\ RI PROHFXOHV LQ IDVW PRWLRQDO UHJLPH� ZKLFK LV QRW DOZD\V WKH
FDVH LQVLGH WKH FHOO� 0DJLF�DQJOH VSLQQLQJ G\QDPLF QXFOHDU SRODUL]DWLRQ �0$6 '13� FDQ EH XVHG WR
RYHUFRPH WKHVH WZR GUDZEDFNV� SURYLGLQJ KLJKHU VHQVLWLYLW\ DQG DOORZLQJ WKH GHWHFWLRQ RI
LPPRELOL]HG�VSHFLHV�>�@

+HUH ZH SUHVHQW SUHOLPLQDU\ UHVXOWV GHPRQVWUDWLQJ KRZ 0$6 '13 FDQ EH VXFFHVVIXOO\ XVHG IRU WKH
GHWHFWLRQ DQG WKH TXDQWLILFDWLRQ RI PROHFXOHV LQ VXE�w0 FRQFHQWUDWLRQ� FRPSDWLEOH ZLWK
LQWUDFHOOXODU FRQGLWLRQV� 2XU UHVXOWV DUH D ILUVW VWHS WRZDUGV WKH XVH RI 0$6 '13 IRU WKH VWXG\ RI
LQWUDFHOOXODU�GUXJ�WUDIILFNLQJ�

>�@ -�6FKODJQLWZHLW� 6� )ULHEH 6DQGR]� $� -DZRUVNL� ,� *X]]HWWL� )� $XVVHQDF� 5� -� &DUEDMR� (�
&KLDUSDULQ��$��-��3HOO��.��3HW]ROG��&KHP%LR&KHP�����������������૱�����
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,QWHUFKURPRSKRUH�FRQIRUPDWLRQ�DQG�JHRPHWULFDO�IOH[LELOLW\�JRYHUQV�WKH�IDWH�RI�WULSOHW
SDLUV�JHQHUDWHG�E\�VLQJOHW�ILVVLRQ

$��$VWHU���)��=LQQD���&��5XPEOH���-��/DFRXU���(��9DXWKH\�

�6FKRRO�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\��8QLYHUVLW\�RI�*HQHYD

,Q VLQJOHW ILVVLRQ �6)�� RQH KLJK HQHUJ\ VLQJOHW �6� H[FLWRQ LV FRQYHUWHG WR WZR ORZHU HQHUJ\ WULSOHW
�7� H[FLWRQV ZKLFK� LI VHSDUDWHG TXDQWLWDWLYHO\� FDQ OHDG WR D GRXEOLQJ RI WKH SKRWRFXUUHQW LQ D VRODU
FHOO� 7KH QHHG IRU HIILFLHQW VRODU HQHUJ\ KDUYHVWLQJ KDV ERRVWHG WKH JHQHUDO LQWHUHVW LQ 6) LQFOXGLQJ
WKH�LPSDFW�RI�LQWHUPROHFXODU�JHRPHWU\�DQG�FRXSOLQJ�RI�WKH�LQYROYHG�FKURPRSKRUH�SDLU�>�@

,Q WKLV FRPPXQLFDWLRQ� ZH ZLOO SUHVHQW D ELFKURPRSKRUH LQ ZKLFK WZR 7,36�SHQWDFHQH KHDGV DUH
OLQNHG WR D FURZQ HWKHU EDFNERQH DV VKRZQ LQ )LJXUH $� 7KH LQWHUFKURPRSKRUH FRQIRUPDWLRQ FDQ
EH FRQWUROOHG E\ HLWKHU WKH VROYHQW�GHSHQGHQW LQWUDPROHFXODU DJJUHJDWLRQ RU E\ D VWUXFWXUDO
FKDQJH RI WKH FURZQ HWKHU GXH WR FDWLRQ ELQGLQJ� 7UDQVLHQW DEVRUSWLRQ IURP IHPWRVHFRQG WR
PLFURVHFRQG DQG IURP 89 WR 1,5 �)LJXUH %� LV SDLUHG ZLWK PROHFXODU G\QDPLFV VLPXODWLRQ� 7KLV
DOORZV WKH LQWHUFKURPRSKRUH JHRPHWULHV WR EH OLQNHG ZLWK WKH UDWH RI VLQJOHW ILVVLRQ DV ZHOO DV WKH
IDWH�RI�WKH�JHQHUDWHG�WULSOHW�SDLU�

:H ZLOO VKRZ WKDW WULSOHW SDLUV FDQ EH VSHFWUDOO\ DQG NLQHWLFDOO\ GLIIHUHQWLDWHG DFFRUGLQJ WR WKHLU
FRXSOLQJ DQG WKDW WKH IRUPDWLRQ RI IUHH� VHSDUDWHG WULSOHW SDLUV GHSHQGV RQ JHRPHWULFDO
IOXFWXDWLRQV�RI�WKH�V\VWHP�

>�@�0LOOLFHQW�%��6PLWK��-RVHI�0LFKO��&KHPLFDO�5HYLHZV����������������������૱�����
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8QUDYHOOLQJ�WKH�0HFKDQLVP�RI�8OWUDIDVW�,QWULQVLF�&KDUJH�*HQHUDWLRQ�LQ�&\DQLQH�'\HV

*��)LVK���-��0RUHQR�1DUDQMR���(��+DFN���$��%LOOLRQ���,��.URVVLQJ���)��1¾HVFK�����-��0RVHU�

�3KRWRFKHPLFDO�'\QDPLFV�*URXS��,QVWLWXWH�RI�&KHPLFDO�6FLHQFHV�DQG�(QJLQHHULQJ���FROH
3RO\WHFKQLTXH�I«G«UDOH�GH�/DXVDQQH��(3)/����/DERUDWRU\�IRU�7UDQVSRUW�DW�1DQRVFDOH�,QWHUIDFHV�

6ZLVV�)HGHUDO�/DERUDWRULHV�IRU�0DWHULDOV�6FLHQFH�DQG�7HFKQRORJ\��(PSD���,QVWLWXW�I¾U�$QRUJDQLVFKH
XQG�$QDO\WLVFKH�&KHPLH�DQG�)UHLEXUJHU�0DWHULDOIRUVFKXQJV]HQWUXP��)0)���8QLYHUVLW¦W�)UHLEXUJ���

/DERUDWRU\�IRU�)XQWLRQDO�3RO\PHUV��6ZLVV�)HGHUDO�/DERUDWRULHV�IRU�0DWHULDOV�6FLHQFH�DQG
7HFKQRORJ\��(PSD���,QVWLWXWH�RI�0DWHULDOV���FROH�3RO\WHFKQLTXH�I«G«UDOH�GH�/DXVDQQH��(3)/�

&\DQLQH G\HV KDYH D ORQJ KLVWRU\ LQ WKH ILHOG RI RUJDQLF SKRWRYROWDLFV DQG WKH\ KDYH VHYHUDO
EHQHILFLDO SURSHUWLHV WKDW FRQWULEXWH WR WKHLU FRQWLQXHG XVH� IRU H[DPSOH� WKH DEVRUSWLRQ SURILOH RI
WKH PDWHULDO FDQ EH HDVLO\ WXQHG� DQG WKH\ SRVVHVV KLJK H[WLQFWLRQ FRHIILFLHQWV DOORZLQJ IRU WKH
DFWLYH�OD\HU�RI�GHYLFHV�WR�EH�YHU\�WKLQ��XS�WR����QP��>�@

7\SLFDOO\� WKH F\DQLQH G\HV DUH XVHG DORQJVLGH D IXOOHUHQH�EDVHG DFFHSWRU� VXFK DV &��� LQ D SODQDU
KHWHURMXQFWLRQ�FRQILJXUDWLRQ�ZLWK�HIILFLHQFLHV�RI�XS�WR������EHLQJ�DFKLHYHG�>�@

7R GDWH� XOWUDIDVW VWXGLHV RQ WKHVH V\VWHPV KDYH WHQGHG WR IRFXV RQ WKH VHSDUDWLRQ RI FKDUJH
WUDQVIHU�H[FLWRQV��RU�WKH�UROH�RI�EOHQG�PRUSKRORJ\�>�@�>�@

+RZHYHU� UHFHQW VWXGLHV KDYH VKRZQ WKDW KLJK EXON SKRWRFRQGXFWLYLW\ FDQ EH VHHQ LQ SULVWLQH
SHQWDPHWKLQH�F\DQLQH��&\���ILOPV��ZLWKRXW�WKH�SUHVHQFH�RI�D�GRQRU�DFFHSWRU�LQWHUIDFH�>�@

+HUH� ZH HPSOR\HG XOWUDIDVW WUDQVLHQW DEVRUSWLRQ VSHFWURVFRS\ WR GHWHUPLQH WKH FKDUJH WUDQVIHU
PHFKDQLVP LQ &\� V\VWHPV� SURYLGLQJ WKH ILUVW GLUHFW SURRI RI KLJK HIILFLHQF\ LQWULQVLF FKDUJH
JHQHUDWLRQ LQ RUJDQLF VDOW VHPLFRQGXFWRUV� )XUWKHUPRUH� WKH LPSDFW RI FRXQWHULRQ VL]H RQ FKDUJH
WUDQVIHU DQG WUDQVSRUW ZDV VWXGLHG� DJDLQ XVLQJ WUDQVLHQW DEVRUSWLRQ VSHFWURVFRS\ DORQJVLGH RWKHU
XOWUDIDVW WHFKQLTXHV� :H IRXQG WKDW DJJUHJDWLRQ SOD\HG D NH\ UROH LQ WKH HIILFLHQF\ RI WKH LQWULQVLF
FKDUJH�JHQHUDWLRQ�DQG�WKH�FKDUJH�WUDQVSRUW�SURFHVVHV�

>�@ %� )DQ� )� $UDXMR 'H &DVWUR� %� 7� 7H &KX� -� +HLHU� '� 2SULV� 5� +DQ\ DQG )� 1¾HVFK� -�
0DWHU��&KHP�����������������૱�����
>�@ (� %HUQHU� 7� -¦JHU� 7� /DQ]� )� 1¾HVFK� -� 1� 7LVVHUDQW� *� :LFKW� +� =KDQJ DQG 5� +DQ\� $SSO�
3K\V��/HWW����������������૱����
>�@ $� 'HYLŀLV� -� 'H -RQJKH�5LVVH� 5� +DQ\� )� 1¾HVFK� 6� -HQDWVFK� 9� *XOELQDV DQG -� (� 0RVHU� -�
$P��&KHP��6RF������������������૱�����
>�@ -� 'H -RQJKH�5LVVH� -� +HLHU� )� 1¾HVFK DQG -� (� 0RVHU� -� 0DWHU� &KHP� $� ����� ��
�����૱������
>�@ /� :DQJ� 6� -HQDWVFK� %� 5XKVWDOOHU� &� +LQGHUOLQJ� '� *HVHYLÏLXV� 5� +DQ\ DQG )� 1¾HVFK� $GY�
)XQFW��0DWHU��������������૱��
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3UHFLVLRQ�6SHFWURVFRS\��&RKHUHQW�0DQLSXODWLRQ�DQG�6WDWH�WR�6WDWH�&KHPLVWU\�RI�6LQJOH
0ROHFXODU�,RQV

0��6LQKDO���=��0HLU���$��6KO\NRY���0��)��5RJXVNL���6��:LOOLWVFK�

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

5HFHQW SURJUHVV LQ ODVHU WHFKQRORJ\� IUHTXHQF\ PHWURORJ\ DQG PROHFXODU RSWLFV KDYH HQDEOHG XOWUD�
SUHFLVH PHDVXUHPHQWV RI PROHFXODU IUHTXHQFLHV� :H SUHVHQW D QRYHO� TXDQWXP�ORJLF EDVHG� QRQ�
GHVWUXFWLYH VWDWH�GHWHFWLRQ PHWKRG >�� �@ IRU VLQJOH PROHFXODU LRQV WUDSSHG LQ UDGLRIUHTXHQF\ LRQ
WUDSV >�� �@� 2XU WHFKQLTXH OHDYHV WKH TXDQWXP VWDWH RI WKH PROHFXOH FRPSOHWHO\ LQWDFW� HQDEOLQJ
UHSHDWHG QRQ�LQYDVLYH PHDVXUHPHQWV RQ WKH VDPH PROHFXOH DQG WKHUHIRUH DIIRUGLQJ DQ H[TXLVLWH
PHDVXUHPHQW VHQVLWLYLW\ DQG SUHFLVLRQ� $V DQ DSSOLFDWLRQ RI RXU VWDWH�GHWHFWLRQ SURWRFRO� ZH
GHPRQVWUDWH D W\SH RI ૺIRUFHૻ VSHFWURVFRS\ >�@ RQ D GLSROH�DOORZHG WUDQVLWLRQ LQ 1��� :H GHWHUPLQH
WUDQVLWLRQ SURSHUWLHV VXFK DV WKH OLQH FHQWHU DQG WKH (LQVWHLQ�$ FRHIILFLHQW ZKLFK LV YDOLGDWHG
DJDLQVW WKH UHVXOWV RI SUHYLRXV VWXGLHV XVLQJ FRQYHQWLRQDO VSHFWURVFRSLF PHWKRGV� $OWKRXJK ZH
IRFXV RQ 1�� DV D SURWRW\SLFDO H[DPSOH� RXU VFKHPH LV DSSOLFDEOH WR D ZLGH UDQJH RI GLDWRPLF DQG
SRO\DWRPLF�PROHFXOHV�

:H KDYH IXUWKHU GHYHORSHG D SUHFLVH� QDUURZ�OLQHZLGWK ODVHU ZKLFK ZLOO EH XVHG WR SHUIRUP
SUHFLVLRQ VSHFWURVFRS\ RQ GLSROH�IRUELGGHQ UR�YLEUDWLRQDO WUDQVLWLRQV >�� �@ XVLQJ WKH VWDWH
GHWHFWLRQ VFKHPH� %\ VODYLQJ WKLV ODVHU WR WKH 6ZLVV SULPDU\ IUHTXHQF\ VWDQGDUG DW 0(7$6 LQ %HUQ�
ZH DLP� LQ WKH ILUVW DWWHPSW� WR SXVK WKH SUHFLVLRQ RI VSHFWURVFRSLF PHDVXUHPHQWV RQ PROHFXODU
LRQV LQWR WKH UDQJH RI ������ DERXW IRXU WR ILYH RUGHUV RI PDJQLWXGHV EHWWHU WKDQ WKH FXUUHQW VWDWH RI
WKH�DUW�>�@�

,Q DGGLWLRQ� WKH SRVVLELOLW\ IRU HIILFLHQW� QRQ�GHVWUXFWLYH VWDWH UHDGRXW DQG SUHFLVLRQ VSHFWURVFRS\
OD\V WKH IRXQGDWLRQ IRU VWXGLHV RI FROG FROOLVLRQV DQG FKHPLFDO UHDFWLRQV EHWZHHQ PROHFXODU LRQV
DQG QHXWUDOV ZLWK VWDWH FRQWURO RQ WKH VLQJOH�PROHFXOH OHYHO� $GGLWLRQDOO\� LW HQDEOHV VWDWH�VHOHFWHG
FRKHUHQW H[SHULPHQWV ZLWK VLQJOH WUDSSHG PROHFXOHV IRU DSSOLFDWLRQV LQ TXDQWXP�LQIRUPDWLRQ >�@
DQG�VHQVLQJ�H[SHULPHQWV�

>�@�0��6LQKDO��=��0HLU��.��1DMDILDQ��*��+HJL�DQG�6��:LOOLWVFK��6FLHQFH�����������������������
>�@�.��1DMDILDQ��=��0HLU��0��6LQKDO�DQG�6��:LOOLWVFK��DU;LY�SUHSULQW�DU;LY�������������
>�@�6��:LOOLWVFK��,QW��5HY��3K\V��&KHP�����������������
>�@�.��0ºOKDYH�DQG�0��'UHZVHQ��3K\V��5HY��$�������������������
>�@�=��0HLU��*��+HJL��.��1DMDILDQ��0��6LQKDO��DQG�6��:LOOLWVFK��)DUDGD\�'LVFXVV������������������
>�@�0��.DMLWD��3K\V��5HY��$�������������������
>�@�6��$OLJKDQEDUL��0��*��+DQVHQ��9��,��.RURERY��DQG�6��6FKLOOHU��1DW��3K\V�����������������
>�@�6��:HKQHU��'��(ONRXVV��DQG�5��+DQVRQ��6FLHQFH������HDDP������������
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&KLUDO�FRQWURO�RI�VSLQ�FURVVRYHU�G\QDPLFV�LQ�)H�,,��FRPSOH[HV

0��2SSHUPDQQ���)��=LQQD���-��/DFRXU���0��&KHUJXL�

��FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH��'HSDUWPH���8QLYHUVLW¢�GL�3LVD��'HSDUWPHQW�RI
&KHPLVWU\�DQG�,Q���6FKRRO�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\��8QLYHUVLW\�RI�*HQHYD����FROH

3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH

)H�,,��EDVHG VSLQ�FURVVRYHU FRPSOH[HV KROG WUHPHQGRXV SURPLVH DV PXOWLIXQFWLRQDO VZLWFKHV LQ
PROHFXODU GHYLFHV >�@� +RZHYHU� UHDO�ZRUOG WHFKQRORJLFDO DSSOLFDWLRQV DUH RQO\ IHDVLEOH LI WKH
H[FLWHG VSLQ�VWDWHV DUH NLQHWLFDOO\ VWDEOH ૱ D IHDWXUH WKDW KDV RQO\ EHHQ DFKLHYHG DW FU\RJHQLF
WHPSHUDWXUHV� PRVW SURPLQHQWO\ LQ WKH OLJKW�LQGXFHG H[FLWHG VSLQ�VWDWH WUDSSLQJ �/,(667� HIIHFW�
%RWK WKH DQDO\VLV DQG PDQLSXODWLRQ RI WKH DVVRFLDWHG LQWHUV\VWHP FURVVLQJ G\QDPLFV DUH XVXDOO\
EDVHG RQ D VLQJOH GRPLQDQW UHDFWLRQ FRRUGLQDWH WKDW SUHVHUYHV WKH V\PPHWU\ RI WKH FRPSOH[� D
V\PPHWULF VWUHWFKLQJ PRGH RI WKH )H�OLJDQG ERQGV� :H QRZ JR EH\RQG WKLV SLFWXUH DQG DFKLHYH
VLJQLILFDQW NLQHWLF VWDELOL]DWLRQ RI D FKLUDO )H�,,��FRPSOH[ LQ VROXWLRQ WKURXJK WKH FRQWURO RI LWV
V\PPHWU\�EUHDNLQJ�WRUVLRQDO�GLVWRUWLRQ�LQ�WKH�SKRWR�H[FLWHG�TXLQWHW�VWDWH�

7KH FKLUDO WULV�FKHODWH FRPSOH[ >)H�����0H�ES\��@�� LV FRQILJXUDWLRQDOO\ ODELOH LQ VROXWLRQ� ZLWK WKH
UDFHPL]DWLRQ NQRZQ WR SURFHHG YLD D WULJRQDO WZLVWLQJ PRGH� $OUHDG\ �� \HDUV DJR� 3XUFHOO
VXJJHVWHG WKDW WKLV VWUXFWXUDO GLVWRUWLRQ PXVW LQYROYH D VSLQ�FURVVRYHU >�@� +HUH� ZH UHYHUVH WKLV
SHUVSHFWLYH� WKURXJK VXSUDPROHFXODU FRPSOH[ IRUPDWLRQ ZLWK HQDQWLRSXUH FRXQWHULRQV >�@� ZH
REWDLQ FRQILJXUDWLRQDOO\ VWDEOH )H�,,� FRPSOH[HV ZLWK SUHIHUHQWLDO ̰ RU ̩ FRQILJXUDWLRQ DQG WKXV
HIIHFWLYHO\ EORFN WKH UDFHPL]LQJ WULJRQDO WZLVW� :H ILUVW GHPRQVWUDWH NLQHWLF VWDELOL]DWLRQ E\
PHDVXULQJ D IRXU�IROG LQFUHDVH LQ OLIHWLPH RI WKH SKRWR�H[FLWHG TXLQWHW VWDWH FRPSDUHG WR WKH ODELOH
FRPSOH[� :H WKHQ HPSOR\ WLPH�UHVROYHG FLUFXODU GLFKURLVP �&'� VSHFWURVFRS\ >�@ WR H[WUDFW WKH &'
VSHFWUXP RI WKH H[FLWHG TXLQWHW VWDWH DQG WUDFN LWV HYROXWLRQ ZLWK VXE�SLFRVHFRQG WLPH UHVROXWLRQ�
7KLV OHWV XV LGHQWLI\ D V\PPHWU\�EUHDNLQJ WRUVLRQDO GLVWRUWLRQ DV WKH PDLQ UHDFWLRQ FRRUGLQDWH LQ LWV
UHOD[DWLRQ� WKXV SURYLGLQJ GLUHFW HYLGHQFH IRU WKH FHQWUDO LPSRUWDQFH RI WKLV PRGH LQ WKH
LQWHUV\VWHP FURVVLQJ RI )H�,,� FRPSOH[HV� 0RVW LPSRUWDQWO\� KRZHYHU� ZH GHPRQVWUDWH WKDW WKH
FRQWURO RI WKHLU FKLUDOLW\ SURYLGHV D SRZHUIXO QHZ VWUDWHJ\ IRU PDQLSXODWLQJ WKHLU VSLQ�FURVVRYHU
G\QDPLFV�

>�@�$��%RXVVHNVRX�HW�DO���&KHP��6RF��5HY����������������
>�@�.�)��3XUFHOO��-��$P��&KHP��6RF�����������������
>�@�-��/DFRXU�HW�DO���$QJHZ��&KHP��,QW��(G����������������
>�@�0��2SSHUPDQQ�HW�DO���2SWLFD������������
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6\QWKHVLV�DQG�OXPLQHVFHQFH�SURSHUWLHV�RI�VWURQWLXP�DOXPLQDWH�QDQRVSKHUHV�DV�ORQJ
SHUVLVWHQW�SKRVSKRUV

-��$IVKDQL���7��'HOJDGR�

�'HSDUWPHQW�RI�3K\VLFDO�&KHPLVWU\��8QLYHUVLW\�RI�*HQHYD���'HSDUWPHQW�RI�3K\VLFDO�&KHPLVWU\�
8QLYHUVLW\�RI�*H

6U$O�2��(X���'\�� LV FRPPRQO\ DFFHSWHG DV WKH EHVW QRQ�UDGLDWLYH ORQJ SHUVLVWHQW SKRVSKRU LQ
WHUPV RI OXPLQHVFHQFH LQWHQVLW\ DQG DIWHUJORZ GXUDWLRQ� NQRZQ XS WR GDWH >�@� +RZHYHU� WKH ELJ
SDUWLFOH VL]HV UDJLQJ LQ EHWZHHQ ������ wP OLPLWV LWV DSSOLFDWLRQ PRVWO\ WR GLVSOD\V DQG VDIHW\
VLJQV� 'HVSLWH PDQ\ DWWHPSWV WR GHYHORS QHZ V\QWKHWLF PHWKRG� QDQRVL]HG SDUWLFOHV RI VWURQWLXP
DOXPLQDWH ZLWK KRPRJHQHRXV PRUSKRORJ\ KDV QRW EHHQ REWDLQHG \HW� 0RVW RI WKH UHSRUWV RQ WKH
VWURQWLXP DOXPLQDWH QDQRSDUWLFOHV KDYH DSSOLHG WRS�GRZQ PHWKRG ZKLFK UHVXOWV LQ YHU\ EDG
PRUSKRORJ\ DQG ZLGH VL]H GLVWULEXWLRQ� :H KDYH GHYHORSHG D QHZ V\QWKHVLV PHWKRG IRU FUHDWLQJ
VWURQWLXP DOXPLQDWH QDQRVSKHUHV ZLWK VSKHULFDO PRUSKRORJ\ DQG QDUURZ VL]H GLVWULEXWLRQ� ZKLFK
FDQ EH XVHG IRU GLIIHUHQW DSSOLFDWLRQV LQFOXGLQJ ELRLPDJLQJ� 0RUHRYHU� LQYHVWLJDWLRQ RI WKH
OXPLQHVFHQFH�SURSHUWLHV�RI�WKHVH�QDQRSDUWLFOHV�GRSHG�ZLWK�(X���OHDG�WR�YHU\�LQWHUHVWLQJ�UHVXOWV�

�>�@�5RF¯R�(VWHIDQ¯D�5RMDV�+HUQDQGH]ବ��)HUQDQGR�5XELR�0DUFRV��0LJXHO��QJHO�5RGULJXH]��-RV«
)UDQFLVFR�)HUQDQGH]��5HQHZDEOH�DQG�6XVWDLQDEOH�(QHUJ\�5HYLHZV����������������������
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'\QDPLF�1XFOHDU�3RODULVDWLRQ�(QKDQFHPHQW�RI�����DW�������7�(QDEOHG�E\����N+]�0DJLF
$QJOH�6SLQQLQJ

3��%HUUX\HU���6��%M¸UJYLQVGµWWLU���$��%HUWDUHOOR���*��6WHYDQDWR���<��5DR���2��2XDUL���0��/HOOL���)�
(QJHONH���/��(PVOH\�

�/DERUDWRU\�RI�0DJQHWLF�5HVRQDQFH��(3)/���$L[�0DUVHLOOH�8QLYHUVLW«���8QLYHUVLW\�RI�)ORUHQFH���
%UXNHU

)RU LPSDFW LQ DQDO\WLFDO FKHPLVWU\� VHQVLWLYLW\ DQG VSHFWUDO UHVROXWLRQ DUH FRUQHUVWRQH
FRQVLGHUDWLRQV RI VROLG�VWDWH 105 H[SHULPHQWV� '\QDPLF 1XFOHDU 3RODUL]DWLRQ �'13� LV D UDSLGO\
H[SDQGLQJ PHWKRG WKDW FDQ SURYLGH YHU\ VLJQLILFDQW LQFUHDVH LQ VROLG�VWDWH 105 VLJQDO LQWHQVLW\�
WKHUHE\ HQDEOLQJ DWRPLF�OHYHO FKDUDFWHUL]DWLRQ RI V\VWHPV WKDW ZHUH SUHYLRXVO\ FRPSOHWHO\
LQDFFHVVLEOH� 7KH FRPELQDWLRQ RI KLJK PDJQHWLF ILHOG DQG IDVW PDJLF�DQJOH VSLQQLQJ �0$6� LV RIWHQ
D SUHUHTXLVLWH WR DOORZ WKH VWXG\ RI FRPSOH[ V\VWHPV DQG WR LPSOHPHQW KLJK�OHYHO PXOWL�
GLPHQVLRQDO H[SHULPHQWV� $OWKRXJK� VWDWH�RI�WKH�DUW FRPPHUFLDO 105 LQVWUXPHQWDWLRQ XVHV
PDJQHWLF ILHOGV XS WR �� 7 ���� *+]� DQG 0$6 SUREHV DEOH WR VSLQ VDPSOHV WR ��� N+] DW URRP
WHPSHUDWXUH XVLQJ ��� PP GLDPHWHU URWRUV� '13 VV105 LQVWUXPHQWDWLRQV KDYH EHHQ OLPLWHG IRU D
ORQJ WLPH WR D PD[LPXP 0$6 UDWH RI �� N+]� DQG RQO\ LQ ���� ILUVW H[SHULPHQW ZHUH UHSRUWHG DW
0$6�UDWH�XS�WR����N+]��

+HUH ZH SUHVHQW WKH ILUVW '13 0$6 H[SHULPHQWV XVLQJ D ��� PP 0$6 SUREH� 7KLV DOORZV XV WR
UHDFK VSLQQLQJ IUHTXHQFLHV RI XS WR �� N+]� ZLWK wZ LUUDGLDWLRQ� DW ��� .� DQG DW D ILHOG RI ����� 7�
:H UHSRUW WKH SHUIRUPDQFH� DW YHU\ IDVW 0$6� RI %'3$ LQ ��� GHXWHUDWHG RUWKRWHUSKHQ\O DQG
+\7(.� LQ ��������WHWUDFKORURHWKDQH� ,Q ERWK ZH ILQG WKDW HQKDQFHPHQWV FRQWLQXH WR LQFUHDVH
VLJQLILFDQWO\ ZLWK LQFUHDVLQJ VSLQQLQJ UDWHV� DQG ZH REWDLQ HQKDQFHPHQW IDFWRUV RI XS WR ��� IRU
+\7(.���6XFK�UHJLPH�RSHQV�XS�D�QHZ�FKDSWHU�IRU�KLJK�ILHOG�'13�HQKDQFHG�105��

>�@ &KDXGKDUL� 6� 5�� %HUUX\HU� 3�� *DMDQ� '�� 5HLWHU� &�� (QJHONH� )�� 6LOYHULR� '� /�� &RS«UHW� &�� /HOOL�
0���/HVDJH��$���(PVOH\��/��3K\V��&KHP��&KHP��3K\V����������������૱������
>�@ %HUUX\HU� 3�� %M¸UJYLQVGµWWLU� � %HUWDUHOOR� $�� 6WHYDQDWR� *� 5DR� <�� .DUWKLNH\DQ� *�� &DVDQR� *�
2XDUL��2���/HOOL��0���5HLWHU��&���(QJHONH��)���(PVOH\�/���VXEPLWWHG
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6XUIDFH�DQG�EXON�K\SHUSRODUL]DWLRQ�RI�OLWKLXP�WLWDQDWHV

6��%M¸UJYLQVGµWWLU���3��0RXW]RXUL���3��%HUUX\HU���0��$��+RSH���/��(PVOH\�

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

6ROLG�VWDWH 105 LV D PHWKRG WKDW FDQ EH XVHG WR LQYHVWLJDWH VWUXFWXUDO DQG HOHFWULF SURSHUWLHV RI
LQRUJDQLF PDWHULDOV� IRU H[DPSOH OLWKLXP WLWDQDWHV� /LWKLXP WLWDQDWHV DUH RI LQWHUHVW DV DQRGH
PDWHULDOV LQ VROLG�VWDWH EDWWHULHV� DQG WKHLU DWRPLF�OHYHO VWUXFWXUH LV LPSRUWDQW IRU XQGHUVWDQGLQJ
DQG LPSURYLQJ WKHLU SHUIRUPDQFH� 6ROLG�VWDWH 105� KRZHYHU� FDQ EH OLPLWHG E\ ORZ VHQVLWLYLW\�
,PSUHJQDWLRQ G\QDPLF QXFOHDU SRODUL]DWLRQ �'13� LV D PHWKRG WKDW FDQ EH XVHG WR LPSURYH
VHQVLWLYLW\ LQ 105 H[SHULPHQWV RI SRZGHUHG PDWHULDOV� 7KLV LV DFKHLYHG WKURXJK LPSUHJQDWLRQ ZLWK
D UDGLFDO FRQWDLQLQJ VROXWLRQ� IROORZHG E\ K\SHUSRODUL]DWLRQ RI QXFOHL QHDU WKH VXUIDFH� 7KLV VXUIDFH
K\SHUSRODUL]DWLRQ LV WKHQ UHOD\HG WRZDUGV WKH EXON RI WKH PDWHULDO E\ VSRQWDQHRXV VSLQ GLIIXVLRQ�
7KLV LV ZHOO HVWDEOLVKHG IRU SURWRQ FRQWDLQLQJ PDWHULDOV� �ZKHUH VSLQ GLIIXVLRQ LV IDVW�� EXW KDV
UHFHQWO\�EHHQ�H[WHQGHG�WR�SURWRQ�IUHH�LQRUJDQLF�PDWHULDOV��

)LJXUH �� 6HQVLWLYLW\ JDLQV LQ WKH �/L 105 VSHFWUD RI /L�7L2�� 7KH OLWKLXP WLWDQDWH ZDV K\SHUSRODUL]HG
E\�LPSUHJQDWLRQ�'13�

:H VKRZ KRZ WZR OLWKLXP WLWDQDWHV� /L�7L2� DQG /L�7L�2��� FDQ EH K\SHUSRODUL]HG XVLQJ WKLV
FRPELQDWLRQ RI LPSUHJQDWLRQ '13 DQG VORZ VSLQ GLIIXVLRQ EHWZHHQ �/L RU �/L QXFOHL� UHVXOWLQJ LQ
LPSURYHG VHQVLWLYLW\ RI ERWK �/L DQG �/L 105 VSHFWUD RI WKH FRPSRXQGV� $V DQ H[DPSOH� ZH VKRZ
DQ RYHUDOO JDLQ LQ VHQVLWLYLW\ RI D IDFWRU �� IRU WKH �/L VSHFWUXP RI WKH EXON /L�7L2�� :H DOVR REWDLQ
KLJK VHQVLWLYLW\ VXUIDFH VSHFWUD RI ERWK FRPSRXQGV� 7KH PHWKRG FDQ LQ SULQFLSOH EH DSSOLHG WR
RWKHU�LQRUJDQLF�OLWKLXP�FRQWDQLQJ�PDWHULDOV�

>�@ 5RVVLQL� =DJGRXQ� +HJQHU� 6FKZDU]ZDOGHU� *DMDQ� &RS«UHW� /HVDJH� (PVOH\� -� $P� &KHP�
6RF���������������������������
>�@�%MRUJYLQVGRWWLU��:DOGHU��3LQRQ��(PVOH\��-��$P��&KHP��6RF���������������������������
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,QVLJKW�LQWR�WKH�FU\VWDOOL]DWLRQ�RI�0J&2��JURZQ�E\�&2��FDSWXUH�RQ�������0J2�SURPRWHG
E\�1D12�

$��+��%RUN���0��5HNKWLQD���(��:LOOLQJHU���3��0��$EGDOD���&��5��0¾OOHU�

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

&DUERQ GLR[LGH FDSWXUH DQG VWRUDJH �&&6� RIIHUV JUHDW SURPLVH WR FRQWULEXWH WR WKH
GHFDUERQL]DWLRQ RI WKH FKHPLFDO DQG HOHFWULFLW\ JHQHUDWLRQ LQGXVWULHV DQG DYRLG D IXUWKHU LQFUHDVH
LQ WKH DWPRVSKHULF &2� FRQFHQWUDWLRQ >�@� $PRQJ WKH &2� VRUEHQWV FRQVLGHUHG� PDJQHVLXP R[LGH
LV DQ DWWUDFWLYH FDQGLGDWH GXH WR LWV KLJK WKHRUHWLFDO XSWDNH DQG D FRPSDUDWLYHO\ ORZ HQHUJ\
UHTXLUHPHQW IRU UHJHQHUDWLRQ� +RZHYHU� 0J2 UHTXLUHV D SURPRWHU� W\SLFDOO\ D VDOW �H�J� 1D12��
/L12�� .12�� WKDW LV PROWHQ DW RSHUDWLQJ FRQGLWLRQV WR KDYH VXIILFLHQWO\ IDVW NLQHWLFV >�@� 6LJQLILFDQW
HIIRUWV KDYH EHHQ PDGH WR XQGHUVWDQG KRZ WKH SURPRWHUV IXQFWLRQ WR HQKDQFH IXUWKHU WKH &2�
FDSWXUH�FKDUDFWHULVWLFV�RI�0J2��EXW�PDQ\�LPSRUWDQW�TXHVWLRQV�VWLOO�UHPDLQ�XQVROYHG�>�@�

2QH TXHVWLRQ WKDW LV DFWLYHO\ UHVHDUFKHG LV ZKHWKHU PDJQHVLXP FDUERQDWH JURZV DV D XQLIRUP
SURGXFW OD\HU RU DV LVODQGV RQ WKH 0J2 VXUIDFHV� ,W LV DOVR XQNQRZQ ZKHWKHU 0J&2� JURZV PRVW
IDYRUDEO\ LQVLGH WKH PROWHQ VDOW SURPRWHU� WKH LQWHUIDFH RI 1D12�_0J2� RU DW WKH WULSOH�SKDVH
ERXQGDU\�1D12�_0J2_&2���
7R VKHG OLJKW RQ WKHVH TXHVWLRQV� WKLV ZRUN SUREHV WKH FU\VWDOOL]DWLRQ RI 0J&2� RQ D VLQJOH FU\VWDO
������0J2 VXUIDFH FRDWHG ZLWK D 1D12� SURPRWHU ZKHQ H[SRVHG WR &2�� (PSOR\LQJ D ZHOO�GHILQHG
VXUIDFH DQG VXLWDEOH FKDUDFWHUL]DWLRQ WHFKQLTXHV DOORZHG XV WR GHVFULEH WKH 0J&2� SURGXFW LQ
JUHDW GHWDLO� L�H� IURP WKH DWRPLF WR WKH PLFURPHWHU VFDOH� 8VLQJ V\QFKURWURQ EDVHG LQ VLWX JUD]LQJ
LQFLGHQW ;�UD\ GLIIUDFWLRQ �*,;5'�� ZH VKRZ WKDW 0J&2� KDV JURZQ ZLWK SUHIHUUHG RULHQWDWLRQ RQ
WKH VXUIDFH RI ������0J2 DQG WKDW WKH WKLFNQHVV RI WKH 0J&2� SURGXFW OD\HU LV OHVV WKDQ � wP� 6(0
DQDO\VLV UHYHDOV DQ LVODQG�W\SH 0J&2� JURZWK� L�H� KHWHURJHQHRXV QXFOHDWLRQ IROORZHG E\ FU\VWDO
JURZWK LQ D VHFWRUHG SODWH W\SH PRUSKRORJ\� )DVFLQDWLQJO\� ZH DOVR REVHUYH WKDW WKH GLVVROXWLRQ RI
0J2� ZKLFK LV DQ HVVHQWLDO SUHUHTXLVLWH IRU LWV FRQYHUVLRQ WR 0J&2�� RFFXUV LQ D VLPLODU IDVKLRQ DV
DQ DFLGLF HWFKLQJ SURFHVV� SRVVLEO\ GXH WR WKH LQWHUDFWLRQ RI 1D12� DQG &2�� +57(0 SURYLGHV
LQVLJKW LQWR WKH DWRPLF DUUDQJHPHQW RI WKH 0J2_0J&2� LQWHUIDFH� FRQILUPLQJ WKH HSLWD[LDO JURZWK
RI D FDUERQDWH OD\HU� 'XH WR D ODUJH ODWWLFH PLVPDWFK EHWZHHQ WKH FDUERQDWH DQG R[LGH OD\HUV� WKH
FDUERQDWH�ILOP�UHOD[HV�WKURXJK�LQFRUSRUDWLRQ�RI�ODWWLFH�PLVILW�GLVORFDWLRQV�

)LJXUH �� D� �' *,;5' PDS RI ������0J2 SURPRWHG E\ 1D12� DW ��� r& DIWHU �� PLQ LQ &2� E�
0J&2� FU\VWDO JURZQ RQ ������0J2 DQG LQVHW VKRZLQJ HWFKHG S\UDPLG VKDSHG SLWV QHDU 0J&2�� F�
,QYHUVH )RXULHU�ILOWHUHG 67(0 LPDJH VKRZLQJ PLVILW GLVORFDWLRQV LQ WKH ������0J&2� DQG WKH
������0J2�SODQH�V\VWHP�

>�@�%XL�HW�DO��(QHUJ\�(QYLURQ��6FL���������������૱�����
>�@�7��+DUDGD��)��6LPHRQ��(�=��+DPDG��7�$��+DWWRQ��&KHP��0DWHU����������������૱�����
>�@ $� 'DO 3R]]R� $� $UPXWOXOX� 0� 5HNKWLQD� 3�0� $EGDOD� &�5� 0¾OOHU� $&6 $SSO� (QHUJ\
0DWHU��������������૱�����
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'DWD�PLQLQJ�FKHPLFDO�VKLIWV�LQ�WKH�VROLG�VWDWH�IRU�DXWRPDWHG�DVVLJQPHQW�RI�RUJDQLF
FU\VWDOV

0��&RUGRYD���0��%DORGLV���%��6LP·HV�GH�$OPHLGD���/��(PVOH\�

�/DERUDWRU\�RI�0DJQHWLF�5HVRQDQFH��(3)/

6ROLG�VWDWH 105� LQ FRPELQDWLRQ ZLWK FRPSXWDWLRQDO PHWKRGV VXFK DV GHQVLW\ IXQFWLRQDO WKHRU\
FKHPLFDO VKLIW FRPSXWDWLRQ DQG FU\VWDO VWUXFWXUH SUHGLFWLRQ �&63� SURFHGXUHV� KDV SURYHQ DEOH WR
GHWHUPLQH WKH FU\VWDO VWUXFWXUH RI RUJDQLF VROLGV�>�@ $ NH\ VWDUWLQJ SRLQW IRU HIILFLHQW FKHPLFDO VKLIW�
GULYHQ FU\VWDO VWUXFWXUH GHWHUPLQDWLRQ LV WKH DVVLJQPHQW RI WKH H[SHULPHQWDO 105 VSHFWUD�
3UREDELOLVWLF DVVLJQPHQWV FDQ EH REWDLQHG ZLWKRXW SULRU NQRZOHGJH RI WKH WKUHH�GLPHQVLRQDO
VWUXFWXUH RI PROHFXOHV WKURXJK D VWDWLVWLFDO DQDO\VLV RI ODUJH FKHPLFDO VKLIW GDWDEDVHV�>�@ +RZHYHU�
QR VXFK GDWDEDVH H[LVWV IRU RUJDQLF VROLGV� +HUH� ZH FRPELQH D ODUJH GDWDEDVH RI RUJDQLF FU\VWDOV
�! ������� FRPSRXQGV� ZLWK 6KLIW0/� D PDFKLQH OHDUQLQJ PRGHO DEOH WR SUHGLFW FKHPLFDO VKLIWV LQ
PROHFXODU VROLGV�>�@ LQ RUGHU WR FRQVWUXFW D VWDWLVWLFDO EDVLV IRU WKH SUREDELOLVWLF DVVLJQPHQW RI VROLG�
VWDWH 105 VSHFWUD� 5HODWLQJ PROHFXODU IUDJPHQWV WR WKHLU FRUUHVSRQGLQJ FKHPLFDO VKLIWV� ZH
SURSRVH D SUREDELOLVWLF IUDPHZRUN WR GHWHUPLQH WKH PRVW OLNHO\ DVVLJQPHQW RI RUJDQLF FU\VWDOV
IURP�WKHLU�WRSRORJLFDO�UHSUHVHQWDWLRQ�RQO\�

>�@ 0� %DLDV� -� 1� 'XPH]� 3� +� 6YHQVVRQ� 6� 6FKDQW]� *� 0� 'D\� /� (PVOH\� - $P &KHP 6RF� �����
�����������������
>�@ 7� $HVFKEDFKHU� (� 6FKPLGW� 0� %ODWWHU� &� 0DULV� 2� 'XVV� )� +� 7� $OODLQ� 3� *XQWHUW� 0�
6FKXEHUW��1XFOHLF�$FLGV�5HV�����������
>�@�)��0��3DUX]]R��$��+RIVWHWWHU��)��0XVLO��6��'H��0��&HULRWWL��/��(PVOH\��1DW�&RPPXQ����������
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$QDO\WLF�FDOFXODWLRQ�DQG�DQDO\VLV�RI�$WRPLF�3RODU�7HQVRUV�IRU�0ROHFXOHV�DQG�0DWHULDOV

(��'LWOHU���6��/XEHU�

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

0DQ\ LPSOHPHQWDWLRQV WR VLPXODWH YLEUDWLRQDO DEVRUSWLRQ VSHFWUD UHO\ RQ WKH GRXEOH KDUPRQLF
DSSUR[LPDWLRQ IRU ZKLFK WKH GHULYDWLYH RI WKH HOHFWULF GLSROH PRPHQW ZLWK UHVSHFW WR QXFOHDU
FRRUGLQDWHV LV UHTXLUHG� 7KH UHVXOWLQJ TXDQWLW\ LV FDOOHG WKH DWRPLF SRODU WHQVRU �$37� �RU %RUQ
HIIHFWLYH�FKDUJH��%(&��LQ�FDVH�RI�SHULRGLF�V\VWHPV��

7KH XVH RI 'HQVLW\ )XQFWLRQDO 3HUWXUEDWLRQ 7KHRU\ �')37� IRU WKH FDOFXODWLRQ RI DQDO\WLFDO
GHULYDWLYHV RIIHUV D QXPEHU RI DGYDQWDJHV FRPSDUHG WR WKH QXPHULFDO GLIIHUHQWLDWLRQ� 1R WUDGH�RII
LQ WHUPV RI IRUPXOD DQG SUHFLVLRQ HUURUV KDV WR EH PDGH ZKHQ GHFLGLQJ RQ D VWHS VL]H� )XUWKHU� E\
HPSOR\LQJ ORFDOL]HG PROHFXODU RUELWDOV RU PD[LPDOO\ ORFDOL]HG :DQQLHU IXQFWLRQV� WKH $37V�%(&V
FDQ EH GHFRPSRVHG LQWR VXEVHW FRQWULEXWLRQV� ZKLFK DOORZV IRU D PRUH WKRURXJK DQDO\VLV RI WKH
UHVXOWLQJ VSHFWUD� ,Q WKLV ZD\� WKH VSHFLILF LQIOXHQFH RI IXQFWLRQDO JURXSV RU JURXSV RI DWRPV ૱ ERWK
LQ PROHFXOHV DQG FRQGHQVHG V\VWHPV ૱ FDQ EH PDGH DSSDUHQW� 0RUHRYHU� %(&V FDQ EH DSSOLHG WR
FDOFXODWH�SDUWLDO�FKDUJHV�LQ�FU\VWDO�VWUXFWXUHV�

:H LPSOHPHQWHG WKH VXEVHW DQDO\VLV RI YLEUDWLRQDO LQIUDUHG VSHFWUD DQG SDUWLDO FKDUJHV EDVHG RQ
%(&V LQ WKH &3�. FRGH SDFNDJH� ZKLFK DOORZV IRU HIILFLHQW DQG DFFXUDWH HOHFWURQLF VWUXFWXUH
FDOFXODWLRQV� 7KH FDOFXODWLRQV UHO\ RQ *DXVVLDQ EDVLV VHWV FHQWHUHG DW WKH QXFOHDU SRVLWLRQV DQG
QRQ�ORFDO SVHXGRSRWHQWLDOV IRU WKH GHVFULSWLRQ RI FRUH HOHFWURQV� :H SUHVHQW WKH LPSOHPHQWDWLRQ
DQG�LWV�DSSOLFDWLRQ�WR�ERWK�D�PROHFXOH�DQG�D�FRQGHQVHG�V\VWHP�

>�@ -RRVW 9DQGH9RQGHOH� 0DWWKLDV .UDFN� )DZ]L 0RKDPHG� 0LFKHOH 3DUULQHOOR� 7KRPDV &KDVVDLQJ�
-¾UJ�+XWWHU��&RPSXWHU�3K\VLFV�&RPPXQLFDWLRQV��������������������
>�@ (� %ULJKW :LOVRQ� -U�� -� &� 'HFLXV� 3� &� &URVV� 0ROHFXODU 9LEUDWLRQV� 7KH 7KHRU\ RI ,QIUDUHG DQG
5DPDQ�9LEUDWLRQDO�6SHFWUD��0F*UDZ�+LOO��1HZ�<RUN�������
>�@�6DQGUD�/XEHU��+DELOLWDWLRQ�WKHVLV�������8QLYHUVLW\�RI�=¾ULFK
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7HPSHUDWXUH�GHSHQGHQFH�RI�LQWHUPROHFXODU�FRUUHODWLRQV�LQ�EXON�ZDWHU�DQG�HOHFWURO\WH
VROXWLRQV

1��'XSHUWXLV���<��&KHQ���+��,��2NXU���6��5RNH�

�/DERUDWRU\�IRU�IXQGDPHQWDO�%LR3KRWRQLFV��/%3���(3)/���/DERUDWRU\�IRU�IXQGDPHQWDO�%LR3KRWRQLFV
�/%3���(3)/�/DXVDQQH

0DQ\ SK\VLFDO� FKHPLFDO� DQG ELRORJLFDO SURFHVVHV GHSHQG RQ ZDWHU� WKH ૺOLTXLG RI OLIHૻ� 7KH FULWLFDO
LPSRUWDQFH RI ZDWHU DQG LRQLF K\GUDWLRQ LQ ELRORJ\ KDV GUDZQ D ORW RI LQWHUHVW IURP VFLHQWLVW� 0RVW
VWXGLHV IRFXVHG RQ KLJK FRQFHQWUDWLRQ UDQJH �!���0�� DQG LW KDV EHHQ SURYHG UHFHQWO\� E\ XVLQJ
IHPWRVHFRQG HODVWLF VHFRQG KDUPRQLF VFDWWHULQJ �IV�(6+6� DW ORZHU FRQFHQWUDWLRQV� WKDW WKH
LQIOXHQFH RI LRQV RQ ZDWHU H[WHQGV WR D ORQJHU UDQJH >�@� 7KLV ORQJ�UDQJH LQWHUDFWLRQ LQGXFHV D YHU\
GLIIHUHQW UHVSRQVH RI +�2 DQG '�2� LQGLFDWLYH RI QXFOHDU TXDQWXP HIIHFWV LQ WKH K\GURJHQ�ERQGLQJ
�+�ERQGLQJ� QHWZRUN� DQG RI WKH LPSRUWDQFH RI FROOHFWLYH +�ERQGLQJ� :H LQYHVWLJDWHG UHFHQWO\ WKH
WHPSHUDWXUH GHSHQGHQFH RQ LQWHUPROHFXODU FRUUHODWLRQV E\ XVLQJ IV�(6+6 >�@� ,QGHHG� IV�(6+6
IURP D PDWHULDO UHSRUWV RQ WKH DYHUDJH VWUXFWXUH RI WKH SUREHG PDWHULDO DQG JLYHV LQGLFDWLRQ RQ
WKH�PROHFXODU�RULHQWDWLRQDO�RUGHU��DQG�RQ�WKH�LQWHUPROHFXODU�FRUUHODWLRQV�

:H PHDVXUHG WKH 6+ LQWHQVLW\ VFDWWHUHG LQ 333 SRODUL]DWLRQ DW ��r VFDWWHULQJ DQJOH IURP SXUH +�2
DQG '�2� 5HVXOWV DUH VKRZQ LQ WKH ILJXUH UHSURGXFHG IURP 5HI� >�@ LQ $� DV IXQFWLRQ RI WHPSHUDWXUH�
DQG QRUPDOL]HG E\ WKH LQWHQVLW\ DW WKH KLJKHVW WHPSHUDWXUH �7 ������.�� 7KH LQWHQVLW\ GURSV
UHODWLYHO\ PRUH IRU +�2� 7KLV GLVFUHSDQF\ EHWZHHQ '�2 DQG +�2 ZDV DQDO\]HG LQ WHUPV RI
PROHFXODU LQFRKHUHQW DQG LQWHUPROHFXODU FRKHUHQW FRQWULEXWLRQV E\ FRPSDULQJ WKH UHVSRQVHV LQ
GLIIHUHQW SRODUL]DWLRQ FRPELQDWLRQV� 7KH FRUUHVSRQGLQJ LQFRKHUHQW 6+ LQWHQVLWLHV FDQ EH
DQDO\WLFDOO\ GHULYHG >�@� DQG DFFRUGLQJO\ 633 DQG 333 LQFRKHUHQW UHVSRQVHV DW ��r DUH HTXDO� 633
UHVSRQVH LV IXOO\ LQFRKHUHQW ZKHUHDV 333 UHVSRQVH FRQWDLQV ERWK LQFRKHUHQW DQG FRKHUHQW
FRQWULEXWLRQV� 7KH PHDVXUHG UDWLR RI WKHVH WZR UHVSRQVHV LV VKRZQ LQ WKH ILJXUH LQ %� +HUH� WKH
H[FHVV RI UDWLR YDOXH DERYH � RULJLQDWHV IURP D UHGXFWLRQ LQ WKH DPRXQW RI QRQ�VSKHULFDO
RULHQWDWLRQDO FRUUHODWLRQV FRPELQHG ZLWK D UHODWLYH LQFUHDVH LQ WKH DPRXQW RI VSKHULFDO
RULHQWDWLRQDO FRUUHODWLRQV� :H VKRZHG WKDW LQFUHDVLQJ WHPSHUDWXUH LQ SXUH ZDWHU LQGXFHV D FKDQJH
LQ PROHFXODU FRUUHODWLRQV� IURP FRUUHODWLRQV ZLWK QRQ�VSKHULFDO V\PPHWU\ WR FRUUHODWLRQV ZLWK
VSKHULFDO V\PPHWU\� 7KH ODUJHU UDWLR RI '�2 LQGLFDWHV DOVR WKDW LW KDV UHODWLYHO\ PRUH VSKHULFDO
FRUUHODWLRQV�WKDQ�+�2�

)XUWKHU PHDVXUHPHQWV LQ HOHFWURO\WH VROXWLRQV LQ +�2 DQG '�2 LQGLFDWHG D ZHDNHQHG LQIOXHQFH RI
WKH HOHFWURVWDWLF ILHOG HPLWWHG E\ WKH LRQV RQ WKH ZDWHU VWUXFWXUH� ,Q RWKHU WHUPV� WKH FROOHFWLYH
LQIOXHQFH RI LRQV RQ WKH ZDWHU�ZDWHU FRUUHODWLRQV GHFUHDVHV ZKHQ LQFUHDVLQJ WKH WHPSHUDWXUH� 7KLV
HIIHFW GHSHQGV RQ WKH +�ERQGLQJ LQWHUDFWLRQ� 7KHVH ILQGLQJV SURYLGH D FKDOOHQJH IRU IXWXUH
PROHFXODU�G\QDPLFV�VWXGLHV�RQ�HOHFWURO\WH�VROXWLRQV�

>�@�<��&KHQ�HW�DO���6FLHQFH�$GYDQFHV��������YRO�����S��H��������



>�@�<��&KHQ��HW�DO���-RXUQDO�RI�&KHPLFDO�3K\VLFV��������YRO�������QR�����S���������
>�@�<��&KHQ�HW�6��5RNH��������$U;LY�H�SULQWV��S��DU[LY������������
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'LVSHUVLRQ�HIIHFWV�GHVFULEHG�E\�WKH�)UR]HQ�'HQVLW\�HPEHGGLQJ�7KHRU\

0��)X���&��(��*RQ]DOH]���1��5LFDUGL���7��$��:HVRORZVNL�

�'HSDUWPHQW�RI�3K\VLFDO�&KHPLVWU\��8QLYHUVLW\�RI�*HQHYD

7KH GLVSHUVLRQ SDUW RI WKH 9DQ GHU :DDOV LQWHUDFWLRQ HQHUJ\ IRU D VHSDUDWHG V\VWHP FDQ EH
GHVFULEHG E\ �&�5��� ZKHUH &� LV D FRQVWDQW DQG 5 LV WKH LQWHUPROHFXODU GLVWDQFH� ,Q
FRPSXWDWLRQDO FKHPLVWU\ SHRSOH DUH VWUXJJOLQJ WR UHSURGXFH WKLV DV\PSWRWLF EHKDYLRU GXH WR WKH
IDFW WKDW WKLV ZHDN ORQJ�UDQJH DWWUDFWLYH LQWHUDFWLRQ LV RULJLQDWHG IURP WKH VHOI�LQGXFHG
LQVWDQWDQHRXV GLSROH PRPHQWV� 1RZ WKHUH DUH WKUHH ZD\V WR LQFOXGH WKH GLVSHUVLRQ FRQWULEXWLRQ�
D�:LWKLQ D ')7 IUDPHZRUN� RQO\ D JLYHQ IXOO\ QRQ�ORFDO IXQFWLRQDO LV SRVVLEOH WR SURYLGH D
TXDQWLWDWLYH YDOXH� E� &DOFXODWH WKH GLVSHUVLRQ FRQWULEXWLRQ VHSDUDWHO\ E\ D GDPSHG PXOWLSROH
H[SDQVLRQV DQG DGG LW LQ WKH ILQDO HQHUJ\ H[SUHVVLRQ>�@�F� $GRSWLQJ WKH KLJK�OHYHO SRVW�+DUWUHH )RFN
PHWKRGV�OLNH�03��HWF���ZKLFK�DUH�FRPSXWDWLRQDO�H[SHQVLYH�

,Q�WKLV�ZRUN�ZH�VWXG\�WKH�DFFXUDF\�RI�WKH�GHVFULSWLRQ�RI�GLVSHUVLRQ�HIIHFWV�ZLWK�WKH�)UR]HQ�'HQVLW\
(PEHGGLQJ�7KHRU\��)'(7��>�@��D�IRUPDO�IUDPHZRUN�LQ�ZKLFK�WKH�ZKROH�V\VWHP�LV�GHVFULEHG�E\
PHDQV�RI�WZR�LQGHSHQGHQW�TXDQWLWLHV����7KH�HPEHGGHG�ZDYHIXQFWLRQ����7KH�GHQVLW\�DVVRFLDWHG
ZLWK�WKH�HQYLURQPHQW�7KH�NH\�DVSHFW�LQ�)'(7�LV�WKH�FRQVWUXFWLRQ�RI�DQ�HPEHGGLQJ�SRWHQWLDO�ZKLFK
LV�DGGHG�WR�WKH�LVRODWHG�+DPLOWRQLDQ��

7KH�PXOWLVFDOH�DSSURDFK�OHDGV�XV�WR�D�FRPSXWDWLRQDO�IHDVLEOH�GLUHFWLRQ��:H�DOVR�SHUIRUP�V\PPHWU\
DGDSWHG�SHUWXUEDWLRQ�WKHRU\>�@��6$37���RQ�WKH�EDVLV�RI�+DUWUHH�)RFN�OHYHO��ZKLFK�GHFRPSRVHV�WKH
LQWHUDFWLRQ�HQHUJ\�LQWR�IRXU�FRQWULEXWLRQV��GLVSHUVLRQ��LQGXFWLRQ��HOHFWURVWDWLF�DQG�H[FKDQJH��7KHVH
SK\VLFDOO\�LQWHUSUHWDEOH�WHUPV�LQ�6$37���RIIHU�D�SRVVLELOLW\�WR�FRPSDUH�WKH�)'(7�EDVHG�DSSURDFK
ZLWK�6$37����KHQFH�WR�DFFHVV�ERWK�WKH�YDOLGLW\�RI�WKH�HPEHGGLQJ�SRWHQWLDO�DQG�WKH�GLVSHUVLRQ
HIIHFW��)RU�JURXQG�VWDWH�FDOFXODWLRQV�WKH�UHVXOWV�VKRZ�WKDW�RXU�PHWKRG�LV�VROLG�DQG�FHUWDLQO\
UHSURGXFH�WKH�GLVSHUVLRQ�HIIHFWV�DW�WKH�VKRUW�UDQJH�DQG�PLGGOH�UDQJH��)RU�H[FLWHG�VWDWHV��WKH
FRPSDULVRQ�RI�SUHOLPLQDU\�UHVXOWV�WR�WKH�VHOI�FRQVLVWHQW�UHDFWLRQ�ILHOG�PHWKRG�IRU�GLVSHUVLRQ
FRQWULEXWLRQV�DUH�SURPLVLQJ>�@�

>�@�$��+H¡HOPDQQ��*��-DQVHQ��&KHPLFDO�SK\VLFDO�OHWWHUV��������������������
>�@�7��:HVRORZVNL��3K\V��5HY��$�������������������
>�@�%��-H]LRUVNL��5��0RV]\QVNL��DQG�.��6]DOHZLF]��&KHP��5HY������������������
>�@�*�5DXKXQW��7��&ODUN��DQG�7��6WHLQNH��-�$P�&KHP�6RF������������������������
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)HPWRVHFRQG�EURDGEDQG�IOXRUHVFHQFH�XSFRQYHUVLRQ�VSHFWURVFRS\�WR�VWXG\�YLEUDWLRQDO
HQHUJ\�UHOD[DWLRQ�G\QDPLFV�LQ�RUJDQLF�PROHFXOHV�LQ�VROXWLRQ

,��)XUHUDM���(��9DXWKH\�

�'HSDUWPHQW�RI�3K\VLFDO�&KHPLVWU\��8QLYHUVLW\�RI�*HQHYD

9LEUDWLRQDO HQHUJ\ UHOD[DWLRQ �9(5� LV RIWHQ WKH ILUVW SURFHVV RFFXUULQJ DIWHU SKRWR H[FLWDWLRQ RI D
PROHFXOH LQ WKH FRQGHQVHG SKDVH� 7KLV SURFHVV LV XVXDOO\ GLVFXVVHG LQ WHUPV RI WZR FRQVHFXWLYH
VWHSV� LQWUDPROHFXODU YLEUDWLRQDO HQHUJ\ UHGLVWULEXWLRQ �,95� DQG YLEUDWLRQDO FRROLQJ �9&��� 7KH
WLPHVFDOHV RQ ZKLFK WKHVH SURFHVVHV RFFXU� PDNH WKHLU GHWDLOHG LQYHVWLJDWLRQ FKDOOHQJLQJ� DV KLJK
UHVROXWLRQ LQ ERWK WHPSRUDO DQG VSHFWUDO GRPDLQV LV UHTXLUHG� +RZHYHU� WKRURXJK XQGHUVWDQGLQJ RI
PDQ\ XOWUDIDVW SKRWRFKHPLFDO SURFHVVHV� VXFK DV HOHFWURQ WUDQVIHU LV FRQGLWLRQHG E\ D VXIILFLHQW
FRPSUHKHQVLRQ�RI�9(5�G\QDPLFV�DQG�RQ�KRZ�LW�LV�DIIHFWHG�E\�WKH�VXUURXQGLQJ�HQYLURQPHQW�

:H DUH DSSO\LQJ IHPWRVHFRQG EURDGEDQG IOXRUHVFHQFH XS�FRQYHUVLRQ VSHFWURVFRS\ �)/836� ZLWK
VXE ��� IV UHVROXWLRQ DQG WXQDEOH H[FLWDWLRQ WR IROORZ WKH WLPH HYROXWLRQ RI WKH IOXRUHVFHQFH
VSHFWUXP RI RUJDQLF PROHFXOHV LQ GLIIHUHQW VROYHQWV DIWHU SKRWR�H[FLWDWLRQ ZLWK YDULRXV DPRXQW RI
H[FHVV HQHUJ\�� $QDO\VLV RI WKH WLPH GHSHQGHQFH RI WKH )UDQFN�&RQGRQ HQYHORSH� EDVHG RQ UHVXOWV
REWDLQHG IURP TXDQWXP FKHPLFDO 7'�')7 FDOFXODWLRQV LV XVHG WR GLVHQWDQJOH ,95 DQG 9&� :H ZLOO
VKRZ WKH HQWLUH EURDGEDQG WLPH�UHVROYHG IOXRUHVFHQFH VSHFWUD RI WKH PRGHO G\H� SHU\OHQH DQG LWV
GHULYDWLYHV�LQ�VROXWLRQ��XVLQJ�PXOWLSOH�VROYHQWV�DV�WR�VWXG\�WKH�SRODULW\�HIIHFWV�RQ�WKHVH�SURFHVVHV�

>�@ 5RVVSHLQWQHU� $�� /DQJ� %�� 9DXWKH\� (� 8OWUDIDVW 3KRWRFKHPLVWU\ LQ /LTXLGV� $QQX� 5HY� 3K\V�
&KHP�������������������૱�����
>�@ *HUHFNH� 0�� %LHUKDQFH� *�� *XWPDQQ� 0�� (UQVWLQJ� 1� 3�� 5RVVSHLQWQHU� $� 1RWH RQ
)HPWRVHFRQG %URDGEDQG )OXRUHVFHQFH 8SFRQYHUVLRQ 6SHFWURVFRS\ �)/836�� 6SHFWUDO &RYHUDJH
YHUVXV�(IILFLHQF\�����
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&U\RJHQLF�,RQ�9LEUDWLRQDO�3UHGLVVRFLDWLRQ��&,93��6SHFWURVFRS\�RI�D�*DV�SKDVH�0ROHFXODU
7RUVLRQ�%DODQFH�WR�SUREH�/RQGRQ�GLVSHUVLRQ�)RUFHV�LQ�/DUJH�0ROHFXOHV

9��*RUEDFKHY���$��7V\EL]RYD���/��)ULWVFKH���/��0LORJO\DGRYD���3��&KHQ�

�(7+�=¾ULFK��/DERUDWRULXP�I¾U�2UJDQLVFKH�&KHPLH��9ODGLPLU�3UHORJ�:HJ��������������=¾ULFK�
6ZLW]HUODQG

1RQ�FRYDOHQW LQWHUDFWLRQV� HVSHFLDOO\ WKH DWWUDFWLYH SDUW RI WKH YDQ GHU :DDOV SRWHQWLDO ૱ /RQGRQ
GLVSHUVLRQ IRUFHV� KDG EHHQ FRPPRQO\ LJQRUHG LQ RUJDQLF DQG RUJDQRPHWDOOLF FKHPLVWU\ EHFDXVH
LQGLYLGXDO LQWHUDFWLRQV DUH VPDOO� 1HYHUWKHOHVV� WKH UHFHQW UHFRJQLWLRQ WKDW WKHVH LQGLYLGXDOO\ VPDOO
LQWHUDFWLRQV� ZKRVH QXPEHU ULVH PXFK IDVWHU WKDQ GRHV WKH QXPEHU RI DWRPV DV WKH PROHFXOH JHWV
ODUJHU� VXP XS WR �FKHPLFDOO\ VLJQLILFDQW� YDOXHV� L�H� WHQV RI NFDO�PRO� IRU RUJDQLF DQG
RUJDQRPHWDOOLF PROHFXOHV ZLWK ������ DWRPV� 0ROHFXOHV LQ WKLV VL]H�UDQJH DUH W\SLFDO UHDJHQWV DQG
VXEVWUDWHV IRU RUJDQLF V\QWKHVLV� IRU ZKLFK WKH UHQHZHG LQWHUHVW LQ DWWUDFWLYH QRQ�FRYDOHQW
LQWHUDFWLRQV KDV OHG WR WKH DWWULEXWLRQ RI UHDFWLYLW\ RU VHOHFWLYLW\ WR HIIHFWV RI �GLVSHUVLRQ HQHUJ\
GRQRUV�� '('V� ZKLFK DUH WKHQ DSSHQGHG DV GHVLJQ DQG FRQWURO HOHPHQWV� IRU H[DPSOH� LQ
VWHUHRVHOHFWLYH FDWDO\VWV� 'LVSHUVLRQ�FRUUHFWHG TXDQWXP FKHPLFDO FRPSXWDWLRQDO PHWKRGV KDYH
DOVR SUROLIHUDWHG� ZLWK ')7�EDVHG PHWKRGV� LQ SDUWLFXODU �EXW QRW H[FOXVLYHO\�� WDNLQJ D SURPLQHQW
SRVLWLRQ�EHFDXVH�RI�WKH�IDYRUDEOH�VFDOLQJ�RI�SHUIRUPDQFH�DV�WKH�VL]H�RI�WKH�PROHFXOH�LQFUHDVHV�

'HVSLWH WKH DSSOLFDWLRQV LQ GHVLJQ DQG FRQWURO RI UHDFWLRQV� DV ZHOO DV WKH ZLGHVSUHDG XVH RI
FRPSXWDWLRQDO PRGHOLQJ� WKHUH KDYH QRW EHHQ FRPSDUDEO\ H[WHQVLYH H[SHULPHQWDO GHWHUPLQDWLRQV
RI WKH LQWHUDFWLRQ HQHUJLHV IRU PROHFXOHV ZLWK ������ DWRPV LQ WKH JDV SKDVH� ZKLFK LV QHFHVVDU\
WR DYRLG DFFRPSDQ\LQJ HIIHFWV RI VROYDWLRQ� 4XDQWLWDWLYH WHVWV E\ PHDQV RI JDV�SKDVH ERQG
GLVVRFLDWLRQ HQHUJLHV RU JDV�SKDVH HTXLOLEULD �VHFRQG ORZ H[SHULPHQWV� DUH W\SLFDOO\ UHVWULFWHG WR
VPDOO PROHFXOHV� IRU ZKLFK WKH GHVLUHG HIIHFWV DUH DOVR FRUUHVSRQGLQJO\ VPDOO� /DUJHU PROHFXOHV
SRVH WHFKQLFDO FKDOOHQJHV� ZKRVH FLUFXPYHQWLRQ KDV EHFRPH SRVVLEOH RQO\ UHFHQWO\ ZLWK QHZO\
GHYHORSHG�H[SHULPHQWDO�PHWKRGV�

+HUH ZH UHSRUW D WKLUG ORZ H[SHULPHQW� D JDV�SKDVH PROHFXODU WRUVLRQ EDODQFH WKDW XVHV D
FRQIRUPDWLRQDO HTXLOLEULXP WR ૺZHLJKૻ /RQGRQ GLVSHUVLRQ DJDLQVW D FRPSHWLQJ FDWLRQ�͔ LQWHUDFWLRQ�
IRU ZKLFK WKH UHDGRXW LV WKH VKLIW LQ 1�+ VWUHWFKLQJ IUHTXHQF\ PHDVXUHG E\ FU\RJHQLF LRQ
YLEUDWLRQDO SUHGLVVRFLDWLRQ �&,93� VSHFWURVFRS\ RI HOHFWURVSUD\HG S\ULGLQLXP FDWLRQV LQ D )7�,&5
WUDS�

:KLOH IUHTXHQF\ FDOFXODWLRQV ZLWK ')7� DVVLVW LQ WKH LQWHUSUHWDWLRQ RI WKH VSHFWUD� WKH REVHUYHG
FRPSOH[ SDWWHUQ RI 1�+ LQ VSHFWUD FRPHV IURP D )HUPL UHVRQDQFH RI WKH 1�+ VWUHWFK ZLWK RYHUWRQHV
RI LQ�SODQH &�+ ZDJJLQJ PRGHV� EDVHG RQ WKH EDVLV RI FRPSDULVRQ RI WKH VSHFWUXP WR WKRVH IRU D
UDQJH RI UHODWHG FDWLRQV ZLWK V\VWHPDWLFDOO\ YDULHG VXEVWLWXWLRQ�� )RU PRVW RI WKH S\ULGLQLXPV
QRQGLVSHUVLRQ DV ZHOO DV GLVSHUVLRQ FRUUHFWHG ')7 PHWKRGV DJUHH WR SUHIHU FRPSDFW FRQIRUPHU DV
WKH PRVW VWDEOH� ZKLOH IRU WKH ODUJHVW RQH ૱ SRVVHVVLQJ KLJKHVW '('�SURSHUWLHV LQ WKH VHULHV�
GLVSHUVLRQ FRUUHFWHG PHWKRGV DSSHDU WR RYHUHVWLPDWH WKH DWWUDFWLYH GLVSHUVLRQ IRUFHV OHDGLQJ WR
SULQFLSDO�LPSURSHU�JHRPHWU\�FRQWUDU\�WR�WKH�H[SHULPHQWDO�GDWD�

>�@ /XNDV )ULWVFKH� $QGUHDV %DFK� /DULVD 0LORJO\DGRYD� $OH[DQGUD 7V\EL]RYD� 3HWHU &KHQ� 5HY� 6FL�
,QVWUXP���������������������ಗ������������
>�@ $OH[DQGUD 7V\EL]RYD૾� /XNDV )ULWVFKH૾� 9ODGLPLU *RUEDFKHY૾� /DULVD 0LORJO\DGRYD� 3HWHU &KHQ� -
&KHP�3K\V����������������������������������
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105�&U\VWDOORJUDSK\�'HWHUPLQHV�WKH�6XSUDPROHFXODU�6WUXFWXUH�RI�/D\HUHG�+\EULG
3HURYVNLWHV

0��$��+RSH���$��0LVKUD���0��&RUGRYD���-��9��0LOLF���7��1DNDPXUD���3��$KODZDW���'��-��.XELFNL���&��(�
$YDORV���8��5RHWKOLVEHUJHU���0��*UDHW]HO���/��(PVOH\�

�/DERUDWRU\�RI�0DJQHWLF�5HVRQDQFH��(3)/���/DERUDWRU\�RI�3KRWRQLFV�DQG�,QWHUIDFHV��(3)/���
/DERUDWRU\�RI�&RPSXWDWLRQDO�&KHPLVWU\�DQG�%LRFKHPLVWU\��(3)/

6ROLG�VWDWH 105 KDV UHFHQWO\ HPHUJHG DV D SRZHUIXO WHFKQLTXH WR VWXG\ WKH VWUXFWXUH DQG
G\QDPLFV RI K\EULG RUJDQLF૱LQRUJDQLF SHURYVNLWHV� 105 LV H[TXLVLWHO\ VHQVLWLYH WR FKHPLFDO
LQIRUPDWLRQ VXFK DV FDWLRQ LQFRUSRUDWLRQ� KDOLGH PL[LQJ� SKDVH VHJUHJDWLRQ DQG G\QDPLFV >�@�
+HUH� ZH VKRZ KRZ PXOWLQXFOHDU ��+� ��) DQG ��&� VROLG�VWDWH 105 FDQ EH HPSOR\HG WR UHYHDO WKH
DWRPLF�VFDOH PROHFXODU VWUXFWXUH RI WKH RUJDQLF VSDFHU FDWLRQV LQ OD\HUHG K\EULG SHURYVNLWHV� �'
K\EULG SHURYVNLWHV� FRQVLVWLQJ RI DQ RUJDQLF FDWLRQW\SLFDOO\ PHWK\ODPPRQLXP �0$� &+�1+��� RU
IRUPDPLGLQLXP �)$� &+�1+�����LQ DQ LQRUJDQLF OHDG KDOLGH PDWUL[� VXIIHU IURP SRRU
HQYLURQPHQWDO VWDELOLW\ WRZDUGV PRLVWXUH� DLU DQG KHDW� KDPSHULQJ WKH GHYHORSPHQW RI GHYLFHV
ZLWK VXIILFLHQWO\ ORQJ OLIHWLPHV IRU FRPPHUFLDO DSSOLFDWLRQ� 2QH VWUDWHJ\ WR LPSURYH WKH VWDELOLW\ LV
WR HPSOR\ D SDVVLYDWLQJ OD\HU RI D �' SHURYVNLWH� ZKLFK FRPSULVH VODEV RI WKH SHURYVNLWH VWUXFWXUH
VHSDUDWHG E\ D K\GURSKRELF RUJDQLF VSDFHU OD\HU >�@� KRZHYHU WKH VWUXFWXUH RI WKLV OD\HU PXVW EH
GHWHUPLQHG VR WKDW LW FDQ EH RSWLPLVHG� IRU H[DPSOH E\ VXSUDPROHFXODU HQJLQHHULQJ� 7KLV LV D
FKDOOHQJH IRU GLIIUDFWLRQ�EDVHG WHFKQLTXHV� ZKHUHDV 105� DV D ORFDO HOHPHQW�VSHFLILF SUREH� LV WKH
SHUIHFW�WRRO�WR�VWXG\�WKH�VXSUDPROHFXODU�VWUXFWXUH��

7KH VDPSOHV LQYHVWLJDWHG LQ WKLV ZRUN DUH D FODVV RI OD\HUHG SHURYVNLWHV EDVHG RQ WKH ZLGHO\
VWXGLHG )$3E,� SHURYVNLWH� ZLWK WKH IRUPXOD $�)$Qಗ�3EQ,�Q��� ZKHUH $� FRXOG EH
SKHQ\OHWK\ODPPRQLXP �3($��� SHQWDIOXRURSKHQ\OHWK\ODPPRQLXP �)($��� RU D ��� PL[WXUH RI WKH
WZR� 7KHVH DGRSW WKH 5XGGOHVGHQ૱3RSSHU VWUXFWXUH ZLWK Q 3E,�ಗ OD\HUV RI FRUQHU VKDULQJ 3E,�
RFWDKHGUD ZLWKLQ HDFK SHURYVNLWH VODE� VHSDUDWHG E\ OD\HUV RI WKH RUJDQLF VSDFHUV �)LJXUH ���
'RXEOH UHVRQDQFH 105 H[SHULPHQWV GHPRQVWUDWH WKH SUR[LPLW\ RI WKH WZR DURPDWLF V\VWHPV�
UDWKHU WKDQ VHJUHJDWLRQ� DQG WKH SUREDEOH VWUXFWXUH IRU WKH RUJDQLF VSDFHU OD\HU LV UHYHDOHG E\
FRPSDULVRQ ZLWK WKH WKHRUHWLFDO VKLIWV IURP ')7 FDOFXODWLRQV� LQ D QRYHO 105 FU\VWDOORJUDSK\
DSSURDFK� 7KH VXSUDPROHFXODU VWUXFWXUH LV FRPSDUHG IRU VDPSOHV V\QWKHVLVHG ZLWK 3($�� )($�� DQG
D ��� PL[WXUH� LQ RUGHU WR DVFHUWDLQ WKH HIIHFW RI ͔૱͔ WHPSODWLQJ� 7KLV UHYHDOV LPSRUWDQW GHVLJQ
SULQFLSOHV LQ �'��' K\EULG SHURYVNLWHV DQG SDYHV WKH ZD\ IRU HYHU�PRUH HIILFLHQW RSWRHOHFWURQLF
GHYLFHV�

)LJXUH �� 6FKHPDWLF GLDJUDP RI WKH OD\HUHG �' SHURYVNLWHV �)($��3($�)$Qಗ�3EQ,�Q�� ZLWK Q  � DQG
Q� ���

>�@�)UDQVVHQ��:��0��-���.HQWJHQV��$��3��0��6ROLG�6WDWH�1XFO��0DJQ��5HVRQ����������������૱���
>�@�&KHQ��<���6XQ��<���3HQJ��-���7DQJ��-���.DLER��=���/LDQJ��=���$GY��0DWHU���������������������
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5HVLGXDO�*DV�(IIHFWV�RQ�WKH�*DV�&KURPDWRJUDSKLF�<LHOG�RI�0HUFXU\�DQG�$VWDWLQH��DQG
7KHLU�,PSDFW�RQ�WKH�6WXG\�RI�7UDQVDFWLQLGHV�&RSHUQLFLXP�DQG�)OHURYLXP

3��,RQHVFX�����1��9��$NVHQRY���*��$��%R]KLNRY���1��0��&KLHUD���5��'UHVVOHU���6��1��'LPLWULHY���3�
6WHLQHJJHU���$��7¾UOHU���5��(LFKOHU�

�8QLYHUVLW\�RI�%HUQ���-RLQW�,QVWLWXWH�IRU�1XFOHDU�5HVHDUFK���3DXO�6FKHUUHU�,QVWLWXWH

3ULQFLSDO FKDOOHQJHV LQ WKH GLVFRYHU\ DQG VWXG\ RI WUDQVDFWLQLGH HOHPHQWV �= ೪ ���� DUH ORZ
SURGXFWLRQ UDWHV UHTXLULQJ WKH DELOLW\ WR GHWHFW VLQJOH DWRPV� DQG JHQHUDOO\ VKRUWHQLQJ KDOI�OLYHV DV
WKH DWRPLF QXPEHU = LQFUHDVHV�� 2Q�OLQH JDV DGVRUSWLRQ FKURPDWRJUDSK\ VHWXSV VXFK DV WKH &U\R�
2Q/LQH 'HWHFWRU �&2/'�� DUH WKH SULPDULO\ HPSOR\HG PHWKRG RI LQYHVWLJDWLRQ ZKLFK DOORZV VLQJOH
DWRP GHWHFWLRQ ZLWK KDOI�OLYHV RI ೪ � VHFRQG� 7KXV� VKRUW�OLYHG WUDQVDFWLQLGH HOHPHQWV &Q �=  ����
DQG )O�=  ���� FDQ EH FKHPLFDOO\ VWXGLHG� 'XULQJ RXU H[SHULPHQWV� +J DQG $W DUH VLPXOWDQHRXVO\
SURGXFHG ZKLFK DOORZV KRPRORJ VWXGLHV DQG PRQLWRULQJ H[SHULPHQWDO FRQGLWLRQV� 3DVW UHVXOWV KDYH
VWURQJO\ LQGLFDWHG WKDW PLQRU FKDQJHV LQ WKH H[SHULPHQWDO FRQGLWLRQV FDQ GUDVWLFDOO\ DIIHFW \LHOGV�
5HFHQW XSJUDGHV LQ WKH VHWXS LQFOXGH PDVV VSHFWURPHWU\ IRU WKH JDV FRPSRVLWLRQ DQDO\VLV ZKLFK
KDYH VKRZQ D VWURQJ FRUUHODWLRQ EHWZHHQ WKH FRPSRVLWLRQ RI UHVLGXDO JDVHV DQG WUDQVSRUW \LHOGV RI
HOHPHQWV��)LJ�����

)LJ �� 1RUPDOL]HG \LHOG RI $W DQG +J LQ UHODWLRQ WR FDUULHU JDV 2� FRQWHQW� GHFUHDVLQJ GHWHFWLRQ RI
UHDFWLRQ�SURGXFWV�DV�2��LQFUHDVHV��3DUWLDO�SUHVVXUH�YDOXHV�DUH�UHODWLYH��QRW�DEVROXWH�

+HUHLQ� ZH SUHVHQW WKH LQIOXHQFH RI LPSXULWLHV LQ WKH FDUULHU JDV RQ WKH FKURPDWRJUDSKLF \LHOG DQG
WKH VLJQLILFDQFH RI DFFXUDWHO\ NQRZLQJ FRQWDPLQDQWV LQ VLPLODU H[SHULPHQWV� ,PSXUH JDVHV PD\
KDYH KDG DQ LPSDFW RQ WKH REVHUYHG \LHOGV GXULQJ SUHYLRXVO\ FRQGXFWHG H[SHULPHQWV ZLWK
FRSHUQLFLXP DQG IOHURYLXP�� 7KLV NQRZOHGJH FDQ WKXV EH XVHG WR SUHYHQW VLGH�UHDFWLRQV DQG WR
LQFUHDVH�WUDQVSRUW�\LHOGV�LQ�WKH�IXWXUH��

:H ZRXOG OLNH WR WKDQN WKH FUHZ RI WKH 8���� DFFHOHUDWRU IRU WKHLU VXSSRUW DV ZHOO DV RXU IXWKHU FR�
DXWKRUV <� 9� $OELQ� 9� ,� &KHSLJLQ� ,� &KXSUDNRYF� 5� 'UHVVOHU� '� +HUUPDQQ� .� 9� /HEHGHY�
$� 6K� 0DGXPDURY� 2� 1� 0DO\VKHY� <� 0HOQLN� '� 3LJXHW� <� $� 3RSRY� $� 9� 6DEHOਃQLNRY� $� ,�
6YLULNKLQ��$��9¸JHOH��$��9��<HUHPLQ

>�@ 0� 6FK¦GHO 	 '� 6KDXJQHVV\ �HGLWRUV�� 7KH &KHPLVWU\ RI 6XSHUKHDY\ (OHPHQWV� �QG (G��
6SULQJHU��������S���
>�@�5��(LFKOHU�HW�DO��1DWXUH�������������������SS�������
>�@ 1� 0� &KLHUD� 7RZDUGV WKH 6HOHQLGHV RI WKH 6XSHUKHDY\ (OHPHQWV &RSHUQLFLXP DQG )OHURYLXP�
3K'�7KHVLV��8QLYHUVLW\�RI�%HUQ��������
>�@�<��%\XQ�HW�DO���&KHPRVSKHUH������������SS���������
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+LJK�5HVROXWLRQ�,QIUDUHG�6SHFWURVFRS\�RI�&\DQR�R[LUDQH��F�&�+�2&1�

.��.HSSOHU���6��$OEHUW���=��&KHQ�����3��/HUFK���&��0DQFD�7DQQHU���-��6WRKQHU���0��4XDFN�

�/DERUDWRU\�IRU�3K\VLFDO�&KHPLVWU\��(7+�=¾ULFK�������=¾ULFK���6ZLVV�/LJKW�6RXUFH��3DXO�6FKHUUHU
,QVWLWXWH�������9LOOLJHQ���,QVWLWXWH�IRU�&KHPLVWU\�	�%LRWHFKQRORJ\��=+$:�=¾ULFK�������:¦GHQVZLO���

&ROOHJH�RI�&KHPLVWU\	&KHPLFDO�(QJLQHHULQJ��/DQ]KRX�8QLYHUVLW\��/DQ]KRX��������&KLQD

2[LUDQHFDUERQLWULOH �F\DQR�R[LUDQH� F�&�+�2&1� LV RI LQWHUHVW DV D SRVVLEOH FKLUDO SUHFXUVRU
PROHFXOH RI HYROXWLRQ >�@� ,Q YLHZ RI SRVVLEOH H[SHULPHQWV DQG ELRPROHFXODU KRPRFKLUDOLW\ >�@� ZH
KDYH SUHYLRXVO\ FDOFXODWHG SDULW\ YLRODWLQJ HQHUJLHV DQG WKH HIIHFWV UHVXOWLQJ IURP WKHP LQ WKLV
PROHFXOH >�@� 7KH VSHFWUXP RI WKH PROHFXOH KDV SUHYLRXVO\ EHHQ LQYHVWLJDWHG LQ WKH PLFURZDYH�
PLOOLPHWHU� VXEPLOOLPHWHU >�@ DQG WHUDKHUW] >�@ UHJLRQV� +HUH ZH UHSRUW KLJK UHVROXWLRQ �������
FPಗ�� URRP WHPSHUDWXUH PHDVXUHPHQWV RI WKH LQIUDUHG VSHFWUXP RI WKLV PROHFXOH XVLQJ WKH =XULFK
3URWRW\SH =3 ���� )7,5 6SHFWURPHWHU� :H KDYH FRQGXFWHG D URYLEUDWLRQDO DQDO\VLV RI WZR
WKRXVDQG WUDQVLWLRQV DVVRFLDWHG ZLWK WKH ͑�� ������ FPಗ�� DQG ͑�� ������ FPಗ�� IXQGDPHQWDOV XVLQJ
D :DWVRQ +DPLOWRQLDQ DQG WKH :$1* SURJUDP >�@� 7KLV DQDO\VLV LQFOXGHV QHZO\ DVVLJQHG LQIUDUHG
WUDQVLWLRQV� DV ZHOO DV PROHFXODU SDUDPHWHUV DQG JURXQG VWDWH HQHUJLHV REWDLQHG IURP RXU ZRUN LQ
WKH 7+] UHJLRQ >�@� ,W KDV UHVXOWHG LQ DFFXUDWH VSHFWURVFRSLF SDUDPHWHUV IRU F�&�+�2&1� 2XU UHVXOWV
ZLOO EH GLVFXVVHG DV WKH\ SHUWDLQ WR WKH HYROXWLRQ RI ELRPROHFXODU KRPRFKLUDOLW\ >�@ DQG
DVWURSK\VLFDO�VSHFWURVFRSLF�VHDUFKHV��VR�IDU�XQVXFFHVVIXO�>�@�

>�@�0��%ROOL��5��0LFXUD��$��(VFKHQPRVHU��&KHP��%LRO�����������������DQG�UHIV��FLWHG�WKHUHLQ��
>�@ 0� 4XDFN� &KHP� 3K\V� /HWW�� ����� ���� ���� 0� 4XDFN� $QJHZ� &KHP� ,QWO� (G�� ����� ���
�����
>�@�5��%HUJHU��0��4XDFN��*��7VFKXPSHU��+HOY��&KLP��$FWD������������������
>�@ )� 0¾OOHU� DQG $� %DXGHU� -� 0RO� 6SHFWURVF�� ����� ���� ��� 0� %HKQNH� ,� 0HGYHGHY� 0�
:LQQHZLVVHU��)�&��'H�/XFLD��DQG�(��+HUEVW��$S-��6XSSOHPHQW�6HULHV����������������
>�@ 6� $OEHUW� 3K� /HUFK� .� .HSSOHU DQG 0� 4XDFN� 3URFHHGLQJV RI WKH ;;� 6\PSRVLXP RQ $WRPLF�
&OXVWHU DQG 6XUIDFH 3K\VLFV ����� �6$63 ������ ,QQVEUXFN 8QLYHUVLW\ 3UHVV ������� SS� �������
�DQG�FLWHG�UHIV����������
>�@ '� /XFNKDXV DQG 0� 4XDFN� 0RO� 3K\V�� ����� ��� ���� 6� $OEHUW� .� .HSSOHU $OEHUW� +�
+ROOHQVWHLQ� &� 0DQFD 7DQQHU� 0� 4XDFN LQ ૻ+DQGERRN RI +LJK 5HVROXWLRQ 6SHFWURVFRS\�ૻ 0� 4XDFN
DQG�)��0HUNW��(GV���������9RO�����&KDSWHU����SS�����������:LOH\��&KLFKHVWHU�
>�@�0��4XDFN��$GY��&KHP��3K\V������������������
>�@ -�(� 'LFNHQV� :�0� ,UYLQH � 0� 2KLVKL� *� $UUKHQLXV� 6� 3LWVFK� $� %DXGHU� )� 0¾OOHU� $�
(VFKHQPRVHU��2ULJLQV�RI�/LIH�DQG�(YROXWLRQ�RI�WKH�%LRVSKHUH���������������

�
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'\QDPLF�VHFRQG�KDUPRQLF�LPDJLQJ�RI�OLSLG�PHPEUDQH�K\GUDWLRQ

6��/HH���'��5RHVHO���0��(UHPFKHY���6��5RNH�

�/DERUDWRU\�IRU�IXQGDPHQWDO�%LR3KRWRQLFV��/%3���(3)/��/DXVDQQH���/DERUDWRU\�IRU�IXQGDPHQWDO
%LR3KRWRQLFV��/%3���(3)/

&HOO PHPEUDQHV DUH FRPSRVHG RI D K\GUDWHG OLSLG ELOD\HU WKDW LV PROHFXODUO\ FRPSOH[ DQG GLYHUVH�
DQG WKH OLQN EHWZHHQ PROHFXODU K\GUDWLRQ VWUXFWXUH DQG PHPEUDQH PDFURVFRSLF SURSHUWLHV LV QRW
ZHOO XQGHUVWRRG� 7KLV LV PDLQO\ GXH WR D ODFN RI WHFKQRORJ\ WKDW FDQ SUREH K\GUDWLRQ RQ WKH
PROHFXODU OHYHO DQG UHODWH WKLV LQIRUPDWLRQ WR PLFUR� DQG PDFURVFRSLF SURSHUWLHV� VXFK DV
PHPEUDQH RUJDQL]DWLRQ� HOHFWURVWDWLFV� IUHH HQHUJ\ DQG FXUYDWXUH� +HUH� ZH LQYHVWLJDWH OLSLG
PHPEUDQH K\GUDWLRQ XVLQJ KLJK WKURXJKSXW VHFRQG KDUPRQLF LPDJLQJ� DQG FRPSDUH WKH
LQWHUDFWLRQ�RI�GLIIHUHQW�GLYDOHQW�LRQV�VXFK�DV�&D���DQG�&X���ZLWK�WKH�PHPEUDQH�

>�@�&DUORV�0DFLDV�5RPHUR��,JRU�1DKDOND��+DOLO�,��2NXU��6\OYLH�5RNH��6FLHQFH��������������������
>�@ 2UO\ %� 7DUXQ� &KULVWRI +DQQHVVFKO¦JHU� 3HWHU 3RKO� 6\OYLH 5RNH� 3URFHHGLQJV RI WKH 1DWLRQDO
$FDGHP\�RI�6FLHQFHV�RI�WKH�8QLWHG�6WDWHV�RI�$PHULFD����������������������
>�@ 2UO\ %� 7DUXQ� 0DNVLP <X� (UHPFKHY� $OHNVDQGUD 5DGHQRYLF� 6\OYLH 5RNH� 1DQR /HWWHUV�
������������������
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6XUIDFH�VHJUHJDWLRQ�DQG�VHOHFWLYH�R[LGDWLRQ�RI�&X,Q�QHDU�VXUIDFH�DOOR\V�XQGHU�&2�
K\GURJHQDWLRQ�FRQGLWLRQV��D�QHDU�DPELHQW�SUHVVXUH�;36�VWXG\

0��/L�����$��=¾WWHO�����:��/XR���

�/DERUDWRU\�RI�0DWHULDOV�IRU�5HQHZDEOH�(QHUJ\��,QVWLWXWH�RI�&KHPLFDO�6FLHQFHV�DQG�(QJLQHHULQJ�
(3)/��&+������6LRQ��6ZLW]HUODQG���(PSD�0DWHULDOV�6FLHQFH�DQG�7HFKQRORJ\��&+������'¾EHQGRUI�

6ZLW]HUODQG

7KH LQIOXHQFH RI &2� K\GURJHQDWLRQ DWPRVSKHUH RQ VXUIDFH VHJUHJDWLRQ� R[LGDWLRQ VWDWH� DQG
VLQWHULQJ EHKDYLRU RI &X,Q QHDU VXUIDFH ELPHWDOOLF SKDVHV ZDV V\VWHPDWLFDOO\ VWXGLHG E\ QHDU
DPELHQW�SUHVVXUH ;�UD\ SKRWRHOHFWURQ VSHFWURVFRS\ �1$3�;36�� 'HSRVLWLRQ RI ,Q RQ WKH VXUIDFH RI D
&X IRLO IRU YDULRXV GXUDWLRQV OHDGV WR GLIIHUHQW GHJUHHV RI DOOR\LQJ DW WKH &X�,Q LQWHUIDFH� 8SRQ
H[SRVXUH WR ��� PEDU &2� DW URRP WHPSHUDWXUH� WKH ,Q SKDVH ZDV SDUWLDOO\ R[LGL]HG DQG SKDVH
VHSDUDWLRQ ZDV REVHUYHG LQ WKH &X,Q DOOR\V� $V WKH WHPSHUDWXUH LQFUHDVH� WKH ,Q SKDVH ZDV IXUWKHU
R[LGL]HG DQG RQO\ LQGLXP R[LGH FDQ EH REVHUYHG DW ��� .� 7KH R[LGDWLRQ RI ,Q DQG SKDVH VHSDUDWLRQ
RI &X,Q DOOR\ ZDV VLPLODU WR LQ WKH SUHVHQFH RI ��� PEDU &2� DQG ��� PEDU +�� ,Q ERWK FDVHV� ODWWLFH
DQG GHIHFW R[\JHQ VSHFLHV FDQ EH REVHUYHG VLPXOWDQHRXVO\ DQG WKHLU UDWLRQ LQFUHDVH ZLWK
WHPSHUDWXUH� &�V VSHFWUD UHYHDOHG WKDW FDUERQDWH LV WKH PDLQ DGVRUEDWH RQ WKH VXUIDFH RI &X,Q
DOOR\V DQG PRUH &2� LV FKHPLVRUEHG RQ WKH VDPSOH ZLWK KLJKHU ,Q VXUIDFH FRYHUDJH� 6FDQQLQJ
HOHFWURQ PLFURVFRS\ �6(0� VWXGLHV LQGLFDWHG WKH PRELOLW\ UHGLVSHUVLRQ RI WKH GHSRVLWHG ,Q
QDQRSDUWLFOHV RQ &X VXUIDFH XQGHU &2� K\GURJHQDWLRQ FRQGLWLRQV� 7KHVH UHVXOWV IURP LQ VLWX ;36
H[SHULPHQWV SURYLGH QHZ LQVLJKWV IRU XQGHUVWDQGLQJ WKH DFWLYH VLWHV RI ,Q�EDVHG FDWDO\VWV IRU &2�
K\GURJHQDWLRQ�
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,QVLJKWV�RQ�WKH�IRUPDWLRQ�RI�QDQRSRUHV�LQ�VLQJOH�OD\HU�JUDSKHQH

6��/L���6��+XDQJ���0��5H]DHL���.��9��$JUDZDO�

�/DERUDWRU\�RI�$GYDQFHG�6HSDUDWLRQV��/$6���,6,&��(3)/

*UDSKHQH QDQRVWUXFWXUHV KDYH DWWUDFWHG LQFUHDVLQJ DWWHQWLRQ GXH WR WKHLU JUHDW SRWHQWLDO LQ
YDULRXV DSSOLFDWLRQV VXFK DV PHPEUDQHV� EDWWHULHV� VHPLFRQGXFWLQJ GHYLFHV� HWF� $PRQJ WKHVH�
WKH QDQRPHWHU�VL]HG SRUHV �YDFDQF\ GHIHFWV LQ JUDSKHQH ODWWLFH� KDYH HPHUJHG DV WKH SURPLVLQJ
QH[W�JHQHUDWLRQ GHYLFHV IRU VLQJOH�PROHFXOH DQDO\VLV� VHSDUDWLRQ DQG '1$ VHTXHQFLQJ� &UHDWLQJ
QDQRSRURXV VLQJOH�OD\HU JUDSKHQH ZLWK D UHVROXWLRQ LQ PROHFXODU GLIIHUHQWLDWLRQ UHDFKLQJ ��� � ZLWK
D KLJK GHJUHH RI WXQDELOLW\� FDQ DGGUHVV D ZLGH UDQJH RI PROHFXODU VHSDUDWLRQ LQFOXGLQJ GLIILFXOW
VHSDUDWLRQV VXFK DV FDUERQ FDSWXUH DQG 2��1� VHSDUDWLRQ� 7LOO QRZ� SODVPD WUHDWPHQW�>�@ DQG
R[\JHQ�OHG HWFKLQJ�>�@ KDV OHG WR WKH LQFRUSRUDWLRQ RI VXE�QDQRPHWHU�VL]HG QDQRSRUHV LQ
JUDSKHQH� 2XU ODERUDWRU\ KDV GHYHORSHG R]RQH�EDVHG JUDSKHQH PLOOLVHFRQG JDVLILFDWLRQ FKHPLVWU\
ZKLFK LV KLJKO\ VFDODEOH DQG HDV\ WR FRQWURO WR JHQHUDWH QDQRPHWHU VL]HG SRUHV LQ JUDSKHQH ODWWLFH�
+RZHYHU� GXH WR WKH UHVROXWLRQ OLPLWDWLRQ� WKH GLUHFW REVHUYDWLRQ DQG VWDWLVWLFDO DQDO\VLV IRU WKH
QDQRSRUH VWUXFWXUH KDV UHPDLQHG D ELJ SUREOHP� $OWKRXJK KLJK�UHVROXWLRQ WUDQVPLVVLRQ HOHFWURQ
PLFURVFRS\ �+57(0� UHPDLQV D SRSXODU WRRO WR REVHUYH WKH SRUH VWUXFWXUHV� WKH VDPSOH
SUHSDUDWLRQ IRU 7(0� DQG H[SRVXUH WR HOHFWURQ EHDP LV NQRZQ WR GDPDJH DQG UHDUUDQJH WKH SRUH
VWUXFWXUH� &RQWUDU\ WR HOHFWURQ PLFURVFRSH� VFDQQLQJ WXQQHOLQJ PLFURVFRSH �670�� GRHV QRW
GDPDJH WKH VDPSOH VXUIDFH� DQG LV D SRZHUIXO LQVWUXPHQW IRU LPDJLQJ VXUIDFHV DW WKH DWRPLF�VFDOH�
,Q WKLV WDON� , ZLOO GLVFXVV DQDO\]LQJ WKH VL]H DQG GHQVLW\ RI WKH QDQRSRUHV E\ 670� DQG VKHG OLJKW RQ
WKH IRUPDWLRQ PHFKDQLVP RI QDQRSRUHV ZKHQ WKH\ DUH LQFRSRUDWHG E\ JDVLILFDWLRQ RI JUDSKHQH E\
R]RQH�

)LUVW� , ZLOO GLVFXVV HYROXWLRQ RI SRUH GHQVLW\ DV D IXQFWLRQ RI WKH HWFKLQJ WHPSHUDWXUH� $V VKRZQ LQ
)LJ� �� FRPSDULQJ WR HWFKLQJ JUDSKHQH E\ R]RQH JDV DW ��� � GHFUHDVLQJ WKH HWFKLQJ
WHPSHUDWXUH WR ���  DQG ��� � FDXVHG D ORZHU GHQVLW\ RI QDQRSRUHV� %DVHG RQ 670 LPDJHV�
WKH QDQRSRUH GHQVLW\ UDQJHV IURP ��� ������FP� WR ��� ������FP�� 7KHQ� , ZLOO GLVFXVV NLQHWLF
PRGHOLQJ RI WKH HWFKLQJ SURFHVV ZKLFK H[SODLQV SRUH GHQVLW\ DV D IXQFWLRQ RI WHPSHUDWXUH� %ULHIO\�
XSRQ H[SRVXUH WR 2�� WKH SRUH QXFOHDWLRQ GHQVLW\ LV H[SHFWHG WR EH SURSRUWLRQDO WR WKH GHQVLW\ RI
WKH FKHPLVRUEHG IXQFWLRQDO JURXS ZKLFK HYHQWXDOO\ \LHOGV D YDFDQF\ GHIHFW� 'XH WR GLIIHUHQW
UHDFWLRQ WHPSHUDWXUH LV FRQVLGHUHG WR OHDG WR D GLIIHUHQW 2� QXFOHDWLRQ GHQVLW\� WKH QDQRSRUHV
GHQVLW\ ZLOO EH YDULHG ZLWK WKH WHPSHUDWXUH FKDQJLQJ� 7KH ZKROH SURFHVV RI 2� HWFKLQJ RQ
JUDSKHQH�PHPEUDQH�FDQ�EH�UHSUHVHQWHG�E\�WKH�IROORZLQJ�VHW�RI�UHDFWLRQV�

2� �J� � �& ఙ �&�2� �3K\VLVRUEHG�� �&�2� �3K\VLVRUEHG� ఙ �&�2 �&KHPLVRUEHG� � 2�� �&�2
�&KHPLVRUEHG��గ��&�2��&OXVWHU����&�2��&OXVWHU��గ�9DFDQF\���&2��J�

)LQDOO\� , ZLOO VKRZ HYLGHQFH WKDW WKHVH QDQRSRUHV RULJLQDWH IURP WKH HSR[\ FOXVWHUV E\ HVVHQWLDOO\
WKH�XQ]LSSLQJ�RI�FKDLQV�RI�HSR[\�IXQFWLRQDO�JURXSV�

)LJ����670�LPDJHV�RI�JUDSKHQH�PHPEUDQH�DIWHU�2��WUHDWPHQW�DW������������DQG������

>�@�$��'DY\GRYD�HW�DO��-��$SSO��3K\V���������������������
>�@�<��<DPDGD�HW�DO��-��$P��&KHP��6RF�������������������
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6XSHU�5HVROXWLRQ�0LFURVFRS\�ZLWK�0HFKDQRVHQVLWLYH�0HPEUDQH�7HQVLRQ�3UREHV

-��0DLOODUG���-��*DUF¯D�&DOYR���.��6WUDNRYD���1��6DNDL���6��0DWLOH���$��)¾UVWHQEHUJ�

�8QLYHUVLW\�RI�*HQHYD

0HPEUDQH WHQVLRQ LV D NH\ SDUDPHWHU WR PDQ\ GLIIHUHQW FHOOXODU SURFHVVHV �H�J� FHOO GLYLVLRQ DQG
LQWUDFHOOXODU PHPEUDQH WUDIILFNLQJ�� +RZHYHU� WKH LPDJLQJ RI SK\VLFDO IRUFHV LQ OLYLQJ V\VWHP
UHPDLQV WHFKQLFDOO\ FKDOOHQJLQJ�� *URXQG�VWDWH SODQDUL]DWLRQ RI ROLJRWKLRSKHQHV DW URRP
WHPSHUDWXUH KDV OHG WR WKH GHYHORSPHQW RI SXVK�SXOO SUREHV DV PHFKDQRVHQVLWLYH PROHFXOHV�
FDOOHG ૺIOLSSHUVૻ� VXLWHG IRU )/,0 �IOXRUHVFHQFH OLIHWLPH LPDJLQJ����� 7KHVH SUREHV LQVHUW HDVLO\ LQWR
OLSLG PHPEUDQHV� ZKHUH WKH\ GLVSOD\ UHG�VKLIWHG DEVRUSWLRQ DQG D PXFK VWURQJHU IOXRUHVFHQFH
HPLVVLRQ LQ WKH OLTXLG RUGHUHG �/R� OLSLG SKDVH WKDQ LQ WKH OLTXLG GLVRUGHUHG �/G� SKDVH GXH WR WKH
IRUFHV LPSRVLQJ D SODQDUL]DWLRQ RI WKH FKURPRSKRUH DOUHDG\ LQ LWV JURXQG VWDWH� ,Q WKLV FRQWULEXWLRQ�
ZH HYDOXDWH GLIIHUHQW IOLSSHU GHULYDWLYHV IRU VLQJOH�PROHFXOH EDVHG VXSHU�UHVROXWLRQ LPDJLQJ DQG
GHPRQVWUDWH� WR RXU NQRZOHGJH IRU WKH ILUVW WLPH� LPDJLQJ EHORZ WKH GLIIUDFWLRQ OLPLW ZLWK D
PHFKDQRVHQVLWLYH SUREH �)LJXUH ��� ZKLFK RSHQV XS SURPLVLQJ SHUVSHFWLYHV IRU LPDJLQJ ORFDO
IRUFHV�ZLWK�QDQRPHWULF�SUHFLVLRQ�LQ�FHOO�ELRORJ\�

>�@ 3RQWHV� %�� 0RQ]R� 3�� *DXWKLHU� 1� &� 0HPEUDQH 7HQVLRQ� $ &KDOOHQJLQJ EXW 8QLYHUVDO 3K\VLFDO
3DUDPHWHU�LQ�&HOO�%LRORJ\��6HPLQ��&HOO�'HY��%LRO��������������૱���
>�@ 6ROHLPDQSRXU� 6�� &RORP� $�� 'HULYHU\� (�� *RQ]DOH]�*DLWDQ� 0�� 5RX[� $�� 6DNDL� 1�� 0DWLOH� 6�
+HDGJURXS (QJLQHHULQJ LQ 0HFKDQRVHQVLWLYH 0HPEUDQH 3UREHV� &KHP� &RPPXQ� ����� �� ������
�����૱������
>�@ )LQ� $�� 9DUJDV -HQW]VFK� $�� 6DNDL� 1�� 0DWLOH� 6� 2OLJRWKLRSKHQH $PSKLSKLOHV DV 3ODQDUL]DEOH
DQG 3RODUL]DEOH )OXRUHVFHQW 0HPEUDQH 3UREHV� $QJHZ� &KHP� ,QW� (G (QJO� ����� �� �����
�����૱������
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+\EULG�7UDSSLQJ�RI�6WDUN�'HFHOHUDWHG�3RODU�0ROHFXOHV�DQG�/DVHU�&RROHG�,RQV�LQ�D
&U\RJHQLF�7UDS

&��0DQJHQJ���7��.LHUVSHO���&��YRQ�3ODQWD���'��+DDV���'��=KDQJ���6��:LOOLWVFK�

�8QLYHUVLW\�RI�%DVHO��'HSDUWPHQW�RI�&KHPLVWU\���-LOLQ�8QLYHUVLW\��,QVWLWXWH�RI�$WRPLF�DQG�0ROHFXODU
3K\VLFV

7UDSSLQJ SDUWLFOHV IRU H[WHQGHG GXUDWLRQV LV D NH\ IDFWRU IRU FROOLVLRQ H[SHULPHQWV LQ WKH FROG
UHJLPH �WUDQVODWLRQDO WHPSHUDWXUH EHORZ � .�� HVSHFLDOO\ LQ FDVHV ZKHUH GHQVLWLHV DUH ORZ� 6XFK
H[SHULPHQWV DOORZ WR VWXG\ IXQGDPHQWDO LQWHUDFWLRQV OLNH UHDFWLYH DQG LQHODVWLF FROOLVLRQV EHWZHHQ
SDUWLFOHV� ZKLFK FDQ EH KLJKO\ GHSHQGHQW RQ WKHLU TXDQWXP QDWXUH� :KLOH K\EULG V\VWHPV RI
WUDSSHG FROG DWRPV DQG LRQV KDYH EHHQ SURYHQ WR SURYLGH D VXLWDEOH EDVLV IRU VXFK H[SHULPHQWV�
WKH IRFXV LV QRZ VKLIWLQJ WRZDUGV PROHFXODU V\VWHPV GXH WR WKHLU LQFUHDVHG YHUVDWLOLW\ >�� �@� ,Q
RUGHU WR WUDS QHXWUDO PROHFXOHV IRU WKHVH GXUDWLRQV� D FU\RJHQLF HQYLURQPHQW LV RI DGYDQWDJH� DV LW
VLJQLILFDQWO\�UHGXFHV�WKH�VXUURXQGLQJ�EODFN�ERG\�UDGLDWLRQ�ZKLFK�OLPLWV�WKH�WUDSSLQJ�WLPHV�

:H SUHVHQW H[SHULPHQWDO UHVXOWV RQ WKH VHSDUDWHG WUDSSLQJ RI 6WDUN�GHFHOHUDWHG 2+ UDGLFDOV >�@
DQG &D� LRQV LQ D FU\RJHQLF K\EULG WUDS� FRQVLVWLQJ RI D PDJQHWLF DQG DQ 5) LRQ WUDS� 6XFFHVVIXO
WUDSSLQJ RI 2+ ZLWK ��H WUDS OLIHWLPHV FORVH WR KDOI D PLQXWH ZHUH DFKLHYHG >�@� 5HVXOWV RQ WKH
WUDSSLQJ RI &D� LRQV DUH DOVR VKRZQ� 7KHVH DUH FUXFLDO VWHSV WRZDUGV WKH JRDO RI VWXG\LQJ FROG
UHDFWLRQV EHWZHHQ QHXWUDO DQG LRQLF PROHFXOHV� 5HVXOWV RQ WKH FRQQHFWLRQ RI ERWK WUDSV YLD D
PHFKDQLFDO�VKXWWOLQJ�PHFKDQLVP�DUH�SHQGLQJ�

$GGLWLRQDOO\� ZH SUHVHQW WKH GHVLJQ RI DQ LPSURYHG YHUVLRQ RI WKH K\EULG WUDS� ZLWK D IRFXV RQ
UHOLDELOLW\ DQG LQFUHDVHG VLJQDO�WR�QRLVH UDWLR� 7KLV UDWLR LV LPSURYHG E\ D QHZ ORDGLQJ PHFKDQLVP
IRU WKH UDGLFDOV WKDW HOLPLQDWHV WKH KLJK YROWDJH FRQQHFWLRQV� D FOHDU DGYDQWDJH LQ D FROG DQG
GHQVHO\ SDFNHG VHWXS� $GGLWLRQDOO\� D 72)�06 VSHFWURPHWHU LV LPSOHPHQWHG� ZKLFK H[WHQGV WKH
GHWHFWLRQ SRVVLELOLWLHV EH\RQG ODVHU�LQGXFHG IOXRUHVFHQFH DQG DOORZV WR VWXG\ LRQLF UHDFWLRQ
SURGXFWV� 7KH PHUJLQJ RI WKH WUDSV LV DFKLHYHG E\ VKXWWOLQJ WKH LRQV YLD HOHFWULF ILHOGV DQG WKXV
UHPRYLQJ WKH VKXWWOH PRWRU XVHG LQ WKH FXUUHQW WUDS GHVLJQ� 7KLV UHVXOWV LQ D K\EULG WUDS ZLWKRXW
PRYLQJ�SDUWV��ZKLFK�LV�RI�DGYDQWDJH�QRW�RQO\�IRU�FU\RQLF�FRQGLWLRQV�

>�@�6��:LOOLWVFK��$GY��&KHP��3K\V������������������
>�@ 3� (EHUOH� $� '� '¸UIOHU� &� YRQ 3ODQWD� 5� .ULVKQDPXUWK\� '� +DDV� '� =KDQJ� 6� <� 7� YDQ GH
0HHUDNNHU��6��:LOOLWVFK��-��3K\V��&RQI��6HU���������������������
>�@�'��+DDV��&��YRQ�3ODQWD��7��.LHUVSHO��'��=KDQJ��6��:LOOLWVFK��&RPPXQ��3K\V����������������
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,QWHUPHGLDWH�3KDVH�'XULQJ�3HURYVNLWH�&U\VWDOOL]DWLRQ�5HYHDOHG�XVLQJ�VROLG�VWDWH�105

$��0LVKUD���'��-��.XELFNL���&��(��$YDORV���-��=KDQJ���=��:DQJ���$��+DJIHOGW���0��*UDHW]HO���/��(PVOH\�

�/DERUDWRU\�RI�0DJQHWLF�5HVRQDQFH��(3)/���/DERUDWRU\�RI�3KRWRQLFV�DQG�,QWHUIDFHV��(3)/���
/DERUDWRU\�RI�3KRWRPROHFXODU�VFLHQFHV��(3)/���/DERUDWRU\�RI�3KRWRQLFV�DQG�,QWHUIDFHV��(3)/

/DXVDQQH���/DERUDWRU\�RI�0DJQHWLF�5HVRQDQFH��(3)/�/DXVDQQH

$OO�LQRUJDQLF KDOLGH SHURYVNLWHV KDYH DWWUDFWHG LPPHQVH LQWHUHVW DV ORQJ�WHUP VWDEOH
SKRWRYROWDLF�39� PDWHULDOV DQG LQ WDQGHP VRODU FHOOV�>�@ +RZHYHU� VXFK VRODU FHOOV VXIIHU IURP SRRU
LQWHUIDFLDO FRQWDFW EHWZHHQ WKH LQRUJDQLF SHURYVNLWH DQG WKHPHWDO R[LGH FKDUJH VHOHFWLYH OD\HU�
VHYHUHO\ OLPLWLQJ WKH SRZHU FRQYHUVLRQ HIILFLHQF\ DQG VWDELOLW\ RI LQRUJDQLF SHURYVNLWH VRODU FHOOV�
$Q HIIHFWLYH VWUDWHJ\ WR LPSURYH WKH LQWHUIDFLDO FRQWDFW LV WR WUHDW WKH SHURYVNLWH ZLWK VPDOO RU ODUJH
RUJDQLF PROHFXOHV VXFK DV JXDQLGLQLXP LRGLGH �*8$,�� HWK\O DPPRQLXP LRGLGH �($,�� SKHQ\OHWK\O
DPPRQLXP�LRGLGH��3($,��>���@

+HUH� ZH UHSRUW DQ LQWHUPHGLDWH SKDVH HQJLQHHULQJ VWUDWHJ\ E\ LQWURGXFLQJ YRODWLOH RUJDQLF VDOWV
�&+�1+���� � )$�� 1+��� &+��&+���1+�� � %$�� &+�1+�� � 0$�� LQWR WKH LQRUJDQLF SHURYVNLWH �&V3E;�
� ; &O� %U� ,� LQ WKH LQWHUPHGLDWH VWDJHV RI LWV FU\VWDOOL]DWLRQ� 7KLV VWUDWHJ\ KDUQHVVHV WKH WKH
SURSHUW\ RI VPRRWK FRQWDFWV DPRQJ LQWHUOD\HUV LQ RUJDQLF SHURYVNLWH� 7KH DWRPLF�OHYHO XQGHUO\LQJ
PHFKDQLVP LV UHYHDOHG XVLQJ PDJLF�DQJOH VSLQQLQJ �0$6� VROLG�VWDWH 105 H[SHULPHQWV� 2XU ���&V
H[SHULPHQWV XQDPELJXRXVO\ UHYHDO WKDW H[LVWHQFH RI IRUPDPLGLQLXP LRQ �)$�� LQ WKH &V3E%U�
ODWWLFH DQG IRUPDWLRQ RI PL[HG &V[)$��[3E%U� SKDVHV IROORZLQJ LQFRUSRUDWLRQ RI )$� LRQV� )XUWKHU�
KLJK WHPSHUDWXUH DQQHDOLQJ SURFHVV WUDQVIRUPV WKLV RUJDQLF�LQRUJDQLF SKDVH� &V[)$��[3E%U�� WR SXUH�
LQRUJDQLF SKDVH� &V3E%U�� 0RUHRYHU� ZH KDYH VKRZQ WKDW RWKHU YRODWLOH FDWLRQV �1+��� %$�� 0$��
VHJUHJDWH DQG IRUP �'��' KHWHURVWUXFWXUHV ZKLFK XOWLPDWHO\ QRW SUHVHUYH WKH VPRRWK LQWHUIDFLDO
FRQWDFWV� UHVXOWV LQ YHU\ VOLJKW LPSURYHG 39 SHUIRUPDQFH� %\ UHYHDOLQJ WKLV DWRPLF�VFDOH
PHFKDQLVP�RI�LPSURYHG�LQWHUIDFLDO�FRQWDFW��IXUWKHU�VWUDWHJLHV�FDQ�EH

>�@ 1DWLRQDO 5HQHZDEOH (QHUJ\ /DERUDWRU\ �15(/� KWWSV���ZZZ�QUHO�JRY�SY�FHOO�HIILFLHQF\�KWPO
�DFFHVVHG�LQ�0D\������
>�@ $OKDUEL� (�$� HW DO� $WRPLF�OHYHO SDVVLYDWLRQ PHFKDQLVP RI DPPRQLXP VDOWV HQDEOLQJ KLJKO\
HIILFLHQW�SHURYVNLWH�VRODU�FHOOV��1DW�&RPPXQ����������������
>�@�+REHRP�.LP�HW�DO��$GY��)XQFW��0DWHU�������������������
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:K\�LV�WKLV�FKLUDO�(XURSLXP�FRPSOH[�VXFK�D�JRRG�&3/�HPLWWHU"�1HZ�LQVLJKWV�IURP�WLPH�
UHVROYHG�&'�VSHFWURVFRS\

/��0¾OOHU���%��%DXHU���)��=LQQD���0��&KHUJXL���0��2SSHUPDQQ�

��FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH��'HSDUWPHQW�RI�&KHPLVWU\�DQG�&KHPLFDO�(QJLQHHULQJ�
/DXVDQQH��6ZLW]HUODQG���8QLYHUVLW¢�GL�3LVD��'HSDUWPHQW�RI�&KHPLVWU\�DQG�,QGXVWULDO�&KHPLVWU\�

3LVD��,WDO\

&LUFXODUO\�SRODULVHG OXPLQHVFHQFH �&3/� KDV SURPLVLQJ DSSOLFDWLRQV LQ WKH ILHOGV RI RSWLFDO GDWD
VWRUDJH� ELRPHGLFDO GLDJQRVLV� IRU PROHFXODU SKRWRVZLWFKHV� DQG DOVR IRU WKH FUHDWLRQ RI PRUH
HIIHFWLYH 2/(' GLVSOD\V� >�@ /DQWKDQLGH�EDVHG FKLUDO FRPSOH[HV KDYH JDLQHG D ORW RI DWWHQWLRQ DV
&3/ HPLWWHUV GXH WR WKHLU VKDUS DQG LQWHQVH HPLVVLRQ OLQHV� ORQJ HPLVVLRQ OLIHWLPHV DQG DERYH DOO�
GXH WR WKHLU KLJK GHJUHH RI FLUFXODU SRODULVDWLRQ� +HUH� &V(X�����KIEF�� �KIEF  ��KHSWDIOXRUR�
EXW\O\U\OFDPSKRUDWH�� VHUYHV DV WKH SURWRW\SLFDO PRGHO FRPSRXQG GLVSOD\LQJ D UHFRUG &3/
HPLVVLRQ��ZLWK�����RI�WKH�SKRWRQV�EHLQJ�OHIW�FLUFXODUO\�SRODULVHG�DW�����QP��JOXP� ��������>�@

$OWKRXJK WKH OXPLQHVFHQW WUDQVLWLRQ LV PHWDO�FHQWUHG �0&�� WKH FKLUDO OLJDQGV SOD\ D FUXFLDO GXDO
UROH LQ WKH &3/ SKHQRPHQRQ� )LUVWO\� WKH\ DFW DV SKRWRVHQVLWLVHUV SURYLGLQJ HIILFLHQW HQHUJ\
WUDQVIHU WR WKH GLSROH�IRUELGGHQ 0& WUDQVLWLRQ� 6HFRQGO\� LW KDV EHHQ SURSRVHG WKDW WKH KLJK GHJUHH
RI OXPLQHVFHQFH GLVV\PPHWU\ DULVHV IURP WKH G\QDPLF FRXSOLQJ RI WKH OLJDQG�FHQWUHG HOHFWURQLF
WUDQVLWLRQ GLSROHV ZLWK WKH 0& WUDQVLWLRQV RI WKH HXURSLXP LRQ� >�@ (YHQ WKRXJK WKLV GXDO UROH RI WKH
OLJDQG LV ZHOO�NQRZQ� QHLWKHU WKH HQHUJ\ WUDQVIHU QRU WKH FKLUDO FRXSOLQJ LQ WKH SKRWR�H[FLWHG VWDWH
KDV WKXV IDU EHHQ FKDUDFWHULVHG ZLWK WLPH�UHVROYHG VSHFWURVFRSLF PHWKRGV� $V D FRQVHTXHQFH� WKH
SUHFLVH UHDVRQV IRU WKH H[FHSWLRQDO H[FLWHG VWDWH FKLUDOLW\ RI WKLV FRPSRXQG DUH QRW \HW IXOO\
XQGHUVWRRG�

+HUH ZH DGGUHVV WKLV JDS E\ SHUIRUPLQJ WLPH�UHVROYHG DEVRUSWLRQ� HPLVVLRQ DQG FLUFXODU GLFKURLVP
VSHFWURVFRS\ RQ &V(X�����KIEF�� IRU WKH ILUVW WLPH� >�@ 7KH FRPELQDWLRQ RI WKHVH PHWKRGV DOORZV XV
WR REWDLQ D FRPSOHWH SLFWXUH RI WKH FKLUDO SKRWRSK\VLFV XQGHUO\LQJ WKH H[FHSWLRQDOO\ KLJK &3/
DFWLYLW\ RI &V(X�����KIEF��� 7KHVH ILQGLQJV ZLOO EH FUXFLDO IRU GHVLJQLQJ LPSURYHG &3/ FRPSRXQGV
IRU�IXWXUH�WHFKQRORJLFDO�DSSOLFDWLRQV�

>�@�-��5��%UDQGW��)��6DOHUQR��0��-��)XFKWHU��1DW��5HY��&KHP�����������������
>�@ -� /� /XQNOH\� '� 6KLURWDQL� .� <DPDQDUL� 6� .DL]DNL� *� 0XOOHU� -� $P� &KHP� 6RF�� ����� ����
������������
>�@�6��'L�3LHWUR��/��'L�%DUL��,QRUJ��&KHP�������������������������
>�@ 0� 2SSHUPDQQ� %� %DXHU� 7� 5RVVL� )� =LQQD� -� +HOELQJ� -� /DFRXU� 0� &KHUJXL� 2SWLFD� ����� ��
������
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,QYHVWLJDWLQJ�6WDWH�6SHFLILF�DQG�&RQIRUPDWLRQDO�(IIHFWV�LQ�3HQQLQJ�,RQLVDWLRQ�5HDFWLRQV

/��3ORHQHV���3��6WUDQDN���+��*DR�����-��.¾SSHU�����6��:LOOLWVFK�

�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�%DVHO��.OLQJHOEHUJVWUDVVH����������%DVHO��&+���&HQWHU�IRU
)UHH�(OHFWURQ�/DVHU�6FLHQFH��'(6<��1RWNHVWUDVVH�����������+DPEXUJ��*HUPDQ\���3UHVHQW��%HLMLQJ
1DWLRQDO�/DERUDWRU\�RI�0ROHFXODU�6FLHQFHV��,QVWLWXWH�RI�&KHPLVWU\��&KLQHVH�$FDGHP\�RI�6FLHQFHV�
%HLMLQJ���������&KLQD���'HSDUWPHQW�RI�3K\VLFV�DQG�7KH�+DPEXUJ�&HQWHU�IRU�8OWUDIDVW�,PDJLQJ�

8QLYHUVLW\�RI�+DPEXUJ��/XUXSHU�&KDXVVHH������������+DPEXUJ��*HUPDQ\

7KH WKUHH�GLPHQVLRQDO VWUXFWXUH RI PROHFXOHV KDV D SURIRXQG LPSDFW RQ WKHLU FKHPLFDO UHDFWLYLW\
>�@� $PRQJ WKH GRPLQDQW IRUP RI VWUXFWXUDO LVRPHUV DUH PROHFXODU FRQIRUPHUV� ZKLFK LQIOXHQFH RQ
WKH�PHFKDQLVP�RI�UHDFWLRQV�LV�VWLOO�QRW�VXIILFLHQWO\�XQGHUVWRRG�

7KH PDMRU H[SHULPHQWDO REVWDFOH IRU LQYHVWLJDWLQJ FRQIRUPHU VSHFLILF HIIHFWV ZDV WLOO UHFHQWO\ WKH
LVRODWLRQ DQG FRQWURO RI LQGLYLGXDO FRQIRUPHUV GXH WR WKHLU VWURQJ WHQGHQF\ WR WKHUPDO
LQWHUFRQYHUVLRQ� 7KLV FKDOOHQJH ZDV UHFHQWO\ RYHUFRPH E\ WKH VXFFHVVIXO VSDWLDO VHSDUDWLRQ RI
FRQIRUPHUV LQ FROG� VXSHUVRQLF PROHFXODU EHDPV� ZKHUH WKH LQWHUFRQYHUVLRQ EHWZHHQ FRQIRUPHUV LV
HIIHFWLYHO\ VXSSUHVVHG� 6HSDUDWLRQ ZDV DFKLHYHG E\ H[SORLWLQJ WKH LQWHUDFWLRQ RI WKH VWURQJ�
LQKRPRJHQHRXV ILHOG RI DQ HOHFWURVWDWLF GHIOHFWRU ZLWK WKH GLSROH PRPHQW RI GLIIHUHQW
FRQIRUPDWLRQDO LVRPHUV >���@� 6HSDUDWLRQ DQG VHOHFWLRQ RI GLIIHUHQW URWDWLRQDO VWDWHV GHSHQGLQJ RQ
WKHLU HIIHFWLYH GLSROH PRPHQW LV DOVR SRVVLEOH ZLWK WKLV PHWKRG >�@� 7KH UHVXOWLQJ PROHFXODU EHDPV
RI VWDWH� RU FRQIRUPDWLRQDOO\ VHOHFWHG VSHFLHV SURYLGH DQ LGHDO VWDUWLQJ SRLQW IRU FRQWUROOHG� VWDWH�
DQG FRQIRUPHU�VHOHFWLYH UHDFWLRQ H[SHULPHQWV� 7KLV H[SHULPHQWDO WHFKQLTXH KDV DOUHDG\ EHHQ
VXFFHVVIXOO\ DSSOLHG IRU WKH LQ�GHSWK VWXG\ RI FRQIRUPDWLRQDO HIIHFWV LQ QHXWUDO�LRQLF UHDFWLRQ
FROOLVLRQV RI ��DPLQRSKHQRO ZLWK D &RXORPE FU\VWDO RI &D� LRQV DQG PRUH UHFHQWO\� IRU WKH UHDFWLRQ
RI�QXFOHDU�VSLQ�LVRPHUV�RI�ZDWHU�ZLWK�V\PSDWKHWLFDOO\�FRROHG�1�+��LRQV�>�����@�

+HUH� ZH SUHVHQW D QRYHO FURVVHG�PROHFXODU EHDP VHWXS� IHDWXULQJ DQ HOHFWURVWDWLF GHIOHFWRU IRU
WKH LQYHVWLJDWLRQ RI VWDWH�VHOHFWLYH RU FRQIRUPDWLRQDO HIIHFWV RI QHXWUDO UHDFWLRQV� 3URGXFW
GHWHFWLRQ LV SHUIRUPHG E\ D FRPELQDWLRQ RI 72)�06 DQG YHORFLW\�PDS LPDJLQJ >�@ DOORZLQJ XV WR
REWDLQ�DQJOH���HQHUJ\��DQG�PDVV�UHVROYHG�GLVWULEXWLRQV�RI�WKH�UHDFWLRQ�SURGXFWV�

)LUVW WDUJHW V\VWHPV LQFOXGH WKH 3HQQLQJ LRQL]DWLRQ UHDFWLRQ RI URWDWLRQDO VWDWH�VHOHFWHG SRODU
PROHFXOHV� OLNH 2&6� RU FRQIRUPDWLRQDO SUHSDUHG URWDPHUV� OLNH ��DPLQRSKHQRO� ZLWK PHWDVWDEOH
UDUH JDV DWRPV� 3HUVSHFWLYHO\� DOVR WKH LQYHVWLJDWLRQ RI D ZLGH UDQJH RI FRPSOH[� VWURQJ�ILHOG
VHHNLQJ VWHUHRLVRPHUV DQG UDGLFDO UHDFWLRQV ZLOO EH SRVVLEOH ZLWK WKH QHZ FURVVHG PROHFXODU EHDP
VHWXS�

>�@�(��/��(OLHO�DQG�6��+��:LOHQ��6WHUHRFKHPLVWU\�RI�RUJDQLF�FRPSRXQGV��1HZ�<RUN�������
>�@�)��)LOVLQJHU��HW��DO���3K\V��5HY��/HWW���������������������
>�@�)��)LOVLQJHU��HW��DO���$QJHZ��&KHP��,QW��(G������������������
>�@�<��3��&KDQJ��HW��DO���,QW��5HY��LQ�3K\V��&KHP���������������������
>�@�6��:LOOLWVFK��$GY��&KHP��3K\V������������������
>�@�<��3��&KDQJ��HW��DO���6FLHQFH���������������������������
>�@�$��.LODM�HW��DO���1DW��&RPPXQ�����������������
>�@�$��7��-��%��(SSLQN�HW��DO���5HY��6FL��,QVWUXP�����������������
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([FLWRQ�DQG�PXOWL�H[FLWRQV�UHFRPELQDWLRQ�G\QDPLFV�LQ�SHURYVNLWH�&V3E%U��4'V�XQYHLOHG
E\�VLQJOH�4'�RSWLFDO�VSHFWURVFRS\

*��5DLQR�����)��.ULHJ�����0��,��%RGQDUFKXN���0��9��.RYDOHQNR���

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

/DERUDWRULHV�IRU�0DWHULDOV�6FLHQFH�DQG�7HFKQRORJ\��&+������'¾EHQGRUI��6ZLW]HUODQG

/HDG�KDOLGH SHURYVNLWH $3E;� �$ &V RU RUJDQLF FDWLRQ� ; &O� %U� ,� TXDQWXP GRWV �4'V� DUH VXEMHFW
RI LQWHQVH UHVHDUFK GXH WR WKHLU H[FHSWLRQDO SURSHUWLHV DV ERWK FODVVLFDO� DQG TXDQWXP OLJKW
VRXUFHV���� 0DQ\ FKDOOHQJHV RIWHQ IDFHG ZLWK WKLV PDWHULDO FODVV FRQFHUQ WKH ORQJ�WHUP RSWLFDO
VWDELOLW\� D VHULRXV LQWULQVLF LVVXH FRQQHFWHG ZLWK WKH ODELOH DQG SRODU FU\VWDO VWUXFWXUH RI $3E;�
FRPSRXQGV� :KHQ FRQGXFWLQJ VSHFWURVFRS\ DW D VLQJOH SDUWLFOH OHYHO� GXH WR WKH KLJKO\ HQKDQFHG
FRQWDPLQDQWV �H�J�� ZDWHU PROHFXOHV� R[\JHQ� RYHU 1& UDWLR� GHWHULRUDWLRQ RI 1& RSWLFDO SURSHUWLHV
RFFXUV ZLWKLQ WHQV RI VHFRQGV� ZLWK W\SLFDOO\ XVHG H[FLWDWLRQ SRZHU GHQVLWLHV ������ :�FP��� DQG LQ
DPELHQW FRQGLWLRQV� %\ XVLQJ D VXLWDEOH SRO\PHU PDWUL[� WKHVH GHWULPHQWDO HIIHFWV FDQ EH
VXSSUHVVHG� DQG LQWULQVLF H[FLWRQ DQG PXOWL�H[FLWRQ G\QDPLFV FDQ EH H[SORUHG DW WKH VLQJOH�SDUWLFOH
OHYHO�

+HUH� ZH UHSRUW D FRPSUHKHQVLYH LQYHVWLJDWLRQ RI WKH URRP WHPSHUDWXUH VLQJOH 4' RSWLFDO
SURSHUWLHV� 7KH UHVXOWV UHYHDO WKH RULJLQ RI WKH 4' KRPRJHQHRXV 3/ OLQHZLGWKV� DQG WKH SHFXOLDU
VL]H�GHSHQGHQW�H[FLWRQ�DQG�PXOWL�H[FLWRQV�UHFRPELQDWLRQ�G\QDPLFV��

6XFK ILQGLQJV JXLGH WKH IXUWKHU GHVLJQ RI UREXVW VLQJOH�SKRWRQ VRXUFHV RSHUDWLQJ DW URRP
WHPSHUDWXUH��

>�@ $NNHUPDQ HW DO�� *HQHVLV� FKDOOHQJHV DQG RSSRUWXQLWLHV IRU FROORLGDO OHDG KDOLGH SHURYVNLWH
QDQRFU\VWDOV��1DW��0DWHU���������૱�����������
>�@ %HFNHU HW DO�� %ULJKW WULSOHW H[FLWRQV LQ FDHVLXP OHDG KDOLGH SHURYVNLWHV� 1DWXUH ���� ���૱���
�������
>�@ 5DLQ´ HW DO�� 6XSHUIOXRUHVFHQFH IURP OHDG KDOLGH SHURYVNLWH TXDQWXP GRW
VXSHUODWWLFHV��1DWXUH���������૱�����������
>�@ 8W]DW HW DO�� &RKHUHQW VLQJOH�SKRWRQ HPLVVLRQ IURP FROORLGDO OHDG KDOLGH SHURYVNLWH TXDQWXP
GRWV��6FLHQFH����������૱������������
>�@ 5DLQ´ HW DO�� 8QGHUHVWLPDWHG (IIHFW RI D 3RO\PHU 0DWUL[ RQ WKH /LJKW (PLVVLRQ RI 6LQJOH
&V3E%U��1DQRFU\VWDOV��1DQR�/HWW������������������������
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,Q�VLWX�SDLU�GLVWULEXWLRQ�IXQFWLRQ�DQDO\VLV�RI�WKH�GHFRPSRVLWLRQ�SDWKZD\V�RI�K\GUDWHG
PDJQHVLXP�K\GUR[\FDUERQDWH�LQ�WKH�SUHVHQFH�RI�VRGLXP�QLWUDWH

0��5HNKWLQD���'��6WRLDQ���$��)HGRURY���3��0��$EGDOD���&��5��0¾OOHU�

�'HSDUWPHQW�RI�0HFKDQLFDO�DQG�3URFHVV�(QJLQHHULQJ��(7+�=¾ULFK��6ZLW]HUODQG���(XURSHDQ
6\QFKURWURQ�5DGLDWLRQ�)DFLOLW\��*UHQREOH��)UDQFH

7KH GHYHORSPHQW RI HIILFLHQW VROLG VRUEHQWV IRU &2� FDSWXUH LV YLWDO IRU WKH GHSOR\PHQW RI FDUERQ
FDSWXUH VWRUDJH DQG XWLOL]DWLRQ WHFKQRORJLHV� ZKLFK DUH VWUDWHJLF WR PLWLJDWH FOLPDWH FKDQJH�>�@
0J2 LV D SURPLVLQJ &2��VRUEHQW GXH WR LWV KLJK WKHRUHWLFDO FDSWXUH FDSDFLW\� FRPSDUDWLYHO\ ORZ
HQHUJ\ SHQDOW\ IRU VRUEHQW UHJHQHUDWLRQ DQG LWV QDWXUDO DEXQGDQFH�>�� �@ 7KH SUHVHQFH RI D
SURPRWHU� W\SLFDOO\ DONDOL QLWUDWHV WKDW DUH PROWHQ DW WKH RSHUDWLQJ FRQGLWLRQV� LV D SUH�UHTXLVLWH IRU
0J2 WR FDSWXUH &2� ZLWK LQGXVWULDOO\ UHOHYDQW UDWHV DQG TXDQWLWLHV� \HW WKH H[DFW PHFKDQLVP
WKURXJK ZKLFK WKH SURPRWHU IXQFWLRQV UHPDLQV XQUHVROYHG� 7KXV� HOXFLGDWLQJ WKH IXQFWLRQLQJ RI WKH
SURPRWHU LQ WKH PDJQHVLXP R[LGH FDUERQDWLRQ DQG PDJQHVLXP FDUERQDWH GHFRPSRVLWLRQ UHDFWLRQV
LV D ILUVW VWHS IRU WKH PDQXIDFWXULQJ RI PRUH HIIHFWLYH VRUEHQWV� ,Q WKLV ZRUN� ZH GHFLSKHU WKH
SK\VLFDO VWDWH RI 1D12� DQG LWV HIIHFW RQ WKH GHFRPSRVLWLRQ SDWKZD\V RI K\GUDWHG PDJQHVLXP
K\GUR[\FDUERQDWH �0J��&2����2+��y�+�2� +0� WR PDJQHVLXP R[LGH� :H XVH LQ VLWX SDLU GLVWULEXWLRQ
IXQFWLRQ �3')� DQDO\VLV DVVLVWHG E\ D PXOWLYDULDWH FXUYH UHVROXWLRQ �0&5�$/6� DSSURDFK WR SUREH
WKH VWUXFWXUDO HYROXWLRQ RI SULVWLQH DQG 1D12��SURPRWHG +0 �+0 DQG +0���1D12��� :H IRXQG WKDW
+0 GHFRPSRVHV YLD DQ DPRUSKRXV PDJQHVLXP FDUERQDWH �$0&� LQWHUPHGLDWH� IRUPHG GXULQJ WKH
JUDGXDO UHOHDVH RI ZDWHU RI FU\VWDOOL]DWLRQ IURP WKH +0 VWUXFWXUH� 7KH UHOHDVH RI FDUERQ GLR[LGH
IURP $0&� OHG WR WKH IRUPDWLRQ RI QDQRFU\VWDOOLQH �� QP� 0J2� ZLWK D SODWH�OLNH SDUWLFOH
PRUSKRORJ\� 7KH SUHVHQFH RI 1D12� LQ LWV PROWHQ VWDWH PRGLILHV GUDVWLFDOO\ WKH GHFRPSRVLWLRQ
SDWKZD\ RI +0 �+0���1D12�� E\ DFFHOHUDWLQJ WKH FU\VWDOOL]DWLRQ RI 0J&2� DQG 0J2� SURFHHGLQJ LQ
WKLV FDVH WKURXJK $0& DQG FU\VWDOOLQH 0J&2�� DQG \LHOGLQJ KLJKO\ FU\VWDOOLQH 0J2 ��� QP� ZLWK
LUUHJXODU�SRO\KHGURQ�SDUWLFOH�PRUSKRORJ\�

)LJXUH �� &RQFHQWUDWLRQ SURILOHV REWDLQHG E\ 0&5�$/6 DQDO\VLV RI LQ VLWX 3') GDWD IRU WKH
GHFRPSRVLWLRQ RI �D� +0� ZKHUH &� +0� &� $0&� DQG &� 0J2� DQG �E� +0���1D12�� ZKHUH
&� +0���1D12�� &� $0&���1D12�� &� FU\VWDOOLQH�0J&2����1D12� DQG &� 0J2���1D12�� 7KH
3')V�RI�FRPSRQHQWV�H[WUDFWHG�IRU��F��+0�DQG��G��+0���1D12��

>�@�%��'��6DQWHU�HW�DO���1DWXUH�������������������
>�@�<��+X�HW�DO���-��0DWHU��&KHP��$������������������������
>�@�$��'DO�3R]]R�HW�DO���$&6�$SSO��(QHUJ\�0DWHU����������������૱�����
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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�3RO\WHFKQLTXH�)«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 >�@ DQG PHPEUDQH FXUYDWXUH IOXFWXDWLRQV E\ PHDQV
RI WUDFNLQJ WUDQVLHQW GRPDLQV RI RUGHUHG ZDWHU >�@� +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����������������������૱�����
>�@�2UO\�%��7DUXQ�HW�DO���1DWXUH�&RPPXQLFDWLRQV�&KHPLVWU\����������������૱��
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/LSLG�PHPEUDQH�SKDVH�WUDQVLWLRQV�LQYROYH�VWUXFWXUDO�UHGLVWULEXWLRQ�RI�LQWHUIDFLDO�ZDWHU

7��6FKRQIHOGRYD���+��,��2NXU���)��.RYDFLN���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*��
����GLP\ULVWR\O�VQ�JO\FHUR���SKRVSKRFKROLQH �'03&� DQG ����GLP\ULVWR\O���WULPHWK\ODPPRQLXP�
SURSDQH �FKORULGH VDOW� �'07$3� 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� 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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6HOI�DVVHPEOHG�SHSWLGH�EDVHG�QDQRSDUWLFOHV�IRU�WKH�GHOLYHU\�RI�QXFOHLF�DFLGV

7��6KDEQDP�����&��*��3DOLYDQ�

�8QLYHUVLW\�RI�%DVHO���(7+�=XULFK

7KH GHOLYHU\ RI QXFOHLF DFLGV DV WKHUDSHXWLF DJHQWV WR WKH VLWH RI SDWKRJHQHVLV KDV FRQVLGHUDEOH
SRWHQWLDO LQ WKH WUHDWPHQW RI PDQ\ GLVHDVHV� :KLOH YLUDO GHOLYHU\ V\VWHPV GRPLQDWH LQ FOLQLFDO
DSSOLFDWLRQV� VDIHW\ FRQFHUQV OHG WR WKH HPHUJHQFH RI QRQ�YLUDO YHFWRUV� +RZHYHU� QRQ�YLUDO
PHWKRGV JHQHUDOO\ VXIIHU IURP D ORZ GHOLYHU\ HIILFLHQF\� 7R VLGHVWHS WKLV OLPLWDWLRQ DQG EULGJH WKH
JDS EHWZHHQ QRQ�YLUDO GHOLYHU\ V\VWHPV WKDW H[LVW IRU DQWLVHQVH ROLJRQXFOHRWLGHV �$26� DQG WKRVH
WKDW WUDQVIHU HQWLUH JHQHV� ZH GHYHORSHG D SXUHO\ SHSWLGLF GHOLYHU\ V\VWHP WKDW LV DEOH WR HQWUDS
'1$ ODUJHU WKDQ WKH DYHUDJH $62� )RU WKLV SXUSRVH� ZH GHVLJQHG DQ DPSKLSKLOLF SHSWLGH �+5��J7
FRPSULVLQJ D K\GURSKLOLF GRPDLQ SURQH WR XQGHUJR HOHFWURVWDWLF LQWHUDFWLRQV ZLWK '1$ FDUJR� DQG D
K\GURSKRELF GRPDLQ DW D UDWLR WKDW SURPRWHV WKH VHOI�DVVHPEO\ LQWR PLFHOODU QDQRVWUXFWXUHV >�@�
3XULILHG �+5��J7 SHSWLGH ZDV WHVWHG IRU LWV DELOLW\ WR VHOI�DVVHPEOH LQWR QDQRSDUWLFOHV DQG HQWUDS
VLQJOH� DQG GRXEOH�VWUDQGHG '1$ �VV'1$�GV'1$� RI �� DQG ��� QXFOHRWLGH OHQJWK�7KH �+5��J7
SHSWLGH YHFWRU RIIHUV VHYHUDO DGYDQWDJHV RYHU RWKHU QRQ�YLUDO GHOLYHU\ V\VWHPV LQFOXGLQJ WKH
SUHFXUVRU SHSWLGH +�J7 >�@� $ SDUWLFOH VL]H EHWZHHQ ��� WR ��� QP VXSSRUWLQJ D UDSLG DQG HIILFLHQW
FHOOXODU XSWDNH� QR DGYHUVH HIIHFWV RQ +H/D FHOO YLDELOLW\� DQG ORQJ�WHUP VWUXFWXUDO VWDELOLW\ DW �r&
GLVWLQJXLVK WKH �+5��J7 SHSWLGH GHOLYHU\ V\VWHP� )XUWKHUPRUH� DW ��r& WKH PXOWLFRPSDUWPHQWDO
RUJDQL]DWLRQ RI WKH �+5��J7 GLVDVVHPEOHV ZKLFK VKRXOG IDFLOLWDWH '1$ UHOHDVH� 2XU GDWD XQUDYHO D
XQLTXH QRQ�YLUDO VWUDWHJ\ IRU '1$ GHOLYHU\ WKDW VHWV WKH VWDJH IRU GHYHORSLQJ DPSKLSKLOLF SHSWLGH
QDQRSDUWLFOHV�DV�FDQGLGDWHV�IRU�IXWXUH�V\VWHPLF�JHQH�GHOLYHU\�

>�@ 6KDEQDP 7DUYLUGLSRXU� &RUD�$QQ 6FKRHQHQEHUJHU� <DDNRY %HQHQVRQ� &RUQHOLD *� 3DOLYDQ� 6RIW
0DWWHU����������������૱�����
>�@ 6HYHULQ -� 6LJJ� 9LNWRULLD 3RVWXSDOHQNR� -DVRQ 7� 'XVNH\� &RUQHOLD *� 3DOLYDQ� DQG :ROIJDQJ
0HLHU��%LRPDFURPROHFXOHV�����������������������
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4XDQWXP�QRQ�GHPROLWLRQ�VWDWH�GHWHFWLRQ�DQG�VSHFWURVFRS\�RI�VLQJOH�WUDSSHG�PROHFXOHV

$��6KO\NRY���0��)��5RJXVNL���0��6LQKDO���=��0HLU���6��:LOOLWVFK�

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

7UDSSHG DWRPV DQG LRQV DUH DPRQJ WKH EHVW FRQWUROOHG TXDQWXP V\VWHPV ZKLFK ILQG ZLGHVSUHDG
DSSOLFDWLRQV LQ TXDQWXP VFLHQFH� )RU PROHFXOHV� D VLPLODU GHJUHH RI FRQWURO LV FXUUHQWO\ ODFNLQJ
RZLQJ WR WKHLU FRPSOH[ HQHUJ\�OHYHO VWUXFWXUH� 4XDQWXP�ORJLF SURWRFROV LQ ZKLFK DWRPLF LRQV VHUYH
DV SUREHV IRU PROHFXODU LRQV DUH D SURPLVLQJ URXWH IRU DFKLHYLQJ WKLV DLP� HVSHFLDOO\ ZLWK
KRPRQXFOHDU VSHFLHV WKDW GHFRXSOH IURP EODFN�ERG\ UDGLDWLRQ� +HUH� D TXDQWXP�QRQ�GHPROLWLRQ
SURWRFRO RQ VLQJOH WUDSSHG 1�� PROHFXOHV LV GHPRQVWUDWHG� 7KH VSLQ�URYLEURQLF VWDWH RI WKH
PROHFXOH LV GHWHFWHG ZLWK PRUH WKDQ ��� ILGHOLW\ DQG D VSHFWURVFRSLF WUDQVLWLRQ LV PHDVXUHG
ZLWKRXW GHVWUR\LQJ WKH TXDQWXP VWDWH� 7KH SUHVHQW PHWKRG OD\V WKH IRXQGDWLRQV IRU QHZ
DSSURDFKHV WR PROHFXODU VSHFWURVFRS\� VWDWH�WR�VWDWH FKHPLVWU\ DQG SURELQJ PROHFXODU HQHUJ\
WUDQVIHU�
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�UG�RUGHU�$YHUDJH�+DPLOWRQLDQ�7KHRU\�DQDO\WLFDO�H[SUHVVLRQ�IRU���DQG���VSLQV�V\VWHPV
LQ�VROLG�VWDWH�105

%��6LP·HV�GH�$OPHLGD���3��0RXW]RXUL���*��6WHYDQDWR���/��(PVOH\�

�/DERUDWRU\�RI�0DJQHWLF�5HVRQDQFH��(3)/

,Q VROLG�VWDWH 105� KRPRQXFOHDU GLSRODU FRXSOLQJV FRQWULEXWH JUHDWO\ WR WKH EURDGHQLQJ RI �+
VSHFWUDO OLQH VKDSHV� (YHQ DW WKH IDVWHVW PDJLF�DQJOH VSLQQLQJ UDWHV �0$6� DYDLODEOH WRGD\
>�������N+]@� WKH OLQHZLGWKV VWLOO H[WHQG RYHU VHYHUDO KXQGUHG +HUW]� OLPLWLQJ WKH �+ UHVROXWLRQ�
5HGXFLQJ�WKLV�FRQWULEXWLRQ�FRXOG�SURYLGH�ULFK�VWUXFWXUDO�LQIRUPDWLRQ�IRU�RUJDQLF�VROLGV�

7KHRUHWLFDO VWXGLHV KHOS XQGHUVWDQG WKH EHKDYLRU RI WKH �+ VSLQV XQGHU 0$6 LQ RUGHU WR GHVLJQ QHZ
DSSURDFKHV WR UHGXFH WKH KRPRQXFOHDU EURDGHQLQJ� ,Q WKH SDVW� WKH FDVH RI WZR HTXLYDOHQW VSLQV
ZDV VWXGLHG XVLQJ $YHUDJH +DPLOWRQLDQ 7KHRU\ �$+7�>�@� DQG WZR LQHTXLYDOHQW VSLQV ZHUH VWXGLHG
ZLWK )ORTXHW WKHRU\>���@�+HUH ZH XVH $+7 WR VWXG\ � DQG � VSLQ V\VWHP LQ WKH IDVW 0$6 UHJLPH�
6SHFLILFDOO\� ZH GHYHORS WKH DQDO\WLFDO H[SUHVVLRQV WR �UG RUGHU>�@ IRU WKH $+7 DQDO\VLV LQ WKH FDVH RI
WZR�DQG�WKUHH�LQHTXLYDOHQW�VSLQV��, ����

7KH H[SUHVVLRQV ZH REWDLQ VKRZ� IRU WKH FDVH RI WZR VSLQV� D �UG RUGHU UHVLGXDO VKLIW WHUP� 7KLV
WHUP GHSHQGV RQ WKH LVRWURSLF FKHPLFDO VKLIW GLIIHUHQFH EHWZHHQ WKH WZR VSLQV� RQ WKH VTXDUH RI
WKH GLSRODU FRXSOLQJ� DQG RQ WKH LQYHUVH VTXDUH RI WKH 0$6 UDWH�,W DOVR KDV DQ LQWULFDWH GHSHQGHQFH
RQ�WKH�(XOHU�DQJOHV�GHVFULELQJ�WKH�GLSRODU�FRXSOLQJ�WHQVRU�

,Q WKH WKUHH VSLQV FDVH� LQ DGGLWLRQ WR WKH UHVLGXDO VKLIW WHUP� WKHUH LV D UHVLGXDO FRXSOLQJ WHUP DW
�UG RUGHU� ,Q WKH 105 VSHFWUXP� WKLV UHVXOWV LQ D VSOLWWLQJ RI WKH UHVRQDQFHV LQWR GRXEOHWV RI
GRXEOHWV� 7KH UHVLGXDO FRXSOLQJ KDV WKH VDPH GHSHQGHQFH RQ 0$6 UDWH DV WKH UHVLGXDO VKLIW
WHUP�%RWK RI WKHVH UHVLGXDO WHUPV FRQWULEXWH WR WKH EURDGHQLQJ RI WKH VSHFWUD� VR RQH VKRXOG DLP
WR�UHGXFH�WKHLU�LQIOXHQFH��LQ�RUGHU�WR�LPSURYH�WKH�VSHFWUDO�UHVROXWLRQ�

:H VKRZ KRZ WKH UHVLGXDO VSOLWWLQJ FDQ EH VXFFHVVIXOO\ UHPRYHG ZLWK WKH DQWL�]�&26<
H[SHULPHQW>�@�

,Q FRQFOXVLRQ� ZH GHYHORS D IXOO\ DQDO\WLFDO $+7 H[SUHVVLRQ GHVFULELQJ ERWK WKH FDVHV RI WZR DQG
WKUHH VSLQV� XQGHU IDVW 0$6� :H GHWHFW� DW �UG RUGHU� WKH SUHVHQFH RI UHVLGXDO VKLIW DQG D FRXSOLQJ
WHUPV��WKH�ODWWHU�RQO\�LQ�WKH�FDVH�RI�WKUHH�VSLQV���ZKLFK�FRQWULEXWH�WR�WKH�EURDGHQLQJ�RI�WKH�VLJQDO�

>�@�0��0��0DULFT��-��6��:DXJK��-��&KHP��3K\V���������������������
>�@0��+��/HYLWW��'��3��5DOHLJK��)��&UHX]HW��5��*��*ULIILQ��-�&KHP�3K\V���������������������
>�@�1DNDL��&��$��0F'RZHOO��-�&KHP�3K\V����������������������
>�@�%ULQNPDQQ��$��&RQFHSWV�0DJQ�5HVRQ�3DUW�$����������$�H������
>�@ 3� 0RXW]RXUL� )�0� 3DUX]]R� %� 6� GH $OPHLGD� *� 6WHYDQDWR� /� (PVOH\� $QJHZDQGWH &KHPLH�
������9RO�������������������
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3URELQJ�OLTXLG�LQWHUIDFHV�ZLWK�URRP�WHPSHUDWXUH�LRQLF�OLTXLGV�XVLQJ�WKH�H[FLWHG�VWDWH
G\QDPLFV�RI�D�FDWLRQLF�G\H

-��6LVVDRXL���'��%XGNLQD���(��9DXWKH\�

�'HSDUWPHQW�RI�3K\VLFDO�&KHPLVWU\��8QLYHUVLW\�RI�*HQHYD

,QWHUIDFHV SOD\ FUXFLDO UROHV LQ PDQ\ DSSOLFDWLRQV RI URRP�WHPSHUDWXUH LRQLF OLTXLGV �57,/V��
+RZHYHU� RXU XQGHUVWDQGLQJ RI WKHLU SURSHUWLHV LV VWLOO OLPLWHG� :H LQYHVWLJDWHG LQWHUIDFHV EHWZHHQ
GRGHFDQH DQG ZDWHU�57,/V PL[WXUHV XVLQJ YDULRXV VXUIDFH VHFRQG KDUPRQLF JHQHUDWLRQ WHFKQLTXHV�
$V LQWHUIDFLDO SUREH� ZH VHOHFWHG WKH FDWLRQLF G\H PDODFKLWH JUHHQ �0*� ZKRVH H[FLWHG�VWDWH
G\QDPLFV LV VHQVLWLYH WR DJJUHJDWLRQ HIIHFWV� :H IRXQG WKDW WKH LQWHUIDFLDO FRQFHQWUDWLRQ RI 0*
GHSHQGV FUXFLDOO\ RQ ERWK WKH DQLRQLF DQG FDWLRQLF FRQVWLWXHQWV RI WKH 57,/� 'HSHQGLQJ RQ WKH
UHODWLYH DIILQLW\ RI WKH DQLRQV DQG FDWLRQV� WKH RYHUDOO FKDUJH RI WKH LQWHUIDFH LV HLWKHU QHJDWLYH RU
SRVLWLYH DQG� WKXV� HLWKHU UHSHOV RU DWWUDFWV 0* PROHFXOHV� 7KLV DSSURDFK RIIHUV WRWDOO\ QHZ LQVLJKW
LQWR�WKH�QDWXUH�DQG�SURSHUWLHV�RI�OLTXLG�LQWHUIDFHV�ZLWK�57,/V�

�����
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7RZDUGV�KLJK�SUHFLVLRQ�KDOI�OLIH�PHDVXUHPHQWV�RI�H[RWLF�UDGLR�ODQWKDQLGHV

1��0��&KLHUD���5��'UHVVOHU���=��7DOLS���3��6SUXQJ���$��)DQNKDXVHU���'��6FKXPDQQ�

�3DXO�6FKHUUHU�,QVWLWXWH��9LOOLJHQ��6ZLW]HUODQG

/RQJ�OLYHG UDGLR�ODQWKDQLGHV DUH RI JUHDW LQWHUHVW LQ D ZLGH UDQJH RI UHVHDUFK GRPDLQV >���@� ,Q
SDUWLFXODU� ���6P� �������*G� ���'\� DQG �������7E SOD\ D IXQGDPHQWDO UROH LQ DVWURSK\VLFV DQG QXFOHDU
SK\VLFV DSSOLFDWLRQV� )RU PDQ\ RI WKHVH VWXGLHV� DQ DFFXUDWH NQRZOHGJH RQ WKH QXFOHDU SURSHUWLHV
RI WKH DERYH�PHQWLRQHG UDGLRQXFOLGHV LV UHTXLUHG� +RZHYHU� WKH FXUUHQWO\ DYDLODEOH GDWD IRU WKH
KDOI�OLIH �7���� RI ���6P� �������*G� ���'\� DQG �������7E DUH LQFRQVLVWHQW� RU DIIHFWHG E\ KLJK
XQFHUWDLQW\ >���@� 5HDVRQV IRU WKHVH VKRUWFRPLQJV LQ WKH QXFOHDU GDWDEDVHV DUH LQ PDQ\ FDVHV WKH
OLPLWHG DYDLODELOLW\ RI WKH LVRWRSHV RI LQWHUHVW� RIWHQ DFFRPSDQLHG E\ GLIILFXOWLHV LQ WKH SUHSDUDWLRQ
RI VDPSOHV ZLWK D KLJK FKHPLFDO SXULW\� 7R RYHUFRPH WKHVH OLPLWDWLRQV� WKH LQLWLDWLYH ૺ([RWLF
5DGLRQXFOLGHV IURP $FFHOHUDWRU :DVWH IRU 6FLHQFH DQG 7HFKQRORJ\ ૱ (5$:$67ૻ� ZDV ODXQFKHG LQ
���� E\ 3DXO 6FKHUUHU ,QVWLWXWH �36,� >�� �@� 7KLV ORQJ�WHUP SURMHFW DLPV WR UHSURFHVV LUUDGLDWHG
PDWHULDOV IURP WKH 36, DFFHOHUDWRU�IDFLOLWLHV� LQ RUGHU WR REWDLQ H[RWLF UDGLRQXFOLGHV IRU VFLHQWLILF
SXUSRVHV� 'HWDLOHG LQIRUPDWLRQ FDQ EH IRXQG DW WKH ZHEVLWH� SVL�FK�HQ�OUF�HUDZDVW� $PRQJ WKH
VHYHUDO DSSOLFDWLRQV RI (5$:$67� VSHFLDO IRFXV LV JLYHQ WR WKH LPSURYHPHQW RI WKH H[LVWHQW QXFOHDU
GDWDEDVHV�E\�UH�GHWHUPLQLQJ�WKH�KDOI�OLIH�RI�H[RWLF�UDGLRQXFOLGHV�
,Q WKLV ZRUN� ZH XVH LUUDGLDWHG 7D VDPSOHV IURP WKH VHFRQG 6,14 7DUJHW ,UUDGLDWLRQ 3URJUDP >��@
FDUULHG RXW DW 3DXO 6FKHUUHU ,QVWLWXWH LQ ���������� ZLWK WKH PDLQ JRDO RI UHWULHYLQJ WKH H[RWLF ���

6P� �������*G� ���'\� DQG �������7E UDGLR�ODQWKDQLGHV LQ VXIILFLHQW DPRXQWV DQG SXULW\ IRU KLJK
SUHFLVLRQ 7��� GHWHUPLQDWLRQ VWXGLHV� $OWKRXJK VHYHUDO PHWKRGV IRU WKH H[WUDFWLRQ DQG VHSDUDWLRQ RI
ODQWKDQLGHV DUH NQRZQ >�����@� QRQH RI WKHP SURYLGHV D VXIILFLHQW DFFXUDF\ WR REWDLQ SXUH
PDWHULDO DW WKH SSE OHYHO IURP D 7D PDWUL[� 7KXV� ZH GHYHORSHG D OLTXLG�SKDVH VWHSZLVH SURFHGXUH
IRU WKH VHTXHQWLDO VHSDUDWLRQ RI ODQWKDQLGHV IURP WKH 7D LUUDGLDWHG VDPSOHV� 7KH VHSDUDWLRQ SURILOH
ZDV PRQLWRUHG YLD ͇�VSHFWURPHWU\ XVLQJ VXLWDEOH WUDFHUV� %RWK WKH SXULW\ RI HDFK REWDLQHG
ODQWKDQLGH IUDFWLRQ DQG WKH TXDQWLILFDWLRQ RI WKH GHVLUHG LVRWRSHV ZHUH DVVHVVHG E\ LQGXFWLYHO\
FRXSOHG SODVPD PDVV VSHFWURPHWU\ �,&3�06�� $IWHU WKH REWDLQPHQW RI WKH SXULILHG ODQWKDQLGH
IUDFWLRQV� VXLWDEOH UDGLRDFWLYH VRXUFHV IRU 7��� PHDVXUHPHQWV ZHUH SUHSDUHG� )RU LVRWRSHV ZLWK7
��� RI FRQVLGHUDEO\ PRUH WKDQ ��� \HDUV� WKH VR�FDOOHG GLUHFW PHWKRG LV DSSOLHG� 7KLV FRQVLVWV RI WKH
GHWHUPLQDWLRQ RI WKH QXPEHU RI DWRPV RI LQWHUHVW �1� XVLQJ ,&3�06 RU 0XOWLFROOHFWRU�,&3�06�
IROORZHG E\ WKH PHDVXUHPHQW RI LWV DFWLYLW\ �$�� )URP 7���  1OQ��$� D UHOLDEOH KDOI�OLIH YDOXH� ZLWK
DQ XQFHUWDLQW\ EHORZ ��� FDQ EH REWDLQHG� )RU UDGLRQXFOLGHV ZLWK 7��� ೩ ��� \HDUV� GHFD\
PHDVXUHPHQWV FDQ EH SHUIRUPHG� ,Q WKLV FDVH� D VRXUFH ZLWK WKH UDGLRQXFOLGH RI LQWHUHVW LV
SUHSDUHG �H�J�� YLDPROHFXODU SODWLQJ�� DQG LWV GHFD\ LV PRQLWRUHG ZLWK SHULRGLF PHDVXUHPHQWV RYHU
D WLPH VSDQ RI DW OHDVW D \HDU� $OVR ZLWK WKLV PHWKRG� XQFHUWDLQWLHV EHORZ �� FDQ EH UHDFKHG�
+HUH� WKH VHSDUDWLRQ PHWKRG� WRJHWKHU ZLWK SUHOLPLQDU\ UHVXOWV RQ WKH PHDVXUHG KDOI�OLIH RI ���*G
�GHFD\�PHWKRG��DQG����'\��GLUHFW�PHWKRG���ZLOO�EH�SUHVHQWHG�

>�@ *LRUD 6KDYLY� 6SULQJHU 6FLHQFH 	 %XVLQHVV 0HGLD� ����� ���� ������ >�@ <XNL 7DQRXH� 7VXJLR
<RNR\DPD� 0DVDNL 2]DZD� -RXUQDO RI (QHUJ\ DQG 3RZHU (QJLQHHULQJ� ����� ��� �������� >�@ 3(
)LOLDQLQ HW DO�� -RXUQDO RI 3K\VLFV *� 1XFOHDU 3K\VLFV� ����� ��� �������������� >�@ 6� 0¸OOHU� 7�
:HJHQHU� DU;LY����������� >SK\VLFV�LQV�GHW@� ����� ���� >�@ *HRUJHV $XGL� HW DO�� &KLQHVH 3K\VLFV
&� ����� ��� �������������� >�@ 'DYLG %URZQ� HW DO� 1XFOHDU 'DWD 6KHHWV� ����� ���� ������ >�@
=VROW 6µWL� -RVHSK 0DJLOO� 5D\PRQG 'UHKHU� (3- 1XFOHDU 6FLHQFHV 	 7HFKQRORJLHV� ����� �� ����� >�@
'RURWKHD 6FKXPDQQ� -¸UJ 1HXKDXVHQ� -RXUQDO RI 3K\VLFV *� 1XFOHDU DQG 3DUWLFOH 3K\VLFV� ����� ���
�������������� >�@ 'RURWKHD 6FKXPDQQ� HW DO� 5DGLRFKLPFD $FWD� ����� ���� �������� >��@ <RQJ
'DL� HW DO�� -RXUQDO RI 1XFOHDU 0DWHULDOV� ����� ���� ������ >��@ .HQQHWK /� 1DVK� 0DUN 3� -HQVHQ�
6HSDUDWLRQ 6FLHQFH DQG 7HFKQRORJ\� ����� ��� ���������� >��@ .( 7KRPDV� 5DGLRFKLPLFD $FWD�
����� ��� �������� >��@ -DFRE .OHLQEHUJ� /RV $ODPRV 1DWLRQDO /DE� 7HFKQLFDO 5HSRUW �/$৾������WK�
(G����������6HFWLRQ�,,��������
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([FLWHG�VWDWH�V\PPHWU\�EUHDNLQJ�LQ�PXOWLEUDQFKHG�GRQRU�DFFHSWRU�G\HV���7KH�HIIHFW�RI
TXDGUXSROH�PRPHQW

=��6]DN£FV���(��9DXWKH\�

�'HSDUWPHQW�RI�3K\VLFDO�&KHPLVWU\��8QLYHUVLW\�RI�*HQHYD�����4XDL�(UQHVW�$QVHUPHW��&+�����
*HQHYD����6ZLW]HUODQG

([FLWHG�VWDWH V\PPHWU\ EUHDNLQJ �(6�6%�� L�H� WKH WUDQVLWLRQ IURP D TXDGUXSRODU WR D GLSRODU
H[FLWHG VWDWH� ZDV REVHUYHG ZLWK PDQ\ FHQWURV\PPHWULF G\HV GHYHORSHG IRU ODUJH WZR�SKRWRQ
DEVRUSWLRQ� :KHUHDV� XQWLO QRZ PRVW RI WKH VWXGLHV KDYH LQYHVWLJDWHG WKH UROH RI WKH HQYLURQPHQW
RQ (6�6%� WKH LQIOXHQFH RI PROHFXODU SURSHUWLHV LV OHVV GRFXPHQWHG� ,Q WKH SUHVHQW VWXG\� ZH ZLOO
VKRZ KRZ WKH (6�6% GHSHQGV RQ WKH FKDQJH RI TXDGUXSROH PRPHQW XSRQ H[FLWDWLRQ �̩4� XVLQJ
IRXU UHFHQWO\ V\QWKHVL]HG PXOWLEUDQFKHG S\UUROR>����E@S\UUROH GHULYDWLYHV ZLWK $�͔�'�͔�$ PRWLIV
DSSHQGHG E\ VHFRQGDU\ DFFHSWRU JURXSV� $
� 7XQLQJ RI ̩4 ZDV DFKLHYHG E\ YDU\LQJ WKH DFFHSWRU
JURXSV� DQG WKH (6�6% ZDV IROORZHG XVLQJ XOWUDIDVW WLPH�UHVROYHG LQIUDUHG VSHFWURVFRS\ �75,5� DQG
EURDGEDQG IOXRUHVFHQFH XSFRQYHUVLRQ VSHFWURVFRS\ �)/836�� 2XU UHVXOWV UHYHDO KRZ WKH H[FLWHG�
VWDWH SURSHUWLHV RI VXFK G\HV� KHUH WKH TXDGUXSROH PRPHQW� FDQ EH WXQHG WR HQDEOH RU GLVDEOH
(66%�

$FNQRZOHGJHPHQW� 7KH DXWKRUV DUH JUDWHIXO WR 3URI� '� 7� *U\NR IRU SURYLGLQJ WKH LQYHVWLJDWHG
FRPSRXQGV��)LQDQFLDO�VXSSRUW�IURP�WKH�61)��QU�����������������LV�DFNQRZOHGJHG�

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


3K\VLFDO�&KHPLVWU\��9LUWXDO�3RVWHU 3&����

,QIUDUHG�6SHFWURVFRS\�RI�&KHPLVRUEHG�0HWK\OLG\QH�FRDGVRUEHG�ZLWK�+\GURJHQ�RQ
3W�����

+��9HMD\DQ���$��*XWL«UUH]�*RQ]£OH]���5��'��%HFN�

�/DERUDWRLUH�GH�&KLPLH�3K\VLTXH�0RO«FXODLUH��FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH�
/DXVDQQH��6ZLW]HUODQG

7KH GLVVRFLDWLRQ RI PHWKDQH RQ WKH VXUIDFH RI D WUDQVLWLRQ PHWDO FDWDO\VW �1L� 3W� LV WKH UDWH OLPLWLQJ
VWHS LQ WKH VWHDP UHIRUPLQJ SURFHVV XVHG IRU WKH SURGXFWLRQ RI ODUJH VFDOH K\GURJHQ� ,Q RXU ODE� ZH
SHUIRUP�KLJKO\�FRQWUROOHG�H[SHULPHQWV�WR�EHWWHU�XQGHUVWDQG�WKLV�UHDFWLRQ�DW�WKH�PLFURVFRSLF�VFDOH��

5HFHQWO\� ZH KDYH GHPRQVWUDWHG WKH FDSDELOLWLHV RI 5HIOHFWLRQ $EVRUSWLRQ ,QIUDUHG 6SHFWURVFRS\
�5$,56� WR SHUIRUP VXUIDFH VLWH�VSHFLILF VWXGLHV RI PHWKDQH GLVVRFLDWLRQ RQ VWHSSHG 3W VXUIDFHV>�@�
5$,56 FDQ EH XVHG WR GLVWLQJXLVK WKH QDVFHQW PHWK\O SURGXFW RI WKH PHWKDQH GLVVRFLDWLRQ RQ WKH
VWHSV DQG WHUUDFHV RI 3W�����>�@� HQDEOLQJ WKH PHDVXUHPHQW RI VXUIDFH VLWH VSHFLILF VWLFNLQJ
FRHIILFLHQWV ZKLFK \LHOG LQIRUPDWLRQ RQ WKH GLIIHUHQFH LQ GLVVRFLDWLRQ EDUULHU KHLJKWV IRU GLIIHUHQW
VXUIDFH VLWHV� 7KHVH VWXGLHV KHOS FORVLQJ WKH VR�FDOOHG ૺVWUXFWXUH JDSૻ� ZKLFK UHIHUV WR WKH
VWUXFWXUDO GLIIHUHQFH EHWZHHQ WKH VLQJOH FU\VWDO IODW VXUIDFHV FRPPRQO\ XVHG LQ VXUIDFH VFLHQFH
DQG�WKH�UHDO�FDWDO\VWV�XVHG�LQ�LQGXVWU\�

,Q P\ SRVWHU SUHVHQWDWLRQ� , ZLOO SUHVHQW D 5$,56 VWXG\ RI WKH WKHUPDO GHK\GURJHQDWLRQ RI WKH
QDVFHQW PHWK\O VSHFLHV RQ WKH 3W����� VXUIDFH \LHOGLQJ FKHPLVRUEHG PHWK\OLG\QH &+�DGV��
5HPDUNDEO\� WKH LQIUDUHG VSHFWUXP RI &+�DGV� RQ D 3W����� VXUIDFH GLIIHUV VLJQLILFDQWO\ IURP WKDW RI
&+�DGV� DGVRUEHG RQ D IODW 3W����� VXUIDFH UHSRUWHG LQ WKH OLWHUDWXUH>�@� :KLOH WKH &�+ VWUHWFK
IUHTXHQF\ IRU PHWK\OHQH DGVRUEHG RQ 3W����� ZDV IRXQG WR VKLIW FRQWLQXRXVO\ IURP ���� FP�� WR
���� FP�� ZLWK LQFUHDVLQJ FRYHUDJH RI FRDGVRUEHG + DWRPV>�@� ZH REVHUYH WKUHH GLVWLQFW
YLEUDWLRQDO IUHTXHQFLHV DW ����� ���� DQG ���� FP�� IRU &+�DGV� RQ 3W����� ZKHQ WKH FRYHUDJH RI
FRDGVRUEHG K\GURJHQ LV LQFUHDVHG� ,I \RX ZDQW WR NQRZ PRUH DERXW ZK\ WKHUH DUH TXDQWL]HG &�+
VWUHWFK�YLEUDWLRQV�RQ�3W�������,�ZHOFRPH�\RX�WR�VHH�P\�SUHVHQWDWLRQ�

>�@ $QD *XWL«UUH]�*RQ]£OH]� 0DULD (XJHQLD 7RULR� +HULEHUWR )DELR %XVQHQJR� 5DLQHU %HFN� 7RSLFV LQ
&DWDO\VLV��������������������
>�@ +HOHQ &KDGZLFN� +DQ *XR� $QD *XWL«UUH]�*RQ]£OH]� -DQ 3DXO 0HQ]HO� %UHW -DFNVRQ DQG 5DLQHU
%HFN��7KH�-RXUQDO�RI�&KHPLFDO�3K\VLFV��������������������
>�@�5RQJSLQJ�'HQJ��(OGDG�+HUFHJ�DQG�0LFKDHO�7UHQDU\���6XUIDFH�6FLHQFH���������������������
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3URWRQ�7UDQVIHU�LQ�D�3URS\O�$FHWDWH�%XW\URQLWULOH�0L[WXUH

3��9HUPD���7��.XPSXODLQHQ�

�8QLYHUVLW\�RI�*HQHYD��'HSDUWPHQW�RI�3K\VLFDO�&KHPLVWU\

6ROYDWLRQ G\QDPLFV SOD\ DQ LPSRUWDQW UROH LQ PDQ\ XOWUDIDVW SKRWRFKHPLFDO UHDFWLRQV LQ
VROXWLRQV�>�@ ,Q SDUWLFXODU� GLHOHFWULF VWDELOL]DWLRQ FDQ VLJQLILFDQWO\ LQIOXHQFH WKH GULYLQJ IRUFH RI
FKHPLFDO UHDFWLRQV LQYROYLQJ FKDUJHG LQWHUPHGLDWHV RU SURGXFWV� VXFK DV HOHFWURQ DQG SURWRQ
WUDQVIHU UHDFWLRQV� $ ELQDU\ PL[WXUH EHWZHHQ SURS\O DFHWDWH DQG EXW\URQLWULOH LV LGHDOO\ VXLWHG IRU
LQYHVWLJDWLQJ WKH HIIHFW RI GLHOHFWULF VWDELOL]DWLRQ� 7KH GLHOHFWULF FRQVWDQW �͉U� RI WKH PL[WXUH
LQFUHDVHV IURP � WR ���� XSRQ LQFUHDVLQJ IUDFWLRQ RI EXW\URQLWULOH IURP � WR � ZKHUHDV WKH YLVFRVLW\
DQG UHIUDFWLYH LQGH[ UHPDLQ FRQVWDQW� 7KH VWDWLF DQG G\QDPLF GLHOHFWULF VWDELOL]DWLRQ LQ WKH
PL[WXUHV�KDV�EHHQ�LQYHVWLJDWHG�LQ�GHWDLO�LQ�RXU�JURXS�XVLQJ�VHYHUDO�SXVK�SXOO�G\HV�

+HUH� ZH SUHVHQW WKH HIIHFW RI GLHOHFWULF VWDELOL]DWLRQ RQ WKH JURXQG� DQG H[FLWHG�VWDWH ELPROHFXODU
SURWRQ WUDQVIHU UHDFWLRQV IURP D QDSKWKDOLPLGH�EDVHG SKRWRDFLG �&��G+21,� WR RUJDQLF EDVHV LQ WKH
PL[WXUHV� 7KH SKRWRDFLG� &��G+21,� LV D ZHDN DFLG LQ WKH JURXQG VWDWH EXW EHFRPHV H[WUHPHO\
DFLGLF LQ WKH H[FLWHG VWDWH �S.D  ���� S.D ್ ಗ���>�@ 7KHUHIRUH� WKH SURWRQ WUDQVIHU FDQ EH
LQLWLDWHG E\ H[FLWDWLRQ ZLWK D ODVHU SXOVH LQ WKH SUHVHQFH RI SURWRQ DFFHSWRU� 7KH UHDFWLRQ NLQHWLFV
DUH VXEVHTXHQWO\ PRQLWRUHG XVLQJ D EURDGEDQG IHPWRVHFRQG �IV� IOXRUHVFHQFH XS�FRQYHUVLRQ
WHFKQLTXH� ZKLFK SURYLGHV WKH HQWLUH IOXRUHVFHQFH VSHFWUXP DV D IXQFWLRQ RI WLPH�>�@ 2XU UHVXOWV
LQGLFDWH WKH ELPROHFXODU (637 LV XOWUDIDVW DQG RFFXUV RQ WKH VDPH WLPH VFDOH DV VROYDWLRQ� UHDFKLQJ
WKH VR�FDOOHG �VROYHQW FRQWUROOHG� OLPLW� 0RUHRYHU� EURDG VSHFWUDO FRYHUDJH DOORZV XV WR UHVROYH
FRQWDFW�LRQ�SDLUV�DV�D�UHDFWLRQ�LQWHUPHGLDWH�DV�VXJJHVWHG�E\�WKH�(LJHQ�:HOOHU�PRGHO�>���@

>�@ 7� .XPSXODLQHQ� %� /DQJ� $� 5RVVSHLQWQHU� DQG (� 9DXWKH\� &KHP� 5HY�� ����� ��� �����
������������
>�@ 7� .XPSXODLQHQ� %�+� %DNNHU� DQG $�0� %URXZHU� 3K\V� &KHP� &KHP� 3K\V�� ����� �� �����
������������
>�@ ;��;� =KDQJ� &� :¾UWK� /� =KDR� 8� 5HVFK�*HQJHU� 1� 3� (UQVWLQJ� 5HY� 6FL� ,QVWUXP� ��� ������
�������
>�@�$��:HOOHU�3URJ��5HDFW��.LQHW��������������������
>�@�0��(LJHQ��:��.UXVH���*��0DDVV�DQG�/��'H�0DH\HU���3URJ��5HDFW��.LQHW��������������������
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&RQIRUPDWLRQDOO\�DQG�VWDWH�FRQWUROOHG�LRQ�PROHFXOH�UHDFWLRQV

/��;X����$��.LODM���6��:LOOLWVFK�

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

6WXGLHV RI WKH G\QDPLFV RI FKHPLFDO UHDFWLRQV KDYH PDGH LPSUHVVLYH DGYDQFHV LQ UHFHQW \HDUV
RZLQJ WR WKH GHYHORSPHQW RI WHFKQLTXHV IRU WKH FRROLQJ DQG PDQLSXODWLRQ RI WKH PRWLRQ RI
PROHFXOHV LQ WKH JDV SKDVH� 7KHVH PHWKRGV KDYH HQDEOHG QHZ LQVLJKWV LQWR WKH PLFURVFRSLF
PHFKDQLVPV� WKH TXDQWXP QDWXUH DQG WKH GHWDLOHG G\QDPLFV RI FKHPLFDO SURFHVVHV ZKLFK ZHUH
QRW DFFHVVLEOH EHIRUH� 2XU QHZ DSSURDFK ZLOO EH DSSOLHG WR VWXG\ FRQIRUPDWLRQDOO\ DQG VWDWH�
VSHFLILF G\QDPLFV LQ D UDQJH RI SHUWLQHQW PRGHO V\VWHPV LQFOXGLQJ WKH UHDFWLRQV RI URWDWLRQDOO\
VWDWH�VHOHFWHG ZDWHU PROHFXOHV>�@ DQG RI FRQIRUPDWLRQDOO\ VHOHFWHG PHWK\O YLQ\O NHWRQH PROHFXOHV
ZLWK FRQIRUPDWLRQDOO\ VHOHFWHG GLFKORURHWK\OHQH>�@ DQG P�PHWKR[\VW\UHQH LRQV>�@� 7KHVH
DGYDQFHPHQWV ZLOO WDNH WKH VWXG\ RI LRQ�PROHFXOH FKHPLVWU\ RI SRO\DWRPLF V\VWHPV WR D QHZ OHYHO
DQG HQDEOH LQVLJKWV LQWR WKHLU VWDWH� DQG JHRPHWU\�VSHFLILF UHDFWLRQ G\QDPLFV� NLQHWLFV DQG
PHFKDQLVPV�LQ�XQSUHFHGHQWHG�GHWDLO�

>�@�$��.LODM��+��*DR��'��5¸VFK��8��5LYHUR��-��.¾SSHU��DQG�6��:LOOLWVFK���1DW��&RPPXQ����������������૱��
>�@�$��%RGL��:��5��6WHYHQV��DQG�7��%DHU��-��3K\V��&KHP��$�������������������૱����
>�@ <� ;X� 6� <� 7]HQJ� 9� 6KLYDWDUH� .� 7DNDKDVKL� %� =KDQJ� DQG :� %� 7]HQJ� -� &KHP� 3K\V� �����
���������
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$�)RUPXODWLRQ�3URWRFRO�ZLWK�3\ULGLQH�WR�(QDEOH�'13�6(16�RQ�5HDFWLYH�6XUIDFH�6LWHV�
&DVH�6WXG\�ZLWK�2OHILQ�3RO\PHUL]DWLRQ�DQG�0HWDWKHVLV�&DWDO\VWV

$��<DNLPRY���'��0DQFH���.��6HDUOHV���&��&RS«UHW�

�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV

'\QDPLF QXFOHDU SRODUL]DWLRQ VXUIDFH�HQKDQFHG 105 VSHFWURVFRS\ �'13�6(16� KDV HPHUJHG DV D
SRZHUIXO FKDUDFWHUL]DWLRQ WRRO LQ PDWHULDO FKHPLVWU\ DQG KHWHURJHQHRXV FDWDO\VLV E\ GUDPDWLFDOO\
LQFUHDVLQJ� E\ XS WR � RUGHUV RI PDJQLWXGH� WKH 105 VLJQDOV DVVRFLDWHG ZLWK VXUIDFH VLWHV�>�@ '13�
6(16 PRVWO\ UHOLHV RQ XVLQJ H[RJHQRXV SRODUL]LQJ DJHQWV �3$V�� W\SLFDOO\ GLQLWUR[\O UDGLFDOV� WR
ERRVW WKH 105 VLJQDOV� +RZHYHU� WKH 3$V PD\ LQWHUDFW ZLWK WKH VXUIDFH RU HYHQ UHDFW ZLWK VXUIDFH
VLWHV��WKXV�OHDGLQJ�WR�ORVV�RU�TXHQFKLQJ�RI�'13�HQKDQFHPHQWV�>�@

+HUHLQ� ZH GHVFULEH WKH GHYHORSPHQW RI D '13�6(16 IRUPXODWLRQ WKDW DOORZV EURDGHQLQJ WKH
DSSOLFDWLRQ RI '13�6(16 WR VDPSOHV FRQWDLQLQJ KLJKO\ UHDFWLYH VXUIDFH VLWHV� QDPHO\ D
=LHJOHUಗ1DWWD SURS\OHQH SRO\PHUL]DWLRQ FDWDO\VW� D VXOIDWHG ]LUFRQLD�VXSSRUWHG PHWDOORFHQH
�)LJXUH � WRS�� DQG D VLOLFD�VXSSRUWHG FDWLRQLF 0R�DON\OLGHQH �)LJXUH � ERWWRP�� 7KH SURWRFRO FRQVLVWV
RI DGVRUELQJ S\ULGLQH SULRU WR WKH '13 IRUPXODWLRQ �LPSUHJQDWLRQ ZLWK 7(.3RO UDGLFDO LQ 7&(
VROXWLRQ�� 7KH DGGLWLRQ RI S\ULGLQH DOORZV IRU SUHVHUYDWLRQ RI WKH 3$V DW WKH VXUIDFH DQG WKHUHE\
UHVWRULQJ WKH '13 HQKDQFHPHQWV� WKXV HQDEOLQJ KLJK�TXDOLW\ 105 PHDVXUHPHQWV IRU WKH VWXGLHG
FDWDO\VWV�

:H VKRZ WKH DSSOLFDWLRQ RI WKLV SURWRFRO� KHUH RQ SURWRW\SLFDO KLJKO\ VHQVLWLYH FDWDO\VWV� :LWK
VXUIDFH '13 HQKDQFHPHQWV XS WR ��� WKLV DSSURDFK HQDEOHV VLPXOWDQHRXV 105 FKDUDFWHUL]DWLRQ RI
/HZLV�%UºQVWHG VXUIDFH DFLG VLWHV DV ZHOO DV WKH REVHUYDWLRQ RI ૺSDVVLYDWHGૻ DFWLYH VLWHV
FRRUGLQDWHG E\ WKH DGVRUEHG S\ULGLQH�>�@ 7KH SURWRFRO GHYHORSHG LV OLNHO\ DSSOLFDEOH WR D YDULHW\ RI
PDWHULDOV�FRQWDLQLQJ�UHDFWLYH�VXUIDFH�VLWHV�

>�@ $DURQ 5RVVLQL� $OH[DQGUH =DJGRXQ� 0RUHQR /HOOL� $QQH /HVDJH� &KULVWRSKH &RS«UHW� /\QGRQ
(PVOH\��$FFRXQWV�RI�&KHPLFDO�5HVHDUFK����������������������
>�@ :HL�&KLK /LDR� 7D�&KXQJ 2QJ� 'DYLG *DMDQ� )ORULDQ %HUQDGD� &ODLUH 6DXYHH� 0D[LP <XOLNRY�
0DUJKHULWD 3XFLQR� 5RPDQ 6FKRZQHU� 0DUWLQ 6FKZDU]ZDOGHU� 0LFKDHO %XFKPHLVHU� *XQQDU -HVFKNH�
3DXO 7RUGR� 2OLYLHU 2XDUL� $QQH /HVDJH� /\QGRQ (PVOH\� &KULVWRSKH &RS«UHW�&KHPLFDO 6FLHQFH�
�����������������
>�@ $OH[DQGHU <DNLPRY� 'HQL 0DQFH� .HLWK 6HDUOHV� &KULVWRSKH &RS«UHW� -RXUQDO RI 3K\VLFDO
&KHPLVWU\�/HWWHUV����������������������
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7UDQVIHU�RI�1DQRVFDOH�2EMHFWV�LQWR�*LDQW�3ODVPD�0HPEUDQH�9HVLFOHV��*309V��VHUYLQJ
DV�FHOOXODU�PRGHO�V\VWHPV

/��=DUWQHU���0��*DUQL���,��&UDFLXQ���7��(LQIDOW���&��*��3DOLYDQ�

�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�%DVHO��0DWWHQVWUDVVH���D��%35�������&+������%DVHO�
6ZLW]HUODQG���'HSDUWPHQW�RI�3KDUPDFHXWLFDO�6FLHQFHV��'LYLVLRQ�RI�3KDUPDFHXWLFDO�7HFKQRORJ\�

8QLYHUVLW\�RI�%DVHO��.OLQJHOEHUJVWUDVVH����&+������%DVHO��6ZLW]HUODQG

&HOOXODU PRGHO V\VWHPV SOD\ DQ LPSRUWDQW UROH LQ H[SORULQJ WKH IXQGDPHQWV RI ELRORJ\ DQG
ELRFKHPLVWU\ DQG DOORZ WR EUHDN GRZQ WKH FRPSOH[ QDWXUH RI OLYLQJ RUJDQLVPV LQWR LQGLYLGXDO SDUWV
LQ RUGHU WR VWXG\LQJ YDULRXV LQWHUDFWLRQV RQ WKHLU PHPEUDQH LQWHUIDFHV DQG ZLWKLQ WKHP� +HUH� ZH
SUHVHQW *LDQW 3ODVPD 0HPEUDQH 9HVLFOHV �*309V� LQFOXGLQJ GLYHUVH FHOO FRPSRQHQWV� VXFK DV FHOO
PHPEUDQH DQG F\WRSODVP� DV D ELRPLPLFNLQJ SODWIRUP IRU LQYHVWLJDWLQJ WKH EHKDYLRU RI VROLG
SRO\VW\UHQH �36� QDQRSDUWLFOHV �13V� ZLWKLQ D ELRUHOHYDQW HQYLURQPHQW DQG SURPRWH WKHLU IXUWKHU
GHYHORSPHQW� :H VWXGLHG WKH LPSDFW RI GLIIHUHQW SDUWLFOH DQG FHOO OLQH GHSHQGLQJ IDFWRUV RQ WKH
WUDQVIHU�RI�FHOOXODUO\�XSWDNHQ�13V�LQWR�IRUPHG�*309V�

:H LQYHVWLJDWHG 13 SDUDPHWHUV SOD\LQJ D UROH LQ *309 WUDQVIHU �VL]H� FRQFHQWUDWLRQ DQG VXUIDFH
FKDUJH� DORQJ ZLWK � GLIIHUHQW FHOO OLQHV� +HS*�� +H/D� DQG &DFR��� :H REVHUYHG WKDW 36 13V ZLWK D
FDUER[\ODWH�PRGLILHG VXUIDFH DQG D VL]H RI �� QP DQG ��� QP ZHUH VXFFHVVIXOO\ DQG HIILFLHQWO\
WUDQVIHUUHG WR *309V GHULYHG IURP DOO FHOO OLQHV� :H LQYHVWLJDWHG WKH GLVWULEXWLRQ RI WKHVH 13V
LQVLGH IRUPHG *309V� HVWDEOLVKHG WKH DYHUDJH QXPEHU RI 13V�*309V DQG WKH SHUFHQWDJH RI DOO
*309V ZLWK 13V LQ WKHLU FDYLW\� &RPSDUHG WR V\QWKHWLF DQG OLSLGLF *89V� DOVR XVHG DV FHOO�
PLPLFNLQJ SODWIRUPV� WKH *309 SODWIRUP DOORZV XV WR SUHVFUHHQ DOO QRQ�ELRUHOHYDQW QDQRVWUXFWXUHV
SULRU WR ORDGLQJ WKXV JLYLQJ WKLV V\VWHP D VWURQJ DGYDQWDJH WRZDUGV WKH DSSOLFDWLRQ DV DQ HVVHQWLDO
SODWIRUP�IRU�QDQRWHFKQRORJ\�DQG�WKH�PHGLFDO�GRPDLQ�
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$�GRQRU�DFFHSWRU�HQVHPEOH��PHUJLQJ�RI�77)�DQG�GLS\UURO\OTXLQR[DOLQH�GLIOXRURERUDWH
FKHPLVWU\

3��=KRX���8��$VFKDXHU���7��)HXUHU����5��+¦QHU���6��/LX�

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

7HWUDWKLDIXOYDOHQH�77)��IXVHG GRQRU�DFFHSWRU �'૱$� HQVHPEOHV DUH RI KLJK LQWHUHVW GXH WR WKHLU
XQLTXH �RSWR�HOHFWURQLF SURSHUWLHV DQG SRWHQWLDO DSSOLFDWLRQV LQ RUJDQLF FRQGXFWRUV� SKRWRYROWDLFV�
VHQVRUV� VZLWFKHV DQG PROHFXODU HOHFWURQLFV��� � $ GLUHFW DQQXODWLRQ RI D 77) ZLWK D YDULHW\ RI
HOHFWURQ�DFFHSWRUV KDV EHHQ DFKLHYHG IRU VWXG\LQJ SKRWR�LQGXFHG LQWUDPROHFXODU FKDUJH WUDQVIHU
�,&7� DV ZHOO DV WKH SKRWRJHQHUDWLRQ RI ORQJ�OLYHG FKDUJH VHSDUDWHG VWDWHV LQ UHVXOWDQW '�$
V\VWHPV�� +HUHLQ� ZH GHVFULEH UHGR[ DQG RSWLFDO SURSHUWLHV RI D QHZ '૱$ HQVHPEOH �&KDUW �� ZKLFK
ZDV SUHSDUHG E\ FRPSOH[DWLRQ RI %)� ZLWK D 77)�IXVHG ����GL��+���S\UURO\O�TXLQR[DOLQH OLJDQG� $
GHWDLOHG�H[SHULPHQWDO�DQG�WKHRUHWLFDO�VWXG\�RI�DQ�,&7�SURFHVV�LQ�77)�4%�LV�SUHVHQWHG�

>�@ %HUJNDPS� -� -�� 'HFXUWLQV� 6�� /LX� 6� ;�� &XUUHQW DGYDQFHV LQ IXVHG WHWUDWKLDIXOYDOHQH GRQRU�
DFFHSWRU�V\VWHPV��&KHP��6RF��5HY�����������������������
>�@ -DQD� $�� ,VKLGD� 0�� 3DUN� -� 6�� %DKULQJ� 6�� -HSSHVHQ� -� 2�� 6HVVOHU� -� /�� 7HWUDWKLDIXOYDOHQH�
�77)���'HULYHG�2OLJRS\UUROLF�0DFURF\FOHV��&KHP��5HY���������������������������
>�@ 3IDWWQHU� 5�� 3DYOLFD� (�� -DJJL� 0�� /LX� 6��;�� 'HFXUWLQV� 6�� %UDWLQD� *�� 9HFLDQD� -�� 0DV�
7RUUHQW� 0�� 5RYLUD� &�� 3KRWR�LQGXFHG LQWUDPROHFXODU FKDUJH WUDQVIHU LQ DQ DPELSRODU ILHOG�HIIHFW
WUDQVLVWRU�EDVHG�RQ�D�͔�FRQMXJDWHG�GRQRU૱DFFHSWRU�G\DG��-��0DWHU��&KHP��&��������������
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