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&DWDO\VLV�6FLHQFH�	�(QJLQHHULQJ��,QYLWHG�/HFWXUH &(����

6HOHFWLYLW\�&RQWURO�LQ�&2��(OHFWURUHGXFWLRQ�WKURXJK�5DWLRQDO�&DWDO\VW�DQG�(OHFWURO\WH
'HVLJQ

%��5ROGDQ�&XHQ\D���

�'HSDUWPHQW�RI�,QWHUIDFH�6FLHQFH��)ULW]�+DEHU�,QVWLWXWH�RI�WKH�0D[�3ODQFN�6RFLHW\��������%HUOLQ�
*HUPDQ\����UROGDQ#IKL�EHUOLQ�PSJ�GH

7KH XWLOL]DWLRQ RI IRVVLO IXHOV DV WKH PDLQ HQHUJ\ VRXUFH JLYHV ULVH WR VHULRXV HQYLURQPHQWDO LVVXHV�
LQFOXGLQJ JOREDO ZDUPLQJ FDXVHG E\ WKH FRQWLQXRXVO\ LQFUHDVLQJ OHYHO RI DWPRVSKHULF &2��
5HFHQWO\� WKH HOHFWURFKHPLFDO FRQYHUVLRQ RI &2� �&2�55� WR FKHPLFDOV DQG IXHOV GULYHQ E\
HOHFWULFLW\ GHULYHG IURP UHQHZDEOH HQHUJ\ KDV EHHQ UHFRJQL]HG DV D SURPLVLQJ VWUDWHJ\ WRZDUGV
VXVWDLQDEOH�HQHUJ\�

,Q P\ WDON , ZLOO SURYLGH H[DPSOHV RI UHFHQW DGYDQFHV LQ WKH GHYHORSPHQW RI KLJKO\ DFWLYH SODVPD�
PRGLILHG VLQJOH FU\VWDOV� QDQRVWUXFWXUHG WKLQ ILOPV DQG QDQRSDUWLFOH �13� HOHFWURFDWDO\VWV �&X� $J�
=Q� DQG &X�0 ZLWK 0  =Q� 6Q� DQG KRZ WKHLU VWUXFWXUH �FU\VWDO RULHQWDWLRQ� DWRPLF DUUDQJHPHQW�
VL]H� VKDSH� GHIHFWV�� R[LGDWLRQ VWDWH DQG FRPSRVLWLRQ LQIOXHQFH WKHLU VHOHFWLYLW\ LQ &2�55� , ZLOO
DOVR GLVFXVV KRZ LPSRUWDQW PRUSKRORJLFDO PRWLYHV DQG FKHPLFDO VLWHV FDQ EH FUHDWHG DQG
UHJHQHUDWHG LQ SXOVHG HOHFWURFKHPLVWU\ H[SHULPHQWV� $GGLWLRQDOO\� WKH GHWHUPLQLQJ UROH RI WKH
HOHFWURO\WH�LQ�WKH�VXUIDFH�UHVWUXFWXULQJ��UHDFWLRQ�DFWLYLW\�DQG�VHOHFWLYLW\�ZLOO�EH�LOOXVWUDWHG�

7KH LPSRUWDQFH RI LQ VLWX DQG RSHUDQGR FKDUDFWHUL]DWLRQ PHWKRGV �H�J� (&�$)0� /LTXLG�7(0� ;$6�
;36� WR JDLQ LQ GHSWK XQGHUVWDQGLQJ RQ WKH VWUXFWXUDO DQG FKHPLFDO WUDQVIRUPDWLRQV RI &2�55
FDWDO\VWV XQGHU ZRUNLQJ FRQGLWLRQV ZLOO EH GHPRQVWUDWHG� 2XU UHVXOWV DUH H[SHFWHG WR RSHQ XS QHZ
URXWHV IRU WKH UHXWLOL]DWLRQ RI &2� WKURXJK LWV GLUHFW VHOHFWLYH FRQYHUVLRQ LQWR KLJKHU YDOXH SURGXFWV
VXFK�DV�HWK\OHQH�DQG�HWKDQRO�
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$�PHFKDQLVWLF�VWXG\�RI�FDUERQ�GLR[LGH�K\GURJHQDWLRQ�WR�PHWKDQRO�E\�RSHUDQGR�;$6�
;5'�DQG�66,7.$�)7,5�WHFKQLTXHV

0��=DELOVNL\���9��6XVKNHYLFK���'��3DODJLQ���0��1HZWRQ���-��$��YDQ�%RNKRYHQ�


�3DXO�6FKHUUHU�,QVWLWXWH���(7+�=¾ULFK

'XH WR DQ LQFUHDVHG GHPDQG IRU UHQHZDEOH HQHUJ\� GLUHFW FDWDO\WLF YDORUL]DWLRQ RI &2� LQWR
PHWKDQRO �OLTXLG IXHO DGGLWLYH DQG SUHFXUVRU WR RWKHU YDOXH DGGHG FKHPLFDOV� KDV EHHQ UHFHLYLQJ
LQFUHDVLQJ DWWHQWLRQ RYHU WKH SDVW GHFDGH >�@� $PRQJ D YDULHW\ RI FDWDO\VW IRUPXODWLRQV WKDW FDQ
SURGXFH PHWKDQRO IURP WKH PL[WXUH RI FDUERQ GLR[LGH DQG K\GURJHQ � FRSSHU�]LQF�DOXPLQD FDWDO\VW
�&=$�� LQGXVWULDOO\ GHVLJQHG IRU PHWKDQRO V\QWKHVLV IURP V\QJDV� VKRZV WKH PRVW SURPLVLQJ
UHVXOWV� ,Q VSLWH RI H[WHQVLYH HIIRUWV� WKH DFWLYLW\ DQG VHOHFWLYLW\ WKUHVKROG IRU WKLV ZHOO LQYHVWLJDWHG
PDWHULDO LV VWLOO IDU IURP FRPPHUFLDO XWLOL]DWLRQ DQG IXUWKHU FDWDO\VW LPSURYHPHQW LV VWLOO UHTXLUHG�
1XPHURXV VWXGLHV� LQYHVWLJDWLQJ PHFKDQLVWLF DVSHFWV RI PHWKDQRO V\QWKHVLV RYHU &=$ PDWHULDO� DUH
EDVHG RQ H[SHULPHQWV XVXDOO\ PDGH XQGHU FRQGLWLRQV �ORZ WHPSHUDWXUH� YDFXXP� WKDW DUH IDU DZD\
IURP WKH UHDO FDWDO\WLF H[SHULPHQW �!�� EDU� ������� |&�� +HQFH� HYHQ WKH VWUXFWXUH RI DFWLYH VLWHV
DQG HVSHFLDOO\ WKH UROH RI FRSSHU�]LQF DOOR\V LQ WKLV FDWDO\WLF V\VWHP� DUH VXEMHFW RI LQWHQVH GHEDWH
>���@� 7KLV VLWXDWLRQ KDV PRWLYDWHG XV� WR LQYHVWLJDWH WKH PHFKDQLVWLF UROH RI FRSSHU�]LQF DOOR\ LQ
FDUERQ GLR[LGH K\GURJHQDWLRQ WR PHWKDQRO E\ XVLQJ RSHUDQGR WLPH�UHVROYHG ;$6 �DW ERWK &X DQG
=Q .�HGJHV�� 66,7.$�)7,5 DQG ;5' XQGHU UHOHYDQW FDWDO\WLF FRQGLWLRQV ��� EDU� ��� |&�� VXSSRUWHG
E\�WKHRUHWLFDO�PRGHOOLQJ�DQG�7(0�>�@�

$SSO\LQJ GLIIHUHQW LQ VLWX DFWLYDWLRQ SURWRFROV E\ YDU\LQJ RI UHGXFWLRQ WHPSHUDWXUH DQG SDUWLDO
SUHVVXUHV RI K\GURJHQ DQG FDUERQ GLR[LGH GXULQJ SUHWUHDWPHQW VWHSV� ZH ZHUH DEOH WR WXQH
FRQWHQW RI FRSSHU�]LQF DOOR\ LQ &=$ FDWDO\VW� :H IRXQG WKDW &=$ PDWHULDOV� FRQWDLQLQJ VLJQLILFDQWO\
GLIIHUHQW DPRXQW RI UHGXFHG ]LQF ��� DQG �� PRO� ��� SRVVHVV DOPRVW LGHQWLFDO FDWDO\VW DFWLYLW\
����� DQG ���� PPRO J�� PLQ��� UHVSHFWLYHO\�� SRLQWLQJ RXW WKDW QR FRUUHODWLRQ H[LVWV EHWZHHQ WKH
REVHUYHG PHWKDQRO SURGXFWLYLW\ DQG WKH DPRXQW RI &X=Q EUDVV SUHVHQW LQ WKH V\VWHP� 7R SURYLGH D
PRUH XQDPELJXRXV XQGHUVWDQGLQJ RI WKH UROH RI FRSSHU�]LQF DOOR\ LQ WKLV UHDFWLRQ� RSHUDQGR ;$6
�WLPH UHVROXWLRQ �� V� DQG ;5' PHDVXUHPHQWV GXULQJ WUDQVLHQW VZLWFKHV IURP K\GURJHQ WR
&2��+� UHDFWLRQ PL[WXUH DQG EDFN ZHUH SHUIRUPHG� ,W ZDV UHYHDOHG WKDW &X=Q DOOR\� ZKLFK ZDV
FRQVLGHUHG DV DQ DFWLYH VLWH LQ WKLV UHDFWLRQ� XSRQ UHOHYDQW FDWDO\WLF FRQGLWLRQV �&2��+� UHDFWLRQ
PL[WXUH� ��� |&� �� EDU� XQGHUJRHV R[LGDWLRQ ZLWK WKH IRUPDWLRQ RI ZXUW]LWH =Q2� ZKLFK FDQ
DFWLYDWH &2� DQG IRUP VXUIDFH ]LQF IRUPDWH VSHFLHV� ZKLFK DFFRUGLQJ WR 66,7.$�)7,5 DQG T;$6 LV
WKH UHDFWLYH LQWHUPHGLDWH� :H IRXQG WKDW IRUPDWLRQ RI WKH FRSSHU�]LQF DOOR\ IROORZHG E\ R[LGDWLRQ
XQGHU UHDFWLRQ FRQGLWLRQV IRUPV D ZHOO�GHYHORSHG &X�=Q2 LQWHUIDFH� ZKLFK LV ZKHUH WKH UHDFWLRQ
WDNHV SODFH� 0HWDOOLF FRSSHU IDFLOLWDWHV K\GURJHQ VSOLWWLQJ� ZKLOH WKH ]LQF SKDVH LV UHVSRQVLEOH IRU
&2��DFWLYDWLRQ��ZKLFK�VXEVHTXHQWO\�IRUPV�PHWKDQRO�

>�@�0�'��3RURVRII�HW�DO���(QHUJ\�(QYLURQ��6FL��������������૱���
>�@�6��.DWWHO�HW�DO���6FLHQFH�����������������૱�����
>�@�-��1DNDPXUD�HW�DO���6FLHQFH�������������HDDQ�����
>�@�0��=DELOVNL\�HW�DO���1DW��&RPPXQ�����������������
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3DOODGLXP�*DOOLXP�$OOR\HG�1DQRSDUWLFOHV�RQ�6LOLFD��0HWDO�6\QHUJ\�<LHOGV�+LJKO\�$FWLYH
&DWDO\VW�IRU�6HOHFWLYH�&2��WR�0HWKDQRO�+\GURJHQDWLRQ

6��5��'RFKHUW\���&��&RS«UHW�


�(7+�=¾ULFK��'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV�

7KH FRQYHUVLRQ RI &2� WR OLTXLG IXHOV KDV JDUQHUHG VLJQLILFDQW DWWHQWLRQ LQ UHFHQW \HDUV� DV D
VWUDWHJ\ WR PLWLJDWH DQWKURSRJHQLF &2� HPLVVLRQV DQG DV DQ DOWHUQDWLYH IHHGVWRFN WR IRVVLO IXHOV�>�@
,Q SDUWLFXODU� WKH GLUHFW FRQYHUVLRQ RI &2� WR &+�2+ KDV EHHQ KLJKOLJKWHG DV DQ DSSHDOLQJ WDUJHW�>�@
)RU WKLV SXUSRVH� PHWDOOLF QDQRSDUWLFOHV VXSSRUWHG RQ R[LGH VXSSRUWV� PRGLILHG ZLWK YDULRXV
SURPRWHUV� KDYH EHHQ H[WHQVLYHO\ VWXGLHG� )RU WKH PRVW SDUW� HIIRUWV KDYH IRFXVHG RQ FRSSHU
SDUWLFOHV SURPRWHG E\ ]LQF R[LGH�DOXPLQD �&X�=Q2�$O�2�� RU UHODWHG FRSSHU�]LUFRQLD �&X�=U2��
V\VWHPV�>�@ +RZHYHU� &X�EDVHG FDWDO\VWV VKRZ ORZ DFWLYLW\ DQG UHODWLYHO\ UDSLG GHDFWLYDWLRQ E\
ZDWHU�>�@ 7R FRPEDW WKLV� DOWHUQDWLYH WUDQVLWLRQ PHWDOV� R[LGH SURPRWHUV DQG VXSSRUWV KDYH EHHQ
SURSRVHG DQG LQYHVWLJDWHG�>�@ ,Q SDUWLFXODU� 3G�FRQWDLQLQJ V\VWHPV �3G�02[� 0  ,Q� *D� =Q� VKRZ
VXSHULRU�DFWLYLWLHV�ZLWK�UHVSHFW�WR�&X�EDVHG�V\VWHPV��>���@

+HUH� ZH UHSRUW WKDW VPDOO� QDUURZO\ GLVWULEXWHG DOOR\HG 3G*D QDQRSDUWLFOHV VXSSRUWHG RQ *D�
GRSHG VLOLFD �3G*D#6L2��� SUHSDUHG WKURXJK D 6XUIDFH 2UJDQRPHWDOOLF &KHPLVWU\ �620&�
DSSURDFK� VHOHFWLYHO\ FDWDO\]H WKH FRQYHUVLRQ RI &2� WR &+�2+� 7KH ELPHWDOOLF PDWHULDO
3G*D#6L2� PDWHULDO LV �� WLPHV PRUH DFWLYH WKDQ WKH PRQRPHWDOOLF PDWHULDO �3G#6L2��� DQG DQ
RUGHU RI PDJQLWXGH PRUH DFWLYH WKDQ EHQFKPDUN &X�EDVHG V\VWHPV LQ WKH K\GURJHQDWLRQ RI &2� WR
&+�2+� ,Q FRQWUDVW WR PRVW &X�EDVHG V\VWHPV� PHWKDQRO VHOHFWLYLW\ DSSHDUV WR EH ODUJHO\
LQGHSHQGHQW RI FRQYHUVLRQ� 7KURXJK WKH XVH RI UDWLRQDOO\ GHVLJQHG PROHFXODU SUHFXUVRUV�
DPHQDEOH WR DQ 620& DSSURDFK� ZH VKRZ WKDW WKH SUHVHQFH RI D 3G*D DOOR\ LQ WKH SUHFDWDO\VW LV
FULWLFDO IRU WKH VHOHFWLYLW\ RI &2��WR�PHWKDQRO LQ 3G�EDVHG V\VWHPV GRSHG ZLWK *D� )XUWKHUPRUH� WKH
SUHVHQFH RI DQ DOOR\HG SKDVH LQ UHDFWLRQ FRQGLWLRQV ZDV FRQILUPHG E\ LQ VLWX ;�UD\ $EVRUSWLRQ
6SHFWURVFRS\ �;$6�� DQG WKH SDUWLDO UH�R[LGDWLRQ RI PHWDOOLF JDOOLXP LQ UHDFWLRQ FRQGLWLRQV ZDV
WUDFNHG�XVLQJ�;$6��

>�@ (� 9 .RQGUDWHQNR� *� 0XO� -� %DOWUXVDLWLV� *� 2� /DUUD]£EDO� -� 3«UH]�5DP¯UH]� (QHUJ\ (QYLURQ� 6FL�
�������������૱�����
>�@ $� *RHSSHUW� 0� &]DXQ� -��3� -RQHV� *� .� 6XU\D 3UDNDVK� *� $� 2ODK� &KHP� 6RF� 5HY� ����� ���
����૱�����
>�@ ;� -LDQJ� ;� 1LH� ;� *XR� &� 6RQJ� -� *� &KHQ� &KHP� 5HY� ����� '2,
��������DFV�FKHPUHY��E������
>�@�0��6DKLE]DGD��,��6��0HWFDOIH��'��&KDGZLFN��-��&DWDO����������������૱����
>�@�6��(��&ROOLQV��0��$��%DOWDQ£V��$��/��%RQLYDUGL��-��&DWDO��������'2,���������M�MFDW�������������
>�@�6��5��'RFKHUW\��(��/DP��*��1RK��2��9��6DIRQRYD��&��&RSHUHW��0DQXVFULSW�6XEPLWWHG
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8QYHLOLQJ�WKH�SURPRWLRQDO�HIIHFW�RI�QLFNHO�LQ�LQGLXP�FDWDO\]HG�&2��K\GURJHQDWLRQ�WR
PHWKDQRO

0��6��)UHL���&��0RQGHOOL���5��*DUF¯D�0XHODV���1��/µSH]���2��9��6DIRQRYD���'��&XUXOOD�)HUU«���-��$�
6WHZDUW���-��3«UH]�5DP¯UH]�


�(7+�=¾ULFK���,QVWLWXWH�RI�&KHPLFDO�5HVHDUFK�RI�&DWDORQLD���3DXO�6FKHUUHU�,QVWLWXWH���7RWDO�5HVHDUFK
	�7HFKQRORJ\�)HOX\

7KH WKHUPRFDWDO\WLF K\GURJHQDWLRQ RI &2� ZLWK UHQHZDEOH K\GURJHQ VWDQGV DV D VXVWDLQDEOH URXWH
WR SURGXFH WKH FRPPRGLW\ DQG SRWHQWLDO IXHO PHWKDQRO� ,Q�2� HPHUJHG DV D SURPLVLQJ FDWDO\VW IRU
WKLV UHDFWLRQ RZLQJ WR VXSHULRU VHOHFWLYLW\ DQG VWDELOLW\� DQG FDQ EH HIIHFWLYHO\ SURPRWHG E\
DQFKRULQJ WLQ\ SDOODGLXP FOXVWHUV WR LWV VXUIDFH YLD D FRSUHFLSLWDWLRQ V\QWKHVLV�� +HUHLQ� KHUH ZH
JDWKHU FRPSUHKHQVLYH PROHFXODU�OHYHO XQGHUVWDQGLQJ RQ QLFNHO DV DQ DOWHUQDWLYH DFWLYLW\ ERRVWHU�
ZKLFK FRXOG EHWWHU IXOILO HFRQRPLF UHTXLUHPHQWV RI D SUDFWLFDO SURFHVV� )ROORZLQJ WKH PRUH HDVLO\
VFDODEOH LPSUHJQDWLRQ PHWKRG� QR PHWKDQH IRUPDWLRQ ZDV GHWHFWHG HYHQ DW �� ZW�� QLFNHO
ORDGLQJ� GHVSLWH WKH KLJK VWDQG�DORQH &2� PHWKDQDWLRQ DFWLYLW\ RI QLFNHO QDQRSDUWLFOHV� $OWHULQJ WKH
DPRXQW RI LQGLXP LQ ,Q�$O PL[HG R[LGH VXSSRUWV ��૯��� PRO� ,Q� ZKLOH NHHSLQJ WKH QLFNHO FRQWHQW
FRQVWDQW FRUURERUDWHG WKDW RQO\ YHU\ VPDOO LQGLXP TXDQWLWLHV DUH VXIILFLHQW WR SURGXFH WKH
XQH[SHFWHG VHOHFWLYLW\ VZLWFK RQ QLFNHO� ,Q�GHSWK FKDUDFWHUL]DWLRQ UHYHDOHG D KLJKO\ GLVSHUVHG WZR�
GLPHQVLRQDO QLFNHO SKDVH RQWR ,Q�2� LQ ORZ�ORDGLQJ VDPSOHV� ZKLFK LV DFFRPSDQLHG E\
QDQRSDUWLFOHV DW KLJK SURPRWHU FRQWHQWV� 8SRQ UHDFWLRQ� QLFNHO DOOR\HG ZLWK LQGLXP DWRPV IURP WKH
R[LGH VXUIDFH IRUPLQJ LQGLXP� RU QLFNHO�ULFK LQWHUPHWDOOLF FRPSRXQGV GHSHQGLQJ RQ WKH SURPRWHU
ORDGLQJ �)LJ� ��� ')7 VLPXODWLRQV HOXFLGDWHG WKDW LQGLXP�PRGXODWHG QLFNHO VSHFLHV DUH LQWULQVLFDOO\
DFWLYH LQ WKH UHYHUVH ZDWHU�JDV VKLIW UHDFWLRQ UDWKHU WKDQ LQ PHWKDQDWLRQ� ZKLOH VLPXOWDQHRXVO\
SURYLGLQJ DFWLYDWHG K\GURJHQ WR ,Q�2� WKDW HQKDQFHV WKH PHWKDQRO IRUPDWLRQ UDWH� 7KLV H[SODLQV
ZK\ � ZW�� QLFNHO RQ WKH R[LGH RIIHUV DQ RSWLPDO EDODQFH EHWZHHQ PHWDOV૷ DOOR\LQJ DQG ,Q�2�
VXUIDFH FRYHUDJH DQG KHQFH� EHWZHHQ VXSSUHVVLRQ RI PHWKDQDWLRQ DQG IRVWHULQJ RI
&2��WR�PHWKDQRO� 2YHUDOO� WKLV VWXG\ LGHQWLILHG NH\ VWUXFWXUDO DQG HOHFWURQLF SKHQRPHQD FRQWUROOLQJ
WKH EHKDYLRU RI WKH FODVVLFDO K\GURJHQDWLRQ PHWDO QLFNHO LQ FRQWDFW ZLWK LQGLXP R[LGH� UHOHYDQW WR
DWWDLQ�D�VWDEOH�SURPRWHG�V\VWHP�IRU�DQ�HPHUJLQJ�DSSOLFDWLRQ�

)LJ� �� &DWDO\VW VHOHFWLYLW\ LQ &2� K\GURJHQDWLRQ DV D IXQFWLRQ RI QLFNHO ORDGLQJ LQ 1L�,Q�2�
FDWDO\VWV� 5HOHYDQW VWUXFWXUHV IRUPHG XQGHU UHDFWLRQ FRQGLWLRQV DQG WKH GRPLQDQW K\GURJHQDWLRQ
PHFKDQLVPV DUH GHSLFWHG IRU LQGLXP� �RUDQJH DWRPV� DQG QLFNHO� �EOXH DWRPV� ULFK V\VWHPV WR WKH
OHIW�DQG�ULJKW��UHVSHFWLYHO\�

>�@ 2� 0DUWLQ� $�-� 0DUW¯Q� &� 0RQGHOOL� 6� 0LWFKHOO� 7�)� 6HJDZD� 5� +DXHUW� &� 'URXLOO\� '� &XUXOOD�
)HUU«��-��3«UH]�5DP¯UH]��$QJHZ��&KHP��,QW��(G�����������������������
>�@ 0� 6� )UHL� &� 0RQGHOOL� 5� *DUF¯D�0XHODV� .� 6� .OH\� %� 3X«UWRODV� 1� /µSH]� 2� 9� 6DIRQRYD�
-��$��6WHZDUW��'��&XUXOOD�)HUU«��-��3«UH]�5DP¯UH]��1DW��&RPPXQ�����������������
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2SHUDQGR�6SHFWURHOHFWURFKHPLFDO�2EVHUYDWLRQ�RI�6XUIDFH�6WDWHV�DQG�$FWLYH�6LWHV�LQ
&KDOFRS\ULWH�3KRWRFDWKRGHV�IRU�6RODU�:DWHU�5HGXFWLRQ

<��/LX���.��6LYXOD�
��1��*XLMDUUR�


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

3KRWRHOHFWURFKHPLFDO �3(&� ZDWHU VSOLWWLQJ LV HPHUJLQJ DV D VROLG SODWIRUP WKDW FRXOG SRWHQWLDOO\
VXVWDLQ D FDUERQ�IUHH K\GURJHQ FRPPXQLW\�>�@ $PRQJ WKH GLIIHUHQW SKRWRDFWLYH PDWHULDOV WKDW
FRXOG LQWHJUDWH D 3(& GHYLFH IRU RYHUDOO ZDWHU VSOLWWLQJ� WKH JURXS RI ,�,,,�9, VHPLFRQGXFWRUV
FRPSRVHG RI &X,Q���*D���6� �&,*6� LV GUDZLQJ LQFUHDVLQJ DWWHQWLRQ DV SKRWRFDWKRGH PDWHULDOV RZLQJ
WR WKHLU RXWVWDQGLQJ RSWRHOHFWURQLF SURSHUWLHV DQG WXQDEOH EDQG JDS� +RZHYHU� VHULRXV ERWWOHQHFNV
IRU WKH LPSOHPHQWDWLRQ RI WKLV FODVV RI PDWHULDOV DULVH IURP ILUVW� WKH FRVWO\ IDEULFDWLRQ RI 39�JUDGH
WKLQ�ILOPV QRUPDOO\ UHO\LQJ RQ QRQ�VFDODEOH YDFXXP WHFKQLTXHV� DQG VHFRQG� WKH QHHG IRU
RYHUOD\HUV�FDWDO\VW�WR�SHUIRUP�WKH�K\GURJHQ�HYROXWLRQ�UHDFWLRQ�>���@

5HFHQWO\� ZH UHSRUWHG D QRYHO DOO�VROXWLRQ�SURFHVVHG &,*6 SKRWRFDWKRGH WKDW GHPRQVWUDWHV DQ
XQSUHFHGHQWHG SKRWRHOHFWURFDWDO\WLF SHUIRUPDQFH� HYHQ LQ WKH DEVHQFH RYHUOD\HUV RU
FR�FDWDO\VW�>�@ $OWKRXJK WKH SKRWRFXUUHQW RQVHW LV VWLOO GHOD\HG ZLWK UHVSHFW WR WKH IODW�EDQG
SRWHQWLDO� WKLV EUHDNWKURXJK RIIHUV DQ HOHJDQW VROXWLRQ IRU FRVW�HIIHFWLYH VRODU IXHO SURGXFWLRQ�
0RWLYDWHG E\ LWV VSOHQGLG LQWULQVLF FDWDO\WLF SURSHUWLHV DQG XQVDWLVIDFWRU\ SKRWRYROWDJH� ZH
GHSOR\HG WKUHH FRPSOHPHQWDU\ RSHUDQGR VSHFWURHOHFWURFKHPLFDO WHFKQLTXHV YL]�
SKRWRHOHFWURFKHPLFDO LPSHGDQFH VSHFWURVFRS\ �3(,6�� LQWHQVLW\�PRGXODWHG SKRWRFXUUHQW
VSHFWURVFRS\ �,036� DQG RSHUDQGR 5DPDQ VSHFWURVFRS\ WR ILQG RXW WKH UHDVRQ IRU WKH OLPLWHG
SKRWRYROWDJH RI WKLV PDWHULDO� 7KH QHZ LQVLJKWV JDLQHG LQWR WKH FKDUDFWHULVWLFV RI WKH
VHPLFRQGXFWRU�OLTXLG MXQFWLRQ �6&/-� RIIHU XQSUHFHGHQWHG LQIRUPDWLRQ RQ WKH LQWHUIDFLDO FDUULHU
G\QDPLFV �H�J� VXUIDFH VWDWHV� FKDUJH WUDQVIHU�UHFRPELQDWLRQ NLQHWLFV DQG FDWDO\WLF DFWLYH VLWHV� RQ
WKLV W\SH RI PDWHULDOV� 2XU UHVXOWV SURYLGH D FORVHU ORRN DW WKH 6&/- DQG EXLOG WKH IXQGDPHQWDO
XQGHUVWDQGLQJ�IRU�QRW�RQO\�VKLIW�WKH�RQVHW�SRWHQWLDO�EXW�DOVR�IXUWKHU�LQFUHDVH�WKH�3(&�SHUIRUPDQFH�

>�@�<��/LX��1��*XLMDUUR��.��6LYXOD��+HOYHWLFD�&KLPLFD�$FWD�������������H��������
>�@ <� /LX� )� /H )RUPDO� )� %RXGRLUH� /� <DR� .� 6LYXOD� 1� *XLMDUUR� -� 0DWHU� &KHP� $� ����� ��
����������
>�@�<��/LX��)��/H�)RUPDO��)��%RXGRLUH��1��*XLMDUUR��$&6�$SSO��(QHUJ\�0DWHU����������������������
>�@ 1� *XLMDUUR� 0� 6� 3U«YRW� ;� <X� ;� $� -HDQERXUTXLQ� 3� %RUQR]� :� %RXU«H� 0� -RKQVRQ� )� /H
)RUPDO��.��6LYXOD��$GY��(QHUJ\�0DWHU�������������������
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6XUIDFH�RYHU�OD\HU�IRUPDWLRQ�DQG�G\QDPLFV�LQ�WKH�VWURQJ�PHWDO�VXSSRUW�LQWHUDFWLRQ
VWDWH�RQ�VXSSRUWHG�PHWDO�FDWDO\VWV

$��%HFN���;��+XDQJ���/��$UWLJOLD���0��=DELOVNL\���3��5]HSND���'��3DODJLQ���0��*��:LOOLQJHU�
��-��$��YDQ
%RNKRYHQ�


�(7+�=¾ULFK���3DXO�6FKHUUHU�,QVWLWXWH

,Q WKH HDUO\ GD\V RI FDWDO\VLV UHVHDUFK� R[LGH FDUULHUV ZHUH FRQVLGHUHG WR EH PHUH LQHUW FDUULHUV IRU
KLJKO\ GLVSHUVHG PHWDO QDQRSDUWLFOHV� )RUW\ \HDUV DJR� H[SHULPHQWV ZLWK QREOH PHWDO�7L2� FDWDO\VWV
GHPRQVWUDWHG WKDW R[LGH VXSSRUWV DUH IDU IURP LQHUW LQ VXFK FDWDO\WLF V\VWHPV DQG FDQ VWURQJO\
HIIHFW WKH DGVRUSWLRQ EHKDYLRU RI FDWDO\VWV DQG WKH SKHQRPHQRQ ZDV QDPHG WKH VWURQJ PHWDO�
VXSSRUW LQWHUDFWLRQ �606,�� 606, ZDV REVHUYHG LQ QREOH PHWDO �10� FDWDO\VWV VXSSRUWHG RQ
UHGXFLEOH R[LGHV VXFK DV 7L2�� 7KLV SKHQRPHQRQ LV RI SDUDPRXQW LPSRUWDQFH� VLQFH WKH DGVRUSWLRQ
EHKDYLRU RI PROHFXOHV RQ FDWDO\VWV LV D NH\ IDFWRU LQ GHWHUPLQLQJ WKH FDWDO\WLF DFWLYLW\� 7KH 606,
SKHQRPHQRQ�KDV��IRU�WKH�PRVW�SDUW��EHHQ�FKDUDFWHUL]HG�H[�VLWX�RU�E\�PHDQV�RI�PRGHO�V\VWHPV�

+HUH� FRPSOHPHQWDU\ LQ VLWX 7(0� DPELHQW SUHVVXUH ;�UD\ 3KRWRHPLVVLRQ 6SHFWURVFRS\ �$3;36�
DQG LQ VLWX V\QFKURWURQ ;�UD\ GLIIUDFWLRQ �;5'�� VXSSRUWHG E\ WKHRUHWLFDO GHQVLW\ IXQFWLRQDO WKHRU\
�')7� PRGHOOLQJ� DUH XVHG GHULYH D KROLVWLF YLHZ RI WKH 606, IRUPDWLRQ PHFKDQLVP� 7KH UHVXOWV RI
WKLV VWXG\ LGHQWLI\ WKH GXDO UROH RI K\GURJHQ LQ WKH IRUPDWLRQ RI WKH 606, VWDWH DQG HOXFLGDWHG WKH
UROH RI R[\JHQ� ZKLFK KDG QRW EHHQ UHFRJQL]HG EHIRUH� 7KH PLJUDWLRQ RI UHGXFHG WLWDQLXP R[LGH�
OLPLWHG LQ WKLFNQHVV� DQG WKH IRUPDWLRQ RI DQ DOOR\ RFFXU DV FRPSHWLQJ PHFKDQLVPV GXULQJ
UHGXFWLRQ �)LJ� � $૱'�� 6XEVHTXHQW H[SRVXUH WR R[\JHQ VHJUHJDWHV WKH WLWDQLXP IURP WKH DOOR\�
DQG D WKLFNHU 7L2; RYHUOD\HU IRUPV �)LJ� � (૱+�� ,I H[SRVHG DJDLQ WR K\GURJHQ WKH DOOR\ IRUPDWLRQ
DQG SDUWLDO VXUIDFH OD\HU UHGXFWLRQ VWDWH LV UH�VWDELOL]HG� 7KLV QHZ XQGHUVWDQGLQJ RI WKH IRUPDWLRQ
DQG G\QDPLFV RI R[LGH OD\HUV RQ DFWXDO SRZGHU FDWDO\VWV� LV DQ LPSRUWDQW DLG WR UHVROYH
GLVDJUHHPHQW�DERXW�WKH�IRUPDWLRQ�PHFKDQLVP�RI�WKH�606,�VWDWH�

)LJXUH �� 6FKHPDWLF RI WKH HYROXWLRQ RI WKH 606, VWDWH �$� (�� LQ VLWX 7(0 �%� )�� ((/6 PDSSLQJ RI
WKH 7L /����HGJH �&� *�� PRVW VWDEOH ')7 VXUIDFH PRGHO � PRQROD\HU �0/� 7L2 � � 0/ 3W�7L RQ 3W �'�
LQ +� DQG � 0/ 7L2� RQ 3W �+� LQ 2�� G\QDPLFV REVHUYHG ZLWK LQ VLWX 7(0 ZKHQ VZLWFKLQJ IURP 2� WR
+� DW ��� r& �,�� 'HSWK SURILOLQJ GHULYHG IURP $3;36 DQG LQ VLWX ;5' �.� DW ���� NH9 UHYHDOLQJ WKH
UHIOHFWLRQ�VKLIW�RI�3W�DW�����r�XSRQ�JDV�VZLWFKHV�

>�@ 7DXVWHU 6�-�� )XQJ 6�&�� *DUWHQ 5�/� -� $P� &KHP� 6RF�� ���� � ������� � >�@ %HUQDO 6�� &DOYLQR -�
HW DO� &DWDO� 7RGD\� ��� � ������� � >�@ 'XOXE 2�� +HEHQVWUHLW :�� 'LHEROG 8� 3K\V� 5HY� /HWW�� ��� ��
�������
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5HYHDOLQJ�WKH�VWUXFWXUDO�VHFUHWV�RI�UDQGRP�FDWDO\VW�SDFNLQJV

-��YRQ�6HFNHQGRUII�����2��+LQULFKVHQ�

�&ODULDQW�3URGXNWH��'HXWVFKODQG��*PE+��+HXIHOG��*HUPDQ\���7HFKQLFDO�8QLYHUVLW\�RI�0XQLFK�
*DUFKLQJ��*HUPDQ\����MHQQLH�VHFNHQGRUII#FODULDQW�FRP

6SKHUHV� WDEOHWV� ULQJV� GRXEOH DOSKDV� WKUHH�KROHG WULOREHV RU IORZHU VKDSHV� H[WUXGHG RU WDEOHW
SUHVVHG ૱ WKH OLVW RI UHDGLO\ DYDLODEOH FDWDO\VW VKDSHV LV ORQJ DQG GLYHUVH� 0RUH SUHFLVHO\� FDWDO\VW
JHRPHWULHV EHFDPH XQLTXHO\ SUHYDOHQW IRU FHUWDLQ UHDFWLRQV DV HDFK VKDSH SURPRWHV GLIIHUHQW
DVSHFWV LQ IOXLG G\QDPLFV� KHDW DQG PDVV WUDQVIHU� 6WLOO� FDWDO\VW VKDSH GHYHORSPHQW KDV ORQJ EHHQ
D PDWWHU RI LQVWLQFW DQG H[SHULHQFH ZKLOH EHLQJ VLJQLILFDQWO\ FRQVWUDLQHG E\ WKH OLPLWV RI FDWDO\VW
PDQXIDFWXULQJ�WHFKQLTXHV�DQG�H[SHULPHQWDO�FKDUDFWHUL]DWLRQ�FDSDELOLWLHV�
%XW ZLWK RQ DQG RQ UDLVLQJ FRPSXWLQJ FDSDELOLWLHV LQFOXGLQJ QXPHULFDO SDFNLQJ JHQHUDWLRQ WRROV
DQG FRPSXWDWLRQDO IOXLG G\QDPLFV� DQ LQ�GHSWK DQG KLJKO\ UHVROYHG YLUWXDO UHSUHVHQWDWLRQ RI
FDWDO\WLF UHDFWRUV LV IDFLOLWDWHG� 8VLQJ WKHVH UHDFWRU PRGHOV LQ YLUWXDO VFUHHQLQJV� UHDFWLRQ V\VWHPV
FDQ EH RSWLPL]HG DW KLJKO\ UHGXFHG FRVW� WLPH DQG PDQSRZHU ZKLOH VLPXOWDQHRXVO\ DOORZLQJ D
GHWDLOHG�XQGHUVWDQGLQJ�RI�VSHFLILF�SKHQRPHQD�

1XPHULFDO�6FUHHQLQJ�0HWKRGRORJ\
7KH FDWDO\VW VKDSHV DUH QXPHULFDOO\ SDFNHG LQWR WXEHV XVLQJ DQ DXWRPDWHG S\WKRQ VFULSW LQ
%OHQGHUழ �SURFHGXUH DGRSWHG IURP >�@� RU WKH 'LVFUHWH (OHPHQW 0HWKRG WRRO 'LJL'(0ழ �SURFHGXUH
DV RI >�@�� 6XEVHTXHQWO\� WKH UDQGRP SDFNLQJV DUH PHVKHG DQG VWHDG\ VWDWH IORZ VLPXODWLRQV DUH
SHUIRUPHG XVLQJ 2SHQ)2$0p� ,I GHVLUHG� G\QDPLF IORZ VLPXODWLRQV �H�J� IRU UHVLGHQFH WLPH
GLVWULEXWLRQ HYDOXDWLRQ� FDQ EH DGGHG� 7KH H[LVWLQJ VFULSW LV FXUUHQWO\ HQODUJHG WR DOORZ KHDW DQG
PDVV WUDQVIHU HYDOXDWLRQV� ,Q D ILQDO VWHS� H[WHQVLYH SRVW�SURFHVVLQJ LV SHUIRUPHG DOORZLQJ DQ LQ�
GHSWK HYDOXDWLRQ RI WKH IORZ SURILOHV LQFOXGLQJ WKH GLVFULPLQDWLRQ RI EXON IORZ DQG IORZ WKURXJK WKH
KROHV�RI�KROHG�SDUWLFOHV�

9DOLGDWLRQ�VWUDWHJ\
7KH QXPHULFDO SDFNLQJ SURFHGXUH LV YDOLGDWHG ZLWK KLJKO\ UHVROYHG [�UD\ WRPRJUDSK\ VFDQV� ERWK
IRU VLPSOH VSKHUHV >�@ DQG PRUH FRPSOH[ VKDSHV �VHH ILJ� ��� 3UHVVXUH GURS H[SHULPHQWV KDYH
EHHQ�SHUIRUPHG�>�@�WR�FRQILUP�WKH�IOXLG�G\QDPLF�VLPXODWLRQV��

5HVXOWV
6HYHUDO VWXGLHV KDYH EHHQ SHUIRUPHG DOO WDUJHWLQJ WKH HYDOXDWLRQ RI FDWDO\VW VKDSH HIIHFWV RQ
SDFNLQJ JHRPHWU\ HVSHFLDOO\ SRURVLW\ �GLVWULEXWLRQ�� SUHVVXUH GURS� IORZ SURILOHV DQG UHVLGHQFH WLPH
GLVWULEXWLRQ� 7KHVH FRPSULVH WKH HYDOXDWLRQ RI WKH LQIOXHQFH RI WKH WXEH�WR�SDUWLFOH GLDPHWHU UDWLR�
HVSHFLDOO\ LQ WHUPV RI VSKHUHV >�@� WKH LQIOXHQFH RI VKDSH DVSHFW UDWLRV� H�J� LQ WHUPV RI F\OLQGHUV
>�@� RU WKH GHYHORSPHQW RI �QRYHO� SURPLVLQJ FDWDO\VW JHRPHWULHV VXFK DV WKH \R�\R VKDSH �ILJ� ��
>�@� &XUUHQWO\� WKH WUDQVIHU IURP LGHDOLW\ �LQ WHUPV RI FDWDO\VW VKDSH DQG PDWHULDO� WR UHDOLW\ LV WKH
PDLQ�IRFXV�RI�RXU�UHVHDUFK�



>�@��%��3DUWRSRXU��$��*��'L[RQ��3RZGHU�7HFKQRORJ\���������������૱����
>�@ -� )HUQHQJHO� -� YRQ 6HFNHQGRUII� 2� +LQULFKVHQ� 3URFHHGLQJV RI WKH ��WK (XURSHDQ 6\PSRVLXP
RQ�&RPSXWHU�$LGHG�3URFHVV�(QJLQHHULQJ���������૱����
>�@�-��YRQ�6HFNHQGRUII��0��7RQLJROG��3��6FKHFN��5��)LVFKHU��2��+LQULFKVHQ��VXEPLWWHG�
>�@�-��YRQ�6HFNHQGRUII��1��6]HVQL��5��)LVFKHU��.��$FKWHUKROG��)��3IHLIIHU��2��+LQULFKVHQ��VXEPLWWHG�
>�@ -� YRQ 6HFNHQGRUII� 1� 6]HVQL� 5� )LVFKHU� 2� +LQULFKVHQ� &KHPLFDO (QJLQHHULQJ 6FLHQFH �����
������������
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7LPH�UHVROYHG�VSHFWURVFRS\�RI�YDQDGLD�EDVHG�6&5�FDWDO\VWV�XQGHU�WUDQVLHQW�FRQGLWLRQV

5��*��1XJXLG�����0��1DFKWHJDDO���'��)HUUL���2��.U¸FKHU���


�3DXO�6FKHUUHU�,QVWLWXW����FROH�SRO\WHFKQLTXH�I«G«UDOH�GH�/DXVDQQH

8QGHUVWDQGLQJ WKH PHFKDQLVPV EHKLQG FKHPLFDO WUDQVIRUPDWLRQV LV NH\ WR GHYHORSLQJ LPSURYHG
FDWDO\WLF V\VWHPV� +HUH ZH VKRZ WKH DSSOLFDWLRQ RI FRPSOHPHQWDU\ VSHFWURVFRSLF WHFKQLTXHV �)LJ�
�D� WR HOXFLGDWH WKH PHFKDQLVP RI D UHDFWLRQ WKDW KDV DOZD\V RFFXSLHG D FHQWUDO UROH LQ HPLVVLRQ
FRQWURO UHVHDUFK ૱ WKH VHOHFWLYH FDWDO\WLF UHGXFWLRQ �6&5� RI 12[ RYHU YDQDGLD�EDVHG FDWDO\VWV >�@�
,5 VSHFWURVFRS\ UHYHDOHG WKDW 1+� FRXOG DGVRUE RQ /HZLV DQG %UºQVWHG�/RZU\ DFLG VLWHV DV 1+�
DQG 1+��� UHVSHFWLYHO\� 8SRQ 12 DGGLWLRQ� WKH 6&5 UHDFWLRQ VWDUWHG DQG DGVRUEHG 1+� RQ /HZLV
VLWHV ZHUH FRQVXPHG SUHIHUHQWLDOO\ RYHU 1+�� VSHFLHV �)LJ� �E�� WKHUHE\ VXJJHVWLQJ WKDW WKH /HZLV
VLWHV DUH WKH DFWLYH VLWHV IRU 6&5 >�� �@� 7KH FDWDO\VW DOVR UHGXFHG VLPXOWDQHRXVO\ DV LQGLFDWHG E\
89�9LV VSHFWURVFRS\ �)LJ� �F�� 8QGHU UHDFWLRQ FRQGLWLRQV� YDQDG\O VSHFLHV �92[� DGRSW YDULRXV
VWDWHV RI FRRUGLQDWLRQ� DV UHIOHFWHG LQ WKH ZLGWK RI WKH 92[ SHDN LQ WKH WLPH�UHVROYHG 5DPDQ
VSHFWUD �)LJ� �G�� +RZHYHU� RQO\ WKH FRRUGLQDWLYHO\ XQVDWXUDWHG VSHFLHV �L�H�� /HZLV VLWHV� ZHUH
IRXQG WR EH UHVSRQVLEOH IRU WKH 6&5 DFWLYLW\ DV WKHLU UHVSRQVH WR UHSHDWHG 1+� SXOVHV FDXVHG WKHLU
FKDUDFWHULVWLF VLJQDO WR DSSHDU LQ WKH SKDVH�UHVROYHG VSHFWUD �)LJ� �H� >�@� 7KHVH PROHFXODU LQVLJKWV
JR EH\RQG ZKDW FDQ EH DFKLHYHG ZLWK VSHFWURVFRSLF H[SHULPHQWV XQGHU VWHDG\�VWDWH FRQGLWLRQV�
7KHUHIRUH� WKH V\QHUJ\ EHWZHHQ FRPSOHPHQWDU\ RSHUDQGR WHFKQLTXHV� GHPRQVWUDWHG KHUH LQ WKH
SDUWLFXODU FDVH RI 6&5� RSHQV XS QHZ SRVVLELOLWLHV LQ GHFLSKHULQJ WKH VWUXFWXUH�SHUIRUPDQFH
UHODWLRQVKLS�RI�FDWDO\VWV�DQG�RWKHU�IXQFWLRQDO�PDWHULDOV�

)LJ�� �D� &RPSOHPHQWDULW\ EHWZHHQ ,5� 89�9LV� DQG 5DPDQ VSHFWURVFRSLHV� �E� ,5 VLJQDO RI
DGVRUEHG 1+� �/HZLV� DQG 1+�� �%UºQVWHG�/RZU\� VSHFLHV DIWHU 12 DGGLWLRQ� �F� 89�9LV VLJQDO RI 9��
VSHFLHV DIWHU 12 DGGLWLRQ� �G� 7LPH�UHVROYHG DQG �H� SKDVH�UHVROYHG 5DPDQ VLJQDO RI WKH 9 2
VWUHWFK�

>�@ 5�-�*� 1XJXLG� )� %XWWLJQRO� $� 0DUEHUJHU� 2� .U¸FKHU� 6HOHFWLYH &DWDO\WLF 5HGXFWLRQ RI 12[
(PLVVLRQV� ,Q +DQGERRN RI %LRGLHVHO DQG 3HWURGLHVHO )XHOV� 6FLHQFH� 7HFKQRORJ\� +HDOWK� DQG
(QYLURQPHQW��9ROXPH����2��.RQXU��(G��&5&�3UHVV��%RFD�5DWRQ��������LQ�SUHVV�
>�@�$��0DUEHUJHU��'��)HUUL��0��(OVHQHU��2��.U¸FKHU��$QJHZ��&KHPLH�,QW��(G������������������������
>�@�5�-�*��1XJXLG��'��)HUUL��2��.U¸FKHU��(PLVV��&RQWURO�6FL��7HFKQRO�������������������
>�@ 5�-�*� 1XJXLG� '� )HUUL� $� 0DUEHUJHU� 0� 1DFKWHJDDO� 2� .U¸FKHU� $&6 &DWDO� ����� ��
����������
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$WRP�E\�DWRP�DFWLYH�VLWH�V\QWKHVLV�E\�OLTXLG�SKDVH�DWRPLF�OD\HU�GHSRVLWLRQ

%��3��/H�0RQQLHU���/��0��6DYHUHLGH���0��.LOL©���5��6FKQ\GHU���0��'��0HQVL���8��5RHWKOLVEHUJHU���-�
/XWHUEDFKHU�


�/DERUDWRU\�RI�6XVWDLQDEOH�DQG�&DWDO\WLF�3URFHVVLQJ���/DERUDWRU\�RI�&RPSXWDWLRQDO�&KHPLVWU\�DQG
%LRFKHPLVWU\���(3)/

8QGHUVWDQGLQJ DQG HQJLQHHULQJ WKH DFWLYH VLWHV RI KHWHURJHQHRXV FDWDO\VWV LV RIWHQ HOXVLYH GXH WR
WKH KLJK VWUXFWXUDO FRPSOH[LW\ RI WKH VXUIDFHV LQYROYHG DQG WKH FR�H[LVWHQFH RI GLIIHUHQW VLWHV�
+RZHYHU� D EHWWHU XQGHUVWDQGLQJ DQG FRQWURO RI DFWLYH VLWHV૷ DWRPLF FRQILJXUDWLRQ FRXOG IDFLOLWDWH
WKH RSWLPL]DWLRQ DQG HYHQ UDWLRQDO GHVLJQ RI KHWHURJHQHRXV FDWDO\VWV GRZQ DW WKH DWRPLF OHYHO�
7KH VWXG\ RI VLQJOH�DWRP FDWDO\VWV UHSUHVHQWV D SURPLVLQJ ZD\ WR DVVHVV LQGLYLGXDO SURSHUWLHV RI
HOHPHQWV� +RZHYHU� WKH DFWLYLW\ RI D JLYHQ VLWH LV RIWHQ FRQWUROOHG DV PXFK E\ WKH DFWLYH DWRP WKDQ
E\�LWV�VXUURXQGLQJV��DQG�WKH�ODWWHU�LV�VWLOO�FKDOOHQJLQJ�WR�FRQWURO�>�@�

+HUH� ZH ZLOO SUHVHQW D KHWHURJHQHRXV FDWDO\VW SUHSDUDWLRQ PHWKRG WKDW JRHV EH\RQG VLQJOH�DWRP
FDWDO\VW V\QWKHVLV E\ SURYLGLQJ DGGLWLRQDO FRQWURO RYHU WKH FRPSRVLWLRQ DQG WKH VWUXFWXUH RI WKH
VXUURXQGLQJ FDWDO\WLF VLWH >�@� 2XU DSSURDFK EDVHG RQ OLTXLG�SKDVH DWRPLF OD\HU GHSRVLWLRQ >�@�
SURYLGHV DQ DWRPLF FRQWURO RYHU WKH DWRPLF FOXVWHU VXUURXQGLQJ WKH DFWLYH DWRP E\ EXLOGLQJ
FRRUGLQDWLRQ VSKHUHV VKHOO E\ VKHOO� $V D SURRI RI FRQFHSW� D VHULHV RI PXOWL�QXFOHDU FDWDO\WLF
FOXVWHUV ZHUH SUHSDUHG XVLQJ DOXPLQXP� ]LQF� VLOLFRQ DQG PDJQHVLXP SUHFXUVRUV RQ D KLJK VXUIDFH
DUHD GHK\GUR[\ODWHG VLOLFD� &DWDO\WLF QRQ�R[LGDWLYH SURSDQH GHK\GURJHQDWLRQ ZDV XVHG DV PRGHO
UHDFWLRQ WR SUREH WKH LQIOXHQFH RI WKH DWRPLF FRPSRVLWLRQ DQG VWUXFWXUH VXUURXQGLQJ D VLQJOH VLWH
]LQF FDWDO\VW� ([WHQVLYH VSHFWURVFRS\ �;�UD\ DEVRUSWLRQ� VROLG VWDWH 105� ;36� 67(0�(';� DQDO\VLV
ZHUH SHUIRUPHG LQ RUGHU WR FRQILUP WKH WDUJHWHG VWUXFWXUHV DQG EHWWHU XQGHUVWDQG WKH UROH DWRPLF
VXUURXQGLQJV�RQ�WKH�SURSHUWLHV�RI�WKH�VLQJOH�VLWH�

>�@ )HGHULFR &DOOH�9DOOHMR� -DNXE 7\PRF]NR� 9LNWRU &ROLF� 4XDQJ +X\ 9X� 0DUFXV '� 3RKO� .DULQD
0RUJHQVWHUQ� 'DYLG /RIIUHGD� 3KLOLSSH 6DXWHW� :ROIJDQJ 6FKXKPDQQ DQG $OLDNVDQGU 6�
%DQGDUHQND��6FLHQFH��������������������
>�@ %HQMDPLQ 3� /H 0RQQLHU� /RXLVD 6DYHUHLGH� 0XUDW .LOL©� 5DSKDHO 6FKQ\GHU� 0RXQLU '� 0HQVL�
8UVXOD�5RHWKOLVEHUJHU�DQG�-HUHP\�6��/XWHUEDFKHU��PDQXVFULSW�LQ�SUHSDUDWLRQ
>�@ %HQMDPLQ 3� /H 0RQQLHU� )UHGHULFN :HOOV� )DU]DQHK 7DOHENHLNKDK� DQG -HUHP\ 6� /XWHUEDFKHU�
$GYDQFHG�0DWHULDOV�������������������
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0HWDO�RUJDQLF�IUDPHZRUNV�DV�NLQHWLF�PRGXODWRUV�IRU�EUDQFKHG�VHOHFWLYLW\�LQ
K\GURIRUP\ODWLRQ

3��*¦XPDQQ�����*��%DXHU���'��2QJDUL���'��7LDQD���7��5RKUEDFK���*��3DUHUDV���0��7DULN���%��6PLW���0�
5DQRFFKLDUL�


�/DERUDWRU\�IRU�&DWDO\VLV�DQG�6XVWDLQDEOH�&KHPLVWU\��36,�9LOOLJHQ���/DERUDWRU\�RI�0ROHFXODU
6LPXODWLRQ��,QVWLWXW�GHV�6FLHQFHV�HW�,QJ«QLHULH�&KLPLTXHV��9DODLV��(3)/�6LRQ���6FKRRO�RI�&KHPLVWU\�
8QLYHUVLW\�&ROOHJH�&RUN���/DERUDWRU\�IRU�%LRHQHUJ\�DQG�&DWDO\VLV���,QVWLWXWH�IRU�&KHPLVWU\�DQG

%LRHQJLQHHULQJ��(7+�=XULFK

0HWDO�RUJDQLF IUDPHZRUNV �02)V� ILQG DSSOLFDWLRQV LQ JDV FDSWXUH DQG VWRUDJH� FDWDO\VLV DQG
YDULRXV RWKHU ILHOGV>�@� 7KHLU DSSOLFDWLRQ LQ FDWDO\VLV LV VWURQJO\ UHODWHG WR KRZ 02)V FDQ GHOLYHU
UHVXOWV�WKDW�DUH�YHU\�FKDOOHQJLQJ�WR�REWDLQ�ZLWK�RWKHU�PDWHULDOV�

+\GURIRUP\ODWLRQ LV WKH UHDFWLRQ RI DQ ROHILQ ZLWK V\QJDV WR IRUP DOGHK\GHV� 6LQFH WKH DGGLWLRQ RI
&2 KDSSHQV DW ERWK FDUERQV RI WKH ROHILQLF ERQG� WKH SURGXFW LV D PL[WXUH RI D OLQHDU DQG D
EUDQFKHG DOGHK\GH� 7KH VHOHFWLYLW\ WRZDUGV WKH OLQHDU DOGHK\GH KDV EHHQ WKH PDMRU IRFXV RI WKH
FKHPLFDO LQGXVWU\� 7KH EUDQFKHG SURGXFWV FDQ EH XVHG LQ WKH ILQH FKHPLFDO LQGXVWU\� EXW DUH QRW
HDV\ WR REWDLQ VHOHFWLYHO\ XQOHVV ROHILQV ZLWK GLUHFWLQJ JURXSV DQG FRPSOH[ UKRGLXP FDWDO\VWV DUH
HPSOR\HG>�@�

:H IRXQG E\ 0RQWH &DUOR DQG ')7 VLPXODWLRQV WKDW PLFURSRURXV 02)V ZLWK 80&0�� DQG 02)���
WRSRORJLHV LQFUHDVH WKH GHQVLW\ RI OLQHDU OLTXLG ROHILQV EH\RQG QHDW FRQGLWLRQV>�@� $W WKH VDPH WLPH�
WKH\ UHGXFH WKH ORFDO FRQFHQWUDWLRQ RI +� DQG &2� ([DFWO\ WKHVH FRQGLWLRQV IDYRU WKH VHOHFWLYH
IRUPDWLRQ RI WKH EUDQFKHG DOGHK\GHV LQ FREDOW�FDWDO\]HG K\GURIRUP\ODWLRQ>�@� 7KH H[SHULPHQWDO
SURFHGXUH FRQVLVWV RI VLPSO\ DGGLQJ WKH 02) WR WKH UHDFWLRQ PL[WXUH SULRU WR WKH LQVHUWLRQ LQ WKH
DXWRFODYH� 2XU H[SHULPHQWV VKRZHG WKDW WKH EUDQFKHG DOGHK\GH LV SURGXFHG ZLWK XS WR �� �
VHOHFWLYLW\ LQ XQPRGLILHG &R�FDWDO\]HG K\GURIRUP\ODWLRQ XVLQJ ��KH[HQH WR ��QRQHQH DV VWDUWLQJ
PDWHULDO� 7KLV VHOHFWLYLW\ LV XQUHDFKHG E\ KRPRJHQHRXV FDWDO\VLV PDNLQJ 02)V DQ LQWHUHVWLQJ
NLQHWLF PRGXODWRU LQ WKH ILQH FKHPLFDO LQGXVWU\� 7KH H[SHULPHQWDO UHVXOWV DUH VXSSRUWHG E\
FRPSXWDWLRQDO VLPXODWLRQV� ZKLFK VKRZ WKDW WKH DFWLYH FRPSOH[ KDV D KLJK DIILQLW\ IRU WKH 02)
VXFK�WKDW�D�VPDOO�DPRXQW�GUDVWLFDOO\�FKDQJHV�WKH�UDWLR�EHWZHHQ�OLQHDU�DQG�EUDQFKHG�SURGXFW

>�@�+LUR\DVX�)XUXNDZD��HW�DO���6FLHQFH���������������������
>�@�/HR�,X��HW�DO���$QJHZ��&KHP��,QW��(G������������������૱�����
>�@�*HUDOG�%DXHU��HW�DO���1DW��&RPPXQ������������������
>�@�5DJKXUDM�9��*KRODS��2HPHU�0��.XW��-RKQ�5��%RXUQH��,QG��(QJ��&KHP��5HV�����������������������
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2SHUDQGR�;�5D\�$EVRUSWLRQ�6SHFWURVFRS\�,GHQWLILHV�0RQRFOLQLF�=U2��,Q�6ROLG�6ROXWLRQ�DV
WKH�$FWLYH�3KDVH�IRU�WKH�+\GURJHQDWLRQ�RI�&2��WR�0HWKDQRO

$��7VRXNDORX���$��$UPXWOXOX���(��:LOOLQJHU���&��5��0¾OOHU���3��0��$EGDOD�
��$��)HGRURY�


�'HSDUWPHQW�RI�0HFKDQLFDO�DQG�3URFHVV�(QJLQHHULQJ��(7+�=¾ULFK��6ZLW]HUODQG

7KH GLUHFW K\GURJHQDWLRQ RI &2� WR PHWKDQRO LV D YDOXDEOH \HW XQGHUGHYHORSHG UHDFWLRQ�>�@ 5HFHQW
VWXGLHV KDYH VKRZQ WKDW ,Q�2��EDVHG FDWDO\VWV DUH SURPLVLQJ IRU WKLV SURFHVV�>���@ 7KH DFWLYH
SKDVH RI VXFK FDWDO\VWV LV ,Q�2�ಗ[� L�H� SDUWLDOO\ UHGXFHG LQGLD ZLWK ,Q૱9R૱,Q DFWLYH VLWHV�>�@ 8VLQJ
RSHUDQGR ;$6�;5' VWXGLHV RQ ,Q�2� QDQRFU\VWDOV �,Q .�HGJH�� ZH KDYH VKRZQ WKDW WKHVH VLWHV
GHDFWLYDWH ZLWK WLPH�RQ�VWUHDP �726� E\ RYHU�UHGXFWLRQ� IRUPLQJ PHWDOOLF ,Q�>�@ =U2� VXSSRUW
LQFUHDVHV WKH DFWLYLW\ DQG VWDELOLW\ RI ,Q�2� GXULQJ &2� K\GURJHQDWLRQ� DQG PRQRFOLQLF ]LUFRQLD LV
VXSHULRU WR WHWUDJRQDO ]LUFRQLD SKDVH�>�@ +RZHYHU� LW UHPDLQV HOXVLYH KRZ WKH SKDVH RI WKH =U2�
VXSSRUW DIIHFWV WKH R[LGDWLRQ VWDWH DQG WKH ORFDO VWUXFWXUH RI WKH ,Q VLWHV ZLWK 726� +HUH� ,Q�2�
QDQRFU\VWDOV ZLWK DQ DYHUDJH VL]H RI � QP ZHUH VWXGLHG RQ DPRUSKRXV� WHWUDJRQDO DQG PRQRFOLQLF
]LUFRQLD �,Q�2��P૯=U2�� ,Q�2��W૯=U2�� DQG ,Q�2��DP૯=U2� FDWDO\VWV� UHVSHFWLYHO\�� 8VLQJ D FDSLOODU\
IORZ UHDFWRU LQWHUIDFHG ZLWK D JDV FKURPDWRJUDSK �*&� �)LJXUH ��� FRPELQHG RSHUDQGR ;$6 �,Q .�
HGJH��;5' GDWD ZHUH UHFRUGHG XQGHU &2� K\GURJHQDWLRQ FRQGLWLRQV ���� r&� �� EDU� +��&2��1�  
�������

)LJXUH �� D� 6FKHPDWLF RI WKH RSHUDQGR VHWXS IRU &2� K\GURJHQDWLRQ WR PHWKDQRO �%0��� (65)�
*UHQREOH� )UDQFH�� E� FDWDO\WLF DFWLYLW\ �J0H2+ J,Q�2�ಗ�Kಗ�� RI ,Q�2� RQ P૯=U2�� W૯=U2� DQG
DP૯=U2�� F� VWUXFWXUDO HYROXWLRQ RI ,Q�2��P૯=U2� GXULQJ &2� K\GURJHQDWLRQ ZLWK VHOHFWHG G� ;$1(6
DQG�H��(;$)6�GDWD��

7KH FDWDO\WLF DFWLYLW\ GLUHFWO\ FRUUHODWHV WR WKH H[WHQW RI ,Q�2� UHGXFWLRQ DQG WKH HYROXWLRQ RI WKH
ORFDO VWUXFWXUH RI ,Q VLWHV ZLWK 726� DIIHFWHG VWURQJO\ E\ WKH SKDVH RI WKH =U2� VXSSRUW� $P૯=U2�
SURPRWHV WKH UDSLG UHGXFWLRQ RI ,Q�2� WR PHWDOOLF ,Q OHDGLQJ WR DQ DOPRVW LQDFWLYH DPRUSKRXV
FDWDO\VW� 7KH WHWUDJRQDO =U2� DYRLGV WKH FRPSOHWH UHGXFWLRQ RI ,Q�2� WR ,Q�� EXW JLYHV DQ DYHUDJH
R[LGDWLRQ VWDWH RI ,Q EHORZ ��� ZKLFK LV DVVRFLDWHG ZLWK SRRU FDWDO\WLF DFWLYLW\� ,Q�2� RQ P૯=U2�
HYROYHV LQWR ,Q���,Q�� VLWHV DWRPLFDOO\ GLVSHUVHG LQ WKH ODWWLFH RI P૯=U2�� ZKLFK OHDGV WR WKH
DFWLYDWLRQ RI WKH FDWDO\VW ZLWK 726� 7KH IRUPHG =U2��,Q VROLG VROXWLRQ IXQFWLRQV YLD DFWLYH ,Q૱9R૱=U
VLWHV �LQ FRQWUDVW WR OHVV DFWLYH ,Q૱9R૱,Q VLWHV� WKDW DUH VWDELOL]HG E\ WKH P૯=U2� ODWWLFH DJDLQVW
GHDFWLYDWLRQ�E\�RYHU�UHGXFWLRQ�WR�,Q��

>�@�$��*RHSSHUW�HW�DO���&KHP��6RF��5HY�����������������૱�����
>�@�.��6XQ�HW�DO���-��&2��8WLO����������������
>�@�2��0DUWLQ�HW�DO���$QJHZ��&KHP��,QW��(G�����������������������
>�@�-��<��<H�HW�DO���-��3K\V��&KHP��&����������������������
>�@�$��7VRXNDORX�HW�DO���-��$P��&KHP��6RF��������������������������
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'HYHORSPHQW�RI�D�0LFURIOXLGLFV�EDVHG�$VVD\�IRU�WKH�'LUHFWHG�(YROXWLRQ�RI�$UWLILFLDO
0HWDOORHQ]\PHV�XVLQJ�D�&HOO�6XUIDFH�'LVSOD\�6WUDWHJ\

-��9DOODSXUDFNDO���$��6WXFNL���7��5��:DUG�
��3��6��'LWWULFK�


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

+HUHLQ� ZH SUHVHQW D SURMHFW FRPELQLQJ PLFURIOXLGLFV�EDVHG VLQJOH FHOO HQFDSVXODWLRQ DQG DUWLILFLDO
PHWDOORHQ]\PHV �$U0V� IRU WKH KLJK WKURXJKSXW GLUHFWHG HYROXWLRQ RI WKH ODWWHU� 7KH FDWDO\WLF
DFWLYLW\ DQG VHOHFWLYLW\ RI $U0V FDQ EH RSWLPL]HG E\ HLWKHU FKHPLFDO RSWLPL]DWLRQ RI WKH PHWDO
FRIDFWRU RU JHQHWLF HYROXWLRQ RI WKH KRVW SURWHLQ� 6LQJOH (� FROL FHOOV ZLWK VXUIDFH�GLVSOD\HG 6DY DUH
HQFDSVXODWHG LQ GRXEOH HPXOVLRQ GURSOHWV WRJHWKHU ZLWK D FDJHG FRXPDULQ VXEVWUDWH DQG D
ELRWLQ\ODWHG FRIDFWRU� 7KH DUWLILFLDO GHDOO\ODVH FDWDO\]HV WKH XQFDJLQJ RI WKH SURWHFWHG FRXPDULQ
\LHOGLQJ D IOXRUHVFHQW SURGXFW� DQG WKH FDWDO\WLFDOO\ DFWLYH PXWDQWV FDQ EH VRUWHG E\ IOXRUHVFHQFH
DFWLYDWHG FHOO VRUWLQJ �)$&6�� 7KH LGHQWLILHG KLWV FDQ EH VXEMHFWHG WR IXUWKHU URXQGV RI RSWLPL]DWLRQ�
7KLV PHWKRG FDQ EH DSSOLHG WR HYROYH YDULRXV $U0V LQ YLYR DQG HQDEOHV WKH VFUHHQLQJ RI ODUJH
OLEUDULHV�LQ�DQ�LWHUDWLYH�DQG�VWUDLJKWIRUZDUG�PDQQHU�

:H SUHVHQW D KLJK�WKURXJKSXW VFUHHQLQJ DVVD\ WR SHUIRUP GLUHFWHG HYROXWLRQ RQ VLQJOH (� FROL
HQFDSVXODWHG LQ GRXEOH HPXOVLRQ GURSOHWV� 7KH FRPSDUWPHQWDOL]DWLRQ LQ GURSOHWV DOORZHG XV WR
VFUHHQ D OLEUDU\ RI RYHU �૷��� PXWDQWV ZLWKLQ D ZHHN� VLJQLILFDQWO\ UHGXFLQJ WKH ZRUN ORDG RI VL[
PRQWKV�QHFHVVDU\�IRU�WUDGLWLRQDO�VFUHHQLQJ�DSSURDFKHV�LQ����ZHOO�SODWHV�

>�@ )DELDQ 6FKZL]HU� <DVXQRUL 2NDPRWR� 7LOOPDQQ +HLQLVFK� <LIHQ *X� 0LFKHOD 3HOOL]]RQL� 9LQFHQW
/HEUXQ��5DSKDHO�5HXWHU��9DOHQWLQ�.¸KOHU��-DUHG�&��/HZLV��
7KRPDV�5��:DUG�HW��DO���&KHP��5HY�����������������૱����
>�@ 5LFKDUG 2EH[HU� $OH[HL *RGLQD� ;DYLHU *DUUDERX� 3HHU 5� (� 0LWWO� 'DYLG %DNHU� $QGUHZ '�
*ULIILWKV��'RQDOG�+LOYHUW��1DW��&KHP��������������૱���
>�@ 7LOOPDQQ +HLQLVFK� )DELDQ 6FKZL]HU� %UHWW *DUHEHGLDQ� (V]WHU &VLEUD� 0DUNXV -HVFKHN� -DLF\
9DOODSXUDFNDO��9LWRU�%��3LQKHLUR��3KLOLSSH�0DUOLªUH��
6YHQ�3DQNH��7KRPDV�5��:DUG��&KHP��6FL����������������������
>�@ 9DOHULR 6DEDWLQR� -RKDQQHV *� 5HEHOHLQ� 7KRPDV 5� :DUG� -� $P� &KHP� 6RF� ����� ���
�����૱������
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&RSSHU�*DOOLXP�$OOR\�6WUXFWXUH�'HWHUPLQHV�3URPRWLRQDO�(IIHFW�RI�*DOOLXP�LQ�WKH�&2�
+\GURJHQDWLRQ�WR�0HWKDQRO

-��/��$OINH�����&��&RS«UHW�
��2��9��6DIRQRYD�


�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(���3DXO�6FKHUUHU�,QVWLWXWH

7KH K\GURJHQDWLRQ RI &2� WR 0HWKDQRO LV D KLJKO\ SURPLVLQJ UHDFWLRQ WR PLWLJDWH WKH LPSDFW RI
DQWKURSRJHQLF &2� HPLVVLRQ�� 5HFHQW UHSRUWV VKRZ WKDW &X�EDVHG FDWDO\VWV SUHSDUHG YLD 6XUIDFH
2UJDQRPHWDOOLF &KHPLVWU\ �620&� IURP VLOLFD�VXSSRUWHG VXSSRUWHG *D�,,,� VLQJOH�VLWHV GLVSOD\
H[FHSWLRQDOO\ KLJK PHWKDQRO VHOHFWLYLW\�� 'HWDLOHG FKDUDFWHUL]DWLRQ VKRZ WKDW WKH DV�SUHSDUHG
PDWHULDO FDWDO\VW FRUUHVSRQGV WR VXSSRUWHG &X*D[ DOOR\HG QDQRSDUWLFOHV DORQJ ZLWK UHVLGXDO *D,,,
VLWHV WKDW HYROYHV XQGHU UHDFWLRQ FRQGLWLRQV WR JHQHUDWH DQ LQWLPDWH PL[WXUH RI &X QDQRSDUWLFOHV
DQG JDOOLXP R[LGHV� 7KHVH REVHUYDWLRQV FRQWUDVW ZLWK WKH ORZ DFWLYLW\ RI WKH FRUUHVSRQGLQJ V\VWHPV
SUHSDUHG E\ LQFLSLHQW ZHWQHVV LPSUHJQDWLRQ ZLWK WKH VDPH *D DQG &X ORDGLQJ� UDLVLQJ WKH TXHVWLRQ
RI ZKDW DUH WKH VWUXFWXUDO GLIIHUHQFH�V� EHWZHHQ WKHVH WZR DSSDUHQWO\ VLPLODU DQG \HW GLIIHUHQW
V\VWHPV�

+HUH ZH VKRZ E\ ;$1(6 WKDW WKH SURPRWLRQDO HIIHFW RI JDOOLXP LV KLJKO\ GHSHQGHQW RQ WKH
VWUXFWXUH RI WKH DOOR\ IRUPHG LQ WKH SUHFDWDO\VW� 7KH KLJKO\ DFWLYH DQG VHOHFWLYH 620& GHULYHG &X�
*D#6L2� SUHFDWDO\VW ZDV REVHUYHG WR DGRSW D IFF &X*D[�[����� VWUXFWXUH� ,Q WKH LQDFWLYH
&X�*D�2��6L2�� LW ZDV VKRZQ WKDW *D LV VXEVWDQWLDOO\ PRUH UHGXFLEOH� UHVXOWLQJ LQ WKH DGRSWLRQ RI DQ
KFS &X*D[�����[����� VWUXFWXUH� &RQVHTXHQWO\� ORZHULQJ WKH *D ZHLJKW ORDGLQJ LQ WKH LQFLSLHQW
ZHWQHVV LPSUHJQDWLRQ V\VWHP� ZKLFK ZDV SUHGLFWHG WR DJDLQ UHVXOW LQ WKH IDYRUDEOH IFF &X*D[
VWUXFWXUH� OHDG WR UHVWRUDWLRQ RI WKH SURPRWLRQDO HIIHFW RI *D LQ &X�EDVHG &2� K\GURJHQDWLRQ
FDWDO\VWV�

)LJXUH �� ,QWULQVLF &2 DQG 0H2+ IRUPDWLRQ UDWHV RI WKH GHVFULEHG FDWDO\VWV �OHIW�� DQG *D .�HGJH
;$1(6�RI�&X�*D#6L2��DQG�&X�*D�2��6L2��DIWHU�UHGXFWLRQ�DW����r&

>�@�2ODK��*��$���$QJH�&KHP�,QW�(G�����������������������
>�@�/DP�HW��DO���&KHP��6FL���������$GYDQFH�$UWLFOH�'2,����������'�6&�����.
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)RUPDWLRQ�DQG�G\QDPLFV�RI�FRSSHU�R[R�VSHFLHV�LQ�]HROLWHV�HYDOXDWHG�XVLQJ�R[\JHQ���
LVRWRSH�H[FKDQJH�DQG�R[LGDWLRQ�NLQHWLFV

0��$UWVLXVKHXVNL���-��$��YDQ�%RNKRYHQ�����9��6XVKNHYLFK�


�,QVWLWXWH�IRU�&KHPLVWU\�DQG�%LRHQJLQHHULQJ��(7+�=XULFK��9ODGLPLU�3UHORJ�:HJ���������=XULFK�
6ZLW]HUODQG���૾�/DERUDWRU\�IRU�&DWDO\VLV�DQG�6XVWDLQDEOH�&KHPLVWU\��3DXO�6FKHUUHU�,QVWLWXW������

9LOOLJHQ�36,��6ZLW]HUODQG

&RSSHU�FRQWDLQLQJ ]HROLWHV DUH SURPLVLQJ PDWHULDOV IRU VHOHFWLYH FDWDO\WLF UHGXFWLRQ RI QLWURJHQ
R[LGHV >�@ DQG GLUHFW PHWKDQH FRQYHUVLRQ WR PHWKDQRO YLD FKHPLFDO ORRSLQJ >�@� 7KHVH PDWHULDOV
FRQWDLQ D PL[WXUH RI FRSSHU�R[R VSHFLHV SRVVHVVLQJ GLIIHUHQW LQWULQVLF DFWLYLW\� 6HYHUDO VWUXFWXUHV
IRU DFWLYH VLWHV ZHUH VXJJHVWHG FRPSULVLQJ RQH� WZR� WKUHH RU HYHQ PRUH FRSSHU DWRPV >�@� ,Q DOO RI
WKHP H[WUD�ODWWLFH R[\JHQ DVVRFLDWHG WR FRSSHU SOD\V D NH\ UROH LQ UHGR[ WUDQVIRUPDWLRQV >���@�
7KHUHIRUH� VWXG\LQJ FRSSHU UHGXFLELOLW\ FDQ KHOS LQ HVWDEOLVKLQJ WKH VWUXFWXUH�SHUIRUPDQFH
UHODWLRQVKLS�DLGLQJ�D�UDWLRQDO�GHVLJQ�RI�EHWWHU�SHUIRUPLQJ�PDWHULDOV�

:H HPSOR\HG WZR FRPSOLPHQWDU\ PHWKRGV WR VWXG\ WKH IRUPDWLRQ DQG G\QDPLFV RI FRSSHU�R[R
VSHFLHV LQ ]HROLWHV RI 025� 0),� %($ DQG )$8 WRSRORJ\� ZLWK GLIIHUHQW 6L�$O UDWLRV DQG FRSSHU
ORDGLQJV� 7KH ILUVW PHWKRG LPSOLHV WKH DQDO\VLV RI NLQHWLFV RI UH�R[LGDWLRQ RI WKH SUH�UHGXFHG FRSSHU�
H[FKDQJHG ]HROLWHV \LHOGLQJ WKH UDWH FRQVWDQWV DQG DFWLYDWLRQ HQHUJLHV� )RU FRSSHU�H[FKDQJHG
025� DW OHDVW WZR SDUDOOHO ILUVW�RUGHU R[LGDWLRQ UHDFWLRQV ZHUH REVHUYHG� 7KH FRUUHVSRQGLQJ
DSSDUHQW DFWLYDWLRQ HQHUJLHV DUH �� DQG �� N-�PRO� 7KLV LQGLFDWHV WKH SUHVHQFH RI VHYHUDO SDUDOOHO
SURFHVVHV WDNLQJ SODFH GXULQJ WKH LQWHUDFWLRQ RI R[\JHQ ZLWK SUH�UHGXFHG FRSSHU�H[FKDQJHG
PRUGHQLWH� ZKLFK LQ WXUQ LQGLFDWHV WKH H[LVWHQFH RI GLIIHUHQW IDPLOLHV RI VLWHV� 0RUHRYHU� YDULDWLRQ
RI 6L�$O UDWLR DQG FRSSHU ORDGLQJ KDV D VLJQLILFDQW LQIOXHQFH RQ WKH UHODWLYH FRQWULEXWLRQV RI WKHVH
WZR�SURFHVVHV�LQ�WKH�RYHUDOO�NLQHWLF�EHKDYLRU�

7KH VHFRQG PHWKRG LPSOLHV R[\JHQ LVRWRSH H[FKDQJH� ZKLFK LV D SRZHUIXO WRRO IRU GHWHUPLQDWLRQ RI
ODELOLW\ DQG FRQFHQWUDWLRQ IRU ERWK IUDPHZRUN DQG QRQ�IUDPHZRUN R[\JHQ DWRPV LQ WUDQVLWLRQ PHWDO�
H[FKDQJHG ]HROLWHV >�@� :H VWXGLHG R[\JHQ��� LVRWRSH H[FKDQJH LQ WKH WHPSHUDWXUH�SURJUDPPHG
�73,(� DQG LVRWKHUPDO UHJLPHV� 73,( VKRZV WKDW FRSSHU ]HROLWHV ZLWK GLIIHUHQW WRSRORJ\ KDYH D
GLIIHUHQW LVRWRSH H[FKDQJH RQVHW WHPSHUDWXUH� )RU &X0), DQG &X025 RQVHW WHPSHUDWXUH LV DURXQG
��� .� ZKLOH H[FKDQJH LQ &X%($ DQG &X)$8 VWDUWV RQO\ DERYH ��� .� 7KLV LQGLFDWHV WKDW 025 DQG
0), ]HROLWHV FRQWDLQ PRUH UHDFWLYH FRSSHU�R[R VSHFLHV WKDQ )$8 DQG %($� 1RWDEO\� DW
WHPSHUDWXUHV DERYH ��� .� WKH SUHVHQFH RI FRSSHU LQGXFHV LVRWRSH H[FKDQJH RI R[\JHQ DWRPV RI
WKH ]HROLWH IUDPHZRUN LQ FRQFHUW ZLWK H[WUD�IUDPHZRUN RQHV� 7R TXDQWLWDWLYHO\ GHVFULEH WKH
PHFKDQLVP RI H[FKDQJH DQG FRPSXWH WKH FRUUHVSRQGLQJ H[FKDQJH UDWHV DQG DFWLYDWLRQ HQHUJLHV�
ZH GHYHORSHG D QXPHULFDO PRGHO� ZKLFK DFFRXQWV IRU ERWK IUDPHZRUN DQG H[WUD�IUDPHZRUN R[\JHQ
DWRPV� 7KLV PRGHO LQGLFDWHV WKDW FRSSHU�R[R VSHFLHV LQGXFH ODELOLW\ RI DERXW ��� RI ]HROLWH
IUDPHZRUN R[\JHQ DWRPV� $W WKH VDPH WLPH� H[FKDQJH RI H[WUD�IUDPHZRUN R[\JHQ RFFXUV VHYHUDO
RUGHUV�RI�PDJQLWXGH�IDVWHU�WKDQ�WKRVH�LQ�WKH�IUDPHZRUN�

,Q VXPPDU\� FRSSHU�FRQWDLQLQJ ]HROLWHV ZLWK GLIIHUHQW IUDPHZRUN W\SH� 6L�$O UDWLR DQG FRSSHU
FRQWHQW GHPRQVWUDWH GLIIHUHQW G\QDPLFV RI IUDPHZRUN DQG H[WUD�IUDPHZRUN R[\JHQ DWRPV�
DSSDUHQWO\� GXH WR SUHVHQFH RI FRSSHU�R[R VSHFLHV ZLWK YDULRXV VWUXFWXUHV� 7KH DPRXQW RI UHDFWLQJ
QRQ�IUDPHZRUN R[\JHQ WRJHWKHU ZLWK WKH NQRZQ FRSSHU FRQWHQW HQDEOH WR GHWHUPLQH WKH
HOHPHQWDO FRPSRVLWLRQ RI FRSSHU�R[R FOXVWHUV �&X�2 UDWLR�� DQG� WKHUHIRUH� FDQ KHOS HVWDEOLVKLQJ RI
WKH�VWUXFWXUH�RI�WKH�DFWLYH�VLWHV�

>�@�<DKLUR�+LGHQRUL��0DVDND]X�,ZDPRWR��$SSOLHG�&DWDO\VLV�$��*HQHUDO��������������������������
>�@ 0DUN 1HZWRQ� $P\ .QRUSS� 9LWDO\ 6XVKNHYLFK� 'HQQLV 3DODJLQ� -HURHQ $QWRQ YDQ
%RNKRYHQ��&KHPLFDO�6RFLHW\�5HYLHZV�������������������������
>�@�<XQIHQJ�&KDQJ��*DERU�6RPRUMDL��+HLQ]�+HLQHPDQQ��-RXUQDO�RI�FDWDO\VLV���������������������
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7KHUPDO�GHJUDGDWLRQ�RI�8L2�����*ODVV�IRUPDWLRQ

0��$WKDU�����5��3U]HP\VODZ�����-��$��YDQ�%RNKRYHQ���
��0��5DQRFFKLDUL���


�/DERUDWRU\�IRU�&DWDO\VLV�DQG�6XVWDLQDEOH�&KHPLVWU\��36,�9LOOLJHQ���,&%��'�&+$%��(7+�=XULFK

8L2��� LV D ]LUFRQLXP EDVHG 02)� ZKLFK LV ZHOO NQRZQ GXH WR LWV H[WUDRUGLQDU\ WKHUPDO VWDELOLW\ XS
WR ���r&� +RZHYHU� LQ VLWX 3;5' RI 8L2��� FRQWDLQLQJ PLVVLQJ OLQNHU GHIHFWV VKRZHG WKDW LW ORVHV
LWV FU\VWDOOLQLW\ DW ���r& LQGLFDWLQJ WKH DEVHQFH RI D FU\VWDOOLQH IUDPHZRUN� 7*�06 VKRZV WKDW VRPH
DPRXQW RI ZDWHU LV ORVW DW ���r& ZKLFK LV SDUDOOHOHG E\ ORVV RI FU\VWDOOLQLW\ DQG IRUPDWLRQ RI D
JODVV\ 02)� ,Q WKLV VWDWH� WKH 02) LV VWDELOL]HG E\ VKRUW UDQJH ERQG IRUFHV EHWZHHQ WKH LQRUJDQLF
FDWLRQLF XQLWV DQG RUJDQLF DQLRQLF OLJDQGV� 7KLV LV IXUWKHU VXSSRUWHG E\ WKH IDFW WKDW QR IXUWKHU
PDVV ORVV RFFXUV RYHU WKH ZLGH WHPSHUDWXUH UDQJH XS WR ���r&� $W WKLV WHPSHUDWXUH� WKH 02)
GHFRPSRVHV LQWR KLJKO\ RUGHUHG PRQRFOLQLF DQG WHWUDJRQDO SKDVHV RI ]LUFRQLD QDQRSDUWLFOHV
VXSSRUWHG RYHU WKH SRURXV FDUERQ PDWUL[ ZLWK WKH HYROXWLRQ RI FDUERQ GLR[LGH� ZDWHU DQG VRPH
WUDFHV RI EHQ]HQH� )RUPDWLRQ RI JODVV\ VWDWH IRU 8L2��� KDV QRW \HW EHHQ UHSRUWHG WR RXU
NQRZOHGJH� 7KLV VWXG\ ZLOO KHOS EHWWHU XQGHUVWDQG WKH GHJUDGDWLRQ PHFKDQLVP RI WKH 02) DV ZHOO
DV�JHQHUDWLRQ�RI�QHZ�02)�FRPSRVLWHV�KDYLQJ�XQLTXH�SURSHUWLHV�
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(WFKHG�1LFNHO�)RDP�DV�SURPLVLQJ�&DWDO\VW�IRU�2YHUDOO�:DWHU�6SOLWWLQJ

6��(��%DODJKL���*��5��3DW]NH�


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

:DWHU VSOLWWLQJ LQWR K\GURJHQ DQG R[\JHQ LV RQH RI WKH PRVW LPSRUWDQW FKDOOHQJHV LQ WKH ILHOG RI
VXVWDLQDEOH HQHUJ\ UHVHDUFK� DQG LW LV EHFRPLQJ DQ HVVHQWLDO VWUDWHJ\ IRU UHQHZDEOH DQG JUHHQ
HQHUJ\ JHQHUDWLRQ�>�@ (OHFWURFDWDO\WLF K\GURJHQ SURGXFWLRQ FDQ SRWHQWLDOO\ VROYH WKH ULVLQJ HQHUJ\
GHPDQG RI JOREDO VRFLHW\� &XUUHQWO\� WKH PRVW DFWLYH PDWHULDOV IRU HOHFWURFDWDO\WLF ZDWHU VSOLWWLQJ
DUH LULGLXP DQG SODWLQXP�EDVHG FDWDO\VWV IRU WKH R[\JHQ HYROXWLRQ UHDFWLRQ �2(5� DQG K\GURJHQ
HYROXWLRQ UHDFWLRQV �+(5�� UHVSHFWLYHO\�>�@ $V WKHVH UDUH DQG SUHFLRXV QREOH PHWDOV DUH OHVV
FRQYHQLHQW IRU VFDOLQJ XS LQ LQGXVWULDO SXUSRVHV� LQWHQVH HIIRUWV KDYH EHHQ SXW IRUZDUG WR GHVLJQ
HIILFLHQW DQG VWDEOH ZDWHU�VSOLWWLQJ FDWDO\VWV EDVHG RQ WUDQVLWLRQ�PHWDO HOHPHQWV� ZKLFK DUH HDUWK�
DEXQGDQW DQG RIIHU DQ DOWHUQDWLYH WR SUHFLRXV PHWDO FDWDO\VWV� 1LFNHO IRDP� D ORZ FRVW� DQG
FRPPHUFLDOO\ DYDLODEOH PDWHULDO KDV EHHQ ZLGHO\ DSSOLHG DV DQ HOHFWURGH IRU RYHUDOO ZDWHU VSOLWWLQJ�
EHFDXVH RI LWV HQKDQFHG HOHFWURQLF FRQGXFWLYLW\� ODUJH VXUIDFH DUHD� SRURXV VWUXFWXUH� DQG KLJK
DFWLYLW\�>�@ 7KHUHIRUH� LWV RSWLPL]DWLRQ LV D VXVWDLQDEOH ZD\ WR GHVLJQ HIILFLHQW FDWDO\VWV IRU
HOHFWURFKHPLFDO K\GURJHQ JHQHUDWLRQ� ,Q WKLV ZRUN� DQ HWFKHG QLFNHO IRDP FDWDO\VW ZDV V\QWKHVL]HG
DQG FKDUDFWHUL]HG E\ SRZGHU ;5'� ;36� )7�,5� 5DPDQ� 6(0� DQG +57(0� %HVLGHV� WKH DFWLYLW\ RI
WKLV FDWDO\VW GXULQJ 2(5 DQG +(5 ZDV VWXGLHG ZLWK F\FOLF YROWDPPHWU\ �&9�� OLQHDU VZHHS
YROWDPPHWU\ �/69�� DQG HOHFWURFKHPLFDO LPSHGDQFH VSHFWURVFRS\ �(,6�� 7KH RSWLPL]HG FDWDO\VW
VKRZHG SURPLVLQJ RYHUSRWHQWLDO RI ��� P9 IRU 2(5 DW D FXUUHQW GHQVLW\ RI �� P$ FP૱�� ZKLFK LV
FRPSHWLWLYH ZLWK WKH QREOH PHWDO�EDVHG FDWDO\VW VXFK DV LULGLXP R[LGH� 5HVXOWV VKRZHG WKDW WKH
HWFKLQJ SURFHVV KDV D VLJQLILFDQW HIIHFW RQ WKH HOHFWURFKHPLFDO 2(5 DQG +(5 DFWLYLW\ RI QLFNHO
IRDP�

>�@�6��(VPDHO�%DODJKL��&��$��7ULDQD��*UHWD�5��3DW]NH��$&6�&DWDO�����������������
>�@�;LXMXQ�)DQ��<XDQ\XH�/LX��6KXDL�&KHQ��HW�DO��1DW��&RPPXQ����������������
>�@�%\HRQJ�&KHXO�0RRQ��:RQ�+R�&KRL��.HRQ�+DQ�.LP��HW�DO��6PDOO�������������������
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,QWURGXFLQJ�/HZLV�DFLGLW\�LQ�]HROLWHV�E\�,RQ�([FKDQJLQJ�([WUD�)UDPHZRUN�&DWLRQV

6��5��%DWRRO���9��6XVKNHYLFK���)��.UXPHLFK���0��5DYL���5��3U]HP\VODZ���-��$��YDQ�%RNKRYHQ���


�,QVWLWXWH�IRU�&KHPLFDO�DQG�%LRHQJLQHHULQJ��(7+�=¾ULFK���/DERUDWRU\�IRU�&DWDO\VLV�DQG�6XVWDLQDEOH
&KHPLVW���/DERUDWRU\�RI�,QRUJDQLF�&KHPLVWU\��'�&+$%��(7+�=¾ULFK���/DERUDWRU\�IRU�&DWDO\VLV�DQG

6XVWDLQDEOH�&KHPLVWU\���,&%�'�&+$%���36,�9LOOLJHQ

,Q WKLV ZRUN� D VLPSOH LRQ�H[FKDQJH URXWH WR LQWURGXFH /HZLV DFLGLW\ LQ ]HROLWH < LV GHYHORSHG�
([WUDIUDPHZRUN JDOOLXP DQG DOXPLQXP FDWLRQV DUH HVWDEOLVKHG DV WKH /HZLV DFLG VLWV� ��$O�0$6
105 VSHFWURVFRS\ DQG S\ULGLQH SUREHG E\ )RXULHU 7UDQVIRUP ,QIUDUHG �3\�)7,5� VSHFWURVFRS\
HQDEOHG TXDQWLILFDWLRQ RI WKH /HZLV DFLG VLWHV LQ WKH FDWLRQ�H[FKDQJHG PDWHULDOV� 7KH H[FKDQJHG
VDPSOHV ZHUH IXUWKHU LQYHVWLJDWHG E\ ;5'� 1��SK\VLVRUSWLRQ� 6(0� +57(0 DQG ,&3 DQDO\VLV� 7KH ;�
UD\ GLIIUDFWLRQ UHVXOWV VKRZ VXFFHVVIXO LQFRUSRUDWLRQ RI LRQV DW H[WUDIUDPHZRUN SRVLWLRQV ZLWKRXW
GHVWUR\LQJ WKH ]HROLWLF IUDPHZRUN� 1R VLJQLILFDQW FKDQJH LQ IUDPHZRUN DOXPLQXP FRRUGLQDWLRQ ZDV
REVHUYHG IRU WKH JDOOLXP DQG DOXPLQXP�H[FKDQJHG VDPSOHV� 7KH /HZLV DFLG VLWHV LQ WKH ODWWHU
VDPSOHV DGRSW DQ RFWDKHGUDO FRRUGLQDWLRQ GXULQJ WKH 105 PHDVXUHPHQW� $ QRWLFHDEOH LQFUHDVH LQ
WRWDO /$6 FRQWHQW DV HYLGHQW IURP $O�105� 3\�)7,5 VSHFWUD DQG WKHLU TXDQWLWDWLYH GDWD LV REVHUYHG
LQ DOO FDWLRQ�H[FKDQJHG ]HROLWH < PDWHULDOV� 'LIIHUHQW FDWLRQV
 FRQFHQWUDWLRQ DV ZHOO DV GLIIHUHQW
QXPEHU RI LRQ�H[FKDQJHV ZHUH WHVWHG LQ RUGHU WR VWXG\ LQ GHWDLO WKH HIIHFW RI () FDWLRQV RQ
VXEVHTXHQW /$6 FRQFHQWUDWLRQ� 7KH ]HROLWH ZLWK ORZ 6L�$O UDWLR UHDFKHG D PD[LPXP DPRXQW RI /$6
RI������PPROHVJ���ZKLFK�LV�D�SURPLVLQJ�FDQGLGDWH�IRU�/HZLV�DFLG�FDWDO\]HG�UHDFWLRQV�

>�@ &KDQJVKXQ 'HQJ� -XQML =KDQJ� /LKXL 'RQJ� 0HLQD +XDQJ� %LQ /L� *XDQJ]KRX -LQ� -XQELQ *DR�
)HL\XH�=KDQJ��0LQJXDQJ�)DQ��/XRPLQJ�=KDQJ��<DQMXQ�*RQJ��6FLHQWLILF�5HSRUWV�����������������
>�@ :HQZX =KRX� <DVRQJ =KRX� 4LDQJ :HL� /LQ 'X� 6LMLD 'LQJ� 6KXMLDR -LDQJ� <DQDQ =KDQJ� 4LQJ
=KDQJ��&KHPLVWU\�$�(XURSHRQ�-RXUQDO����������������૱�����
>�@ 6DPL 0� 7� $OPXWDLUL� %UDKLP 0H]DUL� *HRUJ\ $� )LORQHQNR� 3LHWHU &� 0� 0� 0DJXVLQ� 0DUFHOOR 6�
5LJXWWR��(YJHQ\�$��3LGNR��(PLHO�-��0��+HQVHQ��&KHP�&DW�&KHP��������������૱����
>�@�0DULXV]�*DFNRZVNL�DQG�-HU]\�'DWND��0ROHFXOHV�����������������
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/RZ�7HPSHUDWXUH�$FWLYLW\�DQG�,QLWLDWLRQ�RI�5HGXFHG�6XSSRUWHG�0R�DQG�:�2OHILQ
0HWDWKHVLV�&DWDO\VWV

=��-��%HUNVRQ���/��/¦WVFK���.��&KDQ���&��&RS«UHW�


�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=¾ULFK

2OHILQ PHWDWKHVLV LV DQ DWRP�HIILFLHQW UHDFWLRQ WKDW FDQ SURGXFH ROHILQV RI GLYHUVH VWUXFWXUHV DQG
IXQFWLRQDOLWLHV� ZLWK DSSOLFDWLRQV UDQJLQJ IURP SHWURFKHPLFDOV WR SKDUPDFHXWLFDOV� +HWHURJHQHRXV
FDWDO\VWV �EDVHG RQ 0R RU :�� DUH XVHG LQGXVWULDOO\ IRU OLJKW ROHILQ FRQYHUVLRQ DW KLJK WHPSHUDWXUHV
�!��� r&�� WKRXJK WKH URXWHV E\ ZKLFK KLJK�R[LGDWLRQ�VWDWH PHWDO R[R VLWHV IRUP FDWDO\WLFDOO\�
DFWLYH VSHFLHV UHPDLQ ODUJHO\ XQNQRZQ� 7KLV LV GXH LQ SDUW WR WKH ORZ TXDQWLWLHV DQG FRPSOLFDWHG
GLVWULEXWLRQV RI PHWDO VSHFLHV �LVRODWHG VLWHV� R[R ROLJRPHUV� DQG�RU R[LGH SDUWLFOHV�� ZKLFK \LHOG
GLIIHUHQW UHDFWLRQ SURSHUWLHV DQG VSHFWURVFRSLF VLJQDWXUHV WKDW DUH FKDOOHQJLQJ WR LQWHUSUHW�
&RUUHVSRQGLQJO\� WKH DSSOLFDWLRQV RI KHWHURJHQHRXV PHWDWKHVLV FDWDO\VWV KDYH EHHQ OLPLWHG
RXWVLGH RI OLJKW ROHILQV� 7R GHWHUPLQH WKH VLWH�VSHFLILF UHDFWLYLWLHV RI VXSSRUWHG ROHILQ PHWDWKHVLV
FDWDO\VWV� ZHOO�GLVSHUVHG VXSSRUWHG : RU 0R R[R VLWHV DUH V\QWKHVL]HG YLD VXUIDFH RUJDQRPHWDOOLF
FKHPLVWU\ �620&� WHFKQLTXHV� 7KH UHVXOWLQJ FDWDO\VWV DUH DFWLYH IRU ORZ�WHPSHUDWXUH ���� +RZHYHU�
WKH LQLWLDWLRQ PHFKDQLVPV RI VXFK VXSSRUWHG PHWDO R[R VLWHV DUH VWLOO ODUJHO\ XQNQRZQ� DV DUH WKH
UHODWLRQV�EHWZHHQ�FDWDO\VW�V\QWKHVLV�SURWRFRO��DFWLYH�VLWH�VWUXFWXUH��DQG�UHDFWLYLW\�

+HUH� WKH LQLWLDWLRQ DQG GHDFWLYDWLRQ SURSHUWLHV RI KHWHURJHQHRXV PHWDWKHVLV FDWDO\VWV DUH VKRZQ
WR GHSHQG VWURQJO\ RQ WKH DUFKLWHFWXUH RI WKH ROHILQ VXEVWUDWH� DV ZHOO DV WKH VXUIDFH FRPSRVLWLRQ
RI WKH FDWDO\VWV WKDW GHSHQG RQ WKH FRQGLWLRQV RI V\QWKHVLV DQG DFWLYDWLRQ� 0R� DQG :�EDVHG
PHWDWKHVLV FDWDO\VWV� V\QWKHVL]HG HLWKHU E\ 620& XVLQJ GLIIHUHQW PROHFXODU SUHFXUVRUV RU E\
FRQYHQWLRQDO LQFLSLHQW ZHWQHVV LPSUHJQDWLRQ �,:,� DSSURDFKHV� H[KLELW PDUNHGO\ GLIIHUHQW UHDFWLRQ
SURSHUWLHV XSRQ DFWLYDWLRQ� 6SHFLILFDOO\� WKH VXSSRUWHG 0R R[R FDWDO\VWV DUH IRXQG WR H[KLELW
VXEVWDQWLDOO\ LPSURYHG DFWLYLW\ IRU PHWDWKHVLV RI GLYHUVH WHUPLQDO ROHILQV FRPSDUHG WR WKHLU :
DQDORJXHV� LQ NHHSLQJ ZLWK SDVW VWXGLHV RQ ZHOO�GHILQHG PROHFXODU DQG VXSSRUWHG PHWDO DON\OLGHQH
FDWDO\VWV�� 7KH LQLWLDWLRQ DQG UHDFWLRQ NLQHWLFV DUH DGGLWLRQDOO\ IRXQG WR GHSHQG RQ WKH DUFKLWHFWXUH
RI WKH PROHFXODU PHWDO R[R SUHFXUVRU� WKH FKRLFH RI UHGXFLQJ DJHQW �KLJK WHPSHUDWXUH UHGXFLQJ
FRQGLWLRQV RU PROHFXODU RUJDQRVLOLFRQ UHGXFWDQWV�� DQG WKH VXEVWUDWH VWUXFWXUH �FKDLQ OHQJWK�
EUDQFK SRVLWLRQV�� 7KH H[SHULPHQWDO DQDO\VHV SURYLGH QHZ GHVLJQ FULWHULD IRU PHWDO R[R�EDVHG
PHWDWKHVLV FDWDO\VWV WKDW DUH H[SHFWHG WR EH JHQHUDOL]DEOH WR LQGXVWULDO V\VWHPV� HQDEOLQJ QHZ
DSSOLFDWLRQV�IRU�KHWHURJHQHRXV�ROHILQ�PHWDWKHVLV�FDWDO\VWV�

>�@ 0RXJHO� 9�� &KDQ� .� :�� 6LGGLTL� *�� .DZDNLWD� .�� 1DJDH� +�� 7VXUXJL� +�� 0DVKLPD� .��
6DIRQRYD��2���&RS«UHW��&��$&6�&HQW��6FL������������������૱����
>�@ <DPDPRWR� .�� &KDQ� .� :�� 0RXJHO� 9�� 1DJDH� +�� 7VXUXJL� +�� 6DIRQRYD� 2� 9�� 0DVKLPD� .��
&RS«UHW��&��&KHP��&RPPXQ���������������������૱�����
>�@ 3RDWHU� $�� 6RODQV�0RQIRUW� ;�� &ORW� (�� &RS«UHW� &�� (LVHQVWHLQ� 2� -� $PHU� &KHP� 6RF� �����
��������������������
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+\GULGH�&DWDO\VLV

(��%LOOHWHU�����$��%RUJVFKXOWH���


�(PSD��/DERUDWRU\�RI�$GYDQFHG�$QDO\WLFDO�7HFKQRORJLHV���8QLYHUVLW\�RI�=XULFK��'HSDUWPHQW�RI
&KHPLVWU\

$ GHWDLOHG XQGHUVWDQGLQJ RI K\GURJHQ VSHFLHV DW FDWDO\VW VXUIDFHV LV RI FUXFLDO LPSRUWDQFH WR
XQGHUVWDQG FDWDO\WLF K\GURJHQDWLRQ SURFHVVHV� $FFRUGLQJO\� WKH QXPEHU DQG DFWLYLW\ RI K\GURJHQ
RQ WKH FDWDO\WLF VXUIDFH KDV EHHQ LQ WKH IRFXV RI VXUIDFH VFLHQWLVWV IRU D ORQJ WLPH� :LWK WKH DGYHQW
RI V\QWKHWLF HQHUJ\ FDUULHUV DV UHQHZDEOH DOWHUQDWLYHV WR IRVVLO IXHOV� QHZ SURFHVVHV VXFK DV
PHPEUDQH UHDFWLRQV DUH H[SORUHG WR LQFUHDVH WKH HQHUJ\ HIILFLHQF\ RI WKH FRQYHUVLRQ UHDFWLRQV� ,Q
WKHVH FDVHV� WKH QXPEHU DQG DFWLYLW\ RI K\GURJHQ LQ WKH VXEVXUIDFH DQG SRVVLEO\ LQ WKH EXON DUH
DGGLWLRQDO� XVXDOO\ QHJOHFWHG SDUDPHWHUV� ,Q SDUWLFXODU LQ PHWDO K\GULGHV� WKHVH SDUDPHWHUV DUH
VXEMHFW WR H[WHUQDO SDUDPHWHUV� L�H�� SUHVVXUH DQG WHPSHUDWXUH� DQG FRPSHWH ZLWK WKH VXUIDFH
SDUDPHWHUV� :H H[SORUHG WKH XVH RI WKH DUFKHW\SDO LQWHUPHWDOOLF K\GULGH /D1L� WR FDWDO\]H WKH
K\GURJHQDWLRQ RI &2� DQG RI HWK\OHQH� $W URRP WHPSHUDWXUH LQ D &2��+� PL[WXUH� /D1L� GLVVRFLDWHV
K\GURJHQ DV HYLGHQFHG E\ WKH K\GULGH IRUPDWLRQ WR /D1L�+�� EXW GRHV QRW FDWDO\]H &2� UHGXFWLRQ�
$W KLJKHU WHPSHUDWXUH� WKH ODWWHU UHDFWLRQ PD\ SURFHHG� EXW WKH PDWHULDO UDSLGO\ R[LGL]HV� 7KH
K\GURJHQDWLRQ RI HWK\OHQH RQ /D1L� SURFHHGV DW URRP WHPSHUDWXUH DQG WKH GLVVRFLDWLRQ RI
K\GURJHQ ZDV IRXQG WR EH OLPLWLQJ� :H VKRZ XVLQJ DQ H[SHULPHQWDO RSHUDQGR DSSURDFK WKDW WKH
DPRXQW RI K\GURJHQ LQ WKH EXON LV WKH UHOHYDQW SDUDPHWHU IRU WKH K\GURJHQDWLRQ UHDFWLRQ EHLQJ D
FRPSHOOLQJ�H[DPSOH�RI��K\GULGH�FDWDO\VLV��
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6LOLFD�VXSSRUWHG�FREDOW�IRU�WKH�KHWHURJHQHRXV�DHURELF�R[LGDWLRQ�RI�PHWKDQH�WR�D�PHWK\O�
GHULYDWLYH

$��1��%ODQNHQVKLS���0��5DYL���-��$��YDQ�%RNKRYHQ���


�,QVWLWXWH�IRU�&KHPLFDO�DQG�%LRHQJLQHHULQJ��(7+�=¾ULFK�������=¾ULFK��6ZLW]HUODQG����/DERUDWRU\�IRU
&DWDO\VLV�DQG�6XVWDLQDEOH�&KHPLVWU\��3DXO�6FKHUUHU�,QVWLWXWH���9LOOLJHQ�������6ZLW]HUODQG

$ VFDOH�IOH[LEOH SURFHVV IRU WKH GLUHFW VHOHFWLYH R[LGDWLRQ RI PHWKDQH WR SULPDU\ R[\JHQDWHV LV RI
KLJK LQWHUHVW DFDGHPLFDOO\ DQG LQGXVWULDOO\� \HW D FRPPHUFLDOO\ IHDVLEOH DSSURDFK KDV \HW WR EH
UHDOL]HG GXH WR D QXPEHU RI FKDOOHQJHV� 0RVW QRWDEO\� WKH IDFLOH RYHU�R[LGDWLRQ RI PHWKDQRO LQ
KHWHURJHQHRXV FDWDO\WLF V\VWHPV OHDGV WR D VHOHFWLYLW\�FRQYHUVLRQ OLPLW WKDW JUHDWO\ UHVWULFWV
DFKLHYDEOH \LHOGV >���@� DQG WKHUHIRUH QHFHVVLWDWHV D VWUDWHJ\ WR SURWHFW PHWKDQRO IURP IXUWKHU
R[LGDWLRQ LQ RUGHU WR VXUSDVV WKLV OLPLW >�� �@� 2QH VXFK VWUDWHJ\ IRU SURGXFW SURWHFWLRQ LV WKH
HVWHULILFDWLRQ RI WKH PHWKDQRO SURGXFW WR D PRUH VWDEOH PHWK\O HVWHU OHVV SURQH WR RYHU�R[LGDWLRQ�
ZKLFK KDV EHHQ GHPRQVWUDWHG SUHYLRXVO\ LQ YDULRXV KRPRJHQHRXV FDWDO\WLF V\VWHPV >�@� +RZHYHU�
WKH FRPPHUFLDO SRWHQWLDO RI PDQ\ FXUUHQW PHWKDQH�WR�PHWK\O HVWHU SURFHVVHV LV KLQGHUHG E\ WKHLU
XVH RI KRPRJHQHRXV FDWDO\VWV >�@� UHOLDQFH RQ HFRQRPLFDOO\ LQIHDVLEOH R[LGDQWV� DQG RSHUDWLRQ
XQGHU KDUVK FRUURVLYH RSHUDWLQJ FRQGLWLRQV� DOO IDFWRUV WKDW SRVH GLIILFXOWLHV IRU LQGXVWULDO SURFHVV
GHYHORSPHQW�>�@���

,Q WKLV VWXG\� ZH GHPRQVWUDWH DQ DSSURDFK IRU WKH GLUHFW SDUWLDO R[LGDWLRQ RI PHWKDQH WR D PHWK\O
HVWHU XVLQJ VROHO\ D PROHFXODU R[\JHQ R[LGDQW XQGHU PLOGHU UHDFWLRQ FRQGLWLRQV WKDQ WKRVH W\SLFDO
RI VLPLODU HVWHULILFDWLRQ DSSURDFKHV� 8VLQJ D UHDFWLRQ PHGLXP RI WULIOXRURDFHWLF DFLG GLOXWHG LQ DQ
LQHUW SHUIOXRURDONDQH FR�VROYHQW� PHWKDQH R[LGDWLRQ WR PHWK\O WULIOXRURDFHWDWH RFFXUV XQGHU
FRQGLWLRQV PRUH FRQGXFLYH IRU KHWHURJHQHRXV FDWDO\VLV� DQG WKH SURGXFW FDQ EH VXEVHTXHQWO\
UHFRYHUHG WKURXJK D VLPSOH OLTXLG�OLTXLG H[WUDFWLRQ ZLWK D SRODU VROYHQW� :H ILQG WKDW VLOLFD�
VXSSRUWHG FREDOW FDWDO\VWV DUH KLJKO\ DFWLYH LQ WKLV V\VWHP DQG FDQ KHWHURJHQHRXVO\ FDWDO\]H WKH
UHDFWLRQ LQ PHWKDQH� DQG R[\JHQ�EDVHG \LHOGV RI ��� DQG ���� UHVSHFWLYHO\� ZLWK WXUQRYHUV WKDW
DUH KLJKHU WKDQ WKRVH W\SLFDOO\ REVHUYHG LQ KRPRJHQHRXV V\VWHPV XVLQJ D PROHFXODU R[\JHQ
R[LGDQW� 7KH SURPLVLQJ SHUIRUPDQFH DQG DGYDQWDJHV FKDUDFWHUL]LQJ WKLV QRYHO V\VWHP WKHUHIRUH
VLJQLI\�D�VXEVWDQWLDO�DGYDQFHPHQW�RI�GLUHFW�PHWKDQH�SDUWLDO�R[LGDWLRQ�WHFKQRORJLHV�

>�@ 0§UWHQ $KOTXLVW� 5REHUW -� 1LHOVHQ� 5R\ $� 3HULDQD� :LOOLDP $� *RGGDUG ,,,� -RXUQDO RI WKH
$PHULFDQ�&KHPLFDO�6RFLHW\������������������������������
>�@ 0DQRM 5DYL� 0DUFR 5DQRFFKLDUL� -HURHQ $� YDQ %RNKRYHQ� $QJHZDQGWH &KHPLH�,QWHUQDWLRQDO
(GLWLRQ�����������������������������
>�@ $OOHJUD $� /DWLPHU� $UYLQ .DNHNKDQL� $PEDULVK 5� .XONDUQL� -HQV .� 1ºUVNRY� $&6
&DWDO\VLV�������������������������
>�@ =RUDQ 5� -RYDQRYLF� -HDQ�3DXO /DQJH� 0DQRM 5DYL� $P\ -� .QRUSS� 9LWDO\ /� 6XVKNHYLFK� 0DUN $�
1HZWRQ��'HQQLV�3DODJLQ��-HURHQ�$��YDQ�%RNKRYHQ��-RXUQDO�RI�&DWDO\VLV����������������������
>�@ 7KRPDV 6WUDVVQHU� 6HEDVWLDQ $KUHQV� 0LFKDHO 0XHKOKRIHU� 'RPLQLN 0XQ]� $OH[DQGHU =HOOHU�
(XURSHDQ�-RXUQDO�RI�,QRUJDQLF�&KHPLVWU\�����������������������������
>�@�-HDQ�3DXO�/DQJH��3HWHU�-�$��7LMP��&KHPLFDO�(QJLQHHULQJ�6FLHQFH���������������������������
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&DUULHU�LQGXFHG�PRGLILFDWLRQ�RI�SDOODGLXP�QDQRSDUWLFOHV�RQ�SRURXV�ERURQ�QLWULGH�IRU
VHOHFWLYH�DON\QH�K\GURJHQDWLRQ

6��%¾FKHOH���(��)DNR���)��.UXPHLFK���5��+DXHUW���2��9��6DIRQRYD���1��/µSH]���6��0LWFKHOO���-��3«UH]�
5DP¯UH]�


�(7+�=¾ULFK���,QVWLWXWH�RI�&KHPLFDO�5HVHDUFK�RI�&DWDORQLD���(PSD���3DXO�6FKHUUHU�,QVWLWXWH

7DLORULQJ WKH SURSHUWLHV RI DFWLYH VLWHV LQ SUHFLRXV PHWDO FDWDO\VWV� D FUXFLDO IHDWXUH WR HQVXUH WKHLU
HIILFLHQW XWLOL]DWLRQ� RIWHQ KHDYLO\ UHOLHV RQ WKH XVH RI FKHPLFDO PRGLILHUV WR RYHUFRPH LQWULQVLF
FRQVWUDLQWV� 7KH LQWURGXFWLRQ RI WKHVH DGGLWLYHV FDQ LQFUHDVH WKH V\QWKHWLF FRPSOH[LW\ DQG
HQYLURQPHQWDO IRRWSULQW RI WHFKQLFDO FDWDO\VWV�>���@ &DUULHUV DUH DQ LQWHJUDO FRPSRQHQW RI PDQ\
FDWDO\WLF V\VWHPV DQG FDQ KDYH GLVWLQFW HIIHFWV RQ WKH UHDFWLYLW\ RI VXSSRUWHG PHWDOV� WKDW DUH
PDLQO\ RI LQWHUIDFLDO RU VWUXFWXUDO QDWXUH�>�@ ,Q FRQWUDVW� OLWWOH LV NQRZQ DERXW SRWHQWLDO RI FDUULHUV WR
LQWURGXFH FKHPLFDO PRGLILHUV LQWR VXSSRUWHG PHWDOV� +HUH� ZH VKRZ WKDW D SRURXV ERURQ QLWULGH
FDUULHU FDQ GLUHFWO\ PRGLI\ VXSSRUWHG SDOODGLXP QDQRSDUWLFOHV �3G�3%1�� RULJLQDWLQJ XQSDUDOOHOHG
SHUIRUPDQFH LQ WKH FRQWLQXRXV VHPL૯K\GURJHQDWLRQ RI DON\QHV �)LJ� ��� $QDO\VLV RI WKH LPSDFW RI
YDULRXV VWUXFWXUDO SDUDPHWHUV UHYHDOV WKDW XVLQJ D GHIHFWLYH KLJK VXUIDFH DUHD ERURQ QLWULGH DQG
HQVXULQJ D SDOODGLXP SDUWLFOH VL]H RI �૯� QP LV FULWLFDO WR PD[LPL]LQJ WKH UDWH SHU PHWDO DWRP�
6LPXODWLRQV VKRZ WKDW ERURQ FDQ GLIIXVH IURP GHIHFWV �H�J� 6WRQH :DOHV� 6FKRWWN\� RU % GHIHFWV� LQ
WKH FDUULHU WR WKH SDOODGLXP VXEVXUIDFH� 7KHVH GRSDQWV LQGXFH DQ HOHFWURQLF PRGLILFDWLRQ� FUHDWLQJ
VOLJKWO\ HOHFWURQ GHILFLHQW UHJLRQV RQ WKH VXUIDFH RI SDOODGLXP WKDW FRQILQH HQVHPEOHV ZKLFK UHWDLQ
WKHLU PHWDOOLF FKDUDFWHU� 7KLV DUUDQJHPHQW RI DFWLYH VLWHV VXSSUHVVHV VLGH UHDFWLRQV DQG KHQFH
RULJLQDWHV KLJK VHOHFWLYLW\ WKDW LV SUHVHUYHG HYHQ DW DOPRVW IXOO FRQYHUVLRQ� 7KH SUDFWLFDO DSSURDFK
KLJKOLJKWV�DQ�XQH[SORUHG�SRWHQWLDO�RI�XVLQJ�WDLORUHG�FDUULHUV�IRU�FDWDO\VW�GHVLJQ�

)LJ� �� D 6FKHPH RI WKH FDUULHU�LQGXFHG PRGLILFDWLRQ RI 3G�3%1 LGHQWLILHG LQ WKLV ZRUN� 7KH
GLIIXVLRQ RI ERURQ �SLQN DWRPV� LQWR WKH VXEVXUIDFH RI WKH SDOODGLXP QDQRSDUWLFOHV �JUHHQ DWRPV�
FUHDWHV VSDWLDOO\ LVRODWHG VXUIDFH HQVHPEOHV ZLWK PHWDOOLF FKDUDFWHU �JUH\ WULDQJOH�� E &RQYHUVLRQ
YV� VHOHFWLYLW\ SORW GHPRQVWUDWLQJ WKH VXSHULRU SHUIRUPDQFH RI 3G�3%1 FRPSDUHG WR VWDWH�RI�WKH�DUW
FDWDO\VWV�LQ�WKH�VHPL૯K\GURJHQDWLRQ�RI��૯KH[\QH�

>�@ '� $OEDQL� 0� 6KDKURNKL� =� &KHQ� 6� 0LWFKHOO� 5� +DXHUW� 1� /µSH]� -� 3«UH]�5DP¯UH]� 1DW�
&RPPXQ���������������
>�@�/��=KDQJ��0��=KRX��$��:DQJ��7��=KDQJ��&KHP��5HY�����������������
>�@�7��:��YDQ�'HHOHQ��&��+HUQ£QGH]�0HM¯D��.��3��GH�-RQJ��1DW��&DWDO���������������
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'HIHFWLYH�8L2����DQG�LWV�LQWHUDFWLRQ�ZLWK�VROYHQWV��DFLGV�DQG�EDVHV

'��&DUWDJHQRYD�����)��$��3HL[RWR�(VWHYHV�����1��7��)LVFKHU�����-��$��YDQ�%RNKRYHQ�����0��5DQRFFKLDUL�


�/DERUDWRU\�IRU�&DWDO\VLV�DQG�6XVWDLQDEOH�&KHPLVWU\��/6.���3DXO�6FKHUUHU�,QVWLWXW���'HSDUWPHQW�RI
&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��'�&+$%���(7+�=¾ULFK���)DFXOW\�RI�6FLHQFH��8QLYHUVLW\�RI

:DWHUORR��&DQDGD

8L2��� LV DQ H[WUHPHO\ UREXVW PHWDO RUJDQLF IUDPHZRUN �02)� EDVHG RQ >=U��2+��2�@��� QRGHV>�@�
%HFDXVH RI LWV KLJK WKHUPDO>�@� PHFKDQLFDO>�@ DQG FKHPLFDO>�@ VWDELOLW\ LW LV DQ DSSHDOLQJ PDWHULDO IRU
FDWDO\VLV� JDV FDSWXUH DQG PDWHULDO VFLHQFH� 'HIHFWV LQ WKH IUDPHZRUN VWUXFWXUH LQFUHDVH LWV
SRURVLW\>�@� EXW WKH UHGXFHG FRQQHFWLYLW\ RI WKH IUDPHZRUN GHFUHDVHV LWV WKHUPDO VWDELOLW\>�@� +HUH�
ZH HOXFLGDWH WKH UROH RI GHIHFWV RQ WKH FKHPLFDO VWDELOLW\ RI 8L2���� 3RVW�V\QWKHWLF PRGLILFDWLRQ
SURFHGXUHV DQG WKH XVH RI WKLV PDWHULDO LQ FDWDO\VLV FDXVH WKH H[SRVLWLRQ RI WKH IUDPHZRUN WR DFLGV
DQG EDVHV LQ VROXWLRQ RI RUJDQLF VROYHQWV� PDNLQJ XQGHUVWDQGLQJ WKH LQWHUDFWLRQ RI GHIHFWLYH
8L2����ZLWK�VXFK�FKHPLFDOV�HVVHQWLDO�

:H V\QWKHVL]HG D KLJKO\ GHIHFWLYH 8L2���� ZLWK D VXUIDFH DUHD RI ���� P��J� DQG V\VWHPDWLFDOO\
VWXGLHG LWV UHDFWLYLW\ XSRQ WUHDWPHQW ZLWK VROYHQWV� DFLGV DQG EDVHV� :H XVHG VWDQGDUGL]HG
UHDFWLRQ FRQGLWLRQV DQG FKDUDFWHUL]HG WKH VSHQW PDWHULDO E\ QLWURJHQ SK\VLVRUSWLRQ DQG SRZGHU ;�
UD\ GLIIUDFWLRQ� ,Q WKLV ZD\ ZH FRXOG TXDQWLWDWLYHO\ DQG TXDOLWDWLYHO\ FRPSDUH WKH HIIHFW RI WKHVH
WUHDWPHQW�RQ�WKH�SRURVLW\�DQG�WKH�FU\VWDOOLQLW\�RI�WKH�IUDPHZRUN�

:H VWXGLHG WKH HIIHFW RI GLIIHUHQW DFLGV DQG EDVHV LQ DTXHRXV VROXWLRQ� DQG VKRZHG KRZ WKH S+ RI
WKH VROXWLRQ LV QRW WKH RQO\ SDUDPHWHU WR SOD\ D UROH� 3RWDVVLXP FDUERQDWH FDXVHG D ORVV RI PRUH
WKDQ ��� RI WKH VXUIDFH DUHD ZKLOH ��������WHWUDPHWK\OJXDQLGLQH DQG WULHWK\ODPLQH UHGXFHG LW E\
RQO\ ���� GHVSLWH JXDQLGLQH EHLQJ WKH VWURQJHU EDVH� :H REVHUYHG KRZ WKH LQWHUDFWLRQ ZLWK
VROYHQWV ZLWK EDVLF VLWHV� VXFK DV ZDWHU DQG WHWUDK\GURIXUDQ VLJQLILFDQWO\ DIIHFWV WKH FU\VWDOOLQLW\
DQG WKH VXUIDFH DUHD RI WKH PDWHULDO� ZKLOH LQHUW VROYHQWV� VXFK DV GLFKORURPHWKDQH GR QRW� 7KLV
PLJKW EH FDXVHG E\ WKH UHGXFHG FRQQHFWLYLW\ RI WKH PHWDO QRGHV WR WKH IUDPHZRUN� :H VWXGLHG WKH
HIIHFW RI DFLGV DQG EDVHV LQ RUJDQLF VROYHQWV DV ZHOO� REVHUYLQJ KRZ WKH VROYHQW FDSDFLW\ WR
VHOHFWLYHO\ VROYDWH VSHFLHV� RU WR PRGXODWH DFLG�EDVH LQWHUDFWLRQV� FDXVH FRPSOHWHO\ GLIIHUHQW
WH[WXUDO SURSHUWLHV IURP WKH RQHV REWDLQHG LQ ZDWHU� 6XOIXULF DFLGV FDXVHG WKH FRPSOHWH
GHVWUXFWLRQ RI WKH IUDPHZRUN ZKHQ LW ZDV QRW PRGXODWHG E\ ZDWHU� ZKLOH VROXWLRQV RI WULHWK\ODPLQH
LQ�RUJDQLF�VROYHQWV�GHFUHDVHG�WKH�VXUIDFH�DUHD�E\�OHVV�WKDQ�����

>�@ -� +� &DYND� 6� -DNREVHQ� 8� 2OVE\H� 1� *XLOORX� &� /DPEHUWL� 6� %RUGLJD� .� 3� /LOOHUXG� -RXUQDO RI
WKH�$PHULFDQ�&KHPLFDO�6RFLHW\������������������������
>�@ 0� .DQGLDK� 0� +� 1LOVHQ� 6� 8VVHJOLR� 6� -DNREVHQ� 8� 2OVE\H� 0� 7LOVHW� &� /DUDEL� (� $� 4XDGUHOOL�
)��%RQLQR��.��3��/LOOHUXG��&KHPLVWU\�RI�0DWHULDOV���������������������
>�@�+��:X��7��<LOGLULP��:��=KRX��7KH�-RXUQDO�RI�3K\VLFDO�&KHPLVWU\�/HWWHUV������������������
>�@ D� -� %� 'H&RVWH� *� :� 3HWHUVRQ� +� -DVXMD� 7� *� *ORYHU� <��J� +XDQJ� .� 6� :DOWRQ� -RXUQDO RI
0DWHULDOV &KHPLVWU\ $ ����� �� ���������� E� &� *� 3LVFRSR� $� 3RO\]RLGLV� 0� 6FKZDU]HU� 6�
/RHEEHFNH��0LFURSRURXV�DQG�0HVRSRURXV�0DWHULDOV������������������
>�@ +� :X� <� 6� &KXD� 9� .UXQJOHYLFLXWH� 0� 7\DJL� 3� &KHQ� 7� <LOGLULP� :� =KRX� -RXUQDO RI WKH
$PHULFDQ &KHPLFDO 6RFLHW\ ����� ���� ������������ >�@ *� &� 6KHDUHU� 6� &KDYDQ� -� (WKLUDM� -� *�
9LWLOOR� 6� 6YHOOH� 8� 2OVE\H� &� /DPEHUWL� 6� %RUGLJD� .� 3� /LOOHUXG� &KHPLVWU\ RI 0DWHULDOV ����� ���
����������
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$VVHVVPHQW�RI�WKH�LPSDFW�RI�PHVRSRUH�JHRPHWU\�LQ�KLHUDUFKLFDO�0),�]HROLWHV�RQ�WKH
SHUIRUPDQFH�LQ�PHWKDQRO�WR�ROHILQV�E\�K\VWHUHVLV�VFDQQLQJ

$��&HVDULQL���%��3X«UWRODV���6��0LWFKHOO���-��.HQYLQ���-��3«UH]�5DP¯UH]�


�(7+�=¾ULFK���0LFURPHULWLFV

(OXFLGDWLRQ RI WKH FRPSOH[ UROH RI KLHUDUFKLFDO SRUH QHWZRUNV LV FUXFLDO WR GHVLJQ ]HROLWHV ZLWK
HQKDQFHG IXQFWLRQDOLW\���� 'LIIHUHQWLDO K\VWHUHVLV VFDQQLQJ �'+6� E\ JDV VRUSWLRQ KDV EHHQ
LQWURGXFHG DV D SRZHUIXO WRRO WR PDS WKH JHRPHWU\ RI PHVRSRUHV ZLWKLQ KLHUDUFKLFDO IDXMDVLWH�W\SH
]HROLWHV� \LHOGLQJ DQ XQSUHFHGHQWHG SLFWXUH RI WKH LPSDFW RI FRPPRQ GHPHWDOODWLRQ WUHDWPHQWV RQ
SRURVLW\ GHYHORSPHQW�� +HUH� WKH VFRSH DQG YHUVDWLOLW\ RI '+6 LV H[WHQGHG WKURXJK WKH
LQYHVWLJDWLRQ RI WKH HIIHFW RI PXOWLOD\HU DGVRUSWLRQ RQ PHVRSRUHV RI GLVWLQFW JHRPHWU\ LQ PDWHULDOV
SUHSDUHG YLD ERWWRP�XS RU WRS�GRZQ V\QWKHWLF DSSURDFKHV �)LJ� ��� )XUWKHUPRUH� WKH XVH RI
R[\JHQ DV VRUEDWH LV VKRZQ WR H[WHQG WKH UHVROXWLRQ RI WKLV WHFKQLTXH� SHUPLWWLQJ GHWHUPLQDWLRQ RI
WKH JHRPHWU\ RI VPDOOHU PHVRSRUHV WKDW DUH QRQ�K\VWHUHWLF ZKHQ DUJRQ LV XVHG� 7KLV NQRZOHGJH LV
DSSOLHG WR DVVHVV WKH LPSDFW RI WKH SRUH DUFKLWHFWXUH RQ WKH SHUIRUPDQFH LQ WKH FRQYHUVLRQ RI
PHWKDQRO WR ROHILQV� ZKHUH FRNH IRUPDWLRQ LV WKH SULPDU\ FDXVH RI FDWDO\VW GHDFWLYDWLRQ� 7KH
ILQGLQJV�FRQWULEXWH�NH\�LQIRUPDWLRQ�IRU�WKH�GHVLJQ�RI�KLHUDUFKLFDO�]HROLWH�FDWDO\VWV�

)LJ� �� D 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH LQIOXHQFH RI WKH PHVRSRUH JHRPHWU\ RQ WKH DGVRUSWLRQ
DQG GHVRUSWLRQ EHKDYLRU ZLWK LQFUHDVLQJ UHODWLYH SUHVVXUH DQG GHILQLWLRQV� E &RQWRXU SORW GHULYHG
IURP $UJRQ LVRWKHUP DW �� . RI WZR KLHUDUFKLFDO =60૯� ]HROLWH SUHSDUHG ZLWK GLIIHUHQW V\QWKHVLV
FRQGLWLRQV LQGLFDWLQJ WKH SHUFHQWDJH RI S\UDPLGDO �3\U�� FRQVWULFWHG �&RQ�� RFFOXGHG �2FF�� DQG QRQ�
K\VWHUHWLF��1K��JUH\�ER[��PHVRSRUHV�

>�@ 6� 0LWFKHOO� $� %� 3LQDU� -� .HQYLQ� 3� &ULYHOOL� -� .¦UJHU� -� 3«UH]�5DP¯UH]� 1DW� &RPPXQ� �����
�������
>�@�-��.HQYLQ��-��-DJLHOOR��6��0LWFKHOO��-��3«UH]�5DP¯UH]��/DQJPXLU����������������
>�@ -� .HQYLQ� 6� 0LWFKHOO� 0� 6WHUOLQJ� 5� :DUULQJKDP� 7� &� .HOOHU� 3� &ULYHOOL� -� -DJLHOOR� -� 3«UH]�
5DP¯UH]��$GY��)XQFW��0DWHU�����������������
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7LPH�UHVROYHG�;$6�VWXG\�RI�WKH�IRUPDWLRQ�RI�FREDOW�K\GULGH�LQWHUPHGLDWHV�RI
FREDOR[LPH�FDWDO\VW�GXULQJ�SKRWRLQGXFHG�S+�MXPS

-��&KHQ���0��1DFKWHJDDO���(��)DEEUL���7��-��6FKPLGW���
��*��6PROHQWVHY�


�3DXO�6FKHUUHU�,QVWLWXW���(7+�=¾ULFK

7KH VWRUDJH RI VRODU HQHUJ\ LQ +�� GHULYHG IURP WKH SKRWR�FDWDO\WLF VSOLWWLQJ RI ZDWHU� KDV DWWUDFWHG
UHQHZHG LQWHUHVW DV D SRVVLEOH VRXUFH RI UHQHZDEOH HQHUJ\� )RU WKLV SURFHVV WR HYHU EHFRPH
VXVWDLQDEOH� LW LV LPSRUWDQW WKDW WKH SKRWR�FDWDO\VW LV EDVHG RQ HDUWK DEXQGDQW PHWDOV� 7KH
XQGHUVWDQGLQJ RI WKH GHWDLOHG FDWDO\WLF PHFKDQLVP LV WKH EDVLV WR GHVLJQ DQG GHYHORS WKRVH
V\VWHPV� 7KH GLIOXRURERU\O�EULGJHG &R�,,��GLJO\R[LPH FRPSOH[ LV RQH RI WKH PRVW DFWLYH HDUWK�
DEXQGDQW�SKRWRFDWDO\WLF�+��HYROYLQJ�FDWDO\VWV�UHSRUWHG�WR�GDWH�>�@

,Q WKLV ZRUN� ZH VWXG\ D FREDOR[LPH FDWDO\VW &R�GPJ%)��� �GPJ��  GLPHWK\OJO\R[LPDWR GLDQLRQ�
FRPELQHG ZLWK SKRWRLQGXFHG S+ MXPS H[SHULPHQWV WR REVHUYH UHDFWLRQ LQWHUPHGLDWHV� $V VKRZQ LQ
)LJXUH ��D�� WKH UHDFWLRQ LV SURSRVHG WR SURFHHG DV D FDWDO\WLF F\FOH WKURXJK � PDLQ VWDWHV� LQLWLDO
&R�,,�� LQWHUPHGLDWH &R�,� DQG K\GULGH LQWHUPHGLDWHV &R�,,,�+ DQG &R�,,�+� 7KH K\GULGHV DUH
HVVHQWLDO VWHSV WR SURGXFH +�� (OHFWURQV FDQ EH WUDQVIHUUHG IURP WKH SKRWRVHQVLWL]HU WR WKH
FDWDO\VW� ZKLFK UHGXFHV &R�,,� WR &R�,�� $W FDWDO\WLF FRQGLWLRQV DQG FRQWLQXRXV OLJKW LOOXPLQDWLRQ D
&R�,,,�+ LQWHUPHGLDWH LV SUHVHQW LQ YHU\ ORZ TXDQWLWLHV DQG WKHUHIRUH KDV QRW EHHQ REVHUYHG XS WR
GDWH� :H VXJJHVW IRUPLQJ LW WUDQVLHQWO\ XVLQJ SKRWRLQGXFHG S+ MXPSV FDXVHG E\ SXOVHG ODVHU OLJKW
DEVRUSWLRQ E\ D SKRWRDFLG ZKLFK H[KLELWV S.D VKLIW RQ H[FLWDWLRQ DQG SURGXFHV SURWRQ GRQRUV� :H
DOVR H[SHFW WR VHH &R�,,�+ DW ORQJHU WLPH VFDOHV DV D UHVXOW RI &R�,,,�+ UHGXFWLRQ E\ &R�,�� 7LPH�
UHVROYHG ;$6 FDQ EH XVHG WR FKDUDFWHUL]H WKH VWUXFWXUH RI WKHVH LQWHUPHGLDWHV�>�����@ 2SWLFDO SXPS�
SUREH H[SHULPHQWV ZLWK D SKRWRLQGXFHG S+ MXPS KDYH EHHQ UHSRUWHG LQ WKH OLWHUDWXUH>�@ ZLWK
UHDFWLRQ UDWH FRQVWDQWV GHWHUPLQHG IURP WKH GHFD\ RI WKH &R�,� VLJQDO� %DVHG RQ WKHVH UHVXOWV ZH
H[SHFW D PD[LPDO FRQFHQWUDWLRQ RI &R�,,,�+ DW a� ͐V DIWHU S+ MXPS DQG VLJQLILFDQW VLJQDO IURP
&R�,,�+�DW�a��PV�IRU�RXU�FRQGLWLRQV�

,Q D IORZLQJ MHW V\VWHP LQWHJUDWHG ZLWKLQ D FKDPEHU ILOOHG ZLWK 1�� &R�,,� FDQ EH FRQYHUWHG LQWR &R�,�
TXLFNO\ LQ WKH SUHVHQFH RI WKH SKRWRDFLG %U1DSK2+ ZKHQ LOOXPLQDWHG ZLWK D EOXH /(' WR H[FLWH WKH
SKRWRVHQVLWL]HU� 7KH 89�YLV VSHFWUD IRU &R�,� DQG &R�,,� DUH VKRZQ LQ )LJXUH ��E�� 8QGHU WKH /('
LOOXPLQDWLRQ� WKH IRUPDWLRQ RI &R�,� LV FOHDU IURP LWV WZR�EDQG VSHFWUXP ZKLOH WKH a��� QP EDQG RI
&R�,,� GHFUHDVHV� 7LPH�UHVROYHG ;$6 H[SHULPHQWV DUH SODQQHG IRU -XQH WKLV \HDU �GHOD\HG GXH WR
WKH�&29,'�LQGXFHG�ORFNGRZQ��

>�@ -� /� 'HPSVH\� %� 6� %UXQVFKZLJ� -� 5� :LQNOHU� +� %� *UD\� $FF� &KHP�
5HV�����������������૱������
>�@ *� 6PROHQWVHY� $� $� *XGD� 0� -DQRXVFK� &� )ULHK� *� -XG� )� =DPSRQL� 0� &KDYDURW�.HUOLGRX� 9�
$UWHUR��-��$��YDQ�%RNKRYHQ��0��1DFKWHJDDO��)DUDGD\�'LVFXVV������������������
>�@ *� 6PROHQWVHY� $� $� *XGD� ;� =KDQJ� .� +DOGUXS� (� 6� $QGUHLDGLV� 0� &KDYDURW�.HUOLGRX� 6� (�
&DQWRQ��0��1DFKWHJDDO��9��$UWHUR��9��6XQGVWURP��-��3K\V��&KHP��&�������������������������������
>�@�*��6PROHQWVHY��9��6XQGVWURP��&RRUG��&KHP��5HY������������૱��������૱����
>�@�-��/��'HPSVH\��-��5��:LQNOHU��+��%��*UD\��-��$P��&KHP��6RF�������������������������������
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'HVLJQ�DQG�(YROXWLRQ�RI�&KLPHULF�6WUHSWDYLGLQ�IRU�SURWHLQ�GLUHFWHG�'XDO�*ROG�&DWDO\VLV

)��&KULVWRIIHO���1��9��,JDUHWD���7��5��:DUG�


�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�%DVHO��0DWWHQVWUDVVH���D��%35�������&+�������%DVHO�
6ZLW]HUODQG

$UWLILFLDO PHWDOORHQ]\PHV �$U0V� SURYLGH D XQLTXH PHDQV WR SUH�RUJDQLVH PHWDO FRPSOH[HV ZLWKLQ D
ZHOO�GHILQHG HQYLURQPHQW� 7KDQNV WR LWV XQLTXH WRSRORJ\� VWUHSWDYLGLQ �6DY�� ZKLFK SUHVHQWV WZR
ELRWLQ PRLHWLHV IDFLQJ HDFK RWKHU ZLWKLQ D K\GURSKRELF YHVWLEXOH� PD\ DOORZ WR GHYHORS $U0V IRU
GXDO FDWDO\VLV� 7R YDOLGDWH WKLV K\SRWKHVLV� ZH SUHVHQW WKH ILUVW GXDO JROG�EDVHG $U0 IRU
UHJLRVHOHFWLYH K\GURDPLQDWLRQ WKDW SURFHHGV YLD D ͗�͔�DFWLYDWLRQ RI D WHUPLQDO DON\QH� 7R VKLHOG WKH
DFWLYH VLWH RI WKH $U0� 6DY ZDV IXVHG ZLWK D �� DPLQRDFLG ORRS IURP VXSHUR[LGH GLVPXWDVH F
�6DYB62'�� 7KH DFWLYLW\ RI WKH UHVXOWLQJ FKLPHULF $U0 ZDV VXEVHTXHQWO\ ILQH�WXQHG E\ GLUHFWHG
HYROXWLRQ WR JLYH DFFHVV WR ERWK WKH ��HQGR GLJ� �DQWL�0DUNRYQLNRY� DQG ��H[R GLJ �0DUNRYQLNRY�
UHJLRLVRPHUV� GHSHQGLQJ RQ WKH 6DYB62' PXWDQW� 40�00 FDOFXODWLRQV KHOS UDWLRQDOL]H WKH
UHPDUNDEOH HIIHFW RI VLQJOH SRLQW PXWDWLRQV RQ UHJLRVHOHFWLYLW\� ,PSRUWDQWO\� WKH IUHH ELRWLQ\ODWHG
FRIDFWRU GLVSOD\HG QR DFWLYLW\ LQ WKH DEVHQFH RI 6DYB62' DQG ZDV QRW LUUHYHUVLEO\ LQKLELWHG LQ (�
FROL�FHOO�IUHH�H[WUDFWV��WKXV�RSHQLQJ�IDVFLQDWLQJ�SHUVSHFWLYHV�WRZDUGV�LQ�YLYR�FDWDO\VLV��

��

�
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,Q�VLWX�LQYHVWLJDWLRQV�RI�VSLOORYHU�RYHU�PRO\EGHQXP�EDVHG�FDWDO\VWV

&��&ROEHD�����-��$��YDQ�%RNKRYHQ�
��0��*��:LOOLQJHU�


�,QVWLWXWH�IRU�&KHPLFDO�DQG�%LRHQJLQHHULQJ���6FLHQWLILF�&HQWHU�IRU�2SWLFDO�DQG�(OHFWURQ�0LFURVFRS\�
�/DERUDWRU\�IRU�&DWDO\VLV�DQG�6XVWDLQDEOH�&KHPLVWU\

,Q FDWDO\VLV� WKH SKHQRPHQD RI VSLOORYHU SOD\V DQ LPSRUWDQW UROH DQG GHVFULEHV WKH WUDQVSRUW RI
VSHFLHV WKDW DUH DGVRUEHG RU IRUPHG RQ RQH VXUIDFH RQWR DQRWKHU VXUIDFH� ZKLFK GRHV QRW DGVRUE
RU IRUP WKLV VSHFLHV XQGHU WKH VDPH FRQGLWLRQV�>�@ $V 7HLFKQHU VXJJHVWHG� ૺWKHUH LV D YHU\ KLJK
SUREDELOLW\ WKDW VSLOORYHU H[LVWV LQ WKH PHFKDQLVP RI PRVW FDWDO\WLF UHDFWLRQV RU PD\ EH LQWURGXFHG
E\ D QHZ GHVLJQ RI WKH FDWDO\VWVૻ>�@� 7KHUHIRUH� FUHDWLRQ RI FDWDOLWLFDOO\ DFWLYH VLWHV IRU 1+�
V\QWKHVLV DQG GHFRPSRVLWLRQ� PHWKDQRO V\QWKHVLV� K\GURLVRPHUL]DWLRQ� DONHQHV DQG DURPDWLFV
K\GURJHQDWLRQ DUH SURFHVVHV WKDW FDQ EHQHILW IURP PHFKDQLVWLF LQVLJKWV RI WKH K\GURJHQ VSLOORYHU
SKHQRPHQRQ� %HFDXVH RI LWV LPSRUWDQFH LQ FDWDO\VLV� LQWHUHVW LQ VSLOORYHU KDV JURZQ VLJQLILFDQWO\
RYHU WKH \HDUV� 7KLV VWXG\ LV IRFXVLQJ RQ PRO\EGHQXP R[LGHV WKDW ILQG ZLGHVSUHDG DSSOLFDWLRQ LQ
FDWDO\VLV DQG WKH VHPLFRQGXFWRU LQGXVWU\� 2QH RI WKH PRVW VWULNLQJ IHDWXUHV RI PRO\EGHQXP R[LGHV
LV WKH YHUVDWLOLW\ RI WKHLU FDWDO\WLF SURSHUWLHV� 0RO\EGHQXP R[LGH�EDVHG FDWDO\VWV DUH DFWLYH DQG
VHOHFWLYH LQ PDQ\ UHDFWLRQV EHORQJLQJ WR ERWK UHGR[ DQG DFLG�EDVH SURFHVVHV� VXFK DV
K\GURJHQDWLRQ� R[LGDWLRQ� LVRPHUL]DWLRQ� DQG DGGLWLRQ DQG GHFRPSRVLWLRQ UHDFWLRQV� 6ROLG�DFLG
FDWDO\VWV EDVHG PRO\EGHQXP�9,� R[LGH KDYH EHHQ H[SORUHG ZLGHO\ GXH WR VWDELOLW\� UHJHQHUDWLYH
SURSHUWLHV DQG KLJK DFWLYLW\ DW D ZLGH UDQJH RI UHDFWLRQ WHPSHUDWXUHV� 7KH V\QHUJLVWLF HIIHFW
EHWZHHQ DQ DFWLYDWRU DQG D VXSSRUW LV UHOHYDQW ZKHQ FRVLGHULQJ WHFKRORJLFDO DSSOLFDWLRQV�
%LIXQFWLRQDO FDWDO\VWV FRQVLVWLQJ RI DFLGLF R[LGHV DQG QREOH PHWDOV VKRZHG KLJK HIILFLHQF\ LQ WKH
DFLG�FDWDO\]HG UHDFWLRQV� VXFK DV DON\ODWLRQ� UHIRUPLQJ� DQG FUDFNLQJ� ,W LV NQRZQ WKDW K\GURJHQ
EURQ]H PDWHULDOV �+[0R2�� KDYH JUHDW DSSOLFDWLRQ SRWHQWLDO DV K\GURJHQDWLRQ�GHK\GUDWLRQ
FDWDO\VWV� IXHO FHOO HOHFWURGHV� DQG HOHFWURFKURPLF GHYLFHV� 7KH TXHVWLRQ WKDW UHPDLQV XQDQVZHUHG
LV KRZ K\GURJHQ PLJUDWHV RYHU WKH VXUIDFH XQGHU FDWDO\WLFDOO�UHOHYDQW FRQGLWLRQV >�@� %RWK
WKHRUHWLFDO VWXGLHV DQG LQGLUHFW REVHUYDWLRQV YLD VXUIDFH VHQVLWLYH WHFKQLTXHV DUH XQDEOH WR UHVROYH
WKH ODWHUDOO\ DQG WHPSRUDOO\ DVSHFWV RI WKLV SKHQRPHQRQ IRU PHFKDQLVWLF LQVLJKW�7KH DLP RI
REVHUYLQJ VSLOORYHU LV DFKHLYDEOH E\ WKH XVH RI D QRYHO PHWKRG IRU UHDO�WLPH REVHUYDWLRQ RI JDV�
SKDVH LQGXFHG VXUIDFH G\QDPLFV� YDULDEOH SUHVVXUH� RU HQYLURQPHQWDO�6(0 �(6(0�� $OWKRXJK
WUDGLWLRQDOO\ PRVWO\ XVHG IRU WKH VWXG\ RI ELRORJLFDO� QRQ�FRQGXFWLQJ VDPSOHV� LWV DSSOLFDELOLW\ LQ WKH
ILHOG RI FDWDO\VLV DQG FRUURVLRQ VFLHQFH KDV DOUHDG\ EHHQ GHPRQVWUDWHG >�@� 6XUIDFH�VHQVLWLYH
LPDJLQJ DQG UHDO�WLPH REVHUYDWLRQ RI FROOHFWLYH G\QDPLFV XQGHU FRQWUROOHG DWPRVSKHUH DW
SUHVVXUHV EHWZHHQ ���� WR ���� 3D LV LGHDOO\ VXLWHG WR FRPSOHPHQW ODWHUDOO\ LQWHJUDWLQJ
VSHFWURVFRSLF PHWKRGV� VXFK DV LQ VLWX ;36 DQG ;3((0� &RPSDUHG WR VXUIDFH�VFLHQFH PHWKRGV� WKH
(6(0 LV UHODWLYHO\ IOH[LEOH LQ WHUPV RI VDPSOH JHRPHWU\ DQG VL]H DQG FDQ WKXV EH XVHG WR EULGJH
WKH ૺPDWHULDOV�JDSૻ EHWZHHQ PRGHO V\VWHPV DQG FRPSOH[ UHDO�ZRUOG FDWDO\VWV� 7KH KLJK VHQVLWLYLW\
RI WKH JDVHRXV GHWHFWLRQ GHYLFH LQ WKH (6(0 HQDEOHV WKH GHWHFWLRQ RI FKDQJHV LQ WKH ZRUN�IXQFWLRQ
GXH WR VXUIDFH FRYHUDJH RI DGVRUEDWHV� 7KXV� WKH JRDO RI UHVROYLQJ VSDWLDOO\ DQG WHPSRUDOO\ WKH UROH
RI WKH VXUIDFH VWUXFWXUH� WKH UHODWLRQ EHWZHHQ K\GURJHQ GLIXVVLRQ DQG UHGXFLELOLW\ RI WKH VXEVWUDWH
DQG WKH VWUXFWXUDO UHVSRQVH RI WKH VXUIDFH ZLOO VKHG OLJKW RQ WKH VSLOORYHU HIIHFW LQ UHOHYDQW FDWDO\WLF
V\VWHPV�

>�@�)DOFRQHU��-��/���DQG�:��&��&RQQHU�-U���$SSOLHG�&DWDO\VLV��������������1���1���
>�@ )XMLPRWR� .� ,�� HW DO�� 3URFHHGLQJV RI WKH 7KLUG ,QWHUQDWLRQDO &RQIHUHQFH RQ 6SLOORYHU������ 9RO�
��
>�@ :� .DULP� &� 6SUHDILFR� $� .OHLEHUW� -� *REUHFKW� -� 9DQGH9RQGHOH� <� (NLQFL� DQG -� $� YDQ
%RNKRYHQ�������1DWXUH�����������
>�@ =� -� :DQJ� -� &� 'RQJ� <� &XL� *� (UHV� 2� 7LPSH� 4� )X� )� 'LQJ� 5� 6FKO¸JO� 0� *� :LOOLQJHU� �����
1DW��&RPPXQ�����������
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0ROHFXODU�/HYHO�,QVLJKW�LQ�6XSSRUWHG�2OHILQ�0HWDWKHVLV�&DWDO\VWV�E\�&RPELQLQJ�6XUIDFH
2UJDQRPHWDOOLF�&KHPLVWU\��+LJK�7KURXJKSXW�([SHULPHQWDWLRQ��DQG�'DWD�$QDO\VLV

-��'H�-HVXV�6LOYD���$��)HGRURY���0��$��)HUUHLUD���0��6��6LJPDQ���&��&RS«UHW�


�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=¾ULFK���'HSDUWPHQW�RI�0HFKDQLFDO�DQG
3URFHVV�(QJLQHHULQJ��(7+�=¾ULFK���&HQWUH�IRU�([FHOOHQFH�IRU�5HVHDUFK�LQ�6XVWDLQDEOH�&KHPLVWU\
�&(56XV&KHP���'HSDUWPHQW�RI�&KHPLVWU\��)HGHUDO�8QLYHUVLW\�RI�6¥R�&DUORV���'HSDUWPHQW�RI

&KHPLVWU\��8QLYHUVLW\�RI�8WDK

0HWDWKHVLV LV D YHU\ DFWLYH ILHOG RI UHVHDUFK UDQJLQJ IURP SHWURFKHPLFDO SURGXFWLRQ WR WKH
V\QWKHVLV RI SRO\PHUV DQG ILQH FKHPLFDOV�>�@ :KLOH LPSURYHPHQW RI PROHFXODU PHWDWKHVLV FDWDO\VWV
RYHU WKH ODVW WKUHH GHFDGHV ZDV GULYHQ E\ D UDWLRQDO DSSURDFK EDVHG RQ VWUXFWXUH�DFWLYLW\ VWXGLHV�
UHVHDUFK IRU WKH FRUUHVSRQGLQJ KHWHURJHQHRXV FDWDO\VWV LV VWLOO PRVWO\ HPSLULFDO� +HUH� ZH GLVFORVH
D KLJK�WKURXJKSXW H[SHULPHQWDWLRQ �+7(� DSSURDFK FRPELQHG ZLWK D PXOWLYDULDWH PRGHOOLQJ VWXG\
EDVHG RQ URERWL]HG H[SHULPHQWDWLRQV WR SUHSDUH DQG WHVW OLEUDULHV RI KHWHURJHQHRXV ROHILQ
PHWDWKHVLV FDWDO\VWV� GHULYHG IURP 6XUIDFH 2UJDQRPHWDOOLF &KHPLVWU\ �620&��>�@ 1DPHO\� D OLEUDU\
RI KHWHURJHQHRXV FDWDO\VWV JHQHUDWHG LQ VLWX IURP �� SKHQROLF OLJDQGV� WZR 0R SUHFXUVRU
FRPSOH[HV DQG GHK\GUR[\ODWHG VLOLFD VXSSRUW� ZDV REWDLQHG DQG HYDOXDWHG E\ DXWRPDWHG FDWDO\VW
WHVWLQJ� DFWLYLW\ WUHQGV ZHUH UDWLRQDOL]HG E\ PXOWLYDULDWH DQDO\VLV SURYLGLQJ PROHFXODU�OHYHO
VWUXFWXUH�DFWLYLW\�UHODWLRQVKLS�>�@

&RPELQHG 6XUIDFH 2UJDQRPHWDOOLF &KHPLVWU\ DQG KLJK�WKURXJKSXW H[SHULPHQWDO DSSURDFK IRU
LGHQWLILFDWLRQ�RI�DFWLYH�FDWDO\VWV�LQ�KRPRGLPHUL]DWLRQ�RI���QRQHQH�

>�@�*UXEEV��5��+���(G���+DQGERRN�RI�0HWDWKHVLV��:LOH\�9&+��:HLQKHLP��*HUPDQ\�������
>�@ &RS«UHW� )� $OORXFKH� .� :� &KDQ� 0� 3� '� &RQOH\� )� 0XULHOOH� $� )HGRURY� ,� %� 0RUR]� 9� 0RXJHO�
0��3XFLQR��.��6HDUOHV��.��<DPDPRWR�DQG�3��$��=KL]KNR��$QJHZ��&KHP���,QW��(G������������������
>�@ �D� 0RXJHO� 9�� 6DQWLDJR� &� %�� =KL]KNR� 3� $�� %HVV� (� 1�� 9DUJD� -�� )UDWHU� *�� 6LJPDQ� 0� 6��
&RSHėHW� &� $P� &KHP� 6RF� ����� ���� ����� �E� 6DQWLDJR� &� %�� *XR� -��<�� 6LJPDQ� 0� 6� &KHP�
6FL�� ����� �� ����� �F� 0� $� %� )HUUHLUD� -� 'H -HVXV 6LOYD� 6� *URVVOLJKW� $� )HGRURY� 0� 6� 6LJPDQ
DQG�&��&RS«UHW��-��$P��&KHP��6RF��������������������������
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6WUXFWXUH�DQG�UHDFWLYLW\�RI�ORZ�QXFOHDULW\�LURQ�EDVHG�FDWDO\VWV�RQ�FDUERQ�QLWULGH�IRU
DON\QH�VHPL�K\GURJHQDWLRQ

'��)DXVW�$NO���(��9RURE\HYD���5��+DXHUW���)��.UXPHLFK���'��.ORVH���2��9��6DIRQRYD���6��0LWFKHOO���-�
3«UH]�5DP¯UH]�


�(7+�=¾ULFK���(PSD���3DXO�6FKHUUHU�,QVWLWXWH

7R UHGXFH WKH HQYLURQPHQWDO IRRWSULQW RI VHOHFWLYH K\GURJHQDWLRQV� WKHUH LV D QHHG IRU GHFUHDVHG
UHOLDQFH RQ SUHFLRXV PHWDO FDWDO\VWV� (DUWK�DEXQGDQW LURQ ZRXOG EH DQ DWWUDFWLYH DOWHUQDWLYH� EXW�
DOWKRXJK PROHFXODU LURQ FRPSOH[HV DUH NQRZQ WR FDWDO\]H DON\QH VHPL�K\GURJHQDWLRQ� WKH XVH RI
WKLV HOHPHQW LQ KHWHURJHQHRXV FDWDO\VWV KDV EHHQ VFDUFHO\ VWXGLHG OLNHO\ GXH WR WKH SRRU K\GURJHQ
VSOLWWLQJ DELOLW\ RI WKH EXON PHWDO�� 1DQRVWUXFWXULQJ DSSURDFKHV WR UHGXFH WKH VL]H RI PHWDO
HQVHPEOHV FDQ GUDVWLFDOO\ DOWHU UHDFWLYLW\ SDWWHUQV���� %\ VXSSRUWLQJ LURQ FDUERQ\O RU SHQWDGLHQ\O
FRPSOH[HV ZLWK GHILQHG QXFOHDULW\ RQ PHVRSRURXV FDUERQ QLWULGH� ZH KHUH GHPRQVWUDWH WKDW LURQ
VLQJOH DWRPV DWWDLQ VXSHULRU SHUIRUPDQFH FRPSDUHG WR ODUJHU HQVHPEOHV� 7KH VLQJOH DWRP FDWDO\VW
VKRZV KLJKHU PHWDO�VSHFLILF UDWHV DQG VWDEOH SHUIRUPDQFH LQ WKH FRQWLQXRXV� OLTXLG�SKDVH
K\GURJHQDWLRQ RI D UDQJH RI VXEVWLWXWHG DON\QHV �)LJ� ��� 7KH H[FOXVLYH SUHVHQFH RI DWRPLFDOO\�
GLVSHUVHG VSHFLHV LV FRQILUPHG E\ D FRPELQDWLRQ RI PLFURVFRS\ DQG VSHFWURVFRSLF WHFKQLTXHV�
$QDO\VLV RI WKH HOHFWURQLF SURSHUWLHV LGHQWLILHV D FRUUHODWLRQ EHWZHHQ SHUIRUPDQFH DQG D PRUH
R[LGL]HG QDWXUH RI LURQ ZLWK GHFUHDVLQJ QXFOHDULW\ RI WKH PHWDO SUHFXUVRU� 0ROHFXODU�OHYHO
VLPXODWLRQV XQFRYHU WKH UHVSHFWLYH VWUXFWXUH� VWDELOLW\� DQG UHDFWLYLW\ RI WKH LURQ VSHFLHV RI GLVWLQFW
QXFOHDULW\� 7KLV FRQWULEXWLRQ DFFHQWXDWHV WKH SRWHQWLDO RI QDQRVWUXFWXULQJ IRU JUHHQLQJ XS
K\GURJHQDWLRQ�FDWDO\VWV�

)LJ� �� 3HUIRUPDQFH RI ORZ�QXFOHDULW\ LURQ FDWDO\VWV EDVHG RQ FDUERQ QLWULGH LQ WKH VHPL�
K\GURJHQDWLRQ�RI�YDULRXV�VXEVWLWXWHG�DON\QHV�

>�@�9LO«��'��$OEDQL��1��$OPRUD�%DUULRV��1��/µSH]��-��3«UH]�5DP¯UH]��&KHP&DW&KHP�������������
>�@�6��0LWFKHOO��(��9RURE\HYD��-��3«UH]�5DP¯UH]��$QJHZ��&KHP��,QW��(G������������������
>�@ (� 9RURE\HYD� (� )DNR� =� &KHQ� 6� 0� &ROOLQV� '� -RKQVWRQH� 3� $� 0LGJOH\� 5� +DXHUW� 2� 9�
6DIRQRYD��*��9LO«��1��/µSH]��6��0LWFKHOO��-��3«UH]�5DP¯UH]��$QJHZ��&KHP��,QW��(G�����������������
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:LQGRZOHVV�LQ�VLWX�LPDJLQJ�DW�LQFUHDVHG�SUHVVXUH��3HUIRUDWHG�0(06�FKLSV�LQ�DQ�(7(0

+��)UH\���;��+XDQJ���7��6DVDNL���-��$��YDQ�%RNKRYHQ�
��0��*��:LOOLQJHU�


�(7+�=¾ULFK���-HRO��8�.���/7'����36,��9LOLQJHQ

)RU RXU XQGHUVWDQGLQJ RI SURFHVVHV WKDW DUH LQGXFHG E\ WKH LQWHUDFWLRQ RI D PDWHULDO ZLWK LWV
VXUURXQGLQJ� REVHUYDWLRQ RI LVRODWHG V\VWHPV LQ YDFXXP� VXFK DV LQ FRQYHQWLRQDO WUDQVPLVVLRQ
HOHFWURQ PLFURFRS\� DUH QRW VXIILFLHQW� (�J� FRUH�VKHOO QDQRSDUWLFOHV XVHG LQ FDWDO\VLV PLJKW
UHFRQVWUXFW WR IRUP DQ DOOR\ DW UHOHYDQW JDV FRQGLWLRQV WKDW FDQQRW EH REVHUYHG LQ YDFXXP�� ,Q
VLWX REVHUYDWLRQ RI SURFHVVHV UHODWHG WR FDWDO\VLV DUH HLWKHU SHUIRUPHG XVLQJ HQYLURQPHQWDO 7(0vV�
L�H�� D 7(0 HTXLSSHG ZLWK D GLIIHUHQWLDOO\ SXPSHG REMHFWLYH OHQV�� RU ZLWK WKH XVH RI PHPEUDQH�
W\SH JDV FHOO KROGHUV�� ([SHULPHQWV LQ HQYLURQPHQWDO 7(0vV DUH JHQHUDOO\ SUHVVXUH OLPLWHG� ZLWK D
VLJQLILFDQW SUHVVXUH JDS FRPSDUHG WR FDWDO\WLF FRQGLWLRQV� 'HWHFWLRQ RI FDWDO\WLF FRQYHUVLRQ LV
GLIILFXOW� ,Q FDVH RI PHPEUDQH�W\SH JDV FHOO KROGHUV� H[SHULPHQWV DW SUHVVXUHV XS WR D IHZ EDUV
DQG� GXH WR D EHWWHU FRQILQHPHQW RI WKH JDV�SKDVH DQG UHGXFHG GHDG�YROXPH� GHWHFWLRQ RI
FDWDO\WLF FRQYHUVLRQ LV SRVVLEOH� 2QH GUDZEDFN RI WKH PLFUR�UHDFWRUV LV DVVRFLDWHG WR WKH XVH RI
HOHFWURQ WUDQVSDUHQW ZLQGRZV WKDW VKLHOG WKH YDFXXP LQ WKH 7(0 FROXPQ DJDLQVW WKH JDV YROXPH RI
WKH PLFUR�UHDFWRU� $OWKRXJK HOHFWURQ EHDP WUDQVSDUHQW� WKH WZR �� DQG �� QP WKLFN 6L1[ ZLQGRZV
DGG VLJQLILFDQW EDFNJURXQG WR WKH UHFRUGHG LPDJHV DQG UHGXFH WKH REWDLQDEOH UHVROXWLRQ� 7KH
DELOLW\ WR GHWHFW QP�VL]HG SDUWLFOHV DQG OLJKW HOHPHQWV LV UHGXFHG� ,Q RUGHU WR FRPELQH WKH
DGYDQWDJHV RI ERWK DSSURDFKHV� ZH SHUIRUPHG LQ VLWX H[SHULPHQWV LQ D 7(0� ZKLFK FDQ EH
RSHUDWHG LQ DQ HQYLURQPHQWDO PRGH� XVLQJ PLFUR�UHDFWRUV ZLWK SHUIRUDWHG 6L1[ ZLQGRZV �)LJXUH �$�
&�� 7KLV ZD\� ZH FDQ REWDLQ KLJK LPDJH TXDOLW\ ZKLOH VLPXOWDQHRXVO\ SUHVHUYLQJ UHODWLYHO\ KLJK
SUHVVXUHV LQVLGH WKH UHDFWRU FHOO� :LQGRZV ZHUH FXW LQWR WKH WRS DQG ERWWRP PHPEUDQH XVLQJ
IRFXVHG LRQ EHDP PLOOLQJ� 7KLV DSSURDFK PDNHV LW SRVVLEOH WR SHUIRUP ZLQGRZ�IUHH REVHUYDWLRQ
�)LJXUH �'� 606, LQGXFHG FRYHUDJH RI D PHWDO QDQRSDUWLFOH�� UHFRUG VHFRQGDU\ HOHFWURQ LPDJHV
�)LJXUH��(��FRSSHU�R[LGH��DQG�WR�PHDVXUH�FRQYHUVLRQ�

>�@ +RMLQ -HRQJ� 2KPLQ .ZRQ� %HRP�6LN .LP� -XQHPLQ %DH� 6DQJ\RQJ 6KLQ� +HH�(XQ .LP� -LKDQ .LP�
+\XQMRR�/HH��1DWXUH�&DWDODO\VLV��������������૱����



>�@�7KRPDV�+DQVHQ��-DNRE�:DJQHU��0LFURVFRS\�DQG�0LFURDQDO\VLV��������������������
>�@ +«FWRU +XJR 3«UH] *DU]D� .XQ =XR� <HYKHQL\ 3LYDN� 'LHGHULN 0RUVLQN� 0DULQD =DNKR]KHYD�
0HULMQ�3HQ��6DQGHU�YDQ�:HSHUHQ�4LDQJ�;X��0LFUR�	�1DQR�/HWWHUV������������������
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6WUXFWXUH���DGVRUSWLRQ�UHODWLRQVKLS�LQ�PHWDO�RUJDQLF�IUDPHZRUNV�UHYHDOHG�E\�PRODU
VXUIDFH�DUHD�DQG�PRODU�DGVRUSWLRQ�FDSDFLW\

3��*¦XPDQQ�����)��$��3HL[RWR�(VWHYHV�����'��&DUWDJHQRYD�����-��$��YDQ�%RNKRYHQ�����0��5DQRFFKLDUL�


�/DERUDWRU\�IRU�&DWDO\VLV�DQG�6XVWDLQDEOH�&KHPLVWU\��36,�9LOOLJHQ���,QVWLWXWH�IRU�&KHPLVWU\�DQG
%LRHQJLQHHULQJ��(7+�=XULFK

0HWDO�RUJDQLF IUDPHZRUNV �02)V� DUH D FODVV RI SRURXV� FU\VWDOOLQH PDWHULDOV WKDW IHDWXUH KLJK
VXUIDFH DUHD DQG JDV XSWDNH SURSHUWLHV� 7KH SULQFLSOH RI UHWLFXODU FKHPLVWU\ DOORZV V\QWKHVL]LQJ
02)V ZLWK WKH VDPH WRSRORJ\ EXW HPSOR\LQJ GLIIHUHQW OLQNHUV DQG PHWDO QRGHV� 6R IDU� WKH LPSDFW
RI FKDQJLQJ WKH OLQNHU DQG PHWDO LQ 02)V RQ WKH VXUIDFH DQG VRUSWLRQ SURSHUWLHV KDV EHHQ PRVWO\
DVVHVVHG E\ JUDYLPHWULF PHWKRGV� +RZHYHU� XVLQJ JUDYLPHWULF PHDVXUHPHQWV RQ D PRODU SUREOHP
GRHV�QRW�DOORZ�WR�XQGHUVWDQG�WKH�XQGHUO\LQJ�SULQFLSOHV�DQG�GHVLJQ�EHWWHU�PDWHULDOV�

0RODU SURSHUWLHV ZHUH DOUHDG\ HPSOR\HG WR FRPSDUH WKH SHUIRUPDQFH RI GLIIHUHQW 02)V >���@�
8VLQJ WKH DSSURDFK WR FRPSDUH XSWDNH SHU XQLW FHOO� WKH DVVHVVPHQW RI GLIIHUHQW 02)V ZDV OLPLWHG
WR LVRUHWLFXODU RQHV� +HUH� ZH SURSRVH D QRYHO FRQFHSW� ZKLFK DOORZV WR FRPSDUH 02)V ZLWK
GLIIHUHQW WRSRORJLHV IRU WKH ILUVW WLPH E\ LQFOXGLQJ VHYHUDO VWUXFWXUDO SDUDPHWHUV� :H ZHUH DEOH WR
LGHQWLI\ 02) WRSRORJLHV WKDW DUH PRUH HIILFLHQW LQ FUHDWLQJ VXUIDFH DUHD SHU OLQNHU OHQJWK DQG WR
GHVFULEH WKH LQIOXHQFH RI OLQNHU VXEVWLWXHQWV� 7KLV FRQFHSW \LHOGV FRUUHODWLRQV EHWZHHQ SHUIRUPDQFH
DQG�PROHFXODU�SURSHUWLHV�JLYLQJ�DGGLWLRQDO�LQVLJKWV�DQG�ZLGHQV�WKH�GHVLJQLQJ�SRVVLELOLWLHV�

>�@ .ULVWLQH .� 7DQDEH� =KHQTXLDQJ :DQJ� 6HWK 0� &RKHQ� -� $P� &KHP� 6RF�� ����� ����
����������
>�@�:HQG\�/��4XHHQ�HW�DO���&KHP��6FL����������������������
>�@�-HVVH�/��&��5RZVHOO��2PDU�0��<DJKL��-��$P��&KHP��6RF������������������������
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3ODWLQXP�VLQJOH�DWRP�FDWDO\VWV�IRU�VXVWDLQDEOH�YLQ\O�FKORULGH�SURGXFWLRQ

6��.��.DLVHU���(��)DNR���*��0DQ]RFFKL���)��.UXPHLFK���$��+��&ODUN���5��+DXHUW���2��9��6DIRQRYD���1�
/µSH]���-��3«UH]�5DP¯UH]�


�(7+�=XULFK���,&,4��7DUUDJRQD���36,��9LOOLJHQ���(PSD��'¾EHQGRUI

$ ZRUOGZLGH UHSODFHPHQW RI WKH WR[LF PHUFXULF FKORULGH FDWDO\VW DSSOLHG LQ YLQ\O FKORULGH
PDQXIDFWXUH YLD DFHW\OHQH K\GURFKORULQDWLRQ� LV VORZHG GRZQ E\ WKH OLPLWHG GXUDELOLW\ RI
DOWHUQDWLYH FDWDO\WLF V\VWHPV� LQFOXGLQJ JROG VLQJOH�DWRP FDWDO\VWV��� DQG JUDSKHQH�FRQILQHG
UXWKHQLXP QDQRSDUWLFOHV� DW KLJK VSDFH YHORFLWLHV� +HUH� ZH GHPRQVWUDWH WKDW SODWLQXP VLQJOH
DWRPV RQ FDUERQ FDUULHUV DUH VXEVWDQWLDOO\ PRUH VWDEOH �XS WR ���� .� WKDQ WKHLU JROG FRXQWHUSDUWV
�XS WR ��� .�� HQDEOLQJ IDFLOH DQG VFDODEOH SUHSDUDWLRQ DQG SUHFLVH WXQLQJ RI WKHLU FRRUGLQDWLRQ
HQYLURQPHQW E\ VLPSOH WHPSHUDWXUH FRQWURO� %\ FRPELQLQJ NLQHWLF DQDO\VLV� DGYDQFHG
FKDUDFWHUL]DWLRQ� DQG GHQVLW\ IXQFWLRQDO WKHRU\� ZH DVVHVV KRZ WKH SODWLQXP VSHFLHV GHWHUPLQHV
WKH FDWDO\WLF SHUIRUPDQFH DQG WKHUHE\ LGHQWLI\ 3W�,,�ಗ&O DV WKH DFWLYH VLWH� EHLQJ WKUHH�WLPHV PRUH
DFWLYH WKDQ SODWLQXP QDQRSDUWLFOHV �)LJ� �D�� 5HPDUNDEO\� ZH VKRZ WKDW SODWLQXP VLQJOH DWRPV
H[KLELW RXWVWDQGLQJ VWDELOLW\ LQ DFHW\OHQH K\GURFKORULQDWLRQ DQG VXUSDVV WKH VSDFH�WLPH�\LHOGV RI
WKHLU JROG�EDVHG DQDORJV DIWHU �� KRXUV WLPH�RQ�VWUHDP� TXDOLI\LQJ DV FDQGLGDWH IRU VXVWDLQDEOH
YLQ\O FKORULGH SURGXFWLRQ �)LJ� �E��� *RLQJ EH\RQG K\GURFKORULQDWLRQ� RXU DSSURDFK WR FRQWURO WKH
UHDFWLYLW\ RI SODWLQXP DWRPV LV JHQHUDOO\ DSSOLFDEOH WR RWKHU DUHDV DQG JLYHV SHUVSHFWLYHV IRU WKH
WXQDELOLW\�RI�PHWDO�VSHFLHV�IRU�D�ZLGH�UDQJH�RI�FDWDO\WLF�DSSOLFDWLRQV�

)LJ� �� D ,QLWLDO FDWDO\WLF DFWLYLW\ RI GLVWLQFW 3W 6$&V DQG QDQRSDUWLFOH�EDVHG FDWDO\VWV LQ DFHW\OHQH
K\GURFKORULQDWLRQ� E 7LPH�RQ�VWUHDP SHUIRUPDQFH RI 3W DQG $X�6$&V� DFFRPSDQLHG E\ WKHLU
UHVSHFWLYH 67(0 LPDJHV DIWHU XVH LQ DFHW\OHQH K\GURFKORULQDWLRQ IRU �� K� YLVXDOL]LQJ SUHVHUYHG
DWRPLF�GLVSHUVLRQ�RI�3W�DQG�$X�SDUWLFOH�DJJORPHUDWLRQ��

>�@�5��/LQ��$��3��$PUXWH��-��3«UH]�5DP¯UH]��&KHP��5HY������������������
>�@�*��0DOWD��6��-��)UHDNOH\��6��$��.RQGUDW��*��-��+XWFKLQJV��&KHP��&RPPXQ������������������
>�@ 6� .� .DLVHU� 5� /LQ� 6� 0LWFKHOO� (� )DNR� )� .UXPHLFK� 5� +DXHUW� 2� 9� 6DIRQRYD� 9� $�
.RQGUDWHQNR� (� 9� .RQGUDWHQNR� 6� 0� &ROOLQV� 3� $� 0LGJOH\� 1� /µSH]� -� 3«UH]�5DP¯UH]�&KHP� 6FL�
��������������
>�@ 6� .� .DLVHU� 5� /LQ� )� .UXPHLFK� 2� 9� 6DIRQRYD� -� 3«UH]�5DP¯UH]� $QJHZ� &KHP� ,QW� (G� �����
����������
>�@ 6� .� .DLVHU� (� )DNR� *� 0DQ]RFFKL� )� .UXPHLFK� 5� +DXHUW� $� +� &ODUN� 2� 9� 6DIRQRYD� 1�
/µSH]��-��3«UH]�5DP¯UH]�1DW��&DWDO���������������
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1D�.�HGJH�;$1(6�FRPELQHG�ZLWK���1D�105�XQUDYHO�VWUXFWXUH�SURSHUW\�UHODWLRQVKLSV�LQ
1D�&2��SURPRWHG�&D2�EDVHG�VRUEHQWV�IRU�&2��FDSWXUH

0��.U¸GHO���0��1DGMDIL���)��'RQDW���$��+��%RUN���3��0��$EGDOD�
��&��5��0¾OOHU�


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

&DOFLXP R[LGH�EDVHG VROLG VRUEHQWV KDYH HPHUJHG DV D SURPLVLQJ PDWHULDO IRU KLJK WHPSHUDWXUH
�������� r&� &2� FDSWXUH IURP IOXH JDV GXH WR D KLJK WKHRUHWLFDO &2� XSWDNH RI ���� J�J DQG KLJK
FRVW�HIILFLHQF\>�@� +RZHYHU� WKHVH VRUEHQWV DUH SURQH WR GHDFWLYDWLRQ GXULQJ F\FOLF RSHUDWLRQ GXH WR
VHYHUH VLQWHULQJ DW HOHYDWHG WHPSHUDWXUHV>�@� 6LJQLILFDQW LPSURYHPHQWV LQ WKH F\FOLF &2� XSWDNH RI
&D2 KDYH EHHQ UHSRUWHG IRU D YDULHW\ RI VWDELOL]HUV DQG SURPRWHUV LQFOXGLQJ DONDOL FDUERQDWHV VXFK
DV 1D�&2�>�@� <HW� WKH PHFKDQLVPV EHKLQG WKH HIIHFW RI DONDOL FDUERQDWHV RQ WKH &2��FDSWXUH
SHUIRUPDQFH RI &D2 UHPDLQ SRRUO\ XQGHUVWRRG>���@� +HUH� ZH LQYHVWLJDWH WKH FRUUHODWLRQ EHWZHHQ
WKH VWUXFWXUH DQG WKH &2� XSWDNH SHUIRUPDQFH RI &D2�EDVHG VRUEHQWV SUHSDUHG YLD
DPRUSKRXV�1D�&2��&D&2� SUHFXUVRUV� ZLWK YDU\LQJ 1D�&2� FRQWHQW� 7R WKLV HQG� ZH XVH ��1D�
VV105� 7(0�('; DQG ;$1(6 �DVVLVWHG E\ WKHRUHWLFDO VLPXODWLRQV� WR FRUUHODWH WKH VWUXFWXUDO
SURSHUWLHV RI WKH VRUEHQW ZLWK WKH &2� FDSWXUH SHUIRUPDQFH GHWHUPLQHG E\ WKHUPRJUDYLPHWULF
DQDO\VLV�

&2� XSWDNH H[SHULPHQWV UHYHDO D SURPRWLRQDO HIIHFW RQ WKH &2� F\FOLF XSWDNH IRU ORZ
1D�&2� FRQFHQWUDWLRQV �L�H�� ��� ૱ ��� PRO���� ZKLOH IRU KLJKHU 1D�&2� FRQWHQWV ೪ � PRO�� D GUDVWLF
GHFUHDVH RI WKH &2� XSWDNH LV REVHUYHG� 8VLQJ ��1D�105� ;$6 DQG 7(0�(';� ZH VKRZ WKDW LQ WKH
SRRUO\ SHUIRUPLQJ PDWHULDO �&D2 ZLWK ೪ � PRO�� 1D�&2�� D FU\VWDOOLQH GRXEOH VDOW SKDVH� L�H��
1D�&D�&2���� IRUPV GXULQJ FDUERQDWLRQ ZKLFK VHJUHJDWHV DV PLFURQ�VL]HG SDUWLFOHV RQ WKH VXUIDFH
RI &D2� )RU FRQFHQWUDWLRQV RI ��� ૱ ��� PRO�� 1D�&2�� ZH IRXQG DQ DPRUSKRXV 1D�&2��&D&2�
SKDVH KRPRJHQHRXVO\ GLVWULEXWHG ZLWKLQ WKH &D2 SDUWLFOHV� 7KLV SKDVH KDV WZR OHDGLQJ EHQHILWV�
)LUVWO\� RXU PRUSKRORJ\ DQDO\VLV VKRZV WKDW WKH SRUH QHWZRUN LV EHLQJ VWDELOL]HG� 6HFRQGO\� RXU
NLQHWLF DQDO\VLV UHYHDOV DQ LPSURYHPHQW LQ WKH HIIHFWLYH GLIIXVLRQ RI &2�� XOWLPDWHO\ HQKDQFLQJ WKH
&2��XSWDNH�GXULQJ�FDUERQDWLRQ�

>�@��$��0��.LHU]NRZVND��5��3DFFLDQL��&��5��0¾OOHU��&KHP6XV&KHP��������������૱�����
>�@ &� +� /HH� 6� :� &KRL� +� -� <RRQ� +� -� .ZRQ� +� &� /HH� 6� *� -HRQ� .� %� /HH� &KHP� (QJ�
-����������������૱����



Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


&DWDO\VLV�6FLHQFH�	�(QJLQHHULQJ��9LUWXDO�3RVWHU &(����

5ROH�RI�:DWHU�RQ�WKH�6WUXFWXUH�RI�3DOODGLXP�IRU�&RPSOHWH�2[LGDWLRQ�RI�0HWKDQH

;��/L�����-��$��YDQ�%RNKRYHQ�����/��$UWLJOLD�

�(7+�=¾ULFK���3DXO�6FKHUUHU�,QVWLWXW

3DOODGLXP�EDVHG FDWDO\VWV DUH DWWUDFWLYH IRU PHWKDQH FRPEXVWLRQ RQ QDWXUDO JDV YHKLFOHV DW ORZ
WHPSHUDWXUHV� %\ PHDQV RI DPELHQW SUHVVXUH ;�UD\ SKRWRHOHFWURQ VSHFWURVFRS\� ZH LQYHVWLJDWHG
WKH UHDFWLRQ RQ D SDOODGLXP IRLO H[SRVHG WR GLIIHUHQW PL[WXUHV DW LQFUHDVLQJ WHPSHUDWXUH� :DWHU
DIIHFWV WKH ORQJ�WHUP FDWDO\VW VWDELOLW\ DQG EORFNV WKH DFWLYH VLWHV� DVFULEHG WR WKH K\GUR[\O
LQKLELWLRQ HIIHFW� :H LQYHVWLJDWHG VXFK DQ HIIHFW ERWK XQGHU VWHDG\�VWDWH DQG WUDQVLHQW UHDFWLRQ
FRQGLWLRQV WR XQGHUVWDQG WKH PHFKDQLVP RI LQKLELWLRQ� 7KH K\GUR[\O IRUPDWLRQ RQ WKH VXUIDFH RI
SDOODGLXP EORFNV WKH VLWHV IRU PHWKDQH DFWLYDWLRQ� SRVWSRQLQJ WKH IRUPDWLRQ RI WKH DFWLYH
SDOODGLXP�R[LGH�SKDVH�LQ�WKH�EXON�

;LDQVKHQJ /L� ;LQJ :DQJ� .DQDN 5R\� -HURHQ $� YDQ %RNKRYHQ� DQG /XFD $UWLJOLD� $&6 &DWDO� �����
������������૱����
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'\QDPLF�VHPLFRQGXFWRU�HOHFWURO\WH�LQWHUIDFHV�GXULQJ�SKRWRHOHFWURFKHPLFDO�ZDWHU
R[LGDWLRQ

-��/L���*��5��3DW]NH�


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

8QGHUVWDQGLQJ WKH LQWHUIDFLDO SKHQRPHQRQ EHWZHHQ VHPLFRQGXFWRU VXUIDFH DQG OLTXLG HOHFWURO\WH
LV HVVHQWLDO IRU GHVLJQLQJ HIILFLHQW SKRWRHOHFWURFKHPLFDO GHYLFHV�� 7KH ERXQGDU\ SURSHUW\ LV YHU\
VHQVLWLYH WR WKRVH RSHUDWLRQ FRQGLWLRQV WKDW DUH DSSOLHG�� ,Q WKLV ZRUN� ZH VWXGLHG WKH NLQHWLFV RI
WKH R[\JHQ HYROXWLRQ UHDFWLRQ �2(5� DW WKH KHPDWLWH SKRWRDQRGH�HOHFWURO\WH LQWHUIDFH XQGHU
UHJXODWHG H[SHULPHQWDO FRQGLWLRQV� QDPHO\ DSSOLHG ELDV� SKRWRQ IOX[ DQG HOHFWURO\WH S+� :LWK WKH
KHOS RI SVHXGR�VWHDG\ VWDWH F\FOLF YROWDPPHWU\ �&9� PHDVXUHPHQWV� WUDQVLHQW SKRWRFXUUHQW
VSHFWUD DQG �SKRWR�HOHFWURFKHPLFDO LPSHGDQFH VSHFWURVFRS\�� WKUHH GHVFULSWRUV �HOHFWURQ WUDQVIHU
FRHIILFLHQW� SURWRQ UHDFWLRQ RUGHU� UHDFWLRQ RUGHU RI VXUIDFH KROHV� ZKLFK DUH FDSDEOH RI SURELQJ WKH
FKDQJH RI WKH XQGHUO\LQJ UHDFWLRQ NLQHWLFV ZHUH GHULYHG LQGHSHQGHQWO\� 7KH HYROXWLRQ RI HYHU\
GHVFULSWRU LV VSHFLI\LQJ WKH FKDQJH RI WKH UHDFWLRQ SDWKZD\ GHSHQGLQJ RQ WKH PRGXODWLRQ RI
FRUUHVSRQGLQJ H[SHULPHQWDO SDUDPHWHU� ,Q WKLV ZD\� LW LV QRZ SRVVLEOH WR LGHQWLI\ RU SUHGLFW WKH
GHWDLOHG 2(5 NLQHWLFV IRU D JLYHQ VHW RI UHDFWLRQ FRQGLWLRQV� 0HDQZKLOH� RXU DQDO\VHV KHUH KLJKOLJKW
WKH FRPSOH[LW\ RI WKH UHDFWLRQ NLQHWLFV GXULQJ H[SHULPHQWDO FRQGLWLRQV� DQG SRLQW WR D G\QDPLF
EHKDYLRU RI WKH UHDFWLRQ PHFKDQLVPV GHSHQGLQJ RQ WKH LQWHUSOD\ RI PXOWLSOH UHDFWLRQ FRQGLWLRQV�
7R WKH EHVW RI RXU NQRZOHGJH� WKLV LV WKH ILUVW DWWHPSW WR SUREH WKH NLQHWLFV RI ZDWHU R[LGDWLRQ
UHDFWLRQ�DW�KHPDWLWH�SKRWRDQRGH�VXUIDFHV�ZKLOH�FRYHULQJ�D�YHU\�ZLGH�UDQJH�RI�UHDFWLRQ�FRQGLWLRQV�

>�@�-��&KHQJ��-��9DQGH9RQGHOH�DQG�0��6SULN��-��3K\V��&KHP��&�����������������૱�����
>�@�6��+DJKLJKDW�DQG�-��0��'DZODW\��-��3K\V��&KHP��&�����������������૱�����
>�@ -� /L� :� :DQ� &� $� 7ULDQD� =� 1RYRWQ\� -� 2VWHUZDOGHU� 5� (UQL DQG *� 5� 3DW]NH� -� $P� &KHP�
6RF�������������������૱������
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2SHUDQGR�6SHFWURHOHFWURFKHPLFDO�2EVHUYDWLRQ�RI�6XUIDFH�6WDWHV�DQG�$FWLYH�6LWHV�LQ
&KDOFRS\ULWH�3KRWRFDWKRGHV�IRU�6RODU�:DWHU�5HGXFWLRQ

<��/LX���.��6LYXOD�
��1��*XLMDUUR�


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

3KRWRHOHFWURFKHPLFDO �3(&� ZDWHU VSOLWWLQJ LV HPHUJLQJ DV D VROLG SODWIRUP WKDW FRXOG SRWHQWLDOO\
VXVWDLQ D FDUERQ�IUHH K\GURJHQ FRPPXQLW\�>�@ $PRQJ WKH GLIIHUHQW SKRWRDFWLYH PDWHULDOV WKDW
FRXOG LQWHJUDWH D 3(& GHYLFH IRU RYHUDOO ZDWHU VSOLWWLQJ� WKH JURXS RI ,�,,,�9, VHPLFRQGXFWRUV
FRPSRVHG RI &X,Q���*D���6� �&,*6� LV GUDZLQJ LQFUHDVLQJ DWWHQWLRQ DV SKRWRFDWKRGH PDWHULDOV RZLQJ
WR WKHLU RXWVWDQGLQJ RSWRHOHFWURQLF SURSHUWLHV DQG WXQDEOH EDQG JDS� +RZHYHU� VHULRXV ERWWOHQHFNV
IRU WKH LPSOHPHQWDWLRQ RI WKLV FODVV RI PDWHULDOV DULVH IURP ILUVW� WKH FRVWO\ IDEULFDWLRQ RI 39�JUDGH
WKLQ�ILOPV QRUPDOO\ UHO\LQJ RQ QRQ�VFDODEOH YDFXXP WHFKQLTXHV� DQG VHFRQG� WKH QHHG IRU
RYHUOD\HUV�FDWDO\VW�WR�SHUIRUP�WKH�K\GURJHQ�HYROXWLRQ�UHDFWLRQ�>���@

5HFHQWO\� ZH UHSRUWHG D QRYHO DOO�VROXWLRQ�SURFHVVHG &,*6 SKRWRFDWKRGH WKDW GHPRQVWUDWHV DQ
XQSUHFHGHQWHG SKRWRHOHFWURFDWDO\WLF SHUIRUPDQFH� HYHQ LQ WKH DEVHQFH RYHUOD\HUV RU
FR�FDWDO\VW�>�@ $OWKRXJK WKH SKRWRFXUUHQW RQVHW LV VWLOO GHOD\HG ZLWK UHVSHFW WR WKH IODW�EDQG
SRWHQWLDO� WKLV EUHDNWKURXJK RIIHUV DQ HOHJDQW VROXWLRQ IRU FRVW�HIIHFWLYH VRODU IXHO SURGXFWLRQ�
0RWLYDWHG E\ LWV VSOHQGLG LQWULQVLF FDWDO\WLF SURSHUWLHV DQG XQVDWLVIDFWRU\ SKRWRYROWDJH� ZH
GHSOR\HG WKUHH FRPSOHPHQWDU\ RSHUDQGR VSHFWURHOHFWURFKHPLFDO WHFKQLTXHV YL]�
SKRWRHOHFWURFKHPLFDO LPSHGDQFH VSHFWURVFRS\ �3(,6�� LQWHQVLW\�PRGXODWHG SKRWRFXUUHQW
VSHFWURVFRS\ �,036� DQG RSHUDQGR 5DPDQ VSHFWURVFRS\ WR ILQG RXW WKH UHDVRQ IRU WKH OLPLWHG
SKRWRYROWDJH RI WKLV PDWHULDO� 7KH QHZ LQVLJKWV JDLQHG LQWR WKH FKDUDFWHULVWLFV RI WKH
VHPLFRQGXFWRU�OLTXLG MXQFWLRQ �6&/-� RIIHU XQSUHFHGHQWHG LQIRUPDWLRQ RQ WKH LQWHUIDFLDO FDUULHU
G\QDPLFV �H�J� VXUIDFH VWDWHV� FKDUJH WUDQVIHU�UHFRPELQDWLRQ NLQHWLFV DQG FDWDO\WLF DFWLYH VLWHV� RQ
WKLV W\SH RI PDWHULDOV� 2XU UHVXOWV SURYLGH D FORVHU ORRN DW WKH 6&/- DQG EXLOG WKH IXQGDPHQWDO
XQGHUVWDQGLQJ�IRU�QRW�RQO\�VKLIW�WKH�RQVHW�SRWHQWLDO�EXW�DOVR�IXUWKHU�LQFUHDVH�WKH�3(&�SHUIRUPDQFH�

>�@�<��/LX��1��*XLMDUUR��.��6LYXOD��+HOYHWLFD�&KLPLFD�$FWD�������������H��������
>�@ <� /LX� )� /H )RUPDO� )� %RXGRLUH� /� <DR� .� 6LYXOD� 1� *XLMDUUR� -� 0DWHU� &KHP� $� ����� ��
����������
>�@�<��/LX��)��/H�)RUPDO��)��%RXGRLUH��1��*XLMDUUR��$&6�$SSO��(QHUJ\�0DWHU����������������������
>�@ 1� *XLMDUUR� 0� 6� 3U«YRW� ;� <X� ;� $� -HDQERXUTXLQ� 3� %RUQR]� :� %RXU«H� 0� -RKQVRQ� )� /H
)RUPDO��.��6LYXOD��$GY��(QHUJ\�0DWHU�������������������
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+\EULGL]DWLRQ�RI�)RVVLO�DQG�&2��%DVHG�5RXWHV�IRU�(WK\OHQH�3URGXFWLRQ�XVLQJ�5HQHZDEOH
(QHUJ\

$��-��0DUW¯Q���,��,RDQQRX���6��&��'
$QJHOR���-��3«UH]�5DP¯UH]�
��*��*XLOO«Q�*RV£OEH]�


�(7+�=¾ULFK

&DUERQ FDSWXUH DQG XWLOL]DWLRQ �&&8� KDV UHFHQWO\ JDLQHG EURDG LQWHUHVW DV DQ HIIHFWLYH VWUDWHJ\ WR
FXUE FDUERQ HPLVVLRQV ZKLOH FUHDWLQJ HFRQRPLF YDOXH� $W SUHVHQW� GLUHFW HOHFWUR DQG WKHUPR
FDWDO\WLF WHFKQRORJLHV DUH WKH IRFXV RI LQWHQVH UHVHDUFK���� 7KH IRUPHU HPSOR\V HOHFWULF SRWHQWLDO LQ
WKH SUHVHQFH RI ZDWHU WR UHGXFH WKH &2� PROHFXOH� ZKLOH WKH ODWWHU FRPSULVHV K\GURJHQDWLRQ RI
&2� LQ WDQGHP ZLWK HOHFWURFDWDO\WLF ZDWHU VSOLWWLQJ� )RFXVLQJ RQ HWK\OHQH� WKH PRVW GHPDQGHG
RUJDQLF FRPSRXQG E\ WRQQDJH� ZH KHUH FRPSDUH WKH WZR PDLQ &&8 URXWHV ZLWK WKH HVWDEOLVKHG
IRVVLO�EDVHG SURFHVV �QDSKWKD FUDFNLQJ�� )URP DQ HFRQRPLF SHUVSHFWLYH� WKH &&8 URXWHV DUH
HFRQRPLFDOO\ XQDWWUDFWLYH HYHQ ZKHQ FRQVLGHULQJ H[WHUQDOLWLHV �LQGLUHFW FRVW RI HQYLURQPHQWDO
LPSDFWV�� L�H�� ��� WR ����IROG KLJKHU FRVW FRPSDUHG WR IRVVLO�EDVHG HWK\OHQH� 7KLV SRRU HFRQRPLF
SHUIRUPDQFH RI WKH &&8 URXWHV LV PDLQO\ GXH WR WKH KLJK HQHUJ\ FRVWV DW FXUUHQW HOHFWULFLW\ SULFHV�
1RQHWKHOHVV� ZH ILQG WKDW WKH &&8 URXWHV VLJQLILFDQWO\ LPSURYH WKH FDUERQ IRRWSULQW ������ DQG
LPSDFWV RQ KXPDQ KHDOWK� HFRV\VWHP TXDOLW\� DQG UHVRXUFHV FRPSDUHG WR IRVVLO�EDVHG HWK\OHQH
���� ��� DQG ���� UHVSHFWLYHO\�� $FNQRZOHGJLQJ WKH FXUUHQW OLPLWDWLRQV RI &&8� ZH H[SORUH &&8�
IRVVLO K\EULGL]DWLRQ VFKHPHV WR VPRRWK WKH WUDQVLWLRQ WRZDUGV PRUH VXVWDLQDEOH FKHPLFDOV�
5HPDUNDEO\� ZH ILQG WKDW K\EULGL]DWLRQ DOORZV FDUERQ�QHXWUDO �FUDGOH�WR�JDWH� HWK\OHQH DW D
SUHPLXP RI RQO\ ��� RYHU FXUUHQW SULFH OHYHOV� $PRQJ WKH &&8 URXWHV� WKH WKHUPRFDWDO\WLF LV WR
GDWH HFRQRPLFDOO\ DQG HQYLURQPHQWDOO\ VXSHULRU GXH WR WKH KLJKHU HQHUJ\ HIILFLHQF\ RI
HOHFWURFDWDO\WLF�ZDWHU�VSOLWWLQJ��+RZHYHU��&2��HOHFWURUHGXFWLRQ�VKRZV�D�ODUJHU�SRWHQWLDO�

)LJXUH � %UHDNGRZQ RI WKH WRWDO DQQXDOL]HG FRVW IRU WKH HOHFWUR� DQG WKHUPR�URXWH ZLWK
H[WHUQDOLWLHV� FRPSDULQJ ZLWK VWHDP FUDFNLQJ RI QDSKWKD �IRVVLO�EDVHG HWK\OHQH� %$8�� 7KH WKHUPR
&&8 �072� XVHV 0H2+ SURGXFHG IURP HLWKHU HOHFWURO\WLF +� RU 605 +� ZLWK &&6� ZKLOH WKH IRVVLO
072 �I072� XVHV IRVVLO 0H2+ IURP V\QJDV IURP QDWXUDO JDV� 7KH HOHFWURFDWDO\WLF VWHS LV SRZHUHG
E\ ZLQG� QXFOHDU� RU VRODU HQHUJ\ DQG WKH &2� LV FDSWXUHG LQ QDWXUDO JDV SRZHU SODQWV� 7KH
XQFHUWDLQW\ EDUV GHQRWH �WK DQG ��WK SHUFHQWLOHV IRU WKH HOHFWULFLW\ FRVW� H[FOXGLQJ H[WHUQDOLWLHV� DQG
WKH�&2��SXUFKDVH�FRVW��ZRUVW�DQG�EHVW�HVWLPDWH��

>�@�9HUPD��6���.LP��%���-KRQJ��+��ૺ0ROO\ૻ��0D��6���.HQLV��3��-��$��&KHP6XV&KHP���������������
>�@ *RQ]£OH]�*DUD\� $�� )UHL� 0� 6�� $O�4DKWDQL� $�� 0RQGHOOL� &�� *XLOO«Q�*RV£OEH]� *�� 3«UH]�5DP¯UH]�
-��(QHUJ\�(QYLURQ��6FL�����������������
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5HYHDOLQJ�WKH�G\QDPLFV�RI�6DEDWLHU�UHDFWLRQ�E\�,5�WKHUPRJUDSK\

(��0RLROL�����5��0XWVFKOHU���$��=¾WWHO�

�3DXO�6FKHUUHU�,QVWLWXWH��(1(�'HSDUWPHQW���(3)/��,QVWLWXWH�RI�&KHPLFDO�6FLHQFHV�DQG�(QJLQHHULQJ���
(3)/��,QVWLWXWH�RI�&KHPLFDO�6FLHQFHV�DQG�(QJLQHHULQJ��/DXVDQQH

7KH H[SORLWDWLRQ RI WKH 6DEDWLHU UHDFWLRQ LQ HQHUJ\ DSSOLFDWLRQV KDV WR IDFH LPSRUWDQW YDULDWLRQV LQ
WKH JDV ORDG� DV ZHOO DV LQ WKH JDV TXDOLW\ DQG FRPSRVLWLRQ� GXH WR WKH LQWHUPLWWHQW +� VRXUFH� $Q
LPSRUWDQW FKDOOHQJH LQ WKH RSHUDWLRQ RI WKH UHDFWRU LV WKXV WR NHHS WKH QHFHVVDU\ TXDOLW\ RI WKH
SURGXFW JDV LQ D ODUJH UDQJH RI LQOHW FRQGLWLRQV�� ,Q RUGHU WR HYDOXDWH WKH HIIHFW RI WKHVH YDULDWLRQV
LQ WKH UHDFWRU RSHUDWLRQ FRQGLWLRQV� ZH SHUIRUPHG D VHULHV RI G\QDPLF &2� PHWKDQDWLRQ
H[SHULPHQWV FKDQJLQJ JDV FRPSRVLWLRQ DQG VSDFH YHORFLW\� 7KHVH H[SHULPHQWV ZHUH DQDO\]HG E\
PHDQV RI ,5 WKHUPRJUDSK\ WR REWDLQ D WHPSHUDWXUH SURILOH ZLWK KLJK WLPH DQG VSDFH UHVROXWLRQ�
)XUWKHUPRUH� D IDVW 06 VSHFWURVFRS\ DQDO\VLV PHWKRG ZDV GHYHORSHG� WR LQWHJUDWH WKH ODUJH
VSHFWUXP RI WHPSHUDWXUH GDWD DYDLODEOH ZLWK KLJKO\ WLPH UHVROYHG LQIRUPDWLRQ RQ FRPSRVLWLRQ� :H
PDQXIDFWXUHG D VSHFLDO UHDFWLRQ FHOO� ZLWK D =Q6H ZLQGRZ DERYH WKH FDWDO\VW EHG� 7KH PDWHULDO RI
WKH ZLQGRZ LV VHOHFWHG WR DOORZ WUDQVPLVVLRQ RI WKH VLJQDO LQ WKH UHDFWLRQ FRQGLWLRQV� 7KH WKHUPDO
LPDJHV ZHUH UHFRUGHG ZLWK DQ ,QIUD7HF 9DULR&$0p KU FDPHUD ZLWK �� +] DFTXLVLWLRQ UDWH DQG D
UHVROXWLRQ RI ���[��� SL[HOV� $ � ZW�� 5X FDWDO\VW VXSSRUWHG RQ $O�2� ZDV XVHG LQ DOO RI WKH
H[SHULPHQWV� 7KH WHPSHUDWXUH SURILOH LQ WLPH DQG VSDFH DW WKH DFWLYDWLRQ RI WKH 6DEDWLHU UHDFWLRQ�
XQGHU VWRLFKLRPHWULF &2��+� UDWLR� LV VKRZQ LQ ILJXUH �� :KHQ WKH FDWDO\VW LV SUH�KHDWHG DW ��� r&�
WKH UHDFWLRQ VWDUWV LPPHGLDWHO\ DW WKH UHDFWRU LQOHW DQG WKH UHDFWLRQ IURQW SURSDJDWHV WKURXJK WKH
FHOO� $V WKH UHDFWLRQ IURQW DGYDQFHV� WKH H[WHQW RI WKH KRWVSRW LQFUHDVHV� UHDFKLQJ WKH PD[LPXP DW
WKH UHDFWRU RXWOHW� 7KLV LV GXH WR WKH KHDW WUDQVSRUW UHODWHG WR JDV FRQYHFWLRQ� WKDW JHQHUDWHV D
ODUJHU KHDW SURGXFWLRQ� DV WKH UHDFWLRQ UDWH LV LQFUHDVHG ZLWK WHPSHUDWXUH� 7KLV ILUVW UHDFWLRQ
KRWVSRW LV JHQHUDWHG E\ WKH LQLWLDO VXUIDFH UHGXFWLRQ VWDWH RI WKH FDWDO\VW� ZKLFK DOORZV IRU D IDVW
UHDFWLRQ UDWH� $V WKH ILUVW UHDFWLRQ IURQW KDV PRYHG WKURXJK WKH UHDFWRU� WKH UHDFWLRQ UDWH LV
GHFUHDVHG DQG WKH UHDFWRU UHDFKHV WKH VWHDG\ VWDWH RSHUDWLRQ� ZLWK D KRWVSRW RI PRGHUDWH H[WHQW�
,Q RUGHU WR LQYHVWLJDWH WKH UHDFWLRQ DFWLYDWLRQ LQ GLIIHUHQW FRQGLWLRQV� WKH &2��+� PL[WXUH LV IHG WR D
FDWDO\VW H[SRVHG ILUVW WR D &2� RU +� ULFK HQYLURQPHQW� :KHQ WKH FHOO LV ILOOHG ZLWK +�� WKH 6DEDWLHU
UHDFWLRQ LV DFWLYDWHG LQ D VLPLODU ZD\ DV RYHU WKH IUHVK FDWDO\VW� ZLWK D ILUVW DFWLYDWLRQ IURQW WKDW
PRYHV UHJXODUO\ WKURXJK WKH UHDFWRU� :KHQ WKH FHOO LV ILOOHG ZLWK &2�� WKH UHDFWLRQ LV VWURQJO\
LQKLELWHG� GXH WR WKH IRUPDWLRQ RI FDUERQ VSHFLHV RQ WKH FDWDO\VW VXUIDFH� ,Q WKLV FDVH� WKH
DFWLYDWLRQ IURQW LV QRW REVHUYHG DQG WKH ZKROH FDWDO\VW EHG DFWLYDWHV DW WKH VDPH WLPH� ZKHQ DQ
DSSURSULDWH GHJUHH RI VXUIDFH UHGXFWLRQ LV UHDFKHG� ,Q RXU SUHVHQWDWLRQ� ZH ZLOO UHSRUW WKH UHVXOWV
RI WKH G\QDPLF LQYHVWLJDWLRQV LQ D ZLGH UDQJH RI FRQGLWLRQV� LQFOXGLQJ WKH PRGLILFDWLRQ RI WKH VSDFH
YHORFLW\�RU�ZKHQ�XVLQJ�GLOXWHG�JDVHV�

>�@�0RLROL��(���*DOODQGDW��1���=¾WWHO��$���5HDFW��&KHP��(QJ��������������૱����
>�@�0XWVFKOHU��5���/XR��:���0RLROL��(���=¾WWHO��$���5HY��6FL��,QVWUXP����������������
>�@�0XWVFKOHU��5���0RLROL��(����������=¾WWHO��$���$&6�&DWDO�������������������������
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(IILFLHQW�PHPEUDQH�EDVHG�VROXWLRQV�IRU�LQFUHDVLQJ�VXVWDLQDELOLW\�RI�SURFHVVHV�LQ�ILQH
FKHPLFDO�DQG�SKDUPDFHXWLFDOV�LQGXVWU\

0��0RQDJKHGGX���'��2UPHURG���)��1DKUD���$��%XHNHQKRXGW�

�9,72�૱�)OHPLVK�,QVWLWXWH�RI�7HFKQRORJ\

7KH JOREDO LQFUHDVLQJ DWWHQWLRQ WRZDUGV VXVWDLQDELOLW\ DQG UHVRXUFH HIILFLHQF\� ZLWKLQ &KHPLFDO
LQGXVWU\ LV RIWHQ WUDQVODWHG PDNLQJ SURFHVVHV PRUH FRPSDFW� VDIHU� PRUH HQHUJ\�HIILFLHQW� DQG
HQYLURQPHQWDOO\ IULHQGO\� 3URFHVV DQG GLVFRYHU\ FKHPLVWV DUH WKHQ FKDOOHQJHG WR GHYHORS DQG
RSWLPL]H FRPSOH[ FKHPLFDO V\QWKHVHV� IRFXVLQJ RQ WKH OHVV HIILFLHQW XQLW RSHUDWLRQV RIWHQ
VHSDUDWLRQ��SXULILFDWLRQ�DQG�LVRODWLRQ�

7ZR DVSHFWV KDYLQJ D PDMRU LPSDFW RQ DOO SURFHVV DUH PDQDJHPHQW RI SURFHVV VLGH VWUHDPV DQG
FDWDO\VW�UHF\FOLQJ�

,Q�WKLV�VWXG\�ZH�SUHVHQW�WKH�RXWFRPHV�RI

��� $ UHVHDUFK SURMHFW� LQLWLDWHG E\ WKH SKDUPDFHXWLFDO FRPSDQLHV -DQVVHQ DQG $MLQRPRWR %LR�
SKDUPD VHUYLFHV �IRUPHU 2PQLFKHP� DQG WKH 2(0 FRPSDQ\ ,Q2SV\V� RQ WKH GHYHORSPHQW RI
LQQRYDWLYH PHPEUDQH�EDVHG VROXWLRQV IRU WKH VXVWDLQDEOH DQG HFRQRPLF WUHDWPHQW RI WKH W\SLFDO
VROYHQW�ULFK��DQG�RIWHQ�YHU\�DONDOLQH�ZDVWH�ZDWHUV��WKDW�DUH�FXUUHQWO\�LQFLQHUDWHG�H[WHUQDOO\�

��� 7KH LQWHJUDWLRQ RI D LQ OLQH PHPEUDQH VHSDUDWLRQ SURWRFRO ZLWK WKH JROG�FDWDO\]HG K\GUDWLRQ RI
DON\QHV� 6HYHUDO JROG FDWDO\VWV ZHUH VFUHHQHG LQ WKH K\GUDWLRQ RI GLSKHQ\ODFHW\OHQH� DQG FDWDO\VW
UHF\FOLQJ ZDV DFKLHYHG XS WR � WLPHV XVLQJ >$X�27I��,3U�@ ���� ,Q DGGLWLRQ� WKH UHWDLQHG FDWDO\VW LQ
WKH ODVW FDWDO\WLF F\FOH ZDV DQDO\]HG DQG UHDGLO\ FRQYHUWHG LQWR LWV V\QWKHWLF SUHFXUVRU� XVLQJ D
VWUDLJKWIRUZDUG�WUHDWPHQW�
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'HIHFW�LQGXFHG�DFWLYLW\�HQKDQFHPHQW�LQ�&H�VXEVWLWXWHG�ODQWKDQXP�VWURQWLXP
PDQJDQLWHV�IRU�VRODU�WKHUPRFKHPLFDO�&2��VSOLWWLQJ

-��0��1DLN���%��%XOILQ���$��6WHLQIHOG���*��5��3DW]NH�


�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�=XULFK��:LQWHUWKXUHUVWUDVVH�����������=¾ULFK�
6ZLW]HUODQG���'HSDUWPHQW�RI�0HFKDQLFDO�DQG�3URFHVV�(QJLQHHULQJ��(7+�=XULFK��6RQQHJJVWUDVVH���

�����=¾ULFK��6ZLW]HUODQG

6RODU WKHUPRFKHPLFDO &2��+�2 VSOLWWLQJ KDV WKH SRWHQWLDO WR JHQHUDWH LQGXVWULDO�VFDOH TXDQWLWLHV RI
V\QWKHWLF OLTXLG IXHOV ZKLOH VLPXOWDQHRXVO\ OLPLWLQJ JUHHQKRXVH JDV HPLVVLRQV� 7KHUPRFKHPLFDO
SDWKZD\V XWLOL]H FRQFHQWUDWHG VRODU UDGLDWLRQ DV D VRXUFH RI KLJK�WHPSHUDWXUH SURFHVV KHDW WR VSOLW
&2� DQG +�2 LQWR &2 DQG +� �V\QJDV�� D SUHFXUVRU IRU V\QWKHWLF OLTXLG K\GURFDUERQ IXHOV� 7KH WZR�
VWHS WKHUPRFKHPLFDO WHPSHUDWXUH�VZLQJ F\FOH LQYROYHV DQ HQGRWKHUPLF UHGXFWLRQ VWHS RI D UHGR[
PHWDO R[LGH DW KLJK WHPSHUDWXUHV �����૱���� .�� JHQHUDWLQJ R[\JHQ YDFDQFLHV� IROORZHG E\ DQ
H[RWKHUPLF UH�R[LGDWLRQ VWHS ZLWK &2� DQG +�2 DW ORZ WHPSHUDWXUHV �����૱���� .��� 3DUWLFXODUO\�
QRQ�VWRLFKLRPHWULF FHULD �&H2��͈�� LV FRQVLGHUHG DV WKH VWDWH RI WKH DUW UHGR[ PDWHULDO EHFDXVH RI LWV
VWUXFWXUDO VWDELOLW\� YDULDEOH &H���&H�� YDOHQFH� DQG UDSLG NLQHWLFV� +RZHYHU� FHULD VXIIHUV IURP ORZ
UHGXFLELOLW\ DQG GHPDQGV KLJK WHPSHUDWXUHV �೪���� .� WR DFKLHYH HYHQ PRGHUDWH R[\JHQ QRQ�
VWRLFKLRPHWU\ �̩͈����� 3HURYVNLWH R[LGH �$%2��͈� PDWHULDOV DUH FXUUHQWO\ HPHUJLQJ DV DQ DOWHUQDWLYH
FODVV RI UHGR[ PDWHULDOV� PDLQO\ EHFDXVH RI WKHLU WKHUPRG\QDPLF DQG VWUXFWXUDO WXQLQJ RSWLRQV
WKURXJK HQJLQHHUHG FRPSRVLWLRQ� ZKLFK� KRZHYHU FRPHV DW WKH H[SHQVH RI VORZ UH�R[LGDWLRQ
NLQHWLFV� +HUH� ZH KDYH LGHQWLILHG D QRYHO FODVV RI &H VXEVWLWXWHG �DW $� DQG %�VLWHV� ODQWKDQXP
VWURQWLXP PDQJDQLWH �/60� SHURYVNLWH R[LGH UHGR[ PDWHULDOV� ZKLFK FDQ RYHUFRPH WKH LQGLYLGXDO
OLPLWDWLRQV RI SXUH FHULD DQG SHURYVNLWHV� $PRQJVW WKHP� ��� &H�VXEVWLWXWHG /60 GLVSOD\HG �
WLPHV IDVWHU &2� VSOLWWLQJ DELOLW\ WKDQ SXUH /60 DQG ��� WLPHV KLJKHU &2 \LHOG WKDQ FRPPHUFLDO
FHULD� ZKHQ WHVWHG XVLQJ WKHUPRJUDYLPHWULF DQDO\VLV �7*$� DQG ,5 IXUQDFH UHDFWRU H[SHULPHQWV� ,Q
DGGLWLRQ� ORQJ�WHUP UHGR[ F\FOLQJ VWDELOLW\ H[SHULPHQWV VKRZHG D VWHDG\ DQG JUDGXDO LQFUHDVH LQ
&2 SURGXFWLRQ UDWH RYHU ��� WKHUPRFKHPLFDO F\FOHV� PDLQO\ GXH WR LQWHU GLIIXVLRQ RI &H LQ D WZR�
SKDVH PDWHULDO� )XUWKHUPRUH� GHWDLOHG VWUXFWXUDO FKDUDFWHUL]DWLRQ XVLQJ LQ�VLWX KLJK WHPSHUDWXUH
QHXWURQ� V\QFKURWURQ ;�UD\ DQG HOHFWURQ GLIIUDFWLRQ H[SHULPHQWV HOXFLGDWHG WKH UROH RI VWUXFWXUDO
GLVWRUWLRQV DQG LQGXFHG R[\JHQ YDFDQF\ GHIHFWV LQ HQKDQFLQJ WKH WKHUPRFKHPLFDO &2� VSOLWWLQJ
DELOLW\�RI�WKHVH�UHGR[�PDWHULDOV�

>�@ &� &KXHK� &� )DOWHU� 0� $EERWW� '� 6FLSLR� 3� )XUOHU� 6� 0� +DLOH� $� 6WHLQIHOG� 6FLHQFH� ����� ����
����૱�����
>�@�'��0DU[HU��3��)XUOHU��0��7DNDFV��$��6WHLQIHOG��(QHUJ\�(QYLURQ��6FL�����������������૱�����
>�@ 5� -DFRW� -� 0DGKXVXGKDQ 1DLN� 5� 0RU«� 5� 0LFKDOVN\� $� 6WHLQIHOG� *� 5� 3DW]NH� -� 0DWHU� &KHP�
$���������������૱�����
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5HYHDOLQJ�WKH�5HDFWLRQ�0HFKDQLVP�RI�%HQ]HQHGLROV�LQ�&DWDO\WLF�3\URO\VLV�8VLQJ�+=60��

=��3DQ�����$��3XHQWH�8UELQD���$��%RGL���-��$��YDQ�%RNKRYHQ�
��3��+HPEHUJHU�


�3DXO�6FKHUUHU�,QVWLWXWH���(7+�=¾ULFK

/LJQLQ� DV RQH RI WKH WKUHH PDLQ FRPSRQHQWV RI ELRPDVV� FDQ EH FRQYHUWHG WR ELR�RLO� ULFK LQ YDOXH�
DGGHG FKHPLFDOV� VXFK DV EHQ]HQH� WROXHQH� [\OHQHV �%7;� DQG SKHQROV E\ FDWDO\WLF S\URO\VLV�>�� �@
/LJQLQ LV D WKUHH�GLPHQVLRQDO DPRUSKRXV SRO\PHU \LHOGLQJ D FRPSOH[ SURGXFW GLVWULEXWLRQ DIWHU
S\URO\VLV� 3HUIRUPLQJ FDWDO\WLF S\URO\VLV LV GRQH ZLWK WKH DLP WR FRQWURO WKH SURGXFW VHOHFWLYLW\�
8QGHUVWDQGLQJ WKH FDWDO\WLF S\URO\VLV UHDFWLRQ PHFKDQLVP E\ GHWHFWLRQ RI KLJKO\ UHDFWLYH DQG
HOXVLYH LQWHUPHGLDWHV� VXFK DV UDGLFDOV DQG NHWHQHV� ZRXOG KHOS WR WDFNOH WKLV FKDOOHQJH� ,PDJLQJ
3KRWRHOHFWURQ 3KRWRLRQ &RLQFLGHQFH 6SHFWURVFRS\ �L3(3,&2� DV GHYHORSHG DW WKH 9DFXXP
8OWUDYLROHW %HDPOLQH RI WKH 6ZLVV /LJKW 6RXUFH DW 3DXO 6FKHUUHU ,QVWLWXWH LV D YHUVDWLOH WRRO WR
DQDO\]H FRPSOH[ UHDFWLRQ PL[WXUHV UDQJLQJ IURP FRPEXVWLRQ WR FDWDO\VLV� WR LGHQWLI\ UHDFWLYH
LQWHUPHGLDWHV�DQG�DQ�DGYDQFHG�XQGHUVWDQGLQJ�RI�UHDFWLRQ�PHFKDQLVPV��>�������@

%HQ]HQHGLROV� HVSHFLDOO\ FDWHFKRO� DUH FRPPRQ VWUXFWXUDO XQLWV LQ WKH OLJQLQ QHWZRUN DQG ZHUH
LQYHVWLJDWHG E\ S\�L3(3,&2� 7KH UHVXOWV LQGLFDWH WKDW GHSHQGLQJ RQ WKH SRVLWLRQ RI WKH 2+ JURXS�
GLIIHUHQW UHDFWLRQ PHFKDQLVPV DUH UHVSRQVLEOH IRU WKH FRQYHUVLRQ RI FDWHFKRO� UHVRUFLQRO� DQG
K\GURTXLQRQH� &DWHFKRO VKRZHG WKH KLJKHVW FRQYHUVLRQ DQG SURGXFHG IXOYHQRQH� DQ HOXVLYH NHWHQH
VSHFLHV� ZKLFK HYDGHV GHWHFWLRQ XVLQJ FRQYHQWLRQDO S\�*&�06 WHFKQLTXHV� )XOYHQRQH LV IRUPHG E\
GHK\GUDWLRQ RI FDWHFKRO� ZKLFK LV PDGH SRVVLEOH E\ WKH LQWHUDFWLRQ EHWZHHQ WZR DGMDFHQW K\GUR[\O
JURXSV� :H DOVR REVHUYHG WKH LVRPHUL]DWLRQ EHWZHHQ WKH WKUHH LVRPHUV DV D PLQRU SURFHVV�
2YHUDOO PHFKDQLVWLF SLFWXUHV RI WKH UHDFWLRQ PHFKDQLVPV ZHUH REWDLQHG DQG ZLOO EH GLVFXVVHG LQ
WKLV FRQWULEXWLRQ� ZKLFK ZLOO JXLGH WKH GHYHORSPHQW RI SUHGLFWLYH PRGHOV WR PDNH OLJQLQ FDWDO\WLF
S\URO\VLV�PRUH�VHOHFWLYH�

>�@�<��7��&KHQJ��-��-DH��-��6KL��:��)DQ��*��:��+XEHU��$QJHZ��&KHP��,QW��(G����������������������
>�@�=��<��/XR��.��<��/X��<��<DQJ��6��0��/L��*��;��/L��56&�$GY�����������������������
>�@ +HPEHUJHU� 3�� &XVWRGLV� 9� %� )�� %RGL� $�� *HUEHU� 7�� 	 9DQ %RNKRYHQ� -� $��1DW� &RPPXQ�
���������������
>�@ +HPEHUJHU� 3�� YDQ %RNKRYHQ� -� $�� 3«UH]�5DP¯UH]� -� 	 %RGL� $� &DWDO� 6FL� 7HFKQRO�� ����� ���
�����
>�@�+HPEHUJHU��3���%RGL��$���&KHPLVWU\�&+,0,$��������������������
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%LIXQFWLRQDO�FDWDO\VWV�IRU�FRNH�K\GURJHQRO\VLV�LQ�PHWKDQRO�WR�K\GURFDUERQV�SURFHVVHV

9��3DXQRYLÉ���-��$��YDQ�%RNKRYHQ���


�/DERUDWRU\�IRU�&DWDO\VLV�DQG�6XVWDLQDEOH�&KHPLVWU\��3DXO�6FKHUUHU�,QVWLWXWH�������9LOOLJHQ�
6ZLW]HUODQG���'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��,QVWLWXWH�IRU�&KHPLFDO�DQG
%LRHQJLQHHULQJ��(7+�=XULFK��+&,�(������9ODGLPLU�3UHORJ�:HJ���������=XULFK��6ZLW]HUODQG

=60��� DQG 6$32૯��૯EDVHG FDWDO\VWV WKDW DUH HPSOR\HG LQ FRPPHUFLDO PHWKDQRO૯WR૯K\GURFDUERQV
�07+� SURFHVVHV IDFH WKH FKDOOHQJH RI LQHYLWDEOH DFWLYLW\ ORVV FDXVHG E\ WKH IRUPDWLRQ RI FRNH
GHSRVLWV >���@� 7KLV QHFHVVLWDWHV WKHLU SHULRGLF UHJHQHUDWLRQ YLD FRNH FRPEXVWLRQ WKDW ZDVWHIXOO\
FRQYHUWV WKH HQWUDSSHG FDUERQ HTXLYDOHQWV LQWR &2� DQG SURPRWHV WKH GHJUDGDWLRQ RI WKH FDWDO\VW
VWUXFWXUH GXH WR HYROXWLRQ RI VWHDP XQGHU KLJK R[LGDWLRQ WHPSHUDWXUHV �!��� .�� +HUHLQ� ZH
SUHVHQW D QRYHO FODVV RI ELIXQFWLRQDO 07+ FDWDO\VWV� 0�=60��� HQWDLOLQJ =60૯� ]HROLWH SURPRWHG
ZLWK PHWDO QDQRSDUWLFOHV WKDW FDQ UHGXFH WKH UDWH RI FRNH IRUPDWLRQ ZKLOH SUHVHUYLQJ WKH SURGXFW
GLVWULEXWLRQ SDWWHUQV RI WKH FRQYHQWLRQDO ]HROLWHV �)LJ� �D�E�� 0RUHRYHU� LQ FRQWUDVW WR WKH EDUH
]HROLWHV� WKH DFWLYLW\ RI WKH FRNHG ELIXQFWLRQDO PDWHULDOV FDQ EH UHJHQHUDWHG YLD FRNH
GHFRPSRVLWLRQ ZLWK +� DW PRGHUDWH WHPSHUDWXUHV �)LJ� �D�� 7KH K\GURJHQRO\VLV RI FRNH LV
JHQHUDOO\ HQKDQFHG E\ EULQJLQJ WKH PHWDO QDQRSDUWLFOHV LQ FORVH YLFLQLW\ WR %UºQVWHG DFLG VLWHV
�H�J�� YLD LRQ�H[FKDQJH DQG�RU WKH LQWURGXFWLRQ RI PHVRSRURVLW\� DQG E\ LQFUHDVLQJ WKH +� SUHVVXUH�
,Q RXU RQJRLQJ UHVHDUFK� ZH DUH LQYHVWLJDWLQJ WKH LPSDFW RI WKH FDWDO\VW VWUXFWXUH DQG UHDFWLRQ
FRQGLWLRQV RQ WKH QDWXUH RI WKH K\GURJHQRO\VLV SURGXFWV� DV ZHOO DV WKH UHDFWLYLW\ RI GLIIHUHQW FRNH
VSHFLHV WRZDUGV +�� 2XU SUHOLPLQDU\ UHVXOWV VXJJHVW WKH SUHIHUHQWLDO HYROXWLRQ RI &��&�
K\GURFDUERQV DQG VXEVWDQWLDO YDULDWLRQV LQ WKH VXVFHSWLELOLW\ RI YDULRXV FRNH FRPSRQHQWV WRZDUGV
K\GURJHQRO\VLV� 7KH ODWWHU DOORZV WR GHFRPSRVH VHOHFWHG IUDFWLRQV RI FRNH� &RXSOHG ZLWK
VXEVHTXHQW DFWLYLW\ DVVHVVPHQW RI WKH SDUWLDOO\ UHJHQHUDWHG 07+ FDWDO\VWV� WKLV HQDEOHV WR
XQFRYHU WKH GHDFWLYDWLRQ SRWHQWLDO RI YDULRXV FRNH FRPSRQHQWV� ZKLFK UHPDLQV XQH[SORUHG XQWLO
WRGD\�

)LJ �� 7KH 07+ D� DFWLYLW\ DQG E� SURGXFW GLVWULEXWLRQ RYHU =60�� DQG PHWDO�SURPRWHG =60૯�
FDWDO\VWV�LQ�WKHLU�IUHVK�IRUP�DQG�DIWHU�K\GURJHQRO\VLV�VXEVHTXHQW�WR�WKHLU�GHDFWLYDWLRQ�

>�@ ,ULQD <DUXOLQD� $EKLVKHN 'XWWD &KRZGKXU\� )ORULD 0HLUHU� %HUW 0� :HFNKX\VHQ� -RUJH *DVFRQ�
1DW��&DWDO��������������૯����
>�@ 6XNDUDQ 6� $URUD� 'DY\ /�6� 1LHVNHQV� $QGU]HM 0DOHN� $GLW\D %KDQ� 1DW� &DWDO� ����� ��
���૯����
>�@ 6HEDVWLDQ 0¾OOHU� <XH /LX� 0XWKXVDP\ 9LVKQXYDUWKDQ� ;LDQ\RQJ 6XQ� $QGUH &� YDQ 9HHQ� *DU\
/��+DOOHU��0DULFUX]�6DQFKH]�6DQFKH]��-RKDQQHV�$��/HUFKHU��-��&DWDO���������������૯���
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0XOWLVFDOH�)LUVW�3ULQFLSOHV�&DOFXODWLRQV�RI�3URSDQH�'HK\GURJHQDWLRQ�RQ�3W*D
1DQRSDUWLFOHV�6XSSRUWHG�RQ�*D�'RSHG�6LOLFD

3��$��3D\DUG���/��5RFKOLW]���/��)RSSDV���.��6HDUOHV���%��/HXWKROG���$��&RPD�9LYHV���&��&RS«UHW�


�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=¾ULFK��6ZLW]HUODQG

7KH UHDFWLRQ RI GHK\GURJHQDWLRQ RI OLJKW DONDQHV KDV VHHQ D UHQHZHG LQWHUHVW LQ WKH UHFHQW \HDUV
GXH WR WKH LQFUHDVLQJ SURSHQH GHPDQG DQG WKH H[SORLWDWLRQ RI 6KDOH JDV�>�@ 3W*D V\VWHPV DUH
DWWUDFWLYH FDWDO\VWV IRU SURSDQH GHK\GURJHQDWLRQ �3'+� DQG KDYH EHHQ UHFHQWO\ LPSOHPHQWHG LQ
SURGXFWLRQ SODQWV�>�@ +RZHYHU� WKH QDWXUH RI WKH DFWLYH VLWH LQ 3W*D�EDVHG FDWDO\VW LV VWLOO XQGHU
GHEDWH�>�@ :H UHFHQWO\ UHSRUWHG WKH V\QWKHVLV DQG FKDUDFWHUL]DWLRQ RI D VLOLFD�VXSSRUWHG 3W*D�
FDWDO\VW IRU 3'+� XVLQJ 6XUIDFH 2UJDQR0HWDOOLF &KHPLVWU\ �620&��>�@ 7KLV PHWKRGRORJ\ DOORZHG XV
WR REWDLQ KLJKO\ DFWLYH� VHOHFWLYH DQG VWDEOH 3'+ FDWDO\VWV� ZKLOH DOVR SURYLGLQJ GHWDLOHG
LQIRUPDWLRQ DERXW WKH FDWDO\VW VWUXFWXUH� +HUH� ZH XVH DE LQLWLR PRGHOLQJ WR LQWHUURJDWH ZKDW
GHWHUPLQHV WKH VWUXFWXUH RI 3W*D DOOR\ DQG ZKDW LV WKH UROH RI *D LQ GULYLQJ WKH DFWLYLW\ RI 3W*D
V\VWHPV FRPSDUHG WR SXUH 3W DQG *D LVRODWHG VLWHV� 7KH VWUXFWXUH DQG DFWLYLW\ RI 3W*D DOOR\ ZDV
ILUVW HYDOXDWHG E\ LQYHVWLJDWLQJ FU\VWDOOLQH 3W*D EXONV DQG WKHLU DVVRFLDWHG VXUIDFHV E\ SHULRGLF�
')7 DSSURDFK� +RZHYHU� WKLV VLPSOH SHULRGLF PRGHO FDQQRW KHOS WR VWDWH WKH UROH RI WKH VXSSRUWLQJ
R[LGH DV ZHOO DV WKH FOXVWHU�QDQRSDUWLFOH VL]H HIIHFWV WKDW H[SHULPHQWDOO\ SURYHG WR LPSDFW VWURQJO\
WKH UHDFWLYLW\ RI WKHVH V\VWHPV� :H WKXV LQYHVWLJDWHG WKH UROH RI WKH LQWHUIDFH RQ WKH VWUXFWXUH DQG
WKH UHDFWLYLW\ RI VXSSRUWHG � QP 3W DQG 3W*D QDQRSDUWLFOHV RQ PRGHO VLOLFD DQG *D�GRSHG VLOLFD
VXUIDFHV E\ XVLQJ DE LQLWLR PROHFXODU G\QDPLF DQG PHWDG\QDPLF WR DOORZ HIILFLHQW H[SORUDWLRQ RI
WKH�UHOHYDQW�FRQILJXUDWLRQDO�VSDFH�

>�@ '� )� 5RGU¯JXH]�9DOOHMR� *� *XLOO«Q�*RV£OEH]� %� &KDFKXDW� $&6 6XVWDLQ� &KHP� (QJ� ����� ��
�����������
>�@ 0� 3UHW]� %� )LVK� /� /XR� %� 6WHDUV %� 6KDSLQJ WKH IXWXUH RI RQ�SXUSRVH SURS\OHQH SURGXFWLRQ�
+\GURFDUE��3URFHVV��>RQOLQH@�����������
>�@ -� -� +� %� 6DWWOHU� ,� '� *RQ]DOH]�-LPHQH]� /� /XR� %� $� 6WHDUV� $� 0DOHN� '� *� %DUWRQ� %� $� .LORV�
0� 3� .DPLQVN\� 7� :� *� 0� 9HUKRHYHQ� (� -� .RHUV� 0� %DOGXV� %� 0� :HFNKX\VHQ� $QJHZ� &KHP�
,QW��(G�����������������������
>�@ .� 6HDUOHV� .� :� &KDQ� -� $� 0HQGHV %XUDN� '� =HPO\DQRY� 2� 6DIRQRYD� &� &RS«UHW� -� $P�
&KHP��6RF������������������������������
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&DWDO\VW�GHVLJQ�IRU�GLUHFW�&2��K\GURJHQDWLRQ�WR�WUDQVSRUWDWLRQ�IXHOV

(��3HUNRYLÉ���&��0RQGHOOL���-��3«UH]�5DP¯UH]�


�(7+�=¾ULFK

6XVWDLQDEOH SURGXFWLRQ RI OLTXLG K\GURFDUERQ WUDQVSRUWDWLRQ IXHOV LV LPSHUDWLYH WR HIIHFWLYHO\
FRPEDW JOREDO ZDUPLQJ DQG IXOILO WKH ULVLQJ GHPDQG IRU IXHOV� ,Q WKLV UHJDUG� WHFKQRORJLHV DEOH WR
HIILFLHQWO\ XWLOL]H FDUERQ GLR[LGH �&2�� DV D IHHGVWRFN RIIHU D SRZHUIXO DSSURDFK WR WDFNOH ERWK
SUHVVLQJ LVVXHV� $W SUHVHQW� WKH GLUHFW WKHUPRFDWDO\WLF K\GURJHQDWLRQ RI &2� LQWR WUDQVSRUWDWLRQ
IXHOV XVLQJ UHQHZDEOH K\GURJHQ FRPSULVHV WKH HPHUJLQJ WHFKQRORJ\ ZLWK WKH PRVW SURPLVLQJ
SURVSHFWV� %HVLGHV IRU FKHDSHU UHQHZDEOH +��� FDWDO\VWV VKRZLQJ KLJKHU VHOHFWLYLW\ DQG GXUDELOLW\
VKDOO EH DWWDLQHG WR PHHW HFRQRPLF UHTXLUHPHQWV RI D ODUJH�VFDOH LPSOHPHQWDWLRQ� 7KH
WUDQVIRUPDWLRQ RI &2� WR ORQJ FKDLQ K\GURFDUERQV �+&� LV EDVHG RQ WKH UHYHUVH ZDWHU�JDV VKLIW
UHDFWLRQ �5:*6�� ZKHUH &2� LV FRQYHUWHG WR &2� DQG VXEVHTXHQW )LVFKHU�7URSVFK V\QWKHVLV �)76��
$ERXW �� FDWDO\VWV KDYH EHHQ UHSRUWHG� EDVHG RQ WKH )76 HOHPHQWV LURQ DQG FREDOW� 7KH PRUH
VWXGLHG )H�EDVHG FDWDO\VWV ZHUH DSSOLHG ERWK LQ EXON DQG VXSSRUWHG IRUPV� DQG ZHUH W\SLFDOO\
SURPRWHG E\ .� 1D� &X� 0Q� DQG =Q� UHDFKLQJ D VHOHFWLYLW\ WR &�� K\GURFDUERQV RI ���� &R�EDVHG
V\VWHPV VKRZHG LQIHULRU SHUIRUPDQFH GXH WR WKH ORZ SDUWLDO SUHVVXUHV RI &2 VHW E\ WKH 5:*6
HTXLOLEULXP� OLPLWLQJ FKDLQ JURZWK DQG LQFUHDVLQJ PHWKDQH VHOHFWLYLW\� +HUHLQ� ZH VWXG\ QRYHO )H�
EDVHG FDWDO\VWV� H[SORULQJ WKH HIIHFWV RI WKH V\QWKHVLV URXWH� RI WKH SUHVHQFH RI DONDOL RU WUDQVLWLRQ
PHWDOV DV SURPRWHUV� RI FDUULHUV DFWLQJ DV FR�FDWDO\VWV IRU WKH 5:*6 UHDFWLRQ� DQG RI FDWDO\VW
SUHWUHDWPHQW FRQGLWLRQV RQ IRVWHULQJ WKH GHPDQGLQJ FKDLQ HORQJDWLRQ VWHS� 6WUXFWXUH�
SHUIRUPDQFH UHODWLRQVKLSV HVWDEOLVKHG WKURXJK DGYDQFHG FKDUDFWHUL]DWLRQ ZLOO JXLGH V\QWKHVLV DQG
WHVWLQJ YLD KLJK�WKURXJKSXW PHWKRGV WR DFFHOHUDWH WKH LGHQWLILFDWLRQ RI FDWDO\VWV GLVSOD\LQJ
VXSHULRU�ORQJ�FKDLQ�+&�\LHOG�DQG�VWDELOLW\�IRU�JUHHQ�JDVROLQH��GLHVHO��DQG�NHURVHQH�SURGXFWLRQ�

)LJXUH �� 6FKHPDWLF LOOXVWUDWLRQ RI &2� K\GURJHQDWLRQ WR WUDQVSRUWDWLRQ IXHOV RQ D ELIXQFWLRQDO
FDWDO\VW�WKDW�FRPELQHV�5:*6�DQG�)76�DFWLYH�VLWHV�

>�@ $� *RQ]£OH]�*DUD\� 0� 6� )UHL� $� $O�4DKWDQL� &� 0RQGHOOL� *� *XLOO«Q�*RV£OEH]� -� 3«UH]�5DP¯UH]�
(QHUJ\�(QYLURQ��6FL�����������������
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,PSDFW�RI�PL[HG�&2��&2�IHHGV�RQ�PHWKDQRO�V\QWKHVLV�RYHU�,Q�2��EDVHG�FDWDO\VWV

7��3LQKHLUR�$UD¼MR���&��0RQGHOOL���-��$��6WHZDUW���-��3«UH]�5DP¯UH]�


�(7+�=¾ULFK���7RWDO�5HVHDUFK�DQG�7HFKQRORJ\��)HOX\

$ UHFHQW DQDO\VLV DW WKH SODQHWDU\ OHYHO UHYHDOHG WKDW WKH WKHUPRFDWDO\WLF SURGXFWLRQ RI PHWKDQRO
XVLQJ &2� DQG UHQHZDEOH K\GURJHQ LV VXVWDLQDEOH LQ DEVROXWH WHUPV�� $W SUHVHQW� LQGLXP R[LGH
�,Q�2�� UHSUHVHQWV D EUHDNWKURXJK FDWDO\VW IRU WKLV UHDFWLRQ� VKRZLQJ XQULYDOHG VHOHFWLYLW\ DQG
VWDELOLW\ ZKHQ VXSSRUWHG RQ PRQRFOLQLF ]LUFRQLD �P�=U2������ 5HPDUNDEO\� LWV FDWDO\WLF DFWLYLW\ FDQ
EH VLJQLILFDQWO\ LPSURYHG E\ SURPRWLQJ LW ZLWK ORZ�QXFOHDULW\ FOXVWHUV RI SDOODGLXP DLGLQJ K\GURJHQ
VSOLWWLQJ���� /RRNLQJ WRZDUGV LQGXVWULDO LPSOHPHQWDWLRQ� KRZHYHU� WKH DVVHVVPHQW RI FDWDO\WLF
SHUIRUPDQFH KDV WR JR EH\RQG WKH DQDO\VLV RI VLQJOH�SDVV FRQYHUVLRQ XVLQJ SXUH &2� DQG +�� DQG
LQFOXGH IHHGV WKDW DOVR FRQWDLQ UHF\FOHG &2 E\SURGXFW �)LJ� �D�� +HUHLQ� ,Q�2� FDWDO\VWV LQ EXON
IRUP� VXSSRUWHG RQ P�=U2� DQG RWKHU FDUULHUV DV D UHIHUHQFH� DQG SURPRWHG E\ 3G DUH
FRPSUHKHQVLYHO\ HYDOXDWHG LQ &2૮&2� F\FOH H[SHULPHQWV� LQ ZKLFK &2� LQ WKH K\GURJHQDWLRQ IHHG
LV UHSODFHG E\ &2 VWHSZLVH� :KLOH PHWKDQRO SURGXFWLYLW\ LQFUHDVHV IRU ,Q�2��P�=U2�� ERWK ,Q�2�
DQG 3G�,Q�2� FDWDO\VWV H[KLELW VRPH GURS LQ WKHLU DFWLYLW\ XSRQ JUDGXDOO\ LQFUHDVLQJ WKH &2
FRQFHQWUDWLRQ LQ D &2��+� IHHG �)LJ� �E�� 9DULDWLRQV LQ WKH FRQFHQWUDWLRQ RI R[\JHQ YDFDQFLHV RQ
,Q�2� DQG LQ WKH HOHFWURQLF SURSHUWLHV DQG VSHFLDWLRQ RI WKH SURPRWHU DV ZHOO DV WKH HYROXWLRQ RI
VXUIDFH VSHFLHV XSRQ H[SRVXUH WR GLVWLQFW IHHG FRPSRVLWLRQV DUH HOXFLGDWHG� SURYLGLQJ VRXQG
HYLGHQFH RQ WKH RULJLQ RI EHQHILFLDO DQG GHWULPHQWDO HIIHFWV� 2YHUDOO� WKH LGHQWLILHG VWUXFWXUH�
SHUIRUPDQFH UHODWLRQV RIIHU SUDFWLFDO LQVLJKWV WR GULYH WKH GHYHORSPHQW RI LQGXVWULDOO\ YLDEOH
SURPRWHG�DQG�VXSSRUWHG�FDWDO\VWV�IRU�&2��EDVHG�PHWKDQRO�V\QWKHVLV�

)LJ� �� D 5HSUHVHQWDWLRQ RI &2 UHF\FOLQJ LQ &2��EDVHG PHWKDQRO V\QWKHVLV� E 6WUXFWXUDO IHDWXUHV
DQG FDWDO\WLF SHUIRUPDQFH RI 3G�,Q�2� DQG ,Q�2��P�=U2� LQ PHWKDQRO V\QWKHVLV XSRQ WKH VWHS�ZLVH
UHSODFHPHQW RI &2� E\ &2 LQ WKH &2��+� IHHG� 5HDFWLRQ FRQGLWLRQV� ��� .� �� EDU� DQG :*69  
�������FP��Kಗ��JFDWಗ��
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>�@ 0� 6� )UHL� &� 0RQGHOOL� $� &HVDULQL� )� .UXPHLFK� 5� +DXHUW� -� $� 6WHZDUW� '� &XUXOOD )HUU«� -�
3«UH]�5DP¯UH]��$&6�&DWDO�����������������
>�@ 0� 6� )UHL� &� 0RQGHOOL� 5� *DUFLD�0XHODV� .� 6� .OH\� %� 3XHUWRODV� 1� /RSH]� 2� 9� 6DIRQRYD� -� $�
6WHZDUW��'��&XUXOOD�)HUUH��-��3HUH]�5DPLUH]��1DW��&RPPXQ�����������������
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2Q�WKH�PHFKDQLVP�RI�PHWKDQH�FRQYHUVLRQ�LQ�QRQ�R[LGDWLYH�FRQGLWLRQV

$��3XHQWH�8UELQD���=��3DQ���9��3DXQRYLÉ���3��ĢRW�����3��+HPEHUJHU���-��$��YDQ�%RNKRYHQ���


�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��,QVWLWXWH�IRU�&KHPLFDO�DQG�%LRHQJLQHHULQJ��(7+
=XULFK��+&,�(������9ODGLPLU�3UHORJ�:HJ��������������=XULFK��6ZLW]HUODQG���/DERUDWRU\�IRU

6\QFKURWURQ�5DGLDWLRQ�DQG�)HPWRFKHPLVWU\��3DXO�6FKHUUHU�,QVWLWXWH�������9LOOLJHQ��6ZLW]HUODQG���
/DERUDWRU\�IRU�&DWDO\VLV�DQG�6XVWDLQDEOH�&KHPLVWU\��3DXO�6FKHUUHU�,QVWLWXWH�������9LOOLJHQ�
6ZLW]HUODQG���'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��/DERUDWRU\�RI�,QRUJDQLF
&KHPLVWU\��(7+�=XULFK��+&,�+������9ODGLPLU�3UHORJ�:HJ��������������=XULFK��6ZLW]HUODQG

0HWKDQH LV WKH VLPSOHVW K\GURFDUERQ DQG WKH PDLQ FRPSRQHQW RI QDWXUDO IXHO UHVRXUFHV VXFK DV
QDWXUDO JDV� FRDO�EHG JDV� DQG PHWKDQH K\GUDWHV GHSRVLWHG LQ WKH (DUWK >�@� ,W FDQ EH FRQYHUWHG
LQWR YDOXDEOH IXHOV DQG FKHPLFDOV XQGHU QRQ�R[LGDWLYH FRQGLWLRQV >�@� +RZHYHU� WKH DGYDQFH LQ WKLV
ILHOG KDV EHHQ KLQGHUHG E\ WKHUPRG\QDPLF OLPLWDWLRQV RI PHWKDQH FRQYHUVLRQ� FDWDO\VW VHOHFWLYLW\�
DQG FDWDO\VW GHDFWLYDWLRQ E\ FRNH IRUPDWLRQ >�@� 6XFK HIIRUWV KDYH EHHQ IRFXVHG PDLQO\ LQ WKH
DQDO\VLV RI ILQDO SURGXFWV DQG WKHUH LV D ODFN RI FRPSUHKHQVLYH PHFKDQLVWLF LQVLJKW� $ EHWWHU
XQGHUVWDQGLQJ RI WKH PHFKDQLVPV LQYROYHG LV YLWDO WR LPSURYH WKH SHUIRUPDQFH RI WKH SURFHVV� 7R
SURYLGH PHFKDQLVWLF XQGHUVWDQGLQJ� WKH FRQYHUVLRQ RI PHWKDQH XQGHU QRQ�R[LGDWLYH FRQGLWLRQV LQ
WKH SUHVHQFH RI VLOLFD DQG LURQ�PRGLILHG VLOLFD ZDV VWXGLHG E\ GHWHFWLRQ RI HOXVLYH DQG UHDFWLYH
UDGLFDOV DV ZHOO DV SURGXFWV� ([SHULPHQWV XVLQJ SDFNHG EHG UHDFWRUV ZLWK VHOHFWLYH DQDO\VLV
GRZQVWUHDP XQGHU FROOLVLRQ�UHGXFHG KLJK YDFXXP HQYLURQPHQW E\ PHDQV RI L3(3,&2 �989
EHDPOLQH� 6ZLVV /LJKW 6RXUFH� SURYLGHG DFFHVV WR UHDFWLYH LQWHUPHGLDWHV DQG SURGXFWV� 6XFK
LQIRUPDWLRQ DOORZHG SURSRVLQJ UHDFWLRQ PHFKDQLVPV IRU WKH IRUPDWLRQ RI &�� &�� DQG &� VSHFLHV� DV
ZHOO DV &� VSHFLHV DQG KLJKHU PROHFXODU ZHLJKW SURGXFWV� :H KDYH IRXQG FRPSHOOLQJ HYLGHQFH WKDW
XSRQ PHWKDQH DFWLYDWLRQ RQ LURQ�PRGLILHG VLOLFD� SURSDUJ\O �&�+�� UDGLFDOV DUH IRUPHG� ZKLFK DUH
WKH�SUHFXUVRUV�IRU�WKH�IRUPDWLRQ�RI�IXOYHQH�DQG�EHQ]HQH��&�+���

>�@�3LHUUH�6FKZDFK��;LXOLDQ�3DQ��;LQKH�%DR��&KHPLFDO�5HYLHZV�����������������������
>�@ 3HWU ĢRW� 0DUN $� 1HZWRQ� 'LUN %DDEH� 0DUF '� :DOWHU� $OH[DQGHU 3� YDQ %DYHO� $QGUHZ '�
+RUWRQ� &KULVWRSKH &RS«UHW� -HURHQ $� YDQ %RNKRYHQ� &KHPLVWU\ � $ (XURSHDQ -RXUQDO� '2,�
��������FKHP�����������
>�@�&DQDQ�.DUDND\D��5REHUW�-��.HH��3URJUHVV�LQ�(QHUJ\�&RPEXVWLRQ�6FLHQFH������������������
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7KH�,PSDFW�RI�3UHSDUDWLYH�+LVWRU\�DQG�'ULYLQJ�)RUFH�RQ�WKH�:DWHU�2[LGDWLRQ�$FWLYLW\�RI
6SLQHO�7\SH�&REDOW�2[LGH

/��5HLWK���.��/LHQDX���&��$��7ULDQD���6��6LRO���*��5��3DW]NH�


�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�=XULFK��:LQWHUWKXUHUVWUDVVH������&+������=XULFK�
6ZLW]HUODQG���(PSD���6ZLVV�)HGHUDO�/DERUDWRULHV�IRU�0DWHULDOV�6FLHQFH�DQG�7HFKQRORJ\�

�EHUODQGVWUDVVH������&+������'¾EHQGRUI��6ZLW]HUODQG

$UWLILFLDO SKRWRV\QWKHVLV LV D SURPLVLQJ DSSURDFK IRU KDUYHVWLQJ VXVWDLQDEOH HQHUJ\ WKURXJK
VXQOLJKW�GULYHQ ZDWHU VSOLWWLQJ LQWR R[\JHQ DQG K\GURJHQ� ZKLFK FDQ EH VWRUHG RU FRQYHUWHG LQWR
PRUH VXLWDEOH FRPSRXQGV� +RZHYHU� WKH IRXU�HOHFWURQ WUDQVIHU SURFHVV RI WKH ZDWHU R[LGDWLRQ KDOI�
UHDFWLRQ UHPDLQV WKH NH\ FKDOOHQJH IRU ZDWHU VSOLWWLQJ� 7KHUHIRUH� WKH GHYHORSPHQW RI VWDEOH�
HIILFLHQW� DQG HFRQRPLF ZDWHU R[LGDWLRQ FDWDO\VWV �:2&V� LV RI JUHDW LQWHUHVW WR WKH FXUUHQW
UHQHZDEOH HQHUJ\ UHVHDUFK� 6SLQHO�W\SH &R�2� ZDV FKRVHQ DV DQ DWWUDFWLYH PRGHO :2& RIIHULQJ
ORZ FRVW DFFHVV DQG UREXVW SHUIRUPDQFH�>�@ +HUHLQ� FREDOW R[LGH LV V\VWHPDWLFDOO\ LQYHVWLJDWHG E\ D
WKUHH�VWHS DSSURDFK WR VWXG\ ��� WKH HIIHFW RI WKH SUHSDUDWLYH KLVWRU\ RQ WKH PDWHULDO SURSHUWLHV
DQG ��� WKHLU LQWHUGHSHQGHQFH ZLWK WKH DFWLYLW\ DV ��� D IXQFWLRQ RI WKH GULYLQJ IRUFH� 7R WKLV HQG�
FREDOW R[LGH ZDV V\QWKHVL]HG YLD QLQH GLIIHUHQW V\QWKHWLF URXWHV� 7KH HPHUJLQJ FREDOW R[LGH
VDPSOHV ZHUH FKDUDFWHUL]HG ZLWK D ZLGH UDQJH RI DQDO\WLFDO PHWKRGV� LQFOXGLQJ ;$6� ;36� 3;5'�
5DPDQ� %(7� DQG 7(0 WR UHYHDO WKH NH\ PDWHULDO SURSHUWLHV IRU KLJK FDWDO\WLF DFWLYLW\� 7KH
SHUIRUPDQFH ZDV DVVHVVHG ZLWK WKH WKUHH PRVW ZLGHO\ DSSOLHG SURWRFROV� QDPHO\� HOHFWURFDWDO\WLF�
SKRWRFDWDO\WLF� DQG FKHPLFDO R[LGDWLRQ� 7KH DSSOLHG WHVW PHWKRG ZDV IRXQG WR FOHDUO\ LQIOXHQFH WKH
DFWLYLW\ PHDVXUHG IRU WKH &R�2� VDPSOHV� +LJK VXUIDFH DUHD� LQFUHDVLQJ GLVRUGHU DQG D GHFUHDVH LQ
R[LGDWLRQ VWDWHV ZHUH IRXQG WR EH NH\ SDUDPHWHUV IRU KLJK FKHPLFDO R[LGDWLRQ DFWLYLW\� ZKLFK ZHUH
DFFHVVHG ZLWK ORZ V\QWKHWLF WHPSHUDWXUHV� :KLOH WKHVH SURSHUW\�DFWLYLW\ UHODWLRQVKLSV ZHUH QRW DV
VKDUSO\ GHILQHG IRU SKRWRFDWDO\WLF ZDWHU R[LGDWLRQ� VDPSOHV REWDLQHG DW ORZHU WHPSHUDWXUHV ZHUH
JHQHUDOO\ PRUH DFWLYH� ,Q FRQWUDVW� QR VXFK WUHQGV ZHUH REVHUYHG IRU HOHFWURFDWDO\VLV� ZKHUH DOO
VDPSOHV VKRZHG VLPLODU DFWLYLW\ WRZDUGV ZDWHU R[LGDWLRQ� 2XU VWXG\ GHPRQVWUDWHV WKDW WKH FRQWURO
RI WKH V\QWKHVLV SDUDPHWHUV DQG FRPSUHKHQVLYH XQGHUVWDQGLQJ RI WKH SUHSDUDWLYH KLVWRU\ DQG WKH
DSSOLHG�GULYLQJ�IRUFH�DUH�FUXFLDO�IRU�WKH�GHVLJQ�RI�KLJK�SHUIRUPDQFH�:2&V�>���@

>�@ 0� *U]HOF]DN� -� =KDQJ� -� 3IURPPHU� -� +DUWPDQQ� 0� 'ULHVV� 0� $QWRQLHWWL� DQG ;� :DQJ� $&6
&DWDO��������������������
>�@�/��5HLWK��.��/LHQDX��&��$��7ULDQD��6��6LRO��*��5��3DW]NH��$&6�2PHJD�����������������������
>�@�.��/LHQDX��&��$��7ULDQD��/��5HLWK��6��6LRO��*��5��3DW]NH��)URQW��&KHP���������DFFHSWHG�
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&U\VWDOORJUDSKLF�DQG�PRUSKRORJLFDO�RSWLPL]DWLRQ�RI�FDWDO\WLF�FRSSHU�IRLO�IRU�K\GURJHQ�
VLHYLQJ�VLQJOH�OD\HU�JUDSKHQH�PHPEUDQHV

0��5H]DHL���.��9��$JUDZDO�


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

*DV VHSDUDWLRQ PHPEUDQHV EDVHG RQ VLQJOH�OD\HU�JUDSKHQH DUH KLJKO\ DWWUDFWLYH EHFDXVH WKH VL]H
RI JUDSKHQH QDQRSRUHV FDQ EH WXQHG WR VHSDUDWH JDVHV E\ WKH VL]H�VLHYLQJ PHFKDQLVP�� $
SUHUHTXLVLWH IRU WKLV LV WKH V\QWKHVLV RI KLJK�TXDOLW\ SRO\FU\VWDOOLQH VLQJOH�OD\HU JUDSKHQH ILOP E\
FKHPLFDO YDSRU GHSRVLWLRQ �&9'��� 7KH TXDOLW\ RI JUDSKHQH LQ WKH FRQWH[W RI PHPEUDQHV LV
UHIOHFWHG E\ WKH VL]H DQG WKH GHQVLW\ RI WKH LQWULQVLF YDFDQF\ GHIHFWV� DQG LV DIIHFWHG E\ WKH
FDWDO\WLF PHWDO VXEVWUDWH DQG WKH &9' HQYLURQPHQW� *HQHUDOO\� KLJK�SXULW\ DQG VPRRWK &X IRLO LV
XVHG WR REWDLQ JDV�VLHYLQJ SHUIRUPDQFH IURP VLQJOH�OD\HU JUDSKHQH���� +HUHLQ� ZH FRQGXFW D
V\VWHPDWLF KLJK�WHPSHUDWXUH DQQHDOLQJ VWXG\ RQ WZR VHSDUDWH� FRPPHUFLDO� ORZ�FRVW &X IRLOV
OHDGLQJ WR WKHLU WUDQVIRUPDWLRQ WR &X������� :H OHDUQHG WKDW DOO &X IRLO YDULDWLRQV FRXOG EH
FRQYHUWHG WR VPRRWK &X����� VXEVWUDWH WR LPSURYH WKH TXDOLW\ RI VXEVHTXHQW JUDSKHQH WKDW ZDV
V\QWKHVL]HG RQ WRS RI WKH WUHDWHG &X IRLOV� WKXV SDYLQJ WKH ZD\ IRU HYHQWXDO VFDOH�XS RI JUDSKHQH
PHPEUDQHV�

)LJXUH �� D� ,'�,* UDWLR LQ WKH 5DPDQ VSHFWUD RI JUDSKHQH V\QWKHVL]HG RQ DV�UHFHLYHG DQG
DQQHDOHG &X IRLOV� E� $WRPLF UHVROXWLRQ 670 LPDJHV RI WKH DQQHDOHG XOWUD�IODW 76 &X IRLO� F� LGHDO
VHOHFWLYLWLHV RI PHPEUDQHV V\QWKHVL]HG RQ DV�UHFHLYHG DQG DQQHDOHG &X IRLOV � G� ;5' SDWWHUQV RI
DV�UHFHLYHG &X �EOXH WUDFH�� &X DQQHDOHG DW ���� r& GXULQJ /3&9' �UHG WUDFH�� DQG KLJK�
WHPSHUDWXUH�DQQHDOHG�&X��RUDQJH�WUDFH���
7KH DQQHDOLQJ SURFHVV VPRRWKHQHG WKH &X VXUIDFH� 506 VXUIDFH URXJKQHVV IURP ��� WR �� QP�
7KH 506 URXJKQHVV RQ WKH LQGLYLGXDO &X VWHS ZDV RQO\ ���� QP� 7KH RULHQWHG &X JUDLQV \LHOGHG
VLQJOH�OD\HU JUDSKHQH ZLWK D VLJQLILFDQWO\ ORZHU GHIHFW GHQVLW\ ZLWK ,'�,* UDWLR GHFUHDVLQJ IURP ����
s ���� WR ���� s ����� )LQDOO\� VLQJOH�OD\HU JUDSKHQH ILOPV� V\QWKHVL]HG RQ WKH DQQHDOHG ORZ�SXULW\
&X IRLO� \LHOGHG +��VHOHFWLYH PHPEUDQHV ZLWK +� SHUPHDQFH UHDFKLQJ ���� JDV SHUPHDWLRQ XQLWV
�*38� LQ FRPELQDWLRQ ZLWK DWWUDFWLYH +��&+� DQG +��&�+�VHOHFWLYLWLHV RI �� DQG ��� UHVSHFWLYHO\� :H
DWWULEXWH WKH LPSURYHG PHPEUDQH SHUIRUPDQFH WR �L� VPRRWKHQHG VXUIDFH RI &X IRLO SRVW�DQQHDOLQJ
�DYRLGLQJ FUDFNV GXULQJ WUDQVIHU SURFHVV�� DQG �LL� FU\VWDOORJUDSKLF UH�RULHQWDWLRQ RI &X IRLOV WR
&X����� �UHGXFLQJ WKH JUDLQ ERXQGDU\ GHIHFWV GXH WR WKH VPDOOPLVPDWFK ��૱� �� EHWZHHQ WKH
ODWWLFH�FRQVWDQWV�RI�WKH�������IDFHW�RI�&X�DQG�WKDW�RI�JUDSKHQH��

>�@ .RHQLJ� 6WHYHQ 3�� HW DO�� 1DWXUH 1DQRWHFKQRORJ\� ����� � ����� ��������� >�@ /L� ;XHVRQJ� HW
DO�� 6FLHQFH� ����� ���� ����૱���� >�@ =KDR� -�� HW DO�� 6FLHQFH $GYDQFHV� ����� � ����
HDDY������ >�@ +XDQJ� 6KLTL� HW DO�� 1DWXUH &RPPXQLFDWLRQV� ����� � ���� ������ >�@ 5H]DHL�
0RMWDED� HW DO�� VXEPLWWHG�� >�@ 2JDZD� <XL� HW DO�� 7KH -RXUQDO RI 3K\VLFDO &KHPLVWU\ /HWWHUV� �����
����������૱���
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+HWHURJHQHRXV��%LPHWDOOLF�3W�EDVHG�&DWDO\VWV�IRU�3URSDQH�'HK\GURJHQDWLRQ�YLD�6XUIDFH
2UJDQRPHWDOOLF�&KHPLVWU\

/��5RFKOLW]���&��&RS«UHW�


�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=XULFK��6ZLW]HUODQG���'HSDUWPHQW�RI
&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(

$ VKLIW IURP RLO�EDVHG QDSKWKD FUDFNLQJ WR VKDOH�EDVHG HWKDQH FUDFNLQJ KDV FUHDWHG DQ LPEDODQFH
LQ WKH SURGXFWLRQ DQG GHPDQG RI SURS\OHQH�>���@ 7KLV KDV UHVXOWHG LQ DQ LQFUHDVHG GHPDQG IRU
DOWHUQDWLYH OLJKW ROHILQ SURGXFWLRQ URXWHV� :KLOH RQ�GHPDQG SURSDQH GHK\GURJHQDWLRQ LV SUDFWLFHG
LQGXVWULDOO\� WKH FXUUHQW LQGXVWULDO FDWDO\VWV VXIIHU IURP IDVW GHDFWLYDWLRQ UHTXLULQJ FRQVWDQW
UHJHQHUDWLRQ�>���@ ,Q DWWHPSWV WR GHFRQYROYH VSHFLILF IDFWRUV ZKLFK HIIHFW FDWDO\VW VWDELOLW\ WR
XOWLPDWHO\ GHVLJQ PRUH HIIHFWLYH FDWDO\WLF V\VWHPV� ZH SUHSDUHG VHYHUDO ZHOO�GHILQHG 3W EDVHG
FDWDO\VW LQ FRPELQDWLRQ ZLWK �G WUDQVLWLRQ PHWDOV XVLQJ 6XUIDFH 2UJDQRPHWDOOLF &KHPLVWU\�>���@
7KLV LQYROYHV D WZR�VWHS DSSURDFK ZKHUH D PROHFXODU �G WUDQVLWLRQ PHWDO SUHFXUVRU ZDV ILUVW
JUDIWHG WR WKH VXUIDFH RI D 6L2� VXSSRUW IROORZHG E\ D WKHUPRO\VLV VWHS� ,Q D VHFRQG JUDIWLQJ VWHS D
3W SUHFXUVRU ZDV JUDIWHG WR WKH �G WUDQVLWLRQ PHWDO GRSHG 6L2� VXSSRUW IROORZHG E\ D UHGXFWLRQ
WUHDWPHQW XVLQJ +�� 7KH UHVXOWLQJ PDWHULDOV ZHUH WHVWHG LQ WKH SURSDQH GHK\GURJHQDWLRQ UHDFWLRQ
SDUWLDOO\ UHYHDOLQJ VXSHULRU SHUIRUPDQFH FRPSDUHG WR VLPLODU PDWHULDOV UHSRUWHG LQ WKH OLWHUDWXUH�
7KLV FRQWULEXWLRQ ZLOO SUHVHQW WKH FDWDO\WLF LQYHVWLJDWLRQ DORQJ ZLWK D SURIRXQG VWUXFWXUDO
FKDUDFWHUL]DWLRQ RI WKHVH KHWHURJHQHRXV V\VWHPV SURYLGLQJ LQVLJKW LQ WKH IDFWRUV OHDGLQJ WR
LQFUHDVHG�FDWDO\VW�SHUIRUPDQFH�

>�@ 6DWWOHU� -� -� +� %�� 5XL]�0DUWLQH]� -�� 6DQWLOODQ�-LPHQH]� (�� :HFNKX\VHQ� %� 0� &KHP� 5HY� �����
�����������������
>�@�0F)DUODQG��(��6FLHQFH�����������������
>�@ =KX� *�� ;LH� &�� /L� =�� :DQJ� ;� ������ &DWDO\WLF 3URFHVVHV IRU /LJKW 2OHILQ 3URGXFWLRQ� ,Q� +VX
&�6�� 5RELQVRQ 3�5� �HGV� 6SULQJHU +DQGERRN RI 3HWUROHXP 7HFKQRORJ\� 6SULQJHU +DQGERRNV�
6SULQJHU��&KDP
>�@ &RS«UHW� &�� &RPDV�9LYHV� $�� &RQOH\� 0� 3�� (VWHV� '� 3�� )HGRURY� $�� 0RXJHO� 9�� 1DJDH� +��
1¼³H]�=DUXU��)���=KL]KNR��3��$��&KHP��5HY���������������������
>�@�&RS«UHW��&��$FF��&KHP��5HV�����������������૱�����
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%HQHILFLDO�HIIHFW�RI�VWHDP�UHIRUPLQJ�RI�&+��RQ�12�UHPRYDO�RQ�D�WKUHH�ZD\�FDWDO\VW
XQGHU�WUDQVLHQW�FRQGLWLRQV

0��5RJHU�����'��)HUUL���2��.U¸FKHU���


�3DXO�6FKHUUHU�,QVWLWXW��9LOOLJHQ���(FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH

1DWXUDO JDV YHKLFOHV �1*9� DUH DQ DWWUDFWLYH VROXWLRQ IRU WKH UHGXFWLRQ RI JUHHQKRXVH JDV
HPLVVLRQV DULVLQJ IURP URDG WUDQVSRUWDWLRQ GXH WR WKHLU LQWULQVLF ORZ &2� DQG 12[ HPLVVLRQV�
+RZHYHU� GXH WR WKH KLJK JOREDO ZDUPLQJ SRWHQWLDO RI &+� DQG WR LQFUHDVLQJO\ VWULQJHQW
OHJLVODWLRQV� SRVW�FRPEXVWLRQ R[LGDWLRQ RI XQEXUQW &+� LV HVVHQWLDO� %HVLGHV &+�� &2 DQG 12[ DUH
FRPPRQ SROOXWDQWV LQ WKH H[KDXVW JDV RI 1*9� PDNLQJ WKUHH�ZD\ FDWDO\VWV �7:&� WKH FKRLFH IRU
WKLV�DSSOLFDWLRQ�

,Q 7:&� ZKLOH &2 R[LGDWLRQ LV HDVLO\ DFKLHYDEOH� IXOO UHPRYDO RI &+� DQG 12 LV PRUH FKDOOHQJLQJ�
7RJHWKHU ZLWK WKH SRRU UHDFWLYLW\ RI &+�� WKH VWURQJ LQKLELWLRQ RI &+� R[LGDWLRQ E\ &2 DQG 12
UHVXOWV LQ WKH VKLIW RI WKH ODPEGD IDFWRU �͏� IURP VWRLFKLRPHWU\ WR QHW ULFK >�@� 7KHVH REVHUYDWLRQV
DOORZHG XV WR GHPRQVWUDWH WKDW WKH XVH RI UHSHDWHG VKRUW UHGXFLQJ SXOVHV �653� XQGHU
VWRLFKLRPHWULF �RQ 7:&� DQG XQGHU OHDQ RSHUDWLRQ �RQ 3G�]HROLWH� LQFUHDVH WKH DFWLYLW\ DQG VWDELOLW\
RI WKH FRUUHVSRQGLQJ FDWDO\VW >�� �@� :H KDYH VKRZQ E\ TXLFN�;$6 >�@ WKDW WKHVH UHDFWLRQ
FRQGLWLRQV LQYROYH WKH IRUPDWLRQ RI 3G VSHFLHV ZLWK D ODUJH H[WHQW RI R[\JHQ YDFDQFLHV �3G2[�
VHUYLQJ�DV�WKH�DFWLYH�VSHFLHV�XQGHU�653�RSHUDWLRQ�>�@�

,Q WKLV VWXG\� ZH GHPRQVWUDWH WKH EHQHILFLDO HIIHFW RI VWHDP UHIRUPLQJ RI &+� �65�&+�� RQ
SROOXWDQWV UHPRYDO RQ D 3G�$O�2��&H��[=U[2� 7:&� DQG WKDW 653 FRQGLWLRQV SURPRWH WKLV R[LGDWLRQ
SDWKZD\ FRPSDUHG WR VWDWLF RSHUDWLRQ PRGH� 7KH FDWDO\WLF UHVXOWV VKRZ WKDW LQ WKH DEVHQFH RI
ZDWHU� FRPSOHWH UHPRYDO RI SROOXWDQWV ZDV RQO\ DFKLHYHG XQGHU 653 FRQGLWLRQV DQG FRLQFLGHG ZLWK
WKH SUHVHQFH RI 65�&+�� ,Q FRQWUDVW� LQ WKH SUHVHQFH RI ZDWHU� LQ ERWK VWDWLF DQG 653 PRGH� VORZ
UHPRYDO RI SROOXWDQWV ZDV REVHUYHG DW ORZ WHPSHUDWXUH� ZKHUH &+� ZDV R[LGL]HG E\ 2�� 7KHQ�
IDVWHU &+� R[LGDWLRQ WRRN SODFH ZLWK LQFUHDVLQJ WHPSHUDWXUH� GXULQJ ZKLFK &+� ZDV R[LGL]HG OLNHO\
E\ ZDWHU WR IRUP +�� LQ WXUQ SURPRWLQJ FRPSOHWH 12 UHPRYDO� +RZHYHU� XQGHU 653 FRQGLWLRQV�
FRQYHUVLRQ OHYHOV ZHUH HQKDQFHG DQG 65�&+� ZDV SURPRWHG� ,GHQWLFDO H[SHULPHQWV RQ 3G�$O�2�
DLPLQJ WR LQYHVWLJDWH WKH UROH RI WKH VXSSRUW HQFRXUDJH WR FRQVLGHU WKH DFWLYH UROH RI &H LQ 65�&+�
WKURXJK WKH UHJXODWLRQ RI +�� ZKLFK ZDV GHWULPHQWDO WR &+� FRQYHUVLRQ LI LW ZDV QRW UHPRYHG E\ WKH
VXSSRUW�

2XU UHVXOWV VXJJHVW WKDW HIILFLHQW UHPRYDO RI SROOXWDQWV FDQ EH DFKLHYHG LI 65�&+� WDNHV SODFH DQG
+� SURGXFWLRQ LV FRQWUROOHG� %HFDXVH 653 RSHUDWLRQ SURPRWHV 65�&+� DQG HIILFLHQW 12 UHGXFWLRQ� LW
FRXOG�EH�H[SORLWHG�LQ�GLWKHULQJ�RSHUDWLRQ�RI�7:&�

>�@�)HUUL��'���(OVHQHU��0���.U¸FKHU��2���$SSO��&DWDO��%��(QY���������������૱���
>�@ 3HWURY� $� :�� )HUUL� '�� .UXPHLFK� )�� 1DFKWHJDDO� 0�� YDQ %NKRYHQ� -� $�� 1DW� &RPP� ����� ��
�૱��
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$QRPDORXV�;�UD\�GLIIUDFWLRQ�DW�WKH�$O�DQG�6L�.�HGJHV

3��5]HSND���$��3LQDU���7��+XWKZHONHU���$��.QRUSS���/��0F&XVNHU���&��%DHUORFKHU���-��$��YDQ
%RNKRYHQ���

�(7+�=XULFK��,QVWLWXWH�IRU�&KHPLFDO�DQG�%LRHQJLQHHULQJ��&+�������=XULFK��6ZLW]HUODQG���/DERUDWRU\
IRU�&DWDO\VLV�DQG�6XVWDLQDEOH�&KHPLVWU\��3DXO�6FKHUUHU�,QVWLWXWH�������9LOOLJHQ��6ZLW]HUODQG���

/DERUDWRU\�IRU�6\QFKURWURQ�5DGLDWLRQ�DQG�)HPWRFKHPLVWU\��3DXO�6FKHUUHU�,QVWLWXWH�������9LOOLJHQ�
6ZLW]HUODQG���(7+�=XULFK��'HSDUWPHQW�RI�0DWHULDOV��&+�������=XULFK��6ZLW]HUODQG

=HROLWHV DUH WKH PDWHULDOV RI SDUWLFXODU LQWHUHVW IRU UHILQLQJ LQGXVWU\� FKHPLFDO SURGXFWLRQ� DQG
DGVRUSWLRQ�GULYHQ SURFHVVHV RU DV HQYLURQPHQWDO�IULHQGO\ DOWHUQDWLYHV IRU PLQHUDO DFLGV� =HROLWHV
DUH FU\VWDOOLQH DOXPLQRVLOLFDWHV ZLWK PLFURSRUHV FRPSRVHG RI WHWUDKHGUDOO\ FRRUGLQDWHG 7�DWRPV �6L
RU $O� EULGJHG E\ FRYDOHQWO\ ERQGHG R[\JHQ DWRPV� %\ UHSODFLQJ 6L ZLWK $O D ORFDO QHJDWLYH FKDUJH
LV JHQHUDWHG RQ ]HROLWH IUDPHZRUN ZKLFK LV FRPSHQVDWHG E\ D SRVLWLYHO\ FKDUJHG H[WUD�IUDPHZRUN
FDWLRQ� :KHQ WKH FDWLRQV DUH H[FKDQJHG ZLWK SURWRQV WKH ]HROLWH EHFRPHV D VROLG DFLG FDWDO\WLFDOO\
DFWLYH LQ %UºQVWHG�DFLG FDWDO\]HG UHDFWLRQV� 'HWHUPLQLQJ WKH JHRPHWU\ DQG WKH DFFHVVLELOLW\ RI
DFWLYH VLWHV LQ WKH ]HROLWH VWUXFWXUH LV HVVHQWLDO WR ILQH WXQH FDWDO\WLF SURSHUWLHV� 3URWRQ LV D SRRU
VFDWWHUHU� GLIILFXOW WR EH REVHUYHG GLUHFWO\� WKRXJK LWV SRVLWLRQ LV UHIOHFWHG E\ DVVRFLDWLQJ DOXPLQXP
RFFXSDQF\ RQ 7�VLWH� +RZHYHU WKHUH LV FXUUHQWO\ QR PHWKRG DYDLODEOH WKDW SURYLGHV WKH LQIRUPDWLRQ
RI 6L DQG $O RUGHULQJ LQ ]HROLWH IUDPHZRUN XQDPELJXRXVO\ DQG TXDQWLWDWLYHO\� $OWKRXJK ;�UD\ DQG
QHXWURQ GLIIUDFWLRQ HQDEOH HYDOXDWLQJ WKH 7�VLWHV GLVWULEXWLRQ DV SDUW RI WKH FU\VWDO VWUXFWXUH
GHWHUPLQDWLRQ��WKH�DOXPLQXP�DQG�VLOLFRQ�FURVV�VHFWLRQV�DUH�WRR�VLPLODU�WR�EH�GLVWLQJXLVKHG�

$QRPDORXV ;�UD\ GLIIUDFWLRQ LV D QHZ PHWKRG LQ ]HROLWH VFLHQFH WKDW H[SORLWV WKH GLVSHUVLRQ RI ;�UD\
UDGLDWLRQ RI WKH HQHUJ\ QHDU QDWXUDO RVFLOODWLRQ RI DQ HOHFWURQ VKHOO� 8SRQ WKH YLFLQLW\ RI DQ
DEVRUSWLRQ HGJH RI WKH VFDWWHULQJ DWRP WKH FRUUHVSRQGLQJ VFDWWHULQJ IDFWRU XQGHUJRHV D FKDQJH
DQG OHDGV WR UHODWLYH LQWHQVLW\ YDULDWLRQ RI UHVSHFWLYH %UDJJV૷ UHIOHFWLRQV� 6LQFH WKH $O . DEVRUSWLRQ
HGJH ����� NH9� OD\V DSDUW IURP WKH 6L .�HGJH ����� NH9�� LW DOORZV RQ WKH GLIIHUHQWLDWLRQ RI WKH
HOHPHQWV DQG WKH DOORFDWLRQ WR VSHFLILF 7�VLWHV� 3HUIRUPLQJ GLIIUDFWLRQ RQ� DQG RII�UHVRQDQFH
HQDEOHV DQ XQDPELJXRXV DVVLJQPHQW RI WKH HOHPHQWDO FRPSRVLWLRQ RI D FU\VWDO� $QRPDORXV ;�UD\
GLIIUDFWLRQ DFURVV WKH DOXPLQXP DQG VLOLFRQ . HGJHV ZDV VXFFHVVIXOO\ H[SORLWHG WR SLQSRLQW WKH
ORFDWLRQV RI DOXPLQXP DQG VLOLFRQ LQ VHYHUDO ]HROLWH VWUXFWXUHV� :H EHOLHYH WKLV PHWKRG FRXOG
EHFRPH WKH WHFKQLTXH RI FKRLFH IRU ]HROLWH VFLHQWLVWV LQWHUHVWHG LQ ORFDWLQJ WKH DFWLYH FDWDO\WLF
VLWHV�LQ�WKHLU�PDWHULDOV�
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3HUIRUPDQFH�RI�PHWDO�FDWDO\]HG�K\GURGHEURPLQDWLRQ�RI�GLEURPRPHWKDQH�DQDO\]HG
E\�GHVFULSWRUV�GHULYHG�IURP�VWDWLVWLFDO�OHDUQLQJ

$��6DDGXQ���6��3DEOR�*DUFLD���9��3DXQRYLÉ���4��/L���$��6DEDGHOO�5HQGµQ���.��.OHHPDQQ���)�
.UXPHLFK���1��/µSH]���-��3«UH]�5DP¯UH]�


�(7+�=XULFK��,QVWLWXWH�IRU�&KHPLFDO�DQG�%LRHQJLQHHULQJ��9ODGLPLU�3UHORJ�:HJ���������=XULFK�
6ZLW]HUODQG���,QVWLWXWH�RI�&KHPLFDO�5HVHDUFK�RI�&DWDORQLD�DQG�7KH�%DUFHORQD�,QVWLWXWH�RI�6FLHQFH

DQG�7HFKQRORJ\��6SDLQ���3DXO�6FKHUUHU�,QVWLWXWH��9LOOLJHQ��6ZLW]HUODQG

7KH FDWDO\]HG VHPLK\GURJHQDWLRQ RI GLEURPRPHWKDQH �&+�%U�� WR PHWK\O EURPLGH �&+�%U�� D
VFDUFHO\ VWXGLHG UHDFWLRQ� LV D NH\ VWHS LQ WKH EURPLQH�PHGLDWHG XSJUDGLQJ RI PHWKDQH���� 7KH
VHDUFK IRU QHZ FDWDO\VWV W\SLFDOO\ VWDUWV ZLWK KLJK�WKURXJKSXW H[SHULPHQWDO VFUHHQLQJ� UHFHQWO\
DOVR JXLGHG E\ 6WDWLVWLFDO /HDUQLQJ �6/� DSSURDFKHV�� +RZHYHU� WKH PDLQ LVVXHV SUHYHQWLQJ WKH
H[WHQVLYH DSSOLFDWLRQ RI FXUUHQW 6/ VWUDWHJLHV DUH WKH ODFN RI FRQVLVWHQF\ EHWZHHQ WKH GDWDEDVHV
DQG WKH IDFW WKDW RSHQ OLWHUDWXUH PDLQO\ FRQWDLQV VXFFHVVIXO H[SHULPHQWV� 7R RYHUFRPH WKLV� ZH
KDYH FRXSOHG D V\VWHPDWLF FDWDO\WLF SUHSDUDWLRQ� WHVWLQJ� DQG FKDUDFWHUL]DWLRQ SURWRFRO RI D ZLGH
UDQJH RI PHWDOV �)H� &R� 1L� &X� 5X� 5K� $J� ,U� DQG 3W� WR PHFKDQLVWLF VWXGLHV EDVHG RQ GHQVLW\
IXQFWLRQDO WKHRU\ �')7� IRU HPSOR\PHQW DV D FRPSOHWH GDWDEDVH �)LJ� ���� 7KH ELQGLQJ HQHUJLHV RI
WKH ��� LQWHUPHGLDWHV UHWULHYHG E\ ')7 ZHUH VXEMHFWHG WR GLPHQVLRQDOLW\ UHGXFWLRQ YLDSULQFLSDO
FRPSRQHQW DQDO\VLV �3&$�� D UREXVW PDWKHPDWLF FRQVWUXFW� 7KH WZR GHVFULSWRUV REWDLQHG IURP WKLV
XQVXSHUYLVHG PHWKRG ZHUH� WRJHWKHU ZLWK WKH H[SHULPHQWDO GDWD� HPSOR\HG LQ D UDQGRP IRUHVW
UHJUHVVRU� XOWLPDWHO\ FRQQHFWLQJ WKH GHVFULSWRU HQHUJ\ LQWHUYDOV ZLWK FDWDO\WLF DFWLYLW\ RU VHOHFWLYLW\
IRU WKH LGHQWLILFDWLRQ RI SHUIRUPDQFH WUHQGV LQ WHUPV RI &+�%U \LHOG� ,Q DGGLWLRQ� D UHSUHVHQWDWLYH
DQDO\WLF PRGHO ZDV IRXQG XVLQJ %D\HVLDQ LQIHUHQFH� 7KLV DSSURDFK LOOXVWUDWHV WKH H[FLWLQJ
RSSRUWXQLWLHV SUHVHQWHG E\ LQWHJUDWHG H[SHULPHQWDO�FRPSXWDWLRQDO VFUHHQLQJ DQG VHWV D
IXQGDPHQWDO�EDVLV�IRU�WKH�DFFHOHUDWHG�GLVFRYHU\�RI�VXSHULRU�FDWDO\VWV�

)LJ� �� 0XOWL�WHFKQLTXH VWUDWHJ\ FRPELQLQJ ')7 FDOFXODWLRQV� H[SHULPHQWDOO\ REWDLQHG GDWD� DQG
VWDWLVWLFDO WRROV WR DQDO\]H WKH DFWLYLW\ DQG VHOHFWLYLW\ RI PHWDO�FDWDO\]HG &+�%U�
K\GURGHEURPLQDWLRQ�

>�@�(��0F)DUODQG��6FLHQFH����������������
>�@�5��/LQ��$��3��$PUXWH��-��3«UH]�5DP¯UH]��&KHP��5HY������������������
>�@ .� 'LQJ� $� 5� 'HUN� $� =KDQJ� =� +X� 3� 6WRLPHQRY� *� '� 6WXFN\� +� 0HWLX� (� :� 0F)DUODQG� $&6
&DWDO���������������
>�@�7��:LOOLDPV��.��0F&XOORXJK��-�$��/DXWHUEDFK��&KHP��0DWHU����������������
>�@ $� -� 6DDGXQ� 6� 3DEOR�*DUFLD� 9� 3DXQRYLÉ� 4� /L� $� 6DEDGHOO�5HQGµQ� .� .OHHPDQQ� )� .UXPHLFK�
1��/µSH]��-��3«UH]�5DP¯UH]��$&6�&DWDO���������������
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1+&$X27I�&DWDO\]HG�$ON\QH�+\GUDWLRQ�8QGHU�0LOG�5HDFWLRQ�&RQGLWLRQV

,��6DFFR���0��$OEUHFKW�
��)��3DUDGLVL�


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

*ROG�,� KDV EHFRPH D SRZHUIXO WRRO LQ WKH FRQVWUXFWLRQ RI FDUERQ DUFKLWHFWXUHV LQ WKH SDVW WZR
GHFDGHV� +\GUDWLRQ� K\GURDONR[\ODWLRQ� K\GURDPLQDWLRQ DQG HQ\QHV F\FORLVRPHUL]DWLRQV DUH MXVW
IHZ RI WKH XVHIXO WUDQVIRUPDWLRQV WKDW JROG�,� FDQ FDWDO\]H� >�@ $PRQJ WKHVH� WKH K\GUDWLRQ RI
DON\QHV LV D WUDQVIRUPDWLRQ RI SULPDU\ LPSRUWDQFH LQ RUJDQLF FKHPLVWU\ >�@ DQG LV LQWULQVLFDOO\
JUHHQ IURP DQ HQYLURQPHQWDO VWDQGSRLQW ZLWK D ���� DWRP HFRQRP\ DQG ���� FDUERQ HIILFLHQF\�
2Q WKH RWKHU KDQG PDQ\ RI WKH GHYHORSHG JROG�FDWDO\VHG K\GUDWLRQ SURFHGXUHV VXIIHU IURP VHYHUDO
GUDZEDFNV� VXFK DV KLJK FDWDO\VW ORDGLQJV� KLJK WHPSHUDWXUHV DQG XVH RI VLOYHU DGGLWLYHV� >�@ ,Q
WKLV VHQVH WKH PXOWLSOH UHF\FOLQJ RI H[SHQVLYH JROG�,� FDWDO\VWV LV DQ LPSHOOLQJ PDWWHU DV ZHOO DV
WKHLU DSSOLFDELOLW\ WR PLOGHU DQG JUHHQHU SURFHGXUHV� +HUH ZH VKRZ D FDWDO\WLF V\VWHP IRU WKH
K\GUDWLRQ RI WHUPLQDO DON\QHV LQ PLOG UHDFWLRQ FRQGLWLRQV ZLWK ,3U$X27I �,3U  
����ELV�����GLLVRSURS\OSKHQ\O�LPLGD]RO\OLGHQH� 27I  WULIOXRURPHWKDQHVXOSKRQDWH� DQG WKH
V\QWKHVLV RI LWV DV\PPHWULF GHULYDWLYH ,$G���DOO\O�3U$X27I �,$G���DOO\O�3U  
��DGDPDQW\O������DOO\O�����GLLVRSURS\OSKHQ\O�LPLGD]RO\OLGHQH�� 7KH LQVWDOOHG DOO\O PRLHW\ HQDEOHV
IXQFWLRQDOL]DWLRQ�WR�REWDLQ�D�S+�UHVSRQVLYH�VSHFLHV�RU�D�QXFOHRSKLOH�IRU�FRQMXJDWLRQ�WR�D�VXSSRUW�

>�@�5XWK�'RUHO��$QWRQLR�0��(FKDYDUUHQ��&KHP��5HY������������������������
>�@�/XNDV�+LQWHUPDQQ��$XU«OLH�/DERQQH��6\QWKHVLV���������������������
>�@ D� (LLFKLUR 0L]XVKLPD� .D]XKLNR 6DWR� 7HUXMXNL +D\DVKL� 0DVDWR 7DQDND� $QJHZ� &KHP�� ,QW� (G��
����� ��� ���������� E� 1LFRODV 0DULRQ� 5XE«Q 6� 5DPµQ� 6WHYHQ 3� 1RODQ� -� $P� &KHP� 6RF��
�������������������
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2SHUDQGR�TXLFN�;$6�RI�R[\JHQ�DFWLYDWLRQ�PHFKDQLVP�RYHU�VXSSRUWHG�ELPHWDOOLF�3W�)H
FDWDO\VWV

,��,��6DG\NRY���$��+��&ODUN���-��$��YDQ�%RNKRYHQ�����0��1DFKWHJDDO���2��9��6DIRQRYD�


�3DXO�6FKHUUHU�,QVWLWXWH���(7+�=XULFK

&ODVVLFDO FDUERQ PRQR[LGH R[LGDWLRQ RYHU VXSSRUWHG 3W LQ WKH ORZ�WHPSHUDWXUH UHJLPH LV OLPLWHG E\
WKH R[\JHQ DFWLYDWLRQ VWHS >�@� ,URQ R[LGH LV RQH RI WKH EHVW SURPRWRUV IRU 3W�͇�$O�2� FDWDO\VWV� DV LW
VXEVWDQWLDOO\ LQFUHDVHV WKH FDWDO\WLF DFWLYLW\ >�@� HVSHFLDOO\ DW ORZ WHPSHUDWXUH� 7KH RULJLQ RI WKH
SURPRWRU�HIIHFW DQG WKH VWUXFWXUH RI WKH DFWLYH LURQ DUH XQFOHDU >�@� )XUWKHUPRUH� WKHUH LV QR
H[SHULPHQWDO HYLGHQFH WKDW R[\JHQ DFWLYDWLRQ LV OLQNHG WR WKH )H��ఙ)H�� UHGR[ FRXSOH� WKXV WKH
PHFKDQLVP�RI�R[\JHQ�DFWLYDWLRQ�UHPDLQV�ODUJHO\�XQNQRZQ�

:H SUHSDUHG D � ZW� � 3W ૱ ���� ZW� � )H � ͇�$O�2� FDWDO\VW E\ WKH LQFLSLHQW ZHWQHVV LPSUHJQDWLRQ
PHWKRG� 7KLV FDWDO\VW GHPRQVWUDWHG D �� WLPHV KLJKHU DFWLYLW\ DW ��� . WKDQ D � ZW� � 3W � ͇�$O�2�
FDWDO\VW ZLWK WKH GLVSHUVLRQ RI SODWLQXP SDUWLFOHV� 7R SUREH WKH QDWXUH RI DFWLYH VLWHV� ZH
SHUIRUPHG RSHUDQGR WLPH�UHVROYHG TXLFN ;�UD\ DEVRUSWLRQ VSHFWURVFRS\ �;$6� LQ D GHGLFDWHG SOXJ
IORZ UHDFWRU FHOO >�@� :H FROOHFWHG WLPH�UHVROYHG )H . DQG 3W /� HGJHV ;$6 VSHFWUD DW WKH 6XSHU;$6
EHDPOLPH RI WKH 6ZLVV /LJKW 6RXUFH XQGHU VWHDG\�VWDWH �LQ WKH PL[WXUH RI FDUERQ PRQR[LGH DQG
R[\JHQ� DQG WUDQVLHQW FRQGLWLRQV �ZKLOH FXWWLQJ RII FDUERQ PRQR[LGH RU R[\JHQ IORZV� ZLWK RQH
VHFRQG WLPH�UHVROXWLRQ DQG VLPXOWDQHRXVO\ UHFRUGHG FDUERQ PRQR[LGH FRQYHUVLRQ XVLQJ DQ RQ OLQH
PDVV�VSHFWURPHWHU�

/LQHDU FRPELQDWLRQ ILWWLQJ RI WKH )H . HGJH TXLFN�;$6 DOORZHG XV WR GHWHUPLQH WKH DPRXQWV RI )H��
DQG )H�� LQ WKH FDWDO\VW DQG FRPSDUH WKRVH ZLWK WKH DPRXQW RI FDUERQ GLR[LGH UHOHDVHG DW HYHU\
PRPHQW LQ WLPH DV PRQLWRUHG ZLWK DQ RQ OLQH PDVV VSHFWURPHWHU� :H XVHG WUDQVLHQW H[SHULPHQWV
ZLWK WKH SHULRGLF VZLWFKLQJ RII RI FDUERQ PRQR[LGH RU R[\JHQ IORZ LQ WKH FDUERQ PRQR[LGH DQG
R[\JHQ JDV PL[WXUH WR FRPSDUH WKH DPRXQW RI )H��DQG )H�� IRUPHG ZLWK WKH DPRXQW RI FRQYHUWHG
FDUERQ PRQR[LGH� 'XULQJ WKH R[\JHQ FXW�RII H[SHULPHQW ZH REVHUYHG WKDW WKH UDWH RI )H��
R[LGDWLRQ GXULQJ WKH FDUERQ PRQR[LGH FXW�RII H[SHULPHQW ZDV HTXDO WR WKH VWHDG\�VWDWH UHDFWLRQ
UDWH LQ WKH PL[WXUH RI FDUERQ PRQR[LGH DQG R[\JHQ� &RYHUDJH RI SODWLQXP E\ FDUERQ PRQR[LGH
GHWHUPLQHG IURP 3W /� HGJH ;$6 VSHFWUD ZDV LQGHSHQGHQW RQ R[\JHQ FRQFHQWUDWLRQ� ,Q FRQFOXVLRQ�
RSHUDQGR ;$6 TXDQWLWDWLYHO\ GHPRQVWUDWHG WKDW )H��ఙ)H�� UHGR[ FRXSOH LV LQYROYHG LQ WKH FDWDO\WLF
F\FOH RI FDUERQ PRQR[LGH R[LGDWLRQ RQ WKH 3W)H FDWDO\VWV E\ DFWLYDWLQJ R[\JHQ� :H REVHUYHG WKDW
WKH UHVWLQJ VWDWH RI DFWLYH LURQ VSHFLHV GXULQJ FDUERQ PRQR[LGH R[LGDWLRQ LV )H��� :KLOH ELQGLQJ
R[\JHQ� DFWLYH )H�� VSHFLHV R[LGL]H LQWR )H�� VWDWH DQG WKHQ UHDFW ZLWK FDUERQ PRQR[LGH DFWLYDWHG
RQ WKH QHLJKERULQJ 3W DWRPV� 8QGHUVWDQGLQJ WKH UROH RI LURQ R[LGH SURPRWRUV LV FUXFLDO WR FUHDWH
QHZ�FDWDO\VWV�ZLWK�D�KLJKHU�R[\JHQ�DFWLYDWLRQ�UDWH�DQG�EHWWHU�SHUIRUPDQFH�

>�@ $\PDQ '� $OOLDQ� .D]XKLUR 7DNDQDEH� .\OH /� )XMGDOD� ;LDQJKRQJ +DR� 7LPRWK\ -� 7UXH[� -XDQ
&DL� &RUQHOLX %XGD� 0DWWKHZ 1HXURFN� (QULTXH ,JOHVLD� -RXUQDO RI WKH $PHULFDQ &KHPLFDO 6RFLHW\�
���������������૱�����
>�@�$WVXNR�7RPLWD��.HQ�LFKL�6KLPL]X��<XWDND�7DL��&DWDO\VLV�/HWWHUV�����������������૱�����
>�@ $WVXNR 7RPLWD� .HQ�LFKL 6KLPL]X� .D]XR .DWR� <XWDND 7DL� &DWDO\VLV &RPPXQLFDWLRQV� ����� ���
��������
>�@ *LDQ /XFD &KLDUHOOR� 0DDUWHQ 1DFKWHJDDO� 9DOHQWLQD 0DUFKLRQQL� /XFD 4XDURQL� 'DYLGH )HUUL�
5HYLHZ�RI�6FLHQWLILF�,QVWUXPHQWV�������������������
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0DJQHWLF�ILHOG�HIIHFW�RQ�WKH�HOHFWURFKHPLFDO�K\GURJHQ�HYROXWLRQ�UHDFWLRQ�ZLWK
IHUURPDJQHWLF�HOHFWURGHV�

2��6DPEDORYD�����(��%LOOHWHU�����2��<LOGLULP���$��6WHU]L���'��%OHLQHU�����$��%RUJVFKXOWH���


�(PSD��/DERUDWRU\�RI�$GYDQFHG�$QDO\WLFDO�7HFKQRORJLHV���(PSD��/DERUDWRU\�RI�0DJQHWLF�DQG
)XQFWLRQDO�7KLQ�)LOPV���8QLYHUVLW\�RI�=¾ULFK��'HSDUWPHQW�RI�&KHPLVWU\

([WHUQDO PDJQHWLF ILHOGV DIIHFW YDULRXV HOHFWURFKHPLFDO SURFHVVHV DQG FDQ EH XVHG WR HQKDQFH WKH
HIILFLHQF\ RI WKH HOHFWURFKHPLFDO ZDWHU VSOLWWLQJ UHDFWLRQ� +RZHYHU� WKH RYHUDOO LPSDFW RI PDJQHWLF
ILHOG RQ HOHFWURFKHPLVWU\ LV SRRUO\ XQGHUVWRRG� 2QH RI WKH FKDOOHQJHV OLHV LQ WKH LQFRPSDWLELOLW\ RI
WKH DQDO\WLFDO UHTXLUHPHQWV �H�J� EXON DTXHRXV DQG H[WUHPH S+ HQYLURQPHQW� ZLWK WKH DYDLODEOH
LQWHUIDFH�VHQVLWLYH WHFKQLTXHV �H�J� ;36�� +HUH� ZH SUHVHQW DQ H[SHULPHQWDO DSSURDFK WKDW
RYHUFRPHV VXFK FKDOOHQJHV DQG DOORZV SURELQJ D IHUURPDJQHWLF HOHFWURGH LQ DQ DSSOLHG PDJQHWLF
ILHOG��ZKLOH�VLPXOWDQHRXVO\�PRQLWRULQJ�WKH�K\GURJHQ�HYROXWLRQ�UHDFWLRQ�

7KH LQ VLWX PDJQHWR�RSWLFDO UHVSRQVH RI &R�3W PXOWLOD\HU� ZLWK 3W FDSSLQJ OD\HU� K\GURJHQ HYROXWLRQ
HOHFWURGH \LHOGV LQIRUPDWLRQ RQ VWUXFWXUDO DQG FKHPLFDO FKDQJHV RI WKH HOHFWURGH�HOHFWURO\WH
LQWHUIDFH� :H UHSRUW D PDJQHWLF ILHOG LQGXFHG FKDQJH RI D IHZ SHUFHQW LQ WKH HOHFWURFKHPLFDO
FXUUHQW GHQVLW\ EHORZ ���� 9 �YV 5+(�� :LWKLQ WKH GHILQHG SDUDPHWHUV� WKH HOHFWURGH UHPDLQV
VWUXFWXUDOO\ DQG FKHPLFDOO\ VWDEOH� DQG WKH HIIHFW LV DVVLJQHG WR WKH FKDQJHV LQ WKH UDWLR RI ZDWHU WR
K\GUR[LGH LRQV ZLWKLQ WKH HOHFWURFKHPLFDO GRXEOH OD\HU� $V LQGLFDWHG E\ WKH PDJQHWR�RSWLFDO
K\VWHUHVLV� WKLV FKDQJH LV LQGXFHG E\ WKH DOLJQPHQW RI WKH IHUURPDJQHWLF GRPDLQV LQ &R�3W� ZKLFK
OHDG WR WKH H[FHSWLRQDOO\ VWURQJ ORFDO PDJQHWLF ILHOG JUDGLHQWV QHDU WR WKH HOHFWURGH VXUIDFH� :H
FRQFOXGH WKDW LQ DQ DSSOLHG H[WHUQDO PDJQHWLF ILHOG WKH FKHPLFDO FRPSRVLWLRQ RI WKH
HOHFWURFKHPLFDO GRXEOH OD\HU DQG WKH FHOO FXUUHQW GHQVLW\ GHSHQG VWURQJO\ RQ WKH PDJQHWLF
SURSHUWLHV�RI�WKH�HOHFWURGH�WKLQ�ILOP�
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1DQRVWUXFWXUH�(QJLQHHULQJ�IRU�+HWHURJHQHRXV�&DWDO\VLV

/��0��6DYHUHLGH���%��3��/H�0RQQLHU���-��/XWHUEDFKHU�


�/DERUDWRU\�RI�6XVWDLQDEOH�DQG�&DWDO\WLF�3URFHVVLQJ

*UHDWHU FRQWURO RYHU FDWDO\WLF VXUIDFHV ZLOO HQDEOH GHYHORSPHQW RI PRUH HIILFLHQW� VWDEOH� DQG
VHOHFWLYH FDWDO\VWV� $WRPLF OD\HU GHSRVLWLRQ �$/'� LV DQ HVWDEOLVKHG WHFKQLTXH XVHG WR EXLOG WKLQ
ILOPV ZLWK DWRPLF DFFXUDF\� 7\SLFDOO\� WKH WHFKQLTXH LV FDUULHG RXW LQ WKH YDSRU SKDVH� DW HOHYDWHG
WHPSHUDWXUHV� DQG ZLWK H[FHVV UHDFWDQWV WKDW DUH SXUJHG EHWZHHQ VHOI�OLPLWHG UHDFWLRQV ZLWK WKH
VXEVWUDWH��

:H DUH VWXG\LQJ WKH SRVVLELOLW\ RI LQVWHDG XVLQJ DFLG DQG EDVH FDWDO\VLV LQ WKH OLTXLG SKDVH WR
IDFLOLWDWH WKH XVH RI XQUHDFWLYH SUHFXUVRUV VXFK DV WULPHWK\O JDOOLXP� $QRWKHU SRWHQWLDO DSSOLFDWLRQ
RI OLTXLG�SKDVH $/' LV WR ELQG WRJHWKHU PHWDO R[LGH QDQRSDUWLFOHV� $ SURRI RI FRQFHSW VWXG\ VKRZV
WKDW ZKHQ VLOLFD LV FRDWHG ZLWK D VLQJOH OD\HU RI WULPHWK\O DOXPLQXP� WKH H[SRVHG PHWK\O JURXSV
ZLOO UHDFW ZLWK K\GUR[\O JURXSV RI D VHFRQG PHWDO R[LGH DQG IRUP KHWHURVWUXFWXUHG QDQRGLPHUV
�)LJXUH ��� 7KH PL[HG�PHWDO�R[LGH LQWHUIDFHV DUH OLNHO\ WR KDYH XQLTXH FDWDO\WLF DFWLYLW\ ZLWK
SRWHQWLDO�DSSOLFDWLRQV�LQ�WDQGHP�FDWDO\VLV�>�@�

/LTXLG�SKDVH $/' KROGV WUHPHQGRXV SURPLVH IRU H[SDQGLQJ WKH KRUL]RQV RI KRZ $/' KDV
WUDGLWLRQDOO\�EHHQ�XVHG�DQG�GHYHORSLQJ�QHZ�UDWLRQDOO\�GHVLJQHG�KHWHURJHQHRXV�FDWDO\VWV�

)LJXUH �� 6FDQQLQJ WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\ HQHUJ\�GLVSHUVLYH [�UD\ VSHFWURVFRS\ �67(0�
(';� RI FHULD QDQRSDUWLFOHV �UHG� DWWDFKHG WR VLOLFD VSKHUHV �SXUSOH� YLD WULPHWK\O DOXPLQXP
ૺQDQRJOXHૻ��JUHHQ��

>�@ %�-� 2૷1HLOO� '�+�.� -DFNVRQ� -� /HH� &� &DQODV� 3�&� 6WDLU� &�/� 0DUVKDOO� -�:� (ODP� 7�)� .XHFK� -�$�
'XPHVLF��*�:��+XEHU��$&6�&DWDO���������������૱������
>�@�%�3�/��0RQQLHU��)��:HOOV��)��7DOHENHLNKDK��-�6��/XWHUEDFKHU��$GY��0DWHU���������������������
>�@ <� <DPDGD� &��.� 7VXQJ� :� +XDQJ� =� +XR� 6�(� +DEDV� 7� 6RHMLPD� &�(� $OLDJD� *�$� 6RPRUMDL� 3�
<DQJ��1DW��&KHP����������������૱�����
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)RUPDWLRQ�RI�LURQ�,,��VLQJOH�VLWHV�RQ�WKH�VXUIDFH�RI�VLOLFD�DQG�WKHLU�UROH�LQ�WKH
WUDQVIRUPDWLRQ�RI�PHWKDQH�WR�KLJKHU�K\GURFDUERQV

3��ĢRW���0��1HZWRQ���$��3��YDQ�%DYHO���$��'��+RUWRQ���&��&RS«UHW�
��-��$��YDQ�%RNKRYHQ�


�(7+�=¾ULFK���6KHOO�*OREDO�6ROXWLRQV�,QWHUQDWLRQDO�%�9�

8SJUDGLQJ RI PHWKDQH WR KLJKHU K\GURFDUERQV UHSUHVHQWV DQ LQWHUHVWLQJ URXWH ZLWK WKH SRWHQWLDO WR
UHSODFH WKH FRQYHQWLRQDO K\GURFDUERQ IHHGVWRFN IRU WKH FKHPLFDO LQGXVWU\� 6XFK D WUDQVIRUPDWLRQ
LV VWURQJO\ OLPLWHG E\ WKHUPRG\QDPLFV� )RU H[DPSOH� UHDFKLQJ PHWKDQH FRQYHUVLRQ KLJKHU WKDQ ��
� UHTXLUHV D UHDFWLRQ WHPSHUDWXUH KLJKHU WKDQ ��� r&� ,Q WKH ODVW ILYH \HDUV� VHYHUDO UHSRUWV KDYH
VKRZQ WKDW PHWKDQH FRXOG EH VHOHFWLYHO\ FRQYHUWHG WR K\GURFDUERQV HYHQ DW ���� r&� >���@ 0RVW
RI WKHVH V\VWHPV DUH EDVHG RQ VLOLFRQ GLR[LGH ZLWK LURQ VLWHV� +RZHYHU� WKH UHVSHFWLYH V\QWKHWLF
SURFHGXUHV OHDG WR WKH IRUPDWLRQ RI LOO�GHILQHG PDWHULDOV� PDNLQJ PHFKDQLVWLF VWXGLHV�
GHWHUPLQDWLRQ RI WKH DFWLYH VLWH� DQG HVWDEOLVKPHQW RI DQ\ VWUXFWXUH�DFWLYLW\ UHODWLRQVKLS YHU\
FKDOOHQJLQJ� 7R IDFH WKLV FKDOOHQJH� ZH FRPELQHG VXUIDFH RUJDQRPHWDOOLF FKHPLVWU\ DQG
WKHUPRO\WLF PROHFXODU SUHFXUVRUV WR SUHSDUH D ZHOO�GHILQHG VLOLFD�VXSSRUWHG PDWHULDO ZLWK LURQ�,,�
VLQJOH VLWHV WKDW ZDV FKDUDFWHUL]HG E\ PXOWLSOH DGYDQFHG VSHFWURVFRSLF WHFKQLTXHV� 7KH
V\QWKHVL]HG PDWHULDO SURPRWHV QRQ�R[LGDWLYH FRXSOLQJ RI PHWKDQH WR KLJKHU K\GURFDUERQV �&�+��
&�+�� &�+�� &�+��� UHDFKLQJ D VHOHFWLYLW\ RI ��� DW �� FRQYHUVLRQ� 7KLV LV DFFRPSDQLHG E\ WKH
GHSRVLWLRQ RI FRNH� DQG WKH IRUPDWLRQ RI GHIHFWV� 7KLV FRQWUDVWV ZLWK WKH UHDFWLYLW\ RI VLOLFD
GHK\GUR[\ODWHG DW ���� r& WKDW IDYRUV� DIWHU DQ LQGXFWLRQ SHULRG� WKH IRUPDWLRQ RI FDUERQ GHSRVLWV�
UDWKHU WKDQ K\GURFDUERQV� 6XFK D UHVXOW LQGLFDWHV WKDW LURQ VLWHV VHOHFWLYHO\ VXSSUHVV WKH VXUIDFH
UHDFWLYLW\�DQG�LPSURYH�WKH�VHOHFWLYLW\�>�@

>�@�;LDRJXDQJ�*XR�HW�DO��%DR��6FLHQFH���������������������
>�@�3DQ�;LH�HW�DO��$&6�&DWDO\VLV���������������������
>�@�6HXQJ�-X�+DQ�HW�DO��$&6�&DWDO\VLV���������������������
>�@�0DQQ�6DNERGLQ�HW�DO��$QJHZDQGWH�&KHPLH�,QWHUQDWLRQDO�(GLWLRQ������������������������
>�@�3HWU�ĢRW�HW�DO��&KHPLVWU\��$�(XURSHDQ�-RXUQDO��������DFFHSWHG�
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/DVHU�PLFURVWUXFWXUHG�FRSSHU�UHYHDOV�VHOHFWLYLW\�SDWWHUQV�LQ�WKH�HOHFWURFDWDO\WLF
UHGXFWLRQ�RI�&2�

)��/��9HHQVWUD���1��$FNHUO���$��-��0DUW¯Q���-��3«UH]�5DP¯UH]�


�(7+�=XULFK��'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV�������=XULFK��6ZLW]HUODQG

7KH VWUDWHJ\ RI HQJLQHHULQJ WKH ORFDO FKHPLFDO HQYLURQPHQW WR GLUHFW VHOHFWLYLW\ LQ WKH
HOHFWURUHGXFWLRQ RI &2�WRZDUG YDOXH�DGGHG SURGXFWV LV RQO\ TXDOLWDWLYHO\ XQGHUVWRRG�� 7KH
XQIHDVLELOLW\ RI PHDVXULQJ ORFDO FRQFHQWUDWLRQV DQG WKH OLPLWHG DSSOLFDELOLW\ RI VLPXODWLRQV WR
V\VWHPV ZLWK SUDFWLFDO UHOHYDQFH KLQGHU PRUH SUHFLVH JXLGHOLQHV� +HUH� ZH TXDQWLI\ WKH LPSDFW RI
WKH �HOHFWUR�FKHPLFDO HQYLURQPHQW RQ WKH VHOHFWLYLW\ SDWWHUQ XVLQJ PLFURVWUXFWXUHG &X HOHFWURGHV
SUHSDUHG E\ XOWUD�VKRUW SXOVHG ODVHU DEODWLRQ �)LJ� �D�� :H FUHDWHG UHJXODUO\ GLVWULEXWHG PLFUR�
SUREHV ZLWK FRQWUROOHG OHQJWKV DQG DVVHVVHG WKHLU SURGXFW GLVWULEXWLRQV DW GLVWLQFW SRWHQWLDOV
�)LJ� �E�� 7KH UHJXODU JHRPHWU\ HQDEOHG WKH SUHFLVH HOHFWURO\WH PRGHOLQJ �)LJ� �F�� ZKLFK LQ WXUQ
HQDEOHG DFFXUDWH VLPXODWLRQ RI WKH ORFDO S+ DQG &2� FRQFHQWUDWLRQ FORVH WR WKH FDWDO\WLF VXUIDFH
�)LJ� �G�� 6HOHFWLYLW\ PDSV HPHUJHG WKDW DUH LQVWUXPHQWDO IRU PHFKDQLVWLF DQG DSSOLHG VWXGLHV
�)LJ� �H�� &RPELQHG� WKH\ UHYHDO FOHDU SDWWHUQV IRU &��&� SURGXFWV �)LJ� �I�� VXJJHVWLQJ QRYHO
LQVLJKWV VXFK DV WKH SUHVHQFH RI WZR UHDFWLRQ PHFKDQLVPV IRU SURSDQRO� $GGLWLRQDOO\� FRPELQHG
VHOHFWLYLW\ PDSV RIIHU SURIXQGLW\ LQWR WKH HIIHFW RI RSHUDWLRQ SDUDPHWHUV VXFK DV VWLUULQJ DQG
HOHFWURO\WH FRPSRVLWLRQ RQ WKH SURGXFW GLVWULEXWLRQ� 7KHVH ILQGLQJV FDQ EH GLUHFWO\ WUDQVODWHG WR WKH
GHVLJQ�RI�SUDFWLFDO�GHYLFHV�OLNH�DUWLILFLDO�OHDYHV��

)LJ� �� D 8OWUD�VKRUW SXOVHG �863� ODVHU DEODWLRQ �/$� FUHDWHG PLFUR�SUREHV RQ WKH VXUIDFH RI &X
IRLO� DV REVHUYHG LQ WKH 6(0 PLFURJUDSK� E 5HSUHVHQWDWLYH H[SHULPHQWDO PDS �SURSDQRO LV VKRZQ�
GLVSOD\LQJ )DUDGDLF HIILFLHQF\ �)(� YV� PLFUR�SUREH OHQJWK �/� DQG SRWHQWLDO� F �' PRGHO FRQVLGHUHG
RI WKH HOHFWURO\WH YROXPH QH[W WR WKH FDWDO\WLF VXUIDFH� 7KH PLFUR�SUREH XQGHU DQDO\VLV LV
KLJKOLJKWHG LQ EOXH ZLWK GHSWK �/� DORQJ WKH ]�D[LV� G 5HSUHVHQWDWLYH FDOFXODWHG HYROXWLRQ RI WKH S+
DQG &2� FRQFHQWUDWLRQ DORQJ WKH ]�D[LV �FDVH� /  ��� wP� SRWHQWLDO ಗ��� 9�� H 6HOHFWLYLW\ PDS
REWDLQHG E\ FRPELQLQJ E� DQG VLPXODWLRQV VKRZLQJ )( YV� ORFDO S+ DQG &2� FRQFHQWUDWLRQ� I
&RPELQHG�VHOHFWLYLW\�PDS�IRU�UHOHYDQW�SURGXFWV�

>�@ 6� 1LWRSL� (� %HUWKHXVVHQ� 6� %� 6FRWW� ;� /LX� $� .� (QJVWIHOG� 6� +RUFK� %� 6HJHU� ,� (� /�
6WHSKHQV� .� &KHQ� &� +DKQ� -� .� 1RUVNRY� 7� )� -DUDPLOOR� ,� &KRUNHQGRUII� &KHP� 5HY� ����� ����
�����
>�@�-�5��*DODQ�0DVFDURV��&DWDO��6FL��7HFKQRO�����������������
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(OHFWURQ�GLIIUDFWLRQ�UHVROYHV�WKH�DOXPLQLXP�VLWHV�LQ�D�]HROLWH�FDWDO\VW

-��7��:HQQPDFKHU�����3��5]SHND���7��/L���(��)U¸MG���%��6FKPLWW���-��$��YDQ�%RNKRYHQ�
��7��*UXHQH�


�3DXO�6FKHUUHU�,QVWLWXWH���.DXVW�&DWDO\VLV�&HQWHU����(7+�=¾ULFK���8QLYHUVLW\�RI�9LHQQD

=HROLWHV DUH WKH PRVW LPSRUWDQW LQGXVWULDO FDWDO\VW IRU K\GURFDUERQ SURFHVVLQJ� ,W LV WKH DOXPLQLXP�
WKDW GHWHUPLQHV WKH FKHPLFDO UHDFWLYLW\ RI WKHVH FUXFLDO DOXPLQRVLOLFDWHV� <HW� WKH VLWLQJ DQG
FKHPLFDO VWUXFWXUH RI DOXPLQLXP LQ WKH ]HROLWH IUDPHZRUN UHPDLQV HOXVLYH� 6SHFWURVFRSLF PHWKRGV
GR QRW SURYLGH SKDVH LQIRUPDWLRQ DQG ;�UD\ GLIIUDFWLRQ WHFKQLTXHV DUH DEOH WR GLVFHUQ DOXPLQLXP
IURP VLOLFRQ LQ WKH ]HROLWH ODWWLFH IRU UDUH FDVHV RQO\ >�@� 0RUHRYHU� WKH DOXPLQLXP FRQWHQW RI
LQGXVWULDOO\ XVHG ]HROLWH FDWDO\VWV LV YHU\ ORZ� :H FROOHFWHG HOHFWURQ GLIIUDFWLRQ GDWD WKDW
GLIIHUHQWLDWH EHWZHHQ DOXPLQLXP DQG VLOLFRQ LQ ]HROLWH IUDPHZRUNV >�@� (OHFWURQ GLIIUDFWLRQ HQDEOHV
FRPSOHWH DWRPLF VWUXFWXUH UHVROXWLRQ RI VXEPLFURQ�VL]HG FU\VWDOV DQG FDQ FDUU\ GHOLFDWH
LQIRUPDWLRQ DERXW WKH FKHPLVWU\ RI DWRPV >�@� :H FRPELQHG QRYHO GHWHFWRU WHFKQRORJ\ ZLWK D
FDUHIXO GDWD FROOHFWLRQ SURWRFRO >�@� 2XU GDWD GLIIHUHQWLDWH EHWZHHQ WKH KLJK� DQG ORZ�UHVROXWLRQ
VKHOO RI HOHFWURQ GLIIUDFWLRQ GDWD WR DPSOLI\ LWV FKHPLFDO VHQVLWLYLW\� 7KLV DSSURDFK LV VFUXWLQLVHG
ZLWK WKH DOXPLQRVLOLFDWHV DOELWH �)LJ��� D�� DQG ]HROLWH $ �)LJ��� E��� ZKHUH FRUUHFW SODFHPHQW RI
DOXPLQLXP DWRPV LQ WKH HOHFWURQ FU\VWDOORJUDSKLF VWUXFWXUH LPSURYHG PRGHOOHG GDWD� %\ UHVWULFWLQJ
(' GDWD WR D VSHFLILHG UHVROXWLRQ UDQJH� FRQWUDVW EHWZHHQ 6L DQG $O DWRPV FRXOG EH HQKDQFHG
HYHQ� ,QWULJXLQJO\� ZH FDQ VKRZ� WKDW HOHFWURQV DOVR GHWHFW WKH FKDUJHV DVVRFLDWHG ZLWK WKH
DOXPLQLXP� WKDW SUHVHQW WKH DFWLYH VLWH RI WKH FDWDO\VW� )RUPHU UHVXOWV PLJKW EH XVHG WR HOXFLGDWH
SUHIHUUHG DOXPLQLXP VLWLQJ DQG WKH ORFDWLRQ RI WKH ૼKLGGHQૺ DFWLYH VLWHV LQ WKH ZRUNKRUVH�RI�
LQGXVWU\�]HROLWH =60�� �)LJ��� F���&XUUHQW UHVXOWV GHPRQVWUDWH WKH DELOLW\ RI HOHFWURQV WR VHQVH DQG
XQGHUVWDQG WKH FKHPLVWU\ RI PDWHULDOV DQG ZLOO KDYH D KXJH LPSDFW RQ WKH GHVLJQ RI WDLORU�PDGH
]HROLWH FDWDO\VWV IRU SURFHVVLQJ RI IRVVLO DQG DOWHUQDWLYH IHHGVWRFNV� 2XU H[SHULPHQWV WHPSW WR
FRQFOXGH��WKDW�WKHUH�LV�D�PHDQLQJ�RI�('�EH\RQG�WKH�PHUH�HOXFLGDWLRQ�RI�DWRPLF�VWUXFWXUHV�

�

>�@�-HURHQ�$��YDQ�%RNKRYHQ�HW�DO���1DWXUH�0DWHULDOV���������������
>�@ 7LP *UXHQH� -XOLDQ 7� &� :HQQPDFKHU HW DO�� $QJHZDQGWH &KHPLH ,QWHUQDWLRQDO
(GLWLRQ�����������������૱������
>�@�-XOLDQ�7��&��:HQQPDFKHU�HW�DO���1DW��&RPPXQ����������������
>�@�/HRQDUVNL�HW�DO���1DW��0HWKRGV���������������૱����
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'\QDPLFV�RI�FDWDO\VW�VWUXFWXUH�UHVROYHG�RQ�DQ�DWRPLF�VFDOH�E\�LQ�VLWX�HOHFWURQ
GLIIUDFWLRQ

-��7��:HQQPDFKHU�����$��-��.QRUSS���+��)UH\���7��*UXHQH���-��$��YDQ�%RNKRYHQ�
��0��*��:LOOLQJHU�


�3DXO�6FKHUUHU�,QVWLWXWH���(7+�=¾ULFK���8QLYHUVLW\�RI�9LHQQD���6FLHQWLILF�&HQWHU�IRU�2SWLFDO�DQG
(OHFWURQ�0LFURVF

0DQ\ UHGR[ DFWLYH V\VWHPV� VXFK DV FDWDO\VWV RU EDWWHU\ PDWHULDOV� DUH SUHVHQW DV QDQR� RU
PLFURFU\VWDOOLQH SRZGHUV� (OXFLGDWLQJ WKH G\QDPLFV RI WKHLU VWUXFWXUDO FKDQJHV XQGHU UHDFWLRQ
FRQGLWLRQV KHOSV LQ LPSURYLQJ WKHLU SHUIRUPDQFH� 7KUHH�GLPHQVLRQDO HOHFWURQ GLIIUDFWLRQ �('� KDV
GHYHORSHG LQ D WRRO WR \LHOG WKH DWRPLF VWUXFWXUH RI PLFURFU\VWDOOLQH FRPSRXQGV LQ VKRUW WLPH >�@� ,W
LV FRPSOHPHQWDU\ WR UHDO�VSDFH KLJK�UHVROXWLRQ LPDJLQJ DQG SURYLGHV YROXPH�LQWHJUDWHG
LQIRUPDWLRQ DERXW WKH DWRPLF� DQG HYHQ HOHFWURQLF VWUXFWXUH� 6LQFH (' GDWD FDQ EH UHFRUGHG DW
YHU\ ORZ HOHFWURQ GRVH� WKH PHWKRG LV LGHDOO\ VXLWHG IRU WKH VWXG\ RI H[WUHPHO\ EHDP�VHQVLWLYH
PDWHULDOV WKDW ZRXOG VXIIHU IURP VHYHUH EHDP�GDPDJH LQ FRQYHQWLRQDO KLJK�UHVROXWLRQ 7(0
LPDJLQJ� )XUWKHUPRUH� LW KHOSV WR RYHUFRPH LVVXHV UHODWHG WR WKH XVH RI JDV�IORZ LQ VLWX FHOOV�
ZKHUH HOHFWURQ WUDQVSDUHQW 6L1 PHPEUDQHV GLVWXUE KLJK�UHVROXWLRQ LPDJLQJ ZLWK XQGHVLUHG
EDFNJURXQG� $GGLWLRQDOO\� (' LV OHVV VHQVLWLYH WR VDPSOH GULIW DQG YLEUDWLRQV DQG UHGXFHV EHDP�
LQGXFHG JDV�SKDVH FKHPLVWU\� :H LQYHVWLJDWHG VWUXFWXUDO FKDQJHV DVVRFLDWHG ZLWK WKH UHGR[
DFWLYLW\ RI D FRSSHU ]HROLWH IRU WKH PHWKDQH WR PHWKDQRO FRQYHUVLRQ >�@� 7KH FRSSHU FDWLRQ LV
REVHUYHG WR RFFXS\ GLIIHUHQW FU\VWDOORJUDSKLF SRVLWLRQV �)LJ��D DQG E� LQ WKH IUDPHZRUN RI ]HROLWH
2PHJD GHSHQGLQJ RQ WKH JDVHRXV HQYLURQPHQW� :H DLP WR FDUU\ RXW GLIIUDFWLRQ H[SHULPHQWV
XQGHU UHDFWLRQ FRQGLWLRQV LQ RUGHU WR HOXFLGDWH WKH G\QDPLFV RI FDWDO\VW VWUXFWXUH XQGHU RSHUDQGR
FRQGLWLRQV�

>�@ 7LP *UXHQH� -XOLDQ 7� &� :HQQPDFKHU HW DO�� $QJHZDQGWH &KHPLH ,QWHUQDWLRQDO (GLWLRQ�
���������������૱������
>�@�9LWDO\�6XVKNHYLFK��-HRUHQ�YDQ�%RNKRYHQ�HW�DO���6FLHQFH����������������૱����

�
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*UDSKHQH�FRQMXJDWHG�VLQJOH�VLWH�FDWDO\VWV�IRU�KLJK�SHUIRUPDQFH�HOHFWURFDWDO\WLF�ZDWHU
R[LGDWLRQ

:��:DQ���<��=KDR���&��$��7ULDQD���*��5��3DW]NH�


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

$V D XQLTXH SODWIRUP IRU DWRPLF�OHYHO VWXGLHV RI VWUXFWXUH�SHUIRUPDQFH UHODWLRQVKLSV� VLQJOH�DWRP
FDWDO\VWV �6$&V� KDYH DWWUDFWHG PDVVLYH UHVHDUFK LQWHUHVW LQ UHFHQW \HDUV�� +RZHYHU� WKH
FRQVWUXFWLRQ RI ZHOO�GHILQHG DFWLYH VLWHV DQG XQGHUVWDQGLQJ WKH LQIOXHQFH RI FRRUGLQDWLRQ
HQYLURQPHQWV RQ WKHLU DFWLYLWLHV DUH VWLOO FKDOOHQJLQJ WDVNV�� ,Q WKLV ZRUN� ZH UHSRUW D VRIW�ODQGLQJ
VWUDWHJ\ IRU WDLORUHG 6$&V E\ DQFKRULQJ ZHOO�FRRUGLQDWHG PHWDO SKWKDORF\DQLQHV �03F� 0  1L� &R�
)H� RQ JUDSKHQH R[LGH �*2� OD\HUV DV PRGHOV IRU PHFKDQLVWLF VWXGLHV WRZDUG WKH R[\JHQ HYROXWLRQ
UHDFWLRQ �2(5��� 2XU VWXG\ UHYHDOHG WKDW HOHFWURQLF FKDQQHOV FUHDWHG WKURXJK WKH ͔�͔ FRQMXJDWLRQ
DW WKH LQWHUIDFH EHWZHHQ PROHFXOHV DQG *2 HQKDQFH WKH SHUIRUPDQFH RI 2(5� 7KH FRPELQDWLRQ RI
RSHUDQGR ;�UD\ DEVRUSWLRQ VSHFWURVFRS\ �;$6� DQG GHQVLW\�IXQFWLRQDO WKHRU\ �')7� FDOFXODWLRQV
XQUDYHOHG WKDW WKH 2(5 DFWLYLWLHV RI WKH FDWDO\VWV DUH OLQNHG WR ERWK WKHUPRG\QDPLF DQG NLQHWLF
SURFHVVHV� YLD FRQWURO DW ORZ DQG KLJK SRWHQWLDO UDQJHV� UHVSHFWLYHO\� 7KH FRRUGLQDWLQJ 1 DQG &
DWRPV DURXQG WKH 1L DQG &R FHQWHUV DOVR SDUWLFLSDWH LQ WKH 2(5� ZKLFK SURYLGHV PRUH DFWLYH VLWHV
IRU WKH UHDFWLRQ DQG UHVXOW LQ KLJKHU 2(5 SHUIRUPDQFHV FRPSDUHG WR )H FHQWHU� 2XU VHOHFWLRQ RI
ZHOO�FRRUGLQDWHG DQG KLJKO\ GHILQHG PROHFXODU FDWDO\VWV DV WKH EDVLV IRU 6$&V SURPRWHV WKH
XQGHUVWDQGLQJ�RI�WKHLU�FRRUGLQDWLRQ�DFWLYLW\�UHODWLRQVKLSV

>�@ )HL� -� 'RQJ� <� )HQJ� &� 6� $OOHQ� &� :DQ� %� 9RORVVNL\� 0� /L� =� =KDR� <� :DQJ� +� 6XQ� 3� $Q� :�
&KHQ� =� *XR� &� /HH� '� &KHQ� ,� 6KDNLU� 0� /LX� 7� +X� <� /L� $� ,� .LUNODQG� ;� 'XDQ� <� +XDQJ� 1DW�
&DWDO��������������૱���
>�@ +RX� 0� 4LX� 0� *� .LP� 3� /LX� *� 1DP� 7� =KDQJ� ;� =KXDQJ� %� <DQJ� -� &KR� 0� &KHQ� &� <XDQ�
/��/HL��;��)HQJ��1DW��&RPPXQ������������������
>�@�:DQ��&��$��7ULDQD��-��/DQ��-��/L��&��6��$OOHQ��<��=KDR��0��,DQQX]]L�DQG�*��5��3DW]NH��VXEPLWHG�
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6HOI�7HPSODWLQJ�6WUDWHJLHV�IRU�7UDQVLWLRQ�0HWDO�6XOILGH�1DQRER[HV�DV�5REXVW
%LIXQFWLRQDO�(OHFWURFDWDO\VWV

<��=KDR���&��.��0DYURNHIDORV���*��5��3DW]NH�


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

+ROORZ QDQRVWUXFWXUHV SURYLGH KLJK VXUIDFH DUHDV DQG ULFK DFWLYH VLWHV� DQG FRQVWUXFW D IDYRUDEOH
LQWHUIDFH WR SURPRWH WKH HOHFWURQ WUDQVSRUWDWLRQ� UHJDUGLQJ DV D SURPLVLQJ VWUDWHJ\ WR GHVLJQ
HIILFLHQW HOHFWURFDWDO\VWV IRU ZDWHU VSOLWWLQJ�>�@ 0HDQZKLOH� WUDQVLWLRQ PHWDO VXOILGHV �706V� KDYH
EHHQ H[SORUHG DV WKH HIILFLHQW HOHFWURFDWDO\VWV IRU R[\JHQ HYROXWLRQ UHDFWLRQ �2(5� DQG K\GURJHQ
HYROXWLRQ UHDFWLRQ �+(5��>�@ +HUHLQ� ZH UDWLRQDOO\ SUHSDUHG D VHULHV RI PHWDO VXOILGH QDQRER[HV
�1%V� GHULYHG IURP PHWDO EDVHG 3UXVVLDQ EOXH �3%� QDQRFXEHV DV VHOI�WHPSODWHV�>�@ $QDO\WLFDO
FKDUDFWHUL]DWLRQV LQFOXGHG ;5'� (';� ,&3�$(6� ;36� DQG ;$6 GHPRQVWUDWHG WKDW WKH .LUNHQGDOO
HIIHFWV RI 6�� H[FKDQJH UHDFWLRQ OHDG WR WKH IRUPDWLRQ RI 706V 1%V �UHIHUUHG DV &R�6#3%� &R�)H�
6#3%� 1L�)H�6#3%� DQG &R�)H�0R�6 1%V�� )XUWKHUPRUH� SRVWFDWDO\WLF FKDUDFWHUL]DWLRQV FRQILUPHG
WKDW WKH LQ VLWX IRUPHG WUDQVLWLRQ PHWDO R[LGHV��R[\�K\GUR[LGHV ZHUH UHVSRQVLEOH IRU WKH UHDO DFWLYH
VSHFLHV RI 706V GXULQJ WKH 2(5 SURFHVV� 7KLV FRQFOXVLRQ FDQ JLYH XV D FOHDU LQVLJKW WKDW 706V DUH
VHUYHG DV ૺSUH�FDWDO\VWVૻ IRU 2(5� 7RJHWKHU ZLWK WKH DGYDQFHG PRUSKRORJ\� &R�)H�6#3% 1%V
FRXOG DIIRUG H[FHOOHQW 2(5 SHUIRUPDQFH ZLWK D ORZ RYHUSRWHQWLDO RI ��� P9 DW D FXUUHQW GHQVLW\ RI
�� P$�FP�� D VPDOO 7DIHO VORSH YDOXH RI ����� P9�GHF� DQG KLJK GXUDELOLW\ RYHU �� K ZLWK DQ\
DFWLYLW\ GHFOLQH� 0RUHRYHU� WKH HOHJDQWO\ GHVLJQHG KHWHURVWUXFWXUHV RI &R�)H�0R�6 1%V DUH
SURPLVLQJ�DV�K\EULG�HOHFWURGHV�IRU�2(5�DQG�+(5�WKURXJKRXW�WKH�S+�UDQJH�

>�@�-��:��1DL��;��:��/RX��$GY��0DWHU��������������������
>�@ <� *XR� 7� 3DUN� -�:� <L� -� +HQ]LH� -� .LP� =� :DQJ� %� -LDQJ� <� %DQGR� <� 6XJDKDUD� -� 7DQJ� <�
<DPDXFKL��$GY��0DWHU����������������
>�@ <� =KDR� &� .� 0DYURNHIDORV� 3� =KDQJ� 5� (UQL� -� /L� &� $� 7ULDQD� *� 5� 3DW]NH�&KHP� 0DWHU�
���������������
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0HFKDQLVWLF�LQVLJKWV�LQWR�FDWDO\]HG�SURSDQH�R[\FKORULQDWLRQ�E\�RSHUDQGR�(35
VSHFWURVFRS\

*��=LFKLWWHOOD���<��3RO\KDFK���*��-HVFKNH���-��3«UH]�5DP¯UH]�

�(7+�=¾ULFK

7KH XQGHUVWDQGLQJ RI FDWDO\WLF PHFKDQLVPV JRYHUQLQJ DONDQH DFWLYDWLRQ LV SLYRWDO WR GHYHORS
HIILFLHQW WHFKQRORJLHV KDUYHVWLQJ QDWXUDO JDV DV D NH\ HQHUJ\ YHFWRU LQ WKH WUDQVLWLRQ WRZDUGV
UHQHZDEOHV� 7KLV HQGHDYRU QHFHVVLWDWHV WKH DSSOLFDWLRQ RI RSHUDQGR WHFKQLTXHV DEOH WR DFFHVV
PDWHULDOV SURSHUWLHV XQGHU UHOHYDQW UHDFWLRQ FRQGLWLRQV� +HUHLQ� ZH VKRZ WKDW RSHUDQGR HOHFWURQ
SDUDPDJQHWLF UHVRQDQFH �(35� VSHFWURVFRS\ FDQ GHWHUPLQH WKH R[LGDWLRQ VWDWH RI EHQFKPDUN
FKURPLXP SKRVSKDWH �&U32�� DQG HXURSLXP R[\FKORULGH �(X2&O� V\VWHPV GXULQJ FDWDO\WLF SURSDQH
R[\FKORULQDWLRQ �32&�� D YHU\ LQWHUHVWLQJ URXWH IRU WKH GLUHFW DQG VHOHFWLYH SURGXFWLRQ RI SURS\OHQH
�&�+������ 7KHVH FDWDO\VWV ZHUH FKRVHQ VLQFH &U�� DQG (X��� WKH PDLQ R[LGDWLRQ VWDWHV RI WKHVH
PHWDOV LQ WKHVH V\VWHPV� DUH (35 DFWLYH DQG VLOHQW� UHVSHFWLYHO\� $FFRUGLQJO\� JHQHUDWLRQ RI
UHGXFHG &U�� DQG (X�� LRQV �L�H� GHIHFWV� GXULQJ WKH UHDFWLRQ ZRXOG UHVXOW LQ WKH FRQFRPLWDQW
GHFUHDVH DQG LQFUHDVH RI WKH (35 UHVSRQVH� UHVSHFWLYHO\ �)LJ� �D�� 7KLV HIIHFW FRXOG LQGHHG EH
REVHUYHG E\ WKH VWURQJ GLIIHUHQFH LQ LQWHQVLWLHV RI WKH (35 VSHFWUD RI &U32� DQG (X2&O REWDLQHG LQ
32& DV FRPSDUHG WR WKRVH DFTXLUHG XQGHU LQHUW +H DW HTXLYDOHQW WHPSHUDWXUHV �)LJ� �E�F�� )LQDOO\�
DGGLWLRQDO WHVWV FRQGXFWHG DW GLIIHUHQW WHPSHUDWXUHV UHYHDOHG WKDW WKH \LHOG RI &�+� FRUUHODWHV
OLQHDUO\ ZLWK WKH LQWHQVLW\ RI WKH GRXEOH LQWHJUDO RI WKH (35 VSHFWUD �)LJ� �G�� ZKLFK LV SURSRUWLRQDO
WR WKH DPRXQW RI &U�� DQG (X�� LRQV JHQHUDWHG LQ WKH FDWDO\VWV XSRQ WKH UHDFWLRQ� 7KHVH UHVXOWV
GHPRQVWUDWH RSHUDQGR (35 DV D SURPLVLQJ WHFKQLTXH WR PRQLWRU DQG TXDQWLI\ WKH R[LGDWLRQ VWDWH
RI UHGR[ DFWLYH PHWDO FHQWHUV LQ VHOHFWLYH R[LGDWLRQ FDWDO\VLV� ZKLFK FDQ HQDEOH WKH GHVLJQ RI
HIIHFWLYH�FDWDO\VWV�IRU�&ಗ+�DFWLYDWLRQ�

)LJ� �� D 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH (35 UHVSRQVH RI &U32� DQG (X2&O DV SULVWLQH PDWHULDOV
DQG XSRQ IRUPDWLRQ RI VWUXFWXUDO GHIHFWV �H�J� KDORJHQ DGVRUSWLRQ� R[\JHQ YDFDQF\� (35 VSHFWUD RI
E &U32� DQG F (X2&O DW IL[HG WHPSHUDWXUH GXULQJ 32& DQG XQGHU LQHUW +H� G <LHOG RI &�+� DV D
IXQFWLRQ�RI�WKH�GRXEOH�LQWHJUDO�LQWHQVLW\�RI�WKH�(35�VSHFWUD�GXULQJ�32&�

>�@ =LFKLWWHOOD� 1� $HOOHQ� 9� 3DXQRYLÉ� $� 3� $PUXWH� -� 3«UH]�5DP¯UH]� $QJHZ� &KHP� ,QW� (G� �����
����������
>�@�=LFKLWWHOOD��6��6W¦KHOLQ��)��*RHGLFNH��-��3«UH]�5DP¯UH]��$&6�&DWDO����������������
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