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&KHPLVWU\�DQG�WKH�(QYLURQPHQW��,QYLWHG�/HFWXUH (9����

2UJDQLF�$HURVRO�&RPSRVLWLRQ��(IIHFWV�RQ�+HDOWK�DQG�&OLPDWH

0��.DOEHUHU�����-��&DPSEHOO���-��=KDQJ���.��:ROIHU���%��8WLQJHU���1��%XNRZLHFNL���3��*DOOLPRUH���&�
*LRULR���,��.RXUWFKHY���)��:UDJJ��6��6WHLPHU���

�'HSDUWPHQW�RI�(QYLURQPHQWDO�6FLHQFHV��8QLYHUVLW\�RI�%DVHO��.OLQJHOEHUJVWUDVVH�����%DVHO�
6ZLW]HUODQG����PDUNXV�NDOEHUHU#XQLEDV�FK

2UJDQLF PDWHULDO LV WKH PDLQ IUDFWLRQ LQ DWPRVSKHULF DHURVRO SDUWLFOHV DQG VWURQJO\ GHWHUPLQHV
WKHLU HIIHFWV RQ FOLPDWH EXW DOVR RQ KXPDQ KHDOWK� 'XH WR WKH KLJKO\ FRPSOH[ DQG SRRUO\ NQRZQ
FRPSRVLWLRQ RI WKH RUJDQLF PDWHULDO LQ DHURVROV WKHUH LV RQO\ OLPLWHG XQGHUVWDQGLQJ RI WKHLU HIIHFWV
LQ WKH DWPRVSKHUH� 6LQFH GHFDGHV� HSLGHPLRORJLFDO VWXGLHV KDYH OLQNHG H[SRVXUH WR LQFUHDVHG
FRQFHQWUDWLRQV RI DWPRVSKHULF DHURVRO WR PRUWDOLW\ DQG KRVSLWDO DGPLVVLRQV EXW LW UHPDLQV XQFOHDU
ZKLFK SDUWLFOH SURSHUWLHV DUH FDXVLQJ WKHVH KHDOWK HIIHFWV� ,W LV RIWHQ K\SRWKHVLVHG WKDW WKHVH
QHJDWLYH KHDOWK HIIHFWV DUH GXH WR UHGR[ DFWLYH FRPSRXQG VXFK DV UHDFWLYH R[\JHQ VSHFLHV �526�
GHILQHG KHUH DV LQRUJDQLF DQG RUJDQLF SHUR[LGHV DQG UDGLFDOV�� ZKLFK DUH SUHVHQW LQ DHURVRO
SDUWLFOHV RU JHQHUDWHG XSRQ GHSRVLWLRQ LQ WKH OXQJ� (VWDEOLVKHG PHWKRGV WR TXDQWLI\ 526 LQ DHURVRO
SDUWLFOHV PRVWO\ UHO\ RQ SDUWLFOHV EHLQJ FROOHFWHG RQ ILOWHUV� IROORZHG E\ VXEVHTXHQW H[WUDFWLRQ
VWHSV DQG FKHPLFDO DQDO\VLV� 0DQ\ 526 FRPSRQHQWV� KRZHYHU� DUH VKRUW�OLYHG DQG WKXV ILOWHU�EDVHG
WHFKQLTXHV�ULVN�WR�XQGHUHVWLPDWH�526�FRQFHQWUDWLRQV�LQ�DPELHQW�SDUWLFOHV�

7R RYHUFRPH WKHVH OLPLWDWLRQV DQG WR XQGHUVWDQG WKH DWPRVSKHULF YDULDELOLW\ RI 526 FRPSRQHQWV�
ZH GHYHORSHG D UDQJH RI RQOLQH RSWLFDO VSHFWURVFRS\ >�� �� �@ DQG PDVV VSHFWURPHWU\ >�� �� �� �@
PHWKRGV DQG LQVWUXPHQWV WR FKDUDFWHULVH WKH FRPSOH[LW\ RI RUJDQLF DHURVRO FRPSRVLWLRQ DQG WKH
QDWXUH DQG FRQFHQWUDWLRQ RI WKH VKRUW�OLYHG EXW UHDFWLYH DQG SRWHQWLDOO\ KHDOWK�UHOHYDQW
FRPSRXQGV ZLWK KLJK WLPH UHVROXWLRQ DQG ZLWKRXW GHOD\ EHWZHHQ SDUWLFOH FROOHFWLRQ DQG DQDO\VLV�
:H ZLOO GLVFXVV 526 FRQFHQWUDWLRQV LQ SDUWLFOHV JHQHUDWHG LQ ODERUDWRU\ H[SHULPHQWV XQGHU D UDQJH
RI W\SLFDO DLU SROOXWLRQ FRQGLWLRQV DQG IURP ILHOG H[SHULPHQWV DW XUEDQ ORFDWLRQV LQ $VLD DQG (XURSH�
ZKLFK LQGLFDWH WKDW D ZLGH UDQJH RI SDUWLFOH VRXUFHV FRQWULEXWH WR DPELHQW 526 OHYHOV EXW DOVR WKDW
SKRWRFKHPLFDO SURFHVVHV LQ WKH DWPRVSKHUH SOD\ D GRPLQDQW UROH� )XUWKHU ODERUDWRU\ VWXGLHV ZLOO
EH SUHVHQWHG� ZKLFK IRFXV RQ WKH HOXFLGDWLRQ RI WKH PROHFXODU VWUXFWXUH RI RUJDQLF UDGLFDOV VXFK DV
&ULHJHH ,QWHUPHGLDWHV DQG SHUR[LGHV� DQ DEXQGDQW EXW SRRUO\ FKDUDFWHULVHG R[LGLVLQJ FODVV RI
FRPSRQHQWV�LQ�WKH�JDV�DQG�SDUWLFOH�SKDVH�

>�@ )�3�+� :UDJJ� 6�-� )XOOHU� 5� )UHVKZDWHU� '�&� *UHHQ� )�-� .HOO\� 0� .DOEHUHU�$WPRV� 0HDV� 7HFK��
�������������૱�����
>�@ 6� &DPSEHOO� %� 8WLQJHU� '� /LHQKDUG� 6�(� 3DXOVRQ� -� 6KHQ� 3�7� *ULIILWKV� $�&� 6WHOO� 0� .DOEHUHU�
$QDO��&KHP�������������������������
>�@ 6�(� 3DXOVRQ� 3�-� *DOOLPRUH� ;�0� .XDQJ� -�5� &KHQ� 0� .DOEHUHU� '�+� *RQ]DOH]� 6FL� $GY�� �����
���HDDY�����
>�@�3�-��*DOOLPRUH��0��.DOEHUHU��(QYLURQ��6FL��7HFKQRO�����������������ಗ�����
>�@ &� *LRULR� 6� -� &DPSEHOO� 0� %UXVFKL� )� 7DPSLHUL� $� %DUERQ� $� 7RIIROHWWL� $� 7DSSDUR� &� 3DLMHQV�
$��-��:HGODNH��3��*ULFH��'�-��+RZH��0��.DOEHUHU��-��$P��&KHP��6RF������������������ಗ�����
>�@ 6�6� 6WHLPHU� $� 'HOYDX[� 6�-� &DPSEHOO� 3�-� *DOOLPRUH� 3� *ULFH� '�-� +RZH� '� 3LWWRQ� 0� &ODH\V�
7��+RIIPDQQ��0��.DOEHUHU�$WPRV��&KHP��3K\V�������������������������
>�@ ,� .RXUWFKHY� &� *LRULR� $� 0DQQLQHQ� (� :LOVRQ� %� 0DKRQ� -� $DOWR� 0� .DMRV� '� 9HQDEOHV� 7�
5XXVNDQHQ� -� /HYXOD� 0� /RSRQHQ� 6� &RQQRUV� 1� +DUULV� '� =KDR� $� .LHQGOHU�6FKDUU� 7� 0HQWHO� <�
5XGLFK� 0� +DOOTXLVW� -��)� 'RXVVLQ� :� 0DHQKDXW� -� %¦FN� 7� 3HW¦M¦� -� :HQJHU� 0� .XOPDOD� 0�
.DOEHUHU����6FLHQWLILF�5HSRUWV�����������'2,����������VUHS������
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&KHPLVWU\�DQG�WKH�(QYLURQPHQW��6KRUW�WDON (9����

3KRWRFKHPLFDO�GHJUDGDWLRQ�RI�LURQ�,,,��FLWUDWH�FLWULF�DFLG�DHURVRO�TXDQWLILHG�ZLWK�WKH
FRPELQDWLRQ�RI�WKUHH�FRPSOHPHQWDU\�H[SHULPHQWDO�WHFKQLTXHV�DQG�D�NLQHWLF�SURFHVV

PRGHO

-��'RX���3��$��$OSHUW���3��&RUUDO�$UUR\R���%��/XR���7��3HWHU���0��$PPDQQ���8��.��.ULHJHU�

�,QVWLWXWH�IRU�$WPRVSKHULF�DQG�&OLPDWH�6FLHQFH��(7+�=¾ULFK���/DERUDWRU\�RI�(QYLURQPHQWDO
&KHPLVWU\��3DXO�6FKHUUHU�,QVWLWXWH���/DERUDWRU\�RI�3K\VLFDO�&KHPLVWU\��(7+�=¾ULFK

,URQ�,,,� FDUER[\ODWH SKRWRFKHPLVWU\ SOD\V DQ LPSRUWDQW UROH LQ DHURVRO DJLQJ� HVSHFLDOO\ LQ WKH
ORZHU WURSRVSKHUH� 7KHVH FRPSOH[HV FDQ DEVRUE OLJKW RYHU D EURDG ZDYHOHQJWK UDQJH� LQGXFLQJ WKH
UHGXFWLRQ RI LURQ�,,,� DQG WKH R[LGDWLRQ RI FDUER[\ODWH OLJDQGV >�@� ,Q WKH SUHVHQFH RI 2�� HQVXLQJ
UDGLFDO FKHPLVWU\ OHDGV WR IXUWKHU GHFDUER[\ODWLRQ� DQG WKH SURGXFWLRQ RI 2+� +2�� SHUR[LGHV� DQG
R[\JHQDWHG YRODWLOH RUJDQLF FRPSRXQGV� FRQWULEXWLQJ WR SDUWLFOH PDVV ORVV� 7KH R[LGDQWV� LQ WXUQ�
UH�R[LGL]H LURQ�,,� EDFN WR LURQ�,,,�� FORVLQJ D SKRWRFDWDO\WLF F\FOH >�@� ,Q D FROG DQG�RU GU\
DWPRVSKHUH� RUJDQLF DHURVRO SDUWLFOHV WHQG WR DWWDLQ KLJKO\ YLVFRXV VWDWHV� :KLOH WKH LPSDFW RI
UHGXFHG PRELOLW\ RI DHURVRO FRQVWLWXHQWV RQ GDUN FKHPLFDO UHDFWLRQV KDV UHFHLYHG VXEVWDQWLDO
DWWHQWLRQ� VWXGLHV RQ WKH HIIHFW RI KLJK YLVFRVLW\ RQ SKRWRFKHPLFDO F\FOHV DQG SURFHVVHV DUH
VFDUFH� +HUH� ZH FKRRVH LURQ�,,,��FLWUDWH �)H,,,�&LW�� DV D PRGHO OLJKW DEVRUELQJ LURQ FDUER[\ODWH
FRPSOH[ WKDW LQGXFHV FLWULF DFLG �&$� GHJUDGDWLRQ WR LQYHVWLJDWH KRZ WUDQVSRUW OLPLWDWLRQV LQIOXHQFH
SKRWRFKHPLFDO SURFHVVHV� 7KUHH FRPSOHPHQWDU\ H[SHULPHQWDO DSSURDFKHV ZHUH XVHG WR
LQYHVWLJDWH NLQHWLF WUDQVSRUW OLPLWDWLRQV� 7KH PDVV ORVV RI VLQJOH� OHYLWDWHG SDUWLFOHV ZDV PHDVXUHG
ZLWK DQ HOHFWURG\QDPLF EDODQFH� WKH R[LGDWLRQ VWDWH RI GHSRVLWHG SDUWLFOHV ZDV PHDVXUHG ZLWK ;�
UD\ VSHFWURPLFURVFRS\� DQG +2� UDGLFDO SURGXFWLRQ DQG UHOHDVH LQWR WKH JDV SKDVH ZDV REVHUYHG LQ
FRDWHG ZDOO IORZ WXEH H[SHULPHQWV� :H GHYHORSHG D QXPHULFDO PXOWL�OD\HUHG SKRWRFKHPLFDO
UHDFWLRQ DQG GLIIXVLRQ �35$'� PRGHO WKDW WUHDWV FKHPLFDO UHDFWLRQV DQG WUDQVSRUW RI YDULRXV
VSHFLHV WR TXDQWLWDWLYHO\ FRPSDUH ZLWK RXU H[SHULPHQWV DQG GHWHUPLQH LPSRUWDQW SK\VLFDO DQG
FKHPLFDO SDUDPHWHUV IRU RXU V\VWHP� :H REVHUYHG VLJQLILFDQW SKRWRFKHPLFDO GHJUDGDWLRQ� ZLWK XS
WR �� � PDVV ORVV ZLWKLQ �� KRXUV RI OLJKW H[SRVXUH� :KHQ ZH GHFUHDVHG UHODWLYH KXPLGLW\ RXU
SDUWLFOHV ZHUH H[SRVHG WR� WKH REVHUYHG PDVV ORVV UDWH DOVR GHFUHDVHG� 7KLV LV FRQVLVWHQW ZLWK
VWURQJ NLQHWLF WUDQVSRUW OLPLWDWLRQV IRU KLJKO\ YLVFRXV SDUWLFOHV� 7KH 35$' PRGHO UHSURGXFHG DOO
H[SHULPHQWDO UHVXOWV DQG FDSWXUHG WKH HVVHQWLDO FKHPLVWU\ DQG PROHFXODU WUDQVSRUW GXULQJ
LUUDGLDWLRQ� ,Q SDUWLFXODU� WKH SKRWRO\VLV UDWH RI )H,,,� WKH UH�R[LGDWLRQ UDWH RI )H,,� +2� SURGXFWLRQ�
DQG WKH GLIIXVLRQ FRHIILFLHQWV RI VSHFLHV LQ DTXHRXV )H,,,�&LW��&$ V\VWHP DV IXQFWLRQ RI UHODWLYH
KXPLGLW\ DQG )H,,,�&LW��&$ PRODU UDWLR FRXOG EH FRQVWUDLQHG� 3KRWRFKHPLFDO GHJUDGDWLRQ XQGHU
DWPRVSKHULF FRQGLWLRQV SUHGLFWHG E\ WKH 35$' PRGHO VKRZV WKDW UHOHDVH RI &2� DQG UH�SDUWLWLRQLQJ
RI RUJDQLF FRPSRXQGV WR WKH JDV SKDVH PD\ EH YHU\ VLJQLILFDQW WR DFFXUDWHO\ SUHGLFW RUJDQLF
DHURVRO�DJLQJ�SURFHVVHV�

>�@ -LQJ 'RX� %HLSLQJ /XR� 7KRPDV 3HWHU� 3HWHU $� $OSHUW� 3DEOR &RUUDO $UUR\R� 0DUNXV $PPDQQ�
8OULFK�.��.ULHJHU��7KH�-RXUQDO�RI�3K\VLFDO�&KHPLVWU\�/HWWHUV����������������૱�����
>�@ &KULVWLDQ :HOOHU� $QGUHDV 7LOJQHU� 3HWHU %U¦XHU� +DUWPXW +HUUPDQQ� (QYLURQPHQWDO 6FLHQFH 	
7HFKQRORJ\����������������૱�����

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


&KHPLVWU\�DQG�WKH�(QYLURQPHQW��6KRUW�WDON (9����

$�GHFDGH�RI�DWPRVSKHULF�&2��PROH�IUDFWLRQ�DQG�VWDEOH�LVRWRSH�UDWLRV�DW�-XQJIUDXMRFK
PHDVXUHG�E\�4&/$6��*&�),'�DQG�,506

6��0��3LHEHU���%��7X]VRQ���6��+HQQH���8��.DUVWHQV���+��0RRVVHQ���$��-RUGDQ���0��5RWKH���'��%UXQQHU��
0��6WHLQEDFKHU���/��(PPHQHJJHU�


�$LU�3ROOXWLRQ���(QYLURQPHQWDO�7HFKQRORJ\��(PSD��'¾EHQGRUI��6ZLW]HUODQG���,&26�&DUERQ�3RUWDO�
/XQG�8QLYHUVLW\��6ZHGHQ���0D[�3ODQFN�,QVWLWXWH�IRU�%LRJHRFKHPLVWU\��-HQD��*HUPDQ\

/RQJ�WHUP PRQLWRULQJ RI WKH DWPRVSKHULF FDUERQ GLR[LGH PROH IUDFWLRQV �&2�� LQ SULVWLQH
HQYLURQPHQWV SURYLGHV UHSUHVHQWDWLYH LQIRUPDWLRQ RQ LWV ORQJ�WHUP YDULDELOLW\ DQG UDWH RI FKDQJH�
6XFK UHFRUGV DUH HVVHQWLDO WR XQGHUVWDQG WKH QDWXUDO FDUERQ F\FOH DQG WKH LPSDFW RI DQWKURSRJHQLF
DFWLYLWLHV� 6WDEOH LVRWRSH UDWLRV �͈��&�&2� DQG ͈��2�&2�� SURYLGH DGGLWLRQDO FRQVWUDLQWV LQ PRGHOV
GHVFULELQJ WKH VRXUFH�VLQN SURFHVVHV LQ WKH FDUERQ F\FOH� VXFK DV SDUWLWLRQLQJ RI &2� EHWZHHQ WKH
GLIIHUHQW HQYLURQPHQWDO UHVHUYRLUV WKURXJK SK\VLFDO� FKHPLFDO DQG ELRFKHPLFDO UHDFWLRQV�
DWPRVSKHUH� ELRVSKHUH DQG RFHDQ V\VWHPV� )XUWKHUPRUH� HYDOXDWLQJ DWPRVSKHULF WUDQVSRUW
VLPXODWLRQV DJDLQVW KLJKO\ WLPH�UHVROYHG REVHUYDWLRQV KHOSV UHILQLQJ ERWWRP�XS HVWLPDWHV RI
DQWKURSRJHQLF JUHHQKRXVH JDV IOX[HV DQG LGHQWLI\LQJ JDSV LQ RXU XQGHUVWDQGLQJ RI UHJLRQDO DQG
FDWHJRU\�VSHFLILF FRQWULEXWLRQV� 7KLV LQVLJKW LV FULWLFDO LQ WKH HIIRUWV WR PRQLWRU DQG PLWLJDWH
DQWKURSRJHQLF LPSDFW RQ WKH HQYLURQPHQW� .H\ SUH�UHTXLVLWHV RI ORQJ�WHUP DWPRVSKHULF
REVHUYDWLRQV DUH� KRZHYHU� KLJK DQDO\WLFDO SUHFLVLRQ� UHOLDEOH RSHUDWLRQ UHVXOWLQJ LQ DGHTXDWH GDWD
FRYHUDJH��DQG�FRQVLVWHQF\�DPRQJ�YDULRXV�PRQLWRULQJ�VLWHV�DQG�PHDVXUHPHQW�WHFKQLTXHV�

+HUH� ZH SUHVHQW D XQLTXH REVHUYDWLRQDO GDWD VHW RI DWPRVSKHULF &2�� ͈��&�&2� DQG ͈��2�&2� IRU D
QLQH \HDU SHULRG ����������� REWDLQHG DW WKH KLJK DOWLWXGH UHVHDUFK VWDWLRQ -XQJIUDXMRFK� ORFDWHG
LQ WKH 6ZLVV $OSV DW ���� P DERYH VHD OHYHO� 7KH VWDWLRQ FRQWULEXWHV WR 6ZLVV� (XURSHDQ DQG JOREDO
PRQLWRULQJ SURJUDPV DQG ZDV ODEHOOHG DV D FODVV � VWDWLRQ ZLWKLQ WKH (XURSHDQ ,QWHJUDWHG &DUERQ
2EVHUYLQJ 6\VWHP �,&26� LQ ����� 7KH DWPRVSKHULF &2�� ͈��&�&2� DQG ͈��2�&2� PHDVXUHPHQWV DUH
SHUIRUPHG ZLWK WZR GLIIHUHQW DQDO\WLFDO WHFKQLTXHV DQG LQGHSHQGHQW VDPSOLQJ VWUDWHJLHV� +LJK�
UHVROXWLRQ LQ�VLWX GDWD DUH REWDLQHG FRQWLQXRXVO\ XVLQJ D TXDQWXP FDVFDGH ODVHU DEVRUSWLRQ
VSHFWURPHWHU �4&/$6� >���@� )XUWKHU� GLVFUHWH DLU VDPSOHV DUH FROOHFWHG DV VQDSVKRWV EL�ZHHNO\ LQ
IRUP RI WULSOLFDWHV LQ �/ JODVV IODVNV� 7KH VDPSOHV DUH VXEVHTXHQWO\ DQDO\]HG RII�OLQH ZLWK JDV
FKURPDWRJUDSK\ DQG IODPH LRQL]DWLRQ GHWHFWLRQ �*&�),'� DQG LVRWRSH UDWLR PDVV VSHFWURPHWU\
�,506� >���@� )RU LQWHUSUHWDWLRQ DQG HYDOXDWLRQ� ZH XVH UHFHSWRU�RULHQWHG WUDQVSRUW PRGHO
VLPXODWLRQV�IRU�&2��PROH�IUDFWLRQ�DQG�͈��&�&2��DV�GHVFULEHG�LQ�>�@�DQG�UHIHUHQFHV�WKHUHLQ�

7KH FRPSDULVRQ RI WKH WZR LQGHSHQGHQW VDPSOLQJ DQG PHDVXUHPHQW V\VWHPV \LHOGHG JRRG
DJUHHPHQW DQG DOORZHG GHWHUPLQLQJ GHFDGDO WUHQGV DQG VHDVRQDO SURILOHV DW -XQJIUDXMRFK XQGHU
XQSROOXWHG IUHH WURSRVSKHUH FRQGLWLRQV� 7KH KLJK�UHVROXWLRQ LQ�VLWX REVHUYDWLRQV E\ 4&/$6 HQKDQFH
RXU XQGHUVWDQGLQJ RI (XURSHDQ &2� VRXUFHV DQG VLQNV E\ FDSWXULQJ KRXUO\ DQG GLXUQDO YDULDWLRQV
DQG WKH VKRUWHU WHUP G\QDPLFV RI DWPRVSKHULF &2�� 7RJHWKHU ZLWK WKH WUDQVSRUW VLPXODWLRQV WKH\
DOORZ WR LQWHUSUHW WKH REVHUYHG PROH IUDFWLRQV ZKHQ -XQJIUDXMRFK LV LQIOXHQFHG E\ DLU PDVVHV IURP
WKH�SODQHWDU\�ERXQGDU\�OD\HU�

>�@�7X]VRQ�%��HW�DO��������$3%����������
>�@�1HOVRQ��''��HW�DO��������$3%����������
>�@�7X]VRQ�%��HW�DO��������$&3�����������
>�@�6WXUP�3��HW�DO��������$07����������
>�@�9DQ�'HU�/DDQ�/XLMN[��,7��HW�DO���������$07����������
>�@�*KRVK��3��HW�DO��������5&06�����������
>�@�3LHEHU�60��HW�DO�������
RQOLQH�DW��KWWSV���SUHVHQWDWLRQV�FRSHUQLFXV�RUJ�(*8�����(*8����������BSUHVHQWDWLRQ�SGI
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3ODQW�DQG�PLFURELRWD�GHSHQGHQW�HIIHFWV�RQ�DUVHQLF�EHKDYLRU�LQ�WKH�VRLO�SODQW�V\VWHP

+��*XDQ���9��&DJJ®D���0��&ROO�&UHVSL���;��/LX���$��0HVWURW���.��%��6FKO¦SSL���0��%LJDONH�

�,QVWLWXWH�RI�*HRJUDSK\��8QLYHUVLW\�RI�%HUQ��+DOOHUVWUDVVH�����&+������%HUQ���,QVWLWXWH�RI�3ODQW
6FLHQFHV��8QLYHUVLW\�RI�%HUQ��$OWHQEHUJUDLQ�����&+������%HUQ

$UVHQLF �$V� LV D WUDFH PHWDOORLG NQRZQ DV ૺWKH NLQJ RI SRLVRQVૻ� $V LV DOVR D FODVV RQH FDUFLQRJHQ
DQG LWV KLJK WR[LFLW\ FRUUHODWHV ZLWK D KRVW RI KXPDQ GLVHDVHV H�J� VNLQ FDQFHU� 7KH VSHFLDWLRQ RI $V
ODUJHO\ UHJXODWHV LWV PRELOLW\� ELRDYDLODELOLW\ DQG WR[LFLW\ LQ WKH HQYLURQPHQW� $V VSHFLDWLRQ LV QRW
RQO\ GULYHQ E\ DELRWLF SDUDPHWHUV �S+� '2&�� EXW DOVR FRQWUROOHG E\ ELRWLF LQWHUDFWLRQV ZLWK SODQWV
DQG PLFUREHV� 6RLO PLFURELRWD FDQ HQ]\PDWLFDOO\ WUDQVIRUP $V IURP LQRUJDQLF WR OHVV�WR[LF RUJDQLF
IRUPV� :H SHUIRUPHG DQ H[SHULPHQW WR LQYHVWLJDWH WKH HIIHFWV RI SODQW DQG VRLO PLFURELRWD RQ $V
EHKDYLRU LQ WKH VRLO�SODQW V\VWHP DV ZHOO DV WKH SK\VLRORJLFDO UHVSRQVHV RI PDL]H SODQWV WR $V
H[SRVXUH�

,Q WKH H[SHULPHQW� ZH VHW XS QLQH H[SHULPHQWDO JURXSV� WKUHH VRLO WUHDWPHQWV �QRUPDO VRLO �16��
VWHULOL]HG VRLO �66� DQG ILUVW�VWHULOL]HG VRLO UHFRQGLWLRQHG ZLWK PLFUREHV �56�� LQWHUVHFWLQJ ZLWK WKUHH
$V FRQFHQWUDWLRQ JURXSV ��� ��� DQG ��� SSP�� ,Q HDFK WUHDWPHQW JURXS� �� SRWV ZLWK PDL]H SODQWV
DQG WKUHH SRWV ZLWKRXW PDL]H ZHUH FXOWLYDWHG �)LJXUH ��� )RU WKH $V WUHDWPHQWV ZH VSLNHG VRLOV ZLWK
GLIIHUHQW OHYHOV RI $V� $IWHU VRLO LQFXEDWLRQ IRU WZR PRQWKV DOORZLQJ IRU WKH HTXLOLEUDWLRQ RI $V ZLWK
VRLOV� ZH JUHZ �� PDL]H SODQWV DQG UHJXODUO\ GHWHUPLQHG PXOWL�HOHPHQW FRQFHQWUDWLRQV LQ VRLO
ZDWHU�ZLWK�,&306�DV�ZHOO�DV�$V�VSHFLDWLRQ�E\�PHDQV�RI�+3/&�,&306�

)LUVW� WKH VXP RI RUJDQLF $V VSHFLHV VKRZHG SRVLWLYH FRUUHODWLRQV ZLWK '2& LQ VRLO ZDWHU EXW
QHJDWLYH UHODWLRQV ZLWK WKH S+ YDOXHV� ZKLFK LQGLFDWHV WKDW S+ DQG '2& DUH WZR FRQWUROOLQJ DELRWLF
IDFWRUV UHJDUGLQJ $V PHWK\ODWLRQ LQ WKH VRLO HQYLURQPHQW� 6HFRQG� WKH PDL]H SKHQRW\SLQJ GDWD
UHYHDOHG WKH KD]DUGRXV SK\VLRORJLFDO HIIHFWV RI $V RQ SODQW KHDOWK� :LWK WKH LQFUHDVLQJ RI $V
FRQFHQWUDWLRQV� SODQWV H[SHULHQFHG VPDOOHU SODQW KHLJKW� ORZHU FKORURSK\OO FRQWHQW� DQG JUHDWHU
VFDOH RI VSRW GLVHDVH RQ OHDYHV� 7KLUG� PLFUREHV GR SOD\ D NH\ UROH LQ $V VSHFLDWLRQ DQG LWV HIIHFWV
RQ SODQW KHDOWK� 3ODQWV IURP 16 DFTXLUHG WKH EHVW KHDOWK FRQGLWLRQV HYHQ DW KLJK $V OHYHOV GXH WR
WKH SUHVHQFH RI QDWLYH PLFUREHV� RQ WKH FRQWUDU\� WKH KHDOWK FRQGLWLRQV RI SODQWV LQ 66 ZHUH WKH
ZRUVW� 7KDQNV WR WKH UHFRQGLWLRQ RI QDWLYH PLFUREHV LQ 56� WKH KHDOWK FRQGLWLRQ OHYHO RI SODQWV IURP
56 ZDV EHWZHHQ 16 DQG 66� 2YHUDOO� $V EHKDYLRU LQ VRLO�SODQW V\VWHP LV QRW RQO\ FRQWUROOHG E\
DELRWLF SDUDPHWHUV LQFOXGLQJ '2& FRQWHQW DQG S+ YDOXHV LQ VRLO ZDWHU� EXW DOVR VWURQJO\ LQIOXHQFHG
E\ WKH ELRWLF IDFWRU ૱ VRLO PLFURELRWD� 8QWLO 6&6 )DOO 0HHWLQJ ����� ZH ZLOO IXUWKHUPRUH DQDO\]H
YDULRXV SODQW WLVVXHV �URRW� VWHP� OHDI DQG NHUQHO� E\ PHDQV RI ,&3�06 DQG +3/&�,&306 WR IXOILOO
LQIRUPDWLRQ UHJDUGLQJ WKH FRQFHQWUDWLRQV DQG VSHFLDWLRQ RI $V� ZKLFK JDLQV XV D EHWWHU
XQGHUVWDQGLQJ RI $V EHKDYLRU LQ WKH VRLO�SODQW V\VWHP DV ZHOO DV $V WUDQVIRUPDWLRQ DQG WR[LFLW\
DORQJ�WKH�IRRG�FKDLQ�
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6SHFLHV�VSHFLILF�LVRWRSH�WUDFNLQJ�RI�PHUFXU\�ELRDFFXPXODWLRQ�DQG�ELRWLF
WUDQVIRUPDWLRQV�E\�QDWXUDO�SLFR�QDQRSODQNWRQ�FRPPXQLWLHV�LQ�D�HXWURSKLF�ODNH

7��&RVVDUW���-��*DUFLD�&DOOHMD���(��7HVVLHU���.��.DYDQDJK����=��3HGUHUR���'��$PRXURX[�
��9�
6ODYH\NRYD�


�8QLYHUVLW\�RI�*HQHYD���8QLYHUVLWH�GH�3DX�HW�3D\V�GH�O૷$GRXU

3K\WRSODQNWRQ FRXOG LQIOXHQFH WKH DTXDWLF F\FOH RI PHUFXU\ GLUHFWO\ WKURXJK XSWDNH DQG ELRWLF
WUDQVIRUPDWLRQV� DQG LQGLUHFWO\ WKURXJK WKH H[FUHWLRQ RI ELROLJDQGV LQIOXHQFLQJ GLIIHUHQW DELRWLF DQG
ELRWLF WUDQVIRUPDWLRQV� 2SSRVLWH WR WKH VXEVWDQWLDO ZRUN SHUIRUPHG ZLWK EDFWHULD� WKH UROH RI
SK\WRSODQNWRQ�LQ�+J�WUDQVIRUPDWLRQV�LV�SRRUO\�XQGHUVWRRG�

7KH JRDO RI WKH VWXG\ LV WR JHW LQVLJKWV RQ WKH UROH RI SK\WRSODQNWRQ QDWXUDO FRPPXQLW\ LQ ELRWLF
WUDQVIRUPDWLRQV LQ WKH IUHVKZDWHU V\VWHP RI DQ HXWURSKLF ODNH� 6RSSHQVHH �6ZLW]HUODQG�� 6LQFH WKH
ELRWLF WUDQVIRUPDWLRQV DUH HVVHQWLDOO\ LQWUDFHOOXODU� WKH DFFXPXODWLRQ RI LQRUJDQLF �L+J� DQG
PRQRPHWK\OPHUFXU\ �0H+J� &+�+J��� WKHLU VXEFHOOXODU GLVWULEXWLRQ� DQG WUDQVIRUPDWLRQV E\ WKH
QDWXUDO FRPPXQLW\ RI WKH ODNH ZHUH VWXGLHG� 3K\WRSODQNWRQ FRPPXQLWLHV ZHUH KDUYHVWHG LQ�VLWX DW
� GLIIHUHQW GHSWKV ZLWK 1LVNLQ ERWWOH DQG FRQFHQWUDWHG E\ FHQWULIXJDWLRQ� 7KHQ� WKH UH�VXVSHQGHG
FRPPXQLW\ LV H[SRVHG WR �Q0 RI ���L+J DQG ���S0 RI ���0H+J IRU H[SRVXUH RI ��K� 7KH FHOOXODU
DFFXPXODWLRQ RI +J VSHFLHV ZDV GHWHUPLQHG IROORZLQJ LVRODWLRQ IURP WKH H[SRVXUH PHGLXP E\
JHQWOH FHQWULIXJDWLRQ� 7R JHW LQIRUPDWLRQ DERXW FHOOXODU FRPSDUWPHQWV LQYROYHG LQ WKH SRVVLEOH
WUDQVIRUPDWLRQV� WKH FHOOV ZHUH IXUWKHU VHSDUDWHG LQWR PHPEUDQHV�RUJDQHOOHV DQG F\WRVRO IUDFWLRQV�
+J DQDO\VHV ZHUH FDUULHG RXW E\ LVRWRSLF GLOXWLRQ DQDO\VLV JDV FKURPDWRJUDSK\ FRXSOHG WR
LQGXFWLYHO\ SODVPD PDVV VSHFWURPHWU\� 7KH FKDQJHV LQ WKH UDWLR EHWZHHQ WKH GLIIHUHQFH RI FRQWURO
LVRWRSHV FRQFHQWUDWLRQV EHIRUH DQG DIWHU H[SRVXUH DQG WKH PHDVXUHG LVRWRSHV FRQFHQWUDWLRQV
EHIRUH H[SRVXUH LQ WKH ZKROH FHOOV DQG WKH FHOOXODU IUDFWLRQV ZHUH XVHG WR TXDQWLI\ WKH +J
ELRWUDQVIRUPDWLRQV�

5HVXOWV VKRZHG WKDW FKHPLFDO SDUDPHWHUV DUH VLPLODU WR WKH � GHSWKV DQG� WKH SK\WRSODQNWRQLF FRPPXQLW\
LV KHWHURJHQHRXV DW WKH ILUVW GHSWK DQG GRPLQDWHG E\ GLDWRPV DW WKH VHFRQG GHSWK� %RWK FRPPXQLWLHV
DFFXPXODWHG D VLJQLILFDQW DPRXQW RI L+J DQG 0H+J EXW� WKH FHOOXODU GLVWULEXWLRQ ZDV VSHFLHV� DQG
FRPPXQLW\�GHSHQGDQW� 8QGHU FRPSDUDEOH LQFXEDWLRQ FRQGLWLRQV� +J VSHFLHV ZHUH PRUH DFFXPXODWHG LQ
PHPEUDQHV DQG� UHVXOWV VKRZHG WKDW FRPPXQLW\ GRPLQDWHG E\ GLDWRPV DFFXPXODWHG PRUH +J LQ WKH
F\WRVRO DQG OHVV LQ PHPEUDQHV WKDQ WKH KHWHURJHQHRXV FRPPXQLW\� 7KH +J XSWDNH LV DOPRVW HTXDO
ZLWKRXW GHSHQGHQFH RQ +J VSHFLHV RU FRPPXQLW\� 7KH FDOFXODWLRQ RI ELRWLF WUDQVIRUPDWLRQV GLG QRW DOORZ
WKH GHWHFWLRQ RI +J PHWK\ODWLRQ� 7KH GHPHWK\ODWLRQ SURFHVV ZDV IRXQG� KLJKHU LQ F\WRVRO IUDFWLRQ DQG DW
WKH VHFRQG GHSWK� 6WDWLVWLFDO DQDO\VLV VKRZHG D GHSHQGHQFH RQ WKH FRPPXQLW\ ZLWK D SRVLWLYH FRUUHODWLRQ
EHWZHHQ�WKH�GHPHWK\ODWLRQ�DQG�GLDWRPV�JURXS�
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,GHQWLW\�RI�WKH�&X�,,��$FWLYH�6LWH�RQ�$OXPLQD�IRU�WKH�6WHSZLVH�6HOHFWLYH�&RQYHUVLRQ�RI
0HWKDQH�WR�0HWKDQRO

-��0H\HW���$��$VKXLHY���*��1RK���0��1HZWRQ���'��.ORVH���.��6HDUOHV���$��3��YDQ�%DYHO���$��'��+RUWRQ��
*��-HVFKNH���&��&RS«UHW�
��-��$��YDQ�%RNKRYHQ���


�(7+�=¾ULFK���6KHOO�*OREDO�6ROXWLRQV�,QWHUQDWLRQDO�%�9����(7+�=¾ULFK��6ZLW]HUODQG���3DXO�6FKHUUHU
,QVWLWXWH

7KH GLUHFW FRQYHUVLRQ RI PHWKDQH LQWR PHWKDQRO LV RQH RI WKH PDMRU FKDOOHQJHV RI PRGHUQ
FDWDO\VLV� VLQFH LW KDV WKH SRWHQWLDO IRU D WUDQVLWLRQ IURP D IRVVLO IXHO�EDVHG HFRQRP\ WR PRUH
UHQHZDEOH HQHUJLHV� +RZHYHU� WKLV GLUHFW WUDQVIRUPDWLRQ LV FKDOOHQJLQJ GXH WR WKH LQFUHDVHG
UHDFWLYLW\ RI WKH GHVLUHG SURGXFW FRPSDUHG WR PHWKDQH� OHDGLQJ WR WKH IRUPDWLRQ RI RYHUR[LGL]HG
SURGXFWV�>�@ $PRQJ UHFHQW PDWHULDOV H[SORUHG� &X�H[FKDQJH ]HROLWHV KDYH VKRZQ WKH JUHDWHVW
SRWHQWLDO IRU WKH VHOHFWLYH R[LGDWLRQ RI PHWKDQH WR PHWKDQRO XQGHU VWHSZLVH UHDFWLRQ FRQGLWLRQV�>�@
5HFHQW HFRQRPLF VWXGLHV KDYH VKRZQ WKH HFRQRPLF OLPLWDWLRQ RI WKHVH PDWHULDOV� DPRQJ WKHP WKH
KLJK SULFH RI ]HROLWH DQG ORQJ F\FOLQJ WLPHV�>�@ ,Q WKDW FRQWH[W� FKHDS DQG UHDGLO\ DYDLODEOH VXSSRUWV
VXFK�DV�R[LGHV��PXVW�EH�IXUWKHU�H[SORUHG�
6XUIDFH RUJDQRPHWDOOLF FKHPLVWU\ �620&�>�@ FRPELQHG ZLWK WKHUPRO\WLF PROHFXODU SUHFXUVRUV
�703�>�@ KDV HPHUJHG DV D SRZHUIXO DSSURDFK WR JHQHUDWH LVRODWHG PHWDO VLWHV ZLWK FRQWUROOHG
QXFOHDULW\ DQG R[LGDWLRQ VWDWH RQ R[LGH VXSSRUWV� DOORZLQJ WR GHULYH VWUXFWXUH ૱ UHDFWLYLW\
UHODWLRQVKLSV IRU D ZLGH UDQJH RI UHDFWLRQV�>�@ (PSOR\LQJ WKLV PHWKRGRORJ\� ZH JHQHUDWHG ZHOO�
GLVSHUVHG PRQRPHULF &X�,,� VLWHV RQ D VHULHV RI WUDQVLWLRQDO DOXPLQDV �͇��͋�� ͌� DQG ͅ�$O�2�� DQG
ZHUH DEOH WR UDWLRQDOL]H UHDFWLYLW\ REVHUYHG �)LJXUH �D� WR VSHFLILF SURSHUWLHV RI WKH VXSSRUW� 7KH
LGHQWLW\ RI WKH UHDFWLYH PRQRPHULF &X�,,� VLWH FRXOG EH XQDPELJXRXVO\ GHWHUPLQHG E\ LWV (35
VSHFWURVFRSLF VLJQDWXUH �)LJXUH �E�� &RPELQDWLRQ RI DGYDQFHG VSHFWURVFRSLF WHFKQLTXHV �(35� ,5�
;$6� ZLWK ')7 FDOFXODWLRQ DOORZHG WKH DVVLJQPHQW RI WKH UHDFWLYH &X�,,� VLWH WR D WULFRRUGLQDWHG
&X�,,��SUHVHQW�RQ�WKH�������IDFHW�RI�DOXPLQD�

)LJXUH �� D� PHWKDQRO \LHOG YV� &X�,,� UHGXFWLRQ IRU WKH DOXPLQD VHULHV E� (35 VLJQDWXUH RI WKH
UHDFWLYH�PRQRPHULF�&X�,,��VSHFLHV�

>�@ D� &UDEWUHH HW DO� &KHP� 5HY� ����� ��� �������� E� /DELQJHU HW DO� 1DWXUH ����� ���� �������
F� 6FKZDU] HW DO� $QJHZ� &KHPLH ,QW� (G� ����� ��� ����������� F� 5DYL HW DO� $QJHZ� &KHP� ,QW�
(G������������������������G��0H\HW�HW�DO��$QJHZ��&KHPLH�,QW��(G���������������������
>�@�*URRWKDHUW�HW�DO��-��$P��&KHP��6RF����������������������
>�@�/DQJH�HW�DO��,QG��(QJ��&KHP��5HV���������������������
>�@�&RS«UHW�HW�DO��$QJHZ��&KHP��,QW��(G���������������������
>�@�)XMGDOD�HW�DO��7RSLFV�2UJDQRPHWDO��&KHP��������������૱��
>�@�&RS«UHW�HW�DO��$FF��&KHP��5HV��������������������
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&URS�SURWHFWLRQ�LQ�D�FKDQJLQJ�FOLPDWH

0��/DFKLD�

�6\QJHQWD�&URS�3URWHFWLRQ�������6WHLQ��6ZLW]HUODQG��PDWKLOGHBGHQLVH�ODFKLD#V\QJHQWD�FRP

$JULFXOWXUH DQG IDUPHUV DUH IDFLQJ HQYLURQPHQWDO� VRFLHWDO DQG HFRQRPLF FKDOOHQJHV� 2XU
LQQRYDWLRQ ODQGVFDSH LQ FURS SURWHFWLRQ LV LQWHJUDWLQJ WKHVH FRQFHUQV WR VXSSRUW D VXVWDLQDEOH
DJULFXOWXUH�DQG�WKH�IRRG�VXSSO\�

)RU H[DPSOH� ZDWHU LV D OLPLWHG UHVRXUFH HVVHQWLDO WR DJULFXOWXUH DQG IRRG SURGXFWLRQ� &OLPDWH
FKDQJH DQG DQ LQFUHDVLQJ SRSXODWLRQ ZLOO LQFUHDVH IXUWKHU WKH SUHVVXUH RQ LWV DFFHVV� ,Q WKLV
FRQWH[W� ZH KDYH GHYHORSHG D SURJUDP LQ FURS SURWHFWLRQ UHVHDUFK WR DGGUHVV FOLPDWH FKDQJH
UHVLOLHQFH H[SORULQJ SK\WRKRUPRQHV DQG WKHLU DQDORJXHV WR UHGXFH WKH LPSDFW RI DQ XQIDYRUDEOH
HQYLURQPHQW WR FRUQ� ,Q WKLV SUHVHQWDWLRQ� ZH ZLOO LOOXVWUDWH KRZ FKHPLVWU\ FDQ SOD\ D NH\ UROH LQ
PLWLJDWLQJ�GURXJKW�VWUHVV�RU�FROG�VWUHVV�LQ�DQ�HVVHQWLDO�FURS�

>�@�&XWOHU�6���/DFKLD��0��	�DOO��$&6�&KHP��%LRO���������������ಗ���
>�@�'H�0HVPDHNHU��$��	�DOO�&KLPLD����������������������
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([SORULQJ�H[WUDFHOOXODU�ZDVWHZDWHU�SHSWLGDVHV�WR�LQIRUP�WKH�GHVLJQ�RI�VXVWDLQDEOH
SHSWLGH�EDVHG�DQWLELRWLFV

0��=XPVWHLQ�����'��+HOEOLQJ���-��:HUQHU���.��)HQQHU���


�(DZDJ��'¾EHQGRUI��6ZLW]HUODQG���&RUQHOO�8QLYHUVLW\��,WKDFD��86$���681<�&RUWODQG��86$���8QLYHUVLW\
RI�=XULFK��6ZLW]HUODQG

2QH SURPLVLQJ ZD\ WR UHGXFH DQWKURSRJHQLF SROOXWLRQ RI QDWXUDO HQYLURQPHQWV LV WR UHSODFH
SHUVLVWHQW FKHPLFDOV ZLWK DOWHUQDWLYHV WKDW DUH ELRGHJUDGHG DW WKH SRLQW�RI�HQWU\� 0RWLYDWHG E\ WKH
QHJDWLYH HIIHFWV FDXVHG E\ WKH SUHVHQFH RI DQWLELRWLFV LQ PXQLFLSDO DQG LQGXVWULDO ZDVWHZDWHU �H�J��
WKH LQFUHDVLQJ HPHUJHQFH DQG VSUHDG RI DQWLELRWLF UHVLVWDQFH�� ZH SXUVXHG VXFK D EHQLJQ�E\�
GHVLJQ IUDPHZRUN IRU DQWLELRWLFV� :H IRFXVHG RQ SHSWLGH�EDVHG DQWLELRWLFV EHFDXVH RI WKHLU
SRWHQWLDO WR EH UDSLGO\ K\GURO\]HG DQG LQDFWLYDWHG E\ H[WUDFHOOXODU ZDVWHZDWHU SHSWLGDVHV� ZKLFK
ZH H[SHFW WR OLPLW WKH HPHUJHQFH DQG VSUHDG RI DQWLELRWLF UHVLVWDQFH LQ ZDVWHZDWHU DQG
ZDVWHZDWHU�UHFHLYLQJ HQYLURQPHQWV� 7KH PDMRU LPSHGLPHQW IRU WKH DVVHVVPHQW DQG WKH �UH��GHVLJQ
RI PRUH VXVWDLQDEOH SHSWLGH�EDVHG DQWLELRWLFV LV RXU OLPLWHG XQGHUVWDQGLQJ RI WKH VSHFLILFLW\ RI
ZDVWHZDWHU SHSWLGDVHV� 7R DGGUHVV WKLV NQRZOHGJH JDS� ZH XVHG D VHW RI SHSWLGHV WR DVVHVV WKH
VSHFLILFLW\ RI H[WUDFHOOXODU ZDVWHZDWHU SHSWLGDVHV� 2XU UHVXOWV VXJJHVW WKDW SHSWLGDVH�FDWDO\]HG
K\GURO\VLV RFFXUV DW VSHFLILF ERQGV DQG WKDW WKHUH LV VXEVWDQWLDO RYHUODS LQ VSHFLILFLW\ DFURVV
HQ]\PH SRROV GHULYHG IURP LQGHSHQGHQW ZDVWHZDWHU WUHDWPHQW SODQWV� &RPSOHPHQWDU\ WR
DVVHVVLQJ WKH VSHFLILFLW\ RI H[WUDFHOOXODU ZDVWHZDWHU SHSWLGDVHV� ZH DVVHVVHG WKH VWDELOLW\ RI WKH
VHW RI SHSWLGHV LQ KXPDQ EORRG SODVPD� ZKLFK PLPLFV WKH V\VWHP LQ ZKLFK SHSWLGH�EDVHG
DQWLELRWLFV XVHG IRU WKH WUHDWPHQW RI V\VWHPLF LQIHFWLRQV QHHG WR EH VWDEOH� %\ FRPSDULQJ WKH
UHVXOWV IURP ZDVWHZDWHU DQG EORRG SODVPD H[SHULPHQWV� ZH LGHQWLILHG DPLQR�DFLG PRWLIV WKDW DUH
K\GURO\]HG E\ H[WUDFHOOXODU ZDVWHZDWHU SHSWLGDVHV EXW QRW E\ SHSWLGDVHV LQ KXPDQ EORRG SODVPD�
7KHVH PRWLIV PLJKW EH SURPLVLQJ FDQGLGDWHV IRU WKH �UH��GHVLJQ RI SHSWLGH�EDVHG DQWLELRWLFV� 7KLV
FRQWULEXWLRQ RIIHUV D VLJQLILFDQW VWHS WRZDUGV D EHWWHU XQGHUVWDQGLQJ RI WKH IDWH RI SHSWLGH�EDVHG
DQWLELRWLFV DQG WKH SUHVHQWHG IUDPHZRUN ZLOO FUHDWH RSSRUWXQLWLHV IRU WKH GHVLJQ RI ELRGHJUDGDEOH
FKHPLFDOV�LQ�JHQHUDO�
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7KH�UHOHYDQFH�DQG�UROH�RI�ૺORQJ�OLYHGૻ�SKRWRR[LGDQWV�LQ�DTXDWLF�RUJDQLF�SKRWRFKHPLVWU\

6��&��5HPNH�����8��YRQ�*XQWHQ�����6��&DQRQLFD�


�(DZDJ��6ZLVV�)HGHUDO�,QVWLWXWH�RI�$TXDWLF�6FLHQFH�DQG�7HFKQRORJ\���EHUODQGVWUDVVH������&+�����
'¾EHQGRUI��6ZLW]HUODQG���6FKRRO�RI�$UFKLWHFWXUH��&LYLO�DQG�(QYLURQPHQWDO�(QJLQHHULQJ��(1$&��
(FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH��(3)/���*&�$�������6WDWLRQ�����&+������/DXVDQQH�

6ZLW]HUODQG

6XQOLJKW LUUDGLDWLRQ RI GLVVROYHG RUJDQLF PDWWHU �'20� OHDGV WR WKH IRUPDWLRQ RI SKRWRFKHPLFDOO\
SURGXFHG UHDFWLYH LQWHUPHGLDWHV� ZKLFK FDQ LQGXFH WKH LQGLUHFW SKRWRWUDQVIRUPDWLRQ RI D YDULHW\ RI
RUJDQLF FRQWDPLQDQWV� $ SUHYLRXVO\ REVHUYHG HQKDQFHPHQW HIIHFW LQ WKH LQGLUHFW
SKRWRWUDQVIRUPDWLRQ RI HOHFWURQ�ULFK SKHQROV DW VXEPLFURPRODU FRQFHQWUDWLRQ ZDV DVFULEHG WR VR
IDU XQH[SORUHG ૺORQJ�OLYHGૻ SKRWRR[LGDQWV �//32�� 6XFK //32� KDYLQJ HVWLPDWHG OLIHWLPHV ͘!���
͐V� DUH K\SRWKHVL]HG WR RFFXU FRQFRPLWDQWO\ ZLWK WKH VKRUWHU�OLYHG H[FLWHG WULSOHW VWDWHV RI '20� �
'20
 �͘a� ͐V�� :H VWXGLHG WKH UHOHYDQFH DQG UROH RI //32 E\ VWHDG\�VWDWH LUUDGLDWLRQV� FKHPLFDO
PRGHO V\VWHPV DQG NLQHWLF PRGHOOLQJ� %\ FRPSDULQJ WKH WUDQVIRUPDWLRQ UDWH FRQVWDQW DW D KLJK
���� ͐0� DQG D ORZ ���� ͐0� LQLWLDO FRQFHQWUDWLRQ RI WDUJHW FRPSRXQGV� //32 ZHUH REVHUYHG WR
HQKDQFH WKH WUDQVIRUPDWLRQ RI HOHFWURQ�ULFK FRPSRXQGV RXW RI YDULRXV FKHPLFDO FODVVHV� QDPHO\
SKHQROV� DQLOLQHV� SKHQ\OXUHDV DQG VXOIRQDPLGHV� &KHPLFDO PRGHO V\VWHPV FRQVLVWLQJ RI D
SKRWRVHQVLWL]HU DQG DQ HOHFWURQ�SRRU SKHQRO SURGXFHG DQ DQDORJRXV HQKDQFHPHQW HIIHFW RQ
WUDQVIRUPDWLRQ UDWHV RI HOHFWURQ�ULFK FRPSRXQGV� VXSSRUWLQJ WKH K\SRWKHVLV WKDW HOHFWURQ�SRRU
SKHQROLF�PRLHWLHV�RI�WKH�'20�DUH�SODXVLEOH�//32�SUHVFXUVRUV�
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1DWXUDO�WR[LQ�PRELOLW\�LQ�VRLOV�૱�0HFKDQLVWLF�LQVLJKWV�LQWR�PXOWLIXQFWLRQDO��LRQL]DEOH
RUJDQLF�FRPSRXQG�VRUSWLRQ

&��'��6FK¸QVHH�����)��(��:HWWVWHLQ���7��'��%XFKHOL�


�(QYLURQPHQWDO�$QDO\WLFV��$JURVFRSH�������=¾ULFK��6ZLW]HUODQG���'HSDUWPHQW�RI�(QYLURQPHQWDO
6\VWHPV�6FLHQFH��(7+�=¾ULFK�������=¾ULFK��6ZLW]HUODQG

1DWXUDO WR[LQV DUH D GLYHUVH JURXS RI UDWKHU SRODU� PXOWLIXQFWLRQDO DQG RIWHQ LRQL]DEOH RUJDQLF
FRPSRXQGV���� :KLOH JHQHUDOO\ XQGHUVWXGLHG� VRPH H[HPSODU\ FRPSRXQG FODVVHV FDQ EH IRXQG
ERWK LQ WKH VRLO DQG DTXHRXV HQYLURQPHQW� &RQFHQWUDWLRQV� H�J�� IRU S\UUROL]LGLQH DONDORLGV� YDU\
IURP D IHZ QJ�/ WR VHYHUDO KXQGUHG wJ�/ LQ VXUIDFH ZDWHUV��� RU FDQ UHDFK XS WR PRUH WKDQ ����
wJ�NJ�LQ�FOD\H\�VRLOV��

%\ V\VWHPDWLFDOO\ TXDQWLI\LQJ VRUSWLRQ FRHIILFLHQWV WR PDMRU JHRVRUEHQWV� WKH FRPSRXQGV૷ PRELOLW\
LQ VRLOV FDQ EH DVVHVVHG WR DOORZ IRU UHOLDEOH HQYLURQPHQWDO H[SRVXUH�ULVN DVVHVVPHQW� )RU WKH
SXUSRVH RI V\VWHPDWLF KLJK�WKURXJKSXW DQDO\VLV RI VRUSWLRQ FRHIILFLHQWV� ZH RSWLPL]HG D FROXPQ
FKURPDWRJUDSK\ VHWXS��� WR LQYHVWLJDWH QDWXUDO WR[LQ VRUSWLRQ WR RUJDQLF FDUERQ DQG FOD\ PLQHUDO
VRUEHQWV �NDROLQLWH� PRQWPRULOORQLWH�� $ VHW FRPSULVLQJ RYHU ��� QDWXUDO WR[LQV IURP �� GLIIHUHQW
VXEFODVVHV ZDV VWXGLHG XQGHU FKDQJLQJ HQYLURQPHQWDO FRQGLWLRQV ZLWK UHJDUGV WR S+ DV ZHOO DV WKH
W\SH�RI�LQRUJDQLF�LRQ�DQG�LRQLF�VWUHQJWK��,6��LQ�WKH�DTXHRXV�VROXWLRQ�

6RLO RUJDQLF FDUERQ �62&� VRUSWLRQ RI DQDO\WHV ZKLFK DUH QHXWUDO XQGHU H[SHULPHQWDO FRQGLWLRQV LV
ODUJHO\ JRYHUQHG E\ K\GURSKRELF SDUWLWLRQLQJ DQG +�GRQRU��DFFHSWRU LQWHUDFWLRQV� ,Q FRQWUDVW�
VWURQJ HIIHFWV RI YDULDEOH S+ DQG ,6 VXJJHVW WKDW HOHFWURVWDWLF LQWHUDFWLRQV PDMRUO\ FRQWULEXWH WR WKH
VRUSWLRQ DIILQLW\ RI PXOWLIXQFWLRQDO� LRQL]DEOH FRPSRXQGV� &DWLRQ H[FKDQJH �&(� LV WKH PDMRU
VRUSWLRQ PHFKDQLVP IRU FDWLRQLF QDWXUDO WR[LQV VWUHVVHG E\ WKH VLJQLILFDQW GHFUHDVH LQ VRUSWLRQ LQ
SUHVHQFH RI FRPSHWLQJ LQRUJDQLF FDWLRQV LQ VROXWLRQ� (QKDQFHG VRUSWLRQ LV DGGLWLRQDOO\ VWULNLQJ IRU
�SDUWLDOO\� FDWLRQLF 1�KHWHURF\FOLF QDWXUDO WR[LQV ZLWK DURPDWLF PRLHWLHV� 7KRVH FRPSRXQGV XQGHUJR
FDWLRQ��͔�LQWHUDFWLRQV WKDW VLJQLILFDQWO\ LQFUHDVH WKHLU DIILQLW\ WR 62&� )RU DQDO\WHV ZLWK FRPSOH[LQJ
OLJDQGV RQ QHLJKERULQJ &�DWRPV� S+ DQG ,6 HIIHFWV SRLQW WR WHUQDU\ FRPSOH[ IRUPDWLRQ LQYROYLQJ
&D��� :KHQ FRPSDULQJ FDWLRQ H[FKDQJH FDSDFLW\ QRUPDOL]HG VRUSWLRQ FRHIILFLHQWV IRU 62& DQG FOD\
PLQHUDOV� ERWK FDWLRQLF 1�KHWHURF\FOLF DURPDWLF DQG FRPSOH[LQJ DQDO\WHV VRUE OHVV RU HTXDOO\
VWURQJ WR FOD\V� ZKLOH WKRVH FRPSRXQGV PHUHO\ GRPLQDWHG E\ &( VKRZ XS WR WHQ WLPHV ODUJHU
VRUSWLRQ FRHIILFLHQWV� 2YHUDOO� YDU\LQJ VRUSWLRQ DIILQLWLHV RI QDWXUDO WR[LQV KLJKOLJKW WKDW WKH VRUSWLRQ
RI PXOWLIXQFWLRQDO� LRQL]DEOH RUJDQLF FRPSRXQGV LV WKH UHVXOW RI D FRPSOH[ LQWHUSOD\ RI YDULRXV
LQWHUDFWLRQ PHFKDQLVPV� 7KHVH DUH QRW RQO\ GHSHQGHQW RQ WKH FRPSRXQGV૷ SURSHUWLHV� EXW DOVR WKH
VRUEHQW FKDUDFWHULVWLFV DQG FRPSRVLWLRQ RI WKH DTXHRXV PHGLXP� 2XU UHVXOWV DOORZ WR GLVHQWDQJOH
WKRVH FRPSOH[ PHFKDQLVPV WR SLQSRLQW NH\ VWUXFWXUDO PRLHWLHV GRPLQDWLQJ QDWXUDO WR[LQ PRELOLW\
DQG SURYLGH YDOXDEOH LQVLJKWV IRU XQGHUVWDQGLQJ DQG PRGHOOLQJ HQYLURQPHQWDO WUDQVSRUW DQG IDWH
SURFHVVHV� 7KH ODUJH GDWDVHW DGGLWLRQDOO\ DOORZV WR WHVW H[LVWLQJ PRGHOLQJ DSSURDFKHV IRU WKHLU
DSSOLFDELOLW\�IRU�PXOWLIXQFWLRQDO��LRQL]DEOH�FRPSRXQGV�LQ�JHQHUDO�

>�@�6FK¸QVHH�DQG�%XFKHOL��������-��&KHP��(QJ��'DWD���������ಗ����
>�@�*¾QWKDUGW��HW�DO��������-��$JULF��)RRG��&KHP���������������
>�@�*¾QWKDUGW��HW�D���������&+,0,$��������૱���
>�@�+DPD�DQG�6WUREHO��������56&�$GYDQFHV���������������
>�@�6FKHQ]HO��HW�DO��������(QYLURQ��6FL��7HFKQRO���������������
>�@�0HW]HOGHU�DQG�6FKPLGW��������(QYLURQ��6FL��7HFKQRO���������������
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2FFXUUHQFH�RI�SHVWLFLGH�UHVLGXHV�LQ�DJULFXOWXUDO�VRLOV�DQG�WKHLU�LPSDFW�RQ�LQGLFDWRUV�IRU
VRLO�OLIH

-��5LHGR�����)��:DOGHU���7��'��%XFKHOL���0��*��YDQ�GHU�+HLMGHQ���


�$JURVFRSH��$JURHFRORJ\�DQG�(QYLURQPHQW��5HFNHQKRO]VWUDVVH������&+������=¾ULFK���8QLYHUVLW\�RI
=XULFK��'HSDUWPHQW�RI�3ODQW�DQG�0LFURELDO�%LRORJ\��=ROOLNHUVWUDVVH������&+������=¾ULFK

3HVWLFLGHV DUH DSSOLHG LQ ODUJH TXDQWLWLHV WR DJURHFRV\VWHPV ZRUOGZLGH� OHDGLQJ WR DFFXPXODWLRQ
DQG GLVSHUVLRQ RI SRWHQWLDOO\ SHUVLVWHQW DQG WR[LF UHVLGXHV LQ WKH HQYLURQPHQW� 'HVSLWH WKHLU
EHQHILWV IRU FURS \LHOG� WKH LQWHQVLYH DQG ZLGHVSUHDG XVH RI SHVWLFLGHV LQFUHDVLQJO\ UDLVHV
HQYLURQPHQWDO FRQFHUQV GXH WR FRQWDPLQDWLRQ RI QDWXUDO UHVRXUFHV � DQG WKHLU QHJDWLYH LPSDFW RQ
ELUG� LQVHFW DQG SROOLQDWRU SRSXODWLRQV ���� :KLOH WKH RFFXUUHQFH DQG HIIHFW RI SHVWLFLGHV LQ DTXDWLF
HQYLURQPHQWV UHFHLYHG FRQVLGHUDEOH DWWHQWLRQ� RQO\ IHZ UHSRUWV DUH DYDLODEOH RQ PXOWL�UHVLGXDO
DQDO\VLV RI SHVWLFLGHV LQ VRLOV DQG LW LV VWLOO XQFOHDU ZKHWKHU SHVWLFLGHV DUH D SRWHQWLDO WKUHDW WR VRLO
PLFURRUJDQLVPV� ZKLFK GULYH SLYRWDO VRLO SURFHVVHV VXFK DV SODQW QXWULHQW XSWDNH� FDUERQ DQG
QXWULHQW�F\FOLQJ�

+HUH ZH SURYLGH D FRPSUHKHQVLYH RYHUYLHZ RI WKH SUHVHQFH DQG DEXQGDQFH RI �� ZLGHO\ DSSOLHG
SHVWLFLGHV ��� KHUELFLGHV� �� IXQJLFLGHV� DQG VL[ LQVHFWLFLGHV� LQ VRLOV RI ��� DJULFXOWXUDO ILHOGV�
LQFOXGLQJ �� ILHOGV XQGHU RUJDQLF PDQDJHPHQW� )LHOGV IURP DUDEOH DQG YHJHWDEOH IDUPLQJ V\VWHPV
ZHUH FRPSDUHG DQG LW ZDV DVVHVVHG ZKHWKHU WKH RFFXUUHQFH RI SHVWLFLGHV GHSHQGV RQ
PDQDJHPHQW W\SHV �FRQYHQWLRQDO� FRQYHQWLRQDO ZLWKRXW VRLO WLOODJH� DQG RUJDQLF PDQDJHPHQW��
0RUHRYHU� ZH WHVWHG ZKHWKHU WKH GXUDWLRQ RI RUJDQLF PDQDJHPHQW DIIHFWV WKH RFFXUUHQFH RI
SHVWLFLGHV� $GGLWLRQDOO\� LW ZDV DVVHVVHG ZKHWKHU LPSRUWDQW LQGLFDWRUV RI VRLO OLIH ZHUH OLQNHG WR WKH
QXPEHU�RI�SHVWLFLGH�UHVLGXHV�SUHVHQW�LQ�WKH�VRLO�

3HVWLFLGH UHVLGXHV ZHUH IRXQG LQ DOO RI WKH LQYHVWLJDWHG ILHOGV DQG XS WR �� GLIIHUHQW SHVWLFLGHV ZHUH
SUHVHQW LQ WKH VRLO �� \HDUV DIWHU FRQYHUVLRQ WR RUJDQLF PDQDJHPHQW� 7KLV LQGLFDWHV WKDW D UDQJH RI
SHVWLFLGHV LV PXFK PRUH SHUVLVWHQW WKDQ SUHYLRXVO\ WKRXJKW� 7KH QXPEHU RI SHVWLFLGHV LQ WKH VRLO
ZDV QHJDWLYHO\ OLQNHG WR WKH DEXQGDQFH RI DQ LPSRUWDQW JURXS RI EHQHILFLDO VRLO IXQJL �P\FRUUKL]DO
IXQJL�� 2XU UHVXOWV LQGLFDWH WKDW WKH XELTXLWRXV DQG FRQWLQXRXV SROOXWLRQ RI DJULFXOWXUDO VRLOV ZLWK D
YDULHW\�RI�GLIIHUHQW�SHVWLFLGHV�FDQ�KDYH�D�ORQJ�WHUP�QHJDWLYH�HIIHFW�RQ�VRLO�OLIH�

>�@�$ULDV�(VW«YH]��0���HW�DO���$JULFXOWXUH��(FRV\VWHPV�	�(QYLURQPHQW����������������S����������
>�@�+DOOPDQQ��&��$���HW�DO���1DWXUH�������������������S����������
>�@�6£QFKH]�%D\R��)��DQG�:\FNKX\V��.��$��*���%LRORJLFDO�&RQVHUYDWLRQ�������������S�������
>�@�*LOO��5��-���HW�DO���1DWXUH�������������S���������
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(QYLURQPHQWDOO\�FRQVFLRXV�XVH�RI�VXUIDFWDQW�73*6�����0�LQ�ZDWHU�EDVHG�V\QWKHVLV

&��.UHOO�����)��*DOORX���0��3DUPHQWLHU�

�1RYDUWLV�$*��&KHPLFDO�	�$QDO\WLFDO�'HYHORSPHQW�������%DVHO��6ZLW]HUODQG���
FKULVWRSK�NUHOO#QRYDUWLV�FRP

,Q UHFHQW \HDUV� VXUIDFWDQW 73*6�����0 KDV HPHUJHG DV D SRZHUIXO WRRO IRU SHUIRUPLQJ RUJDQLF
FKHPLVWU\ LQ DTXHRXV PHGLD >���@� (�J�� FDWDO\WLF &�& ERQG IRUPDWLRQV VXFK DV WKH 6RQRJDVKLUD
UHDFWLRQ FDQ EH SHUIRUPHG LQ ZDWHU XQGHU PLOG FRQGLWLRQV >�@� 5HSODFLQJ DQ RUJDQLF UHDFWLRQ
VROYHQW E\ ZDWHU UHVXOWV LQ VWURQJO\ UHGXFHG &2� HPLVVLRQ IURP ZDVWH LQFLQHUDWLRQ DQG LV�
WKHUHIRUH� KLJKO\ GHVLUDEOH� ,Q DGGLWLRQ� WKH SRVVLELOLW\ WR UHSODFH WHUDWRJHQLF VROYHQWV VXFK DV '0)�
'0$ RU 103 E\ DTXHRXV VROXWLRQV RI 73*6�����0 UHSUHVHQWV D PDMRU VWHS WRZDUGV VDIHU FKHPLFDO
PDQXIDFWXULQJ�>�@�

6R IDU� DYDLODEOH 73*6�����0 GDWD ZHUH PRVWO\ UHODWHG WR WKH V\QWKHWLF XVH DQG ZHUH OLPLWHG� 7KH
SUHVHQWDWLRQ ZLOO SURYLGH LQVLJKW LQWR ELRGHJUDGDELOLW\� K\GURO\WLF VWDELOLW\ DQG RWKHU SURSHUWLHV RI
73*6�����0 DQG WKHLU LPSOLFDWLRQV IRU WKH DVVHVVPHQW RI UHODWHG SURFHVV ZDVWH ZDWHUV� 7KH
FXUUHQW�VWDWXV�RI�UHDFWLRQ�ZRUN�XS�RSWLRQV�ZLWK�GDWD�RQ�WKH�IDWH�RI�WKH�VXUIDFWDQW�ZLOO�EH�SUHVHQWHG�

>�@�%��+��/LSVKXW]��6��*KRUDL��$OGULFKLPLFD�$FWD������������������
>�@ 0� &RUWHV�&OHUJHW� 1� $NSRUML� -� =KRX� )� *DR� 3� *XR� 0� 3DUPHQWLHU� )� *DOORX� -��<� %HUWKRQ� %�
+��/LSVKXW]��1DWXUH�&RPP�����������������
>�@�0��-DNREL��)��*DOORX��&��6SDUU��0��3DUPHQWLHU��+HOY��&KLP��$FWD��������H��������
>�@ 1� $� ,VOH\� 5� 7� +� /LQVWDGW� 6� 0� .HOOH\� )� *DOORX� %� +� /LSVKXW]� 2UJ� /HWW�� ����� ���
����������
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2Q�WKH�5HDO�$JLQJ�RI�'LHVHO�2[LGDWLRQ�&DWDO\VW

0��$JRWH�$UDQ���&��&RIIDQR���0��(OVHQHU���)��.UXPHLFK���2��.U¸FKHU�����'��)HUUL�


�3DXO�6FKHUUHU�,QVWLWXW��9LOOLJHQ�������6ZLW]HUODQG����3ROLWHFQLFR�GL�0LODQR��0LODQR��������,WDO\����
'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=¾ULFK��=¾ULFK��������6ZLW]HUODQG�����FROH

SRO\WHFKQLTXH�I«G«UDOH�GH�/DXVDQQH��(3)/��������/DXVDQQH���6ZLW]HUODQG�

$LU SROOXWLRQ IURP HPLVVLRQV RI IRVVLO IXHO SRZHUHG YHKLFOHV LV FXUUHQWO\ D JUHDW FRQFHUQ GXH WR WKH
DGYHUVH HIIHFWV RQ WKH HQYLURQPHQW DQG KHDOWK� &DWDO\WLF FRQYHUWHUV DUH D ZLGHO\ DSSOLHG
WHFKQRORJ\ WR DEDWH WKHVH HPLVVLRQV DQG LQ FDVH RI GLHVHO HQJLQHV� GLHVHO R[LGDWLRQ FDWDO\VWV
�'2&� DUH XVHG WR R[LGL]H &2 DQG XQEXUQHG K\GURFDUERQV �+&�� WKHVH FRQVLVWV RI PRQROLWK
KRQH\FRPEV FRDWHG ZLWK D QREOH PHWDO EDVHG FDWDO\VW >�@� ,Q DGGLWLRQ� '2& R[LGL]HV 12 WR 12� WR
DVVLVW WKH GRZQVWUHDP VHOHFWLYH FDWDO\WLF UHGXFWLRQ SURFHVV FRQYHUWLQJ 12[ LQWR 1�� ,Q RUGHU WR
GHYHORS GXUDEOH FDWDO\VWV� LW LV QHFHVVDU\ WR JDLQ GHWDLOHG XQGHUVWDQGLQJ RQ WKH GHDFWLYDWLRQ
FDXVHG E\ WKH PLOHDJH� 7KHUPDO GHDFWLYDWLRQ DQG FKHPLFDO SRLVRQLQJ �GXH WR DFFXPXODWLRQ RI 6
DQG 3 FRPSRXQGV SUHVHQW LQ IXHO DQG OXEH RLOV� DUH NQRZQ WR FRQWULEXWH WR WKH DJLQJ RI '2& >�@�
:KLOH WKHUPDO HYHQWV FDXVH WKH VLQWHULQJ RI PHWDO QDQRSDUWLFOHV� VHYHUDO HIIHFWV KDYH EHHQ
DWWULEXWHG WR FKHPLFDO SRLVRQLQJ� WKHVH LQFOXGH SUHYHQWLRQ RI 3W SDUWLFOH JURZWK� FKDQJHV LQ
VXSSRUW�DFLGLW\�VXUIDFH�DUHD�DV�ZHOO�DV�FKDQJHV�LQ�WKH�UHGR[�SURSHUWLHV�RI�>�������@�

'XH WR WKH ODUJH QXPEHU RI RYHUODSSLQJ HIIHFWV� LW LV RIWHQ GLIILFXOW WR GLVFULPLQDWH EHWZHHQ WKH
LPSDFW RI HDFK DJLQJ SKHQRPHQD� 7KLV UHVHDUFK DLPV DW JDLQLQJ IXUWKHU LQVLJKW LQWR WKH '2&
GHDFWLYDWLRQ� KHQFH� LQ�GHSWK FKDUDFWHULVDWLRQ RI D FRPPHUFLDO '2& PRQROLWK ZDV SHUIRUPHG LQ LWV
IUHVK DQG DJHG VWDWH �DJHG IRU ��� NNP�� 7R DFFRXQW IRU LQKRPRJHQHLWLHV DORQJ WKH PRQROLWK� WKH
ILHOG DJHG '2& ZDV GLYLGHG LQWR VHYHUDO VHJPHQWV� ZKLFK ZHUH HYDOXDWHG LQGLYLGXDOO\� 7KH
FKDUDFWHULVDWLRQ SHUIRUPHG LQFOXGHV LQGXFWLYHO\ FRXSOHG SODVPD�RSWLFDO HPLVVLRQ VSHFWURPHWU\
�,&3�2(6�� VFDQQLQJ WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\ �67(0�� DQG GLIIXVH UHIOHFWDQFH LQIUDUHG
)RXULHU WUDQVIRUP VSHFWURVFRS\ �'5,)7�� 7KH FDWDO\WLF DFWLYLW\ ZDV HYDOXDWHG XQGHU VLPXODWHG
GLHVHO H[KDXVW JDV� 7KH UHVXOWV VXJJHVW D SDUWLFXODUO\ GHWULPHQWDO HIIHFW RI 3 RQ 12 R[LGDWLRQ
SHUIRUPDQFH�

7KH LQVLJKWV REWDLQHG RQ WKH FRPPHUFLDO '2& ZHUH XVHG WR GHVLJQ FRPELQHG 3 SRLVRQLQJ DQG
WKHUPDO DJLQJ VWXGLHV RQ D PRGHO '2&� $ VHW RI 3 FRQWDLQLQJ � ZW� 3W�$O�2� FDWDO\VWV ZHUH
V\QWKHVLVHG YLD FRQVHFXWLYH LPSUHJQDWLRQ XVLQJ SODWLQXP QLWUDWH DQG DPPRQLXP SKRVSKDWH� ,Q
RQH FDVH� 3W ZDV DGGHG WR DOXPLQD IROORZHG E\ 3 WUHDWPHQW ��3W�$O�2���3�� LQ D VHFRQG FDVH WKH
VXSSRUW ZDV WUHDWHG ZLWK 3 SULRU 3W DGGLWLRQ �3W��$O�2��3��� $ IUDFWLRQ RI WKH VDPSOHV ZHUH WKHQ
K\GURWKHUPDO\ �+7� DJHG ��� YRO� +�2 LQ DLU� ��� r&� �� K� ZKLOH 12 R[LGDWLRQ ZDV PHDVXUHG
XQGHU FRQWLQXRXV IORZ RI ���� SSP 12� � YRO� +�2� �� YRO� 2� LQ 1� GXULQJ WHPSHUDWXUH UDPSV WR
��� R&� 7KH IUHVK 3W�$O�2� H[KLELWHG VPDOO 3W QDQRSDUWLFOHV RI ��� QP� +\GURWKHUPDO DJLQJ UHVXOWHG
LQ D VLJQLILFDQW 12 FRQYHUVLRQ LPSURYHPHQW GXH WR VLQWHULQJ RI 3W QDQRSDUWLFOHV XS WR �� QP�
8QOLNH IRU 3W��$O�2��3�� WKH SUHVHQFH RI 3 VWURQJO\ LQIOXHQFHG WKH 3W SDUWLFOH PRUSKRORJ\ RQ
�3W�$O�2���3 ZKLOH 12 FRQYHUVLRQ GHFUHDVHG� '5,)7 DQG ;�UD\ DEVRUSWLRQ PHDVXUHPHQWV VXJJHVW
WKDW ZKLOH 3 LQGXFHV FKDQJHV LQ 3W UHGR[ SURSHUWLHV� WKH GHDFWLYDWLRQ LQ �3W�$O�2���3 LV ODUJHO\ GXH
WR�WKH�EORFNDJH�RI�DFWLYH�VXUIDFH�

>�@ $� 5XVVHOO� :�6� (SOLQJ� &DWDO� 5HY�� ����� ��� ���� >�@ 0�6� .XPDU� (� .RQGUDWHQNR� 0�+�
$JXLUUH� 3� +XJ� '� 5HQWVFK� $� :LQNOHU� $� :HLGHQNDII� '� )HUUL� $SSO� &DWDO� %� ����� ���� ���� >�@
0��6��:LOEXUQ��:��6��(SOLQJ��(PLVV��&RQWURO�6FL��7HFKQRO���������������
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3URGXFW�*HQHUDWLRQ�DQG�,PDJLQJ�RI�3KRWRDFWLYH�DQG�9LVFRXV�2UJDQLF�$HURVRO�3DUWLFOHV

3��$��$OSHUW���-��'RX���8��.��.ULHJHU���7��3HWHU���3��&RUUDO�$UUR\R���6��%MHOLF���'��6DOLRQRY���0�
$PPDQQ�


�/DERUDWRU\�RI�(QYLURQPHQWDO�&KHPLVWU\��3DXO�6FKHUUHU�,QVWLWXWH���,QVWLWXWH�IRU�$WPRVSKHULF�DQG
&OLPDWH�6FLHQFH��(7+�=¾ULFK���/DERUDWRU\�RI�3K\VLFDO�&KHPLVWU\��(7+�=¾ULFK���%LRHQHUJ\�DQG

&DWDO\VLV�/DERUDWRU\��3DXO�6FKHUUHU�,QVWLWXWH

+HDY\ DHURVRO ORDGLQJ WKUHDWHQV KXPDQ KHDOWK DFURVV WKH JOREH DQG LV W\SLFDOO\ UHODWHG WR
SKRWRFKHPLFDO SURFHVVLQJ DVVRFLDWHG ZLWK HPLVVLRQ RI RUJDQLF� LQRUJDQLF DQG WUDFH PHWDO
FRPSRXQGV >�@� $HURVRO SDUWLFOHV GRPLQDWHG E\ RUJDQLF VROXWHV PD\ DWWDLQ D KLJK RU XOWUD�KLJK
YLVFRVLW\ �!���� 3D V� EHFRPLQJ VROLG�OLNH LQ FROG DQG GU\ DLU� OLPLWLQJ GLIIXVLRQ RI RUJDQLF DQG
UHDFWLYH PROHFXOHV WKURXJK WKH SDUWLFOH YROXPH� DQG WKXV VORZLQJ FKHPLVWU\� ,Q FRQWUDVW�
LOOXPLQDWLRQ DQG WKXV SKRWRFKHPLVWU\� WR SURGXFH UDGLFDOV PD\ RFFXU WKURXJK WKH EXON RI OLJKW
DEVRUELQJ SDUWLFOHV LUUHVSHFWLYH RI GLIIXVLRQ OLPLWDWLRQV� :H LQYHVWLJDWHG LURQ R[LGDWLRQ VWDWH
FKDQJHV LQ SDUWLFOHV FRQWDLQLQJ YDULRXV FRQFHQWUDWLRQV RI FLWULF DFLG DQG LURQ�,,,��FLWUDWH XVLQJ
HQYLURQPHQWDO ;�UD\ VSHFWURPLFURVFRS\ DQG FRDWHG ZDOO IORZ WXEH H[SHULPHQWV� &KHPLFDO LPDJHV
RI DHURVRO SDUWLFOHV ZLWK UHVROXWLRQ FXUUHQWO\ DV ORZ DV ��[��QP ZHUH DFTXLUHG LQ D KXPLGLILHG
PLFURUHDFWRU UHYHDOLQJ VSDWLDO JUDGLHQWV LQ WKH FRQFHQWUDWLRQ RI LURQ�,,� DQG LURQ�,,,� FRPSRXQGV >�@�
:H KDYH DOVR TXDQWLILHG WKH UHOHDVH RI YRODWLOH SURGXFWV� VXFK DV DFHWLF DFLG� DFHWDOGHK\GH DQG
DFHWRQH� GXH WR UDGLFDO UHDFWLRQV DQG GHFDUER[\ODWLRQ VXEVHTXHQW WR OLJDQG WR PHWDO FKDUJH
WUDQVIHU >�@ XVLQJ SURWRQ WUDQVIHU UHDFWLRQ PDVV VSHFWURPHWU\� &RQGHQVHG SKDVH SURGXFWV� VXFK DV
FRPSRXQGV ZLWK ���� FDUERQ DWRPV ZHUH GHWHUPLQHG IURP +3/&�06 DQDO\VLV LPSO\LQJ
IXQFWLRQDOL]DWLRQ� ROLJRPHUL]DWLRQ DQG SRVVLEO\ UDGLFDO�UDGLFDO UHFRPELQDWLRQ UHDFWLRQV RFFXUUHG
GXULQJ SKRWRFKHPLFDO F\FOLQJ� :H KDYH IRXQG VWULNLQJ HYLGHQFH WKDW SDUWLFOHV DQG ILOPV TXLFNO\
EHFDPH DQR[LF GXH WR UHDFWLRQV ZLWK RUJDQLF UDGLFDO VSHFLHV� GHVSLWH EHLQJ LQ DQ 2� DWPRVSKHUH�
ZKLFK PD\ H[SODLQ RXU YDVW PROHFXODU SURGXFW GLVWULEXWLRQ LQ WHUPV RI FDUERQ QXPEHU� 2XU UHVXOWV
DUH KLJKO\ LPSRUWDQW IRU WKH DFFXUDWH SUHGLFWLRQ RI DHURVRO SKDVH UDGLFDO JHQHUDWLRQ DQG FKHPLFDO
ORVV RI R[\JHQDWHG RUJDQLF DHURVRO GRPLQDWHG E\ FDUER[\O IXQFWLRQDOLWLHV >�@� 7KHVH ILQGLQJV DUH
LPSRUWDQW IRU RWKHU SKRWRFKHPLFDOO\ DFWLYH VSHFLHV FRPPRQO\ IRXQG LQ WKH DWPRVSKHUH� LPSO\LQJ D
XELTXLW\�RI�SHUVLVWHQW�UDGLFDOV�LQ�DLUERUQH�SDUWLFOHV�

>�@�+��7RQJ�HW�DO��)DUDGD\�'LVFXVV����������������������
>�@�3��$��$OSHUW�HW�DO��3K\V��&KHP��&KHP��3K\V�������������������������
>�@�-��'RX�HW�DO��-��3K\V��&KHP��/HWW�����������������������
>�@�$��/DVNLQ�HW�DO��$QQX��5HY��$QDO��&KHP��������������������
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3ODQW�SURWHFWLRQ�SURGXFWV�LQ�VRLOV��'HWHUPLQDWLRQ�RI�ELRDYDLODELOLW\�E\�PHDQV�RI�SDVVLYH
VDPSOHV

1��%DUWRORP«���-��5LHGR���'��:¦FKWHU���7��'��%XFKHOL�


�(QYLURQPHQWDO�$QDO\WLFV��$JURVFRSH�������=¾ULFK��6ZLW]HUODQG

7KH FXUUHQW ULVN DVVHVVPHQW DQG OHJLVODWLRQ RI RUJDQLF FRQWDPLQDQWV� VXFK DV SODQW SURWHFWLRQ
SURGXFWV� LQ VRLOV LV PDLQO\ EDVHG RQ WKH GHWHUPLQDWLRQ RI WKH WRWDO FRQFHQWUDWLRQ �&WRWDO� RI WKHVH
FRQWDPLQDQWV LQ GU\ EXON VRLO� +RZHYHU� &WRWDO GRHV QRW SURSHUO\ H[SUHVV WKH H[SRVXUH RI VRLO
RUJDQLVPV� SODQWV DQG KXPDQV� ,QVWHDG� WKH VR�FDOOHG ELRDYDLODEOH FRQFHQWUDWLRQ ZRXOG FRQVWLWXWH
D PRUH UHDOLVWLF SUR[\ >�@� 7KH UHFHQW GHYHORSPHQW RI SDVVLYH VDPSOLQJ �36� PHWKRGV �H�J�� ORZ
GHQVLW\ SRO\HWK\OHQH RU VLOLFRQH VKHHW PDWHULDOV� DOORZV WKH PHDVXUHPHQW RI WKLV ELRDYDLODEOH
FRQFHQWUDWLRQ� VXFK DV WKH IUHHO\ GLVVROYHG FRQFHQWUDWLRQ RI WKH FRQWDPLQDQWV �&IUHH� LQ WKH SRUH
ZDWHU >�@� 7KH &IUHH FDQ EH REWDLQHG E\ HTXLOLEUDWLQJ 36 PHWKRGV ZLWK WKH VWXG\ VRLO XQGHU H[
VLWX FRQGLWLRQV� 7KHQ� WKH DEVRUEHG FRQFHQWUDWLRQ RI WKH FRPSRXQGV LQ WKH ZHOO�FKDUDFWHUL]HG 36
WRJHWKHU ZLWK WKH ODERUDWRU\ PHDVXUHG SRO\PHU�ZDWHU SDUWLWLRQ FRHIILFLHQW �.SRO\PHU�ZDWHU� DOORZV WKH
FDOFXODWLRQ RI WKH &IUHH� 7KLV IDU� 36 KDV EHHQ PDLQO\ XVHG IRU QRQ�SRODU SODQW SURWHFWLRQ SURGXFWV LQ
VRLOV� +RZHYHU� LQIRUPDWLRQ DERXW ZKHWKHU WKHVH WHFKQLTXHV FDQ EH XVHG IRU PRUH SRODU RU VHPL�
SRODU�SODQW�SURWHFWLRQ�SURGXFWV�KDV�EHHQ�VFDUFHO\�UHSRUWHG�

)RU WKLV VWXG\� ZH XVHG -�)OH[ VLOLFRQH VKHHW 36 WR LQYHVWLJDWH VHYHQ SODQW SURWHFWLRQ SURGXFWV
ZLWKLQ DQ RFWDQRO�ZDWHU SDUWLWLRQ FRHIILFLHQW UDQJH EHWZHHQ ORJ ��� WR ���� 7KH VWXG\ ZDV GLYLGHG
LQWR WKUHH SDUWV �)LJXUH �� >�@� ��� D NLQHWLF H[SHULPHQW WR HVWLPDWH WKH HTXLOLEULXP WLPH IRU HDFK
FRPSRXQG EHWZHHQ WKH SRO\PHU DQG WKH ZDWHU SKDVH� ��� DQ HTXLOLEULXP H[SHULPHQW WR FDOFXODWH
WKHLU .SRO\PHU�ZDWHU� DQG ��� D SLORW VWXG\ WR DVVHVV WKHLU &IUHH LQ HOHYHQ DJULFXOWXUDO VRLOV �HLJKW ILHOG
DJHG�VRLOV�DQG�WKUHH�VSLNHG�VRLOV��XQGHU�H[�VLWX�VRLO�VXVSHQVLRQ�FRQGLWLRQV��

:H ZLOO SUHVHQW WKH UHVXOWV RI .SRO\PHU�ZDWHU YDOXHV DQG WKH &IUHH FRQFHQWUDWLRQV LQ WKH DJULFXOWXUDO
VRLOV� 3UHOLPLQDU\ UHVXOWV LQ VSHFLILF FRPSRXQGV VKRZ YDULDELOLW\ LQ &IUHH LQ VRLOV ZLWK WKH VDPH &WRWDO�
'DWD ZLOO EH FRPSDUHG WR SUHYLRXV OLWHUDWXUH DQG GLVFXVVHG LQ WHUPV RI ULVN DVVHVVPHQW DQG
OHJLVODWLRQ��

$FNQRZOHGJPHQW� )XQGLQJ E\ WKH )HGHUDO $JHQF\ RI (QYLURQPHQW �)2(1� LQ %HUQH LV JUDWHIXOO\
DFNQRZOHGJHG� 7KLV SURMHFW LV SDUW RI WKH $FWLRQ 3ODQ IRU 5LVN 5HGXFWLRQ DQG 6XVWDLQDEOH 8VH RI
3HVWLFLGHV��

>�@�2UWHJD�&DOYR��-��-���HW�DO����(QYLURQPHQWDO�6FLHQFH�	�7HFKQRORJ\����������������S���������������
>�@ 5HLFKHQEHUJ� )� DQG 3� 0D\HU�� (QYLURQPHQWDO 7R[LFRORJ\ DQG &KHPLVWU\� ����� ������ S�
�����������
>�@�5XVLQD��7�3���HW�DO���6FLHQFH�RI�7KH�7RWDO�(QYLURQPHQW�������������S����������
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8QUDYHOLQJ�(Q]\PH�.LQHWLFV�RI�2UJDQLF�&RQWDPLQDQW�2[\JHQDWLRQV�ZLWK�WKH�XVH�RI
.LQHWLF�,VRWRSH�(IIHFWV

&��(��%RSS�����6��*��3DWL���+��(��.RKOHU�����7��%��+RIVWHWWHU���


�(DZDJ��6ZLVV�)HGHUDO�,QVWLWXWH�RI�$TXDWLF�6FLHQFH�DQG�7HFKQRORJ\��'HSDUWPHQW�RI�(QYLURQPHQWDO
&KHPLVWU\���EHUODQGVWUDVVH�����������'¾EHQGRUI��6ZLW]HUODQG���8QLYHUVLW\�RI�%DVHO��%LRFKHPLVWU\

5HVHDUFK�*URXS��%HUQRXOOLVWUDVVH����������%DVHO��6ZLW]HUODQG���(7+�=¾ULFK��,QVWLWXWH�RI
%LRJHRFKHPLVWU\�DQG�3ROOXWDQW�'\QDPLFV��8QLYHUVLW¦WVVWUDVVH����������=¾ULFK��6ZLW]HUODQG

2[\JHQDVHV DUH DPRQJ WKH PRVW LPSRUWDQW HQ]\PHV WKDW LQLWLDWH ELRGHJUDGDWLRQ RI SHUVLVWHQW
RUJDQLF SROOXWDQWV LQ FRQWDPLQDWHG HQYLURQPHQWV� (YHQ WKRXJK PDQ\ ELRFKHPLFDO DVSHFWV RI WKLV
GLYHUVH JURXS DUH ZHOO�NQRZQ� TXDQWLI\LQJ UDWHV RI FRQWDPLQDQW UHPRYDO E\ HQ]\PDWLF
R[\JHQDWLRQV UHPDLQV D FKDOOHQJH IRU WZR PDMRU UHDVRQV� )LUVW� HQ]\PHV XVH GLIIHUHQW VWUDWHJLHV WR
DFWLYDWH PROHFXODU R[\JHQ EXW ERWK H[SHULPHQWDO DQG FRPSXWDWLRQDO VWXGLHV RQ WKH FRQWULEXWLRQ RI
R[\JHQ DFWLYDWLRQ WR WKH UDWH RI R[LGDWLYH ELRGHJUDGDWLRQ DUH VFDUFH DQG FRQWUDGLFWLYH� 6HFRQGO\�
QRQSURGXFWLYH UHDFWLRQ SDWKZD\V OHDG WR DQ XQFRXSOLQJ RI R[\JHQ DFWLYDWLRQ IURP VXEVWUDWH
PHWDEROLVP�EXW�RQO\�IHZ�TXDQWLWDWLYH�DQG�V\VWHPDWLF�VWXGLHV�KDYH�FRQVLGHUHG�WKLV�SKHQRPHQRQ�

7R XQGHUVWDQG WKHVH NH\ DVSHFWV RI WKH HQ]\PDWLF F\FOH� ZH FRQGXFWHG V\VWHPDWLF NLQHWLF
DQDO\VHV RI D VHULHV RI QLWURDURPDWLF FRPSRXQGV LQ ODERUDWRU\ PRGHO V\VWHPV RI WZR 5LHVNH QRQ�
KHPH LURQ GLR[\JHQDVHV� D VXEIDPLO\ RI PRQRQXFOHDU QRQ�KHPH LURQ R[\JHQDVHV� WKDW K\GUR[\ODWH
XQDFWLYDWHG DURPDWLF VWUXFWXUHV� :H DQDO\]HG WKH UHDFWLRQ NLQHWLFV� ��&�� DQG �+�DSSDUHQW NLQHWLF
LVRWRSH HIIHFWV RI RUJDQLF VXEVWUDWHV DQG SURGXFWV� TXDQWLILHG WKH VWRLFKLRPHWULHV RI GLVVROYHG 2�
FRQVXPSWLRQ� DQG GHULYHG ��2�.,(V� )RU DOO VXEVWUDWHV� ZH REVHUYHG VLPLODU R[\JHQ LVRWRSH
IUDFWLRQDWLRQV VXJJHVWLQJ WKDW 2� DFWLYDWLRQ ZDV UDWH�OLPLWLQJ UHJDUGOHVV RI VXEVWUDWH� +RZHYHU� WKH
HIILFLHQF\ RI R[\JHQDWLRQ ZDV VXEVWUDWH�VSHFLILF DQG YDULHG EHWZHHQ �� DQG ��� RI WKH DYDLODEOH
2�� 7KH H[WHQW RI WKLV XQFRXSOLQJ UHDFWLRQ LV FRUUHODWHG ZLWK WKH H[WHQW RI LVRWRSH IUDFWLRQDWLRQ
PHDVXUHG LQ WKH RUJDQLF VXEVWUDWH� :H K\SRWKHVL]H WKDW R[\JHQ XQFRXSOLQJ DOORZV WKH GHWHFWLRQ RI
VXEVWUDWH .,(V DIWHU WKH UDWH�GHWHUPLQLQJ 2� DFWLYDWLRQ E\ WKH UHOHDVH RI XQUHDFWHG VXEVWUDWH IURP
WKH DFWLYDWHG HQ]\PH�VXEVWUDWH FRPSOH[� 2XU ILQGLQJV SURYLGH QHZ LQVLJKWV LQWR WKH FDWDO\WLF
PHFKDQLVP�RI�DURPDWLF�GLR[\JHQDWLRQV�

�
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3KRWRFKHPLVWU\�RI�RUJDQLF�PDWWHU�LQ�WKH�DWPRVSKHUH�DQG�LWV�HIIHFW�RQ�PL[HG�SKDVH
FORXG�IRUPDWLRQ

1��%RUGXDV�'HGHNLQG���6��0¾OOHU���6��%RJOHU�

�(7+�=XULFK

$HURVRO�FORXG LQWHUDFWLRQV SOD\ D NH\ UROH LQ WKH HDUWK૷V HQHUJ\ EXGJHW� \HW FRQWULEXWH WR WKH
ODUJHVW XQFHUWDLQW\ LQ UDGLDWLYH IRUFLQJ LQ FOLPDWH PRGHO HVWLPDWHV�>�@ $HURVROV DUH LPSDFWHG E\
SKRWRFKHPLVWU\ GXULQJ WKHLU OLIHWLPH RI GD\V WR ZHHNV LQ WKH DWPRVSKHUH� DOWHULQJ WKHLU FKHPLFDO
DQG SK\VLFDO FRPSRVLWLRQV� ,QGHHG� LQ WKH WLPH LQWHUYDO EHWZHHQ ZKHUH RUJDQLF DHURVROV DUH
HPLWWHG DQG�RU IRUPHG DQG ZKHUH WKH\ DFW DV &&1 DQG ,13� WKH\ ZLOO XQGRXEWHGO\ EH H[SRVHG WR
VXQOLJKW DQG WKXV XQGHUJR DWPRVSKHULF SURFHVVLQJ WKURXJK SKRWRFKHPLVWU\�>���@ <HW� WKH HIIHFW RI
SKRWRFKHPLVWU\ RQ WKH SURSHQVLW\ RI RUJDQLF PDWWHU WR SDUWLFLSDWH LQ WKH LQLWLDO FORXG�IRUPLQJ VWHSV
LV�GLIILFXOW�WR�SUHGLFW�

7R H[SORUH WKH HIIHFW RI SKRWRFKHPLVWU\ RQ RUJDQLF PDWWHU LQ FORXG ZDWHU FRQGLWLRQV� ZH H[SORUHG
WKUHH GLIIHUHQW W\SHV RI VDPSOHV� ��� ILHOG�FROOHFWHG GLVVROYHG RUJDQLF PDWWHU IURP ODNHV DQG ULYHUV
UHOHYDQW IRU ODNH VSUD\ DHURVROV�>�@ ��� KXPLF VXEVWDQFH VWDQGDUGV�>�@ ��� OLJQLQ� DV D VXEFRPSRQHQW
RI RUJDQLF PDWWHU� ��� ILUHZRRG VPRNH� ��� DPPRQLXP VXOIDWH PHWK\O JO\R[DO EURZQ FDUERQ
VROXWLRQV��DQG�����ODE�JHQHUDWHG�VHFRQGDU\�RUJDQLF�DHURVROV>�@�

2XU JURXS૷V UHVHDUFK DLPV WR EHWWHU XQGHUVWDQG KRZ GLUHFW DQG LQGLUHFW SKRWRFKHPLVWU\ LPSDFW WKH
K\JURVFRSLFLW\ DQG LFH QXFOHDWLQJ DELOLW\ RI DWPRVSKHULF RUJDQLF PDWWHU� ([SHULPHQWDOO\� RXU
RUJDQLF PDWWHU VDPSOHV ZHUH GLVVROYHG LQ ZDWHU DQG VXEMHFWHG WR SKRWRFKHPLFDO UHDFWLRQV LQ D
SKRWRUHDFWRU� 6XEVHTXHQWO\� WKH VDPSOHV ZHUH ��� DHURVROL]HG DQG DQDO\]HG XVLQJ D FORXG
FRQGHQVDWLRQ QXFOHL FRXQWHU DQG ��� PHDVXUHG XVLQJ RXU KRPH�EXLOW GURS IUHH]LQJ LFH QXFOHL
FRXQWHU� IRU WKHLU DELOLW\ WR DFWLYDWH FORXGV� :H FRUUHODWH FKDQJHV LQ K\JURVFRSLFLW\� XVLQJ WKH
NDSSD SDUDPHWHU� ZLWK FKDQJHV LQ FKHPLFDO FRPSRVLWLRQ LQFOXGLQJ� WRWDO RUJDQLF FDUERQ �72&�� S+�
89�9LV DEVRUEDQFH� DQG &2� &2�� DFHWLF DFLG� S\UXYLF DFLG DQG IRUPLF DFLG SURGXFWLRQ� ,PSRUWDQWO\�
ZH ILQG WKDW WKH NDSSD RI RUJDQLF PDWWHU RI DOO VL[ VDPSOHV WHVWHG LQFUHDVH VXEVWDQWLDOO\ XSRQ
SKRWR�R[LGDWLRQ� XS WR D IDFWRU RI ���� 7KLV UHVXOW LV FRQVLVWHQW ZLWK D SKRWRPLQHUDOL]DWLRQ
PHFKDQLVP ZKHUH WKH RUJDQLF FDUERQ LV PLQHUDOL]HG WR &2�� DQG ZKHUH FDUERQ PDVV LV ORVW� 2Q WKH
RWKHU KDQG� WKH LFH QXFOHDWLRQ DELOLW\ FKDQJHV XSRQ SKRWRLUUDGLDWLRQ RI WKH VL[ VDPSOHV GRHV QRW
IROORZ D FRQVLVWHQW WUHQG DQG UHPDLQV GLIILFXOW WR SUHGLFW� 2XU UXQQLQJ K\SRWKHVLV LV WKDW WKH VL]H RI
WKH PDFURPROHFXOHV PD\ EH SOD\LQJ D UROH LQ WKHLU DELOLW\ WR WHPSODWH LFH� ,Q DOO�
SKRWRPLQHUDOL]DWLRQ FDQ DOWHU WKH DHURVRO�FORXG UDGLDWLYH HIIHFWV RI RUJDQLF PDWWHU E\ PRGLI\LQJ
WKH VXSHUFRROHG OLTXLG ZDWHU�WR�LFH FU\VWDO UDWLR LQ PL[HG�SKDVH FORXGV ZLWK LPSOLFDWLRQV IRU FORXG
OLIHWLPH��SUHFLSLWDWLRQ�SDWWHUQV�DQG�WKH�K\GURORJLFDO�F\FOH�

>�@ 2� %RXFKHU HW DO�� ૶&ORXGV DQG $HURVROV� ,Q� &OLPDWH &KDQJH ����� 7KH 3K\VLFDO 6FLHQFH %DVLV�
&RQWULEXWLRQ RI :RUNLQJ *URXS , WR WKH )LIWK $VVHVVPHQW 5HSRUW RI WKH ,3&&૷� &DPEULGJH 8QLYHUVLW\
3UHVV��8QLWHG�.LQJGRP�DQG�1HZ�<RUN��1<��86$�������
>�@ &� *HRUJH� 0� $PPDQQ� %� '૷$QQD� '� -� 'RQDOGVRQ� 6� $� 1L]NRURGRY� &KHP� 5HY� ����� ����
�����
>�@�$��/DVNLQ��-��/DVNLQ��6��$��1L]NRURGRY��&KHP��5HY������������������
>�@ 1� %RUGXDV�'HGHNLQG� 5� 2VVROD� 5� 2� 'DYLG� /� 6� %R\QWRQ� 9� :HLFKOLQJHU� =� $� .DQML� .�
0F1HLOO��$WPRV��&KHP��3K\V������������������
>�@�1��%RUGXDV�'HGHNLQG��6��1L]NRURGRY��.��0F1HLOO��&KLP��,QW��-��&KHP����������������
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0RQLWRULQJ�RI�SULRULW\�VXEVWDQFHV�LQ�VHGLPHQWV�RI�6ZLW]HUODQG

&��&DVDGR�0DUWLQH]���6��9DOVHFFKL���3��$��/DUD�0DUWLQ���3��0DUFKDQG���)��%UHLGHU���<��6FKLQGOHU�
:LQGKDEHU����%��-��)HUUDUL���,��:HUQHU�

�6ZLVV�&HQWUH�IRU�$SSOLHG�(FRWR[LFRORJ\��/DXVDQQH�&+���,VWLWXWR�GL�5LFHUFD�VXOOH�$TXH��,56$���&15�
%UXJKHULR�,7���)DFXOW\�RI�0DULQH�DQG�(QYLURQPHQWDO�6FLHQFHV��8&$��&DGL]�(6���2QLULV��,15$(�

/$%(5&$��1DQWHV��)5���(3)/��/DXVDQQH�&+���)HGHUDO�2IILFH�RI�WKH�(QYLURQPHQW��)2(1���%HUQ�&+���
6ZLVV�&HQWUH�IRU�$SSOLHG�(FRWR[LFRORJ\��'¾EHQGRUI�&+

,Q 6ZLW]HUODQG� VXUIDFH ZDWHUV DUH SURWHFWHG E\ WKH 6ZLVV :DWHU 3URWHFWLRQ 2UGLQDQFH �2(DX[��
ZKLFK VWLSXODWHV WKDW WKH ZDWHU TXDOLW\ VKDOO EH VXFK WKDW� �WKH ZDWHU� VXVSHQGHG PDWWHU DQG
VHGLPHQWV FRQWDLQ QR SHUVLVWHQW V\QWKHWLF VXEVWDQFHV WR HQVXUH WKH SURWHFWLRQ RI DTXDWLF OLIH��
&XUUHQW VHGLPHQW TXDOLW\ DVVHVVPHQW LQ 6ZLW]HUODQG PDLQO\ FRQVLVWV RI SK\VLFR�FKHPLFDO DQDO\VHV�
SULPDULO\ RI PHWDOV DQG WR D OHVVHU H[WHQW SRO\F\FOLF DURPDWLF K\GURFDUERQV DQG SRO\FKORULQDWHG
ELSKHQ\OV� 6HGLPHQWV� KRZHYHU� PD\ DFFXPXODWH D ODUJH QXPEHU RI VXEVWDQFHV LQFOXGLQJ� H�J�
SHVWLFLGHV� SKDUPDFHXWLFDOV DQG LQGXVWULDO FKHPLFDOV� )RU WKH SUHSDUDWLRQ RI UHFRPPHQGDWLRQV IRU
VHGLPHQW TXDOLW\ DVVHVVPHQW LQ 6ZLW]HUODQG� D VFUHHQLQJ V\VWHP ZDV LPSOHPHQWHG LQ ���� IRU WKH
LGHQWLILFDWLRQ DQG UDQNLQJ RI VXEVWDQFHV UHOHYDQW IRU VHGLPHQW PRQLWRULQJ� 7KH VFUHHQLQJ DSSURDFK
ZDV ODUJHO\ EDVHG RQ WKH 1250$1 �QHWZRUN RI UHIHUHQFH ODERUDWRULHV� UHVHDUFK FHQWHUV DQG
UHODWHG RUJDQL]DWLRQV IRU PRQLWRULQJ HPHUJLQJ HQYLURQPHQWDO VXEVWDQFHV� V\VWHP� %DVHG RQ WKH
DYDLODEOH TXDQWLW\ RI H[SRVXUH DQG HIIHFW GDWD� VHGLPHQW�UHOHYDQW VXEVWDQFHV ZHUH FODVVLILHG LQWR
ILYH DFWLRQ FDWHJRULHV� �� VXEVWDQFHV ZLWK HQRXJK PRQLWRULQJ GDWD RQ 6ZLVV VHGLPHQWV DQG
LGHQWLILHG HQYLURQPHQWDO ULVNV� �� VXEVWDQFHV ZLWK OLPLWHG PRQLWRULQJ GDWD� �� VXEVWDQFHV ZLWK QR
RU OLPLWHG HFRWR[LFRORJLFDO GDWD� �� VXEVWDQFHV ZLWK QR HQYLURQPHQWDO GDWD IRU 6ZLVV VHGLPHQWV� ��
VXEVWDQFHV ZLWK HQRXJK PRQLWRULQJ GDWD DQG QR LGHQWLILHG ULVNV� 7KLV FODVVLILFDWLRQ ZDV XVHIXO LQ
VHWWLQJ PRQLWRULQJ UHFRPPHQGDWLRQV DQG SULRULWLHV ZKLOH LW FRXOG EH XSGDWHG DV QHZ GDWD
HPHUJHG� $ VHW RI �� VXEVWDQFHV ZDV SULRULWL]HG IRU VHGLPHQW PRQLWRULQJ� DFFRUGLQJ WR VHYHUDO
H[SRVXUH� KD]DUG DQG ULVN VFRUHV� 7KLV VHW RI VXEVWDQFHV LQFOXGHG WKH WUDGLWLRQDO VHGLPHQW
FRQWDPLQDQWV �PHWDOV� 3$+V� 3&%V�� VHYHUDO SHVWLFLGHV �H�J� FKORUS\ULIRV�� RQH DQWLELRWLF DQG WKH
KRUPRQHV �((�� (� DQG (��� VHYHUDO VHZDJH HIIOXHQW PDUNHUV �H�J� WULFORVDQ� WRQDOLGH�� RQH
SKWKDODWH� RQH 3)$6 DQG %'(V DPRQJ RWKHUV� ,Q ���� DQG ���� WZR PRQLWRULQJ FDPSDLJQV ZHUH
FDUULHG RXW WKDW WDUJHWHG WKHVH �� VXEVWDQFHV DQG RWKHU VXEVWDQFHV WKDW FRXOG EH VLPXOWDQHRXVO\
PHDVXUHG XVLQJ WKH VDPH DQDO\WLFDO PHWKRGV� :H ZLOO SUHVHQW WKH UHVXOWV RI WKHVH PRQLWRULQJ
FDPSDLJQV LQ WHUPV RI PHDVXUHG HQYLURQPHQWDO FRQFHQWUDWLRQV DQG GLVWULEXWLRQ LQ 6ZLVV
VHGLPHQWV� :H ZLOO DOVR GLVFXVV UHFRPPHQGDWLRQV IRU LPSURYLQJ VHGLPHQW TXDOLW\ PRQLWRULQJ LQ
6ZLW]HUODQG�
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7KH�UROH�RI�VXUIDFH�VWDWHV�RQ�UHGXFHG�7L2�#%L92��SKRWRDQRGHV��(QKDQFHG�ZDWHU
R[LGDWLRQ�SHUIRUPDQFH�WKURXJK�LPSURYHG�HOHFWURQ�WUDQVIHU

+��&KHQ���-��/L���*��5��3DW]NH�

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

7KH HIILFLHQW WUDQVIHU RI SKRWRJHQHUDWHG FDUULHUV DQG VWDELOLW\ DJDLQVW FRUURVLRQ DUH HVVHQWLDO
SUHUHTXLVLWHV IRU WKH GHVLJQ RI SKRWRHOHFWURGHV WR ERRVW SKRWRHOHFWURFKHPLFDO SHUIRUPDQFH�>���@
+HUH� D UHGXFHG 7L2� SURWHFWHG %L92� �+7L2�#%L92�� SKRWRDQRGH KDV EHHQ SUHSDUHG WR PHHW ERWK
FULWHULD� (OHFWURFKHPLFDO LPSHGDQFH VSHFWURVFRS\ ZDV HPSOR\HG WR LQYHVWLJDWH WKH EHKDYLRU RI
VXUIDFH VWDWHV GXULQJ ZDWHU R[LGDWLRQ� 7ZR ORFDOL]HG VXUIDFH VWDWHV ZHUH IRXQG RQ WKH
+7L2�#%L92� SKRWRDQRGH� WKH ILUVW RQH ORFDWHG QHDU WKH RQVHW SRWHQWLDO� WKH VHFRQG RQH ORFDWHG
VOLJKWO\ ORZHU WKDQ WKH ZDWHU R[LGDWLRQ SRWHQWLDO� 7KH ILUVW VXUIDFH VWDWH LV VXJJHVWHG WR EH VWURQJO\
FRUUHODWHG ZLWK WKH R[\JHQ YDFDQFLHV LQ WKH 7L2� OD\HU WR WUDS HOHFWURQV DQG LQLWLDWH DQ HDUOLHU
RQVHW SKRWRFXUUHQW� ZKLFK ZDV FRQILUPHG E\ [�UD\ SKRWRHOHFWURQ VSHFWURVFRS\ DQG F\FOLF
YROWDPPHWU\ UHVXOWV� 7KH VHFRQG VXUIDFH VWDWH LV SURSRVHG WR EH D UHDFWLRQ FHQWHU� DULVLQJ IURP WKH
IRUPDWLRQ RI XQRFFXSLHG R[\JHQ YDFDQFLHV ZLWK DGMDFHQW 9�� VLWHV� $GGLWLRQDOO\� VXUIDFH
UHFRPELQDWLRQ FHQWHUV� GHULYHG IURP LUUHYHUVLEOH VXUIDFH UHGXFWLRQ UHDFWLRQ RI 92�� WR 92�� LQ
%L92�� ZDV JUHDWO\ SDVVLYDWHG WKURXJK WKLV VWUDWHJ\� ,Q FRQFOXVLRQ� WKH UHGXFWLRQ SURFHVV FDQ WXQH
WKH HOHFWURQ WUDSSLQJ SURFHVV EHWZHHQ WKH WZR VXUIDFH VWDWHV WR DFKLHYH D KLJK SKRWRFXUUHQW RI ���
P$ FP�� DW ���� 95+( DQG D PRUH QHJDWLYH RQVHW SRWHQWLDO RI DURXQG ��� P95+(� 7KHVH
REVHUYDWLRQV SURYLGH IXUWKHU XQGHUVWDQGLQJ RQ FRQWURYHUVLHV RYHU WKH UROH RI VXUIDFH VWDWHV DQG
IXQFWLRQ RI R[\JHQ YDFDQFLHV LQ %L92� SKRWRDQRGHV� RIIHULQJ VRPH LQVLJKWV LQWR WKHLU LPSDFW XSRQ
SKRWRHOHFWURFKHPLFDO�SHUIRUPDQFH�

>�@�3DUN��<���0F'RQDOG��.��-���&KRL��.��6���&KHP��6RF��5HY����������������૱�����
>�@ 7LDQ� =�� =KDQJ� 3�� 4LQ� 3�� 'X 6XQ� =KDQJ� 6�� *XR� ;�� =KDR� :�� =KDR� '�� +XDQJ� )�� $GY�
(QHUJ\�0DWHU�������������������
>�@ /L� -�� :DQ� :�� 7ULDQD� &� $�� 1RYRWQ\� =�� 2VWHUZDOGHU� -�� (UQL� 5�� 3DW]NH� *� 5�� -� $P� &KHP�
6RF������������������૱������
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%LRDFFXPXODWLRQ�DQG�WUDQVIRUPDWLRQ�RI�PHUFXU\�FRPSRXQGV�E\�PRGHO�SK\WRSODQNWRQ�
IRFXV�RQ�JUHHQ�DOJDH�DQG�F\DQREDFWHULD

7��&RVVDUW���-��3��6DQWRV���-��*DUFLD�&DOOHMD���,��:RUPV���(��7HVVLHU���/��2XHUGDQH���=��3HGUHUR���'�
$PRXURX[�
��9��6ODYH\NRYD�


�8QLYHUVLW\�RI�*HQHYD���8QLYHUVLWH�GH�3DX�HW�3D\V�GH�O૷$GRXU

3K\WRSODQNWRQ FRXOG LQIOXHQFH WKH DTXDWLF ELRJHRFKHPLFDO F\FOH RI PHUFXU\ �+J� GLUHFWO\ WKURXJK
XSWDNH DQG ELRWLF WUDQVIRUPDWLRQV� DQG LQGLUHFWO\ WKURXJK WKH H[FUHWLRQ RI OLJDQGV LQIOXHQFLQJ ERWK
DELRWLF DQG ELRWLF WUDQVIRUPDWLRQV� 2SSRVLWH WR WKH VXEVWDQWLDO ZRUN SHUIRUPHG ZLWK EDFWHULD� WKH
UROH RI SK\WRSODQNWRQ� VXFK DV JUHHQ DOJDH DQG F\DQREDFWHULD� LQ +J WUDQVIRUPDWLRQ LV SRRUO\
XQGHUVWRRG�

7KH JRDO RI WKH VWXG\ LV WR JHW LQVLJKWV RQ WKH UROH RI PRGHO SK\WRSODQNWRQ LQ ELRWLF WUDQVIRUPDWLRQV
LQ IUHVKZDWHU V\VWHPV� 6LQFH ELRWLF WUDQVIRUPDWLRQV DUH HVVHQWLDOO\ LQWUDFHOOXODU� WKH DFFXPXODWLRQ
RI LQRUJDQLF �L+J� DQG PRQRPHWK\OPHUFXU\ �0H+J�� WKHLU VXEFHOOXODU GLVWULEXWLRQ� DQG
WUDQVIRUPDWLRQ LQ JUHHQ DOJDH &KODP\GRPRQDV UHLQKDUGWLL� DQG F\DQREDFWHULXP 6\QHFKRF\VWLV 3&&
���� ZHUH VWXGLHG� 0RGHO RUJDQLVPV ZHUH KDUYHVWHG DW PLG�H[SRQHQWLDO DQG VWDWLRQDU\ JURZWK
SKDVHV DQG H[SRVHG WR �Q0 RI ���L+J DQG ���Q0 RI ���0H+J GXULQJ ��K� 7KH FHOOXODU XSWDNH RI ERWK
+J VSHFLHV ZDV GHWHUPLQHG IROORZLQJ LVRODWLRQ IURP WKH H[SRVXUH PHGLXP E\ JHQWOH FHQWULIXJDWLRQ�
7R JHW LQIRUPDWLRQ DERXW FHOOXODU FRPSDUWPHQWV LQYROYHG LQ WKH SRVVLEOH WUDQVIRUPDWLRQV� WKH FHOOV
ZHUH IXUWKHU VHSDUDWHG LQWR PHPEUDQHV DQG F\WRVRO IUDFWLRQV� +J FRQWHQW GHWHUPLQDWLRQ ZDV
FDUULHG RXW E\ LVRWRSLF GLOXWLRQ DQDO\VLV JDV FKURPDWRJUDSK\ FRXSOHG WR LQGXFWLYHO\ FRXSOHG
SODVPD PDVV VSHFWURPHWU\� 7KH FKDQJHV LQ WKH UDWLR EHWZHHQ WKH GLIIHUHQFH RI VSLNHG LVRWRSHV
FRQFHQWUDWLRQ EHIRUH DQG DIWHU WKH H[SRVXUH DQG WKH FRQFHQWUDWLRQ RI WKH WUDQVIRUPHG LVRWRSHV
GXULQJ H[SRVXUH LQ WKH ZKROH�FHOO DQG WKH VXEFHOOXODU IUDFWLRQV ZHUH XVHG WR GHWHUPLQH WKH +J
WUDQVIRUPDWLRQV�

7KH UHVXOWV GHPRQVWUDWHG D UDSLG DFFXPXODWLRQ RI L+J DQG 0H+J E\ JUHHQ DOJD DQG F\DQREDFWHULXP�
+RZHYHU� WKH FHOOXODU FRQFHQWUDWLRQV ZHUH VSHFLHV� DQG JURZWK�GHSHQGDQW� 8QGHU FRPSDUDEOH FRQGLWLRQV�
6\QHKRF\VWLV DFFXPXODWHG DERXW WZLFH PRUH L+J WKDQ &� UHLQKDUGWLL� 1R VLJQLILFDQW +J WUDQVIRUPDWLRQV
KDYH EHHQ IRXQG LQ F\DQREDFWHULD FHOOV LQ RXU VWXGLHV FRQGLWLRQV ZKLOH JUHHQ DOJD FHOOV DUH DEOH WR
GHPHWK\ODWH 0H+J PDLQO\ LQ WKH F\WRVROLF IUDFWLRQ DQG PRUH VSHFLILFDOO\ LQ WKH VWDWLRQDU\ SKDVH RI JURZWK�
7KH UHVXOWV KDYH LPSRUWDQW LPSOLFDWLRQV IRU WKH LPSURYHG XQGHUVWDQGLQJ RI WKH UROH RI SK\WRSODQNWRQ LQ WKH
DTXDWLF�HQYLURQPHQW�DV�ZHOO�DV�IRU�WKH�DFFXPXODWLRQ�RI�+J�VSHFLHV�LQ�WKH�DTXDWLF�IRRG�ZHEV�
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7UDQVJHQHUDWLRQDO�)DWH�RI�3RO\FKORULQDWHG�%LSKHQ\OV�IURP�&RZ�WR�&DOI�GXULQJ�*HVWDWLRQ
DQG�/DFWDWLRQ

&��'ULHVHQ���6��/HUFK�
��5��6LHJHQWKDOHU���0��=HQQHJJ�


�(PSD�૱�/DERUDWRU\�IRU�$GYDQFHG�$QDO\WLFDO�7HFKQRORJLHV���EHUODQGVWUDVVH������&+�����
'¾EHQGRUI��6ZLW]HUODQG���$JURVFRSH�૱�5XPLQDQWV�5HVHDUFK�8QLW��7LROH\UH����&+������3RVLHX[�
6ZLW]HUODQG���$JURVFRSH�૱�5HVHDUFK�&RQWUDFWV�$QLPDOV��7LROH\UH����&+������3RVLHX[��6ZLW]HUODQG

&RQVXPSWLRQ RI IRRG RI DQLPDO RULJLQ DFFRXQWV IRU ��� RI WKH WRWDO KXPDQ H[SRVXUH WR
SRO\FKORULQDWHG ELSKHQ\OV �3&%V�� ZKLFK DUH OLVWHG DV SHUVLVWHQW RUJDQLF SROOXWDQWV �323V�� ,Q WKH
FDVH RI ERYLQH PHDW� IRUPHU 6ZLVV PRQLWRULQJ SODQV IRFXVLQJ RQ VXFNOLQJ FRZ SURGXFWLRQ V\VWHPV
UHFRUGHG �� PLVVLQJ FRQIRUPLW\� 8QGHUVWDQG� DVVHVV DQG PDQDJH WKH ULVN RI HQWU\ RI 323V LQWR
VXFNOLQJ FRZ DQG FDOI PHDW LV WKHUHIRUH PDQGDWRU\ WR HQVXUH KXPDQ KHDOWK DQG WKH VXVWDLQDELOLW\
RI WKHVH SURGXFWLRQ V\VWHPV� 7KLV VWXG\ DLPV WR EHWWHU XQGHUVWDQG WKH IDWH RI 3&%V IURP JUDVV DQG
VRLO RUDO LQWDNH WR FRZV DQG WKHLU FDOYHV RYHU WKH HQG RI JHVWDWLRQ DV ZHOO DV IXOO ODFWDWLRQ DQG
DVVHVV�GHSXUDWLRQ�NLQHWLFV�DV�D�FRXQWHU�PHDVXUH�

7ZHOYH 6LPPHQWDO FRZV DQG WKHLU FDOYHV ZHUH PRQLWRUHG� VWDUWLQJ ��� GD\V EHIRUH FDOYLQJ DQG
HQGLQJ DIWHU ��� GD\V LQ PLON �',0�� &RZV ZHUH DOORFDWHG LQWR WZR JURXSV EDVHG RQ ERG\ ZHLJKW
DQG SDULW\ �� SULPL� DQG � PXOWLSDURXV� DQG UHFHLYHG RQH RI WZR DG OLELWXP WUHDWPHQWV� FRQWURO
�RQO\ JUDVV VLODJH� Q  �� DQG H[SRVHG �JUDVV VLODJH PL[ ZLWK ���� 323�ORDGHG VRLO RQ GU\ PDWWHU
�'0� EDVLV� Q  ��� 7KH ODWWHU ZDV IXUWKHU GLYLGHG LQWR � H[SRVHG DQG � GHSXUDWLQJ SDLUV DIWHU ���
',0� FRQWLQXLQJ IRU �� GD\V� &DOYHV ZHUH IHG ZLWK PLON IURP WKHLU UHVSHFWLYH PRWKHU� FRPSOHWHG E\
QRQ�FRQWDPLQDWHG KD\ RIIHUHG DG OLELWXP DQG FRQFHQWUDWH� 7R VWXG\ WKH IDWH RI 3&%V� PLON DQG
FRZ�FDOI VHUXP VDPSOHV ZHUH WDNHQ RQ ',0 �� ��� �� �QRW IRU FRZ VHUXP�� ��� ���� ���� ��� DQG
���� ZLWK DGGLWLRQDO PLON VDPSOHV RQ ',0 �� ��� ��� ���� ���� ���� ��� DQG ��� IRU *&�06
DQDO\VHV�

&RQVLGHULQJ LWV ���� VRLO FRQWHQW� WKH JUDVV VLODJH PL[ FRQWDLQHG ��� wJ LQGLFDWRU 3&%V �L3&%V� DQG
��� QJ 7(4 GLR[LQ�OLNH 3&%V �GO3&%V��NJ '0� FRPSDUHG WR ��� wJ DQG ���� QJ 7(4�NJ '0�
UHVSHFWLYHO\ IRU WKH FRQWURO GLHW� 7KLV UHVXOWHG LQ ���� wJ L3&%V DQG ��� QJ 7(4 GO3&%V�NJ
FRORVWUXP IDW DW ',0 � IRU WKH H[SRVHG FRZV� $IWHU � GD\V� D GURS LQ PLON FRQFHQWUDWLRQ E\ ��� IRU
L3&%V DQG ��� IRU GO3&%V ZDV UHSRUWHG� DIWHU ZKLFK WKH FRQFHQWUDWLRQ VORZO\ LQFUHDVHG E\ ���
DQG �� UHVSHFWLYHO\ XQWLO ',0 ���� EHLQJ ���� wJ DQG ��� QJ�NJ IDW� )RU FRQWURO DQLPDOV D VLPLODU
SDWWHUQ ZDV VHHQ DORQJ WKH ODFWDWLRQ� ZLWK ��� IROG ORZHU L3&% DQG GO3&% FRQFHQWUDWLRQV FRPSDUHG
WR WKH H[SRVHG FRZV� :LWKLQ VHUXP� H[SRVHG FRZV VKRZ D FRQFHQWUDWLRQ RI ���� wJ L3&%V DQG ���
QJ 7(4 GO3&%�NJ IDW DW ',0 �� ZKLFK GURSV RYHU WLPH E\ ������ LQ FRZ DQG FDOI� 7KH FDOI VHUXP LV
DORQJ WKH ODFWDWLRQ ��� IROG KLJKHU LQ 3&% FRQFHQWUDWLRQ FRPSDUHG WR WKH FRZ VHUXP� 6ZLWFKLQJ
H[SRVHG FRZV WR WKH FRQWURO GLHW DIWHU ��� ',0 UHVXOWV LQ D ��SKDVHG GHSXUDWLRQ� ZLWK VKRUWHU KDOI�
OLYHV LQ PXOWLSDURXV WKDQ LQ SULPLSDURXV FRZV �� 	 ��� LQ SULPL� YV� � 	 ��� GD\V LQ PXOWLSDURXV IRU
L3&%V� � 	 ��� DQG � 	 ��� GD\V IRU GO3&%V UHVSHFWLYHO\�� ,Q VHUXP� WKH FRQFHQWUDWLRQ RI L3&%V
KDOYHG GXULQJ �� GD\V RI GHFRQWDPLQDWLRQ LQ FRZ DQG FDOI� GHPRQVWUDWLQJ WKDW WKH GLOXWLRQ RI L3&%V
GXH WR JURZWK RI WKH FDOI FRXOG EH DV HIILFLHQW DV HOLPLQDWLRQ YLD PLON� 7KHVH UHVXOWV ZLOO EH XVHIXO
IRU DVVHVVLQJ WKH SUHGLFWLYH FDSDELOLWLHV RI SK\VLRORJLFDO EDVHG WR[LFRNLQHWLF �3%7.� PRGHOV� LQ
RUGHU�WR�HQVXUH�WKHLU�HIILFLHQW�XVH�IRU�ULVN�DVVHVVPHQW�DQG�PDQDJHPHQW�
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([SRVXUH�DVVHVVPHQW�RI�S\UUROL]LGLQH�DONDORLGV�LQ�6ZLVV�VXUIDFH�ZDWHU�FRPELQLQJ
UHWURVSHFWLYH�GDWD�DQDO\VLV�DQG�SDUWLFXODU�LQYDVLYH�6HQHFLR�PRQLWRULQJ

%��)��*¾QWKDUGW�����-��+ROOHQGHU�����+��6LQJHU���0��6FKHULQJHU���7��'��%XFKHOL�


�$JURVFRSH���(DZDJ���(7+�=¾ULFK

3\UUROL]LGLQH DONDORLGV �3$V� DUH WR[LF SODQW VHFRQGDU\ PHWDEROLWHV SURGXFHG E\ DSSUR[LPDWHO\ ��
RI DOO IORZHULQJ SODQWV IRU GHIHQVH DJDLQVW LQVHFWV DQG KHUELYRUHV� /DWHO\� +DPD HW DO� GHWHFWHG
VRPH RI WKHVH WR[LQV OHDFKLQJ IURP SODQW KRWVSRWV DQG ZH GHPRQVWUDWHG WKHLU RFFXUUHQFH LQ D
6ZLVV FUHHN ZLWK LQYDVLYH� 3$ SURGXFLQJ� 6HQHFLR LQDHTXLGHQV JURZLQJ LQ WKH SUR[LPLW\����
7KHUHIRUH� WKH TXHVWLRQV DULVH� LI 3$V DUH UHJXODUO\ SUHVHQW LQ VXUIDFH ZDWHU RU LI SODQW KRWVSRWV RU
LQYDVLYH VSHFLHV DUH WKH PDLQ FDXVH RI WKHLU RFFXUUHQFH� 7R DQVZHU WKHVH TXHVWLRQV ZH ��
SHUIRUPHG D UHWURVSHFWLYH GDWD DQDO\VLV WR DVVHVV WKH JHQHUDO RFFXUUHQFH RI 3$V� DQG �� FRQGXFWHG
D VSHFLILF PRQLWRULQJ VWXG\ WR PHDVXUH WKH LPSDFW RI WKH LQYDVLYH 6� LQDHTXLGHQV RQ WKH
RFFXUUHQFH�RI�3$V�LQ�WZR�VPDOO�FUHHNV�

7KH UHWURVSHFWLYH GDWD DQDO\VLV ZDV SHUIRUPHG RQ WZR FRPSOHPHQWDU\ VXUIDFH ZDWHU PRQLWRULQJ
FDPSDLJQV HDFK FRYHULQJ LQ WRWDO HLJKW VLWHV IURP GLIIHUHQW ELRJHRJUDSKLFDO UHJLRQV PHDVXUHG ZLWK OLTXLG
FKURPDWRJUDSK\ FRXSOHG WR KLJK UHVROXWLRQ PDVV VSHFWURPHWU\ �/&�+506����� )RU IXOO FRQILUPDWLRQ RI WKH
3$V VRPH VDPSOHV ZHUH UHPHDVXUHG ZLWK WKH VDPH PHWKRG� 7KH WZR DGGLWLRQDOO\ PRQLWRUHG FUHHNV
UHFHLYH KLJKZD\ VWRUP ZDWHU� ZKLFK LV LPSRUWDQW VLQFH WKH LQYDVLYH 6HQHFLR VSHFLHV JURZV LQ 6ZLW]HUODQG
DORQJ KLJKZD\V� 7KHVH WZR VLWHV ZHUH PRQLWRUHG IURP 0DL XQWLO 'HFHPEHU DQG WKH VDPSOHV PHDVXUHG ZLWK
D�QHZO\�GHYHORSHG�/&�06�06�PHWKRG�WDUJHWLQJ�3$V�

7KH UHVXOWV RI WKH UHWURVSHFWLYH DQDO\VLV VKRZ WKDW 3$V RFFXUUHG DW DOO LQYHVWLJDWHG VLWHV� +RZHYHU�
WKH GHWHFWHG FRQFHQWUDWLRQV VWURQJO\ YDULHG ZLWK PD[LPDO� WRWDO 3$ FRQFHQWUDWLRQV EHWZHHQ EHORZ
�� QJ/�� DQG XS WR �� QJ/��� 7KH KLJKHVW FRQFHQWUDWLRQV ZHUH RQO\ GHWHFWHG RYHU VKRUW SHULRGV WKDW
FRLQFLGH ZLWK UDLQ HYHQWV� 7KHUHIRUH� D ZDVKRXW HIIHFW LV DVVXPHG DV PRVW SUREDEOH FRQWDPLQDWLRQ
SDWK� $OVR� WKH WR[LQ SDWWHUQ YDULHG EHWZHHQ WKH GLIIHUHQW VLWHV DQG LQ WLPH� :KHUHDV 6HQHFLR VSS�
GRPLQDWLQJ WR[LQV ZHUH GHWHFWHG DW DOO VLWHV� HFKLPLGLQH�W\SH 3$V ZHUH RQO\ GHWHFWHG DW ��� DQG
LQWHUPHGLQH�W\SH 3$V DW ��� RI WKH VLWHV� ,QWHUPHGLQH�W\SH 3$V KDG D JHQHUDO WHQGHQF\ WR DSSHDU
ODWHU LQ WKH VHDVRQ� ZKLFK FDQ SRVVLEO\ EH H[SODLQHG ZLWK WKH ODWHU VWDUW RI WKH IORZHULQJ SHULRG RI
(XSDWRULXP�FDQQDELQXP��WKH�PDLQ�SODQW�SURGXFLQJ�3$V�RI�WKLV�W\SH�

2QO\ SUHOLPLQDU\ UHVXOWV RI WKH VHFRQG VWXG\ DUH DYDLODEOH WKLV IDU� 2QH VLWH ZLWK LQYDVLYH 6HQHFLR LQ WKH
FDWFKPHQW DUHD VKRZHG KLJKHU FRQFHQWUDWLRQV DQG HYHQ D FRQVWDQW FRQWDPLQDWLRQ ZKHUHDV WKH RWKHU VLWH
LV QRW UHPDUNDEO\ KLJK� 7KH PHDVXUHPHQW RI WR[LQ SDWWHUQV LQ WKH ELRPDVV RI WKH 6HQHFLR VSHFLHV LQ
SUR[LPLW\�ZLOO�LGHQWLI\�WKH�PRVW�FRQWULEXWLQJ�VSHFLHV�

>�@�+DPD��-��5���6WUREHO��%��:���56&�$GYDQFHV�����������������������
>�@ *¾QWKDUGW� %� )�� 6FK¸QVHH� &� '�� +ROOHQGHU� -�� +XQJHUE¾KOHU� .�� 6FKHULQJHU� 0�� %XFKHOL� 7� '��
&+,0,$��������������������
>�@ 'RSSOHU� 7�� 0DQJROG� 6�� :LWWPHU� ,�� 6S\FKHU� 6�� &RPWH� 5�� 6WDPP� &�� 6LQJHU� +�� -XQJKDQV�
0���.XQ]��0���$TXD�XQG�*DV�����������������
>�@ 6S\FKHU� 6�� 0DQJROG� 6�� 'RSSOHU� 7�� -XQJKDQV� 0�� :LWWPHU� ,�� 6WDPP� &�� 6LQJHU� +�
(QYLURQ��6FL��7HFKQRO�����������������������
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$SSOLFDWLRQ�RI�LQ�YLWUR�৽�LQ�YLYR�H[WUDSRODWLRQ�WR�SUHGLFW�WKH�ELRDFFXPXODWLRQ�SRWHQWLDO�RI
IUDJUDQFH�FKHPLFDOV

/��+RVWHWWOHU���$��1DWVFK���*��6DQGHUV���.��-HQQHU���+��/DXH�


�*LYDXGDQ�6FKZHL]�$*��.HPSWWKDO��6ZLW]HUODQG���*LYDXGDQ�,QWHUQDWLRQDO�6$��9HUQLHU��6ZLW]HUODQG�
�*LYDXGDQ�8.�/WG��$VKIRUG��8QLWHG�.LQJGRP

,Q WKH UHJXODWRU\ DVVHVVPHQW RI FKHPLFDOV� ELRDFFXPXODWLRQ LQ DTXDWLF VSHFLHV LV D FULWLFDO
HQGSRLQW� 8VXDOO\� WKH ELRFRQFHQWUDWLRQ IDFWRU �%&)� LV GHWHUPLQHG LQ ILVK DFFRUGLQJ WR WKH 2(&'
7HVW *XLGHOLQH �7*� ���� ,Q YLWUR V\VWHPV PHDVXULQJ ELRWUDQVIRUPDWLRQ UDWHV RI FKHPLFDOV KDYH
EHHQ HVWDEOLVKHG DV DOWHUQDWLYH PHWKRGV� WR UHILQH LQ VLOLFR %&) PRGHOV ZKLFK DUH EDVHG RQ
K\GURSKRELFLW\ �L�H� ORJ .RZ�� DQG ZHUH UHFHQWO\ DGRSWHG DV QHZ 2(&' 7*V ����$�%� >�� �@� ,Q
YLWUR � LQ YLYR H[WUDSRODWLRQ �,9,9(� PRGHOV FDQ WKHQ EH DSSOLHG WR HVWLPDWH OLYHU FOHDUDQFH DQG D
ૺZKROH�ERG\ૻ�ELRWUDQVIRUPDWLRQ��

,Q WKLV VWXG\� LQ YLWUR ELRWUDQVIRUPDWLRQ UDWHV ZHUH PHDVXUHG IRU �� IUDJUDQFH FKHPLFDOV DQG �
FKHPLFDOV IURP RWKHU XVH FDWHJRULHV LQ UDLQERZ WURXW OLYHU 6� IUDFWLRQV �57�6�� IROORZLQJ WKH 2(&'
7* ���%� 6XEVWUDWH GHSOHWLRQ DVVD\V ZHUH SHUIRUPHG XVLQJ 57�6� LQ SRWDVVLXP SKRVSKDWH EXIIHU
�S+ ���� LQ SUHVHQFH RI FRIDFWRUV DW ��r& ZLWK LQLWLDO FRQFHQWUDWLRQV RI � w0� 7KH FRQFHQWUDWLRQV RI
WKH SDUHQW FKHPLFDOV ZHUH DQDO\VHG E\ *&�06 RU /&�06� 7KH PDMRULW\ RI IUDJUDQFH FKHPLFDOV �ORJ
.RZ YDOXHV UDQJLQJ IURP ��� WR ���� ZHUH PRGHUDWHO\ WR UDSLGO\ ELRWUDQVIRUPHG ZLWK LQ YLWUR
LQWULQVLF FOHDUDQFH UDWHV UDQJLQJ IURP ���� WR ����� P/�K�PJ SURWHLQ� 1R VLJQLILFDQW
ELRWUDQVIRUPDWLRQ ZDV REVHUYHG ZLWK 0XVN ;\OHQH� SHQWDFKORUREHQ]HQH� FKORUQLWURIHQ�
������WULEURPREHQ]HQH�DQG�����GLFKORUR����
�ELSKHQ\O�

%&) YDOXHV ZHUH SUHGLFWHG XVLQJ H[WUDSRODWHG ZKROH�ERG\ ELRWUDQVIRUPDWLRQ UDWH FRQVWDQWV IURP D
FRPPRQO\ XVHG ,9,9( PRGHO >�@ DQG FRPSDUHG ZLWK DYDLODEOH LQ YLYR PHDVXUHG %&)V� 3UHGLFWHG
%&)V ZHUH ZLWKLQ ��� ORJ XQLWV �IDFWRU RI ����� IRU �� � RI WKH FKHPLFDOV FRPSDUHG WR LQ YLYR %&)V�
ZKHUHDV SUHGLFWHG %&)V ZHUH PRUH WKDQ KDOI D ORJ XQLW JUHDWHU WKDQ WKH HPSLULFDO YDOXHV IRU �� �
RI WKH FKHPLFDOV �L�H� SUHGLFWHG %&)V ZHUH !�����IROG JUHDWHU WKDQ HPSLULFDO %&)V�� 1RQH RI WKH
FKHPLFDOV ZHUH XQGHUSUHGLFWHG E\ PRUH WKDQ ��� ORJ XQLWV �L�H� SUHGLFWHG %&) VPDOOHU WKDQ WKH
HPSLULFDO %&)�� 3RVVLEOH ELRORJLFDO UHDVRQV IRU WKH WHQGHQF\ WR XQGHUSUHGLFW %&)V PD\ EH WKH
LPSDFW RI H[WUDKHSDWLF PHWDEROLVP� SURWHLQ ELQGLQJ DQG VSHFLHV GLIIHUHQFHV� EXW WKHUH LV DOVR WKH
SRVVLELOLW\� WKDW WKH ,9,9( PRGHO KDV IXQGDPHQWDO IODZV UHTXLULQJ UHDVVHVVPHQW RI NH\ PRGHO
SDUDPHWHUV��

,Q FRQFOXVLRQ� WKH ,9,9(�%&) HVWLPDWLRQ DSSURDFK SURYLGHV D VLJQLILFDQW LPSURYHPHQW RYHU
PHWKRGV WKDW LJQRUH ELRWUDQVIRUPDWLRQ �ૺ.2: GULYHQૻ� IRU ELRDFFXPXODWLRQ DVVHVVPHQW� 7KXV� WKH
57�6� DVVD\ LV D SRZHUIXO WRRO WR GHWHUPLQH WKH LQ YLWUR LQWULQVLF FOHDUDQFH RI IUDJUDQFH FKHPLFDOV
DQG GHPRQVWUDWH WKHLU SRWHQWLDO WR EH ELRWUDQVIRUPHG� +RZHYHU� IXUWKHU UHILQHPHQWV RI WKH ,9,9(
PRGHOV DQG XQGHUVWDQGLQJ WKH SRWHQWLDO UROH RI H[WUDKHSDWLF ELRWUDQVIRUPDWLRQ DQG SURWHLQ ELQGLQJ
VKRXOG�EH�D�NH\�JRDO�IRU�IXWXUH�UHVHDUFK�WR�UHGXFH�WKH�XQFHUWDLQWLHV�LQYROYHG�

>�@ 2(&' ������� 'HWHUPLQDWLRQ RI LQ YLWUR LQWULQVLF FOHDUDQFH XVLQJ FU\RSUHVHUYHG UDLQERZ WURXW
KHSDWRF\WHV��57�+(3���2(&'�*XLGHOLQH�IRU�WKH�7HVWLQJ�RI�&KHPLFDOV��1R�����$�
>�@ 2(&' ������� 'HWHUPLQDWLRQ RI LQ YLWUR LQWULQVLF FOHDUDQFH XVLQJ UDLQERZ WURXW OLYHU VXE�FHOOXODU
IUDFWLRQ��57�6����2(&'�*XLGHOLQH�IRU�WKH�7HVWLQJ�RI�&KHPLFDOV��1R�����%�
>�@�1LFKROV��-���+XJJHWW��'��%���$UQRW��-��$��HW�DO����������(QYLURQ�7R[�&KHP���������������
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4XDQWLILFDWLRQ�RI�2[LGDQW�5HDFWLYH�&DUERQRXV�6LWHV�LQ�'LVVROYHG�2UJDQLF�0DWWHU

-��+RXVND�����8��YRQ�*XQWHQ���


�(DZDJ���(3)/

7KH DSSOLFDWLRQ RI R]RQH IRU GLVLQIHFWLRQ RU DEDWHPHQW RI PLFURSROOXWDQWV GXULQJ WUHDWPHQW RI
GULQNLQJ ZDWHU DQG ZDVWHZDWHU LV DFFRPSDQLHG E\ R]RQH UHDFWLRQV ZLWK PDWUL[ FRPSRQHQWV VXFK
DV GLVVROYHG RUJDQLF PDWWHU �'20�� %HVLGHV WKH LQIOXHQFH RI '20 RQ WKH HIILFLHQF\ RI WKH SURFHVV�
LWV UHDFWLRQ ZLWK R]RQH OHDGV WR WKH IRUPDWLRQ RI XQGHVLUHG R[LGDWLRQ E\�SURGXFWV �2%3V� VXFK DV
ORZ PROHFXODU ZHLJKW DOGHK\GHV� NHWRQHV RU TXLQRQHV� 2]RQH DSSOLFDWLRQV WR LPSDLUHG ZDWHUV DV
IRU HQKDQFHG ZDVWHZDWHU WUHDWPHQW RU ZDWHU UHXVH PD\ OHDG WR DQ LQFUHDVH LQ
2%3V� &RQVHTXHQWO\� WKHUH LV D QHHG WR TXDQWLI\ DQG FKDUDFWHUL]H UHDFWLYH IXQFWLRQDO PRLHWLHV LQ
'20 IRU D EHWWHU SUHGLFWLRQ RI WKH R[LGDWLRQ HIILFLHQF\ DQG 2%3 IRUPDWLRQ� 7KH SXUSRVH RI WKLV
VWXG\ LV WKH TXDQWLILFDWLRQ RI R[LGDQW�UHDFWLYH SKHQROLF SUHFXUVRUV LQ '20� EHFDXVH SKHQROLF
PRLHWLHV KDYH EHHQ LGHQWLILHG DV PDMRU FRQWULEXWRUV WR WKH FRQVXPSWLRQ RI R[LGDQWV E\
'20� :H SURSRVH WR TXDQWLI\ SKHQROLF PRLHWLHV ZLWK FKORULQH GLR[LGH �&O2�� E\ R[LGDWLYH WLWUDWLRQ
DQG E\ DSSO\LQJ D QRYHO GHULYDWL]DWLRQ PHWKRG IRU SKHQROV LQ '20 WR EORFN WKHLU UHDFWLYLW\ ZLWK
FKHPLFDO R[LGDQWV� 7KH R[LGDWLYH WLWUDWLRQ LV EDVHG RQ WKH S+ GHSHQGHQFH RI DSSDUHQW VHFRQG�
RUGHU UDWH FRQVWDQWV IRU WKH UHDFWLRQV RI PRGHO FRPSRXQGV UHSUHVHQWLQJ IXQFWLRQDO PRLHWLHV LQ
'20 ZLWK FKORULQH GLR[LGH� )URP WKLV GDWD LW FDQ EH FRQFOXGHG� WKDW FKORULQH GLR[LGH UHDFWV
FRQVLGHUDEO\ IDVWHU ZLWK SKHQROLF FRPSRXQGV FRPSDUHG WR DPLQHV RU ROHILQV� 7KH H[SHULPHQWDO
DSSURDFK ILUVW PRGHOHG ZLWK WKH VLPXODWLRQ VRIWZDUH .LQWHFXV ZDV VXEVHTXHQWO\ WHVWHG ZLWK
SKHQROLF PRGHO FRPSRXQGV EHIRUH DSSO\LQJ LW WR '20 IURP YDULRXV VRXUFHV� &KDQJHV GXH WR
R[LGDWLRQ ZHUH FKDUDFWHUL]HG E\ RSWLFDO PHWKRGV� WKH HOHFWURQ GRQDWLQJ FDSDFLW\ �('&� DQG WKH
PHDVXUHPHQW RI LQRUJDQLF E\�SURGXFWV� 7KH SULQFLSOH RI R[LGDWLYH WLWUDWLRQ ZRUNHG IRU WKH PRGHO
FRPSRXQG SKHQRO DQG WKH UHVXOWV ZHUH LQ OLQH ZLWK NLQHWLF VLPXODWLRQV� 7KH PDMRULW\ RI SKHQROLF
PRGHO FRPSRXQGV ZDV HIILFLHQWO\ GHULYDWL]HG DQG TXDQWLILHG E\ PHDQV RI WKH ORVV RI HOHFWURQ�
GRQDWLQJ FDSDFLW\� $V H[SHFWHG� GHULYDWL]HG SKHQRO VROXWLRQV ZHUH PDVNHG GXULQJ R[LGDWLYH
WLWUDWLRQ DQG WKXV VHUYHG DV FRQWURO� 7KH DSSOLFDWLRQ RI R[LGDWLYH WLWUDWLRQ WR YDULRXV '20 VRXUFHV
ZDV VXFFHVVIXO� KRZHYHU� UHPDLQLQJ SKHQRO FRQFHQWUDWLRQV DIWHU GHULYDWL]DWLRQ RI '20 ZDUUDQWV
IXUWKHU LQYHVWLJDWLRQV� 7KH R[LGDWLYHO\ WLWUDWHG SKHQRO FRQFHQWUDWLRQV RI ,+66 '20 LVRODWHV ZHUH
FRPSDUHG WR WKHLU HVWLPDWHG SKHQRO FRQWHQW DQG DOO WHVWHG '20 VDPSOHV ZHUH FRUUHODWHG WR WKH
('& RI WKH UHVSHFWLYH VRXUFHV� 7R FRQFOXGH� R[LGDWLYH WLWUDWLRQV SURYLGH D QRYHO DQG SURPLVLQJ WRRO
WR TXDQWLI\ R[LGDQW�UHDFWLYH PRLHWLHV LQ FRPSOH[ PL[WXUHV VXFK DV '20� )XUWKHUPRUH�
GHULYDWL]DWLRQ RI SKHQROLF PRLHWLHV LQ '20 LV D SRWHQWLDOO\ XVHIXO WRRO WR EHWWHU
XQGHUVWDQG WKH FKDUDFWHULVWLFV RI '20 DQG DLGV LQ TXDQWLI\LQJ WKH SKHQROLF DQG RWKHU R[LGDQW�
UHDFWLYH�PRLHWLHV�LQ�'20�E\�R[LGDWLYH�WLWUDWLRQ�
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$XWRPDWHG�PHWKRG�WR�DQDO\VH�F\DQREDFWHULDO�WR[LQV�DQG�VHFRQGDU\�PHWDEROLWHV�LQ
6ZLVV�VXUIDFH�ZDWHUV�E\�RQOLQH�63(�/&�+506�06

0��5��-RQHV���-��%RVVKDUG���(��0��-DQVVHQ�


�'HSDUWPHQW�RI�(QYLURQPHQWDO�&KHPLVWU\��6ZLVV�)HGHUDO�,QVWLWXWH�RI�$TXDWLF�6FLHQFH�DQG
7HFKQRORJ\��(DZDJ��������'XHEHQGRUI��6ZLW]HUODQG

&\DQREDFWHULDO EORRP HYHQWV SRVH VLJQLILFDQW ULVNV WR KXPDQ 	 DQLPDO KHDOWK DQG WR WKH VHFXULW\
DQG VDIHW\ RI GULQNLQJ ZDWHU VXSSOLHV� 7KH UHOHDVH RI SRWHQWLDOO\ WR[LF F\DQREDFWHULDO VHFRQGDU\
PHWDEROLWHV LQ WR WKH ZDWHU FROXPQ GXULQJ EORRP GHYHORSPHQW DQG GHFD\ LV RI SDUWLFXODU FRQFHUQ�
7R�GDWH� RYHU ���� F\DQREDFWHULDO VHFRQGDU\ PHWDEROLWHV DUH UHSRUWHG >�@� \HW RQO\ D IUDFWLRQ KDYH
HYHU EHHQ DVVHVVHG LQ WHUPV RI WKHLU FRQFHQWUDWLRQV LQ VXUIDFH ZDWHUV DQG WR[LFRORJLFDO ULVNV�
$QDO\WLFDO WHFKQLTXHV FDSDEOH RI DQDO\VLQJ WKH IXOO VSHFWUXP RI WKHVH PHWDEROLWHV DUH QHHGHG WR
HQDEOH�HIIHFWLYH�WLPH�UHVROYHG�PRQLWRULQJ�DQG�FRPSUHKHQVLYH�ULVN�DVVHVVPHQW�

:H YDOLGDWHG D KLJK�WKURXJKSXW� RQOLQH VROLG SKDVH H[WUDFWLRQ�OLTXLG FKURPDWRJUDSK\�KLJK
UHVROXWLRQ WDQGHP PDVV VSHFWURPHWU\ �RQOLQH�63(�/&�+506�06� PHWKRG IRU HPHUJLQJ
F\DQREDFWHULDO PHWDEROLWHV LQ VXUIDFH ZDWHUV� 8VLQJ D FRPSOHWHO\ DXWRPDWHG SURFHGXUH� DQDO\WHV
SUHVHQW LQ �� P/ RI VDPSOH DUH HQULFKHG RQ WR DQ 63( FDUWULGJH� IURP ZKLFK WKH\ DUH VXEVHTXHQWO\
EDFN�IOXVKHG RQWR D VROLG�FRUH DQDO\WLFDO /& FROXPQ IRU DQDO\WH VHSDUDWLRQ� IROORZHG E\ GDWD�
GHSHQGHQW +506�06 DQDO\VLV� 9DOLGDWLRQ SDUDPHWHUV GHPRQVWUDWH WKDW RXU RQOLQH�PHWKRG LV
FRPSHWLWLYH ZLWK RIIOLQH HQULFKPHQWV SURFHGXUHV� \HW H[FHOV LQ WHUPV RI UHTXLUHG VDPSOH YROXPHV�
VDPSOH WKURXJKSXW DQG RYHUDOO UHSURGXFLELOLW\� :H GHPRQVWUDWH DSSOLFDWLRQ RI WKLV PHWKRG LQ
DQDO\VLQJ VXUIDFH ZDWHU VDPSOHV FROOHFWHG GXULQJ D ���� ODNH PRQLWRULQJ FDPSDLJQ RI 6ZLVV ODNHV�
7KH ORZ VDPSOH YROXPH UHTXLUHG DQG DXWRPDWHG HQULFKPHQW IDFLOLWDWHV PRQLWRULQJ RI ODNHV SURQH
WR KDUPIXO F\DQREDFWHULDO EORRPV� 6XFK VXUYHLOODQFH FDSDELOLWLHV DUH QHHGHG JLYHQ WKH LQFUHDVLQJ
IUHTXHQF\�DQG�LQWHQVLW\�RI�KDUPIXO�F\DQREDFWHULDO�EORRP�HYHQWV��JOREDOO\�

>�@ -RQHV� 0� 5�� 3LQWR� (�� 7RUUHV� 0� $�� '¸UU� )�� 0D]XU�0DU]HF� +�� 6]XEHUW� .�� 7DUWDJOLRQH� /��
'HOO
$YHUVDQR� &�� 0LOHV� &�� %HDFK� '� *�� 0F&DUURQ� 3�� 6LYRQHQ� .�� )HZHU� '�� -RNHOD� -� DQG
-DQVVHQ� (�0��/� �SUH�SULQW� ����� &RPSUHKHQVLYH GDWDEDVH RI VHFRQGDU\ PHWDEROLWHV IURP
F\DQREDFWHULD��%LR5[LY��KWWSV���GRL�RUJ���������������������������
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0LQHUDO�UHVSLUDWLRQ�RI�*HREDFWHU�VXOIXUUHGXFHQV

0��.DUDPDVK���%��*LHVH�
��%��0��)URPP�


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

*HREDFWHU VXOIXUUHGXFHQV LV DQ DQDHURELF PLFURRUJDQLVP WKDW XWLOL]HV H[WUDFHOOXODU PHWDO VDOWV DV
DFFHSWRUV IRU HOHFWURQV WKDW DUH JHQHUDWHG GXULQJ UHVSLUDWLRQ� .H\ IRU WKLV SURFHVV LV D PHFKDQLVP
FDOOHG H[WUDFHOOXODU HOHFWURQ WUDQVIHU �((7� LQ ZKLFK HOHFWURQV PLJUDWH IURP WKH LQQHU PHPEUDQH
WKURXJK WKH SHULSODVP DQG WKH RXWHU PHPEUDQH WR WKH PHWDO LRQV� ((7 UHOLHV PDLQO\ RQ F�W\SH
F\WRFKURPHV� ZKLFK FRQWDLQ RQH WR VHYHUDO LURQ KHPH FRIDFWRUV DV HOHFWURQ FDUULHUV� ,Q WKLV ZRUN�
((7 UDWHV ZHUH GHWHUPLQHG LQ YLYR E\ DGGLWLRQ RI VLOYHU �$J�� RU FKURPDWH LRQV �&U2���� WR *�
VXOIXUUHGXFHQV� 7KH WLPH GHSHQGHQFH RI WKH FKURPDWH DQG LURQ KHPH FRQFHQWUDWLRQV ZHUH
PHDVXUHG E\ 89�9LV VSHFWURVFRS\� :H PHDVXUHG HOHFWURQ SURGXFWLRQ DQG HOHFWURQ IOX[ UDWHV WR
DERXW �଀��� H��V SHU *� VXOIXUUHGXFHQV� 5HPDUNDEO\� WKHVH UDWHV DUH LQGHSHQGHQW RI WKH R[LGDQWV�
DQG�IROORZ�D�]HUR�RUGHU�NLQHWLF�

$ YLWDO UHTXLUHPHQW IRU OLIH LV WKH PDLQWHQDQFH RI D FRQVWDQW $73 FRQFHQWUDWLRQ �$73 KRPHRVWDVLV�
GXULQJ UHVSLUDWLRQ XQGHU GLIIHUHQW HQYLURQPHQWDO FRQGLWLRQV� ,W QRZ WXUQHG RXW WKDW DQDHURELF
EDFWHULD WKDW UHTXLUH H[WUDFHOOXODU PHWDO VDOWV IRU UHVSLUDWLRQ DUH LQGHSHQGHQW RI WKH FRQFHQWUDWLRQ
DQG RI WKH UHGR[ SRWHQWLDO RI WKH R[LGDQWV� 7KLV ]HUR RUGHU NLQHWLF LV DFKLHYHG E\ D KLJK
FRQFHQWUDWLRQ�RI�LURQ�KHPHV�WKDW�EXIIHU�H[WUDFHOOXODU�HOHFWURQ�WUDQVIHU�UDWHV�

>�@ &KDEHUW� 9�� %DEHO� /�� )¾HJ� 0� 3�� .DUDPDVK� 0�� 0DGLYROL� (�� +HUDXOW� 1�� 'DQWDV� -� 0��
6DOJXHLUR� &� $�� *LHVH� %�� DQG )URPP� .� 0�� $QJHZ� &KHP� �����
GRL�RUJ���������DQLH����������
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7UDQVIRUPDWLRQ�RI�FKORULQDWHG�SDUDIILQV�E\�WKH�EDFWHULDO�GHKDORJHQDVH�/LQ%
૱,GHQWLILFDWLRQ�RI�K\GUR[\ODWHG�PHWDEROLWHV

0��&��.QREORFK�����/��6FKLQNHO���,��6FKLOOLQJ���+��(��.RKOHU���3��/LHQHPDQQ���'��%OHLQHU���1��+HHE�


�/DERUDWRU\�IRU�$GYDQFHG�$QDO\WLFDO�7HFKQRORJLHV��6ZLVV�)HGHUDO�,QVWLWXWH�IRU�0DWHULDOV�6FLHQFH�DQG
7HFKQRORJ\�(PSD���6ZLVV�)HGHUDO�,QVWLWXWH�RI�$TXDWLF�5HVHDUFK�DQG�7HFKQRORJ\�(DZDJ���=XULFK

8QLYHUVLW\�RI�$SSOLHG�6FLHQFHV�=+$:���'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�=¾ULFK

&KORULQDWHG SDUDIILQV �&3V� DQG KH[DFKORURF\FORKH[DQHV �+&+V� DUH RU KDYH EHHQ SURGXFHG YLD
UDGLFDO FKORULQDWLRQ RI DONDQHV RU EHQ]HQH� 6LQFH ����� PDMRU +&+ LVRPHUV �ͅ� ͆� ͇� DQG VLQFH ����
VKRUW FKDLQ &3V �6&&3V� &������ DUH FODVVLILHG DV SHUVLVWHQW RUJDQLF SROOXWDQWV �323V� XQGHU WKH
6WRFNKROP &RQYHQWLRQ >���@� 323V DUH ELR�DFFXPXODWLQJ� SHUVLVWHQW DQG WR[LF� 7KH\ KDUGO\ GHJUDGH
LQ WKH HQYLURQPHQW DQG VKRZ KLJK ORQJ�UDQJH WUDQVSRUW SRWHQWLDO� (YHQWXDOO\� WKHVH FRPSRXQGV
ZLOO EH LQJHVWHG DQG PHWDEROL]HG E\ ELRWD� 7KHUHIRUH� LW LV RI LQWHUHVW WR VWXG\ DQG LGHQWLI\ SRVVLEOH
PHWDEROLWHV�RI�VXFK�FRPSRXQGV�

,Q GXPSVLWHV ZKLFK ZHUH KHDYLO\ FRQWDPLQDWHG ZLWK +&+� EDFWHULD RI WKH 6SKLQJRPRQDGDFHD
IDPLO\ ZHUH LVRODWHG ZKLFK FDQ WUDQVIRUP +&+V>�@� 7KHVH EDFWHULD H[SUHVV WKH GHKDORK\GURJHQDVH
/LQ%� ZKLFK FDWDO\]HV WKH WUDQVIRUPDWLRQ RI +&+V WR K\GUR[\ODWHG PHWDEROLWHV >�@� +HUHLQ� LW ZDV
K\SRWKHVL]HG WKDW /LQ% PLJKW FRQYHUWV &3V DV ZHOO� +HQFH� D PL[WXUH RI FKORULQDWHG WULGHFDQHV
ZHUH H[SRVHG WR /LQ%� $QDO\VLV RI &3V DQG UHVSHFWLYH WUDQVIRUPDWLRQ SURGXFWV ZDV DFKLHYHG ZLWK
OLTXLG FKURPDWRJUDSK\ DQG KLJK�UHVROXWLRQ PDVV VSHFWURPHWU\� 6HYHUDO K\GUR[\ODWHG PHWDEROLWHV
RI &3V DUH GHWHFWHG DQG UHSRUWHG IRU WKH ILUVW WLPH� 7KH UHPDLQLQJ VWDUWLQJ PDWHULDO VKRZV D KLJKHU
FKORULQDWLRQ GHJUHH DIWHU /LQ%�H[SRVXUH� VXJJHVWLQJ WKDW KLJKHU FKORULQDWHG &3V DUH PRUH
SHUVLVWHQW�WKDQ�ORZHU�FKORULQDWHG�&3V�

7KLV VWXG\ VKRZV WKDW /LQ% WUDQVIRUPV KH[D� WR XQGHFD�FKORULQDWHG WULGHFDQHV LQWR
GHKDORK\GUR[\ODWHG PHWDEROLWHV� +RZHYHU� WR[LFLW\ DQG HQYLURQPHQWDO LPSDFW RI WKHVH QHZO\
LGHQWLILHG�WUDQVIRUPDWLRQ�SURGXFWV�DUH�\HW�XQNQRZQ�DQG�QHHG�IXUWKHU�LQYHVWLJDWLRQV�

>�@ 81(3� ����� ,Q� 5HSRUW RI WKH &RQIHUHQFH RI WKH 3DUWLHV RI WKH 6WRFNKROP &RQYHQWLRQ RQ
3HUVLVWHQW�2UJDQLF�3ROOXWDQWV��)RXUWK�0HHWLQJ���81(3�3236�&23���������0D\�������
>�@ 81(3� ����� ,Q� 5HSRUW RI WKH &RQIHUHQFH RI WKH 3DUWLHV WR WKH 6WRFNKROP &RQYHQWLRQ RQ
3HUVLVWHQW�2UJDQLF�3ROOXWDQWV��HLJKWK�PHHWLQJ���81(3�3236�&23�����������-XO\�������
>�@ /DO� 5�� 3DQGH\� *�� 6KDUPD� 3�� .XPDUL� .�� 0DOKRWUD� 6�� 3DQGH\� 5�� 5DLQD� 9�� .RKOHU� +��3�(��
+ROOLJHU� &�� -DFNVRQ� &�� 2DNHVKRWW� -�*�� ����� %LRFKHPLVWU\ RI 0LFURELDO 'HJUDGDWLRQ RI
+H[DFKORURF\FORKH[DQH�DQG�3URVSHFWV�IRU�%LRUHPHGLDWLRQ��0LFURELRO��0RO��%LRO��5HY��������૱��
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&XUUHQW�7UHQGV�DQG�)XWXUH�&KDOOHQJHV�RI�5HFKDUJHDEOH�$OXPLQXP�*UDSKLWH�DQG�2WKHU
'XDO�,RQ�%DWWHULHV

.��9��.UDYFK\N�����0��9��.RYDOHQNR���

�,QVWLWXWH�RI�,QRUJDQLF�&KHPLVWU\��'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=¾ULFK�
&+������=¾ULFK��6ZLW]HUODQG���(PSD�૱�6ZLVV�)HGHUDO�/DERUDWRULHV�IRU�0DWHULDOV�6FLHQFH�DQG

7HFKQRORJ\��&+�������'¾EHQGRUI��6ZLW]HUODQG

5HFKDUJHDEOH DOXPLQXP�JUDSKLWH GXDO૮LRQ EDWWHULHV �$*',%V� KDYH DWWUDFWHG WKH DWWHQWLRQ RI
HOHFWURFKHPLVWV DQG PDWHULDO VFLHQWLVWV LQ UHFHQW \HDUV GXH WR WKHLU ORZ FRVW DQG KLJK૮SHUIRUPDQFH
PHWULFV� VXFK DV KLJK SRZHU GHQVLW\ �XS WR ��� N: NJಗ��� HQHUJ\ HIILFLHQF\ �್ ��૱����� ORQJ
F\FOLQJ OLIH� DQG KLJK HQHUJ\ GHQVLW\ �XS WR �� :K NJಗ��� VXLWHG IRU JULG૮OHYHO VWDWLRQDU\ VWRUDJH RI
HOHFWULFLW\��� � 7KH NH\ IHDWXUH RI $*',%V LV WKH H[SORLWDWLRQ RI WKH UHYHUVLEOH R[LGDWLRQ RI WKH
JUDSKLWH QHWZRUN ZLWK FRQFRPLWDQW DQG KLJKO\ HIILFLHQW LQWHUFDODWLRQ�GH�LQWHUFDODWLRQ RI $O&O��
DQLRQLF VSHFLHV EHWZHHQ JUDSKHQH OD\HUV� ,Q WKLV WDON� ZH GLVFXVV WKH XWLOLW\ RI $*',%V DV D KLJKO\
SURPLVLQJ SRVW�/L�LRQ WHFKQRORJ\ IRU ORZ�FRVW DQG�RU ODUJH�VFDOH VWRUDJH RI HOHFWULFLW\��� � ,Q
SDUWLFXODU� ZH SURYLGH D EDODQFHG DQDO\VLV RI WKH RYHUDOO FHOO�OHYHO HQHUJ\ GHQVLW\ RI $*',%V� ,Q
YLHZ RI LWV QRQ�URFNLQJ FKDLU RSHUDWLRQ PHFKDQLVP� ZH VKRZ WKH DFKLHYDEOH HQHUJ\ GHQVLWLHV DV D
IXQFWLRQ RI WKH FRPSRVLWLRQ RI FKORURDOXPLQDWH LRQLF OLTXLG �$O&O� FRQWHQW� DQG FRPSDUH LW ZLWK
RWKHU EDWWHU\ HOHFWURFKHPLVWULHV VXLWHG IRU VWDWLRQDU\ VWRUDJH RI HOHFWULFLW\ �VXFK DV OHDG�DFLG RU
YDQDGLXP UHGR[ IORZ�� 6SHFLILF HPSKDVLV LV JLYHQ WR WKH XQELDVHG DQG FRUUHFW UHSRUWLQJ RI WKHLU
WKHRUHWLFDO FHOO૮OHYHO HQHUJ\ GHQVLWLHV� )XUWKHUPRUH� ZH GLVFXVV DOVR RWKHU LVVXHV DVVRFLDWHG ZLWK
WKLV WHFKQRORJ\� RQH EHLQJ WKH LQFRPSDWLELOLW\ RI PRVW PHWDOOLF FXUUHQW FROOHFWRUV ZLWK WKH FRUURVLYH
$O&O��EDVHG LRQLF OLTXLGV� :H WKHQ GHPRQVWUDWH D QRYHO FRQFHSW RI IOH[LEOH $*',% XVLQJ FXUUHQW
FROOHFWRUV IURP HDUWK�DEXQGDQW HOHPHQWV DQG SRLQW WR NH\ FKDOOHQJHV LQ WKH GHYHORSPHQW DQG
SUDFWLFDO GHSOR\PHQW RI $*',%V�� )LQDOO\� ZH DOVR GLVFXVV DQ DOWHUQDWLYH GXDO�LRQ EDWWHU\ XWLOL]LQJ D
KLJKO\ FRQFHQWUDWHG HOHFWURO\WH VROXWLRQ RI � 0 SRWDVVLXP ELV�IOXRURVXOIRQ\O�LPLGH LQ DON\O
FDUERQDWHV�� 7KH UHVXOWDQW EDWWHU\ RIIHUV DQ HQHUJ\ GHQVLW\ RI ��� :K NJಗ�� RZLQJ WR WKH KLJK
ZHLJKW FRQWHQW RI WKH HOHFWURDFWLYH VSHFLHV ��� ZW�� LQ WKH HOHFWURO\WH DQG D KLJK RSHUDWLRQ
YROWDJH�RI�����9�

>�@�.RVWLDQW\Q�9��.UDYFK\N��0DNV\P�9��.RYDOHQNR��$GYDQFHG�(QHUJ\�0DWHULDOV����������������
>�@ .RVWLDQW\Q 9� .UDYFK\N� &DUORWWD 6HQR� 0DNV\P 9� .RYDOHQNR� $&6 (QHUJ\
/HWWHUV����������������
>�@ .RVWLDQW\Q 9� .UDYFK\N� 6KXWDR :DQJ� /DXUD 3LYHWHDX� DQG 0DNV\P 9� .RYDOHQNR� &KHPLVWU\ RI
0DWHULDOV����������������������
>�@ 6KXWDR :DQJ� .RVWLDQW\Q 9� .UDYFK\N� )UDQN .UXPHLFK� DQG 0�9� .RYDOHQNR� $&6 $SSOLHG
0DWHULDOV�	�,QWHUIDFHV�����������������������
>�@ 6KXWDR :DQJ� .RVWLDQW\Q 9� .UDYFK\N� $OHMDQGUR 1� )LOLSSLQ� 8OULFK 0¾OOHU� $\RGK\D 1� 7LZDUL�
6WHSKDQ %XHFKHOHU� 0DU\QD ,� %RGQDUFKXN� DQG 0DNV\P 9� .RYDOHQNR� $GYDQFHG 6FLHQFH� �����
��������
>�@ .RVWLDQW\Q 9� .UDYFK\N� 3UHHWL %KDXUL\DO� /DXUD 3LYHWHDX� &KULVWRSK 3� *XQWOLQ� %LVZDUXS
3DWKDN��0DNV\P�9��.RYDOHQNR��1DWXUH�&RPPXQLFDWLRQV����������������
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5HDFWLRQV�RI�QLWURJHQ�FRQWDLQLQJ�FRPSRXQGV�ZLWK�R]RQH��NLQHWLFV�DQG�PHFKDQLVPV

6��/LP�����&��6��0F$UGHOO���8��YRQ�*XQWHQ���


�(DZDJ�������'¾EHQGRUI��6ZLW]HUODQG���(3)/�������/DXVDQQH��6ZLW]HUODQG

1LWURJHQ�FRQWDLQLQJ FRPSRXQGV DUH ZLGHVSUHDG LQ QDWXUDO ZDWHUV DV QDWXUDO �GLVVROYHG RUJDQLF
QLWURJHQ� DQG DQWKURSRJHQLF �PLFURSROOXWDQWV� VXEVWDQFHV� %HFDXVH RI WKH HOHFWURQ�ULFK QDWXUH RI
QLWURJHQ LQ LWV QHXWUDO IRUP� QLWURJHQ�FRQWDLQLQJ FRPSRXQGV DUH RIWHQ UHDFWLYH WRZDUGV
HOHFWURSKLOLF DJHQWV VXFK DV R]RQH� 7KHUHIRUH� UHDFWLRQV RI QLWURJHQ�FRQWDLQLQJ FRPSRXQGV ZLWK
R]RQH LQHYLWDEO\ RFFXU LQ ZDWHU DQG ZDVWHZDWHU WUHDWPHQW ZKHUH R]RQDWLRQ LV DSSOLHG IRU
GLVLQIHFWLRQ RU R[LGDWLRQ SXUSRVHV� 'HVSLWH WKH JUHDW UHOHYDQFH RI QLWURJHQ�FRQWDLQLQJ FRPSRXQGV
IRU R]RQH FKHPLVWU\� XQGHUVWDQGLQJ RI WKHLU UHDFWLRQV ZLWK R]RQH LV VWLOO OLPLWHG WR FHUWDLQ IXQFWLRQDO
JURXSV�� 7KLV VWXG\ DLPHG WR EURDGHQ WKH XQGHUVWDQGLQJ RI QLWURJHQ�R]RQH UHDFWLRQV E\ VHOHFWLQJ
VLPSOH PRGHO FRPSRXQGV IRU FRPPRQ QLWURJHQ�FRQWDLQLQJ IXQFWLRQDO JURXSV �DOLSKDWLF DPLQHV DQG
D]ROHV� DQG LGHQWLI\LQJ WKHLU WUDQVIRUPDWLRQ SURGXFWV E\ YDULRXV DQDO\WLFDO PHWKRGV VXFK DV /&�
+506�06 DQG 105� (WK\ODPLQH� GLHWK\ODPLQH� DQG WULHWK\ODPLQH� WKH PRGHO FRPSRXQGV RI
DOLSKDWLF DPLQHV� UHDFWHG ZLWK R]RQH SUHGRPLQDQWO\ YLD R[\JHQ�WUDQVIHU RQ WKH QLWURJHQ WR IRUP
1�R[LGHV RU QLWUR FRPSRXQGV DV PDMRU SURGXFWV�� 3\UUROH� LPLGD]ROH� DQG S\UD]ROH� WKH D]ROH PRGHO
FRPSRXQGV� UHDFWHG ZLWK R]RQH YLD DQ LQLWLDO R]RQH DWWDFN RQ D & & GRXEOH ERQG RI WKH ULQJ WR
IRUP ULQJ SURGXFWV �PDOHLPLGH� DV ZHOO DV ULQJ�RSHQHG SURGXFWV �F\DQDWH� IRUPDPLGH��� 0RVW
QLWURJHQRXV WUDQVIRUPDWLRQ SURGXFWV LGHQWLILHG LQ WKLV VWXG\ DUH H[SHFWHG WR EH DEDWHG E\
ELRORJLFDO SRVW�WUHDWPHQW DIWHU R]RQDWLRQ DQG GR QRW DSSHDU WR SRVH D GLUHFW WKUHDW WR WKH DTXDWLF
HQYLURQPHQW� +RZHYHU� LI SUHVHQW DV VXEVWUXFWXUHV RI PRUH FRPSOH[ FRPSRXQGV� H�J��
PLFURSROOXWDQWV� WKH\ PLJKW EH SHUVLVWHQW GXULQJ WKH SRVW�WUHDWPHQW DQG PD\ OHDG WR XQNQRZQ
HFRWR[LFRORJLFDO�FRQVHTXHQFHV�

>�@ &� YRQ 6RQQWDJ DQG 8� YRQ *XQWHQ� &KHPLVWU\ RI 2]RQH LQ :DWHU DQG :DVWHZDWHU 7UHDWPHQW�
,:$�3XEOLVKLQJ��/RQGRQ��������SS���������
>�@�6��/LP��&�6��0F$UGHOO��8��YRQ�*XQWHQ��:DWHU�5HVHDUFK����������������૱����
>�@ $� 7HNOH�5¸WWHULQJ� 6� /LP� (� 5HLV]� +�9� /XW]H� 0�6� $EGLJKDKURXGL� 6� :LOODFK� :� 6FKPLGW� 3�5�
7HQWVFKHU� '� 5HQWVFK� &�6� 0F$UGHOO� 7�&� 6FKPLGW� 8� YRQ *XQWHQ� (QYLURQ� 6FL�� :DWHU 5HV�
7HFKQRO��������������������
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'HYHORSPHQW�RI�D�8QLILHG�8+3/&�472)�06�0HWKRG�IRU�%HQ]R[D]LQRLGV�$QDO\VLV

3��0DWHR���-��'��%HUVHW���0��(UE�
��&��$��5REHUW�


�,QVWLWXWH�RI�3ODQW�6FLHQFHV��8QLYHUVLW\�RI�%HUQ

%HQ]R[D]LQRLGV UHSUHVHQW D ZLGH IDPLO\ RI SODQW VHFRQGDU\ PHWDEROLWHV IRXQG LQ JUDVVHV OLNH PDL]H
DQG ZKHDW� %\ FRQVXPLQJ WKHVH SODQWV� KXPDQV DUH FKURQLFDOO\ H[SRVHG WR WKHVH ELRDFWLYH
FRPSRXQGV� ZKLFK PD\ WKXV DIIHFW KHDOWK GLUHFWO\� EXW DOVR LQGLUHFWO\ E\ FKDQJLQJ WKH FRPSRVLWLRQ
RI WKH JXW PLFURELRWD� $V SODQW VHFRQGDU\ PHWDEROLWHV DUH LPSRUWDQW IRU SODQW KHDOWK� IRU LQVWDQFH
E\ VKDSLQJ WKH VRLO PLFURELRPH�� WKH\ PD\ DOVR GHWHUPLQH WKH GLHWDU\ TXDOLW\ RI WKH SODQW DQG
WKHUHE\ KDYH FDVFDGLQJ HIIHFWV DORQJ WKH IRRG FKDLQ� ,Q WKLV FRQWH[W� WKH ,5& 2QH +HDOWK DLPV DW
VWXG\LQJ KRZ EHQ]R[D]LQRLGV� DQG WKHLU GHJUDGDWLRQ SURGXFWV� VWUXFWXUH WKH PLFURELRPHV DW WKH
LQWHUIDFH EHWZHHQ VRLO� FHUHDOV� FDWWOH� DQG PLFH �DV D KXPDQ PRGHO�� 7R UHDFK WKLV DLP� DQ
DQDO\WLFDO PHWKRG QHHGV WR EH DYDLODEOH WR TXDQWLI\ EHQ]R[D]LQRLGV DFURVV GLIIHUHQW ELRORJLFDO
PDWULFHV�� :H DGGUHVVHG WKLV FKDOOHQJH E\ V\QWKHVL]LQJ D VHW RI GHXWHUDWHG EHQ]R[D]LQRLGV WR
FRPSOHPHQW FXUUHQWO\ DYDLODEOH LQWHUQDO VWDQGDUGV� :H WKHQ HVWDEOLVKHG DQG RSWLPL]HG D VROLG�
SKDVH H[WUDFWLRQ SURFHGXUH LQ FRPELQDWLRQ ZLWK 8+3/&�472)�06 �8OWUD�+LJK 3HUIRUPDQFH /LTXLG
&KURPDWRJUDSK\�4XDGUXSROH 7LPH�RI�)OLJKW�0DVV 6SHFWURPHWU\� DQDO\VLV� 7KH PHWKRG ZDV
YDOLGDWHG E\ HYDOXDWLQJ PDWUL[ HIIHFWV� UHFRYHU\� DFFXUDF\ DQG SUHFLVLRQ�� 7KLV PHWKRG QRZ DOORZV
XV WR TXDQWLI\ �� GLIIHUHQW EHQ]R[D]LQRLGV LQ ODNH VHGLPHQWV� VRLO� PDL]H DQG PRXVH UHODWHG
VDPSOHV�ZLWK�RSWLPDO�DFFXUDF\�DQG�SUHFLVLRQ��DQG�D�OLPLW�RI�TXDQWLILFDWLRQ�EHORZ���QJ�P/�

�

�

>�@�$GKLNDUL�HW�DO��0RO��1XWU��)RRG�5HV�����������������������
>�@�+X�HW�DO��1DW��&RPPXQ����������������
>�@�7HWNR�HW�DO��-��&RPSXW��$LG��0RO��'HV���������������������
>�@�0DWXV]HZVNL�HW�DO��$QDO��&KHP�����������������૱�����
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1RQ�GHVWUXFWLYH�PHWKRG�EDVHG�RQ�LQIUDUHG�VSHFWURVFRS\�DQG�SDUWLDO�OHDVW�VTXDUH
UHJUHVVLRQ�IRU�WKH�TXDQWLILFDWLRQ�RI�WKH�LRQLF�FRPSRQHQW�RI�DWPRVSKHULF�SDUWLFXODWH

PDWWHU

8��0ROWHQL�����$��3LD]]DOXQJD�����3��)HUPR�


�8QLYHUVLW\�RI�0LODQ��'HSDUWPHQW�RI�&KHPLVWU\��,WDO\���0LODQR�%LFRFFD�8QLYHUVLW\��'HSDUWPHQW�RI
(QYLURQPHQWDO�6FLHQFHV��,WDO\���(7+�=XULFK��,QVWLWXWH�IRU�$WPRVSKHULF�DQG�&OLPDWH�6FLHQFH�

6ZLW]HUODQG���:DWHU�	�/LIH�ODE��(QWUDWLFR��%*���,WDO\

$WPRVSKHULF DHURVROV LQIOXHQFH UDGLDWLYH IRUFLQJ WKURXJK LQWHUDFWLRQ ZLWK VRODU UDGLDWLRQ DQG
LQGLUHFWO\ E\ DFWLQJ DV FORXG FRQGHQVDWLRQ QXFOHL DQG KDYH D QHJDWLYH LPSDFW RQ DLU TXDOLW\
HVSHFLDOO\ LQ XUEDQ VFHQDULRV� :LWK VRFLR�HFRQRPLF PRGHOV VXJJHVWLQJ WKDW LQ D JURZLQJ JOREDO
SRSXODWLRQ� ��� RI WKH KXPDQV ZLOO OLYH LQ XUEDQ DUHDV E\ ����� WKH DGYHUVH LPSDFW RQ XUEDQ DLU
TXDOLW\ LV D SURPLQHQW VRFLHWDO DQG KHDOWK LVVXH� H[SHFWHG WR EHFRPH PRUH DQG PRUH VHYHUH LQ WKH
IXWXUH� ,Q RUGHU WR LQWURGXFH HIIHFWLYH PLWLJDWLRQ VWUDWHJLHV DQG PRQLWRU WKHLU HIIHFW� WKH VWDWH DQG
FKDUDFWHULVWLFV RI SROOXWLRQ QHHG WR EH FKDUDFWHUL]HG DQG PDLQ VRXUFHV LGHQWLILHG� 2IIOLQH�DQDO\VLV
RI SDUWLFXODWH PDWWHU �30� FROOHFWHG RQ ILOWHU VDPSOHV RIIHUV VXFK LQVLJKW� +RZHYHU� 30 FKHPLFDO
FRPSRVLWLRQ LV KLJKO\ FRPSOH[� DQG LWV FRPSUHKHQVLYH FKDUDFWHUL]DWLRQ DQG TXDQWLILFDWLRQ UHTXLUHV
DGYDQFHG�LQVWUXPHQWDWLRQ�DQG�GDWD�DQDO\VLV�WHFKQLTXHV�DQG�VWUDWHJLHV�

+HUH� ZH SUHVHQW WKH GHYHORSPHQW DQG DSSOLFDWLRQ RI D QRYHO DQDO\WLFDO QRQ�GHVWUXFWLYH PHWKRG�
:H DFTXLUHG )RXULHU�WUDQVIRUP LQIUDUHG VSHFWURVFRS\ �)7,5� VSHFWUD RI DPELHQW 30 FROOHFWHG RQ
7HIORQ ILOWHUV DW YDULRXV ORFDWLRQV LQ ,WDO\� )7,5 DOORZV WR REWDLQ KLJK�UHVROXWLRQ VSHFWUDO GDWD QRQ�
GHVWUXFWLYHO\ DQG WKHUHIRUH WR GHWHFW DQG TXDQWLI\ IXQFWLRQDO JURXSV RI RUJDQLF DQG LQRUJDQLF
VSHFLHV SUHVHQW LQ WKH DHURVRO 30� 7KH VSHFWUDO GDWDVHW ZDV DQDO\]HG E\ DSSO\LQJ SDUWLDO OHDVW
VTXDUHV UHJUHVVLRQ �3/6 UHJUHVVLRQ� PHWKRGV LQ RUGHU WR DOORZ TXDQWLILFDWLRQ RI DPPRQLXP�
VXOSKDWH DQG QLWUDWH LRQLF 30 FRPSRQHQWV� 7KLV VWDWLVWLFDO PHWKRG DOORZHG WR GLVHQWDQJOH WKH LQQHU
FRPSOH[LW\ RI WKH 30 VDPSOH DQG WR WUDLQ D VWDWLVWLFDO PRGHO IRU HDFK RI WKH WKUHH LRQLF VSHFLHV� ,Q
RXU FRQIHUHQFH FRQWULEXWLRQ� WKH VR GHYHORSHG PRGHOV DUH GLVFXVVHG DQG FRPSDUHG ZLWK WKH PRUH
WUDGLWLRQDO�DQDO\WLFDO�PHWKRG��LRQLF�FKURPDWRJUDSK\��,&��

)XUWKHU�LQIRUPDWLRQ�

&XFFLD��HW�DO���������$WPRVSKHULF�(QYLURQPHQW��������������૱�����
KWWSV���GRL�RUJ���������M�DWPRVHQY������������

3LD]]DOXQJD��$���HW�DO���������$QDO\WLFDO�DQG�%LRDQDO\WLFDO�&KHPLVWU\�������૱��������૱�����
KWWSV���GRL�RUJ���������V����������������

5XVVHOO��/��0���HW�DO���������$WPRVSKHULF�(QYLURQPHQW��������������૱�����
KWWSV���GRL�RUJ���������M�DWPRVHQY������������
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7RZDUGV�,QFRUSRUDWLRQ�RI�0LQRU�(OHPHQWV�LQ�V\QWKHWLF�&�6�+

$��0RUDOHV�0HOJDUHV�����3��0RXW]RXUL���3��%RZHQ���.��6FULYHQHU�
��/��(PVOH\�


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

5HVRQDQFH��(3)/���/DERUDWRU\�RI�&RQVWUXFWLRQ�0DWHULDOV��(3)/

&HPHQWLWLRXV PDWHULDOV DUH WKH PRVW ZLGHO\ XVHG PDQ�PDGH PDWHULDOV LQ WKH ZRUOG� PDNLQJ XS WR
������ RI DOO PDWHULDOV ZH SURGXFH� 7KH PDLQ UHDVRQV ZK\ FHPHQWLWLRXV PDWHULDOV DUH VR SRSXODU
DQG ZLGHO\ VSUHDG DUH WKHLU ORZ FRVW RI RQO\ ����86'�NJ� WKHLU YHUVDWLOLW\� DQG WKHLU ORZ FDUERQ
IRRWSULQW RI ����NJ&2��NJ� +RZHYHU� GHVSLWH EHLQJ RQH RI WKH PDWHULDOV ZLWK WKH ORZHVW
HQYLURQPHQWDO LPSDFW SHU NJ� WKH FHPHQW LQGXVWU\ LV UHVSRQVLEOH IRU ����� RI &2� HPLVVLRQV
ZRUOGZLGH GXH WR WKH LQFUHDVH RI LQIUDVWUXFWXUH DQG FRQVWUXFWLRQ GHYHORSPHQW� 7KH GHPDQG IRU
FHPHQWLWLRXV PDWHULDOV LV H[SHFWHG WR LQFUHDVH LQ WKH QH[W GHFDGHV DQG ZLWK LW� WKH FHPHQW�UHODWHG
&2� HPLVVLRQV� ,Q RUGHU WR PLWLJDWH WKH &2� HPLVVLRQV SURGXFHG E\ WKH FHPHQW LQGXVWU\� WKHUH LV D
QHHG IRU QRYHO FRQVWUXFWLRQ VROXWLRQV ZKLFK DUH HTXDOO\ DEXQGDQW� HDV\ WR LPSOHPHQW�
HFRQRPLFDOO\�YLDEOH�DQG�ZKLFK�DUH�DOVR�PRUH�HQYLURQPHQWDOO\�IULHQGO\�

7KH DLP RI WKLV SURMHFW LV WR VWXG\ WKH LPSDFW RI PLQRU HOHPHQWV �SDUWLFXODUO\ ]LQF� RQ WKH K\GUDWLRQ
RI FHPHQW E\ GHWHUPLQLQJ LWV UROH GXULQJ WKH SUHFLSLWDWLRQ RI &DOFLXP 6LOLFDWH +\GUDWH �&�6�+�
ZKLFK LV WKH PRVW LPSRUWDQW K\GUDWLRQ SURGXFW RI FHPHQW DFWLQJ DV WKH PDLQ ELQGHU EHWZHHQ
DQK\GURXV JUDLQV� ,W LV NQRZQ WKDW ORZ FRQFHQWUDWLRQV RI PLQRU HOHPHQWV VXFK DV ]LQF LQ WKH
UHDFWLYH FHPHQW SKDVHV FDQ GUDVWLFDOO\ LQFUHDVH WKH DPRXQW RI UHDFWLRQ LQ WKH ILUVW GD\ �PDLQ
K\GUDWLRQ SHDN�� 7KLV LQGLFDWHV D SRWHQWLDO WR LQFUHDVH WKH UHDFWLYLW\ RI FHPHQW DQG VR DOORZ KLJKHU
DPRXQWV RI &2� LQWHQVLYH FOLQNHU WR EH VXEVWLWXWHG E\ PRUH HQYLURQPHQWDOO\ IULHQGO\ PDWHULDOV ZLWK
ORZHU�UHDFWLYLW\��VXFK�DV�JUDQXODWHG�EODVW�IXUQDFH�VODJ��FRDO�IO\�DVK�RU�FDOFLQHG�FOD\�

,Q RUGHU WR EH DEOH WR DGG PLQRU HOHPHQWV VXFK DV =Q GXULQJ WKH SURGXFWLRQ RI FHPHQW LW LV FUXFLDO
WR XQGHUVWDQG WKH JURZWK PHFKDQLVPV� WKHUPRG\QDPLFV DQG NLQHWLFV RI &�6�+ SUHFLSLWDWLRQ LQ D
FRQWUROOHG HQYLURQPHQW ZLWK DQG ZLWKRXW PLQRU HOHPHQWV� %\ SUHFLSLWDWLQJ &�6�+ LQ SUHVHQFH RI
GLIIHUHQW FRQFHQWUDWLRQV RI =Q DQG FKDUDFWHUL]LQJ WKH UHVXOWLQJ VDPSOHV ZLWK GLIIHUHQW WHFKQLTXHV
�;5'� 7(0 DQG 67(0 LPDJLQJ� (';� 7*$ DQG '13 HQKDQFHG 6L�� 0$6 105� ZH VKRZ IRU WKH ILUVW
WLPH HYLGHQFH WKDW =Q LV LQFRUSRUDWHG LQ WKH &�6�+ VWUXFWXUH� 8QGHUVWDQGLQJ WKH UROH RI =Q LQ WKH &�
6�+ VWUXFWXUH IUDPHZRUN ZLOO KHOS XV HOXFLGDWH KRZ WR LPSOHPHQW WKLV PLQRU HOHPHQW LQ WKH FHPHQW
SURGXFWLRQ LQ RUGHU WR EH DEOH WR DOORZ D KLJKHU VXEVWLWXWLRQ RI &2� UHDFWLYH FOLQNHU� DQG WKHUHIRUH
KHOS�PLWLJDWH�WKH�&2��HPLVVLRQV�RI�WKLV�LQGXVWU\�

>�@�.XPDU��$EKLVKHN��HW�DO��7KH�-RXUQDO�RI�3K\VLFDO�&KHPLVWU\��������������������



>�@�/૷+¶SLWDO��(���HW�DO��&HPHQW�DQG�&RQFUHWH�5HVHDUFK������������������
>�@�$QGDOLEL��0��5H]D��HW�DO��-RXUQDO�RI�0DWHULDOV�&KHPLVWU\����������������
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6LQJOHW�R[\JHQ�TXDQWXP�\LHOGV�LQ�HQYLURQPHQWDO�ZDWHUV��FULWLFDO�HYDOXDWLRQ�RI
PHDVXUHPHQW�WHFKQLTXHV

5��2VVROD���2��0��-¸QVVRQ���.��-��0RRU���.��0F1HLOO�


�(7+�=XULFK��'HSDUWPHQW�RI�(QYLURQPHQWDO�6\VWHPV�6FLHQFH��8QLYHUVLW¦WVWUDVVH����������=¾ULFK

6LQJOHW R[\JHQ LV D SKRWRFKHPLFDOO\ SURGXFHG UHDFWLYH LQWHUPHGLDWH XELTXLWRXV LQ VXQOLW DTXDWLF
HQYLURQPHQWV DQG DWPRVSKHULF DTXHRXV SKDVHV� ,Q WKH SDVW \HDUV� WKHUH KDV EHHQ D VWHDG\
LQFUHDVH LQ WKH QXPEHU RI SXEOLFDWLRQV UHSRUWLQJ DSSDUHQW VLQJOHW R[\JHQ TXDQWXP \LHOGV �̺̩� RI
QDWXUDO RUJDQLF PDWWHU VDPSOHV� 6LQJOHW R[\JHQ TXDQWXP \LHOGV DUH GHILQHG DV WKH UDWLR RI WKH
DPRXQW RI VLQJOHW R[\JHQ PROHFXOHV SURGXFHG SHU SKRWRQ DEVRUEHG E\ WKH VHQVLWL]HU� 7KLV
SDUDPHWHU LV DQ LPSRUWDQW SLHFH RI LQIRUPDWLRQ UHTXLUHG WR PRGHO VLQJOHW R[\JHQ VWHDG\�VWDWH
FRQFHQWUDWLRQV �WKXV� WR PRGHO WKH HQYLURQPHQWDO IDWH RI FRQWDPLQDQWV DQG ELRPROHFXOHV�� DQG FDQ
DOVR EH XVHG WR JDLQ LQVLJKWV LQWR IXQGDPHQWDO SKRWRSK\VLFDO SURSHUWLHV RI GLVVROYHG RUJDQLF
PDWWHU�

'HVSLWH�WKLV�JHQHUDO�LQWHUHVW�LQ�PHDVXULQJ�̺̩��VRPH�PDMRU�WHFKQLFDO�SUREOHPV�VWLOO�QHHG�WR�EH
DGGUHVVHG��7KH�PRVW�VWULNLQJ�RQH�LV�WKH�ODFN�RI�UHSURGXFLELOLW\�LQ�VLQJOHW�R[\JHQ�TXDQWXP�\LHOGV
DFURVV�UHVHDUFK�JURXSV�DQG�SXEOLFDWLRQV��7KLV�SUREOHP�VWHPV�IURP�D�FRPELQDWLRQ�RI�IDFWRUV�
LQFOXGLQJ�WKH�RYHUDOO�ORZ�YDOXHV�RI�̺̩��W\SLFDOO\������૱�������WKH�FRPSOH[�FKHPLFDO�QDWXUH�RI�WKH
VHQVLWL]HU��DQG�WKH�FRQVLGHUDEOH�YDULDELOLW\�LQ�H[SHULPHQWDO�FRQGLWLRQV�

,Q WKLV ZRUN� ZH UHYLHZ �� SXEOLFDWLRQV IURP ���� WR 0DUFK ����� DQG ZH FULWLFDOO\ HYDOXDWH WKH
WHFKQLTXHV WKDW KDYH EHHQ XVHG WR PHDVXUH VLQJOHW R[\JHQ TXDQWXP \LHOGV RI QDWXUDO RUJDQLF
PDWWHU� :H SURYLGH DQ RYHUYLHZ RI WKH DSSURDFKHV� DQG ZH DQDO\]H RQH E\ RQH WKH YDULRXV
YDULDEOHV WKDW DUH LQYROYHG LQ WKH FDOFXODWLRQV� )RU HDFK YDULDEOH� ZH GHVFULEH ZKDW KDV EHHQ GRQH
E\ SDVW DXWKRUV� DQG ZH KLJKOLJKW SRVVLEOH VRXUFHV RI HUURUV EDVHG RQ TXDOLWDWLYH DQG TXDQWLWDWLYH
FRQVLGHUDWLRQV� %DVHG RQ WKLV DQDO\VLV� ZH LGHQWLI\ WKH UDWH RI OLJKW DEVRUSWLRQ DV WKH PRVW
VHQVLWLYH SDUDPHWHU LQ ̺̩ GHWHUPLQDWLRQV� 7KLV ZRUN KLJKOLJKWV WKH QHHG IRU VKDUHG JHQHUDO
JXLGHOLQHV DQG YDOLGDWLRQ SURWRFROV IRU TXDQWXP \LHOG PHDVXUHPHQWV LQ WKH HQYLURQPHQWDO
SKRWRFKHPLVWU\�FRPPXQLW\�
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:DYHOHQJWK�GHSHQGHQFH�RI�VLQJOHW�R[\JHQ�TXDQWXP�\LHOGV�IURP�GLVVROYHG�RUJDQLF
PDWWHU

6��%��3DUWDQHQ���3��5��(ULFNVRQ���'��(��/DWFK���.��-��0RRU�
��.��0F1HLOO�


�,QVWLWXWH�RI�%LRJHRFKHPLVWU\�DQG�3ROOXWDQW�'\QDPLFV��,%3���'HSDUWPHQW�RI�(QYLURQPHQWDO�6\VWHPV
6FLHQFH��(7+�=¾ULFK���'HSDUWPHQW�RI�&KHPLVWU\��6HDWWOH�8QLYHUVLW\

6LQJOHW R[\JHQ LV D UHDFWLYH VSHFLHV SURGXFHG SKRWRFKHPLFDOO\ IURP WKH FKURPRSKRULF IUDFWLRQ RI
GLVVROYHG RUJDQLF PDWWHU �&'20� LQ VXQOLW VXUIDFH ZDWHUV� $V LW LV LQYROYHG LQ SROOXWDQW
SKRWRGHJUDGDWLRQ UHDFWLRQV DQG SDWKRJHQ LQDFWLYDWLRQ� LWV FRQFHQWUDWLRQ LQ QDWXUDO ZDWHUV
FRQWULEXWHV WR FRQWUROOLQJ SROOXWDQW OLIHWLPH DQG PLFURRUJDQLVP IDWH LQ WKH HQYLURQPHQW� 7KH
HIILFLHQF\ E\ ZKLFK D JLYHQ W\SH DQG VRXUFH RI &'20 SURGXFHV VLQJOHW R[\JHQ LV WHUPHG WKH
VLQJOHW R[\JHQ TXDQWXP \LHOG �̺̩�� DQG RYHU WKH SDVW IRXU GHFDGHV� WKH ZDYHOHQJWK GHSHQGHQFH RI
WKLV SDUDPHWHU KDV EHHQ LQYHVWLJDWHG� ,Q JHQHUDO� ̺̩ KDV EHHQ IRXQG WR GHFUHDVH ZLWK LQFUHDVLQJ
H[FLWDWLRQ ZDYHOHQJWK �ORZHU HQHUJ\ OLJKW�� KRZHYHU IHZ VWXGLHV KDYH PHDVXUHG &'20 ̺̩ IDU LQWR
WKH YLVLEOH UDQJH� $GGLWLRQDOO\� W\SLFDO VWHDG\�VWDWH H[SHULPHQWDO PHWKRGV DUH OLPLWHG WR PHDVXULQJ
̺̩�DW�RQO\�D�IHZ�ZDYHOHQJWKV�

,Q WKLV ZRUN� ̺̩ IURP &'20 ZDV PHDVXUHG XVLQJ VLQJOHW R[\JHQ SKRVSKRUHVFHQFH� D PRUH GLUHFW
ZD\ RI PHDVXULQJ WKH VLQJOHW R[\JHQ SURGXFHG E\ D GLVVROYHG RUJDQLF PDWWHU VDPSOH� 7KLV
WHFKQLTXH WDNHV DGYDQWDJH RI WXQHDEOH ODVHU RXWSXW WR PHDVXUH ̺̩ DW D ZLGH UDQJH RI H[FLWDWLRQ
ZDYHOHQJWKV ZLWK JUHDWHU UHVROXWLRQ WKDQ KDV SUHYLRXVO\ EHHQ PHDVXUHG� :H IRXQG DQ
DSSUR[LPDWH OLQHDU GHFUHDVH LQ ̺̩ ZLWK ORQJHU H[FLWDWLRQ ZDYHOHQJWK IRU WZR UHSUHVHQWDWLYH
RUJDQLF PDWWHU LVRODWHV DQG WZR XQDPHQGHG QDWXUDO ZDWHUV� 7KLV ZRUN XQGHUVFRUHV WKH LPSRUWDQFH
RI LQFRUSRUDWLQJ WKH ZDYHOHQJWK�GHSHQGHQW EHKDYLRU RI ̺̩ ZKHQ LQYHVWLJDWLQJ SROOXWDQW
GHJUDGDWLRQ E\ SKRWRFKHPLFDO SURFHVVHV LQ WKH QDWXUDO HQYLURQPHQW RU LQ ODERUDWRU\ H[SHULPHQWV
ZKHUH�D�SRO\FKURPDWLF�OLJKW�VRXUFH�LV�XVHG�
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2FFXUUHQFH�RI�QDWXUDO�HVWURJHQV�LQ�VXUIDFH�ZDWHUV�RI�D�FDWFKPHQW�ZLWK�LQWHQVLYH
OLYHVWRFN�IDUPLQJ�LQ�6ZLW]HUODQG

'��5HFKVWHLQHU�����)��(��:HWWVWHLQ���%��3��:DUUHQ���(��/��9HUPHLUVVHQ���(��6LPRQ���0��.��6FKQHLGHU���-�
+ROOHQGHU�����7��'��%XFKHOL�


�$JURVFRSH��(QYLURQPHQWDO�$QDO\WLFV�������=XULFK��6ZLW]HUODQG���,QVWLWXWH�RI�%LRJHRFKHPLVWU\�DQG
3ROOXWDQW�'\QDPLFV��(7+�=XULFK�������=XULFK��6ZLW]HUODQG���6ZLVV�&HQWUH�IRU�$SSOLHG�(FRWR[LFRORJ\�
�����'¾EHQGRUI��6ZLW]HUODQG���$JURVFRSH��)RUDJH�3URGXFWLRQ�DQG�*UDVVODQG�6\VWHPV�������=XULFK�
6ZLW]HUODQG���(DZDJ��6ZLVV�)HGHUDO�,QVWLWXWH�RI�$TXDWLF�6FLHQFH�DQG�7HFKQRORJ\�������'¾EHQGRUI�

6ZLW]HUODQG

(VWURJHQV LQ VXUIDFH ZDWHUV PLJKW KDYH QHJDWLYH HIIHFWV RQ UHSURGXFWLRQ DQG GHYHORSPHQW RI
DTXDWLF RUJDQLVPV� $JULFXOWXUH PD\ EH D VLJQLILFDQW VRXUFH IRU QDWXUDO HVWURJHQV LQ VXUIDFH ZDWHUV�
6HYHUDO VWXGLHV LQ GLIIHUHQW FRXQWULHV KDYH GHPRQVWUDWHG WKDW WKH DSSOLFDWLRQ RI PDQXUH IURP
KXVEDQGU\ DQLPDOV WR VRLO FDXVHV WKH UHOHDVH RI QDWXUDO HVWURJHQV WR VXUIDFH ZDWHUV� :KHUHDV LQ
WKH 8. DJULFXOWXUDOO\ GHULYHG HVWURJHQV ZHUH IRXQG LQ VXUIDFH ZDWHUV� QR HVWURJHQV ZHUH GHWHFWHG
LQ $XVWULDQ VXUIDFH ZDWHUV DQG RQO\ ORZ HVWURJHQLFLW\ ZDV REVHUYHG XSVWUHDP RI D ZDVWHZDWHU
WUHDWPHQW SODQW LQ 6ZLW]HUODQG� 7KHUHIRUH� ZH DLPHG WR LQYHVWLJDWH V\VWHPDWLFDOO\ WKH SUHYDOHQFH
RI DJULFXOWXUDOO\ GHULYHG HVWURJHQV LQ 6ZLVV VXUIDFH ZDWHUV WR XQGHUVWDQG EHWWHU WKH H[SRVLWLRQ RI
DTXDWLF RUJDQLVPV WR HVWURJHQV� 2XU VXUIDFH ZDWHU PRQLWRULQJ FDPSDLJQ WRRN SODFH LQ WKH
FDWFKPHQW RI /DNH %DOGHJJ� ZKLFK VXVWDLQV WKH KLJKHVW KXVEDQGU\ DQLPDO GHQVLWLHV LQ 6ZLW]HUODQG�
$W WKH EHJLQQLQJ RI WKH YHJHWDWLRQ SHULRG ����� ZH FROOHFWHG GDLO\ WLPH�SURSRUWLRQDO FRPSRVLWH
ZDWHU VDPSOHV IRU �� GD\V RI ILYH /DNH %DOGHJJ WULEXWDULHV� 1RQH RI WKH VDPSOLQJ VLWHV FRQWDLQHG
HIIOXHQWV RI ZDVWHZDWHU WUHDWPHQW SODQWV� 7KHUHE\� ZH HQVXUHG WKDW ZH PHDVXUHG RQO\
DJULFXOWXUDOO\ GHULYHG HVWURJHQV� :H FRQGXFWHG D OLTXLG�OLTXLG H[WUDFWLRQ� TXDQWLILHG HVWURQH �(���
��ͅ�HVWUDGLRO �(�ͅ�� ��͆�HVWUDGLRO �(�͆� DQG HVWULRO �(�� FKHPLFDOO\ ZLWK /&�06�06� )XUWKHUPRUH�
WKH ZDWHU VDPSOHV ZHUH DQDO\VHG ZLWK (5ͅ�&$/8;� (VWURQH �PD[� PHDQ FRQFHQWUDWLRQ LQ D
WULEXWDU\� ���� QJ�/� DQG (� �PD[� PHDQ FRQFHQWUDWLRQ LQ D WULEXWDU\� ���� QJ�/� ZHUH PRVW
DEXQGDQW LQ WLPH�SURSRUWLRQDO ZDWHU VDPSOHV IURP /DNH %DOGHJJ WULEXWDULHV� 'XULQJ RXU VDPSOLQJ
FDPSDLJQ� WKUHVKROG FRQFHQWUDWLRQV RI QDWXUDO HVWURJHQV LQ VXUIDFH ZDWHUV ZHUH QHYHU H[FHHGHG
IRU�ORQJHU�WKDQ�D�GD\��

)LJ� �� 6WXG\ GHVLJQ WR DVVHVV WKH RFFXUUHQFH RI DJULFXOWXUDOO\ GHULYHG QDWXUDO HVWURJHQV LQ VXUIDFH
ZDWHUV�LQ�WKH�/DNH�%DOGHJJ�FDWFKPHQW��
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)LUVW�+DORJHQDWHG�*UHHQKRXVH�*DV�0HDVXUHPHQWV�DW�WKH�%HURP¾QVWHU�7DOO�7RZHU�LQ
6ZLW]HUODQG

'��5XVW���0��.��9ROOPHU���0��+LOO���3��6FKODXUL���6��+HQQH���,��.DWKDURSRXORV���/��(PPHQHJJHU���5�
=HQREL���6��5HLPDQQ�


�/DERUDWRU\�IRU�$LU�3ROOXWLRQ�DQG�(QYLURQPHQWDO�7HFKQRORJ\��(PSD�'¾EHQGRUI���'HSDUWPHQW�RI
&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=XULFK��6ZLW]HUODQG

6\QWKHWLF KDORFDUERQV UHDFK WKH DWPRVSKHUH DV D UHVXOW RI D ZLGH UDQJH RI DQWKURSRJHQLF
DFWLYLWLHV� 2QFH LQ WKH DWPRVSKHUH� WKHVH VXEVWDQFHV DFW DV VWURQJ JUHHQKRXVH JDVHV DQG ૱ ZKHQ
FRQWDLQLQJ FKORULQH DQG EURPLQH ૱ FRQWULEXWH WR WKH GHSOHWLRQ RI WKH VWUDWRVSKHULF R]RQH OD\HU�
7KHUHIRUH� PRVW RI WKH KDORFDUERQV DUH UHJXODWHG XQGHU WKH 0RQWUHDO DQG .\RWR 3URWRFROV DQG
FRXQWU\�VSHFLILF� XVXDOO\ ERWWRP�XS GHULYHG HPLVVLRQ HVWLPDWHV KDYH WR EH UHSRUWHG YLD QDWLRQDO
LQYHQWRULHV� ,Q RUGHU WR PRQLWRU WKH ORQJ�WHUP DWPRVSKHULF DEXQGDQFH DQG WUHQGV RI KDORFDUERQV�
JOREDO ODUJH�VFDOH PHDVXUHPHQW QHWZRUNV� VXFK DV WKH $GYDQFHG *OREDO $WPRVSKHULF *DVHV
([SHULPHQW �$*$*(�� DUH LQ SODFH� +RZHYHU� WR EHWWHU GHULYH UHJLRQDO DEXQGDQFHV� FKDUDFWHUL]H
DQG DOORFDWH ORFDO SROOXWLRQ VRXUFHV� DQG WR LPSURYH WRS�GRZQ YDOLGDWLRQ RI FRXQWU\�VSHFLILF ERWWRP�
XS HPLVVLRQ HVWLPDWHV� DGGLWLRQDO� OHVV UHPRWH REVHUYDWLRQV� IRFXVLQJ RQ VPDOOHU VFDOHV� DUH
UHTXLUHG� )RU WKLV SXUSRVH� GHYRWHG ILHOG FDPSDLJQV DW VHOHFWHG WDOO WRZHU VLWHV FRPELQHG ZLWK WRS�
GRZQ PRGHOOLQJ RIIHU WKH SRVVLELOLW\ WR ZLGHQ WKH VSDWLDO GRPDLQ LQ ZKLFK WRS�GRZQ HPLVVLRQV FDQ
EH DVVHVVHG� ,Q (XURSH� PXOWL�PRQWK PHDVXUHPHQW FDPSDLJQV ZHUH DOUHDG\ FDUULHG RXW LQ WKH
(DVWHUQ 0HGLWHUUDQHDQ DQG (DVWHUQ (XURSH� +RZHYHU� KDORFDUERQ HPLVVLRQV IURP PDQ\ (XURSHDQ
UHJLRQV�UHPDLQ�ODUJHO\�XQH[SORUHG�LQ�WHUPV�RI�DWPRVSKHULF�REVHUYDWLRQV�

7KH SUHVHQW VWXG\ SURYLGHV WKH ILUVW FRQWLQXRXV KDORFDUERQ PHDVXUHPHQWV FRYHULQJ WKH PRVW
LQGXVWULDOL]HG DQG GHQVHO\ SRSXODWHG DUHD RI 6ZLW]HUODQG� WKH 6ZLVV 3ODWHDX� 7KH GDWD REWDLQHG GXULQJ D
RQH�\HDU PHDVXUHPHQW FDPSDLJQ DW WKH %HURP¾QVWHU WDOO WRZHU LQ WKH FDQWRQ RI /XFHUQH� FRPSOHPHQW WKH
ORQJ�WHUP PHDVXUHPHQWV DW WKH KLJK DOWLWXGH UHVHDUFK VWDWLRQ DW -XQJIUDXMRFK� 0HDVXUHPHQWV ZHUH
SHUIRUPHG YLD DQ DQDO\WLFDO VHWXS XVHG JOREDOO\ ZLWKLQ WKH $*$*( QHWZRUN>���@� $LU VDPSOHV DUH SUH�
FRQFHQWUDWHG LQ D WZR�WUDS SURFHVV DW ORZ WHPSHUDWXUHV ZLWKLQ WKH VSHFLDOO\ GHYHORSHG 0HGXVD SUH�
FRQFHQWUDWLRQ XQLW� EHIRUH WKH DQDO\WHV DUH VHSDUDWHG E\ JDV FKURPDWRJUDSK\ �*&� DQG GHWHFWHG E\
TXDGUXSROH PDVV VSHFWURPHWU\ �06�� 7KH DFTXLUHG DWPRVSKHULF PL[LQJ UDWLRV SURYLGH WKH EDVLV IRU DQ
LPSURYHG SLFWXUH RI KDORFDUERQ DEXQGDQFH DQG VRXUFH DOORFDWLRQ LQ 6ZLW]HUODQG� DQG DOORZ IRU D
TXDQWLILFDWLRQ�RI�6ZLVV�KDORFDUERQ�HPLVVLRQV�

>�@ %HQMDPLQ 5� 0LOOHU� 5D\ )� :HLVV� 3HWHU .� 6DODPHK� 7RVWH 7DQKXD� %ULDQ 5� *UHDOO\� -HQV 0XKOH�
3HWHU�*��6LPPRQGV��$QDO\WLFDO�&KHPLVWU\����������������������
>�@ 7LP $UQROG� -HQV 0XKOH� 3HWHU .� 6DODPHK� &KULVWLQD 0� +DUWK� 'LDQH -� ,Y\� 5D\ )� :HLVV�
$QDO\WLFDO�&KHPLVWU\����������������������
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7KH�UROH�RI�GLDWRP�&\FORWHOOD�PHQHJKLQLDQD�LQ�DTXDWLF�+J�VSHFLHV�WUDQVIRUPDWLRQV

-��3��6DQWRV���7��&RVVDUW���-��*DUFLD�&DOOHMD���(��7HVVLHU���'��$PRXURX[���9��6ODYH\NRYD�


�8QLYHUVLW\�RI�*HQHYD���8QLYHUVLWH�GH�3DX�HW�3D\V�GH�O૷$GRXU

0HUFXU\ LV D SHUVLVWHQW FRQWDPLQDQW WKDW FDQ FDXVH VHULRXV GDPDJH WR KXPDQ DQG HQYLURQPHQWDO
KHDOWK� 'HVSLWH WKH ORZ FRQFHQWUDWLRQ OHYHOV� PHUFXU\ FDQ ELRDFFXPXODWH LQ WKH DTXDWLF RUJDQLVPV�
DQG LQ WKH FDVH RI RUJDQLF PHUFXU\ RUJDQLF� LW FDQ EH ELRPDJQLILHG WKURXJK WKH DTXDWLF IRRG ZHE
SRVLQJ VHULRXV KHDOWK LVVXHV WR ILVK FRQVXPHUV� 3ULPDU\ SURGXFHUV VXFK DV SK\WRSODQNWRQ VSHFLHV
DUH DW WKH EDVH RI WKH IRRG ZHE� WKHUHIRUH SOD\LQJ D FUXFLDO UROH LQ WKH +J WUDQVIHU� 7KH DLP RI WKH
SUHVHQW VWXG\ LV WR H[SORUH PHUFXU\ VSHFLHV ELRDFFXPXODWLRQ DQG ELRWUDQVIRUPDWLRQ FDSDELOLW\ RI
GLDWRPV� DV UHSUHVHQWDWLYH SK\WRSODQNWRQ VSHFLHV� 6SHFLHV�VSHFLILF LVRWRSH WUDFHUV WHFKQLTXH ZDV
XVHG WR TXDQWLI\ WKH XSWDNH� PHWK\ODWLRQ DQG GHPHWK\ODWLRQ E\ GLDWRP &\FORWHOOD PHQHJKLQLDQD�
7KH FKDQJHV LQ WKH ���+J�,,� DQG�RU ���&+�+J FRQFHQWUDWLRQV RYHU H[SRVXUH WLPH ZHUH IROORZHG E\
JDV FKURPDWRJUDSK\ FRXSOHG ZLWK LQGXFWLYHO\ FRXSOHG SODVPD PDVV VSHFWURPHWU\ �*&�,&3 06�� 7R
DFFRXQW IRU WKH FRQWULEXWLRQ RI WKH DELRWLF WUDQVIRUPDWLRQ� D FRPSDULVRQ ZDV PDGH ZLWK WKH V\VWHP
LQ WKH DEVHQFH RI GLDWRPV� 5HVXOWV GHPRQVWUDWHG D VLJQLILFDQW DFFXPXODWLRQ RI ERWK +J�,,� DQG
&+�+J E\ &� PHQHJKLQLDQD� DQG &+�+J GHPHWK\ODWLRQ� $GGLWLRQDOO\� ���+J�,,� ORVV GXH WR +J�,,�
UHGXFWLRQ WR +J�� XOWLPDWHO\ UHOHDVHG LQWR WKH DWPRVSKHUH �YLD YRODWLOL]DWLRQ SURFHVV� ZDV
GHWHFWHG� 7KH LPSOLFDWLRQV RI WKH UHVXOWV DUH GLVFXVVHG ZLWK UHVSHFW WR WKH PHUFXU\ LQFRUSRUDWLRQ
DW�WKH�EDVH�RI�WKH�IRRG�ZHEV�DQG�SRVVLEOH�FRQWULEXWLRQ�RI�GLDWRPV�LQ�+J�F\FOLQJ�

.H\ZRUGV� GLDWRP� &\FORWHOOD PHQHJKLQLDQD� VSHFLHV�VSHFLILF LVRWRSH PHUFXU\� PHWK\ODWLRQ�
GHPHWK\ODWLRQ��+J�YRODWLOL]DWLRQ�
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%LRWUDQVIRUPDWLRQ�RI�FKHPLFDOV�LQ�ZDWHU�VHGLPHQW�VXVSHQVLRQV�૱�,QIOXHQFLQJ�IDFWRUV�DQG
LPSOLFDWLRQV�IRU�SHUVLVWHQFH�DVVHVVPHQW

&��6HOOHU���0��+RQWL���.��)HQQHU�


�(DZDJ��'HSDUWPHQW�RI�(QYLURQPHQWDO�&KHPLVWU\��'¾EHQGRUI

7R GDWH� LW UHPDLQV LPSRVVLEOH WR IXOO\ SUHYHQW ELRDFWLYH DQG WKHUHIRUH SRWHQWLDOO\ KDUPIXO
VXEVWDQFHV �L�H� SKDUPDFHXWLFDOV DQG SHVWLFLGHV� IURP HQWHULQJ WKH DTXDWLF HQYLURQPHQW�
7KHUHIRUH� WKH (8 KDV UHJXODWRU\ IUDPHZRUNV LQ SODFH WKDW UHTXLUH WKH DVVHVVPHQW RI D VXEVWDQFH૷V
HQYLURQPHQWDO SHUVLVWHQFH LQ WLHUHG ELRWUDQVIRUPDWLRQ VWXGLHV SULRU WR LWV PDUNHW DXWKRUL]DWLRQ� )RU
WKH HYDOXDWLRQ RI FKHPLFDOV WKDW PD\ HQWHU VXUIDFH ZDWHU V\VWHPV� WZR WHVWLQJ JXLGHOLQHV DUH
UHOHYDQW� 7KH 2(&' ��� JXLGHOLQH� ZKLFK WDUJHWV WUDQVIRUPDWLRQ DW WKH ZDWHU�VHGLPHQW LQWHUIDFH�
DQG WKH 2(&' ��� JXLGHOLQH� ZKLFK DVVHVVHV WUDQVIRUPDWLRQ LQ D SHODJLF ZDWHU ERG\� 6LQFH WKHLU
LQWURGXFWLRQ� VHYHUDO VKRUWFRPLQJV RI WKH 2(&' ���� ��� VWXGLHV KDYH EHHQ GLVFXVVHG� LQ JHQHUDO�
VWXG\ RXWFRPHV DUH RIWHQ KLJKO\ YDULDEOH DQG LQ PDQ\ FDVHV QRW UHSURGXFLEOH� $ WKRURXJK
XQGHUVWDQGLQJ�RI�UHOHYDQW�WUDQVIRUPDWLRQ�SURFHVVHV�DQG�V\VWHP�VSHFLILF�GLIIHUHQFHV�LV�VWLOO�PLVVLQJ�

7KLV ZRUN WDUJHWV WKH FRQQHFWLRQ EHWZHHQ SHUVLVWHQFH PHDVXUHG LQ GLIIHUHQW UHJXODWRU\ ZDWHU�
VHGLPHQW WHVW V\VWHPV DQG IRU GLIIHUHQW W\SHV RI VHGLPHQW� 9DULRXV 2(&' ��� DQG ����W\SH
H[SHULPHQWV ZHUH VHW XS DQG WKH IDWH RI �� VXEVWDQFHV� PRVWO\ SKDUPDFHXWLFDOV DQG SHVWLFLGHV�
ZDV IROORZHG� 7UDQVIRUPDWLRQ�LQIOXHQFLQJ IDFWRUV VXFK DV WKH DPRXQW DQG FRPSRVLWLRQ RI GHJUDGHU
ELRPDVV� VRUSWLRQ� GHVRUSWLRQ SURFHVVHV� RU VXEVWDQFH FRQFHQWUDWLRQ ZHUH LQYHVWLJDWHG WR JDLQ D
EHWWHU XQGHUVWDQGLQJ RI ELRWUDQVIRUPDWLRQ DW WKH ZDWHU�VHGLPHQW LQWHUIDFH� ,QYHVWLJDWLQJ
LQIOXHQFLQJ ELRORJLFDO IDFWRUV LV FXUUHQWO\ QRW UHTXLUHG IURP WKH UHJXODWRU\ VLGH� +RZHYHU� ZH VKRZ
WKDW LW LV FUXFLDO WR IXUWKHU VWXG\ WKRVH SDUDPHWHUV WR LQFUHDVH H[SHULPHQWDO UHSURGXFLELOLW\ RI
ELRWUDQVIRUPDWLRQ GDWD LQ RUGHU WR GHULYH UREXVW VXEVWDQFH KDOI�OLYHV IRU UHJXODWRU\ SHUVLVWHQFH
DVVHVVPHQW�

7KH FRQFHQWUDWLRQ�WLPH VHULHV WKDW ZHUH REVHUYHG IRU WKH WHVW VXEVWDQFHV RYHU WKH WLPH FRXUVH RI
WKH LQGLYLGXDO H[SHULPHQWV YDULHG VLJQLILFDQWO\ EDVHG RQ H[SHULPHQWDO VHWXS DQG WLPH SRLQW RI
HQYLURQPHQWDO PDWUL[ VDPSOLQJ� *UHDWHVW YDULDELOLWLHV ZHUH REVHUYHG ZKHQ VXEVWDQFHV ZHUH VSLNHG
LQ ZDWHU�VHGLPHQW VXVSHQVLRQV �2(&' ����W\SH H[SHULPHQW�� +HUH� ELRWUDQVIRUPDWLRQ NLQHWLFV RI
VHYHUDO FRPSRXQGV GLIIHUHG HYHQ IRU H[SHULPHQWDO UHSOLFDWHV� &RPSDULQJ VXVSHQVLRQ WHVWV
FRQGXFWHG LQ GLIIHUHQW HQYLURQPHQWDO PDWULFHV VKRZHG WKDW WKH FRPSRVLWLRQ DQG PHWDEROLF DFWLYLW\
RI WKH PLFURELDO FRPPXQLW\� DQG LWV EHKDYLRXU RYHU WLPH VWURQJO\ LQIOXHQFHV ELRWUDQVIRUPDWLRQ RI
WUDFH�FRQWDPLQDQWV�WR�WKH�SRLQW�WKDW�LW�FKDQJHV�ULVN�DVVHVVPHQW�RXWFRPHV�

:KLOH WKH PLFURELDO FRPPXQLW\ LQ WKH ZDWHU SKDVH XQGHUJRHV G\QDPLF FKDQJHV RYHU WLPH� LWV
FRPSRVLWLRQ DSSHDUV PXFK PRUH VWDEOH LQ WKH VHGLPHQW FRPSDUWPHQW� &RQVLVWHQWO\�
ELRWUDQVIRUPDWLRQ LQFUHDVHV ZKLOH YDULDELOLWLHV GHFUHDVH LQ WHVW V\VWHPV ZLWK KLJKHU DPRXQWV RI
VHGLPHQW�ERUQ ELRPDVV� $Q H[SHULPHQWDO VHWXS� LQ ZKLFK D VWDJQDQW VHGLPHQW OD\HU LV FRYHUHG E\
DQ DHUDWHG ZDWHU FROXPQ �2(&' ����W\SH H[SHULPHQW�� VKRZHG WR EH YHU\ UREXVW DQG FRQVLVWHQW
IRU ELRWUDQVIRUPDWLRQ VWXGLHV� ([WUDFWLRQ RI VHGLPHQW DQG DELRWLF FRQWUROV DOORZHG GLVWLQJXLVKLQJ
EHWZHHQ ELRWUDQVIRUPDWLRQ� SKDVH WUDQVIHU� DQG DELRWLF WUDQVIRUPDWLRQ SURFHVVHV LQ WKRVH ZDWHU�
VHGLPHQW�V\VWHPV�

7KH PHDVXUHG FRQFHQWUDWLRQ�WLPH VHULHV RI WKH 2(&' ����W\SH H[SHULPHQWV DQG WUDQVIRUPDWLRQ�
LQIOXHQFLQJ SDUDPHWHUV ZHUH XVHG WR IHHG DQ LQYHUVH PRGHOOLQJ IUDPHZRUN WR HVWLPDWH DFWXDO
ELRWUDQVIRUPDWLRQ UDWH FRQVWDQWV� :LWK WKDW� ZH DLP WR ILQG D GDWD HYDOXDWLRQ V\VWHP WKDW ZLOO DOORZ
IRU�FRPSDULQJ�GLIIHUHQW�2(&'�����VWXGLHV�WR�LGHQWLI\�SHUVLVWHQW�FKHPLFDOV�LQ�D�FRQVLVWHQW�PDQQHU�
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'LVVROYHG�RUJDQLF�PDWWHU�DV�D�PRGLILHU�RI�+J�ELRDYDLODELOLW\�WR�SK\WRSODQNWRQ

9��6ODYH\NRYD���1��5HJLHU���(��0RXOLQ���.��.DYDQDJK����,��:RUPV�

�8QLYHUVLW\�RI�*HQHYD

'LVVROYHG RUJDQLF PDWWHU �'20� LV UHFRJQL]HG WR SOD\ XWPRVW UROH LQ DTXDWLF HFRV\VWHPV E\
ELQGLQJ WR[LF WUDFH PHWDOV DQG WKXV LQIOXHQFLQJ WKHLU VSHFLDWLRQ� ELRDYDLODELOLW\ DQG ELRORJLFDO
HIIHFWV� $FFRUGLQJ WR WKH FXUUHQW SDUDGLJP WKH RUJDQLF PDWWHU SURWHFWV DTXDWLF SK\WRSODQNWRQ IURP
PHWDO VWUHVV� +RZHYHU� LQ WKH VSHFLILF FDVH RI PHUFXU\� WKH HIIHFW RI '20 RQ +J ELRDYDLODELOLW\ WR
SK\WRSODQNWRQ�LQ�IUHVKZDWHUV�LV�QRW�ZHOO�XQGHUVWRRG���

7KH SUHVHQW VWXG\ DLPHG DW EHWWHU XQGHUVWDQGLQJ WKH G\QDPLFV RI WKH '20 XQGHU ZLQWHU
FRQGLWLRQV L�H� ODNH LV LFH�FRYHUHG DQG LWV UROH LQ +J ELRDYDLODELOLW\� :DWHU IURP /DNH 2QHJD �5XVVLD�
ZDV VDPSOHG DW WKUHH GHSWKV DQG ILYH VLWHV DW WKH 5LYHU 6KX\D � RSHQ ODNH LQWHUVHFW XQGHU LFH�
FRYHUHG DQG LFH�IUHH FRQGLWLRQV� %XON FKDUDFWHULVWLFV� WKH FRPSRVLWLRQ DQG WKH PRODU PDVV RI WKH
'20 ZHUH GHWHUPLQHG� DV ZHOO DV WKH DPRXQW RI WKH 6+� UHDFWLYH JURXSV� 7KH UROH RI WKH '20 DV D
PRGLILHU RI PHUFXU\ ELRDYDLODELOLW\ WR SK\WRSODQNWRQ ZHUH DGGUHVVHG IRU WKH ILUVW WLPH� +J
ELRDYDLODELOLW\ WR JUHHQ DOJD &KODP\GRPRQDV UHLQKDUGWLL� DV D UHSUHVHQWDWLYH SK\WRSODQNWRQ
VSHFLH� ZDV FKDUDFWHUL]HG E\ GHWHUPLQLQJ ZKROH FHOO DQG LQWUDFHOOXODU +J FRQFHQWUDWLRQV GXULQJ WKH
H[SRVXUH WR /DNH 2QHJD ZDWHUV HQULFKHG ZLWK � DQG ��Q0 RI +J�12��� WR PLPLF D VWURQJ SROOXWLRQ
LQSXW�

7KH UHVXOWV VKRZHG D TXLWH KLJK '2& FRQFHQWUDWLRQV� W\SLFDO IRU KXPLF�ULFK ZDWHUV RI WKH ERUHDO
DUHDV� IROORZLQJ D JUDGXDO GHFUHDVH IURP 5LYHU 6KX\D WR RSHQ ODNH ERWK XQGHU LFH�FRYHU DQG LFH�
IUHH ODNH� 5HIUDFWRU\ KXPLF OLNH FRPSRQHQW RI IXOYLF W\SH �)$�� UHSUHVHQWHG DERXW ��� RI WKH
RUJDQLF PDWWHU SRRO LQ WKH VL]H UDQJH IURP ���'D WR ����PP� LQGHSHQGHQWO\ RI WKH VDPSOLQJ VLWH
ORFDWLRQ� GHSWK� SUHVHQFH RU QRW RI LFH�FRYHU� )ORZ ILHOG�IORZ IUDFWLRQDWLRQ FRXSOHG WR IOXRUHVFHQFH
GHWHFWRU DQG ,&3�06 UHYHDOHG D SUHYDLOLQJ DVVRFLDWLRQ RI +J WR )$ IUDFWLRQ� KRZHYHU D +J ZDV DOVR
IRXQG LQ KLJK�VL]H $O� )H DQG 0Q FRQWDLQLQJ FROORLGV� 7KH ZKROH FHOO DQG LQWUDFHOOXODU +J
FRQFHQWUDWLRQV ZHUH ORZHU LQ DOJD H[SRVHG LQ ZDWHU VDPSOHG IURP LFH�IUHH WKDQ IURP LFH�FRYHUHG
ODNH� +RZHYHU QR VSHFLILF WUHQGV LQ WKH +J XSWDNH E\ &� UHLQKDUGWLL ZHUH REVHUYHG RYHU '2&
FRQFHQWUDWLRQ JUDGLHQWV� VKRZLQJ WKDW WKH '2& LV QRW D JRRG SUHGLFWRU RI +J EXIIHULQJ FDSDFLW\ RI
QDWXUDO ZDWHUV� $ QHJDWLYH FRUUHODWDLRQ EHWZHHQ ZKROH FHOO DQG LQWUDFHOOXODU +J DQG ૱6+
FRQFHQWUDWLRQV� IOXRUHVFHQFH DQG KXPLILFDWLRQ LQGH[HV ZDV IRXQG� 6XFK UHODWLRQVKLSV HYLGHQFHG
SRVVLEOH QHJDWLYH IHHGEDFNV ZLWK WKHVH '20 FKDUDFWHULVWLFV DQG +J ELRDYDLODELOLW\� 7KH
VLJQLILFDQFH DQG LPSOLFDWLRQV RI WKH UHVXOWV DUH GLVFXVVHG ZLWK UHVSHFW WR WKH QDUURZLQJ WKH JDS LQ
ODE�WR�ILHOG�H[WUDSRODWLRQ�

$FNQROZHGJHPHQWV� 9�6� DFNQRZOHGJHV WKH ILQDQFLDO VXSSRUW RI WKH 6ZLVV 1DWLRQDO 6FLHQFH
)RXQGDWLRQ��*UDQW�QXPEHUV�������B�������DQG�������B��������
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'DWLQJ�WKH�UHFHQW�SDVW��FKURQRPHWLUF�SRWHQWLDO�RI�6L����_�3DUW����&KHPLFDO�VHSDUDWLRQ
DQG�SUHSDUDWLRQ�LQ�D�SXUH�VWDWH

0��9HLFKW�����,��0LKDOFHD���3��6SUXQJ���$��3DXW]�����&��%DLODW���<��1HGMDGL���.��.RVVHUW���&�
9RFNHQKXEHU���$��:DOOQHU�����'��6FKXPDQQ�


�3DXO�6FKHUUHU�,QVWLWXWH��36,����,QVWLWXWH�RI�5DGLDWLRQ�3K\VLFV��,5$����3K\VLNDOLVFK�7HFKQLVFKH
%XQGHVDQVWDOW��37%����(LGJHQ¸VVLVFKH�7HFKQLVFKH�+RFKVFKXOH�=¾ULFK��(7+=����$XVWUDOLDQ�1DWLRQDO
8QLYHUVLW\��$18�����FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH��(3)/����+HOPKROW]�=HQWUXP�'UHVGHQ�

5RVVHQGRUI��+='5�

&RVPLF�UD\�LQGXFHG VSDOODWLRQ RI ��$U LQ WKH DWPRVSKHUH OHDGV WR D FRQWLQXRXV SURGXFWLRQ RI ��6L�
ZKLFK LV WUDQVIHUUHG WR (DUWK
V VXUIDFH E\ SUHFLSLWDWLRQ� DQG VXEVHTXHQWO\ GHSRVLWHG LQ WHUUHVWULDO
VHGLPHQWV� VQRZ� DQG LFH�� $V D UHVXOW� ��6L LV RI SULPDU\ LQWHUHVW FRQFHUQLQJ WKH DSSOLFDWLRQ LQ
HQYLURQPHQWDO VFLHQFHV� DV LW KDV WKH SRWHQWLDO WR ILOO WKH FXUUHQW GDWLQJ JDS �)LJ� �D� WKDW OLHV
EHWZHHQ WKRVH FKURQRORJLHV EDVHG RQ WKH LVRWRSHV RI ���3E �7���  ���� D� DQG ��& �7���  ���� D��
7KH SUHUHTXLVLWH WR ILQGLQJ DQ DSSOLFDWLRQ DV D JHRFKURQRPHWHU LV WKXV D SUHFLVHO\ GHWHUPLQHG KDOI�
OLIH� +RZHYHU� VHYHUDO DWWHPSWV WR GHWHUPLQH WKH KDOI�OLIH RI ��6L OHG WR QRWDEOH GLVFUHSDQFLHV�
LQFOXGLQJ ODUJH XQFHUWDLQWLHV LQ WKH DFWXDO KDOI�OLIH GHWHUPLQDWLRQ �)LJ� �E�� $FFRUGLQJO\� DV WKH
YHU\ LPSUHFLVHO\ GHWHUPLQHG KDOI�OLIH LV DQ DFWXDO GHDO�EUHDNHU IRU WKH DSSOLFDWLRQ DV D
JHRFKURQRPHWHU�����D�PRUH�SUHFLVH�DQG�DFFXUDWH�GHWHUPLQDWLRQ�UHPDLQV�QHFHVVDU\�

*HQHUDOO\� WKH DQQXDO DWPRVSKHULF SURGXFWLRQ RI ��6L LV VHYHUHO\ ORZ� UHVXOWLQJ LQ D UDUH QDWXUDO
DEXQGDQFH� 7KHUHIRUH� DQ DOWHUQDWLYH ZD\ ZDV FKRVHQ E\ WKH DUWLILFLDO SURGXFWLRQ RI WKH
UDGLRQXFOLGH DW WKH 3DXO 6FKHUUHU ,QVWLWXWH �36,� E\ D WZR�\HDU SURWRQ�LUUDGLDWLRQ RI PHWDOOLF
YDQDGLXP XVLQJ 36,
V ��� 0H9 ULQJ F\FORWURQ� $V D UHVXOW� DURXQG �� 0%T RI ��6L DUH DYDLODEOH�
H[FHHGLQJ SUHYLRXVO\ UHSRUWHG DFWLYLWLHV E\ VHYHUDO RUGHUV RI PDJQLWXGH� +HUH� WKH DXWKRUV SUHVHQW
D UDGLRFKHPLFDO VHSDUDWLRQ SURFHGXUH WKDW DOORZV WKH SUHSDUDWLRQ RI ��6L VDPSOHV ZLWK KLJK
SXULW\� $SSO\LQJ FDWLRQ� DQG DQLRQ�H[FKDQJH FKURPDWRJUDSK\ FRPELQHG ZLWK H[WUDFWLRQ
FKURPDWRJUDSK\� LW ZDV SRVVLEOH WR VHSDUDWH VLOLFRQ IURP WKH YDQDGLXP PDWUL[ DQG YDULRXV
VSDOODWLRQ�SURGXFWV��)LQDOO\����6L�IUDFWLRQV�RI�KLJK�DFWLYLW\�FRQFHQWUDWLRQV�FRXOG�EH�REWDLQHG�

&RQFHUQLQJ WKH UH�GHWHUPLQDWLRQ RI WKH ��6L KDOI�OLIH� FRPSOHPHQWDU\ PHDVXUHPHQWV ZLWK GLIIHUHQW
WHFKQLTXHV VXFK DV /LTXLG 6FLQWLOODWLRQ &RXQWLQJ �/6&�� $FFHOHUDWRU 0DVV 6SHFWURPHWU\ �$06�� DQG
,QGXFWLYHO\ &RXSOHG 3ODVPD 0DVV 6SHFWURPHWU\ �,&3�06� ZLOO EH XWLOL]HG� )RU WKLV� D FROODERUDWLRQ
ZLWK�GLIIHUHQW�SDUWQHUV�KDV�EHHQ�HVWDEOLVKHG��H�J���ZLWK�OHDGLQJ�H[SHUWV�LQ�UDGLRQXFOLGH�PHWURORJ\�

>�@�.HLWK�)LILHOG��8ZH�0RUJHQVWHUQ��4XDWHUQDU\�*HRFKURQRORJ\����������������������
>�@ 'LQNDU .KDUNDU� .DUO 7XUHNLDQ� 0DUWKD 6FRWW� (DUWK DQG 3ODQHWDU\ 6FLHQFH /HWWHUV� ����� �����
������
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