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$QDO\WLFDO�6FLHQFHV��3RVWHU $6����

8OWUDKLJK�LRQ�PRELOLW\�VHSDUDWLRQ�RI�&,'�IUDJPHQWV�IRU�JO\FDQ�DQDO\VLV

3��%DQVDO���$��%HQ�)DOHK���6��:DUQNH���7��5L]]R�


�(3)/��/DERUDWRU\�RI�0ROHFXODU�3K\VLFDO�&KHPLVWU\

*O\FDQ DQDO\VLV LV D PDMRU FKDOOHQJH GXH WR WKHLU LVRPHULF KHWHURJHQHLW\� ,RQ PRELOLW\ VSHFWURPHWU\
�,06� FRPELQHG ZLWK FU\RJHQLF YLEUDWLRQDO VSHFWURVFRS\ KDV EHHQ LPSOHPHQWHG IRU LGHQWLILFDWLRQ
DQG FKDUDFWHUL]DWLRQ RI JO\FDQV� EXW LW GRHV QRW DOORZ WKH VHSDUDWLRQ RI JO\FDQ LVRPHUV ZLWK VXEWOH
GLIIHUHQFHV >�@� $ SURPLVLQJ DSSURDFK WR RYHUFRPH WKLV OLPLWDWLRQ FRPELQHV XOWUDKLJK�UHVROXWLRQ
,06 XVLQJ VWUXFWXUH IRU ORVVOHVV LRQ PDQLSXODWLRQ �6/,0� ZLWK FU\RJHQLF ,5 VSHFWURVFRS\ >�@� ,Q WKH
SUHVHQW ZRUN� D 6/,0 ERDUG FRQWDLQLQJ D VHULHV RI RQ�ERDUG WUDSV KDV EHHQ GHVLJQHG� EDVHG RQ WKH
ZRUN E\ 6PLWK DQG FRZRUNHUV >���@� :H KDYH GHPRQVWUDWHG WKH XVH RI WKHVH WUDSV IRU WXUQLQJ DQG
FRQILQLQJ LRQV DQG VLPXODWHG LRQ WUDMHFWRULHV XVLQJ 6,0,21 ��� WR HYDOXDWH WKHLU SRWHQWLDO
DSSOLFDWLRQ IRU RQ�ERDUG FROOLVLRQ LQGXFHG GLVVRFLDWLRQ �&,'�� :H ZLOO SUHVHQW WKH ODWHVW
H[SHULPHQWDO�UHVXOWV�XVLQJ�WKLV�DSSURDFK�IRU�JO\FDQ�DQDO\VLV�

�

>�@ &KLDUD 0DVHOOLV� 1HHODP .KDQDO� 0LFKDHO =� .DPUDWK� 'DYLG (� &OHPPHU� 7KRPDV 5� 5L]]R�
-RXUQDO�RI�7KH�$PHULFDQ�6RFLHW\�IRU�0DVV�6SHFWURPHWU\����������������������
>�@ $KPHG %HQ )DOHK� 6WHSKDQ :DUQNH� 7KRPDV 5� 5L]]R� $QDO\WLFDO &KHPLVWU\� ����� ������
����������
>�@ ,DQ .� :HEE� 6DQGLO\D 9� %� *DULPHOOD� ,VDDF .� $WWDK� &KULVWRSKHU '� &KRXLQDUG� *DEH 1DJ\�
$QHHVK 3UDEKDNDUDQ� (ULQ 6� %DNHU� <HKLD 0� ,EUDKLP� 5LFKDUG '� 6PLWK� 3RVWHU ,'� �������
3URFHHGLQJV RI WKH ��WK $606 &RQIHUHQFH RQ 0DVV 6SHFWURPHWU\ DQG $OOLHG 7RSLFV� ����� 6DQ
'LHJR��&DOLIRUQLD�
>�@ $QHHVK 3UDEKDNDUDQ� 6DQGLO\D 9� %� *DULPHOOD� 5DQGROSK 9� 1RUKHLP� &� (� 6FKLPHOIHQLJ�
6SHQFHU $� 3URVW� &� *LEHUVRQ� <HKLD 0� ,EUDKLP� 5LFKDUG '� 6PLWK� 3RVWHU ,'� ������� 3URFHHGLQJV
RI�WKH���WK�$606�&RQIHUHQFH�RQ�0DVV�6SHFWURPHWU\�DQG�$OOLHG�7RSLFV��������6DQ�'LHJR��&DOLIRUQLD�
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$QDO\WLFDO�6FLHQFHV��3RVWHU $6����

(IILFLHQW�7LS�5HF\FOLQJ�IRU�$)0�EDVHG�7LS�(QKDQFHG�5DPDQ�6SHFWURVFRS\��7(56�

*��/��%DUWRORPHR���$��.��6DFKDQ���*��*RXEHUW���5��=HQREL�


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

7LS�HQKDQFHG 5DPDQ VSHFWURVFRS\ �7(56� LV DQ DQDO\WLFDO WHFKQLTXH ZKLFK FRPELQHV VFDQQLQJ
SUREH PLFURVFRS\ �VXFK DV $WRPLF )RUFH 0LFURVFRS\ � $)0� DQG 5DPDQ VSHFWURVFRS\ ZLWK WKH DLP
RI REWDLQLQJ D YLEUDWLRQDO VSHFWUXP IURP YHU\ VPDOO VSRWV RI WKH VDPSOH� ZHOO EHORZ WKH RSWLFDO
GLIIUDFWLRQ OLPLW� ,W ZDV SLRQHHUHG LQ RXU ODE LQ HDUO\ ����V DQG KDV SURYHQ WR EH YHU\ YHUVDWLOH IRU
QDQRVFDOH FKDUDFWHUL]DWLRQ RI �' PDWHULDOV DQG ELRORJLFDO VDPSOHV >�@� 7KH KHDUW RI HYHU\ $)0�
7(56 H[SHULPHQW LV DQ HQKDQFLQJ SODVPRQLF SUREH� FRPPHUFLDOO\ DYDLODEOH $)0 FDQWLOHYHUV�
XVXDOO\ PDGH RI 6L� QHHG WR EH PHWDOL]HG WR EHFRPH VXLWDEOH DV D 7(56 SUREH DQG WKH PRVW
FRPPRQ IXQFWLRQDOL]DWLRQ PHWKRG LV WKH GHSRVLWLRQ RI D WKLQ OD\HU RI PHWDO �JHQHUDOO\ $J� YLD
SK\VLFDO YDSRU GHSRVLWLRQ �39'�� 'HVSLWH EHLQJ ZLGHVSUHDG DQG HIIHFWLYH� WKH 39' FRDWLQJ SURFHVV
VWLOO UHTXLUHV VHYHUDO KRXUV >�@� &RQYHUVHO\� WKH DYHUDJH RSHUDWLRQDO OLIHWLPH RI D SODVPRQLF WLS LV
OHVV WKDQ � KRXUV LQ DPELHQW FRQGLWLRQV DQG� IRU HYHU\ H[SHULPHQWDO PHDVXUHPHQW� � WR � WLSV QHHG
WR EH SUHSDUHG DV D EDFNXS� $W WKH HQG RI WKHLU OLIH F\FOH� ZKHWKHU XVHG RU QRW� PHWDOL]HG WLSV KDYH
WR EH GLVFDUGHG DV WKH\ DUH QR ORQJHU HQKDQFLQJ DQG SRVVLEO\ FRQWDPLQDWHG ZLWK FDUERQDFHRXV
VSHFLHV IURP WKH HQYLURQPHQW� 0RUHRYHU� VLQFH WKH PHWDO FRDWLQJ VZHOOV WKH DSH[ RI WKH WLS� WKHLU
VSDWLDO UHVROXWLRQ LV FRPSURPLVHG� 'XH WR WKHLU KLJK FRVW �XS WR KXQGUHGV RI IUDQFV HDFK� DQG WKH
ORQJ WLPH LW WDNHV WR SUHSDUH WKHP� WKH FXUUHQW SURFHGXUH LV FRQVLGHUHG QHLWKHU HIILFLHQW QRU
HFRQRPLFDO� 7KH SRVVLELOLW\ WR UHF\FOH WLSV LV WKXV LQWHUHVWLQJ IURP WZR PDLQ SRLQWV RI YLHZ� )LUVWO\�
UHXVLQJ SUREHV UHSUHVHQWV DQ REYLRXV HFRQRPLF DGYDQWDJH� ,Q DGGLWLRQ� GHILQLQJ D FRQVLVWHQW
FOHDQLQJ URXWLQH ZRXOG SRVVLEO\ KHOS WDFNOLQJ DQRWKHU PDMRU SUREOHP RI 7(56� L�H� WKH
HQYLURQPHQWDO FRQWDPLQDWLRQ OHDGLQJ WR WKH LQFRQVLVWHQF\ RI H[SHULPHQWDO UHVXOWV� ,Q IDFW� HYHQ
WKRXJK WKH WHFKQLTXH GHYHORSHG GUDPDWLFDOO\ LQ WKH ODVW \HDUV� FRQWDPLQDWLRQ IURP WKH
HQYLURQPHQW LV D NH\ LVVXH WKH 7(56 FRPPXQLW\ KDV EHHQ IDFLQJ IURP WKH HDUOLHVW WLPHV DQG LV \HW
WR EH IXOO\ VROYHG >�@� ,Q WKLV SURMHFW� VHYHUDO DSSURDFKHV ZHUH WULHG ZLWK WKH JRDO RI HVWDEOLVKLQJ DQ
HIIHFWLYH ZRUNIORZ IRU WKH UHF\FOLQJ RI $)0�7(56 WLSV� 6HOHFWLYH UHPRYDO RI WKH PHWDO FRDWLQJ ZDV
DFKLHYHG� ZLWKRXW FRPSURPLVLQJ WKH XQGHUO\LQJ VLOLFRQ VWUXFWXUH� 5HF\FOHG WLSV ZHUH LQYHVWLJDWHG
XVLQJ 6(0 DQG $)0 DQG VKRZHG QR VLJQLILFDQW GLIIHUHQFH LQ VWUXFWXUDO IHDWXUHV DQG VSDWLDO
UHVROXWLRQ ZLWK UHVSHFW WR EUDQG QHZ RQHV� 3UHOLPLQDU\ 7(56 H[SHULPHQWV RQ WHVW VDPSOHV
H[KLELWHG QR GHYLDWLRQ IURP UHIHUHQFH VSHFWUD� FRQILUPLQJ WKH UHOLDELOLW\ RI WKH DSSURDFK� 7KHVH
UHVXOWV SDYH WKH ZD\ WR D FKHDSHU DQG PRUH HIILFLHQW SUREH SUHSDUDWLRQ SURWRFRO WKDW FRXOG HDVLO\
EH�LPSOHPHQWHG�LQ�RWKHU�ODERUDWRULHV�

>�@�6KDR��)��	�=HQREL��5��$QDO��%LRDQDO��&KHP�����������������
>�@�.XPDU��1��HW�DO���1DW��3URW��������������������������
>�@�+XDQJ��7;���HW�DO���$QDO��%LRDQDO��&KHP����������������������������
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0DVV�VSHFWURPHWULF�LQYHVWLJDWLRQ�RI�QHXWUDO�VROXEOH�GLHWDU\�ILEHU�LQWHUDFWLRQV�ZLWK�VPDOO
PROHFXOHV

6��%RXORV���/��1\VWU¸P�


�/DERUDWRU\�RI�)RRG�%LRFKHPLVWU\��(7+�=XULFK��6FKPHO]EHUJVWUDVVH���������=XULFK��6ZLW]HUODQG

5HJXODU LQWDNH RI VROXEOH GLHWDU\ ILEHUV �')� LV DQ HIIHFWLYH ZD\ RI UHGXFLQJ WKH ULVNV RI
FDUGLRYDVFXODU GLVHDVHV UHODWHG WR KLJK EORRG FKROHVWHURO OHYHOV DQG GLDEHWHV W\SH �� ,Q DGGLWLRQ�
WKH ELRDYDLODELOLW\ RI QXWULWLRQDOO\ UHOHYDQW PLQHUDOV OLNH LURQ KLJKO\ GHSHQGV RQ WKH IRRG PDWUL[�
7KHUHE\� ILEHUV DQG WKHLU DVVRFLDWHG SK\WRFKHPLFDOV SOD\ DQ LPSRUWDQW UROH RQ PLQHUDO DEVRUSWLRQ�
:KLOH VRPH LQWHUDFWLRQV RI PHWDO FDWLRQV ZLWK QHJDWLYHO\ FKDUJHG VROXEOH ILEHUV DUH ZHOO
FKDUDFWHUL]HG LQ WKH OLWHUDWXUH� NQRZOHGJH RQ ELQGLQJ RI H�J� JOXFRVH� ELOH DFLGV� DQG PLQHUDOV ZLWK
QHXWUDO GLHWDU\ ILEHUV LQ RUGHU WR XQGHUVWDQG WKH PRGH RI DFWLRQ IRU WKHLU KHDOWK EHQHILWV LV VFDUFH�
7R VWXG\ LQWHUDFWLRQV� PDVV VSHFWURPHWU\ �06� KDV EHHQ XVHG LQ WKH SDVW IRU ZHOO�VWUXFWXUHG
SURWHLQ�OLJDQG�FRPSOH[HV��EXW�KDV�QHYHU�EHHQ�DWWHPSWHG�IRU�QHXWUDO��QDWLYH�SRO\VDFFKDULGHV�

+HQFH� WKH RYHUDOO DLP RI WKLV VWXG\ LV WKH GHYHORSPHQW RI D PDVV VSHFWURPHWULF PHWKRG LQ RUGHU
WR LQYHVWLJDWH WKH VWUXFWXUH�IXQFWLRQ UHODWLRQVKLS RI ELQGLQJV EHWZHHQ GLHWDU\ ILEHUV DQG
QXWULWLRQDOO\ UHOHYDQW VPDOO PROHFXOHV 	 PLQHUDOV� )RU WKLV SXUSRVH� D VHOHFWLRQ RI OLQHDU DQG
EUDQFKHG VROXEOH GLHWDU\ ILEHUV VXFK DV PL[HG�OLQNDJH FHUHDO ͆�JOXFDQ DQG JXDU JXP
JDODFWRPDQQDQ ZHUH SDUWLDOO\ K\GURO\]HG WR SURGXFH SRO\VDFFKDULGHV RI VXLWDEOH OHQJWK DQG IXOO\
FKDUDFWHUL]HG IRU WKH PRQRVDFFKDULGH FRPSRVLWLRQ DQG PROHFXODU ZHLJKW GLVWULEXWLRQ E\ LRQ
H[FKDQJH�DQG�VL]H�H[FOXVLRQ�FKURPDWRJUDSK\��UHVSHFWLYHO\�

(OHFWURVSUD\ LRQL]DWLRQ �(6,� ZLWK TXDGUXSRO WLPH�RI�IOLJKW �T72)� PDVV VSHFWURPHWU\ �06� ZDV
XVHG IRU WKH GHWHFWLRQ RI LQGLYLGXDO SRO\PHU FKDLQV� ZLWK VXFFHVVIXO LRQL]DWLRQ RI JOXFDQV DQG
JDODFWRPDQQDQV RI XS WR �� PRQRPHU XQLWV� )RU DQ HQKDQFHG LRQL]DWLRQ RI SRO\VDFFKDULGHV� QDQR�
IORZ HOHFWURVSUD\ LRQL]DWLRQ �QDQR(6,� LV FRPSDUHG WR FRQYHQWLRQDO (6,� 5HGXFLQJ HQG
PRGLILFDWLRQV DOORZHG IRU WKH LRQL]DWLRQ RI WKH LQWDFW SRO\VDFFKDULGH FKDLQV ZLWKRXW LQ�VRXUFH
IUDJPHQWDWLRQ RFFXUULQJ� DQ LPSRUWDQW SUHUHTXLVLWH IRU WKH VWXG\ RI SRO\VDFFKDULGH LQWHUDFWLRQV
ZLWK VPDOO PROHFXOHV� 7KH VXSSUHVVHG IUDJPHQWDWLRQ FDQ EH H[SODLQHG E\ WKH ODFN RI D FDUERQ\O
WKDW ZRXOG IDFLOLWDWH HOLPLQDWLRQV 	 UHWUR�DOGRO UHDFWLRQV �VHH VFKHPH DERYH�� %RWK LQ SRVLWLYH DQG
QHJDWLYH PRGH 06� WKH REVHUYHG GLVWULEXWLRQ DQG DYHUDJH FKDLQ OHQJWK RI SRO\VDFFKDULGH ZDV LQ
DJUHHPHQW ZLWK WKH NQRZQ PROHFXODU ZHLJKW RI WKH XVHG SRO\VDFFKDULGH VWDQGDUG� PDNLQJ WKLV



GLUHFW�LQIXVLRQ (6,�T72)�06 PHWKRG D YDOXDEOH WRRO IRU FKDUDFWHUL]DWLRQ RI ODEHOOHG SRO\VDFFKDULGHV
WR DVVHVV GHULYDWL]DWLRQ HIILFLHQFLHV� )LQDOO\� WKH SURRI�RI�FRQFHSW UHVXOWV IRU WKH 06 VWXG\ DUH
SUHVHQWHG IRU WKH LQWHUDFWLRQ RI QHXWUDO VROXEOH GLHWDU\ ILEHUV ZLWK NQRZQ ELQGLQJ SDUWQHUV VXFK DV
FDOFRIOXRU�ZKLWH��FRQJR�UHG��RU�ERUDWH�ERURQDWH�HVWHUV�DV�SRVLWLYH�FRQWUROV�
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+RVW�JXHVW�LQWHUDFWLRQ�WR�LPSURYH�WKH�ELRDYDLODELOLW\�RI�EHQW�PHWDOORFHQHV"�$�PDVV
VSHFWURPHWULF�LQYHVWLJDWLRQ

3��6��%UXQL���6��6FK¾UFK�


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

7UDQVLWLRQ PHWDO FRPSOH[HV� VXFK DV WKH EHQW PHWDOORFHQHV �&S�0&O��� KDYH IRXQG ZLGHVSUHDG
LQWHUHVW DV DQWLFDQFHU DJHQWV LQ UHFHQW \HDUV� 7KH DFWLYH VSHFLHV RI PHWDOORFHQHV DUH IRUPHG E\
H[FKDQJH RI WKH FKORULGH OLJDQGV LQ DTXHRXV HQYLURQPHQW� UHVXOWLQJ LQ D ORZ S+ RI WKH VROXWLRQ�
3ULRU WR DGPLQLVWUDWLRQ RI WKH GUXJV� WKH S+ RI WKH VROXWLRQ VKRXOG WKHUHIRUH EH LQFUHDVHG WR
SK\VLRORJLFDO FRQGLWLRQ� 8QIRUWXQDWHO\� WKLV UHVXOWV LQ LPPHGLDWH LQDFWLYDWLRQ RI WKH PHWDOORFHQH
GXH WR GHJUDGDWLRQ RU H[WHQVLYH GLPHUL]DWLRQ� 3DVW VWXGLHV H[DPLQHG WKH HQFDSVXODWLRQ RI
PHWDOORFHQHV LQ F\FORGH[WULQV DQG FXFXUELWXULOV E\ 105� ;�UD\ GLIIUDFWLRQ� DQG PROHFXODU PRGHOOLQJ�
DQG VXJJHVWHG WKH LQFRUSRUDWLRQ RI &S�0&O� LQ WKH K\GURSKRELF FDYLWLHV� 7KLV HQFDSVXODWLRQ LV
FODLPHG�WR�UHVXOW�LQ�D�VWDELOL]DWLRQ�RI�WKH�SURGUXJ�DJDLQVW�LQDFWLYDWLRQ�DW�SK\VLRORJLFDO�S+�

2XU VWXG\ IRFXVHV RQ WKH LQYHVWLJDWLRQ RI WKHVH KRVW�JXHVW VWUXFWXUHV E\ WDQGHP PDVV
VSHFWURPHWU\ LQ RUGHU WR JDLQ JUHDWHU LQVLJKW LQWR WKH QDWXUH RI WKH LQWHUDFWLRQ� 7KH VWXG\
FRPSULVHV IRXU F\FORGH[WULQV DQG WZR FXFXUELWXULOV DV KRVW�PROHFXOHV DQG D YDULHW\ RI JXHVW�
VWUXFWXUHV�

>�@�$��5LYLġ��1��*��+ƐGƐUXJƐ��=��*¤UEDQ��DQG�'��,��+ƐGƐUXJƐ��&KHP��&HQW��-����������������
>�@ '� 6HQWKLOQDWKDQ� 5� 9� 6RORPRQ� 6� .LUXWKLND� 3� 9HQXYDQDOLQJDP� DQG 0� 6XQGDUDUDMDQ� -%,& -�
%LRO��,QRUJ��&KHP���������������������
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$�ODVHU�DEODWLRQ�LRQL]DWLRQ�PDVV�VSHFWURPHWU\�DSSURDFK�IRU�FRPSRVLWLRQDO�DQDO\VLV�RI
6Q�$J�VROGHU�EXPSV

$��&HGH³R�/µSH]���9��*ULPDXGR���$��5LHGR�����0��7XOHM���5��:LHVHQGDQJHU���5��/XNPDQRY���3��0RUHQR�
*DUF¯D���3��:XU]�
��3��%URHNPDQQ�


�,QWHUIDFLDO�(OHFWURFKHPLVWU\�*URXS��'HSDUWPHQW�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\��8QLYHUVLW\�RI
%HUQ��%HUQ��6ZLW]HUODQG���3K\VLFV�,QVWLWXWH��6SDFH�5HVHDUFK�DQG�3ODQHWDU\�6FLHQFHV��8QLYHUVLW\�RI

%HUQ��%HUQ��6ZLW]HUODQG���6DFNOHU�/DERUDWRU\�IRU�$VWURSK\VLFV��/HLGHQ�2EVHUYDWRU\��/HLGHQ
8QLYHUVLW\��/HLGHQ��7KH�1HWKHUODQGV

(OHFWURFKHPLFDO GHSRVLWLRQ RI 6Q�$J VROGHU EXPSV� WKH WHFKQRORJLFDOO\ PRVW UHOHYDQW VROGHU
PDWHULDO RI WRGD\�� UHTXLUHV DVVLVWDQFH RI GLIIHUHQW RUJDQLF DGGLWLYHV LQ WKH SODWLQJ EDWK WR DFFRXQW
IRU WKH KLJKO\ GLIIHUHQW HOHFWURFKHPLFDO SURSHUWLHV RI WKH WZR PHWDOV DQG DVVXUH WKHLU HIILFLHQW FR�
GHSRVLWLRQ� +RZHYHU� LW LV YHU\ LPSRUWDQW WKDW WKHUH LV DV OLWWOH HPEHGPHQW RI WKHVH RUJDQLF
DGGLWLYHV LQWR WKH DOOR\ PDWUL[ DV SRVVLEOH� 7KLV LV EHFDXVH YRLGV� LQKRPRJHQHLWLHV DQG QRQ�PHWDOOLF
FRQWDPLQDWLRQV ZLWKLQ WKH DOOR\ EXPSV VLJQLILFDQWO\ UHGXFH IXQFWLRQDOLW\ DQG OLIHWLPH RI WKH VROGHU
FRQWDFWV�IRUPHG�IURP�WKHP�

�

7R REWDLQ PRUH GHWDLOHG XQGHUVWDQGLQJ RI WKH SURFHVVHV WDNLQJ SODFH GXULQJ HOHFWURGHSRVLWLRQ DQG
WR WKXV EH DEOH WR RSWLPL]H SODWLQJ EDWK FRPSRVLWLRQV WRZDUGV DFKLHYLQJ SXUH DOOR\ GHSRVLWV�
FKHPLFDO DQDO\VLV DSSURDFKHV SURYLGLQJ ODWHUDO DQG YHUWLFDO LQIRUPDWLRQ RQ WKH VROGHU FRPSRVLWLRQ
DUH UHTXLUHG� 2XU IHPWRVHFRQG ODVHU DEODWLRQ PDVV VSHFWURPHWHU� WKH /06 LQVWUXPHQW�� �� KDV
SUHYLRXVO\ EHHQ VKRZQ WR SURYLGH VXFK ILQHO\ UHVROYHG GDWD�� �� ,Q WKLV FRQWULEXWLRQ ZH SUHVHQW
IXQGDPHQWDO VWXGLHV RQ ODVHU�PDWWHU LQWHUDFWLRQ RQ 6Q�$J DOOR\ LQYHVWLJDWLQJ WKH HIIHFW RI GLIIHUHQW
ZDYHOHQJWKV� :H IXUWKHUPRUH VKRZ KRZ WKH ILQGLQJV IURP WKHVH VWXGLHV FRPELQHG ZLWK QRYHO
PHDVXUHPHQW DSSURDFKHV DOORZ WR VLJQLILFDQWO\ LPSURYH FRPSRVLWLRQDO DQDO\VLV UHVXOWV RQ 6Q�$J
EXPS�VWUXFWXUHV�

>�@ 0XOXJHWD $EWHZ DQG *XQD 6HOYDGXUD\� 0DWHULDOV 6FLHQFH DQG (QJLQHHULQJ� 5� 5HSRUWV� �����
�����������
>�@ $QGUHDV 5LHGR� $QGUH %LHOHU� 0DLNH 1HXODQG� 0DUHN 7XOHM DQG 3HWHU :XU]� -RXUQDO RI 0DVV
6SHFWURPHWU\�����������������
>�@ $QGUHDV 5LHGR� 0DLNH 1HXODQG� 6WHIDQ 0H\HU� 0DUHN 7XOHM DQG 3HWHU :XU]� -RXUQDO RI DQDO\WLFDO
DWRPLF�VSHFWURPHWU\����������������������
>�@ $OHQD &HGH³R /µSH]� 9DOHQWLQH *ULPDXGR� 3DYHO 0RUHQR�*DUF¯D� $QGUHDV 5LHGR� 0DUHN 7XOHM�
5HWR :LHVHQGDQJHU� 3HWHU :XU] DQG 3HWHU %URHNPDQQ� -RXUQDO RI DQDO\WLFDO DWRPLF VSHFWURPHWU\�
������������������
>�@ 9DOHQWLQH *ULPDXGR� 3DYHO 0RUHQR�*DUF¯D� $OHQD &HGH³R /µSH]� $QGUHDV 5LHGR� 5HWR
:LHVHQGDQJHU� 0DUHN 7XOHM� &\QWKLD *UXEHU� (PDQXHO /¸UWVFKHU� 3HWHU :XU] DQG 3HWHU %URHNPDQQ�
$QDO\WLFDO�&KHPLVWU\����������������������
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7KH�7UDQVIHU�5DWH�RI�3&%V�IURP�)HHG�WR�$GLSRVH�7LVVXH�'HSHQGV�RQ�%RG\�)DWQHVV�LQ
*URZLQJ�&DWWOH

&��'ULHVHQ���0��=HQQHJJ�
��,��0RUHO���+��'��+HVV���6��/HUFK�


�(PSD�૱�/DERUDWRU\�IRU�$GYDQFHG�$QDO\WLFDO�7HFKQRORJLHV���EHUODQGVWUDVVH������&+�����
'¾EHQGRUI��6ZLW]HUODQG���$JURVFRSH�૱�5XPLQDQWV�5HVHDUFK�8QLW��7LROH\UH����&���2IILFH�IRU

$JULFXOWXUH�DQG�)RUHVWU\��&DQWRQ�RI�/XFHUQH��&HQWUDOVWUDVVH�����&+������6XUVHH��6ZLW]HUODQG

3RO\FKORULQDWHG ELSKHQ\OV �3&%V� DUH SHUVLVWHQW RUJDQLF SROOXWDQWV �323V�� $OWKRXJK WKH\ KDYH
EHHQ EDQQHG ZRUOGZLGH LQ ����� LW LV HVWLPDWHG WKDW DURXQG ��� RI 3&%V HYHU SURGXFHG VWLOO
UHPDLQ LQ RXU HQYLURQPHQW� 7KHLU OLSRSKLOLF SURSHUW\ LV UHVSRQVLEOH IRU WKHLU ELRDFFXPXODWLYH
QDWXUH� VR WKDW PRUH WKDQ ��� RI KXPDQ H[SRVXUH LV WKURXJK FRQVXPSWLRQ RI IRRG RI DQLPDO
RULJLQ� RI ZKLFK ��� FRPHV IURP ERYLQH PHDW� ,Q RUGHU WR HQVXUH FKHPLFDO VDIHW\ RI DQLPDO
SURGXFWV DQG IXUWKHU UHGXFH WKH KXPDQ H[SRVXUH� LW LV LPSRUWDQW WR XQGHUVWDQG WKH WUDQVIHU RI
3&%V LQ WKH IRRG FKDLQ� 7KH DLP RI WKH SUHVHQW VWXG\ ZDV WR EHWWHU XQGHUVWDQG WKH WUDQVIHU RI 3&%V
LQ JURZLQJ FDWWOH E\ LQYHVWLJDWLQJ WKH HIIHFW RI ERG\ IDWQHVV DQG JURZLQJ UDWH RQ WKH ELRWUDQVIHU
IDFWRU �%7)� DQG WKH ELRFRQFHQWUDWLRQ IDFWRU �%&)�� LQGLFDWRUV RIWHQ XVHG WR DVVHVV DQG PDQDJH
FKHPLFDO ULVNV LQ DQLPDO IDUPLQJ V\VWHPV� ,QGHHG� VWXGLHV LQ PRQRJDVWULFV GHPRQVWUDWHG WKDW %7)
DQG %&) DUH LQIOXHQFHG E\ DQLPDO SK\VLRORJ\� ZKLFK GHVHUYH IXUWKHU VWXG\ LQ UXPLQDQWV� (OHYHQ
EXOOV ZHUH IHG WKUHH GLIIHUHQW GLHWV FRPSRVHG RI PDL]H� JUDVV VLODJH DQG FRQFHQWUDWH� KDYLQJ 3&%
EDFNJURXQG FRQFHQWUDWLRQV� $IWHU D IDWWHQLQJ SHULRG RI ��� �s��� GD\V� WKH DQLPDOV ZHUH
VODXJKWHUHG DW D ERG\ ZHLJKW RI ��� �Q �� RU ��� �Q �� NJ� 3HULUHQDO DGLSRVH WLVVXH ZDV VDPSOHG
IRU 3&% DQDO\VHV� DQG FDUFDVV ZHLJKW DQG WKH DGLSRVH WLVVXH SURSRUWLRQ RI WKH ��WK ULE ZHUH
GHWHUPLQHG IRU IXUWKHU HVWLPDWLRQ RI FDUFDVV OLSLG FRQWHQW� ,Q RUGHU WR WHVW WKH HIIHFW RI ERG\
IDWQHVV DQG JURZLQJ UDWH� WKH DQLPDOV ZHUH FODVVLILHG EDVHG RQ ORZ� PHGLXP RU KLJK FDUFDVV OLSLG
FRQWHQW� DV ZHOO DV RQ VORZ� PHGLXP RU IDVW JURZLQJ UDWH �! ��� 6' EHORZ� s ��� 6' IURP DQG ! ���
6' DERYH WKH FDUFDVV OLSLG FRQWHQW PHDQ RU JURZLQJ UDWH PHDQ� UHVS��� (IIHFW RI FODVVHV RQ %7)
DQG %&) ZHUH IXUWKHU DVVHVVHG XVLQJ D PL[HG PRGHO LQ 6$6 ���� )RU DOO 3&% FRQJHQHUV WHVWHG
GHFUHDVLQJ WUHQGV LQ ERWK %7) DQG %&) FRXOG EH REVHUYHG IURP ORZ WR KLJK FDUFDVV OLSLG FRQWHQW�
ZKLFK VXJJHVWV WKDW D GLOXWLRQ SURFHVV RFFXUUHG LQ WKH FDVH RI IDWWHU FDWWOH� *URZLQJ UDWH� KRZHYHU�
KDG QRQH HIIHFW RQ QHLWKHU %7) QRU %&)� %HVLGHV WKH DQLPDO SK\VLRORJ\� DOVR WKH 3&% FKORULQDWLRQ
GHJUHH DIIHFWHG WKH WUDQVIHU IDFWRUV� DV ERWK %7) DQG %&) LQFUHDVHG ZLWK FKORULQDWLRQ GHJUHH�
SUHVXPDEO\ EHFDXVH ORZ�FKORULQDWHG 3&%V DUH EHWWHU PHWDEROL]HG WKDQ KLJK�FKORULQDWHG RQHV�
7KHVH UHVXOWV XQGHUSLQ WKH FRPSOH[ LQWHUDFWLRQ EHWZHHQ 323 SK\VLRORJLFDO SURSHUWLHV DQG DQLPDO
SK\VLRORJ\� ZKLFK OHDGV WR GLIILFXOWLHV LQ LQWHUSUHWLQJ DYHUDJH WUDQVIHU IDFWRUV WR VXSSRUW FKHPLFDO
ULVN�DVVHVVPHQW�DQG�PDQDJHPHQW�LQ�OLYHVWRFN�IDUPLQJ�V\VWHPV���
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&KHPLFDO�&KDUDFWHUL]DWLRQ�RI�3URWHR�OLSLGLF�0HPEUDQHV�ZLWK�$WRPLF�)RUFH�0LFURVFRS\
DQG�7LS�(QKDQFHG�5DPDQ�6SHFWURVFRS\

*��*RXEHUW���$��.��6DFKDQ���5��=HQREL�


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

7KH PDLQ FRPSRQHQWV RI ELRORJLFDO PHPEUDQHV DUH SULPDULO\ SKRVSKROLSLGV DQG SURWHLQV� ZKLFK
IRUP WRJHWKHU D WZR�GLPHQVLRQDO SK\VLFDO IXQFWLRQDO EDUULHU� VHOHFWLYHO\ FRQQHFWLQJ WKH LQQHU PLOLHX
RI WKH FHOO ZLWK WKH RXWVLGH ZRUOG� 0HPEUDQHV XVXDOO\ FRQWDLQ VHYHUDO GLIIHUHQW KLJKO\�
IXQFWLRQDOL]HG VWUXFWXUHV WKDW KHOS UHJXODWLQJ WKH EDVLF IXQFWLRQV RI WKH FHOO� )XQFWLRQDOL]HG
GRPDLQV LQ PHPEUDQHV SOD\ D PDMRU UROH LQ FHOO VLJQDOLQJ DV WKH\ PD\ DFW DV UHJXODWRUV RI WKH
SURWHLQ�DFWLYLW\��WKH\�DUH�WKXV�RI�NH\�VLJQLILFDQFH�IRU�ELRPHGLFDO�VFLHQFHV�DQG�GUXJ�GHVLJQ�>�@�

%DFWHULDO SXUSOH PHPEUDQHV �%30� IURP +DOREDFWHULXP VDOLQDUXP KDYH EHHQ XVHG DV D PRGHO
V\VWHP WR VWXG\ WKH VWUXFWXUH DQG IXQFWLRQ RI ELRORJLFDO PHPEUDQHV� $WRPLF IRUFH PLFURVFRS\
�$)0� DQG $)0 EDVHG IRUFH VSHFWURVFRS\ �)6� DUH LQYDOXDEOH ZKHQ VWXG\LQJ SURWHLQV LQ ELRORJLFDO
PHPEUDQHV >�@� 7KHVH WHFKQLTXHV \LHOG VXEQDQRPHWHU VSDWLDO UHVROXWLRQ DQG ULFK LQIRUPDWLRQ RQ
SURWHLQ VWUXFWXUH DQG RUJDQL]DWLRQ� +RZHYHU� WKH VSDWLDO GLVWULEXWLRQ RI OLSLGV DURXQG SURWHLQV� DW
WKH PDFUR� DQG QDQRVFDOH� LV \HW WR EH DVFHUWDLQHG� &RQIRFDO IOXRUHVFHQFH PLFURVFRS\ KDV EHHQ
FRPELQHG ZLWK $)0 DQG )6 WR GLIIHUHQWLDWH F\WRSODVPLF DQG H[WUDFHOOXODU PHPEUDQH VXUIDFHV>�@
EXW�GLG�QRW�SURYLGH�LQIRUPDWLRQ�RQ�WKH�OLSLGV�LQ�WKH�PHPEUDQH�

7LS�HQKDQFHG 5DPDQ VSHFWURVFRS\ �7(56� ZDV SLRQHHUHG LQ RXU ODE LQ HDUO\ ����V DQG FRPELQHV
VFDQQLQJ SUREH PLFURVFRS\ �VXFK DV $)0�� XVLQJ D SODVPRQLFDOO\ UHVRQDQW WLS� ZLWK 5DPDQ
VSHFWURVFRS\ WR REWDLQ ULFK FKHPLFDO LQIRUPDWLRQ DW WKH QDQRVFDOH >�@� ,Q WKLV ZRUN� ZH SUHVHQW WKH
VWXG\ RI %30 SDWFKHV� GHSRVLWHG RQ D IODW PHWDO VXEVWUDWH VXLWHG IRU SODVPRQLFDOO\ HQKDQFHG
VSHFWURVFRS\� :H SHUIRUPHG $)0 LPDJLQJ DQG 7(56 WR FRUUHODWH WRSRJUDSKLF DQG VSHFWURVFRSLF
LQIRUPDWLRQ DW WKH QDQRVFDOH� 7KH VHQVLWLYLW\ RI 5DPDQ VSHFWURVFRS\ WR ERWK OLSLG DQG SURWHLQ
GRPDLQV DOORZV XV WR FRPSOHPHQW SUHYLRXV VWXGLHV DQG WR LPSURYH RXU XQGHUVWDQGLQJ RI OLSLGV DQG
SURWHLQV૷�RUJDQL]DWLRQ�LQ�ELRORJLFDO�PHPEUDQHV�

7KLV ZRUN GHPRQVWUDWHV WKH XVHIXOQHVV RI 7(56 IRU WKH VWXG\ RI VXSUDPROHFXODU GRPDLQV LQ SURWHR�
OLSLGLF�PHPEUDQHV�

>�@�*R³L�)�0���%LRFKLP��%LRSK\V��$FWD���%LRPHPEU�������������������������
>�@�0¾OOHU��'��-���(QJHO��$��1DWXUH�3URWRFROV������������������૱�����
>�@ /DVNRZVNL� 3� 5�� 3IUHXQGVFKXK� 0�� 6WDXIIHU� 0�� 8FXUXP� =�� )RWLDGLV� '�� 0¾OOHU� '� -� $&6 1DQR
������������������૱�����
>�@ :DQJ� ;�� +XDQJ� 6��&�� +XDQJ� 7��;�� 6X� +��6�� =KRQJ� -��+�� =HQJ� =��&�� /L� 0��+�� 5HQ� %�
&KHP��6RF��5HY���������������������૱�����
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1RYHO�VWUDWHJLHV�XVLQJ�89�DQG�,5�IV�/,06�IRU�FKHPLFDO�GHSWK�SURILOLQJ�LQ�ODERUDWRU\
VSDFH�DSSOLFDWLRQ

9��*ULPDXGR���$��5LHGR�����$��&HGH³R�/µSH]���0��7XOHM���3��%URHNPDQQ���3��:XU]�


�3K\VLFV�,QVWLWXWH��6SDFH�5HVHDUFK�DQG�3ODQHWDU\�6FLHQFHV��8QLYHUVLW\�RI�%HUQ��6ZLW]HUODQG����
6DFNOHU�/DERUDWRU\�IRU�$VWURSK\VLFV��/HLGHQ�2EVHUYDWRU\��/HLGHQ�8QLYHUVLW\��7KH�1HWKHUODQGV���

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

7R XQGHUVWDQG WKH RULJLQ� HYROXWLRQ DQG SUHVHQW VWDWH RI RXU 6RODU 6\VWHP DQG LWV ORFDO LQWHUVWHOODU
HQYLURQPHQW LW LV PDQGDWRU\ WR NQRZ WKH HOHPHQW DQG LVRWRSH FRPSRVLWLRQ RI WKH SULPLWLYH SUH�
VRODU QHEXOD IURP ZKLFK RXU SODQHWDU\ V\VWHP IRUPHG� 7KH FRPSDULVRQ RI WKH LQLWLDO DQG FXUUHQW
FRPSRVLWLRQ RI YDULRXV SODQHWDU\ REMHFWV JLYHV LQVLJKWV WR SRVVLEOH PDWHULDO WUDQVIRUPDWLRQ
SURFHVVHV WKDW RFFXU LQ WLPH� 7KH FRPSRVLWLRQ RI WKH 6XQ FDQ WKHUHE\ EH XVHG DV WKH UHIHUHQFH
VRXUFH IRU HOHPHQWDO DEXQGDQFHV ZLWKLQ WKH 6RODU 6\VWHP VLQFH LW UHSUHVHQWV ������ RI WKH WRWDO
6RODU�6\VWHP�PDVV�
7KH *HQHVLV 'LVFRYHU\ 6DPSOH 5HWXUQ 0LVVLRQ ODXQFKHG E\ WKH 1DWLRQDO $HURQDXWLFV DQG 6SDFH
$GPLQLVWUDWLRQ �1$6$� ZDV GHVLJQHG WR FDSWXUH VRODU ZLQG LRQV LQ XOWUD�SXUH VROLG FROOHFWRUV �H�J� 6L
ZDIHUV� IRU ODERUDWRU\ DQDO\VLV RI WKH VRODU EXON FRPSRVLWLRQ�� 7KH VRODU ZLQG LPSDFWHG ZLWK
YHORFLWLHV EHWZHHQ ��� DQG ��� NP�V LQ WKH FROOHFWRUV OHDYLQJ LPSODQWHG SDUWLFOHV �QHXWUDOV RU LRQV�
LQ VRPH WHQV RI QP GHSWKV RI WKH VXEVWUDWH VXUIDFH� ,W LV HVWLPDWHG WKDW DERXW ���� DWRPV ���� PJ�
RI VRODU ZLQG LV UHWXUQHG WR WKH (DUWK IRU GHWDLOHG FKHPLFDO DQDO\VLV� 'HSHQGLQJ RQ WKH VRODU ZLQG
UHJLPHV DQG RQ WKH FKHPLFDO SURSHUW\ RI WKH SDUWLFOHV YDULRXV LPSODQWDWLRQ GLVWULEXWLRQ ZLWK
DEXQGDQFH PD[LPD DURXQG ����� QP GHSWKV DUH H[SHFWHG� 7KH VKDOORZ LPSODQWDWLRQ GHSWK DQG
WKH�ORZ�GHQVLW\�RI�LPSODQWHG�SDUWLFOHV�UHQG�WKH�FKHPLFDO�DQDO\VLV�SDUWLFXODUO\�FKDOOHQJLQJ�

7KH /DVHU $EODWLRQ ,RQL]DWLRQ 0DVV 6SHFWURPHWU\ �/,06� V\VWHP IURP WKH 8QLYHUVLW\ RI %HUQ
SURYLGHV SURPLVLQJ PHDVXUHPHQW FDSDELOLWLHV WR WDFNOH VXFK SDUWLFXODUO\ GHPDQGLQJ
PHDVXUHPHQWV EHFDXVH LW DOORZV IRU FKHPLFDO DQDO\VLV ZLWK KLJK VHQVLWLYLW\ �SSE� DQG KLJK VSDWLDO
UHVROXWLRQ LQ WKH PLFURPHWUH �ODWHUDO� DQG QDQRPHWUH �YHUWLFDO� UDQJH�� 7KH LQVWUXPHQW FRQVLVWV RI
D PLQLDWXUH 572)�PDVV VSHFWURPHWHU DQG DQ LQWHJUDWHG IHPWRVHFRQG ODVHU V\VWHP WKDW RSHUDWHV
DW � N+] DQG ��� QP ZDYHOHQJWK� &RPELQHG ZLWK KDUPRQLF JHQHUDWRUV WKH ODVHU V\VWHP SURYLGHV
DGGLWLRQDOO\ RXWSXW UDGLDWLRQ DW WKH VHFRQG ���� QP� DQG WKH WKLUG KDUPRQLF ���� QP� RI
IXQGDPHQWDO ODVHU EHDP� 1RYHO PHDVXUHPHQW VWUDWHJLHV DUH KRZHYHU VWLOO UHTXLUHG WR VXFFHVVIXOO\
HQDEOH�WKH�FKHPLFDO�DQDO\VLV�RI�WUDFH�HOHPHQWV�DQG�LVRWRSHV�LQ�RQO\�������QP�VXEVWUDWH�GHSWKV�
,Q WKLV FRQWULEXWLRQ� QHZ DSSURDFKHV GHGLFDWHG WR WKH LPSURYHPHQW RI ODVHU�LQGXFHG FKHPLFDO
GHSWK SURILOLQJ RI WKLQ VROLG OD\HUV ZLOO EH SUHVHQWHG RQ YDULRXV VDPSOHV� LQFOXGLQJ VHPLFRQGXFWRU
PDWHULDOV DQG FHUWLILHG VWDQGDUG UHIHUHQFH PDWHULDOV �H�J� DOWHUQDWLQJ WKLQ &U�1L ILOPV IURP 1,67
����F�� 7KHVH VWUDWHJLHV ZLOO LQYROYH WKH DSSOLFDWLRQ RI GLIIHUHQW ZDYHOHQJWKV �IURP ,5 WR 89� WR
HOXFLGDWH WKH LQIOXHQFH RQ WKH DEODWLRQ �FUDWHU VL]H DQG VKDSH� KHDW DIIHFWHG ]RQH�� WKH XVDJH RI
SDUWLFXODU UDVWHU PHWKRGV FRQVLVWLQJ RI D �' ELQQLQJ SURFHGXUH� DORQJ WKH VXEVWUDWH VXUIDFH WR
LQFUHDVH WKH VHQVLWLYLW\ RI WKH PHDVXUHG VSHFLHV �DERXW � GHFDGHV DQG PRUH�� RU WKH HPSOR\PHQW
RI D GRXEOH ODVHU SXOVH V\VWHP� WR LQFUHDVH WKH VLJQDO LQWHQVLW\ �� GHFDGHV� DW WKH DEODWLRQ
WKUHVKROG SURYLGLQJ WKH SRVVLELOLW\ WR UHGXFH IXUWKHU WKH XSWDNH UDWH RI PDWHULDO LQ WKH DEODWLRQ
SURFHVV� $OO WRJHWKHU� WKHVH VWUDWHJLHV ZLOO DOORZ WR SURYLGH DFFXUDWH FKHPLFDO LQVLJKWV RI WKH
*HQHVLV�VDPSOHV��DQG�WKHUHIRUH�D�EHWWHU�XQGHUVWDQGLQJ�RI�RXU�6RODU�6\VWHP�

>�@����'RQDOG�6��%XUQHWW��0HWHRULWLFV�	�3ODQHWDU\�6FLHQFH����������������������
>�@����9DOHQWLQH�*ULPDXGR�HW�DO���$QDO\WLFDO�&KHPLVWU\����������������������
>�@����$QGUHDV�5LHGR�HW�DO���-RXUQDO�RI�$QDO\WLFDO�$WRPLF�6SHFWURPHWU\��������LQ�SUHVV�
>�@����0DUHN�7XOHM�HW�DO���-RXUQDO�RI�$QDO\WLFDO�$WRPLF�6SHFWURPHWU\����������������������
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7KH�$�>�@*��DQG�$�>�@*��1�JO\FDQ�VWUXFWXUHV�E\�LRQ�PRELOLW\�PDVV�VSHFWURPHWU\

-��+DMGXN���$��0DUFKDQG���0��)��&]£U���5��=HQREL�


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

,QWURGXFWLRQ
1�JO\FDQV DUH FRPSRVHG RI D IHZ W\SHV RI PRQRVDFFKDULGH EXLOGLQJ EORFNV� EXW WKH ODUJH QXPEHU
RI SRVVLEOH EUDQFKLQJ DQG OLQNDJH SDWWHUQV UHVXOWV LQ DQ HQRUPRXV GLYHUVLW\ RI VWUXFWXUHV� *O\FDQ
FKDLQV PD\ H[KLELW LGHQWLFDO DWRPLF FRPSRVLWLRQ DQG PDVV� SRVLQJ DQ DQDO\WLFDO FKDOOHQJH IRU RQH�
GLPHQVLRQDO PDVV VSHFWURPHWULF DQDO\VLV� 1RQHWKHOHVV� WKHUH KDV EHHQ LQFUHDVLQJ HYLGHQFH WKDW
FHUWDLQ LVRPHULF VSHFLHV FDQ EH GLVWLQJXLVKHG ZKHQ 06 LV FRPELQHG ZLWK LRQ PRELOLW\ VHSDUDWLRQ�
7R LQYHVWLJDWH WKLV K\SRWKHVLV RXU UHVHDUFK LV IRFXVHG RQ FKDUDFWHUL]LQJ WHUPLQDO ͅ�OLQNHG
JDODFWRVH LVRPHUV� WKH PDLQ 1�JO\FDQV SUHVHQW RQ WKH YDVW PDMRULW\ RI SURWHLQV SURGXFHG
LQ�PDPPDOLDQ�FHOOV�

0HWKRGV
*DV�SKDVH VHSDUDWLRQ RI VRGLDWHG DIXFRVO\DWHG VWDQGDUGV $� �*��� $�*� �*�� DQG $�*� �*�� DUH
DQDO\VHG XVLQJ WUDYHOLQJ�ZDYH LRQ PRELOLW\ PDVV VSHFWURPHWU\ �6\QDSW *��6 +'06� :DWHUV�� 7R
JHQHUDWH D GDWDEDVH RI VHOHFWHG 1�JO\FDQV� WKH H[WUDFWHG DUULYDO WLPH GLVWULEXWLRQ �$7'� DUH ILWWHG
ZLWK D *DXVVLDQ IXQFWLRQ DQG FRQYHUWHG LQWR WKHLU FROOLVLRQ FURVV VHFWLRQ �&&6� YDOXHV�
6XEVHTXHQWO\� WKH WHUPLQDO ͅ�OLQNHG JDODFWRVH VWUXFWXUHV DUH H[DPLQHG E\ JDV�SKDVH
K\GURJHQ�GHXWHULXP�H[FKDQJH��+';��

5HVXOWV
$ FOHDU GLIIHUHQFH LQ GULIW WLPHV DQG &&6V IRU WKH *� 1�JO\FDQ� D PL[WXUH RI JDODFWRVH ͅ��� DQG
ͅ���� VXJJHVWV WKH SUHVHQFH RI WZR GLVWLQFW FRQIRUPHUV� $Q $7' ZLWK FRPSRQHQWV DW RI ��� DQG ���
PV LV REVHUYHG� 2Q WKH FRQWUDU\� WKH LQWDFW LRQV RI WKH QRQ�LVRPHULF VSHFLHV IURP WKH $� IDPLO\�
ZKLFK DUH VWUXFWXUDOO\ DQG FKHPLFDOO\ VLPLODU EXW GLIIHU LQ WKH ODVW JDODFWRVH �*� ૱ ODFN RI WHUPLQDO
JDODFWRVH�DQG�*��૱�WZR�WHUPLQDO�JDODFWRVH���VKRZ�RQO\�D�VLQJOH�FRPSRQHQW�$7'�

&RQFOXVLRQV
2XU GDWD KLJKOLJKW WKH SRWHQWLDO RI ,06 DV D FRPSOHPHQWDU\ PHWKRG LQ VWUXFWXUDO FKDUDFWHUL]DWLRQ
RI 1�JO\FDQV� 7KH DSSURDFK GRHV QRW UHTXLUH GHULYDWL]DWLRQ DQG LV JHQHUDOO\ DSSOLFDEOH IRU
LGHQWLI\LQJ�JDODFWRVH�LVRPHUV�IURP�UHFRPELQDQW�SKDUPDFHXWLFDOV�
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&DSDELOLWLHV�RI�6LQJOH�3DUWLFOH�,QGXFWLYHO\�&RXSOHG�3ODVPD�0DVV�6SHFWURPHWU\�XVLQJ
GLIIHUHQW�VDPSOH�LQWURGXFWLRQ�VWUDWHJLHV

-��.RFLF���'��*¾QWKHU���%��+DWWHQGRUI�


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

7KH XVH RI QDQRSDUWLFOHV �13V� LQ GLIIHUHQW DSSOLFDWLRQV DUH JURZLQJ� EXW YDULRXV W\SHV PD\ KDYH D
QHJDWLYH LPSDFW RQ WKH HQYLURQPHQW DQG KXPDQ EHLQJ� WKHUHIRUH LW LV UHTXLUHG VWXG\ DQG GHILQH
WKHLU VSHFLILF QDQRPDWHULDO WR[LFLW\� � 5LVN DVVHVVPHQW UHTXLUHV WKH GHYHORSPHQW RI YDOLGDWHG
PHWKRGV DQG SURWRFROV LQ RUGHU WR HQVXUH UHSURGXFLEOH FKDUDFWHUL]DWLRQ RI 13 FKDUDFWHULVWLFV DQG
LWV UHODWLRQ WR ELRORJLFDO VDIHW\� ,Q WKLV UHVSHFW� YDULRXV LQWHUQDWLRQDO SURMHFWV DUH RQ�JRLQJ ZKLFK
KDV WKH DLP WR GHYHORS DQG HYDOXDWH GLIIHUHQW DQDO\WLFDO WHFKQLTXHV IRU 13V DVVHVVPHQW �H�J�
$FH1DQR ZLWKLQ +RUL]RQ������� 13V FKDUDFWHUL]DWLRQ LQFOXGHV WKH GHWHUPLQDWLRQ RI PDVV� VL]H�
SDUWLFOH QXPEHU FRQFHQWUDWLRQ �31&�� PRUSKRORJ\ DQG HOHPHQWDO FRPSRVLWLRQ� 6WLOO� WR GHWHFW DQG
TXDQWLI\ 13V LQ WKH HQYLURQPHQWDO VDPSOHV LQ UDQJH RI D IHZ QDQRPHWHUV WR VHYHUDO KXQGUHGV RI
QDQRPHWHUV� FRXOG EH D FKDOOHQJH���� ,Q RUGHU WR GHWHFW DV VPDOO DV SRVVLEOH PHWDO FRQWDLQLQJ
SDUWLFOHV ����QP� FRQWDLQLQJ � 7KH ORZ DFTXLVLWLRQ VSHHG KRZHYHU SUHYHQWV DFTXLVLWLRQ RI PXOWL�
LVRWRSH GDWD� GXH WR WKH VKRUW GXUDWLRQ RI 13 VLJQDOV �F�D� ���PV� �� )RU D SHUIRUPDQFH VWXG\� JROG
13V ZHUH XVHG� DV WKH\ DUH VWDEOH DQG UHIHUHQFH PDWHULDOV DUH UHDGLO\ DYDLODEOH� %HVLGHV JROG�
GLIIHUHQW W\SHV DQG VL]HV RI 13V DUH LQFOXGHG LQ WKLV VWXG\� 'LIIHUHQW VDPSOH LQWURGXFWLRQ VHWXSV DUH
FRPSDUHG ZLWK UHVSHFW WR VHQVLWLYLW\ DQG UHSURGXFLELOLW\� PLFURGURSOHW JHQHUDWLRQ �0'*��
GHVROYDWLRQ QHEXOL]HU V\VWHP �'61�� RU SQHXPDWLF QHEXOL]DWLRQ� ,Q SDUWLFXODU� WKH GLIIHUHQFH
EHWZHHQ ૺZHWૻ DQG ૺGU\ૻ SODVPD FRQGLWLRQV� FDUULHU JDV FRPSRVLWLRQ DQG WKH XVH RI D ૺ-HWૻ
LQWHUIDFH ZDV LQYHVWLJDWHG� $GGLWLRQDOO\� GLIIHUHQW PDWULFHV DUH LQYHVWLJDWHG �YDULRXV
FRQFHQWUDWLRQV RI FLWUDWH EXIIHU DQG ZDWHU�� LQ RUGHU WR LQYHVWLJDWH DJJORPHUDWLRQ YHUVXV WLPH� DQG
WUDQVSRUW�DQG�GHWHFWLRQ�HIILFLHQFLHV�DUH�FRPSDUHG�DQG�GLVFXVVHG�

>�@ 0� )� +RFKHOOD� '� :� 0RJN� -� 5DQYLOOH� ,� &� $OOHQ� *� :� /XWKHU� /� &� 0DUU� %� 3� 0F*UDLO� 0�
0XUD\DPD� 1� 3� 4DIRNX� .� 0� 5RVVR� 1� 6DKDL� 3� $� 6FKURHGHU� 3� 9LNHVODQG� 3� :HVWHUKRII DQG <�
<DQJ��6FLHQFH����������������������HDDX�����
>�@�KWWS���DFHQDQR�SURMHFW�HX��$FHQDQR�
>�@ 5� %� 5HHG� &� 3� +LJJLQV� 3� :HVWHUKRII� 6� 7DGMLNL DQG -� )� 5DQYLOOH� -� $QDO� $W� 6SHFWURP�� �����
���������
>�@�6��*VFKZLQG��0��'��/��$MD�0RQWHV�DQG�'��*¾QWKHU��$QDO��%LRDQDO��&KHP�����������������������
>�@ )� /DERUGD� -� -LP«QH]�/DPDQD� (� %ROHD DQG -� 5� &DVWLOOR� -� $QDO� $W� 6SHFWURP�� ����� ���
�����
>�@�-��:��2OHVLN�DQG�3��-��*UD\��-��$QDO��$W��6SHFWURP������������������

�
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&KDUDFWHUL]LQJ�LURQ�ORDGLQJ�SDWWHUQ�RI�IHUULWLQ�WKURXJK�QDWLYH�06

-��/DQ���5��=HQREL�


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

)HUULWLQ LV D SULQFLSOH LURQ VWRUDJH SURWHLQ LQ PRVW OLYLQJ RUJDQLVPV� XVXDOO\ IRUPHG E\ D ���VXEXQLW
SURWHLQ VKHOO DQG DQ LURQ FRUH� 7KH FRQFHQWUDWLRQ RI IHUULWLQ LQ VHUXP KDV ORQJ EHHQ FRQVLGHUHG DV D
SULPDU\ PHDVXUH RI LURQ VWDWXV DQG FDQ EH HDVLO\ TXDQWLILHG ZLWK LPPXQRFKHPLFDO PHWKRGV� 7KH
LURQ ORDGLQJ SDWWHUQ RI IHUULWLQ ZDV VXJJHVWHG WR JLYH D PRUH FRPSUHKHQVLYH YLHZ WKDQ PHDVXULQJ
RQO\ IHUULWLQ SURWHLQ FRQFHQWUDWLRQ� KRZHYHU WKH LURQ ORDGLQJ VWDWXV RI IHUULWLQ LV OHVV VWXGLHG GXH WR
WKH ODFN RI ZHOO�HVWDEOLVKHG PHWKRG� 5HFHQW DGYDQFHV RI PDVV VSHFWURPHWU\ �06� KDYH H[SDQGHG
WKH�REVHUYDEOH�P�]�UDQJH��PDNLQJ�WKH�GLUHFW�PHDVXUHPHQW�RI�IHUULWLQ�SRVVLEOH�ZLWK�06�

,Q WKLV VWXG\� D 0$/',�72)�06 FRXSOHG ZLWK D KLJK�PDVV GHWHFWRU ZDV HPSOR\HG WR PHDVXUH WKH
LURQ ORDGLQJ GLVWULEXWLRQ RI IHUULWLQ� $Q DYHUDJH ���� s���� LURQ DWRPV ZHUH GHWHUPLQHG IRU D
FRPPHUFLDO KRORIHUULWLQ VDPSOH� D FRHIILFLHQW RI YDULDWLRQ EHORZ � � ZDV FDOFXODWHG IURP ��
WHFKQLFDO UHSOLFDWHV� 7R SURYLGH D JXLGHOLQH IRU VDPSOH SUHSDUDWLRQ� WKH VWDELOLW\ RI KRORIHUULWLQ DQG
DSRIHUULWLQ ZHUH DVVHVVHG XQGHU GLIIHUHQW FRQGLWLRQV� LQFOXGLQJ YDULRXV EXIIHU S+� FURVV�OLQNLQJ
DJHQWV DQG 0$/', ODVHU LQWHQVLWLHV� 7KLV ZRUN SURYLGHV D 06�EDVHG WRROER[ IRU PHDVXULQJ IHUULWLQ
VWRLFKLRPHWU\� ZKLFK LV PHDQLQJIXO IRU DQDO\VLV RI LURQ ORDGLQJ VWDWXV� %\ LQWHJUDWLQJ WKH LURQ
ORDGLQJ�VWDWXV�GDWD�LQWR�LURQ�PHWDEROLVP�VWXGLHV��LQWHUHVWLQJ�ELRORJLFDO�ILQGLQJV�DUH�H[SHFWHG�
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1DQRSDUWLFOHV�WHWKHUHG�SRO\VDFFKDULGH�SUREHV�IRU�SRWHQWLDO�LQYHVWLJDWLRQ�RI
VXSUDPROHFXODU�LQWHUDFWLRQV�EHWZHHQ�ZDWHU�VROXEOH�GLHWDU\�ILEHU�DQG�WDUJHW

FRPSRXQGV�

&��/XSR���6��%RXORV���/��1\VWU¸P�


�/DERUDWRU\�RI�)RRG�%LFKHPLVWU\��(7+�=XULFK���/DERUDWRU\�RI�)RRG�%LRFKHPLVWU\��(7+�=XULFK

'XULQJ WKH ODVW �� \HDUV� WKH FRPELQDWLRQ RI LQRUJDQLF QDQRSDUWLFOHV DQG FDUERK\GUDWHV NQRZQ DV
JO\FRQDQRSDUWLFOHV �*O\FR1SV�� KDV DURXVHG JUHDW LQWHUHVW IRU ERWK FDUERK\GUDWH�FDUERK\GUDWH DQG
FDUERK\GUDWH�SURWHLQ LQWHUDFWLRQ� +RZHYHU� RQO\ IHZ VWXGLHV RQ FDUERK\GUDWH�VPDOO PROHFXOHV
LQWHUDFWLRQ KDYH EHHQ UHSRUWHG >�@� ,W LV ZHOO UHFRJQL]HG WKDW FRQVXPSWLRQ RI FRPSOH[
FDUERK\GUDWHV �GLHWDU\ ILEHU� UHGXFHV WKH ULVN IRU GHYHORSLQJ VHYHUDO FKURQLF GLVHDVHV� 7KH KHDOWK
SURPRWLQJ SURSHUW\ RI GLHWDU\ ILEHU LV PDLQO\ GXH WR D SK\VLFDO PHFKDQLVP GXULQJ ZKLFK VPDOO
PROHFXOHV �H�J� VXJDU� WR[LQV RU FKROHVWHURO� DUH UHPRYHG IURP WKH LQWHVWLQH WKURXJK D JHO
IRUPDWLRQ >�@� +RZHYHU� WKH QRQ�VSHFLILFLW\ RI WKLV PHFKDQLVP PD\ GHFUHDVH WKH ELRDYDLODELOLW\ RI
GHVLUH QXWULHQWV �H�J� PLQHUDOV DQG YLWDPLQV� RU PRGXODWH WKH ELRORJLFDO DFWLYLW\ RI UHOHYDQW
PROHFXOH OLNH ELOH DFLGV� 7KHUHIRUH� LW LV UHOHYDQW WR XQGHUVWDQG ZKLFK W\SH RI GLHWDU\ ILEHUV PD\ EH
EHQHILFLDO WR KXPDQ KHDOWK DQG ZKLFK NLQG RI VXSUDPROHFXODU LQWHUDFWLRQ EHWZHHQ ILEHUV DQG WDUJHW
FRPSRXQGV WDNHV SODFH� +HUH� ZH FUHDWH *O\FR1SV DV DQ H[SHULPHQWDO WRRO UHTXLUH WR XQGHUVWDQG�
RQ WKH EDVLV RI FKHPLFDO VWUXFWXUH� WKH KHDOWK SURPRWLQJ SURSHUWLHV RI QHXWUDO VROXEOH GLHWDU\
ILEHUV� 6SKHULFDO�OLNH JROG QDQRSDUWLFOHV �$X1SV� KDYH EHHQ V\QWKHVL]HG VWDUWLQJ IURP PHWDOOLF JROG�
89�YLVLEOH �635�� =HWD 3RWHQWLDO �=3� DQG WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\ �7(0� KDYH EHHQ XVHG
WR FKDUDFWHUL]H WKH SDUWLFOHV �635  ��� QP� =3  �����s���� P9� GLDPHWHU  ����s��� QP�� $
FRQWUROOHG DFLG K\GURO\VLV ZDV XVHG WR GHJUDGH WKH QDWLYH SRO\PHUV �JDODFWRPDQQDQ� DUDELQR[\ODQ
DQG [\ORJOXFDQ� WR D ORZHU GHJUHH RI SRO\PHUL]DWLRQ� ,Q DGGLWLRQ� IUDFWLRQDO SUHFLSLWDWLRQ ZLWK
LVRSURSDQRO RI WKH SDUWLDOO\ K\GURO\]HG GLHWDU\ ILEHU �3+')� KDV EHHQ XVHG WR REWDLQ ILEHU IUDFWLRQV
ZLWK ORZHU SRO\GLVSHUVLW\ �3',�� 7KH UHGXFWLRQ RI 0:� PHDVXUHG E\ VL]H H[FOXVLRQ FKURPDWRJUDSK\�
ZDV DFFRPSDQLHG E\ DQ LQFUHDVH LQ 3', ZLWK W\SLFDO YDOXH RI D PHGLXP ZLGWK GLVWULEXWLRQ ���� ೩
3', ೩ ��� $IWHU SUHFLSLWDWLRQ� WKH 3', GHFUHDVHG LQ D UDQJH EHWZHHQ ��� ೩ 3', ೩ ���� ,Q DGGLWLRQ�
WKH PRQRVDFFKDULGHV FRPSRVLWLRQ RI WKH K\GURO\]HG VDPSOHV ZDV HYDOXDWHG E\ LRQ H[FKDQJH
FKURPDWRJUDSK\� %DVHG RQ WKH UHVXOWV� QR VLJQLILFDQW GLIIHUHQFH ZDV REVHUYHG RQ WKH
PRQRVDFFKDULGH FRPSRVLWLRQ EHWZHHQ QDWLYH DQG 3+')� 7KHUHDIWHU� D RQH�VWHS UHGXFWLYH
DPLQDWLRQ RI WKH UHGXFLQJ HQG RI 3+') ZLWK D GLVXOILGH OLQNHU ZLOO EH SHUIRUPHG� 'XH WR WKH KLJK
DIILQLW\ RI JROG IRU VXOILGHV� WKH LPPRELOL]DWLRQ� ZKLFK OHDG WR WKH *O\FR1SV IRUPDWLRQ� VKRXOG EH
GRQH HIILFLHQWO\� 2YHUDOO� WKLV PHWKRGRORJ\ ZLOO OHDG WR H[FHOOHQW QDQRSDUWLFOHV�WHWKHUHG
SRO\VDFFKDULGH SUREH WKDW FDQ EH H[SRVHG WR VPDOO PROHFXOHV LQ RUGHU WR VWXG\ WKH VXSUDPROHFXODU
LQWHUDFWLRQ XVLQJ 7(0� 7KH VXSUDPROHFXODU LQWHUDFWLRQ ZLOO EH SURYLGHG E\ PRQLWRULQJ WKH VSDFH
DUUDQJHPHQW�RI�WKH�*O\FR1SV�EHIRUH�DQG�DIWHU�DGGLWLRQ�RI�WKH�WDUJHW�FRPSRXQG�

>�@�-HV¼V�0��GH�OD�)XHQWH��6ROHGDG�3HQDG«V��%LRFKLPLFD�HW�ELRSK\VLFD�DFWD����������������������
>�@�-RKQVRQ�:��0F5RULH��1XWULWLRQ�WRGD\������������������
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3HVWLFLGH�PXOWL�UHVLGXH�/&06�DQDO\VLV�IRU�VRLO�PRQLWRULQJ�ZLWKLQ�WKH�DFWLRQ�SODQ�SODQW
SURWHFWLRQ�SURGXFWV

6��0DQJROG���)��:HWWVWHLQ���7��%XFKHOL�

�$JURVFRSH��(QYLURQPHQWDO�$QDO\WLFV��&+������=¾ULFK

0RGHUQ DJULFXOWXUH GHSHQGV RQ WKH XVH RI SHVWLFLGHV DQG VHYHUDO ��� ��� WRQV DUH DSSOLHG LQ
(XURSH HDFK \HDU� 5HFHQW VWXGLHV SXW D IRFXV RQ WKH IDWH DQG HIIHFWV RI SODQW SURWHFWLRQ SURGXFWV
�333� LQ VRLO DV SURFHVVHV LQ WKLV FRPSDUWPHQW DUH FRPSOH[ DQG QRW ZHOO VWXGLHG VR IDU� $OVR D
JURZLQJ SXEOLF DZDUHQHVV RQ WKH WRSLF FDQ EH REVHUYHG� 7KHUHIRUH� WKH )HGHUDO &RXQFLO LQ
FRRSHUDWLRQ ZLWK WKH 6ZLVV VRLO PRQLWRULQJ QHWZRUN �1$%2� DQG $JURVFRSH ZDQW WR HVWDEOLVK D
FRPSUHKHQVLYH�VRLO�PRQLWRULQJ�IRU�333�LQ�WKH�\HDUV�WR�FRPH��DFWLRQ�SODQ�333��

$QDO\WLFDO EDVLV IRU WKH PRQLWRULQJ LV D PXOWL�UHVLGXH /&06 PHWKRG ZKLFK LV FRPSUHKHQVLYH�
VHQVLWLYH DQG UREXVW WR EH DEOH WR GHDO ZLWK D ODUJH QXPEHU RI GLYHUVH DQDO\WHV RQ WKH RQH KDQG�
RQ WKH RWKHU KDQG LW PXVW EH KLJK�WKURXJKSXW FRPSDWLEOH IRU D SRWHQWLDOO\ KLJK QXPEHU RI VDPSOHV
JDWKHUHG�IURP�WKH�PRQLWRULQJ�

3ULRU WR VHSDUDWLRQ DQG GHWHFWLRQ� SHVWLFLGHV ZHUH H[WUDFWHG IURP VRLO E\ DFFHOHUDWHG VROYHQW
H[WUDFWLRQ �$6(� 'LRQH[ $6( ����� 7KH $6( PHWKRG ZDV DGDSWHG IURP &KLDLD�+HUQDQGH] �������
'ULHG VRLO �� J� ZDV WUDQVIHUUHG WR DQ �� P/ H[WUDFWLRQ FHOO� ZKLFK ZDV HTXLSSHG ZLWK JODVV ILEHU
ILOWHUV �:KDWPDQ *)�)�� 7ZR H[WUDFWLRQ VWHSV ZHUH FDUULHG RXW� 7KH ILUVW RQH ZLWK D PL[WXUH RI
DFHWRQH �$F�� PHWKDQRO �0H2+� DQG DFHWRQLWULOH �$&1� DW D UDWLR RI �������� �� [ � PLQ� �� r&� ���
EDU� DQG D VHFRQG RQH ZLWK D PL[WXUH RI $F DQG � � SKRVSKRULF DFLG DW D UDWLR RI ����� �� [ � PLQ�
��� r&� ��� EDU� WR UHOHDVH DFLGLF FRPSRXQGV IURP WKH VRLO� %RWK H[WUDFWV ZHUH FRPELQHG DQG
VSLNHG�ZLWK�D�PL[WXUH�FRQWDLQLQJ����LVRWRSH�ODEHOOHG�LQWHUQDO�VWDQGDUGV�

)RU FKURPDWRJUDSKLF VHSDUDWLRQ D 3KHQRPHQH[ .LQHWH[ FROXPQ �� wP SDUWLFOH VL]H� ��� [ ��� PP�
ZDV XVHG DQG D FKURPDWRJUDSKLF UXQ LQFOXGHG D VROYHQW JUDGLHQW VWDUWLQJ ZLWK D +�2�0H2+ UDWLR
RI ����� DQG ZDV UDPSHG XS WR D UDWLR RI ����� RYHU �� PLQ� 7ZR WUDQVLWLRQV IRU HDFK DQDO\WH ZHUH
PHDVXUHG RQ D 6FLH[ 47UDS ���� LQ 0XOWLSOH 5HDFWLRQ 0RQLWRULQJ �050� PRGH� �� 333 DQG � RI
WKHLU WUDQVIRUPDWLRQ SURGXFWV ZHUH TXDQWLILHG XVLQJ UHIHUHQFH VWDQGDUGV IRU WKH FDOLEUDWLRQ DQG ��
LVRWRSH ODEHOOHG LQWHUQDO VWDQGDUGV IRU WKH FRPSHQVDWLRQ RI PDWUL[ HIIHFWV� 6L[ VWDQGDUG PL[WXUH
GLOXWLRQV�UDQJLQJ�IURP�����wJ�/�WR����wJ�/�ZHUH�XVHG�IRU�FDOLEUDWLRQ�

0HWKRG YDOLGDWLRQ ZDV FDUULHG RXW ZLWK WKUHH UHSUHVHQWDWLYH DLU�GULHG VRLOV �VLOW\ WR VDQG\ ORDP� 2&
FRQWHQW� ��� WR ��� ��� %DVHG RQ WKH UDZ H[WUDFW� D WHQIROG GLOXWLRQ� D FOHDQXS�VWHS LQFOXGLQJ
VXEVDPSOH�DQG�VSLNHG�YHUVLRQV�RI�WKH�DERYH�PHQWLRQHG�UDZ��DQG�VXEVDPSOHV�ZHUH�SUHSDUHG�

7KH PHWKRG VKRZHG D KLJK UHSURGXFLELOLW\ �UHODWLYH VWDQGDUG GHYLDWLRQ � �� �� DV ZHOO DV D JRRG
VHQVLWLYLW\ �/24 RI ���� wJ�NJ IRU PRVW LQYHVWLJDWHG FRPSRXQGV�� 7KH PHDVXUHPHQW RI DQ H[WHUQDO
UHIHUHQFH VWDQGDUG �(KUHQVWRUIHU 3HVWLFLGH�0L[ ����� KHOSHG DV D TXDOLW\ FRQWURO DQG VKRZHG JRRG
DFFXUDF\ GXULQJ VHYHUDO PHDVXUHPHQW VHTXHQFHV �ZLWKLQ WKH UDQJH RI ������� UHFRYHU\ IRU WKH
VXSSRUWHG�FRPSRXQGV���7KH�SRVWHU�ZLOO�SUHVHQW�DQG�GLVFXVV�WKHVH�ILQGLQJV�LQ�PRUH�GHWDLO�
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&RQFXUUHQF\�DQDO\VLV��D�WRRO�IRU�GLVFRYHU\�RI�PXOWL�HOHPHQWDO�QDQRSDUWLFOHV�PHDVXUHG
ZLWK�VLQJOH�SDUWLFOH�,&3�72)06

.��0HKUDEL���'��*¾QWKHU���$��*XQGODFK�*UDKDP�


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

(QYLURQPHQWDO ULVN DVVHVVPHQWV RI DQWKURSRJHQLF QDQRSDUWLFOHV �ERWK HQJLQHHUHG DQG LQFLGHQWDO
QDQRSDUWLFOHV SURGXFHG E\ KXPDQ DFWLYLW\� UHTXLUH FKDUDFWHUL]DWLRQ DQG TXDQWLILFDWLRQ RI
QDQRSDUWLFOHV �13V�� 7R GDWH� VLQJOH�SDUWLFOH LQGXFWLYHO\ FRXSOHG SODVPD PDVV VSHFWURPHWU\
�VS�,&3�06� RIIHUV WKH EHVW SRVVLELOLW\ WR FRXQW PHWDO�FRQWDLQLQJ 13V LQ HQYLURQPHQWDO VDPSOHV DW
UHOHYDQW FRQFHQWUDWLRQV� +RZHYHU� HYHQ ZLWK VS�,&3�06� WKH SUHVHQFH RI WKH KLJKO\ DEXQGDQW
QDWXUDOO\ RFFXUULQJ 13V LQ UHDO VDPSOHV FDQ PDVN VLJQDOV IURP WKH RWKHU VXESRSXODWLRQ RI 13V DQG
OHDG WR LQDFFXUDWH FKDUDFWHUL]DWLRQ RI WKH DQWKURSRJHQLF 13 IUDFWLRQ� 2QH ZD\ ZH૷UH WU\LQJ WR
VRXUFH 13V �DV DQWKURSRJHQLF RU QDWXUDO� LV EDVHG RQ WKH PHDVXUHPHQW RI VLQJOH�SDUWLFOH PXOWL�
HOHPHQWDO FRPSRVLWLRQV XVLQJ ,&3 WLPH�RI�IOLJKW PDVV VSHFWURPHWU\ �,&3�72)06�� ,Q VS�,&3�72)06�
PXOWL�HOHPHQWDO SDUWLFOH VLJQDOV HLWKHU RULJLQDWH IURP PXOWLSOH 13V ZLWK GLIIHUHQW FRPSRVLWLRQ EHLQJ
DQDO\]HG DW WKH VDPH WLPH RU IURP WUXO\ PXOWL�HOHPHQW 13V� :H KDYH GHYHORSHG D FRQFXUUHQF\
DQDO\VLV SURWRFRO WKDW DOORZV XV WR DVVLJQ WKH OLNHOLKRRG RI PXOWL�HOHPHQW VLJQDOV WKDW DULVH IURP
PXOWLSOH 13V WKDW KDSSHQ WR EH DQDO\]HG DW WKH VDPH WLPH ELQ� 7KLV DSSURDFK KHOSV XV LGHQWLI\ VXE�
FODVVHV RI WKH 13V WKDW DUH PHDVXUHG ZLWK VWDWLVWLFDOO\�UHOHYDQW PXOWL�HOHPHQW FRPSRVLWLRQV� $V
FDVH VWXGLHV� ZH GLVFXVV FRQFXUUHQF\ DQDO\VLV IRU FKDUDFWHUL]DWLRQ RI KHWHURDJJUHJDWLRQ RI
HQJLQHHUHG 13V �$J� 3W� DQG $X 13V� DQG IRU WKH VWXG\ RI ORZ�DEXQGDQFH DQWKURSRJHQLF 5K�
FRQWDLQLQJ�&H2��SDUWLFOHV�IRXQG�LQ�WKH�ZDVWH�ZDWHU�WUHDWPHQW�SODQW�HIIOXHQW��
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&RQIRUPDWLRQDO�VWXGLHV�RQ�GHVROYDWHG�ELRPROHFXOHV

-��%��0HWWHUQLFK���$��0DUFKDQG���0��)��&]£U���3��7LZDUL���<��)OHLVFKPDQQ���5��=HQREL�


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

0DVV VSHFWURPHWU\ RIIHUV PDQ\ DWWUDFWLYH ZD\V WR VWXG\ FRPSOH[ ELRPROHFXOHV� 'XH WR WKH KLJK
VSHFLILFLW\ DQG VHQVLWLYH DQDO\VLV� ORZ VDPSOH TXDQWLWLHV FDQ EH DFFHVVHG DQG KLJKO\ UHOHYDQW
LQIRUPDWLRQ� VXFK DV PDVV� FRPSOH[ VWRLFKLRPHWU\�� ELQGLQJ FRQVWDQWV� DQG HYHQ NLQHWLF FRQVWDQWV�
FDQ EH REWDLQHG� ,Q DGGLWLRQ WR WKH LQIRUPDWLRQ GLUHFWO\ DFFHVVLEOH IURP PDVV VSHFWURPHWU\� D
FRXSOLQJ RI 06 ZLWK VWUXFWXUDO SUREHV� LV SRVVLEOH� ,RQ PRELOLW\ VSHFWURPHWU\ LV PRVW RIWHQ
HPSOR\HG DQG HQDEOHV WKH PRQLWRULQJ RI VWUXFWXUHV DQG VWUXFWXUDO WUDQVLWLRQV��� E\ FROOLVLRQ FURVV
VHFWLRQV� +RZHYHU� GHVSLWH WKH JUHDW DGYDQWDJHV RI PDVV VSHFWURPHWULF WHFKQLTXHV LW UHPDLQV
XQFOHDU ZKHWKHU WKH GHVROYDWLRQ SURFHVV LQGXFHV VWUXFWXUDO FKDQJHV ZLWKLQ WKH ELRPROHFXOHV� 7KLV
KDV LPSRUWDQW LPSOLFDWLRQV IRU WKH WUDQVIHUDELOLW\ RI GDWD REWDLQHG E\ PDVV VSHFWURPHWULF
WHFKQLTXHV WR D VROXWLRQ SKDVH HQYLURQPHQW� )OXRUHVFHQFH UHVRQDQFH HQHUJ\ WUDQVIHU LV D ZHOO�
NQRZQ VWUXFWXUDO SUREH IRU VROXWLRQ SKDVH PHDVXUHPHQWV� SURYLGLQJ WKH LQIRUPDWLRQ RQ WKH
GLVWDQFH EHWZHHQ WZR RU PRUH ODEHOOLQJ VLWHV�� :H HPSOR\ IOXRUHVFHQFH UHVRQDQFH HQHUJ\ WUDQVIHU�
WR GLUHFWO\ FRPSDUH VROXWLRQ DQG JDV SKDVH VWUXFWXUHV� 0HDVXUHPHQWV ZLWKLQ WKH SOXPH RI DQ
HOHFWURVSUD\ VRXUFH� HQDEOH WKH GLUHFW REVHUYDWLRQ RI VWUXFWXUDO FKDQJHV XSRQ GHVROYDWLRQ� $ '1$
GXSOH[�DQG�ͅ�KHOLFDO�DV�ZHOO�DV�͆�VKHHW�PRGHO�SHSWLGHV�ZHUH�VWXGLHG�

>�@�$OEHUW�-��5��+HFN��1DWXUH�0HWKRGV�������������������
>�@ $GULHQ 0DUFKDQG� )UHGHULF 5RVX� 5HQDWR =HQREL� 9DOHULH *DEHOLFD� -RXUQDO RI WKH $PHULFDQ
&KHPLFDO�6RFLHW\�������������������������
>�@�$GULHQ�0DUFKDQG��(OLMD�(JJHO��5HQDWR�=HQREL��0DQXVFULSW�LQ�SUHSDUDWLRQ�������
>�@�0DUWLQ�)��&]DU��5HEHFFD�$��-RFNXVFK��&XUUHQW�2SLQLRQ�LQ�6WUXFWXUDO�%LRORJ\��������������������
>�@ /LXTLQJ 6KL� $OOLVRQ (� +ROOLGD\� +XLOLQ 6KL� )HLIHL =KX� 0LFKDHO $� (ZLQJ� 'DYLG +� 5XVVHOO� 'DYLG
(��&OHPPHU��-RXUQDO�RI�WKH�$PHULFDQ�&KHPLFDO�6RFLHW\�������������������������
>�@ )UDQFHVFR /DQXFDUD� 6WHSKHQ :� +ROPDQ� &KULVWRSKHU -� *UD\� &ODLUH (� (\HUV� 1DWXUH
&KHPLVWU\������������������
>�@�6KLPRQ�:HLVV��6FLHQFH�����������������������
>�@�)¸UVWHU��7��$QQDOHQ�GHU�3K\VLN�������������������
>�@ .RQVWDQWLQ &KLQJLQ� 9ODGLPLU )UDQNHYLFK� 5RPDQ 0� %DODELQ� .RQVWDQWLQ %DU\O\XN� +XDQZHQ
&KHQ��5XL�:DQJ��5HQDWR�=HQREL��$QJHZDQGWH�&KHPLH�,QWHUQDWLRQDO�(GLWLRQ����������������������
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0RGHOOLQJ�DUFKDHRORJLFDO�ZRRG�GHJUDGDWLRQ�DQG�YDOLGDWLRQ�E\�FKHPRPHWU\

0��0RQDFKRQ���0��$OEHOGD�%HUHQJXHU���(��-RVHSK���

�8QLYHUVLW\�RI�1HXFK¤WHO��/DERUDWRU\�RI�7HFKQRORJLHV�IRU�+HULWDJH�0DWHULDOV���+DXWH�(FROH
&RQVHUYDWLRQ�UHVWDXUDWLRQ

'XULQJ EXULDO LQ DQR[LF FRQGLWLRQV� ZDWHUORJJHG ZRRG LV VORZO\ GHJUDGHG E\ HURVLRQ DQG�RU
WXQQHOLQJ EDFWHULD DQG WKHQ DFFXPXODWH VXOIXU VSHFLHV GXH WR WKH SUHVHQFH RI VXOIXU�UHGXFLQJ
EDFWHULD� +RZHYHU RQFH H[FDYDWHG� ZRRG LWHPV SUHVHQW VHYHUH FRQVHUYDWLRQ LVVXHV� ,QGHHG� VXOIXU
VSHFLHV� HVSHFLDOO\ LURQ VXOILGHV )H6[� DUH VHQVLWLYH WR R[\JHQ DQG FRQYHUW WR VXOIXULF DFLG DQG VDOWV
HIIORUHVFHQFH�WKDW�OHDG�WR�LUUHYHUVLEOH�SK\VLFDO�DQG�FKHPLFDO�GDPDJHV�ZLWKLQ�WKH�ZRRG�VWUXFWXUH�

)RU WKH GHYHORSPHQW RI DQ LQQRYDWLYH DQG JUHHQ H[WUDFWLRQ RI WKHVH KDUPIXO 6 VSHFLHV� WKH
SUHSDUDWLRQ RI SURSHU PRGHO VDPSOHV DSSHDUV WR EH DQ LPSRUWDQW VWHS� ,Q SDUWLFXODU� WKHVH PRGHO
VDPSOHV KDYH WR EH DV FORVH DV SRVVLEOH IURP ZDWHUORJJHG ZRRG DUFKDHRORJLFDO DUWHIDFWV LQ WHUPV
RI GHJUDGDWLRQ VWDWH DQG SUHVHQFH RI 6 VSHFLHV� 7R WKLV SXUSRVH� WZR WUHDWPHQWV VWHSV DUH
QHFHVVDU\� �� WKH SURGXFWLRQ RI ZRRG VDPSOHV ZLWK D ORZ FDUERK\GUDWHV FRQWHQW DQG �� DQ DUWLILFLDO
FRQWDPLQDWLRQ RI WKHVH DUWLILFLDOO\ GHJUDGHG VDPSOHV ZLWK 6 VSHFLHV SUHFLSLWDWHG ZLWKLQ WKH ZRRG
VWUXFWXUH� )UHVK EDOVD DQG RDN ZRRG ZHUH VHOHFWHG IRU RXU SXUSRVH� %DOVD LV D OLJKW DQG SRURXV
ZRRG� VLPLODU LQ VWUXFWXUH WR GHJUDGHG DUFKDHRORJLFDO ZRRG ZKLOH RDN LV RQH RI WKH ZRRG VSHFLHV
PRVW�FRPPRQO\�IRXQG�LQ�DUFKDHRORJLFDO�DUWHIDFWV�

7KH GHJUDGDWLRQ RI FDUERK\GUDWHV FRQWHQW ZLWKLQ ZRRG ZDV LQYHVWLJDWHG DIWHU WKH LPPHUVLRQ RI
VDPSOHV RI � [ � [ � FP� ����K LQ GHLRQL]HG ZDWHU RU DFHWLF DFLG �0�� 7KH GHJUDGDWLRQ ZDV
HYDOXDWHG E\ $75�)7,5 VSHFWURVFRS\ DQG VSHFWUD ZHUH FRPSDUHG ZLWK UHIHUHQFH VSHFWUD RI EDOVD
DQG RDN ZRRG EHIRUH LPPHUVLRQ� 7KH GHJUDGDWLRQ ZDV DOVR HYDOXDWHG WKURXJK WKH UDWLR
FDUERK\GUDWHV�OLJQLQ��)RU�FRPSDULVRQ��1HROLWKLF�RDN�ZRRG�VDPSOHV�ZHUH�DQDO\]HG�LQ�SDUDOOHO�

7KH UDWLRV REWDLQHG VXJJHVW WKDW WKH GHJUDGDWLRQ LV PRUH LPSRUWDQW RQ ZDWHU�LPPHUVHG EDOVD
ZRRG� 7R YDOLGDWH WKHVH REVHUYDWLRQV� 3ULQFLSDO &RPSRQHQW DQDO\VLV �3&$� DQG +LHUDUFKLFDO
&OXVWHULQJ $QDO\VLV �+&$� ZHUH RSHUDWHG RQ WKH ZKROH VHW RI $75�)7,5 VSHFWUD FROOHFWHG� 6SHFWUD
ZHUH ILUVW FRUUHFWHG ZLWK WKH 5 VWXGLR VRIWZDUH �RSHQVRXUFH VWDWLVWLF VRIWZDUH�� ,Q FRQWUDVW WR WKDW
REVHUYHG� 3&$ SORWV VKRZ WKDW LPPHUVHG� DQG IUHVK EDOVD FRQILGHQW HOOLSVHV RYHUODS VXJJHVWLQJ
WKDW WKH GHJUDGDWLRQ RI EDOVD ZRRG LV QRW DV VLJQLILFDQW DV LW VHHPV DW D ILUVW REVHUYDWLRQ� 2Q WKH
FRQWUDU\� ZDWHU� DQG DFLG�LPPHUVHG RDN 3&$ FRQILGHQW HOOLSVHV DUH FOXVWHUHG DQG IDU IURP IUHVK
RDN FRQILGHQW HOOLSVHV� 0RUH LQWHUHVWLQJ� 3&$ FRQILGHQW HOOLSVHV RI ZDWHU�LPPHUVHG DQG 1HROLWKLF
RDN RYHUODS DQG +&$ GHQGURJUDP VKRZ D VPDOOHU GLVWDQFH DPRQJ WKHP� 7KHVH UHVXOWV LQGLFDWH
WKDW WKH FDUERK\GUDWHV GHJUDGDWLRQ LV VLJQLILFDQWO\ PRUH LPSRUWDQW IRU RDN ZRRG DQG WKDW WKLV
ODWWHU�LV�PRUH�UHSUHVHQWDWLYH�RI�GHJUDGHG�DUFKDHRORJLFDO�ZRRG�

+RZHYHU� ZDWHU�LPPHUVHG RDN VDPSOHV VWLOO SUHVHQW D FRPSDFW VWUXFWXUH FRPSDUHG WR 1HROLWKLF
ZRRG VDPSOHV� )XUWKHU GHJUDGDWLRQ SURFHVVHV ZLOO EH SHUIRUPHG WR REWDLQ SURSHU PRGHO VDPSOHV
DV UHSUHVHQWDWLYH DV SRVVLEOH RI GHJUDGHG DUFKDHRORJLFDO ZRRG� +HQFH� DFFHOHUDWHG DJHLQJ
SURFHGXUHV ZLOO EH FDUULHG RXW LQ FOLPDWLF FKDPEHU RU LQ SUHVHQFH RI EURZQ�URW IXQJL� 7KH PRVW
HIILFLHQW SURFHVV LQ WHUPV RI FDUERK\GUDWHV FRQWHQW GHJUDGDWLRQ ZLOO WKHQ EH VHOHFWHG DW ILUVW
WUHDWPHQW VWHS EHIRUH WKH LPSUHJQDWLRQ WR IRUP )H6[ ZLOO EH DSSOLHG� 2QFH WKHVH WZR�VWHSV
GHJUDGDWLRQ SURWRFRO GHILQHG� D VHW RI PRGHO VDPSOHV FDQ EH XVHG WR HYDOXDWH WKH HIILFLHQF\ RI WKH
ELRORJLFDO�H[WUDFWLRQ�PHWKRG�DFWXDOO\�GHYHORSHG�
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0HWKRGV�WR�LPSURYH�UHVROXWLRQ�LQ��+�VROLG�VWDWH�105�DW�XOWUD�IDVW�0$6

3��0RXW]RXUL���)��0��3DUX]]R���/��(PVOH\�


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

�+� GXH WR LWV KLJK VHQVLWLYLW\� FKHPLFDO XELTXLW\ DQG ULFKQHVV LQ VWUXFWXUDO LQIRUPDWLRQ� LV WKH PRVW
XVXDOO\ GHWHFWHG QXFOHXV LQ OLTXLG VWDWH 105� +RZHYHU� LQ VROLG VWDWH 105 WKH VWURQJ �+��+ GLSRODU
FRXSOLQJ QHWZRUN RI RUJDQLF VROLGV OHDGV WR EURDG DQG KLJKO\ XQUHVROYHG VSHFWUD IURP ZKLFK YHU\
OLWWOH�LQIRUPDWLRQ�FDQ�EH�H[WUDFWHG��

0DJLF DQJOH VSLQQLQJ �0$6� >�@ FDQ JUHDWO\ LPSURYH WKH UHVROXWLRQ RI VROLG�VWDWH VSHFWUD� )DVWHU
VSLQQLQJ UDWHV OHDG WR QDUURZHU �+ OLQHZLGWKV DQG UHFHQWO\� QHZO\ GHYHORSHG WHFKQRORJ\ DOORZV WKH
DFTXLVLWLRQ RI VSHFWUD DW VSLQQLQJ UDWHV JUHDWHU WKDQ ��� N+]� +RZHYHU� HYHQ LQ WKLV VSLQQLQJ
UHJLPH� �+ OLQHZLGWKV DUH RQ WKH RUGHU RI D IHZ KXQGUHG +]� ZKLFK LV VWLOO QRW VXIILFLHQW IRU PDQ\
DSSOLFDWLRQV�

+HUH ZH H[SORUH QHZ PHWKRGV WR IXUWKHU LPSURYH VSHFWUDO UHVROXWLRQ LQ WKLV XOWUD�IDVW 0$6 UDWH�
DQG ZH VKRZ KRZ WR REWDLQ H[SHULPHQWDO OLQHZLGWKV XS WR D IDFWRU RI WZR QDUURZHU WKDW WKRVH
DFKLHYHG�ZLWK�D�FRQYHQWLRQDO�H[SHULPHQW�DW�WKH�VDPH�0$6�UDWH�

>�@ (�5� $QGUHZ� $� %UDGEXU\� 5�*� (DGHV� 1DWXUH� ����� ���� ����������� ,�-� /RZH� 3K\VLFDO
5HYLHZ�/HWWHUV�������������������

��
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7LS�HQKDQFHG�5DPDQ�6SHFWURVFRS\�RQ�7ZR�'LPHQVLRQDO�3RO\PHUV�DQG�&KHPLFDOO\
)XQFWLRQDOL]HG�6XUIDFHV

7��6��1LHSHO���5��=HQREL�


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

7LS�HQKDQFHG 5DPDQ VSHFWURVFRS\ �7(56� LV D KLJK�UHVROXWLRQ QDQRVFRS\ PHWKRG ZLWK FKHPLFDO
VHOHFWLYLW\� ZKLFK KDV EHHQ FRQWLQXRXVO\ GHYHORSHG VLQFH LWV LQYHQWLRQ LQ RXU UHVHDUFK JURXS DW
(7+ =XULFK�� ,WV VSDWLDO UHVROXWLRQ EHORZ WKH OLPLW RI GLIIUDFWLRQ DV ZHOO DV LWV VHQVLWLYLW\� ZKLFK
DOORZV IRU WKH GHWHFWLRQ RI VLQJOH PROHFXOHV DQG QDQRGHIHFWV LQ H[WHQGHG VWUXFWXUHV� QRZDGD\V
TXDOLI\�7(56�DV�PHWKRG�RI�FKRLFH�IRU�LQYHVWLJDWLRQV�RQ�VWUXFWXUHG�VXUIDFHV�DQG�WKLQ�ILOPV����

2I SDUWLFXODU LQWHUHVW WR XV DUH WZR�GLPHQVLRQDO SRO\PHUV� WKH FKHPLFDO V\QWKHVLV RI ZKLFK IURP
WKHLU PRQRPHUV DQG XQGHU PLOG FRQGLWLRQV KDV RQO\ VXFFHHGHG D IHZ \HDUV DJR�� /DUJH DUHDV RI
WKHVH QRYHO PDWHULDOV FDQ EH SURGXFHG� ZKLFK H[KLELW D SDUWLFXODUO\ XQLIRUP SRUH VL]H GLVWULEXWLRQ
DQG KLJK PHFKDQLFDO VWDELOLW\ ZKLOH EHLQJ PROHFXODUO\ WKLQ� WKXV PDNLQJ WKHP SURPLVLQJ
FDQGLGDWHV IRU PHPEUDQH EDVHG VHSDUDWLRQV�� $ KLJK HQRXJK VSDWLDO UHVROXWLRQ DQG FKHPLFDO
VSHFLILFLW\ WR LGHQWLI\ DQG FKDUDFWHUL]H GHIHFW VLWHV WKDW PD\ QHJDWLYHO\ LPSDFW WKH PDWHULDO
V
SURSHUWLHV LV DFKLHYHG E\ 7(56 LPDJLQJ� D VXLWDEOH DQDO\WLFDO PHWKRG IRU TXDOLW\ DQG SURGXFWLRQ
FRQWURO�RI�WZR�GLPHQVLRQDO�SRO\PHUV����

7KH ZRUN SUHVHQWHG KHUH QRW RQO\ HPSOR\V 7(56 IRU WKH LQYHVWLJDWLRQ RI �'�SRO\PHUV DW WKH
QDQRVFDOH EXW DOVR FKDUDFWHUL]HV QHZ FRYDOHQWO\ IXQFWLRQDOL]HG JODVV VXUIDFHV DW DPELHQW
WHPSHUDWXUHV ZLWK 7(56� FRPSDULQJ WKHP ZLWK FRQYHQWLRQDO FRRUGLQDWLYHO\ IXQFWLRQDOL]HG JROG
VXUIDFHV�� :H LQYHVWLJDWH ZKLFK XQGHUO\LQJ PHFKDQLVPV GRPLQDWH PROHFXODU WUDQVIRUPDWLRQV
XQGHU WKH WLS�� KRZ WKH\ FRUUHODWH ZLWK PHDVXUHPHQW FRQGLWLRQV DQG WKH DQDO\WH
V FKHPLFDO
HQYLURQPHQW� DQG ZKHWKHU GHJUDGDWLRQ SURGXFWV FDQ EH SUHGLFWHG PHUHO\ IURP WKH DQDO\WH
V
VWUXFWXUDO FRPSRVLWLRQ� $Q XQGHUVWDQGLQJ RI WKH GRPLQDWLQJ SURFHVVHV GXULQJ VDPSOH GHJUDGDWLRQ
VKDOO�OHDG�WR�WKH�GHYHORSPHQW�RI�QHZ�KLJKO\�GHILQHG�DQG�VWDEOH�UHIHUHQFH�PDWHULDOV�IRU�7(56�

>�@ D� 5�0� 6W¸FNOH� <�'� 6XK� 9� 'HFNHUW� 5� =HQREL� &KHP� 3K\V� /HWW�� ����� ���� ���� E� 0�6�
$QGHUVRQ� $SSO� 3K\V� /HWW�� ����� ��� ����� F� 1� +D\D]DZD� <� ,QRX\H� =� 6HNNDW� 6� .DZDWD� 2SW�
&RPPXQ�� ����� ���� ���� G� %� 3HWWLQJHU� *� 3LFDUGL� 5� 6FKXVWHU� *� (UWO�(OHFWURFKHP� �-DSDQ��
��������������
>�@ D� -� 6WDGOHU� 7� 6FKPLG� /� 2SLOLN� 3� .XKQ� 3�6� 'LWWULFK� 5� =HQREL�%HLOVWHLQ -� 1DQRWHFKQRO��
����� �� ���� E� /� 2SLOLN� 3� 3D\DP\DU� -� 6]F]HUELĆVNL� $�3� 6FK¾W]� 0� 6HUYDOOL� 7� +XQJHUODQG� $�'�
6FKO¾WHU��5��=HQREL��$&6�1DQR����������������
>�@�:��:DQJ��$�'��6FKO¾WHU��0DFURPRO��5DSLG�&RPPXQ���������������������
>�@�)��6KDR��5��=HQREL��$QDO��%LRDQDO��&KHP�����������������
>�@ 3� .LVVHO� 5� (UQL� :�%� 6FKZHL]HU� 0�'� 5RVVHOO� %�7� .LQJ� 7� %DXHU� 6� *¸W]LQJHU� $�'� 6FKO¾WHU�
-��6DNDPRWR��1DW��&KHP����������������
>�@�-��6]F]HUELĆVNL��/��*\U��-��.DHVOLQ��5��=HQREL��1DQR�/HWW������������������
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0LFURZDYH�,QGXFWLYHO\�&RXSOHG�1LWURJHQ�3ODVPD�4XDGUXSROH�0DVV�6SHFWURPHWU\

0��1RXUDGGLQL����-��-HYWLF����$��0HQRQ����%��+DWWHQGRUI�
��'��*¾QWKHU�

�/DERUDWRU\�RI�,QRUJDQLF�&KHPLVWU\��(7+�=XULFK��&+������=XULFK��6ZLW]HUODQG���5DGRP�&RUSRUDWLRQ�
������:�)RUHVW�+RPH�$YHQXH��0LOZDXNHH��:LVFRQVLQ��8QLWHG�6WDWHV

7KH $UJRQ�VXVWDLQHG ,QGXFWLYHO\ &RXSOHG 3ODVPD �$U�,&3� LV DPRQJ WKH PRVW XVHG LRQ VRXUFHV IRU
HOHPHQW DQG LVRWRSH PDVV VSHFWURPHWU\ �06�� 'HVSLWH PDQ\ DGYDQWDJHV IRU SUHFLVH DQG VHQVLWLYH
DQDO\VLV� LW VXIIHUV IURP VHYHUDO GUDZEDFNV� OLNH WKH QHHG IRU VRSKLVWLFDWHG 5)�SRZHU JHQHUDWRUV�
KLJK UXQQLQJ FRVWV GXH WR $U FRQVXPSWLRQ� DQG DEXQGDQW $U�EDVHG SRO\DWRPLF LQWHUIHUHQFHV� $
FRVW�HIIHFWLYH� FRPSDUDEO\ VLPSOH DOWHUQDWLYH LV WKH QLWURJHQ�EDVHG 0LFURZDYH ,QGXFWLYHO\ &RXSOHG
$WPRVSKHULF�3UHVVXUH 3ODVPD �1��0,&$3�� ZKLFK KDV EHHQ LQWURGXFHG UHFHQWO\ �� ,QLWLDO VWXGLHV
VKRZHG LW WR EH D IHDVLEOH VRXUFH LQ DWRPLF VSHFWURVFRS\� ERWK LQ RSWLFDO HPLVVLRQ VSHFWURVFRS\
�2(6����DQG�WLPH�RI�IOLJKW�PDVV�VSHFWURPHWU\��72)06����

+HUH� ZH LQYHVWLJDWHG WKH SHUIRUPDQFH DQG FKDUDFWHULVWLFV RI WKH 1��0,&$3 LRQ VRXUFH �5DGRP
&RUS� 8�6�$�� LQ FRPSDULVRQ WR $U�EDVHG ,&306 XVLQJ D TXDGUXSROH PDVV VSHFWURPHWHU �(/$1 ����
'5&��3HUNLQ�(OPHU�6FLH[��

7KH GLIIHUHQW FKDUDFWHULVWLFV RI WKH QLWURJHQ SODVPD SOD\ D NH\ UROH ZLWK UHVSHFW WR DQDO\WH
VHQVLWLYLWLHV� 6LPLODU DEXQGDQFH UDWLRV RI PROHFXODU DQG DWRPLF LRQV ZHUH REVHUYHG� ZKLFK
LQGLFDWHV WKDW VLPLODU JDV WHPSHUDWXUHV � FDQ EH DFKLHYHG� 7KH KLJKHU H[SDQVLRQ YHORFLW\ RI 1�� RQ
WKH RWKHU KDQG� FDXVHV D ODUJHU VSUHDG RI NLQHWLF HQHUJLHV WKDW QHHGV WR EH FRPSHQVDWHG IRU E\
WKH LRQ RSWLFV V\VWHP� )XUWKHUPRUH� WKH LQIOXHQFH RI JHRPHWU\ DQG SUHVVXUH LQ WKH YDFXXP
LQWHUIDFH ZHUH LQYHVWLJDWHG E\ FKDQJLQJ VDPSOHU�VNLPPHU VHSDUDWLRQ� RULILFH VL]HV DQG HYDFXDWLRQ
VSHHG�

2YHUDOO WKH SHUIRUPDQFH RI WKH VRXUFH ZDV IRXQG WR EH FRPSDUDEOH WR WKH $U�,&3 ZKLOH WKH
EDFNJURXQG VSHFWUXP IRU P�]!�� GLG QRW UHYHDO VXEVWDQWLDO FRQWULEXWLRQV IURP WKH VRXUFH DQG WKH
PDMRULW\�RI�EDFNJURXQG�VSHFLHV�REVHUYHG�ZHUH�1;��DQG�1[2\���[ �����\ ������

>�@ $� -� 6FKZDUW]� <� &KHXQJ� -� -HYWLF� 9� 3LNHOMD� $� 0HQRQ� 6� -� 5D\ DQG *� 0� +LHIWMH� -� $QDO� $W�
6SHFWURP����������������૱����
>�@�.��0��7KDOHU��$��-��6FKZDUW]��&��+DLVFK��5��1LHVVQHU�DQG�*��0��+LHIWMH��7DODQWD���������������૱���
>�@ 0� 6FKLOG� $� *XQGODFK�*UDKDP� $� 0HQRQ� -� -HYWLF� 9� 3LNHOMD� 0� 7DQQHU� %� +DWWHQGRUI DQG '�
*¾QWKHU��$QDO��&KHP������������������૱������
>�@ 5� 6� +RXN DQG 1� 3UDSKDLUDNVLW� 6SHFWURFKLP� $FWD � 3DUW % $W� 6SHFWURVF�� ����� ���
����૱�����
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0HWDEROLVP�'XULQJ�6OHHS�0RQLWRUHG�E\�5HDO�7LPH�%UHDWK�$QDO\VLV

1��1RZDN�����7��*DLVO���0��2VVZDOG���'��0LODGLQRYLF���6��%DXHU���-��%XKPDQQ���0��.RKOHU���3��0�
6LQXHV���5��=HQREL�
��6��%URZQ�


�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=XULFK���'HSDUWPHQW�RI�3XOPRQRORJ\�
8QLYHUVLW\�+RVSLWDO�=XULFK���'HSDUWPHQW�RI�&RPSXWHU�6FLHQFH��(7+�=XULFK����'HSDUWPHQW�RI
%LRPHGLFDO�(QJHQHHULQJ��QLYHUVLW\�&KLOGUHQ૷V�+RVSLWDO�%DVHO���,QVWLWXWH�RI�3KDUPDFRORJ\�DQG

7R[LFRORJ\��8=+

%RWK FLUFDGLDQ PLVDOLJQPHQW DQG VOHHS GHILFLHQF\ GLVUXSW QRUPDO PHWDEROLVP� LQFUHDVLQJ ULVN RI
PHWDEROLF GLVRUGHUV�� 7KHUHIRUH� QRW RQO\ LQ IXQGDPHQWDO UHVHDUFK EXW DOVR IURP D PHGLFDO
SHUVSHFWLYH� WKHUH LV D JUHDW LQWHUHVW LQ REWDLQLQJ D EHWWHU XQGHUVWDQGLQJ RI WKH XQGHUO\LQJ
PROHFXODU PHFKDQLVPV� ,W KDV EHHQ ZHOO HVWDEOLVKHG WKDW D FLUFDGLDQ FORFN GLUHFWO\ UHJXODWHV PDQ\
PHWDEROLF SDWKZD\V� DQG WKH ELRORJLFDO SDWKZD\V XQGHUO\LQJ WKLV FRQWURO KDYH EHHQ VWXGLHG
H[WHQVLYHO\���� (IIHFWV RI VOHHS UHVWULFWLRQ DQG VOHHS GHSULYDWLRQ RQ KXPDQ PHWDEROLVP KDYH DOVR
EHHQ VWXGLHG UHFHQWO\��� � ,Q FRQWUDVW� PHWDEROLVP GXULQJ VOHHS DQG WKH LPSDFW RI GLIIHUHQW VWDJHV
RI VOHHS RQ PHWDEROLVP DUH SRRUO\ XQGHUVWRRG� 7KH PDLQ OLPLWDWLRQ LV D ODFN RI VXIILFLHQW VDPSOLQJ
UDWHV IRU ELRIOXLGV VXFK DV FHUHEURVSLQDO IOXLG� XULQH� VDOLYD RU EORRG GXULQJ VOHHS� 7KLV OLPLWDWLRQ
FDQ EH RYHUFRPH E\ DQDO\]LQJ H[KDOHG EUHDWK� %UHDWK DQDO\VLV SURYLGHV UHDO�WLPH LQIRUPDWLRQ
ZLWKLQ VHFRQGV� DQG LW LV D QRQ�LQYDVLYH WHFKQLTXH� 6HFRQGDU\ HOHFWURVSUD\ LRQL]DWLRQ FRXSOHG WR D
KLJK�UHVROXWLRQ PDVV VSHFWURPHWHU �6(6,�+506� RIIHUV VRIW LRQL]DWLRQ FDSDELOLWLHV LQ SRVLWLYH DQG
QHJDWLYH LRQ PRGH� DOORZV PROHFXODU IRUPXOD DVVLJQPHQW� FRYHUV D EURDG P�] UDQJH DQG DFKLHYHV
KLJK VHQVLWLYLW\�� +XQGUHGV RI FLUFDGLDQ PHWDEROLWHV KDYH EHHQ UHSRUWHG IURP EUHDWK LQFOXGLQJ
KRUPRQHV��IDWW\�DFLGV��DQG�DPLQR�DFLGV��

,Q WKLV VWXG\� ZH PHDVXUHG WKH H[KDOHG EUHDWK RI �� KHDOWK\ YROXQWHHUV GXULQJ VOHHS LQ WZR
FRQVHFXWLYH QLJKWV �RQH QLJKW LQ HDFK 06 SRODULW\�� )RU XQLQWHUUXSWHG EUHDWK VDPSOLQJ� ZH FRXSOHG
D PRGLILHG FRQWLQXRXV SRVLWLYH DLUZD\ SUHVVXUH �&3$3� PDVN WR WKH 6(6, VRXUFH� ,Q SDUDOOHO� D
FRPSOHWH SRO\VRPQRJUDSK\ �36*� ZDV SHUIRUPHG WR LGHQWLI\ VOHHS VWDJHV �ZDNH� 1��1� VORZ�ZDYH
VOHHS� DQG 5(0 VOHHS�� ���� GLVFUHWH IHDWXUHV ZHUH LGHQWLILHG� DQG WKHLU YDULDWLRQ DFURVV WLPH ZDV
GHFRQYROXWHG XVLQJ HPSLULFDO PRGH GHFRPSRVLWLRQ� DQG WKHQ FRUUHODWHG ZLWK WKH GLIIHUHQW VOHHS
VWDJHV� 7R RXU VXUSULVH� DOWKRXJK FRPSRXQGV VKRZLQJ DFXWH VWDJH�FRUUHODWHG YDULDWLRQ ZHUH
LGHQWLILHG LQ DOO VWDJHV RI VOHHS DQG ZDNH� WKH ODUJHVW VLJQDWXUH E\ IDU ZDV REWDLQHG IRU 5(0 �UDSLG
H\H PRYHPHQW� VOHHS� ZLWK RYHU D KXQGUHG GLVFUHWH PHWDEROLWHV FKDQJLQJ UDSLGO\ DQG VLJQLILFDQWO\
XSRQ LQLWLDWLRQ DQG WHUPLQDWLRQ RI WKLV VWDJH� &RPSRXQG LGHQWLILFDWLRQ LV RQJRLQJ LQ RUGHU WR ILQG
RXW ZKLFK PHWDEROLF SDWKZD\V DUH DIIHFWHG� 0RUHRYHU� SUHOLPLQDU\ UHVXOWV VXJJHVW D GLUHFW LPSDFW
RI VOHHS SUHVVXUH RQ QRUPDOO\ FLUFDGLDQ FRPSRXQGV LQ EUHDWK� 7KHUHIRUH� LW LV OLNHO\ WKDW
PHWDEROLVP LV FRQWUROOHG E\ RXWSXW SDWKZD\V QRW RQO\ RI WKH FLUFDGLDQ FORFN� EXW DOVR RI WKH
FRPSOH[�QHXURQDO�UHJXODWLRQ�XQGHUO\LQJ�VOHHS�DQG�ZDNH�

>�@�6��6KDUPD��0��.DYXUX��,QW��-��(QGRFULQRO���������������������
>�@�-��7��%DVV��*HQRPH�0HG��������������
>�@�+��5HLQNH��*��$VKHU��1DW��5HY��0RO��&HOO�%LRO����������
>�@�$��:HOMLH�HW�DO���31$6������������������������
>�@�6��.��'DYLHV�HW�DO���31$6�������������������������
>�@�0��7��*DXJJ�HW�DO���-��%UHDWK�5HV�������������������
>�@�%��GH�/DF\�&RVWHOOR�HW�DO���-��%UHDWK�5HV������������������
>�@�1��(��+XDQJ��HW�DO��3URF��5��6RF��/RQGRQ��6HU��$�0DWK��3K\V��(QJ��6FL�����������������૱����
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,Q�VLWX�7LS�(QKDQFHG�5DPDQ�6SHFWURVFRS\�RI��'�PDWHULDOV

<��3DQGH\���-��6]F]HUELQVNL���*��*RXEHUW���5��=HQREL�


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

7LS�(QKDQFHG 5DPDQ 6SHFWURVFRS\ �7(56� H[SORLWV WKH KLJKO\ ORFDOL]HG� H[WUHPHO\ VKRUW UDQJHG
QHDU�ILHOG HOHFWURPDJQHWLF ILHOG HQKDQFHPHQW �KRWVSRW� EHWZHHQ D VKDUS VFDQQLQJ SUREH
PLFURVFRS\ WLS DQG D VDPSOH� WR DPSOLI\ 5DPDQ VFDWWHULQJ� 7KH H[WUHPH ORFDOL]DWLRQ DQG VPDOO
DUHD RI WKH KRWVSRW DUH UHVSRQVLEOH IRU WKH KLJK VSDWLDO UHVROXWLRQ RI WKH WHFKQLTXH�� ,W LV HVSHFLDOO\
XVHIXO IRU VWXG\LQJ �' VDPSOHV �ELRORJLFDO OLSLG PHPEUDQHV� �' SRO\PHUV� DQG RWKHU PROHFXOHV
�H�J�� HOHFWURFDWDO\VWV� VWUXFWXUH DQG FRQIRUPDWLRQV RI SURWHLQV� SHSWLGHV� HWF��� ZLWK D KLJK
UHVROXWLRQ LQ WKHLU QDWLYH HQYLURQPHQW� 6LQFH 7(56 LV D ODEHO�IUHH WHFKQLTXH DQG GRHV QRW UHTXLUH
WDJJLQJ WKH ELRPROHFXOHV RI LQWHUHVW ZLWK DQ\ IOXRUHVFHQW SUREHV� ZKLFK FDQ� IRU H[DPSOH� LQGXFH
FKDQJHV LQ WKH SKDVH EHKDYLRU RI OLSLGV ���� LW LV D SURPLVLQJ QDQRVFDOH LQYHVWLJDWLRQ WRRO IRU VXFK
ELRORJLFDO�PHPEUDQHV�

+RZHYHU� PRVW RI WKH 7(56 VWXGLHV DUH SHUIRUPHG LQ DLU RU XOWUDKLJK YDFXXP ZKLFK LV QRW DQ LGHDO
HQYLURQPHQW WR VWXG\ VXFK VDPSOHV� 7KH\ KDYH D GLIIHUHQW VWDELOLWLHV� FRQIRUPDWLRQ� SKDVH DQG DFWLYLW\ LQ
DLU�YDFXXP FRPSDUHG WR WKHLU SURSHUWLHV LQ ZDWHU� )XUWKHUPRUH� SHUIRUPLQJ 7(56 LQ DLU SUHVHQWV DGGLWLRQDO
SUREOHPV FRPSDUHG WR ZDWHU VXFK DV� SRRU KHDW GLVVLSDWLRQ FDXVLQJ WLS�VDPSOH GDPDJH OHDGLQJ WR VDPSOH
GHVRUSWLRQ� RU LQWHUIHUHQFH IURP PROHFXOHV DGVRUEHG RQ WKH WLS IURP WKH DLU�� $OVR� R[\JHQ LQ WKH DLU FDQ
FDXVH R[LGDWLRQ RI WKH WLS �HVSHFLDOO\ $J 7(56 WLSV� OHDGLQJ WR D ORVV RI SODVPRQLF HQKDQFHPHQW DQG
VXEVHTXHQWO\�RI�WKH�7(56�VLJQDO�

%\ GHYHORSLQJ DQ HOHFWURFKHPLFDO 7(56 �(&�7(56� V\VWHP ZLWK D SRWHQWLRVWDW LQ DQ HOHFWURFKHPLFDO FHOO�
WKH SRWHQWLDO RI WKH VDPSOH DQG WLS FDQ EH SUHFLVHO\ FRQWUROOHG� ZKLFK IXUWKHU LPSURYHV WKH VWDELOLW\ RI WKH
V\VWHP E\ SURYLGLQJ ORZHU DQG PRUH VWDEOH EDFNJURXQG FXUUHQW UHVXOWLQJ LQ KLJKHU PHDVXUHPHQW OLIHWLPHV
RI $J WLSV� DQG DOVR SUHYHQWV WKH R[LGDWLRQ RI $J WLSV �LI WKH WLS LV NHSW DW D VXLWDEOH UHGR[ SRWHQWLDO�� /DVWO\�
E\ WXQLQJ WKH SRWHQWLDO RI WKH VDPSOH DQG WKH WLS ZH FDQ FRQWURO WKH HOHFWURQLF GHQVLW\ RI VWDWHV �'26� LQ
WKH VDPSOH DQG WKH WLS� ZKLFK FDQ KHOS LQ PLWLJDWLQJ VDPSOH GDPDJH GXH WR KRW HOHFWURQ JHQHUDWLRQ�� :H
FDQ DOVR WXQH WKH VXUIDFH SURSHUWLHV WR HQKDQFH WKH VDPSOH VXEVWUDWH LQWHUDFWLRQ FRPSDUHG WR QRUPDO
7(56��

:H ZLOO SUHVHQW ILUVW UHVXOWV IURP VXFK DQ LQ VLWX HOHFWURFKHPLFDO 7(56 V\VWHP� ZKLFK KDV EHHQ XVHG WR
VWXG\ ELRORJLFDO VDPSOHV LQ SKRVSKDWH EXIIHU DW D SK\VLRORJLFDO S+ RI ���� :H KDYH VWXGLHG WKH HIIHFW RI
WKLV HQYLURQPHQW RQ WKH 7(56 VSHFWUD RI WKH VDPSOHV FRPSDUHG WR WKDW LQ DLU� $GGLWLRQDOO\� ZH DUH DOVR
SHUIRUPLQJ VWXGLHV RQ D ZDWHU R[LGDWLRQ FDWDO\VW �:2&� XVLQJ 7(56� WR LQYHVWLJDWH WKH FDWDO\WLF
PHFKDQLVP� )XUWKHU HIIRUWV KDYH EHHQ PDGH WR LPSURYH WKH 7(56 VSHFWUD DQG WR UHGXFH WKH VDPSOH
GDPDJH� EULQJLQJ 7(56 RQFH VWHS FORVHU WR EH DQ LGHDO QDQRVFDOH VSHFWURVFRSLF DQDO\VLV WRRO IRU RSHUDQGR
DQG�LQ�VLWX�VWXGLHV�

>�@��;��6KL��1��&RFD�/µSH]��-��-DQLN��DQG�$��+DUWVFKXK��&KHPLFDO�5HYLHZV��������������������������
>�@ /� 2SLOLN� 7� %DXHU� 7� 6FKPLG� -� 6WDGOHUD� 5� =HQREL� 3K\V� &KHP� &KHP� 3K\V�� ��������
���������
>�@ 6� /� 9HDWFK� 6� 6� :� /HXQJ� 5� (� +DQFRFN� -� /� 7KHZDOW� 7KH -RXUQDO RI 3K\VLFDO &KHPLVWU\
%������������������������
>�@��-��6]F]HUELĆVNL��/��*\U��-��.DHVOLQ��DQG�5��=HQREL��1DQR�/HWWHUV��������������������������
>�@��%��5HQ�HW�DO���-RXUQDO�RI�WKH�$PHULFDQ�&KHPLFDO�6RFLHW\�����������������������������
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7KHUPDO�'HQDWXUDWLRQ�RI�*�TXDGUXSOH[HV�DQG�7KHLU�(IIHFWV�RQ�WKH�6WDELOLW\�RI�$GMDFHQW
'1$�'XSOH[HV�6WXGLHG�E\�7HPSHUDWXUH�&RQWUROOHG�QDQR(6,�06

$��3UXģND���$��0DUFKDQG���5��=HQREL�


�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��6ZLVV�)HGHUDO�,QVWLWXWH�RI�7HFKQRORJ\�=¾ULFK�
&+������=¾ULFK��6ZLW]HUODQG

*�TXDGUXSOH[HV �*4V� DUH JXDQLQH�ULFK KHOLFDO VWUXFWXUHV RI QXFOHLF DFLGV IRUPLQJ QRQ�FDQRQLFDO *�
TXDUWHWV VWDELOL]HG E\ LQFRUSRUDWHG FDWLRQV� *�TXDGUXSOH[HV DUH LPSRUWDQW LQ PDQ\ HVVHQWLDO
FHOOXODU SURFHVVHV VXFK DV '1$ UHSOLFDWLRQ� WUDQVFULSWLRQ� DQG WUDQVODWLRQ� DQG KDYH WKHUHIRUH EHHQ
LQFUHDVLQJO\ VWXGLHG�>�@ 5HPDUNDEO\� WKHVH VWUXFWXUHV FDQ KDYH ERWK GRZQUHJXODWLQJ DQG
XSUHJXODWLQJ HIIHFWV LQ GHSHQGHQFH RQ WKHLU ORFDWLRQ LQ WKH JHQH�>�@ 'HVSLWH WKH JUHDW LPSRUWDQFH
RI WKH *�TXDGUXSOH[HV� WKH H[DFW SULQFLSOH RI WKHLU HIIHFWV LV QRW IXOO\ XQGHUVWRRG� ,QWHUDFWLRQ
EHWZHHQ *�TXDGUXSOH[HV DQG DGMDFHQW GXSOH[HV FDQ OHDG WR D FKDQJH LQ WKH VWDELOLW\ RI LQGLYLGXDO
GRPDLQV DQG WKXV LQIOXHQFH VRPH RI WKH SURFHVVHV PHQWLRQHG DERYH�>�@ 7KHVH LQWHUDFWLRQV PD\
KDYH�D�VLJQLILFDQW�LPSDFW�RQ�XQZLQGLQJ�RI�WKH�'1$�DQG�FRQVHTXHQWO\�RQ�JHQH�H[SUHVVLRQ�

+HUH� ZH SUHVHQW D ODERUDWRU\�EXLOW� WHPSHUDWXUH�FRQWUROOHG QDQRHOHFWURVSUD\ LRQ VRXUFH �7&Q(6,��
ZKLFK LV GHVLJQHG VXFK DV WKH Q(6, HPLWWHU LV SODFHG EHWZHHQ WZR FRSSHU EORFNV� JXDUDQWHHLQJ
XQLIRUPO\ GLVWULEXWHG KHDW�>�@ $ 3HOWLHU HOHPHQW LV XVHG WR SUHFLVHO\ FRQWURO WKH WHPSHUDWXUH� ZKLFK
LV UDPSHG DW D UDWH RI � ʜ&�PLQ LQ WKH UDQJH ����� ʜ&� 7KLV 7&Q(6, ZDV XVHG WR LQYHVWLJDWH WKH
WKHUPRG\QDPLF�VWDELOLW\�RI�PRGHO�'1$�GXSOH[HV�LQ�WKH�YLFLQLW\�RI�7���*�TXDGUXSOH[�

)LUVW� ZH SHUIRUPHG WHPSHUDWXUH�GHSHQGHQW H[SHULPHQWV RI D IROGHG GXSOH[ �I'� VHTXHQFH SODFHG
RQ ERWK WKH �૷RU �૷HQG RI D SRWHQWLDOO\ *4 IRUPLQJ VHTXHQFH 7��� EXW LQ WKH DEVHQFH RI .&O� ZKHQ
QR *4 LV IRUPHG� 7KH PHOWLQJ WHPSHUDWXUH �7P� GLPLQLVKHG FRPSDUHG WR WKDW RI WKH GXSOH[ DORQH�
2QFH WKH *4 ZDV IRUPHG� WKH VWDELOLW\ RI WKH GXSOH[ GURSSHG HYHQ PRUH� 2Q WKH RWKHU KDQG� WKH
VWDELOLW\ RI 7�� UHPDLQHG DOPRVW LGHQWLFDO LQ WKHVH H[SHULPHQWV� 6HFRQG� FRPSOH[HV ZLWK $7� DQG
*&�ULFK GXSOH[HV UHYHDOHG VLJQLILFDQW GLIIHUHQFHV� 7KH $7�ULFK GXSOH[ VKRZHG D VXEVWDQWLDOO\
KLJKHU GURS RI WKH VWDELOLW\ LQ WKH SUHVHQFH RI 7�� RQ WKH �૷HQG ZKHUHDV WKH *&�ULFK GXSOH[
HYLQFHG VOLJKW VWDELOL]DWLRQ LQ WKH SUHVHQFH RI WKH *4 DW WKH VDPH VLWH� 2XU UHVXOWV LQGLFDWH DQ
DGGLWLRQDO�XQNQRZQ�LQWHUDFWLRQ�EHWZHHQ�WKH�*4�GRPDLQ�DQG�DGMDFHQW�*&�ULFK�'1$�VWUXFWXUHV�

>�@�'��5KRGHV��+��-��/LSSV��1XFOHLF�$FLGV�5HV����������������૱�����
>�@�,��7��+ROGHU��-��6��+DUWLJ��&KHP��%LRO����������������૱�����
>�@�6��.¸QLJ��-��/��+XSSHUW��5��.��6LJHO��$��&��(YDQV��1XFOHLF�$FLGV�5HV����������������૱����
>�@�$��0DUFKDQG��)��5RVX��5��=HQREL��9��*DEHOLFD��-��$P��&KHP��6RF������������������૱������
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'LUHFW�/DVHU�'HVRUSWLRQ�0DVV�6SHFWURPHWU\�RI�$PLQR�$FLGV�RQ�2FHDQ�:RUOGV

$��5LHGR�����1��/LJWHULQN���9��*ULPDXGR���3��0RUHQR�*DUF¯D���5��:LHVHQGDQJHU���5��/XNPDQRY���0�
7XOHM���5��/LQGQHU���3��:XU]���3��(KUHQIUHXQG�


�6DFNOHU�/DERUDWRU\�IRU�$VWURSK\VLFV��/HLGHQ�2EVHUYDWRU\��/HLGHQ�8QLYHUVLW\��/HLGHQ��7KH
1HWKHUODQGV����&HQWHU�IRU�6SDFH�DQG�+DELWDELOLW\��8QLYHUVLW\�RI�%HUQ��%HUQ��6ZLW]HUODQG���6SDFH
5HVHDUFK�DQG�3ODQHWDU\�6FLHQFHV��3K\VLFV�,QVWLWXWH��8QLYHUVLW\�RI�%HUQ��%HUQ��6ZLW]HUODQG���

,QWHUIDFLDO�(OHFWURFKHPLVWU\�*URXS��'HSDUWPHQW�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\��8QLYHUVLW\�RI�%HUQ�
%HUQ��6ZLW]HUODQG���/LIH�6XSSRUW�DQG�3K\VLFDO�6FLHQFHV�,QVWUXPHQWDWLRQ�6HFWLRQ��(XURSHDQ�6SDFH

$JHQF\��(67(&��7KH�1HWKHUODQGV

5HOLDEOH LQ VLWX GHWHFWLRQ RI VLJQDWXUHV RI OLIH RQ 6RODU 6\VWHP ERGLHV RWKHU WKDQ (DUWK LV H[WUHPHO\
FKDOOHQJLQJ DQG GHSHQGV RQ YDULRXV SDUDPHWHUV� LQFOXGLQJ H�J� WKH VHOHFWLRQ RI WKH DSSURSULDWH
ILHOG VLWH IRU PDWHULDO VDPSOLQJ DQG WKH DSSOLFDWLRQ RI UREXVW DQG VHQVLWLYH PHDVXUHPHQW
WHFKQLTXHV IRU WKH GHWHFWLRQ RI ELRORJLFDO VLJQDWXUHV� LI SUHVHQW� 7KH *DOLOHR DQG &DVVLQL�+X\JHQV
VSDFH PLVVLRQV GHWHUPLQHG WKH SUHVHQFH RI RFHDQV XQGHUQHDWK WKH LFH VKHOOV RI (XURSD �-XSLWHU
V\VWHP� DQG (QFHODGXV �6DWXUQ V\VWHP�� WKXV FDOOHG �2FHDQ ZRUOGV�� ZKLFK PD\ KDUERU OLIH�
7KURXJK REVHUYHG FUDFNV LQ WKH LFH VKHOOV� ZDWHU LV UHOHDVHG IURP WKH RFHDQV� FRQWDLQLQJ SRVVLEOH
ELRVLJQDWXUHV� ZKLFK DUH GHSRVLWHG RQ WKH LF\ VXUIDFH RI WKHVH PRRQV DQG PD\ EHFRPH GHWHFWDEOH
>�@� 1HZ PHDVXUHPHQW FRQFHSWV DQG PHDVXUHPHQW WHFKQLTXHV DUH UHTXLUHG WR HQDEOH WKH
VXFFHVVIXO GHWHFWLRQ RI ELRVLJQDWXUHV LQ VXFK DQ HQYLURQPHQW� ,Q RXU FRQWULEXWLRQ� ZH GHPRQVWUDWH
D QRYHO ODVHU GHVRUSWLRQ PDVV VSHFWURPHWU\ �/'06� WHFKQLTXH EDVHG RQ DQ LQVWUXPHQW EXLOW DW WKH
8QLYHUVLW\ RI %HUQ� ZKLFK KDV WKH FDSDELOLWLHV WR GHWHFW DPLQR DFLGV WKDW UHSUHVHQW SURPLQHQW
VLJQDWXUHV�RI�OLIH�DW�VXE�w0�FRQFHQWUDWLRQV�

/'06 PHDVXUHPHQWV DUH FRQGXFWHG XVLQJ D ODVHU DEODWLRQ LRQL]DWLRQ PDVV VSHFWURPHWULF �/,06�
V\VWHP WKDW FRQVLVWV RI D PLQLDWXUH UHIOHFWURQ�W\SH WLPH�RI�IOLJKW PDVV DQDO\VHU ���� [ � �� PP�
GHVLJQHG IRU VSDFH H[SORUDWLRQ PLVVLRQV DQG D QDQRVHFRQG SXOVHG ODVHU V\VWHP �ZDYHOHQJWK ͏  
��� QP� SXOVH UHSHWLWLRQ UDWH RI �� +]� SXOVH ZLGWK RI ͘ a � QV� >���@� 6DPSOHV IURP YDULRXV DPLQR
DFLG VWRFN VROXWLRQV DQG PL[WXUHV WKHUHRI ZHUH SUHSDUHG E\ GURS FDVWLQJ �� w/� RI WKH DQDO\WH DW
YDULRXV FRQFHQWUDWLRQV ���� w0 ૱ � w0� LQ VPDOO FDYLWLHV ���� [ � � PP� RI D VWDLQOHVV VWHHO KROGHU�
)RU WKH GHVRUSWLRQ VWXGLHV� WKH VDPSOH KROGHU ZDV SODFHG RXWVLGH WKH ODVHU IRFXV WR JXDUDQWHH
JHQWOH ODVHU GHVRUSWLRQ FRQGLWLRQV� (DFK VDPSOH ZDV UDVWHUHG VSRW�ZLVH E\ XS WR �� SRVLWLRQV�
ZKHUH HDFK SRVLWLRQ ZDV SUREHG E\ ��� ODVHU VKRWV �UHVXOWLQJ LQ XS WR �૷��� ODVHU VKRWV LQ WRWDO��
/DVHU IOXHQFH FDPSDLJQV RQ VLQJOH DPLQR DFLGV ZHUH FRQGXFWHG WR HODERUDWH RSWLPDO ODVHU
GHVRUSWLRQ FRQGLWLRQV DQG WR LGHQWLI\ IRU HDFK DPLQR DFLG WKH VSHFLILF PHDVXUDEOH ELRVLJQDWXUHV�
7KH KLJK GHWHFWLRQ VHQVLWLYLW\ RI WKH /,06 V\VWHP DOORZV WR WUDFH WKHVH ELRVLJQDWXUHV GRZQ GR VXE�
w0 FRQFHQWUDWLRQ OHYHOV� ZKLFK LV FXUUHQWO\ OLPLWHG E\ WKH EDFNJURXQG RI WKH VDPSOH VXEVWUDWH� 7KH
PHDVXUHPHQW SURWRFRO DQG WKH UHVXOWV ZLOO EH SUHVHQWHG LQ GHWDLO GXULQJ RXU FRQWULEXWLRQ� 7KH
FXUUHQW PHDVXUHPHQW FDSDELOLWLHV DUH KLJKO\ SURPLVLQJ IRU IXWXUH VSDFH PLVVLRQV GHGLFDWHG WR WKH
H[SORUDWLRQ RI WKHVH RFHDQ ZRUOGV DQG UHSUHVHQW DQ DOWHUQDWLYH PHDVXUHPHQW WHFKQLTXH WR WKRVH
FXUUHQWO\�DSSOLHG��VXFK�DV�*&�06��LQ�VSDFH�H[SORUDWLRQ�PLVVLRQV�

>�@�-�,��/XQLQH��$FWD�$VWURQDXW����������������������
>�@�$��5LHGR��$��%LHOHU��0��1HXODQG��0��7XOHM�DQG�3��:XU]��-��0DVV�6SHFWURP������������������
>�@ $� 5LHGR� 6� 0H\HU� %� +HUHGLD� 0� 1HXODQG� $� %LHOHU� 0� 7XOHM� ,� /H\D� 0� ,DNRYOHYD� .� 0H]JHU
DQG�3��:XU]��3ODQHW��6SDFH�6FL������������������
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,QYHVWLJDWLRQ�RI�&RUQHDO�&URVVOLQNV�LQ�.HUDWRFRQXV�7UHDWPHQW

1��5¸WKOLVEHUJHU���0��$UL]D���3��%¾FKOHU���6��6FK¾UFK�


�'HSDUWPHQW�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\��8QLYHUVLW\�RI�%HUQ��������%HUQ��6ZLW]HUODQG���,QVWLWXWH
IRU�6XUJLFDO�7HFKQRORJ\�DQG�%LRPHFKDQLFV��8QLYHUVLW\�RI�%HUQ��������%HUQ��6ZLW]HUODQG

&ROODJHQV EHORQJ WR WKH PRVW FRPPRQ SURWHLQV LQ YHUWHEUDWHV DQG DUH PDGH RXW RI KHWHURWULPHULF
PROHFXOHV� HDFK FURVVOLQNHG DW WKH DPLQR �1�� DQG FDUER[\ �&��WHUPLQXV� %\ WKH HQ]\PDWLF DFWLYLW\
RI O\V\O R[LGDVH �/2;�� WHORSHSWLGH O\VLQHV DQG K\GUR[\O\VLQHV DUH GHDPLQDWHG DQG XQGHUJR
VSRQWDQHRXV UHDFWLRQ ZLWK D O\VLQ RU K\GUR[\O\VLQH RI WKH KHOLFDO GRPDLQ WR IRUP QDWXUDO FURVVOLQNV�
&ROODJHQ�PROHFXOHV�DUH��DPRQJ�RWKHUV��SUHVHQW�LQ�FRUQHD�DQG�DUH�HVVHQWLDO�IRU�LWV�VWDELOLW\��

.HUDWRFRQXV �.&� LV WKH PRVW FRPPRQ HFWDVLD RI WKH FRUQHD DQG UHVXOWV LQ D WKLQQHU DQG ZHDNHU
FRUQHD� 7KLV WUDQVIRUPDWLRQ UHGXFHV WKH YLVXDO DFXLW\ DQG LV UHVSRQVLEOH IRU P\RSLD� 7R UHVWULFW WKH
SURJUHVVLRQ RI WKH GLVHDVH� QHZ FURVVOLQNV DUH LQGXFHG E\ WKH SURPLVLQJ FRUQHDO FURVV�OLQNLQJ �&;/�
WKHUDS\� 7KH &;/ WKHUDS\ PDNHV XVH RI ULERIODYLQ �YLWDPLQ %�� ZKLFK JHQHUDWHV UHDFWLYH R[\JHQ
VSHFLHV XSRQ LUUDGLDWLRQ ZLWK XOWUDYLROHW �89� $�OLJKW� WKXV� SURYLGLQJ WKH FRUQHD ZLWK QHZ
ELRPHFKDQLFDO�VWDELOLW\��

,Q WKLV VWXG\� GLIIHUHQFHV EHWZHHQ WKH DPRXQW DQG W\SH RI FURVVOLQNV LQ WUHDWHG DQG QRQ�WUHDWHG
FRUQHD DUH LQYHVWLJDWHG� 7KH DQDO\VLV RI WKH FURVVOLQNV LV SHUIRUPHG E\ +3/&�06 RQ D 472)
LQVWUXPHQW�

>�@�7DNDRND��$��HW�DO���,QYHVWLJ��2SKWKDOPRO��9LV��6FL����������������૱���
>�@�<DPDXFKL��0��HW�DO���0HWKRGV�LQ�&HOO�%LRORJ\��������������������
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323V�LQ�PLFURSODVWLFV�LQ�WKH�6RXWK�$WODQWLF�J\UH�DQG�WKHLU�HQYLURQPHQWDO�ULVNV

/��6FKLQNHO���/��$PDUDO�=HWWOHU�����(��=HWWOHU���3��'HODQGPHWHU���)��$��GH�9RJHO���(��(GVRQ���+�
/LPEXUJ���9��2QLQN���1��+HHE���0��=HQQHJJ�


�(PSD��/DERUDWRU\�IRU�$GYDQFHG�$QDO\WLFDO�7HFKQRORJLHV���EHUODQGVWUDVVH�����������'¾EHQGRUI�
6ZLW]HUODQG���1,2=��5R\DO�1HWKHUODQGV�,QVWLWXWH�IRU�6HD�5HVHDUFK�������6=�૶W�+RUQWMH��1HWKHUODQGV�

�8WUHFKW�8QLYHUVLW\��'RPSOHLQ����������-(�8WUHFKW��1HWKHUODQGV���1RUWKHDVHUQ�8QLYHUVLW\�����
+XQWLQJWRQ�$YH��������%RVWRQ��86$���7KH�2FHDQ�&OHDQXS��%DWDYLHUHQVWUDDW����������-+

5RWWHUGDP��1HWKHUODQGV���8QLYHUVLW\�RI�%HUQ��+RFKVFKXOVWUDVVH���������%HUQ��6ZLW]HUODQG���
8QLYHUVLW\�RI�$PVWHUGDP������:;�$PVWHUGDP��1HWKHUODQGV

3ODVWLF PDWHULDOV FDQ HQWHU WKH DTXDWLF HQYLURQPHQW DQG GLVLQWHJUDWH RYHU WLPH LQWR VPDOOHU
SDUWLFOHV� VR FDOOHG VHFRQGDU\ PLFURSODVWLFV �03� � � PP�� 03 SRVHV ULVNV WR DTXDWLF RUJDQLVPV
ZKHQ EHLQJ LQJHVWHG� ,Q DGGLWLRQ� 03 FDQ DFW DV D 7URMDQ KRUVH WUDQVSRUWLQJ SHUVLVWHQW RUJDQLF
SROOXWDQWV �323V� DQG RWKHU WR[LF RUJDQLF FRPSRXQGV LQWR DQ RUJDQLVP� 2ULJLQDO SODVWLF LWHPV FDQ
DOUHDG\ FRQWDLQ VXFK FKHPLFDOV XVHG DV DGGLWLYHV �H�J�� IODPH UHWDUGDQWV DQG SODVWLFL]HUV��
)XUWKHUPRUH� 03 FDQ DFW DV D SDVVLYH VDPSOHU IRU OLSRSKLOLF SROOXWDQWV SUHVHQW LQ ZDWHU� ,Q WKLV
SURMHFW� ZH LQYHVWLJDWH UHODWLRQV EHWZHHQ 323V DQG 03 LQ WKH 6RXWK $WODQWLF J\UH DQG DVVHVV WKHLU
HQYLURQPHQWDO ULVNV� )RU WKLV� ZH VDPSOHG PLFURSODVWLFV� ODUJHU SODVWLF LWHPV� VHD ZDWHU� VHGLPHQW
DQG ELRPDVV GXULQJ D VDPSOLQJ SHULRG RI WKUHH ZHHNV FRYHULQJ D GLVWDQFH RI DERXW ���� NP� 323V
ZLOO EH H[WUDFWHG IURP WKH VDPSOHV DQG DQDO\]HG ZLWK JDV FKURPDWRJUDSK\ FRXSOHG WR PDVV
VSHFWURPHWU\ �*&�06�� 8VLQJ WKLV GDWD� WKH ULVN RI H[SRVXUH WR 323V ZLOO EH GHWHUPLQHG IRU PDULQH
RUJDQLVPV��7KH�UHOHYDQFH�RI�PLFURSODVWLFV�DV�D�FDUULHU�IRU�323V�WR�UHPRWH�DUHDV�ZLOO�EH�DVVHVVHG�
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'HHS�89�5DPDQ�VSHFWURVFRS\�IRU�RQOLQH�ZDWHU�DQDO\VLV

$��6WHU]L���8��6FKQHLGHU����2��6DPEDORYD������'��%OHLQHU�����$��%RUJVFKXOWH���


�(PSD�6ZLVV�)HGHUDO�/DERUDWRULHV�IRU�0DWHULDOV�6FLHQFH��'¾EHQGRUI����5DVFRSH�DJ��:LGQDX���
8QLYHUVLW\�=¾ULFK��'HSDUWPHQW�RI�&KHPLVWU\

'XULQJ WKH ODVW GHFDGHV WKH VFLHQWLILF LQWHUHVW LQ WKH ZDVWH ZDWHU DQDO\VLV KDV EHHQ JURZLQJ GXH WR
WKH SHUVLVWHQW SUHVHQFH RI FRQWDPLQDQWV LQ WUHDWPHQW SODQWV DQG GXH WR WKH GHJUDGDWLRQ RI
JURXQGZDWHU TXDOLW\� $JULFXOWXUH�GHULYHG LQRUJDQLF FRPSRXQGV DV DPPRQLXP� QLWUDWH DQG QLWULWH�
DQG SKRVSKDWH LRQV KDYH EHHQ UHSRUWHG ZLWK W\SLFDO FRQFHQWUDWLRQV RI WHQV PJ�O RU ORZHU >�� �@�
5DPDQ VSHFWURVFRS\ LQ WKH YLVLEOH UDQJH LV D SURPLVLQJ RQOLQH WHFKQLTXH FDSDEOH RI GHWHFWLQJ PRVW
RI WKH SROOXWDQWV LQ RQH PHDVXULQJ VWHS� 'XH WR ORZ 5DPDQ FURVV VHFWLRQ DQG RYHUODS RI
IOXRUHVFHQFH DQG 5DPDQ HPLVVLRQ WKH OLPLWV RI GHWHFWLRQ �/2'� RI YLVLEOH 5DPDQ VSHFWURVFRS\ LV
DERYH WKH WKUHVKROG UHTXLUHG WR EH XVHG DV DQ RQOLQH PRQLWRU LQ ZDVWH ZDWHU DQDO\WLFV >�� �@�
+RZHYHU� E\ FKDQJLQJ WKH H[FLWDWLRQ HQHUJ\ LV WKHRUHWLFDOO\ SRVVLEOH WR YDU\ WKH UHODWLYH LQWHQVLW\
RI�WKH�5DPDQ�DQG�IOXRUHVFHQFH�VLJQDO�

:H GHPRQVWUDWHG WKH SURRI RI WKLV FRQFHSW XVLQJ DQ 2SWLFDO 3DUDPHWULF 2VFLOODWRU �232� DV
H[FLWDWLRQ VRXUFH IRU 'HHS 89 UDGLDWLRQ� :H DFKLHYH /2' IRU QLWUDWH EHWWHU E\ D IDFWRU RI WHQ WKDQ
�� PJ�O DV UHTXLUHG IRU DQ RQOLQH ZDWHU DQDO\VLV PHWKRG >�� �@� ,Q DGGLWLRQ WR LWV XVH DV D SUDFWLFDO
WRRO� ZH DUH DEOH WR VWXG\ IXQGDPHQWDO SKRWRFKHPLFDO SURFHVVHV WDNLQJ SODFH XSRQ 89�
LOOXPLQDWLRQ� 7KH QLWUDWH � QLWULWH SKRWRO\VLV SURFHVV XSRQ GHHS 89 UDGLDWLRQ KDV EHHQ LQYHVWLJDWHG
LQ�GHWDLO�>�@�

>�@�0��'HFUHP�HW�DO���$JURQ��6XVWDLQ��'HY�����������������
>�@�/��0DUWLQH]�DW�DO���(QYLURQQHPHQWDO�3ROOXWLRQ����������������
>�@�%XUFKLOO�HW�DO���:DWHU�5HVHDUFK���������������
>�@�3HUVLFKHWWL�HW�DO���7DODQWD���������������૱����
>�@ :DWHU )UDPHZRUN 'LUHFWLYH �(8� KWWSV���HXU�OH[�HXURSD�HX�OHJDO�
FRQWHQW�(1�7;7�"XUL /(*,6680�O�����E
>�@�+��.DXIIPDQQ�HW�DO���6HQVRU�DQG�$FWXDWRUV�%��&KHPLFDO���������������������
>�@�$��$VKHU�HW�DO���-��3K\V��&KHP��$�����������������
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6WDQGDUGL]DWLRQ�SURFHGXUH�IRU�H[KDOHG�EUHDWK�DQDO\VLV�XVLQJ�VHFRQGDU\�HOHFWURVSUD\
LRQL]DWLRQ�PDVV�VSHFWURPHWU\

%��6WUHFNHQEDFK���1��3HUNLQV���6��0XHOOHU���7��%UXGHUHU�����$��0RHOOHU�
��5��=HQREL�


�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=XULFK���&OLQLFDO�&KHPLVWU\��8QLYHUVLW\
&KLOGUHQ
V�+RVSLWDO�=XULFK���'LYLVLRQ�RI�5HVSLUDWRU\�0HGLFLQH��8QLYHUVLW\�&KLOGUHQ
V�+RVSLWDO�=XULFK

6HFRQGDU\ HOHFWURVSUD\ LRQL]DWLRQ PDVV VSHFWURPHWU\ �6(6,�06� HQDEOHV VFUHHQLQJ IRU D EURDG
UDQJH RI EUHDWK GHULYHG FRPSRXQGV� ZLWK KLJK VHQVLWLYLW\ DV ZHOO DV KLJK PDVV UHVROXWLRQ�
$FFRUGLQJO\� WKLV QRQ�LQYDVLYH WHFKQRORJ\ KDV DOUHDG\ EHHQ DSSOLHG LQ GLIIHUHQW FOLQLFDO WULDOV WR
GLVFRYHU GLVHDVH VSHFLILF ELRPDUNHUV LQ H[KDOHG EUHDWK� :KLOH LWV DSSOLFDELOLW\ VHHPV SURPLVLQJ DV
SRWHQWLDO VHWV RI ELRPDUNHUV ZHUH IRXQG H�J� IRU REVWUXFWLYH VOHHS DSQRHD>�@� VWDQGDUGL]DWLRQ
SURFHGXUHV IRU WKLV IDLUO\ \RXQJ PHWKRG DUH FXUUHQWO\ PLVVLQJ� 7R HQDEOH FRPSDUDELOLW\ RI GDWD
JHQHUDWHG DW GLIIHUHQW WLPH SRLQWV� VLWHV RU RQ GLIIHUHQW PDVV VSHFWURPHWHUV� PHWKRGRORJLFDO
VWDQGDUGL]DWLRQ LV QHFHVVDU\� :H DUH LPSOHPHQWLQJ D JDVHRXV VWDQGDUG PL[WXUH WKDW LV VWDEO\
GHOLYHUHG LQWR WKH V\VWHP DQG WDLORUHG IRU 6(6,�06� 7KH UHIHUHQFH JDV PL[WXUH PXVW FRQWDLQ ORZ
YRODWLOLW\ FRPSRXQGV RI YDULRXV FKHPLFDO FODVVHV� ZLWK D KLJK PROHFXODU ZHLJKW ��� WR ��� 'D� DQG
DW ORZ PRODU IUDFWLRQ �SSEY RU ORZHU� WR RSWLPDOO\ FRYHU WKH PHWKRGvV UDQJH RI GHWHFWDELOLW\�
(VSHFLDOO\ FRPSRXQGV WKDW DUH GHWHFWHG LQ EUHDWK E\ 6(6,�06 DUH RI LQWHUHVW� :H SURSRVH WR
LQWURGXFH VXFK D PL[WXUH LQ JDV F\OLQGHUV LQWR DQ LQVWUXPHQWDO VHW�XS ZKHUH WKH PL[WXUH LV GLOXWHG
DQG KXPLGLILHG IRU RSWLPDOO\ VLPXODWLQJ H[KDOHG EUHDWK� %RWK� WKH LQVWUXPHQWDWLRQ DV ZHOO DV WKH
JDV PL[WXUH FRPSRVLWLRQ DUH HYDOXDWHG IRU WKHLU VXLWDELOLW\� 6XFK D UHIHUHQFH JDV PL[WXUH� KRZHYHU�
ILQDOO\ DOORZV IRU GDWD FRPSDUDELOLW\ DQG SUHFLVH PRQLWRULQJ RI LQVWUXPHQWDO VWDELOLW\� ZKLFK LV
XUJHQWO\ QHHGHG IRU ORQJ�WHUP FOLQLFDO WULDOV� (VSHFLDOO\ LGHQWLI\LQJ WHFKQLFDO YDULDWLRQV ZLOO EH
IXQGDPHQWDO IRU UREXVW GDWD DQDO\VLV DQG FRXOG LPSURYH UHOLDEOH LGHQWLILFDWLRQ RI ELRPDUNHUV LQ
EUHDWK�

>�@�6FKZDU]��(��,��HW�DO���7KRUD[���������������૱�����
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/&�$3&,����06�DQDO\VLV�RI���FKORUR�����GLQLWUREHQ]HQH��D�PRGHO�VXEVWUDWH�IRU
JOXWDWKLRQH�6�WUDQVIHUDVHV

0��-�)�6XWHU�����$��7LHUEDFK�����.��-��*URK���5��6FK¸QHQEHUJHU���.��6FKLUPHU���

�(DZDJ���)3�)RUXP���(7+�=¾ULFK��'HSDUWPHQW�RI�(QYLURQPHQWDO�6\VWHPV�6FLHQFH�������=¾ULFK���
(3)�/DXVDQQH��6FKRRO�RI�$UFKLWHFWXUH��&LYLO�DQG�(QYLURQPHQWDO�(QJLQHHULQJ�������/DXVDQQH

7KH HOHFWURSKLOLF FRPSRXQG ��FKORUR�����GLQLWUREHQ]HQH �&'1%� LV XVHG LQ D YDULHW\ RI ILHOGV� VXFK
DV DQ DOJDHFLGH RU DV PHGLFDWLRQ LQ ZDUWV WUHDWPHQW� ,W LV DOVR ZHOO NQRZQ DV D VXEVWUDWH IRU
JOXWDWKLRQH 6�WUDQVIHUDVHV �*67V�� DQ HQ]\PH IDPLO\ LQYROYHG LQ SKDVH ,, PHWDEROLVP� *67V
FDWDO\]H D FRQMXJDWLRQ UHDFWLRQ RI &'1% ZLWK JOXWDWKLRQH �*6+� UHVXOWLQJ LQ WKH IRUPDWLRQ RI D *6+�
FRQMXJDWH �'13�6*�� 7KH SDUHQW FRPSRXQG DQG WKH PHWDEROLWH KDYH GLIIHUHQW VSHFWURSKRWRPHWULF
SURSHUWLHV� ZKLFK OHDGV WR D FKDQJH LQ WKH DEVRUEDQFH VSHFWUD IURP ͏PD[  ��� QP �&'1%� WR
͏PD[ ��� QP �'13�6*�� 7KLV VKLIW LQ DEVRUEDQFH FDQ EH SUHFLVHO\ DQDO\]HG ZLWK KLJK�SHUIRUPDQFH
OLTXLG FKURPDWRJUDSK\ �+3/&� FRXSOHG ZLWK XOWUDYLROHW �89� GHWHFWRU DQG EH FRUUHODWHG WR *67
DFWLYLW\� +RZHYHU� +3/&�89 RQO\ DOORZV PHDVXUHPHQWV RI &'1% FRQFHQWUDWLRQV DERYH ��� w0
�//24�� &RQVLGHULQJ WKH IUHTXHQW XVH RI &'1% LQ ELRFKHPLFDO DVVD\V� LW LV QHFHVVDU\ WR EH DEOH WR
FRYHU WKH ZKROH FRQFHQWUDWLRQ UDQJH ZLWKLQ D WR[LFLW\ VWXG\� 7DNLQJ LQWR FRQVLGHUDWLRQ WKDW WKH
PHGLDQ OHWKDO FRQFHQWUDWLRQ �/&��� IRU &'1% LV LQ WKH UDQJH RI ��� WR ��� w0 IRU DTXDWLF RUJDQLVPV�
D�PRUH�VHQVLWLYH�WHFKQLTXH�LV�UHTXLUHG�WR�DVVHVV�ORZ�WR[LFLW\�FRQFHQWUDWLRQV�

+HUH ZH HVWDEOLVKHG D /&�$3&,����06 PHWKRG IRU &'1% DQDO\VLV DW DQG EHORZ WKH QRQWR[LF
FRQFHQWUDWLRQ RI WKH PRGHO RUJDQLVP 'DQLR UHULR� 7KLV PHWKRG ZDV VXFFHVVIXOO\ DSSOLHG WR YHULI\
WKH�ZKROH�UDQJH�RI�H[SRVXUH�FRQFHQWUDWLRQV�ZLWKLQ�D�FRPPRQ�]HEUDILVK�HPEU\R�WR[LFLW\�VWXG\�
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&RPSDULVRQ�RI�6,0�6WLWFK�DQG�IXOO�PDVV�VFDQ�GLUHFW�LQIXVLRQ�PHWDERORPLFV�IRU�WKH
DVVHVVPHQW�RI�WKH�PROHFXODU�VWUHVV�UHVSRQVH�LQ�&KODP\GRPRQDV�UHLQKDUGWLL�H[SRVHG�WR

$J��

0��-�)�6XWHU�����6��6DO]PDQQ�

�(DZDJ���(7+�=¾ULFK��'HSDUWPHQW�RI�(QYLURQPHQWDO�6\VWHPV�6FLHQFH�������=¾ULFK

$TXDWLF RUJDQLVPV DUH H[SRVHG WR DQ HYHU LQFUHDVLQJ YDULHW\ RI FKHPLFDOV� ,Q WKH DUHD RI FKHPLFDO
ULVN DVVHVVPHQW DQG PROHFXODU HFRWR[LFRORJ\ LW LV WKHUHIRUH FUXFLDO WR LGHQWLI\ DQG XQGHUVWDQG WKH
XQGHUO\LQJ PROHFXODU PHFKDQLVPV RI WKHLU VWUHVV UHVSRQVH� 0HWDEROLVP UHIOHFWV WKH FXUUHQW
ELRFKHPLFDO VWDWH RI DQ RUJDQLVP DQG KHQFH FDQ EH XVHG WR FDSWXUH WKH G\QDPLFV RI WKH PHWDEROLF
QHWZRUN LQ D VWUHVV UHVSRQVH� ZKLFK KDSSHQ RQ D VPDOOHU WLPHVFDOH WKDQ WKH UHVXOWLQJ SK\VLRORJLFDO
FKDQJHV� ,Q RUGHU WR REWDLQ LQVLJKWV LQWR WKHVH PHWDEROLF DGDSWDWLRQV ZH XVH DFFXUDWH PDVV
GHWHFWLRQ�KLJK�UHVROXWLRQ�PDVV�VSHFWURPHWU\�

+HUH ZH FRPSDUH GLUHFW LQIXVLRQ DQG VSHFWUDO VWLWFKHG GLUHFW LQIXVLRQ PDVV VSHFWURPHWU\� WZR KLJK
WKURXJKSXW WHFKQLTXHV� LQ UHJDUG WR VHQVLWLYLW\ DQG PHWDEROLWH FRYHUDJH� WHPSRUDO UHVROXWLRQ DQG
DSSOLFDELOLW\ WR LQYHVWLJDWLRQV LQ WKH PRGHO RUJDQLVP &KODP\GRPRQDV UHLQKDUGWLL XQGHU $J��
VWUHVV�
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*DV�SKDVH�IOXRUHVFHQFH�IURP�WUDSSHG�ELRPROHFXODU�LRQV��LQVWUXPHQWDWLRQ�DQG
SKRWRSK\VLFDO�VWXGLHV

3��7LZDUL���-��%��0HWWHUQLFK���0��)��&]£U���5��=HQREL�


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

:LWK WKH DGYHQW RI PDVV VSHFWURPHWULF VWXGLHV RI ELRPROHFXOHV DQG WKHLU FRPSOH[HV� WKHUH KDV
EHHQ D JURZLQJ LQWHUHVW WR LQYHVWLJDWH LI WKHLU QDWLYH VWUXFWXUH DQG IXQFWLRQ LV SUHVHUYHG LQ WKH JDV
SKDVH� 6WUXFWXUDO VWXGLHV LQ WKH JDV SKDVH QRW RQO\ UHYHDO LQWULQVLF SURWHLQ SURSHUWLHV �L�H�� WKRVH LQ
WKH DEVHQFH RI VROYHQW� EXW DOVR SURYLGH XVHIXO EHQFKPDUNV IRU WKHRUHWLFDO PRGHOLQJ� )OXRUHVFHQFH�
EDVHG WHFKQLTXHV DUH RQH RI WKH PRVW SRSXODU PHWKRGV WR LQYHVWLJDWH WKH VWUXFWXUH DQG G\QDPLFV
RI ELRPROHFXOHV LQ VROXWLRQ� *LYHQ WKHLU KLJK VHQVLWLYLW\ DQG DELOLW\ WR SUREH D YDULHW\ RI FKHPLFDO
DQG SK\VLFDO HQYLURQPHQWV� DQDORJRXV H[SORUDWLRQV LQ WKH JDV SKDVH KDYH DOVR VWDUWHG UHFHQWO\ WR
JDLQ�VHQVLWLYH�VWUXFWXUDO�LQIRUPDWLRQ�IRU�VWUXFWXUH�HOXFLGDWLRQ�RI�JDVHRXV�ELRPROHFXOHV�

:H UHSRUW D VHWXS WR SHUIRUP ODVHU�LQGXFHG IOXRUHVFHQFH H[SHULPHQWV RQ WUDSSHG ELRPROHFXODU
LRQV� ,W FRQVLVWV RI D TXDGUXSROH LRQ WUDS �4,7� PDVV VSHFWURPHWHU� PRGLILHG LQ�KRXVH WR HQDEOH
RSWLFDO DFFHVV WR WUDSSHG LRQV IRU H[FLWDWLRQ ZLWK IV�ODVHU SXOVHV DQG IOXRUHVFHQFH FROOHFWLRQ IURP
WKHP� 7KLV DSSDUDWXV DOORZV ERWK ZDYHOHQJWK� DQG WLPH�UHVROYHG IOXRUHVFHQFH PHDVXUHPHQWV� 7KH
OLJKW VRXUFH LQ WKH H[SHULPHQWV LV D SXOVHG �a��� IV SXOVHV�� WXQDEOH ��������� QP�
WLWDQLXP�VDSSKLUH ODVHU� ZKLFK LV IUHTXHQF\ GRXEOHG WR DFFHVV WKH 89�9LV ZDYHOHQJWK UDQJH
�������� QP� ZLWK DQ RXWSXW SRZHU UDQJLQJ IURP ��� ૱ � :� 7KH WXQDELOLW\ RI ODVHU OLJKW LQ WKLV
ZDYHOHQJWK OHWV XV SUREH WKH VSHFWURVFRSLF SURSHUWLHV RI ELRORJLFDOO\ UHOHYDQW FKURPRSKRUHV�
$GGLWLRQDOO\��WKH�XOWUD�VKRUW�SXOVHV�DUH�FUXFLDO�WR�FRUUHFWO\�LQWHUSUHW�FRPSOH[�IOXRUHVFHQFH�VLJQDOV�

2XU JRDO LV WR VWXG\ WKH JDV�SKDVH SKRWRSK\VLFDO SURSHUWLHV RI IOXRUHVFHQW G\HV DQG WKHLU QRQ�
FRYDOHQW FRPSOH[HV ZLWK ELRPROHFXOHV FRPPRQO\ XVHG IRU SURELQJ WKH ELRPROHFXODU VWUXFWXUH� 2QH
VXFK FODVV RI V\VWHPV LV QRQ�FRYDOHQW FRPSOH[HV RI EHQ]RWKLD]ROH�EDVHG G\HV �OLNH WKLRIODYLQ 7 DQG
WKLD]ROH RUDQJH� DQG '1$ TXDGUXSOH[HV� 7KH EDUH G\H �WKLD]ROH RUDQJH� GRHV QRW VKRZ DQ\
GHWHFWDEOH IOXRUHVFHQFH LQ WKH JDV SKDVH� EXW XSRQ ELQGLQJ ZLWK *�TXDGUXSOH[ '1$V� LW FDQ VKRZ
VHOHFWLYH DQG VHQVLWLYH HPLVVLRQ IHDWXUHV ZLWK VSHFLILF VWUXFWXUHV� )RU H[DPSOH� WKH ELQGLQJ RI
WKLD]ROH RUDQJH ZLWK SDUDOOHO TXDGUXSOH[HV RI KXPDQ WHORPHULF '1$ ���$*� VKRZ a���� WLPHV
IOXRUHVFHQFH HQKDQFHPHQW LQ VROXWLRQ�� ,W LV HQYLVLRQHG WKDW FRPSDULQJ WKH VROXWLRQ�SKDVH
PHDVXUHPHQWV ZLWK WKH JDV�SKDVH PHDVXUHPHQWV RI WKLD]ROH RUDQJH ELQGLQJ ZLWK SDUDOOHO DQG DQWL�
SDUDOOHO TXDGUXSOH[HV RI '1$V� FDQ KHOS SUREH DQ\ VWUXFWXUDO FKDQJHV LQ WKH '1$ TXDGUXSOH[ LQ
WKH JDV SKDVH� 7KH GLIIHUHQFH LQ 6WRNHV VKLIW �RI WKH RUGHU RI a��� FP���� LQFUHDVHG IOXRUHVFHQFH
OLIHWLPH DORQJ ZLWK WKH IOXRUHVFHQFH HQKDQFHPHQW FDQ KHOS LQ GLVHQWDQJOLQJ DQG XQGHUVWDQGLQJ WKH
UROH�RI�JHRPHWULFDO�FRQILQHPHQW�DQG�SURWHFWLRQ�IURP�WKH�VROYHQW�

>�@�0RKDQW\�HW�DO��-RXUQDO�RI�3K\VLFDO�&KHPLVWU\�%����������������
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4XDQWLWDWLYH�PLFURDQDO\VLV�RI�SRURXV�PDWHULDOV�E\�PHDQV�RI�/DVHU�$EODWLRQ�3ODVPD�0DVV
6SHFWURPHWU\

$��:LFKVHU���0��7URWWPDQQ���-��1LHGHUEHUJHU���'��%OHLQHU�


�$GYDQFHG�$QDO\WLFDO�7HFKQRORJLHV���EHUODQGVWUDVVH�����������'¾EHQGRUI��6ZLW]HUODQG���
8QLYHUVLW¦W�)UHLEXUJ��3URIHVVXU�I¾U�:DOGEDX���&KDLU�RI�6LOYLFXOWXUH��7HQQHQEDFKHUVWU����������
)UHLEXUJ��*HUPDQ\���(PSD�$GYDQFHG�$QDO\WLFDO�7HFKQRORJLHV���EHUODQGVWUDVVH����������

'¾EHQGRUI��6ZLW]HUODQG

3RURXV PDWHULDOV DUH D FKDOOHQJH IRU GLUHFW TXDQWLWDWLYH PLFURDQDO\VLV� 7UDGLWLRQDOO\� WKH VDPSOH
PDWHULDOV KDG WR EH GLVVROYHG ZLWK HODERUDWH GLJHVWLRQ PHWKRGV DQG TXDQWLILHG E\ LQGXFWLYHO\
FRXSOHG SODVPD PDVV VSHFWURPHWU\ �,&3�06�� 6SDWLDOO\ UHVROYHG LQIRUPDWLRQ ZDV KRZHYHU ORVW�
VXFK WKDW ODVHU DEODWLRQ DV D PLFUR�VDPSOLQJ WHFKQLTXH ILOOHG WKH JDS� ZLWK HOHPHQWDO LQIRUPDWLRQ
DW DV ORZ DV IHZ WHQV RI PLFURQV� &OHDUO\� WKH DEODWLRQ RI SRURXV PDWHULDOV JHQHUDWHV IOXFWXDWLQJ
VLJQDOV� VXFK WKDW RQO\ TXDOLWDWLYH LQIRUPDWLRQ LV HDVLO\ DFFHVVLEOH� $OWHUQDWLYHO\� EHFDXVH RI WKH
ODFN�RI�VXLWDEOH�VWDQGDUG�UHIHUHQFH�PDWHULDOV�RQO\�VHPL�TXDQWLWDWLYH�UHVXOWV�DUH�RIWHQ�SURGXFHG�

(OHPHQWDO PLFURDQDO\VLV RI ZRRG VDPSOHV� DV RQH LPSRUWDQW FODVV RI SRURXV PDWHULDOV� LV
LQYHVWLJDWHG WR VWXG\ HIIHFWLYH FDOLEUDWLRQ VWUDWHJLHV� 6XLWDEOH /$�,&3�06 PHWKRGV IRU TXDQWLILFDWLRQ
ZHUH FRPSDUHG FRQVLGHULQJ WKH GHQVLW\� EULWWOHQHVV DQG SRURVLW\ RI WKH DEODWHG PDWHULDO� 2ULJLQDO
VWUDWHJLHV IRU TXDQWLILFDWLRQV DUH LQYHVWLJDWHG� DFFRUGLQJ WR WZR GLIIHUHQW DSSURDFKHV� �L� VDPSOH
SUHSDUDWLRQ WHFKQLTXHV� H�J� LPSUHJQDWLRQ� KROH�ILOOLQJ� VSLNLQJ� HWF� �LL� GDWD UHGXFWLRQ VWUDWHJLHV�
L�H��VLJQDO�SURFHVVLQJ�ZLWK�WKH�DLP�RI�XQUDYHOOLQJ�WKH�HOHPHQWDO�DQG�VWUXFWXUDO�LQIRUPDWLRQ�

7KH SK\VLFDO SURSHUWLHV VKRZHG GLUHFW LQIOXHQFH RQ WKH PLFURVDPSOLQJ DV ZHOO DV RQ WKH DPRXQW RI
WKH WUDQVSRUWHG DQDO\WH WR WKH ,&3�06� ,Q DGGLWLRQ� ERWK ODVHU DQG PDWHULDO
V SDUDPHWHUV KDYH D
GLUHFW LQIOXHQFH RQ WKH SDUWLFOH VL]H GLVWULEXWLRQ DQG WKXV DJDLQ RQ WKH DEODWHG DPRXQW RI WKH
VDPSOH�

7KH SURGXFWLRQ RI DUWLILFLDO UHIHUHQFH VDPSOHV LV D PHWKRG IRU WKH TXDQWLILFDWLRQ RI SRURXV
PDWHULDOV� +RZHYHU� WKHVH UHIHUHQFH VWDQGDUGV PXVW QRW RQO\ FRUUHVSRQG WR WKH VDPSOHV LQ WKH
FRPSRVLWLRQ�RI�WKH�PDWUL[��EXW�VKRXOG�DOVR�KDYH�WKH�VDPH�SK\VLFDO�SURSHUWLHV�DV�SRVVLEOH�

�

�
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,QYHVWLJDWLRQ�RI�QHXWUDO�VROXEOH�GLHWDU\�ILEUH�LQWHUDFWLRQV�ZLWK�QXWULWLRQDO�PROHFXOHV�DQG
PLQHUDO�FDWLRQV�E\�HOHFWURQ�SDUDPDJQHWLF�UHVRQDQFH�VSHFWURVFRS\

;��:X���9��6\U\DPLQD���6��%RXORV���0��<XOOLNRY���/��1\VWU¸P�


�/DERUDWRU\�RI�)RRG�%LRFKHPLVWU\��(7+�=XULFK���/DERUDWRU\�RI�3K\VLFDO�&KHPLVWU\��(7+�=XULFK

'LHWDU\ ILEUH �')� LV WKH SRUWLRQ RI SODQW�GHULYHG IRRG WKDW LV QRW FRPSOHWHO\ EURNHQ GRZQ E\
KXPDQ GLJHVWLYH HQ]\PHV� 'XULQJ WKH GLJHVWLRQ SURFHVV� ') FRXOG ELQG DQG UHPRYH D YDULHW\ RI
QXWULWLRQDO HOHPHQWV VXFK DV PHWDO LRQV� WR[LQV� VXJDUV DQG ELOH DFLGV� 7KH FRQVHTXHQFH LV WZRIROG�
WKH DGVRUSWLRQ RI KDUPIXO PROHFXOHV OLNH WR[LQV DQG UHGXFWLRQ RI EORRG FKROHVWHURO LV D EHQHILW RI
ILEUH� ZKLOH FKHODWLRQ RI PHWDO LRQV PLJKW UHVXOW LQ PLQHUDO GHILFLHQF\� :KHUHDV WKHUH DUH QR GRXEWV
LQ WKH LQWHUDFWLRQ EHWZHHQ FKDUJHG ILEUHV DQG QXWULWLRQDO HOHPHQWV GXH WR HOHFWURVWDWLF
LQWHUDFWLRQV� VWXG\LQJ WKHLU ELQGLQJ E\ ZHDN QRQ�FRYDOHQW LQWHUDFWLRQV ZLWK QHXWUDO ILEUHV LV
FKDOOHQJLQJ�IRU�PRVW�DQDO\WLFDO�WHFKQLTXHV�

:H SUHVHQW D QHZ VWUDWHJ\ LQ WKH FKDUDFWHUL]DWLRQ RI QXWULHQW�ILEUH LQWHUDFWLRQV EDVHG RQ (OHFWURQ
3DUDPDJQHWLF 5HVRQDQFH �(35� VSHFWURVFRS\� ,Q (35 H[SHULPHQWV� PLQXWH FKDQJHV LQ WKH HQYLURQPHQWDO
VWUXFWXUH RI SDUDPDJQHWLF VSHFLHV ૱ PHWDO LRQV RU VPDOO PROHFXOHV ZLWK XQSDLUHG HOHFWURQ ૱ FDQ EH
LQYHVWLJDWHG� 7KUHH SDUDOOHO PHWKRGRORJLHV DUH XQGHU GHYHORSPHQW� WKH ILUVW LV DQ DSSOLFDWLRQ RI VSLQ�
ODEHOOHG QXWULHQWV �FRPPHUFLDOO\ DYDLODEOH VSLQ�ODEHOOHG PROHFXOHV� PHWDO LRQV OLNH &X�,,� RU )H�,,,�� ZLWK
QDWLYH ILEUHV� 7KH VHFRQG PHWKRG LV WKH UHYHUVH ૱ QDWXUDO QXWULHQWV DQG VSLQ�ODEHOOHG ILEUHV� )LQDOO\� WKH
VSHFWURVFRSLFDOO\ RUWKRJRQDO ODEHOOLQJ DSSOLFDWLRQ �PHWDO LRQ � VSLQ�ODEHOOHG ILEUH� LV SODQQHG WR
XQDPELJXRXVO\ GHILQH ILEUH�QXWULHQW LQWHUDFWLRQV� +RZHYHU� FXUUHQWO\ H[LVWLQJ DSSURDFKHV IRU WKH ')
ODEHOOLQJ�DUH�VSDUVH�

+HUHLQ� QRYHO ') ODEHOOLQJ VWUDWHJLHV DUH WHVWHG E\ PRGLILFDWLRQ RI WKH UHGXFLQJ HQG RU WKH YHUVDWLOH DQG
XELTXLWRXV K\GUR[\O JURXS LQ SRO\VDFFKDULGHV� 7KH ILUVW RQH LV EDVHG RQ WKH VHOHFWLYH PRGLILFDWLRQ RI
SRO\VDFFKDULGHV WKURXJK WKHLU UHGXFLQJ HQG E\ R[LPH IRUPDWLRQ EHWZHHQ ') DQG D 7(032�GHULYDWLYH� 7KLV
SDWKZD\ LV IDVWHU DQG SURYLGHV KLJKHU ODEHOOLQJ HIILFLHQF\ WKDQ VWDQGDUG GLUHFW UHGXFWLYH DPLQDWLRQ RI WKH
UHGXFLQJ HQG >�@� 7KH VHFRQG VWUDWHJ\ LV D UDQGRP FKHPLFDO PRGLILFDWLRQ RI ') E\ DSSO\LQJ D JHQHUDO
FRXSOLQJ DJHQW LQ WKH SUHVHQFH RI ��FDUER[\���������WHWUDPHWK\OSLSHULGLQ\OR[\ ���FDUER[\�7(032� IUHH
UDGLFDO��ZKLFK�SURYLGHV�VHYHUDO�VSLQ�ODEHOV�UDQGRPO\�DWWDFKHG�DORQJ�WKH�ILEUH�FKDLQ�WKURXJK�HVWHULILFDWLRQV�

>�@ 0DQVVXU <DOSDQL� 'RQDOG %URRNV� -RXUQDO RI 3RO\PHU 6FLHQFH� 3RO\PHU &KHPLVWU\ (GLWLRQ� �����
��������������
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7UDSSHG�LRQV�DFFHOHUDWH�WKH�FU\VWDOOL]DWLRQ�RI�DPRUSKRXV�FDOFLXP�FDUERQDWH�LQ�DLU

-��;WR�����&��%RUFD���-��$��YDQ�%RNKRYHQ�����7��+XWKZHONHU�

�3DXO�6FKHUUHU�,QVWLWXWH���(7+�=XULFK

7KURXJK WKH H[TXLVLWH FRQWURO RI WKH HDUO\ VWDJHV RI QXFOHDWLRQ� D YDULHW\ RI RUJDQLVPV KDYH
PDVWHUHG WKH DUW RI XWLOL]LQJ FDOFLXP DQG FDUERQDWH LRQV WR IRUP IXQFWLRQDO PDWHULDOV UDQJLQJ IURP
H\H OHQVHV WR SURWHFWLYH VKHOOV� $PRUSKRXV FDOFLXP FDUERQDWH�$&&� LV WKH ILUVW VROLG SKDVH WKDW
IRUPV GXULQJ WKH IRUPDWLRQ RI FDOFLXP FDUERQDWH IURP VROXWLRQ� 7KH LPSHFFDEOH DELOLW\ RI WKHVH
RUJDQLVPV WR IRUP IXQFWLRQDO FDOFLXP FDUERQDWH�EDVHG PDWHULDOV LV DVVRFLDWHG ZLWK WKHLU DELOLW\ WR
FRQWURO WKH FU\VWDOOL]DWLRQ RI WKLV DPRUSKRXV SKDVH� +RZHYHU� IRU PDQ� WKLV LV VWLOO D KXJH FKDOOHQJH
SDUWLFXODUO\ EHFDXVH WKH PHFKDQLVPV JRYHUQLQJ DPRUSKRXV FDOFLXP FDUERQDWH FU\VWDOOL]DWLRQ DUH
VWLOO HYDVLYH� ,Q DLU� DPRUSKRXV FDOFLXP FDUERQDWH JUDGXDOO\ FU\VWDOOL]HV ZKHQ H[SRVHG WR KXPLGLW\�
KRZHYHU� WKH IXOO XQGHUVWDQGLQJ RI WKLV SURFHVV LV VWLOO XQFOHDU� +HUHLQ� ZH VKRZ WKDW LPSXULW\ LRQV
SOD\ D FULWLFDO UROH LQ WKLV SURFHVV� 0RVW VDOWV LQYROYHG LQ WKH V\QWKHVLV RI DPRUSKRXV FDOFLXP
FDUERQDWH DUH GHOLTXHVFHQW DQG DUH RIWHQ WUDSSHG LQ WKH DPRUSKRXV FDOFLXP FDUERQDWHV RZLQJ WR
WKHLU YHU\ IDVW IRUPDWLRQ� 7KHVH WUDSSHG VDOWV �VRGLXP RU FDOFLXP FKORULGH RU DPPRQLXP� ZKHQ
H[SRVHG WR FHUWDLQ OHYHOV RI KXPLGLW\ DEVRUE ZDWHU DQG GLVVROYH� UHVXOWLQJ LQ D ORFDOL]HG VROXWLRQ
WKDW IDFLOLWDWHV WKH GLVVROXWLRQ RI WKH DPRUSKRXV FDOFLXP FDUERQDWHV DQG WKHLU VXEVHTXHQW
FU\VWDOOL]DWLRQ� +HQFH� E\ FRQWUROOLQJ WKH W\SH DQG DPRXQW RI LPSXULW\� FRQWURO RYHU WKH
FU\VWDOOL]DWLRQ FDQ EH DFKLHYHG� 7KLV QHZ LQVLJKW RSHQV XS QHZ RSSRUWXQLWLHV IRU WKH IDEULFDWLRQ RI
ELRPLPHWLF�PDWHULDOV�ZLWK�WXQHDEOH�VWUXFWXUHV�DQG�PHFKDQLFDO�SURSHUWLHV�

)LJXUH �� )LJXUH �� 3URSRVHG PHFKDQLVP RI DPRUSKRXV FDOFLXP FDUERQDWH FU\VWDOOL]DWLRQ�$&&� LQ
DLU

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


$QDO\WLFDO�6FLHQFHV��3RVWHU $6����

$�'LVDVVHPEO\�$SSURDFK�IRU�6HOHFWLYH�'HWHFWLRQ�RI�3\URSKRVSKDWH�XVLQJ�)H,,,�6DOHQ
&RPSOH[HV

3��<DGDY���0��-DNXEDV]HN���*��*DVVHU���)��=HOGHU�


�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�=XULFK��:LQWHUWKXUHUVWUDVVH�����������=XULFK
�6ZLW]HUODQG�����&KLPLH�3DULV7HFK��36/�5HVHDUFK�8QLYHUVLW\������5XH�3LHUUH�HW�0DULH�&XULH��)������

3DULV��)UDQFH�

$ VWLPXOXV�LQGXFHG GLVDVVHPEO\ DSSURDFK LV SUHVHQWHG IRU GHWHFWLRQ RI DQDO\WHV LQ OLYLQJ FHOOV >�@�
3DUWLFXODUO\� ZH GHPRQVWUDWH WKDW )H,,,�VDOHQ FRPSOH[HV IOXRURPHWULFDOO\ GHWHFW HQGRJHQRXV
S\URSKRVSKDWH �33L�� DQ LPSRUWDQW GLDJQRVWLF PDUNHU IRU FDQFHU DQG PDQ\ RWKHU GLVHDVHV >���@� ,Q
RXU DSSURDFK� 33L VHTXHVWHUV WKH )H,,, FHQWUH IURP WKH VDOHQ�FRPSOH[ DQG WKH ૺXQORFNHGૻ� PHWDO�
IUHH OLJDQG WKHQ VXEVHTXHQWO\ K\GURO\VHV LQWR LWV PROHFXODU VXEXQLWV HWK\OHQHGLDPLQH DQG
VDOLF\DOGHK\GH >�@� ,QLWLDOO\� WKH LQWULQVLF IOXRUHVFHQFH RI WKH VDOLF\DOGHK\GH VXEXQLW LV TXHQFKHG E\
WKH SDUDPDJQHWLF PHWDO LRQ� EXW WXUQV RQ EDFN GXULQJ WKH GLVDVVHPEO\ RI WKH FRPSOH[� 2XU JURXS
VWXGLHV VKRZ WKDW WKH VHOHFWLYLW\ DQG UHDFWLYLW\ RI WKH )H,,, FRPSOH[HV FDQ EH DIIHFWHG E\
LQFRUSRUDWLQJ�PRGLILFDWLRQV�LQ�WKH�VDOHQ�OLJDQG�VWUXFWXUH�

>�@�.XPDUL��)��=HOGHU��&KHP��&RPPXQ������������������������
>�@�%KRZPLN��%��1��*KRVK��9��0DUMRP¦NL��.��5LVVDQHQ��-��$P��&KHP��6RF�����������������૱�����
>�@�.XPDUL��+��+XDQJ��+��&KDR��*��*DVVHU��)��=HOGHU��&KHP%LR&KHP���������������������
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�1�JO\FDQ�DQDO\VLV�ZLWK�XOWUDKLJK�UHVROXWLRQ�LRQ�PRELOLW\�VSHFWURPHWU\�DQG�FU\RJHQLF
LRQ�VSHFWURVFRS\

1��<DORYHQNR���$��%HQ�)DOHK���6��:DUQNH���7��5L]]R�


�/DERUDWRU\�RI�0ROHFXODU�3K\VLFDO�&KHPLVWU\��(FROH����(3)/��/DERUDWRU\�RI�0ROHFXODU�3K\VLFDO
&KHPLVWU\��

1�JO\FRV\ODWLRQ RI WKHUDSHXWLF SURWHLQV LV RQH RI WKH PRVW FRPPRQ SRVW�WUDQVODWLRQDO
PRGLILFDWLRQV� *O\FRV\ODWLRQ SOD\V DQ HVVHQWLDO UROH LQ YDULRXV ELRORJLFDO SURFHVVHV� VXFK DV
LQIODPPDWLRQ� LPPXQH UHFRJQLWLRQ� DQG RWKHU FHOOXODU SURFHVVHV>�@� &KDUDFWHUL]DWLRQ RI 1�JO\FDQV
IURP JO\FRSURWHLQV LV FUXFLDO� EHFDXVH WKHLU IXQFWLRQV DUH VWURQJO\ GHSHQGHQW RQ WKHLU JO\FRV\ODWLRQ
SDWWHUQ� +RZHYHU� WKH DQDO\VLV RI 1�JO\FDQV LV SDUWLFXODUO\ FKDOOHQJLQJ EHFDXVH RI WKHLU LVRPHULF
FRPSOH[LW\ DQG EUDQFKHG VWUXFWXUH� 0DQ\ DSSURDFKHV FXUUHQWO\ H[LVW� HDFK ZLWK WKHLU RZQ
DGYDQWDJHV DQG OLPLWDWLRQV� EXW QR RQH WHFKQLTXH FDQ IXOO\ FKDUDFWHUL]H JO\FDQ SULPDU\
VWUXFWXUH>���@�

,Q WKLV ZRUN� ZH GHPRQVWUDWH WKDW ZH FDQ FKDUDFWHUL]H 1�JO\FDQV FOHDYHG IURP JO\FRSURWHLQV XVLQJ
D PXOWLGLPHQVLRQDO DSSURDFK WKDW FRPELQHV XOWUDKLJK�UHVROXWLRQ LRQ PRELOLW\ VSHFWURPHWU\ �,06�
DQG�FU\RJHQLF��PHVVHQJHU�WDJJLQJ��YLEUDWLRQDO�VSHFWURVFRS\�

:H ILUVW UHOHDVHG 1�JO\FDQV IURP 5QDVH % XVLQJ 31JDVH ) DQG SHUIRUPHG DQ LQWDFW PDVV DQDO\VLV WR
PRQLWRU WKH HIILFLHQF\ RI WKH HQ]\PDWLF GLJHVWLRQ XVLQJ DQ $&48,7< +�&ODVV 3/86 83/& �:DWHUV�
FRXSOHG WR 0LFURPDVV 4�72) 3UHPLHU� 'XH WR WKH K\GURSKLOLF SURSHUWLHV RI WKH UHOHDVHG JO\FDQV�
WKHLU H[WUDFWLRQ ZDV GRQH XVLQJ +,/,& FDUWULGJHV� :H WKHQ XVHG D KRPHEXLOW LQVWUXPHQW LQ ZKLFK
ZH FRPELQH XOWUDKLJK�UHVROXWLRQ LRQ PRELOLW\ VSHFWURPHWU\ �,06� EDVHG RQ 6/,0 WHFKQRORJ\ ZLWK
FU\RJHQLF JDV�SKDVH ,5 VSHFWURVFRS\ IRU DQDO\VLV RI WKH FOHDYHG� XQODEHOOHG JO\FDQV LQ WKHLU
VRGLDWHG IRUP� 7KH UHOHDVHG JO\FDQV DUH LGHQWLILHG E\ FRPSDULVRQ WR D GDWDEDVH FRQWDLQLQJ YDOXHV
RI�PDVV��GULIW�WLPH�DQG�D�YLEUDWLRQDO�ILQJHUSULQW�VSHFWUXP�

:H WHVWHG RXU QHZ PXOWLGLPHQVLRQDO ,06�,5 VSHFWURVFRSLF DSSURDFK RQ WKH WKUHH PRVW DEXQGDQW 1�
JO\FDQV IURP 5QDVH %� 0DQ�� 0DQ� DQG 0DQ� E\ PHDVXULQJ WKH PDVV� GULIW WLPH� DQG ,5 ILQJHUSULQW
VSHFWUXP RI HDFK RI WKHP� 7KH YLEUDWLRQDO VSHFWUD ZH REWDLQ VKRZ ZHOO�UHVROYHG WUDQVLWLRQV LQ D
ZDYHQXPEHU UHJLRQ ZKHUH IUHH DQG ZHDNO\ K\GURJHQ�ERQGHG 2+ RVFLOODWRUV RFFXU� DQG WKLV
VWUXFWXUH LV H[WUHPHO\ VHQVLWLYH WR WKH VXEWOHVW GLIIHUHQFH EHWZHHQ JO\FDQ LVRPHUV� :H FRPSDUH
WKHVH VSHFWUD WR D WDUJHWHG GDWDEDVH WKDW ZH FUHDWHG EDVHG RQ VWDQGDUGV RI WKH DERYH PHQWLRQHG
JO\FDQV DQG GHPRQVWUDWH WKDW RXU ,06�,5 DSSURDFK FDQ EH XVHG DV D QHZ WRRO IRU WKH DQDO\VLV RI
UHOHDVHG�JO\FDQV�

:H DUH FXUUHQWO\ H[SDQGLQJ RXU GDWDEDVH DQG SHUIRUPLQJ H[SHULPHQWV WR GHWHUPLQH WKH
JO\FRV\ODWLRQ SDWWHUQ RI GLIIHUHQW JO\FRSURWHLQV XVLQJ RXU QHZ WHFKQLTXH� &RQVLGHULQJ WKH
ZLGHVSUHDG XVH DQG LPSRUWDQFH RI WKHUDSHXWLF SURWHLQV� RXU DSSURDFK VKRXOG SURYLGH DQ LPSRUW
DGGLWLRQ�WR�WKH�WRROER[�IRU�JO\FDQ�DQDO\VLV�

>�@ 6DUD 'HIDXV� 3UHHWL *XSWD� 'DYLG $QGUHX� 5LFDUGR *XWL«UUH]�*DOOHJR� $QDO\VW� ����� ����
����������
>�@�/HL�=KDQJ��6KHQ�/XR��DQG�%DROLQ�=KDQJ��0$%6��������������૱����
>�@ 0DUJDUHW 'RKHUW\� &LDUD $� 0F0DQXV� 5HEHFFD 'XNH� 3DXOLQH 0� 5XGG�7KHUDSHXWLF 3URWHLQV�
�������������������

�

�
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7LPH�WUHQGV�RI�SHUVLVWHQW�RUJDQLF�SROOXWDQWV�LQ�6ZLVV�KXPDQ�PLON�VDPSOHV

0��=HQQHJJ���7��.¦Q]LJ���$��%XVHU���-��7UHPS���&��&ULSH�����$��*HQHZHLQ���'��%OHLQHU�


�(PSD�6ZLVV�)HGHUDO�/DERUDWRULHV�IRU�0DWHULDOV�6FLHQFH�DQG�7HFKQRORJ\���8QLYHUVLW\�+RVSLWDO�%HUQ�
�)HGHUDO�2IILFH�IRU�WKH�(QYLURQPHQW���8QLYHUVLW\�&KLOGUHQ૷V�+RVSLWDO�%DVHO���0HGLFDO�3UDFWLFH�

&+������<YHUGRQ�OHV�%DLQV

0RQLWRULQJ WKH HQYLURQPHQWDO LPSDFWV DQG WLPH WUHQGV RI SHUVLVWHQW RUJDQLF SROOXWDQWV �323V�
OLVWHG DQG EDQQHG XQGHU WKH 6WRFNKROP &RQYHQWLRQ UHTXLUHV DGYDQFHG DQDO\WLFDO PHWKRGV WKDW
VXSSRUW JRYHUQPHQWDO DFWLRQV� 6LQFH ����� WKH :RUOG +HDOWK 2UJDQL]DWLRQ �:+2� KDV FRRUGLQDWHG
JOREDO ELRPRQLWRULQJ SURJUDPPHV IRU WKH DQDO\VLV RI 323V LQ KXPDQ PLON� )DW�ULFK KXPDQ PLON ZDV
IRXQG WR EH DQ H[FHOOHQW ELRLQGLFDWRU IRU WKLV SXUSRVH� HDVLO\ DFFHVVLEOH DQG LWV VDPSOLQJ LV QRQ�
LQYDVLYH� 7KH VFLHQWLILF HIIRUWV DUH RULHQWHG WR DGGUHVV WKH IROORZLQJ FKDOOHQJHV� �L� FROOHFWLQJ
UHSUHVHQWDWLYH VDPSOHV IRU WKH 6ZLVV SRSXODWLRQ DFFRUGLQJ WR WKH :+2�SURWRFRO� �LL� DFFXUDWH
TXDQWLWDWLYH GHWHUPLQDWLRQ RI XOWUD�WUDFH OHYHO RI 323V E\ WKH XVH RI LVRWRSLFDOO\ ODEHOOHG VWDQGDUGV�
�LLL� SURSHU H[SRVXUH ULVN DVVHVVPHQW RI KXPDQV ZLWK VSRWOLJKW RQ WKH VHQVLWLYH EUHDVWIHG LQIDQW�
�LY��DGRSWLQJ�IXUWKHU�PHDVXUHV�WR�UHGXFH�WKH�H[SRVXUH�WR�323V��������

6ZLW]HUODQG KDV UHFRJQL]HG WKH VLJQLILFDQW KD]DUG FRQQHFWHG ZLWK 323V LQ EUHDVW PLON� DQG D
FRQFHUWHG DFWLRQ EHWZHHQ *RYHUQPHQW DQG (PSD KDV JHQHUDWHG UHPDUNDEOH EHQHILWV� %HWZHHQ
-XO\ ���� DQG -XO\ ����� �� KXPDQ PLON VDPSOHV ZHUH FROOHFWHG LQ ILYH 6ZLVV KRVSLWDOV DQG
VXEVHTXHQWO\ DQDO\VHG IRU 323V� ,Q DGGLWLRQ� D SRRO VDPSOH RI WKH FROOHFWHG PLON VDPSOHV ZDV
SUHSDUHG DQG VHQW WR WKH (8 UHIHUHQFH ODERUDWRU\ LQ )UHLEXUJ L�%� �*HUPDQ\� IRU DQDO\VLV DQG
LQFOXVLRQ LQ WKH JOREDO VXUYH\� 7KH OLVW RI FRPSRXQGV� DQDO\VHG E\ JDV FKURPDWRJUDSK\ KLJK
UHVROXWLRQ PDVV VSHFWURPHWU\ �*&�+506�� LQFOXGHG SRO\FKORULQDWHG GLEHQ]RGLR[LQV DQG
GLEHQ]RIXUDQV �3&''�)V�� SRO\FKORULQDWHG ELSKHQ\OV �3&%V�� LQFOXGLQJ WKH GLR[LQ�OLNH 3&%V �GO�
3&%V�� SRO\EURPLQDWHG GLSKHQ\O HWKHUV �3%'(V�� XVHG DV IODPH UHWDUGDQWV� DV ZHOO DV OHJDF\
SHVWLFLGHV�VXFK�DV�''7�DQG�LWV�PHWDEROLWHV�''(�DQG�'''�

5HVXOWV LQGLFDWHG WKDW ZKLOH PRVW RI WKH 6WRFNKROP &RQYHQWLRQ SHVWLFLGHV DUH SUHVHQW LQ 6ZLVV
KXPDQ PLON VDPSOHV LQ WKH ORZ RU VXE QJ�J OLSLG UDQJH� WKH PDLQ PHWDEROLWH RI S�S૷�''7� QDPHO\
S�S૷�''(� FDQ VWLOO EH REVHUYHG DW UHPDUNDEOH FRQFHQWUDWLRQV RI DURXQG ��� QJ�J OLSLG� DOWKRXJK
WKH XVH RI ''7 KDV EHHQ UHVWULFWHG LQ PDQ\ FRXQWULHV� LQFOXGLQJ 6ZLW]HUODQG� VLQFH WKH EHJLQQLQJ
RI WKH ����LHV� )RUWXQDWHO\� VLQFH WKH ODVW SDUWLFLSDWLRQ LQ D :+2 FRRUGLQDWHG VWXG\ LQ ����� D
VLJQLILFDQW GHFUHDVH RI ��� RI WKH :+2 WR[LFLW\ HTXLYDOHQW �:+2�7(4� RI GLR[LQV �3&''�)V� DQG
GLR[LQ�OLNH�3&%V�FRXOG�EH�REVHUYHG�

&RPSDUHG WR UHVXOWV IURP DQ LQGHSHQGHQW 6ZLVV KXPDQ PLON VWXG\ IURP ����� WKH GHFUHDVH RI
3&''�)V DQG 3&%V� WZR KLJKO\ WR[LF DQG SHUVLVWHQW FRPSRXQG FODVVHV� RYHU WKH SHULRG RI
DSSUR[LPDWHO\ �� \HDUV ZDV DV KLJK DV ���� &DOFXODWHG RQ WKH EDVLV RI WKH UHVXOWV IURP WKH \HDUV
����� ���� DQG ���� D UHGXFWLRQ RI WKH 3&''�) DQG GO�3&% :+2�7(4 RI ��� ZDV DFFRPSOLVKHG
DIWHU ��� DQG ���� \HDUV� UHVSHFWLYHO\� 'HVSLWH WKHVH SRVLWLYH WLPH WUHQGV� SDUWO\ REVHUYDEOH DV ZHOO
RQ D JOREDO VFDOH� IXUWKHU HIIRUWV PXVW EH XQGHUWDNHQ WR UHGXFH WKH KXPDQ H[SRVXUH WR GLR[LQ�OLNH
FRPSRXQGV DQG RWKHU HPHUJLQJ SHUVLVWHQW RUJDQLF SROOXWDQWV DULVLQJ RQ WKH KRUL]RQ� H�J�
FKORULQDWHG�SDUDIILQV�

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


$QDO\WLFDO�6FLHQFHV��3RVWHU $6����

0RGHUQ�;�UD\�VSHFWURVFRS\��;$)6�DQG�;(6�LQ�WKH�/DERUDWRU\

3��=LPPHUPDQQ�����3��0��$EGDOD���&��5��0¾OOHU���-����YDQ�%RNKRYHQ���


�/DERUDWRU\�IRU�&DWDO\VLV�DQG�6XVWDLQDEOH�&KHPLVWU\��/6.���3DXO�6FKHUUHU�,QVWLWXW���/DERUDWRU\�RI
(QHUJ\�6FLHQFH�DQG�(QJLQHHULQJ��(7+�=XULFK���(7+�=¾ULFK��'HSDUWPHQW�RI�0HFKDQLFDO�DQG�3URFHVV

(���+HWHURJHQHRXV�&DWDO\VLV�*URXS��,QVWLWXWH�IRU�&KHPLFDO�DQG�%LRHQJLQHHULQJ��(7+�=XULFK

:H ZLOO JLYH D JHQHUDO RYHUYLHZ RI WKH SRVVLELOLWLHV ZLWK PRGHUQ ;�UD\ VSHFWURVFRS\ LQ WKH
ODERUDWRU\� :KLOH KLJK�UHVROXWLRQ ZDYHOHQJWK GLVSHUVLYH ;�UD\ $EVRUSWLRQ 6SHFWURVFRS\ �;$6� DQG
;�UD\ (PLVVLRQ 6SHFWURVFRS\�;(6�>�@ LV XVXDOO\ SHUIRUPHG DW ODUJH VFDOH UHVHDUFK IDFLOLWLHV� VXFK DV
V\QFKURWURQ ;�UD\ OLJKW VRXUFHV� WKH WHFKQRORJLFDO DGYDQFHV LQ WKH UHFHQW SDVW KDYH PDGH LW
SRVVLEOH�WR�SHUIRUP�WKRVH�H[SHULPHQWV��ZLWK�VRPH�OLPLWDWLRQV��LQ�WKH�ODERUDWRU\�>�@

:H DUH FXUUHQWO\ FRPPLVVLRQLQJ D QHZ ODERUDWRU\ ;�UD\ VSHFWURPHWHU IRU WKH KDUG ;�UD\ HQHUJ\
UDQJH FRYHULQJ WKH . DEVRUSWLRQ HGJHV DQG .� HPLVVLRQ OLQHV RI WKH �G WUDQVLWLRQ PHWDO VHULHV�
:H
OO VKRUWO\ LQWURGXFH WKH XVHG H[SHULPHQWDO VHWXS DQG LWV FRQILJXUDWLRQ� 7KLV LV WKHQ IROORZHG E\
DQ RYHUYLHZ RI WKH SRVVLEOH GHWHFWLRQ WHFKQLTXHV RI RXU ODERUDWRU\ VHWXS ZKLFK ZLOO EH XVHG IRU ;�
UD\�$EVRUSWLRQ�)LQH�6WUXFWXUH��;$)6��DQG�;(6�PHDVXUHPHQWV�

�

2QH JRDO LV WR LPSOHPHQW DQ LQ�VLWX UHDFWRU IRU URXWLQH PHDVXUHPHQWV ZKLFK ZLOO EH XVHG IRU WKH
VWXG\�RI�V\VWHPV�LQ�KHWHURJHQHRXV�FDWDO\VLV��:H�ZLOO�WKHQ�FRQFOXGH�ZLWK�VRPH
H[DPSOHV RI WKH SRVVLEOH DSSOLFDWLRQV DQG DQ RXWORRN IRU IXWXUH GHYHORSPHQWV VXFK DV WKH DGGLWLRQ
RI�D�PDVV�VSHFWURPHWHU�

>�@�)��0��)��GH�*URRW��&KHPLFDO�5HYLHZ��������������������������
>�@ (� 3� -DKUPDQ� :� 0� +ROGHQ� $� 6� 'LWWHU� '� 5� 0RUWHQVHQ� *� 7� 6HLGOHU� 7� 7� )LVWHU� 6� $�
.R]LPRU� /� )� 3LSHU� -� 5DQD� 1� &� +\DWW� DQG 0� &� 6WHQQHWW� 5HYLHZ RI 6FLHQWLILF ,QVWUXPHQWV� ���
���������
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$QDO\WLFDO�'HYHORSPHQW�DW�6LHJIULHG�૱�([SHFW�0RUH

%��:HLOHU���&��<LOPD]�

�6LHJIULHG�$*��8QWHUH�%U¾KOVWUDVVH���������=RILQJHQ��6ZLW]HUODQG���EHQMDPLQ�ZHLOHU#VLHJIULHG�FK

6LHJIULHG LV RQH RI WKH OHDGLQJ &RQWUDFW 0DQXIDFWXULQJ 2UJDQLVDWLRQV ZRUOGZLGH� :LWK PRUH WKDQ
���� HPSOR\HHV DW QLQH IDFLOLWLHV LQ VL[ FRXQWULHV RQ WKUHH FRQWLQHQWV RXU FRPSDQ\ KDV H[WHQVLYH
H[SHULHQFH LQ FKHPLFDO DQG SKDUPD�FHXWLFDO SURFHVV GHYHORSPHQW DQG PDQXIDFWXULQJ RI DFWLYH
SKDUPDFHXWLFDO LQJUHGLHQWV �$3,V�� LQWHUPHGLDWHV DQG ILQLVKHG GRVDJH IRUPV� +HDGTXDUWHUHG LQ
=RILQJHQ� 6ZLW]HUODQG� 6LHJIULHG EULQJV WRJHWKHU D ORQJ�VWDQGLQJ SKDUPD DQG FKHPLFDO KHULWDJH� $V
DQ�LQWHJUDWHG�VXSSOLHU�ZH�RIIHU�EHQHILW�WR�RXU�FXVWRPHUV�ZLWK�PRUH�V\QHUJ\��H[SHUWLVH�DQG�YDOXH�

7KH DQDO\WLFDO FRQWURO RI $3,V LV WKH NH\ HOHPHQW WR HQVXUH 48$/,7< DQG SDWLHQWV
6$)(7<� :LWKRXW FRQFOXVLYH DQDO\WLFV QR UDZ PDWHULDOV DUH XVHG LQ SURGXFWLRQ DQG QR
JRRGV�OHDYH�6LHJIULHG���

7KLV PHDQV WKDW GHYHORSPHQW DQG YDOLGDWLRQ RI UREXVW DQG HIILFLHQW DQDO\WLFDO PHWKRGV FRPELQHG
ZLWK FRQWURO VWUDWHJLHV EDVHG RQ ,&+ JXLGHOLQHV SOD\ DQ LPSRUWDQW UROH LQ HQVXULQJ WKH VXFFHVV RI
WKH�DQDO\WLFDO�GHSDUWPHQW�DW�6LHJIULHG�
7R HQVXUH .12:/('*( DQG 48$/,7< DOO WHFKQLTXHV UHTXLUHG WR DQDO\VH DFWLYH SKDUPDFHXWLFDO
LQJUHGLHQWV�DUH�DYDLODEOH�DW�'UXJ�6XEVWDQFH�$QDO\WLFV�LQ�=RILQJHQ�

���+3/&�DQG�83/&�LQVWUXPHQWV
���*&�DQG�*&�+6�V\VWHPV
+3/&�PHWKRG�GHYHORSPHQW�SODWIRUP��VRIWZDUH�VXSSRUWHG�OHDQ�GHYHORSPHQW�
��/&�06����*&�06����,&3�06
105��;53'
89��)7�,5��1,5
9DULRXV�LQVWUXPHQWV�IRU�ZHW�FKHPLVWU\
+HORV��0DOYHUQ��PLFURVFRS\��VLHYLQJ��3DUWLFOH�VL]H�GHWHUPLQDWLRQ�

,17(5$&7,21 DQG &20081,&$7,21 DOVR SOD\V DQ LPSRUWDQW UROH LQ GDLO\ EXVLQHVV� :LWKLQ WKH
FRPSDQ\� HPSOR\HHV GRZQ WR ODERUDWRU\ DVVLVWDQW OHYHO DUH UHTXLUHG WR &223(5$7( DQG
FRPPXQLFDWH DFURVV GHSDUWPHQWDO ERXQGDULHV� $W DQDO\WLFDO SURMHFW PDQDJHU OHYHO� WKLV DOVR
LQFOXGHV�H[WHUQDO�LQWHUIDFLQJ�ZLWK�FXVWRPHUV�DQG�DXWKRULWLHV�
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$QDO\WLFDO�6FLHQFHV��,QYLWHG�OHFWXUH $6����

3XVKLQJ�WKH�OLPLWV�RI�GH�QRYR�JHQRPH�DVVHPEO\�IRU�FRPSOH[�SURNDU\RWLF�JHQRPHV�DQG
HVWDEOLVKLQJ�D�EDVLV�WR�XWLOL]H�PLFURELRPH�LVRODWHV�IRU�SODQW�SURWHFWLRQ�

&��+��$KUHQV���

�$JURVFRSH����6,%�6ZLVV�,QVWLWXWH�RI�%LRLQIRUPDWLFV

0\ JHQRPLFV DQG ELRLQIRUPDWLFV WHDP FORVHO\ FROODERUDWHV ZLWK H[SHULPHQWDO JURXSV WKDW KDYH
HVWDEOLVKHG IXQFWLRQDO DVVD\V WR LVRODWH LQGLYLGXDO� IXQFWLRQDOO\ UHOHYDQW PLFURRUJDQLVPV LQYROYHG
H�J� LQ ELRFRQWURO� ELRVWLPXODWLRQ� RU DQWLELRWLFV UHVLVWDQFH IURP FRPSOH[ PLFURELRPHV VXFK DV
WKRVH SUHVHQW RQ SODQW VXUIDFHV� IHUPHQWHG IRRGV RU LQ WKH VRLO� 6XFK LQWHUGLVFLSOLQDU\
FROODERUDWLRQV DUH HVVHQWLDO IRU $JURVFRSH૷V DLP WR EULQJ PLFURELRPH UHVHDUFK LQWR DSSOLHG
SUDFWLFH�

:H VXEVHTXHQWO\ GH QRYR DVVHPEOH FRPSOHWH JHQRPHV RI VXFK VWUDLQV XVLQJ WKH ODWHVW 1H[W
*HQHUDWLRQ 6HTXHQFLQJ �1*6� WHFKQRORJLHV IURP 3DFLILF %LRVFLHQFHV DQG 2[IRUG 1DQRSRUH
7HFKQRORJLHV �217� DQG VWDWH RI WKH DUW DVVHPEO\ DOJRULWKPV� *HQHUDWLQJ D FRPSOHWH� GH QRYR
JHQRPH DVVHPEO\ IRU SURNDU\RWHV LV JHQHUDOO\ FRQVLGHUHG D VROYHG SUREOHP EHFDXVH RI WKHLU
UHODWLYHO\ VPDOO VL]H DQG ORZ FRPSOH[LW\� +RZHYHU� WKH DQDO\VLV RI ���� FRPSOHWH SURNDU\RWLF
JHQRPHV LQGLFDWHG WKDW D VL]DEOH IUDFWLRQ ����� HLWKHU KDUERUHG VHYHUDO KXQGUHG UHSHDWV RI XS WR
� NE LQ OHQJWK �VR�FDOOHG FODVV ,, JHQRPHV�� RU YHU\ ORQJ QHDU LGHQWLFDO UHSHDWV XS WR RYHU ��� NE
�VR�FDOOHG�FODVV�,,,�JHQRPHV���ERWK�RI�ZKLFK�LPSHGH�FRPSOHWH�JHQRPH�DVVHPEO\�

%\ XVLQJ ORQJ 3DF%LR UHDGV� ZH FRXOG UHFHQWO\ VKRZ WKDW UHSHDW�ULFK FODVV ,, JHQRPHV RI
/DFWREDFLOOXV VWUDLQV FRXOG EH UHDGLO\ DVVHPEOHG LQWR FRPSOHWH JHQRPHV� DQG WKDW WKLV DSSURDFK
UHSUHVHQWV D GLVWLQFWLYH DGYDQWDJH RYHU WKH IUDJPHQWHG DVVHPEOLHV JHQHUDWHG E\ VKRUW UHDG
,OOXPLQD GDWD DORQH� 8VLQJ YHU\ ORQJ UHDGV IURP 217� ZH FRXOG HYHQ FRPSOHWHO\ DVVHPEOH WKH
JHQRPH RI D KLJKO\ FRPSOH[ 3VHXGRPRQDV NRUHHQVLV VWUDLQ WKDW KDUERUHG QHDUO\ LGHQWLFDO UHSHDWV
RI �� NLOREDVH SDLUV� $V DFFXUDWH JHQRPH DQQRWDWLRQ LV FULWLFDO WR H[SORLW WKH GHOXJH RI FRPSOHWHO\
VHTXHQFHG JHQRPHV� D SXEOLFO\ DYDLODEOH SURWHRJHQRPLFV VROXWLRQ IRU LPSURYHG JHQRPH
DQQRWDWLRQ�ZDV�GHYHORSHG�ZLWK�IXQGLQJ�IURP�WKH�6ZLVV�1DWLRQDO�6FLHQFH�)RXQGDWLRQ�

,Q WKLV WDON� , ZLOO KLJKOLJKW VRPH RI WKH OHVVRQV OHDUQW RYHU WKH SDVW IRXU \HDUV DQG SUHVHQW DQ
RXWORRN RQ KRZ ZH SODQ WR XVH IXQFWLRQDO JHQRPLFV WHFKQRORJLHV ZLWK WKH XOWLPDWH DLP WR XVH
QDWXUDOO\�RFFXUULQJ�PLFURRUJDQLVPV�IRU�SODQW�SURWHFWLRQ�
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%LRDQDO\WLFDO�ZRUNIORZV�EDVHG�RQ�QRQ�WDUJHW�KLJK�UHVROXWLRQ�PDVV�VSHFWURPHWU\�DQG
ELRDVVD\V�IRU�WKH�LGHQWLILFDWLRQ�RI�WR[LFDQWV�LQ�FRPSOH[�ZDWHU�VDPSOHV

7��0DQDVIL���&��0F$UGHOO�


�(DZDJ���6ZLVV�)HGHUDO�,QVWLWH�RI�$TXDWLF�6FLHQFH�DQG�7HFKQRORJ\

7KH LGHQWLILFDWLRQ RI XQNQRZQ WR[LFDQWV LQ FRPSOH[ ZDWHU VDPSOHV VXFK DV ZDVWHZDWHU FDQQRW EH
DFKLHYHG ZLWK WDUJHW FKHPLFDO DQDO\VLV DORQH� 7RROV DQG WHFKQRORJLHV WKDW UHGXFH WKH FRPSOH[LW\
RI WKH VDPSOH DQG LGHQWLI\ WKH FKHPLFDOV UHVSRQVLEOH IRU WR[LF HIIHFWV DUH QHFHVVDU\� 7KH SUHVHQW
VWXG\ IRFXVHG RQ GHYHORSLQJ D GLDJQRVWLF ELRDQDO\WLFDO VWUDWHJ\ WKDW LQWHJUDWHV WR[LFRORJLFDO DQG
FKHPLFDO DQDO\VHV EDVHG RQ HIIHFW�GLUHFWHG DQDO\VLV �('$� LQ RUGHU WR LGHQWLI\ WR[LFDQWV LQ FRPSOH[
ZDVWHZDWHU VDPSOHV� 7KH ZRUNIORZ LV EDVHG RQ FRPELQLQJ WDUJHWHG KLJK�UHVROXWLRQ PDVV
VSHFWURPHWU\ �+506� DQDO\VLV� IUDFWLRQDWLRQ� DQG ELRDVVD\V WR HOXFLGDWH WKH VWUXFWXUH RI WR[LFDQWV�
6HYHUDO IUDFWLRQDWLRQ VWUDWHJLHV ZHUH LQYHVWLJDWHG LQFOXGLQJ WKLQ�OD\HU FKURPDWURJUDSK\� DQG
SUHSDUDWLYH +3/&� $OVR� D FKLS�EDVHG QDQR�(6, VRXUFH FRXSOHG WR 2UELWUDS DQDO\]HU ZDV XVHG LQ
WKH /&�06 IUDFWLRQ FROOHFWRU PRGH� 7KLV VWXG\ KLJKOLJKWV WKH LPSRUWDQFH RI HIIHFW�GLUHFWHG DQDO\VLV
DV�DQ�DSSURDFK�IRU�WKH�LGHQWLILFDWLRQ�RI�XQNQRZQ�WR[LFDQWV�LQ�FRPSOH[�ZDWHU�VDPSOHV�
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'HWHUPLQDWLRQ�RI�WKH�SULPDU\�VWUXFWXUH�RI�JO\FDQV�E\�HQ]\PDWLF�FOHDYDJH�DQG�FU\RJHQLF
,5�VSHFWURVFRS\

,��'LXNRYD���7��5L]]R�


�(3)/��/DERUDWRU\�RI�0ROHFXODU�3K\VLFDO�&KHPLVWU\

*O\FDQV� RU ROLJRVDFFKDULGHV� SOD\ FULWLFDO UROHV LQ QXPHURXV SK\VLRORJLFDO SURFHVVHV DQG DUH
LQYROYHG LQ VRPH ZD\ RU DQRWKHU LQ PRVW PDMRU GLVHDVHV� ,Q DGGLWLRQ� WKHLU FKDUDFWHUL]DWLRQ LV
HVVHQWLDO IRU PRQLWRULQJ WKH TXDOLW\ RI ELRWKHUDSHXWLFV� %HFDXVH WKH IXQFWLRQ RI JO\FDQV LV GLUHFWO\
UHODWHG WR WKHLU VWUXFWXUH� JO\FDQ VWUXFWXUDO FKDUDFWHULVDWLRQ KDV EHFRPH DQ H[SRQHQWLDOO\ JURZLQJ
ILHOG� 'HVSLWH WKHLU LPSRUWDQFH� JO\FDQ FKDUDFWHUL]DWLRQ LV FKDOOHQJLQJ EHFDXVH RI WKHLU LVRPHULF
FRPSOH[LW\�

2QH RI WKH PRVW SRZHUIXO WHFKQLTXHV IRU JO\FDQ LQYHVWLJDWLRQ LV WKH FRPELQDWLRQ RI OLTXLG
FKURPDWRJUDSK\ �/&� ZLWK PDVV VSHFWURPHWU\ �06�� KRZHYHU HYHQ WKLV PHWKRG FDQQRW GLVWLQJXLVK
DOO WKH YDULRXV IRUPV RI LVRPHULVP� ,Q RXU ODERUDWRU\� ZH KDYH UHFHQWO\ GHPRQVWUDWHG WKDW
FU\RJHQLF PHVVHQJHU�WDJJLQJ ,5�VSHFWURVFRS\ SURYLGHV XQLTXH YLEUDWLRQDO ILQJHUSULQWV RI JO\FDQV
WKDW�DUH�H[WUHPHO\�VHQVLWLYH�WR�WKH�VOLJKWHVW�VWUXFWXUDO�GLIIHUHQFHV�

,Q WKH SUHVHQW ZRUN� ZH PRQLWRU WKH VWHS�ZLVH HQ]\PDWLF GHJUDGDWLRQ RI JO\FDQV XVLQJ OLTXLG
FKURPDWRJUDSK\ DQG WKHQ PHDVXUH FU\RJHQLF ,5 VSHFWUD RI WKH UHVXOWLQJ VPDOOHU JO\FDQV� 7KLV
DSSURDFK ZLOO EH DSSOLHG IRU FUHDWLQJ DQG WKHQ XVLQJ D JO\FDQ GDWDEDVH� 7KH PDLQ SULQFLSOH RI WKH
LGHQWLILFDWLRQ RI DQ XQNQRZQ JO\FDQ LQYROYHV WKH UHSHWLWLRQ RI WKHVH WZR VWHSV XQWLO WKH VSHFWUD WKDW
ZH PHDVXUH DUH WKRVH RI JO\FDQV DOUHDG\ SUHVHQW LQ RXU GDWDEDVH� %\ NQRZLQJ WKH LVRPHULF
VSHFLILFLW\ RI WKH DSSOLHG HQ]\PHV� ZH KRSH WR UHFRQVWUXFW WKH SULPDU\ VWUXFWXUH RI WKH XQNQRZQ
JO\FDQ DQG WKHQ DGG LWV VSHFWUXP WR RXU GDWDEDVH� ,Q WKLV ZD\� ZH GHILQH WKH VWUXFWXUH RI WKH
XQNQRZQ�ROLJRVDFFKDULGH�DQG�H[SDQG�RXU�GDWDEDVH�

:H FKRVH WKH 1�OLQNHG JO\FDQV 0DQ��� 0DQ��� 1*$� DQG 1$� DV VWDUWLQJ H[DPSOHV DQG SHUIRUPHG
WZR GLIIHUHQW DSSURDFKHV RI JO\FRVLGDVH GLJHVWLRQ� 3URWRFROV RI VLQJOH H[RHQ]\PH FOHDYDJH IRU
0DQ��� 1*$�� 1$� DQG PXOWL�H[RHQ]\PH FOHDYDJH IRU 1*$� DQG 1$� ZHUH GHYHORSHG� $IWHU
GLJHVWLRQ� ZH VWXGLHG DQG FOHDQHG DOO VDPSOHV E\ K\GURSKLOLF LQWHUDFWLRQ OLTXLG FKURPDWRJUDSK\
�+,/,&� XVLQJ DQ $48,7< 83/& +�&ODVV 3OXV 6\VWHP �:DWHUV� ZLWK D 4�72) PDVV VSHFWURPHWHU
�:DWHUV 3UHPLHU� DV D GHWHFWRU� 7KH JO\FDQ IUDJPHQWV ZHUH VHSDUDWHO\ FROOHFWHG DQG SUHSDUHG IRU
VSHFWURVFRS\� :H XVHG D KRPH�EXLOW� FU\RJHQLF� WDQGHP PDVV VSHFWURPHWHU WRJHWKHU ZLWK DQ ,5
232 WR PHDVXUH WKH LQIUDUHG VSHFWUD RI WKH JO\FDQ UHIHUHQFH FRPSRXQGV DQG WKH JO\FDQ IUDJPHQWV
DIWHU�HQ]\PDWLF�FOHDYDJH�

7KH UHVXOWV ZH KDYH REWDLQHG FRQILUP WKH SRVVLELOLW\ RI FRPELQLQJ WKHVH WZR FRPSOHPHQWDU\
DQDO\WLFDO WHFKQLTXHV DQG VHUYH DV D VWDUWLQJ SRLQW IRU FRQVWUXFWLQJ D JO\FDQ GDWDEDVH� ,Q WKH
IXWXUH��WKLV�DSSURDFK�ZLOO�EH�H[WHQGHG�WR�PRUH�FRPSOH[�XQNQRZQ�VXJDUV�DV�WKH�GDWDEDVH�H[SDQGV�

�

�

�
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$QDO\WLFDO�6FLHQFHV��6KRUW�WDON $6����

0DJQHWR�RSWLFDO�.HUU�HIIHFW�VHW�XS�IRU�LQ�VLWX�SURELQJ�RI�R[\JHQ�HYROXWLRQ�HOHFWURGHV�

2��6DPEDORYD������2��<LOGLULP���*��5��3DW]NH���'��7LOOH\���$��%RUJVFKXOWH���


�'HSDUWPHQW�RI�$GYDQFHG�$QDO\WLFDO�7HFKQRORJLHV��(PSD���'HSDUWPHQW�RI�1DQRVFDOH�0DWHULDOV
6FLHQFH��(PSD���'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�=¾ULFK

2SHUDQGR VXUIDFH�VHQVLWLYH DQDO\VLV RI HOHFWURGHV LV D JUHDW FKDOOHQJH� DV PRVW VXUIDFH�VHQVLWLYH
WHFKQLTXHV DUH QRW FRPSDWLEOH ZLWK LQ VLWX PHDVXUHPHQWV �H�J� KLJK YDFXXP UHTXLUHPHQW IRU ;36��
+HUH� ZH SUHVHQW DQ DOO�RSWLFDO DSSURDFK WKDW DOORZV IRU LQ VLWX SURELQJ RI WUDQVIRUPDWLRQV WKDW
RFFXU ZLWKLQ WRS �� QP RI PDJQHWLFDOO\ DFWLYH HOHFWURGHV �DUFKHW\SLFDOO\� &R� 1L RU )H�� 7KH VSLQ
FDUULHUV LQIRUPDWLRQ RQ WKH HOHFWURQLF VWUXFWXUH >�@� $OWKRXJK WKH LQWHUSUHWDWLRQ LV QRW
VWUDLJKWIRUZDUG� WKH DGYDQWDJH RI WKH PHWKRG OLHV LQ WKH FRPSDWLELOLW\ RI RSWLFV ZLWK DQ
HOHFWURFKHPLFDO VHWXS� 7\SLFDO HOHFWURGH PDWHULDOV XVHG LQ DONDOLQH HOHFWURO\VLV DUH 1L DQG )H� DQG
WKHLU FRPELQDWLRQ� $ IXQGDPHQWDO XQGHUVWDQGLQJ� ZK\ LURQ LPSXULWLHV LPSURYH WKH HOHFWURFDWDO\WLF
SHUIRUPDQFH RI 1L HOHFWURGHV >�@ LV ODFNLQJ� SDUWLDOO\ GXH WR WKH IDFW WKDW WKH VXUIDFH R[LGH
VWUXFWXUH�XQGHU�RSHUDWLRQ�FRQGLWLRQV�LV�XQNQRZQ�

7KH PHDVXUHPHQW SULQFLSOH LV EDVHG RQ QRQ�OLQHDU HOHFWUR� DQG PDJQHWR�RSWLFDO .HUU HIIHFW� 7KH
SRODULVDWLRQ SODQH RI OLQHDUO\ SRODULVHG OLJKW URWDWHV DIWHU LW LQWHUDFWV ZLWK WKH ELUHIULQJHQW PDWWHU
�H�J� HOHFWURGH� H[SRVHG WR D PDJQHWLF ILHOG� 7KH GHJUHH RI URWDWLRQ GHSHQGV RQ LQWULQVLF SURSHUWLHV
RI WKH PDWWHU �H�J� HOHFWURQLF VWUXFWXUH� DQG LV GLUHFWO\ UHODWHG WR WKH LQWHQVLW\ GLIIHUHQFH EHWZHHQ
WKH LQFLGHQW DQG UHIOHFWHG EHDPV� 7KH SRO\SURS\OHQH HOHFWURFKHPLFDO FHOO LV GHVLJQHG IRU RSWLFDO
SURELQJ ZLWK PLQLPDO LQWHUIHUHQFH IURP QRQ�VDPSOH FRPSRQHQWV �H�J� ��� PP RSWLFDO ZLQGRZ DQG
� PP SURELQJ GHSWK RI HOHFWURO\WH�� 7KH LQWHJUDWHG &&'�FDPHUD DOORZV IRU VSDWLDOO\ UHVROYHG
LPDJLQJ�RYHU�WKH�ZKROH�VDPSOH�VXUIDFH�

7KH HOHFWURGHV DUH SUHSDUHG E\ VSXWWHULQJ RQ D JROG�FRYHUHG VDSSKLUH VXSSRUWV� *UDGLHQW�FRDWHG
VDPSOHV DUH XVHG WR GLIIHUHQWLDWH EHWZHHQ WKH EXON�LQIOXHQFHG VSHFWUDO UHVSRQVH DQG WKH FKHPLFDO
FKDQJHV RI WKH FDWDO\WLFDOO\ DFWLYH VXUIDFH� +HUH� ZH GHPRQVWUDWH WKH DSSOLFDELOLW\ RI WKH WHFKQLTXH
IRU GHWHUPLQLQJ WKH WKLFNQHVV R[LGH OD\HUV DV D IXQFWLRQ RI DSSOLHG RYHUSRWHQWLDO XVLQJ WKH
HOHFWURFKHPLFDO�02.(�VHWXS�

>�@�0��:HLVKHLW�HW�DO���6FLHQFH���������������������
>�@�'��$��&RUULJDQ��-��(OHFWURFKHP��6RF����������������������
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0HWKDQH��DPPRQLD�DQG�YRODWLOH�RUJDQLF�FRPSRXQG�HPLVVLRQV�DW�KHUG�OHYHO�LQ�DQ
H[SHULPHQWDO�KRXVLQJ�IRU�GDLU\�FRZV

6��$��:\VV���6��6FKUDGH���0��+LOO���0��=¦KQHU���.��=H\HU���)��'RKPH�0HLHU���6��5HLPDQQ���-��0RKQ�


�(PSD��/DERUDWRU\�IRU�$LU�3ROOXWLRQ���(QYLURQPHQWDO�7HFKQRORJ\�������'¾EHQGRUI��6ZLW]HUODQG���
$JURVFRSH��5XPLQDQWV�UHVHDUFK�XQLW��7¦QLNRQ�������(WWHQKDXVHQ��6ZLW]HUODQG

$JULFXOWXUDO DFWLYLWLHV� VXFK DV GDLU\ IDUPLQJ� VLJQLILFDQWO\ FRQWULEXWHV WR WKH 6ZLVV PHWKDQH �&+��
DQG DPPRQLD �1+�� HPLVVLRQV >�� �@� )XUWKHUPRUH� GDLU\ IDUPLQJ VHHPV WR EH DOVR D UHOHYDQW
VRXUFH�IRU�QRQ�PHWKDQH�YRODWLOH�RUJDQLF�FRPSRXQGV��1092&V��>�@�

:H ZLOO SUHVHQW &+�� 1+� DQG 1092& HPLVVLRQ GDWD IRU VLODJH�EDVHG YHUVXV VLODJH�IUHH �KD\�
IHHGLQJ FROOHFWHG DW WKH H[SHULPHQWDO GDLU\ KRXVLQJ IRU FRPSDUDWLYH HPLVVLRQ PHDVXUHPHQWV DW
$JURVFRSH� 6ZLW]HUODQG� 7KH KRXVLQJ FRQVLVWV RI WZR LGHQWLFDO QDWXUDOO\ YHQWLODWHG FRPSDUWPHQWV�
ZKLFK DUH VSDWLDOO\ VHSDUDWHG� WR SURYLGH DQ RSSRUWXQLW\ IRU FRPSDUDWLYH TXDQWLILFDWLRQ RI
HPLVVLRQV XVLQJ GLIIHUHQW GLHWV� KRXVLQJ FRQFHSWV RU PDQDJHPHQW� 0DVV IORZ HPLVVLRQV LQ WKH
QDWXUDOO\ YHQWLODWHG KRXVLQJ ZHUH GHWHUPLQHG XVLQJ D GXDO WUDFHU UDWLR WHFKQLTXH� ZKLFK LV VXLWDEOH
IRU ERWK DUHDO DQG SRLQW HPLVVLRQ VRXUFHV DQG DFKLHYHV DQ XQFHUWDLQW\ RI OHVV WKDQ �� � >�@�
$SSO\LQJ GLIIHUHQW DUWLILFLDO WUDFHU JDVHV LQ ERWK FRPSDUWPHQWV� VXOIXUKH[DIOXRULGH �6)�� DQG
WULIOXRURPHWK\OVXOIXU SHQWDIOXRULGH �6)�&)��� FURVV�FRQWDPLQDWLRQ HYHQWV FDQ EH GHWHFWHG� 7UDFHU
JDV PROH IUDFWLRQV ZHUH DQDO\VHG E\ *&�(&'� 1092& FRQFHQWUDWLRQV ZHUH GHWHUPLQHG XVLQJ
GLIIHUHQW DQDO\WLFDO WHFKQLTXHV� VXFK DV *&�),' DQG D WRWDO K\GURFDUERQ PRQLWRU �7+&�� &+� DQG
1+��FRQFHQWUDWLRQV�ZHUH�TXDQWLILHG�XVLQJ�FDYLW\�ULQJ�GRZQ�VSHFWURVFRS\�

,Q VXPPDU\� WKLV VWXG\ SURYLGHV FXUUHQWO\ XQDYDLODEOH LQIRUPDWLRQ DERXW WKH HPLVVLRQ RI &+�� 1+�
DQG 1092&V HPLWWHG IURP 6ZLVV GDLU\ IDUPLQJ XVLQJ VLODJH�EDVHG YV� VLODJH�IUHH GLHWV� 1092&
HPLVVLRQV LQ WKH FRPSDUWPHQW ZKHUH VLODJH�EDVHG GLHW ZDV DSSOLHG ZHUH GRPLQDWHG E\ HWKDQRO
�(W2+� IROORZHG E\ HWK\O DFHWDWH �(W2$F� DQG PHWKDQRO �0H2+�� 7KHVH FRPSRQHQWV DUH SURGXFHG
E\ EDFWHULD IRU H[DPSOH GXULQJ IHUPHQWDWLRQ DQG VWRUDJH RI VLODJH� ,Q WKH VHFRQG FRPSDUWPHQW�
UHFHLYLQJ D VLODJH�IUHH GLHW� 1092& HPLVVLRQV ZHUH VXEVWDQWLDOO\ ORZHU DQG FRQFHQWUDWLRQ
GLIIHUHQFHV�EHWZHHQ�(W2+��(W2$F��0H2+�DQG�DFHWRQH�ZHUH�OHVV�SURQRXQFHG�

>�@�)2(1��6ZLW]HUODQGਃV�*UHHQKRXVH�*DV�,QYHQWRU\�����৽����������������
>�@�.XSSHU��7���HW�DO���+$)/������������
>�@�%¾KOHU��0���+$)/�����������
>�@�0RKQ��-���HW�DO���$WPRVSKHULF�(QYLURQPHQW���������������૱���
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7KH�XVH�RI�89�9,6�VSHFWURVFRS\�LQ�SURFHVV�PRQLWRULQJ�DQG�GLDJQRVWLFV

+��-��0XKU�

�0HWWOHU�7ROHGR�*PE+��$QDO\WLFDO��+HXZLQNHOVWUDVVH����&+������1¦QLNRQ��6ZLW]HUODQG���KDQV�
MRDFKLP�PXKU#PW�FRP

89�9,6 VSHFWURVFRS\ FDQ EH XVHG DV D VLPSOH DQG YHUVDWLOH WRRO IRU D GLYHUVLW\ RI DSSOLFDWLRQV LQ
YDULRXV LQGXVWU\ VHJPHQWV� +HUH UHFHQW GHYHORSPHQWV LQ ELRSURFHVV PRQLWRULQJ �$� DQG GLDJQRVWLF
�%� DSSOLFDWLRQV EDVHG RQ 89�9,6 VSHFWURVFRS\ DUH SUHVHQWHG DQG GLVFXVVHG ZLWK UHVSHFW WR
LQFUHDVLQJ�HIILFLHQF\��VDIHW\�DQG�UHJXODWRU\�FRPSOLDQFH�

$� 5HDO�WLPH�DQDO\WLFDO�WRROV�IRU�ELRSURFHVV�IHUPHQWDWLRQ�PRQLWRULQJ�DUH�FRQVLGHUHG�DV�HIIHFWLYH
DOWHUQDWLYHV�WR�WUDGLWLRQDO�ODERUDWRU\�EDVHG�DQDO\VHV��7KLV�LV�PDLQO\�GXH�WR�FKDQJLQJ�JXLGHOLQHV�DQG
WKH�DLP�WR�DXJPHQW�WKH�HIIHFWLYHQHVV�RI�SURFHVV�FRQWURO�LQ�RUGHU�WR�VDYH�FRVWV�

%� 7KH�DQDO\VLV�RI�FHUHEURVSLQDO�IOXLG�IRU�ELOLUXELQ�LQ�VXVSHFWHG�VXEDUDFKQRLG�KDHPRUUKDJH�LV�DQ
DSSOLFDWLRQ�ZKHUH�HUURUV�LQ�DVVHVVLQJ�WKH�UHVXOWV�FDQ�KDYH�D�FULWLFDO�LPSDFW��$�KLJK�SHUIRUPDQFH�89
VSHFWURSKRWRPHWHU�LV�UHTXLUHG�IRU�DFFXUDWH�ORZ�OHYHO�GHWHUPLQDWLRQ��7KH�GHFLVLRQ�WUHH�IRU�DVVHVVLQJ
WKH�UHVXOWV�LV�KLJKO\�FRPSOH[��7UDLQLQJ�VWDII�WR�IROORZ�WKH�GHFLVLRQ�WUHH�ZLWKRXW�PDNLQJ�HUURUV�LV�DQ
LQYROYHG�SURFHVV��7KH�VHQVLWLYLW\�DQG�QHFHVVLW\�RI�FRUUHFW�UHVXOWV�LQWHUSUHWDWLRQ�GHPDQGV�IRU�DQ
DXWRPDWHG�DQDO\WLFDO�ZRUNIORZ�VXSSRUW��ZKRVH�UHVXOWV�IROORZ�GDWD�LQWHJULW\�FRPSOLDQFH�UHJXODWLRQV�
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6WUXFWXUH�HOXFLGDWLRQ�RI�ORZ�PROHFXODU�ZHLJKW�FRPSRXQGV�LQ�VSLGHU�YHQRP

<��0��)RUVWHU���6��%LHQ]�
��/��%LJOHU�


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

7KH YHQRP RI VSLGHUV LV D PL[WXUH RI SURWHLQV� SHSWLGHV DQG ORZ PROHFXODU ZHLJKW FRPSRXQGV ��
���� 'D� VXFK DV QXFOHRVLGHV� DPLQHV DQG �DF\O�SRO\DPLQHV� 6HYHUDO RI WKHVH FRPSRXQGV ZHUH
IRXQG WR EH SURPLVLQJ OHDG FRPSRXQGV WR WUHDW FDQFHU RU QHXURGHJHQHUDWLYH GLVHDVHV OLNH
$O]KHLPHU૷V GLVHDVH� HSLOHSV\ RU VWURNH� >�@ <HW� WKH NQRZOHGJH DERXW DUDFKQRWR[LQV LV YHU\ OLPLWHG
DVOHVV WKDQ �� RI WKH YHQRPV RI WKH NQRZQ VSLGHU VSHFLHV KDYH EHHQ DQDO\VHG XS WR GDWH� /RZ
DYDLODEOH VDPSOH DPRXQWV� FR�HOXWLQJ LVRPHUV DQG XVH RI WULYLDO QDPHV LQ OLWHUDWXUH PDNH WKH
VWUXFWXUH�HOXFLGDWLRQ�RI�ORZ�PROHFXODU�ZHLJKW�FRPSRXQGV�LQ�VSLGHU�YHQRP�GHPDQGLQJ�

7KH VSLGHU YHQRPV ZHUH DQDO\VHG E\ 8+3/&�+5�(6,�06 DQG 06�06� 3RO\DPLQHV IROORZ FKDUDFWHULVWLF
IUDJPHQWDWLRQ UXOHV� WKHUHIRUH 06�06 LV LGHDO IRU WKHLU VWUXFWXUH HOXFLGDWLRQ� >�@ ,Q DGGLWLRQ� WKH QXPEHU RI
DFLGLF SURWRQV ZDV GHWHUPLQHG LQ DQ RQ�OLQH +�' H[FKDQJH H[SHULPHQW �+';�� 0RUHRYHU� YHQR06� D IUHHO\
DFFHVVLEOH GDWDEDVH IRU ORZ PROHFXODU ZHLJKW FRPSRXQGV LQ VSLGHU YHQRPV� ZDV FUHDWHG� 7KH GDWDEDVH
SURYLGHV IDVW DFFHVV WR UHODWHG OLWHUDWXUH DQG DFTXLUHG 06�06 VSHFWUD� 7KHUHIRUH� DOUHDG\ NQRZQ
VWUXFWXUHV DUH LGHQWLILHG HDVLO\ DQG WLPH FDQ EH XVHG WR IRFXV RQ WKH VWUXFWXUH HOXFLGDWLRQ RI XQNQRZQ OHDG
FRPSRXQGV�

7KH IUDJPHQWDWLRQ UXOHV GHGXFHG IURP V\QWKHWLF SRO\DPLQH GHULYDWLYHV ZHUH XVHG WR GHYHORS DQG
LPSOHPHQW D IUDJPHQW LRQ FDOFXODWRU DOORZLQJ WKH VWUXFWXUH HOXFLGDWLRQ RI NQRZQ DQG XQNQRZQ
DF\OSRO\DPLQHV� /LNHO\ IUDJPHQW LRQV DUH HDVLO\ FDOFXODWHG E\ DVVHPEOLQJ WKH VWUXFWXUH IURP
VLPSOH�EXLOGLQJ�EORFNV�

7KH RSWLPL]HG DQDO\WLFDO PHWKRG LQ FRPELQDWLRQ ZLWK YHQR06 HQDEOHV D URXWLQHO\ DQQRWDWLRQ RI
NQRZQ ORZ PROHFXODU ZHLJKW FRPSRXQGV DQG WKH VWUXFWXUH HOXFLGDWLRQ RI QHZ DF\OSRO\DPLQHV�
HYHQ�IURP�OLPLWHG�VDPSOH�DPRXQWV�OLNH�VSLGHU�YHQRPV�

>�@ &KULVWLDQ $� 2OVHQ� $QGHUV 6� .ULVWHQVHQ� .ULVWLDQ 6WUºPJDDUG� $QJHZ� &KHP� ,QW� (G� ����� ���
������������
>�@ 0DQXHO 7]RXURV� 6HUJH &KHVQRY� /DXUHQW %LJOHU� 6WHIDQ %LHQ]� (XU� -� 0DVV 6SHFWURP� ����� ���
������
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$Q�HIILFLHQW�$XWRVDPSOHU�IRU�WKH�6FUHHQLQJ�RI�3URWHLQ�/LJDQG�,QWHUDFWLRQV�E\�QDWLYH�(6,�
06

-��.DHVOLQ���5��=HQREL�


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

,Q PRGHUQ GUXJ GLVFRYHU\ WKH VFUHHQLQJ RI GUXJ FDQGLGDWHV DJDLQVW D ELRORJLFDO WDUJHW LV RIWHQ
UHTXLUHG� 2QH WHFKQLTXH VXLWHG IRU WKLV WDVN LV QDWLYH HOHFWURVSUD\ LRQL]DWLRQ PDVV VSHFWURPHWU\
�(6,�06�� 7KHUH� VPDOO DPRXQWV RI PROHFXOH�WDUJHW FRPSOH[HV FDQ EH GHWHFWHG LQ D ODEHO�IUHH
IDVKLRQ� 6LQFH (6,�06 LV RIWHQ SHUIRUPHG PDQXDOO\� 5RFKH DQG RXU JURXS FROODERUDWHG WR GHYHORS
DQ (6, DXWRVDPSOHU WR VSHHG XS WKLV DQDO\VLV�>�@5HFHQW PRGLILFDWLRQV>�@DOORZ WKH DQDO\VLV RI QDWLYH
PROHFXOH�WDUJHW FRPSOH[HV� %DVHG RQ WKRVH ODWHVW LPSURYHPHQWV� ZH GHYHORSHG D PHWKRG WR
UDSLGO\ VFUHHQ FRPSRXQGV DJDLQVW D WDUJHW� )LUVW� D VROXWLRQ RI D SURWHLQ WDUJHW LV IHG WKURXJK DQ
(6, FDSLOODU\ FRQWDLQLQJ D KROH� 1H[W� D QDQROLWHU GURSOHW RI D FRPSRXQG LV SLFNHG XS IURP D ZHOO
SODWH DQG LQMHFWHG LQWR WKLV KROH� )LQDOO\� WKH FRPSRXQG DQG WKH WDUJHW DUH PL[HG LQ WKH FDSLOODU\
DQG ELQGLQJ FDQ EH REVHUYHG YLD 06� 4XDQWLILFDWLRQ RI WKH LQMHFWHG OLJDQG LV DFKLHYHG E\ LQ�OLQH
DGGLWLRQ RI DQ LQWHUQDO VWDQGDUG ZKLFK LV ERWK LQ WKH GURSOHW DQG WKH FDSLOODU\� 7KH FDSDELOLW\ RI RXU
PHWKRG LV GHPRQVWUDWHG E\ VFUHHQLQJ �� WHVW FRPSRXQGV DJDLQVW FDUERQLF DQK\GUDVH ,, DV D
PRGHO SURWHLQ LQ �� PLQ� $V D UHVXOW� ZH IRXQG DQ H[FHOOHQW VFUHHQLQJ ILJXUH RI PHULW>�@� =૷  �����
,Q $GGLWLRQ� ELQGLQJ FRQVWDQWV FDQ EH GHWHUPLQHG HLWKHU GLUHFWO\ E\ RXU TXDQWLILFDWLRQ VWUDWHJ\ RU
E\ LQMHFWLQJ WKH FRPSRXQG LQ GLIIHUHQW FRQFHQWUDWLRQV DQG ILWWLQJ D WLWUDWLRQ FXUYH� &RPSDUHG WR
FRPPHUFLDO DXWRVDPSOHUV� RXU VHWXS UHTXLUHV VLJQLILFDQWO\ OHVV DPRXQW RI FRPSRXQG �್��� SPRO�O�
ZKLOH�RSHUDWLQJ�DW�D�VLPLODU�WKURXJKSXW�

>�@ D� 3� )� %HUQGW� &KULVWRI� 6WHLQHU� 5RJHU LQ 6\VWHP IRU GLVSHQVLQJ D VDPSOH LQWR D EXIIHU OLTXLG�
9RO� 86 ��������� %��(G� )� +��/� 5� $*�� )� +RIIPDQQ�/D 5RFKH $*� 8QLWHG 6WDWHV� ����� E� 9� 1HX�
5��6WHLQHU��6��0XOOHU��&��)DWWLQJHU�DQG�5��=HQREL�$QDO�&KHP���������������������
>�@�6��*KLDVLNKRX��$��0DUFKDQG�DQG�5��=HQREL��0LFURIOXLGLFV�DQG�1DQRIOXLGLFV��������������
>�@ -��+� =KDQJ� 7� '� <� &KXQJ DQG .� 5� 2OGHQEXUJ� -RXUQDO RI %LRPROHFXODU 6FUHHQLQJ ����� ��
������
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$�1HZ�,&3�06�&RQILJXUDWLRQ�IRU�6LQJOH�&HOO�$QDO\VLV

7��9RQGHUDFK���'��*¾QWKHU�


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

)RU PRVW RI WKH ,&3�06�EDVHG WHFKQLTXHV� WKH VDPSOH LQWURGXFWLRQ LV VWLOO FRQVLGHUHG DV $FKLOOHV
KHHO GXH WR ORZ RU LQFRPSOHWH VDPSOH WUDQVSRUW� >�@ +LJKO\ HIILFLHQW PLFUR�IORZ QHEXOL]HU DQG
PLFURGURSOHW GLVSHQVHU KDYH EHHQ GHYHORSHG VKRZLQJ DFFHSWDEOH SHUIRUPDQFH IRU D PXOWLSOLFLW\ RI
DSSOLFDWLRQV� DOWKRXJK HIILFLHQF\ DQG WKURXJKSXW VWLOO QHHG WR EH LPSURYHG� (VSHFLDOO\ LQ WKH ILHOG RI
VLQJOH FHOO DQDO\VLV� WKH LQWURGXFWLRQ HIILFLHQFLHV RI WKH DIRUHPHQWLRQHG VDPSOH LQWURGXFWLRQ
V\VWHPV WHQG WR GHFUHDVH VLJQLILFDQWO\ ZLWK WKH FHOO VL]H� >�@>�@ /RZ WRWDO PDVVHV DQG VPDOO VDPSOH
VL]HV �UDQJLQJ EHWZHHQ VHYHUDO PLFURQV GRZQ WR VHYHUDO QDQRPHWHUV� IDFH KLJK XSWDNH UDWHV DQG
ORZ WUDQVSRUW HIILFLHQFLHV� ZKLFK PDNHV VLQJOH SDUWLFOH DQG FHOO DQDO\VHV FKDOOHQJLQJ� 6LQFH HYHU\
FHOO OLQH VKRZV D FHUWDLQ DYHUDJH VL]H DQG VL]H GLVWULEXWLRQ� DQ\ W\SH RI VDPSOH ORVV JRHV KDQG LQ
KDQG�ZLWK�WKH�ORVV�RI�LQIRUPDWLRQ�

,Q WKLV ZRUN� WZR VDPSOH LQWURGXFWLRQ DSSURDFKHV VKDOO EH SUHVHQWHG ERWK IHDWXULQJ WKH KLJKHVW WUDQVSRUW
HIILFLHQFLHV� L�H� ����� &KLQHVH +DPVWHU 2YDU\ �&+2� FHOOV ��� ͐P� DQG RWKHU HXNDU\RWLF FHOOV ������ ͐P�
ZHUH VXFFHVVIXOO\ WUDQVSRUWHG YLD PRQRGLVSHUVH GURSOHWV DQG DQDO\]HG XVLQJ WLPH�UHVROYHG VLQJOH FHOO ,&3�
06� (YHU\ VDPSOHG FHOO ZDV HPEHGGHG LQWR D GURSOHW ZLWK WKH KHOS RI D VR�FDOOHG $XWRGURS 3LSHWWH
�PLFURGURS 7HFKQRORJLHV *PE+� *HUPDQ\� HPLWWLQJ PRQRGLVSHUVH GURSOHWV DW VHOHFWDEOH VL]H LQ WKH UDQJH
IURP �� WR �� ͐P� 7KH GURSOHWV ZHUH GLUHFWO\ LQWURGXFHG LQWR D YHUWLFDOO\ RULHQWHG ORZ�WHPSHUDWXUH
GHVROYDWLRQ V\VWHP� D VR�FDOOHG IDOOLQJ WXEH XVLQJ DQ $U�+H PL[WXUH DV D FDUULHU DQG GU\LQJ JDV� >�@ ,Q WKH
ILUVW DSSURDFK� WKH ORZ�WHPSHUDWXUH GHVROYDWLRQ V\VWHP ZDV GLUHFWO\ FRXSOHG ZLWK D GRZQZDUGV�SRLQWLQJ
YHUWLFDO ,&3 HQDEOLQJ D JUDYLWDWLRQ�DVVLVWHG VDPSOH LQWURGXFWLRQ IRU ,&3�06� ,Q WKH VHFRQG DSSURDFK�
DGGLWLRQDO PDNH�XS JDV �XS WR ��� /�PLQ RI DGGLWLRQDO $U� ZDV XVHG WR WUDQVSRUW WKH HYDSRUDWHG GURSOHWV
KRUL]RQWDOO\ LQWR D VWDWH�RI�WKH�DUW ,&3� ,Q FRPSDULVRQ� WKH GRZQZDUGV�SRLQWLQJ YHUWLFDO ,&3 GLG QRW UHTXLUH
DGGLWLRQDO PDNH�XS JDV DQG WKH GURSOHWV UHDFKHG WKH SODVPD LQGHSHQGHQW RI WKH LQLWLDO GURSOHW VL]H� WKH
GURSOHW HYDSRUDWLRQ RU WKH FHOO VL]H� 7KH SUHVHQWHG LQ�KRXVH GHYHORSHG SURWRW\SH VKRZV JUHDW SURPLVH IRU
IXWXUH�VLQJOH�FHOO�DQDO\VLV�VWXGLHV�

>�@ -RKQ :� 2OHVLN� 3DWULFN� -� *UD\� -RXUQDO RI $QDO\WLFDO $WRPLF 6SHFWURPHWU\� ����� ���
����������
>�@�6KLQ�LFKL�0L\DVKLWD�HW�DO���-RXUQDO�RI�$QDO\WLFDO�$WRPLF�6SHFWURPHWU\���������������������
>�@�.DRUL�6KLJHWD�HW�DO���-RXUQDO�RI�$QDO\WLFDO�$WRPLF�6SHFWURPHWU\�������������������
>�@�6DEULQD�*VFKZLQG�HW�DO���-RXUQDO�RI�$QDO\WLFDO�$WRPLF�6SHFWURPHWU\���������������������
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