
&KDSWHU �

3UHFLVLRQ 6HTXHQFH &RQWURO LQ %LRLQVSLUHG
3HSWRLG 3RO\PHUV

-LQJ 6XQ� &DUROLQH 3URXO[� DQG 5RQDOG 1� =XFNHUPDQQ

0ROHFXODU )RXQGU\� /DZUHQFH %HUNHOH\ 1DWLRQDO /DERUDWRU\� %HUNHOH\�
&DOLIRUQLD �����

(�PDLO� UQ]XFNHUPDQQ#OEO�JRY

¶5HFHQW DGYDQFHV LQ VROLG�SKDVH RUJDQLF V\QWKHVLV DUH VKULQNLQJ
WKH JDS EHWZHHQ ELRSRO\PHUV DQG WUDGLWLRQDO SRO\PHUV� ,W
LV QRZ SRVVLEOH WR V\QWKHVL]H V\QWKHWLF SRO\PHUV ZLWK H[DFW
FRQWURO RYHU PDLQ FKDLQ OHQJWK DQG PRQRPHU VHTXHQFH� ZKLFK
LV OHDGLQJ WR D QHZ FODVV RI LQIRUPDWLRQ�ULFK PDWHULDOV� 3HSWRLGV
DUH D SDUWLFXODUO\ SURPLVLQJ ELR�LQVSLUHG SRO\PHU SODWIRUP
EHFDXVH RI WKHLU KLJKO\ HI¿FLHQW V\QWKHVLV DQG UHDG\ DYDLODELOLW\
RI VWDUWLQJ PDWHULDOV� +XQGUHGV RI FKHPLFDOO\ GLYHUVH VLGH
FKDLQV FDQ EH LQWURGXFHG IURP VLPSOH EXLOGLQJ EORFNV� DOORZLQJ
WKHLU SURSHUWLHV WR EH ¿QHO\ WXQHG� 7KH SHSWRLG SODWIRUP
DOORZV WKH V\VWHPDWLF LQYHVWLJDWLRQ RI QHZ PDWHULDOV WKDW DUH
LQWHUPHGLDWH EHWZHHQ SURWHLQV DQG EXON SRO\PHUV� LQ ERWK WKHLU
VWUXFWXUH DQG WKHLU SURSHUWLHV� +HUH ZH UHYLHZ UHFHQW H[DPSOHV
RI SHSWRLG SRO\PHUV ZKHUH WKH SRO\PHU SURSHUWLHV DUH WKH GLUHFW
UHVXOW RI WKH VSHFL¿F PRQRPHU VHTXHQFH�

,QWURGXFWLRQ

'XULQJ WKH SDVW IHZ GHFDGHV� DGYDQFHV LQ SRO\PHU V\QWKHVLV KDYH VLJQL¿FDQWO\
LQFUHDVHG WKH GHJUHH RI FRQWURO RYHU WKHLU VWUXFWXUH� *UHDW HIIRUWV KDYH EHHQ
PDGH RQ QHZ JHQHUDWLRQV RI IXQFWLRQDO SRO\PHULF PDWHULDOV E\ GHVLJQ DW
WKH PROHFXODU OHYHO ��±��� +RZHYHU� LQ FRPSDULVRQ WR ELRORJLFDO SRO\PHUV�
FXUUHQW SRO\PHUL]DWLRQ WHFKQLTXHV RIIHU D ORZHU OHYHO RI VWUXFWXUDO FRQWURO�
%LRPDFURPROHFXOHV� OLNH '1$� 51$ DQG SURWHLQV� DUH GLVWLQFW LQ WKDW WKH\
DUH VHTXHQFH�GH¿QHG ± WKH\ KDYH SUHFLVH PRQRPHU VHTXHQFHV� DQG DEVROXWH
PRQRGLVSHUVLW\� $V D UHVXOW� WKH\ RIWHQ KDYH FRPSOH[ WHUWLDU\ IROGHG VWUXFWXUHV�

� ���� $PHULFDQ &KHPLFDO 6RFLHW\
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DQG DUH FDSDEOH RI LQFUHGLEO\ VRSKLVWLFDWHG IXQFWLRQV� OLNH LQIRUPDWLRQ VWRUDJH�
PROHFXODU UHFRJQLWLRQ DQG FDWDO\VLV�

%LR�LQVSLUHG SRO\PHUV DUH DQ HPHUJLQJ FODVV RI PDWHULDOV WKDW ERUURZ IURP
WKH PRVW IXQGDPHQWDO RI GHVLJQ UXOHV IURP QDWXUH WR SURGXFH FKHPLFDOO\ GLYHUVH
KHWHURSRO\PHUV RI GH¿QHG OHQJWK DQG VHTXHQFH� 3RO\SHSWRLGV DUH D SURPLVLQJ
FODVV RI SHSWLGRPLPHWLF SRO\PHUV EDVHG RQ DQ 1�VXEVWLWXWHG JO\FLQH EDFNERQH
��±���� 7KH SRO\SHSWRLG KDV DQ LGHQWLFDO EDFNERQH WR D SRO\SHSWLGH� EXW WKH VLGH
FKDLQ LV FRYDOHQWO\ DWWDFKHG WR WKH DPLGH QLWURJHQ� ,W WKXV ODFNV ERWK FKLUDOLW\ DQG
K\GURJHQ�ERQGLQJ FDSDFLW\ LQ WKH EDFNERQH ���� ���� ZKLFK UHGXFHV FRPSOH[LW\
DQG RIIHUV WUHPHQGRXV DGYDQWDJHRXV SURSHUWLHV IRU PDWHULDO VWXGLHV� H�J� ÀH[LELOLW\
RI WKH PDLQ FKDLQ ���� ���� SURFHVVLEOH WKHUPDO SURSHUWLHV ����� DQG JRRG VROXELOLW\
LQ FRPPRQ VROYHQWV� 7KH SURSHUWLHV RI WKH SRO\SHSWRLG DUH KLJKO\ GHSHQGHQW RQ
WKH FKRLFH RI VLGH FKDLQV WKDW DOORZV IRU VLPSOLFLW\ DQG IUHHGRP RI GHVLJQ� 7KH
SRO\SHSWRLG PDWHULDO LV DOVR ELRFRPSDWLEOH DQG H[KLELWV SRWHQW ELRORJLFDO DFWLYLWLHV
ZLWK HQKDQFHG VWDELOLW\ WR SURWHRO\VLV LQ FRPSDULVRQ WR D SRO\SHSWLGH ���±����

%DVHG RQ WKH ZHOO�HVWDEOLVKHG 0HUUL¿HOG PHWKRG RI VROLG�SKDVH SHSWLGH
V\QWKHVLV �6336�� =XFNHUPDQQ HW DO� GHYHORSHG D WZR�VWHS VXEPRQRPHU V\QWKHWLF
PHWKRG WKDW SUHFOXGHV PDLQ FKDLQ SURWHFWLQJ JURXSV �)LJXUH �� ��� �� ��±���� ,Q
WKH ¿UVW VWHS� DF\ODWLRQ RI D UHVLQ�ERXQG DPLQH LV SHUIRUPHG ZLWK D KDORDFHWLF
DFLG� ZLWK EURPRDFHWLF DFLG EHLQJ JHQHUDOO\ SUHIHUUHG ����� 7KH VHFRQG VWHS LV
DQ 61��W\SH GLVSODFHPHQW UHDFWLRQ ZLWK D SULPDU\ DPLQH� ZKLFK LQWURGXFHV WKH
VLGH FKDLQ� $V KXQGUHGV RI SULPDU\ DPLQHV DUH UHDGLO\ DYDLODEOH� D WUHPHQGRXV
UDQJH RI FKHPLFDO GLYHUVLW\ RI LV DFFHVVLEOH� %RWK VWHSV FDQ EH XQGHUWDNHQ XQGHU
YHU\ PLOG FRQGLWLRQV WKDW DOORZ IRU IDFLOH PDQXDO RU DXWRPDWHG V\QWKHVLV� ZLWK
PRVW FRPPHUFLDO SHSWLGH V\QWKHVL]HUV EHLQJ DEOH WR DFFRPSOLVK WKH V\QWKHVLV RI
SRO\SHSWRLGV� =XFNHUPDQQ HW DO� EXLOW DQG RSWLPL]HG FXVWRP URERWLF V\QWKHVL]HUV
IRU IXOO\ DXWRPDWHG V\QWKHVLV RI SRO\SHSWRLGV ��� ���� :LWK VXFK D V\QWKHVL]HU�
SHSWRLG FRPSRXQGV FDQ HLWKHU EH PDGH LQ SDUDOOHO RU FRPELQDWRULDO OLEUDULHV RI
KLJK FRPSOH[LW\ FDQ EH V\QWKHVL]HG E\ WKH µPL[ 	 VSOLW¶ PHWKRG� &RPELQDWRULDO
V\QWKHVLV DOORZV D YHU\ ODUJH QXPEHU RI SHSWRLG FKDLQV WR EH JHQHUDWHG LQ D VLQJOH
UXQ ZKHUH HDFK LQGLYLGXDO UHVLQ EHDG FRQWDLQV D VLQJOH FRPSRXQG ���±���� 7KH\
KDYH DOVR GHYHORSHG PDVV VSHFWURPHWU\�EDVHG VHTXHQFLQJ PHWKRGV WR VHTXHQFH
WKH SHSWRLG RQ HDFK EHDG� ZKLFK JUHDWO\ IDFLOLWDWHV WKH VFUHHQLQJ RI SHSWRLGV IRU
QHZ IXQFWLRQV ���� ����

,Q JHQHUDO� SRO\SHSWRLGV H[KLELW KLJK FRXSOLQJ HI¿FLHQF\ �! ���SHUPRQRPHU
DGGLWLRQ F\FOH�� HQDEOLQJ XS WR �� PRQRPHUV WR EH DGGHG VHTXHQWLDOO\ LQ JRRG
\LHOGV ���� ���� +RZHYHU� ORQJHU FKDLQV �! ��PRQRPHUV� DUH FKDOOHQJLQJ� ,QVWHDG�
WKH FKHPLFDO FRQMXJDWLRQ RI VKRUW VHJPHQWV KDV EHHQ XVHG IRU WKH V\QWKHVLV RI ORQJ
FKDLQV RI SRO\SHSWRLGV ����� )RU H[DPSOH� D]LGH�DON\QH FOLFN FKHPLVWU\ ZDV XVHG
WR REWDLQ D FKDLQ OHQJWK RI ��� PRQRPHUV E\ FRXSOLQJ WZR ��PHUV WRJHWKHU �����
,W LV ZRUWK PHQWLRQLQJ WKDW FODVVLFDO EXON SRO\PHUL]DWLRQ RI 1�FDUER[\DQK\GULGHV
DOORZV IRU ODUJH�VFDOH V\QWKHVLV RI ORQJHU FKDLQ OHQJWK SHSWRLGV RQ D ODUJHU VFDOH�
EXW ZLWK OHVV FRQWURO ���� ��� ����

3RO\SHSWRLGV FDQ WKXV EH WKRXJKW RI DV DQ LQIRUPDWLRQ�ULFK SRO\PHU� ZKHUH
WKH VWUXFWXUDO SUHFLVLRQ RI ELRSRO\PHUV LV FRPELQHG ZLWK WKH FKHPLFDO GLYHUVLW\
DQG UREXVWQHVV RI WUDGLWLRQDO V\QWKHWLF SRO\PHUV� 7KH DELOLW\ WR V\QWKHVL]H
SUHFLVH VHTXHQFHV ZLOO JUHDWO\ EHQH¿W WKH LQYHVWLJDWLRQ RQ WKH UHODWLRQVKLS RI
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VWUXFWXUH DQG SURSHUWLHV LQ SRO\PHULF PDWHULDOV RQ GLIIHUHQW OHYHOV� DQG HQDEOH
IXUWKHU H[SORUDWLRQV RI QHZ JHQHUDWLRQV RI KLJKO\ IXQFWLRQDO PDWHULDOV� ,Q WKLV
ERRN FKDSWHU� ZH ZLOO VXPPDUL]H UHFHQW DGYDQFHV LQ XVLQJ SHSWRLGV WR DGGUHVV
IXQGDPHQWDO LVVXHV LQ ERWK SRO\PHU VFLHQFH DQG ELRPLPHWLF QDQRVFLHQFH�

)LJXUH �� 7KH VROLG�SKDVH VXEPRQRPHU PHWKRG DOORZV WKH UDSLG V\QWKHVLV RI
SRO\SHSWRLGV E\ D UHSHDWLQJ WZR�VWHS PRQRPHU DGGLWLRQ F\FOH RI DF\ODWLRQ
IROORZHG E\ QXFOHRSKLOLF 61� GLVSODFHPHQW ZLWK SULPDU\ DPLQHV� 5HSURGXFHG
ZLWK SHUPLVVLRQ IURP UHIHUHQFH ����� &RS\ULJKW ������ $PHULFDQ &KHPLFDO

6RFLHW\�

6HTXHQFH &RQWURO RYHU 3URSHUWLHV DQG 6HOI�$VVHPEO\ LQ 3HSWRLG
3RO\PHUV

,Q UHFHQW \HDUV� LQWHUHVW LQ SRO\PHU VFLHQFH KDV IRFXVHG RQ QHZ IXQFWLRQDO
GHVLJQ DW WKH PROHFXODU OHYHO ���±���� ZKHUH SUHFLVH DUFKLWHFWXUDO FRQWURO GXULQJ
V\QWKHVLV LV NH\ ���±���� 7UDGLWLRQDO SRO\PHUL]DWLRQ WHFKQLTXHV �H�J� UDGLFDO DQG
DQLRQLF SRO\PHUL]DWLRQ� RIIHU OLPLWHG OHYHOV RI FRQWURO RYHU FKHPLFDO VWUXFWXUHV�
$OWKRXJK PDQ\ RWKHU WHFKQLTXHV ZLWK D KLJK�OHYHO RI FRQWURO KDYH EHHQ H[SORUHG
���� ��� ��� ���� ELRORJLFDOO\ LQVSLUHG SRO\PHUV� SDUWLFXODUO\ SRO\SHSWRLGV�
SHUKDSV SURYLGH WKH PRVW FRQYHQLHQW SODWIRUP� 7KH VHTXHQFH VSHFL¿FLW\ DQG
PRQRGLVSHUVLW\ RI SRO\SHSWRLGV PDNH WKHP H[FHOOHQW FDQGLGDWHV WR HOXFLGDWH WKH
EHKDYLRU RI SRO\PHULF PDWHULDOV DQG WKH VWUXFWXUH�SURSHUW\ UHODWLRQVKLSV�

6HTXHQFH ,QÀXHQFH RQ &U\VWDOOL]DWLRQ %HKDYLRU RI 3HSWRLG 3RO\PHUV

&U\VWDOOL]DWLRQ FDQ VWURQJO\ LQÀXHQFH WKH SK\VLFDO SURSHUWLHV RI SRO\PHULF
PDWHULDOV� 7XQDELOLW\ RI SRO\PHU FU\VWDOOL]DWLRQ LV JHQHUDOO\ DFKLHYHG WKURXJK
FRSRO\PHUL]DWLRQ� ZKHUH FRPRQRPHU FRQWHQW GLVWULEXWLRQ LQ WKH SRO\PHU LV NH\�
3UHFLVHO\ FRQWUROOHG VWUXFWXUH LQ SHSWRLG SRO\PHUV DOORZV IRU GLIIHUHQW OHYHOV RI
FRQWURO LQ FU\VWDOOL]DWLRQ EHKDYLRU� 5RVDOHV HW DO� KDYH VWXGLHG WKH HIIHFWV RI
FRPRQRPHU FRPSRVLWLRQV DQG GLVWULEXWLRQV RQ FU\VWDOOL]DWLRQ EHKDYLRU LQ VHULHV
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RI SRO\SHSWRLGV ����� 7KH LPSDFW RI VLGH�FKDLQ VL]H DQG FRPRQRPHU GLVWULEXWLRQ
KDV EHHQ LQYHVWLJDWHG� ,Q JHQHUDO� LW ZDV IRXQG WKDW LQFUHDVLQJ WKH VLGH FKDLQ OHQJWK
LQGXFHGPHOWLQJ WHPSHUDWXUH GHSUHVVLRQ LQ WKHVH SHSWRLG ��PHUV� )RU H[DPSOH� WKH
DGGLWLRQ RI WZR FDUERQV WR WKH VLGH FKDLQ GHSUHVVHG WKHPHOWLQJ WUDQVLWLRQ E\ DOPRVW
���&� 6LPXOWDQHRXVO\� WKH FU\VWDOOLQLW\ ZDV UHDGLO\ FRQWUROOHG WKURXJK WKH LQVHUWLRQ
RI FRPRQRPHUV DW SUHFLVH ORFDWLRQV DORQJ WKH SRO\PHU EDFNERQH� $OO RI WKH DERYH
UHVXOWV DUH FRQVLVWHQW ZLWK )ORU\¶V WKHRU\ RI FU\VWDOOL]DWLRQ ����� 7KH VHTXHQFH
VSHFL¿FLW\ OHDGV WR DQ LQFUHDVHG XQGHUVWDQGLQJ RI WKH HIIHFWV RI FRPRQRPHUV RQ
WKH FU\VWDOOL]DWLRQ EHKDYLRU�

6HTXHQFH ,QÀXHQFH RQ 0LFURSKDVH 6HSDUDWLRQ RI 3HSWRLG 3RO\PHUV

0LFURSKDVH�VHSDUDWHG EORFN FRSRO\PHUV KDYH D ZLGH UDQJH RI DSSOLFDWLRQV�
VXFK DV WHPSODWLQJ� OLWKRJUDSK\ DQG HQHUJ\ VWRUDJH ����� ,Q D GLEORFN FRSRO\PHU
V\VWHP $�%� WKH SKDVH EHKDYLRU PD\ EH FRQWUROOHG E\ WKUHH H[SHULPHQWDO
SDUDPHWHUV� WKH SRO\PHUL]DWLRQ GHJUHH� WKH FKHPLFDO FRPSRVLWLRQ� DQG WKH $�%
)ORU\�+XJJLQV SDUDPHWHU� $OO WKHVH SDUDPHWHUV RI WKH EORFNV FDQ EH UHDGLO\
FRQWUROOHG E\ WKH VHTXHQFH RI SHSWRLG PRQRPHUV�

2QH RI WKH ¿UVW PLFURSKDVH VHSDUDWLRQ VWXG\ IRFXVHG RQ FRQMXJDWHV RI
SRO\SHSWRLG ZLWK ��PHWKR[\HWK\O VLGH FKDLQV UDQJLQJ H[DFWO\ IURP �� WR ��
PRQRPHUV LQ OHQJWK DQG SRO\VW\UHQH ����� 7KHVH SRO\VW\UHQH�SRO\SHSWRLG
�61PH� EORFN FRSRO\PHUV ZHUH VKRZQ WR VHOI�DVVHPEOH LQWR ZHOO�RUGHUHG
KH[DJRQDOO\�SDFNHG F\OLQGHUV DQG ODPHOODH� DV SUHGLFWHG E\ PHDQ ¿HOG WKHRU\ IRU
GLEORFN FRSRO\PHUV� )XUWKHUPRUH� 1����SKHQ\OHWK\O�JO\FLQH �1SH� UHVLGXHV ZHUH
LQFRUSRUDWHG WR LQFUHDVH WKH PLVFLELOLW\ ZLWK WKH SRO\VW\UHQH EORFN� 'HVSLWH WKH
IDFW WKDW WKH GRPDLQ VSDFLQJ RI WKH 6�1PH�1SH� GLEORFN FRSRO\PHU LQFUHDVHG
VOLJKWO\� WKH VWUHQJWK RI VHJUHJDWLRQ GHFUHDVHG DV WKH FRPSDWLELOLW\ ZDV LQFUHDVHG�

/DWHO\� 6XQ HW DO� GHVLJQHG D VHULHV RI GLEORFN FR�SRO\SHSWRLGV ZLWK SRO\�
1���������PHWKR[\HWKR[\�HWKR[\�HWK\OJO\FLQH �S1WH� DV RQH RI WKH EORFNV DQG
SRO\�1����HWK\O�KH[\OJO\FLQH �S1HK� DV WKH RWKHU EORFN ����� :LWK VROLG�SKDVH
V\QWKHVLV� WKH FKDLQ OHQJWK RI DOO DQDORJV ZDV ¿[HG DW �� PRQRPHUV SHU FKDLQ� EXW
WKH YROXPH IUDFWLRQ RI WKH S1WH EORFN ZDV YDULHG IURP ���� WR ���� �)LJXUH ���
7KLV GHVLJQ DOORZV WKH V\VWHPDWLF LQYHVWLJDWLRQ RI WKH LQÀXHQFH RI VLGH FKDLQV DQG
PRQRPHU FRPSRVLWLRQV� 7KH\ DUH DPRQJ WKH ¿UVW JURXSV WR SHUIRUP ³¿[HG�OHQJWK
FRPSRVLWLRQ VFDQV´ RQ GLEORFN FRSRO\PHUV WKDW FDQ TXLFNO\ UHYHDO LQWHUHVWLQJ QHZ
SKDVH EHKDYLRU� 2QO\ ODPHOODU DQG GLVRUGHUHG PRUSKRORJLHV ZHUH REVHUYHG RYHU
WKH HQWLUH FRPSRVLWLRQ DQG WHPSHUDWXUH ZLQGRZ H[DPLQHG� 0RUHRYHU� WKH SKDVH
GLDJUDP RI RUGHU�GLVRUGHU WUDQVLWLRQ WHPSHUDWXUH YHUVXV YROXPH IUDFWLRQ RI S1WH
�ȇ1WH� H[KLELWHG D SHDN DWȇ1WH  ����� LQVWHDG RI ��� DV H[SHFWHG IURP WKHRU\� 7KLV
LV SRVVLEO\ GXH WR D FRPSRVLWLRQ�GHSHQGHQW SDUDPHWHU �Ȥ� RU WKH XQLTXH QDWXUH
RI WKH SHSWRLG PRQRPHUV� 7KHVH UHVXOWV DUH LQ TXDOLWDWLYH GLVDJUHHPHQW ZLWK DOO
NQRZQ WKHRULHV RI PLFURSKDVH VHSDUDWLRQ LQ EORFN FRSRO\PHUV WKDW UDLVHV QHZ
TXHVWLRQV DERXW WKH LQWHUWZLQHG UROHV RI FKHPLFDO VWUXFWXUH RI WKH PRQRPHUDQG
SRO\GLVSHUVLW\ LQ WKH SKDVH EHKDYLRU RI GLEORFN FRSRO\PHUV�
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)LJXUH �� 6WUXFWXUH RI WKH GLEORFN FRSRO\SHSWRLG DQG LWV SKDVH GLDJUDP DW
GLIIHUHQW WHPSHUDWXUH DQG YROXPH IUDFWLRQV� ZKHUH ',6 LV GLVRUGHUHG SKDVH DQG
/$0 LV ODPHOODU SKDVH� 7KLV XQLTXH SKDVH GLDJUDP LV GLIIHUHQW IURP DOO NQRZQ

WKHRULHV RI PLFURSKDVH VHSDUDWLRQ LQ EORFN FRSRO\PHUV�

6XQ HW DO� DOVR VWXGLHG D VHULHV RI FU\VWDOOLQH GLEORFN FRSRO\SHSWRLGV SRO\�1�
��������PHWKR[\HWKR[\�HWKR[\�HWK\OJO\�FLQH �S1WH��EORFN�SRO\�1�GHF\OJO\FLQH
�S1GF�� ZKHUH WKH S1GF EORFN LV FU\VWDOOLQH ����� 7KH EORFN FRSRO\SHSWRLGV
VHOI�DVVHPEOHV LQWR D ODPHOODU VWUXFWXUH GULYHQ E\ WKH FU\VWDOOL]DWLRQ RI WKH S1GF
EORFN �)LJXUH ��� ,QWHUHVWLQJO\� LW LV REVHUYHG WKDW WKH GLEORFN FRSRO\PHU FDQ IRUP
WZR FU\VWDOOLQH ODPHOODH DW URRP WHPSHUDWXUH� HYHQ WKRXJK WKH S1WH KRPRSRO\PHU
LV DPRUSKRXV� 0RUH LQWHUHVWLQJO\� WKH PHOWLQJ RI ERWK S1GF DQG S1WH FU\VWDOV LV
JRYHUQHG E\ WKH FKDLQ OHQJWK RI WKH S1GF EORFN� 7KLV SKHQRPHQRQ FRXOG EH GXH
WR WKH QHDUO\ LGHQWLFDO PROHFXODU YROXPHV RI WKH VLGH FKDLQV� 7KH SUHRUJDQL]DWLRQ
RI WKH S1GF FKDLQV WKXV LQGXFHV FU\VWDOOL]DWLRQ RI WKH S1WH FKDLQV� 7KLV VWXG\
HQKDQFHG WKH XQGHUVWDQGLQJ RI EORFN FRSRO\PHU FU\VWDOOL]DWLRQ DQG SURYHG WKDW
VHTXHQFH�VSHFL¿F SRO\SHSWRLG PDWHULDOV SURYLGH D XQLTXH SODWIRUP WR VWXG\
WKH HIIHFW RI FRPSRVLWLRQ DQG VHTXHQFH GHVLJQ RQ SK\VLFDO SURSHUWLHV DQG
VHOI�DVVHPEO\ RI EORFN FRSRO\PHUV�

)LJXUH �� 7ZR FU\VWDO VWUXFWXUHV RI WZR EORFNV LQ GLEORFN FRSRO\SHSWRLG� 7KH
IRUPDWLRQ RI WZR FU\VWDOOLQH ODPHOODH DW ORZ WHPSHUDWXUHV LV SRVVLEOH GXH WR WKH
QHDUO\ LVRVWHULF VLGH FKDLQV RI WKH WZR EORFNV� 5HSURGXFHG ZLWK SHUPLVVLRQ IURP

UHIHUHQFH ����� &RS\ULJKW ������ $PHULFDQ &KHPLFDO 6RFLHW\�
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6HTXHQFH ,QÀXHQFH RQ 6ROXWLRQ 6HOI�$VVHPEO\ RI 3HSWRLG 3RO\PHUV

6ROXWLRQ VHOI�DVVHPEO\ RI EORFN FRSRO\PHUV KDV EHHQ UHVHDUFKHG IRU \HDUV
GXH WR WKHLU SRWHQWLDO DSSOLFDWLRQV LQ QDQRVFLHQFH DQG QDQRWHFKQRORJ\� 7KH VROLG�
SKDVH V\QWKHWLF DSSURDFK HQDEOHV KLJKO\ WXQDEOH VHOI�DVVHPEO\ EHKDYLRU LQ EORFN
FRSRO\SHSWRLGV �����

=XFNHUPDQQ DQG FRZRUNHUV KDYH GHYHORSHG PRGHO V\VWHPV WKDW
DOORZ FRQWUROOHG HQJLQHHULQJ RI VHOI�DVVHPEOHG VWUXFWXUHV LQ DTXHRXV
VROXWLRQ ����� 7KH\ V\QWKHVL]HG DQ DPSKLSKLOLF GLEORFN FRSRO\SHSWRLG
V\VWHP >1����SKHQHWK\O�JO\FLQH@���E�>1����FDUER[\HWK\O�JO\FLQH@�� ZLWK RQH
K\GURSKRELF EORFN RI SKHQ\OHWK\O VLGH FKDLQV DQG RQH FKDUJHDEOH K\GURSKLOLF
EORFN RI FDUER[\HWK\O VLGH FKDLQV� 7KLV GLEORFN FRSRO\SHSWRLG ¿UVW VHOI�DVVHPEOHV
LQWR ELOD\HU VKHHWV DQG IXUWKHU WZLVWV LQWR D VXSHUKHOL[ VWUXFWXUH DW S+ ��� �)LJ�
��� 7KH VXSHU KHOLFHV UHPDLQ UHPDUNDEO\ UREXVW KRPR�FKLUDO VWUXFWXUH LQ VSLWH RI
WKH DFKLUDO QDWXUH RI FRPSRQHQWV�

)LJXUH �� $ PRGHO RI WKH SURSRVHG VXSHUKHOL[ VHOI�DVVHPEO\ SURFHVV� 7KH FKDLQV
LQLWLDOO\ FU\VWDOOL]H ZLWK WKH DURPDWLF JURXSV IDFLQJ HDFK RWKHU �D�� 7KLV VSDFLQJ
����� QP� DORQJ ZLWK WKH GLVWDQFH EHWZHHQ WZR FKDLQV ODWHUDOO\ ���� c� DUH YHUL¿HG
LQ ;�UD\ VFDWWHULQJ� 7KH FKDLQV IXUWKHU DUUDQJH LQWR WZR�GLPHQVLRQDO VKHHWV �E�
ZLWK D KHLJKW RI ��� QP DV YHUL¿HG E\ $)0 DQG ;�UD\ VFDWWHULQJ� 7KH VKHHWV DUH
OD\HUHG ZLWKLQ WKH KHOLFHV DV HYLGHQFHG E\ ODPHOODU ;�UD\ VFDWWHULQJ RI WKH IXOO\
IRUPHG VXSHUKHOLFHV� 7KH JUHHQ UHSUHVHQWV WKH K\GURSKRELF SRUWLRQ RI WKH FKDLQ
ZKLOH WKH UHG UHSUHVHQWV WKH K\GURSKLOLF EORFN� 5HSURGXFHG ZLWK SHUPLVVLRQ IURP
UHIHUHQFH ����� &RS\ULJKW ������ $PHULFDQ &KHPLFDO 6RFLHW\� �VHH FRORU LQVHUW�

6ROLG�SKDVH V\QWKHVLV DOORZV IRU IDFLOH V\QWKHVLV RI UHODWHG DQDORJV IRU
LQYHVWLJDWLRQ RI WKH HIIHFW RI LRQLF LQWHUDFWLRQV DQG K\GURJHQ ERQGLQJ RI
WKH FDUER[\HWK\O VLGH FKDLQV RQ WKH VHOI�DVVHPEO\ RI WKH VXSHUKHOLFHV� ,W LV
GHPRQVWUDWHG WKDW LRQLF LQWHUDFWLRQV DUH FULWLFDO IRU KHOL[ VHOI�DVVHPEO\ WR RFFXU�
6XFK V\VWHPDWLF VWXGLHV ZLWK H[DFW VWUXFWXUDO FRQWURO ZLOO EHQH¿W WKH VWXG\ RQ
VHOI�DVVHPEO\ EHKDYLRU RI EORFN FRSRO\PHUV LQ VROXWLRQ�
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6HTXHQFH�6SHFL¿F 3RO\SHSWRLGV IRU $SSOLFDWLRQV LQ 0DWHULDO 6FLHQFH

3RO\SHSWRLG PDWHULDOV ZLWK SUHFLVHO\ FRQWUROOHG VWUXFWXUHV DQG VHTXHQFHV
DUH RI SDUWLFXODU LQWHUHVWV IRU PDQ\ DSSOLFDWLRQV UDQJLQJ IURP ELRORJ\
WR HQHUJ\ VWRUDJH� =RHOHQ HW DO� VWXGLHG WXQDEOH VXUIDFH SURSHUWLHV RI
SRO\SHSWRLG�SRO\VW\UHQH EORFN FRSRO\PHUV E\ V\VWHPDWLFDOO\ WXQLQJ WKH DPRXQW
DQG VHTXHQFH RI ÀXRULQDWHG PRQRPHUV IRU DQWLIRXOLQJ FRDWLQJ SXUSRVHV �)LJXUH
�� ����� 7KH\ GHPRQVWUDWHG WKDW ÀXRULQDWHG SRO\SHSWRLG FKDLQV GRPLQDWHG
WKH IUHH VXUIDFH� ZKHUH WKH SUHVHQFH RI WKUHH ÀXRULQDWHG JURXSV DW WKH HQG RI
D ��PHU SHSWRLG FKDLQ DOORZHG IRU PD[LPDO SHSWRLG VXUIDFH GLVSOD\� 6XUIDFH
UHFRQVWUXFWLRQ ZLWK WKUHH ÀXRULQDWHG JURXSV LV YHU\ IDVW� +RZHYHU� ZKHQ WKH
QXPEHU RI VXFK JURXS LQFUHDVHV WR ¿YH� LW ZDV IRXQG WR EH VORZHU E\ DQ RUGHU
RI PDJQLWXGH� 7KH\ DOVR UHSRUWHG D VXUIDFH�H[SRVHG ORRS IRUPDWLRQ ZKHQ
ÀXRULQDWHG JURXSV ZHUH ORFDWHG LQ WKH PLGGOH RI WKH K\GURSKLOLF EORFN� 7KLV VWXG\
GHPRQVWUDWHV WKDW SRO\SHSWRLG LV D YHUVDWLOH SODWIRUP IRU LQYHVWLJDWLQJ VXUIDFH
SURSHUWLHV RI EORFN FRSRO\PHUV IRU DSSOLFDWLRQV RI DQWLIRXOLQJ�FRDWLQJ�

)LJXUH �� 6FKHPDWLF VWUXFWXUHV RI EORFN FRSRO\PHUV� 7KUHH ÀXRULQDWHG JURXSV
LQ SHSWRLG VHTXHQFHV FRQVLVWLQJ RI XS WR �� K\GURSKLOLF PRQRPHUV LQ OHQJWK DUH
QHHGHG WR ORZHU WKH VXUIDFH HQHUJ\ RI WKH SHSWRLG DQG DOORZ IRU LWV PD[LPDO

VXUIDFH VHJUHJDWLRQ� 5HSURGXFHG ZLWK SHUPLVVLRQ IURP UHIHUHQFH ����� &RS\ULJKW
������ $PHULFDQ &KHPLFDO 6RFLHW\� �VHH FRORU LQVHUW�

3RO\�HWK\OHQHR[LGH� �3(2��EDVHG PDWHULDOV KDYH UHFHLYHG WKH PRVW LQWHUHVW
IRU VROLG SRO\PHU HOHFWURO\WH DSSOLFDWLRQ GXH WR WKHLU KLJK LRQLF FRQGXFWLYLW\�
(IIRUWV KDYH EHHQ SDLG WR RSWLPL]H WKH WKHUPDO DQG HOHFWULFDO SURSHUWLHV RI VXFK
PDWHULDOV� 6XQ HW DO� GHVLJQHG D FODVV RI ZHOO�GH¿QHG KRPRSRO\SHSWRLGV ZLWK
FRQWUROODEOH QXPEHUV RI HWK\OHQH R[LGH XQLWV RQ WKH VLGH FKDLQ ����� 7KH SRO\PHU
FKDLQ OHQJWKV ZHUH ¿[HG DW ���PRQRPHUV DQG WKH QXPEHU RI SHQGDQW �(2� XQLWV
LQ WKH PRQRPHUV UDQJHG IURP RQH WR WKUHH� 7KLV WXQDELOLW\ RI VLGH FKDLQV HQDEOHV
WKH V\VWHPDWLF VWXG\ RI WKH UHODWLRQVKLS EHWZHHQ SRO\PHU VWUXFWXUH DQG SURSHUW\�
,W ZDV GHPRQVWUDWHG WKDW 7J YDOXHV GHFUHDVHG ZLWK LQFUHDVLQJ VLGH FKDLQ (2
XQLW OHQJWK� $ YHU\ LQWHUHVWLQJ FURVVRYHU KDV EHHQ REVHUYHG LQ WKH SORW RI 7J RI
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WKUHH SRO\SHSWRLGV YHUVXV U UDWLR �/L�(2�� 7KH LRQLF FRQGXFWLYLW\ EHKDYLRU RI
WKH FRPSOH[ RI WKH SRO\SHSWRLGV DQG /L>1�62�&)��� VDOW KDV EHHQ VXEVHTXHQWO\
H[SORUHG� 7KH KLJKHVW LRQLF FRQGXFWLYLW\ RI ��� [ ���� 6�FP LQ WKLV VWXG\
ZDV REWDLQHG LQ ROLJR�1���������PHWKR[\HWKR[\�HWKR[\�HWK\OJO\FLQH±/L VDOW
FRPSOH[ DW ����&� ZKLFK LV WZR RUGHUV RI PDJQLWXGH KLJKHU WKDQ 3(2�PLPHWLF
SRO\SHSWLGHV� 0RUHRYHU� LW LV ZHOO GHPRQVWUDWHG WKDW WKH YDULDWLRQV LQ FRQGXFWLYLW\
RI WKH V\VWHP DW D ¿[HG WHPSHUDWXUH DQG VDOW FRQFHQWUDWLRQ LV GRPLQDWHG E\ 7J� DQG
QRW RWKHU IDFWRUV VXFK DV FRPSOH[DWLRQ ZLWK VDOWV RU FKDLQ OHQJWK RI �(2� XQLWV� ,W
LV SURYHG WKDW SRO\SHSWRLG PDWHULDO ZLWK ¿QH�WXQHG VWUXFWXUH ZLOO� LQ D ORQJ UXQ�
RIIHU JUHDW RSSRUWXQLW\ WR H[SORUH QHZ JHQHUDWLRQ PDWHULDOV IRU PDQ\ DSSOLFDWLRQV�

0LPLFNLQJ SURWHLQV DQG SHSWLGHV� DPSKLSKLOLF SHSWRLGV KDYH EHHQ XVHG WR
FRQWURO JURZWK UDWH DQG PRUSKRORJ\ RI FDOFLWH DV D ZD\ WR VHTXHVWHU &2�� ,Q D
UHFHQW VWXG\� LW ZDV IRXQG WKDW QDQRPRODU FRQFHQWUDWLRQV RI DPSKLSKLOLF SHSWRLGV
FRPSULVHG RI K\GURSKRELF DQG DQLRQLF PRQRPHUV ZHUH FDSDEOH RI HQKDQFLQJ
FDOFLWH JURZWK E\ XS WR ���IROG ����� 7KH VHTXHQFH� QXPEHU RI DFLGLF VLGH�FKDLQV�
PDLQ FKDLQ OHQJWK� DQG RYHUDOO K\GURSKRELFLW\� DOO LQÀXHQFHG WKH DELOLW\ RI
SHSWRLGV WR DIIHFW FDOFLWH JURZWK UDWH DQG PRUSKRORJ\� ZLWK D YDULHW\ RI XQLTXH
FU\VWDO VKDSHV EHLQJ REVHUYHG �H�J� HORQJDWHG VSLQGOHV� WZLVWHG SDGGOHV� FURVVHV�
VSKHUHV�� ,QWHUHVWLQJO\� FORVHO\ UHODWHG DQDORJV WKDW HDFK FRQWDLQHG IRXU VXEVWLWXWHG
1���SKHQ\OHWK\O VLGH FKDLQV DW WKH 1�WHUPLQXV DQG HLJKW 1���FDUER[\HWK\O
VLGH�FKDLQV DW WKH &�WHUPLQXV� H[KLELWHG GUDPDWLFDOO\ GLIIHUHQW LQÀXHQFH RQ
FDOFLWH JURZWK GHSHQGLQJ RQ WKH QDWXUH RI WKH SKHQ\O ULQJ VXEVWLWXHQWV� 7KLV
LOOXVWUDWHV WKDW VXEWOH FKDQJHV LQ WKH VLGH�FKDLQ FKHPLVWU\ DUH HQRXJK WR WXQH
&D&2� PLQHUDOL]DWLRQ JURZWK UDWHV DQG FU\VWDO PRUSKRORJ\� *LYHQ WKH HDVH RI
V\QWKHVLV DQG VWDELOLW\ RI SHSWRLGV� WKHVH DQDORJV PD\ ¿QG XWLOLW\ LQ WHPSODWLQJ
&D&2� JURZWK IRU DSSOLFDWLRQ LQ DWPRVSKHULF &2� VHTXHVWUDWLRQ�

6HTXHQFH &RQWURO LQ %LRPLPHWLF 0DWHULDOV
7ZR�'LPHQVLRQDO 3HSWRLG 1DQRVKHHW 6\QWKHVLV DQG $VVHPEO\

6HTXHQFH FRQWURO LQ VROLG�SKDVH SHSWRLG V\QWKHVLV HQDEOHV WKH UDWLRQDO GHVLJQ
RI SHSWRLG SRO\PHUV WKDW KDYH WKH SRWHQWLDO WR VHOI�DVVHPEOH YLD QRQ�FRYDOHQW
LQWHUDFWLRQV� VXFK DV LRQLF DQG DURPDWLF LQWHUDFWLRQV� *LYHQ WKH ODFN RI Į FDUERQ
FKLUDOLW\ DQG K\GURJHQ ERQG GRQRU DW WKH QLWURJHQ DWRP� WKH GHVLJQ HOHPHQW LQ
SHSWRLGV KDV EHHQ H[FOXVLYHO\ IRFXVHG RQ WKH QDWXUH RI WKH VLGH�FKDLQ IXQFWLRQDO
JURXSV� 7KH ZLGHVSUHDG FRPPHUFLDO DYDLODELOLW\ RI SULPDU\ DPLQHV DQG WKH
DXWRPDWHG WZR�VWHS VXEPRQRPHU SURWRFRO IRU SHSWRLG V\QWKHVLV KDV DOORZHG WKH
UDSLG FRQVWUXFWLRQ RI FRPELQDWRULDO SHSWRLG OLEUDULHV� OHDGLQJ WR WKH GLVFRYHU\
RI PDWHULDOV H[KLELWLQJ LQWHUHVWLQJ SURSHUWLHV� )RU H[DPSOH� LQ UHFHQW HIIRUWV� WKH
=XFNHUPDQQ ODERUDWRU\ H[SORUHG WKH LPSRUWDQFH RI VHTXHQFH SDWWHUQLQJ RI SRODU
DQG QRQSRODU UHVLGXHV LQ WKH SHSWRLG FKDLQ� +\GURSKRELF VHTXHQFH SDWWHUQLQJ LV
NQRZQ WR EH RQH RI WKH SULPDU\ GHWHUPLQDQWV RI SURWHLQ VWUXFWXUH ����� VR OLEUDULHV
RI SHSWRLGV ZHUH SUHSDUHG LQ ZKLFK WKH SDWWHUQV ZHUH V\VWHPDWLFDOO\ YDULHG�
,QWHUHVWLQJO\� WKH\ LGHQWL¿HG D SDLU RI DPSKLSKLOLF SHSWRLGV WKDW VHOI�DVVHPEOHG
LQWR WZR�GLPHQVLRQDO� � QP�WKLFN QDQRVKHHW PDWHULDOV WKDW DUH KXQGUHGV RI
PLFURPHWHUV LQ OHQJWK DQG ZLGWK �)LJXUH �� ����� 7KHVH FRPSOLPHQWDU\ VHTXHQFHV
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DOWHUQDWH EHWZHHQ LRQLF DQG K\GURSKRELF UHVLGXHV� VXFK WKDW WKH K\GURSKLOLF
PRQRPHUV DUH H[SRVHG WR ZDWHU� ZKHUHDV WKH DURPDWLF PRQRPHUV IRUP WKH
ELOD\HU¶V K\GURSKRELF FRUH� $VVHPEO\ RI WKH QDQRVKHHWV RFFXUV XQGHU GLOXWH
SK\VLRORJLFDO FRQGLWLRQV� DQG SURGXFHV IUHH�ÀRDWLQJ VKHHWV WKDW ZHUH FKDUDFWHUL]HG
E\ QXPHURXV VFDWWHULQJ DQG PLFURVFRS\ WHFKQLTXHV�

)LJXUH �� 7ZR�GLPHQVLRQDO FU\VWDOOLQH VKHHWV IRUPHG IURP WZR RSSRVLWHO\
FKDUJHG SHSWSRLG SRO\PHUV� $WRPLF FRORU VFKHPH� FDUERQ� \HOORZ� QLWURJHQ�
EOXH� R[\JHQ� UHG� �D� &KHPLFDO VWUXFWXUH RI D QHJDWLYHO\ FKDUJHG SHULRGLF

DPSKLSKLOLF SHSWRLG� �1FH�1SH���� �E� &KHPLFDO VWUXFWXUH RI D SRVLWLYHO\ FKDUJHG
SHULRGLF DPSKLSKLOLF SHSWRLG� �1DH�1SH���� �F� 0ROHFXODU PRGHO RI WKH VKHHWV
DVVHPEOHG IURP �1FH�1SH��� DQG �1DH�1SH���� 7KH PRGHOOHG FRQIRUPDWLRQ
VKRZV WKDW K\GURSKRELF JURXSV IDFH HDFK RWKHU LQ WKH LQWHULRU RI WKH VKHHW DQG
RSSRVLWHO\ FKDUJHG K\GURSKLOLF JURXSV DUH DOWHUQDWLQJ DQG VXUIDFH�H[SRVHG� �G�
)OXRUHVFHQW RSWLFDO PLFURVFRSH LPDJH RI VKHHWV VWDLQHG ZLWK 1LOH 5HG ��ȝ0� WKDW
DUH IUHH�ÀRDWLQJ LQ DTXHRXV VROXWLRQ� �H� )OXRUHVFHQW RSWLFDO PLFURVFRSH LPDJH
RI LQGLYLGXDO VKHHWV� �I� 6(0 LPDJHV RI VKHHWV RQ 6L VXEVWUDWH� �J� +HLJKW�PRGH

$)0 LPDJH RI D VKHHW� �VHH FRORU LQVHUW�

7KH OHYHO RI SUHFLVLRQ DFKLHYHG E\ WKH DXWRPDWHG� VWHS�ZLVH PRQRPHU
DGGLWLRQ F\FOHV RQ VROLG�SKDVH HQDEOHV H[DFW FRQWURO RYHU ��� WKH OHQJWK RI WKH
GHVLJQHG SHSWRLG FKDLQV� ��� WKH W\SH RI VLGH�FKDLQ IXQFWLRQDOLW\� DQG ��� WKH
H[DFW PRQRPHU VHTXHQFH� $OO RI WKHVH ZHUH V\VWHPDWLFDOO\ YDULHG WR HOXFLGDWH
WKH IDFWRUV WKDW JRYHUQ WZR�GLPHQVLRQDO QDQRVKHHW DVVHPEO\ �)LJXUH ��� )RU
H[DPSOH� D OHQJWK VHULHV RI SHSWRLG SDLUV ��� ��� �� DQG � UHVLGXHV LQ OHQJWK ZHUH
V\QWKHVL]HG� GHPRQVWUDWHG WKDW WKH VKHHW�IRUPLQJ FDSDFLW\ RI SHSWRLGV EHORZ ��
UHVLGXHV LQ OHQJWK GHFUHDVHG VLJQL¿FDQWO\� DQG WKDW WKH RSWLPDO VKHHW�IRUPLQJ
PRWLI ZDV �� UHVLGXHV LQ OHQJWK� 6LPLODUO\� YDU\LQJ WKH VHTXHQFH SHULRGLFLW\
RI WKH SRODU DQG QRQSRODU PRQRPHUV ZKLOH ¿[LQJ WKH PDLQ FKDLQ OHQJWK WR
�� JDYH WKUHH VHWV RI DPSKLSKLOLF SHSWRLG SDLUV� WZRIROG >�1DH�1SH��� DQG
�1FH�1SH���@� WKUHHIROG >�1DH�1SH�1SH��� DQG �1FH�1SH�1SH���@� DQG IRXUIROG
>�1DH�1SH�1SH�1SH�� DQG �1FH�1SH�1SH�1SH��@ VHTXHQFHV� 2I WKH WKUHH DERYH
VHW RI SHSWRLG SDLUV� RQO\ WKH WZRIROG VHTXHQFH SDLU ZDV DEOH WR DVVHPEOH LQWR
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QDQRVKHHWV� 0RUHRYHU� LQ WKH WZRIROG �1DH�1SH��� DQG �1FH�1SH��� VKHHW�IRUPLQJ
V\VWHP� WKH SRODU DQG DSRODU UHVLGXHV ZHUH V\VWHPDWLFDOO\ VXEVWLWXWHG E\ D QHXWUDO
K\GURSKLOLF PRQRPHU� 1����PHWKR[\HWK\O�JO\FLQH �1PH�� LQ RUGHU WR HOXFLGDWH
WKH LPSRUWDQFH RI WKH FKDUJHG DQG DURPDWLF UHVLGXHV� UHVSHFWLYHO\� 7KHVH FRQWURO
H[SHULPHQWV FRQ¿UPHG WKH FUXFLDO UROH RI ERWK WKH HOHFWURVWDWLF LQWHUDFWLRQV RI WKH
VXUIDFH�H[SRVHG UHVLGXHV� DV ZHOO DV WKH DURPDWLFLW\ RI WKH K\GURSKRELF FRUH� 7KH
QDWXUH RI WKH K\GURSKRELF PRQRPHU ZDV YDULHG IXUWKHU WR JLYH SHSWRLG DQDORJV
ZLWK DQ DOO�EHQ]\O K\GURSKRELF UHVLGXH FRPSRVLWLRQ� FRQVHUYLQJ WKH DURPDWLFLW\
EXW GHFUHDVLQJ WKH RYHUDOO VLGH�FKDLQ OHQJWK DQG FRQIRUPDWLRQDO IUHHGRP� ,Q WKLV
FDVH� VKHHWV DVVHPEO\ ZDV XQSHUWXUEHG� DQG WKH VKHHW WKLFNQHVV GHFUHDVHG E\ � c
DV H[SHFWHG E\ ;�UD\ GLIIUDFWLRQ �;5'��

)LJXUH �� 3HSWRLG VHTXHQFHV V\QWKHVL]HG WR VWXG\ WKH HIIHFW RI �D� OHQJWK� �E�
FKDUJH GLVWULEXWLRQ� DQG �F� VLGH�FKDLQ IXQFWLRQDOLW\ RQ VKHHW�IRUPLQJ DELOLW\�

,W ZDV VXEVHTXHQWO\ GLVFRYHUHG WKDW WKH QDQRVKHHW IRUPLQJ VHTXHQFHV FRXOG
EH VLPSOL¿HG VXFK WKDW D VLQJOH LQIRUPDWLRQ�ULFK FKDLQ FRXOG EH XVHG WR IRUP
QDQRVKHHWV ����� $ VLQJOH�FKDLQ VWUXFWXUH KDV D QXPEHU RI DGYDQWDJHV� E\ DYRLGLQJ
WKH QHHG WR PL[ WZR VWUDQGV� DQG HDVLQJ WKH LQWHUSUHWDWLRQ RI DQDO\WLFDO GDWD DQG
VLPSOLI\LQJ PROHFXODU PRGHOLQJ HIIRUWV� 7KLV ZDV DFFRPSOLVKHG E\ FRPELQLQJ
WKH DQLRQLF DQG FDWLRQLF UHVLGXHV LQWR WKH VDPH VWUDQG� E\ HLWKHU �D� DOWHUQDWLQJ
WKH DQLRQLF DQG FDWLRQLF UHVLGXHV LQ WXUQ ZLWK WKH SKHQ\OHWK\O VLGH�FKDLQ WR JLYH
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�1DH�1SH�1FH�1SH��� RU �E� E\ V\QWKHVL]LQJ D ³EORFN FKDUJH´ SHSWRLG� ZKHUH WKH
¿UVW KDOI RI WKH SHSWRLG LV SRVLWLYHO\ FKDUJHG DQG WKH VHFRQG KDOI LV QHJDWLYHO\
FKDUJHG �1DH�1SH����1FH�1SH�� �)LJXUH ���

)LJXUH �� 6LQJOH�FKDLQ SHSWRLGV WKDW IRUP QDQRVKHHWV� �D� DOWHUQDWLQJ FKDUJH
DQG �E� EORFN FKDUJH VHTXHQFHV� $ PRGHO RI D VHFWLRQ RI HDFK W\SH RI VKHHW LV
VKRZQ� LOOXVWUDWLQJ WKH GLIIHUHQFHV LQ WKH SURSRVHG DOLJQPHQW RI WKH FKDLQV�
$OWKRXJK ERWK GHVLJQV FDQ DFFRPPRGDWH RSSRVLWHO\ FKDUJHG JURXSV WR EH LQ
FORVH SUR[LPLW\� WKH DOWHUQDWLQJ FKDUJH VKHHWV ZRXOG EH H[SHFWHG WR KDYH OHVV
ORQJ�UDQJH RUGHU� 5HSURGXFHG ZLWK SHUPLVVLRQ IURP UHIHUHQFH ����� &RS\ULJKW

������ :LOH\� �VHH FRORU LQVHUW�

$OWKRXJK LW ZDV IRXQG WKDW ERWK VHTXHQFHV ZHUH FDSDEOH RI DVVHPEOLQJ
LQWR QDQRVKHHWV� GLIIHUHQWLDO S+ DQG DFHWRQLWULOH VWDELOLW\ ZHUH GHWHFWHG LQ WKH
WZR V\VWHPV� 6SHFL¿FDOO\� WKH QDQRVKHHWV REWDLQHG IURP WKH DOWHUQDWLQJ FKDUJH
SHSWRLG ZHUH OHVV UHVLVWDQW WR H[WUHPH S+ YDULDWLRQ DQG KLJK SHUFHQWDJH RI RUJDQLF
VROYHQW� 7KH KLJKHU VWDELOLW\ RI WKH EORFN FKDUJH QDQRVKHHWV ZDV UDWLRQDOL]HG E\
FRPSXWHU VLPXODWLRQV� ZKLFK VKRZHG PRUH IDYRUDEOH HOHFWURVWDWLF LQWHUDFWLRQV
FRXOG EH DFKLHYHG ZLWK WKLV GHVLJQ�

8VLQJ /DQJPXLU�WURXJK LVRWKHUPV DQG VXUIDFH SUHVVXUH PHDVXUHPHQWV�
D XQLTXH PHFKDQLVP E\ ZKLFK WKHVH QDQRVKHHW PDWHULDOV DUH SURGXFHG ZDV
GLVFRYHUHG ����� 1RWDEO\� WKH DPSKLSKLOLF SHSWRLGV ZHUH IRXQG WR XQGHUJR�
��� DGVRUSWLRQ DW WKH DLU�ZDWHU LQWHUIDFH RI D SHSWRLG VROXWLRQ� IROORZHG E\ ���
FRPSUHVVLRQ LQWR DQ RUGHUHG PRQROD\HU DQG ��� LUUHYHUVLEOH FROODSVH RI WKH
PRQROD\HU WR IRUP VWDEOH� IUHH�ÀRDWLQJ QDQRVKHHW ELOD\HUV� 7KLV SURFHVV� ZKLFK
FDQ RFFXU E\ PHFKDQLFDO FRPSUHVVLRQ LQ D /DQJPXLU�WURXJK LVRWKHUP RU E\ VLPSO\
URWDWLQJ YLDOV IURP WKH KRUL]RQWDO WR WKH YHUWLFDO SRVLWLRQ XVLQJ D FXVWRP�PDGH
³VKHHW URFNHU´� FDQ EH UHSHDWHG XQWLO RYHU ��� RI WKH SHSWRLG LV FRQYHUWHG LQWR
QDQRVKHHWV�
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3HSWRLG 1DQRVKHHWV DV $QWLERG\ 0LPHWLFV

*LYHQ WKH UREXVWQHVV RI WKH SHSWRLG QDQRVKHHWV� DV ZHOO DV WKH DERYH�
PHQWLRQHG XQLTXH PRGH RI DVVHPEO\� LW EHFDPH DSSDUHQW WKDW WKH\ ZHUH LGHDO
VFDIIROGV IRU SHSWRLG DQG SHSWLGH ORRSV WR EH GLVSOD\HG RQ WKH QDQRVKHHW VXUIDFH
DW SUHFLVH LQWHUYDOV ����� $V VXFK� WKHVH PDWHULDOV FRXOG EH GHVLJQHG WR PLPLF
DQWLERGLHV DQG�RU HQ]\PHV DQG HQJDJH LQ WKH PXOWLYDOHQW ELQGLQJ RI WDUJHW
PROHFXOHV� ,W ZDV HQYLVLRQHG WKDW LQVHUWLRQ RI D K\GURSKLOLF VHTXHQFH ZLWKLQ D
VKHHW�IRUPLQJ VWUDQG ZRXOG OHDG WR LWV H[FOXVLRQ IURP WKH ELOD\HU VFDIIROG GXULQJ
FRPSUHVVLRQ �)LJXUH ��� DQG WKDW SRVLWLRQLQJ WKH ORRS LQVHUW LQ WKH PLGGOH ZRXOG
EH OHVV OLNHO\ WR GLVUXSW VKHHW IRUPDWLRQ� ,Q DGGLWLRQ� D ORRS LQVHUW PXVW QRW EH WRR
ORQJ RU WRR K\GURSKRELF LQ QDWXUH DV WR QRW KLQGHU WKH DGVRUSWLRQ DW WKH DLU�ZDWHU
LQWHUIDFH� 7KXV� SUHFLVH VHTXHQFH FRQWURO RYHU WKH SRVLWLRQ� QDWXUH� DQG OHQJWK RI
WKH LQVHUW ZDV DQ LPSRUWDQW HOHPHQW LQ GHVLJQLQJ DUWL¿FLDO DQWLERG\ PLPHWLFV�

)LJXUH �� 3HSWRLG QDQRVKHHWV GLVSOD\LQJ D KLJK GHQVLW\ RI FRQIRUPDWLRQDOO\
FRQVWUDLQHG ORRSV FDQ EH UHDGLO\ SUHSDUHG E\ �D� ÀDQNLQJ D UDQGRP ORRS GRPDLQ
ZLWK VKHHW IRUPLQJ GRPDLQV� �E� 7KH DPSKLSKLOLF SDWWHUQ LQ WKH VKHHW�IRUPLQJ
GRPDLQV IRUPV DQ H[WUHPHO\ VWDEOH DURPDWLF FRUH WKDW SXVKHV WKH ORRS UHJLRQ
RQWR WKH VKHHW VXUIDFH� �F� 7KH VKHHWV DUH YHU\ XQLIRUP LQ VWUXFWXUH DV REVHUYHG
E\ $)0� �G� 0HFKDQLVP RI IROGLQJ D OLQHDU SHSWRLG VHTXHQFH LQWR D ORRS GRPDLQ
WKURXJK FRPSUHVVLRQ RI WKH SHSWRLG PRQROD\HU DW WKH DLU�ZDWHU LQWHUIDFH� �VHH

FRORU LQVHUW�

$V D SURRI RI FRQFHSW� D VHULHV RI �� �� DQG �� FRQVHFXWLYH QHXWUDO K\GURSKLOLF
UHVLGXHV �1����PHWKR[\HWK\O�JO\FLQHV� 1PH� ZHUH LQVHUWHG LQ WKH PLGGOH RI
WKH VKHHW�IRUPLQJ VWUDQG DQG WHVWHG IRU DVVHPEO\� ([SHFWHGO\� DOO RI WKH DERYH
VHTXHQFHV IRUPHG QDQRVKHHWV ZLWK SUHGLFWDEOH LQFUHDVHV LQ VKHHW WKLFNQHVV
DQG URXJKQHVV GHWHFWHG E\ $)0� 8VLQJ WKLV VWUDWHJ\� SHSWLGLF ORRS�FRQWDLQLQJ
QDQRVKHHWV FRXOG DOVR EH REWDLQHG� ZKHUH WKH QDWXUH RI WKH ORRS LQVHUW ZDV
WDLORUHG WR ELQG SURWHLQ DQG LQRUJDQLF PDWHULDOV� ,Q FDVHV ZKHUH WKH RULJLQDO
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ORRS�FRQWDLQLQJ SHSWRLG GHVLJQHG ZDV XQDEOH WR IRUP VKHHWV� LW ZDV SRVVLEOH WR
WXQH WKH K\GURSKRELFLW\ RI WKH SHSWRLG FKDLQ E\ DOWHUQDWLQJ ELSKHQ\OHWK\O ZLWK
SKHQ\OHWK\O VLGH�FKLDQV LQ RUGHU WR EHWWHU FRPSHQVDWH IRU WKH K\GURSKLOLF LQVHUW�
7KH SUHVHQFH RI SHSWLGH ORRSV RQ WKH VXUIDFH RI WKH ELOD\HU ZDV FRQ¿UPHG E\
LQFXEDWLQJ WKH QDQRVKHHWV ZLWK D PL[WXUH RI SURWHDVHV WR VHOHFWLYHO\ GHJUDGH WKH
ORRS LQVHUWLRQ� IROORZHG E\ $)0 KHLJKW PHDVXUHPHQWV WR FRUURERUDWH D GHFUHDVH
LQ VKHHW WKLFNQHVV� 1RWDEO\� WKH SHSWRLG QDQRVKHHW VFDIIROG UHPDLQHG LQWDFW XQGHU
WKHVH KDUVK FRQGLWLRQV� ,Q DGGLWLRQ� SKRVSKRU\ODWLRQ RI D SHSWLGH ORRS VXEVWUDWH
IROORZHG E\ LQFXEDWLRQ ZLWK ),7&�ODEHOHG DQWL�SKRVSKRVHULQH DQWLERG\ DOORZHG
ÀXRUHVFHQW LPDJLQJ RI WKH QDQRVKHHWV� WKHUHE\ SURYLGLQJ DGGLWLRQDO HYLGHQFH
RI ORRS GLVSOD\� 7KHVH PDWHULDOV KROG JUHDW SURPLVH DV PROHFXODU UHFRJQLWLRQ
HOHPHQWV IRU FKHPLFDO DQG ELRORJLFDO GHWHFWLRQ� DQG DV WHPSODWHV IRU WKH JURZWK
RI �' PDWHULDOV� 7KLV ZRUN DOVR KLJKOLJKWV WKH LPSRUWDQFH RI VHTXHQFH FRQWURO WR
SUHGLFWDEO\ IRUP D WKUHH�GLPHQVLRQDO� DQWLERG\�OLNH DUFKLWHFWXUH IURP D FDUHIXOO\
GHVLJQHG LQIRUPDWLRQ�ULFK� OLQHDU SHSWRLG�

+\GURSKRELF 6HTXHQFH 3DWWHUQLQJ LQ &RLO�WR�*OREXOH 7UDQVLWLRQ

7KH XVH RI SHSWRLG SRO\PHUV WR VWXG\ WKH IROGLQJ SURFHVV RI JOREXODU
SURWHLQV ZDV UHFHQWO\ UHSRUWHG� ZKHUH WKH ODFN RI K\GURJHQ ERQG SDUWQHUV DQG
FKLUDOLW\ DW WKH Į FDUERQ DOORZHG IRU GHFRQYROXWLRQ RI WKH K\GURSKRELF HIIHFW
IURP RWKHU FRPSHWLQJ IDFWRUV LQ SURWHLQ FROODSVH ����� ,Q DFFRUGDQFH ZLWK WKH
K\GURSKRELF�SRODU �+3� SURWHLQ IROGLQJ PRGHO ����� ZKHUH RQO\ WZR W\SHV RI
PRQRPHUV� K\GURSKRELF �+� DQG SRODU �3� DUH XVHG� SHSWRLG VLGH�FKDLQV LQ WKLV
VWXG\ ZHUH OLPLWHG WR HLWKHU DQ 1�PHWK\O �EOXH� QRQ SRODU� RU 1���FDUER[\HWK\O
�UHG� SRODU� VXEVWLWXHQW �)LJXUH ��D�� $VLGH IURP WKH OLPLWHG VHW RI PRQRPHUV
XVHG� VHYHUDO IDFWRUV KDYH EHHQ SUHGLFWHG WR SOD\ LPSRUWDQW UROHV LQ JOREXOH
IRUPDWLRQ� VXFK DV WKH +�3 PRQRPHU UDWLR ����� WKH GHJUHH RI K\GURSKRELFLW\ RU
K\GURSKLOLFLW\ ����� WKH OHQJWK RI WKH SRO\PHU FKDLQ ����� WKH GLVWULEXWLRQ RI +
DQG 3 PRQRPHUV ����� DV ZHOO DV WKH DELOLW\ IRU LRQLF LQWHUDFWLRQV WR RFFXU� 6ROLG
SKDVH V\QWKHVLV DOORZV SUHFLVH FRQWURO RYHU DOO RI WKH DERYH SDUDPHWHUV� ZLWK
WKH LQWULQVLF DELOLW\ WR GHVLJQ� V\QWKHVL]H� DQG XOWLPDWHO\ FRPSDUH SHSWRLGV ZLWK
HLWKHU EORFN\ �SURWHLQ�OLNH� PRQRPHU GLVWULEXWLRQ RU UHSHDWLQJ VHTXHQFHV �)LJXUH
��E�� 7ZR PRQRGLVSHUVH ��PHUV ZHUH OLJDWHG WRJHWKHU WR REWDLQ D ���PHU XVLQJ
D FRSSHU�FDWDO\]HG DON\QH�D]LGH F\FORDGGLWLRQ UHDFWLRQ� 7KH FRLO�WR�JOREXOH
WUDQVLWLRQ RI WKH WZR ���PHUV ZDV WKHQ FRPSDUHG XVLQJ D YDULHW\ RI WHFKQLTXHV�
LQFOXGLQJ VPDOO DQJOH ;�UD\ VFDWWHULQJ DQG DFHWRQLWULOH WLWUDWLRQ� DV ZHOO DV
G\QDPLF OLJKW VFDWWHULQJ PHDVXUHPHQWV DQG ÀXRUHVFHQFH IURP HQYLURQPHQWDOO\
VHQVLWLYH G\HV� 7KHVH H[SHULPHQWV UHYHDOHG WKH IRUPDWLRQ RI D WLJKWHU� PRUH VWDEOH
JOREXOH LQ WKH FDVH RI WKH SURWHLQ�OLNH VHTXHQFH� ,QGHHG� DOWKRXJK ERWK VHTXHQFHV
DSSHDUHG WR IRUP JOREXOHV LQ DTXHRXV VROXWLRQ� WKH SURWHLQ�OLNH VHTXHQFH H[KLELWHG
JUHDWHU IROGLQJ FRRSHUDWLYLW\ E\ HTXLOLEULXP DFHWRQLWULOH WLWUDWLRQ DQG IRUPHG D
PRUH FRPSDFW JOREXOH DV GHWHUPLQHG E\ VPDOO�DQJOH ;�UD\ VFDWWHULQJ�
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)LJXUH ��� �D� 3URWHLQ�OLNH DQG UHSHDWLQJ VHTXHQFH SRO\SHSWRLG ���PHUV� 7KH
SRO\SHSWRLGV ZHUH V\QWKHVL]HG E\ FOLFNLQJ WZR +3/&�SXUL¿HG ��PHUV WRJHWKHU�
(DFK PRQRPHU LV UHSUHVHQWHG E\ D FLUFOH ZKHUH WKH UHG FLUFOHV DUH WKH K\GURSKLOLF
DQG SRODU 1����FDUER[\HWK\O�JO\FLQH �3� PRQRPHU ZKLOH WKH EOXH FLUFOHV DUH
QRQ SRODU 1�PHWK\OJO\FLQH �+� PRQRPHUV� 7KH SURWHLQ�OLNH VHTXHQFH FRQWDLQV
EORFN VHFWLRQV RI HDFK W\SH RI PRQRPHU� ZKLOH WKH UHSHDWLQJ VHTXHQFH KDV DQ
HYHQ GLVWULEXWLRQ RI PRQRPHUV� %RWK PROHFXOHV KDYH DQ LGHQWLFDO FRPSRVLWLRQ RI
H[DFWO\ �� K\GURSKRELF PRQRPHUV DQG �� K\GURSKLOLF PRQRPHUV DQG D PROHFXODU

ZHLJKW RI ���� J�PRO� �E� 3URWHLQ�OLNH VHTXHQFH H[KLELWHG JUHDWHU IROGLQJ
FRRSHUDWLYLW\ E\ HTXLOLEULXP DFHWRQLWULOH WLWUDWLRQ DQG IRUPHG D PRUH FRPSDFW
JOREXOH DV GHWHUPLQHG E\ VPDOO�DQJOH ;�UD\ VFDWWHULQJ� �VHH FRORU LQVHUW�

3HSWRLG +HOLFDO %XQGOHV

7KH GHJUHH RI SUHFLVLRQ E\ ZKLFK SHSWRLG FDQ EH PDGH KDV DOVR SHUPLWWHG
WKH GHVLJQ DQG V\QWKHVLV RI DPSKLSKLOLF VHTXHQFHV DGRSWLQJ KHOLFDO FRQIRUPDWLRQ
����� ,Q WKLV GHVLJQ� EXON\� K\GURSKRELF VLGH�FKDLQV DUH SDWWHUQHG LQ D WKUHH�IROG
SHULRGLFLW\ DOWHUQDWLQJ ZLWK FKLUDO K\GURSKLOLF PRQRPHUV� DQG WKH PDLQ FKDLQ
OHQJWK LV ¿[HG DW �� UHVLGXHV WR PLPLF WKH OHQJWK RI Į KHOLFHV REVHUYHG LQ
KHOLFDO EXQGOH SURWHLQV �)LJXUH ��� ����� 9DU\LQJ WKH VLGH�FKDLQ FKHPLVWU\ ZKLOH
NHHSLQJ WKH K\GURSKRELF SDWWHUQLQJ DQG PDLQ�FKDLQ OHQJWK ¿[HG� D RQH�EHDG�RQH
FRPSRXQG FRPELQDWRULDO OLEUDU\ ZDV FRQVWUXFWHG XVLQJ WKH ³PL[�DQG�VSOLW´
PHWKRG DQG D URERWLF V\QWKHVL]HU �����

$ERXW ���� RI WKH OLEUDU\ LQ WKLV VWXG\ H[KLELWHG VLJQL¿FDQW ����$16 ELQGLQJ�
ZKLFK ZDV XVHG WR DVVHVV WKH SUHVHQFH RI D K\GURSKRELF FRUH� 7KH 06�06
VHTXHQFLQJ RI � FRPSRXQGV UHYHDOHG WKH LPSRUWDQFH RI K\GURSKRELF VLGH FKDLQV
ZLWK FKLUDO Į�PHWK\O VXEVWLWXWLRQV� EXW DOVR IRXQG WKH GLSKHQ\OHWK\O VLGH FKDLQ WR
EH SUHYDOHQW�
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)LJXUH ��� 7KH ���PHU DPSKLSKLOLF SHSWRLG VHTXHQFH ZLWK D ��IROG SHULRGLFLW\
XVHG DV WKH FRPELQDWRULDO OLEUDU\ VFDIIROG� WR VFUHHQ IRU WKH DVVHPEO\ RI KHOLFDO
EXQGOHV� 5HSURGXFHG ZLWK SHUPLVVLRQ IURP UHIHUHQFH ����� &RS\ULJKW ������

(OVHYLHU� �VHH FRORU LQVHUW�

,Q D UHODWHG VWXG\� RQH RI WKH DERYH ��PHUV� +�1VDFH�1GSH�1VDKH�1VDKH�
1GSH�1VDFH�1VDDH�1VFK�1VDKH�1VDKH�1VSH�1VDFH�1VDDH�1VFK�1VDKH�1+��
ZDV OLQNHG FRYDOHQWO\ WRJHWKHU WR IRUP GLPHUV� WULPHUV� DQG WHWUDPHUV YLD GLVXO¿GH
DQG R[LPH OLJDWLRQV ����� 7KLV DSSURDFK ZDV XVHG WR IRUP VLQJOH�FKDLQ KHOL[
EXQGOHV� ZKHUH WKH LQFRUSRUDWLRQ RI )5(7 SDLUV DW HDFK HQG IDFLOLWDWHG WKH
GLDJQRVLV RI IROGHG VWUXFWXUHV� ,W LV REHUYHG WKDW VHYHUDO SHSWRLGV XQGHUZHQW
FRRSHUDWLYH WUDQVLWLRQV ZLWKRXW GLVUXSWLQJ KHOLFDO VHFRQGDU\ VWUXFWXUH ZKHQ
WULWUDWHG ZLWK DFHWRQLWULOH� VXJJHVWLQJ WKH WUDQVLWLRQV WR EH D UHVXOW RI WHUWLDU\
LQWHUDFWLRQV IRUPLQJ D VWDEOH K\GURSKRELF FRUH VLPLODU WR IROGHG SURWHLQV�
+LJK DI¿QLW\ ELQGLQJ VLWHV IRU ]LQF ZHUH ODWHU HQJLQHHUHG LQWR D OLQHDU SHSWRLG
VHTXHQFH WR REWDLQ D IXQFWLRQDO KHOLFDO EXQGOH ����� 6SHFL¿FDOO\� WKLRO DQG
LPLGD]ROH VLGH�FKDLQV ZHUH LQFRUSRUDWHG VXFK WKDW ]LQF ELQGLQJ ZRXOG RQO\ RFFXU
LI D WZR�KHOL[ EXQGOH ZDV IRUPHG� 7KH ORFDWLRQV DQG QXPEHUV RI WKLROV DQG
LPLGD]ROHV� DV ZHOO DV WKH PRQRPHU VHTXHQFHV DQG VL]HV RI WKH ORRSV FRQQHFWLQJ
WKH WZR ��PHUV� ZHUH YDULHG WR HQDEOH VHTXHQFH�VWUXFWXUH�IXQFLWRQ UHODWLRQVKLSV
RI ]LQF ELQGLQJ DQG VHOHFWLYLW\� 6RPH RI WKH WZR�KHOL[ EXQGOHV VWXGLHG ZHUH IRXQG
WR ELQG ]LQF ZLWK QDQRPRODU DI¿QLW\ DQG KLJK VHOHFWLYLW\ DV FRPSDUHG WR RWKHU
GLYDOHQW PHWDO LRQV� VXFK DV 0J��� 0Q��� &D��� 1L��� &R��� &X��� DQG &G���
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&RQFOXVLRQ DQG 2XWORRN

3RO\SHSWRLGV DUH D XQLTXH� FKHPLFDOO\ GLYHUVH FODVV RI PDWHULDO FORVHO\
UHODWHG WR SRO\SHSWLGHV� LQ ZKLFK WKH VLGH�FKDLQ DWWDFKPHQW SRLQW LV VKLIWHG IURP
WKH Į FDUERQ WR WKH EDFNERQH QLWURJHQ DWRP� 7KLV VXEVWLWXWLRQ KDV WZR PDMRU
FRQVHTXHQFHV� LW UHPRYHV FKLUDOLW\ DQG D K\GURJHQ ERQG GRQRU �1+� IURP WKH
EDFNERQH� )XUWKHUPRUH� WKLV PRGL¿FDWLRQ FRQIHUV SHSWRLGV ZLWK DQ LQFUHDVHG
VWDELOLW\ WR ERWK FKHPLFDO DQG SURWHDVH GHJUDGDWLRQ� $OWKRXJK WUDGLWLRQDO
V\QWKHWLF SRO\PHUV DUH HTXDOO\ UREXVW DQG FDQ EH V\QWKHVL]HG LQ EXON� WKHLU
V\QWKHVLV FRQGLWLRQV SUHFOXGH WKH IRUPDWLRQ RI VSHFL¿F VHTXHQFHV RU PRQRGLVSHUVH
SRO\PHUV� 0XFK OLNH VROLG�SKDVH SHSWLGH V\QWKHVLV �6336�� WKH VWHS�ZLVH
VXEPRQRPHU DSSURDFK IRU VROLG�SKDVH SHSWRLG V\QWKHVLV DOORZV SRO\SHSWRLGV WR EH
V\QWKHVL]HG ZLWK DQ H[DFW OHQJWK DQG VHTXHQFH� 7KLV DOORZV VWUXFWXUH�SURSHUWLHV
VWXGLHV WR EH FRQGXFWHG DQG FOHDU GHVLJQ UXOHV WR EH HVWDEOLVKHG WR HQIRUFH VSHFL¿F
EHKDYLRUV DQG SURSHUWLHV LQ SHSWRLGV �H�J� FU\VWDOOL]DWLRQ� PLFURSKDVH VHSDUDWLRQ�
VHOI�DVVHPEO\�� ,Q DGGLWLRQ� WKHUH DUH KXQGUHGV RI SULPDU\ DPLQHV EXLOGLQJ EORFNV
WKDW DUH FRPPHUFLDOO\ DYDLODEOH� HQDEOLQJ YDVW VHTXHQFH GLYHUVLW\ IRU WKH UDSLG
GLVFRYHU\ DQG WXQLQJ RI QRYHO PDWHULDOV�

,Q FRQMXFWLRQ ZLWK H[SHULPHQW� WRROV IRU WKH SUHGLFWLYH EHKDYLRU RI
SRO\SHSWRLGV DUH FXUUHQWO\ EHLQJ GHYHORSHG DQG KDYH SURJUHVVHG WUHPHQGRXVO\
LQ WKH SDVW IHZ \HDUV� 5DPDFKDQGUDQ SORWV RI SHSWRLGV KDYH EHHQ FDOFXODWHG
DQG XVHG WR SURYLGH D SUHOLPLQDU\ SLFWXUH RI WKH SHSWRLG IROGLQJ ODQGVFDSH �����
7KH VWUXFWXUHV RI VHYHUDO OLQHDU DQG F\FOLF SHSWRLGV KDYH EHHQ VXFFHVVIXOO\
SUHGLFWHG XVLQJ PROHFXODU G\QDPLFV VLPXODWLRQV ����� 0RVW UHFHQWO\� D FXVWRP
IRUFH¿HOG GHULYHG VSHFL¿FDOO\ IRU SHSWRLGV �FDOOHG 0)72,'� KDV EHHQ GHYHORSHG
D IRU &+$500�� WKDW HQDEOHV DFFXUDWH DWRPLVWLF SHSWRLG VXPXODWLRQV WR EH
SHUIRUPHG ����� 7KH DYDLODELOLW\ RI WKHVH FRPSXWDWLRQDO WRROV VKRXOG EHJLQ WR
FORVH WKH JDS EHWZHHQ H[SHULPHQW DQG SUHGLFWLRQ E\ GUDPDWLFDOO\ HQKDQFLQJ
WKH DFFXUDF\ E\ ZKLFK SHSWRLG FRQIRUPDWLRQ FDQ QRZ EH VLPXODWHG� 6WUXFWXUH
SUHGLFWLRQ� LQ FRPELQDWLRQ ZLWK WKH IDFLOH V\QWKHVLV RI SHSWRLG SRO\PHUV� VHWV WKH
VWDJH WR IXUWKHU H[SORUH WKH LPSDFW RI VHTXHQFH�FRQWURO LQ V\QWKHWLF SRO\PHUV IRU
D ZLGH UDQJH RI DSSOLFDWLRQV�

$FNQRZOHGJPHQWV

7KLV ZRUN ZDV SHUIRUPHG DW WKH0ROHFXODU )RXQGU\ VXSSRUWHG E\ WKH 2I¿FH RI
6FLHQFH� 2I¿FH RI %DVLF (QHUJ\ 6FLHQFHV� RI WKH 8�6� 'HSDUWPHQW RI (QHUJ\ XQGHU
&RQWUDFW 1R� '(�$&�����&+������ DQG ZDV DOVR VXSSRUWHG E\ WKH 'HIHQVH
7KUHDW 5HGXFWLRQ $JHQF\ XQGHU &RQWUDFW 1R� ,$&52�%������� �

5HIHUHQFHV

�� :LOOQHU� ,�� =D\DWV� 0� $QJHZ� &KHP�� ,QW� (G� ����� ��� ����±�����
�� *RPHV� 6�� /HRQRU� ,� %�� 0DQR� -� )�� 5HLV� 5� /�� .DSODQ� '� /� 3URJ� 3RO\P�

6FL� ����� ��� �±���
�� 6KLQ� +�� -R� 6�� 0LNRV� $� *� %LRPDWHULDOV ����� ��� ����±�����
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�� (VVHU�.DKQ� $� 3�� ,DYDURQH� $� 7�� )UDQFLV� 0� %� -� $P� &KHP� 6RF� �����
���� �����±������

�� =XFNHUPDQQ� 5� 1� 3HSW� 6FL� ����� ��� ���±����
�� 6LPRQ� 5� -�� .DQLD� 5� 6�� =XFNHUPDQQ� 5� 1�� +XHEQHU� 9� '�� -HZHOO� '� $��

%DQYLOOH� 6�� 1J� 6�� :DQJ� /�� 5RVHQEHUJ� 6�� 0DUORZH� &� .� 3URF� 1DWO�
$FDG� 6FL� 8�6�$� ����� ��� ����±�����

�� =XFNHUPDQQ� 5� 1� &XUU� 2SLQ� 6WUXFW� %LRO� ����� �� ���±����
�� =XFNHUPDQQ� 5� 1�� .RGDGHN� 7� &XUU� 2SLQ� 0RO� 7KHU� ����� ��� ���±����
�� .LUVKHQEDXP� .�� =XFNHUPDQQ� 5� 1�� 'LOO� .� $� &XUU� 2SLQ� 6WUXFW� %LRO�

����� �� ���±����
��� %DUURQ� $� (�� =XFNHUPDQ� 5� 1� &XUU� 2SLQ� &KHP� %LRO� ����� �� ���±����
��� 0XUSK\� -� (�� 8QR� 7�� +DPHU� -� '�� &RKHQ� )� (�� 'ZDUNL� 9��

=XFNHUPDQQ� 5� 1� 3URF� 1DWO� $FDG� 6FL� 8�6�$� ����� ��� ����±�����
��� /HH� %� &�� &RQQROO\�0� '�� =XFNHUPDQQ� 5� 1�3URF� 167, 1DQRWHFK� �����

�� ��±���
��� =KDQJ� '�� /DKDVN\� 6� +�� *XR� /�� /HH� &� 8�� /DYDQ� 0� 0DFURPROHFXOHV

����� ��� ����±�����
��� /X[HQKRIHU� 5�� )HWVFK� &�� *URVVPDQQ� $� -� 3RO\P� 6FL�� 3DUW $� 3RO\P�

&KHP� ����� ��� ����±�����
��� 5RVDOHV� $� 0�� 6HJDOPDQ� 5� $�� =XFNHUPDQQ� 5� 1� 6RIW 0DWWHU ����� ��

����±�����
��� 6XQ� -�� =XFNHUPDQQ� 5� 1� $&6 1DQR ����� �� ����±�����
��� 5RVDOHV� $� 0�� 0XUQHQ� +� .�� .OLQH� 6� 5�� =XFNHUPDQQ� 5� 1��

6HJDOPDQ� 5� $� 6RIW 0DWWHU ����� �� ����±�����
��� 5RVDOHV� $� 0�� 0XUQHQ� +� .�� =XFNHUPDQQ� 5� 1�� 6HJDOPDQ� 5� $�

0DFURPROHFXOHV ����� ��� ����±�����
��� %UDGOH\� (� .�� .HUU� -� 0�� 5LFKWHU� /� 6�� )LJOLR]]L� *� 0�� *RII� '� $��

=XFNHUPDQQ� 5� 1�� 6SHOOPH\HU� '� &�� %ODQH\� -� 0� 0RO� 'LYHUV� ����� ��
�±���

��� /HH� -�� 8GXJDPDVRRUL\D� '� *�� /LP� +� 6�� .RGDGHN� 7� 1DW� &KHP� %LRO�
����� �� ���±����

��� 6HR� -�� /HH� %� &�� =XFNHUPDQQ� 5� 1� ,Q &RPSUHKHQVLYH %LRPDWHULDOV�
'XFKH\QH� 3�� +HDO\� .� (�� +XWPDFKHU� '� :�� *UDLQJHU� '� :�� .LUNSDWULFN�
&� -�� (GV�� (OVHYLHU� ����� 9RO� �� SS ��í���

��� )RZOHU� 6� $�� %ODFNZHOO� +� (� 2UJ� %LRPRO� &KHP� ����� �� ����±�����
��� =XFNHUPDQQ� 5� 1�� .HUU� -� 0�� .HQW� 6� %� +�� 0RRV� :� +� -� $P� &KHP�

6RF� ����� ���� �����±������
��� =XFNHUPDQQ� 5� 1�� )LJOLR]]L� *� 0�� %DQYLOOH� 6� &�� .HUU� -� 0�� 6LDQL� 0�

$�� 0DUWLQ� (� -�� %URZQ� (� *�� :DQJ� /� ,QQRYDWLRQV DQG 3HUVSHFWLYHV LQ
6ROLG�3KDVH 6\QWKHVLV� (SWRQ� 5�� (G�� 0D\ÀRZHU :RUOGZLGH /WG�� 2[IRUG�
����� SS ���í����

��� 8QR� 7�� %HDXVROHLO� (�� *ROGVPLWK� 5� $�� /HYLQH� %� +�� =XFNHUPDQQ� 5� 1�
7HWUDKHGURQ /HWW� ����� ��� ����±�����

��� %XUNRWK� 7� 6�� )DIDUPDQ� $� 7�� &KDU\FK� '� +�� &RQQROO\� 0� '��
=XFNHUPDQQ� 5� 1� -� $P� &KHP� 6RF� ����� ���� ����±�����

��� 5LFKWHU� /� 6�� 6SHOOPH\HU� '� &�� 0DUWLQ� (� -�� )LJOLR]]L� *� 0��
=XFNHUPDQQ� 5� 1� &RPE� 3HSW� 1RQSHSW� /LEU� ����� ���±����
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��� =XFNHUPDQQ� 5� 1�� 0DUWLQ� (� -�� 6SHOOPH\HU� '� &�� 6WDXEHU� *� %��
6KRHPDNHU� .� 5�� .HUU� -� 0�� )LJOLR]]L� *� 0�� *RII� '� $�� 6LDQL� 0� $�
-� 0HG� &KHP� ����� ��� ����±�����

��� /DP� .� 6�� /HEO� 0�� .UFKQDN� 9� &KHP� 5HY� ����� ��� ���±����
��� <X� 3�� /LX� %�� .RGDGHN� 7� 1DW� %LRWHFKQRO� ����� ��� ���±����
��� 3DXOLFN� 0� *�� +DUW� .� 0�� %ULQQHU� .� 0�� 7MDQGUD� 0�� &KDU\FK� '� +��

=XFNHUPDQQ� 5� 1� -� &RPE� &KHP� ����� �� ���±����
��� 7KDNNDU� $�� &RKHQ� $� 6�� &RQQROO\� 0� '�� =XFNHUPDQQ� 5� 1�� 3HL� '� -�

&RPE� &KHP� ����� ��� ���±����
��� /HH� %� &�� 'LOO� .� $�� =XFNHUPDQQ� 5� 1� 3RO\P� 3UHSU� ����� ��� ���±����
��� /HH� %� &�� =XFNHUPDQQ� 5� 1�� 'LOO� .� $� -� $P� &KHP� 6RF� ����� ����

�����±������
��� 0XUQHQ� +� .�� .KRNKORY� $� 5�� .KDODWXU� 3� *�� 6HJDOPDQ� 5� $��

=XFNHUPDQQ� 5� 1� 0DFURPROHFXOHV ����� ��� ����±�����
��� 5RELQVRQ� -� :�� 6HFNHU� &�� :HLGQHU� 6�� 6FKODDG� +�0DFURPROHFXOHV �����

��� ���±����
��� %HOORPR� (� *�� :\UVWD� 0� '�� 3DNVWLV� /�� 3RFKDQ� '� -�� 'HPLQJ� 7� -� 1DW�

0DWHU� ����� �� ���±����
��� 3IHLIHU� 6�� =DUDIVKDQL� =�� %DGL� 1�� /XW]� -� )� -� $P� &KHP� 6RF� ����� ����

����±�����
��� %RUQHU� +� *�� 6FKODDG� +� 6RIW 0DWWHU ����� �� ���±����
��� $LGD� 7�� 0HLMHU� (� :�� 6WXSS� 6� ,� 6FLHQFH ����� ���� ���±����
��� /XW]� -� )� 1DW� &KHP� ����� �� ��±���
��� 6DZDPRWR� 0�� .DPLJDLWR� 0� &+(07(&+ �86$� ����� ��� ��±���
��� 6RHUL\DGL� $� +�� %R\HU� &� $�� 1\VWU|P� )�� =HWWHUOXQG� 3� %�� :KLWWDNHU� 0�

5� -� $P� &KHP� 6RF� ����� ���� �����±������
��� YDQ +HVW� -� &� 0�� 7LUUHOO� '� $� &KHP� &RPPXQ� ����� ����±�����
��� )HWVFK� &�� /X[HQKRIHU� 5� 0DFURPRO� 5DSLG &RPPXQ� ����� ���

����±�����
��� )ORU\� 3� -� 7UDQV� )DUDGD\ 6RF� ����� ��� ���±����
��� 5XL]� 5�� .DQJ� +�� 'HWFKHYHUU\� )� $�� 'RELV]� (�� .HUFKHU� '� 6��

$OEUHFKW� 7� 5�� GH 3DEOR� -� -�� 1HDOH\� 3� )� 6FLHQFH ����� ���� ���±����
��� 5RVDOHV� $� 0�� 0F&XOORFK� %� /�� =XFNHUPDQQ� 5� 1�� 6HJDOPDQ� 5� $�

0DFURPROHFXOHV ����� ��� ����±�����
��� 6XQ� -�� 7HUDQ� $� $�� /LDR� ;�� %DOVDUD� 1� 3�� =XFNHUPDQQ� 5� 1� -� $P�

&KHP� 6RF� ����� ���� �����±������
��� 6XQ� -�� 7HUDQ� $� $�� /LDR� ;�� %DOVDUD� 1� 3�� =XFNHUPDQQ� 5� 1� -� $P�

&KHP� 6RF� ����� ���� ����±�����
��� %XUNRWK� 7� 6�� %HDXVROHLO� (�� .DXU� 6�� 7DQJ� '�� &RKHQ� )� (��

=XFNHUPDQQ� 5� 1� &KHP� %LRO� ����� �� ���±����
��� 0XUQHQ� +� .�� 5RVDOHV� $� 0�� -DZRUVNL� -� 1�� 6HJDOPDQ� 5� $��

=XFNHUPDQQ� 5� 1� -� $P� &KHP� 6RF� ����� ���� �����±������
��� YDQ =RHOHQ� :�� =XFNHUPDQQ� 5� 1�� 6HJDOPDQ� 5� $�0DFURPROHFXOHV �����

��� ����±�����
��� 6XQ� -�� 6WRQH� *� 0�� %DOVDUD� 1� 3�� =XFNHUPDQQ� 5� 1� 0DFURPROHFXOHV

����� ��� ����±�����
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��� &KHQ� &��/�� 4L� -�� =XFNHUPDQQ� 5� 1�� 'H<RUHR� -� -� -� $P� &KHP� 6RF�
����� ���� ����±�����

��� 'LOO� .� $� %LRFKHPLVWU\ ����� ��� ����±�����
��� 1DP� .� 7�� 6KHOE\� 6� $�� &KRL� 3� +�� 0DUFLHO� $� %�� &KHQ� 5�� 7DQ� /��

&KX� 7� .�� 0HVFK� 5� $�� /HH� %� &�� &RQQROO\� 0� '� 1DW� 0DWHU� ����� ��
���±����

��� .XGLUND� 5�� 7UDQ� +�� 6DQLL� %�� 1DP� .� 7�� &KRL� 3� +�� 9HQNDWHVZDUDQ� 1��
&KHQ� 5�� :KLWHODP� 6�� =XFNHUPDQQ� 5� 1� 3HSW� 6FL� ����� ��� ���±����

��� 6DQLL� %�� .XGLUND� 5�� &KR� $�� 9HQNDWHVZDUDQ� 1�� 2OLYLHU� *� .�� 2OVRQ� $�
0�� 7UDQ� +�� +DUDGD� 5� 0�� 7DQ� /�� =XFNHUPDQQ� 5� 1� -� $P� &KHP� 6RF�
����� ���� �����±������

��� 2OLYLHU� *� .�� &KR� $�� 6DQLL� %�� &RQQROO\� 0� '�� 7UDQ� +�� =XFNHUPDQQ� 5�
1� $&6 1DQR ����� �� ����±�����

��� 'LOO� .� $� %LRFKHPLVWU\ ����� ��� ����±�����
��� $VKEDXJK� +� 6� -� 3K\V� &KHP� % ����� ���� �����±������
��� 6LX� 0�� =KDQJ� *�� :X� &� 0DFURPROHFXOHV ����� ��� ����±�����
��� -HQQLQJV� '� (�� .X]QHWVRY� <� $�� 7LPRVKHQNR� (� *�� 'DZVRQ� .� $� -�

&KHP� 3K\V� ����� ���� ����±�����
��� 'DVPDKDSDWUD� $� .�� 1DQDYDWL� +�� .XPDUDVZDP\� *� -� &KHP� 3K\V� �����

���� �������
��� 3UHVQHOO� 6� 5�� &RKHQ� )� (� 3URF� 1DWO� $FDG� 6FL� 8�6�$� ����� ���

����±�����
��� =XFNHUPDQQ� 5� 1�� .HUU� -� 0�� 6LDQL� 0� $�� %DQYLOOH� 6� &� ,QW� -� 3HSW�

3URWHLQ 5HV� ����� ��� ���±����
��� /HH� %� &�� &KX� 7� .�� 'LOO� .� $�� =XFNHUPDQQ� 5� 1� -� $P� &KHP� 6RF�

����� ���� ����±�����
��� %XWWHUIRVV� *� /�� 5HQIUHZ� 3� '�� .XKOPDQ� %�� .LUVKHQEDXP� .��

%RQQHDX� 5� -� $P� &KHP� 6RF� ����� ���� �����±������
��� %XWWHUIRVV� *� /�� <RR� %�� -DZRUVNL� -� 1�� &KRUQ\� ,�� 'LOO� .� $��

=XFNHUPDQQ� 5� 1�� %RQQHDX� 5�� .LUVKHQEDXP� .�� 9RHO]� 9� $� 3URF� 1DWO�
$FDG� 6FL� 8�6�$� ����� ���� �����±������

��� 0LULMDQLDQ� '� 7�� 0DQQLJH� 5� 9�� =XFNHUPDQQ� 5� 1�� :KLWHODP� 6� -�
&RPSXW� &KHP� ����� ��� ���±����
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