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$EVWUDFW� 7KH SRO\PHUL]DWLRQ RI ����KHSWDGL\QH ZDV FDUULHG RXW E\ PRO\EGHQXP DQG WXQJVWHQ�EDVHG

WUDQVLWLRQ PHWDO FDWDO\VWV� 7KLV SRO\PHUL]DWLRQ E\ 0R&O� DORQH SURFHHGHG ZHOO WR JLYH D TXDQWLWDWLYH \LHOG

RI SRO\PHU� 7KH HIIHFW RI PRQRPHU WR FDWDO\VW PROH UDWLR �0�&�� LQLWLDO PRQRPHU FRQFHQWUDWLRQ �>0@��� DQG

WKH SRO\PHUL]DWLRQ WHPSHUDWXUH IRU WKH F\FORSRO\PHUL]DWLRQ RI ����KHSWDGL\QH ZDV VWXGLHG DQG GLVFXVVHG�

7KH SRO\PHUL]DWLRQ VROXWLRQ H[KLELWHG UHG FRORU HYHQ DIWHU �� PLQ RI SRO\PHUL]DWLRQ WLPH� 7KH UHVXOWLQJ

SRO\PHUV ZHUH PRVWO\ EURZQ SRZGHUV DQG PRVWO\ LQVROXEOH LQ DQ\ RUJDQLF VROYHQWV DOWKRXJK WKH SRO\PHU�

L]DWLRQ SURFHHGHG LQ KRPRJHQHRXV PDQQHU LQ VRPH FDVHV� 7KH SRO\PHU VWUXFWXUH ZDV FKDUDFWHUL]HG E\

YDULRXV LQVWUXPHQWDO PHWKRGV WR KDYH WKH FRQMXJDWHG SRO\PHU EDFNERQH VWUXFWXUH FDUU\LQJ F\FOLF UHFXUULQJ

XQLW� 7KH WKHUPDO DQG PRUSKRORJLFDO SURSHUWLHV RI WKH UHVXOWLQJ SRO\�����KHSWDGL\QH� ZHUH DOVR GLVFXVVHG�

,QWURGXFWLRQ

&RQMXJDWHG SRO\PHU V\VWHPV REWDLQHG IURP

DFHW\OHQH GHULYDWLYHV KDYH EHHQ VWXGLHG DV RUJDQLF

VHPLFRQGXFWRUV�
���
DV PHPEUDQHV IRU JDV VHSDUDWLRQ

DQG IRU OLTXLG�PL[WXUH VHSDUDWLRQ�
����
DV PDWHULDOV

IRU HQDQWLRVHSDUDWLRQ IRU UDFHPDWHV E\ KLJK SHU�

IRUPDQFH OLTXLG FKURPDWRJUDS\�
�����

DV D VLGH�FKDLQ

OLTXLG FU\VWDO�
�����

DV PDWHULDOV IRU FKHPLFDO VHQ�

VRUV�
�����

DQG DV PDWHULDOV IRU QRQOLQHDU RSWLFDO

SURSHUW\ DQG IRU SKRWROXPLQHVFHQFH DQG HOHF�

WUROXPLQHVFHQFH SURSHUWLHV�
�����

&\FORSRO\PHUL]DWLRQ �ULQJ�IRUPLQJ SRO\PHUL]DWLRQ�

LV DQ\ W\SH RI FKDLQ�JURZWK DGGLWLRQ SRO\PHUL]DWLRQ

OHDGLQJ WR WKH LQWURGXFWLRQ RI F\FOLF VWUXFWXUH LQWR WKH

SRO\PHU PDLQ FKDLQ YLD DQ DOWHUQDWLQJ LQWUDPROHFXODU�

LQWHUPROHFXODU FKDLQ SURSDJDWLRQ�
�����

&\FORSRO\�

PHUL]DWLRQV RI QRQFRQMXJDWHG GL\QHV ZHUH H[WHQ�

VLYHO\ LQYHVWLJDWHG LQ DQ DWWHPSW WR SUHSDUH

SRO\PHUV FRQWDLQLQJ DOWHUQDWLQJ GRXEOH DQG VLQJOH

ERQGV DORQJ WKH SRO\PHU PDLQ FKDLQ ZLWK D F\FOLF

UHFXUULQJ XQLW�
�������
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6WLOOH DQG )UH\ ILUVW UHSRUWHG WKH VWXG\ RQ WKH

SRO\PUL]DWLRQ RI QRQFRQMXJDWHG GL\QHV� HVSHFLDOO\

����KHSWDGL\QH �+'� ZLWK =LHJOHU�1DWWD FDWDO\VWV�
��

3RO\�+'�V REWDLQHG ZHUH GDUN UHG RU EODFN� ZKLFK

LQGLFDWH D KLJK RUGHU RI FRQMXJDWLRQ LQ WKH SRO\�

PHU� (YHQ WKRXJK D KHDG�WR�WDLO LQWHUQDO SURSDU�

JDWLRQ ZRXOG EH H[SHFWHG� WKHUH DUH WKUHH SRVVLEOH

F\FOLF UHFXUULQJ XQLWV ����� DQG VWUXFWXUH �� ZKLFK

FDQ EH ZULWWHQ WR DFFRXQW IRU D VROXEOH SRO\PHU

ZLWK DOWHUQDWLQJ GRXEOH DQG VLQJOH ERQGV DORQJ

WKH SRO\PHU EDFNERQH�

0HULZHWKHU HW DO� REWDLQHG ROLJRPHUV DQG SRO\�

PHUV IURP WKH DONDGL\QHV RI +&≡&�&+��Q&≡
&+ RQ GLFDUERQ\OELV�WULSKHQ\OSKRVSKLQH�QLFNHO

>1L�&2���3K�3��@�
��
DQG WKH SRO\F\FOL]HG VWUXFWXUH

��� GHGXFHG E\ WKHP ZDV LQ DJUHHPHQW ZLWK WKH

UHVXOWV RQ =LHJOHU FDWDO\VWV �7L&O��$O(W�� E\ +XEHUW

DQG 'DOH�
��

*LEVRQ HW DO� UHSRUWHG WKH LQVROXEOH� IUHH�VWDQGLQJ

ILOPV ZLWK PHWDOOLF OXVWHU E\ WKH SRO\PHUL]DWLRQ RI

+' RQ WKH VXUIDFHV RI FRQFHQWUDWHG VROXWLRQV RI

´6KLUDNDZD FDWDO\VWµ� D KRPRJHQHRXV FDWDO\VW

GHULYHG IURP 7L�25�� �5� Q�&�+�� L�&�+�� Q�

�&�+����$O5� �5� &�+�� &+�� L�&�+��� XVLQJ D VSH�

FLILFDOO\ GHVLJQHG UHDFWRU�
�����

7KH DWWHPSWHG SRO\PHUL]DWLRQ RI +' ZLWK

1E&O� DQG 7D&O� \LHOGHG D PL[WXUH RI F\FORWULPHU

����� DQG SRO\PHU ���� IRU 1E&O� DQG ��� IRU

7D&O��� KDYLQJ D UHODWLYHO\ ORZ FRQYHUVLRQ ����

IRU 1E&O�� ��� IRU 7D&O���
��

+RZHYHU� WKHUH KDYH EHHQ QR UHSRUW RQ WKH

VWXG\ IRU WKH SRO\PHUL]DWLRQ RI +' E\ 0R� DQG

:�EDVHG WUDQVLWLRQ PHWDO FDWDO\VWV� ZKLFK KDG

EHHQ ZLGHO\ XVHG IRU WKH SRO\PHUL]DWLRQ RI VXEVWL�

WXWHG DFHW\OHQHV�
�����

,W PD\ EH YHU\ LQWHUHVWLQJ WR

VWXG\ WKH SRO\PHUL]DWLRQ EHKDYLRUV E\ 0R� DQG

:� EDVHG FDWDO\VWV RI +' DQG WKH SURSHUWLHV RI

UHVXOWLQJ SRO\�+'�V�

([SHULPHQWDO

0DWHULDOV�+' �)DUFKDQ /DERUDWRULHV� ZDV GULHG

ZLWK FDOFLXP K\GULGH DQG IUDFWLRQDOO\ GLVWLOOHG�

0R&O� �$OGULFK &KHPLFDOV� �������� 0R&O� �$OG�

ULFK &KHPLFDOV� FRQWDLQV ��� RU PRUH 0R&O���

&S�0R&O� �$OGULFK &KHPLFDOV�� ����� :&O� �$OG�

ULFK &KHPLFDOV�� ������� ZHUH XVHG ZLWKRXW IXU�

WKHU SXULILFDWLRQ� (W�$O� (W�$O&O� DQG (W$O&O�

�$OGULFK &KHPLFDOV� �� ZW� ���� 0� VROXWLRQ LQ

WROXHQH� DQG 0H�6Q �$OGULFK &KHPLFDOV� ����

ZHUH XVHG DV UHFHLYHG� 3K�6Q �$OGULFK &KHPLFDOV�

���� ZDV SXULILHG E\ UHFU\VWDOOL]LQJ WZLFH IURP

FDUERQ WHWUDFKORULGH� 7KH SRO\PHUL]DWLRQ VROYHQW�

FKORUREHQ]HQH� ZDV GULHG ZLWK &D+� DQG IUDFWLRQ�

DOO\ GLVWLOOHG�

3RO\PHUL]DWLRQ RI +' E\ 0R&O�� ,Q D �� P/

DPSXOH HTXLSSHG ZLWK UXEEHU VHSWXP� ���� P/

������ PPRO� 0�&� ���� RI ��� 0 0R&O� FKORUR�

EHQ]HQH VROXWLRQ� FKORUREHQ]HQH ����� P/� >0@�

 ��� 0�� DQG ��� J ����� PPRO� RI +' ZHUH

DGGHG LQ WKDW RUGHU JLYHQ� $QG WKH SRO\PHUL]DWLRQ

ZDV FDUULHG RXW DW ��
R
& IRU �� KUV XQGHU QLWURJHQ

DWPRVSKHUH� 7KH SRO\PHUL]DWLRQ SURFHHGHG LQ WKH

KRPRJHQHRXV PDQQHU DW WKH HDUO\ SRO\PHUL]DWLRQ

WLPH� $IWHU �� KUV� �� P/ RI FKORURIRUP ZDV DGGHG

WR WKH SRO\PHUL]DWLRQ VROXWLRQ LQ RUGHU WR GLOXWH

WKH SRO\PHUL]DWLRQ VROXWLRQ� 7KH SRO\PHU VROXWLRQ

ZDV SUHSLFLSLWDWHG LQWR DQ H[FHVV RI PHWKDQRO� ILO�

WHUHG IURP WKH VROXWLRQ� DQG WKHQ GULHG XQGHU YDF�

XXP DW ��
R
& IRU �� KUV� 7KH SRO\PHU \LHOG ZDV

����

3RO\PHUL]DWLRQ RI +' E\ 0R&O��(W$O&O��

,Q D �� P/ DPSXOH HTXLSSHG ZLWK UXEEHU VHSWXP�

FKORUREHQ]HQH ����� P/� >0@� ��� 0�� ���� P/

������ PPRO� 0�&� ��� RI ��� 0 FKORUREHQ]HQH

VROXWLRQ RI 0R&O�� DQG ���� P/ ������ PPRO� RI

��� 0 FKORUREHQ]HQH VROXWLRQ RI (W$O&O� ZHUH

DGGHG LQ WKDW RUGHU JLYHQ� $IWHU VKDNLQJ WKH FDWD�

O\VW VROXWLRQ DW ��
R
& IRU �� PLQ� ��� J +' �����

PPRO� ZDV LQMHFWHG� 7KH SRO\PHUL]DWLRQ SURFHH�

GHG LQ VRPH KHWHURJHQHRXV PDQQHU� $IWHU �� KUV�

�� P/ RI FKORURIRUP ZDV DGGHG WR WKH SRO\PHU�

L]DWLRQ VROXWLRQ� 7KH SRO\PHU VROXWLRQ ZDV SRXUHG

LQWR DQ H[FHVV RI PHWKDQRO� ILOWHUHG IURP WKH VROX�

WLRQ� DQG WKHQ GULHG XQGHU YDFXXP DW ��
R
& IRU ��

KUV� 7KH SRO\PHU \LHOG ZDV ����

3RO\PHUL]DWLRQ RI +' E\ :&O��(W$O&O��

7KH SRO\PHUL]DWLRQ SURFHGXUH LV WKH VDPH DV WKDW RI

0R&O��(W$O&O� FDWDO\VW� 7KH SRO\PHU \LHOG ZDV ����

,QVWUXPHQWV DQG 0HDVXUHPHQW� ,5 VSHFWUD
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ZHUH REWDLQHG ZLWK D %UXNHU (48,12; �� VSHF�

WURPHWHU XVLQJ D .%U SHOOHW� 6ROLG�VWDWH
��
&�105

VSHFWUD RI LQVROXEOH SRO\PHU ZHUH DOVR UHFRUGHG

RQ D %UXNHU $0���� VSHFWURPHWHU ���V UHSHWLWLRQ

WLPH� ����PV FURVV SRODUL]DWLRQ PL[LQJ WLPH� ��:

GHFRXSOHU SRZHU� DQG ����.+] VSLQQLQJ� DQG

FKHPLFDO VKLIWV DUH UHSRUWHG LQ SSP XQLWV ZLWK

WHWUDPHWK\OVLODQH DV DQ LQWHUQDO VWDQGDUG� (OH�

PHQWDO DQDO\VHV ZHUH SHUIRUPHG ZLWK ),6216

($���� (OHPHQWDO $QDO\]HU� 89�YLVLEOH VSHFWUD RI

SRO\PHU VROLG ILOP DQG VROXWLRQ ZHUH WDNHQ RQ D

-$6&2 9���� VSHFWURSKRWRPHWHU� 7KHUPRJUD�

YLPHWU\ �7*� ZDV SHUIRUPHG XQGHU D QLWURJHQ

DWPRVSKHUH DW D KHDWLQJ UDWH RI ��
R
&�PLQ XS WR

���
R
& ZLWK D 'X3RQW ���� WKHUPRJUDYLPHWULF

DQDO\]HU� ;�UD\ GLIIUDFWRJUDPV ZHUH PHDVXUHG

ZLWK D 3+,/,36 ;�UD\ GLIIUDFWRPHWHU �0RGHO�

;3HUW�$3'��

5HVXOWV DQG 'LVFXVVLRQ

7KH F\FORSRO\PHUL]DWLRQ RI +'� D W\SLFDO F\FOR�

SRO\PHUL]DEOH PRQRPHU� ZDV DWWHPSWHG RXW E\

0R� DQG :�EDVHG WUDQVLWLRQ PHWDO FDWDO\VWV

�6FKHPH ,��

7DEOH , VKRZV D W\SLFDO UHVXOW IRU WKH SRO\PHUL]D�

WLRQ RI +' E\ PRO\EGHQXP�EDVHG FDWDO\VWV� 0R&O�

DORQH SRO\PHUL]HG +' PRQRPHU YHU\ HIIHFWLYHO\�

7KH SRO\PHU \LHOG ZDV TXDQWLWDWLYH ZKHQ WKH

PRQRPHU WR FDWDO\VW PROH UDWLR �0�&� DQG WKH LQL�

WLDO PRQRPHU FRQFHQWUDWLRQ �>0@ �� ZHUH �� DQG

��� 0� UHVSHFWLYHO\� 7KLV SRO\PHUL]DWLRQ �H[S� 1R�

�� SURFHHGHG YHU\ YLJRURXVO\ DW WKH LQLWLDO VHYHUDO

PLQXWHV DQG ZDV DFFRPSDQLHG E\ WKH VWURQJ H[R�

WKHUPLF UHDFWLRQ� +RZHYHU� DW WKH ORZ LQLWLDO PRQR�

PHU FRQFHQWUDWLRQ �>0@ � � ����� WKH SRO\PHUL]DWLRQ

SURFHHGHG LQ VRPH PLOG DQG KRPRJHQHRXV PDQ�

QHU� ,Q WKH F\FORSRO\PHUL]DWLRQ RI GLSURSDUJ\O

7DEOH ,� 3RO\PHUL]DWLRQ RI ����+HSWDGL\QH E\ 0RO\EGHQXP�%DVHG &DWDO\VWV
D
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D

3RO\PHUL]DWLRQ ZDV FDUULHG RXW IRU �� KUV LQ FKORUREHQ]HQH�
E

0L[WXUH RI FDWDO\VW DQG FRFDWDO\VW VROXWLRQ ZDV DJHG IRU �� PLQ DW ��
R

& EHIRUH XVH�
F

0RQRPHU WR FDWDO\VW PROH UDWLR��
G

,QLWLDO PRQRPHU FRQFHQWUDWLRQ�
H

3RO\PHU \LHOG�

6FKHPH ,� &\FORSRO\PHUL]DWLRQ RI ����+HSWDGL\QH�
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HWKHU�
��
D VLPLODU GHULYDWLYH RI +'� WKHUH KDV EHHQ

D UHWDUGDWLRQ WLPH �DERXW � PLQ�� LQ ZKLFK WKH FRORU

RI FDWDO\VW VROXWLRQ ZDV GLVDSSHDUHG DIWHU LQMHF�

WLRQ RI GLSURSDUJ\O HWKHU LQWR WKH 0R&O��FDWDO\VW

VROXWLRQ� +RZHYHU LQ WKH SUHVHQW SRO\PHUL]DWLRQ�

WKH SRO\PHUL]DWLRQ LQVWDQWDQHRXVO\ SURFHHGHG

ZLWKRXW WKH UHWDUGDWLRQ WLPH DIWHU WKH LQMHFWLRQ RI

+' LQWR WKH FDWDO\VW VROXWLRQ�

7KH HIIHFW RI LQLWLDO PRQRPHU FRQFHQWUDWLRQ

�>0@�� IRU WKLV F\FORSRO\PHUL]DWLRQ ZDV WHVWHG

�H[S� 1R� ����� $W WKH ORZ LQLWLDO PRQRPHU FRQ�

FHQWUDWLRQ �>0@� � ����� WKH SRO\PHUL]DWLRQ SURFHHG

PRUH PLOGO\ LQ KRPRJHQHRXV PDQQHU� 2Q WKH

RWKHU KDQG� WKH SRO\PHUL]DWLRQ SURFHHGHG YLJRU�

RXVO\ DW WKH KLJK LQLWLDO PRQRPHU FRQFHQWUDWLRQ

�>0@� � ���� WR JLYH D TXDQWLWDWLYH \LHOG RI SRO\PHU�

,W KDV EHHQ NQRZQ WKDW WKH DGGLWLRQ RI D VPDOO

DPRXQW RI UHGXFLQJ DJHQWV VXFK DV 3K�6Q DQG Q�

%X�6Q LQFUHDVHV WKH SRO\PHU \LHOG DQG PROHFXODU

ZHLJKW LQ WKH 0R&O��FDWDO\]HG SRO\PHUL]DWLRQ RI

��HWK\Q\OWKLRSKHQH
��
DQG ��EXW\O���WULPHWK\OVLO\�

ODFHW\OHQH�
��
DQG DOVR WKH RUJDQRDOXPLQXP FRP�

SRXQGV VXFK DV (W$O&O� DQG (W�$O&O ZHUH YHU\

HIIHFWLYH FRFDWDO\VW LQ WKH SRO\PHUL]DWLRQ RI ��

HWK\Q\OF\FORKH[HQH
��

DQG ��HWK\Q\OWROXHQH�
��

+RZHYHU WKH RUJDQRWLQ DQG RUJDQRDOXPLQXP

FRPSRXQGV GLG QRW H[KLELW DQ\ FRFDWDO\WLF DFWLYLW\

LQ WKLV 0R�FDWDO\]HG SRO\PHUL]DWLRQ RI +'� 7KH

0R&O� LWVHOI DOVR VKRZV D VLPLODU FDWDO\WLF DFWLYLW\

WR WKDW RI 0R&O� �H[S� QR� ������� 6XFK PHWDOORFHQH

FDWDO\VW DV &S�0R&O��(W$O&O�FDWDO\VW V\VWHP� ZKLFK

KDV EHHQ IRXQG WR EH HIIHFWLYH FDWDO\VWV IRU WKH

SRO\PHUL]DWLRQ RI SKHQ\ODFHW\OHQH
�����

ZDV DOVR

IRXQG WR EH HIIHFWLYH IRU WKLV F\FORSRO\PHUL]DWLRQ

RI +'�

7KH SRO\PHUL]DWLRQ DW �
R
& SURFHHGHG LQ YHU\

PLOG PDQQHU DQG WKH PHWKDQRO�LQVROXEOH SRO\PHU

\LHOG ZDV YHU\ ORZ � õ ����� +RZHYHU DERYH

��
R
&� WKH SRO\PHU \LHOGV ZHUH PRVWO\ TXDQWLWDWLYH

�H[S� 1R� ��������

7DEOH ,, VKRZV WKH SRO\PHUL]DWLRQ UHVXOWV IRU WKH

SRO\PHUL]DWLRQ RI +' E\ :�EDVHG FDWDO\VWV� ,Q

JHQHUDO� WKH :&O��EDVHG FDWDO\VWV VKRZHG ORZHU

FDWDO\WLF DFWLYLW\ LQ WKLV SRO\PHUL]DWLRQ� 7KH SRO\�

PHU \LHOGV ZHUH VOLJKWO\ LQFUHDVHG ZKHQ VXFK

FRFDWDO\VWV DV (W$O&O� DQG 3K�6Q DUH XVHG� ,W KDV

EHHQ NQRZQ WKDW WKH FDWDO\WLF DFWLYLW\ RI 0R�EDVHG

FDWDO\VWV ZDV PRUH HIIHFWLYH WKDQ WKRVH RI :�

EDVHG FDWDO\VWV LQ WKH F\FORSRO\PHUL]DWLRQ RI ����

KHSWDGL\QHV VXFK DV GLSKHQ\OGLSURSDUJ\OPHWKDQH�
��

GLHWK\OGLSURSDUJ\OPDORQDWH�
�����

DQG ����ELV��WHUW�

EXW\OGLPHWK\OVLOR[\��PHWK\O�������KHSWDGL\QH�
��

)LJXUH � VKRZV WKH WLPH GHSHQGHQFH FXUYH RI

SRO\PHU \LHOG IRU WKH SRO\PHUL]DWLRQ RI +' E\

0R&O� DQG 0R&O��(W$O&O� LQ FKORUREHQ]HQH� $V

VKRZQ LQ WKLV ILJXUH� ZKHQ LQLWLDO PRQRPHU FRQ�

FHQWUDWLRQ �>0@�� DQG WKH PRQRPHU WR FDWDO\VW

PROH UDWLR �0�&� ZHUH ��� 0 DQG ��� WKH SRO\PHU�

L]DWLRQ SURFHHGHG YHU\ UDSLGO\ DW LQLWLDO SRO\PHU�

7DEOH ,,� 3RO\PHUL]DWLRQ RI ����+HSWDGL\QH E\

7XQJVWHQ�%DVHG &DWDO\VWV
D
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E

�PROH UDWLR�
0�&

F

>0@�
G 3� <�

���
H

� :&O� �� ��� ��

� :&O� ��� ��� �

� :&O� ��� ��� WUDFH

�
:&O��(W$O&O�

�����
�� ��� ��

�
:&O��3K�6Q

�����
�� ��� ��

D

3RO\PHUL]DWLRQ ZDV FDUULHG RXW DW ��
R

& IRU �� KUV LQ

FKORUREHQ]HQH�
E

0L[WXUH RI FDWDO\VW DQG FRFDWDO\VW VROXWLRQ ZDV DJHG

IRU �� PLQ DW ��
R

& EHIRUH XVH�
F

0RQRPHU WR FDWDO\VW PROH UDWLR�
G

,QLWLDO PRQRPHU FRQFHQWUDWLRQ �0��
H

3RO\PHU \LHOG�

)LJXUH �� 7KH WLPH GHSHQGHQFH FXUYHV RI SRO\PHU \LHOG

IRU WKH SRO\PHUL]DWLRQ RI +' E\ 0R&O� �6 � DQG 0R&O��

(W$O&O� �2�FDWDO\VW V\VWHPV�
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L]DWLRQ WLPH� WKH SRO\PHU \LHOG QHDUO\ TXDQWLWDWLYH

HYHQ DIWHU � KU� 2Q WKH RWKHU KDQG� WKH SRO\PHU�

L]DWLRQ RI +' E\ 0R&O��(W$O&O� FDWDO\VW V\VWHP

SURFHHGHG PRUH VORZO\�

3RO\PHU 6WUXFWXUH� ,W ZDV YHU\ GLIILFXOW WR

LGHQWLI\ WKH H[DFW SRO\PHU VWUXFWXUH LQ VROXWLRQ

VWDWH EHFDXVH RI WKH LQVROXELOLW\ RI WKH UHVXOWLQJ

SRO\�+'�� 7KH SRO\PHU VWUXFWXUH RI SRO\�+'� ZDV

FKDUDFWHUL]HG E\ YDULRXV LQVWUXPHQWDO PHWKRGV

VXFK DV VROLG�VWDWH
��
&�105� ,5� 89�YLVLEOH VSHF�

WURVFRSLHV DQG HOHPHQWDO DQDO\VLV�

)LJXUH � VKRZV WKH ,5 VSHFWUD RI +'� SRO\�+'��

DQG SRO\�+'� DIWHU H[SRVLQJ WR DLU IRU � GD\V� 7KH

,5 VSHFWUXP RI SRO\�+'� GLG QRW VKRZ WKH DFHW\�

OHQLF &ô& ERQG VWUHWFKLQJ IUHTXHQF\ DW ���� FP
��

DQG WKH DFHW\OHQLF  &�+ VWUHWFKLQJ IUHTXHQF\ DW

DERXW ���� FP
��
� ,QVWHDG� WKH & & GRXEOH ERQG

VWUHWFKLQJ IUHTXHQF\ SHDN RI FRQMXJDWHG SRO\PHU

EDFNERQH DW ���� FP
��
ZDV QHZO\ REVHUYHG� $

VPDOO SHDN DW ���� FP
��
� ZKLFK LV DEVHQW DW WKH ,5

VSHFWUXP RI +'� LV RULJLQDWHG E\ WKH YLQ\OLF  &�+

VWUHWFKLQJ IUHTXHQF\ RI WKH FRQMXJDWHG SRO\PHU

EDFNERQH�

)LJXUH � VKRZV WKH VROLG�VWDWH
��
&�105 VSHF�

WUXP RI SRO\�+'�� 7KLV VSHFWUXP GLG QRW VKRZ

DQ\ DFHW\OHQLF FDUERQ SHDNV� ZKLFK ZDV VHHQ DW

����� DQG ����� SSP LQ WKH
��
&�105 VSHFWUXP

RI +'� ,QVWHDG LW H[KLELWHG WKH QHZ YLQ\O FDUERQ

SHDNV RI FRQMXJDWHG SRO\PHU EDFNERQH RI SRO\

�+'� DW ������� SSP� ZKLFK GLG QRW REVHUYHG LQ

WKH
��
&�105 VSHFWUXP RI PRQRPHU �+'�� ,W DOVR

VKRZHG WZR EURDG SHDNV GXH WR WKH PHWK\OHQH

FDUERQV DGMDFHQW WR FRQMXJDWHG GRXEOH ERQGV

DQG WKH PHWK\OHQH SURWRQV RI ��SRVLWLRQ DW �����

SSP DQG ����� SSP� UHVSHFWLYHO\�

)LJXUH � VKRZV WKH 89�YLVLEOH VSHFWUD RI SRO\

�+'� >WKLQ VROLG ILOP DQG FKORURIRUP VROXWLRQ@�

7KH 89�YLVLEOH VSHFWUD RI SRO\�+'� VKRZHG WKH

FKDUDFWHULVWLF EURDG DEVRUSWLRQ SHDN DW WKH YLVLEOH

UHJLRQ� ZKLFK LV RULJLQDWHG IURP WKH πâπ FRQMX�
JDWLRQ EDQG WUDQVLWLRQ RI WKH SRO\HQH PDLQ FKDLQ�

ZKLFK KDG QRW EHHQ REVHUYHG DW WKH 89�YLVLEOH

VSHFWUXP RI PRQRPHU� +'� 7KH DEVRUSWLRQ SHDN

RI SRO\�+'� ILOP WDLOHG XSWR ��� QP�

7KH HOHPHQWDO DQDO\VLV GDWD RI SRO\�+'� DJUHHG

ZLWK WKH WKHRUHWLFDO YDOXH WKRXJK LW KDV D VOLJKW

)LJXUH �� )7�,5 VSHFWUXP RI +' �$�� SRO\�+'� �%�SUH�

SDUHG E\ 0R&O�� DQG SRO\�+'� DIWHU H[SRVLQJ WR DLU IRU �

GD\V �&��

)LJXUH �� 6ROLG�VWDWH
��

&�105 VSHFWUXP RI SRO\�+'�

VDPSOH SUHSDUHG E\ 0R&O� �H[S� QR� ���

)LJXUH �� 89�YLVLEOH VSHFWUD RI SRO\�+'� >WKLQ VROLG ILOP

������ DQG FKORURIRUP VROXWLRQ �—�@�
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.RUHD 3RO\P� -�� 9RO� �� 1R� �� ���� ���

GHYLDWLRQ� &DOFG IRU �&�+��Q� &� ������� +� ������

)RXQG� &� ������� +� ������ ,QVSLWH RI H[KDXV�

WLYH ZDVKLQJ SURFHGXUHV� DVK GXH WR WKH FDWDO\VW

UHVLGXHV ZDV DOZD\V SUHVHQW EHFDXVH LWV LQVROXELOLW\

WR WKH SXULILFDWLRQ VROYHQWV� ,W ZDV IRXQG WKDW WKH

0R�FDWDO\VW UHVLGXHV DQG R[\JHQ DWRP GXH WR WKH

DLU R[LGDWLRQ GXULQJ WKH SURFHVV ZHUH FRQWDLQHG LQ

WKLV SRO\PHU VDPSOH WR WKH H[WHQW RI ��� %RWK 0R

DQG $O ZHUH GHWFHWHG E\ HQHUJ\ GLVSHUVLYH ;�UD\

DQDO\VLV�

,W KDV EHHQ DOVR UHSRUWHG WKDW WKH FRQMXJDWHG

F\FOLF SRO\PHUV REWDLQHG E\ ERWK D FODVVLFDO PHW�

DWKHVLV FDWDO\VW DQG D ZHOO�GHILQHG DON\OLGHQH LQLWL�

DWRU SURGXFHG ILYH� DQG VL[�PHPEHUHG ULQJV RI D

FHUWDLQ UDWLR� ZKLFK GHSHQGHG RQ WKH SRO\PHUL]D�

WLRQ FRQGLWLRQV DQG NLQGV RI FDWDO\VWV XVHG�
�����

7KH HIIHFW RI VL]H DQG W\SH RI VXEVWLWXHQWV XSRQ

WKH ILQH DQG FRQIRUPDWLRQDO VWUXFWXUH IRU WKLV

SRWHQWLDOO\ LQWHUHVWLQJ FODVV RI F\FOLF SRO\HQHV ZDV

V\VWHPDWLFDOO\ SHUIRUPHG�
��
7KH UDWLR EHWZHHQ

ILYH�PHPEHUHG DQG VL[�PHPEHUHG ULQJV LQFUHDVHG

ZLWK WKH VL]H DQG QXPEHU RI VXEVWLWXHQWV DW WKH ��

SRVLWLRQ� ,Q SDUWLFXODU LW ZDV UHSRUWHG WKDW WKH ILYH�

PHPEHUHG SRO\PHU ZDV RQO\ SURGXFHG ZKHQ DQ

H[WHUPHO\ EXON\ VXEVWLWXHQW VXFK DV WKH WHUW�EXW\O�

GLSKHQ\OVLOR[\PHWK\O JURXS ZDV LQWURGXFHG DW WKH

��SRVLWLRQ RI ����KHSWDGL\QH�
��
0R&O� FDWDO\VW LV

VWHULFDOO\ YHU\ VPDOO FRPSDUHG WR WKH ZHOO�GHILQHG

DON\OLGHQH FRPSOH[HV� 2I WK SRVVLEOH VWUXFWXUHV�

VWUXFWXUH � ZDV MXGJHG WR EH WKH PRVW IDYRUDEOH

RQH LQ WKH YLHZSRLQW RI LWV VWDELOLW\ DQG SUREDELOLW\

DVVRFLDWHG ZLWK WKH WUDQVLWLRQ VWDWH LQ WKH F\FORSR�

O\PHUL]DWLRQ�
�����

3RO\PHU 3URSHUWLHVP 7KH UHVXOWLQJ 3RO\�+'�V

ZHUH JHQHUDOO\ GDUN�EURZQ RU EODFN SRZGHUV� 7KH

ILQDO SRO\�+'�V ZHUH JHQHUDOO\ LQVROXEOH LQ DQ\

RUJDQLF VROYHQWV UHJDUGOHVV RI WKH FDWDO\VWV DQG

WKH SRO\PHUL]DWLRQ PHWKRGV� ZKLFK LV RULJLQDWH

IURP WKH FKDLQ ULJLGLW\ RI SRO\�+'� DQG�RU WKH

FURVV�OLQNLQJ UHDFWLRQ RI WKH ODELOH DOO\OLF K\GURJHQ

DWRPV� 7KH ILQDO SRO\PHUV ZHUH LQVROXEOH DOWKRXJK

WKH SRO\PHUL]DWLRQ VROXWLRQ VHHPHG WR EH KRPR�

JHQHRXV DQG LW ZDV VROXWLRQ FDVWDEOH LQWR WKLQ

SRO\PHU ILOP�

,I WKH SRO\PHU � ZDV IRUPHG PDMRUO\ LQ WKH HDUO\

SRO\PHUL]DWLRQ WLPH� WKH SRO\PHU SUHFLSLWDWHG

DIWHU HDUO\ SRO\PHUL]DWLRQ WLPH ��� PLQ RU � KU�

PXVW EH VROXEOH LQ RUJDQLF VROYHQW EHFDXVH WKH

SRO\PHU � LV VLPSOH SRO\DFHW\OHQH KDYLQJ VXEVWLW�

XHQW� ZKLFK PD\ EH H[SHFWHG WR EH VROXEOH LQ

FRPPRQ RUJDQLF VROYHQWV� +RZHYHU WKH REWDLQHG

SRO\�+'�V ZHUH LQVROXEOH LQ DQ\ RUJDQLF VROYHQWV

UHJDUGOHVV RI WKH FDWDO\VW DQG SRO\PHUL]DWLRQ FRQ�

GLWLRQV DOWKRXJK WKH SRO\PHU VROXWLRQ LQ WKH HDUO\

SRO\PHUL]DWLRQ WLPH ZDV KRPRJHQHRXV� 7KLV LQ�

GLFDWH WKDW WKH SUHVHQW SRO\�+'� VWUXFWXUH LVQW

VWUXFWXUH � EXW VWUXFWXUH �� �� DQG �� D FRQMXJDWHG

SRO\HQHV KDYLQJ F\FOLF UHFXUULQJ XQLW DUH PRUH

IDYRUDEOH RQHV� 6LPLODU KRPRORJXHV VXFK DV SRO\

�GLSURSDUJ\O HWKHU�
��
DQG SRO\�GLSURSDUJ\O VXOILGH�

��

ZHUH DOVR IRXQG WR EH LQVROXEOH LQ DQ\ RUJDQLF

VROYHQWV� 7KLV PHDQV WKDW WKLV SRO\�����KHSWD�

GL\QH� LWVHOI LV VWUXFWXUDOO\ YHU\ UHJLG IRUP DV OLNH

ZLWK WKDW RI SRO\DFHW\OHQH�

7KH KRPRJHQHRXV SRO\PHUL]DWLRQ VROXWLRQV DW

WKH HDUO\ SRO\PHUL]DWLRQ WLPH ZHUH FDVWHG LQWR D

WKLQ KRPRJHQHRXV SRO\PHU ILOP ZLWK RUDQJH�UHG

FRORU� +RZHYHU WKH UHVXOWLQJ SRO\PHU ILOPV ZHUH

WRR EULWWOH WR PHDVXUH WKH PHFKDQLFDO SURSHUWLHV

VXFK DV WHQVLOH VWUHQWK� PRGXOXV� DQG IDLOXUH VWUDLQ�

7KH UHVXOWLQJ SRO\�+'� ZHUH DOVR IRXQG WR EH

YHU\ XQVWDEOH WR DLU R[LGDWLRQ� UHJDUGOHVV RI WKH

SRO\PHU ILOPV DQG SRO\PHU SRZGHU� (YHQ DIWHU �

GD\V� WKH ,5 VSHFWUXP RI SRO\�+'� VKRZV D VWURQJ

FDUERQ\O FDUERQ DEVRUSWLRQ SHDN DW ���� FP
��
�

ZKLFK GLG QRW VHHQ LQ WKH ,5 VSHFWUXP RI WKH LQLWLDO

SRO\PHU VDPSOH �)LJXUH ���

)LJXUH �� ;�UD\ GLIIUDFWRJUDP RI SRO\�+'� SUHSDUHG E\

0R&O� �H[S� QR� ���
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7KH 7* WKHUPRJUDP RI SRO\�+'� VKRZHG WKDW

WKH SRO\PHU UHWDLQV ��� RI LWV RULJLQDO ZHLJKW DW

���
R
&� ��� DW ���

R
&� ��� DW ���

R
&� ��� DW

���
R
&� ��� DW ���

R
&� 7KH FKDU \LHOG DIWHU KHDW�

LQJ XSWR ����
R
& ZDV ����

7KH PRUSKRORJ\ RI SRO\�+'� ZDV DOVR LQYHVWL�

JDWHG E\ ;�UD\ GLIIUDFWLRQ DQDO\VLV �)LJXUH �� DQG

WKH SHDN LQ WKH GLIIUDFWLRQ SDWWHUQ LV EURDG DQG

WKH UDWLR RI WKH KDOI�KHLJKW ZLGWK WR GLIIUDFWLRQ

DQJOH �∆�θ��θ� LV JUHDWHU WKDQ ������� WKH SUHVHQW
SRO\�+'�V DUH DPRUSKRXV�

&RQFOXVLRQV

7KH F\FORSRO\PHUL]DWLRQ RI +'� D VLPOSHVW

GLSURSDUJ\O GHULYDWLYH� SURFHHGHG ZHOO WR JLYH

FRQMXJDWHG SRO\HQH SRO\PHU ZLWK 0R� DQG :�

EDVHG WUDQVLWLRQ PHWDO FDWDO\VW V\VWHPV� 7KH FDWD�

O\WLF DFWLYLW\ RI 0R&O��EDVHG FDWDO\VWV ZHUH IRXQG

WR EH JUHDWHU WKDQ WKRVH RI :&O��EDVHG FDWDO\VW

V\VWHP� 7KH SRO\PHUL]DWLRQ EHKDYLRUV ZHUH IRXQG

WR EH GHSHQGHG RQ WKH FDWDO\VWV DQG SRO\PHUL]D�

WLRQ FRQGLWLRQV� 7KH UHVXOWLQJ SRO\�+'� ZHUH

LQVROXEOH LQ DQ\ RUJDQLF VROYHQWV UHJDUGOHVV RI WKH

FDWDO\VW DQG WKH UHDFWLRQ FRQGLWLRQV� ZKLFK LV RULJ�

LQDWH IURP WKH FKDLQ ULJLGLW\ RI SRO\�+'� DQG�RU

WKH FURVV�OLQNLQJ UHDFWLRQ RI WKH ODELOH DOO\OLF

K\GURJHQ DWRPV� 7KH SRO\PHU VWUXFWXUH ZDV FKDU�

DFWHUL]HG E\ YDULRXV LQVWUXPHQWDO PHWKRGV WR

KDYH FRQMXJDWHG SRO\PHU EDFNERQH VWUXFWXUH ZLWK

F\FOLF UHFXUULQJ XQLWV� 7KH ;�UD\ GLIIUDFWLRQ GDWD

LQGLFDWHG WKDW WKH SUHVHQW SRO\�+'�V DUH PRVWO\

DPRUSKRXV�

$FNQRZOHGJHPHQW� 7KLV ZRUN ZDV VXSSRUWHG

E\ WKH .RUHD 6FLHQFH 	 (QJLQHHULQJ )RXQGDWLRQV

�.26()� WKURXJK WKH $GYDQFHG 0DWHULDO 5HVHDUFK

&HQWHU IRU %HWWHU (QYLURQPHQW DW +DQEDW 1DWLRQDO

8QLYHUVLW\�

5HIHUHQFHV

��� 6� .� &KRL� -� +� /HH� 6� -� .DQJ� DQG 6� +� -LQ�

3URJ� 3RO\P� 6FL�� ��� ��� �������

��� 6� .� &KRL� <� 6� *DO� 6� +� -LQ� DQG +� .� .LP�

&KHP� 5HY�� ���� ���� �������

��� %� 6� .LP� /� &KHQ� -� 3� *RQJ� DQG <� 2VDGD�

.RUHD 3RO\PHU -�� �� ��� �������

��� &� <� /HH� +� 0� .LP� -� :� 3DUN� <� 6� *DO� -� ,� -LQ�

DQG -� -RR� 6\Q� 0HW�� ���� ��� �������

��� .� 7DQDND� +� 0DWVX\D� 7� 0DVXGD� DQG 7� +LJDVK�

LPXUD� -� $SSO� 3RO\P� 6FL�� ��� ���� �������

��� <� 1DJDVH� .� 6XJLPRWR� <� 7DNDPXUD� DQG .� 0DW�

VXL� -� $SSO� 3RO\P� 6FL�� ��� ���� �������

��� +� 1LVKLGH� +� .DZDNDPL� <� 6DVDPH� .� ,VKLZDWD�

DQG (� 7VXFKLGD� -� 3RO\P� 6FL� 3RO\P� &KHP� (G��
��� �� �������

��� 7� 0L]XPRWR� 7� 0DVXGD� DQG 7� +LJDVKLPXUD� -�

3RO\P� 6FL� 3RO\P� &KHP� (G�� ��� ���� �������

��� <� +� .LP DQG 6� .� .ZRQ� .RUHD 3RO\PHU -�� �� ���
�������

���� 7� 2NXER� 6� .RKPRWR� 0� <DPDPRWR� DQG .�

<DPDGD� -� 3RO\P� 6FL� 3RO\P� &KHP� (G�� ��� ���
�������

���� (� <DVKLPXUD� 7� 0DWVXVKLPD� 7� 1LPXUD� DQG <�

2NDPRWR� .RUHD 3RO\PHU -�� �� ��� �������

���� 7� $RNL� .� ,� 6KLQRKDUD� 7� .DQHNR� DQG (�

2LNDZD� 0DFURPROHFXOHV� ��� ���� �������

���� 6� +� -LQ� 6� +� .LP� +� 1� &KR� DQG 6� .� &KRL�

0DFURPROHFXOHV� ��� ���� �������

���� 6� -� &KRL� 6� +� -LQ� :� 6� $KQ� +� 1� &KR� DQG 6�

.� &KRL� 0DFURPROHFXOHV� ��� ��� �������

���� .� $NDJL� +� *RWR� +� 6KLUDNDZD� 6� <� 2K� DQG .�

$UD\D� 6\QWK� 0HW�� ��� �� �������

���� 3� 6WDJQDUR� %� &DYD]]D� 9� 7UHILOHWWL� *� &RVWD� %�

*DLORW� DQG %� 9DOHQWL� 0DFURPRO� &KHP� 3K\V��
���� ���� �������

���� $� )XUODQL� *� ,XFFL� 0� 9� 5XVVR� $� %HDU]RWWL� DQG

$� '·$PLFR� 6HQVRUV DQG $FWXDWRUV %� �� ��� �������
���� /� 6� +ZDQJ� -� 0� .R� +� :� 5KHH� DQG &� <� .LP�

6\QWK� 0HW�� ������ ���� �������

���� 6� +� -LQ� -� :� 3DUN� 6� .� &KRL� +� 1� &KR� 6� <�

3DUN� 1� -� .LP� 7� :DGD� DQG +� 6DVDEH� 0RO�
&U\VW� /LT� &U\VW�� ���� ��� �������

���� &� +DOYRUVRQ� $� +D\V� %� .UDDEHO� 5� :X� )� :XGO�

DQG $� -� +HHJHU� 6FLHQFH� ���� ���� �������

���� .� 6KLJD� 7� ,QRJXFKL� .� 0RUL� .� .RQGR� .�

.DPDGD� .� 7DZD� .� 2KWD� 7� 0DUXR� (� 0RFKL�

]XNL� DQG <� .DL� 0DFURPRO� &KHP� 3K\V�� ���� ���
�������

���� <� 6� *DO� :� &� /HH� 6� 6� /HH� -� 6� %DH� %� 6�

.LP� 6� +� -DQJ� 6� +� -LQ� DQG -� :� 3DUN� .RUHD
3RO\PHU -�� �� ��� �������

���� <� 6� *DO� :� &� /HH� 6� <� .LP� -� :� 3DUN� 6� +�

-LQ� .� 1� .RK� DQG 6� +� .LP� -� 3RO\P� 6FL� 3RO\P�
&KHP� (G�� ��� ���� �������

���� .� 7DGD� 5� +LGD\DW� 0� +LURKDWD� 0� 7HUDJXFKL� 7�

0DVXGD� DQG .� <RVKLQR� -SQ� -� $SSO� 3K\V�� ���
/���� �������

���� *� %� %XWOHU� $FF� &KHP� 5HV�� ��� ��� �������

���� *� %� %XWOHU� -� 3RO\P� 6FL� 3RO\P� &KHP� (G�� ���
���� �������

���� &� +� 'R� <� 7� -RR� DQG *� %� %XWOHU� .RUHD 3RO\�
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.RUHD 3RO\P� -�� 9RO� �� 1R� �� ���� ���

PHU -�� �� �� �������

���� 6� -� -HRQ� 6� 6� 6KLP� &� 6� &KR� 7� -� .LP� DQG <�

6� *DO� %XOO� .RUHDQ &KHP� 6RF�� ��� ��� �������

���� <� 6� *DO� :� &� /HH� 7� /� *XL� 6� 6� /HH� -� 6� %DH�

%� 6� .LP� 6� +� -DQJ� DQG 6� +� -LQ� %XOO� .RUHDQ
&KHP� 6RF�� ��� ��� �������

���� <� 6� *DO� :� &� /HH� 6� +� .LP� 6� 6� /HH� 6� 7�

-ZD� DQG 6� +� 3DUN� -� 0DFURPRO� 6FL��3XUH DQG
$SSO� &KHP�� $��� ��� �������

���� -� .� 6WLOOH DQG '� $� )UH\� -� $P� &KHP� 6RF�� ���

���� �������

���� (� &� &ROWKXS DQG /� 6� 0HULZHWKHU� -� 2UJ� &KHP��
��� ���� �������

���� $� -� +XEHUW DQG -� 'DOH� -� &KHP� 6RF�� ����

�������

���� +� :� *LEVRQ� )� &� %DLOH\� $� -� (SVWHLQ� +� 5RP�

PHOPDQQ� DQG -� 0� 3RFKDQ� -� &KHP� 6RF� &KHP�
&RPPXQ�� ��� �������

���� +� :� *LEVRQ� )� &� %DLOH\� $� -� (SVWHLQ� +� 5RP�

PHOPDQQ� 6� .DSODQ� -� +DUERXU� ;� 4� <DQJ� '� %�

7DQQHU� DQG -� 0� 3RFKDQ� -� $P� &KHP� 6RF�� ����
���� �������

���� 5� 6� $VDQ DQG 0� )� )DURQD� -� 0RO� &DW�� ��� ���
�������

���� 0� 6� -DQJ� 6� .� .ZRQ� DQG 6� .� &KRL� 0DFURPRO�
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