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6FKRRO�RI�0DWHULDOV�6FLHQFH�DQG�(QJLQHHULQJ�DQG�,QVWLWXWH�RI�WKH�$GYDQFHG�0DWHULDOV�
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5HFHLYHG�)HEUXDU\���������

$Q� LQRUJDQLF�RUJDQLF� K\EULG� V\VWHP�� VLOLFD�SRO\�HWK\OHQH� JO\FRO�� VRQRJHO� LV� UHSRUWHG�� 7KLV� V\VWHP� ZDV

SUHSDUHG�YLD�VRO�JHO�PHWKRG�E\�YDU\LQJ�YDULRXV�SURFHVVLQJ�YDULDEOHV��H�J��XOWUDVRQLF�UDGLDWLRQ�WLPH��JHOOLQJ

WHPSHUDWXUH�� 3(*� FRQWHQW� DQG� LWV� PROHFXODU� ZHLJKW�� 9DULRXV� H[SHULPHQWDO� WHFKQLTXHV� ZHUH� HPSOR\HG� WR

DQDO\]H�WKH�PRUSKRORJLFDO��PHFKDQLFDO�DQG�RSWLFDO�SURSHUWLHV�RI�WKH�V\VWHP��7KH�UHVXOWV�ZHUH�GLVFXVVHG�LQ�WKH

OLJKW�RI�H[LVWLQJ�WKHRULHV��7KH�VRQRJHO�V\VWHP�H[KLELWHG�WKH�FRPPRQ�IHDWXUHV�RI�LQRUJDQLF�RUJDQLF�K\EULGV�

6L2�����ZW��3(*�VRQRJHO�H[KLELWHG�WKH�PRUSKRORJLFDO��PHFKDQLFDO�DQG�RSWLFDO�SURSHUWLHV�VXSHULRU�WR�WKRVH

UHSRUWHG�HDUOLHU�IRU�WKH�FODVVLF�JHOV�DQG�IRXQG�VXLWDEOH�IRU�GHYLFH�DSSOLFDWLRQV��

.H\ZRUGV � 6RO�*HO��6RQRJHO��8OWUDVRQLF�LUUDGLDWLRQ��6L2��3(*�K\EULG��,QRUJDQLF�RUJDQLF�K\EULG��

,QWURGXFWLRQ

7KH�LQRUJDQLF�RUJDQLF�K\EULGV�DUH�D�QHZ�FODVV�RI�PDWHULDOV

ZKLFK� IDYRUDEO\� FRPELQH� WKH� SURSHUWLHV� RI� WKH� RUJDQLF

PDWHULDOV� WR� WKRVH� RI� WKH� LQRUJDQLF� RQHV�� KHQFH�� RIIHU� D

YDULHW\� RI� DGYDQWDJHRXV� SURSHUWLHV�� VXFK� DV� PHFKDQLFDO�

RSWLFDO�� HOHFWULFDO� DQG� WKHUPDO� IXOILOO� WKH� FULWHULD� IRU� LQGX�

VWULDO�DSSOLFDWLRQV�����6XFK�D�K\EULG�V\VWHP�LV�V\QWKHVL]HG�YLD

VRO�JHO� SURFHVVLQJ� E\� FRQWUROOHG� K\GURO\VLV� DQG� VXEVHTXHQW

FRQGHQVDWLRQ�RI�DQ�RUJDQLF�SUHFXUVRU�H�J��DONR[\VLODQH�LQ�WKH

SUHVHQFH�RI�ZDWHU��D�VROYHQW�DQG�D�FDWDO\VW�IROORZHG�E\�DJLQJ

DQG�GU\LQJ��7KLV�SURFHVV�VWURQJO\�GHSHQGV�RQ�WKH�QDWXUH�RI

DONR[\� JURXS� 	� WKH� VROYHQW�� WKH� FRQFHQWUDWLRQ� RI� HDFK

VSHFLHV�LQ�WKH�VROYHQW��WKH�ZDWHU�WR�DONR[\VLODQH�PRODU�UDWLR�

WKH�WHPSHUDWXUH�DQG�WKH�S+�YDOXH�RI�VRO�����$Q�DONR[\VLODQH

GHULYDWLYH� LV� XVXDOO\� XVHG� WR� SURYLGH� DQ� LQRUJDQLF� �6L2 ��

EDFN�ERQH��JHQHUDOO\�WKUHH�GLPHQVLRQDO��RQWR�ZKLFK�RUJDQLF

JURXSV� DUH� DWWDFKHG� WKURXJK� FRYDOHQW� EDQGV�� 7HWUDHWKR[\�

VLODQH��7(26��LV� WKH�PRVW�FRPPRQ�SUHFXUVRU�ZKLFK�RIIHUV

KLJK� SRURVLW\� DQG� ODUJH� VXUIDFH� DUHD� WR� WKH� V\VWHP� ��$FLG�

EDVH� FDWDO\]HG�6L2��3(*�K\EULG� V\VWHP�KDV� UHFHQWO\� EHHQ

VWXGLHG�E\�YDULRXV�ZRUNHUV�GXH�WR�WKH�IROORZLQJ�VLJQLILFDQW

IHDWXUHV������ �L�� 3(*� H[KLELWV� FHUWDLQ� OLTXLG�OLNH� SURSHUWLHV

VXFK�DV�LW�DFWV�DV�DQ�LPPRELOH�VROYHQW�IRU�PDQ\�PHWDOOLF�VDOWV

ZKLFK� DUH� IRXQG� VXLWDEOH� IRU� GHYHORSLQJ� IDVW� LRQ� FRQGXF�

WRUV���� �LL��7KH�SUHVHQFH�RI�VLOLFD�QHWZRUN�DOORZV� WKH� WUDQV�

SDUHQW� PDWHULDOV� WR� EH� REWDLQHG� ZLWK� PHFKDQLFDO� SURSHUW\

VXSHULRU� WR� SXUH� 3(*� V\VWHP���� DQG� �LLL�� ,W� H[KLELWV� ORZ

GLHOHFWULF�FRQVWDQW����

7KH� VDPSOHV�� SUHSDUHG�E\� WUDGLWLRQDO�PHWKRG�� H[KLELW�� LQ

JHQHUDO�� VKULQNDJH�FUDFNV� DV� ZHOO� DV� WKH� ORQJHU� JHODWLRQ

WLPH�����=DU]\HNL�HW�DO��DQG�'RQDWWL�HW�DO��VKRZHG�VHSDUDWHO\

WKDW�WKH�VRQRFDWDO\VLV�PHWKRG�FDQ�EH�XWLOL]HG�WR�DYRLG�WKH�XVH

RI� VROYHQW� DQG� WR� LPSURYH� WKH� JHODWLRQ� WLPH�� WKH� GHQVLW\�

GHJUHH�RI�V\QHUHVLV��HODVWLF�DQG�YLVFRHODVWLF�SDUDPHWHUV� �����

7KH� XOWUDVRQLF� HQHUJ\� SURGXFHV� DQ� DWRPL]DWLRQ� HIIHFW�

HPXOVLI\LQJ�WKH�ZDWHU�DONR[\VLODQH�PL[WXUH�DQG�SURYRNLQJ�D

UHOHDVH� RI� DOFRKRO�� ZKLFK�� LQ� WXUQ�� DFFHOHUDWHV� WKH� KRPR�

JHQL]DWLRQ� SURFHVV��0RUH� SUHFLVHO\�� RQ� WKH� SURSDJDWLRQ� RI

XOWUDVRQLF� ZDYH� WKURXJK� WKH� VROXWLRQ�� D� PLFURFDYLW\� LV

IRUPHG� LQ� WKH� ORZ� SUHVVXUH� SKDVH� DW� D� QXFOHXV� E\� D� JDV

EXEEOH�� 7KLV� PLFURFDYLW\� H[SDQGV� TXDVL�LVRWKHUPDOO\� DQG

EHFRPHV� ILOOHG�ZLWK� WKH�YDSRUV�RI� WKH� UHDFWDQWV� UHVXOWLQJ�D

KLJK�SUHVVXUH�SKDVH��&RQVHTXHQWO\��GXH�WR�WKH�KLJK�SUHVVXUH�

WKH� PLFURFDYLW\� FROODSVHV� DGLDEDWLFDOO\� DQG� SURGXFHV� KLJK

WHPSHUDWXUH�ZKLFK� DFFHOHUDWHV� WKH� K\GURO\VLV�FRQGHQVDWLRQ

UHDFWLRQ�� 'RQDWWL� HW� DO�� VKRZHG� WKDW� WKH� K\GURO\VLV� UDWH� LV

GLUHFWO\�SURSRUWLRQDO� WR� WKH� DSSOLHG� UDGLDWLRQ� WLPH� ������7KH

6L2��3(*�K\EULG�VRQRJHO�V\VWHP�KDV�DOVR�EHHQ�UHSRUWHG��LQ

SDVW��LQ�ZKLFK�WKH�HIIHFW�RI�GU\LQJ�FRQWURO�FKHPLFDO�DGGLWLYHV

�'&&$��H�J��3(*�RQ�6L2��ZDV�VWXGLHG�ZLWK�YDULRXV�GRVH�RI

XOWUDVRQLF�LUUDGLDWLRQ����1R�RWKHU�VWXGLHV�DUH�IRXQG�UHSRUWHG

LQ�WKH�OLWHUDWXUHV�IRU�WKH�6L2��3(*�VRQRJHO�V\VWHP�

,Q�WKH�SUHVHQW�SDSHU��D�GHWDLOHG�LQYHVWLJDWLRQ�RI�WKH�K\EULG

6L2��3(*� VRQRJHO� V\VWHP� LV� UHSRUWHG�� 7KLV� V\VWHP� ZDV

V\QWKHVL]HG�E\�FRQWUROOLQJ�WKH�SURFHVVLQJ�YDULDEOHV��VXFK�DV

XOWUDVRQLF�LUUDGLDWLRQ�WLPH��DJLQJ�WHPSHUDWXUH��3(*�FRQWHQW

DQG� LWV� PROHFXODU� ZHLJKW�� $QRWKHU� K\EULG� V\VWHP�ZLWK� ��

ZW��RI� SRO\�GLPHWKR[\VLODQH�� �3'06��ZDV� DOVR� SUHSDUHG

XQGHU�WKH�VDPH�FRQGLWLRQV�IRU�GLUHFW�FRPSDULVRQ��7KH�PLFUR�

VWUXFWXUDO��PHFKDQLFDO�DQG�RSWLFDO�VWXGLHV�RQ�WKH�EXON�VDPSOHV

ZHUH�FDUULHG�RXW�XVLQJ�%(7��6(0��GHQVLW\�	�9LFNHU¶V�KDUG�

QHVV�PHDVXUHPHQWV�DQG�SRODUL]LQJ�PLFURVFRS\��6RPH�QRYHO

UHVXOWV�DUH�REWDLQHG�

([SHULPHQWDO�6HFWLRQ

3UHSDUDWLRQ�� 2UJDQLF� SUHFXUVRUV�� WHWUDHWKR[\VLODQH

�6L�2&�+����� 7(26�� $OGULFK�� ����� DV� D� VRXUFH� RI� VLOLFD�

SRO\�HWK\OHQH�JO\FRO�� ��+��&+�&+�2�Q2+���3(*��$OGULFK�

$YHUDJH�PROHFXODU�ZHLJKW� �����J�PROH�������J�PROH��DQG

SRO\�GLPHWK\OVLOR[DQH�� ��&+���6L2+���&+���6L2��;�&+���
�6L2+��3'06��8�&�7���$YHUDJH�PROHFXODU�ZHLJKW� �����J�


&RUUHVSRQGLQJ�DXWKRU��)D[�������������������(�PDLO��FPZKDQJ

#LQKD�DF�NU



3UHSDUDWLRQ�DQG�&KDUDFWHUL]DWLRQ�RI�+\EULG�6LOLFD�3RO\�HWK\OHQH�JO\FRO��6RQRJHO�%XOO��.RUHDQ�&KHP��6RF��������9RO������1R�����������

PROH��DV�SRO\PHU�FRQVWLWXHQWV��ZHUH�XVHG�DV�VXSSOLHG��7UDFH

RI�+&O� �0HUFN�� �����ZDV� XVHG� DV� FDWDO\VW� DQG� GHLRQL]HG

ZDWHU� ZDV� XVHG� IRU� K\GURO\VLV�� 7KH� FRPSRVLWLRQ� RI� VWRFN

VROXWLRQV�DQG�SURFHVVLQJ�FRQGLWLRQV�DUH�VXPPDUL]HG�LQ�7DEOH

���$Q�6L2�����ZW��3'06�K\EULG�V\VWHP�ZDV�DOVR�SUHSDUHG

LQ�WKH�LGHQWLFDO�PDQQHU�IRU�GLUHFW�FRPSDULVRQ��$OO�VROXWLRQV

ZHUH� SKDVH� VHSDUDWHG� EHIRUH� EHLQJ� VXEMHFWHG� WR� ��� N+]

XOWUDVRQLF� LUUDGLDWLRQ�� ZKLFK� ZDV� DSSOLHG� E\� D� ��� PP

GLDPHWHU�SUREH�RI�8OWUDVRQLF�3URFHVVRU��6RQLF�	�0DWHULDOV

&R��� PRGHO� ����� 86$�� 3RZHU� ��� � �:��� 7KH� FKDQJH� LQ

WHPSHUDWXUH�RI�WKH�VROXWLRQ�GXULQJ�WKH�XOWUDVRQLF�LUUDGLDWLRQ

ZDV�PHDVXUHG�XVLQJ�D�WKHUPRPHWHU�XQWLO�LW�OHYHOHG�RII��7KH

FOHDU� VRO� ZDV� OHIW� WR� FRRO� IRU� D� IHZ� PLQXWHV� DW� WKH� URRP

WHPSHUDWXUH��DQG��VXEVHTXHQWO\��SRXUHG�LQWR�D�SRO\SURS\OHQH

EDVHG� FRQWDLQHU��� 7KHQ�� LW� ZDV� FRYHUHG� E\� D� SDUDIILQ� ILOP

KDYLQJ�VPDOO�KROHV�LQ�RUGHU�WR�FRQWURO�WKH�HYDSRUDWLRQ�UDWH�

7KH�FRQWDLQHU�ZDV�NHSW�LQ�RYHQ�DW�HLWKHU�a����&�RU�a����&�WR

REVHUYH�JHODWLRQ�WLPH��$IWHU�JHODWLRQ��WKH�ZHW�JHO�ZDV�IXUWKHU

DJHG�DW�����&�IRU�RQH�ZHHN��DQG�GULHG�DW������&�IRU���GD\V�

7KH�RWKHU�ZHW�JHO�ZDV�DJHG�DW�����&�IRU�RQH�ZHHN��DQG�GULHG

DW������&�IRU���GD\V��

&KDUDFWHUL]DWLRQ�� 7KH� PRUSKRORJLFDO� SDUDPHWHUV�� YL]�

VXUIDFH� DUHD�� SRUH� VL]H� DQG� SRUH� YROXPH� RI� 6L2��3(*

VRQRJHOV�ZHUH�PHDVXUHG� E\�%(7� WHFKQLTXH� �0LFURPHWULFV

&R���$6$3� �����PRGHO��� )RU� WKHVH�PHDVXUHPHQWV�� DOO� WKH

EXON�VDPSOHV�ZHUH�RXWJDVVHG�IRU���KRXU�DW������&�DQG�WKHQ��

KRXUV� DW� ���� �&�� 7KH� EXON� GHQVLW\� ZDV� PHDVXUHG� E\� D

3\FQRPHWHU��0LFURPHWULFV�&R���$FFXS\H�������86$��DIWHU

GU\LQJ�WKH�VDPSOHV�DW������&�IRU���KRXU��0LFURVWUXFWXUH�RI

WKH�EXON�VDPSOHV�ZDV�DQDO\]HG�E\�D�6(0��+LWDFKL��PRGHO�6�

�������7KH�9LFNHU¶V�KDUGQHVV�RI�EXON�VDPSOH�ZDV�PHDVXUHG

XVLQJ� D� 0LFUR�+DUGQHVV� 7HVWHU� �)XWXUH�7HFK�� &R��� )0��

�+96�������PRGHO��XQGHU� WKH� ORDG�RI�������1�����J��DQG

GZHOO�WLPH�RI����VHF��7KH�WUDQVSDUHQF\�RI�EXON�VDPSOHV�ZDV

REVHUYHG� E\� D� 3RODUL]LQJ� 0LFURVFRSH� �1LNRQ�� PRGHO

237,3+27��-DSDQ���

5HVXOWV�DQG�'LVFXVVLRQ

*HODWLRQ��)LJXUH���VKRZV�WKH�FKDQJH�LQ�WKH�WHPSHUDWXUH�RI

WKH� 6L2����� ZW�� 3(*� VWRFN� VROXWLRQ� �6��� GXULQJ� WKH

XOWUDVRXQG� LUUDGLDWLRQ�� 7KH� WHPSHUDWXUH� RI� VWRFN� VROXWLRQ

LQFUHDVHG� DEUXSWO\� WR� a��� �&� ZLWKLQ� a�� PLQ�� DQG� WKHQ� LW

OHYHOHG� RII� DW� a��� �&�� $� VLPLODU� YDULDWLRQ� KDV� DOVR� EHHQ

UHSRUWHG� IRU� 6L2����� ZW�� 3'06� VRQRJHO� V\VWHP���� 7KLV

YDULDWLRQ�FDQ�EH�H[SODLQHG�RQ�WKH�EDVLV�RI�XOWUDVRQLF�HIIHFW�

GLVFXVVHG� HDUOLHU� LQ� WKH� ,QWURGXFWLRQ� 6HFWLRQ������� 7KH

WHPSHUDWXUH�a����&�FRUUHVSRQGV�WR�WKH�ERLOLQJ�WHPSHUDWXUH

RI� WKH� HWKDQRO�ZKLFK� LV� SURGXFHG� GXULQJ� WKH� K\GURO\VLV� RI

7(26�� )XUWKHU�� WKLV� LQFUHDVH� LQ� WHPSHUDWXUH� ZDV� PXFK

KLJKHU�WKDQ�WKDW�RI�FDOFXODWHG�YDOXH�RI�LQFUHDVHG�WHPSHUDWXUH

RI� LQGLYLGXDO� FRPSRQHQWV� GXULQJ� XOWUDVRQLF� LUUDGLDWLRQ�

LQGLFDWLQJ� WKDW� WKLV� H[FHVV� KHDW� LV� JHQHUDWHG� GXH� WR� WKH

H[RWKHUPLF�K\GURO\VLV�FRQGHQVDWLRQ�UHDFWLRQ�RI�7(26��

$V�PHQWLRQHG� HDUOLHU�� WKH� JHODWLRQ� SKHQRPHQRQ� VWURQJO\

GHSHQGV� RQ� WKH� SURFHVVLQJ� YDULDEOHV� VXFK� DV� XOWUDVRQLF

LUUDGLDWLRQ� WLPH�� +�2�7(26� PROH� UDWLR�� JHODWLRQ� WHPSHU�

DWXUH��SRO\PHU�FRQWHQW�DQG�PROHFXODU�ZHLJKW�RI�WKH�SRO\PHU�

HWF��� KHQFH�� WKH� HIIHFW� RI� WKHVH� SDUDPHWHUV� DUH� GLVFXVVHG

EHORZ��

)LJXUH� ��D�� VKRZV� WKH� µJHODWLRQ� WLPH� YHUVXV� LUUDGLDWLRQ

WLPH¶�YDULDWLRQV�IRU�WKH�6L2�����ZW��3(*�VRQRJHOV�DJHG�DW

����&��VDPSOH�6���DQG�����&��VDPSOH�6����2QH�FDQ�QRWH�WKDW

WKH�JHODWLRQ� WLPH�GHFUHDVHG� OLQHDUO\�ZLWK� LQFUHDVLQJ� LUUDGL�

DWLRQ� WLPH� IRU� ERWK� VDPSOHV� VKRZLQJ� DQ� LQYHUVHO\� SURSRU�

WLRQDO� UHODWLRQ�� 0RULWD� HW� DO�� KDYH� DOVR� UHSRUWHG� D� VLPLODU

UHVXOW� IRU� 6L2�����ZW��3'06� VRQRJHO� V\VWHP���� ,W� VHHPV

OHJLWLPDWH� DOVR� EHFDXVH� WKH� UDWH� RI� K\GURO\VLV� LV� GLUHFWO\

7DEOH����&RPSRVLWLRQ�RI�WKH�VWRFN�VROXWLRQV�DQG�SURFHVVLQJ�FRQGLWLRQV�

6DPSOH

$GGHG�3RO\PHU
7(26

�PROH�

+�2�7(26�

PRODU�

UDWLR

+&O�7(26�

PRODU�UDWLR

8OWUDVRQLF�

LUUDGLDWLRQ�WLPH�

�PLQ�

*HODWLRQ�

WHPSHUDWXUH

��&�3RO\PHU
$YHUDJH�PROHFXODU�

ZHLJKW��J�PRO�

&RQWHQW�

�ZW��
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6� 3(* ���� �� � � ��� � ��

6� 3'06 ��� �� � � ��� � ��

)LJXUH����7KH�FKDQJH�LQ�WHPSHUDWXUH�RI�WKH�VWRFN�VROXWLRQ��6L2����
ZW�� 3(*�� 6��� GXULQJ� VRQRJHO� UHDFWLRQ�� 7KH� GRWWHG� OLQH
FRUUHVSRQGV� WR� WKH�FDOFXODWHG�FKDQJH� LQ� WHPSHUDWXUH�IRU�VROXWLRQV
RI�FRQVWLWXHQWV�



��������%XOO��.RUHDQ�&KHP��6RF��������9RO������1R��� +ZD�<RXQJ�-XQJ�HW�DO�

SURSRUWLRQDO� WR� WKH� LUUDGLDWLRQ�WLPH��+RZHYHU�� ORJDULWKP�RI

JHODWLRQ� WLPH� ZDV� DOVR� IRXQG� LQYHUVHO\� SURSRUWLRQDO� IRU

VHYHUDO� VRQRJHO� V\VWHPV������� )XUWKHU�� WKH� KLJKHU� DJLQJ

WHPSHUDWXUH� UHVXOWHG� LQ� WKH� ORZHU� JHODWLRQ� WLPH� LQGLFDWLQJ

WKDW� WKHUPDO� HQHUJ\�� VLPLODU� WR� XOWUDVRQLF� HQHUJ\�� LV� DOVR� D

IDFWRU�FRQWUROOLQJ�WKH�JHODWLRQ�SKHQRPHQRQ��$�VLPLODU�YDUL�

DWLRQ� KDV� DOUHDG\� EHHQ� QRWHG� IRU� 7(26�+�2� VRQRJHO

V\VWHP����

,Q�)LJXUH���E���WKH�HIIHFW�RI�3(*�FRQWHQW�RQ�WKH�JHODWLRQ

WLPH� IRU� WKH� 6L2��3(*� VDPSOHV�� 6�� 	� 6�� LV� VKRZQ�� 7KH

LQFUHDVH�LQ�WKH�3(*�FRQWHQW�XS�WR����ZW��UHVXOWHG�LQ�VORZ

LQFUHDVH�LQ�WKH�JHODWLRQ�WLPH�DQG��WKHUHDIWHU��D�QRQ�OLQHDU�IDVW

LQFUHDVH�LQ�JHODWLRQ�WLPH�LV�REVHUYHG��7KLV�LV�D�ZHOO�NQRZQ

SKHQRPHQRQ�DQG�FDQ�EH�H[SODLQHG�LQ�WKH�OLJKW�RI�WKHRUHWLFDO

PRGHOV�� H�J�� 3HUFRODWLRQ� DQG� '/92����������� 7KHVH� PRGHOV

DVVXPHG� WKDW� WKH� JHO� VWUXFWXUH� FRQVLVWV� RI� GLIIHUHQW� XQLWV

FRQWDLQLQJ�HOHFWULFDO�GRXEOH�OD\HUV��7KH�FRPPRQ�IHDWXUH�IRU

WKH� 3HUFRODWLRQ� PRGHOV� LV� WKH� H[LVWHQFH� RI� ERQG� RU

RFFXSDWLRQ�RI� VLWHV�ZLWK�D�SUREDELOLW\�� µ3¶�� LQ�D�FRPSOHWHO\

UDQGRP�IDVKLRQ�WKURXJKRXW�D�JHRPHWULFDO�VLOLFD�QHWZRUN������

$IWHU� D� SHUFRODWLRQ� WKUHVKROG�� µ3F¶�� ZKHUH� WKH� JHODWLRQ

RFFXUV��DQ�LQILQLWH�FOXVWHU�RI�ERQGV�RU�VLWH�H[LVWV��7KXV��IRU

µ3¶���µ3F¶��ZKHUH�DPRXQW�RI�3(*�LV�PXFK�VPDOOHU�WKDQ�WKH

6L2��ROLJRPHUV��D�VORZ�	�OLQHDU�DJJUHJDWLRQ�WDNHV�SODFH��)RU

WKH�KLJKHU�3(*�FRQWHQW�O\LQJ�LQ�WKH�UHJLRQ�ZKHUH�3�!�3F��D

UDPLILHG� DJJUHJDWLRQ� WDNHV� SODFH� DQG� VORZV� GRZQ� WKH

JHODWLRQ�DQG�LQFUHDVHV�WKH�JHODWLRQ�WLPH�UDSLGO\��7KH�'/92

PRGHO� ZHOO� FRQVLGHUHG� DWWUDFWLYH� 9DQ� GHU� :DDOV� DQG

UHSXOVLYH� HOHFWURVWDWLF� LQWHUDFWLRQV� EHWZHHQ� QHDU� QHLJKERU

SDUWLFOHV�DQG�H[SUHVVHG�WKH�WRWDO�LQWHUDFWLRQ�HQHUJ\��Φ��DV�D
IXQFWLRQ�RI�VHSDUDWLRQ�GLVWDQFH��[��EHWZHHQ�WZR�SDUWLFOHV�DV�

Φ� �Φ$���Φ5�
������7KH�DWWUDFWLYH�WHUP��Φ$�GRPLQDWHV�DW�VPDOO

DQG�ODUJH�YDOXH�RI�µ[¶�DQG�DSSUR[LPDWHO\�HTXDO�WR��$U���[�

:KLOH�� WKH� UHSXOVLYH� WHUP�� Φ5� > �πε εR� U� ΨR
�� H[S��κ[�@

GRPLQDWHV�RQO\� LQ�VRPH�LQVWDQFHV��ZKLFK�VWURQJO\�GHSHQGV

RQ�WKH�S+�DQG�GRXEOH�OD\HU�WKLFNQHVV�>κ−��� ���H��Q�∞��]��ε εR
NE�7�

−���@�DW�LQWHUPHGLDWH�YDOXH�RI�µ[¶��7KH�QRWDWLRQV�XVHG�DUH�

$�� +DPDNHU� FRQVWDQW�� U�� UDGLXV� RI� SDUWLFOH�� ε�� UHODWLYH
GLHOHFWULF� FRQVWDQW� RI� WKH� OLTXLG�PHGLXP�� εR�� WKH� GLHOHFWULF
SHUPLWWLYLW\�RI� WKH�YDFXXP��NE��%ROW]PDQQ�FRQVWDQW�� H�� WKH

HOHFWURQLF� FKDUJH�� Q�∞��� FRQFHQWUDWLRQ� RI� WKH� LRQV� KDYLQJ
FKDUJH� µ]¶� DQG�ΨR� > �������NE�7��S]F�−S+��H@�� WKH� HOHFWULF
SRWHQWLDO� DW� WKH� VXUIDFH� RI� WKH� FKDUJHG� SDUWLFOHV�� 7KXV�� WKH

'/92�WKHRU\�ZHOO�DFFRXQWHG�DOPRVW�DOO�WKH�IDFWRUV��VXFK�DV

SDUWLFOH� VL]H�� S+�� VHSDUDWLRQ� GLVWDQFH� EHWZHHQ� SDUWLFOHV�

FRQFHQWUDWLRQ� RI� LRQV� 	� LWV� FKDUJH�� WHPSHUDWXUH� HWF�� IRU

H[SODLQLQJ�WKH�JHO�WH[WXUH��7KLV�WKHRU\�FDQ�EH�DSSOLHG�WR�WKH

SUHVHQW� V\VWHP� LQ� WKH� IROORZLQJ�ZD\��$� VLOLFD� SDUWLFOH� KDV

SRLQW�RI�]HUR�FKDUJH��S]F��DW�S+�a�����$ERYH�WKLV�YDOXH��LWV

VXUIDFH�KDV�D�QHJDWLYH�HOHFWULF�FKDUJH�DQG�RWKHUZLVH�LW�KDV�D

SRVLWLYH�FKDUJH��7KHUHIRUH��LW�ZDV�H[SHFWHG�WKDW�DGGLWLRQ�RI

SRO\PHU�PLJKW�DIIHFW�WKH�VRO�SDUWLFOH�JURZWK�DQG�RU�JHODWLRQ

SURFHVV� GXH� WR� WKH� HOHFWURVWDWLF� LQWHUDFWLRQ� EHWZHHQ� WKH

SRO\PHUV� DQG� WKH� VLOLFD� VRO�� +RZHYHU�� XQFKDUJHG� SRO\PHU

3(*�GRHV�QRW�LQWHUDFW�ZLWK�VLOLFD�VRO�SDUWLFOHV��VR�WKDW��3(*

FKDLQV�DQG�VLODQRO�ROLJRPHUV�FRH[LVW�LQ�WKH�VROXWLRQ�ZLWKRXW

VSHFLILF�LQWHUDFWLRQ��ZLWK�WKH�SURJUHVV�RI�WKH�K\GURO\VLV�DQG

FRQGHQVDWLRQ�RI�DONR[\VLODQH��7KH�LQWHUDFWLRQ�EHWZHHQ�3(*

FKDLQV�DQG�VLODQRO�WDNHV�SODFH�RQO\�DIWHU�VLODQRO�ROLJRPHUL]HV

WR� WKH� VL]H� RI� WKH� VHYHUDO� QDQRPHWHUV� GXH� WR� WKH� GLIIHUHQW

GHSHQGHQFH�RI�Φ$�	�Φ5�RQ�WKH�UDGLXV�RI�VLOLFD�SDUWLFOH��7KH

GLVHQWDQJOHG� 3(*� FKDLQ� DQG� WKH� VLOLFD� ROLJRPHUV� SRVVLEO\

DWWUDFW� HDFK� RWKHU� WR� IRUP� DQ� DJJUHJDWHG� FRPSOH[� WKURXJK

K\GURJHQ�ERQGV�EHWZHHQ�VLODQROV�RQ�VLOLFD�DQG��2+�RU��2�RQ

3(*�� +RZHYHU�� WKH� QXPEHU� RI� IUHH� VLODQRO� VLWHV� VKRXOG

EHFRPH�OHVV� OHDGLQJ� WR� OHVV�EUDQFKHG�VLOLFD�QHWZRUN��6LQFH

VLOLFD� JHO� KDV� KLJKO\� RSHQ� VWUXFWXUH�� 3(*� FKDLQV� DUH

VXSSRUWHG� LQ� WKH� VLOLFD� QHWZRUN� LQ� D� TXDVL�LQWHUSHQHWUDWLQJ

PDQQHU��7KHUHIRUH��DV� WKH�DPRXQW�RI�SRO\PHU� LV� LQFUHDVHG�

WKH�JHODWLRQ�WLPH�RI�WKH�VRO�VROXWLRQ�LV�DOVR�LQFUHDVHG�

0RUSKRORJ\�� 7KH� YDULRXV� PRUSKRORJLFDO� SDUDPHWHUV�

VXFK�DV�VSHFLILF�VXUIDFH�DUHD��SRUH�GLDPHWHU�DQG�SRUH�YROXPH

IRU�WKH�6L2��3(*�VRQRJHOV��6��	�6���DUH�OLVWHG�LQ�7DEOH���LQ

ZKLFK�WKH�YDULDWLRQV�IRU�VXUIDFH�DUHD�DQG�SRUH�YROXPH�ZLWK

3(*�FRQWHQW�DUH�DOPRVW�VLPLODU��$�QRQ�OLQHDU�GHFUHDVH�LQ�WKH

YDOXHV�RI�VXUIDFH�DUHD�DQG�SRUH�YROXPH�ZDV�REWDLQHG�ZLWK

LQFUHDVLQJ� 3(*� FRQWHQW�� )RU� WKH� KLJKHU� 3(*� FRQWHQW�� ��

ZW�� DQG� PRUH�� WKH� YDOXHV� RI� WKH� VXUIDFH� DUHD� DQG� SRUH

YROXPH�EHFDPH�]HUR��:KLOH��WKH�SRUH�GLDPHWHU�GHFUHDVHG�D

)LJXUH� ���*HODWLRQ� WLPH� DV� D� IXQFWLRQ� RI� �D�� XOWUDVRQLF� UDGLDWLRQ
WLPH� IRU� 6L2����� ZW�� 3(*� VRQRJHOV�� 6�� 	� 6��� DQG� �E�� 3(*
FRQWHQW�IRU�6L2�����ZW��3(*�VRQRJHOV��6��	�6��
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OLWWOH�IRU�VRQRJHO�6��ZLWK���ZW��RI�3(*��a����QP���WKHQ��LW

LQFUHDVHG�DEUXSWO\� IRU�KLJKHU�3(*�FRQWHQW��7KLV� LV�DOVR�DQ

XVXDO�SKHQRPHQRQ�UHSRUWHG�IRU�VHYHUDO�V\VWHPV�DQG�H[SODLQ�

HG�RQ�WKH�EDVLV�RI�WKHRUHWLFDO�PRGHOV��VXFK�DV�3HUFRODWLRQ�	

'/92�� GLVFXVVHG� HDUOLHU���������������� ,W� LV� DOVR� REYLRXV� IURP

WKH� WDEOH� WKDW� WKH� YDOXHV� RI� PRUSKRORJLFDO� SDUDPHWHUV� IRU

VDPSOHV� DJHG�DW� ��� �&�DUH�PRVWO\� ORZHU� WKDQ� WKRVH�RI� WKH

VDPSOHV� DJHG� DW� ��� �&�� $� VLPLODU� UHVXOW� KDV� DOUHDG\� EHHQ

UHSRUWHG�IRU�6L2��3(*�FODVVLF�JHO�V\VWHP�
���7KHVH�UHVXOWV�DUH

ZHOO�VXSSRUWHG�E\�RXU�GHQVLW\��%(7��6(0�DQG�PHFKDQLFDO�	

RSWLFDO�SURSHUW\�VWXGLHV��ZKLFK�DUH�GLVFXVVHG�EHORZ��

)LJXUH���VKRZV�WKH�FRPSRVLWLRQDO�YDULDWLRQ�RI�EXON�GHQVLW\

IRU�6L2��3(*�VRQRJHOV��DJHG�DW�����&��VDPSOH�6���DQG���

�&��VDPSOH�6����7KH�GHQVLW\�LQFUHDVHG�D�OLWWOH�IURP�SXUH�6L2�

V\VWHP� WR� �� ZW�� RI� 3(*� DQG� WKHQ� GHFUHDVHG� IRU� KLJKHU

YDOXHV�RI�3(*��ZKLFK�LV�GXH�WR�WKH�IDFW�WKDW�VPDOO�DPRXQW�RI

3(*�SRO\PHU�ZDV�VXIILFLHQW�WR�FUHDWH�3(*�SRO\PHU�FKDLQV

DURXQG� VLOLFD� SDUWLFOHV� LQ� D� ZD\� VLPLODU� WR� DGVRUSWLRQ� RI

SRO\PHU� LQVLGH� WKH� SRUHV� RI� D� VLOLFDWH� QHWZRUN� ZLWKRXW

YROXPH� H[SDQVLRQ�� $V� D� UHVXOW�� WKH� KLJKHVW� FORVH� SDFNHG

7DEOH����0RUSKRORJLFDO�SDUDPHWHUV�DQG�SK\VLFDO�DSSHDUDQFH�RI�EXON�VDPSOHV��6��	�6�

6DPSOH 3(*�FRQWHQW��ZW�� 6XUIDFH�DUHD��P��J� 3RUH�YROXPH��FP��J� $YHUDJH�SRUH�GLDPHWHU��QP� $SSHDUDQFH�RI�*HOV
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IUDJPHQW��WUDQVSDUHQW�

FUDFN��WUDQVSDUHQW�

EXON��WUDQVSDUHQW�

EXON��WUDQVSDUHQW�

EXON��WUDQVOXFHQW�

EXON��WUDQVOXFHQW�

)LJXUH���� µ%XON�GHQVLW\�YHUVXV�3(*�FRQWHQW¶�SORWV�IRU�6L2��3(*
VRQRJHOV��6��	�6��

)LJXUH����6(0�PLFURJUDSKV�IRU�WKH�6L2��3(*�VRQRJHO��6��ZLWK�GLIIHUHQW�3(*�FRQWHQW���D����ZW����E�����ZW����F�����ZW����G�����ZW��



��������%XOO��.RUHDQ�&KHP��6RF��������9RO������1R��� +ZD�<RXQJ�-XQJ�HW�DO�

VWUXFWXUH�ZDV� REWDLQHG� EHWZHHQ� FKDLQ�PROHFXOH� >��2�&+��

&+���@� RI� 3(*� SRO\PHU� DQG� WKUHH�GLPHQVLRQDO� VLOLFD

QHWZRUN��2Q� FRPSDULQJ� WKLV� YDULDWLRQ�ZLWK� WKRVH� REWDLQHG

IRU�VXUIDFH�DUHD�DQG�SRUH�YROXPH��RQH�FDQ�FRQFOXGH�WKDW�WKH

GHFUHDVH�LQ�GHQVLW\�ZLWK�LQFUHDVLQJ�3(*�FRQWHQW�LV�GXH�WR�WKH

GHFUHDVH� LQ� VXUIDFH� DUHD� 	� SRUH� YROXPH�� UHVXOWLQJ� LQ� DQ

LQFUHDVH� LQ�SRUH� VL]H�ZLWK� LQFUHDVLQJ�3(*�DV� DOVR�REYLRXV

IURP� WKH� 7DEOH� ��� ,W� LV� DOVR� D� ZHOO�NQRZQ� IDFW� WKDW� WKH

SRO\PHU� ZLWK� KLJKHU� PROHFXODU� ZHLJKW� UHVXOWV� OHVV� GHQVH

VDPSOHV�ZLWK�ORZ�VXUIDFH�DUHD�DQG�KLJK�SRUH�VL]H�����+HQFH�

WR� REVHUYH� WKH� HIIHFW� RI� KLJK� PROHFXODU� ZHLJKW�VLPLODU

PROHFXODU�ZHLJKW�EXW�RI�GLIIHUHQW�PDWHULDO�RQ�WKH�GHQVLW\��WKH

GHQVLW\� ZDV� DOVR� PHDVXUHG� IRU� 6L2����� ZW�� 3(*����

�PROHFXODU�ZHLJKW������J�PRO���6��DQG�6L2�����ZW��3'06

�PROHFXODU�ZHLJKW�����J�PRO���6���ZKLFK�DUH�VKRZQ�LQ�WKH

)LJXUH� �� REH\LQJ� WKH� XVXDO� SKHQRPHQRQ�� ,W� LV� DOVR

QRWHZRUWK\�WKDW�WKH�GHQVLW\�REWDLQHG�IRU�VDPSOHV�6��DQG�6�

DUH� DOPRVW� HTXDO�� 7KH� 6(0� DQG� KDUGQHVV� VWXGLHV�� ZKLFK

KDYH�EHHQ�GLVFXVVHG�EHORZ��ZHOO�HQWUHQFKHG�WKHVH�UHVXOWV��$

VLPLODU� UHVXOW� IRU�6L2�����ZW��3'06�VRQRJHO�KDV�DOUHDG\

EHHQ�UHSRUWHG�LQ�WKH�OLWHUDWXUH����

)LJXUH���D�G��VKRZV� WKH�6(0�PLFURJUDSKV� IRU� WKH�6L2��

3(*�VRQRJHO��6��ZLWK�LQFUHDVLQJ�3(*�FRQWHQW��2QH�FDQ�QRWH

IURP�WKH�SLFWXUH�WKDW�LQFUHDVH�LQ�3(*�FRQWHQW�UHVXOWHG�LQ�DQ

LQFUHDVH� LQ� WKH�JUDLQ�VL]H��ZKLFK�LV�VSUHDG�KRPRJHQHRXVO\�

GXH� WR� DJJUHJDWLRQ� RI� 3(*� LQWR� VLOLFD� QHWZRUN�� ,W� LV� DOVR

REYLRXV�IURP�WKH�SLFWXUH�WKDW�WKH�PRUSKRORJ\�RI�VRQRJHO�KDV

D�ILQH�PLFUR�VWUXFWXUDO�3(*�EDFN�ERQH�DW���ZW��RI�3(*��$V

WKH�3(*�FRQWHQW� LQFUHDVHG�� DQ� LQFUHDVH� LQ� WKH�SDUWLFOH� VL]H

DQG�SRUH�GLDPHWHU�REVHUYHG��7KLV�LV�FRQVLGHUHG�WR�EH�GXH�WR

WKH�RFFXUUHQFH�RI�PLFUR�SKDVH�VHSDUDWLRQ�UHODWHG�WR�YROXPH

RI� 3(*� SRO\PHU� WUDSSHG� KRPRJHQHRXVO\�� ZKLFK� ZDV

LQFRUSRUDWHG�LQ�VLWHV�VXFK�DV�PDFUR�SRUHV�DQG�YRLGV�RI�VLOLFD

PDWUL[� E\� XOWUDVRQLF� LUUDGLDWLRQ��$OVR�� SDUWLFOH� VL]H� IRU� WKH

VDPSOHV�ZLWK�RYHU����ZW��3(*�FRQWHQW�LQFUHDVHG�GXH�WR�WKH

IDFW�WKDW�3(*�SRO\PHU�SHQHWUDWHV�LQWR�DQG�GLVWHQGV�WKH�VLOLFD

QHWZRUN�� 7KHVH� UHVXOWV� DUH� LQ� DFFRUGDQFH� ZLWK� WKH

3HUFRODWLRQ�DQG�'/92�WKHRULHV��GLVFXVVHG�HDUOLHU�DQG�DOVR�LQ

JRRG�DJUHHPHQW�ZLWK�WKH�%(7�	�GHQVLW\�UHVXOWV��GLVFXVVHG

HDUOLHU� DV�ZHOO� DV� WKH� UHVXOWV� RI� KDUGQHVV� DQG� WUDQVSDUHQF\

VWXGLHV��

)LJXUH���D�	�E��VKRZV�6(0�PLFURJUDSKV�IRU�WKH�6L2����

ZW��3(*������PROHFXODU�ZHLJKW������J�PRO��VRQRJHO��6��DW

PDJQLILFDWLRQV��× ������� DQG�× ����� UHVSHFWLYHO\�� VKRZLQJ

DQ� HIIHFW� RI� KLJK�PROHFXODU� ZHLJKW� RQ� WKH�PLFURVWUXFWXUH�

:KLOH��)LJXUH���F�	�G��FRUUHVSRQGV�WR�WKH�6(0�PLFURJUDSKV

IRU� 6L2����� ZW�� 3'06� �PROHFXODU� ZHLJKW� a���� J�PRO�

VRQRJHO��6��DW�WKH�VDPH�PDJQLILFDWLRQV��× �������DQG�× ����

UHVSHFWLYHO\��VKRZLQJ�DQ�HIIHFW�RI�VLPLODU�PROHFXODU�ZHLJKW

EXW�RI�GLIIHUHQW�PDWHULDO��2Q�FRPSDULQJ� WKH�PLFURJUDSK�RI

)LJXUH���D��ZLWK�)LJXUH���E��KDYLQJ�WKH�VDPH�ZHLJKW�SHUFHQW

RI�3(*�EXW�GLIIHUHQW�PROHFXODU�ZHLJKW��LW�LV�FOHDU�WKDW�3(*

ZLWK� WKH� KLJKHU�PROHFXODU� ZHLJKW� UHVXOWV� LQ� D� ODUJH� JUDLQ�

SRUH�VL]HG�VDPSOH��)XUWKHU��DW�WKH�VDPH�ZHLJKW�SHUFHQW��WKH

JUDLQ� VL]H� RI� VRQRJHO�� 6�� ZLWK� 3'06� �)LJXUH� �F�� ZDV

FRPSDUDWLYHO\�ODUJHU�WKDQ�WKDW�RI�VRQRJHO��6��ZLWK�3(*����

SRO\PHU� �)LJXUH� �D��� 7KH� 3(*� SRO\PHU� ODUJHO\� IRUPV

SK\VLFDO� ERQG� ZKLFK� GR� QRW� DIIHFW� WKH� JUDLQ� JURZWK� DV� LW

PL[HV�ZHOO�ZLWK�VLOLFD�VRO�SDUWLFOHV��WKRXJK��LW�GHSHQGV�RQ�WKH

YROXPH� RI� LQWHUSHQHWUDWHG� DPRXQW� RI� 3(*� LQ� WKH� VLOLFD

QHWZRUN��,W�LV�DOVR�D�ZHOO�NQRZQ�IDFW�WKDW�WKH�JUDLQ�JURZWK�LV

DIIHFWHG�E\�FKHPLFDO�ERQG�EHWZHHQ�WHUPLQDO��2+�RI�3'06

SRO\PHU�DQG�VLOLFD�VRO�SDUWLFOHV�������,Q�ERWK�VDPSOHV��6��	

6���D�PDFUR�SRUH�RI�VL]H���������µP��ZDV�REVHUYHG��,W�LV�D
ZHOO�NQRZQ� IDFW� WKDW� D� VDPSOH� KDYLQJ� ODUJH� SRUHV�VL]H

H[KLELWV�WUDQVOXFHQW�RSWLFDO�SURSHUW\�GXH�WR�WKH�VFDWWHULQJ�DQG

GLVSHUVLRQ� RI� OLJKW� E\�PDFUR�SRUHV�� 7KLV� SKHQRPHQRQ� KDV

DOVR� EHHQ� REVHUYHG� IRU� WKH� VDPSOHV�� 6��	� 6��� ZKLFK� KDV

)LJXUH����6(0�PLFURJUDSKV�DW�WKH�PDJQLILFDWLRQV��D��× �������DQG��E��× ����IRU�WKH�6L2�����ZW��3(*�����VRQRJHO��6��DQG�DW��F��× ������
DQG��G��× ����IRU�WKH�6L2�����ZW��3'06�VRQRJHO��6��
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EHHQ�GLVFXVVHG�EHORZ��

0HFKDQLFDO� DQG�2SWLFDO� 3URSHUWLHV�� 7DEOH� �� OLVWHG� WKH

SK\VLFDO�DSSHDUDQFH�DQG�RSWLFDO�QDWXUH�RI�6L2��3(*�VRQRJHO

V\VWHPV��6��	�6���3XUH�6L2��EXON�VDPSOHV�DUH�IRXQG�HLWKHU

FUDFNHG�RU�IUDJPHQWHG�EXW�WKH\�ZHUH�TXLWH�WUDQVSDUHQW��)RU��

ZW��RI�3(*��WKH�WUDQVSDUHQW�EXON�V\VWHPV�ZHUH�VWLOO�IRXQG

FUDFNHG��7KH�EXON�VDPSOHV�KDYLQJ� WKH�3(*�FRQWHQW�KLJKHU

WKDQ����ZW��H[KLELW�ORZHU�WUDQVSDUHQF\��ZKLFK�DUH�VKRZQ�LQ

)LJXUH���IRU�WKH�6L2��3(*�VRQRJHO�V\VWHP��6���)LQDOO\��WKH

EXON�VDPSOHV�EHFDPH�WUDQVOXFHQW�ZLWK����DQG�RU����ZW��RI

3(*�GHSHQGLQJ�XS�RQ� WKH�DJLQJ� WHPSHUDWXUH�� ,Q� WKLV�FRP�

SRVLWLRQDO�UHJLRQ��WKH�VDPSOHV�H[KLELWHG�UXEEHU�OLNH�SURSHUW\�

,W� LV� DOVR� QRWLFHG� WKDW� VRQRJHOV� ZLWK� ��� ZW�� 3'06� �6��

SUHSDUHG�ZLWK�WKH�LGHQWLFDO�H[SHULPHQWDO�FRQGLWLRQ��H[KLELW�

HG� FUDFNV�� VHYHUDO� WLPHV�� LQ� WKH� ZHW� JHO� DQG� WKH� GULHG� JHO

EHFDPH� IUDJPHQWHG� DQG� RSDTXH�� 6RQRJHOV� SUHSDUHG� DW

KLJKHU�JHODWLRQ�WHPSHUDWXUH��!����&��ZHUH�DOVR�IRXQG��PDQ\

WLPHV�� FUDFNHG� GXULQJ� WKH� JHODWLRQ� SURFHVV�� LUUHVSHFWLYH� RI

WKH�DPRXQW�RI�3(*��*HOV�ZLWK�QR�3(*�ZHUH�WUDQVSDUHQW�DQG

IHOW�ULJLG�ZKHQ�WRXFKHG��:LWK�LQFUHDVLQJ�DPRXQW�RI�3(*��WKH

VRQRJHOV�EHFDPH�PRUH�RSDTXH�DQG�HODVWLF��7KH�VDPSOH�ZLWK

��ZW��RI�3(*�IUDJPHQWHG� LQWR�VPDOO�SLHFHV�ZKLOH�GU\LQJ�

7KLV� LV�DQ�XVXDO�SKHQRPHQRQ�DQG�FDQ�EH�H[SODLQHG�RQ� WKH

EDVLV�RI�3HUFRODWLRQ�	�'/92�WKHRULHV�DV�ZHOO�DV� WKH�PRU�

SKRORJLFDO� SDUDPHWHUV��ZKLFK� KDYH� DOUHDG\� EHHQ�GLVFXVVHG

HDUOLHU�� $V� WKH� 3(*� FRQWHQW� ZDV� LQFUHDVHG� IURP� ��� WR� ��

ZW��� 3(*� SRO\PHU� LQWHUSHQHWUDWHV� DQG� GLVWRUWV� WKH� VLOLFD

QHWZRUN��DQG�FRQVHTXHQWO\��EXON�GHQVLW\�VWDUWHG�WR�GHFUHDVH

DQG� DSSURDFKHG� WKH� 3(*� GHQVLW\� ������ J�FP��� DQG� WKH

SUHSDUHG� VRQRJHOV� H[KLELWHG� HODVWLF� SURSHUW\� RI� RUJDQLF

SRO\PHU��7KH�RSWLFDO�QDWXUH�RI�WKH�VDPSOHV�FDQ�EH�H[SODLQHG

RQ�WKH�EDVLV�RI�QDWXUH�RI�ERQGLQJ�EHWZHHQ�3(*�DQG�VLODQRO

JURXS�RI�6L2��QHWZRUN��,Q�JHQHUDO��SK\VLFDO�K\EULGV�GHSHQG

RQ� WKH� SRO\PHUL]DWLRQ� RI� 7(26� LQ� WKH� SUHVHQFH� RI� WKH

SRO\PHU�GLVVROYHG�LQ�WKH�VROXWLRQ��,Q�WKH�6L2��3(*�V\VWHP�

WKH�LQWHUDFWLRQV�EHWZHHQ�WKH�SRO\PHU�DQG�WKH�VLOLFD�QHWZRUN

DUH� ODUJHO\� WKURXJK� K\GURJHQ� ERQGLQJ� EHWZHHQ� HWKHUHDO�

R[\JHQ� LQ� 3(*� DQG� VLODQROV� LQ� VLOLFD�� +\GURJHQ� ERQGLQJ

SUHYHQWHG�PDFURVFRSLF�SKDVH� VHSDUDWLRQ�DQG�ZDV�SULQFLSDO

IDFWRU� LQ� FRQWUROOLQJ� WUDQVSDUHQF\���� 7DNDKDVKL¶V� UHVXOWV��

VKRZHG� WKDW� WKH� VFDOH� RI� WKH� SKDVH� VHSDUDWLRQ� GHSHQGV

VWURQJO\�RQ�WKH�DPRXQW�RI�SRO\PHU��WKH�PROHFXODU�ZHLJKW�RI

WKH� SRO\PHU�� WKH� VROYHQW� FRPSRVLWLRQ� DQG� WKH� S+��7KH�JHO

PRUSKRORJLHV� DUH� WKH� UHVXOW� RI� D� FRPSHWLWLRQ� EHWZHHQ� WKH

SKDVH� VHSDUDWLRQ� DQG� JHODWLRQ�� ,Q� WKH� SUHVHQW� VWXG\�� LI� DQ\

SKDVH�VHSDUDWLRQ�RFFXUUHG�RQ�VXFK�D�VPDOO�VFDOH��WUDQVSDUHQW

FRPSRVLWHV� ZLOO� EH� REWDLQHG� GXH� WR� WKH� YHU\� ORZ� SRUH

GLDPHWHU����,QFUHDVLQJ�3(*�FRQWHQW�OHDGV�WR�D�GHFUHDVH�LQ�WKH

VSHFLILF�VXUIDFH�DUHD�DQG�SRUH�YROXPH�IURP��������WR�����

P��J� DQG� IURP� ������� WR� ������� FP��J�� UHVSHFWLYHO\�� EXW

LQFUHDVH� LQ� DYHUDJH� SRUH� GLDPHWHU� IURP������� WR� �����QP�

7KHUHIRUH�� REWDLQHG� VRQRJHOV� DUH� WUDQVSDUHQW� ZLWK� KRPR�

JHQHRXV�QDQR�SRUHV��
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3(*�FRQWHQW��+RZHYHU��LW�VWDUWHG�WR�GHFUHDVH�UDSLGO\�WKHUH�

XSRQ�� )XUWKHU�� RQ� FRPSDULVRQ� ZLWK� PRUSKRORJLFDO� SDUD�

PHWHUV�� LW� LV� REYLRXV� WKDW� WKH� FRPSRVLWLRQDO� YDULDWLRQ� RI

GHQVLW\� LV� DOPRVW� VLPLODU� WR� WKH� µ9LFNHU¶V� KDUGQHVV�3(*

FRQWHQW¶�YDULDWLRQ��,W�VHHPV�ORJLFDO�DOVR��7KH�LQFUHDVH�LQ�3(*

FRQWHQW�XS�WR����ZW��OHG�WR�IUDJPHQWDWLRQ�RI�3(*�SRO\PHU

LQWR�VPDOO�HQRXJK���&+��&+��2���XQLWV�WR�LQWHUSHQHWUDWH�LQWR

SRUHV�RI� VLOLFD�QHWZRUN�E\�XOWUDVRQLF� UDGLDWLRQ� UHVXOWLQJ� LQ

KLJK�GHQVH�V\VWHP��7KH�IXUWKHU�LQFUHDVH�LQ�3(*�FRQWHQW��L�H�

DIWHU� FURVVLQJ� WKH�SHUFRODWLRQ� WKUHVKROG� �RI� WKH�3HUFRODWLRQ

PRGHOV��� µ3F¶�� WKH� GHQVLW\� GHFUHDVHG�YHU\� UDSLGO\�� ,Q� DGGL�

)LJXUH� ��� 3KRWRJUDSK� RI� 6L2��3(*� VRQRJHO�� 6�� VKRZLQJ� WUDQV�
SDUHQF\�IRU�GLIIHUHQW�3(*FRQWHQW�

)LJXUH�����D��µ9LFNHU¶V�KDUGQHVV�YHUVXV�3(*�FRQWHQW¶�FXUYHV�IRU�WKH
6L2��3(*�VRQRJHOV��6��	�6����E��$�VFKHPDWLF�GLDJUDP�RI�LQGHQWV
ZKLFK�ZHUH�UHFRYHUHG�DIWHU�UHPRYDO�RI������1����J��ORDG��
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SURSHUW\� LQ� WKH� JHO�� 7KLV� FDQ� DOVR� EH� VHHQ� LQ� VFKHPDWLF

GLDJUDPV� >)LJXUH� ��E�@� RI� LQGHQWV� ZKLFK� ZHUH� UHFRYHUHG

DIWHU�UHPRYDO�RI�WKH�ORDG��,QGHQW�UHFRYHU\�ZDV�REVHUYHG�RYHU

���ZW��3(*�VDPSOHV��EXW�QRW�XQGHU����ZW��3(*�VDPSOH��,W

ZDV�IRXQG�WKDW� LQGHQW�UHFRYHU\�RI�JHO�RFFXUUHG�WR�FRPSUH�

VVLRQ�VWUDLQ��DQG�UXEEHU�OLNH�HODVWLF�SURSHUW\�PD\�DSSHDU�E\

DGGLWLRQ�RI�WKH�SRO\PHU�������7KHVH�UHVXOWV�DUH�VXSSRUWHG�E\
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7KH�JHODWLRQ� WLPH�ZDV�PRQLWRUHG�ZLWK� XOWUDVRQLF� UDGLDWLRQ

WLPH��JHOOLQJ�WHPSHUDWXUH�DQG�3(*�FRQWHQW��ZKLFK�ZHUH�DOVR

XVHG�DV�D�SDUDPHWHU�IRU�DQDO\]LQJ�WKH�PRUSKRORJ\��PHFKD�

QLFDO�DQG�RSWLFDO�SURSHUWLHV�RI�WKH�VDPSOHV��9DULRXV�WHFKQL�

TXHV� ZHUH� XVHG� IRU� WKLV� SXUSRVH� DQG� WKH� UHVXOWV� ZHUH

GLVFXVVHG�LQ�WKH�OLJKW�RI�H[LVWLQJ�WKHRULHV�DQG�HDUOLHU�VWXGLHV�

7KLV� V\VWHP� VKRZHG� DOO� WKH� IHDWXUHV� UHSRUWHG� HDUOLHU� IRU

FODVVLF� JHOV�� ZLWK� VHYHUDO� VXSHULRU� SURSHUWLHV� DQG� IRXQG

VXLWDEOH� IRU�GHYLFH�DSSOLFDWLRQV�LQYHVWLJDWLQJ�D�QHZ�V\VWHP

H�J�� 2502/<7(V�� 6RPH� QRYHO� UHVXOWV� DUH� VXPPDUL]HG
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7KH�JHODWLRQ�WLPH�GHFUHDVHG�ZLWK�LQFUHDVLQJ�UDGLDWLRQ�WLPH�
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GHQVLW\�DQG�9LFNHUV�KDUGQHVV�DORQJ�ZLWK�VXSHULRU�RSWLFDO�DQG

SK\VLFDO� SURSHUWLHV�� 7KH� UHSODFHPHQW� RI� 3(*� E\� KLJKHU

PROHFXODU� ZHLJKW� RI� VDPH� PDWHULDO� RU� E\� DOPRVW� VLPLODU

PROHFXODU� ZHLJKW� EXW� RI� GLIIHUHQW� PDWHULDO� UHVXOWHG� LQ� DQ

WUDQVOXFHQW��FUDFNHG�IUDJPHQWHG��ORZ�GHQVLW\�DQG�PDFUR�SRUH�

VL]HG�K\EULG�DV�REVHUYHG�E\�GHQVLW\�6(0�VWXGLHV��
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