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7KH�GHYHORSPHQW�RI�QHZ�IXQFWLRQDO�PDWH�
ULDOV�ZLWK�SUH�VSHFLILHG�DQG�FRQWUROOHG�FKDU�
DFWHULVWLFV� LV� DQ� DFWXDO� SUREOHP�� 7KRVH� FDQ
EH�REWDLQHG�EDVLQJ�RQ�GLVSHUVH�V\VWHPV�ZLWK
GHYHORSHG� VXUIDFH� DQG� DFWLYH� SK\VLFRFKHPL�
FDO�LQWHUDFWLRQ�RI�FRPSRQHQWV��6XFK�PDWHUL�
DOV�PD\�VKRZ�QHZ�SURSHUWLHV�FRQQHFWHG�ZLWK
LQWHUSKDVH� OD\HU� IRUPDWLRQ� DQG� FKDQJHV� RI
SKDVH� WUDQVLWLRQ� SDUDPHWHUV� LQ� DFWLYH� FRP�
SRQHQWV�� DQG� DOVR� SRO\PHU� VXSHUPROHFXODU
VWUXFWXUH� �606�� FKDQJHV� GHSHQGLQJ� RQ� WKH
ILOOHU�GLVSHUVLW\�

$PRQJ�RWKHUV��RI�LQWHUHVW�DUH�WKH�PDWHUL�
DOV� EDVHG� RQ� LRQLF� FRQGXFWRUV�� HVSHFLDOO\
ZLWK�QDQRGLPHQVLRQDO�FRPSRQHQWV��7KH�FRP�
SOH[� UHVHDUFK� RI� WKH� SKDVH� LQWHUDFWLRQ� EH�
WZHHQ�FRPSRQHQWV�LQIOXHQFH�RQ�WKH�PDWHULDO
HOHFWURSK\VLFDO��WKHUPRSK\VLFDO�DQG�SK\VLFR�
PHFKDQLFDO� SURSHUWLHV� LV� DFWXDO� ERWK� IURP
VFLHQWLILF� DQG� SUDFWLFDO� SRLQWV� RI� YLHZ�
7KXV��EDVLQJ�RQ�WKH�UHVHDUFK�RI�SRO\�FKORUR�
WULIOXRURHWK\OHQH��VLOYHU� LRGLGH� DQG
SRO\�FKORURWULIOXRURHWK\OHQH��� VLOYHU� LRGLGH�
VLOLFRQ� GLR[LGH� ILOOHG� V\VWHPV�� DQ� HVVHQWLDO

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV

)XQFWLRQDO�PDWHULDOV������������� ���



LQIOXHQFH� RI� FRPSRQHQWV� LQWHUDFWLRQ� RQ� WKH
LQWHUIDFH� WKHUHRI� RQ� HOHFWURSK\VLFDO� DQG
WKHUPRSK\VLFDO� FKDUDFWHULVWLFV�� DV� ZHOO� DV
QHZ� DQG� XQLTXH� SURSHUWLHV� RI� FRPSRVLWHV
KDYH�EHHQ�VKRZQ�>�Ü�@��

7KLV�SDSHU�LV�DLPHG�DW�VWXG\�RI�LQIOXHQFH
RI�KHDW�ILHOGV�DQG�ILOOHU�FRQWHQW�FKDQJHV�RQ
HOHFWURSK\VLFDO� SURSHUWLHV� RI� SHQWRQ�Û�$J,
V\VWHPV�SRO\PHU�FRPSRVLWHV�LQ�6)�UHJLRQ���

)RU� FRPSRVLWHV� SUHSDULQJ� WKH� IROORZLQJ
FRPSRQHQWV�ZHUH�XVHG�� VLOYHU� LRGLGH��SXUH�
JUDGH��SDUWLFOH�VL]H���WR���PP��SHQWRQ�>����
ELV�FKORURPHWK\O�R[DF\FOREXWDQH@�� SDUWLFOH
VL]H� DERXW� ��� PP�� WKH� SDUWLFOH� JHRPHWU\
EHLQJ�VLPLODU�WR�FXELF��7R�SUHSDUH�WKH�VDP�
SOHV�� D�PL[WXUH� RI�$J,� DQG� SHQWRQ�ZDV� KR�
PRJHQL]HG�FDUHIXOO\��7KHQ�WKH�PL[WXUH�ZDV
FRPSDFWHG� DW� WKH� WHPSHUDWXUH� HTXDO� WR� WKH
SRO\PHU�PHOWLQJ�SRLQW��7FRPS� �����.��XQGHULGHQWLFDO� SUHVVXUH� FRQGLWLRQV� ���� 03D��� 7KH
FRROLQJ� UDWH� ZDV� ���� .�PLQÜ��� 7KH� HOHFWUR�
SK\VLFDO� FKDUDFWHULVWLFV� RI� SHQWRQ� Û� $J,
V\VWHPV�ZHUH�GHWHUPLQHG�XVLQJ�D�VXSHUKLJK
IUHTXHQF\� LQWHUIHURPHWHU� >�@� ZLWKLQ� �� WR
���*+]�IUHTXHQF\�UDQJH�DQG����� WR�����.
WHPSHUDWXUH� LQWHUYDO�� 'HQVLW\� DQG� SRURVLW\
ZHUH�PHDVXUHG�XVLQJ�K\GURVWDWLF�ZHLJKWLQJ�

7KH�H[SHULPHQWDO�GDWD�RQ�GHQVLW\�DQG�SR�
URVLW\� RI� SRO\PHULF� FRPSRVLWH� PDWHULDOV
�3&0��GHSHQGLQJ�RQ�$J,� FRQWHQW� DUH� VKRZQ
LQ�)LJ�����7KH�GHQVLW\�YDOXHV�DJUHH�ZLWK�FDO�
FXODWHG� RQHV� ZLWKLQ� WKH� H[SHULPHQWDO� DFFX�
UDF\��7KH�SRURVLW\�RI�DOO�3&0�VDPSOHV�GRHV
QRW� H[FHHG� �� ��� WKDW� IDFW� HQDEOHV� WR� FRQ�
VLGHU� WKH� V\VWHP� DV� D� WZR�FRPSRQHQW� RQH�
7HPSHUDWXUH� GHSHQGHQFHV� RI� FRPSOH[� SHU�
PLWWLYLW\� IRU� FRPSRVLWHV� ZLWK� $J,� FRQWHQW
IURP� �� WR� ���� YRO��� � DW� ���Ü���� .� WHP�

SHUDWXUH� UDQJH� DUH� VKRZQ� LQ� )LJ����� 7KH� Hc
�D�� DQG� Hcc� �E�� YDOXHV� IRU� 3&0� V\VWHP� DUH
VHHQ� WR� GR� QRW� FKDQJH� FRQVLGHUDEO\� GXULQJ
KHDWLQJ�XS�WR�WKH�$J,�SKDVH�WUDQVLWLRQ�WHP�
SHUDWXUH� �7F� �����.���$Q�H[FHSWLRQ�PDNHVWKH� WHPSHUDWXUH� GHSHQGHQFH� Hcc�7�� IRU� &�a
�����$J,� FRQWHQW�� 7KH� Hcc� YDOXHV� IRU� WKDW
VDPSOH� LQFUHDVH� FRQVLGHUDEO\� XQGHU� KHDWLQJ
DQG� DWWDLQ� D� UHOD[DWLRQ� PD[LPXP� DW
7|����.��6LQFH�WKH�ILOOHU�EHFRPHV�LRQLF�FRQ�
GXFWRU�DV�WKH�WHPSHUDWXUH�7F�LV�UHDFKHG��WKHWHPSHUDWXUH�GHSHQGHQFHV�Hc�7��DQG�Hcc�7�� LQ�
FUHDVH� VKDUSO\� WR� FHUWDLQ� H[WUHPH� YDOXHV
DERYH�$J,� SKDVH� WUDQVLWLRQ� WHPSHUDWXUH�� ,Q
SDUWLFXODU�� IRU� 3&0� FRQWDLQLQJ� ��� �� RI
ILOOHU��Hcc�YDOXH�LQFUHDVHV�E\�D�IDFWRU�RI�����

%DVLQJ� RQ� WKH� GDWD� REWDLQHG�� FRQFHQWUD�
WLRQ� GHSHQGHQFHV� RI� UHDO� Hc� DQG� LPDJLQDU\
Hcc�FRPSRQHQWV�RI�FRPSOH[�GLHOHFWULF�SHUPLW�
WLYLW\� DW� WHPSHUDWXUHV� EHORZ�DQG�DERYH� WKH
$J,� SKDVH� WUDQVLWLRQ� KDYH� EHHQ� SORWWHG�� ,Q
FRQFHQWUDWLRQ� GHSHQGHQFHV� EHORZ� WKH� ILOOHU
SKDVH�WUDQVLWLRQ�WHPSHUDWXUH��)LJ���D���Hc�&�
YDOXHV� ULVH� IURP� ���� WR� ���� LQ� SURSRUWLRQ
ZLWK�LQFUHDVLQJ�$J,�FRQWHQW��+RZHYHU��Hcc�&�
GHSHQGHQFHV� H[KLELW� PD[LPD� LQ� WKH� ILOOHU
FRQFHQWUDWLRQ�UHJLRQ�&|�����DQG�PLQLPD�DW
&|������)LJ���E��� ,Q�FRQFHQWUDWLRQ�GHSHQG�
HQFHV� DERYH� WKH� SKDVH� WUDQVLWLRQ� WHPSHUD�
WXUH�� LQ� SDUWLFXODU� DW�7� �����.��Hc� DQG� Hcc
YDOXHV� H[FHHG� VLJQLILFDQWO\� WKRVH� IRU� FRUUH�
VSRQGLQJ�3&0�DW�7���7F��)LJ������$V�LV�VHHQLQ�)LJ�����F��G���WKH�Hc�DQG�Hcc�FKDQJHV�DW�WKH
ILOOHU�FRQWHQW�LQFUHDVH�XS�WR������DUH�UHOD�
WLYHO\�VPDOO�DV�FRPSDUHG�WR�Hc�DQG�Hcc�YDOXHV
DW�WHPSHUDWXUHV�EHORZ�WKH�$J,�SKDVH�WUDQVL�
WLRQ� WHPSHUDWXUH�� 7KHQ� WKHLU� YDOXHV� LQ�
FUHDVH� VKDUSO\� DQG� DWWDLQ� D� PD[LPXP� DW
&|�����

7KH� ORZ� SRURVLW\� RI� FRPSDFWHG� $J,� DQG
VDPSOHV�ZLWK�PD[LPDO�ILOOHU�FRQWHQW��)LJ����
LV� FRQQHFWHG� ZLWK� SODVWLF� VWUDLQLQJ� RI� GLV�
SHUVH� ILOOHU� SDUWLFOH� VKDSH� XQGHU� WKHUPDO
FRPSDFWLRQ��$W�WKH�VDPH�WLPH��WKH�SUHVHQFH
RI� LQVLJQLILFDQW�SRURVLW\� LQ�DOO�VDPSOHV�HYL�
GHQFHV�D�QHHG�WR�RSWLPL]H�WKH�3&0�SHUIRUP�
DQFH� FKDUDFWHULVWLFV�� 7KH� SRURVLW\� FDQ� EH
ORZHUHG�E\�LQFUHDVLQJ�SUHVVXUH�GXULQJ�WKHU�
PDO� FRPSDFWLRQ��(OLPLQDWLRQ�RI�PDFURSRUHV
DOORZV� WR� LPSURYH� 3&0� IXQFWLRQDO� FKDUDF�
WHULVWLFV� �HOHFWUR�� DQG� WKHUPRSK\VLFDO� FKDU�
DFWHULVWLFV��OLQHDU�H[SDQVLRQ��HWF����SHUIRUP�
DQFH� �SK\VLFR�PHFKDQLFDO� FKDUDFWHULVWLFV�
ZHDU� UHVLVWDQFH�� DQG� WR� SURWHFW� ILOOHU
DJDLQVW�HQYLURQPHQWDO�IDFWRUV�

7KH� EDVLF� SURFHVVHV� GHILQLQJ� WKH� Hc� DQG
Hcc� YDOXHV� LQ� VHPL�FU\VWDOOLQH� SRO\PHUV�� LQ�

)LJ�����'HSHQGHQFHV�RI�GHQVLW\�����DQG�SRURV�
LW\� ���� RQ� $J,� FRQWHQW� LQ� D� SHQWRQ�GLVSHUVHG
VLOYHU�LRGLGH�3&0�
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FOXGLQJ� SHQWRQ�� DUH� PROHFXODU� UHOD[DWLRQ
SURFHVVHV� LQ� DPRUSKRXV� DQG� LPSHUIHFW� UH�
JLRQV� >�@�� 7KH� FRQVLGHUDEOH� GLHOHFWULF� ORVVHV
LQ� WKH� SRO\PHU� DUH� FRQGLWLRQHG� E\� WKH
GLVV\PPHWU\� RI� KLV� SULPDU\� �PRQRPHULF�
XQLW�� 9DULDWLRQV� LQ� WKH� SRO\PHU� VXSHU�
PROHFXODU� VWUXFWXUH� LQIOXHQFHV� DSSUHFLDEO\
LWV� HOHFWURSK\VLFDO� SURSHUWLHV�� 7KH� SHQWRQ
HOHFWULF� FRQGXFWLYLW\� LV� NQRZQ� WR� YDU\� VLJ�
QLILFDQWO\� GHSHQGLQJ� RQ� WKH� FU\VWDOOLQLW\
OHYHO��8QGHU� FU\VWDOOL]DWLRQ�� LWV� VSHFLILF� UH�
VLVWDQFH� FKDQJHV� E\� D� IDFWRU� RI� ��� WR� ����
>�@�� 7KH� SRO\FKORURWULIOXRURHWK\OHQH
�3&7)(�� FU\VWDOOLQLW\� OHYHO� GHFUHDVH� E\���Ü
�����FDXVHV�LQFUHDVH�RI�LWV�HOHFWULF�FRQGXF�
WLYLW\�E\��Ü��RUGHUV�RI�PDJQLWXGH�>�@�

7KH� UHVXOWV� REWDLQHG� FDQ� EH� GLVFXVVHG
ZLWKLQ� WKH� IUDPH� VWUXFWXUH� PRGHO� RI� FXELF
ODWWLFH� >����@�� EDVHG� RQ� WZR�SKDVH�PRGHO� RI
SRO\PHU�ILOOHU�� IRXU�FRPSRQHQW� VWUXFWXUH
PRGHO� �ILOOHU�� SRO\PHU� ZLWK� VWUXFWXUH� RI
ERXQGDU\� OD\HU�QHDU�WKH�ILOOHU�SDUWLFOHV�DQG
ZLWK�SDUWLFXODU�SURSHUWLHV��SRO\PHU�LQ�WUDQ�
VLWLRQDO� ERXQGDU\� OD\HUV�� DQG� EXON� SRO\PHU
ZLWK�VWUXFWXUH�DQG�SURSHUWLHV�ZLWKRXW�ILOOHU
SDUWLFOHV���PRGHO�FRQFHSWV�RI�SHUFRODWLRQ�DQG
FOXVWHU� WKHRU\�� 7KH� PRGHO� SURYLGHV� DFWLYH
LQWHUDFWLRQ�RI�FRPSRQHQWV��YDULDWLRQV�LQ�WKH
SRO\PHU�DQG�ILOOHU�SURSHUWLHV�LQ�3&0�RI�GLI�

IHUHQW� FRPSRVLWLRQV�� VHOHFWLRQ� SRVVLELOLW\� RI
RSWLPXP�SUHVVXUH��WHPSHUDWXUH�DQG�WLPH�3&0
SURFHVVLQJ� FRQGLWLRQV� WDNLQJ� LQWR� DFFRXQW� WKH
SRO\PHU� PDWUL[� DQG� GLVSHUVHG� ILOOHU� �SK\VLFR�
PHFKDQLFDO� SURSHUWLHV�� VKDSH� DQG� GLPHQVLRQV�
SDUWLFOH�VL]H�GLVWULEXWLRQ��HWF���

&RQVLGHULQJ�WKH�H[SHULPHQWDO�UHVXOWV�SUH�
VHQWHG�LQ�)LJ����DQG�)LJ�����LW�FDQ�EH�VWDWHG
WKDW� EHORZ� WKH� ILOOHU� SKDVH� WUDQVLWLRQ� WHP�
SHUDWXUH� �7F� ����� .��� YDOXHV� RI� UHDO� �Hc�DQG� LPDJLQDU\� �Hcc�� FRPSRQHQWV� RI� WKH�3&0
FRPSOH[� SHUPLWWLYLW\� FDQ� EH� LQIOXHQFHG� E\
YDULDWLRQV� LQ� SRO\PHU� 606� FDXVHG� E\� WKH
GLVSHUVHG� ILOOHU� �)LJ���� DQG� )LJ����� DQG
FKDQJHV� LQ� WKH� ILOOHU� FRQWHQW� �)LJ������ $F�
FRUGLQJ� WR� WKH� IRXU�FRPSRQHQW� VWUXFWXUH
PRGHO� >����@�� WKH� ILOOHU� FRQWHQW� LQFUHDVH� UH�
VXOWV� LQ� D� JUDGXDOO\� UHGXFLQJ� QXPEHU� RI
SRO\PHULF� 3&0� FRPSRQHQWV�� DW� ILUVW�� WKH
EXON� SRO\PHU� GLVDSSHDUV�� WKHQ� WKH� SRO\PHU
LQ� ERXQGDU\� �WUDQVLWLRQDO�� OD\HUV�� ,Q� KLJK�
ILOOHG� 3&0�� WKH� SRO\PHU� FRPSRQHQW� LV� SUH�
VHQWHG�RQO\�E\�WKH� OD\HU�QHLJKERULQJ�WR�WKH
ILOOHU� VXUIDFH�� $V� LW� LV� REYLRXV� IURP�)LJ���
DQG� )LJ����� WKH� LPDJLQDU\� FRPSRQHQW� Hcc� RI
WKH� V\VWHP� FRPSOH[� SHUPLWWLYLW\� LV� PRUH
VHQVLWLYH� WR� WKH� SRO\PHU� 606� FKDQJHV�� $V
WKH� $J,� FRQWHQW� LQFUHDVHV�� FKDQJHV� LQ� WKH
SRO\PHU� FRPSRQHQW� RFFXU�� WKDW� LV� UHIOHFWHG

)LJ�����7HPSHUDWXUH�GHSHQGHQFHV�RI�UHDO��D��F��DQG�LPDJLQDU\��E��G��FRPSOH[�GLHOHFWULF�SHUPLWWLYLW\
FRPSRQHQWV�IRU�SHQWRQ�$J,�3&0�DW�$J,�FRQWHQW��SHU�FHQW�����������������������������������������DQG���������
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DV�PD[LPDO�Hcc�YDOXHV� LQ� WKH�UHJLRQ�RI� UHOD�
WLYHO\� ORZ� $J,� FRQWHQW� �DERXW� ��� ��� DQG
PLQLPDO�YDOXHV�LQ�UHJLRQ�ZKHUH�WKH�SRO\PHU
FRPSRQHQW� LV� PDLQO\� LQ� WUDQVLWLRQDO� DQG
ILOOHU�QHLJKERULQJ�ERXQGDU\�OD\HUV�>�@�

7KH� FKDUDFWHU� RI� Hcc�&�� FRQFHQWUDWLRQ� GH�
SHQGHQFHV�LQGLFDWHV�WKDW�WKH�SRO\PHU�VWUXF�
WXUH� DQG� LWV� SURSHUWLHV� YDU\� GHSHQGLQJ� RQ
WKH� FU\VWDOOLQLW\� OHYHO�� )RU� H[DPSOH�� VXE�
VWDQWLDO� LQFUHDVLQJ� RI� GLHOHFWULF� ORVHV� �Hcc�
ZLWK�PD[LPXP�DW������$J,�PXVW�EH�DVVRFL�
DWHG� ZLWK� LQFUHDVLQJ� DPRXQW� RI� DPRUSKRXV
SKDVH��7KH�PLQLPXP�Hcc�YDOXHV�DW� WKH� ILOOHU
FRQWHQW� DERXW� ����� VWDQGV� IRU�PRUH� �SHU�
IHFW��SRO\PHU�VWUXFWXUH�LQ�WUDQVLWLRQ�ERXQG�
DU\� OD\HUV� >�@�� ,QFUHDVLQJ� Hcc� YDOXHV� IRU
VSHFLPHQ� ZLWK� $J,� FRQWHQW� RI� ����� XQGHU
KHDWLQJ� DQG�PD[LPD� DW�7� �����.�SRLQW� WR
VSHFLILF��UHODWLYHO\�PRUH�DPRUSKRXV�SRO\PHU
VWDWH�ZLWK�LPSHUIHFW�VWUXFWXUH�LQ�FU\VWDOOLQH
UHJLRQV� LQ� WKH� OD\HU� QHLJKERULQJ� WR� WKH
ILOOHU�VXUIDFH��,W�GLIIHUV�IURP�RWKHU�RQHV�E\
WKH� SUHVHQFH� RI� UHOD[DWLRQ� SURFHVVHV� LQ� SRO\�
PHU� DQG� UHOD[DWLRQ� PD[LPXP� DW� 7� �����.
FRQQHFWHG�ZLWK�JODVV�WUDQVLWLRQ�SURFHVV�LQ�WKH
SRO\PHU��ZKLFK�LV�UHJLVWHUHG�LQ�6+)�UDQJH�>�@�

7KH� GUDVWLF� LQFUHDVH� RI� 3&0� Hc� DQG� Hcc
ZLWKLQ�WKH����Ü����.�WHPSHUDWXUH�UDQJH�LV
FRQQHFWHG�ZLWK�UHDOL]DWLRQ�RI�EÜD�GLHOHFWULF�
LRQLF�SKDVH�WUDQVLWLRQ�LQ�$J,��$�VLPLODU�SKH�
QRPHQRQ� ZDV� DOVR� REVHUYHG� LQ� 3&7)(�$J,
3&0�V\VWHP� >�Ü��@��7KH� ILOOHU� �$J,�� WUDQVL�
WLRQ�LQWR�LRQLF�VWDWH�DW�7�!�7F�SURPRWHV�WKHDFWLYH� LQFUHDVH� RI� KLV� DEVRUELQJ� SRVVLELOLW\
RI� HOHFWURPDJQHWLF� ZDYHV� DQG� WKXV� VSHFLILF
HOHFWULF� FRQGXFWLYLW\� >�@�� $� VOLJKW� LQFUHDVH
RI�Hc�DQG�Hcc� LQ�3&0�V\VWHPV��FRQWDLQLQJ�XS
WR� ��� �� $J,�� DV� FRPSDUHG� WR� WKH� FRUUH�
VSRQGLQJ� VDPSOHV� DW�7���7F� �)LJ����� FDQ� EHH[SODLQHG� E\� WKH� ILOOHU� WUDQVLWLRQ� WR� LRQLF
VWDWH� DW� 7�!�7F� �IRU� H[DPSOH�� DW� ���� .��7KH� PRUH� LQWHQVH� LQFUHDVH� RI� Hc� DQG� Hcc� DW
IXUWKHU� LQFUHDVLQJ� $J,� FRQWHQW� �&�!������
HYLGHQFHV�WKH�PDFURVWUXFWXUDO�WUDQVLWLRQ�IURP
LVRODWHG� FOXVWHUV� V\VWHP� WR� WKH� LQILQLWH� ILOOHU
FOXVWHU�ZLWK� FULWLFDO�SHUFRODWLRQ� WKUHVKROG
DW� &� ���� �� DQG� H[WUHPH� PD[LPXP� DW
DERXW� �����$J,� �)LJ������ ,Q� WKLV� FDVH�� WKH
3&0� V\VWHP� VKRZV� XQLTXH� SURSHUWLHV�� UHDO
�Hc��DQG�LPDJLQDU\��Hcc��FRPSOH[�SHUPLWWLYLW\
FRPSRQHQWV� H[FHHG� DERXW� WZLFH� WKH� FRUUH�
VSRQGLQJ� YDOXHV� IRU� LRQLF� FRQGXFWRU� �$J,��
SHUKDSV� WKLV� LV� FDXVHG� E\� IRUPDWLRQ� RI� DQ

)LJ�����'HSHQGHQFHV�RI�UHDO��D��F��DQG�LPDJLQDU\��E��G��FRPSOH[�GLHOHFWULF�SHUPLWWLYLW\�FRPSRQHQWV
DW����*+]�IUHTXHQF\�RQ�$J,�FRQWHQW�LQ�SHQWRQ�$J,�3&0�DW�WHPSHUDWXUHV��.������������������������
�D��E��DQG������F��G������
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LQWHUSKDVH� OD\HU� ZLWK� VSHFLDO� VWUXFWXUH� DQG
SURSHUWLHV�GXH�WR�DFWLYH�SK\VLFR�FKHPLFDO�LQWHU�
DFWLRQ�RI�WKH�FRPSRQHQWV�DQG�LQFUHDVLQJ�SKDVH
LQWHUIDFH��&KDQJLQJ� WKH� H[WHQVLRQ�RI� WKH� FRP�
SRQHQWV� LQWHUIDFH�� WKH� V\VWHP� HOHFWURSK\VLFDO
SURSHUWLHV�FDQ�EH�FRQWUROOHG�ZLWKLQ�FHUWDLQ�OLP�
LWV�>��@��

7KXV��WKH�H[SHULPHQWDO�UHVHDUFK�KDV�EHHQ
UHYHDOHG� VXEVWDQWLDO� YDULDWLRQV� LQ� WKH� 3&0
HOHFWURSK\VLFDO� SURSHUWLHV� GHSHQGLQJ� RQ
WHPSHUDWXUH�� FRQWHQW� RI� FRPSRQHQWV�� WKHLU
VWUXFWXUH�� DQG� IRUPDWLRQ� RI� LQWHUSKDVH� OD\�
HUV� ZLWK� VSHFLDO� VWUXFWXUH� DQG� SURSHUWLHV
GXH� WR� DFWLYH� LQWHUDFWLRQ�� )RU� WKH� SRO\PHU
FRPSRQHQW�� WKH� YDULDWLRQV� DUH� GLVSOD\HG� DV
IRUPDWLRQ� RI� WKH� SRO\PHU� WUDQVLWLRQDO� DQG
ERXQGDU\� OD\HUV� DURXQG� WKH� ILOOHU� SDUWLFOHV
ZLWK� VWUXFWXUH� DQG� SURSHUWLHV� GLIIHUHQW
IURP� WKRVH� RI� EXON� SRO\PHU�� DV� JUDGXDO
FKDQJH�RI�606�DQG�SURSHUWLHV�DW�LQFUHDVLQJ
ILOOHU� FRQWHQW� IURP� WKUHH��� WZR�� WR� VLQJOH�
FRPSRQHQW� VWUXFWXUH� ZLWK� PD[LPDO� DPRU�
SKL]DWLRQ� DW� �����$J,� FRQWHQW�� DV� FKDQJHV
LQ� IUDFWDO� JHRPHWU\�RI�KHWHURJHQHRXV�GLVRU�
GHUHG� VWUXFWXUHV� DQG� VWUXFWXUDO� SHUFRODWLRQ
WUDQVLWLRQ� IURP� FRQWLQXRXV� FOXVWHU� WR� LVR�
ODWHG� RQHV� DW� GHFUHDVLQJ� SRO\PHU� FRQWHQW�
)RU� GLVSHUVHG� ILOOHU�� WKH� YDULDWLRQV� PHQ�
WLRQHG� DUH� GLVSOD\HG� DV� FKDQJHV� RI� IUDFWDO
JHRPHWU\� RI� KHWHURJHQHRXV� VWUXFWXUHV� DQG
VWUXFWXUDO� SHUFRODWLRQ� WUDQVLWLRQ� IRUP� LVR�
ODWHG� FOXVWHUV� WR� FRQWLQXRXV�RQH� DW� LQFUHDV�
LQJ�ILOOHU�FRQWHQW��7KH�SHUFRODWLRQ�WUDQVLWLRQ
IRU� WKH� SHQWRQ� Û� GLVSHUVHG� VLOYHU� LRGLGH

V\VWHP�LV�REVHUYHG�DW������$J,�FRQWHQW��$Q
H[WUHPH�PD[LPXP�DW�&� ������LV�FRQQHFWHG
ZLWK� PD[LPDO� ERXQGDU\� VXUIDFH� EHWZHHQ
FRPSRQHQWV�LQ�LRQLF�VWDWH�RI�VLOYHU�LRGLGH�
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