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VDPSOHV� �SKRWRVHQVLELOLW\� DQG� FRQWUDVW�� KDV� EHHQ� HVWDEOLVKHG�� 7KH� UHYHUVLEOH� FKDQJHV� LQ
GLIIUDFWLRQ� HIILFLHQF\� RI� SKRWRLQGXFHG� SHULRGLF� VWUXFWXUHV� KDYH� EHHQ� UHYHDOHG�� 7KH� RE�
VHUYHG� SKHQRPHQD� DUH� GLVFXVVHG� WDNLQJ� LQWR� DFFRXQW� WKH� FRQFHSWV� RI� WKH� JUDQXODU� ILOP
RSWLFV�DQG�ZDYHJXLGH�FRDWLQJV��DV�ZHOO�DV�RI�WKH�FKHPLFDO�UHDFWLRQ�NLQHWLFV��
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7KH�LQWHUFDODWLRQ��,&��RI�OD\HUHG�FU\VWDOV�LV
NQRZQ� WR� EH� RI� LQWHUHVW� LQ� UHDOL]DWLRQ� RI
VWUXFWXUHV� ZLWK� ELGLPHQVLRQDO� HOHFWURQ� VSHF�
WUD�� LQ� WKH� VWXGLHV� RQ� VXEVWDQFH� WUDQVIHU� LQ
DQLVRWURSLF� PHGLD�� WKH� SKDVH� DQG� VWUXFWXUH
WUDQVIRUPDWLRQ�NLQHWLFV�� HWF�� >����@��7KH�SKH�
QRPHQRQ� FDQ� EH� XVHG� DOVR� WR� GHWHUPLQH� WKH
RUJDQLF�PROHFXOHV�FRQWHQW�LQ�FU\VWDOOLQH�PDWH�
ULDOV� RI� OD\HUHG� VWUXFWXUH� �H�J��� 3E,���� 7KHVWXGLHV� ZHUH� FDUULHG� RXW� PDLQO\� XVLQJ� SRZ�
GHUV�DQG�VLQJOH�FU\VWDOV��2I�D�JUHDW�LQWHUHVW�LV
QR� GRXEW� WR� VWXG\� WKH� ,&� SURFHVV� LQ� WKLQ
ILOPV�� HVSHFLDOO\� LQ� FRQQHFWLRQ� ZLWK� WKH
NQRZQ�GDWD� >�@� HYLGHQFLQJ� WKDW� OD\HUHG�FRP�
SRXQGV�FDQ�WDNH�D�SKRWRVHQVLWLYLW\�ZKHQ�VXE�
MHFWHG�WR�DQ�LQWHUFDODQW�DFWLRQ��
� � � � ,Q�WKLV�ZRUN��FRQVLGHUHG� LV�WKH�SRVVLELO�
LW\� WR�REVHUYH�WKH�,&�SURFHVV�UXQ�XVLQJ�WKH
GLIIUDFWLRQ� HIILFLHQF\� K� RI� SHULRGLF� VWUXF�
WXUHV� �36��� ,W� KDV� EHHQ� IRXQG� EHIRUH� >�Ü�@

WKDW� WKH� SKRWRJUDSKLF� VHQVLWLYLW\� HIIHFW� LV
REVHUYHG� LQ� WZR�OD\HU� V\VWHPV� RQ� WKH� EDVLV
RI� SRO\FU\VWDOOLQH� OD\HUV� RI� VRPH� PHWDOV�
7KLV�HIIHFW�LV�GXH�WR�SKRWR�VWLPXODWHG�SHQH�
WUDWLRQ� �SKRWR�GLIIXVLRQ�� RI� WKH� PHWDO� �$J�
&X�� HWF��� LQWR� WKH� SRO\FU\VWDO� OD\HU�� 7KDW
SKHQRPHQRQ� LV� FKDUDFWHUL]HG� E\� D� QXPEHU
RI�VLPXOWDQHRXV�SURFHVVHV�� LQ�SDUWLFXODU��E\
WKH�IRUPDWLRQ�DQG�GHVWUXFWLRQ�RI�PHWDO�SDU�
WLFOHV� �JUDQXOHV�� LQ� WKH� 3E,�� OD\HU� EXON�� DVZHOO� DV� DSSHDUDQFH� RI� QHZ� FKHPLFDO� FRP�
SRXQGV�� LQFOXGLQJ� PHWDVWDEOH� RQHV�� ,W� KDV
EHHQ�UHYHDOHG�WKDW�FRQGLWLRQV�IRU�H[FLWDWLRQ
RI� ZDYHJXLGH� PRGHV� DQG� IRUPDWLRQ� RI� GLI�
IUDFWLRQ�SHULRGLF�VWUXFWXUHV�PD\�DULVH�ZKHQ
VXFK�ILOP�V\VWHPV�DUH�H[SRVHG� WR�RQH�EHDP
RI� PRQRFKURPDWLF� OLQHDUO\� SRODUL]HG� OLJKW
>����@�� 7KH� SURFHVVHV�PHQWLRQHG� DUH� GHPRQ�
VWUDWHG� WKHPVHOYHV� DV� YDULRXV� IHDWXUHV�� LQ�
FOXGLQJ�UHYHUVLEOH�RQHV��LQ�RSWLFDO�VSHFWUD�RI
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WKLQ� ILOP� VDPSOHV�� 7KH� PHWDO� SKRWR�GLIIXVLRQ
PHFKDQLVP�LQWR�WKH�SRO\FU\VWDO�OD\HUV�KDV�EHHQ
QRWHG� WR� EH� VWLOO� QRW� TXLWH� FOHDU�� 7KHUH� DUH
HVVHQWLDOO\� QR� GDWD� RQ� WKH� LQIOXHQFH� RI� VRPH
H[WHUQDO� IDFWRUV� RQ� WKH� SURFHVVHV� LQ� TXHV�
WLRQ��LQ�SDUWLFXODU��RI�WKH�JDV�HQYLURQPHQW�
7KH� WZR�OD\HU� VDPSOHV� WR� EH� VWXGLHG�ZHUH

SUHSDUHG� E\� VHTXHQWLDO� GHSRVLWLRQ� RI� WKH� LQ�
LWLDO�VXEVWDQFHV�RQWR�JODVV�VXEVWUDWHV�DW�URRP
WHPSHUDWXUH� LQ� YDFXXP� �a������Ü��3D��� 7KH
OD\HU� WKLFNQHVV� GXULQJ� WKH� GHSRVLWLRQ� ZDV
PRQLWRUHG� E\� SKRWRPHWU\� ZKLOH� WKH� SRVW�
GHSRVLWLRQ� WKLFNQHVV� RI� LQGLYLGXDO� OD\HUV
DQG�RI�WKH�ZKROH�V\VWHP�ZDV�GHWHUPLQHG�E\
PXOWL�EHDP� LQWHUIHURPHWU\� DQG� IRXQG� WR� EH
RI����WR����QP��6RPH�VWUXFWXUDO�DQG�RSWLFDO
SURSHUWLHV� RI� WKH� V\VWHPV� VR� REWDLQHG� KDYH
EHHQ�UHSRUWHG�EHIRUH�>�@��7KH�$J�PHWDO�ILOPV
KDYH� DQ� LVODQG�OLNH� �PRVDLF�� VWUXFWXUH� �WKH
SDUWLFOH�VL]H�XS�WR�����QP��WKH�ILOOLQJ�IDFWRU
T�a������ZKLOH�WKH�3E,��OD\HU�LV�SRO\FU\VWDOOLQH�WKH�DYHUDJH�FU\VWDOOLWH�VL]H�DERXW����QP��DQG
WH[WXUHG��WKH�KH[DJRQDO�D[LV�SUHGRPLQDQW�RULHQ�
WDWLRQ� LV�QRUPDO�WR� WKH� VXEVWUDWH���7KH�VDPSOHV
ZHUH� LUUDGLDWHG�E\� ODVHU�EHDPV�DW�OÈ� �����QPDQG�O�� �����QP�DV�ZHOO�DV�E\�D�PHUFXU\�DUF

ODPS� �OÈ� �����QP�� IURP� ERWK� WKH� VDPSOHIUHH� VXUIDFH� DQG� WKH� WUDQVSDUHQW� VXEVWUDWH
VLGH��7KH�RSWLFDO�SURSHUWLHV�RI�WKH�WKLQ�ILOP
V\VWHPV� DQG� WKH� SKRWR�LQGXFHG� FKDQJHV
WKHUHLQ�ZHUH�VWXGLHG�XVLQJ�WKH�RSWLFDO�WUDQV�
PLVVLRQ� 7� VSHFWUD� LQ� WKH� ���� WR� ����� QP
ZDYHOHQJWK� UDQJH�� 6LQFH� WKH� WZR�OD\HU� V\V�
WHPV� ORVV� WKHLU� SKRWRVHQVLWLYLW\� LQ� DLU
UDWKHU�IDVW��DERXW����WR�����K���WKH�IUHVKO\�
SUHSDUHG�VDPSOHV�ZHUH�H[DPLQHG�
$�VXEVWUDWH�ZLWK�DQ�$J±3E,��RU�3E,��VDP�SOH�ZDV�SODFHG�LQWR�D�FKDPEHU�HTXLSSHG�ZLWK

ZLQGRZV� IRU� ODVHU� EHDP� LQSXW� DQG� RXWSXW�
PHDQV�IRU�1+��JDV�RU�DPPRQLD�DLU�PL[WXUHLQOHW�DQG�IRU�WKH�JDV�SUHVVXUH�FRQWURO��3ULRU
WR�WKH�LQWHUFDODQW�LQWURGXFWLRQ��WKH�FKDPEHU
ZDV� SDUWLDOO\� HYDFXDWHG� RU� ILOOHG� ZLWK� DW�
PRVSKHULF� DLU��7KH� DPPRQLD� FRQWHQW� LQ� WKH
PL[WXUH� ZDV� GHWHUPLQHG� XVLQJ� WKH� NQRZQ
FKHPLFDO� DQDO\VLV� WHFKQLTXH� LQFOXGLQJ� WKH
WLWUDWLRQ� >�@�� 7KH� DPPRQLD� FRQFHQWUDWLRQ
ZDV� XVXDOO\� DERXW� ��� PJ�/� DQG� LWV� DFWLRQ
RQ�WKH�VDPSOHV�ZDV�HVWLPDWHG�EDVLQJ�RQ�WKH
UHVLGHQFH� WLPH� WKHUHRI� LQ� WKH� JDVHRXV� PH�
GLXP�

)LJ�����6SHFWUDO�GHSHQGHQFHV�RI�RSWLFDO�WUDQVPLVVLRQ�IRU�D�WZR�OD\HU�WKLQ�ILOP�$J±3E,��V\VWHP��DÜH�DQG� IRU� D�3E,�� ILOP� �I��� 7KH� OD\HU� WKLFNQHVV� LQ� WKH� LQLWLDO� V\VWHP��$J��a���QP� 3E,��� a���QP��7KHFXUYHV��� FRUUHVSRQG� WR� WKH� IUHVKO\�SUHSDUHG�VDPSOHV�� WKH�HQHUJ\�H[SRVXUH�DW� WKH� LUUDGLDWLRQ�sH� 
���-�°P����D��DIWHU�1+��H[SRVXUH�IRU����V�����DQG����PLQ�������E��LUUDGLDWHG�DW�OÈ� �����QP������WKH
VDPH�DV�����DIWHU�1+��H[SRVXUH�IRU���V������WKH�VDPH�DV�����DIWHU�1+��H[SRVXUH�IRU����V������WKH�OPLQ
ZDYHOHQJWK�DV�D�IXQFWLRQ�RI�1+��H[SRVXUH�GXUDWLRQ�������F��LUUDGLDWHG�DW�O�� �����QP������WKH�VDPHDV�����DIWHU�1+��H[SRVXUH�IRU����V�������G��D�VDPSOH�LQ�1+��YDSRU�����DQG�DIWHU�1+��UHPRYDO�������H�
LUUDGLDWHG�DW�OÈ� �����QP�����DQG�DQG�DIWHU�1+��UHPRYDO�������I��D�VDPSOH�LQ�1+��YDSRU�����DQG�RQHGD\�DIWHU�1+��UHPRYDO�����
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)LJ���� VKRZV� WKH� H[SHULPHQWDO� GHSHQG�
HQFHV� RI� RSWLFDO� WUDQVPLVVLRQ� ��O�� IRU� WKH
LQLWLDO�ILOP�V\VWHPV�LUUDGLDWHG�ZLWK�OLJKW�RI
YDULRXV�VSHFWUDO�FRPSRVLWLRQ�DQG�H[SRVHG�WR
DPPRQLD�� LQ�)LJ����� SUHVHQWHG� DUH� WKH� HOHF�
WURQ�PLFURVFRSLF� �(0�� LPDJHV� RI� WKH� VDPH
V\VWHPV�� 7KH� VSHFWUD� ZHUH� PHDVXUHG� ERWK
GXULQJ�WKH�VDPSOH�H[SRVXUH�LQ�DPPRQLD�JDV
RU�DLU�DPPRQLD�PL[WXUH�DQG�DIWHU�WKH�VDP�
SOH� UHPRYDO� RXW� RI� WKH� LQWHUFDODQW� YDSRU
ZKHUH� D� IUDFWLRQ� RI� LQWHUFDODQW� LV� HYDSR�
UDWHG� DQG� RQO\� LWV� HTXLOLEULXP� DPRXQW� LV
UHPDLQHG�LQ�WKH�ILOP�
,W� IROORZV� IURP� WKH� WUDQVPLVVLRQ� VSHFWUD

VKRZQ� LQ�)LJ���DÜ�F� WKDW�D� UHODWLYHO\� VKRUW
UHVLGHQFH�WLPH�RI�WKH�IUHVKO\�SUHSDUHG�VDP�
SOHV� LQ� DPPRQLD� PHGLXP� UHVXOWV� LQ� LQVLJ�
QLILFDQW�FKDQJHV�LQ�WKH�VSHFWUD��FXUYHV�����
DQG���� UHVSHFWLYHO\���$W�WKH�VDPH�WLPH�� WKH
IHDWXUH��EDQG��DW�����QP�ZDYHOHQJWK�FDXVHG
E\�WKH�H[FLWRQ�VWDWH�RI�3E,��GLVDSSHDUV��WKXVHYLGHQFLQJ� LWV� GHVWUXFWLRQ�� &RQVLGHUDEOH
WUDQVIRUPDWLRQ� LQ� WKH� WUDQVPLVVLRQ� VSHFWUD
WDNH� SODFH� XQGHU� ORQJ�WHUP� LQWHUFDODWLRQ
�)LJ���DÜ�F��FXUYHV����������UHVSHFWLYHO\���,Q
WKH�ODWWHU�FDVH��D�FRQVLGHUDEOH�OLJKW�VFDWWHU�
LQJ� LV� REVHUYHG�� WKH� VDPSOHV� DUH� GLVSHUVHG�
WKDW� PD\� UHVXOW� LQ� WKH� GHVWUXFWLRQ� WKHUHRI
DQG�VHSDUDWLRQ�IURP�WKH�VXEVWUDWH��)LJ���K��
7KH� FKDQJHV� LQ� VSHFWUD� RI� )LJ���GÜ�I
�FXUYHV����������UHVSHFWLYHO\��DUH�LQ�JHQHUDO
VLPLODU� WR� WKRVH� XQGHU� ORQJ�WHUP� LQWHUFDOD�
WLRQ�� EXW�� LQ� DGGLWLRQ� WR� WKH� WUDQVPLVVLRQ
HGJH� VKLIW� WR� VKRUW�ZDYHOHQJWK� VSHFWUDO� UH�
JLRQ��QDUURZ�DEVRUSWLRQ�EDQGV�DUH�REVHUYHG
DW�����QP�IRU�VLOYHU�FRQWDLQLQJ�V\VWHPV�DQG
DW�����QP�IRU�3E,��7KH� FKDQJHV� LQ���O��GHSHQGHQFHV� DUH� RE�
YLRXVO\� GXH� WR� VWUXFWXUDO� FKDQJHV� �)LJ���HÜ
�K�� DQG� LQ� FKHPLFDO� FRPSRVLWLRQV� RI� WZR�
OD\HU� V\VWHPV�� PDLQO\� LQ� WKH� 3E,�� OD\HU�

7KLV� LV� HYLGHQFHG�E\� WKH� UHVXOWV� RI�1+�� LQ�WHUFDODWLRQ�LQWR�D�WKLQ�3E,��ILOP��)LJ���I���LQSDUWLFXODU�� E\� WKH� VKRUW�ZDYH� VKLIW� RI� WKH
VDPSOH�WUDQVPLVVLRQ�HGJH�
7KH�HOHFWURQRJUDSK\�UHVXOWV�DQG�WKH�FRP�

SDULVRQ� WKHUHRI� ZLWK� WKH� NQRZQ�;�UD\� GLI�
IUDFWLRQ�GDWD�>�@�SURYH�WKH�VXSSRVLWLRQ�WKDW
LQWHUFDODWLRQ� FRPSRXQGV� RI� VHYHUDO� W\SHV
DUH� IRUPHG� LQ�WKH�WKLQ�ILOP�VDPSOHV��7KRVH
DUH� WKH� LQWHUPHGLDWH� 3E,��1+������ SKDVHVKDYLQJ� LQFUHDVHG� XQLW� FDOO� SDUDPHWHUV� DV
FRPSDUHG�WR�WKRVH�LQ�WKH�LQLWLDO�3E,��FU\VWDO�WKH�,�DQG�,,�SKDVHV�DFFRUGLQJ�WR�WKH�FODVVL�
ILFDWLRQ�>��@��DV�ZHOO�DV�3E,��1+��������,,,��Ò3E,��1+�����,9��SKDVHV�7KH�VWUXFWXUDO�GLIIHUHQFH�EHWZHHQ�WKH�LQ�
WHUFDODWHG�3E,�� � ILOPV� DQG�$J±3E,�� V\VWHPV�)LJV���HÜ�J� DQG� �K�� LV� FRQQHFWHG� OLNHO\
ZLWK� WKH� SUHVHQFH� RI� VLOYHU� FOXVWHUV� �SDUWL�
FOHV�� LQ� WKH�$J±3E,�� VDPSOHV��ILUVW�RI�DOO� LQWKH� ORFDWLRQV� RI� H[WHQGHG� VWUXFWXUH� GHIHFWV
�GLVORFDWLRQV��SRUHV��HWF���ZKHUH�WKH�LQWHUFD�
ODQW�PROHFXOHV�DUH�IL[HG�DW�SHQHWUDWLRQ�LQWR
WKH�3E,��LQWHUOD\HU�VSDFH��0RUHRYHU��KH[DJR�QDO� DQG� FXELF� VLOYHU� LRGLGH� SKDVHV� DUH� SUH�
VHQWHG�LQ�WKH�VDPSOHV�WKDW�DULVH�GXULQJ�WKH
SDUWLDO�SHQHWUDWLRQ�RI�VLOYHU�LQWR�WKH�3E,��DWWKH� VDPSOH� SUHSDUDWLRQ� VWDJHV� ZHOO� GXULQJ
WKH�LUUDGLDWLRQ�ZLWK�WKH�O��OLJKW�>�@��6R��IRUH[DPSOH��WKH�QDUURZ�DEVRUSWLRQ�EDQG�LQ�WKH
$J±3E,�� VSHFWUXP� �)LJV���G�� �H�� FXUYHV� �DQG���� UHVSHFWLYHO\�� DW�����QP�PD\�EH�GXH
WR�WKH�H[FLWRQ�VWDWH�RI�E�$J,�>��@�
7KH� RSWLFDO� UDGLDWLRQ� HIIHFW� RQ� WKH� $J±

3E,��WKLQ�ILOP�V\VWHPV�UHVXOWV�LQ�FKDQJHV�LQWKH� WUDQVPLVVLRQ� VSHFWUD� WKHUHRI�� WKDW� LV
W\SLFDO� RI� GLUHFW� SKRWRJUDSKLF� UHFRUGLQJ� LQ
UHFRUGLQJ� PHGLD� EDVHG� RQ� SKRWR�GLIIXVLRQ
>�@�� 7KH� LUUDGLDWLRQ� RI� WZR�OD\HU� V\VWHPV
ZLWK� WKH� DFWLYH� OLJKW� DW� OÈ� ����� QP� �RU����QP��IURP�WKH�3E,��DEVRUSWLRQ�HGJH��WKH

)LJ�����(OHFWURQ�PLFURVFRSLF� LPDJHV�RI�WKLQ�ILOP�$J±3E,�� V\VWHP��DÜF��HÜJ��DQG�3E,�� �G��K��� �DÜG��
DV�SUHSDUHG�VDPSOHV���HÜK���1+��WUHDWHG�RQHV���E��I�� LUUDGLDWHG�DW�OÈ� �����QP���F��J��LUUDGLDWHG�DW
O��  ����� QP�� (QHUJ\� H[SRVXUH� DW� WKH� LUUDGLDWLRQ�sË� ����-�°P��� 7KH� 1+�� WUHDWPHQW� GXUDWLRQ��PLQ�XQGHU�QRUPDO�SUHVVXUH�
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DEVRUSWLRQ� FRHIILFLHQW� D�a�������FPÜ�� >��@�
UHVXOWV� LQ� DSSHDUDQFH� RI� D� EDQG�KDYLQJ� WKH
WUDQVPLVVLRQ�PLQLPXP�DW�O|����WR�����QP
�)LJ���E��FXUYH�����7KH�EDQG�REVHUYHG�LV�GXH
WR� WKH�UHVRQDQFH�DEVRUSWLRQ�E\�VLOYHU�SDUWL�
FOHV� DSSHDULQJ� LQ� WKH�3E,�� OD\HU� DV�D� UHVXOWRI�SKRWR�GLIIXVLRQ�FDXVHG�E\�WKH�LUUDGLDWLRQ
>�@�� 7KH� FROORLG� EDQG� VKLIW� WRZDUGV� ORQJHU
ZDYHOHQJWKV�XQGHU� WKH� VDPSOH� LQWHUFDODWLRQ
�DERXW����WR����QP��VHH�)LJ���E��FXUYHV��Ü��
PD\� SRLQW� WR� LQFUHDVLQJ� GLHOHFWULF� FRQVWDQW
RI�WKH�PHGLXP�VXUURXQGLQJ�WKH�VLOYHU�JUDQ�
XOHV� >��@� FRQQHFWHG� ZLWK� WKH� IRUPDWLRQ� RI
WKH�LQWHUFDODWLRQ�LQGXFHG�SKDVHV�
8QGHU� LUUDGLDWLRQ� E\� O�� ����� QP� IURPWKH�3E,��WUDQVSDUHQFH�UHJLRQ�>��@��WKH�WUDQV�PLVVLRQ� VSHFWUXP� FKDQJHV� FRQVLGHUDEO\� EXW

WKH� FROORLG� EDQG� LV� QRW� DSSHDUHG�� 7KH� LUUD�
GLDWLRQ�ZLWK� OLQHDUO\�SRODUL]HG� OLJKW�UHVXOWV
LQ� VR�FDOOHG� SKRWR�DGDSWDWLRQ� HIIHFW� GHPRQ�
VWUDWLQJ�LWVHOI�DV�WKH�WUDQVPLVVLRQ�PD[LPXP

DW� WKH�O��ZDYHOHQJWK��)LJ���F��FXUYH�����7KLVVLQJXODULW\�LV�D�VSHFWUDO�VLJQ�RI�LUUHJXODU�36
SKRWR�LQGXFHG� LQ� WKH� 3E,�� OD\HU�� 7KH� 36VWURNHV�DUH�RULHQWHG�SUHGRPLQDQWO\�LQ�SDUDO�
OHO�WR�WKH�OLJKW�ZDYH�YHFWRU�(��WKXV�LQGLFDWLQJ
WKH�DVVRFLDWLRQ�WKHUHRI�ZLWK�WKH�H[FLWDWLRQ�RI
D�ZDYHJXLGH�PRGH��p��LQ�WKH�3E,��OD\HU��7KH36�SHULRG�G� GHWHUPLQHG� IURP�WKH�GLIIUDFWLRQ
PHDVXUHPHQWV� DJUHHV� ZHOO� ZLWK� WKH� HOHFWURQ
PLFURVFRS\� GDWD� �)LJ���D�� G|���� QP��� 7KH
VPDOO� SDUWLFOHV� WKH� 36� DUH� FRQVLVWHG� RI� �HYL�
GHQWO\� WKH� VLOYHU�PHWDO�JUDQXOHV��KDYH�D�VL]H
RI�WKH�RUGHU�RI�IHZ�QDQRPHWHUV�
7KH� DFWLRQ� RI� DPPRQLD� PHGLXP� RQ� WKH

LUUDGLDWHG� VDPSOHV� FDXVHV� D� VXEVWDQWLDO
WUDQVPLVVLRQ�GURS�LQ�WKH�WUDQVSDUHQFH�UHJLRQ
�)LJ���F��FXUYH�����7KH�REVHUYHG�WUDQVIRUPD�
WLRQV�LQ�RSWLFDO�VSHFWUD�DUH�GXH�OLNHO\�WR�WKH
FKDQJHV� RFFXUULQJ� LQ� 36� �)LJ���E��� ZKHUH
WKH�VWURNHV�EHFRPH�GLVRUGHUHG�DQG�WKH�SDUWL�
FOHV� VL]H� LQFUHDVHV�� WKH� GLHOHFWULF� VXUURXQG�
LQJ�WKHUHRI�VHHPV�WR�EH�FKDQJHG��WRR�
7KXV�� WKH� VWXG\� HYLGHQFHV� WKDW� WKH� DP�

PRQLD� ,&� LQWR� LUUDGLDWHG� $J±3E,�� V\VWHPVFDXVHV� FRQVLGHUDEOH� FKDQJHV� LQ� WKHLU� WUDQV�
PLVVLRQ��WKDW�LV��LQ�WKH�FRQWUDVW�RI�WKH�RSWL�
FDO� LPDJH�� $Q� LPSRUWDQW� IHDWXUH� RI� VXFK� D
WUHDWPHQW� LV� LWV�VHOHFWLYLW\�GHPRQVWUDWHG�DV
GLIIHUHQW� WUDQVPLVVLRQ� FKDQJHV� LQ� WKH� LUUD�
GLDWHG� DQG�QRQ�LUUDGLDWHG� DUHDV� RI� WKH� WZR�
OD\HU� V\VWHPV�� 7KH� SUHOLPLQDU\� VWXG\� VKRZ
DOVR� WKDW� WKH� VDPSOH� H[SRVXUH� LQ� DPPRQLD
DWPRVSKHUH� FDXVHV� DQ� HQKDQFHG� OLJKW� VHQVL�
WLYLW\�WKHUHRI�
,Q�WKLV�ZRUN��ZH�KDYH�FRQVLGHUHG�D�SRVVL�

ELOLW\� WR� PRQLWRU� WKH� ,&� SURFHVV� XVLQJ� WKH
FKDQJHV� LQ� WKH� 36� GLIIUDFWLRQ� HIILFLHQF\� K�
7R� WKDW� HQG�� XVH� ZDV� PDGH� RI� WKH� RSWLFDO

)LJ����� 0LFURSKRWRV� RI� D� WZR�OD\HU� $J±3E,�
V\VWHP�VDPSOH�� �D��LUUDGLDWHG�DW�O�� �����QPDW� sË� ����-�°P��� �E�� WKH� VDPH� DV� �D�� 1+�WUHDWHG�IRU���PLQ��7KH�OD\HU�WKLFNQHVV�LQ�WKH
LQLWLDO� V\VWHP��$J�� a���QP�3E,��� a���QP��(�WKH� HOHFWULF� ILHOG� VWUHQJWK� RI� WKH� OLJKW�ZDYH�
G��WKH�36�VWURNH�VSDFLQJ��SHULRG��

)LJ����� 2SWLFDO� VFKHPH� IRU� UHFRUGLQJ� RI� EHDP� GLIIUDFWHG� RQ� 36� �D�� DQG� WLPH� GHSHQGHQFHV� RI� WKH
GLIIUDFWLRQ�HIILFLHQF\�K��E����D�����FKDPEHU�����WUDQVSDUHQW�ZLQGRZ�����ILEHU�OLJKW�JXLGH�����LQFLGHQW
ODVHU�EHDP�����GLIIUDFWHG�EHDP�����$J±3E,��ILOP�����VXEVWUDWH�����WKH�ILOP�DUHD�FRQWDLQLQJ�36��35�OLJKW�UHFHLYHU��5��UHFRUGHU���E��VROLG�OLQHV�FRUUHVSRQG�WR�1+��LQWURGXFWLRQ�LQWR�WKH�FKDPEHU��GDVKHGRQHV�� WR�1+�� UHPRYDO�� &XUYH���� WKH� DV�SUHSDUHG� VDPSOH�� FXUYH��� DQG� LQVHW�� VXEVHTXHQW� UHYHUVLEOH1+��LQWURGXFWLRQ�UHPRYDO�F\FOHV�
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VFKHPH�IRU�UHFRUGLQJ�WKH�EHDP�GLIIUDFWHG�RQ
WKH� 36� �)LJ���D�� WKDW�� EHLQJ� SURSDJDWHG� LQ
WKH� VXEVWUDWH�� H[LWV� WKURXJK� LWV� EXWW� �RQO\
RQH� GLIIUDFWLRQ� UHIOHFWLRQ� LV� REVHUYHG��� ,Q
)LJ���E��VKRZQ�DUH�WKH�WLPH�GHSHQGHQFHV�RI
K�FKDQJHV��VROLG�OLQHV��GXULQJ�WKH�DLU�DPPR�
QLD� PL[WXUH� LQWURGXFWLRQ� LQWR� WKH� FKDPEHU
ZLWK�WKH�IUHVKO\�SUHSDUHG�VDPSOH��FXUYH����
DIWHU� WKH� DPPRQLD� DWPRVSKHUH� UHPRYDO
�GDVKHG� OLQHV�� DQG� GXULQJ� VXEVHTXHQW� UH�
YHUVLEOH� F\FOHV� �PRUH� WKDQ�����RI� WKH� LQWHU�
FDODQW� LQWURGXFWLRQ�UHPRYDO� �FXUYH� ��
LQVHW��� ,W� IROORZV� IURP� WKH� GDWD� REWDLQHG
WKDW�WKH�1+��DFWLRQ�UHVXOWV�LQ�LQFUHDVHG�LQ�WHQVLW\�RI�WKH�RSWLFDO�UDGLDWLRQ�GLIIUDFWHG�RQ
36�WKDW�PD\�EH�GXH�WR�WKH�FKDQJHV�LQ�GLHOHF�
WULF� VXUURXQGLQJV� RI� WKH�PHWDO� JUDQXOHV� DV
ZHOO� DV� WR� HQODUJHPHQW� WKHUHRI� �)LJ���E��
)RU�WKH�DV�SUHSDUHG�VDPSOHV��WKH�GLIIUDFWLRQ
HIILFLHQF\� LQFUHDVHV� E\� DERXW� RQH� GHFLPDO
RUGHU�� WKH� NLQHWLF� FXUYH� LQ� WKLV� FDVH� EHLQJ
6�VKDSHG� DQG� KDYLQJ� DQ� LQIOHFWLRQ� SRLQW
�)LJ���E��FXUYH�����7KH�FKDUDFWHU�RI�K�W��GH�
SHQGHQFH� FKDQJHV� LQ� WKH� VXEVHTXHQW� F\FOHV�
WKH� GLIIUDFWHG� UDGLDWLRQ� LQWHQVLW\� DWWDLQLQJ
D� PD[LPXP� YDOXH� DQG� WKHQ� VWDUWV� WR� GH�
FUHDVH��)LJ���E��FXUYH����
7KH� H[SHULPHQWDO� K�W�� FXUYHV� FDQ� EH� GH�

VFULEHG�VDWLVIDFWRULO\�E\�D�V\VWHP�RI�GLIIHU�
HQWLDO� HTXDWLRQV� ���Ü���� W\SLFDO� RI� ILUVW
RUGHU�UHDFWLRQV�LQFOXGLQJ�WKH�IRUPDWLRQ�RI�D
PHWDVWDEOH�LQWHUPHGLDWH�>�����@
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ZKHUH�&���&l��&,� DUH� FRQFHQWUDWLRQV�RI�WKHLQLWLDO� VXEVWDQFH� �3E,���� WKH� LQWHUPHGLDWHDQG� WKH� ILQDO� ,&� SURGXFW�� UHVSHFWLYHO\�
&��� �&����&0���&,� ���

7KH� FDOFXODWHG� NLQHWLF� FXUYHV� �)LJ����
VROLG� OLQHV�� IRU� WKH� LQWHUPHGLDWH� �SRVVLEO\
PHWDVWDEOH� SKDVHV� RI� 3E,��1+������3E,��1+������� SKDVH� >��@�� DQG� WKH� ILQDO� ,&SURGXFW� �3E,��1+���� >��@�� DUH� REWDLQHG� IRUWKH� YDOXHV� RI� WKH� LQWHUPHGLDWH� FRQVXPSWLRQ
FRQVWDQW�N��DQG�IRUPDWLRQ�RQH�N��RI������VÜ�DQG������VÜ���UHVSHFWLYHO\�
7KH�UHVXOWV�REWDLQHG�PD\�EH�XVHIXO�ZKHQ

VWXG\LQJ� WKH� LQWHUDFWLRQ� UHJXODULWLHV� RI� RS�
WLFDO�UDGLDWLRQ�ZLWK�WKLQ�ILOP�OLJKW�VHQVLWLYH
V\VWHPV��LQ�SDUWLFXODU��WKH�SKRWR�VWLPXODWHG

GLIIXVLRQ�PHFKDQLVPV�LQ�SRO\FU\VWDOOLQH�VHPL�
FRQGXFWRU� OD\HUV� IRU� WHFKQLFDO� SKRWRJUDSK\�
KRORJUDSK\�� LQWHJUDO�RSWLFV��HWF��7KH�GDWD�RQ
UHYHUVLEOH�FKDQJHV�RI�WKH�36�GLIIUDFWLRQ�HIIL�
FLHQF\�PD\�EH�RI�LQWHUHVW�LQ�WKH�GHYHORSPHQW
RI�VHQVRUV�IRU�DPPRQLD�DQG�LWV�GHULYDWLYHV�
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