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5HFHLYHG�-DQXDU\���������
7KH�SRVVLELOLW\�RI�REWDLQLQJ�ODUJH�DUHD�GLVSHUVHG�VFLQWLOODWRUV�EDVHG�RQ�]LQF�VHOHQLGH�KDV

EHHQ�GHPRQVWUDWHG��3RWHQWLDOLW\�RI�FUHDWLRQ�RI�WZR�FRPSRQHQW�VFLQWLOODWLRQ�SDQHOV�EDVHG�RQ
=Q6H�7H�� DQG� RWKHU� VFLQWLOODWRU� �VXFK� DV�&G:2��� =Q:2���*62� DQG� /*62�� ZKLFK� KDV� DOXPLQHVFHQFH�PD[LPXP�LQ�WKH�SKRWR�DEVRUSWLRQ�]RQH�RI�]LQF�VHOHQLGH�ZDV�LQYHVWLJDWHG�WRR�
2EWDLQHG� H[SHULPHQWDO� GDWD� WHVWLILHG� WR� WKH� HIIHFW� RI� WKH� DGGLQJ� R[LGH� VFLQWLOODWRUV� RQ
UDGLROXPLQHVFHQFH�VSHFWUD�RI�WKH�VDPSOHV�DQG�WKH�OHYHO�RI�;�UD\�DEVRUSWLRQ�RI�WKH�VFLQWLO�
ODWLRQ�SDQHOV�RQ� WKH�EDVLV�RI�FKDOFRJHQLGH�VFLQWLOODWRU�]LQF� VHOHQLGH��7KH�RSWLPXP�VL]H�RI
WKH�LQRUJDQLF�VFLQWLOODWRU�=Q6H�7H��SDUWLFOHV�IRU�REWDLQLQJ�WKH�KLJK�VFLQWLOODWLRQ�SDUDPHWHUV
LQ�VFLQWLOODWLRQ�SDQHOV�KDV�EHHQ�GHWHUPLQHG��0HWKRGRORJ\�RI�SURGXFWLRQ�RI�WKH�VFLQWLOODWLRQ
SDQHOV� EDVHG� RQ� ILQH�GLVSHUVHG� SRZGHU� RI� =Q6H�7H�� ZLWK� VWDEOH� DQG� VWHDG\� VFLQWLOODWLRQ
FKDUDFWHULVWLFV�LQ�WKH�DUHD�RI�WKH�SDQHOV�ZDV�GHYHORSHG��

�º}ÈÏÈÓÈ�mºÏäºÎÓº°�	�¹ºã��ËÓÒ«��Ò°¹Ë¯°Ó©²�°�ÒÓ�Òãã«�º¯ºm�ºã	�º®�¹ãº�È�Ò�ÓÈ
º°ÓºmË� °ËãËÓÒ�È��ÒÓ}È�� È� �È}ÎË� Ò°°ãË�ºmÈÓÈ� mºÏäºÎÓº°�	� ¹ºã��ËÓÒ«� �m�²}ºä¹ºÓËÓ��
Ó©²�°�ÒÓ�Òãã«�ÒºÓÓ©²�¹ÈÓËãË®�ÓÈ�º°ÓºmË�=Q6H�7H��Ò��¯��Ò²�°�ÒÓ�Òãã«�º¯ºm��&G:2��
=Q:2���*62�� /*62��� ºãÈ�È
�Ò²�äÈ}°Òä�äºä� ã
äÒÓË°�ËÓ�ÒÒ� m� ºãÈ°�Ò�Áº�º¹º�ãº�
�ËÓÒ«� °ËãËÓÒ�È� �ÒÓ}È�� �¯ÒmË�ËÓ©� ª}°¹Ë¯ÒäËÓ�Èã	Ó©Ë� �ÈÓÓ©Ë� º� mãÒ«ÓÒÒ� �ºÈmº}
º}°Ò�Ó©²�°�ÒÓ�Òãã«�º¯ºm�ÓÈ�°¹Ë}�¯©�¯È�Òºã
äÒÓË°�ËÓ�ÒÒ�º¯ÈÏ�ºm�Ò�ÓÈ�¹º�ãº�ËÓÒË
¯ËÓ��ËÓºm°}º�º� ÒÏã��ËÓÒ«� °�ÒÓ�Òãã«�ÒºÓÓ©äÒ� ¹ÈÓËã«äÒ� ÓÈ� º°ÓºmË� ²Èã	}º�ËÓÒ�Óº�º
°�ÒÓ�Òãã«�º¯È�°ËãËÓÒ�È��ÒÓ}È��|¹¯Ë�ËãËÓ�º¹�ÒäÈã	Ó©®�¯ÈÏäË¯��È°�Ò��ÓËº¯�ÈÓÒ�Ë°}º�
�º� °�ÒÓ�Òãã«�º¯È� =Q6H�7H�� �ã«� ¹ºã��ËÓÒ«� äÈ}°ÒäÈã	Óº� m©°º}Ò²� °�ÒÓ�Òãã«�ÒºÓÓ©²
¹È¯ÈäË�¯ºm� m� °�ÒÓ�Òãã«�ÒºÓÓ©²�¹ÈÓËã«²��cÈÏ¯Èº�ÈÓÈ�äË�º�Ò}È�¹ºã��ËÓÒ«� °�ÒÓ�Òã�
ã«�ÒºÓÓ©²�¹ÈÓËãË®�ÓÈ�º°ÓºmË�äËã}º�Ò°¹Ë¯°Ó©²�¹º¯º�}ºm�=Q6H�7H��� ºãÈ�È
�Ò²�°�È�
Òã	Ó©äÒ�Ò�¯ÈmÓºäË¯Ó©äÒ�°�ÒÓ�Òãã«�ÒºÓÓ©äÒ�²È¯È}�Ë¯Ò°�Ò}ÈäÒ�¹º�¹ãº�È�Ò�º¯ÈÏ�
�ºm��

���,QWURGXFWLRQ
=Q6H�7H��VFLQWLOODWRU�EHORQJV�WR�WKH�VHPL�

FRQGXFWRU�PDWHULDOV� FODVV� RI�$�%��JURXS�� ,WLV�ZLGHO\�LQ�XVH�LQ�VFLQWLOODWRU�VLOLFRQ�SKRWR�
GLRGH�V\VWHPV�IRU�;�UD\�GHWHFWRUV�RI�PRGHUQ
PXOWLFKDQQHO� ORZ� HQHUJ\� WRROV� RI� YLVXDOL]D�
WLRQ� RI� KLGGHQ� LPDJH� �V\VWHPV� RI� QRQ�GH�
VWUXFWLYH�FRQWURO��PHGLFDO�WRPRJUDSK\��UDGL�
RJUDSK\�� >�@�� &U\VWDOV� RI� ]LQF� VHOHQLGH� SRV�
VHVV� D� KLJK� OXPLQHVFHQW� HIILFLHQF\� ���
WKRXVDQGV� SKRWRQV�0H9�� DQG� VKRUW� DIWHU�
JORZ�GXUDWLRQ��ZKLFK�DOORZV�UHJLVWUDWLRQ�RI

WKH� VKDGRZ� LPDJH� RI� ELRORJLFDO� REMHFWV� LQ
UHDO� WLPH�� $OVR� WKH� HPLVVLRQ� FRORXU� RI� WKLV
SKRVSKRU�LV�RUDQJH�UHG��ZKLFK�PDNHV�LW�SHU�
IHFWO\�VXLWHG�WR�GHWHFWLRQ�E\�VLOLFRQ�VHPLFRQ�
GXFWRU�GHYLFHV�>�@���

,Q�VRPH�ILHOGV�RI�;�UD\�GHYLFH�SURGXFWLRQ
SKRWRGHWHFWRUV�KDYH�QRW�RQO\�D�IODW�FRQILJX�
UDWLRQ�� EXW� DOVR� WKH\� FDQ� SRVVHV� D� FRPSOH[
VKDSH��)RU�H[DPSOH��LQ�PHGLFDO�UDGLRJUDSK\
WKHUH�DUH�VSKHULFDO�&&'�PDWUL[�IRU�WRPRJUD�
SK\�ZKLFK� KDYH� F\OLQGULFDO� VKDSH� RU� LQ� WKH
ILHOG�RI�UDGLDWLRQ�IODZ�GHWHFWLRQ�SKRWRGHWHF�
WRUV�GHVLJQHG�IRU�WKH�H[DPLQLQJ�WKH�REMHFWV

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV�

)XQFWLRQDO�PDWHULDOV������������� ���



ZLWK� FRPSOH[� FRQILJXUDWLRQ� �IODZ� GHWHFWLRQ
RI�ZHOGV�RU�SLSHV��IODZ�GHWHFWLRQ�RI�SURGXFWV
ZLWK� FRPSOH[� VKDSH� REWDLQHG� E\� PROGLQJ��
6XFK� RSWLPL]DWLRQ� RI� WKH� SKRWRGHWHFWRU�V
ILQDO� FRQILJXUDWLRQ� DOORZV� REWDLQLQJ� WKH
PRVW� FRPSOHWH� LQIRUPDWLRQ� DERXW� LQYHVWL�
JDWHG� REMHFW�� )RU� WKH� HIILFLHQW� UHJLVWUDWLRQ
RI�;�UD\V�DQG�LQ�RUGHU�WR�DYRLG�GLVWRUWLRQ�RI
LQIRUPDWLRQ� DERXW� WKH� REMHFW� VFLQWLOODWRU
VKRXOG�FRPSOHWHO\�UHSHDW�WKH�VKDSH�RI�D�SKR�
WRGHWHFWRU�� 7KH�PRVW� VXFFHVVIXO� VROXWLRQ� RI
WKLV� SUREOHP� LV� WKH� IOH[LEOH� VFLQWLOODWLRQ
SDQHO� ZKLFK� ILWV� PD[LPDOO\� WLJKWO\� WR� WKH
VXUIDFH�RI�D�SKRWRGHWHFWRU�RI�DQ\�W\SH�

$W�WKH�SUHVHQW�WLPH�DV�D�VFLQWLOODWLRQ�PD�
WHULDO� IRU� WKH� PDQXIDFWXUH� RI� VFLQWLOODWLRQ
SDQHOV��;�UD\�LQWHQVLI\LQJ�VFUHHQV�DQG�RWKHU
GLVSHUVH� VFLQWLOODWRUV� DUH� ZLGHO\� LQ� XVH� WKH
VFLQWLOODWLRQ� PDWHULDOV� VXFK� DV�*G�2�6�7E��&V,�1D��&V,�7O��1D,�7O�� =Q6�&X�� �=Q�&G�6�&X�
�=Q�&G�6�$J�� &G:2��� %L�*H�2���%*2���<�*G��2��(X���3U��� *G�2�6�3U�&H�)�� DQG
RWKHUV� >�@�� 7KH�PRVW� FRPPRQO\� XVHG�PDWH�
ULDO�IRU�PDQXIDFWXULQJ�GLVSHUVH�VFLQWLOODWRUV
IRU� GLIIHUHQW� SXUSRVHV� LV� *G�2�6�7E�� >�@�)RU� H[DPSOH�� 7DEOH��� VKRZV� FRPSDUDWLYH
GDWD� RI� VFLQWLOODWLRQ� FKDUDFWHULVWLFV� RI
=Q6H�7H��DQG�*G�2�6�7E���7KH�GDWD�FRQILUPWKDW� ]LQF� VHOHQLGH� LV� QRW� LQIHULRU� WR
*G�2�6�7E�� LQ� LWV� FKDUDFWHULVWLFV� DQG� LQVRPH�SDUDPHWHUV�VXSHULRU�WR�LW��WKH�FRQYHU�
VLRQ� HIILFLHQF\�� WKH� DIWHUJORZ��� 6FLQWLOODWRU
RQ�WKH�EDVLV�RI�=Q6H�7H��LQ�D�GLVSHUVHG�IRUP
LV� QRW� OLPLWHG� LQ� DUHD� DQG� KDV� DQ� RUGHU� RI
PDJQLWXGH�JUHDWHU�KRPRJHQHLW\�RI� OXPLQHV�
FHQFH� WKDQ� WKH� FU\VWDOOLQH� VDPSOH� >�Ü��@�
$ELOLW\� WR� REWDLQ� D� ODUJH� DUHD� FU\VWDOOLQH
VDPSOHV� RI�=Q6H�7H�� LV� WHFKQRORJLFDOO\� OLP�
LWHG�� EHFDXVH� ZLWK� LQFUHDVLQJ� RI� FU\VWDO�V
VL]H� KRPRJHQHLW\� RI� OXPLQHVFHQFH� LV� GH�

FUHDVLQJ� GXH� WR� WKH� VHJUHJDWLRQ� RI� GRSDQWV
LQ�WKH�FU\VWDO�LQ�WKH�SURFHVV�RI�LW�JURZWK�

7KLV� DUWLFOH� SUHVHQWV� WKH� FKDUDFWHULVWLFV
RI� H[SHULPHQWDO� VDPSOHV� RI� IOH[LEOH� VFLQWLO�
ODWRU� SDQHOV� PDGH� RI� ILQH� SRZGHUV� RQ� WKH
EDVLV� RI� =Q6H�7H��� DV� ZHOO� DV� D� QXPEHU� RI
R[LGH�VFLQWLOODWRUV��VXFK�DV�&G:2���=Q:2��*62�� /*62�� 7KH� SXUSRVH� RI� WKH� ZRUN�ZDV
WR� REWDLQ� ODUJH� DUHD� GLVSHUVHG� VFLQWLOODWLRQ
SDQHOV�ZLWK�D�KLJK�TXDQWXP�\LHOG�DQG�KRPR�
JHQHLW\� RI� WKH� OXPLQHVFHQFH�� $OVR� LQ� WKH
FXUUHQW�ZRUN�ZH�LQYHVWLJDWHG�WKH�SRVVLELOLW\
RI� LQFUHDVLQJ� WKH� OLJKW� RXWSXW� RI� WKH�PDLQ
VFLQWLOODWRU��]LQF�VHOHQLGH��LQ�WZR�FRPSRQHQW
V\VWHPV� E\� LQWURGXFLQJ� DQ� DGGLWLRQDO� VFLQ�

)LJ�����7KH�GHSHQGHQFHV�RI�WKH�OLJKW�\LHOG�RQ
WKH� SDUWLFOH� VL]H� DQG� WKLFNQHVV� RI� WKH� SRO\�
FU\VWDOOLQH�GLVSHUVHG�VDPSOHV�RI�WKH�VFLQWLOOD�
WLRQ� SDQHOV� EDVHG� RQ� =Q6H�7H��� �Û� FRUUH�
VSRQGV�WR�WKH�VDPSOH�RI�SDQHO�ZLWK�D�SDUWLFOHV
VL]H� LQ� ���Ü���� PP�� ��� Û� SDUWLFOHV� VL]H� LV
���Ü����PP�� �� Û� SDUWLFOHV� VL]H� LV� ��Ü
����PP����Û�SDUWLFOHV�VL]H�LV���Ü���PP����Û
SDUWLFOHV�VL]H�LV��Ü���PP�

7DEOH����6FLQWLOODWLRQ�DQG�SK\VLFDO�FKDUDFWHULVWLFV�RI�WKH�VFLQWLOODWRUV�*G�2�6�7E��DQG�=Q6H�7H�
3DUDPHWHU 6FLQWLOODWRU

*G�2�6�7E� =Q6H�7H�
'HQVLW\�U��J�FP� ��� ����

(IIHFWLYH�DWRPLF�QXPEHU��= �� ��
/LJKW�\LHOG��SKRWRQV�0H9 ������ ������

7KH�HPLVVLRQ�PD[LPXP�OPD[��QP ��� ���
&RQYHUVLRQ�HIILFLHQF\��� �� XS�WR���
$IWHUJORZ��DIWHU���PV���� � ������

+\JURVFRSLFLW\ QR QR
&KHPLFDO�VWDELOLW\ XQOLPLWHG XQOLPLWHG

7KH�PHFKDQLFDO�DQG�WKHUPDO�UHVLVWDQFH JRRG JRRG
5DGLDWLRQ�UHVLVWDQFH JRRG JRRG

9�/LWLFKHYVN\L�HW�DO����6FLQWLOODWLRQ�SDQHOV�EDVHG����

��� )XQFWLRQDO�PDWHULDOV�������������



WLOODWLRQ�PDWHULDO�ZLWK�D�PD[LPXP� OXPLQHV�
FHQFH� LQ� WKH� SKRWRDEVRUSWLRQ� ]RQH� RI� ]LQF
VHOHQLGH�

���([SHULPHQWDO
$V� WKH� REMHFWV� RI� VWXG\� ZH� XVHG� VLQJOH�

DQG� WZR�FRPSRQHQW� VFLQWLOODWLRQ� SDQHOV
PDGH� LQ� WKH� IRUP�RI�D� OD\HU�RI�SRO\FU\VWDO�
OLQH�SDUWLFOHV�RI�LUUHJXODU�VKDSH�RI�LQRUJDQLF
VFLQWLOODWRUV� LQ� WKH� RSWLFDO� LPPHUVLRQ� PH�
GLXP�Û�VLOLFRQH�UXEEHU��6DPSOHV�RI�WKH�SDQ�
HOV�ZHUH�PDGH�E\�SRXULQJ�D�PL[WXUH�RI�SRZ�
GHU� VFLQWLOODWRU� DQG� LPPHUVLRQ� PHGLXP� LQ
WKH�FRQWDLQHU�ZKLFK�FRYHUHG�ZLWK�DQWL�DGKH�
VLRQ�PDWHULDO��

6LQJOH�� DQG� WZR�FRPSRQHQW� VDPSOHV� RI
VFLQWLOODWLRQ�SDQHOV�RQ�WKH�EDVLV�RI�GLIIHUHQW
VFLQWLOODWRUV� VXFK� DV� =Q6H�7H��� &G:2��=Q:2���*62��/*62��ZLWK�GLIIHUHQW�UDWLR�RIWKH�FRPSRQHQWV�LQ�WKH�VDPSOHV�ZHUH�PDGH�LQ
WKH�IUDPHZRUN�RI�WKLV�ZRUN��7KH�VSHFWUD�RI
UDGLROXPLQHVFHQFH� RI� WKH� VDPSOHV� ZHUH� RE�
WDLQHG� XVLQJ� PRQRFKURPDWRU� 0'5���� ZLWK
$'&� VLJQDO� FRQYHUWHU� DQG� D� SKRWRGHWHFWRU
307����� $V� D� VRXUFH� RI� LRQL]LQJ� UDGLDWLRQ
���$P�ZLWK�D�SKRWRQ�HQHUJ\�RI����NH9�ZDV
XVHG��0HDVXUHPHQWV� RI� WKH� LQWHQVLW\� RI� WKH
OLJKW�RXWSXW�RI�WKH�VDPSOHV�ZDV�FDUULHG�RXW
E\� D� NQRZQ� PHWKRG� E\� XVLQJ� WKH� XQLW� IRU
PHDVXUHPHQW�RI�OLJKW�\LHOG�DQG�DIWHUJORZ�Û
�6PLWKV�+HLPDQQ�$06����

���5HVXOWV�DQG�GLVFXVVLRQ
)RU� RSWLPL]DWLRQ� RI� WKH� VFLQWLOODWLRQ� SD�

UDPHWHUV�RI� VFLQWLOODWLRQ�SDQHOV�WKH�GHSHQG�
HQFH� RI� WKH� OLJKW� RXWSXW� RI� SDQHOV� RQ� WKH
SDUWLFOH�VL]H�RI�WKH�VFLQWLOODWRU�=Q6H�7H��DQG
WKH� WKLFNQHVV� RI� WKH� VFUHHQ�ZDV�GHWHUPLQHG
�)LJ������7KH�GHSHQGHQFH�RI�WKH�OLJKW�RXWSXW
RI�=Q6H�7H�� RQ� WKH� GLVSHUVLRQ� RI� WKH� SDUWL�
FOHV� LV� GHWHUPLQHG�E\� WKH�GHJUHH� RI� DEVRUS�
WLRQ� RI� ;�UD\V� E\� SDUWLFOHV� RI� VFLQWLOODWRU�
7KH�ODUJH�SDUWLFOH�DEVRUEV�WKH�ODUJHU�SRUWLRQ
RI�;�UD\V��KHQFH��WKH�OXPLQHVFHQFH�LQWHQVLW\
LQFUHDVHV� ZLWK� LQFUHDVLQJ� SDUWLFOH� VL]H�� $F�
FRUGLQJ� WR� )LJ���� SDUWLFOHV� ZLWK� GLVSHUVLRQ
RI� ���Ü���� PP� KDYH� WKH� KLJKHVW� LQWHQVLW\
RI�WKH�OXPLQHVFHQFH��7KXV��SDUWLFOHV�VL]H�UH�
GXFLQJ� OHDGV� WR� WKH�GHFUHDVLQJ�RI� WKH� OXPL�
QHVFHQFH�LQWHQVLW\�RI�WKH�SDUWLFOHV�DQG�ZKHQ
\RX�UHDFK�D�FHUWDLQ�VL]H��DERXW����PP���WKH
OXPLQHVFHQFH� EHFRPHV� YHU\� ORZ�� 7KLV� LV� UH�
ODWHG� WR� WKH� HOHFWURQ� FDSWXUH� OHQJWK� LQ� WKLV
PDWHULDO�� DQG� LI� LW�EHFRPHV� ORQJHU� WKDQ�WKH
VL]H�RI�WKH�SDUWLFOHV��WKHQ�RQO\�D�VPDOO�IUDF�
WLRQ� RI� WKH� ;�UD\� UDGLDWLRQ� LV� DEVRUEHG� LQ
WKH�PDWHULDO� DQG� LQGXFHV� WKH� OXPLQHVFHQFH�
7KH� GLVVLSDWLYH� SURSHUWLHV� RI� WKH� GLVSHUVHG

VFLQWLOODWRU� PHGLXP� VXFK� DV� VFDWWHULQJ� DQG
UHDEVRUSWLRQ� RI� HPLWWHG� OXPLQHVFHQFH� SKR�
WRQV�DOVR�OHDGV�WR�UHGXFLQJ�WKH�OXPLQHVFHQFH
ZLWK� GHFUHDVLQJ� SDUWLFOH� VL]H�� 7KH� RSWLPXP
WKLFNQHVV� RI� WKH� VFLQWLOODWLRQ� SDQHOV� IRU
PD[LPXP� TXDQWXP� \LHOG� IRU� VDPSOHV� ZLWK
GLVSHUVLRQ� RI� SDUWLFOHV� RI� ��Ü����PP� LV� �Ü
����PP��IRU�GLVSHUVLRQ����Ü����PP�LV����Ü
����PP� DQG� IRU� GLVSHUVLRQ� ���Ü���� PP� LV
���Ü��PP��:KHQ�WKH�WKLFNQHVV�RI�WKH�SDQHO
PRUH� WKHQ� RSWLPDO� WKH� ;�UD\� UDGLDWLRQ� LV
DEVRUEHG� LQ� WKH� XSSHU� OD\HU� RI� WKH� VDPSOH
DQG� LWV� LQWHQVLW\� LQ� WKH� ORZHU� OD\HUV� RI� WKH
VDPSOH� LVQ�W� VXIILFLHQW� WR� H[FLWH� WKH� PD[L�
PXP� OXPLQHVFHQFH�� $OVR� VFLQWLOODWLRQ� SKR�
WRQV�IURP�WKH�XSSHU�OD\HUV�GR�QRW�UHDFK�WKH
SKRWRGHWHFWRU� DQG� UHOHDVHG� LQ� WKH� IRUP� RI
WKHUPDO� HQHUJ\��:KHQ� WKH� WKLFNQHVV� RI� WKH
SDQHO�LV�OHVV�WKDQ�WKH�RSWLPDO�WKH�PD[LPXP
OXPLQHVFHQFH� RI� WKH� SDQHO� DOVR� LVQ�W
DFKLHYHG�EHFDXVH�RI�ODFN�RI�WKH�VFLQWLOODWLRQ
PDWHULDO� LQ� WKH� VDPSOH�� )RU� VDPSOHV� RI� WKH
SDQHOV�IURP�VPDOOHU�IUDFWLRQV�RI�WKH�VFLQWLO�
ODWLRQ�PDWHULDO�WKH�RSWLPDO�WKLFNQHVV�RI�WKH
VFUHHQ�EHFRPHV�VPDOOHU�

7KH� UHODWLYH� OLJKW� RXWSXW� RI� GLVSHUVHG
DQG� FU\VWDOOLQH� VDPSOHV� RI� VFLQWLOODWRUV
EDVHG� RQ� =Q6H�7H�� LV� SUHVHQWHG� LQ� )LJ����
7KH� OHYHO� RI� OLJKW� RXWSXW� RI� VFLQWLOODWLRQ
SDQHOV� PDGH� RI� WKH� FRDUVH� SRZGHU� RI� ]LQF
VHOHQLGH� ZLWK� SDUWLFOHV� VL]H� LQ� ���Ü���� PP

)LJ����� &RPSDULVRQ� RI� WKH� OLJKW� \LHOG� RI� D
GLVSHUVHG� DQG� FU\VWDOOLQH� VFLQWLOODWRUV� EDVHG
RQ�=Q6H�7H��RI�LGHQWLFDO�GLPHQVLRQ�W\SH����Û
FU\VWDOOLQH�VFLQWLOODWRU����Û�GLVSHUVHG�VFLQWLOOD�
WRU� �SDUWLFOHV� VL]H� LV� ���Ü���� PP��� �� Û� GLV�
SHUVHG� VFLQWLOODWRU� �SDUWLFOHV� VL]H� LV� ���Ü
����PP��� �� Û� GLVSHUVHG� VFLQWLOODWRU� �SDUWLFOHV
VL]H�LV���Ü����PP�����Û�GLVSHUVHG�VFLQWLOODWRU
�SDUWLFOHV� VL]H� LV� ��Ü��� �PP��� �� Û� GLVSHUVHG
VFLQWLOODWRU��SDUWLFOHV�VL]H�LV��Û���PP��

9�/LWLFKHYVN\L�HW�DO����6FLQWLOODWLRQ�SDQHOV�EDVHG����
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EHFRPHV� FORVH� WR� WKH� OHYHO� IRU� FU\VWDOOLQH
VDPSOH� �XS� WR� ����� RI� WKH� OLJKW� RXWSXW� RI
WKH� FU\VWDO��� :LWK� GHFUHDVLQJ� RI� SDUWLFOH
VL]H� WKH� OLJKW� RXWSXW� LV� DOVR� GHFUHDVLQJ� DF�
FRUGLQJ� WR� WKH� H[SODQDWLRQV� JLYHQ� DERYH�
$QG� IRU� SDUWLFOHV� ZLWK� D� ILQHQHVV� RI� ���Ü
����PP� OLJKW� RXWSXW� UHDFKHV� DERXW� ��� ��
IRU�SDUWLFOHV�ZLWK�GLVSHUVLRQ�LQ���Ü����JRHV
XS�WR������DQG�IRU�GLVSHUVLRQ�LQ���Ü���PP
JRHV�XS� WR������UHODWLYH� WR� WKH�FU\VWDOOLQH
VDPSOH�� 7KH� SDUWLFOHV� ZLWK� GLVSHUVLRQ� OHVV
WKHQ����PP�DUH�RI�QR�SUDFWLFDO�LQWHUHVW��GXH
WR�H[WUHPHO\�ORZ�OHYHO�RI�OLJKW�RXWSXW�ZKLFK
JRHV� XS� WR� ������ &RPSDULVRQ� RI� WKH� OLJKW
\LHOG� RI� WKH� GLVSHUVHG� VDPSOHV� DQG� FU\VWDO�
OLQH� VDPSOHV�ZHUH�PDGH� LQ� WKH� VDPH� FRQGL�

WLRQV� DQG�ZLWK� WKH� VDPSOHV� RI� WKH� VDPH�GL�
PHQVLRQ�W\SH�

7R� GHWHUPLQH� WKH� SRVVLELOLW\� RI� LQFUHDV�
LQJ�WKH�OLJKW�RXWSXW�RI�WKH�PDLQ�VFLQWLOODWRU
�]LQF� VHOHQLGH��E\� LQWURGXFLQJ�DQ�DGGLWLRQDO
VFLQWLOODWLRQ�PDWHULDO�ZLWK�D�PD[LPXP�OXPL�
QHVFHQFH� LQ� WKH� SKRWRDEVRUSWLRQ� ]RQH� RI
PDLQ� VFLQWLOODWRU� DQG� IRU� DSSOLFDWLRQ� WKH
EDVLF�PDQXIDFWXULQJ�WHFKQRORJ\�RI�WKH�VFLQ�
WLOODWLRQ� SDQHOV� RQ� WKH� RWKHU� VFLQWLOODWLRQ
PDWHULDOV� ZH� IDEULFDWHG� VLQJOH�� DQG� WZR�
FRPSRQHQW� VFLQWLOODWLRQ� SDQHOV� EDVHG� RQ
=Q6H�7H���&G:2���=Q:2���*62�DQG�/*62�7KH�UDGLROXPLQHVFHQFH�VSHFWUD�RI�VXFK�VFLQ�
WLOODWLRQ� SDQHOV� DUH� SUHVHQWHG� LQ�)LJ���� DQG
)LJ����� ,Q� WKH� WZR�FRPSRQHQW� V\VWHPV� DF�

)LJ����� 7KH� UDGLROXPLQHVFHQFH� VSHFWUD� RI� WKH� VDPSOHV� RI� VFLQWLOODWLRQ� SDQHOV� EDVHG� RQ� =Q6H�7H��
*62�� /*62� DW� GLIIHUHQW� UDWLR� RI� WKH� FRPSRQHQWV� LQ� WKH� SDQHOV�� &XUYHV��F�� �G� FRUUHVSRQG� WR� WKH
VDPSOHV�EDVHG�RQ�=Q6H�7H���&XUYHV��F���F���F�FRUUHVSRQG�WR�D�UDWLR�*62�=Q6H�7H��Û���������������
FXUYH��F�Û�*62��&XUYHV��G���G���G�FRUUHVSRQG�WR�D�UDWLR�/*62�=Q6H�7H��Û����������������FXUYH
�G�Û�/*62��

)LJ����� 7KH� UDGLROXPLQHVFHQFH� VSHFWUD� RI� WKH� VDPSOHV� RI� VFLQWLOODWLRQ� SDQHOV� EDVHG� RQ� =Q6H�7H��
&G:2���=Q:2��DW�GLIIHUHQW�UDWLR�RI�WKH�FRPSRQHQWV�LQ�WKH�SDQHOV��&XUYHV��D�DQG��E�FRUUHVSRQG�WRWKH� VDPSOHV� EDVHG� RQ�=Q6H�7H��� &XUYHV��D���D���D� FRUUHVSRQG� WR� D� UDWLR�&G:2��=Q6H�7H��Û�����
����������FXUYH��D�Û�&G:2���&XUYHV��E���E���E�FRUUHVSRQG�WR�D�UDWLR�=Q:2��=Q6H�7H��Û����������
�����FXUYH��E�Û�=Q:2��
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FRUGLQJ�WR�WKH�UDWLR�RI�]LQF�VHOHQLGH�DQG�DQ
DGGLWLRQDO� VFLQWLOODWRU� WKH� UHGLVWULEXWLRQ� RI
WKH�OXPLQHVFHQFH�LQWHQVLW\�RI�VDPSOHV�DQG�D
FKDQJH� RI� WKH� OXPLQHVFHQFH� VSHFWUD� DFFRUG�
LQJ� WR� WKH� LQWHQVLW\� DQG� VSHFWUDO� UDQJH� RI
OXPLQHVFHQFH� RI� HDFK� FRPSRQHQW� RI� WKH
SDQHO�DUH�REVHUYHG��7KH�RQH�FRPSRQHQW�SDQ�
HOV�EDVHG�RQ�]LQF� VHOHQLGH�KDYH�D�PD[LPXP
LQWHQVLW\�RI�OXPLQHVFHQFH��,QFUHDVLQJ�WKH�OX�
PLQHVFHQFH� LQWHQVLW\�GXH�WR�SKRWRH[FLWDWLRQ
RI� =Q6H�7H�� LVQ�W� REVHUYHG�� 7KH� WRWDO� OLJKW
RXWSXW� IURP� WKH� WZR�FRPSRQHQW� VDPSOHV� LV
ORZHU�WKDQ�WKDW�RI�WKH�VLQJOH�FRPSRQHQW�RQH
EDVHG�RQ� ]LQF� VHOHQLGH�ZKLFK� FDQ�EH� DVVRFL�
DWHG� ZLWK� D� VLJQLILFDQW� GLIIHUHQFH� RI� WKH
OLJKW�\LHOG�RI�]LQF�VHOHQLGH�DQG�RWKHU�VFLQWLO�
ODWRUV��$OVR�WKH�VSHFLILFV�RI�WKH�GLVSHUVH�PH�
GLXP� SUHYHQWV� HIILFLHQW� HQHUJ\� WUDQVIHU
IURP�WKH�DGGLWLRQDO�VFLQWLOODWRU�WR�WKH�PDLQ
VFLQWLOODWRU�� 7KH� LQFUHDVH� RI� VKDUH� RI� WKH
DGGLWLRQDO� VFLQWLOODWRU� LQ� WKH� SDQHO� OHDGV� WR
WKH� GHFUHDVH� RI� WKH� WRWDO� OXPLQHVFHQFH� RI
VFLQWLOODWLRQ� SDQHO�� %HFDXVH� WKH� OXPLQHV�
FHQFH� FDXVHG� E\� SKRWRH[FLWDWLRQ� RI� ]LQF� VH�
OHQLGH�GRHV�QRW�FRPSHQVDWH�WKH�ORVV�RI�OLJKW
RXWSXW�RI�WKH�SDQHO�GXH�WR�D�GHFUHDVLQJ�WKH
VKDUH�RI�PDLQ�VFLQWLOODWRU�LQ�WKH�VDPSOH�

7KH�GHSHQGHQFH�RI�OXPLQHVFHQFH�LQWHQVLW\
RI� WKH� VLQJOH�FRPSRQHQW� DQG� PL[HG� SDQHOV
EDVHG�RQ�]LQF�VHOHQLGH�DQG�WXQJVWDWH�]LQF�RU
FDGPLXP� IURP� WKH� SKRWRQ� HQHUJ\� RI�;�UD\
HPLVVLRQ� LV� VKRZQ� LQ� )LJ����� 7KH� DEVROXWH
OLJKW� \LHOG� RI� =Q6H�7H�� LV� ��� ���� SKR�
WRQV�0H9�� WKH� DEVROXWH� OLJKW� RXWSXW� RI
&G:2��DQG�=Q:2��LV��������SKRWRQV�0H9�
7KXV��RQ� WKH�EDVH�RI�WKH�H[SHULPHQWDO�GDWD
D�OLQHDU�GHSHQGHQFH�RI�FKDQJHV�RI�WKH�OXPL�

QHVFHQFH� LQWHQVLW\� RI� WZR�FRPSRQHQW� VDP�
SOHV� UHODWLYH� WR� WKH� OXPLQHVFHQFH� LQWHQVLW\
RI� RQH�FRPSRQHQW� PRGHOV� DFFRUGLQJ� WR� WKH
SURSRUWLRQ�RI�]LQF�VHOHQLGH�DQG�WXQJVWDWHV�LV
REVHUYHG��7KH�OXPLQHVFHQFH�LQWHQVLW\�RI�WKH
SDQHOV� ULVHV�ZLWK� LQFUHDVLQJ� WKH� SKRWRQ� HQ�
HUJ\�RI�;�UD\�GXH�WR�LQFUHDVH�RI�WKH�FRQYHU�
VLRQ�HIILFLHQF\�RI�;�UD\�UDGLDWLRQ�

'DWD�RQ�WKH�;�UD\�DEVRUSWLRQ�RI�RQH�FRP�
SRQHQW� DQG� WZR�FRPSRQHQW� VDPSOHV� RI� WKH
VFLQWLOODWLRQ�SDQHOV�DUH�VKRZQ�LQ�)LJ�����7KH

)LJ�����'DWD�RQ�WKH�;�UD\�DEVRUSWLRQ�E\�RQH�
DQG�WZR�FRPSRQHQW�VFLQWLOODWLRQ�SDQHOV��;�UD\
WXEH�YROWDJH�LV�����N9���3RLQW���FRUUHVSRQGV
WR� WKH� SDQHO� EDVHG� RQ� =Q6H�7H��� SRLQW� �� Û
&G:2���SRLQW���Û�=Q:2���SRLQW���Û�*62�&H
DQG�SRLQW���Û�/*62�&H��WKH�RWKHU�SRLQWV�FRU�
UHVSRQG� WR� LQWHUPHGLDWH� UDWLR� RI� WKH� FRPSR�
QHQWV�LQ�WKH�PL[HG�VFLQWLOODWLRQ�SDQHOV�

)LJ����� 7KH� GHSHQGHQFHV� RI� WKH� UDGLROXPLQHVFHQFH� LQWHQVLW\� RI� WKH� VDPSOHV� RI� VFLQWLOODWLRQ� SDQHOV
EDVHG�RQ�=Q6H�7H���&G:2���=Q:2��RQ�;�UD\�WXEH�YROWDJH��YROWDJH�YDULDWLRQ�LV���Ü����N9���&XUYHV�D� DQG��E� FRUUHVSRQG� WR� WKH� VDPSOHV� EDVHG� RQ�=Q6H�7H���&XUYHV��D���D���D� FRUUHVSRQG� WR�D� UDWLR
&G:2��=Q6H�7H��Û� ����� ����� ����� FXUYH� �D�Û�&G:2��� &XUYHV� �E�� �E�� �E� FRUUHVSRQG� WR� D� UDWLR=Q:2��=Q6H�7H��Û����������������FXUYH��E�Û�=Q:2��
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GHJUHH�RI�DEVRUSWLRQ�RI�;�UD\�E\�WZR�FRPSR�
QHQW� VDPSOHV� LV�DQ�DGGLWLYH�TXDQWLW\�DQG� LW
LV� GHWHUPLQHG� E\� WKH� SHUFHQWDJH� RI� FRPSR�
QHQWV� LQ� WKH� PL[HG� V\VWHP�� 'XH� WR� WKH
KLJKHU� HIIHFWLYH� DWRPLF� QXPEHU� R[LGH� VFLQ�
WLOODWRUV�KDYH�KLJKHU�DEVRUSWLRQ�FRHIILFLHQWV
RI� ;�UD\� UDGLDWLRQ� WKDQ� ]LQF� VHOHQLGH�� $F�
FRUGLQJO\��WKH�DGGLWLRQ�RI�R[LGH�VFLQWLOODWRUV
OHDG�WR�DQ�LQFUHDVH�RI�WKH�VKDUH�RI�DEVRUEHG
;�UD\� UDGLDWLRQ� LQ� VDPSOHV� RI� WZR�FRPSR�
QHQW�VFLQWLOODWLRQ�SDQHOV�����������

)RU� SUDFWLFDO� DSSOLFDWLRQ� RI� VFLQWLOODWLRQ
SDQHOV�LV�QHFHVVDU\�WR�HQVXUH�WKH�KRPRJHQH�
LW\�RI�OXPLQHVFHQFH�LQ�WKH�DUHD�RI�WKH�SDQHO�
0HDVXUHPHQW� RI� OXPLQHVFHQFH� KRPRJHQHLW\
LQ�WKH�DUHD�RI�GLVSHUVHG�DQG�FU\VWDOOLQH�VDP�
SOHV� EDVHG� RQ� ]LQF� VHOHQLGH� RI� WKH� VDPH� GL�
PHQVLRQ�W\SH� VKRZHG� WKDW�GLVSHUVHG� VFLQWLO�
ODWRU� KDV� DSSUR[LPDWHO\� IURP� �� WR� �� WLPHV
JUHDWHU� KRPRJHQHLW\� RI� OXPLQHVFHQFH� WKDQ
FU\VWDOOLQH� DQDORJ� �VHH� 7DEOH����� 7KLV� LV
DFKLHYHG� E\� KRPRJHQL]LQJ� WKH� SRZGHU� RI
=Q6H�7H�� GXULQJ� LWV� SUHSDUDWLRQ� DQG� LWV� XQL�
IRUP�GLVWULEXWLRQ�RYHU�WKH�DUHD�RI�WKH�SDQHO�

���&RQFOXVLRQV
$V�D�UHVXOW�RI�WKH�ZRUN�WKH�WHFKQRORJ\�RI

SURGXFLQJ�ODUJH�DUHD�GLVSHUVHG�IOH[LEOH�VFLQ�
WLOODWLRQ� SDQHOV� EDVHG� RQ� IDVW�SKRVSKRU
=Q6H�7H��ZLWK�KLJK�TXDQWXP�\LHOG�DQG�OXPL�
QHVFHQFH�KRPRJHQHLW\�KDV�EHHQ�GHYHORSHG��

7KH� LQIOXHQFH�RI�DGGLWLYHV�RI�R[LGH� VFLQ�
WLOODWRUV�RQ�WKH�UDGLROXPLQHVFHQFH�VSHFWUD�RI
WKH�VDPSOHV�DQG�WKH�DEVRUSWLRQ�RI�;�UD\�E\
VFLQWLOODWLRQ� SDQHOV� �EDVHG� RQ� FKDOFRJHQLGH
VFLQWLOODWRU� ]LQF� VHOHQLGH�� ZDV� VSHFLILHG�� ,W
FDQ�JLYH�SRVVLELOLWLHV�WR�YDU\�WKH�RSWLFDO�DQG
OXPLQHVFHQW�SDUDPHWHUV�RI�WKH�REWDLQHG�SDQ�
HOV�LQ�D�ZLGH�UDQJH��

$FKLHYHG� UHVROYLQJ� SRZHU� RI� WKH� VFLQWLOOD�
WLRQ�SDQHOV�EDVHG�RQ�]LQF�VHOHQLGH�DOORZV�WKHLU
DSSOLFDWLRQ�LQ�DQ\�ILHOG�RI�GLJLWDO�UDGLRJUDSK\�

6FLQWLOODWLRQ�SDQHOV�REWDLQHG�DIWHU�DFFRP�
SOLVKLQJ� WKLV� UHVHDUFK� ZRUN� FDQ� EH� DSSOLHG
IRU� WKH� ;�UD\� LPDJLQJ�� VSHFWURVFRS\� DQG
GRVLPHWU\� RI� LRQL]LQJ� UDGLDWLRQV� RI� VPDOO
DQG� PHGLXP�HQHUJ\� >��Ü��@�� )RU� H[DPSOH�
SRZGHU� VFLQWLOODWRUV� FDQ� EH� XVHG� LQVWHDG� RI

FU\VWDOOLQH� VDPSOHV� LQ� ���� ���� ��� DQG� ���
VFLQWLOODWLRQ� HOHPHQWV� IRU� VLOLFRQ� SKRWR�
GLRGHV� EHFDXVH� RI� WKHLU� GLVSHUVHG� VWUXFWXUH
WKH\�KDYH�D�VPDOOHU�FURVV�WDON�EHWZHHQ�FKDQ�
QHOV� RI� WKH� SKRWRGLRGH� WKDQ� WKH� FU\VWDOOLQH
DQDORJXH��$QRWKHU� DSSOLFDWLRQ� IRU� WKH� VFLQ�
WLOODWLRQ� SDQHOV� EDVHG� RQ� =Q6H�7H�� FDQ� EH�
FRPH� WKH�;�UD\� LPDJLQJ� RI� LQWHUQDO� RUJDQV
�LQ� SDUWLFXODU� KHDUW� PXVFOH��� =LQF� VHOHQLGH
KDYH� D� KLJKHU� VSHHG� RI� UHVSRQVH� WKDQ� WKH
ZLGHO\� XVHG� JDGROLQLXP� R[\VXOILGH� DQG� DF�
FRUGLQJ� WR� WKH� VKRUW� DIWHUJORZ� SURYLGHV� D
PRUH� GLVWLQFW� SLFWXUH� RI� PRYLQJ� REMHFWV�
&RQVHTXHQWO\� WKH� KLJKHU� TXDOLW\� RI� KHDUW
GLVHDVH�GLDJQRVWLFV� FDQ�EH� DFKLHYHG��'XH� WR
WKH� IDFW� WKDW� ]LQF� VHOHQLGH� LV� D� ORZ�HQHUJ\
VFLQWLOODWRU� DQG� LW� FDQ� EH� HDVLO\� FRPELQHG
ZLWK� D� SXOVHG� ;�UD\� HPLWWHU� ZKLFK� LV� V\Q�
FKURQL]HG� ZLWK� WKH� SKDVHV� RI� WKH� KHDUW� LQ�
VWHDG�RI�FRQWLQXRXV�H[SRVXUH�WKHUH�LV�D�SRV�
VLELOLW\�RI�VLJQLILFDQW�UHGXFLQJ�WKH�UDGLDWLRQ
H[SRVXUH�WR�SDWLHQW�

5HIHUHQFHV
� ���*�5XGLJHU��0HG��(TXLS����������������
� ���/�*DOFKLQHWVN\��9�5\]KLNRY��1�6WDU]KLQVN\�HW�DO��

3UREO���$WRP��6FL��DQG�7HFKQRO���6HU���3K\V��5DGLDW�
'DPDJH�DQG�5DGLDW��0DWHU��6FL����������������

� ���&DUHO�:�(�YDQ�(LMN��3K\V��LQ�0HG��DQG�%LRO��
��������������

� ���*�$QDQLHYD��(�*RURNKRY��9�'HPLGHQNR��-��2SW�
7HFKQRO�����������������

� ���8665�3DWHQW���������*��7������������
� ���8665�3DWHQW�����������*��7������������
� ���8�6��3DWHQW����������*��7�������������
� ���8NUDLQH�3DWHQW����������������
� ���8NUDLQH�3DWHQW����������������
����8�6��3DWHQW������������������
����8�6��3DWHQW������������������
����8�6��3DWHQW������������������
����$�*XUYLFK��0F*UDZ��;�UD\�3KRVSKRUV�DQG�;�UD\

6FUHHQV��������
����1�%OLQRY�� LQ�� 0HGLFDO� 5DGLRORJ\�� HG�� E\

0�6WDYLVN\��013,���������S����
����$�*XUYLFK��3K\VLFDO�%DVLV�RI�;�UD\�0RQLWRULQJ

DQG� 'LDJQRVWLFV�� (QHUJRDWRPL]GDW�� 0RVFRZ
�������>LQ�5XVVLDQ@�

7DEOH���� 6FLQWLOODWLRQ� DQG� SK\VLFDO� FKDUDFWHULVWLFV� RI� WKH� GLVSHUVHG� DQG� FU\VWDOOLQH� VFLQWLOODWRUV
EDVHG�RQ�=Q6H�7H�

3DUDPHWHU &U\VWDO�=Q6H�7H� 6FLQWLOODWLRQ�SDQHO
=Q6H�7H�

7KH�LQKRPRJHQHLW\�RI�WKH�OXPLQHVFHQFH�
RI�WKH�VDPSOH�V�DUHD���

XS�WR��� XS�WR���

6XUIDFH�DUHD�RI�WKH�VDPSOH��FP��XS�WR��� ����
0HFKDQLFDO�FKDUDFWHULVWLFV IUDJLOH�VROLG HODVWLF�IOH[LEOH
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