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/LJKW VFDWWHULQJ ZDV XVHG WR VWXG\ WKH SURSHUWLHV RI SRO\ �PHWKDFU\OLF DFLG�� 30$� DQG LWV

VRGLXP VDOW� 1D30$� LQ DTXHRXV VROXWLRQV� 7KH SRO\PHU LV DQ DWDFWLF RQH� FRPSRVHG RI

DURXQG ��� KHWHURWDFWLF DQG ��� V\QGLRWDFWLF WULDGV� 7KH ZHLJKW�DYHUDJH PRODU PDVV RI D

VLQJOH 30$ FKDLQ �0Z��  ��� NJ�PRO� ZDV HVWLPDWHG IURP H[SHULPHQWV ZLWK 1D30$ LQ ���

0 1D&O� )URP WKH VFDWWHULQJ GDWD DW ]HUR�DQJOH LW ZDV FRQFOXGHG WKDW 30$ LV LQWHU�

PROHFXODUO\ DVVRFLDWHG LQ ��� 0 +&O� 7KH GDWD ZHUH WUHDWHG DFFRUGLQJ WR WKH 2SHQ

$VVRFLDWLRQ 0RGHO RI (OLDV� ZKLFK \LHOGHG 0Z IRU WKH DVVRFLDWHG 30$ IRUP HTXDO WR ���

DQG ��� NJ�PRO DW �� �& DQG �� �&� UHVSHFWLYHO\� )XUWKHUPRUH� WKH VHFRQG YLULDO FRHIILFLHQW
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UHVSHFWLYHO\� 7KH UDGLXV RI J\UDWLRQ RI 1D30$ LQ ��� 0 1D&O LV 5J  �� QP� ZKHUHDV IRU

30$ LQ ��� 0 +&O LW LV HTXDO WR ���� QP DW �� �&� $Q LQFUHDVH LQ WHPSHUDWXUH IURP �� �& WR

�� �& EULQJV DERXW D GHFUHDVH LQ 5J WR ���� QP IRU 30$ LQ ��� 0 +&O� 7KH FKDQJHV LQ

WKHUPRG\QDPLF IXQFWLRQV SRLQW WR D K\GURSKRELFDOO\ GULYHQ DVVRFLDWLRQ SURFHVV RI 30$

FKDLQV�

�

,QWURGXFWLRQ�

3RO\� �PHWKDFU\OLF� DFLG��� 30$�� LV� D� ZHDN� SRO\DFLG� ZLWK� K\GURSKRELF�PHWK\O� VLGH�

FKDLQV��7KHLU�SUHVHQFH�OHDGV�WR�D�QXPEHU�RI�SHFXOLDULWLHV� LQ�VROXWLRQ�EHKDYLRU�RI�30$��

ZKLFK� SRLQW� WKDW� VRPH� HOHPHQWV� RI� VWUXFWXUH� DUH� SUHVHQW� LQ� WKH� GLVVROYHG� SRO\PHU�� ,Q�

FRQWUDVW�WR�SRO\��DFU\OLF�DFLG���ZKLFK�GLVSOD\V�D�VPRRWK�WUDQVLWLRQ�IURP�D�PRUH�FRPSDFW�

FRLO�WR�DQ�H[SDQGHG�RQH�XSRQ�LQFUHDVLQJ�LWV�GHJUHH�RI�LRQL]DWLRQ��30$�UHVLVWV�H[SDQVLRQ�

EHIRUH� D� FULWLFDO� FKDUJH� GHQVLW\� LV� DWWDLQHG�
�
� 7KLV� WUDQVLWLRQ� LV� XVXDOO\� GHVFULEHG� DV� D�

FRRSHUDWLYH� FKDQJH� IURP� D� WLJKWO\� FRLOHG� FOXVWHU� RI� WKH� XQ�LRQL]HG� SRO\DFLG� WR� DQ�

H[WHQGHG� IRUP� RI� WKH� FKDUJHG� SRO\LRQ� FRLO�
�
� )XUWKHUPRUH�� 30$� LV� NQRZQ� WR� IRUP�

WKHUPR�UHYHUVLEOH� JHOV� LQ� FRQFHQWUDWHG� VROXWLRQV� WKDW� GLVSOD\� D� ORZHU� FULWLFDO� VROXWLRQ�
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WHPSHUDWXUH� �/&67��EHKDYLRU��D�JHO�SKDVH�LV�IRUPHG�XSRQ�KHDWLQJ�WKH�VROXWLRQ�
�D
�)URP�

YLVFRPHWULF�DQG�WKHUPRG\QDPLF�VWXGLHV�RI�XQ�GLVVRFLDWHG�30$�LW�ZDV�FRQFOXGHG�WKDW�WKH�

PROHFXOH�LV�LQWUDPROHFXODUO\�ERQGHG�LQ�GLOXWH�VROXWLRQV�
�E
�7KHVH�LQWUDPROHFXODU�ERQGV�LQ�

WKH� GLOXWH� UHJLPH� HYHQWXDOO\� OHDG� WR� DJJORPHUDWLRQ� �H�J�� JHODWLRQ�� LQ� FRQFHQWUDWHG�

VROXWLRQV�FDXVHG�E\�LQWHUPROHFXODU�DVVRFLDWLRQ�
�D
�

� 7KH�DLP�RI�WKLV�SDSHU�LV�SUHOLPLQDU\�VWXGLHV�RI�WKH�DVVRFLDWLRQ�EHKDYLRU�RI�30$�

LQ�DTXHRXV�+&O�VROXWLRQV��:LGH�DQJOH�OLJKW�VFDWWHULQJ�LV�D�YHU\�VHQVLWLYH�PHWKRG�WKDW�LV�

DEOH� WR� GHWHFW� HYHQ� YHU\� VPDOO� DPRXQWV� RI� WKH� DVVRFLDWHG� PDWHULDO�� /LJKW� VFDWWHULQJ�

PHDVXUHPHQWV� ZLOO� EH� SHUIRUPHG� LQ� DTXHRXV� VROXWLRQV� RI� 30$� DW� ]HUR� GHJUHH� RI�

QHXWUDOL]DWLRQ��D1� ����DQG�LQ�VROXWLRQV�RI�LWV�VRGLXP�VDOW��1D30$��DW�D1� ����,W�KDV�EHHQ�

SRLQWHG�RXW�IUHTXHQWO\�WKDW� WKH�EHKDYLRU�RI�30$�GHSHQGV�FRQVLGHUDEO\�RQ�WKH�W\SH�DQG�

GHJUHH� RI� VWHUHR�UHJXODULW\� RI� WKH� FKDLQ�
���
� )RU� H[DPSOH�� WKH� LVRWDFWLF� IRUP� RI� 30$�

GLVSOD\V�D�SDUWO\�LUUHYHUVLEOH�SRWHQWLRPHWULF�EHKDYLRU�LQ�DTXHRXV�VROXWLRQV
���
�LQ�FRQWUDVW�

WR� WKH� DWDFWLF� DQG� V\QGLRWDFWLF� RQHV�� %LQGLQJ� FDSDFLW\� WRZDUGV� YDULRXV� FRXQWHULRQV�

GHSHQGV� FRQVLGHUDEO\� RQ� WKH� WDFWLFLW\� RI� WKH� SRO\LRQ�
�
� ,Q�PRVW� RI� WKH� LQYHVWLJDWLRQV� RI�

30$�� KRZHYHU�� WKH� WDFWLFLW\� RI� WKH� SRO\LRQ� LV� HLWKHU� QRW� NQRZQ� RU� QRW� UHSRUWHG�� ,W� LV�

WKHUHIRUH�GLIILFXOW�WR�FRUUHODWH�WKH�H[LVWLQJ�GDWD�ZLWK�WKH�GHWDLOHG�VWUXFWXUDO�IHDWXUHV�RI�WKH�

FKDLQ��2QH�RI�WKH�DLPV�RI�RXU�VWXG\�LV�WR�DOVR�DVFHUWDLQ�WKH�VWHUHR�FKHPLFDO�FRPSRVLWLRQ�

RI�WKH�VWXGLHG�VDPSOH��

([SHULPHQWDO�VHFWLRQ�

0DWHULDOV�

3RO\��PHWKDFU\OLF�DFLG��ZDV�SUHSDUHG�E\�SRO\PHUL]DWLRQ�RI�PHWKDFU\OLF�DFLG�XVLQJ�D�

VWDQGDUG�SURFHGXUH�
�
�7KH� WDFWLFLW\�RI� WKH�SRO\PHU�ZDV�GHWHUPLQHG� IURP� WKH�HVWHU� IRUP��

7KH� SRO\DFLG� ZDV� GLVVROYHG� LQ� D� PHWKDQRO�ZDWHU� PL[WXUH� ������ DQG� HWKHUHDO�

GLD]RPHWKDQH� VROXWLRQ� ZDV� DGGHG� ZKLOH� VWLUULQJ� WR� \LHOG� WKH� PHWK\O� HVWHU�� SRO\�

�PHWK\OPHWKDFU\ODWH��� 300$�
�
� 7KH� WDFWLFLW\� RI� WKH� UHVXOWLQJ� 300$�ZDV� GHWHUPLQHG�

IURP�WKH�VLJQDOV�RI�WKH�D�PHWK\O�JURXS�LQ�WKH�SURWRQ��DQG�LQ�WKH���&�105�VSHFWUXP
��
�RI�

D� &'&O�� VROXWLRQ�� 7KH� SRO\PHU� FRQWDLQV� DURXQG� ���� KHWHURWDFWLF� DQG� DURXQG� ����

V\QGLRWDFWLF�WULDGV��7KH�DPRXQW�RI�WKH�LVRWDFWLF�RQHV�LV�QHJOLJLEOH��
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7KH� VWRFN� VROXWLRQ� RI� 30$� IRU� OLJKW� VFDWWHULQJ� PHDVXUHPHQWV� ZDV� SUHSDUHG� E\�

GLVVROYLQJ� WKH� GU\� DFLG� LQ� XOWUD� SXUH� ZDWHU� REWDLQHG� ZLWK� WKH�0LOOL�4�5HDJHQW� *UDGH�

:DWHU�6\VWHP��0LOOLSRUH��7R�HQVXUH�FRPSOHWH�VROXELOL]DWLRQ�RI�WKH�SRO\PHU��WKH�VROXWLRQ�

ZDV�VWLUUHG�RYHUQLJKW�DW�URRP�WHPSHUDWXUH��$IWHUZDUGV��LW�ZDV�WUDQVIHUUHG�TXDQWLWDWLYHO\�

LQWR� D� YROXPHWULF� IODVN� DQG� D� GHVLUHG� DPRXQW� RI� �� 0� +&O� ZDV� DGGHG� WR� \LHOG� WKH�

FRQFHQWUDWLRQ� RI� +&O� HTXDO� WR� ����0�� )RU� WKH� SUHSDUDWLRQ� RI� 1D30$� VWRFN� VROXWLRQ��

30$� ZDV� ILUVW� GLVVROYHG� LQ� ZDWHU� DQG� ��0� 1D2+� VROXWLRQ� ZDV� VORZO\� DGGHG� XQGHU�

FRQWLQXRXV�VWLUULQJ�DQG�EORZLQJ�WKURXJK�ZLWK�1��XQWLO�WKH�S+�RI�WKH�VROXWLRQ�ZDV�DURXQG�

�����7KH�VROXWLRQ�ZDV�WKHQ�WUDQVIHUUHG�LQWR�D�YROXPHWULF�IODVN�DQG�WKH�FDOFXODWHG�DPRXQW�

RI���0�1D&O�ZDV�DGGHG��$OO�OLJKW�VFDWWHULQJ�H[SHULPHQWV�ZLWK�1D30$�ZHUH�SHUIRUPHG�

LQ� ���� 0� 1D&O�� %HIRUH� SHUIRUPLQJ� OLJKW� VFDWWHULQJ� PHDVXUHPHQWV�� DOO� VROXWLRQV� ZHUH�

ILOWHUHG�GLUHFWO\�LQWR�PHDVXULQJ�FHOOV�WKURXJK�0LOOLSRUH�ILOWHUV��W\SH�*6��ZLWK�D�SRUH�VL]H�

����� PP� XVLQJ� D� FORVHG� FLUFXLW� LQYROYLQJ� D� ILOWHU� KROGHU� DQG� D� SHULVWDOWLF� SXPS�� 7KH�

ILOWHULQJ�WLPH�ZDV�DURXQG������PLQXWHV��

/LJKW�6FDWWHULQJ�0HDVXUHPHQWV�

7KH�VWDWLF� OLJKW� VFDWWHULQJ�DW�����&�DQG�����&�ZDV�PHDVXUHG�DW�DQJOHV�EHWZHHQ�

���� DQG� ����� XVLQJ� D� FRPPHUFLDO� $PWHF� 00� ���� SKRWRPHWHU�� $� F\OLQGULFDO� FHOO��

FRQWDLQLQJ�WKH�VROXWLRQ��ZDV�LPPHUVHG�LQ�D�WKHUPRVWDWLFDOO\�FRQWUROOHG�WROXHQH�EDWK��$V�

WKH�OLJKW�VRXUFH��D�PRQRFKURPDWLF�DQG�SRODUL]HG�EHDP�RI�D�+H�1H�ODVHU��6SHFWUD�3K\VLFV��

0RGHO� ����� RSHUDWLQJ� DW� ������ QP� ZDV� XVHG�� 7KH� SURSHU� RSWLFDO� DOLJQPHQW� RI� WKH�

LQVWUXPHQW�ZDV�FKHFNHG�UHJXODUO\�E\�PHDVXULQJ�WKH�VFDWWHULQJ�RI�WROXHQH��7KH�UHIUDFWLYH�

LQGH[� LQFUHPHQW�� GQ�GF�� IRU� 30$� DQG� 1D30$� ZDV� WDNHQ� IURP� WKH� OLWHUDWXUH�� 7KH�

IROORZLQJ�YDULDWLRQ�RI�GQ�GF�ZLWK�WKH�GHJUHH�RI�QHXWUDOL]DWLRQ��D1��LV�UHSRUWHG
��

GQ

GF
PO J

1
 ����� � ���� � � � �D � � � � � ����
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UHVSHFWLYHO\�� 7KHVH� YDOXHV� ZHUH� XVHG� LQ� HODERUDWLQJ� WKH� GDWD� REWDLQHG� E\� VWDWLF� OLJKW�
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VFDWWHULQJ�PHWKRG��$OO�OLJKW�VFDWWHULQJ�H[SHULPHQWV�ZHUH�SHUIRUPHG�LQ�WKH�FRQFHQWUDWLRQ�

UDQJH�RI�WKH�SRO\PHU�EHORZ���J�/��

$QDO\VLV�RI�WKH�/LJKW�6FDWWHULQJ�'DWD�

&RQFHQWUDWLRQ� GHSHQGHQFH�� 7KH� H[SHULPHQWDO� GDWD� ZHUH� DQDO\]HG� IRU� WKH�

FRQFHQWUDWLRQ�GHSHQGHQFH�DFFRUGLQJ�WR�WKH�2SHQ�$VVRFLDWLRQ�0RGHO��2$0��RI�(OLDV�
��
�

)RU�D�V\VWHP�KDYLQJ�D�SRO\GLVSHUVLW\�LQGH[��3,��3,� �0Z�0Q��ZKHUH�WKH�LQGH[HV�Z�DQG�Q�

GHQRWH�WKH�ZHLJKW�DQG�WKH�QXPEHU�DYHUDJHV�RI�WKH�PRODU�PDVV��UHVSHFWLYHO\���WKH�2$0�

LQWURGXFHV� DQ� DSSDUHQW� ZHLJKW�DYHUDJH� PRODU� PDVV� RI� DQ� DVVRFLDWLQJ� VSHFLHV�� �0Z�DVV��
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,Q� (TV�� �� DQG� ���.� LV� WKH� RSWLFDO� FRQVWDQW� LQ� WKH� OLJKW�VFDWWHULQJ� HTXDWLRQ�
��
�5T� LV� WKH�

5D\OHLJK� UDWLR�
��
�$�� LV� WKH� VHFRQG� YLULDO� FRHIILFLHQW�� DQG�3�T�� LV� WKH� IRUP� IDFWRU� RI� D�

PDFURPROHFXOH� �QRWH� WKDW� 3����  � ���
��
� 7KH� 3,� IRU� RXU� VDPSOH� LV� QRW� NQRZQ��

&RQVHTXHQWO\��WKH�SURGXFW�.DVV�3,�ZDV�XVHG�DV�D�VLQJOH�ILWWLQJ�SDUDPHWHU��.DSS� �.DVV�3,��
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WRJHWKHU�ZLWK�0Z���DQG�$���7KH�VHFRQG�YLULDO�FRHIILFLHQW�ZDV�FRQVLGHUHG�WR�EH�D�FRQVWDQW�

IRU� HDFK� VHULHV� RI� H[SHULPHQWV�� LUUHVSHFWLYH� RI� WKH� H[WHQW� RI� DVVRFLDWLRQ�
�����

�.QRZLQJ�

0Z����(T����FDQ�EH�XVHG�DV�D�WZR�SDUDPHWHU�HTXDWLRQ�IRU�WKH�HYDOXDWLRQ�RI�.DSS�DQG�$���

$QJXODU�GHSHQGHQFH��7KH�IRUP�IDFWRU�3�T��GHSHQGV�RQ�T�DQG�RQ�WKH�VKDSH�DQG�VL]H�

RI� WKH�VFDWWHULQJ�SDUWLFOH��,W�FDQ�EH�H[SUHVVHG�LQ�UHODWLRQ�WR� WKH�VR�FDOOHG�FRQFHQWUDWLRQ�

GHSHQGHQW�VWDWLF�FRUUHODWLRQ�OHQJWK��[�FS���E\�WKH�H[SDQVLRQ
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ZKHUH�[��LV�WKH�UHVXOW�RI�WKH�H[WUDSRODWLRQ�RI�[�FS��WR�FS� ����

� $IWHU�VXEVWLWXWLRQ�RI�3�T���(T�����LQWR�(T�����WKH���3�T��WHUP�FDQ�EH�DSSUR[LPDWHG�

IRU�VPDOO�T�YDOXHV�E\�WKH�XVXDO�OLQHDU�GHSHQGHQFH�RQ�T
�
�
��
�2QH�REWDLQV�WKHQ�WKH�IROORZLQJ�

H[SUHVVLRQ�IRU�WKH�UHGXFHG�OLJKW�VFDWWHULQJ�LQWHQVLW\�DW�FRQVWDQW�FS��NQRZQ�DV�WKH�=LPP�

DSSUR[LPDWLRQ�
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T
�
�DSSURDFKHV�]HUR�WKH�OLQHDU�H[WUDSRODWLRQ�SURFHGXUH�LV�QR�ORQJHU�MXVWLILHG�

��
�,Q�WKH�FDVH�

RI�D�QRQ�OLQHDU�T
�
�GHSHQGHQFH�RI�WKH�VFDWWHULQJ�IXQFWLRQ��WKH�ODWWHU�FDQ�EH�DSSUR[LPDWHG�

E\�YDULRXV�UHODWLRQVKLSV��$�SRO\QRPLDO�IXQFWLRQ�RI�WKH�VHFRQG�RUGHU�LQ�[�
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JLYHV� D� PXFK� EHWWHU� ILW� RI� WKH� H[SHULPHQWDO� GDWD� WKDQ� WKH� PRVW� RIWHQ� XVHG� OLQHDU�

DSSUR[LPDWLRQ��,Q�(T������E��LV�D�FRQVWDQW�UHVXOWLQJ�IURP�WKH�ILWWLQJ�SURFHGXUH��(TV�������

ZHUH�DSSOLHG�IRU�WKH�HYDOXDWLRQ�RI�WKH�UDGLXV�RI�J\UDWLRQ�RI�30$�DQG�1D30$��
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.� .RJHM� -� &HUNRYQLN� +� %HUJKPDQV� 6� 3DROHWWL� /LJKW VFDWWHULQJ LQYHVWLJDWLRQ RI DTXHRXV VROXWLRQV«

����

5HVXOWV�DQG�GLVFFXVLRQ�

���1D30$�LQ�����0�1D&O��7KH�FRPSOHWHO\�FKDUJHG�VRGLXP�VDOW�RI�SRO\��PHWKDFU\OLF�

DFLG��ZDV�XVHG�WR�HVWLPDWH�WKH�ZHLJKW�DYHUDJH�PRODU�PDVV�RI�D�VLQJOH�30$�FKDLQ�XQGHU�

WKH�XQLYHUVDOO\�DFFHSWHG�DVVXPSWLRQ�WKDW�30$�� DQLRQV�GRQ¶W�DVVRFLDWH�ZLWK�HDFK�RWKHU��

)LJXUH���VKRZV�WKH�=LPP�SORW
��
�IRU�1D30$�LQ�����0�1D&O�DW�����&��L�H���D�SORW�RI�WKH�

UHGXFHG�OLJKW�VFDWWHULQJ�GDWD��.FS�5T��DJDLQVW�VLQ
�
�T������NFS��ZKHUH�N�LV�DQ�DUELWUDU\�
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)LJXUH �� 7KH =LPP�SORW RI 1D30$ LQ ��� 0 1D&O DW �� �&�

FRQVWDQW� �N� ���� LQ� WKLV�FDVH���7KH�DQJXODU�GHSHQGHQFH�RI�VFDWWHULQJ��DW�FRQVWDQW�FS�� LV�

FORVH�WR�OLQHDU�DV�LW�FDQ�EH�DSSUHFLDWHG�IURP�WKH�FXUYHV�LQ�)LJXUH����0Z�RI�WKH�VDPSOH�LV�

REWDLQHG� E\� D� GRXEOH� H[WUDSRODWLRQ� SURFHGXUH�� ILUVW� WR�T�  � ��� �RU�T
�
�  � ��� F�I�� (T���� DW�

FRQVWDQW�FS�DQG�WKHQ�WR�FS� ����7KH�]HUR�DQJOH�YDOXHV��.FS�5���ZHUH�REWDLQHG�LQ�WZR�ZD\V��

E\� D� OLQHDU� �(T�� �D�RU�E��DQG�E\�D� VHFRQG�RUGHU� LQ�T
�
�SRO\QRPLDO� ILWWLQJ� �(T�������7KH�

GLIIHUHQFH� EHWZHHQ�.FS�5�� YDOXHV� REWDLQHG� E\� ERWK� SURFHGXUHV� LV� VPDOO��+RZHYHU�� WKH�

ODWWHU� RQH� UHVXOWV� LQ� ORZHU�YDOXHV�RI� WKH� VXP�RI� WKH� VTXDUHV�RI� UHVLGXDOV��7KHVH�.FS�5��

UHVXOWV�DUH�WKHUHIRUH�LQFOXGHG�LQ�)LJXUH���DV�IXOO�FLUFOHV��ZKHUHDV�WKH�IXOO�WULDQJOHV�DUH�WKH�

UHVXOW�RI�WKH�H[WUDSRODWLRQ�DW�FRQVWDQW�DQJOH�WR�FS� ����

7KH�OLPLWLQJ�VORSH�RI�WKH�T� ����FXUYH�LQ�)LJXUH���LV�SURSRUWLRQDO�WR�WKH�VHFRQG�YLULDO�

FRHIILFLHQW�RI�1D30$�LQ�����0�1D&O��$�YDOXH�$�� ������u���
��
�PRO�PO�J

��
�LV�REWDLQHG��
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.� .RJHM� -� &HUNRYQLN� +� %HUJKPDQV� 6� 3DROHWWL� /LJKW VFDWWHULQJ LQYHVWLJDWLRQ RI DTXHRXV VROXWLRQV«

����

7KH�H[WUDSRODWLRQ� WR�FS� ���ZDV�FDUULHG�RXW�E\�D�VHFRQG�RUGHU�SRO\QRPLDO�ILWWLQJ�LQ�FS��

7KH� UHVXOWLQJ�0Z� IRU�1D30$� LV� HTXDO� WR� ����r��� NJ�PRO�� )URP� WKLV�� RQH� REWDLQV� WKH�

ZHLJKW�DYHUDJH�GHJUHH�RI�SRO\PHUL]DWLRQ�HTXDO�WR�������,I�RQH�DVVXPHV�WKH�VDPH�GHJUHH�

RI� SRO\PHUL]DWLRQ� IRU� WKH� SRO\PHU� DOVR� LQ� WKH� DFLG� IRUP�� WKH� UHVXOWLQJ�ZHLJKW�DYHUDJH�

UHODWLYH�PROHFXODU�PDVV�RI�DQ�LVRODWHG�30$�FKDLQ�LV�HTXDO�WR����������L�H���0Z�IRU�30$�

LV�HTXDO�WR�����NJ�PRO���

���30$�LQ�����0�+&O�DW�����&�DQG�����&��6FDWWHULQJ�VWXGLHV�ZLWK�30$�LQ�DTXHRXV�

����0�+&O�ZHUH�SHUIRUPHG�DW�����&�DQG�DW�����&��)LJXUH��D�DQG��E�VKRZ�WKH�UHVXOWLQJ�

=LPP� SORWV�� 2QH� FDQ� FOHDUO\� VHH� WKDW� WKHVH� SORWV� DUH� FXUYHG�� PDUNHGO\� VR� DW� ORZHU�

FRQFHQWUDWLRQV��ZKHUHDV�DW�KLJKHU�FRQFHQWUDWLRQV� WKH�FXUYDWXUH� LV� OHVV�SURQRXQFHG��7KH�

H[WUDSRODWLRQ� WR� T�  � ��� ZDV� FDUULHG� RXW� E\� WKH� XVXDO� OLQHDU� �(T��� D� DQG� E�� DQG� E\� D�

SRO\QRPLDO�ILWWLQJ�SURFHGXUH��(T�������,Q�WKH�FDVH�RI�30$��WKH�ODWWHU�RQH�JLYHV�D�PXFK�

EHWWHU� ILW� RI� WKH� H[SHULPHQWDO� GDWD�� LQGLFDWHG� E\� WKH� ORZHVW� YDOXHV� RI� WKH� VXP� RI� WKH�

VTXDUHV�RI� WKH� UHVLGXDOV��7KHUHIRUH�� WKH�SRO\QRPLDO� ILWWLQJ� LQ�T
�
�ZDV�FRQVLGHUHG�IRU� WKH�

HYDOXDWLRQ�RI�WKH�.FS�5��YDOXHV�DW�ERWK�WHPSHUDWXUHV��7KHVH�YDOXHV�DUH�SORWWHG�LQ�)LJXUH�

���7KH\�VKRZ�D�SURQRXQFHG�GHYLDWLRQ�IURP�OLQHDULW\�LQ�WKH�ORZ�FS�UDQJH��

7KH� XSZDUG� FXUYDWXUH� LQ�.FS�5�� YDOXHV�ZKHQ�FS� DSSURDFKHV� ]HUR� LV� GLDJQRVWLF� IRU�

LQWHU�PROHFXODU� DVVRFLDWLRQ�
�����

� 7KHUHIRUH�� DQ� DSSURSULDWH� DVVRFLDWLRQ�PRGHO� KDV� WR� EH�

DSSOLHG�IRU�WKH�WUHDWPHQW�RI�WKHVH�GDWD��,Q�RXU�FDVH��WKH�2SHQ�$VVRFLDWLRQ�0RGHO�RI�(OLDV�

ZDV�XVHG�
��
� LQ� WKH� ILUVW�SODFH�DV�D� WKUHH�SDUDPHWHU�HTXDWLRQ��(T�����YDULDEOH�0Z����.DSS��

DQG�$���WR�HYDOXDWH�0Z����7KH�PRGHO�JLYHV�D�UDWKHU�JRRG�ILW�RI�WKH�GDWD�SRLQWV�DV�FDQ�EH�

VHHQ�IURP�WKH�FXUYHV� UHSRUWHG�IRU�HDFK� WHPSHUDWXUH� LQ�)LJXUH����7KH�UHVXOWLQJ�0Z��� IRU�

30$� LQ� ���� 0� +&O� LV� ����r��� NJ�PRO� DQG� ����r��� NJ�PRO� DW� ��� �&� DQG� ��� �&��

UHVSHFWLYHO\��7KHVH�YDOXHV�DUH�FRQVLGHUDEO\�KLJKHU� WKDQ�WKH�YDOXH�SURSRVHG�IRU�D�VLQJOH�

XQ�DVVRFLDWHG�30$�FKDLQ� �0Z��� �����NJ�PRO�� VHH�DERYH��1RWH� WKDW�0Z�REWDLQHG�E\�D�

OLQHDU�H[WUDSRODWLRQ�RI�.FS�5��SRLQWV�WR�FS� ���IRU�FS�!a��u���
��
�J�/�LV�HYHQ�KLJKHU��0Z� �

���� NJ�PRO� DQG� ���� NJ�PRO� DW� ��� �&� DQG� ��� �&�� UHVSHFWLYHO\���� WKXV� FRQILUPLQJ� WKH�

VLJQLILFDQW�LQWHU�FKDLQ�DVVRFLDWLRQ���

7KH� YDOXHV� RI�$�� DQG�.DSS� IRU� WKH� LVRODWHG�� QRQ�DVVRFLDWHG� FKDLQ� LQ� WKH� DFLG� IRUP�

ZHUH�REWDLQHG�IURP�WKH�2$0�E\�IL[LQJ�LQ�WKH�ILWWLQJ�SURFHGXUH�0Z���WR�WKH�VWDWHG�YDOXH�
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.� .RJHM� -� &HUNRYQLN� +� %HUJKPDQV� 6� 3DROHWWL� /LJKW VFDWWHULQJ LQYHVWLJDWLRQ RI DTXHRXV VROXWLRQV«

����

���������7KH�UHVXOWLQJ�VHFRQG�YLULDO�FRHIILFLHQW�RI�30$�LQ�����0�+&O�LV�FRQVLGHUDEO\�

ORZHU� WKDQ� WKH� RQH� REVHUYHG� SUHYLRXVO\� IRU�1D30$��$��  � �����u� ��
��
�PRO�PO�J

�
� DQG�

����u������PRO�PO�J��DW�����&�DQG�����&��UHVSHFWLYHO\��$�ORZHU�$��FDQ�EH�DVFULEHG�WR�DQ�

HVVHQWLDOO\�
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)LJXUH �� 7KH =LPP�SORWV RI 30$ LQ ��� 0 +&O� D� DW �� �& DQG E� DW �� �&�
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.� .RJHM� -� &HUNRYQLN� +� %HUJKPDQV� 6� 3DROHWWL� /LJKW VFDWWHULQJ LQYHVWLJDWLRQ RI DTXHRXV VROXWLRQV«

����

XQFKDUJHG� FKDUDFWHU� RI� 30$� PROHFXOHV� DW� ORZ� S+� DQG� WR� WKH� SUHVHQFH� RI� WKH�

K\GURSKRELF�PHWK\O�VLGH�JURXSV�RQ�WKH�30$�PDLQ�FKDLQ��,Q�DFFRUGDQFH�ZLWK�WKH�/&67�

EHKDYLRU� RI� 30$�� $�� GHFUHDVHV� ZLWK� LQFUHDVLQJ� WHPSHUDWXUH�
�����

� .DWFKDOVN\� DQG�

(LVHQEHUJ
��
�KDYH�IRXQG�D�YDOXH�RI�$��FORVH�WR�]HUR�IRU�30$�LQ������0�+&O�DW�����&��

������ ������ ������ ������
���
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)LJXUH �� 7KH GHSHQGHQFH RI WKH ]HUR�DQJOH YDOXHV� .FS�5�� RQ SRO\PHU FRQFHQWUDWLRQ� FS� IRU 30$ LQ ���

0 +&O DW �� �& DQG DW �� �&� 7KH OLQHV DUH WKH UHVXOWV RI WKH DSSOLFDWLRQ RI (OLDV 0RGHO WR WKH

WUHDWPHQW RI WKH GDWD �VHH WH[W��

+RZHYHU�� WKH� UHVXOWV� RI� 6LOEHUEHUJ� HW� DO�
��
� VKRZ� WKDW�$�� DSSURDFKHV� WKH� ]HUR�YDOXH� DW�

FRQVLGHUDEO\�KLJKHU�WHPSHUDWXUHV�DV�UHSRUWHG�EHIRUH��L�H���DW�����&�
�
�7HPSHUDWXUHV�DURXQG�

URRP� 7� ZRXOG� WKHQ� FRUUHVSRQG� WR� UDWKHU� JRRG� VROYHQW� FRQGLWLRQV�� 7KH� VDPH� FDQ� EH�

FRQFOXGHG� IRU�30$� LQ�����0�+&O� LQ�RXU� VWXG\��7KH� DSSDUHQW� DVVRFLDWLRQ� FRQVWDQW� IRU�

30$�LQ�����0�+&O�LV�UDWKHU�KLJK��.DSS� �����u���
�
�DQG�����u�����DW�����&�DQG�����&��

UHVSHFWLYHO\�� 7KHVH� .DSS� YDOXHV� DUH� FRPSDUDEOH� WR� WKRVH� UHSRUWHG� IRU� D� VWURQJO\�

DVVRFLDWLQJ� N�FDUUDJHHQDQ� V\VWHP� LQ� DTXHRXV� VDOW� VROXWLRQV���� 7KH� FRUUHVSRQGLQJ� IUHH�

HQWKDOS\�FKDQJH�RI�DVVRFLDWLRQ�LV�PRUH�QHJDWLYH�DW�����&��'*����  �������N-�PRO��WKDQ�DW�

��� �&� �'*�����  � ������ N-�PRO��� LQGLFDWLQJ� WKDW� WKH� LQFUHDVH� LQ� WHPSHUDWXUH� SURPRWHV�

LQWHUPROHFXODU� DVVRFLDWLRQ� RI� 30$� FKDLQV�� 7KH� WHPSHUDWXUH� GHSHQGHQFH� RI� ERWK��'*��

DQG�$��� LV� LQ� DFFRUGDQFH�ZLWK� WKH� /&67� EHKDYLRU� RI� 30$�
�����

� )URP� WKH� WHPSHUDWXUH�

GHSHQGHQFH�RI�'*��RQH�REWDLQV�DQ�HVWLPDWH� IRU� WKH�FKDQJHV� LQ�HQWURS\�'6�� � ����-��.�
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.� .RJHM� -� &HUNRYQLN� +� %HUJKPDQV� 6� 3DROHWWL� /LJKW VFDWWHULQJ LQYHVWLJDWLRQ RI DTXHRXV VROXWLRQV«

����

PRO��� DQG� HQWKDOS\� '+�� � � �� ����� N-�PRO�� RI� WKH� DVVRFLDWLRQ� SURFHVV�� 7KHVH� YDOXHV��

DOEHLW�YHU\�FUXGH��DUH�FRPSDUDEOH�ZLWK�WKH�RQHV�UHSRUWHG�IRU�WKH�K\GURSKRELFDOO\�GULYHQ�

SKDVH�VHSDUDWLRQ��H�J���RI�K\GURFDUERQV�LQ�ZDWHU�
��

���5DGLXV�RI�*\UDWLRQ��7KH�UDGLXV�RI�J\UDWLRQ�ZDV�HYDOXDWHG�E\�ILWWLQJ�WKH�DQJXODU�

GHSHQGHQFH�RI� WKH� VFDWWHULQJ�GDWD� DFFRUGLQJ� WR�GLIIHUHQW� IRUPDOLVPV�RI�(TV��������2QH�

ILUVW�REWDLQV�IRU�HDFK�SRO\PHU�FRQFHQWUDWLRQ�D�YDOXH�RI�[�FS���RU�RI�WKH�DSSDUHQW�UDGLXV�RI�

J\UDWLRQ��5J
DSS
��FI��(TV������E�������5J�DW�]HUR�FRQFHQWUDWLRQ�LV�WKHQ�REWDLQHG�IURP�D�SORW�

RI�[�FS��YV��FS��RU�DOWHUQDWLYHO\�IURP�D�SORW�RI�5J
DSS
�YV��FS��FI��(T�����E\�H[WUDSRODWLQJ�WR�FS�

 ����7KLV�H[WUDSRODWLRQ�ZDV�LQ�DOO�FDVHV�SHUIRUPHG�E\�XVLQJ�D�SRO\QRPLDO�IXQFWLRQ�RI�WKH�

VHFRQG�RUGHU� LQ�FS��%RWK�� D� OLQHDU� ��(T����D�E��DQG�D�VHFRQG�RUGHU� �(T������SRO\QRPLDO�

ILWWLQJV�ZHUH�XVHG��JLYLQJ�FRPSDUDEOH�UHVXOWV��7KH�DYHUDJH�5J�YDOXHV�UHVXOWLQJ�IURP�ERWK�

SURFHGXUHV�DUH� UHSRUWHG� LQ�7DEOH��� IRU�1D30$�LQ�����0�1D&O�DQG�IRU�30$�LQ�����0�

+&O��

7DEOH �� 5DGLXV RI J\UDWLRQ� 5J� �LQ QP� IRU 1D30$ LQ ��� 0 1D&O DW �� �& DQG IRU 30$ LQ ��� 0 +&O DW

�� �& DQG �� �&�

V\VWHP� 7����&� 5J���QP��DYHUDJH�YDOXHV��

1D30$�LQ�����0�1D&O� ��� �����r�����

30$�LQ�����0�+&O� ���

���

�����r�����

�����r�����

� 7KH�DYHUDJH�5J�YDOXH�IRU�1D30$�LQ�����0�1D&O�DW�����&�LV����QP��ZKHUHDV�WKH�

FRUUHVSRQGLQJ� YDOXH� IRU� 30$� LQ� ���� 0� +&O� 30$� LV� ����� QP�� 7KH� LQFUHDVH� RI�

WHPSHUDWXUH�WR�����&�FDXVHV�D�GHFUHDVH�RI�5J�IRU�30$�LQ�����0�+&O�WR������QP��2QH�FDQ�

FRQFOXGH�WKDW�WKH�LQFUHDVH�RI�WHPSHUDWXUH�OHDGV�WR�D�PRUH�FRPSDFW�DQG�FRQFXUUHQWO\�PRUH�

VWDEOH�DVVRFLDWHG�VWDWH�RI�30$�LQ�DTXHRXV�VROXWLRQV��7KH�OHQJWK�RI�D�IXOO\�VWUHWFKHG��DOO�

WUDQV�� 30$� FKDLQ��ZLWK� D� GHJUHH� RI� SRO\PHUL]DWLRQ� HTXDO� WR� ������ LV� DURXQG� ���� QP��

)URP�WKH�YDOXH�RI�5J�LW�FDQ�EH�FRQFOXGHG�WKDW�WKH�FRQIRUPDWLRQ�RI�WKH�30$�DQLRQ�LQ�����

0�1D&O�LV�IDU�IURP�D�IXOO\�H[WHQGHG�RQH�HYHQ�DW�WKH�KLJKHVW�GHJUHH�RI�QHXWUDOL]DWLRQ��D1�

 � ����7KH� FRQIRUPDWLRQ�RI�30$�DW� ORZ�S+� �D1� ���� LV� VRPHWLPHV� DSSUR[LPDWHG�E\� D�

FRPSDFW�VSKHUH��$�YDOXH�RI�5J� ������QP�IRU�RXU�VDPSOH�VKRXOG�FRUUHVSRQG�WR�D�VSKHUH�
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.� .RJHM� -� &HUNRYQLN� +� %HUJKPDQV� 6� 3DROHWWL� /LJKW VFDWWHULQJ LQYHVWLJDWLRQ RI DTXHRXV VROXWLRQV«

����

RI�UDGLXV�5� ����QP��7KLV�LV�D�PXFK�KLJKHU�YDOXH�WKDQ�WKH�RQH�REWDLQHG�IURP�WKH�VSHFLILF�

YROXPH
��
� � ������P/�J��RI�30$�E\�SURSRVLQJ�D�VSKHULFDO�V\PPHWU\�RI� WKH�SRO\PHU�LQ�

DTXHRXV� VROXWLRQV�� ,Q� WKLV� FDVH�� D� VSKHUH� RI� UDGLXV�5�  � ���� QP� LV� REWDLQHG�� 2QH� FDQ�

FRQFOXGH� WKDW�PROHFXOHV� RI� WKH� ³FRQWUDFWHG´� IRUP�RI�30$�DUH� DQ\ZD\� IDU� IURP�EHLQJ�

FRPSDFW�VSKHUHV��

5HIHUHQFHV�
�� -� &� /H\WH� 0� 0DQGHO� -� 3RO\P� 6FL� 3DUW $ ����� �� ����������

�� D� -� (OLDVVDI� $� 6LOEHUEHUJ� 3RO\PHU ����� �� �������� E� $� 6LOEHUEHUJ� -� (OLDVVDI� $� .DWFKDOVN\� -�

3RO\P� 6FL� ����� ��� ��������

�� <� 0XURJD� ,� 1RGD� 0� 1DJDVDZD� 0DFURPROHFXOHV ����� �������������

�� -� &� /H\WH� +� 0� 5� $UERXZ�YDQ GHU 9HHQ� /� +� =XLGHUZHJ� -� 3K\V� &KHP� ����� ��� ����������

�� 0� 1DJDVDZD� 7� 0XUDVH� .� .RQGR� -� 3K\V� &KHP� ����� ��� ����������
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3RY]HWHN�
6LSDQMH VYHWOREH VPR XSRUDELOL ]D ãWXGLM ODVWQRVWL SROLPHWDNULOQH NLVOLQH� 30$� LQ QMHQH

QDWULMHYH VROL� 1D30$� Y YRGQLK UD]WRSLQDK� 3ROLPHU MH DWDNWLþHQ� VHVWDYOMHQ L] SULEOLåQR

��� KHWHURWDNWLþQLK LQ ��� VLQGLRWDNWLþQLK WULDG� 8WHåQR SRYSUHþMH PROVNH PDVH HQH VDPH

30$ YHULJH �0Z��  ��� NJ�PRO� VPR RFHQLOL L] SRVNXVRY ] 1D30$ Y ��� 0 1D&O� ,]

SRGDWNRY VLSDQMD SUL NRWX QLþ VPR VNOHSDOL� GD MH 30$ Y ��� 0 +&O LQWHUPROHNXODUQR

DVRFLLUDQD� 3RGDWNH VPR REUDYQDYDOL SR 2GSUWHP DVRFLDFLMVNHP PRGHOX SR (OLDVX� NL MH GDO

YUHGQRVWL ]D 0Z ]D 30$ ��� LQ ��� NJ�PRO SUL �� �& LQ SUL �� �&� 'RORþLOL VPR ãH GUXJL

YLULDOQL NRHILFLHQW LQ UHODWLYQR YLVRNR YUHGQRVW ]D QDYLGH]QR NRQVWDQWR DVRFLDFLMH� $�  ����

u ���� DQG ���� u ��
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PRO PO�J
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�
DQG ��� u ��
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SUL �� �& LQ SUL �� �&�

5DGLM JLUDFLMH 1D30$ Y ��� 0 1D&O MH 5J  �� QP� PHGWHP NR MH ]D 30$ Y ��� 0 +&O SUL

�� �& HQDN ���� QP� 'YLJ WHPSHUDWXUH QD �� �& YRGL GR ]PDQMãDQMD 5J QD ���� QP�

6SUHPHPEH Y WHUPRGLQDPVNLK IXQNFLMDK NDåHMR� GD JUH ]D KLGURIREQR YRGHQ DVRFLDFLMVNL

SURFHV PHG 30$ YHULJDPL�


