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Professor Bogusław Kędzia 

Professor Bogusław Kędzia, founder and the first Editor of Materials Science, 
passed away on 14 December 2002. His scientific career began in 1957 when, still 
being a student, he was appointed by Professor Bogusława Jeżowska-Trzebiatowska, 
then chairman of the 2 Chair of Inorganic Chemistry of the Wrocław University of 
Technology. Three years later, he graduated from the University, in 1963 he received 
PhD, in 1972 - DSc in Chemistry, and in 1976 he was appointed Professor of Chem­
istry. From 1969 until1972 he was Director of the Institute of Inorganic Chemistry of 
the Wrocław University of Technology, between 1972 and 1979 he held the position 
of vice-Rector, and in 1980/81 - of the Rector of the Wrocław University of Technol­
ogy. In 1993, he moved to the Central Institute of Labour Protection in Warsaw, 
where worked on modern multimedia for academic teaching of work safety and ergo­
nomics. 

Scientific interests of Professor Kędzia were focused on the coordination chemis­
try of rare and transition elements, mainly on their vibrational spectroscopy. In early 
years, he worked on theIR spectroscopy of uranyl compounds, then his interest 
shifted to transition metal complexes with organic ligands offering nitrogen, oxygen, 
sulfur and selenium atoms as coordinating centres. His late works were devoted to 
mono- and poly-nuclear carbonyls of chromium. A part of his results was obtained 
during his numerous visits to U.S. universities, where he collaborated with distin­
guished scientits (e.g., with Professor Kazuo Nakamoto). 

As an instructor, he was involved in modernizing inorganic chemistry courses. He 
was advisor of six PhD students; two of them received later their DScs, and one holds 
at present the professorial title. He was also member of editorial boards of several 
scientific journals, and served on scientific and organizing committees of several 
Polish and international conferences. 

Bogusław Kędzia was a man of wide interests and of warm heart. He will be 
missed by his colleagues and friends. 

Walter Wojciechowski 



From the Guest Editors 

The Seventh Korean-Polish Joint Seminar on Physical Properties of Magnetic 
Materials was held from Sunday through Thursday, December 1-5, 2002, in Warsaw, 
in the seat of the Institute of Physics of the Polish Academy of Sciences. The Seminar 
was organized by the Institute of Physics and the Institute of Low Temperature and 
Structural Research, both belonging to the Polish Academy of Sciences. It was sup­
ported by the Polish Academy of Sciences, the Korean Science and Engineering 
Foundation, the Institute of Physics of the Polish Academy of Sciences, the Faculty of 
Materials Science and Engineering of the Warsaw University of Technology and the 
Committee of Physics of the Polish Academy of Sciences. 

The first Seminar of the series, initiated by Professor Seong-Cho Yu of the 
Chungbuk National University, was held in Cheongju in 1995 as a satellite meeting to 
the 3 International Symposium on Physics of Magnetic Materials which took place 
in Seoul. It was then settled that the Seminar would be held annually. Accordingly, 
the following meetings were held in Warsaw (1996), Cracow (1997), again in 
Cheongju (1998), Seoul (1999) - just after the International Magnetics Conference 
INTERMAG 1999 in Kyongju, in Będlewo near Poznań (2000), and finally again in 
Warsaw (2002). In 2001, the seminar, which that time should have been held again in 
Poland, did not take place for reasons beyond the control of the organizers. 

The present, seventh Seminar, similarly to the previous ones, was based on ple­
nary sessions during which only invited lectures were presented. There were 
altogether 20 talks presented at the meeting, nine of them presented by the Korean 
participants, representing academic and research centers. The remaining eleven were 
given by the Polish attendees representing the universities and institutes of the Acad­
emy. Proceedings, issued as a special issue of Materials Science, contain 16 papers 
presented at the Seminar. 

The Seminar was attended not only by the invited scientists but also by numerous 
participants from various academic and research institutions in Poland. 

In our opinion, shared by a majority of the participants, the technical subject 
matter dealing with various facets of the fundamental and applied magnetics main­
tained a high standard. The majority of presentations were devoted to the hottest 
topics in magnetism being actually of the greatest interest of the worldwide commu­
nity of magneticians. The Seminar was indeed motivating for its participants, as was 
confirmed by numerous animated discussions held at the sessions and continued dur-
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ing the breaks. The meeting went on in an informal and friendly atmosphere providing 
relaxing conditions for such discussions. 

The success of the Seminar is undoubtedly due to all of its participants, but in 
particular to the invited lecturers. We would like to take this opportunity to express 
our hearty appreciation to all of them. We also would like to thank all our colleagues 
from the Institute of Physics and Polish Academy of Sciences for their willing assis­
tance in all aspects of planning and running the Seminar. 

It was agreed at this meeting that the Seminar would be held not every year but 
every two years and that the next meeting will take place in Korea in 2004. We sin­
cerely hope that the participants of the Joint Seminar will have a good chance to meet 
again in 2004, this time in Korea. 

Henryk K. Lachowicz, 

Jang-Roh Rhee, 

Wojciech Suski 
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PDVN�GXULQJ�GHSRVLWLRQ��7KH�MXQFWLRQ�VL]H�ZDV���������mP � �RU���������mP � �

)LJ�����0XOWLOD\HU�VWUXFWXUH�RI�07-

7KH�MXQFWLRQ�VDPSOHV�ZHUH�DQQHDOHG�DW������&�IRU���KRXU�XQGHU�WKH�PDJQHWLF�ILHOG
RI� �� N2H�� IROORZHG� E\� ILHOG� FRROLQJ�� 7KH� PDJQHWR�RSWLFDO� .HUU� HIIHFW� �02.(�
PHWKRG�ZDV�XVHG�WR�REWDLQ�WKH�ORFDO�0±+�ORRSV�XQGHU�D����+]�GULYLQJ�PDJQHWLF�ILHOG
ZLWK�����2H�DPSOLWXGH��7KH�SHQHWUDWLRQ�GHSWK�RI�+H±1H� ODVHU� OLJKW� LV�DERXW����QP�
ZKLFK�LV�HQRXJK�WR�DIIHFW�WKH�ZKROH�WKLFNQHVV�RI�WKH�IUHH�OD\HU��7KH�ILHOG�ZDV�DSSOLHG
LQ�WKH�DQQHDOLQJ�ILHOG�GLUHFWLRQ��7KH�ODVHU�EHDP�VL]H�ZDV�DERXW���mP�LQ�GLDPHWHU��FRU�
UHVSRQGLQJ� WR� WKH� VSDWLDO� UHVROXWLRQ� RI� WKH� PLFUR�02.(� V\VWHP�� 7KH� VDPSOH� ZDV
VFDQQHG� XVLQJ� D� FRPSXWHU�FRQWUROOHG� [±\� VWDJH� WR� REWDLQ� D� WZR�GLPHQVLRQDO� SORW� RI
PDJQHWLF� SDUDPHWHUV�� 7KH� GLVWULEXWLRQ� RI� WKH� VXUIDFH� URXJKQHVV� ZDV� GHWHUPLQHG� E\
DWRPLF�IRUFH�PLFURVFRS\��$)0��DW�GLIIHUHQW�SRLQWV�DFURVV�WKH�MXQFWLRQ�
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���5HVXOWV�DQG�GLVFXVVLRQ

�����6WUXFWXUH

,Q� RUGHU� WR� XQGHUVWDQG� WKH� GLIIHUHQW�PDJQHWLF� SHUIRUPDQFHV� LQ� DV�GHSRVLWHG� DQG
DQQHDOHG�07-V��DQ�;�UD\�GLIIUDFWLRQ�H[SHULPHQW�ZDV�GRQH�LQ�q±�q �JHRPHWU\�IRU�ORZ
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)LJ�����7H[WXUHG�SDUW�RI�q±�q �SURILOH�ZLWK�IFF�������,U0Q � ��������&X�SODQHV
IRU�DV�GHSRVLWHG�VDPSOHV�ZLWK�IUHH�OD\HU�RI�&R 
�	 )H � 	 ����c���D���&R 
�	 )H � 	 ����c��1L �
	 )H � 	

�W� �����c���E��DQG�DQQHDOHG�&R 
�	 )H � 	 ����c��1L �
	 )H � 	 ��W� �����c���F�
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)LJ�����q±�q �SURILOH�IRU�DQQHDOHG�VDPSOHV�RI�&R 
�	 )H � 	 ����c��1L �
	 )H � 	 ��W� �����c�
ZLWK�ILWWLQJ�OLQHV�RI�IFF�������,U0Q � �DQG�������&X�SHDNV
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DQG� KLJK� DQJOHV� XVLQJ� D� 3KLOLSV� GLIIUDFWRPHWHU� RI� WKH� W\SH� ;¶3HUW±03'� ZLWK� &X�
DQRGH��l ��� � ���������c���)LJXUH���VKRZV�WKH�KLJK�DQJOH�GLIIUDFWLRQ�q±�q �VFDQ�IRU�WKH
DV�GHSRVLWHG� DQG� DQQHDOHG� VWDFNLQJ� VWUXFWXUH� RI� WKH� VDPSOHV� ZLWK� WKH� WKLFNQHVV� RI
1L)H�W� ���c�DQG�����c��$FFRUGLQJ�WR�WKH�GLIIUDFWLRQ�GDWD�RI�7VXQRGD�>��@��VWURQJ�IFF
SHDNV� RI� ������ ,U0Q � � DQG� ������ &X� �QRW� GLVWLQJXLVKHG� ZLWK� IFF� ������ 1L ��� )H � � � DQG
&R ��� )H � � �� DUH� REVHUYHG�� 7KHVH� SHDNV� PDQLIHVWHG� KLJKO\� RULHQWHG� IFF� ������ FU\VWDO
SODQHV� VWDFNHG� SDUDOOHO� WR� WKH� ILOP� SODQH�� /DWWLFH� SODQHV� DQG� ODWWLFH� FRQVWDQWV� ZHUH
GHWHUPLQHG�IURP�WKHVH�SHDNV�SRVLWLRQV�IRU�DV�GHSRVLWHG�DQG�DQQHDOHG�VDPSOHV��DV�IRU
H[DPSOH��)LJ������7KHVH�SDUDPHWHUV�RI�IFF�������,U0Q � �DQG�IFF�������&X�IRU�WKH�VDP�
SOHV�ZLWK�WKH�WKLFNQHVV�RI�1L ��� )H � � �W� ���c�DQG�����c�DUH��������,U0Q � �G� �������c��D
 �������c��DQG G� �������c��D� �������c���UHVSHFWLYHO\�DQG�IRU�������&X�G� �������c
�D� �������c��DQG�G� �������c��D� �������c���UHVSHFWLYHO\��7KH�DQQHDOLQJ�WUHDWPHQW�LQ
YDFXXP�DW������&�IRU���KRXU�LQGXFHV�DQ�LQFUHDVH�LQ�������SHDNV�LQWHQVLW\�DQG�D�VOLJKW
SHDN�VKLIW�WR�KLJKHU��q �SRVLWLRQ��������,U0Q � �G� �������c��D� �������c��DQG�������&X
G� �������c��D� �������c��LQGLFDWH�DQ�LPSURYHPHQW�LQ�WKH�FU\VWDOOLQLW\�>������@�RI�WKH
PXOWLOD\HU�VWUXFWXUH�
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)LJ�����7KH�ORZ�DQJOH�GLIIUDFWLRQ�q±�q �UHIOHFWLYLW\�SURILOHV
RI�DV�GHSRVLWHG��VROLG�OLQH��DQG�DQQHDOHG��SRLQWV��VDPSOHV

7KH� ORZ�DQJOH�GLIIUDFWLRQ� �VFDQ�q±�q�� LQ� WKH� UDQJH�RI��q �������SUHVHQWV� WKH� UH�
IOHFWLYLW\� FXUYHV� �)LJ�� ��� RI� DV�GHSRVLWHG� DQG� DQQHDOHG� VDPSOHV�� 1R� UHPDUNDEOH
GLIIHUHQFHV��ZLWKLQ�WKH�DFFXUDF\�RI�WKLV�H[SHULPHQW��ZHUH�UHFRJQL]HG�LQ�WKHVH�FXUYHV
�)LJ�� ����PHDQLQJ� WKDW� QR� VLJQLILFDQW� FKDQJHV� RFFXUUHG� LQ� WKH� LQWHUIDFLDO� URXJKQHVV�
7KH�VKLIW�RI�UHIOHFWLYLW\�FXUYH�RI�DQQHDOHG�VDPSOH�WR�WKH�ORZHU�DQJOH�RI��q � LQGLFDWHV
SDUWLFXODUO\�DQ� LQFUHDVH�RI� WKH� WKLFNQHVV�RI� WKH�7D� VXEOD\HU��7DQWDOXP��GXH� WR� WZLFH
KLJKHU� WKH�DEVRUSWLRQ�FRHIILFLHQW�RI�;�UD\�DQG�GHQVLW\� WKDQ�RWKHU�HOHPHQWV� LQ�PXOWL�



&��. � � �HW�DO���

OD\HU�V\VWHP��GRPLQDWHV�WKH�SHULRGLFLW\�RI�UHIOHFWLYLW\�SURILOHV��)LJV���������7KH�ILWWLQJ
DQDO\VLV� �XVLQJ�:,1*,;$�SURJUDP�RI� 3KLOLSV�� )LJ�� ��� SURYHG� WKDW� WKH� WKLFNQHVV� RI
,U0Q � � UHPDLQV� XQFKDQJHG� DQG�$O±2�EDUULHU� GHFUHDVHV� RQO\� VOLJKWO\� DIWHU� DQQHDOLQJ�
IURP������c�IRU�DV�GHSRVLWHG�VDPSOH�WR����c�IRU�DQQHDOHG�RQH�
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)LJ�����q±�q �UHIOHFWLYLW\�SURILOH��)LWWLQJ�SURILOH��VROLG�OLQH��DQG�H[SHULPHQWDO�RQH��SRLQWV�

7KH�WKLFNQHVV�RI�WKH�WRS�7D�OD\HU�LQFUHDVHV�E\���c��EHIRUH�DQQHDOLQJ����c��DIWHU�±
���c��GXH�WR�HQHUJHWLFDOO\�SUHIHUUHG�GLIIXVLRQ�RI�1L�IURP�WKH�WRS�HOHFWURGH�RI�1L ��� )H � �
�KLJK�QHJDWLYH�IRUPDWLRQ�HQWKDOS\�RI�7D1L�DOOR\��D+ ( )�* >7D1L@� �-��N-�PRO��>��@��7KLV
FRQFOXVLRQ�LV�FRQILUPHG�E\�WKH�VOLJKW�LQFUHDVH�LQ�WKH�WKLFNQHVV����c��RI�WKH�ERWWRP�7D
OD\HU��EHIRUH�DQQHDOLQJ����c��DIWHU����c���EHFDXVH�&X�IURP�WKH�DGMDFHQW�OD\HU�GRHV�QRW
GLIIXVH� LQWR� WKH� ERWWRP� 7D� OD\HU� GXH� WR� QHJOLJLEO\� VPDOO� IRUPDWLRQ� HQWKDOS\
�D+ ( )�* >7D&X@�����N-�PRO��>��@�

�����7XQQHOLQJ�PDJQHWRUHVLVWDQFH

7KH� WXQQHOLQJ� PDJQHWRUHVLVWDQFH� ZDV� PHDVXUHG� DW� 57� LQ� WKH� FSS� FRQILJXUDWLRQ
�FXUUHQW� SHUSHQGLFXODU� WR� WKH� SODQH��ZLWK� D� IRXU�SRLQW� SUREH�PHWKRG� IRU� WKH� VDPSOH
DQQHDOHG� DW� ���� �&� LQ� PDJQHWLF� ILHOG� ��� N2H�� ZLWK� WKH� HOHFWURGH� OD\HU� RI� 1L ��� )H � �
������c�� GHSRVLWHG� RQ� WKH� IUHH� OD\HU� RI� &R ��� )H � � � ����c��� )LJXUH� �� VKRZV� D� W\SLFDO
KLJK�ILHOG�PDJQHWRUHVLVWDQFH� K\VWHUHVLV� ORRS�PHDVXUHG� DW� 57� IRU� DQ� DQQHDOHG�07-
ZLWK� WKH� MXQFWLRQ�DUHD�RI���������mP � ��7KH�PDMRU�05�+�� ORRS�RULJLQDWHV� IURP� WKH
PDJQHWLFDOO\�KDUG�HOHFWURGH�RI�&R ��� )H � � � ����c��SLQQHG�E\� WKH�H[FKDQJH�ELDVHG�FRX�
SOLQJ�RI�DQWLIHUURPDJQHWLF�,U0Q � ������c��OD\HU��7KH�H[FKDQJH�ELDVHG�ILHOG�DSSURDFKHV
++-, �RI������2H��7KLV�YDOXH�FRUUHVSRQGV�ZLWK�XQLGLUHFWLRQDO�H[FKDQJH�ELDVHG�HQHUJ\
�����HUJ�FP � � >��@��7KH�PLQRU�05�+�� ORRS� �DV� VKRZQ� LQ�)LJ�����RULJLQDWHV� IURP� WKH
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IUHH�OD\HU��WRS�HOHFWURGH��RI�&R ��� )H � � �����c��1L ��� )H � � �������c���7KH�FRHUFLYH�ILHOG�RI
WKH�IUHH�OD\HU�LV�DERXW���2H�
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)LJ�����/RZ�ILHOG�05�ORRS

7KH�PLQRU�ORRS�LV�VKLIWHG�DERXW���2H�IURP�]HUR�PDJQHWLF�ILHOG��7KH�RIIVHW�ILHOG��XQLGL�
UHFWLRQDO�DQLVRWURS\�ILHOG�+ 2�3 ���FDXVHG�E\�WKH�PDJQHWLF�FRXSOLQJ�EHWZHHQ�WKH�SLQQHG
DQG�IUHH�OD\HUV��KDV�WZR�FRPSRQHQWV��7KH�IHUURPDJQHWLF�FRXSOLQJ�ILHOG��ZKLFK�LV�EH�
OLHYHG�WR�UHVXOW�IURP�WKH�1pHO�³RUDQJH�SHHO´�FRXSOLQJ��LV�LQGHSHQGHQW�RI�WKH�VL]H�RI�WKH
MXQFWLRQ�DQG��RQ�WKH�RWKHU�KDQG��WKH�PDJQHWRVWDWLF�FRXSOLQJ�ZKLFK�VFDOHV�URXJKO\�LQ�
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YHUVHO\� ZLWK� WKH� OHQJWK� RI� WKH� MXQFWLRQ� LV� QHJOLJLEO\� VPDOO�� ZKHQ� WKH� OHQJWK� RI� WKH
SLQQHG�OD\HU��L�H���WKH�OHQJWK�RI�MXQFWLRQ��LV�ODUJHU�WKDQ����mP�>��@��7KH�PLQRU�05�+�
ORRS�OLHV�RQ�WKH�VDPH�VLGH�RI�WKH�PDMRU�05�+��ORRS��LQGLFDWLQJ�WKDW�WKH�IHUURPDJQHWLF
³RUDQJH�SHHO´�FRXSOLQJ�RFFXUUHG�EHWZHHQ�WKH�IUHH�DQG�SLQQHG�HOHFWURGHV�

�����/RFDO�YDULDWLRQ�RI�PDJQHWLF�SDUDPHWHUV�RI�IUHH�OD\HU

,Q�)LJXUH����PDJQHWRRSWLFDO�.HUU�HIIHFW��02.(��0±+�ORRSV�DUH�VKRZQ�DW�VHYHUDO
SRVLWLRQV� DORQJ� WKH� IUHH�OD\HU� GLUHFWLRQ� �WKH� \�D[LV��� DV� GHSLFWHG� LQ� WKH� LQVHW� RI� WKH
ILJXUH��7KH�0±+�ORRS�ZDV�PHDVXUHG�XQGHU�H[WHUQDO�PDJQHWLF�ILHOG�DORQJ�WKH�SLQQHG�
OD\HU�GLUHFWLRQ��L�H��DQQHDOLQJ�ILHOG�GLUHFWLRQ��7KHUH�LV�QR�VKLIW�RI�WKH�ORRS�DW�WKH�SODFHV
ORFDWHG�EHORZ�WKH�HGJH�RI�WKH�MXQFWLRQ��DV�VKRZQ��IRU�H[DPSOH��LQ�)LJ�����7KH�VKLIW�GXH
WR� WKH� XQLGLUHFWLRQDO� DQLVRWURS\� �ELDV�� ILHOG� + 2�3 � LQFUHDVHV� DV� WKH� PHDVXULQJ� SRLQW
PRYHV�WR�WKH�MXQFWLRQ�FHQWUH��DV�VKRZQ�LQ�)LJV���E±G��EXW�WKHQ�LW�GHFUHDVHV�DV�WKH�SRLQW
PRYHV�DZD\�IURP�WKH�FHQWUH��)LJV���H�DQG�I���2QH�FDQ�DOVR�VHH�D�VLPLODU�FKDQJH�RI�WKH
FRHUFLYH� IRUFH�+ � �� (YHQ� WKRXJK� WKHUH� DUH� ORFDO� YDULDWLRQV� RI� ERWK�+ � � DQG�+ 2�3 �� WKH
VTXDUHQHVV�UDWLR�RI�WKH�ORRSV�LV�QHDUO\�FRQVWDQW�

)LJ�����02.(�0±+�ORRSV�DORQJ�WKH�IUHH�OD\HU�GLUHFWLRQ��WKH�\�D[LV��DW�WKH�SRVLWLRQV�
���D��������E��������F��������G��������H���DQG�����mP��I��
7KH�VWDUWLQJ�SRLQW�LV����mP�EHORZ�WKH�MXQFWLRQ�HGJH

7ZR�GLPHQVLRQDO�SORWV�RI�PD[LPXP�DPSOLWXGH�RI�WKH�.HUU�VLJQDO��REWDLQHG�XVLQJ
D������� VFDQ�� DUH� VKRZQ� LQ�)LJV�� �D�� E� IRU� DV�GHSRVLWHG� DQG� ���� �&�DQQHDOHG� MXQF�
WLRQV�� UHVSHFWLYHO\�� 7KH� 02.(� VLJQDO� FRXOG� EH� DIIHFWHG� E\� WKH� H[SHULPHQWDO
SDUDPHWHUV� �H�J��� WKH�H[WLQFWLRQ�FRHIILFLHQW�RI�PDWHULDOV���6LQFH� WKH�H[SHULPHQWDO�SD�
UDPHWHUV� DUH� IL[HG� GXULQJ� WKH� PHDVXUHPHQW�� WKH� PD[LPXP�.HUU� VLJQDO� FRUUHVSRQGV
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ZLWK�WKH�PD[LPXP�PDJQHWL]DWLRQ�RI�D�IUHH�OD\HU��7KHUH�LV�DQ�LUUHJXODU�YDULDWLRQ�RI�WKH
PD[LPXP�.HUU�VLJQDO�LQ�WKH�DV�GHSRVLWHG�VDPSOH�HYHQ�QHDU�WKH�FHQWUH�RI�WKH�IUHH�OD\HU
DQG� DOVR� D� JUDGXDO� LQFUHDVH� DW� WKH� HGJH�� DQG� LW� UHDFKHV� ���� RI� WKH� FHQWUH� YDOXH� DW
���mP�GLVWDQFH�IURP�WKH�ERXQGDU\��7KLV�YDULDWLRQ�LV�FDXVHG�E\�WKH�JUDGXDO�FKDQJH�RI
ILOP�WKLFNQHVV��DV�VKRZQ�LQ�)LJ�������DULVLQJ�IURP�HGJH�HIIHFWV�GXULQJ�GHSRVLWLRQ�XVLQJ
D�PDVN�� $IWHU� DQQHDOLQJ�� WKH� LUUHJXODU� YDULDWLRQ� EHFRPHV� VPRRWK� RYHU� WKH� MXQFWLRQ
DUHD�H[FHSW�WKH�HGJH�UHJLRQ�

)LJ�����7ZR�GLPHQVLRQDO�GLVWULEXWLRQ�RI�PD[LPXP�PDJQHWL]DWLRQ�LQ�
DV�GHSRVLWHG��D��DQG�DQQHDOHG��E��VDPSOHV

7KH�YDULDWLRQV�RI�+ � �DQG�+ 2�3 �IRU�DQ�DQQHDOHG�VDPSOH�DUH�FRPSDUHG�ZLWK�WKRVH�IRU
DQ� DV�GHSRVLWHG� RQH� LQ� )LJV�� ��D�� E�� UHVSHFWLYHO\��+ � � LQ� WKH� DV�GHSRVLWHG� VDPSOH� LV
DERXW����2H�RXWVLGH�WKH�MXQFWLRQ�ZLWK�PD[LPXP�RI������2H�DW�WKH�MXQFWLRQ�FHQWUH��7KH
ORFDO�FKDQJHV�RI�+ � �DUH�TXLWH� LUUHJXODU��DV� VKRZQ� LQ�)LJ����D��$V�D�ZKROH��+ � � LV� UH�
GXFHG�DIWHU�ILHOG�DQQHDOLQJ��ZKLOH�WKH�ORFDO�YDULDWLRQ�EHFRPHV�VPRRWK�DQG�V\PPHWULF
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ZLWK� UHVSHFW� WR� WKH� FHQWUH�RI� MXQFWLRQ��)LJXUH���E� VKRZV�DQ� LUUHJXODU� FKDQJH�RI�+ 2�3
ZLWK� WKH� PD[LPXP� RI� ���� 2H� DW� WKH� MXQFWLRQ� FHQWUH� LQ� WKH� DV�GHSRVLWHG� VDPSOH�
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)LJ������a�VWHS�SURILOH�RI�WKH�MXQFWLRQ�WKLFNQHVV

+RZHYHU��WKH�ILHOG�DQQHDOLQJ�HQKDQFHV�+ 2�3 �XS�WR������2H�LQ�WKH�FHQWUH�DQG��VLPLODUO\
WR�+ � �YDULDWLRQ��WKDW�RI�+ 2�3 �DORQJ�WKH�IUHH�OD\HU�EHFRPHV�VPRRWK��)LJ����E���7KH�HQ�
KDQFHPHQW�RI�XQLGLUHFWLRQDO�DQLVRWURS\�ILHOG�DQG�WKH�VPRRWK�YDULDWLRQV�RI�+ 2�3 �DQG�+ �

DIWHU�DQQHDOLQJ�DUH�GXH�WR�LPSURYHPHQW�RI�WH[WXUH��������LQFUHDVH�RI�FU\VWDOOLWHV�VL]HV�
VWUHVV�UHOD[DWLRQ�DQG�DOOR\LQJ�GXH�WR�ORZ�WHPSHUDWXUH�GLIIXVLRQ�>��@�
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)LJ������9DULDWLRQ�RI�FRHUFLYH�IRUFH�+ l ��D��DQG�XQLGLUHFWLRQDO�ELDV�ILHOG�+ m�n ��E�
DORQJ�WKH�IUHH�OD\HU�D[LV�LQ�DV�GHSRVLWHG�DQG�DQQHDOHG�VDPSOHV

$V�ZH�GHVFULEH�ODWHU��PDJQHWLF�GLSROH�LQWHUDFWLRQ�EHWZHHQ�WKH�IUHH�DQG�SLQQHG�OD\�
HUV�LV�DQ�RULJLQ�RI�+ 2�3 ��7KXV��WKH�DERYH�GHVFULEHG�FKDQJHV�RI�+ 2�3 �PLJKW�EH�LQIOXHQFHG
E\� WKH� FKDQJHV� RI� WKH� H[FKDQJH� ELDVHG� DQLVRWURS\� RI� SLQQHG� OD\HU� GXULQJ� ILHOG� DQ�
QHDOLQJ�>��@�
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)LJ������7ZR�GLPHQVLRQDO�GLVWULEXWLRQ�RI�FRHUFLYH�IRUFH�+ l ��D��DQG�XQLGLUHFWLRQDO�DQLVRWURS\
ILHOG�+ m�n ��E��LQ�DQQHDOHG�VDPSOH��WKH�[�D[LV��SLQQHG�OD\HU��WKH�\�D[LV��IUHH�OD\HU�GLUHFWLRQV

,Q�)LJXUHV���D��E��WZR�GLPHQVLRQDO�SORWV�RI�+ � �DQG�+ 2 3 ��UHVSHFWLYHO\��DUH�VKRZQ�PHDV�
XUHG�RQ�WKH�DQQHDOHG�VDPSOH��ZKHUH�PHDVXULQJ�SRLQWV�DUH�VFDQQHG�RYHU�WKH�HQWLUH�MXQFWLRQ
DUHD��%RWK�+ � �DQG�+ 2 3 �VKRZ�D�VDGGOH�VKDSH�ZLWK�LWV�D[LV�DORQJ�WKH�SLQQHG�OD\HU�D[LV��ZKHUH
ORFDO�YDULDWLRQV�DORQJ�WKH�SLQQHG�OD\HU�D[LV�DUH�UHODWLYHO\�VPDOO�FRPSDUHG�WR�WKRVH�LQ�WKH
IUHH�OD\HU�GLUHFWLRQ��$V�D�ZKROH��ORFDO�YDULDWLRQV�RI�+ � �DQG�+ 2 3 �RYHU�WKH�MXQFWLRQ�DUHD�DUH
VLJQLILFDQW�LQ�FRPSDULVRQ�WR�WKH�+ 2 3 �FKDQJHV�RI�PDJQHWL]DWLRQ��)LJ�����

�����6XUIDFH�URXJKQHVV
$WRPLF�IRUFH�PLFURVFRSH��$)0��LPDJHV�DFURVV�WKH�SLQQHG�OD\HU�RXWVLGH�WKH�MXQF�

WLRQ�DUH�VKRZQ�LQ�)LJV����D±G��DW�WKH�PHDVXULQJ�SRLQWV�S�±S��GHSLFWHG�LQ�WKH�LQVHW��$W

D

E
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)LJ������$)0�LPDJHV�DFURVV�WKH�SLQQHG�OD\HU�RXWVLGH�WKH�MXQFWLRQ��DW�WKH�SRLQW�S���RXWVLGH�WKH�OD\HU��D��
DW�SRLQW�S���QHDU�OHIW�HGJH��E���DW�SRLQW�S���FHQWUH��F��DQG�DW�WKH�SRLQW�S���QHDU�ULJKW�HGJH��G���6FDQ�DUHD������mP�

)LJ������$)0�LPDJHV�DORQJ�WKH�IUHH�OD\HU�DFURVV�WKH�MXQFWLRQ��DW�WKH�SRLQW�S���RXWVLGH�WKH�OD\HU��D���DW�SRLQW�S��
QHDU�OHIW�HGJH��E���DW�SRLQW�S���MXQFWLRQ�FHQWUH��F��DQG�DW�WKH�SRLQW�S���QHDU�ULJKW�HGJH��G���6FDQ�DUHD������mP�
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WKH�SRLQW�S���RXWVLGH�WKH�OD\HU��WKH�URRW�PHDQ�VTXDUH��506��URXJKQHVV�LV�����c��FRUUH�
VSRQGLQJ�WR�WKH�VXUIDFH�URXJKQHVV�RI�WKH�6L�VXEVWUDWH��:LWKLQ�WKH�OD\HU��WKH�URXJKQHVV
LQFUHDVHV�WR�����c�DW�S��QHDU�WKH�HGJH�DQG�WR�����c�DW�S��QHDU�WKH�FHQWUH�RI�WKH�OD\HU�
EXW�WKHQ�GHFUHDVHV�WR�����c�QHDU�WKH�OHIW�HGJH�� S���

,Q�)LJXUHV���D±G�WKH�$)0�LPDJHV�DUH�VKRZQ�DW�VHYHUDO�PHDVXULQJ�SRLQWV�DORQJ�WKH
IUHH�OD\HU�DFURVV�WKH�MXQFWLRQ��2Q�WKH�IUHH�OD\HU�RXWVLGH�WKH�MXQFWLRQ��SRLQW�S����506
URXJKQHVV�LV�����c��DQG�EHFRPHV�VPDOOHU������c�DW�WKH�QHDU�HGJH�� S����7KH�URXJKQHVV
LQFUHDVHV� WR�����c�DV� WKH�PHDVXULQJ�SRLQW�PRYHV� WR� WKH�FHQWUH�RI� WKH� MXQFWLRQ� � S���
DQG�WKHQ�GHFUHDVHV�DV�WKH�SRLQW�PRYHV�WR�WKH�OHIW�HGJH�� S���

)LJXUHV���D��E�SUHVHQW� WKH�GLVWULEXWLRQ�RI�506� URXJKQHVV� YHUVXV�PHDVXULQJ�GLV�
WDQFH�� REWDLQHG� IURP�)LJV�� ��� DQG� ���� UHVSHFWLYHO\�� 7KH� UDQJH� RI� YDULDWLRQ� RI�506
URXJKQHVV�LV�QHDUO\�WKH�VDPH��IURP�����c�WR�����c��DQG�UHYHDOV�V\PPHWULF�YDULDWLRQ
ZLWK�UHVSHFW�WR�WKH�FHQWUH�RI�WKH�MXQFWLRQ�FHQWUH��+RZHYHU��WKH�FKDQJH�QHDU�WKH�HGJH�LV
JUHDWHU� ZKHQ� URXJKQHVV� LV� PHDVXUHG� RQ� WKH� IUHH� OD\HU� DFURVV� WKH� MXQFWLRQ�� 7KHVH
YDULDWLRQV�DUH�TXLWH�VLPLODU�WR�WKRVH�RI�ILOP�WKLFNQHVV��DV�VKRZQ�LQ�WKH�WKLFNQHVV�SUR�
ILOHV� �JLYHQ� LQ�)LJ�� �����7KLV�PD\�EH� D� JHRPHWULFDO� HIIHFW� RI� WKH� GHSRVLWLRQ�SURFHVV
XVLQJ�D�VKDGRZ�PDVN�

)LJ������9DULDWLRQ�RI�DYHUDJH�VXUIDFH�URXJKQHVV
DFURVV�WKH�SLQQHG�OD\HU��D��DQG�DORQJ�WKH�IUHH�OD\HU

DFURVV�WKH�MXQFWLRQ��E�

,Q� )LJXUH� ���� WKH�+ ��� � GLVWULEXWLRQ� VKDSH� UHSUHVHQWV� WKH� H[FKDQJH� FRXSOLQJ� ILHOG
EHWZHHQ�IUHH�DQG�SLQQHG�OD\HUV�DGMDFHQW�WR�WKH�EDUULHU�RI�$O � 2 � ��+ ��� ��a����2H��DW�WKH
MXQFWLRQ�FHQWUH�LV�DERXW���WLPHV�ODUJHU�WKDQ�WKDW�QHDU�WKH�HGJH��a��2H���)HUURPDJQHWLF
1pHO¶V�³RUDQJH�SHHO´�FRXSOLQJ�E\�GLSROH� LQWHUDFWLRQ� WKURXJK� WXQQHOLQJ�EDUULHU� FRXOG
EH� GRPLQDQW� RYHU� RWKHUV� VXFK� DV� 5..<�OLNH� LQWHUDFWLRQ�� ,Q� WKH� 1pHO� PRGHO�

D

E
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D�VLQXVRLGDO� URXJKQHVV� SURILOH� LV� DVVXPHG� DQG� H[FKDQJH� FRXSOLQJ� ILHOG� +� � LV� H[�
SUHVVHG�DV�>��@

����H[S��
��

l
l

��
�

� W0W
K+ -= ���

ZKHUH�K�DQG�l�DUH�WKH�DPSOLWXGH�DQG�ZDYHOHQJWK�RI�WKH�VLQXVRLGDO�URXJKQHVV�SURILOH�
W� �DQG�W � �DUH�WKH�WKLFNQHVV�RI�WKH�IUHH�OD\HU�DQG�RI�WKH�EDUULHU�OD\HU��UHVSHFWLYHO\��DQG
0 � �LV�WKH�VDWXUDWLRQ�PDJQHWL]DWLRQ�RI�WKH�SLQQHG�OD\HU��%DVHG�RQ�$)0�PHDVXUHPHQW�
WKH� DPSOLWXGH� RI� WKH� URXJKQHVV� SURILOH� LV� DVVXPHG� WR� EH� ���� c� �506� YDOXH� DW� WKH
MXQFWLRQ�FHQWUH���7KH�ZDYHOHQJWK�RI�WKH�URXJKQHVV�SURILOH�LV�UHDVRQDEO\�DVVXPHG�WR�EH
����c�DV� WKH�JUDLQ�GLDPHWHU�RI� WKH�SLQQHG�&R 	�
 )H ��
 � OD\HU� DV� GHWHUPLQHG� IURP�;5'
DQDO\VLV� >��@��7KHQ�� FDOFXODWHG� IURP�(T�� ���� WKH� YDOXH�RI� ³RUDQJH� SHHO´� FRXSOLQJ� LV
���2H��EHLQJ�LQ�UHDVRQDEOH�DJUHHPHQW�ZLWK�WKH�+ ��� �YDOXH�DW�WKH�MXQFWLRQ�FHQWUH�

0� �FRXOG�EH�FRQVWDQW� LUUHVSHFWLYH�RI� WKH�SLQQHG�OD\HU� WKLFNQHVV��:KHQ� WKH� WKLFN�
QHVV� W� � LV� WDNHQ� LQWR� DFFRXQW� LQ� GHQRPLQDWRU�� WKH� LQFUHDVH� RI� + ��� � DW� ERWK� HGJHV�
GHWHUPLQHG� IURP�PHDVXUHPHQWV� RXWVLGH� WKH� MXQFWLRQ�� DFURVV� WKH� SLQQHG� OD\HU� �DORQJ
WKH�\�GLUHFWLRQ��)LJ�� ��E��ZKHUH� WKH� URXJKQHVV� DPSOLWXGH� LV� VPDOO� LQ� UHODWLRQ� WR� WKH
FHQWUH��)LJV�����DQG���D���LV�GHVFULEHG�ZHOO�E\�WKH�GHFUHDVH�RI�W� �DW�WKH�HGJHV��%XW�+ ���

�)LJV����E�DQG���E��DORQJ�WKH�[�GLUHFWLRQ���GHWHUPLQHG�IURP�WKH�PHDVXUHPHQWV�LQVLGH
WKH� MXQFWLRQ� DFURVV� WKH� IUHH� OD\HU�� LQFUHDVHV� GXH� WR� LQFUHDVLQJ� URXJKQHVV� DPSOLWXGH
IURP�WKH�HGJH�WR�WKH�FHQWUH�RI�MXQFWLRQ��)LJV�����DQG���E���%HFDXVH�WKH�H[FKDQJH�FRX�
SOLQJ�ILHOG�LV�JLYHQ�DV�D�VTXDUH�IXQFWLRQ�RI�WKH�URXJKQHVV�DPSOLWXGH�K��WKH�FRXSOLQJ�DW
WKH�MXQFWLRQ�FHQWUH�DORQJ�IUHH�OD\HU�LV�H[SHFWHG�WR�EH��±��WLPHV�KLJKHU�WKDQ�WKDW�QHDU
WKH�HGJH�IURP�WKH�URXJKQHVV�VKRZQ�LQ�)LJV�����DQG���E��7KHUH� LV�D�JRRG�DJUHHPHQW
EHWZHHQ� WKH�PHDVXUHG� DQG� H[SHFWHG�+ ��� � YDULDWLRQV�� VXJJHVWLQJ� WKDW�+ ��� � LQ� WKH� IUHH
OD\HU�LV�ZHOO�GHVFULEHG�E\�GLSROH�LQWHUDFWLRQ�EHWZHHQ�WKH�IUHH�DQG�SLQQHG�OD\HUV�

���&RQFOXVLRQV
:H�KDYH�GLVFXVVHG�WKH�ORFDO�YDULDWLRQ�RI�PDJQHWL]DWLRQ��FRHUFLYH�IRUFH�DQG�XQLGL�

UHFWLRQDO� DQLVRWURS\� ILHOG� RI� WKH� IUHH� OD\HU� RI� 07-V� LQ� DV�GHSRVLWHG� DQG� DQQHDOHG
VDPSOHV��7KH�;5'�DQDO\VLV�UHYHDOHG� WKDW�KLJKO\�RULHQWHG� IFF� ������FU\VWDO�SODQHV�RI
,U0Q � ��&X��1L 
�
 )H ��
 �DQG�&R 	�
 )H ��
 JURZ�SDUDOOHO�WR�WKH�VXEVWUDWH�SODQH��7KH�DQQHDOLQJ
WUHDWPHQW� LPSURYHG� WKH� FU\VWDOOLQLW\� DQG� WH[WXUH� LQ� WKH� VDPSOHV� LQYHVWLJDWHG� ZKLFK
OHDG� WR� VPRRWKHU� GLVWULEXWLRQV� RI�PDJQHWL]DWLRQ�+ ��� � DQG�+ � � LQ� DQQHDOHG� MXQFWLRQ� LQ
FRPSDULVRQ� WR� DV�GHSRVLWHG�RQHV��8QLGLUHFWLRQDO� DQLVRWURS\� ILHOG�+ ��� � VKRXOG�EH�XQL�
IRUP�RYHU�WKH�MXQFWLRQ�DUHD�ZKHQ�WKH�WKLFNQHVV�DORQH�LV�WDNHQ�LQWR�DFFRXQW�LQ�GLSROH
LQWHUDFWLRQV��+RZHYHU�� URXJKQHVV� LV�DOVR� LQYROYHG�LQ�GLSROH� LQWHUDFWLRQV�� VR� WKH�FRX�
SOLQJ�DW�WKH�MXQFWLRQ�FHQWUH�LV�H[SHFWHG�WR�EH��±��WLPHV�KLJKHU�WKDQ�WKDW�QHDU�WKH�HGJH�
7KHUH� LV�D�JRRG�DJUHHPHQW�EHWZHHQ� WKH�PHDVXUHG�DQG�H[SHFWHG�+ ��� � YDULDWLRQV�� VXJ�
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JHVWLQJ�WKDW�+ ��� �RI�WKH�IUHH�OD\HU�LV�ZHOO�GHVFULEHG�E\�GLSROH�LQWHUDFWLRQ�LQ�WKH�WHUP�RI
1pHO�³RUDQJH�SHHO´�FRXSOLQJ�EHWZHHQ�WKH�IUHH�DQG�SLQQHG�OD\HUV��$V�D�ZKROH��WKH�UH�
YHUVDO� PDJQHWL]DWLRQ� LV� QRW� XQLIRUP� RYHU� WKH� HQWLUH� MXQFWLRQ� DUHD� DQG� PDFURVFRSLF
SURSHUWLHV�DUH�JRYHUQHG�E\�WKH�DYHUDJHV�RI�WKH�ORFDO�GLVWULEXWLRQV�
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0DJQHWLF�SURSHUWLHV�RI�)H�6L�DQG�&R�6L�PXOWLOD\HUV

7��/8&, 6., ������� ��0��.23&(:,&= � ��$��+h77(1 � �
+��%5h&./ � ��6��+(,70$11 � ��7��+(03(/ � ��*��5(,66 �
� ,QVWLWXWH�RI�0ROHFXODU�3K\VLFV��3ROLVK�$FDGHP\�RI�6FLHQFHV�

6PROXFKRZVNLHJR������������3R]QD ��3RODQG
	 ,QVWLWXWH�RI�(OHFWURQLF�0DWHULDOV�7HFKQRORJ\��:DUVDZ��3RODQG

 )DFXOW\�RI�3K\VLFV��8QLYHUVLW\�RI�%LHOHIHOG��%LHOHIHOG��*HUPDQ\

0DJQHWLF� DQG� VWUXFWXUDO� SURSHUWLHV� RI� )H�6L�� )H�)H 
�
 6L ��� � DQG� &R�6L� PXOWLOD\HUV� KDYH� EHHQ� VWXGLHG�
9HU\�VWURQJ�$)�FRXSOLQJ�-� �-�����P-�P 	 �DFFRPSDQLHG�E\�VDWXUDWLRQ�ILHOG�RI�����7�KDV�EHHQ�IRXQG�IRU�G 
��
 �����QP��7KH�&(06�VSHFWUD�UHFRUGHG�DW�URRP�WHPSHUDWXUH�FRQVLVW�RI�WKH�=HHPDQ�VH[WHW�FKDUDFWHULVWLF�RI
WKH�SXUH�)H�SKDVH�DFFRPSDQLHG�E\�WZR�VSHFWUDO�FRPSRQHQWV�UHODWHG�WR�)H6L�V\VWHP��PDJQHWLF�EURDG�VH[WHW
DQG� D�TXDGUXSROH�GRXEOHW��7KH�EURDG� VH[WHW� FRXOG�RULJLQDWH� IURP�YDULRXV�)H� VLWHV� DW� WKH� LQWHUIDFH��7KH
QRQPDJQHWLF�46�GRXEOHW�LV�PRVW�SUREDEO\�DVVRFLDWHG�ZLWK�WKH�QRQVWRLFKLRPHWULF�F�)H � ��� 6L� �SKDVH��&RP�
SDULQJ�WKH�UHVXOWV�REWDLQHG�IRU�)H�6L�DQG�)H�)H 
�
 6L ��� �PXOWLOD\HUV�ZH�FRQFOXGH�WKDW�WKH�H[FKDQJH�FRXSOLQJ
LV�GLVWLQFWO\�VWURQJHU�IRU�QRPLQDOO\�SXUH�VSDFHU�OD\HU��)RU�&R�6L�PXOWLOD\HUV�D�YHU\�ZHDN�DQWLIHUURPDJQHWLF
FRXSOLQJ�DQG�RVFLOODWRU\�)��� �G 
�� ��EHKDYLRXU�ZDV�REVHUYHG��PRVW�SUREDEO\�GXH�WR�WKH�IRUPDWLRQ�RI�&R±6L
QRQPDJQHWLF� PHWDOOLF� SKDVHV� UHSODFLQJ� WKH� QRPLQDOO\� SXUH� 6L� VSDFHU� OD\HUV�� :H� KDYH� VKRZQ� WKDW� $)
FRXSOHG� )H�6L� PXOWLOD\HUV� FDQ� EH� VXFFHVVIXOO\� DSSOLHG� DV� DQ� DQWLIHUURPDJQHWV� LQ� WKH� PDJQHWRUHVLVWLYH
�)H�6L� � � �)H�&R��&X�&R��V\VWHP�
.H\�ZRUGV��PXOWLOD\HUV��LQWHUOD\HU�FRXSOLQJ��PDJQHWRUHVLVWDQFH

���,QWURGXFWLRQ
0HWDO�VHPLFRQGXFWRU�PXOWLOD\HUV��0OV��KDYH�EHHQ�H[WHQVLYHO\�VWXGLHG�EHFDXVH�RI

WKHLU� SRWHQWLDO� DSSOLFDWLRQ� LQ� HOHFWURQLFV�� 5HFHQWO\� WKH� LQYHVWLJDWLRQV� KDYH� EHHQ� IR�
FXVHG�RQ�)H�6L�)H�FRXSOHG�KHWHURVWUXFWXUHV��VLQFH�WKH\�VKRZ�D�YHU\�VWURQJ�DQWLIHUUR�
PDJQHWLF� �$)�� LQWHUOD\HU� FRXSOLQJ� >����@�� ,Q� VSLWH�RI�PDQ\� HIIRUWV�� WKH� RULJLQ� RI� WKH
LQWHUOD\HU� FRXSOLQJ� LQ� )H�6L� V\VWHP� KDV� QRW� EHHQ� FODULILHG��0RUHRYHU�� LW� LV� QRW� ZHOO
XQGHUVWRRG�KRZ�WKH�IRUPDWLRQ�RI�LURQ�VLOLFLGHV�DIIHFWV�WKH�LQWHUOD\HU�FRXSOLQJ��7KHUH�
IRUH� WKH� LQIRUPDWLRQ� DERXW� WKH� LQWHUIDFH� VWUXFWXUH� DQG� LWV� FRUUHODWLRQ� ZLWK� PDJQHWLF
BBBBBBBBB

� &RUUHVSRQGLQJ�DXWKRU��H�PDLO��/XFLQVNL#LIPSDQ�SR]QDQ�SO�
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SURSHUWLHV� RI� WKLV� V\VWHP� LV� RI� SDUWLFXODU� LQWHUHVW�� &RPSDUHG� WR� WKH� H[WHQVLYH� VWXGLHV� RI
)H�6L�V\VWHPV�WKHUH�DUH�UHODWLYHO\�IHZ�UHSRUWV�GLVFXVVLQJ�&R�6L�V\VWHPV�>�±�@��7KH�LQWHU�
OD\HU�FRXSOLQJ�LQ�&R�6L�ZDV�IRXQG�WR�EH�DQWLIHUURPDJQHWLF�EHWZHHQ�����DQG�����QP��,Q�WKLV
FRQWULEXWLRQ�ZH�SUHVHQW�WKH�UHVXOWV�RI�WKH�PDJQHWLF�VWXGLHV�RI�)H�6L�DQG�&R�6L�0OV�

���([SHULPHQWDO
7KH� ^)H�G	�
 ��6L�G �
� �` ��� � �� )H�G	�
 ��� ^)H�G	�
 ��)H ��� 6L �
� �G	�
�� � �
� � � �` ��� � �� )H�G	�
 ��� DQG

^&R�G ��� �� �6L�G �
� �` ��� � �� &R�G ��� �� 0OV� ZHUH� GHSRVLWHG� E\� G�F�� PDJQHWURQ� VSXWWHULQJ� DW
URRP� WHPSHUDWXUH� �57�� RQWR� 6L2� � ZDIHUV�� 7KH� FU\VWDOOLQH� VWUXFWXUH� RI� VDPSOHV� DQG
WKHLU� SHULRGLFLW\� ZHUH� H[DPLQHG� XVLQJ� WKH� KLJK�� DQG� VPDOO�DQJOH� ;�UD\� GLIIUDFWLRQ�
+$;5'�DQG�6$;5'��UHVSHFWLYHO\��ZKHUHDV�WKH�LQWHUIDFH�VWUXFWXUH�RI�WKH�)H�6L�0OV
ZHUH�VWXGLHG�E\�FRQYHUVLRQ�HOHFWURQ�0|VVEDXHU�VSHFWURVFRS\��&(06���0DJQHWL]DWLRQ
PHDVXUHPHQWV� ZHUH� SHUIRUPHG� DW� 57� XVLQJ� D� YLEUDWLQJ� VDPSOH� PDJQHWRPHWHU� DQG
PDJQHWRRSWLFDO�.HUU�HIIHFW��02.(��

���5HVXOWV�DQG�GLVFXVVLRQ

�����)H�6L�DQG�)H�)H �
� 6L �
� �PXOWLOD\HUV

)LJXUH���VKRZV�H[DPSOHV�RI�WKH�ILHOG�GHSHQGHQFH�RI�WKH�)H�6L�PDJQHWLF�PRPHQW�RI
0OV�ZLWK�G	�
 � ���QP� IRU�GLIIHUHQW�6L� WKLFNQHVVHV��$V� FDQ� EH� VHHQ�� WKH�PDJQHWLF� SD�
UDPHWHUV� OLNH� WKH� UHPQDQW� �0� �� WR� VDWXUDWLRQ� �0 � ��PDJQHWL]DWLRQ� UDWLR� �WKH� VR�FDOOHG
)��� � ���±�0� �0 � �SDUDPHWHU��DQG�VDWXUDWLRQ� ILHOG� �+ � ��DUH� VWURQJO\� LQIOXHQFHG�E\�6L
VSDFHU� WKLFNQHVV�� 7KH�)��� � SDUDPHWHU� PD\� LQGLFDWH� �RU� PD\� EH� SURSRUWLRQDO� WR�� WKH
H[LVWHQFH�RI�WKH�$)�FRXSOHG�IUDFWLRQ�RI�)H�6L�0OV��)��� �G �
� ��GHSHQGHQFH�VKRZV�WKDW�WKH$)�FRXSOLQJ�RFFXUV�RQO\�IRU���Ê�G ��� Ê�����QP�DQG�LV�FHQWUHG�DW�DERXW�G ��� � �����QP�ZKHUH
)��� � ������)LJ������7KH�VDPH�GHSHQGHQFH�DQG�WKH�RFFXUUHQFH�RI�RQO\�VLQJOH�PD[LPXP�RI
)��� �DUH�UHSURGXFHG�E\�+� �G ��� ���)RU�G ��� � �����QP�+� �UHDFKHV�LWV�PD[LPXP�YDOXH�RI�DERXW
����7�ZKLFK�PD\�EH�DVFULEHG��DFFRUGLQJ� WR� WKH�UHODWLRQ�-� ������+ � 0 � G 	�
 �� WR� WKH�RFFXU�
UHQFH�RI�D�YHU\�VWURQJ�$)�LQWHUOD\HU�FRXSOLQJ�-� �-�����P-�P � ��$ERYH�G �
� � �����QPVDWXUDWLRQ�ILHOGV�GHFD\�H[SRQHQWLDOO\�DQG�IRU�WKLFNHU�6L�VSDFHU�QR�DGGLWLRQDO�+ � �SHDNV
ZHUH�IRXQG�XS� WR�G �
� � ���QP��)RU�G �
� �!�����QP�ERWK�)��� � DQG�+ � �YDOXHV�DUH� VWURQJO\
UHGXFHG��)��� �������DQG�+ � �������7��7KH�UHGXFWLRQ�RI�)��� �DQG�+ � �YDOXHV�IRU�G �
� ������QP�SRLQWV�RXW�WKDW�WKH�QHLJKERXU�)H�OD\HUV�EHFRPH�JUDGXDOO\�FRQQHFWHG�WKURXJK�SLQKROHV�
7KH�REVHUYHG�QRQ�RVFLOODWRU\�EXW�H[SRQHQWLDOO\�GHFD\LQJ�VDWXUDWLRQ�ILHOG�YDOXHV��VHH�LQVHW
LQ�)LJ�����VHHP�WR�FRUUHVSRQG�WR�WKH�TXDQWXP�LQWHUIHUHQFH�PRGHO�RI�H[FKDQJH�FRXSOLQJ�>�@�

)LJXUH���GLVSOD\V�6$;5'�DQG�+$;5'�VSHFWUD�IRU�G	�
 � ���QP�DQG�G �
� � �����QP�6$;5'�SDWWHUQ�SURYHV�D�YHU\�ZHOO�OD\HUHG�VWUXFWXUH�RI�WKH�0OV�ZLWK�IRXU�VXSHUODWWLFH
SHDNV� LQGLFDWLQJ�VWURQJ�FRPSRVLWLRQ�PRGXODWLRQ�DORQJ� WKH�JURZWK�GLUHFWLRQ��7KH� LQ�
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WHQVH�SHDN�QHDU������DQG�DOO�XQGHUOLQHG�UHIUDFWLRQ�LQGH[HV��LQ�WKH�+$;5'�VSHFWUXP�LV
GXH�WR�WKH�6L�VXEVWUDWH��2QO\�RQH�ZHDN�VDWHOOLWH�SHDN�LV�YLVLEOH�QHDU�EFF��������LQ�FRQ�
WUDVW�WR�)XOOHUWRQ�>�@��ZKR�REVHUYHG�VDWHOOLWH�SHDNV�DURXQG�WKH�)H��������+RZHYHU��WKLV
LV� LQ�DJUHHPHQW�ZLWK�&KDLNHQ�>�@��ZKR�REVHUYHG�RQO\�RQH�VDWHOOLWH�SHDN�RQ� WKH� ORZ�
DQJOH�VLGH�RI�)H�������SHDN�

)LJ�����([DPSOHV�RI�WKH�)H�6L�PDJQHWLF
PRPHQW�ILHOG�GHSHQGHQFLHV�RI�0OV�ZLWK�IL[HG

G ��� � ���QP�DQG�GLIIHUHQW�6L�WKLFNQHVVHV
����� �	����� 
	��
	� ��
	� 
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)H�6L

)LJ�����9DOXHV�RI�)��� �SDUDPHWHU��WKH�VDWXUDWLRQ�ILHOGV�+ I �YHUVXV�G 
�� �IRU�)H�6L�0OV�ZLWK�G ��� � ���QP�
7KH�LQVHW�VKRZV�WKH�H[SRQHQWLDO�GHFD\�RI�+ I �DV�D�IXQFWLRQ�RI�G 
��



7��/����� ����� �HW�DO���

��� ��� �������	�
�����
�
�	�
�
���
�
���
�
���
�
���
�
��� +$;5'

��� � � ��� �����
� �	������� �!��"	#

FR
XQ

WV�
V

� $ ��GHJ�

�%�'&(�*)+�+,'�
�
��-
�
�	�
�
���
�
���
�
���
�
� �
�
���
�
��.

E

D
6$;5'

FR
XQ

WV�
V

/10 2 ������3

2 ���	�!3

2 ���	�!3

)LJ�����7ZR�W\SLFDO�VPDOO���D��DQG�KLJK�DQJOH��E�
;5'�VSHFWUD��6$;5'�DQG�+$;5'��UHVSHF�

WLYHO\��IRU�)H�6L�0O�ZLWK�WKH�VWURQJHVW�LQWHUOD\HU
FRXSOLQJ��G ��� � ���QP�DQG�G 
�� � �����QP�

2XU�;5'�PHDVXUHPHQWV�GLG�QRW�VKRZ�DQ\�FOHDU�HYLGHQFH�RI�LURQ�VLOLFLGHV�IRUPD�
WLRQ�DW�)H�6L�LQWHUIDFHV��2QO\�WZR�WLQ\�SHDNV�DURXQG�����DQG������VXJJHVW�WKH�SUHVHQFH
RI�)H±6L�SKDVHV��7KH�DEVHQFH�RI�)H±6L�VLOLFLGHV�LQ�+$;5'�VSHFWUD�GRHV�QRW�H[FOXGH
WKHLU�H[LVWHQFH�LQ�)H�6L�0OV��EXW�VXJJHVWV�WKDW�WKHLU�YROXPH�IUDFWLRQ�LV�YHU\�VPDOO��7KH
SRVVLEOH� FDQGLGDWHV� DUH� QRQPDJQHWLF� PHWDOOLF� SKDVHV� RI� WHWUDJRQDO� �)H6L � � �DQG�RU
D�VHPLFRQGXFWLQJ� �)H6L � ��DQG�)H6L�ZLWK�&V&O�VWUXFWXUH�

4�5 464�5 798�5 498�5 7;:�5 4;:�5 76<�5 46<�5 74�5 4
4�5 :
4�5 =
4�5 >
4�5 ?
8!5 4

@AB C
DFEG E
H

I J K L M�N�O )LJ�����)H��WKLFNQHVV�GHSHQGHQFH�RI�PDJQHWLF�PRPHQW�SHU
VXUIDFH�DUHD��P�6��IRU�)H�6L�0OV�ZLWK�FRQVWDQW�G 
 � � �����QP

)LJXUH� �� VKRZV� WKH� )H� WKLFNQHVV� GHSHQGHQFH� RI�PDJQHWLF�PRPHQW� SHU� VXUIDFH� DUHD
�P�6��IRU�0OV�ZLWK�G ��� � �����QP��7KH�UHODWLRQVKLS�EHWZHHQ�P�6�DQG�G	�
 �FDQ�EH�GHVFULEHG�E\
P�6� �0 P ���±��GP �G	�
 ���ZKHUH�0 P �LV�DQ�DYHUDJH�PDJQHWL]DWLRQ�RI�)H�OD\HUV�DQG�G P �LV�DQ�HI�
IHFWLYH�GHDG�OD\HU�SHU�VLQJOH�)H�6L�LQWHUIDFH��7KH�LQWHUFHSW�RI�WKH�VWUDLJKW�OLQH�ZLWK�G	�
 �D[LV
JLYHV�WKH�WKLFNQHVV�RI�QRQPDJQHWLF�OD\HUV�VKRZLQJ�WKDW�DERXW������QP�WKLFN�QRQPDJQHWLF
OD\HU�LV�IRUPHG�DW�HDFK�)H�6L�LQWHUIDFH��7KLV�PD\�EH�DVFULEHG�WR�WKH�LQWHUPL[LQJ�RI�)H�DQG
6L�OHDGLQJ�WR�WKH�IRUPDWLRQ�RI�WKLQ�QRQPDJQHWLF�)H±6L�LQWHUIDFLDO�SKDVHV�
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)LJ�����&(06�VSHFWUD�RI�)H�6L�0OV
ZLWK�6L�OD\HU�WKLFNQHVV�RI�����QP��D��
����QP��E��DQG�����QP��F���UHVSHFWLYHO\
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7R�JDLQ�PRUH� LQIRUPDWLRQ� RQ� WKH� LQWHUIDFH� VWUXFWXUH��&(06�PHDVXUHPHQWV� KDYH
EHHQ�SHUIRUPHG�IRU�WKH�)H�6L�0OV�ZLWK�FRQVWDQW�G��� � ���QP�DQG�����Ê�G 
�� Ê�����QP��7KH
&(06�VSHFWUD�UHFRUGHG�DW� URRP�WHPSHUDWXUH�FRQVLVW�RI� WKH�=HHPDQ�VH[WHW�ZLWK�QDU�
URZ�OLQHV��G��������PP�V��DQG�ZLWK�WKH�K\SHUILQH�ILHOG�+ � � �������7�DQG�LVRPHU�VKLIW
,6� ������PP�V��FKDUDFWHULVWLF�RI�WKH�SXUH�EFF�)H�SKDVH��DQG�RI�WZR�VSHFWUDO�FRPSR�
QHQWV�UHODWHG�WR�WKH�)H6L�V\VWHP��PDJQHWLF�EURDG�VH[WHW�DQG�QRQPDJQHWLF�TXDGUXSROH
GRXEOHW��)LJ���D±F���7KH�EURDG�VH[WHW��+ � � ������7�DQG�,6��������PP�V��RULJLQDWHV�PRVW
SUREDEO\�IURP�)H�DWRPV�SODFHG�DW�YDULRXV�VLWHV�DW� WKH� LQWHUIDFH�VXUURXQGHG�E\�6L�DW�
RPV�� 7KH� )H� DWRPV� DUH� ORFDWHG� LQ� D� FU\VWDOOLQH� EFF� SKDVH� VXUURXQGHG� E\� VHYHQ� )H
DWRPV�DQG�RQH�6L�DWRP�>�@��7KH�VSHFWUDO�FRQWULEXWLRQ�RI� WKLV� VH[WHW�GRHV�QRW�FKDQJH
VLJQLILFDQWO\� IRU� YDULRXV�G 
�� � DQG� FRQWULEXWHV� LQ� DERXW� ���� WR� WKH� WRWDO� VSHFWUDO� DUHD
�)LJ������7KH�QRQPDJQHWLF�FRPSRQHQW��FRQVLVWLQJ�RI�WKH�TXDGUXSROH�GRXEOHW��46��ZLWK
WKH�TXDGUXSROH�VSOLWWLQJ�RI�DERXW������PP�V�DQG� LVRPHU�VKLIW�,6��������PP�V��FRXOG
RULJLQDWH� HLWKHU� IURP� WKH�e�)H6L�QRQPDJQHWLF� VPDOO�JDS� VHPLFRQGXFWRU�ZLWK� D� FXELF
V\PPHWU\� RU� IURP� WKH� FU\VWDOOLQH� F�)H � ��� 6L� � PHWDOOLF� PHWDVWDEOH� SKDVH� ZLWK� D� &V&O
VWUXFWXUH� >�@�� 6WRLFKRPHWULF� F�)H6L� SKDVH�� KDYLQJ� D� FXELF� VWUXFWXUH�� XVXDOO\� H[KLELWV
D�VLQJOH�OLQH�0|VVEDXHU�VSHFWUXP�EXW��DV�VKRZQ�E\�6WULMNHUV� >�@��ZKHQ�)H�YDFDQFLHV
DUH�LQWURGXFHG��D�TXDGUXSROH�VSOLWWLQJ�LV�REVHUYHG��)XUWKHUPRUH��DOVR�VWUDLQ�LQ�WKH�OD\HU
UHGXFHV�ORFDO�V\PPHWU\�LQWURGXFLQJ�HOHFWULF�ILHOG�JUDGLHQW��2XU�VSHFWUDO�SDUDPHWHUV�RI
WKH�46�GRXEOHW�FRXOG�DOVR�EH�UHODWHG�WR�WKH� �)H6L � �RU�b�)H6L � �SKDVHV��2XU�46�YDOXH
RI� DERXW� ����� PP�V� FRXOG� FRUUHVSRQG� WR� WKH� SRRUO\� UHVROYHG� GRXEOHWV� ZLWK� 46 �
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 ������PP�V� DQG�46 � � ������PP�V�RI� WKH� �)H6L � � SKDVH�ZLWK� D� WHWUDJRQDO� VWUXFWXUH
>�����@��+RZHYHU��WKH�46�YDOXHV�RI�b�)H6L � �>��@�DUH�FRQVLGHUDEO\�VPDOOHU�WKDQ�WKRVH
IRXQG�LQ�RXU�&(06�VSHFWUD�DQG�WKHUHIRUH�WKH�SUHVHQFH�RI�b�)H6L � �SKDVH�FRXOG�EH�H[�
FOXGHG��7KH� VSHFWUDO� FRQWULEXWLRQ� RI� WKH�46� GRXEOHW� LQFUHDVHV� IURP� DERXW� ����� IRU
G 
�� Ê������QP��)LJ���D��WR�DERXW�����IRU�G 
�� � �����QP��)LJ���F���6LQFH�WKH�46�GRXEOHW�LV
D�PLQRU�VSHFWUDO�FRPSRQHQW��LW�LV�GLIILFXOW�WR�LGHQWLI\�FOHDUO\�IURP�WKH�46�DQG�,6�YDO�
XHV� ZKLFK� )H6L�W\SH� SKDVH� DSSHDUV� LQ� RXU� )H�6L� 0OV�� KRZHYHU�� WKH� F�)H � ��� 6L� � RQH
VHHPV�WR�EH�PRUH�SODXVLEOH�
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)LJ�����([HPSODU\�P�+��ORRSV�IRU�)H�)H ��� 6L ��� �0OV�IRU
G ��� � ���QP�DQG�IRU�GLIIHUHQW�)H ��� 6L ��� �VSDFHU�OD\HU�WKLFNQHVV

,Q� RUGHU� WR� FKHFN� WKH� LQIOXHQFH� RI� )H� DGGLWLRQ� LQ� 6L� VSDFHU� RQ�+ � �� ZH� SUHSDUHG
^)H��QP��)H  � 6L !�! �G���#" " 
�� $ $ �` �#% ���)H��QP��0OV��ZLWK�)H  � 6L !�! �VLPXODWLQJ�WKH�)H6L � �SKDVH�
)LJXUH��� VKRZV�VRPH�H[DPSOHV�RI�P�+�� ORRSV�DQG�)LJ����GLVSOD\V� WKH�YDOXHV�RI� WKH
)&(' �DQG�WKH�+ � �YHUVXV�G���#" " 
�� $ $ ��&RPSDULQJ�)LJ����DQG�)LJ����RQH�FDQ�UHDOL]H�WKDW�LQ�WKH
FDVH� RI� )H  � 6L !�! �VSDFHU� OD\HU�� )&(' � LV� UHGXFHG� DQG� LWV� PD[LPXP� LV� VKLIWHG� WRZDUGV
WKLFNHU� VSDFHU� OD\HUV�YDOXHV��6LPXOWDQHRXVO\�� WKH�SRVLWLRQ�RI� WKH�+ � �PD[LPXP� LV� DO�
PRVW� XQFKDQJHG�� KRZHYHU�� LWV� YDOXH� LV� YLVLEO\� UHGXFHG� IURP� ���� �IRU� )H�6L�0OV�� WR
����7��7KH� REVHUYHG� VKLIW� RI� WKH�)&(' �PD[LPXP�YDOXH� WRZDUGV� WKLFNHU� VSDFHU� OD\HUV
ZLWK�XQFKDQJHG�SRVLWLRQ�RI�+ � �VXJJHVWV�WKH�LQIOXHQFH�RI�SLQKROHV�IRU�G���#" " 
�� $ $ <�����QP�
6LPLODUO\�WR�)H�6L�0OV�VDWXUDWLRQ�ILHOGV�IRU�G���#" " 
 � $ $ >�����QP�GHFD\V�H[SRQHQWLDOO\��LQVHW�LQ
)LJ�����VKRZLQJ�QR�RVFLOODWRU\�EHKDYLRXU��'XH�WR�WKH�DSSHDUDQFH�RI�IHUURPDJQHWLF�FRX�
SOLQJ� DW� VPDOO� VSDFHU� OD\HU� WKLFNQHVV� �)LJ�� �� DQG� )LJ�� ��� DWWULEXWDEOH� WR� WKH� SLQKROHV
IRUPDWLRQ�DQG�YHU\�ZHDN�FRXSOLQJ�REVHUYHG�DERYH�+ � �SHDNV��WKH�WKLFNQHVV�GHSHQGHQFH
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)LJ�����7KH�YDOXHV�RI�)354 �SDUDPHWHU�DQG�+ 6 �ILHOG�IRU�)H�)H ��� 6L ��� �0OV
DV�D�IXQFWLRQ�RI�G ��� " " 798 $ $ �IRU�FRQVWDQW�G ��� � ���QP�

7KH�LQVHW�VKRZV�WKH�H[SRQHQWLDO�GHFD\�RI�+ 6 �G ��� " " 798 $ $ �

RI�+ � �DFURVV�6L�DQG�)H  � 6L !�! �VSDFHUV�PD\�EH�PLVUHDG�DV�D�VLQJOH�PD[LPXP�RI�DQ�RVFLO�
ODWLRQ��&RPSDULQJ�WKH�UHVXOWV�REWDLQHG�IRU�)H�6L�DQG�)H�)H  � 6L !�! �0OV�ZH�FDQ�FRQFOXGH
WKDW�WKH�H[FKDQJH�FRXSOLQJ�LV�GLVWLQFWO\�VWURQJHU�IRU�QRPLQDOO\�SXUH�VSDFHU�OD\HU�

�����&R�6L�PXOWLOD\HUV

,Q�&R�6L�0OV��D�QHJDWLYH�KHDW�RI�PL[LQJ�EHWZHHQ�&R�DQG�6L�UHVXOWV�LQ�WKH�IRUPDWLRQ
RI�PHWDVWDEOH�DPRUSKRXV�SKDVHV�DQG�WR�WKH�PXWXDO�VROXELOLW\�RI�FRQVWLWXHQWV� �VHH�>��
�@� DQG� UHIHUHQFHV� WKHUHLQ��� 7KLV� PD\� EH� UHVSRQVLEOH� IRU� YHU\� FRPSOH[� DQG� XQXVXDO
PDJQHWLF�EHKDYLRXU��7R�RXU�NQRZOHGJH�WLOO�QRZ�WKHUH�ZDV�QR�GHWDLOHG�VHDUFK�IRU�$)
FRXSOLQJ� LQ� VSXWWHUHG� &R�6L�0OV� H[FHSW� WKH� VKRUW� LQIRUPDWLRQ� JLYHQ� LQ� DEVWUDFW� >�@
DERXW�WKH�UDQJH�RI�VXFK�D�FRXSOLQJ�

)LJXUH���GLVSOD\V�H[DPSOHV�RI�6$;5'�DQG�+$;5'�VSHFWUD�IRU�G ��: � ���QP�DQG�G 
��
 �����QP��6$;5'�SDWWHUQ�SURYHV�D�YHU\�ZHOO� OD\HUHG�VWUXFWXUH�RI�WKH�0OV�ZLWK�IRXU
VXSHUODWWLFH� SHDNV�� $OO� XQGHUOLQHG� UHIUDFWLRQ� LQGH[HV� LQ� +$;5'� DUH� GXH� WR� WKH� 6L
VXEVWUDWH�

)LJXUH���VKRZV�WKH�02.(�ORRS�VKDSH�YDULDWLRQ�RI�&R�G ��: ��6L�����QP��0OV�IRU�GLI�
IHUHQW�G ��: �LQ�WZR�PDJQHWLF�ILHOG�GLUHFWLRQV�LQ�0O�SODQH��2QH�FDQ�LPPHGLDWHO\�UHDOL]H
WKDW�FKDUDFWHU�RI�WKH�P�+��WUDFHV�GHSHQGV�RQ�G ��: ��:H�FRQQHFW�LW�ZLWK�WKH�HYROXWLRQ�RI
WKH�&R�OD\HU�IURP�VXSHUSDUDPDJQHWLF�JUDQXODU�VWUXFWXUHV�IRU�G ��: Ê���QP�WKURXJK�GLV�
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FRQWLQXRXV�JUDQXODU�&R�OD\HU�IRU��<�G ��: Ê��QP�DQG�ILQDOO\�WR�FRQWLQXRXV�&R�OD\HU�IRU
G ��: Ë�����QP��)LJXUH����GLVSOD\V�WKH�&R�WKLFNQHVV�GHSHQGHQFH�RI�WKH�VDPSOH�PRPHQWSHU�VXUIDFH�DUHD��P�6���:H�KDYH�IRXQG�WKDW�QRPLQDOO\�DERXW������QP�WKLFN�OD\HU�SHU
VLQJOH�&R�6L�LQWHUIDFH�LV�PDJQHWLFDOO\�LQDFWLYH��+RZHYHU��LQ�FRQWUDVW�WR�)H�6L�0OV��WKH
FKDUDFWHU�RI�WKH�P�6�G ��: ��LV�PRUH�FRPSOH[�UHYHDOLQJ�D�GUDVWLF�WUDQVLWLRQ�IURP�GLVFRQ�WLQXRXV� WR�FRQWLQXRXV�VWUXFWXUH�RI�&R� OD\HUV�DW�DERXW�G ��: � ���QP��6XFK�D�EHKDYLRXUVXJJHVWV�WKDW�WKH�JURZWK�RI�&R�RQ�6L�RFFXUV�LQ�DQ�LVODQG�JURZWK�PRGH�
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)LJ�����7ZR�W\SLFDO�VPDOO���D��DQG�KLJK�DQJOH��E��;5'�VSHFWUD
�6$;5'�DQG�+$;5'��UHVSHFWLYHO\��IRU�&R�6L�0O�ZLWK�G ��� � ���QP�DQG�G 798 � �����QP

)LJXUH����VKRZV�WKH�HYROXWLRQ�RI�02.(�P�+��ORRSV�IRU�&R��QP��6L�G 
�� ��YHUVXV�6L
WKLFNQHVV� IRU� VHOHFWHG� VDPSOHV�� 6XFK� EHKDYLRXU� LPSOLHV� WKH� H[LVWHQFH� RI� D� ZHDN
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SDUDOOHO����� ���	��
 SHUSHQGLFXODU
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)LJ�����7KH�H[DPSOHV�RI�P�+��ORRSV�PHDVXUHG�E\�02.(
IRU�WZR�SHUSHQGLFXODU�PDJQHWLF�ILHOG�GLUHFWLRQV�LQ�WKH�VDPSOH�SODQH

IRU�&R�G '
( ��6L�����QP��IRU�GLIIHUHQW�&R�OD\HU�WKLFNQHVV
LQWHUOD\HU�FRXSOLQJ�WKDW�PRGLILHV�WKH�K\VWHUHVLV�ORRS�VKDSHV�IURP�VTXDUH�OLNH�WR�VWHS�
OLNH�FKDUDFWHUL]HG�E\�WZR�³FRHUFLYH´�ILHOGV��+ � � �DQG�+ � � ��7KLV�VHHPV�WR�EH�FRQILUPHGE\�WKH�)&(' �G 
�� ��RVFLOODWRU\�GHSHQGHQFH�SUHVHQWHG�LQ�)LJ����D��WRS�SDQHO���'XH�WR�D�YHU\
ZHDN� FRXSOLQJ� WKH� FRUUHFW� LGHQWLILFDWLRQ� RI� WKH� VDWXUDWLRQ� ILHOGV� ZDV� YHU\� GLIILFXOW�
7KHUHIRUH�LQ�)LJ����E�ZH�SUHVHQW�WKH�YDOXHV�RI�+ � � �DQG�+ � � �ILHOGV�DV�D�IXQFWLRQ�RI�6L
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)LJ������&R�WKLFNQHVV�GHSHQGHQFH�RI�PDJQHWLF�PRPHQW
SHU�VXUIDFH�DUHD��P�6��RI�&R�6L�0OV�ZLWK�FRQVWDQW�G 798 � �����QP

" #�$ #�%&" #�$ #(')#�$ #*#+#,$ #('-#,$ #�%

.0/ 132,4

+��7�

5,/ 672,4

89/ :;2<4

P�
�D�
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=,>
? @�6A/ B72<4

)LJ������7KH�HYROXWLRQ�RI�P�+��ORRS�VKDSHV
DV�D�IXQFWLRQ�RI�6L�VXEOD\HU�WKLFNQHVV

IRU�&R�6L�0OV�ZLWK�G '
( � ���QP
WKLFNQHVV��)URP�WKLV�ILJXUH�RQH�FDQ�VHH�WKDW�+ C<D �DSSHDUV�RQO\�IRU�WKLFNHU�6L�OD\HUV��L�H��
IRU�G E
F Ë�����QP��%HORZ�WKLV�6L�WKLFNQHVV�RQO\�VLQJOH��DOPRVW�VTXDUH�VKDSHG�ORRSV�DS�
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SHDU��6XFK�P�+��EHKDYLRXU�FDQ�EH�H[SODLQHG�E\�D�VLPSOH�PRGHO�GHVFULELQJ� WKH� WRWDO
PDJQHWLF�HQHUJ\�RI�ELOD\HU�
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ZKHUH�j ��� D
	 �DUH�WKH�DQJOHV�EHWZHHQ�WKH�DSSOLHG�ILHOG�+�DQG�PDJQHWL]DWLRQV��DQG�-�DQG�.
GHQRWH�WKH�LQWHUOD\HU�FRXSOLQJ�DQG�FXELF�DQLVRWURS\��UHVSHFWLYHO\�
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)LJ������9LVXDOL]DWLRQ�RI�P�+��PRGHO�K\VWHUHVLV
ORRS�VKDSHV�IRU�GLIIHUHQW�FRXSOLQJ�WR�DQLVRWURS\

)LJ������6L�WKLFNQHVV�GHSHQGHQFH
RI�)JLK �SDUDPHWHU��D��DQG�WZR�FKDUDFWHULVWLF

ILHOGV�+ M�N �DQG�+ MLO ��E��IRU�&R�6L�0OV
-�.G M�P �UDWLRV��K N �DQG�K O �ILHOGV�UHSUHVHQW

VSLQ�IOLS�DQG�VSLQ�IORS�ILHOGV��UHVSHFWLYHO\�
7KH�GRWWHG�OLQH�UHSUHVHQWV��(��P� ����VHH�WH[W�

,W�FDQ�EH�VKRZQ�WKDW�IRU�ORZ�LQWHUOD\HU�FRXSOLQJ��L�H���IRU�S� �-�.G�<������WKH�HIIHF�
WLYH� H[FKDQJH� FRXSOLQJ� LV� VR� ZHDN� WKDW� WKH� DQLVRWURS\� FRQWUROV� WKH� VZLWFKLQJ
FKDUDFWHULVWLFV�DQG�DV�D� UHVXOW�VTXDUH� ORRSV�DSSHDU��)LJ�������)RU�����<�S� � M�.G�<���
WZR� FKDUDFWHULVWLF� ILHOGV� HPHUJH�� K � �  � ±��S� ±� ��� DQG� K D �  � �>�S� �� ����@ QSR D �� ZKHUH
K� �+0 T �.��7KH�GRWWHG�OLQH�LQ�)LJ�����UHSUHVHQWV��(��P� ���ZKHUH�P� �FRV�j � ±�j D ��
%RWK�VPDOO�YDOXH�RI�WKH�)U�V �SDUDPHWHU�DQG�VLPSOH�VTXDUH�P�+��ORRSV�REVHUYHG�IRU�WKH
VDPSOH�LQ�WKH�YLFLQLW\�RI�WKH�ILUVW�)U�V �G E
F ��PD[LPXP�VXJJHVW�WKH�SUHVHQFH�RI�WKH�PDJ�
QHWRVWDWLF� FRXSOLQJ�� ,WV� VRXUFH� PRVW� SUREDEO\� LV� LQ� WKH� SLQKROHV� IRUPDWLRQ� ZKLFK
UHGXFHV�WKH�$)�H[FKDQJH�FRXSOLQJ�LQ�WKLV�G E
F �UDQJH��7KH�REVHUYHG�)U�V �G E
F ��RVFLOODWRU\
EHKDYLRXU� VXJJHVWV� WKDW� WKH� &R±6L� QRQPDJQHWLF� PHWDOOLF� SKDVHV� UHSODFH� QRPLQDOO\
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SXUH�6L�VSDFHU�OD\HUV��VLQFH�WKH�RVFLOODWRU\�EHKDYLRXU�SRLQWV�WR�WKH�5..<�OLNH�W\SH�RI
LQWHUOD\HU�FRXSOLQJ�YLD�FRQGXFWLRQ�HOHFWURQV�

�����$SSOLFDWLRQ�RI�VWURQJO\�FRXSOHG�)H�6L�PXOWLOD\HUV

6LQFH�WKH�VWURQJHVW�$)�LQWHUOD\HU�FRXSOLQJ�LQ�RXU�)H��QP��6L�0OV�KDV�EHHQ�IRXQG
IRU�G E
F � �����QP�� LW�ZDV�YHU\� LQWHUHVWLQJ� WR� ILQG�RXW�ZKHWKHU� LW� FDQ�EH� DSSOLHG� DV� DQ
DUWLILFLDO� DQWLIHUURPDJQHW� LQ� PDJQHWRUHVLVWLYH� �)H�6L� ��� �)H�&R��&X�&R�� SVHXGR�VSLQ
±YDOYH��369��V\VWHP��:H�XVHG�D�&R��&X�&R��WULOD\HU�DV� WKH�PDJQHWRUHVLVWLYH�VWUXF�
WXUH�ZLWK�&R�����DQG�&X�WKLFNQHVVHV�RI�DERXW�����QP�DQG�����QP��UHVSHFWLYHO\�
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)LJ������0DJQHWRUHVLVWDQFH�HIIHFW�RI��)H�6L� N � �)H�&R��&X�&R��SVHXGR�VSLQ±YDOYH
V\VWHP��ZKHUH�)H�6L�0O�ZDV�XVHG�DV�DQ�DUWLILFLDO�DQWLIHUURPDJQHW

6LQFH�WKH�ODVW�)H�DQG�WKH�&R��OD\HUV�DUH�LQ�WKH�LQWLPDWH�FRQWDFW��WKH�)H�&R��ELOD\HU
EHKDYHV�DV�D�ILUVW�PDJQHWRUHVLVWLYH�OD\HU�LQ�WKH�H[DPLQHG�VWUXFWXUH��7KH�ILHOG�GHSHQG�
HQFH� RI� WKH� VDPSOH� UHVLVWDQFH�� VKRZQ� LQ� )LJ�� ���� UHIOHFWV� D� W\SLFDO� 369� JLDQW
PDJQHWRUHVLVWDQFH�EHKDYLRXU��$V�FDQ�EH�VHHQ�� WKHUH�DUH� WZR�VZLWFKLQJ� ILHOGV��+ � � UH�
ODWHG�WR�WKH�PDJQHWL]DWLRQ�UHYHUVDO�RI�WKH�WRS�&R��OD\HU�DQG�+ D �GXH�WR�VZLWFKLQJ�RI�WKH
)H�&R��SLQQHG�ELOD\HU�PDJQHWL]DWLRQ�WR�WKH�GLUHFWLRQ�RI�WKH�H[WHUQDO�PDJQHWLF�ILHOG�DW
KLJKHU�ILHOGV��6LQFH�)H�&R��ELOD\HU�LV�$)�FRXSOHG�WR�WKH�UHVW�RI�)H�6L�0O�VWUXFWXUH��LW
UHYHUVHV�DW�KLJKHU�ILHOGV�±�WKH�WRS�&R��OD\HU�DQG�DQ�$)�DUUDQJHPHQW�EHWZHHQ�PDJQHWL�
]DWLRQV�RI�WKH�)H�&R��ELOD\HU�DQG�WKH�&R��OD\HU�RFFXUV�EHWZHHQ�+ � �DQG�+ D �

���&RQFOXVLRQV
0DJQHWLF�DQG�VWUXFWXUDO�SURSHUWLHV�RI�)H�6L��)H�)H Q
Q 6L ��� �DQG�&R�6L�0OV�KDYH�EHHQ

H[DPLQHG��)RU�)H�6L�0OV�YHU\�VWURQJ�$)�FRXSOLQJ��-� �-�����P-�P D ��KDV�EHHQ�IRXQG
IRU�6L� WKLFNQHVV�RI� DERXW�����QP�DQG�PDJQHWLF�PRPHQW�PHDVXUHPHQWV� UHYHDOHG� WKDW



0DJQHWLF�SURSHUWLHV�RI�)H�6L�DQG�&R�6L�PXOWLOD\HUV ��

�����QP�RI�)H�SHU� VLQJOH� LQWHUIDFH� LV�PDJQHWLFDOO\� LQDFWLYH��7KH� LQWHUIDFH� VWUXFWXUH�RI
)H�6L�0OV��VWXGLHG�E\�&(06��VXJJHVWV�WKDW�WKH�F�)H � � � 6L� ZDV�IRUPHG�DW� WKH�LQWHUIDFHV�
&RPSDULQJ�WKH�UHVXOWV�REWDLQHG�IRU�)H�6L�DQG�)H�)H Q5Q 6L ��� �0OV�ZH�FRQFOXGH�WKDW�WKH�$)
FRXSOLQJ� LV� GLVWLQFWO\� VWURQJHU� IRU� QRPLQDOO\� SXUH� VSDFHU� OD\HU�� ,Q� ERWK� NLQGV� RI�0OV�
RQO\�VLQJOH�+T �PD[LPXP�YHUVXV�VSDFHU�OD\HU�WKLFNQHVV�ZDV�REVHUYHG�DQG�+T �YDOXHV�GH�
FD\� H[SRQHQWLDOO\� DERYH� WKH�PD[LPXP��)RU�&R�6L�0OV� D� YHU\�ZHDN�$)� FRXSOLQJ� DQG
RVFLOODWRU\�)U V �G E F ��EHKDYLRXU�ZHUH�REVHUYHG�PRVW�SUREDEO\�GXH�WR�WKH�&R±6L�QRQPDJ�
QHWLF� PHWDOOLF� SKDVHV� IRUPDWLRQ� UHSODFLQJ� QRPLQDOO\� SXUH� 6L� VSDFHU� OD\HUV�� 0DJQHWLF
PRPHQW�PHDVXUHPHQWV� VKRZHG� WKDW� WKH� JURZWK� RI� WKH� &R� RQ� 6L� RFFXUV� LQ� DQ� LVODQG�
JURZWK�PRGH�LQ�FRQWUDVW� WR�)H�6L�0OV��:H�KDYH�VKRZQ�WKDW� WKH�HYROXWLRQ�RI�PDJQHWLF
ORRS�VKDSHV�FDQ�EH�VXFFHVVIXOO\�H[SODLQHG�E\�WKH�LQWHUSOD\�EHWZHHQ�-�DQG�.G�

:H�KDYH�VKRZQ�WKDW�$)�FRXSOHG�)H�6L�0OV�FDQ�EH�DSSOLHG�DV�DQ�DUWLILFLDO�DQWLIHU�
URPDJQHW�LQ�PDJQHWRUHVLVWLYH�SVHXGR�VSLQ±YDOYH�V\VWHP�

$FNQRZOHGJHPHQWV
7KLV� ZRUN� KDV� EHHQ� VXSSRUWHG� E\� WKH� .%1� �3RODQG�� XQGHU� JUDQW� 1R�� 3%=�.%1�����7������ DQG
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0DWHULDOV�6FLHQFH��9RO������1R���������

5RWDWLRQDO�DQLVRWURS\
LQ�H[FKDQJH�ELDVHG�1L)H�)H0Q�ELOD\HUV

'2�*8:1�+:$1*
�

'HSDUWPHQW�RI�&RPSXWHU�DQG�(OHFWURQLF�3K\VLFV��6DQJML�8QLYHUVLW\��:RQMX����������.RUHD

7KH�DQLVRWURSLF�PDJQHWRUHVLVWDQFH��$05��PRGHO�ZDV�LPSURYHG�LQ�RUGHU�WR�GHWHUPLQH�WKH�PDJQLWXGH
DQG�GLUHFWLRQ�RI�WKH�URWDWLRQDO�DQLVRWURS\�LQ�1L)H�)H0Q�ELOD\HU�VWUXFWXUHV�KDYLQJ�GLIIHUHQW�WKLFNQHVVHV�RI
WKH�IHUURPDJQHWLF�DQG�DQWLIHUURPDJQHWLF�OD\HUV��7KHUH�DUH�WZR�LPSRUWDQW�SDUDPHWHUV�LQ�WKH�PRGHO��QDPHO\
WKH�UDWLRV�a� �+ � ��� �+ � � �DQG�b� �q � ��� �q �	� �ZKHUH�+ � ��� �DQG�q � ��� �DUH�WKH�HIIHFWLYH�PDJQHWLF�ILHOG�DQG�WKH�DQJOH�RI
WKH� URWDWLRQDO�DQLVRWURS\�DQG�+ � � � DQG�q � � DUH� WKH�H[FKDQJH�ELDV� ILHOG� DQG� WKH� DQJOH�RI� WKH� ILHOG� DSSOLHG�
UHVSHFWLYHO\��7KHVH�SDUDPHWHUV�GHVFULEH�WKH�PDJQLWXGH�DQG�GLUHFWLRQ�RI�WKH�URWDWLRQDO�DQLVRWURS\��$V�WKH
WKLFNQHVV�RI�)H0Q� OD\HU�GHFUHDVHG�XS� WR�����QP�� WKH�a� YDOXH� LQFUHDVHG� IURP� DERXW� ����� WR� ������7KLV
SURYHV� WKDW� WKH� UHJLRQV�RI�D�ZHDN�H[FKDQJH�FRXSOLQJ� H[WHQGHG�DV� WKH� DQWLIHUURPDJQHWLF� OD\HU� WKLFNQHVV
GHFUHDVHV��7KH�SDUDPHWHUV�a�DQG�b�DOPRVW�GLG�QRW�FKDQJH�DV�WKH�1L)H�OD\HU�WKLFNQHVV�LQFUHDVHG�IURP���QP
XS�WR����QP��HYHQ�WKRXJK�+ � � �ZDV�WKHQ�UHGXFHG�IURP�����2H�WR����2H�

.H\�ZRUGV��H[FKDQJH�ELDVLQJ��URWDWLRQDO�DQLVRWURS\��DQWLIHUURPDJQHW

���,QWURGXFWLRQ
([FKDQJH�DQLVRWURS\�LV�D�SKHQRPHQRQ�DULVLQJ�IURP�WKH�GLUHFW�H[FKDQJH�FRXSOLQJ

DW�WKH�LQWHUIDFH�EHWZHHQ�D�IHUURPDJQHW��)0��DQG�DQ�DQWLIHUURPDJQHW��$)���7KH�EHVW�
NQRZQ�SURSHUW\�DULVLQJ�IURP�WKLV�DQLVRWURS\�LV�D�VKLIW�LQ�WKH�K\VWHUHVLV�ORRS�RI�D�IHU�
URPDJQHW��7KH� ILHOG�E\�ZKLFK� WKH� ORRS� LV� VKLIWHG� LV�GHILQHG�DV� WKH�H[FKDQJH�ELDVLQJ
ILHOG�+ 
 � >�@��7R�H[SODLQ�VXFK�D�EHKDYLRXU�WKHRUHWLFDOO\��VHYHUDO�PRGHOV�IRFXVHG�RQ�WKH
GRPDLQ�VWUXFWXUH�RI�WKH�$)�OD\HU�IRU�FRPSHQVDWHG�DQG�XQFRPSHQVDWHG�LQWHUIDFHV�ZHUH
SURSRVHG�LQ�ZKLFK�D�VLQJOH�GRPDLQ�VWDWH�RU�XQLIRUP�PDJQHWL]DWLRQ�RI� WKH�)0�OD\HUV
ZDV�DVVXPHG�>�@��$OWKRXJK�WKHVH�WKHRULHV�FDQ�H[SODLQ�WKH�PDJQLWXGH�RI�WKH�ORRS�VKLIW
LQ� SRO\FU\VWDOOLQH� ELOD\HUV�� WKH\� IDLO� WR� DFFRXQW� IRU� WKH� HQKDQFHG� + � � DQG� D� QRQ�
YDQLVKLQJ�URWDWLRQDO�K\VWHUHVLV� LQ�KLJK�PDJQHWLF�ILHOGV�GXH� WR� LQVWDELOLW\� LQ� WKH�SRO\�
FU\VWDOOLQH� $)� OD\HU� >�@�� 5HFHQW� PRGHOV� VXJJHVWHG� WKDW� WKHUH� DUH� VWDEOH� $)� JUDLQV�
BBBBBBBBB


 �(�PDLO��GJKZDQJ#PDLO�VDQJML�DF�NU�
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ZKLFK�FRQWULEXWH�WR�WKH�XQLGLUHFWLRQDO�DQLVRWURS\��DQG�XQVWDEOH�RQHV��ZKLFK�FDXVH�WKH
URWDWLRQDO� DQLVRWURS\� >��� �@�� 0DJQHWLF� GRPDLQ� REVHUYDWLRQV� LQ� WKH� $)�)0� ELOD\HUV
DOORZHG�FRQFOXGLQJ�WKDW�WKH�VWUHQJWK�RI�+ 
 � �YDULHV�DW�WKH�PLFURVFRSLF�VFDOH�DFURVV�WKH
VDPSOH�>�@�

,Q�WKLV�ZRUN��ZH�LPSURYHG�WKH�$05�PRGHO�LQWURGXFHG�E\�'DKOEHUJ�HW�DO��>����@�WR
GHWHUPLQH�WKH�PDJQLWXGH�DQG�GLUHFWLRQ�RI�URWDWLRQDO�DQLVRWURS\�LQ�WKH�)H0Q�1L)H�DQG
1L2�1L)H�VWUXFWXUHV�ZLWK�D�YDU\LQJ�WKLFNQHVV�RI�WKH�$)�OD\HU��,Q�RXU�PRGHO��WKHUH�DUH
WZR�LPSRUWDQW�SDUDPHWHUV�RI�a�DQG�b��ZKLFK�UHSUHVHQW�WKH�PDJQLWXGH�DQG�WKH�DQJOH�RI
URWDWLRQDO�DQLVRWURS\��7KH�LQIOXHQFH�RI�WKH�DSSOLHG�PDJQHWLF�ILHOG�+ � �RQ�WKH�SDUDPH�
WHUV�RI�WKH�ELOD\HU�VWUXFWXUHV�ZDV�DOVR�LQYHVWLJDWHG�

���([SHULPHQWDO
7KH� ELOD\HU� ILOPV� RI� 1L)H� ���� QP��)H0Q� ����±��� QP�� DQG� 1L)H� ��±��� QP�

�)H0Q�����QP��ZHUH�GHSRVLWHG�DW�D�URRP�WHPSHUDWXUH�RQWR�D�&RUQLQJ�JODVV������LQ�DQ
LRQ�EHDP�VSXWWHULQJ�V\VWHP��7KH�EDVH�SUHVVXUH�ZDV�EHORZ���������
 �7RUU��7KH�LRQ�JXQ
ZDV�D���FP�.DXIPDQQ�VRXUFH�XVLQJ�$U�JDV�DW�WKH�SUHVVXUH�RI���������� �7RUU��,RQ�EHDP
YROWDJH�DQG�FXUUHQW�GXULQJ�GHSRVLWLRQ�ZHUH�HTXDO� WR�����9�DQG���P$�� UHVSHFWLYHO\�
DQG�WKH�WKLFNQHVV�ZDV�PRQLWRUHG�E\�D�TXDUW]�VHW�XS��$Q�DOLJQLQJ�ILHOG�RI�����2H�ZDV
DSSOLHG�GXULQJ� WKH� GHSRVLWLRQ�RI� WKH� IHUURPDJQHWLF� OD\HUV� WR� LQGXFH� XQLD[LDO� DQLVRW�
URS\�� 7KH� PDJQHWLF� SURSHUWLHV� ZHUH� FKDUDFWHUL]HG� FRQVLGHULQJ� WKH� PHDVXUHG
DQLVRWURSLF�PDJQHWRUHVLVWDQFH��$05��FXUYHV�LQ�D���SRLQW�WHUPLQDO�FRQILJXUDWLRQ�

7KH�$05�FXUYHV�YDULHG�LQ�WKHLU�VKDSHV�ZLWK�WKH�DSSOLHG�PDJQHWLF�ILHOG��3DUWLFXODUO\�
WKH�FXUYHV�REWDLQHG�DW�PRGHUDWH�ILHOGV�FORVH�WR�+ 
 � �KDYH�PRUH�FRPSOH[�VKDSHV�WKDQ�WKRVH
REWDLQHG�DW�ORZ�DQG�KLJK�PDJQHWLF�ILHOGV��+RZHYHU��WKH�$05�FXUYH�PHDVXUHG�LQ�WKH�YLFLQ�
LW\� RI�+� � � + 
 � VKRXOG� EH� DQDO\]HG� WR� XQGHUVWDQG� EHWWHU� WKH� SKHQRPHQRQ� RI� URWDWLRQDO
DQLVRWURS\�LQ�WKH�ELDVHG�ELOD\HU�VWUXFWXUH��7KUHH�LQWHQVLWLHV�RI�WKH�DSSOLHG�ILHOG��QDPHO\�+�
 ����+ 
 � ��+ 
 � �DQG��+ 
 � ��ZHUH�VHOHFWHG�WR�FRPSDUH�WKH�UDWLR�RI�URWDWLRQDO�DQG�XQLGLUHFWLRQDO
DQLVRWURS\�LQ�WKH�ELOD\HUV�H[KLELWLQJ�GLIIHUHQW�+ 
 ���

���5HVXOWV�DQG�GLVFXVVLRQ
)LJXUH���VKRZV�WKH�YHFWRU�UHSUHVHQWDWLRQ�RI�RXU�PRGHO��LQ�ZKLFK�WKH�URWDWLRQDO�DQLVRW�

URS\�LV�UHIOHFWHG�E\�WKH�HIIHFWLYH�DQLVRWURS\�ILHOG�+� ��� � �7KLV�ILHOG�YDULHV�ZLWK�WKH�DPSOLWXGH
RI�+� LQ�ERWK�LWV�VWUHQJWK�DQG�GLUHFWLRQ�GXULQJ�$05�PHDVXUHPHQW��ZKHUHDV�WKH�PDJQLWXGH
DQG�GLUHFWLRQ�RI�+ 
 � �DUH�IL[HG��&RQVLGHULQJ�WKLV�UHSUHVHQWDWLRQ��WKH�PDJQHWLF�HQHUJ\�GHQVLW\
RI�WKH�IHUURPDJQHWLF�OD\HU�LQ�WKH�ILHOG�DSSOLHG�FDQ�EH�ZULWWHQ�DV

�FRV��FRV��FRV� � ���� ��� qqqqqq ------= ��� �� � 0+0+0+( � ���
ZKHUH�0�LV�WKH�PDJQHWL]DWLRQ�RI�WKH�)0�OD\HU��DQG�q 
 ��� �q � �DQG�q � ��� �DUH�WKH�DQJOHV�GH�
ILQLQJ� GLUHFWLRQV� RI� + 
 � �� + � �� DQG� + � ��� �� UHVSHFWLYHO\�� ,Q� (T�� ����� WKH� GHPDJQHWL]LQJ



5RWDWLRQDO�DQLVRWURS\�LQ�H[FKDQJH�ELDVHG�1L)H�)H0Q�ELOD\HUV ��

HQHUJ\�LV�QHJOHFWHG��EHFDXVH�LW�ZDV�FDOFXODWHG�WKDW�WKH�GHPDJQHWL]LQJ�ILHOG�LV�VPDOOHU
WKDQ�����2H�IRU�WKH�JHRPHWU\�RI�WKH�VDPSOHV�XVHG��)URP�WKH�FRQGLWLRQ�RI�WKH�PLQLPXP
WRWDO�HQHUJ\�LQ�WKH�HTXLOLEULXP�VWDWH��ZH�FDQ�GHWHUPLQH�WKH�DQJOH�q�GHILQLQJ�WKH�RULHQ�
WDWLRQ�RI�WKH�PDJQHWL]DWLRQ�0��7KH�UHVLVWDQFH�5�RI�WKH�ELOD\HUV�LV�JLYHQ�E\

5� �5 � ��D5FRV � �q�±�q � � ���
ZKHUH�5 � � LV� WKH� UHVLVWDQFH� DW�+ � �  � �� DQG�D5� LV� WKH� FKDQJH� RI� UHVLVWDQFH� GXH� WR� WKH
$05�HIIHFW��7KHUHIRUH��WKH�$05�IROORZV�RQ�WKH�EHKDYLRXU�RI�FRV � q��DW�q �  ���

)LJ�����9HFWRU�UHSUHVHQWDWLRQ�RI�WKH�PRGHO

�0LQLPL]LQJ� WKH�HQHUJ\� JLYHQ�E\�(T�� ���� DQG� FDUU\LQJ�RXW� VRPH� DOJHEUDLF� WUDQV�
IRUPDWLRQV��RQH�REWDLQV
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ZKHUH�WZR�LQWURGXFHG�SDUDPHWHUV�a� �+ � ��� �+ 
 � DQG�b  �q � ��� �q � �
)LJXUH���VKRZV�WKH�H[SHULPHQWDO�SRLQWV�RI�$05�DQG�WKH�ILWWLQJ�FXUYHV�DV�D�IXQF�

WLRQ�RI�WKH�ILHOG�DSSOLHG�DQG�)H0Q�OD\HU� WKLFNQHVV� LQ� WKH�1L)H����QP��)H0Q��������
���QP��ELOD\HUV��$V�ZDV�PHQWLRQHG�HDUOLHU��WKH�PHDVXUHPHQWV�ZHUH�FDUULHG�RXW�DW�WKH
ILHOG�DSSOLHG�HTXDO�WR����+ 
 ��� + 
 ��� �DQG��+ 
 � ��$W�WKH�ILHOG�KLJK�HQRXJK��WKH�$05�FXUYH
LV� V\PPHWULF�� GLVSOD\LQJ� WZR� HTXDO�PLQLPD� DW� ��� DQG� ���� GHJ�� 7KHVH�PLQLPD� VKLIW
WRZDUGV�HDFK�RWKHU�DV�+ � GHFUHDVHV��UHDFKLQJ��+ 
 � ��)LJ���F���:LWK�D�IXUWKHU�GHFUHDVH�RI
WKH� ILHOG�� WKLV� VKLIW� EHFRPHV� PRUH� SURQRXQFHG� DQG� DOVR� D� GHFUHDVH� RI� WKH� FHQWUDO
PD[LPXP�LV�QRWLFHG��)LJ��E���$V�WKH�ILHOG�DSSOLHG�UHDFKHV�D�ORZ�LQWHQVLW\��WKH�VHFRQG
PLQLPXP�ULVHV�DQG�WKH�FXUYH�EHFRPHV�DV\PPHWULF��)LJ���D���$W�D�YHU\�ORZ�ILHOG� WKH
FXUYH� EHFRPHV� HYHQWXDOO\� SHULRGLF� DJDLQ� >�@�� 7KH�PD[LPXP� SHDN� VKLIWV� VOLJKWO\� WR
KLJKHU�DQJOHV�DV�WKH�)H0Q�OD\HU�WKLFNQHVV�GHFUHDVHV��$OO�WKH�$05�GDWD�RI�WKH�)H0Q
ELOD\HUV�ZHUH�ZHOO�ILWWHG�E\�(T�������H[FHSW�WKH�RQHV�REWDLQHG�DW�WKH�ORZ�ILHOG�IRU�WKH
)H0Q������QP��ELOD\HU�ZKLFK�H[KLELWHG�ODUJH�FRHUFLYH�ILHOG�
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)LJ�����([SHULPHQWDO�GHSHQGHQFLHV�RI�$05�RQ�WKH�GLUHFWLRQ
RI�PDJQHWLF�ILHOG�RI�GLIIHUHQW�VWUHQJWK�UHODWHG�WR�ELOD\HU�VWUXFWXUHV

RI�YDULRXV�WKLFNQHVV�RI�)H0Q�OD\HU������QP�±�VROLG�FLUFOH�
��QP�±�RSHQ�FLUFOH�����QP�±�VROLG�WULDQJOH��
6ROLG�OLQHV�±�ILWV�WR�H[SHULPHQWDO�SRLQWV

)LJXUH���VKRZV�WKH�GHSHQGHQFH�RI�WKH�a�DQG�b�UDWLRV�RQ�WKH�)H0Q�OD\HU�WKLFNQHVV
ZLWK�+ � �DV�WKH�SDUDPHWHU��7KH�PHDVXUHG�+ 
 � LV�DOVR�VKRZQ�LQ�WKLV�ILJXUH�DV�D�IXQFWLRQ
RI�WKLFNQHVV��7KH�a�UDWLR�IRU�DOO�+ � LQFUHDVHV�IURP�DERXW������WR������ZLWK�D�GHFUHDVH
RI�WKH�$)�OD\HU�WKLFNQHVV�LQ�LWV�UDQJH�RI����±���QP��,Q�WKH�UDQJH�RI�DERYH���QP��WKH
YDOXH�RI�$05�DOPRVW�GRHV�QRW�FKDQJH��7KH�REVHUYHG�EHKDYLRXU�RI� WKH�$05�FXUYHV
FRQILUPV�WKH�H[SHFWDWLRQ�WKDW�D�QXPEHU�RI�XQVWDEOH�$)�JUDLQ��ZKLFK�DFFRXQW�IRU�URWD�



5RWDWLRQDO�DQLVRWURS\�LQ�H[FKDQJH�ELDVHG�1L)H�)H0Q�ELOD\HUV ��

WLRQDO�DQLVRWURS\�� LQFUHDVH�DV� WKH�$)�OD\HU� WKLFNQHVV�GHFUHDVHV��7KH�$05�FXUYH� IRU
WKH�����QP�)H0Q�ELOD\HU�PHDVXUHG�DW�+ �  ����+ 
 � FDQQRW�EH�ILWWHG�WR�(T�������6LQFH�RXU
PRGHO�GLG�QRW�SUHVHQW�WKH�LQIRUPDWLRQ�RQ�WKH�K\VWHUHVLV�ORVV��WKH�ELOD\HU�KDYLQJ�KLJK
FRHUFLYH�ILHOG�FDQQRW�EH�ILWWHG��)RU�H[DPSOH��WKH�1L2��������QP��1L)H����QP��ELOD\�
HUV� KDYH� QRWLFHDEO\� KLJKHU� FRHUFLYH� ILHOG� WKDQ� 1L)H�)H0Q� ELOD\HU�� WKHUHIRUH� WKH
PHDVXUHG�$05�FXUYHV�DUH�QRW�ILWWHG�DW�WKH�FHQWUDO�PD[LPXP�SHDN�

)H0Q�OD\HU�WKLFNQHVV�QP�
� � � ��� ��� �	� �
�
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)LJ�����'HSHQGHQFLHV�RI�PHDVXUHG�H[FKDQJH�DQLVRWURS\�ILHOG�+ � �
DQG�FDOFXODWHG�SDUDPHWHU�a�RQ�WKH�WKLFNQHVV�RI�)H0Q�OD\HU�DW�YDULRXV
VWUHQJWKV�RI�WKH�DSSOLHG�ILHOG��D���GHSHQGHQFH�RI�WKH�SDUDPHWHU�b

RQ�+ � �+ � � �DW�YDULRXV�WKLFNQHVVHV�RI�)H0Q�OD\HU��E�

7KH�b� �q � ��� �q � PHDQV�WKDW�WKH�GLUHFWLRQ�RI�URWDWLRQDO�DQLVRWURS\�ODJJHG�EHKLQG�WKDW
RI�+ � ��7KLV�UDWLR�LQFUHDVHV�ZLWK�+ � ��DV�LV�VKRZQ�LQ�)LJ���E��,W�LV�TXLWH�REYLRXV�WKDW�WKH
GLUHFWLRQ�RI�WKH�URWDWLRQDO�DQLVRWURS\�VWURQJO\�GHSHQGV�RQ�WKH�DSSOLHG�ILHOG��+RZHYHU�
WKH�b�UDWLR�ZDV�LQGHSHQGHQW�RI�WKH�$)�OD\HU�WKLFNQHVV�

)LJXUH���VKRZV�WKH�GHSHQGHQFH�RI�FDOFXODWHG�a�DQG�b�RQ�WKH�WKLFNQHVV�RI�1L)H�OD\HU�
$V� WKH�1L)H� WKLFNQHVV� LQFUHDVHV� IURP���QP� WR� ���QP��+ 
 � � GHFUHDVHV� IURP�����2H� WR
���2H��+RZHYHU��a�DQG�b�GLG�QRW�VKRZ�DQ\�GHSHQGHQFH��)RU�DOO�WKH�H[FKDQJH�ELDVHG
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V\VWHPV��+ 
 � �LV�LQYHUVHO\�SURSRUWLRQDO�WR�WKH�WKLFNQHVV�RI�)0�OD\HU��EHFDXVH�H[FKDQJH
ELDV� LV� DQ� LQWHUIDFH� HIIHFW�� $OWKRXJK� + 
 � � GHFUHDVHV� ZLWK� WKH� )0� OD\HU
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c d�e

)LJ�����'HSHQGHQFLHV�RI�PHDVXUHG�H[FKDQJH�DQLVRWURS\�ILHOG�+ � �
DQG�FDOFXODWHG�SDUDPHWHU�a�RQ�WKH�WKLFNQHVV�RI�1L)H�OD\HU
DW�YDULRXV�VWUHQJWKV�RI�WKH�ILHOG�DSSOLHG��D���GHSHQGHQFH

RI�WKH�SDUDPHWHU�b�RQ�+ � �+ � � �DW�YDULRXV�WKLFNQHVVHV�RI�1L)H�OD\HU��E�

WKLFNQHVV��WKH�VWDEOH�$)�JUDLQV�JHQHUDWLQJ�WKH�H[FKDQJH�DQLVRWURS\�DW�LQWHUIDFH�GR�QRW
FKDQJH��7KHUHIRUH��WKH�a�DQG�b�UDWLRV�GR�QRW�GHSHQG�RQ�WKH�)0�OD\HU� WKLFNQHVV��EXW
RQO\�GR�RQ�WKH�VWDELOLW\�RI�$)�OD\HU�

���&RQFOXVLRQV
:H�KDYH�LPSURYHG�WKH�$05�PRGHO�LQWURGXFLQJ�WKH�SDUDPHWHUV�a�DQG�b�ZKLFK�H[�

SUHVV�WKH�PDJQLWXGH�DQG�GLUHFWLRQ�RI�WKH�URWDWLRQDO�DQLVRWURS\�LQ�WKH�H[FKDQJH�ELDVHG
ELOD\HUV� RI� GLIIHUHQW� WKLFNQHVV� RI� WKH�$)�OD\HU�� )URP� WKH� FDOFXODWHG� YDOXHV� RI� WKHVH
SDUDPHWHUV��ZH� IRXQG� WKH� UHODWLYH�PDJQLWXGH�RI� WKH� URWDWLRQDO� DQLVRWURS\��ZKLFK� LQ�
FUHDVHG� IURP����� WR�����RI� WKH� H[FKDQJH� DQLVRWURS\�ZLWK� D� GHFUHDVH� RI� WKH�$)�OD\HU

a
b

+H
[��

2H
�



5RWDWLRQDO�DQLVRWURS\�LQ�H[FKDQJH�ELDVHG�1L)H�)H0Q�ELOD\HUV ��

WKLFNQHVV��:H�DOVR�SURYHG�WKDW�LWV�GLUHFWLRQ�ODJJHG�EHKLQG�WKH�GLUHFWLRQ�RI�WKH�ILHOG�DSSOLHG
E\�DQ�DQJOH�OHVV�WKDQ�D�KDOI�RI�q � ��$V�WKH�WKLFNQHVV�RI�IHUURPDJQHWLF�OD\HU�LQFUHDVHG��WKH�a
DQG�b�SDUDPHWHUV�SUDFWLFDOO\�GLG�QRW�FKDQJH��7KHVH�SDUDPHWHUV�FDQ�H[SODLQ�WKH�SURSHUWLHV
RI�URWDWLRQDO�DQLVRWURS\�GXH�WR�XQVWDEOH�$)�JUDLQV��+RZHYHU��WKH�PRGHO�FDQQRW�EH�DSSOLHG
WR� WKH� ELOD\HU� VWUXFWXUHV� H[KLELWLQJ� ODUJH� K\VWHUHVLV� ORVVHV� DQG� ODUJH� FRHUFLYLW\�� )XUWKHU
PRGLILFDWLRQV�RI�WKH�PRGHO�DUH�QHHGHG�DQG�VXFK�DQ�DWWHPSW�KDV�DOUHDG\�EHHQ�XQGHUWDNHQ�
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�7KLV�ZRUN�ZDV�VXSSRUWHG�LQ�SDUW�E\�WKH�6DQJML�8QLYHUVLW\�DQG�5HVHDUFK�&HQWUH�IRU�$GYDQFHG�0DJ�
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0DWHULDOV�6FLHQFH��9RO������1R���������

([FKDQJH�FRXSOLQJ�ILHOG�LQ�WRS��ERWWRP�
DQG�GXDO�W\SH�,U0Q�VSLQ�YDOYHV�FRXSOHG�WR�&R)H

-��<��+:$1*��-��5��5+(( �

'HSDUWPHQW�RI�3K\VLFV��6RRNP\XQJ�:RPHQ¶V�8QLYHUVLW\��6HRXO����������.RUHD

$�FRPSDUDWLYH�VWXG\�RI�&R ��� )H ��� �,U ��� 0Q ��� �H[FKDQJH�ELDVHG�WRS��ERWWRP��DQG�GXDO�W\SH�VSLQ�YDOYHV�LV
SUHVHQWHG�� ,U0Q�SLQQHG�VSLQ�YDOYHV�ZHUH�SUHSDUHG�E\�GF�PDJQHWURQ�VSXWWHULQJ�RQWR� WKHUPDOO\�R[LGL]HG
6L�������VXEVWUDWHV�DW�D�URRP�WHPSHUDWXUH�XQGHU�D�PDJQHWLF�ILHOG�RI�DERXW�����2H��)RU�DV�GHSRVLWHG� WRS
�W\SH� VSLQ�YDOYHV�� WKH�PDJQHWRUHVLVWDQFH� �05�� UDWLR� DQG� H[FKDQJH� FRXSOLQJ� ILHOG� �+ � 	 ��ZHUH� ����� DQG
����2H��UHVSHFWLYHO\��)RU�ERWWRP�,U0Q�EDVHG�VSLQ�YDOYHV��WKH�+ � 	 �YDOXHV�DUH�PXFK�KLJKHU��+ � 	  ������2H�
ZKLOH�05�UDWLR��������LV�UHGXFHG�ZLWK�UHVSHFW�WR�WKH�WRS�VSLQ�YDOYHV��7KH�EORFNLQJ�WHPSHUDWXUHV��7
 ��RI
WKH�WRS�DQG�ERWWRP�69�ZHUH������&�DQG������&��UHVSHFWLYHO\��7KH�UHVXOWV�FRQFHUQLQJ�PDJQHWLF�SURSHUWLHV
WRJHWKHU�ZLWK� VWUXFWXUDO� LQYHVWLJDWLRQV� VXJJHVW� WKDW�+ � 	 � LV�PDLQO\�GHSHQGHQW�RQ� WKH�TXDOLW\�RI� IFF� �����
FU\VWDOOLQH� WH[WXUH�ZKLOH�05�UDWLR� LV� VHQVLWLYH� WR�ERWK� FU\VWDOOLQH� WH[WXUH� DQG� LQWHUIDFH� URXJKQHVV��'XDO
�W\SH�VSLQ�YDOYHV��ZLWK�WKH�05�UDWLR�RI������DQG�+ � 	 �RI���������2H��VKRZHG�WZR�H[FKDQJH�ORRSV�GXH�WR
WKH�GLIIHUHQFHV�LQ�+ � 	 �EHWZHHQ�WKH�WRS�DQG�ERWWRP�SLQQLQJ�OD\HUV�

.H\�ZRUGV��VSLQ�YDOYH��H[FKDQJH�FRXSOLQJ�ILHOG��05�UDWLR��EORFNLQJ�WHPSHUDWXUH��FU\VWDOOLQH�WH[WXUH

���,QWURGXFWLRQ
9DULRXV� DQWLIHUURPDJQHWLF� �$)0�� PDWHULDOV� KDYH� EHHQ� LQYHVWLJDWHG� LQ� RUGHU� WR

REWDLQ�KLJKHU�WKHUPDO�VWDELOLW\�>����@�DQG�UHOLDELOLW\�RI�WKH�SLQQHG�OD\HU�IRU�XVH�LQ�VSLQ
YDOYH��69��JLDQW�PDJQHWRUHVLVWDQFH��*05��KHDGV�LQ�KLJK�GHQVLW\�PDJQHWLF�UHFRUGLQJ
>�������@��,U0Q�KDV�EHHQ�LGHQWLILHG�DV�D�SURPLVLQJ�$)0�PDWHULDO�IRU�69�GXH�WR�LWV�KLJK
H[FKDQJH�FRXSOLQJ�ILHOG��+ � � ���KLJK�EORFNLQJ�WHPSHUDWXUH��7
 ���DQG�ORZ�FULWLFDO�WKLFN�
QHVV� �a��� c�� >��� �@�� 7KHUHIRUH�� H[FKDQJH� FRXSOHG� ,U0Q� �a��� c��&R)H� ELOD\HU� LV
VXLWDEOH�IRU�QDUURZ�JDS�KHDG�VWUXFWXUH�>����@��VLQFH�,U0Q�VKRZV�D�KLJK�+ � � �DW�VPDOOHU
OD\HU�WKLFNQHVV�WKDQ�RWKHU�RUGHUHG�$)0 ILOPV��VXFK�DV�1L0Q DQG�3W0Q�>����@�

,Q�WKLV�SDSHU��ZH�SUHVHQW�D�IDEULFDWLRQ�PHWKRG�RI�&R ��� )H ��� �,U ��� 0Q ��� �H[FKDQJH�FRX�
SOHG�WRS�69��769���ERWWRP�69��%69��DQG�GXDO�69�E\�GF�PDJQHWURQ�VSXWWHULQJ��:H
BBBBBBBBB

� &RUUHVSRQGLQJ�DXWKRU��H�PDLO��MUUKHH#VRRNP\XQJ�DF�NU�
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IRFXV�RQ�69�SHUIRUPDQFH�DURXQG�WKH�RSWLPDO�,U0Q�WKLFNQHVV��a����c���7KH�HIIHFW�RI
F\FOLF�DQQHDOLQJ�WUHDWPHQWV�RQ�WKH�PDJQHWLF��PDJQHWRUHVLVWLYH��DQG�VWUXFWXUDO�SURSHU�
WLHV�RI�WKH�GHYLFHV�KDV�DOVR�EHHQ�LQYHVWLJDWHG�

���([SHULPHQWDO
7KH� *05�69 ILOPV� ZLWK� WKH� VWUXFWXUHV� RI� WRS� 7D���1L ��� )H�
� ���&R� � )H��� ���&X��

�&R� � )H��� W�,U��� 0Q� � ����7D���� ERWWRP� 7D���1L ��� )H�
� ���,U ��� 0Q ��� ����&R ��� )H ��� W�&X���&R ���

)H ��� ���1L �
� )H ��� ���7D���� DQG� GXDO� 7D���1L �
� )H ��� ���,U ��� 0Q ��� ����&R ��� )H ��� W�&X���&R ���

)H ��� ���1L �
� )H ��� ���&R ��� )H ��� ���&X���&R ��� )H ��� W�,U ��� 0Q ��� ����7D��� �DOO� WKLFNQHVVHV� DUH
JLYHQ�LQ�DQJVWURPV��ZHUH�GHSRVLWHG�DW�D�URRP�WHPSHUDWXUH�E\�WKH�GF PDJQHWURQ�VSXW�
WHULQJ�RQ�WKHUPDOO\�R[LGL]HG�6L�������VXEVWUDWHV�LQ�D�PDJQHWLF�ILHOG�RI�DERXW�����2H�
,Q�%69�DQG�GXDO�69��D�7D�1L �
� )H ��� ELOD\HU�ZDV�XVHG�DV�D�VHHG�OD\HU�WR�REWDLQ�WKH�H[�
FKDQJH�ELDVLQJ�RI�WKH�RYHUOD\LQJ�&R)H�E\�,U0Q��7KH�EDVH�SUHVVXUH�RI�WKH�SURFHVV�ZDV
EHORZ��î��� � 7RUU DQG�WKH�DUJRQ������������JDV�SUHVVXUH�ZDV���P7RUU��7KH�GHSRVL�
WLRQ�UDWHV�RI�,U0Q��&R)H��DQG�1L)H�OD\HUV�ZHUH����a��c�V��7KH�FU\VWDO�VWUXFWXUHV�ZHUH
LQYHVWLJDWHG� E\� ;�UD\� GLIIUDFWLRQ� �;5'�� �&X. � � OLQH��� ,Q� RUGHU� WR� LQGXFH� ODUJH� + � �

EHWZHHQ�WKH�,U0Q OD\HU�DQG�WKH�SLQQHG�&R)H OD\HU��D�VHULHV�RI�DQQHDOLQJ�F\FOHV�ZDV
DSSOLHG�XQGHU�D�VWDWLF�PDJQHWLF�ILHOG�RI������2H�LQ�YDFXXP�IXUQDFH�ZLWK�WKH�SUHVVXUH
RI��î��� � 7RUU��(DFK�DQQHDOLQJ�F\FOH�FRQVLVWHG�RI�D���KRXU�UDPS�WR������&��D���KRXU
LVRWKHUPDO�DQQHDOLQJ�DW������&�DQG�D���KRXU�FRROLQJ�GRZQ�WR�D�URRP�WHPSHUDWXUH��7KH
5�5��05�UDWLR��ZDV�PHDVXUHG�E\�WKH�IRXU�SRLQW�PHWKRG�DW�D�URRP�WHPSHUDWXUH��ZLWK

WKH�PDJQHWLF�ILHOG�DSSOLHG�DORQJ�WKH�GLUHFWLRQ�RI�+ � � ��7KH�PDJQHWL]DWLRQ�FXUYHV�ZHUH
PHDVXUHG�E\�D�YLEUDWLQJ�VDPSOH�PDJQHWRPHWHU��960���$WRPLF�IRUFH�PLFURVFRS\�ZDV
XVHG�WR�PHDVXUH�WKH�VXUIDFH�URXJKQHVV�

���5HVXOWV�DQG�GLVFXVVLRQ

�����3LQQHG�OD\HU�WKLFNQHVV�GHSHQGHQFH�RI�+ � � �DQG�05�UDWLR

)LJXUH���GHPRQVWUDWHV�WKH�SLQQHG�&R)H�ILOP�WKLFNQHVV�GHSHQGHQFH�RI�+ � � �DQG�05
UDWLR�IRU�ERWK�769�DQG�%69�DQQHDOHG�DW������&�IRU���K��7KH�05�UDWLRV�RI�769�DQG
%69�LQFUHDVH�ZLWK�LQFUHDVLQJ�&R)H�SLQQHG�OD\HU�WKLFNQHVV��7KH�K\SHUEROLF�+ � � ��W ������� �
GHSHQGHQFH� LQGLFDWHV� WKDW� ,U0Q�&R)H� ELOD\HUV� DSSUR[LPDWHO\� IROORZ� WKH� FRPPRQ
HTXDWLRQ�>�@�+ � � � �-��0 � îW���ZKHUH�-�LV�LQWHUIDFLDO�H[FKDQJH�FRXSOLQJ�HQHUJ\��0 � �DQG�W
DUH� WKH� VDWXUDWLRQ�PDJQHWL]DWLRQ� DQG� WKH� ILOP� WKLFNQHVV� RI� WKH� SLQQHG� IHUURPDJQHWLF
OD\HU��UHVSHFWLYHO\��,Q�WKH�UHPDLQGHU�RI�WKLV�SDSHU��SLQQHG�OD\HU�WKLFNQHVV�RI����c�ZLOO
EH�DSSOLHG�IRU�DOO�69�



([FKDQJH�FRXSOLQJ�ILHOG�LQ�,U0Q�VSLQ�YDOYHV�FRXSOHG�WR�&R)H ��

)LJ�����7KH�SLQQHG�&R)H�ILOP�WKLFNQHVV�GHSHQGHQFH
RI�WKH�+ � 	 �DQG�05�UDWLR�IRU�769

DQG�%69�DIWHU�WKH�VHFRQG�DQQHDOLQJ

�����6WUXFWXUDO�SURSHUWLHV

7\SLFDO�69�SHUIRUPDQFHV�ZLWK�DQ�RSWLPDO�,U0Q�WKLFNQHVV�RI�����c�DUH�VKRZQ�LQ
WKH�WDEOH��,Q�WKH�DV�GHSRVLWHG�VWDWH��769�VKRZV�D�KLJKHU�05�UDWLR�WKDQ�%69�V\VWHP��LW
H[KLELWV�KRZHYHU�D�SRRU�+ � � ��)RU�769��WKH�DQQHDOLQJ�IRU���K�DW����� � &�LQ�YDFXXP�UH�
VXOWV� LQ� DQ� LPSURYHPHQW� RI�+ � � �� ZKLOH�05� UDWLR� LV� VOLJKWO\� UHGXFHG�� )RU� %69�� WKH
DQQHDOLQJ�UHVXOWV�LQ�D�KLJKHU�+ � � �DQG�05�UDWLR��ZLWK�+ � � �EHLQJ�PXFK�KLJKHU�DQG�05
UDWLR�EHLQJ� UHGXFHG�FRPSDUHG� WR�769��'XDO�69�ZLWK�05� UDWLR� RI� ����� VKRZV� WZR
H[FKDQJH�ORRSV��RQH�DW�D�ORZHU�ILHOG�GXH�WR�SLQQLQJ�RQ�WKH�WRS�VLGH�DQG�D�VHFRQG�ORRS
DW�D�KLJKHU�ILHOG�GXH�WR�WKH�ERWWRP�VLGH�SLQQLQJ�

7DEOH��6SLQ�YDOYH�SDUDPHWHUV�IRU�WKH�769��%69��DQG�GXDO�69
HYDOXDWHG��RSWLPDO�,U0Q�WKLFNQHVV�RI�����c

6SLQ�9DOYH 5 � ��W�VT�� D5�5���� + � 	 ��2H� + � ��2H� + � � � ��2H�
7RS�DV�GHSRVLWHG ����� ��� ��� ��� ���
7RS�DQQHDOHG ����� ��� ��� ��� ���
%RWWRP�DV�GHSRVLWHG ����� ��� ��� ��� ����
%RWWRP�DQQHDOHG ����� ��� ���� ��� ����
'XDO�DQQHDOHG ����� ��� ������� ������� ����

)LJXUHV��D���E�VKRZ�WKH�;�UD\�GLIIUDFWLRQ�SDWWHUQV�RI�WKH�VDPSOHV��DV�GHSRVLWHG�DQG
DIWHU�DQQHDOLQJ��WZR�F\FOHV��IRU�WKH�769�DQG�%69��UHVSHFWLYHO\��,Q�WKHVH�ILJXUHV��ZH�VHH
WKH�SUHIHUHQWLDO�������SHDN�RI�WKH�IFF�RUGHUHG�,U0Q�DFFRPSDQLHG�E\�D�SHDN�DWWULEXWHG�WR
WKH�������RI�1L)H�DQG�WKH�SRVVLEOH�FRQWULEXWLRQV�IURP�WKH�������RI�&X�DQG�&R)H��)RU�WKH
DV�GHSRVLWHG� 769� VWUXFWXUH�� ODWWLFH� FRQVWDQWV� RI� D�  � ����� c� DQG� ����� c� ZHUH
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REWDLQHG� IURP�,U0Q�DQG�&R)H�&X��&R)H�1L)H� IFF� ������SHDN�SRVLWLRQV��)RU� WKH� DQ�
QHDOHG�769��DQ�LQFUHDVH�LQ�IFF�������SHDN�LQWHQVLW\�LQGLFDWHV�DQ�LPSURYHPHQW�RI�WKH
FU\VWDOOLQH�WH[WXUH�LQGXFHG�E\�DQQHDOLQJ��7KH�GHFUHDVH�RI�WKH�05�UDWLR�PD\�EH�DWWULE�
XWHG�WR�KLJKHU�VKHHW�UHVLVWDQFH��5� ��GXH�WR�LQWHUGLIIXVLRQ��ZKLOH�WKH�KLJKHU�+ � � �UHVXOWV
IURP�WKH�LPSURYHG�������FU\VWDOOLQH�VWUXFWXUH�

)LJ�����;�UD\�GLIIUDFWLRQ�VFDQ�SDWWHUQV�IRU�WKH�769��D��DQG�%69��E�
LQ�WKH�DV�GHSRVLWHG�VWDWH�DQG�DIWHU�WKH�VHFRQG�DQQHDOLQJ

7KH�,U0Q�������SHDN�RI�DQQHDOHG�%69�VKRZV�D�KLJKHU�LQWHQVLW\�DQG�D�KLJKHU�� �SR�
VLWLRQ� �D�  � �����c�� WKDQ� 769�� ZKLOH� WKH� &R)H�&X�&R)H�1L)H� ������ SHDN� SRVLWLRQ� LV
XQFKDQJHG��7KLV�LQGLFDWHV�D�KLJKHU�SHUIHFWLRQ�RI�WKH�FU\VWDOOLQH�WH[WXUH�RI�,U0Q�OD\HU�LQ
%69�WKDQ�LQ�769�VWUXFWXUHV��,Q�WKH�769�VWUXFWXUH��WKH�,U0Q�OD\HU�JURZV�RYHU�D�WKLFNHU
DQG� URXJKHU� XQGHUOD\HU� RI� 7D�1L)H�&R)H�&X�&R)H�1L)H� ZLWK� FXPXODWLYH� URXJKQHVV
>��@�ZKLFK�UHGXFHV�WKH�,U0Q�WH[WXUH�DQG�D�ODUJHU�DYHUDJH�G�VSDFLQJ�ZLWK�D� ������c�

,Q�FRQWUDVW�WR�WKH�769�FDVH��WKH�,U0Q�OD\HU�RI�%69�KDV�D�VXSHULRU��PRUH�FRPSDFW
IFF�������WH[WXUH�GXH�WR�LWV�JURZWK�RQ�D�WKLQ�DQG�VPRRWK�XQGHUOD\HU�RI�7D���1L)H���
7KH� WH[WXUH�RI� ,U0Q� OD\HU� FDQ�EH� IXUWKHU� LPSURYHG�E\� DQQHDOLQJ�� OHDGLQJ� WR� D�PRUH
EXON�OLNH� PLFURVWUXFWXUH� DQG� WR� KLJKHU� + � � YDOXHV�� +RZHYHU�� VLQFH� WKH� &R)H�&X�
&R)H�1L)H�OD\HUV�JURZ�RQ�WKH�URXJKHU�,U0Q�VXUIDFH�ZLWK�UHGXFHG�JUDLQ�VL]H�>������@
DV�VHHQ�LQ�WKH�������SHDN�ZLGWKV��WKLV�OHDGV�WR�D�KLJKHU�5� ��ORZHU�05�UDWLR�GXH�WR�PRUH
HIILFLHQW�JUDLQ�ERXQGDU\�VFDWWHULQJ�� DQG�D� ODUJHU�+ � ��� �� LQWHUOD\HU� FRXSOLQJ� ILHOG�� FRP�
SDUHG�WR�WKH�769�VWUXFWXUH�



([FKDQJH�FRXSOLQJ�ILHOG�LQ�,U0Q�VSLQ�YDOYHV�FRXSOHG�WR�&R)H ��

�����0DJQHWLF�DQG�05�SURSHUWLHV

0DJQHWLF�K\VWHUHVLV�ORRSV�DQG�PDMRU�05�FXUYHV�PHDVXUHG�SDUDOOHO�WR�DQ�HDV\�D[LV
RI�WKH�%69�VWUXFWXUH�DUH�VKRZQ�LQ�)LJV����DQG���IRU�DV�GHSRVLWHG�DQG�DQQHDOHG��WZR
F\FOHV�� VDPSOHV�� UHVSHFWLYHO\�� 7KH� YDOXHV� RI�+ � � � DQG� FRHUFLYLW\� �+ � �� RI� WKH� SLQQHG
OD\HU�RI�DQQHDOHG�%69�DUH� IRXQG� WR�EH������2H�DQG�����2H�� UHVSHFWLYHO\��$�FRUUH�
VSRQGLQJ� UHVXOW� LV� REWDLQHG� IURP� WKH� PDMRU� 05� FXUYH� RI� )LJ�� �D�� 7KH� URRP
WHPSHUDWXUH�+ � � �RI�WKH�%69�ILOP�DQQHDOHG�DW���� �&�IRU���K�ZDV�DERXW�WZLFH�WKDW�RI
WKH�DV�GHSRVLWHG�RQH�

)LJ�����0DMRU�05��D��DQG�PDJQHWL]DWLRQ��E�
FXUYHV�IRU�DV�GHSRVLWHG�%69

)LJ�����0DMRU�05��D��DQG�PDJQHWL]DWLRQ��E�
FXUYHV�IRU�%69�DIWHU�WKH�VHFRQG�DQQHDOLQJ�
7KH�LQVHW�LQ��D��VKRZV�PLQRU�05�FXUYH

)URP�WKH�PLQRU�05�FXUYH��LQVHW�LQ�)LJ���D���LW�LV�IRXQG�WKDW�WKH�LQWHUOD\HU�FRXSOLQJ
ILHOG��+ � ��� ��EHWZHHQ�WKH�IUHH�OD\HU�DQG�WKH�SLQQHG�OD\HU�LV�DERXW����2H��DQG�WKH�FRHU�
FLYH�ILHOG�RI�WKH�IUHH�OD\HU�LV���2H��,Q�DGGLWLRQ��ZH�QRWH�WKDW�WKH�SLQQHG�OD\HU��ZKLFK�LV
FULWLFDO� IRU� WKH� RSHUDWLRQ� RI� DQ� 69� KHDG�� VKRZV� VWDEOH�05� SURSHUWLHV�� 7KHUH� LV� QR
FKDQJH�LQ�LWV�EHKDYLRXU�FDXVHG�E\�WKH�ILHOGV�DSSOLHG�XS�WR�DERXW�����2H�
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)LJ�����05��D��FXUYHV�DQG�PDJQHWL]DWLRQ�FXUYHV��E��IRU�769�DQQHDOHG�DW������&�IRU��K�
�F��DQG��G��±�GXDO�69��7KH�LQVHWV�LQ��D��DQG��F��VKRZ�PLQRU�05�FXUYHV

)LJXUH���VKRZV�WKH�05�DQG�PDJQHWL]DWLRQ�FXUYHV�IRU�769�DQG�GXDO�69�DQQHDOHG
DW���� �&�IRU��K��7KH�769�VKRZV�D�KLJKHU�05�UDWLR�DQG� ORZHU�+ � � YDOXH��'XDO�69�
ZLWK�05�UDWLR�RI������DQG�+ � � �RI���������2H��VKRZV�WZR�H[FKDQJH�ORRSV�GXH�WR�WKH
GLIIHUHQFH�LQ�WKH�+ � � �EHWZHHQ�WKH�WRS�DQG�ERWWRP�SLQQHG�OD\HUV�

�����9DU\LQJ�WKH�QXPEHU�RI�DQQHDOLQJ�F\FOH
)LJXUH���VKRZV�WKH�GHSHQGHQFH�RI�+ � � �DQG�05�UDWLR�RI�WKH�%69�DQG�769�RQ�WKH

QXPEHU�RI�DQQHDOLQJ�F\FOHV��7KH�DV�GHSRVLWHG�VDPSOH�VKRZV�+ � � RI�����2H�DQG�05
UDWLR�RI������IRU�%69��+ � � �RI�����2H�DQG�05�UDWLR�RI������IRU�769��7KH�+ � � �DQG�05
UDWLR�RI�769�GHFUHDVH�JUDGXDOO\�ZLWK� WKH�QXPEHU�RI� DQQHDOLQJ� F\FOHV��)RU� WKH�%69
DIWHU�RQH�DQQHDOLQJ�F\FOH��WKH�+ � � �DQG�05�UDWLR�LQFUHDVH�WR�DERXW������2H�DQG������
UHVSHFWLYHO\��$IWHU� WKH�VHFRQG�DQQHDOLQJ�F\FOH�� WKH�05�UDWLR�GHFUHDVHV� WR�������DQG
WKH�FXUYHV�EHFRPH�UHODWLYHO\�VWDEOH�ZLWK�+ � � YDOXHV�RI������2H�

�����7KHUPDO�VWDELOLW\
)RU�DSSOLFDWLRQ� LQ�69�UHDG�KHDG�� WKH�+ � � VKRXOG�EH�JUHDWHU� WKDQ�����2H��DQG�+ � �

DQG�05�UDWLR�VKRXOG�QRW�EH�DIIHFWHG�E\�WKH�WHPSHUDWXUH�RI������&�GXULQJ�GHYLFH�SUR�



([FKDQJH�FRXSOLQJ�ILHOG�LQ�,U0Q�VSLQ�YDOYHV�FRXSOHG�WR�&R)H ��

GXFWLRQ��RU�WHPSHUDWXUH�IURP������&�WR������&�SURGXFHG�E\�HOHFWURVWDWLF�GLVFKDUJH�RU
VHQVLQJ� FXUUHQW�GXULQJ� GHYLFH� RSHUDWLRQ� >���� ��@��7KLV� SRLQWV� RXW� WKH� LPSRUWDQFH� RI
WHPSHUDWXUH�GHSHQGHQFH�RI�WKH�+ � � ��)LJXUH���VKRZV�WKH�WHPSHUDWXUH�GHSHQGHQFH�RI�+ � �

IRU� 769� DQG� %69� SUHYLRXVO\� VXEMHFWHG� WR� WZR� DQQHDOLQJ� F\FOHV�� 7KH�+ � � � RI� 769

)LJ�����$QQHDOLQJ�F\FOH�GHSHQGHQFH�RI
+ � 	 �DQG�05�UDWLR�IRU�WKH�%69�DQG�769

)LJ�����7HPSHUDWXUH�GHSHQGHQFH�RI�WKH�+ � 	

IRU�WKH�%69�DQG�769�DIWHU�WKH�VHFRQG�DQQHDOLQJ�F\FOH

GHFUHDVHV�JUDGXDOO\�ZLWK�WKH�WHPSHUDWXUH�LQFUHDVH��UHDFKLQJ�]HUR�DW������&��7KH�+ � � �RI
%69�UHPDLQV�FRQVWDQW�DW������2H�XS�WR������&��DQG�WKHQ�IDOOV�WR�]HUR�DW������&��,Q�SDU�
WLFXODU��WKH�%69��&R)H�VSLQ�YDOYHV�ZLWK�,U0Q��H[KLELWV�D�KLJKHU�EORFNLQJ�WHPSHUDWXUH�RI
�����&��DQG�D�05�UDWLR�RI�������DQG�DQ�+ � � �RI������2H��ZKLFK� LV� WKH�KLJKHVW� HYHU� UH�
SRUWHG�IRU�RWKHU�SRVW�DQQHDOLQJ�$)0�ILOPV��VXFK�DV�1L0Q�DQG�3W0Q�>����@�
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���&RQFOXVLRQV
7RS��ERWWRP��DQG�GXDO�,U0Q�EDVHG�69�ZHUH�LQYHVWLJDWHG��7KH�%69�VKRZV�D�ORZHU

05�UDWLR�DQG�D�KLJKHU�+ � � �WKDQ�WKH�769��7KH�KLJK�+ � � �KDV�EHHQ�DWWULEXWHG�WR�D�EHWWHU
,U0Q�������WH[WXUH�ZLWK�VPDOOHU�ODWWLFH�FRQVWDQW��D� ������c���7KH�UHGXFHG�05�UDWLR�LV
DWWULEXWHG�WR�URXJKHU�LQWHUIDFHV�LQ�WKH�&R)H�&X�&R)H�1L)H�OD\HUV�ZLWK�UHGXFHG�JUDLQ
VL]H�GXH�WR�D�URXJKHU�,U0Q�VXUIDFH��7KLV�LQWHUSUHWDWLRQ�LV�EDVHG�RQ�DQ�DVVXPSWLRQ�WKDW
+ � � �GHSHQGV�PDLQO\�RQ�WKH�GHJUHH�RI�IFF�������WH[WXUH��ZKLOH�05�UDWLR�LV�VHQVLWLYH�WR
ERWK�FU\VWDOOLQH�WH[WXUH�DQG�LQWHUIDFH�URXJKQHVV��%RWK�%69�DQG�769�VWUXFWXUHV�ZLWK�
VWDQG�WKHUPDO�WUHDWPHQWV�XS�WR�DERYH������&��7KH�SLQQLQJ�ILHOG�RI� WKH�%69�UHPDLQV
FRQVWDQW�XS�WR������&�DQG�WKHQ�GHFUHDVHV�WR�]HUR�DW� WKH�EORFNLQJ�WHPSHUDWXUH�RI����
�&��ZKLOH�WKH�SLQQLQJ�ILHOG�RI�WKH�769�GHFUHDVHV�JUDGXDOO\�DQG�IDOOV�WR�]HUR�DW������&�
7KHVH� UHVXOWV� VXJJHVW� WKDW� WKH�05� UDWLRV� RI� 69� FDQ� EH� HQKDQFHG�E\� RSWLPL]LQJ� WKH
WKLFNQHVV�RI�SLQQHG�DQG� IUHH� OD\HU� IRU� WKH�DSSOLFDWLRQ�RI�*05�69�VHQVRU�ZLWK�KLJK
WKHUPDO�VWDELOLWLHV�

$FNQRZOHGJHPHQWV
7KLV�ZRUN�ZDV�VXSSRUWHG�E\�WKH������UHVHDUFK�JUDQWV�IURP�6RRNP\XQJ�:RPHQ¶V�8QLYHUVLW\�
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0DJQHWRPHWU\�RI�PRQRDWRPLF�OD\HUV
DQG�VSLQ�HOHFWURQLFV�HOHPHQWV

-(5=<�:521$
� ��720$6=�672%,(&.,��0$&,(-�&=$3.,(:,&=��52%(57�5$.

'HSDUWPHQW�RI�(OHFWURQLFV��8QLYHUVLW\�RI�0LQLQJ�DQG�0HWDOOXUJ\�
DO��0LFNLHZLF]D������������.UDNRZ��3RODQG

7ZR�PDJQHWRPHWHUV�� UHVRQDQFH�YLEUDWLQJ�VDPSOH�PDJQHWRPHWHU� �5�960��DQG�PDJQHWRRSWLFDO�.HUU
HIIHFW�PDJQHWRPHWHU��02.(��GHVLJQHG�IRU�WKH�PHDVXUHPHQWV�RI�K\VWHUHVLV�ORRSV�RI�XOWUD�WKLQ�ILOPV�DQG
VSLQWURQLFV�HOHPHQWV�DUH�GHVFULEHG��%RWK�LQVWUXPHQWV�KDYH�EHHQ�EXLOW�E\�WKH�ILUVW�DXWKRU�RI�WKLV�SDSHU� LQ
WKH�'HSDUWPHQW�RI�(OHFWURQLFV��7KH�PHDVXULQJ�KHDG�RI�5�960�LV�XQLYHUVDO�DQG�FDQ�ZRUN� LQ� WKH�+HOP�
KROW]�FRLOV�DV�ZHOO�DV�LQ�DQ�HOHFWURPDJQHW��7KH�IUHTXHQF\�RI�5�960�LV�DERXW����+]��7HVW�PHDVXUHPHQWV
RQ�0J2�������)H��������DQG���0/�����c�&U�VDPSOHV�ZHUH�SHUIRUPHG�DQG�WKH�VHQVLWLYLW\�ZDV�HVWLPDWHG�DV
�� ��� �HPX��7KH�02.(�V\VWHP�ZLWK�D�GLIIHUHQWLDO�DPSOLILHU��LQ�FRQWUDVW�WR�ORFN�LQ�GHWHFWLRQ�WHFKQLTXH��LV
HVSHFLDOO\�UHFRPPHQGHG�IRU�UDSLG�PHDVXUHPHQWV�XS�WR�����N+]��7KH�FDOLEUDWLRQ�RI�WKH�.HUU�URWDWLRQ�DQJOH
ZDV�SHUIRUPHG�RQ� WKH�VWDQGDUG�)H�VSXWWHUHG� ILOPV� �ZLWK� WKLFNQHVV� IURP���QP� WR����QP�� DQG�)H�ZHGJH
VDPSOH��SUHSDUHG�E\�0%(�WHFKQLTXH��ZLWKLQ�WKH�UDQJH�RI�WKLFNQHVV�IURP���0/�WR����0/�RI�)H��%DVHG�RQ
WKH� PHDVXUHPHQW� RI� ��� ��� ��� ��� �� 0/� RI� )H�� WKH� DQJOH� UHVROXWLRQ� RI� .HUU� URWDWLRQ� ZDV� HVWLPDWHG� DV
������PLQ�� 7KH� H[DPSOH� PHDVXUHPHQW� RI� K\VWHUHVLV� ORRS� RQ� WKH� VSLQ� YDOYH� VWUXFWXUH� 6L� ������ 7D
����c��&R����c��&X�����c��&R�����c��)H0Q������c��7D�����c��LV�GHPRQVWUDWHG�

.H\�ZRUGV��PDJQHWRPHWU\��YLEUDWLRQ�VDPSOH�PDJQHWRPHWHU��960���PDJQHWRRSWLFDO�.HUU�HIIHFW��02.(��
PDJQHWLF�PRQRDWRPLF�OD\HUV��VSLQ�HOHFWURQLFV

���,QWURGXFWLRQ
0XOWLOD\HUV�LQ�WKH�IRUP�RI�DUWLILFLDO�VXSHUODWWLFHV�LQ�WKH�UDQJH�RI�WKLFNQHVV�RI�VHY�

HUDO�PRQRDWRPLF� OD\HUV�FRQVLVWLQJ�RI�GLIIHUHQW�PDJQHWLF�PDWHULDOV� �H�J��� VRIW�RU�KDUG
IHUURPDJQHWV�� DQWLIHUURPDJQHWV�� VHPLFRQGXFWRUV�� LQVXODWRUV�� IRUP� VSLQ�QDQRV\VWHPV
ZKLFK�PD\�EH�DSSOLHG�DV�PDJQHWRHOHFWURQLF�GHYLFHV��FHOOV�RI�PDJQHWLF�UDQGRP�DFFHVV
PHPRU\��0�5$0��>�@��VHQVRUV�>�@�RU� UHDG�KHDGV� LQ�KDUG�GLVN�GULYHV� >�@��6XFK�YHU\
WKLQ�ILOPV�GHSRVLWHG�RQWR�GLDPDJQHWLF�RU�SDUDPDJQHWLF�VXEVWUDWH��ZKHUH�WKH�YROXPH�RI
WKH�IHUURPDJQHWLF�PDWHULDO�LV�PXFK�VPDOOHU�WKDQ�WKH�YROXPH�RI�WKH�VXEVWUDWH�� UHTXLUH
BBBBBBBBB

� &RUUHVSRQGLQJ�DXWKRU��H�PDLO��ZURQD#DJK�HGX�SO�
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YHU\�VHQVLWLYH�LQVWUXPHQWV�DQG�SUHFLVH�PHWKRGV�IRU�PHDVXUHPHQW�RI�K\VWHUHVLV�ORRSV�
,Q� WKLV� SDSHU�� ZH� GHPRQVWUDWH� WKH� FRQVWUXFWLRQ� DQG� WHVW� PHDVXUHPHQWV� RI� WZR� YHU\
KLJKO\�VHQVLWLYH�PDJQHWRPHWHUV��UHVRQDQFH�YLEUDWLQJ�VDPSOH�PDJQHWRPHWHU��5�960�
>�@� DQG�PDJQHWRRSWLFDO�.HUU� HIIHFW� �02.(��PDJQHWRPHWHU� >�@��%RWK� DUUDQJHPHQWV�
ZKLFK�ZHUH�UHFHQWO\�EXLOW�LQ�WKH�'HSDUWPHQW�RI�(OHFWURQLFV�RI�WKH�8QLYHUVLW\�RI�0LQ�
LQJ� DQG� 0HWDOOXUJ\�� DUH� FKDUDFWHUL]HG� E\� ORZ�FRVW� DQG� VRSKLVWLFDWHG� HOHFWURQLFV
VROXWLRQV��:H�DOVR�VKRZ�WKDW�IRU�REWDLQLQJ�IXOO�LQIRUPDWLRQ�RQ�PDJQHWL]DWLRQ�UHYHUVDO
SURFHVV� LQ� PDJQHWLF� PXOWLOD\HUV�� ERWK� PDJQHWRPHWHUV� VKRXOG� EH� XVHG�� EHFDXVH� WKH
PHWKRGV�DUH� FRPSOHPHQWDU\��5�960�PHDVXUHPHQWV�GHOLYHU� LQIRUPDWLRQ� DERXW� DYHU�
DJHG� PDJQHWL]DWLRQ� SURFHVV� IURP� WKH� ZKROH� YROXPH� RI� WKH� VDPSOH�� ZKHUHDV
PDJQHWRRSWLFDO� LQIRUPDWLRQ� IURP�02.(�PDJQHWRPHWHU� LV� ORFDO�� OLPLWHG� E\� OLJKW�EHDP
VSRW�DQG�SHQHWUDWLRQ�GHSWK��IRU�PHWDOV�LW�LV�DERXW�����c�ZLWK�DQ�H[SRQHQWLDO�GHFD\��

���0DJQHWRPHWHU�5�960
7KH�LGHD�RI�5�960�LV�EDVHG�RQ�WKH�)DUDGD\�LQGXFWLRQ�ODZ�DQG�WKH�RULJLQDO�)RQHU

VROXWLRQ� >�@� DGRSWHG� IRU� PHDVXUHPHQWV� RI� XOWUD�WKLQ� ILOPV�� 7KHUH� DUH� WKH� IROORZLQJ
PDLQ� DGYDQWDJHV� RI� 5�960� LQ� UHODWLRQ� WR� WKH� )RQHU¶V� 960�� WKH� VDPSOH� RVFLOODWHV
�ZLWK�D�PD[LPXP�DPSOLWXGH�RI���PP��SDUDOOHO� WR� WKH�GLUHFWLRQ�RI�H[WHUQDO�PDJQHWLF
ILHOG��WKHUHIRUH�LW�LV�DOZD\V�LQ�WKH�UHJLRQ�RI�KRPRJHQHRXV�ILHOG��LQ�WKH�)RQHU¶V�960�
WKH�VDPSOH�YLEUDWHV�SHUSHQGLFXODUO\�WR�WKH�GLUHFWLRQ�RI�H[WHUQDO�PDJQHWLF�ILHOG���D�FRQ�
ILJXUDWLRQ�RI�SLFN�XS�FRLOV�LQ�WKH�IRUP�RI�VPDOO�6PLWK�FRLOV�LV�PRUH�IDYRXUDEOH�>�@�WKDQ
WZR�SDLUV�RI�SLFN�XS�FRLOV�FRQQHFWHG�DGYHUVHO\�DV�LQ�FRQYHQWLRQDO�)RQHU¶V�960�

7KH�EORFN�GLDJUDP�RI�5�960� LV� VKRZQ� LQ�)LJ�� ���7KH�PDJQHWLF� WKLQ� ILOP� LV� DW�
WDFKHG� WR� WKH� HQG� RI� D� JODVV� SLSH�URG� RVFLOODWLQJ� ZLWK� WKH� PHFKDQLFDO� UHVRQDQFH
IUHTXHQF\� RI� WKH� URG±VDPSOH� V\VWHP�� 7KH� RVFLOODWLRQV� DUH� IRUFHG� E\� D� SLH]RHOHFWULF
WUDQVGXFHU�DWWDFKHG�WR� WKH�KHDG� �$���7KH�SLH]RHOHFWULF� WUDQVGXFHU�ZRUNV� IDU� IURP� LWV
RZQ� UHVRQDQFH�� LQ� RXU� FDVH�ZLWK� WKH� IUHTXHQF\� HTXDO� DSSUR[LPDWHO\� WR� ���+]�� 7KH
VDPSOH�SODFHG� LQ� WKH�PDJQHWLF� ILHOG�� SURGXFHG�E\�+HOPKROW]� FRLOV� RU� HOHFWURPDJQHW
�%���RVFLOODWHV�EHWZHHQ�SLFN�XS�FRLOV��&��LQGXFLQJ�D�VLJQDO�ZKLFK�LV�WUDQVIHUUHG�WR�WKH
GLIIHUHQWLDO�LQSXW�RI�WKH�ORFN�LQ�DPSOLILHU��7KH�FDSDFLW\�VHQVRU��IRU�HOHFWURQLFV�GHWDLOV
VHH�H�J��>�@�RU�FRQWDFW�GLUHFWO\�WKH�ILUVW�DXWKRU��RI�WKH�VDPSOH�SRVLWLRQ��(��GHOLYHUV�WKH
VLJQDO�SURSRUWLRQDO�WR�WKH�DPSOLWXGH�RI�VDPSOH�RVFLOODWLRQV�DQG�VXSSOLHV�WKH�YROWDJH�WR
WKH�HOHFWURQLF�V\VWHP�ZKLFK�JHQHUDWHV�D�UHIHUHQFH�VLJQDO��IXUWKHU�SURYLGHG�WR�WKH�UHIHU�
HQFH� LQSXW� RI� WKH� ORFN�LQ� DPSOLILHU�� 7KH� RXWSXW� RI� GLJLWDO�WR�DQDORJ� FRQYHUWHU
�'$& �	��

� ��DQG�GLJLWDO�RXWSXW��' �	��

� ��RI�WKH�ORFN�LQ�DPSOLILHU�FRQWURO�WKH�FXUUHQW�IORZLQJ
WKURXJK�WKH�HOHFWURPDJQHW�DQG�LWV�GLUHFWLRQ��UHVSHFWLYHO\�

7KH� WHVODPHWHU� �+WP���Q���XVLQJ�D�+DOO� VHQVRU��PHDVXUHV�PDJQHWLF� ILHOG� DQG� WKH
YROWPHWHU�PHDVXUHV�WKH�DPSOLWXGH�RI�WKH�UHIHUHQFH�VLJQDO��7KH�VLJQDO�IURP�WKH�SLFN�XS
FRLOV��GHWHFWHG�E\�WKH�ORFN�LQ�DPSOLILHU��LV�PHDVXUHG�DV�D�IXQFWLRQ�RI�WKH�PDJQHWLF�ILHOG
DQG�DOORZV�RQH�WR�REWDLQ�WKH�K\VWHUHVLV�ORRS�RI�WKH�H[DPLQHG�VDPSOH�



0DJQHWRPHWU\�RI�PRQRDWRPLF�OD\HUV�DQG�VSLQ�HOHFWURQLFV�HOHPHQWV ��

)LJ�����%ORFN�GLDJUDP�RI�5�960��$�±�KHDG��%�±�HOHFWURPDJQHW�
&�±�SLFN�XS�FRLOV��'�±�+DOO�VHQVRU��(�±�FDSDFLW\�VHQVRU�RI�SRVLWLRQ

)RU�KDUPRQLF�RVFLOODWLRQV�RI�WKH�VDPSOH��WKH�VLJQDO�H�LQGXFHG�LQ�WKH�SLFN�XS�FRLOV�LV
SURSRUWLRQDO�WR�WKH�DPSOLWXGH�RI�RVFLOODWLRQV�.��IUHTXHQF\�RI�WKH�VDPSOH�RVFLOODWLRQV�
DQG�PDJQHWLF�PRPHQW�RI�WKH�PHDVXUHG�VDPSOH�P�

�FRV�� WPJ.H wwm=
7KH� JHRPHWU\� RI� WKH� DSSOLHG� SLFN�XS� FRLOV� DQG� GLPHQVLRQV� RI� WKH� LQYHVWLJDWHG

VDPSOH� DUH� WDNHQ� LQWR� DFFRXQW� E\� D� JHRPHWULFDO� IDFWRU�J� >�@��ZKLFK� GHSHQGV� RQ� WKH
VDPSOH� SRVLWLRQ�PHDVXUHG� EHWZHHQ� SLFN�XS� FRLOV��'HVLJQHG� SLFN�XS� FRLOV� VKRXOG� EH
FKDUDFWHUL]HG�E\�D�ODUJH�IDFWRU�J�ZKLFK�VKRXOG�EH�LQGHSHQGHQW�RI�WKH�SRVLWLRQ�RI�WKH
PRYLQJ� VDPSOH�� ,Q�5�960�� WKH� 6PLWK� JHRPHWU\�ZDV� DSSOLHG� >��@� IRU� SLFN�XS� FRLOV
EHFDXVH�RI�WKH�ODUJHVW�YDOXH�RI� WKH�JHRPHWULFDO� IDFWRU�DQG�WKH�IODWWHVW�GHSHQGHQFH�RI
J�]�D � ���LQ�WKH�ZLGH�UDQJH�RI�VDPSOH�SRVLWLRQV�>�@��)LJ������)URP�WKH�DQDO\VLV�RI�J�DV
D�IXQFWLRQ�RI�SLFN�XS�FRLOV�VL]H��XQGHU�WKH�DVVXPSWLRQ�WKDW� WKH�VDPSOH�KDV�D�IRUP�RI
D�GLSROH���ZH�FDQ� VHH� WKDW� WKH� ODUJHVW�J� LV� IRU�] � �D � � ������ZKHUH��] � � LV� WKH� GLVWDQFH
EHWZHHQ�SLFN�XS�FRLOV��DQG�D � LV�WKH�UDGLXV�RI�WKH�FRLOV�DSSOLHG��)RU�] � �D � � �������DQG
] � �D � � ���������UHODWLYH�FKDQJHV�RI�J�GR�QRW�H[FHHG�����KHQFH�WKHVH�YDOXHV�DUH�UHFRJ�
QL]HG�DV�RSWLPDO��7KH�FDOLEUDWLRQ�RI�PDJQHWRPHWHU�ZDV�FDUULHG�RXW�E\�H[DPLQLQJ�WKH
JHRPHWULFDO� IDFWRU�J� IRU�GLIIHUHQW� VKDSHV�RI� IODW� VDPSOHV�PDGH�RI� KLJK�SXULW\� QLFNHO
IRLO��7KH�PDLQ�SXUSRVH�RI�XVLQJ�5�960�ZDV�WR�PDNH�PHDVXUHPHQWV�RI�WKH�K\VWHUHVLV
ORRS��VDWXUDWLRQ�PDJQHWL]DWLRQ��FRHUFLYH�IRUFH�DQG�DQLVRWURS\�ILHOG�
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)LJ�����*HRPHWULFDO�IDFWRU�IRU�RQH�WXUQ�RI�FRLOV��IRU�GLSROH�VDPSOH���D�
DQG�UHODWLYH�FKDQJH�RI�JHRPHWULFDO�IDFWRU�IRU�GLSROH��E��� �±�H[SHULPHQWDO�GDWD�IRU�1L�IRLO

�ZLWK�GLDPHWHU�RI�����PP�DQG�WKLFNQHVV�RI����mP�IRU�] 8 �D 8 �� ��������DQG� �±�IRU�] 8 �D 8 � ������

94:<;>= ?A@CB
D EGF�FHDJI�FKF F I�FKFLEGF�F

MN O
M PQR
STU
VW X

DJI�Y F

D FZY [

FZY F

FZY [

I�Y F

94:\;>= ?A@]B
DJI�F D [ F [ I�F

MN O
M PQR
STU
VW X

D FZY ^

D FZY E

FZY F

FZY E

FZY ^_�`	a�_<b c d�b e
_�d�fhg�i ekjml b no_�`�a�_<b c d�b e
_�d�fhg�i ekjml b n�p+`�b+_�`	a�_<b c d�b e

q r

)LJ�����+LJK�ILHOG��D��DQG�ORZ�ILHOG��E��PHDVXUHPHQWV
RI�WKH�0J2�������)H����0/��&U�����c��VDPSOH�RULHQWHG�HSLWD[LDOO\

,Q�WKH�FDVH�RI�YHU\�WKLQ�PDJQHWLF�ILOPV��D�VLJQDO�IURP�WKH�VXEVWUDWH�LV�FRPSDUDEOH�WR
WKH�VLJQDO�IURP�WKH�WKLQ�OD\HU�DV�VKRZQ�LQ�)LJ���D��7HVW�PHDVXUHPHQWV�ZHUH�SHUIRUPHG
RQ�PRQROD\HUV� RI� )H��ZLWK� YDULDEOH� WKLFNQHVV�� ��0/�� ��0/� DQG� ��0/� ���0/� RI� )H
 � � �����c��� GHSRVLWHG� E\� WKH�PROHFXODU� EHDP� HSLWD[\� �0%(�� WHFKQLTXH� RQ� WKH�0J2
������VXEVWUDWH�DQG�SURWHFWHG�DJDLQVW�R[LGDWLRQ�E\�D����c�WKLFN�&U�OD\HU��7KH�YROXPH�RI
WKH�VXEVWUDWH�ZDV�E\�VHYHQ�RUGHUV�RI�PDJQLWXGH�KLJKHU�WKDQ�WKDW�RI�LURQ�OD\HU��WKH�YRO�
XPH�RI�0J2� VXEVWUDWH� ±� ��s t �P u � DQG�YROXPH�RI� ����c�)H� OD\HU� ±� ���Â��s � v �P u ��� 7KH
VLJQDO�IURP�WKH�GLDPDJQHWLF�0J2�VXEVWUDWH�LV�QHJDWLYH�DQG�YDULHV�OLQHDUO\�ZLWK�PDJQHWLF
ILHOG��)LJ���D���7KH�WRWDO�VLJQDO�IURP�VXEVWUDWH�DQG�)H����0/�� �����c��&U�����c��ZDV
PHDVXUHG� LQ� WKH� HOHFWURPDJQHW� LQ�KLJK�PDJQHWLF� ILHOG� �)LJ���D�� DQG� LQ� WKH�+HOPKROW]
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FRLOV� LQ� ORZ�ILHOG��)LJ���E��� WKHQ�WKH�GLDPDJQHWLF�VLJQDO� IURP� WKH�VXEVWUDWH�ZDV�VXE�
WUDFWHG��)LQDOO\��WKH�K\VWHUHVLV�ORRS�LQ�WKH�KDUG�GLUHFWLRQ�ZDV�REWDLQHG��WKH�HDV\�D[LV�LV
WKH�>���@�GLUHFWLRQ�IRU�)H���$�VLJQDO�YHU\�ZHDN��EXW�VXIILFLHQW�WR�UHJLVWHU�WKH�PDJQHWLF
K\VWHUHVLV��ZDV�REWDLQHG�IURP���0/�DQG���0/�RI�)H�VDPSOHV��)LJ�����
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)LJ�����+\VWHUHVLV�ORRSV�IRU������DQG���0/�RI�)H�DIWHU�VXEWUDFWLQJ�WKH�VLJQDO�IURP�WKH�VXEVWUDWH

%DVHG� RQ� WKHVH� PHDVXUHPHQWV�� WKH� VHQVLWLYLW\� RI� 5�960� ZDV� HVWLPDWHG� DV
��s:9 �HPX��EXW�WKH�PDJQHWLF�PRPHQW�UHVROXWLRQ�ZDV�HTXDO�WR���s<; �HPX��7KH�UHVROXWLRQ
RI�PDJQHWLF�PRPHQW�PHDVXUHPHQW�UHVXOWV�IURP�GLJLWDO�UHVROXWLRQ�RI�WKH�VLJQDO�PHDV�
XUHG�E\�WKH�ORFN�LQ�DPSOLILHU�

���.HUU�PDJQHWRPHWHU
$� KLJK�VHQVLWLYLW\� PDJQHWRRSWLFDO� .HUU� PDJQHWRPHWHU� EDVHG� RQ� WKH� GLIIHUHQWLDO

DPSOLILHU�� LQ� FRQWUDVW� WR� ORFN�LQ� GHWHFWLRQ� WHFKQLTXH�� LV� HVSHFLDOO\� UHFRPPHQGHG� IRU
UDSLG� PHDVXUHPHQWV� XS� WR� ���� N+]�� 7KH� DUUDQJHPHQW� IRU� PHDVXUHPHQWV� RI� PDJQH�
WRRSWLFDO�K\VWHUHVLV�ORRSV�LV�VKRZQ�LQ�)LJ�����7KH�FRKHUHQW�OLJKW�IURP�WKH�+H�1H�ODVHU
�=��� ZLWK� �� P:� SRZHU� DQG� ZDYHOHQJWK� l�  � ���� QP�� LV� SRODUL]HG� E\� WKH� *ODQ±
7KRPSVRQ�SULVP�SRODUL]HU��3��DQG�LV�WKHQ�UHIOHFWHG�E\�WKH�VXUIDFH�RI�WKH�VDPSOH��6�
SODFHG�LQ� WKH�FHQWUH�RI� WKH�+HOPKROW]�FRLOV� �+��RU�DQ�HOHFWURPDJQHW��1H[W�� LW�SDVVHV
WKURXJK� WKH�:ROODVWRQ� SULVP� �:��ZKLFK� VSOLWV� WKH� EHDP� LQWR� WZR� EHDPV� SRODUL]HG
OLQHDUO\� LQ�PXWXDOO\�RUWKRJRQDO�SODQHV��7KHVH�EHDPV�DUH� IRFXVHG�E\� WKH� OHQV� �/��RQ
WKH� SKRWRGLRGHV� RI� GLIIHUHQWLDO� DPSOLILHU� �$�� �IRU� HOHFWURQLFV� GHWDLOV� VHH� >�@��� 7KH
DPSOLILHU� GHOLYHUV� ERWK� WKH� FRPPRQ� �8 = �� DQG� WKH� GLIIHUHQWLDO� �8> �� VLJQDOV�
SURSRUWLRQDO� WR� WKH� VXP� DQG� GLIIHUHQFH� RI� WKH� OLJKW� LQWHQVLWLHV� RI� WKH� EHDPV�
UHVSHFWLYHO\��7KHVH�VLJQDOV�DUH�PHDVXUHG�E\�D�KLJK�UHVROXWLRQ�����ELW��DQG�UDSLG�����
N+]��$'�FRQYHUWHU�LQ�3&,�������FRPSXWHU�FDUG��7KH�FRPSXWHU�FRQWUROV�WKH�YROWDJH�RI
D�SURJUDPPDEOH�ELSRODU�FXUUHQW�VRXUFH��.(3&2�%23������0��ZKLFK�LV�XVHG�WR�GULYH
WKH�FXUUHQW�WKURXJK�WKH�+HOPKROW]�FRLOV��RU�WKH�HOHFWURPDJQHW��WR�SURYLGH�D�VZHHSLQJ
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KROW]�FRLOV��RU�WKH�HOHFWURPDJQHW��WR�SURYLGH�D�VZHHSLQJ�PDJQHWLF�ILHOG��7KH�PDJQHWLF
ILHOG� LV� DFFXUDWHO\� FDOLEUDWHG� EHIRUH� PHDVXUHPHQWV� RI� WKH� K\VWHUHVLV� ORRS� XVLQJ
D�WHVODPHWHU��+WP���Q��

)LJ�����6FKHPDWLF�OD\RXW�RI�02.(�V\VWHP�DUUDQJHPHQW��=�±�ODVHU��3�±�SRODULVHU�
+S�±�+DOO�SUREH��:�±�:ROODVWRQ�SULVP��/�±�OHQV��$�±�GLIIHUHQWLDO�DPSOLILHU�

+�±�+HOPKROW]�FRLOV��(�±�FDSDFLW\�VHQVRU�RI�WKH�VDPSOH�SRVLWLRQ

7KH�02.(�V\VWHP�LV�SURJUDPPHG�XVLQJ�WKH�/DE9LHZ�SURJUDPPLQJ�HQYLURQPHQW�
7KH�GLIIHUHQWLDO�WR�FRPPRQ�VLJQDO�UDWLR�PHDVXUHG�DV�D�IXQFWLRQ�RI�WKH�PDJQHWLF�ILHOG
JLYHV�K\VWHUHVLV�ORRS�DW�WKH�SRLQW�RI�VDPSOH�LOOXPLQDWHG�E\�WKH�ODVHU�EHDP��)RU�GHWHU�
PLQDWLRQ� RI� WKH� DEVROXWH� YDOXH� RI� WKH� .HUU� URWDWLRQ� DQJOH�� D� FDOLEUDWLRQ� FXUYH� RI

������� ��� 	 
���� 	 ��


����� ����������������� ���! 
" #�" $%" &�" '%" (�"

)+*,
-. /

0 12

"

#

$

&

'
34����� ��� 	 
���� 	 ��


�5��� ���%�����������6� ���7 
" #�" $%" &�" '�" (�"

) /
8 9
. /
0 12

"

#

$

&

'

:5; ��<>=�?>	 @A=B 	 ��C D�EA� ��F�GH
>	 ?>IJ ��� @ ; � ��� 	 ��


)LJ�����.HUU�URWDWLRQ�DQJOH�RI�)H�VSXWWHUHG�ILOPV�PHDVXUHG
LQ�VDWXUDWLRQ�ILHOG������7��YV��WKLFNQHVV�RI�)H

GLIIHUHQWLDO�WR�FRPPRQ�VLJQDO�UDWLR�DV�D�IXQFWLRQ�RI�WKH�URWDWLRQ�DQJOH�RI�WKH�SRODUL]D�
WLRQ� SODQH�8> �8 = �  � I� K �� ZDV� UHFRUGHG�� 7KH� FDOLEUDWLRQ� ZDV� GRQH� E\� URWDWLRQ� RI
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D�KROGHU� LQ�ZKLFK� WKH�:ROODVWRQ�SULVP�� WKH� OHQV� DQG� WKH�DPSOLILHU�ZLWK�SKRWRGLRGHV
DUH� PRXQWHG� WRJHWKHU�� $GGLWLRQDOO\�� WKH� FDOLEUDWLRQ� RI� WKH� .HUU� URWDWLRQ� DQJOH� ZDV
SHUIRUPHG� RQ� VWDQGDUG� VSXWWHUHG� )H� ILOPV�ZLWK� WKH� WKLFNQHVV� IURP� �� QP� WR� ��� QP�
XVLQJ�D�.HUU�VSHFWURPHWHU��LQ�WKH�,QVWLWXWH�RI�3K\VLFV��8QLYHUVLW\�RI�%LDá\VWRN��EDVHG
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)LJ�����.HUU�URWDWLRQ�K\VWHUHVLV�ORRSV
RI�������������0/�RI�)H�IRU�V�DQG�S�SRODUL]DWLRQ

?A@CB D#E�FHGCI�IKJCGML NPO�QR S�R TUR VUR W#R XUR

YAZ[
\] ^

_ `a

b Rdc W
b Rdc T

Rdc R

Rdc T

Rdc W

egf�h�i j�k l m�j�n l h�o
pqf�h�i j�k l m�j�n l h�o

)LJ�����.HUU�URWDWLRQ�DQJOH�RI�)H�ZHGJH�VDPSOH�SUHSDUHG�E\�0%(
YV��WKLFNQHVV�IRU�S�DQG�V�SRODUL]DWLRQ��7KH�DUURZV�LQGLFDWH
WKH�WUDQVLWLRQ�IURP�LQ�SODQH�WR�SHUSHQGLFXODU�DQLVRWURS\
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RQ�WKH�SRODUL]DWLRQ�PRGXODWLRQ�WHFKQLTXH��)LJXUH���VKRZV�WKH�H[SHULPHQWDO�DQG�FDOFXODWHG
GDWD�>�@��:H�FDQ�VHH�WKDW�DERYH�WKH�WKLFNQHVV�RI����QP��WKH�H[SHULPHQWDO�DQG�FDOFXODWHG
GDWD�DJUHH�YHU\�ZHOO�EXW�EHORZ�WKDW�YDOXH�WKH�GLIIHUHQFH�EHWZHHQ�WKHP�LQFUHDVHV�ZLWK�GH�
FUHDVLQJ�WKLFNQHVV�RI�)H�GXH�WR�WKH�SUHVHQFH�RI�D�QRQVWRLFKLRPHWULF�LURQ�R[LGH�OD\HU�DERXW
��QP�WKLFN�>�����@��7KH�VHQVLWLYLW\�RI�WKH�PDJQHWRPHWHU�GHVLJQHG�ZDV�GHWHUPLQHG�RQ�WKH
EDVLV� RI�PHDVXUHPHQW� RI� XOWUD�WKLQ� )H�ZHGJH� ILOP�� SUHSDUHG� E\�0%(� WHFKQLTXH� RQ� WKH
����c�WKLFN�EXIIHU�OD\HU�RI�$X�������JURZQ�RQ�0J2�VLQJOH�FU\VWDO�VXEVWUDWH��7KH�WKLFNQHVV
RI�)H�UDQJHG�EHWZHHQ���0/�DQG����0/��7KH�VDPSOH�ZDV�FDSSHG�ZLWK�D����c�WKLFN�$X
OD\HU�WR�SUHYHQW�R[LGDWLRQ��([DPSOHV�RI�.HUU�URWDWLRQ�K\VWHUHVLV�ORRSV�IRU�S�DQG�V�SRODUL]D�
WLRQ� IRU�������������0/�DUH� VKRZQ� LQ�)LJ�����7KH� ORQJLWXGLQDO�.HUU� HIIHFW�PHDVXUHPHQW
SURYHG�WKH�SUHVHQFH�RI�WKH�LQ�SODQH�PDJQHWLF�DQLVRWURS\�IRU�)H�WKLFNQHVV�EHWZHHQ����DQG
��0/��VKRZLQJ�D�GHFUHDVH�RI�WKH�.HUU�URWDWLRQ�ZLWK�GHFUHDVLQJ�)H�WKLFNQHVV��)LJ������%H�
ORZ�WKH�FULWLFDO�WKLFNQHVV����0/���D�GUDVWLF�LQFUHDVH�RI�WKH�.HUU�URWDWLRQ�ZDV�REVHUYHG�GXH
WR� WKH�FKDQJH�RI� WKH�HDV\�PDJQHWL]DWLRQ�D[LV� LQ� WKH�GLUHFWLRQ�SHUSHQGLFXODU� WR� WKH� OD\HU�
7KLV�FKDQJH�ZDV�DFFRPSDQLHG�E\�WKH�DSSHDUDQFH�RI�WKH�SRODU�FRQWULEXWLRQ�WR�WKH�PHDVXUHG
VLJQDO�>��@��7KH�PHDVXUHPHQWV�RQ�)H�ZHGJH�VDPSOH�SURYH�WKDW���0/�)H�LV�VWLOO�IHUURPDJ�
QHWLF� DW� D�URRP� WHPSHUDWXUH� �)LJ�� ���� 2Q� WKH� EDVLV� RI� WKHVH� PHDVXUHPHQWV� WKH� DQJOH
UHVROXWLRQ�RI�WKH�.HUU�URWDWLRQ�ZDV�HVWLPDWHG�DV�������PLQ�

���7HVW�PHDVXUHPHQWV�XVLQJ�VSLQWURQLF�HOHPHQWV
7KH�PHDVXUHPHQWV�RI�WKH�K\VWHUHVLV�ORRSV�ZHUH�SHUIRUPHG�RQ�VHOHFWHG�VSLQ�YDOYH

VWUXFWXUHV�DQG�RQ�DQ�DUUD\�RI�PDJQHWLF�GRWV�>�@��7KH�VSLQ�YDOYH�7D�����c��&R�����c�
�&X�����c��&R�����c��)H0Q������c��7D�����c��VWUXFWXUH�VSXWWHUHG�RQ�6L������LV�GHP�
RQVWUDWHG� KHUH� DV� DQ� H[DPSOH� �)LJ�� ���� ,Q� FRQWUDVW� WR� WKH� PDJQHWL]DWLRQ� RI� 5�960
PHDVXUHPHQW�� WKH� VLJQDO� RI� WKH�PDJQHWRRSWLFDO� K\VWHUHVLV� ORRS� LV� KLJKHU� IRU� SLQQHG
OD\HU��O\LQJ�DW�WKH�WRS�RI�PXOWLOD\HU�V\VWHP��GXH�WR�OLJKW�DEVRUSWLRQ�HIIHFW�
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)LJ�����&RPSDULVRQ�RI�WKH�VSLQ�YDOYH�K\VWHUHVLV�ORRSV�
PDJQHWL]DWLRQ��5�960���.HUU�URWDWLRQ�DQJOH�DQG�FDOFXODWHG�YDOXHV
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1HYHUWKHOHVV��WKH�VZLWFKLQJ�ILHOGV�GHWHUPLQHG�IURP�PDJQHWL]DWLRQ�DQG�.HUU�HIIHFW
PHDVXUHPHQWV�DUH�DOPRVW�WKH�VDPH��7KH�FDOFXODWLRQV�RI�PDJQHWL]DWLRQ�K\VWHUHVLV�ORRS
DJUHH�YHU\�ZHOO�ZLWK� WKH�PHDVXUHPHQWV�SHUIRUPHG�E\�PHDQV�RI�5�960��7KH� ILWWLQJ
SDUDPHWHUV�DUH�WKH�IROORZLQJ��LQWHUOD\HU�H[FKDQJH�HQHUJ\�- � � ����Â����� �-�P � ��H[FKDQJH
ELDVHG�HQHUJ\�(��� � ����Â����� � -�P � � DQG�XQLD[LDO�DQLVRWURS\�RI�D� IUHH� DQG� WKH�SLQQHG
OD\HUV�DUH�. �	� � �����Â�� 
 �-�P 
 �DQG�. � � � ����Â�� 
 �-�P 
 ��UHVSHFWLYHO\�

���&RQFOXVLRQV
7KH�PDJQHWRPHWHUV� GHVLJQHG� DUH� KLJKO\� VHQVLWLYH� DQG� DEOH� WR�PHDVXUH� YHU\� WKLQ

ILOPV�GRZQ� WR� ��0/�RI�)H��'XH� WR� VLPSOH� RSHUDWLRQ�PHWKRGV�� ERWK� LQVWUXPHQWV� DUH
UHFRPPHQGHG� IRU� D� IDVW� FKDUDFWHUL]DWLRQ� RI� IXQGDPHQWDO� PDJQHWLF� SDUDPHWHUV� RI
PRQRDWRPLF� OD\HUV��PXOWLOD\HUV� DQG� VSLQWURQLFV� HOHPHQWV��7KH\� DUH� VLPSOH� IURP� WKH
HOHFWURQLF�SRLQW�RI�YLHZ�DV�ZHOO�DV�IURP�WKH�PHFKDQLFDO�RQH��WKH�FRVW�RI�FRQVWUXFWLQJ
WKH�WZR�PDJQHWRPHWHUV�EHLQJ�YHU\�ORZ�LQ�UHODWLRQ�WR�FRPPHUFLDO�GHYLFHV�
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0DWHULDOV�6FLHQFH��9RO������1R���������

7KH�HIIHFW�RI�XQGHUOD\HUV�RQ�JUDLQ�RULHQWDWLRQ
DQG�PDJQHWLF�SURSHUWLHV�RI�EDULXP�IHUULWH�WKLQ�ILOP

'21*�+<281�.,0
� ��,1�7$.�1$0

��� ��<$1*�.,�+21*
�

� .DQJZRQ�1DWLRQDO�8QLYHUVLW\��������+\RMD���GRQJ��&KXQFKRQ�����������.RUHD
� 8QLYHUVLW\�RI�,GDKR��0RVFRZ��,'������������86$

7KH�HIIHFW�RI�HPSOR\LQJ�YDULRXV�VSXWWHUHG�XQGHUOD\HUV�KDV�EHHQ�VWXGLHG�LQ�RUGHU�WR�RSWLPL]H�WKH�FKDU�
DFWHULVWLFV� RI� EDULXP� IHUULWH� �%D0�� WKLQ� ILOPV� IRU� PDJQHWLF� UHFRUGLQJ� PHGLD�� %D0� WKLQ� ILOPV� DQG
XQGHUOD\HUV��)H��&U��$O � 2 � ��)H � 2 � ��=Q)H � 2 � ��7L2 � ��ZHUH�SUHSDUHG�E\�UI�GF�PDJQHWURQ�VSXWWHULQJ�RQ������
RULHQWHG� EDUH� 6L� VXEVWUDWH�� DQG� ZHUH� FU\VWDOOL]HG� E\� SRVW�DQQHDOLQJ�� $OO� WKH� %D0� ILOPV�� H[FHSW� WKH
%D0�)H�6L�ILOP��DWWDLQHG�QHDUO\� WKH�VDPH�SHUSHQGLFXODU�DQG� LQ�SODQH�FRHUFLYLWLHV��3HUSHQGLFXODU�DQLVRW�
URS\� ZDV� REVHUYHG� LQ� %D0�)H�6L� ILOP�� 7KH� %D0�7L2 � �6L� H[KLELWV� WKH� KLJKHVW� FRHUFLYLW\�� +RZHYHU�
UHJDUGOHVV�RI�WKH�XQGHUOD\HU��%D0�JUDLQV�DUH�RULHQWHG�DW�UDQGRP��%\�DGRSWLQJ�=Q)H � 2 � �DV�DQ�XQGHUOD\HU�
WKH� LQWHUGLIIXVLRQ� RI� 6L� IURP� VXEVWUDWH� ZDV� SURKLELWHG� WR� VRPH� GHJUHH�� 7KH� PLFURVWUXFWXUH� RI� %D0� LQ
%D0�7L2 � �6L�ZDV�VWURQJO\�GHSHQGHQW�RQ�ERWK�WKH�PLFURVWUXFWXUH�RI�7L2 � �XQGHUOD\HU�DQG� WKH� WRWDO� VSXW�
WHULQJ�JDV�SUHVVXUH��7KH�FRQWURO�RI�DQ�XQGHUOD\HU�PLFURVWUXFWXUH�LV�RQH�RI�WKH�LPSRUWDQW�IDFWRUV�WR�FRQWURO
JUDLQ�VL]H�DQG�VKDSH�RI�WKH�%D0�OD\HU�

.H\�ZRUGV��%D0�ILOP��XQGHUOD\HU��DQLVRWURS\��FRHUFLYLW\��PLFURVWUXFWXUH

����,QWURGXFWLRQ
+H[DJRQDO�EDULXP�IHUULWH� �%D0�� WKLQ� ILOP� LV�FRQVLGHUHG� WR�EH�DQ�DWWUDFWLYH�PDJ�

QHWLF� UHFRUGLQJ� PHGLXP� EHFDXVH� RI� LWV� ODUJH� FRHUFLYLW\�� FRUURVLRQ� UHVLVWDQFH�� KLJK
�DQLVRWURS\�ILHOG��PHFKDQLFDO�KDUGQHVV��DQG�FKHPLFDO�VWDELOLW\��7KH�PHFKDQLFDO�KDUG�
QHVV�DQG�VWDELOLW\�RI�%D0�ILOP�PD\�PDNH� LW�SRVVLEOH� WR�DFKLHYH�D� ORZ� IO\LQJ�KHLJKW
ZLWKRXW�DQ�RYHUFRDW�>�@��7KH�SUHSDUDWLRQ�RI�%D0�ILOPV�ZLWK�D�XQLD[LDO�PDJQHWLF�DQL�
VRWURS\� LQ� WKH�RXW�RI�SODQH�GLUHFWLRQ� LV�SUREOHPDWLF�ZKHQ�%D0�LV�GHSRVLWHG�GLUHFWO\
RQWR�DPRUSKRXV�VXEVWUDWHV�VXFK�DV�6L�ZDIHUV�ZLWK�D�WKHUPDOO\�R[LGL]HG�VXUIDFH�OD\HU
�6L2 � �6L��RU�D� IXVHG�TXDUW]�VOLGH� >�@�� ,W�KDV�EHHQ�VKRZQ� WKDW� WKH�PLFURVWUXFWXUH�DQG
PDJQHWLF�SURSHUWLHV�RI�%D0�WKLQ�ILOP�FDQ�EH�LPSURYHG�XVLQJ�DQ�XQGHUOD\HU�>�@��+\O�
BBBBBBBBB

�

&RUUHVSRQGLQJ�DXWKRU��H�PDLO��LWQDP#NDQJZRQ�DF�NU�
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WRQ��3DUNHU��DQG�+RZDUG�>�@�KDYH�UHSRUWHG�WKDW�LQWHUGLIIXVLRQ�EHWZHHQ�WKH�%D0�ILOP
DQG�WKH�VXEVWUDWH�VWURQJO\�DIIHFWV�WKH�PDJQHWLF�SURSHUWLHV��7KH\�VXJJHVWV�WKH�QHHG�IRU
DSSO\LQJ� D� EXIIHU� OD\HU� EHWZHHQ� WKH� ILOP� DQG� VXEVWUDWH�� ,Q�SODQH�PDJQHWRFU\VWDOOLQH
DQLVRWURS\��KLJK�FRHUFLYLW\��DQG�UHPDQHQFH�KDYH�EHHQ�UHSRUWHG� LQ�%D0�ILOPV�GHSRV�
LWHG�RQ�VDSSKLUH�>�@�DQG�RWKHU�EXIIHU�OD\HUV�>�@��7KH�DQLVRWURS\�ZDV�UDLVHG�EHFDXVH�WKH
F�D[LV�RI�%D0�FU\VWDOOLWHV�ZDV�GRPLQDQWO\�RULHQWHG�LQ�WKH�ILOP�SODQH��7KLV�LV�DWWULEXWHG
WR� WKH�XQLD[LDO�PDJQHWLF�DQLVRWURS\�ZLWK�HDV\�D[LV� LQ� WKH�SODQH�RI� WKH� ILOP��*HQHUDO
FULWHULD� IRU� VHOHFWLRQ�RI� VXEVWUDWH� DQG�DSSURSULDWH�XQGHUOD\HU�PDWHULDOV� DUH� ORZ� FRVW�
PHFKDQLFDO�KDUGQHVV� FRXSOHG�ZLWK� WKH� DELOLW\� WR�ZLWKVWDQG�KLJK�WHPSHUDWXUH� DQQHDO�
LQJ��FKHPLFDO�VWDELOLW\��DQG�OLPLWHG�LQWHUGLIIXVLRQ�ZKLOH�SURYLGLQJ�JRRG�DGKHVLRQ�ZLWK
WKH�%D0�ILOP�>�@��:HH�HW�DO��>�@�HPSOR\HG�YDULRXV�XQGHUOD\HUV�VXFK�DV�$O � 2 � ��&U � 2 � �
6L2 � �� &X2�� DQG� 7L2 � � WR� RSWLPL]H� WKH� FKDUDFWHULVWLFV� RI� %D0� WKLQ� ILOPV� IRU�PDJQHWLF
UHFRUGLQJ� DSSOLFDWLRQV��%RWK� KLJK� FRHUFLYLW\� ����� N$�P�� DQG� VTXDUHQHVV� �DERXW� �����
ZHUH�DFKLHYHG�XVLQJ�$O � 2 � � DV� DQ�XQGHUOD\HU��ZKLOH� WKH�7L2 � � XQGHUOD\HU� H[KLELWHG� WKH
ORZHVW�FRHUFLYLW\�����N$�P��RI�DOO�XQGHUOD\HUV�VWXGLHG��,Q�FRQWUDVW� WR�HDUOLHU�ZRUN�>�@�
ZH�UHSRUW�LQ� WKLV�DUWLFOH� WKH�GHSHQGHQFH�RI�PLFURWH[WXUH��PLFURVWUXFWXUH��DQG�PDJQHWLF
SURSHUWLHV�RI�EDULXP�IHUULWH�WKLQ�ILOPV�RQ�WKH�NLQG�RI�WKH�XQGHUOD\HU�

���([SHULPHQWDO
%D0�WKLQ�ILOPV�ZHUH�SUHSDUHG�XVLQJ�DQ�UI�GF�PDJQHWURQ�VSXWWHULQJ�V\VWHP�RQWR�WKH

������RULHQWHG�EDUH�VLOLFRQ�VXEVWUDWHV��$OO�ILOPV�ZHUH�GHSRVLWHG�LQ�VLWX��7KH�WDUJHWV�IRU
WKH�GHSRVLWLRQ�RI� WKH�%D0�DQG�=Q)H � 2 
 �XQGHUOD\HUV�ZHUH�VLQWHUHG�IHUULWH�GLVNV�ZLWK

7DEOH����6SXWWHU�GHSRVLWLRQ�FRQGLWLRQV�IRU�XQGHUOD\HU�DQG�EDULXP�IHUULWH�WKLQ�ILOPV

7KLQ�ILOP 0HWKRG 6SXWWHULQJ
JDV

6XEVWUDWH
WHPS�

7RWDO�JDV
SUHVVXUH
�PP�+J�

7KLFNQHVV
�QP�

)H '& $U URRP�WHPS� ������ ���
&U '& $U URRP�WHPS� ������ ���

)H � 2 � 5) $U
������2 �

URRP�WHPS� ������ ��

$O � 2 � 5) $U
������2 �

URRP�WHPS� ������ ���

=Q)H � 2 � 5) $U
������2 �

URRP�WHPS� ����� ��

8QGHUOD\HU

7L2 � '& $U
������2 �

URRP�WHPS� �����
������ ��

0DJQHWLF
OD\HU %D0 5) $U

������2 �
URRP�WHPS� �����
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WKH� VWRLFKLRPHWULF� FRPSRVLWLRQ�RI�%D)H � � 2 ��� � DQG�=Q)H � 2 
 ��7KH�)H � 2 � � DQG�7L2 � � XQ�
GHUOD\HUV� ZHUH� UHDFWLYHO\� VSXWWHUHG� ZLWK� R[\JHQ JDV�� $OO� RWKHU� XQGHUOD\HUV� ZHUH
GHSRVLWHG�XVLQJ�&U��)H�DQG�$O � 2 � �WDUJHWV��$IWHU�KDYLQJ�HYDFXDWHG�WKH�VSXWWHU�FKDPEHU
WR�D�SUHVVXUH�EHORZ��î����� �PP�+J��7L2 � �±�EHORZ��î����� �PP�+J���DUJRQ�DQG�R[\JHQ
JDVHV� ZHUH� LQWURGXFHG� LQWR� WKH� FKDPEHU�� 7KH� WRWDO� JDV� SUHVVXUH� ZDV� PDLQWDLQHG� DW
HLWKHU�������PP�+J�RU��������PP�+J��7KH�GHSRVLWLRQ�FRQGLWLRQV�IRU�WKH�XQGHUOD\HUV
DQG�WKH�%D0�OD\HU�DUH�JLYHQ�LQ�7DEOH����$OO�DV�GHSRVLWHG�ILOPV�ZHUH�DQQHDOHG�LQ�WKH
UDQJH� RI� ���±���� �&� IRU� ��� PLQ� XVLQJ� D� UDSLG� WKHUPDO� DQQHDOLQJ� IXUQDFH� RYHQ� WR
DFKLHYH� D� PDJQHWLF� FU\VWDOOL]DWLRQ� %D0� SKDVH�� 7KH� FU\VWDOORJUDSKLF� VWUXFWXUH� DQG
PLFURVWUXFWXUH�RI�WKH�DQQHDOHG�ILOPV�ZHUH�FKDUDFWHUL]HG�E\�PHDQV�RI�;�UD\�GLIIUDFWLRQ
�;5'��DQG�ILHOG�HPLVVLRQ�VFDQQLQJ�HOHFWURQ�PLFURVFRSH��)(6(0���UHVSHFWLYHO\��7KH
PDJQHWLF�SURSHUWLHV�RI�WKH�ILOPV�ZHUH�PHDVXUHG�E\�D�YLEUDWLQJ�VDPSOH�PDJQHWRPHWHU�

���5HVXOWV�DQG�GLVFXVVLRQ
)LJXUH���VKRZV�;5'�SDWWHUQV�RI�%D0�ILOPV�ZLWK�YDULRXV�XQGHUOD\HUV��7KH�EDVDO

SODQHV��ZKLFK�DUH� ������ DQG� ������SHDNV�� DV�ZHOO� DV�RWKHU�SODQHV� VXFK�DV� ������ DQG
������SHDNV�ZHUH�REVHUYHG��7KH�UHODWLYH� LQWHQVLWLHV�RI�������DQG�������SHDNV��ZKLFK
FRUUHVSRQG�WR�WKH�LQFOLQHG�F�D[LV�RULHQWDWLRQ��DUH�KLJKHU�WKDQ�WKRVH�RI�������DQG������
SHDNV��7KHVH�UHVXOWV�LQGLFDWH�WKDW�WKH�JUDLQV�RI�DOO�WKH�%D0�ILOPV�DUH�IDYRXUDEO\�FU\V�
WDOOL]HG�DQG�GHYHORSHG�WKH�UDQGRP�RULHQWDWLRQ�RI�FU\VWDO�VWUXFWXUH��2Q�WKH�RWKHU�KDQG�
DOO�PDMRU�SHDNV�IRU�WKH�%D0�FU\VWDOOLQH�SKDVH�GLVDSSHDUHG�IRU�WKH�%D0�7L2 � �6L�ILOP
H[FHSW�IRU�WKH�������DQG�������SHDNV��,Q�WKH�FDVH�RI�%D0�=Q)H � 2 
 �6L�ILOP��WKH�LQWHQ�
VLW\�RI�6L�SHDN��RULJLQDWLQJ�IURP�6L�VXEVWUDWH��ZDV�H[WUHPHO\�ZHDN�FRPSDUHG�WR�WKRVH
RI� %D0� ILOPV� ZLWK� RWKHU� XQGHUOD\HUV�� 7KLV� UHVXOW� VXSSRUWV� WKH� FRQFOXVLRQ� WKDW� WKH
=Q)H � 2 
 XQGHUOD\HU�SUHYHQWHG��WR�VRPH�GHJUHH��WKH�LQWHUGLIIXVLRQ�RI�6L�IURP�WKH�VXE�
VWUDWH�WR�WKH�%D0�ILOP�

7DEOH����&RHUFLYLW\�YDOXHV�RI�EDULXP�IHUULWH
�WKLQ�ILOPV�ZLWK�YDULRXV�XQGHUOD\HUV

&RHUFLYLW\��N$�P�
8QGHUOD\HU

/RQJLWXGLQDO 3HUSHQGLFXODU
)H �� ��
&U ��� ���
)H � 2 � ��� ���
$O � 2 � ��� ���
=Q)H � 2 � ��� ���
7L2 � ��� ���

7KH�FRHUFLYLW\�YDOXHV�RI�%D0�ILOPV�ZLWK�YDULRXV�XQGHUOD\HUV� DUH� VXPPDUL]HG� LQ
7DEOH� ��� $OO� ILOPV� UHYHDOHG� QHDUO\� WKH� VDPH� FRHUFLYLW\� LQ� ERWK� LQ�SODQH� DQG� RXW�RI
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�SODQH�GLUHFWLRQV�H[FHSW�IRU�%D0�)H�6L�ILOP��LQGLFDWLQJ�WKDW�DOO� WKH�ILOPV�GR�QRW�SRV�
VHVV�FU\VWDOOLQH�PDJQHWLF�DQLVRWURS\��7KLV�LV�FRQVLVWHQW�ZLWK�WKH�UHVXOWV�RI�;5'��:LWK
UHJDUG�WR�WKH�HIIHFW�RI�XQGHUOD\HU�WKLFNQHVV�RQ�FRHUFLYLW\��WKH�)H � 2 � �XQGHUOD\HU��WKLQ�
QHU� WKDQ� DOO� RWKHU� XQGHUOD\HUV�� H[KLELWV� DOPRVW� WKH� VDPH� FRHUFLYLW\� DV� WKRVH� RI� WKH
ILOPV� ZLWK� RWKHU� XQGHUOD\HUV�� 7KLV� VXJJHVWHG� WKDW� DERXW� ��� N$�P� RI� FRHUFLYLW\� LV
DFKLHYDEOH�ZLWK�WKH����QP�WKLFN�)H � 2 � �XQGHUOD\HU�FRPSDUHG�WR�WKH�RWKHU�XQGHUOD\HUV
����QP�WKLFN��,W�ZDV�VXJJHVWHG�WKDW�)H � 2 � �XQGHUOD\HU�ZDV�HIIHFWLYH�LQ�UHGXFLQJ�WKLFN�
QHVV�IRU�REWDLQLQJ�GHVLUDEOH�FRHUFLYLW\�RI�%D0�ILOP��,Q�FRQWUDVW�WR�:HH¶V�UHVXOWV�>�@�
%D0�7L2 � �6L�ILOPV�H[KLELW�WKH�KLJKHVW�FRHUFLYLW\�RI�DOO�ILOPV�ZLWK�XQGHUOD\HUV�

)LJ�����;�UD\�GLIIUDFWLRQ�SDWWHUQV�RI�EDULXP�IHUULWH�WKLQ�ILOPV�ZLWK�YDULRXV�XQGHUOD\HUV

7KH�%D0�)H�6L� ILOP� VKRZV� WKH� KDUG�PDJQHWLF� SURSHUW\� ����$�P�� IRU� WKH� RXW�RI�
SODQH� GLUHFWLRQ� FRPSDUHG� WR� WKH� VRIW�PDJQHWLF� EHKDYLRXU� ����$�P�� IRU� WKH� LQ�SODQH
GLUHFWLRQ��)LJ������7KH�VDWXUDWLRQ�PDJQHWL]DWLRQ������HPX�FP � ��IRU�WKH�LQ�SODQH�GLUHF�
WLRQ� LV� DERXW� WKUHH� WLPHV� ODUJHU� WKDQ� WKDW� IRU� WKH� RXW�RI�SODQH� GLUHFWLRQ�� 7KH� KLJK
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SHUSHQGLFXODU�FRHUFLYLW\�LV�QRW�DWWULEXWHG�WR�WKH�PDJQHWLF�FU\VWDOOLQH�DQLVRWURS\�RI�WKH
%D0�OD\HU�EHFDXVH�%D0�JUDLQV�DUH�UDQGRPO\�RULHQWHG��ZKLFK�LV�HYLGHQWO\�VKRZQ�E\
;�UD\� GLIIUDFWLRQ� SDWWHUQ�� 0RULVDNR� HW� DO�� >�@� KDYH� UHSRUWHG� WKDW� GXULQJ� D� SRVW�
DQQHDOLQJ�SURFHVV��ERWK�%D�DQG�)H�GLIIXVHG�LQWR�WKH�VXEVWUDWH��DQG�WKH�)H�DWRPV�GLI�
IXVHG�GHHSHU�LQWR�WKH�VXEVWUDWH�WKDQ�%D�DWRPV��FRQVHTXHQWO\�FKDQJLQJ�WKH�%D�)H�UDWLR
LQ�WKH�%D0�ILOP��7KLV�FKDQJH�PD\�FDXVH�D�ODUJH�LQFUHDVH�LQ�ERWK�WKH�LQ�SODQH�VDWXUD�
WLRQ�PDJQHWL]DWLRQ�DQG�WKH�SHUSHQGLFXODU�FRHUFLYLW\�RI�WKH�%D0�ILOP�

)LJ�����0DJQHWL]DWLRQ�K\VWHUHVLV�RI�EDULXP�IHUULWH
WKLQ�ILOPV�ZLWK�)H�XQGHUOD\HU�

SRVW�DQQHDOHG�DW������&�IRU����PLQ

)LJ�����+\VWHUHVLV�ORRSV�RI�WKH�%D0�$O � 2 � �6L
WKLQ�ILOPV�SRVW�DQQHDOHG�IRU����PLQ�DW������&

)LJ�����+\VWHUHVLV�ORRSV�RI�WKH�%D0�=Q)H � 2 � �6L
WKLQ�ILOPV�SRVW�DQQHDOHG�IRU����PLQ�DW������&

)LJ�����;5'�SDWWHUQV�IRU�%D0�WKLQ�ILOPV�ZLWKRXW�RU
ZLWK�7L2 � �XQGHUOD\HU��D��QR�XQGHUOD\HU�������&�

E��7L2� �XQGHUOD\HU�������&��F��7L2� �XQGHUOD\HU�������&
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7KH� K\VWHUHVLV� ORRSV� RI� WKH� %D0�$O � 2 � �6L� DQG� %D0�=Q)H � 2 
 �6L� WKLQ� ILOPV� DUH
VKRZQ� LQ� )LJV�� �� DQG� ��� /RQJLWXGLQDO� UHFRUGLQJ� PHGLD� KDYH� EHHQ� VXFFHVVIXOO\
DFKLHYHG�E\�GHSRVLWLRQ�RQ�VDSSKLUH�VXEVWUDWH�>�@��+RZHYHU��WKH�KLJK�FRVW�RI�VDSSKLUH
OLPLWV�WKH�FRPPHUFLDO�DSSOLFDWLRQ�RI�WKHVH�ILOPV��7KHUHIRUH��ZH�LQYHVWLJDWHG�WKH�HIIHFW
RI� SRO\FU\VWDOOLQH� $O � 2 � � XQGHUOD\HU� RQ� WKH� %D0� WKLQ� ILOP�� $V� VKRZQ� LQ� )LJ�� ��
%D0�$O � 2 � �6L� WKLQ� ILOPV� UHYHDO� WKDW� WKH� FRHUFLYLWLHV� LQ� SHUSHQGLFXODU� DQG� LQ�SODQH
GLUHFWLRQ�DUH�WKH�VDPH�DQG�HTXDO�WR�����$�P��,W�ZDV�UHSRUWHG�WKDW�ZKHQ�%D0�ILOP�ZDV
GHSRVLWHG�RQWR�WKH�VSXWWHUHG�=Q2�XQGHUOD\HU��=Q)H � 2 
 ZDV�IRUPHG�EHWZHHQ�%D0�DQG
=Q2�OD\HUV��=Q)H � 2 
 �LV�WKH�SURGXFW�RI�WKH�UHDFWLRQ�RI�%D0�ZLWK�=Q2��ZKLFK�UHGXFHV
WKH�ODWWLFH�PLVPDWFK�EHWZHHQ�WKHVH�OD\HUV�>�@��,W�LV�H[SHFWHG�WKDW�=Q)H � 2 
 �XQGHUOD\HU
FDQ�LPSURYH�SHUSHQGLFXODU�F�D[LV�RULHQWDWLRQ�RI�%D0�ILOP�GHSRVLWHG�RQWR�LW��+RZHYHU�
WKH�K\VWHUHVLV�ORRSV�VKRZQ�LQ�)LJ����KDYH�VLPLODU�VKDSHV�DQG�UHGXFHG�FRHUFLYLWLHV� LQ
ERWK�LQ�SODQH�DQG�RXW�RI�SODQH�GLUHFWLRQV�

)LJXUH���VKRZV�;�UD\�GLIIUDFWLRQ�GLDJUDPV�RI�%D0�ILOPV�ZLWK�RU�ZLWKRXW�7L2 � �XQ�
GHUOD\HU��%D0�7L2 � �6L�WKLQ�ILOP�GHSRVLWHG�RQ�WKH�6L�VXEVWUDWH�DW�D�URRP�WHPSHUDWXUH
ZDV�DPRUSKRXV��,Q�WKH�%D0�6L�WKLQ�ILOP�RI�)LJ���D��WKH�EDVDO�SODQHV��ZKLFK�DUH�������
DV�ZHOO� DV�RWKHU�SODQHV� VXFK�DV� ������ DQG� ������ UHIOHFWLRQV�ZHUH� REVHUYHG� DIWHU� DQ�
QHDOLQJ�� 7KH� UHODWLYH� LQWHQVLWLHV� RI� ������ DQG� ������ SHDNV��ZKLFK� FRUUHVSRQG� WR� WKH
LQFOLQHG�F�D[LV�RULHQWDWLRQ�RXW�RI�WKH�ILOP�SODQH��ZHUH�KLJKHU�WKDQ�WKRVH�RI�WKH������
SHDN��7KHVH�UHVXOWV�LQGLFDWH�WKDW�WKH�%D0�ILOPV�ZHUH�IDYRXUDEO\�FU\VWDOOL]HG�DQG�GH�
YHORSHG�WKH�UDQGRP�RULHQWDWLRQ�RI�FU\VWDO�VWUXFWXUH��,Q�DGGLWLRQ��WKH�DEVHQFH�RI�WKRVH
SHDNV� LQ�)LJ���E��F�DVVRFLDWHG�ZLWK� WKH�XQGHUOD\HUV�FRQILUPV� WKH�DPRUSKRXV�VWDWH�RI
WKH� XQGHUOD\HU� ILOP�� )RU� WKH�%D0�7L2 � �6L� ILOP�� WKH� GLIIUDFWLRQ� RI�PHUHO\� ������ DQG
������SHDNV�ZDV�REVHUYHG�ZKHQ�%D0�7L2 � �6L�WKLQ�ILOP�ZDV�FU\VWDOOL]HG�DW������&�E\
SRVW�DQQHDOLQJ��2Q�WKH�RWKHU�KDQG��%D0�6L�ILOPV�ZLWK�QR�XQGHUOD\HU�ZHUH�ZHOO�FU\V�
WDOOL]HG� DW� ���� �&�� 7KHUH� ZDV� QR� VLJQLILFDQW� LQFUHDVH� LQ� WKH� SHDN� LQWHQVLW\� DV� WKH
DQQHDOLQJ�WHPSHUDWXUH�LQFUHDVHG�WR������&��7KLV�UHVXOW�VXJJHVWV�WKDW�7L2 � �XQGHUOD\HU
LV�HIIHFWLYH�LQ�ORZHULQJ�WKH�DQQHDOLQJ�WHPSHUDWXUH�RI�DV�GHSRVLWHG�%D0�ILOP�

)LJXUH���VKRZV�PLFURJUDSKV�RI�SRVW�DQQHDOHG�%D0�6L��7L2 � �6L�DQG�%D0�7L2 � �6L
ILOPV��7KH�JUDLQ�VKDSHV�RI�%D0�6L�ILOP�DUH�LQGLFDWLYH�RI�HSLWD[LDO�JURZWK�RI�WKH�ILOP�
7KH�JUDLQV�RI�D�VPDOO�VL]H��DERXW����QP��ZLWK�HORQJDWHG�VKDSH�DUH�SUHVHQW��LQ�ZKLFK
%D0�JURZV�ZLWK�WKH�F�D[LV�SDUDOOHO�WR�WKH�ILOP�SODQH��+RZHYHU��DV�VKRZQ�LQ�)LJ���F�
WKH�SODWHOHW�DQG�HORQJDWHG�JUDLQV�ZHUH�REVHUYHG�LQ�%D0�7L2 � �6L�ILOP��7KH�JURZWK�RI
%D0� ILOPV�ZDV� VLJQLILFDQWO\� LQIOXHQFHG� E\� D�7L2 � � XQGHUOD\HU��$V� VKRZQ� LQ� )LJ�� ��
%D0�7L2 � �6L� WKLQ� ILOP� ZDV� FU\VWDOOL]HG� DW� ���� �&� E\� SRVW�DQQHDOLQJ�� )RU� PRVW� RI
%D0�7L2 � �6L� WKLQ� ILOPV�� WKH� FRHUFLYLW\�YDOXHV�RI� WKH� ILOPV�SUHSDUHG�DW������&�ZHUH
KLJKHU� WKDQ� WKRVH� RI� WKH� ILOPV� SUHSDUHG� DW� ���� �&�� 7KH� PLFURVWUXFWXUH� RI� %D0� LQ
%D0�7L2 � �6L�ILOPV�ZDV�VWURQJO\�GHSHQGHQW�RQ�WKH�WRWDO�$U�2 � �JDV�SUHVVXUH��$OWKRXJK
DFLFXODU�JUDLQV�DUH�XVXDOO\�JURZQ�LQ�%D0�ILOP�ZLWKRXW�XQGHUOD\HU�>�@��SRS�FRUQ�W\SH
JUDLQV�ZHUH�REVHUYHG�DW��������PP�+J��DQG�HORQJDWHG�JUDLQV�DW�������PP�+J��,W�ZDV
HYLGHQW� WKDW� WKH�%D0�UHSURGXFHV� WKH�PLFURVWUXFWXUH�RI� WKH�7L2 � �XQGHUOD\HU� �)LJ�����



*UDLQ�RULHQWDWLRQ�DQG�PDJQHWLF�SURSHUWLHV�RI�EDULXP�IHUULWH�WKLQ�ILOP ��

7KH�VHOHFWLRQ�RI�XQGHUOD\HU�VKRXOG�EH�FRQVLGHUHG�WR�RSWLPL]H�PDJQHWLF�SURSHUWLHV�DQG
PLFURVWUXFWXUH�RI�%D0�ILOPV�

D� E�

F�

)LJ�����)(6(0�PLFURJUDSKV�RI�
D��%D0�6L��E��7L2 � �6L��F��%D0�7L2 � �6L

�DQQHDOHG�IRU����PLQ�DW������&�

D� E�

)LJ�����)(6(0�PLFURJUDSKV�RI�%D0�7L2 � �6L�WKLQ�ILOPV�GHSRVLWHG�DW��D��������PP�+J��E���������PP�+J
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���&RQFOXVLRQV
$OO�WKH�ILOPV�ZLWK�YDULRXV�XQGHUOD\HUV��H[FHSW�IRU�%D0�)H�6L�ILOP��VKRZHG�QHDUO\

WKH�VDPH�RXW�RI�SODQH�DQG�LQ�SODQH�FRHUFLYLWLHV��LQGLFDWLQJ�UDQGRP�RULHQWDWLRQ�RI�%D0
JUDLQV�� %D0�)H�6L� WKLQ� ILOP� H[KLELWHG� D� VWURQJ� RXW�RI�SODQH� PDJQHWLF� DQLVRWURS\�
&RPSDULQJ�ZLWK� XQGHUOD\HU� WKLFNQHVV�� WKH� FRHUFLYLW\� RI� %D0�)H � 2 � �6L� ILOP�ZDV� DO�
PRVW�WKH�VDPH�DV�WKRVH�RI�%D0�ILOPV�ZLWK�RWKHU�XQGHUOD\HUV��%\�DGRSWLQJ�=Q)H � 2 
 �DV
DQ�XQGHUOD\HU��WKH�LQWHUGLIIXVLRQ�RI�6L�IURP�VXEVWUDWH�ZDV�SURKLELWHG�WR�VRPH�GHJUHH�
7KH�PLFURVWUXFWXUH�RI�%D0�7L2 � �6L� ILOP�ZDV�VWURQJO\�GHSHQGHQW�RQ�ERWK� WKH�PLFUR�
VWUXFWXUH� RI� WKH� 7L2 � � XQGHUOD\HU� DQG� WKH� WRWDO� JDV� SUHVVXUH�� 7KH� FRQWURO� RI� WKH
XQGHUOD\HU�PLFURVWUXFWXUH�LV�RQH�RI�WKH�LPSRUWDQW�IDFWRUV�WR�FRQWURO�WKH�JUDLQ�VL]H�DQG
VKDSH�RI�WKH�%D0�OD\HU�
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0DWHULDOV�6FLHQFH��9RO������1R���������

0DJQHWLVP�RI�QDQRFU\VWDOOLQH�DQG�EXON�)H[1L��±[%�
�[� ����������DQG�����DOOR\V�±�H[SHULPHQW�DQG�WKHRU\

%��,'=,.2:6., � ��$��6=$-(.
,QVWLWXWH�RI�0ROHFXODU�3K\VLFV��3ROLVK�$FDGHP\�RI�6FLHQFHV�

0��6PROXFKRZVNLHJR������������3R]QD ��3RODQG

)RUPDWLRQ�RI�WKH�QDQRVWUXFWXUH�FRPSRVHG�RI�D�PHWDVWDEOH�PDJQHWLFDOO\�RUGHUHG�IFF�)H� 1L ��� ��� % � �SKDVH
ZLWK�ODUJH�ODWWLFH�FRQVWDQW��D� ������±������QP��IURP�DPRUSKRXV�)H �
	 � ����
 1L� =U � % 	 � $X� ��\� ���±�������
]� �������SUHFXUVRUV�GXH�WR�WKH�WKHUPDO�WUHDWPHQW�KDV�EHHQ�VWXGLHG��$QQHDOLQJ�RI�WKH�\�������]� ���VDPSOHV
DW�WHPSHUDWXUHV�RI����±�����&�OHDGV�WR�DQ�LQFUHDVH�RI�)H� 1L ��� ��� % � �IUDFWLRQ�HPEHGGHG�LQ�DPRUSKRXV�PD�
WUL[� ZLWK� JUDLQ� VL]HV� IURP� D� IHZ� WR� WHQV� RI� QDQRPHWUHV�� 7KH� VWUXFWXUH� WUDQVIRUPDWLRQV� KDYH� EHHQ
LQYHVWLJDWHG�E\�WKH�'6&��;5'�DQG�7(0�WHFKQLTXHV��0DJQHWLF�EHKDYLRXU�RI�)H� 1L ��� ��� % � ��[� ����������DQG
����SKDVHV�KDV�EHHQ�VWXGLHG�WKHRUHWLFDOO\�XVLQJ�WKH�VSLQ�SRODUL]HG�WLJKW�ELQGLQJ�OLQHDU�PXIILQ�WLQ�RUELWDO
�7%�/072��PHWKRG��$QRPDORXVO\�KLJK�PDJQHWLF�PRPHQWV�RI�)H�DWRPV�KDYH�EHHQ�IRXQG�LQ�VRPH�QRQ�
HTXLYDOHQW�SRVLWLRQV�LQ�WKH�FU\VWDO�VWUXFWXUH�

.H\�ZRUGV��DPRUSKRXV�DOOR\V��QDQRFU\VWDOOL]DWLRQ��GHQVLW\�RI�VWDWHV��ORFDO�PDJQHWLF�PRPHQWV

���,QWURGXFWLRQ
,QYHVWLJDWLRQV�RI�FU\VWDOOL]DWLRQ�SURFHVVHV�RI�DPRUSKRXV�SUHFXUVRUV�KDYH�DWWUDFWHG

D�ORW�RI�DWWHQWLRQ�LQ�UHFHQW�\HDUV�EHFDXVH�VRPH�RI�WKHP�IRUP�QDQRFU\VWDOOLQH�VWUXFWXUH�
6XFK� D� UHGXFWLRQ� RI� WKH� JUDLQ� VL]HV� LQIOXHQFHV� GUDVWLFDOO\� WKH� SK\VLFDO� EHKDYLRXU� RI
PDWHULDOV��7KH� VHDUFK� FRQWLQXHV� IRU� QHZ�QDQRFU\VWDOOLQH� DOOR\V�ZLWK� LPSURYHG�PDJ�
QHWLF� DQG� PHFKDQLFDO� SURSHUWLHV�� FRQYHQLHQW� IRU� WHFKQLFDO� DSSOLFDWLRQV�� 8S� WR� QRZ
WKHVH�DOOR\V��SURGXFHG�E\�D�SDUWLDO�FU\VWDOOL]DWLRQ�RI�DPRUSKRXV�SUHFXUVRUV��KDYH�H[�
KLELWHG�D�WZR��RU�PRUH�SKDVH�VWUXFWXUH�ZLWK�ERG\�FHQWUHG�FXELF��EFF��QDQRFU\VWDOOLQH
JUDLQV�GLVSHUVHG�LQ�D�UHVLGXDO�DPRUSKRXV�PDWUL[��$OO�NQRZQ�VRIW�PDJQHWLF�QDQRFU\V�
WDOOLQH�DOOR\V�FRQVLVW�RI�QDQRVL]HG�EFF�)H�6L��>�@��EFF�)H�>�@�RU�EFF��)H&R��>�@�JUDLQV
ZLWK��±���QP�LQ�GLDPHWHU��'XULQJ�WKH�GHYLWULILFDWLRQ�SURFHVVHV��WKH�DPRUSKRXV�SDUW�RI
DOOR\V�EHFRPHV�LQKRPRJHQHRXV��VKRZLQJ�VLJQLILFDQW�JUDGLHQWV�RI�FRPSRVLWLRQV�
BBBBBBBBB

� &RUUHVSRQGLQJ�DXWKRU��H�PDLO��%RJGDQ�,G]LNRZVNL#LIPSDQ�SR]QDQ�SO�
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7KH� FU\VWDOOL]DWLRQ� RI� 1L�FRQWDLQLQJ� DPRUSKRXV� DOOR\V� ZDV� VWXGLHG� HDUOLHU� �H�J��
>��� �@�� EXW� WKRVH� DOOR\V�ZHUH� XQVXLWDEOH� IRU� WKH� IRUPDWLRQ� RI� QDQRFU\VWDOOLQH� DOOR\V�
+RZHYHU�� WKH� QDQRFU\VWDOOLQH� JUDLQV� ZHUH� IRXQG� LQ� UDSLGO\� KHDWHG� DPRUSKRXV
)H ��� 1L ��� 6L ��� % ��� � DQG� )H ��� 1L ��� 6L ��� % ��� � V\VWHPV� >�@�� 7KH� RQO\� 1L�FRQWDLQLQJ� DPRUSKRXV
V\VWHP��)H ��� 1L ��� 0R � % ��� �� LQ�ZKLFK� WKH�QDQRVWUXFWXUHG�SKDVH�ZDV�FOHDUO\� IRUPHG��ZDV
VWXGLHG�E\�WKH�;5'�WHFKQLTXH�>�@��,Q�WKLV�FDVH��WKH�SUHVHQFH�RI�0R�DWRPV�LQ�WKH�DOOR\�SOD\V
FUXFLDO�UROH�LQ�WKH�SURFHVV�RI�QDQRVWUXFWXUH�IRUPDWLRQ�EHFDXVH�RI�WKH�JUDLQV�JURZWK�EORFN�
LQJ��([WUHPHO\�ILQH�QDQRFU\VWDOOLQH�VWUXFWXUH�LV�H[SHFWHG�LI�VPDOO�DGGLWLRQV�RI�H�J���&X�RU
$X�DUH�SUHVHQW�LQ�WKH�DPRUSKRXV�SUHFXUVRU��5HFHQWO\��1DNDPXUD�HW�DO��>�@�UHSRUWHG�RQ�WKH
FU\VWDOOL]DWLRQ�RI�DPRUSKRXV�)H ��� 1E � � %��� �DOOR\�±�WKH�ILQDO�SURGXFW�LV�IFF�)H��� % � �SKDVH�ZLWK
D�ODUJH�ODWWLFH�SDUDPHWHU��7KH�DXWKRUV�REVHUYHG�LQ�WKLV�V\VWHP�WKH�QDQRPHWHU�VL]HG�PHWDV�
WDEOH�)H��� % � �SUHFLSLWDWHV�LQ�WKH�DPRUSKRXV�PDWUL[�EHIRUH�FUHDWLRQ�RI�WKH�HTXLOLEULXP�EFF�)H
DQG�ERULGH�SKDVHV�LQ�ILQDO�FU\VWDOOL]DWLRQ�VWDWH�>�@�

:H� SUHSDUHG� QLFNHO�ULFK� DPRUSKRXV� DOOR\V� )H ��� �  ���! 1L =U � % � � $X � �\�  � ��±���� ���
]� �������LQ�ZKLFK�WKH�QDQRVWUXFWXUH�FDQ�EH�IRUPHG��DV�XVXDOO\��E\�D�FRQWUROOHG�DQQHDOLQJ
EXW�WKH�VLJQLILFDQW�SUHVHQFH�RI�1L�LQ�WKLV�DOOR\V�UHVXOWV�LQ�WKH�IRUPDWLRQ�RI�D�PHWDVWDEOH�IFF�
SKDVH�FRQWDLQLQJ�ERWK�WUDQVLWLRQ�HOHPHQWV��1L�DQG�RU�)H��DQG�ERURQ��%HFDXVH�REWDLQLQJ�D
SXUH�VLQJOH�SKDVH�70��� % � ��70� �)H��1L��FRPSRXQGV�E\�VWDQGDUG�PHWKRGV�LV�GLIILFXOW��ZH
KDYH�DOVR�SHUIRUPHG�WKHRUHWLFDO�VWXG\�RI�WKHLU�PDJQHWLF�EHKDYLRXU�

���([SHULPHQWDO
)XOO\� DPRUSKRXV� ULEERQV� ZLWK� WKH� QRPLQDO� FRPSRVLWLRQV� )H �"� �# ���! 1L =U � % �#� $X 

�\� ���±��������]� �������ZHUH�SUHSDUHG�E\�WKH�VLQJOH�UROOHU�����FP�LQ�GLDPHWHU��WHFK�
QLTXH�LQ�$U�SURWHFWLYH�DWPRVSKHUH��+LJK�SXULW\�HOHPHQWV��PLQLPXP��1��ZHUH�XVHG�WR
PDNH�VWDUWLQJ�SUH�DOOR\V��(DFK�LQJRW�ZDV�WXUQHG�RYHU�VHYHUDO�WLPHV�DQG�PHOWHG�LQ�WKH
LQGXFWLRQ� IXUQDFH�ZDWHU� FRROHG� ERDW� WR� DVVXUH� KRPRJHQHLW\�� /RQJ� ULEERQV� REWDLQHG
ZHUH��±��PP�ZLGH�DQG�����±����� P�WKLFN��7KH�VWUXFWXUH�RI�WKH�VDPSOHV�ZDV�FKDUDF�
WHUL]HG�E\�;�UD\�GLIIUDFWLRQ��;5'��DQDO\VLV�LQ�D�6HLIHUW�GLIIUDFWRPHWHU�XVLQJ�&X�.a
UDGLDWLRQ�� 7KH� FU\VWDOOL]DWLRQ� EHKDYLRXU� RI� DV�TXHQFKHG� ULEERQV�ZDV� H[DPLQHG�ZLWK
GLIIHUHQWLDO�VFDQQLQJ�FDORULPHWU\�XVLQJ�'6&�����PDGH�E\�1HW]VFK��)RU�WKH�WUDQVPLV�
VLRQ� HOHFWURQ� PLFURVFRS\� �7(0�� VWXGLHV�� WKH� VDPSOHV� ZHUH� SUHSDUHG� E\� DUJRQ� LRQ
PLOOLQJ�XVLQJ����NH9�LRQV��7(0�LQYHVWLJDWLRQV�ZHUH�GRQH�XVLQJ�D�3KLOLSV�&0���PL�
FURVFRSH��7:,1�FRQILJXUDWLRQ��DFFHOHUDWLQJ�YROWDJH������N9���HTXLSSHG�ZLWK�D�1RUDQ
9R\DJHU�('6�V\VWHP�ZLWK�*H��/L��GHWHFWRU�

���5HVXOWV�RI�PHDVXUHPHQWV
6WUXFWXUDO� FKDQJHV� RI� DPRUSKRXV� SUHFXUVRUV� LQGXFHG� E\� WKHUPDO� WUHDWPHQW� ZHUH

FKDUDFWHUL]HG� E\� WKH� GLIIHUHQWLDO� VFDQQLQJ� FDORULPHWU\� �'6&�� DQG� ;�UD\� GLIIUDFWLRQ
�;5'�� PHDVXUHPHQWV�� '6&� OLQHDU�KHDWLQJ� FXUYHV� RI� DOO� 1L�ULFK� DOOR\V� LQYHVWLJDWHG



0DJQHWLVP�RI�QDQRFU\VWDOOLQH�DQG�EXON�)H� 1L ��� � � % � �DOOR\V ��

VKRZ�WZR�FU\VWDOOL]DWLRQ�VWDJHV��6XFK�EHKDYLRXU�LV� W\SLFDO�RI�DPRUSKRXV�DOOR\V�VHUY�
LQJ� DV� WKH� SUHFXUVRUV� IRU� WKH� IRUPDWLRQ� RI� WKH� QDQRFU\VWDOOLQH� DOOR\V� >�@�� 7KH
FU\VWDOOL]DWLRQ� WHPSHUDWXUH� RI� WKH� ILUVW� VWDJH� LV� LQ� WKH� UDQJH� RI� ���±���� �&�� '6&
PHDVXUHPHQWV� �QRW� VKRZQ� KHUH�� ZHUH� FDUULHG� RXW� ZLWK� ��� .�PLQ� KHDWLQJ� UDWH�� )RU
VDPSOHV�\�Ê����WKH�QDQRFU\VWDOOLQH�SKDVH��ZKLFK�SUHFLSLWDWHV�DURXQG�WKH�ILUVW�H[RWKHU�
PLF� SHDN�� LV� EFF�)H�� ,I� \� !� ���� WKH� QDQRFU\VWDOOL]DWLRQ� SURGXFW� LV� IFF��)H�1L� ��� % � �
$�VLPLODU�FU\VWDOOL]DWLRQ�EHKDYLRXU�ZDV�REVHUYHG�E\�1DNDPXUD� HW� DO�� LQ�)H ��� 1E ��� % ���

DOOR\V�ZKHUH� WKH� DYHUDJH� ODWWLFH� FRQVWDQW�D�  � ������ QP� IRU� WKH� )H ��� % � � IUDFWLRQ�ZDV
DVVXPHG�>�@��7KLV�ODWWLFH�SDUDPHWHU��DV�ZHOO�DV�RWKHU�SURSHUWLHV�>�@��FRXOG�GLIIHU�IURP
WKH�YDOXHV�RI�EXON�DOOR\�EHFDXVH�RI�WZR�UHDVRQV���L��LQWHUIDFH�RI�VPDOO�JUDLQV�FDQ�LQIOX�
HQFH� ORFDO� FU\VWDO� VWUXFWXUH�� �LL�� UHODWLYH� ODUJH� DWRPV� RI� VXFK� HOHPHQWV� DV� 1E� RU� =U
FRXOG�EH�SODFHG�LQVLGH�WKH�JUDLQ�
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)LJ�����;�UD\�GLIIUDFWLRQ��;5'��SDWWHUQV�IRU�1L �+* )H 	 � =U � % 	 � $X 	
ULEERQ�DIWHU�DQQHDOLQJ�DW������&�DQG������&�IRU�RQH�KRXU

7KH� DV�TXHQFKHG� VDPSOHV� DUH� IXOO\� DPRUSKRXV�� DV� IRXQG� E\�;5'��ZLWK� D� EURDG
GLIIXVH�SHDN�DURXQG����GHJUHHV�RQ��Q�D[LV��)LJXUHV��D�DQG��E�VKRZ�WKH�VWUXFWXUH�RI
1L ��� )H ��� =U � % �#� $X � � SDUWLDOO\� FU\VWDOOL]HG� DIWHU� RQH�KRXU� DQQHDOLQJ� DW� ���� �&� DQG
�����&��UHVSHFWLYHO\��$V�D�UHVXOW�RI�WKH�DQQHDOLQJ��JUDLQV�RI�PDJQHWLFDOO\�RUGHUHG�FX�
ELF�)H, 1L ������, % � �SKDVH�DSSHDU�LQ�WKH�DPRUSKRXV�PDWUL[��$OO�SHDNV�KDYH�EHHQ�LGHQWLILHG
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DQG�DOO�RI�WKHP�EHORQJ�WR�WKH�&� &U��� �W\SH�VWUXFWXUH�GHVFULEHG�E\�WKH�VSDFH�JURXS�)P�±��P�
$V�VKRZQ�LQ�)LJ���E��WKH�LQFUHDVH�RI�DQQHDOLQJ�WHPSHUDWXUH�LV�FRQQHFWHG�ZLWK�WKH�GH�
FUHDVH�RI�WKH�DPRXQW�RI�WKH������SKDVH��DQG�WKH�DSSHDUDQFH�RI�D�QHZ��)H1L� � %�SKDVH
LV�PDUNHG�E\�ODUJH�EODFN�SRLQWV�

)LJ�����7UDQVPLVVLRQ�HOHFWURQ�PLFURJUDSK�RI�1L * � )H *�� =U � % 	 �

DOOR\�DIWHU�DQQHDOLQJ�DW������&�IRU�RQH�KRXU
7(0�SLFWXUH� RI�1L ��� )H ��� =U � % �#� � DOOR\� KHDW� WUHDWHG� DW� ���� �&� LV� VKRZQ� LQ� )LJ�� ��

$�IUDFWLRQ� RI� YHU\� VPDOO� JUDLQV� �VHYHUDO� QDQRPHWHUV� LQ� GLDPHWHU�� LV� SUHVHQW� DPRQJ
UHODWLYHO\�ELJ�JUDLQV��7KH�FKHPLFDO�FRPSRVLWLRQ�RI�VPDOO�DQG�ELJ�JUDLQV�LV�WKH�VDPH��DV
KDV�EHHQ�FRQILUPHG�E\�HOHFWURQ�PLFURGLIIUDFWLRQ�LQYHVWLJDWLRQV��QRW�VKRZQ�KHUH���7KH
DQQHDOHG�QDQRFU\VWDOOLQH� ULEERQV�EHFDPH�PDJQHWLFDOO\� VRIW� EHFDXVH� RI� H[FKDQJH� LQ�
WHUDFWLRQ� EHWZHHQ� WKHVH� VPDOO� JUDLQV��$� YHU\� VLPLODU�PL[WXUH� RI�PDMRULW\� VPDOO� DQG
PLQRULW\�ELJ�JUDLQV�ZDV�IRXQG�LQ�+,73(50�W\SH�VRIW�PDJQHWLF�DOOR\V�

���'HWDLOV�RI�EDQG�VWUXFWXUH�FDOFXODWLRQV
7KH�VSLQ�SRODUL]HG� WLJKW�ELQGLQJ� OLQHDU�PXIILQ�WLQ�RUELWDO� �7%�/072��PHWKRG� LQ

WKH�DWRPLF�VSKHUH�DSSUR[LPDWLRQ��$6$��>������@�ZDV�XVHG�WR�FRPSXWH�WKH�HOHFWURQLF
EDQG�VWUXFWXUH�RI�)H ��� % � �DQG�1L ��� % � �FRPSRXQGV��,Q�WKLV�DSSUR[LPDWLRQ��WKH�FU\VWDO� LV
GLYLGHG�LQWR�VSDFH�ILOOLQJ�VSKHUHV��WKHUHIRUH�ZLWK�VOLJKWO\�RYHUODSSLQJ�VSKHUHV�FHQWUHG
RQ�HDFK�RI�WKH�DWRPLF�VLWHV��7KH�VWDQGDUG�FRPELQHG�FRUUHFWLRQV�IRU�RYHUODSSLQJ�>��@
ZHUH� HPSOR\HG� WR� FRPSHQVDWH� $6$� HUURUV�� ,Q� WKH� FDOFXODWLRQV� UHSRUWHG� KHUH�� WKH
:LJQHU±6HLW]� �:6�� VSKHUH� UDGLL� DUH� VXFK� WKDW� WKH� RYHUODS� LV� EHORZ� ����� 7KH� WRWDO
YROXPHV�RI�DOO�VSKHUHV�6� �� M� ����«��1��DUH�HTXDO�WR�WKH�YROXPH��9 ��RI�WKH�XQLW�FHOO�
7KH�YDOXHV�RI�ODWWLFH�FRQVWDQWV�RI�)H ������, 1L, % � ��IRU�[� ����������DQG�����DUH�H[WUDSRODWHG
IURP�WKH�H[SHULPHQWDO�GDWD�WDNHQ�IRU�[� ���>��@�DQG�[� �����>��@��VHH�)LJ������7KH�V\V�
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)LJ�����/DWWLFH�FRQVWDQWV�IRU�)H ��� ��� 1L� % � �DV�D�IXQFWLRQ�RI�[�
'DWD�IRU�[� ���DQG�����DUH�WDNHQ�IURP�WKH�OLWHUDWXUH

7DEOH����6WUXFWXUDO�SDUDPHWHUV�RI�)H ��� ��� 1L� % � �FRPSRXQGV
�D� ����������������������DQG�������QP�IRU�[� ����������DQG�����DQG�:6�UDGLL�6* >c@

6*$WRP
�SRVLWLRQ� [ \ ]

[� �� [� �� [� ��� [� ���
)H�RU�1L���D� � � � ������ ������ ������ ������
)H�RU�1L���F� ó ó ó ������ ������ ������������

������������ ������

)H�RU�1L����K� � ������ ������ ������ ������
������������
������������
������������

������

)H�RU�1L����I� ������ ������ ������ ������ ������
�������1L������
�������)H������
�������1L������
��������1L������

������

%����H� ������ � � ������ ������ ������������
������������ ������

WHP�KDV�D�FXELF�V\PPHWU\��IRU�[� ���DQG�����)P�±��P�VSDFH�JURXS��1R��������,WV�XQLW
FHOOV� DFFRPPRGDWH� IRXU� IRUPXOD� XQLWV� ZLWK� 1�  � ���� DWRPV�� 7KHUH� DUH� IRXU� QRQ�
HTXLYDOHQW� SRVLWLRQV� RI� )H�1L�� DWRPV� �VHH� 7DEOH� ��� LQ� WKH� 1L ��� % � � DQG� )H ��� % � � FRP�
SRXQGV�� 7KH� VLQJOH� DWRP� LPSXULWLHV� �1L� RU� )H� IRU� [�  � �� DQG� ���� UHVSHFWLYHO\�� LQ
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)H ������, 1L, % � �ZHUH�ORFDWHG�RQH�DIWHU�DQRWKHU�LQ��D���F����K��DQG���I�SRVLWLRQV��7KH�EUR�
NHQ�V\PPHWU\�JLYHV�DGGLWLRQDO�QRQ�HTXLYDOHQW�SRVLWLRQV�ZLWKLQ��F����K����I��DQG���H
VLWHV� IRU�[� �����7KH\�DUH�SUHVHQWHG� LQ�7DEOH��� IRU�[� ���� WRJHWKHU�ZLWK� WKHLU�RFFX�
SDQF\��LQ�SDUHQWKHVHV��ZLWKLQ�SDUWLFXODU�VLWHV�

$V� VWDUWLQJ�� WKH� IROORZLQJ� DWRPLF� FRQILJXUDWLRQV� ZHUH� DVVXPHG�� FRUH� >$U@
���G � �V � �IRU�)H��FRUH�>+H@����S � �V�IRU�%��DQG�FRUH�>$U@����G � �V � �IRU�1L��7KH�IXOO\�UHOD�
WLYLVWLF� DSSURDFK� IRU� WKH� FRUH� HOHFWURQV� DQG� VFDODU� UHODWLYLVWLF� DSSUR[LPDWLRQ� IRU� WKH
YDOHQFH�HOHFWURQV�ZHUH�XVHG��7KH�0LQ±-DQJ�>��@�VFKHPH�IRU�FDOFXODWLQJ�WKH�VSLQ�RUELW
HIIHFWV� ZDV� HPSOR\HG�� 7KH� H[FKDQJH�FRUUHODWLRQ� SRWHQWLDO� ZDV� FKRVHQ� LQ� WKH� IRUP
SURSRVHG�E\�YRQ�%DUWK±+HGLQ� >��@�� 6HOI�FRQVLVWHQW� FDOFXODWLRQV�ZHUH� SHUIRUPHG� IRU
�����N�SRLQWV�LQ�WKH�%ULOORXLQ�]RQH��7KH� WHWUDKHGURQ�PHWKRG�>��@�ZDV�XVHG�IRU� LQWH�
JUDWLRQ�RYHU�WKH�%ULOORXLQ�]RQH��7KH�LWHUDWLRQV�ZHUH�UHSHDWHG�XQWLO�WKH�DFFXUDF\�RI�WKH
HQHUJ\�HLJHQYDOXHV�ZLWKLQ�WKH�HUURU�RI������P5\G�ZDV�DFKLHYHG�

���5HVXOWV�RI�FDOFXODWLRQV
7KH�7%�/072�$6$�PHWKRG�DOORZV�GLIIHUHQWDWLRQ�RI�WKH�LRQV�LQ�WKH�FHOO�EXW�WKH�HIIHFW

RI� GLVRUGHU� FDXVHG� E\� 1L� RU� )H� VXEVWLWXWLRQ� LV� QHJOHFWHG�� ,Q� WKH� FDVH� RI� WKH� &� &U��� �
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)LJ�����7RWDO�DQG�ORFDO�GHQVLW\�RI�VWDWHV
�'26��SORWV�IRU�)H ��� % � FRPSRXQG

)LJ�����7RWDO�DQG�ORFDO�GHQVLW\�RI�VWDWHV
�'26��SORWV�IRU�)H � � 1L% � FRPSRXQG
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)LJ�����7RWDO�DQG�ORFDO�GHQVLW\�RI�VWDWHV
�'26��SORWV�IRU�1L � � )H% � FRPSRXQG

)LJ�����7RWDO�DQG�ORFDO�GHQVLW\�RI�VWDWHV
�'26��SORWV�IRU�1L ��� % � FRPSRXQG

W\SH�VWUXFWXUH� WKH��D���F����K��DQG���I�SRVLWLRQV�IRU�)H�1L�DWRPV�KDYH� WR�EH�FRQVLG�
HUHG��2XU� WRWDO� HQHUJ\� FDOFXODWLRQV� VKRZ� WKDW� LQ� WKH� FDVH� RI� )H �7� 1L% � � WKH�1L� DWRPV
SUHIHU��D�SRVLWLRQ�DQG�LQ�WKH�FDVH�RI�1L �7� )H% � � WKH�)H�DWRPV�SUHIHU���I�VLWHV��7KH�UH�
VXOWV�SUHVHQWHG�EHORZ�FRQFHUQ� WKH�PRVW� VWDEOH� ORFDOL]DWLRQV�RI� WKH� LPSXULWLHV��ZKLFK
PLQLPL]H� WRWDO�HQHUJ\��7KH� WRWDO� DQG� ORFDO�GHQVLWLHV�RI� VWDWHV� �'26�� IRU�)H �E����, 1L, % �
DUH�SUHVHQWHG�LQ�)LJV���±��

7KH�VKDSH�RI�'26�SORWV�GHSHQGV�RQ�WKH�W\SH�RI�WKH�DWRP��LWV�ORFDOL]DWLRQ�DQG�ORFDO
HQYLURQPHQW��7KH� YDOXHV� RI� WRWDO�'26� DW� WKH�)HUPL� OHYHO� �()�� DUH� HTXDO� WR� �������
���������������DQG��������VWDWHV��H9�I�X���IRU�[� ����������DQG����� UHVSHFWLYHO\��%H�
FDXVH� RI� D� ODUJH� QXPEHU� RI� G� HOHFWURQV� WKDW� W\SH� RI� HOHFWURQV� SURYLGHV� WKH� PDLQ
FRQWULEXWLRQ� WR� WKH� WRWDO�'26� IRU�(� �(� �� DERXW� �����7KH� H[DFW� YDOXHV� RI� VLWH� DQG
O�GHFRPSRVHG�VSLQ�SURMHFWHG�'26�DW�WKH�)HUPL�OHYHO�DUH�FROOHFWHG�LQ�7DEOH���

7KH� FDOFXODWHG� WRWDO� PDJQHWLF� PRPHQWV� IRU� )H �E� % � � DQG� 1L �E� % � � FRPSRXQGV� DUH
HTXDO�WR��������DQG�������m � �I�X��/RFDO�FRQWULEXWLRQV�SURYLGHG�E\�SDUWLFXODU�DWRPV�DUH
FROOHFWHG�LQ�7DEOH���

3DUWLFXODUO\�KLJK�YDOXHV�RI�PDJQHWLF�PRPHQWV�� IRU�)H �E� % � �� DUH� ORFDWHG� RQ�)H��D�
DQG�)H��F�� DWRPV��KLJKHU� WKDQ� IRU� WKH�EXON�EFF�)H� V\VWHP� �DERXW� ����m � �DWRP���7KH
YDOXHV�RI�PDJQHWLF�PRPHQWV�GHSHQG�RQ�WKH�ORFDO�HQYLURQPHQW�RI�)H�DWRPV��,QFUHDVLQJ
QXPEHU�RI�WKH�QHLJKERXULQJ�ERURQ�DWRPV�UHGXFHV�WKH�PDJQHWLF�PRPHQW�RI�LURQ��,Q�WKH
FDVH�RI�1L �E� % � �FRPSRXQG�� WKH�PDJQHWLF�PRPHQWV�DUH� UHGXFHG�DOPRVW� WR�]HUR��EHORZ
�����E� �m � �DWRP�
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7DEOH����'26�DW�WKH�)HUPL�OHYHO��VWDWHV��H9�VSLQ��DWRP�RU�I�X����
RI�)H ��� ��� 1L� % � �FRPSRXQGV��[� ����������DQG����

6LWH�DQG�VSLQ
SURMHFWHG
'26

�SHU�DWRP�

7RWDO�DQG�O�GHFRPSRVHG
VSLQ�SURMHFWHG

'26
�SHU�I�X��

$WRP
�SRVLWLRQ�

VSLQ�� VSLQ�æ

7\SH�RI�'26

VSLQ�� VSLQ�æ
)H ��� % � �
)H���D�
)H���F�
)H����K�
)H����I�
%����H�

�����
�����
�����
�����
�����

�����
�����
�����
�����
�����

7RWDO
7RWDO�IRU�
V�HOHFWURQV
S�HOHFWURQV
G�HOHFWURQV

�����

�����
�����
�����

�����

�����
�����
�����

)H ��� 1L% � �
1L���D�
)H���F�
)H����K�
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%����H�
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1L ��� )H% � �
1L���D�
1L���F���
1L���F���
1L����K���
1L����K���
1L����K���
1L����I���
1L����I���
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���&RQFOXVLRQV
%DQG�VWUXFWXUH�FDOFXODWLRQV�VKRZHG�WKDW�WKH�ORFDO�PDJQHWLF�PRPHQWV�RI�)H�DQG�1L

DWRPV�LQ�)H �E� % � �DQG�1L �E� % � �FRPSRXQGV�GHSHQG�RQ�WKHLU�ORFDO�HQYLURQPHQWV��7KH�LURQ
PDJQHWLF�PRPHQWV� DUH� HQKDQFHG� XS� WR� DERXW� ��m%�DWRP�� EHLQJ� UHGXFHG� IRU� QLFNHO�
HYHQ�WR�]HUR��&DOFXODWLRQV�RI�WKH�WRWDO�HQHUJ\�VKRZ�WKDW�LQ�)H �7� 1L% � �WKH�1L�DWRPV�DUH
ORFDWHG�LQ�WKH��D�SRVLWLRQ�DQG�LQ�1L �7� )H% � �WKH�)H�DWRPV�SUHIHUDEO\�ORFDWH�DW���I�VLWHV�
7KH�LQYHVWLJDWLRQV�SUHVHQWHG�LQ�WKLV�FRQWULEXWLRQ�ZLOO�EH�FRQWLQXHG�IRU�DOO�[�VXEVWLWX�
WLRQV� LQ� �)H � ��� 1L� � �E� % � � V\VWHPV� WR� GHWHUPLQH� WKH� GHSHQGHQFH� RI� PDJQHWL]DWLRQ� RQ
FRQFHQWUDWLRQ�RI�1L�LPSXULWLHV�DQG�WKHLU�VLWH�SUHIHUHQFH�

,Q�WKH�QDQRFU\VWDOOLQH�VWDWH��1L�ULFK�DOOR\V�VKRZ�JRRG�PHFKDQLFDO�SURSHUWLHV�FRP�
SDUHG� ZLWK� WKH� ),1(0(7�� 1$123(50� RU� +,73(50�� 7KH� LPSURYHG� PDJQHWLF
SURSHUWLHV�DQG�UHGXFHG�EULWWOHQHVV�RI�WKH�VDPSOHV�RIIHU�DWWUDFWLYH�SRVVLELOLWLHV�IRU�DS�
SOLFDWLRQV�RI�WKLV�DOOR\��,W�LV�RI�SDUWLFXODU�LQWHUHVW�WR�VWXG\�VXFK�DOOR\V�DQG�WR�DWWHPSW
XQGHUVWDQGLQJ�GHWDLOV�RI�WKH�FRPSOH[�FU\VWDOOL]DWLRQ�SURFHVV�OHDGLQJ�WR�WKH�IRUPDWLRQ
RI�QHZ�IFF�EDVHG�VRIW�PDJQHWLF�QDQRVWUXFWXUHG�DOOR\V�

$FNQRZOHGJHPHQWV
7KH�DXWKRUV�WKDQN�0��*LHUVLJ�IURP�+DKQ�0HLWQHU�,QVWLWXWH�%HUOLQ��*HUPDQ\��IRU�SHUIRUPLQJ�WKH�7(0
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(IIHFWLYH�PDJQHWRVWULFWLRQ�LQ�QDQRFU\VWDOOLQH�DOOR\V

$�� /$:6.$�:$1,(:6.$
�

,QVWLWXWH�RI�3K\VLFV��3ROLVK�$FDGHP\�RI�6FLHQFHV��DO��/RWQLNyZ���������������:DUV]DZD��3RODQG

0DJQHWRVWULFWLRQ�LV�RQH�RI�WKH�PRVW�LPSRUWDQW�SURSHUWLHV�RI�PDJQHWLF�PDWHULDOV�FRQVLGHULQJ�ERWK�EDVLF
UHVHDUFK�DQG�WHFKQLFDO�DSSOLFDWLRQV��,Q�WKLV�SDSHU��D�UHYLHZ�RI�WKH�H[SHULPHQWDO�UHVXOWV��ERWK�RI�WKH�FU\V�
WDOOLQH�IUDFWLRQ�DQG�WHPSHUDWXUH��DQG�WKHRUHWLFDO�PRGHOV��WZR�FRPSRQHQW�DQG�WKUHH�FRPSRQHQW�5HXVV�W\SH
DSSUR[LPDWLRQV�DV�ZHOO�DV�WKH�HIIHFWLYH�PHGLXP�PRGHO��RI� WKH�PDJQHWRVWULFWLRQ� LQ�VRIW�PDJQHWLF�QDQRF�
U\VWDOOLQH�DOOR\V�LV�SUHVHQWHG�

.H\�ZRUGV��QDQRFU\VWDOOLQH�PDWHULDOV��PDJQHWRVWULFWLRQ��LQWHUIDFHV��VRIW�PDJQHWV

���,QWURGXFWLRQ
1DQRFU\VWDOOLQH� DOOR\V�� SURGXFHG� E\� WKH� FRQWUROOHG� GHYLWULILFDWLRQ� RI� WKH� DPRU�

SKRXV�ULEERQV��DUH�FRPSRVHG�RI� WZR�PDLQ�PDJQHWLF�SKDVHV�±�QDQR�VL]HG�FU\VWDOOLWHV
HPEHGGHG�LQ�D� UHVLGXDO�DPRUSKRXV�PDWUL[��7KH\�H[KLELW�H[FHSWLRQDOO\�VRIW�PDJQHWLF
SURSHUWLHV��ZKLFK� DULVH� IURP�D� VXEVWDQWLDOO\� UHGXFHG�PDJQHWLF� DQLVRWURS\� DV�ZHOO� DV
D�YHU\� VPDOO� HIIHFWLYH� VDWXUDWLRQ� PDJQHWRVWULFWLRQ� >�±�@�� 7KH� LQWHUSUHWDWLRQ� RI� WKH
PDJQHWRVWULFWLYH�HIIHFWV� LQ� VXFK�KHWHURJHQHRXV�PDJQHWLF� V\VWHPV� LV�D�GLIILFXOW� SURE�
OHP�� WKH�SURSHUWLHV�RI� UHVSHFWLYH�SKDVHV�� FRPSOH[� VWDWHV� RI� WKH� LQWHUQDO� VWUHVVHV� DQG
VWUDLQV�DV�ZHOO�DV�PDJQHWRHODVWLF�LQWHUDFWLRQV�DQG�KLJK�GHQVLW\�RI�WRSRORJLFDO�GHIHFWV
DULVLQJ�DW�WKH�LQWHUIDFHV�VKRXOG�EH�FRQVLGHUHG�

,Q� WKH�SDSHU��H[SHULPHQWDO� UHVXOWV�RI� WKH�HIIHFWLYH�PDJQHWRVWULFWLRQ� LQ� WKH�QDQRF�
U\VWDOOLQH�DOOR\V�DV�ZHOO�DV�WKH�UHYLHZ�RI�WKH�H[LVWLQJ�SKHQRPHQRORJLFDO�PRGHOV��ZKLFK
DUH�XVXDOO\�XVHG�WR�LQWHUSUHW�WKH�H[SHULPHQWDO�GHSHQGHQFLHV��DUH�SUHVHQWHG�

���3KHQRPHQRORJLFDO�PRGHOV�RI�WKH�HIIHFWLYH�PDJQHWRVWULFWLRQ
7KH� VLPSOHVW� PRGHO� RI� WKH� HIIHFWLYH� PDJQHWRVWULFWLRQ� RI� DOOR\V� DW� WKH� GLIIHUHQW

VWDJHV�RI�FU\VWDOOL]DWLRQ�KDV�EHHQ�SURSRVHG�E\�+HU]HU�>����@��,W�LV�EDVHG�RQ�WKH�5HXVV�
BBBBBBBBB

� �(�PDLO��VODZV#LISDQ�HGX�SO�
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W\SH�DSSUR[LPDWLRQ��ZKLFK�DVVXPHV�WKDW�WKH�VWUHVV�LV�WKH�VDPH�LQ�WKH�ZKROH�PDWHULDO�
ERWK� LQ� WKH�SDUWLFOHV�DQG� LQ� WKH�PDWUL[�� ,Q� WKLV�PRGHO�� WKH�HIIHFWLYH�PDJQHWRVWULFWLRQ
��� �
�l �LV�LQWHUSUHWHG�DV�D�YROXPHWULFDOO\�ZHLJKWHG�EDODQFH�EHWZHHQ�WKH�SRVLWLYH�FRQWUL�

EXWLRQ�IURP�WKH�UHVLGXDO�DPRUSKRXV�PDWUL[�DQG�WKH�QHJDWLYH�RQH�IURP�WKH�FU\VWDOOLWHV
DFFRUGLQJ�WR

( ) ���
�
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ZKHUH�S�LV�WKH�YROXPH�IUDFWLRQ�RI�WKH�FU\VWDOOLQH�SKDVH�DQG� ���
�l �DQG� �� 

!l �DUH�WKH�VDWX�
UDWLRQ� PDJQHWRVWULFWLRQV� RI� WKH� DPRUSKRXV� DQG� FU\VWDOOLQH� SKDVHV�� UHVSHFWLYHO\�
+RZHYHU�� WKH�FKDQJHV�LQ�FRPSRVLWLRQ�RI�WKH�UHVLGXDO�DPRUSKRXV�SKDVH��ZKLFK�RFFXU
ZLWK�WKH�HYROXWLRQ�RI�WKH�FU\VWDOOLQH�IUDFWLRQ��OHDGLQJ�WR�LWV�HQULFKPHQW�ZLWK�%�DQG�1E
RU� =U��� LQGLFDWH� WKDW� ���

�l LV� QRW� D� FRQVWDQW� YDOXH�� EXW� LW� LV� LQ� IDFW� D� IXQFWLRQ� RI� S�
0RUHRYHU�� LQ� WKH�)LQHPHW�W\SH� DOOR\V�� WKH� FRPSRVLWLRQ�RI�)H±6L� FU\VWDOOLWHV�� FUHDWHG
XQGHU�YDULRXV�DQQHDOLQJ�FRQGLWLRQV��FDQ�EH�GLIIHUHQW�DQG��WKHUHIRUH�GLIIHUHQW� �� 

!l �YDO�
XHV�� FRUUHVSRQGLQJ� WR� WKH� DSSURSULDWH� 6L� FRQFHQWUDWLRQ�� VKRXOG� EH� FRQVLGHUHG�� 7KH
���
�l � S��YDOXHV�FDQ�EH�IRXQG�HLWKHU�IURP�WKH�PHDVXUHPHQWV�RI�WKH�DPRUSKRXV�PDWHULDOV

ZLWK�WKH�FRPSRVLWLRQ�VLPLODU�WR�WKDW�HVWLPDWHG�IRU�WKH�UHVLGXDO�DPRUSKRXV�PDWUL[�>�@
RU�IURP�SKHQRPHQRORJLFDO�PRGHOV�>����@��,Q�WKH�ODWWHU�FDVH��(T������FDQ�EH�SUHVHQWHG�LQ
WKH�IRUP�>�@

( )( )NSSS "�#
$�%

&�'
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ZKHUH� ���
��*l �LV�WKH�VDWXUDWLRQ�PDJQHWRVWULFWLRQ�RI�WKH�DPRUSKRXV�SUHFXUVRU�DQG�N�LV�WKH

SDUDPHWHU� WKDW�H[SUHVVHV� FKDQJHV�RI� WKH�PDJQHWRVWULFWLRQ� LQ� WKH� UHVLGXDO� DPRUSKRXV
SKDVH�ZLWK�WKH�HYROXWLRQ�RI�WKH�FU\VWDOOLQH�SKDVH�

,W� VKRXOG�EH�QRWHG� WKDW� WKLV� VLPSOH� WZR�FRPSRQHQW�5HXVV�W\SH�DSSUR[LPDWLRQ� LJ�
QRUHV� WKH� HIIHFWV� FRQQHFWHG�ZLWK� WKH� UHGXFWLRQ�RI� VL]H�RI� VXFK� V\VWHPV� WR� WKH� QDQR�
VFDOH�DQG�UHOHYDQW�WR�WKH�PDWWHU�LQ�KDQG��DQ�LQFUHDVLQJ�UROH�RI�WKH�LQWHUIDFHV��$V�ZDV
VKRZQ�E\�PHDQV�RI�WKH�0|VVEDXHU�VSHFWURVFRS\�>����@��WKH�SURSHUWLHV�RI�DWRPV�DW�WKH
LQWHUIDFHV�GLIIHU� IURP� WKRVH� ORFDWHG� LQVLGH� WKH� FU\VWDOOLQH� DQG� DPRUSKRXV� SKDVHV�� ,Q
WKH�QDQRFU\VWDOOLQH�DOOR\V�� WKH� LQWHUIDFLDO�DWRPV��KDYLQJ�QHLWKHU� VKRUW�QRU� ORQJ� UDQJH
RUGHU��FUHDWH� LQ� IDFW�DQ�DGGLWLRQDO�SKDVH�ZKLFK� LV�FKDUDFWHUL]HG�E\�D�KLJK�GHQVLW\�RI
WRSRORJLFDO� GHIHFWV�� :KHQ� WKH� VL]H� RI� WKH� FU\VWDOOLWHV� GHFUHDVHV�� WKHLU� VXUIDFH�WR�
YROXPH�UDWLR�GUDPDWLFDOO\�LQFUHDVHV�DQG�WKHQ�WKH�DWRPV�VLWXDWHG�DW�WKH�LQWHUIDFHV�SOD\
LPSRUWDQW�DQG�VRPHWLPHV�HYHQ�GRPLQDQW�UROH�LQ�WKH�RYHUDOO�EHKDYLRXU�RI�WKH�PDWHULDO�

7KH�H[LVWHQFH�RI�WKH�LQWHUIDFLDO�SKDVH�LQ�WKH�QDQRFU\VWDOOLQH�DOOR\V��ZKHUH�WKH�PDJQH�
WRHODVWLF� FRXSOLQJ�GLIIHUV� IURP� WKRVH� LQ� WKH�EXON�RI� WKH� WZR�PDLQ� FRQVWLWXHQW� SKDVHV�� DV
FRQILUPHG�E\� WKHRUHWLFDO�PRGHOOLQJ� >�@�� OHG� WR� WKH�PRGLILFDWLRQ� RI� WKH� VLPSOH�PRGHO� E\
LQWURGXFLQJ�LQWR�(T������WKH�WHUP�WKDW�GHVFULEHV�WKH�LQWHUIDFLDO�FRQWULEXWLRQ�DQG�GHSHQGV�RQ
WKH�VXUIDFH�WR�YROXPH�UDWLR�6�9�IRU�LQGLYLGXDO�FU\VWDOOLWHV�>��±��@
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ZKHUH� �
�l LV�WKH�VDWXUDWLRQ�PDJQHWRVWULFWLRQ�RI�WKH�LQWHUIDFLDO�OD\HU�

)RU�VSKHULFDO�JUDLQV��ZLWK�WKH�DYHUDJH�UDGLXV�5��(T������WUDQVIRUPV�WR�WKH�IRUP
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,Q�WKLV�DSSUR[LPDWLRQ��MXVW�DV�LQ�WKH�VLPSOHVW�PRGHO��WKH�VWUHVVHV�DUH�DVVXPHG�WR�EH
WKH�VDPH�LQ�DOO�SKDVHV��ZKLFK�LV�QRW�H[DFWO\�IXOILOOHG�LQ�WKH�QDQRVWUXFWXUHV�FRQVLGHUHG�
0RUHRYHU��WKH�LQWHUIDFLDO�PDJQHWRVWULFWLRQ�FRQVWDQW� �

�l XVHG�LQ�WKLV�PRGHO�ZDV�LQWUR�
GXFHG� E\� DQDORJ\� WR� WKH� VXUIDFH� PDJQHWRVWULFWLRQ� FRQVLGHUHG� IRU� WKLQ� ILOPV� DQG
VXSHUODWWLFHV� DQG� LW� KDV� WKH� XQLWV� RI� OHQJWK� >��@�� 7KH� TXHVWLRQ� UHPDLQV� ZKHWKHU� WKH
WKLFNQHVV�RI�WKH�LQWHUIDFLDO�OD\HU��ZKLFK�LV�D�SDUDPHWHU�ZHOO�HVWLPDWHG�H�J��E\�PHDQV�RI
WKH�0|VVEDXHU�VSHFWURVFRS\��VKRXOG�DOVR�EH�FRQVLGHUHG�LQ�WKLV�PRGHO�

7KH�PRVW�JHQHUDO�DSSURDFK�WR�WKH�DQDO\VLV�RI�WKH�HIIHFWLYH�PDJQHWRVWULFWLRQ�LQ�WKH
QDQRFU\VWDOOLQH� DOOR\V� KDV� UHFHQWO\� EHHQ� SURSRVHG� E\� &H�:HQ�1DQ� HW� DO�� >��@� ZKR
DVVXPHG� WKDW� DGGLWLRQDO� PDJQHWRHODVWLF� VWUHVVHV� DUH� ORFDOLVHG� DW� WKH� VXUIDFH� RI� WKH
FU\VWDOOLWHV��GXH�WR�WKHLU�OLPLWHG�UDGLXV��,Q�WKLV�PRGHO��WKH�LQWHUIDFH�UHJLRQV�VXUURXQG�
LQJ� WKH� FU\VWDOOLWHV� DUH� FRQVLGHUHG� DV� FOXVWHUV� RI� DWRPV� KDYLQJ� YDULRXV� LQWHUDWRPLF
GLVWDQFHV�� 7KH� LQWHUIDFLDO� HIIHFWV� DUH� GHVFULEHG� XVLQJ� DQ� HIIHFWLYH�PHGLXP� W\SH
PHWKRG�EDVHG�RQ�WKH�*UHHQ�IXQFWLRQ�WHFKQLTXH�>��@��,W�KDV�EHHQ�VKRZQ�WKDW��DVVXPLQJ
WKH� HTXDO� VKHDU�PRGXOL� LQ� WKH�ZKROH�PDWHULDO�� WKH� HIIHFWLYH�PDJQHWRVWULFWLRQ� RI� WKH
QDQRFU\VWDOOLQH�PDJQHWLF�V\VWHP�FDQ�EH�GHVFULEHG�DV
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ZKHUH� �LV�WKH�WKLFNQHVV�RI�WKH�LQWHUIDFLDO�OD\HU�DQG� �

�l �LV�LWV�VDWXUDWLRQ�PDJQHWRVWULF�
WLRQ� ZLWK� �

�
�
� dll = �� ,I� WKH� WKLFNQHVV� RI� WKH� LQWHUIDFLDO� OD\HU� LV� QHJOLJLEO\� VPDOO� LQ

FRPSDULVRQ�ZLWK�WKH�SDUWLFOH�UDGLXV��L�H�� �5������ WKLV�HTXDWLRQ�UHGXFHV�WR�WKH�WKUHH�
FRPSRQHQW�5HXVV�W\SH�DSSUR[LPDWLRQ�JLYHQ�E\�(T������

���([SHULPHQWDO�UHVXOWV

�����'HSHQGHQFH�RI�WKH�HIIHFWLYH�PDJQHWRVWULFWLRQ�RQ�WKH�FU\VWDOOLQH�IUDFWLRQ

7KH�PRVW�ZLGHO\� VWXGLHG� QDQRFU\VWDOOLQH�PDWHULDOV� DUH� WKH� )LQHPHW�W\SH� �)H±1E
±&X±6L±%�� DQG�1DQRSHUP�W\SH� �)H±=U±%±&X�� DOOR\V��7KH� W\SLFDO� URRP�WHPSHUDWXUH
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H[SHULPHQWDO�GDWD� IRU� WKH�HIIHFWLYH�PDJQHWRVWULFWLRQ� LQ� WKHVH�DOOR\V� VKRZ� WKDW� LQ� WKH
DV�TXHQFKHG�VWDWH�DQG�DIWHU�DQQHDOLQJ�DW�VXIILFLHQWO\�ORZ�WHPSHUDWXUH��DIWHU�VWUXFWXUDO
UHOD[DWLRQ��WKH�VDWXUDWLRQ�PDJQHWRVWULFWLRQ�LV�SRVLWLYH�DQG�LW�LV�DURXQG����±������� � �LQ
)LQHPHW�W\SH�DOOR\V�>�±�@�DQG���±������ � �LQ�1DQRSHUP�W\SH�RQHV�>������@��$IWHU�DQ�
QHDOLQJ� DW� KLJKHU� WHPSHUDWXUH�� ZLWK� WKH� HYROXWLRQ� RI� WKH� FU\VWDOOLQH� IUDFWLRQ� S�� WKH
PDJQHWRVWULFWLRQ�UDSLGO\�GHFUHDVHV�DQG�LQ�WKH�IXOO\�QDQR�FU\VWDOOL]HG�VWDWH�LW�LV�FORVH�WR
]HUR��,W�KDV�EHHQ�VKRZQ�WKDW�HYHQ�WKH�VLPSOHVW�WZR�FRPSRQHQW�DSSUR[LPDWLRQ��GHVFULEHG
E\�(T�������JLYHV�D�TXDOLWDWLYH�H[SODQDWLRQ�RI�WKH� ����� � S�l GHSHQGHQFLHV�DQG�D�QXPEHU�RI
URRP�WHPSHUDWXUH�H[SHULPHQWV�VKRZ�WKDW� ��� �

�l LV�URXJKO\�D�OLQHDU�IXQFWLRQ�RI�S�>�����@��,Q
WXUQ��PRUH�DFFXUDWH�DSSUR[LPDWLRQ��JLYHQ�E\�(T�������XVHG�E\�7ZDURZVNL�HW�DO���UHYHDOHG
D�TXDGUDWLF� ����� � S�l �GHSHQGHQFH�LQ�)H �
	�� 
 &X � 1E 	 6L ��
�� 
 % � �QRQRFU\VWDOOLQH�DOOR\V�>�@��+RZ�
HYHU��IRU�)H � � � 
���� &X � 5� 6L ��
�� 
 % � ��5� �9��0R��:��7D��1E��DOOR\V�DQG�IRU�)H±=U±%±�&X�
PDWHULDOV�0�OOHU�HW�DO�� >����@�DQG� ODZVND�:DQLHZVND�HW�DO�� >��@�� UHVSHFWLYHO\��KDYH
VKRZQ� WKDW� WKH� SDUDEROLF� GHSHQGHQFH� IRU� WKH� HIIHFWLYH�PDJQHWRVWULFWLRQ� GRHV� QRW� ILW
WKH�H[SHULPHQWDO�UHVXOWV�RI� ����� � S�l ��VHH�DOVR�WKH�GRWWHG�FXUYH�LQ�)LJ����E����LQGLFDWLQJ
WKDW�LQ�PDQ\�FDVHV�WKH�HIIHFWLYH�PDJQHWRVWULFWLRQ�RI�QDQRFU\VWDOOLQH�PDWHULDOV�FDQQRW
EH�GHVFULEHG�DV�D�EDODQFH�EHWZHHQ�WKH�FU\VWDOOLQH�DQG�DPRUSKRXV�FRQWULEXWLRQV�

)LJ�����(IIHFWLYH�PDJQHWRVWULFWLRQ�LQ�)H ��� =U � % � &X � �QDQRFU\VWDOOLQH�DOOR\V�YV��FU\VWDOOLQH�IUDFWLRQ�
D��EURNHQ�OLQHV�FRUUHVSRQG�WR�FU\VWDOOLQH�F��DPRUSKRXV�D�DQG�LQWHUIDFLDO�L�FRQWULEXWLRQV�

VROLG�OLQH�FDOFXODWHG�IURP�(T�������E��FRPSDULVRQ�RI�WKH�H[SHULPHQWDO�GDWD�DQG�ILWWHG�FXUYHV
E\�XVLQJ�WZR�FRPSRQHQW�5HXVV�W\SH�DSSUR[LPDWLRQ��(T��������WKUHH�FRPSRQHQW�5HXVV�W\SH

DSSUR[LPDWLRQ��(T�������DQG�WKH�HIIHFWLYH�PHGLXP�PRGHO��(T������>��@�

7KH�5HXVV�W\SH�DSSUR[LPDWLRQ��ZKLFK�FRQVLGHUV�WKH�LQWHUIDFLDO�HIIHFWV��(T������RU
������ KDV� EHHQ� DSSOLHG� WR� DQDO\VH� WKH� H[SHULPHQWDO� ����� � S�l GHSHQGHQFLHV� PHDVXUHG
ERWK� LQ�)LQHPHW�W\SH� >���� ��@� DQG�1DQRSHUP�W\SH� >����@� DOOR\V�� 7KH� H[HPSODU\� UH�
VXOWV��REWDLQHG�IRU�)H �

 =U � % � &X� �QDQRFU\VWDOOLQH�VDPSOHV��DUH�VKRZQ�LQ�)LJ����D���,Q�WKLV
ILJXUH��WKH�FRQWULEXWLRQV�WR�WKH�HIIHFWLYH�PDJQHWRVWULFWLRQ�RULJLQDWLQJ�IURP�WKH�LQGLYLG�



(IIHFWLYH�PDJQHWRVWULFWLRQ�LQ�QDQRFU\VWDOOLQH�DOOR\V ��

XDO�SKDVHV��FU\VWDOOLQH��DPRUSKRXV�DQG� LQWHUIDFLDO�DUH�VKRZQ�DV�EURNHQ� OLQHV��FXUYH�F��D
DQG� L�� UHVSHFWLYHO\��� ZKHUHDV� WKH� VROLG� OLQH� UHSUHVHQWV� WKH� ILWWHG� ����� � S�l FXUYH�� ,Q
)H ��
 =U � % � &X� �QDQRFU\VWDOOLQH�VDPSOHV��LQ�ZKLFK�WKH�VLPSOH� �)H�FU\VWDOOLWHV�DUH�IRUPHG�
WKH�ILWWLQJ�RI� WKH�H[SHULPHQWDO�GDWD� WR�(T�� ����KDYH�EHHQ�SHUIRUPHG�IRU� ���

�l  �±����� �
�L�H���WKH�YDOXH�XVXDOO\�DVVXPHG�IRU�WKH�SRO\FU\VWDOOLQH�LURQ���7KH�SDUDPHWHUV�RI�WKLV�ILW
DUH�DV�IROORZV�� 96� �l � ��������� � ��N� ��������� � ��7KH�SRVLWLYH�YDOXH�RI�WKH�N�SDUDPHWHU
LQGLFDWHV�WKDW�WKH�PDJQHWRVWULFWLRQ�RI�WKH�DPRUSKRXV�SKDVH�LQFUHDVHV�ZLWK�D�GHFUHDVH�RI
)H�FRQWHQW�� EHLQJ� LQ� DQ� DJUHHPHQW� ZLWK� WKH� H[SHULPHQWDO� UHVXOWV� >��@�� )RU� VSKHULFDO
FU\VWDOOLWHV�ZLWK�WKHLU�UDGLXV�5�����QP��WKH�PDJQHWRVWULFWLRQ�FRQVWDQW�WKDW�GHVFULEHV�WKH
LQWHUIDFH�ZDV�HVWLPDWHG�WR�EH� �

�l ���������� � �QP�
,QWHUSUHWDWLRQ�RI� WKH� ����� � S�l GHSHQGHQFLHV�REWDLQHG� IRU�)LQHPHW�W\SH�DOOR\V�XVLQJ

WKH�PRGHO� JLYHQ� E\� (T�� ���� VKRZV� WKDW� WKH� YDOXH� RI� WKH� PDJQHWRVWULFWLRQ� FRQVWDQW�
ZKLFK�FKDUDFWHUL]HV�WKH�FU\VWDO�DPRUSKRXV�LQWHUIDFH��LV�LQ�WKH�UDQJH�RI�������� � ��� �

�l
��������� � �QP�>������@�

7KH�PRGHO�ZLWK� WKH�HIIHFWLYH�PHGLXP�GHVFULSWLRQ�RI� LQWHUIDFLDO�HIIHFWV��JLYHQ�E\
(T�� ����� KDV� EHHQ� DSSOLHG� WR� WKH� DQDO\VLV� RI� ����� � S�l GHSHQGHQFH� LQ� WKH�)H � 
 =U � % � &X �
QDQRFU\VWDOOLQH�DOOR\V�DQG�WKH�UHVXOWV�REWDLQHG�DUH�VKRZQ�LQ�)LJ���E�±�VROLG�OLQH�>��@�
,Q�WKLV�ILJXUH��WKH�FRPSDULVRQ�RI�WKH�H[SHULPHQWDO�GDWD�DQG� ����� � S�l FXUYHV��FDOFXODWHG
XVLQJ�WKH�WKUHH�PRGHOV�GHVFULEHG�DERYH��(T�������(T������DQG�(T�������LV�SUHVHQWHG��,W�LV
VHHQ� WKDW� WKH� VLPSOH� EDODQFH� RI� WKH� FU\VWDOOLWHV� DQG� DPRUSKRXV�PDWUL[� FRQWULEXWLRQV
�(T�������GRHV�QRW�DSSURSULDWHO\�GHVFULEH�WKH�H[SHULPHQWDO�GDWD��7KH�DSSUR[LPDWLRQ�LV
GHILQLWHO\� LPSURYHG�ZKHQ� WKH� LQWHUIDFLDO� HIIHFWV� DUH� WDNHQ� LQWR� DFFRXQW�� 7KH�5HXVV�
W\SH�DSSUR[LPDWLRQ��(T�������JLYHV�D�ORZHU�HVWLPDWH�IRU�WKH�LQWHUIDFH�PDJQHWRVWULFWLRQ�

dll
�
�

�

� = ���������� � ��ZKHUH� � �����QP��DV�ZDV�VKRZQ�LQ�>�����@��WKDQ�WKH�HIIHFWLYH�
PHGLXP� DSSURDFK� �(T�� �����ZKLFK� JLYHV �

�l �� ����� � � >��@�� 7KLV� GLIIHUHQFH� LV�PDLQO\
FDXVHG�E\�WKH�XQGHUHVWLPDWLRQ�RI�WKH�YROXPH�IUDFWLRQ�RI�WKH�LQWHUIDFH�OD\HU�E\�WDNLQJ
�5�� �� LQ� WKH� IRUPHU�PRGHO�� ZKLFK� LV� WRR� URXJK� DVVXPSWLRQ� IRU� WKH� QDQRVWUXFWXUH
VWXGLHG��ZKHUH� �5� � ������ 7KRXJK� ERWK� RI� WKHVH�PRGHOV� FDQ�ZHOO� DSSUR[LPDWH� WKH
H[SHULPHQWDO�GDWD�� LW� VHHPV� WKDW�PRUH� UHOLDEOH�YDOXHV� IRU� WKH� LQWHUIDFH�PDJQHWRVWULF�
WLRQ�FRQVWDQW�FDQ�EH�REWDLQHG�IURP�WKH�HIIHFWLYH�PHGLXP�DSSURDFK�

�����7KHUPDO�HYROXWLRQ�RI�WKH�HIIHFWLYH�PDJQHWRVWULFWLRQ

7KH�FKDUDFWHULVWLF� IHDWXUH�RI� WKH� WHPSHUDWXUH�GHSHQGHQFLHV�RI� WKH� HIIHFWLYH�PDJ�
QHWRVWULFWLRQ�LQ�)LQHPHW�W\SH�DOOR\V�LV�WKH�DSSHDUDQFH�RI�D�FRPSHQVDWLRQ�WHPSHUDWXUH�
GHILQHG� DV� WKH� WHPSHUDWXUH� DW�ZKLFK� WKH�PDJQHWRVWULFWLRQ� EHFRPHV� ]HUR� >��� ������@�
7KH� H[SHULPHQWDO� GDWD� REWDLQHG� IRU� VHOHFWHG� )H � 	 � 
 &X � 1E 	 6L ��
�� 
 % � � VDPSOHV� DUH SUH�
VHQWHG� LQ� )LJ�� ��D��� 7KH� PRVW� VXUSULVLQJ� UHVXOWV� UHJDUGLQJ� ����� � 7�l GHSHQGHQFH� DUH
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REWDLQHG�DW�WHPSHUDWXUHV�DERYH�WKH�&XULH�SRLQW�RI�WKH�DPRUSKRXV�PDWUL[�7 � �DP���,Q�
VWHDG�RI�QHJDWLYH�PDJQHWRVWULFWLRQ��H[SHFWHG�IURP�WKH�EDODQFH��(T�� �����EHWZHHQ� WKH
QHJDWLYH� FRQWULEXWLRQ� RI� )H�6L� JUDLQV� DQG� YDQLVKLQJ� FRQWULEXWLRQ� IURP� WKH� UHVLGXDO
DPRUSKRXV�PDWUL[��1LHOVHQ�HW�DO��>��@�UHYHDOHG�WKDW�DW�7�!�7 � �DP��WKH�H[SHULPHQWDOO\
REVHUYHG� ��� �

�l YDOXHV�ZHUH�HLWKHU�FORVH�WR�]HUR�RU�SRVLWLYH��7KLV�LQGLFDWHG�DJDLQ�WKDW�WKH
HIIHFWLYH�PDJQHWRVWULFWLRQ�RI�WKH�QDQRFU\VWDOOLQH�PDWHULDOV�LV�PRUH�FRPSOH[�WKDQ�WKDW
GHVFULEHG�E\�WKH�VLPSOH�WZR�FRPSRQHQW�5HXVV�W\SH�PRGHO�JLYHQ�E\�(T������

)LJ�����7HPSHUDWXUH�GHSHQGHQFLHV�RI�WKH�HIIHFWLYH�PDJQHWRVWULFWLRQ�LQ�)H ����� � &X � 1E � 6L � ��� � % �
QDQRFU\VWDOOLQH�DOOR\V��D��ZLWK�GLIIHUHQW�FU\VWDOOLWH�FRQWHQW��E��IRU�S� �������EURNHQ�OLQHV
FRUUHVSRQG�WR�FU\VWDOOLQH�F��DPRUSKRXV�D�DQG�LQWHUIDFLDO�L�FRQWULEXWLRQV�FDOFXODWHG

E\�XVLQJ�WKH�WKUHH�FRPSRQHQW�5HXVV�W\SH�DSSUR[LPDWLRQ��(T������

7KH�PRVW�GHWDLOHG�VWXGLHV�RI� WKH� WKHUPDO�HYROXWLRQ�RI� WKH�HIIHFWLYH�PDJQHWRVWULF�
WLRQ�LQ�WKH�)LQHPHW�W\SH�DOOR\V�ZHUH�FRQGXFWHG�E\�*U|VVLQJHU�HW�DO��>������@�ZKR�KDYH
DOVR�PHDVXUHG�WKH�WHPSHUDWXUH�GHSHQGHQFLHV�RI�WKH�VDWXUDWLRQ�PDJQHWRVWULFWLRQ�LQ�WKH
PLFUR�FU\VWDOOLQH�)H�6L� DOOR\V� DQG� XVHG� WKHVH� UHVXOWV� DV� UHIHUHQFH� GDWD� WR�PRGHO� WKH
EHKDYLRXU�RI�WKH�FU\VWDOOLQH�SKDVH�LQ�QDQRFU\VWDOOLQH�DOOR\V��7KH�LQWHUSUHWDWLRQ�RI�WKH
HIIHFWLYH�PDJQHWRVWULFWLRQ�ZDV�PDGH�ZLWKLQ�WKH�IUDPHZRUN�RI�WKH�PRGHO�GHVFULEHG�E\
(T�� ����� ZKHUHDV� WKH� WKHUPDO� GHSHQGHQFLHV� IRU� WKH� LQGLYLGXDO� FRPSRQHQWV�ZHUH� GH�
VFULEHG�E\�WKH�FULWLFDO�H[SRQHQW�PHWKRG��7KH�H[HPSODU\�H[SHULPHQWDO�GDWD��REWDLQHG
IRU�)H � 	 � 
 &X � 1E 	 6L � � � 
 % � �QDQRFU\VWDOOLQH�DOOR\��FRQWDLQLQJ�DERXW�����RI�)H ��� 6L �	� �FU\V�
WDOOLQH�SKDVH��DV�ZHOO�DV�WKRVH�IRU�WKH�PLFUR�FU\VWDOOLQH�)H ��� 6L �	� �DUH�VKRZQ�LQ�)LJ���D�
7KH�DSSDUHQW�PDJQHWRVWULFWLRQ�RI�WKH�UHVLGXDO�DPRUSKRXV�SKDVH� 
��

�l ��SUHVHQWHG�LQ�WKLV
ILJXUH��ZDV�FDOFXODWHG�IURP�(T�� ����XVLQJ�IRU� ���

�l � WKH�YDOXHV�REWDLQHG�IRU� WKH�PLFUR�
FU\VWDOOLQH�FRXQWHUSDUW��,Q�WKLV�VDPSOH��DV�ZHOO�DV�LQ�PDQ\�RWKHU�)LQHPHW�W\SH�DOOR\V�RI
)H 
 ��� � &X � 1E 	 6L� % � �FRPSRVLWLRQV�� \� ������������������������������DQG�Z� �������ZLWK
S�)H ��� 6L �	� ��§������*U|VVLQJHU�HW�DO��>������@�KDYH�IRXQG�UHPDUNDEOH�DQG�SRVLWLYH� 
��

�l
YDOXHV��)LJ���E��±�DW�WHPSHUDWXUHV�DERYH�WKH�XVXDOO\�GHWHUPLQHG�&XULH�WHPSHUDWXUH�RI



(IIHFWLYH�PDJQHWRVWULFWLRQ�LQ�QDQRFU\VWDOOLQH�DOOR\V ��

WKH�DPRUSKRXV�SKDVH�� ���
�7 a����.���7KH�REVHUYHG� 
��

�l �7��EHKDYLRXU�ZDV�DVFULEHG�WR
DQ� HQKDQFHPHQW� RI� WKH� &XULH� WHPSHUDWXUH� RI� WKH� UHPDLQLQJ� DPRUSKRXV� SKDVH� DIWHU
DQQHDOLQJ� GXH� WR� DQ� H[FKDQJH�� GULYHQ� SRODUL]DWLRQ� RI� WKH� PDWUL[� E\� IHUURPDJQHWLF
JUDLQV�� SRVWXODWHG� E\� +HUQDQGR� >��@�� $� VLPSOH� OLQHDU� UHJUHVVLRQ� RI� WKH� 
��

�l �7�� GH�
SHQGHQFLHV� SUHVHQWHG� LQ�)LJ�� �E� LQGLFDWHV� WKDW� 
��

�l � GRHV� QRW� YDQLVK� XS� WR� WKH�&XULH
WHPSHUDWXUH�RI�WKH�FU\VWDOOLQH�SKDVH��a����.���VHH� WKH�GRWWHG� OLQH� LQ�)LJ���D��� WKHUH�
IRUH��WKH�LQFUHDVH�RI�WKH�&XULH�SRLQW�RI�WKH�DPRUSKRXV�SKDVH�VKRXOG�H[FHHG�����.��,W
RXJKW� WR� EH� QRWLFHG� WKDW� VXFK� DQ� HQKDQFHPHQW� RI� ���

�7 �� HVWLPDWHG� IURP� WKH�PDJQH�
WRVWULFWLRQ�PHDVXUHPHQWV� >������@�� LV�QHLWKHU� VXSSRUWHG�E\� WKH�PDJQHWL]DWLRQ� QRU� E\
0|VVEDXHU� VSHFWURVFRS\�PHDVXUHPHQWV� DQG� KDV� QHYHU� EHHQ� REVHUYHG� LQ� WKH� QDQRF�
U\VWDOOLQH�DOOR\V�

)LJ�����7HPSHUDWXUH�GHSHQGHQFLHV�RI�WKH�VDWXUDWLRQ�PDJQHWRVWULFWLRQ�
D��PHDVXUHG�LQ�)H � ��� � &X � 1E � 6L � ��� � % � �QDQRFU\VWDOOLQH�DOOR\�ZLWK�S� �������FORVHG�FLUFOHV��>��@�

)H ��� 6L ��� �PLFURFU\VWDOOLQH�DOOR\��RSHQ�WULDQJOHV��>��@�DQG�
���
	l �FDOFXODWHG�IURP�(T�������RSHQ�FLUFOHV��

WKH�GRWWHG�OLQH�UHSUHVHQW�WKH�SRVVLEOH�LQWHUIDFLDO�PDJQHWRVWULFWLRQ��E��RI�WKH�UHVLGXDO�DPRUSKRXV�PDWUL[
FDOFXODWHG�IURP�(T������IRU�)H 
���� 
 &X � 1E � 6L � % � �DOOR\V�DQQHDOHG�DW�����.�IRU���K��DIWHU�>��@�

7KH� LQWHUSUHWDWLRQ� RI� WKH� ��� �
�l �7�� GHSHQGHQFLHV� EHFRPHV� FOHDUHU�ZKHQ� FRQVLGHULQJ

WKH� DGGLWLRQDO� SRVLWLYH� FRQWULEXWLRQ� IURP� WKH� LQWHUIDFLDO� SKDVH�� 6LQFH� WKH� LQWHUIDFHV
H[KLELW�D�PDJQHWLF�RUGHULQJ�DW�HOHYDWHG�WHPSHUDWXUHV��IDU�DERYH�WKH�&XULH�SRLQW�RI�WKH
DPRUSKRXV� DOOR\��� DV� ZDV� VKRZQ� E\� WKH� 0|VVEDXHU� VSHFWURVFRS\� LQYHVWLJDWLRQV
>�����@��WKLV�LQWHUIDFLDO�FRQWULEXWLRQ�FDQ�DFFRXQW�IRU�WKH�REVHUYHG� ��� �

�l �7��GHSHQGHQFLHV�
7KH�WKUHH�FRPSRQHQW�5HXVV�W\SH�DSSUR[LPDWLRQ�JLYHQ�E\�(T������ZDV�DSSOLHG�WR�DQDO\VH
WKH�H[SHULPHQWDO�GDWD�SUHVHQWHG� LQ�)LJ���D��DQG� WKH�H[HPSODU\� UHVXOWV�REWDLQHG� IRU� WKH
VDPSOH�ZLWK�S� �����DUH�SUHVHQWHG�LQ�)LJ���E��7KH�FU\VWDOOLQH��DPRUSKRXV�DQG�LQWHUIDFLDO
FRQWULEXWLRQV�DUH�VKRZQ�DV�EURNHQ�OLQHV��FXUYH�F��D�DQG�L��UHVSHFWLYHO\���7KH�FRQWULEXWLRQ
IURP� WKH�FU\VWDOOLQH�SKDVH�ZDV�HVWLPDWHG�EDVHG�RQ� WKH� WHPSHUDWXUH�GHSHQGHQFH�RI� WKH
VDWXUDWLRQ�PDJQHWRVWULFWLRQ� UHSRUWHG� E\�*U|VVLQJHU� HW� DO�� >���� ��@� LQ� )H ��� 6L ��� � PLFUR�
FU\VWDOOLQH�ULEERQ��VHH�DOVR�RSHQ�WULDQJOHV�LQ�)LJ���D���7KH�FRQWULEXWLRQ�IURP�WKH�LQWHU�
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IDFHV� ZDV� FDOFXODWHG� DVVXPLQJ� WKDW� DW� D� URRP� WHPSHUDWXUH� �
�l KDV� D� YDOXH� REWDLQHG

IURP� ����� � S�l ILWWLQJ� LQ� WKH� )LQHPHW�W\SH� DOOR\V� � �
�l §� ������� � QP�� DQG� GHFUHDVHV� ZLWK

LQFUHDVLQJ�WHPSHUDWXUH��7KH�FRQWULEXWLRQ�IURP�WKH�UHVLGXDO�DPRUSKRXV�PDWUL[�REWDLQHG
IURP�WKH� WKUHH�FRPSRQHQW�PRGHO�JLYHQ�E\�(T�� ���� LV�VPDOO�DQG��PRUHRYHU��YDQLVKHV�DW
7�§� ���

�7 �ZKLFK�VHHPV�WR�KDYH�PRUH�SK\VLFDO�PHDQLQJ�WKDQ�WKH� ���
�l �7 ��UHVXOWV�VKRZQ�LQ

)LJ���E�DQG�IRXQG�IURP�WKH�WZR�FRPSRQHQW�PRGHO��(T��������&RQVLGHULQJ�WKH�DERYH��WKH
DSSDUHQW�ODUJH��SRVLWLYH�PDJQHWRVWULFWLRQ�RI�WKH�DPRUSKRXV�SKDVH� ���

�l �7���IRXQG�HYHQ
DW� WKH�KLJKHVW� WHPSHUDWXUHV� DSSOLHG� �7�!!� ���

�7 �� >������@� �)LJ�� �E��� VKRXOG� EH� LQWHU�
SUHWHG� DV� RULJLQDWLQJ�� LQ� IDFW�� IURP� WZR� WHUPV�� D� FRQWULEXWLRQ� IURP� WKH� UHVLGXDO
DPRUSKRXV� PDWUL[� �PXFK� UHGXFHG� LQ� FRPSDULVRQ� ZLWK� WKH� UHVXOWV� SUHVHQWHG� LQ� WKLV
ILJXUH�� DQG�D� FRQWULEXWLRQ� IURP� WKH� LQWHUIDFLDO� SKDVH�ZKLFK� EHFRPHV� GRPLQDQW�ZLWK
LQFUHDVLQJ�WHPSHUDWXUH�DQG�LV�UHVSRQVLEOH�IRU�WKH�SRVLWLYH�YDOXHV�RI�WKH�HIIHFWLYH�PDJ�
QHWRVWULFWLRQ�REVHUYHG�DW�KLJK�WHPSHUDWXUHV��WKH�GRWWHG�OLQH�LQ�)LJ��D��

���&RQFOXVLRQV
7KUHH� SKHQRPHQRORJLFDO�PRGHOV� RI� WKH� HIIHFWLYH�PDJQHWRVWULFWLRQ� LQ� QDQRQFU\V�

WDOOLQH�DOOR\V�DUH�SUHVHQWHG��RQH�FRQVLGHUV�RQO\�WKH�FU\VWDOOLQH�DQG�DPRUSKRXV�PDWUL[
FRQWULEXWLRQV� DQG� WZR� RWKHUV� WDNH� DGGLWLRQDOO\� LQWR� DFFRXQW� D� FRQWULEXWLRQ� IURP� WKH
LQWHUIDFHV�IRUPHG�DW�FU\VWDOOLWH±PDWUL[�ERXQGDULHV�� L�H�� WKH�5HXVV�W\SH�DSSUR[LPDWLRQ
DQG� WKH�HIIHFWLYH�PHGLXP�PRGHO��$SSOLFDWLRQ�RI� WKHVH�PRGHOV� WR� WKH�DQDO\VLV�RI� WKH
H[SHULPHQWDO� GHSHQGHQFLHV� RI� WKH� HIIHFWLYH�PDJQHWRVWULFWLRQ� RQ� WKH� FU\VWDOOLQH� IUDF�
WLRQ�DV�ZHOO�DV�RQ�WKH�WHPSHUDWXUH�VKRZ�WKDW�WKH�VLPSOH�WZR�FRPSRQHQW�PRGHO�LV�QRW
VXIILFLHQW�WR�GHVFULEH�WKH�H[SHULPHQWDO�GDWD�DQG�RQO\�WKH�PRGHOV�ZKLFK�WDNH� LQWR�DF�
FRXQW� WKH� LQWHUIDFLDO� HIIHFWV� FDQ� ZHOO� DSSUR[LPDWH� WKH� GHSHQGHQFLHV� ����� � S�l DQG

��� �
�l �7���7KH�PRVW�LPSRUWDQW�RXWFRPH�RI�WKH�DQDO\VLV�FDUULHG�RXW�ZLWKLQ�WKHVH�PRGHOV

LV�WKDW� WKH�LQWHUIDFLDO�PDJQHWRVWULFWLRQ�KDV�SRVLWLYH�YDOXHV��ZKLOH�WKH�VDWXUDWLRQ�PDJ�
QHWRVWULFWLRQV�RI�WKH�FRUUHVSRQGLQJ�EXON�FU\VWDOV�DUH�QHJDWLYH��$OWKRXJK�ERWK�RI�WKHVH
PRGHOV�JLYH�VDWLVIDFWRU\�ILWWLQJ�RI�WKH�H[SHULPHQWDO�FXUYHV��LW�VHHPV�WKDW�D�PRUH�FRP�
SOH[�PRGHO�EDVHG�RQ�WKH�HIIHFWLYH�PHGLXP�GHVFULSWLRQ��LQ�ZKLFK�ORFDO�PDJQHWRHODVWLF
HIIHFWV��FKDUDFWHULVWLF�RI�LQGLYLGXDO�SKDVHV��DV�ZHOO�DV�WKH�WKLFNQHVV�RI�WKH�LQWHUIDFLDO
OD\HU�DUH�FRQVLGHUHG��JLYHV�PRUH�UHOLDEOH�YDOXHV�RI�WKH�VDWXUDWLRQ�PDJQHWRVWULFWLRQ�

$FNQRZOHGJHPHQW
�7KLV�ZRUN�ZDV� VXSSRUWHG� LQ�SDUW�ZLWKLQ� WKH�(XURSHDQ�&RPPXQLW\�SURJUDP� ,&$��&7�����������

�&HQWHU�RI�([FHOOHQFH�&(/',6��
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0LFURPDJQHWLF�VLPXODWLRQ
RI�PXOWLSKDVH�QDQRFU\VWDOOLQH�PDWHULDO
ZLWK�GLIIHUHQW�ERXQGDU\�FRQGLWLRQV
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� ,QVWLWXWH�RI�3K\VLFV��3ROLVK�$FDGHP\�RI�6FLHQFHV��DO��/RWQLNyZ���������������:DUVDZ��3RODQG
� /DERUDWRLUH�GH�3K\VLTXH�GH�O¶(WDW�&RQGHQVp��805������&156�

8QLYHUVLWp�GX�0DLQH��)�������/H�0DQV��)UDQFH

7KH�PLFURPDJQHWLF� IRUPDOLVP�ZDV�XVHG� WR� VWXG\� WKH�PDJQHWLF�EHKDYLRXU�RI�DQ�DVVHPEO\�RI� VLQJOH�
GRPDLQ� IHUURPDJQHWLF�SDUWLFOHV��ZLWK� UDQGRP�HDV\� D[HV�RI� DQLVRWURS\�� HPEHGGHG� LQ� D�ZHDNO\�PDJQHWLF
PDWUL[��7KH�UHVXOWV�IRU�YDULRXV�ERXQGDU\�FRQGLWLRQV�DUH�FRPSDUHG�

.H\�ZRUGV��PLFURPDJQHWLF�VLPXODWLRQV��QDQRFU\VWDOOLQH�PDWHULDO��K\VWHUHVLV�ORRS

���,QWURGXFWLRQ
1XPHURXV�PDJQHWLF�PDWHULDOV�XVHG�LQ�PRGHUQ�WHFKQRORJLFDO�DSSOLFDWLRQV�DUH�FRP�

SRVHG� RI� ILQH�PDJQHWLF� SDUWLFOHV� HLWKHU� LVRODWHG� RU� HPEHGGHG� LQ� D� QRQ�PDJQHWLF� RU
PDJQHWLF�PDWUL[��7KH�DQDO\VLV�RI�PXOWLSKDVH�V\VWHPV�LV�D�GLIILFXOW�WDVN��ZKLFK�KDV�WR
LQFOXGH�H[SHULPHQWDO�VWXGLHV�DV�ZHOO�DV�WKHRUHWLFDO�PRGHOOLQJ��7KH�FRPSOH[LW\�RI�WKH
WKHRUHWLFDO�GHVFULSWLRQ�RI�PXOWLSKDVH�PDJQHWLF�PDWHULDOV�XVXDOO\�UHTXLUHV�D�QXPHULFDO
WUHDWPHQW��2QH�RI�WKH�SRVVLEOH�DSSURDFKHV�LV�WKH�QXPHULFDO�PLFURPDJQHWLFV�WKDW�H[SH�
ULHQFHV� WKH� UHQDLVVDQFH� IURP� WKH� HDUO\� ��WK�� 7KH� PDWKHPDWLFDO� EDFNJURXQG� RI� WKH
PLFURPDJQHWLFV�>�@�FRQVLVWV�LQ�WKH�PLQLPL]DWLRQ�RI�WKH�PDJQHWLF�IUHH�HQHUJ\�RI�D�IHU�
URPDJQHWLF� PDWHULDO� XQGHU� FHUWDLQ� FRQGLWLRQV�� 7KRVH� ³FHUWDLQ� FRQGLWLRQV´� LQFOXGH
SDUDPHWHUV���L��RI�WKH�H[WHUQDO�HQYLURQPHQW� LQIOXHQFH�VXFK�DV�DSSOLHG�ILHOG�� WHPSHUD�
WXUH�� VWUHVV�� �LL��RI� WKH� PDWHULDO� �H[FKDQJH� LQWHJUDO�� DQLVRWURS\� FRQVWDQW�� VDWXUDWLRQ
PDJQHWLVDWLRQ��HWF�����LLL��RI�WKH�V\VWHP�JHRPHWU\�WKDW�GHVFULEH�WKH�VDPSOH��DQG�LQ�WKH
FDVH�RI�QRQ�XQLIRUP�PDWHULDO� LWV� LQQHU� VWUXFWXUH��DV�ZHOO�DV� WKH�ERXQGDU\� FRQGLWLRQV
IRU�WKH�PLFURPDJQHWLF�SUREOHP�
BBBBBBBBB


&RUUHVSRQGLQJ�DXWKRU��H�PDLO��QHGHO#LISDQ�HGX�SO�
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7KH�FDOFXODWLRQV�SUHVHQWHG�LQ�WKLV�SDSHU�ZHUH�SHUIRUPHG�IRU�D�SHFXOLDU�QDQRVWUXF�
WXUH� FRPSRVHG� RI� UDQGRPO\� RULHQWHG� FU\VWDOOLQH� JUDLQV�� H[KLELWLQJ� KLJK� PDJQHWLF
PRPHQW� DQG� VWURQJ� XQLD[LDO� DQLVRWURS\�� HPEHGGHG� LQ� D� ZHDNO\� PDJQHWLF� LVRWURSLF
PDWUL[�

���0LFURPDJQHWLF�PRGHO
7KH�V\VWHP�XQGHU�FRQVLGHUDWLRQ�LV�D�FXEH�RI�WKH�HGJH�VL]H�'�GLYLGHG�LQWR�1�1�1�FX�

ELF� HOHPHQWV�ZLWK� WKH� OLQHDU� VL]H� G� �VHH�)LJ�� ����2XU� FDOFXODWLRQV�ZHUH� SHUIRUPHG� IRU
1� ����RU����DQG�G� ���QP��9DULRXV�ERXQGDU\�FRQGLWLRQV�ZHUH�FRQVLGHUHG��IUHH��SHULRGLF
LQ�WZR�GLPHQVLRQV�DQG�SHULRGLF�LQ�WKUHH�GLPHQVLRQV��,Q�WKH�FDVH�RI�WKH�IUHH�ERXQGDULHV�
WKH�OLQHDU�VDPSOH�VL]H�LV�'�DQG�FDQ�EH�FDOFXODWHG�E\�VLPSOH�PXOWLSO\LQJ�WKH�VL]H�RI�WKH
GLVFUHWLVDWLRQ�HOHPHQW�E\�WKH�QXPEHU�RI�HOHPHQWV��L�H���'� �G1��+RZHYHU��IRU�SHULRGLFDO
ERXQGDU\�FRQGLWLRQV�WKH�HGJH�VL]H�'�PHDQV�WKH�SHULRG�VL]H�RI�WKH�PRGHO�DQG�KDV�QRWKLQJ
WR�GHDO�ZLWK�WKH�VDPSOH�SK\VLFDO�VL]H��,Q�WKLV�FDVH��WKH�FXEH�RI�OLQHDU�VL]H�'�LV�UHSOLFDWHG
LQILQLWH�QXPEHU�RI�WLPHV�LQ�WZR�RU�WKUHH�GLPHQVLRQV��7KXV��WKH�SHULRGLFDO�ERXQGDU\�FRQ�
GLWLRQV�DOORZ�XV�WR�LPSOHPHQW�WKH�LQILQLWH�VDPSOH�VL]H�LQ�WKH�PRGHO��7KH�DVVXPSWLRQ�RI
WKH�³LQILQLWH�VL]H´�JLYHV� WZR�PDLQ�DGYDQWDJHV�� WKHUH�DUH�QR� ILQLWH� VL]H�HIIHFWV�DQG� LW� LV
SRVVLEOH�WR�FRPSDUH�WKH�UHVXOWV�DFKLHYHG�ZLWK�H[SHULPHQWDO�GDWD�RI�D�FRUUHVSRQGLQJ�EXON
PDWHULDO�

)LJ�����&XELF�GLVFUHWLVDWLRQ�SURFHGXUH��'�LV�WKH�SHULRG�VL]H�
G�LV�WKH�VL]H�RI�WKH�GLVFUHWLVDWLRQ�HOHPHQW��/LJKW�FXEHV�UHSUHVHQW
WKH�JUDLQV�HPEHGGHG�LQ�PDWUL[�ZKLFK�LV�UHSUHVHQWHG�E\�GDUN�FXEHV

+HUH� DQG� EHORZ��ZH� FRQVLGHU� WKH�ZKROH� VSHFLPHQ� DV� D� ILQLWH� RU� LQILQLWH� UHJXODU
PHVK�RI�FORVHO\�SDFNHG� LQWHUDFWLQJ�FXELF�HOHPHQWV�>�@��GLVFUHWLVDWLRQ�FXELF�HOHPHQWV
UHIHUV�WR�PHVK�FHOOV�



0LFURPDJQHWLF�VLPXODWLRQ�RI�PXOWLSKDVH�QDQRFU\VWDOOLQH�PDWHULDO ��

7KH�PHVK� XVHG� IRU� QXPHULFDO� FDOFXODWLRQV� LV� D� WZR�SKDVH� V\VWHP� WKDW� FRQVLVWV� RI
FU\VWDOOLQH�SDUWLFOHV�ZLWK�XQLD[LDO�DQLVRWURS\�UDQGRPO\�HPEHGGHG�LQ�D�ZHDNO\�PDJQHWLF
LVRWURSLF�PDWUL[�ZLWK�WKH�����SDFNLQJ�GHQVLW\�RI�JUDLQV��7KH�VL]H�RI�HDFK�SDUWLFOH�LV�WKH
VDPH�DQG�HTXDOV�WKH�FHOO�VL]H�G��7KH�GLUHFWLRQV�RI�HDV\�D[HV�RI�SDUWLFOHV�DUH�JHQHUDWHG
UDQGRPO\�ZLWK�D�XQLIRUP�GLVWULEXWLRQ�RI�WKH�GLUHFWLRQ�FRVLQHV�

6LQFH�WKH�VL]H�RI�WKH�PHVK�FHOOV�LV�VXIILFLHQWO\�VPDOO�WR�PHHW�WKH�DVVXPSWLRQ�RI�WKH
PLFURPDJQHWLFV��L�H��� LW� LV�VPDOOHU� WKDQ� WKH�H[FKDQJH�FKDUDFWHULVWLF� OHQJWK��� WKH�PDJ�
QHWLVDWLRQ�LQ�HDFK�RI�WKHP�FDQ�EH�VXEVWLWXWHG�IRU�D�FODVVLFDO�YHFWRU��$OO�FDOFXODWLRQV�DUH
FDUULHG�RXW�IRU�ORZ�WHPSHUDWXUHV��ZKHUH�WKH�WKHUPDO�IOXFWXDWLRQV�FDQ�EH�QHJOHFWHG�

7KH�FRQVLGHUHG�PDJQHWLF�IUHH�HQHUJ\�IXQFWLRQDO�LQFOXGHV�WKH�HQHUJ\�FRQWULEXWLRQV
IURP�WKH�ILHOG�DSSOLHG��XQLD[LDO�DQLVRWURS\��H[FKDQJH�DQG�PDJQHWRVWDWLF�LQWHUDFWLRQV
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7KH�H[WHUQDO�ILHOG�HQHUJ\�( � �	� �DQG�XQLD[LDO�DQLVRWURS\�HQHUJ\�( ��� �WHUPV�DUH�XVHG�LQ
WKHLU�FODVVLFDO�IRUPV�>�@��7KH�H[FKDQJH�HQHUJ\�LV�FDOFXODWHG�E\�PHDQV�RI�WKH�+HLVHQEHUJ�
OLNH� WHUP�� 7KH�PDJQHWRVWDWLF� HQHUJ\� FRQWULEXWLRQ�(����� � LV� FDOFXODWHG� XVLQJ� WKH� H[SOLFLW
H[SUHVVLRQ�IRU�GHPDJQHWLVLQJ�ILHOG�SUHVHQWHG�E\�1DNDWDQL�HW�DO��>�@�DQG�VXPPHG�RYHU�WKH
VSHFLPHQ�E\�PHDQV�RI�WKH�)DVW�)RXULHU�7UDQVIRUP��))7��WHFKQLTXH�>�@�ZLWK�WKH�DLG�RI
QXPHULFDO�URXWLQHV�FDOOHG�WKH�)DVWHVW�)RXULHU�7UDQVIRUP�LQ�WKH�:HVW�>�@�

'HILQLQJ�WKH�PDJQHWLVDWLRQ�YHFWRU�LQ�WKH�L�WK�PHVK�FHOO�DV
��� 0 P0 �=

ZKHUH� �
�0 GHQRWHV�WKH�VDWXUDWLRQ�PDJQHWLVDWLRQ�RI�WKH�s�VRUW�RI�PDWHULDO��L�H���JUDLQ�RU

PDWUL[��P � �LV�WKH�XQLWDU\�YHFWRU�SDUDOOHO�WR�PDJQHWLVDWLRQ�RI�WKH�L�WK�FHOO��WKH�WRWDO�HQ�
HUJ\�GHQVLW\�RI�D�VDPSOH�LQ�D�XQLIRUP�ILHOG�DSSOLHG�LV�D�VXP�RI�WKH�HQHUJ\�GHQVLWLHV�RI
WKH�PHVK�FHOOV�DQG�FDQ�EH�ZULWWHQ�DV
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ZKHUH�+ ����� �LV�WKH�DSSOLHG�ILHOG�� "
#. ±�DQLVRWURS\�FRQVWDQW�DQG�Q�LV�WKH�HDV\�D[LV�GLUHF�

WLRQ�YHFWRU��$ � $ %�� ±�H[FKDQJH�FRQVWDQW��ZKHUH�dL�PHDQV�WKH�QXPEHU�RI�QHLJKERXUV�WR�WKH
L�WK�QRGH��+& ±�GHPDJQHWLVLQJ�ILHOG�

7KH�PLQLPL]DWLRQ�SURFHGXUH�LV�SURYLGHG�E\� WKH�-DFREL� LWHUDWLYH�VFKHPH�EDVHG�RQ
WKH�/DQGDX±/LIVKLW]�HTXDWLRQ�RI�PRWLRQ�IRU�PDJQHWLF�PRPHQWV�ZLWKRXW�D�SUHFHVVLRQ
WHUP�>�@��L�H�

�� '�( (
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)

GW
G KPPP ��-=

ZKHUH�WKH�WLPH�VFDOH�LQFOXGHV�WKH�IDFWRU�SUHFHGLQJ�WKH�YHFWRU�SURGXFW��DQG�K *�+ + � LV� WKH
HIIHFWLYH�ILHOG�GHILQHG�DV
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7KH�FRQGLWLRQ�IRU�WKH�HTXLOLEULXP�VWDWH�RI�PDJQHWLVDWLRQ�LV�WKH�UHTXLUHPHQW�WKDW�IRU
HYHU\� QRGH� WKH�PDJQHWLVDWLRQ� YHFWRU� VKRXOG� EH� SDUDOOHO� WR� WKH� DSSURSULDWH� HIIHFWLYH
ILHOG�WKDW�JLYHV�D�PLQLPXP�RI�WKH�PDJQHWLF�IUHH�HQHUJ\��7KXV��WR�DFKLHYH�WKH�HTXLOLE�
ULXP�RQH�VKRXOG�UHFDOFXODWH�WKH�HIIHFWLYH�ILHOG�DQG�XVH�WKH�/DQGDX±/LIVKLW]�HTXDWLRQ
WR�JDLQ�WKH�QH[W�WUDQVLWLRQ�VWDWH�IRU�HDFK�LWHUDWLRQ�VWHS�

���5HVXOWV
7KH�PDWHULDO�SDUDPHWHUV�XVHG�IRU�WKH�DSSURSULDWH�FDOFXODWLRQV�DUH�SUHVHQWHG�LQ�WKH

WDEOH�� 7KHVH� SDUDPHWHUV� ZHUH� FKRVHQ� VR� DV� WR� DSSUR[LPDWHO\� FRUUHVSRQG� WR� WKH� UH�
FHQWO\� SURGXFHG� DQG� H[SHULPHQWDOO\� VWXGLHG� &R ��� 1E � &X � 6L � � % � � � QDQRFU\VWDOOLQH
PDWHULDO��REWDLQHG�E\� WKH� LVRWKHUPDO�DQQHDOLQJ�RI� WKH�DPRUSKRXV�DOOR\�>�@��:H�KDYH
DOUHDG\�XVHG�WKLV�PDWHULDO�DV�D�EDVLV�IRU�WKH�FRPSDULVRQ�RI�QXPHULFDO�UHVXOWV�ZLWK�WKH
H[SHULPHQWDO�GDWD�WKDW�UHYHDOHG�D�JRRG�TXDOLWDWLYH�DJUHHPHQW�>�@�

7DEOH��0DWHULDO�SDUDPHWHUV�XVHG�IRU�WKH�PLFURPDJQHWLF�FDOFXODWLRQV

$��HUJ�FP . � ��HUJ�FP � 0 � ��HPX�FP �

*UDLQV �� 	 
 ������ 
 ����
0DWUL[ ������ 	 
 � ���
0DWUL[±JUDLQ�LQWHUIDFH ������ 	 
 ± ±

7KH�K\VWHUHVLV�ORRSV�REWDLQHG�IRU�WKH�QDQRVWUXFWXUH�VWXGLHG�LQ�WKH�FDVH�RI�WKH�IUHH
ERXQGDU\�FRQGLWLRQV�DV�ZHOO�DV�SHULRGLF�LQ���DQG���GLPHQVLRQV�DUH�SUHVHQWHG�LQ�)LJ���
DQG�)LJ����IRU�WKH�PHVK�VL]HV�1� ����DQG�����UHVSHFWLYHO\�

,W�KDV�EHHQ�DOUHDG\�VKRZQ�WKDW�LQ�VXFK�D�QDQRVWUXFWXUH��GXH�WR�WKH�H[FKDQJH�FRX�
SOLQJ�EHWZHHQ�WKH�KLJKO\�DQLVRWURSLF�FU\VWDOOLWHV�DQG�WKH�VXUURXQGHG�LVRWURSLF�PDWUL[�
WKH�PDWHULDO� LV�FRPELQHG�LQWR�UDQGRPO\�RULHQWHG�ZHDNO\�UHODWHG�FOXVWHUV� >�@��7KH�UH�
VXOWV� RI� WKH� VLPXODWLRQV� RI� PDJQHWLVDWLRQ� SURFHVVHV� LQGLFDWH� WKDW� GXULQJ� WKH
PDJQHWLVDWLRQ� UHYHUVDO� SURFHVV� WKH� FOXVWHUV� UHYHUVH� VHTXHQWLDOO\� LQ� D� UHYHUVDO� ILHOG�
ZKLFK�FDQ�EH�FRQVLGHUHG�DV�DQ�H[WHUQDO�ILHOG�PRGXODWHG�E\�D�PDJQHWRVWDWLF�ILHOG�IURP
WKH�QHLJKERXULQJ�FOXVWHUV��)RU�FOXVWHUV�ZKLFK�DUH�SUHIHUHQWLDOO\�DGMDFHQW�SDUDOOHO�WR�WKH
DSSOLHG�ILHOG�WKH�UHYHUVDO�ILHOG�LV�HQKDQFHG��ZKHUHDV�IRU�WUDQVYHUVDOO\�DGMDFHQW�FOXVWHUV
LW� LV� UHGXFHG�� 7KLV� UHVXOWV� LQ� D� VWHS�OLNH� VKDSH� RI� WKH� K\VWHUHVLV� ORRSV� SUHVHQWHG� LQ
)LJV����DQG����'HSHQGLQJ�RQ�WKH�VWUHQJWK�RI�WKH�H[FKDQJH�FRXSOLQJ�YLD�WKH�JUDLQ±PD�
WUL[� LQWHUIDFH� DQG� WKH� DQLVRWURS\� FRQVWDQW� RI� WKH� JUDLQV�� RQH� FDQ� REWDLQ� D� FOXVWHU
VWUXFWXUH�WKDW�LV�VWDEOH�GXULQJ�WKH�ZKROH�UHYHUVDO�SURFHVV��DV�LQ�WKLV�ZRUN��RU�XQVWDEOH
FOXVWHUV� IRU�ZKLFK� WKH�PDJQHWLVDWLRQ�RI� WKH�PDWUL[� WHDUV�RII� IURP� WKH� JUDLQV� LQ� KLJK
HQRXJK�UHYHUVDO�ILHOG�>�@�



0LFURPDJQHWLF�VLPXODWLRQ�RI�PXOWLSKDVH�QDQRFU\VWDOOLQH�PDWHULDO ��

)LJ�����+\VWHUHVLV�ORRSV�FDOFXODWHG�IRU�GLIIHUHQW�ERXQGDU\�FRQGLWLRQV�
6DPSOH�PHVK�VL]H�LV����������QRGHV�

7KH�GLUHFWLRQ�RI�WKH�H[WHUQDO�ILHOG�LV�SDUDOOHO�WR�WKH�]�D[LV

)LJ�����+\VWHUHVLV�ORRSV�FDOFXODWHG�IRU�GLIIHUHQW�ERXQGDU\�FRQGLWLRQV�
6DPSOH�PHVK�VL]H�LV����������QRGHV�

7KH�GLUHFWLRQ�RI�WKH�H[WHUQDO�ILHOG�LV�SDUDOOHO�WR�WKH�]�D[LV

)RU�D�FHUWDLQ�PHVK�VL]H��WKH�GLIIHUHQW�VKDSHV�RI�WKH�FDOFXODWHG�ORRSV�DUH�WKH�FRQVH�
TXHQFHV�RI� WKH�YDULRXV� OHYHOV�RI� WKH� ILQLWH�VL]H� HIIHFWV�� ,Q� WKH� FDVH�ZKHUH� WKHUH� LV� DW
OHDVW�RQH�QRQ�SHULRGLF�GLPHQVLRQ��RQ�WKH�IUHH�IDFHV�RI�D�QDQR�VDPSOH�WKH�VXUIDFH�PDJ�
QHWLF�SROHV� FDQ� DSSHDU��7KHVH� DGGLWLRQDO�PDJQHWLF� SROHV� LQFUHDVH� WKH� GHPDJQHWLVLQJ
ILHOG�� ZKLFK�� LQ� WXUQ�� PRGLILHV� WKH� PDJQHWLVDWLRQ� UHYHUVDO�� 7KH� SHULRGLFLW\� UHPRYHV
WKHVH� ILQLWH�VL]H�HIIHFWV�� VR� WKH� UHVXOWLQJ�K\VWHUHVLV� ORRS�FDQ�EH� FRPSDUHG� WR� WKH� H[�
SHULPHQWDO�RQH�PHDVXUHG� IRU�D�PDFUR�VDPSOH��7KH��'�SHULRGLF�ERXQGDU\�FRQGLWLRQV
FDQ�EH�DSSOLHG�WR�PRGHOOLQJ�WKLQ�PDJQHWLF�ILOPV��+RZHYHU��WKLV�DSSUR[LPDWLRQ�LV�QRW
VXIILFLHQW�IRU�EXON�PDWHULDOV�IRU�ZKLFK�WKH�URWDWLRQDO�SURFHVVHV��ZKLFK�RFFXU�DW�KLJKHU
ILHOGV��DUH�ORVW��7KH�LQFUHDVH�RI�WKH�PHVK�VL]H�OHDGV�WR�WKH�UHILQHPHQW�RI�WKH�ORRS�VKDSH
GXH�WR�WKH�LPSURYHG�DYHUDJLQJ�RI�WKH�PDJQHWLVDWLRQ�RYHU�ODUJHU�QXPEHU�RI�JUDLQV��,Q
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WKLV�FDVH��RQH�FDQ�REWDLQ�D�EHWWHU�DSSUR[LPDWLRQ�RI�WKH�H[SHULPHQWDO�UHVXOWV�EXW��RQ�WKH
RWKHU�KDQG��WKH�LQFUHDVH�RI�WKH�PHVK�VL]H�VXEVWDQWLDOO\�LQFUHDVHV�WKH�FDOFXODWLRQ�WLPH�

���&RQFOXVLRQV
,W�KDV�EHHQ�VKRZQ�WKDW�WKH�PDJQHWLF�SURSHUWLHV�RI�WKH�V\VWHP�FRQVLVWLQJ�RI� IHUUR�

PDJQHWLF� SDUWLFOHV� ZLWK� KLJK� XQLD[LDO� DQLVRWURS\� VWURQJO\� GHSHQG� RQ� WKH� PDJQHWLF
VWDWH�RI�WKH�PDWUL[�LQ�ZKLFK�WKH\�DUH�GLVSHUVHG��7KH�SUHVHQFH�RI�D�VPDOO�PDWUL[�PDJ�
QHWLF� PRPHQW� DQG� ZHDN�� ERWK� LQ�PDWUL[� DQG� PDWUL[�FU\VWDOOLWH�� H[FKDQJH� FRXSOLQJV
OHDG� WR�FOXVWHU�OLNH� LQQHU�PDJQHWLVDWLRQ�SDWWHUQV��7KH�PDJQHWLVDWLRQ� UHYHUVDO� LQ� VXFK
QDQRVWUXFWXUH�SURFHHGV�E\�VHTXHQWLDO� URWDWLRQ�RI�PDJQHWLF�PRPHQWV�ZLWKLQ� WKH�FOXV�
WHUV��7KH�VKDSH�RI�WKH�FDOFXODWHG�K\VWHUHVLV�ORRS��ZKLFK�UHSUHVHQWV�WKLV�PDJQHWLVDWLRQ
SURFHVV��VWURQJO\�GHSHQGV�RQ�WKH�ERXQGDU\�FRQGLWLRQV��ZKLFK�VKRXOG�FDUHIXOO\�EH�FKR�
VHQ�IRU�WKH�VLPXODWLRQ�RI�WKH�UHDO�H[SHULPHQW�

$FNQRZOHGJHPHQWV
7KH�ZRUN�ZDV�VXSSRUWHG�LQ�SDUW�ZLWKLQ�WKH�(XURSHDQ�&RPPXQLW\�3URJUDPPH�,&$��&7�����������

�&HQWUH�RI�([FHOOHQFH�&(/',6�
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,QIOXHQFH�RI�LQGLXP�GLOXWLRQ�OHYHO
RQ�PDJQHWLF�SURSHUWLHV�DQG�SKRWRFRQGXFWLYLW\
RI�&G�±\&U�±�[,Q�[�\6H��PDJQHWLF�VHPLFRQGXFWRUV

%�7��&, &,:$ � ��/�-��0$.6<02:,&=��0��/8%(&.$�
+��-$1.2:6.,��-��62.8/6.,��=��62%.Ï:

'HSDUWPHQW�RI�(OHFWURQLFV��8QLYHUVLW\�RI�0LQLQJ�DQG�0HWDOOXUJ\���������.UDNyZ�
DO��0LFNLHZLF]D�����3RODQG

0DJQHWLF�VHPLFRQGXFWRUV�RI�&G&U � 6H � �GLOXWHG�E\�LQGLXP�EHORQJ�WR�WKH�FODVV�RI�VRIW�PDJQHWLF�PDWHUL�
DOV��7KH�DPRXQW�RI�LQGLXP�DOWHUV�WKH�HQHUJHWLF�VWUXFWXUH�RI�FKDOFRJHQLGH�VSLQHO��)RU�&G&U � 6H � �,Q�PDJQHWLF
VHPLFRQGXFWRU� WKH� VWDWH�ZLWK� UHHQWUDQW� WUDQVLWLRQ� �5((�� LV� DFKLHYHG�� ,Q� WKH� FDVH� RI�&G � � � &U ����� � ,Q � ��	 � 6H �
GLOXWLRQ��WKH�VSLQ�JODVV��6*��VWDWH�DQG�WKH�UDQGRPO\�FDQWHG�VWDWH�LV�REWDLQHG��&KDOFRJHQLGH�VSLQHO�FRXOG�EH
XVHG�DV�WKH�HOHPHQW�RI�D�QHDU�LQIUDUHG�GHWHFWRU��7KHQ�WKH�SKRWRFRQGXFWLYLW\�SURSHUWLHV�±�WKH�YROWDJH�VHQ�
VLWLYLW\�YHUVXV�WKH�OLJKW�ZDYHOHQJWK�±�DUH�RI�LQWHUHVW��7KLV�SDUDPHWHU�LV�DOVR�DIIHFWHG�E\�WKH�GLOXWLRQ�OHYHO�
7KH� SRO\FU\VWDOOLQH� &G � � � &U ����� � ,Q � ��	 � 6H � � WKLQ� ILOPV� REWDLQHG� E\� UI�VSXWWHULQJ� WHFKQLTXH� ZHUH� VWXGLHG�� ,W
ZDV� IRXQG� WKDW� WKH� GHSHQGHQFH� RI� YROWDJH� VHQVLWLYLW\� RI� WKH� SKRWRUHVSRQVH� RQ� WKH� ZDYHOHQJWK� GLIIHUV
VLJQLILFDQWO\�IRU�VDPSOHV�ZLWK�5((�DQG�LQ�WKH�6*�VWDWH��)RU�ERWK�W\SHV�RI�PDJQHWLF�RUGHULQJ��WKH�SKRWRUH�
VSRQVH�EHORZ�WKH�FULWLFDO�PDJQHWLF�WHPSHUDWXUH�LV�ODUJHU�WKDQ�DERYH�LW�
.H\�ZRUGV��PDJQHWLF�VHPLFRQGXFWRU��UHHQWUDQW�WUDQVLWLRQ��VSLQ�JODVV��SKRWRFRQGXFWLYLW\

���,QWURGXFWLRQ
7KH� HQHUJ\�EDQG� VWUXFWXUH� RI�&G&U 
 6H � �PDJQHWLF� VHPLFRQGXFWRUV� LV� LQIOXHQFHG� E\

ORQJ�UDQJH�PDJQHWLF�RUGHU��7KH�WRS�RI�WKH�YDOHQFH�EDQG�DQG�WKH�ERWWRP�RI�WKH�FRQGXF�
WLRQ�EDQG�DUH�VSOLW�GXH�WR�³VSLQ�XS´�DQG�³VSLQ�GRZQ´�FRQILJXUDWLRQV��)LJ�����>�@��7KHUH�LV
D�QRQ�]HUR�GHQVLW\�RI� VWDWHV� LQ� WKH� IRUELGGHQ�JDS�RI� WKH�GRSHG�&G&U 
 6H � �� ,Q��ZKLFK� LV
SUHVHQWHG�LQ�)LJ����>�@��)URP�WKH�H[SHULPHQW�GDWD�LW�LV�NQRZQ�WKDW�WKH�VDPSOHV�

��&G&U 
 6H � �DQG�&G&U 
 6H � ���,Q�DUH�LQ�WKH�VWDWH�ZLWK�UHHQWUDQW�WUDQVLWLRQ��5((��
��&G&U 

��
�� ,Q 
�� 6H � ��,Q�VXEVWLWXWHV�&U��DUH�LQ�VSLQ�JODVV�VWDWH��6*��
��&G � ��� ,Q� &U 
 6H � ��,Q�VXEVWLWXWHV�&G��DUH�LQ�VSLQ�JODVV�VWDWH�
��&G � � � &U
��

 � ,Q
 �
��� 6H� ��,Q�VXEVWLWXWHV�&G�DQG�&U��DUH�LQ�WKH�UDQGRPO\�FDQWHG�VWDWH�>����@�
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)LJ�����(QHUJ\�OHYHO�GLDJUDP�RI�&G&U � 6H �
DW�7���7 � �>�@��&RQGXFWLRQ�DQG�YDOHQFH�EDQGV

DW�7�!�7 � �DUH�LQGLFDWHG�E\�GDVKHG�OLQHV
)LJ�����7HQWDWLYH�HQHUJ\�OHYHO�GLDJUDP�DW�7� ����.�IRU
,Q�GRSHG�Q�W\SH�&G&U � 6H � �>�@��1�(��LV�WKH�GHQVLW\�RI
VWDWHV��9 �	� �LV�WKH�&G�YDFDQF\��,PSXULW\�EDQG�LV�IRUPHG

E\�6H�YDFDQFLHV DQG�,Q 
 	 �LRQV�RQ�&G�ODWWLFH�VLWHV
:H�LQYHVWLJDWHG�WKLQ�ILOPV�RI�FKDOFRJHQLGH�PDJQHWLF�VHPLFRQGXFWRUV�REWDLQHG�E\�WKH

UI�VSXWWHULQJ�WHFKQLTXH��7KH�PDJQHWLF�VWDWH�ZDV�FODVVLILHG�EDVHG�RQ�WKH�WHPSHUDWXUH�GH�
SHQGHQFH� RI� WKH� PDJQHWL]DWLRQ�0� DQG� XQLGLUHFWLRQDO� PDJQHWLF� DQLVRWURS\� + �
� �� %RWK
SDUDPHWHUV�ZHUH�GHWHUPLQHG�IURP�WKH�IHUURPDJQHWLF�UHVRQDQFH�H[SHULPHQWV��)05��

7KH�PRGLILHG�HQHUJHWLF�VWUXFWXUH�DIIHFWV�WKH�FKDUDFWHU�RI�YROWDJH�VHQVLWLYLW\�LQ�WKH
SKRWRFRQGXFWLYLW\�PHDVXUHPHQWV��7KH�SKRWRFRQGXFWLYLW\�PHDVXUHPHQWV�ZHUH�FDUULHG
RXW�LQ�WKH�WHPSHUDWXUH�UDQJH�RI���±����.��$�GLIIHUHQW�EHKDYLRXU�RI�D�YROWDJH�VHQVLWLY�
LW\� IRU� WKH� PDJQHWLF� VHPLFRQGXFWRUV� ZLWK� 5((� WUDQVLWLRQ� LQ� FRPSDULVRQ� ZLWK� WKH
VDPSOHV�LQ�6*�VWDWH�ZDV�REVHUYHG�

���([SHULPHQW
7KH� FKDOFRJHQLGH� VHPLFRQGXFWRU� WKLQ�ILOP� OD\HUV� ZHUH� IDEULFDWHG� E\� WKH� FR�

VSXWWHULQJ� IURP� WKH� WKUHH� SRZGHUHG� FDWKRGHV� �&G6H�� &U�� &U 
 6H � �� RQ� &RUQLQJ� JODVV
VXEVWUDWHV� ZLWK� FRQWUROOHG� WHPSHUDWXUH�� 7KH� GLOXWLRQ� OHYHO� ZDV� FRQWUROOHG� ZLWK� WKH
DPRXQW�RI�XQLIRUPO\�VSRWWHG�SLHFHV�RI� ,Q 
 6H � �RQ� WKH�&U 
 6H � � FDWKRGH��3RO\FU\VWDOOLQH



,QIOXHQFH�RI�LQGLXP�GLOXWLRQ�OHYHO�RQ�&G � ��� &U � ����� ,Q ���	�
� 6H � PDJQHWLF�VHPLFRQGXFWRUV ���

OD\HUV�ZHUH�REWDLQHG�DIWHU�D�KHDW�WUHDWPHQW�SURFHVV��&RPSRVLWLRQ�RI�WKH�VDPSOHV�ZDV
DQDO\VHG� XVLQJ� ;�UD\�PLFURSUREH� DQG� WKH� WKLFNQHVV� ZDV� PHDVXUHG� ZLWK� 7DO\VXUI� �
SURILORPHWHU��6DPSOHV�ZHUH����±����QP�WKLFN��7KH�WHFKQRORJ\�GHWDLOV�DUH�SUHVHQWHG�LQ
WKH�SDSHU�>�@��7KH�VDPSOHV�RI�&G&U 
 � 
�� ,Q
�� 6H � � WKLQ�ILOPV�ZLWK������[�<������DQG�\� ��
KDYH�EHHQ�LQYHVWLJDWHG��7KH�UHVXOWV�IRU�VDPSOHV�ZLWK�\�!���ZHUH�SUHVHQWHG�HDUOLHU�>�@�

7KH�GHSHQGHQFLHV�RI�PDJQHWL]DWLRQ�0� DQG�RI�XQLGLUHFWLRQDO�PDJQHWLF�DQLVRWURS\
ILHOG�+ � � �RQ� WHPSHUDWXUH�ZHUH� FRQVLGHUHG� DV� WKH� FULWHULD�RI�PDJQHWLF�RUGHULQJ��%RWK
PDJQHWLF�SDUDPHWHUV�ZHUH�GHWHUPLQHG�IURP�WKH�IHUURPDJQHWLF�UHVRQDQFH��)05��GDWD
DW�;�EDQG� IRU� SHUSHQGLFXODU� DQG� SDUDOOHO� JHRPHWU\� DQG� IRU� WHPSHUDWXUH� UDQJH� IURP
��WR�����.��7KH�GLVSHUVLRQ�UHODWLRQ�IRU�XQLIRUP�PRGH�KDV�WKH�IRUP�>�@�

��IRU� WKH�SHUSHQGLFXODU�JHRPHWU\� �WKH� H[WHUQDO�PDJQHWLF� ILHOG� LV�SHUSHQGLFXODU� WR
WKH�ILOP�SODQH�
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��IRU�WKH�SDUDOOHO�JHRPHWU\��WKH�H[WHUQDO�PDJQHWLF�ILHOG�LV�ZLWKLQ�WKH�ILOP�SODQH�
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ZKHUH�w� ��pn��n�±�WKH�PLFURZDYH�IUHTXHQF\��g�±�WKH�J\URPDJQHWLF�IDFWRU��+ � �DQG�+ � �±�UHVRQDQFH�ILHOGV�RI�WKH�XQLIRUP�PRGH�IRU�WKH�SHUSHQGLFXODU�DQG�SDUDOOHO�JHRPHWU\�
UHVSHFWLYHO\�� %RWK� HTXDWLRQV� DUH� DSSOLHG� WR� GHWHUPLQH�0�7 �� DQG�+ � � �7 �� ZKHQ� WKH
WHPSHUDWXUH�GHSHQGHQFLHV�RI�+ � �DQG�+ � � DUH�NQRZQ�

)LJ�����7KLQ�ILOP�VDPSOH�ZLWK�WKH�LQGLXP�HOHFWURGHV�V\VWHP
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3UHDPSOLILHU
DQG�QDQRYROWPHWHU8 ���

9ROWDJH
�VXSSO\

)LJ�����6FKHPH�RI�WKH�YROWDJH�SKRWRUHVSRQVH�PHDVXUHPHQWV
7R�SUHSDUH�WKH�VDPSOH�IRU�WKH�SKRWRFRQGXFWLYLW\�PHDVXUHPHQWV��LQGLXP�HOHFWURGHV

ZHUH�FDUHIXOO\�SODFHG�RQ� WKH�VDPSOHV�� ,QGLXP�OD\HU�ZDV�HYDSRUDWHG�RQ� WKH�VHPLFRQ�
GXFWRU�WKLQ�ILOP�WR�REWDLQ�D�SURSHU�PHDQGHU�VKDSH��)LJ������6XFK�DQ�DFWLRQ�ORZHUV�WKH
UHVLVWDQFH�5� �RI�WKH�VDPSOHV��ZKLFK�LV�LPSRUWDQW�LQ�D�SKRWRUHVSRQVH�VLJQDO��7KH�SKRWR�
VLJQDO�ZDV�GHWHFWHG�DV�D�YROWDJH�UHVSRQVH�8��� RQ�WKH�ORDG�UHVLVWRU�5� ��DV�LV�VKRZQ�LQ
)LJ�����7KH�LOOXPLQDWLQJ�OLJKW�ZLWKLQ�WKH�ZDYHOHQJWK�UDQJH�IURP�����QP�WR������QP
ZDV�FKRSSHG�ZLWK�WKH�IUHTXHQF\�RI����+]��7KH�PHDVXUHPHQWV�ZHUH�FDUULHG�RXW�XQGHU
WKH�FRQGLWLRQ�5� � �5� ��7KH�VDPSOHV�RI�����±��0��UHVLVWDQFH��DW�����.��ZHUH�ELDVHG
ZLWK����9�YROWDJH��7KH� WHPSHUDWXUH�ZDV�FKDQJHG� IURP����.� WR�����.��7KH�YROWDJH
SKRWR�VLJQDO�ZDV�GHWHFWHG�XVLQJ�D�6HOHFWLYH�1DQRYROWPHWHU�/RFN�LQ 65����

���5HVXOWV
7KH�WHPSHUDWXUH�GHSHQGHQFLHV�RI�PDJQHWL]DWLRQ�0�DQG�WKH�XQLGLUHFWLRQDO�PDJQHWLF

DQLVRWURS\� ILHOG�+ � � �REWDLQHG� IURP� WKH�)05�H[SHULPHQW�DW�;�EDQG� IRU� WKLQ� ILOPV�RI
&G&U 
 6H � �,Q��5((��DQG�&G&U �	� 
 ,Q ��� � 6H � ��6*��DUH�VKRZQ�LQ�)LJV����DQG����6SHFWUDO�VHQ�
VLWLYLW\� 5 
 � RI� WKH� YROWDJH� UHVSRQVH� LV� REWDLQHG� IURP� WKH� SKRWRFRQGXFWLYLW\
PHDVXUHPHQWV�RI� WKH�&G � ��� &U 

��
�� ,Q 
���� � 6H � WKLQ� ILOPV��7KH�GDWD� IRU�&G&U 
 6H � �,Q� �5((�
DQG�&G&U �	� � ,Q ��� � 6H � ��6*��DUH�SUHVHQWHG��7KH�H[SHULPHQWDO�GDWD�DUH�LOOXVWUDWHG�DV�D�YROW�
DJH� VHQVLWLYLW\� RI� WKH� SKRWRUHVSRQVH� YV�� WKH� ZDYHOHQJWK� �)LJV�� �D� �E�� IRU� GLIIHUHQW
WHPSHUDWXUHV��7KH�WUDQVLWLRQV�DUH�LQGLFDWHG�LQ�WKH�ILJXUHV�ZLWK�GRWWHG�OLQHV��7KH�GLIIHU�
HQFHV� LQ� WKH� FKDUDFWHU� RI� VSHFWUDO� VHQVLWLYLW\� DUH� REVHUYHG� GHSHQGLQJ� RQ� WKH
WHPSHUDWXUH��)LJXUHV��D�DQG��E�SUHVHQW�WKH�YROWDJH�VHQVLWLYLWLHV�IRU�WKH�WHPSHUDWXUHV�7
��7 � DQG�7�!�7 � ��UHVSHFWLYHO\�
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� 6H � PDJQHWLF�VHPLFRQGXFWRUV ���

)LJ�����'HSHQGHQFH�RI�PDJQHWL]DWLRQ�RQ�WHPSHUDWXUH )LJ�����'HSHQGHQFH�RI�+ ��� �RQ�WHPSHUDWXUH

)LJ�����7KH�YROWDJH�VHQVLWLYLW\�YV��WKH�SKRWRQ�HQHUJ\�RI�WKH�LQFLGHQW�OLJKW�IRU�
D��WKH�XQGRSHG�&G&U � 6H � �WKLQ�ILOP��E��WKH�&G&U � � � ,Q ��� � 6H � �WKLQ�ILOP

���'LVFXVVLRQ
�����0DJQHWLF�SDUDPHWHUV

)RU�ERWK�W\SHV�RI�PDJQHWLF�RUGHULQJ��5((�DQG�6*���WKH�GHSHQGHQFH�RI�PDJQHWL]D�
WLRQ�RQ�WHPSHUDWXUH�GRHV�QRW�REH\�WKH�%ORFK�ODZ��)RU� WKH�VWDWH�ZLWK�5((�WUDQVLWLRQ�
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WKH�%ORFK�ODZ�LV�PRGLILHG�GXH�WR�D�QRQ�]HUR�GHQVLW\�RI�VWDWHV�LQ�WKH�HQHUJ\�JDS��7KH
GHSHQGHQFH�RI�PDJQHWL]DWLRQ�RQ�WHPSHUDWXUH�LV�GHVFULEHG�E\�(T������>�@
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)LJ�����7KH�YROWDJH�VHQVLWLYLW\�RI�WKH�XQGRSHG�&G&U � 6H � �WKLQ�ILOP��5((��
D��IRU�WKH�WHPSHUDWXUHV�EHORZ�WKH�&XULH�WHPSHUDWXUH��E��IRU�WKH�WHPSHUDWXUHV�KLJKHU�WKDQ�7 �
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ZKHUH�&� �LV�UHVSRQVLEOH�IRU�WKH�GHQVLW\�RI�VWDWHV�LQ�WKH�HQHUJ\�JDS�DQG�D � �LV�D�PHDVXUH
RI� WKH� LQWHUFOXVWHU� LQWHUDFWLRQ�� 7KH� WHPSHUDWXUH� GHSHQGHQFH� RI� PDJQHWL]DWLRQ� SUH�
VHQWHG� LQ� )LJ�� �� LV� LQ� D� JRRG� DJUHHPHQW�ZLWK� WKH� WKHRUHWLFDO� SUHGLFWLRQ� IRU� VDPSOHV
ZLWK� 5((� WUDQVLWLRQ� &G&U 
 6H � �,Q� DQG� DOVR� IRU� &G&U �	� 
 ,Q ��� � 6H � � 6*� VWDWH�� )ROORZLQJ
(T�������WKH�WKHRUHWLFDO�FDOFXODWLRQV�IRU�5((�DUH�SUHVHQWHG�IRU�ILWWLQJ�SDUDPHWHUV�0���
 � ����*� DQG�D 
 �  � ���.��ZKLOH� IRU� 6*� �(T�� �����0����  � ���� *��&� �  � ����� DQG�D �

 �����.��7KH�YDOXHV�RI�0�7 ��FDOFXODWHG�WKHRUHWLFDOO\�DUH�UHSUHVHQWHG�E\�VROLG�OLQHV��,W
LV� VHHQ� LQ�)LJ���� WKDW� WKH�XQLGLUHFWLRQDO�PDJQHWLF� DQLVRWURS\� ILHOG�+� � � LQ�&G&U
��

 � ,Q
 � 6H�
WKLQ� ILOPV� GHFUHDVHV�ZLWK� LQFUHDVLQJ� WHPSHUDWXUH� DQG� GHSHQGV� RQ� WKH� DPRXQW� RI� ,Q
�+ � � �LQFUHDVHV�ZLWK�LQFUHDVLQJ�GLOXWLRQ�OHYHO���+ � � �GHSHQGV�RQ�WKH�ILHOG�LQGXFHG�UHPD�
QHQW�PDJQHWL]DWLRQ�DQG�NHHSV�WKH�GLUHFWLRQ�RI�WKH�FRROLQJ�ILHOG��ZKLFK�PHDQV�WKDW�WKH
VSLQV�KDYH�VRPH�PHPRU\�RI�WKH�FRROLQJ�ILHOG�GLUHFWLRQ��+ � � �LV�LQIOXHQFHG�E\�WKH�GLOX�
WLRQ� OHYHO� DQG�� EHLQJ� UHODWHG� WR� WKH� LQGXFHG� PDJQHWL]DWLRQ�� LV� DOVR� WHPSHUDWXUH�
GHSHQGHQW��7KH�GHSHQGHQFH�+ � � �7 ��LV�DYDLODEOH�RQO\�IURP�WKH�H[SHULPHQWDO�GDWD��VLQFH
QR�FRPSUHKHQVLYH�WKHRUHWLFDO�PRGHO�RI�WKH�WHPSHUDWXUH�GHSHQGHQFH�RI�+ � � �LV�NQRZQ�

�����3KRWRFRQGXFWLYLW\

7KH� YROWDJH� VHQVLWLYLW\� RI� XQGRSHG� &G&U 
 6H � � WKLQ� ILOPV� �5((�� LV� SUHVHQWHG� LQ
)LJ���D��7KH�WUDQVLWLRQ�LV�PDUNHG�E\�WKUHH�OLQHV��IRU�WKH�HQHUJ\�DERXW�����H9��OLQH����
IRU�WKH�HQHUJ\�DERXW�����H9��OLQH����DQG�IRU�WKH�HQHUJ\�DERXW�����H9��OLQH�����/LQH��
H[KLELWV�D�EOXH�VKLIW��/LQH���DOVR�H[KLELWV�D�EOXH�VKLIW�ZKLFK�LV�VLJQLILFDQW� IRU�7�!7 � �
/LQH���H[KLELWV�D�PRUH�FRPSOLFDWHG�HQHUJ\�WUDQVLWLRQ��ZH�KDYH�D�EOXH�VKLIW�IRU�7�!7 �
DQG� D� UHG� VKLIW� IRU� 7�7 � �� 7KH� YROWDJH� VHQVLWLYLW\� RI� GLOXWHG� �6*�� VDPSOHV�
&G&U �	� � ,Q ��� � 6H � �� LV� SUHVHQWHG� LQ�)LJ�� �E��7ZR� WUDQVLWLRQV� DUH�REVHUYHG� IRU� WKH� HQHUJ\
DERXW������OLQH����DQG�����H9��OLQH�����)RU�ERWK�FDVHV�D�EOXH�VKLIW�LV�REVHUYHG�

7KRVH�VKLIWV�IRU�VDPSOHV�ZLWK�5((�WUDQVLWLRQ�DV�ZHOO�DV�IRU�WKH�VDPSOHV�ZLWK�6*
VWDWH� UHVXOW� IURP� D�PHFKDQLVP� UHODWHG� WR� WKH�PDJQHWLF� RUGHULQJ� DQG� LQWHUDWRPLF� H[�
FKDQJH�LQWHUDFWLRQ�>�±�@�

)RU� DOO� VDPSOHV� LQYHVWLJDWHG�� WKH� VSHFWUDO� UHVSRQVH� ±� YROWDJH� VHQVLWLYLW\� LV� DERXW
RQH�RUGHU�RI�PDJQLWXGH�KLJKHU�EHORZ�WKH�&XULH�WHPSHUDWXUH�WKDQ�DERYH�7 � ��$V�DQ�H[�
DPSOH��ZH�SUHVHQW� WKH�GDWD� IRU� WKH� VDPSOH�ZLWK�5((� WUDQVLWLRQ� �)LJV��D��E���)RU� WKH
SRWHQWLDO�DSSOLFDWLRQ�DV�WKH�SKRWRGHWHFWRUV��PDJQHWLF�VHPLFRQGXWRUV�ZRUNLQJ�EHORZ�7 �
FRXOG�EH�WDNHQ�LQWR�FRQVLGHUDWLRQ��7KH�YROWDJH�VHQVLWLYLW\�DQG�LWV�PD[LPXP�DUH�LQIOX�
HQFHG�E\�WKH�GLOXWLRQ�OHYHO�
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���&RQFOXVLRQV
0DJQHWLF� VHPLFRQGXFWRUV� RI�&G � ��� &U 

��
�� ,Q 
���� � 6H � � FKDOFRJHQLGH� VSLQHO� H[KLELW� GLI�

IHUHQW� W\SHV�RI�PDJQHWLF� RUGHULQJ�� GHSHQGLQJ� RQ� WKH� GLOXWLRQ� OHYHO�� )RU� WKH� VDPSOHV
&G&U 
 6H � ��,Q��WKH�VWDWH�ZLWK�5((�LV�REWDLQHG��IRU�GLOXWHG�VDPSOHV�DQ�6*�VWDWH�DSSHDUV�
:H�FODVVLI\�WKH�PDJQHWLF�VWDWHV�RI�WKLQ�ILOPV�RI�&G � ��� &U 

��
�� ,Q 
���� � 6H � �EDVHG�RQ�WKH�GH�
SHQGHQFH�RI�WKH�PDJQHWL]DWLRQ�DQG�WKH�XQLGLUHFWLRQDO�PDJQHWLF�DQLVRWURS\�ILHOG�RQ�WKH
WHPSHUDWXUH�DQG�FRQFHQWUDWLRQ�

7KH�SKRWRFRQGXFWLYLW\�PHDVXUHPHQWV�VKRZ�WKH�LQIOXHQFH�RI�WKH�W\SH�RI�PDJQHWLF
RUGHULQJ� RQ� WKH� FKDUDFWHU� RI� YROWDJH� VHQVLWLYLW\��:H� FDQ� FRQFOXGH� IURP� RXU� H[SHUL�
PHQWDO�UHVXOWV�WKDW�WKH�YROWDJH�VHQVLWLYLW\�LV�KLJKHU�LQ�WKH�FDVH�RI�VWDWH�ZLWK�UHHQWUDQW
WUDQVLWLRQ�WKDQ�IRU�WKH�VSLQ�JODVV�VWDWH��7KHVH�GLIIHUHQFHV�DUH�PRUH�SURQRXQFHG�EHORZ
WKH�FULWLFDO�PDJQHWLF�WHPSHUDWXUH�

7KH�YROWDJH�VHQVLWLYLW\�H[KLELWV� LWV�PD[LPXP�DW�GLIIHUHQW�HQHUJLHV��GHSHQGLQJ�RQ
WKH�WHPSHUDWXUH��LW�DSSHDUV�LQ�WKH�KLJK�HQHUJ\�UHJLRQ�EHORZ�7 � �VKLIWLQJ�WRZDUGV�ORZHU
HQHUJLHV�DERYH�7 � ��7KH�H[FKDQJH�LQWHUDFWLRQV�LQ�WKH�PDJQHWLF�VHPLFRQGXFWRU�UHVXOW�LQ
VKLIWV�RI� WKH� HQHUJ\� WUDQVLWLRQV�ZKHQ� WKH� WHPSHUDWXUH� FKDQJHV��:KHQ� WKH� DPRXQW�RI
LQGLXP� LQFUHDVHV�� WKH�PD[LPXP� VHQVLWLYLW\� VKLIWV� WR� WKH� KLJKHU� HQHUJLHV�� )LQDOO\�ZH
FDQ� FRQFOXGH� WKDW� WKHUH� LV� D� SRVVLELOLW\� RI� FRQWUROOLQJ� SDUDPHWHUV� RI�&G&U 

��
�� ,Q 
�� 6H �
QHDU�LQIUDUHG�GHWHFWRUV�ZLWK�WKH�WHPSHUDWXUH�DQG�GLOXWLRQ�OHYHO�

7KH�ZRUN�ZDV�SDUWO\�VXSSRUWHG�E\�.%1�*UDQW�1R����7��%��������
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	 ,QWHUQDWLRQDO�/DERUDWRU\�RI�+LJK�0DJQHWLF�)LHOGV�DQG�/RZ�7HPSHUDWXUHV�
XO��*DMRZLFND������������:URFáDZ��3RODQG


 3ROLVK�$FDGHP\�RI�6FLHQFH��:áRG]LPLHU]�7U]HELDWRZVNL�,QVWLWXWH�RI�/RZ�7HPSHUDWXUH�DQG�6WUXFWXUH
5HVHDUFK��3�2��%R[��������������:URFáDZ����3RODQG

� 'HSDUWPHQW�RI�,QRUJDQLF�&KHPLVWU\��,YDQ�)UDQNR�1DWLRQDO�8QLYHUVLW\�RI�/¶YLY��������/¶YLY��8NUDLQH

7KH�VWUXFWXUH�DQG�PDJQHWLF�SURSHUWLHV�RI�WKH�WHWUDJRQDO�7K0Q 	 
 �W\SH�50Q 	 
 ��
 7
 �DOOR\V��5� �1G��6P�
7� �&R��1L��KDYH�EHHQ�VWXGLHG�RYHU�D�EURDG�UDQJH�RI�PDJQHWLF�ILHOGV��XS�WR����7���$�KLJK�SXOVHG�PDJQHWLF
ILHOG�LV�DSSOLHG�DW�7� �����.�ZLWK�WKH�SXOVH�GXUDWLRQ�RI����PV��7KH�1G0Q 	 
 ±
 1L
 �V\VWHP�KDV�EHHQ�DGGL�
WLRQDOO\� LQYHVWLJDWHG� LQ� WKH� WHPSHUDWXUH� UDQJH� H[WHQGHG� XS� WR� DERXW� ���� .�� 7KH� WHUQDULHV� H[LVW� LQ�
DSSUR[LPDWHO\�� WKH� �� �� [� �� �� FRPSRVLWLRQ� UDQJH�� 7KH� DOOR\V�ZLWK� [� a�� DUH� IUHTXHQWO\� SDUDPDJQHWLF� LQ
D�EURDG� WHPSHUDWXUH� UDQJH��ZKHUHDV� IRU� RWKHU� FRPSRVLWLRQV�� FRPSOH[�PDJQHWLF�SURSHUWLHV� DUH�REVHUYHG�
7KH�UHVXOWV�DUH�GLVFXVVHG�LQ�UHODWLRQ�WR�WKH�IUHH�LRQ�YDOXHV�RI�WKH�1G�DQG�6P�LRQV�

.H\�ZRUGV��UDUH�HDUWK�LQWHUPHWDOOLFV��PDJQHWLF�SURSHUWLHV��KLJK�PDJQHWLF�ILHOG

���,QWURGXFWLRQ
�&RQVLGHUDEOH�DWWHQWLRQ�KDV�UHFHQWO\�EHHQ�SDLG�WR�LQWHUPHWDOOLF�FRPSRXQGV�RI�UDUH�HDUWK

HOHPHQWV�5�DQG��G�PDJQHWLF�WUDQVLWLRQ�PHWDOV�7��EHFDXVH�RI�D�SRVVLELOLW\�RI�WKHLU�DSSOLFD�
WLRQ�� H�J�� GXH� WR� WKHLU� IDYRXUDEOH� PDJQHWLF� SURSHUWLHV�� RU� DV� K\GURJHQ� DFFXPXODWRUV�
&RPSRXQGV�ZLWK� WKH�7K0Q � � �W\SH� WHWUDJRQDO� VWUXFWXUH� �VSDFH�JURXS� ,��PPP��EHORQJ� WR
VXFK�PDWHULDOV��$OOR\V�ZLWK�QRPLQDO�FRPSRVLWLRQ�51L � � RU�5&R � � �GR�QRW�H[LVW��EXW�FDQ�EH
VWDELOL]HG�E\�D�SDUWLDO�VXEVWLWXWLRQ�RI�1L�RU�&R�E\�D�WUDQVLWLRQ�PHWDO�ZLWK�D�ORZHU�YDOHQFH�
HOHFWURQ�GHQVLW\��RU�WKH�S�HOHPHQWV�VXFK�DV�6L�RU�$O��IRU�UHYLHZ�VHH�5HI��>�@���,Q�WKHVH�WHU�
QDU\� FRPSRXQGV�� WKH� 5� DWRPV� RFFXS\� WKH� �D� VLWHV�� ZKHUHDV� WKH� �G�WUDQVLWLRQ� HOHPHQWV
RFFXS\�UHPDLQLQJ��I���L�DQG��M�SRVLWLRQV��,Q�FRQWUDVW�WR�WKH�PRVWO\�SDUDPDJQHWLF�FKDUDFWHU
BBBBBBBBB

� �'HGLFDWHG�WR�3URIHVVRU�2NVDQD�,��%RGDN�RQ�WKH�RFFDVLRQ�RI�KHU��� � � �ELUWKGD\���� &RUUHVSRQGLQJ�DXWKRU��H�PDLO��VXVNL#LQW�SDQ�ZURF�SO�
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RI� QLFNHO�ULFK� FRPSRXQGV�� FREDOW�ULFK� FRPSRXQGV� DUH� XVXDOO\� IHUUR�� RU� IHUULPDJQHWLF�
ZKHUHDV�WKH�SDUHQW�50Q � � �FRPSRXQGV�H[KLELW�QRQ�FROOLQHDU�DQWLIHUURPDJQHWLF�RUGHULQJ�DW
ORZ�WHPSHUDWXUH�>�@�LI�5�LV�QRQ�PDJQHWLF�<��7KH�WUDQVLWLRQ�WHPSHUDWXUH�RI�<0Q � � �KDV�EHHQ
FRQILUPHG�E\� HOHFWULFDO�PHDVXUHPHQWV� >�@�� ,W� LV� UHPDUNDEOH� WKDW� GLIIHUHQW�0Q� VLWHV�ZLWK
WKHLU�GLIIHUHQW�0Q�PRPHQWV��DV�UHSRUWHG�LQ�QHXWURQ�GLIIUDFWLRQ��1'��H[SHULPHQWV�>�@��GR
QRW� DSSHDU� LQ� 65� VSHFWUD� >�@��+RZHYHU�� LI�5� LV� D� KHDY\� UDUH�HDUWK� DWRP�� IHUULPDJQHWLF
SURSHUWLHV�DUH�REVHUYHG�>�±�@��&RQVHTXHQWO\��D�FRPSOH[�PDJQHWLF�EHKDYLRXU�LV�H[SHFWHG�WR
RFFXU�LQ�50Q � ����	 7	 �VROLG�VROXWLRQV�DV�D� UHVXOW�RI�FRPSHWLQJ�IHUUR��DQG�DQWLIHUURPDJQHWLF
LQWHUDFWLRQV��7KH�PDJQHWLF�DQG�HOHFWULFDO�SURSHUWLHV�RI�FRPSRXQGV�ZLWK�)H�DV�D�WUDQVLWLRQ
HOHPHQW�DQG�ZLWK�KHDYLHU�UDUH�HDUWKV�RU�ZLWK�<�DQG�1G�DUH�UHSRUWHG�LQ�5HI��>�±��@��DQG�LQ
UHIHUHQFHV�KHUHLQ��

%ULHI� LQIRUPDWLRQ� DERXW� VHOHFWHG� &R� FRPSRXQGV� KDV� EHHQ� SUHVHQWHG� LQ� >���� ���
��@��ZKHUHDV� D�PRUH� V\VWHPDWLF� VWXG\�RI� WKRVH� LQWHUPHWDOOLFV�KDV�EHHQ� UHSRUWHG� �IRU
1G�DQG�6P��LQ�>��@��,Q�DOO�WKH�PDWHULDOV�PHQWLRQHG�DERYH��ZLWKLQ�D�OLPLWHG�FRPSRVL�
WLRQ� UDQJH�� WKUHH� PDJQHWLF� VXEODWWLFHV� H[LVW� �5�� 0Q� DQG� &R��� ZKLOH� LQ� WKH� ZKROH
FRQFHQWUDWLRQ�UDQJH�[��D�PDJQHWLF�RUGHULQJ�LV�REVHUYHG�DW� OHDVW� LQ� WZR�VXEODWWLFHV��5
DQG� &R��� 8QWLO� QRZ�� RQO\� IHZ� SDSHUV� KDYH� EHHQ� SXEOLVKHG� RQ� WHUQDULHV� FRQWDLQLQJ� 1L�
ZKLFK�WXUQHG�RXW�WR�EH�QRQ�PDJQHWLF�LQ�WKHVH�DOOR\V�>��@��3DUWLFXODUO\�LQWHUHVWLQJ�LV�WKH�FDVH
RI�6P0Q � ����	 1L	 �FRPSRXQGV�>��@� IRU�ZKLFK� WKH� WHPSHUDWXUH�GHSHQGHQFH�RI� WKH�PDJQHWLF
VXVFHSWLELOLW\�H[KLELWV�D�PD[LPXP�DW�7�a���.��7KH�ILHOG�GHSHQGHQFH�RI�PDJQHWLVDWLRQ�DW
ORZ�WHPSHUDWXUH�DQG�DW�UHODWLYHO\�ORZ�ILHOG�LV�LQ�SULQFLSOH�OLQHDU��7KHVH�UHVXOWV�VXJJHVW�WKDW
WKH�PD[LPXP�FRUUHVSRQGV�WR�WKH�RQVHW�RI�DQ�DQWLIHUURPDJQHWLF�RUGHULQJ�DW�WKH�6P�VXEODW�
WLFH�� EHFDXVH� LW� LV� QRW� VHQVLWLYH� WR� WKH� FRPSRVLWLRQ� FKDQJH�� ZKLOH� ERWK� WKH�0Q� DQG�1L
VXEODWWLFHV� VHHP� WR� EH� QRQPDJQHWLF��2XU� SUHOLPLQDU\� LQYHVWLJDWLRQV� RI� WKH�1G0Q � ����	 1L	
V\VWHP�VHHPHG�WR�VXJJHVW�WKDW�WKHVH�PDWHULDOV�DUH�QRQPDJQHWLF�>��@��KRZHYHU��LQ�WKH�OLJKW
RI�SUHVHQW�UHVXOWV��WKLV�FRQFOXVLRQ�LV�QRW�TXLWH�FRUUHFW�

�)RU�JHWWLQJ�D�EHWWHU�LQVLJKW�LQWR�SURSHUWLHV�RI�WKHVH�LQWHUHVWLQJ�DOOR\V��ZH�UHSRUW�DW
SUHVHQW�RQ�KLJK�PDJQHWLF�ILHOG�PHDVXUHPHQWV�RI�WKH��1G��6P�0Q � �
�
	 �&R��1L�	 �V\VWHPV�

���([SHULPHQWDO
�$OO� WKH�50Q � �
�
	 7	 DOOR\V� LQYHVWLJDWHG�KDYH�EHHQ�SUHSDUHG�DV�KDV�EHHQ�GHVFULEHG

SUHYLRXVO\�>��@��7KH�PDJQHWLF�VXVFHSWLELOLW\�RI�1G0Q � �
�
	 1L	 �KDV�EHHQ�LQYHVWLJDWHG�LQ
WKH�WHPSHUDWXUH�UDQJH�RI����±����.��LQ�WKH�PDJQHWLF�ILHOG�RI�����7��XVLQJ�D�648,'
PDJQHWRPHWHU��7KH�PDJQHWLVDWLRQ�KDV�EHHQ�PHDVXUHG�LQ�D�SXOVHG�PDJQHWLF�ILHOG�XS�WR
���7�DW�7� �����.��ZLWK�D�SXOVH�GXUDWLRQ�RI����PV�

���5HVXOWV�DQG�GLVFXVVLRQ
�$OO� WKH� VDPSOHV� LQYHVWLJDWHG�� VWDEOH� IRU� 5�  �1G� LQ� WKH� ��� [� �� �� UDQJH� DQG� IRU

5� �6P�LQ�WKH�����[�����UDQJH��KDYH�EHHQ�IRXQG�WR�EH�LQ�SULQFLSOH�VLQJOH�SKDVH��7KHLU
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XQLW�FHOO�YROXPHV�GHFUHDVH�DV�WKH�FRQFHQWUDWLRQ�RI�WKH�WUDQVLWLRQ�PHWDO�[�LQFUHDVHV��VHH
)LJ������2QO\�1G0Q � 1L � �LV�DQ�H[FHSWLRQ�IURP�WKLV�WUHQG�

)LJ�����8QLW�FHOO�YROXPH�9�YHUVXV�&R�>��@�DQG�1L�>������@
FRQFHQWUDWLRQ�[�IRU�1G0Q 	 
 ��
 &R
 ��WULDQJOHV���6P0Q 	 
 ±&R
 ��IXOO�FLUFOHV��

1G0Q 	 
 ��
 1L
 �GLDPRQGV��DQG�6P0Q 	 
 ��
 1L
 �IXOO�VTXDUHV�

)LJXUH���VKRZV�WKH�UHVXOWV�RI�WKH�KLJK�ILHOG�PHDVXUHPHQWV�RI�WKH�PDJQHWL]DWLRQ�0
DW�7� �����.�IRU�WKH�1G0Q � �
�
	 &R	 �DOOR\V��,W�LV�VHHQ�WKDW�WKH�FKDUDFWHU�RI�WKH�0�+��SORWV
IRU�DOO�WKH�VDPSOHV�LV�IHUURPDJQHWLF��KRZHYHU��ZLWKRXW�D�FOHDU�VDWXUDWLRQ��HYHQ�IRU�WKH
KLJKHVW�PDJQHWLF� ILHOGV��7KH� UHVXOW� IRU� WKH� VDPSOH�[� ��� VXJJHVWV� WKDW� WKH� IHUURPDJ�
QHWLF�FRQWULEXWLRQ�LV�ILHOG�LQGXFHG��VHH�)LJ�����LQ�>��@��DQG�UDWKHU�ZHDN�

)LJ�����0DJQHWL]DWLRQ�0�YHUVXV�PDJQHWLF�ILHOG
�XS�WR����7�DW�����.�IRU�1G0Q 	 
 ��
 &R


$V� FDQ� EH� VHHQ� IURP� )LJ�� ��� DW� 7�  � ���� .� DQG� XQGHU� KLJK� PDJQHWLF� ILHOGV� WKH
6P0Q � �
�
	 &R	 � FRPSRXQGV� KDYH� D� FKDUDFWHU� VOLJKWO\� GLIIHUHQW� IURP� WKRVH� RI� WKH� 1G
FRPSRXQGV�� 7KH� VDPSOH� [�  � �� LV� DQWLIHUURPDJQHWLF� XS� WR� WKH� KLJKHVW� ILHOG�� EXW� WKH



:��6 ������� �HW�DO����

FRPSRXQG�[� ���H[KLELWV�VRPH�IHUURPDJQHWLF�FRQWULEXWLRQ�ZKLFK�LV�DOVR�VHHQ�LQ�ORZHU
ILHOGV� >��@��+RZHYHU�� WKH�YDOXHV�RI�PDJQHWL]DWLRQ�DUH�FOHDUO\� ORZHU� WKDQ�IRU� WKH�VDPSOH
[� ����7KH�VDPSOH�[� ���LV�DSSDUHQWO\�VWURQJO\�IHUURPDJQHWLF��KRZHYHU��DOVR�ZLWKRXW�D�VDWX�
UDWLRQ� DQG�� LQ� WXUQ�� ZLWK� D� ORZHU� YDOXH� RI� WKH� VDWXUDWLRQ� PDJQHWLF� PRPHQW� WKDQ� WKH
FRUUHVSRQGLQJ�1G�VDPSOH��7KH�ODFN�RI�VDWXUDWLRQ�PD\�UHVXOW� IURP�D�FRQVLGHUDEOH�DQLVRW�
URS\�ZKLFK�LV�LQGLFDWHG�E\�D�GLIIHUHQFH�LQ�WKH�PDJQHWL]DWLRQ�RI�SRZGHUHG�DQG�EXON�VDPSOHV
�VHH�>��@��

)LJ�����0DJQHWL]DWLRQ�0�YHUVXV�PDJQHWLF�ILHOG
XS�WR����7�DW�����.�IRU�6P0Q 	 
 ��
 &R


�2XU�SUHYLRXV�UHVXOWV�>��@�LQGLFDWH��DV�PHQWLRQHG�DERYH�� WKDW� WKH�1G0Q � �
�
	 1L	 DO�
OR\V� DUH� PRVW� SUREDEO\� SDUDPDJQHWLF� EHORZ� ���� .�� 7R� VXSSRUW� WKLV� K\SRWKHVLV�� DW
SUHVHQW�ZH�H[WHQG�WKH�VXVFHSWLELOLW\�PHDVXUHPHQWV�XS�WR�DERXW�����.��,W�LV�VHHQ�IURP
)LJ����WKDW�WKH�FRPSRXQGV�ZLWK�[� ���DQG�[� ���H[KLELW�ZHDNO\�WHPSHUDWXUH�GHSHQGHQW
SDUDPDJQHWLVP��ZKHUHDV�1G0Q � 1L � VKRZV�D�PD[LPXP�RI�PDJQHWLF� VXVFHSWLELOLW\� DW
DERXW�����.��ZKLFK�FDQ�FRUUHVSRQG�WR�WKH�1pHO�SRLQW�

)LJ�����0DJQHWLF�VXVFHSWLELOLW\�
YHUVXV�WHPSHUDWXUH�7�IURP�����WR�����.�IRU�1G0Q � 1L �
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6XFK�D�KLJK�RUGHULQJ�WHPSHUDWXUH�LV�RIWHQ�REVHUYHG�LQ�RWKHU�0Q�WHUQDULHV�>��@��7KH
LQFUHDVH�RI�PDJQHWLF� VXVFHSWLELOLW\� DERYH� ����.�PRVW� SUREDEO\� IROORZV� WKH� WKHUPDO
GHFRPSRVLWLRQ�RI�WKH�PDWHULDO��,Q�)LJXUH����WKH�PDJQHWLF�ILHOG�GHSHQGHQFH�RI�WKH�PDJ�
QHWL]DWLRQ�LV�SUHVHQWHG�DW�7� �����.�IRU�WKH�ODWWHU�PDWHULDO��)RU�WKH�VDNH�RI�VLPSOLFLW\�
RQO\�WKH�UHVXOWV�REWDLQHG�IRU�WKH�SRO\FU\VWDOOLQH�VDPSOH�DUH�VKRZQ��EHFDXVH�WKH�UHVXOWV
IRU�WKH�SRZGHU�VDPSOH�DUH�YHU\�FORVH�WR�WKRVH�VKRZQ�LQ�)LJ�����7KLV�EHKDYLRXU�SURYHV
WKDW�WKHUH�LV�D�YHU\�VPDOO�DQLVRWURS\�LQ�WKLV�PDWHULDO��,W�LV�VHHQ�WKDW�WKH�0�+��GHSHQG�
HQFH� H[KLELWV� DQ� DSSDUHQW� DSSURDFK� WR� VDWXUDWLRQ� ZKLFK� FRXOG� EH� DQ� LQGLFDWLRQ� RI
D�PHWDPDJQHWLF� WUDQVLWLRQ�� DOWKRXJK� LW� LV� GLIILFXOW� WR� GHWHUPLQH� SUHFLVHO\� WKH� FULWLFDO
ILHOG�� 2QH� FDQ� HVWLPDWH� LW� WR� RFFXU� EHORZ� DERXW� ��� 7� IRU� ERWK� SRO\FU\VWDOOLQH� DQG
SRZGHU�VDPSOHV��7KHUHIRUH��ZH�EHOLHYH�WKDW�PDJQHWLF�RUGHULQJ��$)��LV�UHVSRQVLEOH�IRU
WKH�KLJK�WHPSHUDWXUH�DQRPDO\�

)LJ�����0DJQHWL]DWLRQ�0�YHUVXV�PDJQHWLF�ILHOG
XS�WR����7�DW�����.�IRU�1G0Q � 1L �

)LJ�����0DJQHWL]DWLRQ�0�YHUVXV�PDJQHWLF�ILHOG
XS�WR����7�DW�����.�IRU�6P0Q 	 
 ��
 1L
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�3UHYLRXVO\�UHSRUWHG�OLQHDU�FKDUDFWHU�RI�WKH�ILHOG�GHSHQGHQFH�RI�WKH�PDJQHWL]DWLRQ
XS�WR���7�>��@�IRU�KH�6P0Q � �
�
	 1L	 �V\VWHP�LV�LQ�SULQFLSOH�SUHVHUYHG�LQ�KLJKHU�ILHOGV�IRU
WKH�VDPSOHV�ZLWK�[�EHWZHHQ���DQG����VHH�)LJ������+RZHYHU��IRU�WKH�VDPSOH�[� ���VRPH
WHQGHQF\�WR�VDWXUDWLRQ�LV�REVHUYHG�DERYH�DERXW����7��ZKLOH�IRU�WKH�VDPSOH�[� ����WKH
VDPH�EHKDYLRXU�LV�VHHQ��EXW�WKH�FULWLFDO�ILHOG�VHHPV�WR�EH�ORZHU��ZKHUHDV�WKH�YDOXHV�RI
PDJQHWL]DWLRQ�DUH�ODUJHU��7KLV�REVHUYDWLRQ�GRHV�QRW�FRQWUDGLFW�WKH�FRQFOXVLRQ�RI�5HI�
>��@�WKDW�WKH�PDJQHWLF�RUGHULQJ�LV�GXH�WR�WKH�6P�VXEODWWLFH�RQO\��)RU�WKH�VDPSOHV�ZLWK
KLJKHU� FRQFHQWUDWLRQ�RI�1L� �[� ��� DQG�[�  � ���PDJQHWLF� ILHOG� FDQ� LQGXFH� D�PDJQHWLF
RUGHULQJ�LQ�WKH�WUDQVLWLRQ�PHWDO�VXEODWWLFH�HYHQ�RI�D�EDQG�PHWDPDJQHWLF�W\SH��VHH�H�J��
>��@���2QH� VKRXOG� QRWLFH� WKDW� IRU� WKHVH� WZR� VDPSOHV� LQ�PDJQHWLF� ILHOG� EHORZ� DERXW
���7�D�WLQ\�K\VWHUHVLV�LV�REVHUYHG��VHH�)LJV����DQG���>��@��

)LJ�����(IIHFWLYH�PDJQHWLF�PRPHQWV�S � � � � �YHUVXV�FRQFHQWUDWLRQ
RI�WUDQVLWLRQ�HOHPHQW�[��1RWH�WKDW�HIIHFWLYH�PDJQHWLF�PRPHQW

IRU�WKH�1G0Q � &R � �DOOR\�LV�RXW�RI�VFDOH

$V�ZDV�PHQWLRQHG�DERYH��ZH�H[SHFWHG�WKH�KLJK�ILHOG�PDJQHWL]DWLRQ�PHDVXUHPHQWV
SHUIRUPHG�RQ�SRZGHUHG�VDPSOHV�WR�SURYLGH�D�EDVLV�IRU�WKH�FRQVLGHUDWLRQ�RI�WKH�FRQWUL�
EXWLRQ� RI� WKH� WUDQVLWLRQ� HOHPHQWV� WR� WKH� PDJQHWLVP�� 8QIRUWXQDWHO\�� WKH� VDWXUDWLRQ
PRPHQWV�FDQQRW�EH�GHWHUPLQHG�LQ�D�GLUHFW�ZD\��EHFDXVH�KDUGO\�DQ\�VDWXUDWLRQ� LV�DS�
SURDFKHG� LQ� WKH� FRPSRXQGV� LQYHVWLJDWHG�� HYHQ� LQ� UDWKHU� KLJK� PDJQHWLF� ILHOGV�� ,Q
)LJ����� WKH� YDOXHV� RI� WKH� HIIHFWLYH� PDJQHWLF� PRPHQWV� S ��� � � DUH� FROOHFWHG�� 6LQFH
D�PRGLILHG�&XULH±:HLVV� ODZ�LV� IXOILOOHG� LQ�D� UDWKHU�QDUURZ� WHPSHUDWXUH� UDQJH� IRU�DOO
V\VWHPV� LQYHVWLJDWHG�� WKH� YDOXHV� SURYLGHG� DUH� URXJK� HVWLPDWHV� RI� WKH� HIIHFWLYH�PDJ�
QHWLF�PRPHQWV��)RU� WKH� FRPSDULVRQ��ZH� VKRXOG� UHFROOHFW� WKH� YDOXHV� RI� WKH�PDJQHWLF
PRPHQW�IRU�IUHH�LRQV��)RU�1G�WKH\�DPRXQW�WR������DQG����� � DQG�IRU�6P�WR������DQG
���� � � IRU� WKH� VDWXUDWLRQ� DQG�HIIHFWLYH�PDJQHWLF�PRPHQW�� UHVSHFWLYHO\��2QH� FDQ� VHH
WKDW�DOO�H[SHULPHQWDO�YDOXHV�DUH�KLJKHU�WKDQ�WKRVH�RI�IUHH�LRQV��7KHUHIRUH��D�FRQWULEX�
WLRQ� RI� WKH� WUDQVLWLRQ�PHWDO� VXEODWWLFHV� LV� H[SHFWHG��+RZHYHU�� DW� SUHVHQW�ZH� DUH� QRW
DEOH�WR�VD\�ZKLFK�WUDQVLWLRQ�HOHPHQW�KDV�D�PRUH�VXEVWDQWLDO�HIIHFW��7KHVH�V\VWHPV�DUH
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UDWKHU�FRPSOH[�DQG�KRSHIXOO\�D�QHXWURQ�GLIIUDFWLRQ�H[SHULPHQW�ZLOO�SURYLGH�WKH�ILQDO
H[SODQDWLRQ�RI�WKHLU�PDJQHWLF�SURSHUWLHV�
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�	 � �PLFUR�ZLUHV�DW�KLJK�IUHTXHQF\�UDQJH�IURP�����0+]�XS�WR���*+]�RI�DQ�DF�FXUUHQW�IORZLQJ�DORQJ
WKH�ZLUH�DQG�DW�YDU\LQJ�D[LDO�GF�PDJQHWLF� ILHOG� LQ� LWV� UDQJH�RI������2H��7KH�ZLUHV��DERXW���� P� LQ�GL�
DPHWHU��ZHUH�IDEULFDWHG�E\�D�JODVV�FRDWHG�PHOW�VSLQQLQJ�WHFKQLTXH��7KH�VKDSHV�RI� WKH� LPSHGDQFH�FXUYHV
SORWWHG�YV��D�GF�ILHOG�FKDQJH�GUDPDWLFDOO\�ZLWK�WKH�IUHTXHQF\��7KH�SKDVH�DQJOH�ZDV�DOVR�VWURQJO\�GHSHQG�
HQW� RQ� WKH� ILHOG�� 7KH� PD[LPXP� YDOXH� RI� *0,�� DURXQG� ������ ZDV� UHDFKHG� DW� WKH� IUHTXHQF\� RI� DERXW
����0+]��7KH�H[WHUQDO�GF�PDJQHWLF�ILHOG�FKDQJHV�WKH�FLUFXPIHUHQWLDO�SHUPHDELOLW\�DV�ZHOO�DV�WKH�SHQHWUD�
WLRQ�GHSWK��ERWK�LQ�WXUQ�FKDQJH�WKH�LPSHGDQFH�RI�WKH�VDPSOH��7KH�LQFUHPHQWV�RI�*0,�DW�KLJK�IUHTXHQF\
FDQ� EH� XQGHUVWRRG� LQ� WHUPV� RI� WKH�/&�UHVRQDQFH� SKHQRPHQD��$� VXGGHQ� FKDQJH� RI� WKH� SKDVH� DQJOH�� DV
ODUJH�DV���� � ��HYLGHQFHG�WKH�RFFXUUHQFH�RI�WKH�UHVRQDQFH�DW�D�JLYHQ�LQWHQVLW\�RI�WKH�H[WHUQDO�GF�ILHOG�
.H\�ZRUGV��PDJQHWRLPSHGDQFH�HIIHFW��PLFURZLUHV��PDJQHWLF�VHQVRUV

���,QWURGXFWLRQ
*LDQW�PDJQHWRLPSHGDQFH��*0,��HIIHFW�KDV�EHHQ�LQWHQVLYHO\�VWXGLHG�EHFDXVH�RI�WKH

LQFUHDVLQJ�SURVSHFWV�RI�QRYHO�DSSOLFDWLRQV�LQ�PDJQHWLF�VHQVRUV�>�@��7KH�SKHQRPHQRQ
KDV�D�FODVVLFDO�HOHFWURPDJQHWLF�RULJLQ�DQG�LV�GXH�WR�D�VLPXOWDQHRXV�RFFXUUHQFH�RI�WKH
VNLQ�HIIHFW�DQG�WKH�FKDQJHV�RI�WKH�WUDQVYHUVH�RU�FLUFXPIHUHQWLDO�SHUPHDELOLW\�XQGHU�WKH
LQIOXHQFH�RI�DQ�H[WHUQDO�GF�PDJQHWLF�ILHOG�DSSOLHG�DORQJ�D�PDJQHWLF�HOHPHQW�>�@��$V
D�FRQVHTXHQFH��WKH�LPSHGDQFH�RI�D�ZLUH��=� �5���L;��LV�DOWHUHG�E\�WKH�H[WHUQDO�D[LDO
PDJQHWLF�ILHOG��ERWK� LWV�FRPSRQHQWV�� WKH�UHVLVWDQFH�5� DQG� WKH� UHDFWDQFH�;�YDU\�ZLWK
WKLV�ILHOG���$�PDMRULW\�RI�VWXGLHV�FDUULHG�RXW�VR�IDU�KDYH�PDLQO\�EHHQ�GHYRWHG�WR�LQYHV�
WLJDWLRQV�RI�WKH�PHFKDQLVPV�RI�WKHVH�FRPSOH[�SKHQRPHQD�DW�UHODWLYHO\�ORZ�IUHTXHQF\
�UDGLR�IUHTXHQF\�UDQJH��RI� WKH�DF�FXUUHQW� IORZLQJ�WKURXJK�WKH�VDPSOH� LQ� WKH� IRUP�RI
D�WKLQ� ULEERQ�RU�ZLUHV��+RZHYHU�� LW� KDV� EHHQ� VKRZQ� WKDW� WKLV� HIIHFW� LV� RI� YHU\� ODUJH
BBBBBBBBB

� &RUUHVSRQGLQJ�DXWKRU��H�PDLO��KHHERN#NRQJMX�DF�NU�
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PDJQLWXGH� LQ� WLQ\� PDJQHWLF� ZLUHV� RI� D� PLFURPHWHU�GLDPHWHU�� 7KH� EHKDYLRXU� RI� WKH
*0,�HIIHFW�DW�YHU\�KLJK�IUHTXHQFLHV�KDV�QRW�EHHQ�KLWKHUWR�VWXGLHG�LQWHQVLYHO\�LQ�VSLWH
RI� WKHLU� LPSRUWDQFH�IURP�WKH�YLHZ�SRLQW�RI�ERWK��EDVLF�NQRZOHGJH�DQG� WHFKQRORJLFDO
DSSOLFDWLRQV��+LJK�IUHTXHQF\�VRXUFHV�DUH�QRZDGD\V�HDVLO\�DYDLODEOH�LQ�FRPPXQLFDWLRQ
HOHFWURQLFV�VXFK�DV�3&V��FHOOXODU�SKRQHV��*36��HWF��,W�PLJKW�EH�H[SHFWHG�WKDW�WKH�*0,
VHQVRUV�RSHUDWHG�DW�VXFK�KLJK�IUHTXHQFLHV�FRXOG�ZHOO�EH�DGDSWHG�WR�WKHVH�HOHFWURQLFV�
EHLQJ�SURILWDEOH�VLQFH�DW�KLJK�IUHTXHQFLHV�WKH�SHQHWUDWLRQ�GHSWK�LV�YHU\�VPDOO�
)RU�D�F\OLQGULFDO�PDJQHWLF�FRQGXFWRU��LWV�LPSHGDQFH�FDQ�EH�H[SUHVVHG�DV
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ZKHUH�5 �
� � LV� WKH�GF�UHVLVWDQFH�RI� WKH�ZLUH��- 
 �� DQG�- � � DUH� WKH�%HVVHO� IXQFWLRQV�RI� WKH
ILUVW�NLQG��N� � ����� L��d��ZKHUH�d� LV� WKH�SHQHWUDWLRQ�GHSWK�d� �F���pwsm � � � � � ��D� ±� WKH
UDGLXV�RI� WKH�ZLUH�� �±� WKH�DQJXODU� IUHTXHQF\��s�±� WKH�FRQGXFWLYLW\�RI� WKH�ZLUH��DQG
m � �±�WKH�HIIHFWLYH�FRPSOH[�PDJQHWLF�SHUPHDELOLW\�LQ�WKH�FLUFXPIHUHQWLDO�GLUHFWLRQ�>�@�
$W� KLJK� IUHTXHQF\� UDQJH� ZLWKLQ� ZKLFK� d� ��� D�� WKH� FKDQJHV� RI� WKH� LPSHGDQFH� DUH
URXJKO\� SURSRUWLRQDO� WR�=��� �wm � � � � � � >��� �@�� 7KHUHIRUH�� LQ� WKLV� IUHTXHQF\� UDQJH�� WKH
WRWDO�LPSHGDQFH�RI�D�PDJQHWLF�ZLUH�LV�SURSRUWLRQDO�WR�WKH�VTXDUH�URRW�RI�WKH�FLUFXPIHU�
HQWLDO�SHUPHDELOLW\�m � �

7R�DFKLHYH�ODUJH�*0,��WKH�SHQHWUDWLRQ�GHSWK�VKRXOG�EH�YHU\�VPDOO�LQ�WKH�DEVHQFH�RI�DQ
H[WHUQDO�PDJQHWLF�ILHOG��/DUJH�FLUFXPIHUHQWLDO�SHUPHDELOLW\�DORQJ�ZLWK�D�ORZ�YDOXH�RI�WKH
UHVLVWLYLW\�JLYHV� ULVH� WR�D� VPDOO�SHQHWUDWLRQ�GHSWK�DW�D�KLJK� IUHTXHQF\� UDQJH��$� ODUJH� LQ�
FUHDVH�RI�WKH�FLUFXPIHUHQWLDO�SHUPHDELOLW\�FDQ�EH�DFKLHYHG�DSSO\LQJ�DQ�DF�FXUUHQW�RI� WKH
IUHTXHQF\�VXIILFLHQWO\�KLJK�WR�H[FLWH�WKH�UHVRQDQFH�RI�WKH�VDPSOH��ZKLFK�FRQVWLWXWHV�D�/&�
UHVRQDWRU� DW� WKLV� IUHTXHQF\� UDQJH�� 7KLV� ODUJH� FLUFXPIHUHQWLDO� SHUPHDELOLW\� VWURQJO\� GH�
FUHDVHV�WKH�SHQHWUDWLRQ�GHSWK�DQG��WKHUHIRUH�LQFUHDVHV�WKH�LPSHGDQFH�RI�WKH�VDPSOH�

6LQFH�WKH�FLUFXPIHUHQWLDO�SHUPHDELOLW\�HTXDOV
����� +wcm +=

�WKH�LQGXFWDQFH / RI�D�PLFURZLUH�EHFRPHV
( )������ +// wc+= �

ZKHUH
������
 +L+ wcwcc ëë-=

LV� D� FRPSOH[� VXVFHSWLELOLW\� GHSHQGHQW� RQ�w� DQG�+�� 7KHUHIRUH�� WKH� LPSHGDQFH� =� RI
D�PLFURZLUH�LQ�WKH�YLFLQLW\�RI�WKH�UHVRQDQFH�EHFRPHV

��� ����� 5/L/= +ëë+ë+= cwcw
5HFHQWO\�GHYHORSHG�DPRUSKRXV�PLFURZLUHV�ZHUH�IRXQG�WR�EH�PRUH�SURPLVLQJ�IRU

VHYHUDO� DSSOLFDWLRQV� FRPSDUHG� WR� DPRUSKRXV� WKLFNHU� ZLUHV� DQG� ULEERQV� EHFDXVH� RI
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WKHLU�WLQ\�GLPHQVLRQV��VXSHULRU�PDJQHWLF�SURSHUWLHV�DQG�D�SURWHFWLYH�JODVV�FRDWLQJ��,Q
WKLV� VWXG\��ZH� KDYH� LQYHVWLJDWHG� WKH� KLJK�IUHTXHQF\�*0,� HIIHFW� LQ� WKH� JODVV�FRDWHG
&R ����� � % ��� � 6L ��� � 0Q ��� 	 �PLFURZLUHV�

���([SHULPHQWDO
*ODVV�FRDWHG� DPRUSKRXV� PLFURZLUHV� RI� QRPLQDO� FRPSRVLWLRQ� &R ����� � % ��� � 6L ��� � 0Q ��� 	

ZHUH�IDEULFDWHG�XVLQJ�WKH�7D\ORU±8OLWRVN\�PHWKRG��7KH�GLDPHWHU�RI�WKH�PHWDOOLF�FRUH
RI�WKH�VDPSOH��PHDVXUHG�XQGHU�DQ�RSWLFDO�PLFURVFRSH��ZDV�DERXW���� P�DQG�WKH�WKLFN�
QHVV�RI�WKH�LQVXODWLQJ�JODVV�FRDWLQJ�ZDV�HTXDO�WR�a�� P�

7KH�VDPSOHV�ZHUH�DQQHDOHG� IRU���KRXU� LQ�YDFXXP�DW�YDULRXV� WHPSHUDWXUHV� LQ� WKH
UDQJH�RI����±�����&�LQ�RUGHU� WR�VHWWOH�RSWLPXP�DQQHDOLQJ�FRQGLWLRQV� WR�DFKLHYH� WKH
EHVW�PDJQHWLF�VRIWQHVV�E\�UHGXFLQJ�UHVLGXDO�LQWHUQDO�VWUHVVHV��VWUHVV�UHOD[DWLRQ��

$OO�WKH�PHDVXUHPHQWV�RI�*0,�ZHUH�FDUULHG�RXW�DW�D�URRP�WHPSHUDWXUH��$�QHWZRUN
DQDO\]HU� �$JLOHQW�� ����(7�� ���� 0+]±���� *+]�� DQG� DQ� LPSHGDQFH� DQDO\]HU
�+3����$����0+]±��*+]��� ERWK� FRQQHFWHG� WR� D� FRPSXWHU� GDWD� DFTXLVLWLRQ� V\VWHP�
ZHUH�XVHG�IRU�WKHVH�PHDVXUHPHQWV��7KH�SRZHU�OHYHO�RI�WKH�LPSHGDQFH�DQDO\]HU�IRU�WKH
0,�PHDVXUHPHQW�ZDV�IL[HG�DW�±���G%P��$�GF�PDJQHWLF�ILHOG��DSSOLHG�LQ�DQ�D[LDO�GL�
UHFWLRQ��ZDV�VZHSW�WKURXJK�WKH�HQWLUH�F\FOH�EHWZHHQ�±����2H�DQG�����2H�

7KH� UDWLR� RI� WKH�PDJQHWRLPSHGDQFH� �0,5��� GHSHQGHQW� RQ� WKH� H[WHUQDO�PDJQHWLF
GF�ILHOG��LV�XVXDOO\�H[SUHVVHG�DV
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ZKHUH�+ ����� LV�WKH�PD[LPXP�LQWHQVLW\�RI�WKH�GF�ILHOG�DSSOLHG��LQ�WKH�SUHVHQW�H[SHULPHQW
+ �����  � ����2H��� (TXDWLRQ� ����ZDV� DSSOLHG� WR� FDOFXODWH� WKH�PDJQHWRLPSHGDQFH� UDWLR
0,5�XVLQJ�WKH�GDWD�REWDLQHG�LQ�WKH�H[SHULPHQW�

���5HVXOWV�DQG�GLVFXVVLRQ
,W�ZDV�IRXQG�WKDW�WKH�VDPSOH�DQQHDOHG�DW���� �&�GLVSOD\HG�WKH�EHVW�PDJQHWLF�VRIW�

QHVV��KHQFH�WKLV�ZLUH�VSHFLPHQ�ZDV�XVHG�LQ�WKH�H[SHULPHQW�
)LJXUH���VKRZV�WKH�0,5�FXUYHV�FDOFXODWHG�XVLQJ�WKH�H[SHULPHQWDO�GDWD�REWDLQHG�DW

GLIIHUHQW�IUHTXHQFLHV�DQG�SORWWHG�DV�D�IXQFWLRQ�RI�WKH�H[WHUQDO�D[LDO�GF�ILHOG��$V�LV�VHHQ
LQ�WKH�ILJXUH��WKH�PD[LPXP�YDOXH�RI�0,5�LQFUHDVHV�GUDVWLFDOO\�ZLWK�DQ�LQFUHDVH�RI�WKH
IUHTXHQF\�XS�WR�����0+]��7KLV�LV�PDLQO\�GXH�WR�D�GHFUHDVH�RI�WKH�SHQHWUDWLRQ�GHSWK�
ZKRVH�YDOXH�LV�HVWLPDWHG�VPDOOHU�WKDQ��� P�DW�WKH�IUHTXHQFLHV�XVHG�LQ�WKH�H[SHULPHQW�

7KH�GRPLQDWLQJ�FRQWULEXWLRQ� WR� WKH� HIIHFWLYH�SHUPHDELOLW\� FRPHV�HLWKHU� IURP� WKH
URWDWLRQ�RI�PDJQHWL]DWLRQ�RU�IURP�WKH�GRPDLQ�ZDOO�PRWLRQ�>�@��,Q�JHQHUDO��GHSHQGLQJ
RQ� WKH� IUHTXHQF\�� WKUHH� PDLQ� PHFKDQLVPV� RI� WKH� *0,�HIIHFW� FDQ� EH� GLVWLQJXLVKHG�
QDPHO\�� �L�� DW� UHODWLYHO\� ORZ� IUHTXHQFLHV� WKH� FKDQJHV� RI� WKH� LPSHGDQFH� DUH� HQWLUHO\
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DVFULEHG�WR�WKH�PDJQHWRLQGXFWLYH�HIIHFW�DULVLQJ�IURP�WKH�FLUFXODU�PDJQHWL]DWLRQ�SURF�
HVVHV���LL��DW�KLJK�IUHTXHQFLHV��WKH�VNLQ�HIIHFW�EHFRPHV�GRPLQDQW�EHFDXVH�RI�WKH�ODUJH
SHUPHDELOLW\�� DQG� �LLL�� DW�YHU\�KLJK� IUHTXHQFLHV�� D�PRWLRQ�RI�GRPDLQ�ZDOOV� LV� WRWDOO\
GDPSHG� DQG� WKH� SHUPHDELOLW\� UDSLGO\� GHFUHDVHV� XQWLO� WKH� UHVRQDQFH� SKHQRPHQD� DUH
UHDFKHG�>�@�
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)LJ�����0,5�FXUYHV�PHDVXUHG�DW�YDULRXV�IUHTXHQFLHV�������������������������������0+]�

%HFDXVH�WKH�IUHTXHQFLHV�RI�WKH�DF�FXUUHQW�IORZLQJ�DORQJ�WKH�ZLUH�VDPSOH�DUH�YHU\�KLJK�
WKH�REWDLQHG�H[SHULPHQWDO�GHSHQGHQFLHV�RI�*0,�FDQ�EH�LQWHUSUHWHG�LQ�DFFRUGDQFH�ZLWK�WKH
FDVH��LLL���ZKHUH�WKH�GRPDLQ�ZDOOV�DUH�LPPRYDEOH��7KHUHIRUH��WKH�0,5�FXUYH�REWDLQHG�DW
���� 0+]� FDQ� EH� XQGHUVWRRG� FRQVLGHULQJ� WKH� DERYH� FDVH�� $W� WKH� IUHTXHQFLHV� DERYH
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����0+]��D�GUDPDWLF�LQFUHDVH�RI�WKH�0,5�YDOXH�LV�REVHUYHG��GXH�WR�WKH�RFFXUUHQFH�RI�WKH
UHVRQDQFH��$W�YHU\�KLJK�IUHTXHQF\�UDQJH��WKH�VDPSOH�EHKDYHV�OLNH�D�5/&�HOHFWULF�FLUFXLW�
ZKHUH�5�LV�LWV�UHVLVWDQFH��/�±�WKH�LQGXFWDQFH�DQG�&�±�FDSDFLWDQFH��7KHUHIRUH��WKH�UHVRQDQFH
IUHTXHQF\�RI�WKH�VDPSOH�FDQ�EH�JLYHQ�E\�WKH�ZHOO�NQRZQ�H[SUHVVLRQ

&+/+� ���
���� www = ����

ZKHUH�w��LV�WKH�DQJXODU�IUHTXHQF\�RI�WKH�DF�FXUUHQW�IORZLQJ�DORQJ�WKH�ZLUH�VDPSOH�
6LQFH� WKH� LQGXFWDQFH�/�w��+��GHSHQGV�RQ� WKH�H[WHUQDO�GF�ILHOG� DV�ZHOO� DV�RQ� WKH

IUHTXHQF\�� WKH� UHVRQDQFH� IUHTXHQF\�RI� WKH� VDPSOH� GHSHQGV� DOVR� RQ� WKHVH� TXDQWLWLHV�
7KLV�LV�UHIOHFWHG�E\�WKH�FRPSOH[�VKDSHV�RI�WKH�0,5�FXUYHV�VKRZQ�LQ�)LJ����

,Q�RUGHU�WR�VLPXODWH�WKH�*0,�EHKDYLRXU�EDVHG�RQ�WKH�FRQFHSW�RI�D�/&�UHVRQDWRU��LW
FDQ�URXJKO\�EH�DVVXPHG�WKDW�WKH�LQGXFWDQFH�/�GRHV�QRW�GHSHQG�RQ�WKH�IUHTXHQF\�LQ�LWV
UDQJH�XVHG�LQ�WKH�H[SHULPHQW��,W�FDQ�EH�H[SUHVVHG�DV( )�
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� ��� +/+/ a-=
ZKHUH�/ � LV�WKH�LQGXFWDQFH�DW�+� ����DQG�a�LV�D�FRQVWDQW��7KH�LQGXFWDQFH�VLPXODWHG�LQ
VXFK�D�ZD\�LV�VKRZQ�LQ�)LJ����DV�D�IXQFWLRQ�RI�WKH�GF�ILHOG�

7KH�LPSHGDQFH�DQG�WKH�SKDVH�DQJOH�FDQ�EH�JLYHQ�E\
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7KH�LPSHGDQFLHV�=�w��+��FDOFXODWHG�DFFRUGLQJ�WR�(T����D��DQG�SORWWHG�DV�D�IXQF�
WLRQ�RI� IUHTXHQF\�DW�YDULRXV� LQWHQVLWLHV�RI� WKH� H[WHUQDO�GF�ILHOG� DUH� VKRZQ� LQ�)LJ����
ZKHUH�&�LV�WDNHQ�DV������S)�HVWLPDWHG�IURP�F\OLQGULFDO�FRQGHQVHUV�RI�HOHFWULF�WHUPL�
QDOV� DW� WKH� HQGV� RI� D�PLFURZLUH��$V� FDQ� EH� H[SHFWHG�� WKH� LPSHGDQFH� DW� IUHTXHQFLHV
KLJKHU�WKDQ�WKH�UHVRQDQFH�IUHTXHQF\��w�!!�w 	 ��GHFUHDVHV�ZLWK�DQ�LQFUHDVH�RI�WKH�H[WHU�
QDO�PDJQHWLF�GF�ILHOG��,Q�WKH�IUHTXHQF\�UDQJH�ORZHU�WKDQ�WKDW�RI�WKH�UHVRQDQFH��w����w 	 ��DQ
RSSRVLWH�HIIHFW�LV�REVHUYHG��WKH�PDJQHWRLPSHGDQFH�LQFUHDVHV�ZLWK�WKH�LQFUHDVH�RI�WKH
H[WHUQDO�PDJQHWLF�GF�ILHOG�

7KH�FDOFXODWHG�LPSHGDQFH�FXUYHV�SORWWHG�DV�D�IXQFWLRQ�RI�WKH�GF�ILHOG�DW�GLIIHUHQW
��IUHTXHQFLHV�DUH�VKRZQ�LQ�)LJ�����$V�FDQ�HDVLO\�EH�QRWLFHG��WKH�VKDSHV�RI�WKHVH�VLPX�
ODWHG�PDJQHWRLPSHGDQFH�FXUYHV� DUH�PXFK� WKH� VDPH� DV� WKH� VKDSHV� RI� WKRVH� REWDLQHG
H[SHULPHQWDOO\��VHH�)LJ������6LPLODUO\��WKH�FDOFXODWHG�ILHOG�GHSHQGHQFH�RI�WKH�SKDVH
DQJOH� �(T�� ��E���� VKRZQ� LQ� )LJ�� ��� UHVHPEOHV� WKH� H[SHULPHQWDO� RQH� REWDLQHG� DW
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����0+]��FORVH�WR�WKH�UHVRQDQFH�IUHTXHQF\���7KH�VXGGHQ�FKDQJH�RI�WKH�SKDVH�DQJOH
DV�ODUJH�DV������JLYHV�HYLGHQFH�WKDW�WKH�UHVRQDQFH�LQ�IDFW�RFFXUV�DW�D�VSHFLILF�LQWHQ�
VLW\�RI�WKH�GF�ILHOG�
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+RZHYHU��D�GUDVWLF�LQFUHDVH�RI�WKH�DF�FXUUHQW�WDNHV�SODFH�DW�WKH�UHVRQDQFH�IUHTXHQF\�
7KLV�HIIHFW�ZDV�QRW�WDNHQ�LQWR�DFFRXQW�LQ�WKH�SHUIRUPHG�FDOFXODWLRQ�RI�WKH�LPSHGDQFH��7KH
ODUJH�FXUUHQW�JHQHUDWHV�D�ODUJH�FLUFXPIHUHQWLDO�PDJQHWLF�DF�ILHOG�LQ�WKH�ZLUH�VDPSOH�UHVXOW�
LQJ�LQ�DQ�LQFUHPHQW�RI�WKH�FLUFXPIHUHQWLDO�SHUPHDELOLW\�m Í ��7KHUHIRUH��D�GUDVWLF�ULVH�RI�WKH



+LJK�IUHTXHQF\�PDJQHWRLPSHGDQFH�HIIHFW ���

PDJQHWRLPSHGDQFH� LQ� WKH� YLFLQLW\� RI� WKH� UHVRQDQFH� IUHTXHQF\� FDQ� EH� H[SHFWHG�� 7KLV� LV
FOHDUO\�YLVLEOH�LQ�WKH�0,5�FXUYH�PHDVXUHG�DW�����0+]��VHH�)LJ�����

���&RQFOXVLRQV
,Q�WKLV�VWXG\��WKH�JLDQW�PDJQHWRLPSHGDQFH��*0,��HIIHFW�ZDV�LQYHVWLJDWHG�LQ�DPRU�

SKRXV�&R ����� � % ��� � 6L ��� � 0Q 	�� 
 �PLFURZLUH�LQ�D�YHU\�KLJK�IUHTXHQF\�UDQJH�XS�WR���*+]��7KH
VKDSHV�RI� WKH�GF�ILHOG�GHSHQGHQFLHV�RI� WKH� LPSHGDQFH�FKDQJHG�GUDPDWLFDOO\�ZLWK� DQ
LQFUHDVH�RI� WKH� IUHTXHQF\�RI� WKH� DF�FXUUHQW� IORZLQJ�DORQJ� WKH� VDPSOH��7KH�REVHUYHG
LQFUHPHQWV�RI�WKH�PD[LPXP�RI�WKH�PDJQHWRLPSHGDQFH�UDWLR��0,5��ZLWK�DQ�LQFUHDVH�RI
WKH� IUHTXHQF\� FDQ� EH� LQWHUSUHWHG� LQ� WHUPV� RI� WKH� /&�UHVRQDQFH� SKHQRPHQD�� 7KH
PD[LPXP�YDOXH�RI�0,5�UHDFKHG�LQ� WKH�H[SHULPHQW�HTXDOV������DW� WKH�IUHTXHQF\�RI
DURXQG�����0+]��7KH�VXGGHQ�FKDQJH�RI�WKH�SKDVH�DQJOH��DV�ODUJH�DV�������SURYHG�WKH
RFFXUUHQFH�RI�WKH�UHVRQDQFH�DW�WKH�VSHFLILHG�LQWHQVLW\�RI�WKH�H[WHUQDO�GF�ILHOG�

$FNQRZOHGJHPHQW
7KLV�ZRUN�ZDV�VXSSRUWHG�E\� WKH�.RUHD�6FLHQFH� DQG�(QJLQHHULQJ�)RXQGDWLRQ� WKURXJK� WKH�5HVHDUFK

&HQWUH�IRU�$GYDQFHG�0DJQHWLF�0DWHULDOV�DW�&KXQJQDP�1DWLRQDO�8QLYHUVLW\�
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7KH�HIIHFW�RI�D[LDO�GF�ILHOG�RQ�WUDQVYHUVH�SHUPHDELOLW\
LQ�&R�EDVHG�PHWDOOLF�JODVV�ULEERQV
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� ,QVWLWXWH�RI�3K\VLFV��3ROLVK�$FDGHP\�RI�6FLHQFHV��DO��/RWQLNyZ���������������:DUV]DZD��3RODQG
� 'HSDUWPHQW�RI�3K\VLFV��&KXQJEXN�1DWLRQDO�8QLYHUVLW\��&KRQJMX����������.RUHD

$�VLPSOH�JHRPHWULFDO�PRGHO�LV�SURSRVHG��7KLV�PRGHO�DOORZV�FDOFXODWLQJ�WKH�SHQHWUDWLRQ�GHSWK�DQG�WKH
PHDQ�WUDQVYHUVH�SHUPHDELOLW\�LQ�PDJQHWLF�HOHPHQWV�RI�D�UHFWDQJXODU�FURVV�VHFWLRQ�ZKLFK�DUH�XVHG�WR�VWXG\
WKH�JLDQW�PDJQHWRLPSHGDQFH�HIIHFW��*0,���$V�DQ�H[DPSOH��ERWK�WKH�TXDQWLWLHV�PHQWLRQHG�ZHUH�FDOFXODWHG
IRU�WKH�&R�EDVHG�PHWDOOLF�JODVV�ULEERQ�XVLQJ�WKH�H[SHULPHQWDO�GDWD��7KHLU�HYROXWLRQ�ZLWK�WKH�D[LDO�GF�ILHOG
DSSOLHG�DW�YDULRXV�IUHTXHQFLHV�RI�WKH�DF�FXUUHQW��IORZLQJ�DORQJ�WKH�ULEERQ��LV�SUHVHQWHG��$�FRPSDULVRQ�RI
WKH�H[SHULPHQWDO�GDWD�ZLWK�WKRVH�FDOFXODWHG�IURP�WKH�PRGHO�VKRZV�WKDW�WKH�ODWWHU�JLYHV�RQO\�D�TXDOLWDWLYH
DSSUR[LPDWLRQ�RI�WKH�GHSHQGHQFLHV�PHDVXUHG�

.H\�ZRUGV��JLDQW�PDJQHWRLPSHGDQFH��VNLQ�HIIHFW��SHQHWUDWLRQ�GHSWK��WUDQVYHUVH�SHUPHDELOLW\��PHWDOOLF�JODVV

���,QWURGXFWLRQ
7KH� RFFXUUHQFH� RI� WKH� JLDQW�PDJQHWRLPSHGDQFH� �*0,�� HIIHFW�ZDV� UHSRUWHG� LQ� ����

>�±�@��7KLV�HIIHFW�PDQLIHVWV�LWVHOI�DV�KXJH�FKDQJHV�LQ�WKH�LPSHGDQFH�RI�D�PDJQHWLF�HOHPHQW
XVXDOO\� LQ� WKH� IRUP�RI�PDJQHWLFDOO\� VRIW� WKLQ� ULEERQ�� WLQ\�ZLUH�RU�RFFDVLRQDOO\� WKLQ� ILOP
VXEPLWWHG� WR� D� VLPXOWDQHRXV� DFWLRQ� RI� DQ� H[WHUQDO� ORQJLWXGLQDO� GF�PDJQHWLF� ILHOG� DQG
D�WUDQVYHUVH�RU�FLUFXODU��LQ�WKH�FDVH�RI�ZLUHV��DF�ILHOG�JHQHUDWHG�E\�DQ�DF�FXUUHQW�RI�WKH�U�I��
IUHTXHQF\�IORZLQJ�WKURXJK�WKH�HOHPHQW��7KH�SK\VLFDO�EDFNJURXQG�RI�WKH�*0,�SKHQRPHQRQ
LV�QRZ�ZHOO� UHFRJQL]HG��VHH�H�J�� >�@���0RUHRYHU�� WKLV�HIIHFW� LV�H[SHFWHG� WR�EH�XWLOL]HG� LQ
D�QXPHURXV� VHQVLWLYH� VHQVRUV� RI� YDULRXV� SK\VLFDO� TXDQWLWLHV� �VHH� H�J�� >�@��� ,Q� D� UDQJH� RI
D�UHODWLYHO\�KLJK�IUHTXHQF\�RI�WKH�DF�FXUUHQW��a����±����0+]���WKH�PDLQ�VRXUFH�RI�*0,�LV
D�ZHOO�NQRZQ�FODVVLFDO�VNLQ�HIIHFW��7KH�ODWWHU�PDQLIHVWV�LWVHOI�LQ�VXFK�D�ZD\�WKDW�WKH�DSSOLHG
FXUUHQW�HIIHFWLYHO\�IORZV�LQ�DQ�RXWHU�SDUW�RI� WKH�FURVV�VHFWLRQ�RI� WKH�PDJQHWLF�HOHPHQW�

BBBBBBBBB
� &RUUHVSRQGLQJ�DXWKRU��H�PDLO��ODFKR#LISDQ�HGX�SO�
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7KH� SHQHWUDWLRQ� GHSWK� d,� ZKLFK� JLYHV� D�PHDVXUH� RI� WKLV� HIIHFW�� LV� GHVFULEHG� E\� WKH
FRPPRQO\�NQRZQ�H[SUHVVLRQ
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ZKHUH�r�LV�WKH�HOHFWULFDO�UHVLVWLYLW\�RI�D�PDJQHWLF�HOHPHQW��w�±�WKH�DQJXODU�IUHTXHQF\
RI�D�GULYLQJ�FXUUHQW��w� ��pI��I�±�IUHTXHQF\���m � �±�SHUPHDEOLW\�RI�IUHH�VSDFH�HTXDO�WR
� �Â����� +�P��DQG�m�±�WKH�UHODWLYH�WUDQVYHUVH��RU�FLUFXODU��SHUPHDELOLW\�

6LQFH� WKH� WUDQVYHUVH� SHUPHDELOLW\� FDQ� YDU\� E\� RUGHUV� RI� PDJQLWXGHV� ZLWK� D� GF�
H[WHUQDO�PDJQHWLF�ILHOG�DSSOLHG�DORQJ�WKH�OHQJWK�RI�WKH�PDJQHWLF�HOHPHQW��WKH�SHQHWUD�
WLRQ� GHSWK� DOVR� VWURQJO\� YDULHV�� UHVXOWLQJ� LQ� KXJH� FKDQJHV� RI� WKH� LPSHGDQFH�
&RQVLGHULQJ�WKH�DERYH��LW�LV�REYLRXV�WKDW�WKH�WUDQVYHUVH�SHUPHDELOLW\��RU�FLUFXODU�RQH
LQ�WKH�FDVH�RI�ZLUHV��LV�WKH�NH\�SDUDPHWHU�ZKLFK�JRYHUQV�WKH�*0,�HIIHFW�LQ�WKH�UDQJH
RI�KLJK�HQRXJK�U�I��IUHTXHQFLHV�

$�GLUHFW�PHDVXUHPHQW� RI� WKH� WUDQVYHUVH� SHUPHDELOLW\� LV� QRW� DQ� HDV\� WDVN� DQG� UH�
TXLUHV�VRPH�VSHFLDO�PHDVXULQJ�DUUDQJHPHQW��VHH�H�J��>�@���+RZHYHU��WKLV�SHUPHDELOLW\
DQG�LWV�GF�ILHOG�GHSHQGHQFH�FDQ�EH�HVWLPDWHG�XVLQJ�D�YHU\�VLPSOH��JHRPHWULFDO�PRGHO�
6XFK�D�PRGHO�IRU�PDJQHWLF�ZLUHV�KDV�EHHQ�SURSRVHG�E\�.QREHO�HW�DO��>�@�

,Q� WKH�SUHVHQW�SDSHU��D�VLPLODU�DSSUR[LPDWLRQ�LV�SUHVHQWHG�EXW� IRU� VDPSOHV� LQ� WKH
IRUP�RI�D�ULEERQ��7KH�UHVXOWV�FDOFXODWHG�XVLQJ�WKLV�DSSUR[LPDWLRQ�DUH�FRPSDUHG�ZLWK
WKH�H[SHULPHQWDO�GDWD�REWDLQHG�IRU�&R�EDVHG�PHWDOOLF�JODVV�ULEERQ�VDPSOHV�

���6LPSOH�WKHRUHWLFDO�PRGHO
$�VLPSOH�PRGHO�LV�IRUPXODWHG�XQGHU�D�URXJK�DVVXPSWLRQ�WKDW�FKDQJHV� LQ� WKH�UHDO

FRPSRQHQW��LQ�SKDVH�RQH��RI�WKH�LPSHGDQFH�DUH�RQO\�GXH�WR�FKDQJHV�LQ�WKH�HIIHFWLYH
FURVV�VHFWLRQ�ZLWKLQ�ZKLFK�WKH�FXUUHQW�IORZV�DV�D�FRQVHTXHQFH�RI�WKH�VNLQ�HIIHFW��8Q�
GHU� WKLV� FRQGLWLRQ�� LW� FDQ�EH� DVVXPHG� WKDW� WKH� FXUUHQW� IORZV� LQ� DQ� RXWHU� DUHD� RI� WKH
FURVV�VHFWLRQ�RI�WKH�ULEERQ�6�ZKLFK�LV�JLYHQ�E\

( )ddd 2-2+= DE6 � ����
ZKHUH�D�DQG�E�DUH�WKH�WKLFNQHVV�DQG�ZLGWK�RI�WKH�ULEERQ��UHVSHFWLYHO\��DVVXPLQJ�WKDW
WKH�FURVV�VHFWLRQ�RI�WKH�ULEERQ�KDV�D�UHFWDQJXODU�VKDSH��WKH�FRQGLWLRQ�ZKLFK�LQ�UHDOLW\
LV�QRW�H[DFWO\�IXOILOOHG���DQG�d�LV�WKH�SHQHWUDWLRQ�GHSWK�DV�EHIRUH�

&RQVLGHULQJ�(T������� WKH�SHQHWUDWLRQ�GHSWK�FDQ�QRZ�EH�H[SUHVVHG�LQ� WHUPV�RI� WKH
UDWLR�5 � �5 ��� �+���ZKHUH�5 � LV�WKH�GF�UHVLVWDQFH�RI�WKH�VDPSOH��DQG�5 ��� �+� ±�WKH�UHDO��LQ�
SKDVH��FRPSRQHQW�RI�WKH�LPSHGDQFH�DW�D�JLYHQ�IUHTXHQF\�RI�WKH�FXUUHQW�DQG�H[WHUQDO
GF�ILHOG��$SSO\LQJ�WKH�XVXDO�GHILQLWLRQ�RI�UHVLVWDQFH��5� �rO�6��WKH�SHQHWUDWLRQ�GHSWK�DV
D�IXQFWLRQ�RI�WKH�H[WHUQDO�GF�ILHOG�LV�WKHQ�JLYHQ�E\
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8VLQJ� WKH� YDOXHV� RI� d�+��� FDOFXODWHG� IURP� (T�� ���� IRU� WKH� H[SHULPHQWDO� GDWD� RI
5 ��� �+���LW�LV�SRVVLEOH�WR�HVWLPDWH�WKH�PHDQ�YDOXHV�RI�WKH�UHODWLYH�WUDQVYHUVH�SHUPHDELO�
LW\�m��PDNLQJ�XVH�RI�(T�������+HQFH
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���([SHULPHQWDO�GHWDLOV
7KH�H[SHULPHQWV�ZHUH�SHUIRUPHG�RQ�WKH�PHWDOOLF�JODVV�ULEERQ�VDPSOHV�DQQHDOHG�DW

���� �&� IRU� ���PLQ� �VWUHVV� UHOD[DWLRQ�� DQG� DW� ���� �&� IRU� �� K� XQGHU� WHQVLOH� VWUHVV� RI
����03D� LQ� RUGHU� WR� LQGXFH� WUDQVYHUVH� DQLVRWURS\� �PDUNHG� IRU� VKRUW� DV� $�� DQG� %�
VDPSOHV�� UHVSHFWLYHO\��� 7KH� ULEERQ�� ���mP� WKLFN� DQG� ����PP�ZLGH�� RI� WKH� QRPLQDO
FRPSRVLWLRQ�&R � � )H 	 0R ��
 � 6L � � 
 � % � � �9,7529$&�������ZDV� XVHG� FRQVLGHULQJ� LWV� H[�
WUHPHO\�KLJK�PDJQHWLF�VRIWQHVV�>�@��7KH�TXDVL�VWDWLF�PDJQHWL]DWLRQ�FKDUDFWHULVWLFV�RI
WKH� VDPSOHV�ZHUH�PHDVXUHG�XVLQJ� D� FRPSXWHU�FRQWUROOHG�K\VWHUHVLV� ORRS� WUDFHU�� 7KH
UHDO�DQG�LPDJLQDU\�FRPSRQHQWV�RI� WKH� LPSHGDQFH�RI� WKH�VDPSOHV�ZHUH�PHDVXUHG�EH�
WZHHQ�WKH�YROWDJH�SLFN�XS�FRQWDFWV�SODFHG����PP�DZD\�LQ�WKH�VDPSOH�KROGHU��XVLQJ�DQ
$JLOHQW�����$�3UHFLVLRQ�/&5�0HWHU�HTXLSSHG�ZLWK�WKH�FRD[LDO�OHDGV����SDLU�PHWKRG��
7KHVH�PHDVXUHPHQWV�ZHUH�FDUULHG�RXW�DW�WKH�IUHTXHQFLHV�RI�������������DQG����0+]�RI
D�VLQXVRLGDO�DF�FXUUHQW�RI����P$��IORZLQJ�DORQJ�WKH�VDPSOH�D[LV��,Q�RUGHU�WR�JHQHUDWH
WKH� *0,�HIIHFW�� D� ORQJLWXGLQDO� GF�PDJQHWLF� ILHOG� XS� WR� a� ��� N$�P� ZDV� DSSOLHG� E\
D�+HOPKROW]�SDLU�

���5HVXOWV�DQG�GLVFXVVLRQ
7KH�PDJQHWL]DWLRQ� FKDUDFWHULVWLFV� IRU� WKH� VDPSOHV� VWXGLHG��PHDVXUHG� DORQJ� WKHLU

D[LV��DUH�VKRZQ�LQ�)LJ�����7KH�REVHUYHG�WLOW�RI� WKH�FKDUDFWHULVWLF�REWDLQHG�IRU� WKH�$�
VDPSOH� UHVXOWHG�PDLQO\� IURP� WKH� GHPDJQHWL]DWLRQ� HIIHFW� LQ� WKH� VDPSOH� ���PP� ORQJ
XVHG� LQ� WKHVH�PHDVXUHPHQWV�� 7KH� FKDUDFWHULVWLF� REWDLQHG� IRU� WKH� %�VDPSOH� GLVSOD\V
W\SLFDO�KDUG�D[LV�PDJQHWL]DWLRQ�GHSHQGHQFH��,Q�)LJ���D��E��WKH�H[SHULPHQWDO�ILHOG�GH�
SHQGHQFLHV� RI� WKH� UHDO� 5 ��� �+�� DQG� LPDJLQDU\� ;�+�� FRPSRQHQWV� RI� WKH� VDPSOH
LPSHGDQFH��REWDLQHG�IRU�WKH�$�VDPSOH�DW������������DQG����0+]��DUH�VKRZQ��6LPLODU
GHSHQGHQFLHV�REWDLQHG�IRU�WKH�%�VDPSOH�DW����0+]�DUH�VKRZQ�LQ�)LJ�����7KHVH�FKDU�
DFWHULVWLFV�H[KLELW�W\SLFDO�VKDSHV��VLPLODU�WR�WKRVH�UHSRUWHG�LQ�WKH�OLWHUDWXUH��+RZHYHU�
LW�LV�ZRUWK�QRWLQJ�WKDW�WKH�FXUYHV�SUHVHQWLQJ�WKH�ILHOG�GHSHQGHQFLHV�RI�WKH�UHDO�FRPSR�
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QHQW� �)LJ�� �D�� WHQG� DV\PSWRWLFDOO\�ZLWK� DQ� LQFUHDVH� RI� WKH� GF�ILHOG� WR� WKH�PHDVXUHG
YDOXH�RI� D�GF�UHVLVWDQFH�RI� WKH� VDPSOH��5 � � ������w��7KLV�JLYHV� DQ�HYLGHQFH� IRU� WKH
UHOLDELOLW\�RI�WKH�PHDVXUHPHQWV�SHUIRUPHG�
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0DJQHWLF�ILHOG�>$�P@
)LJ�����0DJQHWL]DWLRQ�FKDUDFWHULVWLFV�RI�&R�EDVHG�PHWDOOLF�JODVV�VDPSOHV�XVHG�LQ�H[SHULPHQWV

7KH� GHSHQGHQFLHV� RI� WKH� SHQHWUDWLRQ� GHSWK� YV�� WKH� GF�ILHOG�� FDOFXODWHG� XVLQJ
(T�������WKH�YDOXH�RI�5 � �JLYHQ�DERYH�DQG�WKH�H[SHULPHQWDO�GDWD�RI�5 ��� �+���REWDLQHG�IRU
WKH�$�VDPSOH�DW�GLIIHUHQW�IUHTXHQFLHV�RI�WKH�DF�FXUUHQW��DUH�VKRZQ�LQ�)LJ�����,Q�)LJ����
WKH�ILHOG�GHSHQGHQFLHV�RI�WKH�PHDQ�UHODWLYH�WUDQVYHUVH�SHUPHDELOLW\��FDOFXODWHG�IRU�WKH
VDPH�VDPSOH�E\�(T�������DUH�SUHVHQWHG��$V�H[SHFWHG��WKH�VNLQ�HIIHFW�EHFDPH�VWURQJHU
ZLWK�DQ�LQFUHDVH�RI�WKH�IUHTXHQF\��$V�FDQ�DOVR�EH�H[SHFWHG��D�PD[LPXP�RI�WKLV�HIIHFW
�WKH�VPDOOHVW�SHQHWUDWLRQ�GHSWK��RFFXUV� LQ� WKH�UDQJH�RI� WKH�GF�ILHOG�ZLWKLQ�ZKLFK�WKH
WUDQVYHUVH�SHUPHDELOLW\�ZDV�WKH�ODUJHVW��:LWK�DQ�LQFUHDVH�RI�WKH�GF�ILHOG��WKH�SHQHWUD�
WLRQ�GHSWK�GHFUHDVHV�PRQRWRQLFDOO\� WHQGLQJ�DV\PSWRWLFDOO\� WRZDUGV�D�YDOXH�RI�D�KDOI
RI�WKH�VDPSOH�WKLFNQHVV��QR�VNLQ�HIIHFW��

7KH� DEVROXWH� YDOXH� RI� WKH� LPDJLQDU\� FRPSRQHQW� RI� WKH� LPSHGDQFH� �UHDFWDQFH�
HTXDOV�;�  �w/�� ZKHUH�/� LV� WKH� LQGXFWDQFH� RI� WKH�PDJQHWLF� HOHPHQW� �QHJOHFWLQJ� WKH
FDSDFLWLYH�WHUP�RI�WKH�UHDFWDQFH�ZKLFK�XVXDOO\�LV�YHU\�VPDOO���,I�WKH�SHQHWUDWLRQ�GHSWK
LV�PXFK�VPDOOHU�WKDQ�WKH�VDPSOH�WKLFNQHVV��d�D����������WKH�LQGXFWDQFH�RI�WKH�VDPSOH
FDQ�ZHOO�EH� DSSUR[LPDWHG�E\�DQ�HTXDWLRQ�ZKLFK� VKRZV� WKDW� WKLV�TXDQWLW\� LV�GLUHFWO\
SURSRUWLRQDO�WR�WKH�SURGXFW�RI�WKLV�GHSWK�DQG�WKH�WUDQVYHUVH�SHUPHDELOLW\�>�@��&RQVLG�
HULQJ� WKLV�� D� FRPSDULVRQ� RI� WKH�PHDVXUHG� LPDJLQDU\� FRPSRQHQW�ZLWK� WKH� FDOFXODWHG
SURGXFW�PHQWLRQHG�DERYH�VKRXOG�VKRZ�WR�ZKDW�H[WHQW�WKH�LQWURGXFHG�PRGHO�DSSUR[L�
PDWHV�WKH�H[SHULPHQWDO�GDWD��6XFK�D�FRPSDULVRQ�REWDLQHG�IRU�WKH�$�VDPSOH�DW����0+]
LV�SUHVHQWHG�LQ�)LJ�����ERWK�TXDQWLWLHV�VKRZQ�DUH�QRUPDOL]HG�LQ�UHODWLRQ�WR�WKHLU�PD[LPXP
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YDOXHV���$V�LV�VHHQ�LQ�WKLV�ILJXUH��WKH�FDOFXODWHG�FXUYH�FRQVLGHUDEO\�GHSDUWV�IURP�WKDW
REWDLQHG�H[SHULPHQWDOO\��7KH�SHQHWUDWLRQ�GHSWK�LV�WKH�VPDOOHVW�LQ�WKH�UDQJH�RI�ORZ�GF�
ILHOG��VHH�)LJ������WKHUHIRUH�LW�FDQ�EH�H[SHFWHG�WKDW�WKH�DSSUR[LPDWLRQ�VKRXOG�EH�PRUH
VDWLVIDFWRU\�LQ�WKLV�UDQJH�RI�ILHOG��)LJXUH���VKRZV�ERWK�FXUYHV�SORWWHG�ZLWKLQ�D�VPDOO
UDQJH�RI�WKH�GF�ILHOG��DURXQG�LWV�]HUR�YDOXH��GRXEOH�OLQHV�LQ�WKHVH�GHSHQGHQFLHV�UHIOHFW
WKH�K\VWHUHVLV�HIIHFW���$V�LV�VHHQ�LQ�WKHVH�ILJXUHV��RQO\�D�TXDOLWDWLYH�DSSUR[LPDWLRQ�RI
WKH�H[SHULPHQWDO�ILHOG�GHSHQGHQFLHV�RI�WKH�UHDFWDQFH�LV�REVHUYHG�
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)LJ�����GF�ILHOG�GHSHQGHQFLHV�RI�SHQHWUDWLRQ�GHSWK
FDOFXODWHG�IRU�$�VDPSOH�DW�YDULRXV�IUHTXHQFLHV

)LJXUH���SUHVHQWV� WKH� ILHOG�GHSHQGHQFLHV�RI� WKH�SHQHWUDWLRQ�GHSWK�DQG� WUDQVYHUVH
SHUPHDELOLW\�REWDLQHG�IRU�WKH�%�VDPSOH��ZKHUHDV�)LJ����VKRZV�VLPLODU�FXUYHV�DV�WKRVH
LQ�)LJ����EXW�IRU�WKH�%�VDPSOH��6LQFH�DW�GF�ILHOGV�ORZHU�WKDQ�WKH�DQLVRWURS\�ILHOG�RI�WKH
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VDPSOH�� LWV�PDJQHWL]DWLRQ�SURFHHGHG�PDLQO\� E\� URWDWLRQ� RI� VSLQV�� RQH� FDQ� VSHFXODWH
WKDW� WKH�EHWWHU� DSSUR[LPDWLRQ�YLVLEOH� LQ�)LJ����RFFXUV� IRU� URWDWLRQDO�SURFHVVHV� UDWKHU
WKDQ�IRU�D�GRPDLQ�ZDOO�PRWLRQ��)XUWKHU�VWXGLHV�DUH�LQ�SURJUHVV�WR�FRQILUP�ZKHWKHU�WKH
DERYH�VXSSRVLWLRQ�LV�FRUUHFW�
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)LJ�����GF�ILHOG�GHSHQGHQFLHV�RI�PHDQ�UHODWLYH�WUDQVYHUVH�SHUPHDELOLW\

FDOFXODWHG�IRU�$�VDPSOH�DW�YDULRXV�IUHTXHQFLHV
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)LJ�����0HDVXUHG�LPDJLQDU\�FRPSRQHQW�RI�LPSHGDQFH��; ~N�N� ��DQG�FDOFXODWHG�SURGXFW

RI�SHQHWUDWLRQ�GHSWK�DQG�WUDQVYHUVH�SHUPHDELOLW\��md��YV��GF�ILHOG�REWDLQHG�IRU�$�VDPSOH
�DW����0+]��ERWK�FXUYHV�QRUPDOL]HG�LQ�UHODWLRQ�WR�WKHLU�PD[LPXP�YDOXHV�
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)LJ�����0HDVXUHG�LPDJLQDU\�FRPSRQHQW�RI�LPSHGDQFH��; ~N�N� �
DQG�FDOFXODWHG�SURGXFW��md��IRU�$�VDPSOH��QRUPDOL]HG�LQ�WKLV�VDPH�ZD\�DV�LQ�)LJ����
VKRZQ�LQ�QDUURZ�UDQJH�RI�GF�ILHOG�DURXQG�LWV�]HUR�YDOXH�DW�WKH�IUHTXHQF\�RI����0+]
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)LJ�����'HSHQGHQFLHV�RI�SHQHWUDWLRQ�GHSWK��d��DQG�PHDQ�UHODWLYH�WUDQVYHUVH
SHUPHDELOLW\��m��FDOFXODWHG�IRU�%�VDPSOH�DW����0+]

7KH�IDFW�WKDW�WKH�SHUIRUPHG�DSSUR[LPDWLRQ�LV�IDU�IURP�EHLQJ�VDWLVIDFWRU\�LV��KRZ�
HYHU�� QRW� VXUSULVLQJ� VLQFH� WKH� PHDVXUHG� YDOXHV� RI� WKH� UHDFWDQFH� FRPSULVH� WKH� VHOI�
LQGXFWDQFH� RI� WKH� VDPSOH�ZKLFK� FRQVLVWV� RI� WZR� FRPSRQHQWV�� LQWULQVLF� DQG� H[WHUQDO
RQHV�� WKH� ODWWHU� DUH� EHLQJ� QHJOHFWHG� LQ� WKH� FDOFXODWLRQV�� $GGLWLRQDOO\�� WKH� FRQGLWLRQ
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)LJ�����0HDVXUHG�LPDJLQDU\�FRPSRQHQW�RI�LPSHGDQFH�DQG�FDOFXODWHG�SURGXFW

�IRU�%�VDPSOH�DW����0+]��VKRZQ�LQ�QDUURZ�UDQJH�RI�GF�ILHOG

d�D��������LV�QRW�IXOILOOHG�HYHQ�DW�WKH�KLJKHVW�IUHTXHQF\�XVHG�LQ�WKH�H[SHULPHQWV��)XU�
WKHUPRUH�� WKH� PRGHO� ZDV� LQWURGXFHG� QHJOHFWLQJ� D� QXPEHU� RI� HIIHFWV� ZKLFK� PRVW
SUREDEO\�RFFXU�LQ�D�PDJQHWLF�HOHPHQW��EXW�ZKLFK�ZRXOG�KDUGO\�EH�WDNHQ�LQWR�DFFRXQW�
7KH�FXUUHQW�GLVWULEXWLRQ�ZLWKLQ� WKH�ULEERQ�VDPSOH� LV�� LQ�UHDOLW\��PXFK�PRUH�FRPSOH[
WKDQ�WKDW�DVVXPHG�LQ�WKH�PRGHO��$GGLWLRQDOO\��WKH�WUDQVYHUVH�SHUPHDELOLW\�FRXOG�QRW�EH
KRPRJHQHRXV�EHFDXVH�RI�PDJQHWLF�KHWHURJHQHLW\�XVXDOO\�H[LVWLQJ�LQ�WKH�UHDO�PDJQHWV�
$OVR�WKH�WKLFNQHVV�RI�WKH�ULEERQ�FDQ�GLVSOD\�IUDFWLRQDO�YDULDWLRQV��)XUWKHU��WKH�PLFUR�
HGG\�FXUUHQWV��JHQHUDWHG�E\�WKH�PRYLQJ�GRPDLQ�ZDOOV��VKRXOG�DOVR�EH�FRQVLGHUHG�>��@�
+RZHYHU�� WKH� DGYDQWDJH�RI� WKLV�PRGHO� LV� WKDW� WKH� VKDSHV� RI� ERWK� WKH� VHOI�FRQVLVWHQW
EDVLF� TXDQWLWLHV� JRYHUQLQJ� WKH�*0,�HIIHFW�� WKH� SHQHWUDWLRQ� GHSWK� DQG� WKH� WUDQVYHUVH
SHUPHDELOLW\� FDQ� HIIRUWOHVVO\� EH� HVWLPDWHG� JLYLQJ� DQ� LQVWUXFWLYH� RXWORRN� RQ� WKHLU
YDULDWLRQ�ZLWK�WKH�H[WHUQDO�GF�ILHOG�

���&RQFOXVLRQV
$�VLPSOH�PRGHO�LV�SURSRVHG�ZKLFK�DOORZV�XV�WR�FDOFXODWH�WKH�SHQHWUDWLRQ�GHSWK��WKH

SDUDPHWHU�JLYLQJ�D�PHDVXUH�RI�WKH�VNLQ�HIIHFW�ZKLFK�LV�PDLQO\�UHVSRQVLEOH�IRU�WKH�*0,
SKHQRPHQRQ�REVHUYHG�DW�KLJK�HQRXJK�IUHTXHQFLHV�RI� WKH�DF�FXUUHQW� IORZLQJ� WKURXJK
PDJQHWLF�HOHPHQW��7KH�PRGHO�DOVR�PDNHV�LW�SRVVLEOH�WR�FDOFXODWH�WKH�PHDQ�WUDQVYHUVH
SHUPHDELOLW\�DV�D�IXQFWLRQ�RI�WKH�H[WHUQDO�PDJQHWLF�GF�ILHOG��$�FRPSDULVRQ�RI�WKH�H[�
SHULPHQWDO� GHSHQGHQFLHV� ZLWK� WKRVH� FDOFXODWHG� IURP� WKH� PRGHO� VKRZHG� WKDW� RQO\
D�TXDOLWDWLYH� DJUHHPHQW� FDQ�EH� DFKLHYHG��+RZHYHU�� WKH�PRGHO� DOORZV�XV� WR� HVWLPDWH
WKH�EDVLF�TXDQWLWLHV�JRYHUQLQJ�WKH�*0,�HIIHFW��ZKLFK�DUH�GLIILFXOW�WR�EH�REWDLQHG�RWK�
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HUZLVH��6XFK� HVWLPDWLRQ� FDQ�EH�SHUIRUPHG�QRW� RQO\� IRU� ULEERQ� VDPSOHV� EXW� DOVR� IRU
PDJQHWLF�HOHPHQWV��WKH�FURVV�VHFWLRQ�RI�ZKLFK�LV�UHFWDQJXODU��H�J���PDJQHWLF�ILOPV�

$FNQRZOHGJHPHQWV
7KH�DXWKRUV�DUH�JUDWHIXO�WR�'U��*LVHOKHU�+HU]HU�IURP�9DFXXPVFKPHO]H��*HUPDQ\��IRU�VXSSO\LQJ�WKH

PHWDOOLF�JODVV�ULEERQ�XVHG�LQ�WKH�H[SHULPHQWV��7KLV�VWXG\�ZDV�FRQGXFWHG�ZLWKLQ�WKH�SURMHFW�1R����7��%
�������JUDQWHG�E\�WKH�6WDWH�&RPPLWWHH�IRU�6FLHQWLILF�5HVHDUFK�DQG�ZDV�DOVR�SDUWLDOO\�VXSSRUWHG�ZLWKLQ�WKH
(XURSHDQ�&RPPXQLW\�3URJUDP�,&$��&7�������������&HQWHU�RI�([FHOOHQFH�&(/',6�LQ�WKH�,QVWLWXWH�RI
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/DUJH�PDJQHWRFDORULF�HIIHFW�LQ�SHURYVNLWH�PDQJDQLWHV�
FKDQJHV�RI�WKH�PDJQHWLF�HQWURS\�DERYH�����.

0$1+�+821*�3+$1 � � 6(21*�&+2�<8
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� 'HSDUWPHQW�RI�3K\VLFV��&KXQJEXN�1DWLRQDO�8QLYHUVLW\��&KHRQJMX����������.RUHD
	 'RQHWVN�3K\VLFR�7HFKQLFDO�,QVWLWXWH�RI�1DWLRQDO�$FDGHP\�RI�6FLHQFHV��������'RQHWVN��8NUDLQH

 ,QVWLWXWH�RI�3K\VLFV��3ROLVK�$FDGHP\�RI�6FLHQFH��DO��/RWQLNyZ���������������:DUV]DZD��3RODQG

:H�SUHVHQW�UHVXOWV�RI�WKH�LQYHVWLJDWLRQ�RI�WKH�ODUJH�PDJQHWLF�HQWURS\�FKDQJH��D6� ��DERYH�����.��LQ�D�VHULHV
RI� /D ��
 ��� 6U ��
 
 � 0Q2 
 �� /D ��
 � 6U ��
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 	 0Q2 
 �� /D ��
 � 6U ��
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 	 0Q2 
 �� /D ��
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 0Q2 
 � DQG� /D ��
 � %D ��
 	 � &D ��
 � � 0Q2 

SHURYVNLWH�PDQJDQLWHV��2I� WKH� FRPSRVLWLRQV� VWXGLHG�� /D ��
 � 6U ��
 	 %D ��
 	 0Q2 
 � H[KLELWV� WKH� KLJKHVW� YDOXH� RI

��� ���� HTXDO� WR������-��NJ¢.��DW� WKH�&XULH� WHPSHUDWXUH�7 � � �����.�ZKHQ� WKH�PDJQHWLF� ILHOG� LV� FKDQJHG
IURP���WR����N2H��7KH�DGLDEDWLF� WHPSHUDWXUH�FKDQJH�D7 ��� �RI� WKLV� VDPSOH� LV�a����.�DQG�a�����.� LQ� WKH
ILHOGV�RI����N2H�DQG����N2H��UHVSHFWLYHO\��'XH�WR�D�VWURQJ�PDJQHWRFDORULF�HIIHFW�SURGXFHG�LQ�WKRVH�PDWH�
ULDOV�DERYH� WKH�&XULH� WHPSHUDWXUH�RI�����.�� WKH\�VHHP� WR�EH�DWWUDFWLYH� IRU� WKH�DERYH� URRP�WHPSHUDWXUH
PDJQHWLF�UHIULJHUDWLRQ�DSSOLFDWLRQV�

.H\�ZRUGV��HQWURS\��PDJQHWRFDORULF�HIIHFW��PDJQHWLF�UHIULJHUDWLRQ��SHURYVNLWH��GRXEOH�H[FKDQJH

���,QWURGXFWLRQ
$�PDJQHWRFDORULF�HIIHFW��0&(���FRQVLVWLQJ�LQ�WKH�FKDQJH�RI�PDJQHWLF�HQWURS\�FORVHO\

UHODWHG� WR� WKH� FKDQJH� RI� WHPSHUDWXUH� RI� D� PDJQHWLF� PDWHULDO� ZKHQ� LW� SDVVHV� WKURXJK
D�PDJQHWL]DWLRQ±GHPDJQHWL]DWLRQ�SURFHVV��ZDV�SULPDULO\�GLVFRYHUHG�E\�:DUEXUJ�>�@��7KH
0&(��EHLQJ�LQWULQVLF�WR�DOO�PDJQHWLF�PDWHULDOV��UHVXOWV�IURP�WKH�FRXSOLQJ�RI�WKH�PDJQHWLF
VXEODWWLFH�ZLWK�WKH�PDJQHWLF�ILHOG��ZKLFK�FKDQJHV�WKH�PDJQHWLF�SDUW�RI�WKH�HQWURS\�RI��VROLG
>����@��7KHUH�DUH�WZR�FUXFLDO�UHTXLUHPHQWV�IRU�D�PDJQHWLF�PDWHULDO�WR�SRVVHVV�D�ODUJH�0&(�
2QH�LV�D�ODUJH�HQRXJK�VSRQWDQHRXV�PDJQHWL]DWLRQ��VXFK�DV�LQ�WKH�FDVH�RI�D�KHDY\�UDUH�HDUWK
PHWDO��*G�� IRU� H[DPSOH�� DQG� WKH�RWKHU� LV� D� VKDUS�GURS� LQ�PDJQHWL]DWLRQ�ZLWK� LQFUHDVLQJ
WHPSHUDWXUH�� DVVRFLDWHG� ZLWK� IHUURPDJQHWLF±SDUDPDJQHWLF� WUDQVLWLRQV� DW� WKH� &XULH� WHP�
SHUDWXUH��DV�ZDV�IRXQG�LQ�SHURYVNLWH�PDQJDQLWHV��
BBBBBBBBB

� &RUUHVSRQGLQJ�DXWKRU��H�PDLO��VF\X#FKXQJEXN�DF�NU�
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,Q� UHFHQW�\HDUV��3HFKDUVN\� DQG�*VFKQHLGQHU� >�@� GLVFRYHUHG� D� JLDQW�PDJQHWLF� HQ�
WURS\� FKDQJH� DVVRFLDWHG�ZLWK� D� ILUVW�RUGHU� SKDVH� WUDQVLWLRQ� LQ�*G � 6L � *H � � DOOR\�� 7KLV
FRPSRXQG�H[KLELWV�WKH�0&(�DERXW�WZLFH�DV�ODUJH�DV�WKDW�H[KLELWHG�E\�JDGROLQLXP��WKH
EHVW� NQRZQ� PDJQHWLF� UHIULJHUDQW� PDWHULDO� IRU� QHDU� URRP� WHPSHUDWXUH� DSSOLFDWLRQV�
+RZHYHU�� HIIRUWV� WR� VHDUFK� D� SURSHU�PDWHULDO� WKDW� H[KLELWV� D� ODUJH�PDJQHWLF� HQWURS\
FKDQJH�LQ�D�ZLGH�WHPSHUDWXUH�UHJLRQ�UHTXLUHG�IRU�DSSOLFDWLRQ�DUH�VWLOO�H[WUHPHO\�SUR�
PRWHG�� 7KHUHE\�� UHFHQWO\� UDUH�HDUWK� SHURYVNLWH� PDQJDQLWHV� RI� WKH� JHQHUDO� IRUPXOD
/D � 
�� 0� 0Q2 � � �0� �&D�� 6U�� %D�� HWF��� KDYLQJ� D� VXEVWDQWLDO�PDJQHWLF�HQWURS\� FKDQJH
DVVRFLDWHG�ZLWK� WKH� IHUURPDJQHWLF±SDUDPDJQHWLF� WUDQVLWLRQ� DW� WKH� &XULH� WHPSHUDWXUH
KDYH�JHQHUDWHG�FRQVLGHUDEOH�LQWHUHVW�RI�PDQ\�VFLHQWLVWV�EHFDXVH�RI�D�SUDFWLFDO�DVSHFW
RI�WKH�UHVHDUFK�>�±��@�

,Q�WKH�SUHVHQW�ZRUN��ZH�UHSRUW�RQ�WKH�PDJQHWRFDORULF�HIIHFW�LQ�SHURYVNLWH�PDQJDQLWHV
VXFK� DV� /D ��� ��� 6U ��� � � 0Q2 � �� /D ��� � 6U ��� � &D ��� � 0Q2 � �� /D ��� � 6U ��� � %D ��� � 0Q2 � �� /D ��� � %D ��� � 0Q2 � � DQG
/D ��� � %D ��� ��� &D ��� ��� 0Q2 � ��$�FRQVLGHUDEOH�PDJQHWLF�HQWURS\�FKDQJH�DVVRFLDWHG�ZLWK�IHUUR�
PDJQHWLF±SDUDPDJQHWLF� WUDQVLWLRQ� LV� LQWHUSUHWHG� LQ� WHUPV� RI� WKH� =HQHU� GRXEOH
�H[FKDQJH�PRGHO�

���([SHULPHQWDO�GHWDLOV
/D ��� ��� 6U ��� � � 0Q2 � � �/602��� /D ��� � 6U ��� � &D ��� � 0Q2 � � �/6&02��� /D ��� � 6U ��� � %D ��� � 0Q2 �

�/6%02���/D ��� � %D ��� � 0Q2 � ��/%02��DQG�/D ��� � %D ��� ��� &D ��� ��� 0Q2 � ��/%&02� VDPSOHV�ZHUH
SUHSDUHG�E\�WKH�FRQYHQWLRQDO�VROLG�VWDWH�UHDFWLRQ�WHFKQLTXH�IURP�D�VWRLFKLRPHWULF�PL[�
WXUH� RI� /D � 2 � �� 6U&2 � �� &D&2 � �� %D&2 � DQG�0Q2 � � DW� D� SUH�VLQWHULQJ� WHPSHUDWXUH� RI
����� �&� IRU� ��� KUV�� 7KH\� ZHUH� VLQWHUHG� DW� ����� �&� IRU� ��� K� DIWHU� UHJULQGLQJ� DQG
SUHVVLQJ� LQWR� SHOOHWV�� ;�UD\� GLIIUDFWLRQ� FRQILUPHG� WKH� VLQJOH�SKDVH� UKRPERKHGUDO
SHURYVNLWH� VWUXFWXUH� LQ� DOO� WKH� VDPSOHV�� 7KH�PDJQHWLF�PHDVXUHPHQWV�ZHUH� FDUULHG� RXW
ZLWK�D�YLEUDWLQJ�VDPSOH�PDJQHWRPHWHU��960��LQ�WKH�ILHOGV�XS�WR����N2H�

,Q�WHUPV�RI�WKH�WKHUPRG\QDPLF�WKHRU\��WKH�HQWURS\�FKDQJH�FDXVHG�E\�WKH�YDULDWLRQ
RI�WKH�PDJQHWLF�ILHOG�IURP���WR�+ �
� � �LV�JLYHQ�E\
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ZKHUH�&��� � � LV� WKH� KHDW� FDSDFLW\� DW� D� FRQVWDQW� SUHVVXUH� DQG� FRQVWDQW�PDJQHWLF� ILHOG�
&RQVLGHULQJ�D�UHYHUVLEOH�DGLDEDWLF�SURFHVV��G6� � ����DQG�FRPELQLQJ�(TV������DQG�����
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ZKHUH�+ � �LV�WKH�LQLWLDO�PDJQHWLF�ILHOG�DQG�+� �LV�WKH�ILQDO�PDJQHWLF�ILHOG�
)RU� VLPSOLILFDWLRQ�� QXPHULFDO� HYDOXDWLRQ� RI� WKH� FKDQJH� RI�PDJQHWLF� HQWURS\�ZDV

FDUULHG�RXW�EDVHG�RQ�(T�� �����ZKLFK� LV� HVWLPDWHG� IURP� WKH� LVRWKHUPDO�PDJQHWL]DWLRQ
PHDVXUHPHQWV��,Q�WKH�FDVH�RI�PDJQHWL]DWLRQ�PHDVXUHPHQWV�DW�VPDOO�GLVFUHWH�ILHOG�DQG
WHPSHUDWXUH�LQWHUYDOV��D6� �FDQ�EH�DSSUR[LPDWHG�XVLQJ�(T������E\
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ZKHUH�0 � �DQG�0 � � � �DUH� WKH�PDJQHWL]DWLRQ�PDJQLWXGHV�PHDVXUHG� LQ� WKH� ILHOG�+� DW� WKH
WHPSHUDWXUH�7 � �DQG�7 � � � ��UHVSHFWLYHO\��7KHUHE\��WKH�FKDQJHV�RI�PDJQHWLF�HQWURS\�DVVR�
FLDWHG�ZLWK�WKH�YDULDWLRQV�RI�WKH�ILHOG�DSSOLHG�FDQ�EH�FDOFXODWHG�IURP�(T������

���5HVXOWV�DQG�GLVFXVVLRQ
)LJXUH���VKRZV�WKH�WHPSHUDWXUH�GHSHQGHQFLHV�RI�PDJQHWL]DWLRQ�IRU�WZR�VHOHFWHG�VDP�

SOHV��/6%02�DQG�/6&02���IRU�ZKLFK�WKH�&XULH� WHPSHUDWXUHV�ZHUH�����.�DQG�����.�
UHVSHFWLYHO\�� 7KH�&XULH� WHPSHUDWXUH�7� �� GHILQHG� DV� WKH� WHPSHUDWXUH� DW� ZKLFK� WKH� FXUYH
�0��7±7�UHDFKHV�D�PLQLPXP��KDV�EHHQ�GHWHUPLQHG�IURP�WKH�0±7�FXUYHV��7KH�YDOXHV�RI�7�
RI�DOO� WKH�VDPSOHV�VWXGLHG�DUH�VXPPDUL]HG�LQ�WKH�WDEOH�� ,Q�)LJXUH���� WKH�GHSHQGHQFLHV�RI
PDJQHWL]DWLRQ� RI� /6%02�RQ�PDJQHWLF� ILHOG� DUH� SUHVHQWHG� DV� D�UHSUHVHQWDWLYH� H[DPSOH�
7KH\�VKRZ�D�VXEVWDQWLDO�YDULDWLRQ�RI�PDJQHWL]DWLRQ�DURXQG�WKH�&XULH�WHPSHUDWXUH��$V�ZLOO
EH�GLVFXVVHG�ODWHU�LQ�GHWDLO��D�FRQVLGHUDEOH�PDJQHWLF�HQWURS\�YDULDWLRQ�DVVRFLDWHG�ZLWK�WKH
IHUURPDJQHWLF±SDUDPDJQHWLF�WUDQVLWLRQ�WHPSHUDWXUH��7� ��FDQ�EH�REVHUYHG�
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)LJ�����7HPSHUDWXUH�GHSHQGHQFLHV�RI�PDJQHWL]DWLRQ�PHDVXUHG�IRU�ERWK�]HUR�ILHOG�FRROHG��=)&�
DQG�ILHOG�FRROHG��)&��/D ��
 � 6U ��
 	 %D ��
 	 0Q2 
 �DQG�/D ��
 � 6U ��
 	 &D ��
 	 0Q2 
 �VDPSOHV�LQ�WKH�ILHOG�RI����2H

7DEOH��&XULH�WHPSHUDWXUH�7 � �DQG�WKH�PD[LPXP�PDJQHWLF�HQWURS\�FKDQJH
� �

� �
�

�� �IRU�GLIIHUHQW�FRPSRVLWLRQV

&RPSRVLWLRQ 7 � ��.� � ��� 	

�� ��-��NJ¢.� D+��7� 5HIHUHQFH

/D ��
 � &D ��
 � 0Q2 


/D ��
 ��� &D ��
 
 � 0Q ��
 
 7L ��
 � 2 


/D ��
 
���� /L ��
 � 	 � 0Q ��
 
 7L ��
 � 2 


/D ��
 ��� 6U ��
 
 � 0Q2 


/D ��
 � 6U ��
 	 &D ��
 	 0Q2 


/D ��
 � 6U ��
 	 %D ��
 	 0Q2 


/D ��
 � %D ��
 
 0Q2 


/D ��
 � &D ��
 ��� %D ��
 	�� 0Q2 


/D ��
 ��� 1G ��
 ��� &D ��
 
 0Q2 


/D ��
 ��� 1G ��
 ��� &D ��
 
 0Q ��
 
 &U ��
 � 2 


/D ��
 ��� 1G ��
 ��� &D ��
 
 0Q ��
 
 )H ��
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SUHVHQW�ZRUN
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SUHVHQW�ZRUN
SUHVHQW�ZRUN
SUHVHQW�ZRUN
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>�@

8VLQJ�(T�������WKH�FKDQJHV�RI�PDJQHWLF�HQWURS\�XQGHU�WKH�LQIOXHQFH�RI�WKH�ILHOG�RI
���N2H�KDYH�EHHQ�FDOFXODWHG�IRU�DOO�WKH�VDPSOHV�DQG�SORWWHG�DV�D�IXQFWLRQ�RI�WHPSHUD�
WXUH��)LJ������:H�VXPPDUL]HG�WKH�FKDQJHV�RI�WKH�PD[LPXP�PDJQHWLF�HQWURS\� �����

�6D
IRU� DOO� WKH� VDPSOHV� LQ� WKH� WDEOH��$PRQJ� WKH� FRPSRVLWLRQV� LQYHVWLJDWHG��/6%02�H[�
KLELWV�WKH�KLJKHVW�YDOXH�RI� �����

�6D �������-��NJ¢.��DW�7 � � �����.��)LJ�����
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)LJ�����0DJQHWLF�ILHOG�GHSHQGHQFLHV
RI�WKH�PDJQHWL]DWLRQ�IRU�/D ��� � 6U ��� � %D ��� � 0Q2 �

DW�YDULRXV�WHPSHUDWXUHV�UDQJLQJ
IURP�����.�WR�����.

�D7� ����.�

)LJ�����0DJQHWLF�HQWURS\�FKDQJHV�LQGXFHG
E\�WKH�ILHOG�RI����N2H�DV�D�IXQFWLRQ�RI�WHPSHUDWXUH
IRU�WKH�VDPSOHV�RI�/D ��� ��� 6U ��� ��� 0Q2 � ��/602��

/D ��� � 6U ��� � &D ��� � 0Q2 � ��/6&02��
DQG�/D ��� � 6U ��� � %D ��� � 0Q2 � ��/6%02�

,Q�RUGHU�WR�FRPSOHWH�WKH�DQDO\VLV��LQ�WHUPV�RI�(T�������ZH�DOVR�HVWLPDWHG�WKH�DGLD�
EDWLF�WHPSHUDWXUH�FKDQJH�D7 �
	 �IRU�WKH�/6%02�VDPSOH��7KH�HVWLPDWHG�YDOXH�RI�D7 �
	 �LV
a�����.�LQ�WKH�ILHOG�RI����N2H�DQG�a������.�LQ�WKH�ILHOG�RI����N2H��7KHVH�UHVXOWV�LQGL�
FDWH�WKDW�WKH�VDPSOHV�LQYHVWLJDWHG�DUH�SURPLVLQJ�PDWHULDOV�IRU�PDJQHWLF�UHIULJHUDWRUV�
7R�H[SODLQ� LQ�GHWDLO�VXFK�D� ODUJH�FKDQJH�RI�PDJQHWLF�HQWURS\�LQ�SHURYVNLWH�PDQJDQ�
LWHV��WKH�=HQHU�GRXEOH�H[FKDQJH�PRGHO�KDV�EHHQ�WDNHQ�LQWR�DFFRXQW�>��@��$FFRUGLQJ�WR
WKLV�PRGHO�� WKH�FKDQJHV�RI�PDJQHWLF�HQWURS\�FDXVHG�E\� WKH�SUHVHQFH�RI� WKH� H[WHUQDO
PDJQHWLF� ILHOG� UHODWH� FORVHO\� WR� WKH� PHFKDQLVP� RI� GRXEOH�H[FKDQJH� LQWHUDFWLRQ� EH�
WZHHQ�0Q �
� �DQG�0Q �
� � LRQV�DQG�YDU\�VXEVWDQWLDOO\�ZLWK� WKH�FKDQJH�LQ� WKH�0Q �
� �0Q �
�

UDWLR�GXH�WR�YDULRXV�GRSLQJ�SURFHVVHV�>�±��@�
,Q�WKH�FDVHV�ZKHUH�LQFUHDVH�RI�WKH�0Q �
� �0Q �
� �UDWLR�OHDGV�WR�DQ�HQKDQFHPHQW�LQ�WKH

GRXEOH�H[FKDQJH�LQWHUDFWLRQ�EHWZHHQ�0Q �
� DQG�0Q �
� � LRQV��D�VXEVWDQWLDO�PDJQHWLF�HQ�
WURS\�YDULDWLRQ�LV�REVHUYHG��)RU�RXU�VDPSOHV��WKH�SDUWLDO�UHSODFHPHQW�RI�/D�ZLWK�6U�RU
�%D��&D�� IDYRXUHG� WKH� GRXEOH�H[FKDQJH� LQWHUDFWLRQ� DULVLQJ� IURP� WKH� LQFUHDVH� RI� WKH
0Q �
� �0Q �
� � UDWLR�� DQG� WKDW�� LQ� WXUQ�� OHG� WR� D� VLJQLILFDQW� FKDQJH� RI�PDJQHWLF� HQWURS\�
$GGLWLRQDOO\��*XR�HW�DO�� >��@�SURSRVHG�WKDW� WKH�FRQVLGHUDEOH�FKDQJH�RI�PDJQHWLF�HQ�
WURS\� LQ�SHURYVNLWH�PDQJDQLWHV� FRXOG�RULJLQDWH� IURP� WKH� VSLQ�ODWWLFH� FRXSOLQJ� LQ� WKH
PDJQHWLF�RUGHULQJ�SURFHVV��%HFDXVH�RI� WKH�VWURQJ�FRXSOLQJ�EHWZHHQ�VSLQ�DQG�ODWWLFH�
VLJQLILFDQW� FKDQJHV� RI� WKH� ODWWLFH� DFFRPSDQ\LQJ� PDJQHWLF� WUDQVLWLRQ� LQ� SHURYVNLWH
PDQJDQLWHV� KDV� EHHQ� REVHUYHG� >��@�� 7KH� ODWWLFH� VWUXFWXUDO� FKDQJH� LQ� WKH� 20Q -
ERQG�GLVWDQFH�DV�ZHOO�DV�LQ�WKH� 0Q20Q -- �ERQG�DQJOH�ZRXOG��LQ�WXUQ��IDYRXU�WKH
VSLQ�RUGHULQJ��7KHUHIRUH��D�PRUH�DEUXSW�YDULDWLRQ�RI�PDJQHWL]DWLRQ�RFFXUULQJ�QHDU�7 �
DQG� UHVXOWLQJ� LQ�D�VXEVWDQWLDO�FKDQJH�RI� WKH�PDJQHWLF�HQWURS\�� L�H�� LQ� WKH� VWURQJ�0&
HIIHFW��FRXOG�EH�DWWULEXWHG�WR�WKLV�HIIHFW��)RU�FRPSDULVRQ��WKH�GDWD�RI�VHYHUDO�PDJQHWLF
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PDWHULDOV��ZKLFK�FRXOG�EH�XVHG�DV�DFWLYH�UHIULJHUDQWV��ZHUH�VXPPDUL]HG�LQ� WKH� WDEOH�
7KRXJK�WKH�YDOXHV�RI� �

��

�6D �IRU�PDQJDQLWHV�DUH�VPDOOHU�WKDQ�WKRVH�IRU�WKH�PRVW�FRQ�
VSLFXRXV�PDJQHWR�FDORULF�PDWHULDO�*G � �6L � *H � ���WKH�SHURYVNLWH�PDQJDQLWHV�DUH�HDV\�WR
IDEULFDWH�DQG�H[KLELW�D�KLJKHU�FKHPLFDO�VWDELOLW\�DV�ZHOO�DV�D�KLJKHU�UHVLVWLYLW\��ZKLFK
LV�IDYRXUDEOH�IRU�ORZHULQJ�RI�HGG\�FXUUHQW�KHDWLQJ��)XUWKHUPRUH��7 � �RI�FHUDPLF�PDWH�
ULDOV� FDQ� EH� HDVLO\� DGMXVWHG� E\� WXQLQJ� WKH� GRSLQJ� FRQFHQWUDWLRQ��$V� D� UHVXOW� RI� WKLV
SURFHGXUH��D�FRQVLGHUDEOH�PDJQHWLF�HQWURS\�FKDQJH�FDQ�EH�REVHUYHG�LQ�GLIIHUHQW�WHP�
SHUDWXUH� UDQJHV� IURP� ORZ� WHPSHUDWXUH� WR� QHDU� RU� DERYH� URRP� WHPSHUDWXUH��ZKLFK� LV
EHQHILFLDO�IRU�PDJQHWLF�UHIULJHUDWRUV�RSHUDWLQJ�LQ�D�GHVLUHG�YDULHW\�RI�WHPSHUDWXUHV�

���&RQFOXVLRQV
&KDQJHV� RI� PD[LPXP� PDJQHWLF� HQWURS\� LQ� /D ��� ��� 6U ��� � � 0Q2 � �� /D ��� � 6U ��� � &D ��� � 0Q2 � �

/D ��� � 6U ��� � %D ��� � 0Q2 � �� /D ��� � %D ��� � 0Q2 � � DQG� /D ��� � %D ��� � � &D ��� ��� 0Q2 � � SHURYVNLWH� PDQJDQLWHV
RFFXUULQJ� DW� WKHLU� &XULH� WHPSHUDWXUHV� RI� DERYH� ���� .� ZHUH� REVHUYHG�� $PRQJ� WKH
FRPSRVLWLRQV� LQYHVWLJDWHG�� /D ��� � 6U ��� � %D ��� � 0Q2 � � UHYHDOV� WKH� KLJKHVW� YDOXH� RI� ����
-��NJÂ.��IRU� �

��

�6D DW�7 � � �����.��XQGHU�WKH����N2H�ILHOG�DSSOLHG��7KH�HVWLPDWHG�D7 ���
YDOXH�IRU�WKLV�VDPSOH�LV�a����.�DQG�a�����.�LQ�WKH�ILHOGV�RI����N2H�DQG����N2H��UH�
VSHFWLYHO\�� 7KH� LQFUHDVH� RI� WKH� 0Q �
� �0Q �
� � UDWLR� OHDGV� WR� DQ� HQKDQFHPHQW� LQ� WKH
GRXEOH�H[FKDQJH� LQWHUDFWLRQ� EHWZHHQ� 0Q �
� DQG� 0Q �
� � LRQV�� DQG� KHQFH� LW� UHVXOWV� LQ
D�VXEVWDQWLDO� PDJQHWLF� HQWURS\� YDULDWLRQ�� 7KH� VLJQLILFDQW� PDJQHWRFDORULF� HIIHFW� ZDV
REVHUYHG� LQ� WKH� SUHVHQWO\� LQYHVWLJDWHG� PDWHULDOV� DERYH� WKH� &XULH� WHPSHUDWXUH� RI
����.�� LQGLFDWLQJ� WKDW� WKHVH�PDWHULDOV� FDQ�EH� YHU\� DSSURSULDWH� IRU� DERYH� URRP� WHP�
SHUDWXUHPDJQHWLF�UHIULJHUDWLRQ�DSSOLFDWLRQV�

$FNQRZOHGJHPHQW
5HVHDUFK�DW� WKH�&KXQJEXN�1DWLRQDO�8QLYHUVLW\�ZDV� VXSSRUWHG�E\� WKH�.RUHDQ�5HVHDUFK�)RXQGDWLRQ

*UDQW��.5)����������'�������

5HIHUHQFHV
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0DWHULDOV�6FLHQFH��9RO������1R���������

0LFURVWUXFWXUH�DQG�PDJQHWLF�SURSHUWLHV
RI�1G)H%�PDJQHWV�IDEULFDWHG�E\�FXUUHQW�DSSOLHG

SUHVVXUH�DVVLVWHG�SURFHVV

<�%��.,0
��� ��+�7��.,0

� ��6�+��&+2 ����� ��*�$��.$3867,1
�����

,QVWLWXWH�RI�6WDQGDUGV�DQG�6FLHQFH��.5,66���3�2��%R[����7DHGRN��.RUHD
	 &KXQJQDP�1DWLRQDO�8QLYHUVLW\��.RUHD


 .XUFKDWRY�,QVWLWXWH��5XVVLD

7KH�PLFURVWUXFWXUH�DQG�PDJQHWLF�SURSHUWLHV�RI� LVRWURSLF�DQG�DQLVRWURSLF�1G)H%�PDJQHWV� IDEULFDWHG
E\�WKH�FXUUHQW�DSSOLHG�SUHVVXUH�DVVLVWHG��&$3$��SURFHVV�KDYH�EHHQ�LQYHVWLJDWHG��7KH�SURFHVV�FRQVLVWV�RI
&$�SUHVV� WR�PDNH� IXOO� GHQVH� LVRWURSLF�PDJQHWV� DQG�&$�GHIRUPDWLRQ� WR� REWDLQ� KLJK�HQHUJ\� DQLVRWURSLF
PDJQHWV��'XULQJ�WKH�&$�SUHVV��WKH�LQFUHDVH�RI�SUHVVXUH�DSSOLHG�LV�IRXQG�WR�VXSSUHVV�WKH�JUDLQ�JURZWK�DQG
WR�OHDG�WR�KLJK�FRHUFLYLW\��ZKLOH�WKH�LQFUHDVH�RI�DSSOLHG�FXUUHQW�GHWHULRUDWHV�FRHUFLYLW\��7KURXJK�WKH�&$�
GHIRUPDWLRQ�SURFHVV��WKH�SODWHOHW�JUDLQV�ZLWK�WKH�F�D[LV�WH[WXUH�SDUDOOHO�WR�WKH�SUHVV�GLUHFWLRQ�DUH�IRUPHG�
7KH�EHVW�SURSHUWLHV�RI�&$�GHIRUPHG�PDJQHWV�REWDLQHG�IURP�043�$�SRZGHU�ZHUH�% �  ������7�������N*��
�+ 
  � ���� N$�P� ������ N2H�� DQG� �%+ � ��� �  � ���� N-�P 
 ������0*2H�� DQG� WKRVH� REWDLQHG� IURP�048*
SRZGHU�ZHUH�% �  ������7�������N*��� �+ 
  ������N$�P�������N2H��DQG��%+� ��� � � �����N-�P 
 ������0*2H��

.H\�ZRUGV��1G)H%��&$3$�SURFHVV��KRW�ZRUNLQJ��SHUPDQHQW�PDJQHW

���,QWURGXFWLRQ
+RW�SUHVV� DQG� VXEVHTXHQW�GLH�XSVHW� >�±�@� RI� UDSLGO\� TXHQFKHG�1G)H%� DOOR\V� LQ�

GXFHV�PDJQHWLF�DQLVRWURS\�DQG�D�KLJK�HQHUJ\�SURGXFW��+LJK�FRHUFLYLW\�ZLWK�ILQH�JUDLQ
VWUXFWXUH�LV� WKH�PHULW�RI� WKH�SURFHVV��5HFHQWO\��ZH�KDYH� LQYHVWLJDWHG�D�PRGLILHG�KRW�
ZRUNLQJ�SURFHVV�WR�REWDLQ�DQLVRWURSLF�1G)H%�PDJQHWV�>����@��7KH�SURFHVV��UHIHUUHG�WR
DV� FXUUHQW�DSSOLHG� SUHVVXUH�DVVLVWHG� �&$3$�� SURFHVV� KHUHLQDIWHU�� LV� TXLFN� EHFDXVH
KLJK�HOHFWULF�FXUUHQW�LV�DSSOLHG�WR�KHDW�WKH�VSHFLPHQ��DQG�D�KLJK�FRHUFLYLW\�ZLWK�KLJK�
HQHUJ\�SURGXFW�LV�HDVLO\�REWDLQHG�
BBBBBBBBB

� &RUUHVSRQGLQJ�DXWKRU��H�PDLO��\ENLP#NULVV�UH�NU���� 3UHVHQW�DGGUHVV��,QVWLWXWH�RI�6WDQGDUGV�DQG�6FLHQFH��.RUHD�
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,Q�WKLV�ZRUN��ZH�UHSRUW�WKH�SURFHGXUH�RI�WKH�SURFHVV�DQG�WKH�PDJQHWLF�SURSHUWLHV�
WH[WXUH�DQG�PLFURVWUXFWXUHV�RI�WKH�PDJQHWV�REWDLQHG�

���([SHULPHQWDO�SURFHGXUH
5DZ�PDWHULDOV�XVHG�LQ�WKH�H[SHULPHQWV�ZHUH�FRPPHUFLDO�SRZGHUV�043$��043%

DQG�048*��0DJQHTXHQFK��ZLWK�FRPSRVLWLRQV�VKRZQ�LQ�7DEOH����)RU�FRQVROLGDWLRQ
RI�WKH�SRZGHUV����±���J�RI�WKH�UDZ�PDWHULDOV�ZHUH�SRXUHG�LQWR�D�JUDSKLWH�PROG��2'�
���PP�� ,'�� ���PP��+�� ���PP��� WKHQ��'&� FXUUHQW� �����±�����$�� DQG�PHFKDQLFDO
SUHVVXUH� ���±���� 03D�� ZHUH� DSSOLHG� VLPXOWDQHRXVO\� WKURXJK� WKH� XSSHU� DQG� ORZHU
SXQFKHV�XQGHU� WKH� HYDFXDWHG�$U� DWPRVSKHUH��7KH�SRZGHU�ZDV� WKXV�KHDWHG�E\� -RXOH
KHDW�DQG�FRPSDFWHG�XQWLO�GHQVLILFDWLRQ�ZDV�DWWDLQHG��7KLV�SURFHVV��UHIHUUHG�WR�DV�FXU�
UHQW�DSSOLHG�SUHVV��&$�SUHVV��KHUHLQDIWHU��LV�VKRZQ�LQ�)LJ���D��,Q�RUGHU�WR�HQGRZ�WKH
DQLVRWURS\��WKH�&$�SUHVVHG�PDJQHW�ZDV�SODFHG�EHWZHHQ�WKH�XSSHU�DQG�ORZHU�JUDSKLWH
SXQFKHV�LQ�DQ�RSHQ�GLH��WKHQ�SUHVVHG�WR�GHIRUP�ZKLOH�FXUUHQW�ZDV�DSSOLHG��7KLV�SUR�
FHGXUH� LV� VKRZQ� LQ� )LJ�� �E� DQG� UHIHUUHG� WR� DV� FXUUHQW� DSSOLHG� GHIRUPDWLRQ� �&$�
GHIRUPDWLRQ�� SURFHVV�� 'XULQJ� WKH� SURFHVVHV�� WKH� VKULQNDJH� RI� VSHFLPHQ�� PROG� WHP�
SHUDWXUH��DSSOLHG�ORDG�DQG�FXUUHQW�ZHUH�PRQLWRUHG�

7DEOH����1RPLQDO�FRPSRVLWLRQ�RI�UDZ�SRZGHUV��ZW�����
7KH�QXPEHUV�LQ�SDUHQWKHVHV�FRUUHVSRQG�WR�DWRPLF�SHUFHQWDJH

3RZGHU )H 1G % &R '\ *D
043$ ����������� ����������� ���������
043% ����������� ��������� ��������� ������� ���������
048* ����������� ��������� ��������� ��������� ������� ���������

� 8SSHU�SXQFK
�JUDSKLWH�

/RZHU�SXQFK
�JUDSKLWH�

0ROG�GLH
�JUDSKLWH�

0HOW�VSXQ�
SRZGHU

�D��&$�SUHVV �E��&$�GHIRUPDWLRQ
)LJ�����6FKHPDWLF�SUHVHQWDWLRQ�RI�WKH�&$3$�SURFHVV



1G)H%�PDJQHWV�IDEULFDWHG�E\�FXUUHQW�DSSOLHG�SUHVVXUH�DVVLVWHG�SURFHVV ���

7R�GHWHUPLQH�PDJQHWLF�SURSHUWLHV��D�SXOVHG�ILHOG�PDJQHWRPHWHU�DQG�D�K\VWHUHVLV�
JUDSK� V\VWHP�ZHUH� XVHG�� 7KH� FU\VWDO� SKDVH� ZDV� LGHQWLILHG� E\� ;�UD\� GLIIUDFWRPHWU\
ZLWK�&X. � � UDGLDWLRQ��3ROH� ILJXUHV� FRUUHVSRQGLQJ� WR� ������ UHIOHFWLRQV�ZHUH� REWDLQHG
XVLQJ�D�3KLOLSV�;�UD\�GLIIUDFWRPHWHU�E\�HPSOR\LQJ�WKH�JHRPHWU\�RI�6FKXO]�UHIOHFWLRQ
PHWKRG�>�@��7KH�GHWHFWRU�ZDV�VHW�DW�IL[HG�DQJOHV��q� �������DQG�������UHODWLYH�WR�WKH
LQFLGHQW�EHDP�IRU�WKH�PHDVXUHPHQW�RI�WKH�LQWHQVLW\�RI�������DQG�������UHIOHFWLRQV��7KH
WLOW�DQJOH��a��ZDV�YDULHG�IURP����WR�����LQ�VWHSV�RI�����7KH�VHFRQG�URWDWLRQ�D[LV��D]L�
PXWK�DQJOH��b���ZDV�YDULHG�IURP����WR������LQ�VWHSV�RI�����

���5HVXOWV�DQG�GLVFXVVLRQ
)LJXUHV��D�DQG�E�VKRZ�WKH�H[DPSOHV�RI�WKH�FKDQJH�RI�IDEULFDWLRQ�SDUDPHWHUV�GXU�

LQJ�&$�SUHVV�DQG�&$�GHIRUPDWLRQ��UHVSHFWLYHO\��7KH�VKULQNDJH�RI�SRZGHU�GXULQJ�&$�
SUHVV�RFFXUV�LQ�WZR�VWHSV��7KH�ILUVW�VKULQNDJH�REVHUYHG�DW�WKH�LQLWLDO�VWDJH�LV�FROG�SUHVV
RI�SRZGHU��DQG�WKH�VHFRQG�VKULQNDJH�RFFXUULQJ�IRU�W� ���±����V�LV�GXH�WR�WKH�SRZGHU
ERQGLQJ� WKURXJK�1G�ULFK� OLTXLG�SKDVH� IRUPHG�E\� WKH� -RXOH�KHDWLQJ��7KH�GHFUHDVH�RI
WKH�ORDG�DSSOLHG�DW�W������V�DQG�WKH�LQFUHDVH�RI�WKH�WHPSHUDWXUH�IRU�W� ���±����V�FRLQ�
FLGH�ZHOO�ZLWK� WKH� WUDFH�RI� VKULQNDJH�� ,Q� WKH� FDVH�RI�&$�GHIRUPDWLRQ�� WKH� VKULQNDJH
DOVR�RFFXUV�LQ�WZR�VWHSV��7KH�ILUVW�VWHS�LV�D�UDSLG�GHIRUPDWLRQ�DW�D�UDWH�RI�a����PP�V�
ZKLFK�RFFXUV�GXULQJ��±��V�DW�WKH�LQLWLDO�VWDJH��DQG���±����RI�WKH�ZKROH�GHIRUPDWLRQ
LV�DFKLHYHG��7KH�VHFRQG�VWHS�LV�D�VORZHU�GHIRUPDWLRQ�DW�D�UDWH�RI�a�����PP�V��DQG�WKH
UHVW�RI�GHIRUPDWLRQ�SURFHHGV�IRU�DERXW����V�

)LJ�����&KDQJHV�RI�H[SHULPHQWDO�SDUDPHWHUV�GXULQJ�&$�SUHVV��D��DQG�&$�GHIRUPDWLRQ��E��SURFHVV

)LJXUHV��D�DQG�E�VKRZ�WKH�PDJQHWLF�SURSHUWLHV�DQG�GHQVLW\�RI�&$�SUHVVHG�PDJQHWV
DV�D� IXQFWLRQ�RI� WKH�SUHVVXUH�DSSOLHG�DQG�HOHFWULF�FXUUHQW�� UHVSHFWLYHO\��$V�VKRZQ� LQ
)LJ���D��QHDUO\�D�IXOO�GHQVH�PDJQHW�LV�REWDLQHG�DW�3 � �Ë����03D��DQG�WKH�UHPDQHQFH�DQG
HQHUJ\�SURGXFW�UHDFK�WKH�PD[LPXP�DW�3 � � ���±���03D��$�IXUWKHU�LQFUHDVH�RI�3 � �UH�
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VXOWV� LQ�D�FRQWLQXRXV� LQFUHDVH�RI� �+ � ��7KH� LQFUHDVH�RI� FRHUFLYLW\� LV�GXH� WR� WKH�JUDLQ
UHILQHPHQW�E\�KLJK�SUHVVXUH���7KH�IXOO�GHQVLW\�LV�REWDLQHG�DERYH�,� ������$��)LJ���E��
$�IXUWKHU�LQFUHDVH�RI�WKH�FXUUHQW��KRZHYHU��GHFUHDVHV�WKH�FRHUFLYLW\��SUREDEO\�GXH�WR
WKH�GLVFORVXUH�RI�WKH�VSHFLPHQ�WR�KLJK�WHPSHUDWXUH�E\�KLJK�FXUUHQW�IORZLQJ�

)LJ�����0DJQHWLF�SURSHUWLHV�DQG�GHQVLW\�RI�&$�SUHVVHG�PDJQHWV
DV�D�IXQFWLRQ�RI�SUHVVXUH�DSSOLHG��D��DQG�HOHFWULF�FXUUHQW��E�

)LJXUH� �� VKRZV� WKH� GHPDJQHWL]DWLRQ� FXUYHV� RI� WKH� 043$� SRZGHU� DQG� LWV� &$�
SUHVVHG�DQG�&$�GHIRUPHG�PDJQHWV��7KH�&$�SUHVVHG�PDJQHW�PDLQWDLQV�WKH�KLJK�FRHU�
FLYLW\�RI�UDZ�SRZGHU��ZKLOH�WKH�UHPDQHQFH�LQFUHDVHV�E\�������7KH�KLJK�FRHUFLYLW\�RI
&$�SUHVV� PDJQHW�� ZKLFK� LV� FRPSDUDEOH� WR� WKH� FRHUFLYLW\� RI� UDZ� SRZGHU�� LV� GXH� WR
D�VPDOO� JUDLQ� VL]H� DOPRVW� XQFKDQJHG� FRPSDUHG� WR� WKH� RULJLQDO� VWDWH�� $IWHU� &$�
GHIRUPDWLRQ��WKH�UHPDQHQFH�LQFUHDVHV�FRQVLGHUDEO\�ZLWK�WKH�H[SHQVH�RI�WKH�FRHUFLYLW\�
7KH�6(0�PLFURJUDSK�VKRZV�ZHOO�DOLJQHG�SODWHOHW�JUDLQV�RI����±����QP�LQ�GLDPHWHU
JURZQ�SHUSHQGLFXODU�WR�WKH�SUHVV�GLUHFWLRQ��)LJ�����
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)LJ�����'HPDJQHWL]DWLRQ�FXUYHV�RI�043$�SRZGHU�
&$�SUHVVHG�DQG�&$�GHIRUPHG�PDJQHWV
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�D� �E�

)LJ�����6(0�PLFURJUDSKV�RI�IUDFWXUH�VXUIDFH
IRU�&$�SUHVVHG��D��DQG�&$�GHIRUPHG��E��PDJQHWV

7DEOH����0DJQHWLF�SURSHUWLHV�RI�UDZ�SRZGHUV��&$�SUHVVHG�DQG�&$�GHIRUPHG�PDJQHWV

7\SH�RI�VSHFLPHQ
5HVLGXDO
�LQGXFWLRQ

% �

,QWULQVLF
FRHUFLYLW\

�+ 


(QHUJ\�SURGXFW
�%+� ��� �

�7� �N*� �N$�P� �N2H� �N-�P 
 � �0*2H�
UDZ�SRZGHU ���� ��� ���� ���� ��� ����
&$�SUHVVHG ���� ��� ���� ���� ��� ����043$
&$�GHIRUPHG ���� ���� ��� ���� ��� ����
UDZ�SRZGHU ���� ��� ��� ��� ��� ����
&$�SUHVVHG ���� ��� ��� ��� �� ����043%
&$�GHIRUPHG ���� ���� ��� ��� �� ���
UDZ�SRZGHU ���� ��� ���� ���� �� ���
&$�SUHVVHG ���� ��� ���� ���� ��� ����048*
&$�GHIRUPHG ���� ���� ���� ���� ��� ����

,Q�7DEOH����WKH�PDJQHWLF�SURSHUWLHV�RI�&$�SUHVVHG�DQG�&$�GHIRUPHG�PDJQHWV
REWDLQHG�IURP�YDULRXV�UDZ�SRZGHUV�DUH�VXPPDUL]HG��7KH�PDJQHWV�IDEULFDWHG�IURP
048*�SRZGHU�VKRZ�SDUWLFXODUO\�KLJK�FRHUFLYLW\�RI������N$�P�IRU�&$�SUHVVHG�DQG
RI������N$�P�IRU�&$�GHIRUPHG�PDJQHWV��SRVVLEO\�GXH� WR� WKH�ILQH�JUDLQ� VWUXFWXUH�DV
ZHOO�DV�WKH�LQFUHDVH�RI�FU\VWDO�DQLVRWURS\�E\�'\�DGGLWLRQ��7KH�PDJQHWV�REWDLQHG�IURP
043%� SRZGHU�� KRZHYHU�� VKRZ� ORZ� FRHUFLYLW\� DQG� ORZ� UHPDQHQFH�� 7KH� WH[WXUH� RI
&$�GHIRUPHG�PDJQHWV� H[DPLQHG� E\� ������ SROH� ILJXUH� VKRZV� ZHOO�GHYHORSHG� F�D[LV
DOLJQPHQW� IRU� WKH�PDJQHW�REWDLQHG� IURP�043$��EXW�SRRU� DOLJQPHQW� IRU� WKH�PDJQHW
REWDLQHG�IURP�043%��)LJ������7KH�6(0�PLFURJUDSKV�REVHUYHG�DORQJ�WKH�SUHVV�GLUHF�
WLRQ�UHYHDO�WKDW�WKH�PDJQHW�LV�FRPSRVHG�RI�WZR�UHJLRQV��DV�VKRZQ�LQ�)LJ�����2QH�DUHD
±�GDUN��D���LV�WKH�UHJLRQ�ZLWK�QR�WH[WXUH��DQG�WKH�RWKHU�±�EULJKW��E��±�LV�WKH�UHJLRQ�ZHOO�
WH[WXUHG�EXW�FRPSRVHG�RI�ODUJH�JUDLQV�RI��±��mP�LQ�GLDPHWHU��&OHDUO\�� WKH�ORZ�FRHU�
FLYLW\� LV� GXH� WR� ODUJH� JUDLQV� DQG� WKH� ORZ� UHPDQHQFH� LV� FDXVHG� E\� ODUJH� YROXPH� RI
XQWH[WXUHG�DUHD�
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�D� �E�

)LJ�����������SROH�ILJXUHV�RI�&$�GHIRUPHG�PDJQHWV
REWDLQHG�IURP�043$��D��DQG�043%��E��SRZGHUV

� �D� �E� �F�

)LJ�����6(0�PLFURJUDSKV�RI�WKH�IUDFWXUH�VXUIDFH�RI�&$�GHIRUPHG�PDJQHW
�REWDLQHG�IURP�043%�SRZGHU��7KH�WZR�PDJQLILFDWLRQV��L�H���E��DQG��F��

FRUUHVSRQG�WR�WKH�]RQHV�D��DQG�E��RI��D���UHVSHFWLYHO\

���&RQFOXVLRQ
1DQRFU\VWDOOLQH�1G)H%�PDJQHWV�ZLWK�KLJK�HQHUJ\�SURGXFW�KDYH�EHHQ�REWDLQHG�E\

DSSO\LQJ� WKH�&$3$�SURFHVV�� 'XULQJ�&$�SUHVV�� WKH� LQFUHDVH� RI� WKH� SUHVVXUH� DSSOLHG
LQFUHDVHV� WKH� FRHUFLYLW\��+RZHYHU�� WKH� LQFUHDVH� RI� WKH� FXUUHQW� DSSOLHG� GHFUHDVHV� WKH
FRHUFLYLW\��%\�&$�GHIRUPDWLRQ� WUHDWPHQW�� WKH� SODWHOHW� JUDLQV�ZLWK� WKH� F�D[LV� WH[WXUH
SDUDOOHO�WR�WKH�SUHVV�GLUHFWLRQ�DUH�REWDLQHG��7KH�EHVW�SURSHUWLHV�REWDLQHG�IRU�043$�SRZGHU
ZHUH�� %�  � ����� 7� ������ N*��� �+ �  � ���� N$�P� ������ N2H�� DQG� �%+���� �  � ���� N-�P �

������0*2H���DQG�WKRVH�REWDLQHG�IRU�048*�SRZGHU�ZHUH��% �  ������7�������N*��� �+ �
 ������N$�P�������N2H��DQG��%+� ����� � �����N-�P � ������0*2H��

5HIHUHQFHV
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5HFHLYHG���'HFHPEHU�����
5HYLVHG����-DQXDU\�����
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0DWHULDOV�6FLHQFH��9RO������1R���������

(IIHFWV�RI�DQ�H[WHUQDO�PDJQHWLF�ILHOG
RQ�WKH�SHUSHQGLFXODU�PDJQHWLF�DQLVRWURS\
RI�HOHFWURGHSRVLWHG�PLFUR�SDWWHUQHG�DUUD\V

:��<��-(81*��'��+��&+2,��.��+��/(( �

0HWDO�3URFHVVLQJ�5HVHDUFK�&HQWHU��.RUHD�,QVWLWXWH�RI�6FLHQFH�DQG�7HFKQRORJ\��6HRXO����������.RUHD

:H� KDYH� LQYHVWLJDWHG� HIIHFWV� RI� DQ� H[WHUQDO� PDJQHWLF� ILHOG� RQ� SHUSHQGLFXODU� PDJQHWLF� DQLVRWURS\
�30$��RI�HOHFWURGHSRVLWHG�FRQWLQXRXV� ILOPV�DQG�PLFUR�SDWWHUQHG�DUUD\V��)RU� FRQWLQXRXV� ILOPV�� H[WHUQDO
PDJQHWLF�ILHOG�JDYH�ULVH�WR�D�KLJKO\�DOLJQHG�JUDLQ�VWUXFWXUH�ZLWK�30$��2XU�UHVXOWV�LQGLFDWH�WKDW�WKH�HIIHFW
RI� DSSOLHG�PDJQHWLF� ILHOG� LV� DSSDUHQW� RQO\� DW� VSHFLILF� FXUUHQW� GHQVLW\��;5'�SDWWHUQV� VKRZHG� WKDW� HOHF�
WURGHSRVLWHG�FRQWLQXRXV�&R�ILOPV�FRQVLVW�RI�KH[DJRQDO�FREDOW�RQO\�DQG�KDYH�VWURQJ�WH[WXUH�IRU�JUDLQV�ZLWK
WKH�F�D[LV�O\LQJ�SHUSHQGLFXODU�WR�WKH�ILOP�SODQH��7KH�SDWWHUQHG�DUUD\V�ZHUH�IDEULFDWHG�E\�89�/,*$�SURF�
HVV�� DQG�30$�ZDV�PRGLILHG� E\� FKDQJLQJ� WKH� DVSHFW� UDWLR� RI� SDWWHUQHG� DUUD\V��2XU� UHVXOWV� VXJJHVW� WKDW
WKHUH� LV� D� FULWLFDO� DVSHFW� UDWLR� DW� ZKLFK� 30$� GRPLQDWHV� LQ�SODQH� DQLVRWURS\�� )RU� WKH� SDWWHUQHG� DUUD\V�
KRZHYHU��WKH�H[WHUQDO�PDJQHWLF�ILHOG�ZDV�QRW�YHU\�HIIHFWLYH�GXH�WR�D�ODUJH�FRQFHQWUDWLRQ�SRODUL]DWLRQ�

.H\�ZRUGV��FREDOW��PDJQHWLF�ILHOG��SHUSHQGLFXODU�DQLVRWURS\��HOHFWURGHSRVLWLRQ

���,QWURGXFWLRQ
5HFHQWO\��GHPDQGV� IRU� WKH� HOHFWURGHSRVLWLRQ�RI�KDUG�PDJQHWLF�PDWHULDOV�KDYH� LQ�

FUHDVHG�VLJQLILFDQWO\�GXH�WR�WKHLU�SRWHQWLDO�DSSOLFDWLRQV�LQ�XOWUDKLJK�GHQVLW\�PDJQHWLF
UHFRUGLQJ� DQG�0(06� >�±�@�� ,W� KDV� EHHQ� UHSRUWHG� WKDW� KDUG�PDJQHWLF� PDWHULDOV� LP�
SURYHG� WKH� GHQVLW\� RI� UHFRUGLQJ� PHGLDV� LQ� WKH� ILHOG� RI� PDJQHWLF� UHFRUGLQJ� PHGLD�
UHGXFHG�WKH�GULYLQJ�YROWDJH�LQ�WKH�RSHUDWLRQ�RI�DFWXDWRUV��DQG�HQKDQFHG�WKH�VHQVLELOLW\
RI�VHQVRUV�>����@��,Q�PRVW�FDVHV��KRZHYHU��KDUG�PDJQHWLF�PDWHULDOV�HOHFWURGHSRVLWHG�DV
WKLQ�ILOPV�DUH�HDVLO\�PDJQHWL]HG�LQ�WKH�LQ�SODQH�GLUHFWLRQ�EHFDXVH�RI�WKHLU�ODUJH�VKDSH
DQLVRWURS\��7KHUHIRUH�� LW� LV� LPSRUWDQW� WR� FRQWURO� WKH� FU\VWDOORJUDSKLF� RULHQWDWLRQ� DQG
DVSHFW�UDWLR�RI�WKH�PDJQHW�DUUD\V�LQ�RUGHU�WR�SURGXFH�KDUG�PDJQHW�DUUD\V�ZLWK�30$�

,Q�WKLV�VWXG\��ZH�UHSRUW�WKH�HOHFWURGHSRVLWHG�FRQWLQXRXV�ILOPV�DQG�PLFUR�SDWWHUQHG
DUUD\V�RI�FREDOW��ZKLFK�VKRZ�D�PDJQHWLF�DQLVRWURS\�ZLWK�DQ�HDV\�D[LV�SHUSHQGLFXODU�WR
BBBBBBBBB

� &RUUHVSRQGLQJ�DXWKRU��H�PDLO��NZDQK\L#NLVW�UH�NU
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WKH� ILOP�SODQH��:H�DOVR� GLVFXVV� WKH� FRUUHODWLRQ� EHWZHHQ� VWUXFWXUDO�� FU\VWDOORJUDSKLF�
DQG�PDJQHWLF�SURSHUWLHV�

���([SHULPHQWDO
6SHFLPHQV� ZHUH� SUHSDUHG� E\� FRQVWDQW� FXUUHQW� HOHFWURGHSRVLWLQJ�� 7KH� ZRUNLQJ

HOHFWURGH����PP���PP��ZDV�D�����QP�WKLFN�$X�OD\HU�RQ�������6L�ZDIHU��7KH�FXUUHQW
GHQVLW\�ZDV�YDULHG�IURP������WR���$�GP � �DQG�HOHFWURO\WLF�FREDOW�FKLSV��������SXULW\�
LQ�D�7L�EDVNHW�ZHUH�XVHG�DV�DQRGHV��7KH�HOHFWURO\WH�ZDV�D�PL[HG�VROXWLRQ�RI�����J�GP �

&R&O � Â�+ � 2������J�GP � �&R62 	 Â�+ � 2��DQG�����J�GP � �1+ 	 &O��$OO�VROXWLRQV�ZHUH�SUH�
SDUHG� XVLQJ� XOWUD�SXUH� ZDWHU� �RYHU� ��� 0W� DW� ����� �&��� 7KH� DJLWDWLRQ� UDWH� ZDV
���VWURNHV�SHU�PLQXWH�GXULQJ�HOHFWURGHSRVLWLRQ�XVLQJ�WKH�SDGGOH�FHOO�>��@�

,Q�D�&9��F\FOLF�YROWDPPHWU\��WHVW��WKH�VDPH�ZRUNLQJ�HOHFWURGH�ZDV�XVHG�ZLWK�WKH
FRQVWDQW�FXUUHQW�SODWLQJ��7KH�FRXQWHU�HOHFWURGH�DQG�UHIHUHQFH�HOHFWURGH�ZHUH�D�JUDSK�
LWH� SODWH� DQG� D� VDWXUDWHG� &DORPHO� HOHFWURGH�� UHVSHFWLYHO\�� 7KH� VFDQ� UDWH� ZDV
���P9�VHF��([WHUQDO�PDJQHWLF�ILHOG�ZDV�DSSOLHG�XVLQJ�WZR�PDJQHWV��1G±)H±%������7�
IDFLQJ�HDFK�RWKHU�GXULQJ�HOHFWURGHSRVLWLRQ�RI� WKH�PDJQHW�DUUD\V� WR�SURGXFH�D�KLJKO\
DOLJQHG� JUDLQ� VWUXFWXUH� ZLWK� SHUSHQGLFXODU� DQLVRWURS\� LQ� WKH� PDJQHWLF� SURSHUWLHV�
0DJQHWLF� SURSHUWLHV� RI� SUHSDUHG� VSHFLPHQV� ZHUH� PHDVXUHG� ZLWK� YLEUDWLQJ� VDPSOH
PDJQHWRPHWHU��960����7RHL��-DSDQ��&U\VWDO�VWUXFWXUH�DQG�WH[WXUH�ZHUH�H[DPLQHG�E\
;�UD\�GLIIUDFWLRQ��'<�����3KLOLSV��7KH�1HWKHUODQGV��ZLWK�WKH�RSHUDWLQJ�FRQGLWLRQ�RI
���N9�DQG����P$�XVLQJ�0R�WDUJHW�

���5HVXOWV�DQG�GLVFXVVLRQ
,Q�)LJXUH����WKHUH�DUH�VKRZQ�UHSUHVHQWDWLYH�0±+�ORRSV�RI�FREDOW�FRQWLQXRXV�ILOPV

DUH� VKRZQ�HOHFWURGHSRVLWHG�ZLWKRXW� DQG�ZLWK� DQ� H[WHUQDO�PDJQHWLF� ILHOG� �����7HVOD�
PHDVXUHG� LQ�D�PDJQHWLF� ILHOG�SDUDOOHO� �GDVKHG� OLQH��DQG�SHUSHQGLFXODU� �VROLG� OLQH�� WR
WKH�ILOP�SODQH��UHVSHFWLYHO\�

7KH�FREDOW�ILOP�HOHFWURGHSRVLWHG�ZLWKRXW�DQ�H[WHUQDO�PDJQHWLF�ILHOG�VKRZV�D�W\SL�
FDO� ORRS�UHVXOWLQJ�IURP�VKDSH�DQLVRWURS\�ZLWK�DQ�HDV\�D[LV�SDUDOOHO� WR� WKH�ILOP�SODQH
DQG�D�KDUG�D[LV�SHUSHQGLFXODU�WR�WKH�ILOP�SODQH��)LJ���D���7KH�LQWULQVLF�FRHUFLYLW\�+F
ZDV�IRXQG�WR�EH�a����2H�IRU�LQ�SODQH�GLUHFWLRQ�DQG�a����2H�IRU�SHUSHQGLFXODU�GLUHF�
WLRQ��DQG�WKLV�GLIIHUHQFH�LV� WKRXJKW�WR�EH�DWWULEXWDEOH�WR�D�PL[HG�DQLVRWURS\�RI�VKDSH
DQG�PDJQHWRFU\VWDOOLQH�DQLVRWURS\��2Q�WKH�RWKHU�KDQG��ZKHQ�D�0±+� ORRS�ZDV�PHDV�
XUHG�LQ�WKH�PDJQHWLF�ILHOG�SHUSHQGLFXODU�WR�WKH�ILOP�SODQH��)LJ���E���WKH�HOHFWURGHSRVLW
ZLWK� DQ� H[WHUQDO� PDJQHWLF� ILHOG� ZDV� IRXQG� WR� KDYH� D� VPDOO� PLQRU�ORRS�OLNH� ORRS
VKRZLQJ�FRHUFLYLW\�RI�a����2H�ZKLFK�LV�WZLFH�DV�KLJK�DV�WKDW�LQ�)LJ���D��)RU�LQ�SODQH
GLUHFWLRQ��WKH�0±+�ORRS�LQ�)LJ���E�ZDV�YHU\�VLPLODU�WR�WKDW�LQ�)LJ���D��)URP�WKHVH�UH�
VXOWV�LW�LV�LQIHUUHG�WKDW�WKH�H[WHUQDO�PDJQHWLF�ILHOG�PLJKW�LQGXFH�WKH�F�D[LV�RI�JURZLQJ
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)LJ�����0±+�K\VWHUHVLV�ORRSV�RI�WKH�HOHFWURGHSRVLWHG�&R�ILOPV�
D��ZLWKRXW�PDJQHWLF�ILHOG��DV�GHSRVLWHG���E��ZLWK�PDJQHWLF�ILHOG��DV�GHSRVLWHG��

F��ZLWKRXW�PDJQHWLF�ILHOG��DQQHDOHG�DW������&�IRU���KU��
G��ZLWK�PDJQHWLF�ILHOG��DQQHDOHG�DW������&�IRU���KU�
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FREDOW�FU\VWDOOLWHV�LQ�WKH�GLUHFWLRQ�SHUSHQGLFXODU�WR�WKH�ILOP�SODQH��DQG�PDNH�WKH�JUDLQ
VL]H�FORVH�WR�WKH�VLQJOH�GRPDLQ�VL]H��)LJXUHV��F�DQG�G�DOVR�VKRZ�WKH�YDULDWLRQV�RI�WKH
0±+�ORRSV�RI�WKH�FREDOW�ILOPV�HOHFWURGHSRVLWHG�ZLWKRXW��)LJ���F��DQG�ZLWK��)LJ���G��DQ
H[WHUQDO�PDJQHWLF�ILHOG�DIWHU�WKH�VDPSOHV�ZHUH�DQQHDOHG�DW������&�IRU���KU��:KHQ�WKH
VDPSOH�ZDV� HOHFWURGHSRVLWHG�ZLWKRXW� DQ� H[WHUQDO�PDJQHWLF� ILHOG�� WKH�0±+� ORRS�ZDV
LQGHSHQGHQW�RI�WKH�KHDW�WUHDWPHQW�H[FHSW�WKDW� WKH�SHUSHQGLFXODU�FRHUFLYLW\�GHFUHDVHG
WR� VRPH� H[WHQW�� ,Q�)LJ�� �G�� KRZHYHU�� WKH�PLQRU�ORRS�OLNH� ORRS�GLVDSSHDUHG� DIWHU� DQ�
QHDOLQJ�� ZKLFK� LQGLFDWHG� WKH� VKDSH� DQLVRWURS\� JUDGXDOO\� EHFRPLQJ� GRPLQDQW� LQ� WKH
PL[HG�DQLVRWURS\��EXW�WKH�PDJQHWRFU\VWDOOLQH�DQLVRWURS\�ZDV�VWLOO�HIIHFWLYH��WKLV�PD\�EH
GHGXFHG�IURP�WKH�IDFW�WKDW�WKH�YDOXH�RI�WKH�FRHUFLYLW\�UHPDLQHG�a����2H�UHJDUGOHVV�RI
WKH�KHDW�WUHDWPHQW���7KHVH�UHVXOWV�GHPRQVWUDWH�WKDW� WKH�DSSOLFDWLRQ�RI�DQ�H[WHUQDO�PDJ�
QHWLF�ILHOG�GXULQJ�HOHFWURGHSRVLWLRQ�FDQ�DIIHFW�ERWK�WKH�FU\VWDOORJUDSKLF�RULHQWDWLRQ�DQG
WKH�JUDLQ�VL]H��)LJXUH���SUHVHQWV�;�UD\�GLIIUDFWLRQ�SDWWHUQV�RI�WKH�FRQWLQXRXV�ILOPV�RI
FREDOW� HOHFWURGHSRVLWHG� ZLWKRXW� �)LJ�� �D�� DQG� ZLWK� �)LJ�� �E�� DQ� H[WHUQDO� PDJQHWLF
ILHOG��UHVSHFWLYHO\�

� ��� ��� ��� ��� ��� ��� 	
� 	
� ��� ���
�

�������
	������
� �����
� �����

�����
���
�����
���

�
�������
	������
� �����
� �����

�����
���
�����
���

�

,QW
HQ

VLW
\��

FR
XQ

WV�

�� � �� � �

� ���

�

����������
��� ���������������������

 � �!

�����

 � �"
�����

��� ������
�����

�����
�����

 � �!
�����

� #��

)LJ�����;�UD\�GLIIUDFWLRQ�SDWWHUQV�RI�WKH�&R�ILOP�HOHFWURGHSRVLWHG�ZLWKRXW��D�
DQG�ZLWK��E��DQ�H[WHUQDO�PDJQHWLF�ILHOG��7KH�HOHFWURGHSRVLWLRQ�ZDV�FRQGXFWHG�DW���$�GP $

,Q�)LJXUH��E��WZR�SHDNV�IURP�KFS�FREDOW�������DQG�������SODQHV�DUH�REVHUYHG�PRUH
DSSDUHQWO\� WKDQ� LQ�)LJ�� �D��7KLV�PHDQV� WKDW� WKH� DSSOLFDWLRQ� RI� DQ� H[WHUQDO�PDJQHWLF
ILHOG� GXULQJ� HOHFWURGHSRVLWLRQ� OHDGV� FREDOW� JUDLQV� WR� JURZ� SUHIHUHQWLDOO\� DQG� IRUP
������WH[WXUH��&RQVLGHULQJ�WKDW�FREDOW�JUDLQV�ZLWK�WKH�������RULHQWDWLRQ�KDYH�WKH�F�D[LV
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SHUSHQGLFXODU�WR�WKH�ILOP�SODQH��WKH�GLIIHUHQFH�EHWZHHQ�)LJV���D�DQG��E�FDQ�EH�HDVLO\
XQGHUVWRRG�

)LJXUH���LV�D�FRPSDULVRQ�RI�WKH�F\FOLF�YROWDPPRJUDPV�PHDVXUHG�ZLWKRXW��GDVKHG�OLQH�
DQG�ZLWK��VROLG�OLQH��DQ�H[WHUQDO�PDJQHWLF�ILHOG��7KH�VZLWFKLQJ�SRWHQWLDO�DW�ZKLFK�WKH�VFDQ�
QLQJ� GLUHFWLRQ� FKDQJHV� IURP� FDWKRGLF� WR� DQRGLF� RQH� ZDV� IL[HG� DW� ±���� 9� LQ� RUGHU� WR
HOLPLQDWH�D�SRVVLEOH�LQWHUIHUHQFH�IURP�WKH�K\GURJHQ�HYROXWLRQ�UHDFWLRQ�
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3RWHQWLDO��9�YV��6&(�
)LJ�����&RPSDULVRQ�RI�WKH�F\FOLF�YROWDPPRJUDPV�PHDVXUHG

ZLWKRXW��GDVKHG�OLQH��DQG�ZLWK��VROLG�OLQH��DQ�H[WHUQDO�PDJQHWLF�ILHOG

7KH�VKDSHV�RI�WKH�F\FOLF�YROWDPPRJUDPV�LQ�)LJ����DUH�VLPLODU�WR�HDFK�RWKHU��EXW�WKH
SRODUL]DWLRQ� GXULQJ� WKH� FDWKRGLF� VFDQ� UHYHDOV� GLIIHUHQW� SRODUL]DWLRQ� YDOXHV��:LWK� DQ
H[WHUQDO�PDJQHWLF�ILHOG�RI�����7HVOD��WKH�SRODUL]DWLRQ�LV�ODUJHU�DQG�LW�LV�ZHOO�NQRZQ�WKDW
WKH�SRODUL]DWLRQ�KDV�D�FORVH�FRUUHODWLRQ�ZLWK�WKH�VL]H�RI�JUDLQ�LQ�WKH�HOHFWURGHSRVLWHG
DOOR\V��SURGXFLQJ�VPDOO�JUDLQV�ZKHQ�WKH�DOOR\�LV�HOHFWURGHSRVLWHG�DW�KLJK�SRODUL]DWLRQ
FRQGLWLRQ� >��� ��� �@�� ,W� FDQ� EH� H[SHFWHG� WKDW� WKH� DSSOLFDWLRQ� RI� DQ� H[WHUQDO�PDJQHWLF
ILHOG�LQGXFHV�DQ�LQFUHDVH�LQ�SRODUL]DWLRQ�DQG� WKH�JUDLQ�VL]H�RI�&R�ILOPV�PD\�EHFRPH
VPDOOHU��7KH� UHGXFWLRQ�RI� JUDLQ� VL]H� FDXVHG� E\� DQ� LQFUHDVH� LQ� SRODUL]DWLRQ� KDV� EHHQ
DVFHUWDLQHG� E\� WUDQVPLVVLRQ� HOHFWURQ� PLFURVFRS\� �7(0�� LQ� RXU� SUHYLRXV� ZRUN� >�@�
,QWHUHVWLQJO\�� WKH�HIIHFW�RI�DSSOLHG�H[WHUQDO�PDJQHWLF� ILHOG�ZDV�DSSDUHQW�RQO\�DW�VSH�
FLILF� FXUUHQW� GHQVLW\�� ���� $�GP � �� )RU� KLJKHU� FXUUHQW� GHQVLWLHV�� LW� VHHPV� WKDW� WKH
HOHFWURFU\VWDOOL]DWLRQ�FDQQRW�SURFHHG�VXIILFLHQWO\�GXH�WR�ODUJH�FRQFHQWUDWLRQ�SRODUL]DWLRQ�
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)RU� WKH� PLFUR�SDWWHUQHG� DUUD\V� RI� FREDOW� DV� LQ� )LJ�� ��� W\SLFDO�0±+� ORRSV� ZHUH
PHDVXUHG�LQ�SHUSHQGLFXODU��)LJ���D��DQG�LQ�SODQH��)LJ���E��GLUHFWLRQV�WR�WKH�ILOP�SODQH
GHSHQGLQJ�RQ�WKH�YDULDWLRQ�RI�DVSHFW�UDWLRV�

� [ � �

[ � �

)LJ�����6FDQQLQJ�HOHFWURQ�PLFURJUDSKV�RI�FREDOW�DUUD\V
����mP����mP����mP��VWULSSHG�WKH�SKRWRUHVLVW

$OWKRXJK�&R�FXELF�����mP����mP����mP��DUUD\�ZDV�H[SHFWHG�WR�KDYH�WKH�VDPH
0±+�ORRS�LQ�[� �GLUHFWLRQ�DV�LQ�[ � �GLUHFWLRQ�LQ�)LJ�����LW�H[KLELWV�GLIIHUHQW�PDJQHWL]DWLRQ
YDOXHV� DFFRUGLQJ� WR� WKH� GLUHFWLRQ� RI� WKH� ILHOG� DSSOLHG�� )RU� H[DPSOH�� ZKHQ� WKH� ILHOG
DSSOLHG�ZDV������2H��PDJQHWL]DWLRQ�PHDVXUHG�LQ�WKH�[� �GLUHFWLRQ�ZDV����HPX�J��EHLQJ
���HPX�J� LQ�[ � �GLUHFWLRQ��)URP�WKLV� UHVXOW� LW�FDQ�EH� LQIHUUHG� WKDW�&R�DUUD\�KDV� VKDSH
DQLVRWURS\�WR�EH�PDJQHWL]HG�LQ�WKH�[ � �GLUHFWLRQ�

,Q� )LJXUH� ��� ZKHQ� WZR� SDWWHUQHG� DUUD\V� RI� WKH� VDPH� GLPHQVLRQ� ���� mPî��� mP
î���mP��DUH�FRPSDUHG�ZLWK�HDFK�RWKHU��WKH\�H[KLELW�DOPRVW�WKH�VDPH�0±+�ORRSV��7KLV
PHDQV�WKDW�DSSOLFDWLRQ�RI�DQ�H[WHUQDO�PDJQHWLF�ILHOG�LV�LQVXIILFLHQWO\�HIIHFWLYH�WR�LP�
SURYH� 30$� IRU� WKH� HOHFWURGHSRVLWHG� SDWWHUQHG� DUUD\�� ,W� KDV� EHHQ� UHSRUWHG� WKDW� LQ� D
WKURXJK�WHPSODWH� HOHFWURGHSRVLWLRQ� OLNH� WKLV� ZRUN�� PDVV�WUDQVIHU� HIIHFWV� DUH� VLJQLIL�
FDQW��DQG�GLIIXVLRQ�RI� LRQV� WKURXJK� WKH� WHPSODWH� LV�D� UDWH�GHWHUPLQLQJ�VWHS�>����@�� ,Q
WKHVH�FRQGLWLRQV��D�ODUJH�FRQFHQWUDWLRQ�SRODUL]DWLRQ�DSSHDUV��7KH�UHDVRQ�ZK\�WKH�DS�
SOLFDWLRQ�RI�DQ�H[WHUQDO�PDJQHWLF� ILHOG�ZDV�QRW�HIIHFWLYH� IRU�SDWWHUQHG�DUUD\V�FDQ�EH
DWWULEXWHG�WR�DQ�LQVXIILFLHQW�HOHFWURFU\VWDOOL]DWRQ�GXH�WR�WKH�ODUJH�FRQFHQWUDWLRQ�SRODUL�
]DWLRQ�� ,W� LV� QRW� DVFHUWDLQHG� ZKHWKHU� LI� FREDOW� SDWWHUQHG� DUUD\V� KDYH� DQ\
PDJQHWRFU\VWDOOLQH�DQLVRWURS\�
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)LJ�����0±+�K\VWHUHVLV�ORRSV�RI�SDWWHUQHG�&R�DUUD\V�DFFRUGLQJ�WR�WKH�DVSHFW�UDWLR�
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