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7KH�REMHFWLYH�RI�WKLV�LQYHVWLJDWLRQ�ZDV�WR�HVWDEOLVK�D

WKUHH�GLPHQVLRQDOO\� FXOWXUHG� KXPDQ� HQGRPHWULXP

ZKLFK�FRXOG�EH�XVHG�DV�D�WLVVXH�PRGHO�IRU�WKH�PHFK�

DQLVP� VWXG\� RI� LPSODQWDWLRQ� LQ� YLWUR�� %\� XVLQJ

KXPDQ�HQGRPHWULDO�VWURPDO��(6��DQG�HSLWKHOLDO�FHOOV

�((�� IURP�K\VWHUHFWRP\�VSHFLPHQV�� UHFRQVWUXFWLRQ

RI�HQGRPHWULXP� LQ�FXOWXUH�ZDV�HVWDEOLVKHG�E\� ILUVW

OD\HULQJ� D� FROODJHQ� JHO� FRQWDLQLQJ� (6� FHOOV�� WKHQ

RYHUOD\LQJ�ZLWK�WKH�0DWULJHO�FRQWDLQLQJ�HQGRPHWULDO

HSLWKHOLDO� �((�� FHOOV�� 8OWUDVWUXFWXUDO� H[DPLQDWLRQ� RI

WKH����K�HQGRPHWULDO�FHOO�FXOWXUH�UHYHDOHG�PRQROD\�

HUHG� FROXPQDU� ((� FHOOV� ZLWK�PLFURYLOOL� RQ� WKH� FRO�

ODJHQ� OD\HU�FRQWDLQLQJ�(6�FHOOV�DQG�DSSHDUDQFH�RI

WKH� WLJKW� MXQFWLRQV� DQG� GHVPRVRPHV� EHWZHHQ� ((

FHOOV�� D� FHOO� OD\HU� FORVHO\� UHVHPEOLQJ� WKH� QDWLYH

HQGRPHWULXP��,PPXQRKLVWRFKHPLFDO�FKDUDFWHUL]DWLRQ

RI�WKH�UHFRQVWUXFWHG�HQGRPHWULXP�VKRZHG�D�VWURQJ

LPPXQRUHDFWLYLW\�IRU�F\WRNHUDWLQ��LQWHJULQ�α���α��DQG

β��VXEXQLWV��F\FORR[\JHQDVHV���DQG�����PDWUL[�PHW�

DOORSURWHLQDVHV���� ���� ���DQG�����DQG�WLVVXH� LQKLELWRU

RI�PHWDOORSURWHLQDVHV���DQG����LQ�WKH�((�FHOOV�FRP�

SDUDEOH�WR�WKH�QDWLYH�HQGRPHWULDO�HSLWKHOLXP��(6�FHOOV

DOVR�VKRZHG�VWURQJHU�LPPXQRUHDFWLYLW\�IRU�F\FORR[�

\JHQDVHV��LQWHJULQV�DQG�003V��EXW�OHVV�IRU�F\WRNHU�

DWLQ�� *HODWLQ� ]\PRJUDSKLF� DQDO\VHV� RI� WKH� PHGLD

REWDLQHG�IURP�WKH�UHFRQVWUXFWHG�HQGRPHWULXP�PRGHO

VKRZHG� JHODWLQDVH� DFWLYLW\� EDQGV� DW� ���� ���� ���� ��

DQG� ��� N'D� PROHFXODU� ZHLJKW�� UHVSHFWLYHO\�� 7KH

SUHVHQW�VWXG\�SURYLGHV�D�SRVVLELOLW\� WKDW�RXU� WKUHH�

GLPHQVLRQDOO\� FXOWXUHG� HQGRPHWULXP� PRGHO� FRXOG

PLPLF�WKH�PRUSKRORJLFDO�DQG�IXQFWLRQDO�FKDUDFWHULV�

WLFV�RI�WKH�QDWLYH�HQGRPHWULXP��7KH�PRGHO�FRXOG�EH

XVHG� WR� FODULI\� WKH� UROHV� RI� YDULRXV� PROHFXOHV

LQYROYHG�LQ�WKH�KXPDQ�LPSODQWDWLRQ�

.H\ZRUGV�� F\FORR[\JHQDVH�� HQGRPHWULXP�� LQWHJULQ�

PHWDOORSURWHLQDVH��WKUHH�GLPHQVLRQDO�FHOO�FXOWXUH�

,QWURGXFWLRQ

7KH�KXPDQ�HQGRPHWULDO�F\FOH��ZKLFK�FDQ�EH�GLYLGHG�LQWR

SUROLIHUDWLYH��VHFUHWRU\�DQG�PHQVWUXDO�SKDVHV��LV�FKDUDF�

WHUL]HG� E\� WKH� DOWHUDWLRQ� RI� F\FOH�VSHFLILF� PRUSKRORJ\

DQG�IXQFWLRQ��,Q�DGGLWLRQ�WR�VH[�VWHURLG�KRUPRQHV�NQRZQ

WR�EH�SULPDU\�UHJXODWRUV�RI�WKH�HQGRPHWULXP�F\FOH��PDQ\

RWKHU�VXEVWDQFHV�LQFOXGLQJ�F\WRNLQHV�DQG�DGKHVLRQ�PROH�

FXOHV� KDYH� EHHQ� VXJJHVWHG� WR� SOD\� LPSRUWDQW� UROHV� LQ

WKH� F\FOLF�FKDQJH�RI�HQGRPHWULXP��7DELE]DGHK�DQG�6XQ�

������&KDUQRFN�-RQHV�HW�DO���������*LXGLFH��������)RZOH

HW� DO��� ������ 6DODPRQVHQ� HW� DO��� ������� )XUWKHU�� F\FOH

GHSHQGHQW�H[SUHVVLRQ�RI� LQWHJULQV��PDWUL[�PHWDOORSURWHLQ�

DVHV� �003V�� DQG� F\FORR[\JHQDVHV� �&2;V��PD\�SURYLGH

VSHFLILF�PDUNHUV�IRU�HYDOXDWLQJ�HQGRPHWULDO�UHFHSWLYLW\�DW

WKH� WLPH� RI� LPSODQWDWLRQ�� �+XOER\� DQG�0DUWULVLDQ�� �����

-RQHV� HW� DO��� ������ .ZRQ� HW� DO��� ������ $FRVWD� HW� DO��

������� 7KH� XVH� RI� ELRSVLHG� HQGRPHWULDO� WLVVXHV� LQ

FXOWXUH� DOORZHG� VRPH� LQYHVWLJDWLRQ� RI� GLIIHUHQWLDWLRQ

PHFKDQLVP�RI�WKH�KXPDQ�HQGRPHWULXP�GXULQJ�LPSODQWD�

WLRQ� ZLQGRZ�� $OVR�� LQ� YLWUR� VWXGLHV� XVLQJ� PRQROD\HU

FXOWXUH� RI� HQGRPHWULDO� VWURPDO� �(6�� DQG�RU� HSLWKHOLDO

�((�� FHOOV� KDYH� DOVR� EHHQ� WULHG� WR� FKDUDFWHUL]H� PROH�

FXOHV� H[SUHVVHG� LQ� WKHVH� FHOOV� UHODWLQJ� WR� LPSODQWDWLRQ�

(6�RU�((�FHOOV�JURZQ�LQ�PRQROD\HU�FXOWXUH�V\VWHP�IDLOHG

WR� GLIIHUHQWLDWH� LQWR� FROXPQDU� FHOOV� IRXQG� LQ� WKH� HQGR�

PHWULXP� �+HDUQ�� ������ DQG� WKH� LQIRUPDWLRQ� REWDLQHG
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IURP� WKRVH� PRQROD\HU� FXOWXUHV� GRHV� QRW� UHIOHFW� WKH� LQ

YLYR� HQGRPHWULXP�� �6LOOHP� HW� DO��� ������ 6LPRQ� HW� DO��

������� 7KH� LQWHUDFWLRQ� EHWZHHQ� WKH� HQGRPHWULDO� FRP�

SDUWPHQWV��L�H���(6�DQG�((�FHOOV�DQG�H[WUDFHOOXODU�PDWUL[

�(&0��� LV� NQRZQ� WR� EH� DQ� LPSRUWDQW� IDFWRU� IRU� WKH

HQGRPHWULXP�GLIIHUHQWLDWLRQ��2VWHHQ�HW�DO����������,Q�DQ

DWWHPSW�WR�RYHUFRPH�WKH�SLWIDOOV�RI�WKH�PRQROD\HU�FXOWXUH

V\VWHP�� %HQWLQ�/H\� HW� DO�� ������� KDYH� GHYHORSHG� D

WKUHH�GLPHQVLRQDO�FXOWXUH�V\VWHP�RI�WKH�((�DQG�(6�FHOOV

XVLQJ�FROODJHQ�JHO�DQG�0DWULJHO��8OWUDVWUXFWXUDO�VWXGLHV�DQG

DQWL�F\WRNHUDWLQ� DQG� �FROODJHQ� DQWLERGLHV�� UHDFWLYLW\� RI

WKH� FHOO� FXOWXUH� V\VWHP� VKRZHG� D� OD\HU� RI� SRODUL]HG

HSLWKHOLDO�FHOOV�UHVWLQJ�RQ�DQ�DUWLILFLDO�EDVHPHQW�PHPEUDQH

ZLWK� XQGHUO\LQJ� VWURPDO� FHOOV� HPEHGGHG� LQ� D� FROODJHQ

PDWUL[� UHVHPEOLQJ� WKH� QRUPDO� HQGRPHWULXP��8VLQJ� WKLV

FHOO� FXOWXUH� V\VWHP�� ZH� KDYH� LQYHVWLJDWHG� WKH� FHOOXODU

DOWHUDWLRQV� LQYROYLQJ� NH\�PROHFXODU�PDUNHUV� DVVRFLDWHG

ZLWK�GLIIHUHQWLDWLRQ�DQG�LPSODQWDWLRQ�WR�WHVW�ZKHWKHU�VXFK

FXOWXUH�V\VWHP�FDQ�EH�DGDSWLYH�IRU�LQ�YLWUR�HQGRPHWULXP

PRGHO��%\�DVVHVVLQJ�WKH�H[SUHVVLRQ�RI�LQWHJULQV��&2;V

DQG�003V�DV�ZHOO�DV�WKH�XOWUDVWUXFWXUDO��PRUSKRORJLFDO

DQG�IXQFWLRQDO�FKDUDFWHULVWLFV�RI�WKH�UHFRQVWUXFWHG�HQGR�

PHWULXP�LQ�FRPSDULVRQ�ZLWK�WKH� LQ�YLYR�FRXQWHUSDUW�RI�D

PLG�OXWHDO�SKDVH��WKLV�WKUHH�GLPHQVLRQDO�(6�DQG�((�FHOO

FXOWXUH� VHHPHG� WR� VHUYH� DV� DQ� XVHIXO� PRGHO� IRU

LQYHVWLJDWQJ� LQ�YLWUR� LPSODQWDWLRQ�PHFKDQLVP��

0DWHULDOV�DQG�0HWKRGV

(QGRPHWULDO�WLVVXH�VDPSOLQJ

(QGRPHWULDO� WLVVXHV�ZHUH�REWDLQHG� IURP�SDWLHQWV�XQGHU

WKH� DJH� RI� ��� ZKR� XQGHUZHQW� D� K\VWHUHFWRP\� GXH� WR

FRQGLWLRQV� RWKHU� WKDQ� HQGRPHWULDO� GLVHDVH�� $IWHU� K\�

VWHUHFWRP\�� VDPSOLQJ�RI� XWHULQH� IXQGXV�ZDV�SHUIRUPHG

XVLQJ�D�VXUJLFDO�FXUHWWH��$�SDUW�RI�WKH�HQGRPHWULDO�WLVVXH

ZDV� H[DPLQHG� E\� KLVWRORJLFDO� FODVVLILFDWLRQ� �1R\HV� HW

DO���������1R\HV�DQG�+DPDQ��������DQG�VDPSOHV�LQ�WKH

ODWH� SUROLIHUDWLYH� SKDVH� RI� WKH� PHQVWUXDO� F\FOH� ZHUH

LQFOXGHG� LQ� WKH� H[SHULPHQW�� $OO� SDWLHQWV� JDYH� LQIRUPHG

FRQVHQW� DQG� WKH� (WKLFDO� &RPPLWWHH� RI� WKH� 8QLYHUVLW\

DSSURYHG� WKLV�VWXG\�

(QGRPHWULDO�FHOO�FXOWXUH

7LVVXH� VDPSOHV�ZHUH� WUDQVIHUUHG� WR� FRQLFDO� WXEHV�ZLWK

WKH� FXOWXUH� PHGLXP� FRQVLVWLQJ� RI� '0(0 � )��� DQG

+(3(6��*LEFR�%5/�OLIH�WHFKQRORJLHV��*DLWKHUEXUJ��0'�

86$��DQG�ZDVKHG�WKUHH�WLPHV�ZLWK�WKH�VDPH�PHGLXP�WR

UHPRYH�UHVLGXDO�EORRG�FORWV��$IWHU�SRXULQJ�����PO�RI�WKH

FXOWXUH�PHGLXP� LQWR� WKH� FXOWXUH� GLVK�� WKH� WLVVXHV�ZHUH

SODFHG� LQWR� WKH�GLVK�DQG�PLQFHG� LQWR�VPDOO�SLHFHV�ZLWK

VWHULOH� VFLVVRUV�� 7KH� WLVVXHV� ZHUH� WUDQVIHUUHG� WR� WKH

FRQLFDO� WXEH� ZLWK� PHGLD� DQG� VXEVHTXHQWO\� WKH� VXSHU�

QDWDQW�ZDV�UHPRYHG�DIWHU�FHQWULIXJDWLRQ��7R�WKH�SHOOHW���

PO�RI�WU\SVLQ�('7$�VROXWLRQ�ZDV�DGGHG�DQG�LQFXEDWHG�LQ

D�VKDNHU�DW�URRP�WHPSHUDWXUH�IRU����PLQ��7R�TXHQFK�WKH

HQ]\PDWLF� UHDFWLRQ�� WKH� VDPH� DPRXQW� RI� WKH� FXOWXUH

PHGLXP�FRQWDLQLQJ�����ERYLQH�FDOI�VHUXP��*LEFR�%5/�

ZDV�DGGHG�DQG�WKHQ�FHQWULIXJHG��7KH�SHOOHW�ZDV�UHVXV�

SHQGHG� LQ����PO�RI� WKH�FXOWXUH�PHGLXP��$IWHU�ZDVKLQJ

VHYHUDO� WLPHV�� WKH� FHOOV�ZHUH�DOORZHG� WR� VHWWOH�DW� URRP

WHPSHUDWXUH� IRU����PLQ��7KH�XSSHU���PO�FRQWDLQLQJ� WKH

VWURPDO�FHOOV�DQG�WKH�ORZHU���PO�FRQWDLQLQJ�WKH�HSLWKHOLDO

FHOOV� ZHUH� VHSDUDWHO\� LQRFXODWHG� LQ� ��� PP� FXOWXUH

GLVKHV�DQG�FXOWXUHG�LQ�WKH�FXOWXUH�PHGLXP�FRQWDLQLQJ��

�� SHQLFLOOLQ�VWUHSWRP\FLQ� DQG� ���� ERYLQH� FDOI� VHUXP�

:KHQ�QHFHVVDU\������Q0�SURJHVWHURQH��6LJPD��6W�/RXLV�

02��86$��DQG��Q0�HVWUDGLRO��6LJPD��ZHUH�DGGHG�WR�WKH

FXOWXUH�PHGLXP��

7R� SUHSDUH� IRU� WKH� WKUHH�GLPHQVLRQDO� HQGRPHWULXP

PRGHO�� WKH� OXPSV� RI� ((� FHOOV� ZHUH� FROOHFWHG� IURP� WKH

GLVK� E\� IOXVKLQJ� ZLWK�PHGLD�� 7KH\� ZHUH� WUDQVIHUUHG� WR

FRQLFDO�WXEH�DQG�������8�PO�RI�W\SH�,9�FROODJHQDVH��6LJPD�

ZDV�DGGHG�WR�GLVVRFLDWH�WKH�OXPSV�LQWR�LQGLYLGXDO�FHOOV�

$IWHU� LQFXEDWLRQ�ZLWK�VKDNH�DW�URRP�WHPSHUDWXUH�IRU���

PLQ�� WKH� FHOOV� ZHUH� ZDVKHG� WZLFH� ZLWK� WKH� FXOWXUH

PHGLXP� FRQWDLQLQJ� ���� ERYLQH� FDOI� VHUXP�� 7KH� (6

FHOOV�ZHUH�GLVORGJHG�IURP�WKH�FXOWXUH�GLVK�E\�WUHDWPHQW

ZLWK�WU\SVLQ�('7$�IROORZHG�E\�ZDVKLQJ�ZLWK�WKH�FXOWXUH

PHGLXP� FRQWDLQLQJ� VHUXP�� 7KH� SHOOHW� RI� (6� FHOOV� ZDV

UHVXVSHQGHG� LQ�WKH�FXOWXUH�PHGLXP�VXSSOHPHQWHG�ZLWK

FROODJHQ� �UDW� WDLO� W\SH� ,�� &ROODERUDWLYH� %LRPHGLFDO� 3UR�

GXFWV��%HGIRUG��0$��86$��WR�JLYH�D�ILQDO�FHOO�GHQVLW\�RI

� × ����PO�DQG�D�FROODJHQ�FRQFHQWUDWLRQ�RI������PJ�PO�

7ZR�KXQGUHG�PO�RI� WKH�PL[WXUH�ZDV�SRXUHG� LQWR�WKH���

PP�FHOO�FXOWXUH�LQVHUW��6LJPD��DQG�LQFXEDWHG�DW���R&�IRU

��� PLQ� WR� VROLGLI\� WKH� JHO�� 2Q� WKH� WRS� RI� WKH� VROLG

FROODJHQ� JHO�� ��� µO� RI� 0DWULJHO� �6LJPD�� DW� D� FRQFHQW�

UDWLRQ�RI���PJ�PO�ZDV�ORDGHG�DQG�OHIW�WR�VWDQG�IRU����V�

$IWHU�UHPRYLQJ�WKH�UHPDLQLQJ�IOXLG������µO�RI�WKH�((�FHOO
VXVSHQVLRQ� DW� D� FHOO� GHQVLW\� RI� � × ���� FHOOV�PO� ZDV

LQRFXODWHG�RYHU�0DWULJHO��7KH�FHOO�FXOWXUH�LQVHUW�ZDV�WKHQ

SODFHG� LQWR�D����ZHOO�FXOWXUH�GLVK� �1XQF�$�6��5RVNLOGH�

'HQPDUN��DQG�FXOWXUHG�IRU����K��)RU�WKH�FRPSDULVRQ��DQ

HQGRPHWULXP�PRGHO�FRQVLVWLQJ�RI�RQO\�((�FHOOV�ZLWKRXW

(6�FHOOV�ZHUH�DOVR�SUHSDUHG�DQG�FXOWXUHG�

3UHSDUDWLRQ�IRU�HOHFWURQ�PLFURVFRS\

7KH�WKUHH�GLPHQVLRQDOO\�FXOWXUHG�HQGRPHWULDO�FHOOV�ZHUH

IL[HG� IRU� �� K� LQ� ��� JOXWDUDOGHK\GH� LQ� ����0�0LOORQLJ
V

SKRVSKDWH�EXIIHU�S+������$IWHU�ZDVKLQJ�ZLWK� WKH�VDPH

VROXWLRQ�� WKH�VDPSOHV�ZHUH�SRVW�IL[HG�ZLWK����RVPLXP

WHWUR[LGH�LQ�����0�0LOORQLJ
V�SKRVSKDWH�EXIIHU�IRU����PLQ�

GHK\GUDWHG� VHULDOO\� ZLWK� HWKDQRO�� DQG� SODFHG� LQ� SURS�

\OHQH�R[LGH�

)RU� WUDQVPLVVLRQ� HOHFWURQ�PLFURVFRS\� �7(0��� EORFNV

ZHUH�PDGH�ZLWK�(SRQ�DQG�WKHUPDO�SRO\PHUL]DWLRQ��7KH

IODW� EORFNV� ZHUH� VHFWLRQHG� LQWR� �� µP� VOLFHV� XVLQJ� DQ

XOWUDPLFURWRPH�� 7KH� WLVVXH� VHFWLRQV� ZHUH� VWDLQHG� ZLWK

��� WROXLGLQH� EOXH� DQG� H[DPLQHG� XQGHU� D� OLJKW� PLFUR�



7KUHH�GLPHQVLRQDO�HQGRPHWULDO�FHOO�FXOWXUH ��

VFRSH��7KH�DUHDV�RI� LQWHUHVW�ZHUH�ILQHO\�VHFWLRQHG�ZLWK

DQ�XOWUDPLFURWRPH�LQWR�������QP�WKLFN�VOLFHV�DQG�DWWDFK�

HG� WR� D� FRSSHU� JULG� ����� PHVK��� 7KH� VDPSOHV� ZHUH

GRXEO\�VWDLQHG�ZLWK����XUDQ\O�DFHWDWH�DQG� OHDG�FLWUDWH

DQG� REVHUYHG� XQGHU� WKH� 7(0� �+������ +LWDFKL�� 7RN\R�

-DSDQ��

)RU�VFDQQLQJ�HOHFWURQ�PLFURVFRSH��6(0���WKH�VDPSOHV

ZHUH� GULHG� LQ� D� FULWLFDO� SRLQW� GU\HU�� 7KH� VDPSOHV�ZHUH

DWWDFKHG�WR�WKH�VWDJH�DQG�VSXWWHUHG�ZLWK����QP�RI�JROG�

7KH� SUHSDUDWLRQV� ZHUH� H[DPLQHG� XVLQJ� WKH� 6(0� �6�

����1��+LWDFKL��7RN\R��-DSDQ��DW����N9��

,PPXQRKLVWRFKHPLVWU\�

7KH�WKUHH�GLPHQVLRQDOO\�FXOWXUHG�VDPSOHV�ZHUH�IL[HG�LQ

���� IRUPDOLQ� DQG� HPEHGGHG� LQ� SDUDIILQ�� 7KH� SDUDIILQ

ZDV�VHFWLRQHG�LQWR���µP�WKLFN�VOLFHV��ZKLFK�ZHUH�UHK\G�

UDWHG�DQG�WUHDWHG�ZLWK����K\GURJHQ�SHUR[LGH�IRU���PLQ

WR� UHPRYH� WKH� UHPDLQLQJ� HQGRJHQRXV� SHUR[LGDVH� DFWL�

YLW\�� 7KH� VDPSOHV� ZHUH� UHDFWHG� ZLWK� ������ GLOXHQWV� RI

WKH�DQWLERGLHV�DJDLQVW�F\WRNHUDWLQ��LQWHJULQ�VXEXQLWV��α��
α��DQG�β����DQWLKXPDQ�PRXVH�PRQRFORQDO��6DQWD�&UX]

%LRWHFKQRORJ\�,QF����&2;����DQG�����003V����������DQG

����7,03V����DQG�����DQWLKXPDQ�JRDW�SRO\FORQDO��6DQWD

&UX]�%LRWHFKQRORJ\�,QF����$V�D�QHJDWLYH�FRQWURO��SULPDU\

DQWLERGLHV�ZHUH�RPLWWHG�GXULQJ�SURFHVVLQJ��7KH�VDPSOHV

ZHUH�WKHQ�UHDFWHG�ZLWK�WKH�VHFRQGDU\�DQWLERGLHV�LQFOXG�

HG� LQ�WKH�/6$%�NLW��'$.2�$�6��*ORVWUXS��'HQPDUN��IRU

���PLQ��$IWHU�ZDVKLQJ�ZLWK�WKH�UHDFWLRQ�EXIIHU��VDPSOHV

ZHUH� VWDLQHG�ZLWK� GLDPLQREHQ]LGLQH� �'$.2�$�6�� IRU� �

PLQ�IROORZHG�E\�FRXQWHU�VWDLQLQJ�ZLWK�KHPDWR[\OLQ�IRU���

V��7KH�VDPSOHV�ZHUH�VHDOHG�ZLWK�&DQDGLDQ�EDOVDP�DQG

ZHUH�REVHUYHG�XQGHU�D� OLJKW�PLFURVFRSH�

*HODWLQ�VXEVWUDWH�]\PRJUDSK\

7KH� VXSHUQDWDQW� RI� WKH� FXOWXUH�PHGLD� ZDV�PL[HG� ZLWK

WKH� VDPH� DPRXQW� RI� ]\PRJUDSKLF� VDPSOH� EXIIHU� ����

6'6�����VXFURVH�������0�7ULV�+&O��S+�����������EUR�

PRSKHQRO�EOXH���7HQ�µO�RI�HDFK�VDPSOH�ZDV�VHSDUDWHG

RQ����SRO\DFU\ODPLGH�JHO�FRQWDLQLQJ������JHODWLQ��7KH

JHOV� ZHUH� ZDVKHG� WZLFH� ZLWK� WKH� GHWHUJHQW� VROXWLRQ

�7ULV�+&O��S+�����������7ULWRQ�;������DQG� LQFXEDWHG� LQ

WKH� VXEVWUDWH� EXIIHU� ���� P0� 7ULV�+&O�� S+� ����� �� P0

&D&O��� ������ 1D1��� DW� ��
R&� IRU� ��� K�� 7KHQ� WKH� JHOV

ZHUH�VXEVHTXHQWO\�WUHDWHG�ZLWK�D�VWDLQLQJ�VROXWLRQ������

)LJXUH����(OHFWURQ�PLFURSKRWRJUDSKV�RI� WKUHH�GLPHQVLRQDOO\� FXOWXUHG�HQGRPHWULDO� FHOOV��7KH� WUDQVPLVVLRQ�HOHFWURQ�PLFURVFRS\� LPDJHV�RI� WKUHH�GLPHQVLRQDOO\
FXOWXUHG�((� FHOOV� �$��%��� /HIW� SDQHO�� 7KH� FXOWXUHG�((� FHOOV�ZHUH� SRODUL]HG� WR� FROXPQDU� FHOOV�ZLWK� EDVHO\� ORFDWHG� QXFOHL� DQG�PLWRFKRQGULD��5LJKW� SDQHO�� 7KH
JUDQXOHV��JU��ZHUH�ORFDWHG�LQ�D�URZ�EHWZHHQ�WKH�QXFOHXV�DQG�WKH�DSLFDO�PHPEUDQH�RI�DQ�((�FHOO��7KH�MXQFWLRQV�RI�WKH�HSLWKHOLDO�FHOOV�ZHUH�FRPSULVHG�RI�DSLFDO
WLJKW� MXQFWLRQV� �RSHQ� DUURZKHDGV�� DQG� ULYHW�OLNH� GHVPRVRPHV� �FORVH� DUURZKHDG��� 7KH� VFDQQLQJ� HOHFWURQ�PLFURVFRS\� LPDJHV� RI� WKUHH�GLPHQVLRQDOO\� FXOWXUHG
HSLWKHOLDO�FHOOV��&��'���/HIW�SDQHO��6RPH�HSLWKHOLDO�FHOOV�KDG�D�SLQRSRGHV��S��SURWUXGLQJ��7KH�VXUIDFH�RI�WKH�HSLWKHOLDO�FHOOV�ZDV�DEXQGDQWO\�FRYHUHG�ZLWK�PLFURYLOOL
�P��DQG�VRPH�FHOOV�ZHUH�FLOLDWHG��F���5LJKW�SDQHO��6RPH�FHOOV�VKRZHG�JUDQXOH�OLNH�SURWUXVLRQV��J���6FDOH�EDUV�UHSUHVHQW���µP��$�����µP��%������µP��&��DQG
��µP��'��� UHVSHFWLYHO\�
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&RRPDVVLH� EULOOLDQW� EOXH�5������ ���� DFHWLF� DFLG�� ���

LVRSURS\O� DOFRKRO�� DW� URRP� WHPSHUDWXUH� IRU� �� K�� DQG

GHVWDLQHG�ZLWK�GLVWLOOHG�ZDWHU�DW�URRP�WHPSHUDWXUH�IRU���K�

5HVXOWV

:KHQ� (6� FHOOV� ZHUH� FXOWXUHG� LQ� FROODJHQ� PDWUL[�� WKH

VWUXFWXUH�RI�WKH�FROODJHQ�PDWUL[�ZDV�PDLQWDLQHG�UHJDUG�

OHVV�RI�WKH�SUHVHQFH�RI�SURJHVWHURQH�DQG�HVWUDGLRO�DOWKRXJK

PLQLPDO� FRQWUDFWLRQ� RI� WKH� VWUXFWXUH� ZDV� REVHUYHG� LQ

VRPH�VDPSOHV��,Q�FRQWUDVW��WKH�UHFRQVWUXFWHG�HQGRPHWULXP

FXOWXUH� FRQVLVWLQJ� RI� ERWK� (6� DQG� ((� FHOOV� FROODSVHG

ZLWKLQ����K��+RZHYHU�� LQ� WKH�SUHVHQFH�RI�SURJHVWHURQH

DQG� HVWUDGLRO�� WKH� HQWLUH� VWUXFWXUH� RI� WKH� WKUHH�GLPHQ�

VLRQDOO\� FR�FXOWXUHG� (6� DQG� ((� FHOOV� PRGHO� KDG� VXV�

WDLQHG� XS� WR� ������ K� DIWHU� ZKLFK� LW� SURJUHVVLYHO\� FRQ�

WUDFWHG�DQG� WKHQ�GLVVROYHG� �GDWD�QRW�VKRZQ��

:KHQ� WKH� HQGRPHWULXP� UHFRQVWUXFWHG� ZLWK� ERWK� (6

DQG�((�FHOOV� FXOWXUHG� LQ� WKH�SUHVHQFH�RI� SURJHVWHURQH

DQG� HVWUDGLRO� ZDV� H[DPLQHG� XQGHU� OLJKW� PLFURVFRSH�

PRQROD\HUHG�FROXPQDU�((�FHOOV�FRYHUHG�WKH�VXUIDFH�RI

0DWULJHO� DQG� (6� FHOOV� HPEHGGHG� LQ� FROODJHQ� PDWUL[

ORFDOL]HG�XQGHU�WKH�((�FHOOV��7(0�UHYHDOHG�WKDW�FROXP�

QDU�((�FHOOV�ZHUH�SRODUL]HG�DQG�H[KLELWHG�WKH�SUHVHQFH

RI�PLFURYLOOL�RQ�WKH�VXUIDFH�DQG�RI�QXFOHL�DQG�PLWRFKRQ�

GULD�ORFDWHG�DW�WKH�ORZHU�SDUW��7KH�F\WRSODVPLF�JUDQXOHV

LQ� WKH� ((� FHOO� ZHUH� ORFDWHG� LQ� D� URZ� EHWZHHQ� WKH

QXFOHXV�DQG�WKH�DSLFDO�PHPEUDQH�RI� WKH�HSLWKHOLDO�FHOO�

7KH� MXQFWLRQV� EHWZHHQ� ((� FHOOV� ZHUH� FRPSULVHG� RI

DSLFDO�WLJKW�MXQFWLRQV�DQG�ULYHW�OLNH�GHVPRVRPHV��)LJXUH

�$��%���7KH�VXUIDFH�RI� WKH�WKUHH�GLPHQVLRQDOO\�FXOWXUHG

HQGRPHWULXP�REVHUYHG�E\�6(0�ZDV�FRPSOHWHO\�FRYHU�

HG�E\� WKH�((�FHOOV��7KH�DSLFDO� VXUIDFH�RI� WKH�((�FHOOV

ZDV� FRYHUHG� DEXQGDQWO\� ZLWK� PLFURYLOOL� DQG� VRPH� RI

WKHP�SURWUXGHG�DV�SLQRSRGHV� �)LJXUH��&��'��

,QWHQVH�LPPXQRUHDFWLYLW\�DJDLQVW�DQWL�F\WRNHUDWLQ�DQWL�

ERG\� ZDV� LGHQWLILHG� RQO\� LQ� WKH� ((� FHOOV� RI� WKH� UHFRQ�

VWUXFWHG� HQGRPHWULXP� PRGHO� FXOWXUHG� ZLWK� WKH� VWHURLG

KRUPRQHV� �)LJXUH��$��� ,QWHJULQ�VXEXQLWV�RI�α���α��DQG
β��ZHUH�VWURQJO\�H[SUHVVHG� LQ�WKH�((�FHOOV�DQG� LQ�SDUW
RI� WKH�(6�FHOOV� �)LJXUH��&��(��*���&2;���DQG� ���ZHUH

DOVR�VWURQJO\�VWDLQHG� LQ�ERWK� WKH�((�FHOOV�DQG�VRPH�RI

WKH�(6�FHOOV� �)LJXUH��,��.���7KH�HQGRPHWULXP�REWDLQHG

IURP�KXPDQ�XWHUXV�DW�PLG�VHFUHWRU\�SKDVH�DV�DQ�LQ�YLYR

FRXQWHUSDUW�DOVR�VKRZHG�VLPLODU�LPPXQRUHDFWLYLW\�RI�WKH

UHFRQVWUXFWHG�HQGRPHWULXP�PRGHO� �)LJXUH��'��)��+�� -�

/��� ,Q� PRQROD\HU� FXOWXUHV�� ((� FHOOV� VKRZHG� D� GLVWLQFW

UHDFWLYLW\� ZLWK� DQWL�F\WRNHUDWLQ� DQWLERG\� EXW� IDLOHG� WR

UHDFW� ZLWK� DQWLERGLHV� DJDLQVW� LQWHJULQ� α��� α�� DQG� β��
ZKHUHDV�PRQROD\HU�FXOWXUHG�(6�FHOOV�GLG�QRW�UHDFW�ZLWK

DQ\� RI� WKHVH� DQWLERGLHV� �)LJXUH� �$�+��� +RZHYHU�� ERWK

((�DQG�(6�FHOOV�ZHUH�VWDLQHG�ZLWK�DQWL�&2;���DQG� ��

DQWLERGLHV��)LJXUH��,�/���,Q�WKH�UHFRQVWUXFWHG�HQGRPHWULXP

PRGHO��ERWK�((�DQG�(6�FHOOV�VKRZHG�D�VWURQJ�UHDFWLYLW\

ZLWK�DOO�RI�WKH�DQWLERGLHV�DJDLQVW�003����������������DQG

7,03���DQG�����)LJXUH��$��&��(��*��,��.���,Q�FRQWUDVW��(6

FHOOV� HPEHGGHG� DORQH� LQ� WKH� FROODJHQ� PDWUL[� ZDV� QRW

VWDLQHG�ZLWK�DQWL�003�DQWLERGLHV��DOWKRXJK�VRPH�RI�(6

FHOOV� VKRZHG� D� SRVLWLYH� LPPXQRUHDFWLYLW\� ZLWK� DQWL�

7,03���DQG� ���DQWLERGLHV� �)LJXUH��%��'��)��+��-��/���

*HODWLQ� VXEVWUDWH� ]\PRJUDSK\� RI� WKH� FXOWXUH� PHGLD

FROOHFWHG� IURP� WKH� UHFRQVWUXFWHG� HQGRPHWULXP� PRGHO

V\VWHP�FRQVLVWHQWO\�VKRZHG�WKDW�LQWHQVH�EDQGV�DSSHDU�

HG�DW��������DQG����N'D�DQG�ZHDN�EDQGV�DW��������DQG

��� N'D� ZKHQ� HVWUDGLRO� DQG� SURJHVWHURQH� ZHUH� QRW

DGGHG� WR� WKH� FXOWXUH�� +RZHYHU�� WKH� FXOWXUH� PHGLD

REWDLQHG�IURP�WKH�PRGHO�WUHDWHG�ZLWK�ERWK�HVWURJHQ�DQG

SURJHVWHURQH� VKRZHG� DQ� LQFUHDVHG� DFWLYLW\� RI� ���� ��

DQG� ��� N'D� JHODWLQDVHV� DQG� FRQFRPLWDQWO\� D� UHGXFHG

)LJXUH����/LJKW�PLFURSKRWRJUDSKV�RI�HSLWKHOLDO�DQG�VWURPDO�FHOOV�VWDLQHG�ZLWK
DQWLERGLHV� DJDLQVW� LQWHJULQV� DQG� &2;��� DQG� ��� LQ� WKH� WKUHH�GLPHQVLRQDO
HQGRPHWULDO�FHOO�FXOWXUH�V\VWHP�XQGHU�VH[�VWHURLG�KRUPRQH�FRQWURO��3RVLWLYH
VWDLQLQJ� RI� F\WRNHUDWLQ� LQ� WKH� PRQROD\HUHG� FHOOV� RQ� WKH� WRS� RI� WKUHH�
GLPHQVLRQ�FXOWXUHV�FRQILUPHG�WKH�HSLWKHOLDO�RULJLQ�RI�WKHVH�FHOOV��$���3RVLWLYH
VWDLQLQJ� RI� LQWHJULQ�α�� �&���α�� �(�� DQG�β�� �*�� ZDV� GHPRQVWUDWHG� DW� WKH
HSLWKHOLDO�FHOOV��%RWK�HSLWKHOLDO�DQG�VWURPDO�FHOOV�VKRZHG�SRVLWLYH�VWDLQLQJ�RI
&2;����,��DQG�����.���+XPDQ�HQGRPHWULXP�DW�PLG�VHFUHWRU\�SKDVH�ZDV�DOVR
VWDLQHG�ZLWK�VDPH�DQWLERGLHV�IRU�LQWHJULQ�α���α���β���&2;���DQG�&2;����'�
)�� +�� -�� /�� UHVSHFWLYHO\��� 3RVLWLYH� VWDLQLQJ� RI� SURJHVWHURQH� UHFHSWRU� ZDV
VKRZQ�LQ�KXPDQ�HQGRPHWULXP�DV�FRQWURO��%���6FDOH�EDUV�UHSUHVHQW����µP�



7KUHH�GLPHQVLRQDO�HQGRPHWULDO�FHOO�FXOWXUH ��

DFWLYLW\�RI����DQG����N'D�JHODWLQDVHV��)LJXUH��$���,Q�WKH

PHGLD�IURP�WKH�FXOWXUH�RI�(6�FHOOV�DORQH�HPEHGGHG� LQ

FROODJHQ�PDWUL[�� KRZHYHU�� YHU\�ZHDN� DFWLYLW\� RI� ���� ��

DQG����N'D�JHODWLQDVHV�ZDV�GHWHFWHG�UHJDUGOHVV�RI�WKH

SUHVHQFH�RI�VH[�VWHURLG�KRUPRQHV� �)LJXUH��%���

'LVFXVVLRQ

7KH� KXPDQ� HQGRPHWULXP� LV� FRPSRVHG� RI� WKH� HSLWKH�

OLXP��VWURPD�DQG�FROODJHQ�ULFK�H[WUDFHOOXODU�PDWUL[��7KH

SUROLIHUDWLRQ�DQG�GLIIHUHQWLDWLRQ�RI�WKHVH�FHOOV�DQG�H[WUD�

FHOOXODU�FRPSRQHQWV�DUH�DFKLHYHG�XQGHU�WKH�F\FOLF�LQIOX�

HQFH� RI� VH[� VWHURLGV� �(GZDUGV�� ������� +RZHYHU�� WKH

SDUDFULQH� LQWHUDFWLRQ� DPRQJ� WKH� ((� DQG� (6� FHOOV� DQG

(&0�SOD\V�DQ� LPSRUWDQW� UROH� LQ� WKH�SURFHVV� RI� SUROLIH�

UDWLRQ� DQG� GLIIHUHQWLDWLRQ� �:HJQHU� DQG� &DUVRQ�� �����

.OHQW]HULV���������,Q�D�VWXG\�XVLQJ�D�VHSDUDWH�FXOWXUH�RI

PXULQH� ((� DQG� (6� FHOOV�� LW� ZDV� VKRZQ� WKDW� VROXEOH

SURWHLQV� IURP� WKH� FRQGLWLRQHG� FXOWXUH� PHGLXP� RI� ((

FHOOV�FRXOG�UHJXODWH� WKH� IXQFWLRQ�RI� WKH�VWURPDO�FHOOV�E\

LQGXFLQJ� WKH�V\QWKHVLV�RI����N'D�SURWHLQ� �:HJQHU�DQG

&DUVRQ�� ������� 6LPLODUO\� ZKHQ� WKH� FRQGLWLRQHG� FXOWXUH

PHGLXP� RI� KXPDQ� ((� FHOOV� ZDV� DGGHG� WR� WKH� HQGR�

PHWULDO�ILEUREODVW�FHOO�FXOWXUH��003���H[SUHVVLRQ�LQ�HQGR�

PHWULDO�ILEUREODVWV�ZDV�PDUNHGO\�VWLPXODWHG�E\�LQWHUOHXNLQ�

�α� VHFUHWHG� IURP� WKH� HSLWKHOLDO� FHOOV� �6LQJHU� HW� DO��

�������7KHVH� UHVXOWV� VXJJHVW� WKDW� WKH�SDUDFULQH�DFWLRQ

EHWZHHQ�WKH�HQGRPHWULDO�FRPSRQHQWV�LV�UHVSRQVLEOH�IRU

)LJXUH� ��� /LJKW� PLFURSKRWRJUDSKV� RI� SULPDULO\� FXOWXUHG� FHOOV� VWDLQHG� ZLWK
DQWLERGLHV� DJDLQVW� F\WRNHUDWLQ�� LQWHJULQV� DQG� &2;��� DQG� ���� /HIW� FROXPQ�
HSLWKHOLDO� FHOOV�� ULJKW� FROXPQ�� VWURPDO� FHOOV�� 3RVLWLYH� VWDLQLQJ� RI� F\WRNHUDWLQ
ZDV� QRWHG� LQ� WKH� HSLWKHOLDO� RULJLQ� RI� WKHVH� FHOOV� EXW� QRW� LQ� VWURPDO� �$�� %��
([SUHVVLRQ�RI�LQWHJULQ�α���α��DQG�β��ZDV�QRW�GHWHFWHG�LQ�ERWK�PRQROD\HUHG
HSLWKHOLDO� DQG�VWURPDO� FHOOV� �&�+���7KH�HSLWKHOLDO� DQG�VWURPDO� FHOOV� VKRZHG
VWURQJ�DQG�PLOG�H[SUHVVLRQ�RI�&2;���DQG���� UHVSHFWLYHO\� �,�/���6FDOH�EDUV
UHSUHVHQW�����µP� )LJXUH����/LJKW�PLFURSKRWRJUDSKV�RI�HSLWKHOLDO�DQG�VWURPDO�FHOOV�VWDLQHG�ZLWK

DQWLERGLHV�DJDLQVW�003V�DQG�7,03V� LQ� WKH� WKUHH�GLPHQVLRQDO�HQGRPHWULDO
FHOO� FXOWXUH� V\VWHP� XQGHU� VH[� VWHURLG� KRUPRQH� FRQWURO�� 7KH� WKUHH
GLPHQVLRQDOO\� FR�FXOWXUHG� HSLWKHOLDO� DQG� VWURPDO� FHOOV� DOO� VKRZHG� VWURQJ
003�����������DQG����H[SUHVVLRQ��$��&��(��*���7,03���DQG����DUH�H[SUHVVHG
LQ�ERWK�WKH�FR�FXOWXUHG�HSLWKHOLDO�DQG�VWURPDO�FHOOV��,��.���7KUHH�GLPHQVLRQDO
FXOWXUH�RI�VWURPDO�FHOOV�RQO\�LQ�D�FROODJHQ�JHO�VKRZHG�QR�003�����������DQG
���H[SUHVVLRQ��%��'��)��+���7,03���DQG����ZHUH�H[SUHVVHG�LQ�WKH�FXOWXUHV�RI
VWURPDO�FHOOV�RQO\� �-��.���6FDOH�EDUV� UHSUHVHQW����µP�
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WKH�GLIIHUHQWLDWLRQ�DQG�IXQFWLRQDO�UHJXODWLRQ�RI�WKH�HQGR�

PHWULXP�

7KH� UHFRQVWUXFWHG� WKUHH�GLPHQVLRQDO�PRGHO� FRQVLVWLQJ

RI� ERWK� ((� DQG� (6� FHOOV� LQ� WKLV� VWXG\� GHPRQVWUDWHG

VWUXFWXUDO�DQG�IXQFWLRQDO�VLPLODULWLHV�RI�WKH� LQ�YLWUR�HQGR�

PHWULXP� WR� WKH� LQ� YLYR� FRXQWHUSDUW��7KH�DSSHDUDQFH�RI

QXPHURXV�PLFURYLOOL�� FLOLD� DQG� SLQRSRGHV� RQ� WKH� DSLFDO

VXUIDFH�RI�WKH�((�FHOOV�VKRZHG�WKDW�WKH�((�FHOOV�RI�WKH

WKUHH�GLPHQVLRQDO�PRGHO�FRXOG�PDLQWDLQ�LWV�LQWDFW�VWUXF�

WXUH� OLNH� WKH� HQGRPHWULXP� LQ� YLYR� �0DUWHO� HW� DO��� �����

%HQWLQ�/H\� HW� DO��� ������ 1LNDV� HW� DO��� ������� 7KLV� LV

IXUWKHU�VXSSRUWHG�E\�WKH�SUHVHQFH�RI�WLJKW�MXQFWLRQV�DQG

GHVPRVRPHV� LQ� WKH� ODWHUDO� MXQFWLRQDO�FRPSOH[�EHWZHHQ

((�FHOOV� �%HQWLQ�/H\�HW�DO����������

$PRQJ� WKH�PDQ\� LPSODQWDWLRQ�UHODWHG�PROHFXOHV�� WKH

PRVW�H[WHQVLYHO\�VWXGLHG�RQHV�DUH� LQWHJULQV�� ,Q�KXPDQ�

WKH�PLG�OXWHDO�SKDVH�((�FHOOV�DUH�FKDUDFWHUL]HG�E\� WKH

H[SUHVVLRQ� RI� α��� α��� DQG� β�� VXEXQLWV� RI� LQWHJULQ
�/HVVH\�HW�DO����������7KH�((�FHOOV�LQ�RXU�UHFRQVWUXFWHG

HQGRPHWULXP�DOVR�H[KLELWHG�WKH�H[SUHVVLRQ�RI�WKH�VDPH

LQWHJULQ� VXEXQLWV�� +RZHYHU�� QHLWKHU� (6� QRU� ((� FHOOV

H[SUHVVHG�WKH�LQWHJULQV�ZKHQ�WKH\�ZHUH�FXOWXUHG�VHSD�

UDWHO\� LQ�D�PRQROD\HU��6LOOHP�HW�DO���������UHSRUWHG�WKDW

WKH�HQGRPHWULDO�FHOO�FXOWXUHG�LQ�YLWUR�H[SUHVVHG�WKH�VXE�

XQLWV�RI�α�β���α�β���α�β���α�β���αYβ���DQG�β��LQWHJULQV�DQG

WKH�H[SUHVVLRQ�ZDV�QRW�DIIHFWHG�E\�WKH�VWHURLG�KRUPRQ�

HV�� %XW� 6LPRQ� HW� DO�� ������� VKRZHG� WKDW� ((� FHOOV

FXOWXUHG� LQ�YLWUR� H[SUHVVHG�RQO\�β��VXEXQLWV�RI� LQWHJULQ
EXW�QRW�α��DQG�α��VXEXQLWV��6XFK�GLVFUHSDQF\�FRXOG�EH
GXH� WR� WKH� YDULDWLRQ� RI� WLVVXHV� REWDLQHG� DW� GLIIHUHQW

HQGRPHWULDO� SKDVHV�� $OWHUQDWLYHO\�� ((� FHOOV� FXOWXUHG� LQ

WKH�DEVHQFH�RI�VWURPDO�OD\HU�PLJKW�QRW�IXQFWLRQ�SURSHUO\�

UHVXOWLQJ�LQ�WKH�LQFRQVLVWHQW�H[SUHVVLRQ�RI�LQWHJULQ�PROH�

FXOHV�� ,W� KDV� EHHQ� UHSRUWHG� WKDW� β�� VXEXQLW� RI� LQWHJULQ
H[SUHVVLRQ� LV� XS�UHJXODWHG� LQ� HQGRPHWULDO� FHOOV� ZKHQ

WKH\�DUH�FR�FXOWXUHG�ZLWK�EODVWRF\VWV��6LPRQ�HW�DO��������

7KHVH�UHVXOWV�FROOHFWLYHO\�VXJJHVW� WKDW�ERWK�VH[�VWHURLG

KRUPRQHV� DQG� SDUDFULQH� LQWHUDFWLRQ� EHWZHHQ� WKH� ((�

(6� FHOOV� DQG� EODVWRF\VWV� DUH� LPSRUWDQW� UHJXODWRUV� IRU

LQWHJULQ�H[SUHVVLRQ�LQ�WKH�KXPDQ�OXWHDO�SKDVH�((�FHOOV�

(QGRPHWULDO� &2;��� LV� NQRZQ� WR� LQGXFH� WKH� DQJLR�

JHQHVLV�YLD� UHJXODWLQJ� WKH� H[SUHVVLRQ� RI�9(*)��3'*)

DQG�7*)�β��0DODWK\�HW�DO����������$�WDUJHWHG�GLVUXSWLRQ

RI�&2;���LQ�PLFH�KDV�EHHQ�UHSRUWHG�WR�SURGXFH�PXOWLSOH

IDLOXUHV�RI�WKH�IHPDOH�UHSURGXFWLYH�SURFHVV�WKDW�LQFOXGHV

RYXODWLRQ�� IHUWLOL]DWLRQ�� LPSODQWDWLRQ�� DQG�GHFLGXDOL]DWLRQ

�/LP�HW�DO����������,Q�KXPDQ��&2;���SURWHLQ�H[SUHVVLRQ

LQ� XWHULQH� OXPLQDO� HSLWKHOLDO� FHOOV� LV� FRQVLVWHQWO\� KLJK

WKURXJKRXW� WKH�PHQVWUXDO�F\FOH�� ,Q�FRQWUDVW��H[SUHVVLRQ

RI�WKH�&2;���SURWHLQ�LV�UHODWLYHO\�ORZ�GXULQJ�WKH�SUROLIH�

UDWLYH�SKDVH�DQG�UHDFKHV�D�SHDN�LQ�WKH�PLG�OXWHDO�SKDVH
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