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9RURQRL� SRO\KHGUD� �93�� WHVVHOODWLRQ� RIIHUV� DQ� DOWHUQDWLYH� YLHZ� DW� JODVV� VWUXFWXUH�� VWUHVVLQJ� WKH�

WRSRORJLFDO� DQG� JHRPHWULFDO� HVVHQFH� RI� JODVV�� $OWKRXJK� ZLGHO\� XVHG� IRU� PHWDO� JODVV�� LWV� DSSOLFDWLRQ� LQ�

FRYDOHQWO\�ERQGHG�JODVV�ZDV�PRVWO\�UHVWULFWHG�WR� WKHLU�SKDVH�WUDQVLWLRQ�FKDQJHV�RU�WR�WKH�FRPSDULVRQ�ZLWK�

FU\VWDOOLQH� VROLGV� RI� VLPLODU� FRPSRVLWLRQ�� +RZHYHU�� WKH� SUHVHQWHG� FRQWULEXWLRQ� VKRZV� WKDW� 93� VSDFH�

WHVVHOODWLRQ�LV�FRQVWUDLQHG�E\�WKH�YROXPH�VXUIDFH�UHODWLRQ�WKDW�LV�W\SLFDO�IRU�HDFK�93�RI�WKH�JODVV�FRQVWLWXHQW��

0ROHFXODU� G\QDPLFV� VLPXODWLRQ� ZDV� XVHG� WR� REWDLQ� VWUXFWXUHV� RI� VRPH� VLOLFDWH� JODVV�� IURP� ZKLFK� 93�

WHVVHOODWLRQV�RI�WKH�VSDFH�ZHUH�QH[W�SHUIRUPHG��$QLVRWURS\�FRHIILFLHQW�RI�HDFK�SRO\KHGURQ�ZDV�FDOFXODWHG�

DQG� DOO� SRO\KHGUD� ZHUH� VWDWLVWLFDOO\� HYDOXDWHG�� $� UHVXOWHG� IUHTXHQF\� KLVWRJUDP� UHYHDOV� RQH�WR�RQH�

FRUUHVSRQGHQFH� RI� HDFK� HOHPHQW� LQ� WKH� JODVV� ZLWK� WKH� KLVWRJUDP� SHDN�� LQGHSHQGHQWO\� RQ� WKH� JODVV�

FRPSRVLWLRQ��+RZHYHU��VRPH�SHDNV�LQ�KLVWRJUDP�FDQ�RYHUODS��7KHUHIRUH��WZR�QHZ�SDUDPHWHUV�ξ��9���FRPLQJ�
IURP� WKH� HTXDWLRQ� 9� �ξ�3������9�� �9�� 3� DUH� YROXPH� DQG� VXUIDFH� RI� 93��� ZHUH� VXJJHVWHG� DV� D� PRUH�
GLVFULPLQDWLQJ�FKDUDFWHULVWLFV�RI�HOHPHQWV¶�93�IRUPLQJ�WKH�JODVV��7R�EHWWHU�XQGHUVWDQG�WKH�PHDQLQJ�RI�ξ�DQG�
9��FRHIILFLHQWV��WKHLU�WHPSHUDWXUH�DQG�VWUXFWXUH�GHSHQGHQFHV�ZHUH�VWXGLHG��$V�H[SHFWHG�ξ�DQG�9��WHQG�WR�WKH�
UHOHYDQW�93�RI�KLJKHU�LVRWURS\�ZLWK�LQFUHDVLQJ�WHPSHUDWXUH�RU�ORRVHQ�VWUXFWXUH��L�H��9��GHFUHDVHV�WR�]HUR�DQG�

ξ� UHDFKHV� YDOXH� FRUUHVSRQGLQJ� WR� WKH� UHJXODU� SRO\KHGURQ�� 'LVSOD\LQJ� �ξ�� 9��� SDLUV� IRU� HDFK� 93� LQ� WKH�
&DUWHVLDQ� V\VWHP�� HDFK� JODVV� HOHPHQW� FRXOG� EH� XQLTXHO\� GHVFULEHG� E\� LWV� �ξ�� 9��� SDLU�� 7KHUHIRUH�� HDFK�
VXEVWDQFH�FDQ�H[LVW�LQ�LWV�YLWULILHG�VWDWH�RQO\�LI�WKH�VSDFH�WHVVHOODWLRQ�PDGH�IURP�WKH�FRUUHVSRQGLQJ�HOHPHQWV¶�

93�� FRQVWUDLQHG� E\� WKH� YROXPH�VXUIDFH� UHODWLRQ�� H[SUHVVHG� E\� WKHLU� XQLTXHO\� GHWHUPLQHG� �ξ��9��� SDLU�� LV�
SRVVLEOH��

,QWURGXFWLRQ�

7KH�9RURQRL�SRO\KHGUD��NQRZQ�DOVR�DV�'LULFKOHW�9RURQRL�SRO\KHGUD��%HUQDO�SRO\KHGUD��
RU�:LJQHU�6HLW]�FHOOV��ZHUH�GHYHORSHG� LQ� WKH� IUDPH�RI�PDWKHPDWLFV� DQG�VROLG�VWDWH�SK\VLFV��
7KH� 9RURQRL� SRO\KHGUD� DQDO\VLV� LV� D� XVHIXO� PHWKRG� WR� LGHQWLI\� WKH� QHDU� QHLJKERXU�
HQYLURQPHQW� DURXQG� DWRPV� LQ� FRQGHQVHG� V\VWHPV��������� 7KH�PRVW� DSSHDOLQJ� IHDWXUH� RI� WKLV�
PHWKRG�� GHVFULELQJ� WKH� JHRPHWULFDO� VWUXFWXUH� RI� PXOWL�SDUWLFOH� V\VWHPV�� LV� WKH� RUWKRJRQDO�
VSDFH�WHVVHOODWLRQ�LQ�WHUPV�RI�9RURQRL�SRO\KHGUD��93��DWWULEXWHG�WR�HDFK�LQGLYLGXDO�SDUWLFOH��
VR� WKDW� DQ\� SRLQW� ZLWKLQ� D� SRO\KHGURQ� LV� FORVHU� WR� WKH� FHQWUDO� SDUWLFOH� WKDQ� WR� DQ\� RWKHU�
SDUWLFOH��7KLV�ZD\��D�GHILQLWH�SDUW�RI�D�SRO\KHGUDO�VKDSHG�VSDFH�LV�XQDPELJXRXVO\�DVVLJQHG�WR�
HDFK�SDUWLFOH��

7KH�ILUVW�DSSOLFDWLRQV�RI�93�IRU�GHVFULSWLRQ�RI�0'�VLPXODWHG�VWUXFWXUHV�ZHUH�FRQILQHG�WR�WKH�
RQH� SDUWLFOH�W\SH� V\VWHPV�� W\SLFDOO\� WR� WKH� VWXG\� RI� 0'� �RU� 0RQWH� &DUOR�� VLPXODWHG�
DPRUSKRXV�PHWDOV����7KH�PHWKRG�ZDV�ODWHU�H[WHQGHG�WR�WKH�0'�V\VWHPV�FRQWDLQLQJ�YDULRXV�
W\SHV�RI�SDUWLFOHV��7KH�PDLQ�SUREOHP��GLVFXVVHG�LQ�FRQQHFWLRQ�ZLWK�PRUH�NLQGV�RI�SDUWLFOHV��
ZDV�KRZ� WKH� YDULRXV�SDUWLFOHV� UDGLL� UHIOHFW� LQ� D� FRQVWUXFWLRQ�RI� D�9RURQRL�SRO\KHGURQ��1R�
VLPSOH� REMHFWLYH�PHWKRG�ZRUNLQJ�ZLWKRXW� DQ\� DGMXVWDEOH� SDUDPHWHUV� �� ZDV� VXJJHVWHG� XQWLO�
QRZ��+RZHYHU��LW�ZDV�VKRZQ��WKDW�WKH�VLPSOH�SURFHGXUH�LJQRULQJ�WKH�GLIIHUHQFHV�LQ�SDUWLFOH�
VL]H� LV� DOVR� DSSOLFDEOH� IRU� V\VWHPV� FRQWDLQLQJ� YDULRXV� W\SHV� RI� SDUWLFOHV��0DQ\� TXDQWLWDWLYH�
FKDUDFWHULVWLFV�FDQ�EH�HQXPHUDWHG�IRU�HDFK�93��$PRQJ�WKHP��WKH�PRVW�IUHTXHQWO\�XVHG�ZHUH��
QXPEHU� RI� SRO\JRQDO� IDFHV�� GLVWULEXWLRQ� RI� SRO\JRQDO� IDFHV�ZLWK� UHVSHFW� WR� WKH� QXPEHU� RI�
YHUWLFHV� �L�H�� WULDQJXODU�� WHWUDJRQDO��SHQWDJRQDO��HWF���DQG�ZLWK� UHVSHFW� WR� WKHLU� VXUIDFHV�� WRWDO�



VXUIDFH��YROXPH�DQG�QXPEHU�RI� HGJHV��DQG�YDULRXV�VKDSH�SDUDPHWHUV� �H�J��QRQ�VSKHULFLW\� ���
WHWUDKHGULFLW\��RFWDKHGULFLW\��SHUIHFWQHVV�����

)RU�RQH�SDUWLFOH�W\SH�V\VWHPV��WKHVH�SDUDPHWHUV�ZHUH�DGYDQWDJHRXVO\�XVHG�IRU�GHWHUPLQDWLRQ�
RI� GHJUHH� RI� RUGHULQJ�� WKH� VWUXFWXUDO� HYROXWLRQ� RI� WKH� V\VWHP� GXULQJ� QXFOHDWLRQ� ���
FU\VWDOOL]DWLRQ��PHOWLQJ���RU�RWKHU�SKDVH�WUDQVIRUPDWLRQV��7KH�GLVWULEXWLRQ�RI�93�ZLWK�UHVSHFW�
WR�WKH�QXPEHU�RI�YDULRXV�SRO\JRQDO�IDFHV��WULDQJXODU��WHWUDJRQDO��SHQWDJRQDO��HWF���ZDV�XVHG�DV�
D� TXDQWLWDWLYH� PHDVXUH� RI� WKH� V\VWHP� ´GLVWDQFHµ� IURP� WKH� SDUWLFXODU� FU\VWDOOLQH� VWDWH� �H�J��
KH[DJRQDO� FORVH� SDFNLQJ�� LQ� ZKLFK� WKH� DERYH� GLVWULEXWLRQ� KDV� D� VKDUS� DQG� VLPSOH� VKDSH��
$SSOLFDWLRQ� RI� YDULRXV� 93�SDUDPHWHUV� IRU� VWUXFWXUDO� DQDO\VLV� LV� VWXGLHG� LQ� WKH� ZRUN� RI�
%URVWRZ����LQ�GHWDLO��7KH�GLUHFW�SRO\KHGUD��L�H��WKH�XQDPELJXRXVO\�GHILQHG�SRO\KHGUD�REWDLQHG�
LQ�WKH�FRXUVH�RI�JHRPHWULFDO�FRQVWUXFWLRQ�RI�93��DUH�XVHG�IRU�WKLV�SXUSRVH�LQ�RXU�SUHYLRXV�
ZRUNV��������+RZHYHU��RWKHU�PHQWLRQHG�93�SURSHUWLHV�ZHUH�QRW�ZLGHO\�XVHG�IRU�VLOLFDWH�JODVVHV�
XQWLO� QRZ�� 7R� H[SODLQ� WKH� VLWXDWLRQ� ZH� FDQ� UHDOL]H�� WKDW� FRQWUDU\� WR� WKH� DPRUSKRXV� RQH�
SDUWLFOH�W\SH� V\VWHPV�� WKH� VWUXFWXUH� RI� VLOLFDWH� JODVV� FRQVLVWV� RI� WZR� SDUWV� ²� WKH� FRYDOHQWO\�
ERQGHG� V\VWHP� RI� LQWHUFRQQHFWHG� 6L2�� QHWZRUN� DQG� WKH� PRGLILHU� FDWLRQV� OHVV�UHJXODUO\�
FRRUGLQDWHG� E\� R[\JHQ� ZLWK� PRVWO\� LRQLF� ERQGV�� 6LPXOWDQHRXVO\�� WKH� SUHYDLOLQJ� UROH� RI�
FRYDOHQW� QHWZRUN�ZDV�ZLGHO\� DFFHSWHG��7KHUHIRUH�� IURP� WKH� WRSRORJLFDO� SRLQW� RI� YLHZ�� WKH�
VWUXFWXUH�RI�VLOLFDWH�JODVV�VXEVWDQWLDOO\�GLIIHUV�IURP�WKRVH�RI�DPRUSKRXV�PHWDOV��

7KH�DLP�RI� WKLV�SDSHU� LV� WR�EULGJH� WKH�GLIIHUHQW� DSSURDFKHV� WR�GHVFULSWLRQ�RI�FRYDOHQW�DQG�
LRQLF�VSHFLHV�LQ�JODVV��WU\LQJ�WR�VXJJHVW�D�FRPPRQ�PHWKRG�IRU�WKH�JHRPHWULFDO�GHVFULSWLRQ�RI�
WKH�PL[HG�FRYDOHQW�LRQLF�JODVV��93�WHVVHOODWLRQ�LV�D�VWDUWLQJ�SRLQW�RI�RXU�DSSURDFK��VKRZLQJ�
WKH�FRPPRQ�IHDWXUHV�RI�93�RI�HDFK�VSHFLHV��

0HWKRG�

7KH� HQVHPEOHV� FRPSULVLQJ� ���� LRQV� ZHUH� VLPXODWHG� IRU� WKH� IROORZLQJ� FRPSRVLWLRQV��
��.�2����6L2�� �����6L���� ����2���� ���.���� ���.�2����6L2�� �����6L���� ����2����
���.���� ���.�2����6L2�� �����6L���� ����2���� ���.���� ���.�2����6L2�� �����6L����
����2���� ����.���� GHQRWHG� DV�.���.����.��� DQG�.���� UHVSHFWLYHO\��7KH� HIIHFWLYH� SDLUZLVH�
LQWHUDWRPLF�SRWHQWLDO�RI�%RUQ�0D\HU�W\SH����ZDV�XVHG�WR�GHVFULEH�WKH�LQWHUDFWLRQ�DPRQJ�WKH�
LRQV��3DUDPHWHUV�RI�WKH�SRWHQWLDOV�ZHUH�WDNHQ�IURP�*DURIDOLQL����(ZDOG�VXPPDWLRQ����RI�WKH�
&RXORPE�IRUFH�ZDV�SHUIRUPHG�LQ�D�FXEH�ZLWK�SHULRGLF�ERXQGDULHV��DQG�OHDS�IURJ�DOJRULWKP�
ZLWK� WLPH� VWHS� RI� ������V� ZDV� XVHG� IRU� QXPHULFDO� LQWHJUDWLRQ� RI� 1HZWRQ·V� HTXDWLRQV� RI�
PRWLRQ��0'�VLPXODWLRQ�VWDUWHG�IURP�D�UDQGRP�FRQILJXUDWLRQ�DW������.�DQG�WKH�V\VWHP�ZDV�
HTXLOLEUDWHG�IRU��������WLPH�VWHSV��L�H��������V���7KH�FRROLQJ�SURFHGXUH�FRPSULVHG�D�VWHS�OLNH�
GHFUHDVH�RI� WKH�NLQHWLF�HQHUJ\�RI�DOO�DWRPV�IROORZHG�E\�WKH�QXPHULF�FRQWURO�RI�WKH�UHDFKHG�
WHPSHUDWXUH�������WLPH�VWHSV���DQG�HTXLOLEUDWLRQ�������WLPH�VWHSV���8VLQJ�WKLV�SURFHGXUH��WKH�
V\VWHP�ZDV�FRROHG�VWHS�E\�VWHS�IURP������.�WR������.�������.�������.�������.�������.��
�����.�� �����.�� �����.�� ����.�� ����.�� DQG� ILQDOO\� WR� ����.�� $W� HDFK� WHPSHUDWXUH�� WKH�
GHQVLW\� RI� WKH� V\VWHP�ZDV� DGMXVWHG� WR� UHDFK� ]HUR� SUHVVXUH� ����NEDU� �����7KH� DOO�PHQWLRQHG�
JODVVHV�ZHUH� DOVR� VLPXODWHG�E\�XVLQJ�%.6� ���SRWHQWLDOV� �LQFOXGLQJ� WKH�VXJJHVWHG�SDUDPHWHUV�
IRU� 6L�2� DQG� 2�2��� 0RUHRYHU�� JODVVHV� .���� ���.�2����6L2�� �����6L���� ����2����
����.���� 1D���� �����6L���� ����2���� ����1D��� DQG� /L���� �����6L���� ����2���� ����/L��� ZHUH�
VLPXODWHG�E\�%.6�W\SH�RI�SDLUZDLVH�SRWHQWLDOV��3DUDPHWHUV�RI�WKH�%.6�SRWHQWLDOV�IRU�/L�DQG�
.� ZHUH� WDNHQ� IURP� 7HWHU� ���� DQG� WKDW� IRU� 1D� IURP� <XDQ� DQG� &RUPDFN� ���� 7KH�
WKHUPRG\QDPLF�197�HQVHPEOHV��%.6�SRWHQWLDO�VLPXODWHG�JODVVHV��ZHUH�FRQWLQXRXVO\�FRROHG�
WR� ����.� LQ� �������� WLPH� VWHSV� RI� ��IV�� IROORZHG� E\� ������� VWHSV� RI� UHOD[DWLRQ� �19(�
HQVHPEOHV��� 7KH� GDWD� IRU� OLPH�DOXPLQLXP�VLOLFDWH� JODVVHV� ���&D2����$O�2�����6L2��



�����6L���� ����2���� ����$O���� ����&D����� ���&D2����$O�2��� ���6L2�������6L
��������2��

������$O���� ���&D����� ���&D2����$O�2�����6L2�� ����6L
��������2���� ���$O���� ����&D�����

�����&D2�������$O�2������6L2������6L
��������2������$O�������&D����ZHUH�WDNHQ�IURP�WKH�

IRUPHUO\� SUHVHQWHG� VLPXODWHG� JODVVHV� ���� IURP� ZKLFK� WKRVH� FDOFXODWHG� IRU� ����.� ZHUH�
SURFHVVHG��0RUHRYHU��GDWD�REWDLQHG�IRU� WKH�VLPXODWLRQ�RI�VRGLXP�GLVLOLFDWH�PHOW� ������.����
ZHUH�DOVR�SURFHVVHG�DQG�WDNHQ�LQWR�DFFRXQW��9RURQRL�SRO\KHGUD�ZHUH�WKHQ�FRQVWUXFWHG�IURP�
DOO�PHQWLRQHG�JODVV��DQG�PHOW��VWUXFWXUHV�IROORZLQJ�WKH�DOJRULWKP�RI�%URVWRZ�����

5HVXOWV�DQG�GLVFXVVLRQ�

0RQWRUR�HW�DO��LQWURGXFHG�WKH�VR�FDOOHG�QRQ�VSKHULFLW\��α��DOVR�UHIHUUHG�WR�DV�DQLVRWURS\�
FRHIILFLHQW�WR�FKDUDFWHULVH�WKH�VWUXFWXUH�RI�VLPSOH�GLVRUGHUHG�V\VWHPV��7KLV�TXDQWLW\��GHULYHG�
IURP�WKH�VFDOHG�SDUWLFOH�WKHRU\����LV�D�VXLWDEOH�SDUDPHWHU�IRU�GHVFULELQJ�WKH�VKDSH�RI�D�JHQHUDO�

FRQYH[� ERG\��+LJKHU� DQLVRWURS\� YDOXH�PHDQV� ORZHU� V\PPHWU\� RI�93�� H�J��α� ������� ������
�����IRU�UHJXODU�WHWUDKHGURQ��FXEH�DQG�VSKHUH��UHVSHFWLYHO\��
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)LJ�����$QLVRWURS\�FRHIILFLHQWV�D��KLVWRJUDP�E��GHFRPSRVHG�LQWR�WKH�DQLVRWURS\�FRHIILFLHQWV�RI�

SDUWLFXODU�W\SHV�RI�FHQWUDO�DWRPV��3HDNV�FRUUHVSRQG�IURP�OHIW�WR�ULJKW�.��1D��&D��2�$O�DQG�6L�

FHQWUDO�DWRPV��

�

$V�WKH�ILUVW�VWHS�RI�FKDUDFWHUL]DWLRQ�RI�93�LQ�JODVV��WKH�DQLVRWURS\�FRHIILFLHQWV�ZHUH�HYDOXDWHG�

IRU�DOO�PHQWLRQHG�JODVV�DQG�PHOW�V\VWHPV�WR�KDYH�VRPH�LGHD�DERXW�WKH�GLVWULEXWLRQ�RI�α�LQ�WKH�
JODVV��5HVXOWV�REWDLQHG�IRU�DOO�93�ZHUH�VXPPDULVHG�LQWR�RQH�KLVWRJUDP��)LJ���D���$�FRPSOH[�
VKDSH� RI� IUHTXHQF\� IXQFWLRQ� LQGLFDWHV� WKH� SRVVLELOLW\� RI� LWV� GHFRQYROXWLRQ� LQWR�PRUH� EDVLF�
FRPSRQHQWV�� ,QGHHG�� SDUWLDO� KLVWRJUDPV� IRU� GLVWLQFW� FHQWUDO� DWRPV� UHYHDOHG� VHYHUDO� SHDNV��
7KRVH� FRUUHVSRQGLQJ� WR� QHWZRUN� IRUPLQJ� FDWLRQV� DUH� VLWXDWHG� DW� KLJKHU� DQLVRWURS\� YDOXHV��
ZKLOH� SHDNV� FRUUHVSRQGLQJ� WR� PRGLILHU� FDWLRQ� DUH� JURXSHG� LQ� WKH� ZHOO�VHSDUDWHG� ORZ�
DQLVRWURS\�FRHIILFLHQW� UHJLRQ�� ([FHSW� IRU� 6L�� DOO� RWKHU� FDWLRQV� UHYHDO� ZHOO�VKDSHG� QHDUO\�
V\PPHWULF� SHDNV�� 6L� SHDN� LV� UDWKHU� GLIIXVH�� ZLWK� VLJQLILFDQW� ORZ�DQLVRWURS\� WDLO�� 2EWDLQHG�
UHVXOW��WKDW�ORZHU�DQLVRWURS\�FRUUHVSRQGV�WR�WKH�QHWZRUN�PRGLILHU�FDWLRQ��FDQ�EH�H[WHQGHG�WR�
WKH�FRPSDULVRQ�DPRQJ�GLVWLQFW�PRGLILHUV��:H�FDQ�DJDLQ�VHH�WKDW�WKH�EHWWHU�PRGLI\LQJ�DFWLYLW\�
RI� DONDOLQH� FDWLRQV� �1D��� .��� UHVXOWV� LQ� D� ORZHU� DQLVRWURS\� FRPSDUHG� ZLWK� DQLVRWURS\� RI�
DONDOLQH�HDUWK�FDWLRQV��&D�����7KH�PRUH�GLIIXVH�VKDSH�RI�6L�SHDN�ZDV�FDXVHG�E\�KLJKHU�DPRXQW�
RI� SHQWD�FRRUGLQDWHG� RI� 6L2�� SRO\KHGUD� LQ� VRPH� VWXGLHG� JODVVHV�� 7KH� VSHFLDO� VWUXFWXUDO�
SRVLWLRQ� RI�2��� DQLRQ� H[FOXGHV� LWV� FDWHJRUL]DWLRQ� LQ� WHUPV� RI� QHWZRUN� IRUPLQJ�PRGLI\LQJ�
DFWLYLW\�� 3RVLWLRQ� RI� 2��� LV� FORVH� WR� QHWZRUN� PRGLILHUV� DQLVRWURS\� UHJLRQ�� QDPHO\� WR� &D���
FDWLRQ�� )RUPDOO\�� ZKHQ� RQO\� YDOHQF\� LV� WDNHQ� LQWR� DFFRXQW�� WKH� DQLVRWURS\� LQFUHDVHV� ZLWK�
LQFUHDVLQJ�YDOHQF\��

7KH� IRUPHU� DQDO\VLV� UHVXOWLQJ� LQ� RQH�WR�RQH� FRUUHVSRQGHQFH� �LQGHSHQGHQWO\� RQ� WKH� JODVV�



FRPSRVLWLRQ� RI� WKH� V\VWHP�� EHWZHHQ� WKH� FKDUDFWHULVWLF� DQLVRWURS\� YDOXH� DQG� WKH� NLQG� RI�
FHQWUDO� DWRP�� L�H�� WKH� W\SH�RI� FRRUGLQDWLRQ�SRO\KHGURQ�� SRLQWHG� RXW� WKH� VLJQLILFDQFH� RI� WKH�
UHODWLRQ�EHWZHHQ� WKH� YROXPH� DQG� WKH� VXUIDFH�RI�93�RI�SDUWLFXODU� W\SH�RI� FHQWUDO� DWRP��7R�
DYRLG� XQLW� LQFRQVLVWHQF\�� DQG� WR� LPSURYH� RQH�SDUDPHWHU� FKDUDFWHUL]DWLRQ� RI� WKH� VXUIDFH�
YROXPH�UHODWLRQ�ZLWK�D�PRUH�GHWDLOHG�WZR²SDUDPHWHUV�UHODWLRQ��ZH�KDYH�GHFLGHG�WR�UHODWH�WKH�
YROXPH�RI�WKH�93�ZLWK�LWV�VXUIDFH�SRZHUHG�WR�WKUHH�KDOYHV��

0
2
3

VPV += ξ � � � � � � � ����

7KH�ξ�FRHIILFLHQW� UHIOHFWV�DQLVRWURS\�RI�93� �ξ� ��������������������� IRU� WHWUDKHGURQ��FXEH�
DQG�VSKHUH��UHVSHFWLYHO\���ZKLOH�9�� LV�D�PLQLPDO�YROXPH��IRUPDOO\�FRUUHVSRQGLQJ�WR�WKH�93�
ZLWK� ]HUR� VXUIDFH�� 7KH� H[LVWHQFH� RI� WKH�9�� FDQ� EH� IRUPDOO\� MXVWLILHG� E\� VWDWLVWLFV�� EXW� LWV�
SK\VLFDO�PHDQLQJ�LV�QRW�TXLWH�FOHDU��,W�LV�VXJJHVWHG���9�9���WR�EH�DQ�H[WUD�YROXPH�GHWHUPLQHG�
E\�WKH�VXUIDFH�RI�93�FRPLQJ�IURP�WKH�ODUJH�YHUVDWLOLW\�RI�VKDSHV�RI�93�LQ�WKH�QRQ�FU\VWDOOLQH�
VWUXFWXUH��7KHQ��9��VKRXOG�GHFUHDVH�ZLWK�ERWK�LQFUHDVLQJ�WHPSHUDWXUH�DQG�GHFUHDVLQJ�FRROLQJ�
UDWH�� DV� WKH� LQWHUPHGLDWH�� DQG� ORQJ�UDQJH� LQWHUDFWLRQ� FDQ� SOD\�PRUH� LPSRUWDQW� UROH� LQ� WKH�
UHOD[DWLRQ�SURFHVVHV��

,Q� WKH� ILUVW� VWHS�� ZH� KDYH� UHVWULFWHG� WKH� DQDO\VLV� WR� IRXU� FRPSRVLWLRQV� RI� WKH� ELQDU\�
SRWDVVLXP�VLOLFDWH�JODVV�DW�����.��7KH�UHVXOWV�RI�OLQHDU�UHJUHVVLRQV�REWDLQHG�IRU�6L��.�DQG�2�
FHQWUDO�DWRPV�DUH�SUHVHQWHG�LQ�)LJ�����ZKHUH�SRLQWV�FRUUHVSRQGLQJ�WR�LQGLYLGXDO�SRO\KHGUD�LQ�
HDFK�JODVV�DUH�SORWWHG�WRJHWKHU�ZLWK�UHJUHVVLRQ�OLQHV�REWDLQHG�IURP�93�RYHU�DOO�V\VWHPV��7KH�
FRUUHODWLRQ� FRHIILFLHQWV� FORVH� WR� XQLW\� WRJHWKHU� ZLWK� VPDOO� YDOXHV� RI� VWDQGDUG� GHYLDWLRQ�
LQGLFDWH�WKH�KLJK�VWDWLVWLFDO�VLJQLILFDQFH�LQ�DOO�VWXGLHG�FDVHV��6LPLODU�UHVXOWV�FDQ�EH�REWDLQHG�IRU�
DOO� RWKHU� WHPSHUDWXUHV�� ,W� VKRXOG� EH� VWUHVVHG� WKDW� OLQHDU� UHJUHVVLRQV� RYHU� 93� LQ� HDFK�

SRWDVVLXP�VLOLFDWH� JODVV� \LHOG� ξ� DQG� 9�� FRHIILFLHQWV� IDOOLQJ� LQWR� LQWHUYDOV� VWDWLVWLFDOO\�
LQGLVWLQJXLVKDEOH���
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)LJ�����3ORW�RI�YROXPH�YHUVXV�SURSHUO\�SRZHUHG�VXUIDFH�RI�9RURQRL�SRO\KHGUD�FRUUHVSRQGLQJ�WR�

WKH�D��6L��E��2��F��.�FHQWUDO�DWRPV��7KH�ILWWHG�OLQH�LV�GHWHUPLQHG�E\�WKH�OHDVW�VTXDUH�PHWKRG�RYHU�

93�LQ�DOO�JODVVHV��$WRP�VSHFLHV�DUH�WDNHQ�RYHU�.����.����.���DQG�.���JODVVHV��

$�QDWXUDO�TXHVWLRQ�DULVHV�DERXW�WKH�DSSOLFDELOLW\�RI�WKH�SHUIRUPHG�DQDO\VLV�RI�93�WR�WKH�UHDO�
JODVVHV��ZKHUH�WKH�FRROLQJ�UDWH�FDQ�EH�DERXW����RUGHUV�ORZHU��0RUHRYHU��LW�ZDV�VKRZQ��WKDW�
PLFURVFRSLF� TXDQWLWLHV� �UDGLDO� GLVWULEXWLRQ� IXQFWLRQ�� DQJOH� GLVWULEXWLRQ�� VL]H� RI� ULQJV�
GLVWULEXWLRQ�� VKRZ� D� PXFK� VWURQJHU� GHSHQGHQFH� RQ� WKH� FRROLQJ� UDWH� WKDQ� PDFURVFRSLF�
TXDQWLWLHV��������7KHUHIRUH��JODVVHV�ZLWK�YDULRXV�FRPSRVLWLRQV�DV�ZHOO�DV�ZLWK�YDULRXV�VWUXFWXUHV�
�XVLQJ�GLIIHUHQW�SRWHQWLDOV�DQG�GLIIHUHQW�FRROLQJ��ZHUH�VLPXODWHG��5HVXOWV�RI�WKHVH�VLPXODWLRQV�
DUH� VXPPHG� XS� LQ� )LJ����� 93� RI� DOO� W\SHV� RI� FHQWUDO� DWRPV� FOHDUO\� EHDU� WKHLU� RZQ�
LQGLYLGXDOLWLHV�� L�H��93� IRU� HDFK� W\SH� RI� FHQWUDO� DWRP�DQG� HDFK� VWUXFWXUH� FRQWULEXWHV�ZLWK� D�

SRLQW� LQ� WKH� �9���ξ��SORW��7KH�SRLQW� FRUUHVSRQGLQJ� IRU� D� URRP� WHPSHUDWXUH� FDQ� EH� VKLIWHG�
DORQJ�WKH�LQGLYLGXDO�OLQH�DV�WKH�VWUXFWXUH�LV�FKDQJHG�E\�WKH�WHPSHUDWXUH�LQFUHDVH��7KH��9���ξ��



SRLQWV�DUH�VKLIWHG�DORQJ�WKH�VDPH�OLQH�DV�WKH�VWUXFWXUH�LV�FKDQJHG�E\�GLIIHUHQW�FRPSRVLWLRQ�RU�
E\�GLIIHUHQW�VLPXODWLRQ�FRQGLWLRQV��

0RUHRYHU��VRPH�EDVLF�WUHQGV�PD\�EH�GHGXFHG�IURP�)LJ����VWUDLJKWIRUZDUGO\��0RYLQJ�IURP�D�

QHWZRUN� IRUPHU� WR� D� QHWZRUN� PRGLILHU�� 9�� GHFUHDVHV� DQG� ξ� LQFUHDVHV�� FRQVHUYLQJ� WKH�
PRQRWRQRXV�YDOHQF\�GHSHQGHQFH��,W�ZRUWK�PHQWLRQLQJ��D�YDOXH�RI�R[\JHQ�DQLRQ�LV�FORVH�WR�
WKRVH�RI� WKH� WZR�YDOHQW� FHQWUDO� FDWLRQ� �&D�����)URP�WKH�VWDWLVWLFDO�SRLQW�RI�YLHZ�� VORSHV� DUH�
GHWHUPLQHG� ZLWK� PXFK� EHWWHU� SUHFLVLRQ� WKDQ� FRUUHVSRQGLQJ� LQWHUFHSWV�� %RWK� R[\JHQ� DQG�
VLOLFRQ� SRLQWV� DUH� GHWHUPLQHG� ZLWK� UHODWLYHO\� KLJK� SUHFLVLRQ� LQ� ERWK� GLUHFWLRQV�� 7KLV� IDFW�
UHIOHFWV�KLJK�JHRPHWULF�FRQVWUDLQV�SXW�RQ�WKH�VKDSHV�RI�FRUUHVSRQGLQJ�93��

7KH� DERYH� ZHOO�SURYHG� UHODWLRQVKLSV� PD\� EH� JHQHUDOO\� VXPPDUL]HG� E\� WKH� IROORZLQJ�
VWDWHPHQW��(DFK� W\SH�RI� WKH�FHQWUDO� DWRP� �LQFOXGLQJ�R[\JHQ��KDV� LWV� RZQ�FKDUDFWHULVWLF� LURQ�
OLQH�� OLQHDUO\� UHODWLQJ� WKH� YROXPH�RI�93� WR� LWV� SURSHUO\�SRZHUHG� VXUIDFH��7KLV� UHVXOW� FDQ�EH�
H[WHQGHG�LQWR�VRPH�LQYHUVH�WDVN��/HW�XV�KDYH�D�JLYHQ�FRPSRVLWLRQ�RI�VLOLFDWH�PHOW��$IWHU� LWV�
VROLGLILFDWLRQ�WR�JODVV��WKH�SRVVLEOH�JODVV�VWUXFWXUH�LV�UHVWULFWHG�WR�WHVVHOODWLRQ�RI�93�IXOILOOLQJ�
WKH� DERYH� LURQ� OLQH� FRQGLWLRQV�� :KHQ� VXFK� VWUXFWXUH� FDQQRW� EH� FRQVWUXFWHG�� WKH� SKDVH�
VHSDUDWLRQ��VXEOLTXLGXV�XQPL[LQJ�RU�FU\VWDOOL]DWLRQ��SUREDEO\�WDNHV�SODFH��

*XSWD� ��� IRUPXODWHG� FRQVWUDLQV� IRU� WKH� JODVV� IRUPLQJ� DELOLW\� EDVHG� RQ� WKH� QXPEHU� RI� WKH�
GHJUHHV� RI� IUHHGRP� SHU� YHUWH[�� ZKLOH�0DULDQV�	� %XUGHWW� ��� XQGHUOLQHG� WKH� LPSRUWDQFH� RI�
SULPLWLYH���ULQJV��7KHVH�FRQVWUDLQV�DUH�RI�WRSRORJLFDO�RULJLQ��H�J��WKH\�GHVFULEH�WKH�ZD\��KRZ�
WKH� JODVV� QHWZRUN� LV� EXLOW�XS� IURP� WKH� HOHPHQWDO� SRO\KHGUDO� EXLOGLQJ� XQLWV�� ,Q� FRQWUDU\��
FRQVWUDLQV� SURSRVHG� RQ� WKH� EDVHV� RI� 93� UHIOHFWV� PRVWO\� WKH� JHRPHWU\� RI� WKH� QHDUHVW�
QHLJKERXUV�VXUURXQGLQJ�GLIIHUHQW�FHQWUDO�DWRPV��

&RQFOXVLRQV�

$QDO\VLV�RI�DQLVRWURS\�FRHIILFLHQWV�RI�93�IURP�FHQWUDO�DWRPV�LQ�YDULRXV�JODVVHV�DQG�PHOW�
KDV� UHYHDOHG� KLJK� FRUUHODWLRQ� EHWZHHQ� VXUIDFH� DQG� YROXPH� RI� 93�� /LQHDU� UHODWLRQVKLS�
EHWZHHQ� YROXPH� DQG� SURSHUO\� SRZHUHG� VXUIDFH� RI� 93� KDV� VKRZQ� WR� EH� W\SLFDO� IRU� HDFK�
FHQWUDO� LRQ�� WKH� VWUXFWXUDO� FKDQJHV� VKLIW� WKLV� UHODWLRQ� RQO\� LQ� WKH� ZHOO�GHILQHG� GLUHFWLRQ�
GHWHUPLQHG�E\�WRSRORJLFDO�FRQVWUDLQWV��$�K\SRWKHVLV�DERXW�WKH�JODVV�IRUPDWLRQ�LV�IRUPXODWHG��
WKH� SRVVLEOH� JODVV� VWUXFWXUH� LV� FRQVWUDLQHG� WR� WKH� 93� WHVVHOODWLRQ� IXOILOOLQJ� WKH� HVWDEOLVKHG�
YROXPH�WR�VXUIDFH�UHODWLRQ��

$FNQRZOHGJHPHQWV�

7KLV�ZRUN�ZDV� VXSSRUWHG� E\� WKH� 6ORYDN�*UDQW�$JHQF\� IRU� 6FLHQFH� WKURXJK� WKH� JUDQW�
1R�������������,W�ZDV�DOVR�SDUW�RI�WKH�UHVHDUFK�SURMHFW�&(=��060�����������3UHSDUDWLRQ�
DQG�SURSHUWLHV�RI�DGYDQFHG�PDWHULDOV���PRGHOOLQJ��FKDUDFWHUL]DWLRQ��WHFKQRORJ\��
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)LJ�����3ORW�RI�FRHIILFLHQWV�ξ�DQG�9���(T�����FRUUHVSRQGLQJ�WR�93�RI�GLIIHUHQW�FHQWUDO�DWRPV�LQ�
YDULRXV�JODVVHV��(UURU�EDUV�HTXDOV�WR�WKH�PHDQ�VTXDUH�GHYLDWLRQV��6L�LV�ODEHOOHG�E\�FLUFOHV��IXOO�LQ�

.���JODVV���2�E\�VTXDUHV�DQG�IXOO�UKRPEL��LQ�.���JODVV���$O�E\�IXOO�VTXDUHV��&D�E\�RSHQ�UKRPEL��

.�E\�WULDQJOHV��IXOO�IRU�.���JODVV���DQG�1D�DQG�/L�E\�FURVVHV�

��

�
���-�0��=LPDQ��3ULQFLSOHV�RI�WKH�WKHRU\�RI�VROLG��6HF��(G���&DPEULGJH�8QL��3UHVV��&DPEULGJH��

������
���&�6�+VX��$��5DKPDQ��-��&KHP��3K\V������������������
��6��1RVH��)�-��<RQH]DZD��-��&KHP��3K\V������������������
��0�6��:DWDQDEH��.�-�7VXPXUD\D��-��&KHP��3K\V������������������
��9�$��3ROXFKLQ��1�$��9DWROLQ��0RGHOV�RI�DPRUSKRXV�PHWDOV��LQ�5XVVLDQ���1DXND��0RVFRZ�������
��-�5��5XVWDG��'�$��<XHQ��)�-��6SHUD��3K\V��5HY��%����������������
��*�-�&��0RQWRUR��-�/�)��$EDVFDO��-��3K\V��&KHP������������������
��9�$��/XFKQLNRY��1�1��0HGYHGHY��<X�,��1DEHUXNKLQ��+�5��6FKREHU��3K\V��5HY��%�����������������
��3�-XQG���'��&DSULRQ��-�)��6DGRF��5��-XOOLHQ���-��3K\V���&RQGHQV��0DWWHU����������������
���:��%URVWRZ��0��&K\ELFNL��5��/DVNRZVNL��-��5\ELFNL��3K\V��5HY��%�����������������
���0��/LãND��3��3HULFKWD��%��+DWDORYi��3K\V��&KHP��*ODVVHV���������������
���0��/LãND��3��3HULFKWD��%��+DWDORYi��-��1RQ�&U\VW��6ROLGV����	����������������
���3�+��3RROH��3�)��0F0LOODQ��*�+��:ROI��5HY��0LQHUDO����������������
���6�+��*DURIDOLQL��-��$PHU��&HUDP��6RF��������������������
���3�3��(ZDOG��$QQ��3K\V�����������������
���6�.��0LWUD��3KLORV��0DJ��%���������������
���%�:�+��YDQ�%HHVW��*�-��.UDPHU��5�$��YDQ�6DQWHQ��3K\V��5HY��/HWW�������������������
���'��7HWHU��SULYDWH�FRPPXQLFDWLRQ��
���;��<XDQ��$�1��&RUPDFN��-��1RQ�&U\VW��6ROLGV�����������������
���0��/LãND��%��+DWDORYi��&HUDPLFV���������������
���%��+DWDORYi��0��/LãND��-��1RQ�&U\VW��6ROLGV�����������������
���:��%URVWRZ��-�'��'XVVDXOW��%�/��)R[��-��&RPS��3K\V���������������
���5�0��*LEERQV��0RO��3K\V����������������
���.��9ROOPD\U��:��.RE��.��%LQGHU��-��&KHP��3K\V�������������������
���.��9ROOPD\U��:��.RE��.��%LQGHU��3K\V��5HY��%������������������
���3�.��*XSWD��-��1RQ�&U\VW��6ROLGV�����������������
���&�6��0DULDQV��-�.��%XUGHWW��-��1RQ�&U\VW��6ROLGV���������������
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