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7KUXVW�YHFWRU�WLOWLQJ�FDXVHG�E\�JULG�PLVDOLJQPHQW∗
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H�PDLO��WDUW]#U]�XQL�OHLS]LJ�GH
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*HRPHWULFDO� SHUWXUEDWLRQV� RI� WKH� D[LDO�V\PPHWULF� H[WUDFWLRQ� FKDQQHOV� E\� RII�D[LV� VKLIWV� RI� WKH
DFFHOHUDWRU�JULG�KROHV�JLYH�ULVH�WR�DQ�LRQ�EHDPOHW�WLOW�ZKLFK�XQGHU�FHUWDLQ�FRQGLWLRQV�LV�GHSHQG�
HQW�RQ�WKH�EHDPOHW�FXUUHQW��,Q�WKLV�VWXG\��WKH�FKDUDFWHULVWLFV�RI�WKH�EHDPOHW�GHIOHFWLRQ�DUH�SUH�
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,QWURGXFWLRQ

%URDG�EHDP� LRQ�VRXUFHV�KDYH�IRXQG�ZLGHVSUHDG�XVH� LQ
QXPHURXV� DSSOLFDWLRQV�� LQFOXGLQJ� WHUUHVWULDO� WHFKQLTXHV
LQ� PDWHULDO� SURFHVVLQJ� DQG� VXUIDFH� PRGLILFDWLRQ� >�@� DV
ZHOO� DV� SURSXOVLRQ� RI� VSDFH� YHKLFOHV� >�@�� )RU� DOO� WKHVH
DSSOLFDWLRQV�� PXOWL�DSHUWXUH� WZR�JULG� RU� WKUHH�JULG� H[�
WUDFWLRQ� V\VWHPV� DUH� FRPPRQO\� HPSOR\HG� WR� JHQHUDWH
ORZ�HQHUJ\� ����NH9�� LQWHQVH�EURDG� LRQ�EHDPV��$�JUHDW
GHDO�RI�HIIRUW�LV�FRQWLQXRXVO\�LQYHVWHG�WRZDUGV�GHVLJQLQJ
DQG�RSWLPLVLQJ�H[WUDFWLRQ�JULG�V\VWHPV�RI�WKH�LRQ�VRXUFH
IRU�WKH�GHPDQGV�RI�WKH�SDUWLFXODU�DSSOLFDWLRQ��$�PRGHO�
OLQJ� VWUDWHJ\� FDQ� HIILFLHQWO\� DVVLVW� LQ� WKLV� WDVN�� VLJQLIL�
FDQWO\� UHGXFLQJ� WKH� H[SHULPHQWDO� HIIRUW�� )XUWKHUPRUH�
VXFK� DQ� DSSURDFK� FDQ� JLYH� DQ� HIILFLHQW� DVVLVWDQFH� LQ
DQDO\]LQJ�REVFXUH�H[SHULPHQWDO�UHVXOWV�
,W�LV�ZHOO�NQRZQ��WKDW�WKH�RII�D[LV�VKLIW�RI�H[WUDFWLRQ�JULG
DSHUWXUHV� PD\� FDXVH� D� UHPDUNDEOH� WLOWLQJ� RI� WKH� LRQ
EHDPOHW� >�@� ZKLFK� PD\� EH� H[SORLWHG� WR� SURGXFH� D� IR�
FXVHG� LRQ� EHDP� XVLQJ� IODW� JULGV�� +RZHYHU�� JULG� GLV�
SODFHPHQW� PD\� DOVR� RFFXU� XQLQWHQWLRQDOO\� DV� D� FRQVH�
TXHQFH�RI�D�PLVDOLJQPHQW�RU� WKHUPDO�JULG�GHIRUPDWLRQ�
FRQVLGHUDEO\� GHWHULRUDWLQJ� SHUWLQHQW� LRQ� EHDP� WHFKQR�
ORJLFDO� DQG� VSDFH�SURSXOVLRQ� DSSOLFDWLRQV�� 6R� IDU�� KROH�
VKLIW�HIIHFWV�ZHUH� VWXGLHG�H[SHULPHQWDOO\� LQ� WKH�FRQWH[W
RI� EHDP� LQMHFWRUV� DW� KLJKHU� DFFHOHUDWLRQ� YROWDJHV� �!��
NH9�� >�@�� 0RUHRYHU�� LQ� PXOWL�EHDPOHW� QHJDWLYH�LRQ

VRXUFHV� WKH� EHDPOHW� VWHHULQJ� WHFKQLTXH� KDV� DOVR� EHHQ
XVHG� WR� FRPSHQVDWH� WKH� EHDP� GHIOHFWLRQ� FDXVHG� E\
HOHFWURQ�UHWDLQLQJ�PDJQHWLF� ILHOGV� >�@��7KH� OLQHDU� RSWLFV
FRQVLGHUDWLRQ� RI� EHDPOHW� VWHHULQJ� LQ� WULRGH� H[WUDFWLRQ
V\VWHPV�E\�:KHDOWRQ�>�@�\LHOGHG�WKH�LRQ�EHDPOHW�GHIOHF�
WLRQ�SURSRUWLRQDO�WR�WKH�UHVSHFWLYH�HOHFWURGH�VKLIW�
,Q� RUGHU� WR� LQYHVWLJDWH� WKH� HIIHFW� RI� D� JULG� KROH� GLV�
SODFHPHQW� LQ� D� ORZ�HQHUJ\� UDQJH� ����NH9�� LQ� WKH� RXW�
OLQHG�ZLGH�FRQWH[W��ZH�FDUULHG�RXW��'�WUDMHFWRU\�FDOFXOD�
WLRQV��XVLQJ� WKH�.2%5$��FRGH� >�@��7KH� FKDUDFWHULVWLFV
RI� WKH� GHIOHFWHG� EHDPOHWV� ZLOO� EH� GLVFXVVHG�� ,W� ZLOO� EH
GHPRQVWUDWHG� WKDW� MXVW� D� VOLJKW� JULG�PLVDOLJQPHQW� SUR�
GXFHV�D�WKUXVW�YHFWRU�WLOW�ZKLFK�PD\�EH�QRW�WROHUDEOH�IRU
VSDFHFUDIW�SURSXOVLRQ�DSSOLFDWLRQV��7KXV�� LQ�WKH� LQYHVWL�
JDWLRQ�RI�WKH�5,7���LRQ�WKUXVWHU��$VWULXP�*PE+��DV�LW
ZDV�WHVWHG�IRU�WKH�*2&(�PLVVLRQ��WKH�WKUXVW�YHFWRU�ZDV
IRXQG� WR�YDU\�ZLWK� WKH� WKUXVW� OHYHO� LQ� D� V\VWHPDWLF�� UH�
SURGXFLEOH�ZD\�>�@�ZKLFK�QRZ�FDQ�EH�WUDFHG�EDFN�FRQ�
FOXVLYHO\� WR�D�VOLJKW�JULG�PLVDOLJQPHQW��7KH�FKDUDFWHULV�
WLFV� DV� REWDLQHG� LQ� WKLV� VWXG\� HQDEOH� WKH� GHILQLWLRQ� RI
FULWLFDO�WROHUDQFHV�RI�WKH�JULG�PRXQWLQJ�

0RGHOOLQJ�RI�EHDPOHW�GHIOHFWLRQ

8QGHU� FRPPRQ� RSHUDWLRQDO� FRQGLWLRQV�� WKH� VLQJOH� H[�
WUDFWLRQ�FKDQQHOV�DUH�FRQVLGHUHG�WR�ZRUN�LQGHSHQGHQWO\
IURP� HDFK� RWKHU�� 0RUHRYHU�� WKH� H[WUDFWHG� EHDPOHW� LV
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FRQVLGHUHG�WR�EH�D[LDO� V\PPHWULF� DQG�FDQ�EH�VLPXODWHG
LQ� WZR� GLPHQVLRQV�� WKXV� UHGXFLQJ� WKH� FRPSXWDWLRQDO
HIIRUW�
2EYLRXVO\�� DQ� RII�D[LV� VKLIW� RI� RQH� RI� WKH� H[WUDFWLRQ
JULGV�EUHDNV� WKH� D[LDO� V\PPHWU\�� WKHUHIRUH� D� UHDO� WKUHH�
GLPHQVLRQDO� DSSURDFK� LV� QHFHVVDU\�� ,Q� WKLV� VWXG\�� WKH
.2%5$��FRGH�>�@�LV�HPSOR\HG�ZKLFK�VLPXODWHV�WKH�LRQ
H[WUDFWLRQ� IURP� D� SODVPD� DQG� WKH� IRUPDWLRQ� RI� WKH
EHDPOHW�ZLWKRXW�DQ\�V\PPHWULFDO�UHVWULFWLRQ�

&KDUDFWHULVWLFV�RI�WKH�DFFHOHUDWRU�JULG�VKLIW

,Q�RUGHU�WR�VWXG\�WKH�EDVLF�FKDUDFWHULVWLFV�RI�D�DFFHOHUD�
WRU�JULG�KROH�VKLIW�� D� WKUHH�JULG� V\VWHP� �*6����ZLWK� WKH
SDUDPHWHUV�JLYHQ�LQ�WDEOH����ZDV�XVHG�DV�UHIHUHQFH�FDVH�
$W�DQ�HOHFWURQ�WHPSHUDWXUH�RI���H9� WKH�SODVPD�GHQVLW\
ZDV� YDULHG� EHWZHHQ� ���$�P

�
� DQG� ���� $�P

�
� \LHOGLQJ

[HQRQ� EHDPOHW� FXUUHQWV� RI� ����$� WR� ���� �$� FRYHULQJ
WKH�DYHUDJH�EHDPOHW�FXUUHQWV�LQ�WKH�H[SHULPHQWV�
7KH�WUDMHFWRU\�SORWV�RI�DQ�XSZDUG�RII�D[LV�DSHUWXUH�VKLIW
RI� WKH� DFFHOHUDWRU� JULG� LQ� ILJXUH� �� UHYHDOV� DQ� RSSRVLQJ
GRZQZDUG�EHDPOHW�GHIOHFWLRQ��'XH�WR�WKH�DSHUWXUH�VKLIW
WKH�ORZHU�EHDPOHW�HQYHORSH�DSSURDFKHV�WR�WKH�KROH�HGJH
RI� WKH�DFFHOHUDWRU� JULG�� WKHUHIRUH�PRUH� VWURQJO\� H[SHUL�
HQFLQJ� WKH� SRWHQWLDO� GLVWRUWLRQV�RI� WKH� HOHFWURGH�ZKLFK
DUH� NQRZQ� IRU� WKHLU� GLYHUJLQJ� HIIHFW� >�@�� 7KH� XSSHU
EHDPOHW� HQYHORSH� UHPRYHV� IURP�WKH�HGJH�RI� WKH� DFFHO�
HUDWRU�HOHFWURGH�DQG�FURVVHV�WKH�DSHUWXUH�SODQH�QHDU�WKH
D[LV�DW�D�ORZHU�GLYHUJLQJ�HOHFWULF�ILHOG��&RQVHTXHQWO\��DOO
H[WUDFWLRQ� SDUDPHWHUV� VKRXOG� EH� WDNHQ� LQWR� FRQVLGHUD�
WLRQ�ZKLFK�FDQ�FKDQJH�WKH�EHDPOHW�GLDPHWHU�DQG��KHQFH�
WKH�GLVWDQFH�EHWZHHQ�DSHUWXUH�HGJH�DQG�WUDMHFWRULHV�
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)LJXUH����'HIOHFWLRQ�DQJOH�α�LQ�GHSHQGHQFH�RQ�H[�
WUDFWHG�EHDPOHW�FXUUHQW�DQG�DSHUWXUH�VKLIW�δ��JULG

FRQILJXUDWLRQ�*6����VHH�WDEOH���

7DEOH����*HRPHWULFDO�SDUDPHWHUV�RI�WKH�JULG�VHWV
XVHG�LQ�WKLV�VWXG\�

*6�� 5,7��
(YR

VFUHHQ�JULG�KROH�GLDPHWHU ����PP ����PP

VFUHHQ�JULG�WKLFNQHVV ����PP ����PP

DFFHO�JULG�KROH�GLDPHWHU ����PP ����PP

DFFHO�JULG�WKLFNQHVV ����PP ����PP

GHFHO�JULG�KROH�GLDPHWHU ����PP ����PP

GHFHO�JULG�WKLFNQHVV ����PP ����PP

VFUHHQ�DFFHO�JULG�GLVWDQFH ����PP ����PP

DFFHO�GHFHO�JULG�GLVWDQFH ����PP ����PP

VFUHHQ�JULG�YROWDJH�8 �	� ��� ����9 ����9
�

DFFHOHUDWRU�JULG�YROWDJH�8 ��� � �����9 �����9
�

GHFHOHUDWRU�JULG�YROWDJH�8 ��� � ��9 ��9
�
�����9�������9�DW�KLJKHU�WKUXVW�OHYHOV
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$W�ILUVW�VLJKW��WKH�EHDPOHW�GHIOHFWLRQ�DQJOH��α�LQ�ILJXUH���
UHYHDOV� D� SURSRUWLRQDOLW\� WR� WKH� RII�D[LV� DFFHOHUDWRU� DS�
HUWXUH�VKLIW�δ��VWUHVVLQJ�WKH�HIIHFW�RI�WKH� LQWHJUDO�SRWHQ�
WLDO� DOWHUDWLRQV�� $W� VPDOO� EHDPOHW� FXUUHQWV� DQG� ODUJH� δ
VKLIWV�� WKH� LQWHUDFWLRQ� EHWZHHQ� SHUWXUEHG� SRWHQWLDO� DQG
DGMDFHQW�WUDMHFWRULHV�FOHDUO\�LPSRVHV�D�GHSHQGHQFH�RI�WKH
EHDPOHW� GHIOHFWLRQ� RQ� WKH� EHDPOHW� FXUUHQW� ZKLFK� LV� LQ
FRQWUDVW� WR� HDUOLHU� VWXGLHV� DW� KLJKHU� HQHUJLHV� �H�� J�� VHH
>�@���7KH�H[WUDFWHG�EHDPOHW�FXUUHQW�SURYHV� ODUJHO\� LQGH�
SHQGHQW� RQ� WKH� DSHUWXUH� VKLIW� δ�� $W� ODUJH� H[WUDFWHG
EHDPOHW�FXUUHQWV�DQG�DSHUWXUH�VKLIWV��D�VPDOO�DPRXQW�RI
EHDPOHW� LRQV� PD\� LPSLQJH� GLUHFWO\� RQ� WKH� DFFHOHUDWRU
JULG�� 6LQFH� RQO\� D� VPDOO� VHFWLRQ� RI� WKH� DSHUWXUH� LV� LQ�

YROYHG� LQ� WKH� GLUHFW� LPSLQJHPHQW�� WKH� JULG� FXUUHQW
JURZV�VORZHU�ZLWK� WKH�EHDPOHW� FXUUHQW� WKDQ� LQ� WKH�XQ�
VKLIWHG�FRQILJXUDWLRQ��)XUWKHUPRUH�� LQ� WKLV�FDVH� WKH�GH�
IOHFWLRQ�DQJOH�LV�SUHVXPDEO\�UHGXFHG�
$V� VXJJHVWHG� E\� D� EDVLF� JHRPHWULFDO� FRQVLGHUDWLRQ�� LQ
ORQJ� H[WUDFWLRQ� FKDQQHOV� �L�H�� ODUJH� VFUHHQ�DFFHOHUDWRU
DQG�RU� DFFHOHUDWRU�GHFHOHUDWRU� JULG� GLVWDQFHV� O � �  ! �"� � � DQG
O �"� � ! ��� � �� UHVSHFWLYHO\�� DQ� DFFHOHUDWRU�KROH� VKLIW� EULQJV� RQ
ZHDNHU� EHDPOHW� GHIOHFWLRQ� WKDQ� LQ� FRPSDFW� FRQILJXUD�
WLRQV��ILJXUH�����7KLV�HIIHFW�LV�PRUH�SURQRXQFHG�IRU�WKH
VFUHHQ�DFFHOHUDWRU�JULG�GLVWDQFH�
7KH�HOHFWULFDO� H[WUDFWLRQ�FRQGLWLRQV�� UHSUHVHQWHG�E\� WKH
H[WUDFWLRQ� YROWDJH� 8 � #$�   8 ��� ��� �8 ��� � �� VWURQJO\� GHWHUPLQH
WKH�HIILFLHQF\�RI�DQ�DFFHOHUDWRU�DSHUWXUH�VKLIW�LQ�GHIOHFW�
LQJ�WKH�EHDPOHW��ILJXUH�����$Q�LQFUHDVH�RI�WKH�VFUHHQ�JULG
YROWDJH�8 ��� ��� � OHDGV� WR�D�EHDPOHW�QDUURZLQJ�DQG� WKH�SR�
WHQWLDO�GLVWRUWLRQ�OHVV�HIILFLHQWO\�GHIOHFWV�WKH�LRQ�WUDMHFWR�
ULHV��$Q� LQFUHDVH� RI� WKH� H[WUDFWLRQ� YROWDJH� E\� UHGXFLQJ
WKH�DFFHOHUDWRU�JULG�YROWDJH�8 �"� � �DOVR�EULQJV�RQ�D� UHGXF�
WLRQ� RI� WKH� GHIOHFWLRQ� LQ� WKH� VFUHHQ�DFFHOHUDWRU� UHJLRQ
FDXVHG�E\�WKH�VWURQJHU�EHDPOHW�IRFXVLQJ�EXW��LQ�FRQWUDVW
WR�WKH�IRUPHU�FDVH�� WKLV�WUHQG�LV�GRPLQDWHG�QRZ�E\�WKH
VWURQJHU�GHIOHFWLQJ� HIIHFW� RI� WKH� DFFHOHUDWRU�GHFHOHUDWRU
JULG�UHJLRQ�
7KH�UHVXOWV�REWDLQHG�VR�IDU�FOHDUO\�SURYH�WKH�VLJQLILFDQW
UROH� ZKLFK� DOVR� WKH� UHJLRQ� EHWZHHQ� DFFHOHUDWRU� DQG
GHFHOHUDWRU�JULG�SOD\V�LQ�GHIOHFWLQJ�WKH�EHDPOHW��$V�VXJ�
JHVWHG� E\� JHRPHWULFDO� FRQVLGHUDWLRQV� DQG� VXEVHTXHQWO\
YHULILHG�E\� VLPXODWLRQ�� DQ�RII�D[LV�VKLIW�RI�ERWK� WKH�DF�
FHOHUDWRU�JULG� KROH� DQG� GHFHOHUDWRU�JULG� KROH� EULQJV� RQ
VPDOOHU�EHDPOHW�GHIOHFWLRQ�

7KUXVW�YHFWRU�WLOWLQJ

,Q�H[SHULPHQWDO� WHVWV�RI�WKH�5,7���LRQ�WKUXVWHU� IRU� WKH
*2&(�PLVVLRQ� D� UHSURGXFLEOH� V\VWHPDWLF� YDULDWLRQ� RI
WKH�WKUXVW�YHFWRU�ZLWK�WKH�WKUXVW�OHYHO�ZDV�IRXQG��>�@��VHH
ILJXUH�����%\�LQFUHDVLQJ�WKH�WKUXVW�IURP���P1�WR����P1�
L��H��DYHUDJH�EHDPOHW�FXUUHQWV�IURP�����$�WR������$��WKH
WLOW�RI�WKH�WKUXVW�YHFWRU�LQFUHDVHV�E\�������%HFDXVH�RI�WKH
JRRG� UHSURGXFLELOLW\� QR� WKHUPDO� HIIHFWV� FDQ� EH� DF�
FRXQWHG�IRU��,QVWHDG��WKLV�EHKDYLRXU�FDQ�EH�WUDFHG�EDFN
WR�D�VOLJKW�RII�D[LV�VKLIW�RI�WKH�DFFHOHUDWRU�JULG�
7KH� UHIHUHQFH� JULG� FRQILJXUDWLRQ� *6� �� UHYHDOV� RQO\� D
VOLJKW� GHSHQGHQFH� RI� EHDPOHW� GHIOHFWLRQ� E\� RII�D[LV
DSHUWXUH�VKLIWV�RQ�WKH�LRQ�EHDPOHW�FXUUHQW��+RZHYHU��WKH
YDULDWLRQ� RI� JULG� SDUDPHWHUV� VKRZV� WKDW� WKHUH� DUH� FRQ�
ILJXUDWLRQV� LQ�ZKLFK� WKH� EHDPOHW� FXUUHQW� HIILFLHQWO\� DI�
IHFWV�WKH�GHIOHFWLRQ�DQJOH��7KH�5,7���FRQILJXUDWLRQ��VHH
WDEOH����SURYHG�WR�VKRZ�VXFK�D�EHKDYLRXU��ZKLFK�LV�GH�
SLFWHG� LQ� ILJXUH� �� IRU� WZR� JULG� YROWDJH� FRPELQDWLRQV
ZLWK� WKH�KLJKHU� H[WUDFWLRQ�YROWDJHV�EHLQJ�QHFHVVDU\� IRU
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)LJXUH����'HIOHFWLRQ�DQJOH�α�LQ�GHSHQGHQFH�RQ�GLV�
WDQFHV�EHWZHHQ�VFUHHQ�DQG�DFFHOHUDWRU�O � �  ! ��� � �DQG�DF�
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)LJXUH����(IIHFW�RI�H[WUDFWLRQ�YROWDJH�RQ�EHDPOHW
GHIOHFWLRQ��DOO�RWKHU�SDUDPHWHUV�DV�LQ�WDEOH���
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KLJKHU� WKUXVW� OHYHOV�� ,Q� RUGHU� WR� DFKLHYH� WKH� REVHUYHG
LQFUHDVLQJ�RI�WKH�WKUXVW�YHFWRU�WLOW�D�GLVSODFHPHQW�RI�WKH
DFFHOHUDWRU� JULG� E\� �����PP� LV� VXIILFLHQW� UHVXOWLQJ� LQ� D
WRWDO�WKUXVW�YHFWRU�WLOW�RI����DW����P1�DQG������DW���P1
DW�WKH�ORZ�YROWDJH�FRPELQDWLRQ�
$FFRUGLQJ�WR�WKH�FRXQWHUDFWLQJ�HIIHFWV�RI�WKH�EHDP�DQG
DFFHOHUDWRU� JULG� YROWDJHV� RQ� WKH� GHIOHFWLRQ� ZKLFK� KDV
EHHQ�GLVFXVVHG�LQ�WKH�SUHYLRXV�FKDSWHU��VHH�ILJXUH�����WKH
KLJKHU� YROWDJHV� �ERWWRP� SORW� LQ� ILJXUH� ��� ZLOO� VOLJKWO\
UHGXFH� WKH�GHIOHFWLRQ�DQJOH��7KHUHIRUH�� DW�KLJKHU� WKUXVW
OHYHOV�DQG��KHQFH��KLJKHU�YROWDJHV�WKH�GHIOHFWLRQ�ZLOO�QRW
LQFUHDVH� LQ� WKH� VDPH� H[WHQW� �IRU� H[DPSOH�� JRLQJ� IURP
���P1� DW� WKH� ORZHU� YROWDJHV� WR� ���P1� DW� WKH� KLJKHU
YROWDJHV� LQFUHDVHV� WKH� GHIOHFWLRQ� DQJOH� IURP� ����� WR
������

'LUHFW� LPSLQJHPHQW� GRHV� QRW� RFFXU� DW� WKLV� VPDOO� JULG
VKLIWV�
'XH� WR� WKH� LQKRPRJHQHRXV�SODVPD�GHQVLW\�GLVWULEXWLRQ
D� VKLIW�RI� WKH� DFFHOHUDWRU� JULG� OHDGV� WR�GLIIHUHQW� GHIOHF�
WLRQ�DQJOHV�RI�FHQWUDO�DQG�HGJH�EHDPOHWV�ZKLFK�UHVXOWV�LQ
D�VOLJKWO\�GHIRUPHG�EHDP�FXUUHQW�GHQVLW\�SURILOH��6XFK�D
PRGLILFDWLRQ�RI�WKH�SURILOH��KRZHYHU��FRXOG�QRW�EH�UHOLD�
EO\�REVHUYHG�LQ�WKLV�H[SHULPHQWV�
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