
6WXG\�RQ�2SHUDWLRQ�3HUIRUPDQFH�RI�)ODVK�0HPRU\�DW�+LJK�

7HPSHUDWXUH�

&KLD�+XDL�+R�
��&KLQJ�7XQJ�/R���+DQ�/LQ�+VLXQJ�

�'HSDUWPHQW�RI�2SWRPHWU\��.DQJ�1LQJ�8QLYHUVLW\��7DLSHL��7DLZDQ��5�2�&��
�'HSDUWPHQW�RI�&RPSXWHU�DQG�&RPPXQLFDWLRQ�(QJLQHHULQJ��$UP\�$FDGHP\��7DR\XDQ��

7DLZDQ��5�2�&�� �
�'HSDUWPHQW�RI�%XVLQHVV�$GPLQLVWUDWLRQ��.DQJ�1LQJ�8QLYHUVLW\��7DLSHL��7DLZDQ��5�2�&��

&RUUHVSRQGLQJ�DXWKRU��7HO�����������������(�PDLO�DGGUHVV��MK�KR#PVD�KLQHW�QHW

$EVWUDFW�

,Q� UHFHQW� \HDUV�� ZLWK� WKH� PLQLDWXUL]DWLRQ� RI� FRPSRQHQWV�� WKH� OLPLWDWLRQV� RI� SDFNDJLQJ�

WHFKQRORJ\� DQG� WKH� LQFUHDVH� RI� FRPSRQHQW� LQWHJUDWLRQ� KDYH� LQFUHDVHG�� ,W� ZLOO� LQFUHDVH� WKH�

RSHUDWLQJ� WHPSHUDWXUH� RI� WKH� FRPSRQHQW�� VR� WKH� HIIHFW� RI� WHPSHUDWXUH� FKDQJH� RQ� WKH�

SHUIRUPDQFH�RI�WKH�IODVK�PHPRU\�LV�YHU\�LPSRUWDQW��

,Q� WKLV� SDSHU�� ILUVWO\�� WKH� RSHUDWLRQ� SHUIRUPDQFH� YDOXH� RI� WKH� IODVK�PHPRU\� H[SHULPHQWDO�

PHDVXUHPHQW� LV� FRPSDUHG� ZLWK� WKH� VLPXODWHG� SHUIRUPDQFH� YDOXH�� DQG� DIWHU� REWDLQLQJ� WKH�

FRQVLVWHQW�SHUIRUPDQFH�WUHQG��WKH�VLPXODWHG�GDWD�LV�XVHG�WR�DQDO\]H�DQG�H[SODLQ�WKH�GLIIHUHQFH�

LQ� SHUIRUPDQFH� RI� WKH� IODVK� PHPRU\� LQ� WKH� URRP� WHPSHUDWXUH� DQG� KLJK� WHPSHUDWXUH�

HQYLURQPHQW��

7KH�H[SHULPHQWDO�DQDO\VLV�VKRZV�WKDW�ZKHQ�WKH�WHPSHUDWXUH�LV�KLJKHU��WKH�WKUHVKROG�YROWDJH�

VKLIW� EHWZHHQ� WKH� PHDVXUHG� DQG� VLPXODWHG� IODVK� PHPRU\� ZULWLQJ� DQG� HUDVLQJ� RSHUDWLRQV�

EHFRPHV� ODUJHU� DQG� ODUJHU��0RUHRYHU�� WKH� IODVK�PHPRU\�KDV� D� ODUJHU� WXQQHO� VXUIDFH� HOHFWULF�

ILHOG� YDOXH� DQG� KLJKHU� HOHFWURQ� LQMHFWLRQ� SUREDELOLW\� DW� KLJK� WHPSHUDWXUH�� VR� WKH� RSHUDWLRQ�

SHUIRUPDQFH�LV�VWLOO�EHWWHU�DW�KLJK�WHPSHUDWXUHV��

,QGH[� WHUPV�� IODVK�� RSHUDWLRQ� SHUIRUPDQFH�� 0(',&,�� WKUHVKROG� YROWDJH� VKLIW�� HQHUJ\� EDQG�

GLDJUDP�

, ,1752'8&7,21�

:LWK� WKH�HYROXWLRQ�RI�SURFHVV� WHFKQRORJ\�

DQG� FLUFXLW� OD\RXW�� )ODVK� 0HPRU\� LQ�

UHDG�RQO\�PHPRU\�KDV�UHFHLYHG�FRQVLGHUDEOH�

DWWHQWLRQ� LQ� UHFHQW� \HDUV�� &RPSDUHG� ZLWK�

RWKHU� W\SHV� RI� PHPRU\�� LW� FRQWDLQV�

FRQVLGHUDEOH� DGYDQWDJHV� DQG� DSSOLFDWLRQV��

,WV�DSSOLFDWLRQ�LV�DOVR�TXLWH�H[WHQVLYH��DQG�LW�

FDQ� EH� XVHG� LQ� PRVW� SRUWDEOH� HOHFWURQLF�

SURGXFWV�� HYHQ� LQ� WKH� DHURVSDFH� LQGXVWU\��

+RZHYHU�� LQ� WKH� SURFHVV� RI� PLQLDWXUL]DWLRQ�

RI� FRPSRQHQWV�� GXH� WR� WKH� OLPLWDWLRQV� RI�

SDFNDJLQJ� WHFKQRORJ\� DQG� WKH� LQFUHDVH� LQ�

FRPSRQHQW� LQWHJUDWLRQ�� WKH� RSHUDWLQJ�



WHPSHUDWXUH� RI� WKH� FRPSRQHQW� ZLOO� ULVH�� VR�

WKH�WHPSHUDWXUH�FKDQJH�FDQ�KDYH�VLJQLILFDQW�

HIIHFW� RQ� WKH� SHUIRUPDQFH� RI� WKH� IODVK�

PHPRU\��>�@�

7KH� FXUUHQWO\� SXEOLVKHG� OLWHUDWXUH� RQ� WKH�

SHUIRUPDQFH� RI� IODVK� PHPRU\� LQ� KLJK�

WHPSHUDWXUH�HQYLURQPHQW�PRVWO\� IRFXVHV�RQ�

WKH�DQDO\VLV�DQG�UHVHDUFK�RI�WKH�SHUIRUPDQFH�

RI� D� FHUWDLQ� IHDWXUH� RI� WKH� FRPSRQHQW� LWVHOI�

GXULQJ� FRPSRQHQW� RSHUDWLRQ�� IRU� H[DPSOH��

�7HPSHUDWXUH� (IIHFW� RQ� 5HDG� &XUUHQW� ,Q� D�

7ZR�%LW� 1LWULGH�%DVHG� 7UDSSLQJ� 6WRUDJH�

)ODVK� ((3520� &HOO´� >�@� LV� WR� VWXG\� WKH�

HIIHFW� RI� WHPSHUDWXUH� RQ� WKH� UHDG� RSHUDWLRQ�

SHUIRUPDQFH� RI� IODVK� PHPRU\��

�6WUHVV�,QGXFHG� /HDNDJH�&XUUHQW� RI� 7XQQHO�

2[LGH� 'HULYHG� IURP� )ODVK� 0HPRU\�

5HDG�'LVWXUE� &KDUDFWHULVWLFV�� >�@� LV� WR�

DQDO\]H� WKH� GLIIHUHQFH� LQ� UHDG�GLVWXUE�

SHUIRUPDQFH� RI� IODVK� PHPRU\� LQ� URRP�

WHPSHUDWXUH� DQG� KLJK� WHPSHUDWXUH�

HQYLURQPHQWV�� +RZHYHU�� IHZ� VWXGLHV� KDYH�

H[WHQVLYHO\� H[SORUHG� WKH� SHUIRUPDQFH� RI�

ZULWLQJ� DQG� HUDVLQJ� RSHUDWLRQV� RI� IODVK�

PHPRU\�LQ�KLJK�WHPSHUDWXUH�HQYLURQPHQWV��

,Q� WKLV� SDSHU�� WKH� RSHUDWLQJ� SHUIRUPDQFH�

YDOXH� RI� WKH� DFWXDO� IODVK� PHPRU\�

PHDVXUHPHQW� LV� FRPSDUHG� ZLWK� WKH�

VLPXODWHG� SHUIRUPDQFH� YDOXH� WR� REWDLQ� D�

FRQVLVWHQW� SHUIRUPDQFH� WUHQG�� DQG� WKHQ� WKH�

VLPXODWHG� GDWD� LV� XVHG� WR� DQDO\]H� DQG�

H[SODLQ� WKH� IODVK� PHPRU\� LQ� WKH� URRP�

WHPSHUDWXUH� DQG� KLJK� WHPSHUDWXUH�

HQYLURQPHQWV� WR� VKRZ� WKH� GLIIHUHQFH� LQ�

SHUIRUPDQFH��

,, 0($685(0(17�$1'�

6,08/$7,21

,Q� WKLV� SDSHU�� WKH� DFWXDO� PHDVXUHG� IODVK�

PHPRU\�LV�WKH�Q�W\SH�IODVK�GHYLFH�ZLWK�JDWH�

OHQJWK�/��  � ��QP�� ZKHUHLQ� 1VXE�  � �;��
��

FP���� 1VRXUFH� � �;��
��� FP���� 1GUDLQ� � �;��

��

FP���� DQG� JDWH� VWDFN� WKLFNQHVV� LV�� FRQWURO�

JDWH�  � ����� QP�� WRS� R[LGH�  � ������ QP��

IORDWLQJ� JDWH�  � ���� QP� DQG� ERWWRP�R[LGH� �

������QP��7KH�SURJUDPPLQJ�ELDVHV�DUH�9G� �

�9��9FJ� ���9�JDWH�FRXSOLQJ�UDWLR�LV�������9V

 � �9��9VXE� � �9�� DQG� WKH� HUDVLQJ� ELDVHV� DUH�

9G� ��9��9FJ� ����9��9V� ��9��9VXE� ��9��

7KH� WRRO� XVHG� IRU� WKH� VLPXODWLRQ� LV� WKH�

FRPSRQHQW� HOHFWULFDO� VLPXODWLRQ� VRIWZDUH�

0(',&,�>�@��DQG�WKH�SK\VLFDO�PRGHO�XVHG�LQ�

WKH� VLPXODWLRQ�� LQFOXGLQJ�� &RQFHQWUDWLRQ�

'HSHQGHQW� 0RELOLW\� 0RGHO� �&2102%���

3HUSHQGLFXODU�(OHFWULF�)LHOG�0RELOLW\�0RGHO�

�35302%��� )LHOG�'HSHQGHQW� 0RELOLW\�

0RGHO� �)/'02%��� 0RGHOV� VXFK� DV�

6KRFNOH\�5HDG�+DOO� 5HFRPELQDWLRQ� 0RGHO�

�&2165+��� $XJHU� 5HFRPELQDWLRQ� 0RGHO�

�$8*(5��DQG�%DQG�*DS�1DUURZLQJ�0RGHO�

�%*1��� WKH� VLPXODWHG� IODVK� PHPRU\� LV� WKH�

Q�W\SH� IODVK� GHYLFH� ZLWK� JDWH� OHQJWK�/��  �

���XP��1VXE� ��;��
���FP����1VRXUFH� ��;��

��

FP��� �� 1GUDLQ� � �;��
��� FP���� 7KH� JDWH� VWDFN�

WKLFNQHVV� LV�� FRQWURO� JDWH�  � ����� QP�� WRS�

R[LGH�  � ����� QP�� IORDWLQJ� JDWH�  � ������ QP�

DQG� ERWWRP� R[LGH�  � ����� QP�� 7KH�

SURJUDPPLQJ� ELDVHV� DUH� 9G�  � ���9�� 9FJ�  �

��9��JDWH�FRXSOLQJ�UDWLR�DVVXPHG�������9V� �

�9��9VXE� ��9��DQG�WKH�HUDVLQJ�ELDVHV�DUH�9G�

 ��9��9FJ� ����9��9V� ���9��9VXE� ��9��

7KH� PHDVXUHPHQW� H[SHULPHQW� ILUVW�

PHDVXUHV� WKH� ZULWH� UDWH� RI� WKH� ZULWH�

RSHUDWLRQ� DQG� WKH� HUDVH� UDWH� RI� WKH� HUDVH�

RSHUDWLRQ� DW� ���� R.�� ���� R.�� DQG� ���� R.��

DQG� WKHQ� PHDVXUHV� WKH� ZULWH� DQG� HUDVH�

RSHUDWLRQV�RI�WKH�FRPSRQHQW�IURP�����R.�WR�

����R.�DQG�IRUP�WKH�JUDSK�RI� WKH� WKUHVKROG�



YROWDJH�DORQJ�ZLWK�WHPSHUDWXUH�FKDQJHV��

7KH� VLPXODWLRQ� ILUVW� VLPXODWHV� WKH� ZULWH�

UDWH�� ZULWH� FXUUHQW�� DQG� VXUIDFH� LQMHFWLRQ�

FXUUHQW� GHQVLW\� YDOXH�RI� WKH�ZULWH� RSHUDWLRQ�

DW� ���� R.������ R.�� DQG����� R.� WKURXJK� WKH�

VLPXODWLRQ�VRIWZDUH��DV�ZHOO�DV�WKH�HUDVH�UDWH�

DQG�HUDVH�FXUUHQW�RI�WKH�HUDVH�RSHUDWLRQ�DQG�

WKH�VXUIDFH�HUDVH�FXUUHQW�GHQVLW\�YDOXH��7KHQ��

DQDO\]H� WKH� JUDSK� RI� WKH� WKUHVKROG� YROWDJH�

DORQJ�ZLWK� WHPSHUDWXUH� FKDQJHV� GXULQJ� ����
R.�WR�����R.�FRPSRQHQW�ZULWLQJ�DQG�HUDVLQJ�

RSHUDWLRQV��,W�LV�FRPSDUHG�ZLWK�WKH�PHDVXUHG�

GDWD� WR� REVHUYH� WKH� RSHUDWLQJ� SHUIRUPDQFH�

WUHQG� RI� WKH� IODVK� PHPRU\� DW� KLJK�

WHPSHUDWXUHV��

)LQDOO\��WKURXJK�WKH�VLPXODWLRQ�RI�����R.��

���� R.� DQG� ���� R.� FRPSRQHQWV� ZULWH�

RSHUDWLRQV�� WKH� HOHFWULF� ILHOG� DQG� HOHFWURQ�

LQMHFWLRQ� SUREDELOLW\� FRPSDULVRQ� JUDSK� DQG�

SRWHQWLDO� JUDSK� RI� WKH� �'� GHSWK� IURP� WKH�

R[LGH� DQG� VXEVWUDWH� MXQFWLRQV� DW� ����XP� LQ�

WKH� ODWHUDO� SRVLWLRQ� QHDU� WKH� GUDLQ�� 7KXV�� LW�

DQDO\]HV� DQG� H[SODLQV� WKH� GLIIHUHQFH� LQ�

ZULWLQJ� DQG� HUDVLQJ� SHUIRUPDQFH� RI� IODVK�

PHPRU\� XQGHU� KLJK� WHPSHUDWXUH� RSHUDWLRQ��

7KH�����XP�ODWHUDO�SRVLWLRQ�QHDU�WKH�GUDLQ�LV�

WDNHQ� EHFDXVH� LW� LV� MXVW� WKH� HQG� RI� WKH�

MXQFWLRQ�EHWZHHQ� WKH�FRPSRQHQW� WXQQHO�DQG�

WKH�GUDLQ�GHSOHWLRQ� UHJLRQ��ZKLFK� LV� H[DFWO\�

ZKHUH� WKH� LQFLGHQW� HOHFWURQ� LV� LQMHFWHG� DQG�

KDV� D� FRPSDUDWLYHO\� ODUJH� SUREDELOLW\� RI�

HOHFWURQ�LQMHFWLRQ��

,,, 5(68/76�$1'�',6&866,21�

)LJ���LV�D�FRPSDULVRQ�RI�WKH��D��ZULWH�UDWH��

�E�� ZULWH� FXUUHQW�� DQG� �F�� VXUIDFH� LQMHFWLRQ�

FXUUHQW� GHQVLW\� RI� WKH� VLPXODWHG� IODVK�

PHPRU\�ZULWH�RSHUDWLRQ�DW�����R.������ R.��

DQG� ���� R.� UHVSHFWLYHO\�� 7KH� SURJUDPPLQJ�

ELDVHV� DUH� 9G�  � ���9�� 9FJ�  � ��9� �JDWH�

FRXSOLQJ�UDWLR�DVVXPHG�������9V� ��9��9VXE� �

�9�� $V� FDQ� EH� VHHQ� IURP� )LJ�� �� �D��� WKH�

ZULWLQJ� UDWH� DW� KLJK� WHPSHUDWXUH� LV� VOLJKWO\�

LQFUHDVHG�FRPSDUHG� WR� URRP�WHPSHUDWXUH�� ,W�

FDQ�DOVR�EH�VHHQ�IURP�)LJ�����E��DQG��F��WKDW�

WKH� SHUIRUPDQFH� RI� ZULWH� FXUUHQW� DQG� WKH�

VXUIDFH� LQMHFWLRQ� FXUUHQW� GHQVLW\� DW� KLJK�

WHPSHUDWXUHV� DUH� DOVR� KLJKHU� WKDQ� WKRVH� DW�

URRP� WHPSHUDWXUH�� 7KLV� LV� EHFDXVH� WKH�

WHPSHUDWXUH�ULVH�LQFUHDVHV�WKH�WXQQHO�VXUIDFH�

HOHFWULF�ILHOG�YDOXH�DQG�WKH�HOHFWURQ�LQMHFWLRQ�

SUREDELOLW\�� DQG� WKH� QXPEHU� RI� HOHFWURQV�

LQMHFWHG�LQWR�WKH�IORDWLQJ�JDWH�LQFUHDVHV��DQG�

WKH� UHVXOW� FDQ� EH� YHULILHG� E\� WKH� IROORZLQJ�

VLPXODWLRQ�GDWD��
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7KH�+RUL]RQWDO�3RVLWLRQ�IURP�6RXUFH�XP�

�F��

)LJXUH��� � &RPSDULVRQ�RI� �D��ZULWH� UDWH�� �E��

ZULWH� FXUUHQW�� DQG� �F�� VXUIDFH� LQMHFWLRQ�

FXUUHQW�GHQVLW\�IRU�VLPXODWHG�IODVK�PHPRU\�

ZULWH� RSHUDWLRQV� DW� ���� R.�� ���� R.�� DQG�

����R.��

)LJ����LV�D�FRPSDULVRQ�RI��D��HUDVLQJ�UDWH��

�E�� HUDVLQJ� FXUUHQW�� DQG� �F�� VXUIDFH� HUDVLQJ�

FXUUHQW� GHQVLW\� RI� WKH� VLPXODWHG� IODVK�

PHPRU\�HUDVH�RSHUDWLRQ�DW����� R.������ R.��

DQG�����R.��7KH�HUDVLQJ�ELDVHV�DUH�9G� ��9��

9FJ� � ���9��9V� ���9��9VXE� ��9��$V�FDQ�EH�

VHHQ�IURP�)LJ����D��� WKH�HUDVLQJ�UDWH�DW�KLJK�

WHPSHUDWXUHV� LV� KLJKHU� WKDQ� WKDW� DW� URRP�

WHPSHUDWXUH�� ,W� FDQ� DOVR� EH� VHHQ� IURP� )LJ��

��E�� DQG� �F�� WKDW� WKH� HUDVH� FXUUHQW� DQG� WKH�

VXUIDFH� HUDVH� FXUUHQW� GHQVLW\� DW� KLJK�

WHPSHUDWXUHV� DUH� DOVR� KLJKHU� WKDQ� WKRVH� DW�

URRP� WHPSHUDWXUH�� 7KLV� LV� EHFDXVH� WKH�

LQFUHDVH�LQ�WHPSHUDWXUH�FDXVHV�DQ�LQFUHDVH�LQ�

WKH� HOHFWURQ� KHDW� HPLVVLRQ� LQ� WKH� IORDWLQJ�

JDWH��ZKLFK� LQ� WXUQ� LQFUHDVHV� WKH�QXPEHU�RI�

HOHFWURQV�IORZLQJ�RXW�RI�WKH�IORDWLQJ�JDWH��
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7KH�+RUL]RQWDO�3RVLWLRQ�IURP�6RXUFH�XP�

�F��

)LJXUH��� � &RPSDULVRQ�RI��D��HUDVH�UDWH���E��

HUDVH�FXUUHQW��DQG��F��VXUIDFH�HUDVH�FXUUHQW�

GHQVLW\�IRU�VLPXODWHG�IODVK�PHPRU\�HUDVH�

RSHUDWLRQV�DW�����R.������R.��DQG�����R.��

7KLV� VWXG\� DOVR� SHUIRUPHG� H[SHULPHQWDO�

PHDVXUHPHQWV��)LJ���VKRZV�WKH��D��ZULWH�UDWH�

DQG��E��HUDVH�UDWH�JUDSK�RI�WKH�IODVK�PHPRU\�

DW�����R.������R.��DQG�����R.��,Q�)LJ����D���



WKH� ZULWH� UDWH� SHUIRUPDQFH� RI� ���� R.� DQG�

����R.�LV�LQGLVWLQJXLVKDEOH��+RZHYHU��DV�WKH�

DPELHQW�WHPSHUDWXUH�ULVHV��LW�FDQ�EH�VHHQ�WKDW�

WKH� ZULWLQJ� VSHHG� RI� WKH� IODVK� PHPRU\� DW�

KLJK� WHPSHUDWXUHV� LV� KLJKHU� WKDQ� DW� URRP�

WHPSHUDWXUH�� ,Q� )LJ�� ��E��� WKH� HUDVH� UDWH� RI�

����R.�DQG�����R.�LV�LQVLJQLILFDQW��+RZHYHU��

DV� WKH� DPELHQW� WHPSHUDWXUH� ULVHV�� LW� FDQ� EH�

VHHQ� WKDW� WKH� HUDVLQJ� UDWH� RI� WKH� IODVK�

PHPRU\�DW�KLJK� WHPSHUDWXUHV� LV�KLJKHU� WKDQ�

DW� URRP� WHPSHUDWXUH�� 7KURXJK� WKH�

FRPSDULVRQ� RI� WKH� DERYH� WKUHH� ILJXUHV�� WKH�

ZULWH�UDWH�DQG�HUDVH�UDWH�SHUIRUPDQFH�WUHQGV�

RI�WKH�VLPXODWHG�IODVK�PHPRU\�VKRZQ�LQ�)LJ��

��DQG�)LJ����DUH�VLPLODU�WR�WKRVH�RI�WKH�IODVK�

PHPRU\� ZULWH� DQG� HUDVH� UDWH� SHUIRUPDQFHV�

PHDVXUHG� LQ� )LJ�� ��� DQG� WKH� FXUUHQW� LQSXW��

VXUIDFH� LQMHFWLRQ� FXUUHQW� GHQVLW\�� HUDVH�

FXUUHQW� DQG� VXUIDFH� HUDVH� FXUUHQW� GHQVLW\�

FXUYH� RI� WKH� VLPXODWHG� IODVK� PHPRU\� DUH�

DOVR�FRQVLVWHQW�ZLWK�WKH�ZULWH�DQG�HUDVH�UDWH�

SHUIRUPDQFH� WUHQGV�� LQGLFDWLQJ� WKDW� WKH�

VLPXODWLRQ� UHVXOWV� RI� WKLV� SDSHU� VKRXOG� EH�

FRUUHFW��
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)LJXUH� �� � *UDSK� RI� H[SHULPHQWDOO\�

PHDVXUHG� �D��ZULWH� UDWH� DQG� �E�� HUDVH� UDWH�

RI� IODVK� PHPRU\� DW� ���� R.�� ���� R.�� DQG�

����R.��

)LJ����D��LV�D�FRPSDULVRQ�RI�WKH�WKUHVKROG�

YROWDJHV� RI� WKH� IODVK� PHPRU\� ZULWLQJ� DQG�

HUDVLQJ� RSHUDWLRQV� RI� WKH� H[SHULPHQWDO�

PHDVXUHPHQW� DQG� VLPXODWLRQ� DW� GLIIHUHQW�

WHPSHUDWXUHV� ����� WR� ���� R.��� )URP� WKLV�

ILJXUH�� LW� FDQ� EH� VHHQ� WKDW� ZKHQ� WKH�

WHPSHUDWXUH� ULVHV�� WKH� WKUHVKROG� YROWDJH� RI�

WKH� ZULWH� RSHUDWLRQ� RI� WKH� VLPXODWHG� IODVK�

PHPRU\� LV� FRQVLVWHQW� ZLWK� WKH� WUHQG� RI�

WHPSHUDWXUH�FKDQJH��ZKLFK�KDV�D�YDULDWLRQ�RI�

��P9�RF� WR� ��P9�RF�� :KHQ� WKH� HUDVH�

RSHUDWLRQ�LV�SHUIRUPHG��WKH�WKUHVKROG�YROWDJH�

RI�WKH�PHDVXUHG�DQG�VLPXODWHG�IODVK�PHPRU\�

LV� DOVR� FKDQJHG� E\� WKH� DERYH� GDWD��

$FFRUGLQJ� WR� WKH� IROORZLQJ� WKUHVKROG�

YROWDJH�HTXDWLRQ��ZH�OHDUQHG�WKDW��

97 �9)%���� %� � ���� 6�T�1$�� %���

9%6��
�����&2

:KHUH�97�LV�WKH�WKUHVKROG�YROWDJH��9)%�LV�WKH�

IODW� EDQG� YROWDJH�� %� LV� WKH� SK\VLFDO�

SDUDPHWHU�� � %� LV� XVXDOO\� ���9�� 6� LV� WKH�

GLHOHFWULF� FRHIILFLHQW� RI� VLOLFRQ�� T� LV� WKH�



HOHFWURQ� FKDUJH� YDOXH�� 1$� LV� WKH� GRSLQJ�

FRQFHQWUDWLRQ�RI�WKH�S�W\SH�VXEVWUDWH��9%6�LV�

WKH�EDVH�HQG�ELDV�VXEVWUDWH��&R� LV� WKH� WXQQHO�

OD\HU�FDSDFLWDQFH�YDOXH��

:KHQ� WKH� WHPSHUDWXUH� ULVHV�� WKH� HQHUJ\�

EDQG� RI� WKH� IODVK� PHPRU\� LV� UHGXFHG��

UHVXOWLQJ�LQ�D�FKDQJH�LQ�WKH�WKUHVKROG�YROWDJH��

6LPLODU� SKHQRPHQD� KDYH� EHHQ� UHSRUWHG� LQ�

�7KUHVKROG� YROWDJH� YDULDWLRQV� ZLWK�

WHPSHUDWXUH� LQ� 026� WUDQVLVWRUV�� >�@� DQG�

RWKHU�OLWHUDWXUH��)LJ����E��LV�D�JUDSK�VKRZLQJ�

WKH� WKUHVKROG� YROWDJH� VKLIW� EHWZHHQ� WKH�

ZULWLQJ� DQG� HUDVLQJ� RSHUDWLRQV� RI� IODVK�

PHPRU\�PHDVXUHG�DQG�VLPXODWHG�DW�GLIIHUHQW�

WHPSHUDWXUHV� ����� WR� ���� R.��� $V� FDQ� EH�

VHHQ� IURP� WKH� ILJXUH��ZKHQ� WKH� WHPSHUDWXUH�

LV�KLJKHU��WKH�WKUHVKROG�YROWDJH�VKLIW�EHWZHHQ�

WKH�ZULWLQJ�DQG�HUDVLQJ�RI�WKH�IODVK�PHPRU\�

RI�WKH�PHDVXUHPHQW�DQG�VLPXODWLRQ�LV�JHWWLQJ�

ODUJHU�DQG�ODUJHU��ZKLFK�PHDQV�WKDW�WKH�IODVK�

PHPRU\� SHUIRUPV� EHWWHU� DW� ZULWLQJ� DQG�

HUDVLQJ� DW� KLJK� WHPSHUDWXUH� WKDQ� URRP�

WHPSHUDWXUH�� +RZHYHU�� EHFDXVH� VRPH�

PRGHOV� RU� SDUDPHWHUV� LQ� WKH� VLPXODWLRQ� GR�

QRW�WDNH�LQWR�DFFRXQW�FKDQJHV�LQ�WHPSHUDWXUH��

WKXV� WKH� UHVXOWV� RI� WKH� VLPXODWLRQ� VKRZ� QR�

WHPSHUDWXUH�HIIHFW��
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)LJXUH��� � *UDSK�RI��D��WKUHVKROG�YROWDJH���E��

WKUHVKROG� YROWDJH� VKLIW� IRU� H[SHULPHQWDOO\�

PHDVXUHG� DQG� VLPXODWHG� IODVK� PHPRU\�

ZULWH� DQG� HUDVH� RSHUDWLRQV� DW� GLIIHUHQW�

WHPSHUDWXUHV������WR�����R.���

)LJ����LV�D�FRPSDULVRQ�RI��'�HOHFWULF�ILHOG�

DW� D�GHSWK�RI� �D����XP�� �E�����XP�IURP� WKH�

MXQFWLRQ� RI� R[LGH� DQG� VXEVWUDWH� LQ� D� ODWHUDO�

SRVLWLRQ�DW�����XP�IURP�WKH�GUDLQ�ZKHQ�WKH�

VLPXODWHG�IODVK�PHPRU\�LV�ZULWWHQ�DW�����R.��

����R.�DQG�����R.��,Q�)LJ����D���WKH�YHUWLFDO�

GHSWK�RI�����XP�LV�VHW�DV�D�ERXQGDU\��ZKHQ�

WKH�YHUWLFDO�GHSWK�LV�EHWZHHQ��a����XP��WKH�

KLJKHU�WKH�WHPSHUDWXUH��WKH�ODUJHU�WKH�HOHFWULF�

ILHOG� RQ� WKH� WXQQHO� VXUIDFH�� DQG� ZKHQ� WKH�

YHUWLFDO� GHSWK� LV� EHWZHHQ� ����a���XP�� WKH�

KLJKHU� WKH� WHPSHUDWXUH�� WKH� VPDOOHU� WKH�

HOHFWULF� ILHOG� DW� WKH� VXUIDFH� RI� WKH� WXQQHO��

7KLV�LV�EHFDXVH�DW�WKH�YHUWLFDO�GHSWK�EHWZHHQ�

�a����XP� LV� D� VWURQJ� LQYHUVLRQ� OD\HU�RI� WKH�

WXQQHO�ZKHUH�PRVW�HOHFWURQV�IORZ��'XH�WR�WKH�

WHPSHUDWXUH� HIIHFW� DQG� WKH� GUDLQ� DQG� JDWH�

ELDV�� WKH�WHPSHUDWXUH�ULVHV�DQG�WKH�HOHFWURQV�

RI�WKH�VXEVWUDWH�PRVWO\�IORZ�WR�WKH�VXUIDFH�RI�

WKH� WXQQHO�� WKXV� LQFUHDVLQJ� WKH� ODWHUDO�

SRWHQWLDO� RI� WKH� WXQQHO� VXUIDFH�� VR� WKDW� WKH�

KLJKHU�WKH�WHPSHUDWXUH��WKH�ODUJHU�WKH�HOHFWULF�



ILHOG� DW� WKH� VXUIDFH�RI� WKH� WXQQHO��/LNHZLVH��

IRU� WKH� HOHFWULF� ILHOG� YDOXH� RI� WKH� VXEVWUDWH��

WKH� KLJKHU� WKH� WHPSHUDWXUH� WKH� VPDOOHU� WKH�

HOHFWULF� ILHOG� YDOXH�� +RZHYHU�� EHFDXVH� WKH�

HOHFWULF� ILHOG� YDOXH� DW� WKH� VXUIDFH� RI� WKH�

WXQQHO� LV� WKH�NH\� WR� DIIHFWLQJ� WKH�PD[LPXP�

HOHFWURQ� LQMHFWLRQ�� WKH� HOHFWULF� ILHOG� FXUYH�

ZLWK� D� YHUWLFDO� GHSWK� RI� �a����XP� ZKHQ�

YLHZHG� DIWHU� EHLQJ� PDJQLILHG�� ZH� FDQ� VHH�

IURP�)LJ����E��WKDW�WKH�HOHFWULF�ILHOG�YDOXH�RI�

WKH� WXQQHO� VXUIDFH� DW� KLJKHU� WHPSHUDWXUH� LV�

VLJQLILFDQWO\� KLJKHU� WKDQ� WKH� HOHFWULF� ILHOG�

YDOXH� DW� D� ORZHU� WHPSHUDWXUH��
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)LJXUH� �� � &RPSDULVRQ� RI� �'� HOHFWULF� ILHOG�

IURP�WKH�MXQFWLRQ�RI�WKH�R[LGH�DQG�VXEVWUDWH�

DW� D� GHSWK� �D�� ���XP�� �E�� ����XP� LQ� WKH�

ODWHUDO� SRVLWLRQ� DW� ����XP� QHDU� WKH� GUDLQ�

GXULQJ� ZULWH� RSHUDWLRQV� RI� WKH� VLPXODWHG�

IODVK�PHPRU\�DW�����R.������R.�DQG�����R.��

)LJ����LV�D�FRPSDULVRQ�RI��'�HOHFWULF�ILHOG�

DW� D� GHSWK� IURP� WKH� MXQFWLRQ� RI� R[LGH� DQG�

VXEVWUDWH�LQ�D�ODWHUDO�SRVLWLRQ�DW�����XP�IURP�

WKH�GUDLQ�ZKHQ� WKH� VLPXODWHG� IODVK�PHPRU\�

LV�ZULWWHQ�DW�����R.������R.�DQG�����R.��$V�

FDQ� EH� VHHQ� IURP� WKH� GHVFULSWLRQ� RI� )LJ�� ���

WKH� KLJKHU� WKH� WHPSHUDWXUH�� WKH� ODUJHU� WKH�

HOHFWULF� ILHOG�YDOXH�RI� WKH� WXQQHO� VXUIDFH�� VR�

WKDW� WKH� KLJKHU� WKH� WHPSHUDWXUH�� WKH� JUHDWHU�

WKH� HOHFWURQ� LQMHFWLRQ� SUREDELOLW\� RI� WKH�

WXQQHO� VXUIDFH�� $V� FDQ� EH� VHHQ� IURP� WKLV�

ILJXUH�� ZKHQ� WKH� YHUWLFDO� GHSWK� LV� JUHDWHU�

WKDQ� ����XP�� WKH� SUREDELOLW\� RI� HOHFWURQ�

LQMHFWLRQ� LV� FORVH� WR� ]HUR�� %HFDXVH� WKH�

LQFLGHQW� HOHFWURQV� DUH� FRQFHQWUDWHG� RQ� WKH�

WXQQHO� VXUIDFH�� WKH� IDFWRU� WKDW� DIIHFWV� WKH�

PD[LPXP� HOHFWURQ� LQMHFWLRQ� LV� WKH� HOHFWULF�

ILHOG�YDOXH�DW�WKH�WXQQHO�VXUIDFH��+HQFHIRUWK��

DV� VKRZQ� LQ� )LJ�� ��D��� ZKHQ� WKH� YHUWLFDO�

GHSWK� LV� ����a���XP�� WKH� ORZHU� WKH�

WHPSHUDWXUH�� WKH� ODUJHU� WKH� HOHFWULF� ILHOG�

YDOXH�RQ�WKH�VXUIDFH�RI� WKH�WXQQHO�EXW�ZKHQ�

WKH�GHSWK�LV�JUHDWHU�WKDQ�����XP��WKHUH�LV�QR�

LQFLGHQW�HOHFWURQ��
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'HSWK�IURP�6XUIDFH�XP�

)LJXUH��� � &RPSDULVRQ�RI� HOHFWURQ� LQMHFWLRQ�

SUREDELOLW\� UDWH� DW� �'� GHSWK� IURP� WKH�

MXQFWLRQ�RI�R[LGH�DQG�VXEVWUDWH�LQ�D�ODWHUDO�

SRVLWLRQ� DW� ����XP� QHDU� WKH� GUDLQ� GXULQJ�

VLPXODWHG� IODVK� PHPRU\� ZULWH� RSHUDWLRQV�

DW�����R.������R.��DQG�����R.��

)LJ����VKRZV�DQ��'�SRWHQWLDO�JUDSK�RI�WKH�

ODWHUDO� SRVLWLRQ� RI� ����XP� QHDU� WKH� GUDLQ�

IURP�WKH�YHUWLFDO�GHSWK�RI�WKH�MXQFWLRQ�RI�WKH�

R[LGH�DQG�VXEVWUDWH�ZKHQ�WKH�VLPXODWHG�IODVK�

PHPRU\�LV�ZULWWHQ�DW��D������R.���E������R.��

DQG��F������R.��,W�FDQ�EH�VHHQ�IURP�WKH�WKUHH�

JUDSKV� WKDW� WKH� LQYHUVLRQ� OD\HU� LV� JHQHUDWHG�

RQ� WKH� VXUIDFH� RI� WKH� VXEVWUDWH� GXH� WR� WKH�

UHODWLRQVKLS� EHWZHHQ� WKH� JDWH� DQG� WKH� GUDLQ�

ELDV��ZKLFK�LV�NQRZQ�E\�WKH�WXQQHO�HOHFWURQ�

FRQFHQWUDWLRQ� HTXDWLRQ� Q � QLH�()
�(
L
��N7� �()��

)HUPL� OHYHO�� (L�� LQWULQVLF� )HUPL� OHYHO��� WKH�

VL]H�RI� WKH� WXQQHO� HOHFWURQ� IORZ�GHSHQGV�RQ�

WKH�YDOXH�RI�()�(L��7KHUHIRUH��WKH�KLJKHU�WKH�

WHPSHUDWXUH�� WKH� VPDOOHU� WKH�YDOXH�RI�()�(L��

ZKLFK�PHDQV�WKDW�WKH�KLJKHU�WKH�WHPSHUDWXUH��

WKH�PRUH�KROHV�DUH�DGGHG�WKDQ�WKH�HOHFWURQV��

VR� WKH� VPDOOHU� WKH� QXPEHU� RI� HOHFWURQV�� EXW�

WKH�GLIIHUHQFH� LQ� WKH�QXPEHU�RI� HOHFWURQV� LV�

QRW� ODUJH��+RZHYHU��VLQFH� WKH�IODVK�PHPRU\�

KDV� D� ODUJH� HOHFWULF� ILHOG� DQG� HOHFWURQ�

LQMHFWLRQ� SUREDELOLW\� DW� D� KLJK� WHPSHUDWXUH��

WKH�RSHUDWLRQ�SHUIRUPDQFH�LV�SUHIHUDEO\�DW�D�

KLJK�WHPSHUDWXUH��

�D��

�E��

�F��



)LJXUH� �� 3RWHQWLDO� JUDSK� DW� �'� GHSWK� IURP�

WKH� MXQFWLRQ� RI� R[LGH� DQG� VXEVWUDWH� LQ� D�

ODWHUDO� SRVLWLRQ� DW� ����XP� QHDU� WKH� GUDLQ�

GXULQJ� VLPXODWHG� IODVK� PHPRU\� ZULWH�

RSHUDWLRQV�DW�����R.������R.��DQG�����R.��

,9 &21&/86,216�

)URP� WKH� DERYH� DQDO\VLV� DQG�

FRPSDULVRQ�� LW�FDQ�EH�VHHQ�IURP�WKH�ZULWLQJ�

DQG� HUDVLQJ� FKDUDFWHULVWLFV� RI� WKH� IODVK�

PHPRU\�PHDVXUHPHQW�DQG�VLPXODWLRQ�WKDW�DV�

WKH� DPELHQW� WHPSHUDWXUH� ULVHV�� WKH� ZULWLQJ�

DQG� HUDVLQJ� SHUIRUPDQFH� RI� WKH� IODVK�

PHPRU\� DW� KLJK� WHPSHUDWXUH� LV� KLJKHU� WKDQ�

WKDW� DW� URRP� WHPSHUDWXUH�� 7KH� ZULWH� DQG�

HUDVH�WKUHVKROG�YROWDJHV�RI�WKH�IODVK�PHPRU\�

DUH� VOLJKWO\� GHFUHDVHG� DV� WKH� RSHUDWLQJ�

WHPSHUDWXUH�ULVHV��DQG�KDYH�D�YDULDWLRQ�RI����

P9�RF�WR����P9�RF��:KHQ�WKH�WHPSHUDWXUH�LV�

KLJKHU�� WKH� WKUHVKROG� YROWDJH� VKLIW� EHWZHHQ�

WKH� PHDVXUHPHQW� DQG� VLPXODWLRQ� IODVK�

PHPRU\� ZULWLQJ� DQG� HUDVLQJ� RSHUDWLRQV� LV�

JHWWLQJ� ODUJHU� DQG� ODUJHU�� ,Q� DGGLWLRQ�� WKH�

VXUIDFH� HOHFWULF� ILHOG� DQG� HOHFWURQ� LQMHFWLRQ�

SUREDELOLW\� RI� WKH� IODVK�PHPRU\� LQFUHDVH� DW�

KLJK� WHPSHUDWXUH� ZLWK� WKH� LQFUHDVH� RI�

WHPSHUDWXUH�� EXW� ZKHQ� WKH� VLPXODWHG� IODVK�

PHPRU\� LV�ZULWWHQ�� LQ� WKH� ODWHUDO�SRVLWLRQ�DW�

����XP�QHDU� WKH�GUDLQ��DQG�WKLV�FDQ�EH�VHHQ�

IURP� FKDUDFWHULVWLF� FXUYH� RI� WKH� SRWHQWLDO�

JUDSK�DW��'�YHUWLFDO�GHSWK�IURP�WKH�MXQFWLRQ�

RI� R[LGH� DQG� VXEVWUDWH�� 7KH� KLJKHU� WKH�

WHPSHUDWXUH�� WKH� VPDOOHU� LV� WKH� HOHFWURQ�

FRQFHQWUDWLRQ� RI� WKH� WXQQHO�� EXW� WKH�

GLIIHUHQFH� LV� QRW� ODUJH�� VR� WKH� RYHUDOO�

RSHUDWLRQ�SHUIRUPDQFH� LV� VWLOO� EHWWHU� DW� KLJK�

WHPSHUDWXUH��

5()(5(1&(6�

>�@ (�� 3RS�� 5�� 'XWWRQ�� .�� *RRGVRQ��

³7KHUPDO� $QDO\VLV� RI� 8OWUD�7KLQ� %RG\�

'HYLFH�6FDOLQJ´��,('0���������������

>�@ 0�<�� /LX�� <�:�� &KDQJ�� 1�.�� =RXV�� ,��

<DQJ��7�&��/X��7��:DQJ��:��7LQJ��-��.X��

&�<�� /X�� ³7HPSHUDWXUH� (IIHFW� RQ� 5HDG�

&XUUHQW� LQ� D� 7ZR�%LW� 1LWULGH�%DVHG�

7UDSSLQJ�6WRUDJH�)ODVK�((3520�&HOO´��

,(((�(OHFWURQ�'HYLFH�/HWWHUV�����������

���

>�@ 6��6DWRK��*��+HPLQN��.��+DWDNH\DPD��6��

$ULWRPH�� ³6WUHVV�,QGXFHG� /HDNDJH�

&XUUHQW� RI� 7XQQHO� 2[LGH� 'HULYHG� IURP�

)ODVK� 0HPRU\� 5HDG�'LVWXUE�

&KDUDFWHULVWLFV´�� ,(((� 7UDQV�� RQ�

(OHFWURQ�'HYLFHV���������������

>�@ 0HGLFL� 8VHU¶V� 0DQXDO�� ³$YDQW��

&RUSRUDWLRQ´��9HULRQ���������-XO\�������

>�@ 5��:DQJ��-��'XQNOH\��7�$��'H0DVVD��/�)��

-HOVPD�� ³7KUHVKROG� YROWDJH� YDULDWLRQV�

ZLWK� WHPSHUDWXUH� LQ� 026� WUDQVLVWRUV´��

,(((�7UDQV��RQ�(OHFWURQ�'HYLFHV�������

��������
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