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$EVWUDFW��
7KH�SDSHU� UHIHUV� WR� WKH�TXHXH�PDQDJHPHQW�DOJRULWKP�SUREOHP�IRU�KDQGOLQJ�VXEPLWWHG� WR� WKH�
V\VWHP�WUDIILF�IORZV�ZLWK�GLIIHUHQW�TXDOLW\�RI�VHUYLFH��7KH�LQYHVWLJDWHG�DSSURDFK��FDOOHG�40$�
5��4XHXH�0DQDJHPHQW�$OJRULWKP�ZLWK�5HVHUYDWLRQV���DVVXPHV�TXHXH�SODFH�UHVHUYDWLRQV�PDGH�
E\�FRQVHFXWLYH�FXVWRPHUV�HQWHULQJ�WKH�V\VWHP�DQG�EHORQJLQJ�WR�WKH�VHOHFWHG�IORZ��7KH�QXPEHU�
RI�UHVHUYDWLRQV�IRU�JLYHQ�IORZ�GHSHQGV�RQ�LWV�DUULYDO�UDWH�DQG��LQ�WKLV�VHQVH��WKLV�PHWKRG�GLIIHUV�
IURP�WKH�SULRULW\�EDVHG�DOJRULWKP�KDYLQJ�SUHGHILQHG�SULRULW\�OHYHOV�DVVLJQHG�D�SULRUL�IRU�HDFK�
IORZ��7KH�EHKDYLRXU�RI�WKH�V\VWHP�ZLWK�40$�5�DOJRULWKP�VWURQJO\�GHSHQGV�RQ�SDUDPHWHU�D��
GHQRWLQJ�WKH�SHUFHQWDJH�RI�WKH�SUHIHUUHG�IORZ�LQ�WKH�WRWDO�VXEPLWWHG�WUDIILF��7KH�V\VWHP�NHHSV�
SULRULW\�RQO\�LQ�WKH�FDVH�ZKHQ�D�LV�ORZ��)RU�D��FORVH�WR���WKH�V\VWHP�ORVW�SULRULW\�SURSHUWLHV�DQG�
VHUYHV�DOO�FXVWRPHUV�HTXDOO\��DV�ZLWK�),)2�GLVFLSOLQH����
7KH� DQDO\VLV� SURYLGHG� LQ� WKH� SDSHU� LV� OLPLWHG� WR� WKH� V\VWHP�ZLWK� WZR� IORZV�ZLWK� DGGLWLRQDO�
DVVXPSWLRQV� WKDW� WKH� LQSXW� SURFHVV� LV� 3RLVVRQLDQ� DV� ZHOO� DV� WKH� VHUYLFH� WLPHV� FRQVWLWXWH��
QHJDWLYH� H[SRQHQWLDO� GLVWULEXWLRQ�� )RU� VXFK� V\VWHP�� WKH� IRUPXODV� IRU�PHDQ�ZDLWLQJ� WLPH� DUH�
GHULYHG��)LQDOO\��WKH�HIIHFWLYHQHVV�RI�WKH�SURSRVHG�DOJRULWKP�LV�FRPSDUHG�WR�WKH�V\VWHPV�ZLWK�
DQG�ZLWKRXW�SULRULWLHV����
�
.H\ZRUGV�
4XHXLQJ�V\VWHPV��TXHXH�PDQDJHPHQW��SULRULWLHV�
�
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,QWURGXFWLRQ�GLIIHUHQW�TXDOLW\�RI�VHUYLFH�IRU�SDUWLFXODU�IORZV�LQ�D�SDFNHW�
RULHQWHG�QHWZRUN�� OLNH�,3�RU�$70�EDVHG��GHPDQGV�LPSOHPHQWDWLRQ�RI�VRPH�
TXHXH�PDQDJHPHQW�DOJRULWKPV�LQ�WKH�QRGHV��7KDQNV�WR�WKHP��WKH�QHWZRUN�FDQ�
KDQGOH�WKH�VHOHFWHG�WUDIILF�IORZV�EHWWHU�WKDQ�RWKHU�RQHV�DQG��DV�D�FRQVHTXHQFH��
WKH�SDFNHWV�$70�FHOOV�EHORQJLQJ�WR�WKHVH�IORZV�FDQ�EH�WUDQVIHUUHG�IDVWHU�YLD�
QHWZRUN���

&RPPRQO\�UHFRPPHQGHG�DSSURDFK�WR�DSSO\�WKH�SULRULWLHV�LQWR�D�V\VWHP�
LV� WR� XVH� QRQ�SUHHPSWLYH� RU� SUHHPSWLYH� SULRULW\� VFKHPH�� $GGLWLRQDOO\�� LQ�
RUGHU� WR� VDWLVI\� VRPH� IDLUQHVV� UHTXLUHPHQWV�� WKH� PHFKDQLVPV� OLNH� :)4�
�:HLJKWHG� )DLU� 4XHXLQJ��EDVHG� DUH� UHFHQWO\� LQYHVWLJDWHG� >�@�� >�@�� 7KHVH�
PHFKDQLVPV�DUH�FRPPRQ�LQ�WKLV�VHQVH�WKDW�WKH�DVVLJQHG�SULRULW\�IRU�D�JLYHQ�
IORZ�GRHV�QRW�GHSHQG�RQ�LWV�DUULYDO�UDWH�DQG�LV�IL[HG�D�SULRUL�LQ�D�QRGH��H�J��
GXULQJ�VHW�XS�SKDVH�RU�E\�PDQDJHPHQW�V\VWHP����

7KH� FRQVLGHUHG� LQ� WKH� SDSHU� SUREOHP� FRUUHVSRQGV� WR� WKH� TXHXH�
PDQDJHPHQW� DOJRULWKPV� DOORZLQJ� XV� WR� KDQGOH� WUDIILF� IORZV� VXEPLWWHG� WR� D�
TXHXLQJ�V\VWHP�ZLWK�GLIIHUHQW�TXDOLW\��)RU�LQVWDQFH��VXFK�D�QHHG�FDQ�RFFXU�LQ�
WKH�IXWXUH�GLIIVHUY�4R6�,3�QHWZRUN��H�J��>�@��>�@���ZKHQ�FRPSXWHU�GDWD�WUDIILF�
FRUUHVSRQGLQJ�WR�GLIIHUHQW�DSSOLFDWLRQV�IRUPV�RQH�IORZ�DQG��GHVSLWH�WKLV��RQH�
ZDQWV� WR� VHQW� D� VWUHDP� �VXE�IORZ�� ZLWK� EHWWHU� TXDOLW\� WKHQ� RWKHU� RQHV��
(VSHFLDOO\�� WKH� SURSRVHG� PHWKRG� FDQ� EH� XVHG� IRU� EHWWHU� WKDQ� EHVW� HIIRUW�
VHUYLFH�� 7KH� LQYHVWLJDWHG� PHWKRG�� FDOOHG� 40$�5� �4XHXH� 0DQDJHPHQW�
$OJRULWKP�ZLWK�5HVHUYDWLRQV����EHORQJV�WR�WKH�DUULYDO�UDWH�GHSHQGHG�FODVV�DQG�
LW� DVVXUHV� WKDW� WKH� VHOHFWHG� IORZ� DIIHFWV� EHWWHU� VHUYLFH� ZLWKRXW� HVVHQWLDO�
GHJUDGDWLRQ� RI� RWKHU� RQHV�� ,W� LV� EDVHG� RQ� WKH� TXHXH� SODFH� UHVHUYDWLRQ�
PHFKDQLVP��ZKLFK�DVVXPHV� WKDW�FRQVHFXWLYH�FXVWRPHUV�HQWHULQJ� WKH�V\VWHP�
DQG�EHORQJLQJ�WR�WKH�VHOHFWHG�IORZ�PDNH�WKH�UHVHUYDWLRQV��7KH�SURYLGHG�LQ�WKH�
SDSHU� DQDO\VLV� LV� OLPLWHG� WR� WKH� V\VWHP� ZLWK� WZR� IORZV�� $GGLWLRQDOO\�� ZH�
DVVXPH�3RLVVRQLDQ�LQSXW�DQG�QHJDWLYH�H[SRQHQWLDO�VHUYLFH�WLPH�GLVWULEXWLRQV��
)RU�VXFK�V\VWHP��WKH�IRUPXODV�IRU�PHDQ�ZDLWLQJ�WLPH�DUH�GHULYHG��)LQDOO\��WKH�
HIIHFWLYHQHVV�RI� WKH�SURSRVHG�DOJRULWKP� LV�FRPSDUHG�ZLWK� WKH�V\VWHPV�ZLWK�
DQG�ZLWKRXW�SULRULWLHV���

�
7KH�RUJDQLVDWLRQ�RI�WKH�SDSHU�LV� WKH�IROORZLQJ��6HFWLRQ���GHVFULEHV�WKH�

SURSRVHG� 40$�5� DOJRULWKP�� 7KH� DQDO\VLV� RI� WKH� V\VWHP� LV� SURYLGHG� LQ�
VHFWLRQ� ��� 6HFWLRQ� �� VKRZV� H[HPSODU\� QXPHULFDO� UHVXOWV� LOOXVWUDWLQJ� WKH�
HIIHFWLYHQHVV�RI�WKH�SURSRVHG�PHWKRG�E\�FRPSDULQJ�ZLWK�WKH�UHVXOWV�REWDLQHG�
IRU�WKH�V\VWHPV�ZLWK�DQG�ZLWKRXW�SULRULWLHV��)LQDOO\��VHFWLRQ���VXPPDULVHV�WKH�
SDSHU���
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7KH� FRQVLGHUHG� V\VWHP� LV� GHSLFWHG� RQ� )LJ���� 7KLV� LV� D� VLQJOH� VHUYHU�
V\VWHP�ZLWK� LQILQLWH�ZDLWLQJ� URRP��ZKLFK� LV� IHG�E\� WZR�LQGHSHQGHQW� IORZV��
VD\� ��� DQG� ���� ,Q� RUGHU� WR� DVVLJQ� D�SULRULW\� IRU� WKH� IORZ�����ZH�SURSRVH� D�
VWUDWHJ\� EDVHG� RQ� TXHXH� SODFH� UHVHUYDWLRQ� PHFKDQLVP�� 7KH� FRQVHFXWLYH�
DUULYLQJ� FXVWRPHUV� EHORQJLQJ� WR� WKH� IORZ� ���PDNH� WKHVH� UHVHUYDWLRQV�� 7KH�
VHUYLFH�RI�WKH�FXVWRPHUV�RI�WKH�IORZ����LV�EDVHG�RQ�WKH�),)2�GLVFLSOLQH�����
�

�
)LJ�����7KH�VWXGLHG�V\VWHP�

�
7KH�SURSRVHG� LQ� WKLV�SDSHU�PHWKRG� WR�DVVLJQ�D�SULRULW\� IRU�VHOHFWHG�

IORZ�LV�RI�WKH�DUULYDO�UDWH�GHSHQGHQW�W\SH�DQG�LV�FDOOHG�40$�5��,W�PHDQV��WKDW�
QR� SULRULW\� LV� DVVLJQHG� WR� WKLV� IORZ� D� SULRUL� LQ� WKH� QRGH�� 7KH� IORZ� DIIHFWV�
EHWWHU�VHUYLFH�RQO\�LI�VRPH�DGGLWLRQDO�FRQGLWLRQV�FRUUHVSRQGLQJ�WR�LWV�DUULYDO�
UDWH�DUH�SHUIRUPHG���
�

7KH� SULQFLSOHV� RI� LQYHVWLJDWHG� UHVHUYDWLRQ� VFKHPH� DUH� H[SODLQHG� EHORZ�
DQG� LOOXVWUDWHG�RQ�)LJ�����)RU�FODULW\�RI� WKH� WH[W�SUHVHQWDWLRQ�� OHW�XV�DVVXPH�
WKDW� WKH� FRQVHFXWLYH� DUULYLQJ� WR� WKH� V\VWHP� FXVWRPHUV� RI� WKH� IORZ� ��� DUH�
QXPEHUHG�DFFRUGLQJ�WR�WKHLU�DUULYDO�WLPHV��WKH�ILUVW�DUULYLQJ�FXVWRPHU�LV�QR����
WKH�VHFRQG�LV�QR���DQ�VR�RQ��7KH�VHUYLFH�RI�WKH�FXVWRPHUV�IURP�WKH�IORZ����LV�
DV�IROORZV��
�
���� 6HUYLFH�RI�WKH�FXVWRPHU�QR���LV�EDVHG�RQ�WKH�),)2�UXOH�DQG�LV�WKH�VDPH�DV�

IRU�WKH�FXVWRPHUV�IURP�WKH�IORZ�����+RZHYHU��HQWHULQJ�WR�WKH�V\VWHP��KH�
UHVHUYHV�WKH�ODVW�SODFH�LQ�WKH�FXUUHQW�TXHXH��MXVW�DIWHU�WKH�SODFH�RFFXSLHG�
E\�WKH�FXVWRPHU�LQ�TXHVWLRQ��IRU�WKH�FXVWRPHU�QR����7KLV�UHVHUYHG�SODFH�LV�
PRYHG�XS�WR�WKH�WRS�RI�WKH�TXHXH�DFFRUGLQJ�WR�WKH�),)2���

�
���� :KHQ� WKH� FXVWRPHU� QR��� DUULYHV� WR� WKH� V\VWHP�� KH� LV� SXWWLQJ� LQWR� WKH�

UHVHUYHG�IRU�KLP�SODFH��ZKLFK�LV�QRW�QHFHVVDU\�WKH�ODVW�RFFXSLHG�SODFH�LQ�
WKH� FXUUHQW�TXHXH��� �$JDLQ�� WKLV� FXVWRPHU� UHVHUYHV� WKH� ODVW� SODFH� LQ� WKH�
FXUUHQW� TXHXH� IRU� WKH� VHUYLFH� RI� WKH� FXVWRPHU� QR�����

� � �)ORZ��

)ORZ��

:DLWLQJ URRP

6LQJOH VHUYHU



�

7KH� UHVHUYHG�SODFH� LV� NHSW�E\� WKH� V\VWHP�HYHQ� LQ� WKH� FDVH�ZKHQ� LW� KDV�
UHDFKHG�WKH�WRS�RI�WKH�TXHXH�EHIRUH�DUULYLQJ�RI�QHZ�FXVWRPHU��:KHQ�VXFK�
D�VLWXDWLRQ�RFFXUV��WKLV�QHZ�FXVWRPHU�LV�VHUYHG�DV�FXVWRPHU�ZLWK�DVVLJQHG�
WKH�KLJKHVW�SULRULW\��QRQ�SUHHPSWLYH����

�
$Q�H[DPSOH�RI�TXHXH�PDQDJHPHQW�XQGHU�LQYHVWLJDWHG�UHVHUYDWLRQ�VFKHPH�

LV�LOOXVWUDWHG�RQ�)LJ����)LJ��D�VKRZV�TXHXH�VWUXFWXUH�MXVW�EHIRUH�HQWHULQJ�QHZ�
FXVWRPHU��1RWLFH�WKDW�LQ�WKLV�H[HPSODU\�TXHXH�WZR�SODFHV�DUH�GHVLJQDWHG�IRU�
WKH� FXVWRPHUV� EHORQJLQJ� WR� WKH� IORZ� ��� EXW� RQO\� RQH� RI� WKHP� LV� FXUUHQWO\�
RFFXSLHG� �WKH� VHFRQG� LV� MXVW� WKH� UHVHUYDWLRQ��� 7KH� )LJ��E� ��F�� VKRZV� WKH�
TXHXH� VWUXFWXUH� MXVW� DIWHU� WKH� FXVWRPHU� IURP� WKH� IORZ��� ����� HQWHUV� WKH�
V\VWHP���
�
�D�� H[HPSODU\�TXHXH�VWUXFWXUH�MXVW�EHIRUH�DUULYLQJ�QHZ�FXVWRPHU�
�
�
�
�
�
�E��TXHXH�VWUXFWXUH�MXVW�DIWHU�DUULYLQJ�FXVWRPHU�IURP�WKH�IORZ���
�
�
�
�
�
7KH�DUULYLQJ�FXVWRPHU�IURP�WKH�IORZ���LV�SXW�LQWR�WKH�UHVHUYHG�SODFH�LQ�WKH�
TXHXH�DQG��VLPXOWDQHRXVO\�� WKH�V\VWHP�UHVHUYHV�SODFH��DW� WKH�HQG�RI�FXUUHQW�
TXHXH��IRU�WKH�QH[W�FXVWRPHU�EHORQJLQJ�WR�WKLV�IORZ�
�
�F��TXHXH�VWUXFWXUH�MXVW�DIWHU�DUULYLQJ�FXVWRPHU�IURP�WKH�IORZ����7KH�DUULYLQJ�
FXVWRPHU�IURP�WKH�IORZ���LV�SXW�LQWR�WKH�HQG�RI�WKH�TXHXH��),)2�GLVFLSOLQH���
�
�
�
�

�

�
�

)LJ����([HPSODU\�TXHXH�VWUXFWXUH�EHKDYLRXU�ZLWK�SODFH�UHVHUYDWLRQ�PHFKDQLVP�
�

&XVWRPHU�EHORQJLQJ�WR�WKH�IORZ���

&XVWRPHU�EHORQJLQJ�WR�WKH�IORZ���

5HVHUYHG�SODFH�IRU�D�FXVWRPHU�EHORQJLQJ�WR�IORZ���

� �

� �

����
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7KH� REMHFWLYH� RI� WKH� DQDO\VLV� SUHVHQWHG� LQ� WKLV� VHFWLRQ� LV� WR� GHULYH�
IRUPXODV� IRU�PHDQ�ZDLWLQJ� WLPHV�RI� WKH�FXVWRPHUV�EHORQJLQJ� WR� WKH� IORZ���
DQG�����7KLV�DQDO\VLV�KDV�EHHQ�SURYLGHG�IRU�WKH�V\VWHP�GHILQHG�LQ�WKH�VHFWLRQ�
����DQG�XQGHU�WKH�IROORZLQJ�DGGLWLRQDO�DVVXPSWLRQV��
�

� DUULYDO�SURFHVV�RI� WKH� FXVWRPHUV� IURP� WKH� IORZ���� ����� IROORZV� WKH�
3RLVVRQLDQ�GLVWULEXWLRQ�ZLWK�SDUDPHWHU�l����l�����

�
� VHUYLFH�WLPH�RI�WKH�FXVWRPHUV�IURP�WKH�IORZ��������IROORZV�QHJDWLYH�

H[SRQHQWLDO�GLVWULEXWLRQ�ZLWK�SDUDPHWHU���m�����m�����
�
/HW�XV�GHQRWH��
�
:�� �:���� PHDQ� ZDLWLQJ� WLPH� RI� WKH� FXVWRPHUV� EHORQJLQJ� WR� WKH� IORZ� ���

�IORZ���� LQ� WKH� VWXGLHG� V\VWHP� �H�J�� ZLWK� WKH� SODFH� UHVHUYDWLRQ�
PHFKDQLVP����

:),)2��� PHDQ� ZDLWLQJ� WLPH� RI� WKH� FXVWRPHUV� LQ� WKH� V\VWHP� ZLWK� ),)2�
GLVFLSOLQH��

�
$VVXPLQJ�SODFH�UHVHUYDWLRQ�PHFKDQLVP�LQ�WKH�V\VWHP�RQH�FDQ�H[SHFW�VPDOOHU�
�KLJKHU��ZDLWLQJ�WLPHV�RI�WKH�FXVWRPHUV�IURP�WKH�IORZ��������WKDQ�LW�KDSSHQV�
LQ� WKH� V\VWHP� ZLWK� WKH� ),)2� GLVFLSOLQH�� $Q\ZD\�� VLQFH� WKHVH� V\VWHPV� DUH�
ZRUN�FRQVHUYLQJ�>�@��RQH�FDQ�ZULWH�WKH�IROORZLQJ�IRUPXOD���
�
�

�

��

�

�

��

�

:::),)2

rr
r

rr
r

+
+

+
= � � � ����

�
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= � DQG� � r��r�� <� ��� 7KH� IRUPXOD� ���� LV� WKH� H[DFW�

IRUPXOD� IRU� PHDQ� ZDLWLQJ� WLPH� LQ� WKH� VLQJOH� VHUYHU� V\VWHP� IHG� E\� RXWSXWV�
IURP�WZR�0�0���V\VWHPV���
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�
)RU�FDOFXODWLRQ�RI�:���ZH�GHILQH�DGGLWLRQDO�SDUDPHWHU�D:� :),)2�:���7KH�
PHWKRG� WR� HYDOXDWH�D:�LV� GHVFULEHG� EHORZ��7KH�YDOXH�RI�:�� LV� FDOFXODWHG�
XVLQJ�����LQ�VWUDLJKWIRUZDUG�ZD\���
�
D:�FDOFXODWLRQ�
�

$V�LW�ZDV�VWDWHG�EHIRUH��WKH�FXVWRPHUV�IURP�WKH�IORZ���FRXOG�DIIHFW�
VKRUWHU� �FRPSDULQJ� WR� WKH� ),)2� GLVFLSOLQH�� ZDLWLQJ� WLPHV� LQ� WKH� FDVH� WKH�
UHVHUYDWLRQ� PHFKDQLVP� LV� DSSOLHG�� 7KLV� LV� PDLQO\� GXH� WR� WKH� IDFW� WKDW� WKH�
DUULYLQJ� FXVWRPHU� IURP� WKH� IORZ��� QRW� QHFHVVDU\� LV� SXWWLQJ� WR� WKH� HQG� RI�
FXUUHQW�TXHXH�DV�LW�KDSSHQV�LQ�WKH�V\VWHP�ZLWK�),)2���,Q�WKH�PRVW�RSWLPLVWLF�
VFHQDULR��WKLV�FXVWRPHU�LV�VHUYHG�EHIRUH�DOO�WKHVH�FXVWRPHUV�EHORQJLQJ�WR�WKH�
IORZ���ZKLFK�ZHUH� LQ� WKH�V\VWHP�DQG�DUULYHG�DIWHU� WKH� WLPH�WKH�UHVHUYDWLRQ�
IRU�WKH�FXVWRPHU�LQ�TXHVWLRQ�ZDV�PDGH��7KHUHIRUH��WKH�JHQHUDO�H[SUHVVLRQ�IRU�
WKH�D:�� �:),)2�±:����KDV�WKH�IROORZLQJ�IRUP��
�
��
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��ZKHUH�
�
3�7 L��GHQRWHV�WKH�SUREDELOLW\�WKDW�WKH�UDQGRP�YDULDEOH�7��GHVFULELQJ�QXPEHU�
RI�WKH�FXVWRPHUV�IURP�WKH�IORZ���ZKLFK�DUH�VHUYHG�DIWHU�WKH�FXVWRPHU�IURP�
WKH� IORZ��� EXW� DUULYHG� WR� WKH� V\VWHP� HDUOLHU� WKDQ� WKLV� FXVWRPHU�� WDNHV� WKH�
YDOXH�L��L �������������
�
7KH�YDOXHV�RI�WKH�3�7 L���IRU�L ����«��DUH�FDOFXODWHG�DV�IROORZV��
�

( ) ( ) ( ) ( ) ( )�� +=�Ë++Ë�=== L.3L13L.3L13L73 � �����
�
�

�ZKHUH��
�
3�1 Q���GHQRWHV�WKH�SUREDELOLW\�WKDW�UDQGRP�YDULDEOH�1��GHVFULELQJ�QXPEHU�

RI�FXVWRPHUV�IURP�WKH�IORZ���ZKR�DUULYHV�WR�WKH�V\VWHP�GXULQJ�WKH�
LQWHU�DUULYDO� WLPH� EHWZHHQ� WZR� FRQVHFXWLYH� FXVWRPHUV� IURP��
WKH� IORZ��� �WKLV� WLPH� LV�GRQH�E\�H[SRQHQWLDO�GLVWULEXWLRQ�ZLWK� WKH�
SDUDPHWHU�m����WDNHV�Q��Q ����������YDOXH���

�
�
�
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�
3�. N��� LV� WKH� SUREDELOLW\� WKDW� UDQGRP� YDULDEOH� .�� GHVFULELQJ� QXPEHU� RI�

FXVWRPHUV�EHLQJ�LQ�WKH�V\VWHP��TXHXH�SOXV�VHUYHU��DW�WKH�PRPHQW�
D�FXVWRPHU�IURP�WKH�IORZ���HQWHUV�WKH�V\VWHP��WDNHV�N��N �����������
YDOXH���

�
3�1 Q��FDOFXODWLRQ��
�
6LQFH� WKH� FXVWRPHUV� IURP� WKH� IORZ��� DUULYH� WR� WKH� V\VWHP� DFFRUGLQJ� WR�
3RLVVRQLDQ� GLVWULEXWLRQ� ZLWK� SDUDPHWHU� l��� RQH� FDQ� ZULWH� WKH� IROORZLQJ�
HTXDWLRQV���
�
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1RWLFH� WKDW�� LQ� JHQHUDO� FDVH�� QRW� DOO� WKHVH� FXVWRPHUV� IURP� WKH� IORZ���ZKR�
DUULYHG� WR� WKH�V\VWHP�EHIRUH� WKH�FXVWRPHU�LQ�TXHVWLRQ��DUH�VHUYHG�ODWHU�WKDQ�
WKLV�FXVWRPHU��7KLV�FDQ�KDSSHQ�ZKHQ� WKH� UHVHUYHG�SODFH�UHDFKHV� WKH� WRS�RI�
WKH�TXHXH�HDUOLHU�WKDQ�WKH�FXVWRPHU�IURP�WKH�IORZ����HQWHUV�WKH�V\VWHP���
�
3�. N��FDOFXODWLRQ�
�
)URP�WKH�SRLQW�RI�YLHZ�RI�WKH�3�. N��SUREDELOLWLHV��WKH�LQYHVWLJDWHG�V\VWHP�
ZLWK�UHVHUYDWLRQ�FDQ�EH�FRQVLGHUHG�DV�EHORQJLQJ�WR�WKH�0�+����V\VWHP�FODVV��
8QIRUWXQDWHO\�� IRU� VXFK� D� V\VWHP� WKHUH� DUH� QRW� H[LVW� H[DFW� IRUPXODV� IRU�
GHWHUPLQLQJ�WKH�3�. N���7KHUHIRUH��ZH�UHFRPPHQG�WDNLQJ�LQWR�DFFRXQW�WZR�
EHORZ�GHILQHG�FDVHV��ZKLFK�DUH��
�

&DVH�QR����m�¹m���l�¹�l��DQG� r
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)RU�WKLV�FDVH��WKH�DSSUR[LPDWH�IRUPXOD�LV�WKH�IROORZLQJ���
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&DVH�QR����m�� �m�� �m���l� �l��l���
�
,Q�WKLV�FDVH�WKH�V\VWHP�LV�WKH�0�0���ZLWK�DUULYDO�UDWH� �l��DQG�PHDQ�VHUYLFH�
WLPH� ���m��7KH�H[DFW�IRUPXOD�IRU�WKH�3�. N��KDV�WKH�IROORZLQJ�IRUP���
�

( ) � � � �� � � �N3 . N l m l m= = �����

�

�� 180(5,&$/�5(68/76�
�

7KLV� VHFWLRQ� SUHVHQWV� H[HPSODU\� QXPHULFDO� UHVXOWV� LOOXVWUDWLQJ� VRPH�
EHQHILWV�RI� WKH�SURSRVHG�40$�5�DOJRULWKP��V\VWHP�QR����FRPSDULQJ�WR�WKH�
V\VWHP� ZLWK� ),)2� �V\VWHP� QR���� DQG� WKH� V\VWHP� ZLWK� QRQ�SUHHPSWLYH�
SULRULWLHV� �V\VWHP�QR����� �7KH� VWXGLHG� V\VWHP�FDVH� FRQVLVWV�RI� VLQJOH� VHUYHU�
DQG� LQILQLWH� ZDLWLQJ� URRP� �VHH� )LJ����� 7KH� V\VWHP� SHUIRUPDQFHV� ZLOO� EH�
H[DPLQHG� LQ� WHUPV�RI� WKH�PHDQ�ZDLWLQJ� WLPHV�FRUUHVSRQGLQJ�WR�WKH�IORZ����
DQG� ���� 7KH� IORZ� ��� LV� VHUYHG� LQ� WKH� V\VWHP� QR��� DVVXPLQJ� UHVHUYDWLRQ�
PHFKDQLVP�DQG�ZLWK�DVVLJQHG�KLJKHU�QRQ�SHHPSWLYH�SULRULW\�LQ�WKH�V\VWHPV�
QR����7KHUHIRUH�� LQ�WKHVH�WZR�V\VWHPV�RQH�FDQ�H[SHFW�VPDOOHU�ZDLWLQJ�WLPHV�
IRU�WKH�IORZ���WKDQ�IRU�WKH�IORZ����,Q�WKH�V\VWHP�QR���WKH�IORZ���DQG����DUH�
VHUYHG�ZLWKRXW�DQ\�SULRULWLHV�� VR� WKH�FRUUHVSRQGLQJ�PHDQ�ZDLWLQJ� WLPHV�DUH�
WKH�VDPH���
�
)LJ��� VKRZV� WKH�PHDQ�ZDLWLQJ� WLPHV�FKDUDFWHULVWLFV�DV�D� IXQFWLRQ�RI�DUULYDO�
UDWH�RI�FXVWRPHUV�EHORQJLQJ�WR�WKH�IORZ����l���FROOHFWHG�IRU�WKH�WKUHH�DERYH�
GHILQHG�V\VWHPV��7KHVH� UHVXOWV�ZHUH�REWDLQHG�DVVXPLQJ� WKDW�RYHUDOO� ORDG� LQ�
HDFK�RI�WKHVH�V\VWHPV�ZDV������7KH\�VD\�WKDW�WKH�PHDQ�ZDLWLQJ�WLPH�YDOXHV�RI�
WKH�FXVWRPHUV�EHORQJLQJ�WR�WKH�IORZ���LQ�WKH�V\VWHP�QR���FRPSDULQJ�WR�WKHVH�
REWDLQHG�IRU�WKH�V\VWHP�QR���DQG�QR���VWURQJO\�GHSHQG�RQ�WKH�SHUFHQWDJH�RI�
WKH�IORZ���LQ�WKH�WRWDO�VXEPLWWHG�IORZ��:KHQ�l�� LV�UHODWLYHO\�VPDOO�RQH�FDQ�
H[SHFW� VLPLODU� VHUYLFH� TXDOLW\� IRU� WKH� IORZ��� WR� WKLV� RIIHUHG� E\� WKH� V\VWHP�
ZLWK�SULRULWLHV��QR�����2Q�WKH�FRQWUDU\��ZKHQ�l��LV�UDWKHU�KLJK�WKH�V\VWHP�ZLWK�
UHVHUYDWLRQ� PHFKDQLVP� �QR���� EHKDYHV� VLPLODU� WR� WKH� V\VWHP� ZLWK� ),)2�
�QR�����7KHUHIRUH�� LQ�WKH�ODWHVW�FDVH�ZH�GR�QRW�REVHUYH�QRQ�GHVLUDEOH�HIIHFW��
RFFXUULQJ�LQ�WKH�V\VWHP�ZLWK�SULRULWLHV��QR�����OHDGLQJ�WR�IDVW�VHUYLFH�TXDOLW\�
GHJUDGDWLRQ�RI�WKH�FXVWRPHUV�IURP�WKH�IORZ�������
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0HDQ�ZDLWLQJ�WLPHV�

:��40$5��:��40$5�±�PHDQ�ZDLWLQJ�WLPH�RI�FXVWRPHUV�EHORQJLQJ�WR�WKH�IORZ��������IRU�WKH�
V\VWHP�QR����ZLWK�UHVHUYDWLRQ�PHFKDQLVP�IRU�WKH�IORZ����
:),)2�±�PHDQ�ZDLWLQJ�WLPH�RI�FXVWRPHUV�EHORQJLQJ�WR�WKH�IORZ���DQG����IRU�WKH�V\VWHP�QR���
�ZLWK�),)2�TXHXH�GLVFLSOLQH��
:��35��:��35�±�PHDQ�ZDLWLQJ�WLPH�RI�FXVWRPHUV�EHORQJLQJ�WR�WKH�IORZ��������IRU�WKH�V\VWHP�
QR����ZLWK�QRQ�SUHHPSWLYH�SULRULWLHV���IORZ���KDV�SULRULW\�RYHU�IORZ����

�
)LJ�����0HDQ�ZDLWLQJ�WLPHV�DV�D�IXQFWLRQ�RI�l���IRU�WKH�V\VWHP�ZLWK�m� m� ���l��l� �����

r ����
�
0HDQ�ZDLWLQJ�WLPHV�

�)LJ�����0HDQ�ZDLWLQJ�WLPHV�DV�D�IXQFWLRQ�RI�l���IRU�WKH�V\VWHP�ZLWK�m� ���m� ������
r r��r� �����

�
�
7KH� PHDQ� ZDLWLQJ� WLPH� FKDUDFWHULVWLFV� DV� D� IXQFWLRQ� RI� DUULYDO� UDWH� RI�
FXVWRPHUV� EHORQJLQJ� WR� WKH� IORZ���� l��� DVVXPLQJ� GLIIHUHQW� YDOXHV� RI�
SDUDPHWHUV� m�� � ��� DQG� m�� � ����� DUH� GHSLFWHG� LQ� WKH� )LJ��� DQG� ��� 7KHVH�
UHVXOWV�DUH�VLPLODU�WR�WKHVH�IURP�WKH�)LJ���DQG�WKH�FRQFOXVLRQV�DUH�WKH�VDPH���
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0HDQ�ZDLWLQJ�WLPHV�

�������������������������������
)LJ�����0HDQ�ZDLWLQJ�WLPHV�DV�D�IXQFWLRQ�RI�l���IRU�WKH�V\VWHP�ZLWK�m� ���m� ���r r��r� �����
�
�
1HWZRUN�VFHQDULR��
�
)RU�FKHFNLQJ�WKH�SHUIRUPDQFHV�RI�WKH�UHFRPPHQGHG�DOJRULWKP�LQ�D�QHWZRUN�
HQYLURQPHQW� ZH� VKRZ� VRPH� UHVXOWV� FRUUHVSRQGLQJ� WR� WKH� QHWZRUN�
FRQILJXUDWLRQ��GHSLFWHG�RQ�)LJ����,Q�WKLV�QHWZRUN�VFHQDULR��WZR�WHVW�IORZV��VD\�
�7�� DQG� �7��� DUH� WUDQVIHUUHG� E\� Q� VHUYHUV� RUJDQLVHG� LQ� D� WDQGHP��
$GGLWLRQDOO\��WR�HDFK�RI�WKHVH�VHUYHUV�LV�VXEPLWWHG�D�WUDQVLHQW�IORZ��6LPLODUO\�
WR� WKH� VWXGLHV� SURYLGHG� IRU� WKH� VLQJOH� VHUYHU� FDVH�� DW� SUHVHQW� ZH� DOVR�
GLVWLQJXLVK�WKUHH�FDVHV��
�
FDVH�QR������ WKH� IORZ�7�� LV� VHUYHG�ZLWK� UHVHUYDWLRQ�PHFKDQLVP�� WKH� IORZ�

�7�� DQG� WKH� WUDQVLHQW� IORZV� DUH� VHUYHG� ZLWKRXW� UHVHUYDWLRQ�
PHFKDQLVP��

�
FDVH�QR������ DOO�IORZV�LQ�WKH�QHWZRUN�DUH�VHUYHG�ZLWKRXW�SULRULWLHV��WKH�),)2�

GLVFLSOLQH�LV�DVVXPHG�LQ�HDFK�VHUYHU��
�
FDVH�QR����� WKH� IORZ�7�� KDV� DVVLJQHG� WKH� KLJKHVW� SULRULW\�� WKH� IORZ�7���

DQG�WKH�WUDQVLHQW�IORZV�DUH�VHUYHG�ZLWK�ORZHU�SULRULW\��

�

�

�

�

�

�

�

�

� � �� � �� � �� � �� � �� � �� � ��

:

: �) ,)2

: ��40$5

: ��40$5

: ��35

: ��35

l��



�

���

6HUYHU����

�7��

�7��

6HUYHU����

���

�7��

���

�7��

���

�7�� �7��

�7��

6HUYHU��Q����
�Q�

�7��

�Q�

�7��

�7��

�
)LJ����7KH�VWXGLHG�QHWZRUN�VFHQDULR�

�
7KH� JDWKHUHG� QXPHULFDO� UHVXOWV� ZHUH� REWDLQHG� XVLQJ� VLPXODWLRQ�� 7KH�
FXPXODWLYH�PHDQ�ZDLWLQJ�WLPH�FKDUDFWHULVWLFV�IRU�WKH�DERYH�GHILQHG�VFHQDULR�
DV�D�IXQFWLRQ�RI�WKH�DUULYDO�UDWH�RI�WKH�IORZ�7���l72��DQG�FRUUHVSRQGLQJ�WR�WKH�
QHWZRUN�ZLWK�Q ��VHUYHUV�DUH�GHSLFWHG�RQ�)LJ����,Q�JHQHUDO��WKH\�FRQILUP�WKH�
FRQFOXVLRQV� IRU� WKH� VLQJOH� VHUYHU� FDVH�� 7KH� GLIIHUHQFHV� EHWZHHQ� WKH�
FRQVLGHUHG�PHDQ�ZDLWLQJ�WLPHV�DUH�QRZ�JUHDWHU�DQG�WKLV�LV�FDXVHG�E\�WKH�IDFW�
WKDW�HDFK�VHUYHU�GHJUDGHV�WKH�IORZV�LQ�VLPLODU�ZD\���
�
�
&XPXODWLYH�PHDQ�ZDLWLQJ�WLPHV�

�
:7��40$5��:7��40$5�±�PHDQ�ZDLWLQJ�WLPH�RI�FXVWRPHUV�EHORQJLQJ�WR�WKH�IORZ�7����7���IRU�
WKH�FDVH�QR����ZLWK�UHVHUYDWLRQ�PHFKDQLVP�IRU�WKH�IORZ�7���
:),)2�±�PHDQ�ZDLWLQJ�WLPH�RI�FXVWRPHUV�EHORQJLQJ�WR�WKH�IORZ�7��DQG��7��IRU�WKH�FDVH�QR���
�ZLWK�),)2�TXHXH�GLVFLSOLQH��
:7��35��:7��35�±�PHDQ�ZDLWLQJ�WLPH�RI�FXVWRPHUV�EHORQJLQJ�WR�WKH�IORZ�7����7���IRU�WKH�FDVH�
QR����ZLWK�QRQ�SUHHPSWLYH�SULRULWLHV���IORZ�7��KDV�SULRULW\�RYHU�IORZ�7���
�

)LJ����0HDQ�ZDLWLQJ�WLPHV�DV�D�IXQFWLRQ�RI�l7���IRU�WKH�V\VWHP�ZLWK�m7� m7� mL ���
l7��l7��lL �����l7� lL��L ������Q���r ������Q ��
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,Q� WKH� SDSHU� D� QHZ� VWUDWHJ\�� FDOOHG� 40$�5�� EDVHG� RQ� TXHXH� SODFH�
UHVHUYDWLRQ� PHFKDQLVP� IRU� SULRULWLVLQJ� VHOHFWHG� IORZ� ZDV� SURSRVHG�� 7KH�
IRUPXODV� IRU� PHDQ� ZDLWLQJ� WLPH� LQ� VXFK� D� V\VWHP� ZHUH� GHULYHG� DVVXPLQJ�
3RLVVRQLDQ� LQSXW� DQG� H[SRQHQWLDO� VHUYLFH� WLPH� GLVWULEXWLRQ�� 7KH� LQFOXGHG�
H[HPSODU\� QXPHULFDO� UHVXOWV� VKRZHG� VRPH� EHQHILWV� RI� WKH� SURSRVHG�
PHFKDQLVPV� FRPSDULQJ� WR� WKHVH� IRU� WKH� V\VWHP�ZLWKRXW� SULRULWLHV� DQG�ZLWK�
QRQ�SUHHPSWLYH� SULRULWLHV��$SSO\LQJ� WKLV� VWUDWHJ\� WR� D� IORZ�RQH� FDQ� H[SHFW�
WKDW�ZKHQ�WKH�WUDIILF�SURGXFHG�E\�WKLV�IORZ�LV�D�VPDOO�SHUFHQWDJH�RI�WKH�WRWDO�
ORDG�LQ�WKH�V\VWHP�WKHQ�WKLV�IORZ�DIIHFWV�SULYLOHJHG�VHUYLFH�TXDOLW\�VLPLODU�WR�
WKLV� REVHUYHG� IRU� WKH� IORZ�ZLWK� WKH� KLJKHVW� SULRULW\� LQ� WKH� V\VWHP��2Q� WKH�
FRQWUDU\�� WKHQ� WKLV�SHUFHQWDJH�LV�UDWKHU�KLJK�WKHQ�WKH�V\VWHP�EHKDYHV�DV�WKH�
V\VWHP�ZLWKRXW�SULRULWLHV���
�

7KH�PHWKRG�FDQ�EH� H[WHQGHG� WR� WKH� FDVH�ZLWK�PRUH� WKDQ� WZR� W\SHV�RI�
IORZV��VLPSO\�E\�LQWURGXFWLRQ�GLIIHUHQW�TXHXH�WKUHVKROG�YDOXHV�IRU�HDFK�IORZ���
�
�
5HIHUHQFHV�

>�@� 6��.HVKDY��$Q�HQJLQHHULQJ�DSSURDFK�WR�FRPSXWHU�QHWZRUNLQJ��FKDSWHU����6FKHGXOLQJ��
$GGLVRQ�:HVOH\�������

�
>�@� )LQDO�UHSRUW�&267������%URDGEDQG�QHWZRUN�WHOHWUDIILF��3HUIRUPDQFH�HYDOXDWLRQ�DQG�

GHVLJQ�RI�EURDGEDQG�PXOWLVHUYLFH�QHWZRUNV��-��5REHUWV��8��0RFFL��-��9LUWDPR�HGV����
/HFWXUHV�1RWHV�LQ�&RPSXWHU�6FLHQFH�������6SULQJHU�������

�
>�@��� /��.OHLQURFN��4XHXLQJ�6\VWHPV�±�$SSOLFDWLRQV��$GGLVRQ�:HVOH\��������
�
>�@�� 6�� %ODNH� HW� DO��� $Q� $UFKLWHFWXUH� IRU� 'LIIHUHQWLDWHG� 6HUYLFHV�� ,QWHUQHW� 5)&� ������

'HFHPEHU�������
�
>�@�� <�� %HUQHW� HW� DO��� 'LIIHUHQWLDWHG� 6HUYLFHV�� ,QWHUQHW� 'UDIW�� GUDIW�LHWI�GLIIVHUY�

IUDPHZRUN�����W[W��)HEUXDU\�������


