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LNLQFL�GHUHFHGHQ�KDVVDV�/D[�:HQGURII�\|QWHPL�NXOODQÕOPÕúWÕU�

6�UW�QPHVL]� DNÕúODUÕQ� GR÷UXODQPDVÕ� 21(5$�)UDQVD� WDUDIÕQGDQ� GHVWHNOHQHQ� 7����
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\HWHQHNOHULQLQ� DQODúÕOPDVÕ� LoLQ� ELUGHQ� oRN� SDUoDGDQ� ROXúDQ� ELU� URNHW� PRWRUX
o|]�OP�úW�U�



YLL

$QDKWDU� .HOLPHOHU� �� dRN�EORN�� (NVHQHO�6LPHWULN� $NÕú�� øo� $NÕú�� 1DYLHU�6WRNHV
d|]�F���(QMHNVL\RQ�6ÕQÕU�.RúXOX



YLLL

120(1&/$785(
/,67�2)�6<0%2/6
D VSHHG�RI�VRXQG
&� � VSHFLILF�KHDW�DW�FRQVWDQW�SUHVVXUH
H LQWHUQDO�HQHUJ\�SHU�XQLW�YROXPH
*� PDVV�IOX[
K � WRWDO�HQWKDOS\
+ D[LV\PPHWULF�IOX[�WHUP
L XQLW�QRUPDO�YHFWRU
- -DFRELDQ�RI�WUDQVIRUPDWLRQ
O OHQJWK
0 0DFK�QXPEHU
Q QRUPDO
S SUHVVXUH
3U 3UDQGWO�QXPEHU
T KHDW�IOX[
U� &DUWHVLDQ�FRRUGLQDWH�SRVLWLRQ�YHFWRU�PDJQLWXGH
5 JDV�FRQVWDQW
5H 5H\QROGV�QXPEHU
6 VXUIDFH�DUHD
W WLPH
7 WHPSHUDWXUH
X [�FRPSRQHQW�RI�YHORFLW\�YHFWRU
8 FRQVHUYDWLYH�YDULDEOHV�YHFWRU
Y \�FRPSRQHQW�RI�YHORFLW\�YHFWRU
9 YHORFLW\�YHFWRU�PDJQLWXGH
Z ]�FRPSRQHQW�RI�YHORFLW\�YHFWRU
[ &DUWHVLDQ�VSDFH�FRRUGLQDWH
\ &DUWHVLDQ�VSDFH�FRRUGLQDWH
< QRUPDO�GLVWDQFH�IURP�WKH�ZDOO�IRU�WXUEXOHQFH�PRGHO
] &DUWHVLDQ�VSDFH�FRRUGLQDWH

2WKHU�6\PEROV�
N WKHUPDO�FRQGXFWLYLW\

GHQVLW\
VKHDU�VWUHVV
VSHFLILF�KHDW�UDWLR
YLVFRVLW\�FRHIILFLHQW



L[

YRUWLFLW\
ORFDO�FHOO�FRRUGLQDWH
ORFDO�FHOO�FRRUGLQDWH

�� SDUWLDO�GHULYDWLYH�RSHUDWRU
� FRQWURO�YROXPH

ERXQGDU\�OD\HU�WKLFNQHVV��UHVLGXDO�RSHUDWRU
DUWLILFLDO�YLVFRVLW\�FRHIILFLHQW

6XSHUVFULSWV�

Q TXDQWLW\�DW�GLVFUHWH�WLPH�OHYHO�Q

� QRQ�GLPHQVLRQDO�TXDQWLW\
�� QRQ�GLPHQVLRQDO�WXUEXOHQFH�YDULDEOH
O GLUHFWLRQ
P GLUHFWLRQ

6XEVFULSWV�

�� IUHHVWUHDP
FHOO FHOO�SURSHUW\
H[LW LQOHW�SURSHUW\
L LQYLVFLG�FRPSRQHQW�RI�IOX[�YHFWRU��FHOO�QXPEHU
LQM LQMHFWLRQ�SURSHUW\
LQOHW LQOHW�SURSHUW\
ODP ODPLQDU
Q QRUPDO�FRPSRQHQW
UHI UHIHUHQFH
WXUE WXUEXOHQW
W WDQJHQWLDO�FRPSRQHQW

URWDWLRQ�GLUHFWLRQ�RQ�[�\�SODQH
Y YLVFRXV�FRPSRQHQW�RI�IOX[�YHFWRU
ZDOO LQOHW�SURSHUW\
[ [�FRPSRQHQW
\� \�FRPSRQHQW



[

$&.12:/('*0(176

,� ZRXOG� OLNH� WR� H[SUHVV� P\� GHHSHVW� WKDQNV� DQG� JUDWLWXGH� WR� 3URI�� 'U�� 0�� +DOXN
$.6(/�IRU�KLV�VXSHUYLVLRQ��HQFRXUDJHPHQW��XQGHUVWDQGLQJ�DQG�FRQVWDQW�JXLGDQFH�

,�ZRXOG� OLNH� WR� H[SUHVV�P\� VLQFHUH� DSSUHFLDWLRQ� WR�'U��+��7X÷UXO�7,1$=7(3(� IRU
SURYLGLQJ�PH�WKH�EDVH�1DYLHU�6WRNHV�VROYHU�DQG�KLV�FUXFLDO�DGYLVHV�DQG�VXJJHVWLRQV
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)LJXUH������%ORFNV�RI�7HVW�&DVH�� ���������������������������������������������������������������������������������������������������������
)LJXUH������0DFK�QXPEHU�FRQWRXUV�RI�VLQJOH�DQG�PXOWL�EORFN�VROXWLRQV�IRU�7HVW�&DVH������������������������
)LJXUH������1RQ�GLPHQVLRQDO�SUHVVXUH�FRQWRXUV�RI�VLQJOH�DQG�PXOWL�EORFN�VROXWLRQV�IRU�7HVW�&DVH��
���������������������������������������������������������������������������������������������������������������������������������������������������������������
)LJXUH������6WUHDPOLQH�FRPSDULVRQ�RI�VLQJOH�DQG�PXOWL�EORFN�VROXWLRQV�IRU�7HVW�&DVH������������������������
)LJXUH������5HVLGXDO�KLVWRU\�RI�PXOWL�EORFN�VROYHU�IRU�7HVW�&DVH�� ������������������������������������������������������
)LJXUH������,QMHFWLRQ�ERXQGDU\�RI�VHJPHQWHG�6350����������������������������������������������������������������������������
)LJXUH������(QODUJHG�YLHZ�RI�WKH�VSDFH�EHWZHHQ�WZR�VHJPHQWV�RI�WKH�VHJPHQWHG�6350 ��������������������
)LJXUH������*HRPHWU\�RI�VHJPHQWHG�6350 ������������������������������������������������������������������������������������������
)LJXUH������*ULG�JHQHUDWLRQ�DWWHPSW���IRU�VHJPHQWHG�6350����������������������������������������������������������������
)LJXUH������*ULG�JHQHUDWLRQ�DWWHPSW���IRU�VHJPHQWHG�6350����������������������������������������������������������������
)LJXUH������*ULG�JHQHUDWLRQ�DWWHPSW���IRU�VHJPHQWHG�6350����������������������������������������������������������������
)LJXUH������(QODUJHG�YLHZ�RI�PHVK�VWUXFWXUH�LQ�%ORFN�������������������������������������������������������������������������
)LJXUH������0DFK�FRQWRXUV�RI�VHJPHQWHG�6350 ����������������������������������������������������������������������������������
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)LJXUH������(QODUJHG�YLHZ�RI�0DFK�FRQWRXUV�EHWZHHQ�WZR�VHJPHQWV ���������������������������������������������������
)LJXUH������6WUHDPOLQHV�RI�VHJPHQWHG�6350 ���������������������������������������������������������������������������������������
)LJXUH������6WUHDPOLQHV�RI�EORFN���RI�VHJPHQWHG�6350��HQODUJHG�YLHZ����������������������������������������������
)LJXUH������5HVLGXDO�KLVWRU\�RI�VHJPHQWHG�6350 ��������������������������������������������������������������������������������
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)RU�WKH�DQDO\VLV�RI�DQ\�IOXLG�IORZ��VROXWLRQ�RI�1DYLHU�6WRNHV�HTXDWLRQV�LV�QHHGHG�WR
VLPXODWH� DOO� WKH� SURSHU� EHKDYLRXUV� RI� WKH�PRWLRQ� RI� WKH� IOXLG�� %HVLGHV�� IRU� YLVFRXV
IORZV�� D� UHODWLRQ� EHWZHHQ� YLVFRVLW\� DQG� KHDW� FRQGXFWLYLW\� ZLWK� D� WKHUPRG\QDPLF
SURSHUW\�KDV�WR�EH�HVWDEOLVKHG��7KH�VROXWLRQ�RI� WKLV�V\VWHP�RI�HTXDWLRQV�UHVXOW� LQ�DQ
DFFXUDWH�VLPXODWLRQ�RI�WKH�IOXLG�IORZV�

,Q� VROYLQJ� WKH�1DYLHU�6WRNHV� HTXDWLRQV�� 3DUWLDO�'LIIHUHQWLDO� (TXDWLRQV� �3'(�� FRPH
DFURVV�ZKLFK�DUH�TXLWH�FRPSOLFDWHG��7KXV��PRVWO\�DQDO\WLFDO�VROXWLRQ�RI� WKH�1DYLHU�
6WRNHV� HTXDWLRQV� QHHGV� VRPH� DVVXPSWLRQV� VR� WKDW� WKH� HTXDWLRQV� EHFRPH� WUDFWDEOH�
7KLV�PHDQV� WKDW�DQDO\WLFDO�VROXWLRQ� LV�SRVVLEOH�RQO\�ZLWK� VRPH� UHVWULFWLRQV� LPSRVHG
RQ� WKH� IOXLG� IORZ��$SSOLFDWLRQ�RI� ERXQGDU\� FRQGLWLRQV� EULQJV� IXUWKHU� UHVWULFWLRQV� WR
WKH� VROXWLRQ� SURFHGXUH� >�@�� 'XQODS��:LOORXJKE\� DQG� +HUPVHQ� >�@� KDYH� VROYHG� WKH
IORZ� LQVLGH� D� VROLG� SURSHOODQW� URFNHW� PRWRU� �6350�� ZLWK� WKH� LQYLVFLG� DQG
LQFRPSUHVVLEOH�IORZ�DVVXPSWLRQV��ZKLFK�LV�D�JRRG�H[DPSOH�RI�WKH�UHVWULFWLRQV�WKDW�DQ
DQDO\WLF�VROXWLRQ�UHTXLUHV�

:KLOH� DQDO\WLFDO� PHWKRGV� DUH� OLPLWHG�� H[SHULPHQWDO� PHWKRGV� FDQ� JLYH� DOO� WKH
LQIRUPDWLRQ�WKDW�FDQ�EH�REWDLQHG�IURP�D�IOXLG�IORZ��EXW�RQO\�IRU�D�VSHFLILF�SUREOHP�
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'XH� WR� WKH� OLPLWDWLRQV� RI� GDWD� DFTXLVLWLRQ� DQG� H[SHULPHQW� VHWXSV�� EHFDXVH� RI
LQFUHDVLQJ� FRVWV� DQG� SK\VLFDO� UHVWULFWLRQV�� WKH� H[SHULPHQWDO� DQDO\VLV� LV� QRW� YHU\
IOH[LEOH� DQG� HDVLO\� DSSOLFDEOH�� 1HYHUWKHOHVV�� WKH� IORZ� ILHOG� LQIRUPDWLRQ� IURP
H[SHULPHQWV� LV� YDOXDEOH� LQ� YDOLGDWLQJ� WKH� PDWKHPDWLFDO� VROXWLRQV� RI� WKH� JRYHUQLQJ
HTXDWLRQV�>�@�

2YHU�WKH�ODVW�IRUW\�\HDUV��D�QHZ�IRUP�RI�VROXWLRQ�PHWKRG�WR�KDQGOH�WKH�IOXLG�PRWLRQ
HTXDWLRQV�KDV�EHJXQ�WR�EH�XVHG��ZLWK�DQ�LQFUHDVLQJ�ILHOG�RI�DSSOLFDWLRQ��7KLV�PHWKRG
LV�FDOOHG�DV� WKH�&RPSXWDWLRQDO�)OXLG�'\QDPLFV� �&)'���$FWXDOO\��&)'� LV� WKH� DUW� RI
UHSODFLQJ� WKH� JRYHUQLQJ� 3'(¶� V� RI� IOXLG� IORZ� ZLWK� QXPEHUV�� DQG� DGYDQFLQJ� WKHVH
QXPEHUV�LQ�VSDFH�DQG�RU�WLPH�WR�REWDLQ�D�ILQDO�QXPHULFDO�GHVFULSWLRQ�RI�WKH�FRPSOHWH
IORZ�ILHOG�RI�LQWHUHVW�>�@��6LQFH�WKH�VROXWLRQ�SURFHGXUH�RI�WKH�&)'�PHWKRGV�UHTXLUHV�D
QXPEHU� RI� UHSHWLWLYH� FDOFXODWLRQV�� WKH� XVH� RI� FRPSXWHU� LV� D� PXVW� IRU� WKHVH
FDOFXODWLRQV��%\�WKH�LQFUHDVLQJ�FRPSXWHU�VSHHGV�DQG�PHPRU\�XVDJHV��PRUH�GHWDLOHG
SUREOHPV�ZLWK�KLJKHU�DFFXUDF\�FDQ�EH�KDQGOHG�E\�WKH�&)'�PHWKRGV��6LQFH�FRPSXWHU
VSHHG�DQG� WKHLU�PHPRU\�XVDJH� FDSDFLW\� LV� LQFUHDVLQJ� UDSLGO\��&)'�DSSOLFDWLRQV�DUH
EHLQJ�XVHG�LQ�D�ZLGHU�ILHOG�RI�LQWHUHVWV�GD\�E\�GD\�

2QH�RI�WKH�ILHOGV�RI�LQWHUHVWV�RI�WKH�&)'��LQ�IDFW�RQH�RI�WKH�PRVW�FRPPRQO\�XVHG�RQH�
LV�LQWHUQDO�DHURG\QDPLFV��6ROXWLRQ�RI�DQ�LQWHUQDO�IORZ�SOD\V�D�JUHDW�UROH�LQ�WKH�GHVLJQ
DQG� SHUIRUPDQFH� SUHGLFWLRQ� RI� D� SURSXOVLRQ� V\VWHP�� VXFK� DV� D� 6350�� $� VLPSOH
6350�FDQ�EH�VDLG�WR�EH�IRUPHG�RI�WZR�VHFWLRQV��FRPEXVWLRQ�FKDPEHU�ZKHUH�DOO�WKH
VROLG� SURSHOODQW� LQVLGH� LW� LV� EXUQHG� GXULQJ� WKH� IOLJKW� RI� WKH� URFNHW�� DQG� D� QR]]OH
VHFWLRQ�ZKHUH� WKH� EXUQHG� SURSHOODQW� SDUWLFOHV� DUH� WKURZQ� RXW�ZKLOH� WKUXVW� LV� EHLQJ
SURGXFHG�WR�FUHDWH�WKH�PRWLRQ�RI�WKH�URFNHW��7KH�SURSHOODQW�LQVLGH�WKH�6350��ZKLFK
LV�FDOOHG�WKH�JUDLQ��KDV�D�IRUP�WKDW�LV�YDULDEOH�IRU�WKH�GHVLUHG�EXUQLQJ�DUHD�FRQGLWLRQV�
ZKLFK� VSHFLILHV� WKH� WKUXVW� UHJLPH� RI� WKH� URFNHW�� 7KH� VKDSH� RI� WKH� JUDLQ� LV� DOVR
LPSRUWDQW� IRU� WKH�SUHVVXUH�YDULDWLRQV� LQVLGH� WKH� FRPEXVWLRQ� FKDPEHU� DV�ZHOO� DV� WKH
QR]]OH� VHFWLRQ�� 7KH� QR]]OH� JDV� G\QDPLFV� FDOFXODWLRQV� DUH� VHQVLWLYH� WR� WKH� IORZ
HQWHULQJ� WKH� QR]]OH� >�@�� %HVLGHV� WKH� HIIHFW� RQ� FRPEXVWLRQ� SHUIRUPDQFH�� DFFXUDWH
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SUHGLFWLRQV�RI�WKH�LQWHUQDO�IORZ�ILHOG�DUH�DOVR�QHHGHG�WR�SURSHUO\�HVWLPDWH�WKH�PRWRU
FDVH� LQVXODWRU� UHTXLUHPHQWV�� DQG� WKHUHE\� DYRLG� SHUIRUPDQFH� SHQDOWLHV� GXH� WR
H[FHVVLYH� LQHUW�ZHLJKW��8QGHUHVWLPDWLRQ� RI� LQVXODWRU� WKLFNQHVV� KDV� DQ� HYHQ� JUHDWHU
SHQDOW\�� DV� LW�FDQ�UHVXOW� LQ�EXUQ�WKURXJK�RI� WKH�PRWRU�FDVH�DQG�IDLOXUH�RI� WKH� URFNHW
GXULQJ� IOLJKW� >�@��%H\RQG� WKHVH� WRSLFV�� HIIHFWV� RI� IORZ� RQ� VWUXFWXUDO� ORDGLQJ� RI� WKH
URFNHW�PXVW�DOVR�EH�ZHOO�NQRZQ�LQ�RUGHU�WR�KDYH�D�VDIH�FRPEXVWLRQ��ZKLFK�LV�WKH�PRVW
FULWLFDO�FRQFHSW�IRU�D�URFNHW�GHVLJQHU�>�@�

&RQVLGHULQJ� DOO� RI� WKHVH� IDFWRUV�� WKH� IORZ� LQVLGH� WKH� 6350� PXVW� EH� NQRZQ� DV
DFFXUDWH�DV�SRVVLEOH�

7R� VLPXODWH� D� 6350�� DQ� LQMHFWLQJ� ERXQGDU\� LV� UHTXLUHG� ZKHUH� WKH� SURSHOODQW� LV
EXUQLQJ��(YHQ�WKH�VLPSOLILHG�LQWHUQDO�DQDO\VLV�LV�DEOH�WR�JLYH�UHDVRQDEOH�DFFXUDF\�RQ
WRWDO�SHUIRUPDQFH�SUHGLFWLRQ�RI�D�6350��ZKLFK�LV�SHUIRUPHG�ZLWK�WKH�DVVXPSWLRQ�RI
RQH�GLPHQVLRQDO�IORZ�>�@�IORZ�VLPXODWLRQV�SHUIRUPHG�DW�GLIIHUHQW�LQMHFWLRQ�GLUHFWLRQV
>���@�KDYH�VKRZQ�WKDW�WKH�IORZ�LQ�PDVV�LQMHFWHG�FKDPEHUV�LV�KLJKO\�WZR�GLPHQVLRQDO�

7KXV�� WR� REWDLQ� DQ� HIILFLHQW� DQG� DFFXUDWH� UHVXOWV�� D� WZR� GLPHQVLRQDO� ���'��1DYLHU�
6WRNHV�VROYHU�VKRXOG�EH�XVHG�LQ�WKH�VLPXODWLRQ�RI�D�6350�

���� 7+(�1(&(66,7<�2)�$�08/7,�%/2&.�62/9(5

%HIRUH�D� IORZ�VLPXODWLRQ�LV� WR�EH�SHUIRUPHG��D�JULG�VKRXOG�EH�FUHDWHG� WR�GHILQH� WKH
SK\VLFDO�GRPDLQ�RI� WKH� IORZ��$FFXUDF\�RI� WKH� VROXWLRQV� DFKLHYHG�E\�&)'�PHWKRGV
RIWHQ�GHSHQGV�RQ�WKH�PHVK�DFFXUDF\�RI�WKH�JULG��:KHQ�PHVK�VL]H�GHFUHDVHV��WKH�JULG
XVHG� UHSUHVHQWV� WKH� JHRPHWU\� EHWWHU� DQG� DV� D� UHVXOW� WKH� HUURUV� FRPLQJ� IURP� WKH
QXPHULFDO�UHSUHVHQWDWLRQ�RI� WKH�VROXWLRQ�GRPDLQ�GHFUHDVH��7KXV��RQH�QHHGV� WR�XVH�D
PHVK�VL]H�ZKLFK�LV�DV�VPDOO�DV�SRVVLEOH��%XW�WKLV�VLWXDWLRQ�EULQJV�DQRWKHU�SUREOHP��$V
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WKH�PHVK� VL]H� GHFUHDVHV�� WKH� QXPEHU� RI� QRGHV� XVHG� LQFUHDVH�� 7KLV� LQFUHDVHG� QRGH
QXPEHU�UHVXOWV�LQ�D�ORQJHU�FRPSXWDWLRQDO�WLPH�DQG�QHHG�RI�PRUH�PHPRU\�XVDJH��WKXV
VWDQGV�DV�D�ELJ�GLVDGYDQWDJH�LQ�VHQVH�RI�WLPH�DQG�FRVW��%HVLGHV�WKH�GLVDGYDQWDJHV�RI
WLPH� DQG�PRQH\�� WKHUH� H[LVW� VXFK� FDVHV� IRU� ZKLFK� DQ� VDWLVIDFWRU\� JULG� FDQ� QRW� EH
REWDLQHG�RU� LW� LV� HYHQ� QRW� SRVVLEOH� WR� REWDLQ� D� JULG�ZKLFK� LV� GHILQLQJ� WKH� FRPSOHWH
JHRPHWU\�RI�WKH�SK\VLFDO�GRPDLQ�

0XOWL�EORFN� WHFKQLTXH� LV� D� VROXWLRQ� WR� WKHVH� SUREOHPV��0XOWL�EORFN� WHFKQLTXH� �DOVR
NQRZQ� DV� PXOWLSOH� ]RQH� DSSURDFK�� FDQ� EH� H[SODLQHG� DV� D� SURFHVV� RI� GLYLGLQJ� WKH
ZKROH� GRPDLQ� LQWR� VXEGRPDLQV�� QDPHG� DV� EORFNV�� DQG� VROYLQJ� HDFK� RQH
LQGHSHQGHQWO\�ZKLOH� FRQQHFWLQJ� WKHLU� LQWHUIDFHV� SURSHUO\� VR� WKDW� WKH� SK\VLFV� RI� WKH
SUREOHP� LV� FRQVHUYHG�� %\� GRLQJ� WKLV�� LW� LV� SRVVLEOH� WR� FUHDWH� LQGHSHQGHQW� JULGV� IRU
HDFK� EORFN�� WKXV� FRPSOH[� JHRPHWULHV� FDQ� HDVLO\� EH� KDQGOHG� LQ� WKH� VHQVH� RI� JULG
JHQHUDWLRQ�� 7KLV� VLPSOLFLW\� DOVR� VKRUWHQV� WKH� WLPH� QHHGHG� WR� FUHDWH� D� JULG�� ,Q� WKLV
VHQVH��0XOWL�%ORFN� WHFKQLTXH� FDQ� EH� FDOOHG� WR� EH� FRVW�HIIHFWLYH�ZKHQ� FRPSDUHG� WR
VLQJOH� EORFN� VROYHUV�� 8VH� RI� VWUXFWXUHG�PHVKHV�PD\� EULQJ� VRPH� SUREOHPV� ZKHQ� D
FRPSOH[�JHRPHWU\� LV� WR�EH�VROYHG��8QVWUXFWXUHG�PHVKHV�DUH�SDUWLDOO\�D� VROXWLRQ� IRU
FUHDWLQJ�JULGV�IRU�FRPSOH[�JHRPHWULHV��EXW�WKH\�DUH�GLIILFXOW�WR�FUHDWH�ZKHQ�FRPSDUHG
WR� VWUXFWXUHG� PHVKHV�� 6ROXWLRQ� RI� XQVWUXFWXUHG� JULGV� DUH� DOVR� PRUH� GLIILFXOW� ZKHQ
FRPSDUHG� WR� VWUXFWXUHG� JULG� VROYHUV�� %HVLGHV�� WKHUH� H[LVW� YDULRXV� FDVHV� WKDW� D� JULG
ZLWK� XQVWUXFWXUHG�PHVK� GRHV� QRW� JLYH� WKH� GHVLUHG� DFFXUDF\��0XOWL�EORFN� WHFKQLTXH
FDQ�EH�VDLG� WR�EULQJ� WKH� IOH[LELOLW\�RI�FUHDWLQJ�D�JULG� IRU� FRPSOH[�JHRPHWULHV�ZKLOH
SUHVHUYLQJ�WKH�VLPSOLFLW\�RI�FUHDWLQJ�D�VWUXFWXUHG�PHVK�
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0XOWL�EORFN� WHFKQLTXH� UHFHQWO\� KDV� EHFRPH� SRSXODU� ZLWK� WKH� GHYHORSPHQWV� LQ� WKH
FRPSXWHU�WHFKQRORJ\�ZKLFK�DOORZV�KLJKHU�&38�VSHHG�DQG�ODUJHU�PHPRU\�XVDJH�

/LMHZVNL� >��@� DSSOLHG� PXOWL�EORFN� PHWKRG� IRU� ILQQHG� ERGLHV�� XVLQJ� RQO\� �� DQG� �
EORFNV��$WNLQV�>��@�FRPSDUHG�D�VLQJOH�EORFN�VROYHU�ZLWK� LWV�PXOWL�EORFN�YHUVLRQ�IRU
ERWK�LQYLVFLG�DQG�YLVFRXV�IORZV�DERXW�DLUFUDIW�FRQILJXUDWLRQV��$V�VWDWHG�LQ�KLV�VWXG\�
WKH� PXOWL�EORFN�PHWKRG� SUHVHUYHV� WKH� FRQYHUJHQFH� DQG� DFFXUDF\� SURSHUWLHV� RI� WKH
RULJLQDO�VLQJOH�EORFN�IORZ�VROYHU�

%XVK�>��@�DOVR�ZRUNHG�RQ�ERWK�LQYLVFLG�DQG�YLVFRXV�IORZV��$�³1L¶�V�EXPS´�SUREOHP
LV� XVHG� WR� WHVW� WKH� VROYHU�� &RQVHFXWLYHO\�� VKDUS� DQG� EOXQW� ERGLHV� DUH� VROYHG� ZLWK
PXOWL�EORFN� DSSURDFK�� 7KHVH� VKDUS� DQG� EOXQW� JHRPHWULHV� VWURQJO\� HPSKDVL]H� WKH
SRZHU�RI�D�PXOWL�EORFN�IORZ�VROYHU�

$UWKXU��%OD\ORFN�DQG�$QGHUVRQ�>��@�XVHG�D�PXOWL�EORFN�DOJRULWKP�IRU�LQYLVFLG�DLUIRLO
IORZV�WRJHWKHU�ZLWK�D�PXOWLJULG�DOJRULWKP��-HQVVHQ�>��@�XVHG�ODUJH�QXPEHU�RI�EORFNV
ZLWK�DQ�LPSOLFLW�DOJRULWKP�IRU�ERWK�LQYLVFLG�DQG�YLVFRXV�IORZ�DQG�FRQFOXGHG�WKDW�WKLQ
EORFNV� FDXVH� WKH� DOJRULWKP� WR� EUHDNGRZQ��'HOWD�ZLQJ� WHVW� FDVHV� DUH� VROYHG� LQ� WKLV
VWXG\��+H�FRQFOXGHG�WKDW�WKH�PHWKRG�LV�ZHOO�VXLWHG�IRU�PDVVLYHO\�SDUDOOHO�FRPSXWHUV�

$� GLIIHUHQW� DSSURDFK�ZLWK�PXOWL�EORFN� DOJRULWKP�ZDV� VWXGLHG� E\� 6KHQJ��:KLWILHOG
DQG� $QGHUVRQ� >��@� ZKHUH� XQVWUXFWXUHG� JULGV� ZHUH� XVHG� LQVWHDG� RI� VWUXFWXUHG� RQH
ZKLFK� LV� QRW� YHU\� FRPPRQ�� ,QFRPSUHVVLEOH� 5H\QROGV�DYHUDJHG� 1DYLHU�6WRNHV
HTXDWLRQV�DUH�XVHG�WR�VROYH�DLUIRLO� WHVW�FDVHV�LQ�WKLV�VWXG\�DQG�JRRG�FRQVLVWHQF\�KDV
EHHQ�REVHUYHG�ZLWK�WKH�VLQJOH�EORFN�VROXWLRQV��ZLWK������OHVV�PHPRU\�XVDJH�ZLWK�WKH
PXOWL�EORFN�VROYHU
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0DGDYDQ�DQG�5DL�>��@�XVHG�PXOWL�EORFN�DSSURDFK�LQ�WXUERPDFKLQHU\�DSSOLFDWLRQV�

&DPELHU��*KD]]L��9HXLOORW�DQG�9LYLDQG�>��@�XVHG�GLIIHUHQW�EORFNV�ZLWK�GLIIHUHQW�IORZ
SURSHUWLHV��2QH�RI�WKH�EORFNV�LV�VROYHG�ZLWK�YLVFRXV�IORZ�DVVXPSWLRQ��ZKLOH�WKH�RWKHU
EORFN��ZKHUH� LQYLVFLG� IORZ�GRPLQDWHV�� LV�VROYHG�ZLWK� WKH� LQYLVFLG� IORZ�DVVXPSWLRQ�
$OVR�� UHJLRQV� ZLWK� VKRFNV�� ZKLFK� DUH� REWDLQHG� ZLWK� WKH� VLQJOH�EORFN� VROYHU�� DUH
WUHDWHG�GLIIHUHQWO\��DOO�UHVXOWLQJ�LQ�D�WRWDO�VLQJOH�YLVFRXV�WUDQVRQLF�IORZ�

-HQVVHQ� DQG�:HLQHUIHOW� >��@� LQYHVWLJDWHG� WKH� LQIOXHQFH�RI� D� FRDUVH� JULG� VFKHPH� IRU
LPSOLFLW� PXOWL�EORFN� FDOFXODWLRQV� RQ� SDUDOOHO� FRPSXWHUV�� $V� VWDWHG� LQ� WKHLU� VWXG\�
LPSOLFLW� IORZ� VROYHUV� DUH� RIWHQ� GLIILFXOW� WR� SDUDOOHOL]H�� 7KXV� HIILFLHQF\� ORVVHV� DUH
SUHVHQW� HLWKHU� FRPSXWDWLRQDO� RU� QXPHULFDO�� DV� WKH� QXPEHU� RI� EORFNV� LQFUHDVH��7KH\
UHDFKHG� D� FRQVLGHUDEOH� UHGXFWLRQ� LQ� WKH� QXPEHU� RI� WLPH� VWHSV� IRU� UHDFKLQJ
FRQYHUJHQFH�ZLWK�WKH�FRDUVH�JULG�FRUUHFWLRQ�VFKHPH�LQ�VXEVRQLF�DQG�WUDQVRQLF�IORZV�

*KDIIDUL�� /XFNULQJ�� 7KRPDV�� %DWH� DQG� %LHGURQ� >��@� FDUULHG� RXW� WKUHH� GLPHQVLRQDO
WKLQ�OD\HU�1DYLHU�6WRNHV�FRPSXWDWLRQV�IRU�WKH�)�$����FRQILJXUDWLRQ��7KHLU�UHVXOWV�DUH
LQ�JRRG�DJUHHPHQW�ZLWK�WKH�IOLJKW�WHVW�UHVXOWV�

$�KLJK�H[SDQVLRQ�UDWLR�D[LV\PPHWULF�QR]]OH�ZLWK�DQG�ZLWKRXW� ORQJLWXGLQDO� WUDLOLQJ�
HGJH� VORWV� ZDV� VWXGLHG� E\� &DUOVRQ�� 3DR� DQG� $EGRO�+DPLG� >��@� XVLQJ� D� WKUHH�
GLPHQVLRQDO� VLPSOLILHG� 5H\QROGV�DYHUDJHG� 1DYLHU�6WRNHV� FRPSXWHU� FRGH�
6XSHUFRPSXWHUV� ZHUH� XVHG� LQ� RUGHU� WR� KDQGOH� FRPSOH[� FRQILJXUDWLRQV� LQ� WKUHH�
GLPHQVLRQV�� 7KHLU� UHVXOWV� VKRZHG� JRRG� DJUHHPHQW� ZLWK� WKH� H[SHULPHQWDO� GDWD� DQG
WKH\� DOVR� FRQFOXGHG� WKDW� VORWWHG� QR]]OHV� LPSURYHV� WKUXVW� UDWLR� E\� ��� SHUFHQW�ZKHQ
FRPSDUHG�WR�XQVORWWHG�QR]]OHV�

*LRUGDQR��,YDQRY��.DVKNRYVN\��0DUNHORY��7XPLQR�DQG�.RSSHQZDOOQHU�>��@�DSSOLHG
WKH�PXOWL�EORFN�WHFKQLTXH�WR�WKH�VDWHOOLWH�WKUXVWHUV�WR�REWDLQ�WKHLU�SOXPH�IORZ�UHJLPH�
7KH\� FRQFOXGHG� WKDW� WKH� DSSOLFDWLRQ� RI� WKHLU� SURSRVHG� PHWKRGRORJ\� VKRZHG� WKDW



�

RSWLPL]HG�VDWHOOLWH�GHVLJQ�FDQ�EHQHILW�IURP�D�FRPSOHWH�QXPHULFDO�VWXG\�RI�QR]]OH�DQG
SOXPH�IORZV��7KLV�VKRZV�WKDW�WKH�PXOWL�EORFN�DSSURDFK�DSSHDUV�WR�EH�YHU\�HIIHFWLYH
LQ�SURYLGLQJ�GHWDLOHG�LQIRUPDWLRQ�DERXW�WKH�ZKROH�IORZILHOG�WR�D�GHJUHH�RI�DFFXUDF\
WKDW�FDQQRW�EH� DFKLHYHG�E\� DSSUR[LPDWH� HQJLQHHULQJ�PHWKRGV� IRU�QR]]OH� IORZV�DQG
DQDO\WLFDO�SOXPH�PRGHOV�

7KH� DOWHUQDWLQJ� GLUHFWLRQ� LPSOLFLW� �$',�� PHWKRG� ZDV� FRXSOHG� ZLWK� D� PXOWL�EORFN
DSSURDFK�LQ�WKH�VWXG\�RI�5RVHQIHOG�DQG�<DVVRXU��>��@�ZKLFK�ZDV�SUHVHQWHG�DV�D�QRYHO
DSSURDFK� IRU� VROYLQJ� LPSOLFLW� V\VWHPV� RI� WLPH�GHSHQGHQW� WZR�GLPHQVLRQDO� SDUWLDO
GLIIHUHQWLDO�HTXDWLRQV�LQ�PXOWL�EORFN�GRPDLQV�

$QRWKHU�GLIIHUHQW�DSSURDFK�FRPELQHG�ZLWK�D�PXOWL�EORFN�DOJRULWKP�LV�WKH�XVDJH�RI�DQ
LPSOLFLW�7RWDO�9DULDWLRQ�'LPLQLVKLQJ��79'��PHWKRG�E\�*UDVVR�DQG�0DULQL� >��@� IRU
K\SHUVRQLF�ZLQG�WXQQHO�IORZV�

���� $�%5,()�,1752'8&7,21�72�7+(�08/7,�%/2&.�62/9(5

,Q�WKH�SUHVHQW�VWXG\��DQ�H[SOLFLW�WZR�GLPHQVLRQDO�SODQDU�VLQJOH�EORFN�H[WHUQDO�1DYLHU�
6WRNHV� VROYHU� >��@� KDV� EHHQ� PRGLILHG� LQWR� DQ� H[SOLFLW� PXOWL�EORFN� ��'
SODQDU�D[LV\PPHWULF�1DYLHU�6WRNHV�VROYHU�IRU�H[WHUQDO�RU� LQWHUQDO�IORZ�DSSOLFDWLRQV�
7KH�VROYHU�LV�DOVR�FDSDEOH�RI�VROYLQJ�VLQJOH�EORFN�DSSOLFDWLRQV��)RU�YLVFRXV�SUREOHPV�
6XWKHUODQG¶� V� IRUPXOD� LV� XVHG� WR� FDOFXODWH� ODPLQDU� YLVFRVLW\� DQG� %DOGZLQ�/RPD[
PRGHO� LV� XVHG� WR� FDOFXODWH� WXUEXOHQW� YLVFRVLW\�� ,Q� WKH� JULG� JHQHUDWLRQ�� QRQ�RYHU
ODSSLQJ�EORFNV�DUH�XVHG�IRU�PXOWL�EORFN�VROXWLRQV��KDYLQJ�FRPPRQ�QRGH�SRLQWV�IURP
RQH� IDFH� RI� ERWK� QHLJKERXULQJ� QRGHV�� *ULGV� XVHG� LQ� DOO� IORZ� VROXWLRQV� DUH� RI
VWUXFWXUHG�PHVKHV��FUHDWHG�XVLQJ�7HFSORW�����0HVK�*HQHUDWRU��7KH�VROYHU�LQ�IDFW�KDV
D�SRLQWHU�V\VWHP��ZKLFK�ZLOO�EH�H[SODLQHG�LQ�IROORZLQJ�FKDSWHUV�� WKDW�DOORZV�DOVR�WR



�

VROYH�XQVWUXFWXUHG�PHVKHV��%XW�WKH�H[LVWHQFH�RI�PXOWL�EORFN�DOJRULWKP�UHPRYHV�WKLV
QHHG�

7KH�EXUQLQJ�RI�WKH�SURSHOODQW�LQVLGH�WKH�URFNHW�PRWRU�FDQ�EH�VLPXODWHG�E\�XVLQJ�DQ
LQMHFWLQJ�VXUIDFH� IURP�SURSHU� ORFDWLRQV�� DV�PHQWLRQHG�DERYH��E\�ZKLFK� WKH�EXUQLQJ
SURSHOODQW�LV�LQWURGXFHG�LQWR�WKH�VROXWLRQ�GRPDLQ�ZLWK�D�VSHFLILHG�IODPH�WHPSHUDWXUH
DQG�PDVV�IOX[��7KHUHIRUH��IRU�WKHVH�SXUSRVHV��LQMHFWLRQ�ERXQGDU\�FRQGLWLRQV�DUH�XVHG
LQ�WKH�VLPXODWLRQ�RI�6350�IORZV��)RU�WKH�YDOLGDWLRQ�RI�WKH�VROYHU��VHYHUDO�WHVW�FDVHV
DUH�XVHG��)RU�WKH���'�D[LV\PPHWULF�FDVHV�ZLWK�LQMHFWLRQ��D�VXSSRUW�SURMHFW�ZKLFK�ZDV
VXSSRUWHG� E\� 21(5$� �2IILFH� 1DWLRQDO� '¶(WXGHV� HW� GH� 5HFKHUFKHV� $HURVSDWLDOHV�
�)UDQFH� IRU� 7XUNH\� 7����� >��@� DQG� FRPSOHWHG� ZLWK� WKH� FROODERUDWLRQ� RI� 5RNHWVDQ
�56���0LVVLOH�,QGXVWULHV��$QNDUD��7XUNH\��DQG�21(5$���7KH�JRDO�RI�WKH�SURMHFW�ZDV
WR� PRGLI\� DQG� DSSO\� H[LVWLQJ� ��'� DQG� D[LV\PPHWULF� IORZ� VROYHUV� RI� 56� WR
FRPEXVWLRQ� FKDPEHUV� DQG� QR]]OHV� RI� VROLG� SURSHOODQW� URFNHW�PRWRUV� �6350��� 7KH
WHVW� FDVHV� RI� WKH� SURMHFW� ZLOO� EH� H[SODLQHG� LQ� GHWDLO� LQ� &KDSWHU� ��� )RU� WKH� SODQDU
ODPLQDU� FDVH� YDOLGDWLRQ�� %ODVLXV� VROXWLRQ� IRU� WKH� IODW� SODWH� LV� XVHG�� )RU� WKH
D[LV\PPHWULF�ODPLQDU�FDVH�YDOLGDWLRQ��WKHRUHWLFDO�IXOO\�GHYHORSHG�ODPLQDU�SLSH�IORZ
YHORFLW\�SURILOH�LV�XVHG�

���� 6&23(�$1'�287/,1(�2)�7+(�7+(6,6

1RZDGD\V��DV�WKH�GHPDQG�RQ�SDUDOOHO�SURFHVVLQJ�LQFUHDVHV��ZKLFK�LV�ZLGHO\�XVHG�WR
GHFUHDVH� FRPSXWHU� WLPH� DQG� PHPRU\� XVDJH�� WKH� QHHG� RI� VROYHUV� ZLWK� PXOWL�EORFN
DOJRULWKPV�LQFUHDVHV�

,Q� WKH� OLWHUDWXUH�� DOWKRXJK� PXOWL�EORFN� WHFKQLTXHV� DUH� FRPPRQO\� XVHG� LQ� YDULRXV
VROYHUV�� LW� LV� QRW�ZLGHVSUHDG� LQ� LQWHUQDO� IORZ� VROXWLRQV�� HVSHFLDOO\�6350�VROXWLRQV�
PRVW�SUREDEO\�EHFDXVH�RI�WKH�VHFUHF\�SROLFLHV�LQ�WKLV�WHFKQRORJ\�� ,Q�WKLV�VWXG\��LW�LV



�

DLPHG�WR�SURYLGH�DQ�DFFXUDWH�DQG�HIILFLHQW�6350�LQWHUQDO�IORZ�VROYHU� WR�WKH�XVH�RI
7XUNLVK�GHIHQVH�LQGXVWU\�DQG�DFDGHPLF�VWXGLHV�SHUIRUPHG�LQ�WKH�VLPLODU�WRSLFV�

7KH� SUHVHQW� VWXG\� LV� H[SODLQHG� LQ� WKH� IROORZLQJ� FKDSWHUV�� ZKLFK� DUH� RUJDQL]HG� DV
IROORZV�

&KDSWHU� �� LQFOXGHV� JRYHUQLQJ� HTXDWLRQV� IRU� WKH� IORZ� RI� YLVFRXV� IOXLGV�� &KDSWHU� �
H[SODLQV� WKH� QXPHULFDO� GLVFUHWL]DWLRQ� RI� WKH� JRYHUQLQJ� HTXDWLRQV�� 1XPHULFDO
FDOFXODWLRQ�DQG�WLPH�VWHS�FDOFXODWLRQ�DUH�DOVR�LQWURGXFHG�LQ�WKH�VDPH�FKDSWHU�� ,QLWLDO
DQG� ERXQGDU\� FRQGLWLRQV� DUH� H[SODLQHG� LQ� &KDSWHU� ��� &KDSWHU� �� LV� GHYRWHG� WR� WKH
SRLQWHU�V\VWHP�DQG�PXOWL�EORFN� WHFKQLTXH�XVHG� LQ� WKH�VROYHU��7KH�UHVXOWV�RI� WKH� WHVW
FDVHV�WKDW�DUH�XVHG�LQ�WKH�YDOLGDWLRQ�RI�WKH�SUHVHQW�VWXG\�DUH�SUHVHQWHG�DQG�GLVFXVVHG
LQ�&KDSWHU����)LQDOO\��GLVFXVVLRQ�RI�WKH�UHVXOWV�DQG�IXWXUH�UHFRPPHQGDWLRQV�DUH�JLYHQ
LQ�&KDSWHU���
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&+$37(5��
��� *29(51,1*�(48$7,216

*29(51,1*�(48$7,216

���� *(1(5$/

7KH� IXQGDPHQWDO� HTXDWLRQV� RI� IOXLG� G\QDPLFV� DUH� EDVHG� RQ� XQLYHUVDO� ODZV� RI
FRQVHUYDWLRQ� RI� PDVV�� FRQVHUYDWLRQ� RI� PRPHQWXP� DQG� FRQVHUYDWLRQ� RI� HQHUJ\�� ,Q
DGGLWLRQ� WR� WKH� HTXDWLRQV� GHYHORSHG� IURP� WKHVH� XQLYHUVDO� ODZV�� LW� LV� QHFHVVDU\� WR
HVWDEOLVK� UHODWLRQVKLSV� EHWZHHQ� IOXLG� SURSHUWLHV� LQ� RUGHU� WR� FORVH� WKH� V\VWHP� RI
HTXDWLRQV��:KHQ�FRPELQHG�ZLWK�DQ�HTXDWLRQ�RI�VWDWH��VXFK�DV�WKH�SHUIHFW�JDV�ODZ��WKH
FRQVWDQW� 3UDQGWO� QXPEHU� DVVXPSWLRQ� DQG� DQ� H[SUHVVLRQ� UHODWLQJ� YLVFRVLW\� WR
WHPSHUDWXUH��VXFK�DV�6XWKHUODQG¶V�ODZ��D�FRPSOHWH�VHW�RI�HTXDWLRQV�IRU�ODPLQDU�IORZ
FDQ�EH�REWDLQHG�

���� $;,6<00(75,&�1$9,(5�672.(6�(48$7,216

7KH���'�D[LV\PPHWULF�FRPSUHVVLEOH�1DYLHU�6WRNHV�HTXDWLRQV�ZULWWHQ�LQ�FRQVHUYDWLYH
IRUP�IRU�D�&DUWHVLDQ�FRRUGLQDWH�V\VWHP�DUH�DV�IROORZV�
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ZKHUH�D ��GHQRWHV�WKDW�WKH�JRYHUQLQJ�HTXDWLRQV�DUH�VROYHG�IRU�D���'�SODQDU�GRPDLQ
DQG�D ��IRU�D���'�D[LV\PPHWULF�GRPDLQ��6LQFH�SODQDU�GRPDLQV�FDQ�DOVR�EH� VROYHG
ZLWKLQ�WKLV�WKHVLV�VWXG\��FRRUGLQDWHV�ZLOO�EH�GHILQHG�DV��[�\��LQVWHDG�RI��U�]��

7KH�VKHDU�VWUHVV�FRPSRQHQWV�DUH�H[SUHVVHG�DV�IROORZV
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DQG�WKH�KHDW�IOX[�FRPSRQHQWV�DUH�H[SUHVVHG�DV

[
7NT � w
w� �������������

\
7NT � w
w� �������������

,Q�RUGHU�WR�FORVH�WKH�V\VWHP�RI�HTXDWLRQV��WKHUPRG\QDPLF�SUHVVXUH�LV�ZULWWHQ�LQ�WHUPV
RI�WKH�FRQVHUYDWLYH�YDULDEOHV�XVLQJ�HTXDWLRQ�RI�VWDWH�IRU�D�SHUIHFW�JDV�

»¼
º«¬

ª �U��J �YX��
�H���S �� �������������

$OVR��WRWDO�HQWKDOS\�SHU�XQLW�PDVV�LV�GHILQHG�DV�IROORZV�

U
� �SH�K � �������������

ZKHUH�U�LV�WKH�GHQVLW\��X�DQG�Y�DUH�WKH�YHORFLW\�FRPSRQHQWV�LQ�WKH�[�DQG�\�GLUHFWLRQV�
UHVSHFWLYHO\��7�LV�WKH�WHPSHUDWXUH��H�LV�WKH�WRWDO�LQWHUQDO�HQHUJ\�SHU�XQLW�YROXPH��P�LV
WKH� WRWDO� HIIHFWLYH� YLVFRVLW\� FRHIILFLHQW�� N� LV� WKH� WKHUPDO� FRQGXFWLYLW\�� DQG� J�LV� WKH
UDWLR�RI�VSHFLILF�KHDWV�



��

������ 121�',0(16,21$/,=$7,21

,Q�&)'�DSSOLFDWLRQV��JRYHUQLQJ�HTXDWLRQV�DUH�RIWHQ�SXW�LQ�QRQ�GLPHQVLRQDO�IRUP��$V
D� UHVXOW� RI� WKH� QRQ�GLPHQVLRQDOL]DWLRQ�� HTXDWLRQV� UHSUHVHQWLQJ� WKH� IORZ� DUH
FKDUDFWHUL]HG�E\�SDUDPHWHUV�DV�5H\QROGV�QXPEHU�DQG�3UDQGWO�QXPEHU�LQVWHDG�RI�WKH
DFWXDO�YDOXHV�RI�YLVFRVLW\�DQG�WKHUPDO�FRQGXFWLYLW\�>��@�

7KH� IROORZLQJ� QRQ�GLPHQVLRQDOL]DWLRQ� SURFHGXUH� LV� DSSOLHG� IRU� WKH� SUHVHQW
IRUPXODWLRQ�

�������������

ZKHUH�O ��� � �LV�WKH�UHIHUHQFH�OHQJWK��7 ��� � �LV�WKH�UHIHUHQFH�WHPSHUDWXUH��U ��� � �LV�WKH�UHIHUHQFH
GHQVLW\��P ��� � �LV�WKH�UHIHUHQFH�FRHIILFLHQW�RI�YLVFRVLW\�DQG�D ��� � �LV�WKH�UHIHUHQFH�VSHHG�RI
VRXQG�DW�WKH�UHIHUHQFH�WHPSHUDWXUH�

$V�D�UHVXOW�RI�QRQ�GLPHQVLRQDOL]DWLRQ��IROORZLQJ�QRQ�GLPHQVLRQDO�SDUDPHWHUV�DSSHDU
LQ�WKH�JRYHUQLQJ�HTXDWLRQV�
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ZKHUH� 5H ��� � � LV� WKH� UHIHUHQFH� 5H\QROGV� QXPEHU� DQG� 3U ��� � � LV� WKH� UHIHUHQFH� 3UDQGWO
QXPEHU��5HODWLRQV�JLYHQ�EHORZ�DOVR�DSSO\�IRU�WKH�DERYH�HTXDWLRQV�

� 	 
� 	 
 57D J �������������

5& � �� J
J �������������

7KLV�QRQ�GLPHQVLRQDOL]DWLRQ�DOVR�\LHOGV�WKH�IROORZLQJ�XVHIXO�UHODWLRQV�

J
U 


 7S �HTXDWLRQ�RI�VWDWH� �������������
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7KURXJKRXW� WKH�SUHVHQW�ZRUN�� IUHHVWUHDP�VWDJQDWLRQ�FRQGLWLRQV�KDYH�EHHQ�XVHG� �� WR
GHWHUPLQH� UHIHUHQFH� YDOXHV� RI� SUHVVXUH�� VSHHG� RI� VRXQG� DQG� WHPSHUDWXUH�� 7KH
DGYDQWDJH� RI� XVLQJ� VWDJQDWLRQ� FRQGLWLRQV� RYHU� PDQ\� RWKHU� FKRLFHV� RI� UHIHUHQFH
FRQGLWLRQV�LV�WKDW�WKH�QRQ�GLPHQVLRQDO�VWDJQDWLRQ�TXDQWLWLHV�UHGXFH�WR

S � 
��  ��J U ��
��  �� 7 � 
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VXFK�WKDW�WKH\�DUH�LQGHSHQGHQW�RI�WKH�DFWXDO�IORZ�FRQGLWLRQV�

,QVHUWLQJ� QRQ�GLPHQVLRQDO� YDULDEOHV� GHILQHG� LQ� (TXDWLRQ� ������� WRJHWKHU� ZLWK� WKH
JLYHQ�GHILQLWLRQV�JLYHQ�LQ�(TXDWLRQ��������DQG��������LQWR�(TXDWLRQV�������WR�(TXDWLRQ
�������QRQ�GLPHQVLRQDO�IRUP�WKH�JRYHUQLQJ�HTXDWLRQV�FDQ�EH�REWDLQHG��)URP�QRZ�RQ�
DOO�YDULDEOHV�ZLOO�EH�JLYHQ�LQ�QRQ�GLPHQVLRQDO�IRUP�DQG�IRU�FRQYHQLHQFH��VXSHUVFULSW

� ZLOO� QRW� EH� XVHG�� 6LQFH� RQO\� WKH� YLVFRXV� VKHDU� WHUPV� DQG� YLVFRXV� D[LV\PPHWULF
VRXUFH�WHUP�KDYH�EHHQ�FKDQJHG��RQO\�WKHLU�PRGLILHG�IRUP�DUH�JLYHQ�EHORZ�DV�IROORZV�
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���� *29(51,1*�(48$7,216�)25�9,6&26,7<

,Q�WKH�DERYH�IRUP�RI�JRYHUQLQJ�1DYLHU�6WRNHV�HTXDWLRQV� �LV�WKH�HIIHFWLYH�YLVFRVLW\
FRHIILFLHQW��$FFRUGLQJ�WR�WKH�HGG\�YLVFRVLW\�FRQFHSW�GXH�WR�%RXVVLQHVT�>��@�VWUHVVHV
UHVXOWLQJ�IURP�WXUEXOHQW� IOXFWXDWLRQV�FDQ�EH�DGGHG� WR� WKH�PHDQ�IORZ�VWUHVVHV��7KXV�
WKH�HTXDWLRQ�JLYHQ�EHORZ�LV�XVHG�ZKHQ�WKH�IORZ�LV�WXUEXOHQW
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ZKHUH� � 
�� �FRUUHVSRQGV�WR�WKH�ODPLQDU�YLVFRVLW\�DQG� � ����� �FRUUHVSRQGV�WR�WKH�WXUEXOHQW
YLVFRVLW\� GXH� WR� %RXVVLQHVT� K\SRWKHVLV�� 7KXV�� LQ� WKH� VROXWLRQ� PHWKRG�� ODPLQDU
YLVFRVLW\�DQG� WXUEXOHQW�YLVFRVLW\�DUH�FDOFXODWHG� LQGHSHQGHQWO\�DQG� WKHQ� DGGHG� WR�EH
XVHG�DV�WKH�WRWDO�HIIHFWLYH�YLVFRVLW\�FRHIILFLHQW�

6LPLODUO\� 5H\QROGV� SURSRVHG� DQ� DQDORJ\� EHWZHHQ� WXUEXOHQW� KHDW� DQG� PRPHQWXP
WUDQVIHU�>��@�DQG�LQWURGXFHG�D�WXUEXOHQW�3UDQGWO�QXPEHU�FRQFHSW�DV�IROORZV�
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ZKHUH�3U � 	�
 �LV�WKH�ODPLQDU�3UDQGWO�QXPEHU�DQG�3U � 
�� � �LV�WKH�WXUEXOHQW�3UDQGWO�QXPEHU�
,Q�WKLV�VWXG\�ODPLQDU�DQG�WXUEXOHQW�3UDQGWO�QXPEHUV�DUH�DVVXPHG� WR�EH�FRQVWDQW� IRU
HDFK�IORZ�ILHOG�DQDO\]HG�DQG�WXUEXOHQW�HQHUJ\�WUDQVSRUW�LV�LQFOXGHG�LQ�(TXDWLRQ������
E\�WKH�DSSURDFK�JLYHQ�LQ�(TXDWLRQ��������

������ /$0,1$5�9,6&26,7<�02'(/

7R�FRPSOHWH�WKH�VHW�RI�JRYHUQLQJ�HTXDWLRQV��DQ�H[SUHVVLRQ�UHODWLQJ�YLVFRVLW\�WR
WHPSHUDWXUH� VKRXOG� EH� XVHG�� )RU� VROXWLRQV� LQYROYLQJ� ODPLQDU� IORZ�� IUHH� VWUHDP
ODPLQDU�YLVFRVLW\�ZKLFK� LV�DVVXPHG� WR�EH�FRQVWDQW� IRU� WUDQVRQLF� IORZV� LV�FDOFXODWHG
IURP�6XWKHUODQG¶�V�IRUPXOD�>��@�LQ�6,�XQLWV�DV�IROORZV�
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ZKHUH�WKH�WHPSHUDWXUH�LV�VSHFLILHG�LQ�.HOYLQ�GHJUHHV�

������ 785%8/(17�9,6&26,7<�02'(/

,Q� RUGHU� WR� FDOFXODWH� WXUEXOHQW� YLVFRVLW\�� WKH� %DOGZLQ�/RPD[�PRGHO� >��@� LV
XVHG�IRU�WXUEXOHQW�IORZV��,Q�WKLV�PRGHO��WXUEXOHQW�YLVFRVLW\�LV�GHILQHG�E\�WKH�HTXDWLRQ
JLYHQ�EHORZ
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ZKHUH�<�LV�WKH�QRUPDO�GLVWDQFH�IURP�WKH�ZDOO��DQG�< ����������������� �LV�WKH�VPDOOHVW�YDOXH�RI�<
DW�ZKLFK�YDOXHV� IURP�LQQHU�DQG�RXWHU� IRUPXODV�EHFRPH�HTXDO��)RU� LQQHU� OD\HU� HGG\
YLVFRVLW\��� � ����� � � ������� � 3UDQGWO�PL[LQJ�OHQJWK�WKHRU\�LV�XVHG�DV�EHORZ
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)RU� WKLV� HTXDWLRQ� WR� EH� FRPSOHWH�� O � ������� � VKRXOG� EH� NQRZQ�� ZKLFK� FDQ� EH� GRQH� E\
UHODWLQJ� LW� WR� WKH� IORZ� FRQGLWLRQV�� )RU� LQQHU� OD\HU�� O � ������� � LV� FDOFXODWHG� E\� D� IRUPXOD
GHULYHG�E\�YDQ�'ULHVW��������ZKHUH�WKH�YDQ�'ULHVW�GDPSLQJ�IDFWRU��LV�DSSOLHG��JLYHQ
DV�EHORZ
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ZKHUH� WKH� GLPHQVLRQOHVV� GDPSLQJ� FRQVWDQW� $� YDULHV� ZLWK� IORZ� FRQGLWLRQV� VXFK� DV
SUHVVXUH�JUDGLHQW��ZDOO� URXJKQHVV�DQG�EORZLQJ�RU� VXFWLRQ��$§��� IRU� IODW� SODWH� IORZ
DQG� �� WKH�.DUPDQ� FRQVWDQW�� LV� ������7KH� YDQ�'ULHVW� GDPSLQJ� IDFWRU� LQ� EUDFNHWV� LV
GHULYHG�IURP�RVFLOODWLQJ�ODPLQDU�IORZ�QHDU�D�ZDOO��>��@

7KH�QRQ�GLPHQVLRQDO�ZDOO�GLVWDQFH�< 0 �LV�GHILQHG�DV
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ZKHUH�<�LV�WKH�GLVWDQFH�IURP�WKH�ZDOO�DQG�X �LV�FDOOHG�WKH�IULFWLRQ�YHORFLW\��FDOFXODWHG
DW�ZDOO�IRU�ZDOO�ERXQGDU\�OD\HUV�
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6XEVWLWXWLQJ�(TXDWLRQ��������LQWR�(TXDWLRQ���������< 0 �FDQ�EH�UHZULWWHQ�DV
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7R� FDOFXODWH� LQQHU� OD\HU� HGG\� YLVFRVLW\�� �� WKH� YRUWLFLW\� VKRXOG� DOVR� EH� FDOFXODWHG�
7KH�IRUPDO�GHILQLWLRQ�RI�YRUWLFLW\�IRU�D���'�FRRUGLQDWH�V\VWHP�LV�JLYHQ�DV�EHORZ�
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%\�WKH�GHILQLWLRQV�JLYHQ�DERYH��LQQHU�OD\HU�HGG\�YLVFRVLW\�FDQ�EH�FDOFXODWHG�SURSHUO\�

1RZ� WKDW� WKH� LQQHU� OD\HU� HGG\� YLVFRVLW\� LV� IRXQG�� WKH� RXWHU� OD\HU� HGG\� YLVFRVLW\
VKRXOG�DOVR�EH�FDOFXODWHG�

,Q�WKH�RXWHU�UHJLRQ�ZKHUH�<!<FURVVRYHU��WKH�WXUEXOHQW�YLVFRVLW\�LV�JLYHQ�DV�IROORZV�
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ZKHUH�& !#" ��� ��WKH�.OHEDQRII�SDUDPHWHU��LV�WDNHQ�DV�����DQG�)$�%&!�� �LV�GHILQHG�DV
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ZKHUH�< � %�� � LV� WKH�<�YDOXH� FRUUHVSRQGLQJ� WR�)� %�� �� ,Q� WKH�(TXDWLRQ� �������� WKH� XSSHU
IRUPXOD�LV�YDOLG�IRU�DWWDFKHG�ZDOO�ERXQGDU\�OD\HUV�DQG�WKH�ORZHU�IRUPXOD�LV�YDOLG�IRU
VHSDUDWHG�DQG�DWWDFKHG�ZDOO�ERXQGDU\�OD\HUV�DQG�ZDNHV�ZKHUH�& � �  ����DQG�& ���  ����
DV� SURSRVHG� E\� %DOGZLQ�/RPD[� PRGHO� >��@�� 7KH� YHORFLW\� GLIIHUHQFH� 9 � � � � � LV
FDOFXODWHG�E\�WKH�IROORZLQJ�HTXDWLRQ�
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ZKHUH�9�GHQRWHV�WKH�PDJQLWXGH�RI�WKH�YHORFLW\�YHFWRU��,Q�WKH�DERYH�(TXDWLRQ�������
�9� $&%�' � LV�WKH�YHORFLW\�YDOXH�FRUUHVSRQGLQJ�WR�) $&%�' �DV� LW� LV� LQ� WKH�GHILQLWRQ�RI�<PD[�
�9� $&( ) � FRUUHVSRQGV� WR� WKH� PLQLPXP� YHORFLW\� RI� WKH� SURILOH�� 7KH� YRUWLFLW\� PRPHQW
)�<��LV�FDOFXODWHG�IURP�
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,Q� WKLV� HTXDWLRQ�� WKH� XSSHU� IRUPXOD� LV� DSSOLFDEOH� WR� ZDOO� ERXQGDU\� OD\HUV
ZKHUHDV�WKH�ORZHU�IRUPXOD�LV�DSSOLHG�WR�ZDNHV��7KH�GHQRPLQDWRU�LQ�(TXDWLRQ�������
LV� NQRZQ� DV� .OHEDQRII� LQWHUPLWWHQF\� IDFWRU� DQG� FDXVHV� WKH� RXWHU� HGG\� YLVFRVLW\
YDQLVK�DV�<�JRHV�WR�LQILQLW\��DV�H[SHFWHG�
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7KH�WZR�GLPHQVLRQDO�D[LV\PPHWULF�1DYLHU�6WRNHV�HTXDWLRQV�LQ�&DUWHVLDQ�FRRUGLQDWH
V\VWHP� DUH� WUDQVIRUPHG� LQWR� D� JHQHUDOL]HG� ERG\�FRQIRUPLQJ� FXUYLOLQHDU� FRRUGLQDWH
V\VWHP��SUHVHUYLQJ� VWURQJ�FRQVHUYDWLYH� ODZ� IRUP�E\� XVLQJ�PHWULF� WUDQVIRUPDWLRQ� LQ
RUGHU�WR�IDFLOLWDWH�WKH�LPSOHPHQWDWLRQ�RI�ERXQGDU\�FRQGLWLRQV�LQ�DUELWUDU\�JHRPHWULHV
>����������@�� $� JHQHUDO� WUDQVIRUPDWLRQ� IURP� &DUWHVLDQ� FRRUGLQDWHV� WR� FXUYLOLQHDU
FRRUGLQDWHV�FDQ�EH�ZULWWHQ�DV
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7KHVH� WUDQVIRUPDWLRQV� DUH� PDGH� VXFK� WKDW� WKH� JULG� VSDFLQJ� LQ� WKH� QHZ� FRRUGLQDWH
V\VWHP� LV� XQLIRUP� DQG� RI� XQLW� OHQJWK� DQG� EHVLGHV�� WKHUH� ZLOO� EH� D� RQH�WR�RQH
FRUUHVSRQGHQFH� EHWZHHQ� WKH� SK\VLFDO� DQG� FRPSXWDWLRQDO� GRPDLQV�� &DUWHVLDQ
GHULYDWLYHV�FDQ�EH�REWDLQHG�E\�FKDLQ�UXOH�DV�EHORZ�
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7KH�-DFRELDQ�RI�WUDQVIRUPDWLRQ�FDQ�EH�ZULWWHQ�DV



��

���� \[\[- � � �������������

7KH� -DFRELDQ�� -�� LV� LQWHUSUHWHG� DV� WKH� UDWLR� RI� DUHDV� LQ� WKH� SK\VLFDO� VSDFH� DQG� WKH
FRPSXWDWLRQDO�VSDFH��6LQFH�WKH�FRPSXWDWLRQDO�VSDFH�KDV�D�XQLIRUP�VSDFLQJ�RI�XQLW\
LQ� ERWK� GLUHFWLRQV�� LW� LV� WKH� DUHD� RI� WKH� FHOO� LQ� WKH� SK\VLFDO� VSDFH� IRU� WKH� SUHVHQW
IRUPXODWLRQ�

7KH�PHWULF�WHUPV�FDQ�EH�ZULWWHQ�DV�
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6R� IDU�� HTXDWLRQV� UHTXLUHG� WR� PDNH� QHFHVVDU\� WUDQVIRUPDWLRQV� DUH� GHULYHG�� 6WURQJ
FRQVHUYDWLRQ� IRUP�RI� JRYHUQLQJ� HTXDWLRQV� LV� QRZ� WR� EH� WUDQVIRUPHG� IURP� SK\VLFDO
GRPDLQ�WR�FRPSXWDWLRQDO�GRPDLQ�ZKLOH�SUHVHUYLQJ�WKH�VWURQJ�FRQVHUYDWLRQ�IRUP��7KH
WUDQVIRUPHG�IRUP�RI�1DYLHU�6WRNHV�HTXDWLRQV�������FDQ�EH�JLYHQ�DV�IROORZV�
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7KH� JUDGLHQWV� RI� YHORFLW\� UHTXLUHG� IRU� VKHDU� VWUHVV� FRPSRQHQWV� DUH� FDOFXODWHG� DV
IROORZV�
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ZKHUHDV�WKH�WHPSHUDWXUH�JUDGLHQWV�UHTXLUHG�IRU�WKH�KHDW�IOX[�FRPSRQHQWV�DUH�
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7KH� WHPSHUDWXUH� GHILQLWLRQ� FDQ� EH� JLYHQ� XVLQJ� (TXDWLRQV� ������� DQG� ������� DV
IROORZV�
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,Q� WKLV� FKDSWHU�� WKH� QXPHULFDO� DOJRULWKP� XVHG� IRU� WKH� VROXWLRQ� RI� D[LV\PPHWULF
1DYLHU�6WRNHV�HTXDWLRQV�LV�H[SODLQHG��$�VLQJOH�VWHS�H[SOLFLW�/D[�:HQGURII�W\SH�WLPH
PDUFKLQJ� PHWKRG� LV� XVHG� DV� WKH� EDVH� VROYHU�� )LQLWH� YROXPH� PHWKRG� LV� XVHG� WR
GLVFUHWL]H� WKH� JRYHUQLQJ� HTXDWLRQV�� $SSOLFDWLRQ� RI� WKH� ILQLWH� YROXPH� LQWHJUDWLRQ
\LHOGV�D�³FHOO�UHVLGXDO´�IRU�HDFK�FHOO��ZKLFK�UHSUHVHQWV�WKH�FKDQJH�LQ�WKH�FRQVHUYDWLYH
YDULDEOHV�EHWZHHQ�WKH�FXUUHQW�DQG�SUHYLRXV�WLPH�VWHSV�IRU� WKDW�FRQWURO�YROXPH��7KLV
VHFRQG�RUGHU�FKDQJH�RI�HDFK�FHOO�LV�WKHQ�GLVWULEXWHG�WR�WKH�VXUURXQGLQJ�QRGHV�RI�WKH
FHOO� E\� D� GLVWULEXWLRQ� IRUPXOD��:KLOH� /D[�:HQGURII� W\SH� DOJRULWKPV� DUH� NQRZQ� WR
KDYH� D� VLJQLILFDQW� DPRXQW� RI� LPSOLFLW� DUWLILFLDO� VPRRWKLQJ�� WUDQVRQLF� RU� VXSHUVRQLF
IORZV�ZLWK�VKRFNV�QHHG�DGGLWLRQDO�H[SOLFLW�VPRRWKLQJ�SURFHGXUH�IRU�D�VWDEOH�VROXWLRQ�
7KHUHIRUH��D�ILUVW�RUGHU�VPRRWKLQJ�DOJRULWKP�LV�XVHG�WR�GDPS�WKH�RVFLOODWLRQV�GXULQJ
WKH� VROXWLRQ�� ,Q� RUGHU� WR� KDYH� D� IDVW� FRQYHUJHQFH�� ORFDO� WLPH� VWHSSLQJ� WHFKQLTXH� LV
HPSOR\HG�

)LQDOO\��LPSOHPHQWDWLRQ�RI�ERXQGDU\�FRQGLWLRQV�IRU�ZDOO��V\PPHWU\��LQMHFWLRQ��LQIORZ
DQG�RXWIORZ�ERXQGDULHV�LV�H[SODLQHG�
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6ROXWLRQ�PHWKRG�LV�D�FHOO�YHUWH[�ILQLWH�YROXPH�LQWHJUDWLRQ�WHFKQLTXH�RI�WKH�JRYHUQLQJ
HTXDWLRQV��,W�LV�PDLQO\�EDVHG�RQ�WKH�1L¶�V�PHWKRG�>��@�IRU�VROYLQJ�(XOHU�HTXDWLRQV��7R
VROYH� WKH� 1DYLHU�6WRNHV� HTXDWLRQV� DQG� D[LV\PPHWULF� SUREOHPV�� YLVFRXV� IOX[� WHUPV
DQG� LQYLVFLG� DQG�YLVFRXV� D[LV\PPHWULF� VRXUFH� WHUPV�DUH� DOVR� LPSOHPHQWHG� LQWR� WKH
VROXWLRQ� DOJRULWKP�� )RU� WKH� ILQLWH� YROXPHV�� FHOO�YHUWH[� IRUPXODWLRQ� LV� XVHG� IRU� WKH
(XOHU� HTXDWLRQV� DQG� /D[�:HQGURII� PHWKRG� LV� DSSOLHG� IRU� WKH� WLPH� LQWHJUDWLRQ�
$GGLWLRQDO� WHUPV� GXH� WR� YLVFRVLW\� DQG� D[LV\PPHWULFLW\� DUH� DGGHG� XVLQJ� FHOO�YHUWH[
IRUPXODWLRQ�

([SUHVVLQJ�WKH�FRQVHUYDWLYH�YDULDEOH��8��WHUP�E\�XVLQJ�7D\ORU¶�V�VHULHV�H[SDQVLRQ�LQ
WLPH�XS�WR�VHFRQG�RUGHU�DFFXUDF\��IROORZLQJ�UHODWLRQ�LV�REWDLQHG�
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ZKHUH� WKH� VXSHUVFULSW� µQ¶� GHILQHV� WKH� WLPH� IURP� ZKLFK� WKH� LWHUDWLRQ� LV� EHLQJ
SURFHHGHG��5HDUUDQJLQJ�(TXDWLRQ� ������ DQG�GHILQLQJ�+ + � �+ � � IRU� VLPSOLFLW\� GXULQJ
WKH�GLVFUHWL]DWLRQ�SURFHGXUH
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)RU�FRQYHQLHQFH��WKH�FHOO�UHVLGXDO�µG8¶�FDQ�EH�GHILQHG�DV
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6HFRQG�WHUP�LQ�WKH�DERYH�HTXDWLRQ�FDQ�DOVR�EH�UHZULWWHQ�DV
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ZKHUH�6� �DQG�6� �UHSUHVHQW�WKH�DUHDV�SHUSHQGLFXODU�WR�[�DQG�\�GLUHFWLRQV��UHVSHFWLYHO\�
,Q� WKLV�HTXDWLRQ�� WKH� ILUVW�� WKLUG�DQG� ILIWK� WHUPV�DUH� ILUVW� RUGHU� FRUUHFWLRQV�ZKLOH� WKH
VHFRQG�� IRXUWK� DQG� VL[WK� WHUPV� DUH� VHFRQG� RUGHU� FRUUHFWLRQV�� 7KXV�� 8 ��� � � � FDQ� EH
H[SUHVVHG�DV�WKH�VXPPDWLRQ�RI�WKHVH�WZR�WHUPV�DV�EHORZ
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ZKHUH� 8� �GHQRWLQJ� ILUVW�RUGHU�FKDQJHV�DQG� 8 ��� � �GHQRWLQJ�VHFRQG�RUGHU�FKDQJHV�
6LPLODUO\��� �
� �DQG�� ��� �RUGHU�FRUUHFWLRQ�FRQWULEXWLRQV�IURP�RWKHU�QHLJKERXULQJ�FHOOV�RI
1RGH���FDQ�EH�GHILQHG��7KHVH�WZR�WHUPV�FRQWULEXWLQJ�WR� 8 ��� � �DUH�H[SUHVVHG�LQ�GHWDLO
LQ�WKH�EHORZ�WZR�VWHS�
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DFFRUGLQJ� WR� )LJXUH� ����� 6LQFH� WKH� YLVFRXV� WHUPV� FRQWDLQ� GHULYDWLYHV� RI� WKH
FRQVHUYDWLYH�YDULDEOHV�� WKH\� DUH�FDOFXODWHG�DW� WKH� FHOO� FHQWHU�DQG� WKHQ�GLVWULEXWHG� WR
WKH�QRGHV�RI�FRUUHVSRQGLQJ�FHOOV��$FFRUGLQJO\��ILUVW�RUGHU�FRUUHFWLRQV�IRU�WKH�QRGHV�RI
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7KLV�VWHS�LV�D�ILUVW�RUGHU�DSSUR[LPDWLRQ�WR�WKH�JRYHUQLQJ�HTXDWLRQV�RQ�D�FHOO�YROXPH
ZKRVH�VKDSH�LV�LQGHSHQGHQW�RI�WLPH�

� ��� �6WHS�

7KLV�VWHS�LV�WKH�FDOFXODWLRQ�RI�VHFRQG�RUGHU�FRUUHFWLRQV�RI�1RGH���GXH�WR�WKH�FKDQJHV
WDNLQJ�SODFH�ZLWKLQ�&HOO�,�GXULQJ�WLPH�VWHS� W�

$�VDPSOH�FHOO�RYHU�ZKLFK�WKH�VHFRQG�RUGHU�ILQLWH�YROXPH�FDOFXODWLRQV�DUH�FDUULHG�RXW
LV�VKRZQ�LQ�)LJXUH�����WRJHWKHU�ZLWK�LWV�VXUIDFH�QRUPDO�YHFWRUV��1RGH�GHILQLWLRQV�DUH
WKH� VDPH� IRU� HDFK� FHOO� VLQFH� D� SRLQWHU� V\VWHP� LV� XVHG� WR� GHILQH� WKH� ZKROH� PHVK
VWUXFWXUH�
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7KH�VHFRQG�RUGHU�FKDQJHV�DUH�GXH�WR�IOX[HV�SDVVLQJ�WKURXJK�O�J�DQG�O�H�RI�)LJXUH����
IRU�1RGH����6HFRQG�RUGHU�FRUUHFWLRQV�LQ�(TXDWLRQ��������FDQ�EH�GLVFUHWL]HG�DV�EHORZ
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(TXDWLRQ� ������� UHZULWWHQ� GXULQJ� WKH� GLVFUHWL]DWLRQ� RI� VHFRQG� RUGHU� FRUUHFWLRQV� RI
(TXDWLRQ��������

)RU�QRGHV�����DQG���RI�&HOO�,��FRUUHFWLRQV�DUH�GLIIHUHQW�WKDQ�WKH�RQH�JLYHQ�LQ�(TXDWLRQ
�������EHFDXVH�RI�GLIIHUHQW�VHFRQG�RUGHU�FKDQJHV�
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'HULYDWLYH�WHUPV�LQFOXGHG�LQ� WKH� IRUPXODWLRQ�RI� IOX[� WHUPV��')��'*�DQG�'+� WHUPV�
DSSHDUHG� DERYH� DUH� FDOOHG� -DFRELDQV�� &DOFXODWLRQ� RI� LQYLVFLG� DQG� D[LV\PPHWULF
VRXUFH�WHUP�-DFRELDQV�DUH�JLYHQ�LQ�$SSHQGL[�$�

1RZ�WKDW�ERWK�ILUVW�DQG�VHFRQG�RUGHU�FRUUHFWLRQV�DUH�FDOFXODWHG�IRU�DOO�QRGHV�RI�&HOO�,�
WRWDO�FRUUHFWLRQ�DW�WKHVH�QRGHV�FDQ�EH�IRXQG�DV
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)LQDOO\�� DIWHU� WKH� FDOFXODWLRQ� DQG�GLVWULEXWLRQ� VWHSV� WR� HYHU\�QRGH�RI� HYHU\� FHOO� DQG
ERXQGDU\�FRQGLWLRQ�LPSOHPHQWDWLRQ�� WKH�VROXWLRQ� LV�XSGDWHG�DW�HDFK�QRGH�DFFRUGLQJ
WR�WKH�IROORZLQJ�SURFHGXUH�IRU�D�VDPSOH�QRGH��1RGH����UHIHUULQJ�WR�)LJXUH�����
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7KH�VROXWLRQ�SURFHGXUH�LQ�WKH�FRGH�FDQ�EH�VXPPDUL]HG�EULHIO\�DV�EHORZ�

%HIRUH�WKH�VROXWLRQ�SURFHVV��WKH�PHVK�LV�VZHSW�E\�QRGH�LQLWLDOL]LQJ�DOO�FHOO�UHVLGXDOV
WR�]HUR��L�H��G8 ���

$IWHU� WKH�LQLWLDWLRQ��ILUVW�DQG�VHFRQG�RUGHU�FKDQJHV�DUH�FDOFXODWHG�DQG�DGGHG�WR�ILQG
WKH�UHVLGXDO�WHUP�VZHHSLQJ�DOO�WKH�QRGHV�DORQJ�WKH�GRPDLQ�

$IWHU� WKH� FRQWULEXWLRQV� WR� WKH� QRGHV� DUH� FDOFXODWHG� DQG� DGGHG�� ERXQGDU\� FRQGLWLRQ
LPSOHPHQWDWLRQ�DQG�XSGDWLQJ�RI�ERXQGDU\�FHOO�UHVLGXDOV�FRPSOHWHV�WKH�VROXWLRQ�F\FOH
IRU�D�VLQJOH�WLPH�VWHS�
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0RVW� RI� WKH� H[SOLFLW� IRUPXODWLRQV� OLNH� /D[�:HQGURII� VFKHPH� UHTXLUH� DGGLWLRQDO
DUWLILFLDO� VPRRWKLQJ� WR� ILOWHU� WKH� QRQ�SK\VLFDO� RVFLOODWLRQV� QHDU� GLVFRQWLQXLWLHV�� 7KH
QHFHVVLW\� DULVHV� LQ� WZR� ZD\V�� )LUVW�� WKH� JULG� UHVROXWLRQ� RU� TXDOLW\� PD\� QRW� EH
VXIILFLHQW�WR�UHVROYH�WKH�SK\VLFV�RI�WKH�IORZ�LQ�GLVFUHWH�GRPDLQ��6HFRQG��WKH�GDPSLQJ
PHFKDQLVP� RI� WKH� QXPHULFDO�PHWKRG�PD\� EH� LQVXIILFLHQW� WR� GDPS� WKH� XQQHFHVVDU\
QXPHULFDO�RVFLOODWLRQV�HVSHFLDOO\�LQ�WKH�LQYLVFLG�UHJLRQV�ZKHUH�WKH�YLVFRXV�GLVVLSDWLRQ
YDQLVKHV��:KLOH�WKH�SUHVHQFH�RI�QXPHULFDO�VPRRWKLQJ�LV�HVVHQWLDO��LW�VKRXOG�EH�NHSW�DV
VPDOO�DV�SRVVLEOH�WR�PLQLPL]H�GHJUDGDWLRQ�RI�WKH�VROXWLRQ�DFFXUDF\�

)RU�WKH�SUHVHQW�DOJRULWKP��EHORZ�VPRRWKLQJ�PHFKDQLVP�LV�XVHG�LQ�WKH�VROXWLRQV�DIWHU
WKH�GLVWULEXWLRQ�RI�FHOO�FKDQJHV�WR�WKH�QRGHV��7KH�VPRRWKLQJ�SURFHGXUH�FDQ�EH�DSSOLHG
DV�IROORZV�WR�HDFK�QRGH��)RU�H[DPSOH��UHIHUULQJ�WR�&HOO�,�RI�)LJXUH�����
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ZKHUH� V� LV� WKH� DUWLILFLDO� YLVFRVLW\� FRHIILFLHQW� ZKLFK� GHSHQGV� RQ� WKH� SUREOHP
FRQVLGHUHG� DQG� FDQ� EH� VSHFLILHG� E\� WULDO�DQG�HUURU� DQG� 8� � LV� WKH� DYHUDJH� RI� WKH
FRQVHUYDWLYH�YDULDEOHV�DW�WKH�IRXU�QRGHV�RI�D�FHOO�

7KLV� FRPSOHWHV� WKH� IRUPXODWLRQ� RI� WKH� VROYHU� RQ� WKH� VROXWLRQ� GRPDLQ� H[FHSW� WKH
FDOFXODWLRQ�RI�WLPH�VWHS�IRU�HDFK�FHOO�

���� 7,0(�67(3�&$/&8/$7,21

7KH�WLPH�VWHS�OLPLWDWLRQ�LV�GHWHUPLQHG�E\�WKH�VWDELOLW\�OLPLW�RI�1L�VFKHPH�DSSOLHG�WR
WKH�JRYHUQLQJ�HTXDWLRQV��8QIRUWXQDWHO\��VLQFH�WKH�JRYHUQLQJ�HTXDWLRQV�DUH�QRQ�OLQHDU�
D�VWDELOLW\�DQDO\VLV�FDQ�QRW�EH�GRQH�GLUHFWO\�IRU�WKLV�V\VWHP��7KHUHIRUH��&)/�QXPEHU
LV� QRW� FDOFXODWHG� GXULQJ� WKH� FDOFXODWLRQV� EXW� LW� LV� VSHFLILHG� E\� QRWLQJ� WKH� FRQGLWLRQ
&)/d��

)RU�WKH�WLPH�VWHS�FDOFXODWLRQ��LQYLVFLG�VWDELOLW\�OLPLW�IRUPXOD�LV�XVHG�DV�JLYHQ�EHORZ�
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ZKHUH�&)/d��

1R� PRGLILFDWLRQ� LV� GRQH� IRU� YLVFRXV� VROXWLRQV� VLQFH� WKH� WLPH� VWHS� OLPLWDWLRQ� RI
HTXDWLRQ��������SURYLGH�HQRXJK�VWDELOLW\�ZLWK�SURSHU�&)/�QXPEHU�XVDJH�

,Q�RUGHU�WR�DFFHOHUDWH�FRQYHUJHQFH��D�QHZ�WLPH�VWHS�LV�FDOFXODWHG�IRU�HDFK�FHOO�ORFDOO\�
7KLV� VWHS� LV� FDOOHG� DV� WKH� ORFDO� WLPH� VWHS�� ,I� DFFXUDF\� LQ� WLPH� LV� QHHGHG� ZLWKRXW
FRQVLGHULQJ�WKH�FRQYHUJHQFH�UDWH��D�VLQJOH�PLQLPXP�WLPH�VWHS�LV�XVHG�LQ�HYHU\�FHOO�RI



��

WKH�ZKROH�GRPDLQ��7KLV�WLPH�VWHS�LV�FDOOHG�DV�JOREDO�WLPH�VWHS��7KH�JOREDO�WLPH�VWHS
XVDJH� LV�PRUH� DSSURSULDWH� IRU� LGHQWLFDO�PHVK� HOHPHQWV�� ,Q� WKLV� WKHVLV�ZRUN�� DOO� WKH
FRPSXWDWLRQV�DUH�PDGH�XVLQJ� ORFDO� WLPH�VWHS�VLQFH�GLIIHUHQW�PHVK�VL]HV�DUH�XVHG� LQ
HLWKHU�HDFK�EORFN�RU�EHWZHHQ�WKH�EORFNV�
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&+$37(5��
��� ,1,7,$/�$1'�%281'$5<�&21',7,216
,1,7,$/�$1'�%281'$5<�&21',7,216

%RXQGDU\�FRQGLWLRQV�KDYH�FRQVLGHUDEOH�LPSRUWDQFH�IRU�DQ\�QXPHULFDO�VROXWLRQ�VLQFH
WKH�IORZ¶V�OLPLWV�DUH�GHILQHG�E\�PHDQV�RI�ERXQGDU\�FRQGLWLRQV��%HVLGHV��VWDELOLW\�DQG
FRQYHUJHQFH� UDWH� RI� WKH� QXPHULFDO� VROXWLRQ� DOVR� GHSHQGV� RQ� WKH� LPSOHPHQWDWLRQ� RI
WKH� ERXQGDU\� FRQGLWLRQV�� &RQVHTXHQWO\�� SURSHU� ERXQGDU\� FRQGLWLRQ� WUHDWPHQW� LV� D
VWURQJO\�UHTXLUHG�FRQGLWLRQ�IRU�D�SURSHU�QXPHULFDO�VROXWLRQ�

7R�VWDUW�WKH�QXPHULFDO�DOJRULWKP��D�VHW�RI�LQLWLDO�FRQGLWLRQV�VKRXOG�EH�JLYHQ�DV�LQSXW
WR� WKH� FRPSXWHU� SURJUDP� VR� WKDW� WKH� VROXWLRQ� SURFHGXUH� LQLWLDWHV�� %HWWHU� LQLWLDO
FRQGLWLRQV�GRXEWOHVVO\�GHFUHDVH� WKH�FRQYHUJHQFH� WLPH� IRU� WKH� VROXWLRQ�� ,Q�DOO�RI� WKH
WHVW�FDVHV��WKH�IORZ�LV�LQLWLDOL]HG�E\�XVLQJ�WKH�LQIORZ�FRQGLWLRQV�RI�WKH�LQWHUQDO�IORZ�
ZKLFK�FDQ�EH�FRXQWHG�DV�D�FRQYHQLHQW�LQLWLDWLRQ�

,Q� WKLV� FKDSWHU�� ERXQGDU\� FRQGLWLRQV� WKDW� DUH� LPSOHPHQWHG� WR� WKH� VROXWLRQ� ZLOO� EH
H[SODLQHG��7KHVH�FRQGLWLRQV�FDQ�EH� FODVVLILHG� LQ� ILYH� VXEWLWOHV�DV�� LQMHFWLQJ� �LQIORZ�
ERXQGDU\� FRQGLWLRQ�� V\PPHWU\� D[LV� ERXQGDU\� FRQGLWLRQ�� VROLG� ZDOO� ERXQGDU\
FRQGLWLRQ�IRU�LQYLVFLG�IORZ��VROLG�ZDOO�ERXQGDU\�FRQGLWLRQ�IRU�ODPLQDU�IORZ�DQG�H[LW
�RXWIORZ��ERXQGDU\�FRQGLWLRQ�



��

���� ,1-(&7,21�$1'�,1)/2:�&21',7,21

������ ,1-(&7,21�%281'$5<�&21',7,216

,Q� VROLG� URFNHW�PRWRUV�� JHQHUDOO\� WKHUH� H[LVWV� DQ� HPSW\� F\OLQGULFDO� FKDQQHO� VHFWLRQ�
ZKLFK� LV� VXUURXQGHG� E\� WKH� SURSHOODQW� WKDW� LV� WR� EXUQ� DQG� IORZ� WKURXJK� WKH� HPSW\
FKDQQHO��7KURXJK�WKLV�SURFHVV��SURSHOODQW� LV�FRQWLQXRXVO\�HQWHUV� WKH�HPSW\�FKDQQHO�
MXVW� DV� LI� LW� LV� LQMHFWHG�� 7R� VLPXODWH� WKLV� FRQGLWLRQ� RI� LQMHFWLRQ�� LQMHFWLRQ� ERXQGDU\
FRQGLWLRQ� LV� LPSOHPHQWHG� RQ� WKH� QXPHULFDO� DOJRULWKP�� %\� WKLV� LPSOHPHQWDWLRQ�� D
URFNHW� PRWRU� ZLWK� JUDLQ� EXUQEDFN� LV� VLPXODWHG� DW� D� FHUWDLQ� LQVWDQFH� ZKLFK� KDYH
VSHFLILF�LQMHFWLRQ�FRQGLWLRQV��PDVV�IOX[�DQG�LQMHFWLRQ�WHPSHUDWXUH�PRVW�JHQHUDOO\��

,QMHFWLQJ� ERXQGDU\� FRQGLWLRQ� LPSOHPHQWDWLRQ� VWDUWV� ZLWK� WKH� DVVXPSWLRQ� RI� ]HUR
SUHVVXUH�JUDGLHQW�DW�WKH�LQMHFWLQJ�VXUIDFH��WKDW�LV

�� � �� � � SS � ��������������

ZLWK� S � � � � EHLQJ� WKH� SUHVVXUH� YDOXH� DW� WKH� SRLQW� QHLJKERXULQJ� WKH� ERXQGDU\� LQ� WKH
QRUPDO�GLUHFWLRQ�DQG�S � � � �EHLQJ�WKH�SUHVVXUH�YDOXH�RI�WKH�ERXQGDU\�LWVHOI�

7R�ILQG�LQMHFWLRQ�GHQVLW\��IROORZLQJ�HTXDWLRQV�DUH�XVHG�

�
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ZKHUH�7 	 �LV�WKH�IODPH�WHPSHUDWXUH��* LV�WKH�LQMHFWLRQ�PDVV�IOX[�ERWK�EHLQJ�WKH�LQSXW
SDUDPHWHUV�IRU�WKH�LQMHFWLRQ�IORZ�

7KH�RQO\�XQNQRZQ�LQ� WKH�DERYH�HTXDWLRQ� LV� WKH� LQMHFWLRQ�GHQVLW\��7KXV�� IURP� WKHVH
JLYHQ� HTXDWLRQV�� LQMHFWLRQ� GHQVLW\� FDQ� EH� FDOFXODWHG� E\� VROYLQJ� D� VHFRQG�RUGHU
SRO\QRPLDO�HTXDWLRQ�ZLWK�RQH�XQNQRZQ��6ROLG�SURSHOODQW�LV�EXUQLQJ�RYHU�WKH�VXUIDFH
LQ�WKH�QRUPDO�GLUHFWLRQ�WR�WKH�LQMHFWLRQ�VXUIDFH��WKHUHIRUH�WDQJHQWLDO�YHORFLW\�LV�WDNHQ
DV� ]HUR� >��@� 7KXV�� PDVV� IOX[� GLYLGHG� E\� WKH� FDOFXODWHG� GHQVLW\� JLYHV� WKH� QRUPDO
YHORFLW\�FRPSRQHQW��ZKLOH�WKH�WDQJHQWLDO�YHORFLW\�FRPSRQHQW�LV�HQIRUFHG�WR�EH�]HUR�
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������ ,1)/2:�%281'$5<�&21',7,216

)RU�WKH�IODW�SODWH�DQG�SLSH�IORZ�VROXWLRQV��LQMHFWLRQ�ERXQGDU\�FRQGLWLRQV�DUH�QRW�XVHG
EXW� H[WHUQDO� IORZ� ERXQGDU\� FRQGLWLRQV� DUH� XVHG�� ,QIORZ� ERXQGDU\� FRQGLWLRQV� DUH
FRPSXWHG�IURP�WKH�NQRZQ�YDOXHV�RI�WKH�IUHH�VWUHDP�IORZ�ZKLFK�DUH�IUHH�VWUHDP�0DFK
QXPEHU�DQG�IUHH�VWUHDP�DQJOH�

���� 6<00(75<�$;,6�%281'$5<�&21',7,21

)RU� WKH� ERXQGDU\� FRQGLWLRQV� RQ� WKH� V\PPHWU\� D[LV�� D� VLPSOH� PHWKRG� LV� DSSOLHG
ZLWKRXW� KDYLQJ� WR� VROYH� DQ\� RI� WKH� JRYHUQLQJ� HTXDWLRQV�� ,Q� WKLV� PHWKRG�� YHORFLW\
FRPSRQHQW�SHUSHQGLFXODU� WR� WKH�ERXQGDU\� LV�HQIRUFHG� WR�EH�]HUR�DQG�DOO�RWKHU� IORZ



��

YDULDEOHV�DUH�HTXDWHG�WR�WKH�YDOXH�RI�QHLJKERXULQJ�QRQ�ERXQGDU\�SRLQW��WKDW�LV�LQ�WKH
QRUPDO�GLUHFWLRQ�WR�WKH�ERXQGDU\��
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ZKHUH�WKH�VXEVFULSW�³Q´�GHQRWHV�QRUPDO�GLUHFWLRQ��³W´�GHQRWHV�WKH�WDQJHQWLDO�GLUHFWLRQ
DQG�³L´�LV�WKH�XQLW�QRUPDO�YHFWRU�

���� 62/,'�:$//�%281'$5<�&21',7,21�)25�7+(�,19,6&,'�)/2:

)RU�DQ�LQYLVFLG�IORZ��WKHUH�LV�QR�IOX[�WKURXJK�WKH�VXUIDFH��WKDW�LV��QRUPDO�FRPSRQHQW
RI� WKH�YHORFLW\� LV�]HUR��7R� ILQG� WKH� WDQJHQWLDO�YHORFLW\�� WRWDO� YHORFLW\� FRPSRQHQW�RI
QHLJKERXULQJ� LQWHULRU� SRLQW� LV� SURMHFWHG� WR� WKH� ZDOO� VXUIDFH�� 'HQVLW\� DQG� SUHVVXUH
YDOXHV� DUH� GLUHFWO\� LQWHUSRODWHG� IURP� WKH� LQWHULRU� UHJLRQ�� 7KLV� IRUPXODWLRQ� VKRZV
VLPLODULW\�ZLWK�WKH�V\PPHWU\�D[LV�ERXQGDU\�FRQGLWLRQ�EHFDXVH�RI�]HUR�YLVFRVLW\�

���� 62/,'�:$//�%281'$5<�&21',7,21�)25�9,6&286�)/2:

)RU� WKH�YLVFRXV� IORZ��ERXQGDU\� FRQGLWLRQV� IRU� D� VROLG�ZDOO� DUH� FDOOHG� WKH� ³QR�VOLS´
FRQGLWLRQ��ZKHUH�ERWK�WKH�QRUPDO�DQG�WDQJHQWLDO�FRPSRQHQWV�RI�WKH�YHORFLW\�YHFWRU�LV
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VHW� WR� ]HUR�� L�H�� UHODWLYH� YHORFLW\� EHWZHHQ� WKH� ZDOO� DQG� WKH� IOXLG� LV� ]HUR�� 7KH� ZDOO
WHPSHUDWXUH�RU�WKH�KHDW�IOX[�DW�WKH�ZDOO�FDQ�EH�VSHFLILHG�DV

����� �77  ��������������
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,Q�WKLV�ZRUN��WKH�ZDOO�LV�DVVXPHG�WR�EH�DGLDEDWLF��L�H��T �
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%HVLGHV�� PRPHQWXP� HTXDWLRQ� IRU� WKH� VROLG� ZDOO� ZLWK� QR�VOLS� ERXQGDU\� FRQGLWLRQ
UHGXFHV�WR�VXFK�D�IRUP�WKDW�SUHVVXUH�JUDGLHQW�EHFRPHV�]HUR��7KXV��WKH�SUHVVXUH�YDOXH
FDQ�EH�WDNHQ�IURP�WKH�LQWHULRU�QHLJKERXULQJ�SRLQWV�
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8VLQJ�(TXDWLRQV� ������DQG�������� LW�DSSHDUV� WKDW� ������ ������ � �U U ��:LWK� WKHVH�HTXDWLRQV
LPSOHPHQWHG�LQWR�WKH�VROYHU��VROLG�ZDOO�ERXQGDU\�FRQGLWLRQV�IRU� WKH�YLVFRXV�IORZ�LV
GHILQHG�

���� (;,7��287)/2:��%281'$5<�&21',7,216
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,Q�VROLG�SURSHOODQW� URFNHW�PRWRUV�� D� VXSHUVRQLF�GLYHUJLQJ�FRQYHUJLQJ�QR]]OH� VKRXOG
H[LVW�LQ�RUGHU�WR�REWDLQ�KLJK�PRPHQWXP��7KXV��H[LW�ERXQGDU\�FRQGLWLRQV�DUH�DOZD\V
VXSHUVRQLF� IRU� D� VROLG� SURSHOODQW� URFNHW� PRWRU�� %XW� WR� EH� JHQHUDO�� WKH� FRPSXWHU
SURJUDP� FDQ� KDQGOH� ERWK� VXSHUVRQLF� DQG� VXEVRQLF� H[LW� FRQGLWLRQV�� 7HVW� FDVH� �� RI
UHIHUHQFH� >��@��ZKLFK�ZLOO�EH�H[SODLQHG� LQ� WKH�QH[W�FKDSWHU��KDV� VXEVRQLF� H[LW� IORZ
ZKLFK�DOORZV�WR�YHULI\�WKH�VXEVRQLF�H[LW�ERXQGDU\�FRQGLWLRQV�

������ 68%621,&�287)/2:

)RU� VXEVRQLF� RXWIORZ�� WKH� IORZ� VKRXOG� UHDFK� DQ� DPELHQW� SUHVVXUH� ZKHUH� WKH� FRGH
FRQYHUJHV�� WKDW� LV�� WKH� IORZ� LQWHUDFWV� ZLWK� WKH� DPELHQW� FRQGLWLRQV�� 7KXV�� SUHVVXUH
YDOXH�LV�HQIRUFHG�WR�WKH�DPELHQW�SUHVVXUH�DW�RXWIORZ�ERXQGDU\��DQG�RWKHU�SDUDPHWHUV
VKRXOG�EH�LQWHUSRODWHG�IURP�LQWHULRU�SRLQWV�

��

��

�

�

��

��

U�U U

� 

 

� ��� �� ��� �� ��� �

� ��� �� ��� �� ��� �

�
	��
� ��
��� ��� �

999

SS

&&& �������������

������ 683(5621,&�287)/2:

)RU�VXSHUVRQLF�IORZ��FRQWUDU\�WR�WKH�VXEVRQLF�IORZ��RXWIORZ�FRQGLWLRQV�GR�QRW�LQWHUDFW
ZLWK�DPELHQW�FRQGLWLRQV��L�H��WKH\�DUH�LQGHSHQGHQW�RI�WKH�UHJLRQ�WKDW�WKH\�DUH�H[SRVHG
WR��7KXV��DOO�WKH�H[LW�IORZ�SDUDPHWHUV�DUH�LQWHUSRODWHG�IURP�LQWHULRU�SRLQWV�
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���� 60227+,1*�)2508/$7,21�$7�7+(�%281'$5,(6

,Q� DGGLWLRQ� WR� SK\VLFDO� ERXQGDU\� FRQGLWLRQ� LPSOHPHQWDWLRQV�� VSHFLDO� FDUH� PXVW� EH
WDNHQ�DW�WKH�ERXQGDULHV�WR�DSSO\�WKH�VPRRWKLQJ�SURFHGXUH��6PRRWKLQJ�SURFHGXUH�IRU�D
VSHFLILF�FHOO�IRU�WKH�PDLQ�VROYHU�UHTXLUHV�WKH�H[LVWHQFH�RI���QRGHV�RI�WKH�FHOO��ZKLFK�LV
QRW�DSSOLFDEOH�IRU�WKH�ERXQGDU\�SRLQWV�VLQFH�WKHUH�ZLOO�DOZD\V�EH�PLVVLQJ�QRGHV�DW�WKH
ERXQGDULHV�� +RZHYHU�� D� RQH�GLPHQVLRQDO� VPRRWKLQJ� SURFHGXUH� FOHDUV� RXW� WKLV
DPELJXLW\�� &RQVLGHULQJ� WKH� ERXQGDU\� FHOO� VKRZQ� LQ� )LJXUH� ����� WKH� VPRRWKLQJ
IRUPXODWLRQ�LV

)LJXUH�����6DPSOH�ERXQGDU\�FHOO�IRU�VPRRWKLQJ�IRUPXODWLRQ

� �
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32,17(5�6<67(0�$1'�08/7,�%/2&.�$/*25,7+0

7KH�VROYHU��DV� LW� LV�H[SODLQHG�EHIRUH�� LQFOXGHV�D�SRLQWHU�V\VWHP�IRU� WKH�GHILQLWLRQ�RI
PHVK�VWUXFWXUH�DQG�ERXQGDULHV��$OVR��D�PXOWL�EORFN�VROYHU�V\VWHP�LV�DGDSWHG�LQWR�WKH
FRGH�WR�PDNH�WKH�VROYHU�FDSDEOH�RI�VROYLQJ�GLIIHUHQW�GRPDLQV�LQVLGH�D�VLQJOH�VROYHU�
DGGLQJ�D�JUHDW�FDSDELOLW\�RI�VROYLQJ�FRPSOH[�GRPDLQV�HDVLHU�IRU�WKH�FXUUHQW�VROYHU��,Q
WKLV� FKDSWHU�� ERWK� WKH� SRLQWHU� V\VWHP� DQG�PXOWL�EORFN� DOJRULWKP� DUH� H[SODLQHG�� E\
XVLQJ�WKH�VDPH�GHILQLWLRQV�WKDW�DUH�XVHG�LQ�WKH�FRGH��LQ�RUGHU�WR�LQWURGXFH�WKH�VROYHU
DOJRULWKP�PRUH�FORVHO\�

���� 32,17(5�6<67(0

:KHQ�D�SUREOHP� LV� WR�EH� VROYHG�� DOO� VROYHUV�PXVW� ILUVW� UHFRJQL]H� WKH� JHRPHWU\� DQG
SURSHUWLHV�RI�WKH�JHRPHWU\��L�H��ORFDWLRQ�DQG�W\SH�RI�WKH�ERXQGDU\�FRQGLWLRQV��ORFDWLRQ
RI�QRGHV�� WKDW� LV� WR�EH�VROYHG�EHIRUH� WKH�DSSOLFDWLRQ�RI� WKH�VROXWLRQ�DOJRULWKP��7KLV
FDQ�HLWKHU�EH�GRQH�E\�GHILQLQJ�WKH�VWUXFWXUH�LQVLGH�WKH�VROYHU�RU�E\�DQRWKHU�SURJUDP
WKDW� RQO\� GHILQHV� WKH� JHRPHWU\� DQG� JLYHV� UHTXLUHG� LQIRUPDWLRQ� WR� WKH� VROYHU� LQ� D
VLQJOH� ILOH�� 7KH� IRUPHU� LV� QRW� DV� IOH[LEOH� DV� WKH� ODWWHU�� VLQFH� ZKHQ� WKH� JHRPHWU\� LV
GHILQHG�DV�DQ�LQWHJUDO�SDUW�RI�WKH�FRGH��QHZ�JHRPHWULHV�RU�HYHQ�PRGLILFDWLRQV�LQ�WKH
VDPH� JHRPHWU\� QHHGV� WKH� PRGLILFDWLRQ� RI� WKH� VROYHU� IRU� HDFK� JHRPHWU\�� $OVR�
GLIIHUHQW�HOHPHQW�VKDSHV�FDQ�QRW�EH�KDQGOHG�ZLWKRXW�DQ�XQVWUXFWXUHG�PHVK�VWUXFWXUH



��

ZKLFK� UHTXLUHV� D� SRLQWHU� DOJRULWKP�� ,Q� WKH� ODWWHU� FDVH�� WKH� JHQHUDO� VROYHU� VWD\V� WKH
VDPH��QR�PDWWHU�KRZ�GLIIHUHQW�RU�FRPSOH[�LV�WKH�JHRPHWU\��WKH�VROYHU�DFWV�OLNH�D�ELJ
VXEURXWLQH�� WDNLQJ� WKH� UHTXLUHG� JHRPHWU\� LQIRUPDWLRQ� IURP� WKH� SRLQWHU� ILOH� DQG
VROYLQJ�LW�DSSURSULDWHO\�

%HVLGHV��WKH�PXOWL�EORFN�DOJRULWKP��ZKLFK�LV�LPSOHPHQWHG�WR�WKH�VROYHU�KDV�GLIIHUHQW
GRPDLQV� ZLWK� GLIIHUHQW� SK\VLFDO� SURSHUWLHV� WRJHWKHU� ZLWK� WKH� GLIIHUHQW� ERXQGDU\
FRQGLWLRQV��7KHVH�PDQ\�EORFNV�FDQ�EH�GHILQHG�RQH�E\�RQH�LQ�WKH�SRLQWHU�SURJUDP�DV
VLQJOH�FDVHV��WKXV�WKH�SUHSDUDWLRQ�WLPH�IRU�D�QHZ�SUREOHP�ZLWK�1�EORFNV�LV�PXFK�OHVV
WKDQ�WKDW�RI�D�SURJUDP�WKDW�FDUULHV�RXW�WKH�PHVKLQJ�SURFHVVHV�LQ�LW�

6R�� WKH� VXLWDEOH� VROXWLRQ� IRU� WKH� UHFRJQLWLRQ� RI� PHVK� VWUXFWXUH� E\� WKH� VROYHU� LV� D
SRLQWHU� V\VWHP�� ZKLFK� GHILQHV� WKH� PHVK� VWUXFWXUH� LQ� D� ZD\� VLPLODU� WR� WKDW� RI� D
FRQQHFWLYLW\� DUUD\� ZKLFK� GHILQHV� WKH� PHVK� VWUXFWXUH� IRU� D� ILQLWH� HOHPHQW� V\VWHP�
8VLQJ� WKH� SRLQWHU� DOJRULWKP�� FKDQJHV� LQ� WKH� JULG� VWUXFWXUH� ZLOO� FKDQJH� WKH� SRLQWHU
V\VWHP�ZKLOH�UHPDLQLQJ�WKH�VROYHU�XQFKDQJHG�

:KHQ�WKH�VROXWLRQ�VKRZV�WKDW�RQH�RU�PRUH�EORFNV�KDV�LQDSSURSULDWH�RU�FRDUVH�JULGV��LW
LV�TXLWH�HDV\�WR�FKDQJH�WKDW�SDUWLFXODU�EORFN�RU�EORFNV�DQG�OHDYLQJ�WKH�RWKHU�RQHV�DV
WKH\� DUH�� 7KXV�� VRPHKRZ� DQ� DGDSWLYH� PHVK� V\VWHP� FDQ� EH� LPSOHPHQWHG� ZLWK� WKH
DEVROXWH�FRQWURO�RI�WKH�XVHU�

������ 7+(���'�&(//�32,17(5�6<67(0

7KH� SRLQWHU� V\VWHP� XVHG� IRU� WKH� VROYHU� FDQ� EH� H[SODLQHG� DV� IROORZV�� $� WZR
GLPHQVLRQDO�DUUD\�LV�DVVLJQHG�WR�HYHU\�FHOO�LQ�WKH�GRPDLQ�LQ�WKH�IROORZLQJ�IRUP�

,3� �,3>P�Q@
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ZKHUH�Q�GHQRWHV� WKH�FHOO�QXPEHU� LWVHOI��P�GHQRWHV�FHOO�QRGH�QXPEHU�RI� WKH�Q � � �FHOO�
0D[LPXP�YDOXH�RI�P�LV���VLQFH�HYHU\�FHOO�XVHG�LQ�WKH�JULG�FRQVLVWV�RI���QRGHV��VKRZQ
LQ�WKH�)LJXUH�����

7KH� VWUXFWXUH� RI� SRLQWHU� V\VWHP� LV� QRW� DOWHUHG� IRU� WKH� PXOWL�EORFN� DSSOLFDWLRQ�� WR
PDLQWDLQ�LWV�VLPSOLFLW\�

%\�GHILQLQJ�WKLV�,3�DUUD\��DOO�WKH�SRLQWV�LQVLGH�WKH�GRPDLQ�DUH�GHILQHG�LQ�D�VLQJOH�ILOH�
ZLWK� WKH� FHOOV� LQFOXGLQJ� WKHP�DQG� FRRUGLQDWHV�RI� WKHP�H[FHSW� WKH� ERXQGDU\� SRLQWV�
%RXQGDU\� SRLQWV� DUH� LQGH[HG�ZLWK� GLIIHUHQW� QDPHV� LQ� WKH� VROYHU� DFFRUGLQJ� WR� WKHLU
W\SHV��7KH�IROORZLQJ�DUUD\V�DUH�XVHG�IRU�HDFK�W\SH�RI�WKH�ERXQGDU\��KDYLQJ�GLIIHUHQW
QDPHV�

,3%%� �,3%%�>L�M@�����VWDQGV�IRU�VROLG�ZDOO�ERXQGDU\�

,3%8� �,3%8�>L�M@�����VWDQGV�IRU�IDU�ILHOG�ERXQGDU\�

)LJXUH�����1RGH�QXPEHULQJ�IRU�D�VDPSOH�FHOO

�� ���������������������������

� ������
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,3%76� �,3%76�>L�M@�����VWDQGV�IRU�V\PPHWU\�D[LV�ERXQGDU\�

,3%,1-� �,3%,1-�>L�M@������VWDQGV�IRU�PDVV�LQMHFWLRQ�ERXQGDU\�

ZKHUH�M�UHSUHVHQWV�WKH�ERXQGDU\�SRLQW�QXPEHU�� ,QGH[�L� LV�XVHG�IRU� WZR�SXUSRVHV�IRU
WKH�ERXQGDU\�DUUD\V��WKDW�LV��IRU�L� ���DQG�L� ����L�UHSUHVHQWV�WKH�FHOO�QXPEHU�RI�WKH�M � �

ERXQGDU\�� L�  � �� UHSUHVHQWV� WKH� RULHQWDWLRQ� RI� WKH� FHOOV� �� DQG� ��� )RU� EHWWHU
XQGHUVWDQGLQJ��IRXU�SRVVLEOH�ERXQGDU\�FHOO�RULHQWDWLRQV�DUH�JLYHQ�LQ�)LJXUHV����������
����DQG������$IWHU�DOO�WKH�,3�YDOXHV�DUH�DVVLJQHG�LQ�WKH�SRLQWHU�SURJUDP��DFFRUGLQJ�WR
WKHLU� SK\VLFDO� SRVLWLRQV�� ERXQGDULHV� DUH� GHILQHG� RQH� E\� RQH�� $OVR�� VLQFH� WKH� JLYHQ
QDPHV�IRU�WKH�ERXQGDU\�SRLQWV�DUH�XQLTXH�IRU�WKH�PDLQ�VROYHU�DQG�SRLQWHU�SURJUDP��LW
LV�YHU\�HDV\�WR�IROORZ�WKH�LWHUDWLRQV��%HVLGHV��DVVLJQLQJ�GLIIHUHQW�ERXQGDU\�FRQGLWLRQV
WR�WKH�GHVLUHG�ERXQGDULHV�FDQ�EH�UDSLGO\�DFFRPSOLVKHG�

)LJXUH�����%RXQGDU\�W\SH��

&(//�� &(//��

M



��

)LJXUH�����%RXQGDU\�W\SH��

)LJXUH�����%RXQGDU\�W\SH��

M

&(//��

&(//��

&(//��

M

&(//��
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%\�WKH�KHOS�RI�LQWHUQDO�SRLQWV�DQG�ERXQGDU\�GHVFULSWLRQV��ZKROH�GRPDLQ��RU�GRPDLQV�
LV�GHILQHG�LQ�VXFK�D�ZD\�WKDW�WKH�PDLQ�VROYHU�FDQ�PDNH�FRPSXWDWLRQV�LQ�WKH�GRPDLQ�
7KLV� LV� D�YHU\� IOH[LEOH� DSSURDFK� IRU�GHDOLQJ� HVSHFLDOO\�ZLWK� FRPSOH[�JULGV��$OO� WKH
FDOFXODWLRQV� DQG� DSSOLFDWLRQV� LQVLGH� WKH� PDLQ� VROYHU� LV� DSSOLHG� DFFRUGLQJ� WR� WKLV
V\VWHP�ZLWKRXW�DQ\�H[WUD�GDWD�UHTXLUHPHQW�IRU�WKH�PDLQ�VROYHU�

���� 08/7,�%/2&.�$/*25,7+0

������ ,1752'8&7,21

%HIRUH�VWDUWLQJ��LW�VKRXOG�EH�QRWHG�WKDW��WKH�FRGH�LV�DOUHDG\�FDSDEOH�RI�VROYLQJ�VLQJOH
EORFN�� FRQYHQWLRQDO� LQWHUQDO� PHVK� VWUXFWXUHV� ZLWKRXW� UHTXLULQJ� DQ\� PXOWL�EORFN
DOJRULWKP��%HVLGHV��DIWHU� WKH� DGGLWLRQ�RI� WKH�PXOWL�EORFN�DOJRULWKP�� WKH�FRGH� LV� VWLOO
FDSDEOH�RI�VROYLQJ�VLQJOH�GRPDLQV��7KH�PDLQ�JRDO��ZKLFK�LV�H[SODLQHG�DOVR�LQ�&KDSWHU

)LJXUH�����%RXQGDU\�W\SH��

&(//��

&(//��

M
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���LV�WR�FUHDWH�LQGHSHQGHQW�PHVK�VWUXFWXUHV�IRU�D�GHVLUHG�QXPEHU�RI�VXEGRPDLQV�RI�D
SUREOHP��WKXV�HOLPLQDWH�WKH�GLIILFXOW\�LQ�FUHDWLQJ�PHVKHV�IRU�FRPSOH[�JHRPHWULHV�

7R� H[SODLQ� WKH� PXOWL�EORFN� V\VWHP� FOHDUO\�� ILUVW�� WKH� DUUD\V� WKDW� GHILQH� WKH� IORZ
SDUDPHWHUV�XVHG�LQ�WKH�VROYHU�ZLOO�EH�H[SODLQHG�

,Q�WKH�IRUPXODWLRQ�RI�WKH�VROYHU��8�DQG�G8�YDOXHV�PXVW�EH�VWRUHG�IRU�WKH�SUHVHQW�WLPH
VWHS�DW�HDFK�JULG�SRLQW� LQ�RUGHU� WR�REWDLQ�D�FRPSOHWH�DQG�FRQYHUJHG�VROXWLRQ��7KXV�
LQFOXGLQJ�WKH�FRRUGLQDWHV�RI�D�WZR�GLPHQVLRQDO�GRPDLQ��WKH�DUUD\�PXVW�FRQVLVW�RI���
URZV�WR�LQFOXGH�DOO�WKHVH�LQIRUPDWLRQ�

4 4>L�M@

ZKHUH�L�GHQRWHV�WKH�YDULDEOH�W\SH�DQG�M�GHQRWHV�WKH�QRGH�QXPEHU��7KHVH����URZV�RI
WKH�4� DUUD\�DUH�JLYHQ�DV� IROORZV� UHVSHFWLYHO\� IURP� L �� WR� L ��� ��[��\��U��UX��UY��H�
G�U��� G�UX��� G�UY��� G�H���7KH� ILUVW� WZR�YDULDEOHV� DUH� IRU� FRRUGLQDWHV� RI� WKH� M � � � QRGH�
QH[W� IRXU� LV� IRU� FRQVHUYDWLRQ� YDULDEOHV� RI� WKH� VDPH� QRGH� DQG� WKH� ODVW� IRXU� IRU� WKH
FKDQJHV� LQ� WKH� FRQVHUYDWLRQ� YDULDEOHV� RI� WKH� VDPH�QRGH��:LWK� WKLV�4� DUUD\�� DOO� WKH
UHTXLUHG�IORZ�SDUDPHWHUV�FDQ�EH�REWDLQHG�DW�DQ\�SRLQW�LQ�WKH�FRPSXWDWLRQDO�GRPDLQ�
7KHUHIRUH�� LQ� WKH� PXOWL�EORFN� DOJRULWKP�� LQWHUFKDQJH� RI� WKLV� 4� DUUD\� LQ� D� SURSHU
DOJRULWKP�LV�TXLWH�HQRXJK�WR�VROYH�D�ZKROH�PXOWL�EORFNHG�FRPSXWDWLRQDO�GRPDLQ�ZLWK
WKH�JLYHQ�ERXQGDU\�FRQGLWLRQV�

*LYHQ� WKH� LQIRUPDWLRQ� DERXW� WKH� HTXDWLRQV� XVHG� LQ� WKH� VROYHU� WRJHWKHU� ZLWK� WKH
QXPHULFDO�DOJRULWKP�XVHG�LQ�WKH�VROYHU�VR�IDU��QRZ�WKH�PXOWL�EORFN�DOJRULWKP�FDQ�EH
H[SODLQHG�



��

������ ,03/(0(17$7,21�2)�08/7,�%/2&.�$/*25,7+0

$V� LW� LV� H[SODLQHG� LQ� WKH�SUHYLRXV�FKDSWHUV�� WKH� VROYHU�KDV� WKH� FDSDELOLW\�RI� VROYLQJ
GLIIHUHQW� VXEGRPDLQV� �EORFNV�� DV� D� VLQJOH� GRPDLQ� ZKLOH� SUHVHUYLQJ� WKHLU
LQGHSHQGHQF\� LQ� WHUPV� RI� PHVK� VL]H�� GLVWULEXWLRQ� DQG� IORZ� SDUDPHWHUV� ZLWKRXW
PDNLQJ� DQ\� PRGLILFDWLRQV� LQ� WKH� PDLQ� VROYHU� 7KH� PXOWL�EORFN� DOJRULWKP� QHHGV� D
GLIIHUHQW� LQSXW�ILOH�IRU�HDFK�GRPDLQ�VR� WKDW�HYHQ�FRPSOHWHO\�GLIIHUHQW�SUREOHPV�FDQ
EH�FRPELQHG�LI�WKH�UHVXOW�LV�DSSOLFDEOH�DQG�ORJLFDO�

,I�RQH�ZDQWV�WR�VROYH�D�VSHFLILF�SUREOHP�LQ�1�EORFNV��1�PHVK�ILOHV�DQG�1�LQSXW�ILOHV
VKRXOG�EH�JLYHQ�DV�LQSXWV�WR�WKH�FRGH��7KH�FRGH�ILUVW�VROYHV�%ORFN���DV�WKH�ILUVW�EORFN�
IRU�D�VLQJOH�WLPH�VWHS��WKHQ�FRQVHFXWLYH�EORFNV�DUH�VROYHG�XQWLO�%ORFN�1��ZKLFK�LV�WKH
ODVW� EORFN�� LV� VROYHG� IRU� DJDLQ� D� VLQJOH� WLPH� VWHS�� :KLOH� WKLV� SURFHVV� LV� UXQQLQJ�
DSSURSULDWH�ERXQGDU\�FRQGLWLRQV�DUH�LPSOHPHQWHG�WR�HDFK�EORFN��HLWKHU�FRQYHQWLRQDO
RQHV� RU� ERXQGDU\� FRQGLWLRQV� WKDW� DUH� FRPLQJ� IURP� SUHYLRXV� EORFNV��ZKLFK�ZLOO� EH
H[SODLQHG�LQ�GHWDLO�ODWHU��7KHQ��DIWHU�WKH�VROXWLRQ�RI�1�EORFNV�� WKH�SURFHGXUH�UHSHDWV
LWVHOI�XQWLO�FRQYHUJHQFH� LV� UHDFKHG�IRU�HYHU\�EORFN��)RU�D� VLQJOH�EORFN�� WKH� VROXWLRQ
DOJRULWKP�LV�JLYHQ�EHORZ�



��

)LJXUH�����6ROXWLRQ�DOJRULWKP�RI�D�VLQJOH�EORFN

,QLWLDOL]H
G8 �

� � ��

&DOFXODWH�7LPH�6WHS�'W

&DOFXODWH�0HWULFV

)OX[�%DODQFH�RQ�&HOO
G8 ��� � �

'LVWULEXWH�&HOO�&KDQJHV�WR�1RGHV

$GG�6PRRWKLQJ

$SSO\�%RXQGDU\�&RQGLWLRQV

8SGDWH�6ROXWLRQ
8 �

���
	  8 �
� �G8 �

&KHFN�FRQYHUJHQFH
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2I�FRXUVH��WKLV�EORFN�GLYLVLRQ�SURFHVV�LQWURGXFHV�D�SUREOHP�RI�PDWFKLQJ�RQH�GRPDLQ
WR�DQRWKHU�VLQFH�WKHUH�DUH�QR�SUH�GHILQHG�ERXQGDU\�W\SHV�IRU�LQWHUIDFH�VXUIDFHV�

7KH� EDVLF� LGHD� EHKLQG� VROYLQJ�PXOWL�EORFN� SUREOHPV� LV�PDNLQJ� WKH� EORFNV� LQWHUDFW
�FRPPXQLFDWH��ZLWK�HDFK�RWKHU� LQ�VXFK�D�ZD\� WKDW� WKH� ILQDO�VROXWLRQ�UHSUHVHQWV�RQH
FRPSOHWH�SUREOHP�DV�LI�LW�LV�VROYHG�DV�D�VLQJOH�EORFN�SUREOHP�

7R�H[SODLQ�WKH�PDWFKLQJ�SURFHVV�DW�EORFN�LQWHUIDFHV��D�VLPSOH�H[DPSOH�FRQVLVWLQJ�RI
WZR�GRPDLQV�ZLWK�XQLIRUP�UHFWDQJXODU�FHOOV�RI�GLIIHUHQW�VL]HV�LQ�[�GLUHFWLRQ�LV�JLYHQ
LQ�DV�VKRZQ�LQ�)LJXUH�����
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:KHQ� WKH� FRPPRQ� VXUIDFH� RI� WZR� VXEGRPDLQV� LV� ]RRPHG�� �WKH� UHJLRQ� LQVLGH� WKH
HOOLSWLF�FLUFOH�RI�)LJXUH�������PHVK�VWUXFWXUH�DW�WKH�LQWHUIDFH�LV�DV�VKRZQ�LQ�)LJXUH����

)LJXUH�����6DPSOH�WZR�EORFNHG�JHRPHWU\

/

�/����
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&RQVLGHU� IRXU� QHLJKERXULQJ� FHOOV�ZKLFK� RI� WZR� EHORQJ� WR� RQH� EORFN� �$	%�� LQ� WKH
GRWWHG� UHJLRQ�� DQG� WKH�RWKHU� WZR� �&	'�� LQ� WKH� FURVV�KDWFKHG� UHJLRQ��EHORQJ� WR� WKH
RWKHU�

)RU�%ORFN����OHIW��������ERWWRP�������DQG�WRS�������IDFHV�FDQ�EH�GHILQHG�DV�ZKDW�WKH\
VLPXODWH�ZLWKRXW�DQ\�GLIIHUHQFH�LQ�GHILQLWLRQ�RU�DSSOLFDWLRQ��%XW�IRU�WKH�ULJKW�IDFH����
���� LW� LV� REYLRXV� WKDW� DQ\� SUHGHILQHG� ERXQGDU\� FRQGLWLRQV� ZLOO� EH� LQFRQYHQLHQW�
7KHUHIRUH�� D� QHZ� W\SH� RI� ERXQGDU\� FRQGLWLRQ� PXVW� EH� GHILQHG� IRU� WKLV� IDFHV�� 7KH

)LJXUH�����6DPSOH�FHOOV�RQ�WKH�LQWHUIDFH�RI�WZR�EORFNV
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VDPH�VLWXDWLRQ�LV�YDOLG�IRU�%ORFN��¶�V� OHIW�IDFH�LQWHUDFWLQJ�ZLWK�WKH�ULJKW�IDFH�RI� WKH
RWKHU�EORFN�WKLV�WLPH��7R�REWDLQ�D�FRQYHUJHG�VROXWLRQ��WKHVH�WZR�IDFHV�DUH�H[SHFWHG�WR
KDYH�WKH�VDPH�YDOXH�DW�WKH�ILQDO�VWDJH�

%DVLFDOO\��ZKHQ�WKH�VROXWLRQ�FRQYHUJHV��EHORZ�VWDWHPHQWV�VKRXOG�EH�UHDFKHG�LQ�RUGHU
WR�REWDLQ�D�VPRRWK�DQG�FRQWLQXRXV�LQWHUIDFH�WUDQVLWLRQ�EHWZHHQ�WKH�EORFNV�

4�.�$��%ORFN��� �4�.�&��%ORFN��

4�.�$��%ORFN��� �4�.�&��%ORFN��

4�.�%��%ORFN��� �4�.�'��%ORFN��

4�.�%��%ORFN��� �4�.�'��%ORFN��

ZKHUH�.�LV�IORZ�SDUDPHWHU�LQGH[�IRU�U��UX��UY��UH�

1RZ��WR�REWDLQ�WKHVH�HTXDOLWLHV��WKH�DOJRULWKP�WKDW�LV�DSSOLHG�LQVLGH�WKH�VROYHU�ZLOO�EH
H[SODLQHG�

)LUVW� RI� DOO�� WR� UHPRYH� DQ\� GLVFRQWLQXLW\� DW� WKH� LQWHUIDFH� QRGHV� DV� FRQYHUJHQFH� LV
DFKLHYHG��WKHVH�WZR�IDFHV�VKRXOG�LQWHUDFW�ZLWK�HDFK�RWKHU�VXFK�WKDW�

%ORFN��¶�V�ULJKW�IDFH�LV�IRUFHG�WR�EH�WKH�LQIORZ�ERXQGDU\�FRQGLWLRQ�IRU�%ORFN���ZKHQ
%ORFN���LV�EHLQJ�VROYHG�

%ORFN��¶�V�OHIW�IDFH�LV�WKH�RXWIORZ�ERXQGDU\�FRQGLWLRQ�IRU�%ORFN���ZKHQ�%ORFN���LV
EHLQJ�VROYHG�
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7KXV��GXULQJ�WKH�VROXWLRQ�RI�HDFK�EORFN��WKH�QRGHV�DW�WKH�LQWHUIDFH�ERXQGDULHV�GR�QRW
JR� XQGHU� D� VSHFLDO� ERXQGDU\� WUHDWPHQW� �OLNH� VROLG� ZDOO�� V\PPHWU\� D[LV� HWF���� EXW
LQVWHDG�WKH\�DUH�OHIW�ZLWK�WKH�FDOFXODWHG�UHVXOWV�FRPLQJ�IURP�GLVWULEXWLRQ�VWHS�RI�WKH
SUHYLRXV�EORFN�

7KLV� ��EORFN� H[DPSOH� FDQ� EH� JHQHUDOL]HG� VXFK� WKDW� DQ\� SK\VLFDOO\� LQWHUDFWLQJ� 1
EORFNV�FDQ�EH�VROYHG��ZLWK�WKH�JLYHQ�IORZ�FKDUW�	�HTXDWLRQV��1RWH�WKDW� WKLV�FKDUW� LV
WKH�VDPH�FKDUW�DV�WKH�FKDUW�JLYHQ�LQ�)LJXUH�����LI�D�VLQJOH�EORFN�LV�VROYHG�
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)LJXUH�����)ORZFKDUW�RI�PXOWL�EORFN�DOJRULWKP
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ZKHUH�L�UHSUHVHQWV�WKH�QRGH�QXPEHU��M�UHSUHVHQWV�WKH�IORZ�SDUDPHWHU��U��UX��UY��UH��
40%� LV� XVHG� WR� VWRUH� WKH� SDUDPHWHUV� RI� WKH� VROYHG� EORFN��%� LV� XVHG� IRU� WKH� EORFN
QXPEHU�DQG�4�LV�WKH�JHQHUDO�IORZ�SDUDPHWHU�DUUD\�

:KHQ�FRQYHUJHQFH�LV�UHDFKHG��WKH�YDOXHV�RI�LQWHUVHFWLQJ�QRGHV�ZKLFK�DUH�DW�WKH�H[DFW
VDPH�ORFDWLRQ�EXW�EHORQJLQJ� WR�GLIIHUHQW�DUH�H[SHFWHG� WR�KDYH� WKH�VDPH�YDOXH��VXFK
WKDW�WKHUH�LV�QR�GLVFRQWLQXLW\�WKURXJK�WKH�LQWHUIDFH��:KHQ�WKLV�LV�DFKLHYHG��LW�FDQ�EH
VDLG� WKDW�PXOWL�EORFN�DOJRULWKP�ZRUNV�FRUUHFWO\��EXW�RI� FRXUVH� JHQHUDO� FRQYHUJHQFH
PXVW�EH�FKHFNHG�

,Q� VROYLQJ� PXOWLSOH� QXPEHU� RI� EORFNV� WRJHWKHU�� WKHUH� H[LVWV� D� SUREOHP� LQ� WKH
GLVWULEXWLRQ� VWHS� RI� WKH� VROYHU� DOJRULWKP� IRU� VRPH� VSHFLDO� LQWHUIDFH� DUUDQJHPHQWV�
7KLV�FDQ�EH�VKRZQ�LQ�)LJXUH�������DQ�HQODUJHG�DSSHDUDQFH�RI�WKH�LQWHUVHFWLRQ�UHJLRQ
RI�WZR�EORFNV�VKRZQ�LQ�)LJXUH������

$V� LW� FDQ� EH� VHHQ�� LQ� WKH� GLVWULEXWLRQ� VWHS�� RQH� FHOO� LV� PLVVLQJ� �WKH� FHOO� GUDZQ� LQ
GDVKHG�OLQH��ZKLFK� LV�QRW� WKHUH�DFWXDOO\�� WR�FRPSOHWH� WKH�GLVWULEXWLRQ�SURFHVV�RI� WKH
QRGH�VKRZQ�LQ�WKH�FLUFOH��6R��VSHFLDO�DWWHQWLRQ�LV�QHHGHG�IRU�WKLV�VSHFLILF�FHOO��2Q�FDQ
QRWH� WKDW� WKLV� VLWXDWLRQ� LV� IRU� WKH�FDVHV�ZKHUH� WKH� VSHFLILHG�PLVVLQJ� FHOO� VLWXDWLRQ� LV

)LJXUH������(QODUJHG�YLHZ�RI�WKH�LQWHUVHFWLRQ�RI�WZR�FHOOV�RQ�WKH�FRUQHU



��

SUHVHQW� LI� WKH� FRUQHU� QRGH� LV� QRW� D� ERXQGDU\� QRGH�� ,I� LW� LV� D� ERXQGDU\� QRGH�� WKH
PRGLILFDWLRQ�H[SODLQHG�EHORZ�LV�QRW�DSSOLHG�

&RQVLGHULQJ�HTXDWLRQV��������������G8�FDOFXODWLRQ�RI�WKLV�VSHFLILF�QRGH��QDPHG�KHUH
DV�G8
��ZLOO�EH�DV�IROORZV�
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WR�FRPSHQVDWH�WKH�ODFN�RI�RQH�QRGH� LQ� WKH�GLVWULEXWLRQ�VWHS��2I�FRXUVH�� WKLV�NLQG�RI
VLWXDWLRQ� FDQ� RFFXU� LQ� GLIIHUHQW� RULHQWDWLRQV� WKDQ� WKLV� EORFN� LQWHUIDFH�� $OO� WKH
SRVVLELOLWLHV�IRU�WKLV�VSHFLDO�FRQGLWLRQ�LV�JLYHQ�LQ�)LJXUHV��������LQ�FLUFOHV�
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(TXDWLRQ�������KROGV�IRU�DOO�WKHVH�IRXU�SRVVLELOLWLHV�DQG�FDOFXODWHV�WKH�WUXH�G8�YDOXH�RI
WKHVH�VSHFLDO�QRGHV�

)LJXUH������3RVVLEOH�LQWHUVHFWLRQ�SRLQWV�VXEMHFW�WR�(TXDWLRQ������
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7KLV�FKDSWHU�LV�GHGLFDWHG�WR�WKH�FRPSXWDWLRQDO�UHVXOWV�RI�YDULRXV�WHVW�FDVHV�ZKLFK�DUH
XVHG�WR�YDOLGDWH�WKH�SUHVHQW�PXOWL�EORFN�1DYLHU�6WRNHV�VROYHU��7HVW�FDVHV�XVHG�DUH�D
VXSHUSRVLWLRQ�RI�GLIIHUHQW�IORZ�VLWXDWLRQV�IRU�WKH�YHULILFDWLRQ�RI� WKH�LQWHUQDO�H[WHUQDO
��'�SODQDU�D[LV\PPHWULF�PXOWL�EORFN�1DYLHU�6WRNHV�VROYHU�

6LPXODWLRQ� RQ� D� FRPSXWHU� LV� GRQH� WR� GHVLJQ�� RSHUDWH� RU� LQYHVWLJDWH� H[LVWLQJ� RU
SURSRVHG�SURFHVVHV� �RU� V\VWHPV�� DQG� WR� GHWHUPLQH� WKHLU� SHUIRUPDQFH� XQGHU� YDULRXV
FRQGLWLRQV�>��@��(VSHFLDOO\�LQ�PLVVLOH�LQGXVWU\��GXULQJ�WKH�GHVLJQ�RI�D�URFNHW�PRWRU�RU
PRGLILFDWLRQ�RI�DQ�H[LVWLQJ�FRQILJXUDWLRQ�QHHG�VRPH�H[SHULPHQWV�RI�YDOLGDWLRQ�RI�WKH
QHZ� FRQILJXUDWLRQ� LQ� WKH� PRVW� HIILFLHQW� SURFHGXUH�� )RU� WKLV� SXUSRVH�� DOWKRXJK
H[SHULPHQWV� FDQ� SURYLGH� TXLWH� XVHIXO� LQIRUPDWLRQ� DERXW� WKH� URFNHW�PRWRU�� WKH\� DUH
HLWKHU�TXLWH�H[SHQVLYH�RU�VRPHWLPHV�LPSRVVLEOH�RU�YHU\�UHVWULFWHG�GXH�WR�VXEVWUXFWXUDO
SUREOHPV�� %HVLGHV�� VDIHW\� UHTXLUHPHQWV� PD\� VRPHWLPHV� SUHYHQW� WKH� GHVLJQHU� IURP
SHUIRUPLQJ�H[SHULPHQWV�� ,Q� WKLV� VLWXDWLRQ�� VLPXODWLRQ�E\�D� FRPSXWHU�SURJUDP� LV� WKH
EHVW�FKRLFH��LI�WKHUH�H[LVWV�D�YDOLGDWHG�FRPSXWHU�FRGH��7KH�SUDFWLWLRQHUV�DQG�XVHUV�RI
VLPXODWLRQ�UHVXOWV�� WKH�GHFLVLRQ�PDNHUV�DUULYLQJ� DW�GHFLVLRQV�EDVHG�RQ� WKHVH� UHVXOWV�
DQG�WKRVH�DIIHFWHG�E\�WKHVH�GHFLVLRQV�DUH�DOO�MXVWO\�FRQFHUQHG�ZLWK�ZKHWKHU�WKH�UHVXOWV
DUH� FUHGLEOH� RU� ZKHWKHU� WKH� OHYHO� RI� FUHGLELOLW\� RI� WKH� UHVXOWV� LV� DFFHSWDEOH� IRU� WKH
SXUSRVHV�IRU�ZKLFK�WKH\�DUH�EHLQJ�XVHG�>��@�
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7KH�PDLQ�REMHFWLYH�RI�WKLV�VWXG\�LV�WR�GHYHORS�D�UHOLDEOH�1DYLHU�6WRNHV�VROYHU� WR�EH
XVHG� LQ� 6350� IORZ� VLPXODWLRQV�� )RU� WKHVH� SXUSRVHV�� UHVXOW� RI� 572�$97� 7����
VXSSRUW�SURMHFW�>��@�LV�XVHG�IRU�YDOLGDWLRQ�RI�6350�VLPXODWLRQ�E\�WKH�SUHVHQW�VROYHU�
6LQFH�WKLV�SURMHFW�LQFOXGHV�RQO\�LQYLVFLG�IORZ�DSSOLFDWLRQV��%ODVLXV�IODW�SODWH�VROXWLRQ
LV� XVHG� WR� YHULI\� WKH� SODQDU� ODPLQDU� IORZ� VROXWLRQV�� )RU� WKH� YHULILFDWLRQ� RI� WKH
D[LV\PPHWULF� ODPLQDU� IORZ� VROXWLRQ�� WKHRUHWLFDO� YHORFLW\� SURILOH� LQ� D� SLSH� IORZ� LV
XVHG��>��@�)RU�WKH�YHULILFDWLRQ�RI�WXUEXOHQW�YLVFRVLW\�FDOFXODWLRQ��WXUEXOHQW�����SRZHU
ODZ� LV� XVHG�� $IWHU� WKH� VLQJOH�EORFN� UHVXOWV� DUH� SUHVHQWHG�� WKH� VDPH� WHVW� FDVHV� DUH
VROYHG�E\�PXOWL�EORFN�DOJRULWKP�

7R�FKHFN�WKH�IOH[LELOLW\�RI� WKH�PXOWL�EORFN�DOJRULWKP��D�VHJPHQWHG�6350��ZKLFK�LV
IUHTXHQWO\�XVHG�IRU�ODUJH�6350¶�V��LV�VROYHG�ILQDOO\�

���� 6,1*/(�%/2&.�62/87,216�2)�7�����7(67�&$6(6

������ 7(67�&$6(��

7KLV�WHVW�FDVH�LV�QRW�D�6350�VLPXODWLRQ�EXW�LW�LV�XVHG�LQ�UHIHUHQFH�>��@�WR�YHULI\�WKH
LQMHFWLQJ�ERXQGDU\�FRQGLWLRQV�DQG�FRPSDUH�WKH�UHVXOWV�ZLWK�WKH�DQDO\WLF�UHVXOWV�DORQJ
WKH� V\PPHWU\� D[LV�� ,W� LV� DOVR� WKH� ILUVW� WHVW� FDVH� LQ� UHIHUHQFH� >��@�� GLYLGHG� LQWR� WZR
SDUWV��RQH�EHLQJ�SODQDU�DQG�WKH�RWKHU�EHLQJ�D[LV\PPHWULF��ERWK�RI�ZKLFK�DUH�VROYHG
E\�WKH�SUHVHQW�VROYHU��7KH�REWDLQHG�UHVXOWV�DUH�FRPSDUHG�ZLWK�WKH�UHVXOWV�LQ�UHIHUHQFH
>��@�

7KH� JHRPHWU\� DQG� WKH� ERXQGDULHV� DUH� JLYHQ� LQ� )LJXUH� ����� 7KH� JULG� XVHG� LQ� WKH
VROXWLRQ�RI�WKLV�SUREOHP�LV�JLYHQ�LQ�)LJXUH�����
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)LJXUH�����*HRPHWU\�RI�7HVW�&DVH��

)LJXUH�����*ULG�RI�7HVW�&DVH��



��

7KH�SK\VLFDO�SURSHUWLHV�RI�WKH�IORZ�DQG�JULG�SURSHUWLHV�DUH�JLYHQ�LQ�7DEOH����

7DEOH�����*HRPHWULF�SURSHUWLHV�DQG�LQSXW�IORZ�SDUDPHWHUV�XVHG�IRU�7HVW�&DVH��

��'�3ODQDU
�7HVW�&DVH���D�

��'�$[LV\PPHWULF
�7HVW�&DVH���E�

*HRPHWULF�3URSHUWLHV
7RWDO�/HQJWK ����PP ����PP
,QVLGH�5DGLXV ���PP ���PP
*ULG�6L]H ���[��� ���[���
)ORZ�3DUDPHWHUV
0DVV�IOX[ �����NJ�P � �V �����NJ�P � �V
([LW�3UHVVXUH �������3D �������3D
*DPPD ��� ���
*DV�&RQVWDQW ������-�NJ. ������-�NJ.
5HIHUHQFH�SUHVVXUH �������3D �������3D
)ODPH�7HPSHUDWXUH �����. �����.

7KH� VROXWLRQ� LV� VWDUWHG� IURP� WKH� VXEVRQLF� LQLWLDO� FRQGLWLRQ� RI� ZKLFK� WKH� LQMHFWLRQ
ERXQGDU\�FRQGLWLRQ�LPSRVHV�IRU�ERWK�FDVHV��)URQW�HQG�LV�LQHUW�ZDOO�ZLWK�VOLS�YHORFLW\�
ERWWRP�ZDOO�LV�DQ�LQMHFWLQJ�ZDOO�ZLWK�FRQVWDQW�WHPSHUDWXUH��IODPH�WHPSHUDWXUH�RI�WKH
SURSHOODQW���WRS�ZDOO�LV�WKH�V\PPHWU\�ERXQGDU\�DQG�WKH�DIW�HQG�LV�WKH�SUHVVXUH�RXWOHW
ERXQGDU\�� 0DFK� FRQWRXUV�� SUHVVXUH� FRQWRXUV� DQG� VWUHDPOLQHV�� DOVR� WKH� 0DFK� DQG
SUHVVXUH� SURILOHV� DORQJ� WKH� V\PPHWU\� D[LV� REWDLQHG� IURP� WKH� SUHVHQW� VROYHU� LV
FRPSDUHG�ZLWK�WKH�UHVXOWV�LQ�UHIHUHQFH�>��@�IRU�WKH�SODQDU�WHVW�FDVH��7&��D��
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)LJXUH�����0DFK�&RQWRXUV�RI�WKH�SUHVHQW�VROYHU�DQG�7�����IRU�7&��D

)LJXUH�����3UHVVXUH�&RQWRXUV�RI�WKH�SUHVHQW�VROYHU�DQG�7�����IRU�7&��D
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)LJXUH�����6WUHDPOLQHV�RI�WKH�SUHVHQW�VROYHU�DQG�7�����IRU�7&��D

$V�LW�FDQ�EH�REVHUYHG�IURP�WKH�LVR�0DFK��LVR�SUHVVXUH�OLQHV�DQG�VWUHDPOLQHV�LQ�)LJXUH
����� ���� DQG� ���� UHVSHFWLYHO\�� UHVXOWV� REWDLQHG� E\� WKH� SUHVHQW� VROYHU� VKRZV� JUHDW
VLPLODULW\� ZLWK� WKH� UHVXOWV� LQ� UHIHUHQFH� >��@�� ,W� VKRXOG� EH� QRWHG� WKDW� QR� SUHVVXUH
JUDGLHQW�LV�REVHUYHG�LQ�WKH�WUDQVYHUVH�GLUHFWLRQ�

7KLV� WHVW� FDVH� VKRZV� WKDW� WKH� LQMHFWLRQ� ERXQGDU\� FRQGLWLRQ� LQ� WKH� SUHVHQW� VROYHU� LV
YDOLG�IRU�LQMHFWLQJ�IORZ�WHVW�FDVHV��$OVR��ZDOO��V\PPHWU\�DQG�VXEVRQLF�H[LW�ERXQGDU\
FRQGLWLRQV�DUH�YDOLG�IRU�VXEVRQLF� LQYLVFLG� IORZV��7KH�0DFK�QXPEHU�YDOXH�DW� WKH�DIW
HQG�RI�WKH�JHRPHWU\�DW�WKH�D[LV�RI�V\PPHWU\�LV�IRXQG�DV��������E\�WKH�SUHVHQW�VROYHU
DQG�WKH�YDOXH�REWDLQHG�LQ�UHIHUHQFH�>��@�VROXWLRQ�LV���������ZLWK�D�GHYLDWLRQ�RI������

7KH�UHVLGXDO�XVHG�LV�WKH�PD[LPXP�ORFDO�UHVLGXDO��GHILQHG�DV�WKH�ODUJHVW�GLIIHUHQFH�IRU
WKH� 8�YDOXHV�RI�DOO�WKH�QRGHV�RI�WKH�VROXWLRQ�GRPDLQ�IRU�WKDW�WLPH�VWHS��$ERXW�RUGHUV
RI�GHFUHDVH�LV�REVHUYHG�IRU� WKH�UHVLGXDO� LQ�WKH�FXUUHQW� WHVW�FDVH��DV�VKRZQ�LQ�)LJXUH
�����&)/� QXPEHU� DQG� DUWLILFLDO� YLVFRVLW\� DUH� ���� DQG� ������� UHVSHFWLYHO\�� 6LQFH� QR
GLYHUJHQW� RU� FRQYHUJHQW� VHFWLRQ� LV� SUHVHQW� LQ� WKLV� WHVW� FDVH�� WKH� UHVLGXDO� GHFUHDVHV
ZLWK�D�JRRG�VORSH�LQ�������LWHUDWLRQV�DQG�UHDFKHV�WR�VWHDG\�YDOXH�
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)LJXUH�����&RQYHUJHQFH�+LVWRU\�RI�7&��D

$OVR�� WKH� YDULDWLRQV� RI� 0DFK� QXPEHU� DQG� QRQ�GLPHQVLRQDO� SUHVVXUH� DORQJ� WKH
V\PPHWU\�SODQH�DUH�FRPSDUHG�ZLWK�WKH�UHVXOWV�LQ�UHIHUHQFH�>��@�DV�VKRZQ�LQ�)LJXUH
����DQG������UHVSHFWLYHO\��7KH�UHVXOWV�DUH�TXLWH�FRPSDUDEOH�DQG�YHULI\�WKH� UHVXOWV�RI
WKH�FXUUHQW�VROYHU�
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)LJXUH�����0DFK�SURILOH�DORQJ�WKH�V\PPHWU\�D[LV

)LJXUH�����1RQ�GLPHQVLRQDO�SUHVVXUH�SURILOH�DORQJ�WKH�V\PPHWU\�D[LV
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7R�FKHFN�D[LV\PPHWULF�WHUPV��WKH�VDPH�WHVW�FDVH�LV�VROYHG�ZLWK�D[LV\PPHWULFLW\��$OO
WKH� ERXQGDU\� FRQGLWLRQV� DUH� WKH� VDPH�� H[FHSW� WKDW� WKH� WRS� SODQH� LV� QR� ORQJHU� D
V\PPHWU\� SODQH� EXW� LW� LV� DQ� D[LV� RI� V\PPHWU\� ERXQGDU\�� $JDLQ�� 0DFK� FRQWRXUV�
SUHVVXUH� FRQWRXUV� DQG� VWUHDPOLQHV�� DOVR� WKH� 0DFK� DQG� SUHVVXUH� SURILOHV� DORQJ� WKH
V\PPHWU\�D[LV�REWDLQHG�IURP�WKH�SUHVHQW�VROYHU�LV�FRPSDUHG�ZLWK�WKH�UHVXOWV�RI�7&��
E�LQ�UHIHUHQFH�>��@�

)LJXUH�����0DFK�FRQWRXUV�RI�WKH�SUHVHQW�VROYHU�DQG�7�����IRU�7&��E
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)LJXUH������3UHVVXUH�FRQWRXUV�RI�WKH�SUHVHQW�VROYHU�DQG�7�����IRU�7&��E

)LJXUH������6WUHDPOLQHV�RI�WKH�SUHVHQW�VROYHU�DQG�7����

7KH�FRPSDULVRQV�JLYHQ�LQ�)LJXUH�����������DQG������ LPSO\� WKDW� WKH� UHVXOWV�REWDLQHG
ZLWK�WKH�SUHVHQW�VROYHU�DUH�VDWLVIDFWRU\��YHULI\LQJ�WKH�IDFW�WKDW�WKH�D[LV\PPHWULF�WHUPV
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DGGHG�WR�WKH�SUHVHQW�VROYHU�DUH�YDOLG�IRU� LQYLVFLG� IORZV��3UHVVXUH�JUDGLHQWV�DUH�RQO\
VHHQ�LQ�WKH�D[LDO�GLUHFWLRQ��ZKLFK�LV�DOVR�REVHUYHG�DOVR�LQ�WKH�SODQDU�WHVW�FDVH�

7KH�0DFK�QXPEHU�DQG�QRQ�GLPHQVLRQDO�SUHVVXUH�YDULDWLRQV�RQ�WKH�D[LV�RI�V\PPHWU\
DUH� JLYHQ� LQ� )LJXUH� ����� DQG� ������ 7KH� UHVXOWV� DUH� TXLWH� VLPLODU� DQG� FRPSDUDEOH�
0D[LPXP� GLIIHUHQFH� LQ� ERWK� 0DFK� QXPEHU� DQG� SUHVVXUH� YDOXHV� DW� WKH� D[LV� RI
V\PPHWU\�LV�OHVV�WKDQ�����6PDOO�YDULDWLRQV�IRU�0DFK�QXPEHU�LQ�WKH�KHDG�DQG�DIW�HQGV
RI�WKH�V\PPHWU\�D[LV�DUH�PRVW�SUREDEO\�GXH�WR�GLIIHUHQFHV�LQ�WKH�ERXQGDU\�FRQGLWLRQV
DW�WKH�FRUQHUV�ZKHUH�WZR�ERXQGDULHV�LQWHUVHFW�

)LJXUH������0DFK�SURILOH�DORQJ�WKH�V\PPHWU\�D[LV
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)LJXUH������1RQ�GLPHQVLRQDO�SUHVVXUH�SURILOH�DORQJ�WKH�V\PPHWU\�D[LV

)RU�WKH�D[LV\PPHWULF�VROXWLRQ��WKH�PD[LPXP�ORFDO�UHVLGXDO�GHFUHDVH�LV�PRUH�WKDQ��
RUGHU�RI�PDJQLWXGHV��)RU�WKLV�WHVW�FDVH��DUWLILFLDO�YLVFRVLW\�LV�������DQG�&)/�QXPEHU
LV������7KLV�WHVW�FDVH�FRQYHUJHV�VORZHU�WKDQ�WKH�SODQDU�WHVW�FDVH��$[LV\PPHWULF�WHUPV
DUH� UHVSRQVLEOH� IRU� WKLV� VLWXDWLRQ� VLQFH� QR� RWKHU�PRGLILFDWLRQ� LV� GRQH� RQ� WKH� VROYHU
DQG�WKH�IORZ�SURSHUWLHV�DUH�DOVR�VDPH��$�ORZHU�&)/�QXPEHU�LV�XVHG�IRU�WKLV�WHVW�FDVH
DQG� WKH� UHVSRQVH� RI� WKH� VROYHU� LQ� VHQVH� RI� GHFUHDVH� LQ� UHVLGXDO� LV� VORZHU� IRU� WKH
D[LV\PPHWULF� FDVH� DV� H[SHFWHG�� )LQDOO\�� WKH� UHVXOWV� REWDLQHG� DUH� TXLWH� VDWLVIDFWRU\
ZKHQ�WKH�YDULDWLRQV�LQ�IORZ�YDULDEOHV�DUH�FRQVLGHUHG�

)RU� KLJKHU� DUWLILFLDO� YLVFRVLW\� YDOXHV�� D� IDVWHU� FRQYHUJHQFH� FDQ� EH� REWDLQHG� EXW
WKHRUHWLFDOO\��+RZHYHU�� LW� VKRXOG�EH�NHSW� DV� VPDOO� DV�SRVVLEOH� WR�JHW� OHVV� VPRRWKHG



��

JUDGLHQWV��,Q�DOO�FDVHV��WKH�DUWLILFLDO�YLVFRVLW\�LV�NHSW�DV�VPDOO�DV�SRVVLEOH�LQ�RUGHU�WR
KDYH�PLQLPXP�VPRRWKHQLQJ�ZKLFK�FHUWDLQO\�VORZV�GRZQ�WKH�FRQYHUJHQFH�

)LJXUH������&RQYHUJHQFH�+LVWRU\�RI�7&��E
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������ 7(67�&$6(��

6HFRQG�WHVW�FDVH�LV�D�ODE�VFDOH�PRWRU�IRU�WKH�YHULILFDWLRQ�RI�PDVV�LQMHFWLRQ�ERXQGDU\
FRQGLWLRQ� LQ� DQ� D[LV\PPHWULF� JHRPHWU\��7KLV� WHVW� FDVH� LV� XVHG� LQ� UHIHUHQFH� >��@� WR
YDOLGDWH�WKH�VWDELOLW\�RI���'�FRPSXWDWLRQV��7KH�EXUQW�SURSHOODQW�LV�LQMHFWHG�IURP�WKH
ERWWRP� ZDOO� DW� D� FRQVWDQW� IODPH� WHPSHUDWXUH�� /HQJWK� RI� F\OLQGULFDO� SDUW� RI
FRPEXVWLRQ�FKDPEHU� LV�����PP�ZKLOH� WKH� LQQHU� UDGLXV� LV����PP��7KH�FRQYHUJLQJ�
GLYHUJLQJ�QR]]OH�KDV� D� WKURDW� UDGLXV�RI�������PP�ZLWK� D� UDGLXV�RI� FXUYDWXUH�RI���
PP��2YHUDOO�PRWRU� OHQJWK�LV�/� �����PP��7KH�SK\VLFDO�SURSHUWLHV�RI� WKH� IORZ�DQG
JULG�SURSHUWLHV�DUH�JLYHQ�LQ�7DEOH�����

7DEOH�����*HRPHWULF�SURSHUWLHV�DQG�LQSXW�IORZ�SDUDPHWHUV�XVHG�IRU�7HVW�&DVH��

��'�$[LV\PPHWULF
�7HVW�&DVH���

*HRPHWULF�'LPHQVLRQV
7RWDO�/HQJWK ����PP
,QVLGH�5DGLXV ���PP
*ULG�6L]H ���[���
)ORZ�3DUDPHWHUV
0DVV�IOX[ ������NJ�P � �V
5HIHUHQFH�3UHVVXUH �������3D
*DPPD ����
*DV�&RQVWDQW ������-�NJ.
)ODPH�7HPSHUDWXUH �����.



��

7KH�KHDG�HQG�RI�WKH�JHRPHWU\�LV�DJDLQ�LQHUW�ZDOO�ZLWK�VOLS�YHORFLW\��WKH�WRS�SODQH�LV
DQ�D[LV�RI�V\PPHWU\�� WKH�ERWWRP�SODQH�LV� LQMHFWLQJ�ZDOO�ZLWK� IL[HG� WHPSHUDWXUH�DQG
WKH�H[LW�SODQH��DIW�HQG��LV�IUHH�VXSHUVRQLF�ERXQGDU\�

7KH� JHRPHWU\� DQG� ERXQGDULHV� DUH� JLYHQ� LQ� )LJXUH� �����ZKLOH� WKH� JULG� IRU� WKLV� WHVW
FDVH�LV�SUHVHQWHG�LQ�)LJXUH������

)LJXUH������*HRPHWU\�RI�7HVW�&DVH��

)LJXUH������*ULG�RI�7HVW�&DVH��



��

0DFK�QXPEHU�DQG�QRQ�GLPHQVLRQDO�SUHVVXUH�FRQWRXUV�DQG�VWUHDPOLQHV�GHPRQVWUDWLQJ
WKH�PRWLRQ�RI�EXUQW�JDVHV� LQ� WKH� URFNHW�PRWRU� IRU� WKH�FXUUHQW�SUREOHP�DUH� JLYHQ� LQ
)LJXUH������������DQG������UHVSHFWLYHO\�

)LJXUH������&RPSDULVRQ�RI�0DFK�FRQWRXUV�RI�7HVW�&DVH���ZLWK�7����



��

)LJXUH������&RPSDULVRQ�RI�QRQ�GLPHQVLRQDO�SUHVVXUH�FRQWRXUV�RI�7HVW�&DVH���ZLWK
7����

)LJXUH������&RPSDULVRQ�RI�VWUHDPOLQHV�RI�7HVW�&DVH���ZLWK�7����



��

$V� LW� FDQ� EH� VHHQ� IURP� WKH� DERYH� ILJXUHV�� )LJXUH� ������ ����� DQG� ������ WKH� UHVXOWV
REWDLQHG�E\�WKH�SUHVHQW�VROYHU�DUH�TXLWH�FRPSDWLEOH�WR�WKH�UHVXOWV�RI�UHIHUHQFH�>��@��$W
WKH�FRQYHUJLQJ�VHFWLRQ�RI�WKH�QR]]OH��0DFK�QXPEHU�VWDUWV�WR�LQFUHDVH�DV�H[SHFWHG�DQG
VSHHG� RI� VRXQG� LV� UHDFKHG� DW� WKH� WKURDW� VHFWLRQ� RI� WKH� QR]]OH�� $IWHU� WKH� WKURDW�
VXSHUVRQLF�IORZ�LV�REVHUYHG�DQG�DW�WKH�SRLQW�RI�LQWHUVHFWLRQ�RI�V\PPHWU\�D[LV�DQG�H[LW
SODQH��0DFK�QXPEHU�UHDFKHV�������6XSHUVRQLF�ERXQGDU\�FRQGLWLRQV�DUH�DOVR�YDOLGDWHG
E\�WKLV�WHVW�FDVH�

0DFK�QXPEHU� DQG�QRQ�GLPHQVLRQDO�SUHVVXUH�YDULDWLRQ�DORQJ� WKH� V\PPHWU\�D[LV� DUH
JLYHQ� LQ�)LJXUH������DQG������� UHVSHFWLYHO\��1RQ�GLPHQVLRQDO�SUHVVXUH�YDOXH� DW� WKH
VXEVRQLF� UHJLRQ� LV�DOPRVW�FRQVWDQW�DQG� UHDFKHV� LWV�PD[LPXP�YDOXH�DW� WKH�KHDG� HQG
ZKLFK�LV��������(YHQ�WKRXJK�WKHUH�DUH�GLIIHUHQFHV�LQ�YHORFLW\�SURILOHV��WKH�PD[LPXP
ORFDO� GLIIHUHQFH� LV� DSSUR[LPDWHO\� ����� DQG� WKLV� LV� PRVW� SUREDEO\� GXH� WR� WKH
V\PPHWU\�SODQH�ERXQGDU\�FRQGLWLRQ�



��

)LJXUH������0DFK�YDULDWLRQ�DORQJ�WKH�V\PPHWU\�D[LV

)LJXUH������1RQ�GLPHQVLRQDO�SUHVVXUH�YDULDWLRQ�DORQJ�WKH�V\PPHWU\�D[LV



��

)RU� WKH� VXSHUVRQLF� FDVH�� VRPH�GLIILFXOWLHV� DUH� REVHUYHG� GXULQJ� WKH� LQLWLDWLRQ� RI� WKH
VROXWLRQ� IRU� ORZ� DUWLILFLDO� YLVFRVLW\� YDOXHV��:KHQ� WKH� VROXWLRQ� LV� LQLWLDWHG�� WKH� IORZ
LQVLGH� WKH� JHRPHWU\� LV� VXEVRQLF� HYHU\ZKHUH� DQG� DFFRUGLQJ� WR� &)/� QXPEHU� XVHG�
VRPH� LWHUDWLRQV� DUH� UHTXLUHG� WR� REWDLQ� D� VXSHUVRQLF� IORZ� EH\RQG� WKH� QR]]OH� WKURDW�
'XULQJ�WKHVH�LWHUDWLRQV��DQ�DUWLILFLDO�VKRFN�ZDYH�WUDYHOV�WKURXJK�WKH�GLYHUJHQW�SDUW�RI
WKH� QR]]OH� DQG� PD\� FDXVH� VRPH� LQVWDELOLWLHV� WLOO� WKH� WKURDW� 0DFK� QXPEHU� UHDFKHV
XQLW\�

$ERYH� UHVXOWV� DUH� REWDLQHG� IRU� D� &)/� QXPEHU� RI� ����� )RU� WKLV� YDOXH� RI� WKH� &)/
QXPEHU�������LWHUDWLRQV�DUH�UHTXLUHG�ZLWK������DUWLILFLDO�YLVFRVLW\�WR�RYHUFRPH�WKHVH
LQVWDELOLWLHV�DQG�DUWLILFLDO�YLVFRVLW\�YDOXH�LV�GHFUHDVHG�WR�������DIWHU������LWHUDWLRQV�
7KH�UHVLGXDO�KLVWRU\�LV�JLYHQ�LQ�)LJXUH������



��

)LJXUH������5HVLGXDO�KLVWRU\�RI�7HVW�&DVH��

������ 7(67�&$6(��

7KLV� WHVW� FDVH� LV� XVHG� WR� VLPXODWH� DQ� DFWXDO� PRWRU� ZLWK� D� QDUURZ� WKURDW�� 3K\VLFDO
GLPHQVLRQV�DQG�IORZ�SURSHUWLHV�DUH�JLYHQ�LQ�7DEOH������*HRPHWU\�DQG�JULG�XVHG�IRU
WKH�VROXWLRQ�RI�WKLV�WHVW�FDVH�DUH�JLYHQ�LQ�)LJXUH������DQG�������UHVSHFWLYHO\�



��

7DEOH�����*HRPHWULF�SURSHUWLHV�DQG�LQSXW�IORZ�SDUDPHWHUV�XVHG�IRU�7HVW�&DVH��

*HRPHWULF�'LPHQVLRQV
7RWDO�/HQJWK ����PP
,QVLGH�5DGLXV ���PP
*ULG�6L]H ����[���

)ORZ�3DUDPHWHUV
0DVV�IOX[ ���NJ�P � �V
5HIHUHQFH�3UHVVXUH �������3D
*DPPD ����
*DV�&RQVWDQW ������-�NJ.
)ODPH�7HPSHUDWXUH �����.

)LJXUH������*HRPHWU\�RI�7HVW�&DVH��



��

)LJXUH������*ULG�RI�7HVW�&DVH��

7KLV� WHVW� FDVH� LV� D� PRGLILHG� IRUP� RI� WHVW� FDVH� ��� ZLWK� LQMHFWLRQ� IURP� WKH� LQFOLQHG
VXUIDFH�LQ�IURQW�RI�WKH�FRQYHUJHQW�SDUW�RI�WKH�FRQYHUJHQW�GLYHUJHQW�QR]]OH��$OVR��WKH
WKURDW� LV� QDUURZHU� ZKHQ� FRPSDUHG� WR� WKH� SUHYLRXV� WHVW� FDVH�� 'XH� WR� WKLV� LQFOLQHG
LQMHFWLRQ� DQG� QDUURZHU� WKURDW�� WKLV� WHVW� FDVH� ZDV� WKH�PRVW� FKDOOHQJLQJ� WHVW� FDVH� LQ
VHQVH�RI�FRQYHUJHQFH��7KH�GHILQLWLRQ�RI�WKH�SRLQW�RI�LQWHUVHFWLRQ�RI�LQFOLQHG�LQMHFWLRQ
VXUIDFH�DQG�KRUL]RQWDO� LQMHFWLRQ�VXUIDFH� FDQ� DOVR� HIIHFW� WKH� UHVXOWV� HVSHFLDOO\� LQ� WKH
FRQYHUJHQW�VHFWLRQ�

7KH�ERXQGDU\�FRQGLWLRQV�FDQ�EH�JLYHQ�DV�IROORZV��WKH�ERWWRP�SODQH�VWDUWV�ZLWK�PDVV
LQMHFWLRQ�ERXQGDU\�ZLWK�D�FRQVWDQW� IODPH� WHPSHUDWXUH� WLOO� WKH�FRQYHUJHQW� VHFWLRQ�RI
WKH� QR]]OH� DQG� WKHQ� ZDOO� W\SH� ERXQGDU\� FRQGLWLRQ� LV� XVHG� DORQJ� WKH� QR]]OH��:DOO
ERXQGDU\�FRQGLWLRQV� DUH� DOVR�XVHG� IRU� WKH� OHIW� SODQH� �KHDG� HQG���$[LV�RI� V\PPHWU\
ERXQGDU\�FRQGLWLRQ�LV�XVHG�IRU�WKH�WRS�SODQH�ZKLOH�VXSHUVRQLF�ERXQGDU\�FRQGLWLRQ�LV
XVHG�IRU�WKH�H[LW�SODQH�

0DFK�QXPEHU�DQG�QRQ�GLPHQVLRQDO�SUHVVXUH�FRQWRXUV�DQG�VWUHDPOLQHV�GHPRQVWUDWLQJ
WKH�PRWLRQ�RI�EXUQW�SURSHOODQW�LQ�WKH�URFNHW�PRWRU�DUH�JLYHQ�LQ�)LJXUH������������DQG
������UHVSHFWLYHO\�



��

)LJXUH�������&RPSDULVRQ�RI�0DFK�FRQWRXUV�RI�7HVW�&DVH���ZLWK�7����

)LJXUH������&RPSDULVRQ�RI�QRQ�GLPHQVLRQDO�SUHVVXUH�FRQWRXUV�RI�7HVW�&DVH���ZLWK
7����



��

)LJXUH������&RPSDULVRQ�RI�VWUHDPOLQHV�RI�7HVW�&DVH���ZLWK�7����

$V�LW�FDQ�EH�REVHUYHG�IURP�WKH�ILJXUHV�� UHVXOWV�REWDLQHG�E\�WKH�SUHVHQW�VROYHU�VKRZ
JUHDW�VLPLODULW\�WR�WKH�UHVXOWV�REWDLQHG�LQ�UHIHUHQFH�>��@��7KH�VORSHV�RI�LVR�0DFK�OLQHV
FKDQJH�LQ�WKH�GLYHUJHQW�VHFWLRQ�RI�WKH�QR]]OH�LQ�ERWK�VROYHUV��GXH�WR�WKH�FRPSUHVVLRQ
ZDYH� UHIOHFWLQJ� IURP� WKH� V\PPHWU\� SODQH�� 3UHVVXUH� FRQWRXUV� REWDLQHG� E\� (16�'
VKRZ�OHVV�YDULDWLRQ�LQ�WUDQVYHUVH�GLUHFWLRQ�LQ�WKH�VXEVRQLF�UHJLRQ�ZKHUH�WKH�GLDPHWHU
LV� FRQVWDQW�� 7KLV� LV� PRUH� UHDVRQDEOH� ZKHQ� VXEVRQLF� IORZ� ZLWK� IL[HG� GLDPHWHU� LV
FRQVLGHUHG�DQG�WKH�SUHYLRXV�WHVW�FDVH�GHPRQVWUDWHV�WKLV�EHKDYLRXU�SURSHUO\�

%HVLGHV� WKHVH� FRQWRXUV�� WKH�0DFK�QXPEHU� DQG� QRQ�GLPHQVLRQDO� SUHVVXUH� YDULDWLRQV
DORQJ�WKH�V\PPHWU\�D[LV�DUH�JLYHQ�LQ�)LJXUH������DQG�������UHVSHFWLYHO\�



��

)LJXUH������0DFK�SURILOH�DORQJ�WKH�V\PPHWU\�D[LV

0DFK�QXPEHU�SURILOH�VHHPV�ZHOO�ILW�WR�WKH�UHVXOWV�REWDLQHG�LQ�UHIHUHQFH�>��@��$W�WKH
ORQJLWXGLQDO�ORFDWLRQ�ZKHUH�D�FRPSUHVVLRQ�ZDYH�UHIOHFWV�EDUHO\��D�GLIIHUHQFH�RI������
LV�REVHUYHG�EXW�WKH�SURILOHV�WHQG�WR�ILW�ZHOO�DJDLQ�DIWHU�WKH�UHIOHFWLRQ��7KLV�GLIIHUHQFH
PD\�DJDLQ�EH�GXH�WR�WKH�LPSOHPHQWDWLRQ�RI�V\PPHWU\�SODQH�ERXQGDU\�FRQGLWLRQV�



��

)LJXUH������1RQ�GLPHQVLRQDO�SUHVVXUH�YDULDWLRQ�DORQJ�WKH�V\PPHWU\�D[LV

1RQ�GLPHQVLRQDO�SUHVVXUH�SURILOH�RI�WKH�SUHVHQW�VROYHU�LV�DOVR�VLPLODU�WR�RQH�REWDLQHG
IURP�WKH�UHVXOWV�RI�UHIHUHQFH�>��@��$JDLQ��DV� LW� LV� LQ� WKH�SUHYLRXV� WHVW�FDVH��SUHVVXUH
SURILOH� LQ�WKH�VXEVRQLF�UHJLRQ�LV�DOPRVW�FRQVWDQW�DQG�UHDFKHV�LWV�PD[LPXP�YDOXH�RI
�������DW�WKH�KHDG�HQG�

7KH�GLIILFXOW\�HQFRXQWHUHG�GXULQJ� WKH�VROXWLRQ�RI� WKH�SUHYLRXV� WHVW�FDVH� LV�REVHUYHG
DOVR�IRU�WKLV�WHVW�FDVH��7KLV�WLPH��VLQFH�WKH�JHRPHWU\�DQG�LQMHFWLRQ�GLUHFWLRQV�DUH�PRUH
FRPSOH[�� WKH� LQLWLDO� DUWLILFLDO� YLVFRVLW\� YDOXH� LV� WDNHQ� DV� ����� 7KLV� LV� D� TXLWH� KLJK
YDOXH��ZKLFK�DOORZV�DQ� LQLWLDO�&)/�YDOXH�RI������:KHQ�D�0DFK�QXPEHU�RI�XQLW\� LV
REWDLQHG�DW�WKH�QR]]OH�WKURDW�DIWHU������LWHUDWLRQV��DUWLILFLDO�YLVFRVLW\�LV�GHFUHDVHG�WR
�����ZKLFK�DOORZV�D�&)/�QXPEHU�RI������DW�PRVW��/RZHU�DUWLILFLDO�YLVFRVLW\�YDOXHV
DUH�WHVWHG�WR�REWDLQ�SURSHU�UHVXOWV�EXW�HYHQ�ZLWK�ORZ�&)/�QXPEHUV�� LQVWDELOLWLHV�DUH



��

REVHUYHG��%HVLGHV��WKH�UHVXOWV�REWDLQHG�E\�WKLV�&)/�DQG�DUWLILFLDO�YLVFRVLW\�YDOXHV�DUH
TXLWH�VDWLVIDFWRU\�DQG�QR�DUWLILFLDO�HIIHFWV�DUH�REVHUYHG�LQ�WKH�VROXWLRQ�

0D[LPXP� ORFDO� UHVLGXDO� GHFUHDVHG� RQO\� �� RUGHUV� LQ� ������� LWHUDWLRQV� ZKLFK� ZDV
ORZHU�WKDQ�WKH�RQHV�LQ�RWKHU�FDVHV��PRVW�SUREDEO\�GXH�WR�WKH�FRPSOH[LW\�RI�WKH�IORZ�
EXW�WKLV�VLWXDWLRQ�GRHV�QRW�EULQJ�DQ\�SUREOHP�DJDLQ�LQ�VHQVH�RI�FRPSDULQJ�WKH�UHVXOWV�
$IWHU� ������� LWHUDWLRQV�� WKH� UHVLGXDO� VWD\HG� FRQVWDQW� DQG� LW� LV� DVVXPHG� WKDW� WKH
FRQYHUJHQFH� LV� UHDFKHG� DIWHU� ������� LWHUDWLRQV� ZLWK� �� RUGHUV� RI� GHFUHDVH� LQ� WKH
UHVLGXDO�

)LJXUH������5HVLGXDO�KLVWRU\�RI�7HVW�&DVH��



��

������ 7(67�&$6(��

7KLV� WHVW� FDVH� LV� D� VLPXODWLRQ�RI� D� IXOO�6350�ZLWK� WZR� LQFOLQHG� LQMHFWLRQ� VXUIDFHV�
3K\VLFDO� GLPHQVLRQV� DQG� IORZ� SDUDPHWHUV� DUH� JLYHQ� LQ� 7DEOH� ����� 7KH� JHRPHWULFDO
UHSUHVHQWDWLRQ�RI� WKH� WHVW�FDVH�DQG� WKH�JULG�XVHG� LQ� WKH�VROXWLRQ�DUH�JLYHQ� LQ�)LJXUH
�����DQG�������UHVSHFWLYHO\�

7DEOH�����*HRPHWULF�SURSHUWLHV�DQG�LQSXW�IORZ�SDUDPHWHUV�XVHG�IRU�7HVW�&DVH��

*HRPHWULF�'LPHQVLRQV
7RWDO�/HQJWK ����PP
,QVLGH�5DGLXV ���PP
*ULG�6L]H ����[���

)ORZ�3DUDPHWHUV
0DVV�IOX[ �����NJ�P � �V
5HIHUHQFH�3UHVVXUH �������3D
*DPPD ����
*DV�&RQVWDQW ����-�NJ.
)ODPH�7HPSHUDWXUH �����.

����� � ���
	 ����
�� � �����

$[LV RI 6\PPHWU\

&ORVHG+HDG (QG 1R]]OH

)LJXUH����� *HRPHWU\�RI�7HVW�&DVH��



��

)LJXUH������*ULG�RI�7HVW�&DVH��

7KLV� WHVW� FDVH� LV� WKH� EHVW� WHVW� FDVH� LQ� VHQVH� RI� UHVHPEOLQJ� D� 6350�� *HQHUDOO\�� WR
REWDLQ� WKH� UHTXLUHG� WKUXVW� UHJLPH� IRU� WKH� PLVVLRQ� RI� WKH� PLVVLOH�� VSHFLDO� JUDLQ
�SURSHOODQW�� VKDSHV� DUH� XVHG��'XULQJ� WKH� EXUQEDFN� RI� WKHVH� JUDLQ� VKDSHV�� WKHUH� DUH
LQMHFWLRQV�LQ�GLIIHUHQW�GLUHFWLRQV�RU�SURSHOODQW�WKLFNQHVV�YDULHV�DV�LW�FDQ�EH�REVHUYHG
IURP�)LJXUH�������7KH�JHRPHWULFDO�FRQILJXUDWLRQ�KDV�EHHQ�UHWDLQHG�FRUUHVSRQGLQJ�WR
PLG�FRPEXVWLRQ�� 7KH� FRPEXVWLRQ� FKDPEHU� LV� ���PP� LQ� OHQJWK��ZKLFK� FRQWDLQV� DQ
D[LV\PPHWULF� JUDLQ� IRUPHG�RI� WZR� FRQLFDO� HQGV�ZLWK� LQFOLQHG� LQMHFWLRQ� OLQNHG� WR� D
F\OLQGULFDO�SRUW�ZLWK�YHUWLFDO�LQMHFWLRQ�

7KH�ERWWRP�SODQH�VWDUWV�ZLWK�D�ZDOO�� WKHQ�FRQWLQXHV�ZLWK�PDVV� LQMHFWLRQ�DW�FRQVWDQW
IODPH� WHPSHUDWXUH� XS� WR� WKH� GLYHUJHQW� VHFWLRQ� RI� WKH� QR]]OH�� 7KHUHDIWHU�� WKHUH� LV� D
ZDOO� ERXQGDU\�� /HIW� SODQH� FDQ� DOVR� EH� WUHDWHG� DV� D� ZDOO�� 7RS� SODQH� LV� DQ� D[LV� RI
V\PPHWU\�DQG�WKH�H[LW�SODQH�KDV�VXSHUVRQLF�ERXQGDU\�FRQGLWLRQV�

7KH� 0DFK� QXPEHU�� QRQ�GLPHQVLRQDO� SUHVVXUH� FRQWRXUV� DQG� WKH� VWUHDPOLQHV
GHPRQVWUDWLQJ�WKH�PRWLRQ�RI�WKH�EXUQW�SURSHOODQW�DUH�JLYHQ�LQ�)LJXUH������������DQG
������UHVSHFWLYHO\�



��

)LJXUH������&RPSDULVRQ�RI�0DFK�FRQWRXUV�RI�7HVW�&DVH���ZLWK�7����

0DFK�QXPEHU�FRQWRXUV�RI�WKH�WZR�VROXWLRQV�KDYH�YHU\�VPDOO�GLIIHUHQFHV��DV�LW�FDQ�EH
VHHQ� IURP� )LJXUH� ������ (YHQ� LI� WKHUH� DUH� GLIIHUHQFHV� LQ� WKH� VXEVRQLF� UHJLRQ� DW� WKH
KHDG� HQG�� (16�'� JLYHV� DOPRVW� FRQVWDQW� 0DFK� YDOXHV� DW� WKH� WUDQVYHUVH� GLUHFWLRQ
ZKLFK� LV� UHDVRQDEOH� MXVW� OLNH� WKH� SUHVHQW� WHVW� FDVH�� %HVLGHV�� WKH�0DFK� QXPEHU� KDV
TXLWH� VPDOO� YDOXH� DW� WKH� KHDG� HQG�� )RU� WKH� VXSHUVRQLF� VHFWLRQ�� WKH� 0DFK� QXPEHU
FRQWRXUV�DUH�DOPRVW�LGHQWLFDO�



���

)LJXUH������&RPSDULVRQ�RI�QRQ�GLPHQVLRQDO�SUHVVXUH�FRQWRXUV�RI�7HVW�&DVH���ZLWK
7����

7KH�SUHVVXUH�FRQWRXUV�DOVR�VKRZ�JUHDW�VLPLODULW\��ZLWK�VRPH�VPDOO�GLIIHUHQFHV�LQ�WKH
VXEVRQLF�UHJLRQ��7KLV�GLIIHUHQFH�LV�ORFDOO\���SHUFHQW�DW�PRVW�DQG�PRVW�SUREDEO\�GXH
WR�WKH�VPDOO�GLIIHUHQFHV�LQ�WKH�LPSOHPHQWDWLRQ�RI�V\PPHWU\�ERXQGDU\�FRQGLWLRQ�DQG
EHFDXVH�RI�WKH�KDQGOLQJ�RI�WKH�LQWHUVHFWLRQ�SRLQWV�RI�WZR�VLGHV�RI�WKH�LQFOLQHG�VXUIDFH
QHDU�WR�WKH�KHDG�HQG�

,Q�)LJXUH�������WKH�WXUQLQJ�RI�WKH�IORZ�IURP�LQFOLQHG�VXUIDFH�DW�WKH�KHDG�HQG�FDQ�EH
FOHDUO\�VHHQ�IURP�WKH�VWUHDPOLQHV�



���

)LJXUH������&RPSDULVRQ�RI�VWUHDPOLQHVRI�7HVW�&DVH���ZLWK�7����

%HORZ��0DFK�DQG�QRQ�GLPHQVLRQDO�SUHVVXUH�SURILOHV�RI� WZR�VROXWLRQV�DUH�FRPSDUHG
DORQJ�WKH�V\PPHWU\�D[LV�LQ�)LJXUH������DQG�������UHVSHFWLYHO\�



���

)LJXUH������0DFK�SURILOH�DORQJ�WKH�V\PPHWU\�D[LV

$V� LW� LV� FOHDUO\� VHHQ� IURP� )LJXUH� ������ WKH�0DFK� SURILOH� DORQJ� WKH� V\PPHWU\� D[LV
REWDLQHG� E\� WKH� SUHVHQW� VROYHU� FRPSDUHV� ZHOO� ZLWK� UHIHUHQFH� >��@�� 7KH� PD[LPXP
GLIIHUHQFH�LV�DERXW������

3UHVVXUH�SURILOHV�DOVR�VKRZ�JUHDW�VLPLODULW\�DQG�SUHVVXUH�UHPDLQV�DOPRVW�FRQVWDQW�LQ
WKH�VXEVRQLF�UHJLRQ��KDYLQJ�LWV�PD[LPXP�YDOXH�DW�WKH�KHDG�HQG�ZKLFK�LV��������



���

)LJXUH������1RQ�GLPHQVLRDQO�SUHVVXUH�SURILOH�DORQJ�WKH�V\PPHWU\�D[LV

5HVLGXDO�KLVWRU\�IRU�WKH�FXUUHQW�WHVW�FDVH�LV�JLYHQ�LQ�)LJXUH�������7KH�PD[LPXP�ORFDO
HUURU�GHFUHDVHV�DERXW���RUGHUV�ZKLFK�WKH�VROXWLRQ�LV�DVVXPHG�WR�EH�FRQYHUJHG�



���

)LJXUH������5HVLGXDO�KLVWRU\�RI�7HVW�&DVH��

%\� WKHVH� �� WHVW� FDVHV�� LQYLVFLG� D[LV\PPHWULF� VROYHU� ZLWK� LQMHFWLRQ� ERXQGDU\
FRQGLWLRQV�LV�YHULILHG�



���

���� 9,6&286�)/2:�7(67�&$6(6

������ /$0,1$5�)/$7�3/$7(

$IWHU� WKH� VROYHU� LV� YHULILHG� IRU� LQYLVFLG� LQWHUQDO� D[LV\PPHWULF� IORZV�� YLVFRXV� IOX[
WHUPV� DQG� DOVR� DGGLWLRQDO� D[LV\PPHWULF� WHUPV� FRPLQJ� IURP� WKH� QDWXUH� RI� YLVFRXV
IORZ� VKRXOG� DOVR� EH� YHULILHG�� )LUVW�� IRU� WKH� YHULILFDWLRQ� RI� YLVFRXV� IOX[� WHUPV�� WKH
ODPLQDU�RYHU�D�IODW�SODWH�LV�VROYHG�DQG�WKH�UHVXOWV�DUH�FRPSDUHG�ZLWK�WKH�VHOI�VLPLODU
%ODVLXV�VROXWLRQ�

7KH�JULG�XVHG�LV�JLYHQ�LQ�)LJXUH������ZKHUH�WKH�SODWH�EHJLQV�DW�[ ��DQG�HQGV�DW�[ ��
'LIIHUHQW�WKDQ�WKH�WHVW�FDVHV�VROYHG�DERYH��WKLV�WHVW�FDVH�KDV�RQO\�WZR�GLIIHUHQW�NLQGV
RI� ERXQGDU\� FRQGLWLRQV�� 2QH� RI� WKHP� LV� YLVFRXV� DGLDEDWLF� ZDOO� ERXQGDU\� DQG� WKH
RWKHU�LV�IDU�ILHOG�ERXQGDU\��ZKHUH�WKH�0DFK�QXPEHU�RI�WKH�IORZ�LV�GHILQHG�RQ�WKH�OHIW�
WRS� DQG� ULJKW� SODQHV�� WR� SURYLGH� D� IUHH� IORZ� RYHU� WKH� IODW� SODWH�� (YHQ� WKRXJK� WKHVH
ERXQGDU\�FRQGLWLRQV�DUH�QRW�XVHG�IRU�LQWHUQDO�IORZV��D�IODW�SODWH�VROXWLRQ�JLYHV�D�JRRG
LQGLFDWLRQ� RI�ZKHWKHU� WKH� YLVFRXV� IOX[� WHUPV� DUH� FRUUHFW� DQG� WKH� YLVFRXV� DGLDEDWLF
ZDOO�ERXQGDU\�FRQGLWLRQV�DUH�SURSHUO\�DSSOLHG�



���

)LJXUH������*ULG�XVHG�IRU�WKH�VROXWLRQ�RI�ODPLQDU�IODW�SODWH

7KH�0DFK�QXPEHU��5H\QROGV�QXPEHU��3UDQGWO�QXPEHU�DQG�UHIHUHQFH�WHPSHUDWXUH�DUH
����� ������� ����� DQG� ���� .�� UHVSHFWLYHO\�� 7KH� YHORFLW\� SURILOH� RI� WKH� VROXWLRQ
REWDLQHG� E\� (16�'� LV� FRPSDUHG� ZLWK� WKH� VHOI� VLPLODU� %ODVLXV� VROXWLRQ� DQG� WKH
REWDLQHG�QRQ�GLPHQVLRQDO�YHORFLW\�SURILOH�LV�JLYHQ�LQ�)LJXUH������ZKHUH� �LV�GHILQHG
DV�  \��[�5H� �



���

)LJXUH������$[LDO�YHORFLW\�SURILOH�RI�WKH�ODPLQDU�IORZ�RYHU�D�IODW�SODWH

,W�VKRXOG�EH�QRWHG�WKDW� WKH�SURILOH�DERYH�LV� WDNHQ�LQ�WKH�ORQJLWXGLQDO� ORFDWLRQ�ZKHUH
WKH�IXOO\�GHYHORSHG�IORZ�LV�DOUHDG\�REVHUYHG��ZKLFK�LV�DW�[�/ �����$V�LW�FDQ�EH�VHHQ
IURP� )LJXUH� ������ WKH� REWDLQHG� D[LDO� YHORFLW\� SURILOH� FRPSDUHV� ZHOO� ZLWK� WKH� VHOI�
VLPLODU� %ODVLXV� VROXWLRQ�� 7KH� &)/� QXPEHU� DQG� WKH� DUWLILFLDO� YLVFRVLW\� DUH� ���� DQG
�������UHVSHFWLYHO\��:LWK�WKHVH�YDOXHV��WKH�VROXWLRQ�LV�DVVXPHG�WR�EH�FRQYHUJHG�ZLWK
WKH�GHFUHDVH�RI�PD[LPXP�ORFDO�UHVLGXDO�GHFUHDVHG�E\���RUGHUV��7KH�UHVLGXDO�KLVWRU\
REWDLQHG�IURP�WKH�VROXWLRQ�LV�JLYHQ�LQ�)LJXUH������



���

)LJXUH������5HVLGXDO�KLVWRU\�IRU�WKH�ODPLQDU�IORZ�RYHU�D�IODW�SODWH

:LWK�WKLV�WHVW�FDVH��WKH�YLVFRXV�IOX[�WHUPV�IRU���'�SODQDU�IORZV�DUH�YHULILHG�

7KH� VDPH� SUREOHP� LV� DOVR� VROYHG� E\� GHFRPSRVLQJ� WKH� VROXWLRQ� GRPDLQ� LQWR� WZR
EORFNV��WR�YHULI\�WKH�VROXWLRQ�RI�ODPLQDU�SUREOHPV�ZLWK�WKH�PXOWL�EORFN�WHFKQLTXH�DQG
DOVR�WR�VHH�WKH�HIIHFWV�RI�WKLV�WHFKQLTXH�RQ�FRQYHUJHQFH��7KH�JHRPHWU\�LV�GLYLGHG�DW
[ ���ZKHUH�WKH�IODW�SODWH�MXVW�VWDUWV��,W�FDQ�EH�VDLG�WKDW�[ ��LV�UHODWLYHO\�PRVW�FRPSOH[
[� ORFDWLRQ�LQ�VHQVH�RI�GRPDLQ�GHFRPSRVLWLRQ�DORQJ�WKH�IODW�SODWH��ZKHUH�RQH�VLGH�RI
WKH�SRLQW�LV�IUHH�IORZ�ZKLOH�WKH�RWKHU�VLGH�LV�D�VROLG�ZDOO��7KH�UHVXOWV�REWDLQHG�IRU�WKH
WZR�EORFN�GRPDLQ�DUH�H[DFWO\�WKH�VDPH�DV�WKH�VLQJOH�EORFN�VROXWLRQ��7KHUHIRUH��RQO\
WKH�FRQYHUJHQFH�KLVWRU\�RI�WKH�WZR�EORFN�VROXWLRQ�LV�JLYHQ�LQ�)LJXUH������



���

)LJXUH������5HVLGXDO�KLVWRU\�RI�WKH�PXOWL�EORFN�VROYHU�IRU�WKH�ODPLQDU�IORZ�RYHU�D�IODW
SODWH

,W�FDQ�EH�REVHUYHG�IURP�)LJXUH������WKDW�EORFN���VKRZV�QR�SURJUHVV�LQ�FRQYHUJHQFH
ZKLOH�EORFN����ZKLFK�KDV�WKH�IODW�SODWH�KDV���RUGHUV�RI�GHFUHDVH�RI�UHVLGXDO��ZKHUH�WKH
VROXWLRQ�LV�DVVXPHG�WR�EH�FRQYHUJHG��6LQFH�EORFN���KDV�QR�VROLG�ERXQGDU\�DQG�DOO�WKH
ERXQGDULHV�H[FHSW�WKH�LQWHUIDFH�ERXQGDU\�DUH�IUHH�IORZ��MXVW�DV�LW�LV�LQ�WKH�LQLWLDWLRQ�
WKH�UHVLGXDO�RI�EORFN���VWDUWV�IURP�D�YHU\�ORZ�YDOXH��$W�WKH�HQG��LW�FRQYHUJHV�WR�WKH
YDOXH�WKDW�EORFN���FRQYHUJHV��7KLV�FRQYHUJHQFH�LV�WKH�VWDELOL]DWLRQ�RI�IORZ�YDULDEOHV
DW�WKH�LQWHUIDFH�ZKLFK�DUH�GLVWXUEHG�E\�WKH�OHDGLQJ�HGJH�RI�WKH�IODW�SODWH�



���

������ /$0,1$5�3,3(�)/2:

6LQFH� WKH� VFRSH� RI� WKLV� WKHVLV� LV� PDLQO\� 6350� IORZ� VROXWLRQV� DV� DOVR� PHQWLRQHG
DERYH�� PRVW� RI� WKH� SUREOHPV� WKDW� DUH� WR� EH� VROYHG� DUH� D[LV\PPHWULF� SUREOHPV�
7KHUHIRUH��EHVLGHV�WKH���'�YLVFRXV�IOX[�WHUPV��D[LV\PPHWULF�YLVFRXV�WHUPV�PXVW�EH
YHULILHG�IRU�DQ�DFFXUDWH�ODPLQDU�1DYLHU�6WRNHV�VROYHU�

$�ODPLQDU�SLSH�IORZ�LV�XVHG�IRU� WKH�YHULILFDWLRQ�RI� WKH�D[LV\PPHWULF�YLVFRXV� WHUPV�
7KH� JULG� XVHG� LQ� WKH� VROXWLRQ� LV� JLYHQ� DV� EHORZ� LQ� )LJXUH� ������ $W� WKH� LQOHW�� IUHH
VWUHDP� 0DFK� QXPEHU� LV� �������� 7RS� SODQH� LV� KDQGOHG� DV� D[LV� RI� V\PPHWU\�� WKH
ERWWRP�SODQH�LV�DGLDEDWLF�ZDOO�DQG�WKH�H[LW�SODQH�LV�VXEVRQLF�RXWIORZ�

)LJXUH������*ULG�XVHG�IRUODPLQDU�IORZ�LQ�D�SLSH

7KH�WKHRUHWLFDO�D[LV\PPHWULF�SLSH�IORZ�YHORFLW\�SURILOH�IRU�ODPLQDU�IORZ�LV�JLYHQ�DV�
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���

ZKHUH�9 � �EHLQJ�WKH�FHQWHUOLQH�YHORFLW\��U�EHLQJ�UDGLDO�SRVLWLRQ�DQG�'�LV�WKH�GLDPHWHU
RI�WKH�SLSH�)RU�WKH�HTXDWLRQ��������WKH�YHORFLW\�SURILOH�REWDLQHG�IURP�(16�'�DQG�WKH
FRUUHVSRQGLQJ� WKHRUHWLFDO�YHORFLW\�SURILOH� IURP�(TXDWLRQ����DW�[�/ ����DUH�JLYHQ� LQ
)LJXUH������

)LJXUH������9HORFLW\�SURILOH�DW�[ ����ZKHUH�WKH�IXOO\�GHYHORSHG�ODPLQDU�SURILOH�LV
DFKLHYHG

7KH� YHORFLW\� SURILOH� RI� (16�'� FRPSDUHV� TXLWH� ZHOO� ZLWK� WKH� WKHRUHWLFDO� SURILOH�
LQGLFDWLQJ� WKDW� WKH� KDQGOLQJ� RI� YLVFRXV� D[LV\PPHWULF� WHUPV� LV� DFFHSWDEOH�� 7KH



���

YHORFLW\�YHFWRUV�IRU�WKH�SLSH�IORZ�IRU� WKH�IXOO\�GHYHORSHG�VHFWLRQ�LV�JLYHQ�LQ�)LJXUH
�����

)LJXUH������9HORFLW\�YHFWRUV�LQ�WKH�IXOO\�GHYHORSHG�UHJLRQ�RI�D[LV\PPHWULF�SLSH�IORZ

5HVLGXDO�KLVWRU\� IRU� WKH�FXUUHQW�SUREOHP� LV� JLYHQ� LQ�)LJXUH�������$V� LW� FDQ�EH� VHHQ
IURP�WKH�ILJXUH��WKH�UHVLGXDO�GHFUHDVHV�DERXW���RUGHUV�ZKHUH�WKH�VROXWLRQ�LV�DVVXPHG
WR�EH�FRQYHUJHG�



���

)LJXUH����� 5HVLGXDO�KLVWRU\�IRU�WKH�ODPLQDU�IORZ�LQ�D�SLSH

$V�LW�LV�DOVR�GRQH�LQ�WKH�ODPLQDU�IODW�SODWH�VROXWLRQ��WKH�SLSH�GRPDLQ�LV�GHFRPSRVHG
LQWR�WZR�EORFNV�LQ�RUGHU�WR�REWDLQ�D�PXOWL�EORFN�VROXWLRQ�IRU�WKLV�SUREOHP��7KH�SLSH�LV
GLYLGHG� IURP� WKH� PLG�VHFWLRQ�� DW� [ ����� DQG� WKH� VROXWLRQ� LV� REWDLQHG� XVLQJ� VDPH
ERXQGDU\� DQG� IUHH� VWUHDP� FRQGLWLRQV�� 7KH� UHVXOWV� REWDLQHG� ZLWK� WKH� PXOWL�EORFN
VROYHU�DJDLQ�LV�WKH�VDPH�UHVXOWV�REWDLQHG�ZLWK�VLQJOH�EORFN�VROYHU��7KHUHIRUH��DJDLQ�
RQO\�UHVLGXDO�KLVWRU\�RI�WKH�WZR�EORFN�VROXWLRQ�LV�JLYHQ�LQ�)LJXUH������



���

)LJXUH������5HVLGXDO�KLVWRU\�RI�PXOWL�EORFN�VROYHU

7KH�UHVLGXDO�RI�ERWK�EORFNV�GURS�PRUH�WKDQ���RUGHUV��ZKHUH�WKH�FRQYHUJHQFH
LV�DVVXPHG�WR�EH�REWDLQHG�

������ 785%8/(17�)/$7�3/$7(

)RU� WKH� YHULILFDWLRQ� RI� WXUEXOHQW� YLVFRVLW\� FDOFXODWLRQ�� WKH� VDPH� IODW� SODWH�ZKLFK� LV
XVHG� IRU� WKH� ODPLQDU� IORZ� LQ�)LJXUH� ����� LV� XVHG�� )UHH� VWUHDP�5H\QROGV� QXPEHU� LV
WDNHQ�DV��[�� � �DQG�IUHH�VWUHDP�0DFK�QXPEHU�LV������7KH�WUDQVLWLRQ�ORFDWLRQ�LV������



���

DQG�WKH�D[LDO�YHORFLW\�SURILOHV�DW�VHYHUDO�ORFDWLRQV�EH\RQG�WKLV�WUDQVLWLRQ�ORFDWLRQ�DUH

JLYHQ�LQ�)LJXUH������WRJHWKHU�ZLWK�WXUEXOHQW�����SRZHU�ODZ�
�
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)LJXUH������1RQ�GLPHQVLRQDO�YHORFLW\�YHUVXV�GHOWD�IRU�WXUEXOHQW�IORZ�RYHU�WKH�IODW
SODWH�DW�VHYHUDO�D[LDO�ORFDWLRQV

:KHQ�)LJXUH������LV�H[DPLQHG��LW�FDQ�EH�VHHQ�WKDW�WKH�YHORFLW\�SURILOH�LV�LQ�KDUPRQ\
ZLWK�WKH�SRZHU�ODZ��HPSKDVL]LQJ�WKH�%DOGZLQ�/RPD[�WXUEXOHQW�PRGHO�LPSOHPHQWHG
WR�WKH�VROYHU�ZRUNV�SURSHUO\��8QLYHUVDO�SURILOHV�WRJHWKHU�ZLWK�WKH�FDOFXODWHG�WXUEXOHQW



���

VLPLODULW\�SURILOHV�DUH�JLYHQ�LQ�)LJXUH�������ZKHUH�ODPLQDU�VXEOD\HU��ORJDULWKPLF�DQG
ZDNH�UHJLRQV�REWDLQHG�E\�WKH�SUHVHQW�VROYHU¶�V�VROXWLRQ�FDQ�EH�HDVLO\�VHHQ�IRU�VHYHUDO
D[LDO�ORFDWLRQV�DORQJ�WKH�IODW�SODWH�

)LJXUH������7XUEXOHQW�VLPLODULW\�SURILOHV�FRPSDUHG�ZLWK�XQLYHUVDO�SURILOHV

7KH�UHVLGXDO�KLVWRU\�IRU�WKH�SUREOHP�LV�JLYHQ�LQ�)LJXUH������



���

)LJXUH������5HVLGXDO�KLVWRU\�IRU�WKH�WXUEXOHQW�IORZ�RYHU�WKH�IODW�SODWH

7KH�UHVLGXDO�GURSV���RUGHUV�ZKHUH�WKH�VROXWLRQ�LV�DVVXPHG�WR�EH�FRQYHUJHG��7KH�VDPH
SUREOHP� LV� DOVR� VROYHG� ZLWK� PXOWL�EORFN� DOJRULWKP� DQG� DOPRVW� H[DFWO\� WKH� VDPH
YHORFLW\�SURILOHV�DUH�REWDLQHG��%ORFNV�XVHG� DUH� DOVR�H[DFWO\� WKH� VDPH�ZLWK� WKH�RQHV
XVHG�LQ�ODPLQDU�IODW�SODWH�VROXWLRQ��7KH�UHVLGXDO�KLVWRU\�IRU�WKH�PXOWL�EORFN�DOJRULWKP
LV�JLYHQ�LQ�)LJXUH������



���

)LJXUH������5HVLGXDO�KLVWRU\�RI�PXOWL�EORFN�VROYHU�IRU�WKH�WXUEXOHQW�IORZ�RYHU�WKH�IODW
SODWH

7KH� VDPH� VLWXDWLRQ� VHHQ� LQ� WKH� UHVLGXDO� KLVWRU\� RI� ODPLQDU� IODW� SODWH� FDQ� DOVR� EH
REVHUYHG�LQ�)LJXUH�������%ORFN����ZKLFK�KDV�WKH�ERXQGDU\�OD\HU�VKRZV�UHVLGXDO�GURS
RI���RUGHUV�ZKLOH�%ORFN���RQO\�FRQYHUJHV�WR�WKH�UHVLGXDO�YDOXH�RI�%ORFN���

$V�D�FRPPHQW�IRU�YLVFRXV�IORZ�VROXWLRQV�ZLWK�PXOWL�EORFN�DOJRULWKP��LW�FDQ�EH�VDLG
WKDW�PXOWL�EORFN�DOJRULWKP�ZRUNV�SURSHUO\�IRU�ODPLQDU�DQG�WXUEXOHQW�SUREOHPV�HLWKHU
SODQDU�RU�D[LV\PPHWULF�



���

���� 08/7,�%/2&.�62/87,216�2)�7�����7(67�&$6(6

7KH� UHVXOWV� REWDLQHG� E\� WKH� SUHVHQW� VROYHU� IRU� VHYHUDO� WHVW� FDVHV� LQYROYLQJ� LQYLVFLG
DQG�YLVFRXV�IORZV�IRU�SODQDU�DQG�D[LV\PPHWULF�JHRPHWULHV�XVLQJ�VLQJOH�EORFN�VKRZ
WKDW� WKH� VROXWLRQ� PHWKRG� IRU� WKH� JRYHUQLQJ� HTXDWLRQV� LV� YDOLG� DQG� SURYLGHV
VDWLVIDFWRU\�UHVXOWV�LQ�VHQVH�RI�HQJLQHHULQJ��%HVLGHV��YLVFRXV�IORZ�SUREOHPV�DUH�DOVR
VROYHG�ZLWK�PXOWL�EORFN�DOJRULWKP�DQG�YHULILHG��7R�WHVW�WKH�PXOWL�EORFN�DOJRULWKP�IRU
LQWHUQDO� IORZV��7����� WHVW� FDVHV� VROYHG�ZLWK� VLQJOH� EORFN� DUH� UHVROYHG� XVLQJ�PXOWL�
EORFN�DSSURDFK�

%HVLGHV�WKHVH�WHVW�FDVHV��D�FRPSOHWHO\�GLIIHUHQW�SUREOHP�LV�VROYHG�XVLQJ�PXOWL�EORFN
DOJRULWKP��WR�WHVW�WKH�VROXWLRQ�PHWKRG¶V�UREXVWQHVV�DQG�WR�GHPRQVWUDWH�WKH�IOH[LELOLW\
RI� WKH� DOJRULWKP�PRUH� FOHDUO\�� 7KLV� SUREOHP� LQYROYHV� D� VHFWLRQ� IURP� D� VHJPHQWHG
PRWRU��)RU�ODUJH�6350��L�H��KDYLQJ�ODUJH�GLDPHWHU�DQG�ORQJHU�FRPEXVWLRQ�FKDPEHU��
JHQHUDOO\�WKH�FRPEXVWLRQ�FKDPEHU�LQFOXGHV�PXOWL�JUDLQ�JHRPHWULHV�WR�NHHS�WKH�EXUQ
DUHD�QHXWUDO��WKXV�WR�DFTXLUH�D�QHXWUDO�WKUXVW�WLPH�FXUYH��7KLV�VLWXDWLRQ�EULQJV�D�VSDFH
EHWZHHQ� DGMDFHQW� SURSHOODQW� JUDLQ� VWUXFWXUHV�� 7KH� VSDFH� LQ� EHWZHHQ� RIWHQ� UHTXLUHV
VSHFLDO�FDUH�LQ�VHQVH�RI�IOXLG�IORZ�VLQFH�WKH\�PD\�FDXVH�LQVWDELOLWLHV�>��@��>��@��>��@
RU�HYHQ�PD\�FKDQJH�WKH�IORZ�UHJLPH�LPSURSHUO\�LI�WKHLU�LQIOXHQFH�RQ�WKH�FRPEXVWLRQ
FKDPEHU�LV�QRW�DQDO\]HG�ZLWK�HQRXJK�DFFXUDF\�

)RU�WKLV�UHDVRQ��WKH�VROXWLRQ�RI�VHJPHQWHG�6350¶�V�JHQHUDOO\�QHHG�GHQVHU�JULGV�WKDQ
RWKHU�VHFWLRQV�RI�WKH�FRPEXVWLRQ�FKDPEHU��:KHQ�D�FRPSOHWH�FRPEXVWLRQ�FKDPEHU�LV
WR�EH�VROYHG��WKLV�VHJPHQW�IRUPV�D�VPDOO�SDUW�RI�WKH�FRPSOHWH�GRPDLQ�DQG�LW�LV�RIWHQ
FKDOOHQJLQJ�MRE�WR�DGDSW�D�PHVK�WR�WKH�VHJPHQW�RU�HYHQ�LPSRVVLEOH�IRU�JHQHULF�PHVK
JHQHUDWRU� WRROV� �H�J�� 7HFSORW¶V� 0HVK� *HQHUDWRU��� 7KH� GLIILFXOW\� VHHQ� LQ� FUHDWLQJ� D
VLQJOH�EORFN�PHVK�IRU�VXFK�D�JHRPHWU\�LV�WULHG�WR�EH�LOOXVWUDWHG�E\�VHYHUDO�DWWHPSWV�E\



���

7HFSORW����¶�V�0HVK�*HQHUDWRU�ZKHUH�WKH�JULGV�RI�PXOWL�EORFN�JHRPHWULHV�DUH�FUHDWHG�
$W�WKLV�SRLQW��PXOWL�EORFN�DOJRULWKP�VWHSV�IRUZDUG�DQG�FDQ�XVH�GHVLUHG�JULG�VL]H�IRU
GHVLUHG�JHRPHWULHV�

7KH�ODVW�WHVW�FDVH�WR�EH�VROYHG�LQFOXGHV�D�VHJPHQW�VHFWLRQ�WRJHWKHU�ZLWK�D�FRPEXVWLRQ
FKDPEHU�VHFWLRQ�DQG�D�FRQYHUJLQJ�GLYHUJLQJ�QR]]OH��6LQFH�WKH�JRDO�LV�WR�GHPRQVWUDWH
WKH�IOH[LELOLW\�RI�WKH�PXOWL�EORFN�DOJRULWKP�IRU�WKLV�NLQG�RI�JHRPHWULHV�DQG�EHFDXVH�RI
ODFN� RI� H[SHULPHQWDO� RU� QXPHULFDO� GDWD�� WKH� VROXWLRQ� LV� DQDO\]HG� LQ� WKH� VHQVH� RI
FRQYHUJHQFH�DQG�JHQHUDO� IORZ�SURILOH�ZLWKRXW�FRPSDULQJ� WKH� UHVXOWV�ZLWK�DQ\�RWKHU
GDWD�

������ 7(67�&$6(���%

7R�SUHYHQW� UHSHWLWLRQ� DQG� VLQFH� WKH� JRDO� LQ� WKLV� VHFWLRQ� LV� WR� HPSKDVL]H� WKH
HIIHFWV�RI�PXOWL�EORFN�DOJRULWKP��SODQDU�IORZ�VROXWLRQ�RI�7HVW�&DVH����7HVW�&DVH���D�
LV� QRW� VROYHG� EXW� LQVWHDG�� D[LV\PPHWULF� IORZ� VROXWLRQ� LV� JLYHQ�� 7KLV� JHRPHWU\� LV
GLYLGHG� LQWR� WZR� VHFWLRQV�� MXVW� WKURXJK� WKH�PLGGOH� RI� WKH� FRPSOHWH� JHRPHWU\�� 7KH
UHVXOWV� REWDLQHG� ZLWK� WKH� PXOWL�EORFN� VROYHU� DUH� FRPSDUHG� ZLWK� WKH� VLQJOH� EORFN
VROXWLRQV��DJDLQ�WR�EH�DEOH�WR�GHPRQVWUDWH�WKH�SRVVLEOH�GLIIHUHQFHV�RU�SUREOHPV�ULVLQJ
IURP�PXOWL�EORFN�VROYHU��LI�DQ\��6LQFH�WKH�0DFK�FRQWRXUV�DQG�SUHVVXUH�FRQWRXUV�DUH
VXIILFLHQW� IRU� FRPSDULVRQ� IRU� WKH� UHVXOWV� RI� WKH� VDPH� VROYHU�� 0DFK� DQG� SUHVVXUH
YDULDWLRQV� DORQJ� V\PPHWU\� D[LV� DUH� QRW� SUHVHQWHG�� ,W� VKRXOG� EH� QRWHG� WKDW� VDPH
FRPSDULVRQ�PHWKRG�LV�XVHG�IRU�DOO�WHVW�FDVHV�H[FHSW�IRU�7HVW�&DVH���ZKLFK�LV�WKH�PRVW
VLPLODU�JHRPHWU\�WR�D�UHDO�6350�� ,Q�7HVW�&DVH���� WKH�VWUHDPOLQHV�DUH�DOVR�JLYHQ� WR
VKRZ� WKH� FRQWLQXLW\� EHWZHHQ� WKH� EORFNV� WRJHWKHU� ZLWK� WKH� 0DFK� DQG� SUHVVXUH
YDULDWLRQV�

0HVK�XVHG�IRU�WKH�FXUUHQW�WHVW�FDVH�LV�JLYHQ�LQ�)LJXUH�������$V�D�FRPPRQ�QRWDWLRQ�
EORFNV�DUH�QXPEHUHG�VWDUWLQJ�IURP�WKH�PRVW�OHIW�RQH�DV���DQG�LV�LQFUHDVHG�DV�WKH�D[LDO



���

SRVLWLRQ�RI�EORFNV�LQFUHDVH��7KH�ILUVW�EORFN�XVHG�LQ�WKH�VROXWLRQ�KDV���[���JULG�SRLQWV
ZKLOH�WKH�VHFRQG�RQH�KDV���[���JULG�SRLQWV�

)LJXUH������%ORFNV�RI�7HVW�&DVH���E

)LJXUH������DQG������GHPRQVWUDWH�WKH�0DFK�DQG�SUHVVXUH�FRQWRXUV�RI�7HVW�&DVH��E�
UHVSHFWLYHO\��7KH�FRQWRXUV�RQ�WKH�WRS�DUH�WKH�UHVXOWV�RI�VLQJOH�EORFN�VROYHU�ZKLOH�WKH
FRQWRXUV�RQ�WKH�ERWWRP�DUH�WKH�UHVXOWV�RI�PXOWL�EORFN�VROYHU�



���

)LJXUH������0DFK�QXPEHU�FRQWRXUV�RI�VLQJOH�DQG�WZR�EORFN�VROXWLRQV�IRU�7HVW�&DVH
��E

)LJXUH������1RQ�GLPHQVLRQDO�SUHVVXUH�FRQWRXUV�RI�VLQJOH�DQG�WZR�EORFN�VROXWLRQV�IRU
7HVW�&DVH���E



���

$V�LW�FDQ�EH�REVHUYHG�IURP�WKHVH�ILJXUHV��ERWK�WKH�SUHVVXUH�DQG�0DFK�FRQWRXUV�VKRZ
JUHDW�VLPLODULWLHV��)RU�WKH�WZR�EORFN�VROXWLRQ��WKH�PD[LPXP�YDOXH�RI�0DFK�QXPEHU�LV
������RQ�WKH�WRS�RI�WKH�H[LW�SODQH�ZKHUH�PD[LPXP�SUHVVXUH�YDOXH�LV�������RQ�WKH�WRS
RI�WKH�ZDOO��7KH�VDPH�YDOXHV�DUH�������DQG�������� UHVSHFWLYHO\� IRU� WKH�VLQJOH�EORFN
VROXWLRQ�

1R� GLVFRQWLQXLW\� LV� REVHUYHG� WKURXJK� WKH� DGMDFHQW� ERXQGDULHV� RI� WKH� WZR
EORFNV��YHULI\LQJ�WKDW�WKH�PXOWL�EORFN�DOJRULWKP�LV�ZRUNLQJ�SURSHUO\��6LQFH�WKH�UHVXOWV
REWDLQHG� E\� WKH� VLQJOH� EORFN� VROYHU� DUH� DOVR� LQ� DFFRUGDQFH� ZLWK� WKH� UHVXOWV� RI
UHIHUHQFH�>��@��QR�REYLRXV�LPSURYHPHQWV�LQ�WKH�VHQVH�RI�DFFXUDF\�RI�WKH�VROYHU�ZLWK
WKH�PXOWL�EORFN�DOJRULWKP�LV�REVHUYHG��QDWXUDOO\�

5HVLGXDO�KLVWRU\�IRU�WKH�SUHVHQW�WHVW�FDVH�LV�JLYHQ�LQ�)LJXUH������



���

)LJXUH������5HVLGXDO�KLVWRU\�RI�WKH�PXOWL�EORFN�VROXWLRQ�IRU�7HVW�&DVH���E

&RPSDULQJ�WKH�UHVLGXDO�KLVWRULHV�RI�WKH�VLQJOH�DQG�PXOWL�EORFN�VROYHUV��LW�LV�FOHDU�WKDW
WKH�UHVLGXDO�RI�WKH�PXOWL�EORFN�VROYHU�GURSV�PRUH�WKDQ�WKDW�RI�WKH�VLQJOH�EORFN�VROYHU�
(YHQ� WKRXJK� WKH� VORSHV� DUH� GLIIHUHQW� DQG� LW� VHHPV� WKDW� FRQYHUJHQFH� RI�PXOWL�EORFN
VROYHU�LV�VORZHU��LW�VKRXOG�EH�QRWHG�WKDW�WKH�LWHUDWLRQ�QXPEHU�IRU�RQH�EORFN�LV�WKH�KDOI
RI�ZKDW�LV�EHLQJ�REVHUYHG�IURP�WKH�FRQYHUJHQFH�KLVWRU\�VLQFH�WZR�EORFNV�DUH�VROYHG�
7KHUHIRUH��ZLWK�WKLV�LQIRUPDWLRQ��LW�FDQ�EH�VDLG�WKDW�WKH�UHVLGXDO�GURSV�DERXW���RUGHUV
DW� WKH�HQG�RI������� LWHUDWLRQV�DQG� WKH�FRQYHUJHQFH�UDWH� LV�TXLWH�FORVH� WR� WKDW�RI� WKH
VLQJOH�EORFN�VROYHU�

'XULQJ� WKH� LWHUDWLRQV��&)/�QXPEHU�DQG�DUWLILFLDO�YLVFRVLW\�YDOXHV�KDYH�EHHQ
FKDQJHG��DV�LQ�WKH�VRPH�WHVW�FDVHV�VROYHG�ZLWK�VLQJOH�EORFN��,QLWLDOO\��ERWK�&)/�DQG
DUWLILFLDO�YLVFRVLW\�DUH�WDNHQ�DV������WKHQ�ERWK�GURSSHG�WR������DIWHU�������LWHUDWLRQV�



���

$IWHU�������LWHUDWLRQV��DUWLILFLDO�YLVFRVLW\�LV�GURSSHG�WR������DQG�ILQDOO\�DIWHU������
LWHUDWLRQV��&)/�QXPEHU�LV�LQFUHDVHG�WR�����DQG�DUWLILFLDO�YLVFRVLW\�LV�GURSSHG�WR�������
7KH� ILQDO�&)/� DQG� DUWLILFLDO� YLVFRVLW\� YDOXHV��ZKLFK�ZHUH� XVHG� LQ� WKH� VLQJOH� EORFN
VROYHU�WKURXJKRXW�WKH�VROXWLRQ��FDXVH�LQVWDELOLWLHV�LQ�WKH�LQWHUVHFWLQJ�ERXQGDULHV�RI�WKH
WZR�EORFNV�DQG�GLYHUJH�WKH�VROXWLRQ��(YHQ�WKH�FRQYHUJHQFH�UDWHV�DUH�FORVH��WKH�PXOWL�
EORFN� VROYHU� LV� QRW� DV� UREXVW� DV� VLQJOH� EORFN� VROYHU� LQ� WKH� VHQVH� RI� FRQYHUJHQFH
EHKDYLRXU�IRU�VXEVRQLF�IORZV�

������ 7(67�&$6(��

0HVKHV�XVHG� IRU� WKH�PXOWL�EORFN� VROXWLRQ�RI�7HVW�&DVH� �� DUH� JLYHQ� LQ�)LJXUH� �����
%ORFN���KDV�D�PHVK�VL]H�RI���[���ZKHUH�%ORFN���KDV���[���

)LJXUH������*ULGV�RI�WZR�EORFNV�RI�7HVW�&DVH��

)RU�7HVW�&DVH����0DFK�QXPEHU�DQG�SUHVVXUH�FRQWRXUV�DUH�FRPSDUHG�ZLWK�WKH
UHVXOWV�VLQJOH�EORFN�VROYHU�LQ�)LJXUH������DQG�������UHVSHFWLYHO\��ZLWK�WKH�RQH�RQ�WKH
WRS� EHLQJ� VLQJOH� EORFN� VROXWLRQ� ZKLOH� WKH� RQH� RQ� WKH� ERWWRP� EHLQJ� PXOWL�EORFN
VROXWLRQ�



���

)LJXUH������0DFK�QXPEHU�FRQWRXUV�RI�VLQJOH�DQG�PXOWL�EORFN�VROXWLRQV�IRU�7HVW�&DVH
�

$V� REVHUYHG� IURP�)LJXUH� ������ LW� LV� FOHDU� WKDW� WKH�0DFK� FRQWRXUV� DUH� TXLWH
VLPLODU�WR�WKDW�RI�WKH�VLQJOH�EORFN�VROXWLRQ��,Q�WKH�VXEVRQLF�UHJLRQ��HYHQ�WKRXJK�WKHUH
VHHPV� WKDW� WKHUH� DUH� VRPH� GLIIHUHQFHV� LQ� WKH� FRQWRXUV�� LW� VKRXOG� EH� QRWHG� WKDW� WKH
0DFK�QXPEHU�YDOXHV� LQ� WKHVH� UHJLRQV�DUH�EHORZ������EHLQJ�TXLWH� ORZ��7KLV�NLQG�RI
GLIIHUHQFH�FDQ�EH�H[SHFWHG�IRU�YHU\�VORZ�IORZV�LQ�WKH�VXEVRQLF�UHJLRQ��7KH�PD[LPXP
0DFK� QXPEHU� LQ� WKH� ZKROH� JHRPHWU\� LV� ������� ZKLFK� LV� TXLWH� FORVH� WR� WKH� YDOXH
REWDLQHG�E\�VLQJOH�EORFN�VROYHU�ZKLFK�LV�������



���

)LJXUH������1RQ�GLPHQVLRQDO�SUHVVXUH�FRQWRXUV�RI�VLQJOH�DQG�PXOWL�EORFN�VROXWLRQV
IRU�7HVW�&DVH��

:KHQ� WKH� SUHVVXUH� FRQWRXUV� DUH� H[DPLQHG�� FRQWRXUV� DUH� DOVR� TXLWH� FORVH� WR
HDFK�RWKHU��,Q�WKH�VXSHUVRQLF�UHJLRQ��WKH�UHVXOWV�DUH�PXFK�FORVHU�WKDQ�WKDW�RI�WKH�RQHV
LQ� WKH� VXEVRQLF� UHJLRQ�� 0LQLPXP� SUHVVXUH� YDOXH� RI� ������ LV� REWDLQHG� DW� WKH� WRS
VHFWLRQ�RI�H[LW�SODQH�ZKLOH� WKH�PD[LPXP�SUHVVXUH�YDOXH�RI�������LV�REWDLQHG�DW� WKH
PRVW� OHIW�RI� WKH�V\PPHWU\�SODQH��7KH�VDPH�YDOXHV�IRU�VLQJOH�EORFN�VROYHU¶�V� UHVXOWV
DUH�������DQG��������UHVSHFWLYHO\�IRU�WKH�VLQJOH�EORFN�VROXWLRQ�

2QH�RI� WKH�PRVW� LPSRUWDQW� LVVXHV�ZKHQ�DSSO\LQJ�D�PXOWL�EORFN�DOJRULWKP� LV
WKH�WUDQVLWLRQ�RI�WKH�YDOXHV�IURP�RQH�EORFN�WR�WKH�RWKHU��L�H��FRQWLQXLW\�RI�WKH�VROXWLRQ
DORQJ�WKH�LQWHUIDFHV��$V�LW�FDQ�EH�REVHUYHG�IURP�)LJXUH������DQG�������WKLV�FRQWLQXLW\
KDV� EHHQ� FRQVHUYHG� EHWZHHQ� WKH� WZR� EORFNV�� 1R� GLVWLQJXLVKDEOH� JUDGLHQWV� FDQ� EH



���

REVHUYHG� EHWZHHQ� WKH� EORFNV�� LQGLFDWLQJ� WKDW� WKH� PXOWL�EORFN� VROYHU� FDQ� VROYH� WKH
ZKROH�JHRPHWU\�DV�D�VLQJOH�EORFN�VROYHU�

&RQYHUJHQFH�KLVWRU\�IRU�WKLV�WHVW�FDVH�LV�JLYHQ�LQ�)LJXUH������

)LJXUH������5HVLGXDO�KLVWRU\�RI�PXOWL�EORFN�VROXWLRQ�IRU�7HVW�&DVH��

:KHQ� )LJXUH� ����� LV� FRPSDUHG� ZLWK� )LJXUH� ������ LW� FDQ� EH� REVHUYHG� WKDW� WKH
FRQYHUJHQFH�UDWHV�RI�VLQJOH�DQG�PXOWL�EORFN�VROXWLRQV�DUH�DJDLQ�FORVH�WR�HDFK�RWKHU�
+RZHYHU��WKH�UHVLGXDO�RI�WKH�VLQJOH�EORFN�VROXWLRQ�GURSV�PRUH�WKDQ���RUGHUV�ZKLOH�WKH
UHVLGXDO�RI�WKH�PXOWL�EORFN�VROYHU�GURSV�DERXW���RUGHUV�IRU�HDFK�EORFN��%HVLGHV��RQH



���

FDQ�REVHUYH� WKDW� WKHUH�DUH� VRPH�RVFLOODWLRQV� LQ� WKH� UHVLGXDO�KLVWRU\�RI�%ORFN����%XW
WKHVH� RVFLOODWLRQV� VWDUW� WR� IDGH� RXW� DIWHU� ������ LWHUDWLRQV� IRU� HDFK� EORFN�� 7KLV
GLIIHUHQFH� PRVW� SUREDEO\� ULVHV� IURP� WKH� LQWHUIDFH� RI� WKH� EORFNV�� ,Q� WKH� HQG� WKH
UHDFKHG�FRQYHUJHQFH�VWDWH�LV�TXLWH�VDWLVIDFWRU\�

'XULQJ� LWHUDWLRQV�� EORFN� ��� ZKLFK� LV� DOZD\V� VXEVRQLF�� JRHV� WKURXJK� VRPH
GLVWXUEDQFHV� EHFDXVH� RI� WKH� H[LVWHQFH� RI� LQWHUIDFHV�� 7KLV� LV� DQ� H[SHFWHG� VLWXDWLRQ
VLQFH�WKH�FRQWLQXLW\�LV�QRW�FRPSOHWHG�WLOO�FRQYHUJHQFH�LV�UHDFKHG��WKXV�ERWK�EORFN�KDV
VRPH�LQFRPSOHWH�LQWHUIDFH�ERXQGDULHV�LQ�WKH�VHQVH�RI�FRQWLQXLW\�XQWLO�FRQYHUJHQFH�LV
REWDLQHG��%ORFN���FDUULHV�WKHVH�GLVWXUEDQFHV�LQVLGH�LWV�GRPDLQ��ZKLFK�LV�VXEVRQLF��DQG
WKLV� HIIHFWV� WKH� UHVLGXDO� KLVWRU\� LQ� WKLV� EORFN�� 2Q� WKH� RWKHUKDQG�� VLQFH� %ORFN� �� LV
PRVWO\�VXSHUVRQLF��WKH�HIIHFW�RI�WKLV�SUREOHP�WR�%ORFN���LV�PXFK�VPDOOHU�WKDQ�WKDW�RI
%ORFN���DQG�%ORFN���VHHPV� WR�KDYH�D�VPRRWKHU�FRQYHUJHQFH��$OVR�� LW� LV� LQWHUHVWLQJ
WKDW� EORFN�� UHDFKHV� D� ORZHU� UHVLGXDO� YDOXH� ZKHQ� FRPSDUHG� WR� EORFN� �� EXW� WKH
GLIIHUHQFH�LV�DERXW�D�TXDUWHU�RUGHU��ZKLFK�QRW�VR�VLJQLILFDQW�

&)/� QXPEHU� DQG� DUWLILFLDO� YLVFRVLW\� DUH� LQLWLDOO\� WDNHQ� DV� ���� DQG� �����
UHVSHFWLYHO\�� $IWHU� ������ LWHUDWLRQV�� WKH\� DUH� ERWK� GHFUHDVHG� WR� ���� DQG� �����
UHVSHFWLYHO\��,W�VKRXOG�EH�QRWHG�WKDW�WKLV�WHVW�FDVH�FRQYHUJHG�HDVLHU�WKDQ�7HVW�&DVH��
PRVW�SUREDEO\�GXH�WR�WKH�H[LVWHQFH�RI�VXSHUVRQLF�IORZ�

������ 7(67�&$6(��

%HLQJ�VROYHG�7HVW�&DVH���DQG�7HVW�&DVH���E\�GLYLGLQJ�WKHP�LQWR�WZR�EORFNV�
QXPEHU�RI�EORFNV�XVHG�IRU�7HVW�&DVH���DQG���DUH�LQFUHDVHG�WR�WKUHH��)XUWKHUPRUH��RQH
RI�WKH�LQWHUIDFHV�RI�7HVW�&DVH���LV�DW� WKH� WKURDW�VHFWLRQ�RI� WKH�FRQYHUJLQJ�GLYHUJLQJ
QR]]OH�WR�WHVW�WKH�HIIHFWV�RI�LQWHUIDFH�ERXQGDULHV�RQ�WUDQVLWLRQ�UHJLRQV�



���

7KH�JULG�RI�7HVW�&DVH��� LV� JLYHQ� LQ�)LJXUH�������7KH� JULG� VL]HV� LQ� WKH� ILUVW�
VHFRQG�DQG� WKLUG�EORFNV� DUH���[�������[���DQG���[���� UHVSHFWLYHO\�� ,Q� WKH� VHFRQG
EORFN��GHQVHU�JULG�KDV�EHHQ�XVHG� VLQFH� WKH� LQFOLQHG� VXUIDFH� FDQ� HIIHFW� WKH� VROXWLRQ�
%HFDXVH�RI�WKH�LQWHUIDFH�DW�WKH�WKURDW�DQG�WKH�QDUURZQHVV�RI�WKH�WKURDW��WKLV�WHVW�FDVH
ZDV�WKH�PRVW�FKDOOHQJLQJ�WHVW�FDVH�LQ�WKH�VHQVH�RI�WKH�FDSDELOLWLHV�RI�WKH�PXOWL�EORFN
DOJRULWKP�ZLWKLQ�WKH�WHVW�FDVHV�LQ�UHIHUHQFH�>��@��7KLV� WHVW�FDVH�LV�VROYHG�WR� WHVW� WKH
HIIHFW�RI�WKH�ORFDWLRQ�RI�WKH�LQWHUIDFH�RQ�WKH�VROXWLRQ�

)LJXUH������%ORFNV�RI�7HVW�&DVH��

0DFK�DQG�SUHVVXUH�FRQWRXUV�REWDLQHG�IRU�7HVW�&DVH���E\�WKH�PXOWL�EORFN�VROYHU�DUH
JLYHQ�LQ�)LJXUH������DQG�������UHVSHFWLYHO\�



���

)LJXUH������0DFK�QXPEHU�FRQWRXUV�RI�VLQJOH�DQG�PXOWL�EORFN�VROXWLRQV�IRU�7HVW�&DVH
�

:KHQ�WKH�0DFK�FRQWRXUV�DUH�H[DPLQHG��GLIIHUHQFHV�DUH�REVHUYHG�LQ�VXEVRQLF�UHJLRQ
VLPLODU�WR�7HVW�&DVH����7KHVH�GLIIHUHQFHV�DUH�IRU�WKH�0DFK�QXPEHU�YDOXHV�EHORZ����
DQG�WKHVH�NLQG�RI�VPDOO�GHYLDWLRQV�DUH�H[SHFWHG�IRU�YHU\�VORZ�IORZV�LQ�WKH�VXEVRQLF
UHJLRQ�� ,Q� WKH� GLYHUJLQJ� SDUW� RI� WKH� QR]]OH�� D� FRPSUHVVLRQ� ZDYH� UHIOHFWV� IURP� WKH
V\PPHWU\� SODQH� ZKLFK� LV� PRVW� SUREDEO\� FDUULHG� RXW� E\� WKH� VPDOO� GLVFRQWLQXLWLHV
FUHDWHG�DW�WKH�WKURDW�LQWHUIDFH�EXW�IDGHV�RXW�DV�WKH�ZDYH�UHIOHFWV�IURP�WKH�V\PPHWU\
SODQH��0D[LPXP�0DFK�QXPEHU� YDOXH� REWDLQHG�ZLWK� WKH�PXOWL�EORFN� VROYHU� LV� ����
ZKLOH�LW�LV������IRU�WKH�VLQJOH�EORFN�VROYHU��ZLWK�D�GLIIHUHQFH�RI�������



���

)LJXUH������1RQ�GLPHQVLRQDO�SUHVVXUH�FRQWRXUV�RI�VLQJOH�DQG�PXOWL�EORFN�VROXWLRQV
IRU�7HVW�&DVH��

3UHVVXUH�FRQWRXUV�DUH�LQ�EHWWHU�DJUHHPHQW�WKDQ�WKH�0DFK�QXPEHU�FRQWRXUV��0D[LPXP
SUHVVXUH�YDOXH�REWDLQHG�E\�WKH�PXOWL�EORFN�VROYHU�LV��������ZKLOH�LW�LV��������IRU�WKH
VLQJOH�EORFN�VROXWLRQ��7KH�GLIIHUHQFH�LV�DERXW��������ZKLFK�LV�KLJKHU�ZKHQ�FRPSDUHG
WR�SUHYLRXV� WHVW� FDVH� UHVXOWV��:KHQ�FRPSDUHG� WR� RWKHU� WHVW� FDVHV�� LW� LV� REYLRXV� WKDW
GLYLGLQJ� WKH� JHRPHWU\� IURP� WKH� FULWLFDO� D[LDO� ORFDWLRQV� FDQ� HIIHFW� WKH� VROXWLRQ� DQG
LQFUHDVH�WKH�HUURU��7KH�VPDOO�SHUWXUEDWLRQV�RQ�WKH�LQWHUIDFH�ERXQGDULHV�FDQ�PDJQLI\
VLQFH�WKH�IORZ�LV�DIIHFWHG�LQ�ODUJH�H[WHQW�IURP�WKHVH�FULWLFDO�ERXQGDULHV�

7KH�UHVLGXDO�KLVWRU\�IRU�WKLV�WHVW�FDVH�LV�JLYHQ�LQ�)LJXUH�������$V�LW�FDQ�EH�REVHUYHG�
UHVLGXDOV�IRU�%ORFN���DQG���GURS�RQO\�DERXW���RUGHUV�ZKLOH�UHVLGXDO�RI�%ORFN���GURSV
��RUGHUV��6HYHUDO�YDOXHV�IRU�&)/�DQG�DUWLILFLDO�YLVFRVLW\�YDOXHV�DUH�WHVWHG�DQG�WKH�EHVW



���

UHVXOWV�DUH�REWDLQHG�IRU�����DQG�������UHVSHFWLYHO\��,QLWLDO�YDOXHV�RI�&)/�QXPEHU�DQG
DUWLILFLDO�YLVFRVLW\�ZHUH������DQG�����UHVSHFWLYHO\��DQG������DQG������ZHUH�XVHG�DIWHU
������ LWHUDWLRQV�� $IWHU� WKH� VXSHUVRQLF� IORZ� LV� REWDLQHG� DW� WKH� GLYHUJLQJ� SDUW�� WKH
DUWLILFLDO�YLVFRVLW\�LV�GHFUHDVHG�WR������DQG�&)/�QXPEHU�LV�LQFUHDVHG�WR������$UWLILFLDO
YLVFRVLW\� LV� WULHG� WR� EH� NHSW� DV� PLQLPXP� DV� SRVVLEOH�� LQ� RUGHU� WR� QRW� WR� DSSO\
VPRRWKLQJ�WR�WKH�UHVXOWV�

)LJXUH������5HVLGXDO�KLVWRU\�RI�PXOWL�EORFN�VROYHU�IRU�7HVW�&DVH��

7KLV� WHVW�FDVH�ZDV� WKH�PRVW�FKDOOHQJLQJ� WHVW�FDVH�DPRQJ� WKH� WHVW� FDVHV� LQ� UHIHUHQFH
>��@�� $OWKRXJK� WKH� UHVXOWV� REWDLQHG� VKRZ� VRPH� GHYLDWLRQV�� WKH� VROYHU� ZDV� DEOH� WR
KDQGOH�WKH�SUREOHP�DQG�DOVR�DEOH�WR�FRQYHUJH�WKH�VROXWLRQ�WR�VRPH�H[WHQW��:KHQ�WKH



���

UHVXOWV� DUH� H[DPLQHG� IRU� WKH� ZKROH� GRPDLQ�� FRQWRXUV� OLQHV� DUH� DV� H[SHFWHG� H[FHSW
VRPH� QXPHULFDO� GLIIHUHQFHV�� 7KHVH� GLIIHUHQFHV� FDQ� EH� FRUUHFWHG� E\� DQ� DOJRULWKP
ZKLFK�LQFUHDVHV�WKH�FRQYHUJHQFH�DQG�GHFUHDVHV�LQVWDELOLWLHV�RI�WKH�UHVLGXDO�KLVWRU\�

������ 7(67�&$6(��

7KH�HQWLUH�JHRPHWU\�LV�GLYLGHG�LQWR���EORFNV�DQG�HDFK�EORFN�LV�VROYHG�VHSDUDWHO\��7KH
JLUG� XVHG� LV� JLYHQ� LQ� )LJXUH� ������ 7KH� JULGV� IRU� %ORFN��� %ORFN� �� DQG�%ORFN� �� DUH
��[������[���DQG���[����UHVSHFWLYHO\�

)LJXUH������%ORFNV�RI�7HVW�&DVH��

0DFK�QXPEHU�DQG�SUHVVXUH�FRQWRXUV�IRU�7HVW�&DVH���DUH�JLYHQ�LQ�)LJXUH�����
DQG�������UHVSHFWLYHO\�



���

)LJXUH������0DFK�QXPEHU�FRQWRXUV�RI�VLQJOH�DQG�PXOWL�EORFN�VROXWLRQV�IRU�7HVW�&DVH
�

)LJXUH������1RQ�GLPHQVLRQDO�SUHVVXUH�FRQWRXUV�RI�VLQJOH�DQG�PXOWL�EORFN�VROXWLRQV
IRU�7HVW�&DVH��



���

:KHQ� )LJXUH� ����� DQG� ����� DUH� H[DPLQHG�� LW� FDQ� FOHDUO\� EH� REVHUYHG� WKDW� WKH
VROXWLRQV� DUH� TXLWH� VLPLODU��0D[LPXP�0DFK� QXPEHU� YDOXHV� REWDLQHG� IRU� WKH�PXOWL
EORFN� VROYHU� DQG� VLQJOH� EORFN� VROYHU� DUH� ������� DQG� ������� UHVSHFWLYHO\�� ZLWK� D
GLIIHUHQFH�EHORZ�������7KH�PD[LPXP�SUHVVXUH�YDOXHV� DUH������� DQG������� IRU� WKH
PXOWL�EORFN� DQG� VLQJOH� EORFN� VROYHU�� UHVSHFWLYHO\�� ZLWK� D� GLIIHUHQFH� RI� �����
$QDO\]LQJ�WKH�GLIIHUHQFHV��WKLV�WHVW�FDVH�LV�VROYHG�DV�VXFFHVVIXO�DV�E\�WKH�VLQJOH�EORFN
VROXWLRQ��0HVK�JHQHUDWLRQ�TXDOLW\�RI�WKH�7HFSORW�����0HVK�*HQHUDWRU�ZDV�VXIILFLHQW
DQG�FRQYHUJHQFH�LV�REWDLQHG�IDVWHU�WKDQ�7HVW�&DVH����PRVW�SUREDEO\�GXH�WR�TXDOLW\�RI
WKH�PHVK��7R� LOOXVWUDWH� WKH�FRQWLQXLW\�EHWZHHQ� WKH�EORFNV��VWUHDPOLQHV�DUH�JLYHQ� IRU
ERWK�VROXWLRQV�LQ�)LJXUH�������,W�FDQ�EH�FOHDUO\�VHHQ�WKDW�WKH�VROXWLRQ�LV�FRPSOHWH�ZLWK
QR�GLVFRQWLQXLWLHV��6LQFH�WKLV�WHVW�FDVH�LV�WKH�PRVW�6350�OLNH�WHVW�FDVH�DQG�WKH�WKUHH
EORFN� VROXWLRQ� LV� VDWLVIDFWRU\�� WKH� PXOWL�EORFN� FRGH� FDQ� EH� XVHG� IRU� UHDO� 6350
DSSOLFDWLRQV�

)LJXUH����� 6WUHDPOLQH�FRPSDULVRQ�RI�VLQJOH�DQG�PXOWL�EORFN�VROXWLRQV�IRU�7HVW
&DVH��

7KH�UHVLGXDO�KLVWRU\�RI�WKH�7HVW�&DVH���LV�JLYHQ�LQ�)LJXUH������



���

)LJXUH������5HVLGXDO�KLVWRU\�RI�PXOWL�EORFN�VROYHU�IRU�7HVW�&DVH��

:KHQ�WKH�UHVLGXDO�KLVWRU\�RI�VLQJOH�EORFN�VROYHU�LV�FRPSDUHG�ZLWK�WKH�PXOWL�
EORFN�VROYHU�� LW� LV�REYLRXV� WKDW�VLQJOH�EORFN�VROYHU�KDV�RQH�PRUH�RUGHU�RI�GHFUHDVH�
%XW�LQ�WKH�RYHUDOO��ERWK�WKUHH�EORFNV�KDV�DERXW���RUGHUV�RI�GHFUHDVH�LQ�UHVLGXDO�DIWHU
������LWHUDWLRQV�

���� 6(*0(17('�02725

$V� D� ILQDO� SUREOHP�� D� 6350� RI� WZR� VHJPHQWV� LV� SUHVHQWHG�� ,Q� 6350
SURGXFWLRQ�� LPSURYHPHQWV�DUH�PRVW�SUREDEO\�H[SRVHG�WR�GLPHQVLRQDO�UHVWULFWLRQV�LQ



���

WKH� VHQVH� RI� SURSHOODQW� FDVWLQJ� RU� FDVH� SURGXFWLRQ�� 6ROYLQJ� WKHVH� UHVWULFWLRQV� E\
LQFUHDVLQJ� WKH� JHRPHWULFDO� FDSDELOLWLHV� RI� WKH� SURGXFWLRQ� IDFLOLWLHV� LV� QRW� DOZD\V� D
JRRG�SUREOHP�VLQFH�WKH�LQYHVWPHQW�FRVW�ZRXOG�LQFUHDVH�FDXVLQJ�WKH�LPSURYHPHQW�WR
EH� LQHIILFLHQW�� ,QVWHDG�� D� PXOWL�VHJPHQW� PRWRU� FDQ� EH� SURGXFHG� ZLWK� PHFKDQLFDO
FRQQHFWLRQV� EHWZHHQ� WKHVH� VHJPHQWV� ZLWK� WKH� SUHVHQW� FDSDELOLWLHV�� 7KLV� ZLOO� ERWK
LQFUHDVH�WKH�HIILFLHQF\�ZKLOH�GHFUHDVLQJ�WKH�SURGXFWLRQ�FRVW�DQG�DOVR�ZLOO�SURYLGH�WKH
IOH[LELOLW\�RI�FKRRVLQJ�GHVLUHG�PRWRU�OHQJWK�DQG�VL]H�

7RGD\��PRVW�RI�WKH�ORQJ�UDQJH�6350¶�V�ZKLFK�DUH�XVHG�ERWK�IRU�PLOLWDU\�DQG
DHURVSDFH�PLVVLRQV�DUH�IRUPHG�IURP�VHYHUDO�VHJPHQWV��HJ��$ULDQH�6SDFH�3URJUDP�RI
(XURSHDQ�8QLRQ��� %XW� WKHVH� PXOWL�VHJPHQWHG�PRWRUV� QHHG� VSHFLDO� DWWHQWLRQ� LQ� WKH
VHQVH� RI� DQDO\VLV� RI� WKH� LQWHUQDO� IORZ� EHFDXVH� RI� WKH� VSDFH� SUHVHQW� EHWZHHQ� WKH
VHJPHQWV�ZKLFK�FDQ�HIIHFW�WKH�IORZ�UHJLPH�DQG�FRQQHFWLRQ�LWHPV��7KLV�WHVW�FDVH�LV�D
VKLIWHG�YHUVLRQ�RI�7HVW�&DVH����ZKHUH�LW�LV�DVVXPHG�WKDW�WKH�PRWRU�LV�IRUPHG�RI�WZR
VHJPHQWV�ZLWK�D�VSDFH�EHWZHHQ�WKHP��ZLWK�WKH�VDPH�IORZ�FRQGLWLRQV��7KH�PDLQ�JRDO
LQ�VROYLQJ�WKLV�SUREOHP�LV�WR�GHPRQVWUDWH�WKH�HIILFLHQF\�RI�WKH�PXOWL�EORFN�VROYHU�LQ
VROYLQJ� WKHVH� NLQG� RI� SUREOHPV�� 7KH� JHRPHWU\� RI� WKH� SUREOHP� ZLWK� LQMHFWLRQ
ERXQGDULHV�LV�JLYHQ�LQ�)LJXUH������DQG������

)LJXUH����� ,QMHFWLRQ�ERXQGDU\�RI�VHJPHQWHG�6350



���

)LJXUH������(QODUJHG�YLHZ�RI�WKH�VSDFH�EHWZHHQ�WZR�VHJPHQWV�RI�WKH�VHJPHQWHG
6350

7KH�EORFNV�ZLWK�WKHLU�JULGV�RQ�WKHP�DUH�JLYHQ�LQ�)LJXUH������

)LJXUH������*HRPHWU\�RI�VHJPHQWHG�6350

%HFDXVH�RI�WKH�JDS�EHWZHHQ�WKH�WZR�VHJPHQWV�DV�VKRZQ�LQ�)LJXUH�������LW�LV
TXLWH�GLIILFXOW� WR�FUHDWH�D� VWUXFWXUHG�PHVK��6HYHUDO� DWWHPSWV�ZLWK�7HFSORW�����0HVK



���

*HQHUDWRU�ZHUH� QRW� VXIILFLHQW� WR� REWDLQ� D� VDWLVIDFWRU\�PHVK� VWUXFWXUH�� ([DPSOHV� RI
WKHVH�XQVXFFHVVIXO�DWWHPSWV�FDQ�EH�VHHQ�LQ�)LJXUH������WR������

)LJXUH������*ULG�JHQHUDWLRQ�DWWHPSW���IRU�VHJPHQWHG�6350

)LJXUH������*ULG�JHQHUDWLRQ�DWWHPSW���IRU�VHJPHQWHG�6350

)LJXUH������*ULG�JHQHUDWLRQ�DWWHPSW���IRU�VHJPHQWHG�6350



���

:KHQ� )LJXUH� ������ ����� DQG� ����� DUH� H[DPLQHG�� LW� FDQ� EH� VHHQ� WKDW� WKHVH
PHVKHV� ZKLFK� DUH� LPSRVVLEOH� WR� XVH�� DUH� FUHDWHG� RU� PHVKHV� ZLWK� KLJK� OHQJWK�WR�
GLDPHWHU�DUH�REWDLQHG�ZKLFK�LV�QRW�SUHIHUDEOH�WR�XVH�LQ�D�&)'�VROYHU�

$IWHU�WKH�LPSOHPHQWDWLRQ�RI�PXOWL�EORFN�DOJRULWKP��LW�LV�TXLWH�HDV\�WR�FUHDWH�D
VWUXFWXUHG�PHVK�IRU�WKHVH�NLQGV�RI�JHRPHWULHV��LQ�IDFW�DOPRVW�DQ\�NLQG�RI�JHRPHWULHV�
$V� LW� FDQ� EH� REVHUYHG� IURP� )LJXUH� ������ WKH�PHVK� LQ� WKH� PLGGOH� EORFN� LV� FUHDWHG
VHSDUDWHO\�DV�WKH�RWKHU�WZR�EORFNV��7KH�FRQQHFWLRQ�RI�WKLV�EORFN�ZLWK�WKH�WZR�EORFNV
RQ�WKH�ULJKW�DQG�OHIW�KDQG�VLGHV�DUH�VHW�ZLWKLQ�WKH�VROYHU�

)LJXUH������(QODUJHG�YLHZ�RI�PHVK�VWUXFWXUH�LQ�%ORFN��



���

$IWHU�GHILQLQJ�WKH�JHRPHWU\�DQG�UHTXLUHG�FRQQHFWLRQV�ZLWKLQ�WKH�VROYHU��WKH�VROXWLRQ
RI�WKH�SUREOHP�LV�QRW�GLIIHUHQW�WKDQ�WKH�VROXWLRQ�RI�D�VLQJOH�F\OLQGHU��0DFK�FRQWRXUV
REWDLQHG�E\�XVLQJ�WKH�VDPH�IORZ�SURSHUWLHV�RI�7HVW�&DVH���DUH�JLYHQ�LQ�)LJXUH�����
DQG�������LQYROYLQJ�FRQWRXU�RI�WKH�ZKROH�JHRPHWU\�DQG�DQ�HQODUJHG�YLHZ�RI�WKH�VSDFH
EHWZHHQ�WZR�VHJPHQWV�

)LJXUH������0DFK�FRQWRXUV�RI�VHJPHQWHG�6350



���

)LJXUH������(QODUJHG�YLHZ�RI�0DFK�FRQWRXUV�EHWZHHQ�WZR�VHJPHQWV

$QDO\]LQJ�)LJXUH������ DQG� ������ RQH� FDQ� VHH� WKDW� D� IDVWHU� IORZ� LV� REVHUYHG
IURP� WKH� VSDFH� EHWZHHQ� WZR� EORFNV�� EORFN� ��� UHODWLYH� WR� WKH� LQMHFWLRQ� VXUIDFH
SHUSHQGLFXODU�WR�WKH�V\PPHWU\�D[LV��7KLV�DIIHFWV� WKH� IORZ�UHJLPH�EXW� WKH�PD[LPXP
0DFK�QXPEHU�REWDLQHG�DW�WKH�H[LW�SODQH�LV�������ZKHUH�WKH�VDPH�YDOXH�IRU�7HVW�&DVH
��ZDV�IRXQG�DV��������7KH�PDLQ�GLIIHUHQFH�LV�WKH�SUHVVXUH�REWDLQHG�DW�WKH�JDS�ZKLFK
LV�������DW�WKH�ERWWRP�RI�EORFN����ZKLFK�LV�KLJKHU�WKDQ�WKH�SUHVVXUH�YDOXH�REWDLQHG�DW
WKH� LQWHUVHFWLRQ� RI� V\PPHWU\� SODQH� DQG� OHIW� ZDOO�� ������� 7KLV� LQGLFDWHV� WKDW� D
UHODWLYHO\� KLJKHU� SUHVVXUH� LV� REWDLQHG� LQ� EORFN� ��� ZKLFK� PD\� FKDQJH� WKH
PDQXIDFWXULQJ� UHTXLUHPHQWV� IRU� WKH� FDVH� DQG� HVSHFLDOO\� LQVXODWLRQ� WKLFNQHVV�� 7KH
GHVLJQHU�FDQ�UHDUUDQJH�WKH�HURVLRQ�PRGHOV�RI�LQVXODWLRQ�DIWHU�WKH�DFFRPSOLVKPHQW�RI
WKH� LQWHUQDO� IORZ� VLPXODWLRQ� RI� 6350�� ZKLFK� LV� D� VLWXDWLRQ� WKDW� HPSKDVL]HV� WKH
LPSRUWDQFH�RI�DQ�LQWHUQDO�IORZ�DQDO\VLV�RI�D�6350�



���

6WUHDPOLQHV�IRU�WKLV�7HVW�&DVH�DUH�JLYHQ�LQ�)LJXUH�������7KH�HQODUJHG�YLHZ�RI
WKH� EORFN� �� ZKHUH� WKH� IORZ� WXUQV� IURP� LQMHFWLRQ� GLUHFWLRQ� WR� WKH� H[LW� GLUHFWLRQ� LV
VKRZQ�LQ�)LJXUH������

)LJXUH������6WUHDPOLQHV�RI�VHJPHQWHG�6350



���

)LJXUH������6WUHDPOLQHV�RI�EORFN���RI�VHJPHQWHG�6350��HQODUJHG�YLHZ

([DPLQLQJ�)LJXUH�������LW�FDQ�EH�VHHQ�FOHDUO\�WKDW� WKH�WXUQLQJ�RI� WKH�IORZ�LV
DFKLHYHG�VXFFHVVIXOO\��1R�GLVFRQWLQXLW\�LV�REVHUYHG�DORQJ�WKH�LQWHUIDFH�RI�WKH�EORFNV
HYHQ�WKRXJK�GLIIHUHQW�PHVK�VL]HV�DUH�XVHG�IRU�GLIIHUHQW�EORFNV�

5HVLGXDO�KLVWRU\�RI�WKLV�SUREOHP�LV�JLYHQ�LQ�)LJXUH������



���

)LJXUH������5HVLGXDO�KLVWRU\�RI�VHJPHQWHG�6350

$QDO\]LQJ�WKH�UHVLGXDO�KLVWRU\�RI�WKH�SUREOHP��LW�FDQ�EH�VHHQ�WKDW�UHVLGXDOV�RI
DOO� EORFNV� GURSSHG� DERXW� �� RUGHUV�� )RU� VXFK� D� SUREOHP�ZKLFK� LQYROYHV� D� FRPSOH[
IORZ�ZLWK�D�JDS�EHWZHHQ� WKH� VHJPHQWV�� WKH� UHVLGXDO�KLVWRULHV� DUH�TXLWH� VDWLVIDFWRU\�
HVSHFLDOO\�WKDW�RI�EORFN����7KLV�SUREOHP�VKRZV�WKDW�WKH�PXOWL�EORFN�DOJRULWKP�FDQ�EH
XVHG�IRU�VHJPHQWHG�6350¶�V�TXLWH�HDVLO\�DQG�UDSLGO\�ZLWK�VXIILFLHQW�DFFXUDF\�



���

���� $1�29(5/22.�72�7+(�08/7,�%/2&.�$/*25,7+0

7KH�REVHUYDWLRQV�DQG�GLIIHUHQFHV�IURP�WKH�VLQJOH�EORFN�VROYHU�REVHUYHG�GXULQJ
WKH�VROXWLRQ�RI�WKH�SUREOHPV�FDQ�EH�VXPPDULVHG�DV�EHORZ�

x� (DFK�EORFN�KDV�WR�EH�GHILQHG�VHSDUDWHO\�E\�WKH�SRLQWHU�DOJRULWKP��HDFK�KDYLQJ
LWV� RZQ� ERXQGDU\� FRQGLWLRQ� DQG� IORZ� SURSHUWLHV� LI� WKHUH� LV� D� GLIIHUHQFH
�LQYLVFLG��YLVFRXV�HWF��

x� 7KH� RUGHU� RI� EORFN� GHILQLWLRQ� WR� WKH� VROYHU� LV� LPSRUWDQW� VLQFH� WKH� LQWHUIDFH
PDWFKLQJ�LV�GRQH�ZLWK�D�IL[HG�RUGHU�

x� )RU�WKH�ERXQGDULHV�FRUUHVSRQGLQJ�WR�WKH�EORFN�LQWHUIDFHV��RQH�VKRXOG�EH�FDUHIXO
WR�XVH�LQGLIIHUHQW�ERXQGDU\�FRQGLWLRQV�

x� 7KH�SRVVLEOH�WUDQVLWLRQ�VHFWLRQV�VKRXOG�QRW�EH�WKH�LQWHUIDFH�ERXQGDU\�VHFWLRQ�LI
SRVVLEOH�VLQFH�WKLV�FDQ�FUHDWH�LQVWDELOLWLHV�GXULQJ�WKH�VROXWLRQ�RU�HYHQ�DIIHFW�WKH
UHVXOWV�

x� &RPSXWDWLRQDO�WLPH�QDWXUDOO\�LQFUHDVHV�VLQFH�LQ�FRPSOHWLRQ�RI�HYHU\�WLPH�VWHS
IRU�RQH�EORFN��WKH�EORFN�SDUDPHWHUV�DUH�VWRUHG�LQ�D�VHSDUDWH�DUUD\�DQG�WKH�VWRUHG
DUUD\�LV�DVVLJQHG�WR�DUUD\V�RI�WKH�LQFRPLQJ�EORFN��7KXV�DQ�H[WUD�FRPSXWDWLRQDO
HIIRUW� LV� QHFHVVDU\� IRU� HYHU\� VWHS��%HVLGHV�� WKH� QXPEHU� RI� EORFNV� XVHG� LQ� WKH
VROXWLRQ�LQFUHDVHV�WKH�PHPRU\�XVDJH��$OVR�ZLWK�WKH�EORFN�QXPEHU�FKHFN�SRLQWV
LQ� YDULRXV� SRLQWV� RI� WKH� VROYHU� ZKLFK� LV� LQHYLWDEOH�� WKH� FRPSXWDWLRQDO� WLPH
QHHGHG�IRU�D�WHVW�FDVH�DOVR�LQFUHDVHV�ZLWK�WKH�SUHVHQW�PXOWL�EORFN�DOJRULWKP�

x� 7KH�FRQYHUJHQFH�LV�QRW�LQIOXHQFHG�GUDPDWLFDOO\�HLWKHU�SRVLWLYHO\�RU�QHJDWLYHO\�
7KH� FRGH� SUHVHUYHV� LWV� FRQYHUJHQFH� EHKDYLRXU� DIWHU� WKH� LPSOHPHQWDWLRQ� RI



���

PXOWL�EORFN� DOJRULWKP�� 'LIIHUHQW� DUWLILFLDO� YLVFRVLWLHV� FDQ� EH� DSSOLHG� WR
DFFHOHUDWH� FRQYHUJHQFH� DV� ORQJ� DV� WKH\� DUH� HTXDWHG� DIWHU� D� FHUWDLQ� SRLQW� LI
QHFHVVDU\��3URYLGHG� WKDW� WKH\� DUH� HTXDWHG� DQG� WKH� GLIIHUHQFH� LV� QRW� ELJ�� HYHQ
GLIIHUHQW�&)/�QXPEHUV�FDQ�EH�XVHG�GXULQJ�WKH�LWHUDWLRQV��7KHVH�FDQ�EH�WDNHQ�DV
DGYDQWDJHV�RI�WKH�PXOWL�EORFN�DOJRULWKP�



���

&+$37(5��
��� &21&/86,21

&21&/86,21

���� �6800$5<�2)�7+(�:25.

$� WZR�GLPHQVLRQDO� D[LV\PPHWULF� FRPSUHVVLEOH� ODPLQDU� RU� WXUEXOHQW� 1DYLHU�
6WRNHV�VROYHU�LV�GHYHORSHG�IRU�PXOWL�EORFN�DSSOLFDWLRQV�HVSHFLDOO\�WR�EH�XVHG�IRU�WKH
VLPXODWLRQ� RI� LQWHUQDO� IORZ� RI� 6350¶� V�� 'LVFUHWL]DWLRQ� LV� GRQH� E\� ILQLWH� YROXPH
PHWKRG�LQ�ZKLFK�WKH�LQYLVFLG�IOX[�WHUPV�DUH�EDVHG�RQ�FHOO�YHUWH[�IRUPXODWLRQ�ZKHUHDV
WKH� YLVFRXV� IOX[� WHUPV� DUH� EDVHG� RQ� FHOO�FHQWHUHG� IRUPXODWLRQ��$�SRLQWHU� V\VWHP� LV
XVHG� IRU� WKH� GHILQLWLRQ� RI� JULG� VWUXFWXUH�� JHRPHWU\� DQG� ERXQGDU\� FRQGLWLRQ
DVVLJQPHQWV�ZKLFK�PDNHV�WKH�VROYHU� LQGHSHQGHQW�RI� WKH�JHRPHWU\�RU�JULG�VWUXFWXUH�
)RU�ODPLQDU�YLVFRVLW\��6XWKHUODQG¶�V�IRUPXOD�LV�XVHG�DQG�IRU�WXUEXOHQW�YLVFRVLW\��RQH
HTXDWLRQ� %DOGZLQ�/RPD[� WXUEXOHQFH� PRGHO� LV� XVHG�� $UWLILFLDO� YLVFRVLW\� LV� XVHG� WR
VWDELOL]H�WKH�VROXWLRQ��)RU�WKH�VLPXODWLRQ�RI�IXHO� LQMHFWLRQ�LQ�WKH�6350¶�V�� LQMHFWLRQ
ERXQGDU\�FRQGLWLRQV�DUH�XVHG�ZLWK�WKH�DVVXPSWLRQ�RI�FRQVWDQW�IODPH�WHPSHUDWXUH�

$� PXOWL� EORFN� DOJRULWKP� LV� DGGHG� WR� WKH� VLQJOH� EORFN� VROYHU� WR� HQDEOH� WKH
VROXWLRQ� RI� PXOWLSOH� GRPDLQV�� 7KH� GLYLVLRQ� SURFHVV� RI� WKH� ZKROH� GRPDLQ� LV� GRQH
ZLWKRXW�DQ\�ORVV�RU�DGGLWLRQ�LQ�WKH�JHRPHWULFDO�GLPHQVLRQV�DQG�HYHQ�DW�WKH�LQWHUIDFHV
RI� WKH� EORFNV�� WKH� FHOO�YHUWH[� IRUPXODWLRQ� LV� FRPSOHWHO\� DSSOLHG��2QH� FRQVWUDLQW� RI
WKLV�PHWKRG�LV�WKDW�WKH�LQWHUIDFH�ERXQGDULHV�VKRXOG�KDYH�VDPH�FRRUGLQDWHV�LQ�RUGHU�WR



���

SUHVHUYH�WKH�FRQWLQXLW\��%XW�WKLV�VLWXDWLRQ�GRHV�QRW�HIIHFW� WKH�PHVK�JHQHUDWLRQ�VLQFH
RQH�FDQ�FUHDWH�DQ\�QXPEHU�RI�EORFNV�WR�GHILQH�WKH�GHVLUHG�JHRPHWU\�

7KH� QHZO\� GHYHORSHG� FRGH� LV� WHVWHG� ZLWK� VHYHUDO� WHVW� FDVHV� IRU� GLIIHUHQW
SXUSRVHV�� )RU� LQYLVFLG� D[LV\PPHWULF� IRUPXODWLRQ� ZLWK� LQMHFWLRQ� ERXQGDU\
LPSOHPHQWDWLRQ��WHVW�FDVHV�ZKLFK�ZHUH�XVHG�DV�WHVW�FDVHV�LQ�UHIHUHQFH�>��@�DUH�VROYHG
DQG� WKH� UHVXOWV�DUH� LQ� FORVH� DJUHHPHQW�ZLWK� WKH� FRPSDUHG� VROXWLRQV��(VSHFLDOO\� ODVW
WHVW�FDVH�RI�WKHVH�WHVW�FDVHV�LV�D�JRRG�H[DPSOH�IRU�LQWHUQDO�IORZV�LQ�6350¶�V�ZKLFK�LV
RI�SULPDU\�LPSRUWDQFH�IRU�WKH�SUHVHQW�ZRUN��)RU�YLVFRXV�IORZV��ODPLQDU�DQG�WXUEXOHQW
IORZ� DVVXPSWLRQV� DUH� WHVWHG� E\� FRPSDULQJ� WKH� UHVXOWV�ZLWK� WKH� VHOI�VLPLODU� %ODVLXV
VROXWLRQ� DQG� WXUEXOHQW� ���� SRZHU� ODZ� DQDORJ\� UHVSHFWLYHO\�� 5HVXOWV� DUH� LQ� JRRG
DJUHHPHQW�DQG�WKH�ODPLQDU�DQG�WXUEXOHQW�YLVFRVLW\�DV�ZHOO�DV�WKH�SODQDU�YLVFRXV�IOX[
WHUPV� DUH� YHULILHG� E\� WKHVH� FRPSDULVRQV�� )RU� WKH� YHULILFDWLRQ� RI� D[LV\PPHWULF� IOX[
WHUPV��ODPLQDU�SLSH�IORZ�LV�VROYHG�DQG�WKH�UHVXOWV�VKRZ�H[FHOOHQW�DJUHHPHQW�ZLWK�WKH
WKHRUHWLFDO�YHORFLW\�SURILOH�LQ�DQ�D[LV\PPHWULF�SLSH�IORZ��$IWHU�WKH�YHULILFDWLRQ�RI�WKH
FRGH� IRU� VLQJOH� EORFN� DSSOLFDWLRQV�� VRPH� RI� WKH� WHVW� FDVHV� VROYHG� E\� VLQJOH� EORFN
VROYHU� DUH� UHVROYHG� E\� PXOWL�EORFN� DOJRULWKP�� GLYLGLQJ� WKH� JHRPHWULHV� LQWR� EORFNV
IURP�VHYHUDO�ORFDWLRQV��7KH�UHVXOWV�RI�PXOWL�EORFN�VROYHU�DUH�LQ�JRRG�DJUHHPHQW�ZLWK
WKDW�RI�WKH�VLQJOH�EORFN�VROYHU��VLJQLI\LQJ�WKH�YHULILFDWLRQ�DQG�DFFXUDF\�RI�WKH�PXOWL�
EORFN�DOJRULWKP��7KH�HIIHFWV�RI�PXOWL�EORFN�DOJRULWKP�WR�WKH�FRQYHUJHQFH�UHJLPH�DUH
DOVR�DQDO\]HG��)LQDOO\��D�VHJPHQWHG�6350�LV�VROYHG�HPSKDVL]LQJ�WKH�IOH[LELOLW\�DQG
UREXVWQHVV�RI�WKH�PXOWL�EORFN�VROYHU�DQG�WKH�UHVXOWV�REWDLQHG�DUH�VDWLVIDFWRU\�IRU�WKH
DQDO\VLV�RI�WKH�LQWHUQDO�IORZ�LQ�D�6350�

���� �5(&200(1'$7,216�)25�)8785(�:25.

7KH�SUHVHQW�VROYHU�LV�TXLWH�VDWLVIDFWRU\�IRU�WKH�JOREDO�IHDWXUHV�RI�LQWHUQDO�IORZ
LQ�6350¶�V�ZLWK�FRPSOH[�JHRPHWULHV��)RU�IXWXUH�GHYHORSPHQWV��DQ�LPSOLFLW�UHVLGXDO
VPRRWKLQJ�PRGHO� FDQ� EH� LPSOHPHQWHG� WR� WKH� VROYHU� WR� DFFHOHUDWH� WKH� FRQYHUJHQFH�
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7KH�SUHVHQW�VROYHU�PD\�QHHG�XVHU�LQSXW�WR�SUHYHQW�LQVWDELOLWLHV�RU�WR�KDYH�D�SURSHUO\
GHFUHDVLQJ�FRQYHUJHQFH�KLVWRU\�

$�WZR�HTXDWLRQ�WXUEXOHQFH�PRGHO�FDQ�EH�LPSOHPHQWHG�LQ�RUGHU�WR�HOLPLQDWH�WKH
GLUHFWLRQDO�SURSHUWLHV� ULVLQJ� IURP�DOJHEUDLF�%DOGZLQ�/RPD[�PRGHO��%HVLGHV��GXH� WR
ODFN�RI� WHVW�FDVHV�LQYROYLQJ�6350¶�V�ZLWK� WXUEXOHQW� IORZ�DVVXPSWLRQ��H[SHULPHQWDO
GDWD�VKRXOG�EH�REWDLQHG�WR�YHULI\�WKH�GHYHORSHG�VROYHUV�

6LQFH� WKH� VROYHU� LV� GHYHORSHG� PDLQO\� IRU� 6350� DSSOLFDWLRQV�� FRXSOLQJ� WKH
SUHVHQW� VROYHU�ZLWK� D� JUDLQ� EXUQEDFN�PRGHO� FDQ� SURYLGH� D� FRPSOHWH� 6350� VROYHU
ZKLFK�FDQ�LPSRVH�WKH�HIIHFWV�RI�LQWHUQDO�SUHVVXUH�GHYLDWLRQV�WR�WKH�EXUQEDFN�PRGHO�
%\� WKLV� FRXSOLQJ�� D�TXDVL�XQVWHDG\�6350�VROYHU� FDQ� EH� REWDLQHG�� WKXV� FUHDWLQJ� DQ
DFFXUDWH� DQG� FRPSOHWH� LQWHUQDO� IORZ� VLPXODWLRQ� IRU� WKH� FRPSOHWH� EXUQLQJ� WLPH� RI
6350¶�V�

)LQDOO\�� VLQFH� WKLV� VROYHU� FDQ� VROYH� EORFNV� VHSDUDWHO\� ZLWK� WKH� LPSOHPHQWHG
PXOWL�EORFN�DOJRULWKP�� LW� FDQ�EH�XVHG� IRU�SDUDOOHO� SURFHVVLQJ� WR� VDYH� FRPSXWDWLRQDO
WLPH�
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>�@�+RIIPDQ�� .�� $��� ³&RPSXWDWLRQDO� )OXLG� '\QDPLFV� IRU� (QJLQHHUV´�� (QJLQHHULQJ
(GXFDWLRQ�6\VWHP��7H[DV���������,6%1����������������

>�@�'XQODS�� 5��� :LOORXJKE\�� 3�� *�� DQG� +HUPVHQ�� 5�� :��� ³)ORZILHOG� LQ� WKH
&RPEXVWLRQ�&KDPEHU�RI�D�6ROLG�3URSHOODQW�5RFNHW�0RWRU��$,$$�-RXUQDO���������
�����

>�@�$QGHUVRQ�� '�$��� 7DQQHKLOO�� -�&��� DQG� 3OHWFKHU�� 5�+��� �&RPSXWDWLRQDO� )OXLG
0HFKDQLFV� DQG� +HDW� 7UDQVIHU��� +HPLVSKHUH� 3XEOLVKLQJ� &RUSRUDWLRQ�� 0F*UDZ�
+LOO�������

>�@�6DEQLV�� -�� 6���*LEHOLQJ��+�� -�� DQG�0F'RQDOG��+��� ³,QWHUQDO� )OXLG�0HFKDQLFV� RI
6ROLG�3URSHOODQW�5RFNHW�0RWRUV´��&3,$�3XEO���9RO����1R��������2FWREHU�������

>�@�6DEQLV�� -�� 6��� *LEHOLQJ�� +�� -�� DQG� 0F'RQDOG�� +��� ³1DYLHU�6WRNHV� $QDO\VLV� RI
7ZR��$QG�7KUHH�'LPHQVLRQDO�)ORZ�)LHOG�LQ�6ROLG�5RFNHW�0RWRUV�ZLWK�6HJPHQW
-RLQWV´��$,$$�3DSHU�����������������

>�@�0XUGRFN�� -��:��� -RKQVWRQ��:��$��� ³)ORZ�6WUXFWXUDO� ,QWHUDFWLRQ� LQ�6ROLG�5RFNHW
0RWRUV´�� ,QWHUQDO� $HURG\QDPLFV� LQ� 6ROLG� 5RFNHW� 3URSXOVLRQ�� 3XEOLF�� 9RQ�
.DUPDQ�,QVWLWXWH�IRU�)OXLG�'\QDPLFV�������
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>�@�7UDLQHDX� -�� &��� +HUYDW� 3��� .XHQW]PDQQ� 3��� ³&ROG� )ORZ� 6LPXODWLRQ� RI� D� 7ZR
'LPHQVLRQDO� 1R]]OHOHVV� 6ROLG� 5RFNHW� 0RWRU´�� $,$$� 3DSHU�� 1R���������
$ODEDPD��-XQH������

>�@�9XLOORW�)���³1XPHULFDO�&RPSXWDWLRQ�RI�$FRXVWLF�%RXQGDU\�/D\HUV�LQ�/DUJH�6ROLG
3URSHOODQW�6SDFH�%RRVWHU´��$,$$�3DSHU��1R����������5HQR��-DQXDU\������

>�@�9XLOORW�� )��� 'XSD\V�� -��� /XSRJOD]RII�� 1��� ³��'� 1DYLHU�6WRNHV� 6WDELOLW\
&RPSXWDWLRQV�IRU�6ROLG�5RFNHW�0RWRUV��5RWDWLRQDO��&RPEXVWLRQ�DQG�7ZR�3KDVH
)ORZ�(IIHFWV´��$,$$�3DSHU��1R����������6HDWWOH��-XO\������

>��@� /LMHZVNL�� /��(��� ³7UDQVRQLF�(XOHU�6ROXWLRQV� RQ�0XWXDOO\� ,QWHUIHULQJ� )LQQHG
%RGLHV´��$,$$�-RXUQDO������������-XO\�����������

>��@� $WNLQV��+��/���³$�0XOWL�%ORFN�0XOWLJULG�0HWKRG�IRU�WKH�6ROXWLRQ�RI�WKH�(XOHU
DQG� 1DYLHU�6WRNHV� (TXDWLRQV� IRU� 7KUHH�'LPHQVLRQDO� )ORZV�� $,$$� 3DSHU� ���
�����

>��@� %XVK�� 5�+��� ³([WHUQDO� &RPSUHVVLRQ� ,QOHW� 3UHGLFWLRQV� 8VLQJ� DQ� ,PSOLFLW
8SZLQG��0XOWLSOH�=RQH�$SSURDFK´��$,$$�3DSHU���������

>��@� $UWKXU��0��7���%OD\ORFN��7��$��DQG�$QGHUVRQ��-��0���³&HOO�9HUWH[��0XOWLJULG
(XOHU�6FKHPH�IRU�8VH�ZLWK�0XOWLEORFN�*ULGV´��$,$$�-RXUQDO��������������������

>��@� -HQVVHQ�� &DUO�� %��� ³,PSOLFLW� 0XOWLEORFN� (XOHU� DQG� 1DYLHU�6WRNHV
&DOFXODWLRQV�´�$,$$�-RXUQDO����������������������
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>��@� 6KHQJ��&���:KLWILHOG��'��/��DQG�$QGHUVRQ��:��.���³0XOWLEORFN�$SSURDFK�IRU
&DOFXODWLQJ� ,QFRPSUHVVLEOH� )OXLG�)ORZV� RQ�8QVWUXFWXUHG�*ULGV��$,$$� -RXUQDO�
�������������������

>��@� 0DGDYDQ��1��.�� DQG�5DL��0��0��� ³&RPSXWDWLRQDO�$QDO\VLV� RI� 5RWRU� 6WDWRU
,QWHUDFWLRQ�LQ�7XUERPDFKLQHU\�8VLQJ�=RQDO�7HFKQLTXHV´��$SSOLHG�&RPSXWDWLRQDO
$HURG\QDPLFV��3URJUHVV�LQ�$VWURQDXWLFV�DQG�$HURQDXWLFV�������������������

>��@� &DPELHU� /��� *KD]]L� :��� 9HXLOORW� -�� 3�� DQG� 9LYLDQG� +��� ³$� 0XOWL�'RPDLQ
$SSURDFK� IRU� WKH�&RPSXWDWLRQ� RI�9LVFRXV�7UDQVRQLF� )ORZV� E\�8QVWHDG\�7\SH
0HWKRGV´�� &RPSXWDWLRQDO� 0HWKRGV� LQ� 9LVFRXV� )ORZV�� SS� ��������� 3LQHULGJH�
�����

>��@� -HQVVHQ� &�%��� DQG� :HLQHUIHOW� 3�� c��� ³&RDUVH� *ULG� &RUUHFWLRQ� 6FKHPH� IRU
,PSOLFLW�0XOWLEORFN�(XOHU�&DOFXODWLRQV��$,,�-RXUQDO����������������2FWREHU�������

>��@� *KDIIDUL� )��� /XFNULQJ� -�0��� 7KRPDV� -�/��� %DWHV� %�/�� DQG� %LHGURQ� 5�7��
³0XOWLEORFN� 1DYLHU�6WRNHV� 6ROXWLRQV� $ERXW� WKH� )�$���� :LQJ�/(;�)XVHODJH
&RQILJXUDWLRQ´��-RXUQDO�RI�$LUFUDIW���������������0D\�-XQH�������

>��@� &DUOVRQ� -�5���3DR�3�6�� DQG�$EGRO�+DPLG�.�6��� ³&RPSXWDWLRQDO�$QDO\VLV� RI
9HQWHG� 6XSHUVRQLF� ([KDXVW� 1R]]OH� 8VLQJ� D� 0XOWLEORFN�0XOWL]RQH� 6WUDWHJ\´�
-RXUQDO�RI�3URSXOVLRQ�DQG�3RZHU��������������1RY��'HF��������

>��@� *LRUGDQR�'��� ,YDQRY�0���.DVKNRYVN\�$���0DUNHORY�*�� DQG�.RSSHQZDOOQHU
*��� ³$SSOLFDWLRQ� RI� 1XPHULFDO� 0XOWL]RQH� $SSURDFK� WR� WKH� 6WXG\� RI� 6DWHOOLWH
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7KUXVWHU�3OXPHV´�� -RXUQDO� RI�6SDFHFUDIW� DQG�5RFNHWV�� ���� ��� ����� �-XO\�$XJXVW
������

>��@� 5RVHQIHOG�0�� DQG�<DVVRXU�<��� ³)XOO\� ,PSOLFLW� 6ROXWLRQ� RI�7LPH�'HSHQGHQW
3DUWLDO�'LIIHUHQWLDO�(TXDWLRQV� LQ�$UELWUDU\�0XOWL]RQH�'RPDLQV´��$,$$�-RXUQDO�
�������������0D\�������

>��@� *UDVVR��)��DQG�0DULQL��0���³0XOWLEORFN�,PSOLFLW�7RWDO�9DULDWLRQ�'LPLQLVKLQJ
6ROXWLRQ�RI�+LJK�6SHHG�,QWHUQDO�)ORZV��$,$$�-RXUQDO�������������������

>��@� 8VDE�� :�-��� �(PEHGGHG� 0HVK� 6ROXWLRQV� RI� WKH� (XOHU� (TXDWLRQ� 8VLQJ� D
0XOWLSOH�*ULG� 0HWKRG��� 3K�'�� 7KHVLV� LQ� $HURQDXWLFV� DQG� $VWURQDXWLFV�
0DVVDFKXVHWWV�,QVWLWXWH�RI�7HFKQRORJ\�������

>��@� <XPXúDN� 0��� 7DúNÕQR÷OX� (��� DQG� 7ÕQD]WHSH� 7��� ³� ��'� ,QWHUQDO� )ORZ
$SSOLFDLWLRQV�IRU�6ROLG�3URSHOODQW�5RFNHW�0RWRUV´��7HFKQLFDO�5HSRUW�RI�1$72�
572�7����6XSSRUW�3URMHFW�������

>��@� 6FKOLFKWLQJ��+����%RXQGDU\�/D\HU�7KHRU\���0F*UDZ�+LOO�%RRN�&RPSDQ\���� �

HGLWLRQ���������,6%1����������������
>��@� %DOGZLQ�� %�6�� DQG� /RPD[�� +��� �7KLQ�/D\HU� $SSUR[LPDWLRQ� DQG� $OJHEUDLF

0RGHO�IRU�6HSDUDWHG�7XUEXOHQW�)ORZV���$,$$�3DSHU���������������
>��@� :KLWH�� )�0��� ³9LVFRXV� )OXLG� )ORZ´�� 0F*UDZ�+LOO� %RRN� &RPSDQ\�� � ���

HGLWLRQ���������,6%1����������������
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>��@� 7ÕQD]WHSH�� +�� 7��� �$� )LQLWH� 9ROXPH� 0HWKRG� IRU� &RPSUHVVLEOH� 9LVFRXV
)ORZV´�� 3K�'�� 7KHVLV� LQ� 0HFKDQLFDO� (QJLQHHULQJ�� 0LGGOH� (DVW� 7HFKQLFDO
8QLYHUVLW\�������

>��@� <XPXúDN�� 0��� �1RQ�UHDFWLQJ� DQG� 5HDFWLQJ� )ORZ� $QDO\VLV� LQ� 3URSXOVLRQ
6\VWHPV´�� 3K�'�� 7KHVLV� LQ� 0HFKDQLFDO� (QJLQHHULQJ�� 0LGGOH� (DVW� 7HFKQLFDO
8QLYHUVLW\�������

>��@� 7DúNÕQR÷OX��(��ù��� �7RWDO�9DULDWLRQ�'LPLQLVKLQJ�79'��0HWKRGV�IRU� ,QWHUQDO
)ORZV´�� 0�� 6�� 7KHVLV� LQ� $HURQDXWLFDO� (QJLQHHULQJ�� 0LGGOH� (DVW� 7HFKQLFDO
8QLYHUVLW\�������

>��@� 1L��5�+����$�0XOWLSOH�*ULG�6FKHPH�IRU�6ROYLQJ�WKH�(XOHU�(TXDWLRQV���$,$$
-RXUQDO���9RO������1R������SS������������������

>��@� &UXPSWRQ��3�,���0DFNHQ]LH��-�$���DQG�0RUWRQ��.�:����&HOO�9HUWH[�$OJRULWKPV
IRU� WKH� &RPSUHVVLEOH� 1DYLHU�6WRNHV� (TXDWLRQV��� -RXUQDO� RI� &RPSXWDWLRQDO
3K\VLFV��9RO�������SS�������������

>��@� 'DYLV�� 5�/��� 1L�� 5�+�� DQG� &DUWHU�� -�(��� �&DVFDGH� 9LVFRXV� )ORZ� $QDO\VLV
8VLQJ�WKH�1DYLHU�6WRNHV�(TXDWLRQV���$,$$�3DSHU����������������

>��@� .DOOLQGHULV��<�� �$OJHEUDLF� 7XUEXOHQFH�0RGHOLQJ� IRU�$GDSWLYH�8QVWUXFWXUHG
*ULGV���$,$$�-RXUQDO�9RO������1R�����SS����������������

>��@� 5DGHVSLHO�� 5��� �$� &HOO�9HUWH[� 0XOWLJULG� 0HWKRG� IRU� WKH� 1DYLHU�6WRNHV
(TXDWLRQV���1$6$�7HFKQLFDO�0HPRUDQGXP��������������
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>��@� 7LQD]WHSH�� +�� 7��� <XPXVDN�� 0�� (�� DQG� 9XLOORW�� )��� ³9DOLGDWLRQ� RI� ,QWHUQDO
)ORZ� 3UHGLFWLRQ� &RGHV� IRU� 6ROLG� 3URSHOODQW� 5RFNHW� 0RWRUV�� 572�0HHWLQJ� RQ
³$GYDQFHV� LQ� 5RFNHW� 3URSHOODQW� 3HUIRUPDQFH�� /LIH� DQG�'LVSRVDO� IRU� ,PSURYHG
6\VWHP�3HUIRUPDQFH�DQG�5HGXFHG�&RVW��������$DOERUJ��'HQPDUN

>��@� 0HKWD�� 8�%�� ´*XLGH� WR� &UHGLEOH� &RPSXWHU� 6LPXODWLRQV� RI� )OXLG� )ORZV´�
$,$$�-RXUQDO�RI�3URSXOVLRQ�DQG�3RZHU��9RO������1R�����SS���������������

>��@� .RXUWD�� $��� ´9RUWH[� 6KHGGLQJ� LQ� 6HJPHQWHG� 6ROLG� 5RFNHW�0RWRUV´�� $,$$
-RXUQDO�RI�3URSXOVLRQ�DQG�3RZHU��9RO������1R�����SS���������������

>��@� 'RWVRQ��.�:���.RVKLJRH��6�� DQG�3DFH��.��.��� ´9RUWH[�6KHGGLQJ� LQ� D� /DUJH
6ROLG�5RFNHW�0RWRU�:LWKRXW�,QKLELWRUV�DW�WKH�6HJPHQW�,QWHUIDFHV´��$,$$�-RXUQDO
RI�3URSXOVLRQ�DQG�3RZHU��9RO������1R�����SS���������������

>��@� 3UH]RII�� 0��� 9XLOORW�� )�� DQG� 7UDLQHDX�� -�&��� ´9RUWH[� 6KHGGLQJ� 'ULYHQ
2VFLOODWLRQV�LQ�6XEVFDOH�0RWRUV�IRU�WKH�$ULDQH���036�3���´��$,$$�3DSHU�����
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