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SUHVHQWHG� LQ� DFFRUGDQFH� ZLWK� DFDGHPLF� UXOHV� DQG� HWKLFDO� FRQGXFW�� ,� DOVR
GHFODUH� WKDW�� DV� UHTXLUHG� E\� WKHVH� UXOHV� DQG� FRQGXFW�� ,� KDYH� IXOO\� FLWHG� DQG
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'HFHPEHU�����������SDJHV

7KH� SHUIRUPDQFH� SUHGLFWLRQ� RI� VROLG� SURSHOODQW� URFNHW� PRWRU� GHSHQGV� RQ� WKH
FDOFXODWLRQ�RI� LQWHUQDO�DHURG\QDPLFV�RI� WKH�PRWRU� WKURXJK� LWV�RSHUDWLRQDO� OLIH�� � ,Q
RUGHU� WR�GHWHUPLQH� WKH�FRQWURO�YROXPH�ERXQGDULHV�� LQ�ZKLFK� WKH� VROXWLRQV�ZLOO� EH
FDUULHG�RXW��D�SURFHVV�FDOOHG�³JUDLQ�EXUQEDFN�FDOFXODWLRQ´�LV�UHTXLUHG�� �'XULQJ�WKH
RSHUDWLRQ� RI� WKH�PRWRU�� DV� WKH� LQWHUIDFH� EHWZHHQ� WKH� VROLG� DQG� JDV� SKDVH� PRYHV
WRZDUGV� WKH� VROLG�SURSHOODQW� LQ� D� GLUHFWLRQ� QRUPDO� WR� WKH� VXUIDFH�� WKH� FRPEXVWLRQ
SURGXFWV�DUH�JHQHUDWHG�DQG�WKH�FRQWURO�YROXPH�H[SDQGV���7KLV�SKHQRPHQRQ�UHTXLUHV
KDQGOLQJ�RI�PRYLQJ�ERXQGDULHV�DV�WKH�VROXWLRQ�SURFHHGV�
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,Q� WKLV� WKHVLV�� )DVW� 0DUFKLQJ� 0HWKRG� LV� LPSOHPHQWHG� WR� WKH� SUREOHP� RI� JUDLQ
EXUQEDFN���7KLV�PHWKRG�XVHV�WKH�XSZLQG�QDWXUH�RI�WKH�SURSHOODQW�LQWHUIDFH�PRWLRQ
DQG� VROYHV� WKH� (LNRQDO� W\SH� HTXDWLRQV� RQ� D� IL[HG� WKUHH�GLPHQVLRQDO� WHWUDKHGURQ
PHVK�� � 7KH� FRQWURO� YROXPH� LV� FRXSOHG� WR� D� RQH�GLPHQVLRQDO� DQG� D� WKUHH�
GLPHQVLRQDO�(XOHU�DHURG\QDPLF�VROYHU�LQ�RUGHU�WR�HYDOXDWH�WKH�SHUIRUPDQFH�RI�WKH
HQJLQH���7KH�VSHHG�E\�ZKLFK�WKH�LQWHUIDFH�PRYHV�GHSHQGV�RQ�WKH�VWDWLF�SUHVVXUH�RQ
WKH� VXUIDFH� RI� WKH� SURSHOODQW�ZKLFK� LV� SURYLGHG� E\� WKH� IORZ� VROYHU�� � $Q� LWHUDWLYH
PHWKRG�KDV�EHHQ�SURSRVHG�EHWZHHQ�WKH�LQWHUIDFH�FDSWXULQJ�DOJRULWKPV�DQG�WKH�IORZ
VROYHU�� � &RPSXWHG� VROXWLRQV� IURP� ]HUR�GLPHQVLRQDO�� RQH�GLPHQVLRQDO� DQG� WKUHH�
GLPHQVLRQDO�IORZ�VROYHUV�DUH�FRPSDUHG�DQG�YDOLGDWHG�ZLWK�H[SHULPHQWDO�GDWD�

.H\�ZRUGV�� � 6ROLG� 3URSHOODQW� 5RFNHW� 0RWRU�� *UDLQ� %XUQEDFN�� )DVW� 0DUFKLQJ
0HWKRGV��)LQLWH�9ROXPH�0HWKRG�
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.DWÕ� \DNÕWOÕ� URNHW� PRWRUODUÕ� LoLQ� SHUIRUPDQV� WDKPLQL�� PRWRU� LoHULVLQGHNL
DHURGLQDPLN� KHVDSODPDODU� VD\HVLQGH� \DSÕOÕU�� � +HVDSODPDODUÕQ� \DSÕODFD÷Õ� NRQWURO
KDFPLQLQ� ROXúWXUXOPDVÕ� LoLQ�� JHUL\H� GR÷UX� \DQPD� KHVDSODPDODUÕQÕQ� \DSÕOPDVÕ
JHUHNPHNWHGLU���0RWRU�oDOÕúWÕ÷Õ�V�UH�ER\XQFD�NDWÕ�YH�JD]�ID]ODUÕ�DUDVÕQGD�NDODQ�DUD
\�]H\�� \DNÕWD� GR÷UX� \�]H\H� QRUPDO� \|QGH� KDUHNHW� HGHUNHQ�� \DQPD� �U�QOHUL� WHUV
\|QGH� NRQWURO� KDFPH� DNDUODU�� � %X� GXUXPGD� KDUHNHW� HGHQ� \�]H\OHULQ�� o|]�P
LOHUOHUNHQ�WDNLS�HGLOPHVL�JHUHNPHNWHGLU�

%X� WH]� LoHULVLQGH� JHUL\H� \DQPD�SUREOHPL� ³+Õ]OÕ� øOHUOHPH�0HWRGX� �)DVW�0DUFKLQJ
0HWKRG�´� LOH� o|]�POHQPLúWLU�� � %X�PHWRG� \DNÕW�JD]� DUD\�]�Q�Q� WHN� \|QH� KDUHNHW
HWPH�|]HOOL÷LQGHQ� ID\GDODQÕS���ER\XWOX� VDELW� WHWUDKHGURQ�D÷��]HULQGH�(LNRQDO� WLSL
GHQNOHPOHUL� o|]PHNWHGLU�� � .RQWURO� KDFLP� WHN�ER\XWOX� YH� �o�ER\XWOX� (XOHU� DNÕú



YLL

o|]�F�OHU� LOH�SHUIRUPDQV� WDKPLQL� \DSPDN� LoLQ�ELUOHúWLULOPLúWLU�� �<DNÕW� \DQPD�KÕ]Õ
EX�o|]�F�OHUGHQ�JHOHQ�\�]H\�VWDWLN�EDVÕQFÕQD�ED÷OÕ�NDODUDN�J�QFHOOHQLU���%X�\�]GHQ
DUD� \�]�� WDNLS� HGHQ� YH� DNÕú� o|]HQ� SURJUDPODU� ELUELULQL� WDNLS� HGHUHN� oDOÕúÕUODU�
d|]�F�OHUGHQ�HOGH�HGLOHQ�VRQXoODU�JHUoHN�URNHW�DWHúOHPH�YHULOHUL�LOH�NDUúÕODúWÕUÕOPÕú
YH�VRQXoODUÕQ�GR÷UXOX÷X�LVSDWODQPÕúWÕU�

$QDKWDU� .HOLPHOHU�� � .DWÕ� <DNÕWOÕ� 5RNHW� 0RWRUX�� *HUL\H� <DQPD�� +Õ]OÕ� øOHUOHPH
0HWRGX��6RQOX�+DFLP�0HWRGX�
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,�ZRXOG�OLNH�WR�H[SUHVV�P\�GHHSHVW�WKDQNV�DQG�JUDWLWXGH�WR�3URI��'U��+DOXN�$.6(/
IRU�KLV�VXSHUYLVLRQ��HQFRXUDJHPHQW��XQGHUVWDQGLQJ�DQG�FRQVWDQW�JXLGDQFH�

$OVR�,�ZRXOG�OLNH�WR�H[SUHVV�P\�JUDWLWXGH�WR�3URI��'U��$KPHW�hd(5�IRU�LQLWLDOL]LQJ
DQG�VXSSRUWLQJ�WKLV�WKHVLV�

,�ZRXOG�OLNH�WR�WKDQN�WR�'U��7X÷UXO�7,1$=7(3(�IRU�FUXFLDO�DGYLVHV�RQ�EXUQEDFN
DQG�IORZ�VROYHUV��ZKLFK�KHOS�FRPELQLQJ�WKH�PDWKHPDWLFDO�ZRUN�WR�UHDO�SK\VLFV�RI
WKH�URFNHW�SURSXOVLRQ�

,� ZRXOG� OLNH� WR� H[SUHVV� P\� VLQFHUH� DSSUHFLDWLRQ� WR� P\� FROOHDJXHV� *|UNHP
(57h5.�� 8÷XU� $5.81�� %DúDU� 6(d.ø1� DQG� $OL� $.*h/� IRU� WKHLU� FUXFLDO
DGYLVHV�DQG�LQYDOXDEOH�HIIRUWV�GXULQJ�WKH�SUHSDUDWLRQ�RI�WKLV�WKHVLV�

,�ZRXOG�OLNH�WR�WKDQN�WR�(ULQo�(5'(0��3URI��'U�� øVPDLO�+DNNÕ�781&(5�DQG�'U�
0HKPHW�$OL�$.�IRU�VXSSO\LQJ�WKH���GLPHQVLRQDO�XQVWUXFWXUHG�IORZ�VROYHU�DQG�KHOS
PH�H[WHQG�LWV�FDSDELOLWLHV���,�DOVR�ZRXOG�OLNH�WR�WKDQN�WR�'U��$EGXOODK�8/$ù�IRU�KLV
DGYLVHV�RQ�SK\VLFV�RI�VROLG�SURSHOODQW�FRPEXVWLRQ�

,�ZRXOG�OLNH�WR�WKDQN�WR�52.(76$1�IRU�SDUWLDOO\�VXSSRUWLQJ�WKLV�VWXG\�

0\�JUDWLWXGH�LV�HQGOHVV�IRU�P\�ZLIH�DQG�P\�IDPLO\�ZKRP�WKLV�WKHVLV�LV�GHYRWHG�WR�
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$ VXUIDFH�DUHD
$ -DFRELDQ�PDWUL[
$a -DFRELDQ�PDWUL[�ZLWK�SULPLWLYH�YDULDEOHV
% -DFRELDQ�PDWUL[
%a -DFRELDQ�PDWUL[�ZLWK�SULPLWLYH�YDULDEOHV
F VSHHG�RI�VRXQG

�& FKDUDFWHULVWLF�VSHHG�RI�SURSHOODQW
& -DFRELDQ�PDWUL[
&a -DFRELDQ�PDWUL[�ZLWK�SULPLWLYH�YDULDEOHV
&� � VSHFLILF�KHDW�DW�FRQVWDQW�SUHVVXUH

�& WKUXVW�FRHIILFLHQW
�& GLYHUJHQFH�ORVV�FRHIILFLHQW

H LQWHUQDO�HQHUJ\�SHU�XQLW�YROXPH
�H WRWDO�LQWHUQDO�HQHUJ\
*� PDVV�IOX[
+& IOX[�YHFWRU�ZLWK�FRPSRQHQWV�)��*��.
K� WRWDO�HQWKDOS\
L& XQLW�QRUPDO�YHFWRU�LQ�[�GLUHFWLRQ
M& XQLW�QRUPDO�YHFWRU�LQ�\�GLUHFWLRQ
N& XQLW�QRUPDO�YHFWRU�LQ�]�GLUHFWLRQ
P� PDVV�IORZ�UDWH
0 0DFK�QXPEHU
1 QXPEHU�RI�QRGHV
Q& QRUPDO�YHFWRU
Q SUHVVXUH�H[SRQHQW
S SUHVVXUH
3 FRQVHUYDWLYH�PDWUL[�LQ�SULPLWLYH�YDULDEOHV
5 JDV�FRQVWDQW
U UDGLXV
�U SURSHOODQW�EXUQ�UDWH
W WLPH
7 LQWHUIDFH�FDSWXULQJ�WLPH�SDUDPHWHU��WHPSHUDWXUH
X [�FRPSRQHQW�RI�YHORFLW\�YHFWRU
8& XQLW�YHFWRU�PDWUL[
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4 FROXPQ�YHFWRU�RI�FRQVHUYDWLYH�YDULDEOHV
Y \�FRPSRQHQW�RI�YHORFLW\�YHFWRU
9 YHORFLW\�YHFWRU�PDJQLWXGH
Z ]�FRPSRQHQW�RI�YHORFLW\�YHFWRU
[�\�] &DUWHVLDQ�VSDFH�FRRUGLQDWHV
2WKHU�6\PEROV�

GHQVLW\
VSHFLILF�KHDW�UDWLR

�� SDUWLDO�GHULYDWLYH�RSHUDWRU
 FRQWURO�YROXPH

Γ� FORVHG�VPRRWK�FXUYH
κ� FXUYDWXUH�RI�FXUYH
λ HLJHQYDOXHV

GLDJRQDO�PDWUL[�RI�HLJHQYDOXHV
φ� VSHHG�RI�LQWHUIDFH
ψ� OHYHO�VHW�IXQFWLRQ
Θ� +DPLOWRQLDQ�IXQFWLRQ
Q GLUHFWLRQDO�GHULYDWLYH�PDWUL[
6XSHUVFULSWV�
/ OHIW�FRPSRQHQW
Q TXDQWLW\�DW�GLVFUHWH�WLPH�OHYHO�Q
5 ULJKW�FRPSRQHQW
 QRQ�GLPHQVLRQDO�TXDQWLW\
6XEVFULSWV�
FK FKDPEHU
FDO FDOFXODWHG�YDOXH
J JHQHUDWHG
L HOHPHQW�QXPEHU
M QRGH�QXPEHU
LQM LQMHFWLRQ�SURSHUW\
Q QRUPDO�FRPSRQHQW
� VWDJQDWLRQ�VWDWH
SHU SHULPHWHU
UHI UHIHUHQFH
UHDO UHDO�YDOXH
WK� WKURDW
[ [�FRPSRQHQW
\� \�FRPSRQHQW
] ]�FRPSRQHQW
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6ROLG� SURSHOODQW� URFNHW� PRWRU� �650�� LV� ZLGHO\� XVHG� LQ� PLOLWDU\� DQG� FLYLO
DSSOLFDWLRQV�ZKHUH�KLJK�WKUXVW�LV�UHTXLUHG�LQ�RUGHU�WR�WUDQVIHU�SD\ORDGV���7KH�VROLG
SURSHOODQW� LV� D� FRPELQDWLRQ� RI� IXHO� DQG� R[LGL]HU�� ZKLFK� HQDEOHV� WKH� PRWRU� WR
RSHUDWH�LQ�DOO�HQYLURQPHQWDO�FRQGLWLRQV��'XH�WR�LWV�UHODWLYHO\�VLPSOH�GHVLJQ��ZKHQ
FRPSDUHG� WR�RWKHU� W\SHV�RI� URFNHW�PRWRUV�� WKH�RSHUDWLRQDO� UHOLDELOLW\�RI�D�650�LV
YHU\�KLJK�

7KH�650�FRQVLVWV�RI�ILYH�PDLQ�SDUWV��ZKLFK�DUH�JLYHQ�DV�IROORZV��)LJXUH������

��� *UDLQ�� � 7KH� VROLG� SURSHOODQW�� ZKLFK� JHQHUDWHV� KLJK� WHPSHUDWXUH
DQG�KLJK�SUHVVXUH�JDV�XSRQ�LJQLWLRQ�

��� ,JQLWHU���7KH�FRPEXVWLRQ�RI�WKH�JUDLQ�LV�LQLWLDWHG�E\�WKH�LJQLWHU�
��� 0RWRU� &DVH�� 7KH� KLJK� SUHVVXUH� EXLOGV� XS� LQ� WKH� PRWRU� FDVH�

ZKLFK� VXVWDLQV� WKH� FRPEXVWLRQ�� DQG� HYHQWXDOO\� WKH� WKUXVW� LV
FUHDWHG�E\�WKLV�KLJK�SUHVVXUH�

��� 1R]]OH���7KH�KLJK�SUHVVXUH�JDV�SURGXFWV�DUH�H[SDQGHG�WR�DPELHQW
SUHVVXUH�DQG�WKUXVW�LV�HIILFLHQWO\�REWDLQHG�

��� ,QVXODWLRQ�� � 7KH� PRWRU� FDVH� LV� SURWHFWHG� IURP� KRW� JDVHV� E\
LQVXODWLRQ�ZKLFK�KDV�D�ORZ�WKHUPDO�FRQGXFWLYLW\�
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7KH�SHUIRUPDQFH�FKDUDFWHULVWLFV�RI�D�650��ZKLFK�FDQ�EH�VLPSOLILHG� WR� WKH� WKUXVW�
WLPH�FXUYH�RI�WKH�PRWRU��GHSHQG�RQ�WKH�JHRPHWU\�RI�WKH�JUDLQ��SURSHOODQW�SURSHUWLHV
DQG�IORZ�YDULDEOHV���$Q\�GHVLJQ�RU�SHUIRUPDQFH�SUHGLFWLRQ�HIIRUW��FRXSOH�DOO�RI�WKH
DERYH�PHQWLRQHG�WRSLFV�DQG�WKH�DSSOLHG�VFLHQFH�GHYRWHG�WR�WKHVH�SUREOHPV�LV�FDOOHG
LQWHUQDO�EDOOLVWLFV�>�@�

)LJXUH�����0DLQ�3DUWV�RI�D�6ROLG�3URSHOODQW�5RFNHW�0RWRU

3URYLGHG� WKDW� SURSHOODQW� SURSHUWLHV� DQG� JHRPHWU\� DUH� NQRZQ�� WKH� SHUIRUPDQFH
FKDUDFWHULVWLF�LV�REWDLQHG�E\�WKH�VROXWLRQ�RI�WKH�IORZ�LQWHUQDOO\���7KH�IORZ�VROXWLRQ
VKRXOG� FRQVLGHU� VXEVRQLF� WR� VXSHUVRQLF� FRPSUHVVLEOH� WXUEXOHQW� IORZ�� FRPEXVWLRQ�
UHDFWLYH� PXOWL�SKDVH� IORZ�� DQG� DFRXVWLF� SURSHUWLHV� LQ� RUGHU� WR� IXOO\� FDSWXUH� WKH
QDWXUH�RI�WKH�RSHUDWLRQ�RI�WKH�650�

7KH�REMHFWLYH�RI�WKH�VROLG�SURSHOODQW�JUDLQ�GHVLJQHU�LV�WR�SURYLGH�URFNHW�PRWRU�ZLWK
D�SURSHOODQW� JUDLQ�JHRPHWU\� WKDW�ZLOO� HYROYH� FRPEXVWLRQ�SURGXFWV�FRQVLVWHQW�ZLWK
WKH�WKUXVW�WLPH�VFKHGXOH�UHTXLUHG�IRU�WKH�PLVVLRQ�>�@�

,Q�D�650�GXULQJ�WKH�RSHUDWLRQ��DOWKRXJK�QR]]OH�DQG�PRWRU�FDVH�LQVXODWLRQ�FKDQJH
WKHLU� VKDSH�� DOO� WKH� SDUWV� FDQ� EH� FRQVLGHUHG� VWDWLRQDU\� H[FHSW� IRU� WKH� JUDLQ�� � 7KH
JUDLQ�FKDQJHV�LWV�VKDSH�DV�WKH�EXUQLQJ�VXUIDFH�DW�HDFK�SRLQW�UHFHGHV�LQ�D�GLUHFWLRQ
QRUPDO�WR�WKH�VXUIDFH�DW�WKDW�SRLQW���7KXV�WKH�FRQWURO�YROXPH�RI�IORZ�H[SDQGV�DV�WKH
FRPEXVWLRQ� SURFHVV� FRQWLQXHV�� � $FFXUDWH� SUHGLFWLRQ� RI� LQWHUQDO� IORZ� SURSHUWLHV
GHSHQGV� RQ�� GHWHUPLQDWLRQ� RI� SURSHOODQW� EXUQLQJ� VXUIDFH� RU� IORZ� FRQWURO� YROXPH
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>�@���7KH�IORZ�FRQWURO�YROXPH�FDQ�EH�IRXQG�E\�WUDFNLQJ�RU�FDSWXULQJ�WKH�LQWHUIDFH
EHWZHHQ�WKH�JDV�VLGH�DQG�WKH�SURSHOODQW�VLGH�

7KH�SHUIRUPDQFH�SUHGLFWLRQ�UHTXLUHV�D�FRQWURO�YROXPH�LQ�ZKLFK�WKH�IORZ�VROXWLRQV
ZLOO�EH�FDUULHG�RXW�� �7KH�DQDO\VLV�FDQ�EH�SHUIRUPHG�LQ�WZR��DQG�WKUHH�GLPHQVLRQV�
7KH�WZR�GLPHQVLRQDO�FDVHV�FRQVLVW�RI�JUDLQV�ZLWK�FRQVWDQW�SRUW�DUHD��D[L�V\PPHWULF
JUDLQV� DQG� HQG�EXUQLQJ� JUDLQV�� � $QDO\WLFDO� FDOFXODWLRQV� JLYH� DFFXUDWH� UHVXOWV� IRU
WKHVH� W\SHV� RI� JUDLQ� JHRPHWU\�� � +RZHYHU�� PRVW� RI� WKH� KLJK� SHUIRUPDQFH� 650
UHTXLUHV�PXFK�PRUH�FRPSOH[�JUDLQ�FRQILJXUDWLRQV��ZKLFK�KDYH�EXUQLQJ�VXUIDFHV�LQ
DOO�WKUHH�GLPHQVLRQV�DQG�QXPHULFDO�VROXWLRQ�WHFKQLTXHV�DUH�UHTXLUHG�

���� /,7(5$785(�6859(<

7KH�VROXWLRQ�WHFKQLTXHV�DSSOLHG�WR�PRYLQJ�ERXQGDU\�SUREOHPV�DUH�VXLWDEOH�IRU�WKH
LQYHVWLJDWLRQ�RI�650�DQG�D�XVHIXO�FODVVLILFDWLRQ�LV�JLYHQ�E\�6PROLDQVNL�>�@��ZKLFK
FRQVLGHUV�WKH�VROXWLRQ�SURFHVV�XQGHU�WKUHH�PDLQ�WRSLFV�

��� )ORZ�0RGHOLQJ��LV�XVHG�IRU�VROYLQJ�WKH�SK\VLFV�RI�WKH�SUREOHP�WR�REWDLQ
IORZ� SURSHUWLHV�� 0HWKRGV� IDOO� LQWR� (XOHULDQ�� /DJUDQJLDQ� RU� PL[HG
(XOHULDQ�/DJUDQJLDQ� FDWHJRU\��(XOHULDQ�PHWKRGV� XVH� D� IL[HG� IUDPH�RI
UHIHUHQFH� DQG� WKH� IOXLG� WUDYHOV� EHWZHHQ� FRPSXWDWLRQDO� FHOOV�� � ,Q
/DJUDQJLDQ�PHWKRGV��WKH�FHOOV�FDUU\�WKH�VDPH�IOXLG�HOHPHQWV���7KXV�WKH
FRRUGLQDWH� V\VWHP� PRYHV� ZLWK� WKH� IOXLG�� � 7KH� PL[HG� PHWKRGV� FDUU\
FKDUDFWHULVWLFV�RI�ERWK�PHWKRGV�

��� ,QWHUIDFH� 0RGHOLQJ�� LV� XVHG� IRU� ILQGLQJ� WKH� ORFDWLRQ� DQG� VKDSH� RI
LQWHUIDFH����0HWKRGV�IDOO�LQWR�LQWHUIDFH�WUDFNLQJ�DQG�LQWHUIDFH�FDSWXULQJ
FDWHJRU\�� � ,Q�LQWHUIDFH�WUDFNLQJ�PHWKRGV�� WKH�PRYLQJ�IURQW� LV�H[SOLFLWO\
WUDFNHG�E\�IROORZLQJ�WKH�QRGHV�DORQJ�WKH�SDWK�RI�HDFK�IOXLG�SDUWLFOH���,Q
LQWHUIDFH� FDSWXULQJ� PHWKRGV� WKH� JULG� LV� NHSW� VWDWLRQDU\� DQG� WKH� IOXLG
SDUWLFOHV� RQ� WKH� IURQW� DUH� FDSWXUHG�� � %RWK� VLGHV� RI� WKH� GRPDLQ� DUH
FRPSXWHG���$�UHSUHVHQWDWLYH�FRPSDULVRQ�LV�JLYHQ�LQ�)LJXUH�����
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��� )ORZ�,QWHUIDFH� &RXSOLQJ�� 7KH� IORZ� DQG� LQWHUIDFH� VROXWLRQV� FDQ� EH
FRXSOHG�E\�VHJUHJDWHG�RU�LQWHJUDWHG�PHWKRGV��� ,Q�WKH�IRUPHU�PHWKRG�DV
WKH�FDOFXODWLRQV�IRU�WKH�IORZ�SURFHHGV��WKH�LQWHUIDFH�LV�NHSW�IUR]HQ�DQG�D
QHZ� SRVLWLRQ� RI� LQWHUIDFH� LV� IRXQG� ZKLOH� WKH� IORZ� SURSHUWLHV� DUH� NHSW
IUR]HQ�� � ,Q� LQWHJUDWHG� PHWKRGV� WKH� IORZ� DQG� LQWHUIDFH� DUH� VROYHG
VLPXOWDQHRXVO\�

)LJXUH�����,QWHUIDFH�0RGHOLQJ�7HFKQLTXHV

&RQVLGHULQJ�WKH�FKDUDFWHULVWLFV�RI�WKH�WZR�DSSURDFKHV�XVHG�IRU�LQWHUIDFH�PRWLRQ��WKH
IROORZLQJ�FRPSDULVRQ�LV�GRQH�E\�6K\\�HW�DO�>�@�

• � ,QWHUIDFH�'HILQLWLRQ��7KH�LQWHUIDFH�WUDFNLQJ�PHWKRGV�GHILQH�WKH�LQWHUIDFH�DV
D� GLVFRQWLQXLW\� DQG� H[SOLFLWO\� WUDFN� LWV� HYROXWLRQ�� � $OO� WKH� LQIRUPDWLRQ
UHJDUGLQJ� WKH� LQWHUIDFH� LV� DOUHDG\� NQRZQ�� ZKHUHDV� LQ� LQWHUIDFH� FDSWXULQJ
PHWKRGV� HYHQ� WR� ILQG� WKH� LQWHUIDFH� ORFDWLRQ� PD\� QHHG� FRPSOLFDWHG
SURFHGXUHV�

• � ,QWHUIDFLDO� %RXQGDU\� &RQGLWLRQV�� ,Q� WKH� LQWHUIDFH� WUDFNLQJ� PHWKRGV�
ERXQGDU\� FRQGLWLRQV� FDQ� EH� DSSOLHG� DW� WKH� H[DFW� ORFDWLRQ� RI� WKH� LQWHUIDFH
VLQFH� WKH� LQWHUIDFH� SRVLWLRQ� LV� NQRZQ� DW� HDFK� LQVWDQW�� � ,Q� WKH� LQWHUIDFH
FDSWXULQJ�PHWKRGV�� WKH� ERXQGDU\� FRQGLWLRQV� DUH�PDQLSXODWHG� WR� DSSHDU� LQ
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WKH� JRYHUQLQJ� WUDQVSRUW� HTXDWLRQV�� � 7KLV�PD\� OHDG� WR� WKH� VPHDULQJ� RI� WKH
ERXQGDU\� LQIRUPDWLRQ� DQG� DJDLQ� FRPSOLFDWHG� SURFHGXUHV� DUH� UHTXLUHG� LQ
RUGHU�WR�PLQLPL]H�GLIIXVLRQ�RI�WKH�LQWHUIDFH�

• � 'LVFUHWL]DWLRQ� RI� WKH�'RPDLQ�� ,Q� WKH� LQWHUIDFH� WUDFNLQJ�PHWKRGV�� WKH� JULG
DGDSWV� WR� WKH� LQWHUIDFH� DQG� KHQFH� JULG� UH�DUUDQJHPHQW� DQG� PRWLRQ� WHUPV
KDYH� WR� EH� LQFRUSRUDWHG�� � :KHQ� WKH� LQWHUIDFH� EHJLQV� WR� GLVWRUW�� WKH� JULG
QHHGV�WR�EH�UHJHQHUDWHG�HDFK�WLPH���7KH�UHVXOWLQJ�JULG�PD\�EH�VNHZHG�DQG
XQHYHQO\� GLVWULEXWHG� ZKHUH� VHYHUDO� SURFHGXUHV� DUH� UHTXLUHG� LQ� RUGHU� WR
SUHVHUYH� WKH� FRQQHFWLYLW\� DQG� LQWHQVLW\�� � 7KH� LQWHUIDFH� FDSWXULQJ�PHWKRGV
KDYH�DQ�DGYDQWDJH� LQ� WKLV� UHJDUG�VLQFH� WKH�FRPSXWDWLRQV�DUH�SHUIRUPHG�RQ
IL[HG�JULG��KHQFH�WKH�QHHG�IRU�JULG� UHDUUDQJHPHQW� LV�HOLPLQDWHG�� �+RZHYHU
ZKHQ� WKH� LQWHUIDFH� LV� DUELWUDULO\� VKDSHG�� LPSURYHG� UHVROXWLRQ� LQ� GHVLUHG
UHJLRQV� LV� GLIILFXOW� WR� REWDLQ�� XQOHVV� FRPSOLFDWHG� ORFDO� UHILQHPHQWV� DUH
DGRSWHG�

• � 0RYHPHQW� DQG� 'HIRUPDWLRQ� RI� WKH� ,QWHUIDFH�� ,QWHUIDFH� WUDFNLQJ� PHWKRGV
KDYH�VR�IDU�H[SHULHQFHG�GLIILFXOW\�LQ�KDQGOLQJ�WRSRORJLFDO�FKDQJHV��PDLQO\
GXH� WR� WKH� EUHDNGRZQ� RI� WKH� JULG� DUUDQJHPHQW� DQG� WKH� QHHG� IRU
UHGLVWULEXWLRQ� RI� ILHOG� LQIRUPDWLRQ� LQ� WKH� YLFLQLW\� RI� WKH� LQWHUIDFH� IRU
XQVWUXFWXUHG� JULG� PHWKRGV�� � ,Q� LQWHUIDFH� FDSWXULQJ� PHWKRGV� PHUJHG� DQG
VHSDUDWHG�JULGV�DUH�WDNHQ�FDUH�RI�DXWRPDWLFDOO\�

7KH� DGYDQWDJHV� RI� WKHVH�PHWKRGV� DUH� GHSHQGHQW� RQ� WKH� DSSOLFDWLRQ� WKDW� WKH\� DUH
XWLOL]HG���)RU�D�JHQHUDO�UHYLHZ�RI�WKHVH�PHWKRGV�RQH�PD\�UHIHU�WR�6K\\�>�@��+RX�>�@
DQG�6HWKLDQ�>�@�

$�FOHDU�FODVVLILFDWLRQ�RI�PHWKRGV�XVHG�LQ�OLWHUDWXUH�LV�GLIILFXOW�WR�REWDLQ�VLQFH�HDFK
WHFKQLTXH�LV�D�PL[WXUH�RI�VHYHUDO�RWKHU�PHWKRGV���,Q�WKLV�UHSRUW��WKH�FODVVLILFDWLRQ�LV
PDGH�DFFRUGLQJ�WR�WKH�W\SH�RI�PHWKRG�E\�ZKLFK�WKH�LQWHUIDFH�PRWLRQ�LV�VROYHG�
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������ ,QWHUIDFH�7UDFNLQJ�0HWKRGV

7KH� PRVW� NQRZQ� LQWHUIDFH� WUDFNLQJ� PHWKRGV� DUH� /DJUDQJLDQ� 0HWKRG�� 6PRRWKHG
3DUWLFOH� +\GURG\QDPLFV� �63+�� 0HWKRG�� $UELWUDU\� /DJUDQJLDQ�(XOHULDQ� �$/(�
0HWKRG�DQG�)URQW�7UDFNLQJ�0HWKRG����7KH�UHODWHG�UHIHUHQFHV�DUH�JLYHQ�EHORZ�

2NDPRWR�>�@�DQDO\]HG�WKH�VORVKLQJ�SUREOHP�LQ�FORVHG�FRQWDLQHUV�ZLWK�D�/DJUDQJLDQ
ILQLWH�HOHPHQW�PHWKRG���7KH�QRGH�HOHPHQWV�IROORZ�WKH�IOXLG�SDUWLFOHV�WKHUHIRUH�QHZ
QRGH�SRVLWLRQV�DUH�FDOFXODWHG�DW�HDFK�WLPH�LQWHUYDO�E\�WKH�IORZ�VROYHU�IRU�WKH�ZKROH
GRPDLQ���7KLV�PHWKRG�LV�VXLWDEOH�LI�WKH�GHIRUPDWLRQ�LQ�WKH�GRPDLQ�LV�OLPLWHG�VR�WKDW
WKH�FRQQHFWLYLW\�RI�HOHPHQWV�GRHV�QRW�FKDQJH��)RU�ODUJH�GHIRUPDWLRQV��WKH�PHWKRGV
XVLQJ� /DJUDQJLDQ� IORZ� VROYHUV� UHTXLUH� D� UH�PHVKLQJ� DQG� UH�]RQLQJ� SURFHGXUH
SURSRVHG�E\�)\IH�>�@�

&KULVWRGRXORX� >��@� XVHV� ERXQGDU\� ILWWHG� ILQLWH� HOHPHQW� GLVFUHWL]DWLRQ� IRU� IUHH
VXUIDFH� IORZV�� � $Q� LQWHJUDWHG� VROXWLRQ� PHWKRG� LV� XVHG�� ZKHUH� VWUXFWXUHG� HOOLSWLF
PHVK�JHQHUDWLRQ�DQG�IORZ�HTXDWLRQV�DUH�FRXSOHG�DQG�VROYHG�VLPXOWDQHRXVO\���7KLV
PHWKRG�SURGXFHV�DFFXUDWH�UHVXOWV�LI�WKH�ERXQGDU\�GHIRUPDWLRQ�LV�VPDOO���&DPDFKR
>��@� XVHG� XQVWUXFWXUHG� ERXQGDU\�FRQIRUPLQJ� FXUYLOLQHDU� JULGV� IRU� GXFWLOH
SHQHWUDWLRQ� ZKHUH� ODUJH� GHIRUPDWLRQV� RFFXU�� � 7KH� PHVK� LV� DGDSWHG� RU� JHQHUDWHG
DXWRPDWLFDOO\�DW�HDFK�WLPH�VWHS�DFFRUGLQJ�WR�WKH�OHYHO�RI�GHIRUPDWLRQ���%\�WKLV�ZD\
DFFXUDF\�LQFUHDVHV�DW�WKH�FRVW�RI�PHVK�JHQHUDWLRQ�

+LUW� HW� DO� >��@� SURSRVHG� $UELWUDU\� /DJUDQJLDQ�(XOHULDQ� �$/(�� PHWKRG� ZKLFK
UHFRQVWUXFWV� WKH�PHVK�DW� ORFDWLRQV�QHDU� WKH� LQWHUIDFH�ZLWK� UHVSHFW� WR� WKH� IOXLG� LQ�D
SUHVFULEHG�PDQQHU�� WKH�PHVK� LV�NHSW� IL[HG�DW�DOO�RWKHU� ORFDWLRQV�� �7KH� LQWHUIDFH� LV
WUDFNHG�E\�/DJUDQJLDQ�PRWLRQ�RI�YHUWLFHV�LQLWLDOO\�DW�WKH�IURQW�

&ULVWLQL� HW� DO�� >��@� SUHVHQWV� DQ� DOJRULWKP� IRU� DGDSWLYH� UHVWUXFWXULQJ� RI�PHVKHV� RQ
HYROYLQJ�VXUIDFHV�� �7KH�UHVROXWLRQ�RI� WKH�UHOHYDQW� ORFDO� OHQJWK�VFDOH� LV�PDLQWDLQHG
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HYHU\ZKHUH�ZLWK�SUHVFULEHG� DFFXUDF\� WKURXJK� WKH�PLQLPL]DWLRQ� RI� DQ� DSSURSULDWH
PHVK�HQHUJ\�IXQFWLRQ�E\�D�VHTXHQFH�RI�ORFDO�UHVWUXFWXULQJ�RSHUDWLRQV�

0RQDJKDQ� >��@� DSSOLHV� 6PRRWKHG� 3DUWLFOH� +\GURG\QDPLFV� �63+�� PHWKRG� WR
LQFRPSUHVVLEOH�IOXLG�IRU�IUHH�VXUIDFH�PRWLRQ���7KLV�PHWKRG�GRHV�QRW�UHTXLUH�D�JULG
VLQFH� WKH�SURSHUWLHV�DUH�REWDLQHG�E\� LQWHUSRODWLRQ� IURP� WKH� VHW�RI�SDUWLFOHV��ZKLFK
DUH� GLVRUGHUO\� VFDWWHUHG� LQ� WKH� GRPDLQ�� � 7KH� IORZ� VROXWLRQV� DUH� FDUULHG� LQ� SXUHO\
/DJUDQJLDQ�PDQQHU� DQG� VHYHUDO� SKDVHV� RU� VSHFLHV� FDQ� EH� VROYHG� VLPXOWDQHRXVO\�
0RUULV� >��@� H[WHQGHG� 63+� PHWKRG� WR� LQFRUSRUDWH� VXUIDFH� WHQVLRQ� HIIHFWV� E\
FRXSOLQJ�FRQWLQXXP�VXUIDFH�IRUFH�PHWKRG�DQG�UHPRYLQJ�WKH�LQVWDELOLWLHV�FUHDWHG�DW
WKH�LQWHUIDFH�SDUWLFOHV�

,Q�IURQW�WUDFNLQJ�PHWKRGV�WKH�IORZ�VROXWLRQV�DUH�FDUULHG�RQ�D�IL[HG�JULG�ZKHUH�WKH
LQWHUIDFH� LV� WUDFNHG� VHSDUDWHO\�� � +\PDQ� >��@� JLYHV� DQ� RYHUYLHZ� RI� HDUO\� IURQW
WUDFNLQJ�PHWKRGV�RQ�IL[HG�PHVK�

7KH� ERXQGDU\� FRQGLWLRQV� PD\� EH� DSSOLHG� WR� LQQHU� FHOOV� ZKHUH� DOO� GRPDLQV� DUH
VROYHG� VLPXOWDQHRXVO\� LQ� LPPHUVHG� ERXQGDU\� PHWKRG�� � 3HVNLQ� >��@� SURSRVHG
PRPHQWXP� IRUFLQJ� ZKHUH� LQWHUIDFH� LV� FRQVHUYHG� DQG� *ROGVWHLQ� >��@� SURSRVHG
IHHGEDFN� IRUFLQJ� LQ� RUGHU� WR� UHSUHVHQW� VROLG� ERGLHV�� 8QYHUGL� >��@� DQG� -XULF� >��@
DSSOLHG�WKLV�WHFKQLTXH�WR�VHYHUDO�PXOWL�IOXLG�SUREOHPV���.LP�>��@�KDV�LQFUHDVHG�WKH
VWDELOLW\�RI�LPPHUVHG�ERXQGDU\�WHFKQLTXH�E\�DSSO\LQJ�D�VHFRQG�RUGHU�LQWHUSRODWLRQ
VFKHPH� IRU� HYDOXDWLQJ� WKH�PRPHQWXP�IRUFLQJ�RQ� WKH�ERG\� VXUIDFH� DQG� LQVLGH� WKH
ERG\�

8GD\NXPDU�>��@�>��@�XVHV�FLUFXODU�DUFV�LQ�RUGHU�WR�REWDLQ�VKDSH�LQIRUPDWLRQ�VXFK�DV
QRUPDO�DQG�FXUYDWXUH�� �7KH�(XOHULDQ� JULG� DLGV� WKH�PHUJHU�� EUHDNXS�SURFHGXUHV� DW
WKH� LQWHUIDFH�� �%RWK�VLGHV�RI� WKH�GRPDLQ�UHTXLUH� UHILQLQJ�RU�FRDUVHQLQJ�RI� FHOOV� LQ
RUWKRJRQDO�GRPDLQ���7U\JJYDVRQ�HW�DO�>��@�LPSOHPHQWHG�IURQW�WUDFNLQJ�PHWKRG�ZLWK
VROXWLRQV� RI� 1DYLHU�6WRNHV� HTXDWLRQV� RQ� D� IL[HG� PHVK� IRU� IUHH� VXUIDFH� IORZ
VROXWLRQV�
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*OLPP�HW�DO�>��@��>��@�XVHV�D�IURQW�WUDFNLQJ�DOJRULWKP�ZKHUH�WKH�UHFRQVWUXFWLRQ�RI
WKH�LQWHUIDFH�LV�SHUIRUPHG�E\�LQLWLDOO\�SURMHFWLQJ�WKH�IURQW�RQ� WR�D� IL[HG�PHVK�DQG
WKHQ�UHFRQVWUXFWLQJ�WKH�LQWHUIDFH�E\�XVLQJ�WKLV�SURMHFWHG�LQIRUPDWLRQ���%\�WKLV�ZD\�
WKH�HYHQ�GLVWULEXWLRQ�RI� VXUIDFH�PHVK� LV� JXDUDQWHHG�� �7RUUHV� >��@�XVHV� D�SRLQW�VHW
PHWKRG� ZKHUH� WKH� FRQQHFWLYLW\� RI� SRLQWV� E\� XVLQJ� DQ� LQGLFDWRU� IXQFWLRQ� LV� QRW
UHTXLUHG���6KLQ�>��@�HW�DO��XVHV�D�OHYHO�FRQWRXU�UHFRQVWUXFWLRQ�PHWKRG��ZKLFK�DOORZV
RQH� WR� UHGLVWULEXWH� RU� GHOHWH� LQWHUIDFLDO� SRLQWV�� EDVHG� RQ� D� IL[HG�PHVK� EHKLQG� WKH
WUDFNLQJ�SDUWLFOHV�

3RSLQHW�>��@�XVHV�D�IURQW�WUDFNLQJ�DOJRULWKP�IRU�WKH�VROXWLRQ�RI�WKH�WZR�GLPHQVLRQDO
LQFRPSUHVVLEOH� 1DYLHU� 6WRNHV� HTXDWLRQV� ZLWK� LQWHUIDFH� IRUFHV�� � 7KH� LQWHUIDFH� LV
UHSUHVHQWHG�XVLQJ�DQ�RUGHUHG�OLVW�RI�PDUNHU�SRLQWV���$�SDUDPHWULF�UHSUHVHQWDWLRQ�RI
WKH�LQWHUIDFH�LV�REWDLQHG�XVLQJ�SRO\QRPLDOV�WR�FRQQHFW�PDUNHU�SRLQWV��ZKLFK�UHTXLUH
D�UH�GLVWULEXWLRQ�VWHS�GXH�VWUHWFKLQJ�DQG�FRPSUHVVLRQ�RI�WKH�LQWHUIDFH���7KH�YROXPH
IUDFWLRQ�FDQ�EH�FDOFXODWHG�E\�XVLQJ�WKH�SDUDPHWULF�IRUP�RI�WKH�LQWHUIDFH�DQG�VXUIDFH
IRUFHV�DUH�FDOFXODWHG�RQ�WKH�LQWHUIDFH�DIWHU�WKH�IORZ�VROXWLRQV�DUH�SHUIRUPHG�

&UXFKDJD� >��@� SURSRVHV� D� /DJUDQJLDQ� LQWHUIDFH� WHFKQLTXH� GHILQHG� LQ� IL[HG�PHVK
ILQLWH� HOHPHQW� IRUPXODWLRQ�� � -RKQVRQ� >��@� XVHG� RYHUVHW� PHVKHV� IRU� WUDFNLQJ
LQWHUIDFH� RQ� D� IL[HG� &DUWHVLDQ� PHVK�� � <DQJ� >��@� SURSRVHG� D� FXW� FHOO� PHWKRG� LQ
&DUWHVLDQ� JULG�ZKHUH� WKH� FHOOV� DUH� VSOLW� E\� WKH� LQWHUIDFH� DQG� ERXQGDU\� FRQGLWLRQV
DSSOLHG�DW�HDFK�FXW�VXUIDFH�

������ ,QWHUIDFH�&DSWXULQJ�0HWKRGV

7KH�PRVW�NQRZQ�LQWHUIDFH�FDSWXULQJ�PHWKRGV�DUH�0DUNHU�DQG�&HOO��0$&��0HWKRG�
9ROXPH�RI�)OXLG��92)��0HWKRG��/HYHO�6HW�0HWKRG�DQG�3KDVH�)LHOG�0HWKRG����7KH
UHODWHG�UHIHUHQFHV�DUH�JLYHQ�EHORZ�

7KH� PDUNHU� LV� D� YLUWXDO� SDUWLFOH� WR� UHSUHVHQW� OLTXLG� UHJLRQV�� � 7KH\� KDYH� QR
TXDQWLILDEOH� SURSHUWLHV� VXFK� DV� PDVV� RU� HQHUJ\�� DQG� VHUYH� RQO\� DV� D� WRRO
HPSKDVL]LQJ�WKH�IOXLG�UHJLRQ���)LUVW�WKH�JRYHUQLQJ�HTXDWLRQV�DUH�VROYHG�RQ�WKH�IL[HG
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JULG�FRQWDLQLQJ�WKH�PDUNHUV�DQG�WKH�YHORFLW\�ILHOG�LV�FDOFXODWHG���1H[W�HDFK�SDUWLFOH
LV� PRYHG� DFFRUGLQJ� WR� WKH� YHORFLW\� ILHOG�� � 7KH� LQWHUIDFH� RI� WKH� IUHH� VXUIDFH� LV
REVHUYHG�WKURXJK�PDUNHU�GLVWULEXWLRQ�

0DUNHU�DQG�FHOO�PHWKRG�LV�DQ�H[WHQGHG�YHUVLRQ�RI�PDUNHU�SDUWLFOH�PHWKRG�EDVHG�RQ
ILQLWH�GLIIHUHQFH�PHWKRGV��ZKLFK�UHTXLUHV�RUWKRJRQDO�JULG�GRPDLQ���1DND\DPD�>��@
SURSRVHG� D� QHZ� WHFKQLTXH� E\� FRPELQLQJ� PDUNHU� SDUWLFOH� PHWKRG� ZLWK� ILQLWH
HOHPHQW�PHWKRGV��ZKLFK�JHQHUDOL]H�WKH�WUHDWPHQW�RI�FXUYHG�ZDOO�ERXQGDULHV�DQG�WKH
YLVFRXV�VWUHVVHV�

<RUN�HW�DO�>��@�SURSRVHV�PDWHULDO�SRLQW�PHWKRG��ZKLFK�KDV�HYROYHG�IURP�SDUWLFOH�
LQ�FHOO�PHWKRG� GHYHORSHG� E\� %UDFNELOO� >��@�� LQ�ZKLFK�PDWHULDO� SRLQWV� KDYH�PDVV
DQG�YHORFLW\�DQG�FDUU\�VWUHVV��VWUDLQ���7KH�LQWHUDFWLRQ�RI�WKHVH�SRLQWV�DQG�PRPHQWXP
HTXDWLRQV�DUH�VROYHG�RQ�D�IL[HG�PHVK�DW�WKH�EDFNJURXQG���%UDFNELOO�>��@�SURSRVHG�D
FRQWLQXXP�PHWKRG�IRU�PRGHOLQJ�VXUIDFH�WHQVLRQ�LQ�PDUNHU�DQG�FHOO�PHWKRGV�

'DL�>��@�HW�DO�VROYHV�1DYLHU�6WRNHV�HTXDWLRQV�IRU�WKH�OLTXLG�SKDVH�RQ�D�GHIRUPLQJ
XQVWUXFWXUHG�PHVK���7KH�WHFKQLTXH�WUDFNV�WKH�ERXQGDU\�SUHFLVHO\��VLPLODU�WR�PDUNHU
DQG�FHOO�PHWKRG���+RZHYHU�WKH�DGDSWLYH�PHVK�IROORZV�WKH�LQWHUIDFH���)XUWKHUPRUH�
WKLV� QHZ� PHWKRG� DYRLGV� WKH� VXUIDFH� UHFRQVWUXFWLRQ� UHTXLUHG� LQ� YROXPH� RI� IOXLG
PHWKRGV�� � %\� ORFDOO\� ILWWLQJ� WKH� IUHH� VXUIDFH� WR� D� SDUDEROD� ZKHQ� HYDOXDWLQJ
FXUYDWXUH��SUREOHPV�ZLWK�QXPHULFDO�QRLVH�LQ�WKH�VROXWLRQ�DUH�DYRLGHG���$�QHZ�WLPH
VWHS�FULWHULRQ�LV�LQWURGXFHG�EDVHG�RQ�IUHH�VXUIDFH�QXPHULFDO�VWDELOLW\�

,Q� IUHH� VXUIDFH� IORZV� ZKHUH� FRDOHVFHQFH� DQG� GHWDFKPHQW� RI� LQWHUIDFH� RFFXUV�� D
GHIRUPLQJ�PHVK�PD\� QRW� EH� XVHG�� � +LUW� >��@� SURSRVHG� YROXPH� RI� IOXLGV� �92)�
PHWKRG�ZKLFK�XVHV�D� IL[HG�JULG�ZKHUH�HDFK�FHOO� LV� DVVLJQHG�D�YDOXH�EDVHG�RQ� WKH
IUDFWLRQ�RI� WKDW�FHOO�FRQWDLQLQJ� WKH�PDWHULDO� LQVLGH�� �7KH�FHOO� IUDFWLRQV�DUH�XVHG� WR
FKDUDFWHUL]H�WKH�LQWHUIDFH�DV�WKH�IORZ�VROXWLRQV�FRQWLQXH�

92)� LV� GLIIXVLYH� RQ� WKH� VKDUS� LQWHUIDFH� ORFDWLRQV� WKHUHIRUH� VHYHUDO� PHWKRGV� DUH
GHYLVHG� WR� UHFRQVWUXFW� DQ� DSSUR[LPDWLRQ� WR� WKH� LQWHUIDFH� DFFXUDWHO\�� �$VKJUL]>��@
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SURSRVHG� IOX[� OLQH�VHJPHQW� �)/$,5�� WHFKQLTXH�� 5XGPDQ� >��@� SURSRVHG� IOX[�
FRUUHFWHG�WUDQVSRUW��)&7��WHFKQLTXH��3XFNHWW� >��@�SURSRVHG� OHDVW�VTXDUHV�YROXPH�
RI�IOXLG� LQWHUIDFH� UHFRQVWUXFWLRQ� �/9,5$�� WHFKQLTXH�� 5LGHU� >��@� SURSRVHG
SLHFHZLVH� OLQHDU� LQWHUIDFH� FDOFXODWLRQ� �3/,&�� WHFKQLTXH�� $OLDEDGL� >��@� SURSRVHG
VWDELOL]HG�ILQLWH�HOHPHQW�LQWHUIDFH�FDSWXULQJ� �6)(�,&�� WHFKQLTXH� � DQG� 6FDUGRYHOOL
>��@�SURSRVHG�(XOHULDQ�LPSOLFLW��/DJUDQJLDQ�H[SOLFLW��(,�/(��WHFKQLTXH���0DURQQLHU
>��@� SURSRVHG� DQ� LPSOLFLW� VSOLWWLQJ� DOJRULWKP� LQ� RUGHU� WR� GHFRXSOH� DGYHFWLRQ� DQG
GLIIXVLRQ� SKHQRPHQD�� � $GYHFWLRQ� LV� VROYHG� XVLQJ� D� IL[HG� VWUXFWXUHG� JULG�� ZKHUH
GLIIXVLRQ� LV� VROYHG� RQ� XQVWUXFWXUHG� PHVK�� � 6PDOOHU� JULGV� PD\� EH� XVHG� IRU� WKH
GLIIXVLRQ� VROXWLRQV�� ZKLFK� GHFUHDVH� VPHDULQJ� RI� WKH� LQWHUIDFH�� DQG� WKH� DOJRULWKP
EHFRPHV�XQFRQGLWLRQDOO\�VWDEOH�

.HOHF\� � >��@� SURSRVHG� D� VXUIDFH� FDSWXULQJ� PHWKRG�� ZKLFK� XVHV� DUWLILFLDO
FRPSUHVVLELOLW\� IRU� SKDVH� GHILQLWLRQV�� � %RWK� VLGHV� RI� WKH� GRPDLQ� DUH� VROYHG
VLPXOWDQHRXVO\�ZKHUH�WKH�LQWHUIDFH�LV�FDSWXUHG�E\�WKH�GLVFRQWLQXLW\�LQ�GHQVLW\�

,Q� FRQWUDVW� WR� GLVFRQWLQXRXV� LQWHUIDFH� GHILQLWLRQ�� D� FRQWLQXRXV� LQWHUIDFH� PD\� EH
GHILQHG�DV�D�]HUR�OHYHO�VHW�RI�D�FRQWLQXRXV�IXQFWLRQ�� �2VKHU�>��@�>��@�DQG�6HWKLDQ
>�@�>��@�GHVFULEHG�WKH�LQWHUIDFH�DV�+DPLOWRQ�-DFREL�W\SH�HTXDWLRQV���7KH�HTXDWLRQV
FDQ� EH� LQ� WKH� IRUP� RI� HLWKHU� ERXQGDU\� YDOXH� SUREOHP�� ZKLFK� DUH� VROYHG� E\� IDVW
PDUFKLQJ�PHWKRGV��RU�LQLWLDO�YDOXH�SUREOHP�ZKLFK�DUH�VROYHG�E\�QDUURZ�EDQG�OHYHO
VHW�PHWKRG�� � /HYHO� VHW�PHWKRGV� DUH� VXLWDEOH� IRU�PRYLQJ� ERXQGDULHV�ZKLFK�PRYH
XQGHU�WKH�VSHHG�ZLWK�YDU\LQJ�VLJQ�ZKHUHDV�WKH�IDVW�PDUFKLQJ�PHWKRG�FDQ�RQO\�GHDO
ZLWK�SRVLWLYH�VSHHG�SUREOHPV�

7KH�OHYHO�VHW�IRUPXODWLRQ�LV�H[WHQGHG�WR�WULDQJXODU�XQVWUXFWXUHG�PHVK�E\�%DUWK�>��@
DQG�6HWKLDQ�>��@���,I�WKH�YHORFLW\�RI�WKH�LQWHUIDFH�LV�RQO\�GHILQHG�RQ�WKH�IURQW�LWVHOI�
LQ� RUGHU� WR� FRQVHUYH� WKH� FRQWLQXRXV� QDWXUH� RI� WKH� VROXWLRQ� DQ� DX[LOLDU\� VWHS� LV
UHTXLUHG���([WHQGHG�YHORFLW\�WHFKQLTXH��ZKLFK�LV�GHYHORSHG�E\�$GDOVWHLQVVRQ�>��@�
ILQGV�D�YHORFLW\�ILHOG�GHSHQGHQW�RQ�WKH�IHDWXUHV�RI�WKH�IURQW�LWVHOI�E\�H[WUDSRODWLRQ�
7KH� OHYHO� VHW� PHWKRG� KDV� EHHQ� DSSOLHG� WR� WZR�SKDVH� IORZV� >��@�� GLIIXVLRQ� >��@�
IDWLJXH� FUDFN� SURSDJDWLRQ� >��@�� JHRGHVLF� SDWKV� >��@� DQG� VHYHUDO� RWKHU� SK\VLFDO



��

SKHQRPHQD�� � 7KH� DFFXUDF\� UHTXLUHG� DW� WKH� LQWHUIDFH� PD\� EH� LQFUHDVHG� E\� PHVK
DGDSWDWLRQ� DURXQG� WKH� LQWHUIDFH� RQO\�� � 6HWKLDQ� >�@� SURSRVHG� WHFKQLTXHV� IRU
WULDQJXODU� PHVK� DQG� .RKQR� >��@� SURSRVHG� WHFKQLTXHV� IRU� RUWKRJRQDO� PHVK
DGDSWDWLRQ�

.RED\DVKL� >��@�SURSRVHG�SKDVH�ILHOG�PHWKRG��ZKLFK�GHILQHV� D� SKDVH� IXQFWLRQ� IRU
WKH�GHILQLWLRQ�RI�LQWHUIDFH���7KH�SKDVH�IXQFWLRQ�KDV�D�YDOXH�RI���DW�IOXLG�UHJLRQV�DQG
��DW�VROLG�UHJLRQV���7KH�VKDUS�FKDQJH�RI�WKH�YDOXHV�LQ�EHWZHHQ���DQG���GHILQHV�WKH
LQWHUIDFH� WKLFNQHVV�� � 7KH� VKDSH� RI� WKH� SKDVH� IXQFWLRQ� LV� FRQVHUYHG� WKURXJK� WKH
VROXWLRQ�RI�IUHH�HQHUJ\�HTXDWLRQ���)RU�UHFHQW�GHYHORSPHQWV�LQ�SKDVH�ILHOG�WHFKQLTXH
RQH�PD\�UHIHU�WR�.RED\DVKL�>��@�DQG�6K\\�>�@�

������ 5RFNHW�3HUIRUPDQFH�3UHGLFWLRQ

7KH� PRWLRQ� RI� WKH� LQWHUIDFH� GHSHQGV� RQ� VHYHUDO� IDFWRUV�� � 7KH� JHRPHWU\� RI� WKH
VXUIDFH�LV�QRW�WKH�RQO\�LQIRUPDWLRQ�UHTXLUHG�IRU�WKH�PRWLRQ���,W�LV�UHTXLUHG�WR�REWDLQ
WKH�VSHHG�E\�ZKLFK� WKH� LQWHUIDFH�PRYHV�ZKHUH� WKH�SURSHOODQW�DQG� IORZ�SURSHUWLHV
SOD\� D� KXJH� UROH� LQ� LWV� GHILQLWLRQ�� &KHPLFDO� FRPSRVLWLRQ� RI� WKH� SURSHOODQW�
PDQXIDFWXULQJ� SURFHVVHV�� LQLWLDO� WHPSHUDWXUH� RI� SURSHOODQW� DQG� PDQ\� PRUH
SDUDPHWHUV�VKRXOG�EH�WDNHQ�LQWR�FRQVLGHUDWLRQ�>��@�

$GYDQFHG� PRGHOV� XVLQJ� ERWK� ILQLWH� HOHPHQW� DQG� ILQLWH� YROXPH� DSSURDFKHV� KDYH
EHHQ�GHYHORSHG�E\�WKH�VROLG�URFNHW�SURSXOVLRQ�FRQWUDFWRUV���,W�LV�GLIILFXOW�IRU�RXWVLGH
RUJDQL]DWLRQV� WR� JDLQ� GHWDLOHG� LQIRUPDWLRQ� UHJDUGLQJ� WKHVH� PRGHOV� GXH� WR� WKHLU
SURSULHWDU\�QDWXUH�>��@���7KHUHIRUH��LQIRUPDWLRQ�RQ�DSSOLFDWLRQ�RI�PRYLQJ�LQWHUIDFH
WR�650�DQG�RQ�FRXSOHG�SHUIRUPDQFH�SUHGLFWLRQ�PHWKRGV�LV�OLPLWHG

6WRQH� >��@� GHVFULEHV� PDWKHPDWLFDO� HTXDWLRQV� WKDW� UHODWH� VROLG� SURSHOODQW� JUDLQ
JHRPHWU\� WR� WKH� SURJUHVVLYLW\� UDWLR� DQG� EXUQ� DUHD� LQ� WZR� GLPHQVLRQV�� � 7KHVH
HTXDWLRQV� DUH� VROYHG� E\� FRPSXWHUV� RI� WKH� WLPH� DQG� EXUQ� DUHD� YV�� ZHE� GDWD� LV
SUHVHQWHG� LQ� WDEXODWHG� IRUP� IRU� WKH� XVH� RI� GHVLJQHUV�� � 6WDU� DQG� :DJRQ� :KHHO
GHVLJQV� ZHUH� FRQVLGHUHG� LQ� WKH� LQYHVWLJDWLRQ�� � 8S� XQWLO� WR� WKLV� LQYHVWLJDWLRQ�



��

HPSLULFDO�FRUUHODWLRQV�ZHUH�XVHG�E\�WKH�GHVLJQHUV���7KHUHIRUH�QHZ�JHRPHWULF�JUDLQ
GHVLJQV�ZHUH�QRW�IHDVLEOH�

=DUGD�>��@�GHVFULEHV�D�VROLG�PRGHOLQJ�SURJUDP��ZKLFK�LV�VLPLODU�WR�VROLG�PRGHOLQJ
WRROV�� � 7KLV� SURJUDP� JHQHUDWHV� WKH� SURSHOODQW� JUDLQ� E\� XVLQJ� SULPLWLYHV� VXFK� DV
VSKHUH��F\OLQGHU�DQG�UHFWDQJXODU�EORFNV���7KH�EDVLF�RSHUDWLRQV�VXFK�DV�MRLQ��FXW�DQG
LQWHUVHFWLRQ�DUH�XVHG�WR�IRUP�FRPSOLFDWHG�JHRPHWU\���%\�FKDQJLQJ�WKH�GLPHQVLRQ�RI
SULPLWLYHV�DQG�EDVLF�RSHUDWLRQ�FRQVWUDLQWV�� HDFK�EXUQLQJ� LQWHUYDO� FDQ�EH�REWDLQHG�
(DFK� EXUQ� LQVWDQW� LV� DQRWKHU� VROLG�PRGHO��ZKLFK� FDQ� EH� XVHG� WR� ILQG� LQHUWLDO� DQG
VXUIDFH�SURSHUWLHV�� �7KLV�PHWKRG� LV�ZLGHO\�XVHG� LQ�PRWRU�GHVLJQ�� �7KH� SURFHGXUH
FDQ�EH�DXWRPDWHG�DQG�UHVXOWV�DUH�PRVW�UHOLDEOH���+RZHYHU�WKLV�SURFHGXUH�FDQ�QRW�EH
FRXSOHG� ZLWK� YDULDEOH� EXUQ� UDWH� WKURXJK� WKH� GRPDLQ� VLQFH� WKH� SULPLWLYHV� ZLOO
GHIRUP�DIWHU�D�ZKLOH�

+HMO�>��@�XVHV�D�PDUNHU�DQG�FHOO�PHWKRG�LQ�RUGHU�WR�IROORZ�WKH�LQWHUIDFH���$W�VKDUS
FRUQHUV��WKH�PRGHO�UHILQHV�WKH�PHVK�DQG�FRQWLQXHV�WR�RSHUDWH�ZLWK�OHVV�HUURU���7KLV
PHWKRG� FDQ� KDQGOH� YDULDWLRQV� LQ� EXUQ� UDWH� KRZHYHU� IROORZLQJ� HDFK� QRGH� LQ� WKH
GRPDLQ� LV� WHGLRXV�DQG� WLPH�FRQVXPLQJ� IRU���GLPHQVLRQV�� �7KHVH� W\SHV�RI�PRGHOV
EHVW�VXLWHG�IRU�WZR�GLPHQVLRQDO�FDVHV�

6DLQWRXW� >��@� XVHV� D� ERG\� ILWWHG� FRRUGLQDWH� V\VWHP� LQ� RUGHU� WR� VROYH� WKH�PRYLQJ
LQWHUIDFH�� � (TXDWLRQV� VLPLODU� WR� +DPLOWRQ�-DFREL� HTXDWLRQV�� ZKLFK� GHVFULEH� WKH
VXUIDFH�JURZLQJ�QRUPDO�WR�LWVHOI�DFFRUGLQJ�WR�WKH�ORFDO�EXUQLQJ�UDWH��DUH�WKHQ�VROYHG
RQ�WKH�PHVK�DW�HDFK�VWHS�RI�WKH�UHJUHVVLRQ���7KH�XSGDWH�RI�WKH�PHVK�LV�DV�IROORZV�
VXUIDFH�PHVK�LV�JHQHUDWHG�DQG�FXUYLOLQHDU�FRRUGLQDWH�V\VWHP�LV�FUHDWHG���(DFK�QRGH
LV�GLVSODFHG�DORQJ�LWV�QRUPDO�YHFWRU�SURSRUWLRQDO� WR� LWV�EXUQLQJ�UDWH�� WKH� MXQFWLRQV
EHWZHHQ� WKLV�XSGDWHG�PHVK�DQG� WKH�UHVWULFWHG�VXUIDFHV��DQG� WKH�FURVVLQJV�EHWZHHQ
SDUWV� RI� WKH�PHVK� DUH� FRQWUROOHG�� 7KH�PHVK�ZKLFK� LV� FRUUHFWHG� EHFRPHV� WKH� QHZ
EXUQ� VXUIDFH� DUHD�� � 7KLV�PHWKRG� LV� VXLWDEOH� IRU� YDULDEOH� EXUQ� UDWH�� � +RZHYHU� WKH
PHVK� FRUUHFWLRQ� SURFHGXUH� LV� WHGLRXV�� PHVK� VPRRWKLQJ� DQG� PHVK� DGDSWDWLRQ� LV
UHTXLUHG�GXH�WR�QDWXUH�RI�WKH�VROXWLRQ�PHWKRG�
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7KH� 6ROLG� 3HUIRUPDQFH� 3URJUDP� �633�� KDV� EHFRPH� WKH� VWDQGDUG� UHIHUHQFH
FRPSXWHU� SURJUDP� LQ� 8QLWHG� 6WDWHV� IRU� SUHGLFWLQJ� WKH� GHOLYHUHG� SHUIRUPDQFH� RI
VROLG� SURSHOODQW� URFNHW�PRWRUV�� �'XQQ� >��@� GHVFULEHV� WKH� JUDLQ� GHVLJQ�PRGXOH� RI
WKLV�SURJUDP�� �7KH�JUDLQ�JHRPHWU\� LV�GHVFULEHG�E\� WKH� IUXVWXP�RI�D� ULJKW�FLUFXODU
FRQH�� D� ULJKW� FLUFXODU� F\OLQGHU�� D� ULJKW� WULDQJXODU� SULVP�� D� VSKHUH� DQG� D� WKRUXV�
%XUQLQJ� LV� DVVXPHG� WR� EH� QRUPDO� WR� WKH� VXUIDFH� DQG� WKH� YROXPH� RI� SURSHOODQW� LV
FDOFXODWHG�E\� LQWHJUDWLQJ� WKH�SURSHOODQW�DUHD�DORQJ� WKH�JUDLQ�D[LV�� �7KH�SURSHOODQW
EXUQLQJ�VXUIDFH� LV�REWDLQHG�IURP�WKH�GHULYDWLYH�RI� WKH�YROXPH�ZLWK� UHVSHFW� WR� WKH
EXUQ�GLVWDQFH���7KH�FDOFXODWLRQV�DUH�JHQHUDO�LQ�WKDW�DQ\�JUDLQ�FDQ�EH�HYDOXDWHG�LI�WKH
LQLWLDO� JUDLQ� JHRPHWU\� LV� GHVFULEHG� E\� XVLQJ� DQ\� FRPELQDWLRQ� RI� WKH� ILYH� EDVLF
ILJXUHV���7KH�EDOOLVWLF�PRGXOH�LV�VXSSOLHG�ZLWK�EXUQLQJ�VXUIDFH�DUHD��FURVV�VHFWLRQDO
DUHD�DQG�SHULPHWHU�IURP�WKH�JUDLQ�GHVLJQ�PRGXOH���7KH�EDOOLVWLF�PRGXOH�VROYHV�WKH
RQH�GLPHQVLRQDO� IORZ� SUREOHP� ZLWK� HQHUJ\� DQG� PDVV� DGGLWLRQ�� � 7KH� DQDO\VLV
HPSOR\V�D�SVHXGR�WUDQVLHQW�WUHDWPHQW�RI�WKH�VWDUW�XS�SUREOHP�DQG�TXDVL�VWHDG\�VWDWH
VROXWLRQ�WKHUHDIWHU���7KH�633�FRGH�LV�D�SUHOLPLQDU\�GHVLJQ�DQG�DQDO\VLV�FRGH��ZKLFK
LV�IDVW�DQG�HDV\�WR�XVH�

/H�%UHWRQ�>��@�GHVFULEHV�D�PHWKRG�WR�SUHGLFW�WKH�SHUIRUPDQFH�RI� ODUJH�VFDOH�VROLG
URFNHW�PRWRUV� E\� XVLQJ� WKH� UHVXOWV� RI� WKH� ��GLPHQVLRQDO� VXUIDFH� EXUQEDFN� UHVXOWV
FRXSOHG�ZLWK� D� VLPSOH� EDOOLVWLF�PRGHO�� � 7KH� SUREOHP� WKDW� WKH\� FRQVLGHUHG� LV� WKH
HIIHFW� RI� ILOOLQJ� RI� WKH� PRWRU� FKDPEHU� ZLWK� EDWFKHV� RI� SURSHOODQW� ZLWK� GLIIHUHQW
EXUQLQJ� UDWHV�� �7KHLU���'�EXUQEDFN�FRGH� LV� WKH� VDPH�RQH��ZKLFK� LV�GHYHORSHG�E\
6DLQWRXW�>��@�

$ODYLOOL�HW�DO��>��@�DGRSWHG�D�ILQLWH�YROXPH��PXOWL�EORFN��VWUXFWXUHG�PHVK�DSSURDFK
LQ� REWDLQLQJ� WKH� ��GLPHQVLRQDO� IORZ� VLPXODWLRQ� LQ� 650�� � 7KH�1�6� HTXDWLRQV� DUH
VROYHG� RQ� G\QDPLF�PHVKHV�ZKRVH� ERXQGDULHV� DGDSW� WR� FRQIRUP� WR� WKH� SURSHOODQW
VXUIDFH� WKDW� GHIRUPV� GXH� WR� WKH� ORDGV� LPSRVHG� RQ� LW� DQG� DOVR� UHJUHVVHV� GXH� WR
EXUQLQJ�� � 5H�PHVKLQJ� LV� KDQGOHG� E\� WKH� VROYHU�� ZKLFK� LV� SHUIRUPHG� RQ� SDUDOOHO
FRPSXWHUV�
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���� 385326(�2)�7+(�678'<

7KH� SXUSRVH� RI� WKLV� VWXG\� LV� WR� GHVFULEH� DQG� GHYHORS� D� PHWKRGRORJ\�� ZKLFK
FRPELQHV� LQWHUIDFH�FDSWXULQJ� PHWKRGV� ZLWK� IORZ� VROXWLRQ� WHFKQLTXHV� LQ� RUGHU� WR
DQDO\]H�WKH�6ROLG�3URSHOODQW�5RFNHW�0RWRU�SHUIRUPDQFH�

*LYHQ�WKH�SURSHOODQW�SURSHUWLHV�DQG�JHRPHWU\�RI�DOO�WKH�SDUWV��WKH�DLP�LV�WR�VROYH�WKH
IORZ�LQWHUQDOO\�ZLWK�PRYLQJ�JUDLQ�ERXQGDU\���7KH�PRWLRQ�RI�WKH�SURSHOODQW�GXULQJ
WKH�FRPEXVWLRQ�LV�IROORZHG�LQ�WKUHH�GLPHQVLRQV�E\�DQ�LQWHUIDFH�FDSWXULQJ�DOJRULWKP
ZKLFK�LV�FDOOHG�³)DVW�0DUFKLQJ�0HWKRG´���7KH�GRPDLQ�LQ�ZKLFK�WKH�IORZ�VROXWLRQV
ZLOO� EH� FDUULHG� RXW� LV� REWDLQHG� E\� D� FXW� FHOO�PHWKRG� RQ� XQVWUXFWXUHG� GRPDLQ�� �$
)LQLWH� 9ROXPH� VROYHU� LV� XVHG� WR� REWDLQ� IORZ� SURSHUWLHV� LQ� WKH� IOXLG� GRPDLQ� LQ� D
VHJUHJDWHG�IDVKLRQ�

7KH� UHVXOWV�REWDLQHG� IURP� WKH�PHWKRGRORJ\��ZKLFK� LV�GHVFULEHG� LQ� WKLV� WKHVLV�� DUH
FRPSDUHG�ZLWK� DFWXDO� URFNHW� ILULQJ� GDWD� DQG�ZLWK� UHVXOWV� RI� SUHYLRXVO\� YDOLGDWHG
SHUIRUPDQFH� SUHGLFWLRQ� FRGHV�� � 7KH� GDWD� DQG� LQIRUPDWLRQ� VXSSOLHG� LQ� WKLV� WKHVLV
UHSRUW�FRYHUV�RQO\�WKH�XQFODVVLILHG�SDUW�RI�WKH�ZRUN�DFKLHYHG�

���� &217(176�2)�7+(�7+(6,6�5(3257

,Q�&KDSWHU����WKH�WKHRU\�RI�PRYLQJ�IURQW�DQG�QXPHULFDO�VROXWLRQ�PHWKRGV�DUH�JLYHQ�
7KH�)DVW�0DUFKLQJ�$OJRULWKP�LV�GHVFULEHG�IRU�WKH�HIILFLHQW�VROXWLRQ�RI�WKH�LQWHUIDFH
RQ� VWUXFWXUHG� DQG� XQVWUXFWXUHG� PHVK�� � 7KH� LQWHUIDFH� FDSWXULQJ� PHWKRGRORJ\� LV
GHVFULEHG� VR� WKDW� WKH� FRQWURO� YROXPHV� LQ�ZKLFK� WKH� IORZ� VROYHUV�ZLOO� RSHUDWH� DUH
REWDLQHG�� � ,Q� &KDSWHU� ��� WKH� IORZ� VROYHUV� IRU� WKH� SHUIRUPDQFH� SUHGLFWLRQ� DUH
GHVFULEHG�IRU�]HUR���RQH��DQG�WKUHH�GLPHQVLRQDO�GRPDLQV���7HVW�FDVHV�IRU�YDOLGDWLRQ
RI� WKH� IORZ� VROYHUV� DUH� JLYHQ�� � ,Q� &KDSWHU� ��� WKH� FRXSOHG� WHVW� FDVH� UHVXOWV� DUH
FRPSDUHG�ZLWK�H[SHULPHQWDO�GDWD�DQG�YDOLGDWHG�FDOFXODWLRQ�UHVXOWV���,Q�&KDSWHU����D
FRQFOXVLRQ�DQG�VXJJHVWLRQV�IRU�IXWXUH�DSSOLFDWLRQV�DUH�SUHVHQWHG�
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&+$37(5��
�� 5(7$5',1*�:$//6

5(7$5',1*�:$//6

7KH�UHWDUGLQJ�ZDOOV�DUH�FRQVLGHUHG�DV� WKH� LQWHUIDFHV��ZKLFK�VHSDUDWH� WZR�GLIIHUHQW
SKDVHV���7KH�)DVW�0DUFKLQJ�LV�XVHG�DV�WKH�LQWHUIDFH�FDSWXULQJ�PHWKRG���7KH�DLP�LQ
LQWHUIDFH�FDSWXULQJ�PHWKRGV� LV� WR� FRPSXWH� WKH� ORFDWLRQ�RI� WKLV� LQWHUIDFH��ZKLFK� LV
PRYLQJ�ZLWK�VSHHG�φ�[��W��LQ�WKH�ORFDO�QRUPDO�GLUHFWLRQ�DV�VKRZQ�LQ�)LJXUH�����

)LJXUH�����0RYLQJ�,QWHUIDFH�ZLWK�6SHHG�φ

���� 3523(57,(6�2)�&859(6

,Q� WZR�GLPHQVLRQV� WKH� LQWHUIDFH� LV� D� FXUYH� DQG� LQ� WKUHH�GLPHQVLRQV� WKH� LQWHUIDFH
EHFRPHV�D�VXUIDFH���,Q�WKLV�VHFWLRQ�WKH�JHQHUDO�SURSHUWLHV�RI�FXUYHV�DUH�JLYHQ�IRU�D
FRPSOHWH�GLVFXVVLRQ�RI�WKH�SUREOHP�



��

������ 9HORFLW\�RI�,QWHUIDFH

7KH�UDWH�RI�LQWHUIDFH�UHJUHVVLRQ�GHSHQGV�RQ�

L�� *HRPHWULF�3DUDPHWHUV��7KH�VXUIDFH�QRUPDO�DQG�FXUYDWXUH�RI
LQWHUIDFH�

LL�� 3K\VLFDO� 3DUDPHWHUV�� 7KH� SK\VLFDO� DQG� FKHPLFDO� SURSHUWLHV
RI�WKH�VROLG�UHJLRQ�

LLL�� )ORZ� 3DUDPHWHUV�� 3UHVVXUH�� WHPSHUDWXUH� DQG� DFFHOHUDWLRQ
HIIHFWV�

&DOFXODWLRQ� RI� LQWHUIDFH� UHJUHVVLRQ� UDWH� LV� GHVFULEHG� LQ� &KDSWHU� ��� ZKLFK� LV
LQGHSHQGHQW�RI�WKH�LQWHUIDFH�PRGHOLQJ�GXH�WR�WKH�VHJUHJDWHG�QDWXUH�RI�WKH�VROXWLRQ
WHFKQLTXH�

������ 3DUDPHWULF�5HSUHVHQWDWLRQ�RI�&XUYH�(YROXWLRQ

$VVXPH� WKDW� Γ� LV� D� VLPSOH�� VPRRWK�� FORVHG� FXUYH�� � /HW� [�V�� W�� LV� WKH� SDUDPHWULF
UHSUHVHQWDWLRQ�RI�Γ��Q�V��W��LV�WKH�SDUDPHWHUL]DWLRQ�RI�RXWZDUG�QRUPDO��κ��V��W��EH�WKH
SDUDPHWHUL]DWLRQ� RI� FXUYDWXUH� DQG�φ�κ�� LV� WKH� VSHHG� RI� LQWHUIDFH� DV� D� IXQFWLRQ� RI
FXUYDWXUH���7KH�HTXDWLRQ�RI�PRWLRQ�FDQ�EH�ZULWWHQ�DV�>�@��
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=κ ���7KLV�LV�WKH�/DJUDQJLDQ�UHSUHVHQWDWLRQ�RI�PRWLRQ��ZKLFK

LV�VKRZQ�LQ�)LJXUH�����

7KH�IURQW�WUDFNLQJ�PHWKRGV�XVH�(TXDWLRQV�������DQG�������LQ�RUGHU� WR�FDOFXODWH�WKH
SRVLWLRQ� RI� PDUNHU� SRLQWV� IRU� WKH� QH[W� WLPH� LQWHUYDO�� � %\� XVLQJ� WKHVH� HTXDWLRQV�
VRPH�LPSRUWDQW�SDUDPHWHUV�DQG�FKDUDFWHULVWLFV�RI�FXUYHV�PD\�EH�REWDLQHG�

)LJXUH�����3DUDPHWULF�5HSUHVHQWDWLRQ�RI�D�&XUYH

������ *URZWK�RI�2VFLOODWLRQV

,QLWLDO�LQVWDELOLWLHV�LQ�D�FXUYH�PD\�LQFUHDVH�WKXV�DYRLGLQJ�WKH�VROXWLRQ�WR�FRQYHUJH�
,I� WKH�FXUYH�FDQ�EH�SDUDPHWULFDOO\�GHVFULEHG�� WKH� WRWDO�YDULDWLRQ�FDQ�EH�FDOFXODWHG
DV�

∫=
�

GVWVJWVW9DU
�

�������� κ �����

ZKHUH� ����� ����� 		 \[WVJ += �
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9DU�W��LV�D�PHDVXUH�RI�WKH�ZULQNOLQJ�RI�WKH�FXUYH���,I�WKH�YDOXH�RI�9DU�W��LQFUHDVHV�
WKH�VWDELOLW\�RI�WKH�VROXWLRQ�GHFUHDVHV���7KH�ZULQNOLQJ�LV�VKRZQ�LQ�)LJXUH������,W�KDV
EHHQ� VKRZQ� E\� 6HWKLDQ� >�@� WKDW�� LI�φκ ≤� �� ZKHQ� κ ��� WKHQ� �G

��G <W
W9DU �� ZKLFK

VXJJHVWV�WKDW�WKH�FXUYH�VPRRWKHQV�RXW�DQG�WKH�HQHUJ\�RI�WKH�IURQW�GLVVLSDWHV�

)LJXUH�����(IIHFW�RI�9DULDWLRQ

7KH� PRWLRQ� RI� WKH� IURQW� GXULQJ� WKH� FRPEXVWLRQ� SURFHVV� LV� LQGHSHQGHQW� RI� WKH
FXUYDWXUH� RI� WKH� VXUIDFH� DQG� WKH� VSHHG� IXQFWLRQ� KDV� D� SRVLWLYH� VLJQ� DW� DOO� WLPHV�
7KHUHIRUH�WKH�FRQGLWLRQ�φκ ≤���ZLOO�EH�VDWLVILHG�LQ�RXU�VROXWLRQV���7KLV�VXJJHVWV�WKDW
RXU�FDOFXODWLRQV�ZLOO�EH�VWDEOH�DW�DOO�WLPHV�ZLWK�GHFUHDVLQJ�YDULDWLRQ�

������ (QWURS\�&RQGLWLRQ

'XULQJ�WKH�PRWLRQ�RI�D�FXUYH��H[FHSW�IRU�DOO�FRQYH[�FXUYHV��WKH�VPRRWKQHVV�LV�VRRQ
ORVW���$V�FDQ�EH�VHHQ�LQ�)LJXUH������WKH�FRVLQH�FXUYH�FUHDWHV�D�VKDUS�QRVH�WKURXJK�LWV
PRWLRQ� ZLWK� FRQVWDQW� VSHHG�� � 2QFH� WKH� FRUQHU� GHYHORSV�� WKH� QRUPDO� FDQ� QRW� EH
GHILQHG�DW�WKH�SRLQW�RI�GLVFRQWLQXLW\���$W�WKLV�SRLQW��D�ZHDN�VROXWLRQ�LV�UHTXLUHG�LQ
RUGHU�WR�FRQWLQXH�WKH�VROXWLRQ�

2QH�RI� WKH�ZHDN�VROXWLRQV� LV�REWDLQHG�E\�DOORZLQJ�D�VZDOORZWDLO� WR�EH�JHQHUDWHG�
ZKLFK� SHUPLWV� WKH� FXUYH� SLHFHV� FRPLQJ� IURP� RSSRVLWH� GLUHFWLRQV� WR� FURVV� HDFK
RWKHU���+RZHYHU�WKLV�VROXWLRQ�LV�QRW�DSSOLFDEOH�IRU�RXU�SXUSRVHV�



��

)LJXUH�����(QWURS\�&RQGLWLRQ

$QRWKHU� ZHDN� VROXWLRQ� LV� REWDLQHG� WKURXJK�+X\JHQV� ¶� 3ULQFLSOH�� ZKLFK� VXJJHVWV
GUDZLQJ� RI� FLUFXODU� ZDYH�IURQWV� DW� HDFK� SRLQW� RQ� WKH� FXUYH� ZLWK� WKHLU� UDGLXV
SURSRUWLRQDO�WR�WKH�VSHHG�φ�[�W����7KH�HQYHORSH�RI�WKHVH�ZDYH�IURQWV�LV�WDNHQ�DV�WKH
QHZ�SRVLWLRQ�RI� WKH�FXUYH� DV� VKRZQ� LQ�)LJXUH������ �7KH� HQWURS\� FRQGLWLRQ�PHDQV
WKDW�RQFH�D�FRUQHU�KDV�GHYHORSHG��WKH�VROXWLRQ�LV�QR�ORQJHU�UHYHUVLEOH���7KH�SUREOHP
FDQQRW�EH�UXQ�EDFNZDUG�LQ�WLPH�ZLWKRXW�WKH�ORVV�RI�LQLWLDO�GDWD���7KH�VKDUS�FRUQHU�LQ
)LJXUH� ���� FDQ� QRW� EH� UHYHUVHG� EHFDXVH� LQIRUPDWLRQ� LV� ORVW� DW� WKH� FRUQHU�� � � � $
PDWKHPDWLFDO�GLVFXVVLRQ�FDQ�EH�IRXQG�LQ�UHIHUHQFH�>�@�

6LPLODU� WR� +X\JHQV¶� SULQFLSDO�� )DVW� 0DUFKLQJ� 0HWKRG� VDWLVILHV� WKH� HQWURS\
FRQGLWLRQ���6LQFH�WKH�JUDLQ�EXUQEDFN�FDOFXODWLRQV�GRHV�QRW�UHTXLUH�JHQHUDWLRQ�RI�WKH
LQLWLDO�IURQW��WKH�PHWKRG�LV�VDWLVIDFWRU\�

7KH�+X\JHQV¶�VROXWLRQ�DOVR�VDWLVILHV�WKH�YLVFRVLW\�VROXWLRQ�DW�LQLWLDOO\�VKDUS�FRUQHUV�
ZKLFK� VPRRWKHQV� RXW� DW� GLVFRQWLQXLWLHV�� � ,Q� WKH� OLPLW� RI� WKLV� SURFHVV� WKH� (LNRQDO
VROXWLRQ� LV� REWDLQHG�� � 7KH� QXPHULFDO� WHVW� FDVHV� JLYHQ� LQ� 6HFWLRQ� ����� VKRZ� ERWK
HQWURS\�DQG�YLVFRVLW\�VDWLVI\LQJ�UHVXOWV�
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)LJXUH������+X\JHQV¶�6ROXWLRQ�WR�3URSDJDWLRQ

������ %RXQGDU\�9DOXH�)RUPXODWLRQ

,I�WKH�VSHHG�RI�WKH�LQWHUIDFH�LV�SRVLWLYH�WKURXJKRXW�WKH�VROXWLRQ�GRPDLQ��D�ERXQGDU\
YDOXH�IRUPXODWLRQ�FDQ�EH�HVWDEOLVKHG���,Q�WKLV�PHWKRG�WKH�WLPH��7�[��φ���DW�ZKLFK�WKH
LQWHUIDFH� DUULYHV� DW� HDFK� SRLQW� LQ� VSDFH� LV� WR� EH� FDOFXODWHG�� � ,Q� ��GLPHQVLRQ� WKH
HTXDWLRQ�RI�PRWLRQ�LV�GHILQHG�>�@�DV�

�=G[
G7φ �����

)LJXUH�����:DYH�0RWLRQ�LQ�RQH�GLPHQVLRQ
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ZKLFK�LV�VLPLODU�WR�WKH�PRWLRQ�RI�D�ZDYH�IURQW�LQ�RQH�GLPHQVLRQ�DV�VKRZQ�LQ�)LJXUH
������ ,Q�PXOWLSOH�GLPHQVLRQV�� 7∇

& � LV�RUWKRJRQDO�WR�OHYHO�VXUIDFHV�RI�7��DQG�FDQ�EH
ZULWWHQ�DV�

�=∇ 7&φ �����

ZLWK�WKH�ERXQGDU\�FRQGLWLRQ�7 ��RQ�Γ��ZKHUH�Γ�LV�WKH�LQLWLDO�ORFDWLRQ�RI�LQWHUIDFH�
7KH�W\SH�RI�WKLV�HTXDWLRQ�LV�UHIHUUHG�WR�DV�(LNRQDO�W\SH�>��@�

������ ,QLWLDO�9DOXH�)RUPXODWLRQ

,I� WKH�VSHHG�E\�ZKLFK� WKH� LQWHUIDFH�PRYHV�FKDQJHV� VLJQ�� LQLWLDO�YDOXH� IRUPXODWLRQ
VKRXOG� EH� DGDSWHG�� �7KH� LQLWLDO� SRVLWLRQ� RI� WKH� LQWHUIDFH� LV� HPEHGGHG� DV� WKH� ]HUR
OHYHO� VHW� RI� D� KLJKHU� GLPHQVLRQDO� IXQFWLRQ� ψ�� ZKLFK� WUDQVIRUPV� WKH� JRYHUQLQJ
HTXDWLRQV� LQWR� LQLWLDO� YDOXH� SUREOHP�� � ,W� LV� UHTXLUHG� WKDW� WKH� OHYHO� VHW� YDOXH� RI� D
SDUWLFOH�RQ�WKH�LQWHUIDFH�ZLWK�SDWK�[��W��PXVW�DOZD\V�EH�]HUR���7KHUHIRUH

������ =WW[ψ �����

%\�WKH�FKDLQ�UXOH�
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ZKHUH� φ=⋅ QW[ ��
& � DQG� ψψ ∇∇=
&& �Q �� �%\� LQVHUWLQJ� WKHVH� UHODWLRQV� LQWR� HTXDWLRQ

������WKH�IROORZLQJ�HYROXWLRQ�HTXDWLRQ�LV�REWDLQHG�IRU�ψ�
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JLYHQ� ���� =W[ψ � DV� WKH� LQLWLDO� FRQGLWLRQ�� � ,Q� RUGHU� WR� REWDLQ� WKH� SRVLWLRQ� RI� WKH
LQWHUIDFH��WKH�]HUR�OHYHO�VHW�RI�WKH�(TXDWLRQ�������KDV�WR�EH�VROYHG�

������ $GYDQWDJHV�RI�%RWK�)RUPXODWLRQV

7KH� REYLRXV� DGYDQWDJHV� RI� WKHVH� IRUPXODWLRQV�� DSDUW� IURP� ERWK� RI� WKHP� XVLQJ
(XOHULDQ�YLHZ�DUH�DV�IROORZV�

L�� %RWK�RI�WKH�IRUPXODWLRQV�DUH�XQFKDQJHG�LQ�DOO�GLPHQVLRQV�
LL�� &KDQJHV� LQ� WKH� WRSRORJ\� DUH� KDQGOHG� QDWXUDOO\�� � %UHDNLQJ� XS� RU

PHUJLQJ�RI�FXUYHV�DQG�VXUIDFHV�QHHG�QR�VSHFLDO�DWWHQWLRQ�
LLL�� %RWK�IRUPXODWLRQV�FDQ�EH�DSSUR[LPDWHG�E\�FRPSXWDWLRQDO�VFKHPHV�

ZKLFK�XVH�QXPHULFDO�VROXWLRQV�RI�K\SHUEROLF�FRQVHUYDWLRQ�ODZV�
LY�� %RWK�PHWKRGV�DUH�PDGH�HIILFLHQW�E\�XVLQJ�DGDSWLYH�PHWKRGV�
Y�� %RWK�PHWKRGV�JXDUDQWHH�D�XQLTXH��HQWURS\�VDWLVI\LQJ�ZHDN�VROXWLRQ�

������ &RPSDULVRQ�RI�)RUPXODWLRQV

&RPSDULVRQ�EHWZHHQ�WKH�WZR�PHWKRGV�FDQ�EH�JLYHQ�DV�
L�� ,QLWLDO� YDOXH� IRUPXODWLRQ� DOORZV� ERWK� SRVLWLYH� DQG� QHJDWLYH� VSHHG

IXQFWLRQV��ZKHUHDV�ERXQGDU\�YDOXH�IRUPXODWLRQ�DOORZV�RQO\�SRVLWLYH
VSHHG�EHFDXVH� LW� UHTXLUHV� D� VLQJOH� FURVVLQJ� WLPH�� �7KH� VROLG� URFNHW
JUDLQ� EXUQEDFN� GHDOV� ZLWK� SRVLWLYH� VSHHG� IXQFWLRQV� RQO\� DQG
WKHUHIRUH�ERWK�PHWKRGV�FDQ�EH�DSSOLHG�

LL�� 2Q� WKH� RWKHU� KDQG� ZKLOH� KDQGOLQJ� SRVLWLYH� VSHHG� IXQFWLRQ� ZKLFK
GHSHQGV� RQ� SRVLWLRQ�� WKH� ERXQGDU\� YDOXH� IRUPXODWLRQ� LV
DGYDQWDJHRXV�EHFDXVH�LW�UHTXLUHV�QR�&)/�FRQGLWLRQ�GXH� WR� WKH� ODFN
RI� WLPH� VWHS�� � )XUWKHUPRUH� WKH� ERXQGDU\� YDOXH� IRUPXODWLRQ� FDQ� EH
PDGH�H[WUHPHO\�FRPSXWDWLRQDOO\�HIILFLHQW�
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7KHUHIRUH� IRU� WKH� UHWDUGLQJ� ZDOO� FDOFXODWLRQV� GHVFULEHG� LQ� WKLV� WKHVLV�
ERXQGDU\�YDOXH�IRUPXODWLRQ�LV�VHOHFWHG�

���� 180(5,&$/�$/*25,7+06�)25�%281'$5<�9$/8(�352%/(0

7KH�JHQHUDO�+DPLOWRQ�-DFREL�HTXDWLRQ�LV

�������� =Θ+ ]\[7777 ����α �����

7KH�IXQFWLRQ�Θ�LV�WKH�³+DPLOWRQLDQ´�DQG�IRU�WKH�ERXQGDU\�YDOXH�SUREOHP

����

−++=Θ ��� 777φ ������

DQG�α�LV�]HUR�

$� ILUVW� RUGHU� XSZLQG� ILQLWH� GLIIHUHQFH� VFKHPH� IRU� WKH� +DPLOWRQLDQ� LV� JLYHQ� E\
6HWKLDQ�>�@�DV�
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ZKHUH� '��� LV� WKH� EDFNZDUG� GLIIHUHQFH� DQG� '��� LV� WKH� IRUZDUG� GLIIHUHQFH� LQ� [�
GLUHFWLRQ�DQG�DUH�JLYHQ�DV
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7KLV�LV�WKH�VFKHPH�GHVFULEHG�E\�6HWKLDQ�>�@�IRU�WKH�VROXWLRQ�RI�(LNRQDO�HTXDWLRQV�

���� )$67�0$5&+,1*�0(7+2'

,W� LV� UHTXLUHG� WR� VROYH� TXDGUDWLF� (TXDWLRQ� ������� LWHUDWLYHO\� WKURXJK� WKH� ZKROH
GRPDLQ��ZKLFK�WDNHV�XS�2��1���ODERU�IRU�RQH�LWHUDWLRQ�LQ�WKUHH�GLPHQVLRQV�ZKHUH�1
LV�WKH�QXPEHU�RI�QRGHV���$VVXPLQJ�WKDW�LW�ZLOO�WDNH�DQRWKHU�1�LWHUDWLRQV�WR�UHDFK�D
VROXWLRQ�WKH�LWHUDWLRQ�FRXQW�ZLOO�EH�FORVH�WR�2��1���

(TXDWLRQ��������FRQVWUXFWV�WKH�VROXWLRQ�XVLQJ�RQO\�XSZLQG�YDOXHV��ZKLFK�PHDQV�WKDW
WKH�XSGDWH�RFFXUV�IURP�VPDOOHU�YDOXHV�RI�7���7KH�LQIRUPDWLRQ�LV�SURSDJDWHG�LQ�RQH
GLUHFWLRQ���7KH�)DVW�0DUFKLQJ�0HWKRG��)00��H[SORLWV�WKLV�SURSHUW\�

)LJXUH�����)DVW�0DUFKLQJ�0HWKRG�8SGDWH�3URFHGXUH

7KH�SRLQWV�LQ�D�WKLQ�]RQH�DURXQG�WKH�LQWHUIDFH�DUH�VHOHFWHG�DQG�WKH�VROXWLRQ�PDUFKHV
LQ� WKLV� ]RQH� RQO\� ZKHUH� WKH� GRZQZLQG� SRLQWV� DUH� QRW� VROYHG� XQWLO� WKH� LQWHUIDFH
UHDFKHV�WKHUH�



��

������ 7KH�8SGDWH�3URFHGXUH

7KH�QRGHV�ZKHUH�WKH�ERXQGDU\�OLHV�DUH�WDJJHG�DV�NQRZQ��7KH�QRGHV��ZKLFK�DUH�RQH
JULG� SRLQW� DZD\� DV� FORVH� SRLQWV�� � )LQDOO\� WDJ� DOO� WKH� QRGHV� ZKLFK� DUH� LQ� WKH
GRZQZLQG�DV�IDU�SRLQWV�VLQFH�WKH\�ZLOO�QRW�EH�XVHG�IRU�WKH�UHFHQW�LWHUDWLRQ�

7KH� VROXWLRQ� LV� LQLWLDOL]HG� E\� REWDLQLQJ� D� 7� YDOXH� IRU� WKH� FORVH� VHW� SRLQWV�� � 7KH
LQIRUPDWLRQ�FRPHV�IURP�WKH�LQWHUIDFH�LQLWLDO�SRVLWLRQ���7KHQ�WKH�VROXWLRQ�DOJRULWKP
SURFHHGV�DV�IROORZV�

L�� 6HOHFW�WKH�WULDO�SRLQW�ZLWK�WKH�VPDOOHVW�YDOXH�RI�7�
LL�� $GG�WKH�WULDO�SRLQW�WR�WKH�NQRZQ�VHW�DQG�DOO�WKH�QHLJKERUV�RI�WKH�WULDO

SRLQW��ZKLFK�DUH�QRW�NQRZQ�WR�FORVH�SRLQWV�VHW�
LLL�� &DOFXODWH�YDOXHV�RI�7�DW�HDFK�QHLJKERU��ZKLFK�DUH�LQ�WKH�FORVH�VHW�E\

XVLQJ�(TXDWLRQ��������
LY�� 5HWXUQ�WR�WKH�WRS�RI�WKH�ORRS�

,Q�RUGHU� WR�ILQG�WKH�WULDO�SRLQW�ZLWK�WKH�VPDOOHVW�YDOXH�RI�7��D�VRUWLQJ�DOJRULWKP�LV
XVHG� ZKLFK� UHTXLUHV� 2� �ORJ� 1�� ODERU�� 6LQFH� HDFK� QRGH� LV� YLVLWHG� RQFH�� WKH� WRWDO
RSHUDWLRQ�FRXQW�LV�UHGXFHG�WR�2��1�ORJ1��IRU�WKH�WKUHH�GLPHQVLRQDO�FDVH�

������ $SSUR[LPDWLRQ�RQ�7ULDQJXODWHG�'RPDLQV

3UHYLRXV�GHILQLWLRQV�XVH�IL[HG�DQG� ORJLFDOO\� UHFWDQJXODU�PHVKHV�� �6XFK� WHFKQLTXHV
KDYH�KLJK�DFFXUDF\�DQG�SURJUDPPLQJ�HDVH�� �+RZHYHU�� LQ�RXU� VROXWLRQ�SURFHGXUH�
ZKLFK� ZLOO� EH� GHVFULEHG� LQ� WKLV� VHFWLRQ�� XQVWUXFWXUHG� PHVK� LV� XVHG� GXH� WR� WKH
UHDVRQV�JLYHQ�E\�%DUWK�>��@�DV�IROORZV�

L�� :KHQ�LQFUHDVHG�DFFXUDF\�LV�UHTXLUHG�DW�FHUWDLQ�ORFDWLRQV��DGDSWDWLRQ
LV�DSSOLHG�ZKLFK�LV�HDVLHU�WR�KDQGOH�LQ�XQVWUXFWXUHG�PHVKHV�
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LL�� ,QWHUIDFH� ILWWHG� PHVKHV� FDQ� EH� DSSOLHG� VLPLODU� WR� DGDSWDWLRQ� LI
UHTXLUHG�� � 7KLV� ZLOO� KHOS� WR� GHILQH� WKH� SURSHUWLHV� HDVLO\� RQ� WKH
LQWHUIDFH� DQG� WKH� VROXWLRQ� RI� WKH� IORZ� LQ� WKH� JDV� VLGH� FRXOG� EH
PDQDJHG�E\�UHJXODU�XQVWUXFWXUHG�IORZ�VROYHUV�

LLL�� 'XH�WR�WKH�FRPSOH[LW\�RI�WKH�JHRPHWU\�WKH�PHVK�JHQHUDWLRQ�LV�HDVLHU
LQ�WULDQJXODWHG�WHFKQLTXHV���1HDUO\�DOO�JHRPHWULHV�FDQ�EH�GLVFUHWL]HG
E\�WULDQJXODWLRQ�

������ 'HULYDWLYH�$SSUR[LPDWLRQV�RQ�8QVWUXFWXUHG�0HVK

7KH�JUDGLHQW�LV�FDOFXODWHG�DV�D�FRPELQDWLRQ�RI�GLUHFWLRQDO�GHULYDWLYHV�VLQFH�WKHUH�LV
QR�QDWXUDO�FKRLFH�RI�WKH�FRRUGLQDWH�V\VWHP�IRU�DQ�XQVWUXFWXUHG�PHVK�>��@�

)LJXUH�����'LUHFWLRQDO�'HULYDWLYH�'HILQLWLRQV

&RQVLGHU� WKH� WULDQJXODU� PHVK� JLYHQ� LQ� )LJXUH� ����� WKH� XQLW� YHFWRUV� GHILQLQJ� WKH
GLUHFWLRQV�DUH�JLYHQ�DV�IROORZV�
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7KH�GLUHFWLRQDO�GHULYDWLYHV�RI�LQWHUIDFH�DUULYDO�WLPH�LQ�WKH�GLUHFWLRQ�RI�XQLW�YHFWRUV
8��DQG�8��LV��EH�FDOFXODWHG�DV�

���� [[78 =∇⋅
&& ������

,I� (TXDWLRQV� ������ DQG� ������� DUH� FRPELQHG�� WKH� GLUHFWLRQDO� GHULYDWLYH� IRU� DQ\
XQVWUXFWXUHG�PHVK�LV�REWDLQHG�DV�
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,Q�RUGHU�WR�GLVFUHWL]H�WKLV�HTXDWLRQ��WKH�GLUHFWLRQDO�GHULYDWLYH�FDQ�EH�ZULWWHQ�LQ�WKH
OLQHDU�IRUP�

ED += ��[7 ������

ZKHUH� D� DQG�E� DUH�GLVFUHWL]DWLRQ� FRQVWDQWV�� � ,I�(TXDWLRQ� ������� LV� VXEVWLWXWHG� LQWR
(TXDWLRQ��������WKH�IROORZLQJ�TXDGUDWLF�HTXDWLRQ�LV�REWDLQHG�
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7KH�VROXWLRQ�RI�WKLV�TXDGUDWLF�HTXDWLRQ�ZLOO�\LHOG�DQVZHUV�IRU� WLPH�YDULDEOH�LQ�WKH
FRQVLGHUHG�HOHPHQWV�IRU�DQ\�GLPHQVLRQ�

,Q� RUGHU� WR� FRPSXWH� YDOXHV� RI� D� DQG� E� LQ� (TXDWLRQ� �������� ILUVW� RU� VHFRQG� RUGHU
GLVFUHWL]DWLRQ�PD\�EH�XVHG�

)LUVW�RUGHU�DFFXUDWH�VROXWLRQ�GHILQHV�GLUHFWLRQDO�GHULYDWLYH�DV�
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ZKHUH�D�DQG�E�LV�REWDLQHG�DV�
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6HFRQG�RUGHU�DFFXUDWH�VROXWLRQ�GHILQHV�GLUHFWLRQDO�GHULYDWLYH�DV�
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ZKHUH�D�DQG�E�LV�REWDLQHG�DV�
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ZKHUH
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7KH�JUDGLHQW�YDOXHV�DUH�QRW�GHILQHG�RQ�WKH�ERXQGDU\���7KH�VROXWLRQ�VWDUWV�ZLWK�ILUVW
RUGHU�DFFXUDWH�GLVFUHWL]DWLRQ�DW�WKH�QHLJKERULQJ�QRGHV�RI�WKH�ERXQGDU\�DQG�FRQYHUWV
EDFN�WR�VHFRQG�RUGHU�VROXWLRQ�RQFH�WKH�JUDGLHQW�YDOXHV�DUH�SUHVHQW�IRU�LQQHU�QRGHV�
7KHUHIRUH�LQ�RUGHU�WR�KDYH�DFFXUDWH�VROXWLRQV�WKH�PHVK�LQWHQVLW\�QHDU�WKH�ERXQGDU\
VKRXOG�EH�KLJKHU�WKDQ�UHVW�RI�WKH�GRPDLQ�

������ 8SZLQG�&ULWHULD

7KH�XSGDWLQJ�SURFHGXUH� VKRXOG� IROORZ�FHUWDLQ� FULWHULD� LQ�RUGHU� IRU� WKH� VROXWLRQ� WR
SURWHFW�WKH�XSZLQG�QDWXUH�RI�WKH�SUREOHP�DQG�WKXV�HQDEOLQJ�)DVW�0DUFKLQJ�0HWKRG
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WR� ZRUN� FRUUHFWO\�� � $VVXPH� WKDW� 7�[�� LV� EHLQJ� XSGDWHG� IURP� 7��� 7�� DQG� 7�� LQ� D
WHWUDKHGURQ���7KH�IROORZLQJ�FULWHULD�VKRXOG�KROG�WUXH�LQ�RUGHU�IRU�7�[��WR�EH�XSGDWHG
IURP�WKHVH�YDOXHV�

&ULWHULD��� �� �7KH�YDOXH�RI�7�[�� FDOFXODWHG�IURP�WKH� WHWUDKHGURQ�HOHPHQW� VKRXOG�EH
ODUJHU� WKDQ� 7��� 7�� DQG� 7�� � 7KLV� FULWHULRQ� LV� UHTXLUHG� VR� WKDW� WKH� QDWXUH� RI� )DVW
0DUFKLQJ�XSGDWLQJ�SURFHGXUH�KROG� WUXH�� �2WKHUZLVH�DFFHSWLQJ� WKH� WULDO�YDOXH�ZLWK
WKH�VPDOOHVW�YDOXH�ZLOO�EH�LQFRUUHFW�

&ULWHULD������7KH�JUDGLHQW�RI�7��ZKLFK�LV�FDOFXODWHG�IURP�WKH�VHW�RI�YHUWLFHV�VKRXOG
OLH�LQ�WKH�HOHPHQW�DV�VKRZQ�LQ�)LJXUH�������2WKHUZLVH�WKH�LQIRUPDWLRQ�REWDLQHG�IURP
WKLV�HOHPHQW�PD\�EH�LQFRUUHFW���7KLV�UHVWULFWLRQ�LV�HTXLYDOHQW�WR
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)LJXUH�������D�$FFHSWDEOH�DQG��E�1RQ�$FFHSWDEOH�*UDGLHQW�$SSUR[LPDWLRQV

&ULWHULD� �� �� �:KLOH� WKH� DERYH� FULWHULD� KROG�� WKH� FDOFXODWHG� YDOXHV� IURP� GLIIHUHQW
HOHPHQWV� PD\� UHVXOW� LQ� GLIIHUHQW� YDOXHV�� � $W� WKH� YLFLQLW\� RI� VKDUS� FRUQHUV� DQG
FROOLGLQJ�LQWHUIDFHV�WKLV�SUREOHP�LV�HQFRXQWHUHG�VHYHUDO�WLPHV�GXULQJ�WKH�LWHUDWLRQV�
7KHUHIRUH�WKH�UHVXOW�ZLWK�WKH�PLQLPXP�YDOXH�VKRXOG�EH�DFFHSWHG�DV�WKH�WUXH�YDOXH�
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7KH�ILUVW�DUULYLQJ�LQWHUIDFH�RYHUWDNHV�WKH�QH[W�FRPLQJ�LQWHUIDFH��ZKLFK�LV�SK\VLFDOO\
ZKDW�KDSSHQV�LQ�UHDO�OLIH�

$OO�WKUHH�FULWHULD�PHQWLRQHG�DERYH�VKRXOG�EH�PHW�LQ�RUGHU�WR�DFFHSW�DQ\�FDOFXODWHG
YDOXH� IURP� WKH� )00�� � 6RPHWLPHV� WKHVH� FULWHULD� FDQ� QRW� EH� REWDLQHG� E\� XVLQJ
UHJXODU�VROXWLRQ�PHWKRG�GXH�WR�WZR�UHDVRQV�

3UREOHP����7KH�WULDQJXODU�RU�WHWUDKHGURQ�HOHPHQW�KDV�LQQHU�DQJOHV�ODUJHU�WKDQ���°�
7KLV�EULQJV�FRQIOLFWV�ZLWK�WKH�VHFRQG�FULWHULD�

6ROXWLRQ���7KH�VROXWLRQ�H[WHQGV�EDFNZDUGV�WRZDUGV�WKH�SUHYLRXVO\�DFFHSWHG
YHUWLFHV�VXFK�WKDW�D�QHZ�HOHPHQW�LV�FUHDWHG�ZKLFK�VDWLVILHV�XSZLQG�FULWHULD�

3UREOHP� ��� 7KH� HOHPHQW� LV� RQ� WKH� ERXQGDU\� RI� WKH� YROXPH� WKHUHIRUH� LQVXIILFLHQW
LQIRUPDWLRQ�LV�DUULYLQJ�WR�WKDW�SRVLWLRQ�GXH�WR�WKH�ODFN�RI�QHLJKERULQJ�HOHPHQWV�RQ
WKH�IUHH�VLGH���7KLV�EULQJV�FRQIOLFWV�ZLWK�ILUVW�DQG�VHFRQG�FULWHULD�

6ROXWLRQ�� � 7KLV� SUREOHP� LV� LQKHUHQW� RQO\� LQ� WKUHH�GLPHQVLRQDO� SUREOHPV�
7KH�ERXQGDULHV� DUH� VROYHG�E\� WZR�GLPHQVLRQDO�)00�LQ� WKUHH�GLPHQVLRQDO� VSDFH�
7KH�LQIRUPDWLRQ�REWDLQHG�IURP�WKH�VXUIDFH�VROXWLRQ� LV�XVHG�ZKHQHYHU� WKH�RULJLQDO
VROXWLRQ�HQFRXQWHUV�SUREOHPV�RQ�WKH�ERXQGDULHV�

���� &87�&(//�0(7+2'2/2*<

7KH�IORZ�LQWHUIDFH�FRXSOLQJ�LV�SHUIRUPHG�E\�D�VHJUHJDWHG�DSSURDFK�ZKHUH�WKH�IORZ
LV�FRPSXWHG�ZLWK�D�IUR]HQ�LQWHUIDFH�DQG�WKH�QHZ�SRVLWLRQ�RI�WKH�LQWHUIDFH�LV�IRXQG
XVLQJ� ODVW� FRPSXWHG� IORZ� SURSHUWLHV�� � ,Q� RUGHU� WR� DSSO\� ERXQGDU\� FRQGLWLRQV� DW
LQWHUPHGLDWH�ORFDWLRQV�LQ�WKH�GRPDLQ��FXW�FHOO�PHWKRGRORJ\�LV�XVHG���,Q�WKLV�PHWKRG
WKH�FHOOV�DUH�DOORZHG�WR�EH�VOLFHG�E\�WKH�LQWHUIDFH�DQG�DW�WKH�VOLFHG�VXUIDFHV�RI�HDFK
HOHPHQW� ERXQGDU\� FRQGLWLRQV� DUH� DSSOLHG�� � $Q� LQWHUPHGLDWH� WRRO� LV� UHTXLUHG� WR
PDLQWDLQ�WKH�FRPPXQLFDWLRQ�EHWZHHQ�WKH�VROYHUV�DQG�WKH�EXUQEDFN�FRGHV���,Q�RUGHU
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WR� DFKLHYH� WKH�PHQWLRQHG� FRPPXQLFDWLRQ�� FXW�FHOO�PHWKRGV� DUH� XVHG� � WR� JHQHUDWH
WKH�FRQWURO�YROXPH�LQ�ZKLFK�WKH�IORZ�VROYHUV�SHUIRUP�FDOFXODWLRQV�IRU�SHUIRUPDQFH
SUHGLFWLRQ�� � 7KH� FXW�FHOO� PHWKRGV� DUH� XVHG� IRU� WKUHH� GLIIHUHQW� W\SHV� RI� VROYHUV�
ZKLFK�DUH�JLYHQ�DV�IROORZV�

��� =HUR�GLPHQVLRQDO� 6ROYHUV�� &RPEXVWLRQ� VXUIDFH� DUHD� YHUVXV� SURSHOODQW
EXUQHG�GLVWDQFH�ZKLFK�LV�FDOOHG�ZHE�GDWD�LV�UHTXLUHG�

��� 2QH�GLPHQVLRQDO�6ROYHUV��%XUQ�SHULPHWHU�YHUVXV�ZHE� DW� VWDWLRQV�DORQJ
WKH�D[LV�RI�WKH�PRWRU�LV�UHTXLUHG�

��� ��GLPHQVLRQDO�8QVWUXFWXUHG�6ROYHUV�� � �8QVWUXFWXUHG�YROXPH�PHVK�ZLWK
ERXQGDU\�FRQGLWLRQ�GHILQLWLRQV�LV�UHTXLUHG�

,Q�WKLV�VHFWLRQ�WKH�DOJRULWKPV��ZKLFK�DUH�FDSDEOH�RI�JHQHUDWLQJ�PHVK�DQG�GDWD�ILOHV
IRU�DOO�WKH�VROYHUV�DERYH�DUH�GHVFULEHG�

������ ,QWHUIDFH�LQ�DQ�(OHPHQW

7KH� HOHPHQWV�� LQ� ZKLFK� LQWHUIDFH� FDSWXULQJ� LV� SHUIRUPHG�� DUH� WHWUDKHGURQV� RQO\�
7KHUHIRUH� WKH� LQWHUIDFH� VHDUFK� LV� OLPLWHG� WR� WKLV� HOHPHQW� W\SH�� 7KH� LQWHUIDFH�PD\
VOLFH�DQ�HOHPHQW�LQ�VHYHUDO�ZD\V�FUHDWLQJ�VFHQDULRV�WR�EH�KDQGOHG���7KH�QXPEHU�RI
VFHQDULRV�IRU�GLIIHUHQW�HOHPHQW�W\SHV�DQG�WKH�DPRXQW�RI�ZRUN�WKH\�ZLOO�UHTXLUH�DUH
OLVWHG�LQ�7DEOH�����

7DEOH������6FHQDULRV�IRU�'LIIHUHQW�(OHPHQW�7\SHV
(OHPHQW 1R��RI

6FHQDULRV
1R��RI
1RGHV

9LUWXDO�:RUN
5HTXLUHG

3RLQW � � �
/LQH � � ��
7ULDQJOH �� � ��
7HWUDKHGURQ �� � ��
+H[DKHGURQ �� � ���
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$V�DQ�H[DPSOH�IRU�D�SRLQW�HOHPHQW�

��� 7KH�WLPH��7�����YDOXH�ZKLFK�GHILQHV�WKH�LQWHUIDFH�FDQ�EH�KLJKHU�WKDQ�WKH
WLPH�YDOXH�RI�WKH�SRLQW�

��� ,W�FDQ�EH�HTXDO�WR�WLPH�YDOXH�RI�WKH�SRLQW�
��� ,W�FDQ�EH�EHORZ�WKH�WLPH�YDOXH�RI�WKH�SRLQW�

7KHUHIRUH���VFHQDULRV�DUH�SRVVLEOH�DQG�ZLWK�RQO\�RQH�QRGH�WR�GHDO�ZLWK�� WKH�ZRUN
UHTXLUHG�LV�FDOFXODWHG�WR�EH�����7KH�VLPLODU�GLVFXVVLRQ�FDQ�EH�PDGH�IRU�DOO�HOHPHQW
W\SHV�� �7DEOH�����LV�JHQHUDWHG�E\�D�FRPSXWHU�SURJUDP�ZKLFK�VHDUFKHG�WKURXJK�DOO
SRVVLELOLWLHV�HQFRXQWHUHG�LQ�GLIIHUHQW�HOHPHQW�W\SHV�

7KH� WHWUDKHGURQ� HOHPHQW� KDV� ��� VFHQDULRV�� � +RZHYHU� VRPH� RI� WKH� VFHQDULRV� DUH
LPSRVVLEOH�WR�RFFXU�ZLWK�WKH�WHWUDKHGURQV�JHQHUDWHG�E\�D�PHVK�JHQHUDWRU��VXFK�DV
DOO� YDOXHV� DW� WKH� QRGHV� EHLQJ� HTXDO� WR� LQWHUIDFH� YDOXH� ZKLFK� VXJJHVWV� WKDW� WKH
HOHPHQW�KDV�]HUR�YROXPH�� �7KHUHIRUH�ZH�JHW�ULG�RI�VRPH�RI� WKH�ZRUN�E\�GHFLGLQJ
ZKLFK�VFHQDULRV�DUH�OLNHO\�WR�RFFXU���7KHUH�DUH���VFHQDULRV��ZKLFK�DUH�SRVVLEOH�IRU
UHDO�WHWUDKHGURQV�

$VVXPH�WKDW�WKH�LQWHUIDFH�LV�UHFHQWO\�DW�D�WLPH�LQWHUYDO��ZKLFK�LV�HTXDO�WR�7����$OVR
DVVXPH�WKDW�WLPH�YDOXHV�RQ�WKH�HOHPHQW¶V�YHUWLFHV�DUH�VHOHFWHG�VR�WKDW�7��7��7��7�
DQG�LW�LV�UHTXLUHG�WR�ILQG�WKH�LQWHUIDFH�ZLWK�WKH�YDOXH�7��

6FHQDULR�����,I�7��7��WKHQ�DOO�WKH�YHUWLFHV�RI�WKH�HOHPHQW�DUH�FRQVLGHUHG�WR�EH�LQVLGH
WKH�JDV�]RQH�DQG�DGGHG�WR�WKH�OLVW�RI�PHVK�ZKHUH�IORZ�VROXWLRQV�ZLOO�EH�FDUULHG�RXW�

6FHQDULR�����,I�7��7��WKHQ�WKH�HOHPHQW�LV�FRQVLGHUHG�WR�EH�LQVLGH�WKH�VROLG�JUDLQ�DQG
DGGHG�WR�WKH�OLVW�RI�SURSHOODQW�PHVK��ZKHUH�VWUXFWXUH�VROXWLRQV�ZLOO�EH�SHUIRUPHG�

6FHQDULR�����,I�7�!7�!7��WKHQ�D�WULDQJXODU�VXUIDFH�HOHPHQW�DQG�D�WULDQJXODU�SULVP
YROXPH�HOHPHQW�DUH�FUHDWHG��ZKLFK�LV�VKRZQ�LQ�)LJXUH������D�
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)LJXUH�������6FHQDULRV�RI�,QWHUIDFH�LQ�DQ�(OHPHQW

6FHQDULR� ���� ,I� 7�!7� 7�!7�� WKHQ� D� WULDQJXODU� VXUIDFH� DQG� D� S\UDPLG� YROXPH
HOHPHQW�DUH�FUHDWHG�DV�VKRZQ�LQ�)LJXUH������E�

6FHQDULR� ���� ,I� 7�!7�!7�� WKHQ� D� TXDGULODWHUDO� VXUIDFH� HOHPHQW� DQG� D� WULDQJXODU
SULVP�YROXPH�HOHPHQW��ZKLFK�LV�VKRZQ�LQ�)LJXUH������F�DUH�JHQHUDWHG�

6FHQDULR� ���� ,I� 7�!7� 7� 7�!7�� WKHQ� D� WULDQJXODU� VXUIDFH� DQG� D� WHWUDKHGURQ
YROXPH�HOHPHQW�DUH�JHQHUDWHG�DV�VKRZQ�LQ�)LJXUH������G�

6FHQDULR� ���� ,I� 7�!7�!7� 7�!7�� WKHQ� D� WULDQJXODU� VXUIDFH� DQG� D� WHWUDKHGURQ
YROXPH�HOHPHQW�DUH�JHQHUDWHG�DV�VKRZQ�LQ�)LJXUH������H�

6FHQDULR� ���� ,I� 7�!7�!7�� WKHQ� D� WULDQJXODU� VXUIDFH� HOHPHQW� DQG� D� WHWUDKHGURQ
YROXPH�HOHPHQW��ZKLFK�LV�VKRZQ�LQ�)LJXUH������I�DUH�JHQHUDWHG�
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������ &DSWXULQJ�,QWHUIDFH�IRU�=HUR�GLPHQVLRQDO�6ROYHUV

=HUR�GLPHQVLRQDO� IORZ� VROYHUV� UHTXLUH�ZHE�YHUVXV�EXUQ� VXUIDFH� DUHD� LQIRUPDWLRQ�
$V�WKH�VROXWLRQ�SURFHHGV��LW�PDUFKHV�WKURXJK�WKH�ZHE�YDOXHV�E\�OLQHDU�LQWHUSRODWLRQ
DFFRUGLQJ� WR� WKH� UDWH� RI� EXUQ� DQG� DW� HDFK� WLPH� VWHS� WKH� DUHD� RI� WKH� EXUQ� VXUIDFH
REWDLQHG� IURP� WKH� VWDWLRQDU\� GDWD�ZKLFK� LV� WKHQ� XVHG� WR� FDOFXODWH� WKH� DPRXQW� RI
PDVV�IOX[�LQSXW�WR�WKH�FRQWURO�YROXPH�

(DFK�HOHPHQW�LV�YLVLWHG�RQFH�DQG�FKHFNHG�IRU�WKH�VFHQDULRV�GHVFULEHG�DERYH���,I�DQ\
RI� WKH�DERYH�VFHQDULRV�KROGV� WUXH� IRU� WKH� HOHPHQW� WKH� LQWHUIDFH� DUHD� LV� FDOFXODWHG�
)RU� DOO� WKH� VFHQDULRV� ZKLFK� DUH� VKRZQ� LQ� )LJXUH� ������ H[FHSW� 6FHQDULR� ��� WKH
LQWHUIDFH� LV� D� WULDQJXODU� HOHPHQW� DQG� E\� FURVV� SURGXFW� WKH� LQWHUIDFH� DUHD� LV
FDOFXODWHG�

���$ *)()������� ×⋅= ������������

ZKHUH�(��)�DQG�*�DUH�VKRZQ�LQ�)LJXUH������

)LJXUH�������$UHD�RI�,QWHUIDFH
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)RU�6FHQDULR� ��� WKH� LQWHUIDFH� LV� D� TXDGULODWHUDO� DUHD��ZKLFK� LV� FDOFXODWHG�ZLWK� WKH
VDPH� PHWKRG�� � +RZHYHU� LW� VKRXOG� EH� NHSW� LQ� PLQG� WKDW� WZR� WULDQJOHV� IRUP� D
TXDGULODWHUDO�DQG�VXPPDWLRQ�RI�DUHDV�RI�WZR�WULDQJOHV�LV�XVHG�LQ�VXFK�D�FDVH�

������ &DSWXULQJ�,QWHUIDFH�IRU�2QH�GLPHQVLRQDO�6ROYHUV

6LPLODU� WR� FDOFXODWLRQV� IRU� ZHE� YV�� DUHD�� WKH� SHULPHWHU� LQIRUPDWLRQ� FDQ� DOVR� EH
REWDLQHG�DW�VWDWLRQV�DORQJ�WKH�PRWRU�D[LV�DV�VKRZQ�LQ�)LJXUH������

)LJXUH�������6WDWLRQV�DORQJ�WKH�$[LV�RI�WKH�0RWRU

7KH� LQWHUIDFH� LV� FDSWXUHG�� DQG� WKH� HOHPHQWV��ZKLFK� FDUU\� WKH� LQWHUIDFH� LQVLGH�� DUH
PDUNHG�� � 7KHQ� D� VHFRQG� LWHUDWLRQ� SURFHGXUH� YLVLWV� RQO\� WKHVH� HOHPHQWV� IRU� HYHU\
VWDWLRQ�SRVLWLRQ�DORQJ�[�GLUHFWLRQ�� �7KH�DUHD� LQIRUPDWLRQ� LV�VOLFHG�ZLWK� WKH� VWDWLRQ
ORFDWLRQ� LQIRUPDWLRQ�� ZKLFK� \LHOGV� D� OLQH� ZLWK� WKH� OHQJWK� HTXDO� WR� WKH� EXUQ
SHULPHWHU�

������ &DSWXULQJ�,QWHUIDFH�IRU�7KUHH�'LPHQVLRQDO�)ORZ

7KUHH�GLPHQVLRQDO�IORZ�VROYHU�XVHG�LQ�WKLV�ZRUN�UHTXLUHV�ERXQGDULHV�WR�EH�GHILQHG
DW� WKH� LQWHUIDFH� DQG� WKH� GRPDLQ� LQ� ZKLFK� VROXWLRQV� ZLOO� EH� FDUULHG� RXW�� � $IWHU
LQWHUIDFH� FDSWXULQJ�� WKH� JDV� VLGH� DQG� VROLG� VLGH� HOHPHQWV� DUH� VHSDUDWHG� DQG
ERXQGDULHV�DUH�GHILQHG�

,Q� RUGHU� WR� REWDLQ� WKUHH�GLPHQVLRQDO� PHVK� IRU� IORZ� VROYHU�� WKH� PHVK� LV� VOLFHG
WKURXJK�WKH�LQWHUIDFH���7KH�PHVK�HOHPHQWV�DUH�GLYLGHG�LQWR���SDUWV�DV�IROORZV�
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��� 0HVK�HOHPHQWV��ZKLFK�DUH�LQVLGH�WKH�SURSHOODQW�VLGH�
��� 0HVK�HOHPHQWV��ZKLFK�DUH�LQVLGH�WKH�JDV�VLGH�
��� 0HVK�HOHPHQWV��ZKLFK�DUH�VOLFHG�E\�WKH�LQWHUIDFH�

(DFK�HOHPHQW�LQ�WKH�GRPDLQ�LV�YLVLWHG�RQFH�DQG� WKH�HOHPHQWV��ZKLFK�UHVLGH� LQ� WKH
SURSHOODQW�VLGH��DUH�VNLSSHG�DQG�VWRUHG�WR�DQ�DUUD\�ZKHUH�QR�VROYHU�FDOFXODWLRQV�ZLOO
EH�SHUIRUPHG���,I�WKH�HOHPHQW�LV�LQVLGH�WKH�IORZ�VLGH��LW�ZLOO�EH�VWRUHG�LQWR�FDSWXUHG
DUUD\��ZKLFK�DOVR�UHTXLUHV�QR�PRGLILFDWLRQ�

)LJXUH�������+\EULG�0HVK�QHDU�,QWHUIDFH

+RZHYHU��LI�WKH�LQWHUIDFH�SDVVHV�WKURXJK�DQ�HOHPHQW��VSHFLDO�FDUH�VKRXOG�EH�WDNHQ�
$FFRUGLQJ� WR� WKH� VFHQDULRV� GHVFULEHG� DERYH�� WKH� HOHPHQW� LV� VOLFHG�� � 7KH� RULJLQDO
HOHPHQW� LV� UHPRYHG� IURP� WKH�PHVK� ILOH�� � 7KH� QHZ� QRGH� SRLQWV� �(�� )��*�� DQG�+�
ZKLFK�OD\�RQ�WKH�LQWHUIDFH�DUH�XVHG�WR�FUHDWH�D�QHZ�HOHPHQW���7KXV�WKLV�SURFHVV�PD\
FDXVH�JHQHUDWLRQ�RI�XQVWUXFWXUHG�HOHPHQWV�ZLWK������DQG���VXUIDFHV�DV�FDQ�EH�VHHQ
LQ�)LJXUH������

:KLOH� JHQHUDWLQJ� QHZ� HOHPHQWV�� QRGDO� SRLQWV�ZKLFK� FRLQFLGH� DUH� DOVR� JHQHUDWHG�
7KHVH�QRGH�SRLQWV�VKRXOG�EH�IRXQG�DQG�FRQQHFWLYLW\�PDWUL[�VKRXOG�EH�UH�RUJDQL]HG
DFFRUGLQJO\���$OVR�VRPH�HOHPHQWV�PD\�KDYH���VXUIDFHV�OHIW�LQ�WKH�PHVK�ILOH��ZKLFK
VXJJHVW�WKDW�WKH�YROXPH�GLVDSSHDU�ZLWK�D�VOLFH�FRLQFLGHQW�WR�RQH�RI�WKH�VXUIDFHV�RI
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WKH�HOHPHQW���7KH�FRQQHFWLYLW\�PDWUL[�DQG�WKH�QRGH�DUUD\V�VKRXOG�EH�UH�DUUDQJHG�LQ
RUGHU�WR�SUHVHUYH�ILQLWH�YROXPHV�DQG�WKHLU�QHLJKERULQJ�LQIRUPDWLRQ�

7KUHH� PHWKRGV� FDQ� EH� XVHG� WR� PRGLI\� WKH� VOLFHG� HOHPHQWV� ZKLFK� DUH� VKRZQ� LQ
)LJXUH� ������ � ,I� WKH� HOHPHQWV� DUH� OHIW� DV� WKH\� DUH�� K\EULG� PHVK� LV� FUHDWHG� ZLWK
GLIIHUHQW�QXPEHU�RI�QRGHV�FUHDWLQJ�HDFK�HOHPHQW��)LJXUH������E��

)LJXUH�������0HWKRGV�RI�0HVK�0RGLILFDWLRQ
7KH� K\EULG� HOHPHQWV� FDQ� EH� GLYLGHG� LQWR� WHWUDKHGURQV� WKHUHIRUH� WKH� KRPRJHQHLW\
FDQ�EH�UHVWRUHG��)LJXUH������F��� �+RZHYHU�WKH�QXPEHU�RI�HOHPHQWV� LV� LQFUHDVHG� LQ
VXFK�D�FDVH���)RU�YLVFRXV�VROXWLRQV�WKLV�PD\�EH�DGYDQWDJHRXV���$OVR�WKH�K\EULG�SDUW
RI�WKH�PHVK�FDQ�EH�SXVKHG�RXWVLGH�WKH�IORZ�FRQWURO�YROXPH�LQWR�WKH�SURSHOODQW�VLGH
E\�PRYLQJ�WKH�QRGHV�RQ�WR�WKH�LQWHUIDFH��)LJXUH������G����7KLV�PHWKRG�UHTXLUHV�WKDW
WKH� QRGH� HOHPHQWV� IROORZ� WKH� ERXQGDU\� VWULFWO\� ZKLFK� UHTXLUHV� H[WUD� DPRXQW� RI
ZRUN� DQG� LQ� RUGHU� WR� NHHS� WKH� JHQHULF� IRUP� RI� WKH� FDSWXULQJ� H[WUD� ERXQGDU\
GHILQLWLRQV�PD\�EH�UHTXLUHG�
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7KH�K\EULG�PHVK�PHWKRG�LV�IRXQG�WR�EH�HIILFLHQW�VLQFH�QR�H[WUD�ZRUN�LV�UHTXLUHG�WR
PRGLI\� PHVK� HOHPHQWV�� � 6LQFH� QR� UHFRQVWUXFWLRQ� LV� SHUIRUPHG�� WKH� HUURUV� DUH
PLQLPL]HG�DQG�WKH�QXPEHU�RI�HOHPHQWV�LV�NHSW�FRQVWDQW���7KH�K\EULG�PHVK�UHTXLUHV
D� IORZ� VROYHU��ZKLFK� LV� FDSDEOH�RI� DFFHSWLQJ� DQ\� VKDSHG� HOHPHQW�� �7KLV� VROYHU� LV
GHVFULEHG�LQ�WKH�QH[W�FKDSWHU�

7KH�K\EULG�PHVK� LV� FRPSRVHG�RI� HOHPHQWV�ZLWK�GLIIHUHQW� JHRPHWULF� VKDSHV�� �7KH
HOHPHQWV�PD\�KDYH�QRGHV�EHWZHHQ���DQG�������QRGHV�FUHDWH�D�UHFWDQJXODU�SULVP���
QRGHV�FUHDWH�D�ZHGJH����QRGHV�FUHDWH�D�S\UDPLG�DQG���QRGHV�FUHDWH�D�WHWUDKHGURQ�
:KHQ�D�WHWUDKHGURQ�HOHPHQW�LV�VOLFHG��WKH�QHZ�HOHPHQWV�DUH�IRUFHG�WR�KDYH���QRGHV
DW�PD[LPXP���7KHUHIRUH�RXU�DSSOLFDWLRQ�LV�VXIILFLHQW�IRU�DOO�VFHQDULRV�

7DEOH������+\EULG�0HVK�&RQQHFWLYLW\
(OHPHQW�7\SH &RQQHFWLYLW\

5HFWDQJXODU�3ULVP � � � � � � � �
:HGJH��7ULDQJXODU�3ULVP� � � � � � � � �

3\UDPLG � � � � � � � �
7HWUDKHGURQ � � � � � � � �

7KH� GHILQLWLRQV� RI� FRQQHFWLYLW\� DUH� VDPH� IRU� DOO� HOHPHQWV�� � ,Q� WKH� FRQQHFWLYLW\
PDWUL[���QRGHV�DUH�JLYHQ�IRU�DOO�HOHPHQWV���+RZHYHU�VRPH�QRGHV�DUH�UHSHDWHG�LI�DQ
HOHPHQW� GLIIHUHQW� WKDQ� D� UHFWDQJXODU� SULVP� LV� WR� EH� IRUPHG�� � 7KH� )LJXUH� ����
VXPPDUL]HV�WKH�SURFHGXUH�WKDW� LV�IROORZHG�LQ�GHVFULELQJ�WKH�FRQQHFWLYLW\�IRU�HDFK
HOHPHQW�DQG�7DEOH�����VKRZV�WKH�FRQQHFWLYLW\�RI�HDFK�W\SH�RI�HOHPHQW�

+RZHYHU�LW�VKRXOG�EH�PHQWLRQHG�WKDW�WKH�K\EULG�PHVK�REWDLQHG�E\�FXWWLQJ�WKH�FHOOV
PD\� KDYH� HOHPHQWV�ZLWK� ]HUR� RU� QHDU� WR� ]HUR� YROXPH�� � ,Q� WKH� SUHVHQW� DOJRULWKP�
WKHVH�HOHPHQWV�DUH�VHDUFKHG�IRU�DQG�WKH\�DUH�UHPRYHG�IURP�WKH�JULG�
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)LJXUH�������+\EULG�0HVK�)RUPDWLRQ

���� 180(5,&$/�7(67�&$6(6�)25�)$67�0$5&+,1*�0(7+2'

7KH� WHVW� FDVHV� JLYHQ� LQ� WKLV� VHFWLRQ� DUH� VROYHG� E\� XVLQJ� WKH� GHULYDWLYH
DSSUR[LPDWLRQ���7KHVH�SUREOHPV�DUH�VHOHFWHG�VXFK�WKDW�WKHLU�VROXWLRQ�FDQ�EH�IRXQG
DQDO\WLFDOO\� DQG� D� FRPSDULVRQ� FDQ� EH� PDGH� EHWZHHQ� WKH� FDOFXODWHG� YDOXHV�
$OWKRXJK� WKHVH� SUREOHPV� DUH� VLPSOH�� WKH\� LQKHULW� DOO� WKH� SUREOHPV� WKDW� PD\� EH
HQFRXQWHUHG�LQ�UHDO�SK\VLFDO�SUREOHPV�

������ (UURU�'HILQLWLRQV

(UURU�LV�GHILQHG�DV�WKH�GLIIHUHQFH�EHWZHHQ�WKH�QXPHULFDO�FDOFXODWLRQ�UHVXOW�DQG�WKH
DQDO\WLFDO�UHVXOW�DW�HDFK�QRGDO�SRVLWLRQ�ZKHQ�WKH�VROXWLRQ�LV�FRQYHUJHG���7KH�HUURU
GHILQLWLRQ�LV�JLYHQ�EHORZ�

����� ��������� [77HUURU �� ��−= ������

,Q�RUGHU�WR�GHILQH�D�VLQJOH�YDOXH�GHILQLQJ�WKH�HUURU��/	�QRUPV�DUH�XVHG���/
�DQG�/∞

QRUPV�ZKLFK�DUH�XVHG�LQ�WKLV�ZRUN�DQG�DUH�GHILQHG�DV�IROORZV�
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6LQFH� WKH� DUHD� RI� WKH� LQWHUIDFH� LV� PRUH� LPSRUWDQW� IRU� DHURG\QDPLF� FDOFXODWLRQV�
DQRWKHU�HUURU�GHILQLWLRQ� LV�XVHG�� �7KH� LQWHUIDFH� HUURU� LV�GHILQHG� DV� WKH� UDWLR�RI� WKH
GLIIHUHQFH� RI� QXPHULFDOO\� FDOFXODWHG� DQG� DQDO\WLFDOO\� FDOFXODWHG� LQWHUIDFH� DUHD� WR
WKH� DQDO\WLFDOO\� FDOFXODWHG� LQWHUIDFH� DUHD�� � %\� DSSO\LQJ� LQWHUIDFH� HUURU� WR� RXU
VROXWLRQV�� WKH� WRWDO�HUURU��ZKLFK� LV�HQFRXQWHUHG�GXULQJ�PDVV� IOX[�DGGLWLRQ� WKURXJK
WKH� VXUIDFH� RI� WKH� SURSHOODQW�� FDQ� EH� HVWLPDWHG�� � 7KH� LQWHUIDFH� HUURU� LV� JLYHQ� DV
IROORZV�
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������ *ULG�6L]H

7KH�JULG�VL]H�LV�GHILQHG�DV�WKH�ODUJHVW�HGJH�RI�DQ�HOHPHQW�LQ�WKH�GRPDLQ���:KHQ�WKH
JULG�VL]H�RI�����XQLWV�LV�GHILQHG�IRU�WKH�GRPDLQ��WKHUH�FDQ�EH�QR�HOHPHQWV�ZLWK�DQ
HGJH�ZKRVH�OHQJWK�LV�ODUJHU�WKDQ�����XQLWV���7KLV�GHILQLWLRQ�LV�XVHG�LQ�GHILQLQJ�PHVK
LQWHQVLW\�LQ�WKH�IROORZLQJ�WHVW�FDVHV�

������ 7ZR�'LPHQVLRQDO�7HVW�&DVHV
�������� 7HVW�&DVH���±�)ODW�,QWHUIDFH

7KLV� WHVW�FDVH� LV� WZR�GLPHQVLRQDO�DQG� WKH�JHRPHWU\� LV� JLYHQ� LQ�)LJXUH������� �7KH
FXEH�LV������XQLWV�[������XQLWV�LQ�VL]H�ZKHUH�WKH�LQWHUIDFH�LV�SODFHG�DW�WKH�FHQWUH�RI
WKH�FXEH�� �7KH�XSSHU�SRUWLRQ� LV�FDOOHG� WKH�³3URSHOODQW´� VLGH�EHFDXVH� WKH� LQWHUIDFH



��

ZLOO�PRYH�LQ�WKLV�GRPDLQ�RQO\�ZKHUHDV�WKH�ORZHU�SDUW�LV�FDOOHG�WKH�³)OXLG´�SDUW�LQ
ZKLFK�QR�VROXWLRQV�ZLOO�EH�FDUULHG�RXW�E\�WKH�)00�DOJRULWKPV�

)LJXUH�������7HVW�&DVH���*HRPHWU\

7KH�UHVXOWV�DUH�VKRZQ�LQ�)LJXUH������ZKHUH�WKH�FRQWRXUV�VKRZ�WKH�DUULYDO� WLPH�RI
WKH�LQWHUIDFH�DW�HDFK�QRGH�SRLQW�

)LJXUH�������7HVW�&DVH����5HVXOWV

7KH� HUURU� HVWLPDWHV� DUH� JLYHQ� DUH� JLYHQ� LQ�7DEOH������ � ,W� KDV� EHHQ� IRXQG� WKDW� WKH
VROXWLRQ� SRVVHVVHV� RQO\� QXPHULFDO� HUURUV� GXH� WR� URXQG� RII� HUURUV� RQ� DQ� LQWHUIDFH
ZLWK�QR�VORSH�FKDQJH�



��

7DEOH�����7ZR�GLPHQVLRQDO�7HVW�&DVH����(UURU�(VWLPDWHV
/�� ������� −⋅

/�∞ ������� −⋅

,�( &DSWXUH�7LPH (UURU
����VHF� ������� −⋅

�����VHF� ������� −⋅

�������� 7HVW�&DVH���±���q�%HQG�,QWHUIDFH

7KLV� WHVW�FDVH� LV� WZR�GLPHQVLRQDO�DQG� WKH�JHRPHWU\� LV� JLYHQ� LQ�)LJXUH������� �7KH
FXEH�LV������XQLWV�[������XQLWV�LQ�VL]H�ZKHUH�WKH�IOXLG�SKDVH�LV�D�����XQLWV�[����
XQLWV�FXEH�SODFHG�DW�WKH�ORZHU�OHIW�FRUQHU�RI�WKH�ODUJHU�FXEH�

)LJXUH�������7HVW�&DVH���*HRPHWU\

7KH�UHVXOWV�IRU�WHVW�FDVH���DUH�VKRZQ�LQ�)LJXUH�������)LJXUH������DQG�)LJXUH������IRU
GLIIHUHQW�PHVK� LQWHQVLWLHV�� �7KH� FRQWRXUV� VKRZ� WKH�DUULYDO� WLPH�RI� WKH� LQWHUIDFH� DW
HDFK�QRGH�SRLQW�� �7KH�GDUN� OLQHV� FRUUHVSRQG� WR� WKH�FDOFXODWHG�YDOXHV�ZKHUHDV� WKH
GDVKHG�OLQHV�FRUUHVSRQG�WR�UHDO�VROXWLRQ�
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)LJXUH�������7HVW�&DVH����5HVXOWV�IRU�*ULG�6L]H�RI�����XQLWV

)LJXUH������7HVW�&DVH����5HVXOWV�IRU�*ULG�6L]H�RI����XQLWV

)LJXUH������7HVW�&DVH����5HVXOWV�IRU�*ULG�6L]H�RI����XQLWV



��

7KH� HUURU� HVWLPDWHV� DUH� JLYHQ� LQ� 7DEOH� ����� � 'LVFRQWLQXLWLHV� LQ� D� VXUIDFH� FDXVH
VHYHUH�HUURUV�LQ�DOO�UHJUHVVLRQ�SUREOHPV��7KH�UHDO�VROXWLRQ�LV�REWDLQHG�E\�DVVXPLQJ
WKDW�WKH�YLVFRXV�VROXWLRQ�ZRXOG�EH�REWDLQHG�E\�WKH�)00�PHWKRG���+RZHYHU�LI�WKH
PHVK� LQWHQVLW\� LV� ORZ�� WKH� YLVFRXV� VROXWLRQ�PD\�QRW� EH� REWDLQHG� QHDU� WKH� VXUIDFH
VLQFH�WKH�VROXWLRQ�GRHV�QRW�KDYH�HQRXJK�VSDFH�WR�SDVV�WKH�LQIRUPDWLRQ�DW�WKH�VKDUS
SRLQW� RI� WKH� LQWHUIDFH�� � 7KHUHIRUH� WKH� PHVK� LQWHQVLW\� LV� LQFUHDVHG� DQG� /��� HUURU
GHFUHDVHG�FRQVLGHUDEO\�ZKLFK�VXJJHVWV�WKDW�LQFUHDVLQJ�PHVK�LQWHQVLW\�HQKDQFHV�WKH
VROXWLRQ�

7DEOH��������GLPHQVLRQDO�7HVW�&DVH���(UURU�(VWLPDWHV
*ULG�7\SH /�� /�f &DSWXUH�7LPH ,�(
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2XWZDUG
6L]H� ����XQLWV

��RI�(OHPHQWV� ����
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��� ������
��� ������

2XWZDUG
6L]H� ����XQLWV

��RI�(OHPHQWV� �����
��� ������

7KH�VROXWLRQV�WR�WKLV�WHVW�FDVH�H[KLELW�+X\JHQV�¶�3ULQFLSOH�ZKHUH�VKDUS�FRUQHUV�GR
QRW�JHQHUDWH� VKDUS� FRUQHUV�� � ,W� FDQ�EH� DVVXPHG� WKDW� QR� VKDUS� FRUQHU� H[LVWV� LQ� WKH
QDWXUH�EXW�ZLOO�DOZD\V�KDYH�D�UDGLXV�
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�������� 7HVW�&DVH���±�&LUFOH�,QWHUIDFH

,Q�WKLV�WHVW�FDVH�WKH�FLUFOH��UDGLXV� �����XQLWV��LV�UHJUHVVHG�RXWZDUGV�DQG�LQZDUGV�LQ
D�ER[������XQLWV�[������XQLWV�LQ�VL]H�ZKLFK�LV�VKRZQ�LQ�)LJXUH������

)LJXUH��������D��2XWZDUG�%XUQLQJ�&LUFOH������E�,QZDUG�%XUQLQJ�&LUFOH

7KH� RXWZDUG� EXUQLQJ� FLUFOH� SUHVHQW� QR� GLIILFXOW\� IRU� WKH� DOJRULWKPV� RI� )DVW
0DUFKLQJ�VLQFH�WKH�FXUYDWXUH�LV�FRQVWDQW�WKURXJK�WKH�ZKROH�GRPDLQ���+RZHYHU�WKH
LQZDUG�EXUQLQJ�FLUFOH�SUHVHQW�GLIILFXOWLHV�VLQFH� WKH� LQWHUIDFH�GLVDSSHDUV�DW� WKH�HQG
RI�WKH�SURFHVV�

,Q� PRVW� LQWHUIDFH� WUDFNLQJ� DOJRULWKPV� WKH� ORVV� RI� DQ\� JHRPHWU\� LV� KDQGOHG� ZLWK
FRPSOLFDWHG� PHVK� UH�VWUXFWXULQJ� DOJRULWKPV�� � 7KH� SUHVHQW� ZRUN� XVHV� QR� H[WUD
KDQGOLQJ�SURFHGXUH��WKH�QDWXUH�RI�WKH�DOJRULWKP�KDQGOHV�WKH�VXUIDFH�ORVV�QDWXUDOO\�



��

)LJXUH�������7HVW�&DVH����2XWZDUG�%XUQLQJ�5HVXOWV�ZLWK�*ULG�6L]H�RI�����XQLWV

)LJXUH������7HVW�&DVH����2XWZDUG�%XUQLQJ�5HVXOWV�ZLWK�*ULG�6L]H�RI����XQLWV

)LJXUH�������7HVW�&DVH����,QZDUG�%XUQLQJ�5HVXOWV�ZLWK�*ULG�6L]H�RI����XQLWV



��

7KH�UHVXOWV�DUH�JLYHQ�LQ�)LJXUH�������)LJXUH������DQG�)LJXUH��������7KH�GDUN�FRORUHG
FRQWRXU�OLQHV�DUH�FDOFXODWHG�YDOXHV�ZKHUHDV�WKH�GDVKHG�FRQWRXU�OLQHV�UHSUHVHQW� WKH
DFWXDO�YDOXH�IRU�WKH�DUULYDO�WLPH���7KH�HUURU�HVWLPDWHV�DUH�JLYHQ�LQ�7DEOH�����

7DEOH��������GLPHQVLRQDO�7HVW�&DVH���(UURU�(VWLPDWHV
*ULG�7\SH /�� /�f &DSWXUH�7LPH ,�(
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,QZDUG
6L]H� �����XQLWV
��RI�(OHPHQWV� ��� ��� ���
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��� ������

,QZDUG
6L]H� ����XQLWV
��RI�(OHPHQWV� ��� ��� ������

�����[����� �������� ���� ��������
��� �������

,QZDUG
6L]H� ����XQLWV
��RI�(OHPHQWV� ����� ��� �������
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�������� 7HVW�&DVH���±�6PRRWK�,QWHUIDFH

7KH� WKLUG� WHVW� FDVH� FRQVLVWV� RI� �� TXDUWHU� FLUFOHV� �UDGLXV�  � ���� XQLWV�� FRPELQHG
VPRRWKO\�LQ�D�ER[�RI������XQLWV�[������XQLWV���7KH�LQWHUIDFH�LV�UHJUHVVHG�RXWZDUGV
DQG�LQZDUGV�DV�VKRZQ�LQ�)LJXUH������

)LJXUH�������D��2XWZDUG�%XUQLQJ�6PRRWK����E��,QZDUG�%XUQLQJ�6PRRWK

7KH� VROXWLRQ� LV� SUREOHPDWLF� VLQFH� WKH� PLGGOH� FLUFOH� GLVDSSHDUV� DIWHU� RXWZDUG
UHJUHVVLRQ� DQG� VLGH� FLUFOHV� GLVDSSHDU� DIWHU� LQZDUG� UHJUHVVLRQ�� �$OO� RWKHU�PHWKRGV
HVSHFLDOO\� LQWHUIDFH� WUDFNLQJ�PHWKRGV�KDYH� WR� WDNH�VSHFLDO�SUHFDXWLRQV� LQ�RUGHU� WR
KDQGOH�WKLV�SUREOHP���7KH�VROXWLRQV�REWDLQHG�DUH�LQ�JRRG�DJUHHPHQW�ZLWK�WKH�DFWXDO
YDOXHV�LQ�DOO�PHVK�LQWHQVLWLHV�GXH�WR�WKH�VPRRWKQHVV�RI�WKH�SUREOHP���+RZHYHU�ZLWK
ORZ�LQWHQVLW\�PHVK�DW�WKH�LQWHUIDFH��WKH�FLUFOHV�DUH�QRW�GHILQHG�SURSHUO\���7KH�UHVXOWV
DUH� JLYHQ� LQ�)LJXUH� ������ )LJXUH� ����� DQG�)LJXUH� ������7KH� GDUN� FRORUHG� FRQWRXU
OLQHV� DUH� FDOFXODWHG� YDOXHV�ZKHUHDV� WKH� GDVKHG� FRQWRXU� OLQHV� UHSUHVHQW� WKH� DFWXDO
YDOXH�IRU�WKH�DUULYDO�WLPH���7KH�HUURU�HVWLPDWHV�DUH�JLYHQ�LQ�7DEOH�����



��

)LJXUH������7HVW�&DVH����2XWZDUG�5HJUHVVLRQ�5HVXOWV�ZLWK�*ULG�6L]H�RI����XQLWV

)LJXUH�������7HVW�&DVH����2XWZDUG�5HJUHVVLRQ�5HVXOWV�ZLWK�*ULG�6L]H�RI����XQLWV

)LJXUH������7HVW�&DVH����,QZDUG�5HJUHVVLRQ�5HVXOWV�ZLWK�*ULG�6L]H�RI����XQLWV
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7DEOH�������GLPHQVLRQDO�7HVW�&DVH���(UURU�(VWLPDWHV
*ULG�7\SH /�� /�f &DSWXUH�7LPH ,�(
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6L]H� ����XQLWV
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�������� 7HVW�&DVH���±�&ROOLGLQJ�&LUFOHV

7KH� PRVW� GLIILFXOW� SUREOHP� LQ� LQWHUIDFH� UHJUHVVLRQ� LV� KDQGOHG� LQ� WKLV� WZR�
GLPHQVLRQDO�SUREOHP��ZKHUH� WZR�FLUFOHV� �UDGLXV ����XQLWV��DW� WKH�XSSHU� ULJKW�DQG
ORZHU�OHIW�FRUQHUV�RI�D�FXEH�RI������XQLWV�[������XQLWV��H[SDQGV�WRZDUGV�HDFK�RWKHU�

7KH�SUREOHP�LV�HQFRXQWHUHG�ZKHQ� WZR� LQWHUIDFHV�PHHW�VRPHZKHUH� LQ� VSDFH�� �7KH
H[DFW�ORFDWLRQ�LV�XQNQRZQ��WKHUHIRUH�QR�SUHFDXWLRQV�FDQ�EH�WDNHQ�EHIRUH�KDQG���7KH
)00� DOJRULWKP� KDV� WKH� VROXWLRQ� LQ� LWV� QDWXUH� VLQFH� WKH� VPDOOHVW� DUULYDO� WLPH� LV



��

DFFHSWHG�IRU�DQ\�QRGH�SRVLWLRQ�DQG�WKH�QRGH�LV�QRW�YLVLWHG�WZLFH���%\�WKLV�ZD\�WKH
LQWHUIDFH�ZKLFK� UHDFKHV� D� QRGH� ILUVW�� FODLPV� WKH� QRGH� IRU� LWVHOI�� WKXV� WKH� UHVXOW� LV
FRUUHFW���7KH�JHRPHWU\�LV�JLYHQ�LQ�)LJXUH������

)LJXUH�������&ROOLGLQJ�&LUFOHV

7KH� UHVXOWV� DUH� JLYHQ� LQ� )LJXUH� ����� DQG� )LJXUH� ������ 7KH� GDUN� FRORUHG� FRQWRXU
OLQHV� DUH� FDOFXODWHG� YDOXHV�ZKHUHDV� WKH� GDVKHG� FRQWRXU� OLQHV� UHSUHVHQW� WKH� DFWXDO
YDOXH�IRU�WKH�DUULYDO�WLPH�

)LJXUH������7HVW�&DVH����5HJUHVVLRQ�5HVXOWV�ZLWK�*ULG�6L]H�RI����XQLWV
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)LJXUH������7HVW�&DVH����5HJUHVVLRQ�5HVXOWV�ZLWK�*ULG�6L]H�RI����XQLWV

7KH�FRQWRXU�LVODQG��ZKLFK�LV�VHHQ�LQ�)LJXUH�������LV�GXH�WR�D�SORWWLQJ�HUURU���:KLOH
JHQHUDWLQJ� D� FRQWRXU� SORW�� LQWHUSRODWLRQ� LV� SHUIRUPHG� DW� WKH� VLWH� RI� FROOLVLRQ�
+RZHYHU�WKH�UHDO�DQVZHU�FDQ�EH�IRXQG�E\�H[WUDSRODWLRQ�DW�WKLV�ORFDWLRQ���7KH�RQO\
VROXWLRQ�LV� WR�LQFUHDVH�PHVK�LQWHQVLW\�WKXV�UHGXFLQJ�WKH�HUURU� WR�D�PLQLPXP�� �7KH
HUURU�HVWLPDWHV�DUH�JLYHQ�LQ�7DEOH�����

7DEOH��������GLPHQVLRQDO�7HVW�&DVH���(UURU�(VWLPDWHV
*ULG�7\SH /�� /�f
6L]H� ����XQLWV
��RI�(OHPHQWV� ���� �����[����� ������
6L]H� ����XQLWV
��RI�(OHPHQWV� ����� �����[����� ������
6L]H� ����XQLWV
��RI�(OHPHQWV� ������ �����[����� �������
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������ 7KUHH�'LPHQVLRQDO�7HVW�&DVHV
,Q�WKLV�VHFWLRQ�WKH�VLPLODU�WHVW�FDVHV�LQ�WKUHH�GLPHQVLRQ�DUH�LQYHVWLJDWHG���7HVW�&DVH
±� �� LV� VNLSSHG�� VLQFH� WKH� VROYHU� GRHV� QRW� PDNH� DQ\� HUURU� IRU� D� FRQVWDQW� VORSH
VXUIDFH�

7KH� WKUHH�GLPHQVLRQDO� WHVW� FDVHV� DUH� REWDLQHG� E\� H[WUXGLQJ� WKH� VLPLODU� WZR�
GLPHQVLRQDO�WHVW�FDVHV�LQ�WKH�]�GLUHFWLRQ�E\�����XQLWV�

�������� 7HVW�&DVH���±�&XEH�,Q�D�5HFWDQJXODU�3ULVP

7HVW� FDVH� �� UHVXOWV� DUH� JLYHQ� LQ� )LJXUH� ����� DQG� )LJXUH� ������ � 7KH� GDUN� OLQHV
UHSUHVHQW�WKH�FDOFXODWHG�YDOXHV�ZKHUHDV�WKH�GDVKHG�OLQHV�DUH�H[DFW�YDOXHV�

)LJXUH������7HVW�&DVH����5HJUHVVLRQ�5HVXOWV�ZLWK�*ULG�6L]H�RI�����XQLWV

7KH�HUURU�HVWLPDWHV�DUH�JLYHQ�LQ�7DEOH�������,W�FDQ�EH�VHHQ�WKDW�DV�WKH�PHVK�LQWHQVLW\
LQFUHDVHV�WKH�DFFXUDF\�RI�WKH�VROXWLRQ�JHWV�EHWWHU�DW�D�FRVW�RI�RSHUDWLRQ�WLPH�



��

)LJXUH������7HVW�&DVH����5HJUHVVLRQ�5HVXOWV�ZLWK�*ULG�6L]H�RI����XQLWV

7KH�/���HUURU�LQFUHDVHV�DV�WKH�PHVK�LQWHQVLW\�LQFUHDVHV��GXH�WR�WKH�UHDVRQ�WKDW� WKH
LQFUHDVH� RI� QXPEHU� RI� HOHPHQWV� LV� PXFK� KLJKHU� WKDQ� WKH� WZR�GLPHQVLRQDO� FDVHV
ZKHUH�WKH�DFFXUDF\�LV�QRW�VXIILFLHQW�WR�ORZHU�WKH�RYHUDOO�HIIHFW�

7KH� DFFXUDF\� RI� WKH� VROXWLRQV� IRU� EXUQ� DUHD�PD\� EH� DFKLHYHG� WKURXJK� LQFUHDVLQJ
PHVK�LQWHQVLW\��7KH�LQWHUIDFH�DUHD�FRPSDULVRQ�LV�JLYHQ�LQ�)LJXUH������

)LJXUH�������%XUQ�DUHD�YHUVXV�:HE�IRU�7HVW�&DVH��



��

7DEOH��������GLPHQVLRQDO�7HVW�&DVH���(UURU�(VWLPDWHV
*ULG�7\SH /�� /�f
2XWZDUG
6L]H� �����XQLWV
��RI�(OHPHQWV� �����

�����[����� �������

2XWZDUG
6L]H� ����XQLWV
��RI�(OHPHQWV� ������

�����[����� �������

2XWZDUG
6L]H� ����XQLWV
��RI�(OHPHQWV� �������

�����[����� �������

�������� 7HVW�&DVH���±�&\OLQGHU�LQ�D�5HFWDQJXODU�3ULVP

7HVW� &DVH� �� UHVXOWV� DUH� JLYHQ� LQ� )LJXUH� ����� IRU� WKH� RXWZDUG� UHJUHVVLRQ� DQG� LQ
)LJXUH������DQG�)LJXUH������IRU�LQZDUG�UHJUHVVLRQ�

)LJXUH������7HVW�&DVH����2XWZDUG�5HJUHVVLRQ�5HVXOWV�ZLWK�*ULG�6L]H�RI����XQLWV



��

)LJXUH������7HVW�&DVH���,QZDUG�5HJUHVVLRQ�5HVXOWV�ZLWK�*ULG�6L]H�RI�����XQLWV

)LJXUH������7HVW�&DVH���,QZDUG�5HJUHVVLRQ�5HVXOWV�ZLWK�*ULG�6L]H�RI����XQLWV

7KH�HUURU�HVWLPDWHV�DUH�JLYHQ� LQ�7DEOH������ �7KH�/�∞� HUURU� IRU� LQZDUG� UHJUHVVLRQ
ZLWK� ORZ�PHVK� LQWHQVLW\� LV�KLJK�GXH� WR� WKH� UHDVRQ� WKDW� WKH� DOJRULWKP� LV�XQDEOH� WR
ILQG�HQRXJK�VSDFH�WR�KDYH�D�PDWXUH�VROXWLRQ�



��

)LJXUH������%XUQ�DUHD�YV��:HE�IRU�7HVW�&DVH���±2XWZDUG

7KH� LQWHUIDFH�HUURU��ZKLFK� LV�PDGH�ZKLOH� VROYLQJ� LQZDUG�EXUQLQJ�� LV�FRQVLGHUDEO\
KLJK�ZKHQ� ORZ� LQWHQVLW\�PHVK� LV� XVHG�� �7KH� ORFDWLRQV�ZKHUH� GLVDSSHDULQJ� SLHFHV
H[LVW� LQ� D� PRGHO� DUH� FULWLFDO�� WKHUHIRUH� WKH� VL]H� RI� PHVK� HOHPHQWV� VKRXOG� EH
GHFUHDVHG�LQ�VXFK�DUHDV�

)LJXUH������%XUQ�DUHD�YV��:HE�IRU�7HVW�&DVH���±,QZDUG



��

7DEOH��������GLPHQVLRQDO�7HVW�&DVH���(UURU�(VWLPDWHV
*ULG�7\SH /�� /�f
2XWZDUG��6L]H� ����
��RI�(OHPHQWV� ����� �����[����� �������
2XWZDUG��6L]H� ���
��RI�(OHPHQWV� ������ �����[����� ��������
2XWZDUG��6L]H� ���
��RI�(OHPHQWV� ������� �����[����� �������
,QZDUG��6L]H� ����
��RI�(OHPHQWV� ����� �����[����� �����
,QZDUG��6L]H� ���
��RI�(OHPHQWV� ������ �����[����� �������
,QZDUG��6L]H� ���
��RI�(OHPHQWV� ������ �����[����� ������

�������� 7HVW�&DVH���±�6PRRWK�,QWHUIDFH�LQ�D�5HFWDQJXODU�3ULVP

7KH� WHVW� FDVH� UHVXOWV� DUH� JLYHQ� LQ� )LJXUH� ����� DQG� )LJXUH� ����� IRU� RXWZDUG
UHJUHVVLRQ�DQG�LQ�)LJXUH������DQG�)LJXUH������IRU�LQZDUG�UHJUHVVLRQ�

)LJXUH������7HVW�&DVH����2XWZDUG�5HJUHVVLRQ�5HVXOWV�ZLWK�*ULG�6L]H�RI�����XQLWV



��

)LJXUH������7HVW�&DVH����2XWZDUG�5HJUHVVLRQ�5HVXOWV�ZLWK�*ULG�6L]H�RI����XQLWV

)LJXUH������7HVW�&DVH����,QZDUG�5HJUHVVLRQ�5HVXOWV�ZLWK�*ULG�6L]H�RI�����XQLWV

)LJXUH������7HVW�&DVH����,QZDUG�5HJUHVVLRQ�5HVXOWV�ZLWK�*ULG�6L]H�RI����XQLWV



��

7KH�XSZLQG�FULWHULD�FDXVH�HUURUV� WR�RFFXU�RQ� WKH�ERXQGDULHV�RI� WKH� VROXWLRQ�VLQFH
WKH� LQIRUPDWLRQ� UHTXLUHG� IRU� DFFHSWDQFH� FULWHULD� PD\� QRW� EH� VXIILFLHQW� RQ� WKH
ERXQGDULHV���,QFUHDVLQJ�WKH�PHVK�LQWHQVLW\�VROYHV�IRU�WKH�SUREOHP�PRVW�RI�WKH�WLPH�
7KH�HUURU�HVWLPDWHV�DUH�JLYHQ�LQ�7DEOH������

)LJXUH������%XUQ�DUHD�YV��:HE�IRU�7HVW�&DVH���±2XWZDUG

)LJXUH������%XUQ�DUHD�YV��:HE�IRU�7HVW�&DVH���±,QZDUG



��

7DEOH���������GLPHQVLRQDO�7HVW�&DVH���(UURU�(VWLPDWHV
*ULG�7\SH /�� /�f
2XWZDUG���6L]H� ����
��RI�(OHPHQWV� ����� �����[����� ������
2XWZDUG���6L]H� ���
��RI�(OHPHQWV� ������ �����[����� ������
2XWZDUG���6L]H� ���
��RI�(OHPHQWV� ������� �����[����� ������
,QZDUG���6L]H� ����
��RI�(OHPHQWV� ����� �����[����� ������
,QZDUG���6L]H� ���
��RI�(OHPHQWV� ������ �����[����� ������
,QZDUG���6L]H� ���
��RI�(OHPHQWV� ������ �����[����� ������

�������� 7HVW�&DVH���±�&ROOLGLQJ�&\OLQGHUV�LQ�D�5HFWDQJXODU�3ULVP

)LJXUH������7HVW�&DVH����5HJUHVVLRQ�5HVXOWV�ZLWK�*ULG�6L]H�RI����XQLWV



��

7KH�WHVW�FDVH�UHVXOWV�DUH�JLYHQ�LQ�)LJXUH������DQG�HUURU�HVWLPDWHV�DUH�JLYHQ�LQ�7DEOH
������ � 7KH� /�∞� HUURU� ZLWK� PHVK� VL]H� ���� XQLWV� LV� YHU\� KLJK� GXH� WR� ORZ� PHVK
LQWHQVLW\�� �7KH�VROXWLRQ� LV�QRW�FDSDEOH�RI� ILQGLQJ� WKH� FRUUHFW� JUDGLHQW�GLUHFWLRQ� LQ
VXFK�D�FDVH���7KH�JUDGLHQW�DW�WKH�SRLQW�RI�FROOLVLRQ�KDV�WZR�YDOXHV�HDFK�FRPLQJ�IURP
GLIIHUHQW� EXUQLQJ� VXUIDFHV�� � ,Q� RUGHU� IRU� WKH� VROXWLRQ� WR� JLYH� D� GHFLVLRQ� PRUH
LQIRUPDWLRQ� LV� UHTXLUHG� ZKLFK� WKH� KLJK� LQWHQVLW\� PHVK� VKRXOG� VXSSO\�� � 0HVK
DGDSWDWLRQ�FDQ�EH�XVHIXO�DW�WKH�SRVLWLRQ�RI�FROOLVLRQ�

7DEOH�������7KUHH�GLPHQVLRQDO�7HVW�&DVH���(UURU�(VWLPDWHV
*ULG�7\SH /�� /�f
2XWZDUG���6L]H� ����
��RI�(OHPHQWV� ����� �����[����� �����
2XWZDUG���6L]H� ���
��RI�(OHPHQWV� ������ �����[����� ������
2XWZDUG���6L]H� ���
��RI�(OHPHQWV� ������� �����[����� ������

7KH�LQWHUIDFH�HUURUV�DQG�/��HUURUV�GHFUHDVH�DV�WKH�PHVK�LQWHQVLW\�LQFUHDVHV���7KH�UXQ
WLPH� LQFUHDVH� LV� OLQHDUO\� SURSRUWLRQDO� WR� WKH� QXPEHU� RI� HOHPHQWV� LQ� WKH� VROXWLRQ
GRPDLQ�IRU�WKH�LQWHUIDFH�FDSWXULQJ�DOJRULWKPV���+RZHYHU�IRU�WKH�WKUHH�GLPHQVLRQDO
IORZ� VROYHU� WKH� WLPH� UHTXLUHG� IRU� FRQYHUJHQFH� LQFUHDVHV� H[SRQHQWLDOO\� DV� WKH
QXPEHU�RI�HOHPHQWV�LQFUHDVH���7KHUHIRUH�D�GHFLVLRQ�KDV�WR�EH�PDGH�DFFRUGLQJ�WR�WKH
DFFXUDF\�UHTXLUHPHQW�RI�WKH�FRXSOHG�VROXWLRQ�

$Q�DOWHUQDWLYH�LV�WR�VROYH�WKH�LQWHUIDFH�FDSWXULQJ�RQ�D�ILQH�PHVK�DQG�WUDQVIHUULQJ�WKH
LQWHUIDFH� GDWD� RQWR� D� GLIIHUHQW� FRDUVHU�PHVK� IRU� WKH� IORZ� VROXWLRQV� RU� YLFH� YHUVD�
7KLV�PHWKRG� LV�XVHG� LQ�DOO� DSSOLFDWLRQV�JLYHQ� LQ�QH[W�FKDSWHUV�ZKLFK� UHGXFHG� UXQ
WLPH�IRU�WKH�IORZ�VROYHU�DQG�LQFUHDVHG�LQWHUIDFH�DFFXUDF\�



��
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)RU�LQWHUIDFH�FDSWXULQJ�SXUSRVHV�� WKH�VSHHG�E\�ZKLFK� WKH� LQWHUIDFH�PRYHV�KDYH� WR
EH�FDOFXODWHG��ZKLFK�LV�FDOOHG�WKH�EXUQLQJ�UDWH�RI� WKH�SURSHOODQW�� � ,W� LV�VHQVLWLYH�WR
VHYHUDO�IDFWRUV�

• � &KHPLFDO� FRPSRVLWLRQ� RI� WKH� SURSHOODQW�� 7KH� SURSHOODQW� LV� D� PL[WXUH� RI
VHYHUDO�FRPSRXQGV�DQG�WKH�FRPELQDWLRQ�RI�VHYHUDO�SURGXFWV��ZKLFK�FDXVHV
WKH� EXUQLQJ� UDWH� WR� DOWHU�� � $OVR�� SK\VLFDO� HIIHFWV� VXFK� DV� SDUWLFOH� VL]H
GLVWULEXWLRQ�RI�WKH�PL[HG�PDWHULDOV�PD\�FDXVH�GLIIHUHQFHV�LQ�WKH�EXUQ�UDWH�

• � 3UHVVXUH�� � $V� WKH� SUHVVXUH� LQVLGH� WKH� FKDPEHU� LQFUHDVHV� WKH� EXUQLQJ� UDWH
HQKDQFHV�� � ,Q� WKH�SUHVVXUH� UDQJH� LQ�ZKLFK� URFNHW�PRWRUV�RSHUDWH��GH�6DLQW
5REHUW¶V�EXUQLQJ� UDWH� ODZ� LV�DSSOLFDEOH�� � ,W� LV� DOVR�SRVVLEOH� WR�GLUHFWO\�XVH
SORWV�RI�DFWXDOO\�PHDVXUHG�EXUQLQJ�UDWHV�YHUVXV�SUHVVXUH�>�@�

• � 7HPSHUDWXUH���,W�LV�QHFHVVDU\�WR�NQRZ�WKH�EXUQLQJ�UDWH�VHQVLWLYLW\�WR�LQLWLDO
SURSHOODQW�WHPSHUDWXUH�

• � $FFHOHUDWLRQ�� � $W� DFFHOHUDWLRQ� OHYHOV� KLJKHU� WKDQ� ��J�� WKH� SURSHOODQW
VHQVLWLYLW\�WR�DFFHOHUDWLRQ�EHFRPHV�VLJQLILFDQW�

• � ,QWHUQDO� )ORZ�� &RPEXVWLRQ� SURGXFWV� LQWHUDFW� ZLWK� SURSHOODQW� FRPEXVWLRQ
DQG�PD\� OHDG� ORFDO� FKDQJH� LQ� WKH� EXUQLQJ� UDWH�� � $OVR�� WKH� KLJK� VSHHG� RI
LQWHUQDO� IORZ� SDUDOOHO� WR� WKH� EXUQ� VXUIDFH�PD\� HQKDQFH� EXUQLQJ�� ZKLFK� LV



��

FDOOHG�HURVLYH�EXUQLQJ��GXH�WR�LQFUHDVH�RI�KHDW�WUDQVIHU�IURP�WKH�IODPH�]RQH
WR�WKH�SURSHOODQW�VXUIDFH���7KH�SUHVVXUH�GURS�EHWZHHQ�IRUZDUG�DQG�DIW�HQG�RI
WKH�FHQWUDO�SRUW�GXH�WR�WKH�LQFUHDVH�LQ�IORZ�YHORFLW\�DOVR�DIIHFWV�WKH�EXUQLQJ
UDWH��DV�GHVFULEHG�SUHYLRXVO\��

• � 0DQXIDFWXULQJ� 3URFHVV�� ,W� KDV� EHHQ� ZLGHO\� UHSRUWHG� WKDW� WKH� EDOOLVWLF
UHVSRQVH�RI�VROLG�URFNHW�PRWRUV�GHSHQGV�RQ�WKH�SURFHVV�XVHG�WR�PDQXIDFWXUH
LW���8VXDOO\�HPSLULFDO�SDUDPHWHUV�QHFHVVDU\�WR�SUHGLFW�WKH�SHUIRUPDQFH�RI�D
PRWRU��KXPS�HIIHFW��DUH�OLQNHG�WR�WKH�PDQXIDFWXULQJ�SURFHVV���9RLGV�LQ�WKH
SURSHOODQW��XQHYHQ�GLVWULEXWLRQ�RI�SURSHOODQW�PDWUL[��FUDFNV�LQ�WKH�SURSHOODQW
DQG�PL[WXUH� UDWLR�GLIIHUHQFHV� LQ� VHYHUDO�EDWFKHV�DUH� VRPH�RI� WKH�SUREOHPV
WKDW�PD\�EH�HQFRXQWHUHG�>��@�

7KUHH�IORZ�VROYHUV�DUH�SURSRVHG�LQ�WKLV�WKHVLV���7KH�]HUR�GLPHQVLRQDO�>��@�DQG�RQH�
GLPHQVLRQDO�>��@�IORZ�VROYHUV�DUH�SUHYLRXVO\�YDOLGDWHG�FRGHV�� �7KH�ODVW�RQH�LV� WKH
WKUHH�GLPHQVLRQDO�IORZ�VROYHU��ZKLFK��LV�GHYHORSHG�DQG�YDOLGDWHG�LQ�WKLV�ZRUN�

���� =(52�',0(16,21$/�)/2:�62/9(5

7KLV�SURJUDP�FDOFXODWHV�WKH�SUHVVXUH�WLPH�DQG�WKUXVW�WLPH�KLVWRU\�RI� WKH�PRWRU�E\
XVLQJ� ]HUR�GLPHQVLRQDO� HTXDWLRQV� RI� IORZ� DQG� HPSLULFDO� UHODWLRQV�� � 7KH� FRGH
UHTXLUHV�EXUQ�DUHD�YV��ZHE�GDWD�IURP�EXUQEDFN�VROYHUV��WKHUPR�FKHPLFDO�SURSHUWLHV
RI�SURSHOODQWV�DQG�GLPHQVLRQV�RI�QR]]OH�LQ�RUGHU�WR�DFKLHYH�LWV�SXUSRVH���7KH�PDLQ
DVVXPSWLRQV�DUH�JLYHQ�DV�IROORZV�>��@�

��� 7KH�FRPEXVWLRQ�SURGXFWV�DUH�LGHDO�JDVHV�
��� %XUQLQJ� UDWH� IROORZV� WKH� HPSLULFDO� FRUUHODWLRQ� IRU� WKH� SUHVVXUH� UDQJH

GHVFULEHG�DV� �

� DSU = �DQG�SUHVVXUH�LV�FRQVWDQW�WKURXJKRXW�WKH�PRWRU�
��� (IIHFWV�RI�WUDQVLHQW�PDVV�DGGLWLRQ�DQG�HURVLYH�EXUQLQJ�FDQ�EH�QHJOHFWHG�
��� 7KH�FKDPEHU�JDVHV�KDYH�QHJOLJLEOH�LQHUWLD�
��� 3URSHOODQW� EXUQ� UDWH� PD\� EH� FRUUHFWHG� IRU� DPELHQW� WHPSHUDWH� RI� WKH

SURSHOODQW�E\�WKH�UHODWLRQ�
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�������H[S��� ��������� 777UU −⋅⋅⋅= σ � �����

ZKHUH� �� FQ��� −=σ �DQG� �F �LV�WKH�SURSHOODQW�WHPSHUDWXUH�VHQVLWLYLW\�
��� 7KH� SURSHUWLHV� RI� WKH� JDVHV� LQ� WKH� FKDPEHU� FDQ� EH� IRXQG� E\� XVLQJ

ZHLJKWHG�DYHUDJHV�

������ *RYHUQLQJ�(TXDWLRQV

,Q� D� UDGLDO� EXUQLQJ� VROLG� URFNHW� PRWRU� ZLWK� VXEVRQLF� IORZ� �0������� LW� FDQ� EH
DVVXPHG� WKDW� WKH� SURSHUWLHV� RI� JDVHV� DUH� FRQVWDQW� �G�� ��G[�  � ��� DORQJ� WKH� JUDLQ
OHQJWK���7KH�WRWDO�SUHVVXUH�DW�WKH�WKURDW�RI�WKH�QR]]OH�LV�DOVR�DVVXPHG�WR�EH�HTXDO�WR
WKH�FKDPEHU�SUHVVXUH�

)LJXUH������=HUR�GLPHQVLRQDO�650�&RQVHUYDWLYH�5HODWLRQV

7KH�FRQVHUYDWLRQ�RI�PDVV�IRU�LVHQWURSLF�IORZ�LV�JLYHQ�E\

�	 PW
0P �� += G
G ������
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ZKHUH� �P� LV� WKH� UDWH�RI�PDVV� DGGLWLRQ� E\� EXUQLQJ� RI� SURSHOODQW�� 0 � LV� WKH� VWRUHG
PDVV�LQ�WKH�FKDPEHU�DQG� �P� �LV�WKH�PDVV�IORZ�WKURXJK�WKH�QR]]OH�ZLWK� �=�P� �XQWLO
WKH�SUHVVXUH�LQ�WKH�FKDPEHU�UHDFKHV�WKH�FORVXUH�EORZRXW�SUHVVXUH�

7KH�UDWH�RI�PDVV�JHQHUDWLRQ�LV�FDOFXODWHG�E\�WKH�UHODWLRQ

�

�������� DS$U$P ρρ ==� ������

ZKHUH� 	ρ � LV� WKH� SURSHOODQW� GHQVLW\� DQG� �$ � LV� WKH� EXUQ� DUHD� RI� WKH� JUDLQ� DW� WKDW
LQVWDQW���7KH�PDVV�IORZ�WKURXJK�WKH�QR]]OH�LV�FDOFXODWHG�E\�WKH�UHODWLRQ

∗= &
$SP 
���

� ������

ZKHUH� ��S � LV� WKH� FKDPEHU� SUHVVXUH�� ��$ � LV� WKH� WKURDW� DUHD� DQG� &� LV� WKH
FKDUDFWHULVWLF�VSHHG�RI�WKH�SURSHOODQW�� �7KH�WKURDW�DUHD�PD\�FKDQJH�GXH�WR�HURVLRQ
RI� WKH� QR]]OH� LQVXODWLRQ� PDWHULDO� DQG� WKH� FKDUDFWHULVWLF� VSHHG� LV� D� IXQFWLRQ� RI
FKDPEHU�SUHVVXUH�

7KH�UDWH�RI�FKDQJH�RI�PDVV�VWRUHG�LQ�WKH�FKDPEHU�LV�JLYHQ��E\�WKH�UHODWLRQ
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ZKHUH� ρ �LV�WKH�JDV�GHQVLW\�DQG�υ �LV�WKH�JDV�YROXPH�

&RPELQLQJ�WKHVH�HTXDWLRQV��(TXDWLRQ�������FDQ�EH�UH�ZULWWHQ�DV
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ZKHUH� ��$UW =G
Gυ ���(TXDWLRQ�������LV�LQWHJUDWHG�ZLWK�LQILQLWHVLPDO�WLPH�VWHSV�DV�WKH

SURSHOODQW�EXUQ�

7KH�WKUXVW�LV�FDOFXODWHG�E\�WKH�IROORZLQJ�VLPSOH�UHODWLRQ�

��	
� &W$WS&W7KUXVW ������ = ������

ZKHUH� �& �LV�WKH�WKUXVW�FRHIILFLHQW�DQG� & �LV�WKH�GLYHUJHQFH�ORVV�FRHIILFLHQW�

���� 21(�',0(16,21$/�)/2:�62/9(5

7KH� IORZ� VROYHU�� ZKLFK� LV� GHVFULEHG� LQ� WKLV� VHFWLRQ�� LV� FDOOHG� ,%6�'�� ZKLFK� LV
GHYHORSHG�>��@�LQ�RUGHU�WR�SUHGLFW�SHUIRUPDQFH�RI�650��ZKLFK�XVHV�HPSLULFDO�DQG
DQDO\WLFDO� UHODWLRQV� HIILFLHQWO\�� �7KH� SURJUDP� UHTXLUHV� WKH� FRQWURO� YROXPH�GDWD� LQ
WKH�IRUP�RI�ZHE�YV��SHULPHWHU�DW�VWDWLRQV�DORQJ�WKH�D[LV�RI�WKH�PRWRU�

������ 3URJUDP�'HILQLWLRQV

$VVXPLQJ�WKDW�WKH�WUDQVLHQW�EHKDYLRU�RI�VROLG�URFNHW�PRWRU�FRQVLVWV�RI�D�VPDOO�WLPH
LQWHUYDO��FRPSDUHG�WR�WKH�VWHDG\�IORZ�SHULRG��VWHDG\�IORZ�VROXWLRQV�DUH�SUHIHUUHG�IRU
SHUIRUPDQFH�SUHGLFWLRQ�SXUSRVHV�

,W�FDQ�EH�DVVXPHG�WKDW�WKH�IORZ�ILHOG�LQ�WKH�PRWRU�LV�SDUDOOHO�WR�WKH�D[LV�RI�WKH�PRWRU
ZKLFK�LV�WUXH�ZLWK�KLJK�OHQJWK�WR�GLDPHWHU�UDWLR�PRWRUV���7KH�YHUWLFDO�FRPSRQHQW�RI
PRPHQWXP� GRHV� QRW� KDYH� DQ\� HIIHFW� RQ� WKH� WKUXVW� RI� WKH� URFNHW�PRWRU�� � %\� WKLV
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DVVXPSWLRQ�DQRWKHU�VLPSOLILFDWLRQ�FDQ�EH�XVHG��RQH�GLPHQVLRQDO�IORZ�LQ�D�YDULDEOH
DUHD�GXFW�

7KH�JDV�SURGXFWV�DUH�LQ�PXOWL�SKDVH�ZLWKLQ�D�650���0RVW�RI�WKH�SURGXFWV�DUH�LQ�JDV
SKDVH�� KRZHYHU� OLTXLG� DQG� VROLG� SDUWLFOHV� H[LVW� LQ� WKH� IORZ�� � ,Q� RUGHU� WR� NHHS� WKH
VROXWLRQ�VLPSOH��LGHDO�JDV�DVVXPSWLRQ�LV�DFFHSWHG�

$QRWKHU� VLPSOLILFDWLRQ� LV� WR� DVVXPH� WKH� IORZ� DV� DGLDEDWLF� DQG� LQYLVFLG�� � $W� KLJK
IORZ� YHORFLWLHV� WKH� KHDW� WUDQVIHU� FDQ� EH� QHJOHFWHG�� � 6LQFH� WKH� JDV� SKDVH� KDV� ORZ
YLVFRVLW\�WKH�LQYLVFLG�DVVXPSWLRQ�FDQ�EH�DFFHSWDEOH���$V�WKH�IORZ�YHORFLW\�LQFUHDVHV
WKH�LQYLVFLG�DVVXPSWLRQ�LV�PRUH�DFFHSWDEOH�

&RQVLGHULQJ� WKH� DVVXPSWLRQV� GHVFULEHG� DERYH�� WKH� FRQVHUYDWLRQ� HTXDWLRQV� DQG
HTXDWLRQ�RI�VWDWH�PD\�EH�ZULWWHQ�DV�
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ZKHUH� � �& � LV� WKH� SHULPHWHU� RI� WKH� EXUQLQJ� LQWHUIDFH� DW� HDFK� VWDWLRQ�� 9� LV� WKH
YHORFLW\�RI� WKH� IORZ�SDUDOOHO� WR� WKH�D[LV�� �U � LV� WKH�SURSHOODQW�EXUQ� UDWH�� �ρ � LV� WKH
SURSHOODQW�GHQVLW\� DQG�$� LV� WKH�FURVV�VHFWLRQDO�DUHD�� �7KH�DERYH�HTXDWLRQV�FDQ�EH
VROYHG�IRU�S��ρ��9��DQG�K�
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ZKHUH� $ � LV� WKH� DULWKPHWLF� DYHUDJH� RI� SRUW� DUHD� DW� LQOHW� DQG� H[LW� RI� HDFK� YROXPH
HOHPHQW�� �7KH� SDUDPHWHUV�D�� E�� F� DUH� GHSHQGHQW� RQ� SURSHUWLHV� RI� FRPEXVWLRQ� DQG
IORZ�ILHOG���7KH�LQLWLDO�YDOXHV�IRU�WKHVH�SDUDPHWHUV�DW�D�UHIHUHQFH�SRLQW�LQ�WKH�PRWRU
DUH�DVVXPHG� WR�EH�NQRZQ�� �%\�XVLQJ�(TXDWLRQV��������� �������� �������� ��������K��S
DQG�ρ�YDULDEOHV�FDQ�EH�HOLPLQDWHG�ZKLFK�OHDYHV�D�TXDGUDWLF�HTXDWLRQ�LQ�WHUPV�RI�9�
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7KH�(TXDWLRQ� �������KDV� WZR� VROXWLRQV�� �2QH� VROXWLRQ� LV� IRU� WKH� VXEVRQLF� DQG� WKH
RWKHU� VROXWLRQ� LV� IRU� WKH� VXSHUVRQLF� FDVH�� � ,I� WKH� GLVFULPLQDQW� LV� ]HUR�� WKH� IORZ� LV
VRQLF�

$IWHU� VROYLQJ� 9� DQG� NQRZLQJ� WKH� SDUDPHWHUV� D�� E� DQG� F�� WKH� (TXDWLRQV� �������
���������������DQG��������FDQ�EH�XVHG�WR�VROYH�IRU�ρ��S��K�
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������ 6ROXWLRQ�7HFKQLTXH

7KH�GRPDLQ�KDV�WR�EH�GLVFUHWL]HG�LQ�RUGHU�WR�VROYH�IRU�WKH�IORZ�YDULDEOHV���)RU�WKLV
SXUSRVH��WKH�PRWRU�LV�GLYLGHG�LQWR�VHJPHQWV�LQ�WKH�D[LDO�GLUHFWLRQ��VHH�)LJXUH������

)LJXUH������6WDWLRQV�IRU�2QH�GLPHQVLRQDO�6ROYHU

,Q�RUGHU�WR�VWDUW�WKH�VROXWLRQ�D�UHIHUHQFH�SRVLWLRQ�LV�VHOHFWHG��QRGH����DQG�WKH�IORZ
SURSHUWLHV�DW�WKLV�SRLQW�DUH�VXSSOLHG���7KLV�SRLQW�LV�VHOHFWHG��DV�WKH�KHDG�HQG�RI�WKH
PRWRU�VLQFH�WKH�SURSHUWLHV�DW�WKLV�ORFDWLRQ�FDQ�EH�HVWLPDWHG�

2QFH� WKH�UHIHUHQFH�SRLQW� LV�VHOHFWHG�� WKH� VROXWLRQ�PDUFKHV� WRZDUGV� WKH�HQG�RI� WKH
JUDLQ���7KH�D��E��F�SDUDPHWHUV�DUH�FDOFXODWHG�IRU�WKH�QH[W�SRLQW�DV�IROORZV�
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ZKHUH� � ��P� � LV� WKH�PDVV� IORZ� UDWH� SDVVLQJ� WKURXJK� WKH� SRUW� DUHD� DQG� ���P� �LV� WKH
JHQHUDWHG�PDVV�IORZ�UDWH�FRPLQJ�IURP�WKH�SURSHOODQW���7KH\�DUH�GHILQHG�DV�
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(TXDWLRQ� ������� LV� ZULWWHQ� DVVXPLQJ� WKDW� UHIHUHQFH� WHPSHUDWXUH� LV� DW� �� .�� � 7KH
FDOFXODWHG�SDUDPHWHUV�DUH� LQVHUWHG� LQWR�(TXDWLRQ� �������� DQG�9� LV�REWDLQHG� IRU� WKH
QH[W�SRLQW���%\�XVLQJ�(TXDWLRQV�������������������������WKH�SURSHUWLHV�DUH�FDOFXODWHG�
7KH�VROXWLRQ�FDQ�SURFHHG�XS�WR�WKH�HQG�RI�WKH�JUDLQ���7KH�VROXWLRQ�LV�VWHDG\�XS�WR
WKLV�SRLQW�

������ 1R]]OH�)ORZ�DQG�7KUXVW�&DOFXODWLRQV

,Q�DOO�650��D�FRQYHUJLQJ�GLYHUJLQJ�QR]]OH�LV�XVHG���,Q�RUGHU�WR�FDOFXODWH�WKH�PDVV
IORZ�UDWH��LW�LV�QHFHVVDU\�WR�ILQG�RXW�LI�WKH�QR]]OH�LV�FKRNHG�RU�QRW���,I�WKH�WKURDW�LV
FKRNHG��WKHQ�WKH�IORZ�UDWH�LV�IL[HG���,Q�WKLV�FDVH�WKH�FRQGLWLRQV�LQVLGH�WKH�PRWRU�DQG
WKH�QR]]OH�H[LW�DUH�QRW�UHODWHG�WR�HDFK�RWKHU�� � ,I�WKH�WKURDW�LV�QRW�FKRNHG��WKH�PDVV
IORZ�UDWH�LV�GHSHQGHQW�RQ�QR]]OH�H[LW�FRQGLWLRQV�
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7KH�IORZ�UDWH�LQ�D�QR]]OH�WKURDW�FDQ�EH�H[SUHVVHG�DV
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,Q� RUGHU� WR� FDOFXODWH� WKH� QR]]OH� H[LW� SURSHUWLHV�� WKH� LVHQWURSLF� FRPSUHVVLEOH� IORZ
HTXDWLRQV�FDQ�EH�XVHG�LQ�RUGHU�WR�ILQG�WKUXVW
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ZKHUH�λ�LV�QR]]OH�GLYHUJHQFH�ORVV�IDFWRU�DQG�

������ 7LPH�'HSHQGHQFH

,Q�WKLV�VHFWLRQ��DGGLWLRQ�RI�WLPH�GHSHQGHQFH�LV�GHVFULEHG�E\�XVLQJ�WKH�VWHDG\�IORZ
VROXWLRQ���7KH�EDVLF�LGHD�LV�WR�XSGDWH�WKH�SURSHUWLHV�DW�WKH�UHIHUHQFH�SRVLWLRQ�DW�HDFK
WLPH� LQWHUYDO� DQG� VWHDG\� VROXWLRQ� DW� WKLV� WLPH� LQWHUYDO� LV� FDOFXODWHG�� � 7KH� VWDWLF
SUHVVXUH�LQVLGH�WKH�FKDPEHU�FDQ�EH�FDOFXODWHG�E\�
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7KH�FKDQJH�RI�PDVV�RI�WKH�FRQWURO�YROXPH�ZLWK�UHVSHFW�WR�WLPH�LV
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%\�XVLQJ�(TXDWLRQ���������DW�HDFK�WLPH�LQWHUYDO�WKH�SUHVVXUH�YDOXH�DW�WKH�UHIHUHQFH
SRLQW�LV�XSGDWHG�
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7KH� PRWLRQ� RI� WKH� LQWHUIDFH� LV� JRYHUQHG� E\� WKH� SK\VLFDO� SURSHUWLHV� RI� WKH� IORZ
SDVVLQJ�RYHU� WKH� VXUIDFH�� � ,Q� WKH� FDVH�RI� VROLG�SURSHOODQW� URFNHW�PRWRUV�� WKH� EXUQ
UDWH�E\�ZKLFK�WKH�SURSHOODQW�VXUIDFH�UHJUHVVHV�LV�DIIHFWHG�E\�WKH�VWDWLF�SUHVVXUH�RI
WKH�IORZ�E\�IROORZLQJ�WKH�HPSLULFDO�GH�6DLQW�5REHUW�UHODWLRQ�>��@�
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ZKHUH�D�DQG�Q�DUH�H[SHULPHQWDOO\�GHILQHG�IRU�D�IL[HG�SURSHOODQW�LQLWLDO�WHPSHUDWXUH�

7KH�VWDWLF�SUHVVXUH�DIIHFWLQJ�WKH�EXUQ�UDWH�FDQ�EH�FDOFXODWHG�ORFDOO\�DQG�YDULDWLRQ�LQ
WKH� EXUQ� UDWH� FDQ� EH� DFKLHYHG� RQ� WKH� VXUIDFH� RI� WKH� FRPEXVWLRQ�� � 7KH� WKUHH�
GLPHQVLRQDO� DHURG\QDPLF� VROYHU� LV� FRXSOHG� ZLWK� WKH� EXUQEDFN� FRGH�� � 7KH� PHVK
UHTXLUHG�IRU�WKH�DHURG\QDPLF�VROXWLRQ�LV�REWDLQHG�IURP�WKH�EXUQEDFN�FRGH�ZKHUHDV
WKH�EXUQ�UDWH�UHVXOWV�DW�HYHU\�QRGH�RQ�WKH�VXUIDFH�DUH�REWDLQHG�IURP�WKH�IORZ�VROYHU�

7KH�FRGH�SUHYLRXVO\�ZDV�D�WZR�GLPHQVLRQDO��LQYLVFLG��FHOO�FHQWHUHG�ILQLWH�YROXPH�
WHWUDKHGURQ� PHVK�� H[WHUQDO� IORZ� VROYHU� >��@�� � 7KH� IORZ� VROYHU� LV� XSJUDGHG� WR� D
WKUHH�GLPHQVLRQDO�LQWHUQDO�IORZ�VROYHU��RSHUDWLQJ�RQ�K\EULG�PHVK�
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,Q� RUGHU� WR� REWDLQ� WKH� IORZ� ILHOG� SURSHUWLHV� ZLWKRXW� YLVFRVLW\� DQG� KHDW� WUDQVIHU
FRQVLGHUDWLRQV��(XOHU� HTXDWLRQV�DUH�XVHG�� � ,Q� WKLV� VHFWLRQ� WKH� JRYHUQLQJ� HTXDWLRQV
DUH�GHVFULEHG�

������ &RQVHUYDWLYH�)RUP�RI�(XOHU�(TXDWLRQV

,Q�WKUHH�GLPHQVLRQV�WKH�(XOHU�HTXDWLRQV�FDQ�EH�ZULWWHQ�LQ�GLIIHUHQWLDO�IRUP�LQ�WHUPV
RI�FRQVHUYDWLYH�IORZ�YDULDEOHV�DV�>��@�
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ZKHUH�K��LV�WKH�WRWDO�HQWKDOS\�GHILQHG�DV�K� �H���S�ρ�

%\�XVLQJ�WKH�LGHDO�JDV�UHODWLRQ�S ρ57��WKH�VWDWLF�SUHVVXUH�FDQ�EH�FDOFXODWHG�DV�
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EDODQFHG�ZLWK�WKH�UDWH�RI�FKDQJH�RI�FRQVHUYDWLYH�YDULDEOHV�LQ�WKH�ILQLWH�YROXPH�Ω�

������ -DFRELDQ�0DWULFHV

7KH�JRYHUQLQJ�(TXDWLRQ��������FDQ�EH�H[SUHVVHG�LQ�TXDVL�OLQHDU�IRUP�DV�IROORZV�
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ZKHUH� ��� ZYX9 ++= ���,W�LV�FRPSOLFDWHG�WR�REWDLQ�HLJHQYDOXHV�LQ�FRQVHUYDWLYH
IRUP��WKHUHIRUH�SULPLWLYH�YDULDEOH�IRUP�RI�(XOHU�HTXDWLRQV�ZLOO�EH�REWDLQHG�
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7KH�HLJHQYDOXHV�DQG�HLJHQYHFWRUV�RI�WKH�(XOHU�(TXDWLRQV�FDQ�EH�REWDLQHG�IURP�WKH
SULPLWLYH�-DFRELDQV�REWDLQHG�LQ�SUHYLRXV�VHFWLRQ�� �7KH�SULPLWLYH�-DFRELDQV�FDQ�EH
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VXPPHG�XS�DQG�WKH�UHODWLRQV�ZLOO�VWLOO�KROG�WUXH���6LQFH�WKH�DLP�LV�WR�IRUPXODWH�WKH
UHODWLRQV�IRU�ILQLWH�YROXPH�PHWKRG��LW�LV�LPSRUWDQW�WR�FDOFXODWH�FKDUDFWHULVWLFV�DORQJ
D�GLUHFWLRQ��OHWWLQJ�WKLV�GLUHFWLRQ�EH�WKH�QRUPDO�WR�DQ\�VXUIDFH�
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$IWHU�FDUU\LQJ�RXW� WKH� FDOFXODWLRQV� LQ�(TXDWLRQ� �������� WKH� IROORZLQJ�HLJHQYHFWRUV
DUH�REWDLQHG�
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������ )LQLWH�9ROXPH�6ROXWLRQ

7KH� QRUPDO� FRPSRQHQWV� RI� YHORFLW\� FDQ� EH� XVHG� WR� FDOFXODWH� WKH� IOX[� QRUPDO� WR
HDFK�VXUIDFH�RI�WKH�ILQLWH�YROXPH�HOHPHQW�Ω�VXFK�WKDW
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�GG =+Ω
∂
∂

∫∫∫∫∫
Ω

�
� V+4W �������

,Q� RUGHU� WR� GLVFUHWL]H� WKH� DERYH� HTXDWLRQ� WKH� IORZ� SURSHUWLHV� DUH� DVVXPHG� WR� EH
FRQVWDQW�LQ�WKH�ILQLWH�YROXPH�HOHPHQW��DQG�WKH�SURSHUW\�LV�FDOFXODWHG�DW�WKH�FHQWUH�RI
WKLV�HOHPHQW���7KH�VHFRQG�LQWHJUDO�H[SUHVVLRQ�LQ�(TXDWLRQ��������LV�UHSODFHG�E\�WKH
VXPPDWLRQ�RSHUDWRU�DQG�WKH�UHVXOWLQJ�HTXDWLRQ�LV�JLYHQ�DV�IROORZV�
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ZKHUH� ��6 ∆ �LV�WKH�L���FHOO¶V�M���VXUIDFH�DUHD�DQG� [ ] ���+ � �LV�WKH�QHW�IOX[�IORZLQJ�LQWR�L��

FHOO�IURP�M���VXUIDFH�RI�WKH�VDPH�FHOO�

7KH�UHVLGXDO�5��DV�JLYHQ�EHORZ�
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%\�FRXSOLQJ�WKH�UHVLGXDO�WHUP�ZLWK�(TXDWLRQ��������WKH�IROORZLQJ�H[SOLFLW�IRUP�FDQ
EH�REWDLQHG�
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7KH�H[SOLFLW�VROXWLRQ�PHWKRG�UHTXLUHV�GLVFUHWL]DWLRQ�RI�IORZ�HTXDWLRQV�LQ�WLPH�DQG
LQ�VSDFH�

������ 7LPH�,QWHJUDWLRQ�E\�5XQJH�.XWWD�0HWKRG

7KH�VROXWLRQ�DW�WLPH�VWHS�Q���FDQ�EH�HYDOXDWHG�VWDUWLQJ�IURP�WKH�LQLWLDO�GDWD�DW�WLPH
VWHS� Q� E\� XVLQJ� DQ� H[SOLFLW� DOJRULWKP� WKURXJK� 5XQJH�.XWWD� �5.��0HWKRG�� � 7KH
JHQHUDO�5.�VFKHPH�RI�RUGHU�P�LV�JLYHQ�E\�
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ZKHUH�WKH�FRQVWDQW� �� << �α �DQG� �=α �

,Q�WKH�SUHVHQW�IORZ�VROYHU��IRXUWK�RUGHU�VFKHPH�LV�XVHG�ZLWK�WKH�VWDQGDUG�FRQVWDQWV
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,W� LV� VKRZQ� >��@� WKDW� IRU� GLIIHUHQW� FRQVWDQWV� RI� 5.� WKH� VWDELOLW\� PDUJLQ� FDQ� EH
LQFUHDVHG�� � 7KH� IROORZLQJ� RSWLPDO� FRQVWDQWV� DUH� SURSRVHG� WR� LQFUHDVH� WKH� &)/
QXPEHU�
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ZKHUH�&)/�LV�WKH�&RXUDQW�QXPEHU�FRHIILFLHQW�DQG�GHILQHG�DV�IROORZV
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�9 �LV�GHILQHG�DV�WKH�PD[LPXP�ZDYH�VSHHG�WKURXJKRXW�WKH�GRPDLQ�DW�WLPH�OHYHO

Q�IRU�HDFK�FHOO�

������ 9DQ�/HHU�)OX[�6SOLWWLQJ

,Q�9DQ�/HHU¶V�PHWKRG� >��@� WKH� IOX[� YHFWRU� �+ � LV� H[SUHVVHG� LQ� WHUPV� RI� GHQVLW\�
VSHHG�RI�VRXQG�DQG�0DFK�QXPEHU�VXFK�WKDW
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ZKHUH� �4 �DQG� 4 �DUH�FRQVHUYDWLYH�LQIRUPDWLRQ�FRPLQJ�IURP�ZLWKLQ�WKH�FHOO�DQG
LWV�QHLJKERU�UHVSHFWLYHO\�

7KH�VSOLWWLQJ�RI�WKH�PDVV�IOX[�IRU� ���<0 �LV�DFKLHYHG�E\
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7KH�VSOLWWLQJ�RI�WKH�PRPHQWXP�IOX[�LV�DFKLHYHG�E\�FXELF�SRO\QRPLDOV
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7KH�VSOLWWLQJ�RI�WKH�HQHUJ\�IOX[�LV�DFKLHYHG�E\
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)RU� WKUHH�GLPHQVLRQDO�(XOHU�HTXDWLRQV�� WKH�[�VSOLW� IOX[� IRUPXOD� LV� JLYHQ� LQ�YHFWRU
IRUP�IRU� ���<�0 �DV�

( )


























++




 ±−

−






 ±−

±±=±

��

�

�

�

�
���

�
�

�

��
�� �

����
�

ZY0F
Z
Y
0F

0F+ �

γ
γ

γ
γ

ρ ������

,I�WKH�0DFK�QXPEHU�LQ�WKH�QRUPDO�GLUHFWLRQ�WR�VXUIDFH�LV� ���≥�0 ��WKHQ
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9DQ�/HHU>��@�GHILQHG�D�SUDFWLFDO�VWDELOLW\�FULWHULRQ��ZKLFK�FDQ�EH�JLYHQ�DV�
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������ 5LHPDQQ�6ROYHU�RI�5RH

,Q� WKLV� VHFWLRQ� WKH� DOJRULWKP�RI�RULJLQDO�5RH¶V�PHWKRG�E\� IROORZLQJ�7RUR� >��@� LV
GHVFULEHG���7KH�VWUXFWXUH�RI� WKH�H[DFW�VROXWLRQ�RI� WKH�5LHPDQQ�3UREOHP�IRU� WKH�[�
VSOLW� WKUHH�GLPHQVLRQDO� (XOHU� HTXDWLRQV� LV� JLYHQ� LQ� )LJXUH� ����� � 7KH� YHFWRUV� RI
FRQVHUYHG�YDULDEOHV�DQG�IOX[HV�DUH�JLYHQ�DV�
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)LJXUH������6WUXFWXUH�RI�5LHPDQQ�3UREOHP�IRU�[�VSOLW�(XOHU�(TXDWLRQV
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7KH�SLHFH�ZLVH�LQLWLDO�GDWD�LV�JLYHQ�DV��
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$FFRUGLQJ�WR�WKH�RULJLQDO�5RH¶V�PHWKRG��WKH�LQWHU�FHOO�IOX[�LV�JLYHQ�DV�

∑
=

⋅−+⋅=
�

�

�

����� .+++
�

�	�������� λα ������

7KH�5RH�DYHUDJHV�RI�IORZ�YDULDEOHV�DUH�JLYHQ�DV
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7KH�HLJHQYDOXHV�RI�[�GLUHFWLRQ�-DFRELDQ�PDWUL[�RI�$� LQ� WHUPV�RI� DYHUDJHG�YDOXHV
DUH
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7KH�DYHUDJHG�HLJHQYHFWRUV�DUH
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7KH�ZDYH�VWUHQJWKV�DUH�JLYHQ�DV�
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$�PRGLILFDWLRQ� WR� WKH� DERYH� VROXWLRQ� WHFKQLTXH� LV� UHTXLUHG� DW� VRQLF� IORZ� UHJLRQV
ZKLFK�LV�FDOOHG�HQWURS\�IL[�WHFKQLTXH�

�������� (QWURS\�)L[

/LQHDUL]HG� VROXWLRQV� WR� 5LHPDQQ� SUREOHP� JLYH� UHVXOWV� LQ� GLVFRQWLQXRXV� MXPSV
ZKLFK� LV� SUHIHUDEOH� LQ� VKRFNV� DQG� FRQWDFWV�� � +RZHYHU� IRU� H[SDQVLRQ�ZDYHV�� WKLV
SURFHGXUH�FUHDWHV�HUURUV���5RH¶V�VROYHU�FDQ�EH�PRGLILHG�LQ�RUGHU�WR�DYRLG�VROXWLRQV
ZLWK�HQWURS\�YLRODWLRQ���7KH�+DUWHQ�+\PDQ�HQWURS\�IL[�VROXWLRQ�LV�GHVFULEHG�LQ�WKLV
VHFWLRQ�

$W� HDFK� VXUIDFH� WKH� SUHVHQFH� RI� D� UDUHIDFWLRQ� ZDYH� LV� FKHFNHG� DFFRUGLQJ� WR� WKH
UHODWLRQV�JLYHQ�EHORZ�� � ,I� D� UDUHIDFWLRQ�ZDYH� LV�SUHVHQW� WKH�HQWURS\� IL[�SURFHVV� LV
XVHG�LQVWHDG�RI�WKH�RULJLQDO�5RH¶V�PHWKRG�

7KH�OHIW�VSHHGV�DUH�FDOFXODWHG�DV
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IROORZLQJ�SURFHGXUH�LV�IROORZHG�LQ�VXFK�D�FDVH�
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7KH�ULJKW�VSHHGV�DUH�FDOFXODWHG�DV
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������ ,QLWLDO�DQG�%RXQGDU\�&RQGLWLRQV

,Q�RUGHU� WR� VWDUW� WKH�QXPHULFDO� VROXWLRQV�� LQLWLDO� FRQGLWLRQV� VKRXOG�EH�GHILQHG�� � ,Q
650�WKH�VWDWLF�SUHVVXUH�YDOXHV�DUH�KLJKHU�DW�WKH�PRWRU�FDVH�ZKHUHDV�LQ�WKH�QR]]OH
WKH�SUHVVXUH�GHFUHDVHV� UDSLGO\�� � ,I� ERWK�RI� WKH� GRPDLQV� DUH� VWDUWHG�ZLWK� WKH� VDPH
LQLWLDO�SUHVVXUH�WKH�FRQYHUJHQFH�RI�WKH�VROXWLRQ�WDNHV�D�ORQJ�WLPH�IRU�WKH�PRWRU�FDVH�
7KHUHIRUH� IRU� WKH�GRPDLQ�ZLWK� VXE�VRQLF� IORZ��KLJK�SUHVVXUH�YDOXHV� HVWLPDWHG�E\



��

SUHYLRXV� VROXWLRQV� DUH� JLYHQ�� � ,Q� WKH� VXSHU�VRQLF� IORZ� UHJLRQ� WKH� H[LW� SUHVVXUH� LV
DVVLJQHG�

,I� WKHUH� LV� QR� QHLJKERULQJ� HOHPHQW� RQ� WKH� VXUIDFH� RI� DQ� HOHPHQW�� WKHQ� ERXQGDU\
FRQGLWLRQ�LPSOHPHQWDWLRQ�LV�DSSOLHG���7KH�ERXQGDU\�FRQGLWLRQV�XVHG�LQ�WKLV�VROYHU
DUH� LQMHFWLRQ� ERXQGDU\� FRQGLWLRQ�� VXEVRQLF� IORZ� H[LW� ERXQGDU\� FRQGLWLRQ�
VXSHUVRQLF� IORZ�H[LW� ERXQGDU\� FRQGLWLRQ�� V\PPHWU\� ERXQGDU\� FRQGLWLRQ� DQG�ZDOO
ERXQGDU\�FRQGLWLRQ���7KHVH�FRQGLWLRQV�DUH�H[SODLQHG�LQ�WKH�QH[W�VHFWLRQV�

�������� ,QMHFWLRQ�%RXQGDU\�&RQGLWLRQ

=HUR�SUHVVXUH�JUDGLHQW�DW�WKH�LQMHFWLQJ�VXUIDFH�LV�DVVXPHG���7KH�LQMHFWHG�JDV�GHQVLW\
LV�IRXQG�WKURXJK�WKH�VROXWLRQ�RI�UHODWLRQV�JLYHQ�EHORZ�
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ZKHUH�7�� LV�WKH�IODPH�WHPSHUDWXUH�DQG�*� LV�WKH�LQMHFWLRQ�PDVV�IOX[�JLYHQ�DV�LQSXW
GDWD���2QFH�WKH�GHQVLW\�LV�FDOFXODWHG��PRPHQWXP�IOX[�WHUPV�FDQ�EH�FDOFXODWHG���7KH
HQHUJ\�IOX[�LV�FDOFXODWHG�E\�XVLQJ�WKH�IODPH�WHPSHUDWXUH�

�������� 6\PPHWU\�%RXQGDU\�&RQGLWLRQ

7KH� QRUPDO� IOX[� WHUP� SDVVLQJ� WKURXJK� WKH� VXUIDFH� LV� VHW� WR� ]HUR� ZKHUHDV� WKH
JUDGLHQW�RI�RWKHU� IOX[�WHUPV�DUH�VHW� WR�]HUR�IRU� WKH�V\PPHWU\�ERXQGDU\�FRQGLWLRQ�
7KLV� LV� DFKLHYHG� WKURXJK� SKDQWRP� HOHPHQWV� RQ� WKH� V\PPHWU\� ZKHUH� IOX[� WHUPV
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WDQJHQW�WR�WKH�VXUIDFH�DUH�NHSW�DV�WKH\�DUH�DQG�WKH�PLUURU�LPDJH�RI�WKH�QRUPDO�WHUPV
DUH�WDNHQ�

�������� :DOO�%RXQGDU\�&RQGLWLRQ�IRU�WKH�,QYLVFLG�)ORZ

)RU�DQ�LQYLVFLG�IORZ�DOO�WKH�IOX[�WHUPV�SDVVLQJ�WKURXJK�WKH�VXUIDFH�DUH�VHW�WR�]HUR�
ZKHUHDV�WKH�WDQJHQWLDO�IOX[�WHUPV�DUH�NHSW�DV�WKH\�DUH�

�������� 6XEVRQLF�2XWIORZ�%RXQGDU\�&RQGLWLRQV

6XEVRQLF�IORZ�VKRXOG�UHDFK�WKH�DPELHQW�SUHVVXUH�DV�WKH�FRGH�FRQYHUJHV���7KHUHIRUH
SUHVVXUH�YDOXH�DW�WKH�ERXQGDU\�LV�HQIRUFHG�E\�WKH�DPELHQW�SUHVVXUH�� �7KH�YHORFLW\
DQG�WHPSHUDWXUH�JUDGLHQWV�DUH�QRUPDO�WR�WKH�VXUIDFH�DUH�NHSW�]HUR�
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7KH�GHQVLW\�YDOXH�DW� WKH�ERXQGDU\�VKRXOG�EH�FRPSXWHG�ZLWK�WKH�DPELHQW�SUHVVXUH
DQG�WHPSHUDWXUH�

�������� 6XSHUVRQLF�2XWIORZ�&RQGLWLRQV

6XSHUVRQLF�IORZV�GR�QRW� LQWHUDFW�ZLWK�RXWIORZ�FRQGLWLRQV�� �7KXV��DOO� WKH�H[LW� IORZ
SDUDPHWHUV�DUH�H[WUDSRODWHG�IURP�LQWHULRU�SRLQWV�
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*LYHQ�WKH�UHIHUHQFH�VWDWHV�RI�7��
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� ��RWKHU�UHIHUHQFH�SDUDPHWHUV�DUH�GHILQHG�DV��
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7KH�SDUDPHWHUV�DUH�FRQYHUWHG�WR�QRQ�GLPHQVLRQDO�IRUP�E\�WKH�IROORZLQJ�UHODWLRQV�
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������� 7HVW�&DVHV�IRU�7KUHH�'LPHQVLRQDO�)ORZ�6ROYHU

=HUR�GLPHQVLRQDO�DQG�RQH�GLPHQVLRQDO�VROYHUV�DUH�YDOLGDWHG�SUHYLRXVO\���7KHUHIRUH
WHVW�FDVHV�SUHVHQW�LQ�WKLV�VHFWLRQ�DUH�XVHG�LQ�RUGHU�WR�YDOLGDWH�WKH�WKUHH�GLPHQVLRQDO
IORZ�VROYHU�

7KH�UHVXOWV��ZKLFK�DUH�XVHG�IRU�FRPSDULVRQ��DUH�YDOLGDWHG�E\�QXPHULFDO�UHVXOWV�DQG
H[SHULPHQWDO� GDWD� RI� 2QHUD� >��@�� )RU� FRPSDULVRQ� SXUSRVHV� WKH� IORZ� VROYHU� RI
<XPXVDN� >��@�ZKLFK� LV�FDOOHG� ,%6�'� LV�XVHG��7KH� WKUHH�GLPHQVLRQDO� IORZ�VROYHU
GHYHORSHG�LQ�WKLV�VWXG\�LV�FDOOHG�WKUHH�GLPHQVLRQDO�K\EULG�LQWHUQDO�EDOOLVWLF�VROYHU
�+,%6�'��

���������5HVLGXDO�'HILQLWLRQV

7KH�GHILQLWLRQ�RI�WKH�UHVLGXDO��ZKLFK�LV�WUDFNHG�DV�WKH�FRQYHUJHQFH�FULWHULD��LV�JLYHQ
EHORZ�
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ZKHUH� ��		1 LV�WKH�QXPEHU�RI�HOHPHQWV�LQ�WKH�GRPDLQ�DQG
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IRU�DQ\�K\EULG�HOHPHQW���7KH�RYHUDOO�UHVLGXDO��ZKLFK�LV�XVHG�LQ�WHVW�FDVHV��LV�JLYHQ
DV�
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ZKHUH��/����LV�WKH�LQLWLDO�/��
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7KH�FXEH�WHVW�FDVH�LV�XVHG�WR�YDOLGDWH�WKH�VROYHU�GXULQJ�GHEXJJLQJ�OHYHO���7KH�FXEH
VLGHV�DUH������PP�� LQ� OHQJWK�ZLWK� WKH�ERXQGDU\� FRQGLWLRQV� VKRZQ� LQ�)LJXUH�����
7KH� PDVV� IOX[� LV� ���� NJ��P��V�� DQG� RXWOHW� SUHVVXUH� LV� ���� N3D�� � 7KH� UHIHUHQFH
SUHVVXUH� DQG� WHPSHUDWXUH� DUH�����N3D� DQG�����.� UHVSHFWLYHO\�� �7KH�VSHFLILF�KHDW
UDWLR�LV�����DQG�JDV�FRQVWDQW�LV�������-�NJ�.�

)LJXUH������&XEH�7HVW�&DVH�*HRPHWU\

7KH� VROXWLRQV� DUH� SHUIRUPHG� RQ� D� KH[DKHGURQ� PHVK� ZLWK� WZR� LQWHQVLWLHV�� � )LUVW
VROXWLRQV�DUH�SHUIRUPHG�RQ�D����[����[����JULG��)LJXUH�����D��DQG�VHFRQG�VROXWLRQV
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DUH�SHUIRUPHG�RQ�D����[����[����JULG��)LJXUH�����E����7KH�,%6�'�VROYHU�LV�VHFRQG
RUGHU�DFFXUDWH�LQ�VSDFH�ZKHUHDV�WKH�FRGH�ZKLFK�LV�GHYHORSHG� LQ� WKLV�VWXG\� LV� ILUVW
RUGHU�DFFXUDWH�LQ�VSDFH���7KH�VROXWLRQV�XVHG�IRU�FRPSDULVRQ�DUH�WDNHQ�IURP�WKH�ILUVW
JULG�VHW�RQO\�

����������D�����[����[����*ULG�� �������������������������E�����[����[����*ULG
)LJXUH�����&XEH�7HVW�&DVH�*ULG

7KH�0DFK�FRQWRXUV�DUH�JLYHQ�LQ�)LJXUH�����DQG�VWDWLF�SUHVVXUH�DORQJ�WKH�V\PPHWU\
D[LV� LV�JLYHQ�LQ�)LJXUH�����IRU� ORZ�LQWHQVLW\�JULG�� �7KH�GDUN� OLQH� LV�REWDLQHG� IURP
,%6�'��WKLQ�VROLG�OLQH�LV�+,%6�G�ZLWK�5RH¶V�RULJLQDO�PHWKRG�DQG�WKH�GRWWHG�OLQH�LV
+,%6�'�ZLWK�9DQ�/HHU�IOX[�VSOLWWLQJ�



��

)LJXUH������&XEH�7HVW�&DVH����[��[���±�0DFK�&RQWRXUV

)LJXUH������&XEH�7HVW�&DVH����[��[���±�3UHVVXUH�DW�6\PPHWU\�$[LV

7KH�0DFK�FRQWRXUV�DUH�JLYHQ�LQ�)LJXUH�����DQG�VWDWLF�SUHVVXUH�DORQJ�WKH�V\PPHWU\
D[LV�LV�JLYHQ�LQ�)LJXUH�����IRU�KLJK�LQWHQVLW\�JULG�



��

)LJXUH������&XEH�7HVW�&DVH����[��[����±�0DFK�&RQWRXUV

)LJXUH������&XEH�7HVW�&DVH����[��[����±�3UHVVXUH�DW�6\PPHWU\�$[LV

)URP�WKH�UHVXOWV�LW�FDQ�EH�VHHQ�WKDW�DV�WKH�LQWHQVLW\�RI�WKH�JULG�LQFUHDVHV�WKH�UHVXOWV
DUH�JHWWLQJ�EHWWHU���$OVR�WKH�5RH¶V�PHWKRG�JHQHUDWHV�EHWWHU�UHVXOWV�IRU�WKLV�WHVW�FDVH�



��

)LJXUH�������5HVLGXDO�IRU�&XEH�7HVW�&DVH����[��[����ZLWK�9DQ�/HHU¶V�0HWKRG

)LJXUH�������5HVLGXDO�IRU�7HVW�&DVH����[��[����ZLWK�5RH¶V�0HWKRG

7KH� UHVLGXDOV� DUH� JLYHQ� LQ� )LJXUH� ����� DQG� )LJXUH� ����� IRU� 9DQ� /HHU� DQG� 5RH
UHVSHFWLYHO\�

���������7�����7(67�&$6(��$

7HVW� FDVH� �$� RI� 7����� SURMHFW� LV� D� SODQDU� LQMHFWLRQ� SUREOHP� ZKHUH� WKH� IORZ� LV
VXEVRQLF�� � 7KH� JHRPHWU\� LV� JLYHQ� LQ� )LJXUH� ������ � 7KH� JULG� ZKLFK� LV� XVHG� E\
<XPXVDN�>��@�LV�JLYHQ�LQ�)LJXUH��������7KH�JULG��ZKLFK�LV�XVHG�E\�RXU�IORZ�VROYHU�
LV�JLYHQ�LQ�)LJXUH������



���

,Q� RUGHU� WR� FRPSDUH� UHVXOWV� ZLWK� SODQDU� WZR�GLPHQVLRQDO� VROXWLRQV�� D� WKUHH�
GLPHQVLRQDO�JULG�ZLWK�KH[DKHGURQ�HOHPHQWV�LV�JHQHUDWHG�ZLWK�WKH�VDPH�LQLWLDO�DQG
ERXQGDU\� FRQGLWLRQV�� � 7KUHH�GLPHQVLRQDO� UHVXOWV� DUH� JLYHQ� DV� D� WZR�GLPHQVLRQDO
VOLFH�DW�WKH�FHQWUH�RI�VROXWLRQ�GRPDLQ�VR�WKDW�D�FRPSDULVRQ�FDQ�EH�PDGH�

)LJXUH������*HRPHWU\�RI�7HVW�&DVH��
7KH�SK\VLFDO�SURSHUWLHV�RI�WKH�IORZ�DQG�JULG�SURSHUWLHV�DUH�JLYHQ�LQ�7DEOH����

7DEOH�����*HRPHWULF�DQG�)ORZ�3URSHUWLHV�IRU�7HVW�&DVH��
��'�3ODQDU ��'�6ROYHU

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



���

)LJXUH������7ZR�GLPHQVLRQDO�*ULG�RI�7HVW�&DVH��

)LJXUH�������7KUHH�GLPHQVLRQDO�*ULG�RI�7HVW�&DVH��

7KH�0DFK�QXPEHU�FRQWRXUV�DUH�JLYHQ�LQ�)LJXUH������DQG�VWDWLF�SUHVVXUH�DORQJ�WKH�[�
D[LV�LV�SUHVHQWHG�LQ�)LJXUH������IRU�FRPSDULVRQ�



���

)LJXUH�������7�����7HVW�&DVH��$��0DFK�&RQWRXUV

)LJXUH�������7�����7HVW�&DVH��$���6WDWLF�3UHVVXUH

7KH� UHVXOWV� RI� ,%6�'� DQG� +,%6�'� ZLWK� 5RH¶V� PHWKRG� DUH� LQ� JRRG� DJUHHPHQW
ZKHUHDV�WKH�9DQ�/HHU�IOX[�VSOLWWLQJ�UHVXOWV�DUH�QRW�VDWLVIDFWRU\���,W�KDV�EHHQ�UHSRUWHG



���

WKDW�YDQ�/HHU� IOX[� VSOLWWLQJ� VFKHPH� LV� FRQVLGHUDEO\� OHVV� DFFXUDWH� WKDQ�*RGXQRY¶V
PHWKRG� ZLWK� 5RH¶V� DSSUR[LPDWH� 5LHPDQQ� VROYHU� >��@�� � 7KH� UHVLGXDOV� IRU� WKH
VROXWLRQ�DUH�JLYHQ�LQ�)LJXUH������DQG�)LJXUH������

)LJXUH�������5HVLGXDO�IRU�7�����7HVW�&DVH��$�ZLWK�9DQ�/HHU¶V�0HWKRG

)LJXUH�������5HVLGXDO�IRU�7�����7HVW�&DVH��$�ZLWK�5RH¶V�0HWKRG



���

���������7�����7(67�&$6(��

7HVW� FDVH� �� RI� 7����� SURMHFW� LV� DQ� D[L�V\PPHWULF�PLQL� 650� SUREOHP�ZKHUH� WKH
IORZ�LV�VXEVRQLF�WR�VXSHUVRQLF��7KH�JULG��ZKLFK�LV�XVHG�E\�,%6�'�DQG�+,%6�'��LV
JLYHQ�LQ�)LJXUH������

,Q� RUGHU� WR� FRPSDUH� UHVXOWV� ZLWK� D[LV�V\PPHWULF� VROXWLRQV� WZR�GLPHQVLRQDO
VROXWLRQV��D�WKUHH�GLPHQVLRQDO�JULG�ZLWK�WHWUDKHGURQ�HOHPHQWV�LV�JHQHUDWHG���7KUHH�
GLPHQVLRQDO�UHVXOWV�DUH�JLYHQ�DV�D�WZR�GLPHQVLRQDO�VOLFH�DW�WKH�[�\�SODQH�VR�WKDW�D
FRPSDULVRQ�FDQ�EH�PDGH�

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

7DEOH�����*HRPHWULF�DQG�)ORZ�3URSHUWLHV�IRU�7HVW�&DVH��
��'�$[L�V\PPHWULF ��'�6ROYHU

*HRPHWULF
/HQJWK ����PP ����PP
5DGLXV ���PP ���PP
*ULG�6L]H ���[��� �����1RGHV

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



���

)LJXUH������7�����7HVW�&DVH���±�*ULG�5HSUHVHQWDWLRQ

7KH�0DFK�QXPEHU�FRQWRXUV�DUH�JLYHQ�LQ�)LJXUH������DQG�WKH�SUHVVXUH�DORQJ�WKH�D[LV
RI�V\PPHWU\� LV�JLYHQ�)LJXUH������� �7KH�9DQ�/HHU¶V�PHWKRG� LV�QRW�FRQVLGHUHG� IRU
WKLV�FDVH�GXH�WR�LWV�LQDFFXUDF\�DQG�WKH�VROYHU�ZLWK�5RH¶V�PHWKRG�LV�XVHG�IRU�IXUWKHU
DSSOLFDWLRQV�

)LJXUH�������7�����7HVW�&DVH���±�0DFK�&RQWRXUV



���

)LJXUH�������7�����7HVW�&DVH���±�3UHVVXUH�DORQJ�6\PPHWU\�$[LV

7KH�FRQYHUJHQFH�KLVWRU\�IRU�WHVW�FDVH���LV�JLYHQ�LQ�)LJXUH������

)LJXUH�������5HVLGXDO�IRU�7�����7HVW�&DVH���±�5RH¶V�0HWKRG



���

&+$37(5��
�� &283/('�7(67�&$6(6�$1'�5(68/76

&283/('�7(67�&$6(6�$1'�5(68/76

7KH� IORZ� VROXWLRQV� DQG� LQWHUIDFH� FDSWXULQJ� VROXWLRQV� DUH� FRXSOHG� LQ� D� VHJUHJDWHG
PDQQHU�� � (DFK� VROXWLRQ� SURFHGXUH� WDNHV� WXUQV�� ZKLOH� WKH� RWKHU� LV� IUR]HQ�� � 7KH
IROORZLQJ� WHVW� FDVHV� DUH� SUHVHQWHG� WR� VKRZ� SHUIRUPDQFH� SUHGLFWLRQ� FDSDELOLW\� RI
FRXSOHG�VROXWLRQV�� �7KH� UHVXOWV�DUH� FRPSDUHG�ZLWK� WKH�]HUR�GLPHQVLRQDO�SURJUDP�
RQH�GLPHQVLRQDO�SURJUDP��DQDO\WLFDO�UHVXOWV�DQG�H[SHULPHQWDO�GDWD�

���� ,1&5($6,1*�,17(5)$&(�&$3785,1*�$&&85$&<

7KH� LQWHUIDFH� VROXWLRQV� UHTXLUH� KLJK� LQWHQVLW\� JULG� ZKHUHDV� WKH� IORZ� VROXWLRQV
UHTXLUH� OHVV� LQWHQVH� JULG�� � 7KHUHIRUH� WKH� JULGV� ZKLFK� DUH� XVHG� E\� WKH� LQWHUIDFH
FDSWXULQJ� DQG� WKH� IORZ� VROYHUV� DUH� GLIIHUHQW�� � 7KH� UHVXOWV� REWDLQHG� IURP� WKH
LQWHUIDFH�VROXWLRQV�DUH�WUDQVIHUUHG�WR�WKH�JULG�ZKHUH� IORZ�VROXWLRQV�ZLOO�EH�FDUULHG
RXW�

$OVR� WKH� JULG�� ZKHUH� LQWHUIDFH� VROXWLRQV� DUH� FDUULHG� RXW�� LV� VHSDUDWHG�� � 6LQFH� DW
ORFDWLRQ�ZKHUH�KLJK�FXUYDWXUH�DQG�GLVFRQWLQXLWLHV�H[LVW�� WKH�VROXWLRQ�UHTXLUHV�KLJK
UHVROXWLRQ� JULG�� � +RZHYHU� LI� WKH� VXUIDFH� LV� VPRRWK� WKH� LQWHQVLW\� UHTXLUHPHQW
GHFUHDVHV� UDSLGO\�� �7KH�SUREOHP� LV� VROYHG�E\� VHSDUDWLQJ� WKH�SUREOHP� LQWR� VHYHUDO
VHJPHQWV�ZLWK�GLIIHUHQW�PHVK�UHVROXWLRQ�

$Q� DOJRULWKP� EDVHG� RQ� WKH� YROXPH� LQIRUPDWLRQ� RI� D� FHOO� LV� XVHG� WR� FRXSOH� HDFK
VHJPHQW�ZLWK�IORZ�JULG���7KH�JULG�GRPDLQV�DUH�SODFHG�RQ�WRS�RI�HDFK�RWKHU�ZKHUH



���

QRGHV�GR�QRW�FRLQFLGH�� �7KH�QRGHV� LQ� WKH� IORZ�GRPDLQ�DUH�TXHVWLRQHG� LQ�RUGHU� WR
ILQG� LQ�ZKLFK�FHOO� LQ� WKH� LQWHUIDFH�PRGHOLQJ�GRPDLQ� WKH\� UHVLGH� LQ�� �7KLV� LV� GRQH
WKURXJK�IRUPLQJ�WHWUDKHGURQV�E\�FRQQHFWLQJ�QRGHV�LQ�HDFK�FHOO�RI�WKH�LQWHUIDFH�JULG�
ZLWK�WKH�QRGH�XQGHU�TXHVWLRQLQJ���7KH�SURFHGXUH�LV�VKRZQ�LQ�)LJXUH�����

)LJXUH�����/RFDWLQJ�1RGH�3RVLWLRQ

,I� WKH� VXPPDWLRQ�RI� WKH�YROXPHV�RI�QHZO\� JHQHUDWHG� WHWUDKHGURQV� LV� HTXDO� WR� WKH
FHOO¶V�RULJLQDO�YROXPH�WKHQ�WKH�QRGH�LV�LQVLGH�WKH�HOHPHQW���,I�WKH�VXPPDWLRQ�RI�WKH
YROXPHV� LV� JUHDWHU� WKDQ� WKH� RULJLQDO� WHWUDKHGURQ� YROXPH�� WKH� QRGH� LV� RXWVLGH� WKH
HOHPHQW�� �2QFH� ORFDWLQJ� WKH�FHOOV�RI� WKH� LQWHUIDFH� JULG�� LQ�ZKLFK� WKH�QRGHV�RI� WKH
IORZ�JULG�DUH�UHVLGLQJ��LQWHUSRODWLRQ�DFFRUGLQJ�WR�D�GLVWDQFH�IXQFWLRQ�LV�SHUIRUPHG
WR�WUDQVIHU�WKH�LQWHUIDFH�DUULYDO�WLPH�

7KH�SURFHGXUH�LV�SUHVHQWHG�ZLWK�DQ�H[DPSOH�ZKLFK�LV�VKRZQ�LQ�)LJXUH�������6LPLODU
WR�7HVW�&DVH���RI�&KDSWHU����D�VKDUS�FRUQHU�LV�UHTXLUHG�WR�EH�VROYHG�ZKHUHDV�PRVW�RI
WKH� GRPDLQ� KDV� IODW� VXUIDFHV�� � 7KH� LQWHUIDFH� VROXWLRQV� DUH� FDUULHG� RXW� LQ� WZR
GLIIHUHQW� JULGV� DV� VKRZQ� LQ� )LJXUH� ����� � 2QFH� HDFK� VROXWLRQ� LV� REWDLQHG� IRU� WKH
LQWHUIDFH�PRGHOLQJ��LQWHUIDFH�DUULYDO�WLPHV�DUH�WUDQVIHUUHG�WR�WKH�IORZ�JULG�



���

)LJXUH������6HJUHJDWHG�,QWHUIDFH�&DSWXULQJ

)LJXUH������&RXSOHG�,QWHUIDFH�6ROXWLRQ�RQ�)ORZ�'RPDLQ

���� 5(/$7('�3$5$0(7(56

,Q� RUGHU� WR� GHILQH� WKHUPR�FKHPLFDO� SDUDPHWHUV� DW� OHDVW� VSHFLILF� KHDW� DW� FRQVWDQW
SUHVVXUH� �&���� FKDUDFWHULVWLF� VSHHG� �&�� DQG� PROHFXODU� PDVV� �0��� LV� UHTXLUHG�
*LYHQ� WKHVH� YDOXHV�� RWKHU� UHODWHG� SDUDPHWHUV� FDQ� EH� FDOFXODWHG� DV� JLYHQ� LQ�7DEOH
����



���

7DEOH������7KHUPR�FKHPLFDO�3DUDPHWHUV
*DV�FRQVWDQW�SHU�XQLW�ZHLJKW

�

�
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8QLYHUVDO�JDV�FRQVWDQW �����=�5 �N-�NPRO���.��
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7KH�EXUQ�UDWH�LV�GHILQHG�WKURXJK�WKH�HPSLULFDO�UHODWLRQ�RI�6DLQW�5REHUW�>�@��ZKLFK�LV
JLYHQ�DV�

�
� DSU = �����

7KH� SUHVVXUH� H[SRQHQW� LV� FDOFXODWHG� E\� XVLQJ� WZR� PRWRU� ILULQJ� ZLWK� FRQVWDQW
SUHVVXUH�VXFK�WKDW�

( )������ SSUU ��
�
���

�
� = �����

:KHQ� WKH� SUHVVXUH� RI� WKH� FKDPEHU� DQG� EXUQ� UDWH� YDOXHV� DUH� H[SHULPHQWDOO\
REWDLQHG�� E\� XVLQJ� (TXDWLRQ� ������ WKH� SUHVVXUH� H[SRQHQW�Q� FDQ� EH� REWDLQHG�� � %\
XVLQJ�(TXDWLRQ�������DQG�RQH�RI�WKH�ILULQJ�GDWD�WKH�FRQVWDQW�D��FDQ�EH�REWDLQHG���7KH
SUHVVXUH� DQG� EXUQ� UDWH�ZKLFK� DUH� XVHG�ZKLOH� REWDLQLQJ� WKH� FRQVWDQW�D�� DUH� FDOOHG
UHIHUHQFH�SUHVVXUH�DQG�UHIHUHQFH�EXUQ�UDWH�



���

���� 7(67�&$6(���±��&��7(67�02725

7KH� �&�� WHVW� PRWRU� � KDV� D� F\OLQGULFDO� JUDLQ� ZLWK� WZR� EXUQLQJ� HQGV� �´� LQQHU
GLDPHWHU�DQG�RXWHU�GLDPHWHU�RI��´���7KH�WHVW�PRWRU�LV�XVHG�WR�DQDO\]H�SURSHUWLHV�RI
WKH�SURSHOODQW�DW�FRQVWDQW�SUHVVXUH�� �7KH�JUDLQ�JHRPHWU\�ZKLFK� LV�JLYHQ� LQ�)LJXUH
���� SURGXFHV� D� QHXWUDO� EXUQLQJ� SURILOH�� � %\� XVLQJ� GLIIHUHQW� JHRPHWU\� QR]]OHV� WKH
SUHVVXUH�DGMXVWPHQWV�FDQ�EH�SHUIRUPHG�

)LJXUH�������&��7HVW�0RWRU

7KH�)DVW�0DUFKLQJ�DOJRULWKPV�DUH�XVHG�WR�VROYH�WKH�LQWHUIDFH�PRWLRQ�DQG�WKH�K\EULG
IORZ�VROYHU�LV�XVHG�WR�REWDLQ�IORZ�SDUDPHWHUV�DW�HDFK�WLPH�LQWHUYDO���7KH�SURSHUWLHV
RI�WKH�SURSHOODQW�DUH�JLYHQ�LQ�7DEOH�����DQG�PHVK�ILOHV�DUH�SUHVHQWHG�LQ�)LJXUH�����



���

7DEOH������,QSXW�3DUDPHWHUV�IRU��&��0RWRU
*HRPHWULF�3URSHUWLHV 8QLW
2XWHU�5DGLXV�RI�3URSHOODQW PP ����
,QQHU�5DGLXV�RI�3URSHOODQW PP ����
/HQJWK�RI�3URSHOODQW PP �����
3URSHOODQW�3URSHUWLHV
)ODPH�7HPSHUDWXUH . ����
0DVV�IOX[���DW�����03D� NJ�P��V ����
0DVV�IOX[���DW�����03D� NJ�P��V ����
0DVV�IOX[���DW�����03D� NJ�P��V ����
5DWLR�RI�6SHFLILF�+HDW �����
*DV�&RQVWDQW -�NJ�. �����

7KH�PHVK�ILOH�LV�JHQHUDWHG�E\�WHWUDKHGURQ�HOHPHQWV�DQG�WKH�GRPDLQ�LV�GLYLGHG�LQWR
WKUHH�SDUWV��QR]]OH��SURSHOODQW�DQG�VXEVRQLF�IORZ�VLGH���7KH�PHVK�KDV�������QRGHV
DQG�������HOHPHQWV�

)LJXUH�������&��)ORZ�0HVK



���

)LJXUH�������&��0DFK�&RQWRXUV�DW�����V�

)LJXUH�������&��3UHVVXUH�$ORQJ�WKH�[�D[LV�DW�����V�



���

)LJXUH������&��0DVV�)ORZ�5DWH�&RQYHUJHQFH�DW�����V�

)LJXUH������&��&RQYHUJHQFH�+LVWRU\�DW�����V



���

)LJXUH�������&��0DFK�&RQWRXUV�DW�����V�

)LJXUH�������&��3UHVVXUH�$ORQJ�WKH�[�D[LV�DW�����V�



���

)LJXUH��������&��0DVV�)ORZ�5DWH�&RQYHUJHQFH�DW�����V�

)LJXUH�������&��&RQYHUJHQFH�+LVWRU\�DW�����V



���

)LJXUH�������&��0DFK�&RQWRXUV�DW�����V�

)LJXUH�������&��3UHVVXUH�$ORQJ�WKH�[�D[LV�DW�����V�



���

)LJXUH�������&��0DVV�)ORZ�5DWH�&RQYHUJHQFH�DW�����V�

)LJXUH�������&��&RQYHUJHQFH�+LVWRU\�DW�����V



���

)LJXUH��������&��0DFK�&RQWRXUV�DW�����V�

)LJXUH�������&��3UHVVXUH�$ORQJ�WKH�[�D[LV�DW�����V�



���

)LJXUH�������&��0DVV�)ORZ�5DWH�&RQYHUJHQFH�DW�����V�

)LJXUH�������&��&RQYHUJHQFH�+LVWRU\�DW�����V



���

)LJXUH�������&��+HDG�(QG�3UHVVXUH�YHUVXV�7LPH�3UHGLFWLRQ

)LJXUH�������&��7KUXVW�YHUVXV�7LPH�3UHGLFWLRQ



���

7KH�WKUXVW�LV�REWDLQHG�IURP�FHOO�VXUIDFHV�ZKLFK�DUH�DW�WKH�SUHVVXUH�RXWOHW�ERXQGDU\
DQG�LW�LV�FDOFXODWHG�E\�WKH�IROORZLQJ�UHODWLRQ�

�� ��������� 33$9P7KUXVW −+= � �����

7KH� WRWDO� WKUXVW� LV�FDOFXODWHG�DV� WKH� VXPPDWLRQ�RI� WKUXVW�FRPLQJ� IURP�DOO� WKH�FHOO
VXUIDFHV�� � ,W� LV�REVHUYHG� WKDW� WKH� WKUXVW� OHYHOV�DUH� LQ�JRRG�DJUHHPHQW�ZLWK� WKH� WHVW
UHVXOWV�DQG�ZLWK�WKH�SUHGLFWLRQ�FRGHV���7KH�SUHVVXUH�OHYHOV�DUH�KLJKHU�WKDQ�WKH�WHVW
UHVXOWV�DQG�SUHGLFWLRQ�FRGHV¶�HVWLPDWLRQV�

7KH�QR]]OH� WKURDW�DUHD� LV�JLYHQ� WR� WKH�SUHGLFWLRQ� FRGHV� H[DFWO\�� KRZHYHU� WKH�JULG
LQWHQVLW\�GHILQHV� WKH� WKURDW�DUHD� IRU� WKH� WKUHH�GLPHQVLRQDO� VROYHU�� �)LQLWH�YROXPHV
JHQHUDWHG� DW� WKH� QR]]OH� WKURDW� GR� QRW� IROORZ� WKH� UHDO� VKDSH�� WKXV� WKH� WKURDW� LV
QDUURZHU�� � $� WHVW� FDVH� LV� VROYHG�ZLWK� GLIIHUHQW�PHVK� LQWHQVLW\� DW� WKH� WKURDW� ZLWK
FRQVWDQW�PDVV�IORZ�UDWH���7KH�UHVXOW�LV�JLYHQ�LQ�)LJXUH������DQG�WKH�JULG�VL]H�RI��
PP�LV�XVHG�LQ�QR]]OH�WKURDW�IRU�WKH�SUHVHQW�FDOFXODWLRQV�

)LJXUH�������(IIHFW�RI�0HVK�,QWHQVLW\�DW�WKH�7KURDW



���

'XULQJ�WKH�ILULQJ�RI�WKH�PRWRU��WKH�QR]]OH�WKURDW�H[SDQGV�DV�WKH�KRW�JDV�HURGHV�DQG
DEODWHV�PDWHULDO�IURP�WKH�VXUIDFH���7KLV�HIIHFW�LV�H[FOXGHG�LQ�DOO�VROXWLRQV��WKHUHIRUH
WKH�SUHVVXUH�GURS�VHHQ�DW�WKH�HQG�RI�WKH�ILULQJ�LV�QRW�FDSWXUHG�ZLWK�SUHGLFWLRQ�FRGHV�

7KH� UHDO� SK\VLFV� LQ� D� 650� LV� FRPSOLFDWHG�ZLWK� WZR�SKDVH� IORZ�� WXUEXOHQFH� DQG
FRPEXVWLRQ� LQVWDELOLWLHV�� � 8VLQJ� (XOHU� HTXDWLRQV� LGHDOL]HV� WKH� SUREOHP�� WKXV� WKH
UHVXOWV�REWDLQHG� IURP�VXFK�DQDO\VLV�ZRXOG�RQO\�EH� HVWLPDWHV� DQG� HUURUV�PDGH� DUH
MXVWLILHG�



���

���� 7(67�&$6(���±�%2267(5�650

,Q�WKLV�WHVW�FDVH��D�FRQFHSWXDO�GHVLJQ�RI�D�ERRVWHU�650�LV� LQYHVWLJDWHG�� �6LQFH�WKH
GHVLJQ�LV�FRQFHSWXDO��WKH�SUHGLFWLRQV�DUH�FRPSDUHG�WR�SUHYLRXVO\�YDOLGDWHG�FRGHV�RI
SHUIRUPDQFH�SUHGLFWLRQ�

7KH�PRWRU�FDVH�KDV�D�GLDPHWHU�RI�����PP�DQG�D�OHQJWK�RI������PP���7KH�QR]]OH�LV
D� FRQWRXUHG� QR]]OH��ZKLFK� LV� GHVLJQHG� E\�1&'7�FRGH� >���@�� � ,Q� RUGHU� WR� REWDLQ
KLJKHU� SUHVVXUH� WR� VXVWDLQ� LJQLWLRQ�� �� VORWV� DUH� SODFHG� DW� WKH� HQG� RI� WKH� JUDLQ�
WKHUHIRUH�WKH�JHRPHWU\�LV�QRW�D[LV�V\PPHWULF�� �7KH�JUDLQ�DQG�PRWRU�JHRPHWU\�DUH
JLYHQ�)LJXUH������

)LJXUH������*HRPHWU\�RI�6SDFH�/DXQFKHU�5RFNHW�0RWRU

7KH�SURSHUWLHV�RI�WKH�SURSHOODQW�DUH�JLYHQ�LQ�7DEOH�����DQG�IORZ�PHVK�LV�SUHVHQWHG
LQ�)LJXUH�������7KH�PDFK�FRQWRXU� UHVXOWV� IRU�HDFK� FDSWXUHG� WLPH� LQWHUYDO� LV� JLYHQ
ZLWK�SUHVVXUH�DORQJ�WKH�D[LV�RI�WKH�PRWRU�



���

7DEOH�����,QSXW�3DUDPHWHUV�IRU�%RRVWHU�650
*HRPHWULF�3URSHUWLHV 8QLW
5DGLXV�RI�3URSHOODQW PP ���
/HQJWK�RI�3URSHOODQW PP ����
/HQJWK�RI�6ORWWHG�6LGH PP ���
/HQJWK�RI�&\OLQGULFDO�6LGH PP ����
1XPEHU�RI�6ORWV �
:LGWK�RI�6WDUV PP ��
3URSHOODQW�3URSHUWLHV
)ODPH�7HPSHUDWXUH . ������
0DVV�IOX[���DW�����03D� NJ�P��V ����
0DVV�IOX[���DW�����03D� NJ�P��V ����
0DVV�IOX[���DW�����03D� NJ�P��V ����
5DWLR�RI�6SHFLILF�+HDW ����
8QLYHUVDO�*DV�&RQVWDQW -�NJ�. �����

)LJXUH������%RRVWHU�650�)ORZ�0HVK



���

)LJXUH������0DFK�&RQWRXUV�IRU�%RRVWHU�DW�����V�

)LJXUH������%RRVWHU�3UHVVXUH�DORQJ�WKH�$[LV�DW�����V�



���

)LJXUH������0DFK�&RQWRXUV�IRU�%RRVWHU�DW�������V�

)LJXUH������%RRVWHU�3UHVVXUH�DORQJ�WKH�$[LV�DW�������V�



���

)LJXUH������0DFK�&RQWRXUV�IRU�%RRVWHU�DW�������V�

)LJXUH������%RRVWHU�3UHVVXUH�DORQJ�WKH�$[LV�DW�������V�



���

)LJXUH������0DFK�&RQWRXUV�IRU�%RRVWHU�DW�������V�

)LJXUH������%RRVWHU�3UHVVXUH�DORQJ�WKH�$[LV�DW�������V�



���

)LJXUH������%RRVWHU�3UHVVXUH�±�7LPH�+LVWRU\�3UHGLFWLRQ

)LJXUH������%RRVWHU�7KUXVW�±�7LPH�+LVWRU\�3UHGLFWLRQ



���

7KH� ERRVWHU� 650� WHVW� FDVH� KDV� W\SLFDO� WKUHH�GLPHQVLRQDO� JUDLQ� JHRPHWU\� ZKHUH
DQDO\WLFDO� RU� WZR�GLPHQVLRQDO� QXPHULFDO� VROYHUV� IDLO� WR� FDSWXUH� WKH� FRPEXVWLRQ
VXUIDFH�PRWLRQ�DFFXUDWHO\�� �$�FRQWRXUHG�QR]]OH�LV�XVHG�LQ�RUGHU� WR�LQFUHDVH�WKUXVW
HIILFLHQF\�E\� UHGXFLQJ� WKH� UDGLDO�FRPSRQHQW�RI�PRPHQWXP�� �7KH�RSWLPL]DWLRQ�RI
WKH� QR]]OH� JHRPHWU\� LV� SHUIRUPHG� EDVHG� RQ� WKH� FULWHULD� WKDW� WKH� FRQYHUJHQFH
ORFDWLRQ� RI� WKH� H[SDQVLRQ� ZDYHV� OD\V� RXWVLGH� WKH� QR]]OH�� � 7KH� H[SDQVLRQ� ZDYHV
LQWHUFHSW�WKH�SUHVVXUH�RXWOHW�ERXQGDU\�DQG�D�ORZHU�&)/�QXPEHU�LV�UHTXLUHG�IRU�WKH
VROXWLRQ� WR�DFKLHYH�VWDEOH�FRQYHUJHQFH� LQ� WKH�QR]]OH�� �2QFH� WKH� H[SDQVLRQ�ZDYHV
DUH�IRUPHG�EHKLQG�WKH�FKRNHG�UHJLRQ�RI�WKH�WKURDW��WKH�&)/�QXPEHU�LV�LQFUHDVHG�

,Q�WKH�HDUO\�VWDJHV�RI�WKH�FRPEXVWLRQ��WKH�F\OLQGULFDO�SDUW�RI�WKH�JUDLQ�LV�GRPLQDQW
DQG� SURGXFHV� D� SURJUHVVLYH� SHUIRUPDQFH� FKDUDFWHULVWLF�ZKHUHDV� WKH� DIW� HQG� WDNHV
RYHU� WKH� UHJLPH� GXULQJ� WKH� ODWH� VWDJHV� RI� WKH� FRPEXVWLRQ�� � 7KH� FRPSDULVRQ� RI
UHVXOWV�ZLWK� ]HUR�GLPHQVLRQDO� DQG� RQH�GLPHQVLRQDO� VROYHUV� LV� LQ� JRRG� DJUHHPHQW
GXULQJ� WKH� SURJUHVVLYH� UHJLRQ� RI� WKH� FRPEXVWLRQ� EHFDXVH� D[L�V\PPHWULF
DVVXPSWLRQV� DUH� DFFXUDWH� LQ� WKLV� UHJLRQ�� � +RZHYHU� DV� WKH� DIW� HQG� RI� WKH� JUDLQ
EHFRPHV�GRPLQDQW��D�GLIIHUHQFH�LQ�WKH�UHVXOWV�EHFRPH�YLVLEOH�

���� 7(67�&$6(���±�'()(&76�,1�*5$,1

7KLV�FRXSOHG�VROYHU�FDQ�EH�XVHG�IRU�)DLOXUH�0RGHV�DQG�(IIHFWV�$QDO\VLV�IRU�650
PDQXIDFWXULQJ�SURFHVVHV���6HYHUDO�IDLOXUH�PRGHV�UHODWHG�WR�JUDLQ�VWUXFWXUDO�GHIHFWV
VXFK� DV� YRLGV� RU� FUDFNV� LQ� WKH� JUDLQ� FDQ� EH� PRGHOHG� DQG� WKHLU� HIIHFWV� RQ� WKH
SHUIRUPDQFH�FDQ�EH�LQYHVWLJDWHG�

,Q�WKLV�WHVW�FDVH�RQH�RI�WKH�PDQXIDFWXULQJ�SUREOHPV�ZKHUH�DLU�YRLGV�DUH�WUDSSHG�LQ
WKH�JUDLQ�GXULQJ�WKH�ILOOLQJ�RSHUDWLRQ�LV�LQYHVWLJDWHG���$VVXPLQJ�WKDW�WKH�YRLGV�KDYH
VSKHULFDO� VKDSH�� WZR� FDVHV� DUH� LQYHVWLJDWHG�� �� YRLG� ZLWK� ���PP� GLDPHWHU� DQG� �
YRLGV�ZLWK�GLDPHWHUV����PP�DQG���PP�DUH�SODFHG� LQ� WKH�JUDLQ�� �&RQVLGHULQJ� WKH
JUDLQ�PRGHO�LV�����RI�WKH�UHDO�PRGHO��WKH�RYHUDOO�HIIHFW�ZRXOG�EH�OLNH�KDYLQJ���YRLGV
DQG� ��� YRLGV� UHVSHFWLYHO\�� � 7KH� JHRPHWU\� DQG� ORFDWLRQV� RI� YRLGV� DUH� VKRZQ� LQ



���

)LJXUH�����DQG�)LJXUH������� �7KH�JULG�ZKLFK� LV�XVHG� IRU� WKH� VROXWLRQV� LV�JLYHQ� LQ
)LJXUH������

)LJXUH������/RFDWLRQ�RI�$LU�9RLG�IRU�7HVW�&DVH���$

)LJXUH������/RFDWLRQ�RI�$LU�9RLG�IRU�7HVW�&DVH���%

)LJXUH������*ULG�IRU�7HVW�&DVH��



���

)LJXUH������%XUQ�$UHD�&RPSDULVRQ�IRU�9RLGV�LQ�*UDLQ

)LJXUH������&RPSDULVRQ�RI�3UHVVXUH�IRU�7HVW�&DVH��

7KH�EXUQ�DUHD� UHVXOWV�DUH�JLYHQ�LQ�)LJXUH������DQG�SHUIRUPDQFH�SUHGLFWLRQ�UHVXOWV
DUH� JLYHQ� LQ� )LJXUH� ����� DQG� )LJXUH� ������ � ,W� LV� HYLGHQW� WKDW� KDYLQJ� YRLGV� LQ� WKH
JUDLQ� LQFUHDVHV� WKH� EXUQ� VXUIDFH� DUHD� VXGGHQO\�� WKXV� FKDQJLQJ� WKH� SUHVVXUH� DQG
WKUXVW�KLVWRU\�RI�WKH�PRWRU�VLJQLILFDQWO\���$�GHWDLOHG�LQYHVWLJDWLRQ�FDQ�EH�PDGH�IRU
TXDOLW\� FRQWURO� SURFHGXUHV� RI� D� 650� DIWHU� WKH� PROGLQJ� SURFHVV� E\� XVLQJ� ;�UD\
LPDJLQJ� RI� WKH� JUDLQ�� � 1R� FRPSDULVRQ� LV� JLYHQ� LQ� WKH� FRQWH[W� RI� WKLV� VWXG\



���

FRQVLGHULQJ� WKH� YRLGV� LQ� WKH� JUDLQ�� � 7KLV� WHVW� FDVH� LV� VROYHG� RQO\� WR� VKRZ� WKH
FDSDELOLWLHV�RI�WKH�SURSRVHG�PRGHO�� �7KH�DUULYDO�WLPH�FRQWRXUV�DUH�JLYHQ�LQ�)LJXUH
�����DQG�)LJXUH��������7KH�WKUHH�GLPHQVLRQDO�UHVXOWV�DUH�JLYHQ�LQ�$SSHQGL[�%�

)LJXUH������&RPSDULVRQ�RI�7KUXVW�IRU�7HVW�&DVH��

)LJXUH������%XUQ�%DFN�5HVXOWV�IRU�7HVW�&DVH���$

)LJXUH������%XUQ�%DFN�5HVXOWV�IRU�7HVW�&DVH���%



���

���� 7(67�&$6(���±�+803�())(&7

$W�FRQWDFW� ORFDWLRQV�ZLWK�ZDOOV�RI� WKH�PDQGUHO�DQG�RI� WKH�PHWDO�FDVH��ELQGHU� ULFK
]RQHV� DUH� FUHDWHG�� 7KLV� LV� GXH� WR� WKH� IDFW� WKDW� GXULQJ� WKH� FDVWLQJ� SURFHVVHV� WKH
ELQGHUV� LQ� WKH� SURSHOODQW� VWLFN� WR�PHWDO� VXUIDFHV� >�@�� � 7KH� ELQGHU� ULFK� ]RQH� EXUQ
VORZHU��ZKLFK�H[SODLQV�WKH�IDFW�ZK\�WKH�EXUQ�UDWH�LV�GHSHQGHQW�RQ�WKH�ZHE��EXUQHG�
$OVR�WKH�KHDG�HQG�RI�WKH�PRWRU�LV�LQLWLDOO\�FORVHG�E\�D�PHWDO�SLHFH�GXULQJ�WKH�ILOOLQJ
SURFHVV��WKHUHIRUH�WKH�EXUQ�UDWH�GHFUHDVHV�DW�WKHVH�ORFDWLRQV���7KH�EXUQ�UDWH�HIIHFW�LV
GHILQHG�WKURXJK�WKH�UHODWLRQ

���� ]5IU
U
�

�
θ= �����

ZKHUH�U��LV�WKH�DFWXDO�EXUQ�UDWH��U��LV�WKH�NQRZQ�EXUQLQJ�UDWH�ZLWKRXW�KXPS�HIIHFW�
I�5�θ�]��LV�WKH�IXQFWLRQ�FRQWUROOLQJ�WKH�KXPS�HIIHFW���7KH�KXPS�HIIHFW�IXQFWLRQ�FDQ
EH� IRXQG� HPSLULFDOO\� DV� D� UXOH�� LW� YDULHV� EHWZHHQ� ����� DQG� ����� DQG� IROORZV� D
VLQXVRLGDO�VKDSH�

,Q�WKH�5�GLUHFWLRQ�WKH�KXPS�IXQFWLRQ�LV�GHILQHG�DV
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ZKHUH�5��LV�WKH�LQQHU�UDGLXV�RI�WKH�JUDLQ�DQG�5��LV�WKH�RXWHU�UDGLXV�RI�WKH�PRWRU�

,Q�WKH�]�GLUHFWLRQ�WKH�KXPS�IXQFWLRQ�LV�GHILQHG�DV
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)LJXUH������+XPS�3DUDPHWHU�DV�D�)XQFWLRQ�RI�WKH�5DGLDO�'LUHFWLRQ

)LJXUH�������+XPS�3DUDPHWHU�DV�D�)XQFWLRQ�RI�WKH�$[LDO�'LUHFWLRQ

)RU��&��PRWRU��WKH�D[LDO�EXUQ�UDWH�FKDQJH�LV�HIIHFWLYH�RQ������RI�WKH�ZKROH�PRWRU
OHQJWK��DQG�WKH�PD[LPXP�GLIIHUHQFH�RI�����RFFXUV�DW�] ����7KHUHIRUH�WRWDO�HIIHFW�LV
OHVV�WKDQ�������LQ�WKH�RYHUDOO�SHUIRUPDQFH�SUHGLFWLRQ�



���

7KH�FKDQJH�RI�EXUQ�UDWH�DORQJ�WKH�UDGLDO�GLUHFWLRQ�LV�GRPLQDQW�LQ�WKH�IORZ�VROXWLRQV�
7KH� ZKROH� OHQJWK� RI� WKH� PRWRU� LV� DIIHFWHG� E\� WKLV� FKDQJH� RI� UDWH� WKHUHIRUH� WKH
PD[LPXP�FKDQJH�RI�����FDQ�EH�VHHQ�LQ�SHUIRUPDQFH�SUHGLFWLRQ�

7KH�IROORZLQJ�UHVXOWV�DUH�REWDLQHG�IRU�WKH�WHVW�FDVH�ZLWK�KXPS�HIIHFW�

)LJXUH�������&��3UHVVXUH�7LPH�+LVWRU\�ZLWK�+XPS�(IIHFW



���

)LJXUH�������&��7KUXVW�7LPH�+LVWRU\�ZLWK�+XPS�(IIHFW

&RPELQLQJ� KXPS� HIIHFW� ZLWK� WKH� EXUQ� UDWH� FDOFXODWLRQV�� HQKDQFHV� WKH� UHVXOWV
VLJQLILFDQWO\���7KH�HUURU�ZKLFK�LV�PDGH�EHWZHHQ�WKH�H[SHULPHQWDO�DQG�WKH�SUHGLFWLRQ
LV�PRVWO\�GXH�WR�WKH�IDFW�WKDW�WKH�QR]]OH�HURVLRQ�DQG�DEODWLRQ�LV�QRW�PRGHOHG�LQ�WKLV
WHVW� FDVH�� � $QRWKHU� IDFWRU� PD\� EH� GXH� WR� WKH� H[SDQVLRQ� RI� WKH� PRWRU� FDVH� DQG
SURSHOODQW�JUDLQ�GXH�WR�KLJK�SUHVVXUH�EXLOW�XS�LQ�WKH�PRWRU���+RZHYHU�WKH�QXPHULFDO
DQDO\VLV�QHJOHFWV�DQ\�HIIHFW�UHODWHG�WR�VWUXFWXUDO�H[SDQVLRQ�



���

&+$37(5��
�� &21&/86,21�$1'�',6&866,21

&21&/86,21�$1'�',6&866,21

7KH� PHWKRGRORJ\� GHVFULEHG� LQ� WKLV� ZRUN� LV� DSSOLFDEOH� WR� DOO� PRYLQJ� ERXQGDU\
SUREOHPV�� � +RZHYHU� WKH� LQWHQWLRQ� LV� WR� VROYH� WKUHH�GLPHQVLRQDO� JUDLQ� EXUQEDFN
HIIHFWV�LQ�D�VROLG�URFNHW�PRWRU���7KH�LQWHUIDFH�FDSWXULQJ�DOJRULWKP�RI�)DVW�0DUFKLQJ
0HWKRG� LV� FRXSOHG� WR� ]HUR��� RQH��� DQG� WKUHH�GLPHQVLRQDO� IORZ� VROYHUV� LQ� D
VHJUHJDWHG� IDVKLRQ�� � 7KH� UHVXOWV� REWDLQHG� IURP� WKH� SUHVHQW� FDOFXODWLRQV� DQG
SUHYLRXV�DQDO\VHV�DUH�LQ�JRRG�DJUHHPHQW�

7KH� LQWHUIDFH� FDOFXODWLRQV� DUH� SHUIRUPHG� E\� DQ� LQWHUIDFH�FDSWXULQJ� DOJRULWKP
WKHUHIRUH� WKH� VROXWLRQV� DUH�PHVK� GHSHQGHQW�� �%HWWHU� DFFXUDF\� FDQ� EH� DFKLHYHG� E\
XVLQJ�KLJKHU�QXPEHU�RI�HOHPHQWV�ZKLFK�ZLOO� LQFUHDVH� WKH� UXQ� WLPH��2WKHUZLVH� WKH
LQWHUIDFH�WHQGV�WR�VPHDU�RXW�

7KH� WKUHH�GLPHQVLRQDO� IORZ� VROYHU� �+,%6�'�� LV� DQ� H[SOLFLW� W\SH� IORZ� VROYHU
WKHUHIRUH�QXPEHU�RI�LWHUDWLRQV�IRU�FRQYHUJHQFH�LV�KLJK���7KH�HOHPHQWV�JHQHUDWHG�RQ
WKH� ERXQGDULHV� DUH� VPDOOHU� WKDQ� WKH� RQHV� LQ� WKH� UHVW� RI� WKH� VROXWLRQ� GRPDLQ�
7KHUHIRUH�WKH� IORZ�VROYHU� ORVHV�WLPH�ZKLOH�WU\LQJ�WR�DQDO\]H� WKHVH�HOHPHQWV�� �7KH
DOJRULWKP�UHPRYHV�YHU\�VPDOO�HOHPHQWV�RQ�WKH�ERXQGDU\�KRZHYHU�WKH�UHDO�SRVLWLRQ
RI�WKH�ERXQGDU\�PD\�EH�DOWHUHG�GXH�WR�WKLV�SURFHVV���7KH�IORZ�VROYHU�LV�ILUVW�RUGHU
DFFXUDWH�LQ�VSDFH�WKHUHIRUH�LQ�RUGHU�WR�REWDLQ�WKH�VDPH�UHVXOWV�DV�WKH�VHFRQG�RUGHU



���

DFFXUDWH�VROYHUV��PRUH�HOHPHQWV�DUH�UHTXLUHG���7KH�SUREOHP�FDQ�EH�VROYHG�WKURXJK�D
VHFRQG�RUGHU�LPSOLFLW�VROYHU�RU�D�SDUDOOHO�VROYHU�

6LQFH� WKH�JULG� LV� VWDWLRQDU\�� SUHYLRXV� UHVXOWV� DUH�XVHG� DV� LQLWLDO� FRQGLWLRQV� IRU� WKH
QH[W�FDOFXODWLRQ���7KLV�UHGXFHV�WKH�WLPH�IRU�FRQYHUJHQFH�GUDVWLFDOO\���+RZHYHU�WKH
UHVXOWV�IURP�WKH�SUHYLRXV�UXQ�VKRXOG�EH�UHDG\�IRU�VXFK�D�SURFHVV��ZKHUHDV�DW�VRPH
WHVW� FDVHV� DOO� WKH� FDSWXUHG�GRPDLQV� IRU� HDFK� WLPH� LQWHUYDO� DUH� VROYHG� RQ� GLIIHUHQW
FRPSXWHUV�VLPXOWDQHRXVO\�ZLWKRXW�WKH�LQLWLDO�YDOXHV�IURP�SUHYLRXV�UXQV���7KLV�ZD\
DV�WKH�UXQ�WLPH�LQFUHDVHV�IRU�HDFK�FRPSXWHU��RYHUDOO�UXQ�WLPH�LV�UHGXFHG�

7KH�LQWHUIDFH�FDSWXULQJ�PHWKRGRORJ\�GRHV�QRW�UHTXLUH�NHHSLQJ�WUDFN�RI�FRQQHFWLYLW\
RI� HOHPHQWV�� � 7KHUHIRUH� HUURUV� GXH� WR� EUHDN� XS� RI� VXUIDFH� DUH� QRW� SUHVHQW� LQ� RXU
PHWKRG�� � 6LQFH� WKH� JULG� LV� VWDWLRQDU\� DOO� SURSHUWLHV� RI� SURSHOODQW� VXFK� DV� FUDFN�
YRLGV�DQG�RWKHU�PDQXIDFWXULQJ�GHILFLHQFLHV�PD\�EH�LPSOHPHQWHG�SULRU�WR�UXQ�

7KH�IORZ�VROYHU�RI�5RH�ZLWK�HQWURS\�IL[�PHWKRG�KDV�EHHQ�IRXQG�WR�ZRUN�HIIHFWLYHO\
LQ� WUDQVRQLF� VROXWLRQV�� � 7KH� VROYHU� LV� DGDSWHG� WR� WKH� FXW�FHOO� PHWKRG� XVHG� LQ
WHWUDKHGURQ� PHVK� HIIHFWLYHO\� E\� FRQYHUWLQJ� WKH� WHWUDKHGURQ� VROYHU� LQWR� D� K\EULG
VROYHU���7KH�K\EULG�VROYHU�LV�UREXVW�DQG�WKH�UHVXOWV�DUH�DFFXUDWH�ZKHUH�DQ\�W\SH�RI
PHVK�HOHPHQW�FDQ�EH�XVHG�SURYLGHG�WKDW�WKH�QRWDWLRQ�IRU�WKH�PHVK�LV�IROORZHG�

���� 68**(67,216�)25�)8785(�:25.

7KH�VXJJHVWLRQV�IRU�IXWXUH�ZRUN�FDQ�EH�SURSRVHG�DV�IROORZV�

• � 7KH�IORZ�VROYHU�VKRXOG�EH�XSJUDGHG�WR�VHFRQG�RUGHU�DFFXUDWH�LQ�VSDFH�
• � 7KH�IORZ�VROYHU�VKRXOG�EH�FRQYHUWHG�WR�DQ�LPSOLFLW�VROYHU�
• � 7KH�IORZ�VROYHU�VKRXOG�EH�SDUDOOHOL]HG�
• � ,QLWLDO�YDOXH�IRUPXODWLRQ�IRU�LQWHUIDFH�FDSWXULQJ�VKRXOG�EH�LPSOHPHQWHG�DQG

WKH�LQWHUIDFH�VROYHU�VKRXOG�EH�DSSOLHG�WR�RWKHU�PRYLQJ�ERXQGDU\�SUREOHPV�



���

• � 7KH� IORZ� VROYHU� VKRXOG� EH� FRXSOHG� WR� FRPEXVWLRQ�� WZR�SKDVH� IORZ�
WXUEXOHQFH�DQG�DFRXVWLF�PRGHOV�DV�ZHOO�

• � 7KH�LQWHUIDFH�FDSWXULQJ�SURJUDP�VKRXOG�LPSOHPHQW�PHVK�DGDSWLYLW\�LQ�RUGHU
WR� UHGXFH� VPHDULQJ� RI� WKH� LQWHUIDFH� DQG� UHGXFLQJ� WKH� DPRXQW� RI� HOHPHQWV
XVHG�

• � 7KH�QR]]OH�HURVLRQ�DQG�DEODWLRQ�VKRXOG�DOVR�EH�PRGHOHG�
• � 7KH�VWUXFWXUDO�DQDO\VLV�VKRXOG�EH�FRXSOHG�WR�WKH�IORZ�DQDO\VLV��WKXV�FKDQJHV

LQ�WKH�JUDLQ�DQG�PRWRU�FDVH�FDQ�EH�PRGHOHG�

���� &21&/86,21

7KH�DFKLHYHPHQWV�DQG�FRQWULEXWLRQV�RI�WKLV�VWXG\�FDQ�EH�VXPPDUL]HG�DV�

• � 7KH� PHWKRG� RI� )DVW� 0DUFKLQJ� LV� DSSOLHG� WR� URFNHW� PRWRU� JUDLQ
EXUQLQJ�VXUIDFH�PRGHOLQJ�IRU�WKH�ILUVW�WLPH�

• � 7KH�PHWKRG�RI�)DVW�0DUFKLQJ�LV�DSSOLHG�RQ�WHWUDKHGURQ�HOHPHQWV�
• � 7KH�FXW�FHOO�PHWKRG�LV�DSSOLHG�RQ�WHWUDKHGURQ�HOHPHQWV�
• � $� FRXSOHG� PRGHO�� ZKLFK� XVHV� WKUHH�GLPHQVLRQDO� ILQLWH� YROXPH

VROYHU�ZLWK�D�)DVW�0DUFKLQJ�LQWHUIDFH�FDSWXULQJ�PHWKRG�ZKLFK�XVHV
FXW�FHOO�PHWKRG��KDV�EHHQ�GHYHORSHG�

7KH�FRXSOHG�PRGHO�FDQ�EH�XVHG�WR�VROYH�URFNHW�PRWRU�SHUIRUPDQFH�DV�ZHOO�DV�DQ\
RWKHU�SUREOHP�ZLWK�PRYLQJ�ERXQGDULHV��VLQFH�DOO�WKH�SURFHGXUHV�DUH�VHW�LQ�D�JHQHULF
PDQQHU�



���

5()(5(1&(6

>�@ '(�/8&$�/�7����%XUQLQJ�5DWH�)XQGDPHQWDOV���572�7HFKQLFDO�5HSRUW����
SS�������������

>�@ ³6ROLG� 3URSHOODQW�*UDLQ�'HVLJQ� DQG� ,QWHUQDO� %DOOLVWLFV´��1$6$�� 63������
�����

>�@ '$9(1$6� $��� �6ROLG� 5RFNHW� 3URSXOVLRQ� 7HFKQRORJ\�� 3HUJDPRQ� 3UHVV�
�����

>�@ 602/,$16.,�$���´)LQLWH�(OHPHQW�/HYHO�6HW�2SHUDWRU�6SOLWWLQJ��)(/626�
$SSURDFK� IRU� &RPSXWLQJ� 7ZR�)OXLG� 8QVWHDG\� )ORZV� ZLWK� )UHH� 0RYLQJ
,QWHUIDFHV´��,QVWLWXWH�RI�0DWKHPDWLFV��8QLYHUVLW\�RI�=XULFK��������

>�@ 6+<<�:��� 8'$<.80$5� +�6��� 5$2�0��� 60,7+� 5��� ³&RPSXWDWLRQDO
)OXLG�'\QDPLFV�ZLWK�0RYLQJ�%RXQGDULHV´��7D\ORU�	�)UDQFLV�������

>�@ +28� 7�<��� ³1XPHULFDO� 6ROXWLRQV� WR� IUHH� ERXQGDU\� SUREOHPV�´� $FWD
1XPHULFD��SS���������������

>�@ 6(7+,$1� -�$�� �/HYHO� 6HW� 0HWKRGV� DQG� )DVW� 0DUFKLQJ� 0HWKRGV�
&DPEULGJH�8QLYHUVLW\�3UHVV���QG�HG������

>�@ 2.$0272�7���.$:$+$5$�0���³7ZR�GLPHQVLRQDO�6ORVKLQJ�$QDO\VLV�E\
/DJUDQJLDQ�)LQLWH�(OHPHQW�0HWKRG´��,QW��-��1XP��0HWK��)OXLGV��YRO������SS�
��������������

>�@ )<)(� '�(��� 25$1� (�6��� )5,776� 0�-��� ³6XUIDFH� 7HQVLRQ� DQG� 9LVFRVLW\
ZLWK�/DJUDQJLDQ�+\GURG\QDPLFV�RQ�D�7ULDQJXODU�0HVK´��-��&RPSXW��3K\V��
YRO������SS����������������

>��@ &+5,672'28/28� .�1��� 6&5,9(1� /�(��� ³'LVFUHWL]DWLRQ� RI� )UHH
6XUIDFH� )ORZV� DQG� 2WKHU� 0RYLQJ� %RXQGDU\� 3UREOHPV´�� -�� RI� &RPSXW�
3K\V���YRO������SS��������������

>��@ &$0$&+2�*�7���257,=�0���³$GDSWLYH�/DJUDQJLDQ�0RGHOLQJ�RI�%DOOLVWLF



���

3HQHWUDWLRQ�RI�0HWDOOLF�7DUJHWV´��&RPSW��0HWK��$SS��0HFK��(QJ���YRO�����
SS���������������

>��@ +,57� &�:��� $06'(1� $�$��� &22.� -�/��� ³$Q� $UELWUDU\� /DJUDQJLDQ�
(XOHULDQ� &RPSXWLQJ�0HWKRG� IRU� $OO� 6SHHGV´�� -�� &RPSXW�� 3K\V�� 9RO�� ���
SS���������������

>��@ &5,67,1,�9���%/$:6'(=,(:,&=�-���/2(:(1%(5*�0����$Q�$GDSWLYH
0HVK�$OJRULWKP�IRU�(YROYLQJ�6XUIDFHV���6LPXODWLRQV�RI�'URS�%UHDN�XS�DQG
&RDOHVFHQFH����-��RI�&RPS��3K\VLFV�������SS���������������

>��@ 021$*+$1�-�-���³6LPXODWLQJ�)UHH�6XUIDFH�)ORZV�ZLWK�63+´��-��&RPSXW�
3K\V���YRO�������SS��������������

>��@ 0255,6� -�3��� ³6LPXODWLQJ� 6XUIDFH� 7HQVLRQ� ZLWK� 6PRRWKHG� 3DUWLFOH
+\GURG\QDPLFV´��,QW��-��1XP��0HWK��)OXLGV��YRO�����SS���������������

>��@ +<0$1�-�0���³1XPHULFDO�0HWKRGV� IRU�7UDFNLQJ� ,QWHUIDFHV´��3K\VLFD�'�
YRO������SS����������������

>��@ 3(6.,1�&�6���³7KH�'\QDPLFV�RI�+HDUW�9DOYHV��([SHULPHQWDO��7KHRUHWLFDO
DQG� &RPSXWDWLRQDO� 0HWKRGV´�� $QQ�� 5HY�� )OXLG� 0HFK�� 9RO����� SS�����
�����

>��@ *2/'67(,1� '��� +$1'/(5� 5��� 6,529,&+� /��� ³0RGHOLQJ� D� 1R�VOLS
)ORZ�%RXQGDU\�ZLWK�DQ�([WHUQDO�)RUFH�)LHOG´��-��&RPSXW��3K\V���YRO������
SS������������

>��@ 819(5',� 6�2��� 75<**9$621� *��� ³$� )URQW� 7UDFNLQJ� 0HWKRG� IRU
9LVFRXV�� ,QFRPSUHVVLEOH�� 0XOWL�IOXLG� )ORZV´�� -�� &RPSXW�� 3K\V��� YRO�����
SS�������������

>��@ -85,&�'���75<**9$621�*���³�$�)URQW�7UDFNLQJ�0HWKRG�IRU�'HQGULWLF
6ROLGLILFDWLRQ´��-��&RPS��3K\V���YRO�������SS����������������

>��@ .,0� -��� .,0� '��� &+2,� +��� ³$Q� ,PPHUVHG�%RXQGDU\� )LQLWH�9ROXPH
0HWKRG� IRU� 6LPXODWLRQV� RI� )ORZ� LQ� &RPSOH[� *HRPHWULHV´�� -�� &RPSXW�
)OXLGV��YRO�������SS����������������

>��@ 8'$<.80$5� +�6��� 6+<<� :�� 5$2� 0�� 0��� ³(/$),17�$� 0L[HG
(XOHULDQ�/DJUDQJLDQ�0HWKRG� IRU� )OXLG� )ORZV� ZLWK� &RPSOH[� DQG�0RYLQJ
%RXQGDULHV´��,QW��-��1XPHU��0HWKRGV�)OXLGV��YRO����������������



���

>��@ 8'$<.80$5� +�6��� 0,77$/� 5��� 6+<<� :��� ³&RPSXWDWLRQ� RI� 6ROLG�
/LTXLG�3KDVH�)URQWV�LQ�WKH�6KDUS�/LPLW�RQ�)L[HG�*ULGV´��-��RI�&RPS��3K\V��
9RO�������SS���������������

>��@ 75<**9$621�*��� %811(5�%��� (60$((/,�$��� -85,&�'���³$� )URQW
7UDFNLQJ�0HWKRG� IRU� WKH� &RPSXWDWLRQV� RI�0XOWLSKDVH� )ORZ´�� -�� &RPSXW�
3K\V���YRO���������SS���������������

>��@ */,00�-���*529(�-�:���/,�;�/��6+<8(�.�0���=+$1*�4���=(1*�<��
´7KUHH�GLPHQVLRQDO�)URQW�7UDFNLQJ´��6,$0�-��6FL��&RPSXW���������YRO�����
SS���������

>��@ */,00� -��� *529(� -�:��� /,� ;�/��� 7$1� '�&��� ³5REXVW� &RPSXWDWLRQDO
$OJRULWKPV�IRU�'\QDPLF�,QWHUIDFH�7UDFNLQJ�LQ�7KUHH�'LPHQVLRQV´��6,$0�-�
6FL��&RPSXW���9RO������SS�����������������

>��@ 7255(6�'�-���%5$&.%,//�-�8���´7KH�SRLQW�VHW�0HWKRG���)URQW�7UDFNLQJ
ZLWKRXW�&RQQHFWLYLW\´��-��&RPSXW��3K\V���YRO�������SS����������������

>��@ 6+,1�6���-85,&�'����0RGHOLQJ�7KUHH�GLPHQVLRQDO�0XOWLSKDVH�)ORZ�8VLQJ
D� /HYHO� &RQWRXU� 5HFRQVWUXFWLRQ� 0HWKRG� IRU� )URQW� 7UDFNLQJ� ZLWKRXW
&RQQHFWLYLW\���-��RI�&RPS��3K\VLFV��������������������

>��@ 323,1(7� 6��� =$/(6.,� 6��� ³$� )URQW� 7UDFNLQJ� $OJRULWKP� IRU� $FFXUDWH
5HSUHVHQWDWLRQ�RI�6XUIDFH�7HQVLRQ´��,QW��-��1XP��0HWK��)OXLGV��YRO������SS�
��������������

>��@ &58&+$*$� 0��� &(/(17$12� '��� 7(='8<$5� 7��� ³&RPSXWDWLRQ� RI
0RXOG�)LOOLQJ�3URFHVVHV�ZLWK�D�0RYLQJ�/DJUDQJLDQ�,QWHUIDFH�7HFKQLTXH´�
&RPP��1XP��0HWK��(QJ���YRO������SS���������������

>��@ -2+1621� 5�$��� %(/.� '�0��� ³0XOWL�JULG� $SSURDFK� WR� 2YHUVHW� *ULG
&RPPXQLFDWLRQ´��$,$$�-���YRO������SS������������

>��@ <$1*�*���&$8621�'�0���,1*5$0�'�0���³&DOFXODWLRQ�RI�&RPSUHVVLEOH
)ORZV� DERXW� &RPSOH[� 0RYLQJ� *HRPHWULHV� 8VLQJ� D� 7KUHH�GLPHQVLRQDO
&DUWHVLDQ�&XW�&HOO�0HWKRG´��,QW��-��1XP��0HWK��)OXLGV��YRO������SS�������
�����������

>��@ 1$.$<$0$� 7��� 025,� 0��� ³$Q� (XOHULDQ� )LQLWH� (OHPHQW� 0HWKRG� IRU
7LPH�GHSHQGHQW� )UHH� 6XUIDFH� 3UREOHPV� LQ� +\GURG\QDPLFV´� ,QW�� -�� 1XP�



���

0HWK��)OXLGV��YRO������SS����������������
>��@ <25.�$�5���68/6.<�'���6&+5(<(5�+�/���³7KH�0DWHULDO�3RLQW�0HWKRG

IRU�6LPXODWLRQ�RI�7KLQ�0HPEUDQHV´��,QW��-��1XPHU��0HWK��(QJ���YRO������SS�
���������������

>��@ %5$&.%,//�-�8���5833(/�+�0���³)/,3��D�0HWKRG�IRU�$GRSWLYHO\�=RQHG�
3DUWLFOH�,Q�&HOO� &DOFXODWLRQV� LQ� 7ZR�GLPHQVLRQV´�� -�� &RPSXW�� 3K\V��� YRO�
����SS����������������

>��@ %5$&.%,//�-�8���³$�&RQWLQXXP�0HWKRG�IRU�0RGHOLQJ�6XUIDFH�7HQVLRQ´�
-��&RPSXW��3K\V��9RO�������SS����������������

>��@ '$,�0���:$1*�+����$�1XPHULFDO�0HWKRG�IRU�,QWHUIDFH�7UDFNLQJ���,/$66
��WK�$QQXDO�&RQIHUHQFH� RQ�/LTXLG�$WRPL]DWLRQ� DQG�6SUD\�6\VWHPV��0D\
����

>��@ +,57� &�:��� 1,&+2/6� %�'��� ³9ROXPH� RI� )OXLG� �92)�� 0HWKRG� IRU� WKH
'\QDPLFV� RI� )UHH� %RXQGDULHV´�� -�� &RPSXW�� 3K\V��� YRO�� ���� SS���������
�����

>��@ $6+*5,=� 1��� 322� -�<��� ³)/$,5�)OX[� /LQH� 6HJPHQW� 0RGHO
IRU�$GYHFWLRQ�DQG�,QWHUIDFH�5HFRQVWUXFWLRQ´��-��&RPSXW��3K\V���YRO�����SS�
�������������

>��@ 58'0$1� 0��� ³9ROXPH� 7UDFNLQJ� 0HWKRGV� IRU� ,QWHUIDFLDO� )ORZ
&DOFXODWLRQV´��,QW��-��1XP��0HWK��)OXLGV��YRO������SS����������������

>��@ 38&.(77� (�*��� $/0*5(1� $�6��� %(//� -�%��� 0$5&86� '�/��� 5,'(5
:�-���³$�+LJK�2UGHU�3URMHFWLRQ�0HWKRG� IRU� 7UDFNLQJ�)OXLG� ,QWHUIDFHV� LQ
9DULDEOH� 'HQVLW\� &RPSUHVVLEOH� )ORZV´�� -�� &RPSXW�� 3K\V��� YRO�� ����� SS�
��������������

>��@ 5,'(5� :�-��� .27+(� '�%��� ³5HFRQVWUXFWLQJ� 9ROXPH� 7UDFNLQJ´�� -�
&RPSXW��3K\V��9RO������SS����������������

>��@ $/,$%$',� 6��� 7(='8<$5� 7��� ³6WDELOL]HG�ILQLWH�HOHPHQW� �� ,QWHUIDFH�
&DSWXULQJ� 7HFKQLTXH� IRU� 3DUDOOHO� &RPSXWDWLRQ� RI� 8QVWHDG\� )ORZV� ZLWK
,QWHUIDFHV´��&RPSXW��0HWK��$SSO��0HFK��(QJ���YRO�������SS����������������

>��@ 6&$5'29(//,�5��� =$/(6.,� 6���³,QWHUIDFH� 5HFRQVWUXFWLRQ� ZLWK� /HDVW�
6TXDUH�)LW�DQG�6SOLW�(XOHULDQ�/DJUDQJLDQ�$GYHFWLRQ´�� ,QW�� -��1XP��0HWK�



���

)OXLGV��YRO������SS����������������
>��@ 0$5211,(5�9��� 3,&$662�0��� 5$33$=� -���³1XPHULFDO� 6LPXODWLRQ� RI

7KUHH�GLPHQVLRQDO�)UHH�6XUIDFH�)ORZV´��,QW��-��1XP��0HWK��)OXLGV��YRO����
SS����������������

>��@ .(/(&<� )�-��� 3/(7&+(5� 5�+��� ³7KH� 'HYHORSPHQW� RI� D� )UHH� 6XUIDFH
&DSWXULQJ� $SSURDFK� IRU�0XOWLGLPHQVLRQDO� )UHH� 6XUIDFH� )ORZV� LQ� &ORVHG
&RQWDLQHUV´��-��&RPSXW��3K\V���YRO�������SS����������������

>��@ 26+(5� 6��� 6(7+,$1� -�$��� �)URQWV� 3URSDJDWLQJ� ZLWK� &XUYDWXUH
'HSHQGHQW� 6SHHG�� � $OJRULWKPV� %DVHG� RQ�+DPLOWRQ�-DFREL� )RUPXODWLRQV��
-��RI�&RPS��3K\�������SS�������������

>��@ 26+(5� 6��� )('.,:� 5�3��� ³/HYHO� 6HW� 0HWKRGV�� $Q� RYHUYLHZ� DQG� 6RPH
5HFHQW�5HVXOWV´��-��&RPSXW��3K\V���YRO������SS���������������

>��@ 6(7+,$1� -�$��� ³)DVW� 0DUFKLQJ� 0HWKRGV� DQG� /HYHO� 6HW� 0HWKRGV� IRU
3URSDJDWLQJ�,QWHUIDFHV´��9.,�/HFWXUH�6HULHV���������

>��@ %$57+�7���6(7+,$1�-�$���³1XPHULFDO�6FKHPHV�IRU�WKH�+DPLOWRQ�-DFREL
DQG�/HYHO�6HW�(TXDWLRQV�RQ�7ULDQJXODWHG�'RPDLQV��-��RI�&RPS��3K\������
����������

>��@ 6(7+,$1� -�$���9/$',0,56.<�$��� �)DVW�0HWKRGV� IRU� WKH� (LNRQDO� DQG
5HODWHG�+DPLOWRQ�-DFREL�(TXDWLRQV�RQ�8QVWUXFWXUHG�0HVKHV��31$6��YRO�
����1R������SS������������������

>��@ $'$/67(,16621� '��� 6(7+,$1� -�$��� �7KH� )DVW� &RQVWUXFWLRQ� RI
([WHQVLRQ�9HORFLWLHV�LQ�/HYHO�6HW�0HWKRGV��-��RI�&RPS��3K\���������������

>��@ 68660$1� 0��� 60(5(.$� 3��� 26+(5� 6��� ³$� /HYHO� 6HW� $SSURDFK� IRU
&RPSXWLQJ� 6ROXWLRQV� WR� ,QFRPSUHVVLEOH� 7ZR�SKDVH� )ORZV´�� -�� &RPSXW�
3K\V���YRO�������SS��������������

>��@ $'$/67(,16621� '��� 6(7+,$1� -�'��� ³7UDQVSRUW� DQG� 'LIIXVLRQ� RI
0DWHULDO�4XDQWLWLHV�RQ�3URSDJDWLQJ� ,QWHUIDFHV�9LD�/HYHO�6HW�0HWKRGV´�� -�
&RPSXW��3K\V���YRO�������SS����������������

>��@ 68.80$5� 1��� &+233� '�/��� 025$1� %��� ³([WHQGHG� )LQLWH� (OHPHQW
0HWKRG�DQG�)DVW�0DUFKLQJ�0HWKRG� IRU�7KUHH�GLPHQVLRQDO�)DWLJXH�&UDFN
3URSDJDWLRQ´��(QJ��)UDFWXUH�0HFK���YRO������SS��������������



���

>��@ .,00(/�5���6(7+,$1�-�$���³&RPSXWLQJ�*HRGHVLF�3DWKV�RQ�0DQLIROGV´�
3URF��1DW��$FDGHP\�6FL��������

>��@ .2+12�+���7$1$+$6+,�7���´1XPHULFDO�$QDO\VLV�RI�0RYLQJ� ,QWHUIDFHV
8VLQJ�D�/HYHO�6HW�0HWKRG�&RXSOHG�ZLWK�$GDSWLYH�0HVK�5HILQHPHQW´��,QW��-�
1XP��0HWK��)OXLGV��YRO������SS����������������

>��@ .2%$<$6+,� 5��� ³0RGHOLQJ� DQG� 1XPHULFDO� 6LPXODWLRQ� RI� 'HQGULWLF
&U\VWDO�*URZWK´��3K\VLFD�'��YRO�����SS���������������

>��@ .2%$<$6+,�5���:$55(1�-�$���&$57(5�:�&���³$�&RQWLQXXP�0RGHO
RI�*UDLQ�%RXQGDULHV´��3K\VLFD�'��YRO�������SS����������������

>��@ /(�%5(721�3���5,%(5($8�'����&DVWLQJ�3URFHVV�,PSDFW�RQ�6PDOO�6FDOH
6ROLG� 5RFNHW� 0RWRU� %DOOLVWLF� 3HUIRUPDQFH�� -�� RI� 3URSXOVLRQ� DQG� 3RZHU�
9RO�����1R�����SS�����������������

>��@ +(-/�5�-���+(,67(5�6�'����6ROLG�5RFNHW�0RWRU�*UDLQ�%XUQEDFN�$QDO\VLV
8VLQJ� $GDSWLYH�*ULGV�� ´-�� RI� 3URS�� 3RZHU�� ������ 9RO���� 1R�� ��� SS�����
�����

>��@ 6721(�0�:����$�SUDFWLFDO�0DWKHPDWLFDO�$SSURDFK� WR�*UDLQ�'HVLJQ��-HW
3URSXOVLRQ��SS�����������$SULO������

>��@ =$5'$� 3�5��� �&RPSXWHU� $LGHG� 3URSXOVLRQ� %XUQ� $QDO\VLV�� � 0DUWLQ
0DULHWWD�(OHFWURQLFV�DQG�0LVVLOH�*URXS��$,$$��������

>��@ 6$,17287� (��� 5,%(5$8� '��� 3(55,1� 3��� � �(/($�� � $� 7RRO� IRU� �'
6XUIDFH�5HJUHVVLRQ�$QDO\VLV�LQ�3URSHOODQW�*UDLQV���$,$$�������

>��@ '811�6�6���&2$76�'�(������'�*UDLQ�'HVLJQ�DQG�%DOOLVWLF�$QDO\VLV�8VLQJ
WKH�633���&RGH����$,$$��������

>��@ $/$9,//,�3���7$)7,�'���1$--$5�)����7KH�'HYHORSPHQW�RI�DQ�$GYDQFHG
6ROLG�5RFNHW� )ORZ� 6LPXODWLRQ�� � 3URJUDP� 52&)/2��� � $,$$�����������
����

>��@ 6+<<�:���)5$1&2,6�0���8'$<.80$5�+�6����&RPSXWDWLRQDO�0RYLQJ
%RXQGDU\� 3UREOHPV� LQ� (QJLQHHULQJ� DQG� %LRPHFKDQLFV��� � �WK� 1DWLRQDO
&RPSXWDWLRQDO�)OXLG�'\QDPLFV�&RQIHUHQFH�������

>��@ $/$9,//,�3���%8&.0$67(5�-���-$&.621�7�/���6+257�0����,JQLWLRQ�
7UDQVLHQW�0RGHOLQJ�IRU�6ROLG�3URSHOODQW�5RFNHW�0RWRUV���$,$$�����������



���

����
>��@ 3,5=$'(+� 6�=�� �8QVWUXFWXUHG� 9LVFRXV� *ULG� *HQHUDWLRQ� E\� $GYDQFLQJ�

)URQW�0HWKRG���1$6$�&RQWUDFWRU�5HSRUW���������$SULO������
>��@ )5(1&+� -�&��� &2$76� '�(��� �$XWRPDWHG� ��'� 6ROLG� 5RFNHW� &RPEXVWLRQ

6WDELOLW\�$QDO\VLV����$,$$��������������
>��@ +(&.(/�%���89$�$�(���+$0$11�%���-2<�.����6XUIDFH�5HFRQVWUXFWLRQ

8VLQJ�$GDSWLYH�&OXVWHULQJ�0HWKRGV��� �'HSW�� RI�&RPS��6FL���8QLYHUVLW\� RI
&DOLIRUQLD

>��@ -(21*�-��+���<$1*�'��<����7KUHH�GLPHQVLRQDO�)LQLWH�(OHPHQW�$QDO\VLV�RI
7UDQVLHQW�)OXLG�)ORZ�ZLWK�)UHH�6XUIDFH�8VLQJ�0DUNHU�6XUIDFH�0HWKRG�DQG
$GDSWLYH�*ULG�5HILQHPHQW��� ,QW��-��1XPHU��0HWK��)OXLGV��9RO������SS������
����������

>��@ .$5,0,$1� 6�0�+��� $02/,� $��� �7ZR�GLPHQVLRQDO� 6LPXODWLRQ� RI� 650
,QWHUQDO�%DOOLVWLFV�RQ�D�0RYLQJ�*ULG���$,$$��������������

>��@ .$5/6(1� .�+��� 5,6(%52� 1�+��� �8QFRQGLWLRQDOO\� 6WDEOH� 0HWKRGV� IRU
+DPLOWRQ�-DFREL�(TXDWLRQV����-��RI�&RPS��3K\VLFV��������������������

>��@ 0$-'$/$1,� -��� �$Q� ,PSURYHG� 7LPH�GHSHQGHQW� )ORZ� ILHOG� 6ROXWLRQ� IRU
6ROLG�5RFNHW�0RWRUV���$,$$��������������

>��@ 3,5=$'(+� 6�=�� �$Q� $GDSWLYH� 8QVWUXFWXUHG� *ULG� 0HWKRG� E\� *ULG
6XEGLYLVLRQ��/RFDO�5H�PHVKLQJ��DQG�*ULG�0RYHPHQW��$,$$��������������

>��@ 6+(:&+8.�-��5����'HODXQD\�5HILQHPHQW�0HVK�*HQHUDWLRQ���3K'��7KHVLV�
6XEPLWWHG�WR�WKH�6FKRRO�RI�&RPSXWHU�6FLHQFH��&DUQHJLH�0HOORQ�8QLYHUVLW\�
0D\������

>��@ 7$1*� +�=��� 7$1*� 7��� =+$1*� 3��� �$Q� $GDSWLYH� 0HVK� 5HGLVWULEXWLRQ
0HWKRG� IRU� 1RQ�OLQHDU� +DPLOWRQ�-DFREL� (TXDWLRQV� LQ� 7ZR�� DQG� 7KUHH�
GLPHQVLRQV��

>��@ 7+203621�-�)���:$56,� =�8���:$<1(�0$67,1�&�� �1XPHULFDO�*ULG
*HQHUDWLRQ���(OVHYLHU�6FLHQFH�3XEOLVKLQJ�&R������

>��@ 7,1$=7(3(� 7��� d$.,52ö/8� 0��� 5,%(5($8� '��� 8+5,*� *��
�7HFKQLFDO�5HSRUW� RI�$*$5'�3(3�7��� 6XSSRUW�3URMHFW�� � 5RNHWVDQ�$�ù��
����



���

>��@ =+28�&���0$-'$/$1,�-����,PSURYHG�0HDQ�IORZ�6ROXWLRQ�IRU�6ODE�5RFNHW
0RWRUV�ZLWK�5HJUHVVLQJ�:DOOV����$,$$����������������

>��@ .$.$ùd,� 8�� � �7KUHH�GLPHQVLRQDO� 8QVWUXFWXUHG� *ULG� *HQHUDWLRQ� E\
$GYDQFLQJ�/D\HU�0HWKRG����0�6��7KHVLV��6XEPLWWHG�WR�WKH�*UDGXDWH�6FKRRO
RI�1DWXUDO�DQG�$SSOLHG�6FLHQFHV�RI� WKH�0LGGOH�(DVW�7HFKQLFDO�8QLYHUVLW\�
'HF������

>��@ 67(*(5�-�/���:$50,1*�5�)����)OX[�9HFWRU�6SOLWWLQJ�RI�WKH�,Q�YLVFLG�*DV
'\QDPLF�(TXDWLRQV�ZLWK�$SSOLFDWLRQ� WR� )LQLWH�'LIIHUHQFH�0HWKRGV��� -�� RI
&RPS��3K\VLFV��������������������

>��@ 9$1� /((5� %��� �)OX[�YHFWRU� 6SOLWWLQJ� IRU� 7KH� (XOHU� (TXDWLRQV�� /HFWXUH
1RWHV�LQ�3K\VLFV��6SULQJHU�9HUODJ��������YRO�����

>��@ $1'(5621�:�.��� 7+20$6� -�/��� �&RPSDULVRQ� RI� )LQLWH� 9ROXPH� )OX[
9HFWRU� 6SOLWWLQJV� IRU� 7KH� (XOHU� (TXDWLRQV�� $,$$� -RXUQDO�� YRO����� 1R���
����������������

>��@ /82� +��� %$80� -�'��� �$Q� ,PSURYHG� )LQLWH� 9ROXPH� 6FKHPH� IRU
,QFRPSUHVVLEOH�)ORZV�RQ�8QVWUXFWXUHG�*ULGV��$,$$��������

>��@ -$0(621�$��� 6&+0,'7�:���785.(/�(��� �1XPHULFDO� 6ROXWLRQV� RI� WKH
(XOHU� (TXDWLRQV� E\� )LQLWH� 9ROXPH� 0HWKRGV� 8VLQJ� 5XQJH�.XWWD� 7LPH�
6WHSSLQJ�6FKHPHV���$,$$���������

>��@ 0$11$� 0��� �$� 7KUHH�GLPHQVLRQDO� +LJK� 5HVROXWLRQ� 8SZLQG� )LQLWH
9ROXPH�(XOHU�6ROYHU���9RQ�.DUPDQ�,QVWLWXWH�7HFKQLFDO�1RWHV�����������

>��@ 7252� (�)��� �5LHPDQQ� 6ROYHUV� DQG� 1XPHULFDO� 0HWKRGV� IRU� )OXLG
'\QDPLFV���6SULQJHU�9HUODJ�������

>��@ /$1(<� &�%��� �&RPSXWDWLRQDO� *DV� '\QDPLFV��� &DPEULGJH� 8QLYHUVLW\
3UHVV�������

>��@ 781&(5�,�+���$(�����&)'�RQ�8QVWUXFWXUHG�*ULG���/HFWXUH�1RWHV��0(78�
$QNDUD��7XUNH\������

>��@ 98,//27� )��� <8086$.� 0��� 7$6.,12*/8� (�6��� 7,1$=7(3(� 7��
³7HFKQLFDO� 5HSRUW� RI� 572�$97� 7����� 6XSSRUW� 3URMHFW´�� 5RNHWVDQ� $�6��
�����

>��@ +,56&+� &��� �1XPHULFDO� &RPSXWDWLRQ� RI� ,QWHUQDO� DQG� ([WHUQDO� )ORZV��



���

YRO����-RKQ�:LOH\�	�6RQV�������
>��@ 687721� *�3��� �5RFNHW� 3URSXOVLRQ� (OHPHQWV��� :LOH\�� 1<�� 86$�� �WK

(GLWLRQ�������
>��@ 1(7=(5�'�:����3URSXOVLRQ�$QDO\VLV�IRU�7DFWLFDO�6ROLG�3URSHOODQW�5RFNHW

0RWRUV���/HFWXUH�1RWHV�������
>��@ ,�GHDV� +HOS� )LOHV�� �)LOH� )RUPDWV��� 6WUXFWXUDO� '\QDPLFV� 5HVHDUFK

&RUSRUDWLRQ������
>��@ 9(1.$7$.5,6+1$1� 9��� ³3HUVSHFWLYH� RQ� 8QVWUXFWXUHG� *ULG� )ORZ

6ROYHUV´��$,$$�-���YRO�����SS��������������
>��@ 6+<<� :��� )5$1&2,6� 0��� 8'$<.80$5� +�6��� ³&DUWHVLDQ� DQG

&XUYLOLQHDU�*ULG�0HWKRGV�IRU�0XOWL�GRPDLQ��0RYLQJ�%RXQGDU\�3UREOHPV´�
����,QWHUQDWLRQDO�&RQIHUHQFH�RQ�'RPDLQ�'HFRPSRVLWLRQ�0HWKRGV��SS������
���������

>��@ .$:$5$'$�+���68,72�+���³1XPHULFDO�0HWKRG�IRU�D�)UHH�6XUIDFH�)ORZ
RQ�WKH�%DVLV�RI�WKH�)LFWLWLRXV�'RPDLQ�0HWKRG´���(DVW�:HVW�-��1XP��0DWK��
YRO�������SS��������������

>���@ 6(d.ø1� %��� ³5RFNHW� 1R]]OH� 'HVLJQ� DQG� 2SWLPL]DWLRQ��� 0�6�� 7KHVLV�
6XEPLWWHG� WR� WKH�*UDGXDWH�6FKRRO�RI�1DWXUDO� DQG�$SSOLHG�6FLHQFHV�RI� WKH
0LGGOH�(DVW�7HFKQLFDO�8QLYHUVLW\��-DQ�����



���

$33(1',;�$

$� 86(5¶6�0$18$/
86(5¶6�0$18$/

,Q� WKLV� VHFWLRQ� WKH� LQSXW� ILOHV� DQG� WKH� SURJUDPV� IRU� WKH� FRXSOHG� VROXWLRQV� LV
SUHVHQWHG�EULHIO\���7KH�SUH�SURFHVVLQJ�SURFHGXUHV��SURFHVVLQJ�SURFHGXUHV�DQG�SRVW
SURFHVVLQJ�SURFHGXUHV�DUH�GHVFULEHG�VHSDUDWHO\�

$��� 35(�352&(66,1*�67(3

7KH�DLP�RI�WKH�SUH�SURFHVVLQJ�LV� WR�SUHSDUH�PHVK�ILOHV� IRU� WKH�UHJUHVVLRQ�FRGHV�WR
SURFHVV���7KHVH�ILOHV�LQFOXGH�QRGH�SRVLWLRQV��FRQQHFWLYLW\�RI�HOHPHQWV�DQG�ERXQGDU\
FRQGLWLRQV�IRU�HDFK�QRGH���7KH�VROLG�PRGHO�LV�JHQHUDWHG�ZLWK�WKH�,�'($6 �0DVWHU
0RGHOHU�DQG�XQVWUXFWXUHG�WHWUDKHGURQ�PHVK�LV�JHQHUDWHG�ZLWK�,�'($6 6LPXODWLRQ
PRGXOH���7KH�ERXQGDU\�FRQGLWLRQV�DUH�VHW�DQG�D�WH[W�ILOH�LQ�XQLYHUVDO�ILOH�IRUPDW�LV
H[SRUWHG�IURP�,�'($6��ZKLFK�LV�LPSRUWHG�WR�WKH�UHJUHVVLRQ�FRGH�

$����� ,�'HDV�8QLYHUVDO�)LOH�)RUPDW

8QLYHUVDO�ILOHV�DUH�$6&,,�GDWD�ILOHV��WKDW�FDQ�EH�XVHG�WR�VWRUH�VHOHFWHG�LQIRUPDWLRQ
IURP�D�PRGHO�ILOH�WR�LQWHUIDFH�ZLWK�SURJUDPV�RI�\RXU�RZQ�RU�WR�WUDQVIHU�LQIRUPDWLRQ
EHWZHHQ�GLIIHUHQW�W\SHV�RI�FRPSXWHUV�>��@

8QLYHUVDO�ILOHV�DUH�GHVLJQHG�VR�WKDW�WKH\�PD\�EH�HDVLO\�UHDG�DQG�ZULWWHQ�XVLQJ�XVHU�
ZULWWHQ�SURJUDPV���(DFK�XQLYHUVDO�ILOH�LV�D�VHTXHQWLDO�IRUPDWWHG�ILOH�ZLWK�UHFRUGV�RI



���

PD[LPXP����FKDUDFWHUV�� �7KH� ILOH� LV� FRPSDWLEOH�ZLWK� WKH� WH[W� HGLWRUV� RQ�3&� DQG
81,;�V\VWHPV�

%ORFNV�RI� LQIRUPDWLRQ��FDOOHG�GDWD�VHWV�PDNH�XS� WKH�EDVLF�VWUXFWXUH�RI�D�XQLYHUVDO
ILOH���(DFK�EORFN�EHJLQV�ZLWK�D�URZ��FRQWDLQLQJ�D�PLQXV�VLJQ�LQ�FROXPQ���DQG�D���LQ
FROXPQ����������7KH�VHFRQG�URZ�KDV�D�QXPEHU��ZKLFK�LV�WKH�GDWD�VHW�QXPEHU���)RU
H[DPSOH��WKH�FRQQHFWLRQ�JULG�VSHFLILFDWLRQV�IRU�PHVK�YROXPHV�DUH�ZULWWHQ�ZLWK�GDWD
VHW�QXPEHU�������)ROORZLQJ�WKH�GDWD�W\SH�UHFRUG��WKH�ERG\�RI�WKH�GDWD�VHW�FRQWDLQV
GDWD��ZKLFK�LV�GHSHQGHQW�RQ�WKH�GDWD�VHW�W\SH���7KH�ILQDO�UHFRUG�RI�WKH�GDWD�VHW�LV�WKH
VLPLODU� URZ� ZLWK� D� ³����� � 7KH� IROORZLQJ� LV� WKH� EHJLQQLQJ� VWDWHPHQW� RI� DOO� WKH
XQLYHUVDO�ILOHV��XQY���� � ������LV� WKH�GDWD�VHW�QXPEHU��ZKLFK� LV� WKH�KHDGHU�GDWD�VHW�
7KH�PRGHO�ILOH�IURP�ZKLFK�WKH�PHVK�LV�JHQHUDWHG��WKH�PRGHOHU�YHUVLRQ�QXPEHU�DQG
GDWH�RI�SURFHVVLQJ�DUH�JLYHQ���7KH�GDWD�VHW�HQGV�ZLWK�WKH����DV�XVXDO�

)LJXUH�$����'DWD�6HW�([DPSOH�IRU�819�)RUPDW
7KH�VXUIDFH�DQG�YROXPH�PHVKHV�DUH�JHQHUDWHG�RQ� ,�'($6�DQG� WKH�PHVK� ILOHV� DUH
H[SRUWHG�XVLQJ�XQLYHUVDO� ILOH� IRUPDW�� �0RVW�RI� WKH� LQIRUPDWLRQ� LV� VNLSSHG� VLQFH� LW
LQYROYHV� SURSHUWLHV�� ZKLFK� DUH� QRW� UHOHYDQW� WR� WKH� LQYHVWLJDWLRQ� VXFK� DV� PDWHULDO
SURSHUWLHV�� � 7KH� QRGH� SRVLWLRQV� DQG� HOHPHQW� FRQQHFWLYLW\� LV� UHPRYHG� IURP� WKH
XQLYHUVDO�ILOH�DQG�ZULWWHQ�WR�D�VHSDUDWH�ILOH�ZLWK�³�KD]´�H[WHQVLRQ���7KH�GDWD�VHW�FRGH
QXPEHUV�IRU�WKHVH�GDWD�DUH������IRU�WKH�³QRGH�SRVLWLRQV´�DQG������IRU�WKH�³HOHPHQW
FRQQHFWLYLW\³�LQIRUPDWLRQ�� �7KH� IRUPDW� UXOHV� IRU� WKHVH�GDWD�VHW�QXPEHUV�DUH� OLVWHG
KHUH�IURP�WKH�,�'($6�KHOS�ILOHV�IRU�FRQYHQLHQFH�



���

,I� WKH� PHVK� JHQHUDWLRQ� LV� GRQH� E\� SDUWV� LQ� WKH� ,�'($6� SURJUDP� WKHQ� WKH� PHVK
QXPEHUV�DUH�QRW� VRUWHG�DQG�VRPH�RI� WKH�XQXVHG�PHVKHV� DUH�GHOHWHG�� �7KHUHIRUH� D
VRUWLQJ�DOJRULWKP�KDV�EHHQ�DGGHG�WR�WKH�³PHVKB�G´�SURJUDP�

$����� 8QLYHUVDO�'DWD�6HW�1XPEHU�����

1RGH�SRVLWLRQV�LQ�DQ\�FRRUGLQDWH�V\VWHP�DUH�JLYHQ�XQGHU�WKLV�GDWD�VHW�

7DEOH�$���)RUPDW�IRU�'DWD�6HW�����
5HFRUG�� )250$7���,���

)LHOG�� QRGH�ODEHO
)LHOG�� H[SRUW�FRRUGLQDWH�V\VWHP�QXPEHU
)LHOG�� GLVSODFHPHQW�FRRUGLQDWH�V\VWHP�QXPEHU
)LHOG�� FRORU�RI�HDFK�QRGH

5HFRUG�� )250$7���3�'������
)LHOGV���� QRGH�FRRUGLQDWHV

$����� 8QLYHUVDO�'DWD�6HW�1XPEHU�����

&RQQHFWLYLW\�RI�HDFK�HOHPHQW�LV�GHILQHG�XQGHU�WKLV�GDWD�VHW�

7DEOH�$����)RUPDW�IRU�'DWD�6HW�����
5HFRUG�� )250$7���,���

)LHOG�� HOHPHQW�ODEHO
)LHOG�� )(�GHVFULSWRU�,'������WHWUDKHGURQ�
)LHOG�� SK\VLFDO�SURSHUW\�WDEOH�QXPEHU�����G�����G�
)LHOG�� PDWHULDO�SURSHUW\�WDEOH�QXPEHU
)LHOG�� FRORU
)LHOG�� QXPEHU�RI�QRGHV�RQ�WKH�HOHPHQW

5HFRUG�� )250$7���,���
)LHOGV���WR�Q QRGH�ODEHOV�GHILQLQJ�HOHPHQW



���

$����� 'HILQLQJ�%RXQGDU\�&RQGLWLRQV
7KH�ERXQGDU\�FRQGLWLRQV�DUH�UHTXLUHG�VHSDUDWHO\�IRU�WKH�IORZ�VROYHU��+�,%6�'��DQG
WKH� )00� VROYHU�� � 7KH\� DUH� GHILQHG� E\� PRGLI\LQJ� WKH� FRORU� RI� HDFK� QRGH� DQG
VXUIDFH�HOHPHQW��ZKLFK� OD\V�RQ� WKH�ERXQGDU\�� �6LPLODUO\� WKH� LQQHU�QRGHV� DUH� DOVR
GHILQHG�E\�XVLQJ� WKH�FRORU� FRGHV� LQ� ,�'($6�� �)RU� D� OLVW�RI�FRORU�FRGHV� VHH�7DEOH
EHORZ�

7DEOH�$����&RORU�&RGHV�IRU�%RXQGDU\�&RQGLWLRQ�'HILQLWLRQV�LQ�,�'($6
+,%6�'�%& &RORU 1R
3UHVVXUH�([LW *UD\�%OXH �
6\PPHWU\ /LJKW�%OXH �
0DVV�)OX[ *UHHQ �
)ORZ�,QOHW 2UDQJH ��
3URSHOODQW�6\PPHWU\�6XUIDFH /LJKW�%OXH �
:DOO /LJKW�0DJHQWD ��
3URSHOODQW�RQ�:DOO�6XUIDFH /LJKW�0DJHQWD ��
0HWDO�&DVH /LJKW�0DJHQWD ��
:DOO�ZLWK�6XUIDFH�5HJUHVVLRQ 3LQN ��
)00��92/80(�12'(�&2/256
)ORZ�ILHOG %OXH �
3URSHOODQW�LWVHOI 5HG ��
1R]]OH�,QVXODWLRQ 0DJHQWD ��
)00��$5($�12'(�&2/256
9RLG�DQG�&UDFN %ODFN �
)ORZ�)LHOG %OXH �
3URSHOODQW�%XUQ�6XUIDFH *UHHQ �
1R]]OH�,QVXODWLRQ�%XUQ�6XUIDFH <HOORZ �
0HWDO�&DVH :KLWH ��

$����� 3URJUDP�³�0(6+B�'�´

7KLV� )2575$1� SURJUDP� UHDGV� WKH� QRGH� SRVLWLRQV� DQG� HOHPHQW� FRQQHFWLYLW\
LQIRUPDWLRQ� IURP� XQLYHUVDO� ILOH� IRUPDW� DQG� FRQYHUWV� WKH�PHVK� LQIRUPDWLRQ� LQWR� D



���

FRPSUHVVHG� IRUP�IRU� WKH�)DVW�0DUFKLQJ�$OJRULWKPV� WR�ZRUN�RQ�� �7KLV�QHZ�PHVK
ILOH�KDV�H[WHQVLRQ�RI�³KD�´�

7KH�³KD�´�IRUPDW�FRQWDLQV�LQIRUPDWLRQ�RQ�QRGH�SRVLWLRQV��FRQQHFWLYLW\�RI�HOHPHQWV
DQG�QHLJKERULQJ�HOHPHQWV���7KLV�LQIRUPDWLRQ�LV�JDWKHUHG�IURP�WZR�VRXUFHV�

��� ,Q� WKH�³XQY´� ILOH� IRUPDW� WKH� FRQQHFWLYLW\� LV�XVHG� WR�JDWKHU� LQIRUPDWLRQ
DERXW�QHLJKERULQJ�FHOOV�WR�HDFK�IDFH�RI�WKH�WHWUDKHGURQ�HOHPHQW�

��� ,Q� WKH� ³XQY´� ILOH� IRUPDW� WKH� FRORU� FRGHV� RI� HDFK� VXUIDFH� HOHPHQW� LV
GHILQHG� DFFRUGLQJ� WR� WKH� ERXQGDU\� FRQGLWLRQV� WKH\� UHSUHVHQW�� � 7KLV
LQIRUPDWLRQ�LV�XVHG�DQG�LI�D�ERXQGDU\�FRQGLWLRQ�H[LVWV��QHJDWLYH�RI� WKH
FRORU�FRGH�LV�DGRSWHG�DV�WKH�QHLJKERUKRRG�LQIRUPDWLRQ�

)LJXUH�$����([DPSOH�+$��)LOH
7KH� QHLJKERULQJ� LQIRUPDWLRQ� LV� JLYHQ� LQ� WKH� FRQQHFWLYLW\� OLVW�� � 1HJDWLYH� YDOXHV
UHSUHVHQW� ERXQGDU\� FRQGLWLRQV� DQG� SRVLWLYH� QXPEHUV� UHSUHVHQW� HOHPHQWV� LQ� WKH
QHLJKERUKRRG���1HLJKERUV�DUH�VRUWHG�DV�IROORZV�

)RU�D�WHWUDKHGURQ�HOHPHQW

1HLJKERU�� � 1RGHV�����±���±���
1HLJKERU�� � 1RGHV�����±��±���
1HLJKERU�� � 1RGHV�����±���±���



���

1HLJKERU�� � 1RGHV�����±���±���

)RU�D�KH[DKHGURQ�HOHPHQW

1HLJKERU�� � 1RGHV�����±���±���±���
1HLJKERU�� � 1RGHV�����±���±���±���
1HLJKERU�� � 1RGHV�����±���±���±���
1HLJKERU�� � 1RGHV�����±���±���±���
1HLJKERU�� � 1RGHV�����±���±���±���
1HLJKERU�� � 1RGHV�����±���±���±���

)RU�K\EULG�HOHPHQWV�WKH�QHLJKERULQJ�FRQQHFWLYLW\�IRU�KH[DKHGURQV�LV�XVHG�VWULFWO\�DW
DOO�WLPHV�

$��� 352&(66,1*�67(3

7KH�+$��IRUPDW� ILOH� LV� WKH�PHVK�ILOH� IRU� WKH� LQWHUIDFH�FDSWXULQJ� DOJRULWKPV�� �7KH
LQSXW�ILOH�JLYHQ�LQ�)LJXUH�$���LV�XVHG�IRU�WKH�LQWHUIDFH�FDSWXULQJ�FRGH�)00����7KH
YDULDEOHV�DUH�GHVFULEHG�LQ�7DEOH�$���

7DEOH�$����3DUDPHWHUV�IRU�)DVW�0DUFKLQJ�,QSXW�)LOH
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)7<3( %XUQ�UDWH�W\SH����� &RQVWDQW�EXUQ�UDWH����������� 3UHVVXUH

GHSHQGHQW�EXUQ�UDWH�
) &RQVWDQW�EXUQ�UDWH

5%5() 5HIHUHQFH�EXUQ�UDWH
35() 5HIHUHQFH�SUHVVXUH�IRU�EXUQ�UDWH�FDOFXODWLRQV
3(; 3UHVVXUH�H[SRQHQW�IRU�EXUQ�UDWH�FDOFXODWLRQV

5+2B3523 3URSHOODQW�GHQVLW\
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7DEOH������&RQWLQXHG���3DUDPHWHUV�IRU�)DVW�0DUFKLQJ�,QSXW�)LOH
3,1,7 ,QLWLDO�SUHVVXUH�LQ�WKH�PRWRU

,7B6+2: ,WHUDWLRQ�VKRZ�LQWHUYDO
6&$/( 0HVK�GLPHQVLRQ�PXOWLSOLHU��8VHG�IRU�XQLW�FRQYHUVLRQ�

,B&$37 9ROXPH�FDSWXULQJ������� 1������������� <HV�
,029( 0RYDEOH�LQQHU�QRGHV������� 1������������� <HV�
1B7� 1XPEHU�RI�FDSWXUHG�WLPH
7� &DSWXUH�WLPH

,581 )ORZ�VROYHU�FRXSOHG�������� 1������������� <HV�
,35( 3UHYLRXV�UXQ�WR�EH�XVHG�IRU�ODWHU�UXQV
,$5($ &DSWXUH�DUHD�YV��ZHE�GDWD������� 1������������� <HV�
'7 &DSWXULQJ�WLPH�LQWHUYDO

,3(5, &DSWXUH�SHULPHWHU�YV��ZHE�IRU�VWDWLRQV�GDWD������� 1�
������� <HV�

,$;,6 $ORQJ�ZKLFK�D[LV�WKH�VWDWLRQV�DUH�SODFHG�IRU�SHULPHWHU
FDSWXULQJ����� [�D[LV����������� \�D[LV������������� ]�D[LV�

,6.,1 6ROYH�LQWHUIDFH�RQ�WKH�ERXQGDULHV�IRU���G�VXUIDFHV
�� 1������������� <HV�

,:+$7 6ROYH�IRU�LQWHUIDFH�FDSWXULQJ������� 1������������� <HV�
,25'(5 2UGHU�RI�DFFXUDF\�IRU�IDVW�PDUFKLQJ�PHWKRG

�� ILUVW�RUGHU����������� VHFRQG�RUGHU�
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7DEOH�$����2XWSXW�ILOHV�RI�)DVW�0DUFKLQJ�3URJUDP
BRXW�SOW 7KH�PHVK�ILOH�ZLWK�WLPH�YDOXHV�WR�GHILQH

LQWHUIDFH�ORFDWLRQ
�KD� &DSWXUH�PHVK�ILOH�IRU�IORZ�VROYHU
BF�SOW &DSWXUHG� GRPDLQ�PHVK� ILOH� IRU� 7HFSORW

SUHVHQWDWLRQ
BF�XQY 8QLYHUVDO�ILOH�IRU�FDSWXUHG�GRPDLQ�
BDUHD�SOW $UHD�YV��ZHE�GDWD�ILOH
BSHU�SOW 3HULPHWHU� YV�� ZHE� DORQJ� VWDWLRQV� GDWD

ILOH
BSRU�SOW 3RUW�DUHD�DW�HDFK�VWDWLRQ�GDWD�ILOH
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*UDLQ�EXUQ�VXUIDFH�DUULYDO�WLPH��IRU�D�EXUQ�UDWH�RI�����PP�V�LV�JLYHQ�EHORZ�

)LJXUH�%����6LQJOH�9RLG�LQ��&��*UDLQ

)LJXUH�%�������9RLGV�LQ��&��*UDLQ
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