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7LGDO�UDQJH�HQHUJ\�KDV�ORQJ�EHHQ�FRQVLGHUHG�IRU�FRQWULEXWLRQ�WR�D�ORZ�FDUERQ�HOHFWULFLW\�PL[��ZLWK�VFKHPHV�LQ�
RSHUDWLRQ�IRU�RYHU�KDOI�D�FHQWXU\��JHQHUDWLQJ�GLVSDWFKDEOH��SUHGLFWDEOH��HQHUJ\��3URSRVHG�VFKHPHV�DUH�RIWHQ�
PRGHOOHG�XVLQJ�VLPSOLILHG��'�PRGHOV�LQ�WKH�RSWLPLVDWLRQ�VWDJHV��WDNLQJ�D�IHZ�NH\�LQSXWV�WR�GHVFULEH�WKH�RSHUDWLRQ�
RI�D�WLGDO�UDQJH�VFKHPH��)XQGDPHQWDO�DPRQJ�WKHVH�LV�WKH�H[WHUQDO�ZDWHU�OHYHO��W\SLFDOO\�H[WUDFWHG�IURP�RWKHU�
PRGHOV�RU�KDUPRQLF�H[WUDFWLRQ���7R�DVVHVV�WKH�SRVVLEOH�YDULDWLRQ�LQ�HQHUJ\�RXWSXWV�WKDW�FDQ�EH�LQFXUUHG�IURP�DQ�
HUURQHRXV�ZDWHU�OHYHO��D�VHW�RI�EDVH�RXWSXWV�IRU�WZR�WLGDO�UDQJH�VFKHPHV�ZHUH�GHWHUPLQHG�XVLQJ�D�FRPELQDWLRQ�
RI�FRQILJXUDWLRQV��$�VHW�RI�HUURU�IRUPV�ZHUH�LGHQWLILHG��DSSOLHG�WR�WKH�EDVH�ZDWHU�OHYHOV��DQG�VWDWLVWLFDO�SDUDPHWHUV�
LGHQWLILHG�IURP�WKH�OLWHUDWXUH�XVHG�WR�SURYLGH�D�VHW�RI�HUURQHRXV�ZDWHU�OHYHO�VHWV�ZLWKLQ�WKH�UHSRUWHG�DFFXUDF\��
7KH�WLGDO�UDQJH�VFKHPHV�ZHUH�WKHQ�UXQ�XVLQJ�WKHVH�PXWDWHG�WLPH�VHULHV�DQG�WKH�FKDQJH�LQ�SHUIRUPDQFH�WR�WKH�
EDVH�FRQGLWLRQ�ZDV�FDOFXODWHG��7KH�PRGHOV�VKRZHG�VLJQLILFDQW FKDQJH�LQ�ILQDQFLDO�\LHOG�IRU�WKH�SHULRG�ZLWK�WKH�
HUURU�SDVVLQJ�WKH�FULWHULD�SUHYLRXVO\�XVHG��GHPRQVWUDWLQJ�WKH�QHHG�IRU�DGGLWLRQDO�PHWKRGV�WR�DVVHVV�WKH�HUURUV��
7KH�WHVWV�IRXQG�WKDW�WKH�WLGDO�UDQJH�VFKHPHV�GR�QRW�KDYH�D�SDUWLFXODU�RSHUDWLQJ�PRGH�WKDW�LV�PRUH�UHVLOLHQW�RU�
VXVFHSWLEOH� WR� DQ� LQDFFXUDWH� ZDWHU� OHYHO� VHULHV�� DOWKRXJK�� RI� WKH� FKRVHQ� VFKHPHV�� RQH� ZDV� PRUH� YDULHG��
LQGLFDWLQJ�WKDW�IXWXUH�ZRUN�PD\�LQGLFDWH�D�SK\VLFDO�FKDUDFWHULVWLF�OHDGLQJ�WR�D�PRUH�FRQVLVWHQW�HQHUJ\�HVWLPDWH�

.H\ZRUGV� 5HQHZDEOH�(QHUJ\� 7LGDO�(QHUJ\� 6HQVLWLYLW\�$QDO\VLV���'�0RGHOOLQJ

�� ,1752'8&7,21

��� 7LGDO�5DQJH�(QHUJ\

'ULYHQ�E\�D�JOREDO�QHHG�IRU�ORZ�FDUERQ�HOHFWULFLW\��VRXUFHV�RI�SRWHQWLDOO\�XQGHUXWLOL]HG�SRZHU�DUH�EHLQJ�
H[SORUHG�DV�DQ�RSSRUWXQLW\�WR�FRQWULEXWH�WR�D�GLYHUVH�HQHUJ\�JHQHUDWLRQ�PL[��$GYDQFHV�DQG�QHZ�WHFKQRORJLHV��
DORQJ� ZLWK� WKLV� HYHU�LQFUHDVLQJ� GULYH� WR� JHQHUDWH� FOHDQ� HQHUJ\� RSHQ� WKH� GRRU� WR� DOWHUQDWLYH� PHWKRGV� RI�
JHQHUDWLRQ��7LGDO�UDQJH�HQHUJ\�KDV�EHHQ�SURYLGLQJ�UHOLDEOH�DQG�GLVSDWFKDEOH�HQHUJ\�VLQFH�WKH�ILUVW�VFKHPH�FDPH�
RQOLQH�DW�/D�5DQFH�LQ�)UDQFH�LQ�WKH�����V��ZKHUH�LW�KDV�SURGXFHG�HQHUJ\�FRQVLVWHQWO\�VLQFH WKH�����V SURGXFLQJ�
DSSUR[LPDWHO\�����*:K�RI�HOHFWULFLW\�SHU�\HDU �5WLPL�HW�DO����������1HZHU�VFKHPHV�LQ�&KLQD��5XVVLD�DQG�&DQDGD�
KDYH�VLQFH�EHHQ�FRQVWUXFWHG��ZLWK�WKH�ZRUOG¶V ODUJHVW�DQG�PRVW�UHFHQW�VFKHPH�EHLQJ�EXLOW� LQ�,QFKHRQ��6RXWK�
.RUHD� LQ����� �1HLOO�HW�DO����������7LGDO�UDQJH�VFKHPHV�KDYH�EHHQ�FRQVLGHUHG�IRU�FRQVWUXFWLRQ� LQ� WKH�8QLWHG�
.LQJGRP�IRU�RYHU�D�FHQWXU\��KRZHYHU��WKH�KLJK�FDSLWDO�H[SHQGLWXUH�DQG�HQYLURQPHQWDO�FRQFHUQV�KDYH�UHVXOWHG�
LQ�PRVW�SURSRVDOV�HYHQWXDOO\�VWDOOLQJ�RXW��:DWHUV�DQG�$JJLGLV���������,Q�UHFHQW�\HDUV��WKHUH�KDV�EHHQ�DQ�XSWLFN�
LQ�LQWHUHVW�LQ�WLGDO�UDQJH��DQG�WKH�DGYDQWDJHV�WKDW�WKLV�HQHUJ\�IRUP�FDQ�RIIHU�RYHU�RWKHU�UHQHZDEOHV �$KPDGLDQ�
DQG�+DQRXVHN��������6ZDQVHD�&RXQFLO��������

$�WLGDO�UDQJH�HQHUJ\�VFKHPH�JHQHUDWHV�HOHFWULFLW\�E\�KDUQHVVLQJ�WKH�ULVLQJ�DQG�IDOOLQJ�RI�WKH�ZDWHU�OHYHO�
GXH�WR�WKH�WLGHV��7R�DFKLHYH�WKLV��DQ�DUHD�LV�LVRODWHG�IURP�WKH�RSHQ�ZDWHU�V\VWHP��FRQQHFWHG�E\�D�FRPELQDWLRQ�
RI�VOXLFH�JDWHV�DQG�WXUELQHV��:DWHU�LV�KHOG�LQ WKH�LQWHUQDO�DUHD�XQWLO�D�VXLWDEOH�GLIIHUHQFH�LV�DFKLHYHG�DFURVV�WKH�
VWUXFWXUH��DQG�WKH�WXUELQHV�WKHQ�RSHQHG�WR�DOORZ�WKH�ZDWHU�DFURVV��XQWLO�WKH�GLIIHUHQFH�LV�VR�VPDOO�WKDW�WKH�HQHUJ\�
JHQHUDWLRQ�LV�QR�ORQJHU�EHQHILFLDO��DW�ZKLFK�SRLQW�WKH�VOXLFH�JDWHV�DUH�RSHQHG�WR�DOORZ�D�JUHDWHU�GHJUHH�RI�IORZ��
LQ�SDUDOOHO�VOXLFLQJ��UHIHUUHG�WR�E\ 0RUHLUD�HW�DO�������� DV�µYDULDQW�RSHUDWLRQ¶��WKH�VOXLFHV�DUH�RSHQHG�EHIRUH�WKH�
JHQHUDWLRQ�SHULRG�KDV�ILQLVKHG��DFFHOHUDWLQJ�WKH�SURFHVV�RI�ILOOLQJ�RU�GUDLQLQJ�WKH�ODJRRQ� 2QFH�WKH�ZDWHU�OHYHO�
KDV�UHDFKHG�D�PD[LPXP��RU�PLQLPXP��ZLWKLQ�WKH VFKHPH��WKH�VOXLFH�JDWHV��DQG WXUELQHV��DUH�FORVHG�WR�SUHYHQW�
ZDWHU�IURP�SDVVLQJ�WKURXJK�DQG DOORZ�WKH�H[WHUQDO�WLGH�WR�GHYHORS�D�KHDG�GLIIHUHQFH�RQFH�DJDLQ� 7KLV�IRUPV�D�
F\FOLFDO�VHULHV�RI RSHUDWLQJ�PRGHV��GHVFULEHG LQ�7DEOH����3XPSLQJ�FDQ�EH�XVHG�EHIRUH� WKH�KROGLQJ�VWDJH� WR�
DFFHQWXDWH� WKH� LQWHUQDO� WLGDO� UDQJH�DQG�KDV�EHHQ�VKRZQ� WR� LQFUHDVH� LQ� \LHOGV��DV� UHODWLYHO\� FKHDS� ORZ�KHDG
SXPSLQJ�OHDGV�WR�WKH�JHQHUDWLRQ�SKDVH�RFFXUULQJ�XQGHU�EHQHILFLDO�FRQGLWLRQV�LQ�WKH�IROORZLQJ SHULRG� $�VFKHPDWLF�
RI�WKH�LQWHUQDO�DQG�H[WHUQDO�ZDWHU�OHYHOV�DORQJ�LV�VKRZQ�LQ�)LJXUH��� 7KH�SURFHVV�RI�JHQHUDWLRQ�FDQ�EH�FDUULHG�
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RXW�RQ�HLWKHU�WKH�IDOOLQJ��HEELQJ��WLGDO�SHULRG��WKH�ULVLQJ��IORRGLQJ��WLGH��RU�RQ�ERWK��2I�WKHVH� WKH�PRVW�FRQVLGHUHG
DUH�(EE�2QO\�DQG�7ZR�:D\�ZLWK�)ORRG�2QO\�RSHUDWLRQ�RQO\�EHLQJ�LQ�XVH�DW�WKH�/DNH�6LKZD�VFKHPH�LQ�.RUHD��
ZKHUH�PDLQWDLQLQJ�D�ORZHU�LQWHUQDO�ZDWHU�OHYHO�LV�D�GHVLJQ�IDFWRU��1HLOO�HW�DO���������

7DEOH����7LGDO�UDQJH�VFKHPH�EHKDYLRXU�GXULQJ�GLIIHUHQW�RSHUDWLQJ�SKDVHV�

02'( 6/8,&(�)/2: 785%,1(�)/2: 32:(5

+ROGLQJ 1RQH 1RQH 1RQH

*HQHUDWLQJ 1RQH 2SHQ 3URGXFLQJ

6OXLFLQJ��6HULDO� 2SHQ &ORVHG 1RQH

6OXLFLQJ��3DUDOOHO� 2SHQ 2SHQ 3URGXFLQJ

3XPSLQJ &ORVHG )RUFHG &RQVXPLQJ

$OWKRXJK�D�WLGDO�UDQJH�VFKHPH�LV�SULPDULO\�DQ�HQHUJ\�GHYLFH��GXH�WR�WKH�DELOLW\�WR�YDU\�WKH�VWDUW�DQG�HQG�
KHDG�GLIIHUHQFHV��D�756�FDQ�KDYH�VRPH�FRQWURO�RYHU�WKH�WLPLQJ�RI�JHQHUDWLRQ�WR�PDWFK�SUHIHUUHG�SHUIRUPDQFH��
+DUFRXUW�HW�DO�������� IRXQG�WKDW�IOH[LEOH�WLPLQJ�FRXOG�\LHOG�DQ�LQFUHDVH�LQ�SURILW RI�������HYHQ�ZLWK�D�UHGXFHG
QHW� HQHUJ\� RXWSXW E\� ������� 7KLV� LV� EHQHILFLDO� WR� WKH� QHWZRUN� DV� D� ZKLOH�� DV� WKH� YDULDELOLW\� RI� LQWHUPLWWHQW�
UHQHZDEOHV�FDQ�KDYH�XQGHVLUDEOH�HIIHFWV�RQ�D�QDWLRQDO�JULG��5HKPDQ�HW�DO�������� ZKHUH�XQH[SHFWHG�ZHDWKHU�
HYHQWV�FDQ�OHDG�WR�LPEDODQFHV�LQ�WKH�V\VWHP��7KH�HQHUJ\�PDUNHW�LQ�WKH�8.�YDULHV�ERWK RQ�DQ�DQQXDO�VFDOH�GXH�
WR�VHDVRQDO�GHPDQGV��DQG RQ�D�GDLO\�VFDOH DV�VKRZQ�LQ�)LJXUH ���QRUPDOLVHG�WR�WKH�DQQXDO�PHDQ�SULFH��GDWD�
IURP�(OH[RQ ��������$V�VXFK��WKH�PRGHOOLQJ�FDUULHG�RXW�KHUH�LV�IRFXVHG�RQ�SURILW�DV�RSSRVHG�WR�HQHUJ\�RXWSXW�
$FKLHYLQJ�DQ�DFFXUDWH�SUHGLFWLRQ�RI�WKH�SRWHQWLDO�HQHUJ\�RXWSXW�RU�ILQDQFLDO�\LHOG�LV�FULWLFDO�WR�D�SURMHFW�RI�WKLV�
VL]H�GXH�WR WKH�KLJK�FDSLWDO�H[SHQGLWXUH��$�GLIIHUHQFH� LQ�RXWSXW�RI�D� IHZ�SHUFHQW�FDQ�EH�WKH�EDODQFH�SRLQW�RI�
ILQDQFLDO� YLDELOLW\�� DV� KDV� NHSW� SURSRVDOV� VXFK� 6ZDQVHD� %D\ IURP� EHLQJ� FDUULHG� RQ� WR� IUXLWLRQ� �:DWHUV� DQG�
$JJLGLV��������

)LJXUH��� 2XWOLQH�HEE�RQO\�WLGDO�UDQJH�VFKHPH�RSHUDWLRQ�

)LJXUH��� 8.�QDWLRQDO�JULG�GDLO\�DYHUDJH�HQHUJ\�SULFHV�IURP����������
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��� 0RGHOOLQJ�$SSURDFKHV

'XH�WR�WKH�VL]H�DQG�VFDOH�RI�D�WLGDO�UDQJH�HQHUJ\�VFKHPH��WKH�SRWHQWLDO�HQYLURQPHQWDO�LPSDFW�DQG�ILQDQFLDO�
RXWOD\�UHTXLUH�WKDW�WKH�RSHUDWLRQ�RI�D�SURSRVHG�VFKHPH�LV�WKRURXJKO\�XQGHUVWRRG�EHIRUH�LW�FDQ�EH�FRPPLVVLRQHG��
,Q�DLG�RI�WKLV��PRGHOOLQJ�DSSURDFKHV�DUH�XVHG�WR�UHSUHVHQW�WKH�VFKHPH�DQG�FDUU\�RXW�ERWK�LQYHVWLJDWLRQV�LQWR�WKH�
LPSDFWV�RI�D�JLYHQ�RSHUDWLRQ�DQG�RSWLPLVH WKH�RSHUDWLRQDO�FKRLFHV�XVHG�WR PD[LPLVH�RXWSXWV��2QH�LQFUHDVLQJO\�
FRPPRQ�PHWKRG� WR� GR� WKLV LV� WKH� XVH� RI� ��GLPHQVLRQDO� ��'��PRGHOV�� DV� XVHG� E\� 7RGHVFKLQL� HW� DO�� �������
+DUFRXUW�HW�DO��������� ;XH�HW�DO�������� DQG�RWKHUV�

�'�PRGHOV�XVH�D�UHODWLRQVKLS�EDVHG UHSUHVHQWDWLRQ�RI� WKH� WLGDO� UDQJH�VFKHPH�WR�GHWHUPLQH�KRZ� LW�ZLOO�
RSHUDWH�XQGHU�D�JLYHQ�VHW�RI GHVLJQ�FKRLFHV��RSHUDWLRQDO�GHFLVLRQV��DQG�H[WHUQDO�ZDWHU�OHYHOV� 7KLV�DOORZV�IRU�D�
FRPSXWDWLRQDOO\�ORZ�FRVW�DVVHVVPHQW�RI�WKH�VFKHPH�ZKHQ�FRPSDUHG�WR�WKH�UHTXLUHPHQW�WR�VROYH�HYHQ�VLPSOLILHG�
IRUPXODWLRQV�RI�WKH�1DYLHU�6WRNHV�HTXDWLRQV�DFURVV�D�FRPSOH[�QXPHULFDO�GRPDLQ��$��'�PRGHO�WDNHV�DQ�H[WHUQDO�
WLPH� VHULHV� RI� ZDWHU� OHYHO�� REWDLQHG� IURP� HLWKHU� D� PHDVXUHPHQW� RI� DSSURSULDWH� VLWH� GDWD�� H[WUDFWHG� IURP� D�
FDOLEUDWHG�ODUJHU�GRPDLQ�PRGHO��RU�IRUHFDVW�IURP�WLGDO�FRQVWLWXHQWV�DW�WKH�FKRVHQ�VLWH��7KLV�IOXLG�WLPH�VHULHV�LV�
WKHQ�OLQNHG�WR�DQ�DUHD��WKH�LPSRXQGHG�DUHD�RI�WKH�VFKHPH��ZKRVH�ZDWHU�OHYHO�ULVHV�DQG�IDOOV�EDVHG�RQ�WKH�LQIORZ
DQG�RXWIORZ��SULPDULO\�JRYHUQHG�E\�WKH�IORZ�DFURVV�WKH�VOXLFHV�DQG�WXUELQHV DV�GHVFULEHG�LQ�7DEOH��� 7KH�WULJJHU�
SRLQWV�IRU�WKH�VWDUW�DQG�HQG�RI�JHQHUDWLRQ�DUH�WKH�µVWDUWLQJ¶�DQG�µHQGLQJ¶ KHDGV��WKHVH�FDQ�HLWKHU�EH�VHW�WR�IL[HG�
YDOXHV�IRU�D�JLYHQ�SHULRG�RU�FKDQJHG�DW�UHOHYDQW�LQWHUYDOV�WR�DOORZ�WKH�VFKHPH�WR�EHVW�XWLOLVH�WKH�YDULDWLRQV�LQ�WKH�
WLGDO� WUDFH��NQRZQ�DV� IOH[LEOH�RSHUDWLRQ��)OH[LEOH�RSHUDWLRQ�KDV�EHHQ� IRXQG� WR�SURYLGH�DQ� LPSURYHG�RXWSXW� LQ�
FRPSDULVRQ�WR�IL[HG��DQG�WKHUH�DUH�D�YDULHW\�RI�PHWKRGV�IRU�DVFHUWDLQLQJ�WKH�OHYHOV�WR�EH�XVHG��,Q�WKLV�VWXG\��WKH�
(YHU\�+DOI�1H[W��(+1��SULQFLSOH�DV�GHVFULEHG�E\�;XH�HW�DO�������� ZDV�HPSOR\HG�

7R�GHYHORS�D�SLFWXUH�RI� WKH� OHYHO�RI�FDOLEUDWLRQ� W\SLFDOO\�XVHG� LQ�QXPHULFDO�PRGHOOLQJ�VWXGLHV�����SHHU�
UHYLHZHG�ZRUNVD ZHUH� IRXQG� WR� EH� UHOHYDQW� H[FOXGLQJ DUWLFOHV� WKDW� XWLOLVH� DQG� UHIHU� WR� SUHYLRXVO\� GHVFULEHG�
PRGHOV�� DQG� ZKHUH� PXOWLSOH� YDOXHV� DUH SURYLGHG�� XVLQJ� WKH� ORZHVW� SHUIRUPLQJ�� :LWKLQ� WKHVH�� WZR� PDMRU�
DSSURDFKHV�ZHUH�VHHQ��HLWKHU�D�EXON�VWDWLVWLFDO�DQDO\VLV�RI�WKH�WLPH�VHULHV�DW�JLYHQ�FDOLEUDWLRQ�SRLQWV��D�VSHFWUDO�
DQDO\VLV�RI�WKH�PDMRU�WLGDO�FRQVWLWXHQWV��RU�VRPH�FRPELQDWLRQ�RI�WKH�WZR� 7KH�PRVW�XVHG SDUDPHWHU ZDV�WKH�5RRW�
0HDQ�6TXDUH�(UURU��Q� ����ZLWK�UHSRUWHG�YDOXHV�IURP����� ± �����PHWUHV��IROORZHG�E\�WKH�5ð��Q� ����ZLWK�UHSRUWHG�
YDOXHV�EHWZHHQ������DQG��������7KH�0HDQ�$YHUDJH�(UURU��0$(��ZDV�XVHG�LQ�WZR�FDVHV� +DUPRQLF�FRQVWLWXHQW�
DQDO\VLV�W\SLFDOO\�LQYROYHG�D�FRPSDULVRQ�RI�WKH�PHDVXUHG�DQG�VLPXODWHG�PDJQLWXGH�DQG�SKDVLQJ�RI�WKH�PDMRU�
FRPSRQHQWV� :LOOLDPV�DQG�(VWHYHV������� SURYLGH�VRPH�JXLGDQFH�RQ�WKH�FDOLEUDWLRQ�RI�K\GURG\QDPLFV�PRGHOV��
WKLV�VXJJHVWV�XVLQJ 506(�IRU�ZDWHU�OHYHOV�DORQJ�ZLWK�DQ�DQDO\VLV RI WKH�WLGDO�UDQJHV�DQG�WKH�YDOXH�RI�FDUU\LQJ�
RXW�D�TXDOLWDWLYH�DVVHVVPHQW�RI�WKH�ZDWHU�OHYHOV�RYHU�WKH�SHULRG EHLQJ�DVVHVVHG�

7KLV�VWXG\�DLPHG�WR�DVVHVV�KRZ�HQHUJ\�RXWSXW�FRPSDUHG�WR�NQRZQ�HUURUV�LQ�WKH�LQSXW�GDWD��ZKHWKHU�D�
JLYHQ� RSHUDWLRQDO�PRGH� RI� WKH� VFKHPH� FRXOG� EH�PRUH� UHVLOLHQW� WR� HUURUV�� ZKDW� IRUP� RI� HUURU� LV�PRVW� HDVLO\�
GHWHFWHG�E\�WKH�PHWULFV��DQG�KRZ�WKH�SDVVLQJ�HUURUV�LPSDFW�SHUIRUPDQFH�

�� 0(7+2'

��� 1XPHULFDO�0RGHO

7KH��'�PRGHO�KHUH�XVHG WKH�YROXPH 9 FRQVHUYDWLRQ�(T� >�@��GHFRPSRVHG� WR D�EDFNZDUG�GLIIHUHQFLQJ�
VFKHPH�LQ (T� >�@��7KLV FDOFXODWHV�WKH�LQWHUQDO��XSVWUHDP��ZDWHU� OHYHO�ȘXS DW�D�WLPH�Q�� EDVHG�RQ�WKH�LQWHUQDO�
ZDWHU�OHYHO�DW�D�WLPH�Q��WKH�LQIORZ�WR�WKH�ODJRRQ�IURP�WKH�WXUELQH��4WXUELQHV���VOXLFHV��4VOXLFHV���DQG�HQYLURQPHQWDO�
LQIORZV�IURP�ULYHUV DQG�UDLQIDOO HWF���4LQIORZ���ZKHUH�IORZV�RXW�RI�WKH�ODJRRQ�DUH�SRVLWLYH��7KH�FKDQJLQJ�DUHD�RI�WKH�
VFKHPH�$�Ș���RYHU�D�WLPH�VWHS�ǻW��)RU�WKLV�IRUPXODWLRQ��WKH�IORZV�WKURXJK�WKH�VOXLFHV�DUH�FDOFXODWHG�XVLQJ�DQ�
RULILFH�(T� >�@��EDVHG�RQ�WKH�VOXLFH�HIILFLHQF\�FRHIILFLHQW�&'��ZKHUH�WKH�VOXLFHV�KDYH�DQ�DUHD�RI�$VOXLFHV��DQG�ǻ+ LV�
WKH�KHDG�GLIIHUHQFH�DFURVV�WKH�VFKHPH��(T� >�@���J LV�WKH�JUDYLWDWLRQDO�DFFHOHUDWLRQ�FRQVWDQW��DQG�į LV�D�GLUHFWLRQDO�
RSHUDWRU�GHVFULEHG�LQ�(T� >�@�
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D �0RUHLUD�HW�DO���������*XR�HW�DO���������0DFNLH�HW�DO���������5WLPL�HW�DO���������;XH�HW�DO���������*KDHGL�DQG�*RUJLQSRXU��������;XH�
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DQG�%HQ]RQ��������;LD�HW�DO��������
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4LQIORZ DQG ȘGRZQ DUH�ERWK�SUH�GHWHUPLQHG�DQG�VXSSOLHG�DV�WLPH�VHULHV WR�WKH�PRGHO��7KH�WXUELQH�IORZ�UDWH�
�4WXUELQHV��DQG�SRZHU�RXWSXW�3 DUH�GHWHUPLQHG�XVLQJ�WKH�KHDG�GLIIHUHQFH�DFURVV�WKH�VFKHPH��ǻ+���D�VXSSOLHG�+LOO
&KDUW�IRU�WKH�VHOHFWHG�WXUELQH�GHVLJQ�DQG�DSSOLHG�EDVHG�RQ�WKH�RSHUDWLQJ�PRGH�RI�WKH�ODJRRQ� 7KLV�RSHUDWLQJ�
PRGH�LV�GHWHUPLQHG�EDVHG�RQ�WKH�FRQWURO�SDUDPHWHUV��DQG�WKH�SULRU�VWDWH�RI�WKH�ODJRRQ��7KH�+LOO�&KDUW�XVHG�LQ�
WKLV�FDVH�LV�WKDW�RI�DQ�$QGULW]�+\GUR��P�%XOE�WXUELQH��RI�WKH�VW\OH�XVHG�LQ�WKH�PDMRULW\�RI�H[LVWLQJ�DQG�SURSRVHG�
VFKHPHV��DV�SUHVHQWHG E\�$JJLGLV�DQG�)HDWKHU������� DQG�XVHG�E\�QXPHURXV�VXEVHTXHQW�VWXGLHV� +HUH�VOLJKW�
DGMXVWPHQWV�DUH�PDGH�LQFOXGLQJ�D�UDPSLQJ�XS�DQG�GRZQ�ZKHQ�WKH�WXUELQHV�VWDUW�FHDVH�RSHUDWLRQ��DQ HIILFLHQF\�
DGMXVWPHQW�WR�DFFRXQW�IRU�WKH�WXUELQH�WHQGLQJ�WR�KDYH�EHWWHU�SHUIRUPDQFH�LQ�RQH�GLUHFWLRQ��DQG�D�VFDOLQJ�IDFWRU
WR�DFFRXQW�IRU�WKH�SRWHQWLDOO\�GLIIHUHQW�VL]LQJ�RI�WKH�SURSRVHG�WXUELQH�DV�FRPSDUHG�WR�WKH�EDVH�KLOO�FKDUW��(T� >�@��

7KH�ZDWHU� OHYHO�WLPH�VHULHV�XWLOLVHG�E\�WKH�WLGDO�UDQJH�VFKHPH�PRGHO� LV�W\SLFDOO\�GHULYHG IURP�RQH�RI�D�
KDQGIXO�RI�VRXUFHV��WKLV�FDQ�EH�HLWKHU�D�VHW�RI KLVWRULF PHDVXUHPHQWV�IURP�D�JDXJLQJ�VWDWLRQ�DW�D�VXLWDEOH�FORVH�
ORFDWLRQ� H[WUDFWHG� IURP� D� ��GLPHQVLRQDO�PRGHO� RI� D� ODUJH� UHJLRQ �HJ�� ;XH� HW� DO�� ������� FRQWDLQLQJ�PXOWLSOH�
FDOLEUDWLRQ�SRLQWV�DV�ZHOO�DV�WKH�VLWH�RI�LQWHUHVW��RU�FRQVWUXFWHG EDVHG�RQ�WLGDO�FRQVWLWXHQWV�REWDLQHG�E\�RQH�RI�
WKH�SULRU�PHWKRGV �HJ��3HWOH\�DQG�$JJLGLV �������5HJDUGOHVV�RI� WKH�PHWKRG�RI�REWDLQLQJ�WKH�ZDWHU� OHYHO�� WKH�
JHQHUDO�DVVXPSWLRQ�LV�WKDW�WKH�H[WHUQDO�ZDWHU�OHYHO�LV�QRW�VLJQLILFDQWO\�DOWHUHG�E\�WKH�RSHUDWLRQ�RI�WKH�WLGDO�UDQJH�
VFKHPH�IRU�WKHVH�PRGHOOLQJ�SXUSRVHV��7KLV�LV�NQRZQ�WR�EH�D�IDOVH�DVVXPSWLRQ� KRZHYHU� WKH�GHJUHH�RI�LQIOXHQFH�
LV�KLJKO\�GHSHQGHQW�RQ�ERWK�WKH�SK\VLFDO�OD\RXW�RI�WKH�VFKHPH��WKH�DGMDFHQW�EDWK\PHWU\��DQG�WKH�RSHUDWLRQDO�
FKRLFHV�PDGH LQ�WKH�FRQWURO�RI�WKH�VFKHPH� 'HVSLWH�WKLV��WKHUH�LV�LQ�WKH�OLWHUDWXUH�D�JRRG�DJUHHPHQW�EHWZHHQ��'�
DQG��'�PRGHOV�LQ�WHUPV�RI�HVWLPDWLQJ�WKH�RXWSXWV��ZLWK�WKH��'�PRGHO�W\SLFDOO\�SURYLGLQJ�D�KLJKHU�RXWSXW�HVWLPDWH�
WKDQ�WKH��' PRGHOOHG�HTXLYDOHQW �+DUFRXUW�HW�DO���������;XH�HW�DO����������)RU�WKLV�VWXG\��WKH�PHDVXUHG�ZDWHU�
OHYHOV�REWDLQHG�E\�WKH�%ULWLVK�2FHDQRJUDSKLF�'DWD�&HQWHU��%2'&� IURP������DW�WKH�FKRVHQ�VLWHV�ZHUH�XVHG��
DORQJ�ZLWK�DQ�HQHUJ\�VHOO�SULFH�UHFRUG�REWDLQHG�IURP�(OH[RQ�������� 7KLV�GDWD�ZDV�XVHG�IRU�ERWK�WKH�H[DPSOH�
VFKHPHV�WR�SURYLGH�D�YDOLGDWLRQ�RXWSXW�RI�WKH�PRGHO�DJDLQVW�SULRU�VWXGLHV�ZLWK�WKH�VDPH�FRQWURO�RSWLRQV��

��� ,PSRVHG�(UURUV

$V�WKH�SXUSRVH�RI� WKH� WHVWV�ZDV�WR�GHWHUPLQH�KRZ�D�QRWLRQDO�HUURU�ZLOO� LPSDFW� WKH�H[SHFWHG HQHUJ\�RU�
SURILW JHQHUDWHG�� WKH� UDZ� WLPH�VHULHV�ZHUH PXWDWHG� WR�JHQHUDWH� WKHVH�HUURUV� )LYH VLPSOH HUURU�PRGHV�ZHUH�
LGHQWLILHG�EDVHG�RQ�FRPPRQ�WUDLWV�VHHQ�LQ�ZDWHU�OHYHO�VHULHV�GDWD SHU�:LOOLDPV�DQG�(VWHYHV���������H[HPSOLILHG�
LQ )LJXUHV���� IRU�D�VLPSOH�ZDYHIRUP� )LUVWO\� D�UDQGRP GHYLDWLRQ LQ�ZDWHU�VXUIDFH�HOHYDWLRQ��DV�PLJKW�EH�VHHQ�
E\�D�JDXJLQJ�VWDWLRQ�ZKHUH�ZDYH�HIIHFWV�DUH�VLJQLILFDQW�DQG�WKXV�WKH�RYHUDOO�WUHQG�LV�DFFXUDWH� EXW�WKH�LQGLYLGXDO�
SRLQWV�GHYLDWH��6HFRQGO\��DQ�RIIVHW�� RU�GDWXP�HUURU� FDQ�RFFXU�IURP�WKH�LPSURSHU�FDOFXODWLRQ�RI�UHODWLYH�OHYHOV�
VXFK�DV�ZKHQ�FRQYHUWLQJ�EHWZHHQ�PHDVXUHPHQW�V\VWHPV�DW�D�YDULHW\�RI�VLWHV� 7KLUG��D�µGULIWLQJ¶�HUURU��ZKHUHE\�
D�GHYLDWLRQ�EHWZHHQ� WKH� WUXH�DQG� IDOVH� WUDFHV JUDGXDOO\�JURZV��DV�FRXOG�EH� LQGXFHG�E\�D ORQJ�IRUP�RFHDQLF�
HIIHFW �VXFK�DV�D�WLGDO�VXUJH��RU�DQ�LQVWUXPHQW�HUURU� $�VFDOLQJ�HUURU�ZKHUH�WKH�PDJQLWXGH�RI�WKH�DVVXPHG�WUDFH�
LV�HLWKHU�WRR�ODUJH�RU�VPDOO FDQ�FRPH�IURP�DQ�LQFRUUHFW�PRGHOOLQJ�DVVXPSWLRQ�WR�RYHUHVWLPDWH�WKH�WLGDO�DPSOLWXGH��
RU�WKH�XVDJH�RI�DQ�RYHUO\�ODUJH�VDPSOH�LQ�D�PRYLQJ�DYHUDJH��VXFK�DV�WR�FRXQWHUDFW WKH�HIIHFWV�RI�WKH�ILUVW�HUURU�
W\SH���)LQDOO\� D�WHPSRUDO�LVVXH FDQ�EH�LQFXUUHG��ZKHUH�WKH�OHYHO�LV�FRUUHFW�EXW�PLVWLPHG��ZKLFK�ZLOO�DIIHFW�KRZ�LW�
LQWHUDFWV� ZLWK� RWKHU� LQGHSHQGHQW� VRXUFHV� RI� LQIRUPDWLRQ�� WKLV� FDQ� RFFXU� IRU� H[DPSOH� ZKHQ� D� WLPH ]RQH� LV�
LQFRUUHFWO\�LGHQWLILHG��$OO�RU�VRPH�RI�WKHVH�HUURU�W\SHV��DORQJ�ZLWK�RWKHUV� FDQ�FRPELQH�WR FUHDWH�QHZ�HUURU�IRUPV
ZKRVH�LGHQWLILFDWLRQ�LV�PRUH FRPSOH[�
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)LJXUH��� 5DQGRP�DQG�'DWXP�HUURU�W\SHV�DSSOLHG�WR�ZDYHIRUP

)LJXUH��� 'ULIWLQJ�DQG�VFDOLQJ�HUURUV�DSSOLHG�WR�ZDYHIRUP�

)LJXUH��� 7LPLQJ�HUURU�DSSOLHG�WR�ZDYHIRUP�

7KH PXWDWHG�VLJQDO DW�D�WLPH�L� ௜ߟ ǡ LV�JHQHUDWHG�EDVHG�RQ�WKH�LQSXW�ZDWHU�OHYHOݖ�௜ ZLWK HUURUV DSSOLHG DV
VKRZQ LQ (TXDWLRQV�������IRU�D�VHW�RI�1 SRLQWV��ZLWK�WKH�HUURU�IRUFHU�; YDU\LQJ�IURP�WKH�UHOHYDQW�ܺ௠௜௡ WR�ܺ௠௔௫ DV�
VKRZQ�LQ�7DEOH��� ;�KDV�D�YDOXH�RI�PHWHUV��KRXUV��RU�PDJQLWXGH�
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7DEOH����(UURU�IRUFHU UDQJHV�IRU�WKH�PXWDWHG�WLPH�VHULHV�

(5525�7<3( 0$;,080 0,1,080 81,76

5DQGRP ��� � P
'DWXP ���� ��� P
'ULIW ���� ��� P
6FDOH ��� ��� �
7LPLQJ ��� � KUV

��� 6WDWLVWLFDO�&DOLEUDWLRQ�0HWULFV

(DFK�RI WKH HUURU�W\SHV DUH�DSSOLHG�WR�WKH�EDVH�WLPH�VHULHV�DW�D�UDQJH�RI�PDJQLWXGHV��VL]H�RI�GHYLDWLRQ��
DQG� WKH� VWDWLVWLFDO� GLIIHUHQFHV EHWZHHQ� WKH� WZR� VHULHV� DVVHVVHG� XVLQJ� VHOHFWHG FRPPRQ SDUDPHWHUV�� 7KH
GLPHQVLRQOHVV�FRHIILFLHQW�RI�GHWHUPLQDWLRQ�5� (T��>��@��TXDQWLILHV�KRZ�ZHOO�D VLPXODWHG�VHW�RI�YDOXHVߟ�௜ PDWFKHV�
DQ�REVHUYHG�VHW�RI�YDOXHVݖ�௜ DV�D�FRPSDULVRQ�WR�XVLQJ�WKH�PHDQ�RI�WKH�PHDVXUHG�GDWDݖ�ҧ��D�YDOXH�RI�����LQGLFDWHV�
D�SHUIHFW�PDWFK�EHWZHHQ�PHDVXUHG�DQG�REVHUYHG����EHLQJ�DQ�DFFXUDF\�HTXDO�RI�WKDW�RI�XVLQJ�WKH�PHDQ�RI�WKH�
REVHUYHG�GDWD��DQG�D�QHJDWLYH�YDOXH�LQGLFDWLQJ�WKDW�WKH�SUHGLFWLRQ�LV�OHVV�XVHIXO�WKDQ�WKH�PHDQ��7KLV�KDV�EHHQ�
XVHG�WR�FDOLEUDWH�QXPHULFDO�PRGHOV�DW�JLYHQ�PHDVXUHPHQW�VLWHV�E\���RI�WKH�VDPSOH�VWXGLHV��IRRWQRWH��� ZLWK�D�
PLQLPXP�YDOXH�RI �����XVHG�E\�0HMLD�2OLYDUHV�HW�DO��������� 7KH�5RRW�0HDQ�6TXDUH�(UURU��506(���VKRZQ�LQ�
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(T� >��@ LV�D�PHDVXUH�RI�DFFXUDF\�ZKHUHE\�D�YDOXH�RI���LQGLFDWHV�D�SHUIHFW�ILW�RI�WKH�REVHUYDWLRQݖ�௜ DQG�SUHGLFWLRQ�
�௜ߟ 506(�LV�DOZD\V�SRVLWLYH��ZLWK�D�PDJQLWXGH DQG�XQLWV EHLQJ�EDVHG�RQ�WKH�LQSXWV DQG�D�PD[LPXP�YDOXH�RI
�����P�SUHVHQWHG�E\ �;LD�HW�DO��������� 7KLV�LV�QRUPDOLVHG�E\�GLYLGLQJ�WKH�506(�E\�WKH�PHDQ�RI�WKH�REVHUYHG�
GDWD�JLYLQJ�WKH�6FDWWHU�,QGH[ >��@��DV�KDV�EHHQ�VXJJHVWHG E\��:LOOLDPV�DQG�(VWHYHV������� WR�QRUPDOLVH�WKH�
506(�DFURVV�ORFDWLRQV�ZLWK�YDU\LQJ�W\SLFDO�FRQGLWLRQV��7KH�0HDQ�$EVROXWH�(UURU >��@ LV�WKH�DYHUDJH�GLIIHUHQFH�
EHWZHHQ�WKH�SUHGLFWLRQ�DQG�WKH�REVHUYDWLRQ��ZLWK�XQLWV�DQG�PDJQLWXGH�WR�WKH�SDUDPHWHU�EHLQJ�LQYHVWLJDWHG��DV�
XVHG�E\�*XR�HW�DO���������DQG 0DFNLH�HW�DO�������� ZKHUH�D�YDOXH�RI�� ������P ZDV�GHHPHG�WR�EH�VXLWDEOH LQ�
WKH� FDOLEUDWLRQ� RI� �'� PRGHOV�� 0XOWLSOH� ILWQHVV� IXQFWLRQV� DUH� XVHG� KHUH� WR� DVFHUWDLQ� LI� D� VSHFLILF� FKRLFH� RU�
FRPELQDWLRQ�FDQ�RIIHU�PRUH�LQVLJKW�WKDQ�WKH�RWKHUV��DQG�ZKDW�W\SHV�RI�HUURU�HDFK�LV�EHVW�VXLWHG�WR�LGHQWLI\LQJ�

ܴଶ ൌ ͳ െ
σ ሺݖ௜ െ ௜ሻߟ

ଶே
௜ୀଵ

σ ሺݖ௜ െ ҧሻଶேݖ
௜ୀଵ

>��@

ܧܵܯܴ ൌ ඨ
σ ሺݖ௜ െ ௜ሻߟ

ଶே
௜ୀଵ

ܰ
>��@

ݎ݁ݐݐܽܿܵ ݔ݁݀݊ܫ ൌ
ܧܵܯܴ

ҧݖ
>��@

ܧܣܯ ൌ
σ ȁሺݖ௜ െ ௜ሻȁߟ
ே
௜ୀଵ

ܰ
>��@

��� 6WXGLHG�6FKHPHV

7KH�:HVW�6RPHUVHW�/DJRRQ�SURSRVDO�DQG�0HUVH\�7LGDO�%DUUDJH�SURSRVDO�ZHUH�FKRVHQ�DV�FDVH�VWXGLHV�
GXH�WR�WKHLU�UHOHYDQFH�DQG�RQJRLQJ�VWDWHV�RI�GHYHORSPHQW��IRU�GHVFULSWLRQV�RI�WKH�VFKHPHV�SOHDVH�UHIHU�WR�1HLOO�
HW�DO����������)RU�HDFK�VFKHPH��WKHUH�DUH�D�YDULHW\�RI�RSHUDWLRQDO�FKRLFHV�WKDW�FDQ�EH�PDGH��ZKHWKHU�WR�RSHUDWH�
LQ�RQH RU�ERWK�GLUHFWLRQV�RI�IORZ��RSHQ�WKH�VOXLFHV�EHIRUH�DIWHU�FORVLQJ�WKH�WXUELQHV��XVH�D�IL[HG�FRQGLWLRQ�WR�VWDUW�
DQG�HQG�JHQHUDWLRQ�SHULRGV��DQG�ZKHWKHU�WR�XVH�WKH�WXUELQHV�DV�SXPSV�WR�LQFUHDVH�WKH�\LHOG�E\�IRUFLQJ�WKH�IORZ�
WR�EHWWHU�SUHSDUH�WKH�ZDWHU�FRQGLWLRQ�IRU�WKH�XSFRPLQJ�SKDVHV��,Q�WKLV�VDPSOH��WZR�VWXG\�ODJRRQV�ZHUH�RSHUDWHG�
LQ�D�IL[HG�DQG�IOH[LEOH�PRGH��IRU�ERWK�HEE�RQO\�DQG�WZR�ZD\�JHQHUDWLRQ��XVLQJ�D�ZDWHU�OHYHO�WLPH�VHULHV�ZLWK�HDFK�
HUURU�PHFKDQLVP��DW�D�YDULHW\�RI�VHYHULWLHV��)URP�WKLV��WKH�VWDWLVWLFDO�FRPSDULVRQ�RI�WKH�EDVH�DQG�PXWDWHG�WLPH�
VHULHV�GDWD�ZDV�GHWHUPLQHG�DORQJ�ZLWK�WKH�ILQDQFLDO�RXWSXW�RI�WKH�VFKHPH�ZKHQ�XQGHU�WKHVH�FRQGLWLRQV��7KLV�
SURYLGHV�D�GHJUHH�RI�LQVLJKW�LQWR�ZKDW�RSHUDWLRQDO�GHFLVLRQV�FRQILJXUDWLRQV�DUH�PRUH�VHQVLWLYH�WR�HUURUV�LQ�WKH�
LQSXWV��WKXV�SURYLGLQJ�VRPH�JXLGDQFH�WR�XVHUV�ZKR�KDYH�ORZHU�FRQILGHQFH�LQ�WKHLU�GDWD�VR�FDQ�RSW�IRU�D�UREXVW�
FRQILJXUDWLRQ�

7R�YDOLGDWH�WKH�PRGHO¶V DELOLW\�WR�PDWFK�WKH�SHUIRUPDQFH�RI�WKHVH�VFKHPHV�LQ�WKH�H[LVWLQJ�OLWHUDWXUH��IL[HG�
FDVH�EDVH�FRQGLWLRQV�ZHUH�VLPXODWHG��$W� WKH�:HVW�6RPHUVHW� ODJRRQ�� WKH�����7XUELQH��������Pð�VOXLFH�DUHD�
GHVLJQ�ZLWK�D�VWDUWLQJ�KHDG�GLIIHUHQFH�RI�����P��DQG�HQGLQJ�RI�����P ZDV�PRGHOOHG�IURP�;XH�HW�DO�������� DQG�
IRXQG�WR�KDYH�D�GLIIHUHQFH�RI�������WRWDO�HQHUJ\�RXWSXW��7KH�0HUVH\�%DUUDJH�FRQILJXUDWLRQ�SUHVHQWHG�E\�$JJLGLV�
DQG�%HQ]RQ������� RI ���WXUELQHV�DQG ���� Pð�RI�VOXLFH�JDWHV�ZDV�UXQ�ZLWK�D 6WDUW�DQG�HQG�KHDG�RI�����DQG�����
P�UHVSHFWLYHO\�ZLWK�WKH�QHW�HQHUJ\�RXWSXW�DJUHHLQJ�WR�ZLWKLQ����� )XUWKHU�EDVH�FRQGLWLRQV�ZHUH�HVWDEOLVKHG�WR�
SURYLGH�WKH�WKHRUHWLFDO�EDVLV�IRU�DOWHUQDWH�RSHUDWLRQ�SRVVLELOLWLHV��WKH�SURILW�JHQHUDWHG�E\�WKH�PXWDWHG�WLPH�VHULHV�
LV�GLYLGHG�E\�WKHVH�EDVH�YDOXHV�WR�GHULYH�D�UHODWLYH�\LHOG�

�� 5(68/76�$1'�',6&866,21

7R�GHWHUPLQH� WKH�YDULDELOLW\�RI� WKH�SURILW�JHQHUDWHG�E\� WKH�VFKHPH��\LHOG�� WKH�EDVH�HQHUJ\�RXWSXW�ZDV�
FDOFXODWHG�IRU�HDFK�VFKHPH�XQGHU�HDFK�FRPELQDWLRQ�RI�RSHUDWLQJ�PRGH��HEE�RQO\�DQG�WZR�ZD\���IRU�ERWK�IL[HG�
DQG�IOH[LEOH�FRQWURO��7KH�UHVXOWLQJ�GDWD�ZDV�WKHQ�ILOWHUHG�WR�UHPRYH�DQ\�VLPXODWHG�WLPH�VHULHV�WKDW�KDG�DQ�5ð��
������DQG�506(�!������� WKH�ERXQGDU\� OHYHOV� IRXQG� LQ� WKH�VXUYH\HG� OLWHUDWXUH� 7KLV�UHVXOWHG� LQ�D� WRWDO�RI����
PRGHO�UXQV�EHLQJ�UHWDLQHG�IRU�DQDO\VLV��7KH�UHODWLYH�\LHOG GLVWULEXWLRQ�RI�PRGHOV�XVLQJ�WKH�HUURU�PHFKDQLVPV�LV
GLVSOD\HG� LQ� £(UURU�� 1R� VH� HQFXHQWUD� HO� RULJHQ� GH� OD� UHIHUHQFLD��� VHSDUDWHG� EDVHG� RQ� IL[HG� DQG� IOH[LEOH�
RSHUDWLRQ� )URP�WKLV��D UHODWLYHO\�LPSDFWIXO�OHYHO�RI VFDOLQJ�HUURU SDVVHG WKH�ILOWHU OHYHOV�DQG�LQFXUUHG VLJQLILFDQW�
YDULDWLRQ�LQ�WKH�\LHOG��HVSHFLDOO\�LQ�WKH�IL[HG�RSHUDWLRQ�FDVH� 7KH�VFDOLQJ�HUURU��DOWKRXJK�LPSDFWIXO��LV�UHODWLYHO\�
SUHGLFWDEOH��DV�D�ODUJHU�WLGDO�IRUP�JLYHV�ODUJHU�\LHOGV��WKXV�DQ�DVVHVVPHQW�RI�WKH�PHDQ��PLQLPXP�DQG�PD[LPXP�
WLGDO�UDQJHV�PD\�JLYH�D�SUHGLFWLRQ�RI�WKLV�HUURU�DQG�DQ�LQGLFDWLRQ�RI�WKH�SRWHQWLDO�RYHU�XQGHUHVWLPDWH RI�\LHOG�
'ULIW�DQG�WLPLQJ�HUURUV ZHUH OHVV�OLNHO\�WR�LQFXU�YDULDWLRQ LI�ZLWKLQ�WKH�ERXQGV�DQG ZHUH�EURDGO\�PLWLJDWHG ZKHQ
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XVLQJ IL[HG� RSHUDWLRQ� 7KH� UDQGRP� HUURU� IRUP� FDQ� EH� VHHQ� WR� KDYH� KDG� DQ� RYHUDOO� QHJDWLYH� LPSDFW� RQ� WKH�
SUHGLFWHG�RXWSXWV��OLNHO\�GXH�WR�WKH�VPDOO�GHYLDWLRQV�WULJJHULQJ�VWDUW�HQG�SRLQWV�DW�VXERSWLPDO�WLPHV�

:KHQ�SORWWHG�DJDLQVW�WKH�5ð� WKH�\LHOG��)LJXUH����ZDV�VHHQ�WR�TXLFNO\�YDU\�IURP�WKH�EDVH��ZKLOVW�VRPH�
PRUH�DFFXUDWH�UHVXOWV�GHPRQVWUDWHG�ZRUVH�JRRGQHVV�RI�ILW�WKDQ�SRRUO\�SHUIRUPLQJ�FRXQWHUSDUWV��LQGLFDWLQJ�WKDW�
5ð�DORQH�FDQQRW�JXDUDQWHH�DQ�DFFXUDWH�UHVXOW�EHORZ�D�YHU\�KLJK�DJUHHPHQW��DSSUR[LPDWHO\���������7KH�506(�
�)LJXUH����DQG�VFDWWHU�LQGH[��)LJXUH����VXJJHVW�WKDW�DV�WKH�HUURU�PHWULF�JURZV��WKH�YDULDWLRQ�LQ�RXWSXWV�DOVR�GRHV��
)RU�WKHVH�WHVWV� ZKHQ�WKH�VFDWWHU�LQGH[�ZDV�OHVV�WKDQ�������WKH�UHODWLYH�\LHOG�ZDV�ZLWKLQ����DZD\�RI�WKH�EDVHOLQH��
7KH�������PDUJLQ�LV�UHDFKHG�ZKHQ�WKH�0$(�LV�EHORZ������P�

7R�DVFHUWDLQ�WKH�GHJUHH�WR�ZKLFK�D�JLYHQ�RSHUDWLRQDO�FRQILJXUDWLRQ�PLJKW�EH�PRUH�UHVLVWDQW�WR�HUURUV�LQ�
WKH�ZDWHU� OHYHO�� WKH� ILOWHUHG�GDWD�SRLQWV�ZHUH�VRUWHG�E\�RSHUDWLRQDO�FRQILJXUDWLRQ�DQG� WKH�GLVWULEXWLRQ�RI� WKHLU�
UHODWLYH�\LHOGV�SORWWHG�LQ�)LJXUH�� DQG�)LJXUH�����)RU�WKH�JLYHQ�VFKHPHV��ZKHQ�XVLQJ�WKH�WLPH�VHULHV�GDWD�WKDW�
IDOOV� ZLWKLQ� WKH� LGHQWLILHG� OLPLWV�� WKH� YDULDWLRQ� GRHV� QRW� FKDQJH� IURP� RSHUDWLRQ� WR� RSHUDWLRQ�� 0RVW RSHUDWLQJ�
FRQILJXUDWLRQV�GLVSOD\�D�VNHZ�WRZDUGV�XQGHUHVWLPDWLQJ�WKH�\LHOG��7KLV�PD\�EH�GXH�WR�WKH�QDWXUH�RI�WKH�HUURUV�
FDXVLQJ� WKH� FRQWURO� DOJRULWKPV� WR� DFWLYDWH� DW� VXERSWLPDO� SRLQWV�� SURYLGLQJ� D� FRQVHUYDWLYH� HVWLPDWH� RI�
SHUIRUPDQFH�

)LJXUH��� 5HODWLYH�\LHOGV�SORWWHG�DJDLQVW 5ð DQG�506(�

)LJXUH��� 2XWSXW�GLVWULEXWLRQ�RI�HUURU�PHFKDQLVPV�
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)LJXUH��� 5HODWLYH�\LHOGV�SORWWHG�DJDLQVW�6FDWWHU�,QGH[�DQG�0$(�

,Q� JHQHUDO� WKH 0HUVH\�PRGHO ZDV�PRUH� VHQVLWLYH� WR� ZDWHU� OHYHO� SDUWLFXODUO\� GXULQJ� IOH[LEOH� HEE�RQO\�
RSHUDWLRQ��ZLWK�D�JUHDWHU�GHYLDWLRQ�SDUWLFXODUO\�ZKHQ�RSHUDWLQJ� IOH[LEO\� LQ� WKH�HEE�RQO\�PRGH� 7KLV�PD\�KDYH�
EHHQ�GXH�WR�WKH�QDWXUH�RI�WKH�ZDWHU�OHYHOV�DW�WKH�VLWH��RU�D�IXQFWLRQ�RI�WKH�QXPEHU�RI�VOXLFHV�DQG�WXUELQHV�LQ�XVH��
IXWXUH VWXG\�ZRXOG� EHQHILW� IURP�FURVV�DQDO\VLQJ�DGGLWLRQDO� VLWHV� DQG� WKHLU� SK\VLFDO� FKDUDFWHULVWLFV� WR� LGHQWLI\�
ZKLFK�FRPSRQHQW�RI�WKH�GHVLJQ�DOORZV�IRU�WKH�PRVW�UREXVW�HVWLPDWHV��DQG�KRZ�WKLV�WUDQVODWHV�WR�SHUIRUPDQFH�

)LJXUH��� 9DULDWLRQV�LQ�IL[HG�DQG�IOH[LEOH�FRQWURO�IRU�WZR�ZD\�RSHUDWLRQ�

)LJXUH���� 9DULDWLRQV�LQ�IL[HG�DQG�IOH[LEOH�FRQWURO�IRU�HEE�RQO\�RSHUDWLRQ�
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7R�GHWHUPLQH�WKH�DELOLW\�RI�VRPH�FRPPRQO\�XVHG�VWDWLVWLFDO�SDUDPHWHUV�WR�GHWHFW�HUURUV�LQ�WKH�LQSXW�WLPH�
VHULHV�IRU�D��'�PRGHO�RI�D�WLGDO�UDQJH�VFKHPH��D�VHW�RI�EDVH�FRQGLWLRQV�DW�PXOWLSOH�VLWHV�ZHUH�HVWDEOLVKHG��DQG�
WKHQ� UXQ�ZLWK�D�YDULHW\�RI�ZDWHU� OHYHO�VHWV�PXWDWHG�ZLWK�V\QWKHWLF�HUURUV��7KHVH�HUURUV��ZKLOH�QRW�H[KDXVWLYH�
SURYLGH�D�YDULHW\�RI PHFKDQLVPV�WKURXJK�ZKLFK�D�WUDFH�FRXOG�EH�LQDFFXUDWH� $ OHYHO�RI�HUURU�IRXQG�WR�EH�ZLWKLQ�
WKH�XVHG�OLPLWV�RI�WKH�VWXGLHG�OLWHUDWXUH�FDQ�UHVXOW�LQ�D��'�PRGHO�UHWXUQLQJ�D�\LHOG�WKDW�LV�VLJQLILFDQWO\�JUHDWHU�RU�
VPDOOHU� WKDQ�WKH�WUXH�YDOXH DW� LQRSSRUWXQH�FRQILJXUDWLRQV��$W� WKH�WZR�VFKHPHV�VWXGLHG�� LW�ZDV�IRXQG�WKDW� WKH�
UDQGRP�YDULDWLRQ�HUURU�W\SH�ZDV�PRVW�OLNHO\�WR�SDVV�ZLWKLQ�WKH ERXQGV�VHW�E\�D VWDWLVWLFDO�DQDO\VLV�RI�WKH�WLPH�
VHULHV�GDWD�DORQH EXW�OLNHO\�WR�KDYH�D QHJDWLYH LPSDFW�RQ�RXWSXW� 6FDOLQJ�HUURUV�ZHUH�IRXQG�WR�SDVV�WKH�ILOWHU�DQG�
KDYH�D�VLJQLILFDQW�EXW�SUHGLFWDEOH�HIIHFW�RQ�WKH�\LHOG�RI�WKH�VFKHPH��SDUWLFXODUO\�VR�ZKHQ�RSHUDWLQJ�LQ�D�IL[HG�
PRGH�RI�RSHUDWLRQ� ,Q�IXWXUH�ZRUN�D�KDUPRQLF�DQDO\VLV��RU�DVVHVVPHQW�RI�WLGDO�UDQJH�VWDWLVWLFV PD\�EH�DEOH�WR�
PRUH� DFFXUDWHO\� SURYLGH� JXLGHOLQHV�� EXLOGLQJ� RQ� WKH JXLGDQFH� RI�:LOOLDPV� DQG�(VWHYHV� ��������1R�PRGH RI�
RSHUDWLRQ�ZDV�IRXQG�WR�EH�VLJQLILFDQWO\�PRUH�UHVLOLHQW�WR�HUURUV�LQ�WKH�ZDWHU�OHYHOV��KRZHYHU��WKLV�LV�GHSHQGHQW�
RQ�WKH�VFKHPH�FRQILJXUDWLRQ�DQG�HUURU�IRUP�LWVHOI� 7KLV�VWXG\�KLJKOLJKWV�WKH�LPSRUWDQFH�RI�XVLQJ�KLJK�TXDOLW\�GDWD�
LQ�WKH�PRGHOOLQJ�RI�WLGDO�UDQJH�HQHUJ\�VFKHPHV�� ,W�LV�NH\�WR�EH�DZDUH�WKDW�DQ PLOGO\ HUURQHRXV�ZDWHU�OHYHO�LV�VWLOO�
YLDEOH�IRU�XVDJH�LQ�WKH�GHVLJQ�RI�D�WLGDO�UDQJH�VFKHPHV��DQG FRPSDULVRQ�EHWZHHQ��'�DQG��'� PRGHOV�KDV�EHHQ�
UHSRUWHG�ZLWKLQ�����;XH�HW�DO��������� WKH FRPSDULVRQ�EHWZHHQ�PRGHV�DQG RSHUDWLRQDO�GHFLVLRQV�LV�RIWHQ�DV�
XVHIXO�DV�WKH�UDZ�\LHOG�DVVXPSWLRQ�LQ�WKH�GHYHORSPHQWDO�VWDJHV��DQG�WKLV�LV�OHVV�UHOLDQW�RQ�ZDWHU�OHYHO�GDWD�WKDQ�
RWKHU�DQDO\VLV�VWDJHV�

�� $&.12:/('*(0(176

7KLV�ZRUN�ZDV� IXQGHG�DV�SDUW� RI� WKH�:DWHU� ,QIRUPDWLFV�6FLHQFH�DQG�(QJLQHHULQJ�&HQWUH� IRU�'RFWRUDO�
7UDLQLQJ��:,6(�&'7��XQGHU�D�JUDQW�IURP�WKH�(QJLQHHULQJ�DQG�3K\VLFDO�6FLHQFHV�5HVHDUFK�&RXQFLO��(365&���
JUDQW�QXPEHU�(3�/���������

�� 5()(5(1&(6

$JJLGLV�*�$���DQG�%HQ]RQ�'�6���������2SHUDWLRQDO�RSWLPLVDWLRQ�RI�D�WLGDO�EDUUDJH�DFURVV�WKH�0HUVH\�HVWXDU\�
XVLQJ���'�PRGHOOLQJ��2FHDQ�(QJLQHHULQJ�������±���

$JJLGLV�*�$���DQG�)HDWKHU�2���������7LGDO�UDQJH�WXUELQHV�DQG�JHQHUDWLRQ�RQ�WKH�6ROZD\�)LUWK��5HQHZDEOH�
(QHUJ\������±���

$KPDGLDQ�5���DQG�+DQRXVHN�1���������([SORULQJ�EURDGHU�EHQHILWV�RI�WLGDO�UDQJH�VFKHPHV��+\GUROLQN���±��
$QJHORXGLV�$���$KPDGLDQ�5���)DOFRQHU�5�$���DQG�%RFNHOPDQQ�(YDQV�%���������1XPHULFDO�PRGHO�VLPXODWLRQV�

IRU�RSWLPLVDWLRQ�RI�WLGDO�ODJRRQ�VFKHPHV��$SSOLHG�(QHUJ\���������±�����
$QJHORXGLV�$���.UDPHU�6�&���$YGLV�$���DQG�3LJJRWW�0�'���������2SWLPLVLQJ�WLGDO�UDQJH�SRZHU�SODQW�RSHUDWLRQ��

$SSOLHG�(QHUJ\���������±�����
ýRå�1���$KPDGLDQ�5���DQG�)DOFRQHU�5�$���������,PSOHPHQWDWLRQ�RI�D�)XOO�0RPHQWXP�&RQVHUYDWLYH�$SSURDFK�

LQ�0RGHOOLQJ�)ORZ�7KURXJK�7LGDO�6WUXFWXUHV��:DWHU�����������
(OH[RQ���������(OHFWULFLW\�3ULFLQJ��,Q��(OH[RQ�.QRZO��%DVH��KWWSV���ZZZ�HOH[RQ�FR�XN�NQRZOHGJHEDVH�ZKHUH�

FDQ�L�ILQG�GHWDLOV�RI�ZKROHVDOH�SULFHV�RI�HOHFWULFLW\�LQ�JUHDW�EULWDLQ�
*KDHGL�$���DQG�*RUJLQSRXU�+���������*HQHUDWHG�SRZHU�HQKDQFHPHQW�RI�WKH�EDUUDJH�W\SH�WLGDO�SRZHU�SODQWV��

2FHDQ�(QJLQHHULQJ��������������
*XR�%���$KPDGLDQ�5���DQG�)DOFRQHU�5�$���������5HILQHG�K\GUR�HQYLURQPHQWDO�PRGHOOLQJ�IRU�WLGDO�HQHUJ\�

JHQHUDWLRQ��:HVW�6RPHUVHW�/DJRRQ�FDVH VWXG\��5HQHZDEOH�(QHUJ\����������±�����
+DUFRXUW�)���$QJHORXGLV�$���DQG�3LJJRWW�0�'���������8WLOLVLQJ�WKH�IOH[LEOH�JHQHUDWLRQ�SRWHQWLDO�RI�WLGDO�UDQJH�

SRZHU�SODQWV�WR�RSWLPLVH�HFRQRPLF�YDOXH��$SSOLHG�(QHUJ\���������±����
0DFNLH�/���.UDPHU�6�&���3LJJRWW�0�'���DQG�$QJHORXGLV�$���������$VVHVVLQJ�LPSDFWV�RI�WLGDO�SRZHU�ODJRRQV�RI�D�

FRQVLVWHQW�GHVLJQ��2FHDQ�(QJLQHHULQJ��������������
0HMLD�2OLYDUHV�&�-���+DLJK�,�'���$QJHORXGLV�$���HW�DO���������7LGDO�UDQJH�HQHUJ\�UHVRXUFH�DVVHVVPHQW�RI�WKH�

*XOI�RI�&DOLIRUQLD��0H[LFR��5HQHZDEOH�(QHUJ\���������±�����
0RUHLUD�7�0���GH�)DULD�-�*���9D]�GH�0HOR�3�2�6���HW�DO���������3UHGLFWLRQ�IUHH��UHDO�WLPH�IOH[LEOH�FRQWURO�RI�WLGDO�

ODJRRQV�WKURXJK�3UR[LPDO�3ROLF\�2SWLPLVDWLRQ��$�FDVH�VWXG\�IRU�WKH�6ZDQVHD�/DJRRQ��2FHDQ�
(QJLQHHULQJ��������������

1HLOO�6�3���$QJHORXGLV�$���5RELQV�3�(���HW�DO���������7LGDO�UDQJH�HQHUJ\�UHVRXUFH DQG�RSWLPL]DWLRQ�± 3DVW�
SHUVSHFWLYHV�DQG�IXWXUH�FKDOOHQJHV��5HQHZDEOH�(QHUJ\���������±�����

3HWOH\�6���DQG�$JJLGLV�*�$���������6ZDQVHD�%D\�WLGDO�ODJRRQ�DQQXDO�HQHUJ\�HVWLPDWLRQ��2FHDQ�(QJLQHHULQJ��
�������±����
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5HKPDQ�6���$O�+DGKUDPL�/�0���DQG�$ODP�0�0���������3XPSHG�K\GUR�HQHUJ\�VWRUDJH�V\VWHP��$�WHFKQRORJLFDO�
UHYLHZ��5HQHZDEOH�DQG�6XVWDLQDEOH�(QHUJ\�5HYLHZV��������±����

5WLPL�5���6RWWROLFKLR�$���DQG�7DVVL�3���������+\GURG\QDPLFV�RI�D�K\SHU�WLGDO�HVWXDU\�LQIOXHQFHG�E\�WKH�ZRUOG¶V�
VHFRQG�ODUJHVW�WLGDO�SRZHU VWDWLRQ��5DQFH�HVWXDU\��)UDQFH���(VWXDULQH��&RDVWDO�DQG�6KHOI�6FLHQFH�����

6ZDQVHD�&RXQFLO��������������ELOOLRQ�%OXH�(GHQ�SURMHFW�DQQRXQFHG�IRU�6ZDQVHD��
KWWSV���ZZZ�VZDQVHD�JRY�XN�%OXH(GHQ��$FFHVVHG����1RY�����

7RGHVFKLQL�*���&ROHV�'���/HZLV�0�-���HW�DO���������0HGLXP�WHUP�YDULDELOLW\�RI�WKH�8.¶V�FRPELQHG�WLGDO�HQHUJ\�
UHVRXUFH�IRU�D�QHW�]HUR�FDUERQ�JULG��(QHUJ\��������������

:DWHUV�6���DQG�$JJLGLV�*�$���������$�:RUOG�)LUVW��6ZDQVHD�%D\�7LGDO�ODJRRQ�LQ�UHYLHZ��5HQHZDEOH�DQG�
6XVWDLQDEOH�(QHUJ\�5HYLHZV��������±����

:LOOLDPV�-�-���DQG�(VWHYHV�/�6���������*XLGDQFH�RQ�6HWXS��&DOLEUDWLRQ��DQG�9DOLGDWLRQ�RI�+\GURG\QDPLF��
:DYH��DQG�6HGLPHQW�0RGHOV�IRU�6KHOI�6HDV�DQG�(VWXDULHV��$GYDQFHV�LQ�&LYLO�(QJLQHHULQJ������

;LD�-���)DOFRQHU�5�$���DQG�/LQ�%���������,PSDFW�RI�GLIIHUHQW�WLGDO�UHQHZDEOH�HQHUJ\�SURMHFWV�RQ�WKH�
K\GURG\QDPLF�SURFHVVHV�LQ�WKH�6HYHUQ�(VWXDU\��8.��2FHDQ�0RGHOOLQJ�������±����

;XH�-���$KPDGLDQ�5���DQG�)DOFRQHU�5�$���������2SWLPLVLQJ�WKH�RSHUDWLRQ�RI�WLGDO�UDQJH�VFKHPHV��(QHUJLHV��
���������

;XH�-���$KPDGLDQ�5���-RQHV�2���DQG�)DOFRQHU�5�$���������'HVLJQ�RI�WLGDO�UDQJH�HQHUJ\�JHQHUDWLRQ�VFKHPHV�
XVLQJ�D�*HQHWLF�$OJRULWKP�PRGHO��$SSOLHG�(QHUJ\��������������

=KRX�-���3DQ�6���DQG�)DOFRQHU�5�$���������(IIHFWV�RI�RSHQ�ERXQGDU\�ORFDWLRQ�RQ�WKH�IDU�ILHOG�K\GURG\QDPLFV�RI�
D�6HYHUQ�%DUUDJH��2FHDQ�0RGHOOLQJ�������±���


