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���,1752'8&7,21
&RSSHU� LV� DQ� HVVHQWLDO� WUDFH� HOHPHQW� IRU� KXPDQV�
WKDW� SOD\V� DQ� LPSRUWDQW� UROH� LQ� ELRFKHPLFDO�
SURFHVVHV� DQG� OLYLQJ� RUJDQLVPV� �H�J�� LQ� WLVVXH�
R[\JHQ� WUDQVIHU� DQG� LQ� LURQ� PHWDEROLVP��� 7KLV�
PHWDO� LV�DSSOLHG�LQ�QXPHURXV� LQGXVWULDO�SURFHVVHV�
LQFOXGLQJ�HOHFWURSODWLQJ��PHWDO�SURFHVVLQJ��SULQWHG�
FLUFXLW� ERDUG� PDQXIDFWXULQJ� DQG� PHWDO� ILQLVKLQJ�
>��� �@�� &RSSHU� FRQFHQWUDWLRQV� �DW� WKH� OHYHO� RI�
������±������ ZW��� VKRXOG� EH� PRQLWRUHG� LQ� D�
ODUJH�JURXS�RI�PDWHULDOV�� LQFOXGLQJ�IRRG�SURGXFWV�
DQG� ELRORJLFDO�� HQYLURQPHQWDO� DQG� PHWDOOXUJLFDO�
VDPSOHV�� $Q� H[FHVV� RI� FRSSHU� KDV� DQ� DGYHUVH�
HIIHFW�RQ�KXPDQ�EHLQJV�FDXVLQJ� WKH�GHYHORSPHQW�
RI� DQHPLD�� KHSDWLF� GDPDJH� DQG� QHXUDO� GLVRUGHUV�
>���@�� &X� �,,�� LV� WKH� PRVW� JHQHUDOO\� RFFXUULQJ�
VSHFLHV�RI�FRSSHU�LQ�WKH�HQYLURQPHQW�DQG�WKH�PRVW�
WR[LF� IRUP� WR� OLYLQJ� RUJDQLVPV� >�@�� ,W� KDV� EHHQ�
OLVWHG� DV� RQH� RI� WKH� PRVW� FRPPRQO\� GLVFKDUJHG�
SULRULW\� SROOXWDQWV� E\� WKH� 86� (QYLURQPHQWDO�
3URWHFWLRQ� $JHQF\� >�@�� 7KHUHIRUH�� GHWHUPLQDWLRQ�
RI� WKLV� DQDO\WH� LV� D� UHTXLUHPHQW� LQ� PDQ\�
HQYLURQPHQWDO�� IRRG� DQG� ZDWHU� VDPSOH� ZLWK� D�
VHQVLWLYH�PHWKRG�

6WLU� EDU� VRUSWLYH� H[WUDFWLRQ� �6%6(�� FRDWHG� E\�
SRO\GLPHWK\OVLOR[DQH� �3'06�� ZDV� ILUVW� UHSRUWHG�
LQ������GHULYHG�IURP�VROLG�SKDVH�PLFURH[WUDFWLRQ�
>����@��6LQFH�6%6(�PHWKRG�EHFDPH�YHU\�FRPPRQ�
IRU� WKH�DQDO\VLV�RI�HQYLURQPHQWDO�DQG�ELRPHGLFDO�
VDPSOHV� DIWHU� WKHQ�� LW� ZDV� FRPPHUFLDOL]HG� E\�
*(567(/� *PE+� 	� &R��� *HUPDQ\�� XQGHU� WKH�
QDPH�7ZLVWHU���7KLV�FRPPHUFLDO�VWLU�EDU��FRDWHG�
ZLWK� QRQ�SRODU� 3'06�� VKRZHG� H[FHOOHQW� DIILQLW\�
WR� QRQ�SRODU� DQG� ZHDNO\� SRODU� DQDO\WHV� >��� ��@��
5HVHDUFKHUV�GHYHORSHG�YDULRXV�RWKHU�FRDWLQJV� IRU�
H[WUDFWLRQ�RI�VHPL� WR�SRODU�FRPSRXQGV��KRZHYHU��
WKHVH�FRDWLQJV�DUH�VWLOO�QRQ�VSHFLILF�VRUEHQWV����
0ROHFXODUO\� LPSULQWHG� SRO\PHU� �0,3�� LV� D� IDVW�
JURZLQJ� DUHD� RI� PRGHUQ� FKHPLVWU\� ZLWK� ODUJH�
SRVVLELOLWLHV� IRU� ERWK� IXQGDPHQWDO� UHVHDUFK� DQG�
DSSOLHG� DQDO\WLFDO� WDVNV�� 0,3V� KDYH� YHU\� KLJK�
VHOHFWLYLW\� DV� SKDVH� FRDWLQJ� RQ� 6%6(� ZKLFK� KDV�
WKH�DELOLW\�WR�EH�XVHG�IRU�PDQ\�W\SHV�RI�DQDO\WHV��
*HQHUDOO\��0,3�LV�D�NLQG�RI�VROLG�SKDVH�H[WUDFWLRQ�
WR�JHQHUDWH� WKH�ELQGLQJ� VLWHV�ZLWK� D�KLJK� DIILQLW\�
DQG� VHOHFWLYH� UHFRJQLWLRQ� IRU� WKH� WDUJHW�PROHFXOH�
>���@���$UWLILFLDO�QHXUDO�QHWZRUN��$11��LV�D�KLJKO\�
VLPSOLILHG� PRGHO� RI� WKH� VWUXFWXUH� RI ELRORJ\�

$SSOLFDWLRQ�RI�$UWLILFLDO�1HXUDO�1HWZRUN�0RGHOLQJ�LQ�3UHGLFWLRQ�RI�
7KH�([WUDFWLRQ�<LHOG�RI�&RSSHU�0RULQ�&RPSOH[�IURP�$TXHRXV�0HGLD�

8WLOL]LQJ�D�0ROHFXODUO\�,PSULQWHG�3RO\PHU�&RDWHG�6WLU�%DU�

���0RKDPPDG�6KDNHUL���0DVVRXG�.D\NKDLL��6D\\HG�+RVVHLQ�+DVKHPL
��'HSDUWPHQW�RI�0DULQH�&KHPLVWU\��)DFXOW\�RI�0DULQH�6FLHQFH��&KDEDKDU�0DULWLPH�8QLYHUVLW\��

3�2��%R[��������������&KDEDKDU��,UDQ�
���'HSDUWPHQW�RI�&KHPLVWU\��)DFXOW\�RI�6FLHQFHV��8QLYHUVLW\�RI�6LVWDQ�DQG�%DOXFKHVWDQ��

=DKHGDQ��,UDQ
���'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�=DERO��=DERO��,UDQ

5HFHLYHG���� )HEUXDU\ ���� $FFHSWHG���� 0DUFK ����
'2,�����������LMDF����������������

$EVWUDFW
,Q�WKLV�UHVHDUFK��D�QHZ�PRGHOLQJ�PHWKRG�EDVHG�RQ�WKUHH�OD\HU�DUWLILFLDO�QHXUDO�QHWZRUN��$11��WHFKQLTXH�ZDV�DSSOLHG�
WR�SUHGLFW� WKH�H[WUDFWLRQ�\LHOG�RI�FRSSHU�PRULQ�FRPSOH[�IURP�DTXHRXV�VDPSOHV�E\�PHDQV�RI�PROHFXODUO\� LPSULQWHG�
VWLU�EDU�VRUSWLYH�H[WUDFWLRQ�� ,QSXW�YDULDEOHV�RI� WKH�PRGHO�ZHUH�S+�RI� WKH�VROXWLRQ��DEVRUSWLRQ�DQG�GHVRUSWLRQ�WLPHV��
VWLUULQJ�UDWH��WHPSHUDWXUH��DQG�DPRXQW�RI�PRULQ�OLJDQG��ZKLOH�WKH�RXWSXW�ZDV�H[WUDFWLRQ�\LHOG�RI�FRSSHU�LRQV��,W�ZDV�
IRXQG� WKDW�D�QHWZRUN�ZLWK����KLGGHQ�QHXURQV� LV�KLJKO\�DFFXUDWH� LQ�SUHGLFWLQJ�H[WUDFWLRQ� UHFRYHU\�RI�FRSSHU�PRULQ�
FRPSOH[��7KH�PHDQ�VTXDUHG�HUURU�DQG�FRUUHODWLRQ�FRHIILFLHQW�EHWZHHQ�WKH�H[SHULPHQWDO�GDWD�DQG�WKH�$11�SUHGLFWLRQV�
ZHUH�DFKLHYHG�DV��������DQG��������IRU�WUDLQLQJ���������DQG�������IRU�YDOLGDWLRQ�DQG��������DQG���������IRU�WHVWLQJ�
GDWD�VHWV��8QGHU WKH�RSWLPXP�FRQGLWLRQV��WKH�OLQHDU�UDQJH�IRXQG�WR�EH�LQ�WKH UDQJH�RI��������ȝJ�/�� ZLWK�WKH�GHWHFWLRQ
OLPLW�RI������ȝJ�/����7KH�UHODWLYH�VWDQGDUG�GHYLDWLRQ�ZDV�REWDLQHG� WR�EH�EHORZ�������7KH�PHWKRG ZDV�VXFFHVVIXOO\�
DSSOLHG�IRU�SUHFRQFHQWUDWLRQ�DQG�GHWHUPLQDWLRQ�RI�&X�LQ�D�IHZ�UHDO�VDPSOHV��

.H\ZRUGV
$UWLILFLDO�1HXUDO�1HWZRUN��&RSSHU�([WUDFWLRQ��0ROHFXODUO\�,PSULQWHG�6WLU�%DU�6RUSWLYH�([WUDFWLRQ��:DWHU�$QDO\VLV��
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QHWZRUN� >��@�� ,W� LV� D� PRGHOLQJ� WRRO� FDSDEOH� RI�
VROYLQJ� QRQ�OLQHDU� DQG� OLQHDU� PXOWLYDULDWH�
UHJUHVVLRQ�SUREOHPV� >�����@��$Q�DUWLILFLDO�QHXURQ�
LV�WKH�IXQGDPHQWDO�SURFHVVLQJ�HOHPHQW�RI�$11��$�
ELRORJLFDO� QHXURQ� UHFHLYHV� LQSXWV� IURP� RWKHU�
VRXUFHV�� FRPELQHV� WKHP�� RQ� WKH� UHVXOW� SHUIRUPV�
XVXDOO\� D� QRQOLQHDU� RSHUDWLRQ�� DQG� SUHVHQWV� WKH�
ILQDO�UHVXOWV�DV�RXWSXW�>��@��6LQFH�DQ�$11�OHDUQV�
IURP�H[DPSOHV�DQG�UHFRJQL]HV�SDWWHUQV�LQ�D�VHULHV�
RI� LQSXW� DQG� RXWSXW� GDWD� ZLWKRXW� DQ\� SULRU�
DVVXPSWLRQV�DERXW�WKHLU�QDWXUH�DQG�LQWHUUHODWLRQV��
WKH�DGYDQWDJH�RI�$11�LV�WKDW�LW�GRHV�QRW�QHHG�DQ\�
PDWKHPDWLFDO� PRGHO� >��@�� $11� HOLPLQDWHV� WKH�
OLPLWDWLRQV� RI� WKH� FODVVLFDO� PHWKRG� E\� H[WUDFWLQJ�
WKH� GHVLUHG� LQIRUPDWLRQ� E\� XVLQJ� WKH� LQSXW� GDWD��
6XIILFLHQW� LQSXW� QHHGV� IRU� DSSO\LQJ� $11� DQG�
RXWSXW�GDWD�LQVWHDG�RI�PDWKHPDWLFDO�HTXDWLRQ�>��@�
,Q� WKLV� SDSHU�� D� PROHFXODUO\� LPSULQWHG� SRO\PHU�
FRDWHG�VWLU�EDU� �0,36%��ZDV� IDEULFDWHG�EDVHG�RQ�
WKH� PHWKRG� SUHVHQWHG� LQ� RQH� RI� RXU� SUHYLRXV�
ZRUNV�>�@��DQG�DSSOLHG�IRU�WKH�HIIHFWLYH�H[WUDFWLRQ�
DQG� HQULFKPHQW RI� FRSSHU� DV�&X�PRULQ� FRPSOH[��
([WUDFWLRQ� HIILFLHQF\� RI� WKH� FRPSOH[� ZDV�
FRPSDUHG�ZLWK�WKH�$11�SUHGLFWLRQV�

���(;3(5,0(17$/
�����0DWHULDOV�DQG�PHWKRGV�
��9LQ\OS\ULGLQH� �93�� DQG� ��� ��
D]RELVLVREXW\URQLWULOH� �$,%1�� ZHUH� SXUFKDVHG�
IURP� 6LJPD�$OGULFK� �6W�� /RXLV�� 02�� 86$���
&X62���+�2� �0HUFN� .*D$�� 'DUPVWDGW��
*HUPDQ\�� ZDV� RI� WKH� KLJKHVW� SXULW\� DYDLODEOH��
5HDJHQW� JUDGH� ��� ��� ��� ��� ��SHQWDK\GUR[\IDYRQH�
�PRULQ��������SXULW\��ZDV�DOVR�REWDLQHG�IURP�WKH�
VDPH�FRPSDQ\��$OO�DFLG�XVHG�ZHUH�RI�WKH�KLJKHVW�
SXULW\� DYDLODEOH� DQG� DSSOLHG� ZLWKRXW� IXUWKHU�
SXULILFDWLRQ��$�VWRFN�VROXWLRQ�RI�WKH�DQDO\WH�������
PJ� /���� ZDV� SUHSDUHG� E\� GLVVROYLQJ� D� SURSHU�
DPRXQW� RI� &X62���+�2� LQ� XOWUDSXUH� ZDWHU� LQ� D�
����P/� IODVN��:RUNLQJ� VROXWLRQV� ZHUH� REWDLQHG�
E\� VXLWDEOH� GLOXWLRQ� RI� WKLV� VROXWLRQ� ZLWK GRXEO\�
GLVWLOOHG�ZDWHU����

�����$SSDUDWXV
&RSSHU� PHDVXUHPHQWV� ZHUH� FDUULHG� RXW� E\� D�
.RQLN� :RQ� 0���� �%DUFHORQD�� 6SDLQ�� IODPH�
DWRPLF� DEVRUSWLRQ� VSHFWURPHWHU� �)$$6��� $�
KROORZ�FDWKRGH�ODPS�ZDV�XWLOL]HG�WKDW�ZDV�SODFHG�
RQ� WKH� PRVW� VHQVLWLYH� ZDYHOHQJWK� IRU� FRSSHU� DW�
������ QP��%DQGZLGWK� RI� ���� QP�ZDV� DSSOLHG�� $�
PRGHO�����0HWURKP��6ZLW]HUODQG��S+�PHWHU�ZDV�
XVHG�IRU�S+�PHDVXUHPHQWV��

�����3UHWUHDWPHQW�RI�WKH�VWLU�EDU
$� WKLQ� KROORZ� JODVV� EDU� ���î�� PP�� ZDV� ILOOHG�
ZLWK�D�PDJQHW�EDU�DQG�VHDOHG�IURP�ERWK�VLGHV�E\�

IODPH�� ,W� ZDV� FOHDQHG� E\� GLVWLOOHG� ZDWHU�� DQG�
VXEVHTXHQWO\� ZDV� WUHDWHG� E\� ����PRO� /�� VRGLXP�
K\GUR[LGH� IRU� �� K�� SXW� LQ� GLVWLOOHG� ZDWHU� IRU� �� K�
DQG�ILQDOO\�WUHDWHG�E\���PRO�/�� K\GURFKORULF�DFLG�
IRU� �� K�� $IWHU� WKHQ�� LW� ZDV� ZDVKHG� E\� GRXEO\�
GLVWLOOHG� ZDWHU� IRU� PDQ\� WLPHV� DQG� GULHG� LQ� DQ�
RYHQ�DW������&�IRU���K��6LODQL]DWLRQ�RI�WKLV�VWLU�EDU�
ZDV�SHUIRUPHG�E\�SXWWLQJ� LW� IRU���K� LQ�����9�9�
���PHWKDFU\OR[\�� SURS\OWULPHWKR[\� VLODQH�
VROXWLRQ� LQ� DFHWRQH�� )LQDOO\�� WKH� VWLU� EDU� ZDV�
ZDVKHG�E\�PHWKDQRO�DQG�GULHG�

�����3UHSDUDWLRQ�RI�0,36%
&X62����+�2�������J���PRULQ�������J���93�������
J��� ('0$� ����� P/�� DQG� $,%1� ���� PJ�� ZHUH�
GLVVROYHG� LQ� ��� P/� RI� PHWKDQRO� DQG�
GHR[\JHQL]HG� IRU���PLQ�E\�D� VWUHDP�RI�QLWURJHQ��
7KHQ��WKH�VLO\ODWHG�6%6(�ZDV�SXW�LQ�WKLV�VROXWLRQ�
DQG�NHSW�DW�����&�LQ D�ZDWHU�EDWK��$IWHU����K�DQG�
FRPSOHWLRQ� RI� SRO\PHUL]DWLRQ�� LW� ZDV� WDNHQ� RXW�
DQG�ZDVKHG�E\�����9�9�&+�&22+� VROXWLRQ� WR�
UHPRYH�WKH�FRSSHU�PRULQ�FRPSOH[�IURP�LW�

�����([WUDFWLRQ�SURFHGXUH
&RSSHU� H[WUDFWLRQ� ZDV� SHUIRUPHG� E\� GLSSLQJ�
6%6(�LQWR����P/�VROXWLRQ�FRQWDLQLQJ�FRSSHU�LRQV��
7KH� S+� RI� WKLV� VROXWLRQ� ZDV� DGMXVWHG� WR� GHVLUHG�
YDOXH�������E\�GURS�ZLVH�DGGLWLRQ�RI�HLWKHU�����0�
RI� 1D2+� RU� ���� 0� RI� +&O�� 7KHQ�� VXLWDEOH�
DPRXQWV�RI�PRULQ������PJ�/�����DV�D�FRPSOH[LQJ�
OLJDQG�� ZHUH� DGGHG�� 7R� LQYHVWLJDWH� WKH� 0,36%�
H[WUDFWLRQ� RSHUDWLQJ� FRQGLWLRQV� IRU� &X�
GHWHUPLQDWLRQ�� YDULRXV� IDFWRUV� ZKLFK� FRXOG�
LQIOXHQFH� RQ� WKH� SHUIRUPDQFH� RI�0,36%� VXFK� DV�
WKH�H[WUDFWLRQ�DQG�GHVRUSWLRQ�WLPHV��PROH�UDWLR�RI�
PRULQ�WR�WKH�FRSSHU��S+��WHPSHUDWXUH�DQG�VWLUULQJ�
UDWH�ZHUH�VWXGLHG�IRU�D�VWDQGDUG�VROXWLRQ�LQFOXGLQJ�
����� �J� RI� FRSSHU�� $IWHU� H[WUDFWLRQ�� WKH� VWLU� EDU�
ZDV� WDNHQ�RXW� DQG�JHQWO\�GULHG�XQGHU�1� VWUHDP��
'HVRUSWLRQ� ZDV� SHUIRUPHG� LQ� ���� �Y�Y�� DFHWLF�
DFLG� VROXWLRQ� DW� D� SUH�VHW� VWLUULQJ� UDWH� DQG� WLPH��
7KH� HOXHQWV� ZHUH� HYDSRUDWHG� WR� DOPRVW� GU\QHVV��
WKHQ���P/�RI���PRO�/��+12� ZDV�DGGHG�DQG�WKLV�
VROXWLRQ� ZDV� DQDO\]HG� E\� )$$6� IRU� LWV� &X�
FRQWHQW�� $OO� UXQV� ZHUH� FDUULHG� RXW� IRU� DW� OHDVW� ��
WLPHV�� 7KH� H[WUDFWLRQ� \LHOG� RI� FRSSHU� ZDV�
FDOFXODWHG�IURP�(T����
ܻ ൌ ሺܥ Τܥ ሻ �(T�����
:KHUH� &$ DQG� &% DUH� WKH� FRQFHQWUDWLRQV� RI� &X�
LRQV� LQ� WKH� VROXWLRQ� EHIRUH� DQG� DIWHU� H[WUDFWLRQ��
UHVSHFWLYHO\��7KH�H[SHULPHQWDO�GDWD�DQG�WKH�$11�
SUHGLFWLRQV�DUH�VKRZQ�LQ�7DEOH���DQG�FRPSDUHG�
,Q� WKH� SUHVHQW� VWXG\�� 1HXUDO� 1HWZRUN� 7RROER[�
����D� RI� 0$7/$%� PDWKHPDWLFDO� VRIWZDUH�
�1DWLFN�� 0$�� 86$�� ZDV� DSSOLHG� WR� SUHGLFW� WKH�
UHFRYHU\�RI�FRSSHU�IURP�ZDWHU�VDPSOHV��$11�KDV�
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QRQOLQHDU� FKDUDFWHULVWLF� DQG� LV� DSSOLHG� WR� VROYH�
QRQOLQHDU� HTXDWLRQV�� RU� FRPSOLFDWHG� FDOFXODWLRQV�
>��@�� $11� XWLOL]HG� IRU� VROYLQJ� QRQ�OLQHDU�
UHJUHVVLRQ� SUREOHPV� LV� WKH� PXOWL�OD\HU� IHHG�
IRUZDUG�QHXUDO�QHWZRUN��))11���7KH�QHWZRUN�KDV�
DQ�LQSXW�OD\HU��KLGGHQ�OD\HUV�DQG�DQ�RXWSXW�OD\HU��
7KH� LQSXWV� IRU� WKH� QHWZRUN� ZDV� H[WUDFWLRQ� DQG
GHVRUSWLRQ� WLPHV�� PROH� UDWLR� RI� OLJDQG� WR� WKH�
DQDO\WH��S+��WHPSHUDWXUH�DQG�VWLUULQJ�UDWH�DQG�WKH�
RXWSXW�ZDV�WKH�H[WUDFWLRQ�\LHOG�RI�FRSSHU�
)LJ�� �� VKRZV� WKH� VWUXFWXUH� RI� SURSRVHG� $11��
+HUH�� WKH� VFDOHG� GDWH� DUH� SDVVHG� LQWR� WKH� LQSXW�
OD\HU�DQG�WKHQ�SURSDJDWHG�IURP�WKH�LQSXW�OD\HU�WR�
WKH� KLGGHQ� OD\HU�� EHIRUH� WKH\� ILQDOO\� UHDFK� WKH�
RXWSXW� OD\HU� RI� WKH� QHWZRUN� >��@�� (YHU\� QRGH� LQ�
WKH� KLGGHQ� RU� RXWSXW� OD\HU� ZLOO� ILUVWO\� DFW� DV� D�
VXPPLQJ� MXQFWLRQ� ZKLFK� LV� D� VLQJOH� QHXURQ�
VXPPDUL]HV�WKH�Z�DQG�E�LQWR�D�QHW�LQSXW�<L NQRZQ�
DV� DUJXPHQW� WR� EH� SURFHVVHG� DQG� FRPELQHV� WKH�
LQSXWV�XVLQJ�(T����>��@������

ܻ ൌ σ ܺ ܹ  ܾ

ୀଵ �(T����

:KHUH� \L LV� WKH� QHW� LQSXW� WR� QRGH� M� LQ� KLGGHQ� RU�
RXWSXW� OD\HU�� ZLM LV� WKH� ZHLJKWV� UHSUHVHQWLQJ� WKH�
VWUHQJWK�RI�FRQQHFWLRQ�EHWZHHQ�WKH�LWK QRGH�DQG�MWK

QRGH��[L LV� WKH� LQSXWV� WR�QRGH� M��RU� WKH�RXWSXWV�RI�
WKH�SUHYLRXV�OD\HU���EM DQG�L�DUH�WKH�ELDV�DVVRFLDWHG�
ZLWK�QRGH�M�DQG�WKH�QXPEHU�RI�QRGHV��(DFK�QHXURQ�
KDV� D� WUDQVIHU� IXQFWLRQ� H[SUHVVLQJ� DQ� LQWHUQDO�
DFWLYDWLRQ� OHYHO�� 7KH� RXWSXW� IURP� D� QHXURQ� LV�
GHWHUPLQHG� E\� WUDQVIRUPLQJ� LWV� LQSXW� DSSO\LQJ� D�
VXLWDEOH�WUDQVIHU�IXQFWLRQ�>��@���

)LJ�����2SWLPDO�DUWLILFLDO�QHXUDO�QHWZRUN�VWUXFWXUH�

���� 'HILQLWLRQ�RI�WKH�$11�PRGHO
(DFK�QHXURQ�KDV�D�WUDQVIHU�IXQFWLRQ�H[SUHVVLQJ�DQ�
LQWHUQDO�DFWLYDWLRQ�OHYHO��8VLQJ�D�VXLWDEOH�WUDQVIHU�
IXQFWLRQ� LV� WUDQVIRUPHG� LQSXW� WR� RXWSXW� GDWD��
*HQHUDOO\� WUDQVIHU� IXQFWLRQV� IRU� IXQFWLRQV�

DSSUR[LPDWLRQ� �UHJUHVVLRQ�� FRQVLVWV� RI� VLJPRLGDO�
IXQFWLRQ��ORJLVWLF���K\SHUEROLF�WDQJHQW��WDQVLJ��DQG�
OLQHDU��SXUHOLQ��IXQFWLRQ�>��@�
7KH� WUDQVIHU� �DFWLYDWLRQ�� IXQFWLRQ� DFWV� RQ� WKH�
ZHLJKWHG� VXP� RI� WKH� QHXURQ¶V� LQSXWV� DQG� PRVW�
JHQHUDOO\� DSSOLHG� WUDQVIHU� IXQFWLRQ� LV� WKH� ORJLVWLF�
�VLJPRLG��IXQFWLRQ�>������@�
7KH�HTXDWLRQ�RI�WKLV�IXQFWLRQ�LV�LQGLFDWHG�DV (T����
>��@�

ܼ ൌ ͳ ሺͳ  ݁ିݕሻΤ �(T����
:KHUH� ]M LV� WKH� RXWSXW� RI� QRGH� M�� LV� DOVR� DQ�
HOHPHQW� RI� WKH� LQSXWV� WR� WKH� QRGHV� LQ� WKH� QH[W�
OD\HU�7KH� ORJLVWLF� LV� ERXQGHG� EHWZHHQ� �� DQG� ���
7KHUHIRUH� WKH� LQSXW� DQG� RXWSXW� YDOXHV� VKRXOG� EH�
QRUPDOL]HG� LQ� WKH� UDQJH� EHWZHHQ� �� DQG� �� >��@��
:HLJKWV�DUH�UDQGRPO\�FKRVHQ�LQ�GXULQJ�WKH�LQLWLDO�
WUDLQLQJ� RI� WKH� QHXUDO� QHWZRUN�� ,I� RQH� LQSXW�
FRQVLVWV�RI�D�ODUJH�QXPEHU�DQG�DQRWKHU�FRQVLVWV�RI�
D� VPDOO� QXPEHU��EXW�ERWK� VKRZ�D� VLPLODU�DPRXQW�
RI�YDULDQFH��6R��WKH�QHWZRUN�PD\�LJQRUH�WKH�VPDOO�
LQSXW�GXH�IRU�WKH�ODUJH�FRQWULEXWLRQ�IURP�WKH�RWKHU�
LQSXW� >��@�� 6R�� VFDOLQJ� �QRUPDOL]DWLRQ�� RI� GDWD�
ZLWK� VSHFLDO� UDQJH� �H�J������� LV�HVVHQWLDO� WR�DYRLG�
GDWD� E\� ODUJHU� PDJQLWXGH� IURP� RYHUULGLQJ� WKH�
VPDOOHU�RQHV��6LPLODUO\��LW� LV�QHFHVVDU\�WR�DYRLG�D�
SUHPDWXUH� VDWXUDWLRQ�RI� WKH�KLGGHQ�QRGHV�� DV� WKLV�
LPSHGHV�WKH�OHDUQLQJ�SURFHVV��7KH�GHYHORSPHQW�RI�
DQ�$11�PRGHO�FDQ�EH�PDGH�PRUH�HIIHFWLYH�LI�WKH�
SUHSURFHVVLQJ� VWHS�� QRUPDOL]DWLRQ�� LV� FRQVLGHUHG�
IRU� WKH� QHWZRUN� LQSXWV� DQG� WKH� RXWSXW� GDWD� >��@��
7KH� QHWZRUN� LQSXWV� DQG� RXWSXWV� DQG� RXWSXW� GDWD�
KDYH� EHHQ� QRUPDOL]HG� EHIRUH� WUDLQLQJ�� ,Q� WKLV�
VWXG\��QRUPDOL]DWLRQ�RI�WKH�GDWD�WR�WKH�UDQJH�RI���
��ZDV�SHUIRUPHG�DV�IROORZV�>��@�
ݔ ൌ ሺݔ െ ሻݔ ሺݔ௫ െ ሻΤݔ �(T����
:KHUH� [QRUP�� [�� [PD[ DQG� [PLQ� DUH� WKH� QRUPDOL]HG�
YDOXH�� WKH� DFWXDO� YDOXH�� WKH�PD[LPXP� YDOXH� DQG�
WKH� PLQLPXP� YDOXH� UHVSHFWLYHO\�� 7KH� YDOXHV� RI�
WKH�LQWHUFRQQHFWLRQ�ZHLJKWV�DUH�REWDLQHG�ZLWK�WKH
WUDLQLQJ�SURFHVV�DSSO\LQJ�D�VHW�RI�GDWD��7R�ILQG�WKH�
YDOXH�RI�WKH�ZHLJKW�WKDW�PLQLPL]HV�WKH�HUURU�LV�WKH�
DLP�>��@��$Q�RIWHQ�HPSOR\HG�SHUIRUPDQFH�RI� WKH�
SURSRVHG� QHWZRUN�ZDV� HYDOXDWHG� XVLQJ� WKH�PHDQ�
VTXDUHG� HUURU� �06(�� DQG� WKH� FRHIILFLHQW� RI�
GHWHUPLQDWLRQ��5���DV�IROORZV��
ܧܵܯ ൌ ሺͳ ݊Τ ሻσ ሺݕ െ ௗሻݕ

ଶ
ୀଵ �(T����

ܴଶ ൌ ͳ െ ሾσ ሺݕ െ ௗሻݕ
ଶ

ୀଵ ሾσ ሺݕௗ െ ሻݕ
ଶ

ୀଵ ሿΤ ሿ

�(T����
:KHUH�Q��\L��\GL DQG�\P DUH�WKH�QXPEHU�RI�SRLQWV��
WKH� SUHGLFWHG� REWDLQHG� IURP� WKH� QHXUDO� QHWZRUN�
PRGHO�� WKH� DFWXDO� YDOXH� DQG� WKH� DYHUDJH� RI� WKH�
DFWXDO�YDOXHV�UHVSHFWLYHO\��

���5(68/7�$1'�',6&866,21
�����$11�PRGHOLQJ
7KH� DSSOLFDWLRQ� RI� DQ�$11� GHSHQGV� RQ� WKH� GDWD�
VHW� IRU� LWV� WUDLQLQJ�� +HUH�� ZH� GLYLGHG� WKH�
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H[SHULPHQWDO�YDOXHV�LQWR�WKUHH�VXEVHWV�RI�����IRU�
WKH� WUDLQLQJ�VHW��������IRU� WKH�YDOLGDWLRQ�DQG� WKH�
WHVW� VHWV� �7DEOH�����$� WKUHH� OD\HU�$11�E\� WDQVLJ�
WUDQVIHU� IXQFWLRQ�DW� KLGGHQ� OD\HU�DQG�D�SXUHOLQ�DW�
RXWSXW� OD\HU� ZHUH� XWLOL]HG�� ,W� ZDV� DSSOLHG� WR�
WUDQVIRUP� LQSXW� GDWD� FRQVLVWHG� RI� DEVRUSWLRQ� DQG�
GHVRUSWLRQ� WLPH�� S+�� VWLUULQJ� UDWH�� WHPSHUDWXUH��
DQG� YROXPH� RI� OLJDQG� �PRULQ�� LQWR� GHVLUHG�
UHVSRQVH� �H[WUDFWLRQ� \LHOG� RI� FRSSHU��� 6HYHQ�
H[SHULPHQWDO� YDOXHV� ZHUH� VHOHFWHG� DV� WKH�
YDOLGDWLRQ� GDWD� VHW� WR� FKHFN� WKH� JHQHUDOLW\� RI�
QHWZRUN�SUHGLFWLRQ�DQG�WR�SUHYHQW�WKH�RYHU�ILWWLQJ�
SKHQRPHQRQ�� )RU� HDFK� VXEVHW�� WKH� H[SHULPHQWDO�
GDWD�ZHUH�ORDGHG�LQWR�WKH�ZRUNVSDFH�DW�UDQGRP�
7KH� QXPEHU� RI� QHXURQV� LQ� KLGGHQ� OD\HU� ZDV�
REWDLQHG� E\� WUDLQLQJ� VHYHUDO� ))11V� RI� YDULRXV�
WRSRORJLHV�DQG�FKRRVLQJ�WKH�RSWLPDO�RQH�EDVHG�RQ�
PLQLPL]DWLRQ� RI� SHUIRUPDQFH� IXQFWLRQ� �PHDQ�
VTXDUHG� HUURUV�� 06(�� DQG� LPSURYLQJ� WKH�
JHQHUDOL]DWLRQ� DELOLW\� RI� WKH� WRSRORJ\�� 7KH�
REWDLQHG� RSWLPDO� WRSRORJ\� RI� $11� LQFOXGHV� VH[�
LQSXWV��RQH�KLGGHQ�OD\HU�ZLWK����QHXURQV�DQG�RQH�
RXWSXW� OD\HU�� 7KH� RSWLPDO� WRSRORJ\� RI� WKH�
GHYHORSHG�$11�PRGHO�LV�VKRZHG�LQ�)LJ�����

)LJ�� �� 7UDLQLQJ�� YDOLGDWLRQ� DQG� WHVWLQJ� PHDQ� VTXDUHG�
HUURUV�IRU�WKH�/HYHQEHUJ� 0DUTXDUGW�DOJRULWKP��

7KH�QHXURQV�LQ�WKH�KLGGHQ�OD\HU�FRQVLVW�RI�WDQVLJ�
WUDQVIHU� IXQFWLRQ� DQG� WKH� RXWSXW� OD\HU� QHXURQ�
FRQVLVWV�RI�SXUHOLQ�WUDQVIHU�IXQFWLRQ��7R�PLQLPL]H�
WR�06(��WUDLQLQJ�ZDV�SHUIRUPHG�E\�DGMXVWLQJ�WKH�
ZHLJKWV�DQG�ELDVHV�RI�WKH�HQWLUH�11��(DFK�QHXURQ�
LQ� WKH� WUDLQLQJ� VHW� UHFHLYH� WKH� VLJQDOV� RI� LQSXW��
DJJUHJDWHV� ZLWK� DSSO\LQJ� WKH� ZHLJKWV� DQG� ELDVHV�
DQG� ILQDOO\� SDVVHV� WKH UHVXOWV� DIWHU� VXLWDEOH�
WUDQVIRUPDWLRQ� DV� RXWSXW�� 7R� ILQLVK� DW� WKH� SRLQW�
ZKHUH� WKH� 06(� EHFRPHV� VXIILFLHQWO\� VPDOO�� WKH�
WUDLQLQJ�ZDV� IRUFHG��)LJ����GHSLFWV� WKH�HYDOXDWLRQ�
RI� WKH� 06(� GXULQJ� WUDLQLQJ� SKDVH� E\� XVLQJ�
/HYHQEHUJ�0DUTXDUGW� $OJRULWKP� �/0$��� 7KH�
WUDLQLQJ�SURFHVV�ZDV�VXFFHVVIXOO\�WHUPLQDWHG�

)LJ�� ��� 3UHGLFWHG� H[WUDFWLRQ� HIILFLHQF\� LQGH[� E\�
DUWLILFLDO� QHXUDO� QHWZRUN� YHUVXV� H[SHULPHQWDO�
YDOLGDWLRQ��WHVWLQJ�DQG�DOO�GDWD�VHWV�

7KLV� ILJXUH� DOVR� VKRZV� D� UHJUHVVLRQ� DQDO\VLV�
EHWZHHQ�$11�RXWSXWV�DQG�H[SHULPHQWDO�GDWD��7KH�
5� YDOXHV� ZHUH� GHWHUPLQDWLRQ� DV� �������� �������
�������� IRU� WUDLQLQJ�� YDOLGDWLRQ� DQG� WHVWLQJ� GDWD��
UHVSHFWLYHO\�� 06(� EHWZHHQ� WKH� DFWXDO� DQG�
SUHGLFWHG� YDOXHV� ZHUH� GHWHUPLQHG� DV� ��������
������� DQG� ������� IRU� WUDLQLQJ�� YDOLGDWLRQ� DQG�
WHVWLQJ�VHWV�UHVSHFWLYHO\��7KH�06(�DQG�5� IRU�DOO�
GDWD�VHWV�ZHUH�REWDLQHG��������DQG����������7KH�
JRRGQHVV� RI� ILW� ZDV� FDUULHG� RXW� EHWZHHQ� WKH�
H[SHULPHQWDO�GDWD�WKH�SUHGLFWLYH�GDWD��7KH�UHVXOWV�
LQGLFDWH� ZKLFK� WKH� SUHGLFWLYH� DFFXUDF\� RI� WKH�
PRGHO� LV� KLJK�� 7KH� UHVXOWV� RI� WKLV� OLWHUDWXUH�
VKRZHG� WKH� QHWZRUN� FRQVLVWHG� RI� WKUHH� OD\HUV��
LQSXW��KLGGHQ�DQG�RXWSXW�ZLWK����QRGHV�LQ�KLGGHQ�
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OD\HU� KDV� SURGXFHG� WKH� EHVW� SHUIRUPDQFHV�� $V�
VKRZQ�LQ�7DEOH����WKH�SUHGLFWHG�YDOXHV�RI�WKH�EHVW�
PRGHO� IRU� WKH� WUDLQLQJ��YDOLGDWLRQ�DQG� WHVWLQJ�VHW��
7KH� VFDWWHU� SORWV� RI� WKH� $11� PRGHO� SUHGLFWHG�
YHUVXV� DFWXDO� YDOXHV� XVLQJ� /0� DOJRULWKP� IRU� WKH�
WUDLQLQJ� YDOLGDWLRQ�� WHVWLQJ� DQG� DOO� GDWD� VHWV� DUH�
SUHVHQWHG�LQ�)LJ�����$V�FDQ�EH�VHHQ��WKH�SUHGLFWHG�
PRGHO� ZHOO� ILWWHG� WR� WKH� DFWXDO� YDOXHV� IRU� WKH�
WUDLQLQJ��YDOLGDWLRQ��WHVWLQJ�DQG�DOO�GDWD�VHW�

����� &RPSDULQJ� H[SHULPHQWDO� GDWD� DQG� $11�
PRGHOLQJ�SUHGLFWLRQ
7KH� H[SHULPHQWDO� YDOXHV� DQG� $11� RXWSXW� ZHUH�
GHVFULEHG� LQ� )LJ�� �� WKDW� VKRZV� DQ� HQRXJK�
DJUHHPHQW�EHWZHHQ�H[SHULPHQWDO�YDOXHV�DQG�$11�
SUHGLFWHG�

7DEOH ���([SHULPHQWDO�YDOXHV��WUDLQLQJ��YDOLGDWLRQ�DQG�WHVWLQJ�GDWD�VHW���DFWXDO�DQG�PRGHO�SUHGLFDWHG�RI�H[WUDFWLRQ�
\LHOG�RI�FRSSHU�E\�0,36%�

1XPEHU 7HPSHUDWXUH
&ၨ��

S+ 6WLUULQJ�
UDWH�� USP

9ROXPH�RI�
PRULQ���
�/

'HVRUSWLRQ�
WLPH���PLQ�

$EVRUSWLRQ
WLPH��PLQ

([WUDFWLRQ� \LHOG

$FWXDO 3UHGLFW
7UDLQLQJ�
VHW
� �� ��� ��� ��� �� �� ������ ������
� �� ��� ��� ��� �� �� ������ ������
� �� ��� ��� ��� �� �� ������ ������
� �� ��� ��� ��� �� �� ������ ������
� �� ��� ��� ��� �� �� ������ ������
� �� ��� ��� ��� �� �� ������ ������
� �� ��� ��� ��� �� �� ������ ������
� �� ��� ��� ��� �� �� ������ ������
� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� � ������ ������
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� � �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������
9DOLGDWLRQ
VHW
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������

7HVWLQJ�
VHW
�� �� ��� ��� ��� �� �� ������ ������
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�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������
�� �� ��� ��� ��� �� �� ������ ������

)LJ�� �� &RPSDULQJ� $11� RXWSXW� DQG� H[SHULPHQWDO� GDWD�� HIIHFW� RI� S+�� DEVRUSWLRQ� DQG� GHVRUSWLRQ� WLPH�� VWLUULQJ� UDWH��
WHPSHUDWXUH�DQG�YROXPH�RI�OLJDQG��

�������(IIHFW�RI�S+
7KH� HIIHFW� RI� S+�YDOXH�RQ� WKH� DEVRUSWLRQ�RI�&X�
PRULQ�FRPSOH[�RQ�6%6(�ZDV�VWXGLHG�LQ�WKH�UDQJH�
RI� ���� WR� ����� ,Q� )LJ�� �D� H[SHULPHQWDO� GDWD� DQG�
$11� RXWSXW� DUH� VKRZHG� IRU� WKLV� VWXG\�� 7KH�
UHVXOWV� LOOXVWUDWHV� WKDW� WKH� H[WUDFWLRQ� HIILFLHQF\�
ZDV� DW� WKH� KLJKHVW� SRLQW� DW� D� S+� RI� ����
�H[SHULPHQWDO�GDWD�DQG�$11�UHVXOWV���6R��S+�����
ZDV�VHOHFWHG�IRU�IXUWKHU�ZRUNV��

�������(IIHFW�RI�DGVRUSWLRQ�DQG�GHVRUSWLRQ�WLPH
([WUDFWLRQ� UHFRYHU\� RI� &X�PRULQ� FRPSOH[�
LQFUHDVHV� DV� WKH� DGVRUSWLRQ� WLPH� LQFUHDVHV� DQG�
UHDFKHV� WR� D� PD[LPXP� DW� ��� PLQ�� 7KH� SHUFHQW�
HOXWLRQ� RI� DGVRUEHG� &X���PRULQ� FRPSOH[� IURP�
0,36%�RFFXUUHG�DIWHU����PLQ�E\�����9�9�DFHWLF�
DFLG� VROXWLRQ�� 7KH� (IIHFW� RI� DGVRUSWLRQ� DQG�
GHVRUSWLRQ� WLPH� RQ� WKH� UHFRYHU\� RI� &X�PRULQ�
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�H[SHULPHQWDO�GDWD��DQG�$11�RXWSXW�DUH� VKRZHG�
LQ� )LJ�� �E� DQG� )LJ�� �F�� ZKLFK� ERWK� RI� WKHP�
LQGLFDWH� WKDW� WKH� EHVW� DGVRUSWLRQ� DQG� GHVRUSWLRQ�
WLPHV� DUH� ��� DQG� ��� PLQ�� UHVSHFWLYHO\�� +HQFH��
WKHVH�YDOXHV�ZHUH�FKRVHQ�IRU�IXUWKHU�ZRUN�

�������(IIHFW�RI�YROXPH�RI�PRULQ
7R� VWXG\� WKH� RSWLPXP� YROXPH� RI� PRULQ� RQ� WKH�
UHFRYHU\� RI� &X�� E\�0,3� VRUEHQW�� LRQ� H[WUDFWLRQ�
ZDV� FRQGXFWHG� ZLWK� FKDQJLQJ� WKH� YROXPH� RI�
PRULQ� IURP� ���� WR� ���� �/�� )LJ�� �G� VKRZV� WKDW�
TXDQWLWDWLYH� HQULFKPHQW� RI� DGVRUEHG� DQDO\WH� RQ�
WKH�0,36%�FDQ�EH�IRXQG�XVLQJ�YROXPHV�RI�PRULQ�
JUHDWHU� WKDQ������/� �ERWK�H[SHULPHQWDO�GDWD�DQG�
$11� SUHGLFWLRQ��� 6R�� QH[W� H[WUDFWLRQ� UXQV� ZHUH�
SHUIRUPHG�ZLWK�WKH�YROXPH�RI������/�RI�PRULQ��

�������(IIHFW�RI�VWLUULQJ�UDWH
7KH� HIIHFW� RI� VWLUULQJ� UDWH� RQ� WKH� UHFRYHU\�RI� WKH�
FRPSOH[�ZDV�DOVR�LQYHVWLJDWHG��7KH�H[SHULPHQWDO�
DQG�$11�REVHUYDWLRQV�H[SUHVVHG�WKDW�WKH�SHUFHQW�
H[WUDFWLRQ�LQFUHDVHG�E\�DQ�LQFUHDVH�RI�VWLUULQJ�UDWH�
XS�WR�����USP��6R��D�UDWH�RI�����USP�ZDV�FKRVHQ�
LQ�VXEVHTXHQW�VWXGLHV��)LJ���H������
�������(IIHFW�RI�WHPSHUDWXUH
%RWK� H[SHULPHQWDO� DQG�$11� UHVXOWV� VKRZHG� WKDW�
GHVRUSWLRQ� RI� FRSSHU� PRULQ� FRPSOH[� IURP� WKH�
0,36%� VRUEHQW� LQFUHDVHG� E\� LQFUHDVLQJ�
WHPSHUDWXUH�DQG�EHFDPH�FRQVWDQW�DIWHU�����&��)LJ��
�I��

����� /LQHDU� UDQJH�� GHWHFWLRQ� OLPLW� DQG�
SUHFRQFHQWUDWLRQ�IDFWRU
,Q� WKH� RSWLPXP� YDOXHV� RI� H[WUDFWLRQ�� WKH�
FDOLEUDWLRQ� JUDSK� ZDV� SORWWHG� DQG� IRXQG� WR� EH�
OLQHDU� EHWZHHQ� �� DQG� ����� �J� /�� DQG� WKH� OHDVW�
VTXDUH� HTXDWLRQ� ZDV� ܣ ൌ ͲǤ͵͵ͺ ൈ ଵሻିܮ݃ߤሺܥ 
ͲǤͲͲͳͶ �5� ���������LQ�ZKLFK�& FRQFHQWUDWLRQ�RI�
FRSSHU�PRULQ�FRPSOH[�DQG�$ UHVSRQVH�RI�)$$6��
7KH� OLPLW� RI� GHWHFWLRQ� �/2'�� DFKLHYHG� E\� XVLQJ�
�6G P�� FULWHULD� ZDV� FDOFXODWHG� DV� ����� �J� /��

�6G WKH� VWDQGDUG� GHYLDWLRQ� RI� ��� IROORZLQJ
GHWHUPLQDWLRQV� RI� WKH� EODQN� DQG� P WKH� VORSH� RI�
WKH�FDOLEUDWLRQ�JUDSK��� ,Q�RUGHU� WR�DFKLHYH�D�KLJK�
HQULFKPHQW� IDFWRU� �()��� WKH� LQIOXHQFH� RI� WKH�
YROXPH� RI� VDPSOH� RQ� WKH� UHVSRQVH� RI� )$$6� RI�
FRSSHU�ZDV�LQYHVWLJDWHG�EHWZHHQ����DQG�����P/��
7KH� H[WUDFWLRQ� HIILFLHQF\� RI� WKH� FRPSOH[� ZDV�
H[FHOOHQW��!�����LQ�D�YROXPH�RI�VDPSOH�EHWZHHQ�
��� DQG� ���� P/� DQG� WKHQ� GHFUHDVHG�� 6LQFH� WKH�
RSWLPXP� YROXPH� RI� VDPSOH� ZDV� ���� P/�� DQG�
SHUFHQW�H[WUDFWLRQ�ZDV������HQULFKPHQW� IDFWRU� LV�
���IROGV��

�����,QWHUIHUHQFH�VWXGLHV
,QWHUIHUHQFH LQYHVWLJDWLRQV�ZHUH�FDUULHG�RXW�LQ�����
�J� /��� RI� &X� DQG� YDULRXV� FRQFHQWUDWLRQV� RI�
LQWHUIHUHQFH� LRQV�� $PRQJ� WKH� IRUHLJQ� LRQV�
LQYHVWLJDWHG�� SE���� $J� DQG� $X� �LRQ�� &X� �Z��

Z� ������ DQG� &R���� &G���� )H���� =Q���� 1L�� DQG�
&U�� �LRQ�&X� �Z�Z� ����� GLG� QRW� LQWHUIHUH� ZLWK�
FRSSHU� GHWHUPLQDWLRQ�� %HFDXVH� RI� WKH� &O��� 12�

�

DQG� 62�
�� LRQV� LQ� FRPELQHG� E\� DERYH� LRQV� ZHUH�

XVHG�LQ� WKH�UHVHDUFK�ZLWKRXW�DQ\�LQWHUIHUHQFH��VR��
WKHVH�DQLRQV�KDYH�QRW�LQWHUIHUHQFH��

�����5HDO�VDPSOH
7KH� VXJJHVWHG� SURFHGXUH� ZDV� HPSOR\HG� IRU�
VRUSWLYH� H[WUDFWLRQ� RI� &X� IURP� ��� P/� RI� WKUHH�
YDULRXV�UHDO�VDPSOHV�WDNHQ�IURP�WDS�ZDWHU��D�ZHOO�
DQG� D� ORFDO� PLQHUDO� ZDWHU� VRXUFH�� 6DPSOHV� ZHUH�
VSLNHG�DW�IRXU�OHYHOV�DQG�REVHUYDWLRQV�VKRZQ�WKDW�
SURWRFRO� FDQ� EH� VXFFHVVIXOO\� HPSOR\HG� IRU�
HQULFKPHQW� DQG� GHWHUPLQDWLRQ� RI� WKH� FRPSOH[� RI�
FRSSHU�PRULQ�� 5HSURGXFLELOLW\� DV� UHODWLYH�
VWDQGDUG� GHYLDWLRQ� ZDV� EHWZHHQ� ����� DQG� �����
�7DEOH����

7DEOH��� 5HVXOWV�RI�GHWHUPLQDWLRQ�RI�FRSSHU�LQ�WKUHH�
UHDO�VDPSOHV�

6DPSOH 6SLNHG�
DPRXQW�
�PJ�/���

5HFRYHU\�
������

56'����

7DS�
ZDWHU

� � �

���� ���� ���
���� ���� ���
���� ���� ����
���� ���� ���

:HOO�
ZDWHU

� � �

���� ���� ����
���� ���� ���
���� ���� ���
���� ���� ���

0LQHUDO�
ZDWHU

� � �

���� ���� ����
���� ���� ���
���� ���� ����
���� ���� ���

���&21&/86,21
0ROHFXODUO\�LPSULQWHG�VWLU�EDU�VRUSWLYH�H[WUDFWLRQ�
ZDV�VXFFHVVIXOO\�XWLOL]HG�IRU�WKH�SUHFRQFHQWUDWLRQ�
DQG� H[WUDFWLRQ� RI� FRSSHU�PRULQ� FRPSOH[� IURP�
ZDWHU� VDPSOHV� EHIRUH� LWV� )$$6� GHWHUPLQDWLRQ��
0,36%� VKRZHG� JRRG� FKHPLFDO� DQG� SK\VLFDO�
VWDELOLW\�DQG�UHYHDOHG�KLJK�DIILQLW\�DQG�VHOHFWLYLW\�
WRZDUGV� LWV� FRSSHU�PRULQ�� 7KHVH� H[SHULPHQWDO�
GDWD�ZHUH�FRPSDUHG�WR�WKH�GDWD�DFTXLUHG�IURP�DQ�
$11� PRGHO� WKDW� FRXOG� UHOLDEO\� SUHGLFW� WKH�
H[WUDFWLRQ� HIILFLHQF\� RI� FRSSHU� LRQV� IURP� ZDWHU�
VDPSOHV��$� WKUHH� OD\HU� �LQSXW�� KLGGHQ� DQG�RXWSXW�
OD\HUV�� $11� ZLWK� WDQVLJ� DQG� SXUHOLQ� DW� KLGGHQ�
OD\HU� DQG� RXWSXW� OD\HU� ZDV� DSSOLHG� IRU� WKLV�
SXUSRVH��7KH�HYDOXDWLRQ�RI�WKH�06(�ZDV�REWDLQHG�
GXULQJ� WUDLQLQJ� SKDVH� XVLQJ� /0$�� 06(� DQG�
FRUUHODWLRQ� FRHIILFLHQW� EHWZHHQ� WKH� H[SHULPHQWDO�
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GDWD�DQG�WKH�$11�SUHGLFWLRQV�ZHUH�GHWHUPLQHG�DV�
�������DQG��������IRU�WUDLQLQJ���������DQG�������
IRU�YDOLGDWLRQ���������DQG���������IRU�WHVWLQJ�DQG�
�������DQG��������� IRU�DOO�GDWD� VHWV��$Q�RSWLPDO�
QXPEHU�RI����QHXURQV�ZHUH�REWDLQHG�LQ�WKH�KLGGHQ�
OD\HU��7KH�H[SHULPHQWDO�GDWD�DQG�$11�PRGHOLQJ�
SUHGLFWLRQ�ZDV� FRPSDUHG� DQG� WKH� UHVXOWV� VKRZHG�
WKDW� D� QHWZRUN� DFFXUDWH� LQ� SUHGLFWLQJ� WKH�
H[WUDFWLRQ�\LHOG�RI�FRSSHU�LRQV�LQ�ZDWHU�VDPSOHV��

5()(5(1&(6
>�@ 1�/�� 1HPHURZ�� ,QGXVWULDO� ZDVWH� WUHDWPHQW��

FRQWHPSRUDU\� SUDFWLFH� DQG� YLVLRQ� IRU� WKH�
IXWXUH�� (OVHYLHU� ,QF��� %XUOLQJWRQ�� 86$��
�������

>�@ 1�/��1HPHURZ�DQG�)�-��$JDUG\��6WUDWHJLHV�RI�
LQGXVWULDO� DQG�KD]DUGRXV�ZDVWH�PDQDJHPHQW���
9DQ� 1RVWUDQG� 5HLQKROG�� 1HZ� <RUN�� 86$�
�������

>�@ 1�� 3HFKLVKFKHYD� DQG� .�<�� 6KXQ\DHY��
$SSOLFDWLRQ� RI� OXPLQHVFHQFH� WR� WKH�
GHWHUPLQDWLRQ�RI�WUDFH�FRSSHU��-��$QDO��&KHP��
������������������

>�@ *�)��/LPD��0�2��2KDUD��'�1��&ODXVHQ��'�5��
1DVFLPHQWR�� (�6�� 5LEHLUR�� 0�*�� 6HJDWHOOL��
0�$�� %H]HUUD� DQG� &�5�� 7DUOH\�� )ORZ�
LQMHFWLRQ� RQ�OLQH� PLQLFROXPQ�
SUHFRQFHQWUDWLRQ� DQG� GHWHUPLQDWLRQ� RI� WUDFH�
FRSSHU� LRQV�XVLQJ DQ�DOXPLQD�WLWDQLXP�R[LGH�
JUDIWHG� VLOLFD�PDWUL[� DQG�)$$6��0LFURFKLP��
$FWD ������������������

>�@ 0�� &VXURV� DQG� &�� &VXURV�� (QYLURQPHQWDO�
VDPSOLQJ�DQG�DQDO\VLV� IRU�PHWDOV���VW HGLWLRQ��
&5&�3UHVV��1<��86$��������S�����

>�@ :�%�� 0LOOV�� '�%�� 3RUFHOOD�� 0�� 8QJV�� 6��
*KHULQL� DQG� .�� 6XPPHUV�� :DWHU�TXDOLW\�
DVVHVVPHQW�� D� VFUHHQLQJ� SURFHGXUH� IRU� WR[LF�
DQG� FRQYHQWLRQDO� SROOXWDQWV� LQ� VXUIDFH� DQG�
JURXQG�ZDWHU���������

>�@ +�� +DVKHPL�� 0�� .KDMHK� DQG� 0�� .D\NKDLL��
0ROHFXODUO\� LPSULQWHG� VWLU� EDU� VRUSWLYH�
H[WUDFWLRQ� FRXSOHG� ZLWK� DWRPLF� DEVRUSWLRQ�
VSHFWURPHWU\� IRU� WUDFH� DQDO\VLV� RI� FRSSHU� LQ�
GULQNLQJ� ZDWHU� VDPSOHV�� $QDO�� 0HWKRGV ��
�����������������

>�@ 1��=KDQJ�DQG�%��+X��&DGPLXP��,,��LPSULQWHG�
��PHUFDSWRSURS\OWULPHWKR[\VLODQH�FRDWHG�VWLU�
EDU�IRU�VHOHFWLYH�H[WUDFWLRQ�RI�WUDFH�FDGPLXP�
IURP� HQYLURQPHQWDO� ZDWHU� VDPSOHV� IROORZHG�
E\� LQGXFWLYHO\� FRXSOHG� SODVPD� PDVV�
VSHFWURPHWU\�GHWHFWLRQ��$QDO��&KLP��$FWD ����
��������������

>�@ 6�+��+DVKHPL��0��.D\NKDLL��$�-��.HLNKD��=��
6DMMDGL� DQG�0��0LUPRJKDGGDP��$SSOLFDWLRQ�
RI� UHVSRQVH� VXUIDFH� PHWKRGRORJ\� IRU� VLOYHU�
QDQRSDUWLFOH� VWLU� EDU� VRUSWLYH� H[WUDFWLRQ� RI�
KHDY\�PHWDOV�IURP�GULQNLQJ�ZDWHU�VDPSOHV��D�

%R[�%HKQNHQ� GHVLJQ�� $QDO\VW ���� �������
����������

>��@6�+��+DVKHPL��0��.D\NKDLL�DQG�)��7DEHK]DU��
0ROHFXODUO\� LPSULQWHG� VWLU� EDU� VRUSWLYH�
H[WUDFWLRQ� FRXSOHG� ZLWK� KLJK� SHUIRUPDQFH�
OLTXLG� FKURPDWRJUDSK\� IRU� WUDFH� DQDO\VLV� RI�
QDSKWKDOHQH� VXOIRQDWHV� LQ� VHDZDWHU�� -�� ,UDQ�
&KHP��6RF��������������������

>��@6��0DQGDO��3��6LYDSUDVDG��6��9HQXJRSDO�DQG�
.�� 0XUWK\�� $UWLILFLDO� QHXUDO� QHWZRUN�
PRGHOLQJ� WR� HYDOXDWH� DQG� SUHGLFW� WKH�
GHIRUPDWLRQ� EHKDYLRU� RI� VWDLQOHVV� VWHHO� W\SH�
$,6,� ���/� GXULQJ� KRW� WRUVLRQ�� $SSO�� 6RIW�
&RPSXW� ������������������

>��@0��.KD\HW�DQG�&��&RMRFDUX��$UWLILFLDO�QHXUDO�
QHWZRUN� PRGHOLQJ� DQG� RSWLPL]DWLRQ� RI�
GHVDOLQDWLRQ�E\�DLU�JDS�PHPEUDQH�GLVWLOODWLRQ��
6HS��3XULI��7HFKQRO� ������������������

>��@0�� .KD\HW�� &�� &RMRFDUX� DQG� 0�� (VVDOKL��
$UWLILFLDO� QHXUDO� QHWZRUN� PRGHOLQJ� DQG�
UHVSRQVH�VXUIDFH�PHWKRGRORJ\�RI�GHVDOLQDWLRQ�
E\� UHYHUVH� RVPRVLV�� -�� 0HPEUDQH� 6FL� ����
���������������

>��@'�� %Dú� DQG� ø�+�� %R\DFÕ�� 0RGHOLQJ� DQG�
RSWLPL]DWLRQ� ,,�� &RPSDULVRQ� RI� HVWLPDWLRQ�
FDSDELOLWLHV�RI�UHVSRQVH�VXUIDFH�PHWKRGRORJ\�
ZLWK� DUWLILFLDO� QHXUDO� QHWZRUNV� LQ� D�
ELRFKHPLFDO�UHDFWLRQ��-��)RRG�(QJ������������
��������

>��@0�$��$NFD\RO�DQG�&��&LQDU��$UWLILFLDO�QHXUDO�
QHWZRUN� EDVHG� PRGHOLQJ� RI� KHDWHG� FDWDO\WLF�
FRQYHUWHU�SHUIRUPDQFH��$SSO��7KHUP��(QJ� ���
�����������������

>��@<�;�� -LQ�� +�=�� &KHQJ�� -�<�� <DQ� DQG� /��
=KDQJ�� 1HZ� GLVFUHWH� PHWKRG� IRU� SDUWLFOH�
VZDUP� RSWLPL]DWLRQ� DQG� LWV� DSSOLFDWLRQ� LQ�
WUDQVPLVVLRQ� QHWZRUN� H[SDQVLRQ� SODQQLQJ��
(OHFWU��3RZHU�6\VW��5HV� �������������������

>��@0�� +XVVDLQ�� 0�6�� 5DKPDQ� DQG� &�� 1J��
3UHGLFWLRQ� RI� SRUHV� IRUPDWLRQ� �SRURVLW\�� LQ�
IRRGV� GXULQJ� GU\LQJ�� JHQHULF� PRGHOV� E\� WKH�
XVH� RI� K\EULG� QHXUDO� QHWZRUN�� -�� )RRG� (QJ��
������������������

>��@(�� -RUMDQL�� 6�&�� &KHOJDQL� DQG� 6�� 0HVURJKOL��
$SSOLFDWLRQ� RI� DUWLILFLDO� QHXUDO� QHWZRUNV� WR�
SUHGLFW� FKHPLFDO� GHVXOIXUL]DWLRQ� RI� 7DE� DV�
FRDO��)XHO ��������������������

>��@0�$��5D]DYL��$��0RUWD]DYL�DQG�0��0RXVDYL��
'\QDPLF�PRGHOOLQJ�RI�PLON�XOWUDILOWUDWLRQ�E\�
DUWLILFLDO� QHXUDO� QHWZRUN�� -�� 0HPEUDQH� 6FL�
�����������������

>��@ -�6�� 7RUUHFLOOD�� /�� 2WHUR� DQG� 3�� 6DQ]��
2SWLPL]DWLRQ� RI� DQ� DUWLILFLDO� QHXUDO� QHWZRUN�
IRU� WKHUPDO�SUHVVXUH� IRRG� SURFHVVLQJ��
(YDOXDWLRQ� RI� WUDLQLQJ� DOJRULWKPV�� &RPSXW��
(OHFWURQ��$JULF� �������������������

>��@$�� *KDIIDUL�� +�� $EGROODKL�� 0�� .KRVKD\DQG��
,�6�� %R]FKDORRL�� $�� 'DGJDU� DQG� 0�� 5DILHH�



,UDQLDQ�-RXUQDO�RI�$QDO\WLFDO�&KHPLVWU\ � ������������ _ ��

7HKUDQL�� 3HUIRUPDQFH� FRPSDULVRQ� RI� QHXUDO�
QHWZRUN� WUDLQLQJ� DOJRULWKPV� LQ� PRGHOLQJ� RI�
ELPRGDO� GUXJ� GHOLYHU\�� ,QW�� -�� 3KDUP�� ����
���������������

>��@0�� .KDUH� DQG� 6�6�� 1DJHQGUD�� $UWLILFLDO�
QHXUDO� QHWZRUNV� LQ� YHKLFXODU� SROOXWLRQ�

PRGHOOLQJ�� 6SULQJHU�9HUORJ� %HUOLQ�
+HLGHOEHUJ��������

>��@<�� (U]LQ�� %�+�� 5DR� DQG�'�� 6LQJK�� $UWLILFLDO�
QHXUDO� QHWZRUN� PRGHOV� IRU� SUHGLFWLQJ� VRLO�
WKHUPDO� UHVLVWLYLW\�� ,QW�� -�� 7KHUP�� 6FL�� ���
�����������������



6�+� +DVKHPL� HW�DO���$SSOLFDWLRQ�RI�$UWLILFLDO�1HXUDO�1HWZRUN�«��_ ��

^���Ä°^��{�]�Z¯Ê�ÂÀ�»Êa��{ÌÂ´�ÊË�»��°¸b¼¯�kY�zf�Y�Ã{�Z]��Â»Ë¾v»��YÌ�ZÅÉ]MÊ
]�Z]³�Z°Ì�É�Z´¿�µÂ°·Â»É¸aÌ�¼É��ÂaÁ��Ã|���Y{É»ÌÄ¸½�¼Å

�Ì|�uÌ¾¼�ZÅÊ��,¯�{Â �»�,ÌWYÂzÊ��¯Z��|¼v»�,É�

���ÃÁ�³,ZË�{�Ê¼Ì�Ã|°�¿Y{,ÊËZË�{�¹Â¸�ÃZ´�¿Y{{�¹Â¸��Á�É{�Â¿ZË�{,ÊËZË�,�ZÆ]Zq½Y�ËY

�Ç|°�¿Y{�,Ê¼Ì��ÃÁ�³��,¹Â¸�ÃZ´�¿Y{½Zf�Ì�Á,½Zf�qÂ¸]½Y|ÅY�

���ÃÁ�³,Ê¼Ì�Ç|°�¿Y{,¹Â¸�ÃZ´�¿Y{,¶]Y�½Y�ËY

��d§ZË�{�xË�Ze�|À¨�Y��������Ë~a�xË�Ze��|À¨�Y����

Ã|Ì°q
Y��{Ë¾¬veÌ,ªË®|m��Á�Ë|�Z��µ|»É^���Ä°^��Z]Ê�ÂÀ�»ÊÓ�Ä�ËÄÉYY�]ÉaÌÂ´�ÊË�»��°¸b¼¯�kY�zf�Y�Ã{�Z]��Â»Ë¾Ä¿Â¼¿��YÉZÅ]MÊ���Âe

Á���]�kY�zf�YÉ»ÌÈ¸��Âa�½�¼Å�Y{Ã|�Z]µÂ°·Â»É�Z´¿¸aÌ�¼ÉÃ{Y{� �d§�� �Z°]ÅZÉ{Á�ÁÉ^���Ä°^��µ|»Ê�ÂÀ�»Ê,S+Á�Á�[~m�½Z»�� ,,[~mY
ºÅ�d���,½{�Z»{Á�Y|¬»Ì·|¿Z´�Á�|¿{Â]mÁ�yÊ�kY�zf�Y�Ã{�Z]�½MË½ÂÉZÅZf¿��{Â]��»Ël�Z]�È°^��Ä¯�{Y{�½Z�¿��¨z»�½Á�¿ÊWÓZ]�dv�Êa��{ÌÂ´�ÊË

�»��°¸b¼¯�kY�zf�Y� Ã{�Z]��Â»Ë¾Ä¿Â¼¿� �{ÉZÅ]MÊ»� �{�Y{Ì´¿ZÌ¾Z�yÉ��� Á�cZ ]�»Ë\´f�^¼ÅÊ]Ì¾Ã{Y{ÉZÅ]�neÊ� ÁaÌÂ´�ÊËÉZÅ������Á
�����Y�]É�,��Â»M������Á����Y�]É��YË]ZÊ�Á������Á������Y�]ÉÃ{Y{ÉZÅZ»�MË� eÌÌ¾Y����{��|�Ë�Æ]Ì,ÄÀ�y�Ç�f�³Ê{Ë»ZÀÌ°Ê���Ze

�����»ÌÁ�°¹�³·��]Ì�fz�e�6|u�Z]Ì����»ÌÁ�°¹�³·��]Ì�f^�¿�{�Y|¿Zf�Y�¥Y�v¿Y�Á�|»M�d�{�Ä]Ê�f¼¯��Y���Y��{Â]Ë¾¬§Â»�Z]��Á�6ÌdY�]ÉaÌ�¸¤eÌ�
 e�ÁÌÌ¾¬u�È¿Â¼¿�|Àq��{��»Ì¬Ê]�|��Äf§�³��Z°

Ã�YÁÉ|Ì¸¯�ÉZÅ
^���Ä°^�Ê�ÂÀ�»Ê-»�-�»�kY�zf�YÌÈ¸��Âa�½�¼Å�Y{Ã|�Z]µÂ°·Â»É�Z´¿¸aÌ�¼É-[M�ÈË�ne�


