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7KLV�GRFXPHQW�FRQWDLQV�WKH�DEVWUDFWV�RI�WKH�UHVHDUFK�SURMHFWV�FRQGXFWHG�
E\�VWXGHQWV�LQ�DOO�SURJUDPV�FRRUGLQDWHG�E\�&DOWHFK¶V�6WXGHQW�)DFXOW\�
3URJUDPV�2IILFH�IRU�WKH�VXPPHU�RI�������

7DEOH�RI�&RQWHQWV�

6XPPHU�8QGHUJUDGXDWH�5HVHDUFK�)HOORZVKLSV��685)�� 3')�3DJH���

:$9(�)HOORZV�3URJUDP� 3')�3DJH����

/DVHU�,QWHUIHURPHWHU�*UDYLWDWLRQDO�:DYH�2EVHUYDWRU\��/,*2�� 3')�3DJH����

-HW�3URSXOVLRQ�/DERUDWRU\��-3/�� 3')�3DJH����
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6LPXODWLQJ�DQG�$QDO\]LQJ�WKH�+\SHUILQH�6WUXFWXUH�RI�(UELXP�����'RSHG�<WWULXP�2UWKRVLOLFDWH�:LWK�
6SHFWUDO�+ROH�%XUQLQJ�6SHFWURVFRS\�
6pEDVWLHQ�$EDGL�
0HQWRUV��$QGUHL�)DUDRQ�DQG�0L�/HL

���(U���GRSHG�\WWULXP�RUWKRVLOLFDWH�����(U���<�6L2���LV�D�SURPLVLQJ�V\VWHP�IRU�WKH�LPSOHPHQWDWLRQ�RI�ORQJ�OLYHG�
PXOWLPRGH�TXDQWXP�PHPRU\�DW�WHOHFRPPXQLFDWLRQ�ZDYHOHQJWKV��ZKLFK�LV�LPSRUWDQW�IRU�WKH�UHDOL]DWLRQ�RI��
ORQJ�GLVWDQFH�TXDQWXP�FRPPXQLFDWLRQ��2SWLFDO�TXDQWXP�PHPRU\�KDV�DOUHDG\�EHHQ�LPSOHPHQWHG�LQ�WKLV�V\VWHP��
7KH�QH[W�JRDO�LV�WR�LPSOHPHQW�VSLQ�ZDYH�TXDQWXP�PHPRU\�XVLQJ�K\SHUILQH�VSLQ�VWDWHV��ZKLFK�ZLOO�LPSURYH�VWRUDJH�
WLPHV�DQG�HQDEOH�RQ�GHPDQG�UHFDOO��,W�LV�WKXV�RI�LQWHUHVW�WR�GHWHUPLQH�WKH�K\SHUILQH�HQHUJ\�VSOLWWLQJV�RI�
���(U���<�6L2��DW�WKH�PDJQHWLF�ILHOG�XVHG�E\�WKH�)DUDRQ�JURXS��ZKLFK�FDQ�EH�DFFRPSOLVKHG�YLD�VSHFWUDO�KROH�EXUQLQJ�
�6+%��VSHFWURVFRS\��7R�WKDW�HIIHFW��,�FUHDWHG�VLPXODWLRQV�WR�UHSURGXFH�6+%�VSHFWUD�RI����(U���<�6L2��XQGHU�D�
VWURQJHU�PDJQHWLF�ILHOG�ZKHUH�WKH�K\SHUILQH�VWUXFWXUH�LV�NQRZQ��:LWK�WKRVH�VLPXODWLRQV��,�LPSURYHG�P\�
XQGHUVWDQGLQJ�RI�KRZ�WKH�EXUQHG�KROH�SRVLWLRQ�DQG�OLQHZLGWK�DIIHFWV�ZKLFK�HQHUJ\�VSOLWWLQJV�FDQ�EH�LQIHUUHG��,�WKHQ�
PDGH�SUHGLFWLRQV�DERXW�ZKDW�VHWV�RI�6+%�H[SHULPHQWV�DUH�VXIILFLHQW�WR�GHWHUPLQH�WKH�K\SHUILQH�VWUXFWXUH�RI�
LQWHUHVW��)LWWLQJ�SURFHGXUHV�ZHUH�DOVR�GHYHORSHG�VR�WKDW�RQFH�WKDW�VWUXFWXUH�LV�NQRZQ��UHODWLYH�RVFLOODWRU�VWUHQJWKV�
RI�WKH�RSWLFDO�WUDQVLWLRQV�FDQ�EH�GHWHUPLQHG��)XWXUH�ZRUN�ZLOO�FRQVLVW�RI�DFTXLULQJ�6+%�VSHFWUD�DQG�GHWHUPLQLQJ�WKH�
K\SHUILQH�VWUXFWXUH�IURP�WKRVH�VSHFWUD��

'HYHORSLQJ�'LJLWDO�,QIUDVWUXFWXUH�IRU�6\QWKHVL]LQJ�DQG�3URELQJ�4XDQWXP�0DWHULDOV�
$GDP�$EEDV��
0HQWRU��-RVHSK�)DOVRQ�

$V�D�QHZ�JURXS�DW�&DOWHFK��WKH�)DOVRQ�/DE�KDV�EHHQ�LQ�WKH�SURFHVV�RI�EHLQJ�FRQVWUXFWHG�IRU�WKH�SDVW�\HDU��7R�
FRPSOHPHQW�WKH�VRRQ�WR�EH�FRPSOHWHG�SK\VLFDO�ODE��D�GLJLWDO�LQIUDVWUXFWXUH�ZDV�GHYHORSHG�WR�SURYLGH�D�VHDPOHVV�
LQWHJUDWLRQ�RI�ODE�HTXLSPHQW��FRPSXWLQJ�GHYLFHV��DQG�DOO�RWKHU�DVSHFWV�RI�WKH�ODE¶V�QHWZRUN��7KH�5DVSEHUU\�3L�
FRPSXWLQJ�GHYLFH�ZDV�FKRVHQ�DV�DQ�RSWLPDO�ZD\�WR�FRPPXQLFDWH�ZLWK�LQGLYLGXDO�SLHFHV�RI�HTXLSPHQW��GXH�WR�ERWK�
LWV�VSDFH�DQG�SURFHVVRU�HIILFLHQF\��$�QHWZRUN�RI�WKHVH�ZDV�GHVLJQHG��FRQQHFWLQJ�HDFK�SLHFH�RI�FULWLFDO�HTXLSPHQW�WR�
D�3L��DOORZLQJ�IRU�HDV\�FRPPXQLFDWLRQ�DQG�SURJUDPPLQJ�IRU�HTXLSPHQW��$�QHWZRUN�EDVHG�GLJLWDO�EDFNXS�VROXWLRQ�
ZDV�DOVR�LGHQWLILHG�WR�FRQQHFW�WR�WKLV�QHWZRUN�DQG�JXDUDQWHH�WKH�VDIHW\�RI�RXU�GDWD�IURP�GHYLFH�IDLOXUHV�RU�
UDQVRPZDUH��

$ORQJ�ZLWK�SODQQLQJ�WKH�QHWZRUN¶V�LQIUDVWUXFWXUH��LW�ZDV�LPSRUWDQW�WR�HQVXUH�WKDW�LW�ZRXOG�EH�SRVVLEOH�WR�FRQWURO�WKH�
SK\VLFDO�ODE�HTXLSPHQW��7KLV�LQYROYHG�GHYHORSLQJ�FRPELQHG�V\VWHPV�RI�VRIWZDUH�DQG�KDUGZDUH�EDVHG�RQ�WKH�
UHTXLUHPHQWV�RI�HDFK�LQVWUXPHQW��6RIWZDUH�ZDV�GHYHORSHG�WR�PRQLWRU�DQG�GLVSOD\�WKH�RXWSXWV�RI�ODE�GHYLFHV��VXFK�
DV�WKH�FU\RVWDW�WHPSHUDWXUH�PRQLWRUV��RYHU�WLPH��&LUFXLWV�ZHUH�GHVLJQHG�WR�EH�DEOH�WR�VXFFHVVIXOO\�FRPPXQLFDWH�
ZLWK�D�YDFXXP�3LUDQL�JDXJH��DV�ZHOO�DV�WR�FRQWURO�VWHSSHU�PRWRUV�IRU�D�PHDVXUHPHQW�DSSDUDWXV�ZKLOH�EDODQFLQJ�
SRZHU�FRQVWUDLQWV�IRU�ERWK�LQSXW�DQG�RXWSXW��)LQDOO\��FRPPXQLFDWLRQ�SURWRFROV�ZHUH�GHVLJQHG�WR�EH�DEOH�WR�FRQWURO�
WKH�HTXLSPHQW�IRU�WKH�VXSHUFRQGXFWLQJ�PDJQHW�WKDW�ZLOO�EH�XVHG�LQ�WKH�FU\RVWDW��$OO�RI�WKH�ZRUN�GRQH�ZLOO�EH�DEOH�WR�
EH�LPSOHPHQWHG�VKRUWO\�DIWHU�WKH�RSHQLQJ�RI�WKH�ODE�DQG�ZLOO�DOORZ�IRU�D�VWURQJ�EHJLQQLQJ�WR�LWV�RSHUDWLRQV��

,PDJLQJ�6LPXODWHG�([RSODQHWV�:LWK�WKH�-DPHV�:HEE�6SDFH�7HOHVFRSH�
-HD�$GDPV�
0HQWRUV��'LPLWUL�0DZHW�DQG�-DVRQ�:DQJ�

7KH�ODXQFK�RI�WKH�-DPHV�:HEE�6SDFH�7HOHVFRSH��-:67��LQ������ZLOO�UHYROXWLRQL]H�GLUHFW�LPDJLQJ�E\�SURYLGLQJ�WKH�
ILUVW�FKDUDFWHUL]DWLRQV�RI�H[RSODQHWV�ZLWKLQ������PLFURQV��2XU�UHFHQW�DELOLW\�WR�HPSLULFDOO\�PRGHO�DQG�UHPRYH�
VWDUOLJKW�IURP�LPDJHG�H[WUDVRODU�V\VWHPV�ZLWK�SRVW�SURFHVVLQJ�DOJRULWKPV�OLNH�S\�KDV�SURYHQ�YLWDO�WR�WKH�GLVFRYHU\�
RI�H[RSODQHWV�ZLWK�KLJK�FRQWUDVW�LPDJLQJ�XVLQJ�FXUUHQW�WHOHVFRSHV��+RZHYHU��VXFK�VRIWZDUH�V\VWHPV�DUH�QRW�
SUHVHQWO\�SUHSDUHG�WR�KDQGOH�WKH�LQFRPLQJ�-:67�GDWD��:H�DLP�WR�GHYHORS�DQG�UHILQH�QHZ�DQG�H[LVWLQJ�GDWD�DQDO\VLV�
WRROV�WKDW�XVH�S\./,3�LQ�RUGHU�WR�KDYH�D�IXQFWLRQDO�GDWD�UHGXFWLRQ�SLSHOLQH�SULRU�WR�WKH�WHOHVFRSH¶V�ODXQFK��8VLQJ�
VLPXODWHG�GDWD�RI�DQ�H[WUDVRODU�V\VWHP�WKURXJK�WKH�WHOHVFRSH¶V�1HDU�,QIUDUHG�&DPHUD��1,5&$0���ZH�FRQILUPHG�
S\./,3¶V�DELOLW\�WR�ILW�DQG�VXEWUDFW�WKH�VWHOODU�36)�IURP�DQ�LPDJH�DQG�UHYHDO�H[RSODQHWV�KLGGHQ�XQGHUQHDWK��:H�
FRPSXWHG�1,5&$0¶V�VHQVLWLYLW\�WR�H[RSODQHWV��DQG�XSJUDGHG�S\./,3�WR�FRUUHFW�IRU�FRURQDJUDSKLF�XVDJH�ZKHQ�
GHWHUPLQLQJ�WKH�DVWURPHWU\�DQG�SKRWRPHWU\�RI�H[RSODQHWV��$V�SDUW�RI�-:67¶V�(DUO\�5HOHDVH�3URJUDPV��ZH�VKDUH�
WKHLU�JRDO�RI�GHPRQVWUDWLQJ�-:67¶V�FDSDELOLWLHV�DQG�VZLIWO\�GLVVHPLQDWLQJ�WKHP�WR�WKH�FRPPXQLW\��:H�WKHUHIRUH�
GRFXPHQWHG�RXU�DQDO\VLV�VWHSV�DV�SXEOLF�QRWHERRNV�WR�KHOS�DVWURQRPHUV�XQGHUWDNH�WKH�PRVW�VXLWDEOH�REVHUYLQJ�
SURJUDPV�GXULQJ�-:67¶V�OLPLWHG�OLIHWLPH���

'HYHORSLQJ�D�6LPXODWRU�IRU�&RPSOH[�4XDGURWRU�0DQHXYHUV�
.DVH\�$GDPV�
0HQWRUV��6RRQ�-R�&KXQJ�DQG�0LFKDHO�2¶&RQQHOO�

,Q�WKH�ILHOG�RI�DXWRQRPRXV�IOLJKW��VLPXODWLRQV�DOORZ�IRU�WHVWLQJ�WR�EH�GRQH�EHIRUH�H[SHQVLYH�KDUGZDUH�QHHGV�WR�EH�
ULVNHG�LQ�WHVWLQJ�FRPSOH[�PDQHXYHUV��7KXV��WKH�GHYHORSPHQW�RI�D�UHDOLVWLF�VLPXODWRU�LV�LPSHUDWLYH�IRU�WHVWLQJ�WKH�
DOJRULWKPLFDOO\�JHQHUDWHG��FRPSOH[�PDQHXYHUV�WKDW�PRGHO�V\VWHPV�EHLQJ�UHVHDUFKHG�LQ�WKH�&HQWHU�IRU�$XWRQRPRXV�
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6\VWHPV�DQG�7HFKQRORJ\��&$67��ODE��:H�GHYHORSHG�D���GHJUHH�RI�IUHHGRP�TXDGURWRU�VLPXODWRU�LQ�S\WKRQ�WR�WHVW�
WKHVH�PDQHXYHUV�DQG�DOJRULWKPV��7KH�VLPXODWRU�LQFRUSRUDWHV�D�5DSLGO\�([SORULQJ�5DQGRP�7UHH��557��SDWK�SODQQLQJ�
DOJRULWKP��ZKLFK�ZLOO�SODQ�DJLOH�PDQHXYHUV�EHWZHHQ�WZR�VWDWHV�IROORZLQJ�HQYLURQPHQWDO�DQG�G\QDPLF�FRQVWUDLQWV��
7KH�VLPXODWRU�HPXODWHV�UHDO�KDUGZDUH�E\�KDYLQJ�PRWRU�GHOD\�DQG�E\�UXQQLQJ�WKH�FRQWUROOHU�DQG�VLPXODWRU�DW�
GLIIHUHQW�IUHTXHQFLHV��7KH�VLPXODWRU�ZLOO�DOORZ�WKH�VLPXODWLRQ�DQG�WHVWLQJ�RI�PRUH�FRPSOH[�DOJRULWKPV�DQG�
PDQHXYHUV�WKDQ�ZHUH�DEOH�WR�EH�VLPXODWHG�DQG�WHVWHG�EHIRUH��DQG�LQ�WKH�IXWXUH��LW�ZLOO�DOORZ�IRU�D�IUDPHZRUN�RI�
GHYHORSLQJ�WKH�VLPXODWRU�WR�VXSSRUW�PXOWLSOH�ERGLHV�DQG�VZDUPV��

����(YDOXDWLQJ�+LQGVLJKW�'XULQJ�WKH�&29,'����3DQGHPLF������((*�&RUUHODWHV�RI�3UH�&OLQLFDO�
$O]KHLPHU¶V�'LVHDVH�
6DUD�$GDPV�
0HQWRUV��6KLQVXNH�6KLPRMR�DQG�'DZ�$Q�:X�

����+LQGVLJKW�ELDV�LV�WKH�WHQGHQF\�WR�UHFDOO�HYHQWV�DV�KDYLQJ�EHHQ�PRUH�SUHGLFWDEOH�WKDQ�WKH\�DFWXDOO\�ZHUH��7KLV�
WRSLF�LV�SDUWLFXODUO\�UHOHYDQW�IRU�&29,'�����WKH�DFWLRQV�ZH�WDNH��ERWK�LQGLYLGXDOO\�DQG�DV�D�VRFLHW\��DUH�VKDSHG�E\�
RXU�SUHGLFWLRQV�RI�ZKDW�LV�WR�FRPH��,Q�ODWHU�HYDOXDWLQJ�RXU�UHVSRQVH��LW�LV�LPSRUWDQW�WR�XQGHUVWDQG�WKH�H[WHQW�WR�
ZKLFK�RXU�UHFROOHFWLRQ�LV�ELDVHG��7KXV��ZH�DUH�FRQGXFWLQJ�D�JOREDO�VXUYH\�RI������LQGLYLGXDOV�LQ�RUGHU�WR�JDXJH�
WKHLU�RSLQLRQV�DW�SDUWLFXODU�SRLQWV�LQ�WKH�SDQGHPLF�DQG�KRZ�WKH\�UHFDOO�WKRVH�RSLQLRQV�ODWHU�RQ��3UHOLPLQDU\�UHVXOWV�
KDYH�FRQILUPHG�WKDW�LQGLYLGXDOV�GR�H[KLELW�KLQGVLJKW�ELDV�UHJDUGLQJ�WKH�SDQGHPLF��DQG�RQJRLQJ�VXUYH\V�DUH�
HYDOXDWLQJ�FRQWULEXWLQJ�IDFWRUV�WR�WKLV�ELDV������,Q�DGGLWLRQ�WR�WKH�&29,'����SURMHFW��ZH�KDYH�EHHQ�HYDOXDWLQJ�KRZ�
((*�PD\�EH�DEOH�WR�EH�XVHG�LQ�RUGHU�WR�DLG�WKH�GHYHORSPHQW�RI�QRQ�LQYDVLYH�HDUO\�GLDJQRVHV�RI�$O]KHLPHU¶V�
GLVHDVH��3LORW�H[SHULPHQWV�LQYROYLQJ�((*�DORQJVLGH�D�6LPRQ�WDVN�LQ�LQGLYLGXDOV�ZKR�KDYH�ELRPDUNHUV�VXJJHVWLQJ�
SUH�FOLQLFDO�$O]KHLPHU¶V��&6)�$ ���WDX�UDWLR�!���������KDYH�GHPRQVWUDWHG�WKDW�SDUWLFLSDQWV�ZLWK�WKHVH�PDUNHUV�
PD\�KDYH�D�GLIIHUHQFH�LQ�UHDGLQHVV�SRWHQWLDO�FRPSDUHG�WR�D�FRQWURO�JURXS���

6LPXODWLQJ�6FDODU�9RUWH[�)LEHU�1XOOLQJ�IRU�7HOHVFRSHV�:LWK�6HJPHQWHG�3ULPDU\�0LUURUV
0D[LPLOLDQ�$GDQJ�
0HQWRUV��'LPLWUL�0DZHW�DQG�'DQLHO�(FKHYHUUL�

'LUHFW�LPDJLQJ�DQG�FKDUDFWHUL]LQJ�H[RSODQHWV�DW�FORVH�DQJXODU�VHSDUDWLRQV�IURP�WKHLU�KRVW�VWDUV�LV�D�FKDOOHQJH�LQ�
PRGHUQ�DVWURQRP\�WKDW�KLJK�FRQWUDVW�LPDJLQJ�LV�WU\LQJ�WR�VROYH��9RUWH[�)LEHU�1XOOLQJ��9)1��LV�DQ�LQWHUIHURPHWULF�
WHFKQLTXH�FRPELQLQJ�WKH�SKDVH�SDWWHUQ�RI�D�YRUWH[�FRURQDJUDSK�PDVN�ZLWK�WKH�OLJKW�FRXSOLQJ�SURSHUWLHV�RI�D�VLQJOH�
PRGH�ILEHU��QXOOLQJ�WKH�VWDUOLJKW�LQ�WKH�LPDJH�WR�LPSURYH�FRQWUDVW�EHWZHHQ�WKH�H[RSODQHW�DQG�WKH�VWDU�DW�VPDOO�
VHSDUDWLRQV��$�SXSLO�SODQH�YHFWRU�YRUWH[�EDVHG�YHUVLRQ�RI�9)1�KDV�EHHQ�GHPRQVWUDWHG�LQ�D�ODERUDWRU\�DW�&DOWHFK��
7KLV�LPSOHPHQWDWLRQ�ZRUNV�ZHOO�EXW�LV�VHQVLWLYH�WR�SRODUL]DWLRQ�HIIHFWV�LQ�WKH�OLJKW�WKDW�UHGXFH�WKH�DFKLHYDEOH�QXOO���
,�DP�H[SORULQJ�WKH�YLDELOLW\�RI�VFDODU�9)1�DV�DQ�DOWHUQDWLYH�IRU�WHOHVFRSHV�ZLWK�VHJPHQWHG�SULPDU\�PLUURUV�E\�
LPSULQWLQJ�WKH�SKDVH�SDWWHUQ�DFURVV�WKH�VHJPHQWV�RI�WKH�SULPDU\�LQVWHDG�RI�XVLQJ�D�YHFWRU�YRUWH[�PDVN��7KLV�LV�
EHLQJ�GRQH�E\�VLPXODWLQJ�WKH�SKDVH�SDWWHUQ�IRU�WKH�.HFN�WHOHVFRSH�DQG�RSWLPL]LQJ�WKH�UDWLR�RI�SODQHW�OLJKW�WR�
VWDUOLJKW�FRXSOLQJ�LQWR�WKH�VLQJOH�PRGH�ILEHU�DQG�WKH�V\VWHP¶V�LQWHJUDWLRQ�WLPH��7KLV�WHFKQLTXH�SURGXFHV�D�QXOO�
XQOLPLWHG�E\�SRODUL]DWLRQ�HIIHFWV�DQG�HQDEOHV�LPPHGLDWH�RQ�VN\�WHVWLQJ�RI�9)1�ZLWK�WHOHVFRSHV�VXFK�DV�.HFN��DQG�
HYHQWXDOO\�707�DQG�*07��

)ROORZ�8S�RI�6XSHUQRYDH�8VLQJ�WKH�/LYHUSRRO�7HOHVFRSH�
<DVPLQ�$IVKDU�
0HQWRU��'DQLHO�3HUOH\�

7KH�%ULJKW�7UDQVLHQW�6XUYH\��D�SURMHFW�ZLWKLQ�WKH�=ZLFN\�7UDQVLHQW�)DFLOLW\��DLPV�WR�FODVVLI\�HYHU\�EULJKW�WUDQVLHQW�
REMHFW�LQ�WKH�QLJKW�VN\��5HOLDEOH�FODVVLILFDWLRQ�RI�VXSHUQRYDH�DQG�LQYHVWLJDWLRQ�RI�SURSHUWLHV�RI�WKHLU�KRVW�JDOD[LHV�
PD\�OHDG�WR�D�EHWWHU�XQGHUVWDQGLQJ�RI�WKH�SK\VLFV�RI�VXSHUQRYDH�DQG�DQVZHU�TXHVWLRQV�DERXW�WKH�SURJHQLWRUV�WR�
WKH�H[SORVLRQ�DQG�WKH�PHFKDQLVP�RI�WKH�FROODSVH��)ROORZ�XS�GDWD�RI�EULJKW�WUDQVLHQWV�ZHUH�SURFHVVHG�ZLWK�3\WKRQ��
XVLQJ�SDFNDJHV�VXFK�DV�HPFHH�DQG�VQFRVPR�WR�LPSOHPHQW�QRQOLQHDU�PHWKRGV�RI�SDUDPHWULF�PRGHOLQJ��0DUNRY�
&KDLQ�0RQWH�&DUOR�WHFKQLTXHV�FDQ�EH�XVHG�WR�ILW�OLJKW�FXUYHV�RI�VXSHUQRYDH��IURP�ZKLFK�XVHIXO�SDUDPHWHUV�PD\�EH�
H[WUDFWHG�WR�LPSURYH�PHDVXUHPHQWV�VXFK�DV�WLPHVFDOHV�DQG�SHDN�OXPLQRVLWLHV�RI�VXSHUQRYDH��WKHUHE\�DLGLQJ�LQ�WKH�
DFFXUDF\�RI�WKHLU�FODVVLILFDWLRQ��:H�SUHVHQW�SDUDPHWHUV�IURP�ILWWLQJ�PHWKRGV�WKDW�ZHUH�H[SORUHG�DQG�H[DPLQH�WKH�
UHODWLRQVKLSV�EHWZHHQ�SDLUV�RI�PRGHO�SDUDPHWHUV�IRU�YDULRXV�VXSHUQRYD�VXEW\SHV��

1HJDWLYH�(OHFWURWKHUPDO�)HHGEDFN�LQ�7KHUPDO�.LQHWLF�,QGXFWDQFH�'HWHFWRUV�2YHU�+LJK�5HDGRXW�
3RZHU�5HJLPHV�
6KXEK�$JUDZDO�
0HQWRUV��-DPLH�%RFN�DQG�%U\DQ�6WHLQEDFK�

7KH�%,&(3�$UUD\�LV�WKH�ODWHVW�JHQHUDWLRQ�RI�LQVWUXPHQWV�RI�WKH�%,&(3�.HFN�&ROODERUDWLRQ�IRU�&RVPLF�0LFURZDYH�
%DFNJURXQG�SRODULPHWULF�PHDVXUHPHQWV��,W�FRPSULVHV�IRXU����PP�WHOHVFRSHV�REVHUYLQJ�EHWZHHQ��������*+]��
DLPLQJ�WR�JHQHUDWH�VHQVLWLYH�&0%�SRODUL]DWLRQ�PDSV�IRU�WKH�GHWHFWLRQ�RI�%�PRGH�SRODUL]DWLRQ�VLJQDO��ZKLFK�ZRXOG�EH�
WKH�ILUVW�GLUHFW�HYLGHQFH�RI�LQIODWLRQDU\�JUDYLWDWLRQDO�ZDYHV���
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6XSHUFRQGXFWLQJ�PLFUR�UHVRQDWRUV�DUH�PLFURPHWUH�VFDOH�/&5�FLUFXLWV�RSHUDWLQJ�DW�PLOOLNHOYLQ�WHPSHUDWXUHV��FUHDWHG�
E\�WKH�LQGXFWDQFH�DQG�UHVLVWDQFH�RI�OLWKRJUDSKLFDOO\�SDWWHUQHG�VXSHUFRQGXFWLQJ�ILOPV�XQGHU�DOWHUQDWLQJ�FXUUHQW��
7KHUPDO�.LQHWLF�,QGXFWDQFH�'HWHFWRUV��7.,'V��XVH�VHYHUDO�VXSHUFRQGXFWLQJ�PLFUR�UHVRQDWRUV�PXOWLSOH[HG�LQ�WKH�
UDGLR�IUHTXHQF\�GRPDLQ�RQ�D�VLQJOH�UHDGRXW�OLQH�DQG�H[KLELW�WKH�VXSHULRU�QRLVH�SHUIRUPDQFH�RI�WUDGLWLRQDO�7UDQVLWLRQ�
(GJH�6HQVRU��7(6��ERORPHWHUV��DOORZLQJ�IRU�ODUJH�GHWHFWRU�FRXQWV�QHHGHG�LQ�IXWXUH�PLOOLPHWUH�ZDYH�
LQVWUXPHQWDWLRQ��+HUH��7.,'V�IDEULFDWHG�E\�WKH�&DOWHFK�2EVHUYDWLRQDO�&RVPRORJ\�JURXS�DUH�LQVSHFWHG�DW�KLJK�
UHDGRXW�SRZHUV�IRU�QHJDWLYH�HOHFWURWKHUPDO�IHHGEDFN��7KLV�LQYROYHG�FROOHFWLQJ�VXFK�IUHTXHQF\�VZHHS�GDWD�XQGHU�
YDU\LQJ�RSWLFDO�ORDGLQJ�DQG�QXPHULFDOO\�WHVWLQJ�SK\VLFDO�PRGHOV�IRU�WKH�REVHUYHG�K\VWHUHVLV��6XFK�REVHUYDWLRQV�
ZRXOG�HQDEOH�RSHUDWLQJ�WKH�GHWHFWRUV�DW�KLJKHU�ORRS�JDLQ�DQG�KLJKHU�OLQHDULW\�LQ�UHVSRQVLYLW\��UHTXLUHG�IRU�
HQYLURQPHQW�LQGHSHQGHQW��IDVW�SURFHVVDEOH��DQG�UHSHDWDEOH�PHDVXUHPHQWV���

,PSOLFDWLRQV�RI�DQDO\]LQJ�QHJDWLYH�HOHFWURWKHUPDO�IHHGEDFN�H[WHQG�WR�JHQHUDO�VXSHUFRQGXFWLQJ��
PLFUR�UHVRQDWRUV�WKDW�DUH�HPSOR\HG�LQ�GDUN�PDWWHU�VHDUFK��QHXWULQR�PDVV��TXDQWXP�FLUFXLW�UHDGRXW��DQG�
�Q�ERG\�VLPXODWLRQ��

1',�*8,��$�*UDSKLFDO�,QWHUIDFH�IRU�'DWD�$QDO\VLV�LQ�1HXURVFLHQFH�
*DEULHO�$JXLDU�
0HQWRU��6WHSKHQ�9DQ�+RRVHU

1HXURVFLHQFH�'DWD�,QWHUIDFH��1',��ZDV�GHVLJQHG�WR�FRPEDW�WKH�ODFN�RI�VWDQGDUGL]DWLRQ�LQ�WKH�QHXURVFLHQFH�
FRPPXQLW\��7KH�LQWHUIDFH�SURYLGHV�WRROV�WKDW�IDFLOLWDWH�WKH�H[FKDQJH�DQG�DQDO\VLV�RI�GDWD�EHWZHHQ�UHVHDUFK�JURXSV��
ZLWKRXW�UHJDUG�IRU�WKH�IRUPDW�DQG�RUJDQL]DWLRQ�RI�WKH�UDZ�GDWD��,Q�LWV�FXUUHQW�IRUP��1',�FDQ�EH�RSHUDWHG�WKURXJK�D�
FRPPDQG�OLQH�LQWHUIDFH��ZKLFK�UHTXLUHV�WKH�XVHU�WR�D��EH�FRPIRUWDEOH�ZLWK�EDVLF�SURJUDPPLQJ�FRQYHQWLRQV��E��EH�
IDPLOLDU�ZLWK�WKH�RSHUDWLRQV�SURYLGHG�E\�1',��DQG�F��LQWHUSUHW�WKH�HIIHFWV�RI�FDOFXODWLRQV�IURP�VLPSOH�WH[W�RXWSXW���
$�JUDSKLFDO�LQWHUIDFH�ZDV�GHYHORSHG�WR�DOORZ�WKH�XVHU�WR�YLHZ�RU�PDQLSXODWH�WKH�OD\RXW�DQG�FRQWHQWV�RI�DQ�
H[SHULPHQW�LQ�DQ�LQWXLWLYH�DQG�XVHU�IULHQGO\�HQYLURQPHQW��,QWHUDFWLRQV�DOORZHG�E\�WKH�JUDSKLFDO�LQWHUIDFH�LQFOXGH�
VHDUFKLQJ�WKURXJK�GRFXPHQWV��YLHZLQJ�SHUWLQHQW�LQIRUPDWLRQ�DQG�UHODWHG�ILOHV��RUJDQL]LQJ�HOHPHQWV�RI�DQ�
H[SHULPHQW��DQG�PDSSLQJ�WKH�SURJUHVVLRQ�RI�GDWD�WKURXJK�WKRVH�HOHPHQWV��

3ODVPD�(IIHFWV�RI�,RIIH�3ULWFKDUG�&RLOV�IRU�7ULWLXP�%HWD�'HFD\�
1H]LU�$OLF�
0HQWRUV��-RVHSK�)RUPDJJLR�DQG�5\DQ�%��3DWWHUVRQ

7ULWLXP�%HWD�'HFD\�DOORZV�IRU�WKH�LQGLUHFW�GHWHUPLQDWLRQ�RI�QHXWULQR�PDVV�WKURXJK�WKH�FROOHFWLRQ�RI�GDWD�UHJDUGLQJ�
HOHFWURQ�HQHUJLHV��7R�FDUU\�RXW�VXFK�DQ�H[SHULPHQW��LW�LV�ILUVW�QHFHVVDU\�WR�FDSWXUH�WULWLXP�DWRPV��,Q�WKH�FDVH�RI�
3URMHFW����WKLV�LV�DFFRPSOLVKHG�PDJQHWLFDOO\�WKURXJK�WKH�XVH�RI�,RIIH�3ULWFKDUG�FRLOV��$�SDUWLFXODU�GHVLJQ�RI��
,RIIH�3ULWFKDUG�FRLOV�ZLWK�VSHFLILF�VKDSH��GLPHQVLRQV�DQG�FXUUHQW�YDOXH�LV�VLPXODWHG�LQ�.DVVLRSHLD��D�SDUWLFOH�WUDFNLQJ�
VRIWZDUH��7KLV�VLPXODWLRQ�ZLOO�EH�XVHG�WR�VWXG\�SODVPD�HIIHFWV�WKDW�RFFXU�ZLWKLQ�WKH�DUUDQJHPHQW��7KH�IOXFWXDWLRQV�
RI�FKDUJH�WKDW�H[LVW�ZLWKLQ�D�SODVPD�JLYH�ULVH�WR�VPDOO�SRWHQWLDOV�WKDW�PD\�KDYH�DQ�HIIHFW�RQ�WKH�HQHUJ\�
GLVWULEXWLRQV�DQG�RWKHU�SURSHUWLHV�RI�WKH�SDUWLFOHV�RI�LQWHUHVW��7KXV��WR�KHOS�ZLWK�WKLV�SUREOHP��GDWD�FRQFHUQLQJ�
HQHUJ\�ORVVHV�IURP�VFDWWHULQJ��DPRQJ�RWKHU�SKHQRPHQD�DQG�VWDWLVWLFV��ZLOO�EH�FROOHFWHG�DQG�DQDO\]HG���

3URMHFWRUV�IRU�(YDOXDWLRQ�RI�2EVHUYDEOHV�:LWK�7ZR�'LPHQVLRQDO�7HQVRU�1HWZRUNV�
$OHVVLR�$PDROR�
0HQWRUV��*DUQHW�&KDQ�DQG�0DWWKHZ�2¶5RXUNH�

$�PDMRU�FKDOOHQJH�LQ�PRGHUQ�SK\VLFV�LV�WKH�DFFXUDWH�PLFURVFRSLF�GHVFULSWLRQ�RI�VWURQJO\�FRUUHODWHG�TXDQWXP��
PDQ\�ERG\�V\VWHPV��7HQVRU�QHWZRUNV�DUH�D�SURPLVLQJ�ZD\�RI�UHSUHVHQWLQJ�FRPSOLFDWHG�TXDQWXP�VWDWHV�DQG�
FRPSXWLQJ�WKHLU�REVHUYDEOH�SURSHUWLHV��:H�FKDUDFWHUL]H�WKH�DFFXUDF\�RI�D�QXPHULFDO�WHFKQLTXH�IRU�VSHHGLQJ�XS�
REVHUYDEOH�FRPSXWDWLRQV�DQG�HQKDQFLQJ�WKH�VWDELOLW\�RI�WHQVRU�QHWZRUN�RSWLPL]DWLRQV��7KLV�WHFKQLTXH�ZRUNV�E\�
�UHF\FOLQJ��FRPSXWDWLRQDO�RSHUDWLRQV�WKDW�DUH�DSSUR[LPDWHO\�FRQVHUYHG�EHWZHHQ�WKH�HYDOXDWLRQ�RI�WZR�GLIIHUHQW��\HW�
UHODWHG�WHQVRU�QHWZRUNV��

'HVLJQLQJ�DQG�0DQXIDFWXULQJ�DQ�$XWRLQMHFWRU�7HVWLQJ�)L[WXUH�:KLFK�0LPLFV�WKH�+XPDQ�$UP�
(ULF�$PDUR�
0HQWRUV��-RVHSK�6KHSKHUG�DQG�'RQQHU�6FKRHIIOHU�

$XWRLQMHFWRUV�DLG�LQ�UHGXFLQJ�WKH�XQHDVLQHVV�RI�VHOI�DGPLQLVWHULQJ�QHFHVVDU\�LQMHFWLRQV��5HVHDUFK�SHUIRUPHG�RQ�
DXWRLQMHFWRUV�VWULYHV�WR�IXUWKHU�HDVH�WKH�KHVLWDWLRQ�RI�VHOI�DGPLQLVWHULQJ��+RZHYHU��WHVWLQJ�KDV�EHHQ�GRQH�RQ�VWDWLF�
IL[WXUHV�WKDW�GR�QRW�PLPLF�WKH�PRWLRQV�RI�WKH�KXPDQ�DUP��'HYHORSLQJ�D�WHVWLQJ�GHYLFH�WKDW�FDQ�DFWXDWH�WKH�
DXWRLQMHFWRU�DQG�DFFXUDWHO\�UHVSRQG�WR�LWV�YLROHQW�UHFRLO�SURYLGHV�PRUH�DFFXUDWH�DQG�UHOLDEOH�WHVW�UHVXOWV��IXUWKHULQJ�
UHVHDUFK�RQ�WKLV�WRSLF��7R�GHVLJQ�WKH�WHVWLQJ�IL[WXUH��YDULRXV�FRQVWUDLQWV�PXVW�EH�PHW��7KHVH�LQFOXGH�WKH�KXPDQ�
DUP¶V�OHQJWK��PDVV�DQG�FHQWHU�RI�PDVV��DV�ZHOO�DV�WKH�UHDFWLYH�IRUFHV�IURP�WKH�MRLQWV��7KH�IL[WXUH�VKRXOG�EH�VLPSOH�
WR�PDQXIDFWXUH��7KHUHIRUH��LW�VKRXOG�EH�IDEULFDWHG�IURP�FRPPHUFLDOO\�DYDLODEOH�PDWHULDO��KDYH�D�ORZ�SDUWV�FRXQW�
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DQG�EH�VWUDLJKWIRUZDUG�WR�DVVHPEOH�DQG�WHVW��*LYHQ�WKHVH�FRQVWUDLQWV��,�ZDV�DEOH�WR�GHVLJQ�D�KXPDQ�DUP�WKDW�FRXOG�
SHUIRUP�WKH�WDVNV�LW�ZDV�UHTXLUHG�WR�GR��0\�FRQWLQXDWLRQ�RI�WKH�SURMHFW�ZLOO�LQYROYH�ILQDOL]LQJ�WKH�GUDZLQJV�VR�WKDW�
WKH�IL[WXUH�FDQ�EH�SURWRW\SHG�DQG�PDQXIDFWXUHG�IRU�LQLWLDO�WHVWLQJ��

6FKHGXOLQJ�0DFKLQH�/HDUQLQJ�-REV�LQ�WKH�&ORXG��3HUIRUPDQFH�DQG�(QHUJ\�&RQVLGHUDWLRQV�
9LYHN�$QDQG�
0HQWRU��$GDP�:LHUPDQ�

0DFKLQH�OHDUQLQJ�PRGHOV�DUH�LQFUHDVLQJO\�LPSRUWDQW�LQ�VHYHUDO�GRPDLQV�ZLWK�ELJ�GDWD�SURFHVVLQJ��0DQ\�RI�WKHVH�
PRGHOV�DUH�FRPSXWDWLRQDOO\�LQWHQVLYH�DQG�UHTXLUH�GD\V�WR�UXQ��&RQVHTXHQWO\��WKH\�DUH�UXQ�RQ�H[SHQVLYH�VWDWH�RI�WKH�
DUW�KDUGZDUH��XVXDOO\�LQ�WKH�FORXG��'XH�WR�WKLV�H[SHQVLYH�KDUGZDUH��HIILFLHQWO\�VFKHGXOLQJ�VXFK�MREV�RQ�OLPLWHG�
KDUGZDUH�UHVRXUFHV�LV�SDUDPRXQW��:KLOH�RSWLPL]LQJ�SHUIRUPDQFH�PHWULFV�LV�FULWLFDO��HTXDOO\�LPSRUWDQW�LV�WKH�HQHUJ\�
FRQVXPHG�GXH�WR�WKHLU�KXJH�SRZHU�UHTXLUHPHQWV��7KHUHIRUH��LW�LV�HVVHQWLDO�WR�QRW�RQO\�VFKHGXOH�VXFK�MREV�HIILFLHQWO\�
EXW�DOVR�PLQLPL]H�HQHUJ\�FRQVXPSWLRQ��+HQFH��ZH�DUH�GHYHORSLQJ�DQ�DOJRULWKP�WR�VFKHGXOH�PDFKLQH�OHDUQLQJ�MREV�
RQ�PXOWLSOH�PDFKLQHV�ZLWK�D�GXDO�REMHFWLYH�RI�ERWK�SHUIRUPDQFH�DQG�HQHUJ\��6R�IDU��ZH�KDYH�VXFFHVVIXOO\�H[DPLQHG�
YDULRXV�FDQGLGDWH�KHXULVWLFV�WR�GHYHORS�D�FRQFUHWH�DOJRULWKP��EXLOW�VLPXODWRUV�WR�FDOFXODWH�HPSLULFDO�ERXQGV�IRU�WKH�
REMHFWLYH�DQG�DQDO\]HG�WKHLU�UHVXOWV��&XUUHQWO\��ZH�DUH�SURYLQJ�WKHRUHWLFDO�ERXQGV�RQ�WKHVH�KHXULVWLFV�WR�GHYHORS�DQ�
DOJRULWKP�WKDW�VFKHGXOHV�PDFKLQH�OHDUQLQJ�MREV�ZLWK�WKHRUHWLFDO�JXDUDQWHHV�RQ�HQHUJ\�FRQVXPSWLRQ�DQG�
SHUIRUPDQFH��6XEVHTXHQWO\��ZH�SODQ�RQ�WHVWLQJ�RXU�DOJRULWKP�RQ�UHDO�OLIH�ZRUNORDGV�WR�YHULI\�DQG�ILQH�WXQH�LWV�
SHUIRUPDQFH�LQ�SUDFWLFH��

)DVW�DQG�$GDSWLYH�6LPXODWLRQV�RI�7XUEXOHQW�9RUWH[�5LQJV�
5DKXO�$UXQ�
0HQWRUV��7LP�&RORQLXV��%HQHGLNW�'RUVFKQHU��DQG�.H�<X�

:KLOH�WKH�HQHUJ\�FDVFDGH�DVVRFLDWHG�ZLWK�WXUEXOHQW�IORZ�KDV�EHHQ�XQGHUVWRRG�IURP�D�VWDWLVWLFDO�SRLQW�RI�YLHZ�IRU�
PDQ\�GHFDGHV��WKHUH�UHPDLQ�PDQ\�RSHQ�TXHVWLRQV�UHJDUGLQJ�WKH�SK\VLFDO��QRQOLQHDU�PHFKDQLVPV�E\�ZKLFK�
WXUEXOHQW�PRWLRQ�LV�VXVWDLQHG�LQ�VSHFLILF�IORZV��$V�D�SURWRW\SLFDO�H[DPSOH�RI�WKLV�SURFHVV��ZH�VWXG\�WKH�G\QDPLFV�RI�
WXUEXOHQW�YRUWH[�ULQJV�E\�QXPHULFDOO\�VROYLQJ�WKH�LQFRPSUHVVLEOH�1DYLHU�6WRNHV�HTXDWLRQV��:H�XWLOL]H�D�UHFHQWO\�
GHYHORSHG��VHFRQG�RUGHU�DFFXUDWH�IDVW�ODWWLFH�*UHHQ¶V�IXQFWLRQ�PHWKRG�WR�GLVFUHWL]H�WKH�JRYHUQLQJ�HTXDWLRQV�RQ�D�
IRUPDOO\�XQERXQGHG��VWDJJHUHG�&DUWHVLDQ�JULG��&RPSXWDWLRQ�WLPH�LV�PLQLPL]HG�E\�DGDSWLQJ�WKH�ILQLWH�FRPSXWDWLRQDO�
UHJLRQ�WR�FRLQFLGH�ZLWK�WKH�YRUWLFDO�IORZ�UHJLRQ�DQG�E\�LPSOHPHQWLQJ�D�EORFN�ZLVH�DGDSWLYH�PHVK�UHILQHPHQW�
WHFKQLTXH��7R�YHULI\�WKH�DFFXUDF\�RI�RXU�VROXWLRQV��ZH�UHSURGXFH�IRXU�LQWHJUDO�TXDQWLWLHV�IURP�SUHYLRXV�VROXWLRQV��
WKH�HQVWURSK\��NLQHWLF�HQHUJ\��LPSXOVH��DQG�SURSDJDWLRQ�YHORFLW\�IRU�D�ODPLQDU�ULQJ�DW�5H

�
� �����DQG�DQ�LQLWLDOO\�

ODPLQDU�ULQJ�DW�5H
�
� ��������)RU�WKH�ODWWHU�FDVH��ZH�H[DPLQH�WKH�WXUEXOHQW�UHJLPH�DQG�VWXG\�WKH�IRUPDWLRQ�DQG�

VKHGGLQJ�RI�KDLUSLQ�YRUWLFHV�DQG�WKH�FRUUHVSRQGLQJ�VWHS�ZLVH�GHFD\�RI�FLUFXODWLRQ��6LPXODWLRQV�RI�D�YRUWH[�ULQJ�DW�
5H

�
� ��������DUH�FXUUHQWO\�LQ�SURJUHVV��DQG�ZH�DLP�WR�XVH�WKHVH�UHVXOWV�WR�FKDUDFWHUL]H�WKH�PHFKDQLVPV�E\�ZKLFK�

WXUEXOHQFH�LV�VXVWDLQHG��LQFOXGLQJ�YRUWH[�UHFRQQHFWLRQ��

&RPSDUDWLYH�$QDO\VLV�RI�:RUNIORZV�IRU�3URFHVVLQJ�6LQJOH�&HOO�P51$�6HTXHQFLQJ�'DWD�
-RH\WD�%DQHUMHH�
0HQWRU��/LRU�3DFKWHU�

6LQJOH�FHOO�P51$�VHTXHQFLQJ�DOORZV�IRU�ODUJH�DPRXQWV�RI�JHQH�H[SUHVVLRQ�GDWD�WR�EH�FROOHFWHG�DQG�DQDO\]HG�DW�
RQFH��$�PDMRU�FKDOOHQJH�RI�VXFK�D�ODUJH�DPRXQW�RI�GDWD�LV�H[WUDFWLQJ�PHDQLQJIXO�LQIRUPDWLRQ��0DFKLQH�OHDUQLQJ�
DSSURDFKHV�WR�GDWD�DQDO\VLV�JHQHUDOO\�LQYROYH�PHWKRGV�RI�GLPHQVLRQDOLW\�UHGXFWLRQ�WKDW�FRQGHQVH�WKH�QXPEHU�RI�
YDULDEOHV�RI�HDFK�FHOO�ZKLOH�WU\LQJ�WR�SUHVHUYH�WKH�LQIRUPDWLRQ��+RZHYHU��VRPH�LQIRUPDWLRQ�LV�DOZD\V�ORVW�LQ�WKLV�
SURFHVV��DQG�ZH�DUH�DLPLQJ�WR�VHH�KRZ�PXFK�FDQ�EH�NHSW�ZLWKRXW�VLJQLILFDQWO\�LQFUHDVLQJ�WKH�DOJRULWKP�WLPH��2XU�
DSSURDFK�IRFXVHV�RQ�XVLQJ�1HLJKERUKRRG�&RPSRQHQW�$QDO\VLV��1&$���DQ�XQFRPPRQO\�XVHG�WHFKQLTXH��DQG�
FRPSDULQJ�WKH�UHVXOWV�WR�WKRVH�RI�SXEOLVKHG�SDSHUV�XVLQJ�RWKHU�PHWKRGV��7KH�PDLQ�GLIIHUHQFH�LV�WKDW�1&$�SUHVHUYHV�
WKH�ORFDO�VWUXFWXUH�RI�WKH�GDWD��QRW�MXVW�WKH�JOREDO�VWUXFWXUH�OLNH�PDQ\�RWKHU�PHWKRGV�GR��

4XDQWXP�,PDJLQDU\�7LPH�(YROXWLRQ�IRU�WKH�)HUPL�+XEEDUG�0RGHO�
$QWKRQ\�%DR��
0HQWRUV��$XVWLQ�0LQQLFK�DQG�$GULDQ�7DQ�

7KH�UHFHQW�GHYHORSPHQW�RI�D�TXDQWXP�LPDJLQDU\�WLPH�HYROXWLRQ��4,7(��DOJRULWKP�KDV�SURPLVLQJ�LPSOLFDWLRQV�IRU�
TXDQWXP�VLPXODWLRQ�RQ�QHDU�WHUP�TXDQWXP�FRPSXWHUV��:H�DSSO\�WKH�4,7(�DOJRULWKP�WR�WKH�)HUPL�+XEEDUG�PRGHO�
WR�VROYH�IRU�WKH�JURXQG�VWDWH�RI�LWV�+DPLOWRQLDQ��7KH�)HUPL�+XEEDUG�PRGHO�LV�D�FRUQHUVWRQH�RI�FRQGHQVHG�PDWWHU�
WKHRU\�ZLWK�ZLGH�UDQJLQJ�DSSOLFDWLRQV�LQ�VROLG�VWDWH�SK\VLFV��EXW�LWV�VLPXODWLRQ�LV�FODVVLFDOO\�GLIILFXOW��:H�IRFXV�RQ�
LPSOHPHQWLQJ�DQ�HIILFLHQW�VLPXODWLRQ�ZLWK�4,7(�RQ�D�QRLV\�LQWHUPHGLDWH�VFDOH�TXDQWXP��1,64��GHYLFH�ODFNLQJ�
DQFLOODH�DQG�FRPSOH[�FLUFXLWV��6XFFHVVIXO�TXDQWXP�VLPXODWLRQ�RQ�D�QHDU�WHUP�TXDQWXP�FRPSXWHU�FRXOG�SDYH�WKH�
ZD\�IRU�JUHDW�DGYDQFHV�DFURVV�D�EURDG�UDQJH�RI�WHFKQRORJLHV��
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0RGHOLQJ�DQG�'HWHFWLRQ�RI�'HQGULWLF�10'$�6SLNHV�:LWK�1HXURSL[HOV�3UREHV�
$OH[�%DUGRQ�
0HQWRUV��0LFKDHO�+DXVVHU��$UQG�5RWK��%UHQGDQ�%LFNQHOO��DQG�7KDQRV�*��6LDSDV�

2QH�RI�WKH�IXQGDPHQWDO�JRDOV�LQ�QHXURVFLHQFH�UHVHDUFK�LV�WR�XQGHUVWDQG�KRZ�QHXURQV�SHUIRUP�FRPSXWDWLRQV��ZKLFK�
DOORZ�RXU�EUDLQV�WR�WDNH�LQ�DQG�SURFHVV�LQIRUPDWLRQ�DQG�HYHQWXDOO\�OHDG�WR�EHKDYLRU��$OWKRXJK�WKH�WUDGLWLRQDO�YLHZ�
VWDWHV�WKDW�GHQGULWHV�VLPSO\�SDVV�VLJQDOV�RQ�WR�WKH�VRPD��D�JURZLQJ�ERG\�RI�UHVHDUFK�SRLQWV�WR�MXVW�KRZ�LPSRUWDQW�
GHQGULWHV�DUH�IRU�QHXUDO�FRPSXWDWLRQV��7KH�GLYHUVLW\�RI�GHQGULWHV�DOORZV�WKHP�WR�SHUIRUP�D�ZLGH�YDULHW\�RI�OLQHDU�
DQG�QRQOLQHDU�FRPSXWDWLRQV��ZKLFK�DUH�DQ�LPSRUWDQW�FRPSRQHQW�RI�WKH�DFWLYLW\�RI�QHWZRUNV�RI�QHXURQV��0DQ\�RSHQ�
TXHVWLRQV�UHPDLQ�DERXW�KRZ�WKHVH�GHQGULWLF�FRPSXWDWLRQV�ZRUN��DQG�KRZ�GHQGULWLF�VSLNHV�UHODWH�WR�EHKDYLRU���
,Q�RUGHU�WR�EHJLQ�WR�DQVZHU�WKHVH�TXHVWLRQV��LW�LV�QHFHVVDU\�WR�KDYH�D�ZD\�WR�HDVLO\�UHFRUG�ODUJH�DPRXQWV�RI�
GHQGULWLF�VSLNH�GDWD�IURP�QHXURQV�ZKLOH�DQ�DQLPDO�LV�SHUIRUPLQJ�D�EHKDYLRUDO�WDVN��:KLOH�UHFHQW�UHVHDUFK�KDV�
VKRZQ�WKDW�SDWFK�FODPS�UHFRUGLQJ�DQG�H[WUDFHOOXODU�WHWURGH�UHFRUGLQJ�FDQ�FDSWXUH�GHQGULWLF�DFWLYLW\�IURP�VLQJOH�
VLWHV�RQ�D�QHXURQ��WKHVH�WHFKQLTXHV�DUH�QRW�HDVLO\�WUDQVODWDEOH�WR�ODUJH�VFDOH�UHFRUGLQJ��QRU�GR�WKH\�ZRUN�ZHOO�LQ�
DQLPDOV�FRPSOHWLQJ�EHKDYLRUDO�WDVNV��1HXURSL[HOV�SUREHV�FRPELQH�KLJK�VSDWLRWHPSRUDO�UHVROXWLRQ�ZLWK�ODUJH�YROXPH�
FRYHUDJH�WR�DOORZ�IRU�WKH�FROOHFWLRQ�RI�ODUJH�DPRXQWV�RI�QHXURQDO�DFWLYLW\�LQ�XQUHVWUDLQHG�DQLPDOV��7KHVH�SUREHV�
KDYH�EHHQ�XVHG�LQ�PDQ\�VWXGLHV�WR�REVHUYH�VRPDWLF�DFWLRQ�SRWHQWLDOV��KRZHYHU��LW�KDV�WKXV�IDU�QRW�EHHQ�SRVVLEOH�WR�
LVRODWH�GHQGULWLF�VSLNLQJ�DFWLYLW\�IURP�1HXURSL[HOV�UHFRUGLQJV��:H�XVH�D�GHWDLOHG�ELRSK\VLFDO�PRGHO�RI�D�OD\HU��
����S\UDPLGDO�QHXURQ�DQG�YLUWXDO�1HXURSL[HOV�SUREH�WR�VLPXODWH�UHFRUGLQJV�RI�GHQGULWLF�VSLNLQJ�DFWLYLW\��:LWK�WKLV�
VLPXODWHG�GDWD��ZH�WUDLQ�DQ�DOJRULWKP�WR�LVRODWH�GHQGULWLF�10'$�VSLNHV�IURP�1HXURSL[HOV�UHFRUGLQJV���

0DFKLQH�/HDUQLQJ�:LWK�1RQ�OLQHDU�)OXLG�/LNH�6\VWHPV�
6DUDK�/��%DUUHWW�
0HQWRUV��%HYHUOH\�0F.HRQ�DQG�6LPRQ�7RHGWOL�

7XUEXOHQFH�SOD\V�D�UROH�LQ�HYHU\GD\�OLIH��IURP�DQ�DLUSODQH¶V�PRYHPHQW�LQ�IOLJKW�WR�WKH�ORZHU�SHUIRUPDQFH�RI�D�VKLS�
H[SHULHQFLQJ�ELRIRXOLQJ��2XU�SK\VLFDO�XQGHUVWDQGLQJ�RI�WXUEXOHQW�IORZV�LV�OLPLWHG��%\�JDLQLQJ�D�EHWWHU�XQGHUVWDQGLQJ�
RI�WXUEXOHQW�IORZV��EHWWHU�VROXWLRQV�ZLOO�EH�IRXQG�WR�UHGXFH�HQHUJ\�H[SHQGLWXUH��7KH�1DYLHU�6WRNHV�HTXDWLRQV��
�16(��GHVFULEH�IOXLG�IORZV��\HW�WKH\�DUH�GLIILFXOW�WR�VROYH�FRPSXWDWLRQDOO\��7KH�.XUDPRWR�6LYDVKLQVN\�HTXDWLRQ��.6(��
GHVFULEHV�SKHQRPHQD�VLPLODU�WR�WKH�16(�EXW�LV�HDVLHU�WR�VROYH��VR�WKH�.6(�ZDV�XVHG�DV�D�PRGHO�IRU�WXUEXOHQFH�DQG�
GHFRPSRVHG�LQWR�D�VHW�RI�EDVHV�DQG�FRHIILFLHQWV�XVLQJ�PRGDO�GHFRPSRVLWLRQ��*HWWLQJ�WKHVH�FRHIILFLHQWV�UHTXLUHV�D�
ODUJH�GDWDVHW�ZLWK�PRGDO�GHFRPSRVLWLRQ��VR�PDFKLQH�OHDUQLQJ�ZDV�XVHG�WR�VROYH�IRU�WKHVH�FRHIILFLHQWV�DFURVV�
GLIIHUHQW�EDVHV�ZLWKRXW�QHHGLQJ�WKHVH�VHWV��5HVXOWV�RI�PDFKLQH�OHDUQLQJ�DQDO\VLV�ZLOO�EH�GLVFXVVHG��,Q�IXWXUH�ZRUNV��
WKH�UHVXOWV�RI�WKLV�LQYHVWLJDWLRQ�LQWR�WKH�.6(�ZLOO�EH�DSSOLHG�WR�WKH�16(��

,QYHUVH�'HVLJQ�IRU�1DQR�3KRWRQLF�$QWHQQDV�
+ULVKLND�%DVDYD�
0HQWRU��$OL�+DMLPLUL�

1DQR�SKRWRQLF�DQWHQQDV�DUH�D�NH\�FRPSRQHQW�LQ�PDQ\�LQWHJUDWHG�SKRWRQLF�V\VWHPV��)RU�ODUJH�VFDOH�RSWLFDO�SKDVHG�
DUUD\V�DV�ZHOO�DV�PDQ\�HPHUJLQJ�QDQR�SKRWRQLF�V\VWHPV��DQWHQQDV�ZLWK�ODUJHU�HIIHFWLYH�DSHUWXUH�DQG�D��
ZHOO�VKDSHG�IDU�ILHOG�UDGLDWLRQ�SDWWHUQ�DUH�QHHGHG��6XFK�DQWHQQDV�FDQ�EH�FUHDWHG�E\�H[SDQGLQJ�WKH�GHVLJQ�VSDFH�
EH\RQG�VWDQGDUG�SHULRGLF�SDWWHUQV�OLNH�WKH�FRQYHQWLRQDO�JUDWLQJ�FRXSOHU��:H�DUH�LQYHVWLJDWLQJ�WKH�SRVVLELOLW\�RI�
GHVLJQLQJ�KLJK�SHUIRUPDQFH�QDQR�SKRWRQLF�DQWHQQDV�IRU�LQWHJUDWHG�WUDQVPLWWHU�DQG�UHFHLYHU�V\VWHPV�ZLWK�D�IRFXV�
RQ�PXOWL�SRUW�DQG�PXOWL�PRGH�DQWHQQDV��XWLOL]LQJ�WKH�WHFKQLTXH�RI�LQYHUVH�GHVLJQ��$�VHDUFK�DOJRULWKP�ZDV�GHVLJQHG�
WKDW�LQFOXGHV�WKH�IDEULFDWLRQ�GHVLJQ�UXOHV�DV�ZHOO�DV�WKH�SHUIRUPDQFH�VSHFLILFDWLRQV�LQ�RUGHU�WR�ILQG�WKH�RSWLPDO�
GHVLJQ�LQ�WKH�IDEULFDWDEOH�QDQR�SKRWRQLF�GHVLJQ�VSDFH��7KLV�DOJRULWKP�GHILQHV�HWFK�ERXQGDULHV�XVLQJ�D�)RXULHU�
VHULHV��DQG�RSWLPL]HV�WKH�FRHIILFLHQWV�LQ�RUGHU�WR�EHVW�PHHW�WKH�VSHFLILHG�REMHFWLYH��,Q�WKH�IXWXUH��ZH�SODQ�WR�
FRQWLQXH�WR�LPSURYH�XSRQ�WKLV�VHDUFK�DOJRULWKP��DV�ZHOO�DV�H[SDQG�LWV�VFRSH�VR�ZH�FDQ�DSSO\�LW�WR�GHVLJQ�D�ZLGH�
UDQJH�RI�QDQRSKRWRQLF�GHYLFHV����

3UHGLFWLQJ�WKH�6SUHDG�RI�&29,'����8VLQJ�$UWLILFLDO�,QWHOOLJHQFH��
5DKLO�%DWKZDO�
0HQWRU��<DVHU�$EX�0RVWDID�

7KH�&29,'����SDQGHPLF�KDV�EURXJKW�HSLGHPLRORJLFDO�PRGHOV�WR�WKH�IRUHIURQW�LQ�KHOSLQJ�SROLF\PDNHUV�DQG�SXEOLF�
KHDOWK�RIILFLDOV�PDNH�LPSRUWDQW�GHFLVLRQV�LQ�FXUELQJ�WKH�VSUHDG�RI�WKH�YLUXV��7KH�REMHFWLYH�RI�WKLV�VWXG\�ZDV�WR�
DGRSW�GDWD�GULYHQ�PRGHOV�WR�LQIRUP�WKH�HVWLPDWHV�RI�WKH�SDQGHPLF¶V�IXWXUH�WUDMHFWRU\�LQ�WKH�86��$�FRPELQDWLRQ�RI�
GDWD�DXJPHQWHG�FRPSDUWPHQWDO�HSLGHPLF�PRGHOV��6,5�PRGHOV���QHXUDO�QHWZRUN�PRGHOV��FOXVWHULQJ�WHFKQLTXHV�DQG�
PRGHO�DJJUHJDWLRQ�WHFKQLTXHV�ZHUH�GHYHORSHG�WR�SUHGLFW�WKH�QXPEHU�RI�GDLO\�IDWDOLWLHV�DW�D�FRXQW\�OHYHO��7KHVH�
GDWD�GULYHQ�PRGHOV�SURYLGHG�DFFXUDF\�LPSURYHPHQWV�RYHU�FRQYHQWLRQDO�HSLGHPLRORJLFDO�PRGHOV��7KLV�SURMHFW�
LGHQWLILHV�PDFKLQH�OHDUQLQJ�DV�D�SURPLVLQJ�WRRO�LQ�GHYHORSLQJ�PRUH�VRSKLVWLFDWHG�HSLGHPLRORJLFDO�PRGHOV�WKDW�FDQ�
EH�LQIRUPHG�E\�DV�ZHOO�DV�VLPXODWH�WKH�UHDO�WLPH�HIIHFWV�RI�SROLF\�GHFLVLRQV��
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6WUHDP�,QWHUVHFWLRQ�LQ�7LGDO�'LVUXSWLRQ�(YHQWV�
*DXUL�%DWUD�
0HQWRUV��6WHUO�3KLQQH\�DQG�:HQELQ�/X�

,Q�D�WLGDO�GLVUXSWLRQ�HYHQW��7'(���D�VWDU�DSSURDFKLQJ�D�EODFN�KROH�LV�WRUQ�DSDUW�E\�WKH�EODFN�KROH
V�WLGDO�IRUFH��
UHVXOWLQJ�LQ�WKH�VTXHH]LQJ�RI�WKH�VWDU�WR�IRUP�D�VWUHDP�RI�WLGDOO\�GLVUXSWHG�PDWHULDO��6RPH�RI�WKLV�PDWHULDO�LV�ERXQG�
DQG�NHHSV�RUELWLQJ�WKH�EODFN�KROH�ZKLOH�VRPH�LV�XQERXQG�DQG�HVFDSHV��7R�XQGHUVWDQG�WKH�RXWFRPH�RI�7'(V��LW�LV�
FUXFLDO�WR�ILQG�ZKHUH�WKH�ERXQG�VWUHDP�LQWHUVHFWV�LWVHOI�VLQFH�LQWHUVHFWLRQ�FDQ�OHDG�WR�SRWHQWLDOO\�REVHUYDEOH�VKRFNV��
DFFUHWLRQ�GLVNV�DQG�VHFRQGDU\�RXWIORZV��:H�FRPSXWH�WKH�LQWHUVHFWLRQ�SRLQWV�IRU�D�6FKZDU]VFKLOG��QRQ�VSLQQLQJ��
EODFN�KROH�DQG�D�.HUU��VSLQQLQJ��EODFN�KROH��ILUVW�IRU�WKH�HTXDWRULDO�FDVH�ZKHUH�WKH�VWUHDP�OLHV�LQ�D�SODQH�DQG�WKHQ�
IRU�WKH�JHQHUDO�FDVH�ZKHUH�WKH�VWUHDP�HYROXWLRQ�LV�LQ�WKUHH�GLPHQVLRQV��:H�QXPHULFDOO\�LQWHJUDWH�WKH�JHRGHVLF�
HTXDWLRQV�RI�PRWLRQ�WR�ILQG�WKH�SDWK�RI�WKH�VWUHDP�DQG�GLVFXVV�WKH�DOJRULWKP�XVHG�WR�ILQG�WKH�UHJLRQ�RI�VHOI�
LQWHUVHFWLRQ��7KLV�DOJRULWKP�WDNHV�LQWR�DFFRXQW�YDULRXV�DVSHFWV�RI�WKH�PRGHO�LQFOXGLQJ�VWUHDP�WKLFNQHVV�DQG�HQHUJ\�
GLVWULEXWLRQ�RI�WKH�VWUHDP�PDWHULDO��$V�D�UHVXOW��ZH�REWDLQ�WKH�GHSHQGHQFH�RI�WKH�VHOI�LQWHUVHFWLRQ�UHJLRQ�RQ�
PXOWLSOH�SDUDPHWHUV�VXFK�DV�DQJXODU�PRPHQWXP��EODFN�KROH�VSLQ��DQG�VWUHDP�WKLFNQHVV��

)HHG�)RUZDUG�,QKLELWLRQ�&DQ�6WUHQJWKHQ�0RGHOHG�1HXUDO�5HVSRQVHV�WR�1DUURZ�2GRUV�LQ�'URVRSKLOD
0DWWKHZ�%DXHU��
0HQWRU��%HWW\�+RQJ��

7KH�JRDO�RI�WKLV�VWXG\�LV�WR�H[SDQG�XSRQ�HIIRUWV�WR�LPSOHPHQW�DQ�DFFXUDWH��G\QDPLF��DQG�EURDGO\�DSSOLFDEOH�PRGHO�
RI�RGRU�SURFHVVLQJ�LQ�WKH�YLQHJDU�IO\�'URVRSKLOD�PHODQRJDVWHU��3UHYLRXV�ZRUN�VXJJHVWV�WKDW�WKH�PRGHO��LV�D�SRRU�
SUHGLFWRU�RI�QHXUDO�UHVSRQVHV�WR�KLJKO\�VHOHFWLYH�µQDUURZ¶�RGRUV�WKDW�DFWLYDWH�RQO\�D�VPDOO�IUDFWLRQ�RI�WKH�ROIDFWRU\�
LQSXW�FKDQQHOV��LQ�SDUWLFXODU��WKH�PRGHO�SUHGLFWV�D�PXFK�ZHDNHU�PXVKURRP�ERG\�UHVSRQVH�WR�WKHVH�RGRUV�WKDQ�KDV�
EHHQ�REVHUYHG�LQ�YLYR��,Q�WKLV�SDSHU�ZH�GHPRQVWUDWH�WKDW�DGGLQJ�D�IHHG�IRUZDUG�LQKLELWLRQ�WHUP�WR�WKH�PRGHO�LV�
VXIILFLHQW�WR�VWUHQJWKHQ�PRGHOHG�PXVKURRP�ERG\�UHVSRQVHV�WR�WKHVH�QDUURZ�RGRUV��,Q�DGGLWLRQ��ZH�SURILOH�
SURSHUWLHV�RI�WKH�PRGHO�ZKHQ�FRQILJXUHG�ZLWK�DQDWRPLFDOO\�DFFXUDWH�FLUFXLW�FRQQHFWLYLW\�GDWD�IURP�WKH�KHPLEUDLQ�
FRQQHFWRPH�SXEOLVKHG�E\�WKH�-DQHOLD�)O\(0�SURMHFW��

&RPSXWDWLRQDO�'HVLJQ�RI�%LQGLQJ�3RFNHWV�IRU�%LRVHQVRU�3URWHLQV�
=RH�%HDWW\��
0HQWRUV��+HQU\�/HVWHU�DQG�$QDQG�0XWKXVDP\�

%LRVHQVRUV�DUH�LPSRUWDQW�WRROV�IRU�VWXG\LQJ�WKH�SUHVHQFH�DQG�ORFDOL]DWLRQ�RI�WDUJHW�PROHFXOHV�LQ�ELRORJLFDO�
HQYLURQPHQWV��,Q�WKH�/HVWHU�ODE��RXU�ELRVHQVRUV�DUH�IXVLRQ�SURWHLQV�PDGH�IURP�D�SHULSODVPLF�ELQGLQJ�SURWHLQ��
�3%3��DQG�D�JUHHQ�IOXRUHVFHQW�SURWHLQ��*)3���:KHQ�D�WDUJHW�PROHFXOH�ELQGV�WR�WKH�ELQGLQJ�SRFNHW�RI�WKH�3%3��D�
FRQIRUPDWLRQDO�FKDQJH�RFFXUV�WKDW�UHVXOWV�LQ�LQFUHDVHG�*)3�IOXRUHVFHQFH��7KHVH�ELRVHQVRU�SURWHLQV�DUH�HQJLQHHUHG�
WR�ELQG�PROHFXOHV�RI�LQWHUHVW�WKURXJK�GLUHFWHG�HYROXWLRQ��LQ�ZKLFK�NH\�DPLQR�DFLGV�DUH�PXWDWHG�EDVHG�RQ�WKH�
NQRZOHGJH�RI�VROYHG�FU\VWDO�VWUXFWXUHV��:KLOH�WKLV�SURFHVV�KDV�\LHOGHG�PDQ\�HIIHFWLYH�ELRVHQVRUV��ZH�FDQ�LPSURYH�
WKLV�H[SHULPHQWDO�SURFHVV�IXUWKHU�LQ�WDQGHP�ZLWK�FRPSXWDWLRQDO�DSSURDFKHV��$XWRGRFN�LV�D�SURJUDP�WKDW�VLPXODWHV�
WKH�ELQGLQJ�RI�OLJDQGV�WR�UHFHSWRUV��,�XVH�$XWRGRFN�WR�JHQHUDWH�OLJDQG�SRVLWLRQV�LQ�WKH�ELQGLQJ�SRFNHWV�RI�3%3V�ZLWK�
SURVSHFWLYH�PXWDWLRQV��,�DOVR�XVH�&KLPHUD�WR�DVVHVV�QRQ�FRYDOHQW�LQWHUDFWLRQV�UHVSRQVLEOH�IRU�ELQGLQJ��7KLV�SURMHFW�
ZLOO�DOORZ�IRU�D�EHWWHU�XQGHUVWDQGLQJ�RI�WKH�LQWHUDFWLRQV�UHVSRQVLEOH�IRU�VWURQJ�ELQGLQJ�LQ�WKH�3%3�ELQGLQJ�SRFNHW��
LGHQWLILFDWLRQ�RI�DGGLWLRQDO�NH\�UHVLGXHV��DQG�VWUHDPOLQH�WKH�H[SHULPHQWDO�SURFHVV�E\�LGHQWLI\LQJ�SURPLVLQJ�
PXWDWLRQV���

6WHOODU�$EXQGDQFHV�RI�55�/\UDH�9DULDEOHV�LQ�WKH�2XWHU�+DOR�RI�WKH�0LON\�:D\�*DOD[\�
7ULQLW\�%HQWR�
0HQWRU��-XGLWK�&RKHQ�

55�/\UDH�9DULDEOHV�DUH�HDV\�WR�GLVWLQJXLVK��DOORZLQJ�SXULW\�LQ�GDWD��DQG�DUH�FRPPRQO\�XVHG�DV�VWDQGDUG�FDQGOHV�IRU�
WKHLU�ZHOO�GHILQHG�SHULRG�WR�OXPLQRVLW\�UHODWLRQVKLS�ZLWK�RQO\�D�VPDOO�GHSHQGHQFH�RQ�PHWDOOLFLW\��6SHFWURVFRSLF�GDWD�
RI�DSSUR[LPDWHO\�����55�/\UDH�LQ�WKH�RXWHU�KDOR�RI�WKH�0LON\�:D\��������NSF��KDV�EHHQ�FROOHFWHG��8VLQJ�WKHVH�
VSHFWUD��WKHLU�YHORFLWLHV�ZHUH�FDOFXODWHG��6LQFH�55�/\UDH�DUH�FRPPRQO\�IRXQG�LQ�JOREXODU�FOXVWHUV��WKH�YHORFLWLHV�
FRXOG�KHOS�ILQG�QHZ�JOREXODU�FOXVWHUV�DQG�VWHOODU�VWUHDPV��$IWHU�YHORFLW\�FRUUHFWLRQV�ZHUH�SHUIRUPHG�RQ�WKH�VSHFWUD��
WKH\�ZHUH�FRPSDUHG�ZLWK�V\QWKHWLF�VSHFWUD�SURGXFHG�E\�WKH�SURJUDP�6<17+(��8VLQJ�V\QWKHWLF�VSHFWUD�UHSUHVHQWLQJ�
GLIIHUHQW�PHWDOOLFLWLHV�DQG�SKDVHV��WKH�PHWDOOLFLWLHV�RI�WKH�55�/\UDH�ZHUH�FDOFXODWHG�E\�ZD\�RI�FRUUHODWLRQ�DQDO\VLV��
,QLWLDO�FDOFXODWLRQV�VXJJHVW�HUURUV�LQ�WKH�ORJ�RI�WKH�PHWDOOLFLWLHV�DUH�XQGHU�����GH[�IRU�DSSUR[LPDWHO\�KDOI�RI�WKH�55�
/\UDH��7KHVH�DUH�VRPH�RI�WKH�ILUVW�PHDVXUHG�PHWDOOLFLWLHV�IRU�WKH�PRVW�GLVWDQW�SDUW�RI�RXU�JDOD[\��7KLV�LQIRUPDWLRQ�
KDV�PDQ\�SRVVLEOH�DSSOLFDWLRQV��LQFOXGLQJ�KHOSLQJ�WR�FRQVWUDLQ�WKH� &'0�FRVPRORJLFDO�PRGHO��
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8QGHUVWDQGLQJ�WKH�6XUIDFH�5HIOHFWDQFH�RI�3OXWR�8VLQJ�WKH��6�(66�0RGHO�
'DQLHO�:��%L�
0HQWRUV��<XN�/��<XQJ��9LMD\�1DWUDM��DQG�=KDR�&KHQJ�=HQJ�

8QGHUVWDQGLQJ�WKH�VXUIDFH�UHIOHFWDQFH�RI�FHOHVWLDO�ERGLHV�WKURXJK�K\SHU�VSHFWUDO�UHPRWH�VHQVLQJ�PHDVXUHPHQWV�
UHTXLUHV�UXQQLQJ�57��UDGLDWLYH�WUDQVIHU��VLPXODWLRQV�RQ�D�ODUJH�VFDOH��ZKHUH�WZR�VWUHDP�DSSUR[LPDWLRQV�DUH�RIWHQ�
XVHG�WR�VSHHG�XS�FDOFXODWLRQV��7KH�OLQHDUL]HG��6�(66��WZR�VWUHDP�H[DFW�VLQJOH�VFDWWHULQJ��PXOWLSOH�VFDWWHU�PRGHO�
FDQ�EH�XVHG�ZLWK�UHVSHFW�WR�DQ\�DWPRVSKHULF�RU�VXUIDFH�SURSHUW\�IRU�57�VLPXODWLRQV��6HUYLQJ�DV�D�GDWD�VRXUFH��WKH�
1HZ�+RUL]RQV�IO\E\�RI�3OXWR�SURYLGHV�YDOXDEOH�K\SHU�VSHFWUDO�PHDVXUHPHQWV�DQG�VKHGV�OLJKW�RQ�3OXWR¶V�DHURVRO�
SURSHUWLHV��:LWK�WKH�DHURVRO�SURSHULWLHV�DQG�LQVWUXPHQW�JHRPHWU\�DV�LQSXW��WKH�PHDVXUHG�UDGLDQFH�DV�RXWSXW��ZH�
GHWHUPLQH�WKH�VXUIDFH�UHIOHFWDQFH�RI�3OXWR�XVLQJ�WKH��6�(66�PRGHO��,Q�WKH�IXWXUH��ZH�FDQ�DSSO\�WKH�VDPH�SLSHOLQH�
WR�LQIHU�WKH�VXUIDFH�UHIOHFWDQFH�RI�RWKHU�FHOHVWLDO�ERGLHV�DQG�JDWKHU�YDOXDEOH�GDWD��VXFK�DV�XVLQJ�&DVVLQL�
REVHUYDWLRQV�RI�7LWDQ���$GGLWLRQDOO\��WKH��6�(66�FRGH�KDV�PXFK�URRP�IRU�LPSURYHPHQW�IURP�VHYHUDO�VHFRQGV�WR�
VXE�PLOOLVHFRQG�FDOFXODWLRQ�RI�EURDG�VSHFWUDO�UHJLRQV��VD\�����QP�±��� P���

$XWRPRWLYH�$XWRQRP\��6HQVLQJ�DQG�0RWLRQ�3ODQQLQJ�
&KDVH�%ODJGHQ
0HQWRUV��6RRQ�-R�&KXQJ�DQG�$QWKRQ\�)UDJRVR�

$XWRQRPRXV�WHFKQRORJLHV�LQ�DXWRPRELOHV�DUH�EHFRPLQJ�PRUH�FRPPRQ�DQG�SURPLVH�D�UHGXFWLRQ�LQ�DFFLGHQWV��
$OWKRXJK�WKHUH�KDYH�EHHQ�VLJQLILFDQW�DGYDQFHV�LQ�VHOI�GULYLQJ�FDU�WHFKQRORJ\��VLJQLILFDQW�REVWDFOHV�UHPDLQ��6HQVRUV�
ZLOO�IDLO�LQ�DGYHUVH�ZHDWKHU�FRQGLWLRQV�DV�PHDVXUHPHQWV�DUH�GHJUDGHG��'DWD�FDSWXULQJ�WKHVH�FRQGLWLRQV�DUH�VFDUFH�
DQG�WKXV�H[LVWLQJ�VHQVRU�IXVLRQ�WHFKQLTXHV�KDYH�QRW�PDWXUHG��7R�IXUWKHU�VHQVRU�IXVLRQ�PRGHOV�DQG�SURJUHVV�IRU�WKH�
&$67�FDU��ZH�SUHVHQW�WUDMHFWRU\�JHQHUDWLRQ�XVLQJ�SRO\QRPLDOV�DQG�GHYHORS�D�FROOHFWLRQ�SLSHOLQH�IRU�PXOWLPRGDO�
VHQVRU�GDWD��/LGDU��UDGDU��DQG�,08�VHQVRUV�DUH�FRQILJXUHG�DQG�WKH�LQFRPLQJ�GDWD�SURFHVVHG�LQ�SUHSDUDWLRQ�IRU�
REMHFW�GHWHFWLRQ��7KLV�ZRUN�HQDEOHV�WKH�FRQVWUXFWLRQ�RI�QHZ�PXOWLPRGDO�GDWDVHWV��

'HVLJQ�RI�$UELWUDWLRQ�&LUFXLWU\�IRU�D�)DLOVDIH�0HFKDQLVP�LQ�8QPDQQHG�$HULDO�9HKLFOHV�
&KDVH�%ODQFKHWWH�
0HQWRUV��6RRQ�-R�&KXQJ�DQG�0DWW�$QGHUVRQ�

&DOWHFK
V�$HURVSDFH�5RERWLFV�DQG�&RQWURO�/DE��$5&/��LV�GHYHORSLQJ�QH[W�JHQHUDWLRQ�IOLJKW�FRQWUROOHUV�IRU�XQPDQQHG�
DHULDO�YHKLFOHV��8$9V���LQFOXGLQJ�WKH�$XWRQRPRXV�)O\LQJ�$PEXODQFH��$)$���([SHULPHQWDO�IOLJKW�FRGH�LV�W\SLFDOO\�
LPSOHPHQWHG�DV�D�IOLJKW�PRGH�VR�WKDW��LQ�WKH�HYHQW�RI�D�VRIWZDUH�HUURU��LW�FDQ�EH�TXLFNO\�WXUQHG�RII�DQG�UHSODFHG�
ZLWK�PRUH�UHOLDEOH�IDLOVDIH�DOJRULWKPV��,Q�VRPH�LQVWDQFHV��WKHVH�IDLOVDIH�DOJRULWKPV�PD\�EH�DIIHFWHG�E\�XQFRQWDLQHG�
HUURUV��VXFK�DV�PHPRU\�OHDNV�RU�LQILQLWH�ORRSV��LQ�WKH�H[SHULPHQWDO�FRGH��OHDGLQJ�WR�IXOO�ORFNXS�RI�WKH�IOLJKW�
FRQWUROOHU�DQG�ORVV�RI�WKH�8$9�DV�D�UHVXOW��

7R�DGGUHVV�WKLV�SUREOHP��P\�SURMHFW�GHYHORSHG�D�PHFKDQLVP�WKDW�DOORZV�D�FRPPHUFLDO�RII�WKH�VKHOI��&276��IOLJKW�
FRQWUROOHU�WR�ULGH�DORQJ�LQ�VWDQGE\��VWHSSLQJ�LQ�RQO\�LI�WKH�H[SHULPHQWDO�FRQWUROOHU�IDLOV��&RQQHFWLQJ�RQH�VHW�RI�
VHQVRUV�DQG�PRWRUV�WR�WZR�IOLJKW�FRQWUROOHUV�UHTXLUHV�VZLWFKLQJ�RXWSXWV�EDVHG�RQ�ZKLFK�LV�LQ�FRQWURO��³DUELWUDWLRQ´���
7KH�PRVW�SRZHU��DQG�VSDFH�HIILFLHQW�PHWKRG�RI�DUELWUDWLRQ�ZDV�IRXQG�WR�EH�D�FRPELQDWLRQ�RI�DFWLYH�FRPSRQHQWV�
�WUDQVLVWRUV�PXOWLSOH[HUV��DQG�UHOD\V��7KLV�DUELWUDWLRQ�FLUFXLWU\�LV�D�ORZ�LPSDFW�DGGLWLRQ�WR�8$9V��LW�DOORZV�IRU�WKH�
WHVWLQJ�RI�H[SHULPHQWDO�IOLJKW�FRQWUROOHUV�ZLWKRXW�UHTXLULQJ�GHYHORSHUV�WR�ULJRURXVO\�DFFRXQW�IRU�DOO�SRWHQWLDO�
VRIWZDUH�RU�KDUGZDUH�IDLOXUHV��

8VLQJ�7ZLWWHU�WR�3UHGLFW�5DWHV�RI�&RYLG����,QIHFWLRQV�
(YH�%ODQN�
0HQWRU��.��0DQL�&KDQG\�

6RFLDO�PHGLD�KDV�EHHQ�FRQWLQXDOO\�VKRZQ�WR�EH�DQ�DFFXUDWH�VRXUFH�RI�GDWD�IRU�WKH�SUHGLFWLRQ�RI�HSLGHPLFV��/RQJ�
WHUP�DQDO\VHV�RI�7ZLWWHU�GDWD�KDYH�VKRZQ�FRUUHODWLRQV�EHWZHHQ�WKH�XVDJH�RI�KHDOWK�UHODWHG�ZRUGV�DQG�RFFXUUHQFHV�
RI�LOOQHVV��,�DLPHG�WR�LGHQWLI\�D�FRUUHODWLRQ�EHWZHHQ�&29,'����UHODWHG�WZHHWV�LQGLFDWLQJ�LQIHFWLRQ�DQG�&29,'����
FDVHV�LQ�RUGHU�WR�SUHGLFW�FDVH�FRXQWV�LQ�UHDO�WLPH��)LUVW��D����VDPSOH�RI�WZHHWV�ZDV�H[WUDFWHG�IURP�D�VHW�RI��
&29,'����UHODWHG�WZHHW�LGV��7ZHHWV�ZHUH�WKHQ�ILOWHUHG�E\�ZRUGV�LQGLFDWLQJ�SHUVRQDO�FRQQHFWLRQ�LQ�RUGHU�WR�
GHWHUPLQH�WKH�IUHTXHQF\�RI�WZHHWV�WKDW�LQGLFDWHG�&29,'����LQIHFWLRQV��3HUIRUPLQJ�D�FURVV�FRUUHODWLRQ�EHWZHHQ�FDVH�
FRXQWV�DQG�WZHHW�IUHTXHQFLHV�\LHOGHG�LQVLJQLILFDQW�UHVXOWV��7KH�ODFN�RI�FRUUHODWLRQ�ZDV�OLNHO\�GXH�WR�WKH�ODUJH�
DPRXQW�RI�SROLWLFDO�FRQWHQW�FRQWDLQHG�LQ�WKH�GDWDVHW��0RUH�ZRUN�QHHGV�WR�EH�GRQH�WR�EH�DEOH�WR�DFFXUDWHO\�ILOWHU�RXW�
WKLV�FRQWHQW��'HVSLWH�WKH�LQVLJQLILFDQFH�RI�WKHVH�UHVXOWV��FRGH�IRU�UHDO�WLPH�DQDO\VLV�ZDV�GHYHORSHG�XVLQJ�WKH��
,R73\�OLEUDU\��7KLV�SURJUDP�PD\�EH�XVHG�LQ�IXUWKHU�UHVHDUFK�LQYROYLQJ�7ZLWWHU�GDWD�VWUHDPV��
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/LWHUDWXUH�&XUDWLRQ�RI�&DHQRUKDEGLWLV�HOHJDQV�$QDWRP\�)XQFWLRQV�
)HUQDQGR�%ROLR�
0HQWRUV��3DXO�6WHUQEHUJ�DQG�5D\PRQG�/HH�

&DHQRUKDEGLWLV�HOHJDQV�DUH�D�QRQ�SDUDVLWLF��WUDQVSDUHQW�QHPDWRGH�ZKR�VKDUHV�PDQ\�HVVHQWLDO�ELRORJLFDO�IXQFWLRQV�
DQG�FKDUDFWHULVWLFV�ZLWK�KXPDQV��:KHQ�SODFHG�LQ�KDUVK�HQYLURQPHQWDO�FRQGLWLRQV�WKH\�HQWHU�D�SHULRG�RI�VXVSHQGHG�
GHYHORSPHQW�NQRZQ�DV�GDXHU��+RZ�WKH�DQLPDO�GHFLGHV�WR�HQWHU�GDXHU�KDV�EHHQ�H[WHQVLYHO\�VWXGLHG��ZLWK�RYHU��
�����DUWLFOHV�DSSHDULQJ�WKURXJK�D�QHPDWRGH�VSHFLILF�VHDUFK��'XH�WR�WKLV�LPPHQVH�DPRXQW�RI�LQIRUPDWLRQ�DYDLODEOH��
,�GHFLGHG�WR�HPSOR\�OLWHUDWXUH�FXUDWLRQ�IRU�LQSXW�LQWR�:RUPEDVH¶V�$QDWRPLFDO�2QWRORJ\��2QWRORJLHV�DUH�XVHG�WR�WDNH�
H[LVWLQJ�LQIRUPDWLRQ�DQG�H[WUDFW�VDOLHQW�VXPPDULHV�IURP�WKHP�PDNLQJ�WKH�LQIRUPDWLRQ�PRUH�DFFHVVLEOH�DQG�
GLJHVWLEOH�IRU�UHDGHUV��7KLV�SDSHU�GHVFULEHV�WKH�LQLWLDO�OLWHUDWXUH�VHDUFK�DQG�VWDUW�RI�OLWHUDWXUH�FXUDWLRQ�IRU�
DQDWRPLFDO�IXQFWLRQ�UHODWHG�WR�WKH�GDXHU�GHFLVLRQ�SURFHVV�LQ�&��HOHJDQV��)XWXUH�UHVHDUFK�ZLOO�FRQWLQXH�WKLV�OLWHUDWXUH�
FXUDWLRQ�DQG�VXEPLW�LQIRUPDWLRQ�LQWR�:RUPEDVH�DQG�SRWHQWLDOO\�FUHDWH�D�YLVXDO�PRGHO�WR�GHPRQVWUDWH�IRXQG�
FRQQHFWLRQV��

'HYHORSPHQW�RI�6WDWLVWLFDOO\�6RXQG�:RUNIORZV�IRU�6LQJOH�&HOO�51$�6HTXHQFLQJ
0LKLU�%RUNDU�
0HQWRU��/LRU�3DFKWHU�

6LQJOH�FHOO�51$�VHTXHQFLQJ��VF51$�VHT��DOORZV�IRU�WKH�WUDQVFULSWRPHV�RI�LQGLYLGXDO�FHOOV�LQ�D�VDPSOH�WR�EH�
VHTXHQFHG�DQG�DQDO\]HG��7KH�WUDQVFULSWV�IURP�HDFK�FHOO�LQ�D�VDPSOH�DUH�EDUFRGHG�ZLWK�D�'1$�VHTXHQFH�LQ�RUGHU�WR�
LGHQWLI\�ZKLFK�FHOO�WKH\�FRPH�IURP��'XULQJ�WKH�VHTXHQFLQJ�SURFHVV��WKHVH�FHOO�EDUFRGHV�FDQ�EH�DFFLGHQWDOO\�
PRGLILHG��7KH�3DFKWHU�/DE�LQWURGXFHG�D�QHZ�ILOH�IRUPDW�IRU�VF51$�VHT�GDWD��%86��DQG�QHZ�VRIWZDUH�FDOOHG�EXVWRROV�
WKDW�PDNHV�SRVVLEOH�WKH�GHYHORSPHQW�RI�PRUH�HIILFLHQW�VF51$�VHT�ZRUNIORZV��:H�DUH�H[DPLQLQJ�PHWKRGV�IRU��
SUH�SURFHVVLQJ�VF51$�VHT�GDWD��QRWDEO\�D�QHZ�'1$�VHTXHQFH�FOXVWHULQJ�DOJRULWKP�FDOOHG�6WDUFRGH��ZKLFK�FDQ�EH�
XVHG�IRU�FRUUHFWLQJ�FHOO�EDUFRGH�HUURUV��%DVHG�RQ�WKH�UHVXOWV��ZH�FDQ�GHFLGH�ZKHWKHU�WR�LQFRUSRUDWH�VRPH�RI�WKHVH�
PHWKRGV�LQWR�WKH�ODE¶V�FXUUHQW�VRIWZDUH��:H�DUH�DOVR�VWXG\LQJ�YDULRXV�GRZQVWUHDP�GDWD�DQDO\VLV�WHFKQLTXHV��VXFK�
DV�GLPHQVLRQDOLW\�UHGXFWLRQ��WR�ILQG�WKH�EHVW�ZRUNIORZV�IRU�GRZQVWUHDP�DQDO\VLV��:H�IRXQG�WKDW�WKH�6WDUFRGH�
DOJRULWKP�VHHPV�WR�LQFOXGH�PDQ\�PRUH�WUDQVFULSWV�WKDQ�WKH�ODE¶V�FXUUHQW�VRIWZDUH��1H[W��ZH�ZLOO�VWXG\�WKH�HIIHFW�RI�
XVLQJ�6WDUFRGH�RQ�WKH�GRZQVWUHDP�DQDO\VLV�RI�VF51$�VHT�GDWD���

'HHS�.HUQHO�/HDUQLQJ�IRU�%D\HVLDQ�2SWLPL]DWLRQ�
-DPHV�%RZGHQ�
0HQWRUV��<LVRQJ�<XH�DQG�-LDOLQ�6RQJ�

2SWLPL]LQJ�FRPSOH[��H[SHQVLYH�WR�HYDOXDWH�IXQFWLRQV�ZLWK�D�OLPLWHG�EXGJHW�LV�D�ELJ�FKDOOHQJH�LQ�DGDSWLYH�
H[SHULPHQW�GHVLJQ��7UDGLWLRQDO�*DXVVLDQ�SURFHVV��*3��PRGHOV�VWUXJJOH�WR�ILW�PDQ\�VXFK�IXQFWLRQV�DQG�DUH�EHVHW�E\�
GLIILFXOW�NHUQHO�GHVLJQ�DQG�SRRU�VFDODELOLW\��:H�SURSRVH�XVLQJ�GHHS�NHUQHO�OHDUQLQJ��'./��ZLWK�%D\HVLDQ�2SWLPL]DWLRQ�
�%2��IRU�LQFUHDVHG�DFFXUDF\�DQG�VFDODELOLW\�RYHU�FXUUHQW�*3�PRGHOV��7KH�'./�IUDPHZRUN�FRQVLVWV�RI�WUDLQLQJ�D�GHHS�
QHXUDO�QHWZRUN�DORQJVLGH�D�*3�PRGHO�WR�OHDUQ�NHUQHO�SDUDPHWHUV�PRUH�HIIHFWLYHO\��7KH�DGYDQWDJHV�RI�'./�DULVH�
IURP�WKH�IOH[LELOLW\�RI�QHXUDO�QHWZRUNV�DQG�WKHLU�DELOLW\�WR�H[WUDFW�XQGHUO\LQJ�IHDWXUHV�IURP�LQFUHGLEO\�FRPSOH[�
IXQFWLRQV��$GGLWLRQDOO\��WKH�'./�PRGHO�FDQ�EH�PDGH�PXFK�PRUH�VFDODEOH�WKDQ�*3�PRGHOV�E\�RYHUOD\LQJ�WKH�EDVH�
NHUQHO�ZLWK�D�JULG�LQWHUSRODWLRQ�NHUQHO�WKDW�PDNHV�TXLFN�EXW�DFFXUDWH�DSSUR[LPDWLRQV��%DVHG�RQ�SUHOLPLQDU\�
H[SHULPHQWV��'./�RXWSHUIRUPV�VWDQGDUG�*3�PRGHOV�RQ�FRPSOH[�REMHFWLYHV�LQ�WHUPV�RI�VLPSOH�UHJUHW�DQG�WUDLQ�WHVW�
0$(V��:H�ZLOO�DSSO\�'./�WR�UHDO�ZRUOG�SUREOHPV�LQFOXGLQJ�SURWHLQ�HQJLQHHULQJ�DQG�QDQRSKRWRQLFV�ILOWHU�GHVLJQ�ZLWK�
LQSXW�VSDFHV�RI�XS�WR������GLPHQVLRQV��%DVHG�RQ�'./¶V�VLQJOH�ILGHOLW\�WDVN�REMHFWLYH�VXFFHVV��ZH�ZLOO�DOVR�H[SDQG�
LPSOHPHQWDWLRQ�WR�PXOWL�ILGHOLW\�WDVN�REMHFWLYH�%2��ZKHUH�FRPSOH[�UHODWLRQVKLSV�EHWZHHQ�PXOWLSOH�IXQFWLRQV�SRVH�D�
FKDOOHQJH�WR�*3�PRGHOV��

$EVROXWH�6LQJOH�6KRW�3LFRVHFRQG�3UHFLVLRQ�7LPLQJ�3KRWRQLF�,QWHJUDWHG�&LUFXLW�(QDEOLQJ�8OWUDIDVW��
&ORFN�6\QFKURQL]DWLRQ�DQG�76�V�'LJLWL]DWLRQ�
&ROH�%UDEHF�
0HQWRU��$OL�+DMLPLUL�

$�&026�FRPSDWLEOH�SKRWRQLF�LQWHJUDWHG�FLUFXLW�FDSDEOH�RI�VLQJOH�VKRW�WLPLQJ�WKH�DUULYDO�RI�RSWLFDO�VLJQDOV�ZLWK�
SLFRVHFRQG�SUHFLVLRQ�LV�GHPRQVWUDWHG��7KH�FLUFXLW�DFKLHYHV�D�PLQLPXP�GHWHFWDEOH�SRZHU�RI����GEP��7KH�FRUH�RI�WKH�
FLUFXLW�LV�D�WZR�SKRWRQ�DEVRUSWLRQ�SKRWRGLRGH�LPSOHPHQWHG�YLD�D�VORZ�OLJKW�SKRWRQLF�FU\VWDO�ZDYHJXLGH��7ZR�
DSSOLFDWLRQV�DUH�GHPRQVWUDWHG��7KH�ILUVW�LV�D�FORFN�V\QFKURQL]DWLRQ�V\VWHP��7KH�VHFRQG�LV�D�76�V�GLJLWL]HU���

/HYHUDJLQJ�'HHS�/HDUQLQJ�WR�6WUHQJWKHQ�WKH�6HFXULW\�RI�0RELOH�%LRPHWULFV�
+HUQDQ�&DFHUHV�
0HQWRUV��.LUDQ�%DODJDQL�DQG�$GDP�:LHUPDQ�

$W�WKH�SUHVHQW�PRPHQW��VPDUWSKRQHV�DUH�WKH�PRVW�SRSXODU�DQG�ZLGHVSUHDG�SHUVRQDO�GHYLFHV��DQG�RIIHU�WKH�
FDSDELOLW\�WR�SHUIRUP�PXOWLSOH�VHFXULW\�VHQVLWLYH�DFWLYLWLHV��VXFK�DV�RQOLQH�EDQNLQJ�DQG�VKRSSLQJ��VRFLDO�QHWZRUNLQJ�
DQG�H�PDLOLQJ��6LPXOWDQHRXVO\��WKH\�DOVR�SRVH�VHFXULW\�DQG�SULYDF\�WKUHDWV�WR�WKH�XVHUV¶�VWRUHG�GDWD��FDOOLQJ�IRU�D�
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QHHG�IRU�LQFUHDVHG�VHFXULW\�EH\RQG�WKH�FXUUHQW�RQH�WLPH�DXWKHQWLFDWLRQ�PRGHO�VWDQGDUG�IRU�VPDUWSKRQHV��6HQVRU�
GDWD�ZDV�SUHYLRXVO\�FROOHFWHG�IURP�����VPDUWSKRQH�XVHUV�GXULQJ���IUHH�WH[W�W\SLQJ�VHVVLRQV��DQG�DFFHOHURPHWHU��
J\URVFRSH�DQG�PDJQHWRPHWHU�VHQVRU�UHDGLQJV��UDZ�WRXFK�GDWD�IURP�WKH�WRXFKVFUHHQ��NH\�SUHVV��DQG�NH\�UHOHDVH�
ODWHQFLHV�ZHUH�DOO�FROOHFWHG��7KH�REMHFWLYH�RI�WKLV�VWXG\�ZDV�WR�VHH�LI�IHDWXUHV�FRXOG�EH�H[WUDFWHG�IURP�WKH�VZLSH�
GDWD�RI�WKH�XVHUV�XVLQJ�D�FRQYROXWLRQDO�QHXUDO�QHWZRUN�WR�DFFXUDWHO\�GLVFULPLQDWH�EHWZHHQ�XVHUV��)RU�IXWXUH�VWXG\��
WKHUH�LV�SRWHQWLDO�WR�XVH�VZLSH�GDWD�LQ�FRQMXQFWLRQ�ZLWK�GDWD�IURP�WKH�RWKHU�VHQVRUV�WR�LPSURYH�DFFXUDF\�UDWHV��DV�
ZHOO�DV�WHVWLQJ�ZKHWKHU�GLIIHUHQW�SRUWLRQV�RI�D�VZLSH�OHDG�WR�KLJKHU�DFFXUDF\�UDWHV�FRPSDUHG�WR�WKH�HQWLUHW\�RI�D�
VZLSH���

:HE�%DVHG�6SHFWUDO�9LVXDOL]DWLRQ�7RRO�IRU�WKH�6RXWKHUQ�6WHOODU�6WUHDP�6SHFWURVFRSLF�6XUYH\��6���
-RVHSK�&DFKDOGRUD�
0HQWRUV��7LQJ�/L�DQG�%ULDQ�0��6WROW]�

6��DLPV�WR�PDS�WKH�NLQHPDWLFV�DQG�FKHPLVWU\�RI�VWHOODU�VWUHDPV�LQ�WKH�VRXWKHUQ�VN\��6WXG\LQJ�VWHOODU�VWUHDPV�
SURYLGHV�XVHIXO�LQIRUPDWLRQ�RQ�WKH�VKDSH�DQG�UDGLDO�SURILOHV�RI�WKHLU�JUDYLWDWLRQDO�ILHOGV��DV�ZHOO�DV�WKH�KLVWRU\�DQG�
GLVWULEXWLRQ�RI�PDWWHU�RI�RXU�JDOD[\��6��KDV�OHG�WR�VLJQLILFDQW�GLVFRYHU\��LQFOXGLQJ�IDVWHVW�NQRZQ�VWDU��
6��+96��HMHFWHG�IURP�WKH�JDODFWLF�FHQWHU��:H�GHYHORS�D�XVHU�IULHQGO\�ZHE�EDVHG�VSHFWUDO�YLVXDOL]DWLRQ�WRRO�IRU�
LPSURYHG�DQDO\VLV�RI�WKH�ODUJH�GDWDVHW�WR�LQFUHDVH�WKH�OLNHOLKRRG�RI�VLPLODU�UHPDUNDEOH�ILQGLQJV�IURP�6���7KH�
VSHFWUDO�YLHZHU�DOORZV�WKH�XVHU�WR�LQVSHFW�VSHFWUD�RI�VSHFLILHG�FKDUDFWHULVWLF�IURP�WKH�6��GDWDVHW�WKURXJK�D�TXHU\�
ILOWHULQJ�IRUP�RU�LQVSHFW�D�VHW�RI�VSHFWUD�SURYLGHG�XQLTXH�LGHQWLILFDWLRQ��H�J��VN\�FRRUGLQDWHV�RU�,'�WDJ���7KH�WRRO�
SUHVHQWV�UHVXOWV�LQ�D�FXVWRPL]DEOH�GLVSOD\�FRQWDLQLQJ�GDWD�IURP�WKH�6��FDWDORJ�DQG�D�IOX[�ZDYHOHQJWK�VSHFWUDO�SORW�
IRU�HDFK�REMHFW�IRU�FRPSDUDEOH�VSHFWUDO�DQDO\VLV��7KLV�ZHE�DSSOLFDWLRQ�LV�GHYHORSHG�LQ�3\WKRQ�������XWLOL]LQJ��
3\WKRQ�PRGXOH�'MDQJR�������IRU�ZHE�GHYHORSPHQW�DQG�64/�GDWDEDVH�PDLQWHQDQFH��7KH�OLVWHG�IHDWXUHV�DIIRUG�D�
VLPSOLVWLF�DQG�RUJDQL]HG�VSHFWUDO�DQDO\VLV�H[SHULHQFH�IRU�WKH�6��FROODERUDWLRQ�DQG�HYHQWXDOO\�IRU�WKH�HQWLUH�
DVWURQRP\�FRPPXQLW\�ZLWK�D�SRWHQWLDO�6��GDWD�UHOHDVH��

���DQG����'LPHQVLRQDO�/LQHDUL]HG�6XSHUJUDYLW\�DQG�WKH�+RORUDXP\�7HQVRU�
/XLV�&DPDUJR�&DUORV�
0HQWRUV��-LP�*DWHV�DQG�6HUJHL�*XNRY�

,Q�WKH�VHDUFK�IRU�D�JUDYLWDWLRQDO�WKHRU\��RQH�QHZ�GHYHORSPHQW�WKDW�PD\�KHOS�LV�D�WRRO�FDOOHG�WKH�KRORUDXP\�WHQVRU��
7KLV�FDQ�EH�XVHG�IRU��LPHQVLRQDO�HQKDQFHPHQW��ZKHUH�WKH�JRDO�LV�WR��EXLOG��KLJKHU��GLPHQVLRQDO��VXSHUV\PPHWULF��
PXOWLSOHWV��IURP��ORZHU��GLPHQVLRQDO��VXSHUV\P�PHWULF�PXOWLSOHWV��,Q�XVLQJ�WKLV�WRRO��ZH�ZDQW�WR�IRFXV�RQ�VFDODU�
JUDYLWDWLRQDO�WKHRULHV��ZKLFK��LQ�DQDORJ\�WR�WKRVH�ILUVW�WKRXJKW�RI�LQ�WKH�GHYHORSPHQW�RI�JHQHUDO�UHODWLYLW\��PLJKW�
KHOS�WR�ILQG�WKH�WUXH�QDWXUH�RI�JUDYLWDWLRQDO�WKHRULHV�LQ����GLPHQVLRQV��7KLV�SURMHFW�VHHNV�WR�XVH�YDULRXV�
VXSHUPXOWLSOHWV��DORQJ�ZLWK�WKH�YDULRXV�WRROV�VXFK�DV�QHZ�)LHU]�LGHQWLWLHV�LQ���'��WR�VWXG\�ZKDW�LQIRUPDWLRQ�WKH�
KRORUDXP\�WHQVRU�JLYHV�ZKHQ�XVHG�LQ����GLPHQVLRQV���,Q�GRLQJ�VR��ZH�IRFXV�RQ�VFDODU�WKHRULHV�DQG�H[DPLQH�
SRVVLEOH�DQDORJLHV�EHWZHHQ�WKH����GLPHQVLRQDO�DQG���GLPHQVLRQDO�FDVHV���

8VLQJ�1HXUDO�1HWZRUNV�WR�,QYHVWLJDWH�$GYDQWDJHV�RI�WKH�'LVFUHWH�&RQVFLRXVQHVV�0RGHO�
,VDEHOOD�&DPSOLVVRQ�
0HQWRUV��0LFKDHO�+HU]RJ�DQG�5DOSK�$GROSKV�

7KH�GHEDWH�DV�WR�ZKHWKHU�FRQVFLRXVQHVV�LV�D�GLVFUHWH�RU�FRQWLQXRXV�SURFHVV�LV�RQJRLQJ��ZLWK�WKH�WLPHVFDOHV�
LQYROYHG�RIWHQ�EHLQJ�WRR�VPDOO�IRU�H[SHULPHQWDO�UHVXOWV�WR�GHILQLWLYHO\�YDOLGDWH�RQH�PRGHO��7DNLQJ�D�GLIIHUHQW�
DSSURDFK�WR�WKLV�GHEDWH�WKDQ�FRQYHQWLRQDO�KXPDQ�H[SHULPHQWV��ZH�DLPHG�WR�SURYLGH�HYLGHQFH�VKRZLQJ�WKH�EHQHILWV�
RI�GLVFUHWH�FRQVFLRXVQHVV�WR�YLVXDO�SURFHVVLQJ�XVLQJ�QHXUDO�QHWZRUNV��WKXV�IRUPLQJ�DQ�DUJXPHQW�IRU�GLVFUHWH�
FRQVFLRXVQHVV�VXUURXQGLQJ�LWV�HYROXWLRQDU\�DGYDQWDJHV�RYHU�WKH�FRQWLQXRXV�PRGHO��8VLQJ�WKH���EQ�MHVWHU�GDWDVHW��
D�YHU\�ODUJH�VHW�RI�KDQG�JHVWXUH�YLGHRV�IRU�ZKLFK�ZH�GHWHUPLQHG�WKH�WHPSRUDO�DVSHFW�WR�EH�LPSHUDWLYH�IRU�
FODVVLILFDWLRQ��ZH�WUDLQHG�WZR�QHXUDO�QHWZRUNV��RQH�UHSUHVHQWLQJ�GLVFUHWH�FRQVFLRXVQHVV�DQG�RQH�UHSUHVHQWLQJ�
FRQWLQXRXV�FRQVFLRXVQHVV��7KH�FRQWLQXRXV�QHXUDO�QHWZRUN�FRQWDLQHG�D�FRQYROXWLRQDO�/670��/RQJ�6KRUW�7HUP�
0HPRU\��DUFKLWHFWXUH��ZKLOH�WKH�GLVFUHWH�QHXUDO�QHWZRUN�FRQWDLQHG�D�FRQYROXWLRQDO�/670�ZLWK�LQSXWV�IURP�PXOWLSOH�
/670V�WKDW�DQDO\VHG�FRQVHFXWLYH����PV�VHJPHQWV�RI�WKH�YLGHRV��2XU�UHVXOWV�VKRZHG�WKDW�WKH�GLVFUHWH�PRGHO�PRUH�
DFFXUDWHO\�FODVVLILHG�WKH�YLGHRV�WKDQ�WKH�FRQWLQXRXV�PRGHO��LPSO\LQJ�WKDW�GLVFUHWH�FRQVFLRXVQHVV�ZRXOG�DOORZ�
KXPDQV�WR�PRUH�DFFXUDWHO\�LGHQWLI\�WKHLU�VXUURXQGLQJV�DQG�WKXV�EH�HYROXWLRQDULO\�DGYDQWDJHRXV��

'HWHFWLRQ�RI�%)%�LQ�&DQFHU�&HOOV�8VLQJ�+XPDQ�*HQRPLF�'DWD�
$QQ�&DSOLQ�
0HQWRUV��9LQHHW�%DIQD�DQG�'DYLG�9DQ�9DOHQ�

%UHDNDJH�IXVLRQ�EULGJHV��%)%V��DUH�D�W\SH�RI�FKURPRVRPDO�UHDUUDQJHPHQW�WKDW�DUH�DVVRFLDWHG�ZLWK�FHUWDLQ�
FDQFHUV��)RU�WKLV�UHDVRQ��GHWHFWLRQ�RI�%)%�LQ�FHOOV�FRXOG�KDYH�DSSOLFDWLRQV�LQ�EHWWHU�XQGHUVWDQGLQJ�DQG�WDUJHWLQJ�
WKHVH�FDQFHUV��&XUUHQW�ZLGHO\�DYDLODEOH�VHTXHQFLQJ�GDWD�LV�QRW�LQIRUPDWLYH�HQRXJK�WR�UHFRQVWUXFW�FHUWDLQ�JHQRPLF�
VHTXHQFHV��,QVWHDG��WKH�GDWD�LV�JLYHQ�LQ�WKH�IRUP�RI�³FRXQW�YHFWRUV �́�ZKLFK�FRXQW�WKH�QXPEHU�RI�RFFXUUHQFHV�RI�
HDFK�JHQRPLF�UHJLRQ�DQG�³IROGEDFN�UHDG�YHFWRUV �́�ZKLFK�SURYLGH�LQIRUPDWLRQ�RQ�DGMDFHQFLHV�EHWZHHQ�D�JHQRPLF�
UHJLRQ�DQG�LWV�UHYHUVH��7KH�%DIQD�ODE�KDV�GHYHORSHG�HIILFLHQW�DOJRULWKPV�WKDW�XVH�FRXQW�YHFWRUV�WR�VHH�ZKHWKHU�RU�
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QRW�D�FHUWDLQ�JHQRPLF�UHJLRQ�FRXOG�KDYH�XQGHUJRQH�%)%�UHDUUDQJHPHQWV��2QH�JRDO�RI�WKLV�SURMHFW�LV�WR�LQFRUSRUDWH�
LQIRUPDWLRQ�IURP�IROGEDFN�UHDG�YHFWRUV�DV�ZHOO�DV�FRXQW�YHFWRUV�WR�JHW�D�PRUH�DFFXUDWH�SUHGLFWLRQ�RI�%)%��7KH�RWKHU�
JRDO�LV�WR�FRPELQH�WKLV�ZLGHO\�DYDLODEOH�GDWD�ZLWK�OHVV�DYDLODEOH�EXW�PRUH�LQIRUPDWLYH�VWUXFWXUDO�GDWD�WR�EHWWHU�
SUHGLFW�%)%��6R�IDU��ZH�KDYH�PRGLILHG�SUHYLRXV�DOJRULWKPV�GHYHORSHG�E\�WKH�%DIQD�ODE�WR�LQFRUSRUDWH�ERWK�IROGEDFN�
UHDG�DQG�FRXQW�LQIRUPDWLRQ�LQWR�%)%�SUHGLFWLRQ��)XUWKHU�ZRUN�ZLOO�LQYROYH�WHVWLQJ�WKHVH�DOJRULWKPV�RQ�UHDO�ZRUOG�
GDWD�WR�HYDOXDWH�WKHLU�SHUIRUPDQFHV�DQG�LQFRUSRUDWLQJ�VWUXFWXUDO�GDWD�WR�LPSURYH�WKHVH�SHUIRUPDQFHV��

'HYHORSLQJ�)HHGEDFN�%DVHG�&RGLQJ�6FKHPHV�IRU�6WRFKDVWLF�%LW�$UULYDO�7LPHV�
$OL�&DWDOWHSH�
0HQWRUV��9LFWRULD�.RVWLQD�DQG�1LDQ�*XR�

(UURU�FRUUHFWLQJ�FRGHV��(&&V��WKDW�UHO\�RQ�QRLVHOHVV�IHHGEDFN�KDYH�EHHQ�VWXGLHG�H[WHQVLYHO\�IRU�GHFDGHV��+RZHYHU��
WKH�PRVW�WKHRUHWLFDOO\�ULJRURXV�PHWKRGV�LQ�WKLV�DUHD�GR�QRW�DSSO\�WR�D�FDXVDO�VHWWLQJ��ZKHUH�WKH�HQFRGHU�GRHV�QRW�
NQRZ�WKH�HQWLUHW\�RI�WKH�PHVVDJH�WKH\�ZLVK�WR�WUDQVPLW�EHIRUHKDQG��2I�SDUWLFXODU�LQWHUHVW�DPRQJ�IHHGEDFN�EDVHG�
(&&V�DUH�WKRVH�RSHUDWLQJ�RQ�WKH�6PDOO�(QRXJK�'LIIHUHQFH��6('��SULQFLSOH��ZKHUH�WKH�HQWLUH�YRFDEXODU\�RI�SRVVLEOH�
PHVVDJHV�LV�GHWHUPLQLVWLFDOO\�GLYLGHG�LQWR�WZR�JURXSV�ZLWK�SUREDELOLW\�PDVV�GLIIHUHQFH�OHVV�WKDQ�WKDW�RI�D�VLQJOH�
PHVVDJH��7KH�,QIRUPDWLRQ�7KHRU\�*URXS�DW�&DOWHFK�KDV�GHYHORSHG�D�FDXVDO�(&&�ZKLFK�DVVXPHV�SUHGHWHUPLQHG�ELW�
DUULYDO�WLPHV��,Q�WKLV�SDSHU�ZH�SURSRVH�WZR�LPSOHPHQWDWLRQV�RI�D�FDXVDO�(&&�IRU�D�VHWWLQJ�ZLWK�XQLIRUPO\�UDQGRP�
ELW�DUULYDO�WLPHV��SHUIRUPLQJ�D�QDWXUDO�JURXSLQJ�RI�ORZ�SUREDELOLW\�PHVVDJHV�XVLQJ�WKH�WUHH�VWUXFWXUH�RI�ELQDU\�
VWULQJV�WR�DFKLHYH�OLQHDU�WLPH�SHUIRUPDQFH��(YHQ�ZKHQ�LW�GRHV�QRW�DWWHPSW�WR�PHHW�WKH�6('�FULWHULRQ��WKLV�
DOJRULWKP�SHUIRUPV�DW�����RI�FKDQQHO�FDSDFLW\�ZLWK�IL[HG�PHVVDJH�OHQJWKV��DQG�VWDELOL]HV�WKH�OHDGLQJ�����RI�ELWV�
RI�VWUHDPHG�GDWD�IURP�D�UDQGRP�SODQW�DW�ELW�DUULYDO�SUREDELOLWLHV�XS�WR�FKDQQHO�FDSDFLW\��

8WLOL]LQJ�63,16�,QYHUVH�'HVLJQ�WR�&UHDWH�2Q�&KLS�$FFHOHUDWRU�6WUXFWXUHV�IRU�0H9�'LHOHFWULF�
/DVHU�$FFHOHUDWRUV��
'RPLQLF�&DWDQ]DUR��
0HQWRUV��-HOHQD�9XFNRYLF��-HDQ�3KLOOLSH�0DF/HDQ��DQG�$[HO�6FKHUHU�

0H9�SDUWLFOH�DFFHOHUDWRUV�DUH�XVHG�LQ�D�ZLGH�YDULHW\�RI�DSSOLFDWLRQV��IURP�PHGLFDO�GHYLFHV�WR�PDQXIDFWXULQJ�WR�EDVLF�
UHVHDUFK��/HYHUDJLQJ�GHYHORSPHQWV�LQ�VLOLFRQ�QDQRIDEULFDWLRQ�WHFKQLTXHV��WKH�FUHDWLRQ�RI�RQ�FKLS�GLHOHFWULF�ODVHU�
DFFHOHUDWRUV�ZRXOG�UHVXOW�LQ�DQ�RUGHU�RI�PDJQLWXGH�LPSURYHPHQW�LQ�WKH�VL]H�DQG�FRVW�RI�0H9�DFFHOHUDWRUV��7KLV�
SURMHFW�XWLOL]HV�DGMRLQW�VHQVLWLYLW\�JUDGLHQW�GHVFHQW�RSWLPL]DWLRQ�WKURXJK�WKH�63,16�LQYHUVH�GHVLJQ�SDFNDJH�WR�
GHVLJQ�DFFHOHUDWRU�VWUXFWXUHV�SXPSHG�E\�IHPWR�VHFRQG�ODVHU�SXOVHV��%HFDXVH�LQYHUVH�GHVLJQ�FDQ�FUHDWH�QRYHO���
QRQ�LQWXLWLYH�VWUXFWXUHV��DFFHOHUDWRU�GHVLJQV�FDQ�EH�PRUH�HIIHFWLYH�WKDQ�FRQYHQWLRQDO�VWUXFWXUHV��'HVLJQV�DUH�
H[WHUQDOO\�YHULILHG�DQG�DQDO\]HG�WKURXJK�/XPHULFDO�VLPXODWLRQV��7KH�GHVLJQ�RI�DFFHOHUDWRU�VWUXFWXUHV�LV�DGYDQFHG�
SULPDULO\�WKURXJK�EURDGEDQG�IXQFWLRQDOLW\�DQG�LQYHVWLJDWLRQ�RI�WKH�HIILFDF\�RI�YDULRXV�GLHOHFWULFV��EXW�DOVR�WKURXJK�
WKH�ILQH�WXQLQJ�RI�IDEULFDWLRQ�FRQVWUDLQWV�DQG�VWUXFWXUH�VL]LQJ��,Q�DGGLWLRQ�WR�SURYLGLQJ�RSWLPDO�GHVLJQV�IRU�
H[SHULPHQWDO�YHULILFDWLRQ��WKLV�SURMHFW�VHHNV�WR�SURYLGH�FRPSDULVRQV�EHWZHHQ�WKH�HIILFDF\�RI�YDULRXV�GLHOHFWULFV�IRU�
DFFHOHUDWRU�VWUXFWXUHV�GHVLJQHG�IRU�YDULRXV�LQSXW�HOHFWURQ�YHORFLWLHV���

$�1RYHO�$SSOLFDWLRQ�RI�3RO\JHQLF�5LVN�6FRUHV�WR�7UDQVFULSWLRQ�3KHQRW\SHV�
,VKD�&KDNUDERUW\�
0HQWRUV��/LRU�3DFKWHU�DQG�,QJLOHLI�+DOOJUtPVGyWWLU�

,Q�*HQRPH�:LGH�$VVRFLDWLRQ�6WXGLHV��*:$6���UHVHDUFKHUV�TXHU\�PLOOLRQV�RI�JHQHWLF�YDULDQWV�DFURVV�WKH�ZKROH�
JHQRPH�LQ�ODUJH�VDPSOHV�RI�LQGLYLGXDOV�WR�LGHQWLI\�JHQHWLF�YDULDQWV�WKDW�DVVRFLDWH�ZLWK�FHUWDLQ�WUDLWV�RU�GLVHDVHV��
*:$6�KDYH�EHHQ�XVHG�WR�VWXG\�KXQGUHGV�RI�GLIIHUHQW�WUDLWV�RU�GLVHDVHV�DQG�FXUUHQWO\�DURXQG���������VWDWLVWLFDOO\�
VLJQLILFDQW�DVVRFLDWLRQV�EHWZHHQ�D�WUDLW�DQG�JHQHWLF�YDULDQW�KDYH�EHHQ�UHSRUWHG��,Q�PDQ\�*:$6��WHQV�RU�HYHQ�
KXQGUHGV�RI�ORFL�DUH�UHSRUWHG�IURP�D�VLQJOH�VWXG\���,Q�RUGHU�WR�FRPELQH�WKH�LQIRUPDWLRQ�DFURVV�JHQHWLF�ORFL�LW�LV�
FRPPRQSODFH�WR�FDOFXODWH�D�SRO\JHQLF�ULVN�VFRUH��356��DV�D�OLQHDU�FRPELQDWLRQ�RI�WKH�HVWLPDWHG�ULVN�DVVRFLDWHG�ZLWK�
HDFK�YDULDQW��7KLV�DOORZV�UHVHDUFKHUV�WR�FDOFXODWH�D�356�IRU�DQ�LQGLYLGXDO�ZKLFK�GHSHQGV�RQ�WKHLU�JHQRW\SH�DQG�WKH�
�ULVN��FRHIILFLHQWV�IRU�HDFK�YDULDQW��

([SUHVVLRQ�TXDQWLWDWLYH�WUDLW�ORFL��H47/��DQDO\VLV�DLPV�WR�LGHQWLI\�JHQHWLF�YDULDQWV�WKDW�DIIHFW�WKH�H[SUHVVLRQ�RI�RQH�
RU�PRUH�JHQHV�E\�UXQQLQJ�DQ�DVVRFLDWLRQ�DQDO\VLV�ZKHUH�WKH�WUDLW�LV�JHQH�H[SUHVVLRQ���FLV�H47/�DQDO\VLV�LV�OLPLWHG�WR�
ORRNLQJ�IRU�DVVRFLDWLRQV�WR�ORFL�LQ�D�UHJLRQ�DURXQG�WKH�JHQH��ZKRVH�H[SUHVVLRQ�ZH�DUH�FRQVLGHULQJ��6RPH�DQDO\VHV�
DUH�OLPLWHG�WR�LGHQWLI\LQJ�FLV�H47/V�EXW�ZH�FDQ�DOVR�VHDUFK�IRU�DVVRFLDWLRQV�DFURVV�WKH�JHQRPH�WR�LGHQWLI\��
WUDQV�H47/V��H[SUHVVLRQ�ORFL�WKDW�DFW�RQ�GLVWDQW�JHQHV��7UDQV�H47/V�WHQG�WR�KDYH�PXFK�ZHDNHU�HIIHFWV�WKDQ��
FLV�H47/V���:H�ZLOO�VWXG\�ZKHWKHU�FRPELQLQJ�WKH�VLJQDO�DFURVV�WUDQV�H47/V�E\�GHILQLQJ�D�SRO\JHQLF�H47/�VFRUH�DNLQ�
WR�D�356�ZLOO�SURYLGH�QHZ�LQVLJKWV�LQWR�WKH�UROH�RI�WUDQV�H47/V��
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:H�EXLOG�D�SLSHOLQH�WR�GHWHUPLQH�WKH�XVH�DQG�LQWHUSUHWDELOLW\�RI�SRO\JHQLF�ULVN�VFRUHV�LQ�WKLV�QRYHO�VHWWLQJ��7KH�
3DFKWHU�/DE�KDV�GHYHORSHG�NDOOLVWR��D�WRRO�WR�TXDQWLI\�WKH�DEXQGDQFHV�RI�WUDQVFULSWV�IURP�EXON�DQG�VLQJOH�FHOO��
51$�6HT�GDWD�XVLQJ�KLJK�WKURXJKSXW�VHTXHQFLQJ�UHDGV�ZH�ZLOO�DSSO\�NDOOLVWR�WR�SXEOLFO\�DYDLODEOH�GDWDVHWV��WKHQ�XVH�
3OLQN�WR�SHUIRUP�JHQRPHZLGH�FLV��DQG�WUDQV��H47/�DQDO\VLV�DQG�D�FXVWRP�VFULSW�WR�FDOFXODWH�SRO\JHQLF�VFRUHV���:H�
ZLOO�DOVR�SHUIRUP�D�VLPXODWLRQ�VWXG\�WR�VWXG\�WKH�XWLOLW\�RI�WKH�SRO\JHQLF�WUDQV�H47/�VFRUHV�XQGHU�GLIIHUHQW�
FRQGLWLRQV��

0ROHFXODU�'\QDPLFV�6LPXODWLRQV�RI�1DQRFU\VWDOOLQH�$GGLWLYHO\�0DQXIDFWXUH�=LQF�2[LGH�
$QWRLQH�&KDPRXQ�)DUDK�
0HQWRUV��-XOLD�*UHHU��=DFKDU\�$LWNHQ��5HEHFFD�*DOOLYDQ��DQG�.DL�1DULWD�

=LQF�R[LGH��=Q2��LV�D�PHWDO�R[LGH�FHUDPLF�WKDW�LV�LPSRUWDQW�IRU�SKRWRQLF�DQG�HOHFWURQLF�DSSOLFDWLRQV��QRWDEO\�DV�D�
NH\�FRPSRQHQW�RI�FHUDPLF�YDULVWRUV��,Q�DGGLWLRQ�WR�LWV�ORZ�FRVW�DQG�KLJK�DEXQGDQFH��=Q2�H[KLELWV�SLH]RHOHFWULFLW\��D�
FRXSOLQJ�EHWZHHQ�VWUHVV�DQG�JHQHUDWHG�HOHFWULF�ILHOG��ZKLFK�PDNHV�WKH�PDWHULDO�KLJKO\�GHVLUDEOH�IRU�GHYLFHV�DQG�
VHQVRUV�LQFOXGLQJ�HQHUJ\�KDUYHVWLQJ�GHYLFHV�VXFK�DV�QDQRJHQHUDWRUV��,QWHUQDO�LQWHUIDFHV��VXFK�DV�JUDLQ�ERXQGDULHV�
�*%���SOD\�DQ�LPSRUWDQW�UROH�LQ�GHWHUPLQLQJ�WKH�HOHFWULFDO�DQG�PHFKDQLFDO�SURSHUWLHV�RI�VXFK�PDWHULDOV��7KH�FRPSOH[�
PLFURVWUXFWXUH�WKDW�UHVXOWV�IURP�QRQ�HTXLOLEULXP�DGGLWLYH�PDQXIDFWXULQJ�SURFHVVHV�LV�RIWHQ�QDQRFU\VWDOOLQH��ZKHUH�
LQWHUQDO�LQWHUIDFHV�DUH�WKH�GRPLQDQW�PLFURVWUXFWXUDO�IHDWXUH��8VLQJ�0ROHFXODU�'\QDPLF��0'��VLPXODWLRQV��WKLV�
SURMHFW�VWXGLHV�WKH�UROH�RI�DQ�LVRODWHG��*%��LQ�WKH�SLH]RHOHFWULF�UHVSRQVH�RI�=Q2��:H�FRQGXFW�D�VHULHV�RI�
FRPSUHVVLRQ��WHQVLRQ��DQG�VKHDU�VLPXODWLRQV�WR�HOXFLGDWH�WKH�HIIHFW�RI�DQ�LVRODWHG�*%�RQ�WKH�PHFKDQLFDO�UHVSRQVH�
DQG�GRPLQDQW�DWRPLVWLF�GHIRUPDWLRQ�PHFKDQLVPV��:H�UHODWH�DQG�GLVFXVV�WKH�REVHUYHG�PHFKDQLFDO�EHKDYLRU�WR�WKH�
DWRPLF�VWUXFWXUH�RI�WKH�*%��7KHVH�VLPXODWLRQV�FDQ�EH�XVHG�WR�LQIRUP�RQJRLQJ�H[SHULPHQWV�RQ�QDQRFU\VWDOOLQH��
=Q2�E\�VKRZLQJ�WKH�VSHFLILF�UHODWLRQVKLS�EHWZHHQ�JUDLQ�ERXQGDULHV�DQG�ERWK�WKH�HOHFWULFDO�DQG�PHFKDQLFDO�EHKDYLRU�
RI�QDQRFU\VWDOOLQH�=LQF�2[LGH����

6WUDWLILFDWLRQ�IRU�6HWV�RI�+DOI�$YHUDJH�1XOOV�*HQHUDWH�5LVN�/LPLWLQJ�$XGLWV��
6RSKLH�&KDQ�
0HQWRUV��3KLOLS�%��6WDUN�DQG�5��0LFKDHO�$OYDUH]�

5LVN�/LPLWLQJ�$XGLWV��5/$V��OLPLW�WKH�SUREDELOLW\�RI�FRQILUPLQJ�DQ�HOHFWLRQ�UHVXOW�LI�WKH�GHFODUHG�ZLQQHU�GLIIHUV�IURP�
WKH�UHVXOW�RI�D�IXOO�KDQG�FRXQW��6WUDWLILHG�DXGLWV�DOORZ�EDOORWV�WR�EH�VDPSOHG�LQGHSHQGHQWO\�IURP�GLIIHUHQW�FROOHFWLRQV�
RI�EDOORWV��H�J���EDOORWV�FDVW�LQ�GLIIHUHQW�FRXQWLHV��EDOORW�FDVW�E\�PDLO�YHUVXV�LQ�SHUVRQ��RU�EDOORWV�WDEXODWHG�XVLQJ�
GLIIHUHQW�HTXLSPHQW��6WUDWLILFDWLRQ�LV�SDUWLFXODUO\�XVHIXO�WR�LPSURYH�WKH�HIILFLHQF\�RI�DXGLWV�ZKHQ�VRPH�EDOORWV�DUH�
WDEXODWHG�XVLQJ�HTXLSPHQW�WKDW�WUDFNV�LWV�LQWHUSUHWDWLRQ�RI�HDFK�EDOORW�XVLQJ�FDVW�YRWH�UHFRUGV��&95V��DQG�VRPH�
EDOORWV�DUH�WDEXODWHG�ZLWK�HTXLSPHQW�WKDW�GRHV�QRW�SURGXFH�D�&95�WKDW�FDQ�EH�OLQNHG�WR�WKH�FRUUHVSRQGLQJ�SK\VLFDO�
EDOORW���

6HWV�RI�+DOI�$YHUDJH�1XOOV�*HQHUDWH�5LVN�/LPLWLQJ�$XGLWV��6+$1*5/$��DVVLJQV�QRQ�QHJDWLYH�YDOXHV�WR�EDOORWV�EDVHG�
RQ�WKH�YRWHV�PDUNHG��DQG�WKH�&95V��LQ�VRPH�FDVHV���,W�WHVWV�QXOO�K\SRWKHVHV�LQ�WKH�IRUP�³WKH�DYHUDJH�YDOXH�RI�DOO�
EDOORWV�FDVW�LV�OHVV�WKDQ�RU�HTXDO�WR�����́ �6+$1*5/$�FDQ�EH�XVHG�ZLWK�VWUDWLILHG�VDPSOHV��EXW�WKDW�KDV�QRW�\HW�EHHQ�
LPSOHPHQWHG�LQ�VRIWZDUH�QRU�WHVWHG�LQ�SUDFWLFH��7KLV�UHVHDUFK�SURMHFW�EXLOGV�VRIWZDUH�VXLWDEOH�IRU�SLORW�DXGLWV�E\�
HOHFWLRQ�RIILFLDOV��

7KH�XQGHUO\LQJ�VWUDWHJ\�LV�WR�H[DPLQH�DOO�SRVVLEOH�DOORFDWLRQV�RI�RXWFRPH�DOWHULQJ�HUURU�DFURVV�VWUDWD��UHMHFWLQJ�WKH�
QXOO�RQO\�ZKHQ�WKH�PD[LPXP�3�YDOXH�DFURVV�DOO�DOORFDWLRQV�LV�VXIILFLHQWO\�VPDOO��(YLGHQFH�IURP�GLIIHUHQW�VWUDWD�LV�
FRPELQHG�XVLQJ�)LVKHU¶V�FRPELQLQJ�IXQFWLRQ�IRU�LQGHSHQGHQW�3�YDOXHV��7KLV�DSSURDFK�ZDV�XVHG�LQ�68,7(��
�6WUDWLILHG�8QLRQ�,QWHUVHFWLRQ�7HVWV�RI�(OHFWLRQV���7KH�UHVXOWLQJ�PHWKRG�LV�H[SHFWHG�WR�\LHOG�PRUH�SRZHUIXO�DXGLWV�
�L�H���DXGLWV�WKDW�UHTXLUH�VPDOOHU�VDPSOH�VL]HV�ZKHQ�WKH�RXWFRPH�LV�FRUUHFW��WKDQ�SUHYLRXV�PHWKRGV�IRU�VWUDWLILHG�
ULVN�OLPLWLQJ�DXGLWV��LQFOXGLQJ�68,7(��EHFDXVH�6+$1*5/$�WHVWV�VKDUSHU�FRQGLWLRQV��

0RGHOOLQJ�3DUWLFOH�0RYHPHQW�7KURXJK�0HVKHV�:LWK�,PSOLFDWLRQV�IRU�&ORWK�0DVNV
$QMLQL�&KDQGUD�
0HQWRUV��/\GLD�%RXURXLED�DQG�0LNKDLO�*��6KDSLUR��

3HUVRQDO�SURWHFWLRQ�HTXLSPHQW��LQFOXGLQJ�IDFH�PDVNV�DQG�IDFH�VKLHOGV��LV�HVVHQWLDO�WR�SURWHFWLQJ�SHRSOH�IURP�
&29,'����DQG�RWKHU�UHVSLUDWRU\�GLVHDVHV��8QIRUWXQDWHO\��WKH�UHSHDWHG�XVH�RI�GLVSRVDEOH�IDFH�PDVNV�KDV�D�QHJDWLYH�
LPSDFW�RQ�WKH�HQYLURQPHQW��,Q�DGGLWLRQ��WKH�FXUUHQW�GHPDQG�IRU�VXUJLFDO�IDFH�PDVNV�IDU�RXWZHLJKV�WKH�LQGXVWULDO�
SURGXFWLRQ�FDSDFLW\��2QH�DOWHUQDWLYH�WR�VXUJLFDO�PDVNV�LV�FORWK�PDVNV�WKDW�DUH�UHXVDEOH�DQG�UHDGLO\�DYDLODEOH�WR�WKH�
SXEOLF��,Q�WKLV�SURMHFW��ZH�LQYHVWLJDWHG�WKH�HIILFLHQF\�RI�FORWK�PDVNV�E\�VWXG\LQJ�WKH�G\QDPLFV�RI�SDUWLFOH�PHVKLQJ�
LQWHUDFWLRQV�LQ�WKH�PDVNV��:H�LPSOHPHQWHG�D�WKHRUHWLFDO�PRGHO�WKDW�VLPXODWHG�VXEPLFURQ�SDUWLFOHV�PRYLQJ�LQ�DLU�
DQG�WKURXJK�D�FORWK�PDVN�DW�ORZ�5H\QROGV�QXPEHUV��7KH�PRGHO�XVHG�WKH�VWHDG\�.XZDEDUD�+DSSHO�VWUHDP�IXQFWLRQ�
WR�FDOFXODWH�WKH�SRVLWLRQ�RI�WKH�SDUWLFOHV�LQ�WKH�DLU�IORZ�DQG�DFFRXQWHG�IRU�HIIHFWV�RI�%URZQLDQ�PRWLRQ�DQG�
HOHFWURVWDWLF�ILHOGV��)RU�D�VLQJOH�OD\HU�RI�D�JULG�OLNH�IDEULF��RXU�PRGHO�FDOFXODWHG�WKH�SDUWLFOH�FDSWXUH�HIILFLHQF\�DV�
�����DQG�IRU�VWDJJHUHG�OD\HUV��WKH�FDSWXUH�HIILFLHQF\�LQFUHDVHG�OLQHDUO\�ZLWK�YHUWLFDO�VWDJJHULQJ�GLVWDQFH���,Q�WKH�
IXWXUH��ZH�SODQ�WR�YDOLGDWH�RXU�PRGHO�E\�FRPSDULQJ�LWV�UHVXOWV�WR�H[SHULPHQWDO�PHDVXUHPHQWV�DQG�FUHDWLQJ�DQ�
DQDORJRXV�FRPSXWDWLRQDO�IOXLG�G\QDPLFV�PRGHO�WR�DFFRXQW�IRU�XQVWHDG\�IORZV�LQ�WKUHH�GLPHQVLRQV���
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,PSDFW�RI�)RUFHG�([SORUDWLRQ�RQ�+DELW�3HUVLVWHQFH�
.DWKHULQH�&KDQJ�
0HQWRUV��&ROLQ�)��&DPHUHU�DQG�$QLHN�)UDQVHQ�

+XPDQ�EHKDYLRU�LV�UHJXODUO\�LQIOXHQFHG�E\�KDELW�WHQGHQFLHV�FDXVLQJ�D�UHOXFWDQFH�WRZDUGV�H[SHULPHQWDWLRQ��:KHQ�
WKHVH�KDELWXDO�FKRLFHV�WHPSRUDULO\�EHFRPH�XQDYDLODEOH��VXFK�DV�LQ�D�SDQGHPLF��KXPDQV�DUH�IRUFHG�WR�H[SORUH�QHZ��
DOWHUQDWLYH�RSWLRQV��7KH�HIIHFWV�RI�D�SHULRG�RI�IRUFHG�H[SORUDWLRQ�ZHUH�H[DPLQHG�ZLWK�D�IUHH�RSHUDQW�FRLQ�SDUDGLJP�
UXQ�RQ�3UROLILF��3DUWLFLSDQWV�ZHUH�LQLWLDOO\�WUDLQHG�WR�DVVRFLDWH�WZR�FRLQ�UHZDUGV�ZLWK�GLVWLQFW�YLVXDO�VWLPXOL�DQG�
DFWLRQV�WR�GHYHORS�VWLPXOXV�UHVSRQVH�DQG�UHVSRQVH�RXWFRPH�DVVRFLDWLRQV��2QH�FRLQ�ZDV�GHYDOXHG�DQG�UHPRYHG�
IURP�VHOHFWLRQ��WKHQ�D�WKLUG�FRLQ�ZLWK�D�GLVWLQFW�YLVXDO�VWLPXOXV�DQG�DFWLRQ�ZDV�LQWURGXFHG�DQG�WUDLQHG��)LQDOO\��WKH�
UHPRYHG�FRLQ�ZDV�UHLQWURGXFHG�DQG�UHYDOXHG��DQG�WKH�VXEMHFW�ZDV�JLYHQ�D�FKRLFH�SHULRG�ZLWK�DOO�WKUHH�FRLQV��7KH�
FRLQ�SDUDGLJP�ZDV�LPSOHPHQWHG�LQ�WKUHH�H[SHULPHQWV�ZLWK�YDU\LQJ�WUDLQLQJ�WLPHV�DQG�UHZDUG�YDOXHV�IRU�WKH�
UHPRYHG�DQG�QHZ�FRLQV��$FURVV�DOO�H[SHULPHQWV��GLIIHUHQFHV�LQ�FRLQ�SUHIHUHQFH�EHWZHHQ�KDELWXDO�DQG�JRDO�GLUHFWHG�
SDUWLFLSDQWV�ZHUH�JHQHUDOO\�LQVLJQLILFDQW��+RZHYHU��WKH�GLVWULEXWLRQ�RI�FRLQ�SUHIHUHQFHV�IRU�KDELWXDO�SDUWLFLSDQWV�
VKRZHG�VLJQLILFDQWO\�OHVV�YDULDELOLW\�WKDQ�JRDO�GLUHFWHG�SDUWLFLSDQWV��5HVXOWV�VXJJHVW�WKDW�WKH�GHJUHH�RI�KDELWXDWLRQ�
LQIOXHQFHV�WKH�SUHGLFWDELOLW\�RI�KXPDQ�EHKDYLRU�DIWHU�D�SHULRG�RI�IRUFHG�H[SORUDWLRQ��,Q�DGGLWLRQ��EXUVW\�DQG�
PHWURQRPLF�UHVSRQVH�EHKDYLRUV�ZHUH�REVHUYHG��

8VLQJ�0DFKLQH�/HDUQLQJ�WR�3UHGLFW�WKH�6SUHDG�RI�&29,'����
1LFKRODV�&KDQJ�
0HQWRU��<DVHU�$EX�0RVWDID�

$V�&29,'����LV�VWLOO�SUHYDOHQW�WKURXJKRXW�WKH�8�6���JRYHUQPHQWDO�DQG�KHDOWKFDUH�LQVWLWXWLRQV�QHHG�WR�EH�DEOH�WR�
SUHGLFW�KRZ�&29,'����ZLOO�VSUHDG�WR�EHWWHU�LQIRUP�WKH�SROLFLHV�DQG�SUDFWLFHV�SXW�LQ�SODFH�WR�PLQLPL]H�WKH�GDPDJH��
0DFKLQH�OHDUQLQJ�PRGHOV�KDYH�VKRZQ�WR�EH�HIIHFWLYH�LQ�SUHGLFWLQJ�WKH�VSUHDG�RI�&29,'�����+RZHYHU��WKHUH�DUH�VWLOO�
PDQ\�GLIILFXOWLHV�LQ�FDSWXULQJ�WKH�FKDQJHV�LQ�WKLV�HYHU�HYROYLQJ�VLWXDWLRQ��DV�SROLFLHV�DQG�SXEOLF�VHQWLPHQWV�VKLIW��
DQG�FUHDWLQJ�D�PRGHO�WKDW�PDNHV�PHDQLQJIXO�SUHGLFWLRQV��7KLV�UHVHDUFK�DLPV�WR�SURYLGH�D�PRGHO�WKDW�FDQ�FRPSHWH�
ZLWK�WKH�WRS�&29,'����SUHGLFWLRQ�PRGHOV�LQ�WKH�FRXQWU\��

'LJLW�$QDO\VLV��$Q�5�3DFNDJH�IRU�'HWHFWLQJ�'DWD�0DQLSXODWLRQ�
:HQMXQ��+DSS\��&KDQJ�
0HQWRUV��-HWVRQ�/HGHU�/XLV�DQG�-HDQ�(QVPLQJHU�

:KHQ�LQGLYLGXDOV�VWHDO�PRQH\��WKH\�KDYH�LQFHQWLYHV�WR�FRYHU�WKHLU�WUDFNV�WR�DYRLG�GHWHFWLRQ���7KLV�LQKLELWV�WUDGLWLRQDO�
IRUPV�RI�PRQLWRULQJ��VXFK�DV�DXGLWLQJ��EXW�SURYLGHV�DQRWKHU�RSSRUWXQLW\�IRU�GHWHFWLRQ��KXPDQV�DUH�EDG�DW�
IDEULFDWLQJ�GDWD���(QVPLQJHU�DQG�/HGHU�/XLV��������SUHVHQW�D�VHW�RI�WHVWV�EDVHG�RQ�GLJLW�DQDO\VLV��ZKLFK�FKHFNV�
ZKHWKHU�VHOI�UHSRUWHG�QXPEHUV�DSSHDU�WR�EH�IDEULFDWHG�E\�KXPDQV��LQGLFDWLYH�RI�IUDXG���7KHVH�WHVWV�DUH�DSSOLHG�WR�
GDWD�IURP�D�:RUOG�%DQN�GHYHORSPHQW�SURMHFW��DQG�WKH�UHVXOWV�DUH�YDOLGDWHG�E\�D�IRUHQVLF�DXGLW�FRQGXFWHG�E\�WKH�
%DQN���,Q�WKLV�SURMHFW��ZH�GHYHORS�D�VWDWLVWLFDO�VRIWZDUH�SDFNDJH�LQ�5�WR�FRQGXFW�VLPLODU�VWDWLVWLFDO�WHVWV�DQG�
IDFLOLWDWH�WKHLU�XVH�DFURVV�GLIIHUHQW�GDWD�VHWV��7KH�SDFNDJH�DOORZV�XVHUV�WR�FXVWRPL]H�WKHLU�VWDWLVWLFDO�WHVWLQJ�ZLWK�
IOH[LEOH�LQSXW�RSWLRQV��7KH�GLJLW�WHVWV�LQFOXGH�FRPSDULVRQ�WR�%HQIRUG¶V�/DZ��ELQRPLDO�WHVWV�RI�KLJK�YV�ORZ�GLJLWV��DQG�
D�WHVW�IRU�SDGGLQJ�ZLWK�0RQWH�&DUOR�VLPXODWLRQV��7KH�SDFNDJH�DOVR�SURGXFHV�LQWHUSUHWDEOH��'�DQG��'�EDU�SORWV�IRU�
YLVXDOL]DWLRQ��7KH�SDFNDJH�LV�DYDLODEOH�RQ�5�&5$1�DQG�DW�KWWSV���JLWKXE�FRP�MOHGHUOXLV�GLJLWDQDO\VLV��:H�KRSH�WKDW�
WKLV�RSHQ�VRXUFH�SDFNDJH�ZLOO�FRQWULEXWH�WR�PRQLWRULQJ�FRUUXSWLRQ�DQG�GDWD�IDEULFDWLRQ�PRUH�HIILFLHQWO\�LQ�YDULRXV�
ILHOGV�RI�VWXG\��

8QFHUWDLQW\�4XDQWLILFDWLRQ�8VLQJ�D�*DPH�7KHRUHWLF�$SSURDFK
'LHJR�&KDYH]�
0HQWRUV��+RXPDQ�2ZKDGL�DQG�3H\PDQ�7DYDOODOL�

8QFHUWDLQW\�TXDQWLILFDWLRQ�LV�DQ�LPSRUWDQW�FRQFHSW�ZKHQ�LW�FRPHV�WR�PRGHOV�DQG�VLPXODWLRQV�IRU�V\VWHPV��7KH�PDLQ�
IRFXV�RI�WKH�SURMHFW�ZDV�XVLQJ�D�JDPH�WKHRUHWLF�DSSURDFK�WR�XQFHUWDLQW\�TXDQWLILFDWLRQ�WR�HVWLPDWH�WKH�SDUDPHWHUV�
RI�SK\VLFDO�PRGHOV��7KH�PHWKRG�XVHV�WKH�LGHD�WKDW�WKH�PDWFKLQJ�RI�D�PRGHO�WR�GDWD�FDQ�EH�PRGHOHG�E\�DQ�
DGYHUVDULDO�JDPH�EHWZHHQ�QDWXUH�DQG�WKH�UHVHDUFKHU��DQG�E\�GRLQJ�VR��WKH�SUREOHP�LV�VLPSOLILHG�GRZQ�WR�WKH�XVH�RI�
D�ORVV�IXQFWLRQ�WR�TXDQWLI\�KRZ�ZHOO�WKH�UHVHDUFKHU�LV�GRLQJ�ZLWK�HVWLPDWLQJ�WKH�EHKDYLRU�RI�QDWXUH��,Q�UHVHDUFKLQJ�
WKLV�WRSLF��ZH�VWDUWHG�ZLWK�H[SORULQJ�XVLQJ�WKH�GHFLVLRQ�WKHRUHWLF�DSSURDFK�RQ�D�IL[HG�VHW�RI�SRVVLEOH�PRGHO�
SDUDPHWHUV��DSSOLHG�WKLV�WR�XVH�%D\HVLDQ�RSWLPL]DWLRQ�WR�EH�DEOH�WR�ILQG�SUREDELOLW\�GLVWULEXWLRQV�IRU�D�UHJLRQ�RI�
SRVVLEOH�SDUDPHWHUV��DQG�VHW�XS�VHTXHQWLDO�%D\HVLDQ�RSWLPL]DWLRQ�WR�XVH�WKH�LWHUDWLRQV�WR�SHUIRUP�RSWLPL]DWLRQV�RQ�
DGMXVWHG�UHJLRQV�RI�LQWHUHVW��:H�VKRZHG�KRZ�WKH�DOJRULWKP�ZRUNV�ZLWK�RQH�GLPHQVLRQDO�SDUDPHWHUV�DQG�WKHQ�
H[WHQGHG�LW�WR�PXOWL�GLPHQVLRQDO�SDUDPHWHUV��7KLV�PHWKRG�FDQ�EH�FRPSDUHG�WR�RWKHU�PHWKRGV�RI�XQFHUWDLQW\�
TXDQWLILFDWLRQ��VXFK�DV�WKH�IUHTXHQWLVW�RU�%D\HVLDQ�DSSURDFKHV�WKDW�KDYH�EHHQ�GHYHORSHG�LQ�WKH�SDVW��
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0RGHOLQJ�WKH�'\QDPLFV�DQG�&RQWURO�RI�$LUERUQH�9LUXV�LQ�+RVSLWDO�5RRPV�
3HWHU�&KHD�
0HQWRU��5LFKDUG�)ODJDQ��

&RQVLGHULQJ�WKH�&29,'����SDQGHPLF�DQG�LWV�KLJK�SUREDELOLW\�RI�DLUERUQH�WUDQVPLVVLRQ��XQGHUVWDQGLQJ�WKH�G\QDPLFV�
RI�DLUERUQH�YLUXV�LQ�KRVSLWDO�URRPV�LV�YLWDO��7KURXJK�OLWHUDWXUH�VHDUFKLQJ��LW�ZDV�IRXQG�WKDW�WKH�KDOI�OLIH�RI�WKH�YLUXV�
ZDV�����KRXUV�DQG�WKH�SHDN�FRQFHQWUDWLRQ�RI�YLUXV�DHURVROV�ZDV�EHWZHHQ������WR����P�LQ�GLDPHWHU�DQG�ODUJHU�WKDQ�
�����P��7KURXJK�OLWHUDWXUH�VHDUFKLQJ�RI�LQGRRU�DLU�TXDOLW\�PRGHOV�FRQFHUQLQJ�ELRDHURVROV��D�ZHOO�PL[HG�PDVV�
EDODQFH�PRGHO�ZDV�REVHUYHG�WR�EH�VDWLVIDFWRU\��7KH�PRGHO�LV�D�GLIIHUHQWLDO�HTXDWLRQ�WKDW�DFFRXQWV�IRU�WKH�YROXPH�RI�
WKH�URRP��YHQWLODWLRQ��HPLVVLRQ�UDWH��GHFD\�UDWH��DQG�89�LQDFWLYDWLRQ�UDWH��89�&�OLJKW�LV�XVHG�DV�D�FRQWURO�PHDVXUH�
IRU�WKH�YLUXV�VLQFH�LW�KDV�EHHQ�SUHYLRXVO\�LPSOHPHQWHG�DQG�ZRXOG�EH�WKH�OHDVW�KDUPIXO�WR�KXPDQV���0RGHOLQJ�RI�WKH�
URRP�ZDV�GRQH�LQ�WZR�ZD\V��D�VLQJOH�ZHOO�PL[HG�URRP�DQG�DV�WZR�FRPSDUWPHQWV�ZLWK�D�FRQVWDQW�IORZ�UDWH�EHWZHHQ�
WKHP��:LWK�WKLV�PRGHO��JUDSKV�ZHUH�SURGXFHG�RI�WKH�FRQFHQWUDWLRQ�WKURXJK�VROYLQJ�WKH�GLIIHUHQWLDO�HTXDWLRQV�XVLQJ�
3\WKRQ��5HDOL]LQJ�WKH�RYHU�HVWLPDWLRQ�RI�WKH�HIILFLHQF\�RI�89�&�OLJKW��PRUH�ZRUN�LV�EHLQJ�GRQH�WR�EHWWHU�XQGHUVWDQG�
WKH�HIIHFWV�RI�89�OLJKW�LQ�WHUPV�RI�D�SUREDELOLVWLF�VWDQGSRLQW���

5HGHYHORSLQJ�WKH�'$53$�4XDGFRSWHU�
.ULVWLQH�&KHODNNDW�
0HQWRUV��6RRQ�-R�&KXQJ�DQG�0DWW�$QGHUVRQ�

7KH�$HURVSDFH�5RERWLFV�DQG�&RQWURO�/DE�DW�&DOWHFK�LV�ZRUNLQJ�RQ�WKH�GHYHORSPHQW�RI�YDULRXV�URERWLF�DVVLVWDQWV��
LQFOXGLQJ�WKH�$XWRQRPRXV�)O\LQJ�$PEXODQFH��$)$��ZKLFK�VHHNV�WR�GHYHORS�DQ�DXWRQRPRXV�KHOLFRSWHU�OLNH�YHKLFOH�
FDSDEOH�RI�FROOHFWLQJ�VFLHQWLILF�VDPSOHV��WUDQVSRUWLQJ�KXPDQ�SDVVHQJHUV��RU�GHOLYHULQJ�SDFNDJHV��7KLV�SURMHFW�KDV�
IRFXVHG�RQ�WKH�PHFKDQLFDO�DQG�HOHFWULFDO�GHVLJQ�RI�D�TXDGFRSWHU�LQWHUIDFLQJ�ZLWK�YDULRXV�SD\ORDGV��PDNLQJ�KHDGZD\�
RQ�V\VWHPV�VLPLODU�WR�WKH�$XWRQRPRXV�)O\LQJ�$PEXODQFH��.H\�GHVLJQ�GHFLVLRQV�LQFOXGHG�WKH�JHRPHWU\�RI�WKH�
SURSHOOHU�DUPV��WKH�IUDPH�RI�WKH�ERG\��DQG�WKH�ERG\�LWVHOI��WKH�IRUPHU�.�VKDSH�IUDPH�ZDV�FKDQJHG�LQWR�D�PRUH�
VWDEOH�+�IUDPH�FRQILJXUDWLRQ�ZLWK�D�UHFWDQJXODU�ERG\�WR�SURSHUO\�VXSSRUW�WKH�VHQVRUV��IOLJKW�HOHFWURQLFV��DQG�
SD\ORDGV��7KH�WKLQ�ZDOOHG�FLUFXODU�FDUERQ�ILEHU�WXEHV�ZHUH�NHSW�IRU�WKH�DUPV�DV�WKHVH�ZHUH�WKH�PRVW�HIILFLHQW�LQ�
WHUPV�RI�VWUHQJWK�WR�ZHLJKW�UDWLR��SURYLGLQJ�DPSOH�EHQGLQJ�DQG�WRUVLRQDO�VWUHQJWK��$IWHU�FRPSOHWLQJ�WKH�SUHOLPLQDU\�
PHFKDQLFDO�GHVLJQ��ZRUN�ZDV�FRPSOHWHG�RQ�WKH�HOHFWULFDO�V\VWHPV��LQFOXGLQJ�D�ERDUG�LQWHUIDFLQJ�EHWZHHQ�D�7HHQV\�
�����VLPSOHUWN�EOLWH��DQG�3L[KDZN�IOLJKW�FRQWUROOHU�WR�FRPPXQLFDWH�*36�GDWD�EHWZHHQ�WKH�IOLJKW�FRQWUROOHU�DQG�WKH�
FRPSXWLQJ�KDUGZDUH��2QJRLQJ�ZRUN�LQYROYHV�GHYHORSPHQW�RI�WKH�HOHFWULFDO�IOLJKW�V\VWHPV�DQG�WKH�LQWHUIDFHV�IRU�
SD\ORDGV�RQ�WKH�TXDGFRSWHU��

'HHS�/HDUQLQJ�IRU�,PDJH�$UWLIDFW�&RUUHFWLRQ�LQ�1RQ�&DUWHVLDQ�,PDJLQJ�
&\QWKLD�&KHQ��
0HQWRUV��6KUH\DV�9DVDQDZDOD��$GDP�%XVK��)UDQN�2QJ��DQG�$GDP�%ODQN�

0DJQHWLF�UHVRQDQFH�LPDJLQJ�LV�D�QRQ�LQYDVLYH�LPDJLQJ�WHFKQLTXH�FRPPRQO\�XVHG�IRU�GLVHDVH�GLDJQRVLV��&OLQLFDOO\��
GDWD�LV�VDPSOHG�DORQJ�D�&DUWHVLDQ�WUDMHFWRU\��EXW�&DUWHVLDQ�LPDJLQJ�LV�FRUUXSWHG�E\�PRWLRQ��UHVXOWLQJ�LQ�UHGXFHG�
LPDJH�GLDJQRVWLF�TXDOLW\��,Q�FRPSDULVRQ��QRQ�&DUWHVLDQ�LPDJLQJ�LV�PRUH�UREXVW�WR�PRWLRQ��+RZHYHU��HGG\�FXUUHQWV�
GXH�WR�FKDQJLQJ�PDJQHWLF�ILHOGV�FDXVH�GHYLDWLRQV�LQ�WKH�N�VSDFH�VDPSOLQJ�WUDMHFWRU\��OHDGLQJ�WR�LPDJH�DUWLIDFWV��
7KLV�ZRUN�DLPV�WR�FRUUHFW�IRU�LPDJH�DUWLIDFWV�GXH�WR�HGG\�FXUUHQWV�LQ�QRQ�&DUWHVLDQ�URVHWWH�LPDJLQJ�XVLQJ�D�
FRQYROXWLRQDO�QHXUDO�QHWZRUN��&11���2XU�QHXUDO�QHWZRUN�DUFKLWHFWXUH�HQDEOHV�UHVLGXDO�OHDUQLQJ�LQ�WKH�N�VSDFH�
GRPDLQ�DQG�ORVV�FDOFXODWLRQ�RQ�WKH�LPDJH�GRPDLQ��7R�JHQHUDWH�WUDLQLQJ�GDWD��ZH�VLPXODWH�WKH�HIIHFW�RI�HGG\�
FXUUHQWV�RQ�URVHWWH�WUDMHFWRULHV�DQG�UHVDPSOH�&DUWHVLDQ�LPDJHV�XVLQJ�ERWK�QRPLQDO�DQG�FRUUXSWHG�URVHWWH�
WUDMHFWRULHV��7KH�QHXUDO�QHWZRUN�LV�WHVWHG�RQ�UHVDPSOHG�&DUWHVLDQ�GDWD�DQG�GDWD�DFTXLUHG�XVLQJ�URVHWWH�WUDMHFWRULHV��
2XU�PRGHO�VXFFHVVIXOO\�FRUUHFWV�IRU�HGG\�FXUUHQW�DUWLIDFWV�LQ�UHVDPSOHG�&DUWHVLDQ�GDWD��REWDLQLQJ�SUHGLFWLRQV�ZLWK�
DQ�LPSURYHG�DYHUDJH�VWUXFWXUDO�VLPLODULW\�LQGH[��66,0���

,QWHJUDWLQJ�6LQJOH�&HOO�7UDQVFULSWLRQDO�DQG�3URWHRPLF�'DWD�:LWK�'HHS�/HDUQLQJ��$Q�$SSOLFDWLRQ�WR�
&DQFHU�,PPXQRWKHUDS\�
+DQQDK�;��&KHQ�
0HQWRUV��9DQHVVD�-RQVVRQ��-RQDWKDQ�+LEEDUG��DQG�5DFKHO�1J�

&KLPHULF�DQWLJHQ�UHFHSWRU��&$5��7�FHOOV�DUH�D�SURPLVLQJ�LPPXQRWKHUDS\�IRU�WUHDWPHQW�UHVLVWDQW�FDQFHUV��WKRXJK�
WKH�PDUNHG�VSDWLDO�DQG�JHQRPLF�KHWHURJHQHLW\�RI�VROLG�WXPRUV�LQ�SDUWLFXODU�SRVH�PDQ\�FKDOOHQJHV�LQ�XQGHUVWDQGLQJ�
KRZ�WKH�FRPSRVLWLRQ��IXQFWLRQDO�DQG�SKHQRW\SLF�VWDWXV�RI�ERWK�FDQFHU�DQG�LPPXQH�FHOOV�FKDQJH�LQ�UHVSRQVH�WR�
WKHUDS\��:H�DLP�WR�EXLOG�D�GHHS�OHDUQLQJ�PRGHO�WR�SHUIRUP�DQ�LQWHJUDWLYH�DQDO\VLV�RI�WKDW�KHWHURJHQHRXV��PXOWL�
RPLF�GDWD��QDPHO\�RQH�WKDW�LV�EHWWHU�DEOH�WR�OHYHUDJH�VSDWLDO�LQIRUPDWLRQ�WKDQ�FXUUHQWO\�H[LVWLQJ�PHWKRGV��ZLWK�WKH�
ORQJ�WHUP�JRDO�RI�LGHQWLI\LQJ�GLYHUVH�&$5�WDUJHWDEOH�WXPRU�DQWLJHQV�DQG�WKHUHE\�HQDEOLQJ�PRUH�GDWD�GULYHQ��
SHUVRQDOL]HG�WUHDWPHQW�VWUDWHJLHV��$W�SUHVHQW��WKH�PRGHO�LV�EHLQJ�GHYHORSHG�XVLQJ�SXEOLFO\�DYDLODEOH�VSDWLDO�
WUDQVFULSWRPLFV��67��DQG�VLQJOH�FHOO�51$�6HTXHQFLQJ�GDWD�IURP�D�VHULHV�RI�WXPRU�DQG�PDWFKHG�QRUPDO�WLVVXH�
VDPSOHV��3UHOLPLQDU\�DQDO\VHV�SHUIRUPHG�RQ�WKH�67�GDWD�LQYROYH�PDQLIROG�HPEHGGLQJ�DQG�FOXVWHULQJ�EDVHG�RQ�
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WUDQVFULSWLRQDO�VLPLODULW\��IROORZHG�E\�YLVXDOL]DWLRQ�LQ�VSDWLDO�FRRUGLQDWHV�RYHU�WKH�ZKROH�VOLGH�LPDJHV��$GGLWLRQDO�
IUDPHZRUN�HOHPHQWV�EHLQJ�H[DPLQHG�IRU�WKH�PRGHO�LQFOXGH�SUH�WUDLQHG�FRQYROXWLRQDO�QHXUDO�QHWZRUNV�WR�H[WUDFW�
ODWHQW�IHDWXUHV�IURP�WKH�LPDJLQJ�GDWD�DQG�FRXSOHG�YDULDWLRQDO�DXWRHQFRGHUV�WR�OHDUQ�D�ORZHU�GLPHQVLRQDO�
UHSUHVHQWDWLRQ�WKDW�FDSWXUHV�LQIRUPDWLRQ�GHULYHG�IURP�ERWK�GDWDVHWV���

&RQWLQXRXV�7LPH�2SLQLRQ�)RUPDWLRQ�RQ�D�*UDSK�
+DR[XDQ�&KHQ�
0HQWRUV��$QGUHZ�0��6WXDUW��%DPGDG�+RVVHLQL��DQG�)UDQFD�+RIIPDQQ�

'XH�WR�WKH�JURZLQJ�QXPEHU�RI�VRFLDO�PHGLD�XVHUV�WKHVH�SODWIRUPV�KDYH�SOD\HG�DQ�HVVHQWLDO�UROH�LQ�VSUHDGLQJ�
LQIRUPDWLRQ�DQG�LPSDFWLQJ�WKH�IRUPDWLRQ�RI�RSLQLRQV�LQ�VRFLHWLHV��,Q�WKLV�SURMHFW��ZH�VWXG\�D�PDWKHPDWLFDO�PRGHO�
IRU�WKH�IRUPDWLRQ�RI�SHRSOH
V�RSLQLRQV�ERWK�ZLWK�DQG�ZLWKRXW�WKH�LQIOXHQFH�RI�PHGLD�DFFRXQWV��:H�LQWURGXFH�D�
G\QDPLF�QHWZRUN�PRGHO�IRU�RSLQLRQ�IRUPDWLRQ�EDVHG�RQ�JUDSK�/DSODFLDQV�WKDW�HQFRGH�WKH�QHWZRUN�JHRPHWU\��:H�
DQDO\]H�WKLV�PRGHO�WKHRUHWLFDOO\�DQG�QXPHULFDOO\�XVLQJ�0$7/$%��2XU�UHVXOWV�UHYHDO�LQWHUHVWLQJ�SURSHUWLHV�RI�WKH�
PRGHO�VXFK�DV�XQLTXHQHVV�DQG�H[LVWHQFH�RI�VROXWLRQV�DQG�FKDUDFWHUL]DWLRQ�RI�VWHDG\�VWDWHV�DQG�IRUPDWLRQ�RI�
FRPPXQLWLHV�ZLWK�VLPLODU�RSLQLRQV�LQ�WKH�VWHDG\�VWDWH��

,QYHVWLJDWLQJ�0XWDWLRQDO�%UHDNDJH�LQ�6SDWLDO�3DWWHUQLQJ�&LUFXLWV�
9LFWRULD�&KHQ�
0HQWRUV��5LFKDUG�0XUUD\�DQG�-RKQ�0DUNHQ�

6\QWKHWLF�ELRORJ\�UHOLHV�KHDYLO\�RQ�WKH�XVDJH�RI�V\QWKHWLF�FLUFXLWV�LQ�RUGHU�WR�XQGHUVWDQG�ELRORJLFDO�GHVLJQ�SULQFLSOHV�
DQG�WR�LPSOHPHQW�DQG�WHVW�QHZ�FHOOXODU�IXQFWLRQV��+RZHYHU��VXFK�V\QWKHWLF�FRQVWUXFWV�LPSRVH�DQ�XQQDWXUDO�ORDG�RQ�
WKH�KRVW��OHDGLQJ�WR�LQFUHDVHG�FHOOXODU�VWUHVV�DQG�GHFUHDVHG�RYHUDOO�IXQFWLRQ��7KXV��FHOOV�WKDW�UDQGRPO\�PXWDWH�WR�
LQDFWLYDWH�WKH�V\QWKHWLF�FLUFXLW�SURSDJDWH�PRUH�VXFFHVVIXOO\�WKDQ�HQJLQHHUHG�FHOOV��7KLV�HYHQWXDOO\�OHDGV�WR�FRPSOHWH�
ORVV�RI�FLUFXLW�IXQFWLRQ�LQ�WKH�SRSXODWLRQ�LQ�DQ\�FRQWLQXRXV�JURZWK�HQYLURQPHQW��$OWKRXJK�FLUFXLW�VWDELOLW\�LV�YHU\�
LPSRUWDQW�IRU�SDWWHUQ�IRUPLQJ�FHOOXODU�V\VWHPV��HVSHFLDOO\�IRU�DSSOLFDWLRQV�WKDW�UHO\�RQ�WKH�LQWHJULW\�RI�WKH�SDWWHUQ��LW�
LV�OHVV�ZHOO�XQGHUVWRRG�WKH�H[WHQW�WR�ZKLFK�PXWDQWV�ZRXOG�RYHUWDNH�WKH�SRSXODWLRQ�LQ�D�QRQ�FRQWLQXRXV�JURZWK�
HQYLURQPHQW��VXFK�DV�LQ�D�VSDWLDO�SDWWHUQLQJ�FLUFXLW��:H�SUHGLFW�WKDW�LW�ZLOO�EH�PRUH�GLIILFXOW�IRU�D�PXWDQW�WR�RYHUWDNH�
WKH�SRSXODWLRQ�ZKHQ�VSDWLDO�G\QDPLFV�DUH�SUHVHQW��7KLV�LV�GXH�WR�DGGLWLRQDO�IDFWRUV�H[FOXVLYH�WR�VSDWLDOO\�H[SOLFLW��
�'�HQYLURQPHQWV��VXFK�DV�WKH�DELOLW\�RI�RWKHU�FHOOV�WR�SK\VLFDOO\�EORFN�PXWDQWV�IURP�VSUHDGLQJ��,Q�DGGLWLRQ��QXWULHQW�
GLIIXVLRQ�LV�PXFK�PRUH�FRQVWUDLQHG�LQ�D��'�ILHOG�VXFK�WKDW�D�KLJKHU�ILWQHVV�PXWDQW�HPHUJLQJ�LQ�D�ORZ�QXWULHQW�]RQH�
PD\�KDYH�D�ORZHU�RYHUDOO�JURZWK�UDWH�WKDQ�D�QRQ�PXWDQW�LQ�D�QXWULHQW�ULFK�]RQH��7KXV��WKHUH�DUH�OLNHO\�GLIIHUHQW�
GHYHORSPHQWV�ZKHQ�FLUFXLW�EUHDNDJH�RFFXUV�LQ�VSDWLDO�V\VWHPV�YHUVXV�QRQ�VSDWLDO�V\VWHPV��7KH�JRDO�RI�RXU�SURMHFW�
LV�WR�LQYHVWLJDWH�DQG�GRFXPHQW�WKH�HIIHFWV�RI�PXWDWLRQDO�EUHDNDJH�LQ�VSDWLDO�SDWWHUQLQJ�FLUFXLWV��:H�XVH�DQ��
DJHQW�EDVHG�PRGHO�WR�VLPXODWH�D�EXOOV�H\H�SDWWHUQLQJ�FLUFXLW�DQG�LPSOHPHQW�YDULRXV�FLUFXLW�EUHDNDJH�VFHQDULRV��:H�
KRSH�WR�XVH�RXU�ILQGLQJV�WR�GHYHORS�QHZ�VWUDWHJLHV�IRU�HQVXULQJ�PXWDWLRQDO�UREXVWQHVV�IRU�VSDWLDO�FLUFXLWV��

2Q�&KLS�7UDLQLQJ�IRU�$,�'LDJQRVLV�RI�&DUGLDF�$UUK\WKPLDV�RQ�DQ�$QDORJ�,QWHUIDFH�
.DWKOHHQ�&KLX�
0HQWRUV��$]LWD�(PDPL�DQG�/LQ�0D�

&DUGLRYDVFXODU�GLVHDVHV�FDQ�EH�IDWDO��UHVXOWLQJ�LQ�WKH�GHDWKV�RI�PLOOLRQV�DQQXDOO\��0DQ\�RI�WKHVH�GHDWKV�FDQ�EH�
SUHYHQWHG�E\�HDUOLHU�DQG�PRUH�DFFXUDWH�GLDJQRVLV��&DUGLRORJLVWV�RIWHQ�FRQIXVH�VLPLODU�DUUK\WKPLDV�LQ�(&*V��FUHDWLQJ�
XS�WR�D�����PLVGLDJQRVLV�UDWH��$,�LPSOHPHQWDWLRQ�RI�FDUGLDF�DUUK\WKPLD�GHWHFWLRQ�DQG�FODVVLILFDWLRQ�LV�PRUH�
DFFXUDWH�DQG�DOORZV�IRU�SRUWDEOH�ELRPRQLWRULQJ�GHYLFHV��7KHVH�GHYLFHV�ZRXOG�EH�ZRUQ�OLNH�D�ZDWFK�DQG�GHWHFW�
FDUGLDF�DUUK\WKPLDV��DQ\WLPH�DQG�DQ\ZKHUH��ZLWKRXW�DIIHFWLQJ�WKH�WHVWHU¶V�UHJXODU�OLIH��7KLV�LV�ERWK�FRQYHQLHQW�DQG�
KDV�SRWHQWLDO�WR�GHWHFW�GLVHDVHV�HDUO\�EHFDXVH�WKH�GHYLFHV�GR�QRW�UHTXLUH�WKH�SUHVHQFH�RI�D�GRFWRU�DQG�SURYLGH�
FRQWLQXDO�PRQLWRULQJ��+RZHYHU��SRUWDEOH�GHYLFHV�KDYH�VL]H��ZHLJKW��DQG�SRZHU�FRQVWUDLQWV��'LJLWDO�FLUFXLWV�DQG�
LPSOHPHQWDWLRQV�RI�$,�DOJRULWKPV�DUH�FRPSXWDWLRQDOO\�H[SHQVLYH�DQG�UHTXLUH�WRR�PXFK�SRZHU��,QVWHDG��RXU�JURXS�LV�
LQWHJUDWLQJ�$,�LQWR�DQ�DQDORJ�LQWHUIDFH�IRU�WKH�ILUVW�WLPH��ZKLFK�UHTXLUHV�OHVV�SRZHU��2QH�SKDVH�RI�LPSOHPHQWLQJ��
$,�LV�WUDLQLQJ�WR�REWDLQ�ZHLJKWV�IRU�WKH�FODVVLILFDWLRQ�DOJRULWKP��ZKLFK�FDQ�RFFXU�RQ�FKLS�RU�RII�FKLS��'LIIHUHQFHV�LQ�
FRPSRQHQW�YDOXHV�IURP�WKHLU�LGHDOV�FUHDWHV�DQ�DYHUDJH�PLVFODVVLILFDWLRQ�UDWH�RI������LQ�RII�FKLS�WUDLQLQJ��UHQGHULQJ�
WKHVH�DOJRULWKPV�SUDFWLFDOO\�XVHOHVV��2Q�FKLS�WUDLQLQJ��KRZHYHU��FUHDWHV�FKLS�VSHFLILF�ZHLJKWV�DQG�DQ�DYHUDJH������

PLVFODVVLILFDWLRQ�UDWH���
�� *RQXJRQGOD��6��.���.DQJ��0���6KDQEKDJ��1��$���S-�'HFLVLRQ�����7236�:�5REXVW�LQ��0HPRU\�0DFKLQH�
/HDUQLQJ�&ODVVLILHU�ZLWK�RQ�&KLS�7UDLQLQJ��,Q������,(((�,QWHUQDWLRQDO�6ROLG���6WDWH�&LUFXLWV�&RQIHUHQFH����,66&&���
,(((��6DQ�)UDQFLVFR��&$��������SS����±�����KWWSV���GRL�RUJ���������,66&&����������������
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,PSOHPHQWDWLRQ�RI�557�0RWLRQ�3ODQQLQJ�$OJRULWKPV�IRU�6WRFKDVWLF�0RGHO�3UHGLFWLYH�&RQWURO�LQ�
6SDFHFUDIW�6LPXODWRUV�
(OOLH�&KR�
0HQWRUV��6RRQ�-R�&KXQJ�DQG�<DVKZDQWK�1DNND�

0RWLRQ�SODQQLQJ�LQ�VSDFHFUDIWV�UHTXLUHV�WKH�VSDFHFUDIW�WR�QDYLJDWH�IURP�DQ�LQLWLDO�SRVLWLRQ�WR�D�ILQDO�SRVLWLRQ�E\�
QDYLJDWLQJ�WRZDUGV�WKH�JRDO�LQ�D�G\QDPLF��KLJK�GLPHQVLRQDO�HQYLURQPHQW��7KH�557�DSSURDFK�WR�PRWLRQ�SODQQLQJ�
LQYROYHV�VHDUFKLQJ�WKURXJK�VSDFH�E\�UDQGRPO\�EXLOGLQJ�D�VSDFH�ILOOLQJ�WUHH�DQG�RXWSXWWLQJ�D�SDWK��7KHUH�H[LVWV�
VDPSOLQJ�EDVHG�557�LPSOHPHQWDWLRQV��VXFK�DV�557�DQG�557���DQG�G\QDPLFV�EDVHG�LPSOHPHQWDWLRQV��
�VXFK�DV�/45�557�DQG�.LQRG\QDPLF�557���3ODQQLQJ�WHFKQLTXHV�XVHG�IRU�FRPSXWLQJ�D�IHDVLEOH�WUDMHFWRU\�ZLWK�
G\QDPLFV�FRQVWUDLQWV�DW�KLJK�IUHTXHQF\�JHQHUDOO\�UHTXLUH�DQ�LQLWLDO�FROOLVLRQ�IUHH�SDWK��7KH�RXWSXW�RI�557�LV�XVHG�DV�
DQ�LQSXW�LQWR�WKH�VWRFKDVWLF�PRGHO�SUHGLFWLYH�FRQWURO�WR�SURGXFH�D�VPRRWK�WUDMHFWRU\�DQG�QRPLQDO�FRQWURO��0\�
SURMHFW�LV�IRFXVHG�RQ�LPSOHPHQWLQJ�WKH�557�DOJRULWKPV�LQ�3\WKRQ��

9LVFRHODVWLF�&KDUDFWHUL]DWLRQ�RI�-HOO\ILVK�0HVRJOHD�8VLQJ�)LQLWH�(OHPHQW�0RGHOLQJ��)(0��
&KORH�&KRL�
0HQWRUV��-XOLD�5��*UHHU�DQG�-DQH�=KDQJ�

0HVRJOHD�LV�D�KLJKO\�K\GUDWHG�DQG�FROODJHQ�ILEURXV�H[WUDFHOOXODU�PDWUL[��(&0��K\GURJHO�IRXQG�EHWZHHQ�WKH�
HSLGHUPDO�DQG�HQGRGHUPDO�OD\HUV�RI�D�MHOO\ILVK��6LQFH�MHOO\ILVK�FRPSULVHV�PDLQO\�RI�LWV�PHVRJOHD��LW�KDV�EHHQ�
K\SRWKHVL]HG�WKDW�WKH�PHFKDQLFDO�SURSHUWLHV�RI�PHVRJOHD�DUH�WKH�RULJLQ�RI�MHOO\ILVK¶V�VKDSH�UHWDLQLQJ�EHKDYLRU�
�UDGLDO�V\PPHWUL]DWLRQ���,Q�WKLV�ZRUN��ZH�DLP�WR�PRGHO�WKH�$XUHOLD�DXULWD�MHOO\ILVK�UHVSRQVH�XQGHU�IODW�SXQFK�
LQGHQWDWLRQ�DQG�WR�XQGHUVWDQG�WKH�V\PPHWUL]DWLRQ�SURFHVV�XVLQJ�ILQLWH�HOHPHQW�DQDO\VLV��)($��VLPXODWLRQV��
0HVRJOHD�ZDV�PRGHOHG�DV�D�KRPRJHQHRXV�JHO�PDWUL[�HPEHGGHG�ZLWK�HYHQO\�VSDFHG�FROODJHQ�ILEHU�HOHPHQWV��
([SHULPHQWDO�UHVXOWV�DQG�H[LVWLQJ�OLWHUDWXUH�ZHUH�XVHG�WR�GHWHUPLQH�PDWHULDO�SURSHUWLHV��H[SUHVVHG�DV��
0D[ZHOO�:HLFKHUW�SDUDPHWHUV��6WDWLF�WHVWV�XVLQJ�D�WLS�VL]H�RI������P�DQG�GLIIHUHQW�WLS�GHSWKV�RI��
�����P�������P��DQG������P�ZHUH�XVHG�WR�YHULI\�WKH�PRGHO��'\QDPLF�WHVWV�XVLQJ�YDULHG�IUHTXHQFLHV�RI��
�����+]�DQG�G\QDPLF�GLVSODFHPHQW�RI����P�ZLOO�EH�XVHG�WR�WHVW�WKH�PLFURVWUXFWXUH�RI�WKH�VLPXODWHG�PHVRJOHD�DQG�
PLPLF�UDGLDO�V\PPHWUL]DWLRQ��

'DWD�6WUXFWXUH�9LVXDOL]HU�IRU�,QWURGXFWRU\�&RPSXWHU�6FLHQFH�&RXUVHV�
'HYLQ�&KRW]HQ�+DUW]HOO�
0HQWRU��$GDP�%ODQN�

:KHQ�VWXGHQWV�DUH�WDVNHG�ZLWK�LPSOHPHQWLQJ�FRPSOH[�GDWD�VWUXFWXUHV�LQ�D�FRXUVH�VLPLODU�WR�&DOWHFK¶V�&6����WKH\�
RIWHQ�VWUXJJOH�WR�GHEXJ�WKHLU�FRGH��DV�WUDGLWLRQDO�GHEXJJLQJ�PHWKRGV�GR�D�SRRU�MRE�RI�GLVSOD\LQJ�SURJUDP�VWDWH�IRU�
PXOWL�OD\HUHG��DEVWUDFW�GDWD�VWUXFWXUHV��:H�DVVHUW�WKDW�LQFOXGLQJ�D�JUDSKLFDO�YLVXDOL]DWLRQ�RI�WKH�SURJUDP¶V�VWDWH�LQ�
WKH�,QWHJUDWHG�'HYHORSPHQW�(QYLURQPHQW��,'(���WKH�SURJUDP�VWXGHQWV�XVH�WR�ZULWH�FRGH��ZRXOG�DOORZ�VWXGHQWV�WR�
PRUH�HIILFLHQWO\�GHEXJ�WKHLU�FRGH��ZKLOH�KRQLQJ�WKHLU�RZQ�GHYHORSLQJ�VNLOOV�DQG�FRQFHSWXDO�XQGHUVWDQGLQJ��:H�KDYH�
FUHDWHG�VXFK�D�YLVXDOL]HU�IRU�,QWHOOL-��D�SRSXODU�,'(��DORQJ�ZLWK�D�IUDPHZRUN�IRU�FXVWRPL]LQJ�ORJLFDO�YLVXDOL]DWLRQV�RI�
DGYDQFHG�GDWD�VWUXFWXUHV�WR�KHOS�VWXGHQWV�ILQG�JUDQXODU�EXJV�LQ�WKHLU�FRGH�DQG�VROLGLI\�WKHLU�XQGHUVWDQGLQJ�RI�
DOJRULWKPV�DVVRFLDWHG�ZLWK�GDWD�VWUXFWXUHV��7KH�WRRO�ZLOO�EH�XVHG�E\�VWXGHQWV�LQ�&DOWHFK¶V�&6���FRXUVH�VWDUWLQJ�LQ�
WKH�:LQWHU������WHUP��DQG�FDQ�EH�XVHG�LQ�VLPLODU�LQWURGXFWRU\�OHYHO�FRPSXWHU�VFLHQFH�FRXUVHV�FRYHULQJ�GDWD�
VWUXFWXUHV���

6ROYLQJ�0RYLQJ�%RXQGDU\�3UREOHPV�E\�,QFRUSRUDWLQJ�([SOLFLW�DQG�,PSOLFLW�$SSUR[LPDWLRQ�6FKHPHV�
-HQQLH�&KXQJ�
0HQWRUV��2VFDU�%UXQR�DQG�'DQLHO�/HLERYLFL��

0RYLQJ�ERXQGDU\�SUREOHPV�KDYH�EHHQ�RI�JUHDW�LQWHUHVW�LQ�D�ZLGH�YDULHW\�RI�FRQWH[WV��VXFK�DV�VLPXODWLQJ�YLVFRXV�
IORZV�DURXQG�DHURVSDFH�FRQILJXUDWLRQV��ELRPHGLFDO�DSSOLFDWLRQV��DQG�GHVFULELQJ�WUDMHFWRULHV�RI�SURMHFWLOH�REMHFWV��
6ROYLQJ�3'(V�RYHU�GRPDLQV�ZLWK�PRYLQJ�ERXQGDULHV�WKXV�KDV�PDQ\�GHVLUDEOH�FRQVHTXHQFHV��DV�SKHQRPHQD�LQ�
QXPHURXV�ILHOGV�FDQ�EH�PRGHOHG�XVLQJ�VXFK�H[SORUDWLRQV��7KLV�SURMHFW�IRFXVHV�RQ�DSSUR[LPDWLQJ�WKH�VROXWLRQ�RI�WKH�
KHDW�HTXDWLRQ�RQ�GRPDLQV�FRQWDLQLQJ�PRYLQJ�ERXQGDULHV�LQ�0$7/$%�ZKLOH�PDLQWDLQLQJ�VWDELOLW\�DQG�DFFXUDF\�RYHU�
WLPH��&RPSRQHQWV�RI�ERWK�H[SOLFLW�DQG�LPSOLFLW�PHWKRGV�ZHUH�XVHG�GHSHQGLQJ�RQ�ZKHWKHU�QHZ�SRLQWV�ZHUH�DGGHG�WR�
WKH�GRPDLQ�RYHU�WKH�ODVW�WLPH�VWHS��)RU�SHQXOWLPDWH�SRLQWV�WR�WKH�PRYLQJ�ERXQGDU\��H[SOLFLW�PHWKRGV�HPSOR\LQJ�
ERXQGDU\�FRQGLWLRQV�ZHUH�XVHG��ZKLOH�LQWHUSRODWLRQ�ZDV�XVHG�IRU�QHZO\�DGGHG�SRLQWV��)RU�WKH��'�KHDW�HTXDWLRQ��D�
PRYLQJ�ERXQGDU\�RQ�WKH�ULJKW�ZDV�LQWURGXFHG�WR�DQDO\]H�VWDELOLW\�DQG�DFFXUDF\��$QDORJRXVO\��WKH�PRYLQJ�ERXQGDU\�
SUREOHP�LQ��'�ZDV�DSSUR[LPDWLQJ�WKH�KHDW�HTXDWLRQ�RQ�D�UHFWDQJXODU�GRPDLQ�H[FOXGLQJ�D�PRYLQJ�HOOLSVH���
L�H��D�SXQFWXUHG�GRPDLQ��6SHFLDO�FRQVLGHUDWLRQV�ZHUH�PDGH�LQ�SODQQLQJ�WR�DSSUR[LPDWH�RYHU�D�PHVK�JULG�
GLVFUHWL]DWLRQ�RI�SRLQWV�LQ��'��IRU�ZKLFK�WKH�PRYLQJ�HOOLSVH�LQWURGXFHG�PRUH�FRPSOLFDWHG�HYROXWLRQ�VFKHPHV�DQG�
VWDELOLW\�FRQVLGHUDWLRQV�FRPSDUHG�WR�WKH�XQ�SXQFWXUHG�GRPDLQ���
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,QYHVWLJDWLQJ�WKH�$SSOLFDWLRQ�RI�3DUWLFOH�,PDJH�9HORFLPHWU\�WR�0XOWLSKDVH�)ORZV�
1RUPDQ�&KXQJ�
0HQWRU��0HODQ\�+XQW�

3DUWLFOH�LPDJH�YHORFLPHWU\��3,9��LV�D�SURFHVV�E\�ZKLFK�RQH�FDQ�FDOFXODWH�LQVWDQWDQHRXV�YHORFLW\�ILHOGV�IRU�D�IOXLG�
IORZ��7UDGLWLRQDOO\��WUDFHU�SDUWLFOHV��RU�SDUWLFOHV�ZKLFK�DUH�DVVXPHG�WR�QRW�DIIHFW�WKH�IOXLG�IORZ�EHFDXVH�RI�WKHLU�VL]H��
DUH�VHHGHG�LQWR�D�IOXLG�IORZ��ZKLFK�LV�WKHQ�UHFRUGHG�DQG�DQDO\]HG�XVLQJ�3,9�VRIWZDUH��%HFDXVH�RQH�FDQ�DVVXPH�WKH�
YHORFLWLHV�RI�WKHVH�WUDFHU�SDUWLFOHV�DFFXUDWHO\�UHSUHVHQW�WKH�IOXLG�YHORFLWLHV�DW�D�JLYHQ�SRLQW��FDOFXODWLQJ�DQ�
LQVWDQWDQHRXV�YHORFLW\�ILHOG�IRU�WKH�WUDFHU�SDUWLFOHV�LV�DNLQ�WR�FDOFXODWLQJ�WKH�LQVWDQWDQHRXV�YHORFLW\�ILHOG�IRU�WKH�IOXLG�
LWVHOI��0\�ZRUN�IRFXVHG�RQ�ZKHWKHU�RQH�FRXOG�XVH�3,9�WR�FDOFXODWH�WKH�YHORFLWLHV�RI�ODUJHU�SDUWLFOHV�RI�LQWHUHVW�LQ�
PXOWLSKDVH�IORZ��D�SKHQRPHQRQ�ZLWK�PDQ\�DSSOLFDWLRQV�WR�LQGXVWU\�DQG�D�SKHQRPHQRQ�QRW�W\SLFDOO\�DQDO\]HG�XVLQJ�
3,9��7R�DQVZHU�WKLV�TXHVWLRQ��,�GHYHORSHG�D�YLGHR�SUH�SURFHVVLQJ�SURFHGXUH�XVLQJ�0$7/$%�WR�FUHDWH�LPDJHV�
FRPSDWLEOH�ZLWK�3,9�VRIWZDUH�DQG�DQDO\]HG�WKH�GDWD�RXWSXWV�IURP�VDLG�VRIWZDUH��3RVW�SURFHVVLQJ�RI�WKH�GDWD�
VXJJHVWV�WKDW�ZKLOH�WKHUH�DUH�LPSHUIHFWLRQV�LQ�DSSO\LQJ�3,9�WR�QRQ�WUDFHU�SDUWLFOH�IORZV��3,9�LV�QRW�HQWLUHO\�
XQVXLWDEOH�IRU�DQDO\]LQJ�PXOWLSKDVH�IORZV��

$FKLHYLQJ�1HDU�8QLW\�$EVRUEDQFH LQ�70'&�0RQROD\HUV�DW�5RRP�7HPSHUDWXUH�WR�(QDEOH�0RQROD\HU�
([FLWRQLF�6RODU�&HOOV
7\OHU�&ROHQEUDQGHU�
0HQWRUV��+DUU\�$WZDWHU�DQG�-RHVRQ�:RQJ�

6HPLFRQGXFWLQJ�WUDQVLWLRQ�PHWDO�GLFKDOFRJHQLGH��70'&��PRQROD\HUV�OLNH�WXQJVWHQ�GLVXOILGH��:6 ��DUH�D�SURPLVLQJ�
JURXS�RI�DWRPLFDOO\�WKLQ�PDWHULDOV�IRU�XVH�LQ�VRODU�FHOOV�EHFDXVH�RI�WKHLU�LQWULQVLFDOO\�SDVVLYDWHG�VXUIDFHV��KLJK�
UDGLDWLYH�HIILFLHQFLHV��DQG�ODUJH�DEVRUSWLRQ�FRHIILFLHQWV��+RZHYHU��WKHLU�PRQROD\HU�QDWXUH��̱��c�WKLFN��OLPLWV�WKHLU�
IUHH�VWDQGLQJ�DEVRUEDQFH�WR�DSSUR[LPDWHO\�����RU������(IIRUWV�WR�GHVLJQ�SHUIHFW�DEVRUEHUV�KDYH�UHTXLUHG�
FU\RJHQLF�WHPSHUDWXUHV��a����.��RU�XVHG�PXOWLOD\HU�70'&V�ZKLFK�KDYH�DQ�LQGLUHFW�EDQGJDS�DQG�WKHUHIRUH�
VXEVWDQWLDOO\�ORZHU�UDGLDWLYH�HIILFLHQF\�WKDQ�GLUHFW�EDQGJDS�70'&�PRQROD\HUV��+HUH��ZH�VKRZ�WKDW�ZLWK�DSSURSULDWH�
SKRWRQLF�GHVLJQ��ZH�FDQ�WKHRUHWLFDOO\�DFKLHYH�!����DQG�!����PRQROD\HU�H[FLWRQLF�DEVRUEDQFH�DW�URRP�
WHPSHUDWXUH�XVLQJ�D�PHWDOOLF�RU�GLHOHFWULF�FDYLW\��UHVSHFWLYHO\��:H�VKRZ�WKDW�WKLV�KLJK�DEVRUEDQFH�VWHPV�IURP�
PDWFKLQJ�UDGLDWLYH�DQG�QRQ�UDGLDWLYH�GHFD\�FKDQQHOV��+HQFH��WKH�3XUFHOO�IDFWRU�ZKLFK�HQKDQFHV�WKH�UDGLDWLYH�GHFD\�
UDWH�RI�WKH�H[FLWRQLF�GLSROH�LV�DQ�LPSRUWDQW�ILJXUH�RI�PHULW�IRU�WKH�RSWLFDO�GHVLJQ�RI�WKHVH�V\VWHPV��2XU�UHVXOWV�
GHPRQVWUDWLQJ�QHDU�XQLW\�DEVRUEDQFH�WKHUHIRUH�HQDEOH�PRQROD\HU�H[FLWRQLF�VRODU�FHOOV�ZLWK�HIILFLHQFLHV�DSSURDFKLQJ�
WKHLU�GHWDLOHG�EDODQFH�OLPLW�

6HDUFKLQJ�IRU�3XOVDWLRQV�LQ�8OWUDOXPLQRXV�;�5D\�6RXUFH�;���LQ�*DOD[\�,&����
'DQQ\�&ROOLQVRQ�
0HQWRUV��)LRQD�+DUULVRQ�DQG�6HDQ�3LNH

8OWUDOXPLQRXV�[�UD\�VRXUFHV��8/;V��DUH�H[WUDJDODFWLF�[�UD\�VRXUFHV�ZLWK�D�OXPLQRVLW\�RI�DW�OHDVW������HUJ�V��:H�
SUHVHQW�D�VWXG\�RI�WKH�8/;�;���LQ�WKH�JDOD[\�,&�����XVLQJ�1X67$5�[�UD\�WHOHVFRSH�REVHUYDWLRQV�IURP�$XJXVW�������
,W�ZDV�SUHYLRXVO\�EHOLHYHG�WKDW�PRVW�8/;V�DUH�EODFN�KROH�ELQDU\�V\VWHPV��EXW�WKH�GHWHFWLRQ�RI�SXOVDWLQJ�[�UD\�IOX[�
IURP�D�8/;�LQ������LQGLFDWHG�WKDW�WKH�8/;�ZDV�DFWXDOO\�D�QHXWURQ�VWDU�ELQDU\��LQ�ZKLFK�D�QHXWURQ�VWDU�DFFUHWHV�
PDWWHU�IURP�D�FRPSDQLRQ�VWDU�DQG�WKH�QHXWURQ¶V�VWDU�URWDWLQJ�PDJQHWLF�ILHOG�SURGXFHV�SXOVDWLRQV�LQ�WKH�REVHUYHG�
EULJKWQHVV�RI�WKH�VRXUFH��:H�SHUIRUP�D�WLPLQJ�DQDO\VLV�RI�;���LQ�RUGHU�WR�VHDUFK�IRU�VXFK�SXOVDWLRQV��XVLQJ�PHWKRGV�
GHYHORSHG�UHFHQWO\�WR�GHWHFW�RWKHU�8/;�SXOVDUV��,GHQWLILFDWLRQ�RI�;���DV�D�QHXWURQ�VWDU�ZRXOG�DGG�WR�WKH�QXPEHU�RI�
NQRZQ�QHXWURQ�VWDU�8/;V��7KHVH�REMHFWV�DUH�QRW�ZHOO�XQGHUVWRRG�JLYHQ�WKDW�WKHLU�REVHUYHG�OXPLQRVLW\�H[FHHGV�WKH�
(GGLQJWRQ�OLPLW²GHWHUPLQHG�E\�WKH�EDODQFH�RI�WKH�UDGLDWLRQ�SUHVVXUH�RI�SKRWRQV�EHLQJ�HPLWWHG�DQG�WKH�IRUFH�RI�
JUDYLW\�LQZDUGV²DQG�VR�WKHLU�GHWHFWLRQ�LV�VLJQLILFDQW�WR�KHOS�EHWWHU�XQGHUVWDQG�VXSHU�(GGLQJWRQ�DFFUHWLRQ�LQ�
QHXWURQ�VWDUV��

$Q�,QYHVWLJDWLRQ�RQ�0DFKLQH�7HDFKLQJ�6FKHPHV�IRU�&RQWLQXHG�)UDFWLRQ�5HJUHVVLRQ�
-RQDWKRQ�&RUUDOHV�GH�2OLYHLUD�
0HQWRU��3DEOR�0RVFDWR�

7KH�JRDO�RI�V\PEROLF�UHJUHVVLRQ�LV�WR�ILQG�WKH�EHVW�PRGHO�WKDW�ILWV�D�FHUWDLQ�GDWDVHW��DQG�DSSURDFKHV�KDYH�ODUJHO\�
GHSHQGHG�RQ�JHQHWLF�SURJUDPPLQJ�DQG�SUHVHQW�SRO\QRPLDO�PRGHOV��7KH�DSSOLFDWLRQ�RI�D�0HPHWLF�$OJRULWKP��WDNLQJ�
DGYDQWDJH�RI�KHXULVWLF�DQG�UHFRPELQDWLRQ�PHWKRGV�WR�LPSURYH�SRSXODWLRQ�GLYHUVLW\��WR�V\PEROLF�UHJUHVVLRQ�ZKLFK�
SUHVHQWV�PRGHOV�ZLWK�UHFXUVLYH�UHSUHVHQWDWLRQV�VXFK�DV�FRQWLQXHG�IUDFWLRQV�RU�FRQWLQXHG�ORJDULWKPV�VHHP�WR�
JHQHUDWH�PRUH�DFFXUDWH�PRGHOV�WKDW�DUH�VLPSOHU�WR�XQGHUVWDQG��([SHULPHQWDWLRQ�ZLWK�D�ZLGH�UDQJH�RI�GDWDVHWV�
WKURXJK�WKH�JHQHUDWLRQ�RI�PDQ\�PRGHOV�IRU�HDFK�GDWDVHW�XVLQJ�GLIIHUHQW�FRQILJXUDWLRQV�IRU�HDFK�KDV�LQGLFDWHG�WKDW�
WKH�DGGLWLRQ�RI�RWKHU�UHFXUVLYH�UHSUHVHQWDWLRQV�EHWWHU�VXLWHG�VRPH�GDWDVHWV�DQG�WKH�GLYHUVLW\�DULVLQJ�IURP�SDUWLDO�
VHHGLQJ�RI�D�SRSXODWLRQ�ZKHQ�LQLWLDOL]LQJ�ZLWK�D�SUHYLRXV�VROXWLRQ��DV�RSSRVHG�WR�WRWDO�VHHGLQJ��UHVXOWHG�LQ�JHQHUDOO\�
EHWWHU�PRGHOV��7KH�LPSOHPHQWDWLRQ�RI�YDULRXV�XVHU�FRQILJXUDWLRQV�VKRXOG�DOORZ�WKLV�PHWKRG�WR�JHQHUDWH�PRGHOV�IRU�
D�ZLGH�YDULHW\�RI�XVH�FDVHV���
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0RGHOLQJ�3ODQHW�3ODQHW�,QWHUDFWLRQV�LQ�3ODQHWDU\�$VWURQRP\�
6RILD�&RYDUUXELDV�
0HQWRUV��'LPLWUL�0DZHW��6DUDK�%OXQW��DQG�-DVRQ�:DQJ�

2UELWL]H��LV�D�3\WKRQ�SDFNDJH�WKDW�VWUHDPOLQHV�WKH�SURFHVV�RI�PRGHOLQJ�WKH�RUELWV�RI�GLUHFWO\�LPDJHG�SODQHWV��7KH�
RUELWL]H��GHYHORSPHQW�WHDP�DLPV�WR�PDNH�SODQHW�ILWWLQJ�IDVWHU�DQG�PRUH�DFFHVVLEOH�E\�FRPELQLQJ�PXOWLSOH�H[LVWLQJ�
WHFKQLTXHV�LQWR�RQH�FRGH�EDVH��7KH�9/7,�*5$9,7<�LQVWUXPHQW�KDV�GHPRQVWUDWHG�WKDW�LQWHUIHURPHWU\�FDQ�DFKLHYH�
��[�EHWWHU�DVWURPHWULF�SUHFLVLRQ�WKDQ�H[LVWLQJ�PHWKRGV��D�OHYHO�RI�SUHFLVLRQ�WKDW�PDNHV�GHWHFWLRQ�RI�SODQHW�SODQHW�
LQWHUDFWLRQV�SRVVLEOH��,�KDYH�UHVHDUFKHG�DQG�GHYHORSHG�P\�RZQ�1�ERG\�VLPXODWRU�LQ�RUGHU�WR�PDNH�WKH�EHVW�
LPSOHPHQWDWLRQV�DQG�XSGDWHV�WR�WKH�SDFNDJH�WKDW�,�FDQ��,�KDYH�UHSODFHG�WKH�VWDQGDUG�.HSOHULDQ�RUELW�VROYHU�LQ�
RUELWL]H��ZLWK�D�PRGXOH�XVLQJ�5(%281'��DQ�1�ERG\�VROYHU��LQ�RUGHU�WR�DFFRXQW�IRU�SODQHW�SODQHW�LQWHUDFWLRQV�
SUHVHQW�LQ�WKH�GDWD��8VHUV�KDYH�WKH�RSWLRQ�WR�XVH�WKLV�PRGXOH�ZKHQ�PRGHOLQJ�KLJKO\�SUHFLVH�DVWURPHWULF�GDWD��
,�ZLOO�SUHVHQW�WKLV�XSGDWHG�LPSOHPHQWDWLRQ�LQ�RUELWL]H���GLVFXVV�YDOLGDWLRQ�WHVWV�,�SHUIRUPHG��DQG�GLVFXVV�IXWXUH�XVH�
FDVHV���

$�6HDUFK�IRU�2XWEXUVWLQJ�$0�&9Q�6\VWHPV�LQ�=ZLFN\�7UDQVLHQW�)DFLOLW\�'DWD
/HDK�&UHWHU�
0HQWRUV��-DPHV�)XOOHU�DQG�-DQ�YDQ�5RHVWHO��

7KH�=ZLFN\�7UDQVLHQW�)DFLOLW\�LV�ORFDWHG�DW�WKH�3DORPDU�2EVHUYDWRU\�LQ�&DOLIRUQLD��=7)�LV�DQ�DVWURQRPLFDO�VXUYH\�RI�
WKH�QRUWKHUQ�VN\�WKDW�FROOHFWV�SRWHQWLDO�RXWEXUVWV�RI�WUDQVLHQW�REMHFWV�ZLWK�VHQVLWLYH�FDPHUDV��DOORZLQJ�XV�WR�
REVHUYH�VWDUV�ZLWK�D������PDJQLWXGH�RU�EULJKWHU��7KH�RXWEXUVWLQJ�V\VWHPV�GHWHFWHG�E\�=7)�KDYH�JLYHQ�XV�WKH�
RSSRUWXQLW\�WR�VHDUFK�IRU�$0�&9Q�ELQDU\�V\VWHPV��$0�&9Q�ELQDU\�V\VWHPV�DUH�LQWHUHVWLQJ�WR�RXU�UHVHDUFK�VLQFH�
WKHVH�V\VWHPV�DUH�NQRZQ�VRXUFHV�RI�JUDYLWDWLRQDO�ZDYHV��KDYH�VKRUW�RUELW�SHULRGV�RI���PLQXWHV�±����PLQXWHV��DQG�
DUH�DERXW���RXW�RI�D�PLOOLRQ��7KHVH�V\VWHPV�DUH�LQ�WKH�VWDJHV�RI�ILQDO�ELQDU\�HYROXWLRQ�DQG�ERWK�WKH�KRVW�DQG�GRQRU�
VWDU�DUH�KHOLXP�GRPLQDWHG��ZKLOH�ODFNLQJ�DOO�K\GURJHQ�IURP�WKH�VSHFWUD��6LQFH�WKHVH�V\VWHPV�DUH�KHOLXP�EDVHG��ZH�
FDQ�IXUWKHU�REVHUYH�WKH�VSHFWUD�RI�WKHVH�V\VWHPV�E\�XVLQJ�WKH�3DORPDU�2EVHUYDWRU\�WHOHVFRSH�DQG�WKH�.HFN�
2EVHUYDWRU\�WHOHVFRSHV��7KHVH�REVHUYDWLRQV�ZLOO�SURYLGH�XV�ZLWK�WKH�WRROV�WR�LGHQWLI\�QHZ�$0�&9Q�V\VWHPV��

$SSOLFDWLRQV�RI�'HWDLOHG�6SHFWURVFRSLF�6WXGLHV�WR�WKH�4XDQWLILFDWLRQ�RI�+�2�LQ�5RFN
0ROO\�&URWWHDX�
0HQWRUV��*HRUJH�5RVVPDQ�DQG�5HEHFFD�*UHHQEHUJHU�

7KH�LPSURYHPHQW�RI�WKH�XQGHUVWDQGLQJ�RI�WKH�VSHFWUDO�SUR[LHV�IRU�K\GUDWLRQ�LV�EHFRPLQJ�LQFUHDVLQJO\�LPSRUWDQW�
ZKHQ�FRQVLGHULQJ�WKH�IXWXUH�RI�SODQHWDU\�VFLHQFH�DQG�JHRVFLHQFH��&XUUHQW�DQG�XSFRPLQJ�PLVVLRQV�WR�0DUV��(XURSD��
DQG�RWKHU�SODQHWDU\�ERGLHV�ZLOO�XWLOL]H�VSHFWURVFRS\�WR�GHWHFW�+�2�DQG�2+�EDVHG�RQ�VSHFWURVFRSLF�DEVRUSWLRQV��7KH�
SUHFLVH�LQWHUSUHWDWLRQ�RI�WKHVH�VSHFWUDO�IHDWXUHV�ZLOO�EH�SDUDPRXQW�ZKHQ�VWXG\LQJ�WKH�DTXHRXV�KLVWRU\�DQG�
DVWURELRORJLF�SRWHQWLDO�RI�0DUV��ZDWHU�URFN�LQWHUDFWLRQV�DQG�DTXDWLF�FKHPLVWU\�RQ�RFHDQ�ZRUOGV��DQG�WKH�
K\GURWKHUPDO�DOWHUDWLRQ��K\GUDWLRQ��DQG�IRUPDWLRQ�RI�WKH�RFHDQLF�FUXVW�RQ�(DUWK��:KLOH�K\GUDWLRQ�KDV�EHHQ�ZHOO�
FRQVWUDLQHG�YLD�VSHFWURVFRS\�IRU�VLQJOH�PLQHUDOV��WKH�UHODWLRQVKLS�EHWZHHQ�VSHFWUDO�IHDWXUHV�DQG�WKH�ZDWHU�FRQWHQW�
LQ�EXON�URFN�KDV�\HW�WR�EH�HOXFLGDWHG��7KLV�SURMHFW�FRPELQHV�GDWD�IURP�VSHFWUDO�GDWDEDVHV�DQG�PLFURLPDJLQJ�
VSHFWURVFRS\�PHDVXUHPHQWV�RI�EDVDOWLF�JDEEURLF�FRUH�VHFWLRQV�IURP�WKH�,&'3�2PDQ�'ULOOLQJ�3URMHFW�WR�VWXG\�WKH�
UHODWLRQVKLS�EHWZHHQ�WKH�+�2�2+�DEVRUSWLRQV�DQG�JHRFKHPLFDO�PHDVXUHPHQWV��ZKLFK�SURYLGH�SUHFLVH�+�2�FRQWHQW��
:H�XWLOL]H�VSHFWUDO�GDWD��PLQHUDORJ\��DQG�JHRFKHPLVWU\�WR�GHWHUPLQH�D�UHODWLRQVKLS�EHWZHHQ�VSHFWUDO�LQGLFHV�DQG�
K\GUDWLRQ��8OWLPDWHO\��WKLV�ZRUN�ZLOO�DGYDQFH�RXU�XQGHUVWDQGLQJ�RI�RFHDQ�FUXVW�IRUPDWLRQ�RQ�(DUWK��ZKLOH�DOVR�
KDYLQJ�QXPHURXV�DSSOLFDWLRQV�WR�WKH�LQWHUSUHWDWLRQ�RI�PDILF�OLWKRORJLHV�RQ�RWKHU�SODQHWV��

8QOLNHO\�1HZWRQ�3RO\JRQV�$ULVLQJ�)URP�$EHOLDQ�&RYHUV�RI�WKH�3URMHFWLYH�/LQH�
0LOHV�&XD�
0HQWRUV��(OHQD�0DQWRYDQ�DQG�7UXQJ�& Q�

7KH�FKDUDFWHUL]DWLRQ�RI�WKH�RSHQ�7RUHOOL�ORFXV�KDV�ORQJ�EHHQ�D�VXEMHFW�RI�JUHDW�LQWHUHVW��7R�H[SORUH�WKLV�SUREOHP��ZH�
ILUVW�VWXG\�WKH�-DFRELDQV�RI�DEHOLDQ�FRYHUV�RI� �EUDQFKHG�DW�WKUHH�SRLQWV��LQ�SDUWLFXODU��ZH�SURYH�WKDW�WKH\�KDYH�
FRPSOH[�PXOWLSOLFDWLRQ��7KHQ��ZH�DSSO\�WKH�6KLPXUD�7DQL\DPD�IRUPXOD�WR�FRPSXWH�1HZWRQ�SRO\JRQV�RI�VXFK�
FRYHUV��:H�DOVR�H[SORUH�VSHFLDO�FDVHV�DULVLQJ�IURP�WKH�P�F\FOLF�FDVH��VXFK�DV�ZKHQ�P�LV�D�)HUPDW�SULPH��
)XUWKHUPRUH��ZH�XWLOL]H�WKHVH�1HZWRQ�SRO\JRQV�WR�ILQG�XQOLNHO\�LQWHUVHFWLRQV�RI�1HZWRQ�SRO\JRQ�VWUDWD�DQG�WKH�RSHQ�
7RUHOOL�ORFXV�LQVLGH�6LHJHO�YDULHWLHV�RI�ODUJH�JHQXV���

6LPXODWLRQV�RI�/RZ�6ZLUO�%XUQHU�IRU�+��&RPEXVWLRQ�
5REHUW�'DLJOH�
0HQWRUV��*XLOODXPH�%ODQTXDUW�DQG�-RVHSK�5XDQ�

,Q�WKH�ODVW�WZHQW\�\HDUV��/RZ�6ZLUO�%XUQHUV��/6%��KDYH�EHHQ�FRQVLGHUHG�DV�DQ�DOWHUQDWLYH�WR�WKH�WUDGLWLRQDO��
+LJK�6ZLUO�%XUQHUV��+6%��IRU�SRZHU�SURGXFWLRQ�IURP�WKH�FRPEXVWLRQ�RI�K\GURJHQ�GXH�WR�WKH�/6%
V�XOWUD�ORZ�
HPLVVLRQV�DQG�IXHO�HIILFLHQF\�� +RZHYHU��H[SHULPHQWDO�FRVWV�RI�/RZ�6ZLUO�,QMHFWRU��/6,��GHVLJQ�DQG�DFFHVV�WR�
H[SHULPHQWDO�GLDJQRVWLFV�KDYH�SURKLELWHG�V\VWHPDWLF�GHVLJQ��,Q�WKH�FXUUHQW�ZRUN��D�QHZ�SURFHVV�RI�VLPXODWLQJ��
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/6,�LQVLGH�$16<6�ZDV�GHYHORSHG�LQ�RUGHU�WR�FKDUDFWHUL]H�WKH�LQMHFWRU¶V�VZLUO��SUHVVXUH�JUDGLHQW��DQG�WXUEXOHQFH��
7KLV�SURFHVV�FHQWHUHG�RQ�GHFRPSRVLQJ�D�FRPSOH[�/6,�LQWR�VHSDUDWH�SDUWV��WKH�RXWHU�SLSH��WKH�LQQHU�SLSH��WKH�
SHUIRUDWHG�VFUHHQ��DQG�WKH�YDQHV��7KHVH�SDUWV�ZHUH�PRGHOHG�WKURXJK�D�V\VWHPDWLF�SURJUHVVLRQ�RI�FRPSOH[LW\�VXFK�
WKDW�HDFK�VXFFHVVLYH�PRGHO�LQFOXGHG�WKH�JHRPHWU\�IURP�WKH�SUHYLRXV�PRGHO��$�YDULHW\�RI�WXUEXOHQFH�PRGHOV��
N�HSVLORQ��N�RPHJD��6SDODUW�$OODPDUDV��ZHUH�XVHG�WR�WHVW�WKH�UREXVWQHVV�RI�WKH�$16<6�VLPXODWLRQV��7KH�VLPXODWLRQ�
UHVXOWV�ZHUH�YDOLGDWHG�DJDLQVW�SUHYLRXV�H[SHULPHQWDO�ZRUN�>&KHQJ�����@��7KH�RYHUDOO�SURFHVV�TXDQWLILHG�HDFK�
GHVLJQ�DGGLWLRQ¶V�HIIHFW�RQ�WKH�LQMHFWRU¶V�RYHUDOO�SUHVVXUH�GURS�DQG�WXUEXOHQFH�LQWHQVLWLHV��7KH�SUHVHQW�ZRUN�ZLOO�KHOS�
IXWXUH�UHVHDUFK�RI�/6,V�E\�SURYLQJ�D�VWDQGDUG�PHWKRGRORJ\�RI�VLPXODWLQJ�WKH�IORZ�ILHOG�DW�D�ORZ�FRPSXWDWLRQDO�FRVW��

$�*HRWHFKQLFDO�$SSURDFK�WR�(DUO\�/DQGVOLGH�'HWHFWLRQ�
$QHHO�'DPDUDMX�
0HQWRUV��.DWKHULQH�%RXPDQ�DQG�$YLDG�/HYLV�

/DQGVOLGHV�FDXVH�ELOOLRQV�RI�GROODUV�LQ�GDPDJHV�SHU�\HDU�LQ�WKH�86�DORQH��/DQGVOLGHV�RIWHQ�VWDUW�DV�VORZ�PRYLQJ�
³FUHHS´�XQWLO�WKH�PDVV�UHDFKHV�D�FULWLFDO�IDLOXUH�SRLQW��LQ�D�SURFHVV�WKDW�FDQ�WDNH�VHYHUDO�\HDUV��'HWHUPLQLQJ�UHJLRQV�
RI�ODQG�WKDW�DUH�SRWHQWLDO�ODQGVOLGH�DUHDV�ORQJ�EHIRUH�WKH�ODQGVOLGH�KDV�RFFXUUHG�LV�QHFHVVDU\�WR�PLWLJDWH�
LQIUDVWUXFWXUDO�ODQGVOLGH�GDPDJHV��,Q�WKLV�SURMHFW��ZH�FUHDWH�DQ�LQYHUVLRQ�DSSURDFK�IRU�WKH�FKDUDFWHUL]DWLRQ�RI�
ODQGVOLGH�UHJLRQV�IURP�WKH�VXUIDFH�GLVSODFHPHQW�RI�WKH�ODQGVOLGH�VORSH��7KH�JHRORJLF�ODQGVOLGH�UHJLRQV�DUH�
SDUDPHWHUL]HG�XWLOL]LQJ�WKH�%XUJHUV�FUHHS�PRGHO��FRQVLVWLQJ�RI�PXOWLSOH�SODVWLF��HODVWLF��DQG�YLVFRVLW\�SDUDPHWHUV��
7KHVH�SDUDPHWHUV�GLFWDWH�WKH�UDWH�RI�VXUIDFH�GLVSODFHPHQW�ZKLFK�FDQ�EH�GHWHFWHG�XVLQJ�DHULDO�LPDJHU\��,Q�WKLV�
SURMHFW�ZH�DLP�WR�HVWLPDWH�WKHVH�VXEVXUIDFH�PDWHULDO�SDUDPHWHUV�XVLQJ�VXUIDFH�GLVSODFHPHQW�PHDVXUHPHQWV��7R�
DSSUR[LPDWH�WKHVH�PDWHULDO�DQG�JHRPHWULF�SURSHUWLHV�RI�WKH�ODQGVOLGH�UHJLRQ��ZH�XVH�D�WKUHH�VWHS�DSSURDFK�IRU�
GHWHUPLQLQJ�WKHVH�PDWHULDO�SDUDPHWHUV��:H�VKRZ�UHVXOWV�RQ�OLQHDU�WHVW�FDVHV�WKDW�DUH�XVHG�WR�H[SORUH�DQG�YDOLGDWH�
WKH�LQYHUVLRQ�DOJRULWKP�DQG�LQWURGXFH�D�SLSHOLQH�IRU�DSSO\LQJ�WKLV�PHWKRG�WR�DUWLILFLDO�ODQGVOLGH�GDWD�XVLQJ�WKH��
)/$&�ILQLWH�GLIIHUHQFH�VLPXODWLRQ�VRIWZDUH��7KLV�DSSURDFK�LV�QRW�OLPLWHG�WR�ODQGVOLGHV�DQG�LV�XVHIXO�IRU�RWKHU�LQYHUVH�
SUREOHPV�ZKHUH�WKH�SURFHVV�LV�FRPSXWDWLRQDOO\�FRPSOH[��DQG�WUDGLWLRQDO�JUDGLHQW�EDVHG�PHWKRGV�DUH�QRW�
DSSOLFDEOH��

$UH�$OO�)DVW�5DGLR�%XUVWV�WKH�6DPH"�
/XFFD�6��GH�0HOOR�
0HQWRUV��&KDUOHV�/��6WHLQKDUGW�DQG�0HODQ\�/��+XQW�

,Q�������KLJKO\�HQHUJHWLF��PLOOLVHFRQG�ORQJ�EXUVWV�LQ�WKH�UDGLR�VSHFWUXP�ZHUH�GLVFRYHUHG��7KHVH�)DVW�5DGLR�%XUVWV�
�)5%V��DUH�SRRUO\�XQGHUVWRRG��WKHUH�LV�QR�FRQYLQFLQJ�H[SODQDWLRQ�IRU�WKHLU�RULJLQ�\HW��DQG�DWWHPSWV�WR�FODVVLI\�WKHP�
KDYH�QRW�JRQH�ZHOO��8VLQJ�D�QRYHO�PDFKLQH�OHDUQLQJ�WHFKQLTXH��ZH�KDYH�GHWHUPLQHG�ZKHWKHU�WKHUH�DUH�PXOWLSOH�
FODVVHV�RI�)5%��7KH�WHFKQLTXH�FRQVLVWV�RI�PRGHOLQJ�WKH�HQWLUH�LQWHQVLW\�YHUVXV�WLPH�FXUYH�RI�WKHVH�EXUVWV�DV�YHFWRUV�
LQ�D�KLJK�GLPHQVLRQDO�VSDFH�DQG�FOXVWHULQJ�WKHVH�YHFWRUV�LQ�WZR�GLPHQVLRQV��7R�DFFRPSOLVK�WKLV��ZH�KDYH�DOVR�
FRPSLOHG�D�VWDQGDUGL]HG�FDWDORJ�RI�UDZ�)5%�GDWD��DV�QR�VXFK�FDWDORJ�FXUUHQWO\�H[LVWV��:H�KRSH�WKDW��LQ�JURXSLQJ�
)5%V�E\�WKHLU�SK\VLFDO�SURSHUWLHV��ZH�KDYH�DOVR�JURXSHG�WKHP�E\�SK\VLFDO�RULJLQ��

7RZDUGV�D�3K\VLFDO�8QGHUVWDQGLQJ�RI�:DWHU�0ROHFXODU�'\QDPLFV�7KURXJK�6LPXODWLRQ�
/LO\�'H%HOO�
0HQWRUV��*HRIIUH\�%ODNH�DQG�+DZ�:HL�/LQ�

:DWHU�LV�D�QHFHVVDU\�PROHFXOH�IRU�OLIH�RQ�(DUWK��'HVSLWH�LWV�HVVHQWLDO�UROH��WKH�XQGHUO\LQJ�SK\VLFV�DQG�FKHPLVWU\�WKDW�
JRYHUQ�LQWHUPROHFXODU�LQWHUDFWLRQV�EHWZHHQ�ZDWHU�PROHFXOHV�DUH�VWLOO�SRRUO\�XQGHUVWRRG��2QH�ZD\�WR�SUREH�WKH�
PROHFXODU�G\QDPLFV�RI�ZDWHU�LV�WKURXJK�7HUDKHUW]��7+]��.HUU�(IIHFW��7.(��VSHFWURVFRS\��7.(�VSHFWURVFRS\�PDNHV�
XVH�RI�XOWUDIDVW�ODVHU�SXOVHV�WR�RULHQW�PROHFXOHV�DQG�H[FLWH�LQWHUPROHFXODU�YLEUDWLRQDO�PRGHV�LQ�ZDWHU�VDPSOHV��
ZKLFK�LV�WKHQ�IROORZHG�E\�D�SHULRG�RI�UHOD[DWLRQ��7KH�UHVSRQVH�LV�PHDVXUHG�E\�WKH�7+]�SXOVH�LQGXFHG�ELUHIULQJHQFH��
D�FKDQJH�LQ�WKH�UHIUDFWLYH�LQGH[�WKDW�LV�SRODUL]DWLRQ�GHSHQGHQW��,Q�ZDWHU��WKLV�LV�GULYHQ�E\�WKH�SUHIHUHQWLDO�
RULHQWDWLRQ�RI�PROHFXOHV�WKDW�IROORZ�WKH�SRODUL]DWLRQ�FKDUDFWHULVWLFV�RI�WKH�DSSOLHG�HOHFWULF�ILHOG��'XULQJ�
P\�685)�SURMHFW��,�XVHG�WKH�PROHFXODU�G\QDPLFV�SDFNDJH�*520$&6�WR�VLPXODWH�XOWUDIDVW�7.(�H[SHULPHQWV�RQ�
OLTXLG�ZDWHU��,�ZURWH�D�3\WKRQ�VFULSW�WR�FRPSXWH�WKH�RULHQWDWLRQ�DQG�ELUHIULQJHQFH�RI�PROHFXOHV�IURP��
*520$&6�RXWSXW�ILOHV��7KLV�VFULSW�ZDV�XVHG�WR�SUREH�WKH�UHODWLRQVKLS�EHWZHHQ�SXOVH�PDLQ�FDUULHU�IUHTXHQF\�DQG�
VDPSOH�UHVSRQVH��DV�ZHOO�DV�WKH�UROH�RI�LRQV�LQ�SUHIHUHQWLDO�RULHQWDWLRQ��7RJHWKHU��WKHVH�H[SHULPHQWV�KHOSHG�WR�
FODULI\�WKH�LQWHUPROHFXODU�G\QDPLFV�RI�ZDWHU�DQG�ZLOO�VHUYH�WR�JXLGH�IXWXUH�ZRUN�

7RZDUGV�/HDUQLQJ�5HSUHVHQWDWLRQV�IRU�$XWRPDWLF�3URWHLQ�&ODVVLILFDWLRQ�DQG�'HVLJQ�8VLQJ�1HXUDO�
1HWZRUNV��
:LOOLDP�'HPEVNL�
0HQWRUV��0DWW�7KRPVRQ�DQG�(PDQXHO�)ORUHV�%DXWLVWD�

:KLOH�'1$�KROGV�WKH�FRGH�IRU�OLIH��LW�UHOLHV�RQ�WKH�SURWHLQV�LW�HQFRGHV�WR�EXLOG�WKH�FRPSOH[�PDFURPROHFXOHV�WKDW�
PDNH�XS�RUJDQLVPV��8QGHUVWDQGLQJ�WKHVH�SURWHLQV�DQG�WKHLU�IXQFWLRQV�LV�DQ�HVVHQWLDO�WDVN�IRU�ELRORJLVWV��:LWK�WKH�
ULVH�RI�PRGHUQ�VHTXHQFLQJ�WHFKQRORJLHV��WKH�DPRXQW�RI�VHTXHQFHG�SURWHLQV�LQ�GDWDEDVHV�LV�JURZLQJ�H[SRQHQWLDOO\��
+RZHYHU��WKH�FDSDFLW\�IRU�H[SHULPHQWDOO\�DVVHVVLQJ�SURWHLQ�IXQFWLRQ�DQG�XQGHUVWDQGLQJ�LWV�ELRORJLFDO�UROH�LQVLGH�FHOOV�
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LV�VWLOO�UHODWLYHO\�VORZ��(YHQ�LQ�PRGHO�RUJDQLVPV��DERXW� �RI�WKH�SURWHRPH�LV�VWLOO�IXQFWLRQDOO\�XQDQQRWDWHG��ZKLFK�
KDPSHUV�RXU�DELOLW\�WR�FRPSOHWHO\�XQGHUVWDQG�DQG�HQJLQHHU�HYHQ�WKHVH�ZHOO�VWXGLHG�OLYLQJ�V\VWHPV��,Q�WKLV�ZRUN��ZH�
H[SORLW�DGYDQFHV�LQ�GHHS�OHDUQLQJ�WR�FODVVLI\�SURWHLQV�EDVHG�RQ�WKHLU�DPLQR�DFLG�VHTXHQFH�DORQH��DFKLHYLQJ�EHWWHU�
UHVXOWV�WKDQ�FXUUHQW�PHWKRGV�OLNH�%/$67S�IRU�SURWHLQ�FODVVLILFDWLRQ��:H�DOVR�SUHVHQW�LQLWLDO�UHVXOWV�WRZDUGV�OHDUQLQJ�
UHSUHVHQWDWLRQV�IRU�SURWHLQ�GHVLJQ�XVLQJ�JHQHUDWLYH�PRGHOV��

3$&�%D\HV�*HQHUDOL]DWLRQ�*XDUDQWHHV�IRU�D�5RERW�/HDUQLQJ�WR�3RXU
6KULNHVKDY�'HVKPXNK�
0HQWRUV��$QLUXGKD�0DMXPGDU��$OOHQ�=��5HQ��DQG�5LFKDUG�0��0XUUD\�

8VLQJ�LPLWDWLRQ�OHDUQLQJ�WR�GHYHORS�FRQWURO�SROLFLHV�LQ�URERWLF�DSSOLFDWLRQV�GRHV�QRW�JXDUDQWHH�VXFFHVV�ZKHQ�WKH�
SROLFLHV�DUH�LPSOHPHQWHG�LQ�QRYHO�HQYLURQPHQWV�GXH�WR�LPSHUIHFW�GHPRQVWUDWLRQV�RU�LPSUHFLVH�SROLFLHV��7R�LPSURYH�
WKH�JHQHUDOL]DWLRQ�RI�SROLFLHV��WKH�3UREDEO\�$SSUR[LPDWHO\�&RUUHFW��3$&��%D\HV�IUDPHZRUN�LV�XVHG�WR�JXDUDQWHH�D�
ORZHU�ERXQG�RI�VXFFHVV�IRU�VXFK�FRQWURO�SROLFLHV��+HUH��WKH�IUDPHZRUN�LV�LPSOHPHQWHG�RQ�D�)UDQND�3$1'$�DUP�
FRPSOHWLQJ�WKH�WDVN�RI�SRXULQJ�VSKHUHV��PHDQW�WR�UHSUHVHQW�OLTXLG��LQWR�D�ERZO��DOO�GRQH�LQ�VLPXODWLRQ�YLD�3\%XOOHW��
7KH�URERW�OHDUQV�D�GLVWULEXWLRQ�RI�VWRFKDVWLF�SROLFLHV�IURP�D�FROOHFWLRQ�RI�H[SHUW�GHPRQVWUDWLRQV�YLD�EHKDYLRU�FORQLQJ�
ZLWK�D�FRQGLWLRQDO�YDULDWLRQDO�DXWR�HQFRGHU��3$&�%D\HV�LV�DSSOLHG�XSRQ�WKLV�GLVWULEXWLRQ�WR�LPSURYH�JHQHUDOL]DWLRQ�RI�
WKRVH�SROLFLHV��([DFW�UHVXOWV�KDYH�QRW�\HW�EHHQ�DFFRPSOLVKHG�GXH�WR�WKH�FRPSOH[LW\�RI�WKH�WDVN��6XEVHTXHQW�ZRUN�
LQYROYHV�LPSURYLQJ�WKH�SURFHVV�RI�HPEHGGLQJ�WKH�WUDMHFWRULHV�LQWR�D�ODWHQW�YDULDEOH��WKLV�ZLOO�LPSURYH�WKH�LQLWLDO�
GLVWULEXWLRQ�RI�SROLFLHV���LQFUHDVLQJ�WKH�GLYHUVLW\�RI�WKH�H[SHUW�GHPRQVWUDWLRQV��DQG�LQFUHDVLQJ�WKH�YDULHW\�RI�
HQYLURQPHQWV��7KH�ORZHU�ERXQG�RI�VXFFHVV�IRU�WKLV�WDVN�LV�SUHGLFWHG�WR�EH����������

0HWDO±2UJDQLF�0DWHULDOV�DV�%DURFDORULF�0DWHULDOV�IRU�3UHVVXUH�,QGXFHG�6ROLG�6WDWH�&RROLQJ�
9LGK\D�'HY�
0HQWRUV��-DUDG�0DVRQ��-LQ\RXQJ�6HR��DQG�7KHRGRU�$JDSLH

:LWK�JURZLQJ�FRQFHUQV�RYHU�WKH�GHYDVWDWLQJ�LPSDFW�RI�IOXLGLF�UHIULJHUDQWV�RQ�JOREDO�ZDUPLQJ��VFDODEOH�DOWHUQDWLYHV�
WR�WKH�YDSRU�FRPSUHVVLRQ�F\FOH�DUH�EHLQJ�LQYHVWLJDWHG��LQFOXGLQJ�UHIULJHUDWLRQ�EDVHG�RQ�VROLG�VWDWH�FDORULF�HIIHFWV��
&DORULF�HIIHFWV�DUH�WKHUPDO�FKDQJHV�RI�WKH�PDWHULDO�GXH�WR�DSSOLFDWLRQ�RI�DQ�H[WHUQDO�VWLPXOL�VXFK�DV�SUHVVXUH�
�%DURFDORULF���PDJQHWLF��0DJQHWRFDORULF��RU�HOHFWULF�ILHOGV��(OHFWURFDORULF���3UHYLRXVO\��WKH�0DVRQ�*URXS�KDV�ZRUNHG�
RQ�WZR�GLPHQVLRQDO�PHWDO±RUJDQLF�PDWHULDOV�ZLWK�ORQJ�DON\O�FKDLQV�WKDW�XQGHUJR�WKHUPDOO\�LQGXFHG��
RUGHU±WR�GLVRUGHU�SKDVH�WUDQVLWLRQV��NQRZQ�DV�³FKDLQ�PHOWLQJ´�WUDQVLWLRQV��WKDW�RIIHU�ODUJH�YROXPH�DQG�HQWURS\�
FKDQJHV�EHQHILFLDO�IRU�EDURFDORULF�FRROLQJ��7R�IXUWKHU�H[SORUH�WKHVH�PDWHULDOV��685)������KDV�IRFXVHG�RQ�GHVLJQLQJ�
D�QHZ�FODVV�RI�PHWDO±RUJDQLF�EDURFDORULF�PDWHULDOV�WKDW�XQGHUJR�D�VSLQ�FURVVRYHU��6&2��LQ�WKH�PHWDOV��7KH�ODUJH�
YROXPH�FKDQJHV�DVVRFLDWHG�ZLWK�6&2�WUDQVLWLRQV�FRXSOHG�ZLWK�FKDLQ�PHOWLQJ�PD\�LQFUHDVH�WKH�VHQVLWLYLW\�WR�
SUHVVXUH��LQGXFLQJ�ODUJH�EDURFDORULF�HIIHFWV�XQGHU�HDVLO\�DFFHVVLEOH�SUHVVXUHV��$IWHU�VXUYH\LQJ�WKH�
VWUXFWXUDO�WKHUPDO�SURSHUWLHV�RI�YDULRXV���'�DQG���'�LURQ�,,��EDVHG�6&2�FRPSRXQGV�LQ�WKH�OLWHUDWXUH��ZH�KDYH�
FRPSLOHG�D�OLEUDU\�RI�FRPSRXQGV�WKDW�PD\�H[KLELW�D�6&2�WULJJHUHG�E\�WKH�FKDLQ�PHOWLQJ�WUDQVLWLRQ��:H�KRSH�WR�
HYHQWXDOO\�V\QWKHVL]H�DQG�FKDUDFWHUL]H�WKH�FRPSRXQGV�YLD�KLJK�SUHVVXUH�FDORULPHWU\�WR�WHVW�WKH�6&2�HIIHFW�RQ�
EDURFDORULF�FRROLQJ���

;�UD\�3XOVDWLRQ�6HDUFKHV�:LWK�,PSURYHG�1X67$5�&ORFN�&RUUHFWLRQV�
$XGUH\�'H9DXOW�
0HQWRUV��)LRQD�+DUULVRQ�DQG�$PUXWD�-DRGDQG�

1$6$¶V�1X67$5��1XFOHDU�6SHFWURVFRSLF�7HOHVFRSH�$UUD\��VDWHOOLWH�LV�D�WHOHVFRSH�H[WHQGLQJ�XS�WKURXJK�WKH�KDUG��
;�UD\�UDQJH�������NH9��XVHG�WR�REVHUYH�PDQ\�W\SHV�RI�;�UD\�VRXUFHV��LQFOXGLQJ�SXOVDUV��3XOVDUV�DUH�QHXWURQ�VWDUV�
HPLWWLQJ�FRKHUHQW��SXOVHG�HPLVVLRQV��7UDFNLQJ�WKHVH�SXOVDWLRQV�DOORZV�XV�WR�XQGHUVWDQG�WKH�LQWULQVLF�VSLQ�SHULRG�DQG�
LWV�HYROXWLRQ��ZKLFK�PD\�KHOS�DQVZHU�D�IXQGDPHQWDO�TXHVWLRQ�DV�WR�KRZ��VRPHWLPHV��SXOVDUV�DUH�UHF\FOHG�WR�VSLQ�
IUHTXHQFLHV�DV�UDSLG�DV�����+]��([WUHPH�WLPLQJ�SUHFLVLRQ��aPLFURVHFRQG��LV�FULWLFDO�WR�FOHDUO\�LQWHUSUHW�DQG�ILW�
QHXWURQ�VWDU�SXOVDWLRQV��1X67$5�FORFN�FRUUHFWLRQV�LQWURGXFHG�LQ������UHDFK�WLPLQJ�SUHFLVLRQV�RI������ V��HQDEOLQJ�
QRYHO�SXOVDU�WLPLQJ�DQDO\VLV�LQ�WKH�SUHYLRXVO\�XQH[SORUHG�KDUG�[�UD\�UDQJH�IRU�WKH�WUDQVLWLRQDO�PLOOLVHFRQG�SXOVDU�
-�����������:H�KDYH�VXFFHVVIXOO\�LVRODWHG�PLOOLVHFRQG�SXOVDWLRQV�DQG�DUH�QRZ�PRGHOOLQJ�WKH�WRUTXHV�DFWLQJ�RQ�WKH�
V\VWHP��DIIHFWLQJ�LWV�VSLQ��7KLV�SLSHOLQH��RQFH�WHVWHG�RQ�365�-�����������FDQ�EH�DSSOLHG�WR�D�ZLGH�UDQJH�RI�
PLOOLVHFRQG�SXOVDUV�DQG�XVHG�WR�FRQVWUXFW�ORQJ�WHUP�VSLQ�GRZQ�VROXWLRQV��7KLV�ZRXOG�KHOS�XV�XQGHUVWDQG�KRZ�WKH�
WRUTXHV�IURP�VRIW�DQG�KDUG�;�UD\�HPLVVLRQ�SURFHVVHV�HYROYH�GLIIHUHQWO\�LQ�WKH�DFFUHWLRQ�SKDVH��,PSRUWDQWO\��WKLV�
VWXG\�DOVR�DOORZV�XV�DQ�DEVROXWH�FRPSDULVRQ�RI�1X67$5¶V�WLPLQJ�DELOLWLHV�ZLWK�RWKHU�;�UD\�WHOHVFRSHV���

'HYHORSPHQW�RI�D�/RZ�&RVW�2SWLFDO�3DUWLFOH�&RXQWHU�IRU�$HURVROV�
6FKX\OHU�'LFN�
0HQWRU��5LFKDUG�)ODJDQ

&XUUHQWO\��DWPRVSKHULF�DHURVROV�DUH�PHDVXUHG�YLD�ODUJH�DQG�H[SHQVLYH�HTXLSPHQW��OLPLWLQJ�WKH�DPRXQW�RI�GDWD�WKDW�
LV�DEOH�WR�EH�JDWKHUHG��7KH�RQJRLQJ�LQFUHDVH�LQ�DWPRVSKHULF�DHURVROV�LQ�RXU�ZRUOG�FDOOV�IRU�D�PRUH�DFFHVVLEOH�
PHDVXULQJ�GHYLFH�WKDW�FDQ�JLYH�XV�PRUH�LQIRUPDWLRQ�DERXW�WKH�FKDQJLQJ�FOLPDWH�DQG�KRZ�LW�LV�DIIHFWLQJ�WKH�HQWLUH�
SODQHW��LQFOXGLQJ�UHPRWH�UHJLRQV�DQG�DUHDV�KLJKHU�LQ�WKH�DWPRVSKHUH��:H�VHHN�WR�UHSOLFDWH�WKH�VPDOO��ORZ�FRVW�
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RSWLFDO�SDUWLFOH�FRXQWHU�SUHVHQWHG�LQ�*DR�HW�DO��������7R�FRXQW�SDUWLFOHV�RSWLFDOO\��ZH�XVH�D����QP�ODVHU�GLRGH�ZLWK�
WZR�F\OLQGULFDO�OHQVHV�DQG�IRXU�DSHUWXUHV�WR�IRFXV�WKH�ODVHU��ZKLOH�DHURVRO�SDUWLFOHV�DUH�SXPSHG�LQWR�WKH�GHYLFH��7KH�
DHURVRO�SDUWLFOHV�VFDWWHU�WKH�ODVHU�OLJKW��ZKLFK�LV�GHWHFWHG�ZLWK�D�SKRWRGLRGH�DQG�$UGXLQR��7KH�$UGXLQR�FROOHFWV�WKH�
VFDWWHULQJ�GDWD�DV�YROWDJHV��ZKLFK�FDQ�WKHQ�EH�WUDQVODWHG�LQWR�LQWHQVLWLHV�WR�GHWHUPLQH�WKH�FRXQW�RI�WKH�DHURVRO�
SDUWLFOHV��7KH�FRPSOHWHG�GHYLFH�KDV�WKH�SRWHQWLDO�WR�KDYH�LWV�FRPSRQHQWV�XSJUDGHG�WR�HQVXUH�HYHQ�PRUH�DFFXUDWH�
UHVXOWV��2YHUDOO��ZH�KRSH�WKLV�GHYLFH�FDQ�EH�XVHG�LQ�WKH�IXWXUH�DV�DQ�HDV\�DQG�DFFHVVLEOH�PHDVXULQJ�WRRO�IRU�
DWPRVSKHULF�DHURVROV����

'HYHORSLQJ�'XUDEOH�%LRFRPSRVLWHV�7KURXJK�6\QWKHVLV�RI�&KODP\GRPRQDV�$OJDH�DQG�$JULFXOWXUDO�:DVWH�
(YDQ�'LFNHU��
0HQWRUV��&KLDUD�'DUDLR�DQG�+HOHQ�:H[OHU��

3ULRU�LQYHVWLJDWLRQV�LQWR�SODQW�EDVHG�PDWHULDOV�KDYH�IRFXVHG�RQ�WKH�XVH�RI�SRO\PHU�RU�SHWUROHXP�EDVHG�SODVWLF�
PDWULFHV�WR�FRPSHQVDWH�IRU�WKH�ORZ�PHFKDQLFDO�VWUHQJWK�RI�VWDQGDORQH�ELRFRPSRVLWHV��+RZHYHU��WKHVH�
ELRFRPSRVLWHV�DUH�SURGXFHG�E\�XQVXVWDLQDEOH�PDQXIDFWXULQJ�SUDFWLFHV�DQG�DUH�XQUHF\FODEOH��FKDUDFWHULVWLFV�QRW�
W\SLFDOO\�DVVRFLDWHG�ZLWK�HQYLURQPHQWDOO\�FRQVFLRXV�PDWHULDOV��7KLV�ZRUN�DLPV�WR�ERWK�GHYHORS�DQG�FKDUDFWHUL]H�
ELRFRPSRVLWH�PDWHULDOV�FRPSRVHG�RI�&KODP\GRPRQDV�DOJDH�PDWULFHV�DQG�DJULFXOWXUDO�JUHHQ�ZDVWHV��
�L�H��SLVWDFKLR�VKHOOV�DQG�DYRFDGR�SLWV��LQ�RUGHU�WR�UHFWLI\�SULRU�LVVXHV�ZLWK�FDUERQ�QHXWUDOLW\��,Q�WKH�SDVW��6(0�DQG�
FRQIRFDO�LPDJLQJ�RI�IDEULFDWHG�ELRFRPSRVLWH�DOJDH�VDPSOHV�KDYH�FRQILUPHG�SURSHU�LQWHJUDWLRQ�RI�WKH�DOJDO�PDWULFHV�
DQG�DJULFXOWXUDO�ZDVWHV��KRZHYHU��LW�ZDV�XQNQRZQ�ZKHWKHU�WKH�ODPHOODWHG�ILEURXV�OD\HUV�SURGXFHG�IURP�WKH�
FRPSUHVVLRQ�EDVHG�PDQXIDFWXULQJ�SURFHVV�ZRXOG�UHVXOW�LQ�RUWKRWURSLFLW\��$�SDUDPHWUL]HG�VHDUFK�ZDV�FRQGXFWHG�
XVLQJ�ILQLWH�HOHPHQW�DQDO\VLV��)($��WR�GHWHUPLQH�WKH�DQJOHG�RULHQWDWLRQ�RI�WKH�PXOWL�ODPHOODWHG�DQG�JOREXODU�
VWUXFWXUHV�ZLWKLQ�WKH�ELRFRPSRVLWH��%\�DSSO\LQJ�DQ�LQYHUVH�DQDO\VLV�SURFHVV�DQG�GLPHQVLRQDOLW\�UHGXFWLRQ�WR�WKLV�
)($�GDWD��WKH�GLUHFWLRQDO�PHFKDQLFDO�SURSHUWLHV�ZHUH�H[WUDFWHG��,W�ZDV�XOWLPDWHO\�GLVFRYHUHG�WKDW�GHVSLWH�WKH�LQLWLDO�
FRPSUHVVLRQ��WKH�ELRFRPSRVLWH¶V�RYHUDOO�RUWKRWURSLFLW\�ZDV�QRW�D�GLUHFW�UHVXOW�RI�ILEURXV�OD\HU�ODPHOODWLRQ��EXW�UDWKHU�
D�SRWHQWLDO�HIIHFW�RI�ORFDOL]HG�&KODP\GRPRQDV�FHOO�FRQJORPHUDWHV�JHQHUDWLQJ�RUWKRWURSLF�EHKDYLRU����

*URZLQJ�)XQFWLRQDO�1HXUDO�1HWZRUNV�RQ�1HXURPRUSKLF�&KLSV�
5DFKHO�'LQJ�
0HQWRUV��0DWW�7KRPVRQ��*XUX�5DJKDYDQ��DQG�&RQJ�/LQ�

1HXURPRUSKLF�HQJLQHHULQJ�XWLOL]HV�V\VWHPV�WKDW�LPSOHPHQW�WKH�VDPH�EDVLF�RSHUDWLRQV�DV�WKRVH�RI�WKH�QHUYRXV�
V\VWHP��1HXURPRUSKLF�KDUGZDUH��VXFK�DV�,QWHO¶V�FKLS�/RLKL��DOORZV�IRU�VLPXODWLQJ�ODUJH�VSLNLQJ�QHXUDO�QHWZRUNV�RYHU�
ORQJ�SHULRGV�RI�WLPH�PRUH�HIILFLHQWO\�WKDQ�RQ�FRQYHQWLRQDO�&38V��&XUUHQWO\��VSLNLQJ�QHXUDO�QHWZRUNV�LPSOHPHQWHG�LQ�
FKLSV�OLNH�/RLKL�DUH�VHQVLWLYH�WR�WKH�LQLWLDO�ZLULQJ�DUFKLWHFWXUH�DQG�VSLNLQJ�LQSXW�VLJQDO�GHFUHDVHV�LQ�ODWHU�OD\HUV��7R�
DGGUHVV�WKLV��WKH�7KRPVRQ�/DE�UHFHQWO\�FUHDWHG�D�PRGXODU�WRRO�NLW�LQ�WKH�IRUP�RI�D�G\QDPLFDO�V\VWHP�WR�VHOI�
RUJDQL]H�PXOWL�OD\HU�QHXUDO�QHWZRUNV�ZKHUH�ZDYHV�LQ�D�OD\HU�WULJJHU�DXWRQRPRXV�ZDYHV�LQ�VXEVHTXHQW�OD\HUV��:H�
ZRXOG�OLNH�H[WHQG�WKLV�PHWKRG�DQG�DSSO\�WKH�V\VWHP�RQ�QHXURPRUSKLF�FKLSV�WR�DXWRQRPRXVO\�JURZ�IXQFWLRQDO�
µEUDLQV¶�LQ�VLOLFR��)RU�WKLV�SURMHFW��ZH�FUHDWH�D�S\WKRQ�VFULSW�LPSOHPHQWLQJ�D�WKUHH�OD\HUHG�QHWZRUN�XVLQJ�WKH�
PRGXODU�WRRO�NLW�DQG�1HQJR��D�3\WKRQ�SDFNDJH�IRU�EXLOGLQJ�QHXUDO�QHWZRUNV�WKDW�LQFOXGHV�D�EDFNHQG�IRU�VLPXODWLQJ�
1HQJR�PRGHOV�RQ�/RLKL�ERDUGV��:LWKLQ�WKH�1HQJR�DUFKLWHFWXUH��ZH�LPSOHPHQW�D�FXVWRP��
/HDN\�,QWHJUDWH�DQG�)LUH��/,)��QHXURQ�W\SH��D�ORFDO�VSLNH�WLPLQJ�GHSHQGHQW�SODVWLFLW\��67'3��OHDUQLQJ�UXOH��DQG�
FRPSHWLWLRQ�UXOHV�RQ�OD\HU�LQSXWV�DQG�RXWSXWV��7KH�UHVXOW�LV�D�PXOWLOD\HUHG�VSLNLQJ�QHXUDO�QHWZRUN�WKDW�FDQ�JURZ�
DQG�VHOI�RUJDQL]H�ZLWKRXW�KXPDQ�LQWHUYHQWLRQ���

6WXG\�RI�/RZ�0DVV�//3�'HFD\LQJ�LQ�WKH�0XRQ�6\VWHP��
*DEE\�'LWXUL��
0HQWRUV��0DULD�6SLURSXOX��&KULVWLQD�:DQJ��&ULVWLDQ�3HQD��DQG�6L�;LH��

7KH�JRDO�RI�WKLV�SURMHFW�LV�WR�GHWHUPLQH�KRZ�VHQVLWLYH�WKH�&DWKRGH�6WULS�&KDPEHU��&6&���WKH�HQGFDS�PXRQ�V\VWHP�
LQ�WKH�&RPSDFW�0XRQ�6ROHQRLG��&06���LV�LQ�GHWHFWLQJ�ORQJ�OLYHG�SDUWLFOHV��//3V��SUHGLFWHG�E\�WKH�7ZLQ�+LJJV�7KHRU\��
WKDW�GHFD\�LQ�WKH�&6&��6LPXODWHG�VLJQDO�VDPSOHV�RI�//3V�ZLWK�GLIIHUHQW�PDVVHV��OLIHWLPHV��DQG�GHFD\�PRGHV�DUH�
VWXGLHG�E\�DQDO\]LQJ�WKH�FOXVWHU�RI�UHFRQVWUXFWHG�KLWV��5HF+LWV��GHSRVLWHG�E\�WKH�VKRZHULQJ�RI�WKH�//3�GHFD\V��
)XUWKHUPRUH��ZH�ZDQWHG�WR�XQGHUVWDQG�KRZ�WKH�5HF+LW�VKRZHU�VKDSHV�DUH�UHODWHG�WR�PDVV�DQG�WKH�GHFD\�PRGH�RI�
WKH�//3V��DQG�KRZ�WKH�GLVWULEXWLRQ�ZDV�GLIIHUHQW�IURP�WKDW�RI�EDFNJURXQG��SDUWLFOHV�SURGXFHG�DW�WKH�LQWHUDFWLRQ�
SRLQW��QRW�IURP�WKH�GLVSODFHG�GHFD\V���3UHOLPLQDU\�VWXG\�VKRZV�WKH�PXRQ�V\VWHP�LV�VHQVLWLYH�WR�VHYHUDO�//3�GHFD\�
PRGHV��LQFOXGLQJ�HOHFWURQV��QHXWUDO�SLRQV��FKDUJHG�SLRQV��GRZQ�TXDUNV��ERWWRP�TXDUNV��FKDUJHG�NDRQV��DQG�WDX�
OHSWRQV��DQG�WR�//3V�ZLWK�PDVV�DV�ORZ�DV���*H9��7KLV�VWXG\�HQDEOHV�XV�WR�VHW�FRPSHWLWLYH�OLPLWV�RQ�OLJKW�//3V�ZKLFK�
KDV�QRW�EHHQ�GRQH�EHIRUH�DW�WKH�&06��PDNLQJ�WKLV�WKH�ILUVW�VWXG\�WR�VKRZ�WKH�VHQVLWLYLW\�RI�ORZ�PDVV�//3V���
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/$;�5D\��/$WHUDO�;�5D\��
0DUFXV�'RPLQJXH]�.XKQH�
0HQWRUV��.HQQHWK�*ROGEHUJ�DQG�-RHO�7URSS�

7KLV�VXPPHU�LQ�WKH�8&�%HUNHOH\�$872/DE��,�KDYH�EHHQ�RQ�D�QHZ�SURMHFW�/$;�5D\��/$WHUDO�;�5D\���ZKHUH�JLYHQ�DQ�
RFFOXGHG�REMHFW�RQ�D�VKHOI��WKH�URERW�XVHV�SXVKHV�WR�PRYH�RFFOXGLQJ�REMHFWV�RXW�RI�WKH�ZD\��QRW�UHPRYLQJ�DQ\�
REMHFWV��XQWLO�WKH�WDUJHW�REMHFW�LV�H[SRVHG�DQG�FDQ�EH�JUDVSHG��)RU�WKLV�SURMHFW��ZH�H[WHQG�WKH�UHVXOWV�DQG�
DSSOLFDWLRQV�RI�WKH�;�5D\�SDSHU�>�@��;�5D\�LV�DQ�DOJRULWKP�IRU�HVWLPDWLQJ�RFFXSDQF\�GLVWULEXWLRQV�RI�DQ�RFFOXGHG�
WDUJHW�REMHFW�XVLQJ�D�VHW�RI�QHXUDO�QHWZRUNV�JLYHQ�D�GHSWK�LPDJH�RI�WKH�HQYLURQPHQW�DQG�D�VHJPHQWDWLRQ�PDVN��
+RZHYHU��WKLV�DOJRULWKP�GRHV�QRW�FRQVLGHU�YDU\LQJ�REMHFW�VL]HV��ODUJH�QHDU�FDPHUD��VPDOO�IDU�IURP�FDPHUD��DV�D�
SURSHUW\�RI�WKH�QRYHO�VKHOI�HQYLURQPHQW��$GGLWLRQDOO\��ZH�LQWURGXFH�D�QHZ�SROLF\�WKDW�XVHV�VROHO\�SXVKHV�WR�PRYH�
REMHFWV�RXW�RI�WKH�ZD\�VR�ZH�FDQ�JUDE�WKH�WDUJHW�REMHFW���

0DWHULDO�7HVWLQJ�LQ�$XWRQRPRXV�/DEV�
3KLOOLS�'RQQHOO\
0HQWRUV��+DUU\�$WZDWHU�DQG�-RKQ�*UHJRLUH�

$V�PDWHULDO�WHVWLQJ�FRQWLQXHV�WR�EH�D�FUXFLDO�SDUW�RI�PDNLQJ�WHFKQRORJLFDO�DGYDQFHV��H�J���PRUH�HIILFLHQW�VRODU�
SDQHOV���WKH�GHYHORSPHQW�RI�DXWRQRPRXV�ODERUDWRULHV�RIIHUV�D�IDVW�DQG�UHVRXUFH�IULHQGO\�PHWKRG�RI�PDNLQJ�
GLVFRYHULHV�ZLWKRXW�WKH�QHHG�IRU�KXPDQ�RYHUVLJKW��$XWRQRPRXV�ODEV�VXFK�DV�&KHP26�KDYH�DOUHDG\�VKRZQ�WKDW�
DUWLILFLDO�LQWHOOLJHQFH�SDLUHG�ZLWK�URERWV�FDQ�FDUU\�RXW�ODE�EDVHG�H[SHULPHQWV�DQG�LQWHUSUHW�WKH�UHVXOWV�WR�LPSURYH�LWV�
DSSURDFK�EHIRUH�FDUU\LQJ�RXW�WKH�WHVW�DJDLQ��DUWLILFLDO�LQWHOOLJHQFH�DOORZV�WKH�H[SHULPHQWDO�SURFHGXUHV�WR�LPSURYH�
ZLWK�HDFK�LWHUDWLRQ��7KH�QXPEHU�RI�URERWLF�SDUWV�FRPSDWLEOH�ZLWK�WKH�VRIWZDUH�DQG�WKH�YDULHW\�RI�H[SHULPHQWV�WKDW�
WKH�$,�FDQ�KDQGOH�DUH�ERWK�OLPLWDWLRQV��:H�DUH�ZRUNLQJ�WR�LPSURYH�WKLV�VLWXDWLRQ�E\�GHYHORSLQJ�D�VRIWZDUH�KLHUDUFK\�
WKDW�DOORZV�WKH�ORZHVW�OHYHO�RI�VRIWZDUH��GULYHUV��WR�FRQWURO�LQGLYLGXDO�WDVNV�GRQH�E\�WKH�URERWLF�SDUWV��'ULYHUV�QHYHU�
KDYH�WR�EH�UHSURJUDPPHG�EHWZHHQ�H[SHULPHQWV��,QVWHDG��D�ODE�FRQILJXUDWLRQ�LV�IHG�LQWR�KLJKHU�OHYHO�VRIWZDUH�WKDW�
FDQ�XQGHUVWDQG�WKH�QHZ�H[SHULPHQW�DQG�SURSHUO\�FRQWURO�WKH�GULYHUV��7KLV�DOORZV�IRU�PRUH�IOH[LELOLW\�LQ�WHUPV�RI�
DGGLQJ�QHZ�URERWLF�SDUWV�DQG�FKDQJLQJ�WKH�H[SHULPHQW�EHLQJ�FDUULHG�RXW��

'LVMRLQWHGQHVV�LQ�WKH�����������$GLQNUD
,VPDLO�0��(OPHQJDG�
0HQWRUV��6\OYHVWHU�*DWHV�DQG�'DYLG�+VLHK�

$GLQNUDV�DUH�D�JUDSKLFDO�UHSUHVHQWDWLRQ�RI�VXSHUV\PPHWULF�V\VWHPV�RI�ERVRQV�DQG�IHUPLRQV��,Q�WKHVH�
UHSUHVHQWDWLRQV��LQIRUPDWLRQ�PD\�EH�HQFRGHG�WKURXJK�FRORUHG�OLQNV��RSHQ�RU�FORVHG�QRGHV��OLQN�JUDGLQJ�DQG�KHLJKW�
RI�QRGHV��)URP�DQ�DGLQNUD�ZLWK�QRGHV�DW�ILYH�GLVWLQFW�KHLJKWV�ZH�ZLOO�XVH�ERVRQLF�DQG�IHUPLRQLF�RSHUDWRUV�WR�UHDFK�D�
YDOLVH�DGLQNUD�ZLWK�WZR�GLVWLQFW�KHLJKWV��7KLV�YDOLVH�$GLQNUD�ZLOO�EH�VWXGLHG�WR�ILQG�KRZ�GHFRPSRVLWLRQ�RI�LWV�OLQNV�
LQWR�JURXSV�PD\�UHVXOW�LQ�GLVMRLQWHGQHVV��$�GLVMRLQW�DGLQNUD�VXJJHVWV�WKDW�WKH�VXSHUPXOWLSOHW�LV�FRPSRVHG�RI�
PXOWLSOH�VXSHUPXOWLSOHWV��%DVHG�RQ�SUHYLRXV�ZRUN��SRWHQWLDO�GLVMRLQWHGQHVV�PD\�LQGLFDWH�WKDW�WKH�����������DGLQNUD�
PD\�EH�UHSUHVHQWHG�DV�D�PRUH�FRPSDFW�V\VWHP��

6LPXODWLRQV�RI�3DUWLFOH�)ORZ�'XULQJ�6KHDU�
2OLYLD�(UQVW�
0HQWRUV��0HODQ\�+XQW�DQG�+DQ�+VLQ�/LQ�

/$0036�LV�D�PROHFXODU�G\QDPLFV�VLPXODWRU�WKDW�KDV�EHHQ�DGRSWHG�IRU�JUDQXODU�IORZV��+XQW¶V�ODE�SUHYLRXVO\�
DQDO\]HG�WKH�WUDQVLHQW�DQG�VWHDG\�VWDWH�EHKDYLRU�RI�JUDQXODU�PDWHULDO�WKURXJK�H[SHULPHQWDWLRQ�ZLWK�D�UKHRPHWHU��
VLQFH�JUDQXODU�IORZV�DUH�OHVV�XQGHUVWRRG�WKDQ�VLQJOH�SKDVH�1HZWRQLDQ�IORZV�VXFK�DV�ZDWHU�RU�DLU��7KLV�SURMHFW�
IRFXVHV�RQ�XQGHUVWDQGLQJ�KRZ�JUDQXODU�PDWHULDO�LQWHUDFWV�ZKHQ�VKHDU�LV�SUHVHQW�LQ�GLIIHUHQW�JHRPHWULHV�WKURXJK�
VLPXODWLRQV��DQG�DSSO\LQJ�WKH�UHVXOWV�WR�ZKDW�ZDV�DQDO\]HG�SUHYLRXVO\�WKURXJK�H[SHULPHQWDWLRQ��7KLV�ZLOO�EH�XVHIXO�
LQ�GHYHORSLQJ�UHOLDEOH�FRQWLQXXP�PRGHOV�IRU�JUDQXODU�IORZV���

0RGHOLQJ�3KRWRQLF�4,3�([SHULPHQWV�7RZDUGV�D�4XDQWXP�,QWHUQHW�
6HUJLR�(VFREDU
0HQWRUV��0DULD�6SLURSXOX��1LNRODL�/DXN��DQG�5DMX�9DOLYDUWKL�

,Q�WKLV�UHVHDUFK�ZH�VWXGLHG�DQG�XVHG�D�PRGHUQ�WHFKQLTXH�LQ�4XDQWXP�,QIRUPDWLRQ�3URFHVVLQJ��4,3��NQRZQ�DV�WKH�
FKDUDFWHULVWLF�IXQFWLRQ�IRUPDOLVP��7KLV�IRUPDOLVP��XVXDOO\�XVHG�LQ�FRQWLQXRXV�YDULDEOH�IRUPXODWLRQ�RI�4,3��ZDV�XVHG�
LQ�QRYHO�ZD\V�WR�PRGHO�GLVFUHWH�YDULDEOH�H[SHULPHQWV��,Q�SDUWLFXODU��ZH�KDYH�XVHG�LW�WR�PRGHO�FRLQFLGHQFH�FRXQWV�RI�
D�KHUDOGHG�VLQJOH�SKRWRQ�VRXUFH�EDVHG�RQ�VSRQWDQHRXV�SDUDPHWULF�GRZQ�FRQYHUVLRQ��63'&��LQ�D�ZD\�WKDW�LV�
LQGHSHQGHQW�RI�SUHYLRXV�FDOFXODWLRQV��7KH�PRGHO�IRXQG�XVLQJ�WKLV�IRUPDOLVP�ZDV�VKRZQ�WR�EH�HTXLYDOHQW�WR�SUHYLRXV�
PRGHOV�IRU�WKLV�H[SHULPHQW��VXJJHVWLQJ�WKDW�WKLV�QHZ�WHFKQLTXH�LV�ZLGHO\�DSSOLFDEOH��7KLV�H[SHULPHQW�DOORZV�XV�WR�
PHDVXUH�WKH�TXDOLW\�RI�KHUDOGHG�VLQJOH�SKRWRQ�VRXUFHV��DQG�LQ�RXU�FDVH�JDYH�TXDQWLWDWLYH�ERXQGV�RQ�WKH�SUDFWLFDO�
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XVH�RI�63'&�DV�D�VLQJOH�SKRWRQ�SDLU�VRXUFH�WKURXJK�FDOFXODWLRQ�RI�WKH��JA^���`��FRHIILFLHQW��/RRNLQJ�IRUZDUG��ZH�
ZLOO�QH[W�XVH�WKLV�IRUPDOLVP�WR�FRPSXWH�WKH�GHJUHH�RI�LQGLVWLQJXLVKDELOLW\�IRU�SKRWRQV�WKDW�DUH�XVHG�LQ�TXDQWXP�
WHOHSRUWDWLRQ�H[SHULPHQWV��)ROORZLQJ�WKDW��ZH�ZLOO�GHYHORS�D�PRGHO�IRU�WKH�WHOHSRUWDWLRQ�DQG�HQWDQJOHPHQW�
VZDSSLQJ�H[SHULPHQWV�WKDW�ZLOO�DOORZ�XV�WR�LQFOXGH�PDQ\�H[SHULPHQWDO�LPSHUIHFWLRQV��

3UHGLFWLQJ�9HUWLFDO�$FFUHWLRQ�LQ�:D[�/DNH�'HOWD��/RXLVLDQD��
6DUDK�)HLO�
0HQWRUV��0LFKDHO�/DPE�DQG�*HUDUG�6DOWHU�

'HOWDV�DUH�QDWXUDOO\�ORZ�O\LQJ�DQG�WKHUHIRUH�VXVFHSWLEOH�WR�LQXQGDWLRQ�IURP�VHD�OHYHO�ULVH��)RU�H[DPSOH��WKH�
0LVVLVVLSSL�5LYHU�'HOWD��05'��LQ�/RXLVLDQD�LV�XQGHUJRLQJ�UDSLG�ODQG�ORVV��VLQFH�WKH�����¶V�����NP��RI�ZHWODQG�KDV�
EHHQ�ORVW�GXH�WR�VXEVLGHQFH�DQG�VHGLPHQW�VXSSO\�UHGXFWLRQ��8QOLNH�WKH�UHVW�RI�WKH�05'��:D[�/DNH�'HOWD��:/'���D�
VXE�GHOWD�RI�WKH�0LVVLVVLSSL��LV�DFWLYHO\�EXLOGLQJ�ODQG��+HUH��,�GHYHORS�D�QHZ�WHFKQLTXH�IRU�LQIHUULQJ�VHGLPHQWDWLRQ�
UDWHV�IURP�VHGLPHQW�FRQFHQWUDWLRQ�GDWD��,�XVHG�VHGLPHQW�FRQFHQWUDWLRQ�SUHYLRXVO\�GHULYHG�IURP�$9,5,6�1*�
VSHFWURJUDSKLF�LPDJHV�DQG�DSSO\�WKH�PHWKRG�WR�:/'��)LUVWO\��,�H[WUDFWHG�VWUHDNOLQHV�IURP�WKH�$9,5,6�GDWD�DQG�
WUDFNHG�VHGLPHQW�FRQFHQWUDWLRQ�DORQJ�WKHP��1H[W��E\�LQYHUWLQJ�WKH�VWHDG\�VWDWH��'�DGYHFWLRQ�GLIIXVLRQ�VHWWOLQJ�
HTXDWLRQ�IRU�VXVSHQGHG�VHGLPHQW�DQG�VXSSOHPHQWLQJ�WKH�$9,5,6�GDWD�ZLWK�GHSWK�DQG�YHORFLW\�GDWD�IURP�WKH�
$18*$�K\GURG\QDPLF�PRGHO��,�HVWLPDWHG�VHGLPHQWDWLRQ�UDWHV�WKURXJKRXW�WKH�:/'��,�IRXQG�WKDW�VRPH�UHJLRQV�RI�
WKH�GHOWD�KDG�DFWLYH�VHGLPHQWDWLRQ��ZKLOH�RWKHUV�ZHUH�QHW�HURVLRQDO��7KLV�PHWKRG�FDQ�EH�DSSOLHG�WR�GHOWDV�
ZRUOGZLGH�WR�HVWLPDWH�VHGLPHQWDWLRQ�UDWH�WR�EHWWHU�SUHGLFW�ODQG�DUHD�FKDQJH�GXH�WR�VHD�OHYHO�ULVH���

'HYHORSPHQW�RI�3UHGLFWLYH�0DLQWHQDQFH�0HWKRGV�IRU�$QRPDO\�'HWHFWLRQ�DQG�DQ�$SSOLFDWLRQ�IRU�0RELOH�
0RQLWRULQJ�DQG�5HSDLU��
-RVKXD�)LHOG�
0HQWRUV��0LFKDHO�5��+RIIPDQQ�DQG�&OHPHQW�&LG�

7KH�6HYD�3URMHFW�KDV�GHYHORSHG��DQG�LV�FXUUHQWO\�LQ�WKH�SURFHVV�RI�ILHOG�WHVWLQJ��VDQLWDWLRQ�XQLWV�WKDW�WUHDW�DQG�
UHSXUSRVH�ZDVWHZDWHU��7KURXJK�WKH�FRXUVH�RI�WKLV�SURMHFW��WKH�VLJQLILFDQW�SUREOHP�RI�XQLW�PDLQWHQDQFH�KDV�DULVHQ��
:KHQ�D�XQLW�EUHDNV�GRZQ�LW�LV�FKDOOHQJLQJ�WR�GLDJQRVH�DQG�VXEVHTXHQWO\�IL[�WKH�PDOIXQFWLRQ��7KH�JRDO�RI�WKLV�
SURMHFW�LV�WR�����$SSO\�3UHGLFWLYH�0DLQWHQDQFH�PDFKLQH�OHDUQLQJ�WHFKQLTXHV�LQ�DQ�XQVXSHUYLVHG�IRUP�LQ�RUGHU�WR�
GHWHFW�DQG�GLDJQRVH�XQLW�PDOIXQFWLRQV�����'HYHORS�D�IXOO�VWDFN�VROXWLRQ��LQ�WKH�IRUP�RI�DQ�$QGURLG�$SSOLFDWLRQ�DQG�
$:6�VRIWZDUH��WKDW�FRQQHFWV�PDLQWHQDQFH�RSHUDWRUV�WR�WKH�XQLW��LQIRUPV�WKHP�ZKHQ�PDOIXQFWLRQV�RFFXUV��DQG�
JXLGHV�WKHP�VWHS�E\�VWHS�WKURXJK�WKH�UHSDLU�SURFHVV��

$�*HQHUDOL]DWLRQ�RI�D�*HQHUDOL]HG�7XUiQ�3UREOHP�
6DUD�)LVK�
0HQWRU��'DYLG�&RQORQ�

/HW�H[�Q��7��+��V��GHQRWH�WKH�PD[LPXP�QXPEHU�RI�FRSLHV�RI�7�LQ�D�JUDSK�RQ�Q�YHUWLFHV�ZKLFK�LV�WKH�XQLRQ�RI�DW�PRVW�
V�+�IUHH�JUDSKV��7KH�SUREOHP�RI�ILQGLQJ�H[�Q��7��+��V��FDQ�EH�YLHZHG�DV�D�JHQHUDOL]DWLRQ�RI�WKH�SUREOHP�RI�ILQGLQJ�
H[�Q��7��+���D�TXHVWLRQ�SRVHG�E\�$ORQ�DQG�6KLNKHOPDQ��3UHYLRXVO\��)LVFKHU�DQG�0DWRXãHN�KDYH�VWXGLHG�WKH�FDVH�
H[�Q��.B���&B�������:H�ILQG�YDULRXV�XSSHU�DQG�ORZHU�ERXQGV�RI�H[�Q��7��+��V���,Q�SDUWLFXODU��ZH�GHWHUPLQH��
H[�Q��.B���+��V��ZKHQ�+�LV�D�FRPSOHWH�JUDSK�RU�D�FRPSOHWH�ELSDUWLWH�JUDSK��

$Q�,QWHUDFWLYH�9LVXDOL]DWLRQ�7RRO�IRU�7UDQVPLVVLRQ�&OXVWHULQJ�$FURVV�$OO�71���7KUHVKROGV�
+DQQDK�)LVKHU�
0HQWRUV��1LHPD�0RVKLUL�DQG�&ODLUH�5DOSK�

(SLGHPLRORJLVWV�XVH�WUDQVPLVVLRQ�FOXVWHULQJ�EDVHG�RQ�JHQHWLF�VHTXHQFHV�WR�DQDO\]H�WKH�VSUHDG�RI�GLVHDVH��$V�WKH�
FROOHFWLRQ�RI�YLUDO�VHTXHQFHV�KDV�EHFRPH�HDVLHU�DQG�OHVV�H[SHQVLYH��PROHFXODU�HSLGHPLRORJ\�HIIRUWV�DUH�UDSLGO\�
LQFUHDVLQJ�LQ�VFDOH��+,9�75$&(��D�VWDQGDUG�WRRO�LQ�YLUDO�PROHFXODU�HSLGHPLRORJ\��SHUIRUPV�WUDQVPLVVLRQ�FOXVWHULQJ�
E\�HVWLPDWLQJ�SDLUZLVH�GLVWDQFHV�EHWZHHQ�YLUDO�VHTXHQFHV�XQGHU�WKH�71���PRGHO�RI�HYROXWLRQ�DQG�OLQNLQJ�
LQGLYLGXDOV�ZKRVH�SDLUZLVH�GLVWDQFHV�DUH�EHORZ�D�FKRVHQ�GLVWDQFH�WKUHVKROG��7KH�FKRLFH�RI�GLVWDQFH�WKUHVKROG�LV�
FKDOOHQJLQJ��LW�YDULHV�EHWZHHQ�YLUXVHV��SRSXODWLRQV��DQG�UHJLRQV�RI�WKH�YLUDO�JHQRPH��$V�D�UHVXOW��HSLGHPLRORJLVWV�
RIWHQ�SHUIRUP�WUDQVPLVVLRQ�FOXVWHULQJ�XVLQJ�PXOWLSOH�GLVWDQFH�WKUHVKROGV��EXW�LW�LV�XQFOHDU�ZKDW�VSHFLILF�WKUHVKROGV�
VKRXOG�EH�VHOHFWHG��+HUH��ZH�SUHVHQW�7UHH1����D�ZHE�EDVHG�WRRO�WKDW�HQDEOHV�VWXG\LQJ�WUDQVPLVVLRQ�FOXVWHULQJ�
UHVXOWV�DFURVV�DOO�SRVVLEOH�WKUHVKROGV��*LYHQ�SDLUZLVH�GLVWDQFHV��7UHH1���FRQVWUXFWV�DQ�XOWUDPHWULF�VLQJOH�OLQNDJH�
KLHUDUFKLFDO�FOXVWHULQJ�WUHH��FXWWLQJ�WKH�UHVXOWLQJ�WUHH�G�GLVWDQFH�DERYH�WKH�OHDYHV�\LHOGV�WKH�WUDQVPLVVLRQ�FOXVWHUV�
REWDLQHG�XVLQJ�WKUHVKROG�G��7UHH1���DOORZV�WKH�XVHU�WR�YLVXDOL]H�DQG�LQWHUDFW�ZLWK�WKH�FOXVWHULQJ�WUHH��DQG�XVHUV�FDQ�
HDVLO\�YLHZ�DQG�H[SRUW�FOXVWHUV�DW�DQ\�VHOHFWHG�GLVWDQFH�WKUHVKROG��7UHH1���LV�DYDLODEOH�DW��
KWWSV���PRVKLUL�ODE�JLWKXE�LR�7UHH1�����DQG�WKH�FRGH�LV�DYDLODEOH�DW�KWWSV���JLWKXE�FRP�0RVKLUL�/DE�7UHH1����
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6FXOSWLQJ�6XVWDLQDEOH�%LRUHVLQ��&DVWDEOH�DQG�2SWLFDOO\�&OHDU�%LRFRPSRVLWH�)URP�&KLWRVDQ�DQG�+DJILVK�
6OLPH�)LEHUV�
6DVKD�)LVKPDQ�
0HQWRUV��-XOLH�.RUQILHOG��3UL\D�&KLWWXU��7L]LDQD�'LOXFFR��DQG�/HDOLD�;LRQJ

7KH�PDMRULW\�RI�DUWLVWV¶�PDWHULDOV�FRQWDLQ�FKHPLFDOO\�WR[LF��QRQ�UHF\FODEOH�SODVWLFV�ZLWK�GDPDJLQJ�HIIHFWV�RQ�KXPDQ�
KHDOWK�DQG�WKH�HQYLURQPHQW��)RU�H[DPSOH��SHWUROHXP�UHVLQV��XVHG�IRU�FDVWLQJ�DQG�ODPLQDWLQJ��EUHDN�GRZQ�LQWR�
PLFURSODVWLFV�FRQWDLQLQJ�HQGRFULQH�GLVUXSWRUV�DQG�FDUFLQRJHQV��2XU�JRDO�LV�WR�HQJLQHHU�D�QRYHO�ELRUHVLQ�VXLWDEOH�IRU�
VFXOSWXUDO�DSSOLFDWLRQV�DV�DQ�DOWHUQDWLYH�WR�SHWUROHXP�UHVLQ�E\�HPSOR\LQJ�FKLWRVDQ�DQG�KDJILVK�VOLPH�ILEHUV��7KH�
WDUJHW�PDWHULDO�VKRXOG�EH�RSWLFDOO\�FOHDU��VWURQJ��K\GURSKRELF�DQG�YHUVDWLOH�ZKLOH�EHLQJ�VXVWDLQDEOH��QRWDEO\�LW�
VKRXOG�EH�QRQ�WR[LF��ELR�EDVHG��DQG�FRPSRVWDEOH�LQ�PDULQH�HQYLURQPHQWV��:RUNLQJ�IURP�VWDQGDUG�WHVWV�WR�SHUIRUP�
LQ�D�VWXGLR�VHWWLQJ�ZLWKRXW�H[SHQVLYH�LQVWUXPHQWV��ZH�ILUVW�RSWLPL]H�SURWRFROV�WR�TXDQWLWDWLYHO\�PHDVXUH�YLVFRVLW\��
RSWLFDO�FKDUDFWHULVWLFV��DQG�PHFKDQLFDO�PDWHULDO�SURSHUWLHV��7KURXJK�WKLV�SURFHVV��ZH�DOVR�HVWDEOLVK�PHWKRGV�RI�GDWD�
DQDO\VLV�DGDSWHG�WR�WKH�FKLWRVDQ�EDVHG�PDWHULDOV�XQGHU�VWXG\��,Q�WKH�VHFRQG�VWDJH��ZH�XVH�WKHVH�WHVWV�WR�DVVHVV�
WKH�HIIHFWV�RI�FKLWRVDQ�VXSSOLHUV��PXOWLSOH�FRQFHQWUDWLRQV��GLIIHUHQW�FURVVOLQNHUV��DQG�KDJILVK�VOLPH�ILEHUV�WR�
XQGHUVWDQG�ZKLFK�YDULDEOHV�LPSURYH�SURSHUWLHV�IRU�RXU�ELRUHVLQ��7KH�RXWFRPHV�RI�WKLV�SURMHFW�ZLOO�QRW�RQO\�VHUYH�DV�
D�PRGHO�IRU�DUWLVWV�WR�LQQRYDWH�ZLWK�HQYLURQPHQWDOO\�FRQVFLRXV�PDWHULDOV��EXW�DOVR�FRQWULEXWH�WR�WKH�ODUJHU�JRDO�RI�
FUHDWLQJ�VXVWDLQDEOH��FRPSRVWDEOH��DQG�ELR�GHULYHG�PDWHULDOV���

8VLQJ�'HQVLW\�)XQFWLRQDO�7KHRU\�WR�$IIRUG�0XOWLYDULDEOH�$QDO\VLV�RI�WKH�,QIOXHQFH�RI�0ROHFXODU�
$GGLWLYHV�RQ�&X�&DWDO\]HG�&2��5HGXFWLRQ�
$OH[�)RQWDQL�+HUUHURV�
0HQWRUV��-RQDV�&��3HWHUV�DQG�$ORQVR�5RVDV�+HUQiQGH]�

(OHFWURFKHPLFDO�&2��UHGXFWLRQ��SRZHUHG�E\�UHQHZDEOH�HOHFWULFLW\��LV�D�SURPLVLQJ�VWUDWHJ\�WR�GHFUHDVH�JOREDO��
&2��HPLVVLRQV�DQG�IRVVLO�IXHO�GHSHQGHQFH�ZKLOH�SURGXFLQJ�YDOXDEOH�FKHPLFDO�IHHGVWRFNV�DQG�FDUERQ�QHXWUDO�IXHOV��
+LJKO\�UHGXFHG��PXOWL�FDUERQ��&����SURGXFWV�IURP�WKLV�UHDFWLRQ�DUH�SDUWLFXODUO\�GHVLUDEOH�GXH�WR�WKHLU�JUHDWHU�HQHUJ\�
GHQVLW\�DQG�ZLGHU�DSSOLFDELOLW\��+RZHYHU��HYHQ�WKH�EHVW�FXUUHQW�FRSSHU�EDVHG�FDWDO\VWV�KDYH�DFKLHYHG�RQO\�PRGHVW�
DFWLYLWLHV�DQG�HIILFLHQFLHV�IRU�PXOWL�FDUERQ�SURGXFWV�DW�OHYHOV�IDU�IURP�FRPPHUFLDO�YLDELOLW\��2XU�JURXS�KDV�SUHYLRXVO\�
LGHQWLILHG�D�FODVV�RI�1�VXEVWLWXWHG�DU\O�S\ULGLXP�DGGLWLYHV�WKDW�LPSURYH�PXOWL�FDUERQ�VHOHFWLYLW\�RQ�FRSSHU�HOHFWURGHV�
WKURXJK�WKH�IRUPDWLRQ�RI�DQ�RUJDQLF�VXUIDFH�ILOP��:KLOH�WKHVH�DGGLWLYHV�VKDUH�D�FRPPRQ�DU\O�S\ULGLQLXP�VFDIIROG��
WKH�DGGLWLRQ�DQG�VXEVWLWXWLRQ�RI�GLIIHUHQW�IXQFWLRQDO�JURXSV�UHVXOWV�LQ�VLJQLILFDQWO\�YDULHG�SHUIRUPDQFH��,Q�WKLV�ZRUN��
GHQVLW\�IXQFWLRQDO�WKHRU\��')7��FDOFXODWLRQV�ZHUH�HPSOR\HG�WR�FRPSXWH�D�VHULHV�RI�PROHFXODU�SURSHUWLHV�IRU�D�VHOHFW�
OLEUDU\�RI�1�VXEVWLWXWHG�DU\O�S\ULGLXP�DGGLWLYHV��ZLWK�WKH�JRDO�RI�LGHQWLI\LQJ�SDUDPHWHUV�WKDW�VKRZHG�SURPLVLQJ�
VWDWLVWLFDO�FRUUHODWLRQV�ZLWK�PXOWL�FDUERQ�&2��UHGXFWLRQ�SHUIRUPDQFH��)XWXUH�ZRUN�PD\�LQYROYH�HPSOR\LQJ�PRUH�
ULJRURXV�FRPSXWDWLRQDO�PRGHOV�WR�REWDLQ�VWURQJHU��PRUH�GHILQLWLYH�WUHQGV��ZKLFK�FRXOG�SRWHQWLDOO\�EH�XVHG�WR�LQIRUP�
WKH�GHVLJQ�RI�LPSURYHG�PROHFXODU�DGGLWLYHV�

$SSO\LQJ�&RPSXWDWLRQDO�&KHPLVWU\�DQG�0DFKLQH�/HDUQLQJ�7HFKQLTXHV�WR�2SWLPL]H�$QWLERG\�
1HXWUDOL]DWLRQ�IRU�6$56�&R9��
7HD�)UHHGPDQ�6XVVNLQG
0HQWRUV��9DQHVVD�-RQVVRQ�DQG�1DWDOLH�'XOOHUXG�

7R�GHYHORS�HIIHFWLYH�VWUDWHJLHV�WR�FRPEDW�WKH�FXUUHQW�SDQGHPLF�FDXVHG�E\�WKH�6$56�&R9���YLUXV��D�WKRURXJK�
XQGHUVWDQGLQJ�RI�SRVVLEOH�YLUDO�PXWDWLRQV�DV�ZHOO�DV�DYHQXHV�WR�HQKDQFH�DQWLERG\�QHXWUDOL]DWLRQ�LV�FUXFLDO��:H�
SURSRVH�UREXVW�FRPSXWDWLRQDO�WHFKQLTXHV�WR�HYDOXDWH�WKH�LPSDFW�RI�SRWHQWLDO�PXWDWLRQV�RI�WKH�6$56�&R9���YLUXV��
DQG�IRU�QHXWUDOL]LQJ�DQWLERG\�GHVLJQ��7KH�SURSRVHG�DOJRULWKP�SUHGLFWV�WKH�HIIHFW�RI�PXWDWLRQV�RQ�DQWLERG\�
QHXWUDOL]DWLRQ�RI�6$56�&R9���DQG�RSWLPL]HV�DQWLERG\�GHVLJQ�XWLOL]LQJ�FRQFHSWV�IURP�FRPSXWDWLRQDO�FKHPLVWU\�DQG�
PDFKLQH�OHDUQLQJ�WHFKQLTXHV��([SHULPHQWDO�QHXWUDOL]DWLRQ�DVVD\�GDWD�LV�SURFHVVHG�ZLWK�YDULDEOH�VHOHFWLRQ�UHJUHVVLRQ�
PHWKRGV�WR�VHOHFW�VLWHV�WKDW�GHWUDFW�DQG�HQKDQFH�ELQGLQJ��)RU�HDFK�RI�WKHVH�VLWHV��PXWDWLRQ�VWDELOLW\�DV�FKDQJH�LQ�
*LEEV�(QHUJ\�� �*��LV�FDOFXODWHG�XVLQJ�)ROG;�VRIWZDUH�DQG�DQDO\]HG�LQ�3\WKRQ�VFULSWV�WR�LGHQWLI\�VWDELOL]LQJ�
PXWDWLRQV�IRU�QHXWUDOL]DWLRQ�LQ�WKH�DQWLERG\�DQG�SRWHQWLDO�YLUDO�HVFDSH�PXWDWLRQV��*HQHUDWHG�GDWD�ZLOO�LQIRUP�
RSWLPL]LQJ�DQWLERG\�GHVLJQ��3UHOLPLQDU\�SLSHOLQH�WHVWLQJ�RQ�WKH�&����DQWLERG\�KDV�\LHOGHG�PXWDWLRQV�WKDW�HQKDQFH�
QHXWUDOL]DWLRQ�DQG�ELQGLQJ�VWDELOLW\�ZLWK�6$56�&R9����5HVXOWV�ZLOO�LQIRUP�WKH�VHDUFK�IRU�RSWLPL]HG�DQWLERG\�EDVHG�
DSSURDFKHV�WR�FRPEDWLQJ�6$56�&R9����DQG�YDOLGDWH�D�UHODWLYHO\�IDVW�FRPSXWDWLRQDO�VWUDWHJ\�WR�H[DPLQH�YLUDO�ILWQHVV�
DIWHU�PXWDWLRQV��

*HQHUDWLRQ�RI�'LVFUHWH�3HGHVWULDQ�2FFXSDQF\�3UREDELOLW\�'LVWULEXWLRQV�
%UXQR�)UHHPDQ�
0HQWRUV��5LFKDUG�0XUUD\�DQG�)UDQFHVFD�%DOGLQL�

$V�ZH�VHHN�WR�LQWURGXFH�DQ�LQFUHDVLQJ�URERWLF�SUHVHQFH�LQWR�RXU�GD\�WR�GD\�OLYHV��GHYHORSLQJ�DXWRQRPRXV�DJHQWV�
WKDW�FDQ�VDIHO\�QDYLJDWH�KXPDQ�FURZGV�EHFRPHV�HYHU�PRUH�FULWLFDO��,Q�WKLV�ZRUN��ZH�GHYHORS�D�ORZ�RYHUKHDG�
SHGHVWULDQ�FURZG�VLPXODWRU�WKDW�HPSOR\V�WKH�VRFLDO�IRUFH�PRGHO�WR�UHDOLVWLFDOO\�JXLGH�SHGHVWULDQV��UHSUHVHQWHG�DV�
WZR�GLPHQVLRQDO�SDUWLFOHV��WKURXJK�DUELWUDU\�VWDWLF�HQYLURQPHQWV��2XU�VLPXODWRU�UHFRUGV�FKURQRORJLFDO�VHTXHQFHV�RI�
³RFFXSDQF\�JULGV´�WKDW�HQFRGH�FRQWLQXRXV�DJHQW�SRVLWLRQ�GDWD�LQWR�D�GLVFUHWH�IRUP��:H�WUDLQ�D�UHFXUUHQW�QHXUDO�
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QHWZRUN�RQ�WKHVH�VHTXHQFHV�WR�WKH�HQG�RI�JHQHUDWLQJ�RFFXSDQF\�SUREDELOLW\�SUHGLFWLRQV�IRU�HDFK�JULG�FHOO�DW�IXWXUH�
WLPH�VWHSV��7KHVH�SUREDELOLWLHV�IRUP�KHDW�PDSV�RYHU�WKH�HQYLURQPHQW�WKDW�SURYLGH�LQVLJKW�LQWR�IXWXUH�DUHDV�RI�KLJK�
DQG�ORZ�FROOLVLRQ�ULVN��6XFK�LQIRUPDWLRQ�LV�LQWHJUDO�WR�DVVHVVLQJ�WKH�VDIHW\�RI�SRWHQWLDO�URXWHV�GXULQJ�DXWRQRPRXV�
QDYLJDWLRQ��

,QYHVWLJDWLQJ�0XOWLSKDVH�)ORZ�LQ�D�6SDFH�%DVHG�&DWDO\WLF�5HDFWRU�
'LDQD�)ULDV�)UDQFR�
0HQWRU��0HODQ\�+XQW�

$V�WKH�IXWXUH�RI�ORQJ�GXUDWLRQ�KXPDQ�VSDFH�H[SORUDWLRQ�TXLFNO\�DSSURDFKHV��SDFNHG�EHG�UHDFWRUV�KDYH�EHHQ�
LQYHVWLJDWHG�DV�D�V\VWHP�WKDW�FDQ�SRWHQWLDOO\�FRQYHUW�OLTXLG�ZDVWH�LQWR�XVHIXO�SURGXFWV��VXFK�DV�SRWDEOH�ZDWHU��
EHFDXVH�RI�WKHLU�FRPSDFW�GHVLJQ�DQG�PLQLPDO�RSHUDWLQJ�SRZHU��1$6$¶V�3DFNHG�%HG�5HDFWRU�([SHULPHQW��3%5(��WKDW�
LV�FXUUHQWO\�RSHUDWLQJ�RQ�WKH�,QWHUQDWLRQDO�6SDFH�6WDWLRQ�VWXGLHV�JDV�OLTXLG�IORZ�WKURXJK�SRURXV�PHGLD�XQGHU�
PLFURJUDYLW\�FRQGLWLRQV��SURYLGLQJ�SUHVVXUH�WUDQVGXFHU�GDWD�DQG�LPDJHV�RI�WKH�IORZ��5HVXOWV�IURP�WKH�3%5(�VKRZ�
SUHVVXUH�YDULDWLRQV�ZLWKLQ�WKH�WXEH��ZKLFK�LV�FULWLFDO�WR�XQGHUVWDQGLQJ�WKH�HIIHFWV�RI�PLFURJUDYLW\�RQ�WKH�IORZ��
9DULDWLRQV��VXFK�DV�WKRVH�IHDWXUHG�LQ�SXOVH�IORZ�FRQGLWLRQV��DUH�SDUWLFXODUO\�LPSRUWDQW�WR�XQGHUVWDQG�VLQFH�DQ�
XQVWHDG\�IORZ�UHJLPH�LV�RSWLPDO�IRU�FDWDO\WLF�UHDFWRU�GHVLJQ��EHFDXVH�DQ�XQVWHDG\�IORZ�LV�DFFRPSDQLHG�E\�HQKDQFHG�
PL[LQJ�EHWZHHQ�WKH�JDV�DQG�OLTXLG�SKDVHV��7R�IXOILOO�WKLV�QHHG��DQ�DQDO\VLV�WKDW�IHDWXUHG�DGGLWLRQDO�VWDQGDUG�
GHYLDWLRQ�GDWD�ZDV�SHUIRUPHG�XVLQJ�WKH�3%5(�UDZ�GDWD�WR�EHWWHU�XQGHUVWDQG�WKH�XQVWHDGLQHVV�LQ�VRPH�IORZV��3DLUHG�
ZLWK�WKH�FUHDWLRQ�RI�KLJK�VSHHG�YLGHRV��WKH�FXUUHQW�ZRUN�ZLOO�HQDEOH�EHWWHU�GHVLJQV�IRU�IXWXUH�VSDFH�EDVHG�FDWDO\WLF�
UHDFWRUV��

'HVLJQ�RI�D�&U\RJHQLF�7HVW�6\VWHP�IRU�/RZ�/LJKW�7HVWLQJ�RI�/DUJH�)RUPDW�,QIUDUHG�'HWHFWRUV�
$QGHUVRQ�)XUODQHWWR�
0HQWRU��5RJHU�6PLWK�

7KH�707�,QIUDUHG�,PDJLQJ�6SHFWURJUDSK��,5,6��LV�WKH�ODWHVW�ODUJH�IRUPDW�LQIUDUHG�GHWHFWRU�VRRQ�WR�XQGHUJR�WHVWLQJ��
$�FU\RJHQLF�WHVW�V\VWHP�KDV�EHHQ�GHYHORSHG�IRU�WKH�,5,6�GHWHFWRU�DQG�LWV�DVVRFLDWHG�KDUGZDUH�IURP�D�GHZDU�ZLWK�
DQ�DQQXODU�/1��WDQN�DQG�GHSOR\DEOH�WHVW�DUWLFOHV�HPSOR\LQJ�DFWLYH�DQG�SDVVLYH�PHFKDQLVPV��7R�H[SHGLWH�WKH�WHVWLQJ�
SURFHVV�WKH�WHVW�V\VWHP�KDV�EHHQ�GHVLJQHG�IRU�FRQVLVWHQW��UDSLG��DQG�SUHFLVH�GHSOR\PHQW��FRQILJXUDEOH�KDUGZDUH�WR�
LQVWDOO�DGGLWLRQDO�WHVW�DUWLFOHV��DQG�IHZHU�WKHUPDO�F\FOHV�EHWZHHQ�WHVW�FRQILJXUDWLRQV��+DQGOLQJ�DQG�LQVWDOODWLRQ�
JXLGHV�KDYH�DOVR�EHHQ�GHYHORSHG�WR�PLQLPL]H�ULVN�RI�GDPDJLQJ�WKH�GHWHFWRU�GXULQJ�LWV�DVVHPEO\���

6SLQ±3KRQRQ�&RXSOLQJ�LQ�2SWLFDOO\�$GGUHVVDEOH�0ROHFXODU�4XELW�&DQGLGDWHV��
(OLVDEHWK�*DOOPHLHU�
0HQWRUV��5\DQ�+DGW�DQG�$OH[DQGUD�%DUWK�

4XDQWXP�FRPSXWLQJ�DQG�VHQVLQJ�DUH�UDSLGO\�GHYHORSLQJ�ILHOGV�WKDW�KDYH�HQWKUDOOHG�WKH�VFLHQWLILF�FRPPXQLW\�ZLWK�
WKHLU�SRWHQWLDO�WR�VROYH�FXUUHQWO\�LQWUDFWDEOH�SUREOHPV�UDQJLQJ�IURP�VWUXFWXUDO�ELRORJ\�WR�VLPXODWLRQV�RI�TXDQWXP�
SKHQRPHQD��7KH�RYHUDOO�UHDOL]DWLRQ�RI�WKLV�KLQJHV�RQ�WKH�GHYHORSPHQW�RI�UREXVW�TXDQWXP�ELWV��TXELWV���5HFHQWO\��
FKHPLVWV�KDYH�EHHQ�LQYHVWLJDWLQJ�HOHFWURQ�VSLQ�EDVHG�PROHFXODU�TXELWV�DV�SURPLVLQJ�FDQGLGDWHV�IRU�WKH�
LPSOHPHQWDWLRQ�RI�TXDQWXP�FRPSXWLQJ�DQG�VHQVLQJ��,Q�DGGLWLRQ�WR�PLFURZDYH�DGGUHVVDELOLW\��WKH�SRWHQWLDO�IRU�
RSWLFDO�DGGUHVVDELOLW\�RSHQV�WKH�GRRU�WR�DGGLWLRQDO�GLYHUVH�DSSOLFDWLRQV��%H\RQG�WKH�JURXQG�VWDWH�SKHQRPHQD�RI�
UHOHYDQFH�IRU�PLFURZDYH�DGGUHVVDEOH�TXELWV��RSWLFDO�DGGUHVVDELOLW\�UHOLHV�DOVR�RQ�OLJKW�LQGXFHG�VSLQ�VHOHFWLYH�
LQWHUV\VWHP�FURVVLQJ��ZKLFK�GHILQHV�SDUWLFXODU�JURXQG�DQG�H[FLWHG�VWDWH�FULWHULD�IRU�DSSOLFDEOH�WUDQVLWLRQ�PHWDO�
FRPSOH[HV��7KLV�UHVHDUFK�XVHV�GHQVLW\�IXQFWLRQDO�WKHRU\��')7���WLPH�GHSHQGHQW�')7��7'')7���DQG�PXOWLUHIHUHQFH�
DE�LQLWLR�FDOFXODWLRQV�WR�H[SORUH�G��WHWUDKHGUDO�&U�,9��FRPSOH[HV�DV�SRWHQWLDO�RSWLFDOO\�DGGUHVVDEOH�TXELW�FDQGLGDWHV��
,Q�GRLQJ�VR��ZH�GHYHORS�GHWDLOHG�PDJQHWR�VWUXFWXUDO�FRUUHODWLRQV�RYHU�WKH�HQWLUH�JURXQG�DQG�H[FLWHG�VWDWH�
PDQLIROGV��LQFOXGLQJ�D�VSLQ�SKRQRQ�FRXSOLQJ�PRGHO�WR�GHVFULEH�G\QDPLF�VWUXFWXUDO�FRQWULEXWLRQV�WR�JURXQG�VWDWH�
]HUR�ILHOG�VSOLWWLQJV��=)6V��DQG�WKH�PHFKDQLVP�RI�VSLQ�VHOHFWLYH�LQWHUV\VWHP�FURVVLQJV��7KHVH�VWXGLHV�WKXV�JXLGH�
WKH�V\QWKHVHV�DQG�JURXQG�DQG�H[FLWHG�VWDWH�VSHFWURVFRSLF�FKDUDFWHUL]DWLRQV�RI�QHZ�RSWLFDOO\�DGGUHVVDEOH�TXELW�
FDQGLGDWHV��

7KHUPDO�6LPXODWLRQV�IRU�WKH�6HQVRUV�IRU�WKH�%DUUHO�7LPLQJ�/D\HU�RI�WKH�0,3�7LPLQJ�'HWHFWRU�
0DGHOLQH�*DUGQHU�
0HQWRU��0DULD�6SLURSXOX�

&(51¶V�SDUWLFOH�DFFHOHUDWRU��WKH�/+&��LV�EHFRPLQJ�WKH�+LJK�/XPLQRVLW\�/DUJH�+DGURQ�&ROOLGHU�WR�VWXG\�%H\RQG�WKH�
6WDQGDUG�0RGHO�3K\VLFV��,QFUHDVHG�OXPLQRVLW\�PHDQV�WKDW�EXQFKHG�FROOLVLRQV�ZLOO�LQFUHDVH�LQ�IUHTXHQF\��VR�WKH��
0,3�7LPLQJ�'HWHFWRU�LV�EHLQJ�GHYHORSHG�E\�&06��7KH�%DUUHO�SRUWLRQ��%7/��RI�WKH�07'�XWLOL]HV�6L30�VHQVRUV�ZKRVH�
RSHUDWLQJ�WHPSHUDWXUH�PXVW�EH�PDLQWDLQHG�EHORZ�����&�WR�UHGXFH�GDUN�FXUUHQW��7KLV�SURMHFW�FRQGXFWHG�WKHUPDO�
VLPXODWLRQV�RQ�WKH�FRROLQJ�V\VWHP�DQG�HQYLURQPHQW�RI�WKHVH�VHQVRUV��7KHVH�VLPXODWLRQV�ZHUH�FRQGXFWHG�ZLWK�
$16<6��DQG�GXH�WR�OLPLWDWLRQV�RI�WKH�VWXGHQW�OLFHQVH��ZHUH�FRQGXFWHG�RQ���GLPHQVLRQDO�VHFWLRQV�RI�WKH�V\VWHP��7KH�
V\VWHP�ZDV�VLPSOLILHG�WR�LQFOXGH�WKH�IROORZLQJ�FRPSRQHQWV�LQ�ó�RI�DQ�58��FRROLQJ�SODWH��FRSSHU�EUDFNHWV��6L30V��
/<62�FU\VWDOV��$LUH[��1RPH[�SLHFH��WKH�,�EHDP�HWF��7KH�6L30V�WHPSHUDWXUH�VKRXOG�RSHUDWH�ZLWKLQ�RQH�GHJUHH�
FHOVLXV�RI�WKH�FRROLQJ�V\VWHP��KRZHYHU�YDULRXV�HQYLURQPHQWDO�IDFWRUV�ZLOO�DIIHFW�WKHLU�WHPSHUDWXUH��
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3URSHUWLHV�RI�3XOVDUV�LQ�WKH�5DSLG�$6.$3�&RQWLQXXP�6XUYH\�
0RKLW�*DUJ�
0HQWRUV��'DYLG�.DSODQ�DQG�7DUD�0XUSK\�

7KH�$XVWUDOLDQ�6TXDUH�.LORPHWHU�$UUD\�3DWKILQGHU��$6.$3���DQ�DUUD\�RI�������PHWHU�GLVK�DQWHQQDV��ZDV�XVHG�WR�
IRUP�WKH�5DSLG�$6.$3�&RQWLQXXP�6XUYH\��5$&6���7KH�ODUJH�DUHD�VXUYH\�LQFRUSRUDWHV�PXOWLSOH�SURSHUWLHV�LQFOXGLQJ�
6WRNHV�,�DQG�9��6WRNHV�,�PHDVXUHV�WKH�LQWHQVLW\�RI�WKH�UDGLDWLRQ��ZKLOH�6WRNHV�9�PHDVXUHV�WKH�FLUFXODU�SRODUL]DWLRQ��
7KHVH�SURSHUWLHV�ZLOO�EH�XVHG�WR�FURVVPDWFK�5$&6�REVHUYDWLRQV�ZLWK�SULRU�GDWD�RI�SXOVDUV�VWRUHG�LQ�WKH�9DULDEOH�
6ORZ�DQG�7UDQVLHQWV��9$67��6XUYH\��7KH�$XVWUDOLDQ�7HOHVFRSH�1DWLRQDO�)DFLOLW\��$71)��3XOVDU�&DWDORJ�ZDV�XVHG�WR�
LGHQWLI\�DOO�NQRZQ�SXOVDUV��7KH�SURSHUWLHV�UHFRUGHG�ZLOO�LQFOXGH�WKH�EULJKWQHVV��P-\��DQG�GLVWDQFH��DUFVHFRQGV��RI�
WKH�FORVHVW�5$&6�VRXUFH��7KH�SDSHU�ZLOO�DOVR�SUHVHQW�DQ�DQDO\VLV�FRPSDULQJ�DJDLQVW�SXOVDU�SRSXODWLRQ�PRGHOV�WR�
HVWLPDWH�WKHLU�YLVLELOLW\�XVLQJ�GLIIHUHQW�VXUYH\�VWUDWHJLHV��

6LPXODWLRQ�RI�'HIRUPDWLRQ�DQG�6WUHVV�'LVWULEXWLRQV�LQ�/DWWLFH�6WUXFWXUHV�
/DXUHQ�*DUULTXHV�
0HQWRUV��*XUXVZDPL�5DYLFKDQGUDQ�DQG�-DFN�:HHNV�

7KH�VWXG\�RI�WKH�GHIRUPDWLRQ�RI�ODWWLFH�VWUXFWXUHV�LV�LPSRUWDQW�LQ�IXUWKHULQJ�WKH�XQGHUVWDQGLQJ�RI�WKH�H[FHSWLRQDO�
LPSDFW�PLWLJDWLRQ�SURSHUWLHV�RI�FHOOXODU�VROLG��'DWD�IURP�FRPSUHVVLRQ�WHVWLQJ�RI�ODWWLFH�VWUXFWXUHV�FDQ�DGYDQFH�WKH�
FUHDWLRQ�RI�VWURQJ��OLJKWZHLJKW�VWUXFWXUHV�ZKLFK�PD\�EH�XVHG�IRU�HQHUJ\�PDQDJHPHQW��WKHUPDO�LQVXODWLRQ��DQG�
ILOWUDWLRQ�DSSOLFDWLRQV��8VLQJ�ILQLWH�HOHPHQW�DQDO\VLV�LQ�$QV\V�0HFKDQLFDO�VRIWZDUH��GHIRUPDWLRQ�PHFKDQLVPV�DQG�
VWUHVV�GLVWULEXWLRQV�DUH�DQDO\]HG�LQ�GLIIHUHQW�ODWWLFH�VSHFLPHQV��7KH�UHVXOWV�DUH�FRPSDUHG�IRU��[�[��ODWWLFHV�ZLWK�
VLPLODU�UHODWLYH�GHQVLWLHV��DQ�RFWHW�WUXVV��.HOYLQ�FHOO��DQG�FXELF�ODWWLFH��(DFK�RI�WKH�ODWWLFHV�DUH�WHVWHG�XVLQJ�GLIIHUHQW�
VWUXW�JHRPHWULHV�WR�DQDO\]H�WKH�HIIHFW�RI�WKH�FURVV�VHFWLRQDO�VKDSH�RI�WKH�EHDPV�RQ�WKH�PDWHULDO�SURSHUWLHV�RI�WKH�
ODWWLFH��([SHFWHG�UHVXOWV�DUH�D�JUHDWHU�XQGHUVWDQGLQJ�RI�KRZ�ODWWLFH�VWUHQJWK�LV�RSWLPL]HG�WKURXJK�VWUXW�DQG�ODWWLFH�
JHRPHWULHV��

7KH�(IIHFWV�RI�%UDLQ�3XOVDWLRQ�'XULQJ�WKH�&DUGLDF�&\FOH�RQ�'HWHFWLQJ�DQG�6RUWLQJ�1HXUDO�6SLNH�7UDLQV�
0DKLGHUHPDUL\DP�*HVVHVVH�
0HQWRUV��8HOL�5XWLVKDXVHU�DQG�&OD\WRQ�0RVKHU�

7R�XQGHUVWDQG�KRZ�WKH�EUDLQ�VXSSRUWV�FRJQLWLRQ�DQG�EHKDYLRU��QHXURSK\VLRORJLVWV�LGHQWLI\�QHXURQV�E\�VRUWLQJ�WKHLU�
H[WUDFHOOXODU�DFWLRQ�SRWHQWLDOV��($3���RU�VSLNHV���:KHQ�WKH�KHDUW�EHDWV��WKH�EUDLQ�SXOVHV�DQG�ZH�UHFHQWO\�
GHPRQVWUDWHG�WKDW�WKLV�LPSDFWV�WKH�VSLNH�ZDYHIRUP���&XUUHQWO\��QR�QHXUDO�VRUWLQJ�VRIWZDUH�DFFRXQWV�IRU�VXFK�
FDUGLDF�UHODWHG�PRWLRQ��PDNLQJ�FXUUHQW�VRUWLQJ�SURWRFROV�SRWHQWLDOO\�SURQH�WR�HUURQHRXV�GHWHFWLRQ�DQG�VRUWLQJ�RI�
VSLNHV��

:H�GHYHORSHG�DQ�DQDO\VLV�SLSHOLQH�WR�FKDUDFWHUL]H�KRZ�FDUGLDF�PRWLRQ�LPSDFWV�VRUWLQJ��:H�DSSOLHG�WKLV�SLSHOLQH�WR�
VSLNHV�UHFRUGHG�IURP�KXPDQ�SDWLHQWV�ZLWK�HOHFWURGHV�LPSODQWHG�IRU�PRQLWRULQJ�WKH�VRXUFH�RI�LQWUDFWDEOH�HSLOHSV\��
:H�TXDQWLI\�KRZ�WKH�VSLNH�ZDYHIRUP��VSLNH�VRUWLQJ�TXDOLW\��ILULQJ�UDWH��DQG�VLJQDO�WR�QRLVH�UDWLR�YDU\�ZLWK�WKH�
FDUGLDF�F\FOH�DQG�FUHDWHG�YLVXDO�WRROV�WR�H[DPLQH�KRZ�WKHVH�IHDWXUHV�DUH�FRUUHODWHG��:H�REVHUYHG�WKDW�PRVW�VSLNHV�
EHORQJLQJ�WR�D�QHXURQ�DUH�QRW�PLV�VRUWHG�WR�DQRWKHU�QHXURQ��5DWKHU��VRPH�VSLNHV�PD\�IDLO�WR�EH�GHWHFWHG�GXULQJ�
WKH�FDUGLDF�F\FOH�RU�DUH�PLVFODVVLILHG�LQWR�QRLVH�FOXVWHUV��

)XUWKHU�UHVHDUFK�ZLOO�XVH�WKLV�SLSHOLQH�WR�HVWDEOLVK�SURWRFROV�WR�LPSURYH�VSLNH�VRUWLQJ���:H�ZLOO�EHQFKPDUN�WKHVH�
SURWRFROV�DJDLQVW�QHXUDO�VLPXODWLRQV���8OWLPDWHO\�WKHVH�SURWRFROV�ZLOO�DOORZ�XV�WR�GLIIHUHQWLDWH�QHXUDO�UHVSRQVHV�WR��
WKH�KHDUWEHDW�IURP�WKRVH�WKDW�DUH�ELRSK\VLFDO�UHFRUGLQJ�DUWLIDFWV��

'HWHUPLQLQJ�/HYHOV�RI�,PPXQH�DQG�1HXURWUDQVPLWWHU�*HQH�([SUHVVLRQ�LQ�WKH�*XW�RI�D�0RXVH�0RGHO�RI�
$XWLVP�6SHFWUXP�'LVRUGHU
$OOLVRQ�*O\QQ�
0HQWRUV��6DUNLV�0D]PDQLDQ�DQG�-HVVLFD�*ULIILWKV�

$XWLVP�6SHFWUXP�'LVRUGHU��$6'��LV�D�QHXURGHYHORSPHQWDO�GLVRUGHU�ZKLFK�DIIHFWV�DSSUR[LPDWHO\�RQH�LQ����FKLOGUHQ�
LQ�WKH�8QLWHG�6WDWHV��$6'�LV�FKDUDFWHUL]HG�E\�LPSDLUHG�VRFLDO�FRPPXQLFDWLRQ�DQG�UHSHWLWLYH�VWHUHRW\SHG�EHKDYLRUV��
LW�LV�RIWHQ�FRPRUELG�ZLWK�FKURQLF�JDVWURLQWHVWLQDO��*,��LVVXHV�VXFK�DV�IUHTXHQW�DEGRPLQDO�SDLQ��GLDUUKHD��DQG�
FRQVWLSDWLRQ��7KH�6KDQN� ������PRXVH�PRGHO�IRU�$6'�LV�UHSUHVHQWDWLYH�RI�WKH�PXWDWLRQV�RI�WKH�6KDQN��JHQH�IRXQG�
LQ�DSSUR[LPDWHO\����RI�KXPDQ�$6'�FDVHV��WKHVH�PLFH�H[KLELW�$6'�OLNH�EHKDYLRUV�LQ�DGGLWLRQ�WR�DQ�DOWHUHG�JXW�
PLFURELRPH�DQG�*,�DEQRUPDOLWLHV��7KLV�SURMHFW�VHHNV�WR�LGHQWLI\�JHQHV�GLIIHUHQWLDOO\�H[SUHVVHG�LQ�WKH��
6KDQN� ������PLFH�ZKLFK�PLJKW�FRQWULEXWH�WR�WKHLU�*,�G\VIXQFWLRQ�SKHQRW\SH�E\�XVLQJ�5HYHUVH�7UDQVFULSWLRQ�
TXDQWLWDWLYH�3RO\PHUDVH�&KDLQ�5HDFWLRQ��57�T3&5��WR�TXDQWLI\�JHQH�H[SUHVVLRQ�LQ�WKH�GLVWDO�VPDOO�LQWHVWLQH��WKH�
SUR[LPDO�FRORQ��DQG�WKH�GLVWDO�FRORQ��7KH�H[SUHVVLRQ�OHYHOV�RI�IRXUWHHQ�LPPXQH�DQG�QHXURWUDQVPLWWHU�JHQHV�UHODWHG�
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WR�$6'�DQG�*,�G\VIXQFWLRQ�ZHUH�TXDQWLILHG�LQ�6KDQN� ����� PLFH�UHODWLYH�WR�ZLOGW\SH��:7��PLFH��7UHQGV�RI�
GLIIHUHQWLDO�H[SUHVVLRQ�RI�WKH�LPPXQH�UHODWHG�JHQHV�,)1� ��,/����,/���$��DQG�1RV��ZHUH�IRXQG��LQGLFDWLQJ�D�SRVVLEOH�
UROH�IRU�LQIODPPDWLRQ�LQ�6KDQN� ������JXW�G\VIXQFWLRQ��7KLV�UHTXLUHV�IXUWKHU�JHQH�H[SUHVVLRQ�VWXGLHV�RI�UHODWHG�JHQHV�
DQG�SDWKZD\V��

'LVFRQQHFWLRQ�0HGLDWHG�*UDLQ�%RXQGDU\�0RWLRQ�5HVXOWLQJ�)URP�7KHUPDO�)OXFWXDWLRQV�
0DKL�*RNXOL�
0HQWRUV��%UDQGRQ�5XQQHOV��0DUFR�%HUQDUGL��DQG�-XOLD�*UHHU�

,Q�SRO\FU\VWDOOLQH�PDWHULDOV�VXFK�DV�PHWDOV�DQG�FHUDPLFV��JUDLQ�ERXQGDU\�PLJUDWLRQ�LQIOXHQFHV�PHFKDQLFDO�
SURSHUWLHV�LQFOXGLQJ�IUDFWXUH�WRXJKQHVV�DQG�GXFWLOLW\��SOD\LQJ�D�FULWLFDO�UROH�LQ�SURFHVVHV�VXFK�DV�SODVWLF�GHIRUPDWLRQ��
$�SDUWLFXODU�H[DPSOH�RI�WKLV�LV�VKHDU�FRXSOLQJ��LQ�ZKLFK�WKH�JUDLQ�ERXQGDU\�PRYHV�RUWKRJRQDOO\�WR�DQ�DSSOLHG�VKHDU�
ORDG��6KHDU�FRXSOHG�JUDLQ�ERXQGDU\�PRWLRQ�KDV�EHHQ�REVHUYHG�WR�RFFXU�WKURXJK�WKH�IRUPDWLRQ�RI�GLVFRQQHFWLRQV��
VWHS�OLNH�OLQH�GHIHFWV�GHVFULEHG�E\�D�VWHS�KHLJKW�DQG�EXUJHUV�YHFWRU��WRJHWKHU�WDNHQ�WR�EH�D�GLVFRQQHFWLRQ�PRGH���
'LVFRQQHFWLRQV�KDYH�EHHQ�VKRZQ�WR�DULVH�QDWXUDOO\�GXH�WR�WKH�VKHDU�FRXSOLQJ�IDFWRU��WKH�QRQFRQYH[�QDWXUH�RI�JUDLQ�
ERXQGDU\�HQHUJ\��DQG�PLQLPL]DWLRQ�RI�WKH�GLVVLSDWLRQ�SRWHQWLDO��WKH�HQHUJ\�ORVV�SHU�XQLW�WUDQVIRUPHG�YROXPH�DV�D�
UHVXOW�RI�ERXQGDU\�PRWLRQ���,I�VKHDU�FRXSOLQJ�LV�GLVUHJDUGHG��WKHUPDO�IOXFWXDWLRQV�ZRXOG�FDXVH�ERXQGDU\�PLJUDWLRQ�
YLD�UDQGRP�ZDON��+RZHYHU��EXLOGLQJ�RQ�WKH�DIRUHPHQWLRQHG�PRGHO��ZH�VKRZ�WKDW�WKHUPDO�IOXFWXDWLRQV�FDQ�DFWXDOO\�
QXFOHDWH�GLVFRQQHFWLRQ�SDLUV�IURP�D�IODW��?6LJPD����FRSSHU�V\PPHWULF�WLOW�JUDLQ�ERXQGDU\�LQ�D�ELFU\VWDO�XQGHU�
VKHDU�ORDGLQJ��7KHVH�GLVFRQQHFWLRQ�SDLUV�DUH�REVHUYHG�WR�DLG�ERXQGDU\�PLJUDWLRQ��:H�LOOXVWUDWH�WKLV�EHKDYLRU�ZLWK�
V\PPHWULF�WLOW�JUDLQ�ERXQGDULHV�RI�YDULRXV�VKHDU�FRXSOLQJ�IDFWRUV��SORWWLQJ�VWUHVV�VWUDLQ�FXUYHV�WR�UHYHDO�VWLFN±VOLS�
PRWLRQ�RI�WKH�ERXQGDULHV��

3DUDPHWHUL]HG�6LPXODWLRQ�RI�$UFKHRORJLFDO�&HUHPRQLDO�6LWHV�
6KLU�*ROGILQJHU�
0HQWRUV��1RUPDQ�%DGOHU�DQG�$GDP�%ODQN�

'XH�WR�WKH�FRPSOH[LW\�RI�DUFKHRORJLFDO�FHUHPRQLDO�VLWH�XVDJH��YLUWXDO�VLPXODWLRQV�DUH�H[WUHPHO\�XVHIXO�LQ�YLVXDOL]LQJ�
DFWLYLWLHV�DQG�KXPDQ�PRYHPHQW�LQ�WKHVH�VSDFHV��2XU�DLP�LV�WR�GHYHORS�D�FRPSXWDWLRQDO�V\VWHP�WKDW�ZLOO�EH�XVHG�WR�
PRGHO�DQG�SDUDPHWHUL]H�FURZG�PRYHPHQWV�EDVHG�RQ�D�VSHFLILF�FHUHPRQLDO�VLWH�DQG�HYHQW��&XUUHQWO\��ZH�DUH�
VSHFLILFDOO\�IRFXVLQJ�RQ�WKH�3DFKDFDPDF�VLWH�LQ�3HUX��ZRUNLQJ�WR�FUHDWH�D�ODUJH�PRGHO�RI�WKH�VLWH�LQ�$XWRGHVN�0D\D�
WKDW�FDQ�EH�QDYLJDWHG�E\�D�KHWHURJHQHRXV�FURZG�LQ�8QUHDO�(QJLQH����7KURXJK�WKH�LPSOHPHQWDWLRQ�RI�XVHU�
LQWHUIDFHV��WKH�V\VWHP�ZLOO�DOORZ�IRU�XVHU�YDULDWLRQV�RQ�WKH�ODUJH�VFDOH��H�J��FURZG�PRYHPHQW�WKURXJKRXW�WKH�VSDFH��
DQG�RQ�WKH�VPDOO�VFDOH��H�J��LQGLYLGXDO�HPRWLRQ�DQG�SHUIRUPDQFH���WRJHWKHU�SURYLGLQJ�D�UHDOLVWLF�DQG�PHDQLQJIXO�
VLPXODWLRQ�IRU�D�VSHFLILF�HYHQW�RI�D�XVHU¶V�FKRRVLQJ��8OWLPDWHO\��E\�EXLOGLQJ�WKH��'�DSSOLFDWLRQ�LQ�:HE*/��:HE�
*UDSKLFV�/LEUDU\���XVHUV�ZLOO�EH�DEOH�WR�SDUDPHWHUL]H�DQG�UXQ�WKH�FURZG�VLPXODWLRQ�UHJDUGOHVV�RI�WKHLU�DFFHVV�WR�WKH�
DXWKRULQJ�WRROV��

1HXURVFLHQFH�'DWD�,QWHUIDFH��1',��
0DWWKHZ�*RQ]DOJR�
0HQWRU��6WHSKHQ�9DQ�+RRVHU�

,Q�WKH�ILHOG�RI�QHXURVFLHQFH��VKDULQJ�GDWD�DFURVV�GLIIHUHQW�ODEV�KDV�SUHVHQWHG�D�SUREOHP�ZLWK�WKH�DEVHQFH�RI�D�
VWDQGDUG�GDWD�VKDULQJ�IRUPDW��,Q�WKH�SDVW��H[FHVVLYH�HIIRUW�ZDV�UHTXLUHG�EHWZHHQ�ILOH�FRQYHUVLRQ�DQG�RUJDQL]DWLRQ�
WR�DQDO\]H�GDWD�HIIHFWLYHO\��WDNLQJ�DZD\�IURP�WKH�HIIRUWV�WRZDUGV�FDOFXODWLRQV�DQG�UHVHDUFK��7KH�1HXURVFLHQFH�'DWD�
,QWHUIDFH��1',��VHHNV�WR�ILOO�WKLV�YRLG�DV�D�SODWIRUP�LQGHSHQGHQW�VWDQGDUG��8WLOL]LQJ�D�VLPSOH�YRFDEXODU\�VSHFLILFDOO\�
JHDUHG�IRU�XVH�LQ�QHXURVFLHQFH��1',�LV�GHVLJQHG�WR�DOORZ�XVHUV�WR�HDVLO\�XSORDG�DQG�UHWULHYH�UHOHYDQW�LQIRUPDWLRQ�
IURP�UDZ�GDWD�ZLWKRXW�QHHGLQJ�WR�FKDQJH�WKH�GDWD¶V�RULJLQDO�IRUPDW��&XUUHQWO\�WKHUH�DUH�WZR�1',�LPSOHPHQWDWLRQV��
RQH�LQ�0DWODE�DQG�RQH�LQ�3\WKRQ��7KH�RYHUDUFKLQJ�JRDO�RI�1',�LV�WR�FUHDWH�D�PXOWLSODWIRUP�GDWDEDVH�V\VWHP�WKDW�LV�
LQGHSHQGHQW�RI�WKH�XVHU�DQG�ZLOO�DOORZ�VHSDUDWH�ODEV�WR�VKDUH�DQG�H[FKDQJH�LQIRUPDWLRQ�PXFK�PRUH�HDVLO\�WKDQ�WKH�
DOWHUQDWLYHV�WKDW�DUH�FXUUHQWO\�DYDLODEOH���

$VVHVVLQJ�WKH�'HXWHULXP�.LQHWLF�,VRWRSH�(IIHFW�RI�+\GURJHQ�5DGLFDO�5HDFWLRQV�RQ�3KRWRFKHPLVWU\�LQ�WKH�
0DUV�$WPRVSKHUH�
$LNDWHULQL�*RURX�
0HQWRUV��0LWFKLR�2NXPXUD�DQG�'DQLFD�$GDPV�

$EXQGDQW�JHRORJLFDO�HYLGHQFH�VXJJHVWV�WKH�SUHVHQFH�RI�VXUIDFH�OLTXLG�ZDWHU�DW�HDUO\�0DUV�ZKLFK�ZRXOG�KDYH�
UHTXLUHG�D�WKLFNHU��ZDUPHU�DWPRVSKHUH�WKDQ�WKHUH�LV�WRGD\��7KH�SUHVHQW�GD\�'�+�HQULFKPHQW�LQ�WKH�0DUWLDQ�
DWPRVSKHUH�SURYLGHV�XQGHUVWDQGLQJ�RI�WKH�KLVWRU\�RI�0DUWLDQ�ZDWHU�DQG�LWV�HVFDSH�WR�VSDFH��,Q�JHQHUDO��WKH�PDVV�
GLIIHUHQFH�IDFLOLWDWHV�+�WR�HVFDSH�IDVWHU�WKDQ�'��OHDGLQJ�WR�DQ�LQFUHDVH�LQ�WKH�DWPRVSKHULF�'�+�UDWLR�RYHU�WLPH��EXW�
WKLV�UDWLR�LV�DOVR�DIIHFWHG�E\�WKH�GHXWHULXP�NLQHWLF�LVRWRSH�HIIHFW��'.,(���7KH�LQIOXHQFH�RI�WKH�'.,(�RQ�WKH�0DUV��
'�+�UDWLR�LV�SRRUO\�FRQVWUDLQHG��SULPDULO\�EHFDXVH�PDQ\�GHXWHUDWHG�UHDFWLRQ�UDWHV�DUH�QRW�ZHOO�NQRZQ��7KLV�VWXG\�
LQYHVWLJDWHV�WKH�LQIOXHQFH�RI�WKH�'.,(�RQ�WKH�0DUWLDQ�'�+�UDWLR�E\�����LGHQWLI\LQJ�ZKLFK�+2[�UHDFWLRQV�WKH�0DUWLDQ�
DWPRVSKHUH�LV�PRVW�VHQVLWLYH�WR�LQ�RUGHU�WR�����LPSURYH�FRQVWUDLQWV�RQ�WKHLU�UDWHV�DQG�'.,(V��:H�XVH�.,1(7,&6��WKH�
&DOWHFK�-3/�FRXSOHG�SKRWRFKHPLVWU\�DQG�WUDQVSRUW�FRGH��WR�PRGHO�WKH�FKHPLVWU\�RI����VSHFLHV�OLQNHG�E\��
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����UHDFWLRQV��$V�D�VHQVLWLYLW\�WHVW��ZH�YDU\�WKH�UDWHV�RI�+2[�UHDFWLRQV�DQG�ILQG�WKDW�D�IHZ�UHDFWLRQV�OHDG�WR�
VXEVWDQWLDO�FKDQJHV�LQ�K\GURJHQ�FRQFHQWUDWLRQ��:H�WKHQ�XVH�VHPL�FODVVLFDO�WUDQVLWLRQ�VWDWH�WKHRU\�WR�EHWWHU�
HVWLPDWH�UDWHV�DQG�'.,(V��

3UHGLFWLQJ�WKH�6SUHDG�RI�&29,'����8VLQJ�$UWLILFLDO�,QWHOOLJHQFH�
-HWKLQ�*RZGD�
0HQWRU��<DVHU�$EX�0RVWDID�

+DYLQJ�DFFXUDWH��ORFDO�IRUHFDVWV�RI�WKH�VSUHDG�RI�WKH�&29,'����YLUXV�LV�FULWLFDO�IRU�KHDOWKFDUH�DQG�SROLWLFDO�RIILFLDOV��
7R�KHOS�VDWLVI\�WKLV�QHHG��,�DP�D�PHPEHU�RI�WKH�&DOWHFK�UHVHDUFK�WHDP�GHYHORSLQJ�PRGHOV��DJJUHJDWLRQ�PHWKRGV��
DQG�ZKDW�LI�VFHQDULRV�IRU�WKH�VSUHDG�RI�&29,'����LQ�WKH�86��6SHFLILFDOO\��P\�FRQWULEXWLRQ�WR�WKH�WHDP�KDV�EHHQ�
WZRIROG��WKH�ILUVW�GHVLJQLQJ�DQG�LPSOHPHQWLQJ�D�UREXVW�HSLGHPLRORJLFDO�PRGHO�WR�SUHGLFW�&RYLG�UHODWHG�GHDWKV�LQ�
HDFK�86�FRXQW\��7KLV�PRGHO��FDOOHG�3(&$,45�'��LV�DQ�H[WHQVLRQ�RI�WKH�6,5�HSLGHPLRORJLFDO�PRGHO��LQFRUSRUDWLQJ�WKH�
HIIHFWV�RI�VRFLDO�GLVWDQFLQJ��DV\PSWRPDWLF�LQIHFWLRQV��WHVWLQJ��DQG�VHOI�TXDUDQWLQH��7KH�PRGHO¶V�SUHGLFWLRQV�ZHUH�
XVHG�LQ�WKH�WHDP¶V�DJJUHJDWH�PRGHO��PDUJLQDOO\�LPSURYLQJ�RYHUDOO�SHUIRUPDQFH��0\�VHFRQG�FRQWULEXWLRQ�ZDV�WDNLQJ�
³EXVLQHVV�DV�QRUPDO´�PRGHO�SUHGLFWLRQV�WKDW�DVVXPH�QR�IXWXUH�1RQ�3KDUPDFHXWLFDO�,QWHUYHQWLRQ��13,��SROLFLHV�WR�
EH�LPSOHPHQWHG�UHPRYHG��DQG�FUHDWLQJ�D�SRVW�SURFHVVLQJ�WHFKQLTXH�WR�DSSO\�D�FRUUHFWLRQ�IDFWRU�WR�WKHVH�
SUHGLFWLRQV�EDVHG�RQ�UHDO�13,�SROLF\�FKDQJHV��7KH�WHFKQLTXH�FDQ�DOORZ�RQH�WR�VHH�WKH�HIIHFW�RI�HQDFWLQJ�RU�UHYRNLQJ�
VSHFLILF�13,�SROLFLHV�RQ�VSHFLILF�FRXQWLHV��JLYLQJ�D�WDQJLEOH�PHDVXUH�RI�WKH�LPSRUWDQFH�RI�HDFK�LQGLYLGXDO�13,�SROLF\�
LQ�GLIIHUHQW�ORFDOHV��FULWLFDO�LQIRUPDWLRQ�IRU�SROLWLFDO�OHDGHUV�WU\LQJ�WR�GHFLGH�WKH�EHVW�FRXUVH�RI�DFWLRQ�UHJDUGLQJ�WKH�
UHRSHQLQJ�RI�WKH�86�HFRQRP\��

%XLOGLQJ�$UFKLYDO�4XHU\�DQG�'DWD�9LVXDOL]DWLRQ�7RROV�IRU�'DWD�'ULYHQ�6DPSOH�([SORUDWLRQ�
$NVKD\�*RZULVKDQNDU�
0HQWRUV��9LYLDQ�8��*HRUJH�3ULYRQ��DQG�$QGUHZ�:��+RZDUG�

7HOHVFRSH�WLPH�LV�D�YDOXDEOH�UHVRXUFH�WR�WKH�DVWURQRP\�FRPPXQLW\��$V�PRUH�DQG�PRUHODUJH�GDWD�VXUYH\V�DUH�
FRPLQJ�RQOLQH��DUFKLYDO�GDWD�VFLHQFH�LV�EHFRPLQJ�LQFUHDVLQJO\�LPSRUWDQW�LQWKH�ILHOG��DQG�WKH�QHHG�IRU�DQ�HIILFLHQW�
DUFKLYDO�TXHU\�V\VWHP�LV�LPSHUDWLYH��7R�WKLV�HQG��ZH�KDYHFUHDWHG�DQ�DUFKLYDO�TXHU\�V\VWHP�DQG�LQWHUDFWLYH�GDWD�
YLVXDOL]DWLRQ�WRRO�WR�GLVSOD\�WKH�DYDLODELOLW\RI�REVHUYDWLRQDO�GDWD�RQ�XVHU�VHOHFWHG�VRXUFHV��)LUVW��WKH�DUFKLYDO�TXHU\�
WRRO�WDNHV�DV�LQSXW�D�OLVWRI�VRXUFHV��VSHFLILHG�E\�FRRUGLQDWHV��DQG�UXQV�TXHULHV�LQ�D�QXPEHU�RI�DVWURQRPLFDO�
DUFKLYHV�LQFOXGLQJ�WKH�.HFN�2EVHUYDWRU\�$UFKLYH��7KH�GDWD�YLVXDOL]DWLRQ�WRRO�WKHQ�WDNHV�WKH�RXWSXW�RIWKHVH�TXHULHV�
DQG�GLVSOD\V�WKH�REVHUYDWLRQV�ZLWK�D�QXPEHU�RI�XVHIXO�DWWULEXWHV��VXFK�DV�DQJXODUUHVROXWLRQ�DQG�IUHTXHQF\�
FRYHUDJH��7KH�XVHU�FDQ�LQWHUDFWLYHO\�PDQLSXODWH�WKH�VHOHFWLRQ�FULWHULDDQG�ILOWHU�WKH�GDWD�DFURVV�WKHVH�YDULDEOHV��7KH�
FRGH��WR�EH�GLVWULEXWHG�SXEOLFO\��ZLOO�DVVLVW�WKHDVWURQRP\�FRPPXQLW\�LQ�XWLOL]LQJ�YDULRXV�GDWD�DUFKLYHV�DQG�PD[LPL]H�
WKH�VFLHQWLILF�YDOXH�RIDUFKLYDO�VFLHQFH��

1DQRSDUWLFOH�7UDQVSRUW�E\�7KHUPRSKRUHVLV�DQG�7XUEXOHQFH
)RUUHVW�*UDKDP�
0HQWRUV��*XLOODXPH�%ODQTXDUW��&KDQGUX�'KDQGDSDQL��DQG�-RVHSK�5XDQ�

6RRW�FDQ�FDXVH�UHVSLUDWRU\�GDPDJH�DQG�HQYLURQPHQWDO�GHJUDGDWLRQ�DQG�VR�VLPXODWLQJ�VRRW�SDUWLFOH�WUDQVSRUW�DQG�
GHSRVLWLRQ�LV�LPSRUWDQW�IRU�SROOXWLRQ�PDQDJHPHQW�DQG�SUHGLFWLRQ��%HFDXVH�VRRW�IRUPV�LQ�ULFK�UHJLRQV�RI�WKH�IODPH��
�7���7PD[��EXW�R[LGL]HV�DW�VWRLFKLRPHWU\��7� �7PD[���LWV�SDUWLFOH�GHQVLW\�ZLWK�UHVSHFW�WR�WHPSHUDWXUH�LV�FULWLFDO�IRU�
XQGHUVWDQGLQJ�VRRW�EHKDYLRU��8QOLNH�PRVW�SDVVLYH�WUDFHUV��VRRW�SDUWLFOHV�WUDQVSRUW�LV�DOVR�KLJKO\�VHQVLWLYH�WR�
WHPSHUDWXUH�JUDGLHQWV�WKURXJK�D�SKHQRPHQRQ�NQRZQ�DV�WKHUPRSKRUHVLV��0RGHOLQJ�DQG�LVRODWLQJ�SDUWLFOH�
WKHUPRSKRUHVLV�LV�WKHUHIRUH�FUXFLDO��7R�WKLV�HQG��KRPRJHQHRXV��LVRWURSLF�WXUEXOHQW��+,7��VLPXODWLRQV�ZHUH�
FRQGXFWHG�XQGHU�GLIIHUHQW�WHPSHUDWXUH�ILHOGV�ZLWK�SDVVLYH�SDUWLFOHV�LQ�WKH�IUHH�PROHFXODU�UHJLPH��.Q�!!�����$�
³IODPH´�ZDV�HPXODWHG�E\�DQ�LPSRVHG��'�VLQXVRLG�LQ�WHPSHUDWXUH�DQG�D�VZHHS�RI�FDVHV�ZHUH�UXQ�YDU\LQJ�ERWK�WKH�
VHYHULW\�RI�WKH�WHPSHUDWXUH�JUDGLHQW�DQG�WKH�ZLGWK�RI�WKH�³IODPH �́�)LUVW��WZR�EDVH�FDVHV�ZLWK�HVWDEOLVKHG�DV\PSWRWLF�
VROXWLRQV�ZHUH�UXQ��DQ�LVRWKHUPDO�+,7�VLPXODWLRQ�DQG�D�TXLHVFHQW�IORZ�ZLWK�D�³IODPH �́�$IWHUZDUGV��WKH�+,7�
VLPXODWLRQV�ZLWK�D��IODPH��ZHUH�UXQ��DQG�FRQGLWLRQDO�PHDQV�RI�WKH�SDUWLFOH�GHQVLW\�ZLWK�UHVSHFW�WR�WHPSHUDWXUH�
ZHUH�H[WUDFWHG�IRU�FRPSDULVRQ�DJDLQVW�JHQHUDO�VRRW�SDUWLFOH�EHKDYLRU���

*36�9LVLRQ�)XVLRQ�IRU�5HODWLYH�6SDFHFUDIW�1DYLJDWLRQ�
+DQQDK�*UDXHU�
0HQWRUV��6RRQ�-R�&KXQJ�DQG�9LQFHQ]R�&DSXDQR�

7KH�$HURVSDFH�5RERWLFV�DQG�&RQWURO�ODERUDWRU\�DW�&DOWHFK�SURSRVHG�D�QRYHO�PHWKRG�IRU�UHODWLYH�VSDFHFUDIW�
QDYLJDWLRQ�WKDW�LQWHJUDWHV�*166�DQG�YLVLRQ��7KLV�DUFKLWHFWXUH�UHOLHV�RQ�D�WLJKW�IXVLRQ�RI�FDUULHU�SKDVH��
*166�REVHUYDWLRQV�DQG�PRQRFXODU�YLVLRQ�PHDVXUHPHQWV�FROOHFWHG�RQ�ERDUG�WZR�VSDFH�YHKLFOHV�LQ�HDUWK�RUELWV��7KLV�
SURMHFW�IRFXVHV�RQ�WKH�XVH�RI�VXFK�DOJRULWKP�IRU�UHODWLYH�QDYLJDWLRQ�EHWZHHQ�VSDFH�YHKLFOHV�RI�D�IRUPDWLRQ�LQ�DQ��
RQ�RUELW�LQVSHFWLRQ�PLVVLRQ��,Q�SDUWLFXODU��LQ�WKLV�SURMHFW��ILUVW��WKH�*166�YLVLELOLW\�DQG�RI�WKH�ILHOG�RI�YLHZV�IRU�HDFK�
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VSDFH�YHKLFOHV�DQG�SDLU�RI�VSDFH�YHKLFOHV�DUH�DQDO\]HG��7KH�VHFRQG�SDUW�RI�WKH�SURMHFW�IRFXVHV�RQ�WKH�SUHSURFHVVLQJ�
RI�WKH�UDZ�GDWD�SURYLGHG�E\�WKH�*166�UHFHLYHUV�DQG�WKHLU�DQDO\VLV��IRU�GHILQLWLRQ�RI�WKH�V\VWHP�UHTXLUHPHQWV��
)LQDOO\��WKH�SURMHFW�LQFOXGHV�WKH�LPSOHPHQWDWLRQ�RI�PRGXOHV�IRU�WHVWLQJ�DQG�YDOLGDWLRQ�RI�WKH�SRVH�HVWLPDWLRQ�
DUFKLWHFWXUH��

6XSHUQRYD�&ODVVLILFDWLRQ�:LWK�'HHS�/HDUQLQJ�8VLQJ�=ZLFN\�7UDQVLHQW�)DFLOLW\�$OHUW�6\VWHP�
/HDK�*ULIILWK�
0HQWRUV��0DWWKHZ�*UDKDP�DQG�'PLWU\�'XHY�

,Q�WKH�GHYHORSLQJ�ILHOG�RI�WLPH�GRPDLQ�DVWURQRP\��DUHDV�RI�WKH�VN\�DUH�REVHUYHG�HYHU\�QLJKW�DQG�FRPSDUHG�WR�WKH�
SUHYLRXV�LPDJH�RI�WKDW�DUHD��FUHDWLQJ�D�GLIIHUHQFH�LPDJH�VHQW�RXW�DV�DQ�DOHUW��2QH�RI�WKHVH�IDFLOLWLHV�VSHFLDOL]HG�LQ�
WKLV�ILHOG�LV�WKH�=ZLFN\�7UDQVLHQW�)DFLOLW\��ZKLFK�SURGXFHV�RYHU�D�PLOOLRQ�DOHUWV�D�QLJKW��'XH�WR�WKH�VKHHU�TXDQWLW\�RI�
LQFRPLQJ�GDWD��KXPDQV�FDQ�QR�ORQJHU�LQGLYLGXDOO\�DQDO\]H�HYHU\�DOHUW���

7KXV��WKH�LPSOHPHQWDWLRQ�RI�PDFKLQH�OHDUQLQJ�LV�YLWDO�WR�WKH�IXUWKHU�GHYHORSPHQW�RI�WLPH�GRPDLQ�DVWURQRP\��2XU�
UHVHDUFK�XVHG�D�SUHYLRXVO\�WUDLQHG�FRQYROXWLRQDO�QHXUDO�QHWZRUN�WKDW�FRXOG�GHWHFW�LI�DQ�DOHUW�ZDV�ERJXV���KDG�VRPH�
LVVXH�WR�UHQGHU�LW�XQXVDEOH���RU�LI�LW�ZDV�UHDO���FRXOG�EH�XVHG�IRU�DQDO\VLV��8VLQJ�WKLV���FODVV�FODVVLILHU��ZH�GHYHORSHG�
D���FODVV�FODVVLILHU�WR�DGG�WKH�FODVVLILFDWLRQ�RI�³6XSHUQRYD�5HDO �́�7KLV�ZDV�LQ�DQ�DWWHPSW�WR�HYHQWXDOO\�FUHDWH�DQ�
DXWRQRPRXV�DOHUW�FODVVLILFDWLRQ�V\VWHP�WKDW�FRXOG�FODVVLI\�UHDO�GDWD�LQWR�VSHFLILF�FDWHJRULHV��2XU�WUDLQHG�QHWZRUN�
ZDV�DEOH�WR�DFFXUDWHO\�FODVVLI\�����RI�LQFRPLQJ�GDWD��\LHOGLQJ�SURPLVLQJ�GDWD�IRU�IXUWKHU�GHYHORSPHQW���

%XLOGLQJ�DQG�,PSOHPHQWLQJ�%LRORJLFDOO\�,QVSLUHG�6SLNLQJ�1HXUDO�1HWZRUNV�IRU�1HXURPRUSKLF�&RPSXWLQJ�
1RUD�*ULIILWK�
0HQWRUV��0DWW�7KRPVRQ��*XUXSUDVDG�5DJKDYDQ��DQG�&RQJ�/LQ�

/LYLQJ�QHXUDO�QHWZRUNV�JURZ�DQG�VHOI�RUJDQL]H�IURP�D�VLQJOH�SUHFXUVRU�FHOO��,Q�WKH�PDPPDOLDQ�YLVXDO�V\VWHP��
QHXURQV�LQ�WKH�UHWLQD�DUH�ZLUHG�WR�QHXURQV�LQ�KLJKHU�OD\HUV�WKURXJK�VSRQWDQHRXV�VSDWLRWHPSRUDO�DFWLYLW\�ZDYHV�
EHIRUH�WKH�DQLPDO¶V�H\HV�RSHQ�IRU�WKH�ILUVW�WLPH��,QVSLUHG�E\�WKHVH�ELRORJLFDO�QHXUDO�QHWZRUNV��ZH�KDYH�EXLOW�D�
GHYHORSPHQWDO�DOJRULWKP�IRU�JURZLQJ�DQG�VHOI�RUJDQL]LQJ�VSLNLQJ�QHXUDO�QHWZRUNV��611V��WKDW�FDQ�EH�LPSOHPHQWHG�
RQ�QHXURPRUSKLF�KDUGZDUH��7R�EHJLQ�LPSOHPHQWLQJ�RXU�QHWZRUN�RQ�QHXURPRUSKLF�FKLSV�OLNH�,QWHO¶V�/RLKL��ZH�
WUDQVODWHG�WKH�RULJLQDO�QHWZRUN�LQ�0$7/$%�WR�1HQJR��D�3\WKRQ�OLEUDU\�IRU�EXLOGLQJ�DQG�VLPXODWLQJ�ODUJH�VFDOH�QHXUDO�
PRGHOV��)XWXUH�GLUHFWLRQV�RI�WKLV�ZRUN�LQFOXGH�EXLOGLQJ�QHWZRUNV�RI�YDU\LQJ�DUFKLWHFWXUHV�IRU�VSHFLILF�FRPSXWLQJ�
WDVNV�DQG�WHVWLQJ�WKHLU�IXQFWLRQDOLW\�RQ�FKLS��DV�ZHOO�DV�LPSOHPHQWLQJ�YDU\LQJ�ZDYH�G\QDPLFV��

8QGHUVWDQGLQJ�'LIIHUHQFHV�LQ�(UURU�IRU�6HSDUDWH�)RUPXODWLRQV�RI�&KL�6TXDUHG�0LQLPL]DWLRQ�LQ�WKH�
3UHVHQFH�RI�6\VWHPDWLF�8QFHUWDLQWLHV�
7RPDV�*URVVPDUN�
0HQWRU��5\DQ�3DWWHUVRQ�

7KH�'HHS�8QGHUJURXQG�1HXWULQR�([SHULPHQW��'81(��DLPV�WR�DGGUHVV�SUREOHPV�LQ�SDUWLFOH�SK\VLFV�VXFK�DV��
&3��FKDUJH�SDULW\��DV\PPHWU\��'81(�ZLOO�FROOHFW�YDVW�DPRXQWV�RI�GDWD��DQG�LW�LV�LPSRUWDQW�WR�EH�DEOH�WR�XQGHUVWDQG�
WKH�QXDQFHV�LQ�KRZ�WKLV�GDWD�ZLOO�EH�DQDO\]HG��$�FKL�VTXDUHG�PLQLPL]DWLRQ�LV�D�FRPPRQ�WRRO�IRU�XQGHUVWDQGLQJ�WKH�
GDWD��DQG�SUHYLRXV�HUURU�PHDVXUHPHQWV�FDQ�EH�DFFRXQWHG�IRU�XVLQJ�RQH�RI�WZR�PHWKRGV��WKH�DGGLWLRQ�RI�D�SHQDOW\�
WHUP�RU�UHIRUPXODWLQJ�WKH�HQWLUH�FKL�VTXDUHG�HTXDWLRQ�ZLWK�D�FRYDULDQFH�PDWUL[��7KHVH�PHWKRGV�VKRXOG�JHQHUDWH�
LGHQWLFDO�UHVXOWV��+RZHYHU��D�QRWDEOH�GLIIHUHQFH�EHWZHHQ�WKH�HUURU�RQ�WKH�SDUDPHWHUV�JHQHUDWHG�E\�WKH�WZR�PHWKRGV�
KDV�EHHQ�REVHUYHG��7KLV�SURMHFW�DLPV�WR�FRPSOHWHO\�XQGHUVWDQG�WKH�GLIIHUHQFHV�EHWZHHQ�WKH�SHQDOW\�WHUP�DQG�
FRYDULDQFH�PHWKRGV��DQG�WKHQ�FUHDWH�D�ZULWHXS�WR�DVVLVW�UHVHDUFKHUV�LQ�GDWD�DQDO\VLV�IRU�'81(��7R�GR�VR��SVHXGR�
GDWD�ZDV�JHQHUDWHG�FRPSXWDWLRQDOO\�EDVHG�RQ�D�YDULHW\�RI�GLIIHUHQW�HTXDWLRQV��7KH�HUURUV�LQ�ERWK�PHWKRGV�ZHUH�
WKHQ�IRXQG�DQG�FRPSDUHG�

'HYHORSPHQW�RI�&DOWHFK�&XUULFXOD�IRU�,QWHUDFWLYH�7KHRUHP�3URYLQJ�
-RVKXD�*URVVR�
0HQWRU��0LFKDHO�9DQLHU�

,QWHUDFWLYH�WKHRUHP�SURYLQJ�LV�WKH�VXEILHOG�RI�FRPSXWHU�VFLHQFH�DQG�PDWKHPDWLFV�FRQFHUQHG�ZLWK�DXWRPDWHG�
YHULILFDWLRQ�RI�PDWKHPDWLFDO�SURRIV�DQG�FRPSXWHU�SURJUDPV��'HVSLWH�WKH�VLJQLILFDQW�SRWHQWLDO�RI�LQWHUDFWLYH�WKHRUHP�
SURYLQJ��WKHUH�LV�D�VXUSULVLQJ�ODFN�RI�HPSKDVLV�RQ�LQWHUDFWLYH�WKHRUHP�SURYLQJ�LQ�XQGHUJUDGXDWH�FRPSXWHU�VFLHQFH�
FXUULFXOD��7KH�LQLWLDO�VXFFHVV�RI�&DOWHFK¶V�&6��������,QWHUDFWLYH�7KHRUHP�3URYLQJ��SURPSWHG�WKLV�FXUUHQW�ZRUN��
ZKLFK�H[SORUHV�QH[W�VWHSV�LQ�H[SDQGLQJ�WKLV�DUHD�RI�WKH�&DOWHFK�FXUULFXOXP��

6SHFLILFDOO\��ZH�VWXGLHG�3URJUDPPLQJ�/DQJXDJH�)RXQGDWLRQV��3LHUFH��HW�DO�� ZLWK�WKH�DLP�RI�GHYHORSLQJ�FRXUVH�
PDWHULDOV�IRU�D�IROORZ�XS�FODVV�WR�&6��������:H�IRXQG�WKH�PDWHULDO�WR�EH�PRVWO\�VXLWDEOH�IRU�LQWHJUDWLRQ�LQWR�WKH�
&DOWHFK�FXUULFXOXP��DQG�ZH�GHYHORSHG�VHYHUDO�UHFRPPHQGDWLRQV�IRU�KRZ�WR�HIIHFWLYHO\�LQFRUSRUDWH�WKH�PDWHULDO�LQWR�
D�&DOWHFK�IRFXVHG�DFDGHPLF�VHWWLQJ��
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2XU�SURMHFW�KDV�SLYRWHG�LQWR�H[SDQGLQJ�WKH�FRUSXV�RI�IRUPDOL]HG�FRPSXWHU�VFLHQFH�DQG�PDWKHPDWLFV��:H�KDYH�
UHFHQWO\�EHJXQ�IRUPDOL]LQJ�W\SH�V\VWHPV�LQ�&RT�EH\RQG�ZKDW�3URJUDPPLQJ�/DQJXDJH�)RXQGDWLRQV�FXUUHQWO\�FRYHUV��
8VLQJ�7\SHV�DQG�3URJUDPPLQJ�/DQJXDJHV��3LHUFH��������DV�D�JXLGH��ZH�DUH�IRUPDOL]LQJ�GHILQLWLRQV��WKHRUHPV��DQG�
SURRIV�DERXW�SRO\PRUSKLF�W\SH�V\VWHPV��KLJKHU�RUGHU�W\SH�V\VWHPV��DQG�W\SH�V\VWHPV�ZLWK�UHFXUVLYH�W\SHV��
�DQG��SRVVLEO\��)HDWKHUZHLJKW�-DYD���

%DUNKDXVHQ�1RLVH�LQ�D�0RGHO�4XDQWXP�)HUURPDJQHW�
:HQ\DQ�*XDQ�
0HQWRUV��7KRPDV�)��5RVHQEDXP��'DQLHO�0��6LOHYLWFK��DQG�&KULV�7DQJ�

:KHQ�D�WLPH�YDU\LQJ�PDJQHWLF�ILHOG�LV�DSSOLHG�WR�D�IHUURPDJQHW��LWV�PDJQHWL]DWLRQ�GRHV�QRW�FKDQJH�FRQWLQXRXVO\��
EXW�UDWKHU�LQ�GLVFUHWH�VWHSV�FRUUHVSRQGLQJ�WR�GRPDLQ�UHYHUVDOV��7KHVH�GLVFUHWH�FKDQJHV�LQ�PDJQHWL]DWLRQ�FDQ�EH�
REVHUYHG�DV�YROWDJH�VSLNHV�ZKHQ�PHDVXUHG�ZLWK�DQ�LQGXFWLYH�SLFNXS�FRLO�NQRZQ�DV�%DUNKDXVHQ�QRLVH��+HUH��ZH�
VWXG\�%DUNKDXVHQ�QRLVH�LQ�WKH�/L�+R�<�)��IDPLO\�RI�PRGHO�TXDQWXP�IHUURPDJQHWV��7KHVH�PDWHULDOV�FDQ�EH�WXQHG�E\�
DSSO\LQJ�D�PDJQHWLF�ILHOG�SHUSHQGLFXODU�WR�WKH�,VLQJ�D[LV�DQG�KHQFH�YDU\LQJ�WKH�UHODWLYH�VWUHQJWK�RI�TXDQWXP�
IOXFWXDWLRQV�DQG�UDQGRP�ILHOG�SLQQLQJ��FKDQJLQJ�WKH�WHPSHUDWXUH��DQG�YDU\LQJ�WKH�FKHPLFDO�GRSLQJ��(DFK�FU\VWDO�LV�
PRXQWHG�LQ�D�KHOLXP�GLOXWLRQ�UHIULJHUDWRU�WR�UHDFK�WKH�P.�VFDOH�WHPSHUDWXUHV�UHTXLUHG�WR�HQWHU�WKH�IHUURPDJQHWLF�
VWDWH��DQG�UXQ�WKURXJK�D�VHULHV�RI�PDJQHWLF�K\VWHUHVLV�ORRSV�WR�JDWKHU�D�ODUJH�VHW�RI�HYHQWV��%\�DQDO\]LQJ�ERWK�WKH�
VWDWLVWLFV�RI�YDULRXV�PHWULFV��GXUDWLRQ��DUHD��HQHUJ\��HWF���DQG�WKH�VFDOHG�VKDSHV�RI�WKH�HYHQWV��ZH�FDQ�EHWWHU�
XQGHUVWDQG�WKH�PHFKDQLVPV�GULYLQJ�GRPDLQ�ZDOO�PRWLRQ��LQFOXGLQJ�WKH�UROHV�SOD\HG�E\�WKHUPDO�IOXFWXDWLRQV��
TXDQWXP�IOXFWXDWLRQV��DQG�VWUXFWXUDO�GLVRUGHU��,Q�SDUWLFXODU��ZH�XVH�WKH�HYROXWLRQ�RI�WKH�DYHUDJH�VFDOHG�VKDSH�DV�D�
SUREH�RI�GLVVLSDWLRQ�DQG�GUDJ�LQ�WKH�GRPDLQ�G\QDPLFV���

7HUQDU\�'LDJUDPV�IRU�6XSHUQRYD�1HXWULQR�(PLVVLRQ�9LVXDOL]DWLRQ�
5LVKL�*XQGDNDUDP��
0HQWRUV��.DWH�6FKROEHUJ�DQG�1LFN�+XW]OHU�

2YHU�WKH�FRXUVH�RI�D�VXSHUQRYD�HYHQW��QHXWULQRV�DUH�HPLWWHG��7KH�W\SHV��RU�IODYRUV��RI�WKH�HPLWWHG�QHXWULQRV�HYROYH�
RYHU�WKH�FRXUVH�RI�WKH�HYHQW��8VLQJ�VLPXODWHG�GDWD�IRU�QHXWULQR�IOX[HV��ZH�YLVXDOL]HG�WKH�IODYRU�HYROXWLRQ�WKURXJK��
D�WHUQDU\�GLDJUDP��7HUQDU\�GLDJUDPV�SORW��'�GDWD�RQ�D��'�SODQH�E\�WDNLQJ�DGYDQWDJH�RI�WKH�IDFW�WKDW�WKH�WKUHH�
SLHFHV�RI�GDWD�DGG�XS�WR�D�FRQVWDQW��LQ�RXU�FDVH�������2XU�GDWD�FRPSULVHV�RI�WKUHH�IODYRUV�RI�QHXWULQRV��HOHFWURQ�
QHXWULQR��HOHFWURQ�DQWL�QHXWULQR��DQG�³[�IODYRU´�QHXWULQR��WKH�RWKHU�IODYRUV�FRPELQHG���2XU�DQDO\VLV�FRQILUPHG�WKDW�
IODYRU�HYROXWLRQ�RFFXUV�PRVW�UDSLGO\�LQ�WKH�LQLWLDO�VWDJHV�RI�WKH�VXSHUQRYD��2QFH�WKH�VXSHUQRYD�VWDUWV�WR�FRRO��WKH�
IODYRUV�HYROYH�OHVV�UDSLGO\��&XUUHQWO\��RXU�DQDO\VLV�LV�RQ�WKHRUHWLFDO�IOX[HV��EXW�ZH�DFWXDOO\�GHWHFW�QHXWULQR�
LQWHUDFWLRQV��)XWXUH�WHUQDU\�GLDJUDP�YLVXDOL]DWLRQ�RQ�GHWHFWHG�QHXWULQR�LQWHUDFWLRQV�PD\�\LHOG�LQVLJKWV�LQWR�LQIHUULQJ�
WKH�XQGHUO\LQJ�IOX[�GXULQJ�D�VXSHUQRYD�HYHQW���

*HQRPLF�$QDO\VLV�RI�&\DQREDFWHULDO�*DV�9HVLFOH�$VVHPEO\��
%LOJH�*XQJRUHQ�
0HQWRU��0LNKDLO�6KDSLUR�DQG�%LOO�/LQJ�

$EVWUDFW�ZLWKKHOG�IURP�SXEOLFDWLRQ�DW�PHQWRU
V�UHTXHVW��

S�DGLF�$QDORJXHV�RI�([SRQHQWLDO�6XPV�
$UXVKL�*XSWD�
0HQWRU��;LQZHQ�=KX�

2YHU�D�ILQLWH�ILHOG��DQ�H[SRQHQWLDO�VXP�LV�RI�WKH�IRUP� Ȁ Ȁ �IRU�VRPH�DGGLWLYH�

FKDUDFWHU� �DQG�PXOWLSOLFDWLYH�FKDUDFWHU� �RI� ��:H�FRQVLGHU�D�S�DGLF�DQDORJXH�RI�H[SRQHQWLDO�VXPV��UHSODFLQJ�WKH�
VXP�RYHU�D�ILQLWH�ILHOG�ZLWK�DQ�LQWHJUDO�RYHU�D�S�DGLF�ILHOG��DQG�WKH�FKDUDFWHUV�RI� �ZLWK�WKRVH�RI�WKH�S�DGLF�
UDWLRQDOV��

,QYHVWLJDWLRQ�RI�&KDOOHQJHV�LQ�'HHS�/HDUQLQJ�)UDPHZRUN�IRU�'LDJQRVWLF�,PDJH�4XDOLW\�$VVHVVPHQW�
0DWWKHZ�+DMMDU�
0HQWRUV��6KUH\DV�9DVDQDZDOD��8NDVK�1DNDUPL��DQG�-XOLDQ�7\V]ND�

0DJQHWLF�5HVRQDQFH�,PDJLQJ��05,��VXIIHUV�IURP�PRWLRQ�DUWLIDFWV�EHFDXVH�RI�LWV�LQKHUHQW�VORZ�GDWD�DFTXLVLWLRQ�
SURFHGXUH��DQG�WKHVH�DUWLIDFWV�FDQ�OHDG�WR�PLVGLDJQRVLV�DQG�QHFHVVLWDWH�SDWLHQW�UHYLVLWV�IRU�UHVFDQ��6XFK�LQHIILFLHQW�
XVH�RI�VFDUFH�SK\VLFDO�DQG�H[SHUW�UHVRXUFHV�FRXOG�EH�DYRLGHG�E\�GHYHORSLQJ�DQ�DXWRPDWLF�PDFKLQH�OHDUQLQJ�SLSHOLQH�
WKDW�FDQ�HYDOXDWH�PHGLFDO�LPDJH�TXDOLW\�IRU�WKH�VFDQV��+RZHYHU��WKH�GHYHORSPHQW�RI�GHHS�OHDUQLQJ�EDVHG�
DXWRPDWHG�LPDJH�TXDOLW\�DVVHVVPHQW�WHFKQLTXHV�VXIIHUV�IURP�VHYHUDO�FKDOOHQJHV�VXFK�DV�LQWHU�UDWHU�VXEMHFWLYLW\��
XQEDODQFHG�PLVODEHOHG�GDWD��DQG�ODFN�RI�SURSHU�GHHS�OHDUQLQJ�PRGDOLWLHV��,Q�WKLV�SURMHFW��ZH�IRFXV�RQ�WKUHH�NH\�
DVSHFWV�WR�VWXG\�DQG�DGGUHVV�WKHVH�FKDOOHQJHV��L��:H�GHYHORS�D�VLPXODWHG�PRWLRQ�DUWLIDFW�GDWDVHW�ZLWK�GLIIHUHQW�
GHJUHHV�RI�PRWLRQ�DUWLIDFWV��LL��DQDO\]H�WKH�FRUUHODWLRQ�EHWZHHQ�LPDJH�TXDOLW\�VFRUHV�IURP�VLPXODWHG�PRWLRQ�
DUWLIDFWV�DQG�H[SHUW�LPDJH�TXDOLW\�UDWLQJV�DQG�LLL��VWXG\�D�QHLJKERUKRRG�DZDUH�ORVV�IXQFWLRQ���
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%OLQG�'RPDLQ�$GDSWDWLRQ�IRU�$XWRPRWLYH�7KHUPDO�,PDJH�&ODVVLILFDWLRQ�
7KRPDV�+D\DPD�
0HQWRUV��6RRQ�-R�&KXQJ�DQG�$QWKRQ\�)UDJRVR�

&XUUHQWO\��WKH�PRVW�FRPPRQ�DSSURDFK�WR�REMHFW�GHWHFWLRQ�LQ�WKH�DXWRPRWLYH�LQGXVWU\�LV�ZLWK�YLVLEOH�OLJKW�FDPHUDV�
GXH�WR�WKHLU�DYDLODELOLW\��WKH�DEXQGDQFH�RI�LQIRUPDWLRQ�WKH\�SURYLGH��DQG�WKHLU�ORZ�FRVW��EXW�WKLV�VHQVRU�IDLOV�LQ�ORZ�
OLJKW�FRQGLWLRQV�RU�LQ�H[WUHPH�ZHDWKHU�FRQGLWLRQV�WKDW�REVFXUH�WKH�LPDJH�RU�YLGHR�IHHG��8VLQJ�WKHUPDO�LPDJHU\�LQ�
WDQGHP��WKRXJK�PRUH�H[SHQVLYH��ZRXOG�HQDEOH�WKH�DGGLWLRQDO�GHWHFWLRQ�RI�EODFNERG\�UDGLDWLRQ��DOORZLQJ�SHRSOH�DQG�
YHKLFOHV�WR�EH�VHHQ�HYHQ�LQ�FRPSOHWH�GDUNQHVV�RU�REVFXUHG�E\�SUHFLSLWDWLRQ��

7KH�SUREOHP�ZLWK�WUDLQLQJ�D�WKHUPDO�PRGHO�LV�WKDW�WKHUH�LV�YHU\�OLWWOH�WKHUPDO�DXWRPRWLYH�GDWD�WR�WUDLQ�ZLWK��:H�DUH�
SODQQLQJ�WR�PDNH�XS�IRU�WKLV�GHILFLHQF\�E\�XVLQJ�YLVLEOH�OLJKW�DXWRPRWLYH�GDWD��RI�ZKLFK�WKHUH�LV�DQ�DEXQGDQFH��WR�
WUDLQ�D�PRGHO�PHDQW�IRU�WKHUPDO�VHQVRUV��

:H�LPSOHPHQWHG�SULQFLSDO�FRPSRQHQW�DQDO\VLV�WR�GHFRUUHODWH�WKH�5*%�FRORU�FKDQQHOV�LQ�YLVLEOH�ZDYHOHQJWK�LPDJHV��
UDQGRPO\�FRPELQHG�WKH�QHZ�FRORU�FKDQQHOV�WR�FUHDWH�D���FKDQQHO�LPDJH��DQG�DGGHG�PLQLPDO�*DXVVLDQ�EOXU�WR�
VLPXODWH�WKHUPDO�GDWD��:H�ZHUH�DEOH�WR�DFKLHYH�D������DFFXUDF\�FODVVLI\LQJ�SHRSOH�IURP�YHKLFOHV�LQ�WKHUPDO�GDWD�
ZKLFK�PHDQV�XVLQJ�YLVLEOH�GDWD�LV�D�YLDEOH�VWUDWHJ\�IRU�WUDLQLQJ�WKHUPDO�PRGHOV��

$XWRPDWHG�9ROWDPPRJUDP�$QDO\VLV�IRU�D�3RWHQWLRVWDWLF�(OHFWURFKHPLFDO�6HQVRU�&DSVXOH
1LFROH�+HIOLQ�
0HQWRUV��:HL�*DR�DQG�-LKRQJ�0LQ�

7KH�DQDO\VLV�RI�WKH�FRQWHQWV�RI�JDVWULF�VHFUHWLRQ�LV�LPSRUWDQW�LQ�GHWHFWLQJ�YDULRXV�VWRPDFK�DQG�GXRGHQDO�GLVHDVHV��
6RPH�ROGHU�PHWKRGV�RI�DQDO\]LQJ�HOHFWURO\WHV�DQG�JDVHV�LQ�JDVWULF�MXLFHV�FRQVLVW�RI�LQYDVLYH��LQFRQYHQLHQW��DQG�
VRPHWLPHV�XQUHOLDEOH�PHWKRGV��7KH�GHYHORSPHQW�RI�D�ZLUHOHVV�LQJHVWLEOH�FDSVXOH�ZLWK�SRWHQWLRVWDWLF�
HOHFWURFKHPLFDO�VHQVRUV�WKDW�FDQ�VHQVH�YDULRXV�HOHFWURO\WH�FRQFHQWUDWLRQV�GLUHFWO\�LQ�UHDO�WLPH�LQ�WKH�VWRPDFK�FDQ�
PLQLPL]H�WKH�QHHG�IRU�WKHVH�LQYDVLYH�SURFHGXUHV�DQG�FDQ�SURYLGH�DQ�HDVLHU�ZD\�WR�GLDJQRVH�VWRPDFK�UHODWHG�
GLVRUGHUV��7KLV�SDSHU�GHVFULEHV�DQ�DXWRPDWLF�YROWDPPRJUDP�DQDO\VLV�SURJUDP�WKDW�FDQ�EH�LQFRUSRUDWHG�LQ�D�PRELOH�
DQG�GHVNWRS�DSSOLFDWLRQ�XVHU�LQWHUIDFH�WR�DQDO\]H�WKH�HOHFWURFKHPLFDO�PHDVXUHPHQWV�SURGXFHG�E\�WKH�VHQVRUV�RI�
WKH�FDSVXOH��7KH�SURJUDP�FRQGXFWV�DXWRPDWLF�EDVHOLQH�FRUUHFWLRQ�WKURXJK�DQ�LWHUDWLYH�SRO\QRPLDO�ILWWLQJ�DOJRULWKP��
DQG�DXWRPDWLF�SHDN�GHWHFWLRQ�RI�LQSXW�YROWDPPRJUDP�GDWD��7KH�SURJUDP�LV�GHYHORSHG�LQ�ERWK�WKH�'DUW�
SURJUDPPLQJ�ODQJXDJH��ZKLFK�FDQ�EH�EXLOW�LQWR�DQ�H[LVWLQJ�PRELOH�DSSOLFDWLRQ�WKDW�XVHV�*RRJOH¶V�XVHU�LQWHUIDFH��
)OXWWHU��DQG�LQ�3\WKRQ�SURJUDPPLQJ�ODQJXDJH��ZKLFK�FDQ�EH�LQFOXGHG�LQ�D�GHVNWRS�DSSOLFDWLRQ�WKDW�XVHV�WKH��
7NLQWHU�*8,��

,V�6WDU�)RUPDWLRQ�LQ�(DUO\�*DOD[LHV�WKH�6DPH�DV�LQ�WKH�0LON\�:D\"�
+DJDQ�+HQVOH\�
0HQWRUV��&KDUOHV�6WHLQKDUGW�DQG�'DYLG�-��6WHYHQVRQ�

2EVHUYDWLRQV�RI�JDOD[LHV�LQ�WKH�HDUO\�8QLYHUVH�SUHVHQW�D�SX]]OH��WKHUH�DUH�VR�PDQ\�PDVVLYH�JDOD[LHV�LQ�WKH�HDUO\�
8QLYHUVH�WKDW��XQGHU�VWDQGDUG�FRVPRORJ\��WKH\�FRXOG�QRW�KDYH�SRVVLEO\�KDG�WLPH�WR�IRUP��%XW�RXU�PHDVXUHPHQW�RI�
WKH�PDVV�RI�D�JDOD[\�UHOLHV�RQ�WKH�DVVXPSWLRQ�WKDW�WKH�GLVWULEXWLRQ�RI�LWV�VWDUV�E\�PDVV��RU�WKH�LQLWLDO�PDVV�IXQFWLRQ�
�,0)���LV�WKH�VDPH�DV�LQ�WKH�0LON\�:D\��+RZHYHU��WKH�,0)�VKRXOG�WKHRUHWLFDOO\�GHSHQG�RQ�WKH�WHPSHUDWXUH�RI��
VWDU�IRUPLQJ�JDV�FORXGV��ZKLFK�VHYHUDO�OLQHV�RI�HYLGHQFH�VXJJHVW�VKRXOG�EH�ZDUPHU�LQ�HDUO\�JDOD[LHV�WKDQ�WKH\�DUH�
LQ�WKH�0LON\�:D\��:H�ILW�JDOD[\�REVHUYDWLRQV�WR�D�PRGHO�RI�WKLV�WHPSHUDWXUH�GHSHQGHQFH�LQ�RUGHU�WR�ILQG�ZKHWKHU�
RWKHU�JDOD[LHV¶�,0)�WHPSHUDWXUH�LV�WKH�VDPH�DV�WKH�0LON\�:D\��:H�ILQG�WKDW�,0)�WHPSHUDWXUH�ZDV�KLJKHU�LQ�WKH�
HDUO\�8QLYHUVH��ZKLFK�PD\�LPSO\�WKDW�WKH�PDVVHV�RI�HDUO\�JDOD[LHV�DUH�ORZHU�WKDQ�ZH�WKRXJKW��

&ODVVLFDO�6LPXODWLRQ�RI�4XDQWXP�7LPH�(YROXWLRQ�8VLQJ�WKH�T'ULIW�$OJRULWKP�
9DOHULH�+HWKHULQJWRQ�
0HQWRUV��-RKQ�3UHVNLOO�DQG�$VKOH\�0LOVWHG

,Q�RXU�FODVVLFDO�LPSOHPHQWDWLRQ�RI�(DUO�&DPSEHOO¶V�T'ULIW��ZH�KRSH�WR�XVH�WUDGLWLRQDO�FRPSXWLQJ�UHVRXUFHV�DV�
HIILFLHQWO\�DV�SRVVLEOH�WR�VLPXODWH�WKH�HYROXWLRQ�RI�TXDQWXP�V\VWHPV�WKURXJK�WLPH��7KLV�PD\�SURYLGH�LQVLJKW�LQWR�WKH�
GLIILFXOW�WDVN�RI�TXDQWXP�VLPXODWLRQ��VSHFLILFDOO\�LW�PD\�LGHQWLI\�V\VWHPV�WKDW�FDQ�EH�HIILFLHQWO\�VLPXODWHG�HLWKHU�
FODVVLFDOO\�ZLWK�0DWUL[�3URGXFW�6WDWHV��036��RU�RQ�D�TXDQWXP�FRPSXWHU��7R�DFFRPSOLVK�WKLV�WDVN��ZH�ZLOO�OHYHUDJH�
036�RYHU�T'ULIW�DQG�WDUJHW�ORFDO�V\VWHPV�WKDW�VLPXODWH�ZHOO�XQGHU�036��:H�ZLOO�ILUVW�VLPXODWH�VLPSOH�V\VWHPV�IRU�
WKH�7URWWHU�'HFRPSRVLWLRQ�DQG�IRU�T'ULIW�WKDW�DSSUR[LPDWH�WKH�XQLWDU\�PDWUL[�GHVFULELQJ�WKH�V\VWHP¶V�HYROXWLRQ�
WKURXJK�WLPH��,Q�RXU�LQLWLDO�T'ULIW�LPSOHPHQWDWLRQ��IRU�ZKLFK�ZH¶YH�FKRVHQ�WR�VLPXODWH�WKH�,VLQJ�+DPLOWRQLDQ��ZH�
VHTXHQWLDOO\�HYROYHG�WKH�VWDWH�RI�WKH�TXDQWXP�V\VWHP�E\�UDQGRPO\�VHOHFWLQJ�D�VHULHV�RI�XQLWDU\�JDWHV��7KLV�SURFHVV�
ZDV�UHSHDWHG�DQG�LWV�H[SHFWDWLRQ�YDOXHV�DYHUDJHG�IRU�D�QXPEHU�RI�VDPSOHV��:H�JHQHUDWHG�VFDWWHU�SORWV�IRU�WKH�
QXPEHU�RI�VDPSOHV�SORWWHG�DJDLQVW�WKH�HUURU��VKRZLQJ�WKDW�WKH�HUURU�FRQYHUJHV�RYHU�WLPH��:H�ZLOO�PRYH�IRUZDUG�
ZLWK�VLPXODWLRQ�RI�RWKHU�V\VWHPV�DQG�EHJLQ�WR�LQFRUSRUDWH�0DWUL[�3URGXFW�6WDWHV�LQWR�RXU�FXUUHQW�DOJRULWKPV���
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2SLQLRQ�)RUPDWLRQ�RQ�1HWZRUNV�
6XMDL�+LUHPDWK�
0HQWRU��)UDQFD�+RIIIPDQQ��

$V�PDQ\�SHRSOH�UHO\�SULPDULO\�RQ�VRFLDO�PHGLD�IRU�VRXUFHV�RI�QHZV�DQG�LQIRUPDWLRQ��WKH�FRQWHQW�WKDW�LV�VKDUHG�RQ�
VRFLDO�PHGLD�FDQ�JUHDWO\�LPSDFW�SHRSOH
V�RSLQLRQV��%RXQGHG�FRQILGHQFH�PRGHOV�RI�RSLQLRQ�G\QDPLFV�DOORZ�RQH�WR�
PRGHO�WKH�G\QDPLFV�RI�KRZ�RSLQLRQV�VSUHDG�RQOLQH�DV�D�IXQFWLRQ�RI�ERWK�KRPRJHQHRXV�PHGLD�LGHRORJ\�DQG��
QRQ�PHGLD�DFFRXQW�RSLQLRQV��,Q�VXFK�D�PRGHO��DJHQWV�VWDUW�ZLWK�VRPH�RSLQLRQ�ZKLFK�WDNHV�D�YDOXH�LQ�D�FRQWLQXXP�
DQG�HYROYHV�ZKHQ�DJHQWV�LQWHUDFW�ZLWK�RWKHU�DJHQWV�ZKRVH�RSLQLRQ�LV�VXIILFLHQWO\�VLPLODU�WR�WKHLU�RZQ��:H�EXLOG�RQ�
UHFHQW�ZRUN�E\�DGGLQJ�KHWHURJHQHRXV�PHGLD�LQIOXHQFH�WR�VXFK�ERXQGHG�FRQILGHQFH�PRGHOV��,Q�DGGLWLRQ��DV�WKH�
QXPEHU�RI�WKH�DJHQWV�LQ�VXFK�PRGHOV�LQFUHDVHV�WKH�PRGHO�EHFRPHV�YHU\�FRPSXWDWLRQDOO\�FRVWO\�ZLWK�UHVSHFW�WR�
SURFHVVLQJ�SRZHU�DQG�WLPH��7KHUHIRUH��ZH�GHULYH�D�PDFURVFRSLF�HTXDWLRQ�IRU�DQ�DGMXVWHG�ERXQGHG�FRQILGHQFH�
PRGHO�WKDW�PRUH�HIILFLHQWO\�ILQGV�KRZ�WKH�GLVWULEXWLRQ�RI�RSLQLRQV�RQ�D�VRFLDO�PHGLD�QHWZRUN�HYROYHV�RYHU�WLPH��,Q�
RQJRLQJ�UHVHDUFK��ZH�DUH�H[DPLQLQJ�KRZ�FORVHO\�WKLV�PDFURVFRSLF�HTXDWLRQ�DSSUR[LPDWHV�RXU�RULJLQDO��
ERXQGHG�FRQILGHQFH�PRGHO��LQYHVWLJDWLQJ�WKH�SRVVLEOH�VWDWLRQDU\�VWDWHV�RI�WKH�PDFURVFRSLF�HTXDWLRQ��DQG�H[SORULQJ�
RWKHU�SURSHUWLHV�RI�WKH�PDFURVFRSLF�PRGHO��

$�1RYHO�3URSRVDO�IRU�)H\QPDQ�5XOHV�IRU�&RQIRUPDO�%ORFNV�
6DUDK�+REDFN�
0HQWRU��6DUWKDN�3DULNK�

7KH�$G6�&)7�FRUUHVSRQGHQFH�LV�D�FRQMHFWXUDO�GXDOLW\�EHWZHHQ�G�GLPHQVLRQDO�FRQIRUPDO�ILHOG�WKHRULHV��&)7V��DQG�
�G����GLPHQVLRQDO�WKHRULHV�RI�JUDYLW\�LQ�$QWL�GH�6LWWHU��$G6��VSDFH��,W�KDV�VLJQLILFDQW�LPSOLFDWLRQV�IRU�WKHRUHWLFDO�
SK\VLFV��EHFDXVH�WKLV�FRUUHVSRQGHQFH�LPSOLHV�DQ�H[DFW��WKRXJK�P\VWHULRXV�HTXLYDOHQFH�EHWZHHQ�&)7V��VSHFLDO�
4XDQWXP�)LHOG�7KHRULHV�ZLWKRXW�JUDYLW\��DQG�TXDQWXP�WKHRULHV�RI�JUDYLW\��&RQIRUPDO�EORFNV�SURYLGH�D��
QRQ�SHUWXUEDWLYH��WKHRU\�LQGHSHQGHQW�EDVHV�IRU�FRUUHODWLRQ�IXQFWLRQV�ZLWKLQ�&)7V��WKXV��LW�LV�FULWLFDO�WR�VWXG\�WKHP�
WR�JDLQ�DQ�XQGHUVWDQGLQJ�RI�ERWK�&)7V�DQG�TXDQWXP�WKHRULHV�RI�JUDYLW\�YLD�WKH�$G6�&)7�FRUUHVSRQGHQFH��+RZHYHU��
ILQGLQJ�H[DFW�UHSUHVHQWDWLRQV�RI�FRQIRUPDO�EORFNV�LV�QRWRULRXVO\�GLIILFXOW��,Q�WKLV�SURMHFW��ZH�SURSRVH�D�UHPDUNDEO\�
VLPSOH�VHW�RI�³)H\QPDQ�OLNH´�UXOHV�ZKLFK�FDQ�EH�XVHG�WR�ZULWH�GRZQ�H[SOLFLW�VHULHV�UHSUHVHQWDWLRQV�RI�JOREDO�VFDODU�
FRQIRUPDO�EORFNV�RI�DUELWUDU\�WRSRORJ\�LQ�G�GLPHQVLRQDO�&)7V��:H�SURYH�WKLV�FRQMHFWXUDO�SUHVFULSWLRQ�IRU�VHYHUDO�
LQILQLWH�IDPLOLHV�RI�H[DPSOHV��7KH�PDLQ�WRRO�ZH�XVH�LQ�WKHVH�SURRIV�LV�WKH�0HOOLQ�VSDFH�IRUPDOLVP�RI�&)7V��)LQDOO\��ZH�
H[SORUH�YDULRXV�SRVVLEOH�DSSURDFKHV�WR�SURYH�WKHVH�)H\QPDQ�UXOHV�LQ�IXOO�JHQHUDOLW\���

$GGLQJ�D�5RERWLF�7HOHVFRSH�WR�WKH�=7)�7LPH�'RPDLQ�6XUYH\�
$QGUHZ�+RIIPDQ�
0HQWRU��6KULQLYDV�.XONDUQL�

7KH�=ZLFN\�7UDQVLHQW�)DFLOLW\��=7)��LV�D�WKUHH�GD\�FDGHQFH�VXUYH\�RI�WKH�QRUWKHUQ�VN\�EHLQJ�FRQGXFWHG�ZLWK�WKH��
���LQFK�2VFKLQ�6FKPLGW�WHOHVFRSH�DW�3DORPDU�2EVHU�YDWRU\��=7)�GLVFRYHUV�D�PDMRULW\�RI�WKH�QHZ�VXSHUQRYDH�DQG�
IDVW�WUDQVLHQWV�SUHVHQW�LQ�WKH�QRUWKHUQ�KHPLVSKHUH�HDFK�QLJKW��EXW�IROORZLQJ�XS�RQ�WKHVH�WDUJHWV�LV�GLIILFXOW�GXH�WR�
WKH�QXPEHU�RI�REMHFWV��7KHUH�LV�SRWHQWLDO�IRU�VPDOOHU�DQG�XQGHU�XWLOL]HG�WHOHVFRSHV�WR�FRQWULEXWH�WR�WLPH�GRPDLQ�
DVWURQRP\�E\�SURYLGLQJ�WLPHO\�SKRWRPHWU\�RI�=7)�WDUJHWV��7KH�.DW]PDQ�$XWRPDWLF�,PDJLQJ�7HOHVFRSH��.$,7��
LVD����LQFK�URERWLF�WHOHVFRSH�ORFDWHG�DW�/LFN�2EVHUYDWRU\RQ�0W��+DPLOWRQ��&$��:KLOH�YHU\�VXFFHVVIXO�IRU�RYHU�D�
GHFDGH�DIWHU�LW¶V�ILUVW�OLJKW�LQ�WKH�����V��.$,7�VWUXJJOHV�WR�FRPSHWH�ZLWK�ODUJH�VFDOH�VN\�VXUYH\V�DW�QRYHO�
GHWHFWLRQV��:H�VKRZ�RXU�PHWKRG�IRU�LPSOHPHQWLQJ�.$,7�LQWR�WKH�=7)�SURJUDP��WKH�VFLHQWLILF�UHVXOWV��DQG�GLVFXVV�
WKH�SRWHQWLDO�RI�VPDOO�WHOHVFRSHV�WR�FRQWULEXWH�WR�WUDQVLHQW�VFLHQFH���

0DWKHPDWLFDO�0RGHOLQJ�RI�1DWXUDO�6HOHFWLRQ�LQ�&DQFHU�
$OH[DQGULD�+RQJ�
0HQWRU��3DXO�.��1HZWRQ�

&DQFHU�LV�WKH�FKDRWLF�SHUYHUVLRQ�RI�GHOLFDWH�KXPDQ�PDFKLQHU\��ZUHDNLQJ�KDYRF�RQ�RUGHUO\�ELRORJLFDO�SURFHVVHV��
(IIRUWV�WR�PLWLJDWH�DQG�HOLPLQDWH�LW�V\VWHPLFDOO\�SULPDULO\�FHQWHU�DURXQG�FKHPRWKHUDS\��+RZHYHU��WKH�SURJUHVVLRQ�RI�
FDQFHU�LV�DQ�HYROXWLRQDU\�SURFHVV�VXEMHFW�WR�WKH�ODZV�RI�QDWXUDO�VHOHFWLRQ��1HRSODVWLF�OHVLRQV�DUH�FRPSULVHG�RI�
SRSXODWLRQV�RI�KHWHURJHQHRXV�VXEFORQHV��HQJDJLQJ�LQ�FRPSHWLWLYH�SURFHVVHV�DQDORJRXV�WR�WKRVH�RQ�WKH�HFRORJLFDO�
DQG�EHKDYLRUDO�OHYHOV��&KHPRWKHUDS\�H[HUWV�VHOHFWLYH�SUHVVXUH�RQ�WXPRUV��GULYLQJ�HYROXWLRQ�WRZDUGV�
FKHPRUHVLVWDQFH��$WWHPSWV�WR�VXEYHUW�FKHPRUHVLVWDQFH�LQFOXGH�YDULRXV�PHWKRGV�RI�FRPELQDWLRQ�WKHUDS\�DQG�
VHOHFWLRQ�LQYHUVLRQ��DV�ZHOO�DV�UDGLFDO�SDWKRJHQ�HOLPLQDWLRQ�DQG�LQWHUPLWWHQW�GRVDJH��8VLQJ�HYROXWLRQDU\�JDPH�
WKHRU\�DQG�WKH�UHSOLFDWRU�HTXDWLRQV�JRYHUQLQJ�FRPSHWLQJ�VXESRSXODWLRQV�RI�FHOOV��D�PDWKHPDWLFDO�PRGHO�LV�EXLOW�WR�
H[SODLQ�FRPSHWLWLYH�UHOHDVH�LQ�WXPRUV�DQG�GHVLJQ�FKHPRWKHUDS\�VFKHGXOHV�WR�DYRLG�FKHPRUHVLVWDQFH��
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([WUDFWLQJ�5DGLDO�9HORFLWLHV�RI�&RRO��/RZ�0DVV�6WDUV�8VLQJ�)RUZDUG�0RGHOLQJ�
.DWHO\Q�+RUVWPDQ�
0HQWRUV��'LPLWUL�0DZHW�DQG�-%�5XIILR�

2EVHUYDWLRQV�KDYH�VKRZQ�H[RSODQHWV�DUH�DEXQGDQW�DURXQG�W\SH�.�	�0�VWDUV��7R�VHDUFK�IRU�FRPSDQLRQV�DURXQG�
WKHVH�FRROHU��ORZ�PDVV�VWDUV��ZH�EHQHILW�IURP�REVHUYLQJ�WDUJHWV�LQ�QHDU�LQIUDUHG��1,5��ZDYHOHQJWKV��
�����������QP��ZKHUH�WKH�VWDU�KDV�LWV�SHDN�HPLVVLRQ��:H�XVH�REVHUYDWLRQV�IURP�WKH�3DORPDU�5DGLDO�9HORFLW\�
,QVWUXPHQW��3$59,��WR�PHDVXUH�UDGLDO�YHORFLWLHV�RI�W\SH�.�	�0�VWDUV��:H�SUHVHQW�DQ�DGGLWLRQ�WR�WKH�H[LVWLQJ�GDWD�
UHGXFWLRQ�SLSHOLQH�FUHDWHG�IRU�3$59,�WKDW�REWDLQV�VWHOODU�UDGLDO�YHORFLWLHV�IURP�WKH�RQH�GLPHQVLRQDO�VSHFWUD�RI�WKH�
REMHFW��8VLQJ�D�IRUZDUG�PRGHOLQJ�WHFKQLTXH��ZH�FUHDWH�D�PRGHO�VSHFWUXP�WR�PLPLF�WKH�UHGXFHG�VSHFWUXP�WDNHQ�
IURP�LQVWUXPHQW�REVHUYDWLRQV��:H�IRFXV�RQ�WKUHH�IDFWRUV�ZKHQ�FUHDWLQJ�RXU�PRGHO��D�VWHOODU�WHPSODWH�UHSUHVHQWHG�
E\�KLJK�UHVROXWLRQ�3+2(1,;�PRGHOV��WKH�WHOOXULF�DEVRUSWLRQ�RI�WKH�DWPRVSKHUH�GHULYHG�IURP�VWDQGDUG�VWDU�
H[SRVXUHV��DQG�OLQH�EURDGHQLQJ�DV�D�UHVXOW�RI�WKH�UHVROXWLRQ�RI�WKH�LQVWUXPHQW�DQG�VWHOODU�VSLQ��:H�DSSO\�RXU�UDGLDO�
YHORFLW\�GDWD�UHGXFWLRQ�SLSHOLQH�WR�REVHUYDWLRQV�RI�*-����DQG�UHFRYHU�D�SUHFLVLRQ�RQ�WKH�RUGHU�RI�����P�V��2XU�
UHVXOWV�DUH�D�ILUVW�VWHS�WRZDUG�VKRZLQJ�3$59,�FDQ�REWDLQ�WKH�G\QDPLFDO�PDVVHV�RI�FDQGLGDWH�SODQHWV�RUELWLQJ��
.�	�0�VWDUV�GHWHFWHG�E\�WKH�1$6$�7(66�PLVVLRQ��

+LJK�0DVV�6WDUV�6WULSSHG�LQ�%LQDULHV�0LVVLQJ�DW�/RZ�0HWDOOLFLW\��7HVWV�RI�6WHOODU�$VWURSK\VLFV�DQG�
*UDYLWDWLRQDO�:DYH�3URJHQLWRUV�
%HU\O�+RYLV�$IIOHUEDFK�
0HQWRUV��<OYD�*|WEHUJ�DQG�-DPHV�)XOOHU�

5HFHQW�GHWHFWLRQV�RI�JUDYLWDWLRQDO�ZDYHV�IURP�PHUJLQJ�ELQDU\�EODFN�KROHV��%%+��KDYH�VSDUNHG�LQWHUHVW�LQ�ELQDU\�
VWHOODU�HYROXWLRQ��$�FRPPRQ�HQYHORSH�SKDVH��LQLWLDWHG�YLD�ELQDU\�VWHOODU�LQWHUDFWLRQ��LV�SUHGLFWHG�WR�EH�FUXFLDO�LQ�
EULQJLQJ�WZR�SURJHQLWRU�VWDUV�FORVH�HQRXJK�IRU�D�PHUJHU�WR�RFFXU��7R�IRUP�D�WLJKW�ELQDU\��WKH�FRPPRQ�HQYHORSH�
PXVW�EH�HMHFWHG��OHDYLQJ�EHKLQG�D�VWULSSHG�VWDU�RUELWLQJ�D�EODFN�KROH��8VLQJ�PRGHOV�FRPSXWHG�ZLWK�WKH�VWHOODU�
HYROXWLRQ�FRGH�0(6$��KRZHYHU��ZH�SUHGLFW�WKDW�ORZ�PHWDOOLFLW\�VWDUV�ZLWK�PDVVHV�������0 �H[SDQG�ODWH�LQ�
HYROXWLRQ��SUHYHQWLQJ�WKH�IRUPDWLRQ�RI�ORQJ�OLYHG�ELQDU\�SURGXFWV��7KH�PRVW�FRPPRQ�ELQDU\�SURGXFWV�DUH�VWDUV�
VWULSSHG�RI�WKHLU�K\GURJHQ�HQYHORSHV�ZKHQ�WKH\�H[SDQG��6LQFH�VWULSSHG�VWDUV�DUH�WKH�H[SRVHG�KHOLXP�FRUHV�RI�WKHLU�
SURJHQLWRUV��WKRVH�ZLWK�PDVVHV������0 �VKRXOG�EH�PLVVLQJ�LQ�WKH�ORZ�PHWDOOLFLW\�6PDOO�0DJHOODQLF�&ORXG��,I�WKLV�LV�
QRW�WKH�FDVH��DERXW����VXFK�VWULSSHG�VWDUV�VKRXOG�EH�SUHVHQW��PDNLQJ�WKLV�SUHGLFWLRQ�REVHUYDWLRQDOO\�WHVWDEOH��6LQFH�
WKH�PRVW�PDVVLYH�VWULSSHG�VWDUV�DUH�WKH�EULJKWHVW��WKH\�VKRXOG�EH�WKH�HDVLHVW�WR�GHWHFW��EXW�WKH\�UHPDLQ�HOXVLYH��
VXSSRUWLQJ�WKH�WKHRU\�WKDW�IHZ�PDVVLYH�VWULSSHG�VWDUV�DUH�FUHDWHG�DW�ORZ�PHWDOOLFLW\��7KLV�EULQJV�WR�TXHVWLRQ�WKH�
FRPPRQ�HQYHORSH�HYROXWLRQDU\�SDWKZD\�WRZDUGV�%%+�PHUJHUV��

4XDQWXP�6LPXODWLRQV�IRU�;89�$EVRUEDQFH�6SHFWURVFRS\�
-HQQLIHU�+ULW]�
0HQWRU��6FRWW�&XVKLQJ

7DEOH�WRS�JHQHUDWLRQ�RI�H[WUHPH�XOWUDYLROHW�OLJKW��;89��E\�KLJK�KDUPRQLF�JHQHUDWLRQ��++*��FDQ�EH�XVHG�WR�SUREH�
WKH�HOHFWURQLF�DQG�VWUXFWXUDO�G\QDPLFV�WKURXJK�FRUH�OHYHO�WUDQVLWLRQV��7KLV�FDQ�EH�XVHG�WR�JDLQ�PRUH�XQGHUVWDQGLQJ�
RI�FRXSOHG�FDUULHU�SKRQRQ�G\QDPLFV��HYHQWXDOO\�HQDEOLQJ�FRQWURO�RI�XOWUDIDVW�FDUULHU�WKHUPDOL]DWLRQ�DQG�WUDQVSRUW�
SURFHVVHV��,Q�RUGHU�WR�EHWWHU�XQGHUVWDQG�WKHVH�VSHFWUXP�WKHRUHWLFDOO\��ZH�FDQ�JHQHUDWH�D�6LOLFRQ�VSHFWUXP�WKURXJK�
TXDQWXP�PDQ\�ERG\�FDOFXODWLRQV��DV�PRGHOHG�ZLWK�GHQVLW\�IXQFWLRQ�WKHRU\��')7��WKURXJK�4XDQWXP�(635(662��7R�
DFFRXQW�IRU�WKH�HIIHFWV�RI�H[FLWRQV��DQ�HOHFWURQ�KROH�SDLUHG�TXDVLSDUWLFOH��ZH�XVHG�2&($1�FRGH��2EWDLQLQJ�&RUHOHYHO�
([FLWDWLRQV�XVLQJ�$E�LQLWLR�PHWKRGV�DQG�WKH�1,67�%HWKHO�6DOSHWHU��%6(��VROYHU���7KHVH�PRGHOV�DUH�EHLQJ�LPSURYHG�
WR�EHWWHU�PDWFK�H[SHULPHQWDO�VSHFWUXP�UHVXOWV��

/LQHDU�5HJUHVVLRQ�0HWKRGV�IRU�)LWWLQJ�D�&RQWLQXHG�)UDFWLRQ�5HJUHVVLRQ�0RGHO�
.HYLQ�+XDQJ�
0HQWRUV��3DEOR�0RVFDWR�DQG�$GDP�%ODQN�

&RQWLQXHG�IUDFWLRQV�DV�D�UHSUHVHQWDWLRQ�IRU�V\PEROLF�UHJUHVVLRQ�LV�D�QRYHO�PHWKRG�SURSRVHG�E\�0RVFDWR�HW�DO���LQ�
ZKLFK�D�PHPHWLF�DOJRULWKP�LV�XVHG�DV�WKH�OHDUQLQJ�DOJRULWKP��7KLV�SURMHFW�H[SDQGV�XSRQ�WKLV�WHFKQLTXH�ZLWK�WKH�
DLP�RI�XVLQJ�OLQHDU�UHJUHVVLRQ�WR�FUHDWH�D�IDVWHU�YHUVLRQ�RI�WKH�DOJRULWKP��%\�YLHZLQJ�WKH�FRQWLQXHG�IUDFWLRQ�
UHSUHVHQWDWLRQ�DV�D�KLHUDUFKLFDO�PRGHO��HDFK�GHSWK�FDQ�EH�LWHUDWLYHO\�ILWWHG�ZLWK�OLQHDU�UHJUHVVLRQ��$V�OLQHDU�
UHJUHVVLRQ�HQFRPSDVVHV�D�YHUVDWLOH�FODVV�RI�ZHOO�VWXGLHG�DQG�FRPSXWDWLRQDOO\�HIILFLHQW�WHFKQLTXHV��LW�LV�VKRZQ�WKDW�D�
OLQHDU�UHJUHVVLRQ�EDVHG�DOJRULWKP�LV�D�JRRG�FDQGLGDWH�IRU�LPSURYLQJ�WKH�FRQWLQXHG�IUDFWLRQ�DSSURDFK��

,QYHVWLJDWLQJ�WKH�5ROH�RI�0DODW��LQ�&R�7UDQVFULSWLRQDO�6SOLFLQJ�
:HVOH\�+XDQJ��
0HQWRUV��0LWFKHOO�*XWWPDQ�DQG�3UDVKDQW�%KDW�

/RQJ�QRQFRGLQJ�51$V��OQF51$V��KDYH�ORQJ�EHHQ�LPSOLFDWHG�LQ�VHUYLQJ�D�GLYHUVH�VHW�RI�IXQFWLRQV�VXFK�DV�JHQH�
H[SUHVVLRQ�UHJXODWLRQ��7KH�PHWDVWDVLV�DVVRFLDWHG�OXQJ�DGHQRFDUFLQRPD�WUDQVFULSW����0DODW���LV�RQH�VXFK�OQF51$�
WKDW�LV�HYROXWLRQDULO\�FRQVHUYHG�DQG�DEXQGDQWO\�H[SUHVVHG�LQ�PDPPDOLDQ�VSHFLHV��0DODW��KDV�EHHQ�VKRZQ�WR�EH�D�
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FULWLFDO�GULYHU�RI�PDQ\�FDQFHUV��DV�LWV�RYHUH[SUHVVLRQ�FRUUHODWHV�WR�VSOLFLQJ�GHIHFWV�LQ�YDULRXV�FDUFLQRPDV��+RZHYHU��
WKH�PHFKDQLVPV�E\�ZKLFK�0DODW��GULYHV�GLVHDVH�DUH�XQNQRZQ�GXH�WR�D�ODFN�RI�XQGHUVWDQGLQJ�RI�LWV�FHOOXODU�
IXQFWLRQV��+HUH��ZH�UHSRUW�RQ�WKH�HIIHFWV�RQ�VSOLFLQJ�LQ�0DODW��NQRFNRXW��.2��FHOOV��:H�REVHUYH�VLJQLILFDQW�VSOLFLQJ�
GHIHFWV�DFURVV�GLIIHUHQW�51$�VHT�GDWD�VHWV�DQG�ILQG�WKDW�0DODW��OLNHO\�SOD\V�DQ�LPSRUWDQW�UROH�LQ�FRRUGLQDWLQJ��
FR�WUDQVFULSWLRQDO�VSOLFLQJ��

&UHDWLQJ�D�6HW�RI�9LUWXDO�'HFLVLRQ�0DNLQJ�7DVNV�
$OH[DQGUD�+XPPHO�
0HQWRU��'HDQ�0REEV�

+XPDQV�DQG�RWKHU�DQLPDOV�GLVSOD\�GLIIHUHQW�FKDUDFWHULVWLF�GHFLVLRQ�PDNLQJ�EHKDYLRUV�ZKHQ�IDFHG�ZLWK�GLIIHUHQW�
OHYHOV�RI�WKUHDW��DV�SHU�)DQVHORZ�DQG�/HVWHU¶V�7KUHDW�,PPLQHQFH�&RQWLQXXP�0RGHO��$�W\SLFDO�PRGHO�XVHG�WR�
H[SHULPHQWDOO\�HYDOXDWH�VXFK�GHFLVLRQ�PDNLQJ�LV�D�³WZR�VWHS�WDVN�´�LQ�ZKLFK�D�KXPDQ�SDUWLFLSDQW�LV�SUHVHQWHG�ZLWK�
WZR�VWDJHV�LQ�HYHU\�WULDO�RI�D�WDVN��WKH�ILUVW�RI�ZKLFK�DVNV�WKHP�WR�PDNH�D�GHFLVLRQ�WKDW�ZLOO�GHWHUPLQH�WKH�VWDWH�RI�
WKH�VHFRQG��8VLQJ�MV3V\FK��ZH�FUHDWHG�D�VHW�RI�IRXU�YLUWXDO�WZR�VWHS�WDVNV�ZKLFK�VXEMHFWV�ZLOO�EH�DEOH�WR�FRPSOHWH�
UHPRWHO\��2I�WKHVH��WZR�KDYH�UDQGRPL]HG�VWDNHV��ZLWK�RQH�DVNLQJ�SDUWLFLSDQWV�WR�PD[LPL]H�D�UHZDUG�DQG�WKH�RWKHU�
DVNLQJ�SDUWLFLSDQWV�WR�PLQLPL]H�D�WKUHDW��7KH�RWKHU�WZR�IHDWXUH�DQ�H[WUD�GHFLVLRQ�PDNLQJ�VWHS��LQ�ZKLFK�WKH�
SDUWLFLSDQW�PXVW�FKRRVH�ZKHWKHU�WR�XVH�RU�VDYH�SURWHFWLRQ�UHVRXUFHV�IRU�ODWHU��%RWK�RI�WKHVH�DUH�WKUHDW�PLQLPL]LQJ��
ZLWK�RQH�XVLQJ�VWDEOH�KLJK�DQG�ORZ�VWDNHV�DQG�WKH�RWKHU�XVLQJ�YRODWLOH�VWDNHV��

&RPSXWDWLRQDO�0RGHOLQJ�RI�*XW�%XW\UDWH�'\QDPLFV��7RZDUGV�(QDEOLQJ�0XOWL�0RGDO�%XW\UDWH�'HWHFWLRQ�
8VLQJ�1RQLQYDVLYH�<HDVW�%DVHG�6HQVRUV
,VDEHOOD�+XUYLW]�
0HQWRUV��$UQDE�0XNKHUMHH��(PLO\�6XQ��DQG�0LNKDLO�*��6KDSLUR�

%XW\UDWH�LV�D�VKRUW�FKDLQ�IDWW\�DFLG��6&)$��WKDW�LV�SURGXFHG�SULPDULO\�LQ�WKH�JXW�DQG�ZKLFK�PRGXODWHV�VHYHUDO�PDMRU�
ELRORJLFDO�IXQFWLRQV��$�NH\�FKDOOHQJH�LQ�DGGUHVVLQJ�KRZ�JXW�PLFURELDO�WRSRJUDSK\�DIIHFWV�EXW\UDWH�GLVWULEXWLRQ�LV�WKH�
LQDELOLW\�WR�UHSRUW�RQ�FKHPLFDO�SURILOHV�IURP�ZLWKLQ�WKH�JXW�RI�LQWDFW�DQLPDOV��$�SURSRVHG�VROXWLRQ�DUH�FHOO�EDVHG�
ELRVHQVRUV�WKDW�XWLOL]H�D�EXW\UDWH�UHVSRQVLYH�*�SURWHLQ�FRXSOHG�UHFHSWRU�WR�DFWLYDWH�H[SUHVVLRQ�RI�DTXDSRULQ��
$43��UHSRUWHUV��IRU�LQ�VLWX�05,�GHWHFWLRQ��DV�ZHOO�DV�*)3�EDVHG�UHSRUWHUV��IRU�H[�YLYR�GHWHFWLRQ�LQ�IHFDO�PDWHULDO��LQ�
QRQ�SDWKRJHQLF�LQJHVWLEOH�\HDVW�FHOOV��7KH�SURSRVHG�VHQVRU�IUDPHZRUN�ZRXOG�HQDEOH�VSDWLDOO\�UHVROYHG�PXOWL�PRGDO�
LPDJLQJ�RI�EXW\UDWH�G\QDPLFV��SURYLGLQJ�PHDVXUHPHQWV�IRU�KRZ�JXW�FKHPLFDO�SURILOHV�FKDQJH�DV�PLFURELDO�
ELRJHRJUDSK\�YDULHV��$Q�LQ�VLOLFR�SKDUPDFRNLQHWLF�PRGHO�KDV�EHHQ�GHYHORSHG�WR�LQYHVWLJDWH�WKH�PHWDEROLVP�
UHDFWLRQV�RI�EXW\UDWH�LQ�WKH�LQWHVWLQHV�RI�PLFH��7KH�DSSURDFK�WUHDWV�WKH�JDVWURLQWHVWLQDO�WUDFW�DV�D��
PXOWL�FRPSDUWPHQW�F\OLQGULFDO�UHDFWRU�LQ�RUGHU�WR�PRGHO�WKH�WUDQVLW�RI�\HDVW�FHOOV�DQG�WKH�IOXFWXDWLRQ�RI�EXW\UDWH�
FRQFHQWUDWLRQ�WKURXJK�WKH�JXW��'HYHORSLQJ�D�TXDQWLWDWLYH�PRGHOLQJ�DQG�DQDO\VLV�IUDPHZRUN�IRU�WKH�VHQVRU�JXW�
V\VWHP�FRXOG�KHOS�HOXFLGDWH�WKH�SKDUPDFRNLQHWLFV��VHQVRU�NLQHWLFV��VSDWLDO�RIIVHW��DQG�VHQVRU�GHFD\�WKDW�HQDEOH�WKH�
GHYHORSPHQW�RI�WKH�PXOWL�PRGDO�EXW\UDWH�GHWHFWLRQ�V\VWHP���

0RGLILFDWLRQ�RI�<�)DFWRU�0HWKRG�IRU�0HDVXULQJ�/RZ�1RLVH�$PSOLILHU�3HUIRUPDQFH�
-RUHQ�+XVLF�
0HQWRUV��$XVWLQ�0LQQLFK�DQG�$OH[�&KRL�

,Q�DQ\�DSSOLFDWLRQ�ZKHUH�DQ�DQDORJ�PHDVXUHPHQW�LV�PDGH��DQ�XQGHUVWDQGLQJ�RI�KRZ�PXFK�QRLVH�LV�SUHVHQW�LQ�WKH�
VLJQDO�LV�FUXFLDO�LQ�TXDQWLI\LQJ�WKH�SUHFLVLRQ�RI�WKH�PHDVXUHPHQW��$�PHWKRG�NQRZQ�DV�WKH�<�IDFWRU�PHWKRG�LV�D�
FRPPRQ�WHFKQLTXH�IRU�TXDQWLI\LQJ�WKH�QRLVH�RI�DQ�DPSOLILHU�GHYLFH��)RU�ORZ�QRLVH�GHYLFHV��D�QXPEHU�RI�FKDOOHQJHV�
DULVH�LQ�WKH�DSSOLFDWLRQ�RI�WKLV�WHFKQLTXH��,Q�SDUWLFXODU��WKH�QRLVH�SHUIRUPDQFH�RI�WKH�GHYLFH�LQ�TXHVWLRQ�LV�TXDQWLILHG�
LQ�WHUPV�RI�D�QXPEHU�RI�SDUDPHWHUV�RI�WKH�PHDVXUHPHQW�V\VWHP��VHYHUDO�RI�ZKLFK�DUH�GLIILFXOW�WR�PHDVXUH�GLUHFWO\�
RU�ZLWK�KLJK�SUHFLVLRQ��+HUH�ZH�GHYHORS�D�PRGLILHG�YHUVLRQ�RI�WKH�<�IDFWRU�PHWKRG�WKDW�DGGUHVVHV�VRPH�RI�WKHVH�
LVVXHV��%\�PHDVXULQJ�WKH�<�IDFWRU�D�QXPEHU�RI�WLPHV�ZKLOH�YDU\LQJ�FHUWDLQ�SDUDPHWHUV�RI�WKH�PHDVXUHPHQW��ZH�DUH�
DEOH�WR�HOLPLQDWH�WKH�QHHG�IRU�VRPH�DEVROXWH�PHDVXUHPHQWV�RI�SDUDPHWHUV�LQ�IDYRU�RI�OHVV�GLIILFXOW�GLIIHUHQWLDO�
PHDVXUHPHQWV��RU�LQ�VRPH�FDVHV�HOLPLQDWH�WKH�QHHG�IRU�PHDVXUHPHQW�RI�FHUWDLQ�SDUDPHWHUV�HQWLUHO\��

4XDGUXSHG�5RERW�IRU�([WUHPH�(QYLURQPHQWV�
6DHKXL�+ZDQJ�
0HQWRUV��<RQJ�ODH�3DUN��7DHN\XQJ�.LP��DQG�6XGRQJ�/HH�

$EVWUDFW�ZLWKKHOG�IURP�SXEOLFDWLRQ�DW�PHQWRU
V�UHTXHVW��

�7HDP�)ORZ��5HDO�7LPH�0RQLWRULQJ�DQG�0RGXODWLRQ�6\VWHP�
-XVWLQ�+\RQ�
0HQWRUV��6KLQVXNH�6KLPRMR�DQG�0RKDPPHG�6KHKDWD�

'XULQJ�DQ�H[WHQGHG�PLVVLRQ�LQ�DQ�LVRODWHG�VSDFH�HQYLURQPHQW��WKH�DELOLW\�RI�WKH�FUHZ�WR�PDLQWDLQ�RSWLPDO�V\QHUJ\�
DQG�JURXS�FRJQLWLYH�IXQFWLRQ�KDV�EHHQ�LGHQWLILHG�DV�DQ�RXWVWDQGLQJ�FRQFHUQ�E\�1$6$
V�+XPDQ�5HVHDUFK�3URJUDP�
�+53���7KH�IORZ�VWDWH��RU�³JHWWLQJ�LQWR�WKH�]RQH´�LV�D�SRVLWLYH�SV\FKRORJLFDO�SKHQRPHQRQ�ZKLFK�KDV�EHHQ�VKRZQ�WR�
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UHVXOW�LQ�HOHYDWHG�FUHDWLYLW\��SURGXFWLYLW\��DQG�SRVLWLYH�HPRWLRQV�GXULQJ�WDVN�FRPSOHWLRQ��7KLV�VWDWH�FDQ�EH�
V\QFKURQRXVO\�H[SHULHQFHG�DPRQJ�PHPEHUV�RI�D�JURXS�ZKR�UHDFK�RSWLPDO�V\QHUJ\�LQ�FRPSOHWLRQ�RI�D�FRPPRQ�
JRDO��LQ�D�VFHQDULR�GXEEHG�³7HDP�)ORZ �́�7KH�TXDQWLILFDWLRQ�RI�7HDP�IORZ�LV�D�QHFHVVDU\�VWHS�WRZDUGV�WKH�LPSURYHG�
WUDLQLQJ�DQG�PRQLWRULQJ�RI�FUHZ�RSHUDWLRQ��,Q�D�SUHYLRXV�VWXG\��6KHKDWD�HW�DO���������DQ�DQDO\VLV�SLSHOLQH��ZKLFK�
XWLOL]HG�HOHFWURHQFHSKDORJUDP��((*��DQDO\VLV�RI�WZR�SDUWLFLSDQWV�SOD\LQJ�D�PXVLF�UK\WKP�JDPH��ZDV�GHYHORSHG�LQ�
0DW/DE�WR�VWXG\�WKH�H[LVWHQFH�DQG�H[WHQW�RI�7HDP�)ORZ�SRVW�H[SHULPHQW��7KLV�SURMHFW�DLPHG�WR�GHYHORS�IURP�
VFUDWFK�LQ�3\WKRQ��XWLOL]LQJ�WKH�RSHQ�VRXUFH�01(�3\WKRQ�((*�DQDO\VLV�OLEUDU\��D�SLSHOLQH�WR�PLUURU�DQG�H[SDQG�XSRQ�
WKH�UHVXOWV�RI�WKH�0DW/DE�DQDORJXH�LQ�UHDO�WLPH��SURYLGLQJ�LPPHGLDWH�IHHGEDFN�IRU�WKH�WHDPZRUN�SHUIRUPDQFH�RI�
SDUWLFLSDQWV��7KLV�DOORZV�IRU�WKH�JHQHUDWLRQ�RI�D�UHDO�WLPH�7HDP�)ORZ�VFRUH�EDVHG�RQ�$XGLWRU\�(YRNHG�3RWHQWLDO�
�$(3���LQWUD��DQG�LQWHU�EUDLQ�3KDVH�/RFNLQJ�9DOXH��3/9��V\QFKURQ\��DQG�3RZHU�6SHFWUXP�'HQVLW\��36'���ZKLFK�
DOORZV�IRU�LQVWDQWDQHRXV�DQG�REMHFWLYH�PRQLWRULQJ�RI�WKH�7HDP�)ORZ�VWDWH��7KRXJK�IXUWKHU�H[SHULPHQWDWLRQ�XVLQJ�
WKLV�V\VWHP�LQWR�WKH�FRQGLWLRQV�IRU�RSWLPL]LQJ�SDUWLFLSDQW�V\QHUJ\�ZDV�LPSRVVLEOH�WR�WR�&29,'����UHODWHG�
FRQVWUDLQWV��WKLV�QHXURIHHGEDFN�ZLOO�DOORZ�IRU�IXWXUH�H[SORUDWLRQ�LQWR�PD[LPL]LQJ�LQGXFWLRQ�RI�WKH�7HDP�)ORZ�VWDWH��

5HJLPH�&KDQJH�:LWK�$QDO\WLFDO�)RFXV�RQ�0RGHOV�RI�2YHUODSSLQJ�*HQHUDWLRQV�
0LFKHOOH�+\XQ�
0HQWRUV��-RQDWKDQ�%HQGRU�DQG�5��0LFKDHO�$OYDUH]�

:KHQ�UHJLPH�FKDQJH�RFFXUV��RQH�PD\�TXHVWLRQ�WKH�FDXVH�RI�WKH�FKDQJH�DQG�WKH�VXVWDLQDELOLW\�RI�WKH�QHZ�UHJLPH��
(FRQRPLF�DQG�SROLWLFDO�FULVLV��FRQVLGHUDWLRQ�RI�IXWXUH�DOORFDWLRQ�RI�SRZHU��DQG�WKH�UROH�RI�JOREDOL]DWLRQ�LQ�D�QDWLRQ�DUH�
VRPH�RI�PDQ\�IDFWRUV�FRQVLGHUHG�ZKHQ�DQDO\]LQJ�UHJLPH�FKDQJH��&RQVLGHULQJ�WKH�IXQGDPHQWDO�GLIIHUHQFH�EHWZHHQ�
WKH�FUHDWLRQ�RI�D�GHPRFUDF\�YHUVXV�WKH�FUHDWLRQ�RI�D�QRQGHPRFUDF\��DQG�WKH�GLIIHUHQFH�EHWZHHQ�GHPRFUDFLHV�WKDW�
VXUYLYH�DQG�WKRVH�WKDW�GR�QRW��ZH�ZLOO�DQDO\]H�PRGHOV�RI�RYHUODSSLQJ�JHQHUDWLRQV�RI�DJHQWV�ZLWK�ILQLWH�SODQQLQJ�
KRUL]RQV��8QGHUVWDQGLQJ�UHJLPH�FKDQJH�LV�LPSRUWDQW�WR�DYRLG�XQZDQWHG�WUDQVLWLRQV�DQG�WR�LQVWLJDWH�HQGXULQJ�
FKDQJH�±�DV�DQ�H[DPSOH��WKH�8QLWHG�6WDWHV�KDV�LQYROYHG�LWVHOI�LQ�WKH�UHJLPH�FKDQJH�RI�PDQ\�QDWLRQV��VXFK�DV�
1LFDUDJXD�DQG�3DQDPD��EXW�KDV�QRW�DOZD\V�VXFFHHGHG�LQ�HVWDEOLVKLQJ�D�ODVWLQJ�GHPRFUDF\��%\�XQGHUVWDQGLQJ�ZK\�
GHPRFUDFLHV�IRUP�DQG�IDLO��ZH�FDQ�KRSHIXOO\�DYRLG�IDWDO�PLVWDNHV�DQG�KHOS�VXVWDLQ�GHPRFUDF\���

$SSOLFDWLRQ�RI�+RORUDXP\�WR����DQG���'�6XSHUJUDYLW\�7KHRULHV
(ULN�,PDWKLX�-RQHV�
0HQWRUV��6\OYHVWHU�-DPHV�*DWHV�DQG�-XVWLQ�&DPSEHOO�

+RORUDXP\�LV�D�PDWKHPDWLFDO�WRRO�DULVLQJ�IURP�FDOFXODWLQJ�WKH�FRPPXWDWRU�RI�VXSHUV\PPHWULF�GHULYDWLYHV��2XU�
FXUUHQW�JRDO�LV�WR�LQYHVWLJDWH�WKH�XVH�RI�KRORUDXP\�LQ����DQG����GLPHQVLRQDO�VXSHUJUDYLW\�WKHRULHV��:H�FDQ�GR�WKLV�
E\�ILQGLQJ�D�KRORUDXP\�IRUPXODWLRQ�LQ�SUHH[LVWLQJ�VXSHUJUDYLW\�WKHRULHV��7R�GR�WKLV��ZH�KDYH�ZRUNHG�WKURXJK�WKH�
��'�&OLIIRUG�DOJHEUD�UHSUHVHQWDWLRQV�DQG�GHYHORSHG�0DWKHPDWLFD�FRGH�WR�SHUIRUP�FDOFXODWLRQV�LQ�WKLV�DOJHEUD��
)XWXUH�ZRUN�ZLOO�EH�WR�FRQWLQXH�ZRUNLQJ�WKURXJK�WKH���'�UHSUHVHQWDWLRQV�RI�SUHH[LVWLQJ�VXSHUJUDYLW\�WKHRULHV�WR�
VHDUFK�IRU�FRQQHFWLRQ�WR�KRORUDXP\�WHQVRUV��

([RSODQHW�'LVFRYHU\�)URP�0LFUROHQVLQJ�(YHQW�2*/(������%/*������
1LVVLD�,QGUDGMDMD�
0HQWRUV��-LP�)XOOHU�DQG�3U]HPHN�0Uy]

*UDYLWDWLRQDO�PLFUROHQVLQJ�LV�D�SKHQRPHQRQ�SURGXFHG�E\�JUDYLW\¶V�HIIHFW�RQ�OLJKW��,W�LV�RIWHQ�XVHG�WR�ILQG�W\SHV�RI�
H[RSODQHWV�WKDW�RWKHU�PHWKRGV��VXFK�DV�WUDQVLW�SKRWRPHWU\�DQG�UDGLDO�YHORFLW\��DUH�XQDEOH�WR�GHWHFW��,Q�SDUWLFXODU��LW�
LV�VHQVLWLYH�WR�SODQHWV�ORFDWHG�DURXQG�D�SODQHWDU\�GLVN¶V�VQRZ�OLQH��WKH�GLVWDQFH�SDVW�ZKLFK�YRODWLOH�FRPSRXQGV�FDQ�
FRQGHQVH�LQWR�LFHV�DQG�ZKHUH�SODQHWV�DUH�EHOLHYHG�WR�IRUP��,QLWLDO�REVHUYDWLRQ�RI�WKH�SKRWRPHWULF�GDWD�WDNHQ�E\�WKH�
2*/(�DQG�02$�VXUYH\V�IRU�HYHQW�2*/(������%/*������VKRZV�WKH�SUHVHQFH�RI�D�VHFRQGDU\�REMHFW��DQDO\VLV�RI�WKH�
GDWD�ZDV�FRQGXFWHG�WR�GHWHUPLQH�LI�WKLV�REMHFW�LV�DQ�H[RSODQHW��&XUUHQW�DSSUR[LPDWLRQV�IRU�VHSDUDWLRQ�EHWZHHQ�WKH�
KRVW�VWDU�DQG�WKH�REMHFW�LQ�WHUPV�RI�(LQVWHLQ�UDGLXV��V� �������DQG�PDVV�UDWLR�EHWZHHQ�WKH�KRVW�VWDU�DQG�WKH�REMHFW�
�T� ����������ZHUH�REWDLQHG��VXJJHVWLQJ�WKDW�WKLV�REMHFW�LV�LQGHHG�DQ�H[RSODQHW��)XUWKHU�DQDO\VLV�LV�QHHGHG�WR�
REWDLQ�PRUH�SUHFLVH�SDUDPHWHU�VHWV�DQG�DSSUR[LPDWLRQV�IRU�WKH�LQIRUPDWLRQ�UHJDUGLQJ�WKH�KRVW�VWDU��

*38�$FFHOHUDWHG�9DULDELOLW\�'HWHFWLRQ�
(WKDQ�-DV]HZVNL�
0HQWRU��0DWWKHZ�*UDKDP�

9DULDELOLW\�GHWHFWLRQ�LV�DQ�LPSRUWDQW�WDVN�LQ�WKH�DQDO\VLV�RI�DVWURQRPLFDO�WLPH�VHULHV��RIWHQ�LQYROYLQJ�GHWHUPLQLQJ�WKH�
SHULRGLFLW\�RI�WKH�PDJQLWXGH�RI�D�JLYHQ�DVWURQRPLFDO�REMHFW��0DQ\�DOJRULWKPV�IRU�YDULDELOLW\�GHWHFWLRQ�H[LVW��EXW�
DYDLODEOH�LPSOHPHQWDWLRQV�RIWHQ�GR�QRW�WDNH�DGYDQWDJH�RI�*38�DFFHOHUDWLRQ��DQG�WKRVH�WKDW�GR�FDQ�EH�LPSURYHG�
XSRQ��+RZHYHU��ZLWK�WKH�DGYHQW�RI�ODUJH�GDWDEDVHV�RI�DVWURQRPLFDO�WLPH�VHULHV��FXUUHQW�LPSOHPHQWDWLRQV�DUH�
SURKLELWLYHO\�VORZ�IRU�FRPSUHKHQVLYH�DQDO\VHV�RI�WKH�DYDLODEOH�GDWD��7KLV�SURMHFW�IRFXVHV�RQ�GHYHORSLQJ�RSWLPL]HG��
*38�DFFHOHUDWHG�LPSOHPHQWDWLRQV�RI�SRSXODU�YDULDELOLW\�GHWHFWLRQ�DOJRULWKPV�WR�DOORZ�IRU�FRPSOHWH�DQDO\VHV�RI�ODUJH�
WLPH�VHULHV�GDWDVHWV��7KH�ILQDO�*38�LPSOHPHQWDWLRQV�DUH�EHWZHHQ����DQG�����WLPHV�IDVWHU�WKDQ�HTXLYDOHQW��
&38�LPSOHPHQWDWLRQV��DQG�EHWZHHQ�����DQG����WLPHV�IDVWHU�WKDQ�H[LVWLQJ�*38�LPSOHPHQWDWLRQV��



685)�$EVWUDFWV�

4XDQWLWDWLYH�$QDO\VLV�RI�WKH�+XPDQ�6PDOO�,QWHVWLQDO�0LFURELRPH�
-HQQ\�-L�
0HQWRUV��5XVWHP�,VPDJLORY�DQG�-DFRE�%DUORZ�

7KH�VPDOO�LQWHVWLQH�LV�KRPH�WR�D�YDULHW\�RI�PLFURVFRSLF�UHVLGHQWV�WKDW�LQWHUDFW�ERWK�ZLWK�HDFK�RWKHU�DQG�WKH�KRVW��
5HODWLYHO\�OLWWOH�LV�NQRZQ�DERXW�WKH�KRZ�WKHVH�LQWHUDFWLRQV�UHODWH�WR�DEGRPLQDO�SDLQ�DQG�GLVHDVH��8VLQJ�D�
TXDQWLWDWLYH�VHTXHQFLQJ�DSSURDFK�WR�DQDO\]H�WKH�PLFURELRWD�RI�KXPDQ�GXRGHQDO�VDPSOHV��ZH�ZHUH�DEOH�WR�GUDZ�
FRUUHODWLRQV�EHWZHHQ�YDULRXV�PLFURELDO�WD[D��SDLQ�VFRUHV��ZHLJKW��RYHUDOO�PLFURELDO�ORDG��GLYHUVLW\��DQG�RWKHU�
UHOHYDQW�IDFWRUV��$QDO\VLV�RI�����VDPSOHV�DOORZHG�XV�WR�JHQHUDWH�SRWHQWLDO�K\SRWKHVHV�UHODWLQJ�VSHFLILF�WD[D�DV�ULVN�
IDFWRUV�IRU�DEGRPLQDO�SDLQ��2I�WKH�����GHWHFWDEOH�EDFWHULDO�WD[D��D�IHZ�ZHUH�RI�HVSHFLDO�IRFXV�GXH�WR�WKHLU�
GLVUXSWLQJ�QDWXUH�RI�WKH�HFRV\VWHP�ZKHQ�SUHVHQW��(QWHUREDFWHULDFHDH��IDPLO\���(VFKHULFKLD�6KLJHOOD��JHQXV���
/DFWREDFLOOXV��JHQXV���&ORVWULGLXP�VHQVX�VWULFWR��JHQXV���(QWHURFRFFXV��JHQXV���$HURPRQDV��JHQXV���5RPERXWVLD�
�JHQXV���3VHXGRPRQDV��JHQXV���6WDSK\ORFRFFXV��JHQXV���DQG�6FDUGRYLD��JHQXV���$QDO\VLV�RI�WKH�FRPSOH[�
UHODWLRQVKLSV�EHWZHHQ�WKHVH�GLVUXSWLYH�VSHFLHV�KDV�KHOSHG�HOXFLGDWH�SDUW�RI�WKH�UHODWLRQVKLS�EHWZHHQ�WKH�VPDOO�
LQWHVWLQDO�PLFURELRWD�DQG�JDVWURLQWHVWLQDO�SDLQ��

'HYHORSLQJ�3K\VLFDO�/DE�,QIUDVWUXFWXUH�IRU�7KLQ�)LOP�0DWHULDO�*URZWK�DQG�(YDOXDWLRQ
$ELJDLO�-LDQJ
0HQWRU��-RVHSK�)DOVRQ

7KH�)DOVRQ�/DE�DLPV�WR�JURZ�KLJK�TXDOLW\�WKLQ�ILOPV�XVLQJ�PROHFXODU�EHDP�HSLWD[\��0%(���DQG�VXEVHTXHQWO\�
HYDOXDWH�WKHVH�PDWHULDOV�DW�ORZ�WHPSHUDWXUH�DQG�KLJK�PDJQHWLF�ILHOG�IRU�REVHUYDWLRQ�RI�TXDQWXP�DQG�WRSRORJLFDO�
SKDVHV��,Q�RUGHU�WR�IDEULFDWH�DQG�PHDVXUH�WKHVH�PDWHULDOV��WKH�SK\VLFDO�ODE�LQIUDVWUXFWXUH�FRPSRVHG�RI�PHFKDQLFDO��
YDFXXP��DQG�HOHFWULFDO�HTXLSPHQW�PXVW�EH�FUHDWHG��7KUHH�PDMRU�SK\VLFDO�WRROV�HVVHQWLDO�WR�WKH�LQIUDVWUXFWXUH�DUH��
���D�FKLS�FDUULHU�DQG�PRXQWLQJ�VRFNHW�WR�KROG�PDWHULDO�VDPSOHV�IRU�HOHFWULFDO�PHDVXUHPHQWV�����D�YDULHW\�RI�
EUHDNRXW�DQG�SRPRQD�ER[HV�WR�FRQQHFW�VDPSOHV�ZLWK�H[WHUQDO�PHDVXUHPHQW�GHYLFHV��DQG����D�PRELOH�SXPSLQJ�
VWDWLRQ�WR�SXPS�0%(�HTXLSPHQW�GRZQ�WR�XOWUD�KLJK�YDFXXP��ZLWK�GXDO�SXUSRVH�DV�D�OHDN�GHWHFWRU��$OO�WKUHH�SURMHFWV�
DQG�WKHLU�FRUUHVSRQGLQJ�FRPSRQHQWV�ZHUH�GHVLJQHG��IDEULFDWHG��DQG�RUGHUHG��XWLOL]LQJ�VRIWZDUH�IRU�ERWK�&$'�DQG�
3&%�GHVLJQ��$�PRUH�WKRURXJK�XQGHUVWDQGLQJ�RI�YDFXXP�DQG�HOHFWULFDO�V\VWHP�RSHUDWLRQV�DQG�WKHLU�FRPSRQHQW�
PDQXIDFWXUHUV�ZDV�DOVR�GHYHORSHG��7KH�FRPSOHWLRQ�RI�WKHVH�SK\VLFDO�WRROV�DZDLWV�RQ�VLWH�DVVHPEO\�

$FWLYH�'RPDLQ�5DQGRPL]DWLRQ�IRU�5REXVW�&RQWURO�
4L[XDQ��$OLFH��-LQ�
0HQWRUV��<LVRQJ�<XH��$QTL�/LX��DQG�*XDQ\D�6KL�

7KH�GHVLJQ�RI�DFFXUDWH�DQG�UREXVW�FRQWUROOHUV�IRU�UHJXODWLQJ�URERWLF�V\VWHPV�FDQ�EH�GLIILFXOW�GXH�WR�WKH�FRPSOH[LW\�
RI�UHDO�ZRUOG�V\VWHPV��5REXVW�FRQWURO�VWULYHV�WR�HQVXUH�GHVLUDEOH�SROLF\�SHUIRUPDQFH�XQGHU�WKH�DVVXPSWLRQ�WKDW�WKH�
UHDO�ZRUOG�SDUDPHWHUV�DUH�ERXQGHG��7UDLQLQJ�FRQWUROOHUV�RQ�UHDO�ZRUOG�GDWD�FDQ�EH�H[SHQVLYH�DQG�LQHIILFLHQW��,Q�
UHFHQW�\HDUV��VLPXODWLRQV�DUH�XVHG�LQFUHDVLQJO\�PRUH�RIWHQ�WR�WUDLQ�FRQWUROOHU�SROLFLHV��+RZHYHU��GLVFUHSDQFLHV�
EHWZHHQ�VLPXODWLRQ�DQG�UHDOLW\�FDQ�FDXVH�WKH�IDLOXUH�RI��VLPXODWLRQ�WUDLQHG�SROLFLHV�WR�JHQHUDOL]H�WR�UHDO�ZRUOG�
DSSOLFDWLRQV��'RPDLQ�UDQGRPL]DWLRQ��'5��VHHNV�WR�PLQLPL]H�WKLV�6LP�5HDO�JDS��7KH�FODVVLF�'5�WHFKQLTXH�XQLIRUPO\�
VDPSOHV�VLPXODWLRQ�SDUDPHWHUV�DQG�WUDLQV�WKH�FRQWUROOHU�RQ�WKH�FROOHFWLRQ�RI�WKHVH�VDPSOHG�VLPXODWLRQV��7KH�
SULPDU\�REMHFWLYH�RI�RXU�UHVHDUFK�LV�WR�LPSURYH�WKH�VDPSOLQJ�HIILFLHQF\�RI�H[LVWLQJ�'5�PHWKRGV�WKURXJK�DFWLYH�
OHDUQLQJ��:H�LQYHVWLJDWHG�WKH�SHUIRUPDQFH�RI�PRGHO�EDVHG��DFWLYH�'5�IUDPHZRUNV�VXFK�DV�XQFHUWDLQW\�VDPSOLQJ�
ZLWK�*DXVVLDQ�SURFHVVHV�DQG�PHWD�OHDUQLQJ�ZLWK�QHXUDO�QHWZRUNV��:H�REVHUYH�QRWDEOH�IDVWHU�HPSLULFDO�WUDLQLQJ�
FRQYHUJHQFH�RI�WKHVH�DFWLYH�IUDPHZRUNV�IRU�VLPXODWLRQ�HQYLURQPHQWV�VXFK�DV�WKH�LQYHUWHG�SHQGXOXP�DQG��
�'�TXDGURWRU��,Q�IXWXUH�ZRUN��ZH�ZLOO�DWWHPSW�WR�H[SDQG�WKHVH�DFWLYH�'5�IUDPHZRUNV�WR�PRGHO�IUHH�SROLF\�OHDUQLQJ��

8VLQJ�6WDUV�DQG�3RODUL]HG�5DGLR�(PLVVLRQ�WR�0DS�WKH�*DODFWLF�0DJQHWLF�)LHOG�
6DPLU�-RKQVRQ�
0HQWRUV��$QWKRQ\�5HDGKHDG��*HRUJLD�3DQRSRXORX��DQG�&OLYH�'LFNLQVRQ�

,Q�RUGHU�WR�GHWHFW�WKH�SUHGLFWHG�%�PRGH�VLJQDO�LPSULQWHG�WKH�&RVPLF�0LFURZDYH�%DFNJURXQG��&0%��SRODUL]DWLRQ�
ZKLFK�LV�D�FULWLFDO�WHVW�RI�WKH�,QIODWLRQDU\�&RVPRORJ\�7KHRU\��WKH�IRUHJURXQG�HPLVVLRQV�IURP�RXU�0LON\�:D\�*DOD[\�
QHHG�WR�EH�PRGHOHG�DQG�VXEWUDFWHG�IURP�WKH�&0%�SRODUL]DWLRQ�PDS��:LWK�QHZ�VHQVLWLYH�GDWD�IURP�V\QFKURWURQ�
HPLVVLRQ��:0$3���3ODQFN�VXUYH\V�FRPELQDWLRQ��DQG�WKHUPDO�GXVW�HPLVVLRQ��3ODQFN�����*+]�VXUYH\��DV�ZHOO�DV�
RSWLFDO�SRODULPHWU\�GDWD�ZLWK�UHOLDEOH�GLVWDQFH�PHDVXUHPHQWV��*DLD�$UFKLYH���D�WKUHH�GLPHQVLRQDO�PRGHO�RI�WKH�
,QWHUVWHOODU�0HGLXP��,60��DQG�LWV�HIIHFW�RQ�WKH�JDODFWLF�PDJQHWLF�ILHOG�FDQ�EH�GHWHUPLQHG��+HUH�ZH�VKRZ�WKH�
VWUXFWXUH�RI�WKH�,60�XVLQJ�FURVV�FRUUHODWLRQ�VWXGLHV�RI�WKH�V\QFKURWURQ�DQG�WKHUPDO�GXVW�HPLVVLRQ�SRODUL]DWLRQ�DQJOH�
GDWD�ZLWK�VWHOODU�HPLVVLRQ�SRODUL]DWLRQ�DQJOH�ZLWK�GLVWDQFH�PHDVXUHPHQWV��3UHOLPLQDU\�UHVXOWV�ZLWKLQ�WKH�UHJLRQ�
ERXQGHG�E\������WR�����JDODFWLF�ORQJLWXGH�DQG�����WR�����JDODFWLF�ODWLWXGH�VKRZ�EHWWHU�FRUUHODWLRQ�EHWZHHQ�WKH�
VWHOODU�SRODUL]DWLRQ�DQJOH�GDWD�DQG�WKH�WKHUPDO�GXVW�HPLVVLRQ�SRODUL]DWLRQ�DQJOH�GDWD���������GLIIHUHQFH�VWDWLVWLF��
WKDQ�ZLWK�WKH�V\QFKURWURQ�HPLVVLRQ�SRODUL]DWLRQ�DQJOH�GDWD���������GLIIHUHQFH�VWDWLVWLF���7KLV�LV�WR�EH�H[SHFWHG��DV�
WKH�WKHUPDO�GXVW�HPLVVLRQ�GDWD�RULJLQDWHV�IURP�WKH�VDPH�SKDVH�RI�WKH�,60�DV�WKH�RSWLFDO�SRODULPHWU\�GDWD��WKHUPDO�
GXVW�DEVRUSWLRQ��VR�WKH�SRODUL]DWLRQ�DQJOH�GDWD�IURP�ERWK�VXUYH\V�VKRXOG�EH�WUDFLQJ�WKH�VDPH�PDJQHWLF�ILHOG�
RULHQWDWLRQ�LQ�WKH�JDOD[\��7KH�V\QFKURWURQ�HPLVVLRQ�GDWD�LV�GHWHFWHG�IURP�WKH�UHODWLYLVWLF�SKDVH�RI�WKH�,60�DV�D�
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UHVXOW�RI�VXSHUQRYDH�VKRFNZDYHV��WKXV��WKH�V\QFKURWURQ�HPLVVLRQ�GDWD�GRHV�QRW�QHFHVVDULO\�WUDFH�WKH�VDPH�
PDJQHWLF�ILHOG�RULHQWDWLRQ�DV�WKH�RSWLFDO�SRODULPHWU\�GDWD��7KH�TXDQWLILFDWLRQ�RI�WKH�FRUUHODWLRQ�EHWZHHQ�WKH�
V\QFKURWURQ�DQG�WKHUPDO�GXVW�HPLVVLRQ�GDWD�ZLWK�WKH�RSWLFDO�SRODULPHWU\�GDWD�ZLWKLQ�WKH�UHJLRQV�RI�WKH�1RUWK�3RODU�
6SXU�ZLOO�SURYLGH�D�PRUH�DFFXUDWH�GHWHUPLQDWLRQ�RI�LWV�GLVWDQFH��6HYHUDO�UHJLRQV�RI�WKH�*DODFWLF�3ODQH�VXLWDEOH�IRU�
VLPLODU�VWXGLHV�KDYH�EHHQ�LGHQWLILHG��

'HWHFWLQJ�(OHFWLRQ�)UDXG�:LWK�0DFKLQH�/HDUQLQJ�LQ�%ROLYLD�
%HQMDPLQ�-XDUH]�
0HQWRU��5��0LFKDHO�$OYDUH]�

:LWK�WKH�LQFUHDVHG�GHPDQG�RI�HQVXULQJ�WKH�OHJLWLPDF\�RI�GHPRFUDWLF�HOHFWLRQV��WKH�SURPLQHQFH�RI�HOHFWLRQ�IRUHQVLFV�
KDV�JURZQ�DV�LW�KDV�EHHQ�DSSOLHG�LQ�VHYHUDO�FLUFXPVWDQFHV�LQ�UHFHQW�\HDUV��0RUHRYHU��PDFKLQH�OHDUQLQJ�DOJRULWKPV�
KDYH�EHHQ�XWLOL]HG�LQ�RUGHU�WR�GHWHFW�LQVWDQFHV�RI�YDULRXV�W\SHV�RI�YRWHU�IUDXG��IURP�EDOORW�ER[�VWXIILQJ�WR�YRWH�
VWHDOLQJ��,Q�SDUWLFXODU��%ROLYLD¶V�UHFHQW�SUHVLGHQWLDO�HOHFWLRQ�LQ������WXUQHG�FRQWURYHUVLDO�DEUXSWO\�DV�ODWH�FRXQWHG�
YRWHV�JDYH�WKH�LPSUHVVLRQ�RI�IUDXG�LQ�IDYRU�RI�WKH�LQFXPEHQW��UHVXOWLQJ�LQ�D�SHULRG�RI�SROLWLFDO�LQVWDELOLW\��+RZHYHU��
UHFHQW�VWXGLHV�RI�WKLV�HOHFWLRQ�DUH�VXJJHVWLQJ�WKDW�QR�VXFK�IUDXG�KDG�RFFXUUHG���:LWK�WKLV�SURMHFW��RQFH�WKH�GDWD�VHWV�
IRU�WKH�RIILFLDO�DQG�SUHOLPLQDU\�FRXQWV�RI�WKH�HOHFWLRQ�ZHUH�DFTXLUHG��IXUWKHU�YDOLGDWLRQ�ZDV�QHFHVVDU\�LQ�RUGHU�WR�
EHFRPH�IDPLOLDU�ZLWK�WKH�GDWD�DQG�SUHSDUH�LW�IRU�PRGHOLQJ��7KH�QH[W�VWHS�LQYROYHV�FRQVWUXFWLQJ�WKH�DSSURSULDWH�
WUDLQLQJ�GDWD�VHW�IURP�D�FRPELQDWLRQ�RI�KLVWRULFDO�GDWD��GHPRJUDSKLF�GDWD��DQG�V\QWKHWLF�GDWD�WKURXJK�UHJUHVVLRQ�
DQDO\VLV��)XWXUH�ZRUN�LQ�WKLV�SURMHFW�LQYROYHV�WKH�FRQVWUXFWLRQ��WUDLQLQJ��DQG��LPSOHPHQWDWLRQ�RI�D�VXSHUYLVHG�
PDFKLQH�OHDUQLQJ�PRGHO�WKDW�FODVVLILHV�PHVDV�DV�FOHDQ�RU�DW�ULVN�WKURXJK�FRQVLGHUDWLRQ�RI�HOHPHQWV�VXFK�DV�WXUQRXW�
DQG�YRWH�VKDUHV��

'HWHUPLQDWLRQ�RI�WKH�7XUEXOHQW�)ODPH�6SHHG�6FDOLQJ�IRU�+\GURJHQ�&RPEXVWLRQ�
&DOOH�-XQNHU�
0HQWRU��*XLOODXPH�%ODQTXDUW�

'XH�WR�LWV�KLJK�KHDW�RI�FRPEXVWLRQ��K\GURJHQ�JHQHUDWHV�PRUH�HQHUJ\�SHU�NLORJUDP�WKDQ�DQ\�K\GURFDUERQ�IXHO��
%XUQLQJ�FOHDQO\�ZLWK�RQO\�ZDWHU�DV�D�E\SURGXFW��K\GURJHQ�FRPEXVWLRQ�SURYLGHV�D�SRWHQWLDO�VROXWLRQ�WR�DGGUHVV�
JURZLQJ�HQHUJ\�QHHGV�ZLWKRXW�OHDGLQJ�WR�JUHDWHU�HPLVVLRQ�RI�SROOXWDQWV��7KH�REMHFWLYH�RI�WKLV�VWXG\�LV�WR�GHWHUPLQH
WKH�EXUQLQJ�HIILFLHQF\�RI�K\GURJHQ�WR�IXUWKHU�FKDUDFWHUL]H�K\GURJHQ�FRPEXVWLRQ��7KLV�LV�PDGH�FKDOOHQJLQJ�GXH�WR�
WKH�SUHVHQFH�RI�WKHUPR�GLIIXVLYH�LQVWDELOLWLHV�LQ�K\GURJHQ�IODPHV�DQG�EHFDXVH�PRVW�SUDFWLFDO�FRPEXVWLRQ�GHYLFHV�
RSHUDWH�XQGHU�WXUEXOHQW�FRQGLWLRQV��7KH�FRPEXVWLRQ�VLPXODWLRQV�H[DPLQHG�XWLOL]HG�OHDQ�SUHPL[HG�K\GURJHQ�IODPHV�
ZLWK�DQ�HTXLYDOHQFH�UDWLR�RI�����ZKHUH�IORZ�RFFXUUHG�WKURXJK�D�FXERLGDO�GRPDLQ�ZLWK�FURVV�VHFWLRQ�DUHD�$��
3UHYLRXVO\�SHUIRUPHG�VLPXODWLRQV�RI�YDU\LQJ�FRPSOH[LWLHV�ZHUH�H[DPLQHG��7KH�WXUEXOHQW�IODPH�VSHHG�� ��DQG�
WXUEXOHQW�IODPH�DUHD��� ��DUH�W\SLFDOO\�UHODWHG�WKURXJK�WKH�IRUPXOD� ��ZKHUH� �UHSUHVHQWV�WKH�ODPLQDU�IODPH�

VSHHG��DQG� �LV�WKH�EXUQLQJ�HIILFLHQF\�FRQVWDQW��,Q�WKLV�ZRUN��WKH�IROORZLQJ�IRUPXOD�LV�SURSRVHG�IRU�WKH�FDOFXODWLRQ�
RI� ��

ȁ ȁ
Ȁ

ȁ ȁ
��ZKHUH� �UHSUHVHQWV�WHPSHUDWXUH�DQG� �UHSUHVHQWV�WKH SURGXFWLRQ�UDWH�RI�ZDWHU��7KH�

EXUQLQJ�HIILFLHQF\�FDQ�EH�XVHG�WR�SUHGLFW�K\GURJHQ�FRPEXVWLRQ�EHKDYLRU�LQ�KLJKO\�WXUEXOHQW�IODPHV��

$�3UHGLFWLYH�0RGHO�IRU�WKH�/DFWDWH�3\UXYDWH�5DWLR�LQ�&HUHEUDO�(GHPD�&DVHV�8VLQJ�*UDGLHQW�%RRVWLQJ�
7HFKQLTXHV�
-DH\RXQJ�.DQJ�
0HQWRUV��-HIIHUVRQ�&KH��6KDQH�6KDKUHVWDQL��DQG�<X�&KRQJ�7DL�

&HUHEUDO�HGHPD��D�FRPPRQ�V\PSWRP�RI�VWURNH�DQG�WUDXPDWLF�EUDLQ�LQMXU\��GHVFULEHV�VZHOOLQJ�FDXVHG�E\�H[FHVV�
IOXLG�LQ�WKH�LQWUDFHOOXODU�DQG�H[WUDFHOOXODU�SDUWV�RI�WKH�EUDLQ��7KLV�SKHQRPHQRQ�RIWHQ�UHVXOWV�LQ�GDQJHURXV�VHFRQGDU\�
LQMXULHV�VXFK�DV�K\SR[LD��QHXURLQIODPPDWLRQ��DQG�LQFUHDVHV�LQ�LQWUDFUDQLDO�SUHVVXUH��7KH�SURJUHVVLRQ�RI�WKHVH�
VHFRQGDU\�LQMXULHV�FDQ�EH�PHDVXUHG�XVLQJ�PXOWLPRGDO�PRQLWRULQJ��ZKLFK�FDSWXUHV�GDWD�IURP�VHYHUDO�SDUDPHWHUV�
VLPXOWDQHRXVO\��

0DFKLQH�OHDUQLQJ�KDV�SUHYLRXVO\�SURYHQ�HIIHFWLYH�LQ�XWLOL]LQJ�PXOWLPRGDO�PRQLWRULQJ�GDWD�WR�SUHGLFW�SDWLHQW�RXWFRPH��
,Q�WKLV�SURMHFW��D�SUHGLFWLYH�PRGHO�ZDV�GHVLJQHG�IRU�WKH�ODFWDWH�S\UXYDWH�UDWLR��D�VLJQLILFDQW�LQGLFDWRU�RI�PRUWDOLW\��
YLD�WKH�LPSOHPHQWDWLRQ�RI�JUDGLHQW�ERRVWLQJ�WHFKQLTXHV��ZKLFK�FRQVWUXFW�D�PRGHO�XVLQJ�D�VXPPDWLRQ�RI�ZHDN�
OHDUQHUV���

$�SDWLHQW�GDWD�VHW�ZDV�VHOHFWHG�WR�UHSUHVHQW�FRPPRQ�FDVHV�RI�FHUHEUDO�HGHPD��LQFOXGLQJ�VWURNHV��LQWUDFUDQLDO�
KHPRUUKDJHV�DQG�VXEGXUDO�KHPDWRPDV��6LQFH�WKH�GDWD�VHW�ZDV�FRQWLQXRXV��PXOWLYDULDWH��DQG�ORQJLWXGLQDO��WKH�5�
SDFNDJH�ERRVWPWUHH�ZDV�XVHG�GXULQJ�WKH�WUDLQLQJ�SURFHVV��$V�WKH�VDPSOH�VL]H�RI�WKH�WUDLQLQJ�GDWD�VHW�H[SDQGV��WKH�
PRGHO�ZLOO�EH�FRPSDUHG�WR�H[LVWLQJ�VWDWLVWLFDO�DSSURDFKHV��VXFK�DV�&R[�UHJUHVVLRQ�DQDO\VHV��WR�DVFHUWDLQ�YDOXH�LQ�D�
FOLQLFDO�VHWWLQJ��0RYLQJ�IRUZDUG��&7�VFDQ�GDWD�ZLOO�DOVR�EH�FROOHFWHG�WR�PHDVXUH�WKH�LPSDFW�RI�FDWKHWHU�ORFDWLRQ�RQ�
REVHUYHG�UHDGLQJV���
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8QGHUVWDQGLQJ�WKH�(YROXWLRQ�RI�WKH��0H7RR�0RYHPHQW�2YHU�7LPH�8VLQJ�7RSLF�0RGHOV�
6DUD�.DQJDVODKWL�
0HQWRUV��$QLPD�$QDQGNXPDU��5��0LFKDHO�$OYDUH]��DQG�$QTL�/LX�

:H�VHHN�WR�DQDO\]H�WKH�FKDQJH�LQ�WRSLFV�RYHU�WLPH�LQ�D�FRUSXV��7R�GR�VR��LW�LV�QHFHVVDU\�WR�VHSDUDWH�WKH�GDWD�E\�
DUELWUDU\�WLPH�LQWHUYDOV��VXFK�DV�PRQWKV�RU�ZHHNV��,Q�WKH�FXUUHQW�VWDQGDUG��/DWHQW�'LULFKOHW�$OORFDWLRQ��/'$��
PRGHOLQJ��LW�LV�GLIILFXOW�WR�DQDO\]H�WKH�GLIIHUHQFHV�DFURVV�WKHVH�WLPH�FXW�RIIV��DQG�WKXV�WKH�GDWD�IURP�HDFK�PRQWK�
PXVW�EH�FRQVLGHUHG�VHSDUDWHO\��)XUWKHUPRUH��WUDGLWLRQDO�/'$�KDV�VWUXFWXUDO�OLPLWDWLRQV��VXFK�DV�LQFRUSRUDWLQJ�
DUELWUDU\�WRSLF�FRUUHODWLRQV��7KHUHIRUH��ZH�LQVWHDG�XWLOL]H�D�QRYHO�WRSLF�PRGHOLQJ�WHFKQLTXH��ZH�SURSRVH�WKH�XVH�RI�D�
WHQVRU�EDVHG�/'$�PHWKRG��ZKLFK�FXUUHQWO\�ODFNV�LQ�GHSWK�DSSOLFDWLRQ�WR�VRFLDO�VFLHQFH��$V�WHQVRU�/'$�PRGHOV�KDYH�
EHHQ�VKRZQ�WR�UHGXFH�WKH�VWUXFWXUDO�LVVXHV��LQFOXGLQJ�FRUUHODWLRQ��WKDW�DUH�SUHVHQW�LQ�WUDGLWLRQDO�/'$��WKLV�PHWKRG�
LPSURYHV�RQ�WKH�H[LVWLQJ�VWDQGDUG��)XUWKHUPRUH��E\�XVLQJ�WHQVRU�RSHUDWLRQV�EHWZHHQ�PRGHOV��ZH�FDQ�XQGHUVWDQG�
WKH�FKDQJH�LQ�WRSLFV�EHWZHHQ�WLPH�SHULRGV�DQG�JHQHUDWH�D�FRQWLQXRXV�DQDO\VLV�RI�WKH�WRSLFV�RYHU�WLPH��:H�DSSO\�
WKLV�QRYHO�WHQVRU�WHFKQLTXH�WR�DQ�LPSRUWDQW�GDWDVHW��WKH�7ZLWWHU�GLVFXVVLRQ�LQ�WKH��0H7RR�PRYHPHQW��3DUWLFXODUO\��
ZH�REVHUYH�WKDW�WKH��0H7RR�PRYHPHQW�KDV�D�IDVW�HYROXWLRQ�RI�WRSLFV��VR�HVSHFLDOO\�LQ�WKHVH�GDWD��RXU�DSSURDFK�LV�
EHQHILFLDO�WR�FDSWXUH�UDSLG�FKDQJHV�RYHU�WLPH��

,GHQWLILFDWLRQ�RI�6LJQDOLQJ�6WDWHV�'XULQJ�0DPPDOLDQ�'HYHORSPHQW�)URP�6LQJOH�&HOO�51$�
6HTXHQFLQJ�'DWD
1LYHGLWD�.DQUDU�
0HQWRUV��0LFKDHO�%��(ORZLW]��$OHMDQGUR�$��*UDQDGRV��DQG�-DPHV�/��/LQWRQ�

$EVWUDFW�ZLWKKHOG�IURP�SXEOLFDWLRQ�DW�PHQWRU
V�UHTXHVW��

,QYHVWLJDWLQJ�WKH�,Q�9LWUR�'\QDPLFV�RI�+LJK�,QWHQVLW\�)RFXVHG�8OWUDVRXQG�0HGLDWHG�,QWHUDFWLRQV�
%HWZHHQ�%DFWHULDO�*DV�9HVLFOHV�DQG�0DPPDOLDQ�7XPRU�&HOOV�8VLQJ�8OWUD�+LJK�)UDPH�5DWH�3KRWRJUDSK\�
5RKLW�.DQWLSXGL
0HQWRUV��0LNKDLO�6KDSLUR�DQG�$YLQRDP�%DU�=LRQ�

$EVWUDFW�ZLWKKHOG�IURP�SXEOLFDWLRQ�DW�PHQWRU
V�UHTXHVW��

*UDSK�%DVHG�6HPL�6XSHUYLVHG�/HDUQLQJ��
,VKDQL�.DUPDUNDU�
0HQWRUV��$QGUHZ�6WXDUW�DQG�%DPGDG�+RVVHLQL�

*UDSK�EDVHG�VHPL�VXSHUYLVHG�OHDUQLQJ�LV�WKH�SUREOHP�RI�DVVLJQLQJ�ODEHOV�WR�D�GDWD�VHW�JLYHQ�REVHUYHG�ODEHOV�RQ�D�
VPDOO�VXEVHW�RI�WKH�GDWD�SRLQWV��:H�IRFXV�RQ�JUDSK�EDVHG�VHPL�VXSHUYLVHG�OHDUQLQJ�IRU�ELQDU\�FODVVLILFDWLRQ�DQG�
VWXG\�WKH�FRQVLVWHQF\�RI�WKH�SURELW�RSWLPL]DWLRQ�PHWKRG�LQ�WKH�FDVH�ZKHUH�WKH�XQGHUO\LQJ�GDWD�EHORQJV�WR�D�VLQJOH�
FOXVWHU��:H�DVVXPH�WKDW�WKH�ODEHOHG�GDWD�DUH�QRLVLO\�REVHUYHG�LQ�WKDW�VRPH�RI�WKH�REVHUYHG�ODEHOV�PD\�EH�LQFRUUHFW�
ZLWK�UHVSHFW�WR�WKH�JURXQG�WUXWK��:H�GHYHORS�WKHRUHWLFDO�FRQGLWLRQV�LQYROYLQJ�WKH�SDUDPHWHUV�RI�WKH�RSWLPL]DWLRQ�
SUREOHP�DQG�WKH�QXPEHU�RI�PLVODEHOHG�YHUVXV�FRUUHFWO\�ODEHOHG�GDWD�SRLQWV��:H�VKRZ�WKDW�ZKHQ�WKHVH�FRQGLWLRQV�
DUH�PHW��WKH�SURELW�PHWKRG�FRQVLVWHQWO\�DVVLJQV�WKH�FRUUHFW�ODEHOV�WR�WKH�HQWLUH�GDWD�VHW��:H�SURYLGH�HPSLULFDO�
HYLGHQFH�WR�VXSSRUW�WKHVH�WKHRUHWLFDO�UHVXOWV�LQ�WKH�IRUP�RI�QXPHULFDO�VLPXODWLRQV�RI�V\QWKHWLF�SUREOHPV��

&RPSDULQJ�5HJXODUL]HG�0D[LPXP�/LNHOLKRRG�DQG�'HHS�1HXUDO�1HWZRUNV�0HWKRGV�IRU�%ODFN�
+ROH�,PDJLQJ�
-RKDQQD�.DUUDV�
0HQWRUV��.DWLH�%RXPDQ�DQG�+H�6XQ�

%ODFN�KROH�LPDJH�UHFRQVWUXFWLRQ�LV�D�FKDOOHQJLQJ�SUREOHP�WKDW�UHOLHV�RQ�D�VSDUVH�DUUD\�RI�WHOHVFRSH�PHDVXUHPHQWV��
ZKLFK�DUH�VXEMHFW�WR�DWPRVSKHULF��WKHUPDO��DQG�V\VWHPLF�QRLVH��7UDGLWLRQDO�UHJXODUL]HG�PD[LPXP�OLNHOLKRRG�
PHWKRGV�IRU�EODFN�KROH�LPDJLQJ�WDFNOH�WKH�LOO�SRVHGQHVV�RI�WKH�SUREOHP�E\�LQWURGXFLQJ�KDQG�FUDIWHG�SULRUV�DQG�
UHJXODUL]HUV��ZKLFK�DLG�JUDGLHQW�GHVFHQW�WR�DYRLG�SRRU�ORFDO�PLQLPD�ZKLOH�EHWWHU�PLQLPD�PD\�VWLOO�H[LVW�IRU�WKH�
SUHGLFWHG�LPDJH��0\�REMHFWLYH�LV�WR�FRPSDUH�WKHVH�H[LVWLQJ�PD[LPXP�OLNHOLKRRG�PHWKRGV�ZLWK�GHHS�OHDUQLQJ�EDVHG�
UHFRQVWUXFWLRQ�WHFKQLTXHV�IRU�EODFN�KROH�LPDJLQJ��DV�ZHOO�DV�LQYHVWLJDWH�WKH�UREXVWQHVV�WR�QRLVH�RI�LPDJHV�SURGXFHG�
E\�ERWK�WHFKQLTXHV��8SRQ�FRPSOHWLRQ�RI�P\�LPSOHPHQWDWLRQV�RI�WKH�GHHS�OHDUQLQJ�UHFRQVWUXFWLRQ�DOJRULWKPV��,�SODQ�
WR�LQYHVWLJDWH�ED\HVLDQ�QHXUDO�QHWZRUN�PHWKRGV�IRU�XQFHUWDLQW\�TXDQWLILFDWLRQ�DQG�GDWD�DQDO\VLV��

,GHQWLI\LQJ�3URWHLQ�3URGXFWV�DQG�,QKLELWRUV�WR�7DUJHW�WKH������1RYHO�&RURQDYLUXV�
&DWKHULQH�.DXEHU�
0HQWRUV��$VKLVK�0DKDEDO�DQG�1LWLQ�6LQJK�

7KH�RXWEUHDN�RI�VHYHUH�DFXWH�UHVSLUDWRU\�V\QGURPH�FRURQDYLUXV����6$56�&R9�����WKH�FDXVDWLYH�DJHQW�EHKLQG�WKH�
&29,'����SDQGHPLF��KDV�LQIHFWHG�RYHU����PLOOLRQ�SHRSOH��NLOOHG�PRUH�WKDQ����������DQG�DIIHFWHG�WKH�OLYHV�RI�
ELOOLRQV��8QIRUWXQDWHO\��WKHUH�DUH�QR�DQWLYLUDO�GUXJV�RU�YDFFLQHV�ZLWK�SURYHQ�HIILFDF\�DJDLQVW�WKH�YLUXV��3HSWLGH�EDVHG�
VROXWLRQV�KDYH�HPHUJHG�DV�D�SURPLVLQJ�DUHD�IRU�&29,'����PLWLJDWLRQ�VWUDWHJLHV�GXH�WR�WKHLU�VKRUW�WLPH�RI�
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SURGXFWLRQ��WDUJHWHG�DSSOLFDWLRQ��SURORQJHG�VWDELOLW\�DV�FRPSDUHG�WR�FRQYHQWLRQDO�PHGLFLQH��DQG�YHUVDWLOH�
DSSOLFDWLRQV��7R�KHOS�FUHDWH�WKHVH�VROXWLRQV��JHQRPLF�DQDO\VLV�ZDV�XVHG�WR�UHYHDO�HYROXWLRQDU\�KLVWRU\�DQG�KLJKO\�
FRQVHUYHG�UHJLRQV�LQ�WKH�6$56�&R9���JHQRPH��7KHQ��WKH�SURWHLQ�SURGXFWV�RI�FRQVHUYHG�VHTXHQFHV�ZHUH�LGHQWLILHG��
%\�ILQGLQJ�WKHVH�FRQVHUYHG�VHTXHQFHV�DQG�WKHLU�DVVRFLDWHG�SURWHLQ�SURGXFWV��LW�PD\�EH�SRVVLEOH�WR�LGHQWLI\�DQWLYLUDO�
GUXJV�RU�RWKHU�SHSWLGH�EDVHG�VROXWLRQV�WKDW�FRXOG�SUHYHQW�6$56�&R9���LQIHFWLRQ�RU�KHOS�WR�WUHDW�LW��

%URZQLDQ�'\QDPLFV�6LPXODWLRQ�DW�WKH�,QWHUIDFH�RI�3KDVH�6HSDUDWLRQ�DQG�$FWLYH�0DWWHUV�
7LHUQDQ�.HQQHG\�
0HQWRUV��3DXO�5RWKHPXQG�DQG�7\OHU�5RVV�

:KLOH�PLFURWXEXOH�DFWLYH�PDWWHU�DQG�QXFOHLF�DFLG�QDQRWHFKQRORJ\�DUH�ERWK�IORXULVKLQJ�ILHOGV�LQ�ELRORJLFDO��
VHOI�DVVHPEO\��LQWULJXLQJ�SKHQRPHQD�DW�WKHLU�LQWHUVHFWLRQ�KDYH�JRQH�XQDSSUHFLDWHG��,Q�SDUWLFXODU��WKH�FRPELQDWLRQ�
RI�PLFURWXEXOH�VZLPPHUV�DQG�PRWRU�IXQFWLRQDOL]HG�'1$�FRQGHQVDWHV�ERWK�SURYLGHV�D�QRYHO�IUDPHZRUN�RI�
VZLPPHUV�LQ�DFWLYH�VROYHQWV�DQG�PHWKRG�IRU�LQYHVWLJDWLQJ�XQH[SORUHG�LQWHUSOD\V�EHWZHHQ�SKDVH�VHSDUDWLRQ�DQG�
DFWLYH�PDWWHU��+HUH�ZH�XVH�FRDUVH�JUDLQHG�%URZQLDQ�G\QDPLF�VLPXODWLRQV�WR�H[SORUH�HPHUJHQW�SURSHUWLHV�ULJLG�URG�
VZLPPHUV�LQ�DQ�DFWLYH�VROYHQW��,Q�SDUWLFXODU��WKH�LQWHUDFWLRQ�RI�WKHVH�VZLPPHUV�ZLWK�YLVFRVLW\�GLVFRQWLQXLWLHV�LV�
K\SRWKHVL]HG�WR�SURGXFH�D�PHFKDQLFDO�HTXLYDOHQW�RI�WKH�LQGH[�RI�UHIUDFWLRQ�RI�OLJKW�DQG�PD\�HYHQ�EH�XVHG�LQ�
SK\VLFDO�OHQVLQJ�SKHQRPHQRQ��7R�GDWH�ZH�KDYH�GHYHORSHG�D�UREXVW�DQG�WXQDEOH�VLPXODWLRQ�IUDPHZRUN�WR�H[DPLQH�
PLFURWXEXOH�PRWLRQ�DW�WKH�LQWHUIDFH�EHWZHHQ�IOXLGV�RI�GLIIHULQJ�YLVFRVLWLHV��7KH�FRPSXWDWLRQDO�SRZHU�RI�WKLV�V\VWHP�
DOORZV�IRU�H[SHGLHQW�LGHQWLILFDWLRQ�RI�H[SHULPHQWDOO\�IHDVLEOH�UHJLRQV�RI�SKDVH�VSDFH�WKDW�SRVVHVV�LQWHUHVWLQJ�
SKHQRPHQD��8VLQJ�RXU�VLPXODWLRQ�IUDPHZRUN�WR�IRFXV�DQG�WXQH�H[SHULPHQW�PD\�OHDG�SURYLGH�QRYHO�PHWKRGV�RI�
VZLPPHU�FRQWURO�IRU�ELRHQJLQHHULQJ�DQG�OHDG�WR�IXQGDPHQWDO�LQVLJKW�LQWR�ELRORJLFDO�VHOI�DVVHPEO\�LQ�HQHUJ\�
GLVVLSDWLQJ�V\VWHPV��

1RYHO�,PPXQH�&KHFNSRLQW�&DQGLGDWHV�DQG�7KHLU�$ELOLW\�WR�,QKLELW�7�&HOOV
(VWKHU�.LP��
0HQWRU��+DQVRR�3DUN�

$FWLYDWLQJ�WKH�LPPXQH�V\VWHP�LV�DQ�LPSRUWDQW�FRPSRQHQW�RI�HOLFLWLQJ�DQ�DQWLWXPRU�DFWLYLW\��+RZHYHU��WKH�H[LVWHQFH�
RI�LQKLELWRU\�SDWKZD\V�WKDW�UHJXODWH�WKH�IXQFWLRQ�RI�7�O\PSKRF\WHV�RIWHQ�SRVHV�FKDOOHQJHV�WR�LPPXQRWKHUDS\��7KHVH�
LQKLELWRU\�SDWKZD\V�DUH�UHIHUUHG�WR�DV�WKH�LPPXQH�FKHFNSRLQWV��,&3��DQG�DUH�QHFHVVDU\�IRU�WKH�FRQWURO�RI�H[FHVVLYH�
LPPXQH�DFWLYDWLRQ��:KLOH�WKH�EORFNDGH�RI�WKH�PRVW�FRPPRQO\�NQRZQ�,&3V��&7/$���DQG�3'����E\�LQKLELWRUV�ZDV�D�
WKHUDSHXWLF�VXFFHVV��WKH�PDMRULW\�RI�WKH�SDWLHQWV�ZHUH�QRW�DEOH�WR�EHQHILW�IURP�VXFK�WKHUDS\��'XH�WR�WKHVH�
FRQFHUQV��WKH�LGHQWLILFDWLRQ�RI�D�QHZ�,&3�WKDW�GRHV�QRW�FRQIHU�D�QHJDWLYH�WKHUDSHXWLF�VLGH�HIIHFW�LV�DQ�LPSRUWDQW�
FRQWULEXWLRQ�WR�WKH�ILHOG�RI�LPPXQH�RQFRORJ\��+HQFH��WKH�REMHFWLYH�RI�WKH�VWXG\�ZDV�WR�GHWHUPLQH�ZKHWKHU�WKH�QRYHO�
,&3�FDQGLGDWH�HIIHFWLYHO\�LQKLELWV�7�FHOOV��7R�DFKLHYH�WKLV�JRDO��P\�DSSURDFK�ZDV�WR����FORQH�F'1$V��
�.,55(/��IURP�KXPDQ�DQG�PRXVH������SXULI\�SURWHLQ��DQG����SHUIRUP�WKH�7�FHOO�DVVD\�E\�&)6(�VWDLQLQJ��
)OXRUHVFHQFH�DFWLYDWHG�FHOO�VRUWLQJ��)$&6��ZDV�LPSOHPHQWHG�WR�FRQILUP�WKDW�WKH�QRYHO�LPPXQH�FKHFNSRLQW�
FDQGLGDWH�KDV�DQ�LQKLELWRU\�HIIHFW�WRZDUGV�7�FHOOV���

,QGLYLGXDO�'LIIHUHQFHV�LQ�,PSOLFLW�(PRWLRQ�3URFHVVLQJ�RQ�+XPDQ�)DFHV�
/LO\�.LWDJDZD�
0HQWRU��6KLQVXNH�6KLPRMR�DQG�6KDR�0LQ��6HDQ��+XQJ�

+XPDQV�DUH�IXQGDPHQWDOO\�VRFLDO��ZLWK�D�QHHG�WR�IRUP�HPRWLRQDO�FRQQHFWLRQV�ZLWK�RQH�DQRWKHU��6RFLDOL]DWLRQ�
UHTXLUHV�WKH�LGHQWLILFDWLRQ�RI�RQH¶V�RZQ�HPRWLRQV�DQG�WKH�DELOLW\�WR�MXGJH�WKH�HPRWLRQV�RI�RWKHUV��7KLV�LV�KLQGHUHG�
E\�DOH[LWK\PLD��D�VXEFOLQLFDO�SHUVRQDO�WUDLW�DVVRFLDWHG�ZLWK�DQ�LQDELOLW\�WR�GHVFULEH�WKH�HPRWLRQV�H[SHULHQFHG�E\�
RQHVHOI�RU�E\�RWKHUV��2XU�H[SHULPHQWDO�GHVLJQ�SURYLGHV�LQVLJKW�LQWR�LPSOLFLW�HPRWLRQDO�SURFHVVLQJ�EHIRUH�DVVHVVLQJ�
DQ�LQGH[�RI�DOH[LWK\PLD��6XFK�D�GHVLJQ�FRXOG�HOXFLGDWH�ZK\�DOH[LWK\PLFV�H[SHULHQFH�VXFK�GLIILFXOWLHV�GHVFULELQJ�
HPRWLRQ��WKH\�VWUXJJOH�WR�XVH�WKH�LQIRUPDWLRQ�IURP�LPSOLFLW�HPRWLRQDO�SURFHVVLQJ��)XUWKHUPRUH��DV�DOH[LWK\PLD�LV�D�
SHUVRQDOLW\�WUDLW��VXFK�D�GHVLJQ�DOVR�DOORZV�LQVLJKW�LQWR�WKH�LQGLYLGXDO�GLIIHUHQFHV¶�UROH�LQ�SHUFHSWXDO�SURFHVVHV����
:H�K\SRWKHVL]H�WKDW�SHRSOH�ZKR�KDYH�DOH[LWK\PLD�WUDLW�KDYH�GLIILFXOW\�XWLOL]LQJ�LPSOLFLW�HPRWLRQDO�LQIRUPDWLRQ�LQ�
UHVSRQGLQJ�WR�KXPDQ�IDFHV��$�VHULHV�RI�EHKDYLRUDO�H[SHULPHQWV�DUH�GHVLJQHG�WR�GLUHFWO\�H[DPLQH�WKLV�K\SRWKHVLV���

'LVUXSWLRQ�RI�WKH�$QLPDO�0DJQHWLF�6HQVH��5DGLR�:DYH�7UDQVGXFWLRQ�E\�%LRJHQLF�0DJQHWLWH�YLD�
$QLVRWURSLF�+\VWHUHVLV�
$OH[DQGUD�.OLSIHO�
0HQWRUV��-RH�.LUVFKYLQN�DQG�,VDDF�+LOEXUQ

0DQ\�DQLPDOV�XVH�(DUWK¶V�JHRPDJQHWLF�ILHOG�WR�QDYLJDWH���$�VXEVHW�RI�WKHVH�PDJQHWRUHFHSWLYH�RUJDQLVPV�KDYH�EHHQ�
REVHUYHG�WR�ORVH�WKHLU�DELOLW\�WR�RULHQW�FRUUHFWO\�ZKHQ�H[SRVHG�WR�ORZ�LQWHQVLW\�UDGLR�IUHTXHQF\��5)��UDGLDWLRQ�LQ�WKH�
�������0+]�EDQG��$GGLWLRQDOO\��PDQ\�VXFK�RUJDQLVPV�FRQWDLQ�ELRORJLFDOO\�SUHFLSLWDWHG�PDJQHWLWH�LQ�WKHLU�EUDLQ�
WLVVXHV���:H�SURSRVH�WKDW�WKHVH�ELRJHQLF�PDJQHWLWH�QDQRSDUWLFOHV�DUH�UHVSRQVLEOH�IRU�ERWK�WKH�PDJQHWLF�VHQVH�DQG�
5)�VHQVLWLYLW\�RI�WKHVH�RUJDQLVPV���6SHFLILFDOO\��PDJQHWRVRPHV�WUDQVGXFH�HQHUJ\�IURP�WKH�LQFLGHQW�5)�LQWR�DFRXVWLF�
HQHUJ\�LQ�WKH�IRUP�RI�XOWUDVRXQG�YLD�DQLVRWURSLF�K\VWHUHVLV��7KLV�SURMHFW�PRGHOV�WZR�SRVVLEOH�PHFKDQLVPV�E\�ZKLFK�
WKH�LQFUHDVHG�LQWHUQDO�HQHUJ\�RI�WKH�FU\VWDO�GXH�WR�DQLVRWURSLF�K\VWHUHVLV�FDQ�EH�FRQYHUWHG�WR�XOWUDVRXQG��KHDW�
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GLVVLSDWLRQ�DQG�HOHFWURQ�FORXG�LQWHUDFWLRQV��)RU�HDFK�PHFKDQLVP��WKH�WUDQVGXFHG�HQHUJ\�LV�FRPSDUHG�WR�WKH�
EDFNJURXQG�WKHUPDO�QRLVH�DQG�WKHLU�HIILFLHQF\�LV�FRPSDUHG���$�JHQHUDO�UHVXOW�LV�WKDW�WKH�HQHUJ\�DYDLODEOH�WR�D�
PDJQHWRVRPH�RYHU�RQH�F\FOH�RI�WKH�LQFLGHQW�5)�LV�ORZHU�WKDQ�WKH�WKHUPDO�QRLVH��LPSO\LQJ�WKDW�PDQ\�PDJQHWRVRPHV�
DUH�UHTXLUHG�WR�JHQHUDWH�D�VLJQDO�FDSDEOH�RI�WULJJHULQJ�D�ELRORJLFDO�UHVSRQVH���$GGLWLRQDOO\��RXU�PRGHO�DOORZV�WKH�
GHVLJQ�RI�DQ�H[SHULPHQW�WR�WHVW�ZKHWKHU�KHDW�GLVVLSDWLRQ�LV�WKH�GRPLQDQW�XOWUDVRXQG�JHQHUDWLRQ�PHFKDQLVP���

,QYHVWLJDWLQJ�WKH�6SLQ�(YROXWLRQ�RI�1HXWURQV�8QGHU�D�0DJQHWLF�)LHOG�DQG�&RQILQLQJ�*HRPHWU\�
9LNWRU�6��.RHKOLQ�/RYIRUV�
0HQWRUV��%UDG�)LOLSSRQH�DQG�&KULV�6ZDQN�

:H�DQDO\]H�WKH�VSLQ�HYROXWLRQ�RQ�QHXWURQV�LQ�D�FRQILQLQJ�JHRPHWU\�DQG�PDJQHWLF�ILHOG�XVLQJ�VLPXODWLRQV�DQG�
DQDO\WLF�PHWKRGV�WDNLQJ�LQWR�DFFRXQW�GLIIXVH�FROOLVLRQV�RI�WKH�QHXWURQV�ZLWK�WKH�ZDOOV��:H�GHULYH�DQ�DQDO\WLF�IRUP�IRU�
WKH�DYHUDJH�VSLQ�SRODUL]DWLRQ�RI�DQ�HQVHPEOH�RI�QHXWURQV�DV�D�IXQFWLRQ�RI�WLPH�DQG�FRPSDUH�WKLV�WR�UHVXOWV�IURP�
VLPXODWLRQV�QXPHULFDOO\�VROYLQJ�WKH�%ORFK�HTXDWLRQV��

(OXFLGDWLQJ�&DWDO\VLV�:LWK�WKH��*ROG�6WDQGDUG��RI�4XDQWXP�&KHPLVWU\�
3DWU\N�.R]ORZVNL�
0HQWRUV��*DUQHW�.��&KDQ�DQG�<DQJ�*DR�

7R�GHYHORS�HQKDQFHG�FDWDO\VWV��LW�LV�QHFHVVDU\�WR�EH�DEOH�WR�DFFXUDWHO\�FRPSXWH�VXUIDFH�DQG�DGVRUSWLRQ�HQHUJLHV��
TXDQWLWLHV�WKDW�JRYHUQ�WKH�FKHPLVWU\�RFFXUULQJ�DW�FDWDO\VW�VXUIDFHV��7KRXJK�GHQVLW\�IXQFWLRQDO�WKHRU\��')7���WKH�
ZRUNKRUVH�FRPSXWDWLRQDO�PHWKRG�RI�VXUIDFH�VFLHQFH��KDV�SURYHQ�LQDGHTXDWH�WR�WKLV�HQG��ZDYHIXQFWLRQ�EDVHG�
PHWKRGV�WKDW�WUHDW�FRUUHODWLRQV�EHWZHHQ�HOHFWURQV�KDYH�VKRZQ�SURPLVH�DV�D�YLDEOH�DOWHUQDWLYH��+HUH��ZH�KDYH�XVHG�
RQH�VXFK�IUDPHZRUN��FRXSOHG�FOXVWHU�WKHRU\��&&���HVWDEOLVKHG�DV�WKH�³JROG�VWDQGDUG´�RI�TXDQWXP�FKHPLVWU\�DW�WKH�
PROHFXODU�OHYHO��WR�VWXG\�WKH�DGVRUSWLRQ�RI�FDUERQ�PRQR[LGH�RQ�D�SODWLQXP�������VXUIDFH��D�EHOOZHWKHU�V\VWHP�LQ�
VXUIDFH�FKHPLVWU\�IRU�EHQFKPDUNLQJ�WKH�SHUIRUPDQFH�RI�FRPSXWDWLRQDO�PHWKRGV��7KH�SHUIRUPDQFH�RI�D�SHULRGLF��
&&�PHWKRG�LQFOXGLQJ�SHUWXUEDWLYH�VLQJOHV�DQG�GRXEOHV��&&6'��IRU�FRPSXWLQJ�DFFXUDWH�VXUIDFH�DQG�DGVRUSWLRQ�
HQHUJLHV�KDV�EHHQ�FRPSDUHG�ZLWK�')7�DQG�VHFRQG�RUGHU�0ROOHU�3OHVVHW�SHUWXUEDWLRQ�WKHRU\��03�����

,QFRPH�7DUJHWLQJ�DQG�WKH�/DERU�6XSSO\�RI�5LGHVKDUH�'ULYHU�3DUWQHUV�
$QWKRQ\�-��.XNDYLFD�
0HQWRUV��&ROLQ�)��&DPHUHU�DQG�0DWWKHZ�6��6KXP

1HRFODVVLFDO�HFRQRPLF�WKHRU\�LQGLFDWHV�WKDW�ZKHQ�SUHVHQWHG�ZLWK�KLJKHU�ZDJHV��WD[LFDE�GULYHUV�DUH�H[SHFWHG�WR�
GULYH�ORQJHU�KRXUV�RQ�VKLIWV�DV�D�PHDQV�WR�RSWLPL]H�HDUQLQJV��,Q�UHFHQW�GHFDGHV��WKH�SRVVLELOLW\�RI�D��
UHIHUHQFH�GHSHQGHQW�LQFRPH�WDUJHWLQJ�PRGHO�KDV�EHHQ�UDLVHG�DV�DQ�DOWHUQDWLYH�WR�WKH�QHRFODVVLFDO�PRGHO��8QGHU�DQ�
LQFRPH�WDUJHWLQJ�IUDPHZRUN��WD[LFDE�GULYHUV�VHW�DQ�LQFRPH�WDUJHW�DQG�PDNH�VWRSSLQJ�GHFLVLRQV�EDVHG�RQ�ZKHWKHU�
RU�QRW�WKLV�WDUJHW�LV�UHDFKHG��:H�H[WHQG�WKH�H[LVWLQJ�DQDO\VLV�LQ�WKH�WD[LFDE�OLWHUDWXUH�WR�D�GDWDVHW�IURP�D�SRSXODU�
ULGHVKDULQJ�SODWIRUP��7KLV�VHWWLQJ�VKDUHV�VLPLODULWLHV�ZLWK�WKH�WD[LFDE�LQGXVWU\�LQ�WKH�VHUYLFHV�LW�SURYLGHV�WR�ULGHUV�
EXW�GLIIHUV�PDUNHGO\�LQ�VWUXFWXUH��PRVW�QRWLFHDEO\�LQ�WKH�IOH[LEOH�ZRUN�KRXUV�LW�RIIHUV�GULYHU�SDUWQHUV�DV�ZHOO�DV�D�
G\QDPLF�VXUJH�SULFLQJ�PHFKDQLVP�IRU�VHWWLQJ�IDUHV��2XU�LQYHVWLJDWLRQ�DLPV�WR�VKHG�OLJKW�RQ�WKH�EHKDYLRUDO�
VLPLODULWLHV�DQG�GLIIHUHQFHV�EHWZHHQ�WKH�WD[LFDE�DQG�ULGHVKDUH�PDUNHWV��FRQWULEXWLQJ�WR�WKH�H[LVWLQJ�GHEDWH�EHWZHHQ�
WKH�QHRFODVVLFDO�DQG�UHIHUHQFH�GHSHQGHQW�PRGHOV��:H�DOVR�LQYHVWLJDWH�ZKHWKHU�GULYHU�SDUWQHU�H[SHULHQFH�RU�RWKHU�
VWDWH�YDULDEOHV�SOD\�D�UROH��DQG�ZH�H[SORUH�VRPH�DOWHUQDWLYH�IUDPHZRUNV�IRU�GHFLVLRQ�PDNLQJ��

(QJLQHHULQJ�+HSDWLWLV�&�9LUXV�,PPXQRJHQV�IRU�,QFUHDVHG�%LQGLQJ�$IILQLW\�IRU�%URDGO\�1HXWUDOL]LQJ�
$QWLERG\�3UHFXUVRUV�
6DQMDQD�.XONDUQL�
0HQWRUV��3DPHOD�%M|UNPDQ�DQG�$QGUHZ�)O\DN��

7KHUH�LV�DQ�XUJHQW�QHHG�IRU�D�YDFFLQH�IRU�KHSDWLWLV�&�YLUXV��+&9���ZKLFK�FDXVHG�DSSUR[LPDWHO\���������GHDWKV�LQ�
�����DQG�LV�UHVSRQVLEOH�IRU�FKURQLF�GLVHDVH�LQ�PRUH�WKDQ����PLOOLRQ�SHRSOH�WRGD\��7KH�KLJK�JHQHWLF�YDULDELOLW\�RI�WKH�
VXUIDFH�JO\FRSURWHLQV��(��DQG�(���FRQWULEXWHV�WR�YLUDO�HVFDSH�IURP�QHXWUDOL]LQJ�DQWLERGLHV�DQG�KDPSHUV�YDFFLQH�
GHYHORSPHQW��0DQ\�NQRZQ�EURDGO\�QHXWUDOL]LQJ�DQWLERGLHV��E1$EV��ELQG�WR�FRQVHUYHG�UHJLRQV�RI�(��WR�SUHYHQW�YLUDO�
HQWU\�LQWR�KRVW�FHOOV��DQG�WKH\�KDYH�EHHQ�IRXQG�LQ�WKH�a����RI�LQIHFWHG�LQGLYLGXDOV�ZKR�VSRQWDQHRXVO\�FOHDU�+&9�
ZLWKRXW�WUHDWPHQW��2XU�JRDO�ZDV�WR�HQJLQHHU�DQ�(��LPPXQRJHQ�FDSDEOH�RI�HOLFLWLQJ�SURGXFWLRQ�RI�E1$EV�WRZDUGV�
WKH�GHYHORSPHQW�RI�D�YDFFLQH��%DVHG�RQ�DPLQR�DFLG�SRO\PRUSKLVPV�IRXQG�LQ�QDWXUDOO\�RFFXUULQJ�+&9�VWUDLQV��ZH�
PDGH�WKUHH�XQLTXH�PXWDWLRQV�LQ�WKH�(��HFWRGRPDLQV�RI�IRXU�+&9�VWUDLQV�XVLQJ�VLWH�GLUHFWHG�PXWDJHQHVLV��6LQJOH�
DQG�GRXEOH�PXWDQWV�ZHUH�HYDOXDWHG�LQ�HQ]\PH�OLQNHG�LPPXQRVRUEHQW�DVVD\��(/,6$��WR�PHDVXUH�ELQGLQJ�DIILQLW\�IRU�
+&9�VSHFLILF�E1$EV�SUHYLRXVO\�LVRODWHG�IURP�SDWLHQWV��%LQGLQJ�EHWZHHQ�VRPH�(��YDULDQWV�DQG�E1$E�JHUPOLQH�
SUHFXUVRUV�ZDV�PRGXODWHG�E\�WKHVH�PXWDWLRQV��EXW�PRVW�ZHUH�XQDIIHFWHG��,Q�IXWXUH�ZRUN��ZH�ZLOO�UDQGRPL]H�
SRVLWLRQV�LQ�(��WR�SURGXFH�DQG�VFUHHQ�OLEUDULHV�RI�PXWDQWV�ZLWK�JUHDWHU�VHTXHQFH�YDULDELOLW\���
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3VHXGRELQRPLDOLW\�RI�WKH�6WLFN\�5DQGRP�:DON�
9LQD\DN�.XPDU�
0HQWRUV��9HQNDWHVDQ�*XUXVZDPL�DQG�&KULVWRSKHU�8PDQV�

([SDQGHU�JUDSKV�DUH�H[WUHPHO\�XVHIXO�DV�DQ�HIILFLHQW�VRXUFH�RI�UDQGRPQHVV��6LPXODWLQJ�UDQGRP�ZDONV�RQ�H[SOLFLW�
FRQVWUXFWLRQV�RI�WKHVH�JUDSKV�DOORZ�IRU�HIILFLHQW�FRQVWUXFWLRQV�RI�SVHXGRUDQGRP�JHQHUDWRUV��H[WUDFWRUV��DQG��
HUURU�UHGXFWLRQ�SURWRFROV��,Q�WKLV�SURMHFW��ZH�DQDO\]H�D�UDQGRP�ZDON�PRGHO�EHOLHYHG�WR�EH�VLPSOHU�EXW�
DSSUR[LPDWHWR�WKH�H[SDQGHU�UDQGRP�ZDON��UHIHUUHG�WR�DV�WKH³VWLFN\�UDQGRP�ZDON´��7KLV�PRGHO�LV�OLNH�VWDQGDUG��
FRLQ�IOLSSLQJ��EXWLQVWHDG�RI�HDFK�IOLS�EHLQJ�LQGHSHQGHQWO\DQG�HTXDOO\�KHDGV�RU�WDLOV�WKH�FXUUHQW�FRLQ�IOLS�VWLFNV�WR�WKH�
SUHYLRXV�IOLS�ZLWK�D�SDUDPHWUL]HGSUREDELOLW\�WKDW�LV�DW�OHDVW�ò�:H�DQDO\]H�KRZ�PXFK�WKLV�VWLFN\�ZDON�UHVHPEOHV�WKH�
VWDQGDUG�ELQRPLDO�GLVWULEXWLRQDQG�DWWHPSW�WRILQG�DQ\�LPSOLFDWLRQV�WKHVH�UHVXOWV�KDYH�IRU�WKH�JHQHUDO�H[SDQGHU�ZDON��

([SORULQJ�WKH�(DUO\�'HDWK�RI�*DOD[LHV�:LWK�&RVPRORJLFDO�6LPXODWLRQV�
6KDOLQL�.XULQFKL�9HQGKDQ��
0HQWRUV��0LFKDHOD�0��+LUVFKPDQQ��&KDUOHV�/��6WHLQKDUGW��DQG�3KLOLS�)��+RSNLQV�

5HFHQW�VWXGLHV�KDYH�UHYHDOHG�WKDW�IRU�VRPH�JDOD[LHV��VWDU�IRUPDWLRQ�KDV�EHHQ�VXSSUHVVHG�RU�TXHQFKHG�VXUSULVLQJO\�
HDUO\�LQ�WKH�KLVWRU\�RI�WKH�8QLYHUVH��FDXVLQJ�WKHP�WR�EHFRPH�SUHPDWXUHO\�³GHDG´�RU�TXLHVFHQW��1HZ�REVHUYDWLRQV�
SRLQW�WR�WKH�HQHUJ\�UHOHDVH�RI�WKHLU�FHQWUDO�EODFN�KROHV��FDOOHG�DFWLYH�JDODFWLF�QXFOHL��$*1���DV�D�SRVVLEOH�
H[SODQDWLRQ�IRU�WKH�HDUO\�GHDWK�RI�WKHVH�JDOD[LHV��+RZHYHU��WKHRUHWLFDO�PRGHOV�UHSHDWHGO\�VKRZ�WKDW�$*1�UHJXODWH�
VWDU�IRUPDWLRQ�LQ�RQO\�PDVVLYH�JDOD[LHV��7KLV�LQWURGXFHV�D�WHQVLRQ�EHWZHHQ�REVHUYDWLRQV�DQG�VLPXODWLRQV�ZKLFK�
FDQQRW�EH�UHVROYHG�ZLWK�QHZ�REVHUYDWLRQV��DV�RQO\�WKH�PRVW�PDVVLYH�JDOD[LHV�DUH�EULJKW�HQRXJK�WR�EH�VHHQ�DW�HDUO\�
WLPHV��,QVWHDG��ZH�WDNH�DGYDQWDJH�RI�WKH�VWDWH�RI�WKH�DUW�FRVPRORJLFDO�VLPXODWLRQ�,OOXVWULV71*�����ZLWK�D�SDUWLFXODU�
IRFXV�RQ�LVRODWHG�TXLHVFHQW�GZDUIV��VRPH�RI�WKH�VPDOOHVW�EXW�ROGHVW�REMHFWV�LQ�RXU�8QLYHUVH��:H�SUHGLFW�WKDW�WKH�
VLPXODWHG�LVRODWHG�TXLHVFHQW�GZDUIV��DQG�WKHUHIRUH�VPDOO�JDOD[LHV�LQ�WKH�HDUO\�8QLYHUVH��ZHUH�PDLQO\�TXHQFKHG�E\�
VWHOODU�IHHGEDFN��ZLWK�$*1�DV�D�FRQWULEXWLQJ�IDFWRU��

7RZDUGV�)RUPDOL]DWLRQ�RI�D�'LVWULEXWHG�&RPSXWLQJ�/DQJXDJH�
7KRPDV�.ZD�
0HQWRUV��$OH[�$LNHQ��(OOLRWW�6ODXJKWHU��DQG�&KULV�8PDQV�

/HJLRQ�LV�D�SURJUDPPLQJ�ODQJXDJH�DQG�UXQWLPH�IRU�GLVWULEXWHG�FRPSXWLQJ��LW�FDQ�VFDOH�FRPSXWDWLRQV�WR�KXQGUHGV�RI�
QRGHV�ZLWK�PXFK�OHVV�SURJUDPPHU�HIIRUW�WKDQ�RWKHU�VXFK�IUDPHZRUNV��,W�LV�XQFRPPRQ�WR�XVH�SURRI�DVVLVWDQWV�WR�
SURYH�WKH�VRXQGQHVV�RI�ODQJXDJHV�RI�WKLV�FRPSOH[LW\��KRZHYHU��LW�LV�DOVR�XVHIXO��EHFDXVH�D�EXJ�LQ�WKH�W\SH�V\VWHP�
FRXOG�FDXVH�EXJV�LQ�WKRXVDQGV�RI�VFLHQWLILF�SURJUDPV��:H�IRUPDOL]H�WKH�W\SH�V\VWHP�DQG�H[HFXWLRQ�UXOHV�IRU�D�
VLPSOLILHG�YHUVLRQ�RI�/HJLRQ�LQ�WKH�SURRI�DVVLVWDQW�&RT��PHFKDQL]H�VRPH�H[LVWLQJ�SURRIV��DQG�FUHDWH�D�URDGPDS�IRU�
PHFKDQL]DWLRQ�RI�WKH�UHPDLQLQJ�SURRIV��

6SHFWURVFRS\�RI�1RYD�6KHOOV
5HEHFFD�.\HU�
0HQWRUV��0DWW�'DUQOH\�DQG�eDPRQQ�+DUYH\

&DWDFO\VPLF�YDULDEOHV�FRQVLVW�RI�D�ZKLWH�GZDUI��:'��SULPDU\�DQG�D�6XQ�OLNH�VHFRQGDU\�VWDU�ZKLFK�DUH�XQGHUJRLQJ�
PDVV�WUDQVIHU��0DWHULDO�DFFUHWHV�RQWR�WKH�:'�DQG�D�VKHOO�RI�K\GURJHQ�ULFK�PDWHULDO�DFFXPXODWHV�RQ�LWV�VXUIDFH�XQWLO�
LW�XQGHUJRHV�WKHUPRQXFOHDU�UXQDZD\�DQG�WKLV�PDWHULDO�LV�HMHFWHG��7KH�VL]H��GXUDWLRQ�DQG�VKDSH�RI�WKH�HUXSWLRQ�FDQ�
RFFXU�LQ�D�YDULHW\�RI�ZD\V�ZKLFK�GHILQH�GLIIHUHQW�FODVVHV�RI�QRYDH��,Q�WKLV�SURMHFW�ZH�FRQVWUXFWHG�D�FHQWUDOL]HG�
GDWDEDVH�RI�QRYD�REVHUYDWLRQV�IURP�WKH�/LYHUSRRO�7HOHVFRSH��/7���7KH�/7�KDV�RSHUDWHG�URERWLFDOO\�IRU�DERXW����
\HDUV��WDNLQJ�SKRWRPHWU\��VSHFWURVFRS\�DQG�SRODULPHWU\��DOO�RI�ZKLFK�DUH�DXWRPDWLFDOO\�IXOO\�UHGXFHG�DQG�VWRUHG�LQ�D�
VHDUFKDEOH�GDWD�DUFKLYH�RQOLQH��:H�FUHDWHG�D�GDWDEDVH�RI�VSHFWURVFRSLF�QRYD�REVHUYDWLRQV�ZLWKLQ�WKH�/7�DUFKLYH�
ZKLFK�ZLOO�EH�XVHG�E\�WKH�$VWURSK\VLFV�5HVHDUFK�,QVWLWXWH�QRYD�JURXS�DW�/-08�WR�IHHG�PRGHOV�RI�QRYD�VKHOO�HMHFWD��
7KH�ILQDO�SURGXFW�LQFOXGHV�D�0\64/�GDWDEDVH�RI�VSHFWUD�DV�ZHOO�DV�3\WKRQ�VFULSWV�IRU�FDOFXODWLQJ�HPLVVLRQ�OLQH�
FKDUDFWHULVWLFV�DQG�GLVSOD\LQJ�VSHFWUD�DQG�OLQH�SORWV��:H�DSSOLHG�WKH�3\&URVV�SLSHOLQH�WR�REVHUYDWLRQV�RI�D�VDPSOH�
QRYD�WR�GHPRQVWUDWH�KRZ�WKH�GDWDEDVH�DQG�VFULSWV�ZLOO�EH�XVHG�WR�FUHDWH�SVHXGR��'�SKRWRLRQL]DWLRQ�PRGHOV�RI�
QRYD�VKHOOV���

0RGHOOLQJ�5HDFWRU�'\QDPLFV�IRU�2FHDQLF�&DUERQ�'LR[LGH�6HTXHVWUDWLRQ�:LWK�/LPHVWRQH�:HDWKHULQJ�
$OEHUW�.\L�
0HQWRU��-HVV�$GNLQV�DQG�6LMLD�'RQJ�

0\ULDG�FOLPDWH�PRGHOV�KDYH�GHPRQVWUDWHG�WKH�QHFHVVLW\�RI�HIIHFWLYH�FDUERQ�GLR[LGH�FDSWXUH�DQG�VHTXHVWUDWLRQ�WR�
UHDFK�����DQG���GHJUHH�FHOVLXV�JOREDO�ZDUPLQJ�WDUJHWV��8VLQJ�WKH�RFHDQ�DV�D�FDUERQ�VLQN�KDV�HPHUJHG�DV�D�
SRWHQWLDO�PHWKRG�IRU�PLOOHQLD�VFDOH�FDUERQ�GLR[LGH�HQJLQHHULQJ��:HDWKHULQJ�OLPHVWRQH�E\�UHDFWLQJ�FDUERQ�GLR[LGH�
HPLWWHG�LQ�IOXH�JDV�VWUHDPV�ZLWK�ZDWHU�WR�JHQHUDWH�GLVVROYHG�LQRUJDQLF�FDUERQ�IL[HV�DQWKURSRJHQLF�FDUERQ�DV�
ELFDUERQDWH�LRQ��0DULWLPH�VKLSSLQJ�YHVVHOV�SUHVHQW�D�FOHDU�RSSRUWXQLW\�WR�DSSO\�VXFK�D�VHTXHVWUDWLRQ�PHWKRG��GXH�
WR�WKHLU�KLJK�HPLVVLRQV�DQG�HDV\�DFFHVV�WR�ERWK�VHDZDWHU�DQG�FRQFHQWUDWHG�FDUERQ�GLR[LGH�VWUHDPV��7KHVH�IDFWRUV��
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LQ�DGGLWLRQ�WR�FDOFLWH�SURSHUWLHV��ZHUH�ILUVW�PRGHOOHG�DV�D�WZR�VWDJHG�UHDFWRU��VHSDUDWLQJ�HTXLOLEUDWLRQ�RI�VHDZDWHU�
ZLWK�IOXH�JDV�LQ�D�EXEEOH�FROXPQ��DQG�FDOFLWH�GLVVROXWLRQ�LQ�D�SDFNHG�EHG�UHDFWRU��7KH�PRGHO�ZDV�WKHQ�PRGLILHG�WR�
UHSUHVHQW�D�WKUHH�SKDVH�IOXLGL]HG�EHG�UHDFWRU��ZKLFK�DFFRXQWV�IRU�FDUERQ�GLR[LGH�EXEEOLQJ�DQG�PDVV�WUDQVIHU��%RWK�
PRGHOV�ZHUH�DQDO\]HG�IRU�UHDFWLRQ�WLPH�VFDOHV��HIIOXHQW�GLVVROYHG�LQRUJDQLF�FDUERQ�DQG�DONDOLQLW\��VWRUDJH�HIILFLHQF\��
DQG�UHDFWLRQ�RSWLPL]DWLRQ��7KLV�DQDO\VLV�ZLOO�HQDEOH�ODUJH�VFDOH�UHDFWRU�GHYHORSPHQW��ZLWK�WKH�SRWHQWLDO�WR�KDOYH�
PDULWLPH�VKLSSLQJ�HPLVVLRQV��

,QWHJHUV�5HSUHVHQWDEOH�DV�6XPV�RI�7HWUDKHGUDO�1XPEHUV�
&KDUOH\�/D)D\HWWH�
0HQWRU��'LQDNDU�5DPDNULVKQDQ�

:H�FRQVLGHU�UHSUHVHQWDWLRQV�RI�SRVLWLYH�LQWHJHUV�DV�VXPV�RI�ELQRPLDO�FRHIILFLHQWV�RI�WKH�IRUP� �ZKHUH� ��8VLQJ�
SURJUDPV�ZH�ZURWH�WR�H[SOLFLWO\�GHWHUPLQH�UHSUHVHQWDWLRQV�HIILFLHQWO\�E\�VHDUFKLQJ�RYHU�LQWHJHU�ODWWLFH�SRLQWV��ZH�
ILUVW�ORRN�IRU�SRVLWLYH�LQWHJHUV ͷͲͲͲ�DV� ��7KHQ��ZH�VHDUFK�IRU�LQWHJHUV�UHSUHVHQWHG�E\�D�VXP�RI�
WZR�� ��DQG�H[SORUH�SDWWHUQV�LQ�WKH�UHVXOWV�WR�DWWHPSW�WR�GHWHUPLQH�ZKDW�FRQGLWLRQV�DOORZ�IRU�VXFK�D�
UHSUHVHQWDWLRQ��)LQDOO\��LQVSLUHG�E\�WKH�IDPRXV�³7D[LFDE�QXPEHUV´�ZH�FRQVLGHU�D�VXEVHW�RI�LQWHJHUV�DV�D�VXP�RI�WZR�
ZKHUH�ZH�VHDUFK�IRU�LQWHJHUV�WKDQ�FDQ�EH�UHSUHVHQWHG�DV�D�VXP�RI�WZR�SRVLWLYH�WHWUDKHGUDO�QXPEHUV��WZR�
QRQWULYLDOO\�GLIIHUHQW�ZD\V��H�J��LQWHJHUV� �Ͳ�VXFK�WKDW�� �ZKHUH� ǡ ǡ ǡ ���ZH�GXE�WKHVH�
QXPEHUV�³6FRRWHU�QXPEHUV �́�:H�WKHQ�GHOYH�LQWR�SDWWHUQV�DQG�UHODWLRQV�LQ�WKH�VHW�SURGXFHG�WR�SURSRVH�SRWHQWLDO�
SURSHUWLHV�RI�VFRRWHU�QXPEHUV��

3DUWLFOH�/DGHQ�)ORZ�
-RVKXD�/HH�
0HQWRUV��*XLOODXPH�%ODQTXDUW�DQG�-RVHSK�5XDQ�

3DUWLFOH�WUDQVSRUW�LQ�ULYHUV��EORRG�YHVVHOV��DQG�WKH�DWPRVSKHUH�GHPRQVWUDWH�IOXLG�SDUWLFOH�LQWHUDFWLRQV��:H�
LQWURGXFHG�SDUWLFOHV�XQLIRUPO\�HYHU\ZKHUH��QHDU�WKH�ZDOO��DQG�RXWVLGH�WKH�717�LQWHUIDFH�LQ�D�FRPSXWHU�VLPXODWHG�
IORZ�ILHOG��7KH�SDUWLFOHV�DUH�JHQHUDOO\�FRQVWUDLQHG�LQ�HQWUDLQPHQW�VWUXFWXUHV�RU�HGGLHV�DV�WKH\�H[SHULHQFH�WKH��
717�LQWHUIDFH�DQG�WKH�YLVFRXV�VXEOD\HU�YHU\�QHDU�WKH�ZDOO��7KLV�SURMHFW�IRFXVHV�RQ�WKH�ERXQGDU\�OD\HU¶V�HIIHFWV�RQ�
WKH�SDUWLFOHV
�WUDMHFWRU\��:H�WUDFNHG�WKH�SDUWLFOH�PRYHPHQW�E\�XVLQJ�3DUDYLHZ�WR�GLVSOD\�WKH�SDUWLFOHV�WUDMHFWRU\�
WKURXJK�WKH�ILHOG��7KH�EHKDYLRU�RI�WKH�SDUWLFOHV�QHDU�WKH�ZDOO�ZDV�FRPSDUHG�WR�WKH�WUDQVSRUW�RI�WXUEXOHQFH��7KH�
EHKDYLRU�RI�WKH�SDUWLFOHV�LQMHFWHG�LQ�WKH�IUHH�VWUHDP�ZDV�FRPSDUHG�WR�WKH�ORFDWLRQ�RI�WKH�717�LQWHUIDFH�DV�ZHOO�DV�
WKH�ERXQGDU\�OD\HU�WKLFNQHVV��:KLOH�DOO�WKH�SDUWLFOHV�IROORZHG�D�RQH�GLPHQVLRQDO�WUDMHFWRU\��WKRVH�DURXQG�WKH��
717�LQWHUIDFH�H[SHULHQFHG�LQVWDQWDQHRXVO\�UDQGRP�GLVSODFHPHQW��7R�LQYHVWLJDWH�WKH�PL[LQJ�DELOLW\�RI�WXUEXOHQFH��
SDLUV�RI�SDUWLFOHV�ZHUH�WKHQ�LQMHFWHG�DQ�LQILQLWHVLPDO�GLVWDQFH�DSDUW�WKURXJKRXW�WKH�ERXQGDU\�OD\HU��)URP�WKHVH�
SDLUV��D�WLPH�VFDOH�ZDV�H[WUDFWHG�WR�TXDQWLI\�WKH�WLPH�EHIRUH�WKH�WZR�SDUWLFOH�SDWKV�EHFRPH�FRPSOHWHO\�
GHFRUUHODWHG��7R�IXOO\�LOOXVWUDWH�WKHVH�UHVXOWV��ZH�FUHDWHG�PXOWLSOH�YLGHRV�WR�VHH�WKLV��

&RQQHFWRPLFV�%DVHG�,QYHVWLJDWLRQ�RI�&KHPLFDO�,QIRUPDWLRQ�,QWHJUDWLRQ�LQ�)O\�2OIDFWRU\�1HXURQV�
.DWHO\Q�/HH�
0HQWRU��(OL]DEHWK�+RQJ

2OIDFWLRQ�LV�DQ�LPSRUWDQW�DQG�FRPSOH[�V\VWHP�LQ�'URVRSKLOD�PHODQRJDVWHU��\HW�WKH�XQGHUO\LQJ�ORJLF�RI�LWV�VWUXFWXUH�
UHPDLQV�ODUJHO\�XQNQRZQ��7KH�UHFHQW�DGYDQFHPHQW�LQ�KLJK�WKURXJKSXW�QHXURQ�WUDFLQJ�DQG�FRPSXWLQJ�SRZHU�KDV�
HQDEOHG�D�FRQQHFWRPLFV�EDVHG�LQYHVWLJDWLRQ�RI�ZKHWKHU�WKH�QHXUDO�FRQQHFWLYLW\�RI�WKH�ROIDFWRU\�V\VWHP�IROORZV�D�
UDQGRP�RU�DQ�RUGHUHG��RGRU�GHSHQGHQW�VWUXFWXUH��6SHFLILFDOO\��WKLV�SDSHU�VHHNV�WR�XQGHUVWDQG�WKH�VWUXFWXUH�RI�HDUO\�
ROIDFWRU\�SURFHVVLQJ�EHWZHHQ�JORPHUXOL�DQG�PXOWL�JORPHUXODU�SURMHFWLRQ�QHXURQV�LQ�WKH�DQWHQQDO�OREH��DV�ZHOO�DV�WKH�
FRQQHFWLYLW\�LQ�WKH�ODWHUDO�KRUQ��3URMHFWLRQ�QHXURQV�JDWKHU�LQSXW�IURP�ROIDFWRU\�UHFHSWRU�QHXURQV�LQ�VWUXFWXUHV�FDOOHG�
JORPHUXOL�DQG�WUDQVIHU�WKH�LQIRUPDWLRQ�WR�KLJKHU�RUGHU�SURFHVVLQJ�FHQWHUV�VXFK�DV�WKH�ODWHUDO�KRUQ��$V�VXFK��WKLV�
SURMHFW�LQYHVWLJDWHV�ZKHWKHU�D�SURMHFWLRQ�QHXURQ�ZLWK�PXOWLSOH�JORPHUXODU�LQSXWV�JDWKHUV�LWV�JORPHUXODU�LQSXW�
UDQGRPO\�RU�FOXVWHUV�JORPHUXOL�DVVRFLDWHG�ZLWK�VLPLODU�EHKDYLRUV��6WDWLVWLFDO�DQDO\VLV�YLD�N�PHDQV�FOXVWHULQJ�\LHOGHG�
SUHOLPLQDU\�GDWD�VXJJHVWLQJ�D�QRQ�UDQGRP�FOXVWHULQJ�RI�JORPHUXOL�DPRQJ�SURMHFWLRQ�QHXURQV���

,PSURYLQJ�/RZHU�%RXQGV�IRU�/LQHDU�6L]H�$GGLWLYH�6SDQQHUV�DQG�6KRUWFXWWLQJ�6HWV�
/LQ�/LQ�/HH�
0HQWRU��9LUJLQLD�9DVVLOHYVND�:LOOLDPV�DQG�7KRPDV�9LGLFN�

7R�LPSURYH�HIILFLHQF\�LQ�JUDSK�DOJRULWKPV��JUDSK�FRPSUHVVLRQ�VFKHPHV�VXFK�DV�JUDSK�VSDQQHUV�KDYH�EHHQ�XVHG�WR�
DSSUR[LPDWH�WKH�WUXH�JUDSK�ZLWKLQ�VRPH�VSHFLILHG�HUURU��6SDQQHUV�DUH�VSDUVHU�VXEJUDSKV�RI�WKH�RULJLQDO�JUDSK��
�L�H���KDYLQJ�IHZHU�HGJHV���GHVLJQHG�WR�SUHVHUYH�LQIRUPDWLRQ�DERXW�GLVWDQFHV�LQ�WKH�RULJLQDO�JUDSK��8QGHUVWDQGLQJ�
WKH�WUDGH�RII�EHWZHHQ�WKH�VSDUVLW\�RI�WKH�VSDQQHU�DQG�LWV�DFFXUDF\�LV�DQ�DUHD�RI�LQWHUHVW�SDUWLFXODUO\�IRU�DGGLWLYH�
VSDQQHUV��ZKLFK�SUHVHUYH�GLVWDQFHV�ZLWKLQ�DQ�DGGLWLYH�DPRXQW�RI�HUURU��$�UHODWHG�JUDSK�WKHRU\�SUREOHP�LQYROYHV�
VKRUWFXWWLQJ�VHWV��VHWV�RI�HGJHV�DGGHG�WR�D�JUDSK�WR�UHGXFH�WKH�GLVWDQFH�EHWZHHQ�SDLUV�RI�YHUWLFHV��ZKLFK�KDYH�
SUDFWLFDO�DSSOLFDWLRQV�VLPLODU�WR�VSDQQHUV��H�J��FRPPXQLFDWLRQ�QHWZRUNV���:H�H[DPLQH�WKH�WUDGH�RII�LQ�VSDUVLW\�DQG�
DFFXUDF\�LQ�ERWK�VSDQQHUV�DQG�VKRUWFXWWLQJ�VHWV�LQ�WKH�FDVH�RI�D�OLQHDU�QXPEHU�RI�HGJHV�LQ�WKH�QXPEHU�RI�YHUWLFHV��
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E\�DWWHPSWLQJ�WR�LPSURYH�RQ�WKH�H[LVWLQJ�ORZHU�ERXQGV�RI� Ȁ �IRU�2�Q��VL]H�VSDQQHUV�DQG� Ȁ �IRU�2�Q��VL]H�
VKRUWFXWWLQJ�VHWV��UHVSHFWLYHO\��:H�PRGLI\�JUDSK�FRQVWUXFWLRQV�XVHG�WR�VKRZ�SUHYLRXV�ORZHU�ERXQGV�LQ�RUGHU�WR�
FORVH�WKH�JDS�WR�WKH�FXUUHQW�NQRZQ�XSSHU�ERXQGV�IRU�ERWK�SUREOHPV��

7KH�'HYHORSPHQW�RI�7HVW�0HFKDQLVPV�IRU�(DUWK�$QDORJ�0DUV�+HOLFRSWHU�0LG�$LU�'HSOR\PHQW�
5HJLQD�/HH�
0HQWRUV��-RHO�%XUGLFN�DQG�-DFRE�,VUDHOHYLW]�

7KLV�SURMHFW�ZLOO�LQYHVWLJDWH�WKH�IHDVLELOLW\�RI�D�PLG�DLU�GURQH�GHSOR\PHQW�DV�SDUW�RI�IXWXUH�0DUV�KHOLFRSWHU�PLVVLRQV��
7KLV�LV�DQ�LQLWLDO�SURRI�RI�FRQFHSW�H[SHULPHQW�DQG�GHPRQVWUDWHV�DQ�HDUWK�DQDORJ�YHUVLRQ�RI�GHSOR\PHQW��8VLQJ��
VHOI�VWDELOL]DWLRQ�FRQFHSWV�IURP�D�WDQJHQWLDO�SURMHFW��6WUHDPOLQHG�4XLFN�8QIROGLQJ�,QYHVWLJDWLRQ�'URQH��648,'���WKH�
JRDO�LV�IRU�WKH�GURQH�WR�VWDELOL]H�LWVHOI�DIWHU�EHLQJ�GHSOR\HG�PLG�DLU��,I�VXFFHVVIXO��WKLV�UHPRYHV�WKH�QHHG�IRU�ODQGLQJ�
JHDU�DQG�FXWV�WKH�RYHUDOO�FRVW�DQG�ZHLJKW�QHHGHG�WR�VHQG�GURQHV�WR�PDUV��7KLV�SURMHFW�IRFXVHV�RQ�FUHDWLQJ�D�WHWKHU�
DVVHPEO\�WR�KHOS�WHVW�WKH�GURQH
V�VHOI�VWDELOL]DWLRQ�DVSHFW��7KLV�WHWKHU�ZLOO�GHSOR\�WKH�GURQH�ZKHQ�GLUHFWHG�DQG�DOORZ�
WKH�RSWLRQ�WR�GHSOR\�WKH�GURQH�DW�DQ�DQJOH��VLPXODWLQJ�D�PRUH�UHDOLVWLF�GHVFHQW��7KH�SURWRW\SH�DVVHPEO\�ZDV�
GHVLJQHG�LQ�6ROLGZRUNV�DQG�PDQXIDFWXUHG�XVLQJ�HLWKHU��'�SULQWHG�PDWHULDO�RU�RII�WKH�VKHOI�SDUWV��7KH�DVVHPEO\¶V�
KHLJKW�FDQ�EH�FRQWUROOHG�UHPRWHO\�GXULQJ�WHVWLQJ���DQG�GURQH�UHOHDVH�DQJOH�FDQ�EH��PDQXDOO\�DGMXVWHG�SULRU�WR�
WHVWLQJ��7KH�GURQH�LV�RULHQWHG�LQ�WKH�VDPH�DQJOH�DV�WKH�WHWKHU�DVVHPEO\��DQG�LV�UHOHDVHG�YLD�D�SLQ�PHFKDQLVP�
FRQWUROOHG�E\�D�VHUYR��7KH�EDFNVKHOO�SURWRW\SH�WR�VLPXODWH�LWV�DHURVKHOO�ZDV�PDGH�RI�IRDP�DV�D�TXLFN�DQG�DFFXUDWH�
KRXVLQJ�IRU�WKH�WHWKHU�DQG�GURQH�DVVHPEO\���

,VRODWLQJ�WKH�5ROH�RI�9RODWLOHV�LQ�WKH�(URVLRQ�RI�%HGURFN�&KXWHV�RQ�)UHVK�0DUWLDQ�&UDWHU�5LPV��
�'�&RPSDULVRQV�%HWZHHQ�0DUV�DQG�WKH�0RRQ�
-DQHWWH�/HYLQ�
0HQWRUV��0LFKDHO�/DPE�DQG�-DPHV�'LFNVRQ�

%HGURFN�FKXWHV�DUH�FKDQQHO�OLNH�IHDWXUHV�RQ�WKH�ZDOOV�RI�PDUWLDQ�FUDWHUV�ZKLFK�FRXOG�EH�LQGLFDWRUV�RI�YRODWLOH�
DFWLYLW\��+RZHYHU��WKH�SUHVHQFH�RI�YRODWLOHV�VXFK�DV�+ 2�RU�&2 �LQ�WKH�PDUWLDQ�HQYLURQPHQW�LV�QRW�ZHOO�FRQVWUDLQHG��
DQG�LW�LV�XQNQRZQ�ZKHWKHU�EHGURFN�FKXWHV�FDQ�EH�FDUYHG�E\�GU\�URFNIDOO��7R�LQYHVWLJDWH�WKH�RULJLQ�RI�EHGURFN�FKXWHV�
DQG�ZKHWKHU�WKHLU�PRUSKRORJ\�UHIOHFWV�YRODWLOH�DFWLYLW\�RU�QRW��ZH�PHDVXUHG�DWWULEXWHV�RI�PDUWLDQ�EHGURFN�FKXWHV�RQ�
WKH�JOREDO�VFDOH�WR�GHWHUPLQH�WKHLU�VSDWLDO�GLVWULEXWLRQ��DV�YRODWLOH�DFWLYLW\�KDV�D�VWURQJ�ODWLWXGH�GHSHQGHQFH�RQ�
0DUV� :H�IXUWKHU�FDWHJRUL]HG�WKH�FRRFFXUUHQFH�RI�EHGURFN�FKXWHV�ZLWK�FKDQQHOL]HG�IDQV�±�IHDWXUHV�SUHYLRXVO\�
DUJXHG�WR�LQGLFDWH�YRODWLOH�DFWLYLW\��:H�DOVR�DQDO\]HG�EHGURFN�FKXWHV�RQ�WKH�0RRQ��ZKLFK�LV�SUHVXPDEO\�GHYRLG�RI�
VLJQLILFDQW�YRODWLOH�DFWLYLW\��DV�D�FRQWURO�HQYLURQPHQW��:H�SURGXFHG�KLJK�UHVROXWLRQ�'LJLWDO�(OHYDWLRQ�0RGHOV�IURP�
+L5,6(��&7;��DQG�/52�1$&�GDWD�XVLQJ�VWHUHR�SKRWRJUDPPHWU\�WR�PHDVXUH�GHSWK��ZLGWK��DQG�VORSH�RI�WKH�EHGURFN�
FKXWHV��5HVXOWV�VKRZ�WKDW�GU\�URFNIDOO�FDQ�IRUP�EHGURFN�FKXWHV��DQG�WKDW�GHHSHU�FKXWHV�FRUUHVSRQG�WR�DUHDV�ZLWK�
SRVVLEOH�YRODWLOH�DFWLYLW\��:H�FRQFOXGH�WKDW�EHGURFN�FKXWHV�FDQ�IRUP�WKURXJK�GU\�SURFHVVHV��EXW�V\VWHPDWLF�WUHQGV�
LQ�WKHLU�LQFLVLRQ�GHSWKV�FDQ�EH�XVHG�DV�DQ�LQGLFDWRU�RI�YRODWLOH�DFWLYLW\��

,PSOHPHQWLQJ�5HPRWH�6WDWH�3UHSDUDWLRQ�RQ�D�1RLV\�,QWHUPHGLDWH�6L]H�4XDQWXP�'HYLFH�
/DXUD�/HZLV�
0HQWRUV��7KRPDV�9LGLFN�DQG�$OH[DQGUX�*KHRUJKLX�

,Q�WKLV�UHVHDUFK�SURMHFW��ZH�LQYHVWLJDWH�WKH�LPSOHPHQWDWLRQ�RI�D�SURWRFRO�IRU�UHPRWHO\�SUHSDULQJ�TXDQWXP�VWDWHV��
ZLWK�DSSOLFDWLRQV�WR�EOLQG�DQG�YHULILDEOH�GHOHJDWHG�TXDQWXP�FRPSXWDWLRQ��7KH�UHPRWH�VWDWH�SUHSDUDWLRQ�SURWRFRO�
UHOLHV�RQ�WKH�XVH�RI�FU\SWRJUDSKLF�SULPLWLYHV�NQRZQ�DV�1RLV\�7UDSGRRU�&ODZ�)UHH��17&)��IXQFWLRQV��7KHVH�IXQFWLRQV�
DUH�EDVHG�RQ�FRQMHFWXUHG�SRVW�TXDQWXP�VHFXUH�SUREOHPV��VXFK�DV�/HDUQLQJ�ZLWK�(UURUV��/:(���7KH�JRDO�RI�WKH�
SURMHFW�LV�WR�LPSOHPHQW�WKH�HYDOXDWLRQ�RI�VXFK�IXQFWLRQV�LQ�VXSHUSRVLWLRQ�RQ�D�1RLV\�,QWHUPHGLDWH�6L]H�4XDQWXP
�1,64��'HYLFH��DOORZLQJ�XV�WR�DVVHVV�WKH�SRWHQWLDO�RI�1,64�GHYLFHV�IRU�FU\SWRJUDSKLF�DSSOLFDWLRQV��:H�GHVLJQHG�DQG�
RSWLPL]HG�TXDQWXP�FLUFXLWV�IRU�WKH�LPSOHPHQWDWLRQ�RI�WKH�17&)�IXQFWLRQV�DQG�DQDO\]HG�WKHLU�SHUIRUPDQFH�XVLQJ�WKH�
TXDQWXP�SURJUDPPLQJ�ODQJXDJH�4���:H�DOVR�FRQVLGHUHG�GLIIHUHQW�SRVW�TXDQWXP�VHFXUH�SUREOHPV�DV�WKH�EDVLV�IRU�
WKHVH�IXQFWLRQV��VXFK�DV�/HDUQLQJ�3DULW\�ZLWK�1RLVH��/HDUQLQJ�ZLWK�5RXQGLQJ�DQG�5LQJ�/HDUQLQJ�ZLWK�(UURUV��WR�ILQG�
FLUFXLWV�WKDW�DUH�RSWLPDO�LQ�WHUPV�RI�GHSWK�DQG�UHTXLUHG�QXPEHU�RI�TXELWV��

8QGHUVWDQGLQJ�3KRWRDVVHPEO\�DQG�2[\JHQ�(YROXWLRQ�LQ�3KRWRV\VWHP�,,�7KURXJK�0ROHFXODU�'\QDPLFV�
$QQD�/L�
0HQWRUV��:RRGZDUG�)LVFKHU�DQG�-RKQ�0DJ\DU

3KRWRV\VWHP�,,�SHUIRUPV�WKH�UROH�RI�ZDWHU�R[LGDWLRQ�LQ�SKRWRV\QWKHVLV��ZLWK�WKH�RYHUDOO�UHDFWLRQ��
�+�2� �2�����+�����H���7KH�IRUPDWLRQ�RI�2��RFFXUV�DW�WKH�R[\JHQ�HYROYLQJ�FRPSOH[��2(&���D�WHWUD�PDQJDQHVH�
FOXVWHU��ZKLFK�LV�OLJDWHG�E\�UHVLGXHV�IURP�WKH�'��DQG�&3���VXE�SURWHLQV�RI�WKH�36,,�FRPSOH[��,Q�WKLV�SURFHVV��WKH�
2(&�LV�R[LGL]HG�IRXU�WLPHV�E\�WKH�UHGR[�DFWLYH�7\URVLQH]�SURJUHVVLQJ��WKURXJK���LQWHUPHGLDWH�6�VWDWHV��6����6����
([SHULPHQWDO�GDWD�IURP�(35�VSHFWURVFRS\�KDV�HOXFLGDWHG�PDQ\�GHWDLOV�RQ�WKH�LQWHUPHGLDWH�VWUXFWXUHV�DQG�
PHFKDQLVPV�RI�WKH�2(&�LQ�WKLV�SURFHVV��DV�ZHOO�DV�WKH�DVVHPEO\�RI�WKH�FRPSOH[��EXW�GXH�WR�WKH�VKRUW�OLYHG�QDWXUH�
RI�VRPH�VWDWHV�DQG�WKH�GLIILFXOW\�RI�JHWWLQJ�(35�GDWD�IRU�0Q�LQ�GLIIHUHQW�VSLQ�VWDWHV��FRPSXWDWLRQDO�FKHPLVWU\�
PRGHOLQJ�FDQ�EH�XVHG�WR�VXSSOHPHQW�H[SHULPHQWDO�UHVXOWV��:H�KDYH�GRQH�VHYHUDO�RSWLPL]DWLRQ�VWHSV�DQG�PROHFXODU�
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G\QDPLFV�VLPXODWLRQV�RQ�WKH�;�UD\�VWUXFWXUHV�RI�WKH�'��DQG�&3���VXE�SURWHLQV�WR�DFKLHYH�DQ�DSR�VWUXFWXUH�RI�WKH�
2(&�DFWLYH�VLWH��:H�FRQWLQXH�WR�SHUIRUP�PROHFXODU�G\QDPLFV�RQ�YDULRXV�WKHRUHWLFDO�VWDWHV�RI�WKH�2(&�WR�HOXFLGDWH�
PRUH�LQIRUPDWLRQ�RQ�WKH�DVVHPEO\�DQG�PHFKDQLVPV�RI�WKH�2(&�

0RQWH�&DUOR�6LPXODWLRQV�RI�(OHFWURQ�DQG�3KRQRQ�7KHUPDOL]DWLRQ�LQ�*UDSKHQH�DW�WKH�'LIIXVLYH�%DOOLVWLF�
&URVVRYHU�3RLQW�
6RSKLH�/L��
0HQWRUV��0LFKDHO�5RXNHV��6WHYDQ�1DGM�3HUJH��DQG�5DM�.DWWL��

7KH�DELOLW\�WR�GHWHFW�VLQJOH�SKRWRQV�KDV�DSSOLFDWLRQV�LQ�D�ZLGH�UDQJH�RI�GLVSDUDWH�ILHOGV��2QH�DSSURDFK�IRU�SXVKLQJ�
WKH�OLPLWV�RI�VLQJOH�SKRWRQ�GHWHFWRU��63'��HQHUJ\�UHVROXWLRQ�LV�WR�H[SORLW�WKH�WHPSHUDWXUH�ULVH�LQ�D��
ORZ�KHDW�FDSDFLW\�PDWHULDO�XSRQ�DEVRUSWLRQ�RI�D�SKRWRQ��$�FROODERUDWLRQ�EHWZHHQ�WKH�UHVHDUFK�JURXSV�RI�3URI��
0LFKDHO�5RXNHV�DQG�3URI��6WHYDQ�1DGM�3HUJH�KDV�GHYHORSHG�D�QRYHO�WKHUPDO�GHWHFWRU�EDVHG�RQ�JUDSKHQH��GXH�WR�LWV�
DWWUDFWLYH�HOHFWULFDO��WKHUPDO�DQG�PDWHULDO�SURSHUWLHV��,Q�FRQWUDVW�WR�PRVW�H[LVWLQJ�JUDSKHQH�WKHUPDO�GHWHFWRUV��WKLV�
63'�DFFHVVHV�WKH�QRYHO�UHJLPH�LQ�ZKLFK�WKH�PHDQ�IUHH�SDWK�RI�FKDUJH�FDUULHUV�H[FHHGV�WKH�GLPHQVLRQV�RI�WKH�IODNH��
,Q�WKLV�UHJLPH��ERXQGDU\�VFDWWHULQJ�GRPLQDWHV�WKH�EHKDYLRU�RI�SKRQRQV�DQG�HOHFWURQV�DQG�GHWHUPLQHV�WKH�
WHPSHUDWXUH�GLVWULEXWLRQ�DFURVV�WKH�JUDSKHQH�IODNH��%\�ZD\�RI�0RQWH�&DUOR�VLPXODWLRQV��ZH�KDYH�TXDQWLILHG�WKH�
HIIHFW�RI�GLIIXVH�VFDWWHULQJ�DQG�VSHFXODU�UHIOHFWLRQV�IRU�FLUFXODU�DQG�UHFWDQJXODU�IODNH�ERXQGDULHV��7KH�UHVXOWV�
VWURQJO\�VXSSRUW�H[LVWLQJ�OLWHUDWXUH�UHJDUGLQJ�SKRQRQ�KHDW�WUDQVIHU�DQG�VXUIDFH�VFDWWHULQJ���

%ODFNKROH�9LGHR�5HFRQVWUXFWLRQ�:LWK�3DUWLFOH�)LOWHULQJ�
(ULFK�/LDQJ�
0HQWRUV��.DWKHULQH�%RXPDQ�DQG�$YLDG�/HYLV�

$OWKRXJK�UDGLR�LQWHUIHURPHWU\�LV�RIWHQ�GLUHFWO\�DSSOLHG�LQ�WKH�LPDJLQJ�RI�FHOHVWLDO�ERGLHV��LPDJLQJ�EODFNKROHV�LV�
PXFK�PRUH�FKDOOHQJLQJ��7KLV�LV�GXH�WR�WKH�UDSLG�HYROXWLRQ�RI�EODFN�KROHV�RYHU�WLPH�DQG�WKH�QRLV\�PHDVXUHPHQWV�RI�
WKH�(YHQW�+RUL]RQ�7HOHVFRSH��(+7��GXH�WR�DWPRVSKHULF�FRQGLWLRQV��$V�D�UHVXOW��EODFNKROH�LPDJLQJ�PXFK�UHVHPEOHV�
VROYLQJ�D�+LGGHQ�0DUNRY�0RGHO��+00��SUREOHP��ZKHUH�WKH�VHTXHQFHV�RI�WUXH�LPDJH�RI�WKH�EODFNKROH�VHUYH�DV�WKH�
KLGGHQ�VWDWHV�DQG�WKH�VSDUVH�PHDVXUHPHQWV�PDGH�RI�WKH�EODFNKROH�VHUYH�DV�WKH�HPLVVLRQV��2QH�DSSURDFK�WR�WKH�
+00�SUREOHP�LV�WKURXJK�SDUWLFOH�ILOWHULQJ��D�0RQWH�&DUOR�W\SH�PHWKRG��7KRXJK�SDUWLFOH�ILOWHULQJ�LV�PRUH�
FRPSXWDWLRQDOO\�KHDY\�DQG�RQO\�DSSUR[LPDWHV�WKH�WUXH�VROXWLRQV�WR�+00V��WKH�PHWKRG�UHGXFHV�WKH�UHOLDQFH�RQ�
DVVXPSWLRQV�RI�LPDJH�SULRUV�WKDW�PRUH�WUDGLWLRQDO�PHWKRGV�VXFK�DV�H[SHFWDWLRQ�PD[LPL]DWLRQ��(0��UHO\�RQ��7KH�
FKDOOHQJLQJ�SDUW�RI�DSSO\LQJ�SDUWLFOH�ILOWHULQJ�WR�EODFNKROH�YLGHR�UHFRQVWUXFWLRQ�LV�GHFLGLQJ�KRZ�WR�DVVLJQ�ZHLJKWV�WR�
DQG�UHVDPSOH�SDUWLFOHV��VHYHUDO�FXUUHQW�PHWKRGV�RI�GRLQJ�VR�DQG�WKHLU�HIILFDF\�ZLOO�EH�GLVFXVVHG��

0RGHOOLQJ�WKH�9LEUDWLRQDO�5HOD[DWLRQ�RI�2��%HKLQG�D�6KRFN�:DYH�
<X\LQJ�/LQ�
0HQWRU��*XLOODXPH�%ODQTXDUW�

7KH�KHDW�VKLHOG�LV�DQ�HVVHQWLDO�FRPSRQHQW�RI�DQ\�VSDFHFUDIW��SURWHFWLQJ�WKH�DVWURQDXWV�DQG�SD\ORDG�ZLWKLQ�DV�WKH�
YHKLFOH�HQWHUV�WKH�DWPRVSKHUH�DW�K\SHUVRQLF�VSHHGV��7R�GHVLJQ�D�VSDFHFUDIW��ZH�PXVW�XQGHUVWDQG�WKH�DPRXQW�RI�
KHDW�LW�UHFHLYHV��+\SHUVRQLF�DWPRVSKHULF�HQWU\�FUHDWHV�D�VKRFNZDYH��DQG�WKH�WHPSHUDWXUH�EHKLQG�WKLV�ZDYH�GRHV�
QRW�UHDFK�HTXLOLEULXP�LPPHGLDWHO\�GXH�WR�HQHUJ\�WUDQVIHU�IURP�WUDQVODWLRQDO�DQG�URWDWLRQDO�HQHUJ\�WR�YLEUDWLRQDO�
HQHUJ\��7KHUHIRUH��WKH�KHDW�H[SHULHQFHG�E\�WKH�KHDW�VKLHOG�GHSHQGV�KHDYLO\�RQ�WKH�UDWH�DW�ZKLFK�JDV�PROHFXOHV�
EHKLQG�WKH�VKRFN�ZDYH�UHDFK�YLEUDWLRQDO�HTXLOLEULXP��:H�PRGHOOHG�WKH�YLEUDWLRQDO�UHOD[DWLRQ�RI�R[\JHQ�DQG�WKH�
DVVRFLDWHG�WLPH�FRQVWDQWV�XVLQJ�WKH�)ODPH0DVWHU�SURJUDP��2XU�PRGHO�LV�EDVHG�RQ�WKH�/DQGDX�7HOOHU��/7��HTXDWLRQ�
DQG�6FKZDUW]�6ODZVN\�+HU]IHOG��66+��WKHRU\��DV�ZHOO�DV�HPSLULFDO�GDWD�IURP�0LOLNDQ�DQG�:KLWH��0RGLI\LQJ�WKH�
FRQVWDQWV�RI�WKH�/7�HTXDWLRQ��IRXQG�LQ�ZRUN�E\�'RUDLVZDP\�HW�DO���KDV�OHG�WR�JRRG�DJUHHPHQW�ZLWK�0LOLNDQ�DQG�
:KLWH��

6KHGGLQJ�/LJKW�8SRQ�D�*LJDQWLF�&HOO��+RZ�3DWWHUQHG�,OOXPLQDWLRQ�$IIHFWV�&DXOHUSD¶V�*URZWK�
-LDQEDQJ�/LX�
0HQWRUV��(OOLRW�0H\HURZLW]�DQG�(OGDG�$ILN�

&DXOHUSD��D�VLQJOH�FHOOHG�DOJD��FDQ�JURZ�WR�WKH�OHQJWK�RI�WZR�IHHW��:H�KDYH�SUHYLRXVO\�REVHUYHG�WKDW�FURZGV�RI�
FKORURSODVWV�SXOVDWH�WKURXJK�&DXOHUSD¶V�EODGHV��OHDI�OLNH�RUJDQV���DQG�WKH�IUHTXHQFLHV�RI�WKHVH�SXOVHV�DUH�UHODWHG�WR�
H[WHUQDO�LOOXPLQDWLRQ�FRQGLWLRQV��2XU�JRDO�LV�WR�LQYHVWLJDWH�KRZ�LOOXPLQDWLRQ�SDWWHUQV�LPSDFW�WKH�PRUSKRORJ\�RI�
&DXOHUSD�EODGHV��DQG�WKHLU�FKORURSODVWV¶�PRYHPHQWV��:H�JUHZ�&DXOHUSD�VDPSOHV�XQGHU�FRQWUROOHG�WHPSHUDWXUH�DQG�
LOOXPLQDWLRQ��DQG�GRFXPHQWHG�WKHLU�JURZWK�XVLQJ�D�FDPHUD�PRXQWHG�DERYH��:H�IRXQG�WKDW�GXULQJ�DOWHUQDWLQJ�GD\�
OLNH�LOOXPLQDWLRQV��WKH�FKORURSODVWV�SXOVHG�H[DFWO\�RQFH�D�GD\��+RZHYHU��RQFH�ZH�VZLWFKHG�WR�FRQWLQXRXV�OLJKWLQJ��
WKH�SXOVDWLRQ�UHGXFHG�LQ�PDJQLWXGH�DQG�LQFUHDVHG�LQ�IUHTXHQF\��:H�KDYH�DOVR�REVHUYHG�D�SKDVH�VKLIW�LQ�WKH�EODGHV¶�
JURZWK�±�WKH\�LQLWLDOO\�JUHZ�LQ�DOO�GLUHFWLRQV�DW�HTXDO�UDWHV��EXW�DIWHU�URXJKO\�WZR�GD\V��VWRSSHG�H[SDQGLQJ�LQ�ZLGWK�
DQG�RQO\�H[WHQGHG�LQ�OHQJWK��:H�VXVSHFW�WKH�PRUSKRORJLFDO�VKLIW�FRXOG�EH�UHODWHG�WR�D�FULWLFDO�EODGH�VL]H��RU�
LOOXPLQDWLRQ�SDWWHUQV��7R�YHULI\�WKHVH�K\SRWKHVHV��ZH�ZLOO�UHSHDW�WKH�H[SHULPHQWV�ZLWK�GLIIHUHQW�LOOXPLQDWLRQ�
SDWWHUQV��DQG�DWWHPSW�WR�LQGXFH�GLIIHUHQW�IUHTXHQFLHV�RI�FKORURSODVW�SXOVHV��:H�DOVR�SODQ�WR�FRQWURO�WKH�VDPSOHV¶�
JURZWK�UDWHV�E\�UDLVLQJ�WKHP�LQ�GLIIHUHQW�OLTXLG�PHGLXPV��
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&RQVWUXFWLQJ�'HYLDQW�:RPHQ��7KH�,QWHUVHFWLRQV�RI�9LFWRULDQ�0HGLFLQH�DQG�/LWHUDWXUH�
9LFWRULD�/LX�
0HQWRU��.HYLQ�*LOPDUWLQ�

'XULQJ�WKH�9LFWRULDQ�HUD��VFLHQWLILF�WKHRULHV�EHJDQ�EDFNLQJ�WKH�VRFLDOO\�FRQVWUXFWHG�FRQFHSW�RI�³GHYLDQW�ZRPHQ�´�
6RFLDO�VFLHQWLVWV�DQG�GRFWRUV�VWDUWHG�WUHDWLQJ�WKHLU�FKDUJHV�DV�REMHFWV�WR�EH�REMHFWLYHO\�H[DPLQHG��DQG�WKLV�PHGLFDO�
JD]H�JDYH�ZKLWH��PDOH�VFLHQWLVWV�WKH�DXWKRULW\�DQG�ODQJXDJH�WR�VROLGLI\�D�QDWXUDO�VWDQGDUG�IRU�ZRPHQ�WKDW�
HPSKDVL]HG�PDUULDJH��PRWKHUKRRG��DQG�PRUDOLW\��$OWKRXJK�9LFWRULDQV�FKDPSLRQHG�WKLV�ERXUJHRLV�IHPLQLQH�QRUP��
HXJHQLF�VHQWLPHQWV�GHOLQHDWHG�ZKR�VKRXOG�DQG�VKRXOG�QRW�SDUWLFLSDWH�LQ�WKH�FXOW�RI�GRPHVWLFLW\��'HYLDQW�ZRPHQ��
FRQVLVWLQJ�RI�WKRVH�FRQVLGHUHG�³IDOOHQ �́�³XQVH[HG �́�LQGHSHQGHQW�DQG�DPELWLRXV��KLJKO\�HGXFDWHG��GLVDEOHG���
QRQ�ZKLWH��QRQ�KHWHURQRUPDWLYH��DQG�RWKHUZLVH�XQFRQYHQWLRQDO��ZHUH�RIWHQ�DGYLVHG�DJDLQVW�PDUULDJH�RU�
PRWKHUKRRG��9LFWRULDQ�QRYHOV�ERWK�VXEVFULEHG�WR�DQG�UHEHOOHG�DJDLQVW�WKHVH�VWDQGDUGV��DQG�WKH�UHVHDUFK�GLVFXVVHV�
KRZ�WKH�WUDMHFWRULHV�RI�YDULRXV�IHPDOH�FKDUDFWHUV�UHIOHFWHG�D�IHDU�RI�UHSURGXFWLRQ�LQ�GHYLDQW�ZRPHQ��7KH�UHVHDUFK�
DWWHPSWV�WR�HOXFLGDWH�KRZ�9LFWRULDQ�QRYHOV�ERUURZHG�IURP�FRQWHPSRUDU\�PHGLFDO�GLVFRXUVH�WR�FRQVWUXFW�WKH�OLWHUDU\�
WURSH�RI�GHYLDQW�ZRPHQ��,W�SURYLGHV�DQ�RYHUYLHZ�RQ�UHOHYDQW�IDFWXDO�OLWHUDWXUH��IROORZHG�E\�GLVFXVVLRQV�RI�VSHFLILF�
QRYHOV��LQFOXGLQJ�+DUG�7LPHV��2OLYHU�7ZLVW��DQG�6KH��

'HHS�&RPSOH[�1HWZRUNV�8VLQJ�3RODU�5HSUHVHQWDWLRQ�DQG�0XOWLSOLFDWLYH�8SGDWH�0HWKRG�
;LDRTL�/RQJ�
0HQWRUV��$QLPD�$QDQGNXPDU�DQG�<XMLD�+XDQJ

5HDO�YDOXHG�QHXURQV�KDYH�EHHQ�HPSOR\HG�LQ�PRVW�GHHS�OHDUQLQJ�QHWZRUNV��,Q�UHFHQW�DGYDQFHPHQWV�RI�GHHS�
OHDUQLQJ��FRPSOH[�YDOXHG�QHXUDO�QHWZRUNV�KDYH�EHHQ�LQWURGXFHG�DV�DQ�DOWHUQDWLYH���0RVW�VWDWH�RI�WKH�DUW�FRPSOH[�
GHHS�OHDUQLQJ�PRGHOV�XVH�WKH�FDUWHVLDQ�UHSUHVHQWDWLRQ�RI�FRPSOH[�QXPEHUV� �DQG�XSGDWH�WKH�UHDO�DQG�
LPDJLQDU\�SDUWV�RI�D�QHXURQ�LQ�VHSDUDWH�FKDQQHOV��*LYHQ�WKH�FXUUHQW�DGYDQFHPHQWV�LQ�WKH�ILHOG�RI�FRPSOH[�YDOXHG�
QHXUDO�QHWZRUNV��ZH�GHFLGH�WR�IRFXV�RQ�WKH�SUREOHP�RI�LPSOHPHQWLQJ�VXFK�PRGHOV�ZLWK�WKH�SRODU�UHSUHVHQWDWLRQ�RI�
FRPSOH[�ZHLJKWV�LQ�WKH�SURGXFW�PDQLIROG�RI�VFDODU�PXOWLSOLFDWLRQ��PDJQLWXGH��DQG�DQJXODU�URWDWLRQ��SKDVH��ZKHUH�D�
FRPSOH[�QXPEHU� �LV�PDSSHG�WR� ȁ ȁǡ ǡ ȁ ȁ ���

0HDQZKLOH��PXOWLSOLFDWLYH�XSGDWH�PHWKRGV�LQ�PDFKLQH�OHDUQLQJ�LV�SURYHQ�WR�EH�SDUWLFXODUO\�HIIHFWLYH�LQ�OHDUQLQJ�
FRPSRVLWLRQDO�IXQFWLRQV�YLD�JUDGLHQW�GHVFHQW��WUDLQLQJ�QHXUDO�QHWZRUN�DUFKLWHFWXUH�ZLWKRXW�OHDUQLQJ�UDWH�WXQLQJ��
6LQFH�RXU�FRPSOH[�YDOXHG�QHWZRUN�LV�KLJKO\�FRPSRVLWLRQDO�ZLWK�PDJQLWXGH�DQG�SKDVH�RI�D�VLQJOH�ZHLJKW�YLHZHG�DV�
WZR�LQGHSHQGHQW�FKDQQHOV��VXFK�PHWKRG�VKRXOG�EH�XVHIXO��:H�FRPSDUH�WKH�SHUIRUPDQFH�RI�WKUHH�RSWLPL]HUV�EDVHG�
RQ�WKH�PXOWLSOLFDWLYH�XSGDWH�PHWKRG�RQ�RXU�FRPSOH[�QHWZRUN��&RPSOH[0DGDP��&RPSOH[0DGDJUDG��DQG�
&RPSOH[0DGDPD[����FRPSOH[�PXOWLSOLFDWLYH�YHUVLRQV�RI�WKH�$GDP��$GDJUDG��DQG�$GDPD[�RSWLPL]HUV��:H�DOVR�
FRPSDUH�RXU�SRODU�UHSUHVHQWHG�QHWZRUNV�ZLWK�WKH�FRPPRQ�GHHS�FRPSOH[�QHWZRUNV�LQ�WKH�FDUWHVLDQ�IRUP��

$SSUR[LPDWLQJ�(Q]\PH�.LQHWLF�6\VWHPV�
1DWKDQ�/RSH]�
0HQWRUV��'LQDNDU�5DPDNULVKQDQ�DQG�5REHUW�7DQQHU�

.LQHWLF�V\VWHPV�DUH�XELTXLWRXV�LQ�FKHPLVWU\�DQG�ELRORJLFDO�DSSOLFDWLRQV��(Q]\PDWLF�V\VWHPV�FDQ�EH�PDWKHPDWLFDOO\�
PRGHOHG�ZLWK�WKH�VLPSOH�NLQHWLF�PRGHO�� ��7KH�EHKDYLRU�RI�WKH�UDWH�RI�IRUPDWLRQ�RI�SURGXFW��

Ȁ ��FDQ�RQO\�EH�VWXGLHG�WKURXJK�QRQ�OLQHDU�GLIIHUHQWLDO�HTXDWLRQV��VROXWLRQV�WKDW�DUH�LPSRVVLEOH�WR�REWDLQ�
DQDO\WLFDOO\��+HQFH��QXPHULFDO�VLPXODWLRQV�ZHUH�FUHDWHG�WR�VWXG\�WKH�EHKDYLRU�RI�VXFK�V\VWHPV��5RXJK�DQDO\WLF�
VROXWLRQV�FRXOG�WKHQ�EH�FUHDWHG�WR�DSSUR[LPDWHO\�SRUWUD\�WKH�EHKDYLRU�RI�WKH�NLQHWLF�V\VWHPV�DW�WKUHH�SRLQWV�RI�
LQWHUHVW�� Ͳ�� ��DQG� Ǥ�)XUWKHUPRUH��RQFH�URXJK�DSSUR[LPDWLRQV�ZHUH�FUHDWHG�WR�H[SORUH�WKH�
GHSHQGHQFH�RI� Ȁ �RQ� ��WKH�GHSHQGHQFH�RI� Ȁ �RQ�WKH�UDWH�FRQVWDQWV�FRXOG�EH�IXUWKHU�H[SORUHG��$OO�WKH�UDWH�
FRQVWDQWV�ZHUH�GLVFRYHUHG�WR�KDYH�D�XQLTXH�HIIHFW�RQ� Ȁ �DQG�WKUHH�GLPHQVLRQDO�VLPXODWLRQV�ZHUH�FUHDWHG�WR�
DFTXLUH�D�KDQGOH�RQ� Ȁ ¶V�GHSHQGHQFH�RQ�ERWK� �DQG�D�UDWH�FRQVWDQW��6HYHUDO�REVHUYDWLRQV�ZHUH�PDGH�UHJDUGLQJ�
WKH�QXPHULFDO�VLPXODWLRQV�DQG�WKUHH�GLPHQVLRQDO�SORWV���

$XWRPDWHG�'DWD�([WUDFWLRQ�RI�&KHPLFDO�/LWHUDWXUH�
-XOHQ�/XMDPELR�
0HQWRUV��6DUDK�5HLVPDQ�DQG�0LFKDHO�0DVHU��

&XUUHQWO\��WKHUH�LV�DQ�LQFUHDVLQJ�DPRXQW�RI�UHVHDUFK�H[SORULQJ�KRZ�WR�OHYHUDJH�PDFKLQH�OHDUQLQJ�LQ�WKH�&KHPLVWU\�
ILHOG��KRZHYHU��PDQ\�RI�WKHVH�DSSOLFDWLRQV�KDYH�UXQ�LQWR�ERWWOHQHFNV�ZKHQ�LW�FRPHV�WR�GDWD�DFTXLVLWLRQ��:KLOH�WKHUH�
LV�D�SOHWKRUD�RI�FKHPLVWU\�UHDFWLRQ�GDWD�DYDLODEOH��LW�LV�QRW�IRUPDWWHG�LQ�D�ZD\�WKDW�LV�HDV\�IRU�PDFKLQHV�WR�LQWHUSUHW��
7R�WKDW�HQG��WKH�JRDO�RI�WKLV�UHVHDUFK�ZDV�WR�GHYHORS�D�SURJUDP�WKDW�FRXOG�DFFXUDWHO\�H[WUDFW�UHDFWLRQ�GDWD�IURP�
WRWDO�V\QWKHVLV�SDSHUV�DQG�IRUPDW�LW�LQ�D�PDFKLQH�UHDGDEOH�IRUPDW�WKURXJK�D�FRPELQDWLRQ�RI�1DWXUDO�/DQJXDJH�
3URFHVVLQJ��1/3��DQG�2SWLFDO�6WUXFWXUH�5HFRJQLWLRQ��265��WHFKQLTXHV��7KH�SURMHFW�VSHFLILFDOO\�IRFXVHG�RQ�WRWDO�
V\QWKHVLV�OLWHUDWXUH�WR�VHUYH�DV�D�WHPSODWH�IRU�IXWXUH�PRUH�JHQHUDOL]HG�H[WUDFWLRQ�SURJUDPV�DQG�KRZ�WR�VHW�XS�WKHLU�
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H[WUDFWLRQ�SLSHOLQH��2QH�PDMRU�JRDO�IRU�WKLV�SURJUDP�ZDV�IRU�LW�WR�EH�DV�VHDPOHVV�DQG�HDV\�WR�XVH�DV�SRVVLEOH��VR�
WKDW�QR�DGYDQFHG�WHFKQLFDO�FRPSXWDWLRQ�VNLOOV�ZHUH�UHTXLUHG��)LQDOO\��,�ZRXOG�OLNH�WR�WKDQN�-RKQ�6WDXIIHU�685)�
)HOORZ�IRU�KLV�VXSSRUW�WKDW�JDYH�PH�WKH�RSSRUWXQLW\�WR�XQGHUWDNH�LQ�WKLV�UHVHDUFK�DV�ZHOO�DV�3URIHVVRU�6DUDK�
5HLVPDQ�DQG�P\�PHQWRU�0U��0LNH�0DVHU��

'HYHORSLQJ�DQG�3XEOLVKLQJ�6WDWLVWLFDO�0RGHOV�RI�WKH�&29,'����3DQGHPLF�
6DPXHO�/XVKWDN�
0HQWRU��<DVHU�$EX�0RVWDID�

7KH�RQJRLQJ�&29,'����SDQGHPLF�LV�RQH�RI�WKH�PRVW�VHULRXV�DQG�GLVUXSWLYH�SXEOLF�KHDOWK�FULVHV�RI�WKH�PRGHUQ�HUD��
DQG�KHDOWK�RIILFLDOV�UHTXLUH�WKH�PRVW�DFFXUDWH�PRGHOV�SRVVLEOH�WR�VKDSH�WKHLU�GHFLVLRQ�PDNLQJ��%XLOGLQJ�RQ�WKH�
PRGHOV�FUHDWHG�E\�WKLV�\HDU¶V�&6����E�VWXGHQWV��3URIHVVRU�$EX�0RVWDID¶V�UHVHDUFK�JURXS�LV�VHHNLQJ�WR�EXLOG�WKH�
PRVW�DFFXUDWH�PRGHO�RI�GDLO\�&29,'����GHDWKV�DW�WKH�FRXQW\�OHYHO�LQ�WKH�8QLWHG�6WDWHV�XQGHU�FXUUHQW�SROLFLHV��
DORQJ�ZLWK�FRXQWHUIDFWXDO�SUHGLFWLRQV��0\�FRQWULEXWLRQV�WR�WKH�SURMHFW�FRQVLVW�RI�KHOSLQJ�WR�GHYHORS�VWDWLVWLFDO�
PRGHOV�RI�WKH�SDQGHPLF��SURFHVVLQJ��VFUDSLQJ��DQG�IRUPDWWLQJ�GDWD�IRU�XVH�LQ�RWKHU�PRGHOV��DQG�KHOSLQJ�WR�GHYHORS�
WKH�ZHEVLWH�RQ�ZKLFK�WKH�JURXS¶V�UHVXOWV�ZLOO�EH�GLVSOD\HG�WR�WKH�SXEOLF��

6LPXODWLQJ�&KHPLFDO�&URVV�7DON�LQ�+LJK�'HQVLW\�(Q]\PDWLF�%LRVHQVRUV�
6RQDOL�0DGLVHWWL�
0HQWRUV��0LFKDHO�5RXNHV�DQG�-HVVLFD�$UOHWW�

,UUHJXODULWLHV�LQ�QHXURWUDQVPLWWHU�UHOHDVH�RIWHQ�LQGLFDWH�WKH�SUHVHQFH�RI�D�QHXURORJLFDO�GLVRUGHU��7R�VWXG\�WKH�EUDLQ¶V�
FKHPLFDO�HQYLURQPHQW��FRPSDFW�ELRFKHPLFDO�VHQVRUV�DUH�EHLQJ�GHYHORSHG�WR�PLQLPL]H�WLVVXH�GDPDJH�DQG�PD[LPL]H�
WKH�DPRXQW�RI�FKHPLFDOV�WHVWHG�IRU��,Q�KLJK�GHQVLW\��PXOWLHOHFWURGH�DUUD\V�RI�VHQVRUV��WKH�K\GURJHQ�SHUR[LGH�ZKLFK�
FRPSULVHV�HDFK�VHQVRU¶V�RXWSXW�FDQ�GLIIXVH�WR�DGMDFHQW�VHQVRUV��FDXVLQJ�FKHPLFDO�FURVV�WDON�DQG�VNHZLQJ�UHVXOWV��
7R�VWXG\�WKH�FDXVHV�RI�FKHPLFDO�FURVV�WDON�DQG�SRVVLEOH�PHWKRGV�WR�UHGXFH�LW��D�UDQGRP�ZDON�SURJUDP�UHIOHFWLQJ�
VHQVRU�FRQGLWLRQV�IRU�K\GURJHQ�SHUR[LGH�PROHFXOHV�ZDV�FUHDWHG��:LWK����� P�3DU\OHQH�ZDOOV��D����� P�HQ]\PDWLF�
OD\HU��DQG�D������ P�P�SKHQ\OHQHGLDPLQH�OD\HU��FURVV�WDON�ZDV�DSSUR[LPDWHG�DW��������SHU�DGMDFHQW�VHQVRU��%\�
WKLQQLQJ�WKH�HQ]\PDWLF�OD\HU��ZKHUH�WKH�K\GURJHQ�SHUR[LGH�LV�JHQHUDWHG��RU�LQWURGXFLQJ�FDWDODVH�RQWR�WKH�ZDOOV�WR�
QHXWUDOL]H�GLIIXVLQJ�PROHFXOHV��FURVV�WDON�ZDV�VKRZQ�WR�GUDVWLFDOO\�UHGXFH�WR�DV�ORZ�DV����SHU�DGMDFHQW�VHQVRU��
ZKLFK�LV�SURPLVLQJ�IRU�H[SHULPHQWDO�UHVHDUFK�LQWR�FURVV�WDON�UHGXFWLRQ���

([WHQGLQJ�5LQJ�3RO\PHU�0ROHFXODU�'\QDPLFV�5DWH�7KHRU\�WR�WKH�0DUFXV�,QYHUWHG�5HJLPH�RI�
(OHFWURQ�7UDQVIHU�
$QDQWK�9HQNDWHVK�0DOODGL�
0HQWRUV��7KRPDV�)��0LOOHU�,,,�DQG�;XHFKHQJ�7DR�

5LQJ�3RO\PHU�0ROHFXODU�'\QDPLFV��530'��LV�D�FRPSXWDWLRQDOO\�HIILFLHQW�DOWHUQDWLYH�WR�IXOO�VFDOH�TXDQWXP�
VLPXODWLRQV�WR�REWDLQ�G\QDPLFDO�LQIRUPDWLRQ�DERXW�D�V\VWHP��+RZHYHU��SUHYLRXV�VWXGLHV�KDYH�IRXQG�WKDW�530'�GRHV�
QRW�FDSWXUH�G\QDPLFV�LQ�WKH�0DUFXV�LQYHUWHG�UHJLPH�LQ�HOHFWURQ�WUDQVIHU�UHDFWLRQV��%\�DGGLQJ�ULQJ�SRO\PHU�EHDGV�LQ�
WKH�QRUPDO�DQG�LQYHUWHG�UHJLPH�VXFK�WKDW�WKHLU�FRQWULEXWLRQV�WR�WKH�PHDQ�ILHOG�SRWHQWLDO�FDQFHO�RXW��ZH�FDQ�LQFOXGH�
HIIHFWV�IURP�WKH�LQYHUWHG�UHJLPH�LQ�WKH�PHDQ�ILHOG�ULQJ�SRO\PHU�LQVWDQWRQ��7KLV�DOORZV�XV�WR�H[WHQG�530'�WR�
GHVFULEH�WKH�LQYHUWHG�UHJLPH���

&ODVVLI\LQJ�7UDQVLHQW�6RXUFHV�:LWK�1RYHO�)LOWHUV�
6FRWW�0DUWLQ�
0HQWRUV��$QG\�&RQQROO\��6WXDUW�9RJHO��%U\FH�.DOPEDFK�DQG�6DUD�)UHGHULFN

&ODVVLI\LQJ�DQG�PHDVXULQJ�UHGVKLIWV�WR�W\SH�,D�VXSHUQRYDH�ZLOO�EH�RQH�RI�WKH�NH\�FKDOOHQJHV�LQ�XVLQJ�VXSHUQRYDH�DV�
KLJK�SUHFLVLRQ�FRVPRORJLFDO�WRROV��:LWK�KXQGUHGV�RI�WKRXVDQGV�RI�61�GHWHFWHG�E\�WHOHVFRSHV�VXFK�DV�WKH�5XELQ�
2EVHUYDWRU\�ZH�FDQ¶W�GR�WKLV�VSHFWURVFRSLFDOO\��2XU�JRDO�LV�WR�GHVLJQ�D�QRYHO�VHW�RI�SKRWRPHWULF�ILOWHUV�WR�DFFXUDWHO\�
PHDVXUH�VXSHUQRYDH�UHGVKLIWV��8VLQJ�WKH�FRGH�SDFNDJH�6,*JL��6SHFWUDO�,QIRUPDWLRQ�*DLQ�2SWLPL]DWLRQ�FRGH���ZH�
VHW�RXW�WR�GHVLJQ�D�VHW�RI�ILOWHUV�WKDW�SURYLGHV�PD[LPXP�LQIRUPDWLRQ�JDLQ�ZKHQ�XVHG�ZLWK�WKH�H[LVWLQJ�VHW�RI��
/667�EDQGSDVV�ILOWHUV�IRU�SKRWRPHWULF�REVHUYDWLRQV��:H�EHJDQ�E\�JHQHUDWLQJ�D�PRGHO�RI�D�W\SH�,D�VXSHUQRYD�
VSHFWUXP�DQG�XVHG�6,*JL�WR�RSWLPL]H�D�VLQJOH�WUDSH]RLGDO�EURDGEDQG�ILOWHU�WR�WKH�VSHFWUXP�DV�LW¶V�UHGVKLIWHG�IURP�
��WR����:H�WKHQ�GHWHUPLQHG�WKDW�D�VHW�RI�QDUURZEDQG�ILOWHUV�WKDW�FDSWXUHV�WKH�IHDWXUHV�LQ�D�VSHFWUXP�WKDW�SURYLGH�
WKH�KLJKHVW�LQIRUPDWLRQ�JDLQ�DOORZV�IRU�PRUH�SUHFLVH�UHGVKLIW�HVWLPDWLRQV�WKDQ�D�VLQJOH�EURDGEDQG�ILOWHU��:H�ZLOO�
VKRZ�WKLV�LPSURYHPHQW�LV�UHDO�E\�FRPSDULQJ�DFWXDO�SKRWRPHWULF�UHGVKLIW�SHUIRUPDQFHV��$IWHU�H[SHULPHQWLQJ�ZLWK�
GLIIHUHQW�VKDSHV�DQG�ZLGWKV�IRU�WKH�QDUURZEDQG�ILOWHUV��ZH�LQWHQG�WR�GHVLJQ�D�FRPE�ILOWHU�WKDW�LQFOXGHV�WKHVH�
QDUURZEDQG�ILOWHUV��ZKLFK�ZH�KRSH�WR�EH�LQVWDOOHG�DW�WKH�$SDFKH�3RLQW�2EVHUYDWRU\�WR�EH�XVHG�ZLWK�WKH��
/667�EDQGSDVV�ILOWHUV�WR�UHGXFH�XQFHUWDLQW\�LQ�SKRWRPHWULF�UHGVKLIW�HVWLPDWLRQV�IRU�PRUH�SUHFLVH�VXSHUQRYD�
FODVVLILFDWLRQ���
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7KH�$WRPLVWLF�/HYHO�6WUXFWXUH�IRU�WKH�$FWLYDWHG�*OXFDJRQ�/LNH�3HSWLGH����*/3���5HFHSWRU�
%RXQG�WR�WKH�)XOO�*V�3URWHLQ�DQG�WKH�*/3��/LJDQG�
.U\VW\QD�0DUXV]NR�
0HQWRUV��:LOOLDP�*RGGDUG�DQG�6RR�.\XQJ�.LP�

7KH�JOXFDJRQ�OLNH�SHSWLGH����*/3���UHFHSWRU�LV�D�FODVV�%�*3&5�ZKLFK�FRXSOHV�WR�D�*V�SURWHLQ��*/3�5�LV�NQRZQ�WR�
SOD\�D�UROH�LQ�W\SH���GLDEHWHV�DQG�REHVLW\�WKURXJK�JOXFRVH�KRPHRVWDVLV�DQG�UHJXODWLRQ�RI�JDVWULF�PRWLOLW\��8VLQJ�WKH�
H[SHULPHQWDOO\�GHWHUPLQHG�&U\R(0�VWUXFWXUH�DV�D�EDVH��ZH�FRPSXWDWLRQDOO\�DGGHG�LQ�WKH�PLVVLQJ�UHVLGXHV�DQG�
PLVVLQJ�DPLQR�DFLG�VLGH�FKDLQV��:H�WKHQ�RSWLPL]HG�WKH�VWUXFWXUH�LQ�RUGHU�WR�VHDUFK�IRU�WKH�IRUPDWLRQ�RI�QHZ�
K\GURJHQ�ERQGV�DQG�VDOW�EULGJHV��:H�IRXQG�WKDW�RXU�QHZ�DQG�LPSURYHG�PRGHO�KDG�D���������LQFUHDVH�LQ�WKH�
QXPEHU�RI�LQWHUFKDLQ�K\GURJHQ�ERQGV�ZLWK�WKH�PRVW�QRWDEOH�EHLQJ�WKH�IRUPDWLRQ�RI�ERQGV�EHWZHHQ�WKH��
*V�DOSKD�VXEXQLW�DQG�WKH�,&���,&���70���70���DQG�+��UHJLRQV�RI�WKH�UHFHSWRU�DQG�EHWZHHQ�WKH�*/3��OLJDQG�DQG�
(&��GRPDLQ�RI�WKH�UHFHSWRU��$GGLWLRQDOO\��ZH�IRXQG�DQ�����LQFUHDVH�LQ�WKH�QXPEHU�RI�LQWHUFKDLQ�VDOW�EULGJHV�ZLWK�
WKH�PRVW�QRWDEOH�LQFOXGLQJ�ERQGV�IRUPHG�EHWZHHQ�WKH�OLJDQG�DQG�UHJLRQV�70��DQG�(&��RI�WKH�UHFHSWRU��WKH�WKH�
ERQGV�LQ�WKH�(&��UHJLRQ�DUH�HVSHFLDOO\�RI�LQWHUHVW�VLQFH�WKH\�ZHUH�QRW�UHVROYHG�LQ�WKH�RULJLQDO�&U\R(0��7KURXJK�WKH�
LPSOHPHQWDWLRQ�RI�0ROHFXODU�'\QDPLFV��ZH�H[SHFW�WR�VHH�IXUWKHU�IRUPDWLRQ�RI�VDOW�ERQGV�ZLWKLQ�WKH�PROHFXOH��

/RZ�3RZHU�%OXHWRRWK�&RUH�%RG\�7HPSHUDWXUH�6HQVRU�IRU�&RQVWDQW�7HPSHUDWXUH�0RQLWRULQJ�
.HYLQ�0DU[�
0HQWRUV��$]LWD�(PDPL�DQG�$ULDQ�+DVKHPL�7DONKRRQFKHK�

&RUH�ERG\�WHPSHUDWXUH�LV�DQ�HVVHQWLDO�YLWDO�VLJQ�IRU�GHWHFWLQJ�IHYHUV��D�VLJQ�RI�PDQ\�GLIIHUHQW�GLVHDVHV��&RQVWDQW�
WHPSHUDWXUH�PRQLWRULQJ�RSHQV�WKH�GRRU�IRU�WUDFNLQJ�FKDQJHV�LQ�WKH�FRUH�ERG\�WHPSHUDWXUHV�RI�PHPEHUV�RI�WKH�
SRSXODWLRQ�DQG�FDQ�VKRZ�KRZ�&29,'����DQG�RWKHU�GLVHDVHV�VSUHDG���

0\�SURMHFW�IRFXVHG�RQ�HYDOXDWLQJ�ZKHWKHU�WKH�Q5)�������PLFURFRQWUROOHU�FDQ�EH�XVHG�DV�D�ORQJ�WHUP�WHPSHUDWXUH�
PRQLWRU��SHULRGLFDOO\�PHDVXULQJ�D�XVHU¶V�FRUH�ERG\�WHPSHUDWXUH�IRU�D�PRQWK�XVLQJ�D�VLQJOH�&5�����EDWWHU\��7KH�
KDUGZDUH�DUFKLWHFWXUH�QHFHVVDU\�WR�SXOO�RII�WKLV�ORZ�SRZHU�IHDW�ZDV�FRQVWUDLQHG�E\�SRZHU�DQG�VL]H�UHTXLUHPHQWV��DV�
ZHOO�DV�UHVWULFWLRQV�LPSRVHG�E\�WKH�QHZ�WHPSHUDWXUH�VHQVRU�GHYHORSHG�E\�WKH�'DUDLR�ODE���

$IWHU�YHULI\LQJ�WKDW�WKH�Q5)�������FDQ�PHDVXUH�WKH�VPDOO�SKDVH�GHOD\V�SURSHUO\��WKH�KDUGZDUH�FRPSRQHQWV�
QHFHVVDU\�WR�FUHDWH�D�ZRUNLQJ�SURWRW\SH�ZHUH�FKRVHQ��7KLV�GHPRQVWUDWHG�WKH�Q5)�������LQGHHG�FDQ�RSHUDWH�DV�D�
WHPSHUDWXUH�VHQVRU��DOEHLW�ZLWK�JUHDWHU�SRZHU�FRQVXPSWLRQ�WKDQ�LQLWLDOO\�LQWHQGHG��7KLV�SURMHFW�FDQ�EH�FRQWLQXHG�E\�
GHYHORSLQJ�D�SURWRW\SH�DQG�UHILQLQJ�LW�XQWLO�WKH�GHYLFH�IXQFWLRQV�SURSHUO\�DQG�FDQ�EH�WHVWHG�RQ�SHRSOH���

4XDQWXP�3URRIV�RI�6SDFH
-DFN�0D[ILHOG�
0HQWRU��7KRPDV�9LGLFN�

3URRIV�RI�VSDFH�KDYH�EHHQ�GHYHORSHG�DV�D�PRUH�HQHUJ\�HIILFLHQW�DOWHUQDWLYH�WR�SURRIV�RI�ZRUN�SURWRFROV��7KH\�KDYH�
DSSOLFDWLRQV�LQ�EORFNFKDLQ�WHFKQRORJ\�DQG�GHWHUUHQFH�RI�GHQLDO�RI�VHUYLFH�DWWDFNV��$�SURRI�RI�VSDFH�SURWRFRO�DOORZV�
RQH�WR�GHPRQVWUDWH�WKH\�KDYH�GHGLFDWHG�D�VLJQLILFDQW�DPRXQW�RI�GLVN�VSDFH�WR�D�SUREOHP��:H�KRSH�WR�OHYHUDJH�WKH�
SURSHUWLHV�RI�TXDQWXP�LQIRUPDWLRQ�WR�FUHDWH�D�TXDQWXP�SURRI�RI�VSDFH��D�TXDQWXP�DQDORJXH�WR�SURRIV�RI�VSDFH�LQ�
ZKLFK�XVH�RI�TXDQWXP�PHPRU\�LV�GHPRQVWUDWHG��$IWHU�GHYHORSLQJ�D�GHILQLWLRQ�IRU�TXDQWXP�SURRIV�RI�VSDFH��ZH�
GHYHORSHG�D�TXDQWXP�SURRI�RI�VSDFH�SURWRFRO�DQG�SURYHG�LWV�FRUUHFWQHVV�DQG�VHFXULW\��

'LVSHUVHG�3UHVVXUH�6HQVLQJ�IRU�)ORZ�)LHOG�(VWLPDWLRQ�
$PULWDYDUVKLQL�0D\DYDUDP�
0HQWRUV��0RUWH]D�*KDULE�DQG�3HWHU�5HQQ�

)DQ�DUUD\�ZLQG�WXQQHOV�RIIHU�DQ�LGHDO�WHVW�HQYLURQPHQW�IRU�VPDOO�XQPDQQHG�DHULDO�YHKLFOHV��8$9��GXH�WR�WKHLU�KLJK�
FRQILJXUDELOLW\�DQG�DELOLW\�WR�VLPXODWH�D�PXOWLWXGH�RI�GLIIHUHQW�IORZV��+RZHYHU��IORZV�FXUUHQWO\�PXVW�EH�PDQXDOO\�
PHDVXUHG�DQG�DGMXVWHG�WR�DFKLHYH�GHVLUHG�FRQGLWLRQV��0HDVXUHPHQWV�KDYH�WR�EH�WDNHQ�E\�VZHHSLQJ�DFURVV�ZKLFK�
FDQ�EH�LQDFFXUDWH�DQG�GRHV�QRW�SURYLGH�D�WHPSRUDOO\�V\QFKURQL]HG�UHDGLQJ�RI�WKH�HQWLUH�ILHOG��7KH�GHYHORSPHQW�RI�
DQ�DUUD\�RI�SLWRW�VWDWLF�WXEHV�FDQ�SURYLGH�DFFXUDWH�SUHVVXUH�DQG�YHORFLW\�GDWD�DFURVV�DQ�HQWLUH�IORZ�ILHOG�DW�D�VLQJOH�
LQVWDQFH��JLYLQJ�D�EHWWHU�SLFWXUH�RI�WKH�HQWLUH�ILHOG��7KLV�PHDVXUHPHQW�WHFKQLTXH�KDV�VLJQLILFDQW�SRWHQWLDO�IRU�
PDFKLQH�OHDUQLQJ�DSSOLFDWLRQV�RQ�IDQ�DUUD\V��7KLV�SLWRW�VWDWLF�WXEH�DUUD\�ZDV�LPSOHPHQWHG�RQ�D�VPDOO�IDQ�DUUD\�LQ�
&DOWHFK¶V�&HQWHU�IRU�$XWRQRPRXV�6\VWHPV�DQG�7HFKQRORJ\��&$67��ZLWK�WKH�SULPDU\�GHVLJQ�FRQGLWLRQV�RI�PLQLPL]LQJ�
LQWHUIHUHQFH�ZLWK�WKH�IORZ�SURGXFHG�E\�PDLQWDLQLQJ�D�VPDOO�SURILOH�DQG�VWUXFWXUDO�LQWHJULW\�DQG�VWDELOLW\���
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0DFKLQH�/HDUQLQJ�%DVHG�0RUSKRORJLFDO�&ODVVLILFDWLRQ�RI�7\SH�,D�6XSHUQRYD�+RVW�*DOD[LHV�
*DYLQ�0F&DEH��
0HQWRUV��6\HG�8GGLQ�DQG�3DXO�6WHUQEHUJ�

0RUSKRORJLFDO�FODVVLILFDWLRQ�RI�JDOD[LHV�\LHOGV�LPSRUWDQW�LQIRUPDWLRQ�LQ�WKH�XQGHUVWDQGLQJ�RI�WKH�HYROXWLRQ�RI�WKH�
XQLYHUVH��7R�GDWH��PRUSKRORJLFDO�FODVVLILFDWLRQ�LV�SULPDULO\�GRQH�YLVXDOO\�E\�YROXQWHHU�VFLHQWLVWV�WKURXJK�SURJUDPV�
VXFK�DV�*DOD[\�=RR��7R�UHGXFH�WKH�UHOLDQFH�RQ�YROXQWHHU�VFLHQWLVWV��LQFUHDVH�DFFXUDF\��DQG�HIILFLHQWO\�FODVVLI\�WKH�
PLOOLRQV�RI�VRXUFHV�GHWHFWHG�E\�VN\�VXUYH\V��PDFKLQH�OHDUQLQJ�ZDV�XVHG�LQ�FRQMXQFWLRQ�ZLWK�WKH�SDUHPHWUL]DWLRQ�
SDFNDJH�&\0RUSK�WR�DXWRPDWLFDOO\�FODVVLI\�JDOD[LHV��:LWK�&\0RUSK��SDUDPHWHUV�VXFK�DV�VPRRWKQHVV��6���
DV\PPHWU\��$���JUDGLHQW�SDWWHUQ�DQDO\VLV��*3$���DQG�6KDQQRQ�(QWURS\��+��ZHUH�FDOFXODWHG�IRU�D�WUDLQLQJ�VHW�RI�
SUH�FODVVLILHG�JDOD[LHV�DQG�XVHG�DV�D�WUDLQLQJ�VHW�IRU�D�PDFKLQH�OHDUQLQJ�DOJRULWKP�FUHDWHG�ZLWK�VFLNLW�OHDUQ��$IWHU�
FRPSOHWLQJ�WKH�WUDLQLQJ�DQG�WHVWLQJ�RI�WKH�PDFKLQH�OHDUQLQJ�DOJRULWKP��WKH�RYHUDOO�DFFXUDF\�ZDV�FDOFXODWHG�DV�
>�±�,16(57�$&&85$&<�±�@��7KH�DOJRULWKP�ZLOO�EH�GHSOR\HG�WR�DXWRPDWLFDOO\�FODVVLI\�VXSHUQRYD�KRVW�JDOD[LHV�
GHWHFWHG�E\�WKH�&DUQHJLH�6XSHUQRYD�3URMHFW�DQG�YDULRXV�VN\�VXUYH\V�DQG�DLG�LQ�WKH�XQGHUVWDQGLQJ�RI�WKH�HYROXWLRQ�
RI�WKH�XQLYHUVH��

%D\HVLDQ�,QIHUHQFLQJ�317�(VWLPDWLRQ�6\VWHP�
$XVWLQ�0F&R\�
0HQWRUV��6RRQ�-R�&KXQJ�DQG�$QWKRQ\�)UDJRVR�

,W�LV�GLIILFXOW�WR�QDYLJDWH�8$9V�ZLWKRXW�D�UHOLDEOH�JURXQG�WUXWK�*36�PHDVXUHPHQW��(VWLPDWHV�RI�317�FDQ�EH�UHILQHG�
XVLQJ�RQ�ERDUG�DHULDO�LPDJHU\�ZKLFK�UHFRJQL]H�OHDUQHG�IHDWXUHV�WKURXJK�FRORU�LQYDULDQW�FRQYROXWLRQDO�QHXUDO�
QHWZRUNV��DQG�DWWHPSW�WR�XVH�WKH�JURXQG�WUXWK�ORFDWLRQ�RI�VXFK�OHDUQHG�IHDWXUHV�WR�ORFDOL]H�317��:KLOH�IRUPLQJ�D�
WULYLDO�317�HVWLPDWH�EDVHG�RQ�LPPHGLDWH�IHDWXUHV�LV�D�YLDEOH�VWUDWHJ\��LQWHJUDWLQJ�%D\HVLDQ�LQIHUHQFLQJ�LQWR�VXFK�DQ�
H[LVWLQJ�V\VWHP�DOORZV�IRU�317�HVWLPDWHV�WR�EH�PRUH�SUHFLVH�DQG�UHOLDEOH��$V�D�SUHUHTXLVLWH�WR�VXFK�D�V\VWHP��D�
YHUVDWLOH�WHVWLQJ�SLSHOLQH�LV�QHHGHG�WR�JHQHUDWH�DHULDO�LPDJHU\�REVHUYHG�RYHU�DUELWUDU\�IOLJKW�SDWKV��6XFK�D�SLSHOLQH�
ZRXOG�LQWHJUDWH�H[LVWLQJ�'60�DQG�RUWKRSKRWRJUDSK\�GDWDEDVHV�WR�FRQVWUXFW�DQ�DUWLILFLDO�WHUUDLQ��RYHU�ZKLFK�D�
FDPHUD�PRGHO�FRXOG�EH�IORZQ��UHQGHULQJ�DQ�DFFXUDWH�GHSLFWLRQ�RI�ZKDW�DQ�XQGHUPRXQWHG�QDY�FDP�ZRXOG�REVHUYH�
RYHU�VXFK�D�IOLJKW�SDWK��2QFH�VXFK�LPDJHU\�LV�JHQHUDWHG��LW�FDQ�EH�XVHG�WR�WUDLQ�ED\HVLDQ�ILOWHUV�WR�SURGXFH�D�VHULHV�
RI�DOWHUQDWLYH�317�PD[LPXP�OLNHOLKRRG�HVWLPDWRUV��7KH�HIIHFWLYHQHVV�RI�VXFK�D�V\VWHP�LV�WKHQ�HYDOXDWHG�E\�
FRPSDULQJ�WKH�DFFXUDF\��SUHFLVLRQ��DQG�UREXVWQHVV�RI�WKH�317�HVWLPDWHV�SURGXFHG�E\�WKH�WZR�V\VWHPV��)XWXUH�ZRUN�
FRXOG�LQYROYH�LQYHVWLJDWLQJ�XVLQJ�VXFK�LQIHUHQFLQJ�WHFKQLTXHV�WR�DOVR�SURGXFH�FRQILGHQFH�HVWLPDWHV�IRU�
PHDVXUHPHQWV��LQGLFDWLQJ�WKH�OHYHO�RI�WUXVW�WKDW�FDQ�EH�SODFHG�LQ�VXFK�PHDVXUHPHQWV��

0XOWL�6FDOH�$QDO\VLV�RI�0HFKDQLFDO�3URSHUWLHV�RI�$UDELGRSVLV�WKDOLDQD
9$6&8/$5�5(/$7('�1$&�'20$,1��
5RELQ�0F'RQDOG�
0HQWRUV��(OHIWKHULD�5RXPHOL�DQG�&KLDUD�'DUDLR�

%LRORJLFDO�PDWUL[�PDWHULDOV��%00V��RIIHU�D�FRPSHWLWLYH�UHSODFHPHQW�IRU�IRVVLO�IXHO�EDVHG�PDWHULDOV�ZLWK�JUHDWHU�
VXVWDLQDELOLW\��%00V�LQFRUSRUDWH�ELRORJLFDO�EXON�PDWWHU�DQG�ELRSRO\PHUV��\HW�WKH�ELRPHFKDQLFDO�SURSHUWLHV�RI�WKH�
FRPSRQHQWV�DUH�QRW�ZHOO�XQGHUVWRRG��8VLQJ�D�PXOWLVFDOH�DSSURDFK��ZH�DLP�WR�FKDUDFWHUL]H�WKH�VWUXFWXUDO�DQG�
PHFKDQLFDO�SURSHUWLHV�RI�WKH�SODQW�EXON�PDWWHU��LQ�WKLV�FDVH�D�VXVSHQVLRQ�FHOO�FXOWXUH�RI�WUDQVJHQLF��
9$6&8/$5�5(/$7('�1$&�'20$,1���91'���$UDELGRSVLV�7KDOLDQD�FHOOV��:H�XVHG�RSWLFDO�PLFURVFRS\�WR�FKDUDFWHUL]H�
SODQW�FHOO�PRUSKRORJ\��PLFURLQGHQWDWLRQ�WR�REWDLQ�WKH�<RXQJ¶V�0RGXOXV�RI�FRPELQHG�WXUJRU�SUHVVXUH�DQG�SODQW�FHOO�
ZDOOV��DQG�DWRPLF�IRUFH�PLFURVFRS\�WR�LVRODWH�WKH�<RXQJ¶V�0RGXOXV�RI�WKH�FHOO�ZDOOV��7KXV�IDU�ZH�KDYH�VKRZQ�WKDW�
FHOO�GHYHORSPHQWDO�VWDJH��FHOO�FXOWXULQJ�PHGLD��DQG�FHOO�VKDSH�SOD\�D�UROH�LQ�WKH�ILQDO�PHFKDQLFDO�SHUIRUPDQFH�RI�
SODQW�FHOOV��([SDQGLQJ�WKH�IXQGDPHQWDO�NQRZOHGJH�RI�SODQW�FHOOV�ZLOO�HQDEOH�WKH�GHYHORSPHQW�RI�EHWWHU�SHUIRUPLQJ�
%00V��

'HYHORSPHQW�RI�7HPSODWH�0DWFKLQJ�$OJRULWKP�IRU�6LPXOWDQHRXV�(VWLPDWLRQ�RI�3RVH�DQG�6KDSH�
$OJRULWKP�/LGDU�,QLWLDOL]DWLRQ�DQG�6FDOH�6ROYLQJ�
.ULVK�0HKWD�
0HQWRUV��6RRQ�-R�&KXQJ��9LQFHQ]R�&DSXDQR��DQG�$OH[HL�+DUYDUG�

7KH�6LPXOWDQHRXV�(VWLPDWLRQ�RI�3RVH�DQG�6KDSH�$OJRULWKP��6(36��SURSRVHG�E\�$HURVSDFH�5RERWLFV�DQG�&RQWUROV�
/DE�XVHV�D�PRQRFXODU�FDPHUD�WR�HVWLPDWH�WKH�SRVH�DQG�VKDSH�RI�XQFRRSHUDWLYH�REMHFWV�LQ�VSDFH��6LQFH�D�PRQRFXODU�
FDPHUD�LV�XVHG��WKH�SRVH�FDQ�EH�HVWLPDWHG�RQO\�WR�D�VFDOH��$�VLQJOH�EHDP�OLGDU�LV�XVHG�WR�VROYH�IRU�WKH�VFDOH��7KH�
SURSRVHG�PRGXOH�IRU�WKH�6(36�DOJRULWKP�XVHV�D�QRYHO�WHPSODWH�PDWFKLQJ�DOJRULWKP�WKDW�LV�EHWWHU�VXLWHG�IRU�VSDFH�
DSSOLFDWLRQV�WKDW�FDQ�PDWFK�WR�VXESL[HO�DFFXUDF\��7KH�VFDOH�VROYLQJ�DOJRULWKP�WHPSODWH�PDWFKHV�WKH�OLGDU�SRLQW�RQ�
VHTXHQWLDO�LPDJHV�DQG�WKHQ�XVHV�WULDQJXODWLRQ�WR�VROYH�IRU�WKH�VFDOH��7KLV�LV�WKHQ�IXVHG�ZLWK�WKH�6(36�DOJRULWKP�WR�
LPSURYH�WKH�6(36�SRVH�HVWLPDWLRQ��7KH�WHPSODWH�PDWFKLQJ�DOJRULWKP�SURSRVHG�LV�PDGH�WR�EH�FRPSXWDWLRQDOO\�
HIILFLHQW�DQG�KDV�KLJK�DFFXUDF\��
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$QDO\VLV�DQG�'HVLJQ�RI�1RYHO�,QWHJUDWHG��'�0DJQHWRPHWHUV�LQ�&026�IRU�3RVLWLRQ�6HQVLQJ�
+D\ZDUG�0HOWRQ�
0HQWRU��$]LWD�(PDPL

)XOO\�LQWHJUDWHG�WKUHH�GLPHQVLRQDO�YHFWRU�PDJQHWRPHWHUV�DUH�D�FUXFLDO�SLHFH�RI�PDQ\�PDJQHWLF�V\VWHPV��6HYHUDO�
QHZ�WRSRORJLHV�IRU�LQWHJUDWHG�&026�PDJQHWRPHWHUV�DUH�DQDO\]HG��LQFOXGLQJ�QRYHO�PHWDOOLF�+DOO�HIIHFW�VHQVRUV�DQG�
FRLO�EDVHG�VWUXFWXUHV�WKDW�WDNH�DGYDQWDJH�RI�PRGHUQ�IDEULFDWLRQ�SURFHVVHV��7KHVH�PDJQHWRPHWHUV�DUH�GHVLJQHG�
ZLWK�WKH�JRDO�RI�ELRPHGLFDO�FRQWDFWOHVV��'�SRVLWLRQLQJ��E\�FUHDWLQJ�D�SUHFLVH�PDJQHWLF�ILHOG�DURXQG�WKH�VHQVRU��ERWK�
WKH�SRVLWLRQ�DQG�RULHQWDWLRQ�RI�WKH�VHQVRU�FDQ�EH�GHWHUPLQHG��7KLV�QHFHVVLWDWHV�D�IXOO\�LQWHJUDWHG�V\VWHP��OLPLWLQJ�
WKH�VL]H��SRZHU�FRQVXPSWLRQ��DQG�PDWHULDO�FRPSRVLWLRQ�RI�WKH�PDJQHWRPHWHU�HOHPHQW��,W�ZDV�GHWHUPLQHG�WKDW�
LQWHJUDWHG�PHWDOOLF�+DOO�HIIHFW�VHQVRUV�DUH�QRQYLDEOH�GXH�WR�LQ�FLUFXLW�OLPLWDWLRQV��DQG�WKDW�FRLO�EDVHG�VHQVRUV�KROG�
SURPLVH�IRU�IXWXUH�UHVHDUFK�GXH�WR�WKHLU�VLPSOLFLW\�DQG�QDWXUDO�HOLPLQDWLRQ�RI�WKH�HIIHFW�RI�FRQVWDQW�ILHOGV��

&RPSOH[�5XPHQ�0LFURELRPH�$VVHPEO\�'ULYHQ�%\�6WUDLQ�/HYHO�'\QDPLFV�
/LDQD�0HUN�
0HQWRUV��%HQMDPLQ�*RRG�DQG�5LFKDUG�0XUUD\�

7KH�SULQFLSOHV�WKDW�XQGHUOLH�PLFURELDO�FRPPXQLW\�DVVHPEO\�DUH�RI�JUHDW�LQWHUHVW�WR�PLFURELRPH�UHVHDUFK��&RPSOH[�
SRSXODWLRQ�VWUXFWXUHV�DULVH�WKURXJKRXW�OLIH��RIWHQ�LPSDFWHG�E\�D�UDQJH�RI�LQWHUQDO�DQG�H[WHUQDO�IRUFHV��2QH�VXFK�
LPSRUWDQW�FRPPXQLW\�LV�WKH�FRZ�UXPHQ�PLFURELRPH��ZKLFK�VXSSRUWV�PRUH�WKDQ�WZR�WKLUGV�RI�WKH�KRVW¶V�HQHUJHWLF�
UHTXLUHPHQWV��3UHYLRXV�UXPHQ�PLFURELRPH�ZRUN�VKRZHG�WKDW�GHWHUPLQLVWLF�IDFWRUV��VXFK�DV�GLHW�DQG�DJH��FDQ�
LPSDFW�WKH�WD[RQRPLF�FRPSRVLWLRQ�LQ�D�PDQQHU�FRQVWUDLQHG�E\�HDUO\�VWRFKDVWLF�FRORQL]DWLRQ��+RZHYHU��OLWWOH�LV�
FXUUHQWO\�NQRZQ�DERXW�ZKHWKHU�VWUDLQ�OHYHO�SURFHVVHV�IROORZ�WKHVH�VSHFLHV�ZLGH�HFRORJLFDO�G\QDPLFV��7R�DGGUHVV�
WKLV�JDS��ZH�VWXGLHG�JHQHWLF�G\QDPLFV�LQ�WKH�UXPHQ�PLFURELRPH�RI�WHQ�FRZV�WKURXJKRXW�WZR�\HDUV�RI�OLIH��:H�
WUDFNHG�WKH�ORQJLWXGLQDO�G\QDPLFV�RI�WKRXVDQGV�RI�VLQJOH�QXFOHRWLGH�YDULDQWV�XVLQJ�GHHS�PHWDJHQRPLF�VHTXHQFLQJ�
DFURVV�KXQGUHGV�RI�VSHFLHV�SHU�KRVW��7KH�HIIHFWV�RI�GLHW��DJH��DQG�GHOLYHU\�PHWKRG�RQ�ZLWKLQ�KRVW�HYROXWLRQ�ZHUH�
LQYHVWLJDWHG��SURYLGLQJ�QHZ�LQVLJKWV�WR�WKH�SRSXODWLRQ�G\QDPLFV�RI�PLFURELRPH�DVVHPEO\��%\�FRPSDULQJ��
JHQRPH�UHVROYHG�IOXFWXDWLRQV�ZLWK�VSHFLHV�OHYHO�HFRORJ\��RXU�ILQGLQJV�DOORZ�D�JUHDWHU�XQGHUVWDQGLQJ�RI�FRPSOH[�
FRPPXQLW\�DVVHPEO\��

6HQVRU�)XVLRQ�IRU�2EMHFW�'HWHFWLRQ�RQ�$XWRQRPRXV�9HKLFOHV�
(VPLU�0HVLF�
0HQWRUV��6RRQ�-R�&KHXQJ�DQG�$QWKRQ\�)UDJRVR�

$XWRQRPRXV�YHKLFOHV�XVH�HLWKHU�UDGDU�EDVHG�VHQVRUV�RU�LPDJH�EDVHG�VHQVRUV�WR�GHWHFW�REMHFWV�RQ�WKH�URDG��9LVLEOH�
LPDJHU\�LV�ZHOO�VXLWHG�IRU�VHHLQJ�REMHFWV�IURP�DIDU�DQG�PDNLQJ�RXW�GHWDLOV�LQ�REMHFWV�OLNH�VLJQV�EXW�LV�VHYHUHO\�
KDPSHUHG�LQ�H[WUHPH�ZHDWKHU�FRQGLWLRQV�OLNH�KHDY\�VQRZ�RU�IRJ��7KHUPDO�LPDJHU\�FDQQRW�FOHDUO\�VHH�GHWDLOV�RU�
REMHFWV�IURP�DIDU�EXW�H[FHOV�LQ�ZHDWKHU�FRQGLWLRQV��/L'$5�LV�JRRG�DW�JLYLQJ�EDVLF�GLVWDQFH�DQG�GLUHFWLRQ�PHWULFV�IRU�
REMHFWV�DQG�LV�FRPSXWDWLRQDOO\�LQH[SHQVLYH�EXW�ODFNV�LQ�GHWDLO��'XH�WR�WKH�EHQHILWV�DQG�GUDZEDFNV�RI�WKH�VHQVRUV��
WKH\�DFW�DV�FRPSOHPHQWV�WR�HDFK�RWKHU��%\�IXVLQJ�WKHLU�LQSXWV�XVLQJ�FRQYROXWLRQDO�QHXUDO�QHWZRUN�PRGHOV��ZH�
LPSURYH�REMHFW�GHWHFWLRQ�SHUIRUPDQFH�LQ�H[WUHPH�ZHDWKHU�HQYLURQPHQWV�IRU�DXWRQRPRXV�YHKLFOHV��

$XWRPDWHG�'DWD�([WUDFWLRQ�)URP�&KHPLVWU\�/LWHUDWXUH�8VLQJ�1DWXUDO�/DQJXDJH�3URFHVVLQJ�DQG�2SWLFDO�
6WUXFWXUH�5HFRJQLWLRQ�
$U\D�0HYDGD�
0HQWRUV��6DUDK�5HLVPDQ�DQG�0LFKDHO�0DVHU�

'XH�WR�WKH�QDWXUH�RI�2UJDQLF�&KHPLVWU\�UHVHDUFK��PXFK�RI�WKH�GDWD�JHQHUDWHG�GXULQJ�H[SHULPHQWV�LV�SODFHG�LQ�WH[W�
GRFXPHQWV�LQ�EXON�SDUDJUDSKV��ZKLOH�DFWXDO�FKHPLFDO�SURFHGXUH�DQG�VXFK�DUH�NHSW�LQ�UHDFWLRQ�GLDJUDPV��,Q�RUGHU�
IRU�VRPHRQH�WR�DFFHVV�WKLV�LQIRUPDWLRQ��WKH\�ZRXOG�QHHG�WR�PDQXDOO\�UHDG�WKH�GDWD�DQG�LQSXW�LW�ZKHUHYHU�LV�
QHFHVVDU\��+RZHYHU��ZLWK�WKH�DGYDQFHPHQWV�LQ�1DWXUDO�/DQJXDJH�3URFHVVLQJ�DQG�2SWLFDO�6WUXFWXUH�5HFRJQLWLRQ���
LW�LV�QRZ�SRVVLEOH�WR�DXWRPDWH�WKDW�UHDGLQJ��8VLQJ�WKHVH�SURFHVVHV��GDWD�FDQ�EH�UHDG�GLUHFWO\�IURP�WKH�SDSHUV�DQG�
LQWHUSUHWHG��DOORZLQJ�D�FRPSXWHU�WR�UHDG�WKURXJK�D�SDSHU�DQG�H[WUDFW�LQIRUPDWLRQ�DERXW�WKH�UHDFWLRQV�WKDW�WRRN�
SODFH��IURP�UHDFWDQWV�DQG�SURGXFWV��DOO�WKH�ZD\�WR�SURFHGXUHV��FDWDO\VWV��UHDJHQWV��DQG�FRQGLWLRQV��&UHDWLQJ�D�
SLSHOLQH�WKDW�FDQ�H[WUDFW�WKLV�GDWD�IURP�D�SDSHU�DQG�VWRUH�LW�LQ�D�PDFKLQH�UHDGDEOH�DQG�HDV\�WR�DFFHVV�ZD\�FDQ�
DOORZ�FKHPLVWV�WR�TXLFNO\�UHDG�DQG�VWRUH�WKRXVDQGV�RI�UHDFWLRQV�LQ�D�GDWD�EDVH�ZLWKRXW�KDYLQJ�WR�PDQXDOO\�LQSXW�LW��
7KLV�FOHDUV�WKH�ZD\�IRU�ODUJH�UHDFWLRQ�GDWDEDVHV�WKDW�DUH�FRQWLQXDOO\�SRSXODWHG�ZLWK�QHZ�UHDFWLRQV��ZKLOH�DOVR�JLYLQJ�
FKHPLVWV�DQG�FRPSXWHU�VFLHQWLVWV�ODUJH�VHWV�RI�UHDFWLRQ�GDWD�WR�FUHDWH�QHZ�SUHGLFWLYH�DQG�DQDO\WLFDO�PRGHOV�ZLWK���

&7�$LUZD\�6HJPHQWDWLRQ�8VLQJ�&DVFDGHG��'�8�1HW�1HXUDO�1HWZRUNV�
3UDVKDQWK�0RKDQ�
0HQWRUV��$OEHUW�+VLDR��/HZLV�+DKQ��DQG�-XGLWK�&DPSEHOO�

&KHVW�&7�LV�D�YDOXDEOH�LPDJLQJ�PRGDOLW\�IRU�GLDJQRVLQJ�DQG�DVVHVVLQJ�VHYHULW\�RI�FKURQLF�REVWUXFWLYH�SXOPRQDU\�
GLVHDVH��&23'���+RZHYHU��FKDUDFWHUL]DWLRQ�RI�WKH�DLUZD\V�DV�YLVXDOL]HG�RQ�FKHVW�&7�RI�&23'�SDWLHQWV�LV�FXUUHQWO\�D�
PDQXDO��TXDOLWDWLYH�WDVN��:H�VRXJKW�WR�DXWRPDWH�DVVHVVPHQW�RI�DLUZD\�FDOLEHU�DQG�ZDOO�WKLFNHQLQJ�XVLQJ�PDFKLQH�
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OHDUQLQJ��7KH�ILUVW�VWHS�WRZDUGV�WKLV�JRDO�LV�VHJPHQWDWLRQ�RI�DLUZD\V��2XU�SURSRVHG�VWUDWHJ\�ILUVW�VHJPHQWV�WKH�
WUDFKHD�DQG�WKHQ�UHFXUVLYHO\�VHJPHQWV�VXFFHVVLYH�JHQHUDWLRQV�RI�DLUZD\V��7KLV�VWXG\�ZDV�,5%�DSSURYHG�DQG��
+,3$$�FRPSOLDQW� *URXQG�WUXWK�VHJPHQWDWLRQ�RI�DLUZD\V�WDNHQ�IURP�����FKHVW�&7V�ZDV�JHQHUDWHG�E\�D��
ERDUG�FHUWLILHG�UDGLRORJLVW� $�8�1HW�SUHWUDLQHG�IRU�SXUSRVHV�RI�OLYHU�&7�VHJPHQWDWLRQ�ZDV�UHWUDLQHG�IRU�
VHJPHQWDWLRQ�RI�WKH�WUDFKHD�DQG�WKH�PDLQVWHP�EURQFKL��7KH�'LFH�VLPLODULW\�FRHIILFLHQW��'6&��ZDV�XVHG�IRU�
HYDOXDWLRQ��$�SUHOLPLQDU\�DOJRULWKP�ZKLFK�RQO\�VHJPHQWV�WKH�WUDFKHD�GHPRQVWUDWHG�D�'6&�RI�������
�����&,������������RQ�WHVW�VHW�LPDJHV�IURP����&7V��$�VHFRQG�DOJRULWKP�ZKLFK�VHJPHQWV�ERWK�WKH�WUDFKHD�DQG�
PDLQVWHP�EURQFKL�KDG�DQ�DYHUDJH�'6&�RI�����������&,�������������RQ�WHVW�VHW�LPDJHV��)XWXUH�ZRUN�ZLOO�EXLOG�
XSRQ�WKHVH�DOJRULWKPV�WR�VHJPHQW�VXEVHTXHQW�JHQHUDWLRQV�RI�DLUZD\V��

(QKDQFHPHQWV�RI�6FDQQLQJ�0DJQHWLF�0LFURVFRS\��648,'��'DWD�,QYHUVLRQ�8VLQJ�1DQRWHFKQRORJ\�DQG�
5HDO�7LPH�1RLVH�&DQFHOODWLRQ�7HFKQLTXHV�
1RDK�0RUDQ�
0HQWRUV��-RVHSK�.LUVFKYLQN�DQG�,VDDF�+LOEXUQ��

6FDQQLQJ�PDJQHWLF�PLFURVFRS\�XVLQJ�VXSHUFRQGXFWLQJ�TXDQWXP�LQWHUIHUHQFH�GHYLFHV��648,'��LV�H[WUHPHO\�VHQVLWLYH�
WR�ZHDN�GLSROH�VRXUFHV��PDNLQJ�PHDVXUHPHQWV�H[WUHPHO\�YXOQHUDEOH�WR�QRLVH��7KLV�QRLVH�FDQ�QHJDWLYHO\�DIIHFW�
0DWODE�URXWLQHV�XVHG�WR�ILW��'�PDJQHWLF�GLSROHV�WR�WKH��'��YHUWLFDO�D[LV�PDJQHWLF�ILHOG�LQWHQVLW\�PHDVXUHPHQWV��
2IWHQ�WLPHV��VXFK�QRLVH�ZLOO�UHVXOW�D�ODUJH�YHUWLFDO�KHLJKW�GLIIHUHQFH�EHWZHHQ�WKH�UDZ�DQG�XQILOWHUHG�GDWD��7KH�
648,'�PLFURVFRSH�V\VWHPV�DW�&DOWHFK�DQG�WKH�7RN\R�,QVWLWXWH�RI�7HFKQRORJ\��7L7HFK��ERWK�XVH�WZR����PLFURQ�
648,'�VHQVRUV��DUUDQJHG�LQ�D�JUDGLRPHWHU�FRQILJXUDWLRQ��WR�ILOWHU�RXW�EDFNJURXQG�QRLVH�IURP�WKH�YHUWLFDO�PDJQHWLF�
ILHOGV�WKDW�WKH\�PHDVXUH��2Q�WKH�7L7HFK�V\VWHP��WKH�ILOWHU�DQG�WKH�DOJRULWKP�XVHG�WR�ILW�D��'�GLSROH�PDJQHWLF�
PRPHQW�WR�WKH�ILOWHUHG�GDWD��UHVXOW�LQ�DQRPDORXV�GLSROH�YHUWLFDO�SRVLWLRQV��ORFDWLQJ�WKH�GLSROH�LQVLGH�WKH�DFWXDO�
PLFURVFRSH�V\VWHP�LQVWHDG�RI�LQ�WKH�VDPSOH��a����±�����PLFURQV�EHORZ�WKH�PLFURVFRSH����7R�GHWHUPLQH�WKH�FDXVH�
RI�WKLV�DQRPDO\��QXPHURXV�WHVWV�KDYH�EHHQ�FRQGXFWHG��VXFK�DV�ZLUH�VFDQV�WR�EHWWHU�FRQVWUDLQ�WKH�DFWXDO�SK\VLFDO�
KHLJKW�EHWZHHQ�WKH�VDPSOH�KDQGOHU�VWDJH�DQG�WKH�648,'�VHQVRUV��GLSROH�ILWWLQJ�RI�YDULRXV�VDPSOHV��DQG�FURVV�
DQDO\VLV�EHWZHHQ�GDWD�PHDVXUHG�RQ�WKH�648,'�PLFURVFRSHV�DW�&DOWHFK�DQG�DW�7L7HFK���

3UHFLVH�6LPXODWLRQ�RI�WKH�+LJK�&RQWUDVW�&RURQDJUDSKLF�7HVWEHG�IRU�6HJPHQWHG�7HOHVFRSHV�
8VLQJ�3523(5�
*UDG\�0RUULVVH\�
0HQWRUV��'LPLWUL�0DZHW�DQG�-RUJH�/ORS

7KH�GLUHFW�LPDJLQJ�RI�H[RSODQHWV�LV�WKH�EHVW�VXLWHG�WHFKQLTXH�WR�UHYHDO�H[RSODQHW�SRSXODWLRQ�FKDUDFWHULVWLFV�DQG�
DWPRVSKHULF�FRPSRVLWLRQV��'LUHFW�LPDJLQJ�SRVHV�D�XQLTXH�SUREOHP�IRU�VFLHQWLVWV��PRVW�H[RSODQHWV�KDYH�LQFUHGLEO\�
VPDOO�DQJXODU�VHSDUDWLRQV�DQG�KLJK�SODQHW�WR�VWDU�FRQWUDVW�UDWLRV��H�J��DSSUR[LPDWHO\�D�������FRQWUDVW�UDWLR�IRU�DQ�
(DUWK�OLNH�SODQHW�DURXQG�D�6RODU�W\SH�VWDU��$ORQJ�ZLWK�QHZ�WHFKQLTXHV�LQ�FRURQDJUDSK\��ZKLFK�DLPV�WR�VXSSUHVV�
EULJKW�VWDUOLJKW�WR�UHYHDO�DFFHVVRU\�REMHFWV�QHDUE\��IXWXUH�WHOHVFRSHV��707��/892,5��HWF���ZLOO�DOVR�EH�VHJPHQWHG�WR�
DOORZ�IRU�ODUJH�DSHUWXUHV�QHFHVVDU\�WR�UHDFK�VPDOO�DQJXODU�VHSDUDWLRQV��7KH�+LJK�&RQWUDVW�&RURQDJUDSKLF�7HVWEHG�
IRU�6HJPHQWHG�7HOHVFRSHV��+&67��DW�WKH�([RSODQHW�7HFKQRORJ\�/DERUDWRU\�LQ�&DOWHFK�XVHV�D�YHFWRU�YRUWH[�
FRURQDJUDSK�GHVLJQ�DORQJ�ZLWK�DGDSWLYH�RSWLFV�WR�GHPRQVWUDWH�WKH�WHFKQLTXHV�QHFHVVDU\�IRU�WKH�GLUHFW�LPDJLQJ�RI�
FLUFXPVWHOODU�REMHFWV��,�XSGDWHG�WKH�RSWLFDO�SURSDJDWLRQ�PRGHOLQJ�FRGH��EDVHG�RQ�WKH�3523(5�OLEUDU\��IRU�SUHFLVH��
HQG�WR�HQG�VLPXODWLRQV�XVLQJ�+&67¶V�FXUUHQW�OD\RXW��7KHVH�VLPXODWLRQV�GHWHUPLQH�WKH�QHFHVVDU\�VSHFLILFDWLRQV�IRU�D�
WKHRUHWLFDO�/\RW�FRURQDJUDSK�LQ�WKH�FXUUHQW�V\VWHP��WKH�LPSOHPHQWDWLRQ�RI�ZKLFK�LV�EHLQJ�FRQVLGHUHG�IRU�IXWXUH�
H[SHULPHQWV��7KH�FXUUHQW�PRGHO�GHYHORSHG�IURP�WKLV�ZRUN�ZLOO�DOORZ�IRU�D�EHWWHU�XQGHUVWDQGLQJ�RI�+&67¶V�
FDSDELOLWLHV�DQG�OLPLWDWLRQV��DQG�DOVR�IRU�PRUH�FRURQDJUDSK�WHFKQRORJ\�GHPRQVWUDWLRQV��

6$,5�(SLGHPLF�'\QDPLFV�RQ�*URXS�6WUXFWXUHG�1HWZRUNV�
6LTLDR�0X�
0HQWRUV��)UDQFD�+RIIPDQQ��0DVRQ�3RUWHU�DQG�+HDWKHU�=LQQ�%URRNV�

1HWZRUN�VWUXFWXUH�LV�FULWLFDO�WR�XQGHUVWDQGLQJ�WKH�VSUHDG�RI�LQIHFWLRXV�GLVHDVHV�WKURXJK�D�FRPPXQLW\��,Q�SDUWLFXODU��
LI�D�FRPPXQLW\�LV�SDUWLWLRQHG�LQWR�JURXSV�E\�VRPH�FKDUDFWHULVWLF�VXFK�DV�DJH�RU�HWKQLFLW\��WKH�³PL[LQJ´�SDWWHUQV�
ZLWKLQ�JURXSV�DQG�EHWZHHQ�GLIIHUHQW�JURXSV�FDQ�GULYH�RU�GHWHU�GLVHDVH�WUDQVPLVVLRQ��:H�GHYHORS�PHDQ�ILHOG�
DSSUR[LPDWLRQV�IRU�D�VXVFHSWLEOH±DV\PSWRPDWLF±LQIHFWHG±UHFRYHUHG�UHPRYHG��6$,5��FRPSDUWPHQWDO�PRGHO�WKDW�
UHIOHFWV�VRPH�NH\�WUDLWV�RI�WKH�&29,'����SDQGHPLF��7R�LQYHVWLJDWH�WKH�HIIHFW�RI�PL[LQJ�SDWWHUQV�DQG�KHWHURJHQHRXV�
PRGHO�SDUDPHWHUV��ZH�VLPXODWH�6$,5�HSLGHPLFV�RQ�QHWZRUNV�WKDW�FRQVLVW�RI�WZR�JURXSV�DQG�GLIIHUHQW�
LQWHUJURXS�LQWUDJURXS�HGJH�GHQVLWLHV�DQG�UHFRUGHG�PHDVXUHV�RI�GLVHDVH�SUHYDOHQFH��:H�GHWHUPLQH�WKDW�ZKHQ�WKH�
JURXSV�KDYH�GLIIHUHQW�VL]HV��WKH�ODUJHU�JURXS�DQG�WKH�FRPPXQLW\�DUH�JHQHUDOO\�PRUH�SURWHFWHG�IURP�LQIHFWLRQV�
ZKHQ�UHGXFLQJ�LQWUDJURXS�FRQQHFWLRQV��ZKHUHDV�WKH�VPDOOHU�JURXS�VXIIHUV��$GGLWLRQDOO\��ZKHQ�ZH�DGMXVW�JURXS�
VSHFLILF�SDUDPHWHUV�WKDW�JRYHUQ�GLVHDVH�WUDQVPLVVLELOLW\�DQG�UHFRYHU\�WLPH²WKHVH�HQFRGH�WKH�HIIHFWV�RI�D�GLVHDVH�
RQ�D�KHWHURJHQHRXV�SRSXODWLRQ�PRUH�UHDOLVWLFDOO\²ZH�GLVFRYHU�WKDW�DGMXVWLQJ�WKH�PL[LQJ�SDUDPHWHUV�FDQ�KHOS�
SURWHFW�YXOQHUDEOH�JURXSV�RU��E\�FRQWUDVW��GLVSURSRUWLRQDWHO\�IDYRU�KHDOWKLHU�JURXSV���
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+RPRPRUSKLVPV�RI�%UDLG�*URXSV�DQG�0DSSLQJ�&ODVV�*URXSV�RI�6XUIDFHV�
$UX�0XNKHUMHD�
0HQWRU��/HL�&KHQ

7KH�PDSSLQJ�FODVV�JURXS� �RI�D�FRPSDFW�RULHQWDEOH�VXUIDFH��RU���PDQLIROG��RI�JHQXV� ��FDQ�EH�GHVFULEHG�DV�
WKH�JURXS�RI�SDWK�FRPSRQHQWV�RI�WKH�JURXS�RI�RULHQWDWLRQ�SUHVHUYLQJ�KRPHRPRUSKLVPV�RI� �WR�LWVHOI�WKDW�IL[�LWV�
ERXQGDU\�SRLQWZLVH��$�UHODWHG�REMHFW�LV�WKH�EUDLG�JURXS�RQ� �VWUDQGV� ��ZKLFK�FDQ�DOVR�EH�YLHZHG�DV�WKH�PDSSLQJ�
FODVV�JURXS�RI�D�GLVN�ZLWK� �SXQFWXUHV��:H�DLP�WR�FODVVLI\�KRPRPRUSKLVPV� ��H[SORLWLQJ�WKH�WRWDOO\�
V\PPHWULF�VHW�IRUPHG�E\�WKH�RGG�LQGH[HG�JHQHUDWRUV� ǡ ǡǤ Ǥ Ǥ ǡ �RU� ��DQG�REWDLQ�D�FKDUDFWHULVDWLRQ�IRU�

ͺǡ ʹ ͵��ZKHUH� ��7LPH�SHUPLWWLQJ��ZH�DLP�WR�IXUWKHU�H[WHQG�WKLV�UHVXOW�WR�WKH�FDVH� ʹ��,Q�GRLQJ�

WKLV��&DVWHO¶V�UHVXOW�IRU� ǡ �LV�H[WHQGHG��D�VWHS�WRZDUGV�D�SRVVLEOH�ULJLGLW\�UHVXOW�LQ�WKH�YHLQ�RI�0LU]DNKDQL¶V�

FRQMHFWXUH�WKDW�QRQWULYLDO�KRPRPRUSKLVPV�EHWZHHQ�PDSSLQJ�FODVV�JURXSV�DULVH�RQO\�IURP�PDSV�EHWZHHQ�WKH�
XQGHUO\LQJ�VXUIDFHV���

,PSURYHG�7KRPSVRQ�6DPSOLQJ�IRU�/LQHDU�4XDGUDWLF�3UREOHPV�
0D\D�0XWLF�
0HQWRUV��$QLPD�$QDQGNXPDU�DQG�6DKLQ�/DOH�

7KRPSVRQ�VDPSOLQJ��76��LV�D�PHWKRG�RI�UHLQIRUFHPHQW�OHDUQLQJ��5/��LQ�ZKLFK�DQ�HVWLPDWHG�GLVWULEXWLRQ�LV�XSGDWHG�
DFFRUGLQJ�WR�WKH�UHZDUG�YDOXH�RI�UDQGRPO\�GUDZQ�DFWLRQV��7KLV�LV�XVHG�WR�EDODQFH�ZKDW�LV�NQRZQ�DV�WKH�
³H[SORUDWLRQ�H[SORLWDWLRQ´�WUDGHRII�LQ�5/��:H�FRQVLGHU�76�LQ�D�OLQHDU�TXDGUDWLF�FRQWURO�VHWWLQJ��LQ�ZKLFK�ZH�DWWHPSW�
WR�HVWLPDWH�WKH�VWDWH�SDUDPHWHU�PDWULFHV�$�DQG�%�E\�UDQGRPO\�VDPSOLQJ�YDOXHV�WKDW�FRQYHUJH�WR�D�VROXWLRQ��,Q�
RUGHU�WR�NHHS�WKH�V\VWHP�VWDEOH��ZH�UHMHFW�YDOXHV�WKDW�GR�QRW�IDOO�ZLWKLQ�D�FHUWDLQ�VHW�WKURXJK�D�SURFHVV�NQRZQ�DV�
UHMHFWLRQ�VDPSOLQJ��7KLV�SURMHFW�H[WHQGV�XSRQ�SUHYLRXV�ZRUN�LQ�UHMHFWLRQ�VDPSOLQJ�DOJRULWKPV�E\�H[SDQGLQJ�WKH�VHW�
RI�SRVVLEOH�YDOXHV��ZKLFK�LQFUHDVHV�WKH�GLIILFXOW\�LQ�FRQYHUJLQJ�WR�D�YLDEOH�VROXWLRQ��7R�FRPSDUH�WR�SUHYLRXV�UHVXOWV�
ZH�FDOFXODWHG�WKH�SUREDELOLW\�RI�RXU�DOJRULWKP�EHLQJ�RSWLPLVWLF��PHDQLQJ�LW�IDYRUV�DFWLRQV�WKDW�KDYH�D�KLJKHU�UHZDUG��
:H�DOVR�H[DPLQH�WKH�UHJUHW�ERXQG�IRU�WKLV�SUREOHP��ZKLFK�ZDV�SUHYLRXVO\�WKHRUHWLFDOO\�GHWHUPLQHG�WR�EH�2� ��EXW��
WR�WKH�EHVW�RI�RXU�NQRZOHGJH��QHYHU�EHIRUH�LPSOHPHQWHG�H[SHULPHQWDOO\��)LQDOO\��ZH�H[DPLQH�WKH�DSSOLFDELOLW\�RI�RXU�
DOJRULWKP�LQ�WKH�OLQHDU�TXDGUDWLF�*DXVVLDQ�VHWWLQJ��

)DVW�DQG�5REXVW�7UDMHFWRU\�2SWLPL]DWLRQ�IRU�WKH�5RFNHW�6RIW�/DQGLQJ�3UREOHP
'DQLHO�1HDPDWL��
0HQWRUV��=DFKDU\�0DQFKHVWHU�0HODQ\�+XQW�

7KH�URFNHW�VRIW�ODQGLQJ�SUREOHP�GHVFULEHV�WKH�FRQWURO�FKDOOHQJH�RI�VDIHO\�ODQGLQJ�D�YHKLFOH�RQ�WKH�VXUIDFH�RI�D�VRODU�
V\VWHP�ERG\��3UHYLRXV�ZRUNV�ORVVOHVVO\�UHIRUPXODWH�WKLV�SUREOHP�DV�D�FRQYH[�VHFRQG�RUGHU�FRQH�SURJUDP��&XUUHQW�
WUDMHFWRU\�RSWLPL]HUV�SDLU�PRGHO�SUHGLFWLYH�FRQWURO�ZLWK�RII�WKH�VKHOI�LQWHULRU�SRLQW�VROYHUV��+RZHYHU��DXJPHQWHG�
ODJUDQJLDQ�VROYHUV�DUH�EHWWHU�VXLWHG�WR�PRGHO�SUHGLFWLYH�FRQWURO�DSSOLFDWLRQV�VLQFH�WKH�SUHGLFWHG�WUDMHFWRU\�FDQ�
ZDUP�VWDUW�WKH�RSWLPL]HU��6XFK�DQ�DXJPHQWHG�ODJUDQJLDQ�WUDMHFWRU\�RSWLPL]HU�IRU�VHFRQG�RUGHU�FRQH�SURJUDPV�LV�
QRW�FXUUHQWO\�DYDLODEOH��7KH�DXJPHQWHG�ODJUDQJLDQ�VROYHU�SUHVHQWHG�LQ�WKLV�SDSHU�LV�VSHFLDOL]HG�IRU�IDVW�DQG�UREXVW�
WUDMHFWRU\�RSWLPL]DWLRQ�WR�WDFNOH�WKH�URFNHW�VRIW�ODQGLQJ�SUREOHP��7KLV�QHZ�VROYHU�KDQGOHV�VHFRQG�RUGHU�FRQH�
FRQVWUDLQWV�DQG�LV�LPSOHPHQWHG�LQ�WKH�-XOLD�SURJUDPPLQJ�ODQJXDJH�WR�DFKLHYH�ERWK�WKH�VSHHG�DQG�UREXVWQHVV�
QHHGHG�IRU�UHDO�WLPH�URFNHW�ODQGLQJ�DSSOLFDWLRQV��7KLV�VRIWZDUH�SDFNDJH�ZDV�WHVWHG�YLD�0RQWH�&DUOR�URFNHW�ODQGLQJ�
VLPXODWLRQV�DQG�ZLOO�DGG�WR�WKH�$/752�WUDMHFWRU\�RSWLPL]DWLRQ�-XOLD�IUDPHZRUN�WR�H[SDQG�$/752¶V�FDSDELOLWLHV��
7KH�PHWKRG�LV�DOVR�JHQHUDO�HQRXJK�WR�KDQGOH�VHFRQG�RUGHU�FRQH�FRQVWUDLQWV�LQ�RWKHU�WUDMHFWRU\�RSWLPL]DWLRQ�
DSSOLFDWLRQV��VXFK�DV�WKH�IULFWLRQ�SUREOHP�LQ�OHJJHG�ZDONLQJ�URERWV��

7KH�*HQHWLF�%DVLV�RI�&KHPLFDO�%LRV\QWKHVLV�LQ�$OHRFKDULQDH�5RYH�%HHWOHV�
-DFN�1JX\HQ�
0HQWRU��-RVHSK�3DUNHU��

&XUUHQW�PHWKRGV�RI�FHOO�DQDO\VLV�RI��G�WLVVXHV�DUH�WHGLRXV�DQG�SURGXFH�LQDFFXUDWH�UHVXOWV�ZLWK�SRRUO\�LQGLYLGXDOO\�
VHJPHQWHG�FHOOV�UHTXLULQJ�DGGLWLRQDO�PDQXDO�FXUDWLRQ��)XUWKHUPRUH��LQ�WKH�FRQWH[W�RI�PRVW�H[SHULPHQWV��WKLV�LV�QRW�
SUDFWLFDO�DV�GDWD�LV�RIWHQ�RQ�WKH�RUGHU�RI�WHUDE\WHV�PDNLQJ�WKH�WDVN�HVVHQWLDOO\�LPSRVVLEOH��5HVROYLQJ�WKLV�LVVXH�
ZRXOG�EH�RI�JUHDW�LPSRUWDQFH�GXH�WR�WKH�ZLGHVSUHDG�XVH�RI�FHOO�LPDJLQJ�LQ�PRVW�ELRORJLFDO�H[SHULPHQWV�WR�VKRZ�
YDULRXV�SKHQRW\SHV��7KXV��E\�PDNLQJ�DXWRPDWLRQ�RI�WKH�SURFHVV�YLDEOH�ZH�FDQ�H[SHFW�D�GHFUHDVHG�QHHG�IRU�PDQXDO�
FXUDWLRQ�ZKLFK�XOWLPDWHO\�ZLOO�OHDG�WR�LQFUHDVHG�WKURXJKSXW��)RU�RXU�SXUSRVHV�ZH�ZLOO�XVH�PDQXDOO\�FXUDWHG��
�G�LPDJHV�RI�RUJDQRLGV�WR�VHUYH�DV�WUDLQLQJ�GDWD�IRU�D�GHHS�OHDUQLQJ�PRGHO�WR�HOLPLQDWH�WKH�LQDFFXUDFLHV�PRVW�
PHWKRGV�IDFH��%\�FRQWLQXRXVO\�WUDLQLQJ�WKH�PRGHOV�ZLWK�GDWD�DQG�FXUDWLQJ�WKH�UHVXOWV�ZH�XOWLPDWHO\�VKRXOG�UHVROYH�
D�YLDEOH�PHWKRG�RI�LPDJLQJ��8OWLPDWHO\��WKH�PRGHO�VKRXOG�EH�DEOH�WR�VXFFHVVIXOO\�VHJPHQW�FHOOV�IURP�LPDJHV�RI�
WLVVXHV�LQ��G�DQG�TXDOLI\�GDWD�ZLWK�LQFUHDVHG�DFFXUDF\�DQG�VSHHG�ZKHQ�FRPSDUHG�WR�SUHVHQW�PHWKRGV�RI�LPDJH�
DQDO\VLV��
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'HYHORSPHQW�RI�D�1RYHO�5RERWLF�)LVK�)LQ�3URSXOVRU�IRU�$XWRQRPRXV�8QGHUZDWHU�9HKLFOHV�
7\OHU�1JX\HQ�
0HQWRUV��0RUWH]D�*KDULE�DQG�&HFLOLD�+XHUWDV�&HUGHLUD�

7KH�GHYHORSPHQW�RI�$XWRQRPRXV�8QGHUZDWHU�9HKLFOHV��$89¶V��IRU�XVH�LQ�RFHDQ�VXUYH\LQJ��PLOLWDU\�DSSOLFDWLRQV��DQG�
IRU�H[SORUDWLRQ�RI�RFHDQ�ZRUOGV�VXFK�DV�(XURSD�DQG�(QFHODGXV��KDV�EHHQ�VSXUUHG�RQ�E\�DGYDQFHPHQWV�LQ�
PLQLDWXUL]HG�HOHFWURQLFV�DQG�FRPSXWDWLRQDO�DXWRQRPRXV�GHFLVLRQ�PDNLQJ��7KRXJK�PRVW�$89¶V�DUH�SURSHOOHG�YLD�
VFUHZ�SURSHOOHUV�RU�WKUXVWHUV��ELRORJLFDOO\�LQVSLUHG�ILQ�EDVHG�SURSXOVLRQ�KDV�EHHQ�SURSRVHG�DV�D�PRUH�HQHUJ\�
HIILFLHQW�DQG�HIIHFWLYH�PHWKRG�RI�SURSXOVLRQ�WKURXJK�ZDWHU��$�QRYHO�ILQ�SURSXOVRU�KDV�EHHQ�FRQVWUXFWHG�WKDW�FDQ�ILW�
LQ�D�VWUHDPOLQHG�ILVK�ERG\�DQG�SHUIRUP�FRPSOH[���GLPHQVLRQDO�WUDMHFWRULHV�LQ�ZDWHU��%DVHG�RQ�D�FXVWRP�VSKHULFDO�
SDUDOOHO�PDQLSXODWRU��WKH�ILQ�FDQ�EH�DLPHG�LQ�DOO�GLUHFWLRQV�ZLWKLQ�D�����FRQH�DQG�FDQ�EH�VSXQ�FRQWLQXRXVO\�DERXW�D�
IL[HG�FHQWHU�RI�URWDWLRQ��'XULQJ�685)��HOHFWURQLFV�DQG�VHQVRUV�ZHUH�LQVWDOOHG�DQG�FRQWURO�VRIWZDUH�ZDV�GHYHORSHG�WR�
HQDEOH�IXQFWLRQDOLW\�RI�WKH�SURSXOVRU�IRU�H[SHULPHQWDWLRQ��6RIWZDUH�ZDV�DOVR�GHYHORSHG�WR�QXPHULFDOO\�VROYH�WKH�
LQYHUVH�NLQHPDWLFV�SUREOHP��7KH�ILQ�SURSXOVRU�ZLOO�EH�XVHG�IRU�H[SHULPHQWDWLRQ�WR�RSWLPL]H�ILQ�PRYHPHQW�
WUDMHFWRULHV�IRU�WKUXVW��HIILFLHQF\��DQG�PRELOLW\��VWXG\�WKH�HIIHFWV�RI�YDU\LQJ�ILQ�JHRPHWULHV��DQG�WR�LQYHVWLJDWH�WKH�
IOXLG�PHFKDQLFV�EHKLQG�ILVK�SURSXOVLRQ��5HVXOWV�IURP�H[SHULPHQWDWLRQ�PD\�GHPRQVWUDWH�ILQ�EDVHG�SURSXOVLRQ�WR�EH�D�
EHQHILFLDO�DOWHUQDWLYH�WR�FRQYHQWLRQDO�$89�SURSHOOHUV��

$�6HDUFK�IRU�,QIDQW�5DGLR�*DOD[LHV�
6DQGUD�2¶1HLOO�
0HQWRUV��$QWKRQ\�&��5HDGKHDG�DQG�6HEDVWLDQ�.LHKOPDQQ�

$W�WKH�FHQWHU�RI�VRPH�JDOD[LHV�WKHUH�LV�DQ�DFWLYH�JDODFWLF�QXFOHXV��$*1���D�FHQWUDO�HQJLQH�FRQVLVWLQJ�RI�D�
VXSHUPDVVLYH�EODFN�KROH��DFFUHWLRQ�GLVN��GXVW�WRUXV�DQG�VRPHWLPHV��MHWV��$ORQJ�WKHVH�MHWV��NQRWV��KRWVSRWV��RU�OREHV�
FDQ�IRUP��7KLV�DFWLYLW\�RIWHQ�SHUVLVWV�IRU�a��������\HDUV��UHVXOWLQJ�LQ�D�]RRORJ\�RI�$*1�REMHFWV��,Q�WKLV�SURMHFW��ZH�
IRFXV�RQ�WZR��FRPSDFW�V\PPHWULF�REMHFWV��&62V��DQG�GRXEOH�GRXEOH�UDGLR�JDOD[LHV��''5*V���&62V�DUH�WLQ\��
�����NSF���\RXQJ��a����������\HDUV���DQG�V\PPHWULFDO²UHSUHVHQWLQJ�WKH�LQIDQW�VWDJH�LQ�WKH�OLIH�RI�WKH�IDVFLQDWLQJ�
V\PPHWULF�REMHFWV��5HODWLYLVWLF�EHDPLQJ�PDNHV�LQWHUSUHWLQJ�UDGLR�HPLVVLRQ�IURP�$*1�MHWV�GLIILFXOW��&62V�DUH�
XQEHDPHG��SURYLGLQJ�D�ODERUDWRU\�IRU�WHVWLQJ�WKHRULHV�RI�WKH�ELUWK�DQG�HYROXWLRQ�RI�$*1�MHWV��+RZHYHU��DQ�
XQIRUWXQDWH�UHVXOW�RI�WKH�ODEHO�IORDWLQJ�DURXQG�LQ�WKH�OLWHUDWXUH�KDV�EHHQ�LWV�PLVXVH��ZKLFK�KDV�OHG�WR�PXFK�
FRQIXVLRQ��7KH�DLP�RI�WKLV�VWXG\�LV�WR�IL[�WKLV�E\�UHILQLQJ�WKH�GHILQLWLRQ�RI�WKLV�FODVV�DQG�SURYLGLQJ�DQ�DXWKRULWDWLYH�
FDWDORJ�RI�&62V��7KLV�SDSHU�DOVR�DQDO\]HV�VHYHUDO�PHFKDQLVPV�IRU�''5*�IRUPDWLRQ��''5*V�H[KLELW�WZR�VHWV�RI�
OREHV��VXJJHVWLQJ�LQWHUPLWWHQW�SHULRGV�RI�DFWLYLW\�LQ�$*1V��6WXG\LQJ�''5*V�DQG�&62V�VLPXOWDQHRXVO\�FDQ�\LHOG�QHZ�
LQVLJKW�LQWR�WKH�HDUO\�HYROXWLRQ�RI�$*1�MHWV��

,QIOXHQFHV�RI�6DQG�*UDLQ�.LQHPDWLFV�'XULQJ�6KHDULQJ�
;LQ�+XL�2RL�
0HQWRUV��-RVp�$QGUDGH�DQG�(VWpIDQ�*DUFLD�

7KHUH�DUH�QXPHURXV�QDWXUDO�KD]DUGV�LQYROYLQJ�VKHDU�GHIRUPDWLRQ�WKDW�DUH�UHOHYDQW�WR�RXU�ZHOO�EHLQJ��VXFK�DV�
ODQGVOLGHV�DQG�HDUWKTXDNHV��,Q�RUGHU�WR�EHWWHU�SURWHFW�FLYLO�VRFLHW\�IURP�QDWXUDO�KD]DUGV��LW�LV�LPSRUWDQW�WR�ILUVW�
XQGHUVWDQG�WKH�IXQGDPHQWDO�DVSHFWV�RI�KRZ�WKHVH�QDWXUDO�GLVDVWHUV�RFFXU��,Q�DGGLWLRQ��XSFRPLQJ�FKDOOHQJHV�VXFK�DV�
EXLOGLQJ�KDELWDEOH�VKHOWHUV�RQ�RWKHU�SODQHWV��ZKLFK�LV�RQH�RI�1$6$¶V�JRDOV�IRU�LWV�PLVVLRQV�WR�0DUV��QHFHVVLWDWH�D�
IXQGDPHQWDO�XQGHUVWDQGLQJ�RI�QDWXUDOO\�RFFXUULQJ�JUDQXODU�PDWHULDOV��%\�XQGHUVWDQGLQJ�WKH�EHKDYLRXU�RI�JUDQXODU�
PDWHULDOV��ZH�FDQ�EHWWHU�SUHSDUH�IRU�WKH�FKDOOHQJHV�ERWK�RQ�RXU�RZQ�SODQHW�DQG�RQ�RWKHUV�WKDW�LQYROYH�JUDQXODU�
PDWHULDOV��7KH�VKHDU�UXSWXUH�SURFHVV��LQ�ZKLFK�D�GLVWLQFW�VKHDU�EDQG�GHYHORSV��LV�D�FULWLFDO�FRPSRQHQW�RI�KRZ�
JUDQXODU�PDWHULDOV�GHIRUP��7KURXJK�DQDO\VLV�RI�ERWK�VLPXODWLRQV�DQG�GDWD�IURP�H[SHULPHQWDWLRQ�RI�JUDQXODU�
PDWHULDOV��ZH�FDQ�JDLQ�LQVLJKW�LQWR�WKH�NLQHPDWLFV��EHKDYLRXU��RI�WKH�JUDLQV�GXULQJ�VKHDU�UXSWXUH�DQG�WKXV�PLWLJDWH�
WKH�HIIHFWV�FDXVHG�E\�QDWXUDO�GLVDVWHUV�

6<.�	�+RORJUDSK\��6WXG\�RI�WKH�6DFKGHY±<H±.LWDHY�0RGHO�RQ�6SDUVH�*UDSKV�DQG�
6PDOO�:RUOG�1HWZRUNV�
3DWULFN�2UPDQ�
0HQWRUV��-RKQ�3UHVNLOO�DQG�+UDQW�*KDULE\DQ�

7KH�6DFKGHY±<H±.LWDHY��6<.��PRGHO��FRQVLVWLQJ�RI�1�0DMRUDQD�IHUPLRQV�DOO�LQWHUDFWLQJ�LQ�JURXSV�RI����LV�D�ZLGHO\�
VWXGLHG�WR\�PRGHO�LQ�PDQ\�UHDOPV�LQFOXGLQJ�FRQGHQVHG�PDWWHU�SK\VLFV��TXDQWXP�FKDRV��TXDQWXP�JUDYLW\��DQG�
KRORJUDSK\��$�YDULDWLRQ�RI�WKLV�PRGHO�ZDV�UHFHQWO\�SURSRVHG�E\�6ZLQJOH�LQ�ZKLFK�LQWHUDFWLRQV�DUH�UDQGRPO\�GHOHWHG��
FDOOHG�WKH�6SDUVH�6<.�PRGHO��$ORQJVLGH�VLJQLILFDQW�FRPSXWDWLRQDO�DGYDQWDJHV��RQH�RYHUDUFKLQJ�TXHVWLRQ�WKLV�
GHYHORSPHQW�LQWURGXFHV�LV��:KDW�LV�QHHGHG�IRU�JUDYLW\�FKDRV�WR�HPHUJH��LI�DOO�LQWHUDFWLRQV�DUH�QRW"�7KRXJK�6ZLQJOH��
6XVVNLQG��DQG�:LWWHQ�DUH�FXUUHQWO\�VWXG\LQJ�LWV�KRORJUDSKLF�SURSHUWLHV��RXU�DLP�LV�WR�VWXG\�QXPHULFDOO\�LWV�FKDRWLF�
SURSHUWLHV��SDUWLFXODUO\�VHHLQJ�WKH�FULWLFDO�GHJUHH�RI�VSDUVHQHVV�DW�ZKLFK�FKDRWLF��DQG�SHUKDSV�E\�SUR[\�
KRORJUDSKLF��EHKDYLRU�FHDVHV�DV�LQGLFDWHG�E\�FKDQJHV�LQ�LWV�VSHFWUDO�IRUP�IDFWRU��&RPSXWDWLRQV�IRU�VHYHUDO�YDOXHV�RI�
1�ZHUH�FDUULHG�RXW�LQ�RUGHU�WR�DOVR�GHWHUPLQH�WKH�VFDOLQJ�RI�WKLV�FULWLFDO�YDOXH�ZLWK�WKH�QXPEHU�RI�0DMRUDQDV��2WKHU�
TXDQWLWLHV�RI�LQWHUHVW�LQFOXGH�QHDUHVW�QHLJKERU�GLVWULEXWLRQV�DQG�RXW�RI�WLPH�RUGHU�FRUUHODWRUV��
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)LQLWH�(OHPHQW�$QDO\VLV�RI�$UWKURSRG�DQG�6FRUSLRQ�([RVNHOHWRQ�,QVSLUHG�&RPSRVLWH�0LFURVWUXFWXUHV�
/XFDV�/�%��3DEDUFLXV�
0HQWRUV��-XOLD�*UHHU��+DROX��-DQH��=KDQJ��DQG�0DWWKHZ�+XQW�

$UWKURSRG�H[RVNHOHWRQV�DFKLHYH�WKHLU�UHPDUNDEOH�VWLIIQHVV��WRXJKQHVV�DQG�YHUVDWLOLW\�WKURXJK�D�UDQJH�RI�PXOWL�VFDOH�
FRPSRVLWH�VWUXFWXUHV�FRPSRVHG�RI� �FKLWLQ�HPEHGGHG�LQ�YDULDEO\�FURVV�OLQNHG�DQG�PLQHUDOL]HG�SURWHLQ�PDWULFHV��
QRWDEO\�WKH�KHOLFRLGDO�%RXOLJDQG�PLFURVWUXFWXUH�DQG�QHVWHG�VXE�KHOLFRLGV�UHFHQWO\�GLVFRYHUHG�LQ�6FRUSLR�3DOPDWXV��
7R�DVVHVV�WKH�VWUXFWXUH�IXQFWLRQ�PHFKDQLVPV�HQDEOLQJ�WKH�XQLTXH�PHFKDQLFDO�FKDUDFWHULVWLFV�REVHUYHG�LQ�
H[RVNHOHWRQV�DFURVV�$UWKURSRGD��ZH�ZRUN�WR�FRQGXFW�KLJK�ILGHOLW\�VLPXODWLRQV�RI�HODVWLF�PRGXOL��VWUHVV�
FRQFHQWUDWLRQV�DQG�IUDFWXUH�WRXJKQHVV�LQ�FRPSXWHU�PRGHOOHG�FXWLFOHV��:H�GHYHORS�DQG�YDOLGDWH�DQ�$%$486�ILQLWH�
HOHPHQW�PHWKRG�ZRUNIORZ�IRU�HYDOXDWLQJ�WKH�PDWHULDO�SURSHUWLHV�RI�GLUHFW�PRGHOOHG�ELR�FRPSRVLWHV�DQG�SURGXFH�DQ�
DXWRPDWHG�SDUDPHWULF��'�PRGHOOLQJ�VFULSW�WR�JHQHUDWH�PHVK�GLVFUHWL]DEOH�FXWLFOHV�ZLWK�DUELWUDU\�VWUXFWXUH�DQG�WHVW�
VSHFLPHQ�JHRPHWU\��:H�JHQHUDWH������� P�WKUHH�SRLQW�EHQGLQJ�DQG�WHQVLOH�WHVW�VSHFLPHQV�ZLWK�YDULRXV�VWUXFWXUDO�
DQG�PHFKDQLFDO�SDUDPHWHUV�DQG�DVVHVV�HDFK�SDUDPHWHU¶V�HIIHFW�RQ�EXON�PHFKDQLFDO�UREXVWQHVV��:H�DLP�WR�IXUWKHU�
LQFRUSRUDWH�IDLOXUH�FULWHULD�LQWR�RXU�WHVWLQJ�SURFHVV�DQG�JHQHUDWH�DGGLWLRQDO�PRGHOV�WR�DVVHVV�PRUH�FRPSOH[�QDWXUDO�
VWUXFWXUHV�VXFK�DV�SRUH�FDQDOV��DV�ZHOO�DV�QRQ�QDWXUDO�VWUXFWXUDO�DXJPHQWDWLRQV��7KHVH�PRGHOV�DQG�UHVXOWDQW�
PHFKDQLFDO�SDUDPHWUL]DWLRQV�FDQ�EH�YDOLGDWHG�LQ�IXWXUH�WHVWLQJ�RI�ELRORJLFDO�VSHFLPHQV��DQG�KRSHIXOO\�LQIRUP�IXWXUH�
ELR�LQVSLUHG�HQJLQHHUHG�DQG��'�SULQWHG�PDWHULDOV�ZLWK�DPSOLILHG�PHFKDQLFDO�SHUIRUPDQFH�

8VLQJ�0DFKLQH�DQG�'HHS�/HDUQLQJ�$SSURDFKHV�WR�,PSURYH�WKH�(VWLPDWLRQ�RI�6RFLDO�0HGLD�
*HRJUDSKLF�/RFDWLRQV�
&KDVH�3DJRQ�
0HQWRU��5��0LFKDHO�$OYDUH]�

7KH�OHJLWLPDF\�RI�GHPRFUDF\�GHSHQGV�RQ�WKH�HIILFDF\�RI�DQ\�JLYHQ�HOHFWLRQ��7KXV��WKH�OHJLWLPDF\�RI�DQ\�HOHFWLRQ�
PXVW�DOZD\V�EH�LQ�TXHVWLRQ��7KHUH�LV�QR�EHWWHU�JURXS�WR�PDNH�VXUH�HOHFWLRQV�DUH�IDLU�WKDQ�WKH�SHRSOH�WKHPVHOYHV��
,Q�WKH�HUD�RI�PRGHUQ�SROLWLFV��VRFLDO�PHGLD�SOD\V�D�ODUJH�UROH�LQ�WKH�GLVFXVVLRQ�RI�SROLWLFV��HVVHQWLDOO\�EHFRPLQJ�WKH�
YRLFH�IRU�WKH�SHRSOH��)RU�P\�SURMHFW�,�VHW�RXW�WR�JHRORFDWH�WZLWWHU�GDWD�XVLQJ�VXSHUYLVHG�PDFKLQH�OHDUQLQJ�LQ�RUGHU�
WR�XQGHUVWDQG�ZKHUH�SUREOHPV�UHJDUGLQJ�YRWHU�IUDXG�PD\�RFFXU��)RU�WUDLQLQJ�GDWD�,�XVHG�WZLWWHU�GDWD�IURP�D�
SUHYLRXV�UHVHDUFK�SDSHU�DQG�WHVW�GDWD�SURYLGHG�E\�SURIHVVRU�$OYDUH]�IRU�P\�SURSRVHG�PDFKLQH�OHDUQLQJ�DOJRULWKP���
,�WKHQ�IRUPDWWHG�WKH�ODEHOHG�WUDLQLQJ�GDWD�DQG�SXW�LW�LQ�WKH�IRUP�RI�FKXQNV�RI�WZHHWV�SHU�XVHU�SRLQWLQJ�WR�D�VLQJXODU�
ORFDWLRQ��0\�FRQWLQXDWLRQ�RI�WKH�SURMHFW�ZLOO�IRFXV�RQ�FRPSOHWLQJ�WKH�VXSHUYLVHG�PDFKLQH�OHDUQLQJ�DOJRULWKP�DQG�
WHVWLQJ�LW�DJDLQVW�WKH�WZLWWHU�GDWD�VHW�RQ�YRWHU�IUDXG�WKDW�SURIHVVRU�$OYDUH]�KDV��

$XWRPDWLQJ�D�6HDUFK�IRU�<RXQJ�3ODQHWV�
(OVD�3DOXPER�
0HQWRUV��%HQMDPLQ�0RQWHW�DQG�/\QQH�+LOOHQEUDQG�

6WXG\LQJ�SODQHWV�DURXQG�\RXQJ�VWDUV�LV�RQH�LPSRUWDQW�VWHS�LQ�WU\LQJ�WR�EHWWHU�XQGHUVWDQG�SODQHWDU\�IRUPDWLRQ��
HYROXWLRQ��DQG�KDELWDELOLW\��+RZHYHU��RQO\�RI�D�KDQGIXO�RI�VXFK�SODQHWV�KDYH�EHHQ�GLVFRYHUHG�VR�IDU��SDUWO\�EHFDXVH�
\RXQJ�VWDUV�DUH�W\SLFDOO\�TXLFN�URWDWRUV�DQG�YHU\�DFWLYH��PDNLQJ�LW�FKDOOHQJLQJ�WR�VHSDUDWH�RXW�SODQHWDU\�WUDQVLWV�
IURP�WKH�HIIHFWV�RI�VWDU�VSRWV�DQG�VWHOODU�IODUHV��2XU�SURMHFW�DLPV�WR�JHW�DURXQG�WKLV�SUREOHP�E\�DXWRPDWLQJ�WKH�
GHWHFWLRQ�SURFHVV��IURP�WKH�VHOHFWLRQ�RI�IOX[�W\SH�DSHUWXUH�DQG�WKH�PRGHOLQJ�RI�HDFK�WDUJHW�VWDU¶V�YDULDELOLW\�ZLWK�
*DXVVLDQ�SURFHVV�UHJUHVVLRQ�WR�WKH�LGHQWLILFDWLRQ�RI�SRWHQWLDO�WUDQVLWV�DQG�WKH�SUHOLPLQDU\�YHWWLQJ�RI�SODQHW�
FDQGLGDWHV��$IWHU�ZULWLQJ�WKH�FRGH�DQG�WHVWLQJ�LW�RQ�SUHYLRXVO\�GLVFRYHUHG�\RXQJ�SODQHWDU\�V\VWHPV��ZH�EHJLQ�RXU�
RZQ�VHDUFK�IRU�SODQHWDU\�V\VWHPV��ZLWK�D�IRFXV�RQ�<RXQJ�0RYLQJ�*URXSV�LQ�WKH����PLQXWH�FDGHQFH�GDWD�RI��
1$6$¶V�7UDQVLWLQJ�([RSODQHW�6XUYH\�6DWHOOLWH��7(66���$QG�ILQDOO\��DIWHU�LGHQWLI\LQJ�SRWHQWLDO�WUDQVLWV�LQ�WKH�GDWD��ZH�
GR�PRUH�LQ�GHSWK�YHWWLQJ�RI�HDFK�RI�RXU�SODQHW�FDQGLGDWHV��ZLWK�WKH�JRDO�RI�HLWKHU�LGHQWLI\LQJ�WKH�VRXUFH�RI�WKH�IDOVH�
SRVLWLYH�RU�RI�FRQILUPLQJ�RXU�GHWHFWLRQ��

'HFRGH�9HULI\��$�7UHH�WR�7UHH�1HXUDO�1HWZRUN�:LWK�0RGHO�,QWHUSUHWDELOLW\�
$OH[DQGHU�3DQ�
0HQWRUV��$QLPD�$QDQGNXPDU�DQG�)RURXJK�$UDEVKDKL�

7UHH�WR�WUHH�QHXUDO�PRGHOV�KDYH�DFKLHYHG�VWDWH�RI�WKH�DUW�SHUIRUPDQFH�RQ�SURJUDP�V\QWKHVLV�DQG�PDWKHPDWLFDO�
UHDVRQLQJ�WDVNV�E\�XVLQJ�DQ�HQFRGHU�GHFRGHU�DUFKLWHFWXUH�WR�OHDUQ�D�GLVWULEXWLRQ�EHWZHHQ�LQSXW�DQG�RXWSXW�WUHHV��
$OWKRXJK�WKHVH�PRGHOV�H[SORLW�VHPDQWLF�LQIRUPDWLRQ�H[SUHVVHG�LQ�WKH�WUHH�VWUXFWXUHG�GDWD��WKH\�KDYH�QRW�IXOO\�
OHYHUDJHG�LWV�SRWHQWLDO��:LWK�WKH�JRDO�RI�JUHDWHU�VXSHUYLVLRQ�DQG�PRGHO�LQWHUSUHWDELOLW\��ZH�SURSRVH�DGGLQJ�D�
SUHWUDLQHG�YHULILHU�DUFKLWHFWXUH�WR�WKH�HQFRGHU�GHFRGHU��*LYHQ�DQ�RXWSXW�WUHH��WKH�YHULILHU�GHWHUPLQHV�WKH�SUREDELOLW\�
D�GHFRGLQJ�HUURU�RFFXUUHG�IRU�HYHU\�QRGH�LQ�WKH�WUHH��%DVHG�RQ�WKHVH�SUREDELOLWLHV��WKH�GHFRGHU�PRGLILHV�LWV�
GLVWULEXWLRQ�DQG�GHFRGHV�D�QHZ�WUHH��7KLV�LWHUDWLYH�GHFRGH�YHULI\�SURFHGXUH�UXQV�XQWLO�WKH�YHULILHU�GHWHUPLQHV�WKH�
RXWSXW�WUHH�WR�EH�FRUUHFW��7KH�YHULILHU�LPSURYHV�PRGHO�LQWHUSUHWDELOLW\�E\�KLJKOLJKWLQJ�XQFHUWDLQ�QRGHV��:H�WUDLQ�RXU�
PRGHO�HQG�WR�HQG�RQ�WKH�SURJUDP�FRPSOHWLRQ�DQG�GLIIHUHQWLDO�HTXDWLRQ�VROYLQJ�GRPDLQV�DQG�FRPSDUH�RXU�PRGHO�WR�
EHDP�VHDUFK�EDVHOLQHV��
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6\VWHP�,GHQWLILFDWLRQ�RI�%DFWHULDO�*HQH�([SUHVVLRQ�DV�D�)XQFWLRQ�RI�3RSXODWLRQ�'\QDPLFV
.DWKHULQH�3DQ�
0HQWRUV��5LFKDUG�0XUUD\��&KHOVHD�+X��DQG�$\XVK�3DQGH\

,Q�OLYLQJ�RUJDQLVPV��DGMXVWPHQWV�LQ�JHQH�H[SUHVVLRQ�DUH�QHFHVVDU\�LQ�UHVSRQVH�WR�FKDQJHV�LQ�WKH�HQYLURQPHQW�DQG�
DIIHFW�WKH�FHOO¶V�SK\VLRORJLFDO�VWDWH��7KHVH�FKDQJHV�LQ�H[SUHVVLRQ�DUH�RIWHQ�DQ�XQGHVLUDEOH�FRPSOLFDWLRQ�IRU�V\QWKHWLF�
JHQH�FLUFXLWV��5HFHQW�UHVHDUFK�KDV�VKRZQ�WKDW�JHQHWLF�FLUFXLWV�DUH�QRW�VWULFWO\�LQVXODWHG�IURP�WKHLU�³KRVW´�FHOO��EXW�
UDWKHU�DUH�FRXSOHG�WR�WKH�SK\VLRORJLFDO�VWDWH�RI�WKH�FHOOV�DV�D�ZKROH��,Q�WKLV�VWXG\��(��FROL�ZHUH�WUDQVIRUPHG�ZLWK�D�
\HOORZ�IOXRUHVFHQW�SURWHLQ�SODVPLG��JURZQ�LQ�YDULRXV�PHGLXPV�DQG�WHPSHUDWXUHV��DQG�IOXRUHVFHQFH�YDOXHV�DQG�
SRSXODWLRQ�GHQVLWLHV�ZHUH�PHDVXUHG�RYHU����KRXUV��7KH�V\VWHP�ZDV�PRGHOHG�GHWHUPLQLVWLFDOO\�DV�D�VHW�RI�RUGLQDU\�
GLIIHUHQWLDO�HTXDWLRQV��DQG�VWRFKDVWLFDOO\�XVLQJ�0DUNRY�&KDLQ�0RQWH�&DUOR��3DUDPHWHUV�IRU�P51$�WUDQVFULSWLRQ��
SURWHLQ�WUDQVODWLRQ��DQG�P51$�GHJUDGDWLRQ�ZHUH�LGHQWLILHG�DFURVV�VDPSOHV�JURZQ�LQ�HDFK�FRQGLWLRQ��DQG�WKH�
GHWHUPLQLVWLF�DQG�VWRFKDVWLF�PRGHOV�ZHUH�FRPELQHG�WR�DOORZ�PRUH�SUHFLVH�SUHGLFWLRQV�RI�D�FHOO¶V�SK\VLRORJLFDO�VWDWH��

2Q�DQ�$QDORJXH�RI�WKH�7LWFKPDUVK�'LYLVRU�3UREOHP�
0D\DQN�3DQGH\�
0HQWRU��0DNV\P�5DG]LZLOO��

/HW��ODPEGD�Q��Q!��EH�WKH�)RXULHU�FRHIILFLHQWV�RI�D�KRORPRUSKLF�FXVS�IRUP��:H�VHHN�WR�LPSURYH�ERXQGV�RQ�WKH�
VKLIWHG�FRQYROXWLRQ�VXP�

������ODPEGD�S����
S���;�

WKDW�ZHUH�REWDLQHG�E\�3LWW��6SHFLILFDOO\�ZH�VHHN�WR�LPSURYH�WKH�VDYLQJ�RI��;A��������REWDLQHG�E\�3LWW��:H�LPSURYH�
WKLV�E\�LPSURYLQJ�3LWW¶V�WUHDWPHQW�RI�VR�FDOOHG�³7\SH�G���VXPV��LQ�ZKLFK�RQH�LV�OHG�HVVHQWLDOO\�WR�ERXQGLQJ�VXPV�RI�
WKH�IRUP�

���������ODPEGD�Q�Q�Q�������
QM��a�1M��M� ���

:H�LPSURYH�WKLV�E\�XVLQJ�WKH�.X]QHWVRY�WUDFH�IRUPXOD�WR�ERXQG�VXPV�RI�.ORRVW�HUPDQ�VXPV��7KLV�LV�GLVWLQFW�IURP�
3LWW¶V�WUHDWPHQW�RI�WKH�VDPH�VXP��LQ�ZKLFK�KH�UHGXFHV�WKH�SUREOHP�WR�VKRZLQJ�FDQFHOODWLRQ�LQ�D�FHUWDLQ�H[SRQHQWLDO�
VXP��ZKLFK�LV�DFKLHYHG�YLD�DSSHDOV�WR�GHHS�UHVXOWV�LQ�DOJHEUDLF�JHRPHWU\��2XU�WHFKQLTXH��ZKLFK�LV�FORVHO\�EDVHG�RQ�
RQH�RI�%\NRYVNL�DQG�9LQRJUDGRY�DV�LPSOHPHQWHG�E\�7RSDFRJXOODUL��WXUQV�RXW�WR�\LHOG�VXEVWDQWLDOO\�EHWWHU�7\SH�G�
ERXQGV��ZKLFK�OHDGV�WR�D�VLJQLILFDQWO\�EHWWHU�VDYLQJ�RI�DW�OHDVW�;A��������

'HWHFWLRQ�RI�0HWDVWDEOH�+HOLXP�5HYHDOV�2QJRLQJ�0DVV�/RVV�IRU�WKH�+RW�-XSLWHU�+$7�3���E��
.LPEHUO\�3DUDJDV�
0HQWRUV��+HDWKHU�.QXWVRQ�DQG�6KUH\DV�9LVVDSUDJDGD

:H�XVH�WKH�WUDQVLW�PHWKRG�WR�VWXG\�JDV�JLDQW�SODQHWV�WKDW�DUH�LQ�YHU\�FORVH�SUR[LPLW\�WR�WKHLU�KRVW�VWDUV��ZKLFK�DUH�
NQRZQ�DV�³KRW�-XSLWHUV�´�$WPRVSKHULF�PDVV�ORVV�LV�OLNHO\�WR�EH�VLJQLILFDQW�LQ�VFXOSWLQJ�WKLV�SRSXODWLRQ�RI�FORVH�LQ�
SODQHWV��%\�REVHUYLQJ�WKH�ZDYHOHQJWK�GHSHQGHQW�GHFUHDVH�LQ�OLJKW�ZKHQ�WKH�SODQHW�SDVVHV�LQ�IURQW�RI�LWV�KRVW�VWDU��
ZH�FDQ�GHWHFW�H[FHVV�DEVRUSWLRQ�IURP�WKH�HVFDSLQJ�DWPRVSKHUH��:H�XVH�DQ�XOWUD�QDUURZ�EDQG�ILOWHU�FHQWHUHG�RQ�WKH�
KHOLXP��+H�������QP�WUDQVLWLRQ�OLQH�WR�REVHUYH�WUDQVLWV��,Q�WKLV�OLQH��SODQHWV¶�XSSHU�DWPRVSKHUHV�DUH�RSDTXH��
FDXVLQJ�DQ�LQFUHDVHG�WUDQVLW�GHSWK�UHODWLYH�WR�EURDGEDQG�WUDQVLW�REVHUYDWLRQV�DW�QHDUE\�ZDYHOHQJWKV��7KH�WUDQVLW�
GHSWK�LQ�WKLV�OLQH�FDQ�EH�XVHG�WR�PDS�WKH�VL]H�RI�WKH�UHJLRQ�FRQWDLQLQJ�PHWDVWDEOH�KHOLXP�DQG�TXDQWLI\�WKH�
FRUUHVSRQGLQJ�DWPRVSKHULF�HVFDSH�UDWH��:H�REVHUYHG�WZR�WUDQVLWV�RI�WKH�KRW�-XSLWHU�+$7�3���E�LQ�WKLV�OLQH�XVLQJ�
WKH����´�+DOH�7HOHVFRSH�DW�3DORPDU�2EVHUYDWRU\�DQG�UHSRUW�WKH�ILUVW�HYHU�GHWHFWLRQ�RI�RXWIORZLQJ�JDV�IURP�LWV�XSSHU�
DWPRVSKHUH��7KLV�LV�RQO\�WKH�VHYHQWK�H[RSODQHW�ZLWK�GHWHFWHG�KHOLXP�DEVRUSWLRQ��DQG�WKH�IDLQWHVW�V\VWHP�IRU�ZKLFK�
VXFK�D�PHDVXUHPHQW�KDV�EHHQ�PDGH��

'LVFRYHULQJ�*HQHWLF�6LJQDWXUHV�RI�+XPDQ�%ORRG�&HOOV��
(XQLFH�3DUN�
0HQWRUV��:HL�:HL��;LDRZHL�<DQ��DQG�-DUHG�/HDGEHWWHU�

'LVFRYHULQJ�GHWHFWDEOH�PDUNHUV�IRU�EORRG�FHOOV�LV�WKH�ILUVW�VWHS�WR�LVRODWLQJ�FHOOV�ZLWK�DEQRUPDO�FKDUDFWHULVWLFV��ZKLFK�
PD\�EH�FLUFXODWLQJ�WXPRU�FHOOV��6HYHUDO�PHWKRGV�ZHUH�XVHG�WR�DQDO\]H�GDWDVHWV�DQG�FRQILUP�VLJQDWXUH�JHQHV�RI�
GLIIHUHQW�FHOO�W\SHV�LQ�KXPDQ�EORRG�VDPSOHV��7KH�ILUVW�PHWKRG�XVHG�WR�FDOFXODWH�VLJQDWXUH�JHQHV�LQFOXGHV�FOXVWHULQJ�
EORRG�FHOOV�EDVHG�RQ�WKHLU�51$�VHT�H[SUHVVLRQ�SURILOHV�DQG�UXQQLQJ�D�80$3��8QLIRUP�0DQLIROG�$SSUR[LPDWLRQ�DQG�
3URMHFWLRQ��DOJRULWKP�RQ�WKH�GDWD��WKHQ�RYHUOD\LQJ�H[SUHVVLRQV�RI�PDUNHU�JHQHV�FDOFXODWHG�IRU�HDFK�FOXVWHU�RQWR�WKH�
RYHUDOO�80$3�OD\RXW�DQG�PDQXDOO\�FRQILUPLQJ�ZKDW�W\SH�RI�EORRG�FHOO�HDFK�FOXVWHU�PD\�EH��7KH�VHFRQG�PHWKRG�LV�WR�
LGHQWLI\�PDUNHU�JHQHV�IRU�HDFK�FHOO�W\SH�EDVHG�RQ�0RQDFR¶V�GDWD�VHW��0RQDFR�HW�DO��������XVLQJ�ERWK�W�WHVW�DQG�IROG�
FKDQJH�DV�PHWULFV��&RPSDULVRQV�RI�WKHVH�PDUNHU�FDQGLGDWHV�ZHUH�DOVR�PDGH�WR�FRQILUP�WKHLU�FRQVLVWHQF\�ZLWK��
SUH�H[LVWLQJ�GDWDVHWV�DQG�WR�FKHFN�WKHLU�UHOLDELOLW\��$�VHW�RI�FKDUDFWHULVWLF�JHQHV�IRU�YDULRXV�GLIIHUHQW�FHOO�W\SHV�LQ�
KXPDQ�EORRG�ZHUH�JHQHUDWHG�IRU�IXUWKHU�DQDO\VLV�RI�WKHVH�FHOOV��RQH�SRVVLELOLW\�ZRXOG�EH�ILOWHULQJ�RXW�QHJDWLYH�
WXPRU�FHOOV�IURP�UHDO�FLUFXODWLQJ�WXPRU�FHOOV��
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&RPSXWDWLRQDO�0RGHOLQJ�RI�7ZR�6WDJH�DQG�)OXLGL]HG�%HG�5HDFWRUV�IRU�&DUERQ�6HTXHVWUDWLRQ�LQ�
&DUJR�6KLSV�
-DPHV�3DUN�
0HQWRUV��-HVV�$GNLQV�DQG�6LMLD�'RQJ��

,Q�DQ�HIIRUW�WR�UHGXFH�FDUERQ�HPLVVLRQV��D�FDUERQ�GLR[LGH�VHTXHVWUDWLRQ�UHDFWRU�LV�EHLQJ�FRPSXWDWLRQDOO\�PRGHOHG�
IRU�LPSOHPHQWDWLRQ�LQ�FDUJR�VKLSV��7KH�IXQGDPHQWDO�GHVLJQ�RI�WKH�UHDFWRU�LQYROYHV�WZR�VWHSV��GLVVROYLQJ�FDUERQ�
GLR[LGH�LQ�VHDZDWHU�DQG�UHDFWLQJ�VROLG�FDOFLXP�FDUERQDWH�LQ�WKLV�ZDWHU�WR�FRQYHUW�FDUERQ�GLR[LGH�LQWR�FDUERQDWH�
LRQV��&XUUHQWO\��WZR�GLIIHUHQW�W\SHV�RI�UHDFWRUV�DUH�EHLQJ�PRGHOHG��WZR�VWDJH�UHDFWRUV��ZKLFK�KDYH�WKH�WZR�VWHSV�
RFFXU�LQ�VHSDUDWH�FKDPEHUV��DQG�IOXLGL]HG�EHG�UHDFWRUV��ZKLFK�FRPELQH�WKH�WZR�VWHSV�WRJHWKHU�LQ�D�VLQJOH�FKDPEHU��
7KH�PRGHO�IRU�WKH�IOXLGL]HG�EHG�UHDFWRU�SUHVHQWV�VHYHUDO�FKDOOHQJHV��GXH�WR�WKH�FRPSOH[LW\�RI�IOXLG�G\QDPLFV�
EHKDYLRU�DQG�SKDVH�LQWHUDFWLRQV��2QFH�DQ�LQLWLDO�LPSOHPHQWDWLRQ�RI�WKH�UHDFWRU�KDV�EHHQ�FRPSOHWHG��DGGLWLRQDO�
IDFWRUV�FDQ�EH�DFFRXQWHG�IRU�DV�ZHOO��VXFK�DV�SK\VLFDO�OLPLWDWLRQV�DQG�HQJLQHHULQJ�FRQVWUDLQWV���

$SSOLFDWLRQV�RI�0DJQHWLF�&R�&�+\EULG�5203�'HULYHG�%RURQLF�$FLGV�DV�'LRO�3URWHFWLQJ�*URXSV�LQ�
3RO\RO�6\QWKHVLV�
-ROO\�3DWUR�
0HQWRUV��3DXO�+DQVRQ�DQG�*LKDQ�'LVVDQD\DNH�

7KH�GHYHORSPHQW�RI�WHFKQRORJLHV�WKDW�SURYLGH�VDIH��VXVWDLQDEOH��JUHHQ��DQG�HFRQRPLFDOO\�YLDEOH�V\QWKHVLV�KDV�
JDLQHG�DWWHQWLRQ�GXULQJ�WKH�SDVW�IHZ�GHFDGHV��$PRQJVW�VHYHUDO�DSSURDFKHV��WKH�XVH�RI�LPPRELOL]HG�UHDJHQWV�DLGV�
V\QWKHWLF�FKDOOHQJHV�E\�LQFRUSRUDWLQJ�IDFLOH�SXULILFDWLRQ�PHWKRGV�LQWR�WKH�V\QWKHWLF�URXWH�DQG�DOORZLQJ�WKH�SRWHQWLDO�
RI�UHF\FOLQJ�WKH�UHDJHQW��&R�&�VXUIDFHV�VKRZ�SRWHQWLDO�LQ�VLPSOLI\LQJ�WKH�SXULILFDWLRQ�SURFHVV�WKURXJK�PDJQHWLF�
GHFDQWDWLRQ��%RURQLF�DFLGV�KDYH�EHHQ�ZLGHO\�XWLOL]HG�DV�GLRO�SURWHFWLQJ�JURXSV�LQ�V\QWKHVLV��7KLV�SURMHFW�
GHPRQVWUDWHV�WKDW�HPSOR\PHQW�RI�&R�&�+\EULG�5203�GHULYHG�ERURQLF�DFLGV��&R�&�2%$Q��DV�D�YHUVDWLOH�����DQG��
����GLRO�SURWHFWLQJ�JURXS��7KLV�HIIHFWLYH�FDSWXUH�UHOHDVH�WHFKQLTXH�UHGXFHV�IXUWKHU�SXULILFDWLRQV�VWHSV�DQG�GRHV�QRW�
UHTXLUH�FKURPDWRJUDSKLF�VHSDUDWLRQV��&R�&�2%$Q�FDQ�EH�XWLOL]HG�IRU�DQ�HIILFLHQW�DQG�VWUHDP�OLQHG�V\QWKHVLV�RI�
DGYDQFHG�SRO\RO�VXEXQLWV�WKDW�UHOLHV�RQ�DQ�LWHUDWLYH�PXOWLIXQFWLRQDO�DVSHFW�RI�D�SKRVSKDWH�WHWKHU���

$�)XQGDPHQWDOO\�1HZ�$SSURDFK�WR�'HVLJQLQJ�2SWLFDO�)LOWHUV�:LWK�5DQGRP�1DQRSDUWLFOH�)LOPV�
(OLMDK�3DXO�
0HQWRUV��+DUU\�$WZDWHU�DQG�3DUNHU�:UD\�

1DQRSDUWLFOHV�ZKLFK�VDWLVI\�WKH�.HUNHU�FRQGLWLRQ�ZLWK�ILUVW�RUGHU�PRGHV�FDQ�KDYH�VWURQJ�IRUZDUG�WR�EDFNZDUG�
VFDWWHULQJ�UDWLRV�LQ�SDUWLFXODU�ZDYHOHQJWK�UHJLPHV��:H�VWXG\�WKH�FRXSOLQJ�EHKDYLRU�RI�WKHVH�SDUWLFOHV�IRU�YDU\LQJ�
UDGLDO�GLVWULEXWLRQV�LQ���'�ILOPV�RI�UDQGRPO\�SODFHG�QDQRSDUWLFOHV�WKURXJK�VLPXODWLRQV�EDVHG�RQ�JHQHUDOL]HG�0LH�
WKHRU\��6LQFH�GLIIHUHQW�VL]H�SDUWLFOHV�ZLOO�KDYH�WKHVH�UDWLRV�LQ�GLIIHUHQW�ZDYHOHQJWK�UDQJHV��E\�RSWLPL]LQJ�WKH�
SURSRUWLRQV�RI�SDUWLFOHV�RI�SDUWLFXODU�VL]HV�DQG�PDWHULDOV�ZH�GHPRQVWUDWH�WKH�SRVVLELOLW\�RI�D�FRPSOHWHO\�QHZ�
DSSURDFK�WR�GHVLJQLQJ�WKH�EDVLF�W\SHV�RI�RSWLFDO�ILOWHUV���

3UHGLFWLQJ�,QWHUDQQXDO�6HD�6XUIDFH�7HPSHUDWXUH�$QRPDO\�8VLQJ�+LVWRULFDO�7LGH�*DXJH�5HFRUGV�
-RVKXD�3DZODN�
0HQWRUV��0DUN�0HUULILHOG�DQG�%HQ�+DPOLQJWRQ�

:KLOH�VHD�OHYHO�KDV�ULVHQ�VWHDGLO\�RYHU�WKH�SDVW�VHYHUDO�GHFDGHV�DW�D�JOREDO�VFDOH��FRQVLGHUDEOH�GHYLDWLRQ�IURP�WKLV�
WUHQG�RFFXUV�DW�UHJLRQDO�VFDOHV��8QGHUVWDQGLQJ�WKH�PHFKDQLVPV�EHKLQG�WKLV�YDULDWLRQ�LV�LPSRUWDQW�WR�SUHGLFWLQJ�KRZ�
ULVLQJ�VHD�OHYHOV�ZLOO�DIIHFW�FRDVWDO�FRPPXQLWLHV�DURXQG�WKH�ZRUOG��ERWK�GLUHFWO\�DQG�WKURXJK�OLQNHG�FKDQJHV�WR�RWKHU�
FRDVWDO�SURFHVVHV��,Q�WKLV�SURMHFW��ZH�DWWHPSW�WR�HVWDEOLVK�DQG�H[SODLQ�D�FRQQHFWLRQ�EHWZHHQ�FRDVWDO�VHD�OHYHO�
WUHQGV�DQG�UHJLRQDO�VHD�VXUIDFH�WHPSHUDWXUH�ZLWKLQ�WKH�6RXWKHUQ�&DOLIRUQLD�%LJKW��8VLQJ�RYHU�D�FHQWXU\�RI�KLVWRULFDO�
GDWD��ZH�VKRZ�WKDW�WLGH�JDXJH�PHDVXUHG�VHD�VXUIDFH�KHLJKW�FRPELQHG�ZLWK�UHJLRQDO�ZLQG�VWUHVV�VHUYHV�DV�D�VWURQJ�
SUR[\�IRU�WKH�GRPLQDQW�PRGH�RI�VHD�VXUIDFH�WHPSHUDWXUH�DQRPDO\�LQ�WKH�UHJLRQ��7KLV�DOORZV�XV�WR�LQIHU�WKH�
PDJQLWXGH�DQG�IUHTXHQF\�RI�KLVWRULFDO�UHJLRQDO�PDULQH�KHDWZDYH�HYHQWV�DQG�GHVFULEH�KRZ�WKHVH�HYHQWV�KDYH�
HYROYHG�ZLWK�WKH�FKDQJLQJ�FOLPDWH�RYHU�WKH�ODVW�FHQWXU\��7KHVH�ILQGLQJV�VXJJHVW�WKDW�H[LVWLQJ�SUHGLFWLYH�PRGHOV�RI�
VHD�VXUIDFH�KHLJKW�ZLWKLQ�6RXWKHUQ�&DOLIRUQLD�PD\�EH�HDVLO\�H[WHQGHG�WR�VHD�VXUIDFH�WHPSHUDWXUH��DOORZLQJ�IRU�PRUH�
DFFXUDWH�IRUHFDVWV�RI�IXWXUH�PDULQH�KHDWZDYHV��

'HYHORSPHQW�RI�3RZHUHG�$QNOH�([RVNHOHWRQ�DQG�&DQH�$VVLVWLQJ�'HYLFH�
7RXVVDLQW�3HJXHV�
0HQWRU��$DURQ�$PHV��

0LOOLRQV�RI�SHRSOH�ZRUOGZLGH�DUH�DIIHFWHG�E\�LQMXULHV�RU�GLVDELOLWLHV�WKDW�LPSHGH�WKHLU�DELOLW\�WR�ZDON��'HYLFHV�WKDW�
UHVWRUH�PRELOLW\�WDNH�PDQ\�IRUPV��IURP�WKH�VLPSOHVW�FDQHV�WR�H[RVNHOHWRQV��(YHQ�ZLWK�WKH�XVH�RI�D�FDQH��PDQ\�
SHRSOH�VWLOO�IDOO��IXUWKHU�LQMXULQJ�WKHPVHOYHV��:H�DUH�GHYHORSLQJ�D�GHYLFH�WKDW�FOLSV�RQWR�D�FDQH�DQG�YLEUDWHV�WR�ZDUQ�
WKH�XVHU�ZKHQ�WKH�FDQH�DSSURDFKHV�XQVDIH�VLGHZD\V�DQJOHV���7KH�GHYLFH�ZLOO�DOVR�EH�DEOH�WR�EH�DWWDFKHG�WR�D�XVHU¶V�
WRUVR�WR�JLYH�LPPHGLDWH�SRVWXUH�IHHGEDFN�GXULQJ�SK\VLFDO�WKHUDS\��([RVNHOHWRQV�FDQ�DOVR�SURYLGH�DVVLVWDQFH�WR�
LQGLYLGXDOV�ZLWK�FRQGLWLRQV�UDQJLQJ�IURP�PXVFOH�ZHDNQHVVHV�WR�SDUDSOHJLD��7KH�JRDO�RI�RXU�H[RVNHOHWRQ�LV�WR�SURYLGH�
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DGGLWLRQDO�WRUTXH�DW�WKH�DQNOH�WR�UHGXFH�WKH�DPRXQW�RI�HIIRUW�XVHUV�KDYH�WR�H[SHQG�E\�VXSSOHPHQWLQJ�WKH�WRUTXH�
H[HUWHG�DURXQG�WKH�DQNOH�GXULQJ�ZDONLQJ�RU�UXQQLQJ���7KLV�DGGLWLRQDO�WRUTXH�OHDGV�WR�D�UHGXFWLRQ�LQ�WKH�PHWDEROLF�
FRVW��DOORZLQJ�WKH�XVHU�WR�ZDON�IDUWKHU�RU�FDUU\�PRUH�ZHLJKW�ZLWK�OHVV�HIIRUW��7KH�DXJPHQWDWLRQ�LV�DFKLHYHG�XVLQJ�
FDEOHV�DWWDFKHG�WR�D�PRWRU�PRXQWHG�RQ�WKH�ERG\�WR�SXOO�WKH�KHHO�GXULQJ�WKH�SXVK�RII�SKDVH�RI�ZDONLQJ�� �

$WRPLVWLF�,GHQWLILFDWLRQ�RI�1H[W�*HQHUDWLRQ�+K�&DQFHU�7KHUDSHXWLFV�
'DQLHO�6��3HQJ�
0HQWRU��$OLVRQ�(��2QGUXV�

7KH�+HGJHKRJ��++��VLJQDOLQJ�SDWKZD\�LV�D�NH\�UHJXODWRU�RI�DQLPDO�HPEU\RQLF�GHYHORSPHQW��3DQFUHDWLF��FRORQ��DQG�
SURVWDWH�FDQFHUV�KDYH�EHHQ�NQRZQ�WR�XWLOL]H�DEHUUDQW�++�VLJQDOLQJ�WR�LQLWLDWH�WXPRULJHQHVLV��)XOO�DFWLYLW\�RI�WKH�
+HGJHKRJ��+K��SURWHLQ��D�NH\�PRUSKRJHQ�RI�WKH�++�SDWKZD\��UHTXLUHV�DQ�XQLTXH�SRVW�WUDQVODWLRQDO�PRGLILFDWLRQ�LQ�
ZKLFK�WKH�SURWHLQ�LV�FOHDYHG�E\�D�FKROHVWHURO�PROHFXOH��$V�VXFK��VPDOO�PROHFXOHV�WKDW�LQWHUIHUH�ZLWK�WKLV�
FKROHVWHURO\VLV�UHDFWLRQ�KDYH�WKH�SRWHQWLDO�WR�EORFN�WKH�DFWLYLW\�RI�+K�RQFRSURWHLQV�,Q�WKLV�SURMHFW��SURWHLQ�OLJDQG�
LQWHUDFWLRQV�EHWZHHQ�IXOO�OHQJWK�+K�SURWHLQ�DQG�FKROHVWHURO�ZHUH�DQDO\]HG�WKURXJK�LQ�VLOLFR�GRFNLQJ�H[SHULPHQWV��
7KH�UHVXOWLQJ�GRFNLQJ�SODWIRUP�ZDV�UHILQHG�WKURXJK�H[WHQVLYH�GRFNLQJ�RI�NQRZQ�FKROHVWHURO\VLV�HIIHFWRUV��UHYHDOLQJ�
NH\�SURSHUWLHV�IRU�FKROHVWHURO\VLV�LQKLELWLRQ��8VLQJ�WKLV�SODWIRUP��D�ODUJH�OLEUDU\�RI�GUXJ�DQG�GUXJ�OLNH�PROHFXOHV�ZDV�
VFUHHQHG�IRU�YLDELOLW\�DV�D�FRPSHWLWLYH�LQKLELWRU�RI�+K�SURWHLQ�FKROHVWHURO\VLV��7RS�KLWV�ZHUH�RSWLPL]HG�YLD�PROHFXODU�
GHVLJQ�WR�\LHOG�D�VPDOO�OLVW�RI�PROHFXOHV�ZLWK�SRWHQWLDO�IRU�XVH�DV�FKHPRWKHUDSHXWLFV�DJDLQVW�++�VLJQDOLQJ�FDQFHUV��

0DSSLQJ�:DWHU�,FH�RQ�WKH�/XQDU�6XUIDFH��&RPELQHG�5HVXOWV�)URP�([LVWLQJ�5HPRWH�6HQVLQJ�'DWDVHWV�
0DUFRV�$��3HUH]�
0HQWRU��%HWKDQ\�/��(KOPDQQ

7ZR�GHFDGHV�RI�UHPRWH�VHQVLQJ�GDWD�IURP�VHYHUDO�VDWHOOLWHV�VKRZ�WKDW�OXQDU�ZDWHU�LFH�DQG�RWKHU�YRODWLOHV�H[LVW�
ZLWKLQ�WKH��������NP��RI�WKH�0RRQ¶V�VXUIDFH�WKDW�LV�SHUPDQHQWO\�VKDGRZHG��+RZHYHU��WKH�SUHFLVH�VSDWLDO�
GLVWULEXWLRQ�RI�ZDWHU�LFH�RQ�WKH�0RRQ�LV�QRW�\HW�ZHOO�XQGHUVWRRG��,QLWLDO�UDGDU�REVHUYDWLRQV�IURP�$UHFLER�DQG�WKH�
&OHPHQWLQH�%LVWDWLF�5DGDU�([SHULPHQW�GLG�QRW�UHSURGXFLEO\�GHWHFW�PDFURVFRSLF�ZDWHU�LFH�GHSRVLWV�DW�RU�QHDU�WKH�
/XQDU�VXUIDFH��/DWHU��LQIUDUHG�VSHFWUD�GLUHFWO\�GHWHFWHG�VXUIDFH�ZDWHU�LFH�LQ�VHOHFW�FUDWHUV�XVLQJ�VSHFWURVFRS\�LQ�89��
QHDU�LQIUDUHG�DOEHGR��DQG�WHPSHUDWXUH�DOVR�FRQVLVWHQW�ZLWK�LFH��$GGLWLRQDOO\��WKH�GHSWK�GLDPHWHU�UDWLRV�RI�VLPSOH�
FUDWHUV�RQ�WKH�0RRQ��VKDOORZ�VLJQLILFDQWO\�ZLWK�ODWLWXGH��VXJJHVWLQJ�WKDW�PDFURVFRSLF�GHSRVLWV�RI�YRODWLOHV�LQ�ILOO�
FUDWHUV�RQ�WKH�/XQDU�VXUIDFH��

7R�FUHDWH�D�FRPSUHKHQVLYH�PDS�RI�ZDWHU�LFH�LQGLFDWRUV�RQ�WKH�/XQDU�VXUIDFH��GDWDVHWV�FROOHFWHG�E\�WKH�IROORZLQJ�
LQVWUXPHQWV�ZHUH�XWLOL]HG��0���LQIUDUHG�VSHFWUD���/$03��IDU�XOWUDYLROHW�VSHFWUD���/(1'�DQG�16��QHXWURQ�VSHFWUD���
/2/$��WRSRJUDSK\�DQG�DOEHGR���ERWK�0LQL�5)V��DOEHGR�DQG�SRODUL]DWLRQ���/52&��VXUIDFH�YLVLEOH�DOEHGR���DQG�'LYLQHU�
�VXUIDFH�WHPSHUDWXUH���$OWKRXJK�WKH�UDZ�GDWD�IRU�HDFK�RI�WKHVH�LQVWUXPHQWV�DUH�SXEOLFO\�DFFHVVLEOH�IURP�1$6$¶V�
3ODQHWDU\�'DWD�6\VWHP�*HRVFLHQFH�1RGH��ZH�XWLOL]H�SUHYLRXVO\�SXEOLVKHG�GHULYHG�SURGXFWV�ZKHQ�SRVVLEOH�WR�
HIILFLHQWO\�EXLOG�XSRQ�WKH�GDWD�SURFHVVLQJ�DOUHDG\�FRQGXFWHG��

0HDVXUHPHQWV�DQG�REVHUYHG�VXUIDFH�FRQGLWLRQV�FRQVLVWHQW�ZLWK�WKH�SUHVHQFH�RI�ZDWHU�LFH�ZHUH�VSDWLDOO\�
FRUHJLVWHUHG�LQ�$UF*,6�DQG�WKHLU�FRUUHODWLRQV�WHVWHG�IRU�VWDWLVWLFDO�VLJQLILFDQFH�XVLQJ�3\WKRQ���6LQFH�WKHVH�
LQVWUXPHQWV�SRVVHVV�GLIIHUHQW�VSDWLDO�UHVROXWLRQV�DQG�GLIIHUHQW�GHSWKV�EHORZ�WKH�VXUIDFH�DW�ZKLFK�WKH\�FDQ�GHWHFW�
ZDWHU�LFH��ZH�DLP�WR�GLIIHUHQWLDWH�DUHDV�ZLWK�ZDWHU�LFH�DW�WKH�VXUIDFH�YHUVXV�EXULHG�EHORZ�WKH�/XQDU�VXUIDFH����
)RU�IXWXUH�URERWLF�PLVVLRQV�WR�VWXG\�WKH�0RRQ¶V�FXUUHQW�DQG�SDVW�JHRORJ\�DQG�SRWHQWLDO�LQ�VLWX�UHVRXUFH�XWLOL]DWLRQ�
�,658���DVFHUWDLQLQJ�ZLWK�FHUWDLQW\�WKH�FRPSRVLWLRQ��ORFDWLRQ��DQG�DEXQGDQFH�RI�WKH�ZDWHU�LFH�GHSRVLWV�RQ�WKH�/XQDU�
VXUIDFH�LV�FUXFLDO��

,Q�6LOLFR�&LUFXLW�(YROXWLRQ�
-RVHSK�3HWHUVRQ�
0HQWRUV��5LFKDUG�0XUUD\�DQG�5RU\�:LOOLDPV�

,Q�YLYR��LW�LV�REVHUYHG�WKDW�VXEMHFWV�RI�JHQHWLF�HQJLQHHULQJ�RIWHQ�H[SHULHQFH�VHOHFWLYH�SUHVVXUH�WR�UHPRYH�RU�
LQDFWLYDWH�WKH�V\QWKHWLF�FLUFXLW�WKH\�KDYH�EHHQ�SURJUDPPHG�WR�H[SUHVV��7KLV�LV�EHFDXVH�WKH�QHZ�JHQHWLF�FLUFXLW�
UHTXLUHV�XVDJH�RI�UHVRXUFHV�DQG�PDFKLQHU\�WKDW�ZRXOG�RWKHUZLVH�KDYH�EHHQ�FRQWULEXWLQJ�WR�FHOO�JURZWK��,Q�RUGHU�WR�
SURYLGH�D�SODWIRUP�IRU�UHVHDUFKHUV�WR�HDVLO\�H[SORUH�WKLV�LPSRUWDQW�DVSHFW�RI�HQJLQHHUHG�FLUFXLWV��ZH�KDYH�GHVLJQHG�
DQ�H[WHQVLRQ�RI�WKH�ELRORJLFDO�FLUFXLW�VLPXODWLRQ�VRIWZDUH�%LRVFUDSH�WKDW�DOORZV�WKH�JURZWK�UDWH�RI�FHOOV�WR�EH�
PRGXODWHG�E\�FLUFXLW�H[SUHVVLRQ�WKURXJK�WKH�VHTXHVWUDWLRQ�RI�FHOOXODU�PDFKLQHU\��DQG�UDQGRP�PXWDWLRQV�WR�EH�
PRGHOHG�WKURXJK�DGMXVWLQJ�UDWH�FRQVWDQWV��7DNHQ�WRJHWKHU��WKLV�HQDEOHV�WKH�VLPXODWLRQ�DQG�WHVWLQJ�RI�DQ\�JHQHWLF�
FLUFXLW�DJDLQVW�WKLV�VHOHFWLYH�SUHVVXUH�VXFK�WKDW�JHQHV�DUFKLWHFWXUHV�ZKLFK�DUH�HVSHFLDOO\�XQVWDEOH�PD\�EH�LGHQWLILHG��
DQG�YDULDQWV�DLPHG�WR�LPSURYH�WKH�HYROXWLRQDU\�KDOI�OLIH�WHVWHG��)XWXUH�SURMHFWV�VKRXOG�IRFXV�RQ�LPSURYLQJ�WKH�
ILGHOLW\�RI�WKH�JURZWK�RULHQWHG�PHWDEROLVP�LQ�WKH�VLPXODWHG�FHOOV��
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6LPXODWLRQ�RI�)XHO�7UDQVIHU�IRU�$SSOLFDWLRQV�LQ�,Q�2UELW�6SDFHFUDIW�6HUYLFLQJ�
0DUWLQ�3HWLFFR�
0HQWRUV��6RRQ�-R�&KXQJ�DQG�<DVKZDQWK�.XPDU�1DNND�

6DWHOOLWHV�GHYHORSHG�RYHU�WKH�SDVW�IHZ�GHFDGHV�KDYH�KDG�WKHLU�IXQFWLRQDOLW\�JUHDWO\�UHVWULFWHG�E\�WKHLU�QRWDEO\�VKRUW�
OLIHVSDQV�RI�DURXQG�ILYH�WR�ILIWHHQ�\HDUV��RIWHQ�DWWULEXWHG�WR�WKHLU�OLPLWHG�IXHO�FDSDFLW\��$V�D�UHVXOW��VDWHOOLWHV�WKDW�DUH�
RWKHUZLVH�IXQFWLRQDO�JHW�UHWLUHG�DQG�WKURZQ�LQWR�JUDYH\DUG�RUELWV�WR�WKHQ�EH�UHSODFHG�E\�EUDQG�QHZ�VDWHOOLWHV��7KLV�
LV�LQFUHGLEO\�WLPH�FRQVXPLQJ��FRVWO\��DQG�OHVV�WKDQ�LGHDO��7KH�DLP�RI�WKLV�SURMHFW�LV�WR�GHYHORS�D�SURRI�RI�FRQFHSW�
V\VWHP�WKDW�FDQ�GHPRQVWUDWH�WKH�H[WHQVLRQ�RI�D�VDWHOOLWH¶V�OLIHVSDQ�WKURXJK�LQ�RUELW�UHIXHOLQJ��7KLV�V\VWHP�ZLOO�EH�
GHVLJQHG�DURXQG�WKH�VSDFHFUDIW�VLPXODWRUV�GHYHORSHG�DW�WKH�&HQWHU�IRU�$XWRQRPRXV�6\VWHPV�DQG�7HFKQRORJLHV�ODE�
DW�&DOWHFK��$�FRPSDWLEOH�IXHO�DUP�LV�GHVLJQHG�LQ�62/,':25.6��WKHQ�DQ�H[SUHVVLRQ�IRU�D�WLPH�GHSHQGHQW�PRPHQW�
RI�LQHUWLD�WHQVRU�LV�GHULYHG�EDVHG�RII�WKH�IORZ�RI�IXHO�IURP�RQH�VSDFHFUDIW�WR�WKH�RWKHU�DQG�VLPXODWHG�LQ�0$7/$%��
7KLV��DQG�VLPLODU�VLPXODWLRQV��ZLOO�DOORZ�IRU�WKH�VSDFHFUDIW�FRQWUROOHU�ERDUGV�WR�WDNH�WKH�FKDQJLQJ�PRPHQW�RI�LQHUWLD�
LQWR�DFFRXQW�IRU�SUHFLVH�PRYHPHQW�FRQWURO��)XUWKHU�ZRUN�ZRXOG�FRQVLVW�RI�EXLOGLQJ�SURRI�RI�FRQFHSW�V\VWHPV�IRU�
RWKHU�DUHDV�RI�DXWRQRPRXV�VHUYLFLQJ��VXFK�DV�UHSODFLQJ�SDUWV�RQ�D�VDWHOOLWH�RU�DGGLQJ�FRPSRQHQWV�WR�LW�WR�H[SDQG�LWV�
FDSDELOLWLHV�

,QYHVWLJDWLRQ�RI�(7)�3DLUV�DQG�,PSOLFDWLRQV�LQ�(7)�3DLUV�7UDGLQJ�
-DFN�3LHUVRQ�
0HQWRUV��9ODGLPLU�&KHUNDVVN\�DQG�5��0LFKDHO�$OYDUH]�

([FKDQJH�WUDGHG�IXQGV��(7)V��DUH�D�W\SH�RI�LQYHVWPHQW�IXQG�WKDW�DUH�WUDGHG�RQ�VWRFN�H[FKDQJHV��7KH�REMHFWLYH�RI�
WKLV�SURMHFW�LV�WR�XQGHUVWDQG�XQGHUO\LQJ�UHODWLRQVKLSV�EHWZHHQ�SDLUV�RI�(7)V�EDVHG�RQ�PDWKHPDWLFDO�SKHQRPHQD��
7KH�ILUVW�RI�WKHVH�LV�FRLQWHJUDWLRQ��ZKLFK�RFFXUV�ZKHQ�D�VWDWLRQDU\�UHODWLRQVKLS�H[LVWV�EHWZHHQ�WZR�QRQ�VWDWLRQDU\�
WLPH�VHULHV��,Q�RUGHU�WR�GHWHUPLQH�ZKHWKHU�WZR�WLPH�VHULHV�DUH�FRLQWHJUDWHG��D�UHJUHVVLRQ�LV�SHUIRUPHG�RQ�D�SDLU�RI�
(7)V�RYHU�D�JLYHQ�WLPH�IUDPH�DQG�DQ�DXJPHQWHG�'LFNH\�)XOOHU�WHVW�LV�XVHG�WR�WHVW�IRU�VWDWLRQDULW\�LQ�WKH�UHVLGXDOV�
REWDLQHG�E\�WKH�UHJUHVVLRQ��,W�ZDV�IRXQG�WKDW�WKRXJK�WKH�WHVWHG�(7)V�GR�H[KLELW�FRLQWHJUDWLRQ�RYHU�FHUWDLQ�WLPH�
SHULRGV�DQG�HVSHFLDOO\�ORQJ�WLPH�IUDPHV��WKHUH�LV�QR�FRQVLVWHQF\�WKDW�ZRXOG�LQGLFDWH�DQ\�VKRUW�WHUP�WUDGLQJ�
VWUDWHJLHV��7KH�VHFRQG�SKHQRPHQD�LV�FRUUHODWLRQ��&HUWDLQ�(7)�SDLUV�H[KLELW�SDUWLFXODUO\�VWURQJ�FRUUHODWLRQ��%HFDXVH�
RI�WKLV�FRUUHODWLRQ��RQH�FDQ�H[SHFW�VRPH�VRUW�RI�FRUUHFWLRQ�PHFKDQLVP�WR�GD\V�ZKLFK�VWUD\�IDU�IURP�WKH�FRUUHODWLRQ�
ILW�OLQH��7KH�UHVW�RI�WKH�SURMHFW�ZLOO�UHYROYH�DURXQG�H[SORULQJ�KRZ�D�FRUUHFWLRQ�PHFKDQLVP�FRXOG�EH�WDNHQ�DGYDQWDJH�
RI�DQG�LI�WKHUH�LV�DOVR�D�ODJJHG�FRUUHFWLRQ�EHWZHHQ�86�DQG�LQWHUQDWLRQDO�PDUNHWV��

(89�1HW��3UHGLFWLQJ�([WUHPH�8OWUDYLROHW�6RODU�(PLVVLRQ�)URP�+H�,�$EVRUSWLRQ�/LQHV�8VLQJ�'HHS�
/HDUQLQJ�
$QWKRQ\�3LQHFL�
0HQWRUV��3HWHU�6DGRZVNL�DQG�&KULVWRSKHU�8PDQV�

3ODQHW�IRUPDWLRQ�DQG�HYROXWLRQ�LV�LPSDFWHG�E\�UDGLDWLRQ�LQ�WKH�H[WUHPH�XOWUDYLROHW��(89��DQG�IDU�XOWUDYLROHW��
�)89��IURP�WKH�KRVW�VWDU��7KLV�KLJK�HQHUJ\�UDGLDWLRQ�LV�RQO\�REVHUYDEOH�IURP�VSDFH��\HW�UHPDLQV�SDUWLDOO\�REVFXUHG�
E\�WKH�LQWHUVWHOODU�PHGLXP��7KLV�PRWLYDWHV�D�FDOLEUDWLRQ�EHWZHHQ�D�JURXQG�REVHUYDEOH�SUR[\�WR�(89�DQG��
)89�HPLVVLRQV��,Q�WKLV�ZRUN�ZH�SUHGLFW�(89�HPLVVLRQ�IURP�FRQWHPSRUDQHRXV�REVHUYDWLRQV�RI�+(�,�DEVRUSWLRQ��XVLQJ�
GHHS�OHDUQLQJ�WR�OHDUQ�WKLV�QRQ�OLQHDU�UHODWLRQVKLS�IURP�KLVWRULFDO�GDWD�DFTXLUHG�E\�62/,6�LQVWUXPHQWV�RSHUDWHG�E\�
1,63�162�$85$�16)�DQG�GDWD�SURYLGHG�E\�6'2�DQG�SURFHVVHG�E\�-62&��7KH�PRGHO�LV�D�SK\VLFV�LQIRUPHG�IXOO\�
FRQYROXWLRQDO�QHXUDO�QHWZRUN�ZLWK�VNLS�FRQQHFWLRQV�WKDW�XVHV�VSDWLDO�LQIRUPDWLRQ�DQG�DFFRXQWV�IRU�WKH�FXUYDWXUH�RI�
WKH�6XQ��8VLQJ�QRUPDOL]HG�WDUJHW�YDOXHV��UHVXOWV�LQGLFDWH�DQ�DYHUDJH�SL[HO�ZLVH�PHGLDQ�VTXDUHG�HUURU�RI�������DQG�
D�PHDQ�GLVN�LQWHJUDWHG�IOX[�HUURU�RI��������4XDOLWDWLYHO\��WKH�PRGHO�OHDUQV�WKH�FRUUHODWLRQ�EHWZHHQ�+H�,�DEVRUSWLRQ�
DQG�(89�HPLVVLRQ��DQG�LV�DEOH�LGHQWLI\�KLJK�DEVRUSWLRQ�ILODPHQWV�WKDW�GR�QRW�UHVXOW�LQ�(89�HPLVVLRQ���

/LQNLQJ�1HXUDO�$FWLYLW\�DQG�6\QDSWLF�&OXVWHUV�RI�2VFLOODWRU\�%HKDYLRUV�LQ�WKH�/HHFK�
$PDQGD�3L\DSDQHH�
0HQWRUV��'DQLHO�:DJHQDDU�DQG�3HJDK�.DVVUDLDQ�)DUG�

7R�XQGHUVWDQG�WKH�FRPSXWDWLRQV�RI�D�QHXUDO�FLUFXLW��LW�LV�QHFHVVDU\�WR�UHFRQVWUXFW�WKH�FRQQHFWLYLW\�EHWZHHQ�WKH�
QHXURQV�ZKLOH�VLPXOWDQHRXVO\�UHFRUGLQJ�WKHLU�DFWLYLW\��7R�WKLV�HQG��XWLOL]LQJ�PRGHUQ�WHFKQLTXHV��ZH�FRPELQHG�
VFDQQLQJ�HOHFWURQ�PLFURVFRS\��6%(0��DQG�YROWDJH�VHQVLWLYH�G\HV��96'V��LPDJLQJ�LQ�RQH�JDQJOLRQ�RI�WKH�PHGLFLQDO�
OHHFK��7KH�96'�GDWD�ZDV�FROOHFWHG�GXULQJ�WKUHH�GLVWLQFW�EHKDYLRUV��VZLPPLQJ��FUDZOLQJ��DQG�ORFDO�EHQGLQJ��
6SHFLILFDOO\��ZH�IRFXVHG�RQ�RQH�RXWSXW�PRWRU�QHXURQ��WKH�GRUVDO�H[FLWRU�PRWRU�QHXURQ��'(��5��DQG�DOO�RI�LWV�
SUHV\QDSWLF�SDUWQHUV��'(��5�LV�RI�SDUWLFXODU�LQWHUHVW�GXH�WR�LWV�LQYROYHPHQW�LQ�D�PXOWLWXGH�RI�GLIIHUHQW�EHKDYLRUV��,Q�
WKLV�SURMHFW��96'�DQG�DQDWRPLFDO�GDWD�ZHUH�OLQNHG�E\�DVVHVVLQJ�WKH�IXQFWLRQDO�UHOHYDQFH�RI�DQDWRPLFDO�SURSHUWLHV�
VXFK�DV�V\QDSWLF�ORFDWLRQ�DQG�FOXVWHULQJ��,Q�DGGLWLRQ��QHXULWH�PRUSKRORJ\�ZDV�DQDO\]HG�WR�XQGHUVWDQG�WKH�JURZWK�
SURFHVV�XQGHUO\LQJ�WKH�QHXULWHV¶�GHYHORSPHQW��$IWHU�DQ�DXWRPDWHG�FOHDQLQJ�RI�WKH�PDQXDOO\�WUDFHG�FRQQHFWLYLW\�
GDWD��ZH�DLP�WR�DSSO\�D�PDFKLQH�OHDUQLQJ�PRGHO�WR�SUHGLFW�'(��5�RXWSXW�DFWLYLW\�EDVHG�RQ�WKH�FRPELQDWLRQ�RI�
SUHV\QDSWLF�SDUWQHUV�DQG�WKH�V\QDSWLF�FOXVWHULQJ��
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'HYHORSLQJ�D�*HUGLHQ�&RQGHQVHU�IRU�$WPRVSKHULF�,RQ�0HDVXUHPHQW�
*HRIIUH\�3RPUDQLQJ�
0HQWRU��3DXO�%HOODQ�

2QH�SUREOHP�LQ�SODVPD�SK\VLFV�LV�WKH�PHDVXUHPHQW�RI�DWPRVSKHULF�SUHVVXUH�SODVPDV��$OWKRXJK�FRQYHQWLRQDO�
LQVWUXPHQWV�DUH�XQDEOH�WR�FKDUDFWHUL]H�WKHVH�SODVPDV��UHFHQW�UHVHDUFK�KDV�VKRZQ�WKDW�*HUGLHQ�FRQGHQVHU�LQVSLUHG�
GHYLFHV�FDQ�EH�HIIHFWLYH�IRU�GHWHUPLQLQJ�WKH�LRQ�PRELOLW\�DQG�GHQVLW\�RI�DQ�DWPRVSKHULF�SUHVVXUH�SODVPD��7KLV�
SUHVHQWV�RSSRUWXQLWLHV�IRU�DSSOLFDWLRQV�RI�*HUGLHQ�FRQGHQVHUV�WR�PHDVXUH�FKDUDFWHULVWLFV�RI�DWPRVSKHULF�SODVPDV�LQ�
JHQHUDO��)RU�WKLV�SURMHFW��ZH�GHYHORSHG�D�*HUGLHQ�FRQGHQVHU�WR�GHWHUPLQH�DLU�LRQ�GHQVLW\��ZLWK�SRWHQWLDO�IXWXUH�
DSSOLFDWLRQV�WR�SODVPD�GLDJQRVWLFV�DQG�PHDVXUHPHQWV��:H�GHYHORSHG�D�YHQWLODWHG�F\OLQGULFDO�FDSDFLWRU�ZKLFK�
LQGXFHG�DQ�HOHFWULFDO�SRWHQWLDO�DQG�D�FRQWLQXRXV�DLUIORZ�IRU�WKH�FRQGHQVHU��3UHOLPLQDU\�UHVXOWV�LQGLFDWH�WKDW�D�VPDOO�
FXUUHQW��OLNHO\�LQGXFHG�E\�DLU�LRQV�EHLQJ�UHSHOOHG�IURP�WKH�RXWHU�HOHFWURGH�DQG�FRQWDFWLQJ�WKH�FHQWUDO�HOHFWURGH��ZDV�
GHWHFWHG��)XUWKHU�DQDO\VLV�LV�EHLQJ�XQGHUWDNHQ�WR�YHULI\�WKH�DFFXUDF\�RI�WKLV�VLJQDO�DV�D�PHDVXUHPHQW�RI�DLU�LRQ�
FRQFHQWUDWLRQ���

&UHDWLQJ�1HZ�)HDWXUHV�IRU�&29,'����&DVH��'HDWK��DQG�+RVSLWDOLVDWLRQ�3UHGLFWLRQV�
0D[�3RSNHQ�
0HQWRU��<DVHU�$EX�0RVWDID�

$�NH\�LVVXH�PRGHOOLQJ�WKH�VSUHDG�RI�WKH�&29,'����SDQGHPLF�LV�WKH�ODFN�RI�UHOLDEOH�DQG�LQIRUPDWLYH�GDWD��7KH�
SXUSRVH�RI�WKLV�SURMHFW�LV�WR�FUHDWH�QHZ�SUR[LHV�WR�EH�XVHG�LQ�WKHVH�PRGHOV��7KH�PDLQ�DUHD�RI�IRFXV�LV�WKH�WRWDO�
QXPEHU�RI�QHZ�LQIHFWLRQV�SHU�GD\��WKLV�GLIIHUV�VLJQLILFDQWO\�IURP�WKH�WRWDO�UHSRUWHG�FDVHV�EHFDXVH�RI�WHVWLQJ�
VKRUWDJHV��DV\PSWRPDWLF�FDVHV��DQG�WLPH�GHOD\�EHWZHHQ�LQIHFWLRQ�DQG�SRVLWLYH�WHVW��$W�WKLV�SRLQW��ZH�KDYH�IRXQG�
WKH�SUREDELOLW\�RI�D�WUDQVPLVVLRQ��KRVSLWDOLVDWLRQ��DQG�GHDWK�RFFXUULQJ�DW�DQ\�WLPH�DIWHU�LQLWLDO�LQIHFWLRQ��7KLV�PDNHV�
LW�SRVVLEOH�WR�ILQG�QHZ�LQIHFWLRQV�DV�D�IXQFWLRQ�RI�SUHYLRXV�LQIHFWLRQV�RQFH�VRPH�LQKHUHQW�SDUDPHWHUV�DUH�GHILQHG��
7KHVH�SDUDPHWHUV�DUH�WKH�HIIHFW�RI�PLWLJDWLRQ�VWUDWHJLHV�RQ�FDVH�JURZWK��WKH�DPRXQW�RI�VSUHDG�EHWZHHQ�YV�DPRQJ�
VXVFHSWLEOH�DQG�QRQ�VXVFHSWLEOH�SRSXODWLRQ��DQG�WKH�EDVHOLQH�UDWH�RI�VSUHDG�RI�WKH�YLUXV��'HWHUPLQLQJ�WKHVH�
SDUDPHWHUV�LV�WKH�FXUUHQW�DUHD�RI�UHVHDUFK��WKHLU�GLVFRYHU\�ZRXOG�DOORZ�IRU�D�UHOLDEOH�HVWLPDWH�RI�WKH�WRWDO�QXPEHU�
RI�LQIHFWLRQV�±�DQG�E\�H[WHQVLRQ�WKH�WRWDO�QXPEHU�RI�KRVSLWDOLVDWLRQ�DQG�GHDWKV�±�RYHU�WLPH��

$OJRULWKPV�WR�,GHQWLI\�2[\VWHURO�%LQGLQJ�3RFNHWV�LQ�3URWHLQV�
6DULGD�3UDWXDQJWKDP�
0HQWRUV��$OLVRQ�2QGUXV�DQG�<X�6KLXDQ�&KHQJ��

2[\VWHUROV�DUH�UHOHYDQW�WR�D�QXPEHU�RI�ELRORJLFDO�SURFHVVHV��LQFOXGLQJ�SK\VLRORJLFDO�SURFHVVHV��VXFK�DV�FKROHVWHURO�
V\QWKHVLV��GLVHDVHV�DQG�SDWKRORJLHV��VXFK�DV�FDQFHU��DQG�GHYHORSPHQW��VXFK�DV�LQ�WKH�+HGJHKRJ�SDWKZD\��+RZHYHU��
WKH�IXQFWLRQDO�SURWHLQ�WDUJHWV�RI�R[\VWHURO�VLJQDOLQJ�LQ�YLYR�DUH�ODUJHO\�XQFKDUDFWHUL]HG��,Q�RUGHU�WR�SUHGLFW�QRYHO�
WDUJHWV�RI����6��K\GUR[\FKROHVWHURO��D�K\GUR[\ODWHG�FKROHVWHURO�PHWDEROLWH�ZLWK�SRWHQW�DFWLYLWLHV��
LQ�YLYR��ZH�H[SORUHG�FRPSXWDWLRQDO�PHWKRGV�IRU�SUHGLFWLQJ�SURWHLQ�OLJDQG�LQWHUDFWLRQV��0DFKLQH�OHDUQLQJ�DOJRULWKPV�
ZHUH�H[DPLQHG�IRU�WKHLU�IDYRUDEOH�SURSHUWLHV�RI�KLJK�VSHHG�RI�FRPSXWDWLRQ�DQG�ODUJH�VHW�RI�SURWHLQV�WHVWHG�GXULQJ�
GHYHORSPHQW��+RZHYHU��DQ�H[DPSOH�RI�D�PDFKLQH�OHDUQLQJ�DOJRULWKP�GHVLJQHG�IRU�WKLV�DQDO\VLV��661HW��GLG�QRW�
UHOLDEO\�SUHGLFW�SURWHLQ�OLJDQG�ELQGLQJ�IRU�D�VPDOO�VHW�RI�WHVW�SURWHLQV�ZLWK�NQRZQ�OLJDQGV��:H�WKHUHIRUH�WHVWHG�D�
QXPEHU�RI�ZHE�VHUYHUV�GHVLJQHG�WR�SUHGLFW�SURWHLQ�OLJDQG�ELQGLQJ��LQFOXGLQJ�6ZLVV7DUJHW3UHGLFWLRQ��3RVH	5DQN��DQG�
$XWR'RFN�9LQD��GXH�WR�WKHLU�IDYRUDEOH�SURSHUW\�RI�KLJK�VSHHG�DQG�YROXPH�RI�FRPSXWDWLRQ��(DFK�RI�WKHVH�DOJRULWKPV�
FDOFXODWHV�OLNHOLKRRG�RI�OLJDQG�LQWHUDFWLRQ�E\�GLIIHUHQW�PHWULFV��WKH\�DUH�EDVHG�RQ�VLPLODULW\�WR�NQRZQ�OLJDQGV��DWRPLF�
GLVWDQFH�IURP�OLJDQG�WR�SURWHLQ��DQG�VWHULF�K\GURSKRELF�LQWHUDFWLRQV��UHVSHFWLYHO\��%\�FRPSDULQJ�WKH�UHVXOWV�RI�WKHVH�
VHUYHUV�DJDLQVW�RQH�DQRWKHU��ZH�ZHUH�DEOH�WR�FRPSDUH�WKHLU�UHOLDELOLW\�LQ�SUHGLFWLQJ�LQWHUDFWLRQV�EHWZHHQ�NQRZQ�
SURWHLQ�OLJDQG�SDLUV��)XWXUH�ZRUN�ZLOO�IRFXV�RQ�FXUDWLQJ�D�OLVW�RI�OLNHO\����6��K\GUR[\FKROHVWHURO�WDUJHWV�EDVHG�RQ�
WKHVH�DOJRULWKPV��DQG�UHILQLQJ�LW�DJDLQVW�D�OLVW�RI�SURWHLQ�WDUJHWV�GHWHFWHG�IURP�H[SHULPHQWDO�FURVVOLQNLQJ�PDVV�
VSHFWURPHWU\�GDWD����

6HDUFKLQJ�IRU�0DJQHWLF�:DYHV�LQ�+LVWRULFDO�$VWURQRPLFDO�,PDJHV�
$QQD�3UHXVV�
0HQWRUV��$QWKRQ\�5HDGKHDG�DQG�*HRUJLD�3DQRSRXORX�

2UJDQL]HG��OLQHDU�IHDWXUHV��VWULDWLRQV���KDYH�EHHQ�REVHUYHG�LQ�QHDUE\�UHJLRQV�RI�WKH�,QWHUVWHOODU�0HGLXP��,60���7KH�
VWULDWLRQV�DSSHDU�WR�EH�DOLJQHG�ZLWK�WKH�PDJQHWLF�ILHOG�ZLWKLQ�LQWHUVWHOODU�FORXGV�DQG�DUH�PRVW�OLNHO\�FDXVHG�E\�WKH�
H[FLWDWLRQ�RI�PDJQHWRVRQLF�ZDYHV��,Q�WKHRU\��WKH�VWULDWLRQV�VKRXOG�PRYH�RYHU�WLPH�DV�WKH�ZDYHV�SURSDJDWH��
KRZHYHU��WKHLU�PRWLRQ�KDV�QRW�\HW�EHHQ�GHWHFWHG��:H�ZLOO�GHWHUPLQH�LI�VKLIWV�LQ�WKH�VWULDWLRQV�DUH�PHDVXUDEOH�RYHU�D�
WLPHVSDQ�RI�����\HDUV�DQG��LI�SRVVLEOH��PHDVXUH�WKH�FKDQJHV�WR�JDWKHU�GDWD�RQ�WKH�ZDYHIRUP��$�YLVXDOL]DWLRQ�RI�WKH�
VWULDWLRQV�ZDV�FUHDWHG�LQ�3\WKRQ�XVLQJ�HVWLPDWHG�YDOXHV�DQG�ODWHU�WZR�LPDJHV�RI�WKH�3OHLDGHV��RQH�ROG�DQG�RQH�
UHFHQW��ZHUH�RYHUODLG�WR�PHDVXUH�WKH�FKDQJHV��/LPLWV�RQ�WKH�VKLIW�LQ�WKH�VWULDWLRQV�SURYLGH�WKH�ILUVW�GLUHFW�WHVW�RI�WKH�
WKHRU\�RI�WKHVH�PDJQHWRVRQLF�ZDYHV��
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)ODW�%DQGV�LQ�+RQH\FRPE�6XSHUVWUXFWXUH�
=LKDR�4L�
0HQWRU��<L�/L�DQG�-DVRQ�$OLFHD�

)ODW�EDQGV�RQ�D�KRQH\FRPE�ODWWLFH�KDYH�SURYLGHG�XVHIXO�SODWIRUPV�WR�VWXG\�VWURQJ�FRUUHODWLRQ�DQG�WRSRORJLFDO�
SK\VLFV��+RQH\FRPE�VXSHUODWWLFHV�RI�V�RUELWDOV�KDYH�EHHQ�GLVFRYHUHG�WR�KRVW�PXOWLSOH�IODW�EDQGV��:H�VWXG\�WKH�
RULJLQ�RI�WKH�UREXVWQHVV�RI�VXFK�IODW�EDQGV�LQ�WKH�SUHVHQFH�RI�ORFDO�SHUWXUEDWLRQV�UHVSHFWLQJ�ODWWLFH�V\PPHWU\��
$QDO\WLFDOO\��ZH�FRQVWUXFWHG�FRPSDFWO\�VXSSRUWHG�ORFDOL]HG�VWDWHV��/6��DV�WKH�HLJHQVWDWHV�RI�IODW�EDQGV�GXH�WR�
LQWHUIHUHQFH�KRSSLQJ�LQ�UHDO�VSDFH��:H�DOVR�SRLQWHG�RXW�WKH�WRSRORJLFDO�ORRS�VWDWHV�UHVSRQVLEOH�IRU�IODW�EDQGV��7KH�
QXPHULFDO�UHVXOW�H[DFWO\�DJUHHG�ZLWK�RXU�FRQVWUXFWLRQ��2XU�UHVXOWV�FRXOG�EH�XVHG�WR�HQJLQHHU�IODW�EDQGV�LQ�UHDO�
PDWHULDOV��D�WDVN�WKDW�KDV�EHHQ�GLIILFXOW�VR�IDU��DQG�WR�FRQVWUXFW�LQWHUDFWLRQ�GRPLQDQW�SKDVHV�RI�PDWWHU��

8VLQJ�7RHKROG�0HGLDWHG�6WUDQG�'LVSODFHPHQW�WR�&RQVWUXFW�2VFLOODWLRQV�LQ�D�0DJQHWLF�3DQHO�6\VWHP�
.DY\D�5DMDJRSDODQ�
0HQWRUV��0LFKDHO�%UHQQHU��(ULN�:LQIUHH��&KULV\�;L\X�'X��2IHU�.LPFKL��DQG�$JQHVH�&XUDWROR

'XH�WR�WKH�YDVW�DSSOLFDELOLW\�RI�QDQRVFDOH�GHYLFHV��'1$�QDQRWHFKQRORJ\�KDV�EHFRPH�D�ILHOG�RI�JURZLQJ�LQWHUHVW�
DPRQJ�YDULRXV�VFLHQWLILF�GLVFLSOLQHV��+RZHYHU��LW�KDV�EHHQ�UHFHQWO\�GLVFRYHUHG�WKDW�'1$�2ULJDPL��RQH�VXFK�
PHFKDQLVP�RIWHQ�XVHG�WR�FRQVWUXFW�QDQRVFDOH�GHYLFHV�LV�OLPLWHG��,Q�RUGHU�WR�GHYHORS�D�UREXVW�DOWHUQDWLYH�WR��
'1$�2ULJDPL��ZH�ZLOO�EH�VLPXODWLQJ�WKH�EHKDYLRU�RI�'1$�RVFLOODWRUV�LQ�D�PDJQHWLF�SDQHO�V\VWHP��7R�PHHW�WKLV�HQG��
ZH�ZLOO�H[DPLQH�WKH�NH\�PHFKDQLVP�LQ�'1$�RVFLOODWRUV��³7RHKROG�0HGLDWHG�6WUDQG�'LVSODFHPHQW�´�8VLQJ�DPSOH�
NQRZOHGJH�RI�WKLV�SURFHVV�IURP�6ULQLYDV�HW�DO�������ZH�KDYH�VXFFHVVIXOO\�FRQVWUXFWHG�D�PRGHO�RI�VWUDQG�
GLVSODFHPHQW�UDWHV�DV�D�IXQFWLRQ�RI�³WRHKROG´�OHQJWK�DQG�ELQGLQJ�HQHUJLHV��/LNHZLVH��ZH�ZHUH�DEOH�WR�FRQVWUXFW�SORWV�
RI�WKH�5RFN�3DSHU�6FLVVRU�2VFLOODWRU��D�IXQGDPHQWDO�RVFLOODWRU�XVHG�WR�FRQVWUXFW�PRUH�FRPSOH[�RVFLOODWRUV��DW�
GLIIHUHQW�UHDFWLRQV�UDWHV��,Q�DQDO\]LQJ�WKHVH�WZR�PRGHOV��ZH�DUH�DQG�ZLOO�EH�DEOH�WR�IXUWKHU�WUDQVODWH�DQG�SUHGLFW�WKH�
RVFLOODWRU\�EHKDYLRU�RI�D�PDJQHWLF�V\VWHP�E\�VLPSO\�VHOHFWLQJ�IRU�VSHFLILF�DQG�GHVLUHG�ELQGLQJ�HQHUJLHV��

$�&RPSDULVRQ�RI�$FFXPXODWRU�%DVHG�DQG�5HJLVWHU�%DVHG�5,6&�$UFKLWHFWXUHV�
0DOLD�5HEROOR�
0HQWRU��*OHQ�*HRUJH�

$FFXPXODWRU�EDVHG�DQG�UHJLVWHU�EDVHG�&38�DUFKLWHFWXUHV�DQG�LQVWUXFWLRQV�VHWV�ZHUH�LQYHVWLJDWHG�WR�FRPSDUH�
H[HFXWLRQ�VSHHG�DQG�LPSOHPHQWDWLRQ�DQG�SURJUDPPLQJ�HIILFLHQF\��,Q�RUGHU�WR�PDNH�D�IDLU�FRPSDULVRQ��ERWK�
DUFKLWHFWXUHV�ZHUH�ZULWWHQ�LQ�9HULORJ�ZLWK�VLPLODU�LQVWUXFWLRQ�VHWV��7KH�DUFKLWHFWXUHV�ZHUH�WKHQ�WHVWHG�IRU�
IXQFWLRQDOLW\�LQ�VLPXODWLRQ��,Q�DGGLWLRQ��D�VDPSOH�SURJUDP�ZDV�ZULWWHQ�XVLQJ�HDFK�LQVWUXFWLRQ�VHW�WR�FRPSDUH�W\SLFDO�
SURJUDP�VL]HV��)LQDOO\��D�SULQWHG�FLUFXLW�ERDUG�ZLWK�DQ�)3*$�ZDV�GHVLJQHG�WR�DOORZ�IRU�FRPSDULVRQV�LQ�UHDO�ZRUOG�
DSSOLFDWLRQV��

$�6PDOO�3ULPHV�S�&RQYHUVH�WR�D�7KHRUHP�RI�*URVV�=DJLHU��.RO\YDJLQ��DQG�5XELQ�
-DFRE�&UDLJ�
0HQWRU��$VKD\�%XUXQJDOH�

/HW��(��EH�D�&0�HOOLSWLF�FXUYH�RYHU�WKH�UDWLRQDOV�DQG��S��D�JRRG�RUGLQDU\�SULPH�IRU��(���,Q�WKH�FDVH��U� �������ZH�
VKRZ�WKDW�
��?FUNB^?==B^S``?VHOB^SA?LQIW\`�(B^�?44`� �U�?LPSOLHV�?RUGB^V �`/�V�(B^�?44`�� �U���
IRU�WKH��SA^?LQIW\`��6HOPHU�JURXS��?VHOB^SA^?LQIW\``�(B^�?44`���DQG�WKH�FRPSOH[��/��IXQFWLRQ�
�/�V�(B^�?44`����,Q�SDWLFXODU��WKH�7DWH�6KDIDUHYLFK�JURXS��?6KD�(B^�?44`���LV�ILQLWH�ZKHQHYHU�
�?FUNB^?==BS`?VHOB^SA?LQIW\`�(B^�?44`�� �����7KLV�FRPSOHWHV�SURRIV�RI�WKH��S��FRQYHUVH�WKHRUHP�E\�5XELQ�DQG�
%XUXQJDOH��7LDQ�IRU�WKH�VPDOO�SULPHV��S� �������

17RSRORJ\�6RIWZDUH�DQG�0LG�6ROH�3URMHFW�
'DUUHQ�5KRGHV�
0HQWRUV��+RQJELQJ�/X�DQG�*XUXVZDPL�5DYLFKDQGUDQ�

7KH�REMHFWLYH�RI�WKLV�UHVHDUFK�LV�WR�ILQG�DQ�RSWLPDO�GHVLJQ�IRU�WKH�0LG�VROH�RI�D�VKRH��7DNLQJ�DQ�H[LVWLQJ�GHVLJQ�IRU�D�
PLG�VROH�ZH�XVHG�WKH�VDPH�GLPHQVLRQV�DQG�FUHDWHG�D�&$'�PRGHO�IRU�WKH�0LG�6ROH��,QVWHDG�RI�PDNLQJ�WKH�PLG�VROH�
DV�RQH�SDUW��WKH�PLG�VROH�ZDV�VSOLW�LQWR�WKUHH�SDUWV�IURP�WRS�WR�ERWWRP��7KH�PLG�VROH�ZDV�GHVLJQHG�XVLQJ�
62/,':25.6��WKHQ�WKH�PLGGOH�SDUW�ZDV�LPSRUWHG�WR�Q7RSRORJ\�DQG�PDGH�LQWR�D�ODWWLFH�VWUXFWXUH��%DVHG�RQ�
PDWHULDO�VLPXODWLRQV�IURP�Q7RSRORJ\��WKH�ODWWLFH�VWUXFWXUH�ZLOO�EH�HGLWHG�WR�VWUHQJWKHQ�WKH�ZHDN�VSRWV��7KH�SURMHFW�
LV�VSOLW�XS�VR�WKDW�HYHU\RQH�KDV�XQLTXH�GHVLJQV��2QFH�HDFK�RI�XV�FRPSOHWH�WKH�RSWLPDO�VWUXFWXUHV�IRU�HDFK�RI�RXU�
GHVLJQV��WKH�GHVLJQV�ZLOO�EH�FRPSDUHG��:H�FXUUHQWO\�GR�QRW�KDYH�UHVXOWV�\HW��EXW�,�ZRXOG�VXJJHVW�WKDW�DIWHU�WKH�
GLIIHUHQW�GHVLJQV�DUH�FRPSDUHG��ZH�VKRXOG�WDNH�WKH�EHVW�DVSHFWV�RI�HDFK�GHVLJQ�DQG�FUHDWH�D�QHZ�PRGHO�IRU�WKH�
PLG�VROH��
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7UDFNLQJ�0HDQGHULQJ�6WUHDNV�LQ�:DOO�%RXQGHG�7XUEXOHQFH��
6\GQH\�5LFKDUGVRQ�
0HQWRUV��%HYHUOH\�0F.HRQ�DQG�-DQH�%DH�

7XUEXOHQFH�LV�D�QDWXUDO�SKHQRPHQRQ�ZKHUH�IOXLG�PRYHV�LQ�LUUHJXODU�DQG�FKDRWLF�PRWLRQV��ZKLFK�FDQ�EH�REVHUYHG�LQ�
HYHU\GD\�OLIH�DV�ZHOO�DV�LQ�SUDFWLFDO�HQJLQHHULQJ�DSSOLFDWLRQV��7XUEXOHQW�IORZ�FORVH�WR�D�VROLG�ZDOO�WHQGV�WR�VKRZ�
VRPH�VLJQV�RI�D�SDWWHUQ��LQ�VSHFLILF��WKH�IRUPDWLRQ�DQG�EUHDNGRZQ�RI�TXDVL�SHULRGLF�WKUHH�VWHS�F\FOLF�VWUHDNV��7KH�
PDLQ�IRFXV�RI�WKLV�SURMHFW�LV�WR�DQDO\]H�D�WLPH�UHVROYHG�WKUHH�GLPHQVLRQDO�GDWD�VHW�RI�D�ORZ�5H\QROGV�QXPEHU�
WXUEXOHQW�FKDQQHO�IORZ��LGHQWLI\LQJ�WKRVH�DUHDV�RI�KLJK�WXUEXOHQFH�LQWHQVLW\��:H�WKHQ�TXDQWLI\�GHILQLQJ�
FKDUDFWHULVWLFV�RI�WKH�PRYHPHQW�RI�WKHVH�VWUHDNV�VXFK�DV�WKH�WLPH�HYROXWLRQ�RI�VWUHDN�VL]H�DQG�PHDQGHU�UDWLR�DQG�
VWXG\�KRZ�WKH\�DUH�JHQHUDWHG�DQG�EURNHQ�XS��

'HWHUPLQLQJ�WKH�(IIHFW�RI�&29,'����$VVVRFLDWHG�&\WRNLQHV�RQ�WKH�'UXJ�5HVSRQVHV�RI�,PPXQH�&HOOV
3KLOLSSD�5LFKWHU��
0HQWRU��0DWWKHZ�7KRPVRQ�

,Q�SDWLHQWV�VXIIHULQJ�IURP�VHYHUH�FDVHV�RI�&29,'�����DQ�LPPXQRORJLFDO�SKHQRPHQRQ�FDOOHG�D�
F\WRNLQH�VWRUP
�KDV�
EHHQ�REVHUYHG��$�F\WRNLQH�VWRUP�LV�DQ�RYHUUHDFWLRQ�RI�WKH�LPPXQH�V\VWHP�WR�D�SDWKRJHQ��DQ�RYHUSURGXFWLRQ�RI�
F\WRNLQHV�WULJJHUV�H[FHVV�LQIODPPDWLRQ��ZKLFK��LI�VHYHUH�HQRXJK��FDXVHV�FHOO�GHDWK�LQ�WKH�DIIHFWHG�WLVVXH��&XUUHQWO\��
D�YDULHW\�RI�GUXJV�DUH�EHLQJ�WHVWHG�LQ�SDWLHQWV�IRU�WKHLU�DELOLW\�WR�FRQWURO�VXFK�DQ�RYHUDFWLYH�LPPXQH�UHVSRQVH��
+RZHYHU��LW�LV�QRW�FXUUHQWO\�NQRZQ�KRZ�WKH�WUDQVFULSWLRQDO�VWDWHV�LQGXFHG�LQ�FHOOV�E\�&29,'����PD\�DIIHFW�GUXJ�
IXQFWLRQ��,Q�WKLV�VWXG\��ZH�V\VWHPDWLFDOO\�HYDOXDWH�WKH�HIIHFWV�RI�&29,'����DVVRFLDWHG�F\WRNLQHV�RQ�KXPDQ�LPPXQH�
FHOOV��:H�WKHQ�H[SRVH�DFWLYDWHG�LPPXQH�FHOOV�WR�VHYHUDO�LPPXQR�VXSSUHVVLQJ�GUXJV�DQG�DVVHVV�WKHLU�LPSDFW�RQ�
JHQH�H[SUHVVLRQ��)URP�WKHVH�H[SHULPHQWV��ODUJH�TXDQWLWLHV�RI�KLJK�GLPHQVLRQDO�VLQJOH�FHOO�P51$�H[SUHVVLRQ�GDWD�
ZHUH�FROOHFWHG�DQG�YLVXDOL]HG��UHYHDOLQJ�VHYHUDO�WUHQGV�LQ�WKH�H[SUHVVLRQ�GDWD��IRU�H[DPSOH��,/���JHQHUDOO\�KDG�OLWWOH�
LPSDFW�RQ�WUDQVFULSWLRQDO�VWDWH��71)$�DQG�,)1*�KDG�D�ODUJH�LPSDFW�RQ�P\HORLG�FHOOV��DQG�,/���KDG�D�ODUJH�LPSDFW�RQ�
7�FHOOV��)URP�WKH�GUXJ�WULDO��ZH�IRXQG�WKDW�&'��VHHPV�WR�KDYH�D�VLJQLILFDQW�DFWLYDWLQJ�HIIHFW�RQ�ERWK�7�FHOOV�DQG�
P\HORLG�FHOOV��ZKLOH�D�FRPELQDWLRQ�RI�RWKHU�F\WRNLQHV�RQO\�KDG�D�VLJQLILFDQW�LPSDFW�RQ�P\HORLG�FHOOV��7KH�
WUDQVFULSWLRQDO�UHVSRQVH�RI�P\HORLG�FHOOV�WR�HDFK�SDLUZLVH�GUXJ�VLJQDO�FRPELQDWLRQ�YDULHV�JUHDWO\��,Q�7�FHOOV��ZKHQ�
&'��ZDV�XVHG�DV�DQ�DFWLYDWLQJ�VLJQDO��F\FORVSRULQH�DSSHDUV�WR�EH�WKH�PRVW�HIIHFWLYH�LPPXQRVXSSUHVVDQW�WHVWHG��
KRZHYHU��LQ�VDPSOHV�H[SRVHG�WR�RWKHU�F\WRNLQHV��F\FORVSRULQH�KDV�OLWWOH�HIIHFW���7KHVH�UHVXOWV�KLJKOLJKW�WKH�
LPSRUWDQFH�RI�WHVWLQJ�GUXJV�LQ�WKH�FRQWH[W�RI�GLIIHUHQW�WUDQVFULSWLRQDO�VWDWHV��ZKLFK�ZLOO�DOORZ�D�PRUH�DFFXUDWH�
DVVHVVPHQW�RI�D�GUXJ¶V�HIILFDF\�LQ�WUHDWLQJ�D�SDWLHQW�DIIOLFWHG�E\�D�GLVHDVH�VXFK�DV�&29,'�����

&RPSDULQJ�5HDFWLRQ�0HFKDQLVP�IRU�1LWURJHQ�5HGXFWLRQ�RQ�'LIIHUHQW�5XWKHQLXP�&DWDO\VW�6XUIDFHV�
0LFKDHO�5RVH�
0HQWRU��:LOOLDP�$��*RGGDUG��,,,�

7KH�+DEHU�%RVFK�SURFHVV�LV�WKH�SULPDU\�PHDQV�RI�DUWLILFLDO�DPPRQLD�SURGXFWLRQ��KRZHYHU��LWV�GUDZEDFNV�LQFOXGH�
WKH�LQWHQVH�WHPSHUDWXUH������������ ��DQG�SUHVVXUH������������DWP��XQGHU�ZKLFK�WKH�UHDFWLRQ�RFFXUV�IDYRUDEO\��
PDNLQJ�LW�HQHUJ\�LQWHQVLYH�DQG�UHTXLULQJ�ODUJH�LQIUDVWUXFWXUH��(OHFWURFKHPLFDO�UHGXFWLRQ��DV�RSSRVHG�WR�WKLV�WKHUPDO�
UHGXFWLRQ��ZRXOG�SRWHQWLDOO\�VROYH�WKHVH�SUREOHPV��KRZHYHU��FXUUHQWO\�WKH�FDWDO\VWV�IRU�DQ�HOHFWURFKHPLFDO�
DOWHUQDWLYH�DUH�QRW�FRPSHWLWLYH��7R�WKLV�HQG��ZH�LQYHVWLJDWHG�SRWHQWLDOO\�LPSURYLQJ�WKH�FDWDO\VW�E\�XVLQJ�GLIIHUHQW�
FU\VWDO�VXUIDFHV�RI�WKH�UXWKHQLXP�FDWDO\VW�������������������DQG�����������7KH�UHDFWLRQ�PHFKDQLVP�RI�QLWURJHQ�
UHGXFWLRQ�WR�DPPRQLD�ZDV�WKHQ�PRGHOHG�RXW�RQ�WKHVH�VXUIDFHV�DQG�WKH�HQHUJHWLFV�IRU�WKHVH�FDVHV�ZHUH�FDOFXODWHG�
XVLQJ�9LHQQD�$E�LQLWLR�6LPXODWLRQ�3DFNDJH��:KLOH�WKH�LQLWLDO�FDOFXODWLRQV�WR�RXWOLQH�WKHVH�HQHUJHWLFV�KDYH�EHHQ�
FRPSOHWHG��PRUH�ZRUN�LQ�WKH�FRPLQJ�ZHHNV�LV�UHTXLUHG�EHIRUH�WKHVH�PHFKDQLVPV�DUH�IXOO\�XQGHUVWRRG�DQG�SRWHQWLDO�
LPSURYHPHQWV�WR�WKH�FDWDO\VW�DUH�IRXQG���

$Q�)3*$�$UFKLWHFWXUH�IRU�D�.DOPDQ�)LOWHU�%DVHG�1HXUDO�'HFRGHU
-RVKXD�5RVHQEHUJ�
0HQWRUV��$]LWD�(PDPL�DQG�6DKLO�6KDK�

%UDLQ�PDFKLQH�LQWHUIDFHV��%0,V��UHTXLUH�DQ�HIILFLHQW�PHDQV�WR�GHFRGH�WKH�XVHU¶V�GHVLUHG�LQVWUXFWLRQV�IURP�QHXUDO�
VLJQDOV��7R�SHUIRUP�WKLV�GHFRGLQJ��FXUUHQW�VWXGLHV�RIWHQ�XVH�QHXUDO�QHWZRUNV��VKRZQ�WR�\LHOG�KLJK�DFFXUDF\��
+RZHYHU��WKHVH�DOJRULWKPV�UHTXLUH�VLJQLILFDQW�FRPSXWDWLRQDO�FRPSOH[LW\��D�EDUULHU�WR�FUHDWLQJ�SUDFWLFDO��VPDOO�VFDOH��
DQG�ORZ�SRZHU�LPSOHPHQWDWLRQV��5HTXLULQJ�IHZHU�SDUDPHWHUV�IRU�FRPSXWDWLRQ�WKDQ�QHXUDO�QHWZRUNV��WKH�.DOPDQ�
ILOWHU��D�OLQHDU�DOJRULWKP��RIIHUV�D�SRWHQWLDO�DOWHUQDWLYH��7KLV�SURMHFW�H[SDQGV�XSRQ�H[LVWLQJ�UHVHDUFK�RQ�WKH�.DOPDQ�
ILOWHU�DV�D�QHXUDO�GHFRGHU�E\�LQYHVWLJDWLQJ�LWV�HIIHFWLYHQHVV�LQ�KDUGZDUH�YLD�D�ILHOG�SURJUDPPDEOH�JDWH�DUUD\��
�)3*$��LPSOHPHQWDWLRQ��:H�RIIHU�D�GHVLJQ�WKDW�IROORZV�D�PRGXODU�DSSURDFK��GLYLGLQJ�WKH�DOJRULWKP�LQWR�
FRPSXWDWLRQDO�EORFNV�FRPSULVLQJ�GLVWLQFW�PDWUL[�RSHUDWLRQV��7R�FRQWLQXH�WKLV�ZRUN��VXEVHTXHQW�VWHSV�VKRXOG�
RSWLPL]H�WKH�GHVLJQ�WR�PLQLPL]H�DUHD�DQG�SRZHU�FRQVXPSWLRQ�DQG�WHVW�LW�LQ�UHDO�WLPH�WR�HYDOXDWH�WKH�.DOPDQ�ILOWHU¶V�
HIIHFWLYHQHVV��$GGLWLRQDOO\��IXWXUH�ZRUN�VKRXOG�LQYHVWLJDWH�RQ�FKLS�OHDUQLQJ��ZKLFK�ZRXOG�HOLPLQDWH�WKH�QHHG�WR�
XSGDWH�PRGHO�SDUDPHWHUV�H[WHUQDOO\��,I�WKH�.DOPDQ�ILOWHU�SURYHV�YLDEOH�DV�DQ�DFFXUDWH�DQG�HIILFLHQW�QHXUDO�GHFRGHU�
LQ�KDUGZDUH��WKLV�DGYDQFH�ZRXOG�SURYLGH�DQ�LPSRUWDQW�VWHS�WRZDUG�WKH�JUHDWHU�JRDO�RI�DFKLHYLQJ�KLJK�SHUIRUPDQFH��
UHDO�WLPH�QHXUDO�GHFRGLQJ�XVLQJ�DQ�LPSODQWDEOH�DSSOLFDWLRQ�VSHFLILF�LQWHJUDWHG�FLUFXLW��$6,&���
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7HFKQLTXHV�RI�/RFDO�(TXLYDOHQFH��8QGHUVWDQGLQJ�.QRW�&RQFRUGDQFH�DQG�+RPRORJ\�&RERUGLVP�
'DQLHO�5RVWRYWVHY�
0HQWRUV��,DQ�=HPNH�DQG�<L�1L�

8QGHUVWDQGLQJ�WKH�VWUXFWXUHV�RI�WKH�KRPRORJ\�FRERUGLVP�JURXS�DQG�NQRW�FRQFRUGDQFH�JURXS�DUH�PDMRU�RSHQ�
SUREOHPV�LQ�WRSRORJ\��8S�WR�ORFDO�HTXLYDOHQFH��HOHPHQWV�RI�WKH�KRPRORJ\�FRERUGLVP�JURXS�FDQ�EH�PDSSHG�WR��
LRWD�FRPSOH[HV��DQG�HOHPHQWV�RI�WKH�NQRW�FRQFRUGDQFH�JURXS�FDQ�EH�PDSSHG�WR�NQRW�FRPSOH[HV��8QGHUVWDQGLQJ�WKH�
DOJHEUDLF�VWUXFWXUH�RI�WKHVH�FRPSOH[HV�XS�WR�ORFDO�HTXLYDOHQFH�DOORZV�XV�WR�ILQG�LQILQLWH�IUHH�VXPPDQGV�LQ�WKH�
KRPRORJ\�FRERUGLVP�JURXS�DQG�LQ�WKH�NQRW�FRQFRUGDQFH�JURXS��+RZHYHU��WKH�FODVVLILFDWLRQ�RI�SRVVLEOH�FRPSOH[HV�
XS�WR�ORFDO�HTXLYDOHQFH�LV�LQFRPSOHWH��+HUH��ZH�SUHVHQW�QHZ�SDUWLDO�UHVXOWV�LQ�WKH�FODVVLILFDWLRQ�RI�WKHVH�FRPSOH[HV�
DQG�GHVFULEH�D�SRWHQWLDO�ZD\�WR�UHDOL]H�WKH�FODVVLILFDWLRQ�SUREOHP�LQ�WHUPV�RI�)XND\D�FDWHJRULHV��

0RGHOLQJ�D�*OXFRVH�0HWDEROLF�3DWKZD\�DQG�DQ�$73�6\QWKDVH�0HFKDQLVP�6KRZV�$73�/LIH�([WHQVLRQ�LQ�
6\QWKHWLF�&HOOV�
$QNLWD�5R\FKRXGKXU\�
0HQWRU��5LFKDUG�0XUUD\�

,Q�V\QWKHWLF�FHOO�SURWHLQ�V\QWKHVLV��D�FRPPRQ�OLPLWLQJ�IDFWRU�LV�WKH�HQHUJ\�VXSSO\�IRU�WUDQVFULSWLRQ�DQG�WUDQVODWLRQ��
%\�VWXG\LQJ�FRPSXWDWLRQDO�DQG�PDWKHPDWLFDO�PRGHOV�RI�YDULRXV�$73�UHJHQHUDWLRQ�PHFKDQLVPV�LQ�V\QWKHWLF�FHOOV��ZH�
DLP�WR�SURSRVH�H[SHULPHQWDO�PHWKRGV�IRU�$73�OLIH�H[WHQVLRQ��:H�XVH�DYDLODEOH�VRIWZDUH�WRROV�WR�VWXG\�WZR�PRGHOV��
7KHVH�DOORZ�XV�WR�GHYHORS�DQG�VWXG\�PDVV�DFWLRQ�PRGHOV�E\�LPSOHPHQWLQJ�VLPSOH�FKHPLFDO�UHDFWLRQ�QHWZRUNV��2XU�
VLPXODWLRQV�VKRZ�WKDW�D�JOXFRVH�PHWDEROLF�SDWKZD\�LV�DEOH�WR�H[WHQG�OLIHWLPH�RI�$73�XS�WR�DERXW����KRXUV��
,QWHJUDWLQJ�$73�V\QWKDVH�FDQ�DOVR�LQGHSHQGHQWO\�OHQJWKHQ�WKH�OLIHWLPH�RI�$73�WR�YDULRXV�WLPHV�GHSHQGLQJ�RQ�WKH�
LPSOHPHQWHG�SURWRQ�JUDGLHQW�PHFKDQLVP��7R�HQVXUH�SURORQJHG�V\QWKHWLF�FHOO�SURWHLQ�V\QWKHVLV��HLWKHU�WKH�JOXFRVH�
SDWKZD\�RU�$73�V\QWKDVH�PHFKDQLVP�FDQ�EH�XVHG��,Q�WKH�IXWXUH��LW�ZLOO�EH�XVHIXO�WR�SHUIRUP�ZHW�ODE�H[SHULPHQWV�LQ�
RUGHU�WR�FRPSDUH�RXU�PRGHO�WR�GDWD��

5HLQIRUFHPHQW�/HDUQLQJ�DQG�,QYHVWRU�%HKDYLRU�LQ�)LQDQFLDO�0DUNHWV�
5DIDHO�6DQWLDJR�
0HQWRU��/DZUHQFH�-LQ�

5HLQIRUFHPHQW�OHDUQLQJ��5/����D�W\SH�RI�PDFKLQH�OHDUQLQJ�ZKHUH�DQ�DJHQW�OHDUQV�IURP�WKH�HQYLURQPHQW���KDV�EHHQ�
H[WHQVLYHO\�VWXGLHG�LQ�GLIIHUHQW�ILHOGV�VXFK�DV�FRPSXWHU�VFLHQFH�DQG�QHXURVFLHQFH��7KH�SURMHFW�DLPV�WR�XQGHUVWDQG�
ZKHWKHU�D�VXEVHW�RI�5/�DOJRULWKPV��WKRVH�ZLWK�VWURQJ�QHXUDO�IRXQGDWLRQV��LQGHHG�KHOS�H[SODLQ�LQYHVWRU�EHKDYLRU�LQ�
ILQDQFLDO�PDUNHWV��&RQYHUJHQFH�LV�WHVWHG�LQ�ERWK�PRGHO�IUHH�DQG�PRGHO�EDVHG�OHDUQLQJ�DOJRULWKPV�E\�FRPSDULQJ�
VLPXODWHG�YDOXDWLRQV�RI�YDULRXV�VDPSOH�SHULRGV�ZLWK�WKHLU�DQDO\WLFDO�FRXQWHUSDUWV��$GGLWLRQDOO\��UHJUHVVLRQ�DQDO\VHV�
RI�ILQDO�ZHDOWK�DOORFDWLRQ�RQ�SDVW�PDUNHW�UHWXUQV��SDVW�SRUWIROLR�UHWXUQV��RU�SDVW�DFWLRQV�DUH�SHUIRUPHG��$OWKRXJK�
FRQYHUJHQFH�RI�YDOXDWLRQV�XVXDOO\�KDSSHQV�LQ�RWKHU�ILHOGV��LW�RQO\�KDSSHQV�LQ�ILQDQFLDO�VHWWLQJV�XQGHU�VSHFLDO�
FLUFXPVWDQFHV��)XUWKHUPRUH��UHJUHVVLRQ�UHVXOWV�VKRZ�WKDW�WKH�GHSHQGHQFH�RI�ILQDO�ZHDOWK�DOORFDWLRQ�RQ�SDVW�UHWXUQV�
DQG�DFWLRQV�GLIIHUV�VLJQLILFDQWO\�EHWZHHQ�PRGHO�IUHH�DQG�PRGHO�EDVHG�OHDUQLQJV��2XU�ILQGLQJV�SURYLGH�D�QRYHO�
H[SODQDWLRQ�IRU�WKH�TXDQWLWDWLYH�GLIIHUHQFHV�GRFXPHQWHG�HPSLULFDOO\�EHWZHHQ�WKH�OLWHUDWXUH�RQ�H[WUDSRODWLYH�EHOLHIV�
DQG�WKH�OLWHUDWXUH�RQ�H[SHULHQFH�HIIHFW��

&KDUDFWHULVWLFV�DQG�,PSDFWV�RI�)DU�6LGH�/REH�)HDWXUHV�RI�WKH�%,&(3�$UUD\���7HOHVFRSH�
(YH�6FKRHQ�
0HQWRUV��-DPLH�%RFN�DQG�5LWREDQ�%DVX�7KDNXU�

7KH�SK\VLFV�RI�LQIODWLRQ�LV�D�FHQWUDO�SUREOHP�RI�PRGHUQ�FRVPRORJ\��0HDVXULQJ�%�W\SH�SRODUL]DWLRQ�RI�WKH�&RVPLF�
0LFURZDYH�%DFNJURXQG��&0%��FDQ�SURYLGH�GLUHFW�HYLGHQFH�RI�LQIODWLRQ��7KH�%,&(3�$UUD\��%$��WHOHVFRSHV�ZLOO�
PHDVXUH�WKH�&0%�LQ���IUHTXHQF\�EDQGV�WR�FKDUDFWHUL]H�IRUHJURXQGV�DQG�VLJQDO��%�PRGHV���,QIODWLRQDU\��
%�PRGHV�DUH�H[SHFWHG�WR�EH�IDLQW��a����A��LQ�WHPSHUDWXUH�YDULDQFH�XQLWV���7KXV��FDXVHV�RI�VSXULRXV�SRODUL]DWLRQ�
LQ�%$�PXVW�EH�PHDVXUHG�DQG�XQGHUVWRRG�SUHFLVHO\��,Q�WKLV�SDSHU�ZH�IRFXV�RQ�IDU�VLGH�OREH��)6/��HIIHFWV��UHVXOWLQJ�LQ�
WHPSHUDWXUH�WR�SRODUL]DWLRQ�OHDNDJH��:H�DQDO\]H�)6/�GDWD�FROOHFWHG�DW�WKH�6RXWK�3ROH�ZLWK�WKH�ILUVW�%$�WHOHVFRSH�WR�
PDNH�GDWD�GULYHQ�PRGHOV�RI�WKH�ODUJH�DQJOH�)6/�SRODUL]HG�EHDPV���8VLQJ�WKHVH��ZH�VLPXODWH�WHPSHUDWXUH�WR�
SRODUL]DWLRQ�OHDNDJH�WR�XQGHUVWDQG�V\VWHPDWLF�SRODUL]DWLRQ�FRQWDPLQDWLRQ��7R�PRGHO�WHPSHUDWXUH�WR�SRODUL]DWLRQ�
OHDNDJH��D�VLPSOLILHG�PRGHO�RI�EHDP�GLIIHUHQFH�ZDV�FRQYROYHG�ZLWK�D�PRGHO�RI�WKH�JURXQG�VKLHOG�DQG�JDOD[\�IURP�
3/$1&.�GDWD��7KH�ILUVW�KDOI�RI�WKH�SDSHU�GHWDLOV�KRZ�WKH�)6/�PDSV�ZHUH�FRQVWUXFWHG�XVLQJ�D�SRODUL]HG��
.�EDQG�VRXUFH�DW�6RXWK�3ROH��7KH�VHFRQG�KDOI�RXWOLQHV�WKH�WHPSHUDWXUH�WR�SRODUL]DWLRQ�OHDNDJH�FDOFXODWLRQV�WKDW�DUH�
EHLQJ�SXUVXHG��:H�H[SHFW�WR�TXDQWLI\�WKH�OHYHO�RI�VSXULRXV�%�PRGH�SRZHU�WKDW�ZLOO�EH�JHQHUDWHG�E\�WKH�
WHPSHUDWXUH�GLIIHUHQWLDOV�VHHQ�EHWZHHQ�WKH�&0%��WKH�WHOHVFRSH�JURXQG�VKLHOG�DQG�WKH�JDOD[\�GXH�WR�WKH�SRODUL]HG�
)6/�EHDPV��7HFKQLTXHV�GHYHORSHG�KHUH�LQIRUPV�V\VWHPDWLFV�FRQWURO�VWXGLHV�IRU�WKH�%$�SURJUDP��
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0LFURFRQWUROOHU�$SSURDFK�WR�0RVVEDXHU�6SHFWURVFRS\�
/RXLVH�6FKXO�
0HQWRUV��%UHQW�)XOW]�DQG�&XOOHQ�4XLQH�

0RVVEDXHU�VSHFWURVFRS\�KDV�EHHQ�XVHG�WR�FKDUDFWHUL]H�LURQ�FRPSRXQGV�LQ�URERWLF�VSDFH�PLVVLRQV�LQFOXGLQJ�WKH�
0DUV�([SORUDWLRQ�5RYHUV��EXW�XSFRPLQJ�OXQDU�PLVVLRQV�UHTXLUH�VPDOOHU�DQG�OLJKWHU�VSHFWURPHWHUV��7KLV�SURMHFW�XVHV�
D�7HHQV\�����PLFURFRQWUROOHU�DORQJ�ZLWK�DQDORJ�FLUFXLWU\�WR�SURFHVV�DQG�UHFRUG�SXOVHV�IURP�D�0RVVEDXHU�GHWHFWRU��
3XOVHV�DUH�VRUWHG�ERWK�E\�DPSOLWXGH�DQG�WLPH�RI�GHWHFWLRQ��IRU�[�UD\�IOXRUHVFHQFH�DQG�0RVVEDXHU�DQDO\VLV��
UHVSHFWLYHO\��7KH�VRIWZDUH�XVHV�LQWHUUXSW�URXWLQHV�WR�HIILFLHQWO\�KDQGOH�GHWHFWHG�SXOVHV��WR�SUHFLVHO\�FRQWURO�WKH�
YHORFLW\�RI�D�SLH]R�LQYROYHG�LQ�WKH�GHWHFWRU��DQG�WR�SHULRGLFDOO\�RXWSXW�VWRUHG�SXOVHV�WR�D�FRPSXWHU��,Q�SODFH�RI�D�
GHWHFWRU��D�����WLPHU�FLUFXLW�ZDV�XVHG�WR�JHQHUDWH��� V�SXOVHV��ZKLFK�FDQ�EH�SURFHVVHG�E\�WKH�PLFURFRQWUROOHU�LQ�
DURXQG���� V��0LFURFRQWUROOHUV�DUH�WKXV�D�UHDOLVWLF�DSSURDFK�WR�0RVVEDXHU�VSHFWURPHWU\��DOWKRXJK�UHTXLUH�DGGLWLRQDO�
WHVWLQJ�ZLWK�D�0RVVEDXHU�GHWHFWRU��

7LPH�6HULHV�+LJK�5HVROXWLRQ�6SHFWURVFRSLF�9DULDWLRQV�RI�2XWEXUVWLQJ�3UH�0DLQ�6HTXHQFH�6WDUV
-HURPH�6HHEHFN�
0HQWRU��/\QQH�+LOOHQEUDQG�

:H�SUHVHQW�D�KLJK�UHVROXWLRQ�VSHFWUDO�DQDO\VLV�RI�WZR�YDULDEOH�VWDUV��+%&�����DQG�9����0RQ��7KHVH�REMHFWV�ZHUH�
LGHQWLILHG�DV�)8�2ULRQLV�VWDUV��YDULDEOH�VWDUV�WKDW�KDYH�XQGHUJRQH�H[WUHPH�FKDQJHV�LQ�PDJQLWXGH�FDXVHG�E\�DQ�
LQFUHDVH�LQ�DFFUHWLRQ�UDWH��2EVHUYDWLRQV�ZHUH�WDNHQ�SRVW�RXWEXUVW�DW�RSWLFDO�ZDYHOHQJWKV���� P�� P��ZLWK�WKH�.HFN�
+LJK�5HVROXWLRQ�(FKHOOH�6SHFWURPHWHU�DQG�/LFN�$XWRPDWHG�3ODQHW�)LQGHU�EHWZHHQ������WR�������,Q�ERWK�VWDUV��ZH�
KDYH�IRXQG�HYLGHQFH�RI�GHFUHDVLQJ�ZLQG�GULYHQ�DFFUHWLRQ�WKURXJK�3�&\JQL�SURILOHV��DQG�HYROYLQJ�GLVN�IHDWXUHV�
WKURXJK�GRXEOH�SHDNHG�DEVRUSWLRQ�SURILOHV��7KH�VWUHQJWK�RI�GLVN�OLQHV�KDV�EHHQ�VKRZQ�WR�LQFUHDVH�LQ�9����0RQ�EXW�
QRW�+%&������0HDVXUHPHQWV�RI�KDOI�ZLGWK�KDOI�GHSWK��+:+'��GR�QRW�VKRZ�DQ\�VLJQLILFDQW�FKDQJH�ZLWK�UHVSHFW�WR�
ZDYHOHQJWK����NP�V�>+%&����@�DQG���NP�V�>9����0RQ@���ZKLFK�LV�LQ�FRQIOLFW�ZLWK�WKH�VWDQGDUG�.HSOHULDQ�URWDWLRQ�
GLVN�PRGHO��6HYHUDO�ORZ�H[FLWDWLRQ�SRWHQWLDO�EURDG�DEVRUSWLRQ�OLQHV�ZLWK�DGGLWLRQDO�FHQWUDO�GLSV�EOXHVKLIWHG�E\��
��NP�V�DQG�+:+'V�RI����NP�V�ZHUH�LGHQWLILHG�LQ�+%&�����ZLWK�QR�FXUUHQW�H[SODQDWLRQ��'HFUHDVLQJ�VWUHQJWK�RI�KLJK�
H[FLWDWLRQ�SRWHQWLDO�OLQHV��ZLQG�YHORFLWLHV��DQG�VRXUFH�EULJKWQHVV�KDYH�OHG�WR�WKH�LQWHUSUHWDWLRQ�RI�9����0RQ�DV�D�
KRWWHU�DQG�TXLFNHU�FRROLQJ�VWDU�WKDQ�+%&�������

�'�2EMHFW�(QFRGLQJ�LQ�'HHS�1HXUDO�1HWZRUNV�DQG�WKH�%UDLQ�
$GLWL�6HHWKDUDPDQ�
0HQWRUV��'RULV�7VDR�DQG�(ULQ�.RFK�

7KH�WZR�VWUHDP�K\SRWKHVLV�LV�D�PRGHO�RI�WKH�YLVXDO�SURFHVVLQJ�V\VWHP��7KH�GRUVDO�YLVXDO�VWUHDP��ZKLFK�RULJLQDWHV�
LQ�WKH�RFFLSLWDO�FRUWH[�DQG�OHDGV�WR�WKH�WHPSRUDO�FRUWH[��LV�SULPDULO\�UHVSRQVLEOH�IRU�HQFRGLQJ�VSDWLDO�LQIRUPDWLRQ��
LQFOXGLQJ�WKUHH�GLPHQVLRQDO�VWUXFWXUH��,Q�SUHYLRXV�UHVHDUFK��WKH�UHVXOWV�IURP�D�IHHGIRUZDUG�GHHS�QHXUDO�QHWZRUN�
WUDLQHG�RQ�REMHFW�FODVVLILFDWLRQ�VHUYHG�DV�D�IUDPHZRUN�IRU�KRZ�QHXURQV�LQ�WKH�LQIHURWHPSRUDO�FRUWH[�DUH�RUJDQL]HG��
,Q�RXU�UHVHDUFK��ZH�XVH�D�YDULDWLRQDO�DXWRHQFRGHU�JHQHUDWLYH�DGYHUVDULDO�QHWZRUN�WR�GHYHORS�D�IUDPHZRUN�IRU�
VSDWLDO�LQIRUPDWLRQ�SURFHVVLQJ�DORQJ�WKH�GRUVDO�VWUHDP��)RU�WKLV�SXUSRVH��ZH�IRFXV�RQ�WKH�HQFRGHU��ZKLFK�WDNHV�D�
WZR�GLPHQVLRQDO�LPDJH�DV�DQ�LQSXW�DQG�UHWXUQV�D�ODWHQW�UHSUHVHQWDWLRQ�YHFWRU��%\�DQDO\]LQJ�WKH�LPDJHV�IHG�WR�WKH�
HQFRGHU�DQG�WKHLU�FRUUHVSRQGLQJ�UHSUHVHQWDWLRQ�YHFWRUV��ZH�SURSRVH�D�K\SRWKHVLV�IRU�KRZ�WKH�SULPDWH�EUDLQ�
HQFRGHV�WKUHH�GLPHQVLRQDO�VWUXFWXUH��:H�H[SHFW�IXWXUH�UHVHDUFK�WR�WHVW�WKH�LPSOLFDWLRQV�RI�RXU�K\SRWKHVLV�WKURXJK�
H[SHULPHQWDO�PHWKRGV��

&RQGLWLRQDO�9DOXH�DW�5LVN�&RQVWUDLQHG�2SWLPL]DWLRQ�
$QLVK�6HQDSDWL�
0HQWRU��-RVH�%ODQFKHW�

,Q�WKLV�SURMHFW��ZH�FRQVLGHU�FKDQFH�FRQVWUDLQHG�RSWLPL]DWLRQ�SUREOHPV�ZLWK�KHDY\�WDLOHG�GLVWULEXWLRQV�ZLWKLQ�WKH�ULVN�
IDFWRUV��7KH�XVXDO�FKDQFH�FRQVWUDLQHG�RSWLPL]DWLRQ�SUREOHP�ZLWK�YDOXH�DW�ULVN�FRQVWUDLQV�KDV�OLPLWDWLRQV�LQ�
PRGHOLQJ�DQG�WUDFWDELOLW\�PRWLYDWLQJ�D�FRQGLWLRQDO�YDOXH�DW�ULVN��&9D5��ULVN�PHDVXUH�ZKLFK�SUHYDLOV�LQ�PDQ\�UHDO�
ZRUOG�DSSOLFDWLRQV��,Q�WKLV�SURMHFW��ZH�DLP�WR�ORRN�DW�WKH�JHQHULF�&9D5�FRQVWUDLQHG�RSWLPL]DWLRQ�SUREOHP��:H�
WUDQVIRUP�WKH�RSWLPL]DWLRQ�SUREOHP�LQWR�LWV�FRUUHVSRQGLQJ�/DJUDQJLDQ�UHOD[DWLRQ�SUREOHP�DQG�GHVLJQ�DQ�DOJRULWKP�
WR�VROYH�WKLV�UHOD[DWLRQ�PLQLPL]DWLRQ�XVLQJ�VWRFKDVWLF�JUDGLHQW�GHVFHQW��7R�ILQG�WKH�RSWLPDO�VROXWLRQ�DV�WKH�FKDQFH�
FRQVWUDLQWV�EHFRPH�WLJKWHU��UDUH�HYHQW�VLPXODWLRQ�WHFKQLTXHV�ZHUH�GHYHORSHG�LPSURYH�RXU�DOJRULWKP�HIILFLHQF\�LQ�
0RQWH�&DUOR�HYDOXDWLRQ�UHTXLUHG�EH\RQG�WKDW�RI�D�VLPSOH�0RQWH�&DUOR�DSSURDFK���
$QLVK�6HQDSDWL�
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6PDUW�(UURU�0HVVDJHV�IRU�'DWD�6WUXFWXUH�,PSOHPHQWDWLRQV�YLD�&RGLILHG�$'7V�
$UFKLH�6KDKLGXOODK�
0HQWRU��$GDP�%ODQN�

&6���LV�&DOWHFK¶V�FRXUVH�WKDW�WHDFKHV�IXQGDPHQWDO�GDWD�VWUXFWXUHV��ZKLFK�DUH�LPSOHPHQWHG�LQ�WKH�-DYD�
SURJUDPPLQJ�ODQJXDJH��,W�LV�DEVROXWHO\�FUXFLDO�WKDW�VWXGHQWV�FRPSOHWHO\�XQGHUVWDQG�KRZ�WKHVH�GDWD�VWUXFWXUHV�
IXQFWLRQ��DQG�WR�WKLV�HQG��UREXVW�WHVW�PRGXOHV�DUH�QHFHVVDU\��0\�SURMHFW�LV�WZR�SURQJHG��7KH�ILUVW�REMHFWLYH�LV�WR�
LGHQWLI\�FXUUHQW�ODFNLQJV�LQ�H[LVWLQJ�WHVW�PRGXOHV��DQG�WKH�VHFRQG�LV�WR�ZULWH�QHZ�PRGXOHV�WR�HQVXUH�VWXGHQWV¶�
LPSOHPHQWDWLRQV�PDWFK�ZLWK�DEVWUDFW�GDWD�W\SHV��$'7V���,Q�SXUVXLW�RI�WKH�ILUVW��DOO�FODVV�SURMHFWV�ZHUH�UH�
LPSOHPHQWHG�DQG�HUURUV�HQFRXQWHUHG�ZHUH�FDUHIXOO\�GRFXPHQWHG��7KLV�VHUYHV�DV�ERWK�D�UHIHUHQFH�IRU�IXWXUH�FRXUVH�
VWDII�DV�WR�ZKDW�LVVXHV�WR�H[SHFW�ZKHQ�DVVLVWLQJ�VWXGHQWV��DQG�DV�P\�RZQ�UHIHUHQFH�IRU�ZKLFK�WHVWV�WR�LPSURYH�DGG��
7KH�ODWWHU�LQYROYHG�XVLQJ�WKH�-DYD�5HIOHFWLRQ�OLEUDU\�WR�DFFHVV�WKH�LQWHUQDO�VWDWH�RI�FODVVHV�DQG�SURYLGH�VSHFLILF�HUURU�
PHVVDJHV�GHWDLOLQJ�IXQFWLRQDO�EXJV��7KLV�DOORZV�WKH�LQYRFDWLRQ�RI�PHWKRGV�DQG�DQDO\VLV�RI�DWWULEXWHV�VXFK�DV�
YLVLELOLW\��LQKHULWDQFH��DGKHUHQFH�WR�VSHFLILHG�FRQVWUDLQWV��HWF��:H�H[SHFW�WKHVH�LPSURYHG�WHVW�PRGXOHV�ZLOO�LPSURYH�
VWXGHQW�OHDUQLQJ��DQG�WR�WKLV�HQG��VWXGHQW�SURJUHVV�ZLOO�EH�PRQLWRUHG�DQG�VWXGLHG�DV�SDUW�RI�P\�&6����SURMHFW�QH[W�
DFDGHPLF�\HDU��

'HYHORSPHQW�RI�D�3RZHUHG�$QNOH�([RVNHOHWRQ�
/RUHQ]R�6KDLNHZLW]�
0HQWRUV��$DURQ�$PHV�DQG�0DHJDQ�7XFNHU

3RZHUHG�H[RVNHOHWRQV�FDQ�HQKDQFH�WKH�KXPDQ�DELOLW\�WR�FDUU\�ORDG��LPSURYH�PHWDEROLF�HIILFLHQF\��DQG�KHOS�WKH�
LQMXUHG�WR�D�TXLFN�UHFRYHU\��+RZHYHU��WKH\�UHO\�RQ�FRQWURO�DOJRULWKPV�WKDW�DUH�GLIILFXOW�WR�WHVW�RQ�V\VWHPV�ZLWK�PDQ\�
GHJUHHV�RI�IUHHGRP��:H�GHVLJQHG�DQ�DXWRQRPRXV�DQNOH�H[RVNHOHWRQ�WR�UHGXFH�WKH�PHWDEROLF�FRVW�RI�ZDONLQJ�DQG�
SURYLGH�D�RQH�GHJUHH�RI�IUHHGRP�SODWIRUP�IRU�FRQWUROV�WHVWLQJ��7KH�OLJKWZHLJKW�GHYLFH�DFWXDWHV�WZR�PRPHQW�DUPV�
DWWDFKHG�WR�WKH�IRRW�WR�JHQHUDWH�D�PHFKDQLFDO�WRUTXH�GXULQJ�WKH�WUDQVLWLRQ�IURP�VWDQFH�WR�VZLQJ�LQ�WKH�ZDONLQJ�JDLW��
7KH�IOH[LEOH�GHVLJQ�DOORZV�HOHFWURQLFV�WR�EH�FRQFHQWUDWHG�DW�WKH�ZDLVW�WR�PD[LPL]H�HIILFLHQF\�RU�DW�WKH�VKLQ�WR�
PLQLPL]H�FRPSOH[LW\��%DVLF�FRQWUROV�VLPXODWLRQV�VKRZ�LW�FDQ�UHGXFH�ELRORJLFDO�DQNOH�WRUTXH�E\�DV�PXFK�DV������
PDNLQJ�XVH�RI�D�VOHHN�DQJOHG�VWUXW�GHVLJQ��2QFH�FRQVWUXFWHG��WKLV�H[RVNHOHWRQ�ZLOO�SURYLGH�D�SODWIRUP�IRU�FRPSOH[�
FRQWUROV�WR�RSWLPL]H�LWV�RZQ�IXQFWLRQ�DQG�DLG�LQ�WKH�GHYHORSPHQW�RI�ODUJHU�H[RVNHOHWRQV��

&RQVWUXFWLRQ�RI�+HFNH�&KDUDFWHUV�IRU�7KUHH�'LPHQVLRQDO�&0�$EHOLDQ�9DULHWLHV�
=KHQJ\XDQ�6KDQJ�
0HQWRU��0DWWKLDV�)ODFK�

,W�LV�ZHOO�NQRZQ�IRU�DQ�HOOLSWLF�FXUYH�ZLWK�FRPSOH[�PXOWLSOLFDWLRQ�WKDW�WKH�H[LVWHQFH�RI�D�4�UDWLRQDO�PRGHO�LV�
HTXLYDOHQW�WR�LWV�ILHOG�RI�PRGXOL�HTXDO�WR�4��RU�LWV�HQGRPRUSKLVP�ULQJ�HTXDO�WR�WKH�ULQJ�RI�LQWHJHUV�RI���SRVVLEOH�
ILHOGV��0XUDED\DVKL�DQG�8PHJDNL�HVWDEOLVKHG�VLPLODU�UHVXOWV�IRU�&0�DEHOLDQ�VXUIDFHV��)RU���GLPHQVLRQDO�&0�DEHOLDQ�
YDULHWLHV�ZLWK�UDWLRQDO�ILHOGV�RI�PRGXOL��&KXQ�QDUURZHG�GRZQ�WR�D�OLVW�RI����SRVVLEOH�FKRLFHV�RI�WKH�&0�ILHOGV�DQG�
REWDLQHG�D�SDUWLDO�FRQYHUVH��,Q�WKLV�SURMHFW��ZH�DWWHPSW�WR�SURYH�WKDW�WKHVH�DEHOLDQ�YDULHWLHV�KDYH�4�PRGHOV�E\�
FRQVWUXFWLQJ�FHUWDLQ�+HFNH�FKDUDFWHUV�DQG�WKXV�FRPSOHWH�WKH�DQDORJ\��

'HWHUPLQLQJ�2XWFRPHV�RI�&RRSHUDWLYH�*DPHV�:LWK�DQG�:LWKRXW�([WHUQDOLWLHV�
-DVRQ�6KL�
0HQWRUV��.HYLQ�7DQJ�DQG�)HGHULFR�(FKHQLTXH�

7KH�VWXG\�RI�VROXWLRQ�FRQFHSWV�IRU�FRRSHUDWLYH�JDPHV�KDV�PDLQO\�IRFXVHG�RQ�RXWFRPHV�WKDW�DUH�GHVLUDEOH�E\�FHUWDLQ�
PHWULFV��VXFK�DV�IDLUQHVV�DQG�HIILFLHQF\��+RZHYHU��VLQFH�SOD\HUV�LQ�VXFK�JDPHV�VHHN�QRW�WR�VDWLVI\�VXFK�DEVWUDFW�
QRUPV��EXW�UDWKHU�WR�PD[LPL]H�WKHLU�RZQ�JDLQ��DOWHUQDWLYH�VROXWLRQ�FRQFHSWV�DUH�QHHGHG�WR�SUHGLFW�WKH�DFWXDO�
RXWFRPHV�RI�JDPHV��:H�EXLOG�D�SURJUDP�WR�VLPXODWH�JDPHV�DQG�FRPSXWH�WKHLU�RXWFRPHV��7KHQ�ZH�XVH�WKH�UHVXOWV�
JHQHUDWHG�E\�WKLV�SURJUDP�WR�IRUP��WHVW��DQG�UHIXWH�WKHRUHWLFDO�FRQMHFWXUHV�DERXW�JDPH�RXWFRPHV��IRU�LQVWDQFH��ZH�
SURYH�WKDW�DOO���SOD\HU�JDPHV�GR�LQ�IDFW�FRQYHUJH�RQ�DQ�RXWFRPH�DIWHU�D�ILQLWH�QXPEHU�RI�VWHSV��ZKLOH�VKRZLQJ�WKDW�
WKLV�LV�QRW�WUXH�IRU�JHQHUDO�JDPHV��

6WUXFWXUDO�6]pPHUHGL�7URWWHU�7KHRUHP�IRU�/DWWLFHV�
2OLYLQH�6LOLHU�
0HQWRUV��$GDP�6KHIIHU�DQG�1HWV�.DW]�

,QFLGHQFH�SUREOHPV�SURYLGH�D�IUDPHZRUN�IRU�FKDUDFWHUL]LQJ�DQ�XQGHUO\LQJ�JHRPHWU\�DQG�ILQG�DSSOLFDWLRQV�EH\RQG�
GLVFUHWH�JHRPHWU\��VSDQQLQJ�FRPELQDWRULFV��QXPEHU�WKHRU\��FRPSXWHU�VFLHQFH��DQG�KDUPRQLF�DQDO\VLV��$�SRLQW�DQG�
D�OLQH�IRUP�DQ�LQFLGHQFH�LI�WKH�SRLQW�LV�RQ�WKH�OLQH��:KHQ�_3_� �_/_� �Q��WKH�6]HPHUpGL�7URWWHU�WKHRUHP�VWDWHV�WKDW�
WKH�QXPEHU�RI�LQFLGHQFHV�EHWZHHQ�SRLQWV�IURP�WKH�VHW�3�DQG�OLQHV�IURP�WKH�VHW�/�LV�� Ȁ ��7KH�WKHRUHP�LV�WLJKW�
VLQFH�WKHUH�H[LVW�FRQILJXUDWLRQV�ZLWK� Ȁ LQFLGHQFHV��2QO\�WZR�VXFK�FRQILJXUDWLRQV�ZHUH�NQRZQ��RQH�IURP�(UG V��
WKH�RWKHU�IURP�(OHNHV��,Q�WKLV�ZRUN��ZH�ILQG�D�IDPLO\�RI�FRQVWUXFWLRQV��LQFOXGLQJ�WKHVH�WZR��WKDW�VSDQV�DOO�
PD[LPXP�LQFLGHQFH�FRQVWUXFWLRQV�ZLWK�D�ODWWLFH�RI�SRLQWV��0RUHRYHU��ZKLOH�WKH�6]HPHUpGL�7URWWHU�WKHRUHP�KDV�EHHQ�
NQRZQ�IRU�QHDUO\�IRXU�GHFDGHV��KDUGO\�DQ\WKLQJ�LV�NQRZQ�DERXW�WKH�VWUXFWXUDO�SUREOHP��FKDUDFWHUL]LQJ�WKH�
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FRQILJXUDWLRQV�ZLWK� Ȁ LQFLGHQFHV��+HUH��ZH�XVH�DQ�HQHUJ\�YDULDQW�WR�GHULYH�D�WLJKW�SRLQW�HQHUJ\�ERXQG�ZKLFK�
GHSHQGV�RQ�WKH�JHRPHWU\�RI�WKH�FRQILJXUDWLRQ��:H�DOVR�GHULYH�D�YDULHW\�RI�VWUXFWXUDO�SURSHUWLHV�ZKHUH�WKH�SRLQW�VHW�
LV�D�&DUWHVLDQ�SURGXFW��

*XDUDQWHHLQJ�6DIH�%HKDYLRU�IRU�6HOI�'ULYLQJ�9HKLFOHV�
*LRYDQQD�6LOYHLUD�$PRULP�
0HQWRUV��5LFKDUG�0XUUD\�DQG�.DUHQD�&DL�

3UHYLRXV�ZRUNV�KDYH�IRUPXODWHG�D�PDWKHPDWLFDO�IUDPHZRUN�IRU�VHOI�GULYLQJ�YHKLFOHV�ZKLFK�JXDUDQWHHV�VDIHW\�
WKURXJK�DVVXPH�JXDUDQWHH�SURILOHV��7KLV�GHVLJQ�DVVXPHV�WKDW�HDFK�YHKLFOH�KDV�FRPSOHWH�LQIRUPDWLRQ�RQ�RWKHU�FDUV��
7KLV�SURMHFW�PLJUDWHV�WKH�RULJLQDO�IUDPHZRUN�IURP�D�GHWHUPLQLVWLF�HQYLURQPHQW�WR�D�SUREDELOLVWLF�RQH��&KDUDFWHUL]LQJ�
WKH�RULJLQDO�IUDPHZRUN¶V�UREXVWQHVV�WR�HUURUV�DOORZHG�IRU�WKH�GHVLJQ�RI�D�QHZ�IUDPHZRUN�FDSDEOH�RI�GHDOLQJ�ZLWK�
XQFHUWDLQWLHV�FDXVHG�E\�ODFN�RI�LQIRUPDWLRQ�RQ�RWKHU�YHKLFOHV¶�G\QDPLFV��SURILOHV��DQG�ILQDO�GHVWLQDWLRQ��,Q�WKLV�PRUH�
UHDOLVWLF�DSSURDFK��WKH�QHZ�V\VWHP�FDQ�SURYLGH�VDIH�RSHUDWLRQ�ZLWK�RQO\�SDUWLDO�LQIRUPDWLRQ�

4XDQWXP�(UURU�&RUUHFWLQJ�&RGHV�IRU�/DUJH�6SLQV�
$GLW\D�6LYDNXPDU�
0HQWRUV��-RKQ�3UHVNLOO�DQG�9LFWRU�$OEHUW�

7KH�ILHOG�RI�TXDQWXP�LQIRUPDWLRQ�VFLHQFH�XVHV�TXDQWXP�PHFKDQLFDO�SKHQRPHQD��VXFK�DV�HQWDQJOHPHQW��WR�SHUIRUP�
FRPSXWDWLRQDO�WDVNV��4XDQWXP�LQIRUPDWLRQ�FDQ�EH�HQFRGHG�XVLQJ�DQ\�TXDQWXP�PHFKDQLFDO�SK\VLFDO�V\VWHP��
8QIRUWXQDWHO\��PDQ\�RI�WKHVH�V\VWHPV�WHQG�WR�EH�HDVLO\�GDPDJHG�E\�H[WHUQDO�QRLVH�VRXUFHV��1HYHUWKHOHVV��IRU�PDQ\�
FDVHV��WKHUH�DUH�JHQHUDO�PHWKRGV�RQH�FDQ�XVH�WR�SURWHFW�DOO�LQIRUPDWLRQ�HQFRGHG�LQ�D�TXDQWXP�V\VWHP�DJDLQVW�D�
JLYHQ�W\SH�RI�QRLVH��7KLV�UHVHDUFK�SURMHFW�LQYHVWLJDWHV�WKH�QHFHVVDU\�DQG�VXIILFLHQW�FRQGLWLRQV�IRU�ZKLFK�VXFK�D�
JHQHUDO�PHWKRG�RI�HUURU�FRUUHFWLRQ�FDQ�VXFFHVVIXOO\�EH�DSSOLHG�WR�D�VSHFLILF�W\SH�RI�TXDQWXP�V\VWHP��D�TXDQWXP�
ULJLG�ERG\��H�J��D�PROHFXOH��VXIIHULQJ�IURP�QRLVH�ZKLFK�DOWHUV�LWV�DQJXODU�PRPHQWXP�VWDWH��,W�WXUQV�RXW�WKLV�
VLWXDWLRQ�LV�PDWKHPDWLFDOO\�YHU\�VLPLODU�WR�D�GLIIHUHQW�W\SH�RI�TXDQWXP�V\VWHP��D�TXDQWXP�VLPSOH�KDUPRQLF�
RVFLOODWRU��6+2��VXIIHULQJ�IURP�QRLVH�ZKLFK�DOWHUV�WKH�HQHUJ\�VWDWH�RI�WKH�V\VWHP��)RU�WKH�6+2�V\VWHP��WKHUH�LV�
DOUHDG\�D�ZHOO�HVWDEOLVKHG�PHWKRG�WR�SURWHFW�DQ\�HQFRGHG�LQIRUPDWLRQ�DJDLQVW�WKH�HQHUJ\�QRLVH��%\�DQDO\]LQJ�WKLV�
PHWKRG��WKLV�UHVHDUFK�SURMHFW�GHYHORSHG�DQ�DQDORJRXV�PHWKRG�IRU�D�TXDQWXP�ULJLG�ERG\�V\VWHP��ZKLFK�SURWHFWV�
DQ\�HQFRGHG�LQIRUPDWLRQ�DJDLQVW�WKH�DQJXODU�PRPHQWXP�QRLVH��

$QDO\]LQJ�6WUD\OLJKW�;�UD\�%LQDU\�&DQGLGDWHV�:LWK�1X67$5�
&DWKHULQH�6ODXJKWHU�
0HQWRUV��)LRQD�+DUULVRQ�DQG�%ULDQ�*UHIHQVWHWWH�

7KH�1XFOHDU�6SHFWURVFRSLF�7HOHVFRSH�$5UD\��1X67$5��LV�WKH�ILUVW�VSDFH�WHOHVFRSH�WR�REVHUYH�LQ�WKH�KDUG�;�UD\�
EDQGSDVV�������NH9���1X67$5�ZDV�GHVLJQHG�WR�KDYH�D�GHSOR\�DEOH�PDVW�WKDW�LV�RSHQ�WR�WKH�VSDFH�DURXQG�LW��7KLV�
PHDQV�WKDW�VWUD\�SKRWRQV�IURP�REMHFWV�WKDW�OLH������IURP�WKH�OLQH�RI�VLJKW�FDQ�IDOO�RQ�WKH�GHWHFWRUV�RI�WKH�VFRSH�
ZLWKRXW�ILUVW�JRLQJ�WKURXJK�WKH�RSWLFV��0DQ\�RI�WKHVH�VHUHQGLSLWRXV�VWUD\OLJKW�REVHUYDWLRQV�KDYH�EHHQ�WDNHQ�RYHU�
WKH�SDVW�HLJKW�\HDUV��EXW�KDYH�QRW�\HW�EHHQ�XVHG�IRU�UHVHDUFK�SXUSRVHV��GHVSLWH�FRQWDLQLQJ�D�SRWHQWLDO�ZHDOWK�RI�
XVHIXO�GDWD��7KLV�SURMHFW�LV�WZR�IROG��)LUVW��,�ORRVHO\�UHFUHDWH�WKH�UHVXOWV�RI�D�+RPDQ�HW�DO�������SDSHU��ZKLFK�ORRNV�
DW�VRXUFH�*;����ZLWK�IRFXVHG�1X67$5�REVHUYDWLRQV��7KLV�VHUYHV�DV�D�SURRI�RI�FRQFHSW�IRU�WKH�HIILFDF\�RI�VWUD\OLJKW�
UHVHDUFK�DQG�JLYHV�XV�WKH�RSSRUWXQLW\�WR�WHVW�WKH�GDWD�UHGXFWLRQ�FRGH�ZULWWHQ�E\�%ULDQ�*UHIHQVWHWWH��6HFRQGO\��,�
SHUIRUP�QHZ�WLPH�VHULHV�DQG�VSHFWUDO�DQDO\VLV�RQ�=�VRXUFH�*;������,Q�SDUWLFXODU��XVH�WKH�VKDSH�DQG�VSUHDG�RI�DQ�
LURQ�OLQH�VSHFWUDO�UHIOHFWLRQ�IHDWXUH��DURXQG����������NH9��WR�GHWHUPLQH�YDOXHV�IRU�WKH�UDWH�RI�URWDWLRQ�DQG�
LQQHUPRVW�VWDEOH�FLUFXODU�RUELW�RI�WKH�QHXWURQ�VWDU�ELQDU\�V\VWHP¶V�DFFUHWLRQ�GLVN��

,QFUHDVLQJ�(IILFLHQF\�RI�0HPHWLF�$OJRULWKPV�
-XOLD�6ORDQ�
0HQWRUV��3DEOR�0RVFDWR�DQG�6��*HRUJH�'MRUJRYVNL�

0DFKLQH�OHDUQLQJ��D�VXEVHW�RI�DUWLILFLDO�LQWHOOLJHQFH��LV�DQ�XQSDUDOOHOHG�WRRO�DOORZLQJ�FRPSXWHU�VFLHQWLVWV�WR�SURFHVV�
DQG�DQDO\]H�YDVW�TXDQWLWLHV�RI�GDWD��0HPHWLF�DOJRULWKPV�DUH�DQ�DGYDQFHG�W\SH�RI�PDFKLQH�OHDUQLQJ�PHWKRGRORJ\�WR�
ILQG�VROXWLRQV�RI�FRPSXWDWLRQDO�SUREOHPV��HPSOR\LQJ�RSWLPL]DWLRQ�PHWKRGV�WKDW�ZRUN�LQ�D�FRRSHUDWLYH�DQG�
FRPSHWLWLYH�ZD\��7KH�0RVFDWR�JURXS
V�FXUUHQW�PHPHWLF�DOJRULWKP�LV�H[WUHPHO\�DFFXUDWH��EXW�LV�YHU\�FRVWO\�LQ�WHUPV�
RI�WLPH��7HVWLQJ�WKH�DOJRULWKP�RQ�D�YDULHW\�RI�GDWDVHWV�DIWHU�DQ\�FKDQJHV�LV�HVVHQWLDO�WR�JXDUDQWHH�WKDW�LW�LV�
DSSOLFDEOH�LQ�D�ZLGH�YDULHW\�RI�LPSOHPHQWDWLRQV��'DWDVHWV�LQYROYLQJ�WKH�IROGHG�VWUXFWXUH�RI�D�SURWHLQ��FRUUHODWLRQ�RI�
ERG\�IDW�SHUFHQWDJH�ZLWK�%0,��DQG�WKH�FULWLFDO�WHPSHUDWXUH�RI�D�VXSHUFRQGXFWRU�DUH�LQYHVWLJDWHG�KHUH��:LWK�VRPH�
GDWD�SUHSURFHVVLQJ��ZH�ILQG�RXU�DOJRULWKP�WR�EH�ODUJHO\�HIIHFWLYH�LQ�HDFK�RI�WKHVH�GRPDLQV��DQG�WKHVH�GDWDVHWV�KHOS�
SURYLGH�D�UDQJH�RI�GDWD�WR�VWXG\�DOJRULWKP�SHUIRUPDQFH��
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,GHQWLI\LQJ�1RYHO�G&DV��*XLGH�51$V�WR�7DUJHW�5HSHWLWLYH�5HJLRQV�RI�'1$�IRU�2SWLFDO�%DUFRGHV�
:KLWQH\�6ORQHNHU�
0HQWRUV��'DYLG�9DQ�9DOHQ��(GZDUG�3DR��*HQHYD�0LOOHU��0RUJDQ�6FKZDUW]��DQG�(PLO\�/DXEVFKHU�

:KLOH�PLFURVFRS\�LV�XVHIXO�WR�YLVXDOL]H�WKH�HIIHFWV�RI�NQRFN�GRZQ�JHQHV��WKHUH�DUH�WKURXJKSXW�FKDOOHQJHV��7KH�
SURFHVV�LV�WLPH�FRQVXPLQJ��DV�WKH�QXPEHU�RI�VDPSOHV�WKDW�FDQ�EH�YLVXDOL]HG�DW�RQFH�DUH�OLPLWHG��7KLV�SURMHFW�DLPV�
WR�DGGUHVV�WKH�FKDOOHQJHV�WKURXJK�RSWLFDO�EDUFRGLQJ�XVLQJ�G&DV��&5,635�GLVSOD\��G&DV��FDQ�ELQG�WR�UHSHDWLQJ�
UHJLRQV�RI�WKH�JHQRPH��ODEHOOLQJ�WKHP�ZLWK�IOXRUHVFHQW�SURWHLQV��:H�DLP�WR�GHWHUPLQH�QRYHO�ELQGLQJ�VLWHV�IRU��
G&DV��WR�DGG�WR�RXU�H[LVWLQJ�OLEUDU\�RI�RSWLFDO�EDUFRGHV��7KHVH�VHTXHQFHV�PXVW�EH�UHSHWLWLYH�WR�JHQHUDWH�DGHTXDWH�
IOXRUHVFHQFH�VLJQDO��7KH\�PXVW�DOVR�EH�DGMDFHQW�WR�3$0�VLWHV�±�D�**�RU�&&�VHTXHQFH��)LQDOO\��VWUXFWXUDO�UHJLRQV�RI�
WKH�JHQRPH�DUH�SUHIHUDEOH�WR�HQVXUH�WKH�ODEHOOLQJ�GRHV�QRW�LQWHUIHUH�ZLWK�WKH�JHQHV�UHTXLUHG�IRU�FHOO�YLDELOLW\��:H�
XVHG�%LRS\WKRQ��D�ELRLQIRUPDWLFV�3\WKRQ�SDFNDJH��WR�GHWHUPLQH�WKH�SUHVHQFH�RI�GLIIHUHQW�UHSHDWLQJ�UHJLRQV�
SUR[LPDO�WR�3$0�VLWHV�WR�ILQG�WKH�RSWLPDO�G&DV��WDUJHW�JLYHQ�WKH�QHFHVVDU\�IHDWXUHV��+RZHYHU��ZKLOH�SRWHQWLDO�
WDUJHWV�KDYH�EHHQ�REVHUYHG��ZHW�ODE�WHVWLQJ�LV�VWLOO�QHFHVVDU\�WR�FRQILUP�UHVXOWV��

(IIHFWV�RI�9LVXDO�6DOLHQF\�LQ�+XPDQ�%HKDYLRU��
1LQD�6RORY\HYD��
0HQWRUV��&ROLQ�&DPHUHU�DQG�;LDRPLQ�/L�

9LVXDO�VDOLHQF\�LV�D�SRZHUIXO�WRRO�WKDW�FDQ�EH�XVHG�LQ�WKH�SUHGLFWLRQ�RI�KXPDQ�EHKDYLRU��7R�IXUWKHU�H[SORUH�LW��ZH�
GHVLJQHG�DQ�RQOLQH�EHKDYLRUDO�H[SHULPHQW�DVNLQJ�SDUWLFLSDQWV�WR�PDNH�D�FKRLFH�EHWZHHQ�WZR�SLOHV�RI�IUXLWV�
SUHVHQWHG�LQ�DQ�LPDJH��(DFK�IUXLW�KDG�DQ�HVWDEOLVKHG�YDOXH�WKDW�ZDV�PDGH�NQRZQ�WR�WKH�SDUWLFLSDQWV�DQG�WKH�SLOH�
ZRUWK�ZDV�WKH�VXPPDWLRQ�RI�WKH�LQGLYLGXDO�IUXLWV¶�YDOXHV�LQ�LW��6$0��6DOLHQF\�$WWHQWLRQ�0RGHO��ZDV�XVHG�WR�SUHGLFW�
ZKLFK�SLOH��ULJKW�RU�OHIW��ZDV�PRUH�VDOLHQW�EDVHG�RQ�WKH�LPDJHV�ZH�JHQHUDWHG��7ZHQW\�LPDJHV�ZHUH�SUHVHQWHG�WR�
HDFK�VXEMHFW��ZLWK����EHLQJ�FRQJUXHQW��PRUH�VDOLHQW�SLOH�KDG�D�KLJKHU�ZRUWK��DQG����EHLQJ�LQFRQJUXHQW��OHVV�VDOLHQW�
SLOH�KDG�D�KLJKHU�ZRUWK���7KH�UHVXOWV�VKRZHG�WKDW�WKH�SLOH�ZLWK�KLJKHU�ZRUWK�ZDV�FKRVHQ�PRUH�RIWHQ�DPRQJVW�
FRQJUXHQW�LPDJHV�UDWKHU�WKDQ�LQFRQJUXHQW��7KXV��SHRSOH�PDGH�PRUH�PLVWDNHV�ZKHQ�VDOLHQF\�ZDV�FRQIOLFWLQJ�ZLWK�
WKH�UHZDUG�DWWULEXWH��6DOLHQF\�DQG�YDOXDWLRQ�ZHUH�IRXQG�VLJQLILFDQW�WKURXJK�ORJLVWLF�UHJUHVVLRQ�LQ�UHJDUGV�WR�WKH�
FKRLFH�PDGH���

'HYHORSLQJ�D�3LSHOLQH�IRU�WKH�0HDVXUHPHQW�RI�6LJQDOLQJ�'\QDPLFV�DQG�3DWWHUQV�RI�*HQH�([SUHVVLRQ�
8SRQ�,QWURGXFWLRQ�RI�3RROHG�%DUFRGHG�.QRFN�'RZQV�
-RKQDWKRQ�6RUR�
0HQWRUV��'DYLG�9DQ�9DOHQ��(PLO\�/DXEVFKHU��(GZDUG�3DR��DQG�0RUJDQ�6FKZDUW]�

,Q�RUGHU�WR�VWXG\�WKH�HIIHFWV�RI�D�JHQHWLF�NQRFN�GRZQ�DQG�XQGHUVWDQG�D�JHQH¶V�IXQFWLRQ��D�VLQJOH�JHQH�LV�W\SLFDOO\�
NQRFNHG�RXW�LQ�D�FXOWXUH�RI�FHOOV�DQG�WKH�HIIHFWV�RQ�WKH�FHOO�DUH�PHDVXUHG��7KLV�FDQ�PDNH�LQYHVWLJDWLQJ�PDQ\�
SHUWXUEDWLRQV�KDUG�VLQFH�LW�UHTXLUHV�HDFK�RQH�WR�EH�GRQH�VHSDUDWHO\��+RZHYHU��LGHQWLI\LQJ�WKH�HIIHFW�RI�D�VLQJOH�
JHQHWLF�SHUWXUEDWLRQ�LQ�D�SRRO�RI�PDQ\�SHUWXUEDWLRQV�LV�SRVVLEOH�ZLWK�VSDWLDO�EDUFRGLQJ��'LIIHUHQW�EDUFRGHV�DUH�PDGH�
E\�ODEHOLQJ�YDULRXV�FHOO�FRPSDUWPHQWV�ZLWK�GLIIHUHQW�FRORUV��ZKLFK�DOORZV�IRU�LGHQWLILFDWLRQ�RI�WKH�YDULRXV�
SHUWXUEDWLRQV��6HT),6+�LV�XVHG�WR�REVHUYH�FKDQJHV�LQ�JHQH�H[SUHVVLRQ�E\�PHDVXULQJ�P51$�WUDQVFULSWLRQ��7R�
GHWHUPLQH�KRZ�PDQ\�GLIIHUHQW�EDUFRGHV�H[LVW��D�IRUPXOD�ZDV�GHYHORSHG�WR�FRPSXWH�WKH�QXPEHU�RI�EDUFRGHV�IRU�DQ\�
QXPEHU�RI�IOXRURSKRUHV�DQG�FRPSDUWPHQWV��7R�SUHGLFW�WKH�DSSHDUDQFH�RI�WKHVH�ODEHOHG�FHOOV��D�SURJUDP�ZDV�PDGH�
WR�YLVXDOL]H�ODEHOHG�FKURPRVRPHV��7R�RSWLPL]H�WKH�SURFHVV�RI�GHVLJQLQJ�VHT),6+�SUREHV��D�SURJUDP�ZDV�GHYHORSHG�
WR�WDNH�DQ\�QXPEHU�RI�SULPDU\�SUREHV�DQG�WDUJHW�JHQHV�DQG�GHVLJQ�ROLJR�SUREHV�ZLWK�VHFRQGDU\�SUREHV�IRU�
WHPSRUDO�EDUFRGLQJ��)XWXUH�ZRUN�LQFOXGHV�LGHQWLI\LQJ�PRUH�FHOOXODU�FRPSDUWPHQWV�WKDW�FDQ�EH�ODEHOHG��ZKLFK�ZRXOG�
LQFUHDVH�WKH�QXPEHU�RI�DYDLODEOH�EDUFRGHV��

,QWHUIDFLQJ�:DYHPHWHU�IRU�6WDELOL]DWLRQ�RI�0XOWLSOH�([WHUQDO�&DYLW\�'LRGH�/DVHUV�
(PLO\�6SULQJHU�
0HQWRUV��1LFKRODV�+XW]OHU�DQG�<L�=HQJ�

/DVHUV¶�IUHTXHQFLHV�QDWXUDOO\�GULIW�RYHU�WLPH�GXH�WR�WKHUPDO�DQG�SUHVVXUH�FKDQJHV�LQ�WKH�HQYLURQPHQWV��7R�FRUUHFW�
WKH�GULIW�IRU�SUHFLVLRQ�PHDVXUHPHQW�H[SHULPHQWV��WKH�ODVHU�PXVW�EH�FRQVWDQWO\�VWDELOL]HG��$�ZDYHPHWHU�LV�XVHG�WR�
SHULRGLFDOO\�UHDG�WKH�FXUUHQW�IUHTXHQF\��7R�ORFN�RQH�ODVHU�ZKLOH�VWLOO�UHDGLQJ�WKH�VWDWH�RI�RWKHUV��WKHUH�QHHGV�WR�EH�D�
ZD\�WR�DXWRPDWLFDOO\�VZLWFK�WKURXJK�GLIIHUHQW�ODVHUV��$�YLUWXDO�LQVWUXPHQW��9,��ZDV�EXLOW�LQ�/DEYLHZ�WR�LQWHUIDFH�WKH�
ILEHU�RSWLF�VZLWFK�DQG�ZDYHPHWHU��ZKLFK�DOORZV�WKH�VZLWFKLQJ�EHWZHHQ�GLIIHUHQW�FKDQQHOV��7KHQ�LQ�DQRWKHU�9,��D��
3,'�IHHGEDFN�ORRS�ZDV�XVHG�WR�VWDELOL]H�WKH�GHVLUHG�ODVHU�RQ�RQH�FKDQQHO�RQ�WKH�VZLWFK��6LQFH�WKH�GULIW�LV�QHJOLJLEOH�
LQ�D�VZLWFKLQJ�SHULRG��WKH�ODVHU�LV�ZHOO�VWDELOL]HG��7KHVH�9,V�FDQ�EH�XVHG�LQ�WKH�ODE�WR�DXWRPDWLFDOO\�ORFN�DQG�UHDG�
GLIIHUHQW�ODVHUV��
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6LPXOWDQHRXV�(VWLPDWLRQ�RI�3RVH�DQG�6KDSH�5RWDWLRQ�)LOWHU�
6KLYD�6UHHUDP�
0HQWRUV��6RRQ�-R�&KXQJ�DQG�$OH[HL�+DUYDUG�

$�YLWDO�FRPSRQHQW�RI�VHQGLQJ�GURQHV�WR�VSDFH�LV�WKHLU�DELOLW\�WR�GHWHFW�REMHFWV�DURXQG�WKHP��,Q�RUGHU�WR�GR�VR��WKH�
GURQH¶V�FDPHUD�QHHGV�WR�EH�DEOH�WR�HVWLPDWH�WKH�WKUHH�GLPHQVLRQDO�SRVLWLRQ�IURP�WKH�LPDJH�LW�FDSWXUHV�LQ��
WZR�GLPHQVLRQV��7KH�DLP�RI�WKH�SURMHFW�LV�WR�LPSURYH�DQ�H[LVWLQJ�IORZ�ILOWHU�V\VWHP�WKDW�ZDV�FUHDWHG�LQ�S\WKRQ�WR�
LQFUHDVH�DFFXUDF\�LQ�WKH�GHWHFWLRQ�RI�REMHFWV�ZLWK�WKH�DIRUHPHQWLRQHG�FDPHUDV�IRU�VSDFH�DSSOLFDWLRQV��,Q�RUGHU�WR�
GR�VR��WKH�ILUVW�REMHFWLYH�ZDV�WR�SURILOH�PHDVXUHPHQW�HUURUV�E\�UXQQLQJ�0RQWH�&DUOR�VLPXODWLRQV��7KHQ��QHZ�
WHFKQLTXHV��VXFK�DV�D�JHQHUDOL]HG�WRWDO�OHDVW�VTXDUHV�DOJRULWKP��DUH�LPSOHPHQWHG�WR�EHWWHU�DFFRXQW�IRU�WKHVH�
HUURUV��7KHVH�QHZ�WHFKQLTXHV�DUH�WKHQ�WHVWHG�DQG�DQDO\]HG�WKURXJK�VLPXODWLRQV��

$XWRPDWHG�,PDJH�3URFHVVLQJ�3LSHOLQH�IRU�)OXRUHVFHQW�0LFURVFRS\�,PDJHV
$XEUH\�6WHYHQV�
0HQWRUV��0LWFKHOO�*XWWPDQ��-RDQQD�-DFKRZLF]��DQG�0DFNHQ]LH�6WUHKOH�

$GYDQFHPHQWV�LQ�PLFURVFRS\�SURGXFH�DQ�LPPHQVH�DPRXQW�RI�LPDJH�GDWD��ZKLFK�LV�WHGLRXV�WR�PDQXDOO\�SURFHVV��
UHGXFLQJ�GDWD�DYDLODEOH�IRU�DQDO\VLV��0DQ\�DXWRPDWHG�LPDJH�SURFHVVLQJ�V\VWHPV�VWUXJJOH�WR�GLVWLQJXLVK�EHWZHHQ�
DGMDFHQW�FHOOV��DV�ZHOO�DV�IOXRUHVFHQW�PDUNHUV�IURP�EDFNJURXQG�QRLVH��JUHDWO\�UHGXFLQJ�DFFXUDF\��&RPELQLQJ�
DXWRPDWHG�DQG�PDQXDO�SURFHVVLQJ�WHFKQLTXHV�LQWR�D�K\EULG�PRGHO�FRXOG�PD[LPL]H�WKH�HIILFDF\�RI�LPDJH�SURFHVVLQJ�
IRU�VHJPHQWDWLRQ�DQG�PDUNHU�GHWHFWLRQ��0D[LPXP�LQWHQVLW\�SURMHFWLRQV��ILOWHULQJ��WKUHVKROGLQJ��DQG�GHWHFWLRQ�RI�
VSHFLILF�PDUNHUV�ZHUH�DSSOLHG�ZLWK�DXWRPDWHG�WHFKQLTXHV��$�K\EULG�PHWKRG�VHJPHQWHG�FHOOV��UHGXFLQJ�PDQXDO�
LQSXWV��ZKLOH�PD[LPL]LQJ�DFFXUDF\��7KHVH�PHWKRGV�ZHUH�LQWHJUDWHG�WRJHWKHU�ZLWK�KLJK�IOH[LELOLW\�DOORZLQJ�
DSSOLFDWLRQ�WR�PDQ\�GDWDVHWV��7KH�ERXQGDU\�VHJPHQWDWLRQ�PHWKRG�XWLOL]LQJ�D�K\EULG�DSSURDFK�REWDLQHG�������
DFFXUDF\�LQ�VHJPHQWDWLRQ��ZLWK�RQO\�������RI�FHOOV�UHTXLULQJ�PDQXDO�LQSXW�IURP�WKH�XVHU��+LJK�DFFXUDF\�ZLWK�OLWWOH�
PDQXDO�SURFHVVLQJ�DSSHDUV�SRVVLEOH�WKURXJK�SULPDULO\�DXWRPDWHG�PHWKRGV�ZLWK�PLQLPDO�XVHU�LQSXW��'HWHFWLRQ�RI�
IOXRUHVFHQW�PDUNHUV�DPLGVW�EDFNJURXQG�QRLVH�DQG�WKH�DFFXUDF\�RI�FXUUHQW�PHWKRGV�UHTXLUH�IXUWKHU�
H[SHULPHQWDWLRQ��

&KDUDFWHUL]DWLRQ�RI�+XPDQ�*HQRPH�5HJXODWRU\�5HJLRQV�8VLQJ�&RQYROXWLRQDO�1HXUDO�
1HWZRUNV�DQG�/670V
.ULVWLQD�6WR\DQRYD�
0HQWRUV� 5RQ�:HLVV��6HEDVWLDQ�3DODFLRV��DQG�0DWW�7KRPVRQ�

7KH�+XPDQ�*HQRPH�3URMHFW�KDV�OHG�WR�WKH�VHTXHQFLQJ�RI�����SHUFHQW�RI�KXPDQ�'1$��+RZHYHU��WKHUH�DUH�VWLOO�
SDUWV�RI�WKH�JHQRPH�WKDW�KDYH�QRW�EHHQ�IXOO\�DQQRWDWHG��$�UHFHQW�PXOWLYDULDWH�+LGGHQ�0DUNRY�0RGHO��FKURP+00��
KDV�DQQRWDWHG����GLIIHUHQW�FKURPDWLQ�VWDWHV��HDFK�UHSUHVHQWV�D�JHQRPLF�HOHPHQW�VXFK�DV�D�SURPRWHU�RU�HQKDQFHU���
7KLV�ZDV�GRQH�XVLQJ�HSLJHQHWLF�PDUNV�±�VXFK�DV�&K,3�VHT�GDWD�RI�KLVWRQH�PRGLILFDWLRQV��:H�XVHG�WKHVH�ODEHOHG�
UHJLRQV�RI�FKURPDWLQ�VWDWHV�DV�LQSXW�IRU�D�&RQYROXWLRQDO�1HXUDO�1HWZRUN��&11��DQG�/RQJ�VKRUW�WHUP�PHPRU\�
�/670��PRGHO�WKDW�ZH�FUHDWHG�IRU�IXUWKHU�FDWHJRUL]LQJ�UHJLRQV�RI�WKH�KXPDQ�JHQRPH��:H�VSHFLILFDOO\�FKRVH�WR�ZRUN�
ZLWK�HSLJHQRPH�(�����ZKLFK�LV�WKH�+��FHOO�OLQH��GXH�WR�LW�EHLQJ�D�IUHTXHQWO\�XVHG�KXPDQ�(PEU\RQLF�6WHP�&HOO�
�K(6&��OLQH��%\�FUHDWLQJ�WKLV�QHZ�&11�/670��ZH�DQWLFLSDWH�ILQGLQJ�QHZ�UHJXODWRU\�UHJLRQV�WKDW�FRXOG�DLG�LQ�
V\QWKHWLF�ELRORJ\�JHQHWLF�FLUFXLW�GHYHORSPHQW�ZKLFK�FRXOG�WKHQ�EH�H[SHULPHQWDOO\�YHULILHG���

7KH�(IIHFW�RI�/HQJWK�WR�+HLJKW�5DWLR�RQ�7KUXVW�3URGXFHG�E\�D�&DXGDO�)LQ�
&KULVWLDQ�6WURPEHUJHU�
0HQWRUV��0RU\�*KDULE�DQG�&HFLOLD�&HUGHLUD��

$XWRQRPRXV�XQGHUZDWHU�YHKLFOHV��$89V��DUH�JURZLQJ�LQ�SRSXODULW\�DV�WKH\�HOLPLQDWH�WKH�QHHG�WR�SXW�KXPDQV�LQ�
KD]DUGRXV�VLWXDWLRQV�GXULQJ�PLOLWDU\��VFLHQWLILF��DQG�FRPPHUFLDO�PLVVLRQV��7KHVH�$89V�DUH�W\SLFDOO\�SRZHUHG�E\�
FODVVLF�URWDU\�SURSHOOHUV��EXW�GULYLQJ�PHFKDQLVPV�PRGHOHG�DIWHU�ILVK�ILQV�FRXOG�SURYLGH�PRUH�HIILFLHQF\��VSHHG��DQG�
VWHDOWK�WKDQ�WKH�URWDU\�SURSHOOHUV��2QH�RI�WKH�VWHSV�WRZDUG�VXFFHVVIXOO\�LPSOHPHQWLQJ�D�ELR�LQVSLUHG�SURSHOOHU�LV�
XQGHUVWDQGLQJ�WKH�PRUSKRORJ\�RI�D�ILVK¶V�FDXGDO��WDLO��ILQ�DQG�KRZ�H[DFWO\�HDFK�RI�LWV�SDUDPHWHUV�HIIHFWV�VZLPPLQJ��
7KLV�SURMHFW�VWXGLHV�WKH�HIIHFW�RI�GLIIHUHQW�OHQJWK�WR�KHLJKW�UDWLRV�RQ�WKH�WKUXVW�SURGXFHG�E\�D�WDLO��:H�GR�WKLV�E\�
FUHDWLQJ�D�PHFKDQLFDO�ILQ�WKDW�FDQ�DOWHU�WKLV�UDWLR�ZKLOH�VZLPPLQJ�EXW�NHHSV�RWKHU�SDUDPHWHUV��OLNH�DUHD��FRQVWDQW��
7KHQ��ZLWK�WKH�DLG�RI�D�SUHYLRXVO\�FUHDWHG�0$7/$%�WUDMHFWRU\�RSWLPL]DWLRQ�FRGH��WKH�IRUFHV�SURGXFHG�E\�WKLV�ILQ�LQ�
GLIIHUHQW�DVSHFW�UDWLRV�FDQ�EH�PHDVXUHG�DQG�UHFRUGHG��7KLV�GDWD�LV�WKHQ�SURFHVVHG�VR�WKDW�IXUWKHU�FRQFOXVLRQV�FDQ�
EH�GUDZQ��
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'HVLJQLQJ�D�0DJQHWLF�/HQV�WR�&ROOLPDWH�D�0ROHFXODU�%HDP�IRU�/DUJHU�6LJQDOV�LQ�WKH�6HDUFK�IRU�
6\PPHWU\�9LRODWLRQV
9LFWRULD�6X�
0HQWRUV��1LFN�+XW]OHU�DQG�$VKD\�3DWHO

'LVFRYHU\�RI�FHUWDLQ�SHUPDQHQW�HOHFWURPDJQHWLF�GLSROH�PRPHQWV�ZRXOG�YLRODWH�FKDUJH�SDULW\��&3��V\PPHWU\�DQG�
KHOS�WR�H[SODLQ�WKH�EDU\RQ�DV\PPHWU\�RI�WKH�XQLYHUVH��,Q�WKLV�VHDUFK�IRU�QHZ�SK\VLFV�EH\RQG�WKH�6WDQGDUG�0RGHO��
RQH�RI�WKH�OHDGLQJ�DSSURDFKHV�LV�WR�XVH�D�ORZ�HQHUJ\��WDEOHWRS�H[SHULPHQWDO�VHWXS�IRU�KLJK�SUHFLVLRQ�
PHDVXUHPHQWV��)RU�WKLV��SRO\DWRPLF�PROHFXOHV�WKDW�DUH�ERWK�ODVHU�FRRODEOH�DQG�VHQVLWLYH�WR�VXFK�PHDVXUHPHQWV�DUH�
XVHG��LQ�SDUWLFXODU�<E2+��$�ORW�RI�UHVRXUFHV�DUH�SXW�LQWR�FRROLQJ�WKHVH�PROHFXOHV�WR�WKH�ORZHVW�WHPSHUDWXUHV�
SRVVLEOH�DQG�UXQQLQJ�WKH�H[SHULPHQWV��+RZHYHU��PDQ\�PROHFXOHV�DUH�ORVW�WKURXJK�GLYHUJHQFH�RI�WKH�PROHFXODU�
EHDP�RII�WKH�EHDPOLQH�EHIRUH�WKH\�FDQ�EH�PHDVXUHG��'HFUHDVLQJ�WKL�ORVV�ZRXOG�LQFUHDVH�WKH�HIILFLHQF\�RI�GDWD�
FROOHFWLRQ��<E2+�KDV�D�PDJQHWLF�GLSROH�PRPHQW��DOORZLQJ�LW�WR�H[SHULHQFH�D�IRUFH�LQ�D�FKDQJLQJ�PDJQHWLF�ILHOG��
3DUWLFOH�WUDFLQJ�VLPXODWLRQV�KDYH�VKRZQ�WKDW�WKH�PDJQHWLF�ILHOG�RI�D�F\OLQGULFDO�N ��+DOEDFK�DUUD\�ZRXOG�
VXFFHVVIXOO\�DFW�DV�D�PDJQHWLF�OHQV�E\�FROOLPDWLQJ�D�VSUHDG�RI�GLYHUJHQW�SDUWLFOHV��WKXV�SUHYHQWLQJ�PROHFXOH�ORVV�
WKURXJK�ZDOO�FROOLVLRQV��7KH�VLPXODWLRQV�ZLOO�DOORZ�WKH�OHQV�GHVLJQ�WR�EH�IXUWKHU�RSWLPL]HG�IRU�PD[LPXP�
PHDVXUHPHQW�\LHOGV��7KH�ILQDO�GHVLJQ�ZLOO�EH�EXLOW�DQG�PRXQWHG�RQWR�WKH�H[SHULPHQW��

0RGHOLQJ�D�&DQFHU�'HWHFWRU�&LUFXLW�DQG�6HDUFKLQJ�IRU�'HWHFWRU�7DUJHWV
0DJJLH�6XL�
0HQWRUV��0LFKDHO�(ORZLW]�DQG�0LFKDHO�)O\QQ�

$EVWUDFW�ZLWKKHOG�IURP�SXEOLFDWLRQ�DW�PHQWRU
V�UHTXHVW��

(YDOXDWLRQ�RI�)��$73DVH�5RWDU\�0RWLRQ�8VLQJ�$XWRPDWHG�0HWKRGV�WR�'HWHFW�+LGGHQ�6WDWHV
1DWKDQ�6XLWHU�
0HQWRUV��6DQGRU�9RONiQ�.DFVyCDQG�5XGROSK�$��0DUFXV�

:LWKLQ�VLQJOH�PROHFXOH�LPDJLQJ�H[SHULPHQWV�RI�WKH�)��DGHQRVLQHWULSKRVSKDWDVH��)��$73DVH��HQ]\PH��H[SHULPHQWDO�
GDWD�LV�FRQYROXWHG�ZLWK�D�GHOD\�FDXVHG�E\�D�GLIIHUHQFH�LQ�VL]H�EHWZHHQ�WKH���QDQRPHWHU�HQ]\PH�DQG�WKH��
���QDQRPHWHU�JROG�SUREH�XVHG�WR�UHFRUG�WKH�URWDU\�PRWLRQ��'XH�WR�WKLV�LVVXH��ZH�KDYH�GHYHORSHG�D�PHWKRG�
FDSDEOH�RI�DFFRXQWLQJ�IRU�%URZQLDQ�PRWLRQ�LQ�RUGHU�WR�GLVWLQJXLVK�ZKHWKHU�3DUDFRFFXV�GHQLWULILFDQV�$73DVH�IROORZV�D�
WKUHH��RU�IRXU�VWDWH�PRGHO��7KLV�PHWKRG�XWLOL]HV�PXOWLSOH�DOJRULWKPV�HYDOXDWLQJ�WKH�HQ]\PH¶V�DQJXODU�MXPS�DQG�
URWDWLRQ��ZKLFK�DOORZV�WKH�WUXH�EHKDYLRU�RI�WKH�HQ]\PH�WR�EH�GLVWLQJXLVKHG�IURP�WKH�%URZQLDQ�PRWLRQ��7KH�
DOJRULWKPV�KDYH�EHHQ�VKRZQ�WR�EH�FDSDEOH�RI�FRXQWHULQJ�%URZQLDQ�QRLVH��DQG�DUH�FDSDEOH�RI�LGHQWLI\LQJ�DQG�
DQDO\]LQJ�ZKHQ�WKH�HQ]\PH�LV�LQ�D�WUDQVLWLRQ�RU�GZHOO�VWDWH��7KH�HIIHFWLYHQHVV�RI�WKHVH�SURJUDPV�KDV�EHHQ�YHULILHG�
WKURXJK�DQ�HYDOXDWLRQ�RI�WKH�DOJRULWKP¶V�H[SHULPHQWDO�YDOXHV�FRPSDUHG�WR�WKHRUHWLFDO�YDOXHV�IRU�WKH�V\VWHP¶V�
VSULQJ�FRQVWDQW��GLIIXVLRQ�FRHIILFLHQW��DQG�YLVFRHODVWLF�UHOD[DWLRQ�WLPH��:LWKLQ�WKH�FRPSDULVRQ��WKH�WKHRUHWLFDO�YDOXHV�
DUH�PDWKHPDWLFDOO\�FDOFXODWHG��DQG�WKH�H[SHULPHQWDO�YDOXHV�DUH�GHWHUPLQHG�WKURXJK�GDWD�UHWXUQHG�E\�DXWRPDWHG�
SURFHVVHV��$IWHU�WKLV�SURFHVV��ZH�SODQ�WR�LQVWLWXWH�D�URWDWLRQDO�FRUUHFWLRQ�WR�DFFRXQW�IRU�D�SRWHQWLDOO\�VNHZHG�DQJOH�
LQ�WKH�LQLWLDO�UHFRUGLQJ�RI�WKH�SUREH��7KURXJK�WKLV�HYDOXDWLRQ��WKH�SRVVLELOLW\�RI�D�VWDWH�GLVWLQJXLVKLQJ�VXEVWHSV�RI���
DQG��� �KDV�EHHQ�GHPRQVWUDWHG�WR�EH�SODXVLEOH���

3UHGLFWLQJ�6ROXELOLW\�%HWZHHQ�3URWHLQV�DQG�6PDOO�0ROHFXOHV�7KURXJK�7UDQVIHU�/HDUQLQJ�
-HVVLFD�6XQ�
0HQWRUV��6WHSKHQ�0D\R�DQG�$LGHQ�$FHYHV�

3URWHLQ�GHVLJQ�LV�D�SURPLVLQJ�WRRO�WR�FUHDWH�SURWHLQV�ZLWK�GHVLUHG�VWUXFWXUHV�DQG�IXQFWLRQV��0DFKLQH�OHDUQLQJ�
VXSSOHPHQWV�FODVVLFDO�FRPSXWDWLRQDO�WHFKQLTXHV�IRU�UDWLRQDO�SURWHLQ�GHVLJQ�E\�PRUH�DFFXUDWHO\�PDNLQJ�SUHGLFWLRQV�
DERXW�QHZ�VHTXHQFHV�ZLWK�GHVLUDEOH�SURSHUWLHV��DQG�LQ�PDQ\�FDVHV��UHPRYLQJ�WKH�QHHG�IRU�KDQG�HQJLQHHULQJ�RI�
LQSXW�IHDWXUHV��$�VSHFLILF�W\SH�RI�PDFKLQH�OHDUQLQJ��WUDQVIHU�OHDUQLQJ��FDQ�EH�XVHG�WR�WUDLQ�D�PRGHO�RQ�RQH�GRPDLQ�
DQG�PDNH�SUHGLFWLRQV�DERXW�D�GLIIHUHQW�GRPDLQ��:H�K\SRWKHVL]H�WKDW�D�VLDPHVH�QHXUDO�QHWZRUN�FDQ�EH�WUDLQHG�WR�
FRPSDUH�SURWHLQ�VROXELOLWLHV�EHWZHHQ�LQSXWV�DQG�DFFXUDWHO\�SUHGLFW�VROXELOLW\�RI�VPDOO�PROHFXOHV��8QGHUVWDQGLQJ�WKH�
FRQGLWLRQV�LQ�ZKLFK�WUDQVIHU�OHDUQLQJ�ZRUNV�ZHOO�IRU�WKH�QHWZRUN�FDQ�SURYLGH�LQVLJKW�LQWR�LPSRUWDQW�UHVLGXHV�DQG�
FKDUDFWHULVWLFV�IRU�PROHFXOH�VROXELOLW\��,W�ZLOO�DOVR�HOXFLGDWH�WKH�OLPLWDWLRQV�RI�WUDQVIHU�OHDUQLQJ�DV�ZHOO�PRUH�
DSSOLFDWLRQV�IRU�LW�LQ�SURWHLQ�GHVLJQ���

6HOI�$VVHPEO\�0HWDPDWHULDO�:LWK�$SHULRGLF�0LFURVWUXFWXUHV��
5DFKHO�6XQ��
0HQWRU��&KLDUD�'DUDLR�DQG�.H�/LX�

5HFHQW�DGYDQFHPHQWV�RI�PDQXIDFWXULQJ�WHFKQRORJ\�HQDEOH�QHZ�ZD\V�RI�FRQVWUXFWLQJ�DUFKLWHFWHG�PDWHULDOV�WKDW�
SRVVHVV�GHVLUDEOH�SURSHUWLHV�VXFK�DV�VWLIIQHVV�DQG�VWUHQJWK�E\�FRQWUROOLQJ�WKHLU�PLFURVWUXFWXUHV��7KURXJK�QXPHULFDO�
DSSURDFKHV��RQH�FDQ�SURJUDP�DSHULRGLF�PDWHULDO�PLFURVWUXFWXUHV�WRZDUGV�GHVLUDEOH�SURSHUWLHV�E\�D�³JURZWK´�OLNH�
SURFHVV�WKDW�LV�HQFRGHG�E\�³'1$´�OLNH�SDLUZLVH�FRPELQDWLRQ�UXOHV��7R�GR�WKLV��D�³JURZWK´�SURFHVV�VLPLODU�WR�FHOOXODU�
DXWRPDWD�LV�XVHG�DIWHU�GHILQLQJ�VRPH�IXQGDPHQWDO�EXLOGLQJ�EORFNV�DQG�FRQQHFWLYLW\�UXOHV�RYHU�D�FHOOXODU�VSDFH��7KLV�
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SURMHFW�DFKLHYHV�D�VLPLODU�³JURZWK´�SURFHVV�LQ�WKH�SK\VLFDO�ZRUOG��DOORZLQJ�IRU�UDSLG�SURGXFWLRQ�RI�VWURQJ�
SURJUDPPDEOH�PDWHULDOV��3URRIV�RI�FRQFHSW�RI��'�DQG��'�SK\VLFDO�VHOI�DVVHPEO\�PHWKRGV�DUH�FRQVWUXFWHG�YLD�
VLPXODWLRQ���'�VHOI�DVVHPEO\�PHWKRGV�LQFOXGH�³VHHG´�DQG�³VKDNHU�ER[´�W\SH�VFHQDULRV�LQ�ZKLFK�QRWFKHG�WLOHV��
VHOI�DVVHPEOH�DFFRUGLQJ�WR�ORFDO�³JURZWK´�UXOHV��$��'�VHOI�DVVHPEO\�VWUDWHJ\�LV�DOVR�FUHDWHG��LQ�ZKLFK�QRWFKHG�
FXEHV�LQ�D�VKDNHU�ER[�DWWUDFW�HDFK�RWKHU�DQG�FRQQHFW�DFFRUGLQJ�WR�SUHVFULEHG�UXOHV��9DU\LQJ�WLOH�W\SH�DQG�TXDQWLW\�
OHDGV�WR�GLIIHUHQW�DSHULRGLF�PLFURVWUXFWXUHV�WKDW�DUH�UDQGRP��\HW�RUGHUHG��DOORZLQJ�RQH�WR�HIILFLHQWO\�JHQHUDWH�QHZ�
PHWDPDWHULDOV�DQG�HIIHFWLYHO\�H[SORUH�WKH�LQILQLWH�GLPHQVLRQ�GHVLJQ�VSDFH��SXVKLQJ�ERXQGDULHV�RI�QHZ�PDWHULDO�
SURSHUWLHV�WKDW�FDQ�EH�DSSOLHG�WR�HQJLQHHULQJ�DSSOLFDWLRQV�VXFK�DV�VKRFN�DEVRUSWLRQ�DQG�DFRXVWLFV��

7KH�&KHPLFDO�/RJLF�RI�,QSXW�,QWHJUDWLRQ�LQ�7KLUG�2UGHU�)O\�2OIDFWRU\�1HXURQV�
6KDUQH�6XQ�
0HQWRU��(OL]DEHWK�-��+RQJ�

2OIDFWRU\�FLUFXLWV�KDYH�D�SDUWLFXODUO\�RUGHUO\�DQDWRPLFDO�VWUXFWXUH��LQ�ZKLFK�SULPDU\�VHQVRU\�QHXURQV�WKDW�H[SUHVV�
WKH�VDPH�RGRUDQW�UHFHSWRU�SURWHLQ�SURMHFW�WR�D�FRPPRQ�FRPSDUWPHQW�LQ�WKH�EUDLQ��FDOOHG�D�JORPHUXOXV��7KH�
JORPHUXOXV�GHILQHV�WKH�IXQGDPHQWDO�XQLW�RI�VHQVRU\�LQSXW�LQ�WKH�ROIDFWRU\�V\VWHP��+LJKHU�RUGHU�ROIDFWRU\�QHXURQV�
GHHSHU�LQ�WKH�EUDLQ�SRRO�LQSXW�IURP�PXOWLSOH�JORPHUXOL��DQG�WKH�ORJLF�RI�WKLV�SRROLQJ�GHILQHV�WKH�FKHPLFDO�IHDWXUH�
VHOHFWLYLW\�RI�WKHVH�QHXURQV�DQG�WKXV�KRZ�RGRUV�DUH�UHSUHVHQWHG�LQ�WKH�EUDLQ��2QH�VXFK�KLJKHU�RUGHU�ROIDFWRU\�
FHQWHU�LV�FDOOHG�WKH�PXVKURRP�ERG\��LWV�SULQFLSDO�QHXURQV��FDOOHG�.HQ\RQ�FHOOV��HQFRGH�UHSUHVHQWDWLRQV�RI�RGRU�
REMHFWV�WKDW�DUH�XVHG�LQ�ROIDFWRU\�DVVRFLDWLYH�OHDUQLQJ�DQG�PHPRU\��,Q�WKLV�SURMHFW��ZH�LQYHVWLJDWHG�WKH�ORJLF�E\�
ZKLFK�.HQ\RQ�FHOOV�LQWHJUDWH�LQSXW�DFURVV�GLIIHUHQW�JORPHUXOL��:H�XVH�D�UHFHQWO\�UHOHDVHG�GDWDVHW�FDOOHG�WKH�
³KHPLEUDLQ´�FRQQHFWRPH��ZKLFK�SURYLGHV�D�KLJK�UHVROXWLRQ��GHWDLOHG��DQG�FRPSOHWH�PDS�RI�QHXURQDO�FRQQHFWLYLW\�RI�
RQH�VLGH�RI�D�IO\�EUDLQ��ZKLFK�LQFOXGHV�RQH�FRPSOHWH�PXVKURRP�ERG\��8VLQJ�D�SRZHUIXO�ZHE�EDVHG�WRRO�IRU�WKH�
YLVXDOL]DWLRQ�DQG�DQDO\VLV�RI�WKLV�GDWD�FDOOHG�1HXSULQW��ZH�LQYHVWLJDWHG�WKH�GHJUHH�RI�VWUXFWXUH�LQ�WKH�JORPHUXODU�
FRQQHFWLYLW\�PDWUL[�IRU�WKH�a�����.HQ\RQ�FHOOV�LQ�WKH�GDWDVHW��%\�FRPSDULQJ�WKH�REVHUYHG�FRQQHFWLYLW\�PDWUL[�WR�
WKH�SUHGLFWLRQ�RI�GLIIHUHQW�W\SHV�RI�VLPXODWHG�QXOO�PRGHOV��ZKLFK�DVVXPH�UDQGRP�FRQQHFWLYLW\�VWDWLVWLFV��ZH�
GHPRQVWUDWH�WKDW�JORPHUXODU�LQSXW�WR�.HQ\RQ�FHOOV�LV�VWUXFWXUHG��LQ�DJUHHPHQW�ZLWK�D�UHFHQW�DQDO\VLV�RI�DQ�
LQGHSHQGHQWO\�JHQHUDWHG�FRQQHFWRPH�RI�DQRWKHU�IO\�PXVKURRP�ERG\��:H�WKHQ�XVH�GDWDEDVHV�PHDVXULQJ�WKH�
FKHPLFDO�VHQVLWLYLW\�RI�HDFK�JORPHUXOXV��DV�ZHOO�DV�WKHLU�FRPSXWDWLRQDOO\�SUHGLFWHG�PROHFXODU�IHDWXUH�SUHIHUHQFHV��
WR�SUREH�WKH�ORJLF�RI�ZK\�FHUWDLQ�JORPHUXODU�LQSXWV�DUH�PRUH�IUHTXHQWO\�FR�LQWHJUDWHG�E\�.HQ\RQ�FHOOV��:H�ZLOO�WHVW�
WKH�K\SRWKHVLV�WKDW�.HQ\RQ�FHOOV�WHQG�WR�UHFHLYH�FR�LQSXW�IURP�JORPHUXOL�WKDW�WHQG�WR�EH�FRQFXUUHQWO\�DFWLYH�ZKHQ�
WKH�IO\�HQFRXQWHUV�RGRUV�IURP�QDWXUDO�VRXUFHV�WKDW�DUH�EHKDYLRUDOO\�VLJQLILFDQW��VXFK�DV�IRRG�RU�PDWHV��

6HDUFK�IRU�4XLUN�3DLU�3URGXFWLRQ�YLD�D�6WDQGDORQH�5HFRQVWUXFWLRQ�$OJRULWKP�
1DWKDQ�6XUL�
0HQWRUV��0DULD�6SLURSXOX��&ULVWLDQ�3HQD��&KULVWLQD�:DQJ��0LFKHOH�3DSXFFL��DQG�6L�;LH�

4XLUNV�DUH�D�FODVV�RI�KHDY\�VWDEOH�FKDUJHG�SDUWLFOHV��YHFWRU�OLNH�IHUPLRQV���([LVWLQJ�ZLWKLQ�D�GDUN�FRQILQHPHQW�VFDOH�
VLJQLILFDQWO\�ODUJHU�WKDQ�6WDQGDUG�0RGHO�4&'��TXLUNV�DUH�PRVW�HDVLO\�LGHQWLILHG�E\�WKHLU�RVFLOODWLQJ�WUDMHFWRULHV�
UHVXOWLQJ�IURP�WKH�FRXSOLQJ�RI�WKH�TXLUNV�YLD�D�IOX[�WXEH�RI�GDUN�JOXRQV��7KLV�VWXG\�VHHNV�WR�LGHQWLI\�NH\�IHDWXUHV�
WKDW�PD\�DOORZ�IRU�TXLUN�VLJQDOV�WR�EH�PRVW�HDVLO\�LGHQWLILDEOH�IURP�6WDQGDUG�0RGHO�EDFNJURXQG��6LQFH�TXLUNV�DUH�
H[KLELWHG�E\�QRQ�KHOLFDO�WUDFNV�ZLWKLQ�WKH�GHWHFWRU��RQH�NLQHPDWLF�GLVFULPLQDQW�WHVWHG�ZDV�WKH�SRWHQWLDO�WLPH�GHOD\�
RI�WKH�TXLUNV��7KH�RIIOLQH�WLPLQJ�VWXG\�VKRZHG�KLJK�VLJQDO�HIILFLHQFLHV�IRU�WLPH�GHOD\�FXWV�DV�ODUJH�DV���QDQRVHFRQG�
ZKHQ�WKH�WLPLQJ�UHVROXWLRQ�RI�WKH�WDUJHW�07'�OD\HU�LV����SLFRVHFRQGV��)XUWKHU�VLJQDO�WR�EDFNJURXQG�GLVFULPLQDWLRQ�
PD\�EH�IRXQG�E\�XWLOL]LQJ�WKH�FRUUHODWLRQ�RI�WKH�TXLUN�SRVLWLRQV�DQG�WLPH�GHOD\V�VLQFH�TXLUNV�DUH�WKHRUL]HG�WR�EH�
VLJQLILFDQWO\�ODUJHU�WKDQ�6WDQGDUG�0RGHO�TXDUNV��

/LSRVRPHV�DQG�WKH�&RPPXQLFDWLRQ�RI�*HQHOHW�&LUFXLWV
-HUHPLDK�/\Q�6XVDV�
0HQWRUV��5LFKDUG�0XUUD\�DQG�0HOLVVD�7DNDKDVKL�

$�ODUJH�JRDO�LQ�V\QWKHWLF�ELRORJ\�LV�FUHDWLQJ�D�V\QWKHWLF�PXOWLFHOOXODU�V\VWHP��ZKHUH�V\QWKHWLF�FHOOV�FRPPXQLFDWH�
ZLWK�RQH�DQRWKHU�WR�SHUIRUP�D�ODUJHU�IXQFWLRQ��7KHVH�ODUJHU�IXQFWLRQV�FDQ�UDQJH�IURP�V\QWKHVLV�RI��
ELR�PROHFXODU�PDWHULDO�WR�HQYLURQPHQWDO�PRQLWRULQJ��7KH�REMHFWLYH�RI�WKLV�SURMHFW�LV�WR�PRGHO�'1$�51$�WHPSODWHV��
JHQHOHW�FLUFXLWV��ZLWKLQ�OLSRVRPHV�DQG�KDYH�WZR�OLSRVRPHV�FRPPXQLFDWH�YLD�51$�WUDQVSRUW��7KH�FKHPLFDO�UHDFWLRQV�
DQG�NLQHWLFV�RI�WKH�WZR�GLIIHUHQW�JHQHOHW�FLUFXLWV��D�ELVWDEOH�VZLWFK�DQG�³3URGXFH��1 �́�DUH�LQGLYLGXDOO\�VLPXODWHG�
WKURXJK�ELR&51S\OHU�DQG�ELR6&5$3(��7KHVH�SURJUDPV�DUH�XVHG�WR�RSWLPL]H�SDUDPHWHUV�WR�VKRZFDVH�GLIIHUHQW�
FRQGLWLRQV�RI�ELVWDELOLW\�IRU�WKH�ELVWDEOH�VZLWFK�DQG�UHSUHVVLRQ�RI�³3URGXFH��1 �́�7KURXJK�VXE�6%0/��D�SURJUDP�WKDW�
FRPSDUWPHQWDOL]HV�FKHPLFDO�UHDFWLRQV�LQWR�FRPSRQHQWV��WKHVH�JHQHOHW�FLUFXLWV�DUH�VLPXODWHG�ZLWKLQ�D�OLSRVRPH�DQG�
FRPPXQLFDWLQJ�ZLWK�RQH�DQRWKHU��0RYLQJ�IRUZDUG��WKH�QH[W�VWHSV�WKDW�FDQ�EH�EHQHILFLDO�IRU�WKH�V\QWKHWLF�FHOO�
FRPPXQLW\�LV�WR��ILQG�DQ�RSWLPDO�51$�WUDQVPHPEUDQH�SURWHLQ�DQG��RSWLPL]H�JHQHOHW�FLUFXLWV�XQGHU�D��
FHOO�IUHH�H[WUDFW�HQYLURQPHQW���
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0LQLQJ�([WUHPHO\�'HHS�6SHFWUDO�,PDJHV�RI�WKH�'LVWDQW�8QLYHUVH�
,VDEHO�6ZDIIRUG�
0HQWRU��&KDUOHV�6WHLGHO��

%\�VWXG\LQJ�JDOD[LHV�DW�UHGVKLIWV�RI�]� ��������WKH�SHDN�RI�JDOD[\�IRUPDWLRQ��ZH�FDQ�OHDUQ�DERXW�WKH�SURFHVVHV�E\�
ZKLFK�WKH\�IRUP�DQG�HYROYH��:H�ZDQW�WR�VWXG\�WKH�EDU\RQ�F\FOH��RU�WKH�LQIORZV��RXWIORZV��DQG�DFFUHWLRQ�RI�JDV�WKDW�
VXUURXQG�WKH�JDODFWLF�GLVN��DQG�KRZ�WKLV�F\FOH�DIIHFWV�VWDU�IRUPDWLRQ�UDWHV��PHWDOOLFLW\��VWUXFWXUH��DQG�RWKHU�
FKDUDFWHULVWLFV��7KHVH�IORZV�RI�JDV�LQWHUDFW�ZLWK�WKH�,*0�DQG�WKH�&*0��DQG�WKH�G\QDPLFV�RI�WKHVH�LQWHUDFWLRQV�DUH�
QRW�\HW�ZHOO�XQGHUVWRRG��7KLV�UHGVKLIW�UDQJH�DOVR�OHQGV�LWVHOI�WR�WKH�RSWLFDO�EDQG�REVHUYDWLRQ�RI�UHVW�ZDYHOHQJWK��
89�EDQG�OLJKW�IURP�WKH�VRXUFH��:H�FDQ�GHWHUPLQH�PHWDOOLFLW\��JDV�G\QDPLFV��DQG�PDNH�LQIHUHQFHV�DV�WR�PDQ\�RWKHU�
FKDUDFWHULVWLFV�E\�WDNLQJ�VSHFWUD�RI�VRXUFHV�DW�WKLV�HSRFK��:H�KDYH�GHYHORSHG�D�WRRO�WKDW�DXWRPDWHV�DQG�
VWUHDPOLQHV�WKH�SURFHVV�RI�H[WUDFWLQJ��'�VSHFWUD�IURP�VRXUFHV�LQ�.&:,�GDWD�FXEHV��DOORZLQJ�WKH�XVHU�WR�H[WUDFW�
PXOWLSOH�VSHFWUD�DW�RQFH��%\�XVLQJ�WKHVH�VSHFWUD�WR�H[DPLQH�WKH�PHFKDQLVPV�WKURXJK�ZKLFK�JDOD[LHV�GHYHORS��ZH�
FDQ�ZRUN�WRZDUG�WKH�VWDQGDUGL]DWLRQ�RI�WKH�ILHOG�DQG�VWULYH�WR�XQGHUVWDQG�KRZ�WKH�YHU\�ILUVW�JDOD[LHV�IRUPHG��

)DFWRUV�,QIOXHQFLQJ�8UEDQ�:LOGILUH�LQ�WKH�/RV�$QJHOHV�%DVLQ�
0DGHOHLQH�6ZLQW�
0HQWRU��:LOOLDP�'HYHUHOO�

:LWK�WKH�LQFUHDVLQJ�IUHTXHQF\�DQG�VHYHULW\�RI�ZLOGILUH�LQ�6RXWKHUQ�&DOLIRUQLD��GHWHUPLQLQJ�ULVN�IDFWRUV�OHDGLQJ�WR�WKH�
PRUH�DJJUHVVLYH�ILUHV�DQG�DOOHYLDWLQJ�WKHP�KDYH�EHFRPH�RI�XSPRVW�LPSRUWDQFH��$�FDWDORJ�RI�ZLOGILUH�LQ�*ULIILWK�3DUN�
ZDV�FUHDWHG�ZLWK�WKH�LQWHQW�RI�LVRODWLQJ�YDULRXV�ILUH�LQIOXHQFLQJ�IDFWRUV�ZKLOH�PDLQWDLQLQJ�WRSRJUDSK\�DQG�IXHO�W\SH��
,Q�GRLQJ�VR��ILUH�LQWHQVLW\�DSSHDUHG�WR�LQFUHDVH�EHWZHHQ������DQG�SUHVHQW�GD\��WKH�FOHDUHVW�FDXVH�EHLQJ�WKH�
LQWHQVLILFDWLRQ�RI�GURXJKW�LQ�WKH�UHJLRQ��SRVVLEO\�GXH�WR�DHURVROV�SUHYHQWLQJ�DWPRVSKHULF�FRQYHFWLRQ��)XUWKHU�
FRPSDULVRQ�RI�*ULIILWK�3DUN�ILUHV�WR�RWKHUV�XQGHU�GLIIHULQJ�FRQVWDQWV��VXFK�DV�SUHFLSLWDWLRQ�DQG�\HDU��ZLOO�OHQG�IXUWKHU�
LQVLJKW�WR�GHWHUPLQLQJ�FRQWULEXWLQJ�IDFWRUV�RXWVLGH�RI�GURXJKW��$FFRUGLQJO\��WKHVH�IDFWRUV�FRXOG�EH�DGGUHVVHG�EDVHG�
RII�WKHLU�UHVSHFWLYH�QDWXUHV�WR�PLWLJDWH�IXWXUH�ILUH�ULVN���

6LPXODWLRQ�RI�%DWWHU\�&\FOLQJ�RI�'LIIHUHQW�(OHFWURGH�$UFKLWHFWXUHV�8VLQJ�3RURXV�(OHFWURGH�7KHRU\�
%UDQGDQ�7DLQJ�
0HQWRUV��-XOLD�5��*UHHU�DQG�.DL�1DULWD�

/LWKLXP�LRQ�EDWWHULHV�DUH�DWWUDFWLYH�DV�D�IRUP�RI�HQHUJ\�VWRUDJH�IRU�YDULRXV�DSSOLFDWLRQV��H�J��SRZHU�JULG�VWRUDJH��
HOHFWULF�YHKLFOHV��DQG�SRUWDEOH�HOHFWURQLFV��EHFDXVH�RI�LWV�UHFKDUJHDELOLW\��KLJK�HQHUJ\�GHQVLW\�DQG�KLJK�SRZHU�
GHQVLW\��7KH�PRVW�DGRSWHG�PRGHO�IRU�OLWKLXP�LRQ�EDWWHULHV�LV�WKH�SRURXV�HOHFWURGH�WKHRU\��ZKLFK�DFFRXQWV�IRU�SRURXV�
VWUXFWXUHV�XVLQJ�PHDQ�VWUXFWXUDO�SURSHUWLHV�VXFK�DV�WRUWXRVLW\�DQG�SRURVLW\�WR�HVWLPDWH�WKH�WUDQVSRUW�DQG�UHDFWLRQV��
+HUH��ZH�YHULI\�DQG�XWLOL]H�WKH�/,216,0%$�VXLWH��D�SVHXGR���'��ILQLWH�YROXPH�PHWKRG�EDVHG��
0$7/$%�IUDPHZRUN�EDVHG�RQ�WKH�SRURXV�HOHFWURGH�WKHRU\�WR�VLPXODWH�WKH�EDWWHU\�F\FOLQJ�RI�OLWKLXP�LRQ�EDWWHULHV�
ZLWK�YDULRXV�HOHFWURGH�DUFKLWHFWXUHV��)XWXUH�UHVHDUFK�FDQ�EH�GRQH�WR�UHYLHZ�WKH�SRURXV�HOHFWURGH�WKHRU\�LWVHOI��ZLWK�
LWV�YDULRXV�DVVXPSWLRQV���

&RQGXFWDQFH�RI�DQ�,QWHJHU�4XDQWXP�+DOO�(GJH�3UR[LPLWL]HG�E\�D�6XSHUFRQGXFWRU�
<XFKHQ�7DQJ�
0HQWRUV��-DVRQ�$OLFHD�DQG�&KULVWLQD�.QDSS�

$Q�LQWHJHU�TXDQWXP�+DOO�SKDVH�H[KLELWV�WKH�UHPDUNDEOH�EHKDYLRU�RI�EHLQJ�DQ�LQVXODWRU�LQ�WKH�EXON�DQG�D�FRQGXFWRU�
DORQJ�WKH�HGJH���,Q�FRQWUDVW��WKH�HOHFWULFDO�UHVLVWDQFH�RI�D�VXSHUFRQGXFWRU�GLVDSSHDUV�EHORZ�D�FULWLFDO�WHPSHUDWXUH�
DQG�PDJQHWLF�ILHOG��UHVXOWLQJ�LQ�VXSHUFXUUHQW�IORZ���&RPELQLQJ�WKHVH�WZR�H[RWLF�SKDVHV�RI�PDWWHU�KDV�ORQJ�
JHQHUDWHG�LQWHUHVW�LQ�WKH�FRQGHQVHG�PDWWHU�FRPPXQLW\��ERWK�RQ�JHQHUDO�JURXQGV�RI�XQGHUVWDQGLQJ�WKH�LPSOLFDWLRQV�
IRU�HOHFWURQLF�WUDQVSRUW��DV�ZHOO�DV�IRU�SRWHQWLDO�DSSOLFDWLRQV�WR�UHDOL]LQJ�WRSRORJLFDO�GHIHFWV�LQ�UHODWHG�V\VWHPV���
$OWKRXJK�LW�LV�H[SHULPHQWDOO\�GLIILFXOW�WR�FRPELQH�WKH�TXDQWXP�+DOO�HIIHFW�DQG�VXSHUFRQGXFWLYLW\�LQ�D�VLQJOH�GHYLFH�
GXH�WR�WKH�SUHVHQFH�RI�D�ODUJH�PDJQHWLF�ILHOG��UHFHQW�H[SHULPHQWV�KDYH�JHQHUDWHG�VXSHUFRQGXFWLYLW\�LQ�LQWHJHU�
TXDQWXP�+DOO�HGJHV���,Q�WKLV�ZRUN��ZH�LQYHVWLJDWH�WKH�FRQGXFWDQFH�RI�DQ�LQWHJHU�TXDQWXP�+DOO�HGJH�SUR[LPLWL]HG�E\�
D�VXSHUFRQGXFWRU��SD\LQJ�SDUWLFXODU�DWWHQWLRQ�WR�WKH�HIIHFW�RI�VXSHUFRQGXFWLQJ�YRUWLFHV�RQ�WKH�WUDQVSRUW��

8VLQJ�*HDQW��WR�6LPXODWH�3URSDJDWLRQ�RI�4XLUNV�LQ�WKH�&06�'HWHFWRU�
.DGHQ�7D\ORU�
0HQWRUV��0DULD�6SLURSXOX��0LFKHOH�3DSXFFL��DQG�&ULVWLiQ�3HxD�

4XLUNV�DUH�H[RWLF�YHFWRU�OLNH�IHUPLRQV�FKDUJHG�XQGHU�ERWK�WKH�6WDQGDUG�0RGHO�DQG�D�KLGGHQ�FRQILQHPHQW�VFDOH�
ZKLFK�DULVH�LQ�PRGHOV�EH\RQG�WKH�6WDQGDUG�0RGHO��VXFK�DV�IROGHG�VXSHUV\PPHWU\�RU�WZLQ�+LJJV�PRGHOV��:H�
DVVXPH�WKH�FRQILQHPHQW�VFDOH� �LV�LQ�WKH�UDQJH�����H9�±�NH9��DQG�WKH�TXLUN�PDVV�P�LV�LQ�WKH�UDQJH�����*H9�±�7H9��
FDXVLQJ�TXLUN�SURGXFWLRQ�WR�UHVXOW�LQ�PDFURVFRSLF�VWULQJV�FRQQHFWLQJ�WKH�TXLUN�SDLU��7KLV�JLYHV�ULVH�WR�WZR�VHSDUDWH�
TXLUNV�ZKLFK�FXUYH�WRZDUGV�HDFK�RWKHU��UHVXOWLQJ�LQ�QRQ�WUDGLWLRQDO�GHWHFWRU�VLJQDWXUHV�ZKLFK�EUHDN�GRZQ�XQGHU�
WUDGLWLRQDO�WUDFNLQJ�DOJRULWKPV��8VLQJ�WKH�*HDQW��IUDPHZRUN��ZH�PRGHO�WKH�SURSDJDWLRQ�RI�TXLUN�SDLUV�LQ�WKH�&06�
GHWHFWRU�WR�ILQG�VXFK�VLJQDWXUHV��LQFOXGLQJ�WUDFNLQJ�IRXU�PRPHQWD��SRVLWLRQV��DQG�GHWHFWRU�KLWV�RYHU�WLPH��)XUWKHU�
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ZRUN�PXVW�EH�GRQH�WR�YDOLGDWH�WKH�LPSOHPHQWDWLRQ�DQG�LQFOXGH�DGGLWLRQDO�GHWHFWRU�HQHUJ\�ORVV�VLJQDWXUHV��EXW��
ZKHQ�ILQLVKHG��WKH�VLPXODWLRQ�ZRXOG�DOORZ�IRU�H[SHULPHQWDOLVWV�DW�WKH�/+&�WR�SHUIRUP�D�ILUVW�RI�LWV�NLQG�GHGLFDWHG�
TXLUN�VHDUFK��

2ULJLQV�RI�/XVWHU�LQ�%|WWJHU�/XVWHUZDUH�
=DQH�7D\ORU�
0HQWRUV��.DWKHULQH�)DEHU�DQG�&HOLD�&KDUL�

%|WWJHU�OXVWHUZDUH�ZDV�(XURSH¶V�ILUVW�VXFFHVVIXO�UHSOLFDWLRQ�RI�&KLQHVH�SRUFHODLQ�ZLWK�GHFRUDWLYH�RYHU�JOD]H�
HQDPHOV��NQRZQ�IRU�LWV�UDUH�³PRWKHU�RI�SHDUO´�DQG�OXVWURXV�SXUSOH�JOD]HV��,W�JDLQV�LWV�IDPRXV�FRORUDWLRQV�IURP�D�
OD\HU�RI�JROG�QDQRSDUWLFOHV�LQ�LWV�OXVWHU�OD\HU��EXW�WKLV�SKHQRPHQRQ�LV�QRW�ZHOO�XQGHUVWRRG��7KH�JROG�QDQRSDUWLFOHV�RI�
DQ�DXWKHQWLF�VDPSOH�ZHUH�IRXQG�WR�RFFXS\�WKH�RXWHU�a����QP�RI�D�a��P�WKLFN�OHDG�ULFK�OD\HU�ZLWK�VL]H�GLVWULEXWLRQ�
��������QP�XVLQJ�QXPEHU�DYHUDJH�DQG�����������QP�E\�YROXPH�DYHUDJLQJ��6LPSOH�PRGHOV�FRQVLGHULQJ�VXUIDFH�
SODVPRQ�SRODULWRQV�RU�0LH�VFDWWHULQJ�VHSDUDWHO\�IDLO�WR�DGHTXDWHO\�GHVFULEH�WKH�FRORU�DQG�OXVWHU�RI�WKLV�DXWKHQWLF�
VDPSOH��7KLV�ZRUN�LPSOHPHQWHG�D�PRUH�FRPSOH[�PRGHO�SUHOLPLQDULO\�SUHGLFWLQJ�WKDW�PXFK�RI�WKH�VSHFXODU�
LULGHVFHQFH�RI�OXVWHUZDUH�LV�GXH�WR�WKLQ�ILOP�LQWHUIHUHQFH�FDXVHG�E\�QDQRSDUWLFOH�OD\HUV�DQG�VWUDWLILFDWLRQ��
([SHULPHQWDO�UHVXOWV�KDYH�GHPRQVWUDWHG�WKH�LPSRUWDQFH�RI�FRQWUROOLQJ�OHDG�FRQWHQW�DQG�UHGXFLQJ�FKDUDFWHU�RI�WKH�
DWPRVSKHUH�GXULQJ�SURFHVVLQJ��:LWK�IXUWKHU�PRGHOOLQJ�DQG�FKDUDFWHUL]DWLRQ��WKH�OXVWHU�DQG�FRORU�RI�%|WWJHU�
OXVWHUZDUH�FDQ�EH�PRUH�IXOO\�XQGHUVWRRG��DQG�WKHQ�H[SORUHG�LQ�WKH�FRQWH[W�RI�WKH�FKHPLVWU\�DQG�SURFHVVLQJ�XVHG�E\�
WKH�RULJLQDO�0HLVVHQ�IDFWRU\�LQ�WKH�HDUO\���WK�FHQWXU\��

0RGHOLQJ�WKH�'LIIXVLRQ�:LWKLQ�WKH�*9�JHO�'UXJ�'HOLYHU\�3ODWIRUP
$QQD�7LIUHD�
0HQWRU��0LNKDLO�6KDSLUR

$EVWUDFW�ZLWKKHOG�IURP�SXEOLFDWLRQ�DW�PHQWRU
V�UHTXHVW��

1RQ�5HODWLYLVWLF�*HRPHWU\�RI�WKH�*UDYLWDWLRQDO�)LHOG�
0DUF�7RXUDHY�
0HQWRU��$QWRQ�.DSXVWLQ�

:H�IRUPXODWH�D�QRQ�UHODWLYLVWLF�VSDFHWLPH�DV�D�ILEHU�EXQGOH�HTXLSSHG�ZLWK�DQ�(KUHVPDQQ�FRQQHFWLRQ�DQG�D�
V\PPHWULF�FRQWUDYDULDQW�PHWULF�RQ�WKH�ILEHUV��:H�ZULWH�GRZQ�WKH�DFWLRQ�IRU�D�PDVVLYH�SDUWLFOH�LQ�D�JUDYLWDWLRQDO�
SRWHQWLDO�DQG�WKH�DFWLRQ�IRU�D�6FKU|GLQJHU�ILHOG��:H�GHILQH�D�IDPLO\�RI�WUDQVIRUPDWLRQV�RI�WKH�FRQQHFWLRQ��
JUDYLWDWLRQDO�SRWHQWLDO��DQG�6FKU|GLQJHU�ILHOG�ZKLFK�SUHVHUYH�ERWK�DFWLRQV��:H�VKRZ�WKDW�DQ\�JUDYLWDWLRQDO�SRWHQWLDO�
FDQ�EH�HOLPLQDWHG�WKURXJK�WKHVH�WUDQVIRUPDWLRQV��ZKLFK�DV�D�FRQVHTXHQFH�FKDQJHV�WKH�(KUHVPDQQ�FRQQHFWLRQ��7KLV�
H[KLELWV�WKH�HTXLYDOHQFH�SULQFLSOH�LQ�WKLV�VHWWLQJ��:H�JLYH�DQ�H[DPSOH�LQ�ZKLFK�ZH�HOLPLQDWH�WKH�JUDYLWDWLRQDO�
SRWHQWLDO�RI�D�SRLQW�PDVV��

$�/RFDO�3URRI�RI�WKH�-DFTXHW±/DQJODQGV�&RUUHVSRQGHQFH�
-XVWLQ�7R\RWD�
0HQWRU��-XVWLQ�&DPSEHOO�

7KH�/DQJODQGV�SURJUDP�LV�DQ�LPSRUWDQW�ILHOG�RI�PRGHUQ�PDWKHPDWLFV��FRQMHFWXULQJ�GHHS�FRQQHFWLRQV�EHWZHHQ�
QXPEHU�WKHRU\�DQG�UHSUHVHQWDWLRQ�WKHRU\��2QH�RI�WKH�HDUOLHVW�H[DPSOHV�RI�WKLV�SKLORVRSK\�LV�WKH�-DFTXHW±/DQJODQGV�
FRUUHVSRQGHQFH��ZKLFK�SRVLWV�D�XQLTXH�FRUUHVSRQGHQFH�EHWZHHQ�FHUWDLQ�UHSUHVHQWDWLRQV�RI�*/��)���ZKHUH�)�LV�D�
QRQ�DUFKLPHGHDQ�ORFDO�ILHOG��DQG�FHUWDLQ�UHSUHVHQWDWLRQV�RI�'î��ZKHUH�'�LV�WKH�FHQWUDO�GLYLVLRQ�)�DOJHEUD�RI�
GLPHQVLRQ�����,Q�WKLV�SURMHFW�ZH�ILOO�LQ�DQ�RXWOLQH�RI�WKLV�FRUUHVSRQGHQFH�JLYHQ�E\�%XVKQHOO�DQG�+HQQLDUW��2I�QRWH�LV�
WKDW�WKH�UHVXOWDQW�SURRI�RQO\�XVHV�ORFDO�PHWKRGV��DQG�GRHV�QRW�UHTXLUH�JOREDO�WRROV�OLNH�DXWRPRUSKLF�IRUPV�RU�WUDFH�
IRUPXODV��7KLV�ILOOV�D�JDS�LQ�WKH�FXUUHQW�OLWHUDWXUH��ZKLFK�GRHV�QRW�FRQWDLQ�D�SXUHO\�ORFDO�SURRI�RI�WKLV�UHVXOW�RXWVLGH�
RI�VNHWFKHV��

&UHDWLQJ�)UDPHZRUN�WR�6XSSRUW�)OXLG�2QOLQH�:RUNVSDFHV�
$Q�7UDQ
0HQWRU��6DQWLDJR�/RPEH\GD�

2QOLQH�ZRUNVSDFHV�PHULW�YDULRXV�EHQHILWV��HVSHFLDOO\�XQGHU�WKH�FXUUHQW�ZRUOG�DQG�HGXFDWLRQDO�HQYLURQPHQW��,Q�WKH�
SDVW��WKH�UHVHDUFK�JURXS�KDV�SURGXFHG�FODVVURRPV�DQG�ZRUNVSDFHV�LQ�YLUWXDO�UHDOLW\��FRPSOHWH�ZLWK���GLIIHUHQW�ODEV�
�D�SODQHWDU\�VLPXODWLRQ�DQG�0$7/$%�FDOFXODWRU��FRQQHFWHG�WR�FHQWUDO�VHUYHUV�DOORZLQJ�GLUHFW�LQWHUDFWLRQ�ZLWK��
�'�PRGHOV�DQG�RU�GDWD��7R�DGGUHVV�XQLILFDWLRQ�DQG�SODWIRUP�SUREOHPV��D�QHZ�KLJKO\�HIILFLHQW�FHQWUDO�UHOD\�VHUYHU�
ZDV�EXLOW�IURP�VFUDWFK��ZLWK�WKH�JRDO�RI�VXSSRUWLQJ�PXOWLSOH�EDFNHQGV�DQG�FOLHQWV��7KH�UHOD\�VHUYHU�ZDV�EXLOW�RQ�
5XVW�DQG�:HE6RFNHWV�ZLWK�WKH�JRDO�WR�H[SRVH�HDV\�DQG�SHUIRUPDQW�LQWHUIDFHV�IRU�VLPXODWLRQV��YLUWXDO�ODEV��DQG�
DFDGHPLD�XVDJH��'XH�WR�WKH�ORZ�DGRSWLRQ�DQG�DFFHVVLELOLW\�RI�YLUWXDO�UHDOLW\�KHDGVHWV��D�QHZ�ZHE�LQWHUIDFH�SRZHUHG�
E\�%DE\ORQ-6�DQG�PRGHUQ�ZHE�WHFKQRORJLHV�ZDV�EXLOW��$�QHZ�EDVLF�SK\VLFV�EDVHG�JDPH�DQG�DQ�XSGDWHG�SODQHWDU\�
VLPXODWLRQ�ZDV�ZULWWHQ�WR�GHPRQVWUDWH�WKH�FDSDELOLWLHV�RI�WKH�UHOD\�VHUYHU��:H�KDYH�WKXV�FUHDWHG�D�KLJKO\�HIILFLHQW�
PRGXODU�IUDPHZRUN�WR�HQDEOH�FROODERUDWLRQ�DQG�LQVWUXFWLRQ�DFURVV�GLIIHUHQW�VHUYLFHV�DQG�IURQW�FOLHQWV��



685)�$EVWUDFWV�

8WLOL]LQJ�&RQIOLFWLQJ�'RPDLQ�.QRZOHGJH�LQ�5HLQIRUFHPHQW�/HDUQLQJ�6HWWLQJV�
$OEHUW�7VHQJ
0HQWRUV��<LVRQJ�<XH�DQG�$GLWK�6ZDPLQDWKDQ�

:H�VWXG\�WKH�SUREOHP�RI�KRZ�WR�EHVW�DSSURDFK�FRQIOLFWLQJ�KXPDQ�GRPDLQ�NQRZOHGJH�LQ�JRDO�EDVHG�UHLQIRUFHPHQW�
OHDUQLQJ�VHWWLQJV��ZKHUH�WKH�DLP�LV�WR�XWLOL]H�RU�RWKHUZLVH�UHVROYH�WKH�H[LVWHQFH�RI�FRQIOLFWV��,Q�FRQWUDVW�WR�VHWWLQJV�
ZKHUH�GRPDLQ�NQRZOHGJH�LV�SUHVHQWHG�DV�ZKDW�LV�HVVHQWLDOO\�JURXQG�WUXWK��ZH�DUH�FRQFHUQHG�ZLWK�VHWWLQJV�ZKHUH�
PXOWLSOH�GRPDLQ�H[SHUWV�H[LVW�DQG�SURYLGH�GLVDJUHHLQJ�DQG�WKXV�DPELJXRXV�LQIRUPDWLRQ�ZKHQ�ODEHOLQJ�JRDOV��$V�
H[LVWLQJ�PHWKRGV�IRU�XWLOL]LQJ�ODEHOHG�JRDOV�GR�QRW�SURYLGH�ZD\V�IRU�DGGUHVVLQJ�FRQIOLFWLQJ�LQIRUPDWLRQ��ZH�SURSRVH�
D�IRUPDOL]DWLRQ�RI�KXPDQ�GLVDJUHHPHQW�LQ�JRDO�EDVHG�VHWWLQJV�RQ�ZKLFK�ZH�EDVH�RXU�KLHUDUFKLFDO�FXUULFXOXP�
DOJRULWKP��0RUH�VSHFLILFDOO\��ZH�DVVXPH�WKDW�KXPDQ�ODEHOHUV�DUH�IXOO\�IDLWKIXO�WR�JRDO�GHILQLWLRQV��DQG�VKRZ�WKDW�JRDO�
GLVDJUHHPHQW�LV�DQ�LQGLFDWLRQ�RI�DPELJXRXV�JRDO�GHILQLWLRQV�DQG�HDVH�RI�JRDO�DFKLHYHPHQW��:H�GHPRQVWUDWH�WKH�
HIILFDF\�RI�WKLV�DSSURDFK�LQ�0LQH5/��DQ�H[WUHPHO\�KLHUDUFKLFDO�0LQHFUDIW�HQYLURQPHQW��DV�ZHOO�DV�VLPSOHU�PD]H�
HQYLURQPHQWV��

,GHQWLILFDWLRQ�RI�1HXURQDO�$FWLRQ�3RWHQWLDO�WR�([SORUH�(OHFWURSK\VLRORJ\�LQ�+HDG�)L[HG�0LFH
$YHGLV�7XIHQNMLDQ�
0HQWRUV��0LFKDHO�5RXNHV�DQG�$OLFH�+VX�

,QWDQ�UHFRUGLQJV�RI�HOHFWULFDO�FXUUHQW�IURP�LQ�YLYR�FUDQLRWRPLHV�RI�ZLOG�W\SH�PLFH�DUH�XVHG�WR�H[SORUH�
HOHFWURSK\VLRORJ\�LQ�WKH�EUDLQ�E\�LGHQWLI\LQJ�WKH�H[DFW�VRPD�ZKHUH�FHUWDLQ�QHXURQDO�DFWLYLW\�LV�JHQHUDWHG��7KH�UDZ�
FUDQLDO�GDWD�LV�FDSWXUHG�XVLQJ�D�FXVWRP�PDGH�����&KDQQHO�SUREH�HTXLSSHG�3&%��ZKLFK�LV�LQVHUWHG�LQWR�D�VHGDWHG�
PLFH¶V�EUDLQ��7KH�UDZ�UHFRUGLQJ�GDWD�LV�UHDG�DQG�ILOWHUHG�WKURXJK�6SLNLQJ�,QWHUIDFH��ZKLFK�LGHQWLILHV�WKH�DFWLRQ�
SRWHQWLDO�RI�VSHFLILF�ILULQJ�QHXURQV�IURP�WKH�UHFRUGLQJ��7KH�GDWD�LV�WKHQ�YLVXDOL]HG�XVLQJ�0DWODE�DQG�3K\��)XUWKHU�
UHVHDUFK�ZLOO�FRQWLQXH�WR�FRQWH[WXDOL]H�WKH�ZDYHIRUP�HOHFWULFDO�GDWD�DQG�GHWHUPLQH�DQG�ORFDWH�WKH�UHFRUGHG�DFWLRQ�
SRWHQWLDO�RI�VSHFLILF�QHXURQV��

6SLQ�6\PPHWU\�5HVWRUHG�0DQ\�%RG\�3HUWXUEDWLRQ�7KHRU\�
6KX�)D\�8QJ�
0HQWRUV��*DUQHW�&KDQ�DQG�&KRQJ�6XQ�

7R�DFFXUDWHO\�FDSWXUH�WKH�EHKDYLRU�RI�HOHFWURQV��DQ�HOXVLYH�JRDO�RI�HOHFWURQLF�VWUXFWXUH�WKHRU\�LV�WR�DFKLHYH�D�
EDODQFHG�GHVFULSWLRQ�RI�G\QDPLFDO�DQG�VWDWLF�HOHFWURQ�FRUUHODWLRQV�HIILFLHQWO\��8QUHVWULFWHG�0¡OOHU�3OHVVHW�
SHUWXUEDWLRQ�WKHRU\��03Q��FDQ�DWWDLQ�KLJK�DFFXUDF\�LQ�FRPSXWHG�REVHUYDEOHV�IRU�QRQ�GHJHQHUDWH�V\VWHPV��ZKHUH�
WKH�FRUUHODWLRQ�LV�DOPRVW�H[FOXVLYHO\�RI�G\QDPLFDO�FKDUDFWHU��2Q�WKH�RWKHU�KDQG��DQ�DSSURDFK�WR�DFFRXQW�IRU�VWDWLF�
FRUUHODWLRQ�LQ�GHJHQHUDWH�V\VWHPV�LV�WR�HPSOR\�PHWKRGV�WKDW�XVH�VSLQ�SURMHFWLRQ��:H�SUHVHQW�D�VSLQ�SURMHFWHG�
XQUHVWULFWHG�03��PHWKRG�FDSDEOH�RI�KDQGOLQJ�ERWK�G\QDPLFDO�DQG�VWDWLF�FRUUHODWLRQV��7KLV�PHWKRG�XWLOL]HV�DQ�
LQWHJUDO�IRUP�RI�D�VLPSOLILHG�VSLQ�SURMHFWRU��OHDGLQJ�WR�D�FRPSXWDWLRQDOO\�VLPSOHU�VFKHPH�FRPSDUHG�WR�SUHYLRXV�VSLQ�
SURMHFWRU�IRUPXODH��:H�EHQFKPDUNHG�RXU�PHWKRG�DJDLQVW�RWKHU�TXDQWXP�FKHPLFDO�PHWKRGV�DQG�DSSOLHG�LW�WR�WKH�
VWXG\�RI�VHOHFWHG�PROHFXODU�V\VWHPV���

$QDO\]LQJ�)XNXVKLPD�%ODVW�:DYHV�DQG�*DV�)ORZ�8VLQJ�%DFNJURXQG�2ULHQWHG�6FKOLHUHQ�
0D[ZHOO�9DOH�
0HQWRUV��-RVHSK�(��6KHSKHUG�DQG�&RQRU�'��0DUWLQ�

:LWK�UHFHQW�GHYHORSPHQWV�LQ�LPDJH�SURFHVVLQJ�VRIWZDUH��WKH�%DFNJURXQG�2ULHQWHG�6FKOLHUHQ�WHFKQLTXH�KDV�
HPHUJHG�DV�D�ZD\�WR�YLVXDOL]H�GHQVLW\�JUDGLHQWV�DQG�RWKHU�SKHQRPHQD�LQ�WUDQVSDUHQW�PHGLD��8QOLNH�WUDGLWLRQDO�
VFKOLHUHQ�LPDJH��ZKLFK�UHOLHV�RQ�D�UHODWLYHO\�H[SHQVLYH�VHWXS�RI�FDPHUDV�DQG�PLUURUV�WR�VHH�WKH�UHIUDFWLRQ�RI�OLJKW�LQ�
YDU\LQJ�GHQVLWLHV��WKH�%26�WHFKQLTXH�UHTXLUHV�D�VLQJOH�FDPHUD��D�SRLQW�OLJKW�VRXUFH��DQG�D�VSHFNOHG�EDFNJURXQG�WR�
FDSWXUH�WKH�GHVLUHG�SKHQRPHQD��ZKLFK�LV�WKHQ�DQDO\]HG�E\�LPDJH�SURFHVVLQJ�VRIWZDUH�WR�SURGXFH�D�V\QWKHWLF�
JUH\VFDOH�VFKOLHUHQ�LPDJH��7KH�REMHFWLYH�RI�WKLV�VWXG\�LV�WR�XVH�WKH�%DFNJURXQG�2ULHQWHG�6FKOLHUHQ�WHFKQLTXH�RQ�WKH�
UDZ�79�LPDJHV�RI�WKH�)XNXVKLPD�QXFOHDU�GLVDVWHU�DQG�UHFHLYH�PRUH�DFFXUDWH�DQG�UHOLDEOH�LQIRUPDWLRQ�DERXW�WKH�JDV�
IORZ�DQG�VKRFN�ZDYHV�IURP�WKH�H[SORVLRQ��SURYLGLQJ�LQVLJKW�DERXW�WKH�LQWHUQDO�FRQGLWLRQV�DERXW�WKH�SODQW�EHIRUH�WKH�
H[SORVLRQ�RFFXUUHG�DQG�WKH�QDWXUH�RI�H[SORVLRQ��

,QIOXHQFH�RI�6XEVWUDWH�&XUYDWXUH�RQ�'\QDPLF�&RQH�)RUPDWLRQ�LQ�(OHFWULILHG�/LTXLGV�E\�)LQLWH�(OHPHQW�
0RGHOLQJ�
/RUHQ]R�;��9DQ�0XxR]�
0HQWRUV��6DQGUD�0��7URLDQ�DQG�1LFKRODV�&��:KLWH�

$ERYH�DQ�LQLWLDO�FULWLFDO�ILHOG�VWUHQJWK��WKH�XQVWDEOH��IUHH�VXUIDFH�RI�DQ�HOHFWULILHG��YLVFRXV�SHUIHFWO\�FRQGXFWLQJ�OLTXLG�
GHYHORSV�DQ�DFFHOHUDWLQJ�SURWUXVLRQ�UHVHPEOLQJ�D�FXVS�ZLWK�D�FRQLF�WLS��6XFK�FRQLF�WLSV�DUH�NQRZQ�WR�HPLW�KLJKO\�
HQHUJHWLF�LRQ�EHDPV�IURP�WKH�FRQLF�DSH[��7KLV�SURFHVV�IRUPV�WKH�EDVLV�IRU�VXFK�PRGHUQ�GD\�DEODWLRQ�DQG�
OLWKRJUDSKLF�LQVWUXPHQWV�DV�IRFXVHG�LRQ�EHDP�V\VWHPV��$W�WKH�FRQLF�DSH[��WKH�VWDELOL]LQJ�QRUPDO�VWUHVVHV�IURP�
FDSLOODU\�IRUFHV�ORVH�RXW�WR�WKH�LQFUHDVLQJ�SXOO�RI�0D[ZHOO�VWUHVVHV��ZKLFK�UDSLGO\�DFFHOHUDWH�WKH�OLTXLG�WLS�WRZDUG�D�



685)�$EVWUDFWV�

FRXQWHU�HOHFWURGH�LQ�QDQRVHFRQGV��3UHYLRXV�VWXGLHV�KDYH�IRFXVHG�RQ�WKH�IRUPDWLRQ�RI�G\QDPLF�FRQHV�LQ�OLTXLGV�
VXSSRUWHG�RQ�IODW�VXEVWUDWHV��+HUH�ZH�H[DPLQH�WKH�LQIOXHQFH�RI�D�FXUYHG�VXEVWUDWH��)LQLWH�HOHPHQW�VLPXODWLRQV�DUH�
XVHG�WR�PRGHO�WKH�IORZ�RI�DQ�LQFRPSUHVVLEOH��WKLQ�ILOP�RI�OLTXLG�PHWDO�RQ�D�FXUYHG�VXEVWUDWH�IRU�D�V\VWHP�LQ��
YDFXR�IRU�YDULRXV�YDOXHV�RI�LQLWLDO�ILHOG�VWUHQJWK�DQG�OLTXLG�ILOP�WKLFNQHVV��:H�LQYHVWLJDWH�UHJLRQV�RI�WKH�SDUDPHWHU�
VSDFH�ZKLFK�DSSHDU�WR�JLYH�ULVH�WR�FRQLF�IRUPDWLRQV�ZLWK�WUDLOLQJ�RVFLOODWLRQV���

$�7(YH�%DVHG�(YHQW�'LVSOD\�IRU�0X�H�
$GLWL�9HQNDWHVK�
0HQWRU��'DYLG�+LWOLQ�

7KH�0X�H�([SHULPHQW�DW�WKH�)HUPLODE�VHHNV�WR�ILQG�D�&KDUJHG�/HSWRQ�)ODYRU�9LRODWLRQ�WKURXJK�PHDVXULQJ�WKH�UDWLR�
RI�FRQYHUVLRQ�RI�D�QHXWULQROHVV�PXRQ�WR�DQ�HOHFWURQ�UHODWLYH�WR�QRUPDO�PXRQ�FDSWXUH��,Q�RUGHU�WR�YLVXDOL]H�GDWD�
LQVLGH�WKH�H[SHULPHQW��DQ�(YHQW�'LVSOD\�LV�FUHDWHG��(YHQW�'LVSOD\V�DFW�DV�D�YLVXDO�LQWHUIDFH�EHWZHHQ�WKH�XVHU�DQG�
WKH�GDWD�DQG�KHOS�SK\VLFLVWV�YLVXDOL]H�WKH�JHRPHWU\�RI�WKH�H[SHULPHQW�DQG�SDUWLFOH�LQWHUDFWLRQV�DQG�HYHQWV�WKDW�
RFFXU�LQ�WKH�GHWHFWRUV��$Q�(YHQW�'LVSOD\�IRU�WKH�0X�H�H[SHULPHQW�ZDV�FUHDWHG�XVLQJ�7(YH�VXEV\VWHP�RI�WKH��
&(51�5227�3URMHFW���

$SSOLFDWLRQV�RI�&RQGXFWLYH�+\EULG�+\GURJHOV�LQ�'UXJ�'HOLYHU\�6\VWHPV��$�5HYLHZ�
3ROLQD�$��9HUNKRYRGRYD�
0HQWRUV��;XDQKH�=KDR�DQG�*XUXVZDPL�5DYLFKDQGUDQ�

'XULQJ�WKH�SDVW�IHZ�\HDUV��WKH�GHYHORSPHQW�RI�K\GURJHO�EDVHG�FRQWUROOHG�GUXJ�GHOLYHU\�V\VWHPV�KDYH�VKRZQ�WKH�
SRWHQWLDO�WR�LQFUHDVH�WKH�HIILFDF\�RI�PDQ\�WKHUDSLHV��+\GURJHOV�DUH�DWWUDFWLYH�PDWHULDOV�IRU�WKLV�DSSOLFDWLRQ�GXH�WR�
WKHLU�KLJK�ELRFRPSDWLELOLW\��DGMXVWDEOH�SK\VLFDO�SURSHUWLHV��DQG�FRQWUROOHG�GHJUDGDWLRQ��7KHVH�V\VWHPV�SURYLGH�D�
WDUJHWHG�UHOHDVH�RI�GUXJV�DQG�RWKHU�ELRDFWLYH�PDWHULDOV�HLWKHU�WHPSRUDOO\�RU�LQ�UHVSRQVH�WR�DQ�H[WHUQDO�WULJJHU��
0DQ\�UHVHDUFKHUV�DUH�FXUUHQWO\�H[SORULQJ�WKH�XVH�RI�FDUERQ�QDQRWXEHV�WR�FUHDWH�D�³VPDUW´�K\GURJHO�WKDW�ZLOO�UHOHDVH�
GUXJV�RU�RWKHU�ELRDFWLYH�PDWHULDOV�LQ�UHVSRQVH�WR�FKDQJHV�LQ�DSSOLHG�YROWDJH�DQG�FXUUHQW��7KLV�5HYLHZ�ZLOO�H[SORUH�
FXUUHQW�GHYHORSPHQWV�LQ�WKH�XVH�RI�FDUERQ�QDQRWXEH�K\GURJHO�K\EULG�V\VWHPV��VSHFLILFDOO\�IRFXVLQJ�RQ�LPSURYLQJ�
ELRFRPSDWLELOLW\�DQG�KRZ�GLIIHUHQW�V\VWHPV�SURYLGH�EHWWHU�FRQWUROOHG�UHOHDVH���

([RSODQHWV�LQ�0XOWL�6WDU�6\VWHPV�
$GULHQQH�9HVFLR�
0HQWRUV��&DOHQ�+HQGHUVRQ�DQG�-XOLDQ�YDQ�(\NHQ�

2YHU�KDOI�RI�6XQ�OLNH�VWDUV�DQG�QHDUO\�����RI�FRQILUPHG�H[RSODQHWV�LQ�WKH�1$6$�([RSODQHW�$UFKLYH��
�KHUHDIWHU��$UFKLYH��H[LVW�LQ�V\VWHPV�ZLWK�RQH�RU�PRUH�VWHOODU�FRPSDQLRQV��$V�D�UHVXOW��DFNQRZOHGJLQJ�WKH�
H[LVWHQFH�RI�VWHOODU�PXOWLSOLFLW\�LQ�H[RSODQHW�UHVHDUFK�LV�IXQGDPHQWDO�LQ�DVVHVVLQJ�WKH�HQYLURQPHQWV�LQ�ZKLFK�
H[RSODQHWV�IRUP�DQG�HYROYH��,Q�RUGHU�WR�EHWWHU�XQGHUVWDQG�WKH�UROH�WKDW�VWHOODU�PXOWLSOLFLW\�SOD\V��ZH�DLP�WR�
FRQVWUXFW�WKH�ILUVW�FDWDORJ�RI�SK\VLFDO��RUELWDO��DQG�REVHUYDWLRQDO�SURSHUWLHV�RI�FRPSDQLRQ�FRPSRQHQWV�LQ�WKH�
$UFKLYH��,Q�DQ�HIIRUW�WR�LQWHJUDWH�WKHVH�GDWD�LQWR�WKH�$UFKLYH��ZH�H[WUDFW�VWHOODU�SDUDPHWHUV�IURP�RYHU�����UHIHUHHG�
PDQXVFULSWV�DQG�SUHSDUH�WKHP�IRU�LQJHVWLRQ�WKURXJK�XVH�RI�LQGLYLGXDOO\�DXWKRUHG�GDWD�ILOHV��8SRQ�FRPSOHWLRQ�DQG�
YDOLGDWLRQ��WKHVH�ILOHV�DUH�XVHG�WR�LQFRUSRUDWH�LQIRUPDWLRQ�WKURXJK�WKH�$UFKLYH¶V�EL�ZHHNO\�GDWD�UHOHDVHV��7KH�
SULPDU\�UHVXOW�RI�WKHVH�HIIRUWV�ZLOO�EH�WKH�ILUVW�SXEOLFO\�DYDLODEOH��FROODWHG�GDWDVHW�RI�ELQDU\��SODQHW�KRVWLQJ�V\VWHPV��
SURYLGLQJ�DQ�HDVLO\�DFFHVVLEOH��JUHDWHU�FRQWH[W�IRU�SODQHWDU\�V\VWHPV�WKDQ�ZKDW�SUHVHQWO\�H[LVWV��)ROORZLQJ�WKLV�
HIIRUW��ZH�ZLOO�XWLOL]H�GDWD�FROOHFWHG�IRU�WKLV�SURMHFW�WR�VHDUFK�IRU�LPPHGLDWH�SDWWHUQV�LQ�FRPSDQLRQ�VWDU�LPSDFW�RQ�
RUELWDO�DQG�SK\VLFDO�SDUDPHWHUV�RI�H[RSODQHWV��

8VLQJ�'HHS�5HLQIRUFHPHQW�/HDUQLQJ�WR�/HDUQ�$FWLYH�9LVLRQ�IRU�D�0RELOH�0DQLSXODWRU��
<DVPLQ�9H\V�
0HQWRUV��6LOYLR�6DYDUHVH��5REHUWR�0DUWtQ�0DUWtQ��DQG�6RRQ�-R�&KXQJ�

0DQ\�QDYLJDWLRQ�WDVNV�UHTXLUH�KXPDQV�WR�LQWHUDFW�ZLWK�WKHLU�HQYLURQPHQW��1DYLJDWLRQ�WKURXJK�D�EXLOGLQJ��IRU�
H[DPSOH��PD\�LQYROYH�RSHQLQJ�D�GRRU�RU�SUHVVLQJ�DQ�HOHYDWRU�EXWWRQ��,Q�URERWLFV��WKHVH�W\SHV�RI�WDVNV�ZKLFK�
FRPELQH�QDYLJDWLRQ�DQG�PDQLSXODWLRQ�UHTXLUH�WKH�XVH�RI�D�PRELOH�PDQLSXODWRU�FRQVLVWLQJ�RI�DQ�DUP�DWWDFKHG�WR�D�
PRELOH�EDVH��(IILFLHQWO\�FRRUGLQDWLQJ�WKH�PRYHPHQW�RI�DQ�DUP�ZLWK�D�PRELOH�EDVH��UHIHUUHG�WR�DV�PRELOH�
PDQLSXODWLRQ��LV�FKDOOHQJLQJ��HVSHFLDOO\�LQ�XQVWUXFWXUHG�DQG�G\QDPLF�HQYLURQPHQWV��5HFHQW�ZRUN�KDV�GHPRQVWUDWHG�
WKDW�GHHS�UHLQIRUFHPHQW�OHDUQLQJ�WHFKQLTXHV�FDQ�EH�XVHG�WR�OHDUQ�PRELOH�PDQLSXODWLRQ��EXW�OLPLWDWLRQV�DULVH�GXH�WR�
SDUWLDO�REVHUYDELOLW\�RI�WKH�HQYLURQPHQW��2XU�ZRUN�DLPV�WR�DGGUHVV�WKHVH�LVVXHV�E\�XVLQJ�GHHS�UHLQIRUFHPHQW�
OHDUQLQJ�WR�FRQWURO�QRW�RQO\�WKH�DUP�DQG�EDVH�RI�D�PRELOH�PDQLSXODWRU��EXW�DOVR�LWV�KHDG��:H�KDYH�VKRZQ�LQ�
VLPXODWLRQ�WKDW�WKH�PRELOH�PDQLSXODWRU�DJHQW�FDQ�VXFFHVVIXOO\�QDYLJDWH�WRZDUGV�DQG�UHDFK�D�UDQGRPL]HG�JRDO�ZLWK�
LWV�DUP��:H�KDYH�DOVR�VXFFHVVIXOO\�WUDLQHG�WKH�DJHQW�WR�PRYH�LWV�KHDG�DV�LW�QDYLJDWHV�WKURXJK�DQ�HQYLURQPHQW�ZLWK�
G\QDPLF�REVWDFOHV�WR�LQFUHDVH�LWV�YLVLELOLW\��2XU�REMHFWLYH�LV�WR�LQWHJUDWH�WKHVH�SROLFLHV�VR�WKDW�WKH�URERW�FDQ�EHWWHU�
SHUFHLYH�LWV�HQYLURQPHQW�WR�FRPSOHWH�PRUH�FKDOOHQJLQJ�WDVNV�VXFFHVVIXOO\���
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7KH�$WRPLVWLF�/HYHO�6WUXFWXUH�IRU�WKH�$FWLYDWHG�6PRRWKHQHG�5HFHSWRU�%RXQG�WR�WKH�)XOO�
*L�3URWHLQ�DQG�$JRQLVW�
$P\�9R�
0HQWRUV��:LOOLDP�$��*RGGDUG�,,,�DQG�6RR�.\XQJ�.LP�

6PRRWKHQHG��602��LV�DQ�RQFRSURWHLQ�DQG�VLJQDO�WUDQVGXFHU�LQYROYHG�LQ�WKH�+HGJHKRJ�VLJQDOLQJ�SDWKZD\��D�SDWKZD\�
ZKLFK�UHJXODWHV�FHOOXODU�GLIIHUHQWLDWLRQ�DQG�HPEU\RJHQHVLV��$OWKRXJK�WKH�PHFKDQLVP�RI�VLJQDOLQJ�WKURXJK�602�LV�
QRW�\HW�ZHOO�XQGHUVWRRG��LW�KDV�EHHQ�VXJJHVWHG�WKDW�602�PD\�IXQFWLRQ�DV�D�*�SURWHLQ�FRXSOHG�UHFHSWRU��*3&5��WR�
DFWLYDWH�D�*�SURWHLQ��7R�LQYHVWLJDWH�WKLV�SURSRVHG�PHFKDQLVP��ZH�VWDUW�IURP�H[SHULPHQWDO�FU\R�(0�GDWD�DQG�PRGHO�
602�LQ�FRPSOH[�ZLWK�WKH�IXOO�*L�SURWHLQ��DOORZLQJ�XV�WR�ILQG�K\GURJHQ�ERQGV�DQG�VDOW�EULGJHV�QRW�UHVROYHG�LQ�WKH�
FU\R�(0�VWUXFWXUH��8VLQJ�QDQRVFDOH�PROHFXODU�G\QDPLFV�VLPXODWLRQV��ZH�ORRN�IRU�FKDUDFWHULVWLF�LQWHUDFWLRQV�EHWZHHQ�
WKH�*3&5�DQG�*L�SURWHLQ�DQG�GHWHUPLQH�WKH�VWDELOLW\�RI�WKH�ELQGLQJ�FRQIRUPDWLRQ��

3UHGLFWLQJ�WKH�6SUHDG�RI�&29,'����8VLQJ�$UWLILFLDO�,QWHOOLJHQFH�
-DJDWK�9\WKHHVZDUDQ�
0HQWRU��<DVHU�$EX�0RVWDID�

7KH�&29,'����SDQGHPLF�KDV�UDSLGO\�EHFRPH�WKH�PRVW�FULSSOLQJ�DQG�ZLGHVSUHDG�FULVLV�LQ�UHFHQW�KLVWRU\��DQG�LWV�
GHYDVWDWLRQ�KDV�GLVSURSRUWLRQDWHO\�DIIHFWHG�WKH�8QLWHG�6WDWHV��ZLWK�WKH�QDWLRQDO�GHDWK�WROO�TXLFNO\�DSSURDFKLQJ�
��������YLFWLPV��$V�WKH�FRXQWU\�WULHV�WR�JHW�WKH�YLUXV�XQGHU�FRQWURO��XQGHUVWDQGLQJ�WKH�VSUHDG�RI�WKH�GLVHDVH�DQG�
SUHGLFWLQJ�IXWXUH�FDVHV��KRVSLWDOL]DWLRQV��DQG�GHDWKV�DUH�RI�SDUDPRXQW�LPSRUWDQFH��7KLV�SURMHFW�LV�SDUW�RI�D�ODUJHU�
HIIRUW�IURP�D�WHDP�RI�&DOWHFK�UHVHDUFKHUV�WR�FUHDWH�D�GH�IDFWR�&29,'����GHDWK�SUHGLFWLRQ�PRGHO�IRU�HYHU\�FRXQW\�LQ�
WKH�8QLWHG�6WDWHV��0RUH�VSHFLILFDOO\��WKLV�SURMHFW�GHDOV�ZLWK�WKH�PRGHOOLQJ�RI�SROLF\�DQG�PLWLJDWLRQ�HIIHFWV�RI�GLIIHUHQW�
GHPRJUDSKLF�JURXSV��XVLQJ�GLVWULEXWLRQDO�DVVXPSWLRQV�RQ�GLVHDVH�UHVSRQVHV�WR�PRGHO�WKH�FKDQJHV�LQ�FDVHV�DQG�
GHDWKV�JLYHQ�QRQ�SKDUPDFHXWLFDO�LQWHUYHQWLRQ�VWUDWHJLHV��13,¶V���7KHVH�PRGHOV��LQ�WXUQ��LQIRUP�FRXQWHUIDFWXDO�
SUHGLFWLRQV�RI�IXWXUH�FDVHV�DQG�GHDWKV�JLYHQ�FKDQJHV�LQ�SROLF\��SURYLGLQJ�YDOXH�WR�SROLF\PDNHUV�DV�WKH\�PDNH�
GHFLVLRQV�RQ�KRZ�EHVW�WR�FRXQWHU�WKH�GLVHDVH��)LQDOO\��WKH�SROLF\�HIIHFW�DQG�PLWLJDWLRQ�UHVSRQVH�PRGHOV�ZHUH�XVHG�
WR�JHQHUDWH�IHDWXUHV�IRU�WKH�ILQDO�&29,'����GHDWKV�SUHGLFWLRQ�PRGHO�DQG�EROVWHU�SUHGLFWLYH�SRZHU��

,QWHJUDWLRQ�RI�'LVWULEXWHG�0XOWL�$JHQW�/RFDOL]DWLRQ�IRU�/DUJH�6FDOH�6ZDUP�)RUPDWLRQ�)O\LQJ�
-DPHV�:DONHU�
0HQWRUV��6RRQ�-R�&KXQJ�DQG�.DL�0DWVXND��

7KH�LPSOHPHQWDWLRQ�RI�IRUPDWLRQ�IO\LQJ�WHFKQLTXHV�WR�VSDFHFUDIW�FRQVWHOODWLRQV�UHTXLUHV�DQ�DFFXUDWH�UHSUHVHQWDWLRQ�
RI�(DUWK¶V�JUDYLWDWLRQDO�PRGHO�DV�ZHOO�DV�D�UHODWLYH�FRQWUROV�DOJRULWKP�DUFKLWHFWXUH��7KLV�SDSHU�GLVFXVVHV�WKH�XVH�RI�
WKH�PRVW�UHFHQW�JUDYLWDWLRQDO�PRGHO�IRU�WKH�(DUWK�DQG�WKH�+DUULV�3ULHVWHU�PRGHO�IRU�DWPRVSKHULF�GUDJ��7KHVH�
SHUWXUEDWLRQV�DUH�XVHG�WR�FUHDWH�RUELWV�IRU�ERWK�D�FKLHI�DQG�D�GHSXW\�VDWHOOLWH��8VLQJ�UHODWLYH�RUELWDO�HOHPHQWV��WKH�
RUELW�RI�WKH�GHSXW\�VDWHOOLWH�LV�GHILQHG�EDVHG�RQ�WKH�SRVLWLRQ�RI�WKH�FKLHI��%HFDXVH�WKH�SHUWXUEDWLRQV�ZLOO�DIIHFW�HDFK�
VDWHOOLWH�GLIIHUHQWO\��WKH�WZR�VDWHOOLWHV�ZLOO�VORZO\�GULIW�DSDUW��$�FRQWURO�SURJUDP�PXVW�EH�GHVLJQHG�WR�DOORZ�IRU�WKH�
GHSXW\�VDWHOOLWH�WR�SHUIRUP�PDQHXYHUV�DQG�FRUUHFW�LWV�RUELW��%HFDXVH�WKH�GHSXW\¶V�RUELW�LV�GHILQHG�E\�UHODWLYH�RUELWDO�
HOHPHQWV��WKH�PDQHXYHUV�ZLOO�DGMXVW�WKHVH�YDOXHV��7KLV�ZLOO�DOORZ�VDWHOOLWHV�WR�KDYH�RUELWV�GHILQHG�E\�D�FKLHI�RUELW�
DQG�FRQGXFW�RUELW�UHFRQILJXUDWLRQV�EDVHG�RQ�WKDW�VLQJOH�RUELW��

0HDVXULQJ�+��8VLQJ�;�UD\�DQG�6=�2EVHUYDWLRQV�RI�*DOD[\�&OXVWHUV��
-HQQ\�7��:DQ��
0HQWRUV��6WHYHQ�$OOHQ��$GDP�0DQW]��-DFN�6D\HUV��DQG�6XQLO�*ROZDOD�

:H�XVH�REVHUYDWLRQV�RI����G\QDPLFDOO\�UHOD[HG�JDOD[\�FOXVWHUV�LQ�;�UD\�DQG�UDGLR�VXE�PLOOLPHWHU�ZDYHOHQJWKV�WR�
GHWHUPLQH�WKH�YDOXH�RI�WKH�+XEEOH�FRQVWDQW�WKURXJK�WKH�6XQ\DHY�=HO¶GRYLFK��6=��HIIHFW��7KH�6=�HIIHFW�LQYROYHV�WKH�
XS�VFDWWHULQJ�RI�FRVPLF�PLFURZDYH�EDFNJURXQG��&0%��SKRWRQV�E\�WKHUPDO�HOHFWURQV�LQ�WKH�KRW�JDV�LQ�FOXVWHUV�RI�
JDOD[LHV��7KLV�LQYHUVH�&RPSWRQ�VFDWWHULQJ�RI�&0%�SKRWRQV�OHDGV�WR�D�GLVWRUWLRQ�RI�WKH�&0%�VSHFWUXP�DORQJ�WKH�OLQH�
RI�VLJKW�WKURXJK�D�FOXVWHU��)RU�DQ�DVVXPHG�VSKHULFDO�JHRPHWU\��WKH�FRPELQDWLRQ�RI�;�UD\�DQG�6=�REVHUYDWLRQV�FDQ�
EH�XVHG�WR�PHDVXUH�WKH�GLVWDQFH�WR�D�FOXVWHU��7KH�UDWLR�RI�WKH�SUHGLFWHG��EDVHG�RQ�;�UD\�REVHUYDWLRQV��DQG�
REVHUYHG�6=�VLJQDOV�LV�SURSRUWLRQDO�WR�WKH�VTXDUH�URRW�RI�WKH�DQJXODU�GLDPHWHU�GLVWDQFH��PDNLQJ�WKLV�D�SRZHUIXO�
WHFKQLTXH�IRU�SURELQJ�WKH�FRVPLF�GLVWDQFH�VFDOH��%HFDXVH�RI�WKH�QHDU�VSKHULFDO�JHRPHWULHV�RI�WKH�FOXVWHUV�LQ�RXU�
VDPSOH��PRVW�RI�WKH�V\VWHPDWLF�HUURU�LQ�RXU�PHDVXUHPHQW�RI�+��ZLOO�OLNHO\�EH�DVVRFLDWHG�ZLWK�DEVROXWH�FDOLEUDWLRQ�RI�
WKH�;�UD\�GDWD��:LWK�WKLV��ZH�ZLOO�EH�DEOH�WR�REWDLQ�D�YDOXH�IRU�+��WKDW�VKRXOG�KDYH�LQWHUHVWLQJ�VWDWLVWLFDO�SUHFLVLRQ��
DQG�ZH�ZLOO�VHHN�WR�LGHQWLI\�VWHSV�WR�LPSURYH�WKH�FDOLEUDWLRQ�RI�IXWXUH�REVHUYDWLRQV�WR�PLQLPL]H�WKLV�V\VWHPDWLF�
HUURU��
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6WUXFWXUDO�DQG�)XQFWLRQDO�&RUUHODWHV�RI�,PDJLQDWLYH�6XJJHVWLELOLW\�
$OH[DQGHU�:DQJ�
0HQWRUV��0LFKDHO�/LIVKLW]�DQG�7DQ\D�/XKUPDQQ�

6XJJHVWLELOLW\�LV�WKH�VXVFHSWLELOLW\�RI�DQ�LQGLYLGXDO�WR�VXJJHVWLRQV��FRPPXQLFDEOH�LGHDV�WKDW�FDQ�UDSLGO\�DQG�HLWKHU�
WHPSRUDULO\�RU�SHUPDQHQWO\�DOWHU�WKDW�LQGLYLGXDO
V�H[SHULHQFH�RU�EHKDYLRU��DQG�LV�EHOLHYHG�WR�EH�D�WUDLW�ZKLFK�YDULHV�
DPRQJ�LQGLYLGXDOV��+\SQRWLF�VXJJHVWLELOLW\�UHIHUV�WR�VXJJHVWLELOLW\�LQ�D�VWDWH�RI�K\SQRVLV�IROORZLQJ�K\SQRWLF�
LQGXFWLRQ��LQ�FRQWUDVW�ZLWK�LPDJLQDWLYH�RU�ZDNLQJ�VXJJHVWLELOLW\��IRU�ZKLFK�WKHUH�LV�QR�SUHFHGLQJ�K\SQRWLF�LQGXFWLRQ��
5HVWLQJ�VWDWH�IXQFWLRQDO�PDJQHWLF�UHVRQDQFH�LPDJLQJ��I05,��KDV�EHHQ�XVHG�WR�LQYHVWLJDWH�QHXURELRORJLFDO�SURILOHV�
DQG�VWUXFWXUDO�DQG�IXQFWLRQDO�FRUUHODWHV�DVVRFLDWHG�ZLWK�YDULRXV�SV\FKRORJLFDO�WUDLWV��LQFOXGLQJ�VXJJHVWLELOLW\��
+RZHYHU��SUHYLRXV�VWXGLHV�KDYH�EHHQ�FKDUDFWHUL]HG�E\�VPDOO�VDPSOH�VL]HV��IHZHU�WKDQ����SDUWLFLSDQWV��RU�QRQ�
UHSUHVHQWDWLYH�VDPSOHV��H�J��HQWLUHO\�IHPDOH���DQG�WKHUH�KDV�EHHQ�YHU\�OLPLWHG�LQYHVWLJDWLRQ�LQWR�LPDJLQDWLYH�
VXJJHVWLELOLW\��,Q�WKLV�VWXG\��ZH�LQYHVWLJDWH�WKH�UHODWLRQVKLS�EHWZHHQ�IXQFWLRQDO�FRQQHFWLYLW\�DQG�LPDJLQDWLYH�
VXJJHVWLELOLW\��FRUUHODWLQJ�UHVWLQJ�VWDWH�IXQFWLRQDO�PDJQHWLF�UHVRQDQFH�LPDJLQJ�GDWD�ZLWK�LPDJLQDWLYH�VXJJHVWLELOLW\�
UDWLQJ�VFRUHV��

,QYHVWLJDWLQJ�*LDQW�&HOOHG�%LRORJ\�8VLQJ�6HULDO�%ORFN�)DFH�(OHFWURQ�0LFURVFRS\�DQG�,PDJH�3URFHVVLQJ�
-DFNLH�:DQJ�
0HQWRUV��(OOLRW�0H\HURZLW]�DQG�7\OHU�*LEVRQ�

7KH�WURSLFDO�DOJD�&DXOHUSD�LV�WKH�ZRUOG¶V�ODUJHVW�VLQJOH�FHOOHG�RUJDQLVP��7KHUH�DUH�PDQ\�XQVROYHG�TXHVWLRQV�ZLWK�
UHVSHFW�WR�WKH�ELRORJ\�RI�&DXOHUSD��RQH�RI�ZKLFK�LV�KRZ�WKH�DOJD�FRRUGLQDWHV�LWV�JURZWK�ZLWK�LWV�PHWDEROLVP��$V�D�
ILUVW�VWHS�WRZDUGV�DQVZHULQJ�WKLV�TXHVWLRQ��ZH�KDYH�FROOHFWHG�ERWK�PDFURVFRSLF�DQG�PLFURVFRSLF�JHRPHWULF�GDWD�RQ�
WKH�&DXOHUSD�VWRORQ�DQG�UKL]RLGV��7R�JHQHUDWH�WKH�PLFURVFRSLF�GDWD��ZH�XVHG�VHULDO�EORFN�IDFH�VFDQQLQJ�HOHFWURQ�
PLFURVFRS\�WR�JHQHUDWH�D�VWDFN�RI�WKLQO\�VOLFHG�VHFWLRQV�RI�WKH�VWRORQ��7KH�VWDFN�ZDV�DQDO\]HG�WKURXJK��
KXPDQ�JXLGHG�LPDJH�SURFHVVLQJ�ZLWK�DQ�RSHQ�VRXUFH�VRIWZDUH�FDOOHG�0L%��0LFURVFRS\�,PDJH�%URZVHU���7KLV�
DOORZHG�IRU�WKH�VHJPHQWDWLRQ�RI�WKH�YDULRXV�RUJDQHOOHV�LQ�D�PDFKLQH�DVVLVWHG�PDQQHU��:H�SUHVHQW�D�TXDQWLWDWLYH�
DQDO\VLV�RI�WKH�YDULRXV�RUJDQHOOHV�RI�WKH�VWRORQ�RI�WKH�DOJD��:H�WKHQ�XVHG�0L%�WR�PHDVXUH�WKH�JURZWK�UDWHV�RI�WKH�
VWRORQ�DQG�WKH�UKL]RLGV��7KH�OLQHDU�JURZWK�UDWH�RI�ERWK�VWUXFWXUHV�UHIOHFWV�D�FRQWUROOHG��V\VWHPDWLF�FRRUGLQDWLRQ�RI�
JURZWK��ERWK�LQ�WHUPV�RI�YROXPH�DQG�LQ�WHUPV�RI�VXUIDFH�DUHD��7KH�GDWD�FDQ�EH�DSSOLHG�WR�XQGHUVWDQGLQJ�WKH�VFDOLQJ�
RI�VL]H�DQG�PHWDEROLF�UDWH�LQ�&DXOHUSD��

6\VWHPDWLF�$VVHVVPHQW�RI�*HQRPH�$VVHPEOLHV��6$*$��IRU�6\QWKHWLF�*HQRPHV
<LQJKDQ�0HJDQ�:DQJ�
0HQWRUV��.DLKDQJ�:DQJ�DQG�&KDUOHV�6DQILRUHQ]R

7KH�UHOLDELOLW\�DQG�DFFXUDF\�RI�ZKROH�JHQRPH�DVVHPEOLHV�VWHPPLQJ�IURP�ORQJ�UHDG�VHTXHQFLQJ�WHFKQRORJLHV�DUH�
KLJKO\�DIIHFWHG�E\�WKH�RFFXUUHQFH�RI�UHSHWLWLYH�UHJLRQV�DQG�HUURU�SURQH�UHDGV��6XFK�D�SUREOHP�EHFRPHV�PRUH�
SUHGRPLQDQW�LQ�WKH�FDVH�RI�PHWD�JHQRPH�DVVHPEOLHV�REWDLQHG�IURP�FRPPXQLWLHV�FRPSULVHG�RI�FORVHO\�UHODWHG�
VSHFLHV��RU�LQ�WKH�FDVH�RI�GH�QRYR�DVVHPEOLHV�REWDLQHG�IURP�WKH�JHQHUDWLRQ�RI�V\QWKHWLF�FKLPHULF�JHQRPHV��7KURXJK�
WKH�XVH�RI &DV��DQG�UHFRPELQHHULQJ�WHFKQRORJLHV��RXU�JURXS�KDV�GHYHORSHG�WKH�DELOLW\�WR�JHQHUDWH�JHQRPLF�
FKLPHUDV�E\�LQWHUFKDQJLQJ�RU�DGGLQJ�ODUJH�JHQRPLF�UHJLRQV��!����NE���D�IHDW�ILUVW�FDUULHG�RXW�EHWZHHQ�(VFKHULFKLD�
FROL�DQG�6KLJHOOD�IOH[QHUL��,Q�RUGHU�WR�HIIHFWLYHO\�DVVHPEOH��FRPSDUH��DQG�DQQRWDWH�V\QWKHWLF�JHQRPH�DVVHPEOLHV�LQ�
KLJK�WKURXJKSXW��RXU�JURXS�KDV�FUHDWHG�D�SLSHOLQH�IRU�WKH�V\VWHPDWLF�DVVHVVPHQW�RI�JHQRPH�DVVHPEOLHV��6$*$���
6$*$�SHUIRUPV�DVVHPEO\�VWHSV�RQ�VL]H�ILOWHUHG�DQG�XQILOWHUHG�UHDG�VHWV�XWLOL]LQJ�VHYHUDO�SDUDPHWHUV�DQG�RSWLRQV�IRU�
VWDWH�RI�WKH�DUW�GH�QRYR�DVVHPEOHUV��)O\H�DQG�&DQX��$VVHPEO\�LV�IROORZHG�E\�GRZQVWUHDP�DQDO\VLV�RI�DVVHPEO\�
TXDOLW\�WKURXJK�4XDVW�PHWULFV��JUDSK�HQWDQJOHPHQW��DQG�JHQRPH�WRSRORJ\�FRQILJXUDWLRQV��&RQVHQVXV�JHQRPH�
DVVHPEOLHV�DUH�WKHQ�IHG�LQWR�3URNND�WR�REWDLQ�IXOO\�DQQRWDWHG�JHQRPHV��%\�WKHVH�PHDQV��6$*$�DFKLHYHV�
VWUHDPOLQHG�DQG�HIIRUWOHVV�GH�QRYR�DVVHPEO\��FRPSDULVRQ��DQG�DQQRWDWLRQ�RI�SROLVKHG�DVVHPEOLHV��

6\QWKHWLF�3KDVH�&RQWUDVW�05,�IRU�'HHS�/HDUQLQJ�5HFRQVWUXFWLRQ��
-DFN�:DUUHQ�
0HQWRUV��6KUH\DV�9DVDQDZDOD��0DWWKHZ�0LGGLRQH��DQG�%ULDQ�6WROW]��

3KDVH�FRQWUDVW�0DJQHWLF�5HVRQDQFH�,PDJLQJ��3&�05,��PHDVXUHV�EORRG�IORZ�YHORFLW\�ZLWKLQ�EORRG�YHVVHOV��+RZHYHU��
LQ�RUGHU�WR�JHW�KLJK�TXDOLW\�PHDVXUHPHQWV��SDWLHQWV�PXVW�KROG�WKHLU�EUHDWK�IRU�XS�WR����VHFRQGV��ZKLFK�PD\�EH�
GLIILFXOW�GXH�WR�YDULRXV�IDFWRUV��&XUUHQWO\��GHHS�OHDUQLQJ��'/��QHXUDO�QHWZRUNV�DUH�EHLQJ�GHYHORSHG�WR�KHDYLO\�
XQGHUVDPSOH�WKH�GDWD�DFTXLVLWLRQ�SURFHVV�LQ�RUGHU�WR�GHFUHDVH�DFTXLVLWLRQ�WLPHV�DQG�HQKDQFH�LPDJH�UHFRQVWUXFWLRQ��
$FTXLULQJ�IXOO\�VDPSOHG�SDWLHQW�GDWD�WR�WUDLQ�WKHVH�QHWZRUNV�LV�QRW�UHDGLO\�DYDLODEOH��7KLV�ZRUN�DWWHPSWV�WR�FUHDWH�
DSSOLFDEOH�V\QWKHWLF�GDWD�WR�HIIHFWLYHO\�WUDLQ�'/�QHXUDO�QHWZRUNV�IRU�3&�05,��)LUVW��D�FRPSXWHU�SURJUDP�ZDV�ZULWWHQ�
WR�JHQHUDWH�DQDWRPLFDOO\�FRUUHFW��'�3&�05,�LPDJHV�ZLWK�DFFXUDWH�WLVVXH�SURSHUWLHV��7KHQ��V\QWKHWLF�VHQVLWLYLW\�
PDSV�ZHUH�JHQHUDWHG�DQG�WKH�GDWD�DXJPHQWHG�WR�EHWWHU�FDSWXUH�WKH�UDQJH�RI�LPDJHV�WKDW�ZRXOG�RWKHUZLVH�EH�
DFTXLUHG�LQ�FOLQLFDO�SDWLHQWV��)LQDOO\��WKH�'/�QHXUDO�QHWZRUN�ZDV�WUDLQHG�XVLQJ�WKH�JHQHUDWHG�V\QWKHWLF�GDWD�DQG�
HYDOXDWHG�IRU�LWV�HIIHFWLYHQHVV��6XFFHVVIXOO\�WUDLQLQJ�WKH�3&�05,�'/�QHXUDO�QHWZRUN�ZLWK�V\QWKHWLF�GDWD�KDV�WKH�
FDSDELOLW\�RI�UHYROXWLRQL]LQJ�WKH�HQWLUH�05,�ILHOG��%\�VXEVWDQWLDOO\�UHGXFLQJ�VFDQ�WLPHV�IRU�DOO�W\SHV�RI�05,�LPDJHV��
WKHUH�LV�SRWHQWLDO�WR�GHFUHDVH�FRVW��LQFUHDVH�HDVH�RI�XVH��DQG�WKHUHIRUH�ERRVW�05,�DFFHVVLELOLW\�DQG�GLDJQRVWLF�YDOXH���
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$Q�$OO�6N\�,QIUDUHG�9DULDEOHV�&DWDORJ�)URP�3DORPDU�*DWWLQL�,5
7KRPDV�.��:DWHUV�
0HQWRUV��.LVKDOD\�'H�DQG�0HUHGLWK�5DZOV

3DORPDU�*DWWLQL�,5�LV�D�URERWLF��QHDU�LQIUDUHG��1,5���WLPH�GRPDLQ�VXUYH\�WKDW�FDQ�VFDQ�DSSUR[LPDWHO\�������VTXDUH�
GHJUHHV�ZLWK�D�PHGLDQ�FDGHQFH�RI�WZR�GD\V��7KLV�SURMHFW�JLYHV�XV�DQ�XQSUHFHGHQWHG�ORRN�LQWR�WKH�LQIUDUHG�XQLYHUVH�
E\�GHWHFWLQJ�D�YDVW�QXPEHU�RI�WUDQVLHQW�VRXUFHV�REVFXUHG�E\�GXVW�DQG�H[WLQFWLRQ�DQG�YHU\�FRRO��UHG�YDULDEOH�
REMHFWV��ZKLFK�UHPDLQV�D�ODUJHO\�XQH[SORUHG�DUHD�RI�WLPH�GRPDLQ�DVWURQRP\��:H�XVH�6RXUFH�([WUDFWRU��D�VRXUFH�
GHWHFWLRQ�VRIWZDUH��WR�GHWHFW�DVWURQRPLFDO�REMHFWV�LQ�3DORPDU�*DWWLQL�,5�LPDJHV�DQG�DVVRFLDWH�WKHP�LQWR�FDWDORJV��
+RZHYHU��DV�WKH�3DORPDU�*DWWLQL�,5�GDWD�UHGXFWLRQ�SLSHOLQH�XVHV�D�36)�UHFRQVWUXFWLRQ�DOJRULWKP��ZKLFK�LQWURGXFHV�
FRUUHODWHG�SL[HO�QRLVH�LQ�WKH�GDWD��WKH�WUDGLWLRQDO�6RXUFH�([WUDFWRU�SDUDPHWHUV�DUH�QRW�RSWLPDO�IRU�VRXUFH�GHWHFWLRQ�
LQ�3DORPDU�*DWWLQL�,5�LPDJHV��:H�XVH�WKH�7ZR�0LFURQ�$OO�6N\�6XUYH\���0$66��DV�D�UHIHUHQFH�GDWDVHW�WR�RSWLPL]H�
FULWLFDO�6RXUFH�([WUDFWRU�SDUDPHWHUV�WR�PD[LPL]H�VRXUFH�GHWHFWLRQ�LQ�3DORPDU�*DWWLQL�,5�VWDFNHG�H[SRVXUHV�DQG�
GLWKHUHG�LPDJHV��8VLQJ�WKLV�RSWLPDO�SDUDPHWHU�VHW��ZH�LPSOHPHQW�6RXUFH�([WUDFWRU�RQ�3DORPDU�*DWWLQL�,5�QLJKWO\�
VWDFNHG�VFLHQFH�LPDJHV�WR�JHQHUDWH�VFLHQFH�TXDOLW\�OLJKW�FXUYHV�DQG�DVVRFLDWH�WKHP�LQWR�WKH�ILUVW�HYHU�1,5�YDULDEOHV�
FDWDORJ��

/HYHO�6HW�'LVFUHWH�(OHPHQW�0HWKRG��/6�'(0��9HULILFDWLRQ�RI�0DFURVFRSLF�DQG�,QWHU�3DUWLFOH�3URSHUWLHV�
RI�*UDQXODU�0DWHULDOV�8QGHU�6KHDU�6WUHVV�
0LWFKHOO�:DWVRQ�
0HQWRUV��*XUXVZDPL��5DYL��5DYLFKDQGUDQ�DQG�=LFKHQ�*X�

*UDQXODU�PDWHULDO��VXFK�DV�VDQG��LV�WKH�VHFRQG�PRVW�XVHG�PDWHULDO�LQ�,QGXVWU\�EHVLGHV�ZDWHU��\HW�LW�ODFNV�D�
XQLYHUVDO�PRGHO�WR�JLYH�D�FRPSOHWH�WKHRUHWLFDO�XQGHUVWDQGLQJ��3DUWLFOH�E\�SDUWLFOH�GLVFUHWH�VLPXODWLRQV�KDYH�EHHQ�
XVHG�LQ�WKH�SDVW��EXW�WKHLU�KLJK�FRPSXWDWLRQDO�FRVW�DQG�ODFN�RI�DFFXUDF\�ZLWK�ODUJH�V\VWHPV�UHGXFH�WKHLU�HIILFLHQF\�
DQG�SUDFWLFDOLW\��7KH�/HYHO�6HW�'LVFUHWH�(OHPHQW�0HWKRG��/6�'(0��ILQGV�WKH�LQWHU�SDUWLFOH�IRUFHV�RI�WKH�PDWHULDO�E\�
WUHDWLQJ�HDFK�LQWHUDFWLRQ�RI�SDUWLFOHV�DV�D�VSULQJ�V\VWHP�ZLWK���PDVVHV�E\�FDOFXODWLQJ�WKH�LQWHU�SDUWLFOH�IRUFHV�E\�D�
VSULQJ�FRQVWDQW�DQG�WKH�RYHUODS�RI�WKH�SDUWLFOHV��7KLV��DORQJ�ZLWK�XVLQJ�D�/HYHO�6HW�IXQFWLRQ�WR�GHVFULEH�WKH�VXUIDFH�
RI�WKH�SDUWLFOHV��DOORZV�ODUJH��FRPSOH[�V\VWHPV�WR�EH�VLPXODWHG�ZLWK�ORZHU�FRPSXWDWLRQDO�FRVWV�DQG�KLJKHU�DFFXUDF\��
8VLQJ�D�VKHDU�VWUHVV�WHQVLOH�WHVW�PDFKLQH��ZH�FDOFXODWH�WKH�LQWHU�SDUWLFOH�SURSHUWLHV�DV�ZHOO�DV�WKH��
PDFUR�VFDOH�SURSHUWLHV�RI�WKH�V\VWHP�DQG�FRPSDUH�WR�WKH�/6�'(0�UHVXOWV�RI�YDULRXV�VKHDU�VWUHVVHV��)XWXUH�ZRUN�
VKRXOG�LQFOXGH�WHVWLQJ�YDULRXV��'�PRGHOV�DV�ZHOO�DV�FDSWXULQJ�ZHW�PDWHULDOV��ZKLFK�DGGV�FDSLOODU\�EULGJHV�EHWZHHQ�
SDUWLFOHV��

(UURU�$QDO\VLV�RI�WKH�3RVLWLRQDO�$FFXUDF\�RI�WKH�=ZLFN\�7UDQVLHQW�)DFWRU\�6WUHDNLQJ�1HDU�(DUWK�$VWHURLG�
)LWWLQJ�0HWKRG�
(PLO\�:KLWWDNHU�
0HQWRUV��*HRUJH�+HORX�DQG�*HUEV�%DXHU�

7KH�=ZLFN\�7UDQVLHQW�)DFWRU\��=7)��LPDJLQJ�FDPHUD�LV�D�PRVDLF�RI����&&'V�PRXQWHG�RQWR�WKH����LQFK�WHOHVFRSH�DW�
3DORPDU�2EVHUYDWRU\��DQG�LV�D�OHDGLQJ�VXUYH\�LQ�WKH�VHDUFK�IRU�QHZ�QHDU�(DUWK�DVWHURLGV��1($V����=7)�FRQWDLQV�D�
SLSHOLQH�FDOOHG�=6WUHDN�ZKLFK�XVHV�D�VWUHWFKHG�36)�ILWWLQJ�PRGHO�WR�GHWHFW�VPDOO��FORVH�1($V�ZKRVH�DSSDUHQW�
DQJXODU�YHORFLW\�LV�KLJK�HQRXJK�WR�FUHDWH�D�VWUHDN�ZLWKLQ�D�VLQJOH�H[SRVXUH���,Q�WKLV�SURMHFW��SRVLWLRQDO�GDWD�
SURGXFHG�E\�=6WUHDN�UHJDUGLQJ�����ZHOO�NQRZQ�1($V�DUH�FRPSDUHG�WR�WKH�SUHGLFWHG�SRVLWLRQV�RI�WKHVH�1($V�DV�
GHWHUPLQHG�XVLQJ�WKH�+25,=216�VRIWZDUH���2Q�DYHUDJH��GDWDSRLQWV�WHQG�WR�EH�RIIVHW�IURP�WKHLU�DVVRFLDWHG�
+25,=216�SRVLWLRQ�E\������DUFVHFRQGV��RU����RI�WKH�OHQJWK�RI�WKH�VWUHDN���7KHVH�HUURUV�WHQG�WR�EH�LQ�WKH�RSSRVLWH�
GLUHFWLRQ�RI�WKH�VWUHDN��DVVLJQLQJ�WKH�VWUHDN�GLUHFWLRQ�DV�PRYLQJ�IURP�WKH�REMHFW¶V�SRVLWLRQ�DW�VKXWWHU�RSHQ�WR�LWV�
SRVLWLRQ�DW�VKXWWHU�FORVH���2QFH�DOO�RI�WKH�SRVLWLRQDO�HUURUV�DUH�DQDO\]HG�DQG�WKH�V\VWHPDWLF�HUURUV�DUH�LGHQWLILHG��
WKH\�ZLOO�EH�XVHG�WR�LPSURYH�WKH�SRVLWLRQDO�DFFXUDF\�RI�WKH�=6WUHDN�PRGHO�ILWV����

*HQHUDWLQJ�'RPDLQ�5HSUHVHQWDWLRQV�IRU�)XQFWLRQDO�*DV�9HVLFOH�3URWHLQV�8VLQJ�+LGGHQ�0DUNRY�0RGHOV
.DWLH�:RQJ��
0HQWRUV��0LNKDLO�6KDSLUR�DQG�5RE�+XUW�

$EVWUDFW�ZLWKKHOG�IURP�SXEOLFDWLRQ�DW�PHQWRU
V�UHTXHVW��

0DQ\�%RG\�4XDQWXP�6\VWHPV�LQ�5DWFKHW�3RWHQWLDOV�
'DYLG�:X�
0HQWRUV��*LO�5HIDHO

5DWFKHW�SRWHQWLDOV�DUH�SHULRGLF�SRWHQWLDOV�WKDW�EUHDN�VSDWLDO�DQG�WHPSRUDO�V\PPHWULHV�DQG�FDQ�EH�XVHG�WR�GULYH�WKH�
GLUHFWHG�PRWLRQ�RI�%URZQLDQ�SDUWLFOHV�LQ�FODVVLFDO�V\VWHPV��5HFHQW�H[SHULPHQWDO�UHVXOWV�LQ�VROLG�VWDWH�V\VWHPV�DQG�
DWRPLF�SK\VLFV�V\VWHPV�KDYH�VKRZQ�WKDW�TXDQWXP�WUDQVSRUW�LQ�UDWFKHW�SRWHQWLDOV�JLYH�ULVH�WR�LQWHUHVWLQJ�
SKHQRPHQD��VXFK�DV�WXQQHOOLQJ�RVFLOODWLRQV�DQG�TXDQWXP�UHVRQDQFHV�WKDW�KLQW�WRZDUGV�WKH�FRQVWUXFWLRQ�RI�TXDQWXP�
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PRWRUV��,Q�WKLV�VWXG\��ZH�LQYHVWLJDWH�WKH�GLUHFWHG�PRWLRQ�RI�TXDQWXP�SDUWLFOHV�LQ�UDWFKHW�SRWHQWLDOV�LQ�WKH�FRQWH[W�RI�
PDQ\�ERG\�SK\VLFV��:H�QXPHULFDOO\�VLPXODWH�WKH�TXDQWXP�V\VWHP�RQ�D�RQH�GLPHQVLRQDO�ODWWLFH�VXEMHFW�WR��
TXDVL�SHULRGLFDOO\�GULYHQ�SRWHQWLDOV�WKDW�DUH�VSDWLDOO\�DV\PPHWULF��%\�H[DPLQLQJ�WKH�DV\PPHWULF�UHVSRQVHV�IURP�WKH�
HYROXWLRQ�RI�WKH�TXDQWXP�VWDWHV�GXH�WR�ULJKW�DQG�OHIW�GLUHFWHG�SRWHQWLDOV��ZH�FRQFOXGH�WKH�QHFHVVDU\�FRQGLWLRQV�IRU�
UHDOL]LQJ�GLUHFWHG�PRWLRQ�LQ�PDQ\�ERG\�TXDQWXP�V\VWHPV�VXEMHFW�WR�UDWFKHW�SRWHQWLDOV���

$UWLILFLDO�,QWHOOLJHQFH�LQ�5DGLRORJ\��'HHS�/HDUQLQJ�IRU�$XWRPDWHG�/RFDOL]DWLRQ�DQG�6HJPHQWDWLRQ�RI�
$EGRPLQDO�2UJDQV�LQ�0DJQHWLF�5HVRQDQFH�,PDJLQJ
6XODQ�:X�
0HQWRUV��$OEHUW�+VLDR��6RSKLH�<RX��DQG�5RE�3KLOOLSV�

0DJQHWLF�UHVRQDQFH�LPDJLQJ��05,��LV�D�IRUP�RI�QRQ�LQYDVLYH�PHGLFDO�LPDJLQJ�WKDW�SURGXFHV�WKUHH�GLPHQVLRQDO�
DQDWRPLFDO�VFDQV��&RQYROXWLRQDO�QHXUDO�QHWZRUNV��&11V��DUH�D�W\SH�RI�PDFKLQH�OHDUQLQJ�DOJRULWKP�FRPPRQO\�XVHG�
IRU�LPDJH�FODVVLILFDWLRQ�WDVNV��7KHUH�DUH�VHYHUDO�VWDJHV�LQ�WKH�GHHS�OHDUQLQJ�SLSHOLQH��GDWD�FROOHFWLRQ��FXUDWLRQ��
DQQRWDWLRQ��SUHSURFHVVLQJ��WUDLQLQJ�DQG�YDOLGDWLRQ��WHVWLQJ��DQG�FOLQLFDO�DSSOLFDWLRQ��)LUVW������DEGRPLQDO�LPDJLQJ�
VHULHV�ZHUH�FROOHFWHG�DQG�DQRQ\PL]HG��2I�WKRVH������VHULHV�FRQWDLQLQJ�������WRWDO�LPDJHV�ZHUH�DQQRWDWHG�XVLQJ�
VRIWZDUH�GHYHORSHG�LQ�KRXVH��ZLWK�ODEHOV�FRUUHVSRQGLQJ�WR�WKH�OLYHU��VSOHHQ��ULJKW�NLGQH\��DQG�OHIW�NLGQH\��'DWD�DQG�
DQQRWDWLRQV�ZHUH�VSOLW�LQWR�����WUDLQLQJ������YDOLGDWLRQ��DQG�����WHVWLQJ��7UDQVIHU�OHDUQLQJ�ZDV�FRQGXFWHG�XVLQJ�
ZHLJKWV�DQG�D�SUHYLRXV�8�1HW�DUFKLWHFWXUH�GHYHORSHG�IRU�OLYHU�VHJPHQWDWLRQ�RQ�D[LDO�05,�LPDJHV��'DWD�
DXJPHQWDWLRQ��ILHOG�RI�YLHZ�DQG�WUDQVODWLRQ��DQG�RYHU��DQG�XQGHU�VDPSOLQJ�ZHUH�DOVR�LPSOHPHQWHG�WR�DGGUHVV�FODVV�
LPEDODQFH��5HVXOWV�ZHUH�DQDO\]HG�E\�FRPSXWLQJ�WKH�DYHUDJH�'LFH�FRHIILFLHQW��&OLQLFDO�DSSOLFDWLRQV�RI�WKLV�DOJRULWKP�
LQFOXGH�WKH�DXWRPDWHG�SUHVFULSWLRQ�RI�LPDJLQJ�SODQHV�GXULQJ�WKH�DFTXLVLWLRQ�SURFHVV��DV�ZHOO�DV�DXWRPDWHG�
PHDVXUHPHQWV�RI�WKH�VL]H�DQG�YROXPH�RI�RUJDQV�WR�DVVLVW�FOLQLFLDQV�LQ�WKH�PRQLWRULQJ�RI�DEGRPLQDO�RUJDQV�DQG�
UHODWHG�GLVHDVHV�

&RPSXWHU�9LVLRQ�$QDO\VLV�RI�7LPH�'HSHQGHQW�6KRFN�:DYH�%RXQGDU\�/D\HU�,QWHUDFWLRQV�LQ�
+\SHUVRQLF�)ORZ
%ULW�/��:\OLH�
0HQWRUV��-RDQQD�$XVWLQ�DQG�-RHO�/DZVRQ�

6KRFN�ZDYH�ERXQGDU\�OD\HU�LQWHUDFWLRQV��6:%/,V��LQ�KLJK�VSHHG�IORZV�KDYH�EHHQ�VWXGLHG�IRU�WKH�SDVW�VHYHUDO�
GHFDGHV�LQ�DQ�HIIRUW�WR�EHWWHU�XQGHUVWDQG�HIIHFWV�RI�VKRFN�LQWHUDFWLRQ�RQ�IORZ�VHSDUDWLRQ�DQG�WKHUPDO�ORDGLQJ��
6FKOLHUHQ�LPDJH�WHFKQLTXHV�DUH�FRPPRQO\�XVHG�WR�SKRWRJUDSK�WKHVH�KLJK�VSHHG�VKRFN�VWUXFWXUHV�DQG�FDQ�SURGXFH�
GHWDLOHG�YLGHRV�FRPSULVLQJ�ODUJH�QXPEHUV�RI�VWLOO�IUDPHV��+RZHYHU��WKHVH�LPDJHV�DUH�GLIILFXOW�WR�DQDO\]H�GXH�WKH�
VPDOO�VFDOH�RI�VHSDUDWLRQ�DQG�UHDWWDFKPHQW�VKRFN�IHDWXUHV��QRLVH�IURP�WKH�OLJKW�VRXUFH��DQG�LPSHUIHFWLRQV�LQ�WKH�
IORZ�ILHOG��7ZR�ZLGHO\�XVHG�WHVW�JHRPHWULHV�IRU�WKLV�SUREOHP�DUH�WKH�GRXEOH�ZHGJH�DQG�GRXEOH�FRQH��$W�&DOWHFK��
.QLVHO\�FROOHFWHG�VFKOLHUHQ�LPDJHV�RI�WKHVH�JHRPHWULHV�DW�FRQGLWLRQV�VLPXODWLQJ�K\SHUYHORFLW\�IOLJKW��a��NP�V��LQ�
WKH�7��VKRFN�WXQQHO��,Q�WKLV�SURMHFW��ZH�LPSOHPHQW�D�WKUHH�VWDJH�PHWKRG�RI�VHJPHQWDWLRQ��HGJH�GHWHFWLRQ��DQG�
IHDWXUH�WUDFNLQJ��:H�KDYH�PRGLILHG�H[LVWLQJ�WHFKQLTXHV�GHYHORSHG�E\�6PLWK�IRU�RXU�XVH�RQ�KLJKHU�UHVROXWLRQ�
GDWDVHWV��DQG�KDYH�VWXGLHG�VHYHUDO�LPSURYHPHQWV�WR�EDFNJURXQG�VXEWUDFWLRQ�ZKLFK�WRJHWKHU�ZLOO�HQDEOH�XV�WR�
H[WUDFW�ERZ�VKRFN�IUHTXHQF\�DQG�WUDFN�WULSOH�SRLQW�ORFDWLRQ�IRU�VHYHUDO�IUHH�VWUHDP�JDV�FRPSRVLWLRQV��)XUWKHU�ZRUN�
ZLOO�LQFOXGH�UHVHDUFK�LQWR�UHILQHG�PHWKRGV�WR�GHWHFW�DQG�WUDFN�UHDWWDFKPHQW�DQG�VHSDUDWLRQ�VKRFNV���

0\W�O�DV�D�3URPLVLQJ�7UDQVFULSWLRQ�)DFWRU�IRU�%HWD�&HOO�7UDQVGLIIHUHQWLDWLRQ�
*HRUJH�:\WKHV�
0HQWRUV��0DUF�0RQWLPLQ\��6DP�9DQ�'H�9HOGH��DQG�.DLKDQJ�:DQJ�

'LDEHWHV�LV�RQH�RI�WKH�PRVW�SUHYDOHQW�GLVHDVHV�ZRUOGZLGH��FDXVHG�E\�D�ODFN�RI�IXQFWLRQLQJ�EHWD�FHOOV��$�SURPLVLQJ�
W\SH�RI�WKHUDS\�LV�WR�UHSURJUDP�QRQ�EHWD�FHOOV�LQWR�LQVXOLQ�SURGXFLQJ�FHOOV�WKURXJK�WUDQVGLIIHUHQWLDWLRQ�7UDGLWLRQDOO\��
VWXGLHV�KDYH�RYHUH[SUHVVHG�WKH�SDQFUHDWLF�WUDQVFULSWLRQ�IDFWRUV�1HXUR'���3G[���DQG�0DI$��DEEUHYLDWHG�DV�130��WR�
SURPRWH�WUDQVGLIIHUHQWLDWLRQ�RI�YDULRXV�FHOO�OLQHV�LQ�EHWD�FHOOV��7KLV�VWXG\�IRFXVHV�RQ�0\HOLQ�7UDQVFULSWLRQ�)DFWRU��
��/LNH�3URWHLQ��0\W�O���ZKLFK�LV�D�QHXURQDO�WUDQVFULSWLRQ�IDFWRU�WKDW�KDV�EHHQ�VKRZQ�WR�KHOS�GLIIHUHQWLDWH�ILEUREODVWV�
LQWR�QHXURQV�DQG�LV�DOVR�EHOLHYHG�WR�SOD\�D�UROH�LQ�LVOHW�FHOO�GHYHORSPHQW��7R�PHDVXUH�LWV�FDSDFLW\�WR�LQGXFH�EHWD�FHOO�
WUDQVGLIIHUHQWLDWLRQ��PRXVH�KHSDWRF\WHV�ZHUH�WUDQVIHFWHG�LQ�YLYR�ZLWK�FRPELQDWLRQV�RI�0\W�O�DQG�RWKHU�EHWD�FHOO�
OLQHDJH�GHWHUPLQLQJ�WUDQVFULSWLRQ�IDFWRUV��/'7)V���0\W�O�DPSOLILHG�WKH�HIIHFWV�RI�WKH�RWKHU�WUDQVFULSWLRQ�IDFWRUV�
ZKHQ�H[SUHVVHG�DORQJVLGH�WKHP��PRUH�WKDQ�GRXEOLQJ�WKH�QXPEHU�RI�VLJQLILFDQWO\�XSUHJXODWHG�LVOHW�VSHFLILF�JHQHV��
)XQFWLRQDO�HQULFKPHQW�DOVR�VKRZHG�WKDW�JHQHV�DWWULEXWHG�WR�0\W�O�ZHUH�PRUH�IRFXVHG�RQ�FKDUDFWHULVWLF�EHWD�FHOO�
SDWKZD\V�DQG�IXQFWLRQV�WKDQ�WKDW�RI�WKH�FRUH�WUDQVFULSWLRQ�IDFWRUV�LQ�130��

&RQVWUXFWLRQ�RI�&KHPLFDO�'DWDEDVH�)URP�7RWDO�6\QWKHVLV�$UWLFOHV�7KURXJK�'DWD�0LQLQJ��
<XDQ]KH�;LH�
0HQWRUV��6DUDK�(��5HLVPDQ�DQG�0LFKDHO�0DVHU�

0DFKLQH�OHDUQLQJ�DQG�GHHS�OHDUQLQJ��WKH�WZR�VWDWH�RI�WKH�DUW�GDWD�VFLHQFH�WRROV��DUH�DWWDLQLQJ�WKHLU�ULVLQJ�LQIOXHQFH�
RQ�KRZ�UHVHDUFKHUV�DSSURDFK�QDWXUDO�VFLHQFHV��LQFOXGLQJ�FKHPLVWU\��7KHLU�³PDJLF�SRZHU �́�KRZHYHU��RULJLQDWHV�IURP�
ODUJH�GDWDEDVHV�RQ�ZKLFK�PRGHOV�DUH�WUDLQHG�WR�PDNH�SUHGLFWLRQV��$SSDUHQWO\��FKHPLVWU\�SXEOLFDWLRQV�DUH�QRW�
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UHDGLO\�DYDLODEOH�DV�D�VRXUFH�RI�WUDLQLQJ��DV�D�UHVXOW��GDWD�PLQLQJ�DV�ZHOO�DV�GDWD�DQDO\VLV�DUH�LQGLVSHQVDEOH�WR�
FRQYHUW�SXEOLFDWLRQ�ODQJXDJHV�LQWR�GDWDEDVHV�DFFHVVLEOH�WR�WUDLQLQJ��7KLV�SURMHFW�SURSRVHV�D�FRPSOHWH�ZRUNIORZ�IRU�
WKH�FRQVWUXFWLRQ�RI�D�GDWDEDVH�IURP�RUJDQLF�FKHPLVWU\�SXEOLFDWLRQV�E\�HPSOR\LQJ�RSHQ�VRXUFH�FRPSXWHU�YLVLRQ��&9��
DQG�QDWXUDO�ODQJXDJH�SURFHVVLQJ��1/3��WRRONLWV��:H�KDYH�SHUIRUPHG�UHDFWLRQ�ILJXUH�H[WUDFWLRQ��FKHPLFDO�HQWLW\�
UHFRJQLWLRQ��DQG�FKHPLVWU\�DFWLRQ�LGHQWLILFDWLRQ�RQ�WKH�VXSSRUWLQJ�LQIRUPDWLRQ�GRFXPHQWV�RI�WKH�WRWDO�V\QWKHVLV�
DUWLFOHV�IURP�WKH�$&6�SXEOLFDWLRQV��ZLWK�DQ�REVHUYDWLRQ�RI�SURPLVLQJ�SUHOLPLQDU\�UHVXOWV�����

�'�8�1HW�&11�6HJPHQWDWLRQ�RI�WKH�%ORRG�9HVVHO�/XPHQ�
(OL]DEHWK�<DP�
0HQWRUV��$OEHUW�+VLDR�DQG�$GDP�%ODQN�

7KLV�SURMHFW�VHHNV�WR�LPSOHPHQW�D�81HW�&11�WR�DXWRPDWH�VHJPHQWDWLRQ�RI�EORRG�YHVVHO��DRUWD��LQIHULRU�YHQD�FDYD�
�,�9�&����DQG�LOLDF�YHVVHOV��IURP��'�VOLFHV�RI�05,�LPDJHV��7KLV�LQFUHDVHV�DFFHVVLELOLW\�IRU�UDGLRORJLVWV�WR�LGHQWLW\�
GLVHDVHV��H�J���DVVRFLDWHG�ZLWK�DEQRUPDO�QDUURZLQJ�ZLGHQLQJ�RI�YHVVHO���:LWK�+,3$$�FRPSOLDQFH�DQG�,5%�ZDLYHU�RI�
LQIRUPHG�FRQVHQW��FOLQLFDO�05,V�SHUIRUPHG�DW�8&6'�ZDV�XVHG�DV�WKH�GDWDVHW��6L[�DQDWRPLF�ODQGPDUNV��FKDQQHOV��RQ�
DURXQG�����VHULHV��HDFK�FRQWDLQLQJ��������D[LDO�VOLFHV��RI�05,V�ZHUH�DQQRWDWHG��'DWD�ZDV�VSOLW�LQWR�����RI�FDVHV�
IRU�WUDLQLQJ������IRU�YDOLGDWLRQ��DQG�����IRU�WHVWLQJ��,PSOHPHQWHG�LQ�7HQVRU)ORZ�XVLQJ�.HUDV��WKH�PRGHO�XVHV�WKH�
VXP�RI�',&(�ORVV������',&(�VFRUH��IRU�HDFK�FKDQQHO�WR�WUDLQ�RQ��7KH�PRGHO�XVHV�XQGHU�RYHUVDPSOLQJ�WR�DFFRXQW�IRU�
FODVV�LPEDODQFH��L�H���XQGHUVDPSOLQJ�WKH�LOLDF�YHVVHOV�DQG�RYHUVDPSOLQJ�DRUWD�DQG�,�9�&����VWDJHG�OHDUQLQJ��
�L�H���DGGLQJ�PRUH�VOLFHV�WR�WKH�WUDLQLQJ�VHW�LQ�ODWHU�PRGHO�WUDLQLQJ���DQG�WUDQVIHU�OHDUQLQJ�IURP�PRGHO�RQ�FDUGLDF�
VHJPHQWDWLRQ��7KH�PRGHO�KDG�DQ�DYHUDJH�',&(�VFRUH�RI����������������RYHU�DOO�WKH�FKDQQHOV��7KHUHIRUH���
&11V�PD\�KDYH�WKH�SRWHQWLDO�WR�DXWRPDWH�LGHQWLILFDWLRQ�RI�EORRG�YHVVHOV�LQ�05,V�DQG�PD\�FRPSOHPHQW�RWKHU�
WHFKQLTXHV�XVHG�WR�LGHQWLI\�EORRG�YHVVHO�UHODWHG�GLVHDVHV��

'HVLJQLQJ�5HVRQDQW�0HWDVXUIDFH�%DVHG�2SWLFDO�0RGXODWRUV
(YDQ�<DPDJXFKL�
0HQWRUV��$QGUHL�)DUDRQ��+\RXQJKDQ�.ZRQ��DQG�7LDQ]KH�=KHQJ

2SWLFDO�PHWDVXUIDFHV�DUH�WKLQ�RSWLFDO�GHYLFHV�WKDW�DOORZ�IRU�HIILFLHQW�PDQLSXODWLRQ�RI�OLJKW�DW�WKH�QDQRVFDOH��3UHYLRXV�
ZRUN�KDV�GHPRQVWUDWHG�PHWDVXUIDFHV�WR�EH�VXLWDEOH�FRPSDFW�DQDORJV�RI�EXON\�RSWLFDO�FRPSRQHQWV�VXFK�DV�OHQVHV��
SRODUL]HUV��VSHFWURPHWHUV��DQG�RWKHU�PXOWLIXQFWLRQDO�DQG�DFWLYH�RSWLFDO�HOHPHQWV��5HFHQWO\��PHWDVXUIDFH�EDVHG�
VXEZDYHOHQJWK�GLHOHFWULF�VFDWWHUHUV�KDYH�DOVR�EHHQ�VKRZQ�WR�EH�FRPSDFW�DQG�HIILFLHQW�HQKDQFHUV�RI�OLJKW�PDWWHU�
LQWHUDFWLRQV�DW�WKH�QDQRVFDOH��,Q�WKLV�ZRUN��,�GHVLJQ�D�UHVRQDQW�PHWDVXUIDFH�FRPSRVHG�RI�VXEZDYHOHQJWK�SHULRGLF�
VFDWWHUHUV�WR�HQJLQHHU�D�GHYLFH�ZLWK�IXOO�SKDVH�DQG�SRODUL]DWLRQ�FRQWURO��7KLV�ZRUN�FRQWULEXWHV�WR�QRYHO�PHWKRGV�RI�
HQJLQHHULQJ�UHVRQDQFHV�LQ�PHWDVXUIDFHV�IRU�DSSOLFDWLRQV�LQ�QDQRSKRWRQLFV�DQG�PHWDRSWLFV��

&RXSOLQJ�+H[DJRQDO�%RURQ�1LWULGH�4XDQWXP�(PLWWHUV�WR�'LHOHFWULF�0HWDVXUIDFHV�
)UDQN�<DQJ�
0HQWRUV��+DUU\�$WZDWHU�DQG�3DQNDM�-KD�

6LQJOH�SKRWRQ�VRXUFHV�DUH�HPLVVLYH�VSHFLHV�FDSDEOH�RI�HPLWWLQJ�SKRWRQV�RQ�GHPDQG�DQG�DUH�DSSOLFDEOH�IRU�TXDQWXP�
FU\SWRJUDSK\��PHWURORJ\��DQG�VLPXODWLRQ��&RORU�GHIHFWV�LQ�KH[DJRQDO�ERURQ�QLWULGH��K%1��H[KLELW�URRP�WHPSHUDWXUH�
VLQJOH�SKRWRQ�HPLVVLRQ�WKDW�LV�SRODUL]HG��SKRWRVWDEOH��DQG�KDV�UHFRUG�EULJKWQHVV��PDNLQJ�K%1�D�OHDGLQJ�PDWHULDO�
SODWIRUP�IRU�VLQJOH�SKRWRQ�VRXUFHV��$Q�LPSRUWDQW�FKDOOHQJH�LQ�WKH�LQWHJUDWLRQ�RI�VLQJOH�SKRWRQ�VRXUFHV�ZLWK�
SKRWRQLF�FKLSV�LV�WKH�HIILFLHQW�H[WUDFWLRQ�RI�SKRWRQV��

,Q�WKLV�ZRUN��ZH�VHHN�WR�DGGUHVV�WKLV�FKDOOHQJH�E\�FRXSOLQJ�VLQJOH�SKRWRQ�VRXUFHV�ZLWK�GLHOHFWULF�PHWDVXUIDFHV�WR�
SURGXFH�GLUHFWLRQDO�HPLVVLRQ��0HWDVXUIDFHV�DUH�WZR�GLPHQVLRQDO�VXEZDYHOHQJWK�DUUD\V�RI�VFDWWHUHUV�FDSDEOH�RI�
FRQWUROOLQJ�WKH�SRODUL]DWLRQ�DQG�SKDVH�RI�LQFLGHQW�OLJKW��8VLQJ�IXOO�ZDYH�VLPXODWLRQV��ZH�GHVLJQ�DQ�HIILFLHQW�
PHWDVXUIDFH�FDSDEOH�RI�FRQWUROOLQJ�WKH�IDU�ILHOG�UDGLDWLRQ�SDWWHUQ�IURP�D�VLQJOH�K%1�HPLWWHU��UHVXOWLQJ�LQ�GLUHFWLRQDO�
HPLVVLRQ�RU�OHQVLQJ��7KLV�ZRUN�GHPRQVWUDWHV�WKH�SRWHQWLDO�RI�PHWDVXUIDFHV�LQ�HQDEOLQJ�HIILFLHQW�SKRWRQ�H[WUDFWLRQ�
IURP�TXDQWXP�HPLWWHUV���

7KHUPDO�%LRVZLWFKHV�)RU�/RFDOL]HG�$FWLYDWLRQ�RI�0LFUREHV��
0LFKDHO�6��<DR�
0HQWRUV��0LNKDLO�6KDSLUR��0RKDPDG�+��$EHGL��'DYLG�5��0LWWHOVWHLQ��DQG�$YLQRDP�%DU�=LR

$EVWUDFW�ZLWKKHOG�IURP�SXEOLFDWLRQ�DW�PHQWRU
V�UHTXHVW��

:HDUDEOH��7HDP�)ORZ��5HDO�7LPH�0RQLWRULQJ�DQG�0RGXODWLRQ�6\VWHP�
-HVVLFD�<H�
0HQWRUV��6KLQVXNH�6KLPRMR�DQG�0RKDPPDG�6KHKDWD�

:RUNLQJ�LQ�D�VSDFH�HQYLURQPHQW�ZLWK�DQ�H[WHQGHG�GXUDWLRQ�RI�H[WUHPH�FRQGLWLRQV�FDQ�OHDG�WR�D�GHFOLQH�LQ�WKH�
FRJQLWLYH�IXQFWLRQV��OHDGLQJ�WR�SRRU�WHDPZRUN��1$6$
V�+XPDQ�5HVHDUFK�3URJUDP��+53��LGHQWLILHG�WKLV�KLJKO\�OLNHO\�
ULVN��ZKLFK�KDV�FRQVHTXHQFHV�RQ�ERWK�RSHUDWLRQV�DQG�KHDOWK�LQ�WKH�ORQJ�WHUP��7KLV�SURMHFW�DLPHG�WR�DGGUHVVHV�WKLV�
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ULVN�E\�SURYLGLQJ�DQ�REMHFWLYH�PRQLWRULQJ�DQG�PRGXODWLRQ�PHWKRG�WR�HQKDQFH�WHDP�SHUIRUPDQFH�ZLWK�KLJK�
PRWLYDWLRQ�DQG�HQJDJHPHQW��7HDP�SHUIRUPDQFH�LV�D�SDUW�RI��WHDP�IORZ���RU�D�VWDWH�RI�KLJK�WDVN�HQJDJHPHQW�GXULQJ�
WHDP�DFWLYLWLHV��7KH�H[SHULHQFH�RI�EHLQJ�³LQ�WKH�]RQH �́�RU�IORZ�VWDWH��LV�D�SOHDVXUDEOH�VWDWH�LQGLFDWLYH�RI�WDVN�
HQJDJHPHQW�IRU�LQGLYLGXDOV�SHUIRUPLQJ�D�WDVN��,Q�D�IRUPHU�VWXG\��6KHKDWD�HW�DO���������VLPXOWDQHRXV��
((*�PHDVXUHPHQWV�ZHUH�FROOHFWHG�IURP�WHDPV�SHUIRUPLQJ�LQ�D�PXVLF�UK\WKP�JDPH��7HDP�IORZ�QHXUDO�FRUUHODWHV�
XVLQJ�HOHFWURHQFHSKDORJUDPV��((*��ZHUH�LGHQWLILHG��6KHKDWD�HW�DO����������7HDP�IORZ�ZDV�PD[LPL]HG�E\�PDWFKLQJ�
WZR�SDUWLFLSDQWV��WHDPPDWHV��LQ�JDPLQJ�VNLOO�DQG�PXVLF�SUHIHUHQFH��DQG�H[SHULPHQWDO�PDQLSXODWLRQV�ZHUH�XVHG�WR�
FUHDWH�WKUHH�FRQGLWLRQV��WHDP�IORZ��QR�WHDP�IORZ�DQG�WHDP�QR�IORZ�FRQGLWLRQV��6KHKDWD�HW�DO����������:H�KDYH�
GHYHORSHG�D�PHWKRG�WKDW�XVHV�SDUDOOHO�SURFHVVLQJ�LQ�0DWODE�WR�TXLFNO\��a�V��FDOFXODWH�IORZ�LQGH[HV�EDVHG�RQ��
((*�GDWD��2XU�DOJRULWKP�LV�EDVHG�RQ�WKUHH�FRPSRQHQWV��DXGLWRU\�HYRNHG�SRWHQWLDOV��$(3���ZKLFK�PHDVXUH�DWWHQWLRQ�
WR�WDVN�LUUHOHYDQW�VRXQGV��SKDVH�ORFNLQJ�YDOXHV��ZKLFK�PHDVXUH�LQWUD��DQG�LQWHU��EUDLQ�QHXUDO�V\QFKURQ\��DQG�WKH�
SRZHU�RI�((*�VLJQDOV�IURP�IORZ�DVVRFLDWHG�EUDLQ�UHJLRQV��2XU�IORZ�LQGH[�FDQ�EH�FDOFXODWHG�IRU�ERWK�DQ�LQGLYLGXDO�
DQG�D�WHDP��7KH�WHDP�IORZ�LQGH[�FRXOG�EH�LQGLFDWLYH�RI�WHDP�IORZ��WHDP�QR�IORZ��RU�QR�WHDP�IORZ�FRQGLWLRQV��7KH�
UDSLG�FDOFXODWLRQ�RI�IORZ�LQGH[HV�HQDEOHV�XV�WR�SURYLGH�WKH�SDUWLFLSDQWV�ZLWK�DQ�LPPHGLDWH�UHDO�WLPH�IHHGEDFN�RQ�
WKHLU�LQGLYLGXDO��DQG�WHDP��IORZ�VWDWHV��'XH�WR�&2,9'�����ZH�KDYH�EHHQ�XQDEOH�WR�WHVW�RXU�UHDO�WLPH�IHHGEDFN�ZLWK�
SDUWLFLSDQWV��:H�DLP�WR�FRQILUP�WKH�SODXVLELOLW\�RI�RXU�REMHFWLYH�IORZ�LQGH[HV�XVLQJ�%D\HVLDQ�VWDWLVWLFV��:H�DUH�
FUHDWLQJ�D�SUHGLFWLYH�KLHUDUFKLFDO�%D\HVLDQ�PRGHO�EDVHG�RQ�WKH�UHVXOWV�RI�WKH�IORZ�FDOFXODWLRQV�IURP�WKH�DERYH�VWXG\�
LQ�RUGHU�WR�SUHGLFW�LQGLYLGXDO�IORZ�DQG�WHDP�IORZ��

6HTXHQWLDO�6DPSOLQJ�IRU�$FFHOHUDWHG�0DJQHWLF�5HVRQDQFH�,PDJLQJ�
7LDQZHL�<LQ�
0HQWRUV��<LVRQJ�<XH��.DWLH�%RXPDQ��DQG�+H�6XQ�

5HFHQW�OHDUQLQJ�EDVHG�DSSURDFKHV�KDYH�VKRZQ�SURPLVHV�IRU�DFFHOHUDWLQJ�PDJQHWLF�UHVRQDQFH�LPDJLQJ��+RZHYHU��
PRVW�SUHYLRXV�ZRUNV�IRFXV�RQ�GHVLJQLQJ�UHFRQVWUXFWLRQ�QHWZRUNV�ZLWK�IL[HG�XQGHUVDPSOLQJ�SDWWHUQV��LJQRULQJ�WKH�
VXEMHFW�VSHFLILF�LQIRUPDWLRQ�DFTXLUHG�LQ�WKH�LQIHUHQFH�VWDJH��,Q�WKLV�SURMHFW��ZH�SURSRVH�WR�OHDUQ�D�VHTXHQWLDO�
VDPSOLQJ�VWUDWHJ\�WR�GHFLGH�DFTXLVLWLRQ�WUDMHFWRULHV�EDVHG�RQ�SUHYLRXV�REVHUYDWLRQV�DQG�UHFRQVWUXFWLRQV�DGDSWLYHO\��
:H�XVH�D�FRQYROXWLRQDO�QHWZRUN�EDVHG�VDPSOHU�DQG�WUDLQ�WKH�ZKROH�GLIIHUHQWLDEOH�SLSHOLQH�HQG�WR�HQG��:H�DUH�
HYDOXDWLQJ�RXU�PHWKRG�RQ�WKH�ODUJH�VFDOH�)DVW05,�GDWDVHW�DQG�SODQ�WR�DGDSW�RXU�VHTXHQWLDO�VDPSOLQJ�DSSURDFK�WR�
WKH�WDVN�RI�PXOWL�PRGDOLWLHV�PDJQHWLF�UHVRQDQFH�LPDJH�UHFRYHU\��

(QJLQHHULQJ�0DFURSKDJHV�DV�&HOOXODU�&DQFHU�6HQVRUV�:LWK�0DPPDOLDQ�$FRXVWLF�5HSRUWHU�
*HQH�([SUHVVLRQ�
0HL�<L�<RX�
0HQWRUV��0LNKDLO�6KDSLUR�DQG�-XVWLQ�/HH�

$EVWUDFW�ZLWKKHOG�IURP�SXEOLFDWLRQ�DW�PHQWRU¶V�UHTXHVW�

'LVFUHWH�)RXULHU�7UDQVIRUP�RQ�6FKXUULDQ�6FKHPHV�
+DQWDR�<X�
0HQWRU��&KULV�8PDQV��

,Q�������8PDQV�SURSRVHG�DQ�DULWKPHWLF�DOJRULWKP�WR�FRPSXWH�JHQHUDOL]HG�'LVFUHWH�)RXULHU�7UDQVIRUPV�ZLWK�UHVSHFW�
WR�D�JURXS�*��XVLQJ�2�_*_A��� � ��RSHUDWLRQV��ZKHUH� �LV�WKH�H[SRQHQW�RI�PDWUL[�PXOWLSOLFDWLRQ��:H�LQWURGXFH�WKH�
')7V�RQ�D�PRUH�JHQHUDO�VWUXFWXUH�±�DVVRFLDWLRQ�VFKHPH��:H�QDUURZ�RXU�UHVHDUFK�RQ�VFKXUULDQ�VFKHPH��ZKLFK�LV�RI�
JUHDW�LPSRUWDQFH�LQ�WKHRUHWLFDO�FRPSXWHU�VFLHQFH�DQG�FRPELQDWRULFV��7KH�IXQGDPHQWDO�PHWKRGV�XVHG�LQ�SUHYLRXV�
ZRUN�RQ�JURXSV�LQFOXGH�VXEJURXS�UHGXFWLRQ��7KDW�LV��DSSO\�WKH�')7V�RQ�D�VPDOOHU�VXEJURXS��ZKLFK�UHTXLUHV�OHVV�
RSHUDWLRQV��DQG�FRQVLGHU�DOO�WUDQVODWLRQV�VXFK�WKDW�WKH�ZKROH�JURXS�ZLOO�EH�FRYHUHG��+RZHYHU��WKH�FRQFHSW�RI�³FRVHW´�
KDV�QRW�EHHQ�GHILQHG�RQ�DVVRFLDWLRQ�VFKHPHV��*LYHQ�D�FORVHG�VXEVHW�&�RI�D�VFKHPH�5��ZH�WU\�WR�ILQG�_5_�_&_�PDQ\�
WUDQVODWLRQV�RI�WKH�FORVHG�VHW�WR�FRYHU�WKH�ZKROH�VFKHPH��:H�WKHQ�DSSO\�VLPLODU�DSSURDFKHV�WR�RSWLPL]H�WKH�
RSHUDWLRQV�QHHGHG�IRU�')7V�RQ�6FKXUULDQ�6FKHPHV���

3RZHU�$ZDUH�6FKHGXOLQJ�RI�3UHFHGHQFH�&RQVWUDLQHG�7DVNV�RQ�0XOWLSOH�0DFKLQHV�
-DQQLH�<X�
0HQWRUV��$GDP�:LHUPDQ�DQG�<X�6X�

7KH�SURPLQHQFH�RI�ODUJH�VFDOH��JHQHUDO�SXUSRVH�PDFKLQH�OHDUQLQJ�SODWIRUPV�RQ�WKH�FORXG�VXFK�DV�0LFURVRIW�$]XUH�
DQG�*RRJOH�&ORXG�3ODWIRUP�KDYH�DFFHOHUDWHG�WKH�FRQVWUXFWLRQ�RI�LQFUHDVLQJO\�FRPSXWDWLRQDOO\�GHPDQGLQJ�PRGHOV�
ZLWK�FRQVLGHUDEOH�HQHUJ\�XVH��,Q�WKH�PDFKLQH�OHDUQLQJ�FRPPXQLW\��WKHVH�PRGHO�ZRUNIORZV�DUH�W\SLFDOO\�H[SUHVVHG�
YLD�D�GLUHFWHG�DF\FOLF�JUDSK��ZKHUH�YHUWLFHV�DQG�GLUHFWHG�HGJHV�UHSUHVHQW�WKH�WDVNV�LQ�MRE�EDWFKHV�DQG�SUHFHGHQFH�
UHODWLRQVKLSV�EHWZHHQ�WDVNV��UHVSHFWLYHO\��7KH�HQHUJ\�FRQVXPSWLRQ�RI�WKH�SODWIRUPV�UHOLHV�RQ�KRZ�WKHVH�
SUHFHGHQFH�FRQVWUDLQHG�WDVNV�DUH�VFKHGXOHG�DFURVV�PDFKLQHV��PRWLYDWLQJ�WKH�JRDO�RI�GHYHORSLQJ�VSHHG�VFDOLQJ�
VFKHGXOLQJ�GHVLJQV�WKDW�RSWLPL]H�D�WUDGH�RII�EHWZHHQ�HQHUJ\�FRQVXPSWLRQ�DQG�SHUIRUPDQFH��,Q�WKLV�SURMHFW��ZH�
IRFXV�RQ�GHYHORSLQJ�D�QHZ�VFKHGXOLQJ�IUDPHZRUN�WKDW�FDQ�SURYLGH�WKH�ILUVW�SURYDEOH�ZRUVW�FDVH�DSSUR[LPDWLRQ�
JXDUDQWHH�WR�RSWLPL]H�IRU�SHUIRUPDQFH�±�YLD�WLPH�PHWULFV�OLNH�PDNHVSDQ�DQG�PHDQ�UHVSRQVH�WLPH�²�DQG�SRZHU��
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2XU�ZRUN�SURYLGHV�SHUIRUPDQFH�ERXQGV�IRU�WKH�RSWLPDO�WDVN�VSHHGV�DQG�WKH�REMHFWLYH�IXQFWLRQ�YDOXH�RI�WKH�
VFKHGXOHU�ZLWK�G\QDPLF�VSHHGV��SURYLGLQJ�WKH�ILUVW�NQRZQ�UHVXOWV�RI�SRZHU�DZDUH�VFKHGXOLQJ�RI��
SUHFHGHQFH�FRQVWUDLQHG�WDVNV��

8VLQJ�&RPSXWHU�9LVLRQ�$QDO\VLV�WR�'HWHFW�+DQG�6WLPPLQJ�LQ�+RPH�9LGHRV�IRU�'LDJQRVLV�RI�
3HGLDWULF�$XWLVP�
-HQQLIHU�<X�
0HQWRUV��'HQQLV�3��:DOO��3HWHU�:DVKLQJWRQ��DQG�/LRU�3DFKWHU�

$XWLVP�6SHFWUXP�'LVRUGHU��$6'��LV�D�QHXURGHYHORSPHQWDO�GLVRUGHU�WKDW�DIIHFWV�DQ�LQGLYLGXDO¶V�DELOLW\�WR�
FRPPXQLFDWH�DQG�LQWHUDFW�ZLWK�WKHLU�SHHUV��7KRXJK�V\PSWRPV�PD\�YDU\��WKH�FRQGLWLRQ�LV�QRUPDOO\�FKDUDFWHUL]HG�E\�
UHSHWLWLYH�EHKDYLRUV�DORQJ�ZLWK�GHILFLWV�LQ�VRFLDO�LQWHUDFWLRQ�DQG�FRPPXQLFDWLRQ�DELOLW\��VXFK�DV�GLIILFXOW\�PDNLQJ�H\H�
FRQWDFW��SHUVLVWHQW�UHSHWLWLRQ�RI�KDQG�PRYHPHQWV��DQG�WURXEOH�HQJDJLQJ�LQ�VRFLDO�DFWLYLWLHV�ZLWK�SHHUV��5HFHQWO\�WKH�
RYHUDOO�SUHYDOHQFH�RI�$6'�KDV�LQFUHDVHG��5HFHQW�DGYDQFHV�LQ�PDFKLQH�OHDUQLQJ�KDYH�OHG�WR�QHZ�PHWKRGV�RI�UDSLG�
DQG�VFDODEOH�GHWHFWLRQ��(DUO\�LQWHUYHQWLRQ�FDQ�DOWHU�WKH�DEQRUPDO�WUDMHFWRU\�RI�FKLOGUHQ�ZLWK�$6'�DQG�KHOS�JXLGH�
WKHLU�GHYHORSPHQW�WRZDUGV�D�QRUPDO�SDWKZD\��6PDUWSKRQHV�DQG�RWKHU�IRUPV�RI�WHFKQRORJ\�DUH�TXLFNO\�EHFRPLQJ�
XELTXLWRXV��VR�WKH\�FDQ�SOD\�D�ODUJH�UROH�LQ�SURYLGLQJ�VRFLR�FRJQLWLYH�LQWHUYHQWLRQ�WKDW�LV�DFFHVVLEOH�DQG�HIIHFWLYH��
7KH�:DOO�/DE�KDV�D�VXLWH�RI�PRELOH�JDPHV��QRWDEO\�D�FKDUDGHV�VW\OH�JDPH�QDPHG�*XHVV�:KDW"��ZKLFK�FROOHFWV�
HJRFHQWULF�YLGHR�GDWD�RI�FKLOGUHQ�ZLWK�$6'�GXULQJ�JDPHSOD\��ZKLOH�VLPXOWDQHRXVO\�SURYLGLQJ�GLJLWDO�WKHUDS\�WR�WKH�
DIIHFWHG�FKLOG��0\�UHVHDUFK�ZLOO�OHYHUDJH�H[LVWLQJ�FRPSXWHU�YLVLRQ�OLEUDULHV�IRU�KDQG�GHWHFWLRQ��QDPHO\�2SHQ&9�DQG�
2SHQ3RVH��IRU�KDQG�GHWHFWLRQ�LQ�KRPH�YLGHR�GDWD�REWDLQHG�IURP�WKH�*XHVV:KDW"�DSSOLFDWLRQ��7KLV�ZRUN�ZLOO�SDYH�
WKH�ZD\�IRU�IXWXUH�LQ�GHSWK�DQDO\VLV�RI�KDQG�PRYHPHQWV�ZLWKLQ�XQVWUXFWXUHG�YLGHR�GDWD�XVLQJ�FRPSXWHU�YLVLRQ��
QDPHO\�IRU�LQWHUSUHWLQJ�KDQG�VWLPPLQJ�LQ�FKLOGUHQ�DV�D�SRVVLEOH�ULVN�IDFWRU�IRU�$6'���

7KH�%6'�&RQMHFWXUH��S�FRQYHUVH�7KHRUHP�IRU�6SHFLDO�3ULPHV�
<X�4L\DR�
0HQWRU��$VKD\�%XUXQJDOH�

7KH�%LUFK�6ZLQQHUWRQ�'\HU��%6'��FRQMHFWXUH�SUHGLFWV�D�UHODWLRQ�EHWZHHQ�DULWKPHWLF�LQYDULDQWV�RI�DQ��
HOOLSWLF�FXUYH�(�RYHU�D�QXPEHU�ILHOG�.�DQG�WKH�EHKDYLRU�RI�LWV�+DVVH�:HLO�/�IXQFWLRQ�/�(��V��RI�(�DW�V ���&RQVLGHU�WKH�
FDVH�ZKHQ�.�LV�WKH�UDWLRQDOV�DQG�S�D�UDWLRQDO�SULPH��2QH�SDUWLFXODU�LQVWDQFH�RI�WKH�FRQMHFWXUH�FODLPV�WKDW�WKH��
=S�FRUDQN�RI�WKH�S�LQILQLW\�6HOPHU�JURXS�RI�(�EHLQJ����RU����UHVSHFWLYHO\��LV�HTXLYDOHQW�WR�WKH�RUGHU�RI�YDQLVKLQJ�RI�
WKH�+DVVH�:HLO�/�IXQFWLRQ�EHLQJ����RU����UHVSHFWLYHO\���:H�UHIHU�WR�WKH�GLUHFWLRQ�IURP�WKH�FRUDQN�WR�WKH�RUGHU�RI�
YDQLVKLQJ�DV�WKH�³S�FRQYHUVH�´�,Q�WKLV�SURMHFW��ZH�VWXG\�D�S�FRQYHUVH�WKHRUHP�IRU�DQ�HOOLSWLF�FXUYH�ZLWK�FRPSOH[�
PXOWLSOLFDWLRQ��JRRG�RUGLQDU\�UHGXFWLRQ�DW�D�SULPH�S��DQG�=S�FRUDQN����%XUXQJDOH�DQG�7LDQ�KDYH�HVWDEOLVKHG�WKLV�
WKHRUHP�LQ�WKH�FDVH�RI�S!���:H�LGHQWLI\�DQG�UHVROYH�VRPH�RI�WKH�GLIILFXOWLHV�HQFRXQWHUHG�ZKHQ�JHQHUDOL]LQJ�WKLV�
WKHRUHP�WR�S ������

5HFRYHULQJ�WKH�)RUJRWWHQ�6RQRULQH�5HFRUGLQJV��
6KX\XH�<X��
0HQWRUV��$GDP�)LQNHOVWHLQ�DQG�$GDP�:LHUPDQ�

,W�LV�GLIILFXOW�WR�H[WUDFW�VRXQGV�IURP�WKH�6RQRULQH�SRVWFDUGV��HDUO\���WK�FHQWXU\�SRVWFDUGV�ZLWK�DXGLR�LQVFULEHG�RQ�
WKH�EDFN��VLQFH�WKH�6RQRULQH�FDUGV�DUH�WRR�UDUH�DQG�IUDJLOH�WR�EH�SOD\HG�RQ�D�GHYLFH��$�QRQ�WDFWLOH�DSSURDFK�ZDV�
XVHG�E\�3URIHVVRU�)LQNHOVWHLQ�DQG�KLV�JURXS��DQG�WKH\�PDQDJHG�WR�VFDQ�WKH�6RQRULQH�SRVWFDUGV�DQG�VXFFHVVIXOO\�
UHFRYHUHG�VRPH�DXGLR�IURP�WKH�VFDQV��,Q�WKLV�SURMHFW��ZH�PRGLI\�WKH�H[LVWLQJ�DUFKLWHFWXUH�DQG�EXLOG�DQ�LPSURYHG�
UHFRYHU\�SLSHOLQH��7KH�QHZ�DUFKLWHFWXUH�FRQVLGHUV�WKH�ZDUSV�RQ�VFDQV�FDXVHG�E\�XQHYHQ�VXUIDFH�DV�RIIVHWV�DQG�LV�
DEOH�WR�UHPRYH�WKH�RIIVHWV��:H�EHOLHYH�WKDW�RXU�ILQDO�SLSHOLQH�ZLOO�UHFRYHU�DXGLR�ZLWK�KLJK�TXDOLW\�IURP�VFDQV�RI�
6RQRULQH�SRVWFDUGV��IDFLOLWDWLQJ�UHVHDUFKHUV�WR�VWXG\�DERXW�WKH�SDVW���

([SORULQJ�3ODQHW�)RUPDWLRQ�E\�6LPXODWLQJ�'XVW�*DV�)OXLG�,QVWDELOLWLHV��
(OL]DEHWK�<XQHUPDQ�
0HQWRUV��3KLOLS�+RSNLQV��-RQDWKDQ�6TXLUH��DQG�(YH�/HH��

7KH�SURFHVVHV�EHKLQG�IRUPLQJ�SODQHWDU\�EXLOGLQJ�EORFNV�IURP�PLFURQ�VL]HG�GXVW�LQ�JDVHRXV�SODQHW�IRUPLQJ�GLVNV�KDV�
EHHQ�DQ�RQJRLQJ�GHEDWH�IRU�VHYHUDO�GHFDGHV��2QFH�WKHVH�GXVW�JUDLQV�UHDFK�PLOOLPHWHU�VL]HV��WKH\�WHQG�WR�HLWKHU�
LQVSLUDO�LQWR�WKHLU�VWDU�GXH�WR�JDV�GUDJ��RU�FROOLVLRQDOO\�IUDJPHQW�EHIRUH�WKH\�FDQ�JURZ�WR�ODUJHU�VL]HV��3ODQHW�IRUPLQJ�
GLVNV�DUH�G\QDPLF�V\VWHPV�GULYHQ�E\�WKH�LQWHUDFWLRQ�EHWZHHQ�GXVW�DQG�JDV��:KHQ�D�UHVRQDQFH�RFFXUV�EHWZHHQ�WKH�
WZR��D�ZLGH�YDULHW\�RI�IHHGEDFNV�FUHDWH�DQ�XQVWDEOH�HQYLURQPHQW�ZLWK�QXPHURXV�IOXLG�LQVWDELOLWLHV��7KH�GLVN�VHWWOLQJ�
LQVWDELOLW\�LV�RQH�LPSRUWDQW�IHHGEDFN�ZKLFK�RFFXUV�DV�GXVW�YHUWLFDOO\�VHWWOHV�RQWR�WKH�PLGSODQH�RI�WKH�URWDWLQJ�GLVN��
:H�H[DPLQH�ZKHWKHU�WKH�GLVN�VHWWOLQJ�LQVWDELOLW\�FDQ�SOD\�D�VLJQLILFDQW�UROH�LQ�FOXPSLQJ�GXVW�JUDLQV�LQWR�KLJK�GHQVLW\�
UHJLRQV��ZKLFK�FDQ�WKHQ�HLWKHU�DPDOJDPDWH�JUDLQV�RU�GLUHFWO\�FROODSVH�LQWR�NLORPHWHU�VL]HG�ERXOGHUV��:H�VHW�XS�
UHOHYDQW�LQLWLDO�FRQGLWLRQV�DQG�DQDO\]H�QXPHULFDO�VLPXODWLRQV�RI�GXVW�JDV�PL[WXUHV�WR�EHWWHU�XQGHUVWDQG�WKH�HIIHFWV�
RI�WKH�GLVN�VHWWOLQJ�LQVWDELOLW\��([SORULQJ�WKH�YDULRXV�FOXPSLQJ�DQG�VWUXFWXUHV�WKDW�HPHUJH�LQ�RXU�VLPXODWLRQV�FDQ�
KHOS�XV�SLHFH�WRJHWKHU�WKH�HDUO\�VWDHQW��
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/HDUQLQJ�9LVXDOO\�*XLGHG�/DWHQW�$FWLRQV�IRU�&RQWUROOLQJ�$VVLVWLYH�5RERWV�
$OEHUW�=KDL�
0HQWRUV��'RUVD�6DGLJK��'\ODQ�/RVH\��DQG�$QLPDVKUHH�$QDQGNXPDU�

$VVLVWLYH�URERWLF�DUPV�HQDEOH�SHRSOH�ZLWK�GLVDELOLWLHV�WR�SHUIRUP�SK\VLFDO�WDVNV�RQ�WKHLU�RZQ��+RZHYHU��WHOHRSHUDWLRQ�
RI�VXFK�GH[WHURXV�DUPV�LV�FKDOOHQJLQJ��DV�HYHQ�EDVLF�PDQLSXODWLRQV�UHTXLUH�WKH�KXPDQ�WR�FRRUGLQDWH�QXPHURXV�
GHJUHHV�RI�IUHHGRP��/DWHQW�DFWLRQ�PHWKRGV�DLP�WR�VROYH�WKLV�SUREOHP�E\�OHYHUDJLQJ�DXWRHQFRGHU�QHXUDO�QHWZRUNV�WR�
OHDUQ�D�ORZ�GLPHQVLRQDO�ODWHQW�VSDFH�RI�URERW�DFWLRQV��-R\VWLFN�LQSXWV�LQ�WKH�ODWHQW�VSDFH�FDQ�WKHQ�EH�GHFRGHG�WR�
WKH�FRUUHVSRQGLQJ�KLJK�GLPHQVLRQDO�DFWLRQV�IRU�LQWXLWLYH�WHOHRSHUDWLRQ��+RZHYHU��H[LVWLQJ�ODWHQW�DFWLRQ�PHWKRGV�
IRFXV�RQ�HQYLURQPHQWV�ZLWK�GHWHUPLQLVWLF�LQLWLDO�VWDWHV�DQG�FDQQRW�EH�DSSOLHG�ZKHQ�REMHFW�SURSHUWLHV�DUH�XQNQRZQ�
EHIRUHKDQG��:H�H[WHQG�WKH�ODWHQW�DFWLRQ�DSSURDFK�E\�LQFRUSRUDWLQJ�YLVXDO�SHUFHSWLRQ�IRU�VHQVLQJ�WKH�HQYLURQPHQW�
VWDWH��:H�FRPSDUH�PXOWLSOH�YLVLRQ�QHWZRUN�DUFKLWHFWXUHV�DQG�FRQFOXGH�WKDW�H[SOLFLW�REMHFW�ORFDWLRQ�FRPELQHG�ZLWK�
VHPDQWLF�FDWHJRU\�SURYLGHV�WKH�PRVW�HIIHFWLYH�VWDWH�UHSUHVHQWDWLRQ�IRU�OHDUQLQJ�XVHIXO�FRQGLWLRQDO�ODWHQW�DFWLRQV��:H�
HYDOXDWH�RXU�YLVXDOO\�JXLGHG�ODWHQW�DFWLRQ�WHOHRSHUDWLRQ�VFKHPH�RQ�PDQLSXODWLRQ�WDVNV�ERWK�LQ�VLPXODWLRQ�DQG�XVLQJ�
D�UHDO�URERWLF�DUP��:H�ILQG�WKDW�WKH�QHWZRUN�LV�DEOH�WR�OHDUQ�DFWLRQV�WKDW�VXFFHVVIXOO\�DGDSW�WR�GLIIHUHQW�REMHFW�
DUUDQJHPHQWV��

7UDQVIHU�/HDUQLQJ�IRU�0RXVH�%HKDYLRU�$QQRWDWLRQ�
,VDEHOOD�=KDQJ
0HQWRU��3LHWUR�3HURQD

,Q�EHKDYLRU�QHXUDO�VFLHQFH��PDQ\�YLGHRV�DUH�W\SLFDOO\�UHFRUGHG�GXULQJ�H[SHULPHQWV�WR�VWXG\�QHXUDO�EDVLV�RI�
EHKDYLRU��%LRORJLVWV�FDQ�DQQRWDWH�WKHVH�EHKDYLRUV�PDQXDOO\��EXW�WKH�SURFHVV�LV�WLPH�FRQVXPLQJ�DQG�H[SHQVLYH��7R�
KHOS�UHGXFH�WKH�FRVW�RI�WKHVH�DQQRWDWLRQV��ZH�DLP�WR�DXWRPDWLFDOO\�JHQHUDWH�EHKDYLRU�ODEHOV�JLYHQ�WUDFNLQJ�GDWD�
IURP�H[SHULPHQWV��6LQFH�WKH�GDWD�LV�ODEHOHG�E\�GLIIHUHQW�DQQRWDWRUV�ZLWK�YDULDELOLW\�DFURVV�DQQRWDWLRQ�VW\OHV��LW�LV�
GLIILFXOW�WR�WUDLQ�IXOO\�VXSHUYLVHG�PRGHOV�VHSDUDWHO\�IRU�HDFK�DQQRWDWRU��:H�LQYHVWLJDWH�XVLQJ�WUDQVIHU�OHDUQLQJ�WR�
WUDQVIHU�LQIRUPDWLRQ�IURP�RQH�DQQRWDWRU�WR�DQRWKHU�VR�WKDW�D�IXOO\�WUDLQHG�PRGHO�IURP�D�VLQJOH�DQQRWDWRU�FDQ�EH�
XVHG�WR�WUDLQ�PRGHOV�IRU�D�GLIIHUHQW�DQQRWDWRU�ZLWK�OHVV�GDWD��8VLQJ�D�PRGHO�WUDLQHG�IURP�RQH�DQQRWDWRU�ZLWK�PRUH�
GDWD��ZH�WUDLQ�D�QHZ�PRGHO�IRU�D�GLIIHUHQW�DQQRWDWRU�VWDUWLQJ�ZLWK�WKH�ZHLJKWV�RI�WKH�ILUVW�PRGHO�DQG�H[SORUH�WKH�
HIIHFW�RI�GLIIHUHQW�IHDWXUHV��:H�DQWLFLSDWH�WKDW�LI�WKHUH�DUH�SURPLVLQJ�UHVXOWV�LQ�WKLV�GLUHFWLRQ��FODVVLILHUV�FDQ�EH�
VKDUHG�PRUH�HDVLO\�DFURVV�DQQRWDWRUV��ZKLFK�FDQ�LPSURYH�HIILFLHQF\�LQ�EHKDYLRU�DQQRWDWLRQ�DQG�UHSURGXFLELOLW\�LQ�
VFLHQFH��3UHOLPLQDU\�UHVXOWV�VKRZ�SURPLVLQJ�UHVXOWV�WKDW�WKH�FODVVLILHUV�KDYH�LQIRUPDWLRQ�WKDW�FDQ�EH�VKDUHG�
EHWZHHQ�DQQRWDWRUV��

7KHRUHWLFDO�,QYHVWLJDWLRQ�RI�2[LGDWLYH�$GGLWLRQ�0HFKDQLVP�LQ�'HFDUER[\ODWLYH�$V\PPHWULF�$OO\OLF�
$ON\ODWLRQ�RI� �.HWRHVWHU�6XEVWUDWH�&ODVV�
7LDQ\L�=KDQJ�
0HQWRUV��%ULDQ�6WROW]�DQG�$OH[DQGHU�&XVXPDQR��

3ULRU�PHFKDQLVWLF�LQYHVWLJDWLRQV�LQWR�WKH�PHFKDQLVP�RI�GHFDUER[\ODWLYH�DV\PPHWULF�DOO\OLF�DON\ODWLRQ�RI� �.HWRHVWHU�
KDYH�UHYHDOHG�D�VHOHFWLYH�WUDQV�1�DQWL�GLVSODFHPHQW�WR�LQFXU�WKH�ORZHVW�DFWLYDWLRQ�EDUULHU��,Q�RUGHU�WR�GHWHUPLQH�
ZKHWKHU�WKLV�REVHUYDWLRQ�DURVH�IURP�DQ�DUWLIDFW�RI�WKH�FKRLFH�RI�')7�IXQFWLRQDOV��D�WUDQV�HIIHFW�DUJXPHQW��RU�WKH�
LQKHUHQW�HOHFWURQLF�DQG�RU�VWHULF�SURSHUWLHV��')7�FRPSXWDWLRQV�ZHUH�SHUIRUPHG�RQ�D�VLPSOLILHG�DOO\O�DFHWDWH�
VXEVWUDWH�ZLWK�3G�GPHGPS��DQG�3G��6��W�%X3+2;��DV�WZR�FRQWUDVWLQJ�FDWDO\VW�V\VWHPV�±�WKH�JHRPHWULHV�
RSWLPL]DWLRQV�DQG�IUHTXHQF\�FDOFXODWLRQV�ZHUH�FDUULHG�RXW�DW��
3%(��'���GHI��693�GHI��PD�693>2@�GHI��7=93�(&3>3G@�OHYHO�RI�WKHRU\�ZKLOH�VLQJOH�SRLQW�FDOFXODWLRQV�RQ�DOO�
VWDWLRQDU\�SRLQWV�ZHUH�LPSOHPHQWHG�DW�3%(��'���GHI��7=933�GHI��PD�7=933>2@�OHYHO�RI�WKHRU\�±�WR�FDOFXODWH�

ș �RI�V\Q��DQG�DQWL�GLVSODFHPHQW�IRU�IRXU�FRQILJXUDWLRQV�LQ�JDVHRXV�DQG�7+)�&3&0��SKDVHV��3UHOLPLQDU\�GDWD�

UHYHDOHG�VLJQLILFDQWO\�ORZHU�DFWLYDWLRQ�EDUULHUV�IRU�DQWL�GLVSODFHPHQW�LQ�ERWK�3G�GPHGPS��DQG��
3G��6��W�%X3+2;��FDWDO\VW�V\VWHPV�DQG�LQ�ERWK�VROYHQW�HQYLURQPHQWV��LQ�FORVH�DJUHHPHQW�ZLWK�SULRU�LQYHVWLJDWLRQV��
,QWHUHVWLQJO\��IRU�DQWL�GLVSODFHPHQW��WUDQV�3�ZDV�NLQHWLFDOO\�IDYRUHG�RYHU�WUDQV�1�SDWKZD\�IRU�3G�GPHGPS��LQ�ERWK�
JDVHRXV�DQG�7+)�VROYDWHG�SKDVHV��ZKLOH�WUDQV�1�GLVSODFHPHQW�KDG�D�PRGHUDWHO\�ORZHU�DFWLYDWLRQ�EDUULHU�IRU�
3G��6��W�%X3+2;���LPSO\LQJ�WKDW�WUDQV�HIIHFW�DORQH�PD\�EH�LQVXIILFLHQW�WR�H[SODLQ�WKH�REVHUYHG�UHJLRVHOHFWLYLW\��
)XUWKHU�LQYHVWLJDWLRQV�LQWR�WKH�PROHFXODU�RUELWDO�SLFWXUH�RI�WKH�UHJLRVHOHFWLYLW\�PD\�SURYLGH�LQVLJKWV�LQWR�LPSURYLQJ�
IXWXUH�FDWDO\VW�GHVLJQV��

3VHXGRHQWURS\�DQG�/RJ�6SDFH�&RPSXWDWLRQ�
7LQD�=KDQJ�
0HQWRU��&KULV�8PDQV�

$QVZHULQJ�WKH�TXHVWLRQ�
$UH�GHWHUPLQLVWLF�DOJRULWKPV�DV�SRZHUIXO�DV�UDQGRPLVHG�DOJRULWKPV"
�ZRXOG�VROYH�DQ�
LPSRUWDQW�RSHQ�SUREOHP�LQ�FRPSOH[LW\�WKHRU\��QDPHO\�%33�" �3���&RQYHQWLRQDO�ZLVGRP�LQGLFDWHV�WKDW�WKH�DQVZHU��
R�WKLV�TXHVWLRQ�RXJKW�WR�EH�
\HV
��VR�WKDW�%33� �3���,Q�WKLV�SURMHFW��ZH�VWXG\�WKH�VSDFH�ERXQGHG�YHUVLRQ�RI�WKLV�
SUREOHP��ZKLFK�DVNV��
$UH�GHWHUPLQLVWLF�DOJRULWKPV�ZKLFK�XVH�D�YHU\�VPDOO��ORJDULWKPLF�LQ�WKH�SUREOHP�LQVWDQFH�
VL]H��DPRXQW�RI�PHPRU\�DV�SRZHUIXO�DV�UDQGRPLVHG�DOJRULWKPV�XVLQJ�D�VLPLODU�DPRXQW�RI�PHPRU\"
�7KLV�TXHVWLRQ�
LV�NQRZQ�DV�%3/�" �/��DQG�LW�LV�EHOLHYHG�WR�EH�HDVLHU�WR�DGGUHVV�WKDQ�%33�" �3��EHFDXVH�WKH�FRQFOXVLRQ��
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%3/� �/��XQOLNH�%33� �3��GRHV�QRW�LPSO\�VWURQJ�FLUFXLW�ORZHU�ERXQGV�ZKLFK�WKH�FRPPXQLW\�FXUUHQWO\�EHOLHYHV�WR�EH�
IDU�RII��$�SRSXODU�WHFKQLTXH�IRU�DWWHPSWLQJ�WR�SURYH�HLWKHU�%33� �3�RU�%3/� �/�LV�WKDW�RI�FRQVWUXFWLQJ�SVHXGRUDQGRP�
JHQHUDWRUV��,Q�WKLV�SURMHFW��ZH�LQYHVWLJDWH�D�ZHDNHU�IRUP�RI�WKHVH�REMHFWV��QDPHO\�SVHXGRHQWURS\�JHQHUDWRUV��DQG�
ILQG�WKDW�SVHXGRHQWURS\�EHKDYHV�YHU\�GLIIHUHQWO\�LQ�WKH�VHWWLQJ�RI�VSDFH�ERXQGHG�FRPSXWDWLRQ��%3/�" �/��DV�
FRPSDUHG�ZLWK�WKH�WLPH�ERXQGHG��%33�" �3��VHWWLQJ��

6PRRWK�3DWKLQJ�DQG�'\QDPLF�/HDUQLQJ�IRU�6ZDUP�6SDFHFUDIWV�
'DYLG�=KHQJ�
0HQWRUV��6RRQ�-R�&KXQJ�DQG�<DVKZDQWK�1DNND�

6ZDUP�IRUPDWLRQ�IO\LQJ�VSDFHUDIWV�FRQVLVWV�RI�KXQGUHGV�RU�WKRXVDQGV�RI�VPDOO�VSDFHFUDIWV�WKDW�RUELW�DURXQG�D�
PDLQ�FKLHI�VSDFHFUDIWV��$�VZDUP¶V�IOH[LELOLW\�RI�HTXLSPHQW�RQ�VSDFHFUDIWV��UHGXQGDQF\�RI�VSDFHFUDIWV��DORQJ�
LQH[SHQVLYH�LQGLYLGXDO�VSDFHFUDIWV�KDV�PDGH�WKHP�IDU�VXSHULRU�WKHQ�WKHLU�WUDGLWLRQDO�PRQROLWKLF�FRXQWHU�SDUWV��
'HVSLWH�WKH�PDLQ�EHQHILWV��VZDUP�IRUPDWLRQ�IO\LQJ�VSDFHFUDIWV�VXIIHU�IURP�D�FRPSOH[�JXLGDQFH�V\VWHP��,Q�RXU�
UHVHDUFK��ZH�LPSOHPHQW�D�ZD\SRLQW�JXLGDQFH�V\VWHP�WKDW�WDNHV�LQ�FRDUVH�PRWLRQ�SODQQLQJV�IURP�WKH�SODQQLQJ�
DOJRULWKP�DQG�XVHV�VPRRWKLQJ�DQG�ILOWHULQJ�WR�FRPPXQLFDWH�GHVLUHG�VWDWHV�WR�WKH�FRQWUROOHU�LQ�WKH�5RV�KLYHPLQG�
SDFNDJH��7KLV�DOORZV�WKH�PRYHPHQW�RI�WKH�VSDFHFUDIW�LQ�VLPXODWLRQV�DQG�LQ�WKH�VSDFHURRP�WR�EH�VPRRWKHU�DQG�
PRUH�GHILQHG�IRU�HDFK�WLPH�VWHS������VHF���,Q�DGGLWLRQ��OHDUQLQJ�DOJRULWKPV�DUH�LPSOHPHQWHG�WR�PRGHO�XQNQRZQ�
HQYLURQPHQW�LQFOXGLQJ�GHWHUPLQLQJ�ZD\SRLQWV�IRU�WKH�FRQWUROOHU�EDVHG�RQ�YLFRQ�GDWD��:H�DQDO\]HG�DQG�FRPSDUHG�
RXU�PRGHO�GRQH�XVLQJ�*DXVVLDQ�3URFHVV��*3��DQG�5REXVW�5HJUHVVLRQ��55���:H�DQDO\]HG�WKH�HIIHFWV�RI�GDWDVHW�VL]H�
RQ�WKH�HIILFLHQF\�DQG�DFFXUDF\�RI�WKH�WZR�GLIIHUHQW�PRGHOV�LQ�DGGLWLRQ�WR�WKH�GLIIHUHQW�SDUDPHWHUV��LH�OHDUQLQJ�UDWH��
QHXUDO�QHWZRUN�OD\HU��HWF��RQ�WKH�55�WKDW�DIIHFWV�KRZ�LW�SHUIRUPV���

,QWHUDFWLYH�5RERW�)HHGEDFN�6\VWHP�IRU�6WURNH�5HKDELOLWDWLRQ�
(PLO\�=KHQJ�
0HQWRUV��/DXUHO�5LHN�DQG�$DURQ�$PHV�

6HULRXV�JDPHV�IRU�VWURNH�UHKDELOLWDWLRQ�KDYH�EHHQ�H[SORUHG�DV�D�PHDQV�RI�LQFUHDVLQJ�WKH�PRWLYDWLRQ�DQG�LQWHUHVW�RI�
D�SHUVRQ�HQJDJLQJ�LQ�VWURNH�UHKDELOLWDWLRQ��3(65��E\�SHUIRUPLQJ�UHSHWLWLYH�PRWLRQV�WR�UHJDLQ�PRWRU�FRQWURO��7KHVH�
JDPHV�DUH�RIWHQ�VLPSOH�DQG�ODFN�FXVWRPL]DWLRQ��DQG�WKHUH�DUH�VWLOO�RSHQ�TXHVWLRQV�DV�WR�WKH�EHVW�DSSURDFKHV�DQG�
PHFKDQLVPV�IRU�SURYLGLQJ�IHHGEDFN��:H�KDYH�GHVLJQHG�D�QRYHO�LQWHUDFWLYH�IHHGEDFN�V\VWHP��HPERGLHG�RQ�D�'RXEOH�
URERW�ZLWK�DQ�L3DG�GLVSOD\��$V�D�3(65�ZDONV�RQ�D�WUHDGPLOO��WKH�URERW�FDOFXODWHV�WKH�PDJQLWXGH�RI�WKH�DQNOH�IRUFH�
SURGXFHG�E\�WKH�WDUJHW�OHJ�DV�D�PHDVXUH�RI�XVHU�SHUIRUPDQFH�DQG�OHDUQLQJ��DQG�SURYLGHV�DGDSWLYH�IHHGEDFN�LQ�WKH�
IRUP�RI�D�JDPH��:H�EXLOW�D�IUDPHZRUN�IRU�WKLV�DSSOLFDWLRQ�ZLWK�FXVWRPL]DEOH�PRGDOLWLHV�RI�IHHGEDFN�VR�WKDW�WKH\�
PD\�EH�WHVWHG�LQ�IXWXUH�UHKDELOLWDWLRQ�VHVVLRQV��WR�GHYHORS�D�OHDUQLQJ�SDUDGLJP�IRU�ZDONLQJ��7KLV�V\VWHP�ZLOO�HQVXUH�
WKDW�3(65�DUH�PRUH�DFWLYHO\�HQJDJHG�GXULQJ�UHKDELOLWDWLRQ�DQG�SURPRWH�ORQJ�WHUP�UHWHQWLRQ�RI�PRWRU�OHDUQLQJ��

6XSHUFRQGXFWLQJ�4XELWV�&RQWURO�DQG�0HDVXUHPHQW�2SWLPL]DWLRQ�
-R\�=KHQJ�
0HQWRUV��2VNDU�3DLQWHU�DQG�;XH\XH��6KHUU\��=KDQJ�

3UHFLVH�DQG�KLJK�ILGHOLW\�FRQWURO�DQG�PHDVXUHPHQW�RI�VXSHUFRQGXFWLQJ�TXELWV�DUH�FUXFLDO�WR�UHDOL]LQJ�VFDODEOH�DQG�
UHOLDEOH�TXDQWXP�FRPSXWHUV�DQG�DOJRULWKPV��&RQWURO�RI�PXOWLSOH�TXELWV�FDQ�XQOHDVK�XQSUHFHGHQWHG�DELOLW\�EXW�DOVR�
SRVHV�FKDOOHQJHV�WR�TXDQWXP�FRQWURO�GXH�WR�WKH�SUHVHQFH�RI�FURVVWDON�IURP�PXOWLSOH�VRXUFHV��:KHQ�RSHUDWLQJ�
PXOWLSOH�IOX[�WXQDEOH�TXELWV��IOX[�ELDV�DSSOLHG�WR�RQH�TXELW�PD\�WKUHDG�WKURXJK�DQ�XQWDUJHWHG�TXELW�DQG�FDXVH�
XQZDQWHG�TXELW�IUHTXHQF\�VKLIW��NQRZQ�DV�IOX[�ELDV�FURVVWDON��7KH�ILUVW�SDUW�RI�P\�SURMHFW�LQYROYHV�GHYHORSLQJ�D�
VRIWZDUH�FRQWURO�SDFNDJH�WKDW�FKDUDFWHUL]HV�DQG�FRPSHQVDWHV�WKH�IOX[�ELDV�FURVVWDON�EHWZHHQ�PXOWLSOH�TXELWV��
%HVLGHV�FRQWUROOLQJ�TXELWV��PHDVXULQJ�TXELWV¶�VWDWHV�DW�WKH�HQG�RI�DQ�RSHUDWLRQ�LV�DOVR�FUXFLDO�WR�GHYHORSLQJ�
TXDQWXP�DOJRULWKPV��7KH�VHFRQG�SDUW�RI�P\�SURMHFW�LQYROYHV�RSWLPL]LQJ�WKH�UHDGRXW�SXOVH�E\�FKDQJLQJ�LWV�
DPSOLWXGH�DQG�OHQJWK�DQG�VLPXODWLQJ�WKH�UHVXOWLQJ�HIIHFWV��:H�IRXQG�WKDW�XVLQJ�DQ�LQLWLDO�ULQJ�XS�SXOVH�ZLWK�D�ODUJHU�
DPSOLWXGH�WKDQ�D�FRQVWDQW�VTXDUH�SXOVH�OHDGV�WR�IDVWHU�UHDGRXW��:H�DOVR�FKDUDFWHUL]HG�PXOWL�TXELW�UHDGRXW�FURVVWDON�
E\�FDOFXODWLQJ�WKH�DYHUDJH�GHSKDVLQJ�UDWH��/DVWO\��ZH�DLPHG�WR�GHYHORS�DQ�DXWRPDWHG�TXELW�FDOLEUDWLRQ�SURFHVV��

,UUHGXFLEOH�&KDUDFWHUV�RI�*6S����2YHU�)LQLWH�5LQJV�
'DQLHO�=KRX�
0HQWRU��'LQDNDU�5DPDNULVKQDQ�

7KH�DQDO\VLV�RI�PDWUL[�JURXSV�ZLWK�FRHIILFLHQWV�RYHU�ILQLWH�DQG�S�DGLF�ILHOGV�KDV�EHHQ�GHYHORSHG��:H�NQRZ�D�ORW�
DERXW�WKH�FRPSOH[�UHSUHVHQWDWLRQV�RI�VXFK�JURXSV��+RZHYHU��RQ�WKH�FRQWUDU\��FRQVLGHULQJ�PDWUL[�JURXSV�RYHU�ULQJV�
VXFK�DV�WKH�S�DGLF�LQWHJHUV�=S�LV�QRW�ZHOO�GHYHORSHG��6LQFH�=S�LV�WKH�LQYHUVH�OLPLW�RI�WKH�ILQLWH�ULQJV�=���SN�=��ZH�ZLOO�
FRQVLGHU�PDWUL[�JURXSV�RYHU�WKHVH�ILQLWH�ULQJV�DV�D�ILUVW�VWHS��:H�ZLOO�ORRN�LQWR�WKH�FDVH�RI�WKH�JHQHUDO�V\PSOHFWLF�
JURXS�RYHU�ILQLWH�ULQJV�=���SN�=�ZKHUH�N�!����7R�VLPSOLI\��ZH�ZLOO�FRQVLGHU�RQO\�WKH�FDVH�ZKHUH�S�LV�RGG�VLQFH�WKH�
FDVH�S� ���LV�PRUH�QXDQFHG��)RU�IXWXUH�ZRUN��WKH�FDVH�IRU�S� ���FDQ�EH�FRQVLGHUHG�RU�WKH�FKDUDFWHUV�RI�WKH��
PDWUL[�JURXS�RYHU�=S�FDQ�EH�GHVFULEHG�LQ�WHUPV�RI�WKHVH�UHVXOWV��
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0ROHFXODU�6HQVLQJ�:LWK�&DVFDGHG�+DOI�+DUPRQLF�2SWLFDO�3DUDPHWULF�2VFLOODWRU�
6HOLQD�=KRX�
0HQWRU��$OLUH]D�0DUDQGL�

2SWLFDO�SDUDPHWULF�RVFLOODWRUV��232V��DUH�ODVHU�V\VWHPV�WKDW�FRQYHUW�DQ�LQSXW�ODVHU�ZDYH�ZLWK�VRPH�IUHTXHQF\�LQWR�
WZR�RXWSXW�ZDYHV�RI�ORZHU�IUHTXHQFLHV�E\�PHDQV�RI�VHFRQG�RUGHU�QRQOLQHDU�RSWLFDO�LQWHUDFWLRQV��7KH�0DUDQGL�ODE�
KDV�SUHYLRXVO\�EXLOW�D�PLG�,5�IHPWRVHFRQG�IUHTXHQF\�FRPEV�JHQHUDWRU�XVLQJ�SDUDPHWULF�GRZQ�FRQYHUVLRQ�RI�232V��
*HQHUDOO\��WKH�SULQFLSOH�VSHFWUDO�UHJLRQ�RI�LQWHUHVW�IRU�PROHFXODU�VSHFWURVFRS\�LV�DW�ZDYHOHQJWKV�JUHDWHU�WKDQ�� P��
ZKHUH�PROHFXOHV�H[KLELW�VWURQJHU�DEVRUSWLRQ�FURVV�VHFWLRQV��+RZHYHU��PDQ\�UHFHQWO\�GHYHORSHG�VSHFWURVFRS\�
WHFKQLTXHV�VWLOO�ODJ�WKH�PRUH�WUDGLWLRQDO�)RXULHU�7UDQVIRUP�,QIUDUHG�6SHFWURVFRS\�GXH�WR�OLPLWHG�VSHFWUDO�FRYHUDJH�
LQWR�WKH�PLG�,5��*LYHQ�WKDW�WKH�RXWSXW�SRZHU�RI�232V�DUH�FDYLW\�OHQJWK�DQG�ZDYHOHQJWK�GHSHQGHQW��LQVWHDG�RI�
JHQHUDWLQJ�DQG�GLUHFWO\�PHDVXULQJ�DQ�DEVRUSWLRQ�VSHFWUXP��ZH�SURSRVH�WKDW�PROHFXODU�VHQVLQJ�FRXOG�EH�GRQH�
WKURXJK�DQDO\]LQJ�RQO\�WKH�RXWSXW�SRZHU�SHDNV�DV�D�IXQFWLRQ�RI�FDYLW\�OHQJWK�GHWXQLQJ��:H�VLPXODWHG�WKH�
DEVRUSWLRQ�DQG�SKDVH�LQIRUPDWLRQ�RI�JDV�PROHFXOHV�XVLQJ�D�JHQHUDOL]HG�6HOOPHLHU�HTXDWLRQ�DQG�SODFHG�WKH�
PROHFXOHV�LQ�WKH�FDYLW\�RI�D�� P�232��$W�WKH�WLPH�RI�ZULWLQJ��D�QRWLFHDEOH�GLIIHUHQFH�LQ�WKH�SRZHU�SHDNV�RI��
232V�ZLWK�DQG�ZLWKRXW�FDUERQ�GLR[LGH�PROHFXOHV�ZDV�REVHUYHG����

8QGHUVWDQGLQJ�&RQWUDLO�3DUDPHWHUL]DWLRQV�LQ�/LQHDU�&RQWUDLO�0RGHOV�
)DQJ\X�=RX�
0HQWRU��<XN�/LQJ�<XQJ�

$LUFUDIW�HPLVVLRQV�KDYH�EHHQ�SURYHQ�WR�KDYH�D�VLJQLILFDQW�LPSDFW�RQ�WKH�DWPRVSKHUH�DQG�FOLPDWH��7KH�FRQWUDLOV�WKDW�
DUH�HPLWWHG�VSUHDG��FRQWULEXWLQJ�WR�WKH�JOREDO�IUDFWLRQDO�FORXG�FRYHUDJH�DQG�LQFUHDVLQJ�WKH�UDGLDWLYH�IRUFLQJ�DW�WKH�
WRS�RI�WKH�DWPRVSKHUH��+RZHYHU��WKH�H[WHQW�RI�UDGLDWLYH�IRUFLQJ�IURP�OLQHDU�FRQWUDLOV�VWLOO�UHPDLQV�XQFHUWDLQ��8VLQJ�
PRGHOLQJ�LV�DQ�HIIHFWLYH�ZD\�LQ�HVWLPDWLQJ�UDGLDWLYH�IRUFLQJ�DQG�GHWHUPLQLQJ�LWV�VHQVLWLYLW\�WR�FHUWDLQ�SDUDPHWHUV��
+RZHYHU��WKHUH�H[LVWV�XQFHUWDLQWLHV�LQ�PRGHOV�GXH�WR�DVVXPSWLRQV��UHPRWH�VHQVLQJ��DQG�SRRU�SDUDPHWHUL]DWLRQ��,Q�
WKLV�VWXG\����SURPLQHQW�OLQHDU�FRQWUDLO�PRGHOV��1$6$�/DQJOH\��7H[DV�$	0��1&$5��DQG�WKHLU�FDOFXODWLRQV�IRU�QHW�
JOREDO�OLQHDU�FRQWUDLO�UDGLDWLYH�IRUFLQJ�YDOXHV�DUH�DQDO\]HG��7KH�1$6$�/DQJOH\�0RGHO�XVHV�WKH�)X�/LRX�UDGLDWLYH�
WUDQVIHU�PRGHO�ZLWK�FRQWUDLO�SDUDPHWHU�DGGLWLRQV��7KH�7H[DV�$	0�PRGHO�UXQV�D�*OREDO�&OLPDWH�0RGHO��*0&��ZLWK�D�
5570*�0RGHO�FRQWDLQLQJ�FRQWUDLO�SURSHUWLHV�WR�VLPXODWH�JOREDO�FRQWUDLO�UDGLDWLYH�IRUFLQJ��7KH�1DWLRQDO�&HQWHU�IRU�
$WPRVSKHULF�5HVHDUFK��1&$5��PRGHO�UXQV�DQ�DGYDQFHG�*&0�WKDW�LQFRUSRUDWHV�DLUFUDIW�HPLVVLRQV�IURP�GDWDVHWV�WR�
VLPXODWH�FOLPDWH�DQG�FKHPLFDO�HIIHFWV�IURP�OLQHDU�FRQWUDLOV���
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'HWHUPLQLQJ�WKH�3UHFLVLRQ�RI�3ULPH�)RFXV�6SHFWURJUDSK�0HDVXUHPHQWV�
6KLRQ�$QGUHZ�
0HQWRUV��(YDQ�.LUE\�DQG�0LD�GH�ORV�5H\HV�

7KH�3)6��3ULPH�)RFXV�6SHFWURJUDSK��LV�D�PXOWLSOH[HG��RSWLFDO�DQG�QHDU�LQIUDUHG�VSHFWURJUDSK�GHVLJQHG�WR�H[SORLW�
WKH�XQLTXH�ZLGH�ILHOG�FDSDELOLWLHV�RI�WKH�6XEDUX�7HOHVFRSH��6WDUWLQJ�LQ�)DOO�������DSSUR[LPDWHO\�����QLJKWV�ZLOO�EH�
GHGLFDWHG�WRZDUG�PHDVXULQJ�UDGLDO�YHORFLWLHV�DQG�GHWDLOHG�FKHPLFDO�DEXQGDQFHV�RI�PHWDO�SRRU�UHG�JLDQWV�LQ�WKH�
0LON\�:D\�DQG�0���WR�LQIHU�WKH�GDUN�PDWWHU�PDVV�SURILOHV�DQG�HYROXWLRQ�RI�WKHVH�JDOD[LHV��,Q�SUHSDUDWLRQ�IRU�WKH�
VXUYH\��ZH�TXDQWLILHG�WKH�SUHFLVLRQ�WR�ZKLFK�UDGLDO�YHORFLWLHV�DQG�FKHPLFDO�DEXQGDQFHV�FDQ�EH�PHDVXUHG�ZLWK�WKH�
3)6�IRU�GLIIHUHQW�REVHUYDWLRQDO�FRQGLWLRQV��8VLQJ�D�JULG�RI�RYHU���������V\QWKHWLF�VSHFWUD�VSDQQLQJ����������c���
ZH�LQWHUSRODWHG�WHPSODWH�VSHFWUD�IRU�a���UHG�JLDQW�VWDUV�RI�YDULRXV�WHPSHUDWXUHV��VXUIDFH�JUDYLWLHV��DQG�FKHPLFDO�
DEXQGDQFHV��:H�XVHG�WKH�3)6�VSHFWUDO�VLPXODWRU�WR�FDOFXODWH�WKH�H[SHFWHG�VLJQDO�WR�QRLVH�UDWLR�RI�HDFK�SL[HO�IRU�D�
JLYHQ�WHPSODWH�VSHFWUXP�DQG�VHW�RI�REVHUYDWLRQDO�FRQGLWLRQV��:H�JHQHUDWHG�PXOWLSOH�UHDOL]DWLRQV�RI�WKH�H[SHFWHG�
QRLVH�IRU�HDFK�VSHFWUXP��DQG�XVHG�D�FKL�VTXDUHG�ILWWLQJ�SLSHOLQH�WR�PHDVXUH�WKH�FKHPLFDO�DEXQGDQFHV�DQG�UDGLDO�
YHORFLWLHV�DPRQJ�WKH�GLVWULEXWLRQ�RI�QRLV\�VSHFWUD��:H�LQWHUSUHWHG�WKH�VWDQGDUG�GHYLDWLRQ�RI�WKH�UHVXOWLQJ�
PHDVXUHPHQWV�DV�WKH���VLJPD�FRQILGHQFH�LQWHUYDO�WKDW�ZH�FDQ�H[SHFW�IURP�UDQGRP�QRLVH��,Q�IXWXUH�ZRUN��ZH�SODQ�
WR�DGGLWLRQDOO\�HVWLPDWH�WKH�PDJQLWXGH�RI�V\VWHPDWLF�HUURUV��VXFK�DV�WHPSODWH�PLVPDWFK�DQG�LPSHUIHFW�VN\�
VXEWUDFWLRQ��

&RYDULDQW�$SSUR[LPDWH�4XDQWXP�(UURU�&RUUHFWLQJ�&RGHV�IRU�4XELWV�
*DOLW�$QLNHHYD�
0HQWRUV��-RKQ�3UHVNLOO�DQG�6HSHKU�1H]DPL�

7KH�GHYHORSPHQW�RI�TXDQWXP�HUURU�FRUUHFWLQJ�FRGHV�LV�QHFHVVDU\�IRU�EXLOGLQJ�TXDQWXP�FRPSXWHUV��
,Q�D�TXDQWXP�HUURU�FRUUHFWLRQ�SURWRFRO��ZH�XVXDOO\�WDON�DERXW�HQFRGLQJ�RQH�ORJLFDO�VSDFH�LQWR�VHYHUDO�SK\VLFDO�
V\VWHPV��)RU�D�SURWRFRO�WR�EH�XVHIXO��ZH�VKRXOG�EH�DEOH�WR�FRUUHFW�WKH�HUURU�FDXVHG�E\�QRLVH�LQ�WKH�SK\VLFDO�
V\VWHPV��$GGLWLRQDOO\��ZH�VKRXOG�EH�DEOH�WR�PRGLI\�WKH�ORJLFDO�VSDFH�WKURXJK�VLPSOH�RSHUDWLRQV�RQ�WKH�SK\VLFDO�
VSDFHV��8QIRUWXQDWHO\��WKH�(DVWLQ�.QLOO�WKHRUHP�WHOOV�XV�WKDW�WKH�ZH�FDQQRW�KDYH�D�SURWRFRO�ZKHUH�WKHVH�WZR�WKLQJV�
KDSSHQ�SHUIHFWO\��,Q�WKLV�SURMHFW��ZH�H[SDQG�WKH�UHVXOWV�RI�DU;LY�������������:H�FRQVLGHU�DSSUR[LPDWH�HUURU�
FRUUHFWLRQ�LQVWHDG�RI�SHUIHFW�FRUUHFWLRQ��DQG�ZH�VWXG\�KRZ�ZHOO�FDQ�ZH�FRUUHFW�XQGHU�WKH�DVVXPSWLRQ�WKDW�DQ\�JDWH�
RQ�WKH�ORJLFDO�VSDFHG�FDQ�EH�WUDQVIRUPHG�LQWR�ORFDO�RSHUDWLRQV�LQ�WKH�SK\VLFDO�V\VWHPV��,Q�SDUWLFXODU��ZH�H[SDQG�RQ�
WKH�FDVH�RI�WKH�TXELW�V\VWHP��ZKLFK�ZDV�QRW�SUHYLRXVO\�FRYHUHG��:H�DSSO\�WKHVH�UHVXOWV�FRQVLGHULQJ�HUDVXUH�DQG�
DQJXODU�PRPHQWXP�HUURUV��)LQDOO\��ZH�FRQVLGHU�WKH�SUREOHP�RI�LPSOHPHQWLQJ�WKH�SURWRFROV�LQ�6FKZLQJHU�ERVRQ�
V\VWHPV��

$QDO\VLV�RI�)UDFWXUH�2ULHQWDWLRQ�7UHQGV�RQ�(DUWK�DV�D�3RWHQWLDO�$QDORJXH�IRU�7HVVHUD�7HUUDLQ�RQ�9HQXV
-RKDQQD�%DUDJD�
0HQWRUV��-RDQQ�6WRFN�DQG�'DQLHO�1XQHV�

'XH�WR�WKH�UHODWLYH�ODFN�RI�UHFHQW�PLVVLRQV��GDWDVHWV�LPDJLQJ�WKH�9HQXVLDQ�VXUIDFH�DUH�ODFNLQJ�HLWKHU�LQ�H[WHQW�RU�
UHVROXWLRQ��7KHUHIRUH��LQ�RUGHU�WR�OHDUQ�PRUH�DERXW�IHDWXUHV�RQ�9HQXV��LW�LV�EHQHILFLDO�WR�VWXG\�DQDORJRXV�IHDWXUHV�
RQ�(DUWK�ZKHUH�PRUH�GDWD�DUH�DYDLODEOH��7KUHH�VLWHV�RQ�(DUWK�ZHUH�FKRVHQ�WKDW�GLVSOD\�PXOWLSOH�LQWHUVHFWLQJ�
IUDFWXUH�JURXSV�VLPLODU�WR�KHDYLO\�GHIRUPHG�DUHDV�RI�9HQXV�NQRZQ�DV�WHVVHUDH��7R�GHWHUPLQH�WKH�GHIRUPDWLRQ�
KLVWRU\��WKH�IUDFWXUH�SDWWHUQV�DW�HDFK�VLWH�ZHUH�GLJLWL]HG�DQG�WKH�RULHQWDWLRQV�GHWHUPLQHG��7KHVH�IUDFWXUHV�ZHUH�WKHQ�
SXW�LQWR�D�URVH�GLDJUDP�WR�FDWHJRUL]H�VHWV�RI�VLPLODU�VWULNHV��2EVHUYDWLRQV�RI�FURVV�FXWWLQJ�UHODWLRQVKLSV�ZHUH�PDGH�
WR�GHWHUPLQH�WKH�UHODWLYH�DJHV�RI�HDFK�IUDFWXUH�VHW��,QGLDQ�&RYH��DQ�DUHD�RI�-RVKXD�7UHH�1DWLRQDO�3DUN��ZDV�IRXQG�WR�
FRQWDLQ�WZR�PDLQ�VHWV�RI�IUDFWXUHV��RQH�VWULNLQJ�EHWZHHQ�����DQG������RU�����DQG������DQG�WKH�RWKHU�VWULNLQJ�
EHWZHHQ�����DQG������RU�����DQG�������$�WKLUG�EXW�PXFK�VPDOOHU�IUDFWXUH�VHW�ZDV�IRXQG�VWULNLQJ�����DQG������RU�
����DQG�������7KH�ILUVW�WZR�VHWV�RI�IUDFWXUHV�DUH�RULHQWHG�����IURP�HDFK�RWKHU��LQGLFDWLQJ�WKH\�DUH�OLNHO\�WKH�UHVXOW�
RI�MRLQWLQJ��7KH�FURVV�FXWWLQJ�UHODWLRQVKLSV�ZHUH�LQFRQFOXVLYH�GXH�WR�WKH�ODFN�RI�ILHOG�GDWD��$QDO\VHV�RI�RWKHU�VLWHV�
DUH�RQJRLQJ��

'HYHORSLQJ�D�6SUD\DEOH�$QWLYLUDO�&RDWLQJ�LQ�5HVSRQVH�WR�WKH�6$56�&R9���3DQGHPLF�
-&�'DQLHO�&DOVR�
0HQWRUV��5REHUW�+��*UXEEV�DQG�&KULVWRSKHU�0DURWWD��

7KH�SXEOLF�KHDOWK�FULVLV�RI������KDV�GUDPDWLFDOO\�DOWHUHG�GDLO\�OLIH�RQ�D�JOREDO�VFDOH��GXH�WR�WKH�GHDGOLQHVV�RI�WKH�
QRYHO������FRURQDYLUXV��7KH�KLJKO\�FRQWDJLRXV�YLUXV�VSUHDGV�SULPDULO\�WKURXJK�DLUERUQH�GURSOHWV�EXW�LQIHFWLRQ�LV�
DOVR�SRVVLEOH�YLD�VHFRQGDU\�³IRPLWH´�WUDQVPLVVLRQ��WKH�YLUXV�UHPDLQV�YLDEOH�DQG�LQIHFWLRXV�RQ�KDUG��QRQSRURXV�
VXUIDFHV�IRU�XS�WR����KRXUV��:KLOH�VXUIDFHV�FDQ�EH�VDQLWL]HG�ZLWK�FRPPHUFLDOO\�DYDLODEOH�FOHDQLQJ�DJHQWV��LW�LV�
XQIHDVLEOH�WR�FRQVWDQWO\�VDQLWL]H�KLJK�WRXFK�SXEOLF�VXUIDFHV�VXFK�DV�GRRUNQREV��EXWWRQV��DQG�KDQGUDLOV��7KH�*UXEEV�
5HVHDUFK�*URXS�KDV�WKXV�SURSRVHG�D�ORQJ�ODVWLQJ�VSUD\DEOH�DQWLYLUDO�FRDWLQJ�WKDW�FDQ�EH�DSSOLHG�WR�VXUIDFHV�ZLWK�
KLJK�H[SRVXUH�WR�FRPEDW�WKLV�VHFRQGDU\�URXWH�RI�LQIHFWLRQ��,W�GLVUXSWV�YLUDO�PHPEUDQHV�XVLQJ�TXDWHUQDU\�
DPPRQLXP�FDWLRQV�RIWHQ�IRXQG�LQ�FRQVXPHU�FOHDQLQJ�GLVLQIHFWLQJ�DJHQWV��WKHVH�DUH�FRXSOHG�WR�D�SRO\SURS\OHQH�
EDFNERQH��LPEXLQJ�LWV�ORQJHYLW\�RQ�SODVWLF�VXUIDFHV��0XOWLSOH�GHULYDWLYHV�RI�YDU\LQJ�FDUERQ�OHQJWKV�RII�WKH�
TXDWHUQDU\�DPPRQLXP�JURXS�ZHUH�V\QWKHVL]HG�DQG�WHVWHG�IRU�WKHLU�DQWLYLUDO�FDSDELOLWLHV��7KH�FRPSRXQG�DGKHUHV�
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VWURQJO\�WR�FRPPRQ�SODVWLFV��LQFOXGLQJ�WKRVH�IRXQG�LQ�IURQWOLQH�PHGLFDO�ZRUNHU�33(��EXW�LWV�DELOLW\�WR�DGKHUH�WR�
RWKHU�VXEVWUDWHV�VXFK�DV�PHWDO�UHTXLUHV�PRGLILFDWLRQ��&RPPHUFLDOO\�DYDLODEOH�DGKHVLRQ�SURPRWHUV�ZHUH�LQFOXGHG�
DQG�FRPSDUHG�XVLQJ�LQGXVWU\�VWDQGDUG�DGKHVLRQ�WHVW�SURWRFROV��$�GLJLWDO�LPDJH�SURFHVVLQJ�SURWRFRO�ZDV�FUHDWHG�WR�
TXDQWLI\�DGKHVLRQ�WHVWLQJ�UHVXOWV���

3RWHQWLDO�6XEGXFWLRQ�LQ�:HVWHUQ�$VWNKLN�3ODQXP��9HQXV�
0RUJDQ�&DUULQJWRQ�
0HQWRU��-RDQQ�6WRFN�

9HQXV�LV�(DUWK¶V�FORVHVW�QHLJKERU��\HW�WKH�VXUIDFH�DQG�JHRORJLF�SURFHVVHV�WKDW�KDYH�FDXVHG�LWV�GHIRUPDWLRQ�UHPDLQ�
ODUJHO\�LQ�TXHVWLRQ��$�PDMRU�SDUW�RI�WKLV�TXHVWLRQ�FHQWHUV�DURXQG�VXEGXFWLRQ�DUHDV��WKHLU�IRUPDWLRQ��WKH�VWUXFWXUHV�
WKDW�UHVXOW�IURP�WKHP��DQG�KRZ�WKH\�FRQWULEXWH�WR�WKH�FXUUHQW�GHIRUPDWLRQ�RI�WKH�VXUIDFH��7KH�ZHVWHUQ�SRUWLRQ�RI�
$VWNKLN�3ODQXP��ZKHUH�WKH�9DLGLOXWH�5XSHV�WUHQGV�QRUWK�QRUWKZHVW�XQWLO�EHLQJ�FRYHUHG�E\�ODYD�IORZV��LV�D�VXVSHFWHG�
VXEGXFWLRQ�]RQH��0\�SURMHFW�XWLOL]HV�V\QWKHWLF�DSHUWXUH�UDGDU��6$5��LPDJH�GDWD�IURP�WKH������0DJHOODQ�PLVVLRQ�WR�
PDS�DQG�GLJLWL]H�VWUXFWXUDO�IHDWXUHV�LQ�WKLV�DUHD�WKDW�VXJJHVW�FRPSUHVVLRQ�RU�H[WHQVLRQ��)XUWKHU�XQGHUVWDQGLQJ�RI�
WKLV�UHJLRQ�DQG�LWV�IHDWXUHV�DV�DQ�DUHD�RI�SRWHQWLDO�VXEGXFWLRQ�SUHVHQWV�WKH�RSSRUWXQLW\�IRU�RWKHU�IRUPV�RI�UHVHDUFK�
WR�VXSSRUW�RU�GLVSURYH�WKH�K\SRWKHVLV���

(IILFLHQW��6FDODEOH�1XPHULFDO�6LPXODWLRQ�RI�)RUPDWLRQ�)O\LQJ�6SDFHFUDIW�6ZDUP��
-DFTXHOLQH�&DVWHOODQRV�
0HQWRUV��6RRQ�-R�&KXQJ�DQG�.DL�0DWVXND�

0XOWL�VSDFHFUDIW�PLVVLRQ�DUFKLWHFWXUH�KDV�YDULRXV�DGYDQWDJHV�VXFK�DV�UREXVWQHVV�WR�LQGLYLGXDO�VSDFHFUDIW�ORVV��KLJK�
VSDWLDO�WHPSRUDO�FRYHUDJH��DQG�PRUH�VFLHQFH�UHWXUQ��2Q�ERDUG�JXLGDQFH��QDYLJDWLRQ��DQG�FRQWUROV��*1&��DOJRULWKPV�
IRU�VSDFHFUDIW�VZDUPV�DUH�WKH�NH\�WHFKQRORJ\�WKDW�HQDEOHV�VXFK�PLVVLRQV��7R�YDOLGDWH�WKH�FDQGLGDWH�VSDFHFUDIW�
IRUPDWLRQ�IO\LQJ�WHFKQRORJ\��ZH�PXVW�YDOLGDWH�WKH�DXWRQRPRXV�DOJRULWKPV�LQ�UHDOLVWLF�HQYLURQPHQWV��KRZHYHU��
YDOLGDWLRQ�RI�VXFK�*1&�DOJRULWKPV�IRU�ODUJH�VFDOH�VSDFHFUDIW�VZDUPV�LV�QRW�DQ�HDV\�WDVN�LWVHOI��)OLJKW�H[SHULPHQWV�
LQ�VSDFH�RU�HYHQ�WKH�JURXQG�LQ�WKH�ORRS�FRQWURO�RI�WKH�LQGLYLGXDO�VSDFHFUDIW�DUH�WHFKQLFDOO\�FKDOOHQJLQJ��$��
FRVW�HIIHFWLYH�DOWHUQDWLYH�LV�KLJK�ILGHOLW\�VLPXODWLRQ�PRGHO�RI�WKH�IRUPDWLRQ�IO\LQJ�VSDFHFUDIW��6XFK�VLPXODWLRQ�
DUFKLWHFWXUH�PXVW�DFFRXQW�IRU�KLJK�ILGHOLW\�HQYLURQPHQWDO�PRGHOV�ZKLOH�HQVXULQJ�WKDW�WKH�VLPXODWLRQ�IUDPHZRUN�
VFDOHV�ZHOO�IRU�D�ODUJH�VFDOH�VZDUP��7KH�REMHFWLYH�RI�WKLV�SURMHFW�LV�WR�GHYHORS�DQG�YDOLGDWH�D�S\WKRQ�EDVHG�
VSDFHFUDIW�VZDUP�VLPXODWRU�DQG�DSSO\�WKLV�VLPXODWRU�WR�RQJRLQJ�IRUPDWLRQ�IO\LQJ�PLVVLRQV��VXFK�DV�WKH�'LVWULEXWHG�
$SHUWXUH�5DGDU�7RPRJUDSKLF�6HQVRUV��'$576��PLVVLRQ�DW�1$6$�-3/��7KH�PLVVLRQ�SODQV�WR�XVH�IRUPDWLRQ�IO\LQJ�
&XEH6DWV�WR�VWXG\�WKH�WKUHH�GLPHQVLRQDO�YHJHWDWLRQ�VWUXFWXUH�RI�UDLQIRUHVWV��7KH�GDWD�VWUXFWXUHV�DQG�VSHHG�
DYDLODEOH�LQ�3\WKRQ�ZHUH�OHYHUDJHG�WR�LPSURYH�WKH�HIILFLHQF\��IOH[LELOLW\��DQG�VFDODELOLW\�RI�WKH�VLPXODWRU���

9LVXDOL]LQJ�DQG�$QDO\]LQJ�3UHVVXUH�)OXFWXDWLRQV�LQ�7XUEXOHQW�&KDQQHO�)ORZV�:LWK�9DU\LQJ�3KDVH�
2SSRVLWLRQ�&RQWURO�
'RU\�&DVWLOOR�
0HQWRUV��%HYHUOH\�0F.HRQ�DQG�6LPRQ�7RHGWOL�

7KLV�VWXG\�H[DPLQHV�SUHVVXUH�IOXFWXDWLRQV�LQ�D�ORZ�5H\QROGV�QXPEHU�WXUEXOHQW�FKDQQHO�IORZ�ZLWK�YDU\LQJ�SKDVH�
RSSRVLWLRQ�FRQWURO��7KH�JRDO�LV�WR�DQDO\]H�WKH�SUHVVXUH�DW�WKH�ZDOO�WR�XQGHUVWDQG�WKH�UHODWLRQVKLS�EHWZHHQ�WKH��
ZDOO�QRUPDO�YHORFLW\�DQG�SUHVVXUH��7KH�GDWD�WR�EH�YLVXDOL]HG�DQG�DQDO\]HG�LV�FROOHFWHG�IURP�GLUHFW�QXPHULFDO�
VLPXODWLRQV��ZKHUH�DQ�DFWLYH�FRQWURO�VFKHPH�LV�LPSOHPHQWHG�DQG�DQRWKHU�ZKHUH�WKHUH�LV�D�QR�VOLS�FRQGLWLRQ�DW�WKH�
ZDOO�PHDQLQJ�QR�VSDQZLVH�DQG�VWUHDPZLVH�YHORFLWLHV�SUHVHQW�DW�WKH�ZDOO�DQG�QR�QRUPDO�YHORFLW\�SHQHWUDWLQJ�WKH�
ZDOO��WKH�IRUPHU�FDVHV�DUH�DVVRFLDWHG�ZLWK�GUDJ�LQFUHDVH�RU�GUDJ�UHGXFWLRQ��:H�ILUVW�YDOLGDWH�WKH�GDWD�ZLWK�VWDWLVWLFDO�
DQDO\VLV�DQG�PHWKRGV�E\�FRPSDULQJ�LW�WR�ZULWWHQ�OLWHUDWXUH��7KHQ��E\�VZLWFKLQJ�IURP�WKH�SK\VLFDO�GRPDLQ�WR�WKH�
)RXULHU�GRPDLQ��ZH�FDOFXODWH�WKH�DPSOLWXGHV��SKDVHV�DQG�SKDVH�GLIIHUHQFH�RI�WKH�YHORFLW\�DQG�SUHVVXUH�SURILOHV��7KH�
UHVXOWV�GHPRQVWUDWH�WKDW�LQ�WKH�GUDJ�LQFUHDVLQJ�FDVH�WKH�YHORFLW\�DQG�SUHVVXUH�GHPRQVWUDWH�D�VSHFLILF�FRUUHODWLRQ�LQ�
WKH�ZDOO�QRUPDO�GLUHFWLRQ��8QGHUVWDQGLQJ�WKH�SK\VLFV�EHWZHHQ�WKH�SKDVHV�RI�WKH�ZDOO�QRUPDO�YHORFLW\�DQG�SUHVVXUH�
FDQ�SRWHQWLDOO\�OHDG�WR�QHZ�PHWKRGV�RI�LPSOHPHQWLQJ�WKH�FRQWURO�VFKHPH�LQ�DQ�H[SHULPHQWDO�VHW�XS�ZKLFK�
HYHQWXDOO\�ZRXOG�EH�RI�JUHDW�EHQHILW�WR�HQJLQHHULQJ�DSSOLFDWLRQV���

$QDO\VLV�RI�WKH�1HDU�:DOO�5HJLRQ�LQ�7XUEXOHQW�&KDQQHO�)ORZ�:LWK�:DOO�7UDQVSLUDWLRQ�
0L\D�&RLPEUD�
0HQWRUV��%HYHUOH\�0F.HRQ�DQG�<XWLQJ�+XDQJ�

6XUIDFH�URXJKQHVV�LV�NQRZQ�WR�VLJQLILFDQWO\�FKDQJH�WKH�VNLQ�IULFWLRQ�GUDJ�RI�ERGLHV�PRYLQJ�WKURXJK�D�IOXLG��DQG�DV�D�
UHVXOW�D�VLJQLILFDQW�DUHD�RI�UHVHDUFK�LQYROYHV�VWXG\LQJ�KRZ�URXJKQHVV�DIIHFWV�D�IORZ��7KLV�ZRUN�DQDO\]HV�WKH�HIIHFW�
WKDW�D�WUDQVSLUDWLRQ�ERXQGDU\�FRQGLWLRQ�KDV�RQ�QHDU�ZDOO�WXUEXOHQW�FKDQQHO�IORZ�LQ�DQ�DWWHPSW�WR�GHWHUPLQH�ZKHWKHU�
WKLV�FRQGLWLRQ�FDQ�EH�XVHG�WR�VLPXODWH�VXUIDFH�URXJKQHVV��7R�VWXG\�WKLV��GRPLQDQW�ZDYHQXPEHUV�IURP�WKH�)RXULHU�
VHULHV�UHSUHVHQWDWLRQ�RI�YHORFLW\�ILHOGV�ZHUH�FRPSDUHG�WR�WKH�ZDYHQXPEHUV�LPSOHPHQWHG�E\�WKH�WUDQVSLUDWLRQ�
FRQGLWLRQ��DQG�5H\QROGV�VWUHVVHV�DQG�YDULDQFHV�RI�WKH�VWUHDPZLVH�DQG�ZDOO�QRUPDO�YHORFLWLHV�ZHUH�REVHUYHG�DV�D�
IXQFWLRQ�RI�FKDQQHO�KHLJKW��$PRQJVW�VLJQLILFDQW�UHVXOWV�IURP�WKH�VWXG\��LW�ZDV�GHWHUPLQHG�WKDW�LPPHGLDWH�HIIHFWV�RI�
WKH�ZDOO�WUDQVSLUDWLRQ�UHDFK�IORZ�KHLJKWV�RI�DSSUR[LPDWHO\�\� ����,I�ZDOO�WUDQVSLUDWLRQ�HIIHFWV�FDQ�EH�DFFXUDWHO\�
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TXDQWLILHG�LQ�D�WXUEXOHQW�IORZ��SRWHQWLDO�LPSDFWV�LQFOXGH�WXQLQJ�WKH�WUDQVSLUDWLRQ�FRQGLWLRQ�VXFK�WKDW�LW�FDQ�PLPLF�WKH�
HIIHFWV�RI�GLIIHUHQW�PDWHULDOV�RI�YDULRXV�URXJKQHVVHV��7KLV�ZRXOG�XOWLPDWH�OHDG�WR�ORZHU�H[SHULPHQWDO�FRVWV�DV�QHZ�
PDWHULDOV�ZLOO�QRW�QHHG�WR�EH�PDQXIDFWXUHG�DQG�ZLOO�LQFUHDVH�WKH�HIILFLHQF\�RI�H[SHULPHQWV�LQ�URXJKQHVV�UHVHDUFK��

$�/RZ�(QHUJ\�6DWXUDEOH�$EVRUEHU��6DWXUDEOH�$EVRUSWLRQ�YLD�1RQOLQHDU�0LUURU�0RGHORFNLQJ�LQ�
1DQRSKRWRQLF�:DYHJXLGHV��
'HYLQ�'HDQ�
0HQWRU� $OLUH]D�0DUDQGL�

([LVWLQJ�VDWXUDEOH�DEVRUEHUV��NH\�FRPSRQHQWV�LQ�FUHDWLQJ�PRGH�ORFNHG�ODVHUV��W\SLFDOO\�UHTXLUH�LQSXW�HQHUJLHV�LQ�
H[FHVV�RI���Q-�LQ�RUGHU�IRU�LQWHQVLW\�GHSHQGHQW�DEVRUSWLRQ�WR�VKRUWHQ�WKH�SXOVH�GXUDWLRQ��:H�SURSRVH�D�VDWXUDEOH�
DEVRUEHU�LQ�WKH�IRUP�RI�D�/LWKLXP�1LREDWH�TXDVL�SKDVH�PDWFKHG�QDQRSKRWRQLF�ULGJH�ZDYHJXLGH�WKDW�KDV�WKH�
SRWHQWLDO�WR�VKRUWHQ�SXOVHV�DW�LQSXW�HQHUJLHV�DV�ORZ�DV���S-��$Q�DGDSWDWLRQ�RI�WKH�QRQOLQHDU�PLUURU�PRGH�ORFNLQJ�
WHFKQLTXH��WKH�ZDYHJXLGH�FRQVLVWV�RI�D�VHFRQG�KDUPRQLF�JHQHUDWLRQ�VHFWLRQ��D�VPDOO�VHFWLRQ�WKDW�OHDGV�WR�D��
SL��UHODWLYH�SKDVH�VKLIW�RI�WKH�SURFHVV�DQG�ORVV�DW�WKH�LQSXW�ZDYHOHQJWK��DQG�D�VHFWLRQ�LGHQWLFDO�WR�WKH�ILUVW�WKDW�GXH�
WR�WKH�SKDVH�VKLIW�³XQGRHV´�WKH�LQLWLDO�DPSOLILFDWLRQ�RI�WKH�VHFRQG�KDUPRQLF�DQG�WUDQVIHUV�HQHUJ\�EDFN�LQWR�WKH�LQSXW�
ZDYHOHQJWK��7KURXJK�QXPHULFDO�VLPXODWLRQV�ZH�KDYH�GHPRQVWUDWHG�WKDW�WKLV�GHYLFH�FDQ�DFW�DV�D�ORZ�HQHUJ\�
VDWXUDEOH�DEVRUEHU��6XFK�D�GHYLFH�FRXOG�HQDEOH�D�QHZ�FODVV�RI�FRPSDFW�ORZ�HQHUJ\�PRGH�ORFNHG�ODVHUV��

7RZDUGV�D�'HHS�&RQYROXWLRQDO�1HXUDO�1HWZRUN�WR�3UHGLFW�&RPSOH[�&RQWDFW�0DSV�IRU�
3URWHLQ�3URWHLQ�'RFNLQJ
6HUHQD�'HEHVDL�
0HQWRUV��6WHSKHQ�0D\R�DQG�$LGHQ�$FHYHV�

'XH�WR�WKH�LQHIILFLHQF\�RI�H[SHULPHQWDO�PHWKRGV��SURWHLQ�SURWHLQ�GRFNLQJ��D�FRPSXWDWLRQDO�WHFKQLTXH��KDV�HPHUJHG�
DV�WKH�PHWKRG�RI�FKRLFH�IRU�SUHGLFWLQJ�SURWHLQ�SURWHLQ�FRPSOH[�VWUXFWXUHV��+RZHYHU��WKH�KXPDQ�SURWHRPH�LV�YDVW��
DQG�WKH�UXQ�WLPH�DQG�DFFXUDF\�RI�FXUUHQW�SURWHLQ�SURWHLQ�GRFNLQJ�PHWKRGV�DUH�QRW�ZHOO�VXLWHG�IRU�SURWHRPH�VFDOH�
VFUHHQLQJ�IRU�QHZ�SDLUV�RI�SURWHLQ�SURWHLQ�LQWHUDFWLRQV��:H�SURSRVH�XVLQJ�D�GHHS�FRQYROXWLRQDO�QHXUDO�QHWZRUN�WR�
LPSURYH�WKH�HIILFLHQF\�DQG�SUHFLVLRQ�RI�SURWHLQ�SURWHLQ�GRFNLQJ��3UHYLRXV�ZRUN�LQYROYLQJ�GHHS�OHDUQLQJ�PHWKRGV�IRU�
SURWHLQ�SURWHLQ�GRFNLQJ�KDV�RQO\�H[SORUHG�WKH�XVH�RI�VHTXHQFH�EDVHG�UHSUHVHQWDWLRQV�IRU�QHWZRUN�LQSXWV��:H�XVH�
�'�VWUXFWXUHV�IRU�QHWZRUN�LQSXWV��DOORZLQJ�RXU�PRGHO�WR�OHDUQ�VSDWLDO�IHDWXUHV�WKDW�FDQQRW�EH�H[WUDFWHG�IURP�
VHTXHQFHV��KRZHYHU��WKH�VSDUVLW\�RI��'�VWUXFWXUDO�UHSUHVHQWDWLRQV�OHDGV�WR�QHWZRUN�FROODSVH��7R�DYRLG�WKLV��RXU�
PRGHO�SUHGLFWV�&RPSOH[�&RQWDFW�0DSV��&R�&20$3V���D��'�VWUXFWXUH�LQWHUPHGLDWH�WKDW�PDSV�LQWHUDFWLRQV�EHWZHHQ�
UHVLGXHV�RI�HDFK�SURWHLQ�LQ�D�FRPSOH[��:H�WUDLQHG�VHYHUDO�QHWZRUN�YDULDQWV�RI�WKUHH�SRSXODU�KLJK�OHYHO�GHHS�
FRQYROXWLRQDO�QHXUDO�QHWZRUN�DUFKLWHFWXUHV��WKH�5HV1HW��81HW��DQG�*RRJ/H1HW��WR�RSWLPL]H�YDULRXV�
K\SHUSDUDPHWHUV�VXFK�DV�WKH�ORVV�IXQFWLRQ��RSWLPL]HU��DQG�QHWZRUN�GHSWK��,Q�WKH�IXWXUH��ZH�ZLOO�VHOHFW�WKH�EHVW�
QHWZRUN�DQG�FRQWLQXH�WR�UHILQH�WKH�QHWZRUN�DUFKLWHFWXUH�WR�LPSURYH�SHUIRUPDQFH���

&DOFXODWLQJ�5HDFWLRQ�%DUULHUV�IRU�(OHFWURFKHPLFDO�&2�55�RQ� �%UDVV�6XUIDFHV�:LWK�$U\O�3\ULGLQLXP�
0ROHFXODU�$GGLWLYHV
&DVVDQGUD�'HFRVWR�
0HQWRUV��-RQDV�&��3HWHUV�DQG�1LFKRODV�%��:DWNLQV�

'XH�WR�WKH�LQFUHDVH�RI�FDUERQ�GLR[LGH��&2���LQ�WKH�DWPRVSKHUH��WKH�QHHG�IRU�VXVWDLQDEOH��HFRQRPLFDO��DQG��
ORQJ�ODVWLQJ�HQYLURQPHQWDO�FKDQJH�LV�FUXFLDO��2QH�SRWHQWLDO�HQHUJ\�HIILFLHQW�PHWKRG�LV�WR�VHTXHVWHU�&2��DQG�
FDWDO\WLFDOO\�WUDQVIRUP�LW�LQWR�YDOXDEOH�IHHGVWRFN�FKHPLFDOV�VXFK�DV�&�+���&�+�2+��DQG�&�+�2+��&DWDO\VWV��VXFK�DV�
&X�=Q�DOOR\V��KDYH�VKRZQ�SURPLVLQJ�UHVXOWV�LQ�HOHFWURFKHPLFDOO\�UHGXFLQJ�&2���&2�55��WR�&���SURGXFWV�DW�ORZ�
RYHUSRWHQWLDOV��+RZHYHU��WKH�FRPSHWLWLYH�+��HYROXWLRQ�UHDFWLRQ��+(5��KDV�OLPLWHG�DFKLHYLQJ�KLJKHU�UHDFWLRQ�
VHOHFWLYLW\��(OHFWURGLPHUL]HG�DU\O�S\ULGLQLXP�DGGLWLYHV�RQ�FRSSHU�HOHFWURGH�VXUIDFHV�KDYH�EHHQ�VKRZQ�WR�VXSSUHVV�
+(5�DQG�LQFUHDVH�IDUDGDLF�HIILFLHQF\�IRU�&���SURGXFWV��+HUH�ZH�LQYHVWLJDWHG�WKH�HIIHFW�RI�WKHVH�PROHFXODU�DGGLWLYHV�
RQ� �EUDVV�VXUIDFHV�XVLQJ�9LHQQD�$E�,QLWLR�6LPXODWLRQ�3DFNDJH��9$63���%\�FRPSXWLQJ�WKH�ELQGLQJ�HQHUJLHV�DQG�
WUDQVLWLRQ�VWDWH�HQHUJLHV�DVVRFLDWHG�ZLWK�WKH�NH\�&±&�FRXSOLQJ�VWHS��ZH�KDYH�ZRUNHG�WR�REWDLQ�LQVLJKW�LQWR�ZKHWKHU�
WKH�DGGLWLRQ�RI�WKH�PROHFXODU�DGGLWLYH�ZRXOG�DIIRUG�KLJKHU�IDUDGDLF�HIILFLHQFLHV�IRU�&���SURGXFWV�ZLWK�WKLV�FDWDO\VW��
2XU�FRPSXWDWLRQV�VR�IDU�KDYH�VHW�XS�D�IUDPHZRUN�IRU�FDOFXODWLQJ�WKH�EDUULHU�WRZDUGV�&±&�FRXSOLQJ�DW�FDWDO\WLFDOO\�
UHOHYDQW�SRWHQWLDOV�ZLWK�DQG�ZLWKRXW�PROHFXODU�DGGLWLYHV��

'HYHORSLQJ�5HOLDEOH�7HVWLQJ�0HWKRGV�IRU�$XWRQRPRXV�9HKLFOHV�LQ�DQ�$XWRPDWHG�9DOHW�3DUNLQJ�/RW�
%HUOLQ�'HO�$JXLOD��
0HQWRUV��5LFKDUG�0XUUD\�DQG�$SXUYD�%DGLWKHOD��

,QFLGHQWV�LQ�ZKLFK�DXWRQRPRXV�V\VWHPV�KDYH�PDOIXQFWLRQHG�LQ�UHDO�ZRUOG�VFHQDULRV�KDYH�VKLQHG�WKH�OLJKW�RQ�WKH�
LPSRUWDQFH�RI�IRUPDO�YHULILFDWLRQ��WHVWLQJ�DQG�HYDOXDWLRQ��7	(��IRU�WKH�GHYHORSPHQW�RI�UHOLDEOH�DXWRQRPRXV�
V\VWHPV��7KURXJK�WKH�GHYHORSPHQW�RI�IRXU�WHVWLQJ�VFHQDULRV��WKH�7	(�WHDP�DW�&DOWHFK�ZLOO�DSSO\�WKHVH�WHVWV�WR�DQ�
DXWRPDWHG�YDOHW�SDUNLQJ�FDVH�VWXG\�WR�JDWKHU�GDWD�WR�ILQHWXQH�IXUWKHU�WHVWV��DQG�FRPSDUH�ZLWK�RWKHU�IRUPDO��
7	(�PHWKRGV��:H�KRSH�WR�VKRZ�WKDW�RXU�WHVW�JHQHUDWLRQ�VFKHPH�UHVXOWV�LQ�WHVW�UXQV�WKDW�FROOHFWLYHO\�FRYHU�D�
GHVLJQDWHG�VHW�RI�EHKDYLRUV�ZKLOH�EULQJLQJ�WKH�$93�V\VWHP�DV�FORVH�DV�SRVVLEOH�WR�YLRODWLQJ�LWV�VSHFLILFDWLRQV��7R�GR�
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VR��WKH�7	(�WHDP�GHYHORSHG�DQ�DEVWUDFWLRQ�RI�WKH�$93�FDVH�VWXG\�WKDW�LV�FRQVLVWHQW�ZLWK�WKH�VSHFLILFDWLRQV�RI�WKH�
DFWXDO�$93�PRGHO�DQG�LQWHUIDFHG�WKH�$93�PRGHO¶V�V\VWHP�FRGH�WR�WKH�DEVWUDFWLRQ�IUDPHZRUN�RI�WKH�7	(�DOJRULWKP�
DQG�VLPXODWHG�WKH�RXWFRPHV�IURP�WKH�WHVWLQJ�VFHQDULRV��8SRQ�VXFFHVVIXO�WHVWLQJ�DQG�VLPXODWLRQ��WKH�WHDP�
GHYHORSHG�D�526�5RERW�2SHUDWLQJ�6\VWHP��PRGXOH�IRU�WKH�$93�HQYLURQPHQW�WR�EH�LQWHUIDFHG�ZLWK�WKH�526�PRGXOH�
IRU�WKH�$93�V\VWHP�GHYHORSHG�E\�WKH�$93�WHDP�DQG�FRQVWUXFW�VLPXODWLRQV�RI�WKH�WHVW�FDVHV�LQ�*D]HER���

7KH�6WRFKDVWLFLW\�RI�U�3URFHVV�(QULFKPHQW�(YHQWV�LQ�*DOD[\�)RUPDWLRQ�
<DGLUD�*DLERU�
0HQWRUV��3KLOLS�+RSNLQV�DQG�$QGUHZ�(PHULFN�

$�VXEVWDQWLDO�IUDFWLRQ�RI�KHDY\�HOHPHQWV��KHDYLHU�WKDQ�LURQ��DUH�D�UHVXOW�RI�UDSLG�QHXWURQ�FDSWXUH��U�SURFHVV����
:H�NQRZ�WKDW�WKHVH�HOHPHQWV�ZHUH�SURGXFHG�VRPHZKHUH�DORQJ�JDOD[\�IRUPDWLRQ�DQG�ZHUH�GLVWULEXWHG�DV�LW�
HYROYHG��+RZHYHU��WKH�UDWHV�DQG�SURGXFWLRQ�VLWHV�RI�VXFK�HQULFKPHQW�DUH�VWLOO�EHLQJ�VWXGLHG��6SHFWURVFRSLF�
REVHUYDWLRQV�RI�5HWLFXOXP�,,�DQG�GHWHFWLRQ�RI�JUDYLWDWLRQDO�ZDYHV�IURP�D�QHXWURQ�VWDU�PHUJHU��160���VHHP�WR�
VXJJHVW�WKDW�WKDW�160�DUH�WKH�PDLQ�SURGXFWLRQ�VLWHV�RI�U�SURFHVV�HOHPHQWV��'XH�WR�WKH�UDULW\�RI�WKHVH�HYHQWV��LW�LV�
SRVVLEOH�WKDW�WKH\�DUH�VWRFKDVWLF�LQ�VRPH�UHJLPHV��+RZHYHU��WKHUH�DUH�TXHVWLRQV�DERXW�ZKHUH�WKH\�FRPH�IURP�DQG�
ZKDW�VLJQDWXUHV�FRUUHVSRQG�WR�VDLG�SURFHVVHV��ZKLFK�DUH�WKH�PDLQ�PRWLYH�RI�RXU�SURMHFW��:H�XVH�D�SRVW�SURFHVVLQJ�
PHWKRG��DJH�WUDFHUV��RQ�WKUHH�VLPXODWHG�JDOD[LHV��P��T��P��L��P��T��RI�GLIIHUHQW�VL]HV��
�KDOR�PDVVHV�����(��������(��������(����0 ��IURP�),5(���WR�VWXG\�WKH�VWRFKDVWLFLW\�RI�U�SURFHVV�HYHQWV��:H�
H[SORUH�IRXU�U�SURFHVV�ILHOGV�ZLWK�GLIIHUHQW�\LHOGV�DQG�GHOD\�WLPHV��7KHQ��ZH�FRPSDUH�WKH�VLPXODWHG�DQG��
SRVW�SURFHVVHG�DEXQGDQFHV�WR�GHWHUPLQH�LI�WKHUH�ZHUH�DQ\�U�SURFHVV�HYHQWV�DQG�KRZ�PDQ\�RI�WKHP�FRXOG�KDYH�
RFFXUUHG��:H�DUH�FXUUHQWO\�DQDO\]LQJ�VRPH�³FULWLFDO�FDVHV´�LQ�ZKLFK�WKH�VLPXODWLRQ�DQG�DJH�WUDFHUV�GLVDJUHH�E\�
PRUH�WKDQ���GH[��2XU�JRDO�LV�WR�EHWWHU�XQGHUVWDQG�WKH�\LHOG�RI�U�SURFHVV�HOHPHQWV�DQG�WKHLU�UDULW\�DFURVV�WKH�
GLIIHUHQW�W\SHV�RI�JDOD[LHV���

$�7KUHH�'LPHQVLRQDO�&RQYROXWLRQDO�1HXUDO�1HWZRUN�WR�3UHGLFW�)OXRUHVFHQW�3URWHLQ�0D[LPXP�
(PLVVLRQ�:DYHOHQJWKV�
0LFKHOOH�*DUFLD�
0HQWRUV��6WHSKHQ�0D\R�DQG�$LGHQ�$FHYHV�

7KH�VFDUFLW\�RI�IDU�UHG�HPLWWLQJ�IOXRUHVFHQW�SURWHLQ��)3��PRQRPHUV�LV�D�PDMRU�OLPLWDWLRQ�IRU�OLYH�WLVVXH�LPDJLQJ��
ZKHUH�WKH�QHDU�LQIUDUHG�ZLQGRZ�LV�IDYRUDEOH�IRU�OLJKW�SHQHWUDWLRQ�DQG�QHFHVVDU\�IRU�GHHS�LPDJLQJ��7KH�FRPSDUDEO\�
VPDOOHU�HQHUJ\�GLIIHUHQFH�EHWZHHQ�WKH�WUDQVLWLRQ�RI�+202�DQG�/802�VWDWHV�LQ�IDU�UHG�)3�IOXRURSKRUHV�HQVXUHV�D�
UHGXFWLRQ�RI�DXWRIOXRUHVFHQFH��OLJKW�VFDWWHULQJ��DQG�SKRWRWR[LFLW\��:H�HQGHDYRU�WR�FRQWULEXWH�WR�WKH�DUUD\�RI�)3�
PRQRPHUV�ZLWK�SHDN�HPLVVLRQ�ZDYHOHQJWKV�� ��EHWZHHQ����QP�WR����QP�E\�FUHDWLQJ�D�WKUHH�GLPHQVLRQDO�
FRQYROXWLRQDO�QHXUDO�QHWZRUN�WR�SUHGLFW�)3� �JLYHQ�D�PROHFXODU�VWUXFWXUH��:H�XVH�7HQVRU)ORZ��DQ�RSHQ�VRXUFH�
PDFKLQH�OHDUQLQJ�SODWIRUP��DQG�LWV�QHXUDO�QHWZRUN�OLEUDU\�WR�EXLOG�.HUDV�PRGHOV�FRQVLVWLQJ�RI��'�FRQYROXWLRQDO�DQG�
SRROLQJ�RSHUDWLRQV��,QVSLUDWLRQ�IRU�QHWZRUN�DUFKLWHFWXUH�ZDV�GUDZQ�IURP�LPDJH�FODVVLILFDWLRQ�VWDWH�RI�WKH�DUW�
QHWZRUNV��:KLOH�FRQVLGHULQJ�SRWHQWLDO�DUFKLWHFWXUHV��K\SHUSDUDPHWHUV�VXFK�DV�OHDUQLQJ�UDWH�DQG�GURSRXW�UDWH�ZHUH�
DXWRPDWHG�XVLQJ�.HUDV�7XQHU¶V�+\SHUEDQG�DOJRULWKP��$IWHU�WUDLQLQJ�PRGHOV�RQ�GDWD�IURP�H[WDQW�SXEOLF�GDWDEDVHV��
ZH�ZLOO�H[HFXWH�LQ�VLOLFR�VHTXHQFH�SHUWXUEDWLRQV�DQG�HYDOXDWH�DXJPHQWHG�PROHFXODU�PRGHOV��,Q�DGGLWLRQ�WR�
HYDOXDWLQJ�SURWHLQV�ZLWK�SRWHQWLDO�IRU�VXEVHTXHQW�V\QWKHVLV�DQG�FKDUDFWHUL]DWLRQ��WKHVH�H[SHULPHQWV�VKHG�OLJKW�RQ�
WKH�XVH�RI�WKUHH�GLPHQVLRQDO�FRQYROXWLRQDO�PRGHOV�IRU�WKH�DXWRPDWHG�OHDUQLQJ�RI�IHDWXUHV�UHOHYDQW�WR�IXQFWLRQDO�
SURSHUWLHV�RI�ELRPROHFXOHV��

)ORZ�9LVXDOL]DWLRQ�RI�9RUWLFHV�7UDQVFULEHG�E\�$UWLVWV�
9LFWRULD�,JQDFLR�
0HQWRUV��0RUWH]D�*KDULE�DQG�&KULV�5RK

2SSRVHG�WR�WRGD\¶V�DGYDQFHG��WHFKQRORJLFDO�VRFLHW\��DUWLVWV�LQ�WKH���WK�DQG���WK�FHQWXULHV�GLG�QRW�KDYH�WKH�FRUUHFW�
WRROV��EHVLGHV�WKHLU�YLVXDO�VHQVH��WR�PHDVXUH�KRZ�DFFXUDWHO\�WKH\�ZHUH�DEOH�WR�GHSLFW�D�QDWXUDO�SKHQRPHQRQ�RQWR�
WKHLU�FDQYDV��2XU�FXUUHQW�DSSURDFK�LV�WR�H[WUDFW�GDWD�SRLQWV�IURP�WKH�IRXQG�DUWZRUN�E\�DUWLVWV��VXFK�DV�/HRQDUGR�GD�
9LQFL����WK�FHQWXU\���8WDJDZD�+LURVKLJH��7RNXJDZD�3HULRG��������������DQG�2JDWD�.RULQ��7RNXJDZD�3HULRG���ZKR�
ZHUH�DEOH�WR�WUDQVFULEH�YLVXDOV�RI�YLVLEOH�YRUWH[�IORZ��7KH�H[WUDFWHG�GDWD�SRLQWV�DUH�XVHG�WR�ILW�ZHOO�NQRZQ�VSLUDO�
HTXDWLRQV�WR�GHWHUPLQH�WKH�FRQVWDQF\�LQ�DUWLVWV¶�YLVXDO�PHDVXUHPHQWV��ZKLFK�PLJKW�UHYHDO�WKH�LQQDWH�ELDV�LQ�WKH�
ZD\�ZH�SHUFHLYH�DQG�GHSLFW�WKH�VZLUOLQJ�PRWLRQ���

$�6HDUFK�IRU�6XUYLYLQJ�6WDUV�)URP�61H��D�LQ�37)�DQG�=7)�6XUYH\V�
&RQRU�/DULVRQ�
0HQWRUV��0DQVL�.DVOLZDO�DQG�'DQQ\�*ROGVWHLQ�

'HVSLWH�WKH�LPSRUWDQFH�RI�7\SH��D�6XSHUQRYDH�WR�WKH�ILHOG�RI�DVWURQRP\��WKH�SURJHQLWRU�V\VWHP�WKDW�OHDGV�WR��
61H��D�LV�VWLOO�D�P\VWHU\��7R�GHWHUPLQH�ZKLFK�FDQGLGDWHV�IRU�WKH�SURJHQLWRU�V\VWHP�KDYH�PHULW��ZH�PHDVXUH�KLJK�
SURSHU�PRWLRQ�VWDUV�LQ�=ZLFN\�7UDQVLHQW�)DFLOLW\��=7)��DQG�3DORPDU�7UDQVLHQW�)DFWRU\��37)��VXUYH\�GDWD�WR�GLVFRYHU�
ZKLWH�GZDUI�FDQGLGDWHV�ZLWK�SURSHU�PRWLRQV�DERYH�����PDV�\U�WKDW�DUH�SROOXWHG�ZLWK�WKH�SURGXFWV�RI�61H��D��DV�
WKHVH�YHORFLWLHV�DQG�FKHPLFDO�FRPSRVLWLRQV�FRXOG�RQO\�EH�DWWULEXWHG�WR�WKH�VXUYLYRU�RI�D�61��D�H[SORVLRQ��:H�KDYH�
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EHJXQ�WR�PHDVXUH�WKH�SURSHU�PRWLRQV�RI�WKRXVDQGV�RI�VWDUV�DQG�KDYH�FDOLEUDWHG�RXU�SURFHGXUH�ZLWK�GDWD�IURP�*DLD��
:H�KRSH�WR�DFKLHYH�D�GHSWK�RI�DURXQG������PDJQLWXGH�WKDW�ZRXOG�DOORZ�XV�WR�PDNH�DFFXUDWH�SURSHU�PRWLRQ�
PHDVXUHPHQWV�IRU�WKRXVDQGV�RI�ZKLWH�GZDUI�FDQGLGDWHV�QRW�YLVLEOH�WR�*DLD��

6HSDUDWLQJ�3KRWRQ�,QLWLDWHG�DQG�1HXWURQ�,QLWLDWHG�6KRZHUV�LQ�WKH�/LJKW�'DUN�0DWWHU�([SHULPHQW�
-XDQ�/D]DUR�
0HQWRUV��'DYLG�*��+LWOLQ�DQG�%HUWUDQG�(FKHQDUG�

7KH�/LJKW�'DUN�0DWWHU�H;SHULPHQW��/'0;��ZLOO�XVH�D�IL[HG�WDUJHW�DSSURDFK�WR�H[SORUH�OLJKW�GDUN�PDWWHU�DQG�YDULRXV�
VFHQDULRV�RI�VXE�*H9�QHZ�SK\VLFV��2QH�FODVV�RI�QHZ�SK\VLFV�PRGHO�FRQVLVWV�RI�D[LRQ�OLNH�SDUWLFOHV��,�SUHVHQW�DQ�
LQLWLDO�VWXG\�RI�KRZ�PDFKLQH�OHDUQLQJ�FRXOG�PDNH�XVH�RI�WKH�KDGURQ�FDORULPHWHU�WR�VHSDUDWH�WKH�SKRWRQ�LQLWLDWHG�
VKRZHU�VLJQDWXUH�RI�D[LRQ�OLNH�SDUWLFOHV�IURP�QHXWURQ�LQLWLDWHG�VKRZHU�EDFNJURXQG��8VLQJ�DQ�/'0;�VSHFLILF�YDULDQW�
RI�*HDQW���ERWK�VKRZHU�W\SHV�KDYH�EHHQ�VLPXODWHG�DW�YDULRXV�HQHUJLHV��GLUHFWLRQV��DQG�LQLWLDO�SRVLWLRQV��
'LVWULEXWLRQV�RI�YDOXHV�GHULYHG�IURP�WKHVH�VLPXODWHG�HYHQWV�DUH�DQDO\]HG��DQG�WKRVH�WKDW�VKRZ�WKH�JUHDWHVW�
FRQWUDVW�EHWZHHQ�WKH�VKRZHUV�RI�GLIIHUHQW�SDUWLFOH�RULJLQ�DUH�DGGHG�WR�WKH�IHDWXUH�OLVW�RI�D�ERRVWHG�GHFLVLRQ�WUHH��$W�
WKLV�SRLQW��LW�KDV�EHHQ�SRVVLEOH�WR�DFKLHYH�D������UHMHFWLRQ�RI�QHXWURQ�VKRZHUV�ZKLOH�SUHVHUYLQJ�������RI�SKRWRQ�
LQLWLDWHG�VKRZHUV��)XUWKHU�GHYHORSPHQW�RI�WKH�ERRVWHG�GHFLVLRQ�WUHH�LV�UHTXLUHG��DQG�D�GHHS�OHDUQLQJ�RSWLRQ�PD\�EH�
H[SORUHG�WR�GHWHUPLQH�LI�LW�ZLOO�EH�SRVVLEOH�WR�LPSURYH�VHQVLWLYLW\�IRU�WHVWLQJ�D[LRQ�OLNH�SDUWLFOH�PRGHOV��

,PSOHPHQWDWLRQ�RI�$FRXVWLFDOO\�7DUJHWHG�&KHPRJHQHWLFV��$7$&��LQ�0LFH�DQG�1RQKXPDQ�3ULPDWHV�
&KULVWLQD�/HH�
0HQWRUV��0LNKDLO�6KDSLUR�DQG�5LFKDUG�/L�

$EVWUDFW�ZLWKKHOG�IURP�SXEOLFDWLRQ�DW�PHQWRU
V�UHTXHVW��

6LPXODWLRQV�RI�(OHFWULF�)LHOG�LQ�WKH�&KDQQHO�RI�D�+LJK�(OHFWURQ�0RELOLW\�7UDQVLVWRU�
5RKDQ�/RSH]�
0HQWRUV��$XVWLQ�0LQQLFK�DQG�7RPL�(VKR�

$�KLJK�HOHFWURQ�PRELOLW\�WUDQVLVWRU�LV�D�ILHOG�HIIHFW�WUDQVLVWRU�WKDW�XWLOL]HV�DQ�LQWHUIDFH�EHWZHHQ�WZR�PDWHULDOV�RI�
GLIIHUHQW�EDQG�JDSV�DV�WKH�FKDQQHO��'XH�WR�WKHLU�H[FHOOHQW�WUDQVSRUW�SURSHUWLHV��+(07V�ILQG�XVH�LQ�DSSOLFDWLRQV�
ZKHUH�ORZ�QRLVH�DQG�KLJK�IUHTXHQF\�LV�GHVLUHG��VXFK�DV�UDGLR�DVWURQRP\��TXDQWXP�FRPSXWLQJ�DQG�
WHOHFRPPXQLFDWLRQ��+LJK�HOHFWULF�ILHOGV�ZLWKLQ�WKH�FKDQQHO�RI�D�+(07�LV�D�FRPPRQ�DQG�XQGHVLUDEOH�HIIHFW��7KHVH�
KLJK�ILHOGV�FDQ�OHDG�WR�ORZ�EUHDNGRZQ�YROWDJH�DQG�GHJUDGHG�QRLVH�SHUIRUPDQFH��7KLV�ZRUN�ZLOO�EH�FDUULHG�RXW�RQ�WKH�
6HQWDXUXV�7&$'��7HFKQRORJ\�&RPSXWHU�$LGHG�'HVLJQ��SURJUDP��7KLV�VRIWZDUH�LV�XVHG�IRU�UXQQLQJ�VLPXODWLRQV�RI�
WKHUPDO��HOHFWULFDO��DQG�RSWLFDO�FKDUDFWHULVWLFV�RI�VHPLFRQGXFWRU�GHYLFHV��2QFH�D�EDVHOLQH�PRGHO�LV�PDGH�DQG�VHYHUDO�
VLPXODWLRQV�KDYH�EHHQ�UXQ�WR�HQVXUH�UHVXOWV�DUH�REWDLQHG�DV�H[SHFWHG��DSSURSULDWH�PRGLILFDWLRQV�ZLOO�EH�PDGH�WR�
GHWHUPLQH�ZKDW�WHFKQLTXHV�ZRXOG�SRWHQWLDOO\�JLYH�WKH�EHVW�UHVXOWV�ZLWK�UHVSHFW�WR�UHGXFLQJ�SHDN�HOHFWULF�ILHOGV�LQ�
WKH�FKDQQHO�RI�WKH�+(07��

6PDOO�+RW�6SRW�,JQLWLRQ�6WXG\�
$ODQ�0DLGD�
0HQWRUV��-RVHSK�6KHSKHUG�DQG�6LONHQ�-RQHV�

+RW�VSRWV��ZKLFK�FDQ�EH�FDXVHG�E\�HOHFWULFDO�IDLOXUH��FDQ�OHDG�WR�LJQLWLRQ�LQ�WKH�SUHVHQFH�RI�YDSRUL]HG�IXHO��7KLV�
PDNHV�LW�DQ�DUHD�RI�LQWHUHVW�IRU�DYLDWLRQ�SXUSRVHV�GXH�WR�WKH�SUR[LPLW\�RI�HOHFWULFDO�ZLULQJ�WR�WKH�IXHO�WDQN��,Q�WKLV�
UHSRUW��ZH¶OO�EH�DQDO\]LQJ�WKH�FULWLFDO�FRQGLWLRQV�RI�LJQLWLRQ�GXH�WR�KRW�VSRWV�RQ�D�VWHHO�GLVN��+RW�VSRWV�ZLOO�EH�FUHDWHG�
XWLOL]LQJ�UHVLVWLYH�KHDWLQJ�RQ�D�VWHHO�GLVN��7R�XQGHUVWDQG�KRZ�KHDW�LV�WUDQVIHUUHG�DZD\�IURP�WKH�FHQWUDO�KRW�VSRW��ZH�
ZRUNHG�LQ�GHWDLO�ZLWK�WKH�KHDW�HTXDWLRQ��7KH�KHDW�HTXDWLRQ�KDV�VKRZQ�WKDW�KDYLQJ�D�GLVN�ZLWK�YDU\LQJ�WKLFNQHVV�
DOORZV�IRU�D�KLJKHU�PD[�WHPSHUDWXUH�E\�WUDSSLQJ�KHDW�DQG�DOORZLQJ�IRU�D�VPDOOHU�KRW�VSRW��:H�KDYH�FUHDWHG�D�
S\WKRQ�VFULSW�IRU�D��'�KHDW�HTXDWLRQ�WR�WHVW�WKH�HIIHFWV�RI�YDU\LQJ�FHUWDLQ�SDUDPHWHUV�DQG�WR�EH�DEOH�WR�WUDFN�FHUWDLQ�
YDULDEOHV�WKDW�DUH�D�IXQFWLRQ�RI�WHPSHUDWXUH��)LQGLQJV�KDYH�VKRZQ�WKDW�DVVXPLQJ�FHUWDLQ�YDULDEOHV�VXFK�DV�HOHFWULFDO�
UHVLVWLYLW\�WR�EH�FRQVWDQW�FDQ�OHDG�WR�D�ͺΨ� �ZKHQ�FDOFXODWLQJ�PD[�WHPSHUDWXUH���

'HYHORSLQJ�D�6LPXODWLRQ�3ODWIRUP�IRU�)ORZ�3KHQRPHQD�:LWK�/DQJUDQLDQ�(XOHULDQ�)UDPHV�RI�5HIHUHQFH�
.HOYLQ�0DUWLQH]�
0HQWRUV��0RU\�*KDULE�DQG�&RQJ�:DQJ�

)OXLG�PHFKDQLFV�KDV�FRPH�D�ORQJ�ZD\�ZKHQ�VWXG\LQJ�LWV�SURSHUWLHV��7R�VWXG\�WKH�IOXLG�PRWLRQV��QHXWUDOO\�EXR\DQW�
SDUWLFOHV�DUH�RIWHQ�DGGHG�WR�WKH�IOXLG�PHGLD�DV�PDUNV�IRU�WUDFNLQJ�WKH�IOXLG�PRWLRQ��7ZR�FRPPRQ�IUDPH�UHIHUHQFHV��
QDPHO\�WKH�/DJUDQJLDQ�DQG�(XOHULDQ�IUDPH�RI�UHIHUHQFH��RIIHU�WZR�GLIIHUHQW�SHUVSHFWLYHV�RQ�WKH�IOXLG�IORZ��7KHVH�
IUDPHV�RI�UHIHUHQFHV�RIIHU�XV�WKH�DELOLW\�WR�DQDO\]H�WKH�IORZ�PRWLRQ��HLWKHU�IROORZLQJ�D�VSHFLILF�IOXLG�SDUFHO�RYHU�WLPH�
�/DJUDQJLDQ�IUDPH��RU�IRFXVLQJ�RQ�D�VHOHFWHG�UHJLRQ�ZKHUH�WKH�IORZ�SDVVHV�WKURXJK��(XOHULDQ�IUDPH���0\�ZRUN�
WDUJHWV�WR�EXLOG�D�YLUWXDO�SODWIRUP�WR�VWXG\�IOXLG�PRWLRQV�ZLWK�WKHVH�WZR�IUDPH�UHIHUHQFHV��)LUVW��V\QWKHWLF�SDUWLFOH�
LPDJHV�WKDW�FRUUHVSRQG�WR�YDULRXV�IORZ�SKHQRPHQD��VXFK�DV��D�OLQHDU�WUDQVODWLRQ�RU�D�URWDWLRQDO�YRUWH[��DUH�
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SURGXFHG��6HFRQG��WKH�IORZ�PRWLRQV�DUH�TXDQWLWDWLYHO\�H[WUDFWHG�XVLQJ�FURVV�FRUUHODWLRQ��/DVWO\��WKH�IORZ�PRWLRQV�
DUH�YLVXDOL]HG�ZLWK�WKH�(XOHULDQ�/DJUDQJLDQ�IUDPH�RI�UHIHUHQFH��7KLV�SODWIRUP�LV�H[SHFWHG�WR�EH�D�KDQG\�WRRO��ZKLFK�
SURGXFHV�LQVLJKWV�LQ�IOXLG�G\QDPLFV�UHVHDUFK�DQG�HGXFDWLRQ��

,QYHVWLJDWLQJ�5HWXUQLQJ�5DGLDWLRQ�LQ�%ODFN�+ROH�;�UD\�%LQDULHV�8VLQJ�1X67$5�'DWD�
-HVVLH�0LOOHU�
0HQWRUV��)LRQD�+DUULVRQ�DQG�-DYLHU�*DUFLD�

7KURXJK�UHIOHFWLRQ�VSHFWURVFRS\��ZH�FDQ�VWXG\�WKH�ZD\�OLJKW�EHKDYHV�LQ�WKH�LQQHU�UHJLRQV�RI�D�EODFN�KROH¶V�DFFUHWLRQ�
GLVN��,Q�WKH�DYHUDJH�VWHOODU�PDVV�EODFN�KROH�ZH�REVHUYH�GLVWDQW�UHIOHFWLRQ�IURP�SKRWRQV�HPLWWHG�DW�WKH�RXWHU�
UHJLRQV�RI�WKH�GLVN��UHODWLYLVWLF�SKRWRQV�IURP�WKH�LQQHU�UHJLRQV�RI�WKH�GLVN��DQG�SKRWRQV�HPLWWHG�E\�WKH�FRURQD��
+RZHYHU��ZKHQ�WKH�JUDYLW\�RI�D�EODFN�KROH�LV�SDUWLFXODUO\�VWURQJ��SKRWRQV�HPLWWHG�IURP�WKH�LQQHU�UHJLRQV�RI�WKH�GLVN�
PD\�EH�EHQW�EDFNZDUGV��WZLVWLQJ�DURXQG�WKH�EODFN�KROH�DV�LW�UDSLGO\�URWDWHV��7KHVH�SKRWRQV�DUH�WKHQ�UHIOHFWHG�RII�RI�
WKH�DFFUHWLRQ�GLVN�EHIRUH�ILQDOO\�UHDFKLQJ�WKH�REVHUYHU��7KLV�SURFHVV��NQRZQ�DV�³UHWXUQLQJ�UDGLDWLRQ�´�FUHDWHV�D��
VHOI�LOOXPLQDWLQJ�GLVN�ILUVW�WKHRUL]HG�LQ�WKH�����V�DQG�UHFHQWO\�REVHUYHG�IRU�WKH�ILUVW�WLPH�WKLV�SDVW�\HDU��7KLV�SURMHFW�
DLPV�DW�LGHQWLI\LQJ�UHWXUQLQJ�UDGLDWLRQ�LQ�DGGLWLRQDO�EODFN�KROH�ELQDULHV��WKHUHE\�IXUWKHU�GHYHORSLQJ�RXU�FXUUHQW�
XQGHUVWDQGLQJ�RI�EODFN�KROH�SK\VLFV��DFFUHWLRQ�G\QDPLFV��DQG�DLGLQJ�LQ�IXWXUH�PHDVXUHPHQWV�RI�EODFN�KROH�VSLQ�
UDWHV��

&RPSDULVRQ�RI�0XOWLSKDVH�)ORZ�6LPXODWLRQV�RI�$FRXVWLF�:DYH�3URSDJDWLRQ�7KURXJK�%XEEO\�/LTXLGV�
)UDQ]�2¶0HDOO\�
0HQWRUV��7LP�&RORQLXV�DQG�6SHQFHU�%U\QJHOVRQ�

0XOWLSKDVH�IORZV�DUH�IRXQG�LQ�HQJLQHHULQJ�V\VWHPV�IURP�WXUERPDFKLQHU\�WR�PHGLFDO�GHYLFHV��7R�HQKDQFH�RXU�
XQGHUVWDQGLQJ�RI�WKHVH�IORZV�DQG�GHVLJQ�IXWXUH�V\VWHPV��LW�LV�QHFHVVDU\�WR�GHYHORS�DFFXUDWH�WHFKQLTXHV�IRU�WKHLU�
QXPHULFDO�VLPXODWLRQ��,Q�WKLV�SURMHFW��WKH�0XOWL�FRPSRQHQW�)ORZ�&RGH��0)&��LV�XVHG�WR�PRGHO�SUHVVXUH�ZDYH�
SURSDJDWLRQ�WKURXJK�EXEEO\�OLTXLGV��7KH�UHVXOWV�RI�WKHVH�VLPXODWLRQV�DUH�FRPSDUHG�WR�H[SHULPHQWV�IURP�WKH�
OLWHUDWXUH��$�QHZO\�LPSOHPHQWHG�IHDWXUH�RI�WKH�DOJRULWKP�LQYROYHV�D�VWDWLVWLFDO�DSSURDFK�IRU�WKH�EXEEOH�VWDWH��
6SHFLILFDOO\��WKH�LQLWLDO�EXEEOH�PDVV��UDGLXV��DQG�UDGLDO�YHORFLW\�DUH�WDNHQ�DV�UDQGRP�YDULDEOHV�ZKRVH�GLVWULEXWLRQ�LV�
WUDFNHG�GXULQJ�WKH�VLPXODWLRQV��XVLQJ�D�TXDGUDWXUH�EDVHG�PRPHQW�PHWKRG��4%00���7KLV�PRUH�JHQHUDO�PRGHOLQJ�RI�
EXEEOHV�VKRXOG�DOORZ�IRU�LQFUHDVLQJO\�UHDOLVWLF�VLPXODWLRQV��VLQFH�H[FHSW�XQGHU�FDUHIXOO\�FRQWUROOHG�ODERUDWRU\�
FRQGLWLRQV��WKH�RFFXUUHQFH�RI�EXEEOHV�LQ�UHDO�IORZV�LV�D�VWRFKDVWLF�SURFHVV��,QLWLDO�ILQGLQJV�XVLQJ�0)&�VKRZ�ZHOO�
HVWDEOLVKHG�SUHVVXUH�RVFLOODWLRQV�GXULQJ�VWHDG\�VKRFN�SURSDJDWLRQ�LQ�ERWK�PRQRGLVSHUVH�DQG�SRO\GLVSHUVH�EXEEO\�
OLTXLGV��)XUWKHU�VLPXODWLRQV�ZLOO�EH�FRQGXFWHG�WR�GHWHUPLQH�WKH�HIIHFWV�RI�WKH�QHZ�4%00�EXEEOH�SDUDPHWHUV�RQ�WKH�
VROXWLRQ�RI�VKRFN�SURSDJDWLRQ�DQG�EXEEOH�VFUHHQ�SUREOHPV��ZLWK�WKH�JRDO�RI�LPSURYLQJ�WKH�XQGHUVWDQGLQJ�RI�
PXOWLSKDVH�IORZ�SK\VLFV���

,PSOHPHQWLQJ�WKH�6,1'\�$OJRULWKP�WR�,GHQWLI\�D�0RGHO�IRU�3DVVLYH�9RUWH[�,QGXFHG�0RWLRQ�RI�$LUIRLO�
3DWULFN�-��6DDGH�
0HQWRUV��%HYHUOH\�0F.HRQ�DQG�0RUJDQ�+RRSHU

1RQOLQHDU�G\QDPLFDO�V\VWHPV�RFFXU�LQ�D�YDULHW\�RI�ORFDWLRQV�LQ�WKH�HQYLURQPHQW��7KRXJK�YHU\�FRPPRQ��LGHQWLI\LQJ�D�
PRGHO�IRU�WKLV�NLQG�RI�V\VWHP�FDQ�SURYH�GLIILFXOW�GXH�WR�WKHLU�HUUDWLF�QDWXUH�DQG�LQGLVWLQFW�UHODWLRQVKLS�EHWZHHQ�WKH�
PHDVXUHG�YDULDEOHV��'HVSLWH�WKH�GLIILFXOW\��LGHQWLILFDWLRQ�RI�D�PRGHO�LV�VWLOO�DFKLHYDEOH�WKURXJK�WKH�LPSOHPHQWDWLRQ�RI�
PDFKLQH�OHDUQLQJ��0DFKLQH�OHDUQLQJ�LV�WKH�SHUIHFW�WRRO�IRU�DQDO\]LQJ�QRQOLQHDU�G\QDPLFDO�V\VWHPV�EHFDXVH�D�
FRPSXWHU�FDQ�GHWHUPLQH�SDWWHUQV�DQG�FRUUHODWLRQV�WKDW�UHVHDUFKHUV�W\SLFDOO\�FDQQRW��2XU�LPSOHPHQWDWLRQ�RI�6,1'\�
KDV�EHHQ�WHVWHG�RQ�WKH�/RUHQW]�V\VWHP�DQG�ZLOO�EH�DSSOLHG�WR�D�IOXLG�VWUXFWXUH�SUREOHP��QDPHO\�WKH�SLWFK�KHDYH�
PRWLRQ�RI�DQ�DLUIRLO�PRYLQJ�LQ�UHVSRQVH�WR�YRUWH[�VKHGGLQJ�IURP�DQ�XSVWUHDP�ERG\��:LWK�WKH�SURSHU�XWLOL]DWLRQ�RI�
6,1'\�LQ�WKLV�QRQOLQHDU�G\QDPLFDO�V\VWHP��HQKDQFHG�PRGHOLQJ�DQG�XQGHUVWDQGLQJ�RI�WKH�V\VWHP¶V�G\QDPLFV�LV�
H[SHFWHG��7KLV�ZLOO�KDYH�LPSOLFDWLRQV�IRU�WDVNV�VXFK�DV�SDVVLYHO\�KDUYHVWLQJ�HQHUJ\��

&DQ�/<62�7DUJHW�+HOS�RQ�,GHQWLI\LQJ�)DNH�'DUN�0DWWHU�(YHQWV"
-XOLDQ�6HQQHWWH�
0HQWRUV��'DYLG�+LWLOLQ��-DPHV�2\DQJ��DQG�'H[X�/LQ�

7KH�/LJKW�'DUN�0DWWHU�([SHULPHQW��/'0;��VHHNV�WR�GHWHFW�DQG�FKDUDFWHUL]H�GDUN�PDWWHU�WKURXJK�VHDUFKHV�ZLWKLQ�
WKH�VXE�*H9�PDVV�UDQJH��&XUUHQW�GHWHFWLRQ��KRZHYHU��LV�LW
V�VXVFHSWLELOLW\�WR�IDOVH�SRVLWLYHV�GXH�WR�SKRWRQXFOHDU�DQG�
HOHFWURQXFOHDU�LQWHUDFWLRQV�DV�KLJK�HQHUJ\�HOHFWURQV����*H9��LQWHUDFW�ZLWK�WKH�WDUJHW��GHSRVLWLQJ�HQHUJ\�EDFN�LQWR�
WKH�WDUJHW�ZKLFK�DUH�QRW�UHDG�E\�WKH�GHWHFWRU��7KHVH�PLVVLQJ�HQHUJ\�VLJQDWXUHV�IDOVHO\�DSSHDU�DV�SRWHQWLDO�GDUN�
PDWWHU�HYHQWV��+RZHYHU�WKH�XVH�RI�DFWLYH�VFLQWLOODWLRQ�PDWHULDO��/<62��UDWKHU�WKDQ�WKH�FXUUHQWO\�XVHG�7XQJVWHQ�LV�
WKHRUL]HG�WR�GHWHFW�WKH�WKHP�VFLQWLOODWLRQ�SURFHVVHV�ZKLFK�DUH�DEOH�WR�EH�UHDG�E\�WKH�GHWHFWLRQ�DSSDUDWXV��7KLV�
SURMHFW�XVHV�*HDQW��VLPXODWLRQ�VRIWZDUH��LQ�RUGHU�WR�JHQHUDWH�HPLVVLRQ�DQG�HQHUJ\�VLJQDWXUHV�IRU�WHVWV�RI�/<62
V�
DELOLW\�WR�DFFXUDWHO\�GHWHFW�IDNH�GDUN�PDWWHU�HYHQWV�DQG�UHPRYH�EDFNJURXQG�FRPSDUHG�WR�7XQJVWHQ��'DWD�FROOHFWLRQ�
LV�GRQH�WKURXJK�5227��VRIWDZUH�LPSOHPHQWHG�ZLWKLQ�*HDQW���6WDWLVWLFDO�VLJQLILFDQFH�DQDO\VLV�ZLOO�EH�GRQH�DORQJ�D��
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��?��FRQILGHQFH�LQWHUYDO�LQ�ZKLFK�UHOHYHDQW�SDUDPWHUV�ZLOO�EH�FRPSDUHG�EHWZHHQ�DQG�/<62�DQG�7XQJVWHQ�WDUJHWV��
:KLOH�QR�UHVXOWV�KDYH�EHHQ�UHFRUGHG��VLJQLILFDQW�IDOVH�SRVLWLYH�UHMHFWLRQ�E\�/<62�FRXOG�UHVXOW�LQ�WKH�LPSOHPHQWDWLRQ�
RI�DFWLYH�/<62�LQWR�WKH�/'0;�GHWHFWLRQ DSSDUDWXV�

(YDOXDWLQJ�3RWHQWLDO�+LJK�$OEHGR�-XSLWHU�7URMDQ�$VWHURLGV�
$QQD�6LPSVRQ�
0HQWRU��0LFKDHO�(��%URZQ�

&XUUHQW�PRGHOV�RI�6RODU�6\VWHP�HYROXWLRQ�SURSRVH�WKDW�WKH�LF\�.XLSHU�%HOW�2EMHFWV�DQG�WKH�-XSLWHU�7URMDQ�DVWHURLGV�
VKDUH�DQ�RULJLQ��7KHUHIRUH��ILQGLQJ�D�FRPSRVLWLRQDO�FRQQHFWLRQ�EHWZHHQ�WKHVH�WZR�VHWV�RI�REMHFWV�LV�UHOHYDQW�WR�
XQGHUVWDQGLQJ�6RODU�6\VWHP�IRUPDWLRQ��,Q�WKH�DEVHQFH�RI�DQ\�DSSDUHQW�LFH�RQ�WKH�VXUIDFH�RI�7URMDQV��LW�PD\�VWLOO�EH�
SRVVLEOH�WKDW�UHFHQW�FROOLVLRQV�H[SRVHG�SUHYLRXVO\�VXEVXUIDFH�LFH��ZKLFK�ZRXOG�EH�HYLGHQFHG�E\�KLJKHU�WKDQ�
H[SHFWHG�DOEHGRV��,Q�JHQHUDO��7URMDQV�DUH�VLPLODU�LQ�DOEHGR��KRZHYHU��SUHYLRXV�DQDO\VLV�RI�GDWD�IURP�WKH�VSDFH�
WHOHVFRSH�:,6(�KDV�VXJJHVWHG�WKDW�VRPH�7URMDQV�PD\�KDYH�DOEHGRV�WKDW�DUH�KLJKHU�WKDQ�W\SLFDO��&RPELQLQJ�WKH�
:,6(�GDWD�ZLWK�DGGLWLRQDO�GDWD�WDNHQ�ZLWK�WKH�UDGLR�WHOHVFRSH�$/0$��ZH�LQYHVWLJDWH�WZHOYH�7URMDQV�LQ�RUGHU�WR�
VHDUFK�IRU�IXUWKHU�FRQILUPDWLRQ�RI�WKHLU�DOEHGRV��)LWWLQJ�D�WKHUPDO�PRGHO�WR�WKH�GDWD�UHVXOWV�LQ�D�VHW�RI�SDUDPHWHUV��
LQFOXGLQJ�DOEHGR��WKDW�EHVW�SUHGLFW�WKH�REVHUYHG�WKHUPDO�IOX[��%\�IXUWKHU�UHILQLQJ�WKH�ILWWLQJ�SURFHGXUH�LQ�SXUVXLW�RI�
WKH�EHVW�SRVVLEOH�PRGHO�ILW�WR�ERWK�WKH�:,6(�DQG�$/0$�GDWD��ZH�DLP�WR�REWDLQ�DOEHGR�YDOXHV�WKDW�ZLOO�HQDEOH�
HYDOXDWLRQ�RI�WKH�SRVVLELOLW\�WKDW�UHFHQW�FROOLVLRQV�H[SRVHG�LFH�ZLWKLQ�WKHVH�REMHFWV���

,GHQWLI\LQJ�DQG�&KDUDFWHUL]LQJ�'XVW\�6WHOODU�&DQGLGDWHV�LQ�6SLW]HU�.HSOHU�6XUYH\��6SL.H6��
6\GQH\�6NRUSHQ��-HW�3URSXOVLRQ�/DERUDWRU\�&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�DQG�0RRUSDUN�&ROOHJH��
0HQWRUV��)DULVD�0RUDOHV��-HW�3URSXOVLRQ�/DERUDWRU\�&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��DQG�9DURXMDQ�*RUMLDQ��-HW�
3URSXOVLRQ�/DERUDWRU\�&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��

&KDUDFWHUL]LQJ�GHEULV�GLVNV�ZLWKLQ�WKH�.HSOHU�ILHOG�FDQ�IXUWKHU�RXU�XQGHUVWDQGLQJ�RI�WKH�FRPSRVLWLRQ�DQG�HYROXWLRQ�
RI�SODQHWDU\�V\VWHPV��7KH�6SLW]HU�.HSOHU�6XUYH\��6SL.H6��GDWDVHW��ZKLFK�FDSWXUHV�WKH�.HSOHU�ILHOG�LQ�WKH�����DQG�
���� P�ZDYHOHQJWK��FRQWDLQV�����VRXUFHV�DQG�SUHVHQWV�WKH�RSSRUWXQLW\�WR�LGHQWLI\�DQG�DQDO\]H�GXVW\�GLVN�V\VWHPV��
+HUH��D�VXEVDPSOH�RI�����VRXUFHV�ZDV�LVRODWHG�E\�LWV�OLNHOLKRRG�IRU�LQIUDUHG�H[FHVV��D�NH\�FKDUDFWHULVWLF�RI�GHEULV�
GLVNV��6SHFWUDO�(QHUJ\�'LVWULEXWLRQ��6('��JUDSKV�ZHUH�SURGXFHG�IRU�HDFK�RI�WKH�����VRXUFHV�DQG�ZHUH�RUJDQL]HG�E\�
FKDUDFWHULVWLFV��RI�ZKLFK�����VRXUFHV�ZHUH�VHOHFWHG�IRU�WKHLU�FOHDQ�6('V�FRQWDLQLQJ�LQIUDUHG�H[FHVV��$�YLVXDO�
LQVSHFWLRQ�RI�WKH�����VRXUFHV�VKRZHG�WKDW����VRXUFHV�FRQWDLQ�QR�REYLRXV�VLJQV�RI�LQIUDUHG�FRQWDPLQDWLRQ�DQG�ZLOO�
UHTXLUH�IXUWKHU�DQDO\VLV�DV�D�FDQGLGDWH�IRU�FRQWDLQLQJ�GXVW��$QRWKHU����VRXUFHV�H[KLELWHG�XQXVXDO�³ULVLQJ´�6('V��
PDQ\�RI�ZKLFK�ZHUH�JDOD[LHV�DV�FRQILUPHG�E\�WKH�6,0%$'�DUFKLYH��7KH�UHVXOWV�WKXV�IDU�VKRZ�WKDW�VRXUFHV�ZLWKLQ�
WKH�6SL.H6�SRWHQWLDOO\�LQFOXGH�FLUFXPVWHOODU�GXVW��H[SDQGLQJ�RXU�NQRZOHGJH�RI�WKH�.HSOHU�ILHOG�DQG�WKH�SODQHWDU\�
V\VWHPV�ZLWKLQ��

7KHUPRPHWU\�3URJUDP�2SWLPL]DWLRQ�IRU�&RVPLF�0LFURZDYH�%DFNJURXQG�.LQHWLF�,QGXFWDQFH�'HWHFWRUV�
<VDULV�6RVD�
0HQWRUV��6XQLO�*ROZDOD�DQG�)DELHQ�'HIUDQFH�

&RVPLF�PLFURZDYH�EDFNJURXQG��&0%��LV�D�IRUP�RI�HOHFWURPDJQHWLF�UDGLDWLRQ�WKDW�RULJLQDWHV�IURP�WKH�HDUOLHVW�VWDJHV�
RI�WKH�XQLYHUVH��DQG�WKXV�SURYLGHV�FUXFLDO�LQIRUPDWLRQ�IRU�GDUN�PDWWHU�DQG�DVWURSK\VLFV�UHVHDUFK���
%�PRGH�SRODUL]DWLRQ�RI�&0%�WDUJHWV�D�VLJQDO�RI�XQLYHUVDO�LQIODWLRQ��RU�VSDWLDO�H[SDQVLRQ�RI�WKH�HDUO\�XQLYHUVH��7KLV�
PRGH�LV�GLIILFXOW�WR�GHWHFW�EHFDXVH�LW�LV�ERWK�H[SHFWHG�WR�EH�YHU\�VPDOO�DQG�DOVR�EHFDXVH�RWKHU�VRXUFHV�RI�UDGLDWLRQ�
FDQ�DOVR�\LHOG�%�PRGH�VLJQDOV��$�QHZ�%�PRGH�SRODUL]DWLRQ�H[SHULPHQW��FDOOHG�&0%�6���KDV�EHHQ�GHYHORSHG�IRU�WKLV�
GHWHFWLRQ�SXUSRVH��2QH�SRWHQWLDO�WHFKQRORJ\�IRU�WKH�GHWHFWRUV�IRU�&0%�6��LV�PLFURVWULS�FRXSOHG�WLWDQLXP�QLWULGH�
NLQHWLF�LQGXFWDQFH�GHWHFWRUV�EHFDXVH�RI�WKH�H[SHFWHG�VHQVLWLYLW\�DQG�DPHQDELOLW\�WR�PDVV�IDEULFDWLRQ�DQG�
PXOWLSOH[LQJ��,Q�RUGHU�IRU�WKHVH�GHWHFWRUV�WR�ZRUN�XQGHU�WKHLU�EHVW�FRQGLWLRQV��WKH\�PXVW�EH�FRROHG�WR�DERXW��
����P.��7KH�GHWHFWRUV�DUH�FRROHG�DQG�PRQLWRUHG�E\�FRGH�ZULWWHQ�LQ�WKH�/DE9,(:�SURJUDP��7KH�SURJUDP�WKDW�ZDV�
SUHYLRXVO\�LQ�SODFH�FDOFXODWHG�UHVLVWDQFH�YDOXHV��DQG�VXEVHTXHQWO\�FRQYHUWHG�WKHP�LQWR�WHPSHUDWXUH��UDWKHU�
LQHIILFLHQWO\��1RW�RQO\�KDV�WKLV�VLQFH�EHHQ�RSWLPL]HG��EXW�DQ�DGGLWLRQDO�WKHUPRPHWHU�ZDV�DGGHG�LQWR�WKH�PDLQIUDPH�
WR�DOORZ�IRU�DGGLWLRQDO�PHDVXUHPHQWV���

+LJKO\�(IILFLHQW��7ZR�'LPHQVLRQDO�7UDQVLWLRQ�0HWDO�'LFKDOFRJHQLGH�(PLWWHUV�IRU�/XPLQHVFHQW�6RODU�
&RQFHQWUDWRU�3KRWRYROWDLFV�
5DFKHO�7KDP�
0HQWRUV��+DUU\�$WZDWHU�DQG�'DYLG�1HHGHOO�

5HFHQWO\��PRQROD\HU�WUDQVLWLRQ�PHWDO�GLFKDOFRJHQLGHV��70'&V��KDYH�EHHQ�VKRZQ�WR�DFKLHYH�KLJK�UDGLDWLYH�
HIILFLHQF\��ZLWK�0R6��DQG�:6��70'&V�DFKLHYLQJ�SKRWROXPLQHVFHQFH�TXDQWXP�\LHOGV��3/4<��JUHDWHU�WKDQ��
�����*LYHQ�WKHVH�KLJK�UDGLDWLYH�HIILFLHQFLHV��70'&V�FDQ�EH�XVHG�DV�DFWLYH�OXPLQRSKRUHV�LQ�OXPLQHVFHQW�VRODU�
FRQFHQWUDWRUV��/6&V��WKDW�DEVRUE�DQG�HPLW�OLJKW�DV�SKRWROXPLQHVFHQFH��3/��DW�6WRNHV�VKLIWHG�HQHUJLHV�FRXSOHG�WR�
EDQGJDS�PDWFKHG�VRODU�FHOOV��7KLV�VWXG\�DLPV�WR�OHYHUDJH�H[SHULPHQWDOO\�YDOLGDWHG�PRGHOLQJ�PHWKRGV�WR�
FRPSXWDWLRQDOO\�WHVW�WKH�ILUVW�HYHU�70'&�/6&�GHYLFH��RSWLPL]LQJ�WKH�GHYLFH�GHVLJQ�DQG�SHUIRUPDQFH�WKURXJK�D�
YDOLGDWHG�0RQWH�&DUOR�UD\�WUDFH�PRGHO��:H�DQDO\]H�WKH�70'&�/6&�SHUIRUPDQFH�WKURXJK�NH\�PHWULFV��H�J���RSWLFDO�



:$9(�)HOORZV�$EVWUDFWV�

HIILFLHQF\��FRQFHQWUDWLRQ�IDFWRU��SRZHU�FRQYHUVLRQ�HIILFLHQF\��DQG�YDU\�ZDYHJXLGH�SDUDPHWHUV��VXFK�DV�WKLFNQHVV�
DQG�SKRWRYROWDLF�FHOO�FRXSOLQJ��LQ�DGGLWLRQ�WR�WHVWLQJ�70'&�KRPR��DQG�KHWHURMXQFWLRQ�OXPLQRSKRUH�VWUXFWXUHV��:LWK�
WKH�RSWLPL]HG�70'&�/6&�GHYLFH��ZH�LGHQWLI\�LQLWLDO�WDUJHWV�IRU�H[SHULPHQWDO�IDEULFDWLRQ�DQG�SURWRW\SLQJ��7R�IXUWKHU�
LPSURYH�70'&�/6&�GHYLFHV��IXWXUH�UHVHDUFK�FDQ�TXDQWLI\�WKH�HIIHFWV�RI�H[WHUQDO�IDFWRUV��H�J���WHPSHUDWXUH�
GHSHQGHQFH�DQG��'�70'&�VWUDLQ��DV�ZHOO�DV�GHYHORS�LQLWLDO�70'&�/6&�GHYLFHV��

'HVLJQLQJ�&RUUROHV�WR�7DUJHW�&DQFHURXV�7LVVXH��
+RDQJ�7UDQ
0HQWRUV��6FRWW�9LUJLO�DQG�+DUU\�%�*UD\��

,Q�SUHYLRXV�UHVHDUFK�IURP�3URI��+��%��*UD\¶V�JURXS��FRUUROHV�DQG�WKHLU�PHWDO�FRPSOH[HV�KDYH�VKRZQ�SURPLVH�LQ�
FDQFHU�WKHUDS\� ,Q�WKLV�SURMHFW��FRUUROHV�DQG�WKHLU�PHWDO�FRPSOH[HV�WKDW�FRXOG�KDYH�EHWWHU�DFWLYLWLHV�DJDLQVW�
FDQFHURXV�WLVVXHV�KDYH�EHHQ�VWXGLHG��:LWK�D�JRDO�WR�WDUJHW�FDQFHU�FHOOV�VSHFLILFDOO\��RXU�UHVHDUFK�KDV�OHG�WR�WKH�
GHVLJQ�RI�FRUUROHV�WKDW�DUH�H[SHFWHG�WR�EH�PRUH�GLUHFWHG�WRZDUGV�WKH�DFLGLF�HQYLURQPHQW�RI�FDQFHU�FHOOV��:H�
GHVFULEH�RXU�UHVHDUFK�RQ�WKH�GHVLJQ�RI�QRYHO�FRUUROHV�WKDW�LQFOXGH�EDVLF�JURXSV�LQWR�WKH�ULQJ�ZLWK�VWURQJ�SRWHQWLDO�
IRU�DFWLYLW\�DJDLQVW�FDQFHU�FHOOV���

7KH�%DUUHO�7LPLQJ�/D\HU¶V�'HVLJQ�DQG�3HUIRUPDQFH�RI�7KH�0,3�7LPLQJ�'HWHFWRU�IRU�&06�
3KDVH���8SJUDGH��
0DWWKHZ�9DOGH]��
0HQWRU��0DULD�6SLURSXOX�

7KLV�UHSRUW�VXPPDUL]HV�WKH�GHVLJQ�DQG�SHUIRUPDQFH�RI�WKH�%DUUHO�7LPLQJ�/D\HU��%7/��RI�WKH�0LQLPXP�,RQL]LQJ�
3DUWLFOH�7LPLQJ�GHWHFWRU�IRU�WKH�&06�3KDVH���8SJUDGH��7KH�SHUIRUPDQFH�RI�WKH�%7/�UHFRQVWUXFWLRQ�LV�HYDOXDWHG�E\�
XVLQJ�WKH�0RQWH�&DUOR�VLPXODWLRQ��&DOWHFK¶V�%7/�GHVLJQ�PDLQWDLQV�WKH�FXUUHQW�SHUIRUPDQFH�RI�WKH�&06�GHWHFWRUV�LQ�
WLPH�UHVROXWLRQ��HIILFLHQF\�DQG�EDFNJURXQG�UHMHFWLRQ��6LPXODWLRQV�RI�WKH�GHWHFWHG�WLPH�RI�DUULYDO�IRU�D�JLYHQ�%7/�FHOO�
LQFOXGHV�GLIIHUHQW�RXWFRPHV�WKH�WLPH�RI�DUULYDO�RI�WKH�ILUVW�HQHUJ\�GHSRVLW�LQ�WKH�FHOO��WKH�WLPH�GHOD\�IRU�WKH�
VFLQWLOODWLRQ�OLJKW�WR�UHDFK�WKH�VLOLFRQ�SKRWRPXOWLSOLHU�DW�WKH�FU\VWDO�HQGV��DQG�WKH�WLPH�GHOD\�HIIHFW�GHSHQGLQJ�RQ�WKH�
VLJQDO�DPSOLWXGH�DQG�WKH�GLVFULPLQDWLRQ�WKUHVKROG�RI�WKH�UHDGRXW�XQLWV��7KH�HIILFLHQF\�RI�WKH�%7/�IURP�WKH�0RQWH�
&DUOR�VLPXODWLRQV�RI�VLQJOH�PXRQ�HYHQWV�LV�DW������ZKLFK�LV�GHVFULEHG�DV�WKH�SUREDELOLW\�IURP�FOXVWHU�HQHUJ\�
GHSRVLWV�WKDW�DUH�ODUJHU�DQG���0H9�DQG�DUH�DVVRFLDWHG�WR�D�VLQJOH�PXRQ�WUDFN�RI�WUDQVYHUVH�PRPHQWXP��SW��WKDW�LV�
JUHDWHU�WKDQ�����*H9���

8VLQJ�*UDYLW\�0HDVXUHPHQWV�WR�0DS�6WUXFWXUH�LQ�WKH�6DQ�*DEULHO�DQG�6DQ�%HUQDUGLQR�%DVLQV��
9DOHULD�9LOOD�
0HQWRU��5REHUW�&OD\WRQ�

6HGLPHQWDU\�EDVLQV�VXFK�DV�WKH�6DQ�*DEULHO�DQG�6DQ�%HUQDUGLQR�%DVLQV�LQ�6RXWKHUQ�&DOLIRUQLD�DUH�WKRXJKW�WR�WUDS�
DQG�DPSOLI\�VHLVPLF�ZDYHV��5HFHQW�VWXGLHV�VXJJHVW�WKDW�D�PDJQLWXGH�����HDUWKTXDNH�RQ�WKH�VRXWKHUQ�6DQ�$QGUHDV�
)DXOW�ZLOO�H[FHHG�PRGHO�SUHGLFWLRQV�E\�D�IDFWRU�RI����'XH�WR�WKH�ORZ�VHLVPLF�YHORFLWLHV�DQG�FRQFDYH�VKDSH�RI�WKH�
EDVLQV��VHLVPLF�HQHUJ\�FDQ�EH�FKDQQHOHG�WRZDUGV�WKH�GHQVHO\�SRSXODWHG�GRZQWRZQ�/RV�$QJHOHV�DUHD��7KHUHIRUH��
REWDLQLQJ�DQ�DFFXUDWH�PRGHO�RI�WKH�VXEVXUIDFH�VWUXFWXUH�RI�WKH�EDVLQV��LQ�DGGLWLRQ�WR�VHLVPLF�YHORFLWLHV�ZLWKLQ�WKH�
EDVLQV��FDQ�KHOS�WR�SURYLGH�EHWWHU�HVWLPDWHV�RI�JURXQG�VKDNLQJ�LQ�WKH�HYHQW�RI�ODUJH�HDUWKTXDNH��$V�SDUW�RI�WKH�
%DVLQ�$PSOLILFDWLRQ�6HLVPLF�,QYHVWLJDWLRQ��%$6,1��SURMHFW��ZH�VHW�RXW�WR�LQFRUSRUDWH�WKH�JUDYLW\�GDWD�LQ�WKHVH�
EDVLQV�WR�SURYLGH�IXUWKHU�GHWDLO�RQ�WKH�VWUXFWXUH��WKHUHE\�REWDLQLQJ�D���GLPHQVLRQDO�PRGHO�RI�WKH�VXEVXUIDFH�
VWUXFWXUH��+HUH��ZH�FRPELQH�WKH�VHGLPHQW�EDVHPHQW�LQWHUIDFH�REWDLQHG�IURP�3�WR�6�UHFHLYHU�IXQFWLRQV�DQG�%RXJXHU�
JUDYLW\�GDWD�DORQJ�WKH�WHQ�VHLVPLF�OLQHV�WR�GHWHUPLQH�WKH��'�VWUXFWXUH�DORQJ�WKH�SURILOHV��:H�WKHQ�LQWHUSRODWH�WKHVH�
UHVXOWV�WR�D��'�VWUXFWXUH�XVLQJ�JUDYLW\�DV�D�FRQVWUDLQW��

'HVLJQLQJ�D�0DJQHWLF�)LHOG�&RLO�IRU�WKH�1XFOHDU�040�([SHULPHQW��
0D\D�:DWWV��
0HQWRUV��1LFKRODV�+XW]OHU�DQG�&KDQGOHU�&RQQ�

7KH�DV\PPHWU\�EHWZHHQ�EDU\RQV�DQG�DQWLEDU\RQV�UHPDLQV�P\VWHULRXV��DQG�YLRODWLRQV�LQ�&3�V\PPHWU\�PD\�KROG�
WKH�DQVZHU�WR�ZK\�ZH�OLYH�LQ�D�XQLYHUVH�FRPSRVHG�RI�PDWWHU�LQVWHDG�RI�DQWLPDWWHU��2QH�PHWKRG�RI�GHWHFWLQJ��
&3�YLRODWLRQV�LV�WKURXJK�FRROLQJ�PROHFXOHV�DQG�XVLQJ�WDEOHWRS�H[SHULPHQWV�WR�PHDVXUH�WKHLU�PDJQHWLF�TXDGUXSROH�
PRPHQWV��040���5HVHDUFKHUV�DW�WKH�+XW]OHU�/DE�XVH�WKLV�PHWKRG�WR�VKHG�OLJKW�RQ�WKLV�SX]]OLQJ�TXHVWLRQ�DERXW�WKH�
FRPSRVLWLRQ�RI�WKH�XQLYHUVH��0HDVXULQJ�D�PROHFXOH¶V�040�UHTXLUHV�D�XQLIRUP�PDJQHWLF�ILHOG�ZLWK�OLWWOH�YDULDWLRQ�LQ�
RUGHU�WR�SUHVHUYH�WKH�SUHFLVLRQ�RI�WKH�PHDVXUHPHQW��$�PDJQHWLF�ILHOG�FRLO�ZKHUH�WKH�ZLUHV�DUH�SODFHG�LQ�D��
FRV �GLVWULEXWLRQ�ZLOO�JHQHUDWH�D�FRQVWDQW�PDJQHWLF�ILHOG�SHUSHQGLFXODU�WR�WKH�GLUHFWLRQ�RI�WKH�FXUUHQW��7KH�PDJQHWLF�
ILHOG�H[SUHVVLRQ�IRU�D�FRV �FRLO�LV�GHULYHG�DQG�VLPXODWHG�DQG�WZR�ILJXUHV�RI�PHULW�WKDW�PHDVXUH�XQLIRUPLW\�DUH�
HVWDEOLVKHG��3UHOLPLQDU\�UHVXOWV�UHYHDO�WKDW�WKH�PDJQHWLF�ILHOG�JHQHUDWHG�E\�WKH�FRV �FRLO�KDV�VDWLVIDFWRU\�XQLIRUPLW\�
LQ�WKH�PLGGOH�RI�WKH�FRLO�DQG�WKDW�LQFUHDVLQJ�WKH�QXPEHU�RI�ZLUHV�LPSURYHV�XQLIRUPLW\��0DJQHWLF�ILHOG�XQLIRUPLW\�LQ�
WKH�IXWXUH�FDQ�EH�LPSURYHG�E\�PDFKLQH�OHDUQLQJ�DOJRULWKPV���
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1HXUDO�1HWZRUN�&RQWURO�IRU�6HLVPRPHWHU�7HPSHUDWXUH�6WDELOL]DWLRQ�
(OOD�%XHKQHU�*DWWLV�
0HQWRUV��5DQD�$GKLNDUL��.RML�$UDL��DQG�7HJD�(GR�

6HLVPLF�PRYHPHQW�LV�D�VRXUFH�RI�QRLVH�LQ�/,*2�GHWHFWRU�UHDGLQJV��6HLVPRPHWHUV�VWDWLRQHG�DURXQG�WKH�GHWHFWRU�
PRQLWRU�VHLVPLF�DFWLYLW\��7HPSHUDWXUH�IOXFWXDWLRQV�DGG�QRLVH�WR�WKH�VHLVPRPHWHU�UHDGLQJV��7KH�DLP�RI�WKLV�SURMHFW�
ZDV�WR�GHVLJQ�D�FRQWURO�V\VWHP�WR�PDLQWDLQ�D�VWDEOH�WHPSHUDWXUH�ZLWKLQ�WKH�VHLVPRPHWHU�HQFORVXUH��WKXV�
HOLPLQDWLQJ�QRLVH�IURP�WKH�VHLVPLF�GDWD�VR�WKDW�VHLVPLF�QRLVH�FDQ�EH�UHPRYHG�IURP�/,*2�GDWD��
&RQWURO�V\VWHPV�FDQ�EH�GLYLGHG�LQWR�WZR�FDWHJRULHV��OLQHDU�DQG�QRQOLQHDU�FRQWURO�V\VWHPV��/LQHDU�FRQWURO�V\VWHPV�
REH\�WKH�SULQFLSOH�RI�VXSHUSRVLWLRQ�DQG�DUH�JRYHUQHG�E\�OLQHDU�GLIIHUHQWLDO�HTXDWLRQV��1RQOLQHDU�FRQWURO�V\VWHPV�GR�
QRW�REH\�WKH�SULQFLSOH�RI�VXSHUSRVLWLRQ�DQG�DUH�JRYHUQHG�E\�QRQOLQHDU�GLIIHUHQWLDO�HTXDWLRQV��7KH�REMHFWLYH�RI�WKLV�
SURMHFW�ZDV�WR�GHVLJQ�D�QRQOLQHDU�FRQWURO�V\VWHP�XVLQJ�D�FRQYROXWLRQDO�QHXUDO�QHWZRUN�FRQWUROOHU�WR�LPSURYH�
GLVWXUEDQFH�UHMHFWLRQ�DQG�GHFUHDVH�RYHUVKRRW�XQGHUVKRRW�LQ�FRPSDULVRQ�WR�D�OLQHDU�FRQWURO�V\VWHP��
7KH�QHXUDO�QHWZRUN�ZDV�WUDLQHG�E\�UHLQIRUFHPHQW�OHDUQLQJ��XVLQJ�D�FXVWRP�2SHQ$,�J\P�HQYLURQPHQW�WR�WUDLQ�WKH�
QHWZRUN�IRU�WHPSHUDWXUH�VWDELOL]DWLRQ��7KH�QHWZRUN�ZDV�EXLOW�ZLWK�5/]RR¶V�IUDPHZRUN��ZKLFK�XVHV�WKH�WHQVRUIORZ�
PDFKLQH�OHDUQLQJ�OLEUDU\��
7KH�HQG�JRDO�LV�WKHQ�WR�HYDOXDWH�WKH�SHUIRUPDQFH�RI�WKH�11�FRQWUROOHU�DQG�FRPSDUH�LW�WR�3,'�FRQWURO�LQ�WHUPV�RI�
RYHUDOO�HIILFLHQF\��

0DFKLQH�/HDUQLQJ�$SSOLFDWLRQV�LQ�*UDYLWDWLRQDO�:DYH�'HWHFWLRQ�WR�5HGXFH�1RLVH�
1DGH]KGD�'��'LPLWURYD�
0HQWRU��+DQJ�<X�

7KH�/,*2�JUDYLWDWLRQDO�ZDYH�GHWHFWRU�LV�FRQWDPLQDWHG�LQ�WKH�VXE����+]�UDQJH�E\�FRQWURO�QRLVHV�RI�DX[LOLDU\�
FKDQQHOV��7KH�SDSHU�H[SORUHV�KRZ�PDFKLQH�OHDUQLQJ�WHFKQLTXHV�FDQ�EH�DSSOLHG�WR�UHGXFH�H[FHVV�QRLVH�LQGXFHG�E\�
WKH�QRQOLQHDU�FRXSOLQJ�PHFKDQLVPV�EHWZHHQ�FKDQQHOV��2QH�SKHQRPHQRQ�RI�LQWHUHVW�LV�WKH�ELOLQHDU�DQJXODU�QRLVH��
ZKLFK�LV�FDXVHG�E\�FRXSOLQJ�WKH�KLJK�IUHTXHQF\�DQJXODU�PRWLRQ�RI�WKH�PLUURU�DQG�WKH�ORZ�IUHTXHQF\�EHDP�VSRW�
PRWLRQ�WR�FUHDWH�D�OHQJWK�VLJQDO�WKDW�PLPLFV�D�JUDYLWDWLRQDO�ZDYH��:H�XVH�PDFKLQH�OHDUQLQJ�WHFKQLTXHV�WR�WU\�WR�
LGHQWLI\�WKH�ORZ�IUHTXHQF\�FRPSRQHQW�DQG�LW�VHUYHV�DV�D�FULWLFDO�ILUVW�VWHS�RI�UHPRYLQJ�WKH�ELOLQHDU�QRLVH�IURP�WKH�
UHDO�GDWD��0LQLPL]LQJ�WKH�LQVWUXPHQWDO�DUWLIDFWV�LV�FUXFLDO�DQG�SDYHV�WKH�ZD\�WRZDUG�D�PXFK�GHHSHU�XQGHUVWDQGLQJ�
RI�JUDYLWDWLRQDO�ZDYHV��

'HWHFWDELOLW\�RI�4XDQWXP�(IIHFWV�LQ�*UDYLWDWLRQDO�:DYHV�(PLWWHG�E\�%LQDU\�%ODFN�+ROH�0HUJHUV�
=RH�+DJJDUG�
0HQWRU��$ODQ�:HLQVWHLQ�

*UDYLWDWLRQDO�ZDYH�GHWHFWRUV�VXFK�DV�$GYDQFHG�/,*2�DQG�$GYDQFHG�9LUJR�SURYLGH�D�WHVW�RI�WKH�WKHRU\�RI�JHQHUDO�
UHODWLYLW\�LQ�WKH�VWURQJ�ILHOG��KLJKO\�G\QDPLFDO�UHJLPH��VXFK�DV�LQ�FRPSDFW�ELQDU\�FRDOHVFHQFHV��*HQHUDO�UHODWLYLW\��D�
SXUHO\�FODVVLFDO�WKHRU\��GRHV�QRW�LQFRUSRUDWH�TXDQWXP�PHFKDQLFV��,W�LV�WKRXJKW��KRZHYHU��WKDW�TXDQWXP�PHFKDQLFV�
PXVW�PRGLI\�JUDYLW\��TXDQWXP�XQFHUWDLQW\�PXVW�PDQLIHVW�LWVHOI�GXULQJ�WKH�PHUJHU�RI�WZR�EODFN�KROH�KRUL]RQV��
7KHVH�TXDQWXP�PHFKDQLFDO�HIIHFWV�FRXOG�EH�REVHUYDEOH�LQ�JUDYLWDWLRQDO�ZDYHV�GHWHFWHG�E\�/,*2�DV�VPDOO�
SHUWXUEDWLRQV�LQ�WKH�VLJQDO�ZDYHIRUP�DQG�KLJKHU�KDUPRQLFV��QRW�H[SODLQDEOH�E\�FODVVLFDO�JHQHUDO�UHODWLYLW\��:H�
SURSRVH�WR�VWXG\�WKH�SKHQRPHQRORJ\�DQG�GHWHFWDELOLW\�RI�VXFK�TXDQWXP�PHFKDQLFDO�HIIHFWV�IURP�ELQDU\�EODFN�KROH�
PHUJHUV�IRU�IXWXUH�/,*2�REVHUYDWLRQV���

(IIHFWV�RI�'LIIHUHQW�'DWD�4XDOLW\�9HWR�0HWKRGV�LQ�WKH�3\&%&�6HDUFK�IRU�&RPSDFW�%LQDU\�&RDOHVFHQFHV�
%ULQD�0DUWLQH]��
0HQWRU��'HUHN�'DYLV��

7KH�3\&%&�VHDUFK�SLSHOLQH�KDV�EHHQ�XVHG�VLQFH�WKH�ILUVW�JUDYLWDWLRQDO�ZDYH�GHWHFWLRQ�PDGH�E\�$GYDQFHG�/,*2�DQG�
FRQWLQXHV�WR�EH�XVHG�WRGD\�LQ�WKH�VHDUFK�IRU�JUDYLWDWLRQDO�ZDYHV��7R�LGHQWLI\�JUDYLWDWLRQDO�ZDYHV�IURP�FRPSDFW�
ELQDU\�FRDOHVFHQFHV��3\&%&�UXQV�D�PDWFKHG�ILOWHULQJ�DQG�FKL�VTXDUHG��F���FRQVLVWHQF\�WHVW�WR�GHWHUPLQH�VLJQLILFDQW�
VLJQDO�WR�QRLVH�UDWLRV�DQG�FRPSDUHV�WULJJHUV�WR�SUHYLRXVO\�PRGHOHG�WHPSODWHV��7R�FRQILGHQWO\�GHWHFW�JUDYLWDWLRQDO�
ZDYHV��ZH�QHHG�WR�PLWLJDWH�QRLV\�GDWD��ZKLFK�LQ�UHWXUQ�LPSURYHV�WKH�VHQVLWLYLW\�RI�VHDUFKHV��&XUUHQW�YHWR�PHWKRGV�
XVH�GDWD�TXDOLW\�IODJV�WR�YHWR�DQG�UHPRYH�WULJJHUV�LQ�/,*2�GDWD�WKDW�DUH�EHOLHYHG�WR�KDYH�WHUUHVWULDO�RULJLQ��WKRXJK�
WKHVH�PHWKRGV�ULVN�DFFLGHQWDOO\�UHPRYLQJ�VLJQDOV�DQG�PXVW�EH�ILQHO\�WXQHG�WR�SUHYHQW�D�GHFUHDVH�LQ�WKH�VHDUFK�
VHQVLWLYLW\��,Q�WKLV�LQYHVWLJDWLRQ��ZH�WHVW�GLIIHUHQW�YHWR�PHWKRGV�EDVHG�RQ�WKH�FXUUHQW�VHW�RI�GDWD�TXDOLW\�IODJV�DQG�
GHWHFWRU�FKDUDFWHUL]DWLRQ�WRROV��:H�DQDO\]H�KRZ�VLPXODWHG�VLJQDOV�DUH�UHFRYHUHG�E\�WKH�3\&%&�SLSHOLQH�DQG�WKH�
RYHUDOO�FKDQJH�LQ�WKH�VHQVLWLYLW\�RI�WKH�SLSHOLQH��2XU�UHVXOWV�VKRZ�DQ�LPSURYHG�YHWR�PHWKRG�WKDW�LQFUHDVHV�WKH�
VLJQLILFDQFH�RI�VLJQDOV�DQG�WKH�RYHUDOO�QXPEHU�RI�GHWHFWDEOH�VLJQDOV�ZLWKRXW�UHPRYLQJ�GDWD��7KH�UHVXOWV�RI�WKLV�
LQYHVWLJDWLRQ�FDQ�EH�LPSOHPHQWHG�LQ�WKH�3\&%&�VHDUFK�SLSHOLQH�LQ�IXWXUH�REVHUYDWLRQ�UXQV�KHOG�E\�/,*2�DV�D�GDWD�
TXDOLW\�WRRO�WR�LPSURYH�WKH�VHDUFK�IRU�JUDYLWDWLRQDO�ZDYHV�IURP�FRPSDFW�ELQDU\�FRDOHVFHQFHV��
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0HDVXULQJ�,PSDFWV�RI�*OLWFK�5HPRYDO�RQ�*UDYLWDWLRQDO�:DYH�3DUDPHWHU�(VWLPDWLRQ�
/LODK�0HUFDGDQWH�
0HQWRUV��-RQDK�.DQQHU�DQG�$ODQ�:HLQVWHLQ�

1R�VFLHQWLILF�HQGHDYRU�HYHU�UXQV�IODZOHVVO\��7KHUH�DUH�DOZD\V�PDOIXQFWLRQV�DQG�LQWHUIHUHQFH�WKDW�FDXVH�WKH�GDWD�WR�
EH�OHVV�WKDQ�SHUIHFW��,Q�WKH�FDVH�RI�JUDYLWDWLRQDO�ZDYH�GDWD��RQH�RI�WKH�GHIHFWV�RIWHQ�IRXQG�LQ�WKH�VLJQDOV�DUH�QRLVH�
WUDQVLHQWV��FDOOHG�JOLWFKHV��7KHVH�JOLWFKHV�DUH�RIWHQ�GLIILFXOW�WR�PRGHO�GXH�WR�WKHLU�QRQ�*DXVVLDQ�QDWXUH��,W�LV�QRW�
FXUUHQWO\�URXWLQH�SUDFWLFH�WR�UHPRYH�WKHP��DOWKRXJK�VRPHWLPHV�JOLWFK�VXEWUDFWLRQ�PXVW�EH�GRQH�ZKHQ�WKH�JOLWFK�
VWURQJO\�LQWHUIHUHV�ZLWK�WKH�VLJQDO��(DFK�JOLWFK�LV�XQLTXH��DQG�WKHUH�DUH�FHUWDLQ�JOLWFK�SDUDPHWHUV�WKDW�FDQQRW�EH�
IRXQG�XVLQJ�DQ�DOJRULWKP��EHFDXVH�WKH�DOJRULWKP�KDV�QRW�\HW�EHHQ�FRQVWUXFWHG��,I�ZH�ZHUH�DEOH�WR�FDOFXODWH�WKHVH�
SDUDPHWHUV�LQ�DQ�DXWRPDWHG�ZD\��LW�ZRXOG�JUHDWO\�LPSURYH�WKH�SURFHVV�RI�JOLWFK�UHPRYDO��$GGLWLRQDOO\��WKH�SURFHVV�
RI�JOLWFK�VXEWUDFWLRQ�KDV�QRW�\HW�EHHQ�WHVWHG�DQG�GRFXPHQWHG�LQ�D�V\VWHPDWLF�ZD\��:H�KRSH�WR�DGG�WR�WKH�
GRFXPHQWDWLRQ�RQ�WKH�HIIHFWV�RI�JOLWFK�UHPRYDO�RQ�SDUDPHWHU�HVWLPDWLRQ�E\�UXQQLQJ�SDUDPHWHU�HVWLPDWLRQ�RQ�D�GDWD�
VHW�RI�VLPXODWHG�VLJQDOV�ZLWK�JOLWFKHV�LQMHFWHG�DW�YDU\LQJ�GLVWDQFHV�IURP�WKH�VLJQDO��:H�ZLOO�WKHQ�UHPRYH�WKH�JOLWFK�
IURP�WKH�GDWD�DQG�UXQ�SDUDPHWHU�HVWLPDWLRQ�RQ�WKH�FOHDQ�ZDYHIRUP��7KLV�ZLOO�DOORZ�XV�WR�VWXG\�KRZ�WKH�GLVWDQFH�
EHWZHHQ�WKH�JOLWFK�DQG�WKH�VLJQDO�SOD\V�D�UROH�LQ�WKH�DFFXUDF\�RI�WKH�SDUDPHWHU�HVWLPDWLRQ��:H�KDYH�\HW�WR�GUDZ�
DQ\�FRQFOXVLRQV��EXW�ZH�DQWLFLSDWH�WKDW�WKHUH�PD\�EH�D�GLVWDQFH�DW�ZKLFK�WKH�JOLWFK�VXEWUDFWLRQ�KDV�QHJOLJLEOH�HIIHFW�
RQ�HVWLPDWLQJ�SDUDPHWHUV���

'HWHFWDELOLW\�RI�1RQOLQHDU�*UDYLWDWLRQDO�:DYH�0HPRU\�
'DULQ�&��0XPPD�
0HQWRUV��$ODQ�-��:HLQVWHLQ��&ROP�7DOERW��DQG�$OYLQ�.��<��/L

*UDYLWDWLRQDO�ZDYHV�SDVVLQJ�WKURXJK�D�UHJLRQ�RI�VSDFHWLPH�OHDYH�EHKLQG�D�SHUPDQHQW�GLVWRUWLRQ��ZLWK�VWUDLQ�
W\SLFDOO\�RQ�WKH�RUGHU�RI�ͳͲ ���WKH�VR�FDOOHG�PHPRU\�HIIHFW��/LQHDU�DQG�QRQOLQHDU�FRPSRQHQWV�H[LVW�LQ�JUDYLWDWLRQDO�
ZDYH�PHPRU\��WKH�ODWWHU�DSSHDULQJ�DV�D�QRQ�RVFLOODWRU\��FXPXODWLYH�VLJQDO��&XUUHQW�JUDYLWDWLRQDO�ZDYH�GHWHFWRUV�
KDYH�QRW�\HW�EHHQ�DEOH�WR�UHOLDEO\�GHWHFW�DQG�LVRODWH�WKLV�ORZ�IUHTXHQF\��QRQOLQHDU�FRPSRQHQW�ZKLFK�VNHZV�WKH�
QXPHULFDO�LQIHUHQFHV�RI�JUDYLWDWLRQDO�ZDYH�VRXUFH�SDUDPHWHUV��%HFDXVH�WKLV�HIIHFW�LV�FXPXODWLYH��LW�LV�QRQ�
QHJOLJLEOH��DQG�LWV�QRQ�RVFLOODWRU\�QDWXUH�GLVWLQJXLVKHV�LW�IURP�WKH�UHVW�RI�WKH�ZDYHIRUP��PDNLQJ�LW�GHWHFWDEOH��LQ�
WKHRU\��7KRXJK�SUHYLRXV�VWXGLHV�KDYH�TXDQWLILHG�DQG�VXJJHVWHG�LPSURYHPHQWV�IRU�WKH�GHWHFWDELOLW\�RI�QRQOLQHDU�
PHPRU\��PRUH�WHPSODWHV�DQG�QHZ�GDWD�DUH�DYDLODEOH�WKDQ�HYHU�EHIRUH��,Q�WKLV�SURMHFW��ZH�DSSO\�%D\HVLDQ�
SDUDPHWHU�HVWLPDWLRQ�WR�VLPXODWHG�JUDYLWDWLRQDO�ZDYHV�IURP�FRPSDFW�ELQDU\�FRDOHVFHQFHV�ZLWK�PHPRU\�WR�
GHWHUPLQH�QRQOLQHDU�PHPRU\�GHWHFWDELOLW\��

$�%D\HVLDQ�$SSURDFK�IRU�&RQVWUDLQLQJ�WKH�3RSXODWLRQ�RI�.LORQRYDH�%DVHG�RQ�=ZLFN\�7UDQVLHQW�)DFLOLW\�
6HDUFKHV�IRU����1HXWURQ�6WDU�0HUJHUV��
3UL\DGDUVKLQL�5DMNXPDU�
0HQWRU��6KUH\D�$QDQG�

,Q�WKHLU�WKLUG�REVHUYLQJ�UXQ��2����WKH�$GYDQFHG�/,*2�DQG�9LUJR�LQWHUIHURPHWHUV�GHWHFWHG�JUDYLWDWLRQDO�ZDYHV��*:V��
IURP�VHYHUDO�QHXWURQ�VWDU�EODFN�KROH��16%+��DQG�ELQDU\�QHXWURQ�VWDU��%16��PHUJHUV�����RI�WKHVH�*:�HYHQWV�ZHUH�
IROORZHG�XS�E\�WKH�=ZLFN\�7UDQVLHQW�)DFLOLW\��=7)���DQ�RSWLFDO�WLPH�GRPDLQ�VXUYH\�WHOHVFRSH��LQ�VHDUFK�RI�NLORQRYDH��
�HOHFWURPDJQHWLF�FRXQWHUSDUW�WR�*:�HYHQW���+RZHYHU��QR�NLORQRYDH�ZHUH�IRXQG��3UHYLRXV�VWXGLHV�KDYH�VKRZQ�KRZ�
WR�LQWHUSUHW�WKH�QRQ�GHWHFWLRQ�RI�NLORQRYDH�LQ�=7)�VHDUFKHV�WR�FRQVWUDLQ�WKH�XQGHUO\LQJ�SRSXODWLRQ�RI�NLORQRYDH��
+RZHYHU��WKHVH�VWXGLHV�DGRSWHG�DQ�HPSLULFDO�PRGHO�SDUDPHWHUL]HG�E\�FHUWDLQ�NLORQRYD�REVHUYDEOHV��H�J��SHDN�
DEVROXWH�PDJQLWXGH�DQG�GHFD\�UDWH���,Q�DGGLWLRQ��LPSRUWDQW�*:�HYHQW�SURSHUWLHV��ZKLFK�GHVFULEH�WKH�OLNHOLKRRG�RI�
FHUWDLQ�*:�HYHQWV�EHLQJ�WHUUHVWULDO�DQG�KDYLQJ�LPSODXVLEOH�DPRXQWV�RI�HMHFWD�PDVV�WR�SRZHU�D�NLORQRYD��ZHUH�QRW�
IROGHG�LQWR�WKH�DQDO\VLV��:H�EXLOG�RQ�WKHVH�H[LVWLQJ�IUDPHZRUNV�E\�XVLQJ�%D\HVLDQ�VWDWLVWLFDO�PHWKRGV�DQG�FRPELQH�
=7)�2��REVHUYDWLRQV�ZLWK�*:�HYHQW�SURSHUWLHV�DQG�H[LVWLQJ�NLORQRYD�PRGHO�VSDFH�WR�FRQVWUDLQ�WKH�VDPH�REVHUYHG�
SURSHUWLHV�RI�NLORQRYD�SRSXODWLRQ��,Q�WKH�IXWXUH��RXU�IRUPDOLVP�FRXOG�VHUYH�DV�D�PRGHO�IRU�SODFLQJ�NLORQRYDH�
SRSXODWLRQ�FRQVWUDLQWV�DQG�FRXOG�KHOS�GHYHORS�DQ�HIIHFWLYH�VWUDWHJ\�IRU�(0�FRXQWHUSDUW�IROORZ�XS��

6WXG\LQJ�WKH�3URSHUWLHV�RI�+LJKHU�2UGHU�0RGHV�LQ�*UDYLWDWLRQDO�:DYH�(PLVVLRQ�)URP�%LQDU\�%ODFN�+ROH�
0HUJHU�(YHQWV�
-HQQLIHU�6DQFKH]�
0HQWRUV��$ODQ�:HLQVWHLQ�DQG�&ROP�7DOERW�

$GYDQFHG�/,*2�DQG�$GYDQFHG�9LUJR�KDYH�FRQILGHQWO\�GHWHFWHG�JUDYLWDWLRQDO�ZDYH�VLJQDOV�IURP�WHQ�ELQDU\�EODFN�KROH�
PHUJHUV�DQG�RQH�PHUJHU�IURP�D�ELQDU\�QHXWURQ�VWDU��(DFK�REVHUYDWLRQ�FRQWDLQV�HQFRGHG�LQIRUPDWLRQ�DERXW�WKH�
SK\VLFDO�SURSHUWLHV�RI�WKH�ELQDU\�V\VWHP��$V�WKH�GHWHFWRUV�FRQWLQXH�WR�LPSURYH�WKHLU�VHQVLWLYLW\��WKHVH�GHYHORSPHQWV�
ZLOO�DOORZ�XV�WR�GHWHFW�UDUHU�V\VWHPV�DQG�PDNH�PRUH�FRQILGHQW�VWDWHPHQWV�UHJDUGLQJ�WKHLU�VRXUFH�SURSHUWLHV��,Q�
RUGHU�WR�IXOO\�FKDUDFWHUL]H�WKH�JUDYLWDWLRQDO�ZDYH�REVHUYDWLRQV��ZH�UHO\�RQ�QXPHULFDO�DQG�DQDO\WLFDO�PRGHOV�WKDW�
DSSUR[LPDWH�WKH�VLJQDO�ZDYHIRUPV�IURP�WKH�HPLWWHG�VRXUFH�DV�VSHFLILHG�E\�WKH�VRXUFH�SDUDPHWHUV��PDVVHV��VSLQV��
VN\�ORFDWLRQ��HWF����7KH�GRPLQDQW�HPLVVLRQ�IUHTXHQF\�RI�JUDYLWDWLRQDO�ZDYHV�IURP�FRPSDFW�ELQDU\�FRDOHVFHQFH�LV�DW�
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WZLFH�WKH�RUELWDO�IUHTXHQF\��KRZHYHU��UHFHQWO\�SXEOLVKHG�HYHQWV�KDYH�GHPRQVWUDWHG�VXEGRPLQDQW�KLJKHU�RUGHU�
KDUPRQLF�FRQWULEXWLRQV��7KH�SULPDU\�IRFXV�RI�WKLV�VWXG\�LV�WR�H[SORUH�KLJKHU�RUGHU�PRGHV�LQ�JUDYLWDWLRQDO�ZDYH�
VLJQDOV�ZLWK�QHZO\�LPSURYHG�VLJQDO�PRGHOV���

2SWLFDO�5HIULJHUDWLRQ�IRU�/,*2�,QVWUXPHQWV�
6DPXHO�6FKXO]�
0HQWRUV��5DQD�$GKLNDUL��<HKRQDWKDQ�'URUL��DQG�&KULVWRSKHU�:LSI

7KH�REMHFWLYH�RI�WKLV�SURMHFW�LV�WR�GHWHUPLQH�WKH�YLDELOLW\�RI�XVLQJ�RSWLFDO�UHIULJHUDWLRQ��25��WR�FRRO�YDULRXV�FU\RJHQLF�
HOHPHQWV�IRU�9R\DJHU�/,*2��:H�EHJDQ�E\�H[SORULQJ�WKH�H[LVWLQJ�OLWHUDWXUH�RQ�RSWLFDO�UHIULJHUDQWV�DQG�
LPSOHPHQWDWLRQV�RI�UHIULJHUDWRUV�WR�GHWHUPLQH�ZKLFK�FRXOG�SRWHQWLDOO\�EH�XVHIXO�IRU�/,*2��1H[W��ZH�GHVLJQHG�D�
GHPRQVWUDWLRQ�WKDW�FRXOG�EH�XVHG�DV�D�SURRI�RI�FRQFHSW�IRU�UHDO�LPSOHPHQWDWLRQV�RI�RSWLFDO�UHIULJHUDWLRQ�XVLQJ�EXW�
H[SDQGLQJ�RQ�H[LVWLQJ�GDWD�DQG�WHFKQLTXHV��7KH�ILQDO�SURMHFW�H[DPLQHG�WKH�YLDELOLW\�RI�25�IRU�SDUWLFXODU�
DSSOLFDWLRQV��QDPHO\�FRROLQJ�WKH�PLUURUV�RI�WKH�SURSRVHG�SKDVH�VHQVLWLYH�RSWRPHFKDQLFDO�DPSOLILHU��3620$��DV�ZHOO�
DV�WKH�WHVW�PDVVHV��:H�IRXQG�WKDW�ZLWK�VRPH�LPSURYHPHQWV�LQ�FU\VWDO�TXDOLW\�IURP�WKRVH�FXUUHQWO\�DYDLODEOH��25�
FRXOG�LQFUHDVH�WKH�DPRXQW�RI�FRROLQJ�SRZHU�RQ�WKH�3620$�PLUURUV�E\�D�IDFWRU�RI�a�����IURP�ZKDW�LV�SRVVLEOH�RQO\�
XVLQJ�UDGLDWLYH�FRROLQJ��:H�DGGLWLRQDOO\�KRSH�WR�H[DPLQH�WKH�HIIHFWV�RI�UDGLDWLRQ�SUHVVXUH�WR�VKRZ�WKDW�QR�
VLJQLILFDQW�GLVSODFHPHQW�QRLVH�ZRXOG�EH�DGGHG�E\�WKH�IOXRUHVFHQFH�IURP�WKH�FU\VWDO�KLWWLQJ�WKH�UHIOHFWLYH�VXUIDFH�RI�
WKH�PLUURU��7KHVH�FRPELQH�WR�VKRZ�WKDW�25�PD\�EH�YLDEOH�WR�FRRO�3620$�PLUURUV�LQ�9R\DJHU��:H�VKRZ�WKDW�
DOWKRXJK�ZH�GR�QRW�DQWLFLSDWH�RSWLFDO�FRROLQJ�WR�EH�YLDEOH�IRU�FRROLQJ�WHVW�PDVVHV�LQ�WKH�QHDU�IXWXUH��LW�PD\�EH�LI�WKH�
WHFKQRORJ\�FRQWLQXHV�WR�SURJUHVV���

0HDVXULQJ�WKH�+XEEOH�&RQVWDQW�:LWK�'\QDPLFDO�7LGHV�LQ�,QVSLUDOLQJ�1HXWURQ�6WDU�%LQDULHV�
-DPHV�6XQVHUL�
0HQWRU��+DQJ�<X�

7KH�VR�FDOOHG�³+XEEOH�7HQVLRQ´�LV�D�ODUJH��QHZIDQJOHG�SUREOHP�LQ�DVWURQRP\�ZKLFK�KDV�HYHQ�ODUJHU�FRVPRORJLFDO�
FRQVHTXHQFHV�LQ�LWV�HYHQWXDO�UHVROYH��&XUUHQWO\�DOO�FDOLEUDWLRQ�PHWKRGV�RI�WKH�FRQVWDQW�UHO\�RQ�WKH�XVH�RI�WKH�
HOHFWURPDJQHWLF�VSHFWUXP�D�PHWKRG�WKDW�GRHV�QRW�UHO\�RQ�(0�OLJKW�EXW�LQVWHDG�VROHO\�RQ�JUDYLWDWLRQDO�UDGLDWLRQ�
FRXOG�SURYH�H[WUHPHO\�XVHIXO�DV�ERWK�D�EDFNXS�IRU�WKH�XQUHOLDELOLW\�RI�PXOWL�PHVVHQJHU�DVWURQRP\�DW�LWV�FXUUHQW�
VWDWH�DQG�DV�D�QHZ�OHQV�LQWR�FRVPRORJ\�ZKLFK�FRXOG�SRWHQWLDOO\�H[SDQG�RXU�XQGHUVWDQGLQJ�RI�OLJKW��JUDYLW\��DQG�WKH�
XQLYHUVH��7R�H[WUDFW�D�FRVPRORJLFDO�UHGVKLIW�IURP�D�JUDYLWDWLRQDO�ZDYHIRUP��RQH�FDQ�ORRN�DW�ERWK�WKH�SRLQW�SDUWLFOH�
DSSUR[LPDWLRQ�SKDVH�FRQWULEXWLRQ�DQG�WKH�WLGDO�SKDVH�FRQWULEXWLRQ�WR�WKH�WRWDO�SKDVH�RI�D�JUDYLWDWLRQDO�ZDYHIRUP�
ZKLFK�DOORZV�IRU�D�EUHDN�LQ�WKH�UHGVKLIW�GHJHQHUDF\�IRXQG�LQ�WKH�PDVV�SDUDPHWHUV��ZKLFK�ZH�FDQ�H[SORLW�WR�H[WUDFW�
D�FRVPRORJLFDO�UHGVKLIW�DQG�WKXV�WKH�+XEEOH�FRQVWDQW��2XU�DQDO\VLV�LQFRUSRUDWHV�ERWK�I�PRGHV�DQG�U�PRGHV�LQWR�WKH�
WLGDO�SKDVH�FRQWULEXWLRQ�WKDW�DUH�IRXQG�LQ�ELQDU\�QHXWURQ�VWDU�LQVSLUDOV��:H�XVH�WKH�)LVKHU�0DWUL[�$QDO\VLV�WR�
JHQHUDWH�RXU�UHOHYDQW�SRVVLEOH�HUURUV�RQ�HDFK�SDUDPHWHU�RI�WKH�ZDYHIRUP��

8VLQJ�$GDSWLYH�)LOWHULQJ�WR�7UDFN�1RLVH�/LQHV�RU�6LJQDOV�:LWK�9DU\LQJ�)UHTXHQF\�DQG�$PSOLWXGH�
5HEHFFD�:KLWH��
0HQWRU��/LQJ�6XQ�

$GYDQFHG�/DVHU�,QWHUIHURPHWHU�*UDYLWDWLRQDO�:DYH�2EVHUYDWRU\��/,*2��DQG�9LUJR�KDYH�REVHUYHG�JUDYLWDWLRQDO�ZDYH�
�*:��VLJQDOV�IURP�FRPSDFW�ELQDU\�FRDOHVFHQFHV��<HW�XQGHWHFWHG�*:V�IURP�RWKHU�W\SHV�RI�VRXUFHV��LQFOXGLQJ�
TXDVLPRQRFKURPDWLF�FRQWLQXRXV�ZDYHV��&:��IURP�LQGLYLGXDO�VSLQQLQJ�QHXWURQ�VWDUV�DQG�ORQJ�WUDQVLHQW�VLJQDOV�IURP�
QHZO\�ERUQ�QHXWURQ�VWDUV��DUH�RI�LQWHUHVW��2QH�RI�WKH�LVVXHV�ZLWK�WKH�/,*2�GDWD�WKDW�SOD\V�D�UROH�LQ�PDNLQJ�LW�
FKDOOHQJLQJ�WR�GHWHFW�WKHVH�QDUURZ�EDQG�*:�VLJQDOV�LV�WKH�LQVWUXPHQWDO�VSHFWUDO�OLQHV��ZKLFK�FRXOG�REVFXUH�
DVWURSK\VLFDO�VLJQDOV�DW�WKH�IUHTXHQFLHV�ZKHUH�WKH\�RFFXU��:H�XVH�DQ�DGDSWLYH�ILOWHU��QDPHG��L:DYH���WR�WUDFN��
VWXG\��DQG�UHPRYH�WKHVH�LQVWUXPHQWDO�DUWLIDFWV�IURP�WKH�LQWHUIHURPHWULF�GDWD��)XUWKHU��ZH�H[SORUH�WKH�FDSDELOLW\�RI�
L:DYH�WR�WUDFN�DQG�GHWHFW�ZHDN�&:�RU�ORQJ�WUDQVLHQW�*:�VLJQDOV�DQG�TXDQWLI\�WKH�VHQVLWLYLW\��7KLV�QHZ�WUDFNLQJ�
PHWKRG��RSHUDWLQJ�RQ�WLPH�VHULHV�GDWD��SURYLGHV�DQ�HIILFLHQW�DOWHUQDWLYH�WR�H[LVWLQJ�IUHTXHQF\�GRPDLQ�PDWFKHG�ILOWHU�
VHDUFK�PHWKRGV��:H�GLVFXVV�LWV�DSSOLFDWLRQ�WR�ORZ�ODWHQF\�IROORZ�XSV�RI�ELQDU\�QHXWURQ�VWDU�SRVWPHUJHU�UHPQDQWV��

'R�%LQDU\�%ODFN�+ROH�0HUJHU�(YHQWV�2EVHUYHG�E\�/,*2�DQG�9LUJR�LQ�WKHLU�7KLUG�2EVHUYLQJ�5XQ�$JUHH�
ZLWK�:DYHIRUPV�IURP�*HQHUDO�5HODWLYLW\"�$�6WXG\�RI�5HVLGXDOV�
(ULQ�$��:LOVRQ�
0HQWRUV��$ODQ�-��:HLQVWHLQ�DQG�'LFRQJ�/LDQJ�

:H�SUHVHQW�WKH�VWXG\�RI�ILWQHVV�RI�*HQHUDO�5HODWLYLW\�SUHGLFWHG�ZDYHIRUP�PRGHOV�WR�ELQDU\�EODFN�KROH�VLJQDO�GDWD�
IURP�/,*2�DQG�9LUJR¶V�WKLUG�REVHUYLQJ�UXQ��2����7KH�GDWD�VHULHV�REVHUYHG�E\�/,*2�FRPSRVHG�RI�ERWK�D�PHUJHU�
VLJQDO�DQG�LQVWUXPHQWDO�QRLVH��2XU�K\SRWKHVLV�LV�WKDW��VKRXOG�D�ZDYHIRUP�WHPSODWH�SUHGLFWHG�E\�*HQHUDO�5HODWLYLW\�
EH�ILWWHG�WR�WKH�PHUJHU�VLJQDO�DQG�WKHQ�VXEWUDFWHG�IURP�WKH�GDWD�VHULHV��ZKDW�VKRXOG�EH�OHIW�RYHU�LV�D�UHVLGXDO�PDGH�
XS�RI�SXUH�LQVWUXPHQWDO�QRLVH��7KXV��RXU�REMHFWLYH�LV�WR�GHWHUPLQH�LI�*5�ZDYHIRUP�WHPSODWHV�DFFXUDWHO\��
PRGHO�2��ELQDU\�EODFN�KROH�VLJQDO�GDWD�E\�FUHDWLQJ�D�GLJLWDO�VLJQDO�SURFHVVLQJ�VFULSW�WKDW�ZLOO�GHULYH�D�EHVW�ILW�
ZDYHIRUP�WHPSODWH�IURP�HYHQW�SDUDPHWHUV��VXEWUDFW�WKH�WHPSODWH�IURP�WKH�HYHQW�GDWD�VHULHV��DQG�WKHQ�UXQ�D�
YDULHW\�RI�VWDWLVWLFDO�WHVWV�WR�FKHFN�WKH�FRQVLVWHQF\�EHWZHHQ�WKH�UHVLGXDOV�DQG�LQVWUXPHQWDO�QRLVHV��
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9DOLGDWLRQ�RI�$QDO\VLV�7RROV�WR�&KDUDFWHUL]H�,QIUDVRQLF�:LQG�7XUELQH�6LJQDWXUHV�
7KHD�$GXPLWURDLH��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�
0HQWRUV��$GULDQ�6WRLFD�DQG�'LGLHU�.H\PHXOHQ��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�

5HPRWH�VHQVLQJ�YLD�KLJK�DOWLWXGH�EDOORRQV�HQDEOHV�WKH�GHWHFWLRQ�RI�LQIUDVRQLF�VLJQDWXUHV�WKDW�SURSDJDWH�WKURXJK�WKH�
DWPRVSKHUH��:LQG�WXUELQHV�DUH�RQH�VRXUFH�RI�LQIUDVRXQG�DQG�SUHVHQW�VSHFLILF�LQWHUHVW�GXH�WR�WKHLU�KDUPRQLF�
WHQGHQFLHV��LQWHUIHUHQFH�ZLWK�VHLVPLF�REVHUYDWLRQV��DQG�DGYHUVH�HIIHFWV�RQ�KXPDQ�KHDOWK��9HULILFDWLRQ�RI�WKH�
DQDO\VLV�WRROV¶�YDOLGLW\�ZLWKLQ�3\WKRQ�OLEUDULHV�LV�HVVHQWLDO�LQ�DFFXUDWHO\�FKDUDFWHUL]LQJ�ZLQG�WXUELQH�VLJQDWXUHV�LQ�D�
GDWDVHW��7KXV��XWLOL]LQJ�D�SUHVVXUH�WUDQVGXFHU�VSHFLDOL]HG�IRU�LQIUDVRXQG�GHWHFWLRQ�WR�UHFRUG�D�FHLOLQJ�IDQ�SOD\HG�DQ�
LPSRUWDQW�UROH�LQ�ZULWLQJ�VFULSWV�FRQWDLQLQJ�VSHFLILF�DOJRULWKPV�WR�PDQLSXODWH�DQG�YLVXDOL]H�WKH�WDUJHWHG�VRXUFH��7KH�
REMHFWLYH�RI�GDWD�SURFHVVLQJ�LV�WR�FKDUDFWHUL]H�WKH�LQIUDVRQLF�VLJQDWXUHV��ZKLFK�FDQ�EH�DFFRPSOLVKHG�WKURXJK�WKH�
JHQHUDWLRQ�RI�SHULRGRJUDPV�HVWLPDWLQJ�SRZHU�VSHFWUDO�GHQVLWLHV�RI�WKH�GDWD�IRU�LGHQWLILFDWLRQ�RI�SURPLQHQW�SHDNV��DV�
ZHOO�DV�WKH�FRPSXWDWLRQ�RI�VSHFWURJUDPV�ZLWK�FRQVHFXWLYH�)RXULHU�WUDQVIRUPV�WR�LGHQWLI\�KDUPRQLF�WHQGHQFLHV��
)XUWKHUPRUH��D�GDWD�DQDO\VLV�SURFHVVLQJ�SLSHOLQH�ZDV�FRQVWUXFWHG�DQG�WKHQ�WHVWHG�RQ�D�UDZ�GDWD�VHW��REWDLQHG�IURP�
D�SUHYLRXV�KLJK�DOWLWXGH�EDOORRQ�IOLJKW�PDQDJHG�E\�6DQGLD�/DERUDWRU\���:LQG�WXUELQH�KDUPRQLFV�KDG�RQO\�EHHQ�
IRXQG�LQ�WKH�KLJKHU�IUHTXHQF\�EDQG�RI����WR����+]��+RZHYHU��GHWHFWLRQ�RI�ZLQG�WXUELQHV�IURP�WKHLU�QDUURZ�EDQG�
LQIUDVRQLF�VLJQDWXUH�ZDV�YLVXDOL]HG�EHWZHHQ���DQG���+]��KHQFH�YHULI\LQJ�WKH�WRROV¶�HIIHFWLYHQHVV�UHJDUGLQJ�GDWD�VHW�
PDQLSXODWLRQ���

$QDO\VLV�RI�+LJK�5HVROXWLRQ�0LG�,QIUDUHG�'DWD�RI�-XSLWHU
V�+LJK�/DWLWXGHV�WR�'HWHUPLQH�(YROXWLRQ�RI�
7KHUPDO�6WUXFWXUH�DQG�&KHPLVWU\�
=DGH�$NUDV��-HW�3URSXOVLRQ�/DERUDWRU\�&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�	�<DOH�8QLYHUVLW\�
0HQWRUV��*OHQQ�2UWRQ�DQG�-DPHV�6LQFODLU��-HW�3URSXOVLRQ�/DERUDWRU\�&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�

-XSLWHU¶V�SRODU�DWPRVSKHUH�LV�LQIOXHQFHG�E\�WKH�DFFHOHUDWLRQ�RI�KLJK�HQHUJ\�LRQV�DQG�HOHFWURQV�IURP�LWV�
PDJQHWRVSKHUH�DQG�SRWHQWLDOO\�WKH�H[WHUQDO�VRODU�ZLQG�HQYLURQPHQW��7KHVH�FKDUJHG�SDUWLFOHV�GHSRVLW�WKHLU�HQHUJ\�
WKURXJK�SDUWLFOH�SUHFLSLWDWLRQ��GLVVRFLDWLRQ��LRQ�GUDJ��DQG�MRXOH�KHDWLQJ��3UHYLRXV�ZRUN�XVHG�WKH�7(;(6�LQVWUXPHQW�
RQ�1$6$¶V�,QIUDUHG�7HOHVFRSH�)DFLOLW\�WR�VWXG\�WKH�XQLTXH�FKHPLVWU\�DQG�WKHUPDO�VWUXFWXUH�RI�-XSLWHU¶V�DXURUDO�
UHJLRQV��7KHVH�UHWULHYDOV�PXVW�EH�UHSHDWHG�ZLWK�DQ�XSGDWHG�DQG�FRQVLVWHQW�DWPRVSKHULF�PRGHO�DQG�XVLQJ�D�VSDWLDO�
JULG�WKDW�LV�FRQVLVWHQW�ZLWK�WKRVH�DGRSWHG�E\�WKH�-XQR�6FLHQFH�7HDP��:H�XVHG�WKH�1RQ�OLQHDU�2SWLPDO�(VWLPDWRU�IRU�
0XOWLYDULDWH�6SHFWUDO�$QDO\VLV��1(0(6,6��PRGHO�WR�LQYHUW�PLG�LQIUDUHG�HPLVVLRQV�VSHFWUD�DQG�UHWULHYH�DWPRVSKHULF�
SURSHUWLHV��:H�YLVXDOL]HG�WKH�WHPSHUDWXUH�SURILOHV�DW���PEDU����PEDU������PEDU��DQG������PEDU�ZLWK�SRODU�
SURMHFWLRQV�DQG�LQYHVWLJDWHG�WHPSHUDWXUH�DV�D�IXQFWLRQ�RI�WLPH�DQG�SUHVVXUH��2YHUDOO��WHPSHUDWXUHV�ZHUH�HOHYDWHG�
LQ�WKH�DXURUDO�]RQH�DW���PEDU������PEDU��DQG������PEDU��SHDNLQJ�DW������PEDU�GXULQJ�WKH�VXPPHU�RI�������
7HPSHUDWXUHV�LQVLGH�DQG�RXWVLGH�WKH�DXURUDO�UHJLRQ�ZHUH�VLPLODU�DW���PEDU��:H�LGHQWLILHG�VLJQLILFDQW�WHPSHUDWXUH�
YDULDWLRQ�DW���DQG������PEDU��FRPSDUHG�WR�PRGHUDWH�YDULDWLRQ�DW���PEDU�DQG�PLQLPDO�YDULDWLRQ�DW�����PEDU��)XWXUH�
ZRUN�ZLOO�WXUQ�WR�LQYHVWLJDWLQJ�VSDWLDO�DQG�WHPSRUDO�YDULDWLRQV�RI�WKH�K\GURFDUERQ�GLVWULEXWLRQV���

0RGHOLQJ�:LGH�$QJOH�DQG�:LQGRZ�)XQFWLRQ�(IIHFWV�RQ�0DWWHU�3RZHU�6SHFWUXP�0HDVXUHPHQW�LQ�
63+(5([�DQG�5RPDQ�6XUYH\V�
-RVKXD�%HQDERX��(FROH�3RO\WHFKQLTXH��1$6$�-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\���
0HQWRUV��2OLYLHU�'RUp��&KHQ�+HLQULFK��DQG�+HQU\�*HEKDUGW��1$6$�-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�
7HFKQRORJ\��

0RGHUQ�UHGVKLIW�VXUYH\V�DUH�FDSDEOH�RI�PHDVXULQJ�WKH�UHGVKLIW�RI�PLOOLRQV�RI�JDOD[LHV��ZKRVH�SRVLWLRQV�FDQ�EH�
GHGXFHG�IURP�UHFHVVLRQ�YHORFLWLHV�YLD�+XEEOH¶V�ODZ��:H�FDQ�WKXV�PDS�WKH�JDOD[\�GHQVLW\�ILHOG��DQG�SHUIRUP�RQ�LW�
VWDWLVWLFDO�PHDVXUHPHQWV�VXFK�DV�WKH�PDWWHU�SRZHU�VSHFWUXP� ��ZKLFK�RIIHUV�D�SRZHUIXO�WHVW�RI�FRVPRORJLFDO�
PRGHOV��$FFXUDWH�SRZHU�VSHFWUXP�PHDVXUHPHQW�PXVW�WDNH�LQWR�DFFRXQW�UHGVKLIW�VSDFH�GLVWRUWLRQV��ZKHUHE\�
SHFXOLDU�YHORFLWLHV�PRGLI\�WKH�PHDVXUHG�GLVWDQFHV�WR�JDOD[LHV�YLD�'RSSOHU�VKLIW��$�UHFHQW�DUHD�RI�UHVHDUFK�DWWHPSWV�
WR�TXDQWLI\�VXFK�GLVWRUWLRQV�RQ�ODUJH�VFDOH�VXUYH\V��LQ�ZKLFK�WKH�VPDOO�DQJOH�DSSUR[LPDWLRQ�IDLOV��DQG�FRUUHFWLRQV�WR�
WKH�SRZHU�VSHFWUXP�PXOWLSROHV�DULVH�GXH�WR�ERWK�ZLGH�DQJOH�HIIHFWV�DQG�FRXSOLQJ�ZLWK�WKH�VXUYH\�ZLQGRZ�IXQFWLRQ��
:H�ILUVW�YDOLGDWH�D�UHFHQWO\�GHYHORSHG�IRUPDOLVP�WR�FRPSXWH�ZLGH�DQJOH�FRUUHFWLRQV�IRU�WKH�%266�VXUYH\��DQG�
PRGHO�WKHVH�HIIHFWV�RQ�WKH�SODQQHG�DOO�VN\�VXUYH\�63+(5([�DQG�WKH�5RPDQ�VXUYH\��63+(5([��VHW�IRU������ODXQFK��
ZLOO�PHDVXUH�RYHU�����PLOOLRQ�JDOD[\�UHGVKLIWV�IURP�QHDU�LQIUDUHG�VSHFWUD�RYHU�D�ODUJH�FRVPRORJLFDO�YROXPH�DW�ORZ�
UHGVKLIWV��7KH�PLVVLRQ�DLPV�WR�SODFH�VWURQJ�FRQVWUDLQWV�RQ�WKH� �SDUDPHWHU�FKDUDFWHUL]LQJ�QRQ�*DXVVLDQLW\�LQ�WKH�
GLVWULEXWLRQ�RI�LQIODWLRQDU\�IOXFWXDWLRQV��ZKLFK�ZLOO�UHTXLUH�PHDVXULQJ�WKH�SRZHU�VSHFWUXP�ZLWK�VXE�SHUFHQW�OHYHO�
DFFXUDF\��

8QVXSHUYLVHG�/HDUQLQJ�$SSURDFK�WR�3UHGLFW�([RSODQHW�+RVW�6WDUV�)URP�6WHOODU�(OHPHQWDO�$EXQGDQFHV�
<H�:RQ�%\XQ��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��%URZQ�8QLYHUVLW\�
0HQWRU��<DVXKLUR�+DVHJDZD��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�

,W�KDV�EHHQ�ZHOO�UHFRJQL]HG�WKDW�WKH�FKHPLFDO�FRPSRVLWLRQ�RI�VWDUV�FDQ�SURYLGH�LPSRUWDQW�FOXHV�DERXW�WKH�SURSHUWLHV�
RI�SODQHWV�WKDW�RUELW�DURXQG�VWDUV��$�IDPRXV�H[DPSOH�LV�WKDW�WKH�)H�DEXQGDQFH�RI�VWDUV�LV�SRVLWLYHO\�FRUUHODWHG�ZLWK�
WKH�SUHVHQFH�RI�-RYLDQ�SODQHWV��+RZHYHU��V\VWHPDWLF�H[SORUDWLRQ�DERXW�SRWHQWLDO�FRUUHODWLRQV�EHWZHHQ�WKH�SUHVHQFH�
RI�H[RSODQHWV�DQG�RWKHU�VWHOODU�HOHPHQWDO�DEXQGDQFHV�KDV�QRW�\HW�EHHQ�FRQGXFWHG��7KXV��LW�LV�VWLOO�LQFRQFOXVLYH�KRZ�
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VWHOODU�FRPSRVLWLRQ�FDQ�EH�XVHG�WR�LQIHU�WKH�SUHVHQFH�RI�SODQHWV��7R�DGGUHVV�WKLV�LVVXH��VXSHUYLVHG�PDFKLQH�OHDUQLQJ�
WHFKQLTXHV�KDYH�UHFHQWO\�EHHQ�HPSOR\HG�LQ�WKH�OLWHUDWXUH��+RZHYHU��FXUUHQW�GDWD�VHWV�GR�QRW�KDYH�GDWD�SRLQWV�RI�
WUXH�QRQ�KRVW�VWDUV��LW�LV�TXHVWLRQDEOH�ZKHWKHU�D�VXSHUYLVHG�OHDUQLQJ�PRGHO�FDQ�DFFXUDWHO\�OHDUQ�WKH�IHDWXUHV�RI�D�
ELQDU\�FODVVLILFDWLRQ�WDVN�ZLWK�DFFHVV�WR�GDWD�SRLQWV�RI�RQO\�RQH�NLQG�RI�ODEHO��L�H��WUXH�KRVW�VWDUV���7KXV��DQ�
XQVXSHUYLVHG�OHDUQLQJ�WHFKQLTXH�LV�D�PXFK�PRUH�DSSURSULDWH�DSSURDFK�WR�GHYHORS�D�UHFRPPHQGDWLRQ�DOJRULWKP�IRU�
WKLV�WDVN��,Q�WKLV�SURMHFW��ZH�XWLOL]H�D�YDULDWLRQDO�DXWRHQFRGHU�DSSURDFK��ZKLFK�XVHV�GLPHQVLRQDOLW\�UHGXFWLRQ�WR�
OHDUQ�WKH�SDUDPHWHUV�RI�WKH�SUREDELOLW\�GLVWULEXWLRQ�RI�WKH�GDWD��7KLV�SURMHFW�DLPV�WR�VROLGLI\�WKH�FRUUHODWLRQ�EHWZHHQ�
WKH�SUHVHQFH�RI�H[RSODQHWV�DQG�VWHOODU�HOHPHQWDO�DEXQGDQFHV�DQG�SURGXFH�D�OLVW�RI�VWDUV��ZKLFK�FXUUHQWO\�SRVVHVV�
QR�NQRZQ�H[RSODQHWV��WKDW�KDYH�D�ODUJH�SUHGLFWLRQ�SUREDELOLW\�RI�KRVWLQJ�DQ�H[RSODQHW��:H�ZLOO�LPSURYH�WDUJHW�
VHOHFWLRQ�PHWKRGV�IRU�GLVFRYHULQJ�PRUH�H[RSODQHWV��E\�GHYHORSLQJ�WKLV�SUHGLFWLYH�WRRO�ZLWK�D�PRUH�VROLG�WKHRUHWLFDO�
EDFNJURXQG�WKDQ�SDVW�ZRUNV��

7LPH�'HSHQGHQFH�RI�1HDU�,QIUDUHG�=RQDO�:DYHV�LQ�-XSLWHU¶V�1RUWK�(TXDWRULDO�%HOW�
-RKHHQ�&KDNUDERUW\��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��&ROXPELD�8QLYHUVLW\��
0HQWRU��*OHQQ�6��2UWRQ��-HW�3URSXOVLRQ�/DERUDWRU\�&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��

,PDJHV�RI�-XSLWHU
V�1RUWK�(TXDWRULDO�%HOW��1(%���±����1��GLVSOD\�UHFXUULQJ�DWPRVSKHULF�ZDYH�SDWWHUQV�LQ�WKH��������
PLFURQ�QHDU�LQIUDUHG�UDQJH��:H�LQYHVWLJDWH�WKH�WLPH�GHSHQGHQFH�RI�WKH�ZDYH�SDWWHUQV�XVLQJ�WKH�/RPE�6FDUJOH�
SHULRGRJUDP�DQG�)DVW�)RXULHU�7UDQVIRUP�PHWKRGV��SD\LQJ�VSHFLDO�DWWHQWLRQ�WR�KRZ�WKHLU�EHKDYLRU�FRUUHODWHV�ZLWK�
SHULRGLF�1(%�H[SDQVLRQV��1(%(V���ZKLFK�H[KLELW�D�����\HDU�F\FOH��/RPE�6FDUJOH�ZDYH�SRZHUV�RI�1(%�F\OLQGULFDO�
PDSV�GLVSOD\�DQ�DSSDUHQW�SHULRGLFLW\��ZLWK�D�IUHTXHQF\�RI�a���GXULQJ�WKH�WLPH�VSDQ�EHWZHHQ�VHTXHQWLDO�1(%(�VWDUW�
GDWHV��$SSO\LQJ�WKH�))7�WR�FRPSRVLWH�PDSV�FRYHULQJ�DOO�ORQJLWXGHV�\LHOGV�VLPLODU�UHVXOWV�DV�IRU�WKH�ORQJLWXGHV�
FRYHUHG�E\�VLQJOH�LPDJHV��0RUHRYHU��WKH�ZDYH�SRZHUV�H[KLELW�D�ORQJLWXGLQDO�GHSHQGHQFH��ZLWK�KLJKHU�6\VWHP�,,,�
ORQJLWXGHV�IDYRULQJ�KLJKHU�ZDYH�SRZHUV�WKURXJKRXW�WKH�HQWLUH�SHULRGLF�F\FOH��)XUWKHU�REVHUYDWLRQV�RI�WUHQGV�LQ�
ZDYH�SRZHU�DQG�ZDYHQXPEHU�ZLOO�LPSURYH�RXU�XQGHUVWDQGLQJ�RI�1(%�ZDYH�EHKDYLRU��H�J��GLIIHUHQFHV�EHWZHHQ�
PHDVXUHPHQWV�WKDW�VDPSOH�GLIIHUHQW�DOWLWXGHV�LQ�-XSLWHU��

$�3\WKRQ�,PSOHPHQWHG�'HHS�(DUWK�:DWHU�0RGHO�WR�$LG�LQ�'HWHUPLQLQJ�WKH�&RPSRVLWLRQ�RI�,F\�2FHDQ�
:RUOG�,QWHULRUV�
$QGUHZ�&KDQ�����
0HQWRUV��0RKLW�0HOZDQL�'DVZDQL��DQG�6WHYHQ�9DQFH��
�'LY��RI�*HRORJLFDO�DQG�3ODQHWDU\�6FLHQFHV��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��3DVDGHQD��&$��86$�������
��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��3DVDGHQD��&$�������

&XUUHQWO\��WKH�+HOJHVRQ�.LUNKDP�)ORZHUV��+.)��PRGHO�LV�XVHG�WR�FDOFXODWH�WKHUPRG\QDPLF�SURSHUWLHV�RI�DTXHRXV�
FRPSOH[HV�DQG�LRQV�DW�GLIIHULQJ�WHPSHUDWXUHV�DQG�SUHVVXUHV��+RZHYHU��WKLV�PRGHO�KDV�FHUWDLQ�UHJLRQV�RI�GHQVLW\�
DQG�SUHVVXUH�ZKHUH��IRU�FHUWDLQ�WHPSHUDWXUHV��LW�LV�LQDFFXUDWH�DW�SUHGLFWLQJ�WKH�VSHFLDWLRQ�RI�VROXWHV��0LURQ��/HDO��	�
<DSSDURYD���������7KH�FRPELQDWLRQ�RI�D�GLIIHUHQW�PRGHO�IRU�WKH�SURSHUWLHV�RI�ZDWHU�DORQJVLGH�WKH�'HHS�(DUWK�:DWHU�
�'(:��PRGHO��+XDQJ�	�6YHUMHQVN\��������FRXOG�SURYH�UREXVW�LQ�GHWHUPLQLQJ�WKH�FRPSRVLWLRQ�DQG�HYROXWLRQ�RI�LF\�
RFHDQ�ZRUOGV�LQWHULRUV��:H�VSHFLILFDOO\�H[SORUH�WKH�FRPELQDWLRQ�RI�6HD)UHH]H��-RXUQDX[���������D�/RFDO�%DVLV�
)XQFWLRQ�HYDOXDWLRQ�EDVHG�SDFNDJH�WKDW�DOORZV�D�XVHU�WR�H[DPLQH�LF\�SRO\PRUSKV�DW�GLIIHUHQW�WHPSHUDWXUHV�DQG�
SUHVVXUHV��ZLWK�WKH�'(:�PRGHO��:H�SUHVHQW�DQ�REMHFW�RULHQWHG�LPSOHPHQWDWLRQ�RI�WKH�'(:�PRGHO�ZKLFK�DOORZV�IRU�
FRQYHQLHQW�DUUD\�LQSXWV�RI�FXVWRP�ZDWHU�SURSHUWLHV��VSHFLILFDOO\�WKH�*LEEV�IUHH�HQHUJ\��GLHOHFWULF�FRQVWDQW��DQG�
ZDWHU�GHQVLW\��2XU�LPSOHPHQWDWLRQ�EHKDYHV�LGHQWLFDOO\�WR�WKH�([FHO�VSUHDGVKHHW�LPSOHPHQWHG�'(:�PRGHO�ZKLOH�
DGGLWLRQDOO\�VLPSOLI\LQJ�DQG�VWUHDPOLQLQJ�WKH�SURFHVV�WR�LQSXW�UHDFWLRQV�DQG�PDNH�FKDQJHV�WR�FDOFXODWLRQV�TXLFNO\��
$GGLWLRQDOO\��RXU�PRGHO�EXLOGV�LQ�WKH�IXOO�VHW�RI�PLQHUDOV�IURP�WKH�WKHUPRG\QDPLF�GDWDEDVH�683&57%/�GDW��=LPPHU�
HW�DO����������WR�SURYLGH�DQ�HDV\�ZD\�WR�DFFHVV�D�IXOO�UDQJH�RI�PLQHUDOV�WKHUPRG\QDPLF�SURSHUWLHV�ZLWKRXW�KDYLQJ�
WR�FDOFXODWH�WKHP�VHSDUDWHO\��:H�FRPSDUH�WKH�FDOFXODWHG�SURSHUWLHV�RI�ZDWHU�IURP�WKH�'(:�PRGHO�DQG�WR�WKRVH�
FDOFXODWHG�E\�6HD)UHH]H��:H�ILQG�GLVFUHSDQF\�EHWZHHQ�WKH�WZR�PRGHOV�DW�KLJK�SUHVVXUH�DQG�WHPSHUDWXUH�WKDW�
SRVVLEO\�LQGLFDWHV�D�QHHG�WR�UHHYDOXDWH�WKH�SDUDPHWHUL]DWLRQ�RI�WKH�'(:�PRGHO��:H�DOVR�SUHVHQW�D�VHW�RI�UHDFWLRQV�
UHOHYDQW�WR�LF\�RFHDQ�ZRUOG�LQWHULRUV�FDOFXODWHG�ZLWK�WKH�6HD)UHH]H�SUHGLFWHG� *U�RI�ZDWHU�LQFRUSRUDWHG�LQWR�WKH�
3\WKRQ�LPSOHPHQWDWLRQ�RI�WKH�'(:�PRGHO�DQG�D�FURVV�FRPSDULVRQ�EHWZHHQ�WKHVH�FDOFXODWLRQV�DQG�WKRVH�ZLWK�WKH�
³RULJLQDO´�'(:�PRGHO�LPSOHPHQWDWLRQ���

$�SDUW�RI�WKH�UHVHDUFK�ZDV�FDUULHG�RXW�DW�WKH�-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��XQGHU�D�
FRQWUDFW�ZLWK�WKH�1DWLRQDO�$HURQDXWLFV�DQG�6SDFH�$GPLQLVWUDWLRQ����������$OO�ULJKWV�UHVHUYHG��

'HYHORSLQJ�WKH�6SKLQ[�%DVHG�$YLRQLFV�(FRV\VWHP�IRU�6SDFH�([SORUDWLRQ�
6DQGUD�&KHD��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�
0HQWRU��<XWDR�+H��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�

6SKLQ[�LV�DQ�DGYDQFHG�ORZ�6:D3��6PDOO�:HLJKW�DQG�3RZHU��VLQJOH�ERDUG�FRPSXWHU�WHFKQRORJ\�GHYHORSHG�DW�-3/�
IRU�GHHS�VSDFH�&XEH6DW�6PDOO6DW�H[SORUDWLRQ��7R�IDFLOLWDWH�UDSLG�SURWRW\SLQJ�DQG�FRQVWUXFWLQJ�FRPSOHWH�DYLRQLFV�
V\VWHPV�WKDW�PHHW�YDULRXV�PLVVLRQ�UHTXLUHPHQWV�DW�UHGXFHG�FRVW��WLPH��DQG�ULVNV��ZH�KDYH�EHHQ�GHYHORSLQJ�D�
6SKLQ[�EDVHG�DYLRQLFV�HFRV\VWHP�WKDW�LQFOXGHV�PRGXODU��UHXVDEOH��DQG�FRQILJXUDEOH�UHIHUHQFH�GHVLJQV�FRPSRVHG�RI�
GLIIHUHQW�SHULSKHUDOV��,Q�WKLV�SURMHFW��ZH�KDYH�GHYHORSHG�WKUHH�UHIHUHQFH�GHVLJQV������PRWRU�FRQWURO������FDPHUD�
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FDSWXULQJ��DQG�����&$1�FRPPXQLFDWLRQ�LQ�WKH�FRQWH[W�RI�VSDFH�PLVVLRQV��)LUVW��ZH�KDYH�EXLOW�DQG�WHVWHG�WKH�
$UGXLQR�EDVHG�UHIHUHQFH�GHVLJQV��6HFRQG��ZH�KDYH�LGHQWLILHG�DQG�GRFXPHQWHG�GHWDLOHG�GLIIHUHQFHV�EHWZHHQ�
$UGXLQR�DQG�6SKLQ[�ZLWK�UHVSHFW�WR�ERWK�KDUGZDUH��SLQ�OHYHO�VLJQDOPDSSLQJ��DQG�VRIWZDUH��UHJLVWHU�OHYHO�PHPRU\�
PDSSLQJ���7KLUG��ZH�KDYH�EHHQ�PLJUDWLQJ�WKHVH�UHIHUHQFH�GHVLJQV�IURP�$UGXLQR�WR�6SKLQ[��7KH�PHWKRGRORJ\�
SURYHV�WR�EH�HIIHFWLYH�DQG�WKH�JHQHUDWHG�ZRUN�FRQWULEXWHV�WR�IXUWKHU�HYROXWLRQ�RI�6SKLQ[�EDVHG�DYLRQLFV�HFRV\VWHP�
IRU�XSFRPLQJ�1$6$�-3/�VSDFH�PLVVLRQV��

(YDOXDWLQJ�2SHUDWLRQDO�,PSOHPHQWDWLRQ�RI�WKH�'HHS�6SDFH�1HWZRUN¶V�'HOD\�7ROHUDQW�1HWZRUNLQJ��'71��
+DQQDK�/L�&KHQ��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�
0HQWRUV��-��/HLJK�7RUJHUVRQ�DQG�1DWKDQLHO�-��5LFKDUG��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�

)XWXUH�VSDFH�FRPPXQLFDWLRQ�V\VWHPV�ZLOO�EHJLQ�WR�XVH�'HOD\�7ROHUDQW�1HWZRUNLQJ��'71��ZKLFK�DOORZV�IRU�WKH�
H[WHQVLRQ�RI�,QWHUQHW�OLNH�DXWRPDWHG�SURWRFROV�WR�FRQVWUDLQHG�HQYLURQPHQWV�H[SHULHQFLQJ�IUHTXHQW�GLVUXSWLRQV�LQ�
FRPPXQLFDWLRQ��7KLV�WHFKQRORJ\�LPSURYHV�XSRQ�FXUUHQW�SRLQW�WR�SRLQW�UHOD\�OLQNV�E\�HQVXULQJ�UHOLDEOH�
LQWHUQHWZRUNLQJ�EHWZHHQ�PXOWLSOH�QRGHV�WKURXJK�%XQGOH�3URWRFROV��IRUPLQJ�WKH�IRXQGDWLRQ�IRU�D�6RODU�6\VWHP�
,QWHUQHW��,Q�SUHSDUDWLRQ�IRU�'71¶V�ILUVW�FXVWRPHU��WKH�.3/2�ODXQFKLQJ�LQ�-XO\�������LW�LV�QHFHVVDU\�WR�EXLOG�D�WHVW�
FDSDELOLW\�IRU�WKH�'61�'71�LPSOHPHQWDWLRQ��7KH�-3/�3URWRFRO�7HFKQRORJ\�/DE�LV�GHYHORSLQJ�DQ�HQG�WR�HQG�
FRPPXQLFDWLRQV�SURWRFRO�WHVWEHG�WKDW�ZLOO�XVH�'71�DV�D�SURWRW\SH�IRU�IXWXUH�PLVVLRQV��:H�FRQILJXUH�,QWHUSODQHWDU\�
2YHUOD\�1HWZRUN�QRGHV�WR�DQDO\]H�LQFRPLQJ�GDWD�DQG�QRLVH�ORVV�LQ�WKH�GHHS�VSDFH�OLQN��7R�HQVXUH�VXFFHVVIXO�'71�
LPSOHPHQWDWLRQ��ZH�GHYHORS�D�VSDFHFUDIW�WHOHPHWU\�VLPXODWRU�WKDW�ZLOO�EH�LQWHUIDFHG�WR�WKH�%3�VRIWZDUH��2Q�WKH�
PLVVLRQ�RSHUDWLRQV�VLGH��WKH�WHOHPHWU\�DQG�FRPPDQG�SURFHVVLQJ�ZLOO�EH�GLVSOD\HG�XVLQJ�WKH�$0026�,QVWUXPHQW�
7RRONLW��(PXODWLQJ�VSDFHFUDIW�GDWD�IORZ�LQ�FRQMXQFWLRQ�ZLWK�WKH�VLPXODWHG�'71�QHWZRUN�IDFLOLWDWHV�WKH�DGYDQFHPHQW�
RI�'71�DQG�LWV�LQIXVLRQ�LQWR�WKH�'HHS�6SDFH�1HWZRUN��

-XSLWHU�'DWD�DQG�,PDJH�$UFKLYDO�7KURXJK�WKH�3ODQHWDU\�'DWD�6\VWHP�
5HH\D�&KHQDQGD��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�
0HQWRU��*OHQQ�2UWRQ��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\

0LG�LQIUDUHG�LPDJHV�ZHUH�WDNHQ�DW�WKH�1DWLRQDO�$VWURQRPLFDO�2EVHUYDWRU\�RI�-DSDQ¶V��1$2-��6XEDUX�7HOHVFRSH�ZLWK�
WKH�&RROHG�0LG�,5�&DPHUD�DQG�6SHFWURJUDSK��&20,&6���7KHVH�GDWD�LQFOXGH�WKRXVDQGV�RI�LQIUDUHG�LPDJHV�DQG�
VFLHQWLILF�REVHUYDWLRQV�RI�-XSLWHU�WKDW�QHHG�WR�EH�DUFKLYHG�LQ�1$6$¶V�3ODQHWDU\�'DWD�6\VWHP��3'6���7KH�DUFKLYDO�
SURFHVV�KDV�HQWDLOHG�D�ORQJ�HQGHDYRU�RI�VHYHUDO�\HDUV�IRU�SUHYLRXV�685)�VWXGHQWV��ZKLFK�LV�QRZ�QHDUO\�FRPSOHWH��
5DZ��UHGXFHG��FDOLEUDWHG��DQG�DQFLOODU\�ILOHV�ZHUH�FROOHFWHG�DQG�SUHSDUHG�IRU�WKH�&20,&6�DUFKLYH��8VLQJ�3\WKRQ�DQG�
)2575$1�EDVHG�,QWHUDFWLYH�'DWD�/DQJXDJH��,'/��SURJUDPV��WKH�GDWD�IURP�WKLV�LQVWUXPHQW�ZHUH�ODEHOHG�ZLWK�;0/�
WHPSODWH�ILOHV�IROORZLQJ�3'6���WKH�3'6¶V�ODWHVW�DUFKLYLQJ�VWDQGDUG��7KH�ODEHOV�LQFOXGH�LQIRUPDWLRQ�DERXW�KRZ�DQG�
ZKHQ�WKH�GDWD�ZHUH�WDNHQ��2QFH�WKH�ILQDO�DUFKLYH�KDV�EHHQ�UHYLHZHG�DQG�DFFHSWHG�E\�WKH�3'6��WKH�REVHUYDWLRQV�
IURP�&20,&6�FDQ�EH�HDVLO\�DFFHVVHG�E\�VFLHQWLVWV�DQG�EH�XVHG�LQ�IXWXUH�LQTXLULHV�

$QDO\VLV�RI��'�3RLQW�&ORXG�6HJPHQWDWLRQ�8VLQJ�'HHS�/HDUQLQJ�IRU�,PSURYHG�3HUFHSWLRQ�LQ�
6XEWHUUDQHDQ�(QYLURQPHQWV�
$OH[DQGHU�1��'LPRSRXORV��8QLYHUVLW\�RI�&DOLIRUQLD�6DQ�'LHJR��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�
7HFKQRORJ\�
0HQWRU��%HQMDPLQ�0RUUHOO��-HW�3URSXOVLRQ�/DERUDWRU\�&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�

7KH�UDSLG�GHYHORSPHQW�RI�DXWRQRPRXV�URERWLF�V\VWHPV�DQG�WKHLU�GHPRQVWUDWHG�VXFFHVV�KDV�EHHQ�DLGHG�E\�WKH�
LQWHJUDWLRQ�RI�QHXUDO�QHWZRUNV�IRU�FRPSXWHU�YLVLRQ�WDVNV�ZKLFK�UHTXLUH�D�SHUFHSWXDO�XQGHUVWDQGLQJ�RI�D�JLYHQ�
HQYLURQPHQW��2EMHFW�GHWHFWLRQ�QHWZRUNV�FRPPRQO\�XWLOL]H�GDWD�IURP�LPDJH�VHQVRUV�ZKLFK�DUH�ERXQGHG�E\�WKHLU�
UHOLDQFH�RQ�RXWVLGH�VRXUFHV�RI�OLJKW��$GGUHVVLQJ�WKH�OLPLWDWLRQ�RI�YLVXDO�FDPHUDV�LQ�GDUN�DUHDV�ZRXOG�H[SDQG�WKH�
UDQJH�RI�DSSOLFDWLRQV�IRU�URERWLFV�LQ�UHJLRQV�ZLWK�SRRU�OLJKW�TXDOLW\�DQG�LPSURYH�WKH�UREXVWQHVV�RI�DXWRQRPRXV�
V\VWHPV��$�VROXWLRQ�PD\�EH�WKH�XVH�RI�OLGDU��DFWLYH�VHQVRUV�WKDW�GR�QRW�UHTXLUH�D�OLJKW�VRXUFH�ZKLFK�DUH�DOUHDG\�LQ�
XVH�LQ�D�PDMRULW\�RI�URERWLF�QDYLJDWLRQ�V\VWHPV��/LGDU�SURYLGHV�ULFK��'�SRLQW�FORXG�GDWD�EXW�LPSOHPHQWLQJ�REMHFW�
GHWHFWLRQ�WHFKQLTXHV�KDV�EHHQ�GLIILFXOW�LQ�WKH�SDVW��+RZHYHU��ZLWK�DGYDQFHPHQWV�LQ�SURFHVVLQJ�WHFKQLTXHV�DQG�
KDUGZDUH��VHYHUDO�QHXUDO�QHWZRUN�DUFKLWHFWXUHV�KDYH�GHPRQVWUDWHG�WKH�VSHHG�DQG�DFFXUDF\�QHFHVVDU\�IRU�UHDO�WLPH�
DSSOLFDWLRQV��$QDO\]LQJ��'�QHWZRUNV�UHTXLUHV�PDVVLYH�ODEHOHG�GDWDVHWV�ZKLFK�DUH�FRVWO\�WR�SURGXFH��7KLV�ZRUN�
IRFXVHV�RQ�DXWRPDWLQJ�WKH�SURFHVV�RI�DQQRWDWLQJ�OLGDU�SRLQW�FORXGV�XVLQJ�D�VLPXODWLRQ��DQG�WKH�GDWDVHWV�DUH�
H[DPLQHG�WKURXJK�WKH�WUDLQLQJ�RI�VHPDQWLF�VHJPHQWDWLRQ�PRGHOV�ZKLFK�SHUIRUP�REMHFW�GHWHFWLRQ���

'HOD\�7ROHUDQW�1HWZRUN�,PSOHPHQWDWLRQ�DQG�'HVLJQ�IRU�,QWHUVDWHOOLWH�2SWLFDO�&RPPXQLFDWRUV�
:HL�)RR��-HW�3URSXOVLRQ�/DERUDWRU\�&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��
0HQWRUV��-RVH�(��9HOD]FR�DQG�0DUN�7D\ORU��-HW�3URSXOVLRQ�/DERUDWRU\�&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��

,QWHUVDWHOOLWH�2SWLFDO�&RPPXQLFDWRU��,62&��LV�D�PXOWLGLUHFWLRQDO��RSWLFDO�FRPPXQLFDWLRQV�GHYLFH�WR�EH�GHSOR\HG�LQWR�
VSDFH�RQ�VDWHOOLWHV��IRUPLQJ�DQ�LQWHUSODQHWDU\�QHWZRUN��,31���8S�WR�����,62&V�ZLOO�FRPSRVH�D�ORFDO�DUHD�QHWZRUN�
�/$1��VZDUP������NLORPHWHUV�ZLGH��WKDW�RUELWV�SODQHWDU\�ERGLHV�LQ�VSDFH��,QWUD�VZDUP�,62&V�FDQ�VKDUH�
FRPSXWDWLRQDO�UHVRXUFHV�DQG�FRPELQH�RSWLFDO�VLJQDOV�WR�DPSOLI\�WKHLU�WUDQVPLVVLRQ�UDQJH�ZKHQ�FRPPXQLFDWLQJ�ZLWK�
RWKHU�VZDUPV�RYHU�D�ZLGH�DUHD�QHWZRUN��:$1���VSDQQLQJ�KXQGUHGV�RI�PLOOLRQV�RI�NLORPHWHUV��7R�GHVLJQ�WKH�PRVW�
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HIIHFWLYH�QHWZRUN�OD\RXW��/$1�DQG�:$1�WRSRORJLHV�ZHUH�VLPXODWHG�XVLQJ�&25(��TXDQWLILHG��DQG�DQDO\]HG��
)XUWKHUPRUH��'HOD\�7ROHUDQW�1HWZRUN��'71��SURWRFROV�ZLOO�HQDEOH�GDWD�WUDQVPLVVLRQ�ZLWKLQ�DQG�EHWZHHQ�VZDUPV�
EHFDXVH�FRQYHQWLRQDO�LQWHUQHW�SURWRFROV��VXFK�DV�7&3�,3��VXIIHU�IURP�ORQJ�GHOD\V�DQG�KLJK�HUURU�UDWHV�ZKHQ�VXEMHFW�
WR�IUHTXHQW�OLQN�GLVUXSWLRQV�DQG�DV\PPHWULFDO�WUDQVPLVVLRQ�LQ�D�VSDFH�HQYLURQPHQW��$V�VR��ZH�VHHN�WR�LPSOHPHQW�
WKH�,QWHUSODQHWDU\�2YHUOD\�1HWZRUN�'71�SURWRFRO�VXLWH�LQWR�,62&¶V�2SWLFDO�*HQHUDWLRQ�2SHUDWLQJ�6\VWHP�E\�
LQWHJUDWLQJ�WKH�%XQGOH�3URWRFRO�DQG�&RQYHUJHQFH�/D\HU�$GDSWHU�LQWR�/LQX[�NHUQHOV��$GGLWLRQDOO\��ZH�SODQ�RQ�
PRGLI\LQJ�RSWLFDO�VPDOO�IRUP�IDFWRU�SOXJJDEOH�PRGXOHV��ZKLFK�SOXJ�LQWR�D�1HWZRUN�,QWHUIDFH�&DUG��WR�FRPSOHWH�WKH�
GDWD�OLQN�DQG�SK\VLFDO�OD\HUV��:H�EHOLHYH�LPSOHPHQWLQJ�'71�ZLWK�,62&�ZLOO�HVWDEOLVK�WKH�ILUVW�ORZ�ODWHQF\��WHUDELW�
,31��

$SSO\LQJ�0DFKLQH�/HDUQLQJ�WR�3UHGLFW�+LJK�/DWLWXGH�$ODVNDQ�,RQRVSKHULF�,UUHJXODULWLHV�
$QQDEHO�5��*RPH]��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�
0HQWRU��;LDRTLQJ�3L��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�

3ODVPD�FRQYHFWLRQ�DQG�DVVRFLDWH�G\QDPLFV�LQ�WKH�KLJK�ODWLWXGH�LRQRVSKHUH�FDQ�SURGXFH�YDULRXV�LQVWDELOLWLHV�
GHSHQGLQJ�RQ�ORFDWLRQ��JHRPDJQHWLF�FRQGLWLRQV��SUHVHQFH�RI�ILHOG�DOLJQHG�FXUUHQWV��WHPSHUDWXUHV��DQG�YHORFLWLHV��
7KHVH�LQVWDELOLWLHV�JLYH�ULVH�WR�LUUHJXODU�VWUXFWXUHV�LQ�LRQRVSKHULF�GHQVLW\�GLVWULEXWLRQ��RU�LRQRVSKHULF�LUUHJXODULWLHV��
ZKLFK�FDQ�FDXVH�VFLQWLOODWLRQV�RI�UDGLR�VLJQDOV�DQG�GHJUDGH�WKH�LQWHJULW\�DQG�DFFXUDF\�RI�WHFKQRORJ\�DSSOLFDWLRQV�
VXFK�DV�*OREDO�3RVLWLRQLQJ�6\VWHP��*36��QDYLJDWLRQ��7KLV�UHVHDUFK�DSSOLHV�PDFKLQH�OHDUQLQJ�WHFKQLTXHV�WR�GHYHORS�
D�SUHGLFWLRQ�V\VWHP�WKDW�XVHV�KLVWRULFDO�*36�DQG�PDJQHWRPHWHU�GDWD�WR�SUHGLFW�WKH�ORFDWLRQ��WLPH��DQG�LQWHQVLW\�RI�
FRQFHUQHG�LUUHJXODULWLHV��XQGHU�YDULRXV�JHRSK\VLFDO�DQG�VSDFH�ZHDWKHU�FRQGLWLRQV��$�FRUUHODWLRQ�DQDO\VLV�ZDV�ILUVW�
FRQGXFWHG�EHWZHHQ�LRQRVSKHULF�DQG�PDJQHWLF�ILHOG�GDWD�VHWV��,W�ZDV�GHWHUPLQHG�WKDW�JOREDOO\�GLVWULEXWHG�DXURUDO�
HOHFWURMHW�GDWD�GLG�QRW�FRUUHODWH�ZHOO�ZLWK�WKH�ORFDOL]HG�LRQRVSKHULF�GDWD�ZKLOH�PDJQHWRPHWHU�GDWD�IURP�D�QHDUE\�
VWDWLRQ�GLG��8QGHUVWDQGLQJ�KRZ�DQG�ZK\�WKHVH�GLIIHUHQW�SK\VLFDO�SKHQRPHQD�FRUUHODWH�LV�FUXFLDO�LQ�PDNLQJ�DFFXUDWH�
SUHGLFWLRQV��$V�WKH�GHYHORSPHQW�RI�WKH�PDFKLQH�OHDUQLQJ�DOJRULWKP�FRQWLQXHV��LWV�RXWSXW�ZLOO�DLG�DQG�FRQWULEXWH�WR�
WKH�UHSUHVHQWDWLRQ�DQG�XQGHUVWDQGLQJ�RI�WKH�YDULDWLRQV�RI�WKH�LRQRVSKHULF�VWDWH��

$Q�$QDO\WLFDO�$SSURDFK�WR�'HWHUPLQLQJ�WKH�/RQJ�7HUP�%HKDYLRU�RI�6DWHOOLWH�7UDMHFWRULHV�
$QGUHZ�*UDYHQ��&RUQHOO�8QLYHUVLW\��
0HQWRU��0DUWLQ�:��/R��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�

7KH�GHWHUPLQDWLRQ�RI�ORQJ�WHUP�VWDWLVWLFDO�SURSHUWLHV�RI�VDWHOOLWH�WUDMHFWRULHV�W\SLFDOO\�HQWDLOV�LQWHJUDWLQJ�WKH�
WUDMHFWRU\�RYHU�ORQJ�WLPH�VFDOHV��ZKLFK�LV�D�FRPSXWDWLRQDOO\�H[SHQVLYH�DQG�WLPH�FRQVXPLQJ�SURFHVV��,Q�WKH�FRXUVH�
RI�685)�SURMHFWV�LQ�VXPPHU������DQG�������D�IDVW�DQDO\WLFDO�PHWKRG�RI�XQGHUVWDQGLQJ�WKH�ORQJ�WHUP�VWDWLVWLFDO�
EHKDYLRU�RI�FLUFXODU�DQG�HOOLSWLFDO�VDWHOOLWH�WUDMHFWRULHV�ZDV�GHYHORSHG��7KLV�VXPPHU��WKH�PHWKRG�ZDV�DSSOLHG�WR�D�
YDULHW\�RI�SUREOHPV�UHODWHG�WR�H[SHFWHG�VDWHOOLWH�JURXQG�VWDWLRQ�YLHZ�SHULRGV��SDVVDJH�WLPHV�DQG�JDS�WLPHV��,Q�
DGGLWLRQ��0$7/$%�DQG�&�SURJUDPV�ZHUH�GHYHORSHG�ZKLFK�FRQWDLQ�SUDFWLFDO�LPSOHPHQWDWLRQV�RI�PDQ\�RI�WKHVH�
WHFKQLTXHV��)RU�WKH�YDVW�PDMRULW\�RI�FDVHV��WKHVH�DQDO\WLFDO�PHWKRGV�H[KLELW�VWURQJ�DJUHHPHQW�ZLWK�WKH�VWDWLVWLFV�
JHQHUDWHG�E\�WKH�PHWKRG�RI�GLUHFW�WUDMHFWRU\�SURSDJDWLRQ��ZKLOH�WDNLQJ�D�IUDFWLRQ�RI�WKH�WLPH��7KHUH�LV�VLJQLILFDQW�
SRWHQWLDO�IRU�FRQWLQXHG�ZRUN�RQ�WKLV�SURMHFW��7KLV�PD\�LQFOXGH�LQYHVWLJDWLQJ�WKH�HIILFDF\�RI�FRPSXWLQJ�D�ZLGHU�UDQJH�
RI�VWDWLVWLFV��VXFK�DV�PHDQ�PDJQHWLF�ILHOG�VWUHQJWK�DQG�DWPRVSKHULF�GUDJ��,Q�DGGLWLRQ��WKHUH�LV�LQWHUHVW�LQ�DGGLQJ�
FRUUHFWLRQV�ZKLFK�DFFRXQW�IRU�WUDMHFWRU\�SHUWXUEDWLRQV�GXH�WR�DWPRVSKHULF�GUDJ�DQG�GLXUQDO�HIIHFWV�VXFK�DV�VRODU�
UDGLDWLRQ�SUHVVXUH���

$FNQRZOHGJHPHQW��7KLV�UHVHDUFK�ZDV�FDUULHG�RXW�DW�WKH�-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�
7HFKQRORJ\��DQG�ZDV�VSRQVRUHG�E\�WKH�6XPPHU�8QGHUJUDGXDWH�5HVHDUFK�)HOORZVKLS�3URJUDP�DQG�WKH�1DWLRQDO�
$HURQDXWLFV�DQG�6SDFH�$GPLQLVWUDWLRQ����10����'�������

$XWRQRPRXV�972/�)L[HG�:LQJ�V8$6�IRU�+$%�3D\ORDGV�DQG�/RQJ�'XUDWLRQ�)OLJKW�$SSOLFDWLRQV�
+XQWHU�+DOO��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�
0HQWRU��$GULDQ�6WRLFD��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�

'XULQJ�WKH�6XPPHU�RI������WKH�,QQRYDWLRQ�WR�)OLJKW��L�)��WHDP�GHVLJQHG�D�SD\ORDG�FDUU\LQJ��972/�FDSDEOH�IL[HG�
ZLQJ�YHKLFOH�DV�D�FKHDS�DQG�HDVLO\�UHXVDEOH�VROXWLRQ�IRU�KLJK�DOWLWXGH�EDOORRQ��+$%��SD\ORDGV�WR�EH�VDIHO\�UHFRYHUHG�
DW�SUHGHWHUPLQHG�ODQGLQJ�ORFDWLRQV��7KH�YHKLFOH�DVFHQGV�DQG�GHVFHQGV�ZLWK�D�+$%�IOLJKW�WUDLQ��GHWDFKHV�DIWHU�+$%�
IOLJKW�GDWD�LV�FROOHFWHG��DQG�DXWRQRPRXVO\�IOLHV�WR�D�GHVWLQDWLRQ�QHDU�WKH�ODXQFK�VLWH�RU�SUHGHWHUPLQHG�VDIH�ODQGLQJ�
ORFDWLRQ�IRU�HIILFLHQW�UHFRYHU\�DQG�UHXVH��$�VRODU�SRZHUHG�EDWWHU\�VZDSSLQJ�VWDWLRQ�ZDV�DOVR�GHYHORSHG�WR�EH�
ORFDWHG�RQ�WKH�JURXQG�DQG�H[WHQG�HIIHFWLYH�IOLJKW�WLPH��7KH�YHKLFOH¶V�VWDELOLW\�DQG�HIILFLHQF\�ZDV�VLPXODWHG�LQ�IL[HG�
ZLQJ�IOLJKW��YHUWLFDO�WDNH�RII�DQG�ODQGLQJ��DQG�WKH�WUDQVLWLRQ�SKDVH�EHWZHHQ�WKH�WZR�PRGHV��DQG�UHVXOWV�IURP�HDFK�
IOLJKW�PRGDOLW\�DUH�GLVFXVVHG��0LVVLRQ�3ODQQHU�DQG�$UGXSLORW�VLPXODWLRQV�DORQJ�ZLWK�FXVWRP�DQG�RSHQ�VRXUFH�+$%�
IOLJKW�SUHGLFWLRQ�VRIWZDUHV�ZHUH�LPSOHPHQWHG�WR�GHWHUPLQH�RSWLPDO�ODXQFK�WLPHV�GXULQJ�WKH�GD\��DVFHQW�UDWHV��PD[�
DOWLWXGHV��HWF��WR�DQDO\]H�DOO�SRWHQWLDO�972/�IOLJKW�VFHQDULRV��7KH�YHKLFOH�DOVR�GHPRQVWUDWHV�SUHFLVLRQ�ODQGLQJ�
FDSDELOLWLHV��DSSOLFDEOH�IRU�ODQGLQJ�RQ�WKH�SUHYLRXVO\�PHQWLRQHG�EDWWHU\�VZDSSLQJ�VWDWLRQ��)LQDOO\��WKH�YHKLFOH�LV�WR�
EH�WHVWHG�ERWK�LQ�D�ORZ�DOWLWXGH�EDOORRQ�VFKHPH�DQG�LQ�D�IXOO�+$%�IOLJKW�WHVW��7KLV�YHKLFOH�LV�WKH�ILUVW�VWHS�WRZDUGV�
JUHDWHU�HIILFLHQF\�DQG�UHOLDELOLW\�LQWR�IXWXUH�+$%�IOLJKW�H[SHULPHQWV�WKDW�HQWDLO��VWULFW�JHRIHQFLQJ�UHTXLUHPHQWV��
FRQFHUQV�RI�WKH�SD\ORDG�ODQGLQJ�LQ�DQ�XQUHWULHYDEOH�DUHD��DQG�H[SHFWHG�ORQJ�UDQJH�WUDYHO�RI�WKH�EDOORRQ��
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'HYHORSPHQW�RI�0LQLDWXUL]HG�6SDWLDO�+HWHURG\QH�6SHFWURPHWHU�IRU�:DWHU�'HWHFWLRQ�LQ�&RPHWV
.LUDQ�+DPNLQV��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�
0HQWRU��6H\HGHK�6RQD�+RVVHLQL��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�

$�PLQLDWXUH�VSDWLDO�KHWHURG\QH�VSHFWURPHWHU�LV�EHLQJ�GHYHORSHG�WR�GHWHFW�ZDWHU�DQG�LWV�E\SURGXFWV�LQ�VSDFH�ZLWK�
KLJK�VHQVLWLYLW\�DQG�KLJK�UHVROYLQJ�SRZHU��)HZ�PHDVXUHPHQWV�KDYH�EHHQ�PDGH�UHJDUGLQJ�WKH�UDWLR�RI�'�+�RQ�
FRPHWV��DQG�ZH�RQO\�KDYH����GDWD�SRLQWV�ZLWK�WKLV�PHDVXUHPHQW�WR�GDWH��2EWDLQLQJ�PRUH�RI�WKHVH�W\SHV�RI�
PHDVXUHPHQWV�DOORZV�XV�WR�XQGHUVWDQG�KRZ�WKH�JDOD[\�HYROYHG�DQG�KRZ�ZDWHU�HYROYHG�LQ�WKH�JDOD[\��)RU�WKH�
LQVWUXPHQW�WR�FRPSOHWH�WKLV�JRDO��LW�PXVW�EH�SUHSDUHG�DQG�WHVWHG�IRU�IOLJKW�DQG�PLVVLRQ�UHDGLQHVV��7KLV�LQFOXGHV�
PDNLQJ�PHDVXUHPHQWV�KHUH�RQ�(DUWK�E\�XVLQJ�D�WHOHVFRSH�WR�REVHUYH�WKH�6XQ�DQG�PDNLQJ�PHDVXUHPHQWV�LQ�WKH�
(DUWK¶V�DWPRVSKHUH�E\�IO\LQJ�RQ�WKH�%OXH�2ULJLQ�1HZ�6KHSDUG�URFNHW��5HTXLUHPHQWV�IRU�HDFK�RI�WKHVH�RSHUDWLRQV�
ZHUH�FRPSLOHG��DQG�VRPH�RI�WKH�QHFHVVDU\�LQVWUXPHQW�WHVWV�ZHUH�FDUULHG�RXW�WKURXJK�VLPXODWLRQ��LQGLFDWLQJ�WKH�
SHUIRUPDQFH�RI�WKH�DFWXDO�LQVWUXPHQW�XQGHU�IOLJKW�FRQGLWLRQV��

$Q�(QG�WR�(QG�0HWKRGRORJ\�IRU�6LPXODWLQJ�3DUWLFOH�(QWUDLQPHQW�LQ�,QWHUQDO�5RFNHW�)DLULQJ�
(QYLURQPHQWV�
.HDODQ�-��+HQQHVV\��8QLYHUVLW\�RI�&DOLIRUQLD��%HUNHOH\�
0HQWRUV��:LOOLDP�$��+RH\��-RKQ�0��$OUHG��DQG�&DUORV�(��6RDUHV��&RQWDPLQDWLRQ�&RQWURO�(QJLQHHULQJ�����'���
-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�

(IIHFWLYH�FRQWDPLQDWLRQ�FRQWURO�LV�HVVHQWLDO�IRU�WKH�VXFFHVV�RI�PRVW�DHURVSDFH�SURJUDPV�EHFDXVH�WKH�SUHVHQFH�RI�
FRQWDPLQDWLRQ��HYHQ�LQ�PLQXVFXOH�TXDQWLWLHV��FDQ�GHJUDGH�WKH�SHUIRUPDQFH�RI�VSDFHFUDIW�KDUGZDUH��:H�DLP�WR�
KLJKOLJKW�WKH�UHTXLUHPHQWV�RI�HIIHFWLYH�FRQWDPLQDWLRQ�FRQWURO�DQDO\VLV��DQG�VXEVHTXHQWO\�SUHVHQW�D�VXFFLQFW�
PHWKRGRORJ\�DQG�SURRI�RI�FRQFHSW�IRU�FDUU\LQJ�RXW�VXFK�DQDO\VLV�ZLWKLQ�URFNHW�IDLULQJ�ODXQFK�HQYLURQPHQWV��7KLV�
SURFHVV�LV�FRPSRVHG�RI�LQLWLDO�&$'�PRGHOLQJ�DQG�LQWHUQDO�IOXLG�YROXPH�FRQVWUXFWLRQ��WKURXJK�VHW�XS�RI�D�
�GHFRXSOHG��IOXLG�VLPXODWLRQ�DQG�YLVXDOL]DWLRQ�RI�UHVXOWV�SULRU�WR�WKH�LWHUDWLRQ�RI�GLIIHUHQW�SDUWLFOH�UHJLPHV�±�DOO�
UHVWULFWHG�ZLWKLQ�WKH�ILUVW�WZR�PLQXWHV�RI�IOLJKW��$�VHULHV�RI�H[SHULPHQWDO�UHVXOWV�DQG��LQ�GXH�FRXUVH��ILQH�WXQLQJ�RI�
WKHVH�FRPSRQHQWV�KDV�SURGXFHG�D�IUDPHZRUN�WKDW�PHHWV�FRQWDPLQDWLRQ�FRQWURO�FULWHULD�IRU�W\SLFDO�PLVVLRQ�VXFFHVV�
PRVW�HIIHFWLYHO\��$V�ZHOO�DV�SURYLGLQJ�D�JHQHUDO�JXLGH�IRU�IXWXUH�ZRUN��WKLV�DOVR�IRUPV�D�EDVLV�IRU�SRVVLEOH�H[WHQVLRQ�
RI�WKH�DQDO\WLFDO�SURFHVV��H�J��GHILQLQJ�DGGLWLRQDO�SDUWLFOH�SDUWLFOH�LQWHUDFWLRQ��DQG�IDFLOLWDWHV�WKH�H[SORUDWLRQ�RI�
SRWHQWLDO�H[SHULPHQWDO�YDOLGDWLRQ�PHWKRGV��

,QYHVWLJDWLRQ�RI�$XWRQRPRXV�%DOORRQ�7HFKQRORJ\�IRU�$XWRPDWLF�/DXQFKLQJ�RI�3D\ORDG�&DUU\LQJ�972/�
1LFKRODV�0��+HQQLJDQ��0LOZDXNHH�6FKRRO�RI�(QJLQHHULQJ�
0HQWRUV��$GULDQ�6WRLFD�DQG�7KRPDV�/X��-HW�3URSXOVLRQ�/DERUDWRU\�&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�

+LJK�$OWLWXGH�%DOORRQ�SODWIRUPV��+$%¶V��FDQ�SURYLGH�D�UHDOLVWLF�DQG�FRVW�HIIHFWLYH�WHVWLQJ�DQDORJ�IRU�D�GLYHUVH�UDQJH�
RI�WHFKQRORJ\��+RZHYHU��ZLWK�WKH�XQFHUWDLQW\�RI�+$%�SD\ORDG�UHFRYHUDELOLW\�DQG�GHSOR\PHQW��UHVHDUFK�WHDPV�PD\�
GHHP�WKH�H[HUFLVH�ULVN\��HVSHFLDOO\�QHDU�ILQDO�KDUGZDUH�GHYHORSPHQW�F\FOHV��5HVHDUFKHUV�ZHUH�WDVNHG�WR�GHYHORS�D�
QHZ�+$%�$XWR�/DXQFKLQJ�DUFKLWHFWXUH�IRU�D�SD\ORDG�FDULQJ�972/��7KLV�UHVHDUFK�IRFXVHG�RQ�GHYHORSLQJ�	�YDOLGDWLQJ�
YDULRXV�GHVLJQV�ZLWK�D�VSHFLILF�IRFXV�RQ�SDUDFKXWH�VL]H�DQG�ODWH[�EDOORRQ�SDFNLQJ�GHSOR\PHQW�FKDUDFWHULVWLFV��8VLQJ�
QRQ�OLQHDU�GUDJ�DQDO\VLV��WUDGLWLRQDO�SDUDFKXWH�GHVLJQ�ZDV�GHWHUPLQHG�LQHIIHFWLYH�DQG�D�SURSRVHG�EXR\DQF\�GULYHQ�
GHVFHQW�PHFKDQLVP�ZDV�GHVLJQHG��$GGLWLRQDOO\��WZR�SLORW�VWXGLHV�ZHUH�GHVLJQHG�	�H[HFXWHG��'HSOR\PHQW�
&KDUDFWHULVWLFV�RI�7KLQ�:DOOHG�/DWH[�%DOORRQV�*LYHQ�,QLWLDO�3DFNLQJ�*HRPHWU\�	�%DOORRQ�0HPEUDQH�'HIOHFWLRQ��
6WXG\�UHVXOWV�UHYHDOHG�D�QRYHO�GHSOR\PHQW�PHFKDQLVP�IRU�ODWH[�EDOORRQV�GHVHUYLQJ�IXUWKHU�GHYHORSPHQW��7KHVH�
WHFKQRORJ\�LQQRYDWLRQV�SURYLGH�D�VWHS�IRUZDUG�LQ�UHGHILQLQJ�KLJK�DOWLWXGH�H[SORUDWLRQ�DQG�H[SHULPHQWDWLRQ���

9LVXDOL]DWLRQ�DQG�$QDO\VLV�RI�2FHDQ�)ORRU�&RUH�6DPSOHV�IRU�0LFURELRORJLFDO�6WXGLHV�
/XNDV�+HUPDQQ��&DUQHJLH�0HOORQ�8QLYHUVLW\�
0HQWRUV��9LFWRULD�2USKDQ��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��+LOODU\�0XVKNLQ��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��
6FRWW�'DYLGRII��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��6DQWLDJR�/RPEH\GD��&DOLIRUQLD�
,QVWLWXWH�RI�7HFKQRORJ\��0DJJLH�+HQGULH��$UW&HQWHU�&ROOHJH�RI�'HVLJQ�

'HHS�VHD�YHQWV�DUH�KRPH�WR�H[WUHPH�FRQGLWLRQV�WKDW�DOORZ�IRU�D�YDULHW\�RI�PLFURELDO�OLIH�IRUPV��7KH�VWXG\�RI�WKHVH�
OLIH�IRUPV�DQG�WKHLU�HFRORJ\�RFFXUV�DW�D�PXOWLWXGH�RI�VFDOHV�WKDW�UDQJH�IURP�PHWKDQH�FORXGV�FRYHULQJ�NLORPHWHUV�
GRZQ�WR�WKH�'1$�OHYHO�RI�WKH�WD[D�WKDW�LQKDELW�WKH�YHQW��6FLHQWLVWV�IURP�D�YDULHW\�RI�VSHFLDOL]DWLRQV�KDYH�DQDO\]HG�
WKHVH�FRPPXQLWLHV�XVLQJ�PHWKRGV�VXFK�DV�EDWK\PHWU\�VFDQV�DQG�FRUH�VDPSOHV��EXW�WKHLU�ZRUN�GRHV�QRW�H[LVW�LQ�D�
XQLILHG�HQYLURQPHQW�WKDW�DOORZV�RQH�WR�FRPSDUH�JHRFKHPLFDO�SDUDPHWHU�FKDQJHV�DVVRFLDWHG�ZLWK�WKH�XQGHUVHD�
WRSRORJ\��DV�ZHOO�DV�WKH�WD[D�WKDW�H[LVW�LQ�WKLV�VSDWLDOL]HG�YLHZ��7KURXJK�WKH�FROODERUDWLRQ�RI�WKH�'DWD9LV�WHDP�DQG�
2USKDQ�/DE��,�KDYH�EHHQ�LPSOHPHQWLQJ�SURWRW\SHV�RI�D�XQLILHG�HQYLURQPHQW�LQ�ZKLFK�UHVHDUFKHUV�FDQ�H[SORUH�DQG�
DQDO\]H�GDWD�FROOHFWHG�GXULQJ�WKHLU�H[SHGLWLRQV�WKURXJK�D�KROLVWLF�OHQV��7KHVH�SURWRW\SHV�H[LVW�DV�IXQFWLRQDO�
UHSUHVHQWDWLRQV�RI�GDWD�XVLQJ�'��MV�DV�ZHOO�DV�XVLQJ�ZLUHIUDPH�ZRUNIORZV�GHVLJQHG�E\�P\�FROOHDJXHV��7KHVH�
SURWRW\SHV�DOORZ�D�VSDWLDO�XQGHUVWDQGLQJ�RI�JHRFKHPLFDO�SDUDPHWHUV��DORQJ�ZLWK�D�GLUHFW�FRPSDULVRQ�RI�FRUH�GDWD�
DV�GLVWDQFH�LQFUHDVHV�IURP�D�YHQW��)XWXUH�UHVHDUFK�ZLOO�H[SORUH�ORQJ�WHUP�PDQDJHDELOLW\�RI�PXOWLSOH�H[SHGLWLRQV�DQG�
VFDOH�EDVHG�XQGHUVWDQGLQJV�RI�VWDWLVWLFDO�GDWD��
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&KDUDFWHUL]DWLRQ�RI�DQ�,QVWUXPHQW�0RGHO�IRU�([RSODQHW�6SHFWUXP�(VWLPDWLRQ�7KURXJK�:LGH�6FDOH�
$QDO\VLV�RQ�+67�
1RDK�+XEHU�)HHO\��&ROXPELD�8QLYHUVLW\��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�
0HQWRUV��0DUN�5��6ZDLQ��*DHO�5RXGLHU��DQG�5DLVVD�(VWUHOD��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�
7HFKQRORJ\�

&RQWH[W��,QVWUXPHQW�PRGHOV�HQDEOH�WKH�UHPRYDO�RI�V\VWHPDWLF�HUURU�LQ�WUDQVLW�VSHFWURVFRS\�OLJKW�FXUYH�GDWD��EXW��
VLQFH�WKH�PRGHO�IRUPXODWLRQ�FDQ�LQIOXHQFH�WKH�HVWLPDWLRQ�RI�VFLHQFH�PRGHO�SDUDPHWHUV��FKDUDFWHUL]DWLRQ�RI�WKH�
LQVWUXPHQW�PRGHO�HIIHFWV�LV�LPSRUWDQW��$LPV��$QDO\]H�D�VLPSOH�LQVWUXPHQW�PRGHO�DQG�DVVHVV�LWV�YDOLGLW\�DQG�
SHUIRUPDQFH�DFURVV�+XEEOH�:)&��DQG�67,6�LQVWUXPHQWV��0HWKRGV��2YHU�D�ODUJH��Q� �����VDPSOH�RI�REVHUYHG�
WDUJHWV��WKH�SDUHQW�GLVWULEXWLRQ�RI�HDFK�LQVWUXPHQW�PRGHO�SDUDPHWHU�LV�FRPSXWHG�XVLQJ�0&0&��3RVVLEOH�SDUHQW�
GLVWULEXWLRQ�IXQFWLRQV�DUH�WKHQ�ILW�DQG�WHVWHG�DJDLQVW�WKH�HPSLULFDO�,0�GLVWULEXWLRQ��&RUUHODWLRQ�DQG�RWKHU�DQDO\VLV�
DUH�WKHQ�SHUIRUPHG�WR�ILQG�XVHIXO�,0�UHODWLRQVKLSV��)LQDOO\��D�OLJKW�FXUYH�UHVLGXDO�PHWULF�LV�GHWHUPLQHG�WKDW�H[SODLQV�
ZKHUH�WKH�SURSRVHG�,0�ZRUNV�ZHOO�DQG�ZKHUH�LW�GRHV�QRW��5HVXOWV��7KH�PRGHO�LV�VKRZQ�WR�ZRUN�ZHOO�DFURVV�WKH���
LQVWUXPHQWV�DQG���ILOWHUV�DQDO\]HG�DQG��IXUWKHU��WKH�/RUHQW]LDQ�GLVWULEXWLRQ�LV�VKRZQ�WR�FORVHO\�ILW�WKH�HPSLULFDO�
SDUHQW�GLVWULEXWLRQ�RI�,0�SDUDPHWHUV��7KLV�SDUHQW�GLVWULEXWLRQ�FDQ�EH�XVHG�LQ�WKH�0&0&�SULRU�ILWWLQJ�DQG�DGGV�
FRQILGHQFH�WR�ZLGH�VFDOH�DWPRVSKHULF�DQDO\VLV�XVLQJ�WKLV�PRGHO��)LQDOO\��ZH�SURSRVH�D�VLPSOH�PHWULF�WR�GHWHUPLQH�
PRGHO�SHUIRUPDQFH�DQG�GHPRQVWUDWHV�LWV�DELOLW\�WR�GHWHUPLQH�ZKHWKHU�D�GHULYHG�VSHFWUXP�XQGHU�WKLV�,0�ZLOO�DJUHH�
ZHOO�ZLWK�WKH�OLWHUDWXUH���

6LPXOWDQHRXV�5HWULHYDO�RI�7HOOXULF�3DUDPHWHUV�DQG�$VWURQRPLFDO�6FLHQFH�2EVHUYDEOHV�
(PP\�/L�
0HQWRUV��0DUN�6ZDLQ��'DYLG�7KRPSVRQ��DQG�5REHUW�=HOOHP��-HW�3URSXOVLRQ�/DERUDWRU\�&DOLIRUQLD�,QVWLWXWH�RI�
7HFKQRORJ\�

7KH�1HZ�0H[LFR�([RSODQHW�6SHFWURVFRSLF�6XUYH\�,QVWUXPHQW��1(66,��LV�RQH�RI�WKH�ILUVW�VSHFWURJUDSKV�GHVLJQHG�IRU�
JURXQG�EDVHG��KLJK�SUHFLVLRQ�VSHFWURVFRS\�RI�WUDQVLWLQJ�H[RSODQHWV��)RU�JURXQG�EDVHG�DVWURQRPLFDO�WHOHVFRSHV��
GLVWRUWLRQV�GXH�WR�DWPRVSKHULF�DEVRUSWLRQ�DQG�VFDWWHULQJ�VLJQLILFDQWO\�PXGGOH�WKH�VFLHQFH�VLJQDO��3UHYLRXVO\��WUDQVLW�
VSHFWURVFRS\�KDV�PLWLJDWHG�WKHVH�HIIHFWV�LQ�SRVW�SURFHVVLQJ�E\�UHPRYLQJ�DLUPDVV�FKDQJHV�DQG�RWKHU�WHOOXULF�
YDULDELOLW\��0RVW�FRUUHFWLRQ�VWUDWHJLHV�DUH�VHTXHQWLDO��7KLV�PHDQV�WKH\�ILUVW�HVWLPDWH�WKH�DWPRVSKHULF�VWDWH��YLD�
FDOLEUDWLRQ�VWDUV�RU�E\�ILWWLQJ�VSHFWUDOO\�UHVROYHG�DEVRUSWLRQ�OLQHV�WR�GHWHUPLQHV�DEXQGDQFH�RI�DWPRVSKHULF�JDVHV���
DQG�WKHQ�VHHN�WR�FDOLEUDWH�WKH�REVHUYDWLRQ�IURP�WKH�DWPRVSKHULF�HVWLPDWLRQ�WR�UHWULHYH�WKH�WDUJHW��

:H�VHHN�DQ�DOWHUQDWLYH�PHWKRG�ZKLFK�VLPXOWDQHRXVO\�HVWLPDWHV�WKH�HDUWK¶V�DWPRVSKHUH�DQG�VFLHQFH�REVHUYDEOHV��
8VLQJ�D�PDWKHPDWLFDO�PRGHO�RI�WKH�DWPRVSKHUH��WDUJHW��DQG�LQVWUXPHQW��ZH�FDQ�GLVHQWDQJOH�WKH�GDWD�E\�SHUIRUPLQJ�
D�%D\HVLDQ�PRGHO�LQYHUVLRQ�WR�ILQG�WKH�0D[LPXP�$�3RVWHULRUL�VROXWLRQ�IRU�DOO�IUHH�SDUDPHWHUV��7KLV�LV�PDGH�SRVVLEOH�
E\�DGRSWLQJ�DGYDQFHPHQWV�LQ�GRZQZDUG�IDFLQJ�VSHFWURVFRS\�RI�WKH�(DUWK¶V�VXUIDFH�IRU�DVWURQRPLFDO�
PHDVXUHPHQWV��JHQHUDOL]LQJ�WKHP�IRU�H[RSODQHW�WUDQVLW�WLPH�VHULHV��$�VXFFHVVIXO�LPSOHPHQWDWLRQ�RI�D�VLPXOWDQHRXV�
UHWULHYDO�RI�WKH�WHOOXULF�VWDWH�WRJHWKHU�ZLWK�VFLHQFH�REVHUYDEOHV�FDQ�LPSURYH�DFFXUDF\�RI�JURXQG�FDVH�DVWURQRPLFDO�
PHDVXUHPHQWV��HOLPLQDWLQJ�WKH�QHHG�IRU�FDOLEUDWRU�VWDUV��

6HDUFKLQJ�IRU�*UDYLWDWLRQDO�:DYH�3URJHQLWRUV��6XSHUPDVVLYH�%ODFN�+ROH�%LQDULHV
(PPD�0F*LQQHVV��8QLYHUVLW\�RI�&DOLIRUQLD��%HUNHOH\��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\
0HQWRU��-RVHSK�/D]LR��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\

0RVW�ODUJH�JDOD[LHV�FRQWDLQ�VXSHUPDVVLYH�EODFN�KROHV�DW�WKHLU�FRUH��DQG�JDOD[LHV��DV�WKH\�HYROYH��PHUJH��,W�LV�
SUHGLFWHG�WKDW��DV�D�UHVXOW�RI�VXFK�D�PHUJHU��WKH�WZR�JDOD[LHV¶�FHQWUDO�VXSHUPDVVLYH�EODFN�KROHV��60%+��FRQYHUJH�
LQWR�D�QHZ�FHQWUDO�UHJLRQ��IRUPLQJ�D�ELQDU\�WKDW�HPLWV�JUDYLWDWLRQDO�ZDYHV�DV�WKH\�VSLUDO�WRJHWKHU��7KXV��IXUWKHU�
LQYHVWLJDWLRQ�RI�60%+�ELQDULHV�PD\�UHYHDO�WKH�UHODWLRQVKLS�EHWZHHQ�JDOD[\�PHUJHU�DVWURSK\VLFV�DQG�JUDYLWDWLRQDO�
ZDYH�SK\VLFV��$QDO\]LQJ�IROORZ�XS�REVHUYDWLRQ�GDWD�FROOHFWHG�E\�WKH�9HU\�/RQJ�%DVHOLQH�$UUD\��9/%$���ZKLFK�
FRQVLVWV�RI����UDGLR�JDOD[\�VRXUFHV�DW�WKH�SDUVHF�OHYHO��ZKRVH�RULJLQDO�LPDJHV�VXJJHVWHG�WKH�H[LVWHQFH�RI�60%+V��
SRWHQWLDOO\�DOORZV�IXUWKHU�LGHQWLILFDWLRQ�DQG�REVHUYDWLRQ�RI�OLNHO\�60%+�ELQDULHV��,Q�WKLV�SURMHFW��9/%$�GDWD�IRU�WKRVH�
JDOD[\�VRXUFHV��PHDVXUHG�DW�IUHTXHQF\�UDQJHV�RI��a��*+]���a��*+]��DQG��a��*+]��ZHUH�FROOHFWHG��UHGXFHG��L�H��
FDOLEUDWHG���DQG�SURFHVVHG�YLD�DQ�HVWDEOLVKHG�SLSHOLQH�DQG�&$6$��WKH�&RPPRQ�$VWURQRP\�6RIWZDUH�$SSOLFDWLRQV�
SDFNDJH��IXQFWLRQV�WR�HOLPLQDWH�UDGLR�IUHTXHQF\�LQWHUIHUHQFH��5),��WR�SUHSDUH�LW�VR�WKDW�KLJK�DQJXODU�UHVROXWLRQ�
LPDJHV�FDQ�EH�FUHDWHG�DQG�UHYLHZHG��7KRVH�ODWHU�SURGXFHG�LPDJHV�WKDW�H[KLELW�FKDUDFWHULVWLFV�FRQVLVWHQW�ZLWK�WZR�
SUR[LPDWH�SRLQW�VRXUFHV�FDQ�WKHQ�EH�LGHQWLILHG�DV�60%+�ELQDU\�FDQGLGDWHV�IRU�DGGLWLRQDO�REVHUYDWLRQ�ZLWK�WKH�JRDO�
RI�IXUWKHU�HYLGHQFLQJ�WKH�WKHRU\�WKDW�JDOD[\�HYROXWLRQ�DQG�JUDYLWDWLRQDO�ZDYH�HPLVVLRQV�DUH�OLQNHG��



-3/�$EVWUDFWV�

6RIWZDUH�'HYHORSPHQW�IRU�5DGLR�$VWURQRP\�
7\URQH�0F1LFKROV��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�
0HQWRUV��.ULVWHQ�9LUNOHU�DQG�0HOLVVD�6RULDQR��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\

1$6$¶V�'HHS�6SDFH�1HWZRUN��'61��LV�DQ�LQWHUQDWLRQDO�DUUD\�RI�UDGLR�DQWHQQDV�WKDW�VXSSRUW�LQWHUSODQHWDU\�PLVVLRQV�
DQG�SURYLGH�UDGDU�DQG�UDGLR�DVWURQRP\�REVHUYDWLRQV��5HFHQWO\��D�QHZ�KLJK�UHVROXWLRQ�VSHFWURPHWHU�ZDV�GHSOR\HG�
DW�'HHS�6SDFH�6WDWLRQ�����'66������WKH����PHWHU�DQWHQQD�DW�WKH�&DQEHUUD�'HHS�6SDFH�&RPPXQLFDWLRQV�&RPSOH[�
�&'6&&���7KLV�QHZ�VSHFWURPHWHU�FRQVLVWV�RI�IRXU�5HFRQILJXUDEOH�2SHQ�$UFKLWHFWXUH�&RPSXWLQJ�+DUGZDUH��52$&+��
��ERDUGV�FUHDWHG�E\�&$63(5��&ROODERUDWLRQ�IRU�$VWURQRP\�6LJQDO�3URFHVVLQJ�DQG�(OHFWURQLFV�5HVHDUFK���,Q�WKLV�
SURMHFW��VRIWZDUH�LPSURYHPHQWV�KDYH�EHHQ�LPSOHPHQWHG�WR�HQKDQFH�WKH�IXQFWLRQDOLW\�RI�WKLV�VSHFWURPHWHU��
6SHFLILFDOO\��PHDVXUHV�ZHUH�WDNHQ�WR�UHVROYH�H[LVWLQJ�LVVXHV�ZLWK�WKH�VRIWZDUH�DQG�ILUPZDUH�DQG�LQFUHDVH�WKH�
FRQVLVWHQF\�RI�WKH�GDWD�DFTXLUHG�IURP�WKH�VSHFWURPHWHU��$GGLWLRQDOO\��FKDQJHV�ZHUH�PDGH�WR�EHWWHU�IDFLOLWDWH�
DXWRPDWLRQ�DQG�LPSURYH�WKH�XVHU�H[SHULHQFH��

,QWHOOLJHQW�0LVVLRQ�DQG�6FLHQWLILF�,QVWUXPHQW�&ODVVLILFDWLRQ�
3DYOH�0HGYLGRYLF��8QLYHUVLW\�RI�6RXWKHUQ�&DOLIRUQLD��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�
0HQWRUV��&KULV�$��0DWWPDQQ�DQG�9DOHQWLQR�&RQVWDQWLQRX��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�
7HFKQRORJ\�

7KH�)RXQGU\�$�7HDP��DORQJ�ZLWK�VXEMHFW�PDWWHU�H[SHUWV��JXLGHV�FOLHQWV�WKURXJK�WKH�FRQFHSW�IRUPXODWLRQ�SURFHVV�RI�
-3/�PLVVLRQV�LQ�VWXGLHV��7KHVH�VWXGLHV�UHVXOW�LQ�FXUDWHG�SURGXFWV�LQFOXGLQJ�VPDOO��EXW�ULFK�GDWD�VHWV�LQ�WKH�IRUP�RI�
&RQIOXHQFH�:LNL�SDJHV�WKDW�FOLHQWV�FDQ�XVH�WR�IXUWKHU�LWHUDWH�XSRQ�PLVVLRQ�RU�LQVWUXPHQW�FRQFHSWV�LQYHVWLJDWHG�
GXULQJ�WKH�VWXG\��7KH�$,�DQG�$QDO\WLFV�JURXS�����%��RI�WKH�$UWLILFLDO�,QWHOOLJHQFH��$QDO\WLFV�DQG�,QQRYDWLYH�
'HYHORSPHQW�'LYLVLRQ��������LV�ZRUNLQJ�ZLWK�WKH�$�7HDP�WR�GHYHORS�WKH�$�7HDP�$QDO\WLFV�7RRO��$$Q7��WR�DOORZ�IRU�
JUHDWHU�XWLOL]DWLRQ�RI�UHOHYDQW�DQQRWDWLRQV�IURP�SUHYLRXV�VWXGLHV��2XU�UHVHDUFK�DLPV�WR�HQKDQFH�WKH�$$Q7¶V�VHDUFK�
FDSDELOLWLHV�E\�DXWRPDWLQJ�QDPHG�HQWLW\�UHFRJQLWLRQ��1(5��RQ�VWXG\�GDWD�VHWV��:H�WUDLQHG�D�VWDWLVWLFDO�PRGHO�IURP�
WKH�QDWXUDO�ODQJXDJH�SURFHVVLQJ�OLEUDU\�VSD&\�WR�LGHQWLI\�LQVWUXPHQWV�DQG�VSDFHFUDIW�IURP�VWXGLHV�XVLQJ�VSD&\¶V�
EXLOW�LQ�FDSDELOLWLHV��7R�SURYLGH�WKH�PRGHO¶V�WUDLQLQJ�GDWD��ZH�ZURWH�3\WKRQ�VFULSWV�WR�FOHDQ�WKH�WH[W�DQG�WKHQ�
PDQXDOO\�DQQRWDWHG�WKH�GDWD�XVLQJ�3URGLJ\��DQ�DQQRWDWLRQ�WRRO�IURP�WKH�FUHDWRUV�RI�VSD&\��:LWK�����DFFHSW�UHMHFW�
VDPSOHV�DQQRWDWHG��WKH�PRGHO�KDV�D�������DFFXUDF\�ZLWK�����LWHUDWLRQV�LQ�WUDLQLQJ��VWURQJO\�VXJJHVWLQJ�WKDW�ZH�
FDQ�H[SHFW�WR�UHDFK�DW�OHDVW�����DFFXUDF\��DPRQJ�RWKHU�PHWULFV��ZKHQ�XVLQJ�WKH�PRGHO�WR�DQQRWDWH�QHZ�GDWD��

6RIWZDUH�'HYHORSPHQW�IRU�6SDWLDOO\�5HVROYHG�&DOLEUDWLRQ�RI�1HDU�,QIUDUHG�6SHFWUD�RI�-XSLWHU¶V�
$WPRVSKHUH�LQ�3ULVP�0RGH��
0RKLQL�0LVUD��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�
0HQWRUV��*OHQQ�2UWRQ��-HW�3URSXOVLRQ�/DERUDWRU\�&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\���DQG�7RP�0RPDU\�
�-HW�3URSXOVLRQ�/DERUDWRU\�&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��

6SH;�LV�D�PHGLXP�UHVROXWLRQ������WR�����PLFURQ�VSHFWURJUDSK�DW�1$6$¶V�,QIUDUHG�7HOHVFRSH�)DFLOLW\��,57)��ZKLFK�LV�
XVHG�WR�FDSWXUH�QHDU�LQIUDUHG�VSHFWUD�RI�-XSLWHU��7KH�VSHFWUDO�LPDJHV�UHVXOWLQJ�IURP�VFDQQLQJ�WKH�VOLW�DFURVV�WKH�
SODQHW�FDQ�EH�XVHG�WR�XQGHUVWDQG�-XSLWHU¶V�DWPRVSKHULF�SURSHUWLHV��$OWKRXJK�WKH�,57)�KDV�SUHYLRXVO\�GHYHORSHG�
6SH;7RRO��D�VHW�RI�VRSKLVWLFDWHG�VRIWZDUH�WR�UHGXFH�DQG�FDOLEUDWH�VSHFWUDO�LPDJHV��WKH�VRIWZDUH�GRHV�QRW�WUHDW�
VSHFWUD�ZLWK�UHJDUG�WR�HDFK�SL[HO���2I�WKH�VHYHUDO�VXSSRUWHG�VSHFWURVFRSLF�PRGHV�RI�6SH;��WKLV�SURMHFW�IRFXVHV�RQ�
VSDWLDOO\�UHVROYLQJ�GDWD�WDNHQ�LQ�3ULVP�PRGH��$�UHODWLYH�FDOLEUDWLRQ�LV�DFKLHYHG�E\�GLYLGLQJ�LQGLYLGXDO�SL[HO�IOX[�
YDOXHV�E\�D�VWDU�VSHFWUXP�WDNHQ�RQ�WKH�VDPH�REVHUYLQJ�UXQ��7KLV�LV�WKHQ�WUDQVIRUPHG�LQWR�DQ�DEVROXWH�FDOLEUDWLRQ�
E\�PXOWLSO\LQJ�WKH�SL[HO�YDOXHV�E\�WKH�VWDQGDUG�VSHFWUXP�RI�WKH�VWDU��$�ZDYHOHQJWK�FRUUHFWLRQ�LV�FDOFXODWHG�XVLQJ�
SUH�H[LVWLQJ�PHWKRGV�LQ�6SH;7RRO��7KHQ��GLYLGLQJ�E\�WKH�6XQ¶V�UDGLDQFH�SURYLGHV�FDOLEUDWHG�UHIOHFWLYLW\�YDOXHV�IRU�
WKH�-XSLWHU�VSHFWUD��8VLQJ�WKHVH�PHWKRGV��DOO�VSHFWUD�WDNHQ�LQ�6SH;�3ULVP�PRGH�FDQ�QRZ�EH�VSDWLDOO\�UHVROYHG��
DOORZLQJ�RWKHUV�WR�SHUIRUP�PRUH�DFFXUDWH�DQDO\VLV�RI�WKH�SODQHW¶V�DWPRVSKHULF�SURSHUWLHV��VXFK�DV�ZLWK�1(0(6,6��
D�UHWULHYDO�VRIWZDUH�WRRO�XVHG�E\�P\�DGYLVRU�DQG�KLV�WHDP��

,PSDFW�RI�,QWULQVLF�$OLJQPHQW�RQ�6HOI�2UJDQL]LQJ�0DSV�RI�0RGL¿HG�*UDYLW\�
%ULJLWWH�0RQWPLQ\��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��DQG�7XIWV�8QLYHUVLW\�
0HQWRUV��$JQqV�)HUWp�DQG�-DVRQ�5KRGHV��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�

:H�NQRZ�WKH�XQLYHUVH�LV�H[SDQGLQJ�DW�DQ�DFFHOHUDWLQJ�UDWH��ZKLFK�LV�H[SODLQHG�E\�GDUN�HQHUJ\�LQ�RXU�FRPPRQ�
&'0�PRGHO��$Q�DOWHUQDWLYH�WR�WKLV�HOXVLYH�GDUN�HQHUJ\�LV�WR�PRGLI\�WKH�PRVW�JHQHUDOO\�DFFHSWHG�WKHRU\�RI�JUDYLW\��
*HQHUDO�5HODWLYLW\��+RZHYHU��WKHUH�DUH�PDQ\�ZD\V�WR�PRGLI\�WKLV�WKHRU\��PDQ\�µPRGL¿HG�JUDYLW\¶�WKHRULHV��7KLV�
SURMHFW�DLPV�WR�FUHDWH��'�VHOI�RUJDQL]LQJ�PDSV��620V��RI�YDULRXV�WKHRULHV�RI�PRGL¿HG�JUDYLW\�WR�GHWHUPLQH�KRZ�
VLPLODU�RU�GL HUHQW�WKH\�DUH�WR�HDFK�RWKHU��7R�VWXG\�WKLV�EHKDYLRU�RI�WKH�XQLYHUVH��ZH�REVHUYH�WKH�VKDSHV�RI�
JDOD[LHV��'XH�WR�WKH�JUDYLW\�RI�PDWWHU�EHWZHHQ�XV�DQG�WKH�WDUJHW�JDOD[LHV��WKH�OLJKW�RI�WKH�WDUJHW�JDOD[LHV�JHWV�
GLVWRUWHG��D�SURFHVV�NQRZQ�DV�ZHDN�JUDYLWDWLRQDO�OHQVLQJ��2QH�PDLQ�VRXUFH�RI�HUURU�ZKHQ�PRGHOLQJ�ZHDN�OHQVLQJ�LV�
LQWULQVLF�DOLJQPHQW��,$���WKH�LQLWLDO�VKDSH�DQG�RULHQWDWLRQ�RI�WKH�JDOD[LHV�SUHYLRXV�WR�EHLQJ�OHQVHG��7KH�620V�ZLOO�EH�
FUHDWHG�ERWK�ZLWK�DQG�ZLWKRXW�WDNLQJ�,$�LQWR�DFFRXQW�LQ�RUGHU�WR�GHWHUPLQH�WKH�LPSDFW�RI�,$�RQ�WKHVH�PRGHOV�RI�
PRGL¿HG�JUDYLW\��



-3/�$EVWUDFWV�

972/�9HKLFOH�5DQJH�([WHQVLRQ�6\VWHP�
6SHQFHU�0RUJHQIHOG��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�
0HQWRUV��9LUJLO�$GXPLWURDLH�DQG�$GULDQ�6WRLFD��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�

'XULQJ�WKH�VXPPHU�RI������D�SURRI�RI�FRQFHSW�972/�YHKLFOH�UDQJH�H[WHQVLRQ�V\VWHP�ZDV�GHYHORSHG�DV�SDUW�RI�WKH�
,QQRYDWLRQ�WR�)OLJKW��,�)��WHDP¶V�ZRUN�WRZDUGV�DXWRPDWLQJ�KLJK�DOWLWXGH�EDOORRQ�ODXQFKHV��7KH�V\VWHP�LV�FRPSRVHG�
RI�WZR�SDUWV��D�GURQH�SRUWDEOH��VRODU�SRZHUHG�EDWWHU\�VZDSSLQJ�VWDWLRQ��DQG�D�FRPSDWLEOH�YHKLFOH�IXVHODJH��7KH�
VZDSSLQJ�VWDWLRQ�ZLOO�EH�IORZQ�LQWR�D�PLVVLRQ�DUHD�E\�WKH�YHKLFOH��2QFH�LQ�SODFH��WKH�VWDWLRQ�ZLOO�H[WHQG�WKH�UDQJH�RI�
YHKLFOH�PLVVLRQV�E\�VZDSSLQJ�WKH�YHKLFOH¶V�GHSOHWHG�EDWWHU\�IRU�D�IUHVKO\�VRODU�FKDUJHG�EDWWHU\��)LUVW��WKH�972/�
YHKLFOH�FRQILJXUDWLRQ��DLUIUDPH��PRWRUV�DQG�HOHFWURQLFV�ZHUH�VHOHFWHG��WKH�YHKLFOH�ZDV�ODWHU�VXFFHVVIXOO\�IORZQ�E\�
PHPEHUV�RI�WKH�,�)�WHDP��6HFRQG��WKH�GHVLJQ�ZRUN�IRU�WKH�VZDSSLQJ�VWDWLRQ�ZDV�FRPSOHWHG�LQ�&$'��HQDEOLQJ�
UHOLDEOH�HVWLPDWHV�IRU�ZHLJKW�������NJ��DQG�FRVW���������$GGLWLRQDOO\��WKH�VWDWLRQ�HOHFWURQLFV�ZHUH�DVVHPEOHG�DQG�
WHVWHG��DQG�GLVSOD\HG�DGHTXDWH�FKDUJLQJ�SHUIRUPDQFH��7KLUG��WKH�YHKLFOH�IXVHODJH�ZDV�URXJKO\�PRGHOHG�LQ�&$'��
VKRZLQJ�WKDW�WKH�VZDSSLQJ�PHWKRG�LV�IHDVLEOH�WR�LPSOHPHQW�ZLWK�RXU�FKRVHQ�YHKLFOH�DLUIUDPH��7RJHWKHU��WKLV�ZRUN�
VKRZHG�WKDW�WKH�UDQJH�H[WHQVLRQ�V\VWHP�LV�IHDVLEOH�DQG�PHULWV�IXUWKHU�GHYHORSPHQW��

&ODVVLI\LQJ�7HUUDLQV��5RFN�'HQVLWLHV��DQG�&RQFHUQV�IRU�WKH�0DUV������5RYHU�DQG�0DUV�6DPSOH�5HWXUQ�
0DGLVRQ�0RUULV��5LFH�8QLYHUVLW\��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\
0HQWRUV��0DWWKHZ�*RORPEHN��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��DQG�1DWKDQ�:LOOLDPV�
�-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�

1$6$¶V�0DUV������URYHU��ODXQFKHG�VXFFHVVIXOO\�RQ�-XO\�����������LV�SODQQLQJ�WR�ODQG�ZLWKLQ�-H]HUR�&UDWHU��������1�
�������(���.QRZQ�DV�3HUVHYHUDQFH��WKH�URYHU�ZLOO�ORRN�IRU�VLJQV�RI�KDELWDEOH�HQYLURQPHQWV�DQG�LQGLFDWLRQV�RI�SDVW�
PLFURELDO�OLIH�RQ�0DUV�ZKLOH�DQDO\]LQJ�WKH�FKHPLVWU\�DQG�OLWKRORJ\�RI�WKH�VXUIDFH��'XULQJ�LWV�PLVVLRQ��3HUVHYHUDQFH�
ZLOO�FROOHFW�VDPSOHV�RI�URFN�DQG�UHJROLWK�LQVLGH�RI�WXEHV�DV�LW�WUDYHOV�IURP�-H]HUR�WR�D�VHFRQG�VLWH�NQRZQ�DV�0LGZD\��
7KHVH�WXEHV�ZLOO�EH�GURSSHG�LQ�SUHGHWHUPLQHG�ORFDWLRQV�ZKHUH�D�0DUV�6DPSOH�5HWXUQ�URYHU�PLVVLRQ�FRXOG�SLFN�WKHP�
XS�WRZDUG�UHWXUQLQJ�WKHP�WR�(DUWK��,Q�RUGHU�WR�VDIHO\�DQG�HIILFLHQWO\�WUDYHUVH�WKH�0DUWLDQ�VXUIDFH��WKH�SURVSHFWLYH�
QDYLJDWLRQ�SDWKV�PXVW�EH�FORVHO\�VXUYH\HG�IRU�KD]DUGV�VXFK�DV�ULSSOHV��VWHHS�VORSHV��DQG�ODUJH�URFNV�ZKLFK�ZRXOG�
KLQGHU�WKH�URYHU¶V�DELOLW\�WR�WUDYHUVH��7KURXJK�XWLOL]LQJ����FP�SL[HO�LPDJHV�WDNHQ�E\�WKH�0DUV�5HFRQQDLVVDQFH�
2UELWHU�+LJK�5HVROXWLRQ�,PDJLQJ�6FLHQFH�([SHULPHQW��+L5,6(���YDULRXV�WHUUDLQ�W\SHV��URFN�GHQVLWLHV��DQG�FRQFHUQ�
DUHDV�FDQ�EH�FRGHG�RQWR�D�PDS�PRVDLF�FRQWDLQLQJ�WKH�SRVVLEOH�URYHU�SDWKV��7KH�FKDUDFWHUL]DWLRQ�RI�WKH�SDWKV�ZLOO�
IXUWKHU�HVWDEOLVK�DQ�XQGHUVWDQGLQJ�RI�ZKHUH�3HUVHYHUDQFH�DQG�D�IXWXUH�0DUV�6DPSOH�5HWXUQ�URYHU�FRXOG�JR��DQG�
KRZ�WKH\�FDQ�JHW�WKHUH�

0RGHOLQJ�3OXPH�5HGHSRVLWLRQ�DQG�3KRWRGLVVRFLDWLRQ�RI�2UJDQLF�0ROHFXOHV�RQ�(QFHODGXV¶�6XUIDFH�
,]]\�0XLVH��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�
0HQWRU��(GLWK�)D\ROOH��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\

(QFHODGXV��RQH�RI�6DWXUQ¶V�PRRQV��LV�DQ�LF\�ERG\�ZLWK�D�VXEVXUIDFH�RFHDQ�DQG�URFN\�FRUH��PDNLQJ�LW�D�SRWHQWLDOO\�
KDELWDEOH�HQYLURQPHQW��(QFHODGXV�KDV�LF\�SOXPHV�ZKLFK�OLNHO\�YHQW�RFHDQ�PDWHULDO�LQWR�WKH�DWPRVSKHUH�ZKHUH�LW�
HYHQWXDOO\�JHWV�UHGHSRVLWHG�RQ�WKH�VXUIDFH��$QDO\]LQJ�LWV�VXUIDFH�ZRXOG�PDNH�LW�SRVVLEOH�WR�VWXG\�WKH�FRPSRVLWLRQ�
RI�WKH�RFHDQ��'HWHFWLQJ�DPLQR�DFLGV�VXFK�DV�JO\FLQH�ZRXOG�VKRZ�WKDW�FRPSOH[�RUJDQLF�PROHFXOHV�HVVHQWLDO�WR�OLIH�
DUH�EHLQJ�IRUPHG�LQ�WKH�RFHDQV��EXW�JO\FLQH�DQG�RWKHU�RUJDQLF�PROHFXOHV�QHDU�WKH�VXUIDFH�DUH�FRQVWDQWO\�EHLQJ�
EURNHQ�GRZQ�E\�HQHUJHWLF�SDUWLFOHV��LQFOXGLQJ�SKRWRQV��%\�PRGHOLQJ�WKHVH�SURFHVVHV�XVLQJ�YDOXHV�IURP�DQDORJRXV�
ODERUDWRU\�VWXGLHV��LW�LV�SRVVLEOH�WR�FRQVWUDLQ�WKH�GHSWK�EHORZ�WKH�VXUIDFH�DQG�WKH�DPRXQW�DW�ZKLFK�RUJDQLF�
PROHFXOHV�FRXOG�EH�IRXQG���7KHVH�PRGHOV�SURYLGH�D�PRUH�DFFXUDWH�SLFWXUH�RI�WKH�UHTXLUHG�GHSWK�D�URYHU�ZRXOG�
UHTXLUH�WR�JHW�D�IXOO�SLFWXUH�RI�WKH�FKHPLVWU\�RFFXUULQJ�RQ�(QFHODGXV��

&DOFXODWLQJ�6WUHVVHV�RQ�(XURSD�DQG�2WKHU�6RODU�6\VWHP�0RRQV��,PSURYLQJ�6DW6WUHVV*8,�
&DUROLQH�1DJLE��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��
0HQWRUV��5REHUW�3DSSDODUGR�DQG�'��$OH[�3DWWKRII��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��

,F\�VDWHOOLWHV�XQGHUJR�VWUHVVHV�WKDW�UHVXOW�LQ�JHRORJLFDO�GHIRUPDWLRQV�WKDW�DUH�HYLGHQW�RQ�WKHLU�VXUIDFHV��6RPH�
VWUHVVHV�LQFOXGH�FKDQJHV�LQ�WKH�VDWHOOLWH¶V�RUELW��YROXPH�FKDQJHV�GXH�WR�WKH�PHOWLQJ�RU�IUHH]LQJ�RI�D�VXEVXUIDFH�
OD\HU��FKDQJH�LQ�REOLTXLW\��RU�GLIIHUHQW�URWDWLRQV�RI�WKH�RXWHU�OD\HU�RI�WKH�VDWHOOLWH�UHODWLYH�WR�WKH�LQWHULRU��ZKLFK�LV�
NQRZQ�DV�QRQ�V\QFKURQRXV�URWDWLRQ��7KHVH�GHIRUPDWLRQV�DUH�HYLGHQFH�WR�WKH�KLVWRU\�RI�WKH�VWUHVVHV�WKH�VDWHOOLWHV�
KDYH�H[SHULHQFHG��6DW6WUHVV*8,�9����LV�DQ�RSHQ�VRXUFH�3\WKRQ�PRGHOLQJ�VRIWZDUH�WKDW�RIIHUV�D�XVHU�IULHQGO\�
LQWHUIDFH�WKDW�PRGHOV�VWUHVVHV�RQ�VDWHOOLWHV��7KH�XVHU�FDQ�LQSXW�WKH�VDWHOOLWH¶V�SDUDPHWHUV�DQG�WKH�W\SHV�RI�VXUIDFH�
VWUHVVHV��)RU�D�VSHFLILF�ORFDWLRQ��6DW6WUHVV*8,�FDQ�FRPSXWH�WKH�WKUHH�FRPSRQHQWV�RI�WKH�VWUHVV�WHQVRU��PD[LPXP�
DQG�PLQLPXP�WHQVLRQ��RULHQWDWLRQ�RI�PD[LPXP�WHQVLRQ��FDOFXODWH�VXUIDFH�/RYH�QXPEHUV��JHQHUDWH�F\FORLGV��DQG�
FUHDWH�VWUHVV�SORWV�DQG�OLQHDPHQWV��8VLQJ�3\WKRQ��DGGLWLRQV�KDYH�EHHQ�PDGH�WR�DXWRPDWH�VRPH�SURFHVVHV�WKDW�
ZHUH�LQLWLDOO\�PDQXDO�WR�HQKDQFH�XVHU�H[SHULHQFH��7R�EHWWHU�XQGHUVWDQG�WHQVLRQ�DQG�FRPSUHVVLRQ��GRXEOH�ULGJH�
ORFDWLRQV�LQ�&RQDPDUD�&KDRV�RQ�(XURSD�DUH�XVHG�WR�FDOFXODWH�ZKHUH�WKH�PD[LPXP�WHQVLRQ�� ���REWDLQHG�IURP�
6DW6WUHVV*8,��LV�SHUSHQGLFXODU�WR�WKH�GRXEOH�ULGJH��RU�WKH�EHDULQJ����
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6SHFWURVFRS\�RI�$FWLYH�*DV�5LFK�5DGLR�*DOD[LHV
(OHQD�5RPDVKNRYD��0DVVDFKXVHWWV�,QVWLWXWH�RI�7HFKQRORJ\
0HQWRUV��0DWW�%UDGIRUG�DQG�5HLQLHU�-DQVVHQ��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�

$�JDOD[\�LV�VDLG�WR�KDYH�DQ�DFWLYH�JDODFWLF�QXFOHXV��$*1��ZKHQ�WKH�VXSHUPDVVLYH�EODFN�KROH�DW�LWV�FHQWHU�LV�DFWLYHO\�
DFFUHWLQJ�PDWWHU��7KHUH�DUH�WZR�SULPDU\�W\SHV�RI�$*1��UDGLDWLYH�PRGH�$*1�DQG�MHW�PRGH�$*1��ZKLFK�JHQHUDOO\�
RFFXU�LQ�GLVWLQFW�W\SHV�RI�JDOD[LHV��5DGLDWLYH�PRGH�$*1�DUH�W\SLFDOO\�IRXQG�LQ�VPDOOHU��EOXHU�JDOD[LHV�ZLWK�D�KLJK�
VWDU�IRUPDWLRQ�UDWH��ZKLOH�MHW�PRGH�$*1�DUH�IRXQG�LQ�ROGHU��UHGGHU�JDOD[LHV��-HW�PRGH�$*1�FRQWDLQ�UDGLR�MHWV��
FDXVLQJ�WKHLU�KRVW�JDOD[LHV�WR�HPLW�DW�UDGLR�ZDYHOHQJWKV��,Q�WKLV�SURMHFW��ZH�VWXG\�D�W\SH�RI�$*1�WKDW�GRHV�QRW�ILW�
LQWR�WKHVH�FDWHJRULHV��MHW�PRGH�$*1�IRXQG�LQ�EOXH�KRVW�JDOD[LHV��7KHVH�JDOD[LHV�KDYH�D�KLJK�VWDU�IRUPDWLRQ�UDWH��
ZKLFK�FDVWV�GRXEW�RQ�RXU�XQGHUVWDQGLQJ�RI�WKH�PHFKDQLVPV�WKDW�SRZHU�WKHLU�$*1V��7R�LQYHVWLJDWH�WKLV�
SKHQRPHQRQ��WKLV�SURMHFW�DQDO\]HV�RSWLFDO�VSHFWURVFRS\�GDWD�WDNHQ�IRU�D�VDPSOH�RI���VXFK�JDOD[LHV�XVLQJ�WKH�,VDDF�
1HZWRQ�7HOHVFRSH��8VLQJ�WKHVH�VSHFWUD��SURSHUWLHV�RI�WKH�KRVW�JDOD[LHV�DQG�WKHLU�$*1V�FDQ�EH�GHWHUPLQHG��VXFK�DV�
WKH�VWDU�IRUPDWLRQ�UDWH�DV�D�IXQFWLRQ�RI�JDOD[\�SRVLWLRQ�DQG�WKH�SUHVHQFH�RI�HPLVVLRQ�OLQHV�IURP�KLJKO\�LRQL]HG�
DWRPV��$�3\WKRQ�GDWD�UHGXFWLRQ�SLSHOLQH�LV�GHYHORSHG�WR�FDOLEUDWH�DQG�H[WUDFW�UHVXOWV�IURP�WKLV�GDWD�VHW��7KH�UHVXOWV�
RI�RQH�JDOD[\�LQ�WKH�VDPSOH�DUH�DQDO\]HG��\LHOGLQJ�WKH�SRVVLEOH�H[SODQDWLRQ�WKDW�DFWLYLW\�LQ�WKH�HGJHV�RI�WKH�JDOD[\�
PDVNV�KLJK�H[FLWDWLRQ�DFWLYLW\�LQ�LWV�QXFOHXV��%\�IXUWKHU�DQDO\]LQJ�WKH�FDOLEUDWHG�GDWD�VHW�LQ�IXWXUH�ZRUN��ZH�ZLOO�EH�
DEOH�WR�EHWWHU�FKDUDFWHUL]H�WKH�DFWLYLW\�WKDW�FDXVHV�WKH�XQXVXDO�EHKDYLRU�RI�WKHVH�JDOD[LHV��

3DWWHUQV�RI�$OWLWXGH�DQG�8OWUDYLROHW�([SRVXUH�LQ�2YDO�%$¶V�&RORU�&KDQJH�
6DKDQD�6DLNXPDU��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�
0HQWRUV��*OHQQ�2UWRQ��7RP�0RPDU\��-DPHV�6LQFODLU��.HYLQ�%DLQHV��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�
7HFKQRORJ\�

2YDO�%$��PRUH�SRSXODUO\�NQRZQ�DV�WKH�/LWWOH�5HG�6SRW��LV�WKH�VHFRQG�ODUJHVW�DQWLF\FORQLF�YRUWH[�RQ�-XSLWHU¶V�
VXUIDFH��,Q�'HFHPEHU�RI�������2YDO�%$¶V�LQLWLDO�ZKLWH�SLJPHQWDWLRQ�ZDV�REVHUYHG�WR�KDYH�EHFRPH�UHG�DQG�
UHPDLQHG�WKLV�FRORU�IRU�PRUH�WKDQ�D�GHFDGH��,Q�-XO\�������LW�ZDV�REVHUYHG�WKDW�2YDO�%$¶V�UHG�FRORU�ZDV�IDGLQJ�DQG�
LQ�'HFHPEHU�������2YDO�%$�ZDV�REVHUYHG�WR�KDYH�EHFRPH�FRPSOHWHO\�ZKLWH��7R�GHWHUPLQH�D�FRUUHODWLRQ�EHWZHHQ�
2YDO�%$¶V�FRORU�FKDQJH�DQG�WKH�DOWLWXGH�DQG�XOWUDYLROHW�H[SRVXUH�RI�WKH�VWRUP¶V�SDUWLFOHV��DQ�LPDJH�VHW�FRQWDLQLQJ�
2YDO�%$�DW�YDULRXV�ZDYHOHQJWKV�WKDW�LQFOXGH�HSRFKV�ZKHQ�LW�LV�UHG��WUDQVLWLRQLQJ�WR�ZKLWH��DQG�FRPSOHWHO\�ZKLWH�LV�
FRPSLOHG��7KHVH�LPDJHV�DUH�WKHQ�VRUWHG�EDVHG�RQ�WKHLU�UHVSHFWLYH�ZDYHOHQJWKV�DV�D�IXQFWLRQ�RI�WLPH�DQG�FDOLEUDWHG�
LQ�RUGHU�WR�DFFRXQW�IRU�WKH�GLVWRUWLRQ�WKDW�DQ\�VXUURXQGLQJ�OLJKW�VRXUFHV�PD\�FUHDWH�RQ�WKH�LPDJH��(PLVVLRQ�DQJOH�
YDOXHV�DUH�IRXQG�DW�WKH�FHQWHU�RI�2YDO�%$�DQG�DUH�FRPSDUHG�ZLWK�WKH�VWRUP¶V�UHIOHFWLYLW\�XVLQJ�WKH�0LQQDHUW�
IXQFWLRQ��5HVXOWV�VXJJHVW�D�FKDQJH�LQ�DOWLWXGH�RI�SDUWLFOHV�EHWZHHQ�WKH�UHG�DQG�ZKLWH�HSRFKV��

3URELQJ�&RVPRORJ\�:LWK�/DUJH�6FDOH�*DOD[\�5HGVKLIW�6XUYH\V�
,VDEHO�6DQGV����

0HQWRUV��2OLYLHU�'RUp���&KHQ�+HLQULFK���DQG�+HQU\�*HEKDUGW��
��<DOH�8QLYHUVLW\�
���1$6$�-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\

*DOD[\�FOXVWHULQJ�PHDVXUHPHQW�DUH�DQLVRWURSLF�ZLWK�UHVSHFW�WR�WKH�OLQH�RI�VLJKW��WKLV�SKHQRPHQRQ��NQRZQ�DV�
UHGVKLIW�VSDFH�GLVWRUWLRQ��56'��LV�LPSRUWDQW�WR�XQGHUVWDQG�LQ�RUGHU�WR�GHWHUPLQH�WKH�FRVPRORJLFDO�UHGVKLIW�RI�
REVHUYDEOHV�LQ�VSHFWURVFRSLF�VXUYH\V��:KLOH�IL[HG�OLQH�RI�VLJKW�DSSUR[LPDWLRQV�KDYH�EHHQ�VXIILFLHQW�IRU�SDVW�JDOD[\�
VXUYH\V��WKH�QH[W�JHQHUDWLRQ�RI�VXUYH\V�ZLOO�FRYHU�ODUJHU�IUDFWLRQV�RI�WKH�VN\�WKDW�ZLOO�UHTXLUH�ZLGH�DQJOH�FRUUHFWLRQV�
WR�WKH�JDOD[\�SRZHU�VSHFWUXP��,Q�WKLV�SURMHFW��ZH�XWLOL]H�WKH�<DPDPRWR�HVWLPDWRU�WR�FRPSXWH�WKH�ZLGH�DQJOH�
JDOD[\�SRZHU�VSHFWUXP�IURP�PRFN�GDWD�ZLWK�ZLQGRZ�IXQFWLRQV�IRU�WKH�%266�'5���VXUYH\��DV�ZHOO�DV�WKH�XSFRPLQJ�
1DQF\�*UDFH�5RPDQ�6SDFH�7HOHVFRSH�DQG�63+(5([��$GGLWLRQDOO\��ZH�XVH�VLPLODU�PHWKRGV�WR�HVWLPDWH�WKH�ZLQGRZ�
IXQFWLRQ�PXOWLSROHV��ZKLFK�DUH�UHTXLUHG�WR�FDOFXODWH�WKH�DQDO\WLF�SUHGLFWLRQ�IRU�WKH�ZLGH�DQJOH�SRZHU�VSHFWUXP��
3UHOLPLQDU\�UHVXOWV�IRU�WKH�ZLGH�DQJOH�SRZHU�VSHFWUXP�DJUHH�ZLWK�WKHRUHWLFDO�PRGHOV�DW�ODUJH�VFDOHV���

&UHDWLRQ�RI�D�*URXQG�7UXWK�1DYLJDWLRQ�)LOWHU�IRU�0DUV�6FLHQFH�+HOLFRSWHU�
0RKLW�6LQJK��*HRUJLD�,QVWLWXWH�RI�7HFKQRORJ\�
0HQWRU��-HII�'HODXQH��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�

,Q�URERW�QDYLJDWLRQ��D�FHQWUDO�SUREOHP�LV�WKDW�RI�REWDLQLQJ�JURXQG�WUXWK�IRU�WKH�SRVLWLRQ��DWWLWXGH��DQG�YHORFLW\�RI�WKH�
SODWIRUP��)RU�WKH�0DUV�6FLHQFH�+HOLFRSWHU��06+���JURXQG�WUXWK�LV�UHTXLUHG�WR�HYDOXDWH�WKH�06+�VWDWH�HVWLPDWLRQ�
IUDPHZRUN��[9,2��7KHUH�FXUUHQWO\�GRHV�QRW�H[LVW�D�JURXQG�WUXWK�ILOWHU�LQ�WKH�URERWLFV�FRPPXQLW\�ZKLFK�FDQ�HYDOXDWH�
JURXQG�WUXWK�RYHU�ORQJ�GLVWDQFHV��8VLQJ���57.�*36�VHQVRUV�DQG�DQ�,08�IXVHG�WRJHWKHU�LQ�DQ�([WHQGHG�.DOPDQ�
)LOWHU�(.)���ZH�SUHVHQW�D�JURXQG�WUXWK�QDYLJDWLRQ�ILOWHU�WKDW�DOORZV�IRU�VXE�FHQWLPHWHU�SRVLWLRQ�DFFXUDF\�DQG�
VXE�GHJUHH�DWWLWXGH�DFFXUDF\��7KH�V\VWHP�FDQ�ZRUN�IRU�ORQJ�GLVWDQFHV�DQG�LQ�WKH�DEVHQFH�RI�D�KRUL]RQWDO�
DFFHOHUDWLRQ��ZKLFK�LV�HVVHQWLDO�IRU�PRVW�8$9�DSSOLFDWLRQV��(YDOXDWLRQ�RI�WKH�ILOWHU�ZDV�GRQH�RQ�UHDO�GDWD�DQG�
VLPXODWLRQ�GDWD�YLD�D�0RQWH�&DUOR�DQDO\VLV��ZKHUH�KXQGUHGV�RI�WULDOV�ZHUH�GRQH�WR�HYDOXDWH�WKH�ZRUVW�FDVH�HUURU��
7KH�JURXQG�WUXWK�ILOWHU�ZDV�GHVLJQHG�IRU�0DUV�6FLHQFH�+HOLFRSWHU��EXW�LV�JHQHUDOO\�DSSOLFDEOH�WR�DQ\�DXWRQRPRXV�
URERW��
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,PSURYLQJ�8SRQ�WKH�0XOWLVSHFLHV�0RGHO�IRU�2UJDQLF�&RQWDPLQDQWV�RI�6SDFH�&UDIWV�
1LVKLWD�6LQKD��+DUYDUG�8QLYHUVLW\�DQG�-3/��
0HQWRUV��'U��-RKQ�$OUHG��-3/���'U��:LOOLDP�+RH\��-3/�&RQWDPLQDWLRQ�&RQWURO�'HSDUWPHQW��-3/�&DOLIRUQLD�,QVWLWXWH�RI�
7HFKQRORJ\��

7KLV�SURMHFW�PRGHOV�PROHFXODU�FRQWDPLQDWLRQ�RI�VSDFHFUDIW�WHFKQRORJLHV�IRU�YDULRXV�WLPHV�DQG�WHPSHUDWXUHV��
0ROHFXODU�FRQWDPLQDWLRQ�FRPPRQO\�DULVHV�DV�RXWJDVVLQJ���WKH�WUDSSLQJ�RI�JDVHRXV�PROHFXOHV�ZLWKLQ�PHWDO�VXUIDFHV��
7KHVH�PROHFXOHV�FDQ�GLIIXVH�WKURXJK�PHWDO�VXUIDFHV�DQG�GHVRUE�RII�RI�IDFHV��:H�GHYHORSHG�S\WKRQ�VFULSWV�WR�
GHWHUPLQH�GLIIXVLRQ�FRHIILFLHQWV�DQG�LQLWLDO�FRQFHQWUDWLRQV�RI�FRQWDPLQDQW�VSHFLHV�IURP�GDWD�RQ�RXWJDVVLQJ�UDWHV�
�2*5��DQG�WRWDO�PDVV�ORVV��9&0��RI�FRQWDPLQDQWV��2XU�IXQFWLRQV�HPSOR\HG�WKH�&UDQN�1LFROVDQ�QXPHULFDO�PHWKRG�
WR�VROYH�WKH�GLIIXVLRQ�HTXDWLRQ�DQG�WKH�1HOGHU�0HDG�PLQLPL]DWLRQ�VFKHPH�WR�PLQLPL]H�HUURU�EHWZHHQ�SUHGLFWHG�DQG�
DFWXDO�GDWD��2XU�PRGHOV�IRXQG�RYHUDOO�GLIIXVLRQ�FRHIILFLHQWV�DQG�LQLWLDO�FRQFHQWUDWLRQV�RI�EHVW�ILW��DQG�XVHG�WKHVH�WR�
SUHGLFW�2*5�DQG�9&0�FXUYHV�IRU�ORQJ�SHULRGV�RI�WLPH��

&RQWDPLQDQW�VDPSOHV�RIWHQ�FRQVLVW�RI�PDQ\�FRQWDPLQDQWV��:H�QH[W�VWXGLHG�WKHVH�LQGLYLGXDO�FRQWDPLQDQWV��+HDWLQJ�
WKH�VDPSOH�DW�D�FRQVWDQW�UDWH�DQG�PHDVXULQJ�HYDSRUDWLRQ�SURYLGHV�LQIRUPDWLRQ�RQ�LQGLYLGXDO�VSHFLHV�VLQFH�SHDNV�LQ�
HYDSRUDWLRQ�UDWH�JUDSKV�FRUUHVSRQG�WR�GLIIHUHQW�FRQWDPLQDQWV��:H�XSGDWHG�3\WKRQ�VFULSWV�WR�EHWWHU�ILW�WKHVH�
HYDSRUDWLRQ�SHDNV�E\�ILWWLQJ�ZDWHU�HYDSRUDWLRQ�DV�D�]HUR�RUGHU�GHVRUSWLRQ�SURFHVV�DQG�RUJDQLF�FRQWDPLQDQWV�DV�
ILUVW�RUGHU��:H�WKHQ�XVHG�ILWV�RI�WKHVH�HYDSRUDWLRQ�SHDNV��9&0�GDWD��DQG�RXU�&UDQN�1LFROVDQ�IXQFWLRQV�WR�ILQG�
GLIIXVLRQ�FRHIILFLHQWV�DQG�LQLWLDO�FRQFHQWUDWLRQV�IRU�LQGLYLGXDO�VSHFLHV�7KLV�DOORZV�XV�WR�SUHGLFW�2*5�DQG�9&0�RI�
FRQWDPLQDQWV�XQGHU�YDULHG�FRQGLWLRQV��:H�KRSH�WR�XVH�WKHVH�RXWSXWV�LQ��'�PRGHOLQJ�RI�VSDFHFUDIW�FRQWDPLQDWLRQ��

,GHQWLI\LQJ�DQG�&KDUDFWHUL]LQJ�'XVW\�6WHOODU�&DQGLGDWHV�LQ�6SLW]HU�.HSOHU�6XUYH\��6SL.H6��
6\GQH\�6NRUSHQ��-HW�3URSXOVLRQ�/DERUDWRU\�&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�DQG�0RRUSDUN�&ROOHJH��
0HQWRUV��)DULVD�0RUDOHV��-HW�3URSXOVLRQ�/DERUDWRU\�&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��DQG�9DURXMDQ�*RUMLDQ�
�-HW�3URSXOVLRQ�/DERUDWRU\�&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��

&KDUDFWHUL]LQJ�GHEULV�GLVNV�ZLWKLQ�WKH�.HSOHU�ILHOG�FDQ�IXUWKHU�RXU�XQGHUVWDQGLQJ�RI�WKH�FRPSRVLWLRQ�DQG�HYROXWLRQ�
RI�SODQHWDU\�V\VWHPV��7KH�6SLW]HU�.HSOHU�6XUYH\��6SL.H6��GDWDVHW��ZKLFK�FDSWXUHV�WKH�.HSOHU�ILHOG�LQ�WKH�����DQG�
���� P�ZDYHOHQJWK��FRQWDLQV�����VRXUFHV�DQG�SUHVHQWV�WKH�RSSRUWXQLW\�WR�LGHQWLI\�DQG�DQDO\]H�GXVW\�GLVN�V\VWHPV��
+HUH��D�VXEVDPSOH�RI�����VRXUFHV�ZDV�LVRODWHG�E\�LWV�OLNHOLKRRG�IRU�LQIUDUHG�H[FHVV��D�NH\�FKDUDFWHULVWLF�RI�GHEULV�
GLVNV��6SHFWUDO�(QHUJ\�'LVWULEXWLRQ��6('��JUDSKV�ZHUH�SURGXFHG�IRU�HDFK�RI�WKH�����VRXUFHV�DQG�ZHUH�RUJDQL]HG�E\�
FKDUDFWHULVWLFV��RI�ZKLFK�����VRXUFHV�ZHUH�VHOHFWHG�IRU�WKHLU�FOHDQ�6('V�FRQWDLQLQJ�LQIUDUHG�H[FHVV��$�YLVXDO�
LQVSHFWLRQ�RI�WKH�����VRXUFHV�VKRZHG�WKDW����VRXUFHV�FRQWDLQ�QR�REYLRXV�VLJQV�RI�LQIUDUHG�FRQWDPLQDWLRQ�DQG�ZLOO�
UHTXLUH�IXUWKHU�DQDO\VLV�DV�D�FDQGLGDWH�IRU�FRQWDLQLQJ�GXVW��$QRWKHU����VRXUFHV�H[KLELWHG�XQXVXDO�³ULVLQJ´�6('V��
PDQ\�RI�ZKLFK�ZHUH�JDOD[LHV�DV�FRQILUPHG�E\�WKH�6,0%$'�DUFKLYH��7KH�UHVXOWV�WKXV�IDU�VKRZ�WKDW�VRXUFHV�ZLWKLQ�
WKH�6SL.H6�SRWHQWLDOO\�LQFOXGH�FLUFXPVWHOODU�GXVW��H[SDQGLQJ�RXU�NQRZOHGJH�RI�WKH�.HSOHU�ILHOG�DQG�WKH�SODQHWDU\�
V\VWHPV�ZLWKLQ��

$XWRQRPRXV�5HWXUQ�WR�+RPH�972/�)L[HG�:LQJ�8$9�IRU�+$%�3D\ORDGV�DQG�/RQJ�'XUDWLRQ�)OLJKW�
$SSOLFDWLRQV�
$QGUHZ�6RQJ��&ROXPELD�8QLYHUVLW\�
0HQWRUV��9LUJLO�$GXPLWURDLH�DQG�$GULDQ�6WRLFD��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�

7KH�,QQRYDWLRQ�WR�)OLJKW��L�)��WHDP�GHVLJQHG�D�SD\ORDG�FDUU\LQJ��972/�FDSDEOH�IL[HG�ZLQJ�YHKLFOH�DV�D�FKHDS��
HDVLO\�UHXVDEOH�VROXWLRQ�IRU�KLJK�DOWLWXGH�EDOORRQ��+$%��SD\ORDGV�WR�EH�VDIHO\�UHFRYHUHG�DW�SUHGHWHUPLQHG�ODQGLQJ�
VLWHV��7KH�YHKLFOH�DVFHQGV�DQG�GHVFHQGV�ZLWK�D�+$%�IOLJKW�WUDLQ��GHWDFKHV�DIWHU�+$%�IOLJKW�GDWD�LV�FROOHFWHG��DQG�
DXWRQRPRXVO\�IOLHV�WR�D�GHVWLQDWLRQ�QHDU�WKH�ODXQFK�VLWH�RU�SUHGHWHUPLQHG�VDIH�ODQGLQJ�VLWH�IRU�HIILFLHQW�UHFRYHU\�
DQG�UHXVH��$�VRODU�SRZHUHG�EDWWHU\�VZDSSLQJ�VWDWLRQ�ZDV�DOVR�GHYHORSHG�WR�EH�ORFDWHG�RQ�WKH�JURXQG�DQG�H[WHQG�
HIIHFWLYH�IOLJKW�WLPH��7KH�YHKLFOH¶V�VWDELOLW\�DQG�HIILFLHQF\�ZDV�VLPXODWHG�LQ�IL[HG�ZLQJ�IOLJKW��972/��DQG�WKH�
WUDQVLWLRQ�SKDVH�EHWZHHQ�WKH�WZR�PRGHV�XVLQJ�$UGXSLORW¶V�6RIWZDUH�LQ�WKH�/RRS��6,7/��VLPXODWLRQ�VRIWZDUH��DQG�
UHVXOWV�IURP�HDFK�IOLJKW�PRGDOLW\�DUH�GLVFXVVHG��7KH�YHKLFOH�VKRXOG�GHPRQVWUDWH�SUHFLVLRQ�ODQGLQJ�FDSDELOLWLHV��
DSSOLFDEOH�IRU�ODQGLQJ�RQ�IRUPHU�PHQWLRQHG�EDWWHU\�VZDSSLQJ�VWDWLRQV��)LQDOO\��WKH�YHKLFOH�LV�WR�EH�WHVWHG�ERWK�LQ�D�
ORZ�DOWLWXGH�EDOORRQ�VFKHPH�DQG�LQ�D�IXOO�+$%�IOLJKW�WHVW��7KLV�YHKLFOH�LV�WKH�ILUVW�VWHS�WRZDUGV�JUHDWHU�HIILFLHQF\�DQG�
UHOLDELOLW\�LQWR�IXWXUH�+$%�IOLJKW�H[SHULPHQWV�WKDW�HQWDLO��VWULFW�JHRIHQFLQJ�UHTXLUHPHQWV��FRQFHUQV�RI�WKH�SD\ORDG�
ODQGLQJ�LQ�DQ�XQUHWULHYDEOH�DUHD��DQG�H[SHFWHG�ORQJ�UDQJH�WUDYHO�RI�WKH�EDOORRQ��

$�/REDWWR�,QWHUSRODWLRQ�2YHU�8QVWUXFWXUHG�*ULG�
)HOLDQQH�7HQJ��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��
0HQWRU��'UDJDQ�1LNROLF��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��

6RODU�:LQG�3DUWLFOHV��6:3���6RODU�(QHUJHWLF�3DUWLFOH��6(3��HYHQWV��DQG�KLJK�HQHUJ\�*DODFWLF�&RVPLF�5D\V��*&5��LQ�
RXWHU�VSDFH�SUHVHQW�QXPHURXV�GDQJHUV�WR�VSDFH�H[SORUDWLRQ��7KH�ODFN�RI�(DUWK¶V�SURWHFWLYH�DWPRVSKHUH�DQG�
JHRPDJQHWLF�ILHOG�FDXVHV�DVWURQDXWV�DQG�HTXLSPHQW�WR�EH�DW�KLJK�ULVN�RI�EHLQJ�KDUPHG�E\�FKDUJHG�LRQV��3DVVLYH�
VKLHOGLQJ�PDWHULDOV�DUH�PDLQO\�HIIHFWLYH�DJDLQVW�6:3�EXW�DUH�ODUJHO\�LQHIIHFWLYH�DJDLQVW�6(3�DQG�*&5��)RU�SURWHFWLRQ�
DJDLQVW�WKH�ODWWHU�WZR�HYHQWV��LW�LV�EHWWHU�WR�DOWHU�WKH�SDUWLFOH�WUDMHFWRULHV��SUHYHQWLQJ�FROOLVLRQV�DOWRJHWKHU�WKURXJK�
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WKH�JHQHUDWLRQ�RI�DQ�HOHFWULF�ILHOG��7KXV��ZH�ZLVK�WR�GHYHORS�DQ�DFWLYH�VKLHOGLQJ�SODWIRUP�WR�VLPXODWH�DQG�GHWHUPLQH�
WKH�RSWLPDO�HOHFWULF�ILHOG�WR�PLQLPL]H�LRQ�IOX[��7R�LPSURYH�XVHU�LQWHUDFWLRQ�ZLWK�WKH�V\VWHP��ZH�LPSOHPHQWHG�WKH�
DELOLW\�RI�WKH�SURMHFW�WR�LPSRUW�DQG�UXQ�H[LVWLQJ�V\VWHPV�IURP��VWO�DQG�&2062/��W[W�ILOHV��:H�DOVR�ZLVKHG�WR�LQFUHDVH�
DFFXUDF\�RI�RXU�V\VWHP��)RU�WKLV�SXUSRVH��ZH�XWLOL]HG�WKH�UHODWLYLVWLF�9HUOHW�DOJRULWKP�WR�PRUH�DFFXUDWHO\�SUHGLFW�WKH�
WUDMHFWRU\�RI�LRQL]HG�SDUWLFOHV��)LQDOO\��ZH�VHOHFWHG�SRLQWV�DURXQG�D�JLYHQ�ORFDWLRQ�DQG�FRQVWUXFWHG�D�/REDWWR�
LQWHUSRODWLRQ�JULG��XVLQJ�ERWK�OLQHDU�DQG�TXDGUDWLF�LQWHUSRODWLRQ�VXUIDFHV�WR�DFFXUDWHO\�LQWHUSRODWH�YDOXHV���

6FLHQWLILF�%LDV�DQG�7UHQGV�LQ�WKH�'HYHORSPHQW�RI�6SHFWURPHWHUV�IRU�6SDFH�([SORUDWLRQ�
9LQFHQW�7LHX��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�
0HQWRU��6H\HGHK�6RQD�+RVVHLQL��-HW�3URSXOVLRQ�/DERUDWRU\�&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�

6SHFWURVFRS\�KDV�DOZD\V�EHHQ�DQ�LQWHJUDO�SDUW�RI�VSDFH�H[SORUDWLRQ�DQG�UHVHDUFK��7KH�VFLHQWLILF�WDUJHWV�ZH�DUH�DEOH�
WR�UHVHDUFK�DUH�GLUHFWO\�FRUUHODWHG�ZLWK�WKH�FDSDELOLWLHV�RI�RXU�FXUUHQW�DQG�SDVW�LQVWUXPHQWV��DQG�DV�VXFK��RXU�
VFLHQFH�LV�VLJQLILFDQWO\�ELDVHG�E\�RXU�LQVWUXPHQWDWLRQ��8VLQJ�VSHFWURPHWHU�VSHFLILFDWLRQ�GDWD�REWDLQHG�IURP�WKH�
166'&��1$6$�6SDFH�6FLHQFH�'DWD�&RRUGLQDWHG�$UFKLYH��DQG�1,&0��1$6$�,QVWUXPHQW�&RVW�0RGHO���ZH�DQDO\]H�WKH�
VSHFWURPHWHUV�GHYHORSHG�E\�1$6$�-3/�DQG�RWKHU�VSDFH�DJHQFLHV�WR�GHWHUPLQH�LI�WKHUH�DUH�DQ\�WUHQGV�LQ�WKH�
VFLHQWLILF�VSDFH�REVHUYHG��H[DPLQH�WKH�HIIHFWV�RI�WKHVH�ELDVHV��SUHGLFW�WKH�WUDMHFWRU\�RI�IXWXUH�VSHFWURPHWHU�
GHYHORSPHQW��DQG�LGHQWLI\�DQ\�SRWHQWLDOO\�XQWDSSHG�RU�RYHUORRNHG�UHJLRQV��7R�DLG�RXU�DQDO\VLV��ZH�KDYH�FUHDWHG�D�
ZHE�DSSOLFDWLRQ��IUHH�WR�XVH�E\�WKH�VFLHQWLILF�FRPPXQLW\�DQG�WKH�SXEOLF��WR�JHQHUDWH�VFDWWHUSORW�PDWULFHV�WR�
FRPSDUH�LQVWUXPHQWV�RYHU�YDULRXV�FRPELQDWLRQV�RI�VSHFLILFDWLRQV��:H�ZLOO�DOVR�SHUIRUP�3&$��3ULQFLSDO�&RPSRQHQW�
$QDO\VLV��WR�DQDO\]H�WKH�SURJUHVVLRQ�RI�VSHFWURPHWHUV�RYHU�WLPH��%\�SHUIRUPLQJ�WKLV�DQDO\VLV��ZH�KRSH�WR�
HQFRXUDJH�WKH�GHYHORSPHQW�RI�VSHFWURPHWHUV�WR�DGGUHVV�VFLHQWLILF�ELDVHV�DQG�DQ\�XQVHUYHG�EXW�IHDVLEOH�VFLHQWLILF�
VSDFHV�

,PSURYLQJ�$FFXUDF\�DQG�5REXVWQHVV�RI�'HWHFWLQJ�([RSODQHW�7UDQVLWV�8VLQJ�&RQVXPHU�*UDGH�7HOHVFRSHV�
$DURQ�7UDQ��-HW�3URSXOVLRQ�/DERUDWRU\�&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��
0HQWRUV��5RE�=HOOHP��-HW�3URSXOVLRQ�/DERUDWRU\�&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\���DQG�.\OH�3HDUVRQ�
�-HW�3URSXOVLRQ�/DERUDWRU\�&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��

'LVFRYHULQJ�H[RSODQHWV��D�FXUUHQW�KRW�WRSLF�LQ�DVWURQRP\��XVLQJ�FRQYHQWLRQDO�WHOHVFRSHV�LV�D�WLPH�DQG�FRVW�
LQWHQVLYH�SURFHVV��([RSODQHW�:DWFK��D�QHZ�LQLWLDWLYH��DLPV�WR�GUDPDWLFDOO\�ORZHU�WKH�DPRXQW�RI�UHVRXUFHV�QHHGHG�WR�
REVHUYH�H[RSODQHW�WUDQVLWV�WKURXJK�WKH�XVH�RI�VPDOO��OHVV�WKDQ�RQH�PHWHU��WHOHVFRSHV��2YHU�WKH�VXPPHU��([RSODQHW�
:DWFK¶V�GDWD�UHGXFWLRQ�VRIWZDUH��(;27,&��ZDV�RYHUKDXOHG�WR�EH�DEOH�WR�GLUHFWO\�TXHU\�6,0%$'��D�VWDU�GDWDEDVH��LQ�
RUGHU�WR�UHDGLO\�GHWHUPLQH�RSWLPDO�FRPSDULVRQ�VWDUV�WR�XVH�ZKHQ�JHQHUDWLQJ�OLJKW�FXUYHV�IURP�REVHUYHG�GDWD��,Q�
DGGLWLRQ��WKH�ROGHU�DQDO\VLV�PRGHO�ZDV�UHSODFHG�E\�D�QHVWHG�VDPSOLQJ�PHWKRG�WKDW�GHFUHDVHG�UXQWLPH�IURP�D�VFDOH�
RI�KRXUV�WR�PLQXWHV��7KH�FXOPLQDWLRQ�RI�WKHVH�HQKDQFHPHQWV�RYHU�WKH�UHVHDUFK�SHULRG�KDV�UHVXOWHG�LQ�D�UREXVW�
DSSOLFDWLRQ�WKDW�LV�FDSDEOH�RI�JHQHUDWLQJ�OLYH�FXUYHV�LQ�UHDO�WLPH�DQG�XVLQJ�SUHYLRXVO\�REVHUYHG�LPDJHV��:LGHVSUHDG�
XVDJH�RI�WKLV�SURJUDP�FRXOG�H[SRQHQWLDOO\�LQFUHDVH�WKH�UDWH�DW�ZKLFK�H[RSODQHWV�DUH�GLVFRYHUHG�ZKLOH�KHOSLQJ�WR�
ORZHU�WKH�HQWU\�EDUULHUV�WR�DVWURQRP\���

0DUNRY�&KDLQ�5HOD[DWLRQ�IRU�'DWD�&OXVWHULQJ�LQ�$,56�5DGLDQFHV�
6RSKLH�8OXDWDP��&RUQHOO�8QLYHUVLW\�
0HQWRUV��$P\�%UDYHUPDQ��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\���DQG�+DL�1JX\HQ�
�-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��

7KH�$WPRVSKHULF�,QIUDUHG�6RXQGHU��$,56��LQVWUXPHQW��DERDUG�1$6$¶V�$TXD�VDWHOOLWH��FROOHFWV�YHUWLFDO�SURILOHV�RI�
WHPSHUDWXUH�DQG�ZDWHU�YDSRU��7KH�GDWD�FROOHFWHG�E\�$,56�LV�SDUWLWLRQHG�LQWR�JUDQXOHV��HDFK�FRQVLVWLQJ�RI�������
IRRWSULQWV DQG�������FKDQQHOV��%HFDXVH�WKH�JUDQXOHV�DUH�VR�ODUJH��KDQGOLQJ�WKHP�GHPDQGV�D�PRUH�SDUVLPRQLRXV�
UHSUHVHQWDWLRQ�RI�WKH�GDWD��2QH�PHWKRG�RI�FRQFLVHO\�UHSUHVHQWLQJ�ODUJH�GDWDVHWV�LV�FOXVWHULQJ��,Q�WKLV�SURMHFW��ZH�
LPSOHPHQW�D�FOXVWHULQJ�WHFKQLTXH�RQ�WKH�$,56�IRRWSULQWV�WKDW�UHOLHV�RQ�0DUNRY�UHOD[DWLRQ��7R�GR�WKLV��ZH�JHQHUDWH�D�
0DUNRY�FKDLQ�ZKRVH�VWDWH�VSDFH�FRQVLVWV�RI�DOO�RI�WKH�IRRWSULQWV�LQ�D�JLYHQ�JUDQXOH��DQG�ZKRVH�WUDQVLWLRQ�
SUREDELOLWLHV�DUH�H[SRQHQWLDOO\�SURSRUWLRQDO�WR�WKH�GLVWDQFHV�EHWZHHQ�IRRWSULQWV��:H�WKHQ�SHUIRUP�D�UDQGRP�ZDON�RQ�
WKLV�0DUNRY�FKDLQ��DW�HDFK�WLPH�VWHS�FRPSXWLQJ�WKH�PXWXDO�LQIRUPDWLRQ EHWZHHQ�WKH�LQLWLDO�VWDWH�DQG�WKH�VWDWH�DW�
WKDW�VWHS��)LQDOO\��ZH�LGHQWLI\�ORFDWLRQV�ZKHUH�WKH�UDWH�RI�LQIRUPDWLRQ�ORVV�VORZV��ZKLFK�FRUUHVSRQG�WR�PHDQLQJIXO�
FOXVWHUV�LQ�WKH�GDWD��7KH�UHVXOWV�RI�WKLV�SURMHFW�FDQ�EH�XVHG�LQ�RWKHU�FOXVWHULQJ�DOJRULWKPV²�IRU�H[DPSOH��WKH�
LQIRUPDWLRQ�ERWWOHQHFN�PHWKRG²�WR�GHWHUPLQH�WKH�HOHPHQWV�RI�HDFK�FOXVWHU��8OWLPDWHO\��WKLV�SURMHFW�ZLOO�VHUYH�DV�D�
WRRO�IRU�JHQHUDWLQJ�FRQGHQVHG�UHSUHVHQWDWLRQV�RI�ODUJH�GDWDVHWV��

:HDN�*UDYLWDWLRQDO�/HQVLQJ�&RVPRORJ\�WR�&RQVWUDLQ�0RGLILHG�I�5��*UDYLW\�
/HDK�9D]VRQ\L��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��-HW�3URSXOVLRQ�/DERUDWRU\
0HQWRUV��3HWHU�7D\ORU��-HW�3URSXOVLRQ�/DERUDWRU\��DQG�-DVRQ�5KRGHV��-HW�3URSXOVLRQ�/DERUDWRU\� &DOLIRUQLD�
,QVWLWXWH�RI�7HFKQRORJ\�

,Q�WKLV�ZRUN��,�FRQVWUDLQ�WKH�IUHH�SDUDPHWHU�RI�I�5��JUDYLW\��D�PRGLILFDWLRQ�RI�*HQHUDO�5HODWLYLW\��XVLQJ�GDWD�IURP�
ZHDN�JUDYLWDWLRQDO�OHQVLQJ�REVHUYHG�DV�WKH�VOLJKW�GLVWRUWLRQ�LQ�WKH�DSSDUHQW�HOOLSWLFLWLHV�RI�JDOD[LHV��,�XVH�WKH�&O�
VWDWLVWLF�IURP�WKH�6XEDUX�+\SHU�6XSULPH�&DPHUD��+6&��\HDU���GDWD��7R�SHUIRUP�WKHVH�FDOFXODWLRQV��,�XVH�
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&RVPR6,6��DQ�RSHQ�VRXUFH�VRIWZDUH�SDFNDJH�GHVLJQHG�WR�FRPSXWH�SUHGLFWLRQV�IRU�FRVPRORJLFDO�IXQFWLRQV�EDVHG�RQ�
LQSXW�SDUDPHWHUV�RI�WKH�ODUJH�VFDOH�VWUXFWXUH�RI�WKH�8QLYHUVH��,�LQWHJUDWH�D�PRGLILHG�JUDYLW\�HPXODWRU�IRU�&RVPR6,6�
WR�JHQHUDWH�D�WKHRUHWLFDO�SUHGLFWLRQ�IRU�WKH�&O��DV�ZHOO�DV�D�PRGXOH�WR�JHQHUDWH�WKH�OLNHOLKRRG�RI�D�SDUWLFXODU�
WKHRUHWLFDO�VDPSOH�JLYHQ�&O�GDWD�WR�SHUIRUP�VDPSOLQJV�RI�WKH�SDUDPHWHU�VSDFH��6LQFH�ZH�DUH�XQDEOH�WR�PRGHO�
VPDOOHU�VFDOHV��,�DSSO\�WKH�N�FXW�FRVPLF�VKHDU�PHWKRG�WR�UHPRYH�WKHVH��,�KDYH�FRPSXWHG�WKH�OLNHOLKRRG�RI�WKH�
FRUUHVSRQGLQJ�N�FXW�&OV�WR�FRQVWUDLQ�D���SDUDPHWHU� &'0�PRGHO��,Q�WKH�IXWXUH��WKLV�ZLOO�EH�H[WHQGHG�WR�FRQVWUDLQ�
WKH�IUHH�SDUDPHWHU�LQ�I�5��JUDYLW\��

$SSO\LQJ�0DFKLQH�/HDUQLQJ�WR�&ODVVLI\�/DQG�&RYHU�LQ�3DQDPD
$QJHOLQD�<H��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��
0HQWRU��(ULND�3RGHVW��-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\�

6XVWDLQDEOH�IRUHVW�PDQDJHPHQW�LV�RIWHQ�WUDFNHG�E\�PDSSLQJ�IRUHVW�FRYHU�XVLQJ�RSWLFDO�VDWHOOLWH�GDWD��KRZHYHU��WKLV�
SUHVHQWV�PDQ\�FKDOOHQJHV�LQ�WURSLFDO�DUHDV�GXH�WR�FORXG�FRYHU��6\QWKHWLF�$SHUWXUH�5DGDU��6$5��UHPRWH�VHQVLQJ�FDQ�
RYHUFRPH�WKLV�FKDOOHQJH�EHFDXVH�WKH�VLJQDO�FDQ�SHQHWUDWH�WKURXJK�FORXGV�DQG�PDS�WKH�VXUIDFH��7KLV�SURMHFW�LV�
IRFXVHG�RQ�H[SORULQJ�GLIIHUHQW�PDFKLQH�OHDUQLQJ�DSSURDFKHV�WR�FODVVLI\�ODQG�FRYHU�LQ�3DQDPD�XVLQJ�6$5�LPDJHV�
IURP�WKH�3KDVHG�$UUD\�/�EDQG�6$5��3$/6$5��VHQVRU�RQERDUG�WKH�-DSDQHVH�$/26�VDWHOOLWH��ZKLFK�RSHUDWHG�IURP�
�����������7KH�3$/6$5�GDWD�KDV�D����PHWHU�SHU�SL[HO�UHVROXWLRQ�DQG�++�DQG�+9�SRODUL]DWLRQV��7KH�ODQG�FRYHU�
FODVVHV�LGHQWLILHG�ZHUH�RSHQ�ZDWHU��QRQ�IRUHVW��DJULFXOWXUH��DQG�IRUHVW��7UDLQLQJ�DQG�YDOLGDWLRQ�GDWD�ZHUH�ODEHOOHG�
IRU�HDFK�FODVV�XVLQJ�D�YDOLGDWHG�UHIHUHQFH�FODVVLILFDWLRQ�PDS�IRU�3DQDPD��7KUHH�PDFKLQH�OHDUQLQJ�FODVVLILFDWLRQ�
DSSURDFKHV�ZHUH�XVHG�����5DQGRP�)RUHVW��DQ�HQVHPEOH�OHDUQLQJ�PRGHO�WKDW�XVHV�D�PDMRULW\�YRWH�RQ�SDUDOOHO�
GHFLVLRQ�WUHHV�WR�FODVVLI\�GDWD�����*UDGLHQW�7UHH�%RRVWLQJ��DQ�HQVHPEOH�PHWKRG�VLPLODU�WR�5DQGRP�)RUHVW��EXW�ZLWK�
VHTXHQWLDOO\�FRQQHFWHG�GHFLVLRQ�WUHHV��DQG����&RQYROXWLRQDO�1HXUDO�1HWZRUN��&11���D�GHHS�OHDUQLQJ�DOJRULWKP�WKDW�
FRQYROYHV�WKH�LPDJH�GDWD�WR�OHDUQ�VSHFLILF�IHDWXUHV�RI�WKH�LPDJH��5HVXOWV�LQGLFDWHG�WKDW�5DQGRP�)RUHVW�ZRUNHG�ZHOO�
EXW�KDG�GLIILFXOW\�ZLWK�HGJH�FDVHV�ZKLOH�*UDGLHQW�7UHH�%RRVWLQJ�KDG�VLPLODU�UHVXOWV�WR�5DQGRP�)RUHVW��&11�ZDV�
PRUH�FRPSOH[�DQG�QHHGHG�PXFK�PRUH�WUDLQLQJ�GDWD��WLPH�DQG�PHPRU\�WR�WUDLQ��YDOLGDWH�DQG�SUHGLFW�EXW�KDG�WKH�
SRWHQWLDO�WR�LGHQWLI\�HGJH�FDVHV�PRUH�HIIHFWLYHO\��

7KLV�ZRUN�ZDV�FDUULHG�RXW�DW�WKH�-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��XQGHU�FRQWUDFW�ZLWK�
WKH�1DWLRQDO�$HURQDXWLFV�DQG�6SDFH�$GPLQLVWUDWLRQ��

0DFKLQH�/HDUQLQJ�IRU�0DUV�5RYHU�3DQFDP�,PDJHV�WR�6XSSRUW�&RQWHQW�%DVHG�6HDUFK�
%UDQGRQ�=KDR��'XNH�8QLYHUVLW\��
0HQWRUV��6WHYHQ�/X�DQG�.LUL�:DJVWDII��-HW�3URSXOVLRQ�/DERUDWRU\�&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��

1$6$�KDV�DFTXLUHG�PRUH�WKDQ�����PLOOLRQ�GHWDLOHG�SDQRUDPLF�LPDJHV�RI�0DUV�VXUIDFH�WKURXJK�WKH�3DQFDP�
LQVWUXPHQW�PRXQWHG�RQ�WKH�6SLULW�DQG�2SSRUWXQLW\�URYHUV��7KHVH�LPDJHV�DUH�FXUUHQWO\�ODEHOHG�ZLWK�PHWDGDWD�
SDUDPHWHUV�VXFK�DV�LPDJH�ZDYHOHQJWK��SRVLWLRQ�FRGH�DQG�GDWH��EXW�ODFN�FRQWHQW�EDVHG�ODEHOV��VXFK�DV�ZKLFK�
JHRORJLFDO�IHDWXUHV�RU�URYHU�SDUWV�VSHFLILF�LPDJHV�PD\�FRQWDLQ��7KXV��ZH�GHYHORSHG�D�FRQYROXWLRQDO�QHXUDO�QHWZRUN�
EDVHG�FODVVLILFDWLRQ�DOJRULWKP�WR�FUHDWH�WKHVH�ODEHOV��VXSSRUWLQJ�D�FRQWHQW�EDVHG�VHDUFK�RQ�1$6$¶V�3ODQHWDU\�'DWD�
6FLHQFH�,PDJH�$WODV�GDWDEDVH��7R�GR�VR��ZH�FRQVXOWHG�ZLWK�SODQHWDU\�VFLHQWLVWV�WR�FUHDWH�D�VLJQLILFDQW�\HW�FRQFLVH�
OLVW�RI�FODVVHV�RI�LQWHUHVW��WKHQ�FUHDWHG�DQG�ODEHOHG�D�GDWDVHW�IRU�GHHS�OHDUQLQJ��1H[W��ZH�HPSOR\HG�WUDQVIHU�OHDUQLQJ�
WHFKQLTXHV�WR�DGDSW�DQ�H[LVWLQJ�QHXUDO�QHWZRUN�DUFKLWHFWXUH�SUHWUDLQHG�RQ�(DUWK�LPDJHV�WR�D�PXOWL�ODEHO�WDVN�RQ�
0DUV�LPDJHV��7KH�UHVXOWLQJ�FODVVLILHU�FDQ��JLYHQ�DQ�LQSXW�SDQRUDPLF�LPDJH��DFFXUDWHO\�RXWSXW�FRQILGHQFH�OHYHOV�IRU�
PDWFKHV�ZLWK����GLIIHUHQW�FODVVHV�RI�LQWHUHVW��OHYHUDJLQJ�LPDJH�PHWDGDWD�DQG�FODVV�GHSHQGHQFLHV�WR�PDNH�DQ�
LQIRUPHG�FODVVLILFDWLRQ���

0XOWL�3KDVH��3ODQHWDU\�&KHPLVWU\�0RGHOLQJ�IRU�%LRVLJQDWXUHV�
&DWKHULQH�=KHQJ��<DOH�8QLYHUVLW\�
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