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%HHU�6KHYD��������,VUDHO�

7HO������������������)D[������������������(�PDLO��LWDPDU#LHHH�RUJ�

$EVWUDFW��+LJK�VSHHG�URXWHUV�DQG�VZLWFKHV�DUH�UHTXLUHG�WR�VXSSRUW�ERWK�KLJK�WKURXJKSXW�DV�ZHOO�

DV�SURYLVLRQ�RI�TXDOLW\�RI�VHUYLFH��4R6��UHTXLUHPHQWV��7KH�GLYHUVLILHG�FKDUDFWHULVWLFV�RI�,QWHUQHW�

WUDIILF� FRPSOLFDWHV� WKH� SURFHVV� RI� HIILFLHQWO\� PRGHOLQJ� WKH� IORZ� VWDWLVWLFV� DQG� HYDOXDWLQJ� WKH�

SHUIRUPDQFH� RI� VFKHGXOLQJ� DOJRULWKPV�� ZKLFK� DUH� DW� WKH� FRUH� RI� VZLWFKHV� DQG� URXWHUV�� ,Q� WKLV�

SDSHU� DQ� $70� DQDO\]HU�� ZKLFK� VXSSRUWV� GDWD� UDWHV� RI� RF���� ����� 0ESV��� LV� SUHVHQWHG�� 7KH�

V\VWHP�DOORZV�D�ZLGH�UDQJH�RI�WUDIILF�IORZV�WR�EH�V\QWKHVL]HG��WUDQVPLWWHG�WR�DQ�RSWLFDO�VZLWFKLQJ�

IDEULF�DQG�DQDO\]HG�XSRQ�UHFHSWLRQ��8WLOL]LQJ�D�FRPELQHG�KDUGZDUH�DQG�VRIWZDUH�FXVWRP�GHVLJQ��

VHYHUDO�NH\�QHWZRUN�SDUDPHWHUV�DUH�REWDLQHG�LQFOXGLQJ�PHDQ�FHOO�GHOD\��FHOO�GHOD\�YDULDWLRQ�DQG�

FHOO�ORVV�UDWH��$�SURWRW\SH�V\VWHP�KDV�EHHQ�GHVLJQHG��EXLOW�DQG�VXFFHVVIXOO\�WHVWHG��
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$QDO\]LQJ�DQG�TXDQWLI\LQJ�WKH�SHUIRUPDQFH�RI�KLJK�VSHHG�VZLWFKHV�DQG�URXWHUV�LV�

EHFRPLQJ� D� SDUDPRXQW� LVVXH�� SDUWLFXODUO\� LQ� WKH� FRQWH[W� RI� WKH� UDSLGO\� JURZLQJ�

,QWHUQHW� LQIUDVWUXFWXUH��5HJDUGOHVV�RI� WKH�VZLWFKLQJ� WHFKQRORJ\�DQG�VZLWFK� IDEULF�

WKHUH� LV� D� QHFHVVLW\� IRU� WRROV� WKDW� FDQ� GHWHUPLQH� WKH� WUDIILF� IORZ� VWDWLVWLFDO�

SDUDPHWHUV�WR�HYDOXDWH�WKH�VZLWFKHV�DQG�URXWHUV�SHUIRUPDQFH��6XFK�PHWULFV�LQFOXGH�

WKH�PD[LPDO�WKURXJKSXW��WKH�PHDQ�FHOO�GHOD\��FHOO�GHOD\�YDULDQFH�DQG�FHOO�ORVV�UDWH��

$GYDQFHG� FRPPXQLFDWLRQV� SURWRFROV�� VXFK� DV� $70� DQG� ,3Y��� VXSSRUW� D� ZLGH�

UDQJH�RI�TXDOLW\�RI�VHUYLFH��4R6��SDUDPHWHUV�WKDW�DUH�SUHGHILQHG�RYHU�DQ�DOORFDWHG�

FKDQQHO�� 'HWHUPLQLQJ� VZLWFK� SHUIRUPDQFH� EHFRPHV� PRUH� VLJQLILFDQW� ZLWK� WKH�

JURZLQJ� GHPDQG� IRU� JXDUDQWHHG�4R6� >�@�� >�@� LQ� DSSOLFDWLRQV� VXFK� DV� YRLFH� DQG�

YLGHR���

:DYHOHQJWK� GLYLVLRQ� PXOWLSOH[LQJ� �:'0�� LV� ZLGHO\� DFFHSWHG� DV� WKH�

SK\VLFDO�OD\HU� VROXWLRQV� IRU� IXWXUH� EURDGEDQG� QHWZRUNV�� :KLOH� UHOLDEOH� :'0�

EDVHG� 7ELW�VHF� SRLQW�WR�SRLQW� FRPPXQLFDWLRQ� KDV� EHHQ� GHPRQVWUDWHG�� VZLWFK�

DUFKLWHFWXUHV� WKDW� FDQ� HIILFLHQWO\� PDQDJH� WKH� H[WHQVLYH� DPRXQWV� RI� GLYHUVHO\�

FKDUDFWHUL]HG� WUDIILF� ORDGV� DUH� VWLOO� LQYHVWLJDWHG�� ,Q� WKLV� SDSHU� D� UHDO�WLPH� $70�

$QDO\]HU�V\VWHP�GHVLJQHG�DQG�EXLOW�IRU�V\QWKHVL]LQJ�$70�WUDIILF�DW�UDWHV�RI�XS�WR�

����0E�VHF�DQG�PHDVXULQJ�4R6�SHUIRUPDQFH�RI�VXFK�KLJK�SHUIRUPDQFH�VZLWFKHV�



DQG� URXWHUV� LV� SUHVHQWHG�� 7KH� V\VWHP� LV� EDVHG� RQ� D� VWDWH�RI�WKH�DUW� )3*$�

SHUIRUPLQJ�UHDO�WLPH�WUDIILF�V\QWKHVLV�DQG�VWDWLVWLFDO�GDWD�FROOHFWLRQ��%\�PRGHOLQJ�

RII�OLQH�DQG�SURFHVVLQJ�WKH�PRGHOHG�LQIRUPDWLRQ�WKURXJK�WKH�V\VWHP��D�ODUJH�GHJUHH�

RI�IOH[LELOLW\�LV�RIIHUHG�\LHOGLQJ�FUHGLEOH�H[DPLQDWLRQ�RI�PRGHUQ�VZLWFKLQJ�GHYLFHV��
�
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�����+DUGZDUH�OD\RXW�

$V�GHSLFWHG� LQ� ILJXUH���� WKH� WUDIILF�DQDO\VLV� V\VWHP�FRQVLVWV�RI�D�3&�ZRUNVWDWLRQ�

UXQQLQJ�GHGLFDWHG�VRIWZDUH����$70�WUDIILF�SURFHVVRU�FDUGV��$73&��DQG�D�8WRSLD�

,,�621(7�FRQYHUVLRQ�FDUG�ZLWK�EL�GLUHFWLRQDO�OLQNV�WR�WKH�VZLWFK�IDEULF��'HGLFDWHG�

3&� VRIWZDUH� DOORZV� D� ZLGH� UDQJH� RI� WUDIILF� FKDUDFWHULVWLFV� WR� EH� GHILQHG� IRU�

V\QWKHVLV�DW�WKH�$73&��8SRQ�HVWDEOLVKLQJ�WKH�UHTXLUHG�WUDIILF��FRPPDQGV�DUH�VHQW�

WR�WKH�$73&�YLD�GHGLFDWHG�KLJK�VSHHG�VHULDO�OLQNV��(DFK�$73&�KDV�WKH�IROORZLQJ�

WKUHH�REMHFWLYHV�ZKLFK�DUH�SHUIRUPHG�LQ�UHDO�WLPH��

����5HFHLYH�WUDIILF�V\QWKHVLV�FRPPDQGV�LVVXHG�E\�WKH�3&�

����7UDIILF� V\QWKHVLV� ±� JHQHUDWH� $70� WUDIILF� DW� UDWHV� RI� XS� WR� ���� 0ESV� LQ�

DFFRUGDQFH�ZLWK�SUHVFULEHG�FRPPDQGV�RULJLQDWLQJ�IURP�WKH�3&�VRIWZDUH��

���� �$QDO\]H� WUDIILF� VWDWLVWLFV�� E\� H[DPLQLQJ�GDWD� UHFHLYHG� IURP� WKH�RWKHU�$73&��

DQG�JHQHUDWH�DQG�WUDQVPLW�WR�WKH�3&�VZLWFKLQJ�SHUIRUPDQFH�PHWULFV��
�
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)LJXUH� �� VKRZV� D� SLFWXUH� RI� WKH�$73&��7KH� IXQFWLRQDOLW\� RI� WKH�$73&� LV�

SHUIRUPHG� E\� D� FXVWRP� ORJLF� GHVLJQ� LPSOHPHQWHG� RQ� D� VWDWH�RI�WKH�DUW� )LHOG�

3URJUDPPDEOH�*DWH�$UUD\��)3*$��UXQQLQJ�DW����0+]��'HGLFDWHG�LQSXW�DQG�RXWSXW�

OLQHV� ZHUH� LQFRUSRUDWHG� WR� VXSSRUW� WKH� 8WRSLD��� LQWHUIDFH� DQG� RWKHU� UHTXLUHG�

VLJQDOV��7KH� ORJLF� GHVLJQ�ZDV�ZULWWHQ� LQ�9+'/�DQG� V\QWKHVL]HG� IRU� WKH� VSHFLILF�
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)LJXUH����7KH�$70�7UDIILF�3URFHVVRU�&DUG��$73&�� �

�

����7UDIILF�6\QWKHVLV�(QJLQH�

,Q�RUGHU�WR�PD[LPL]H�WKH�IOH[LELOLW\�DQG�GLYHUVLW\�LQ�JHQHUDWLQJ�$70�WUDIILF�FHOOV��

WKH� 3&� LVVXHV� WKH� $73&�� YLD� WKH� KLJK�VSHHG� VHULDO� OLQN�� D� KLJK� UDWH� RI� WUDIILF�

V\QWKHVLV� FRPPDQGV��(DFK�FRPPDQG�FRQVLVWV�RI� WKUHH� ILHOGV��ELWUDWH��GHVWLQDWLRQ�

SUREDELOLW\� GLVWULEXWLRQ� DQG� FHOO� DUULYDO� SURFHVV��7UDIILF� V\QWKHVLV� FRPPDQGV� DUH�

LVVXHG�LQ�WLPH�VORWV�RI���PVHF�LQ�GXUDWLRQ��7LPH�VORW�UHVROXWLRQ�GLUHFWO\�DIIHFWV�WKH�

FHOO�IORZ�JUDQXODULW\��7KH�ELWUDWH�SDUDPHWHU�GHWHUPLQHV�WKH�DJJUHJDWHG�ORDG�WKDW�LV�

JHQHUDWHG� GXULQJ� D� WLPH� VORW�� ZKLOH� WKH� GHVWLQDWLRQ� SUREDELOLW\� GLVWULEXWLRQ�

GHVFULEHV� WKH� UHODWLYH� VKDUH� RI� WUDIILF� HDFK� GHVWLQDWLRQ� UHFHLYHV�� %\� VHOHFWLQJ�

GLIIHUHQW�ELWUDWH�DQG�GHVWLQDWLRQ�GLVWULEXWLRQV�D�ZLGH�UDQJH�RI�WUDIILF�PRGHOV��VXFK�

DV�DJJUHJDWHG�03(*�YLGHR�IORZV��FDQ�EH�JHQHUDWHG��

,Q� DGGLWLRQ�� WKH� WZR� SULPDU\� FULWHULD� WKDW� VWURQJO\� DIIHFW� VZLWFKLQJ�

SHUIRUPDQFH� DUH� WKH� SDFNHW� DUULYDO� VWDWLVWLFV� DQG� GHVWLQDWLRQV� GLVWULEXWLRQ��

7\SLFDOO\�� LW� LV� DVVXPHG� WKDW� DUULYLQJ� SDFNHWV� REH\� D� ELQRPLDO� SURFHVV� DQG� DUH�

XQLIRUPO\� GLVWULEXWHG� WR� DOO� GHVWLQDWLRQV�� 6LQFH� FXUUHQW� KLJK�VSHHG� URXWHUV� DQG�

VZLWFKHV� DUH� OLPLWHG� WR� DQ� DJJUHJDWHG� FDSDFLW\� RI� WZR� KXQGUHG� *ELW�VHF�� LW� LV�

GLIILFXOW� WR� SUHGLFW� KRZ� YDOLG�ZLOO� WKHVH� DVVXPSWLRQV� EH� LQ� IXWXUH�PXOWL�7ELW�VHF�

LQWHUFRQQHFWLRQV�� 7KH� VLPSOHVW� WUDIILF� ORDG� PRGHO� FRQVLVWV� RI� D� %HUQRXOOL� L�L�G��



�LQGHSHQGHQW� LGHQWLFDO� GLVWULEXWLRQ�� DUULYDO� SDWWHUQ�ZKHUHE\� FHOO� GHVWLQDWLRQV� DUH�

XQLIRUPO\� GLVWULEXWHG�� $FFRUGLQJ� WR� WKH� %LQRPLDO� GLVWULEXWLRQ� PRGHO�� WKH�

SUREDELOLW\�RI�N�SDFNHWV�DUULYLQJ�GXULQJ�Q�FHOO�VORWV�LV�JLYHQ�E\��

�

� � NQNTS
NQN

Q
N3 �

�
 

����

�
`^ �

�

ZKHUH� DW� HDFK� FHOO� WLPH� WKHUH� LV� D� SUREDELOLW\� S� WKDW� D� FHOO� ZLOO� DUULYH�� DQG� D�

SUREDELOLW\�T ��S�WKDW�QR�FHOO�DUULYHV��,W�LV�ZHOO�NQRZQ�WKDW�UHDO�OLIH�WUDIILF�WHQGV�WR�

EXUVWLQHVV� GXH� WR� WKH� SUHYDOHQFH� RI� PRGHUQ� PXOWL�PHGLD� DSSOLFDWLRQV� VXFK� DV�

FRPSUHVVHG�YLGHR�DQG�VRXQG��0DQ\�PRGHOV�RI�EXUVW\�WUDIILF�KDYH�EHHQ�SURSRVHG��

,Q�RXU�V\QWKHVL]HU��D�FHOO�DUULYDO�SURFHVV�SDUDPHWHU�LV�XVHG��ZKLFK�DOORZV�IRU�HLWKHU�

%HUQRXOOL� SURFHVV�RU� DQ�RQ�RII� DUULYDO�SURFHVV�PRGXODWHG�E\�D� WZR�VWDWH�0DUNRY�

FKDLQ�WR�FKDUDFWHUL]H�WUDIILF�JHQHUDWLRQ��7KH�UHVXOW�LV�D�WUDLQ�RI�EXUVW\�FHOO�DUULYDOV��

HDFK�FRQWDLQLQJ�FHOOV�ZLWK�LGHQWLFDO�GHVWLQDWLRQ��IROORZHG�E\�SHULRGV�RI�HPSW\�FHOO�

VORWV��7KH�H[SUHVVLRQ�IRU�WKH�PHDQ�RIIHUHG�ORDG�XQGHU�VXFK�EXUVW\�WUDIILF�LV� �

�

�
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ZKHUH�S� DQG�T� DUH� WKH� WUDQVLWLRQ� SUREDELOLWLHV�ZLWK� UHJDUG� WR� WKH� DFWLYH� DQG� LGOH�

SHULRGV�� UHVSHFWLYHO\��'XH� WR� WKH�JHRPHWULF�GLVWULEXWLRQ�RI� WKH�GXUDWLRQ�RI�DFWLYH�

DQG�LGOH�SHULRGV��WKH�PHDQ�EXUVW�OHQJWK�LV���S��

%HVLGHV�WKH�EXUVW\�DUULYDO�FKDUDFWHULVWLFV��UHDO�OLIH�WUDIILF�GHVWLQDWLRQV�DUH�QRW�

XQLIRUPO\� GLVWULEXWHG�� WUDIILF� WHQGV� WR� EH� IRFXVHG� RQ� ³SUHIHUUHG´� RU� ³SRSXODU´�

GHVWLQDWLRQV�� 8QIRUWXQDWHO\�� WKH� SHUIRUPDQFH� RI� PDQ\� VFKHGXOLQJ� DOJRULWKPV�

GHJUDGHV�XQGHU�QRQ�XQLIRUP�WUDIILF�FRQGLWLRQV��ZKHUH�QRW�DOO�TXHXHV�DUH�HYHQO\�DQG�

KHDYLO\�ORDGHG��0D[LPXP�PDWFKLQJ�DOJRULWKPV�DUH�NQRZQ�WR�SHUIRUP�SRRUO\�DQG�

FDXVH� TXHXH� VWDUYDWLRQ� XQGHU� WKHVH� FRQGLWLRQV��:H� LQWURGXFH� KHUH� D� GHVWLQDWLRQ�

GLVWULEXWLRQ�PRGHO�QDPHG�=LSI
V�ODZ��7KH�=LSI�ODZ�ZDV�SURSRVHG�E\�*��.��=LSI�>�@�

>�@�� 7KH� =LSI� ODZ� VWDWHV� WKDW� IUHTXHQF\� RI� RFFXUUHQFH� RI� VRPH� HYHQWV� �3��� DV� D�

IXQFWLRQ�RI� WKH�UDQN��L���ZKHUH�WKH�UDQN�LV�GHWHUPLQHG�E\�WKH�DERYH�IUHTXHQF\�RI�

RFFXUUHQFH��LV�D�SRZHU�ODZ�IXQFWLRQ��3L�a���L
N
��ZLWK�WKH�H[SRQHQW�N�FORVH�WR�XQLW\���

7KH�PRVW�IDPRXV�H[DPSOH�RI�=LSI
V�ODZ�LV�WKH�IUHTXHQF\�RI�(QJOLVK�ZRUGV�LQ�

D�JLYHQ�WH[W��0RVW�FRPPRQ�LV�WKH�ZRUG��WKH���WKHQ��RI����WR��HWF��:KHQ�WKH�QXPEHU�

RI�RFFXUUHQFH�LV�SORWWHG�DV�WKH�IXQFWLRQ�RI�WKH�UDQN��L ��PRVW�FRPPRQ��L ��VHFRQG�

PRVW� FRPPRQ�� HWF���� WKH� IXQFWLRQDO� IRUP� LV� D� SRZHU�ODZ� IXQFWLRQ�ZLWK� H[SRQHQW�

FORVH� WR���� ,W�ZDV�VKRZQ� WKDW�PDQ\�QDWXUDO�DQG�KXPDQ�SKHQRPHQD�VXFK�DV�:HE�

DFFHVV�VWDWLVWLFV��FRPSDQ\�VL]H�DQG�ELRPROHFXODU�VHTXHQFHV�DOO�REH\�WKH�=LSI�ODZ�

ZLWK� N� FORVH� WR� ��� :H� XVH� WKH� =LSI� GLVWULEXWLRQ� WR� PRGHO� SDFNHW� GHVWLQDWLRQ�

GLVWULEXWLRQ�� 7KH� SUREDELOLW\� WKDW� DQ� DUULYLQJ� SDFNHW� LV� KHDGLQJ� GHVWLQDWLRQ� L� LV�

JLYHQ�E\��
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ZKHUH�L�LV�WKH�SDFNHW�GHVWLQDWLRQ��N�LV�WKH�=LSI�RUGHU�DQG�1�LV�WKH�V\VWHP�RUGHU��L�H���

WKH�QXPEHU�RI�VZLWFK�SRUWV���

� � :KLOH� N�  � �� UHSUHVHQWV� XQLIRUP�GLVWULEXWLRQ�� DV� N� LQFUHDVHV� WKH� GLVWULEXWLRQ�

EHFRPHV�PRUH�ELDVHG�WRZDUGV�SUHIHUUHG�GHVWLQDWLRQV��,Q�RUGHU�WR�JHQHUDWH�D�VWDEOH�

DQG�UHDOLVWLF�WUDIILF�PRGHO��WKH�DYHUDJH�VWHDG\�VWDWH�ORDG�DW�HDFK�LQSXW�SRUW�PXVW�QRW�

H[FHHG�������6LPLODUO\��WKH�DYHUDJH�VWHDG\�VWDWH�DJJUHJDWHG�WUDIILF�IORZV�DUULYLQJ�

IURP�DOO�LQSXW�SRUWV�WR�DQ\�GHVWLQDWLRQ�SRUW�PXVW�QRW�H[FHHG�������5DQGRP�WUDIILF�

LV�V\QWKHVL]HG�EDVHG�RQ�LQWHUQDO�SVHXGR�UDQGRP�JHQHUDWRUV�UXQQLQJ�DW�WKH�V\VWHP�

FORFN�UDWH��&HOOV� UHFHLYHG�DW�HDFK�$73&�DUH�DQDO\]HG��6WDWLVWLFDO�PHWULFV�VXFK�DV�

WKH� PHDQ� FHOO� GHOD\� DQG� FHOO� GHOD\� YDULDWLRQ� DUH� REWDLQHG� E\� FRPSDULQJ�

V\QFKURQL]HG�WLPH�VWDPSV�LVVXHG�E\�WKH�WUDQVPLWWLQJ�$73&���
�
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7KH� VRIWZDUH� UXQQLQJ� RQ� WKH� 3&� VWDWLRQ� SURYLGHV� D� JUDSKLFDO� XVHU� LQWHUIDFH� IRU�

LVVXLQJ� WUDIILF� V\QWKHVLV� FRPPDQGV� DQG� UHFHLYLQJ� VWDWLVWLFDO� GDWD� UHJDUGLQJ�

SHUIRUPDQFH��7ZR�W\SHV�RI�PHVVDJHV�DUH�SHULRGLFDOO\�VHQW�IURP�WKH�$73&V��WUDIILF�

V\QWKHVLV�PHVVDJHV�DQG� WUDIILF�DQDO\VLV�PHVVDJHV��7KH� WUDIILF�V\QWKHVLV�PHVVDJHV�

HPERG\� LQIRUPDWLRQ� UHJDUGLQJ� WKH� QXPEHU� RI� FHOOV� WUDQVPLWWHG� WR� HDFK� RI� WKH�

GHVWLQDWLRQV��$73&V��GXULQJ�HDFK�WLPH�VORW��7UDIILF�DQDO\VLV�PHVVDJHV�VXPPDUL]H�

WKH� PHDQ� FHOO� GHOD\�� FHOO� GHOD\� YDULDQFH� DQG� FHOO� ORVV�� 'DWD� FROOHFWHG� GXULQJ� D�

VLPXODWLRQ� LQWHUYDO� FDQ�EH�VWRUHG� IRU� IXUWKHU�RII�OLQH�DQDO\VLV��)LJXUHV���SUHVHQWV�

WKH�$70�DQDO\]HU� VRIWZDUH�XVHU� LQWHUIDFH�� LQFOXGLQJ� WKH�SDUDPHWHU�YDOXHV�RI� WKH�

UHFHLYHG� DV� FRPSDUHG� WR� WKH� WUDQVPLWWHG� $70� GDWD�� 7KH� 4R6� SDUDPHWHUV� DUH�

GHULYHG� DFFRUGLQJO\�� )LJXUH� �� SUHVHQWV� DQ� H[DPSOH� RI� D� EXUVW\� V\QWKHVL]HG�

PHVVDJHV�YHUVXV�WLPH�DV�WUDQVPLWWHG�WR�IRXU�GLIIHUHQW�GHVWLQDWLRQV��

(PSOR\LQJ�RII�OLQH� WUDIILF�PRGHOLQJ��ZKLFK�FDQ� LQFRUSRUDWH�YDULRXV�PXOWL�

PHGLD�DQG�RWKHU�4R6�GHPDQGLQJ�DSSOLFDWLRQV�� DQG� WUDQVODWLQJ� WKHVH�PRGHOV� WR���

PVHF�³ELQV´�\LHOGV�D�SRZHUIXO� WUDIILF�V\QWKHVLV�HQJLQH�� ,Q�IDFW��DQ\� WUDIILF�PRGHO�

WKDW� FDQ� HIILFLHQWO\� EH� SDUWLWLRQHG� LQWR� �� PVHF� VHJPHQWV� ZLWKRXW� VLJQLILFDQWO\�

LPSDLULQJ�PRGHOLQJ� LQIRUPDWLRQ�PD\� EH� HPSOR\HG�� 7KH� VRIWZDUH� DOORZV� IRU� WKH�

GHILQLWLRQ�RI�&%5��9%5�DQG�8%5�WUDIILF�RI�YDULRXV�FKDUDFWHULVWLFV�WR�EH�DSSHQGHG�

DW�DQ\�LQVWDQFH�GXULQJ�WKH�VLPXODWLRQ��,QFRPLQJ�WUDIILF�IORZV�DUH�YLVXDOO\�GLVSOD\HG�

QH[W�WR�WKH�DVVRFLDWHG�4R6�VZLWFKLQJ�VWDWLVWLFV��
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