
8VLQJ�D�&RPSUHVVLELOLW\�0HDVXUH�WR�'LVWLQJXLVK�&RGLQJ�DQG
1RQFRGLQJ�'1$

$UPLQ�6KPLORYLFL����,UDG�%HQ�*DOA
�'HSDUWPHQW�RI�,QIRUPDWLRQ�6\VWHPV�(QJLQHHULQJ��%HQ�*XULRQ�8QLYHUVLW\

3�2�%R[������%HHU�6KHYD��,VUDHO��)D[����������������
A'HSDUWPHQW�RI�,QGXVWULDO�(QJLQHHULQJ��7HO�$YLY�8QLYHUVLW\�

7HO�$YLY���������,VUDHO
DUPLQ#EJXPDLO�EJX�DF�LO EHQJDO#HQJ�WDX�DF�LO

$EVWUDFW�� '1$� VHTXHQFHV� FRQVLVW� RI� SURWHLQ� FRGLQJ� DQG� QRQFRGLQJ� UHJLRQV�
5HFRJQLWLRQ�RI�FRGLQJ�UHJLRQV�LV�DQ�LPSRUWDQW�SKDVH�LQ�JHQH�ILQGLQJ�SURFHGXUHV��7KLV
SDSHU�SUHVHQWV�D�QHZ�PHWKRG�IRU�GLVWLQJXLVKLQJ�FRGLQJ�DQG�QRQFRGLQJ�'1$�UHJLRQV�

7KH�SURSRVHG�PHWKRG� LPSOHPHQWV�FRPSUHVVLELOLW\�PHDVXUHV� WKDW� UHVXOWV� IURP
9DULDEOH�2UGHU�0DUNRY� �920��PRGHOV�� ,Q� FRQWUDVW� WR� IL[HG�RUGHU�0DUNRY�PRGHOV�
ZKHUH� WKH� PRGHO� RUGHU� LV� LGHQWLFDO� IRU� DOO� SRVLWLRQV� DQG� IRU� DOO� FRQWH[WV�� LQ� 920
PRGHOV� WKH� RUGHU�PD\�YDU\� ±� EDVHG� RQ� D� QXFOHRWLGH� SRVLWLRQ� DQG� LWV� FRQWH[WV��$V� D
UHVXOW��920�PRGHOV�DUH�PRUH�IOH[LEOH�ZLWK�UHVSHFW�WR�PRGHO�SDUDPHWHUL]DWLRQ� �

3UHOLPLQDU\�H[SHULPHQWDO� UHVXOWV�RQ�EHQFKPDUN�GDWDVHWV�GHPRQVWUDWH� WKDW� WKH
SURSRVHG�PHWKRGRORJ\� FODVVLILHV� FRGLQJ� DQG� QRQFRGLQJ�'1$�PRUH� DFFXUDWHO\� WKDQ
WUDGLWLRQDO�FRGLQJ�PHDVXUHV�SUHVHQWHG�LQ�WKH�OLWHUDWXUH�

.H\ZRUGV���'1$�&RPSUHVVLRQ��9DULDEOH�2UGHU�0DUNRY�0RGHO��&RGLQJ�DQG
1RQFRGLQJ�'1$��&RQWH[W�7UHH�

� ������������������������������������������������
��&RUUHVSRQGLQJ�$XWKRU
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���0RWLYDWLRQ�DQG�,QWURGXFWLRQ

7KH� LGHQWLILFDWLRQ� RI� SURWHLQ�FRGLQJ� '1$� UHJLRQV� LQ� WKH� JHQRPH� LV� D� GLIILFXOW
SUREOHP�� $V� DXWRPDWHG� VHTXHQFLQJ� WHFKQLTXHV� KDYH� EHJDQ� WR� SURGXFH� D� UDSLGO\
JURZLQJ� DPRXQW� RI� UDZ� '1$� VHTXHQFHV�� DXWRPDWLQJ� WKH� H[WUDFWLRQ� RI� LQIRUPDWLRQ
IURP� WKHVH� VHTXHQFHV� EHFRPHV� D� VFLHQWLILF� FKDOOHQJH�� &RPSXWDWLRQDO� PHWKRGV� IRU
JHQH� LGHQWLILFDWLRQ� �� GHWHFWLRQ� RI� SURWHLQ� FRGLQJ� UHJLRQV� LQ� JHQRPLF� VHTXHQFHV� �
W\SLFDOO\�KDYH�WZR�SKDVHV��FRGLQJ�UHJLRQ�UHFRJQLWLRQ�DQG�JHQH�SDUVLQJ��&XUUHQWO\��LW�LV
HVWLPDWHG�WKDW�OHVV�WKDQ����RI�WKH�KXPDQ�JHQRPH�FRQWDLQ�SURWHLQ�FRGLQJ�LQIRUPDWLRQ�
DQG�� KHQFH�� WKH� LGHQWLILFDWLRQ� RI� SURWHLQ�FRGLQJ� UHJLRQV� E\� SXUHO\� H[SHULPHQWDO
WHFKQLTXHV�LV�H[SHQVLYH�DQG�WLPH�FRQVXPLQJ�

7KHUH�LV�QRW�D�VLQJOH�VWDQGDUG�VROXWLRQ��EXW�UDWKHU�WKHUH�LV�D�ZHDOWK�RI�GLIIHUHQW
FRPSXWDWLRQDO� DSSURDFKHV��&XUUHQW� JHQH� ILQGLQJ�DSSURDFKHV� FDQ�EH� URXJKO\�GLYLGHG
LQWR�WKUHH�FDWHJRULHV��)LFNHWW�������

�x � 6HTXHQFH�VLPLODULW\�VHDUFK�EHWZHHQ�WKH�VHTXHQFH�XQGHU�VWXG\�DQG�NQRZQ�SURWHLQV
OLEUDULHV�

�x � /H[LFDO� DQDO\VLV� LQYROYLQJ� WKH� LGHQWLILFDWLRQ� RI� VSHFLDO� PRWLIV�� VXFK� DV� VSOLFH
GRQRUV�DQG�DFFHSWRU�VLJQDOV��/LX�������

�x � 0HWKRGV� EDVHG� RQ� VWDWLVWLFDO� SDWWHUQV� LQ� WKH� FRGLQJ�QRQFRGLQJ� UHJLRQV�� 7KHVH
PHWKRGV�FKHFN�IRU�WKH�RFFXUUHQFH�RI�VWDWLVWLFDO�SURSHUWLHV�WKDW�DUH�GLIIHUHQW�LQ�FRGLQJ
DQG� QRQFRGLQJ� '1$�� 7KH� KH[DQXFOHRWLGH� ELDV�� ZKLFK� ZDV� IRUPDOL]HG� DV� DQ
LQKRPRJHQRXV� ��SHULRGLF� ILIWK�RUGHU� 0DUNRY� FKDLQ�� LV� SUREDEO\� WKH� PRVW� NQRZQ
PRGHO� IRU� WKLV� SXUSRVH� DQG� ZDV� LQFRUSRUDWHG� LQ� JHQHILQGHUV� VXFK� DV� *(16&$1
�%XUJH�DQG�.DUOLQ��������7KH�HIILFLHQF\�RI�WKLV�FODVV�GHSHQGV�RQ�WKH�SDUDPHWHUL]DWLRQ
RI�WKH�VWDWLVWLFDO�SDWWHUQV��2QH�SDUWLFXODU�H[DPSOH�RI�WKLV�FODVV�LV�WKH�XVH�RI�PHDVXUHV
RI�'1$�FRPSUHVVLELOLW\��ZKLFK�LV�GLVFXVVHG�QH[W�

,W� LV� ZHOO� NQRZQ� WKDW� '1$� VHTXHQFHV� DUH� QHLWKHU� FKDRWLF� QRU� UDQGRP�� )RU
H[DPSOH�� LW� ZDV� GLVFRYHUHG� WKDW� '1$� VHTXHQFHV�� HVSHFLDOO\� LQ� KLJKHU� HXNDU\RWHV�
FRQWDLQ� FRSLHV� RI� HVVHQWLDO� JHQHV�� LW� LV� DOVR� EHOLHYHG� WKDW� WKHUH� DUH� RQO\� DERXW� D
WKRXVDQG�EDVLF�SURWHLQ�IROGLQJ�SDWWHUQV��7KHVH�SKHQRPHQD�VXSSRUW�WKH�FRQMHFWXUH�WKDW
'1$�VHTXHQFHV�VKRXOG�EH�UHDVRQDEO\�FRPSUHVVLEOH��+RZHYHU�� LW� LV�ZHOO�NQRZQ�WKDW
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WKH� FRPSUHVVLRQ� RI� '1$� VHTXHQFHV� LV� D� YHU\� GLIILFXOW� WDVN� �*UXPEDFK� DQG� 7DKL�
������� 3DUDGR[LFDOO\�� LW� ZDV� IRXQG� WKDW� WKH� LPSOHPHQWDWLRQ� RI� VWDQGDUG
WH[W�FRPSUHVVLRQ� DOJRULWKPV�� VXFK� DV� WKH� 8QL[� FRPSUHVV� SURFHGXUH�� WR� '1$
VHTXHQFHV�DFWXDOO\�H[SDQGV�WKH�VHTXHQFH�ILOH��&KHQ�HW�DO��������

6SHFLDOO\� GHYLVHG� DOJRULWKPV� VXFK� DV� %LRFRPSUHVV� �*UXPEDFK� DQG� 7DKL�
�������*HQ&RPSUHVV� �&KHQ�HW� DO��������� DQG�&IDFW� �5LYDOV� HW� DO�� ������ DGDSWHG� WKH
IUDPHZRUN� RI� /HPSHO�=LY¶V� XQLYHUVDO� FRGLQJ� �=LY� DQG� /HPSHO� ������ WR� '1$
VHTXHQFHV�� 8QLYHUVDO� FRGLQJ� PHWKRGV� KDYH� EHHQ� GHYHORSHG� WR� FRPSUHVV� GDWD
VHTXHQFHV�ZLWKRXW�D�SULRU�NQRZOHGJH�RQ�WKH�SURSHUWLHV�RI�WKH�JHQHUDWLQJ�VRXUFH��7KH
DV\PSWRWLF�SHUIRUPDQFH�RI�VRPH�RI�WKHVH�PHWKRGV�LV�NQRZQ�WR�FRQYHUJH�WR�WKDW�RI�WKH
RSWLPDO� QRQ�XQLYHUVDO� DOJRULWKPV� LQ� WHUPV� RI� FRPSUHVVLRQ�� SUHGLFWLRQ�� DQG� GHFLVLRQ
PDNLQJ��+RZHYHU��PRVW�RI�WKH�XQLYHUVDO�FRGLQJ�PHWKRGV�DUH�OHVV�HIIHFWLYH�ZLWK�VKRUW
VHTXHQFHV��=LY���������VXFK�DV�(67V�

7KH� ILUVW� FRQWULEXWLRQ� RI� WKLV� ZRUN� LV� WKH� XVH� RI� 5LVVDQHQ¶V� FRQWH[W� WUHH
�5LVVDQHQ� ������ WR� PRGHO� DQG� FRPSUHVV� '1$� VHTXHQFHV�� ,Q� FRQWUDVW� WR� RWKHU
XQLYHUVDO�PRGHOLQJ�SURFHGXUHV� WKDW� DUH� NQRZQ� WR�KDYH� DV\PSWRWLF� FRQYHUJHQFH�� WKH
FRQWH[W� WUHH� DOVR� KDV� WKH� EHVW� QRQ�DV\PSWRWLF� FRQYHUJHQFH� UDWH� �=LY� ������� $
PRGLILHG� YHUVLRQ� RI� WKLV� PRGHO� ±� ZKLFK� LV� FDOOHG� 9DULDEOH� 2UGHU� 0DUNRY� PRGHO
�920��� �%XKOPDQQ� DQG� :\QHU�� ������ %HQ�*DO� HW� DO�� ������ ±� LV� DSSOLHG� KHUH� WR
FRPSUHVV�D�EHQFKPDUN�VHW�RI�UHODWLYHO\�VKRUW�VHTXHQFHV�IURP�WKH�KXPDQ�JHQRPH��7KH
920�DOJRULWKP� LV� HIILFLHQW� LQ� WHUPV� RI� LWV� SDUDPHWHUL]DWLRQ�� 7KXV�� IRU� FDVHV�ZKHUH
RQO\�D� OLPLWHG�DPRXQW�RI�GDWD�H[LVWV�� WKH�920�PRGHO�³QDWXUDOO\´�JHQHUDOL]HV� WR� WKH
VLPSOH�3UREDELOLW\�:HLJKW�0DWUL[�PRGHO� �+ROVWH� HW�DO���������6LPLODUO\�� LI� WKH� LGHDO
PHPRU\� OHQJWK� �ZKLFK� JHQHUDWHV� WKH� EHVW� ELDV�YDULDQFH� WUDGHRII�� LV� LGHQWLFDO� IRU� DOO
GDWD�SRLQWV��WKHQ�WKH�920�JHQHUDOL]HV�WR�WKH�IL[HG�RUGHU�0DUNRY�PRGHO��,Q�SDUWLFXODU�
WKH�920�PRGHO� LV� D� VSHFLDO� JHQHUDOL]DWLRQ� RI� WKH� ZHOO�NQRZQ� KH[DQXFOHRWLGH� ELDV
ILIWK�RUGHU� 0DUNRY� PRGHO�� 7KH� RYHUDOO� IOH[LELOLW\� RI� WKH� PRGHO� SDUDPHWHUL]DWLRQ
LPSOLHV� WKDW�ZKHQ� LQFRUSRUDWLQJ� LW� LQ� JHQHILQGHUV�� LW� LV� H[SHFWHG� WR� EH� HIIHFWLYH� IRU
VSHFLHV�LQGHSHQGHQW�GLVFRYHULHV�DV�ZHOO��,Q�WKH�UHVW�RI�WKH�SDSHU�ZH�XVH�WKH�WHUP�920
PRGHO�DQG�FRQWH[W�WUHH�LQWHUFKDQJHDEO\�
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7KH�VHFRQG�FRQWULEXWLRQ�RI�WKLV�ZRUN�LV�WKH�XVH�RI�D�FRPSUHVVLELOLW\�PHDVXUH�WR
GHWHUPLQH�ZKHWKHU�D�JLYHQ�VHTXHQFH�LV�FRGLQJ�RU�QRQFRGLQJ��7KH�XQGHUO\LQJ�LGHD�LV�WR
FRQVWUXFW� WZR�920�PRGHOV� IURP� WZR� JLYHQ� WUDLQLQJ� VHWV�� RQH�920�PRGHO� IURP� D
WUDLQLQJ� VHW� RI� FRGLQJ� VHTXHQFHV�� DQG� WKH� RWKHU�920�PRGHO� IURP� D� WUDLQLQJ� VHW� RI
QRQFRGLQJ� VHTXHQFHV�� 7KHQ�� LQ� WKH� FODVVLILFDWLRQ� VWDJH�� WKH� VHTXHQFH� W\SH� LV
GHWHUPLQHG�E\�WKH�920�PRGHO�WKDW�REWDLQV�D�KLJKHU�FRPSUHVVLRQ�UDWH�

7KH�UHVW�RI�WKLV�SDSHU�LV�DV�IROORZV��LQ�VHFWLRQ����ZH�GHVFULEH�WKH�FRQWH[W�WUHH
PRGHO� DQG� LWV� XVH� IRU� FRPSUHVVLRQ�� LQ� VHFWLRQ� ��� ZH� SUHVHQW� VRPH� RSWLPL]DWLRQ
H[SHULPHQWV� RQ� D� EHQFKPDUN� GDWDVHW� RI� VKRUW�'1$� VHTXHQFHV�� 6HFWLRQ� �� FRQFOXGHV
WKLV�SDSHU�ZLWK�VRPH�GLVFXVVLRQ�
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���,QWURGXFWLRQ�WR�8QLYHUVDO�&RPSUHVVLRQ�DQG�920�0RGHOV

)RU�D� VWDWLRQDU\�HUJRGLF� VHTXHQFH�� WKH�H[SHFWHG� WLPH�XQWLO� WKH� UHFXUUHQFH�RI� D� IL[HG
SDWWHUQ� LV� WKH� LQYHUVH� RI� WKH� SDWWHUQ
V� SUREDELOLW\� �.DF� ������� 8QLYHUVDO� FRGLQJ� LV
GHILQHG� DV� ³DQ\� DV\PSWRWLFDOO\� RSWLPXP�PHWKRG� RI�PHPRU\OHVV� FRGLQJ� IRU� VRXUFHV
ZLWK� XQNQRZQ� SDUDPHWHUV´�� 8QLYHUVDO� FRGLQJ� DOJRULWKPV� PHDVXUH� WKH� IUHTXHQF\� RI
UHFXUULQJ�SDWWHUQV�WR�FRQVWUXFW�D�PRGHO�RI�WKH�V\VWHP�WKDW�JHQHUDWHG�WKH�VHTXHQFH��7KH
FRQYHUJHQFH� RI� D� XQLYHUVDO� DOJRULWKP� PHDQV� WKDW� IRU� ORQJ� VHTXHQFHV�� WKH� PRGHO
SURYLGHG�E\�WKH�XQLYHUVDO�VRXUFH�EHKDYHV�OLNH�WKH�³WUXH´�V\VWHP�IRU�DOO�WDVNV�ZH�ZLVK
WR�XVH�WKH�PRGHO�IRU��VXFK�DV�FRGLQJ��SUHGLFWLRQ��DQG�GHFLVLRQ�LQ�JHQHUDO��5HVWULFWLQJ
WKLV�ZRUN�WR�FRGLQJ�RI�ILQLWH�DOSKDEHW�GLVFUHWH�VRXUFHV��DQG�IROORZLQJ�=LY���������ZH
ZLOO� LQWURGXFH� D� XQLYHUVDO� FRGLQJ� ZLWK� QRQ�DV\PSWRWLF� FRQYHUJHQFH� �� WKH� SURRI� RI
FRQYHUJHQFH�GRHV�QRW�UHTXLUH�DQ�LQILQLWH�VHTXHQFH�OHQJWK��7KXV��LW�FDQ�EH�XVHG�ZKHQ
WKH�OHQJWKV�RI�WKH�VHTXHQFHV�DUH�WRR�³VKRUW´�IRU�WKH�XVH�RI�DV\PSWRWLF�PHWKRGV��7KLV
DWWULEXWH�LV�EHQHILFLDO�IRU�DGDSWLQJ�WKH�DOJRULWKP�WR�QHZ�'1$�VHTXHQFH�

)ROORZLQJ�WKH�QRWDWLRQ�LQ�=LY��������DQG�%XKOPDQQ�DQG�:\QHU���������OHW�XV
FRQVLGHU�D�GLVFUHWH� VHTXHQFH�ZLWK�1��� V\PEROV�� ��� ��� ;;;; 111 ����� { ��ZKHUH
HDFK�V\PERO� L; �EHORQJV�WR�DQ�DOSKDEHW�$�RI�FDUGLQDOLW\� $ ��DQG�ZKHUH�WKH�VHTXHQFH�LV
HPLWWHG�E\�D�VWDWLRQDU\�VRXUFH�

7KH� HVWLPDWLRQ� SUREOHP�� JLYHQ� �
1;� �� HVWLPDWH� �_� �� 1;;3 � �� WKH� XQNQRZQ

FRQGLWLRQDO�SUREDELOLW\�GLVWULEXWLRQ�RI�DQ\�;��JLYHQ� �
1; � ��7R�HVWLPDWH� �_� �� 1;;3 � �

RQH�DVVLJQV�DQ�DUELWUDU\�FRQGLWLRQDO�SUREDELOLW\�PHDVXUH� �_� �� 1;;4 � �IRU� �; ��KRSLQJ
WKDW�LW�LV��FORVH��LQ�VRPH�VHQVH�WR�WKH�WUXH� �_� �� 1;;3 � ��=LY�������

&RQVLGHU�WKH�FODVV�RI�XQLYHUVDO�FRQGLWLRQDO�SUREDELOLW\�PHDVXUHV�WKDW�FRXQW�WKH
UHFXUUHQFH�RI�WKH�ORQJHVW�VXIIL[�RI� �; �LQ� �

1;� ��7KH�VXIIL[�±� �
�� �

1R ;.;
�� �WHUPHG�DOVR

DV�WKH�FRQWH[W�±�LV�D�VXEVHTXHQFH�RI�WKH�SDVW�VHTXHQFH �
1;� �� �� �� 1;. � � LV�DQ�LQWHJHU

IXQFWLRQ�RI�WKH�WUDLQLQJ�VHTXHQFH� �
1;� ��ZKLFK�UHSUHVHQWV�WKH�GHSWK�RI�WKH�FRQWH[W�IRU
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�; ��=LY��������SURYHG�WKDW�IRU�D�FODVV�RI�VWDWLRQDU\�0DUNRY�VRXUFHV�RI�RUGHU�.�� WKH
VXIIL[�GHSWK�LV�ERXQGHG�DV� � ��� .2. d �

$�VLPSOH�XQLYHUVDO�HVWLPDWLRQ�DOJRULWKP�LV�GHVFULEHG�QH[W��)LUVW��FRPSXWH� �.
DV� D� IXQFWLRQ� RI� �

1;� �� 6HFRQG�� HYDOXDWH� WKH� HPSLULFDO� SUREDELOLW\� PHDVXUH� DV� WKH
UHODWLYH� IUHTXHQF\� RI� WKH� DSSHDUDQFH� RI� WKH� VXE�VHTXHQFH� `�^ �� ;; 1� � RYHU� DOO
VXE�VHTXHQFHV� `�^ � L1 ;;� �� $; L � �� )LQDOO\�� GHILQH� �. � DV� WKH� VPDOOHVW� YDOXH� RI

�� �� 1;. � � IRU� ZKLFK� WKH� VXE�VHTXHQFH� `�^ �� ;; 1� � DSSHDUHG� DW� OHDVW� RQFH� LQ� WKH
VHTXHQFH� �1; � ��DQG�SUDFWLFDOO\� �_��_� ���� � 1. ;;4;;4 �� # �

([DPSOH�� /HW� $&$&*$$;  �
�
� � DQG� VXSSRVH� ZH� ZDQW� WR� HVWLPDWH� WKH

OLNHOLKRRG� �_� �
��;&3 �� � 1RWH� WKDW� WKH� VXE�VHTXHQFH�$&� LV� WKH� ORQJHVW� VXE�VHTXHQFH

WKDW�VWDUW�ZLWK�$�DQG� LW� UHFXUV� WZLFH� LQ� �
��; ��([WHQGLQJ� WKH�GHSWK�RI� WKH�FRQWH[W�RI�

&; {� ±� WKH� V\PERO� WR� EH� SUHGLFWHG� ±� E\� RQH� PRUH� V\PERO� UHVXOWV� LQ� WKH
VXE�VHTXHQFH�$$&�WKDW�GRHV�QRW�DSSHDU�DQ\ZKHUH�ZLWKLQ�LQ� �

��; ��7KXV��IRU�WKLV�VKRUW
VHTXHQFH�� ��� �

��  �;. �� LPSO\LQJ� WKDW� WKH� FRQWH[W� LV� JLYHQ� E\� � � $; ;.  
��

�
�
��

�� 7KH

VXE�VHTXHQFHV�$&�DQG�$$�DSSHDU�WZLFH�DQG�RQFH��UHVSHFWLYHO\��DQG�KHQFH�ZH�REWDLQ

� � ������������
����_��_� �

�
�� $7$*$&$$

$&$&4;&4 ;. ���  
��

 ����
�

��� �� ZKHUH� � ���

GHQRWHV�WKH�IUHTXHQF\�RI�LWV�DUJXPHQW�

)RU� WKH� SUREOHP� RI� XQLYHUVDO� FRPSUHVVLRQ�� RQH� KDV� WR� PLQLPL]H� WKH
.XOOEDFN�/HLEOHU� �./�� GLYHUJHQFH� PHDVXUH�

�_�
�_�ORJ ��

��
1
13 ;;4

;;3(
�
� �� ZKHUH� (3� GHQRWHV

H[SHFWDWLRQ� WDNHQ�ZLWK� UHVSHFW� WR� �_� �� 1;;3 � �� =LY� ������� SUHVHQWV� QRQ�DV\PSWRWLF

ORZHU� ERXQGV� WR� WKH� H[SHFWHG� FRPSUHVVLRQ� UDWH� RI� DQ\� XQLYHUVDO� DOJRULWKP� WKDW� LV
VHTXHQWLDO�DQG�KDV�OLPLWHG�WUDLQLQJ�GDWD��6HYHUDO�XQLYHUVDO�DOJRULWKPV�DUH�SURSRVHG�LQ
WKH� OLWHUDWXUH� WKDW� FDQ� DFKLHYH� WKHVH� ERXQGV�� 7KH� DGYDQWDJH� RI� WKH� &RQWH[W� 7UHH
:HLJKWLQJ� �&7:�� DOJRULWKP� SURSRVHG� E\� :LOOHPV� HW� DO�� ������� DQG� WKH� VLPLODU
FRQWH[W�WUHH� DOJRULWKP�SURSRVHG� E\�%HQ�*DO� HW� DO�� ������� LV� WKDW� WKH\� FDQ� DSSURDFK
WKHVH�ERXQGV�ZLWK�WKH�PRVW�HIILFLHQW�OHDUQLQJ�UDWH��GHILQHG�E\�=LY��������3UDFWLFDOO\�
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WKLV�PHDQV�WKDW�VXFK�DOJRULWKPV�FDQ�EH�XVHG�IRU�UHODWLYHO\�VKRUW�VHTXHQFHV��DV�ZH�ZLOO
VKRZ�LQ�WKH�QH[W�VHFWLRQ�

$�920�FRQVWUXFWLRQ�DOJRULWKP�� LV� DQ�DOJRULWKP� WKDW� FRPSXWHV� IURP�D�JLYHQ
WUDLQLQJ�VHTXHQFH�WKH�SUREDELOLW\�HVWLPDWHV�IRU�HYHU\�FRQWH[W��7KH�920�PRGHO�LV�XVHG
WR�HYDOXDWH�WKH�SUREDELOLW\�RI�DQ\�WHVWLQJ�VHTXHQFH�WR�EH�JHQHUDWHG��E\�WKH�VRXUFH�WKH
JHQHUDWHG�WKH�WUDLQLQJ�VHTXHQFH���)LJXUH���SUHVHQWV�D�920�WUHH�FRPSXWHG�IURP�D�VHW
RI� '1$�PRWLIV�� %UDQFKHV� OLQN� WZR� QRGHV� DQG� DUH� ODEHOHG� E\� WKH� V\PERO� W\SHV�� $
FRQWH[W� LV� UHSUHVHQWHG�E\� WKH�SDWK� RI� EUDQFKHV� VWDUWLQJ� DW� WKH� URRW� XQWLO� LW� UHDFKHV� D
VSHFLILF�QRGH��7KH�FRQWH[W�RUGHU�LV�UHYHUVHG�ZLWK�UHVSHFW�WR�WKH�RUGHU�RI�REVHUYDQFH�
VXFK� WKDW� GHHSHU� QRGHV� FRUUHVSRQG� WR� SUHYLRXVO\� REVHUYHG� V\PEROV�� 7KH� OHQJWKV
�GHSWK��RI�YDULRXV�FRQWH[WV��EUDQFKHV�LQ�WKH�WUHH��GR�QRW�QHHG�WR�EH�HTXDO�

7KH� FRQWH[W�WUHH� DOJRULWKP� RI� %HQ�*DO� HW� DO�� ������� FRQWDLQV� WZR� GLVWLQFW
SKDVHV��,Q�WKH�WUHH�JURZLQJ�SKDVH��WKH�FRXQWV�RI�DOO�WKH�VXE�VHTXHQFHV�WKDW�DUH�VKRUWHU
WKDQ�D�SUHGHILQHG� PD[. �DUH�XVHG�WR�XSGDWH�WKH�V\PERO�FRXQWHUV�LQ�WKH�QRGHV��,Q�WKH
WUHH�SUXQLQJ�SKDVH��SUREDELOLW\�HVWLPDWHV�DUH�FRPSXWHG�IRU�HYHU\�FRQWH[W�DQG�SUXQLQJ
UXOHV� NHHS� D� GHVFHQGHQW� QRGH� RQO\� LI� WKH� GLVWULEXWLRQ� RI� LWV� V\PEROV� LV� VXIILFLHQWO\
GLIIHUHQW��LQ�./�PHDVXUH��IURP�WKDW�RI�WKH�V\PEROV�RI�LWV�SDUHQW�QRGH��7KH�GLVWULEXWLRQ
RI� V\PEROV� LQ� WKH�QRGHV�RI� WKH� SUXQHG� WUHH� GHILQHV� WKH�920�PRGHO� WKDW� LV� XVHG� WR
HVWLPDWH� �_� �� �.;;3 � ��7KH�RXWOLQH�RI�WKH�&RQWH[W�7UHH�DOJRULWKP�LV�DV�IROORZV�

7UHH�JURZLQJ�SKDVH�

6WHS�����6WDUW�ZLWK�WKH�URRW�DV�WKH�LQLWLDO�WUHH��ZLWK�DOO�V\PERO�FRXQWV�]HUR�

6WHS����FRXQWHU�XSGDWH��5HFXUVLYHO\��KDYLQJ�FRQVWUXFWHG�WKH�FXUUHQW�WUHH�IURP�WKH
FXUUHQW�VHTXHQFH��UHDG�WKH�QH[W�V\PERO� L; �LQ�WKH�VHTXHQFH��7UDYHUVH�WKH�WUHH
DORQJ� WKH� SDWK� GHILQHG� E\� WKH� FRQWH[W� �

N;� � DQG� LQFUHPHQW� WKH� FRXQW� RI� WKH
V\PERO� L; �LQ�WKDW�QRGH�XQWLO�LWV�GHHSHVW�QRGH�LV�UHDFKHG��N�LV�WKH�OHQJWK�RI�WKH
FXUUHQW�FRQWH[W�RI�WKH�FXUUHQW�V\PERO� L; �
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6WHS����WUHH�JURZWK��LI�WKH�ODVW�XSGDWHG�FRXQW�LV�DW�OHDVW����DQG�WKH�GHSWK� PD[.N � �
FUHDWH�QHZ�QRGHV�RI�GHSWK�N���DQG�LQLWLDOL]H�DOO�V\PERO�FRXQWV�WR�]HUR�H[FHSW
IRU�WKH�V\PERO� L; ��ZKRVH�FRXQW�LV�VHW�WR���

7UHH�SUXQLQJ�SKDVH�
.HHS� RQO\� WKH� GHHSHVW� QRGHV� LQ� WKH� WUHH� ZLWK� GHSWK� � � � �$1. ORJ�ORJPD[ �d � DQG

� � � � � ��ORJ� ��t' 1$&FRQWH[WOHDI ��ZKHUH�WKH�ORJDULWKPV�DUH�EDVH����7KH�GULYLQJ�SULQFLSOH�LV

WR�SUXQH�D�GHVFHQGDQW�QRGH�KDYLQJ�D�GLVWULEXWLRQ�RI�FRXQWHU�YDOXHV�VLPLODU�WR�WKDW�RI
WKH� SDUHQW� QRGH�� ,Q� SDUWLFXODU�� FDOFXODWH� � �FRQWH[WOHDI' � ±� WKH� �LGHDO�

FRGH�OHQJWK�GLIIHUHQFH� ±� DV� WKH� GLIIHUHQFH� EHWZHHQ� WKH� HQWURSLHV� RI� WKH� V\PERO
GLVWULEXWLRQV�RI�SDUHQW�QRGH�DQG�LWV�GHVFHQGDQW�QRGHV��&�LV�D�SUXQLQJ�FRQVWDQW�WKDW�FDQ
EH�WXQHG�WR�VSHFLILF�DFFXUDF\�VL]H�WUDGH�RII�UHTXLUHPHQWV��$�WRR�VPDOO�&�PD\�JHQHUDWH
D� ODUJH� FRQWH[W�WUHH� WKDW� FRXOG� RYHU�ILW� WKH� WUDLQLQJ� VHTXHQFH�� 7KH� UHFRPPHQGHG
GHIDXOW� RI�&�  � �� LV� YDOLGDWHG� H[SHULPHQWDOO\� LQ� WKH� QH[W� VHFWLRQ�� 7KH� DOJRULWKP� LV
LPSOHPHQWHG�LQ�WKH�0$7/$%�VFULSWLQJ�ODQJXDJH�VHWWLQJ� �PD[  . ���WKH�ODUJHVW�YDOXH
LQ� WKH� JURZLQJ� SKDVH� WKDW� FRXOG� ILW� WKH� FRQWH[W� WUHH� LQ� WKH� FRPSXWHU� PHPRU\� �D
3HQWLXP�,,�����0HJDKHUW]�FRPSXWHU�HTXLSSHG�ZLWK�D�����0HJDE\WHV�PHPRU\��

1RWH�WKDW�IRU�D�0DUNRY�FKDLQ�PRGHO��WKH�RUGHU�LV�IL[HG�LQ�DGYDQFH�� PD[� ..  �
7KH� 0DUNRY� FKDLQ� PRGHO� VXIIHUV� IURP� H[SRQHQWLDO� JURZWK� RI� WKH� QXPEHU� RI
SDUDPHWHUV� WR� EH� HVWLPDWHG�� )RU� VPDOO� GDWD�VHWV� WKLV� UHVXOWV� LQ� RYHU�ILWWLQJ� WR� WKH
WUDLQLQJ�VHW�DQG�SRRU�YDULDQFH�ELDV�WUDGHRII��%XKOPDQQ�DQG�:\QHU��������2SWLPL]LQJ
WKH�RUGHU�RU�LQWHUSRODWLRQ�EHWZHHQ�VHYHUDO�PRGHO�RUGHUV�LV�D�GLIILFXOW�SURFHVV��2KOHU�HW
DO�������

*LYHQ� D� FRQWH[W� WUHH� REWDLQHG� DV� D� UHVXOW� RI� UHFXUULQJ� SDWWHUQV� LQ� WKH� GDWD�
FRPSUHVVLRQ�PHDVXUHV� FDQ� QRZ�EH� FDOFXODWHG��(DFK� QRGH� LQ� WKH� WUHH� LV� UHODWHG� WR� D
VSHFLILF� UHFXUULQJ� FRQWH[W� �VXE�VHTXHQFH��� +HQFH�� WKH� RULJLQDO� VHTXHQFH� FDQ� EH
XQLTXHO\�FRGHG�E\�WKH�VXE�VHTXHQFHV�LQ�WKH�FRQWH[W�WUHH��8VLQJ�DQ�DULWKPHWLF�FRGHU��LW
LV�JXDUDQWHHG� WKDW� WKH� UHGXQGDQF\�±� WKH�GLIIHUHQFH�EHWZHHQ� WKHRUHWLFDO�DQG�SUDFWLFDO
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FRGLQJ�±�GRHV�QRW�H[FHHG�WZR�ELWV�SHU�VHTXHQFH��:LOOHPV�HW�DO���������)RU�H[DPSOH�
FRQVLGHU�WKH�FRQWH[W�WUHH�LQ�)LJXUH����1RWH�WKDW�WKH�SUREDELOLW\�RI�WKH�VWULQJ��*&77$��
FDQ� EH� FDOFXODWHG� E\� DSSO\LQJ� WKH� PXOWLSOLFDWLRQ� FKDLQ� UXOH� DQG� WKHQ� SDUVLQJ� WKH
VHTXHQFH� LQWR� LGHQWLILHG� FRQWH[WV� �VHH� )LJXUH� ���� 3�*&77$��  
3�*�Â3�&_*�Â3�7_*&�Â3�7_*&7�Â3�$_*&77�� #� 3�*�Â3�&_*�Â� 3�7�Â3�7_7�Â3�$_&77�
 � ����Â����Â����Â����Â�����  � ��������� �UHVSHFWLYHO\�� E\� QRGHV� � ��� ��� ��� ��� DQG� ���
8VLQJ�DQ�DULWKPHWLF�HQFRGHU��WKH�QXPEHU�RI�ELWV�UHTXLUHG�WR�UHSUHVHQW�WKLV�VHTXHQFH�LV
DSSUR[LPDWHO\� � � ������������ORJ� #� � ELWV�� 6LPSOH� ELQDU\� FRGLQJ� RI� �� ELWV� SHU
V\PERO� ZRXOG� UHTXLUH� ��� ELWV� WR� FRGH� WKLV� VHTXHQFH� RI� OHQJWK� ILYH�

$�VHTXHQFH� WKDW�GRHV�QRW�EHORQJ�WR� WKH�VDPH�FODVV�RI�VHTXHQFHV� IURP�ZKLFK
WKH� FRQWH[W� WUHH�ZDV� JHQHUDWHG� �WUDLQHG�� LV� H[SHFWHG� WR� REWDLQ� D� ORZHU� FRPSUHVVLRQ
UDWH�ZKHQ� XVLQJ� WKH� FRQWH[W� WUHH� SUREDELOLWLHV� IURP� WKH� WUDLQLQJ� VHW�� 7KH� ORQJHU� WKH
VHTXHQFH�� WKH� VWURQJHU� WKH� SUREDELOLW\� RI� D� ORZHU� FRPSUHVVLRQ��:H� IXUWKHU� XVH� WKLV
SKHQRPHQRQ�LQ�WKH�QH[W�VHFWLRQ�

���


�LQVHUW�ILJXUH���DERXW�KHUH�


���

)LJXUH����7KH�920�JHQHUDWHG� IURP�D� VHW�RI�(�&ROL�SURPRWHU�PRWLIV��7KH�HPSLULFDO
SUREDELOLWLHV�LQ�HDFK�QRGH�DUH�RUGHUHG�ZLWK�UHVSHFW�WR�QXFOHRWLGHV�^$�&�*�7`

1RWH�WKDW�5RQ�HW�DO����������%HMHUDQR�DQG�<RQD���������SURSRVHG�DQ�DOJRULWKP
IRU�WKH�GHWHFWLRQ�RI�3UREDELOLVWLF�6XIIL[�7UHHV��7KHLU�DOJRULWKP��ZKLFK�FRQVLVWV�RI�ILYH
DUELWUDU\�SDUDPHWHUV��ZDV�DSSOLHG�WR�WH[W�FOXVWHULQJ��FODVVLILFDWLRQ�RI�SURWHLQ�IDPLOLHV�
DQG� FODVVLILFDWLRQ� RI� (�&ROL� JHQRPH�� )XUWKHU� PRGLILFDWLRQV� E\� $SRVWLOLFR� DQG
%HMHUDQR� ��������6ORQLP�HW� DO�� ������� VSHHGV�XS� LWV� OHDUQLQJ�DQG�SUHGLFWLRQ� WLPH� VR
WKH\�DUH�OLQHDU�ZLWK�WKH�VHTXHQFH�OHQJWK��7KHLU�DOJRULWKP�LV�VLJQLILFDQWO\�GLIIHUHQW�WKDQ
RXUV� LQ� WKH� SDUDPHWHUL]DWLRQ�� JURZWK�� DQG� SUXQLQJ� VWDJHV�� )URP� WKHRUHWLFDO
FRQVLGHUDWLRQV��=LY��������ZH�H[SHFW�WKDW�RXU�DOJRULWKP���GXH�WR�LWV�IDVW�FRQYHUJHQFH
UDWH���ZLOO�SURGXFH�PRUH�DFFXUDWH�UHVXOWV�ZKHQ�VPDOO�GDWDVHWV�DUH�LQYROYHG�
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���([SHULPHQWV��'LVWLQJXLVKLQJ�&RGLQJ�DQG�1RQFRGLQJ�'1$

2XU�PHWKRG�WR�GLVWLQJXLVK�FRGLQJ�IURP�QRQFRGLQJ�'1$�LQYROYHV�WKH�FDOFXODWLRQ�RI�D
FRGLQJ�PHDVXUH��DFWLQJ�DV�D�VFRUH�IXQFWLRQ��DQG�D�FODVVLILFDWLRQ�VFKHPH�WKDW� LQIHUV�D
�FRGLQJ�� RU� �QRQFRGLQJ�� LGHQWLILFDWLRQ� EDVHG� RQ� WKH� VFRUH� YDOXH�� 7KH� VFRUH� LV
FDOFXODWHG�IRU�D�JLYHQ�VHTXHQFH�RI�IL[HG�OHQJWK��,Q�WKH�ILUVW�SDUW�RI�WKLV�VHFWLRQ��ZH�XVH
D�EHQFKPDUN�GDWDVHW�WR�RSWLPL]H�WKH�SDUDPHWHUV�RI�WKH�DOJRULWKP��:H�GHPRQVWUDWH�WKH
VXSHULRULW\�RI�WKH�920�RYHU�WKH�GH�IDFWR�VWDQGDUG�0DUNRY�PRGHOV�RI�IL[HG�RUGHU�ILYH
�GHQRWHG� KHUHDIWHU� E\� ³0DUNRY�´��� ,Q� WKH� VHFRQG� SDUW�� ZH� FRQVWUXFW� DQ� XS�WR�GDWH
920�PRGHO�DQG�IXUWKHU�RSWLPL]H�LW�E\�ERRVWLQJ�WHFKQLTXHV�

$��2SWLPL]LQJ�WKH�SDUDPHWHUV�RI�WKH�DOJRULWKP

,Q� D� FODVVLFDO� H[SHULPHQW�� )LFNHWW� DQG� 7XQJ� ������� JHQHUDWHG� WZR� GDWDVHWV� RI
UHSUHVHQWDWLYH�FRGLQJ�DQG�QRQ�FRGLQJ�VHTXHQFHV�IURP�WKH�KXPDQ�JHQRPH�

,Q�FRGLQJ�VHTXHQFHV��WKH�QXFOHRWLGHV�RSHUDWH�LQ�WULSOHWV��FDOOHG�FRGRQV���(DFK
FRGRQ� HQFRGHV� RQH� DPLQR�DFLG�� ,W� LV� ZHOO� NQRZQ� WKDW� WKH� GLVWULEXWLRQ� RI� WKH
QXFOHRWLGHV� GHSHQGV�RQ� WKHLU� SRVLWLRQ� LQ� WKH� FRGRQ� �ILUVW�� VHFRQG�� RU� WKLUG� SRVLWLRQ��
$FFRUGLQJO\��)LFNHWW�DQG�7XQJ��������H[WUDFWHG�D�VSHFLDO�VXEVHW�RI�WKH�FRGLQJ�GDWDVHW
LQ�ZKLFK�WKH�ILUVW�QXFOHRWLGH�WDNHV�DOZD\V�WKH�ILUVW�SRVLWLRQ�LQ�WKH�FRGRQ�WULSOHW��7KH\
FDOOHG� LW�³SKDVH�FRGLQJ´�DQG�XVHG�DSSUR[LPDWHO\�KDOI�RI� WKH�GDWD� IRU�PRGHO� WUDLQLQJ
DQG�WKH�UHPDLQLQJ�KDOI�IRU�PRGHO�WHVWLQJ�

,Q�WKHLU�FRPSDUDWLYH�VWXG\�RI����GLIIHUHQW�FRGLQJ�PHDVXUHV��)LFNHWW�DQG�7XQJ
�������IRXQG�WKDW�KRPRJHQRXV�DQG�QRQ�KRPRJHQRXV�0DUNRY�FKDLQV�RI�RUGHU���\LHOG
WKH� KLJKHVW� DFFXUDF\� LQ� FODVVLI\LQJ� VHTXHQFHV� RI� ��� QXFOHRWLGHV� �EDVH� SDLUV��� 7KH
0DUNRY��PRGHO�LV�H[DFWO\�WKH�PRGHO� WKDW�ZRXOG�KDYH�EHHQ�REWDLQHG�KDG�ZH�DSSOLHG
DQ�XQSUXQHG��L�H���FRPSOHWH�DQG�EDODQFHG��920�PRGHO�RI�GHSWK� �PD[  . �� �)XUWKHU
GHWDLOV� RQ� WKH� XVH� RI� IL[HG� RUGHU� 0DUNRY� PRGHOV� IRU� OLNHOLKRRG� HVWLPDWLRQ� FDQ� EH
IRXQG�LQ�'XGD��������
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,Q�ZKDW�IROORZV�ZH�XVH�WKH�VDPH�EHQFKPDUN�GDWD�VHW�WR�FRPSDUH�WKH�DFFXUDF\
RI� WKH� 920� FODVVLILFDWLRQ� YHUVXV� WKH� EHVW� RI� WKH� ��� FRGLQJ�PHDVXUHV� HYDOXDWHG� LQ
)LFNHWW�DQG�7XQJ���������7KH�ILUVW�SDUW�RI�7DEOH���SUHVHQWV�WKH�QXPEHU�RI�VHTXHQFHV
�ERWK�FRGLQJ�DQG�QRQFRGLQJ��WKDW�ZHUH�XVHG�LQ�)LFNHWW�DQG�7XQJ�H[SHULPHQW��)RU�WKH
SKDVHG�FRGLQJ�VHTXHQFHV��WKH�ILUVW�QXFOHRWLGH�VWDUWV�LQ�WKH�ILUVW�SRVLWLRQ�RI�WKH�FRGRQ�
)RU�WKH�QRQ�SKDVHG�FRGLQJ�VHTXHQFHV�� WKH�SRVLWLRQ�RI� WKH�ILUVW�QXFOHRWLGH� LQ�WKH�ILUVW
FRGRQ�LV�XQNQRZQ��5HFDOO�WKDW�WKH�QXPEHU�RI�VHTXHQFHV�KDV�D�SRWHQWLDO�HIIHFW�RQ�WKH
VL]H�RI�WKH�WUXQFDWHG�FRQWH[W�WUHH��DV�D�UHVXOW�RI�WKH�SUXQLQJ�DOJRULWKP�

7DEOH����7KH�QXPEHU�RI�EHQFKPDUN�VHTXHQFHV�RI�OHQJWK����EDVH�SDLUV��ES�
&RGLQJ�6HTXHQFHV

�QRQ�SKDVHG�SKDVHG
�1RQ�FRGLQJ
6HTXHQFHV

�

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

)LFNHWW�DQG
7XQJ�������

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

*(1,(
������

)ROORZLQJ� )LFNHWW� DQG� 7XQJ� �������� ZH� FRQGXFWHG� WZR� H[SHULPHQWV�� ,Q� WKH
ILUVW� H[SHULPHQW�� ZH� FRQVWUXFWHG� WZR� KRPRJHQRXV� 920� WUHHV� IURP� WKH� WUDLQLQJ
GDWDVHWV�±� &7 � IURP�FRGLQJ�VHJPHQWV�DQG� 1&7 � IURP�QRQFRGLQJ�VHJPHQWV��7KHQ��ZH
DSSOLHG�WKH�IROORZLQJ�UXOH�WR�FODVVLI\�WKH�XQNQRZQ�VHTXHQFHV�
�����FODVVLI\�DV�³FRGLQJ�'1$´��������,I��OHQJWK�FRGLQJ�E\� &7 �����OHQJWK�FRGLQJ�E\� 1&7 �
�����FODVVLI\�DV�³QRQ�FRGLQJ�'1$´����2WKHUZLVH� �

,Q�WKH�VHFRQG�H[SHULPHQW��WKUHH�QRQ�KRPRJHQHRXV�920�WUHHV�±�RQH�IRU�HDFK
SRVLWLRQ� LQ� WKH� FRGRQ� ±�ZHUH� FRQVWUXFWHG� DQG� WUDLQHG� IURP� WKH� SKDVHG� WUDLQLQJ� VHW�
7KHVH�920�PRGHOV�ZHUH�VLPXOWDQHRXVO\�XVHG�WR�VFRUH�WKH�XQNQRZQ�VHTXHQFHV�±�WKH
OLNHOLKRRG� RI� HDFK� QXFOHRWLGH� ZDV� REWDLQHG� IURP� WKH� UHVSHFWLYH� 920� WUHH�

���� ���L7 L&  �GHSHQGLQJ�RQ�WKH�QXFOHRWLGH�SRVLWLRQ�LQ�WKH�FRGRQ��$�UXOH�VLPLODU�WR�WKH
DERYH�ZDV� WKHQ�XVHG� WR�FODVVLI\�XQNQRZQ�VHTXHQFHV��RQO\� WKDW�QRZ� WKH�FRGLQJ�ZDV
SHUIRUPHG�E\�WKH�FRPELQDWLRQ�RI�920�PRGHOV� ��� �� &&& 777 �
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�1RWH�WKDW�HDFK�QRQ�KRPRJHQHRXV��SRVLWLRQ�GHSHQGHQW��920�ZDV�FRQVWUXFWHG
IURP�RQO\�RQH� WKLUG�RI� WKH� FRGLQJ� VHTXHQFH��7KH� DFFXUDF\�RI� WKH� FODVVLILFDWLRQ�ZDV
FRPSXWHG�DV�WKH�DYHUDJH�RI�WKH�FRUUHFW�FODVVLILFDWLRQ�UDWLRV�RQ�WKH�WUXH�FRGLQJ�DQG�WKH
WUXH�QRQ�FRGLQJ�WHVWLQJ�VXEVHWV��L�H���XVLQJ�ELRLQIRUPDWLFV�WHUPLQRORJ\��DV�WKH�DYHUDJH
RI�WKH�WUXH�SRVLWLYH�DQG�WKH�WUXH�QHJDWLYH�YDOXHV���7KH�����FRQILGHQFH�LQWHUYDO�IRU�WKH
DFFXUDF\�PHDQ�RI�WKH�WHVWLQJ�VHW�ZDV�HVWLPDWHG�WR�EH�DSSUR[LPDWHO\�� r �����

7DEOH� �� SUHVHQWV� WKH� FRPSDUDWLYH� UHVXOWV� RI� ERWK� W\SHV� RI� H[SHULPHQWV� �WKH
DFFXUDF\�LV�FRPSXWHG�IURP�WKH�WHVWLQJ�VHWV���7KH�ILUVW�URZ�SUHVHQWV�WKH�FODVVLILFDWLRQ
DFFXUDF\±�EDVHG�RQ�WKH�0DUNRY��DV�WKH�EHVW�PRGHO�IRXQG�LQ�)LFNHWW�DQG�7XQJ�������
±�IRU�ERWK�WKH�QRQ�SKDVHG�DQG�WKH�SKDVHG�VHTXHQFHV��7KH�IROORZLQJ�VL[�URZV�SUHVHQW
WKH� FODVVLILFDWLRQ� DFFXUDF\� EDVHG� RQ� GLIIHUHQW�920�PRGHOV�ZLWK� YDULRXV� WUXQFDWLRQ
FRHIILFLHQWV�� LQ� WKH� UDQJH� @���������>�& ��7KH� ODVW� WZR�FROXPQV�SUHVHQW� WKH�QXPEHU�RI
SDUDPHWHUV� RI� HDFK� PRGHO� �WKH� VXP� RI� WKH� QXPEHU� RI� LQGHSHQGHQW� FRQWH[WV� LQ� WKH
QRQ�FRGLQJ�920�WUHH�DQG�WKH�FRGLQJ�920�WUHH�V����7KH�920��DQG�920��WUHHV�DUH
WKRVH�920�PRGHOV�JHQHUDWHG�ZLWK� ���PD[  . �UHVSHFWLYHO\��1RWH�WKDW�WKH�QXPEHU�RI
SDUDPHWHUV�IRU�WKH�0DUNRY��PRGHO�LV�VPDOOHU�WKDQ�WKH�WKHRUHWLFDO�QXPEHU�������±��� 
������ SDUDPHWHU� IRU� HDFK� 0DUNRY�� PRGHO�� VLQFH� VRPH� FRQWH[WV� ZLWK� VSHFLILF
ELRORJLFDO� IXQFWLRQV� �VXFK� DV� FRQWH[WV� WKDW� LQFOXGH� WKH� �VWRS�� FRGRQV�� DUH� H[FOXGHG
IURP�WKH�OHDUQLQJ�GDWDVHW�

)URP�WKH�WRS�SDUW�RI�7DEOH����ZH�ILQG�WKDW�WKH�WRS�IRXU�920�PRGHOV�SURYLGH�D
PRUH� DFFXUDWH� FODVVLILFDWLRQ� LQ� FRPSDULVRQ� WR� WKH� ��� FRGLQJ�PHDVXUHV� HYDOXDWHG� LQ
)LFNHWW�DQG�7XQJ���������IRU�VHTXHQFHV�RI�OHQJWK����ES���,Q�IDFW��DOO�WKH�920�PRGHOV
REWDLQ� IRU� WKH� QRQ�SKDVHG� GDWD� DQ� DFFXUDF\� OHYHO�� ZKLFK� LV� DERYH� WKH� FRQILGHQFH
XSSHU�ERXQG������������ ��������)RU�WKH�SKDVHG�GDWD��WKH�920�PRGHOV�REWDLQ�EHWWHU
DFFXUDF\�RQO\�IRU� �d& ��1RWH�WKH�LQYHUVH�UHODWLRQ�EHWZHHQ�WKH�WUXQFDWLRQ�FRHIILFLHQW
&�DQG�WKH�QXPEHU�RI�SDUDPHWHUV�LQ�WKH�920���WKH�DFFXUDF\�VHHPV�WR�LQFUHDVH�ZLWK�WKH
ORJDULWKP�RI�WKH�QXPEHU�RI�SDUDPHWHUV��ZKLFK�LV�LQYHUVHO\�UHODWHG�WR�&��$�UHDVRQDEOH

� ������������������������������������������������
��8VLQJ�WKH�QRUPDO�DSSUR[LPDWLRQ�WR�WKH�ELQRPLDO��ZLWK�WKH�ZRUVW�FDVH�VFHQDULR�IURP�WDEOHV����
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FRPSURPLVH�EHWZHHQ�WKH�REWDLQHG�DFFXUDF\�DQG�WKH�QXPEHU�RI�SDUDPHWHUV��RU��LQ�IDFW�
EHWZHHQ�WKH�PRGHO�ELDV�DQG�WKH�PRGHO�YDULDQFH��VHHPV�WR�EH�IRXQG�DW�& ���)XUWKHU
GHFUHDVLQJ�&� UHVXOWV� LQ�D�PRGHUDWH�JDLQ� LQ� WKH�DFFXUDF\� IRU�DQ�H[FHVVLYH�QXPEHU�RI
SDUDPHWHUV��7KH�VPDOOHU�QXPEHUV�RI�WKH�920�PRGHO�SDUDPHWHUV�LQGLFDWH�WKDW�LW�LV�OHVV
YXOQHUDEOH� WR�ELDV�HUURUV��DQG�KHQFH��FDQ�EH�EHWWHU�HVWLPDWHG� IURP�VPDOOHU�GDWD�VHWV�
5HGXFLQJ� PD[. � IURP��� WR� �� KDG� D�PDUJLQDO� HIIHFW� RQ� WKH� REWDLQHG� DFFXUDF\�ZKLOH
UHGXFLQJ� WKH� QXPEHU� RI� SDUDPHWHUV� E\� DSSUR[LPDWHO\� ����� 7KLV� LQGLFDWHV� WKH
SRWHQWLDO�IRU�IXUWKHU�RSWLPL]DWLRQ�RI�WKH�QXPEHU�RI�SDUDPHWHUV��\HW��IXUWKHU�UHGXFWLRQ
RI� PD[. PD\� UHVXOW� LQ� ORRVLQJ� WKH� FDSDELOLW\� WR� LGHQWLI\� ORQJ� FRQWH[WV� RI� VSHFLDO
LQWHUHVW�
7DEOH����FRPSDUDWLYH�UHVXOWV�ZLWK�UHVSHFW�WR�WKH�EHQFKPDUN�VHTXHQFHV�RI�OHQJWK����ES�

�
$FFXUDF\��WHVW�VHW� ��RI�SDUDPHWHUV([SHULPHQW
QRQ�SKDVHG 3KDVHG QRQ�SKDVHG SKDVHG

0DUNRY� ����� ����� ����� ������
920���& ��� ����� ����� ������ ������
920���& � ����� ����� ������ ������
920���& � ����� ����� ����� �����
920���& � ����� ����� ����� �����
920���& � ����� ����� ����� �����

)LFNHWW
DQG
7XQJ
������

920���& � ����� ����� ����� �����
0DUNRY� ����� ����� ����� ������
920���& � ����� ����� ����� �����
920���& � ����� ����� ����� �����

*(1,(
������

%RRVWHG�920� ����� ����� ����� �����

%��%RRVWLQJ�WKH�920�PRGHO

%RRVWLQJ� �)UHXQG� DQG� 6FKDSLUD� ������ LV� D� JHQHUDO� PDFKLQH�OHDUQLQJ� WHFKQLTXH� WKDW
PL[HV� SUHGLFWLRQV� IURP� GLIIHUHQW� PRGHOV�� ZKHUH� HDFK� PRGHO� LV� FRQVWUXFWHG� IURP� D
GLIIHUHQW� SRSXODWLRQ� RI� VDPSOHV�� ,W� LV� RIWHQ� XVHG� WR� LPSURYH� WKH� DFFXUDF\� RI� ZHDN
FODVVLILHUV��KDYLQJ�ODUJH�HUURU�SUREDELOLW\���,Q�WKH�FRQWH[W�RI�920�PRGHOV��ZHLJKWLQJ
WKH� FRQWH[WV� RI� YDULRXV� 920V� LV� HIIHFWLYHO\� HTXLYDOHQW� WR� JHQHUDWLQJ� D� QHZ� 920
PRGHO�ZLWK�DQ�HTXLYDOHQW�GLVWULEXWLRQ�RI�FRQWH[WV��,Q�WKH�IROORZLQJ�ZH�XVHG�ERRVWLQJ
WR��LQGLUHFWO\��RSWLPL]H�WKH�VWUXFWXUH�RI�WKH�920�
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6HYHUDO�ERRVWLQJ�KHXULVWLFV�DUH�DYDLODEOH�LQ�WKH�OLWHUDWXUH��7KH�FRPPRQ�WKHPH
LV� WKDW� D� VSHFLDO� SRSXODWLRQ� ULFK� ZLWK� �GLIILFXOW� FDVHV�� �WKH� ERRVWHG� SRSXODWLRQ�� LV
SUHSDUHG�ZLWK� WKH� LPSOLFLW�DVVXPSWLRQ� WKDW�D�FODVVLILHU� WKDW� LV� WUDLQHG�RQ�WKH�GLIILFXOW
SRSXODWLRQ�ZLOO�REWDLQ�EHWWHU�UHVXOWV�RQ�WKH��QRUPDO��SRSXODWLRQ�RI�VDPSOHV��7KH�VL]H
RI� WKH� 920�PRGHO� �WKXV� LWV� DFFXUDF\�� LQFUHDVHV� QRQ�OLQHDULO\� ZLWK� WKH� VL]H� RI� WKH
WUDLQLQJ�VHW��7R�QHXWUDOL]HG�WKLV�HIIHFW��ZH�FRQVWUDLQHG�WKH�VL]H�RI�WKH�ERRVWHG�WUDLQLQJ
VHW� VXFK� WKDW� LW� LV� DSSUR[LPDWHO\� HTXDO� WR� WKH� VL]H� RI� WKH� RULJLQDO� WUDLQLQJ� VHW�� 7KH
IROORZLQJ�KHXULVWLFV�ZDV�XVHG�WR�JHQHUDWH�WKH�ERRVWHG�SRSXODWLRQ�

�x � &RQVWUXFW�WKH�920�FODVVLILHU�XVLQJ�WKH�RULJLQDO�WUDLQLQJ�VHW�

�x � 8VH� WKH� 920� FODVVLILHU� WR� LGHQWLI\� WKH� WUXH�FODVVLILHG� VHTXHQFHV� DQG� WKH
PLVV�FODVVLILHG�VHTXHQFHV�

�x � 'XSOLFDWH� WKH�PLVV�FODVVLILHG� VHTXHQFHV� LQ� WKH� ERRVWHG� VHW�� ZKLOH� IL[LQJ� D
����SUREDELOLW\� IRU� HDFK� WUXH�FODVVLILHG� VHTXHQFH� WR�EH�H[FOXGHG� IURP� WKH
WUDLQLQJ�VHW�

%RRVWLQJ� DOJRULWKPV� DUH� VHQVLWLYH� WR� WKH� HIIHFW� RI� RXWOLHUV� LQ� WKH� WUDLQLQJ� VHW� �VLQFH
WKHLU�QXPEHU� LV�DOVR�ERRVWHG���7KH�GDWD�VHW�RI�)LFNHWW� DQG�7XQJ� ������� LV�QRZ�GD\V
FRQVLGHUHG� RXWGDWHG� DQG� RI� ORZ� TXDOLW\� IRU� WKH� SXUSRVH� RI� UHSUHVHQWLQJ� WKH� KXPDQ
JHQRPH��:H�WKHUHIRUH�XVHG�WKH�PRUH�XSGDWHG�*(1,(�GDWD�VHW��*(1,(��������IRU�WKH
FRQVWUXFWLRQ�RI�DQ�XS�WR�GDWH�920�PRGHO��7KH�*(1,(�GDWD�VHW�FRQWDLQV�����FRGLQJ
VHTXHQFHV�DQG������ LQWURQV� WKDW� DUH� UHSUHVHQWDWLYH� VHTXHQFHV�RI� WKH�KXPDQ�JHQRPH
ZLWK� OHVV� WKDQ� ���� KRPRORJ\� EHWZHHQ� VHTXHQFHV�� )ROORZLQJ� WKH� H[SHULPHQW� RI
)LFNHWW�DQG�7XQJ���������WKH�VHTXHQFHV�ZKHUH�FKRSSHG�LQWR�VHJPHQWV�RI�VL]H����ES�
7KH�ERWWRP�SDUW�RI�7DEOH���GHWDLOV�WKH�VL]HV�RI�WKH�WUDLQLQJ�DQG�WKH�WHVWLQJ�VHWV�XVHG�LQ
WKH�H[SHULPHQWV��$�920�FODVVLILHU�ZDV�FRQVWUXFWHG�IURP�WKH�WUDLQLQJ�VHW�DQG�ZDV�WKHQ
XVHG�ZLWK�WKH�DERYH�PHQWLRQHG�DOJRULWKP�WR�JHQHUDWH�WKH�ERRVWHG�GDWDVHW�

7KH�QHZ�920�FODVVLILHU�ZDV�FRQVWUXFWHG�IURP�WKH�ERRVWHG�GDWDVHW�DQG�XVHG�WR
UH�VFRUH�WKH�WHVWLQJ�GDWDVHW��)RU�FRPSDULVRQ�SXUSRVH��ZH�DOVR�SUHVHQW�WKH�UHVXOWV�RI�WKH
0DUNRY�� PRGHO� DV� ZHOO� DV� WKH� UHVXOWV� REWDLQHG� IURP� WKH� XQ�ERRVWHG� 920�� & �
PRGHO��7KH�ERWWRP�SDUW�RI�7DEOH���SUHVHQWV� WKH�FRPSDUDWLYH� UHVXOWV�RI� WKH�ERRVWLQJ
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H[SHULPHQW�� $V� FDQ� EH� VHHQ�� WKH� ERRVWHG� 920� FODVVLILHU� SURGXFHG� D� VWDWLVWLFDOO\
VLJQLILFDQW� ����� LPSURYHG� DFFXUDF\� RYHU� WKH� XQ�ERRVWHG� 920� FODVVLILHU�� ZKLOH
UHWDLQLQJ�D�VLPLODU�QXPEHU�RI�SDUDPHWHUV��7KRXJK�WKH�DFFXUDF\�RI�WKH�0DUNRY��PRGHO
LV� PDUJLQDOO\� KLJKHU� WKDQ� WKH� DFFXUDF\� SURGXFHG� E\� WKH� 920� PRGHO�� LW� KDV� D
VLJQLILFDQWO\�KLJKHU�QXPEHU�RI�SDUDPHWHUV��7KXV��ZH�GLG�QRW�SXUVXH�ZLWK�ERRVWLQJ�WKH
0DUNRY��PRGHO�

7KH�QHZ�DQG�UHOLDEOH�GDWDVHW�LPSURYHG�WKH�RYHUDOO�FODVVLILFDWLRQ�SHUIRUPDQFH
RI�WKH�WHVWHG�PRGHOV�E\����±������6LQFH�D�VLQJOH�LWHUDWLRQ�RI�WKH�ERRVWLQJ�DOJRULWKP
ZDV�VXIILFLHQW�WR�SURGXFH�D�VLJQLILFDQW�LPSURYHPHQW�LQ�WKH�FODVVLILFDWLRQ�DFFXUDF\��ZH
EHOLHYH� WKDW� LPSOHPHQWLQJ� WKH� FRPSOHWH� ERRVWLQJ� DOJRULWKP� FDQ� IXUWKHU� LPSURYH� WKH
UHVXOW��:H�GLG�QRW�SXUVXH�IXUWKHU�WKLV�LVVXH�EHFDXVH�WKH�UHVXOWV�ZHUH�VXIILFLHQW�WR�SURYH
WKH� VXSHULRULW\� RI� WKH�920�FODVVLILHU�� DQG� VXIILFLHQW� DFFXUDF\�ZDV� REWDLQHG� IRU� WKH
FRQVWUXFWLRQ�RI�WKH�VHTXHQFH�DQQRWDWLRQ�GHYLFH�SUHVHQWHG�QH[W�

)LQDOO\�� OHW� XV� QRWH� WKDW� W\SLFDOO\� WKH� XSGDWHG� �FOHDQ�� KXPDQ� GDWDVHWV� KDYH
KXJH� VL]HV� �FRQWDLQLQJ� PRUH� WKDQ� ������� VHTXHQFHV��� 7KLV� VLWXDWLRQ� LV� D�W\SLFDO� WR
RWKHU�RUJDQLVPV�WKDW�DUH�RI�LQWHUHVW�LQ�%LRLQIRUPDWLFV��7KH�920�PRGHOV�±�GXH�WR�WKHLU
HIILFLHQW�SDUDPHWHUL]DWLRQ�±�DUH�H[SHFWHG�WR�RXWSHUIRUP�RWKHU�DOJRULWKPV�ZKHQ�GDWD�LV
VFDUFH��RU�ZKHQ�WKH�TXDOLW\�RI�WKH�VHTXHQFH�DQQRWDWLRQ�LV�SRRU�
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���'LVFXVVLRQ
&XUUHQW� JHQH�UHFRJQLWLRQ� DSSURDFKHV� DUH� H[FHHGLQJO\� PXOWLIDFHWHG�� LPSOHPHQWLQJ� D
YDULHW\� RI� ZHOO�HVWDEOLVKHG� DOJRULWKPV�� 5HFRJQLWLRQ� RI� FRGLQJ� '1$� UHJLRQV� LV� DQ
LPSRUWDQW� SKDVH� RI� DQ\� JHQH�ILQGHU� SURFHGXUH�� :H� EHOLHYH� WKDW� WKHUH� H[LVW� QLFKH
GDWDVHWV� ZLWK� VSHFLILF� FKDUDFWHULVWLFV�� ZKLFK� DUH� QRW� HQWLUHO\� DGGUHVVHG� E\
FRQYHQWLRQDOO\� XVHG� DOJRULWKPV�� � )RU� H[DPSOH�� GDWDVHWV� IURP� QHZO\� VHTXHQFHG
JHQRPHV� WKDW�VKDUH� OLWWOH�KRPRORJ\�ZLWK�NQRZQ�GDWDVHWV�� �2IWHQ�� LQ�VXFK�FDVHV�� LW� LV
GLIILFXOW�WR�WXQH�SURSHUO\�WKH�JHQH�ILQGHUV�GXH�WR�RYHU�SDUDPHWHUL]DWLRQ�

,Q� WKLV� SDSHU�� ZH� LQWURGXFH� WKH� 920�EDVHG� FRPSUHVVLRQ�PHWKRG� WR� FRGLQJ
UHFRJQLWLRQ�� 7KH�920�PRGHO�ZDV� RULJLQDOO\� LQWURGXFHG� LQ� WKH� ILHOG� RI� LQIRUPDWLRQ
WKHRU\� IRU� FRPSUHVVLRQ� SXUSRVHV� DQG� ODWHU� KDV� EHHQ� LPSOHPHQWHG� VXFFHVVIXOO\� LQ
YDULRXV� UHVHDUFK� DUHDV�� VXFK� DV� VWDWLVWLFDO� SURFHVV� FRQWURO� �%HQ�*DO� HW� DO�� ������ DQG
DQDO\VLV� RI� ILQDQFLDO� VHULHV� �6KPLORYLFL� HW� DO�� ������� 7KH� XQLTXH� IHDWXUH� RI� WKH
SURSRVHG�PHWKRG��FRPSDUHG�WR�FORVHO\�UHODWHG�RQHV��VXFK�DV� WKH�3UREDELOLVWLF�6XIIL[
7UHH�E\�%HMHUDQR�DQG�<RQD��������LV�WKDW�LWV�FRQYHUJHQFH�WR�WKH�RSWLPDO�SDUDPHWHU�VHW
ZDV�SURYHQ�WR�EH�RSWLPDOO\�IDVW�HYHQ�IRU�ILQLWH�VHTXHQFHV��=LY��������3UDFWLFDOO\��VXFK
FRQYHUJHQFH�HQVXUHV�DQ�HIILFLHQW�SDUDPHWHUL]DWLRQ�RI�WKH�920�PRGHO��HYHQ�ZKHQ�LW�LV
WUDLQHG�RQ�VPDOO�DQG�UHODWLYHO\�XQUHOLDEOH�GDWDVHWV�

,Q� RXU� H[SHULPHQWDWLRQV� IRU� GLVWLQJXLVKLQJ� FRGLQJ� DQG� QRQFRGLQJ� '1$�� WKH
SURSRVHG� 920�EDVHG� DSSURDFK� RXWSHUIRUPV� DQ\� RI� WKH� ��� WUDGLWLRQDO� PHWKRGV
HYDOXDWHG�LQ�)LFNHWW�DQG�7XQJ��������

7KH� LQLWLDO�HQFRXUDJLQJ�UHVXOWV�PDNHV� LW� WHPSWLQJ� WR�FRQMHFWXUH� WKDW�HOHPHQWV
RI�WKH�SURSRVHG�PHWKRG�FRXOG�EH�LQWHJUDWHG�LQWR�RWKHU�JHQH�ILQGLQJ�SURFHGXUHV��6XFK
LQWHJUDWLRQ�PLJKW�HQKDQFH�WKH�SURFHGXUH�SHUIRUPDQFH�RQ�VKRUW�FRGLQJ�IUDJPHQWV�IURP
UHODWLYHO\�ORZ�TXDOLW\�VHTXHQFHG�GDWD�
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5HIHUHQFHV
$SRVWROLFR��$���*��%HMHUDQR��������2SWLPDO�DPQHVLF�SUREDELOLVWLF�DXWRPDWD�RU�KRZ� WR� OHDUQ

DQG�FODVVLI\�SURWHLQV�LQ�OLQHDU�WLPH�DQG�VSDFH��-��&RPS��%LRORJ\�����������������
%HMHUDQR��*���*��<RQD�� ������9DULDWLRQV� RQ� 3UREDELOLVWLF� 6XIIL[� 7UHHV�� VWDWLVWLFDO�PRGHOLQJ

DQG�SUHGLFWLRQ�RI�SURWHLQ�IDPLOLHV��%LRLQIRUPDWLFV��������������
%HQ�*DO��,���$��6KPLORYLFL�*��0RUDJ��������'HVLJQ�RI�FRQWURO�DQG�PRQLWRULQJ�UXOHV�IRU�VWDWH

GHSHQGHQW� SURFHVVHV�� 7KH� ,QWHUQDWLRQDO� -RXUQDO� IRU� 0DQXIDFWXULQJ� 6FLHQFH� DQG
3URGXFWLRQ���������������

%HQ�*DO�� ,��� $�� 6KPLORYLFL� *�� 0RUDJ�� ������ &63&�� $� 0RQLWRULQJ� 3URFHGXUH� IRU� 6WDWH
'HSHQGHQW�3URFHVVHV��7HFKQRPHWULFV����������������

%URZQ�� 1�3��� &�� 6DQGHU� HW� DO�� ������ )UDPH�� GHWHFWLRQ� RI� JHQRPLF� VHTXHQFLQJ� HUURUV�
%LRLQIRUPDWLFV��������������

%XKOPDQQ�� 3��� $�� -�� :\QHU�� ������ 9DULDEOH� /HQJWK� 0DUNRY� &KDLQV�� $QQ�� 6WDWLVW�� �����
��������

%XUJH��&���6��.DUOLQ��������)LQGLQJ�WKH�JHQHV�LQ�JHQRPLF�'1$��&XUUHQW�2SLQLRQ�LQ�6WUXFWXUDO
%LRORJ\��������������

&KHQ�� ;��� 6�� .ZRQJ�� 0�� /L�� ������ $� FRPSUHVVLRQ� DOJRULWKP� IRU� '1$� VHTXHQFHV� DQG� LWV
DSSOLFDWLRQ� LQ� JHQRPH� FRPSDULVRQ�� 3URFHHGLQJV� RI� WKH� IRXUWK� DQQXDO� LQWHUQDWLRQDO
&RQIHUHQFH� RQ� &RPSXWDWLRQDO� 0ROHFXODU� %LRORJ\� �� 5(&20%� ������ $&0� 3UHVV�
��������

'XGD��5�2���3�(��+DUW�'�*��6WRUN��������3DWWHUQ�&ODVVLILFDWLRQ��-RKQ�:LOH\�	�VRQV�
)LFNHWW�� -�:��� &�6�� 7XQJ�� ������ $VVHVVPHQW� RI� SURWHLQ� FRGLQJ� PHDVXUHV�� 1XFOHLF� $FLGV

5HVHDUFK�����������������
)LFNHWW��-�:���������)LQGLQJ�JHQHV�E\�FRPSXWHU��WKH�VWDWH�RI�WKH�DUW��7UHQGV�LQ�*HQHWLFV�������

�������
)UHXQG��<���5�(��6FKDSLUD��������$�'HFLVLRQ�7KHRUHWLF�*HQHUDOL]DWLRQ�RI�RQ�OLQH�OHDUQLQJ�DQG

DQ�DSSOLFDWLRQ�WR�%RRVWLQJ��-RXUQDO�RI�&RPSXWHU�DQG�6\VWHPV�6FLHQFHV�����������������
*(1,(� GDWD�VHWV�� IURP�*HQEDQN� YHUVLRQ� ����� ������$YDLODEOH��ZZZ�IUXLWIO\�RUJ�VHTBWRROV�

GDWDVHWV�+XPDQ�&'6BY�������ZZZ�IUXLWIO\�RUJ�VHTBWRROV�GDWDVHWV�+XPDQ�LQWURQBY����
*UXPEDFK�� 6��� )�� 7DKL�� ������ $� QHZ� FKDOOHQJH� IRU� FRPSUHVVLRQ� DOJRULWKPV�� JHQHWLF

VHTXHQFHV��-��RI�,QIRUPDWLRQ�3URFHVVLQJ�DQG�0DQDJHPHQW����������������
+ROVWH�'���,��*URVVH��6��9��%XOG\UHY��+��(��6WDQOH\��+��+HU]HO��������2SWLPL]DWLRQ�RI�3URWHLQ

&RGLQJ� 0HDVXUHV� 8VLQJ� 3RVLWLRQDO� 'HSHQGHQFH� RI� 1XFOHRWLGH� )UHTXHQFLHV�� -�� RI
7KHRUHWLFDO�%LRORJ\���������������

,VHOL��&���&��9��-RQJHQHHO��3��%XFKHU�������(676FDQ��D�SURJUDP�IRU�GHWHFWLQJ��HYDOXDWLQJ��DQG
UHFRQVWUXFWLQJ� SRWHQWLDO� FRGLQJ� UHJLRQV� LQ� (67� VHTXHQFHV�� 3URFHHGLQJV� RI� ,QWHOOLJHQW
6\VWHPV�IRU�0ROHFXODU�%LRORJ\��$$$,�3UHVV��0HQOR�3DUN��&$�

.DF�.���������2Q� WKH�QRWLRQ�RI� UHFXUUHQFH� LQ�GLVFUHWH� VWRFKDVWLF�SURFHVVHV��%XOOHWLQH�RI� WKH
$PHULFDQ�0DWKHPDWLFDO�6RFLHW\���������������
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/LX��;���'��/���%UXWODJ��-��6���/LX��������%LR3URVSHFWRU��GLVFRYHULQJ�FRQVHUYHG�'1$�PRWLIV�LQ
XSVWUHDP�UHJXODWRU\�UHJLRQV�RI�FR�H[SUHVVHG�JHQHV��3DF��6\PS��%LRFRPSXW��������������

2KOHU�8���6��+DUEHFN��+��1LHPDQQ��(��1RWK��0��5HHVH��������,QWHUSRODWHG�0DUNRY�FKDLQV�IRU
HXNDU\RWLF�SURPRWHU�UHFRJQLWLRQ��%LRLQIRUPDWLFV����������������

5LVVDQHQ��-���������$�XQLYHUVDO�GDWD�FRPSUHVVLRQ�V\VWHP��,(((�7UDQVDFWLRQV�RQ�,QIRUPDWLRQ
7KHRU\�����������������

5LYDOV��(���2��'HOJUDQJH��-�3��'HODKD\H��0��'DXFKHW��0�2��'HORUPH��HW�DO��������'HWHFWLRQ�RI
VLJQLILFDQW�SDWWHUQV�E\�FRPSUHVVLRQ�DOJRULWKPV��WKH�FDVH�RI�DSSUR[LPDWH�WDQGHP�UHSHDWV
LQ�'1$�VHTXHQFHV��&$%,26�����������������

5RQ��'���<��6LQJHU��1��7LVKE\��������7KH�SRZHU�RI�DPQHVLD��OHDUQLQJ�SUREDELOLVWLF�DXWRPDWD
ZLWK�YDULDEOH�PHPRU\�OHQJWK��0DFKLQH�/HDUQLQJ�������������

6KPLORYLFL��$���<��$ORQ�%ULPHU��6��+DXVHU��������8VLQJ�D�6WRFKDVWLF�&RPSOH[LW\�0HDVXUH�WR
&KHFN�WKH�(IILFLHQW�0DUNHW�+\SRWKHVLV��&RPSXWDWLRQDO�(FRQRPLFV����������������

6ORQLP��1��� 6�� )LQH�1�� 7LVKE\�� ������'LVFULPLQDWLYH�9DULDEOH�0HPRU\�0DUNRY�0RGHO� IRU
)HDWXUH�6HOHFWLRQ��$YDLODEOH�RQOLQH��FLWHVHHU�QM�QHF�FRP��������KWPO

:LOOHPV�� )�0�-��� <�0�� 6KWDUNRY� 7�-�7MDONHQV�� ������ 7KH� FRQWH[W�WUHH� ZHLJKWLQJ� PHWKRG�
%DVLF�SURSHUWLHV��,(((�7UDQVDFWLRQV�RQ�,QIRUPDWLRQ�7KHRU\����������������

=LY�� -��� ������$�XQLYHUVDO�SUHGLFWLRQ� OHPPD�DQG�DSSOLFDWLRQV� WR�XQLYHUVDO�GDWD� FRPSUHVVLRQ
DQG�SUHGLFWLRQ��,(((�7UDQVDFWLRQV�RQ�,QIRUPDWLRQ�7KHRU\�����������������

=LY�� -��� $�� /HPSHO�� ������ $� XQLYHUVDO� DOJRULWKP� IRU� VHTXHQFLDO� GDWD� FRPSUHVVLRQ�� ,(((
7UDQVDFWLRQV�RQ�,QIRUPDWLRQ�7KHRU\����������������
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