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=HQWRQ *RK � .DK�&K\H 7DQ � %�7�*� 7DQ 

�&HQWUH IRU 6LJQDO 3URFHVVLQJ� 6FKRRO RI (((� 1DQ\DQJ 7HFKQRORJLFDO 8QLYHUVLW\� 5HSXEOLF RI 6LQJDSRUH

'HSDUWPHQW RI 3K\VLFV� 1DWLRQDO 8QLYHUVLW\ RI 6LQJDSRUH� 5HSXEOLF RI 6LQJDSRUH

$EVWUDFW� ,Q WKLV ZRUN� ZH DWWHPSW WR UHILQH WKH PHWKRGV EDVHG

RQ DXWRUHJUHVVLYH �$5� PRGHOLQJ IRU VSHHFK HQKDQFHPHQW >���@�

$V D PDWWHU RI IDFW� $5 PRGHOOLQJ� ZKLFK LV D NH\ VWUDWHJ\ RI WKH

PHWKRGV UHSRUWHG LQ >���@� LV NQRZQ WR EH JRRG IRU UHSUHVHQWLQJ

XQYRLFHG VSHHFK EXW QRW TXLWH DSSURSULDWH IRU YRLFHG VSHHFK

ZKLFK LV TXLWH SHULRGLF LQ QDWXUH� +HUH� ZH LQFRUSRUDWH D VSHHFK

PRGHO ZKLFK VDWLVIDFWRULO\ GHVFULEHV YRLFHG DQG XQYRLFHG

VSHHFKHV DQG VLOHQFH �L�H�� SDXVHV EHWZHHQ VSHHFK XWWHUDQFHV�

LQWR WKH HQKDQFHPHQW IUDPHZRUN GHYHORSHG LQ >���@� DQG

VSHFLILFDOO\ GHYLVH DQ DOJRULWKP IRU FRPSXWLQJ WKH RSWLPDO

HVWLPDWH RI WKH FOHDQ VSHHFK LQ WKH PLQLPXP�PHDQ�VTXDUH�HUURU

VHQVH� :H DOVR SUHVHQW WKH PHWKRGV ZH XVH IRU HVWLPDWLQJ WKH

PRGHO SDUDPHWHUV DQG JLYH D GHVFULSWLRQ RI WKH FRPSOHWH

HQKDQFHPHQW SURFHGXUH� 3HUIRUPDQFH DVVHVVPHQW EDVHG RQ

VSHFWURJUDP SORWV� REMHFWLYH PHDVXUHV DQG LQIRUPDO VXEMHFWLYH

OLVWHQLQJ WHVWV DOO LQGLFDWH WKDW RXU PHWKRG JLYHV FRQVLVWHQWO\

JRRG UHVXOWV�
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6SHHFK HQKDQFHPHQW LV D VXEMHFW RI ERWK WKHRUHWLFDO LQWHUHVW DQG

SUDFWLFDO LPSRUWDQFH� $V D PDWWHU RI IDFW� WKH SUHVHQFH RI QRLVH

FDQ UHVXOW LQ DSSUHFLDEOH GHJUDGDWLRQ LQ WKH TXDOLW\ DQG

LQWHOOLJLELOLW\ RI UHFRUGHG VSHHFK� &RQVHTXHQWO\� QRW RQO\ FDQ LW

FDXVH GLIILFXOW\ LQ LQWHUSUHWLQJ DQG XQGHUVWDQGLQJ WKH VSHHFK

PHVVDJH� EXW LW FDQ DOVR OHDG WR XQVDWLVIDFWRU\ UHVXOWV RQ

VXEMHFWLQJ WKH QRLV\ UHFRUGHG VSHHFK WR VSHHFK FRGLQJ� VSHHFK

UHFRJQLWLRQ� RU VSHDNHU LGHQWLILFDWLRQ�

:H KDYH VWXGLHG DQG LPSOHPHQWHG WKH VSHHFK HQKDQFHPHQW

PHWKRGV SURSRVHG LQ >���@ DQG IRUHVHH WKDW WKH\ FDQ EH IXUWKHU

LPSURYHG� ,QGHHG� WKH PHWKRGV DUH GHYHORSHG EDVHG RQ $5

PRGHOOLQJ� EXW LW LV NQRZQ WKDW $5 PRGHO LV QRW TXLWH DSSURSULDWH

IRU YRLFHG VSHHFK ZKLFK LV RIWHQ TXLWH SHULRGLF LQ QDWXUH� ,Q WKLV

ZRUN� ZH LQFRUSRUDWH D VSHHFK PRGHO ZKLFK VDWLVIDFWRULO\

GHVFULEHV YRLFHG DQG XQYRLFHG VSHHFKHV DQG VLOHQFH �L�H�� SDXVHV

EHWZHHQ VSHHFK XWWHUDQFHV� LQWR WKH .DOPDQ�ILOWHULQJ

HQKDQFHPHQW IUDPHZRUN GHYHORSHG LQ >���@� DQG VSHFLILFDOO\

GHYLVH DQ DOJRULWKP IRU FRPSXWLQJ WKH RSWLPDO HVWLPDWH RI WKH

FOHDQ VSHHFK LQ WKH PLQLPXP�PHDQ�VTXDUH�HUURU VHQVH� $V WKH

SURSRVHG DOJRULWKP UHTXLUHV D SULRUL NQRZOHGJH DERXW WKH PRGHO

SDUDPHWHUV� ZH HVWLPDWH WKHP IURP WKH QRLV\ VSHHFK XVLQJ DQ

LWHUDWLYH SURFHGXUH ZKLFK FDQ EH YLHZHG DV D IRUP RI

([SHFWDWLRQ�0D[LPL]DWLRQ �(0��

3HUIRUPDQFH DVVHVVPHQW EDVHG RQ VSHFWURJUDP SORWV� REMHFWLYH

PHDVXUHV DQG LQIRUPDO VXEMHFWLYH OLVWHQLQJ WHVWV VKRZ WKDW RXU

PHWKRG JLYHV FRQVLVWHQWO\ JRRG UHVXOWV� ,Q SDUWLFXODU� LW JLYHV

EHWWHU SHUIRUPDQFH WKDQ WKH FODVVLFDO VSHFWUDO VXEWUDFWLRQ PHWKRG

>�@ DQG DQ $5�EDVHG PHWKRG >���@ �ZKLFK LV VHSDUDWHO\ UHIHUUHG

WR DV WKH .DOPDQ�ILOWHULQJ PHWKRG LQ >�@ DQG WKH VFDODU�.DOPDQ�

ILOWHU PHWKRG LQ >�@��
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&RQVLGHU WKH IROORZLQJ QRLV\ VSHHFK PRGHO�

\�Q�  V�Q� � Z�Q�� ���

ZKHUH Q  �� �� �� DQG \�Q�� V�Q� DQG Z�Q� GHQRWH GLVFUHWH�

WLPH VDPSOHV RI QRLV\ VSHHFK� FOHDQ VSHHFK DQG QRLVH

UHVSHFWLYHO\� %DVLFDOO\� RXU REMHFWLYH LV WR GHYLVH D PHWKRG IRU

REWDLQLQJ DQ RSWLPDO �LQ WKH 006( VHQVH� HVWLPDWH IRU HDFK

VDPSOH RI WKH FOHDQ VSHHFK� EDVHG RQ WKH SDVW DQG FXUUHQW

VDPSOHV� DV ZHOO DV IXWXUH VDPSOHV LQ D QHLJKERXUKRRG RI WKH

QRLV\ VSHHFK� ,Q RWKHU ZRUGV� ZH ZDQW WR GHYLVH DQ DOJRULWKP IRU

FRPSXWLQJ �� �V Q � WKH 006( HVWLPDWH RI V�Q�� ZKLFK FDQ EH

H[SUHVVHG DV
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IRU Q  �� �� �� ZKHUH W GHQRWHV WKH QXPEHU RI IXWXUH VDPSOHV

RI WKH QRLV\ VSHHFK WR EH XVHG� DQG (��� GHQRWHV WKH H[SHFWDWLRQ

RSHUDWRU�

7R DFKLHYH WKH REMHFWLYH� RQH KDV WR ILUVW VSHFLI\ WKH VWDWLVWLFDO

PRGHOV IRU Z�Q�� WKH QRLVH� DQG V�Q�� WKH FOHDQ VSHHFK� ,Q WKLV

FRQQHFWLRQ� RXU PRGHO DVVXPSWLRQV RQ Z�Q� DUH WKH XVXDO RQHV

DV IROORZV� �� LW LV JHQHUDWHG E\ D VWDWLRQDU\ ]HUR�PHDQ ZKLWH

JDXVVLDQ SURFHVV ZLWK YDULDQFH V
Z

�� DQG �� LW LV LQGHSHQGHQW RI

V�Q�� 2XU DVVXPSWLRQV RQ V�Q� DUH EDVHG RQ WKH VSHHFK PRGHO

WKDW ZH VKDOO SURSRVH LQ WKH QH[W VHFWLRQ�
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%HIRUH LQWURGXFLQJ WKH SURSRVHG VSHHFK PRGHO� LW LV ZRUWKZKLOH

PHQWLRQLQJ WKH VSHHFK PRGHO HPSOR\HG LQ >�@ DQG >�@� ZKLFK KDV

LQIOXHQFHG RXU ZRUN� ,Q >�@ DQG >�@� VSHHFK LV DVVXPHG WR EH

JHQHUDWHG E\ DQ DXWRUHJUHVVLYH �$5� SURFHVV�
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ZKHUH H�Q�� WKH H[FLWDWLRQ VLJQDO� LV JHQHUDWHG E\ D ]HUR�PHDQ

ZKLWH JDXVVLDQ SURFHVV ZLWK YDULDQFH V
H�Q�

�� D�Q�N�©V DUH WKH

DGDSWLYH ILOWHU FRHIILFLHQWV� T LV WKH ILOWHU RUGHU� DQG V�Q� LV WKH

RXWSXW �FOHDQ� VSHHFK� 6XFK DQ $5 PRGHO LV TXLWH DSSURSULDWH

IRU GHVFULELQJ XQYRLFHG VSHHFK� +RZHYHU� LW LV QRW DSSURSULDWH

IRU GHVFULELQJ YRLFHG VSHHFK� VLQFH WKH H[FLWDWLRQ VLJQDO IRU

YRLFHG VSHHFK LV RIWHQ TXLWH SHULRGLF DQG QRW DV UDQGRP DV ZKLWH

JDXVVLDQ QRLVH�

2XU DLP LV WR SURSRVH D VLQJOH PRGHO WR GHVFULEH ERWK YRLFHG DQG

XQYRLFHG VSHHFKHV DV ZHOO DV WKH VLOHQFH� 6LQFH ERWK YRLFHG DQG

XQYRLFHG VSHHFKHV DUH FKDUDFWHULVHG E\ WKHLU H[FLWDWLRQ VLJQDOV�

RXU VWUDWHJ\ LV WR DSSURSULDWHO\ PRGHO WKH H[FLWDWLRQ VLJQDOV WR

DFFRPPRGDWH ERWK YRLFHG DQG XQYRLFHG VSHHFKHV� ,Q WKLV



FRQQHFWLRQ� ZH SURSRVH WKH IROORZLQJ PRGHO IRU WKH H[FLWDWLRQ

VLJQDOV �LQ FRQMXQFWLRQ ZLWK WKH VSHHFK PRGHO JLYHQ E\ �����

H�Q�  E�Q� SQ� H�Q ¤ SQ� � G�Q�� ���

ZKHUH G�Q� LV JHQHUDWHG E\ D ]HUR�PHDQ ZKLWH JDXVVLDQ SURFHVV

ZLWK YDULDQFH VG�Q�
�� SQ LV WKH LQVWDQWDQHRXV SLWFK SHULRG DQG

E�Q� SQ� LV D PHDVXUH RI WKH LQVWDQWDQHRXV SHULRGLFLW\� )RU WKH

QH[W IHZ SDUDJUDSKV� ZH VKDOO GLVFXVV KRZ RXU SURSRVHG PRGHO

FDWHUV IRU ERWK YRLFHG DQG XQYRLFHG VSHHFKHV DQG VLOHQFH DV ZHOO�

7R UHSUHVHQW XQYRLFHG VSHHFK ZKLFK LV E\ QDWXUH TXLWH UDQGRP�

E�Q� SQ� LV VHW WR � VR WKDW H�Q�  G�Q� DQG WKXV WKH H[FLWDWLRQ

VLJQDO H�Q� LV D ZKLWH JDXVVLDQ QRLVH �ZLWK YDULDQFH VG�Q�
��� �1RWH

WKDW SQ GRHV QRW KDYH DQ\ HIIHFW KHUH DQG RQH FDQ DUELWUDULO\ VHW

LW WR DQ\ YDOXH� VD\ ��� 6LQFH WKH H[FLWDWLRQ VLJQDO IRU XQYRLFHG

VSHHFK FDQ EH ZHOO UHSUHVHQWHG E\ D ZKLWH JDXVVLDQ QRLVH� RXU

SURSRVHG PRGHO LV TXLWH DSSURSULDWH IRU XQYRLFHG VSHHFK�

2Q WKH RWKHU KDQG� WR UHSUHVHQW YRLFHG VSHHFK ZKLFK LV TXLWH

SHULRGLF� ZH VHW SQ WR EH WKH SLWFK SHULRG RI WKH YRLFHG VSHHFK�

E�Q� SQ� FORVH WR � DQG VG�Q�
� FORVH WR �� VR WKDW H�Q� | H�Q ¤

SQ� DQG WKXV WKH H[FLWDWLRQ VLJQDO LV TXLWH SHULRGLF� ,I WKH YRLFHG

VSHHFK LV UHODWLYHO\ OHVV SHULRGLF� E�Q� SQ� ZLOO EH DVVLJQHG D

YDOXH FORVHU WR �� DQG VG�Q�
� ZLOO EH DVVLJQHG D YDOXH

VLJQLILFDQWO\ ODUJHU WKDQ �� &RQVHTXHQWO\� WKH SHULRGLFLW\ ZLOO EH

ZHDNHQHG�

7R UHSUHVHQW VLOHQFH� ERWK E�Q� SQ� DQG VG�Q�
� DUH VHW WR � VR

WKDW H�Q�  � DQG WKXV WKH H[FLWDWLRQ VLJQDO LV D ]HUR VLJQDO�

�1RWH WKDW SQ GRHV QRW KDYH DQ\ HIIHFW DQG FDQ EH VHW WR ���

&RQVHTXHQWO\� WKH VSHHFK VLJQDO V�Q� ZLOO HYHQWXDOO\ GHFD\ WR ��

,Q VXPPDU\� ZH KDYH SURSRVHG D VLQJOH VSHHFK PRGHO� DV

GHVFULEHG E\ ��� DQG ���� ZKLFK FDQ DSSURSULDWHO\ GHVFULEH WKH �

GLIIHUHQW VWDWHV RI D VSHHFK VLJQDO� QDPHO\ YRLFHG VSHHFK�

XQYRLFHG VSHHFK� DQG VLOHQFH�
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&RQVLGHULQJ WKH VSHHFK PRGHO JLYHQ E\ ��� DQG ��� DQG WKH

DGGLWLYH QRLVH PRGHO JLYHQ E\ ���� RXU REMHFWLYH LV WR REWDLQ DQ

RSWLPDO HVWLPDWH �LQ WKH 006( VHQVH� RI WKH FOHDQ VSHHFK DV

H[SUHVVHG LQ ���� 2XU DSSURDFK LV WR XWLOL]H WKH .DOPDQ ILOWHU WR

REWDLQ RXU GHVLUHG HVWLPDWH� ,Q WKLV FRQQHFWLRQ� ZH ILUVW

UHIRUPXODWH WKH PRGHO HTXDWLRQV ���� ��� DQG ��� WR D VSHFLILF

IRUP IDFLOLWDWLQJ WKH DSSOLFDWLRQ RI .DOPDQ ILOWHU�

$� 5HIRUPXODWLRQ RI PRGHO HTXDWLRQV

)LUVW� LW FDQ EH HDVLO\ VKRZQ WKDW (TXDWLRQ ��� LV HTXLYDOHQW WR WKH

IROORZLQJ VWDWH�VSDFH HTXDWLRQ�

VQ  $Q VQ¤� � **� HQ� ���

ZKHUH VQ  �V�Q��}� V�Q ¤ U � ���7� U  PD[�T� W � ��� **� LV DQ

�U u �� YHFWRU JLYHQ E\ ��� ��}� ��7� HQ  H�Q� DQG $Q LV DQ �U

u U� PDWUL[ JLYHQ E\

$Q
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6HFRQG� WR UHIRUPXODWH (TXDWLRQ ��� LQWR VWDWH�VSDFH IRUP� ZH

ILUVW QRWH WKDW ��� FDQ EH ZULWWHQ DV
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ZKHUH S LV WDNHQ WR EH D FRQVWDQW HTXDO WR WKH PD[LPXP SRVVLEOH

SLWFK SHULRG RI KXPDQ VSHHFK� DQG E�Q� O�  � IRU DOO O z SQ�

ZKHUH SQ LV WKH LQVWDQWDQHRXV SLWFK SHULRG� 6XEVHTXHQWO\� LW FDQ

EH HDVLO\ VKRZQ WKDW ���� DV WKXV DOVR ���� LV HTXLYDOHQW WR WKH

IROORZLQJ VWDWH�VSDFH HTXDWLRQ

HQ  %Q HQ¤� � **� GQ� ���

ZKHUH HQ  �H�Q�� }� H�Q ¤ S � ���7� **� LV D �S u �� YHFWRU

JLYHQ E\ ��� �� }� ��7� GQ  G�Q� DQG %Q LV D �S u S� PDWUL[

JLYHQ E\

%Q

E Q E Q E Q S
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7KLUG� LW FDQ EH VKRZQ WKDW ��� DQG ��� FDQ EH FRPELQHG LQWR D

VLQJOH VWDWH�VSDFH HTXDWLRQ DV IROORZV�

[Q��  )Q [Q � **� GQ��� ����

ZKHUH [Q  � VQ¤�
7

HQ
7 �7� **� LV DQ ��U � S� u �� YHFWRU JLYHQ

E\ � � � � � � � �� � � � ��
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)RXUWK� LW FDQ EH HDVLO\ VKRZQ WKDW (TXDWLRQ ��� LV HTXLYDOHQW WR

WKH IROORZLQJ VWDWH�VSDFH HTXDWLRQ�

\�Q�  **�
7
[Q�� � Z�Q�� ����

ZKHUH **� LV DQ ��U � S� u �� YHFWRU JLYHQ E\ ��� ��}� ��7�

,Q VXPPDU\� ZH KDYH UHIRUPXODWHG WKH PRGHO HTXDWLRQV JLYHQ E\

���� ��� DQG ��� LQWR WKH HTXLYDOHQW VWDWH�VSDFH HTXDWLRQV JLYHQ E\

���� DQG �����

%� 7KH GHVLUHG RSWLPDO HVWLPDWH REWDLQHG ZLWK WKH .DOPDQ ILOWHU

1RZ ZLWK WKH VWDWH�VSDFH HTXDWLRQV JLYHQ E\ ���� DQG ����

�ZKLFK DUH HTXLYDOHQW WR ���� ��� DQG ����� ZH DUH UHDG\ WR DSSO\

WKH .DOPDQ ILOWHU� 6XEVHTXHQWO\� ZH REWDLQ WKH IROORZLQJ

DOJRULWKP IRU FRPSXWLQJ WKH RXWSXW �� �V Q � RXU GHVLUHG RSWLPDO

HVWLPDWH �LQ WKH 006( VHQVH� RI FOHDQ VSHHFK�

�� ,QLWLDOL]DWLRQ�
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4Q  )Q¤� 3Q¤� )Q¤�
7 � VG�Q�

�
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7
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3Q  �, ¤ *Q **�
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7KH SURSRVHG DOJRULWKP UHTXLUHV NQRZOHGJH DERXW WKH SDUDPHWHUV

RI WKH DGGLWLYH QRLVH PRGHO JLYHQ E\ ��� DQG WKRVH RI WKH VSHHFK

PRGHO JLYHQ E\ ��� DQG ���� )RU WKH DGGLWLYH QRLVH PRGHO� WKH

RQO\ SDUDPHWHU LV VZ

�� WKH YDULDQFH RI WKH VWDWLRQDU\ QRLVH� $

FRPPRQO\ DFFHSWHG HVWLPDWH RI VZ

� LV WKH YDULDQFH RI WKRVH

VHJPHQWV RI WKH QRLV\ VSHHFK VLJQDOV WKDW FRQWDLQ RQO\ WKH QRLVH�

)RU WKH VSHHFK PRGHO� WKHUH DUH � WLPH�YDU\LQJ DQG � FRQVWDQW

SDUDPHWHUV� 7KH WLPH�YDU\LQJ SDUDPHWHUV DUH� �� D�Q�N�©V� WKH

DGDSWLYH ILOWHU FRHIILFLHQWV� �� SQ©V� WKH LQVWDQWDQHRXV SLWFK

SHULRGV� �� E�Q� SQ�©V� WKH LQVWDQWDQHRXV SHULRGLFLWLHV� DQG ��

VG�Q�
� ©V� WKH �LQVWDQWDQHRXV� YDULDQFHV RI WKH VLJQDO G�Q�

DSSHDULQJ LQ ���� 7KH FRQVWDQW SDUDPHWHUV DUH� �� W� WKH QXPEHU

RI IXWXUH VDPSOHV RI WKH QRLV\ VSHHFK WR EH XVHG LQ WKH

IRUPXODWLRQ RI WKH 006( HVWLPDWH JLYHQ LQ ���� �� T� WKH WRWDO

QXPEHU RI WKH ILOWHU FRHIILFLHQWV D�Q�N�©V IRU HDFK Q� DQG �� S�

WKH PD[LPXP SRVVLEOH SLWFK SHULRG RI KXPDQ VSHHFK�

$� (VWLPDWLRQ RI 3DUDPHWHUV

7KH WLPH�YDU\LQJ SDUDPHWHUV DUH HVWLPDWHG XVLQJ DQ LWHUDWLYH

SURFHGXUH �QRWH WKDW WKH FOHDQ VSHHFK ZLOO DOVR EH HVWLPDWHG LQ

WKH SURFHVV�� 7KH SURFHGXUH LQYROYHV DOWHUQDWHO\ HVWLPDWLQJ WKH

SDUDPHWHUV EDVHG RQ WKH ODVW YHUVLRQ RI WKH HVWLPDWH IRU WKH FOHDQ

VSHHFK DQG HVWLPDWLQJ WKH FOHDQ VSHHFK �XVLQJ WKH SURSRVHG

DOJRULWKP� EDVHG RQ WKH ODVW YHUVLRQ RI WKH HVWLPDWHV IRU WKH

SDUDPHWHUV� XQWLO D VWDJH ZKHUH WKH TXDOLW\�LQWHOOLJLELOLW\ RI WKH

HVWLPDWH RI WKH FOHDQ VSHHFK KDV UHDFKHG D GHVLUHG OHYHO� $

GHWDLOHG GHVFULSWLRQ RI WKH SURFHGXUH ZLOO EH UHSRUWHG LQ >�@�

)RU WKH ILUVW LWHUDWLRQ RI WKH SURFHGXUH� WKH WLPH�YDU\LQJ

SDUDPHWHUV DUH HVWLPDWHG EDVHG RQ \�Q�� WKH QRLV\ VSHHFK� LQ WKH

IROORZLQJ ZD\� )LUVW� IRU HDFK Q� WKH HVWLPDWHV RI D�Q�N�©V IRU

N  �� �� T� DUH EDVLFDOO\ REWDLQHG XVLQJ WKH 'XUELQ�/HYLQVRQ

DOJRULWKP >�@� XVLQJ D ¦VPRRWKHG YHUVLRQ§ RI \�Q� DV LQSXW �VHH

>�@ IRU IXUWKHU GHWDLOV�� 6HFRQG� HDFK HVWLPDWH RI SQ LV REWDLQHG

XVLQJ 5�P�� WKH DXWRFRUUHODWLRQ IXQFWLRQ RI WKH VSHHFK VHJPHQW

LQ D QHLJKERXUKRRG ��� PVHF�� RI WKH VDPSOH \�Q�� ZLWK ���

FHQWHU FOLSSLQJ >�@� 7KLUG� HDFK E�Q� SQ� LV HVWLPDWHG XVLQJ WKH

UDWLR 5�SQ��5���� ,I WKH UDWLR LV PRUH WKDQ ���� WKH VSHHFK

VHJPHQW LV FRQVLGHUHG SHULRGLF DQG E�Q� SQ� LV VHW WR 5�SQ��5����

2WKHUZLVH� E�Q� SQ� LV VHW WR �� )RXUWK� HDFK VG�Q�
�� WKH

�LQVWDQWDQHRXV� YDULDQFH RI G�Q�� LV HVWLPDWHG LQ WKH IROORZLQJ

PDQQHU� :H ILUVW FRPSXWH G�Q� EDVHG RQ ��� DQG ���� DQG WKHQ

HVWLPDWH HDFK VG�Q�
� E\ WKH YDULDQFH RI WKH VHJPHQW LQ D VPDOO

QHLJKERXUKRRG �� PVHF�� RI G�Q�� )RU VXEVHTXHQW LWHUDWLRQV� WKH

SURFHGXUH LV VLPLODU �VHH >�@ IRU IXUWKHU GHWDLOV��

7KH FKRLFH RI WKH FRQVWDQW SDUDPHWHUV DUH DV IROORZV �WKH

UDWLRQDOH RI VXFK FKRLFH ZLOO EH UHSRUWHG LQ >�@�� W  ���� T  ��

�DQG VR U  PD[�T� W���  ����� DQG S  ����

%� 6XPPDU\ RI RXU HQKDQFHPHQW PHWKRG

*LYHQ D QRLV\ VSHHFK VDPSOHG DW � N+]� ZH ILUVW HVWLPDWH WKH

SDUDPHWHU RI WKH DGGLWLYH QRLVH PRGHO DFFRUGLQJ WR WKH PHWKRG

PHQWLRQHG LQ WKH ILUVW SDUDJUDSK RI 6HFWLRQ �� 1H[W� WKH FRQVWDQW

SDUDPHWHUV RI WKH VSHHFK PRGHO DUH FKRVHQ DFFRUGLQJ WR

6XEVHFWLRQ ��$� 6XEVHTXHQWO\� ZH XVH WKH LWHUDWLYH SURFHGXUH

PHQWLRQHG LQ 6XEVHFWLRQ ��$ WR REWDLQ HVWLPDWHV IRU WKH WLPH�

YDU\LQJ SDUDPHWHUV RI WKH VSHHFK PRGHO DQG HVWLPDWHV IRU WKH

FOHDQ VSHHFK� %DVHG RQ WKH H[SHULPHQWV ZH FRQGXFWHG� ZH IRXQG

WKDW DW WKH �UG RU �WK LWHUDWLRQ� WKH TXDOLW\�LQWHOOLJLELOLW\ RI WKH

HQKDQFHG VSHHFK �L�H�� WKH HVWLPDWH RI WKH FOHDQ VSHHFK� XVXDOO\

UHDFKHV DQ DFFHSWDEOH OHYHO�

�� 3(5)250$1&($66(660(176

7KH WHVW VLJQDOV ZH XVH DUH �� ��� PDOH DQG �� IHPDOH�

SKRQHWLFDOO\ EDODQFHG VSHHFK VHQWHQFHV WDNHQ IURP WKH 7,0,7

VSHHFK GDWDEDVH� )RU SHUIRUPDQFH DVVHVVPHQW� ZH UHO\ RQ

REMHFWLYH PHDVXUH� LQ SDUWLFXODU VLJQDO�WR�QRLVH UDWLR �615�� DQG

DOVR VSHFWURJUDP SORWV DQG LQIRUPDO VXEMHFWLYH OLVWHQLQJ WHVWV�

1RWH WKDW ZH DOVR SHUIRUP REMHFWLYH WHVWV XVLQJ VHJPHQWDO 615�

WKH GHWDLOV RI ZKLFK ZLOO EH UHSRUWHG LQ >�@�

)LUVW� ZH FRPSDUH DW YDULRXV LWHUDWLRQV WKH HQKDQFHG VSHHFKHV

REWDLQHG XVLQJ WKH $5�EDVHG PHWKRG �ZKLFK LV VHSDUDWHO\

UHIHUUHG WR DV .DOPDQ�ILOWHULQJ PHWKRG LQ >�@ DQG VFDODU�.DOPDQ�

ILOWHU PHWKRG LQ >�@� ZLWK WKRVH REWDLQHG XVLQJ RXU SURSRVHG

PHWKRG� 7DEOH � WDEXODWHV WKH 615V IRU WKH HQKDQFHG VSHHFKHV

REWDLQHG ZLWK ERWK PHWKRGV DW WKH �VW WR �WK LWHUDWLRQV� ,W

LQGLFDWHV WKDW RXU SURSRVHG PHWKRG LV FRQVLVWHQWO\ VXSHULRU WR WKH

$5�EDVHG PHWKRG�
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7DEOH �� 615V IRU WKH HQKDQFHG VSHHFKHV REWDLQHG ZLWK WKH $5�

EDVHG PHWKRG DQG RXU SURSRVHG PHWKRG DW YDULRXV LWHUDWLRQV�

6HFRQG� ZH PDNH D FRPSDULVRQ DPRQJ WKH HQKDQFHG VSHHFKHV

REWDLQHG ZLWK VSHFWUDO VXEWUDFWLRQ >�@� WKH $5�EDVHG PHWKRG DW

WKH �UG LWHUDWLRQ� DQG RXU SURSRVHG PHWKRG DW WKH �UG LWHUDWLRQ�

7DEOH �� ZKLFK WDEXODWHV WKH 615V IRU WKH HQKDQFHG VSHHFKHV

REWDLQHG ZLWK WKH � PHWKRGV� VKRZV WKDW RXU SURSRVHG PHWKRG LV

FRQVLVWHQWO\ VXSHULRU WR WKH RWKHU WZR� ,QIRUPDO VXEMHFWLYH

OLVWHQLQJ WHVWV ZKLFK ZH KDYH FRQGXFWHG DOVR \LHOG VLPLODU

ILQGLQJV� ,Q SDUWLFXODU� XQGHVLUDEOH ¦PXVLFDO§ QRLVH FDQ EH KHDUG

LQ WKH HQKDQFHG VSHHFK REWDLQHG ZLWK VSHFWUDO VXEWUDFWLRQ� EXW

QRW WKRVH REWDLQHG ZLWK RXU SURSRVHG PHWKRG� 0RUHRYHU� WKH

HQKDQFHG VSHHFKHV REWDLQHG ZLWK RXU SURSRVHG PHWKRG

GHPRQVWUDWH FODULW\ DQG QDWXUDOQHVV ZKHUHDV WKRVH REWDLQHG ZLWK

WKH $5�EDVHG PHWKRG VRXQG VRPHZKDW GLVWRUWHG DQG

RFFDVLRQDOO\ PXIIOHG� HVSHFLDOO\ IRU YRLFHG VSHHFK�
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1RLV\ VSHHFK ¤� � � ��

D� (QKDQFHG VSHHFK�

VSHFWUDO VXEWUDFWLRQ
¤���� ���� ���� �����

E� (QKDQFHG VSHHFK� $5�

EDVHG PHWKRG ��UG LWHU��
���� ���� ���� �����

F� (QKDQFHG VSHHFK� RXU

SURSRVHG PHWKRG ��UG LWHU��
���� ���� ����� �����

7DEOH �� 615V IRU WKH HQKDQFHG VSHHFKHV REWDLQHG ZLWK D�

VSHFWUDO VXEWUDFWLRQ� E� WKH $5�EDVHG PHWKRG DW WKH �UG LWHUDWLRQ�

DQG F� RXU SURSRVHG PHWKRG DW WKH �UG LWHUDWLRQ�

1H[W� ZH FRPSDUH WKH VSHFWURJUDPV RI WKH HQKDQFHG VSHHFKHV

REWDLQHG ZLWK WKH � PHWKRGV� )LJXUH � VKRZV WKH VSHFWURJUDPV

RI� D� WKH �RULJLQDO� FOHDQ VSHHFK� E� WKH QRLV\ VSHHFK� F� WKH

HQKDQFHG VSHHFK REWDLQHG ZLWK VSHFWUDO VXEWUDFWLRQ� G� WKH

HQKDQFHG VSHHFK REWDLQHG ZLWK WKH $5�EDVHG PHWKRG� DQG H� WKH

HQKDQFHG VSHHFK REWDLQHG ZLWK RXU SURSRVHG PHWKRG� )LUVW� QRWH

WKDW ERWK )LJ� � �H� DQG )LJ� � �G� DSSHDU PXFK ¦FOHDQHU§ DQG

PRUH VLPLODU WR )LJ� � �D� WKDQ )LJ� ��F�� 7KLV LQGLFDWHV WKDW RXU

SURSRVHG PHWKRG DQG WKH $5�EDVHG PHWKRG DUH VXSHULRU WR

VSHFWUDO VXEWUDFWLRQ� 6HFRQG� WKH YRLFHG SDUW RI VSHHFK LQ )LJ� �

�H� DSSHDUV ¦FOHDQHU§ WKDQ WKDW LQ )LJ� � �G�� 7KLUG� WKHUH DUH

VRPH SDUDOOHO ¦VWULSHV§ LQ WKH FOHDQ VSHHFK �VHH )LJ� ��D�� WKDW DUH

PLVVLQJ LQ WKH HQKDQFHG VSHHFKHV REWDLQHG ZLWK VSHFWUDO

VXEWUDFWLRQ DQG WKH $5�EDVHG PHWKRG �VHH )LJ� ��F� DQG �G���

7KLV LQGLFDWHV WKDW WKH VSHHFK KDUPRQLFV ZKLFK FRUUHVSRQG WR WKH

SDUDOOHO ¦VWULSHV§ KDYH EHHQ UHPRYHG� 2Q WKH RWKHU KDQG� PDQ\

RI WKHVH PLVVLQJ SDUDOOHO ¦VWULSHV§ DUH SUHVHQW LQ WKH HQKDQFHG

VSHHFK REWDLQHG ZLWK RXU SURSRVHG PHWKRG �VHH )LJXUH ��H���

,Q VXPPDU\� SHUIRUPDQFH DVVHVVPHQW EDVHG RQ REMHFWLYH

PHDVXUH� VSHFWURJUDP SORWV DQG LQIRUPDO OLVWHQLQJ DOO LQGLFDWH

WKDW RXU PHWKRG LV FRQVLVWHQWO\ JRRG� ,Q SDUWLFXODU� LW SHUIRUPV

EHWWHU WKDQ WKH VSHFWUDO VXEWUDFWLRQ DQG WKH $5�EDVHG PHWKRG�
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)LJ� ��H� (QKDQFHG VSHHFK REWDLQHG ZLWK RXU SURSRVHG PHWKRG

�� 620(5(0$5.6

)LUVW� QRWH WKDW WKH SURSRVHG DOJRULWKP LQYROYHV PXOWLSOLFDWLRQV

RI ODUJH PDWULFHV DQG LV WKXV FRPSXWDWLRQDOO\ H[SHQVLYH� ,Q >�@�

ZH ZLOO SURYLGH DQ DOWHUQDWLYH DOJRULWKP ZKLFK LV

FRPSXWDWLRQDOO\ PRUH HIILFLHQW�

6HFRQG� QRWH WKDW WKH SURSRVHG DOJRULWKP LV EDVHG RQ ZKLWH�

JDXVVLDQ�QRLVH DVVXPSWLRQ� ,Q SUDFWLFH� FRORUHG QRLVH PD\ EH

HQFRXQWHUHG DQG VR WKH SURSRVHG PHWKRG LV QRW GLUHFWO\

DSSOLFDEOH� 2QH ZD\ WR GHDO ZLWK WKLV SUREOHP LV WR PRGHO

FRORUHG QRLVH E\ DQ $5 SURFHVV DQG LQWHJUDWH LW LQWR WKH VWDWH�

VSDFH HTXDWLRQV� 7KH SURSRVHG DOJRULWKP FDQ WKHQ EH DGDSWHG WR

FDWHU IRU FRORUHG QRLVH�

5()(5(1&(6

>�@ .�.� 3DOLZDO DQG $� %DVX� ¦$ 6SHHFK (QKDQFHPHQW 0HWKRG

%DVHG RQ .DOPDQ )LOWHULQJ�§ ,&$663���� SS��������� �����

>�@ -�'� *LEVRQ� %� .RR DQG 6�'� *UD\� ¦)LOWHULQJ RI &RORUHG

1RLVH IRU 6SHHFK (QKDQFHPHQW DQG &RGLQJ�§ ,((( 7UDQV�

6LJQDO 3URFHVVLQJ� YRO� ��� SS����������� $XJ� �����

>�@ -�6� /LP DQG $�9� 2SSHQKHLP� ¦(QKDQFHPHQW DQG

%DQGZLGWK &RPSUHVVLRQ RI 1RLV\ 6SHHFK�§ 3URF� ,(((�

YRO� ��� SS� ���������� 'HF� �����

>�@ =� *RK� .��&� 7DQ DQG %�7�*� 7DQ� ¦.DOPDQ�)LOWHULQJ

6SHHFK (QKDQFHPHQW 0HWKRG %DVHG RQ D 9RLFHG�8QYRLFHG

6SHHFK 0RGHO�§ VXEPLWWHG WR ,((( 7UDQV� 6$3�

>�@ /� 5� 5DELQHU DQG 5� :� 6FKDIHU� 'LJLWDO 3URFHVVLQJ RI

6SHHFK 6LJQDOV� 3UHQWLFH�+DOO� �����

SDUDOOHO ¦VWULSHV§ �VSHHFK KDUPRQLFV�

YRLFHG VSHHFK LV FOHDQ

SDUDOOHO ¦VWULSHV§ UHPRYHG

SDUDOOHO ¦VWULSHV§ DOVR UHPRYHG

SDUDOOHO ¦VWULSHV§ QRW UHPRYHG

YRLFHG VSHHFK LV QRLV\


