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'HFODUDWLRQ

, GHFODUH WKDW WKLV GLVVHUWDWLRQ LV P\ RZQ� XQDLGHG ZRUN� ,W LV EHLQJ VXEPLWWHG IRU WKH

GHJUHH RI0DVWHU RI 6FLHQFH LQ (QJLQHHULQJ DW WKH 8QLYHUVLW\ RI &DSH 7RZQ� ,W KDV QRW

EHHQ VXEPLWWHG EHIRUH IRU DQ\ GHJUHH RU H[DPLQDWLRQ DW DQ\ RWKHU XQLYHUVLW\�

&DSH 7RZQ� � -XQH ����
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$EVWUDFW

7KH VFRSH RI WKLV WKHVLV SURMHFW LV WKH GHVLJQ DQG LPSOHPHQWDWLRQ RI D GLJLWDO TXDGUDWXUH

GHPRGXODWRU IRU D VWHSSHG IUHTXHQF\ JURXQG SHQHWUDWLQJ UDGDU� 7KLV GLVVHUWDWLRQ

SUHVHQWV D WKHRUHWLFDO PRGHO RI WKH GHPRGXODWRU� VLPXODWLRQV FKDUDFWHULVLQJ WKH

GHPRGXODWRU SHUIRUPDQFH� DV ZHOO DV WKH GHVLJQ� FRQVWUXFWLRQ� DQG PHDVXUHPHQW RI WKH

SURWRW\SH GHPRGXODWRU�

7KH GHPRGXODWRU HVWLPDWHV WKH DPSOLWXGH DQG SKDVH RI WKH LQWHUPHGLDWH IUHTXHQF\

VLJQDO RI D WLPH�LQWHUOHDYHG GXDO�FKDQQHO KHWHURG\QH UDGDU UHFHLYHU� $ GHPRGXODWRU

PRGHO LV GHYHORSHG IURP D VXUYH\ RI WKH UHOHYDQW OLWHUDWXUH� SD\LQJ SDUWLFXODU DWWHQWLRQ

WR HUURUV LQWURGXFHG LQ VDPSOLQJ� 6LPXODWLRQV SUHGLFW WKH GHPRGXODWRU SHUIRUPDQFH LQ

WKH UDGDU V\VWHP� VXJJHVWLQJ FRKHUHQW LQWHJUDWLRQ LPSURYHV DFFXUDF\ E\ UHGXFLQJ WKH

HIIHFW RI UDQGRP VDPSOLQJ HUURUV� 7KH GHVLJQ RI WKH SURWRW\SH DQG FKDUDFWHULVDWLRQ RI

LWV SHUIRUPDQFH DUH EULHÀ\ UHSRUWHG�

0HDVXUHPHQWV FRQ¿UPHG WKDW FRKHUHQW LQWHJUDWLRQ LQFUHDVHG WKH GHPRGXODWRU

DFFXUDF\� 7LPLQJ MLWWHU ZDV IRXQG WR EH WKH PRVW VLJQL¿FDQW FDXVH RI HUURU� GXH WR

SKDVH QRLVH LQ WKH ,) VLJQDO� 7KH VLPXODWLRQV SUHGLFWHG WKDW WKH GHPRGXODWRU ZRXOG

QRW PHHW WKH VSHFL¿HG SHUIRUPDQFH� PHDVXUHPHQW GHWHUPLQHG WKH SURWRW\SH¶V DFFXUDF\

WR EH ZLWKLQ VSHFL¿FDWLRQ� DOWKRXJK WKH WHVW VLJQDOV ZHUH RI KLJKHU TXDOLW\ WKDQ WKH

H[SHFWHG UDGDU ,) VLJQDO�
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$FNQRZOHGJHPHQWV

, ZRXOG OLNH WR WKDQN P\ VXSHUYLVRU� 3URIHVVRU 0LFKDHO ,QJJV� IRU KLV DGYLFH� ,

DOVR ZLVK WR WKDQN 'U $ODQ /DQJPDQ IRU KLV JXLGDQFH RQ WHFKQLFDO PDWWHUV� 7KDQNV

DOVR WR 2SHQ)XHO �3W\� /WG DQG WKH 6$ 1DWLRQDO 'HIHQFH )RUFH IRU WKHLU ¿QDQFLDO

VXSSRUW� , ZLVK WR WKDQN P\ IHOORZ�PHPEHUV RI WKH 5DGDU 5HPRWH 6HQVLQJ *URXS IRU

WKHLU IULHQGVKLS DQG DVVLVWDQFH� LQ SDUWLFXODU 7KRPDV %HQQHWW� *UDQW &DUWHU� DQG /HRQ

$OH[DQGHU� )LQDOO\� , DP JUDWHIXO WR P\ IDPLO\ IRU WKH ORYH DQG VXSSRUW H[WHQGHG WR PH

RYHU WKH ODVW �� \HDUV� ZKLFK PDGH LW DOO ZRUWKZKLOH�
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1RPHQFODWXUH

$'& � $QDORJXH�WR�GLJLWDO FRQYHUWHU

$+'/ � $QDORJXH KDUGZDUH GHVLJQ ODQJXDJH

&3/' � &RPSOH[ SURJUDPPDEOH ORJLF GHYLFH

'DFV � 'DWD FDSWXUH V\VWHP

GF � GLUHFW FXUUHQW

'1/ � GLIIHUHQWLDO QRQOLQHDULW\

)3*$ � ¿HOG SURJUDPPDEOH JDWH DUUD\

*35 � JURXQG SHQHWUDWLQJ UDGDU

, � LQ�SKDVH

,& � LQWHJUDWHG FLUFXLW

,) � LQWHUPHGLDWH IUHTXHQF\

-7$* � -RLQW 7HVW $FFHVV *URXS

4 � TXDGUDWXUH

/2 � ORFDO RVFLOODWRU

/26 � ORFDO RVFLOODWRU V\QWKHVL]HU

2SDPS � RSHUDWLRQDO DPSOL¿HU

3& � SHUVRQDO FRPSXWHU

5) � UDGLR IUHTXHQF\

UPV � URRW PHDQ VTXDUH

55, � UDPS UHSHWLWLRQ LQWHUYDO

6)&: � VWHSSHG IUHTXHQF\ FRQWLQXRXV ZDYH

615 � VLJQDO�WR�QRLVH UDWLR

65$0 � VWDWLF UDQGRP DFFHVV PHPRU\

7;6 � WUDQVPLW V\QWKHVL]HU

9+'/ � 9HU\ +LJK 6SHHG ,QWHJUDWHG &LUFXLW 'HVLJQ /DQJXDJH
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7DEOH RI &RQWHQWV

/LVW RI )LJXUHV YLL

/LVW RI 7DEOHV YLLL

� ,QWURGXFWLRQ �

��� 6XPPDU\ �

��� *URXQG SHQHWUDWLQJ UDGDU UHVHDUFK DW 8&7 �

��� 'LVVHUWDWLRQ RXWOLQH �

� /LWHUDWXUH UHYLHZ� GLJLWDO TXDGUDWXUH GHPRGXODWLRQ �

��� $UFKLWHFWXUH DQG RSHUDWLRQ RI 6)&: UDGDU V\VWHPV �

��� 'LJLWDO TXDGUDWXUH GHPRGXODWLRQ �

��� 0RGHOOLQJ WKH GLJLWDO TXDGUDWXUH GHPRGXODWRU ��

��� 6XPPDU\ ��

� 6LPXODWLQJ WKH GLJLWDO TXDGUDWXUH GHPRGXODWRU ��

��� 7KH GLJLWDO TXDGUDWXUH GHPRGXODWRU PRGHO ��

��� 6LPXODWLQJ WKH GHPRGXODWRU ZLWK LQGLYLGXDO HUURU VRXUFHV ��

��� 6LPXODWLQJ WKH FRPSOHWH GHPRGXODWRU ��

��� 6XPPDU\ ��

� 'HVLJQ DQG LPSOHPHQWDWLRQ RI WKH SURWRW\SH ��

��� 'DFV LQ FRQWH[W RI UDGDU DUFKLWHFWXUH ��

��� 6WDWHPHQW RI NH\ XVHU UHTXLUHPHQWV ��

��� 6\VWHP GHVLJQ ��

��� +DUGZDUH GHVLJQ DQG LPSOHPHQWDWLRQ ��

��� 3URJUDPPDEOH ORJLF GHVLJQ DQG LPSOHPHQWDWLRQ ��

��� 6RIWZDUH GHVLJQ DQG LPSOHPHQWDWLRQ ��

��� 0HDVXULQJ WKH SHUIRUPDQFH RI WKH GHPRGXODWRU SURWRW\SH ��

��� 6XPPDU\ ��

� 6XPPDU\ ��

��� $QDO\VLV RI UHVXOWV ��

��� 6XPPDU\ ��

��� &RQFOXVLRQV ��

��� 5HFRPPHQGDWLRQV ��

$ 6LPXODWLRQ RI WKH GHPRGXODWRU ��
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$�� 'LJLWDO TXDGUDWXUH GHPRGXODWRU PRGHO ��

$�� 6LPXODWLRQ SDUDPHWHUV ��

% 0LFURFRQWUROOHU VRIWZDUH WRROV ��

%�� 6RIWZDUH OLEUDULHV DQG WRROV ��

%�� &URVV�FRPSLOLQJ WKH VRIWZDUH ��

%�� 3URJUDPPLQJ WKH ÀDVK PHPRU\ ��

& 7HVWLQJ WKH KDUGZDUH DQG VRIWZDUH ��

&�� +DUGZDUH WHVWV ��

&�� )LUPZDUH WHVWV ��

&�� 6RIWZDUH WHVWV ��

%LEOLRJUDSK\ ��



YLL

/LVW RI )LJXUHV

� ,QSXWV DQG RXWSXWV RI WKH GLJLWDO TXDGUDWXUH GHPRGXODWRU � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� %ORFN GLDJUDP RI WKH 'DFV ERDUG � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� 6WHSSHG IUHTXHQF\ FRQWLQXRXV UDGDU ZDYHIRUP � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� $UFKLWHFWXUH RI WKH 9HQXV 6)&: UDGDU V\VWHP � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� 6LJQDO ÀRZ LQ WKH GLJLWDO TXDGUDWXUH GHPRGXODWRU � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� (UURUV LQ WKH , DQG 4 FRPSRQHQWV WUDQVODWH LQWR DPSOLWXGH DQG SKDVH HUURUV � � � � � � � � � � � � � � �

� 7KH FORFN HGJH DVVRFLDWHG ZLWK WKH VDPSOH V>�@ LV DPELJXRXV � � � � � � � � � � � � � � � � � � � � � � � � � �

� +LJK�OHYHO EORFN GLDJUDP RI WKH GHPRGXODWRU � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� $SHUWXUH GHOD\ LQWURGXFHV DQ HUURU LQWR WKH VDPSOHG YROWDJH � � � � � � � � � � � � � � � � � � � � � � � � � � ��

�� %ORFN GLDJUDP RI WKH GHPRGXODWRU PRGHO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

�� 6LPXODWHG UPV DPSOLWXGH HUURU YHUVXV FRKHUHQW LQWHJUDWLRQ IDFWRU IRU ���ELW TXDQWL]HU � � � � � ��

�� 6LPXODWHG UPV SKDVH HUURU YHUVXV FRKHUHQW LQWHJUDWLRQ IDFWRU IRU ���ELW TXDQWL]HU � � � � � � � � � ��

�� 6LPXODWHG UPV DPSOLWXGH HUURU YHUVXV FRKHUHQW LQWHJUDWLRQ IDFWRU IRU 615 �� G% � � � � � � � � ��

�� 6LPXODWHG UPV SKDVH HUURU YHUVXV FRKHUHQW LQWHJUDWLRQ IDFWRU IRU 615  �� G% � � � � � � � � � � � ��

�� 6LPXODWHG UPV DPSOLWXGH HUURU YHUVXV FRKHUHQW LQWHJUDWLRQ IDFWRU IRU 615 �� G% � � � � � � � � ��

�� 6LPXODWHG UPV SKDVH HUURU YHUVXV FRKHUHQW LQWHJUDWLRQ IDFWRU IRU 615 �� G% � � � � � � � � � � � � ��

�� 6LPXODWHG UPV DPSOLWXGH HUURU YHUVXV FRKHUHQW LQWHJUDWLRQ IDFWRU IRU ���ELW TXDQWL]HU � � � � � ��

�� 6LPXODWHG UPV SKDVH HUURU YHUVXV FRKHUHQW LQWHJUDWLRQ IDFWRU IRU ���ELW TXDQWL]HU � � � � � � � � � ��

�� 6LPXODWHG UPV DPSOLWXGH HUURU YHUVXV � IRU j ! ' �%�f " #
� � � � � � � � � � � � � � � � � � � � � � � � � � � ��

�� 6LPXODWHG UPV SKDVH HUURU YHUVXV � IRU j $ ' �%�f % #
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

�� 6LPXODWHG UPV DPSOLWXGH HUURU� DPSOLWXGH  ��� P9& ' ( ) ' DQG 615  �� G% � � � � � � � � � � � � ��

�� 6LPXODWHG UPV SKDVH HUURU� DPSOLWXGH  ��� P9) ' ( ) ' DQG 615  �� G% � � � � � � � � � � � � � � � ��

�� 6LPXODWHG UPV DPSOLWXGH HUURU� DPSOLWXGH  ��� >9* + , * + DQG 615  �� G% � � � � � � � � � � � � ��

�� 6LPXODWHG UPV SKDVH HUURU� DPSOLWXGH  ��� >9* + , * + DQG 615  �� G% � � � � � � � � � � � � � � � � ��

�� $UFKLWHFWXUH RI WKH 9HQXV UDGDU V\VWHP � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

�� )XQFWLRQ EORFNV RI WKH GDWD FDSWXUH V\VWHP � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

�� %ORFN GLDJUDP RI WKH 'DFV KDUGZDUH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

�� %ORFN GLDJUDP RI WKH 9+'/ FRGH IRU WKH )3*$ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

�� 7LPLQJ RI DFFXPXODWRU ZULWH VLJQDOV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

�� 7LPLQJ RI WKH DFFXPXODWRU FOHDU DQG PHPRU\ ZULWH VLJQDOV � � � � � � � � � � � � � � � � � � � � � � � � � � ��

�� 6WDWH PDFKLQH UHSUHVHQWDWLRQ RI WKH )3*$ V\VWHP FRQWUROOHU � � � � � � � � � � � � � � � � � � � � � � � � � ��

�� 6RIWZDUH LV SDUWLWLRQHG EHWZHHQ WKH $7�� PLFURFRQWUROOHU DQG D 3& � � � � � � � � � � � � � � � � � � � ��

�� 6HTXHQFH RI VRIWZDUH FRRSHUDWLRQ EHWZHHQ 3& DQG PLFURFRQWUROOHU � � � � � � � � � � � � � � � � � � � � ��

�� 'LDJUDP RI WKH WHVW VHWXS� VKRZLQJ FORFN IUHTXHQF\ IRU VXEVDPSOLQJ LQDFWLYH � � � � � � � � � � � � ��

�� 5DWLR RI GHPRGXODWRU RXWSXW DPSOLWXGH WR LQSXW VLJQDO DPSOLWXGH � � � � � � � � � � � � � � � � � � � � � ��

�� 'LIIHUHQFH LQ RXWSXW DPSOLWXGH EHWZHHQ FRQVHFXWLYH LQSXW DPSOLWXGH VWHSV � � � � � � � � � � � � � � ��

�� 'LIIHUHQFH LQ SKDVH RXWSXW VWHS VL]H EHWZHHQ FRQVHFXWLYH SKDVH VWHSV � � � � � � � � � � � � � � � � � � ��

��0HDVXUHG UPV DPSOLWXGH HUURU YHUVXV FRKHUHQW LQWHJUDWLRQ IDFWRU � � � � � � � � � � � � � � � � � � � � � � ��

��0HDVXUHG UPV SKDVH HUURU YHUVXV FRKHUHQW LQWHJUDWLRQ IDFWRU � � � � � � � � � � � � � � � � � � � � � � � � � ��

�� 5PV DPSOLWXGH HUURU YHUVXV FRKHUHQW LQWHJUDWLRQ IDFWRU� IRU � ' D � � � � � � � � � � � � � � � � � � � � ��

�� 5PV SKDVH HUURU YHUVXV FRKHUHQW LQWHJUDWLRQ IDFWRU� IRU � ' D � � � � � � � � � � � � � � � � � � � � � � � � ��

��0HDQ RXWSXW DPSOLWXGH RI ��� HQVHPEOHV� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��



YLLL

/LVW RI 7DEOHV

� 7KUHVKROG 615 DQG TXDQWL]DWLRQ QRLVH ÀRRU DJDLQVW QXPEHU RI ELWV � � � � � � � � � � � � � � � � � � � � ��

� 6LPXODWHG UPV HUURUV IRU �� G% 615 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 5PV HUURU YDOXHV IRU LQSXW DPSOLWXGH RI ��� P9 DQG WLPLQJ MLWWHU VWG� GHY� RI � QV � � � � � � � � ��

� 5PV HUURU YDOXHV IRU LQSXW DPSOLWXGH RI ��� X9 DQG WLPLQJ MLWWHU VWG� GHY� RI � QV � � � � � � � � ��

� (IIHFW RI FRKHUHQW LQWHJUDWLRQ RQ DPSOLWXGH HUURU IRU GLIIHUHQW LQSXW DPSOLWXGHV � � � � � � � � � � ��

� (IIHFW RI VXEVDPSOLQJ RQ DPSOLWXGH HUURU � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� (IIHFW RI VXEVDPSOLQJ RQ SKDVH HUURU � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 6LPXODWHG SHUIRUPDQFH FRPSDUHG WR VSHFL¿FDWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 0HDVXUHG SHUIRUPDQFH FRPSDUHG WR VSHFL¿FDWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��



�

&KDSWHU �

,QWURGXFWLRQ

��� 6XPPDU\

7KH VFRSH RI WKLV 06F SURMHFW LV WKH GHVLJQ DQG LPSOHPHQWDWLRQ RI D GLJLWDO TXDGUDWXUH

GHPRGXODWRU IRU D QHZ JURXQG SHQHWUDWLQJ UDGDU� NQRZQ DV 9HQXV� ZKLFK LV DQ XSJUDGH RI DQ

H[LVWLQJ UDGDU� 0HUFXU\% >�@� 7KH GHPRGXODWRU LV RQH PRGXOH RI WKH GDWD FDSWXUH V\VWHP�

DEEUHYLDWHG WR 'DFV� ZKLFK LV DOVR UHVSRQVLEOH IRU FRQWUROOLQJ WKH UDGDU DQG FRPPXQLFDWLQJ ZLWK

H[WHUQDO FRPSXWHUV�

)LJXUH �� ,QSXWV DQG RXWSXWV RI WKH GLJLWDO TXDGUDWXUH GHPRGXODWRU

$ PRGHO RI WKH TXDGUDWXUH GHPRGXODWRU ZDV GHYHORSHG IURP WKH OLWHUDWXUH� DQG ZDV VLPXODWHG

XVLQJ WKH 0RQWH &DUOR WHFKQLTXH� 7KH VLPXODWLRQV HVWLPDWHG WKH FRQWULEXWLRQ RI YDULRXV HUURU

PHFKDQLVPV DQG JDXJHG WKH HIIHFWLYHQHVV RI FRKHUHQW LQWHJUDWLRQ LQ LPSURYLQJ WKH DFFXUDF\ RI WKH

GHPRGXODWRU RXWSXW� 'HPRGXODWRU SHUIRUPDQFH LQ WKH UDGDU V\VWHP ZDV SUHGLFWHG E\ VLPXODWLRQ�

$ ZRUNLQJ SURWRW\SH ZDV SURGXFHG� )LJXUH � LV D V\VWHP EORFN GLDJUDP� 7KH SURWRW\SH

GHPRGXODWRU SHUIRUPDQFH ZDV WHVWHG� DQG IRXQG WR VDWLVI\ WKH VSHFL¿FDWLRQV� DOWKRXJK WKH VLJQDO

JHQHUDWRUV XVHG LQ WKH WHVWV OLPLWHG WKH SUHFLVLRQ RI WKH UHVXOWV�

7KH PRVW VLJQL¿FDQW FRQFOXVLRQ LV WKDW SKDVH QRLVH LQ WKH UDGDU UHFHLYHU¶V ,) VLJQDO OLPLWV WKH

GHPRGXODWRU DFFXUDF\� ZKLFK H[FHHGV WKH VSHFL¿HG HUURU DOORZDQFH�

��� *URXQG SHQHWUDWLQJ UDGDU UHVHDUFK DW 8&7

*URXQG SHQHWUDWLQJ UDGDU �*35� LV D VHQVLQJ WHFKQLTXH WKDW XVHV HOHFWURPDJQHWLF HQHUJ\ WR

SURGXFH DQ LPDJH RI DQ XQGHUJURXQG WDUJHW DUHD >�@� 7KH UDGDU LV XVXDOO\ LQ FORVH FRQWDFW ZLWK

WKH HDUWK¶V VXUIDFH� ORRNLQJ LQWR WKH JURXQG� RU LW PD\ EH SODFHG LQ D ERUHKROH RU PLQHVKDIW�

*URXQG SHQHWUDWLQJ UDGDU LV FRPPRQO\ XVHG LQ ODQGPLQH GHWHFWLRQ� PLQLQJ� FLYLO HQJLQHHULQJ� DQG

DUFKHRORJ\ >�@>�@�



�

)LJXUH �� %ORFN GLDJUDP RI WKH 'DFV ERDUG

7KH 5DGDU 5HPRWH 6HQVLQJ *URXS �556*� DW WKH 8QLYHUVLW\ RI &DSH 7RZQ EHJDQ UHVHDUFKLQJ

JURXQG SHQHWUDWLQJ UDGDU LQ ���� >�@� DQG KDV GHYHORSHG D UDGDU V\VWHP XVLQJ D VWHSSHG IUHTXHQF\

FRQWLQXRXV ZDYH DUFKLWHFWXUH� KRXVHG LQ D SRUWDEOH HQFORVXUH >�@>�@� 7KH FXUUHQW YHUVLRQ RI WKLV

UDGDU V\VWHP LV GHVLJQDWHG 0HUFXU\%� DQG LV WR EH VXSHUFHGHG E\ D QHZ� XSJUDGHG GHVLJQ� 9HQXV�

7KH 'DFV ERDUG� FRQWDLQLQJ WKH GLJLWDO TXDGUDWXUH GHPRGXODWRU� LV RQH PRGXOH RI WKLV UDGDU�

7KH 0HUFXU\% UDGDU KDUGZDUH KDV D PRGXODU GHVLJQ� ZLWK V\QWKHVL]HU PRGXOHV RSHUDWLQJ RYHU

WKH EDQGV ��� WR ����� 0+] >�@ DQG ��� WR ����� 0+]� $ 3&� FRPPXQLFDWLQJ ZLWK WKH UDGDU

RYHU D ¿EUH�RSWLF GDWD OLQN� DFWV DV DQ RSHUDWRU LQWHUIDFH� DOORZLQJ IRU FRQ¿JXUDWLRQ RI WKH WKH

UDGDU� PHDVXUHPHQW FDSWXUH� DQG SURFHVVLQJ� GLVSOD\� DQG VWRUDJH RI WKH FDSWXUHG GDWD� 7KH UDGDU

GDWD FDQ EH GLVWULEXWHG RYHU D QHWZRUN� REVHUYHUV DW UHPRWH VWDWLRQV FDQ UHFHLYH WKH GDWD VWUHDP

IRU LQGLYLGXDO SURFHVVLQJ DQG LQWHUSUHWDWLRQ >�@�

7KH VXLWDELOLW\ RI WKH 0HUFXU\% *35 V\VWHP IRU YDULRXV DSSOLFDWLRQV� VXFK DV VXUYH\LQJ EXULHG

FLYLO HQJLQHHULQJ VWUXFWXUHV DQG GHWHFWLRQ RI QRQ�PHWDOOLF ODQGPLQHV KDV EHHQ H[DPLQHG LQ VHYHUDO

¿HOG WULDOV >�@�

��� 'LVVHUWDWLRQ RXWOLQH

7KLV GLVVHUWDWLRQ GHVFULEHV WZR UHODWHG ZRUN DUHDV� WKH GHVLJQ� FRQVWUXFWLRQ� DQG WHVWLQJ RI WKH

QHZ 'DFV FLUFXLW ERDUG� DQG WKH GHYHORSPHQW DQG VLPXODWLRQ RI D WKHRUHWLFDO PRGHO RI WKH GLJLWDO

TXDGUDWXUH GHPRGXODWRU�
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&KDSWHU � LV WKH OLWHUDWXUH UHYLHZ DQG VKRZV WKH WRS�GRZQ GHYHORSPHQW RI D EHKDYLRXUDO PRGHO

IRU WKH GLJLWDO TXDGUDWXUH GHPRGXODWRU� 7KH GHPRGXODWRU LV SODFHG LQ WKH FRQWH[W RI WKH 9HQXV

VWHSSHG IUHTXHQF\ FRQWLQXRXV ZDYH UDGDU V\VWHP� HPSKDVL]LQJ WKH PHDVXUHPHQW RI UHODWLYH SKDVH

XVLQJ WZR WLPH�LQWHUOHDYHG FKDQQHOV� $ VLPSOH DUFKLWHFWXUH IRU D GLJLWDO TXDGUDWXUH GHPRGXODWRU

WKDW H[SORLWV WKH 6)&: ZDYHIRUP LV VKRZQ� WKHQ WKH LPSOHPHQWDWLRQ RI WKH GHPRGXODWRU XVLQJ

UHDO FRPSRQHQWV LV H[DPLQHG� &RKHUHQW LQWHJUDWLRQ LV H[DPLQHG DV D WHFKQLTXH WR LPSURYH WKH

GHPRGXODWRU DFFXUDF\�

&KDSWHU � GLVFXVVHV WKH VLPXODWLRQ RI WKH GHPRGXODWRU PRGHO XVLQJ WKH 0RQWH &DUOR WHFKQLTXH�

7KH VLJQL¿FDQW FRQWULEXWRUV WR GHPRGXODWRU HUURU DUH H[DPLQHG LQGLYLGXDOO\ DQG WKHLU HIIHFW RQ

WKH RXWSXW HUURU HVWLPDWHG� WKH SRWHQWLDO LPSURYHPHQW DYDLODEOH WKURXJK FRKHUHQW LQWHJUDWLRQ LV

DVVHVVHG� 7KH PRGHO SDUDPHWHUV DUH WKHQ VHW WR PDWFK WKH SURWRW\SH GHPRGXODWRU DQG WKH DFWXDO

UDGDU VLJQDOV� 6LPXODWLRQV XVLQJ WKLV PRGHO SUHGLFW WKH SHUIRUPDQFH RI WKH GHPRGXODWRU LQ WKH

UDGDU V\VWHP�

&KDSWHU � LV DQ RYHUYLHZ RI WKH GHVLJQ DQG GHYHORSPHQW RI WKH FLUFXLW ERDUG� SURJUDPPDEOH

ORJLF� DQG VRIWZDUH� DQG EHJLQV ZLWK D EULHI UHTXLUHPHQWV DQDO\VLV� 7KH FKDSWHU WKHQ VKRZV WKH

FRQFHSWXDO GHVLJQ RI WKH GDWD FDSWXUH V\VWHP� DQG FRQFLVHO\ H[SODLQV WKH GHVLJQ RI WKH KDUGZDUH�

SURJUDPPDEOH ORJLF� DQG VRIWZDUH� 7KH UHVXOWV RI SHUIRUPDQFH WHVWV RQ WKH GHPRGXODWRU FRPSOHWH

WKH FKDSWHU � WKH LPSUHFLVLRQ RI WKH VLJQDO JHQHUDWRUV OLPLWHG WKH YDOXH RI WKHVH WHVWV�

7KH ¿QDO FKDSWHU SUHVHQWV DQ DQDO\VLV RI WKH VLPXODWLRQV DQG PHDVXUHPHQWV RI WKH SURWRW\SH

GHPRGXODWRU SHUIRUPDQFH� 6LPXODWLRQV RI WKH GHPRGXODWRU LQ WKH UDGDU V\VWHP VKRZ WKDW

SKDVH QRLVH LQ WKH ,) VLJQDO FDXVHV WKH GHPRGXODWRU HUURU WR H[FHHG WKH VSHFL¿HG OLPLWV� 7KH

PHDVXUHPHQWV GHPRQVWUDWH DFKLHYHG SHUIRUPDQFH ZLWKLQ WKH WROHUDEOH OLPLWV� DOWKRXJK WKH WHVW

VLJQDOV KDG ORZHU SKDVH QRLVH WKDQ WKH UDGDU ,) VLJQDO� $ EULHI VXPPDU\ RI WKH PDLQ UHVXOWV LV

IROORZHG E\ WKH FRQFOXVLRQV DQG UHFRPPHQGDWLRQV IRU IXWXUH ZRUN�

$SSHQGL[ $ VKRZV WKH GHULYDWLRQV RI VRPH RI WKH VLPXODWLRQ SDUDPHWHUV� DQG OLVWV WKH

SDUDPHWHUV XVHG IRU HDFK VHULHV RI VLPXODWLRQV� $SSHQGL[ % H[SODLQV WKH WRROV XVHG WR FRPSLOH WKH

PLFURFRQWUROOHU VRIWZDUH DQG SURJUDP WKH ÀDVK PHPRU\ RQ WKH SURWRW\SH� $SSHQGL[ & GHVFULEHV

WKH WHVWV SHUIRUPHG RQ WKH SURWRW\SH KDUGZDUH� VRIWZDUH� DQG SURJUDPPDEOH ORJLF�
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&KDSWHU �

/LWHUDWXUH UHYLHZ� GLJLWDO TXDGUDWXUH

GHPRGXODWLRQ

7KLV FKDSWHU LV DQ RYHUYLHZ RI WKH OLWHUDWXUH UHOHYDQW WR WKH GHVLJQ DQG LPSOHPHQWDWLRQ RI D GLJLWDO

TXDGUDWXUH GHPRGXODWRU IRU D VWHSSHG IUHTXHQF\ FRQWLQXRXV ZDYH UDGDU V\VWHP� DQG IRFXVVHV RQ

GLJLWLVDWLRQ RI WKH ,) VLJQDO DQG WKH DWWHQGDQW LPSHUIHFWLRQV�

��� $UFKLWHFWXUH DQG RSHUDWLRQ RI 6)&: UDGDU V\VWHPV

����� 6WHSSHG IUHTXHQF\ FRQWLQXRXV ZDYH UDGDU

7KH VWHSSHG IUHTXHQF\ ZDYHIRUP FRQVLVWV RI D VHTXHQFH RI GLVFUHWH� XVXDOO\ HTXDOO\�VSDFHG

IUHTXHQFLHV� HDFK WUDQVPLWWHG IRU D ¿[HG WLPH� NQRZQ DV WKH GZHOO WLPH� A - . / 0 0 >�@� 7KH UDPS

UHSHWLWLRQ LQWHUYDO LV VLPSO\ WKH QXPEHU RI IUHTXHQF\ VWHSV ? PXOWLSOLHG E\ WKH GZHOO WLPH�

)LJXUH �� 6WHSSHG IUHTXHQF\ FRQWLQXRXV UDGDU ZDYHIRUP

2QH PHWKRG IRU WKH VWHSSHG IUHTXHQF\ SURFHVVRU WR FRQVWUXFW D V\QWKHWLF UDQJH SUR¿OH LV E\

SHUIRUPLQJ DQ LQYHUVH )DVW )RXULHU 7UDQVIRUP RQ WKH UHFHLYHG ZDYHIRUP >�@� 7KH V\QWKHWLF UDQJH

SUR¿OH LV VLPLODU WR WKH UDQJH GLVSOD\ SURGXFHG E\ FRQYHQWLRQDO SXOVH UDGDUV�

����� 7KH 0HUFXU\ DQG 9HQXV 6)&: JURXQG SHQHWUDWLQJ UDGDU V\VWHPV

7KH 9HQXV UDGDU ZDV XQGHU FRQVWUXFWLRQ DW WKH WLPH RI ZULWLQJ� VR WKLV GLVVHUWDWLRQ ZLOO UHIHU

WR LWV SUHGHFHVVRU� 0HUFXU\� DV WKH VDPH SULQFLSOHV DSSO\ WR ERWK UDGDUV� 7KH 0HUFXU\ JURXQG

SHQHWUDWLQJ UDGDU V\VWHP GHWHFWV WKH 6)&: SXOVH XVLQJ D KHWHURG\QH UHFHLYHU >�@� 7KH UHFHLYHG
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)LJXUH �� $UFKLWHFWXUH RI WKH 9HQXV 6)&: UDGDU V\VWHP

VLJQDO LV GRZQFRQYHUWHG E\ PL[LQJ LW ZLWK WKH ORFDO RVFLOODWRU �/2� VLJQDO� SURGXFLQJ DQ

LQWHUPHGLDWH IUHTXHQF\ �,)� VLJQDO DW � 0+]� ZLWK D EDQGZLGWK RI ��� N+] >�@�

7KH WUDQVPLW IUHTXHQF\ RI WKH 0HUFXU\ UDGDU UDQJHV IURP ��� WR ����� 0+]� RU ��� WR �����

0+]� GHSHQGLQJ RQ ZKLFK V\QWKHVL]HU PRGXOHV KDYH EHHQ LQVWDOOHG >�@� 7KH 5) FRPSRQHQWV XVHG

LQ WKH WUDQVPLWWHU DQG UHFHLYHU GR QRW KDYH OLQHDU DPSOLWXGH DQG SKDVH UHVSRQVHV RYHU WKH RSHUDWLQJ

EDQGZLGWK� FRUUXSWLQJ WKH V\QWKHWLF UDQJH SUR¿OH >�@� 7KH SUREOHP LV VROYHG E\ HPSOR\LQJ D

WLPH�LQWHUOHDYHG KHWHURG\QH DUFKLWHFWXUH� WKHUH LV DQ H[WUD FKDQQHO EHWZHHQ WKH WUDQVPLWWHU DQG

UHFHLYHU� 7KH VLJQDO WKURXJK WKLV H[WUD FKDQQHO FRQWDLQV WKH VDPH FRUUXSWLRQV DV WKH VLJQDO WKURXJK

WKH WUDQVPLW�UHFHLYH FKDQQHO� DQG LV XVHG DV D FDOLEUDWLRQ VLJQDO� DOORZLQJ WKH DPSOLWXGH DQG SKDVH

QRQOLQHDULWLHV LQ WKH UHFHLYHG VLJQDO WR EH UHPRYHG >�@� 7KH WLPH LQWHUOHDYLQJ LV LPSOHPHQWHG E\

VZLWFKHV� DV VKRZQ LQ )LJXUH ��

��� 'LJLWDO TXDGUDWXUH GHPRGXODWLRQ

7UDGLWLRQDO GHPRGXODWLRQ VFKHPHV GHULYH WKH LQ�SKDVH DQG TXDGUDWXUH �, DQG 4� FRPSRQHQWV E\

GHPRGXODWLRQ WR EDVHEDQG E\ WZR RVFLOODWRU VLJQDOV VHSDUDWHG E\ 1 2 UDG �L�H� LQ TXDGUDWXUH�� HDFK

,) VLJQDO LV WKHQ ¿OWHUHG LQGLYLGXDOO\ DQG VDPSOHG E\ D VHSDUDWH $'& >�@� 7KH FRPSRQHQWV RI WKH

WZR FKDQQHOV DUH QRW SHUIHFWO\ PDWFKHG DQG LQWURGXFH DQ LPEDODQFH EHWZHHQ WKH FKDQQHOV� ZKLFK

FDQ FDXVH SKDVH HUURUV DV KLJK DV � WR � GHJUHHV >��@� ,Q GLUHFW GLJLWDO GHPRGXODWLRQ� KRZHYHU�

WKH GRZQFRQYHUWHG FDUULHU VLJQDO LV GLJLWLVHG DW D UDWH H[FHHGLQJ WKH 1\TXLVW UDWH� DIWHU ZKLFK WKH
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GLJLWDO VLJQDO LV GHPRGXODWHG E\ WZR GLJLWDO ¿OWHUV� 7KH FKDQQHO LPEDODQFHV QR ORQJHU H[LVW� VLQFH

WKH , DQG 4 FKDQQHO VDPSOHV SDVV WKURXJK WKH VDPH DQDORJXH FRPSRQHQWV >��@�

����� $UFKLWHFWXUH RI D VLPSOH GLJLWDO TXDGUDWXUH GHPRGXODWRU

)LJXUH �� 6LJQDO ÀRZ LQ WKH GLJLWDO TXDGUDWXUH GHPRGXODWRU

$ VLPSOH V\VWHP IRU GLJLWDO TXDGUDWXUH GHPRGXODWLRQ RI D PRGXODWHG FDUULHU VLJQDO LV VKRZQ LQ

)LJXUH � >��@� 7KH FDUULHU VLJQDO KDV EHHQ PL[HG GRZQ WR D VXLWDEOH LQWHUPHGLDWH IUHTXHQF\�

/ 3 4 ' 2Zs 5 6 � :H ZULWH WKH LQWHUPHGLDWH�IUHTXHQF\ VLJQDO DV

rE|� ' �E|� ULtE/ 7 8 | n �� ���

' UE|�� ULtE/ 9 : |� � 'E|�� t�?E/ ; < |� ���

ZKHUH

UE|� ' �E|�� ULtE�|� ���

'E|� ' �E|�� t�?E�|� ���

DUH WKH LQ�SKDVH DQG TXDGUDWXUH FRPSRQHQWV UHVSHFWLYHO\ >��@� :H QRZ GLJLWLVH WKH ,) VLJQDO

rE|� E\ VDPSOLQJ DW s = ' es > ? � &RQVLGHULQJ RQH SHULRG� WKLV JLYHV XV D GLJLWDO VLJQDO� rd?o� ZKLFK

LV rE|� VDPSOHG DW

| '
?Z

2
( ? ' fc �c 2c � ���

'LJLWDO ¿OWHUV SURFHVV WKH VDPSOH VHTXHQFH rd?o WR JLYH WKH WKH , DQG 4 FRPSRQHQWV >��@�
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UE|� ' rdfo � rd2o ���

'E|� ' rd�o � rd�o ���

7KH DPSOLWXGH DQG SKDVH RI WKH FDUULHU VLJQDO DUH WKHQ MXVW

�E|� '
s

UE|� @ n 'E|� @ ���

�E|� ' @hU|@?

�

'E|�

UE|�

�

���

6LQFH WKH DPSOLWXGH �E|� DQG SKDVH RIIVHW �E|� RI WKH ,) VLJQDO DUH FRQVWDQW GXULQJ HDFK

IUHTXHQF\ VWHS LQ WKH 6)&: ZDYHIRUP� ZH ZLOO GHQRWH WKHP DV WKH FRQVWDQWV � DQG � IRU

FRQYHQLHQFH�

������� 6DPSOLQJ HUURUV LQWURGXFH LQDFFXUDFLHV LQWR WKH GHPRGXODWRU RXWSXWV

7KH VDPSOH VHTXHQFH rd?o LQ D UHDO V\VWHP FRQWDLQV HUURUV VLQFH WKH HOHFWURQLF FRPSRQHQWV

HPSOR\HG DUH LPSHUIHFW� :H WKHUHIRUH LQWURGXFH WLPH�YDU\LQJ HUURU WHUPV " A E|� DQG " B E|� LQWR

WKH LQ�SKDVH DQG TXDGUDWXUH FRPSRQHQWV GHULYHG IURP WKHVH VDPSOHV� ZULWLQJ WKH FRPSRQHQWV DV

U C E|� ' Un " D E|� DQG ' C E|� ' ' n " E E|� UHVSHFWLYHO\� ZKHUH U DQG ' DUH WKH LGHDO YDOXHV� VR WKDW

WKH GHPRGXODWRU DPSOLWXGH DQG SKDVH RXWSXWV DUH JLYHQ E\

� C E|� '
t

EU n " F E|�� G n E' n " H E|�� G ����

�
I
E|� ' @hU|@?

�

' n " H E|�

U n " F E|�

�

����

DQG QRZ FRQWDLQ HUURUV WKDW FKDQJH ZLWK WLPH� )LJXUH � GHSLFWV WKLV DV D YHFWRU GLDJUDP� ,W

LV HDVLO\ VHHQ WKDW WKH VLJQL¿FDQFH RI WKH HUURUV GHSHQGV RQ WKH DPSOLWXGH RI WKH LQSXW VLJQDO�

HUURU WHUPV " F DQG " H RI D JLYHQ PDJQLWXGH ZLOO FDXVH JUHDWHU LQDFFXUDFLHV IRU VPDOOHU VLJQDO

DPSOLWXGHV� ,W LV DOVR ZRUWK QRWLQJ WKDW WKH VHQVLWLYLW\ RI WKH SKDVH RXWSXW GHSHQGV RQ WKH LQSXW

SKDVH� LQ SDUWLFXODU RQ WKH UDWLRV J KL DQG
M NO �
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)LJXUH �� (UURUV LQ WKH , DQG 4 FRPSRQHQWV WUDQVODWH LQWR DPSOLWXGH DQG SKDVH HUURUV

����� 0HDVXULQJ WKH SKDVH RI WKH ,) VLJQDO

7KH 0HUFXU\ 6)&: UDGDU V\VWHP KDV D �� 0+] RVFLOODWRU ZKLFK SURYLGHV WKH UHIHUHQFH IRU ERWK

WKH WUDQVPLW DQG ORFDO�RVFLOODWRU IUHTXHQF\ V\QWKHVL]HUV �DEEUHYLDWHG 7;6 DQG /26 UHVSHFWLYHO\�

DQG WKH TXDGUDWXUH GHPRGXODWRU� 7KH ,) VLJQDO� SURGXFHG E\ PL[LQJ WKH UHFHLYHG VLJQDO ZLWK WKH

/2 VLJQDO� LV DW D FHQWHU IUHTXHQF\ RI � 0+]� 4XDGUDWXUH GHPRGXODWLRQ UHTXLUHV D VDPSOLQJ

IUHTXHQF\ s P WR EH IRXU WLPHV WKH LQSXW IUHTXHQF\ s Q R � WKH UHIHUHQFH RVFLOODWRU LV GLYLGHG GRZQ WR
SURGXFH WKH � 0+] VDPSOLQJ FORFN�

)LJXUH �� 7KH FORFN HGJH DVVRFLDWHG ZLWK WKH VDPSOH V>�@ LV DPELJXRXV

7KHUH DUH IRXU FORFN HGJHV SHU LQSXW VLJQDO SHULRG �)LJXUH ��� DQG WKH FKRLFH RI UHIHUHQFH HGJH
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LV DUELWUDU\� EXW WKH RXWSXW SKDVH GHSHQGV RQ WKH UHIHUHQFH HGJH FKRLFH� 7KH SUREOHP LV DYRLGHG E\

D IRUWXQDWH UHVXOW RI WKH LQWHUOHDYHG DUFKLWHFWXUH� PHDVXULQJ WKH UHODWLYH SKDVH GLIIHUHQFH EHWZHHQ

WKH FDOLEUDWLRQ DQG WUDQVPLW�UHFHLYH FKDQQHOV PHDQV WKH DUELWUDU\ UHIHUHQFH HGJH LV WKH VDPH IRU

ERWK FKDQQHOV� $OWKRXJK WKH DEVROXWH SKDVH YDOXHV PD\ FKDQJH E\ D PXOWLSOH RI S T UDG DIWHU D

SRZHU�F\FOH� WKH UHODWLYH SKDVH GLIIHUHQFH UHPDLQV FRQVWDQW�

����� &RKHUHQW LQWHJUDWLRQ LPSURYHV GHPRGXODWRU SHUIRUPDQFH

&RKHUHQW LQWHJUDWLRQ LV WKH DYHUDJLQJ RI DQ HQVHPEOH RI REVHUYDWLRQV RI D QRLV\ VLJQDO ZLWK WKH

VDPH H[SHFWHG YDOXH� DQG UHGXFHV WKH QRLVH SRZHU >��@� 7KH YDULDQFH RI WKH QRLVH VLJQDO� j
U V
� LV

UHGXFHG E\ WKH IDFWRU � ZKHQ VXFFHVVLYH REVHUYDWLRQV DUH XQFRUUHODWHG�

j
WX '

j
Y Z

�
����

ZKHUH j
YX LV WKH YDULDQFH RI WKH QRLVH VLJQDO DIWHU FRKHUHQW LQWHJUDWLRQ RYHU HQVHPEOH OHQJWK

� >��@� 6LQFH WKH VLJQDO�WR�QRLVH UDWLR RI D VLQXVRLG LQ WKH SUHVHQFH RI ZKLWH QRLVH LV VLPSO\

WKH VLJQDO YDULDQFH RYHU WKH QRLVH YDULDQFH >��@� WKH VLJQDO�WR�QRLVH UDWLR LV DOVR LPSURYHG E\ WKH

IDFWRU � � 7KH VWDQGDUG GHYLDWLRQ RI WKH QRLVH� RU KRZ IDU WKH QRLVH YROWDJH GHYLDWHV IURP WKH

PHDQ� LV RQO\ UHGXFHG E\ D IDFWRU RI
s

� �

7KLV ³RQH�XSRQ��´ UXOH GRHV QRW KROG IRU WLPH DYHUDJHV LQ V\VWHPV ZKHUH WKH VDPSOLQJ UDWH

LV KLJK HQRXJK WR DYRLG DOLDVLQJ� VLQFH WKH QRLVH LQ VXFFHVVLYH REVHUYDWLRQV LV WKHQ FRUUHODWHG WR

VRPH H[WHQW >��@ � WKH YDULDQFH j
[\ WHQGV WRZDUGV j

[ ]
DV WKH VDPSOH�WR�VDPSOH FRUUHODWLRQ RI WKH

QRLVH LQFUHDVHV�

����� 6XEVDPSOLQJ UHGXFHV WKH VDPSOLQJ UDWH

$OO IRXU VDPSOHV UHTXLUHG IRU TXDGUDWXUH GHPRGXODWLRQ DUH XVXDOO\ WDNHQ LQ RQH SHULRG RI WKH LQSXW

ZDYHIRUP DW D VDPSOH UDWH RI s ^ ' es _ ` � 6XEVDPSOLQJ DULVHV IURP WKH VLPSOH REVHUYDWLRQ WKDW WKH

VDPSOLQJ SRLQWV RFFXU DW LGHQWLFDO SKDVHV LQ HDFK SHULRG� DQG ZLOO WKHUHIRUH KDYH LGHQWLFDO YDOXHV

LI WKH LQSXW VLJQDO LV SHULRGLF� DOORZLQJ WKH XVH RI D ORZHU VDPSOLQJ IUHTXHQF\ DQG D FKHDSHU $'&

>�@� WKH SHQDOW\ LV WKDW WKH VDPSOHV PXVW EH WDNHQ RYHU VHYHUDO SHULRGV RI WKH LQSXW ZDYHIRUP� 7KH

DFWXDO VDPSOLQJ IUHTXHQF\ UHTXLUHG IRU VXEVDPSOLQJ LV

s a b c d e f '
es g h
�

����

ZKHUH � ' �c Dc .c ��� LV WKH QXPEHU RI SHULRGV�

7KH SURWRW\SH GHPRGXODWRU ZDV FRQVWUXFWHG ZLWK DQ $'& FDSDEOH RI VDPSOLQJ DW � 06D�V� VR
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VXEVDPSOLQJ LV VXSHUÀXRXV� 7KH GHPRGXODWRU PRGHO LV LQGHSHQGHQW RI WKH VDPSOLQJ IUHTXHQF\�

DQG SUHGLFWV WKDW VXEVDPSOLQJ RIIHUV QR SHUIRUPDQFH LPSURYHPHQW� WKLV FODLP ZDV YHUL¿HG

HPSLULFDOO\ �6HFWLRQ ���������

��� 0RGHOOLQJ WKH GLJLWDO TXDGUDWXUH GHPRGXODWRU

7KH GLJLWDO TXDGUDWXUH GHPRGXODWRU LV LPSOHPHQWHG XVLQJ DQDORJXH DQG PL[HG�VLJQDO FLUFXLWU\ WR

GLJLWLVH WKH LQSXW DQG GLJLWDO ORJLF WR SURFHVV WKH VDPSOHV� 1XPEHUV LQ D VDPSOHG�GDWD V\VWHP DUH

UHSUHVHQWHG ZLWK ¿QLWH SUHFLVLRQ� ZKLFK FDQ LQWURGXFH HUURUV GXH WR WUXQFDWLRQ RU URXQGLQJ >��@�

WKH ZRUG OHQJWK LQ WKLV DSSOLFDWLRQ LV VXI¿FLHQW WKDW WKHVH HUURUV DUH QHJOLJLEOH LQ FRPSDULVRQ WR

HUURUV LQWURGXFHG LQ VDPSOLQJ� RQO\ PXOWLSOLFDWLRQ �E\ D SRZHU RI �� LV SHUIRUPHG RQ WKH )3*$�

WKH ���ELW UHVXOWV DUH FRQYHUWHG WR ÀRDWLQJ�SRLQW UHSUHVHQWDWLRQ RQ D 3& DQG WKHQ GLYLGHG�

����� 7RS�OHYHO PRGHO RI WKH GHPRGXODWRU

)LJXUH �� +LJK�OHYHO EORFN GLDJUDP RI WKH GHPRGXODWRU

7KH GHPRGXODWRU VWUXFWXUH LV VKRZQ DV D EORFN GLDJUDP LQ )LJXUH �� 7KH PRGHO IRU HDFK

DQDORJXH RU PL[HG�VLJQDO FRPSRQHQW LV H[SDQGHG EHORZ� WKH FRKHUHQW LQWHJUDWLRQ DQG TXDGUDWXUH

GHPRGXODWLRQ RSHUDWLRQV DUH LPSOHPHQWHG GLJLWDOO\�

������� $SSURDFKHV WR PRGHOOLQJ WKH DQDORJXH�WR�GLJLWDO FRQYHUWHU LQ WKH GHPRGXODWRU

7KHUH LV DQ H[WUHPHO\ ODUJH ERG\ RI OLWHUDWXUH RQ DQDORJXH�WR�GLJLWDO FRQYHUVLRQ� VWUHWFKLQJ

DV IDU EDFN DV WKH UHDOLVDWLRQ WKDW SXOVH�FRGH PRGXODWLRQ ZDV LQ HIIHFW GLJLWLVDWLRQ >��@� $Q

LPSRUWDQW FDWHJRU\ ZLWKLQ WKLV OLWHUDWXUH LV FRQFHUQHG ZLWK PRGHOOLQJ $'&V DQG WKHLU HUURU

PHFKDQLVPV� $LPHG DW FKLS GHVLJQHUV� WKHVH SDSHUV JHQHUDOO\ SURGXFH DQDO\WLFDO GHVFULSWLRQV RI
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WKH FRQYHUWHU� $V $'&V EHFRPH PRUH DQG PRUH LQWHJUDWHG� LQFOXGLQJ ODUJH DPRXQWV RI GLJLWDO

FLUFXLWU\� PRGHOOLQJ DQG VLPXODWLQJ WKH FKLS LQ DQDORJXH VLPXODWLRQ SURJUDPPHV EHFRPHV YHU\

WLPH�FRQVXPLQJ >��@� 2QH VROXWLRQ LV WR PRGHO WKH EHKDYLRXU RI WKH FRPSRQHQWV LQ WKH WLPH

GRPDLQ� XVLQJ VWDWLVWLFDO GHVFULSWLRQV IRU UDQGRP SKHQRPHQD� $'&V KDYH EHHQ PRGHOOHG DQG

VLPXODWHG LQ ODQJXDJHV IURP 0DWODE >��@� >��@� >��@ WR $+'/ DQG HYHQ 9+'/ >��@� D ODQJXDJH

GHVLJQHG IRU GHVFULELQJ GLJLWDO ORJLF�

&RUUHFWLRQ RI V\VWHPDWLF FRQYHUWHU HUURUV E\ SURFHVVLQJ WKH $'& RXWSXW GDWD LV DOVR D

ZHOO�FRYHUHG WRSLF� $ FRPPRQ DSSURDFK LV WR PRGHO WKH $'& DV DQ LGHDO FRQYHUWHU ZLWK DQ HUURU

VRXUFH GHVFULEHG E\ D G\QDPLF HUURU IXQFWLRQ >��@� $Q HUURU FRUUHFWLRQ DOJRULWKP RU WDEOH LV

SURJUDPPHG XVLQJ SDUDPHWHUV REWDLQHG IURP FDOLEUDWLRQ� DQG WKHQ XVHG WR UHPRYH HUURUV IURP WKH

$'& RXWSXW� 1R D SULRUL NQRZOHGJH RI WKH FRQYHUWHU VWUXFWXUH LV DVVXPHG�

7KH SULPDU\ SXUSRVH RI WKH IROORZLQJ VHFWLRQV LV WR LQYHVWLJDWH WKH HUURU PHFKDQLVPV DQG KRZ

WKH\ DIIHFW WKH GHPRGXODWRU� 7KLV OHDGV WR D VLPSOL¿HG PRGHO XVLQJ D FRPELQDWLRQ RI DQDO\WLFDO

DQG EHKDYLRXUDO GHVFULSWLRQV LQ WKH WLPH GRPDLQ� 7KH PRGHO LV DOVR LQGHSHQGHQW RI WKH FRQYHUWHU

DUFKLWHFWXUH� XVHIXO VLQFH OLWWOH LQIRUPDWLRQ ZDV DYDLODEOH IRU WKH 7+6���� VHOHFWHG IRU WKH

SURWRW\SH� $OWKRXJK PRGHOOLQJ WKH GHPRGXODWRU DQG FRQYHUWHU DW DQ DEVWUDFW OHYHO VDFUL¿FHV VRPH

DFFXUDF\ LQ SUHGLFWLQJ SHUIRUPDQFH� WKH RPLWWHG HUURUV DUH UHODWLYHO\ VPDOO � WKH PRVW VLJQL¿FDQW

VDPSOLQJ HUURUV DUH FDXVHG E\ DSHUWXUH MLWWHU DQG WKHUPDO QRLVH >��@� ZKLFK DUH LQFOXGHG LQ WKH

PRGHO�

����� 7KHUPDO QRLVH LQ WKH LQSXW VLJQDO

5HDO GHYLFHV LQWURGXFH WKHUPDO QRLVH LQWR VLJQDOV� 7KH UHFHLYHG UDGDU VLJQDO LV DOUHDG\ QRLV\� DQG

SURFHVVLQJ E\ WKH GRZQFRQYHUWHU LQWURGXFHV PRUH WKHUPDO QRLVH >�@�

������� 0RGHOOLQJ WKHUPDO QRLVH

7KHUPDO QRLVH r i j E|� LV PRGHOOHG DV D EDQG�OLPLWHG� *DXVVLDQ QRLVH SURFHVV KDYLQJ ÀDW SRZHU

VSHFWUDO GHQVLW\� ]HUR PHDQ� DQG FRQVWDQW YDULDQFH j
kl j � WKDW LV� DV ZKLWH QRLVH� 7KLV LV DQ

DGHTXDWH PRGHO IRU PDQ\ VLJQL¿FDQW QRLVH VRXUFHV LQ 5) FLUFXLWV >��@� 7KH QRLVH VLJQDO LV

VXSHULPSRVHG RQ WKH LGHDO VLQXVRLGDO VLJQDO� WKH VLJQDO TXDOLW\ LV LQGLFDWHG E\ WKH VLJQDO�WR�QRLVH

UDWLR� 7�- m n ' �f *L}E
o pq r � LQ GHFLEHOV� ZKHUH � s DQG � t DUH WKH VLJQDO DQG QRLVH SRZHUV

UHVSHFWLYHO\ >��@�

����� 5) WUDQVIRUPHU

7KH VLQJOH�HQGHG ,) VLJQDO LV FRQYHUWHG LQWR D GLIIHUHQWLDO VLJQDO E\ DQ 5) WUDQVIRUPHU� :H
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VLPSOLI\ WKH GHPRGXODWRU PRGHO E\ UHSUHVHQWLQJ WKH WUDQVIRUPHU DV D VLQJOH�HQGHG FRPSRQHQW�

PRGHOOLQJ LW DV DQ LGHDO RSDPS UHSUHVHQWLQJ WKH LQVHUWLRQ ORVV �L�H� WKH JDLQ LV OHVV WKDQ XQLW\��

����� 'LIIHUHQWLDO DPSOL¿HU ZLWK SURJUDPPDEOH JDLQ

7KH VLJQDO FKDLQ FRQWDLQV D GLIIHUHQWLDO DPSOL¿HU ZLWK SURJUDPPDEOH JDLQ� EXW WKLV DQDO\VLV ZLOO

DVVXPH D FRQVWDQW JDLQ VHWWLQJ� 2SDPS JDLQ GHSHQGV RQ IUHTXHQF\� EXW WKH LQSXW VLJQDO LV DW D

FRQVWDQW IUHTXHQF\ VR WKH GLIIHUHQWLDO DPSOL¿HU VKRXOG KDYH FRQVWDQW JDLQ�

������� 0RGHO RI WKH DPSOL¿HU

2SDPSV JHQHUDOO\ KDYH LQWHUQDO IUHTXHQF\ FRPSHQVDWLRQ QHWZRUNV WR HQVXUH VWDELOLW\ RYHU WKH

ZKROH UDQJH RI LQSXW IUHTXHQFLHV� DOWKRXJK WKHVH OLPLW WKH UDWH DW ZKLFK WKH RXWSXW FDQ VOHZ >��@�

WKH PLQLPXP VOHZ UDWH QHHGHG IRU D VLQXVRLG RI DPSOLWXGH � DQG IUHTXHQF\ s u v LV o w x y z ' 2Z�s { |
>��@� JLYLQJ D PLQLPXP UHTXLUHPHQW IRU WKLV DSSOLFDWLRQ RI ��9�>V� $OWKRXJK WKH 7+6����

GDWDVKHHW GRHV QRW VSHFLI\ WKH VOHZ UDWH� D VXUYH\ RI UHFHQW 3*$ GDWDVKHHWV VXJJHVWV WKDW WKH

RSDPS VOHZ UDWH ZLOO QRW EH D VHULRXV OLPLWDWLRQ � WKH VOHZ UDWH RI WKH $'��� 3*$ LV DW OHDVW

���9�>V >��@� DQG 0DOREHUWL HW DO� XVH D VOHZ UDWH RI RYHU ����9�>V LQ WKHLU VLPXODWLRQV >��@�

7KH DPSOL¿HU DGGV WKHUPDO QRLVH WR LWV RXWSXW VLJQDO � WKLV FRQYHUWHU PRGHO UHIHUV DOO WKHUPDO

QRLVH WR WKH LQSXW VLJQDO IRU VLPSOLFLW\� VR WKH DPSOL¿HU ZLOO EH FRQVLGHUHG QRLVHOHVV� 2WKHU

HUURUV DUH DVVXPHG WR EH HLWKHU QHJOLEOH RU � HVSHFLDOO\ JDLQ DQG RIIVHW HUURUV � UHPRYHG WKURXJK

FRPSHQVDWLRQ >��@>��@� 7KH GLIIHUHQWLDO DPSOL¿HU LV UHSUHVHQWHG DV D VLQJOH�HQGHG FRPSRQHQW

ZLWK ¿[HG JDLQ C } DQG RIIVHW � ~ � VHW WR ��
����� 6DPSOH�DQG�KROG FLUFXLW

$QDORJXH�WR�GLJLWDO FRQYHUWHUV VDPSOH WKH LQSXW DW UHJXODU LQWHUYDOV DQG WKHQ TXDQWL]H WKH VDPSOHG

YROWDJH �VXSSRVHGO\ KHOG FRQVWDQW E\ WKH 61+��

������� 0RGHO RI WKH VDPSOH�DQG�KROG FLUFXLW

7KH VDPSOH�DQG�KROG PRGHO GHVFULEHG KHUH LV D YDVWO\ VLPSOL¿HG YHUVLRQ� FRQVLVWLQJ RI DQ LGHDO

VDPSOH�DQG�KROG ZLWK DSHUWXUH MLWWHU >��@� ,W H[FOXGHV FODVVLF VRXUFHV RI G\QDPLF HUURU VXFK DV

GURRS� OLPLWHG VOHZ UDWH� DQG IHHGWKURXJK >��@� 7KH OLPLWHG VOHZ UDWH RI VDPSOH�DQG�KROG FLUFXLWV

FDXVHV HUURUV WKDW ZRUVHQ ZLWK LQFUHDVLQJ LQSXW IUHTXHQF\� EXW WKLV LV QR ORQJHU D VLJQL¿FDQW

OLPLWDWLRQ LQ UHFHQW $'& GHVLJQV >��@�

$SHUWXUH GHOD\ DQG DSHUWXUH MLWWHU ,Q DQ LGHDO VDPSOH�DQG�KROG FLUFXLW WKH LQSXW ZLOO EH

VDPSOHG H[DFWO\ RQ WKH ULVLQJ HGJH RI WKH FORFN� %XW SUDFWLFDO FRQYHUWHUV KDYH D VPDOO GHOD\

IURP WKH FORFN HGJH WR WKH WLPH WKH LQSXW LV FRPSOHWHO\ GLVFRQQHFWHG IURP WKH KROG FDSDFLWRU�
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7KH DYHUDJH GHOD\ LV FDOOHG DSHUWXUH GHOD\� RU DSHUWXUH WLPH >��@� 3RZHU VXSSO\ LQGXFHG QRLVH

DQG YDULDWLRQ RI GLJLWDO WKUHVKROGV E\ WKHUPDO QRLVH FDXVH DSHUWXUH MLWWHU� ZKLFK LV F\FOH�WR�F\FOH

YDULDWLRQ LQ WKH DSHUWXUH GHOD\� SRZHU VXSSO\ QRLVH FDQ EH HIIHFWLYHO\ HOLPLQDWHG E\ MXGLFLRXV

¿OWHULQJ >��@� $SHUWXUH GHOD\ DQG DSHUWXUH MLWWHU FDXVH WKH VDPSOLQJ LQVWDQW WR GHYLDWH IURP WKH

LGHDO DQG WKHUHE\ LQWURGXFH DQ DPSOLWXGH HUURU LQWR WKH VDPSOHG YROWDJH �)LJXUH ���

)LJXUH �� $SHUWXUH GHOD\ LQWURGXFHV DQ HUURU LQWR WKH VDPSOHG YROWDJH

0RGHOOLQJ DSHUWXUH GHOD\ DQG MLWWHU $SHUWXUH GHOD\ " � � E|� LV PRGHOOHG DV D VWDWLRQDU\

*DXVVLDQ UDQGRP SURFHVV ZLWK WKH PHDQ FRUUHVSRQGLQJ WR WKH DSHUWXUH GHOD\ DQG D VPDOO YDULDQFH

FRUUHVSRQGLQJ WR WKH DSHUWXUH MLWWHU� 7KH GHOD\ LV HIIHFWLYH IURP WKH ULVLQJ HGJH RI WKH FORFN VLJQDO�

7KH LQSXW VLJQDO LV VDPSOHG DW LQVWDQWV | ' ?A � n " � � E|�m � � � � � ZKHUH ? ' fc �c 2c ���DQG A � LV WKH
FORFN SHULRG� 7KH DSHUWXUH GHOD\ LV RI FRXUVH WKH VDPH ZKHQ WKH FDOLEUDWLRQ DQG WUDQVPLW�UHFHLYH

FKDQQHOV RI WKH UDGDU DUH VHOHFWHG� ZH DUH LQWHUHVWHG LQ PHDVXULQJ UHODWLYH SKDVH GLIIHUHQFH

EHWZHHQ WKH FKDQQHOV� DQG VR VHW WKH PHDQ GHOD\ WR ]HUR�

������� 7KH HIIHFW RI DSHUWXUH GHOD\ DQG MLWWHU RQ VDPSOLQJ

.RED\DVKL HW� DO� FRQVLGHU WKH FDVH ZKHUH D VLQXVRLGDO LQSXW rE|� ' � t�?E2Zs � � |� LV VDPSOHG DW

WLPH | ' ?A � n " � � E|�� ZKHUH A � LV WKH VDPSOLQJ SHULRG DQG " � � E|� LV WKH DSHUWXUH MLWWHU� DVVXPHG

WR IROORZ D *DXVVLDQ GLVWULEXWLRQ ZLWK ]HUR PHDQ DQG D VWDQGDUG GHYLDWLRQ RI j � � � 7KH DPSOLWXGH
HUURU GXH WR DSHUWXUH MLWWHU LV WKHQ
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ZKLFK KDV D PD[LPXP ZKHQ WKH VDPSOLQJ LQVWDQW RFFXUV DW D ]HUR�FURVVLQJ� ZKHUH WKH LQSXW

VORSH LV PD[LPXP� JLYLQJ

{T � � � " � � E|��2Zs � � ����

ZKHUH LW LV DVVXPHG WKDW 2Zs � � j � � 		 � >��@ >��@�

����� &ORFN RVFLOODWRU DQG WLPLQJ MLWWHU

$Q RVFLOODWRU LV DQ DXWRQRPRXV V\VWHP SURGXFLQJ D SHULRGLF RXWSXW� r � � � E|�� DQ LGHDO RVFLOODWRU¶V

RXWSXW GHSHQGV RQO\ RQ WLPH� EXW UDQGRP HYHQWV �QRLVH� LQ UHDO RVFLOODWRUV SHUWXUE WKH RVFLOODWRU

RXWSXW� FDXVLQJ SKDVH DQG DPSOLWXGH GHYLDWLRQV >��@� $ VDPSOHG�GDWD V\VWHP XVLQJ D VTXDUH�ZDYH

RVFLOODWRU RXWSXW DV LWV FORFN VLJQDO H[SHULHQFHV WKHVH GHYLDWLRQV DV WLPLQJ MLWWHU� WKH WUDQVLWLRQV

RI WKH VDPSOLQJ FORFN RFFXU DW WLPHV GHYLDWLQJ IURP WKH LGHDO� 7LPLQJ MLWWHU LV H[DFHUEDWHG E\

PHFKDQLVPV RWKHU WKDQ RVFLOODWRU SKDVH QRLVH ZKHQ WKH FORFN VLJQDO LV SDVVHG WKURXJK GLJLWDO

ORJLF� ,Q SDUWLFXODU� WKH ¿QLWH ULVH�WLPH RI ORJLF VLJQDOV DQG XQVWDEOH GLJLWDO ORJLF WKUHVKROGV

ZRUVHQ WKH MLWWHU H[SHULHQFHG DW WKH VDPSOH�DQG�KROG FORFN LQSXW >��@�

������� 0RGHOOLQJ WLPLQJ MLWWHU

2QH FDQ ZULWH WKH RVFLOODWRU RXWSXW� LQFOXGLQJ WKH SKDVH DQG DPSOLWXGH GLVWXUEDQFHV� DV

r � � � E| n kE|�� n +E|� ����

ZKHUH kE|� LV WKH SKDVH GHYLDWLRQ� DQG +E|� LV WKH DPSOLWXGH GHYLDWLRQ >��@�

7KH DPSOLWXGH GHYLDWLRQV +E|� DUH VPDOO DQG WUDQVLHQW� DQG DUH FRPSHQVDWHG IRU E\ DPSOLWXGH

OLPLWLQJ PHFKDQLVPV LQ WKH RVFLOODWRU LWVHOI >��@ � WKHVH GHYLDWLRQV DUH WKHUHIRUH QHJOLJLEOH DQG ZLOO

EH LJQRUHG�

7KH SKDVH GHYLDWLRQ kE|� LV WKH PRVW LPSRUWDQW HIIHFW RI RVFLOODWRU QRLVH� kE|� ZLOO� LQ JHQHUDO�

NHHS LQFUHDVLQJ ZLWK WLPH DV WKH HIIHFW RI WKH SKDVH SHUWXUEDWLRQV LV FXPXODWLYH >��@� )XUWKHU�

kE|� LV D *DXVVLDQ UDQGRP YDULDEOH ZLWK FRQVWDQW PHDQ DQG D YDULDQFH WKDW LQFUHDVHV OLQHDUO\ ZLWK

WLPH >��� S� �@� 7KH MLWWHU YDULDQFH RI D VTXDUH�ZDYH RVFLOODWRU WKHUHIRUH LQFUHDVHV OLQHDUO\ ZLWK

WLPH DV WKH RVFLOODWRU RXWSXW GHYLDWHV IXUWKHU IURP WKH LGHDO WKH ORQJHU WKH RVFLOODWRU UXQV >��@� ,Q

WKH TXDGUDWXUH GHPRGXODWRU� KRZHYHU� WKH LQSXW VLJQDO DQG WKH VDPSOLQJ FORFN DUH GHULYHG IURP

WKH VDPH RVFLOODWRU� VR WKH LQSXW DQG FORFN VLJQDOV ZLOO RQO\ H[SHULHQFH VPDOO� VKRUW�WHUP SKDVH
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VKLIWV� EXW ZLOO PDLQWDLQ D VWHDG\ SKDVH UHODWLRQVKLS RYHU WLPH� 7KH GHOD\ EHWZHHQ WKH UHFHLYHG

VLJQDO DQG WKH ORFDO RVFLOODWRU VLJQDO LV YHU\ VKRUW IRU JURXQG SHQHWUDWLQJ UDGDU� VR WKH SKDVH QRLVH

RI WKH UHFHLYHG VLJQDO LV FRUUHODWHG ZLWK WKDW RI WKH /2 VLJQDO >�@� 7LPLQJ MLWWHU LV GHSHQGHQW RQ

WKH WDUJHW UDQJH� WKH UHFHLYHG VLJQDO LV GHOD\HG PRUH IRU PRUH GLVWDQW WDUJHWV� DQG WKH RVFLOODWRU

SKDVH QRLVH LV LQWHJUDWHG RYHU D ORQJHU SHULRG RI WLPH� JLYLQJ ULVH WR ZRUVH MLWWHU� 7KH GHSHQGHQFH

RI MLWWHU RQ UDQJH ZDV QRW H[SOLFLWO\ H[DPLQHG�

7LPLQJ MLWWHU FDQ EH GHULYHG IURP RVFLOODWRU SKDVH QRLVH 7LPLQJ MLWWHU LV WKH HIIHFW RI RVFLOODWRU

SKDVH QRLVH REVHUYHG LQ WKH WLPH GRPDLQ� WKH SKDVH QRLVH IRU D JLYHQ RVFLOODWRU LV XVXDOO\ VSHFL¿HG

E\ D SORW RI VLQJOH�VLGHEDQG QRLVH VSHFWUDO GHQVLW\ uEs� LQ WKH IUHTXHQF\ GRPDLQ� 1RLVH VSHFWUDO

GHQVLW\ FDQ EH LQWHJUDWHG RYHU D SDUWLFXODU IUHTXHQF\ UDQJH WR REWDLQ WKH SKDVH QRLVH SRZHU RYHU

WKH FKRVHQ EDQGZLGWK� IURP ZKLFK WKH UPV WLPLQJ MLWWHU FDQ EH FDOFXODWHG E\ WUHDWLQJ LW DV WKH

HTXLYDOHQW VLGHEDQG SRZHU RI D SKDVH PRGXODWRU >��@�

0RGHO XVHG IRU VLPXODWLRQV 7LPLQJ MLWWHU " � � E|� ZDV PRGHOOHG DV D *DXVVLDQ UDQGRP YDULDEOH

ZLWK ]HUR PHDQ DQG FRQVWDQW YDULDQFH� D UHDVRQDEOH DSSUR[LPDWLRQ VLQFH WKH LQSXW DQG FORFN

VLJQDOV DUH GHULYHG IURP WKH VDPH VRXUFH� 7KH VWDQGDUG GHYLDWLRQ j � RI WKH WLPLQJ MLWWHU ZDV
VSHFL¿HG LQ XQLWV RI WLPH � W\SLFDO YDOXHV� JDXJHG IURP WKH VLPXODWLRQV SHUIRUPHG E\ 0DOREHUWL

HW DO�� DUH VWDQGDUG GHYLDWLRQV UDQJLQJ IURP � WR ��QV >��@� 7KH HIIHFWV RI ORJLF JDWH MLWWHU DUH

DVVXPHG WR EH DOORZHG IRU E\ FKRRVLQJ D MLWWHU YDULDQFH ODUJHU WKDQ WKDQ WKDW RI WKH RVFLOODWRU DORQH�

������� 7KH HIIHFW RI WLPLQJ MLWWHU RQ VDPSOLQJ

7LPLQJ MLWWHU LQWURGXFHV DQ DPSOLWXGH HUURU LQWR WKH VDPSOHG YDOXH LQ H[DFWO\ WKH VDPH ZD\ DV

DSHUWXUH MLWWHU � WKH HUURU FDQ EH FDOFXODWHG E\ VXEVWLWXWLQJ " � � IRU " � � LQ �����
����� 4XDQWL]HU LQWURGXFHV TXDQWL]DWLRQ QRLVH

7KH TXDQWL]HU FRQYHUWV WKH DQDORJXH VDPSOH�DQG�KROG RXWSXW LQWR D GLJLWDO FRGH� HDFK FRGH

UHSUHVHQWV D XQLTXH UHFRQVWUXFWLRQ OHYHO� 6LQFH WKH TXDQWL]HU KDV D ¿[HG QXPEHU RI UHFRQVWUXFWLRQ

OHYHOV DQG WKH LQSXW VLJQDO KDV DQ LQ¿QLWH QXPEHU RI SRVVLEOH YDOXHV� WKH TXDQWL]HG RXWSXW LV

QHFHVVDULO\ DQ LPSHUIHFW FRS\ RI WKH LQSXW VLJQDO�

������� 0RGHO RI D PLG�WUHDG XQLIRUP TXDQWL]HU

7KH TXDQWL]HU LV PRGHOOHG DV DQ LGHDO TXDQWL]HU� ZKLFK FDQ EH GH¿QHG DV FRQVLVWLQJ RI D VHW RI

FRQWLJXRXV LQWHUYDOV RU FHOOV RQ D SDUWLWLRQ RI WKH UHDO OLQH� (DFK FHOO KDV D UHSURGXFWLRQ OHYHO RU

FRGH� SODFHG LQ WKH PLGGOH RI WKH FHOO� 7KH TXDQWL]HU RXWSXW LV WKHQ VLPSO\ WKH UHSURGXFWLRQ OHYHO

RU FRGH FORVHVW WR WKH LQSXW >��@� 7KH WUDQVIHU IXQFWLRQ LV D VWDLUFDVH IXQFWLRQ ZKHQ SORWWHG RQ
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ZKHUH � LV WKH QXPEHU RI UHFRQVWUXFWLRQ OHYHOV� DQG { LV WKH ZLGWK RI WKH UHFRQVWUXFWLRQ FHOOV�

RU WKH ELQ ZLGWK� DQG WKH LQGH[ & KDV WKH UDQJH & '
�

�
¦ §

n �
�

c ���c
� ¦ §

� 2
�

>��@�

4XDQWL]HUV LQ UHDO $'&V DUH FORFNHG DW WKH VDPSOLQJ IUHTXHQF\� VR WKDW WKH RXWSXW FRGH FKDQJHV

RQO\ RQ FORFN HGJHV� ,Q SUDFWLFH� WKH RXWSXW FRGH LV UHSUHVHQWHG DV D ELQDU\ ZRUG RI ZLGWK K ELWV�

VR WKH QXPEHU RI OHYHOV LV � ' 2
¨
� $ TXDQWL]HU LV XQLIRUP LI WKH TXDQWL]DWLRQ OHYHOV DUH HTXDOO\

VSDFHG� DQG LV NQRZQ DV D PLG�WUHDG TXDQWL]HU LI D UHFRQVWUXFWLRQ OHYHO H[LVWV DW H[DFWO\ � YROWV�

DQG HDFK UHFRQVWUXFWLRQ OHYHO LV D PXOWLSOH RI { IURP WKH %�D[LV�

������� 4XDQWL]DWLRQ QRLVH

7KH TXDQWL]HU HUURU " © LV GH¿QHG DV " © ' 'E%� � %� 7KH TXDQWL]HU RXWSXW LV H[SUHVVHG DV WKH VXP

RI WKH LQSXW VLJQDO DQG WKH TXDQWL]HU QRLVH� 6LQFH WKH TXDQWL]HU LQSXW LV JHQHUDOO\ D VHTXHQFH

RI VDPSOHV %E?�� WKH TXDQWL]HU QRLVH SURFHVV LV " © d?A ª o ' 'E%d?A ª o� � %d?A ª o� DQG LV RIWHQ

FKDUDFWHULVHG VWDWLVWLFDOO\ >��@�

4XDQWL]DWLRQ HUURU LQ V\QFKURQRXV VDPSOLQJ FDXVHV VSXULRXV VLJQDOV 7KH QRPLQDO UDWLR RI

VLJQDO WR TXDQWL]DWLRQ QRLVH LV

7�- « ¬  ' S�f2K n ��.S E_�� ����

ZKHUH K LV WKH QXPEHU RI TXDQWL]HU ELWV >��@� &RKHUHQW VDPSOLQJ� RU V\QFKURQRXV VDPSOLQJ�

RFFXUV ZKHQ WKH UDWLR RI WKH VDPSOLQJ IUHTXHQF\ WR WKH LQSXW IUHTXHQF\ LV DQ LQWHJHU ODUJHU WKDQ

� �L�H� s ® ' 6s ¯ ° � 6 D QDWXUDO QXPEHU :�� >��@� 7KH TXDQWL]DWLRQ HUURU GXH WR V\QFKURQRXV

VDPSOLQJ LV GHWHUPLQLVWLF� DQG ���� QR ORQJHU KROGV� 7KH GHWHUPLQLVWLF TXDQWL]DWLRQ QRLVH FDXVHV

VSXULRXV VLJQDOV� REVHUYDEOH LQ ))7 SORWV RI VDPSOHG GDWD >��@� WKH TXDQWL]DWLRQ QRLVH SURFHVV LV

GLVWLQFWO\ SHULRGLF� DQG FDQ EH GHVFULEHG E\ D )RXULHU VHULHV IRU VLPSOH LQSXWV >��@� 7KH WKLUG

KDUPRQLF ZLOO XVXDOO\ KDYH WKH KLJKHVW DPSOLWXGH VLQFH LW LV WKH RGG KDUPRQLF ZLWK WKH ORZHVW

RUGHU� HVSHFLDOO\ ZKHQ WKH LQSXW DPSOLWXGH LV ORZ >��@�

������� 'LWKHULQJ LPSURYHV GDWD FRQYHUWHU SHUIRUPDQFH

'LWKHULQJ LV WKH DGGLWLRQ RI D UDQGRP VLJQDO WR WKH LQSXW RI DQ $'& DQG FDQ EH DFKLHYHG E\

VLPSO\ DYHUDJLQJ VXFFHVVLYH TXDQWL]HU RXWSXW YDOXHV LI WKH LQSXW VLJQDO DOUHDG\ FRQWDLQV UDQGRP

QRLVH� WKLV LV NQRZQ DV QRQVXEWUDFWLYH GLWKHULQJ >��@� 'LWKHULQJ LV LPSOHPHQWHG LQ WKLV GHVLJQ
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E\ FRKHUHQW LQWHJUDWLRQ� ZKLFK SURGXFHV IRXU DYHUDJHG VDPSOH YDOXHV IRU HYHU\ � SHULRGV� 7KH

UDQGRP VLJQDO LV SURYLGHG E\ WKH WKHUPDO QRLVH LQ WKH LQSXW VLJQDO� *DXVVLDQ QRLVH FDXVHV WKH

TXDQWL]DWLRQ HUURU WR EH DSSUR[LPDWHO\ XQLIRUP HYHQ ZKHQ WKH TXDQWL]DWLRQ VWHS VL]H { LV DV ODUJH

DV WKH VWDQGDUG GHYLDWLRQ RI WKH QRLVH >��@�

'LWKHULQJ UHGXFHV TXDQWL]DWLRQ HUURU 'LWKHU FDQ� LQ WKHRU\� UHGXFH TXDQWL]DWLRQ HUURU WR D

QHJOLJLEOH TXDQWLW\ DQG PLQLPL]H FRKHUHQW VLJQDO VSXUV FDXVHG E\ WKH QRQOLQHDU TXDQWL]HU WUDQVIHU

IXQFWLRQ� DW WKH FRVW RI UHGXFHG FRQYHUWHU EDQGZLGWK >��@� ,Q SUDFWLFH� KRZHYHU� GLWKHU XVHIXOO\

UHPRYHV VPDOO�VFDOH �L�H� ORFDOLVHG� OLQHDULW\ HUURUV� EXW ODUJH�VFDOH HUURUV PXVW EH UHPRYHG E\ D

ORRN�XS WDEOH RU FRPSHQVDWLRQ DOJRULWKP >��@�

'LWKHULQJ UHGXFHV GLIIHUHQWLDO QRQOLQHDULW\ HUURU 7KH FHOO ZLGWK { YDULHV VOLJKWO\ IURP FRGH

WR FRGH LQ SUDFWLFDO FRQYHUWHUV� D SURSHUW\ H[SUHVVHG E\ WKH GLIIHUHQWLDO OLQHDULW\� WKH GLIIHUHQFH

EHWZHHQ HDFK FHOO¶V DFWXDO ZLGWK DQG WKH LGHDO YDOXH >��@� VRPH FRGHV DUH JRRG DQG VRPH FRGHV

DUH EDG >��@� 'LIIHUHQWLDO QRQOLQHDULW\ FDXVHV VSXULRXV VLJQDOV� ZKLFK FDQ EH UHGXFHG E\ GLWKHULQJ�

ZKLFK HIIHFWLYHO\ UDQGRPL]HV WKH HUURUV VR WKDW WKH DYHUDJHG RXWSXW FRQWDLQV OHVV HUURU WKDQ LI WKH

LQSXW H[HUFLVHG RQO\ D EDG FRGH >��@�

��� 6XPPDU\

6)&: UDGDUV SURGXFH D VHULHV RI GLVFUHWH WRQHV� PHDVXULQJ WKH DPSOLWXGH DQG SKDVH RI WKH UHFHLYHG

VLJQDO DW HDFK IUHTXHQF\ VWHS� 7KH 0HUFXU\ DQG 9HQXV 6)&: UDGDUV XVH D WLPH�LQWHUOHDYHG

KHWHURG\QH DUFKLWHFWXUH WR FRPSHQVDWH IRU HUURUV LQ WKH 5) FRPSRQHQWV� WKLV DOVR UHPRYHV WKH

DPELJXLW\ LQ WKH VDPSOHG SKDVH� $ GLJLWDO TXDGUDWXUH GHPRGXODWRU PHDVXUHV WKH UDGDU ,) VLJQDO

DPSOLWXGH DQG SKDVH E\ VDPSOLQJ DW WZLFH WKH 1\TXLVW UDWH DQG ¿OWHULQJ WKH VDPSOHV WR SURGXFH

HVWLPDWHV IRU WKH LQ�SKDVH DQG TXDGUDWXUH FRPSRQHQWV� DYRLGLQJ WKH LPEDODQFHV ZKLFK SODJXH

DQDORJXH GHPRGXODWLRQ VFKHPHV�

7KH ,) VLJQDO VDPSOHV FRQWDLQ HUURUV� FDXVLQJ LQDFFXUDF\ LQ WKH GHPRGXODWRU RXWSXWV� &RKHUHQW

LQWHJUDWLRQ SURPLVHV WR UHGXFH WKH HIIHFW RI UDQGRP HUURUV� DW WKH H[SHQVH RI LQFUHDVHG FRQYHUVLRQ

WLPH�

$ PRGHO RI WKH GHPRGXODWRU ZDV SURGXFHG IRU XVH LQ FRPSXWHU VLPXODWLRQ RI WKH GHPRGXODWRU

SHUIRUPDQFH� 7KH PRGHO VKRZV WKDW WKHUPDO QRLVH DQG FORFN MLWWHU DUH WKH PRVW VLJQL¿FDQW VRXUFHV

RI UDQGRP HUURUV LQ VDPSOLQJ� V\VWHPDWLF HUURUV FDQ EH FRPSHQVDWHG IRU� DQG DUH DOVR DWWHQXDWHG

E\ GLWKHULQJ� LPSOHPHQWHG LQ WKLV FDVH E\ FRKHUHQW LQWHJUDWLRQ�
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&KDSWHU �

6LPXODWLQJ WKH GLJLWDO TXDGUDWXUH

GHPRGXODWRU

7KLV FKDSWHU SUHVHQWV D EHKDYLRXUDO PRGHO RI WKH FRPSOHWH GHPRGXODWRU WKDW LQFOXGHV DQDORJXH�

PL[HG�VLJQDO� DQG GLJLWDO FRPSRQHQWV� DQG GHVFULEHV WKH VLPXODWLRQV SUHGLFWLQJ WKH KDUPIXO HIIHFW

RI FRPSRQHQW HUURUV RQ WKH GHPRGXODWRU RXWSXWV� 7KHVH VLPXODWLRQV DVVLVWHG LQ GH¿QLQJ WKH

V\VWHP GHVLJQ SDUDPHWHUV �VDPSOLQJ UDWH� FRKHUHQW LQWHJUDWLRQ IDFWRU��

��� 7KH GLJLWDO TXDGUDWXUH GHPRGXODWRU PRGHO

����� &RPSRQHQWV RI WKH PRGHO

)LJXUH ��� %ORFN GLDJUDP RI WKH GHPRGXODWRU PRGHO

7KH GHPRGXODWRU ZDV VLPXODWHG LQ WKH GLVFUHWH�WLPH GRPDLQ� ZLWK WLPHVWHS A ± HTXDO WR WKH FORFN
SHULRG� ��� QV� WKH HTXDWLRQV DUH ZULWWHQ DV IXQFWLRQV RI GLVFUHWH WLPH | ² � WKH WLPHVWHS YDULDEOH ?

UDQJLQJ IURP � WR � ³ ´ µ �
������� 2VFLOODWRUV

7KH � 0+] RVFLOODWRU LV DQ LGHDO RVFLOODWRU� ZLWK RXWSXW

rd| ¶ o ' � ULtE2Zs · ¶ ?A ¸ n �� ( ? ' fc �c 2c ��� ¹ º »
ZKHUH � DQG � DUH WKH DPSOLWXGH DQG SKDVH SDUDPHWHUV� DQG WKH IUHTXHQF\ s · ¶ LV � 0+]�

7KH � 0+] FORFN RVFLOODWRU LV PRGHOOHG DV DQ LGHDO RVFLOODWRU ZLWK UDQGRP WLPLQJ MLWWHU�

DVVXPHG WR EH *DXVVLDQ� )ROORZLQJ WKH IRUP XVHG E\ $ZDG >��@� ZH OHW WKH ULVLQJ HGJHV RI WKH
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FORFN VLJQDO RFFXU DW

| ¼ ½ ¾ d| ¿ o ' ?A À n "Á d?o ( ? ' fc �c 2c ��� Â Ã Ä
ZKHUH WKH WLPLQJ MLWWHU "Á d?o LV WKH MLWWHU UDQGRP YDULDEOH DVVRFLDWHG ZLWK WKH ?WK VDPSOLQJ

LQVWDQW� " Á d?o DUH LGHQWLFDO DQG LQGHSHQGHQW *DXVVLDQ UDQGRP YDULDEOHV ZLWK ]HUR PHDQ DQG D

YDULDQFH RI j
ÅÁ >��@�

������� *DXVVLDQ ZKLWH QRLVH

7KH ZKLWH QRLVH VLJQDO r Æ Ç d| ¿ o LV D *DXVVLDQ UDQGRP SURFHVV ZLWK ]HUR PHDQ DQG D YDULDQFH RI j
ÅÆ Ç �

7KH QRLVH SRZHU LV VHW GLUHFWO\ E\ WKH VLJQDO�WR�QRLVH UDWLR� 7�- Æ Ç � XVLQJ WKH ,) VLJQDO SRZHU DV
QXPHUDWRU �VHH $SSHQGL[ $��

������� *DLQ

7KH WUDQVIRUPHU DQG DPSOL¿HU ZHUH FRPELQHG DQG PRGHOOHG DV D VLQJOH JDLQ� C È �

r È d| ¿ o ' C È Erd| ¿ o n r Æ Ç d| ¿ o�

������� 6DPSOH�DQG�KROG

7KH VDPSOH�DQG�KROG ZDV DQ LGHDO VDPSOH�DQG�KROG� DQG WKH RXWSXW ZDV FDOFXODWHG DV WKH ,) VLJQDO

YDOXH DW WKH VDPSOH WLPH LQFOXGLQJ MLWWHU� LQFOXGLQJ WKH QRLVH YROWDJH�

r É Ê Ë d| Ê o ' r Ì d?A É n " Í d?oo

' C Ì Erd?A É n "Í d?oo n r Î Ë d| Ê o� ( ? ' fc �c 2c ��� Ï Ð Ñ
������� 4XDQWL]HU

7KH TXDQWL]HU ZDV DV DQ LGHDO PLGWUHDG TXDQWL]HU 'E%�� ZLWK 2
Ò
UHFRQVWUXFWLRQ OHYHOV� WKH QXPEHU

RI ELWV � DQG WKH TXDQWL]HU UDQJH ZHUH VSHFL¿HG DV SDUDPHWHUV� 7KH TXDQWL]HU RXWSXW ZDV

% Ó d| Ô o ' 'E r Õ Ô Ö d| Ô o �

������� &RKHUHQW LQWHJUDWRU

7KH FRKHUHQW LQWHJUDWRU LV VLPSO\ QRQVXEWUDFWLYH GLWKHULQJ LPSOHPHQWHG LQGLYLGXDOO\ RQ WKH

VDPSOH VWUHDPV FRUUHVSRQGLQJ WR HDFK RI WKH IRXU VDPSOLQJ SKDVHV� ZLWK WKH FRKHUHQW LQWHJUDWLRQ

IDFWRU � DV WKH HQVHPEOH OHQJWK� 7KH DFFXPXODWRU RXWSXWV DIWHU � SHULRGV DUH WKHUHIRUH
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% × Ø Ø Ù d�o ' E% Ú d��A Û o n % Ú dE�� n e�A Û o n % Ú dE�� n H�A Ü o n ����*�

% Ý Þ Þ ß d�o ' E% à dE�� n ��A á o n % à dE�� n D�A á o n % à dE�� n b�A â o n ����*�

% ã ä ä å d�o ' E% æ dE�� n 2�A â o n % æ dE�� n S�A â o n % æ dE�� n �f�A â o n ����*�

% ã ä ä ç d�o ' E% è dE�� n ��A é o n % è dE�� n .�A é o n % è dE�� n ���A é o n ����*�

ZKHUH WKH LQGH[ � ' fc �c 2��u � � LV WKH QXPEHU RI FRPSOHWHG VHWV RI � VLQHZDYH SHULRGV�

DQG u LV D SDUDPHWHU VSHFLI\LQJ KRZ PDQ\ FRQWLJXRXV PHDVXUHPHQWV �HDFK UHTXLULQJ � SHULRGV�

VKRXOG EH WDNHQ�

������� 4XDGUDWXUH GHPRGXODWRU

7KH FRKHUHQW LQWHJUDWRU RXWSXWV DUH DYHUDJHG VDPSOH YDOXHV RI WKH LQSXW VLJQDO DW SKDVHV x '
ê ëì �

& ' fc �c 2c �� 7KH LQ�SKDVH DQG TXDGUDWXUH FRPSRQHQWV DUH FDOFXODWHG DV DQ LQWHUPHGLDWH VWHS

�WKH YROWDJHV DUH UHIHUUHG WR WKH GHPRGXODWRU LQSXW E\ GLYLGLQJ E\ WKH DPSOL¿HU JDLQ��

U
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7KH DPSOLWXGH DQG SKDVH RXWSXWV DUH WKHQ�
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$ FRPSOHWH VLPXODWLRQ WKHUHIRUH SURGXFHV u HVWLPDWHV IRU WKH DPSOLWXGH DQG SKDVH� UHVSHFWLYHO\

�
í
d�o DQG �

í
d�o� IRU HDFK FRPELQDWLRQ RI SDUDPHWHUV�

������� (UURU VLJQDOV

7KH VLPXODWLRQ DLPV WR LQYHVWLJDWH WKH HUURUV LQ WKH GHPRGXODWRU RXWSXWV� VR WKH DPSOLWXGH DQG

SKDVH HUURUV ZHUH UHFRUGHG WR ¿OH� IRU VWDWLVWLFDO DQDO\VLV LQ 0DWODE� 7KH HUURU VLJQDOV ZHUH

FDOFXODWHG DV

" ó d�o ' � ô d�o � �

" õ d�o ' �
ö
d�o � �
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����� 6LPXODWLRQ LQ WKH WLPH GRPDLQ XVLQJ 3\WKRQ

7KH WLPH�GRPDLQ EHKDYLRXU RI WKH GHPRGXODWRU PRGHO ZDV VLPXODWHG RQ FRPSXWHU XVLQJ 0RQWH

&DUOR WHFKQLTXHV LQ 3\WKRQ� DQ RSHQ�VRXUFH� LQWHUSUHWHG ODQJXDJH >��@� (DFK VLPXODWLRQ UXQ

ZDV VSHFL¿HG E\ VXSSO\LQJ D VHW RI YDOXHV IRU HDFK SDUDPHWHU� 7KH SDUDPHWHUV ZHUH YDULHG LQ

VHTXHQFH� VXFK WKDW u H[SHULPHQWV ZHUH SHUIRUPHG IRU HDFK SDUDPHWHU FRPELQDWLRQ� 7KH HUURUV

VKRZ VRPH GHSHQGHQF\ RQ WKH LQSXW SKDVH� VR PRUH WKDQ RQH YDOXH IRU � ZDV XVHG� WKH PHDQ RI

WKH UPV HUURU RYHU WKH SKDVHV ZDV WDNHQ� UHGXFLQJ WKH HIIHFW RI LQSXW SKDVH RQ WKH UHVXOWV�

��� 6LPXODWLQJ WKH GHPRGXODWRU ZLWK LQGLYLGXDO HUURU VRXUFHV

����� 6LPXODWLQJ WKHUPDO QRLVH

7KHUPDO QRLVH ZDV VLPXODWHG LQ WZR SKDVHV� WKH ¿UVW SKDVH FRYHUHG D ZLGH VHW RI SDUDPHWHUV EXW

XVHG RQO\ RQH YDOXH IRU LQSXW SKDVH � WR UHGXFH FRPSXWDWLRQ WLPH� WKH VHFRQG SKDVH H[DPLQHG D

QDUURZHU VHW RI SDUDPHWHUV LQ PRUH GHWDLO� XVLQJ �� GLIIHUHQW � YDOXHV �VHH 6HFWLRQ $ �����

������� 6LPXODWLRQ UHVXOWV IRU D VLQJOH SKDVH YDOXH

6LPXODWHG UPV DPSOLWXGH DQG SKDVH HUURUV DUH VKRZQ LQ )LJXUHV �� DQG �� IRU D ���ELW TXDQWL]HU�

&RKHUHQW LQWHJUDWLRQ UHGXFHV WKH DPSOLWXGH DQG SKDVH HUURUV E\ D FRQVWDQW UDWLR DW ORZHU

VLJQDO�WR�QRLVH UDWLRV� WKH HUURU WHQGV WR DQ KRUL]RQWDO DV\PSWRWH �W\SLFDOO\ IRU � : Se� DW

D WKUHVKROG 615� DQG FRKHUHQW LQWHJUDWLRQ KDV QR HIIHFW DW WKH KLJKHVW VLJQDO�WR�QRLVH UDWLRV�

5DQGRP WKHUPDO QRLVH DQG GHWHUPLQLVWLF TXDQWL]DWLRQ QRLVH UHVSRQG GLIIHUHQWO\ WR DYHUDJLQJ�

FRKHUHQW LQWHJUDWLRQ UHGXFHV WKH HUURU FRQWULEXWLRQ RI ZKLWH QRLVH� EXW� DW DV WKH 615 ULVHV� WKH

QRLVH YROWDJH EHFRPHV PXFK VPDOOHU WKDQ WKH TXDQWL]HU VWHS VL]H DQG GLWKHULQJ KDV QR HIIHFW� WKH

RXWSXW HUURU LV QRZ GXH WR TXDQWL]DWLRQ DORQH DQG ZLOO QRW EH UHPRYHG E\ DYHUDJLQJ�

&RKHUHQW LQWHJUDWLRQ VWDUWV WR VKRZ GLPLQLVKLQJ UHWXUQV DW D WKUHVKROG 615 URXJKO\

FRUUHVSRQGLQJ WR WKH WKHRUHWLFDO QRLVH ÀRRU GXH WR TXDQWL]DWLRQ QRLVH� DV SHU ����� 7KH

UHODWLRQVKLS LV LOOXVWUDWHG LQ 7DEOH �� 7KLV KDSSHQV ZKHQ WKH DGGLWLYH QRLVH VWDUWV WR EHFRPH WRR

VPDOO WR FDXVH GLWKHULQJ� WKH QRLVH VWDQGDUG GHYLDWLRQ� j ÷ ø � LV DERXW RQH�TXDUWHU RI WKH TXDQWL]HU
VWHS VL]H DW WKH WKUHVKROG�

������� 6LPXODWLRQ UHVXOWV IRU VHYHUDO SKDVH YDOXHV

7KH VHFRQG SKDVH RI WKH VLPXODWLRQV XVHG D ODUJHU VHW RI LQSXW VLJQDO SKDVH � YDOXHV� UHVXOWLQJ LQ D

ODUJHU GDWD VHW LQ ZKLFK WKH HIIHFWV RI LQSXW SKDVH FRXOG EH DYHUDJHG RXW�

)LJXUHV �� DQG �� VKRZ WKH VLPXODWHG UPV DPSOLWXGH DQG SKDVH HUURU YHUVXV FRKHUHQW
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)LJXUH ��� 6LPXODWHG UPV DPSOLWXGH HUURU YHUVXV FRKHUHQW LQWHJUDWLRQ IDFWRU IRU ���ELW TXDQWL]HU

)LJXUH ��� 6LPXODWHG UPV SKDVH HUURU YHUVXV FRKHUHQW LQWHJUDWLRQ IDFWRU IRU ���ELW TXDQWL]HU
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)LJXUH ��� 6LPXODWHG UPV DPSOLWXGH HUURU YHUVXV FRKHUHQW LQWHJUDWLRQ IDFWRU IRU 615 �� G%

)LJXUH ��� 6LPXODWHG UPV SKDVH HUURU YHUVXV FRKHUHQW LQWHJUDWLRQ IDFWRU IRU 615  �� G%
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7DEOH �� 7KUHVKROG 615 DQG TXDQWL]DWLRQ QRLVH ÀRRU DJDLQVW QXPEHU RI ELWV

LQWHJUDWLRQ IDFWRU � IRU DQ LQSXW VLJQDO�WR�QRLVH UDWLR RI �� G%� 7KH HUURU LV LQGHSHQGHQW RI WKH

TXDQWL]HU VWHS VL]H� LQGLFDWLQJ WKDW WKH HUURU LV FDXVHG E\ WKHUPDO QRLVH�

7KH UPV DPSOLWXGH DQG SKDVH HUURU� " J DQG " K UHVSHFWLYHO\� PDLQWDLQ D FRQVWDQW UDWLR RI

LPSURYHPHQW DV � LQFUHDVHV ORJDULWKPLFDOO\� 7KH UHGXFWLRQ LQ VWDQGDUG GHYLDWLRQ RI WKH DGGLWLYH

QRLVH SUHGLFWHG E\ ���� LV L MN O '
t P OP Q � ZKHUH j R DQG j S DUH DW � R DQG � S UHVSHFWLYHO\� 7KH

VLPXODWLRQ UHVXOWV VKRZ T
Q

T O �
t P OP Q � ZKHUH WKH WZR UPV HUURU YDOXHV� " R DQG " S DUH DW � R DQG � S

UHVSHFWLYHO\ �VHH 7DEOH ��� 7KH URRW PHDQ VTXDUH RI WKH YDULDQFH RI WKH DPSOLWXGH DQG SKDVH HUURU

HQVHPEOHV DOVR DSSUR[LPDWHV WKH UHODWLRQVKLS SUHGLFWHG E\ ����� ZKLFK LV WKDW WKH UDWLR RI WKH WZR

YDULDQFHV VKRXOG HTXDO WR � �

)LJXUHV �� DQG �� VKRZ WKH VLPXODWHG UPV DPSOLWXGH DQG SKDVH HUURUV IRU DQ LQSXW VLJQDO�

WR�QRLVH UDWLR RI �� G%� &RKHUHQW LQWHJUDWLRQ SURYLGHV QR LPSURYHPHQW IRU ��� ���� DQG ���ELW

TXDQWL]HUV� LQGLFDWLQJ WKH SUHGRPLQDQFH RI TXDQWL]DWLRQ QRLVH� +RZHYHU� WKH HUURUV IRU ��� DQG

���ELW TXDQWL]HUV DUH YHU\ VLPLODU� VXJJHVWLQJ WKDW UDQGRP QRLVH LV KHUH WKH GHFLGLQJ IDFWRU� 7KLV

LV FRQ¿UPHG E\ WKH FRQVWDQW UDWLR RI LPSURYHPHQW GXH WR FRKHUHQW LQWHJUDWLRQ� 7KH DGGLWLYH

QRLVH KHUH KDV D VWDQGDUG GHYLDWLRQ RI ��>9� ZKLOH WKH ��� DQG ���ELW TXDQWL]HUV KDYH D PD[LPXP

TXDQWL]DWLRQ HUURU OHVV WKDQ ��>9� 7KH UHVXOWV IRU �� DQG �� ELWV KDYH WKH SURSHUW\ WKDW WZR UPV

HUURU YDOXHV� " R DQG " S DW � R DQG � S UHVSHFWLYHO\� KDYH WKH UDWLR T
Q

T O �
t P OP Q �

����� 6LPXODWLQJ WLPLQJ MLWWHU

)LJXUHV �� DQG �� DUH ORJ�ORJ SORWV RI WKH UPV DPSOLWXGH DQG SKDVH HUURU VLJQDOV IRU D ���ELW

TXDQWL]HU� ZLWK VHSDUDWH FXUYHV IRU HDFK j U YDOXH� 7KH UHVXOWV IRU ���� ���� DQG ���ELW TXDQWL]HUV

DUH VLPLODU� 7KH VHYHULW\ RI WKH HUURUV LV QRWDEOH�

7KH PRVW VWULNLQJ IHDWXUH LV WKH GLIIHUHQW HIIHFW RI FRKHUHQW LQWHJUDWLRQ RQ WKH DPSOLWXGH DQG

SKDVH HUURUV� 7KH DPSOLWXGH HUURU WHQGV WRZDUGV DQ DV\PSWRWH DV � LQFUHDVHV� HVSHFLDOO\ IRU

ODUJHU j U YDOXHV� 7KH SKDVH HUURU� KRZHYHU� PDLQWDLQV D FRQVWDQW UDWLR RI LPSURYHPHQW DV � ULVHV�

7KH DPSOLWXGH DQG SKDVH DUH FDOFXODWHG IURP WKH VDPH VDPSOHV� VR WKH GLIIHUHQFH LQ WKH HUURU

VLJQDOV UHVSRQVH WR FRKHUHQW LQWHJUDWLRQ PXVW EH H[SODLQHG E\ WKH GHPRGXODWRU HTXDWLRQV� 7KH
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)LJXUH ��� 6LPXODWHG UPV DPSOLWXGH HUURU YHUVXV FRKHUHQW LQWHJUDWLRQ IDFWRU IRU 615 �� G%

)LJXUH ��� 6LPXODWHG UPV SKDVH HUURU YHUVXV FRKHUHQW LQWHJUDWLRQ IDFWRU IRU 615 �� G%
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)LJXUH ��� 6LPXODWHG UPV DPSOLWXGH HUURU YHUVXV FRKHUHQW LQWHJUDWLRQ IDFWRU IRU ���ELW TXDQWL]HU

)LJXUH ��� 6LPXODWHG UPV SKDVH HUURU YHUVXV FRKHUHQW LQWHJUDWLRQ IDFWRU IRU ���ELW TXDQWL]HU
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7DEOH �� 6LPXODWHG UPV HUURUV IRU �� G% 615

SKDVH RXWSXW LV OHVV VHQVLWLYH DW ODUJH LQSXW DPSOLWXGHV�

7KH UPV DPSOLWXGH DQG SKDVH HUURUV DUH SURSRUWLRQDO WR WKH WLPLQJ MLWWHU �WKH UHODWLRQVKLS LV

FOHDUHU IRU ODUJHU ��� FOHDUO\ LQGLFDWLQJ WKDW WKH HUURU LV FDXVHG E\ WLPLQJ MLWWHU� DOWKRXJK WKH

HIIHFWV RI TXDQWL]DWLRQ FDQ EH VHHQ IRU ORZ j � YDOXHV� 3ORWWLQJ WKH UHVXOWV IRU GLIIHUHQW TXDQWL]HUV

ZLWK FRQVWDQW j � � DV LQ )LJXUHV �� DQG ��� VKRZV WKDW WKH UPV DPSOLWXGH HUURU LV LQGHSHQGHQW
RI TXDQWL]HU VWHS VL]H� H[FHSW DW KLJKHU � LQ WKLV FDVH � WKH HUURU LV FRPSOHWHO\ LQGHSHQGHQW RI

TXDQWL]HU VWHS VL]H IRU ODUJHU WLPLQJ MLWWHU� 7KH SKDVH HUURU LV WKH VDPH IRU DOO TXDQWL]HUV�

��� 6LPXODWLQJ WKH FRPSOHWH GHPRGXODWRU

7KH VLPXODWLRQV GHVFULEHG DERYH ZHUH SHUIRUPHG ZLWK WKH TXDQWL]HU QXPEHU�RI�ELWV SDUDPHWHU

UDQJLQJ IURP � WR ��� XQIRUWXQDWHO\� D FRQYHUWHU FDSDEOH RI VDPSOLQJ DW � 06D�V ZLWK ���ELW

SUHFLVLRQ ZDV QRW DYDLODEOH FRPPHUFLDOO\� 7KH ���ELW FRQYHUWHU XVHG LQ WKH SURWRW\SH V\VWHP

KDV D G\QDPLF UDQJH H[FHHGLQJ WKH VSHFL¿HG �� G% >��@� 7KH IROORZLQJ VLPXODWLRQV DLPHG WR

LQYHVWLJDWH WKH SHUIRUPDQFH RI WKH SURWRW\SH GHPRGXODWRU LQ WKH UDGDU V\VWHP� 7KH VLPXODWLRQ

SDUDPHWHUV DUH WKHUHIRUH VHW WR PDWFK WKH SURWRW\SH 'DFV ERDUG�

����� 6LPXODWLRQ SDUDPHWHUV

������� '\QDPLF UDQJH

7KH GHPRGXODWRU VKRXOG KDYH D PLQLPXP G\QDPLF UDQJH RI �� G%� WKLV WUDQVODWHV LQWR DQ LQSXW

YROWDJH UDQJLQJ IURP � 9� � � � � WR ����� >9� � � � � � 7KH VPDOOHVW LQSXW KDV DQ DPSOLWXGH RI RQO\

D IHZ TXDQWL]HU VWHSV �{ LV �� >9 ZKHQ UHIHUUHG WR WKH WUDQVIRUPHU LQSXW�� 6LPXODWLRQV ZHUH

SHUIRUPHG IRU WKH PD[LPXP DQG PLQLPXP LQSXW DPSOLWXGHV�

������� 6LJQDO�WR�QRLVH UDWLR

7KH PD[LPXP VLJQDO�WR�QRLVH UDWLR DW WKH WUDQVIRUPHU LQSXW ZDV FKRVHQ DV �� G%� EDVHG RQ WKH

UDGDU UHFHLYHU SHUIRUPDQFH >�@� 7KH WKHUPDO QRLVH VWDQGDUG GHYLDWLRQ ZDV RQO\ j � � '���� >9�

PXFK VPDOOHU WKDQ WKH TXDQWL]HU VWHS VL]H �UHIHUUHG WR WUDQVIRUPHU LQSXW�� 7KH VLJQDO�WR�QRLVH

UDWLR ZLWK WKH VPDOOHVW LQSXW ZDV WKHQ �� G%� 7KH VLPXODWLRQ ZDV DOVR SHUIRUPHG IRU D QRLVH
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)LJXUH ��� 6LPXODWHG UPV DPSOLWXGH HUURU YHUVXV � IRU j � ' �%�f � �

)LJXUH ��� 6LPXODWHG UPV SKDVH HUURU YHUVXV � IRU j � ' �%�f � �
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VWDQGDUG GHYLDWLRQ RI ���� >9� �   � � � VOLJKWO\ ODUJHU WKDQ WKH TXDQWL]HU VWHS VL]H� WKH VLJQDO�WR�QRLVH
UDWLR ZDV �� G% ZLWK WKH PD[LPXP LQSXW DQG MXVW � G% ZLWK WKH PLQLPXP LQSXW�

������� 7LPLQJ MLWWHU

7KH IUHTXHQF\ V\QWKHVL]HUV XVHG WR JHQHUDWH WKH WUDQVPLW DQG ORFDO RVFLOODWRU VLJQDOV KDYH D

ZRUVW�FDVH UPV SKDVH QRLVH RI ��� ¡ >�@� $VVXPLQJ WKH VDPH LQVWDELOLW\ LQ WKH ,) VLJQDO� L�H� ��� ¡ �
WKH UPV SKDVH QRLVH LQ WKH � 0+] LQSXW VLJQDO LV ���QV� 7KH 'DFV SURWRW\SH FRQWDLQV D �� 0+]

9HFWURQ 72���� WHPSHUDWXUH�FRPSHQVDWHG FU\VWDO RVFLOODWRU� LQWHJUDWLQJ WKH SKDVH QRLVH RYHU

WKH �� N+] EDQGZLGWK IRU ZKLFK WKH PDQXIDFWXUHU VSHFL¿HV LW� ZH ¿QG WKDW WKH UPV WLPLQJ MLWWHU

LV OHVV WKDQ �� SV �$SSHQGL[ $�� :H FRQVLGHU SKDVH QRLVH WR EH HIIHFWLYHO\ WLPLQJ MLWWHU� VR WKH

VLPXODWLRQV ZHUH SHUIRUPHG ZLWK D WLPLQJ MLWWHU SDUDPHWHU RI j ¢ ' � QV� � QV� DQG � QV � WKH

VLPXODWLRQ UHVXOWV VKRXOG ERXQG WKH DFKLHYHG SHUIRUPDQFH�

����� 6LPXODWLRQ UHVXOWV

7KH HUURUV DUH QHDUO\ LGHQWLFDO IRU ERWK VLJQDO�WR�QRLVH UDWLRV DW WKH PD[LPXP LQSXW DPSOLWXGH

�VHH 7DEOH ��� &RKHUHQW LQWHJUDWLRQ UHGXFHV WKH UPV DPSOLWXGH HUURU WRZDUGV DQ DV\PSWRWH� PRUH

SURQRXQFHG IRU ODUJHU WLPLQJ MLWWHU� WKLV EHKDYLRXU LQGLFDWHV WKDW WLPLQJ MLWWHU LV WKH PRVW VLJQL¿FDQW

FRQWULEXWRU RI HUURU � HYHQ DW � ����� WKH UPV DPSOLWXGH HUURU LV VHYHUDO WLPHV ODUJHU WKDQ WKH

VWDQGDUG GHYLDWLRQ RI WKH WKHUPDO QRLVH� 7KLV LV QRW VXUSULVLQJ� DV ���� SUHGLFWV D PD[LPXP

YROWDJH HUURU RI ���� P9 ZKHQ WKH LQSXW VLJQDO LV VDPSOHG ZLWK WLPLQJ MLWWHU " £ ¢ RI �QV� WKLV LV
RUGHUV RI PDJQLWXGH JUHDWHU WKDQ WKH PDJQLWXGH RI WKH WKHUPDO QRLVH� 7KH SKDVH HUURU DOVR VKRZV

D FOHDU GHSHQGHQFH RQ WKH WLPLQJ MLWWHU� EXW LV PRUH UHGXFHG E\ FRKHUHQW LQWHJUDWLRQ� 7DEOH �

VKRZV VRPH RI WKH UHVXOWV IRU $ ��� P9¤ ¥ ¦ ¤ ¥ DQG j £ ¢  � QV�
§ ¨ © ª « ¬  ® ¯

ª « ¬  ® ¯ ° ± ²
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7DEOH �� 5PV HUURU YDOXHV IRU LQSXW DPSOLWXGH RI ��� P9 DQG WLPLQJ MLWWHU VWG� GHY� RI � QV

,Q FRQWUDVW� WKH UPV HUURU DW WKH PLQLPXP VLJQDO DPSOLWXGH GHSHQGV VWURQJO\ RQ VLJQDO�WR�QRLVH

UDWLR� WKH HUURUV IRU D 615 RI � G% EHLQJ DERXW WZLFH WKH PDJQLWXGH RI WKH HUURUV IRU D 615 RI ��

G%� 7KH HUURUV DUH WKH VDPH IRU DOO WKUHH WLPLQJ MLWWHU YDOXHV� LQ DFFRUGDQFH ZLWK WKH SUHGLFWLRQ

IURP ���� WKDW WKH VDPSOH HUURU LV DERXW � >9 ZKHQ WKH LQSXW VLJQDO LV VDPSOHG ZLWK WLPLQJ MLWWHU

" ß à RI �QV � WKLV LV PXFK VPDOOHU WKDQ WKH TXDQWL]HU VWHS VL]H� &RKHUHQW LQWHJUDWLRQ LPSURYHV ERWK
WKH UPV DPSOLWXGH DQG SKDVH HUURU E\ DSSUR[LPDWHO\ �� DV � LQFUHDVHV IURP � WR ����� PDWFKLQJ
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)LJXUH ��� 6LPXODWHG UPV DPSOLWXGH HUURU� DPSOLWXGH  ��� P9á â ã á â DQG 615  �� G%

)LJXUH ��� 6LPXODWHG UPV SKDVH HUURU� DPSOLWXGH  ��� P9á â ã á â DQG 615  �� G%
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)LJXUH ��� 6LPXODWHG UPV DPSOLWXGH HUURU� DPSOLWXGH  ��� >9ä å æ ä å DQG 615  �� G%

)LJXUH ��� 6LPXODWHG UPV SKDVH HUURU� DPSOLWXGH  ��� >9ä å æ ä å DQG 615  �� G%
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7DEOH �� 5PV HUURU YDOXHV IRU LQSXW DPSOLWXGH RI ��� X9 DQG WLPLQJ MLWWHU VWG� GHY� RI � QV

WKH WKHRUHWLFDO LPSURYHPHQW GXH WR GLWKHULQJ� WKH GLWKHULQJ LV HIIHFWLYH HYHQ IRU WKH ORZHU QRLVH

YROWDJH ��� G% 615�� 7DEOH � VKRZV VRPH RI WKH UHVXOWV IRU $ ��� >9� � � � � DQG j � �  � QV�
7KH UPV SKDVH HUURU LV YHU\ ODUJH ZLWKRXW FRKHUHQW LQWHJUDWLRQ� DV PXFK DV �� 	 � LOOXVWUDWLQJ WKH
VHQVLWLYLW\ RI WKH SKDVH RXWSXW ZKHQ WKH LQSXW DPSOLWXGH LV RQO\ D IHZ {�

��� 6XPPDU\

&RPSXWHU VLPXODWLRQV ZHUH SHUIRUPHG WR GHWHUPLQH WKH UHODWLRQVKLS EHWZHHQ VDPSOLQJ HUURUV

DQG WKH DFFXUDF\ RI WKH GLJLWDO TXDGUDWXUH GHPRGXODWRU RXWSXW DQG WKH HIIHFWLYHQHVV RI FRKHUHQW

LQWHJUDWLRQ LQ LPSURYLQJ WKH DFFXUDF\� 7KH GLVFUHWH�WLPH VLPXODWLRQV ZHUH SHUIRUPHG LQ 3\WKRQ

DQG WKH UHVXOWV ZHUH DQDO\VHG XVLQJ 0DWODE�

7KH ¿UVW VHULHV RI VLPXODWLRQV H[DPLQHG WKH HIIHFWV RI WKHUPDO QRLVH DQG WLPLQJ MLWWHU LQ

LVRODWLRQ� &RKHUHQW LQWHJUDWLRQ ZDV IRXQG WR UHGXFH WKH RXWSXW HUURUV GXH WR WKHUPDO QRLVH�

SURYLGHG WKH QRLVH VWDQGDUG GHYLDWLRQ ZDV DW OHDVW DQ HLJKWK RI WKH TXDQWL]HU VWHS VL]H� 7KH

UHGXFWLRQ FRUUHVSRQGHG ZHOO WR WKDW SUHGLFWHG E\ ����� 7LPLQJ MLWWHU FDXVHG PRUH VHYHUH HUURUV�

DQG FRKHUHQW LQWHJUDWLRQ IDLOHG WR UHGXFH WKH DPSOLWXGH HUURU E\ WKH IDFWRU SUHGLFWHG DV �

LQFUHDVHG� 7KH DPSOLWXGH DQG SKDVH HUURUV� PRUHRYHU� ZHUH LQGHSHQGHQW RI WKH TXDQWL]HU VWHS

VL]H IRU MLWWHU ZLWK VWDQGDUG GHYLDWLRQ JUHDWHU WKDQ � QV� 7KH DPSOLWXGH DQG SKDVH HUURUV ZHUH

SURSRUWLRQDO WR WKH WLPLQJ MLWWHU� DV H[SHFWHG�

6LPXODWLRQ RI WKH SURWRW\SH GHPRGXODWRU GULYHQ ZLWK WKH UDGDU ,) DQG FORFN VLJQDOV ZDV

LQWHQGHG WR SUHGLFW ZKHWKHU WKH UHTXLUHG SHUIRUPDQFH ZRXOG EH DFKLHYHG� 7LPLQJ MLWWHU FDXVHG WKH

SUHGLFWHG SHUIRUPDQFH WR IDOO VKRUW RI WKH VSHFL¿FDWLRQ DW WKH PD[LPXP LQSXW DPSOLWXGH� WKH SKDVH

HUURU H[FHHGHG WKH WROHUDQFH DW WKH ORZHVW LQSXW DPSOLWXGH GXH WR WKH UHODWLYHO\ ODUJH TXDQWL]HU VWHS

VL]H�

7KH OLQN EHWZHHQ VLPXODWLRQV RI WKH GHPRGXODWRU SHUIRUPDQFH DQG WKH SURWRW\SH V\VWHP KDV

DOUHDG\ EHHQ HVWDEOLVKHG LQ WKH ODVW VLPXODWLRQ VHULHV� ZKLFK PDWFKHG WKH VLPXODWLRQ SDUDPHWHUV WR

WKH SURWRW\SH� 7KH IROORZLQJ FKDSWHU GHVFULEHV WKH GHVLJQ DQG LPSOHPHQWDWLRQ RI WKH KDUGZDUH�

SURJUDPPDEOH ORJLF� DQG VRIWZDUH XVHG WR LPSOHPHQW WKH GHPRGXODWRU� DQG GHVFULEHV WKH

PHDVXUHPHQW RI WKH SURWRW\SH SHUIRUPDQFH�
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&KDSWHU �

'HVLJQ DQG LPSOHPHQWDWLRQ RI WKH

SURWRW\SH

7KLV FKDSWHU EULHÀ\ GHVFULEHV WKH GHVLJQ DQG LPSOHPHQWDWLRQ RI WKH 'DFV FLUFXLW ERDUG DQG

VRIWZDUH� 7KH 'DFV ERDUG LV SODFHG LQ WKH FRQWH[W RI WKH 9HQXV UDGDU V\VWHP� DQG D EULHI

UHTXLUHPHQWV DQDO\VLV LV WKHQ HODERUDWHG� 7KLV LV IROORZHG E\ D GLVFXVVLRQ RI WKH GHVLJQ DQG

LPSOHPHQWDWLRQ RI WKH KDUGZDUH� SURJUDPPDEOH ORJLF� DQG VRIWZDUH� ZKLFK HPSKDVL]HV WKH

VLJQL¿FDQW IHDWXUHV� )LQDOO\� WKH SHUIRUPDQFH RI WKH GLJLWDO TXDGUDWXUH GHPRGXODWRU LV PHDVXUHG�

��� 'DFV LQ FRQWH[W RI UDGDU DUFKLWHFWXUH

)LJXUH ��� $UFKLWHFWXUH RI WKH 9HQXV UDGDU V\VWHP

7KH GDWD FDSWXUH V\VWHP �'DFV� LV RQH PRGXOH RI WKH 9HQXV JURXQG SHQHWUDWLQJ UDGDU V\VWHP� 7KH

9HQXV *35 XVHV D VWHSSHG IUHTXHQF\ FRQWLQXRXV ZDYH DUFKLWHFWXUH� GHVFULEHG LQ PRUH GHWDLO LQ

&KDSWHU �� 0RVW RI WKH 9HQXV UDGDU¶V FRPSRQHQW V\VWHPV KDYH D VLQJOH IXQFWLRQ� 7KH 'DFV XQLW�

KRZHYHU� LQWHJUDWHV VHYHUDO LPSRUWDQW IXQFWLRQV RQWR RQH FLUFXLW FDUG�

��� 'LJLWDO TXDGUDWXUH GHPRGXODWLRQ� 7KH ,) VLJQDO LV GLJLWLVHG E\ V\QFKURQRXV VDPSOLQJ� DQG
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WKH VDPSOH VHTXHQFH LV WKHQ SURFHVVHG E\ VSHFLDO DOJRULWKPV� 7KHVH VXSSUHVV VRPH RI WKH

QRLVH LQ WKH GLJLWLVHG VLJQDO DQG SHUIRUP GLJLWDO TXDGUDWXUH GHPRGXODWLRQ WR H[WUDFW WKH LQSXW

VLJQDO¶V DPSOLWXGH DQG SKDVH�

��� 5DGDU FRQWURO� 7KH 'DFV FRQWUROV WKH RSHUDWLRQ RI WKH HQWLUH UDGDU V\VWHP E\ VHWWLQJ

SDUDPHWHUV RI RWKHU V\VWHPV LQ WKH UDGDU� VXFK DV WKH IUHTXHQF\ V\QWKHVL]HUV DQG WKH

GRZQFRQYHUWHU� 7KH 'DFV DOVR GLUHFWV WKHLU RSHUDWLRQ�

��� &RPPXQLFDWLRQ� $Q RSHUDWRU FRQWUROV WKH UDGDU XVLQJ D FRPSXWHU FRQQHFWHG WR WKH 'DFV

ERDUG� WKH FRPSXWHU VHQGV FRPPDQGV WR WKH 'DFV DQG UHFHLYHV VWDWXV LQIRUPDWLRQ DQG

FDSWXUHG GDWD�

��� 6WDWHPHQW RI NH\ XVHU UHTXLUHPHQWV

����� 'LJLWDO TXDGUDWXUH GHPRGXODWLRQ

������� 3UR¿OH UDWH

7KH GDWD FDSWXUH V\VWHP PXVW FDSWXUH D PLQLPXP RI �� IXOO SUR¿OHV SHU VHFRQG� ZLWK DW OHDVW ���

IUHTXHQF\ VWHSV SHU SUR¿OH� 7KH UDPS UHSHWLWLRQ LQWHUYDO �55,� PXVW WKHUHIRUH QRW H[FHHG ���

PV� DQG WKH GZHOO WLPH FDQQRW H[FHHG � PV� $PSOLWXGH DQG SKDVH PHDVXUHPHQWV RI ERWK WKH

WUDQVPLW�UHFHLYH DQG WKH FDOLEUDWLRQ FKDQQHOV PXVW EH WDNHQ DW HDFK IUHTXHQF\ VWHS�

������� '\QDPLF UDQJH

7KH G\QDPLF UDQJH PXVW EH DW OHDVW �� G% �WKLV VSHFL¿FDWLRQ LV GHULYHG IURP WKH 0HUFXU\ UDGDU

>�@�� WKH PD[LPXP DOORZHG LQSXW YROWDJH LV � 9
 � � 
 � � 7KH ,) LQSXW LPSHGDQFH VKRXOG EH ��� l

WR HQVXUH FRPSDWLELOLW\ ZLWK WKH $'��� SURJUDPPDEOH JDLQ DPSOL¿HU ZKLFK GULYHV WKH ,) VLJQDO

LQSXW RQ WKH 'DFV >��@�

������� $FFXUDF\

7KH SKDVH RXWSXW VKRXOG KDYH D UPV RXWSXW HUURU QR ODUJHU WKDQ ���  � WKLV LV WKH VDPH DV WKH HUURU
VSHFL¿FDWLRQ IRU WKH IUHTXHQF\ V\QWKHVL]HUV RI WKH 0HUFXU\ UDGDU >�@� 7KH UPV DPSOLWXGH HUURU

VKRXOG EH QR ODUJHU WKDQ ��� >9� ZKLFK LV HTXLYDOHQW WR �{ �TXDQWL]HU VWHS VL]H� IRU D ���ELW

DQDORJXH�WR�GLJLWDO FRQYHUWHU�

����� 6\VWHP FRQWURO

'DFV UHTXLUHV D PLFURFRQWUROOHU WR LPSOHPHQW V\VWHP FRQWURO DQG FRPPXQLFDWLRQV IXQFWLRQV�

7KH PLFURFRQWUROOHU VRIWZDUH ZLOO H[HFXWH IURP )ODVK PHPRU\ DQG XVH 65$0 DV D WHPSRUDU\

VWRUH� $OWKRXJK WKH PLFURFRQWUROOHU VKRXOG HYHQWXDOO\ H[HFXWH DQ RSHUDWLQJ V\VWHP� WDUJHWWLQJ

WKH PLFURFRQWUROOHU ZLWK FRGH ZULWWHQ LQ & LV VXI¿FLHQW IRU WHVW SXUSRVHV� 2QO\ WKH IXQFWLRQV

QHFHVVDU\ IRU WHVWLQJ WKH GLJLWDO TXDGUDWXUH GHPRGXODWRU ZLOO EH LPSOHPHQWHG�
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����� &RPPXQLFDWLRQ

7KH 'DFV PXVW FRPPXQLFDWH ZLWK RWKHU V\VWHPV LQ WKH UDGDU WKURXJK D EDFNSODQH LQWHUIDFH� 7KHVH

V\VWHPV LQFOXGH WKH WZR IUHTXHQF\ V\QWKHVL]HUV� WKH 5)�,) ERDUG �GRZQFRQYHUWHU�� DQG WKH 5)�,)

PRWKHUERDUG� 7KHVH IXQFWLRQV ZLOO QRW EH LPSOHPHQWHG RQ WKH SURWRW\SH�

����� (OHFWUR�PHFKDQLFDO

(DFK V\VWHP RI WKH UDGDU� LQFOXGLQJ WKH 'DFV� PXVW EH FRQWDLQHG RQ DQ (XURFDUG�VL]HG FLUFXLW

ERDUG� 7KH FLUFXLW ERDUG ZLOO EH PRXQWHG RQWR D EDFNSODQH LQ WKH HQFORVXUH�

��� 6\VWHP GHVLJQ

7KH GDWD FDSWXUH V\VWHP FRQVLVWV RI D SULQWHG FLUFXLW ERDUG SRSXODWHG ZLWK VHPLFRQGXFWRU DQG

SDVVLYH FRPSRQHQWV� 7KH IXQFWLRQDOLW\ RI WKH SURJUDPPDEOH ORJLF GHYLFHV LV GHVFULEHG LQ 9+'/�

DQG WKH VRIWZDUH UXQQLQJ RQ WKH PLFURFRQWUROOHU LV ZULWWHQ LQ &� %RWK WKH SURJUDPPDEOH ORJLF

GHYLFHV DQG WKH PLFURFRQWUROOHU DQG LWV ÀDVK PHPRU\ DUH SURJUDPPHG LQ�FLUFXLW�

7KH FRPSRQHQWV FDQ EH JURXSHG E\ IXQFWLRQ� DV LQ )LJXUH ��� ZKLFK GHSLFWV RQO\ WKH PDMRU

PRGXOHV�

��� +DUGZDUH GHVLJQ DQG LPSOHPHQWDWLRQ

����� 'HVLJQ

������� $QDORJXH�WR�GLJLWDO FRQYHUVLRQ

7KH $'& GHYLFH ZDV VHOHFWHG RQ WKH EDVLV RI UHVROXWLRQ DQG VDPSOLQJ VSHHG� $ VXUYH\ RI

DYDLODEOH GHYLFHV LQGLFDWHG WKDW WKH IDVWHVW ���ELW FRQYHUWHUV� IURP 0D[LP DQG $QDORJ 'HYLFHV�

UDQ DW D VDPSOLQJ UDWH RI � 06D�V � QRW IDVW HQRXJK IRU WKLV DSSOLFDWLRQ >��@>��@� 6R D ���ELW

DQDORJXH�WR�GLJLWDO FRQYHUWHU ZDV VSHFL¿HG�

7KH 7H[DV ,QVWUXPHQWV 7+6���� LV D ���ELW GLIIHUHQWLDO�LQSXW $'& DQG LQFOXGHV D

SURJUDPPDEOH JDLQ DPSOL¿HU �3*$� ZLWK JDLQ DGMXVWDEOH IURP � WR � G%� DQG VDPSOHV DW VSHHGV

XS WR � 06D�V >��� S �@� 7KH $'& KDV D SLSHOLQH ODWHQF\ RI ��� SHULRGV� DPELJXLW\ LQ GLYLGLQJ WKH

UHIHUHQFH FORFN PDNHV WKH ODWHQF\ LUUHOHYDQW� 7KH 7+6���� FRQWDLQV VHYHUDO FRQWURO UHJLVWHUV�

ZKLFK DOORZ D SURJUDPPDEOH RIIVHW WR EH VXEWUDFWHG IURP WKH VDPSOH YDOXH DQG WKH 3*$ JDLQ WR

EH VHW�

$ FHQWUH�WDSSHG WUDQVIRUPHU FRQYHUWV WKH VLQJOH�HQGHG ,) VLJQDO LQWR D VXLWDEOH GLIIHUHQWLDO

VLJQDO� 7KH PD[LPXP ,) LQSXW LV � 9� � � � � DF� SURGXFLQJ D � 9� � � � � VLJQDO DW WKH $'& LQSXW� WKH



��

)LJXUH ��� )XQFWLRQ EORFNV RI WKH GDWD FDSWXUH V\VWHP

)LJXUH ��� %ORFN GLDJUDP RI WKH 'DFV KDUGZDUH



��

TXDQWL]HU VWHS VL]H LV WKXV �� >9 UHIHUUHG WR WKH WUDQVIRUPHU LQSXW� 7KH GDWDVKHHW IRU WKH 7+6����

VSHFL¿HV D W\SLFDO VSXULRXV�IUHH G\QDPLF UDQJH DV �� G%� IRU s � � ' e 0+] DQG s � ' H 0+] >��@�

������� 'LJLWDO VLJQDO SURFHVVLQJ LQ WKH )3*$

7KH GLJLWDO VLJQDO SURFHVVLQJ LV SHUIRUPHG LQ D ;LOLQ[ 6SDUWDQ�,, ¿HOG�SURJUDPPDEOH JDWH DUUD\

ZLWK ������� JDWHV� 7KH SURFHVVLQJ PRGXOHV DUH FRGHG LQ 9+'/ DQG ORDGHG LQWR WKH )3*$ FKLS

DIWHU SRZHU LV DSSOLHG�

������� 5HIHUHQFH FORFN IRU GLJLWDO TXDGUDWXUH GHPRGXODWRU

7KH 'DFV GHVLJQ SURYLGHV WKUHH VRXUFHV RI UHIHUHQFH FORFN IRU WKH GHPRGXODWRU� 7KH ¿UVW WZR DUH

RQ�ERDUG RVFLOODWRUV� D �� 0+] WHPSHUDWXUH�FRPSHQVDWHG FU\VWDO RVFLOODWRU �7&;2� RU D �� 0+]

FU\VWDO RVFLOODWRU� $ FRQQHFWRU SURYLGHV DQ LQSXW SRUW IRU DQ H[WHUQDO RVFLOODWRU� VXFK DV WKH +3

�����$ VLJQDO JHQHUDWRU XVHG GXULQJ WHVWLQJ�

������� 0LFURFRQWUROOHU FRQWUROV V\VWHP RSHUDWLRQ

7KH 'DFV ERDUG FRQWDLQV DQ $WPHO $7��0����� PLFURFRQWUROOHU� ZKLFK LQWHJUDWHV DQ

$50�7'0, SURFHVVRU FRUH� VHYHUDO RQ�FKLS SHULSKHUDO GHYLFHV� DQG D ���ELW H[WHUQDO EXV

LQWHUIDFH� 7KH PLFURFRQWUROOHU ERRWV RII D ���. [ ���ELW ÀDVK PHPRU\ ,&� DQG XVHV DQ ���. [

���ELW 65$0 FKLS IRU WHPSRUDU\ VWRUDJH� 7KH $7��0����� H[HFXWHV ���ELW LQVWUXFWLRQV� EXW WKH

H[WHUQDO EXV LQWHUIDFH LV ���ELW VR WKH SURFHVVRU H[HFXWHV LQVWUXFWLRQV DW KDOI WKH EXV UDWH�

������� %RRWVWUDS FRQ¿JXUDWLRQ &3/'

$ VPDOO &3/' �;LOLQ[ ;&����� FRQWUROV WKH ERRW PRGH RI WKH PLFURFRQWUROOHU� WKLV &3/' URXWHV

VHYHUDO VLJQDOV EHWZHHQ SHULSKHUDO GHYLFHV� WKH PLFURFRQWUROOHU� DQG WKH )3*$�

������� &RPPXQLFDWLRQ LQWHUIDFHV

7KH 'DFV ERDUG KDV VHYHUDO FRPPXQLFDWLRQ SRUWV� OLQNLQJ LW ZLWK RWKHU FRPSRQHQWV RI WKH UDGDU

V\VWHP DQG ZLWK H[WHUQDO GHYLFHV� 7KH 'DFV ERDUG KDV WZR VHULDO SRUWV� RQH LV LPSOHPHQWHG DV

DQ 56��� VHULDO SRUW� WKH RWKHU LV D VORW UHTXLULQJ D VSHFLDO DGG�RQ WUDQVFHLYHU FDUG� 7KHVH VHULDO

SRUWV SURYLGH D VLPSOH LQWHUIDFH WR H[WHUQDO FRPSXWHUV� $ &U\VWDO &6����$ (WKHUQHW WUDQVFHLYHU

FKLS LPSOHPHQWV D ��%DVH7 (WKHUQHW SRUW� EXW ZDV QRW SODFHG RQ WKH SURWRW\SH� 7KH H[SDQVLRQ

EXV LQWHUIDFH LV EDVHG RQ WKH ���ELW ,6$ V\QFKURQRXV EXV� WKLV LV WKH OLQN WR RWKHU V\VWHPV ZLWKLQ

WKH UDGDU HQFORVXUH� ZKLFK VKDUH D FRPPRQ EDFNSODQH� DQG ZDV DOVR QRW SODFHG RQ WKH SURWRW\SH�

����� ,PSOHPHQWDWLRQ

7KH KDUGZDUH GHVLJQ ZDV FDSWXUHG DV D VHW RI VFKHPDWLF GLDJUDPV LQ 3URWHO ��6(� 7KH DUWZRUN IRU

WKH SULQWHG FLUFXLW ERDUG ZDV DOVR GUDZQ LQ 3URWHO ��6(� DQG VHQW WR D 3&% SURGXFWLRQ KRXVH� 7UD[



��

,QWHU&RQQHFW �3W\� /WG� ZKR IDEULFDWHG WKH FLUFXLW ERDUGV WR VSHFL¿FDWLRQ � LW LV ZRUWK QRWLQJ WKDW

WKH SULQWHG FLUFXLW ERDUG VWUHWFKHG WKH OLPLWV RI WKH DYDLODEOH IDEULFDWLRQ WHFKQRORJ\� HVSHFLDOO\ LQ

WHUPV RI YLD VL]H DQG WUDFN ZLGWK�VSDFLQJ LQ FHUWDLQ VHFWLRQV� 7KH EDUH FLUFXLW ERDUG ZDV SRSXODWHG

E\ DQRWKHU FRQWUDFWRU� 5KRPFR �3W\� /WG�

��� 3URJUDPPDEOH ORJLF GHVLJQ DQG LPSOHPHQWDWLRQ

7KH 'DFV ERDUG FRQWDLQV WKUHH SURJUDPPDEOH ORJLF GHYLFHV� DQ )3*$ XVHG PDLQO\ IRU VLJQDO

SURFHVVLQJ� D VPDOO &3/' DVVLVWLQJ ZLWK ERRVWUDS FRQ¿JXUDWLRQ� DQG D ODUJH &3/' XVHG IRU WKH

H[SDQVLRQ EXV LQWHUIDFH� )LUPZDUH ZDV QRW SURGXFHG IRU WKH H[SDQVLRQ EXV DV WKLV ZDV RXWVLGH WKH

WKHVLV VFRSH�

����� 3URJUDPPDEOH ORJLF LPSOHPHQWHG LQ WKH ERRWVWUDS FRQ¿JXUDWLRQ &3/'

7KH ORJLF ZLWKLQ WKH FRQ¿JXUDWLRQ &3/' LV LPSOHPHQWHG DV VLPSOH FRPELQDWRULDO ORJLF� ,W

FRQ¿JXUHV WKH PLFURFRQWUROOHU ERRW PRGH DW SRZHU�RQ� FRQ¿JXUHV WKH )3*$ SURJUDPPLQJ PRGH

DW SRZHU�RQ� URXWHV ,2 VLJQDOV EHWZHHQ WKH PLFURFRQWUROOHU� )3*$� DQG &6����$ (WKHUQHW

WUDQVFHLYHU� DQG SHUIRUPV VRPH VLPSOH ORJLF IXQFWLRQV RQ WKH UHVHW VLJQDOV�

����� 3URJUDPPDEOH ORJLF LPSOHPHQWHG LQ WKH )3*$

7KH SURWRW\SH ERDUG ZDV XVHG WR WHVW WKH GHPRGXODWRU� DQG ZDV QRW LQWHJUDWHG LQWR WKH UDGDU� 7KH

'DFV SURWRW\SH ZDV WKHUHIRUH SURJUDPPHG WR WDNH D VHTXHQFH RI PHDVXUHPHQWV DW D FRQVWDQW LQSXW

DPSOLWXGH DQG SKDVH�

������� 6WUXFWXUH

7KH IXQFWLRQV LPSOHPHQWHG LQ WKH )3*$ ZHUH GHFRPSRVHG LQWR PRGXOHV GH¿QHG LQ WHUPV RI

WKHLU EHKDYLRXU DQG LQWHUIDFHV� 7KLV WRS�GRZQ GHVLJQ DSSURDFK SURYLGHG VLPLODU DGYDQWDJHV WR

DQ REMHFW�RULHQWHG DSSURDFK WR VRIWZDUH� UHGXFHG FRXSOLQJ EHWZHHQ PRGXOHV PDGH PRGL¿FDWLRQV

VLPSOHU� WKHUH ZDV D FOHDU PDSSLQJ EHWZHHQ PRGXOHV DQG WKHLU IXQFWLRQV� DQG WKH FRPSOHWHG

PRGXOHV OHQG WKHPVHOYHV WR UHXVH >��@�

&RQWUROOHU IRU DQDORJXH�WR�GLJLWDO FRQYHUWHU 7KH $'& FRQWUROOHU LV WKH LQWHUIDFH EHWZHHQ WKH

)3*$ DQG WKH $'& FKLS� LW ORDGV FRQ¿JXUDWLRQ SDUDPHWHUV LQWR WKH $'&� DQG UHDGV VDPSOH YDOXHV

IURP WKH $'&� RYHU D KDOI�GXSOH[� SDUDOOHO EXV� 7KH $'& DPSOL¿HU JDLQ� WKH SURJUDPPDEOH

RIIVHW� DQG WKH FRQWURO UHJLVWHU FDQ EH VHW�

'LJLWDO VLJQDO SURFHVVRU 7KH GLJLWDO VLJQDO SURFHVVRU DFWV DV DQ DFFXPXODWRU� WKH ¿UVW VWHS LQ



��

)LJXUH ��� %ORFN GLDJUDP RI WKH 9+'/ FRGH IRU WKH )3*$

FRKHUHQW LQWHJUDWLRQ �GLYLVLRQ DQG GHPRGXODWLRQ ZHUH SHUIRUPHG RQ WKH 3& WR DYRLG LQWURGXFLQJ

URXQG�RII HUURUV� LW ZDV DOVR FRQYHQLHQW WR KDYH WKH FRPSOHWH VHW RI VDPSOH YDOXHV DYDLODEOH IRU

DQDO\VLV�� 7KH QXPEHU RI VDPSOHV WR LQWHJUDWH� � � DQG WKH HQVHPEOH OHQJWK� u� �WKH QXPEHU RI

PHDVXUHPHQWV WR EH WDNHQ LQ VHTXHQFH� DUH SDUDPHWHUV�

7KHUH DUH IRXU DFFXPXODWRUV� RQH IRU HDFK VDPSOH SKDVH QHHGHG IRU GHPRGXODWLRQ � WKH WLPLQJ

RI WKH DFFXPXODWRU ZULWHV UHODWLYH WR WKH $'& FRQWUROOHU RXWSXW VDPSOHV LV VKRZQ LQ )LJXUH ���

ZULWHV WR DFFXPXODWRUV � WR � DUH UHSUHVHQWHG E\ DVVHUWLRQ RI VLJQDOV :5>���@�

2QFH WKH IXOO VHW RI VDPSOHV LQ D PHDVXUHPHQW KDYH EHHQ ORDGHG� WKH DFFXPXODWRU YDOXHV DUH

FORFNHG LQWR D VHW RI UHJLVWHUV DQG WUDQVIHUUHG LQWR WKH GXDO�SRUW PHPRU\ ZKLOH WKH DFFXPXODWRUV

DUH UHVHW IRU WKH QH[W PHDVXUHPHQW � WKH WLPLQJ RI WKLV SURFHVV LV VKRZQ LQ )LJXUH ��� WKH

DFFXPXODWRUV DUH FOHDUHG ZKHQ WKH &/5 VLJQDO LV DVVHUWHG� DQG WKH � ZULWHV WR WKH GXDO�SRUW

PHPRU\ RFFXU ZKLOH WKH 0(0B:5 VLJQDO LV DVVHUWHG� 7KH FRKHUHQW LQWHJUDWLRQ IDFWRU � PXVW

EH DW OHDVW � LI PRUH WKDQ RQH PHDVXUHPHQW LV WDNHQ FRQWLJXRXVO\ WR DOORZ HQRXJK FORFN F\FOHV IRU

WKH DFFXPXODWRU YDOXHV WR EH ZULWWHQ LQWR PHPRU\�

'XDO�SRUW PHPRU\ 7KH ���� [ ���ELWV GXDO�SRUW PHPRU\ LV WKH EULGJH EHWZHHQ WKH WZR FORFN

GRPDLQV� WKH VDPSOLQJ DQG VLJQDO SURFHVVLQJ PRGXOHV UXQ DW WKH VDPSOH FORFN IUHTXHQF\ DQG WKH

KRVW SRUW LQWHUIDFH UXQV DW WKH PLFURFRQWUROOHU FORFN IUHTXHQF\ ������� 0+]�� 7KLV PHPRU\ LV



��

)LJXUH ��� 7LPLQJ RI DFFXPXODWRU ZULWH VLJQDOV

)LJXUH ��� 7LPLQJ RI WKH DFFXPXODWRU FOHDU DQG PHPRU\ ZULWH VLJQDOV
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RQO\ XVHG IRU VWRULQJ WKH DFFXPXODWRU YDOXHV� DQG KDV D FDSDFLW\ RI ��� SHULRGV�

+RVW SRUW LQWHUIDFH WR PLFURFRQWUROOHU 7KH )3*$ LV PHPRU\�PDSSHG RQ WKH PLFURFRQWUROOHU

V\VWHP EXV� 7KH PLFURFRQWUROOHU UHDGV DQG ZULWHV FRQ¿JXUDWLRQ SDUDPHWHUV IURP�WR WKH

FRQ¿JXUDWLRQ UHJLVWHUV� DQG UHDGV DFFXPXODWRU YDOXHV IURP WKH GXDO�SRUW PHPRU\� 7KH

PLFURFRQWUROOHU LV EXV PDVWHU DQG LQLWLDWHV DOO WUDQVDFWLRQV� 7KH KRVW�SRUW LQWHUIDFH LPSOHPHQWV

WKH ���ELW EXV SURWRFRO RI WKH $WPHO $7��0����� PLFURFRQWUROOHU ZLWK � ZDLW VWDWHV�

&RQ¿JXUDWLRQ UHJLVWHUV 6LPSOH UHJLVWHUV VWRUH WKH FRQ¿JXUDWLRQ SDUDPHWHUV� QDPHO\ WKH

FRKHUHQW LQWHJUDWLRQ IDFWRU � � HQVHPEOH OHQJWK u �¿[HG DW ��� IRU WHVWLQJ�� $'& DPSOL¿HU JDLQ�

$'& RIIVHW UHJLVWHU YDOXH� DQG WKH $'& FRQWURO UHJLVWHU YDOXH �ZKLFK VKRXOG RQO\ EH VHW WR

�[������

)3*$ V\VWHP FRQWUROOHU 7KH )3*$ V\VWHP FRQWUROOHU GLUHFWV WKH RWKHU PRGXOHV¶ RSHUDWLRQ E\

DVVHUWLQJ HQDEOH VLJQDOV DW WKH DSSURSULDWH WLPHV DQG PRQLWRULQJ VWDWXV VLJQDOV IURP WKHVH PRGXOHV�

7KH )3*$ V\VWHP FRQWUROOHU FKDQJHV VWDWH XQGHU VWLPXODWLRQ IURP WKH PLFURFRQWUROOHU�

7KH VDPSOLQJ DQG FRKHUHQW LQWHJUDWLRQ PXVW EH V\QFKURQLVHG WR WKH ,) VLJQDO LI WKH SKDVH

HVWLPDWH LV WR UHPDLQ FRQVLVWHQW DFURVV VXFFHVVLYH PHDVXUHPHQWV� 7KH ¿UVW VDPSOH LQ HDFK

PHDVXUHPHQW PXVW EH WDNHQ DW WKH VDPH SKDVH� ZKLFK PHDQV WKDW D PHDVXUHPHQW FDQ EH

FRPPHQFHG RQO\ RQ HYHU\ IRXUWK FORFN HGJH� 7KH )3*$ V\VWHP FRQWUROOHU SHUIRUPV WKLV

V\QFKURQLVDWLRQ DV WKH 67$57 VLJQDO IURP WKH PLFURFRQWUROOHU LV DV\QFKURQRXV�

������� 6WDWH PDFKLQH ORJLF

7KH )3*$ LV SURJUDPPHG DV D VWDWH PDFKLQH� H[SUHVVHG LQ )LJXUH �� � WKH GLDJUDP LV VLPSOL¿HG

WR HQKDQFH FODULW\� 7KH )3*$ V\VWHP FRQWUROOHU WUDYHUVHV WKLV VWDWH PDFKLQH LQ UHVSRQVH WR WKH

5(6(7 DQG 67$57 LQSXWV IURP WKH PLFURFRQWUROOHU� WKH WULJJHU FRQGLWLRQV IRU HDFK WUDQVLWLRQ DUH

VKRZQ� 0LFURFRQWUROOHU DFFHVV WR WKH FRQ¿JXUDWLRQ UHJLVWHUV DQG GXDO�SRUW PHPRU\ LV LQGHSHQGHQW

RI WKH V\VWHP FRQWUROOHU VWDWH� ZLWK WKH H[FHSWLRQ WKDW WKH GXDO�SRUW PHPRU\ FDQQRW EH UHDG ZKLOH

WKH V\VWHP FRQWUROOHU LV LQ WKH 5(6(7 VWDWH�

������� ,PSOHPHQWLQJ WKH SURJUDPPDEOH ORJLF

7KH EHKDYLRXU RI WKH SURJUDPPDEOH ORJLF IRU WKH )3*$ DQG &3/' ZDV VSHFL¿HG LQ 9+'/ XVLQJ

D PRGXODU DSSURDFK� 7KH 9+'/ ZDV V\QWKHVL]HG DQG FRPSLOHG LQ ;LOLQ[ ,6( ��� RQ D 3HQWLXP ,,

3& UXQQLQJ 0LFURVRIW :LQGRZV ����� 7KH ELW ¿OHV ZHUH GRZQORDGHG WR WKH WDUJHW GHYLFHV XVLQJ

D VSHFLDO -7$* LQ�V\VWHP SURJUDPPHU� DOO WKH SURJUDPPDEOH ORJLF GHYLFHV VKDUH D -7$* FKDLQ

DFFHVVHG YLD D VLQJOH FRQQHFWRU�



��

)LJXUH ��� 6WDWH PDFKLQH UHSUHVHQWDWLRQ RI WKH )3*$ V\VWHP FRQWUROOHU

��� 6RIWZDUH GHVLJQ DQG LPSOHPHQWDWLRQ

7KH SULPDU\ IXQFWLRQV FDUULHG RXW LQ VRIWZDUH DUH FRQWURO RI WKH )3*$ VWDWH� FRQ¿JXUDWLRQ RI WKH

)3*$ DQG $'& SDUDPHWHUV� SURYLVLRQ RI D XVHU LQWHUIDFH� DQG GLJLWDO TXDGUDWXUH GHPRGXODWLRQ�

6RIWZDUH LV H[HFXWHG RQ WKH 'DFV ERDUG PLFURFRQWUROOHU DQG RQ D 3&� WKH WZR FRPSXWHUV OLQNHG E\

D KLJK�VSHHG VHULDO SRUW�

����� 6RIWZDUH GHVLJQ

7KH VRIWZDUH GHVLJQ SDUWLWLRQV WKH IXQFWLRQV DFFRUGLQJ WR ZKLFK SURFHVVRU � PLFURFRQWUROOHU RU 3&

� WKH\ ZLOO EH H[HFXWHG RQ �)LJXUH ���� 7KH PLFURFRQWUROOHU UHDGV WKH VHWV RI DFFXPXODWRU YDOXHV

IURP WKH PHPRU\�PDSSHG )3*$ DQG WUDQVPLWV WKHP WR WKH 3&� ZKLFK SHUIRUPV GLJLWDO TXDGUDWXUH

GHPRGXODWLRQ WR HVWLPDWH WKH DPSOLWXGH DQG SKDVH RI WKH VDPSOHG VLJQDO�

7KH 3& VRIWZDUH DOVR SURYLGHV D VLPSOH XVHU LQWHUIDFH� )LJXUH �� VKRZV D W\SLFDO VHTXHQFH�

����� 0LFURFRQWUROOHU VRIWZDUH

7KH PLFURFRQWUROOHU FRGH� ZULWWHQ LQ &� KDV D VLPSOH VWUXFWXUH� $ IHZ SUHOLPLQDU\ LQVWUXFWLRQV

FRQ¿JXUH WKH PLFURFRQWUROOHU SHULSKHUDOV� ZKLOH WKH PDLQ URXWLQH LV DQ LQ¿QLWH ORRS� 7KH ORRS

FDOOV D IHZ KLJK�OHYHO IXQFWLRQV WR DFFRPSOLVK LWV WDVNV� QDPHO\ FRQ¿JXULQJ WKH )3*$� H[HFXWLQJ

WKH PHDVXUHPHQW VHTXHQFH� RU UXQQLQJ D WHVW URXWLQH�

������� %HKDYLRXU

7KH PLFURFRQWUROOHU VRIWZDUH LGOHV LQ DQ LQ¿QLWH ORRS� ZDLWLQJ WR UHFHLYH D FRPPDQG RYHU WKH

VHULDO SRUW� 7KH PLFURFRQWUROOHU MXPSV WR WKH GDWD UHFHSWLRQ� FRQ¿JXUDWLRQ� PHDVXUHPHQW� RU D WHVW

SURFHGXUH� FRQWLQJHQW RQ WKH FRPPDQG� &RQWURO UHWXUQV WR WKH PDLQ ORRS RQFH WKH SURFHGXUH LV



��

)LJXUH ��� 6RIWZDUH LV SDUWLWLRQHG EHWZHHQ WKH $7�� PLFURFRQWUROOHU DQG D 3&

)LJXUH ��� 6HTXHQFH RI VRIWZDUH FRRSHUDWLRQ EHWZHHQ 3& DQG PLFURFRQWUROOHU
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FRPSOHWH�

7KH 3& VRIWZDUH VHQGV WKH FRQ¿JXUDWLRQ SDUDPHWHUV WR WKH PLFURFRQWUROOHU LQ D VWUHDP RI E\WHV�

5HFHSWLRQ RI WKH FRQ¿JXUDWLRQ FRPPDQG FDXVHV WKH PLFURFRQWUROOHU WR SODFH WKH )3*$ LQWR WKH

5(6(7 VWDWH� 2QFH WKH SDUDPHWHUV KDYH EHHQ ORDGHG LQWR WKH )3*$� WKH )3*$ LV SODFHG LQWR

&21),*85( VWDWH� WKH )3*$ HQWHUV WKH ,'/( VWDWH DIWHU FRQ¿JXUDWLRQ� 7KH )3*$ VWDWH LV VHW WR

6$03/( LI WKH VDPSOH FRPPDQG LV UHFHLYHG� RQFH WKH )3*$ LQGLFDWHV WKDW VDPSOLQJ LV FRPSOHWH�

WKH PLFURFRQWUROOHU UHDGV WKH GDWD IURP WKH GXDO�SRUW PHPRU\ DQG WUDQVPLWV LW WR WKH 3&�

����� 3& VRIWZDUH

7KH VRIWZDUH RQ WKH 3& LV WKH XVHU LQWHUIDFH� DQG DOVR SHUIRUPV GLJLWDO TXDGUDWXUH GHPRGXODWLRQ

RQ WKH GDWD UHFHLYHG IURP WKH 'DFV� 7KH VRIWZDUH ZDV LPSOHPHQWHG LQ 3\WKRQ >��@� DQ

REMHFW�RULHQWHG� RSHQ�VRXUFH VFULSWLQJ ODQJXDJH FKRVHQ IRU LWV HDVH RI XVH� 3\WKRQ UXQV RQ

*18�/LQX[ RU 0LFURVRIW :LQGRZV ����� 7KH SURJUDP IRU LQWHUIDFLQJ WR WKH 'DFV ERDUG UXQV LQ

D 06�'26 ZLQGRZ RQ :LQGRZV� EXW VRPH RI WKH IHDWXUHV ZHUH SRUWHG WR /LQX[ GXULQJ WHVWLQJ�

������� %HKDYLRXU

7KH 3& VRIWZDUH SUHVHQWV D FRPPDQG�OLQH LQWHUIDFH WR WKH XVHU� ZKR FDQ VHW WKH FRQ¿JXUDWLRQ

SDUDPHWHUV WR EH SURJUDPPHG LQWR WKH )3*$� FDXVH WKH )3*$ WR EH FRQ¿JXUHG� RU KDYH D VHW RI

PHDVXUHPHQWV WDNHQ� 2QFH DQ RSHUDWLRQ KDV EHHQ FRPSOHWHG WKH XVHU PD\ FKRRVH DQRWKHU�

7KH )3*$ LV FRQ¿JXUHG DQG PHDVXUHPHQWV DUH WDNHQ LQ FRRSHUDWLRQ ZLWK WKH PLFURFRQWUROOHU

RQ WKH 'DFV� ZLWK FRPPXQLFDWLRQ RYHU WKH VHULDO SRUW�

��� 0HDVXULQJ WKH SHUIRUPDQFH RI WKH GHPRGXODWRU SURWRW\SH

7KH SHUIRUPDQFH RI WKH 'DFV ERDUG ZDV PHDVXUHG RQFH WKH SURWRW\SH KDUGZDUH DQG VRIWZDUH ZHUH

ZRUNLQJ VDWLVIDFWRULO\� 7KH WHVW HTXLSPHQW OLPLWHG WKH SUHFLVLRQ RI WKH SHUIRUPDQFH WHVWV� VR WKH

WHVWV DLPHG WR HVWDEOLVK WKH HIIHFWLYHQHVV RI FRKHUHQW LQWHJUDWLRQ DQG VXEVDPSOLQJ LQ LPSURYLQJ

WKH GHPRGXODWRU RXWSXW UDWKHU WKDQ PHDVXULQJ DEVROXWH DFFXUDF\� 7KH GHPRGXODWRU SHUIRUPDQFH

ZDV WKHUHIRUH PHDVXUHG LQ WHUPV RI VWDWLVWLFDO SURSHUWLHV UDWKHU WKDQ DEVROXWH DFFXUDF\�

����� 7HVW VHWXS

7KH SURWRW\SH 'DFV ERDUG ZDV FRQQHFWHG WR D SDLU RI +3 �����$ VLJQDO JHQHUDWRUV� SKDVH�ORFNHG

XVLQJ WKH +3 ����������� NLW� 7KHVH SURYLGHG WKH VDPSOLQJ FORFN DQG WKH � 0+] ,) VLJQDO�

7KH +3 �����$ VLJQDO JHQHUDWRUV XVHG GLJLWDO�WR�DQDORJXH FRQYHUWHUV ZLWK DQ DPSOLWXGH

UHVROXWLRQ RI ���ELWV >��@� ZKHUHDV WKH GHYLFH XQGHU WHVW XVHG D ���ELW DQDORJXH�WR�GLJLWDO



��

)LJXUH ��� 'LDJUDP RI WKH WHVW VHWXS� VKRZLQJ FORFN IUHTXHQF\ IRU VXEVDPSOLQJ LQDFWLYH

FRQYHUWHU� 7KH VLJQDO JHQHUDWRU¶V KDUPRQLF GLVWRUWLRQ IRU D VLQXVRLGDO RXWSXW DW � 0+] ZDV

VSHFL¿HG DW ±�� G%F� DQG DPSOLWXGH DFFXUDF\ ZDV JLYHQ DV QR EHWWHU WKDQ 	��� ZLWK ÀDWQHVV

RI D VLQXVRLGDO RXWSXW JLYHQ DV 	���� RYHU WKH YROWDJH UDQJH RI LQWHUHVW >��@� LQ RWKHU ZRUGV�

PHDVXUHPHQWV ZHUH OLPLWHG E\ WKH VLJQDO VRXUFHV� 7KH JHQHUDWRUV KDG QRW EHHQ FDOLEUDWHG LQ

\HDUV� VR WKHLU SHUIRUPDQFH ZDV OLNHO\ HYHQ ZRUVH WKDQ VSHFL¿HG�

����� 7HVW PHWKRG

7KH GHYLFH XQGHU WHVW �'87� LV FRQVLGHUHG DV D EODFN ER[� ZLWK LQSXWV IRU FORFN DQG ,) VLJQDOV�

DQG RXWSXWV IRU DPSOLWXGH DQG SKDVH� 7KH LPSUHFLVLRQ RI WKH VLJQDO JHQHUDWRUV PHDQW WKDW WKH

DPSOLWXGH DQG SKDVH RI WKH LQSXW VLJQDO ZHUH QRW NQRZQ DFFXUDWHO\� 6HYHUDO HQVHPEOHV RI ���

FRQWLJXRXV DPSOLWXGH DQG SKDVH PHDVXUHPHQWV ZHUH WDNHQ� WKHQ RQH RI WKH SDUDPHWHUV ZDV

FKDQJHG DQG WKH SURFHVV UHSHDWHG� 7KH UHFRUGHG GDWD ZDV DQDO\VHG LQ 0$7/$%� WKH URRW PHDQ

VTXDUH HUURUV RI WKH DPSOLWXGH DQG SKDVH HQVHPEOHV ZHUH FDOFXODWHG� 7KH H[DFW DPSOLWXGH DQG

SKDVH RI WKH LQSXW ZHUH XQNQRZQ� VR WKH UPV HUURUV ZHUH FDOFXODWHG E\ WDNLQJ WKH PHDQ RI HDFK

DPSOLWXGH DQG SKDVH HQVHPEOH DV D EDVHOLQH DQG GH¿QLQJ WKH HUURU VLJQDO DV WKH GHYLDWLRQ IURP WKH

PHDQ�

����� 3HUIRUPDQFH WHVW UHVXOWV

������� /LQHDULW\ RI GHPRGXODWRU RXWSXWV

$PSOLWXGH OLQHDULW\ 7KLV H[SHULPHQW DLPHG WR GHWHUPLQH WKH OLQHDULW\ RI WKH GHPRGXODWRU RXWSXW�

�
�
� 7KH LQSXW VLJQDO DPSOLWXGH � � � ZDV VWHSSHG LQ HTXDO LQFUHPHQWV RI �� P9� RYHU WKH UDQJH ��



��

P9 WR ��� P9� WKH SKDVH ZDV ¿[HG DW �� GHJUHHV� 7KH FRKHUHQW LQWHJUDWLRQ IDFWRU ZDV ���� DQG

WKH HQVHPEOH OHQJWK ���� (LJKW DPSOLWXGH HQVHPEOHV ZHUH UHFRUGHG DW HDFK DPSOLWXGH� DQG WKH

DYHUDJH RI WKH HQVHPEOH PHDQV ZDV WDNHQ DV WKH RXWSXW DPSOLWXGH�

)LJXUH �� LV D SORW RI WKH UDWLR
� �� � � � DQG VKRZV WKDW WKH RXWSXW LV TXLWH OLQHDU� DOWKRXJK WKH

H[DFW UDWLR YDULHV VRPHZKDW XQSUHGLFWDEO\� 7KH +3 �����$ VLJQDO JHQHUDWRU FKDQJHV LWV RXWSXW

DPSOLWXGH E\ VZLWFKLQJ DWWHQXDWRUV LQWR DQG RXW RI WKH VLJQDO SDWK>��@� DQG LV OLNHO\ WKH VRXUFH

RI VRPH RI WKH QRQOLQHDULW\� 7KH DYHUDJH UDWLR RI WKH RXWSXW WR LQSXW DPSOLWXGH LV ������� WKLV LV

OHVV WKDQ � EHFDXVH RI LQSXW LPSHGDQFH PLVPDWFK � WKH LQSXW LPSHGDQFH LV QRW H[DFWO\ �� l � DQG

LQVHUWLRQ ORVV LQ WKH 5) WUDQVIRUPHU�

7KH GLIIHUHQFH LQ RXWSXW DPSOLWXGH VWHS VL]H EHWZHHQ FRQVHFXWLYH LQSXW DPSOLWXGH VWHSV LV

SORWWHG LQ )LJXUH ��� 7KH GLIIHUHQWLDO VWHS VL]H IDOOV ZLWKLQ D ��� >9 UDQJH H[FHSW IRU � SRLQWV�

HUURUV DWWULEXWHG WR WKH VLJQDO JHQHUDWRU� DQ HUURU EDQG RI ��� >9 FRUUHVSRQGV WR VOLJKWO\ PRUH WKDQ

�{� WKH TXDQWL]HU VWHS VL]H � VR WKH GHPRGXODWRU RXWSXW DPSOLWXGH LV IDLUO\ OLQHDU� 7KH GLIIHUHQWLDO

VWHS VL]H LV VOLJKWO\ ODUJHU WKDQ WKH UPV DPSOLWXGH HUURU PHDVXUHPHQWV UHSRUWHG EHORZ�

3KDVH OLQHDULW\ 7KH SXUSRVH RI WKLV H[SHULPHQW ZDV WR PHDVXUH WKH OLQHDULW\ RI WKH GHPRGXODWRU

SKDVH RXWSXW� �
�
� 7KH LQSXW VLJQDO SKDVH ZDV LQFUHPHQWHG LQ VWHSV RI �� � IURP � � WR ��� � � DW D

FRQVWDQW DPSOLWXGH RI ���� P9� �  � � � 7KH FRKHUHQW LQWHJUDWLRQ IDFWRU ZDV ���� DQG WKH HQVHPEOH
OHQJWK ���� )RXU SKDVH HQVHPEOHV ZHUH UHFRUGHG DW HDFK SKDVH� DQG WKH DYHUDJH RI WKH HQVHPEOH

PHDQV ZDV WDNHQ DV WKH RXWSXW SKDVH�

7KH GLIIHUHQWLDO VWHS VL]H � WKH GLIIHUHQFH EHWZHHQ FRQVHFXWLYH SKDVH RXWSXWV� PLQXV WKH QRPLQDO

VWHS VL]H RI �� � � LV SORWWHG LQ )LJXUH ��� 7KH GLIIHUHQWLDO VWHS VL]H LV ZLWKLQ 	��� � � WKDW LV� WKH
GHPRGXODWRU SKDVH RXWSXW LV OLQHDU ZLWKLQ 	��� � � ZLWK WKH H[FHSWLRQ RI � GDWD SRLQW� DQ HUURU PRVW
OLNHO\ GXH WR WKH VLJQDO JHQHUDWRU� +RZHYHU� WKH GLIIHUHQWLDO VWHS VL]H LV DQ RUGHU RI PDJQLWXGH

ODUJHU WKDQ WKH UPV SKDVH HUURU PHDVXUHPHQW UHSRUWHG EHORZ� D GLVFUHSDQF\ DWWULEXWHG WR WKH SKDVH

OLQHDULW\ RI WKH VLJQDO JHQHUDWRU� 7KH GLIIHUHQWLDO VWHS VL]H LV DOVR GLVFHUQLEO\ SHULRGLF� UHSHDWLQJ

IRXU WLPHV RYHU WKH ��� � LQSXW UDQJH� DJDLQ WKLV LV PRVW OLNHO\ FDXVHG E\ WKH VLJQDO JHQHUDWRU�
������� ,QÀXHQFH RI FRKHUHQW LQWHJUDWLRQ RQ HVWLPDWHG UPV DPSOLWXGH DQG SKDVH HUURUV

7KLV H[SHULPHQW LQYHVWLJDWHG WKH UHODWLRQVKLS EHWZHHQ FRKHUHQW LQWHJUDWLRQ DQG WKH UPV

GHPRGXODWRU RXWSXW HUURUV� 7KH DPSOLWXGH DQG SKDVH RI WKH ,) VLJQDO ZHUH ¿[HG� DQG � HQVHPEOHV

ZHUH UHFRUGHG IRU HDFK FRKHUHQW LQWHJUDWLRQ IDFWRU� WKH H[SHULPHQW ZDV UHSHDWHG IRU DPSOLWXGH

VHWWLQJV RI ���� ���� DQG ���� P9! " # ! " � ZLWK WKH SKDVH VHW WR �� GHJUHHV� 7KH UPV HUURU VLJQDOV



��

)LJXUH ��� 5DWLR RI GHPRGXODWRU RXWSXW DPSOLWXGH WR LQSXW VLJQDO DPSOLWXGH

)LJXUH ��� 'LIIHUHQFH LQ RXWSXW DPSOLWXGH EHWZHHQ FRQVHFXWLYH LQSXW DPSOLWXGH VWHSV



��

)LJXUH ��� 'LIIHUHQFH LQ SKDVH RXWSXW VWHS VL]H EHWZHHQ FRQVHFXWLYH SKDVH VWHSV



��

DUH SORWWHG RQ ORJDULWKPLF D[HV LQ )LJXUHV �� DQG ��� VKRZLQJ WKH HIIHFW RI FRKHUHQW LQWHJUDWLRQ�

7KH PHDVXUHG DPSOLWXGH HUURU LV FOHDUO\ LPSURYHG E\ FRKHUHQW LQWHJUDWLRQ� D VKDUSHU LQLWLDO

LPSURYHPHQW ÀDWWHQV RXW DV � LQFUHDVHV� VLPLODU WR WKH VLPXODWHG UHVXOWV IRU VLJQL¿FDQW WLPLQJ

MLWWHU� DOWKRXJK WKH LPSURYHPHQW UDWLR IRU ��� P9$ % & $ % DPSOLWXGH UHPDLQV PRUH FRQVWDQW� 7KH

DPSOLWXGH HUURU LV JUHDWHVW IRU DQ LQSXW DPSOLWXGH RI ���� P9$ % & $ % � H[SODLQHG E\ WKH GHSHQGHQFH
RI WKH YROWDJH HUURU GXH WR WLPLQJ MLWWHU RQ WKH LQSXW DPSOLWXGH� DV VKRZQ LQ �����

:H H[SHFW FRKHUHQW LQWHJUDWLRQ WR UHGXFH UDQGRP HUURUV� WKH UPV DPSOLWXGH HUURUV " ' DQG
" ( DW � ' DQG � ( UHVSHFWLYHO\ VKRXOG EH UHODWHG E\ ) *) + �

t , +, * � D UHODWLRQVKLS FRQ¿UPHG E\ WKH
VLPXODWLRQV� 7DEOH � VKRZV WKDW WKLV UHODWLRQVKLS KROGV IRU DQ LQSXW DPSOLWXGH RI ��� P9$ % & $ % �
EXW QRW IRU WKH ODUJHU DPSOLWXGHV�- . / 0 1 2 3 45 6 7 8 9 :; < 9 =

; < 9 :; < 9 =
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7DEOH �� (IIHFW RI FRKHUHQW LQWHJUDWLRQ RQ DPSOLWXGH HUURU IRU GLIIHUHQW LQSXW DPSOLWXGHV

7KH UPV SKDVH HUURU KDV D PXFK OHVV SUHGLFWDEOH EHKDYLRXU� 7KH HUURU LV ODUJHO\ LQGHSHQGHQW RI

WKH LQSXW DPSOLWXGH� H[FHSW IRU WKH LQLWLDO SRLQWV RQ WKH ��� P9\ ] ^ \ ] FXUYH� &RKHUHQW LQWHJUDWLRQ
KDV OLWWOH HIIHFW RQ WKH UPV HUURU � LQ IDFW� WKH FXUYHV DUH QHDUO\ KRUL]RQWDO� RQO\ WKH UHJLRQ EHWZHHQ

� ' 2DS DQG � ' �f2e VKRZV PXFK LPSURYHPHQW� 7KH HUURU LV ZRUVH IRU WKH ¿UVW IHZ SRLQWV

RI WKH ��� P9\ ] ^ \ ] FXUYH� 6LPSO\ HVWLPDWLQJ WKH UPV WLPLQJ MLWWHU IURP WKH PHDVXUHPHQWV� ZH

REWDLQ DQ DQVZHU RI DERXW ���� _ � RU �� SV� ZKLFK VHHPV LQFUHGLEO\ VPDOO� (TXDWLRQ ���� VXJJHVWV
WKH UHVXOWLQJ DPSOLWXGH HUURU IRU DQ LQSXW DPSOLWXGH RI ���� P9\ ] ^ \ ] LV DERXW �� >9� ZKLFK LV QRW

FRQWUDGLFWHG E\ WKH UPV DPSOLWXGH PHDVXUHPHQWV VKRZQ LQ )LJXUH ��� WKH ODUJHVW RI ZKLFK LV OHVV

WKDQ �� >9�

������� &RQVLVWHQF\ RI HUURU PHDVXUHPHQWV

7KH LQVWDELOLW\ RI WKH $'& RXWSXW LV QRWHG LQ $SSHQGL[ & �VHH )LJXUH ���� DQG DWWULEXWHG WR WKH

VLJQDO JHQHUDWRU� 7KH UPV DPSOLWXGH DQG SKDVH HUURU PHDVXUHPHQWV GHVFULEHG DERYH DUH TXLWH

VPDOO� WKH DPSOLWXGH HUURU LV OHVV WKDQ �� >9 DQG WKH SKDVH HUURU LV OHVV WKDQ ���� _ � 6LQFH WKH

DFWXDO DPSOLWXGH DQG SKDVH ZHUH QRW NQRZQ� WKH HQVHPEOH PHDQ ZDV XVHG� DQG WKH GHYLDWLRQ IURP

WKH PHDQ ZDV XVHG DV WKH HUURU VLJQDO� 7KH UHVXOWV VKRZHG D KLJK GHJUHH RI UHSHDWDELOLW\�



��

)LJXUH ��� 0HDVXUHG UPV DPSOLWXGH HUURU YHUVXV FRKHUHQW LQWHJUDWLRQ IDFWRU

)LJXUH ��� 0HDVXUHG UPV SKDVH HUURU YHUVXV FRKHUHQW LQWHJUDWLRQ IDFWRU



��

7KH H[SHULPHQW WR PHDVXUH WKH GULIW RI WKH $'& RXWSXW UHFRUGHG ��� DPSOLWXGH DQG SKDVH

HQVHPEOHV� ZLWK DQ LQSXW DPSOLWXGH RI ���� P9̀ a b ` a DQG FRKHUHQW LQWHJUDWLRQ IDFWRU RI �� 7KH

PHDQ UPV DPSOLWXGH HUURU ZDV �� >9� ZLWK D VWDQGDUG GHYLDWLRQ RI �� >9� 7KH PHDQ UPV SKDVH

HUURU ZDV ����� c � ZLWK D VWDQGDUG GHYLDWLRQ RI ����� c � %RWK RI WKHVH UHVXOWV DJUHH ZLWK WKH

PHDVXUHPHQWV SORWWHG LQ )LJXUHV �� DQG ��� ZKLFK ZHUH UHFRUGHG ZLWK KLJKHU YDOXHV RI � �

������� ,QÀXHQFH RI VXEVDPSOLQJ RQ WKH DPSOLWXGH DQG SKDVH HUURUd e f g h i j k l m n o p q r s t u v w x yt u v w x y z { | t u v w x yt u v w x y z { | } ~ } ~� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � �   ¡ ¢ £ �  ¤ ¥ ¦ § ¨ © ª « ¬  ® ¯ ® ® ° ± ² ³ ´ µ ¶ ° ³ ´ · ¸ ³ ´ µ ¶ ¹ º »
7DEOH �� (IIHFW RI VXEVDPSOLQJ RQ DPSOLWXGH HUURU

7KH VLJQDO JHQHUDWRUV PDLQWDLQHG D YHU\ SRRU SKDVH ORFN ZKHQ WKH VXEVDPSOLQJ UDWLR � ZDV �� EXW

WKH ORFN ZDV VLJQL¿FDQWO\ EHWWHU ZLWK � ' D� VR PHDVXUHPHQWV ZHUH RQO\ WDNHQ IRU WKH ODWWHU YDOXH�

7KH SURFHGXUH ZDV WKH VDPH DV IRU WKH DERYH PHDVXUHPHQWV� (LJKW HQVHPEOHV ZHUH UHFRUGHG

IRU HDFK FRKHUHQW LQWHJUDWLRQ IDFWRU � � DW ¿[HG LQSXW DPSOLWXGH DQG SKDVH� WKH H[SHULPHQW ZDV

UHSHDWHG IRU DPSOLWXGH VHWWLQJV RI ���� ���� DQG ���� P9¼ ½ ¾ ¼ ½ �
7KHUH ZHUH VHYHUDO GLIIHUHQFHV EHWZHHQ WKH SHUIRUPDQFH REWDLQHG IRU � ' � DQG � ' D�

VXPPDULVHG LQ 7DEOHV � DQG �� ZKLFK VKRZ UHVXOWV REWDLQHG ZLWK LQSXW DPSOLWXGHV RI ��� DQG

���� P9¼ ½ ¾ ¼ ½ �
&RKHUHQW LQWHJUDWLRQ UHGXFHV WKH UPV DPSOLWXGH DQG SKDVH HUURUV WR VLPLODU YDOXHV ZKHWKHU

VXEVDPSOLQJ LV VHOHFWHG RU QRW� 6LQFH WKH DFTXLVLWLRQ WLPH LV � WLPHV ORQJHU ZKHQ � LV � WKDQ

ZKHQ LW LV �� LW LV PRUH VHQVLEOH WR VHW � WR �� DOORZLQJ D ODUJHU FRKHUHQW LQWHJUDWLRQ IDFWRU JLYHQ

WKH OLPLWHG GZHOO WLPH RI WKH UDGDU � VXEVDPSOLQJ VKRXOG EH GLVFRXQWHG LQ IDYRXU RI FRKHUHQW

LQWHJUDWLRQ WR REWDLQ WKH ORZHVW HUURUV LQ D JLYHQ DFTXLVLWLRQ WLPH�

��� 6XPPDU\

7KH SURWRW\SH 'DFV ERDUG FRQWDLQV D GLJLWDO TXDGUDWXUH GHPRGXODWRU DV ZHOO DV VHYHUDO RWKHU

PRGXOHV UHTXLUHG WR SHUIRUP LWV UROHV LQ WKH 9HQXV UDGDU V\VWHP� 7KH NH\ GHPRGXODWRU

UHTXLUHPHQWV DUH D UDPS UHSHWLWLRQ LQWHUYDO RI ��� PV� D G\QDPLF UDQJH RI DW OHDVW �� G%� DQ

DPSOLWXGH DFFXUDF\ RI DW OHDVW ��� >9� DQG D SKDVH DFFXUDF\ RI DW OHDVW ��� ¿ �
$ PLFURFRQWUROOHU GLUHFWV WKH V\VWHP RSHUDWLRQ� LPSOHPHQWLQJ WKH FRQWURO ORJLF DQG WKH

FRPPXQLFDWLRQV LQWHUIDFH WR DQ H[WHUQDO FRPSXWHU� 7KH ,) VLJQDO LV VDPSOHG DW � 0+] E\ D



��

)LJXUH ��� 5PV DPSOLWXGH HUURU YHUVXV FRKHUHQW LQWHJUDWLRQ IDFWRU� IRU � ' D

)LJXUH ��� 5PV SKDVH HUURU YHUVXV FRKHUHQW LQWHJUDWLRQ IDFWRU� IRU � ' D
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7DEOH �� (IIHFW RI VXEVDPSOLQJ RQ SKDVH HUURU

���ELW $'&� DQG WKH VDPSOHV DUH SURFHVVHG LQ DQ )3*$� 7KH PLFURFRQWUROOHU UHDGV WKH SURFHVVHG

VDPSOHV IURP D GXDO�SRUW PHPRU\ LQ WKH )3*$ DQG WUDQVPLWV WKHP WR D 3&�

7KH GHPRGXODWRU SHUIRUPDQFH ZDV PHDVXUHG XVLQJ SKDVH�ORFNHG VLJQDO JHQHUDWRUV WR SURYLGH

WKH FORFN DQG ,) VLJQDOV� EXW WKH JHQHUDWRUV¶ LPSUHFLVLRQ OLPLWHG WKH DFFXUDF\ RI WKH WHVWV� 7KH

DPSOLWXGH RXWSXW ZDV OLQHDU� ZLWK WKH GLIIHUHQWLDO HUURU ZLWKLQ D �{ EDQG� ZKLOH WKH SKDVH RXWSXW

ZDV OLQHDU ZLWKLQ ��� õ � 7LPLQJ MLWWHU ZDV IRXQG WR EH WKH PRVW VLJQL¿FDQW VRXUFH RI VDPSOLQJ

HUURU� FRKHUHQW LQWHJUDWLRQ UHGXFHG WKH DPSOLWXGH HUURU FRQVLGHUDEO\� ZKLOH WKH SKDVH HUURU ZDV

OHVV VXVFHSWLEOH WR LPSURYHPHQW� 6XEVDPSOLQJ ZDV IRXQG WR RIIHU QR EHQH¿W� DV H[SHFWHG IURP

WKH WKHRUHWLFDO PRGHO�

7KH VLPXODWLRQ DQG PHDVXUHPHQW UHVXOWV DUH FRPSDUHG WR WKH VSHFL¿FDWLRQV LQ WKH QH[W FKDSWHU�

ZKLFK DOVR SUHVHQWV WKH FRQFOXVLRQV DQG UHFRPPHQGDWLRQV IRU IXWXUH ZRUN�



��

&KDSWHU �

6XPPDU\

��� $QDO\VLV RI UHVXOWV

����� $QDO\VLV RI VLPXODWLRQ UHVXOWV

������� ,VRODWHG HUURU VRXUFHV

6LPXODWLRQ RI WKHUPDO QRLVH LQ WKH LQSXW VLJQDO FRQ¿UPHG WKH EHQH¿W RI FRKHUHQW LQWHJUDWLRQ

LQ LPSURYLQJ WKH RXWSXW DFFXUDF\� 7KH VLPXODWLRQV VKRZHG WKDW GLWKHULQJ LPSURYHG WKH RXWSXW

DFFXUDF\ HYHQ PRUH WKDQ WKH DFFXUDF\ DFKLHYHG ZKHQ WKH QRLVH ZDV VR VPDOO� UHODWLYH WR WKH

TXDQWL]HU VWHS VL]H� WKDW QR GLWKHULQJ RFFXUUHG �6HFWLRQ �������

7LPLQJ MLWWHU LQWURGXFHG VLJQL¿FDQW HUURUV LQWR WKH GHPRGXODWRU RXWSXWV� 7KH HUURU ZDV

LQGHSHQGHQW RI TXDQWL]HU VWHS VL]H IRU WLPLQJ MLWWHU ZLWK D VWDQGDUG GHYLDWLRQ ODUJHU WKDQ � QV�

$OWKRXJK ERWK DPSOLWXGH HUURU DQG SKDVH HUURU LPSURYHG ZLWK FRKHUHQW LQWHJUDWLRQ� WKLV ZDV

VXEMHFW WR GLPLQLVKLQJ UHWXUQV LQ WKH FDVH RI DPSOLWXGH HUURU� ZKLFK TXLFNO\ DSSURDFKHG D OLPLW

�6HFWLRQ �������

������� 6LPXODWHG SHUIRUPDQFH RI WKH FRPSOHWH GHPRGXODWRU

6LPXODWLRQ DOVR JDXJHG WKH SHUIRUPDQFH RI D PRGHO UHSUHVHQWLQJ WKH SURWRW\SH 'DFV KDUGZDUH�

XVLQJ D ���ELW TXDQWL]HU� GULYHQ E\ WKH UDGDU VLJQDOV� 7KH VLPXODWLRQV ZHUH SHUIRUPHG IRU DQ LQSXW

VLJQDO ZLWK �� G% G\QDPLF UDQJH �� ��� P9ö ÷ ø ö ÷ WR ��� >9ö ÷ ø ö ÷ �� IRU UPV WLPLQJ MLWWHU j ù ú IURP
� QV WR � QV� DQG IRU WKHUPDO QRLVH VWDQGDUG GHYLDWLRQV RI ���� >9 DQG ���� >9 �FRUUHVSRQGLQJ WR

615 RI �� G% DQG �� G% ZLWK WKH PD[LPXP LQSXW�� 7KH DPSOLWXGH DQG SKDVH HUURUV GHSHQGHG RQ

WKH LQSXW DPSOLWXGH� DOWKRXJK WKH VLJQL¿FDQFH RI WKH HUURUV� HVSHFLDOO\ WKH SKDVH HUURU� ZDV PXFK

KLJKHU DW VPDOO DPSOLWXGHV� 7KH GRPLQDQW HUURU FRQWULEXWLRQ� IRU DOO EXW WKH VPDOOHVW DPSOLWXGHV�

ZDV DWWULEXWHG WR WLPLQJ MLWWHU� WKH PDLQ FRQWULEXWRU RI WLPLQJ MLWWHU LV IUHTXHQF\ V\QWKHVL]HU SKDVH

QRLVH� GRZQFRQYHUWHG LQWR WKH ,) VLJQDO �6HFWLRQ ����� 7KH PRGHO LQFOXGHV RQO\ HUURU VRXUFHV

WKDW GHSHQG RQ WKH LQSXW VLJQDO IUHTXHQF\� VR SUHGLFWHG WKDW VXEVDPSOLQJ � XVLQJ D ORZHU FORFN

IUHTXHQF\ � VKRXOG SURYLGH QR EHQH¿W�

������� 3UHGLFWHG SHUIRUPDQFH DQG WKH VSHFL¿FDWLRQV

7KH VSHFL¿FDWLRQV UHTXLUHG D PD[LPXP UPV DPSOLWXGH HUURU RI ��� >9 DQG D PD[LPXP UPV SKDVH

HUURU RI ��� û �6HFWLRQ ������� 7KH VLPXODWLRQV SUHGLFW WKDW WKH VSHFL¿HG SHUIRUPDQFH ZLOO QRW EH
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7DEOH �� 6LPXODWHG SHUIRUPDQFH FRPSDUHG WR VSHFL¿FDWLRQV

DFKLHYHG RYHU WKH HQWLUH RSHUDWLQJ UDQJH� 7KH GZHOO WLPH OLPLWV WKH FRKHUHQW LQWHJUDWLRQ IDFWRU

� WR ����� FORVHO\ DSSUR[LPDWHG LQ WKH VLPXODWLRQV E\ � ����� $W LQSXW DPSOLWXGH � RI ���

P9- . / - . WKH UPV DPSOLWXGH HUURU H[FHHGV WKH VSHFL¿FDWLRQ GXH WR WKH ODUJH WLPLQJ MLWWHU� ZKLOH
WKH SKDVH MLWWHU LV DFFHSWDEOH� DW DQ DPSOLWXGH � RI ��� >9- . / - . WKH DPSOLWXGH HUURU LV ZLWKLQ WKH
UHTXLUHG WROHUDQFH� ZKLOH WKH SKDVH HUURU QRZ H[FHHGV WKH VSHFL¿FDWLRQ GXH WR WKH VPDOO UDWLR RI

LQSXW DPSOLWXGH WR TXDQWL]HU VWHS VL]H �6HFWLRQ �����

����� $QDO\VLV RI UHVXOWV IURP SURWRW\SH GHPRGXODWRU

7KH SHUIRUPDQFH RI WKH SURWRW\SH GHPRGXODWRU ZDV PHDVXUHG LQ OHVV WKDQ LGHDO FRQGLWLRQV� WKH

LQSXW DPSOLWXGH ZDV JXDUDQWHHG WR RQO\ ��� WKH LQSXW DPSOLWXGH ZDV QRW HVSHFLDOO\ VWDEOH � WKH

VLJQDO JHQHUDWRU DPSOLWXGH GULIWHG E\ VHYHUDO P9 RYHU SHULRGV RI D IHZ PLQXWHV� DQG WKH LQSXW

DPSOLWXGH UDQJH H[WHQGHG GRZQ WR RQO\ �� P9- . / - . �6HFWLRQ ������� $ PHDVXUHPHQW FDPSDLJQ

ZDV SHUIRUPHG QRQHWKHOHVV� WKH HUURU VLJQDO ZDV WDNHQ DV WKH GHYLDWLRQ IURP WKH HQVHPEOH PHDQ�

VLQFH WKH DFWXDO DPSOLWXGH DQG SKDVH RI WKH LQSXW ZHUH QRW NQRZQ SUHFLVHO\�

������� 3HUIRUPDQFH RI WKH GHPRGXODWRU

7KH GHPRGXODWRU RXWSXWV SURYHG WR EH TXLWH OLQHDU ZLWK D FRKHUHQW LQWHJUDWLRQ IDFWRU � RI �����

7KH DPSOLWXGH LQSXW ZDV VWHSSHG LQ �� P9 LQFUHPHQWV� DQG WKH UHVXOWLQJ RXWSXW VWHSV KDG D

GLIIHUHQWLDO VWHS VL]H ZLWKLQ 	��� >9 RI WKH PHDQ �WKH RXWSXW VWHS VL]H ZDV DFWXDOO\ DERXW ����

P9� VKRZLQJ WKH HIIHFW RI WUDQVIRUPHU LQVHUWLRQ ORVV�� 7KH SKDVH LQSXW ZDV VWHSSHG LQ �� 0
LQFUHPHQWV� DQG WKH GLIIHUHQWLDO VWHS VL]H RI WKH RXWSXW ZDV ZLWKLQ 	��� 0 RI WKH H[SHFWHG �� 0
�6HFWLRQ ���������

&RKHUHQW LQWHJUDWLRQ ZDV VKRZQ WR UHGXFH ERWK WKH DPSOLWXGH DQG SKDVH HUURU� 7KH GRPLQDQW

VRXUFH RI HUURU DSSHDUHG WR EH WLPLQJ MLWWHU� LQ DJUHHPHQW ZLWK WKH VLPXODWLRQV� WKH UPV WLPLQJ MLWWHU

ZDV HVWLPDWHG IURP WKH PHDVXUHPHQWV DV OHVV WKDQ ���� 0 �6HFWLRQ ��������� )XUWKHU LQ DJUHHPHQW
ZLWK WKH WKHRU\� VXEVDPSOLQJ ZDV VKRZQ WR LQWURGXFH QR LPSURYHPHQW LQ WKH RXWSXW DFFXUDF\

�6HFWLRQ ��������� *LYHQ WKH OLPLWHG GZHOO WLPH� VXEVDPSOLQJ VKRXOG EH GLVFDUGHG LQ IDYRXU RI

LQFUHDVLQJ WKH FRKHUHQW LQWHJUDWLRQ IDFWRU�

������� 0HDVXUHG SHUIRUPDQFH DQG WKH VSHFL¿FDWLRQV

7KH SHUIRUPDQFH PHDVXUHPHQWV SURYHG WR EH KLJKO\ UHSHDWDEOH� GHVSLWH WKH OHVV WKDQ LGHDO WHVW

VHWXS� 0HDVXUHPHQWV FRXOG QRW EH SHUIRUPHG IRU LQSXW DPSOLWXGHV OHVV WKDQ �� P9- . / - . � VR
WKH IXOO G\QDPLF UDQJH RI WKH GHPRGXODWRU ZDV QRW H[HUFLVHG� 6LPXODWLRQ RI WKH GHPRGXODWRU

DQG UDGDU� KRZHYHU� SUHGLFW WKDW WKH SKDVH HUURU ZLOO H[FHHG WKH VSHFL¿FDWLRQ �6HFWLRQ �����
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7DEOH �� 0HDVXUHG SHUIRUPDQFH FRPSDUHG WR VSHFL¿FDWLRQV

0HDVXUHPHQW VKRZV WKDW WKH SURWRW\SH GHPRGXODWRU SHUIRUPDQFH ZDV ZLWKLQ WKH VSHFL¿HG OLPLWV

�6HFWLRQV �������� ��������� 7KH GRPLQDQW HUURU FRQWULEXWLRQ ZDV IURP WLPLQJ MLWWHU� EXW WKH

PHDVXUHPHQWV GR QRW UHSUHVHQW WKH SHUIRUPDQFH DFKLHYDEOH LQ WKH UDGDU� VLQFH WKH WLPLQJ MLWWHU RI

WKH WHVW VLJQDOV ZDV PXFK EHWWHU WKDQ WKH H[SHFWHG SKDVH QRLVH RI WKH UDGDU ,) VLJQDO� 5HGXFLQJ

WKH ,) SKDVH QRLVH� E\ UHGXFLQJ WKH V\QWKHVL]HU SKDVH QRLVH� ZLOO LPSURYH WKH GHPRGXODWRU

SHUIRUPDQFH�

��� 6XPPDU\

7KLV GLVVHUWDWLRQ KDV GHVFULEHG WKH GHVLJQ DQG LPSOHPHQWDWLRQ RI D GLJLWDO TXDGUDWXUH GHPRGXODWRU

IRU D VWHSSHG IUHTXHQF\ JURXQG SHQHWUDWLQJ UDGDU V\VWHP� WKH GHPRGXODWRU LV SDUW RI WKH GDWD

FDSWXUH V\VWHP ERDUG� 7KH WKHRUHWLFDO VHFWLRQ EHJDQ ZLWK DQ RYHUYLHZ RI WKH UDGDU DUFKLWHFWXUH

DQG RSHUDWLRQ� DQG KRZ WKH LQWHUOHDYHG GXDO�FKDQQHO GHVLJQ DOORZV WKH GHPRGXODWRU WR RYHUFRPH

DPELJXLW\ LQ WKH FORFN SKDVH E\ PDNLQJ UHODWLYH SKDVH PHDVXUHPHQWV� 7KH GHPRGXODWRU GHVLJQ

ZDV DSSURDFKHG IURP D WKHRUHWLFDO SHUVSHFWLYH� ZLWK WKH LQWHQWLRQ RI HOXFLGDWLQJ WKH SULPDU\

FDXVHV RI HUURU LQ WKH GHPRGXODWRU RXWSXW� $IWHU D VXLWDEOH GHPRGXODWRU DUFKLWHFWXUH HPSOR\LQJ

GLUHFW VDPSOLQJ RI WKH ,) VLJQDO ZDV GHVFULEHG� WKH SRWHQWLDO RI FRKHUHQW LQWHJUDWLRQ WR LPSURYH WKH

GHPRGXODWRU DFFXUDF\ ZDV H[DPLQHG� 7KH WKHRUHWLFDO VHFWLRQ FRQFOXGHG E\ SUHVHQWLQJ PRGHOV RI

WKH LQGLYLGXDO FRPSRQHQWV IURP ZKLFK WKH GHPRGXODWRU ZDV FRQVWUXFWHG� 7KH SULPDU\ VRXUFHV RI

HUURU ZHUH IRXQG WR EH WKHUPDO QRLVH DQG WLPLQJ MLWWHU� 7KH VKRUW GHOD\ EHWZHHQ WKH UHFHLYHG VLJQDO

DQG WKH ORFDO RVFLOODWRU VLJQDO PHDQW WKDW WKH SKDVH QRLVH RI WKH WZR VLJQDOV ZDV FRUUHODWHG� EXW WKH

GHSHQGHQFH RI WLPLQJ MLWWHU RQ WDUJHW UDQJH ZDV QRW H[DPLQHG�

&RPSXWHU VLPXODWLRQV ZHUH SHUIRUPHG RQ WKH GHPRGXODWRU PRGHO WR GHWHUPLQH WKH VLJQL¿FDQFH

RI WLPLQJ MLWWHU DQG WKHUPDO QRLVH LQ FRUUXSWLQJ WKH GHPRGXODWRU RXWSXW DQG WKH HI¿FDF\ RI

FRKHUHQW LQWHJUDWLRQ LQ UHGXFLQJ WKHVH HUURUV� 7LPLQJ MLWWHU ZDV IRXQG WR EH WKH PRUH VHULRXV

HUURU PHFKDQLVP� 7KH SHUIRUPDQFH RI WKH GHPRGXODWRU LQVLGH WKH UDGDU ZDV DOVR VLPXODWHG XVLQJ

VLJQDOV ZLWK WKH VLJQDO�WR�QRLVH UDWLR DQG SKDVH QRLVH FKDUDFWHULVWLFV RI 0HUFXU\ UDGDU V\VWHP�

7KH VLPXODWLRQV SUHGLFWHG WKDW WKH GHPRGXODWRU ZRXOG QRW PHHW LWV SHUIRUPDQFH VSHFL¿FDWLRQV

RYHU WKH UHTXLUHG G\QDPLF UDQJH�
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7KH GHVLJQ DQG FRQVWUXFWLRQ RI WKH SURWRW\SH GHPRGXODWRU EHJDQ ZLWK D UHYLHZ RI WKH NH\ XVHU

UHTXLUHPHQWV� IURP ZKLFK D GHVLJQ IRU WKH V\VWHP ZDV GHYHORSHG� 7KH GHVLJQ RI WKH KDUGZDUH�

SURJUDPPDEOH ORJLF� DQG VRIWZDUH ZDV H[SODLQHG LQ VRPH GHWDLO� VKRZLQJ WKH RSHUDWLRQ RI WKH

GHPRGXODWRU� 7KH GHPRGXODWRU SHUIRUPDQFH ZDV PHDVXUHG DQG IRXQG WR FRPSO\ ZLWK WKH

VSHFL¿FDWLRQ� IRU WKH UHJLRQ RI WKH G\QDPLF UDQJH WKDW ZDV WHVWHG� LW ZDV QRWHG� WKRXJK� WKDW WKH

FORFN DQG ,) VLJQDOV FRQWDLQHG OHVV SKDVH QRLVH RU WLPLQJ MLWWHU WKDQ WKH VLJQDOV H[SHFWHG LQ WKH

DFWXDO UDGDU�

��� &RQFOXVLRQV

7KH IROORZLQJ LV FRQFOXGHG IURP WKH UHVXOWV REWDLQHG IURP WKH VLPXODWLRQV DQG PHDVXUHPHQWV�

��� 7LPLQJ MLWWHU LQWURGXFHV WKH PRVW HUURU LQWR WKH GHPRGXODWRU RXWSXWV� 7KLV LV DQ HVSHFLDOO\

VLJQL¿FDQW UHVXOW VLQFH VWHSSHG IUHTXHQF\ UDGDUV QHHG IUHTXHQF\ V\QWKHVL]HUV ZKLFK RSHUDWH

RYHU D YHU\ ZLGH EDQGZLGWK� PDNLQJ ORZ WLPLQJ MLWWHU RYHU WKH HQWLUH EDQGZLGWK GLI¿FXOW WR

DFKLHYH� 7LPLQJ MLWWHU� LQ WKH IRUP RI SKDVH QRLVH LQWURGXFHG E\ WKH IUHTXHQF\ V\QWKHVL]HUV�

SUHYHQWV WKH GHPRGXODWRU SHUIRUPDQFH IURP UHDFKLQJ WKH VSHFL¿HG DFFXUDF\�

��� 7KH GHPRGXODWRU SHUIRUPDQFH DOVR GHWHULRUDWHG IRU VLJQDO DPSOLWXGHV WKDW ZHUH QRW PXFK

JUHDWHU WKDQ WKH TXDQWL]HU VWHS VL]H �WKH VPDOOHVW VLPXODWHG LQSXW DPSOLWXGH ZDV OHVV WKDQ �{��

7KH GHPRGXODWRU SHUIRUPDQFH ZRXOG QRW PHHW WKH VSHFL¿FDWLRQV XQGHU WKHVH FRQGLWLRQV� HYHQ

ZLWK FRKHUHQW LQWHJUDWLRQ� DV WKH GHPRGXODWRU SKDVH RXWSXW ZDV VHQVLWLYH WR VPDOO HUURUV�

��� $ SURWRW\SH GHPRGXODWRU ZDV FRQVWUXFWHG� DQG VXFFHVVIXO RSHUDWLRQ RI WKH SURWRW\SH ZDV

GHPRQVWUDWHG� XVLQJ VLJQDO JHQHUDWRUV WR VXSSO\ WKH FORFN DQG ,) VLJQDOV�

��� 7KH VLJQDO JHQHUDWRUV ZHUH QRW SUHFLVH HQRXJK WR FKDUDFWHULVH WKH GHPRGXODWRU DFFXUDWHO\�

EXW PHDVXUHPHQWV VKRZHG WKH GHPRGXODWRU WR EH FDSDEOH RI PHHWLQJ WKH SHUIRUPDQFH

VSHFL¿FDWLRQV� SURYLGHG WKH SKDVH QRLVH RI WKH LQSXW VLJQDOV ZDV ORZ HQRXJK�

��� &RKHUHQW LQWHJUDWLRQ ZDV IRXQG WR UHGXFH WKH HUURUV LQ WKH DPSOLWXGH DQG SKDVH RXWSXWV LQ WKH

SUHVHQFH RI WLPLQJ MLWWHU DQG WKHUPDO QRLVH� 7KH VLPXODWLRQV SUHGLFWHG WKDW WKH HUURU ZRXOG EH

UHGXFHG E\ WKH VTXDUH URRW RI WKH FRKHUHQW LQWHJUDWLRQ UDWLR� 0HDVXUHPHQWV RI WKH SURWRW\SH

SHUIRUPDQFH IRXQG WKLV ZDV FORVHO\ DSSUR[LPDWHG E\ WKH DPSOLWXGH HUURU ZKHQ WKH LQSXW

DPSOLWXGH ZDV ��� P9P Q R P Q �WKH HUURU ZDV UHGXFHG WR OHVV WKDQ ST U �� WKH SKDVH HUURU GLG QRW
VKRZ DV VLJQL¿FDQW DQ LPSURYHPHQW�

��� 6XEVDPSOLQJ GLG QRW LPSURYH WKH GHPRGXODWRU SHUIRUPDQFH� LQ DFFRUGDQFH ZLWK WKHRUHWLFDO

SUHGLFWLRQ� 7KH GHPRGXODWRU VKRXOG WKHUHIRUH EH RSHUDWHG DW D VDPSOLQJ IUHTXHQF\ RI � 0+]�

DOORZLQJ FRKHUHQW LQWHJUDWLRQ RI ���� SHULRGV SHU FKDQQHO �DVVXPLQJ WKH V\QWKHVL]HUV KDYH

QHJOLJLEOH VHWWOLQJ WLPH��

��� 5HFRPPHQGDWLRQV

7KH IROORZLQJ UHFRPPHQGDWLRQV DUH PDGH�

��� 7KH SHUIRUPDQFH RI WKH GLJLWDO TXDGUDWXUH GHPRGXODWRU VKRXOG EH PHDVXUHG XVLQJ VLJQDO

JHQHUDWRUV RI JUHDWHU DFFXUDF\ WKDQ WKH +3 �����$ JHQHUDWRUV�

��� &DOLEUDWLRQ RI WKH DQDORJXH�WR�GLJLWDO FRQYHUWHU VKRXOG EH LQYHVWLJDWHG� ZLWK WKH DLP RI
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UHPRYLQJ V\VWHPDWLF HUURUV�

��� ,QWHJUDWLRQ RI WKH 'DFV ERDUG ZLWK WKH 9HQXV UDGDU V\VWHP VKRXOG EH VWDUWHG� 7KLV LQYROYHV

LPSOHPHQWLQJ WKH (WKHUQHW SRUW DQG WKH UDGDU EDFNSODQH LQWHUIDFH� SRUWLQJ DQ RSHUDWLQJ V\VWHP

WR WKH PLFURSURFHVVRU� LPSOHPHQWLQJ WKH UDGDU FRQWURO VRIWZDUH� DQG SHUIRUPLQJ WKH GLJLWDO

TXDGUDWXUH GHPRGXODWLRQ RQ WKH PLFURSURFHVVRU UDWKHU WKDQ WKH 3& ZKLFK ZDV XVHG GXULQJ

WHVWLQJ�
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6LPXODWLRQ RI WKH GHPRGXODWRU

$�� 'LJLWDO TXDGUDWXUH GHPRGXODWRU PRGHO

$���� 1RLVH SRZHU FDOFXODWLRQV

7KH QRLVH SRZHU LV VHW GLUHFWO\ E\ WKH VLJQDO�WR�QRLVH UDWLR� 7�- V W � 7KH VLJQDO SRZHU LQWR � l LV

j
XY '

Z [X >��@ DQG WKH QRLVH SRZHU LV FDOFXODWHG DV

j
X

V W '
j

XY
�fE

\ ] ^ _ `a b �
ZKLFK IROORZV IURP WKH IDFW WKDW WKH VLJQDO�WR�QRLVH UDWLR LV WKH UDWLR RI WKH PHDQ�VTXDUH VLJQDO

WR PHDQ�VTXDUH QRLVH� ZKLFK LQ WKH FDVH RI ZKLWH QRLVH LV WKH VLPSO\ WKH UDWLR RI WKH YDULDQFHV

>��@� ZH FDQ FDOFXODWH WKH QRLVH YDULDQFH XVLQJ WKH � l SRZHUV VLQFH WKH VLJQDO�WR�QRLVH UDWLR LV

LQGHSHQGHQW RI LPSHGDQFH�

$���� 9HFWURQ 72���� UPV WLPLQJ MLWWHU

7KH 9HFWURQ 72���� VLQJOH�VLGHEDQG SKDVH QRLVH LV VSHFL¿HG DV ��� G%F DW ��� +]� ���� G%F DW �

N+]� DQG ���� G%F DW �� N+] >��@� 7KH SKDVH QRLVH DW �� +] ZDV LQWHUSRODWHG DV � �� G%F�

7KH RXWSXW LV D ��� 9 VTXDUH�ZDYH DW �� 0+]� WKH RXWSXW SRZHU LV �� P: LQWR � l� 7KH 66%

SKDVH QRLVH SRZHU� H[SUHVVHG LQ XQLWV RI :DWWV� LV WKHQ � [�� c d
: DW �� +]� � [�� e f f

: DW ���

+]� � [�� e f g
: DW � N+]� DQG � [�� e f h

: DW �� N+]�

)ROORZLQJ $GOHU >��@� ZH LQWHJUDWH WKH SKDVH QRLVH SRZHU RYHU WKH EDQGZLGWK� REWDLQLQJ D

WRWDO SRZHU RI �����[�� i j
:� JLYLQJ DQ HTXLYDOHQW VLGHEDQG OHYHO RI ������ G% DW �� N+] RIIVHW�

7UHDWLQJ WKLV DV SKDVH PRGXODWLRQ \LHOGV DQ UPV MLWWHU RI ���� k � ZKLFK LV HTXLYDOHQW WR DQ UPV MLWWHU
RI �� SV LQ D �� 0+] VLJQDO�

$�� 6LPXODWLRQ SDUDPHWHUV

$���� 6LPXODWLQJ WKHUPDO QRLVH

3KDVH RQH RI WKH VLPXODWLRQV XVHG WKH IROORZLQJ SDUDPHWHUV�

��� LQSXW VLJQDO DPSOLWXGH � RI ��������� 9�

��� LQSXW VLJQDO SKDVH � RI ������ UDG�

��� VLJQDO�WR�QRLVH UDWLR 7�- l m RI ^��G%� ��G%� ��G%� ��G%� ��G%� ��G%� ��G%� ��G%� ���G%`�
��� DPSOL¿HU JDLQ RI ��
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��� TXDQWL]HU QXPEHU RI ELWV � RI ^�� ��� ��� ��� ��`�

��� TXDQWL]HU UDQJH �� 9 WR � 9�

��� FRKHUHQW LQWHJUDWLRQ IDFWRU � RI ^�� �� ��� ��� ���� ����� ����`�

��� DQG HQVHPEOH OHQJWK u RI ����

3KDVH WZR RI WKH VLPXODWLRQV XVHG WKH IROORZLQJ SDUDPHWHUV�

��� LQSXW VLJQDO DPSOLWXGH � RI ��������� 9�

��� LQSXW VLJQDO SKDVH � RI ^
� no o p q r r �2Z( � ' fc �c 2���f` UDG�

��� VLJQDO�WR�QRLVH UDWLR 7�- s t RI ^ ��G%� ��G%`�
��� TXDQWL]HU QXPEHU RI ELWV � RI ^�� ��� ��� ��� ��`�

��� FRKHUHQW LQWHJUDWLRQ IDFWRU � RI ^�� �� ��� ��� ���� ����� ����`�

��� DQG HQVHPEOH OHQJWK u RI ����

$���� 6LPXODWLQJ WLPLQJ MLWWHU

7KH WLPLQJ MLWWHU VLPXODWLRQV XVHG WKH IROORZLQJ SDUDPHWHUV�

��� LQSXW VLJQDO DPSOLWXGH � RI ��������� 9�

��� LQSXW VLJQDO SKDVH � RI
uv p r r 2Z ( & ' fc �c ��D UDG�

��� VWDQGDUG GHYLDWLRQ RI WLPLQJ MLWWHU j s w RI ^���SV� �QV� �QV� �QV� �QV� ��QV`�
��� DPSOL¿HU JDLQ RI ��

��� TXDQWL]HU QXPEHU RI ELWV � RI ^��� ��� ��� ��`�

��� TXDQWL]HU UDQJH RI �� 9 WR � 9�

��� FRKHUHQW LQWHJUDWLRQ IDFWRU � RI ^�� �� ��� ��� ���� ����� ����`�

��� DQG HQVHPEOH OHQJWK u RI ����

$���� 6LPXODWLQJ WKH FRPSOHWH GHPRGXODWRU

7KH VLPXODWLRQ SDUDPHWHU VHWV ZHUH FKRVHQ DV

��� LQSXW VLJQDO DPSOLWXGH � RI ^����� P9� ������� >9`�
��� LQSXW VLJQDO SKDVH � RI

uv p r r 2Z ( & ' fc �c ��D UDG�
��� WKHUPDO QRLVH VWDQGDUG GHYLDWLRQ j s t RI ^���� >9� ���� >9`�
��� VWDQGDUG GHYLDWLRQ RI WLPLQJ MLWWHU j s w RI ^ �QV� �QV� �QV`�
��� DPSOL¿HU JDLQ RI ��

��� TXDQWL]HU QXPEHU RI ELWV � RI ���

��� TXDQWL]HU UDQJH RI �� 9 WR � 9�

��� FRKHUHQW LQWHJUDWLRQ IDFWRU � RI ^�� �� �� �� ��� ��� ��� ���� ���� ���� ����`�

��� DQG HQVHPEOH OHQJWK u RI ����
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$SSHQGL[ %

0LFURFRQWUROOHU VRIWZDUH WRROV

%�� 6RIWZDUH OLEUDULHV DQG WRROV

7KH VRXUFH FRGH ZDV FRPSLOHG DQG OLQNHG DJDLQVW D VHW RI & OLEUDULHV SURYLGLQJ EDVLF IXQFWLRQV

LQFOXGLQJ DFFHVV WR KDUGZDUH SHULSKHUDOV� 7KH OLQNHU DOVR LQFOXGHG DQ REMHFW ¿OH FUHDWHG IURP WKH

ERRWVWUDS FRGH� ZKLFK ZDV ZULWWHQ LQ DVVHPEO\� 7KH OLEUDULHV DQG ERRWVWUDS FRGH ZHUH DGDSWHG

IURP FRGH XVHG LQ D SUHYLRXV SURMHFW LQ WKH 5DGDU 5HPRWH 6HQVLQJ *URXS >��@�

7KH VRXUFH FRGH ZDV FRPSLOHG� OLQNHG� DQDO\VHG� DQG FRQYHUWHG XVLQJ D VHW RI SURJUDPV

SURYLGHG DV RSHQ�VRXUFH VRIWZDUH E\ WKH *18 FROOHFWLYH >��@� 7KH SURJUDPV ZHUH GRZQORDGHG DV

VRXUFH FRGH� FRPSLOHG� DQG WKHQ LQVWDOOHG RQ D 3& UXQQLQJ WKH 'HELDQ GLVWULEXWLRQ RI *18�/LQX[�

7KH LQVWDOODWLRQ SURFHVV QHFHVVLWDWHG VRPH SDWFKHV DQG EXJ ¿[HV�

$ VPDOO� RSHQ�VRXUFH SURJUDP FDOOHG DUPWRRO >��@ FRPPXQLFDWHG ZLWK WKH 7HVW $FFHVV 3RUW

�7$3� RQ WKH $7�� PLFURFRQWUROOHU� DOORZLQJ VLQJOH LQVWUXFWLRQV WR EH LVVXHG WR WKH PLFURFRQWUROOHU

FRUH� WKH PLFURFRQWUROOHU¶V SURJUDP FRXQWHU WR EH VHW� DQG PHPRU\ GHYLFHV �LQFOXGLQJ RQ�FKLS

UHJLVWHUV� WR EH UHDG� 7KH DUPWRRO VRIWZDUH ZDV PRGL¿HG WR ZRUN ZLWK D FXVWRPLVHG LQ�V\VWHP

SURJUDPPHU� DQ $OWHUD %\WH%ODVWHU PRGL¿HG WR VXLW WKH $WPHO $7��0�����¶V -7$* SRUW DQG

FRQQHFWHG WR WKH 3&¶V SDUDOOHO SRUW�

%�� &URVV�FRPSLOLQJ WKH VRIWZDUH

7KH VRIWZDUH ZDV ZULWWHQ LQ &� H[FHSW WKH ERRWVWUDS FRGH ZKLFK ZDV ZULWWHQ LQ DVVHPEO\ ODQJXDJH�

7KH VRXUFH FRGH ZDV FURVV�FRPSLOHG DQG OLQNHG XVLQJ WKH *18 FRPSLOHU FROOHFWLRQ �DUP�HOI�JFF�

DQG *18 OLQNHU >��@� 7KH FRPSLODWLRQ DQG OLQNLQJ SURFHVV ZDV FRQWUROOHG E\ *18 PDNH DQG D

FRPSOLFDWHG PDNH¿OH� 7KLV PDNH¿OH ZDV JHQHUDWHG E\ ZULWLQJ D FRQ¿JXUDWLRQ VFULSW� WKHQ UXQQLQJ

DXWRPDNH DQG DXWRFRQI DJDLQVW WKH VFULSW WR SURGXFH D FRQ¿JXUH ¿OH� H[HFXWLQJ WKH FRQ¿JXUH

¿OH LQ WKH EXLOG GLUHFWRU\ FRQVWUXFWHG WKH EXLOG WUHH DQG DSSURSULDWH PDNH¿OHV� 7KH UHVXOW RI WKH

FRPSLODWLRQ SURFHVV ZDV D ELQDU\ ¿OH WDUJHWHG WR ERRW WKH PLFURFRQWUROOHU IURP ÀDVK PHPRU\�

7KLV ¿OH ZDV LQ (/) IRUPDW� DQG QHHGHG FRQYHUVLRQ LQWR D UDZ ELQDU\ ¿OH E\ WKH DUP�HOI�REMFRS\

ELQDU\ FRQYHUVLRQ XWLOLW\� 6RIWZDUH ZDV WDUJHWHG WR 65$0 GXULQJ WHVWLQJ � RQFH WKH VRIWZDUH

ZRUNHG VDWLVIDFWRULO\ LW ZDV SURJUDPPHG LQWR WKH ÀDVK PHPRU\�



��

%�� 3URJUDPPLQJ WKH ÀDVK PHPRU\

7KH KDUGZDUH DQG VRIWZDUH IRU DFFHVVLQJ WKH PLFURFRQWUROOHU¶V 7HVW $FFHVV 3RUW YLD -7$* LV

GHVFULEHG DERYH� DQG DOORZHG WKH 3& WR GRZQORDG D ELQDU\ ¿OH LQWR WKH 65$0� $ VPDOO SURJUDP

WR UHDG D ELQDU\ ¿OH IURP 65$0 DQG ZULWH LW WR WKH ÀDVK PHPRU\ ,& ZDV ZULWWHQ WR HQDEOH ÀDVK

SURJUDPPLQJ� 7KH SURJUDPPLQJ SURFHVV LV�

��� 'RZQORDG WKH WDUJHW ELQDU\ ¿OH �OLQNHG WR ERRW IURP 520� LQWR 65$0 RQ WKH 'DFV� DW D

FHUWDLQ EDVH DGGUHVV�

��� 'RZQORDG WKH ÀDVK SURJUDPPLQJ DSSOLFDWLRQ LQWR 65$0 �OLQNHG WR UXQ IURP 65$0�� DW

DQRWKHU EDVH DGGUHVV�

��� ,QVWUXFW WKH PLFURFRQWUROOHU WR EHJLQ H[HFXWLQJ IURP WKH VWDUW DGGUHVV RI WKH ÀDVK SURJUDPPLQJ

DSSOLFDWLRQ� WKH WDUJHW ELQDU\ ¿OH ZLOO EH SURJUDPPHG LQWR WKH ÀDVK PHPRU\�

��� 3UHVV WKH UHVHW VZLWFK� FDXVLQJ WKH PLFURFRQWUROOHU WR ERRW RII WKH ÀDVK PHPRU\� ZKLFK QRZ

FRQWDLQV WKH QHZ VRIWZDUH�
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$SSHQGL[ &

7HVWLQJ WKH KDUGZDUH DQG VRIWZDUH

&�� +DUGZDUH WHVWV

&���� %DVLF IXQFWLRQV

7KH KDUGZDUH ZDV WHVWHG ¿UVW� VLQFH D ZRUNLQJ FLUFXLW ERDUG ZDV QHFHVVDU\ WR WHVW WKH ¿UPZDUH

DQG VRIWZDUH� 7KH ¿UVW WHVW FKHFNHG WKH IXQFWLRQLQJ RI WKH SRZHU VXSSO\� ZKLFK ZRUNHG FRUUHFWO\�

&���� 3URJUDPPDEOH ORJLF GHYLFHV

7KH SURJUDPPDEOH ORJLF GHYLFHV ZHUH WHVWHG LQGLYLGXDOO\� 7KH ERRW &3/' ZDV SURJUDPPHG

ZLWK WKH ¿UPZDUH QHHGHG IRU QRUPDO RSHUDWLRQ DQG ZRUNHG VXFFHVVIXOO\� 7KH )3*$ ZDV WHVWHG

E\ GRZQORDGLQJ VRPH VLPSOH WHVW ORJLF� SURJUDPPLQJ IDLOHG� 7KH ,& ZDV UHPRYHG DQG UHSODFHG

ZLWK RQH IURP DQRWKHU SURGXFWLRQ EDWFK� UHPRYLQJ WKH SUREOHP� 7KH H[SDQVLRQ EXV &3/' ZDV

SURJUDPPHG VLPSO\ WR SDVV LQSXWV IURP WKH )3*$ EXV WR WKH H[SDQVLRQ EXV FRQQHFWRU � WKHVH

VLJQDOV ZHUH XVHG LQ GHEXJJLQJ WKH )3*$ ORJLF�

&���� 0LFURFRQWUROOHU DQG PHPRU\

7KH PLFURFRQWUROOHU ZDV ¿UVW WHVWHG E\ FRQQHFWLQJ WKH PLFURFRQWUROOHU¶V -7$* SRUW WR WKH 3&¶V

SDUDOOHO SRUW ZLWK WKH VSHFLDO FDEOH DQG XVLQJ WKH DUPWRRO VRIWZDUH RQ WKH 3& WR UHDG VRPH RI WKH

LQWHUQDO UHJLVWHUV RQ WKH $7�� PLFURFRQWUROOHU� $IWHU FRPPXQLFDWLRQ ZDV HVWDEOLVKHG EHWZHHQ

WKH 3& DQG WKH PLFURFRQWUROOHU� D VPDOO SURJUDP ZDV GRZQORDGHG LQWR WKH $7��¶V LQWHUQDO 65$0

DQG H[HFXWHG� 7KH H[WHUQDO PHPRU\ ,&V ZHUH WHVWHG QH[W� D GHVLJQ ÀDZ LQ WKH LQWHUIDFH EHWZHHQ

WKH PLFURFRQWUROOHU DQG WKH 65$0 ,& ZDV FRUUHFWHG� 7KH ÀDVK PHPRU\ ,& ZDV WHVWHG E\

GRZQORDGLQJ D FRPSLOHG DSSOLFDWLRQ LQWR ÀDVK DQG WKHQ ERRWLQJ WKH PLFURFRQWUROOHU IURP ÀDVK�

7KH PLFURFRQWUROOHU VHULDO SRUW VXFFHVVIXOO\ WUDQVPLWWHG DQG UHFHLYHG GDWD�

&���� $QDORJXH�WR�GLJLWDO FRQYHUWHU

7KH DQDORJXH�WR�GLJLWDO FRQYHUWHU ZDV WHVWHG RQFH WKH ¿UPZDUH DQG VRIWZDUH ZHUH ZRUNLQJ� 7KH

$'& RXWSXW FRQWDLQHG D VPDOO GF RIIVHW RI ��{� WKLV ZDV PHDVXUHG E\ UHPRYLQJ WKH LQSXW VLJQDO

DQG DYHUDJLQJ WKH $'& RXWSXW FRGHV� 7KLV RIIVHW ZDV FRPSHQVDWHG E\ SURJUDPPLQJ WKH 2IIVHW

UHJLVWHU RQ WKH 7+6�����
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&������ 6WDELOLW\ RI WKH $'& RXWSXW

7KH RXWSXW RI WKH $'& VKRZHG VRPH GULIW RYHU HYHQ VKRUW SHULRGV RI WLPH� 7KH RVFLOORVFRSH GLG

QRW KDYH WKH UHVROXWLRQ WR VKRZ VPDOO FKDQJHV LQ WKH VLJQDO JHQHUDWRU RXWSXW� VR LW ZDV QRW SRVVLEOH

WR DVFHUWDLQ ZKHWKHU WKLV ZDV GXH WR WKH VLJQDO JHQHUDWRU RU WR DQDORJXH�WR�GLJLWDO FRQYHUWHU LWVHOI�

7KH GULIW LV WKHUHIRUH DVVXPHG WR EH FDXVHG E\ WKH VLJQDO JHQHUDWRU�

)LJXUH ��� 0HDQ RXWSXW DPSOLWXGH RI ��� HQVHPEOHV� � �

)LJXUH �� FOHDUO\ VKRZV WKH LQVWDELOLW\ RI WKH $'& RXWSXW � WKH RXWSXW DPSOLWXGH GULIWHG E\ �

P9 RYHU WKH IHZ PLQXWHV UHTXLUHG WR FDSWXUH WKH GDWD� 7KH SORW LV RI WKH PHDQ DPSOLWXGH RI ���

HQVHPEOHV UHFRUGHG FRQVHFXWLYHO\� HDFK HQVHPEOH FRQVLVWV RI ��� DPSOLWXGH PHDVXUHPHQWV� 7KH

LQSXW VLJQDO DPSOLWXGH ZDV VHW WR � 9x y z x y � DQG WKH FRKHUHQW LQWHJUDWLRQ IDFWRU � ZDV ��

&�� )LUPZDUH WHVWV

7KH ¿UPZDUH IRU WKH ERRW &3/' DQG H[SDQVLRQ EXV &3/' ZDV VLPSOH FRPELQDWRULDO ORJLF� DQG

ZDV WHVWHG E\ WRJJOLQJ LQSXW VLJQDOV DQG REVHUYLQJ WKH RXWSXW VLJQDOV�

7KH )3*$ ¿UPZDUH ZDV PRUH FRPSOLFDWHG� 7KH ORJLF ZDV GHVLJQHG LQ GLVFUHWH PRGXOHV� HDFK

RI ZKLFK ZDV WHVWHG DV D XQLW EHIRUH EHLQJ FRPELQHG ZLWK WKH RWKHU PRGXOHV�



��

&�� 6RIWZDUH WHVWV

7KH PLFURFRQWUROOHU VRIWZDUH ZDV GHYHORSHG LQ WZR VWDJHV� 7KH ¿UVW VWDJH WHVWHG ORZ�OHYHO

IXQFWLRQV� OLNH ERRWLQJ� DFFHVV WR LQWHUUXSWV� XVLQJ WKH VHULDO SRUW� DQG PHPRU\ DFFHVV� 7KH VHFRQG

VWDJH WHVWHG WKH DSSOLFDWLRQ VRIWZDUH LWVHOI� 7KH PDMRU VRIWZDUH IXQFWLRQV � FRQWUROOLQJ WKH )3*$

RSHUDWLRQ� UHDGLQJ GDWD IURP WKH )3*$� DQG FRPPXQLFDWLQJ ZLWK WKH 3& RYHU WKH VHULDO OLQN �

ZHUH WHVWHG LQGLYLGXDOO\�

7KH OLEUDU\ IRU ZULWLQJ GDWD WR WKH VHULDO SRUW KDG WZR VHULRXV ÀDZV� 7KH ¿UVW ZDV FDXVHG E\

D URXWLQH DWWHPSWLQJ WR LQWHUSUHW QXPHULF GDWD DV D VWULQJ� ZULWLQJ �[�� WR WKH SRUW FDXVHG WKH

URXWLQH WR LQWHUSUHW WKH FKDUDFWHU DV WKH QXOO FKDUDFWHU VLJQLI\LQJ WKH VWULQJ HQG� DQG WKH FKDUDFWHU

ZDV QRW WUDQVPLWWHG� 7KH VHFRQG ZDV WKDW WKH EORFNLQJ� GHVLJQHG WR SDXVH WUDQVPLVVLRQ LI WKH SRUW

ZDV EXV\� GLG QRW ZRUN � WKH FKDUDFWHU WR EH WUDQVPLWWHG ZDV VLPSO\ GURSSHG� 7KLV SUREOHP ZDV

FLUFXPYHQWHG E\ LQVHUWLQJ VXI¿FLHQW GHOD\ EHWZHHQ VXFFHVVLYH ZULWHV WR WKH VHULDO SRUW�

7KH 3\WKRQ VRIWZDUH� UXQQLQJ RQ WKH 3&� ZDV WHVWHG DW WKH VDPH WLPH DV WKH PLFURFRQWUROOHU

VRIWZDUH� 6SHFLDO DWWHQWLRQ ZDV SDLG WR FKHFNLQJ WKH LQWHJULW\ RI WKH GDWD OLQN RYHU WKH VHULDO

SRUW� 'DWD IURP WKH PLFURFRQWUROOHU ZDV WUDQVPLWWHG LQ SDFNHWV� HYHU\ E\WH LQ WKH SDFNHW EHLQJ

GXSOLFDWHG� WKH 3& VRIWZDUH UHTXHVWV UHWUDQVPLVVLRQ RI DQ\ SDFNHWV LQ ZKLFK D WUDQVPLVVLRQ HUURU

LV GHWHFWHG�
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%LEOLRJUDSK\

>�@ $� /DQJPDQ� 7KH 'HVLJQ RI +DUGZDUH DQG 6LJQDO 3URFHVVLQJ IRU D 6WHSSHG )UHTXHQF\

&RQWLQXRXV :DYH *URXQG 3HQHWUDWLQJ 5DGDU� 3K�'� WKHVLV� 8QLYHUVLW\ RI &DSH 7RZQ� �����

>�@ '�-� 'DQLHOV� '�-� *XQWRQ� DQG +�)� 6FRWW� ³,QWURGXFWLRQ WR VXE�VXUIDFH UDGDU�́ ,(( 3URFHHGLQJV

3DUW )� YRO� ���� QR� �� SS� ���±���� �����

>�@ /� 3HWHUV� -�-� 'DQLHOV� DQG -� <RXQJ� ³*URXQG SHQHWUDWLQJ UDGDU DV D VXEVXUIDFH HQYLURQPHQWDO

VHQVLQJ WRRO�́ 3URF� ,(((� YRO� ��� QR� ��� SS� ����±����� 'HFHPEHU �����

>�@ $�'�0� *DUYLQ� ³5DQJH� UHVROXWLRQ DQG LPDJLQJ DSSOLFDWLRQV RI D VWHSSHG�IUHTXHQF\ FRQWLQXRXV

ZDYH UDGDU�́ 3URF� 6$,((� �����

>�@ *� )DUTXKDUVRQ� ³'HVLJQ DQG LPSOHPHQWDWLRQ RI D ��� WR ���� 0+]� VWHSSHG IUHTXHQF\� JURXQG

SHQHWUDWLQJ UDGDU WUDQVFHLYHU�́ 0�6� WKHVLV� 8QLYHUVLW\ RI &DSH 7RZQ� �����

>�@ $�%� :DOOLV� ³7KH GHVLJQ DQG LPSOHPHQWDWLRQ RI D GLVWULEXWHG GDWD FDSWXUH DQG SURFHVVLQJ

IUDPHZRUN IRU JURXQG SHQHWUDWLQJ UDGDU�́ 0�6� WKHVLV� 8QLYHUVLW\ RI &DSH 7RZQ� �����

>�@ /�$� 5RELQVRQ� :�%� :HLU� DQG /� <RXQJ� ³/RFDWLRQ DQG UHFRJQLWLRQ RI GLVFRQWLQXLWLHV LQ

GLHOHFWULF PHGLD XVLQJ V\QWKHWLF 5) SXOVHV�́ 3URF� ,(((� YRO� ��� QR� �� SS� ��±��� -DQXDU\ �����

>�@ *�)� 6WLFNOH\� '�$� 1RRQ� 0� &KHUQLDNRY� DQG ,�'� /RQJVWDII� ³*DWHG VWHSSHG�IUHTXHQF\ JURXQG

SHQHWUDWLQJ UDGDU�́ -RXUQDO RI *HRSK\VLFV� YRO� ��� SS� ���±���� 0DUFK �����

>�@ *� *XLURQJ� =� =KDRZHQ� DQG :� )HL[XH� ³0L[HU�IUHH DOO GLJLWDO TXDGUDWXUH GHPRGXODWLRQ�́ LQ

3URF� ,&63 ¶��� �����

>��@ :�0� :DWHUV DQG %�5� -DUUHWW� ³%DQGSDVV VLJQDO VDPSOLQJ DQG FRKHUHQW GHWHFWLRQ��́ ,((( 7U�

$HURVSDFH DQG (OHFWURQLF 6\VWHPV� YRO� ��� QR� �� SS� ���±���� 1RYHPEHU �����

>��@ .�&� +R� <�7� &KDQ� DQG 5� ,QNRO� ³$ GLJLWDO TXDGUDWXUH GHPRGXODWLRQ V\VWHP�́ ,((( 7U�

$HURVSDFH DQG (OHFWURQLF 6\VWHPV� YRO� ��� QR� �� SS� ����±����� 2FWREHU �����

>��@ -�(� (NOXQG DQG 5� $UYLGVVRQ� ³$ ��E ��� 06DPSOH�V PXOWLSOH VDPSOLQJ� VLQJOH FRQYHUVLRQ

&026 $�' FRQYHUWHU IRU ,�4 GHPRGXODWRU�́ LQ ,66&&¶�� 'LJHVW RI 7HFKQLFDO 3DSHUV� ,QWHUQDWLRQ

6ROLG 6WDWH &LUFXLWV &RQIHUHQFH� �����

>��@ -�)� &ODUH DQG '�5� :KLWH� ³1RLVH LQ PHDVXUHPHQWV REWDLQHG E\ VDPSOLQJ�́ 0HDV� 6FL� 7HFKQRO��

YRO� �� SS� �±��� �����

>��@ )�*� 6WUHPOHU� ,QWURGXFWLRQ WR &RPPXQLFDWLRQ 6\VWHPV� $GGLVRQ�:HVOH\� �UG HGLWLRQ� �����



��

>��@ $�9� 2SSHQKHLP DQG 5�:� 6FKDIHU� 'LVFUHWH�7LPH 6LJQDO 3URFHVVLQJ� 3UHQWLFH�+DOO� �����

>��@ 5�0� *UD\ DQG '�/� 1HXKRII� ³4XDQWL]DWLRQ�́ ,((( 7U� ,QIRUPDWLRQ 7KHRU\� YRO� ��� QR� ��

2FWREHU �����

>��@ $�-� $FRVWD� (� 3HUDOLDV� $� 5XHGD� DQG -�/� +XHUWDV� ³$ 9+'/ EHKDYLRXUDO PRGHO IRU SLSHOLQH

$'&V�́ LQ 3URF� ,QWHUQDWLRQDO :RUNVKRS RQ $'& 0RGHOOLQJ DQG 7HVWLQJ� 6HSWHPEHU ����� SS�

��±���

>��@ .� )RONHVVRQ� -��(� (NOXQG� &� 6YHQQVRQ� DQG $� *XVWDIVVRQ� ³$ PDWODE�EDVHG $'& PRGHO IRU

5) V\VWHP VLPXODWLRQV�́ LQ 3URFHHGLQJV *+]����� 0DUFK �����

>��@ '� *RUHQ� (� 6KDPVDHY� DQG ,�$� :DJQHU� ³$ QRYHO PHWKRG IRU VWRFKDVWLF QRQOLQHDULW\ DQDO\VLV RI

D &026 SLSHOLQH $'&�́ LQ '$& ����� -XQH ����� SS� ��� ± ���� $&0�

>��@ )� 0DOREHUWL� 3� (VWUDGD� 3� 0DOFRYDWL� DQG $� 9DOHUR� ³9DOLGDWLRQ RI GDWD FRQYHUWHU VSHFL¿FDWLRQV

ZLWK EHKDYLRXUDO PRGHOLQJ VLPXODWLRQV�́ 0HDVXUHPHQW� YRO� ��� SS� ��� ± ���� �����

>��@ )�+� ,URQV� '�0� +XPPHOV� ,�1� 3DSDQWRQRSRXORV� DQG &�$� =ROGL� ³$QDORJ�WR�GLJLWDO FRQYHUWHU

HUURU GLDJQRVLV�́ LQ ,((( ,QVWU� 0HDV� 7HFKQRORJ\ &RQIHUHQFH� -XQH �����

>��@ 5�+� :DOGHQ� ³3HUIRUPDQFH WUHQGV IRU DQDORJ�WR�GLJLWDO FRQYHUWHUV�́ ,((( &RPPXQLFDWLRQV� SS�

�� ± ���� )HEUXDU\ �����

>��@ -� 5R\FKRZGKXU\ DQG $� 'HPLU� ³(VWLPDWLQJ QRLVH LQ 5) V\VWHPV�́ 7HFK� 5HS�� %HOO /DERUDWRULHV�

>��@ 3� +RURZLW] DQG :� +LOO� 7KH $UW RI (OHFWURQLFV� &DPEULGJH 8QLYHUVLW\ 3UHVV� �QG HGLWLRQ� �����

>��@ $QDORJ 'HYLFHV� ³$'��� ORZ QRLVH� �� 0+] YDULDEOH�JDLQ DPSOL¿HU�́ 'DWDVKHHW� $QDORJ

'HYLFHV� ,QF�� �����

>��@ '� +XPPHOV� ³/LQHDUL]DWLRQ RI $'&V DQG '$&V IRU DOO�GLJLWDO ZLGH�EDQGZLGWK UHFHLYHUV��́

7HFK� 5HS�� 8QLY� 0DLQH� ����� ,0(.2 7&�� 6\PSRVLXP RQ 'HYHORSPHQW LQ 'LJLWDO 0HDVXULQJ

,QVWUXPHQWDWLRQ DQG �WK :RUNVKRS RQ $'& 0RGHOLQJ DQG 7HVWLQJ�

>��@ 3� &DUERQH DQG '� 3HWUL� ³0HDQ YDOXH DQG YDULDQFH RI QRLV\ TXDQWL]HG GDWD�́ 0HDVXUHPHQW� YRO�

��� SS� ��� ± ���� �����

>��@ 0� .RHQ� ³+LJK VSHHG GDWD FRQYHUVLRQ�́ $SSOLFDWLRQ 1RWH $%����$� %XUU�%URZQ &RUSRUDWLRQ�

�����

>��@ '� 0LUUD� *�3DVLQL� 3�$� 7UDYHUVR� )� )LOLFRUL� DQG *� ,XFXODQR� ³$ ¿QLWH�PHPRU\ GLVFUHWH�WLPH

FRQYROXWLRQ DSSURDFK IRU WKH QRQOLQHDU G\QDPLF PRGHOOLQJ RI 6�+�$'& GHYLFHV�́ &RPSXWHU

6WDQGDUGV DQG ,QWHUIDFHV� � QR� ����� ����� KWWS���ZZZ�VFLHQFHGLUHFW�FRP��



��

>��@ %� %UDQQRQ� ³2YHUFRPLQJ FRQYHUWHU QRQOLQHDULWLHV ZLWK GLWKHU�́ $SSOLFDWLRQ 1RWH $1�����

$QDORJ 'HYLFHV� ,QF�� KWWS���ZZZ�DQDORJ�FRP��

>��@ /�*� 0HONRQLDQ� ³'\QDPLF VSHFL¿FDWLRQV IRU VDPSOLQJ $�' FRQYHUWHUV��́ $SSOLFDWLRQ 1RWH ����

1DWLRQDO 6HPLFRQGXFWRU� KWWS���ZZZ�QDWLRQDO�FRP�� �����

>��@ +� .RED\DVKL� 0� 0RULPXUD� .� .RED\DVKL� DQG <� 2QD\D� ³$SHUWXUH MLWWHU HIIHFWV LQ ZLGHEDQG

$'& V\VWHPV�́ LQ ��WK ,((( ,QW� &RQI� 2Q (OHFWURQLFV� &LUFXLWV� DQG 6\VWHPV� ����� SS� ���� ±

�����

>��@ %� %UDQQRQ� ³$SHUWXUH XQFHUWDLQW\ DQG $'& V\VWHP SHUIRUPDQFH�́ $SSOLFDWLRQ 1RWH $1�����

$QDORJ 'HYLFHV� ,QF�

>��@ 7�+� /HH DQG $� +DMLPLUL� ³2VFLOODWRU SKDVH QRLVH� $ WXWRULDO�́ ,((( -� 6ROLG�6WDWH &LUFXLWV� YRO�

��� QR� �� SS� ��� ± ���� 0DUFK �����
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