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,Q WKLV SDSHU ZH SUHVHQW D QHZ /)65 UHVHHGLQJ VFKHPH

IRU VFDQ�EDVHG %,67 VXLWDEOH IRU FLUFXLWV ZLWK UDQGRP�

SDWWHUQ�UHVLVWDQW IDXOWV� 7KH SURSRVHG VFKHPH HOLPLQDWHV

WKH QHHG RI D 520 IRU VWRULQJ WKH VHHGV VLQFH WKH

UHVHHGLQJV DUH SHUIRUPHG G\QDPLFDOO\ E\ LQYHUWLQJ VRPH

VHOHFWHG ELWV RI WKH /)65 UHJLVWHU� $ WLPH�WR�PDUNHW

HIILFLHQW DOJRULWKP LV DOVR SUHVHQWHG IRU VHOHFWLQJ WKH
UHVHHGLQJ SRLQWV LQ WKH WHVW VHTXHQFH� DV ZHOO DV D SURSHU

VHHG DW HDFK SRLQW� 7KLV DOJRULWKP WDUJHWV FRPSOHWH IDXOW

FRYHUDJH DQG PLQLPL]DWLRQ RI WKH UHVXOWLQJ WHVW OHQJWK DQG

KDUGZDUH RYHUKHDG� ([SHULPHQWDO UHVXOWV RQ ,6&$6 
��

DQG ,6&$6 
�� EHQFKPDUN FLUFXLWV GHPRQVWUDWH WKH
DGYDQWDJHV RI WKLV QHZ /)65 UHVHHGLQJ DSSURDFK LQ WHUPV

RI DUHD RYHUKHDG DQG WHVW DSSOLFDWLRQ WLPH�

������������
��
%XLOW�,Q 6HOI�7HVW �%,67� LV DQ HIIHFWLYH DSSURDFK IRU

WHVWLQJ ODUJH DQG FRPSOH[ FLUFXLWV >�� �@� 0LQLPDO WHVW

DSSOLFDWLRQ WLPH� DUHD RYHUKHDG� DQG WHVW GDWD VWRUDJH DV

ZHOO DV PLQLPDO SHUIRUPDQFH GHJUDGDWLRQ DUH HVVHQWLDO LQ

PDQ\ %,67 DSSOLFDWLRQV� $OVR� FRPSOHWH ������ IDXOW
FRYHUDJH LV RIWHQ GHVLUDEOH�

%,67 VFKHPHV FDQ EH FODVVLILHG LQWR WZR JHQHUDO

FDWHJRULHV >�@� WHVW�SHU�VFDQ DQG WHVW�SHU�FORFN� ,Q D WHVW�

SHU�VFDQ VFKHPH D FRPSOHWH RU SDUWLDO VFDQ LV VHULDOO\ ILOOHG

E\ WKH 7HVW 3DWWHUQ *HQHUDWRU �73*�� ZKLOH LQ D WHVW�SHU�

FORFN VFKHPH D QHZ WHVW YHFWRU LV DSSOLHG WR WKH &LUFXLW
8QGHU 7HVW �&87� DW HDFK FORFN F\FOH� ,Q WKLV SDSHU ZH

FRQVLGHU RQO\ WHVW�SHU�VFDQ %,67 VFKHPHV�

7KH PRVW FRPPRQ DQG ZLGHO\ XVHG %,67 DSSURDFK LV

SVHXGR�UDQGRP %,67 >�� �@� ,W LV XVXDOO\ SHUIRUPHG E\ D

/LQHDU )HHGEDFN 6KLIW 5HJLVWHU �/)65� XVHG DV 73*�
ZKLFK DSSOLHV SVHXGR�UDQGRP SDWWHUQV WR WKH &87�

$OWKRXJK SVHXGR�UDQGRP %,67 VFKHPHV KDYH WKH

DGYDQWDJH RI ORZ KDUGZDUH RYHUKHDG� IRU FLUFXLWV ZLWK

UDQGRP SDWWHUQ UHVLVWDQW IDXOWV� KLJK IDXOW FRYHUDJH FDQQRW

EH DFKLHYHG ZLWKLQ DQ DFFHSWDEOH WHVW OHQJWK� 7HVW SRLQW

LQVHUWLRQ� ZHLJKWHG SVHXGR�UDQGRP SDWWHUQV DQG PL[HG�

�
7KLV UHVHDUFK ZDV ILQDQFLDOO\ VXSSRUWHG E\ WKH 3XEOLF %HQHILW

)RXQGDWLRQ �$OH[DQGHU 6� 2QDVVLV� YLD LWV VFKRODUVKLSV SURJUDPV DQG

E\ WKH 5HVHDUFK &RPPLWWHH RI 3DWUDV 8QLYHUVLW\� ZLWKLQ WKH IUDPHZRUN

RI �.� .DUDWKHRGRULV� VFKRODUVKLSV SURJUDPV�

PRGH %,67 >����@ DUH WKH PDLQ WHFKQLTXHV� ZKLFK KDYH
EHHQ SURSRVHG WR VROYH WKLV SUREOHP� 0L[HG�PRGH %,67

WHFKQLTXHV KDYH WKH DGYDQWDJH RI DFKLHYLQJ KLJK IDXOW

FRYHUDJH ZLWKRXW DOWHULQJ WKH PLVVLRQ ORJLF DQG ZLWK

UHODWLYHO\ VKRUW WHVW VHTXHQFHV DQG VPDOO KDUGZDUH

RYHUKHDG�

:KHQ D PL[HG�PRGH %,67 WHFKQLTXH LV DGRSWHG� DQ
/)65 LV XVXDOO\ XVHG IRU JHQHUDWLQJ SVHXGR�UDQGRP

SDWWHUQV WKDW GHWHFW WKH UDQGRP�SDWWHUQ�WHVWDEOH IDXOWV� 7KH

UHPDLQLQJ KDUG�WR�GHWHFW IDXOWV DUH WHVWHG E\ GHWHUPLQLVWLF

SDWWHUQV� 6RPH WHFKQLTXHV >�� �@ DOWHU WKH VHTXHQFH

JHQHUDWHG E\ WKH /)65 E\ PHDQV RI VRPH FRQWURO ORJLF LQ
RUGHU WR SURGXFH VXFK SDWWHUQV�

5HVHHGLQJ WHFKQLTXHV >����@ RQ WKH RWKHU KDQG FKDQJH

WKH VWDWH RI WKH 73* UHJLVWHU ZLWK D QHZ RQH �VHHG�� VWDUWLQJ

IURP ZKLFK� WKH 73* SURGXFHV D SUH�FDOFXODWHG

GHWHUPLQLVWLF SDWWHUQ� 7KH RULJLQDO LGHD RI HQFRGLQJ WHVW

SDWWHUQV DV /)65 VHHGV E\ VROYLQJ V\VWHPV RI OLQHDU
HTXDWLRQV� ZDV SURSRVHG LQ >�@� 7KLV WHFKQLTXH QHHGV

V
PD[

��� ELWV WR HQFRGH HDFK WHVW FXEH� ZKHUH V
PD[

LV WKH

PD[LPXP QXPEHU RI FDUH ELWV LQ DQ\ WHVW FXEH WHVWLQJ D

KDUG�WR�GHWHFW IDXOW� ,Q >�@ D PHWKRG IRU LPSURYLQJ WKH

HQFRGLQJ HIILFLHQF\ RI /)65 UHVHHGLQJ E\ XVLQJ PXOWLSOH�

SRO\QRPLDO /)65V ZDV SURSRVHG� %\ XVLQJ ��
SRO\QRPLDOV LQVWHDG RI �� WKH ZLGWK RI WKH VHHGV ZDV

UHGXFHG WR V
PD[

� +RZHYHU� LQ ERWK >�@ DQG >�@ WKH HQFRGLQJ

HIILFLHQF\ LV OLPLWHG� VLQFH WKHUH DUH PDQ\ WHVW FXEHV WKDW

FRQWDLQ IHZHU WKDQ V
PD[

ELWV� ZKLFK VKRXOG EH HQFRGHG

XVLQJ V
PD[

��� RU V
PD[

ELWV UHVSHFWLYHO\� 7ZR DSSURDFKHV IRU
DGGUHVVLQJ WKLV SUREOHP KDYH EHHQ SURSRVHG� 7KH ILUVW RQH

>�@ WULHV WR HQFRGH PRUH WKDQ RQH WHVW FXEHV LQ MXVW RQH

VHHG IRU DFKLHYLQJ YHUWLFDO FRPSUHVVLRQ �UHGXFWLRQ LQ WKH

QXPEHU RI WKH UHTXLUHG VHHGV� DQG WKH RWKHU XVHV YDULDEOH�

OHQJWK VHHGV >����@�

,Q >��� ��@ WKH UHVHHGLQJ WHFKQLTXH LV DSSOLHG WR %,67
VFKHPHV EDVHG QRW RQ /)65V EXW RQ WZLVWHG�ULQJ FRXQWHUV�

7KLV DSSURDFK LV DV VLPSOH WR LPSOHPHQW DV DQ /)65�EDVHG

RQH DQG IHDWXUHV D YHU\ VPDOO FRQWURO ORJLF IRU FRQWUROOLQJ

WKH UHVHHGLQJ RSHUDWLRQ� ,WV PDLQ GLVDGYDQWDJH LV WKDW D

WZLVWHG�ULQJ FRXQWHU FDQQRW RIIHU KLJK HQFRGLQJ HIILFLHQF\

DQG DV D UHVXOW PDQ\ VHHGV DQG WKXV PDQ\ 520 ELWV DUH
UHTXLUHG IRU IXOO\ WHVWLQJ WKH &87� ,Q >��@ D UHVHHGLQJ

VFKHPH EDVHG RQ IROGLQJ FRXQWHUV �WZLVWHG�ULQJ FRXQWHUV

ZLWK SURJUDPPDEOH IHHGEDFN� LV SUHVHQWHG� $OWKRXJK LW
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PDQDJHV WR VLJQLILFDQWO\ UHGXFH WKH VWRUDJH UHTXLUHPHQWV�

WKLV LV GRQH DW WKH H[SHQVH RI D UHDUUDQJHPHQW LQ WKH VFDQ
SDWK RI WKH &87� ZKLFK PD\ EH YHU\ FRVWO\� 7KLV SUREOHP

LV VROYHG LQ >��@ ZKHUH WKH SURSHUWLHV RI IROGLQJ FRXQWHUV

DUH H[SORLWHG LQ RUGHU WR UHGXFH WKH QXPEHU RI WKH UHTXLUHG

VHHGV �YHUWLFDO FRPSUHVVLRQ�� ZKLOH DQ /)65 DQG D VPDOO

FRQWURO ORJLF DUH XVHG WR GHFRPSUHVV WKH VHHGV LQWR IROGLQJ

FRXQWHU VWDWHV �KRUL]RQWDO FRPSUHVVLRQ�� 7KH PHWKRG RI
>��@ ���' &RPSUHVVLRQ� QHHGV VOLJKWO\ PRUH 520 ELWV

WKDQ WKDW RI >��@� ZLWK WKH DGYDQWDJH WKDW QR

UHDUUDQJHPHQWV RI WKH VFDQ FKDLQ DUH UHTXLUHG� )LQDOO\ WKH

WHFKQLTXH SURSRVHG LQ >��@ UHVHHGV WKH /)65 G\QDPLFDOO\

DQG SDUWLDOO\ �QRW DOO WKH /)65 UHJLVWHU LV FKDQJHG�

UHGXFLQJ WKLV ZD\ WKH VWRUDJH UHTXLUHPHQWV VLJQLILFDQWO\�
:H VKRXOG PHQWLRQ WKDW DOO WKH DERYH UHVHHGLQJ WHFKQLTXHV

PDNH XVH RI D 520 LQ RUGHU WR VWRUH WKH QHFHVVDU\ VHHGV�

,Q WKLV SDSHU ZH SUHVHQW D QHZ /)65 UHVHHGLQJ VFKHPH

IRU VFDQ�EDVHG %,67 WKDW GRHV QRW QHHG D 520 IRU LWV

LPSOHPHQWDWLRQ� 7KH UHVHHGLQJ RSHUDWLRQ� WKDW LV WKH

DOWHUDWLRQ RI WKH VWDWH VHTXHQFH $ �! % RI WKH /)65 WR WKH

VHTXHQFH $ �! %
� ZLWK %
 z %� LV SHUIRUPHG G\QDPLFDOO\�
E\ LQYHUWLQJ WKH ORJLF YDOXH RI WKH ELWV RI VWDWH % ZKLFK DUH

FRPSOHPHQWDU\ WR WKRVH RI %
� 7KH LGHD EHKLQG WKLV LV WKDW�

ZKHQ WKH /)65 LV UHVHHGHG� QRW DOO LWV ELWV QHHG WR EH

FKDQJHG DQG� DV D UHVXOW� VWRULQJ D ZKROH VHHG LQ D 520 LV

QRW QHFHVVDU\� :LWK WKH SURSHU VHOHFWLRQ RI WKH VHHGV DQG

WKH UHVHHGLQJ SRLQWV� RQO\ D IHZ ELWV RI % KDYH WR EH
LQYHUWHG DW HDFK UHVHHGLQJ� %\ LQYHUWLQJ RQO\ WKHVH ELWV� WKH

SURSRVHG DSSURDFK LQGXFHV D IXUWKHU FRPSUHVVLRQ RQ WKH

VHHGV
 OHQJWK� ([SHULPHQWDO UHVXOWV GHPRQVWUDWH WKH

DGYDQWDJHV RI WKH QHZ /)65 UHVHHGLQJ DSSURDFK�

 ������!��!���������
�������
7KH FODVVLFDO VFDQ�EDVHG UHVHHGLQJ DSSURDFK LV VKRZQ

LQ )LJXUH ��

6KLIW 5HJLVWHU

520

/LQHDU )HHGEDFN /RJLF

6FDQ FKDLQ

&RPELQDWLRQDO 3DUW

/)65 &87

QN

)LJXUH ��&ODVVLFDO /)65 UHVHHGLQJ VFKHPH IRU VFDQ�EDVHG %,67

$V &87 ZH FRQVLGHU D VHTXHQWLDO FLUFXLW FRQVLVWLQJ RI D

FRPELQDWLRQDO SDUW DQG RI D VFDQ FKDLQ RI OHQJWK Q� 7KH
73* FLUFXLW FRQVLVWV RI DQ /)65 ZLWK N IOLS�IORS FHOOV

�N�Q� DQG D 520 IRU VWRULQJ WKH VHHGV� ZKLFK DUH

SHULRGLFDOO\ ORDGHG LQWR WKH /)65� 8QOLNH WKH FODVVLFDO

UHVHHGLQJ DSSURDFKHV� WKH PHWKRG SURSRVHG LQ WKLV SDSHU

HOLPLQDWHV WKH QHHG RI D 520� 7KH VHHGV DUH SURGXFHG

G\QDPLFDOO\ DQG ORDGHG LQWR WKH /)65 LQ D VLQJOH FORFN
F\FOH� DFFRUGLQJ WR D FRPELQDWLRQDO FRQWURO PRGXOH�

7KH DUFKLWHFWXUH RI WKH SURSRVHG 73* VFKHPH LV VKRZQ

LQ )LJXUH �� 7KH UHVHHGLQJ RSHUDWLRQ LV SHUIRUPHG E\

LQYHUWLQJ� DW FHUWDLQ FORFN F\FOHV� WKH RXWSXWV RI VRPH RI

WKH /)65 FHOOV EHIRUH EHLQJ VWRUHG WR WKHLU DGMDFHQW FHOOV�

7KLV LV DFKLHYHG E\ PHDQV RI DGGLWLRQDO H[FOXVLYH�25
�;25� JDWHV� ZKLFK DUH SODFHG EHWZHHQ WKH FHOOV RI WKH

/)65� DV VKRZQ LQ )LJXUH � �WKHVH ;25 JDWHV DUH GUDZQ

XVLQJ GDVKHG OLQHV�� :H REVHUYH WKDW RQH RI WKH LQSXWV RI

HDFK RI WKH DGGLWLRQDO ;25V LV GULYHQ E\ WKH RXWSXW RI WKH

SUHYLRXV /)65 FHOO� ZKLOH WKH RWKHU RQH LV GULYHQ E\ DQ

RXWSXW &L RI WKH ,QYHUVLRQ &RQWURO 0RGXOH� &L LV
UHVSRQVLEOH IRU FRQWUROOLQJ DOO WKH LQYHUVLRQ RSHUDWLRQV RI

FHOO L� ZLWK � d L d N�

9HFWRU &RXQWHU

&
N

�
�
�

&
�

&
�

&
�

,QYHUVLRQ

&RQWURO

0RGXOH

5
�

/LQHDU )HHGEDFN /RJLF

���

5
N

5
�

5
�

%LW &RXQWHU

WR 6FDQ

FKDLQ

)LJXUH �� 7KH SURSRVHG UHVHHGLQJ VFKHPH

:H DVVXPH WKDW WKH /)65 FKDQJHV VWDWH DW FORFN WLPHV

W�� W�� «� WM�« 7KH WLPH LQWHUYDO 7� ZLWK WM�� � 7 d WM� DFWXDOO\
UHSUHVHQWV WKH FORFN F\FOH M� ZKHUH� EHWZHHQ WM�� DQG WM� D

QHZ VWDWH RI WKH /)65 LV JHQHUDWHG� 7KLV QHZ VWDWH LV

VWRUHG LQ WKH /)65 IOLS�IORSV H[DFWO\ DW FORFN WLPH WM� )RU

&L �� QR LQYHUVLRQV RFFXU DQG WKH /)65 FKDQJHV VWDWH DW

HDFK FORFN WLPH DFFRUGLQJ WR LWV IHHGEDFN VWUXFWXUH� ,I D
UHVHHGLQJ PXVW WDNH SODFH DW FORFN WLPH WM� VRPH RI WKH

FRQWURO OLQHV &L PXVW EH VHW WR WKH ORJLF YDOXH � LQ WKH WLPH

LQWHUYDO EHWZHHQ WM�� DQG WM� 'XULQJ WKLV LQWHUYDO �L�H� FORFN

F\FOH M� WKH VWDWHV RI WKH ELW DQG WKH YHFWRU FRXQWHU �EFM��

DQG YFM�� UHVSHFWLYHO\� DUH FDSWXUHG E\ WKH ,QYHUVLRQ
&RQWURO 0RGXOH DQG D SURSHU VXEVHW 6M RI WKH OLQHV &�� &��

«� &N LV DFWLYDWHG� ZKLOH WKH UHVW FRQWURO OLQHV DUH OHIW WR ��

,Q WKDW ZD\� DW FORFN WLPH WM� WKH IOLS�IORSV 5�� 5�� « 5N

UHFHLYH WKH QHZ VWDWH ZKLFK LV LQYHUWHG DW WKH ELW SRVLWLRQV

WKDW FRUUHVSRQG WR WKH OLQHV RI 6M DQG� WKHUHIRUH� D QHZ VHHG

LV SURGXFHG DQG VWRUHG LQ WKH /)65 UHJLVWHU�
1RWH WKDW� LQ VRPH FDVHV� P ;25V �P � N� PD\ EH

VXIILFLHQW IRU SURGXFLQJ DOO WKH QHFHVVDU\ VHHGV IRU IXOO\

WHVWLQJ WKH &87� +RZHYHU� VLQFH XVXDOO\ D VPDOO /)65 LV

XVHG WR SURGXFH IDLUO\ ORQJHU WHVW YHFWRUV� LQ PRVW FDVHV�

QHDUO\ DOO N ;25V PXVW EH XVHG�

:H REVHUYH WKDW WKH SURSRVHG UHVHHGLQJ VFKHPH LV PRUH
IOH[LEOH FRPSDUHG WR UHVHHGLQJ VFKHPHV WKDW XVH D 520�

7KLV LV GXH WR LWV LQKHUHQW SURSHUW\ WKDW WKH UHVHHGLQJV FDQ

WDNH SODFH DQ\ WLPH GXULQJ WKH 7HVW 3DWWHUQ *HQHUDWLRQ�

HYHQ LQ WKH PLGGOH RI WKH VFDQ�LQ RSHUDWLRQ� E\ DOWHULQJ DQ\

ELW SRVLWLRQV LQ WKH /)65 UHJLVWHU� )XUWKHUPRUH� GLIIHUHQW
ELW SRVLWLRQV FDQ EH DOWHUHG DW HDFK UHVHHGLQJ� 7KLV

IOH[LELOLW\ JLYHV WKH RSSRUWXQLW\ WR WKH GHVLJQHU WR ILQH�WXQH

WKH UHVHHGLQJ DOJRULWKP� VR DV WR WDNH DGYDQWDJH RI DQ\

SDUWLFXODU WHVWLQJ FKDUDFWHULVWLFV RI WKH FLUFXLW XQGHU WHVW�

/HW XV QRZ GHPRQVWUDWH WKH YHUVDWLOLW\ RI WKH SURSRVHG

VFKHPH WKURXJK D YHU\ VLPSOH H[DPSOH� 6XSSRVH WKDW ZH
KDYH WR WHVW D VHTXHQWLDO FLUFXLW ZLWK D VFDQ SDWK RI OHQJWK

�� )RU FRQWUROOLQJ WKH ORDGLQJ RI WKH WHVW SDWWHUQV LQ WKH
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VFDQ FKDLQ� ZH QHHG D ELW FRXQWHU RI OHQJWK � WKDW F\FOHV

WKURXJK LWV ILUVW VHYHQ VWDWHV �� WR ��� &RQVLGHU DOVR WKDW ZH
XVH DV 73* WKH ��ELW /)65 RI )LJXUH �� ZKLFK LPSOHPHQWV

WKH FKDUDFWHULVWLF SRO\QRPLDO [
�
� [ � � DQG WKDW WKH

UHTXLUHG YHFWRU FRXQWHU LV RI OHQJWK �� 1RZ DVVXPH WKDW

DIWHU WKH DSSOLFDWLRQ RI � WHVW YHFWRUV WR WKH &87 WKH /)65

FRQWDLQV WKH VWDWH ����� WKH YHFWRU FRXQWHU WKH VWDWH ����

��� DQG D KDUG�WR�GHWHFW IDXOW QHHGV WHVW FXEH �[��[[� LQ
RUGHU WR EH WHVWHG �[ GHQRWHV D GRQ
W FDUH YDOXH�� ,Q RUGHU WR

SURGXFH RQH RI WKH WHVW YHFWRUV UHSUHVHQWHG E\ WHVW FXEH

�[��[[�� ZH FDQ FKRRVH DPRQJ PDQ\ DOWHUQDWLYHV�

5
�

5
�

5
�

5
�

WR 6FDQ

FKDLQ

)LJXUH �� ([WHUQDO�;25 /)65 �FKDU� SRO\QRPLDO� [� � [ � ��

$ ILUVW DOWHUQDWLYH LV WR LQYHUW VRPH RI WKH ELWV RI VWDWH

����� EHIRUH LW LV VWRUHG LQ WKH UHJLVWHU FHOOV� VR WKDW WKH

/)65� VWDUWLQJ IURP WKDW QHZ VWDWH �QHZ VHHG�� WR JHQHUDWH

RQH RI WKH UHTXLUHG WHVW YHFWRUV� 7R FDOFXODWH WKLV VHHG ZH

VROYH D V\VWHP RI OLQHDU HTXDWLRQV EDVHG RQ WKH IHHGEDFN
VWUXFWXUH RI WKH /)65 >�@� %\ VROYLQJ WKH FRUUHVSRQGLQJ

V\VWHP RI HTXDWLRQV� ZH FRQFOXGH WKDW WKH VHHG WKDW ZLOO

SURGXFH VXFK D YHFWRU LV RI WKH IRUP �<<� �< LV D ELQDU\

YDULDEOH�� ZKLFK PHDQV WKDW LW LV HLWKHU ���� RU �����

,QGHHG� XVLQJ DV VHHG WKH VWDWH ����� WKH /)65 JHQHUDWHV
YHFWRU �������� ZKLOH XVLQJ DV VHHG WKH VWDWH ����� WKH

/)65 JHQHUDWHV YHFWRU ������� �WKH ULJKWPRVW ELW LV

SURGXFHG ILUVW E\ WKH /)65�� ,I IRU H[DPSOH ZH FKRRVH WR

ORDG WKH VHHG ���� LQ SODFH RI VWDWH ����� ZH VKRXOG LQYHUW

WKH WKLUG ELW RI WKH /)65� EHIRUH LW LV VWRUHG WR FHOO 5��

7KHUHIRUH� ZH SODFH D ;25 JDWH EHWZHHQ IOLS�IORSV 5� DQG
5� DQG ZH DFWLYDWH FRQWURO OLQH &� ZKHQ VWDWHV � DQG � RI

WKH ELW DQG YHFWRU FRXQWHU UHVSHFWLYHO\ DUH FDSWXUHG� DV

VKRZQ LQ )LJXUH �� $W WKH QH[W FORFN WLPH �ELW FRXQWHU  ��

YHFWRU FRXQWHU  �� VWDWH ���� LQVWHDG RI ���� LV VWRUHG LQ

WKH /)65 UHJLVWHU�

5
�

5
�

5
�

5
�

YF
�

YF
�

YF
�

,QYHUVLRQ

&RQWURO

0RGXOH

&
�

YF
�

EF
�

EF
�

EF
�

WR 6FDQ

FKDLQ

YHFWRU FRXQWHU

ELW FRXQWHU

)LJXUH �� ([DPSOH 73* �ILUVW DOWHUQDWLYH�

$QRWKHU DOWHUQDWLYH LV WR OHW WKH /)65 HYROYH IURP VWDWH

���� DQG LQYHUW VRPH ELWV ZKHQ QHFHVVDU\� LQ RUGHU WR

ILQDOO\ JHQHUDWH RQH RI WKH GHVLUHG WHVW YHFWRUV� 7KHUH DUH

PRUH WKDQ RQH ZD\V WR LPSOHPHQW WKH 73* LI ZH FKRRVH

WKLV DOWHUQDWLYH� 2QH RI WKHP LV WKH IROORZLQJ� WKH WHVW

YHFWRU JHQHUDWHG E\ WKH /)65 ZKHQ LW VWDUWV IURP VWDWH
���� LV �������� ,W GLIIHUV IURP WHVW FXEH �[��[[� RQO\ LQ

WKH OHIWPRVW ELW �WKH ODVW ELW SURGXFHG E\ WKH /)65�� 6R� DQ

HDV\ ZD\ WR SURGXFH RQH RI WKH UHTXLUHG WHVW YHFWRUV LV WR

LQYHUW WKH OHIWPRVW ELW RI �������� WKDW LV WKH ELW WKDW ZRXOG

EH VWRUHG LQ FHOO 5� DW WKH FORFN WLPH ZKHQ WKH ELW FRXQWHU

FKDQJHV VWDWH IURP � WR � �WKH YHFWRU FRXQWHU FRQWDLQV VWDWH
��� 7R GR WKLV ZH DFWLYDWH FRQWURO OLQH &� LQ WKH FORFN F\FOH

ZKHQ WKH YHFWRU DQG WKH ELW FRXQWHU FRQWDLQ VWDWHV � DQG �

UHVSHFWLYHO\� DV VKRZQ LQ )LJXUH ��

5
�

5
�

5
�

5
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YF
�

YF
�

YF
�

,QYHUVLRQ

&RQWURO

0RGXOH

&
�

YF
�

EF
�

EF
�

EF
�

WR 6FDQ

FKDLQ

YHFWRU FRXQWHU

ELW FRXQWHU

)LJXUH �� ([DPSOH 73* �VHFRQG DOWHUQDWLYH�

,Q ERWK WKH DERYH FDVHV� LQVWHDG RI KDYLQJ WR VWRUH D IXOO

��ELW VHHG� ZH LQYHUW MXVW RQH ELW RI DQ /)65 VWDWH WR

SURGXFH RQH RI WKH UHTXLUHG WHVW YHFWRUV� $OWKRXJK� H[FHSW

IRU WKH DGGLWLRQDO ;25 JDWH� VRPH H[WUD FRQWURO ORJLF LV

QHHGHG� ZH H[SHFW WKDW VRPH SDUWV RI WKLV FRQWURO ORJLF
ZRXOG EH VKDUHG DPRQJ GLIIHUHQW UHVHHGLQJV DQG WKXV D

V\QWKHVLV WRRO ZRXOG EH DEOH WR UHGXFH WKLV FRQWURO ORJLF

VLJQLILFDQWO\� ,Q DQ\ FDVH� KRZHYHU� WKH SURSRVHG

DUFKLWHFWXUH OHDYHV WKH VFDQ FKDLQ RI WKH &87 XQWRXFKHG�

:H SUHVHQWHG WKH SURSRVHG DUFKLWHFWXUH XVLQJ /)65V

ZLWK WKHLU IHHGEDFN ORJLF LPSOHPHQWHG ZLWK H[WHUQDO ;25
JDWHV� ,W LV REYLRXV WKDW WKH VDPH DUFKLWHFWXUH FDQ DOVR EH

XVHG ZKHQ WKH ;25 JDWHV RI WKH IHHGEDFN ORJLF DUH ORFDWHG

EHWZHHQ WKH FHOOV RI WKH /)65�

"������������
��������
���
,Q WKLV VHFWLRQ ZH SUHVHQW D WLPH�WR�PDUNHW HIILFLHQW

DOJRULWKP IRU VHOHFWLQJ WKH VHHGV DQG WKH H[DFW WLPHV IRU
SHUIRUPLQJ WKH UHVHHGLQJV� 7KH HIILFLHQF\ RI WKLV DOJRULWKP

LV GXH WR LWV VLPSOH� VWUDLJKWIRUZDUG DQG HDV\

LPSOHPHQWDWLRQ DORQJ ZLWK LWV VKRUW UXQQLQJ WLPH� 7KH

PDLQ JRDOV DUH FRPSOHWH IDXOW FRYHUDJH� ORZ KDUGZDUH

RYHUKHDG DQG VKRUW WHVW VHTXHQFH OHQJWK�

7KH DOJRULWKP LPSOHPHQWV WKH ILUVW RI WKH UHVHHGLQJ
DOWHUQDWLYHV SUHVHQWHG LQ 6HFWLRQ �� WKDW LV WR FDOFXODWH IRU

HDFK WHVW FXEH RQH VHHG� VWDUWLQJ IURP ZKLFK� WKH /)65

JHQHUDWHV DQ DSSURSULDWH WHVW YHFWRU ZLWKRXW DQ\ RWKHU

UHVHHGLQJ RSHUDWLRQ� 7KLV ZD\� WDNLQJ DGYDQWDJH RI WKH IDFW

WKDW WKH ,QYHUVLRQ &RQWURO 0RGXOH SHUIRUPV LQYHUVLRQV

RQO\ DW FORFN F\FOHV WKDW FRUUHVSRQG WR D VLQJOH VWDWH RI WKH
ELW FRXQWHU �VSHFLILFDOO\ VWDWH Q ���� ZH UHGXFH WKH UHTXLUHG

FRQWURO ORJLF�

,Q WKH EHJLQQLQJ� WKH LQLWLDO VWDWH RI WKH /)65 LV VHW WR D

UDQGRP YDOXH DQG ������ UDQGRP SDWWHUQV DUH DSSOLHG WR

WKH &87 IRU WHVWLQJ WKH HDV\�WR�GHWHFW IDXOWV� 7KLV SVHXGR�
UDQGRP SDUW RI WKH WHVW VHTXHQFH GHWHFWV WKH YDVW PDMRULW\

RI WKH IDXOWV RI WKH &87 DQG WKH UHPDLQLQJ IDXOWV DUH

FRQVLGHUHG DV KDUG�WR�GHWHFW� :H KDYH WR QRWH WKDW DOO WKHVH

SVHXGR�UDQGRP SDWWHUQV DUH XVXDOO\ QRW QHFHVVDU\� VLQFH

PDQ\ RI WKH UDQGRP�SDWWHUQ�WHVWDEOH IDXOWV DUH DOVR

GHWHFWHG E\ WKH SDWWHUQV JHQHUDWHG EHWZHHQ VXFFHVVLYH
UHVHHGLQJV RI WKH /)65� :H ZLOO H[SODLQ ODWHU KRZ ZH FDQ

WKURZ RXW WKHVH XVHOHVV UDQGRP SDWWHUQV�
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)RU WKH UHPDLQLQJ KDUG�WR�GHWHFW IDXOWV ZH H[WUDFW WHVW

FXEHV XVLQJ D KRPH PDGH� GHWHUPLQLVWLF $73* WRRO� )RU
HDFK RQH RI WKH UHVXOWLQJ WHVW FXEHV FL� ZH VROYH D V\VWHP RI

OLQHDU HTXDWLRQV FUHDWHG DFFRUGLQJ WR WKH IHHGEDFN VWUXFWXUH

RI WKH /)65� VR DV WR GHWHUPLQH D VHHG VWDUWLQJ IURP ZKLFK�

WKH /)65 ZLOO JHQHUDWH D WHVW YHFWRU UHSUHVHQWHG E\ FL�

6LQFH WKHVH V\VWHPV FRQWDLQ HTXDWLRQV FRQVLVWLQJ RI ELQDU\

YDULDEOHV DQG FRQVWDQWV WKDW DUH UHODWHG WRJHWKHU ZLWK WKH
PRGXOR�� �;25� RSHUDWLRQ RQO\� VROYLQJ VXFK D V\VWHP LV

PXFK IDVWHU WKDQ VROYLQJ D FRQYHQWLRQDO V\VWHP RI OLQHDU

HTXDWLRQV >��@� 0RUHRYHU� WDNLQJ LQWR DFFRXQW WKDW ZH

VROYH VXFK D V\VWHP RQO\ RQFH IRU HDFK RI WKH H[WUDFWHG WHVW

FXEHV� LW LV REYLRXV WKDW YHU\ VKRUW UXQQLQJ WLPH LV UHTXLUHG

IRU FDOFXODWLQJ WKH VHHGV�
1H[W ZH VHOHFW WKH H[DFW WLPHV WKDW WKH FDOFXODWHG VHHGV

ZLOO EH ORDGHG LQ WKH /)65� $ QHZ UHVHHGLQJ LV SHUIRUPHG

HYHU\ Q F\FOHV� WKDW LV ZKHQ WKH SUHYLRXV WHVW YHFWRU KDV

EHHQ FRPSOHWHO\ ORDGHG LQ WKH VFDQ FKDLQ �Q LV WKH VFDQ

FKDLQ OHQJWK�� ,Q RWKHU ZRUGV� DIWHU WKH L�WK VHHG KDV EHHQ

ORDGHG� WKH /)65 LV OHW SURGXFH WKH FRUUHVSRQGLQJ WHVW
YHFWRU LQ Q FORFN F\FOHV DQG� GXULQJ WKH Q�WK FORFN F\FOH�

VRPH QHZ LQYHUVLRQV DUH VWLPXODWHG E\ WKH ,QYHUVLRQ

&RQWURO 0RGXOH DQG VHHG L � � LV ORDGHG� 7KH EHQHILW IURP

WKLV FKRLFH LV WKDW WKH WHVW VHTXHQFH LV VKRUWHQHG� VLQFH WKH

XVHOHVV YHFWRUV EHWZHHQ VXFFHVVLYH UHVHHGLQJV DUH
HOLPLQDWHG� :H PXVW QRWH WKDW VLQFH ZH GR QRW DWWHPSW WR

HQFRGH PRUH WKDQ RQH WHVW FXEHV LQ D VLQJOH VHHG� OHWWLQJ

WKH /)65 SURGXFH PRUH WKDQ RQH WHVW YHFWRUV DIWHU HDFK

UHVHHGLQJ LV� LQ PRVW FDVHV� XVHOHVV�

)RU WKH VHOHFWLRQ RI WKH OHVV KDUGZDUH LQWHQVLYH VHHG WR

EH ORDGHG LQ WKH /)65 DW D UHVHHGLQJ WLPH WL� ZH KDYH
DGRSWHG D VLPSOH JUHHG\ DSSURDFK� :H FRPSDUH DOO WKH

DYDLODEOH VHHGV WKDW ZH KDYH FDOFXODWHG� ZLWK WKH /)65

VWDWH WKDW ZRXOG KDYH RFFXUUHG LQ FORFN WLPH WL LI QR

UHVHHGLQJ KDG WDNHQ SODFH DQG ZH VHOHFW WKH VHHG WKDW

GLIIHUV LQ WKH IHZHU ELWV IURP WKDW VWDWH� 7KLV ZD\ WKH

VPDOOHVW SRVVLEOH QXPEHU RI ELW LQYHUVLRQV LV UHTXLUHG LQ
F\FOH L LQ RUGHU IRU D VHHG WR EH ORDGHG LQ WKH /)65� ,I WZR

RU PRUH VHHGV UHTXLUH WKH VDPH PLQLPXP QXPEHU RI ELW

LQYHUVLRQV� ZH FKRRVH WKH RQH WKDW LQVHUWV WKH IHZHU

DGGLWLRQDO ;25V LQ WKH /)65 VWUXFWXUH�

$IWHU KDYLQJ GHFLGHG DERXW WKH QHZ UHVHHGLQJ RSHUDWLRQ
ZH UXQ IDXOW VLPXODWLRQ IRU WKH SURGXFHG WHVW YHFWRU� 0RUH

WKDQ RQH IDXOWV DUH RIWHQ GHWHFWHG E\ DSSO\LQJ WKLV WHVW

YHFWRU WR WKH &87� 7KH VHHGV WKDW FRUUHVSRQG WR WHVW FXEHV

RI WKHVH IDXOWV DUH WKURZQ RXW IURP WKH VHW RI WKH DYDLODEOH

VHHGV IRU UHVHHGLQJ�

:KHQ DOO WKH IDXOWV DUH GHWHFWHG� ZH SHUIRUP UHYHUVH
VLPXODWLRQ >��@� $V ZH PHQWLRQHG DERYH� VRPH RI WKH

������ SVHXGR�UDQGRP SDWWHUQV WKDW ZHUH LQLWLDOO\ DSSOLHG

WR WKH &87 PD\ EH UHGXQGDQW� ,Q RUGHU WR PLQLPL]H WKH

FDUGLQDOLW\ RI WKH WHVW VHW� ZH IDXOW VLPXODWH DOO WKH WHVW

YHFWRUV LQ UHYHUVH RUGHU XQWLO ZH UHDFK ���� IDXOW

FRYHUDJH� 7KHQ ZH VHW WKH ODVW UHYHUVH VLPXODWHG YHFWRU DV
WKH LQLWLDO RQH �DQG LWV FRUUHVSRQGLQJ VWDWH DV WKH LQLWLDO

VWDWH RI WKH /)65�� DQG ZH H[FOXGH WKH UHVW WHVW YHFWRUV

IURP WKH WHVW VHTXHQFH�
%HIRUH SURFHHGLQJ WR WKH H[SHULPHQWDO UHVXOWV OHW XV QRWH

WKH IROORZLQJ� LQ WKH UHVHHGLQJ DOJRULWKP ZH MXVW SUHVHQWHG

ZH GLG QRW DWWHPSW WR DSSO\ DQ\ FRPSUHVVLRQ WHFKQLTXH WR

WKH H[WUDFWHG VHHGV VLQFH RXU SXUSRVH ZDV WR SURYLGH D YHU\

WLPH�WR�PDUNHW HIILFLHQW UHVHHGLQJ PHWKRG� 7KLV PHWKRG� DV

ZH ZLOO VHH LQ 6HFWLRQ �� H[KLELWV PDMRU DGYDQWDJHV LQ
WHUPV RI WKH UHVXOWLQJ WHVW VHTXHQFH OHQJWKV DQG KDUGZDUH

RYHUKHDG� +RZHYHU DQ\ RWKHU� PRUH VRSKLVWLFDWHG

UHVHHGLQJ DOJRULWKP IHDWXULQJ VHHG FRPSUHVVLRQ FDQ EH

XVHG IRU UHGXFLQJ WKH KDUGZDUH RYHUKHDG� DW WKH H[SHQVH RI

H[WUD FRPSXWDWLRQDO WLPH� 6XFK DOJRULWKPV KDYH EHHQ

UHSRUWHG LQ WKH RSHQ OLWHUDWXUH >�� ��@�

#��$%!��
��������������
7R HYDOXDWH WKH HIIHFWLYHQHVV RI WKH SURSRVHG %,67

VFKHPH� ZH LPSOHPHQWHG WKH DOJRULWKP GHVFULEHG LQ

6HFWLRQ � LQ & SURJUDPPLQJ ODQJXDJH DQG ZH SHUIRUPHG D

VHULHV RI H[SHULPHQWV XVLQJ WKH ,6&$6 
�� DQG WKH ,6&$6


�� EHQFKPDUN FLUFXLWV� 2QO\ FLUFXLWV ZLWK XQGHWHFWHG
IDXOWV DIWHU WKH DSSOLFDWLRQ RI ������ UDQGRP SDWWHUQV KDYH

EHHQ FRQVLGHUHG� %HIRUH DSSO\LQJ WKH DOJRULWKP RI 6HFWLRQ

�� IRU HDFK RQH RI WKHVH FLUFXLWV ZH WULHG WR VSRW DQ /)65

ZLWK DQ DSSURSULDWH IHHGEDFN SRO\QRPLDO� 6XFK D

SRO\QRPLDO DOORZV WKH DERYH PHQWLRQHG V\VWHPV RI OLQHDU

HTXDWLRQV WR EH VROYHG IRU DW OHDVW RQH WHVW FXEH IRU HDFK
IDXOW� 6HYHUDO SULPLWLYH� IHHGEDFN SRO\QRPLDOV ZHUH

H[DPLQHG� 7KHVH SRO\QRPLDOV ZHUH JHQHUDWHG ZLWK WKH

WRROV WKDW FDQ EH IRXQG LQ >��@� 7KH GHJUHHV RI WKH

H[DPLQHG SRO\QRPLDOV ZHUH YDULHG IURP VPD[ � � WR VPD[ � �

>��@� ZKHUH VPD[ LV WKH PD[LPXP QXPEHU RI GHILQHG ELWV
WKDW D WHVW FXEH� GHWHFWLQJ D KDUG�WR�GHWHFW IDXOW� FRQWDLQHG�

$IWHU KDYLQJ GHWHUPLQHG D VXLWDEOH SULPLWLYH SRO\QRPLDO�

ZH SHUIRUPHG �� H[SHULPHQWV IRU HDFK EHQFKPDUN FLUFXLW�

VWDUWLQJ IURP D GLIIHUHQW UDQGRP LQLWLDO VHHG HDFK WLPH� 7KH

UXQQLQJ WLPH RI VXFK DQ H[SHULPHQW YDULHG IURP IHZ

VHFRQGV IRU WKH VPDOOHU FLUFXLWV� WR RQH KRXU IRU WKH ODUJHU�
H[FOXGLQJ $73*� 7KH ODUJHU SRUWLRQ RI WKLV WLPH �RYHU

���� ZDV H[SHQGHG WR IDXOW VLPXODWLRQ �LQLWLDO DQG

UHYHUVH�� 7KH EHVW UHVXOWV DUH VKRZQ LQ 7DEOH ��

7KH QDPHV RI WKH EHQFKPDUN FLUFXLWV DV ZHOO DV WKH

OHQJWK RI WKH FRUUHVSRQGLQJ VFDQ SDWKV DUH JLYHQ LQ WKH ILUVW

WZR FROXPQV RI 7DEOH �� 7KH VXEVHTXHQW FROXPQV SUHVHQW
WKH OHQJWK RI WKH /)65 XVHG DV 73*� WKH QXPEHU RI WKH

UHTXLUHG ;25V IRU SHUIRUPLQJ WKH LQYHUVLRQV� WKH QXPEHU

RI WKH VHHGV XVHG� WKH WRWDO QXPEHU RI YHFWRUV IRU DFKLHYLQJ

���� IDXOW FRYHUDJH DQG WKH KDUGZDUH RYHUKHDG LQ JDWH

HTXLYDOHQWV� )RU WKH FDOFXODWLRQ RI WKH KDUGZDUH RYHUKHDG

RI WKH SURSRVHG VFKHPH� ZH KDYH XVHG D FRPPHUFLDO
V\QWKHVLV WRRO IRU V\QWKHVL]LQJ WKH ,QYHUVLRQ &RQWURO

0RGXOH DQG� WR WKH V\QWKHVLV UHVXOWV� ZH KDYH DGGHG WKH

KDUGZDUH RYHUKHDG RI WKH DGGLWLRQDO ;25 JDWHV� 7KH ELW DV

ZHOO DV WKH YHFWRU FRXQWHU KDYH QRW EHHQ WDNHQ LQWR DFFRXQW

LQ WKH GHULYDWLRQ RI WKH KDUGZDUH RYHUKHDG UHVXOWV� VLQFH
VXFK FRXQWHUV DUH QHHGHG QHDUO\ E\ DQ\ PL[HG�PRGH� VFDQ�

Proceedings of the 11 th Asian Test Symposium(ATS’02) 
1081-7735/02 $17.00 © 2002 IEEE 



EDVHG %,67 VFKHPH� :H QRWH WKDW � JDWH HTXLYDOHQW

FRUUHVSRQGV WR D ��LQSXW 1$1' JDWH�

7DEOH �� ([SHULPHQWDO UHVXOWV

&LUFXLW
6FDQ

(OHPHQWV

/)65

OHQJWK

� ,QYHUW�

;25V
� 6HHGV � 9HFWRUV

+DUGZDUH

RYHUKHDG

�JDWH HTXLY��

F���� ��� �� �� �� ���� ���
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V���� �� �� �� � ���� ��
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V���� ��� �� �� ��� ���� ���

V����� ��� �� �� ��� ����� ���

V����� ��� �� �� ��� ���� ���

$V ZH FDQ VHH IURP 7DEOH �� LQ PDQ\ FDVHV WKH QXPEHU

RI LQYHUWLQJ ;25V LV HTXDO WR WKH OHQJWK RI WKH /)65� DV
ZH KDG H[SHFWHG� (YHQ LI IHZHU DGGLWLRQDO ;25V DUH

UHTXLUHG� WKHLU QXPEHU LV YHU\ FORVH WR WKH /)65 OHQJWK�

:H FRPSDUH WKH SURSRVHG UHVHHGLQJ VFKHPH ZLWK WKH ��

' &RPSUHVVLRQ DSSURDFK RI >��@� ZKLFK LV WKH PRVW UHFHQW

VFDQ�EDVHG UHVHHGLQJ WHFKQLTXH LQ WKH RSHQ OLWHUDWXUH� LW
IHDWXUHV D UHODWLYHO\ VPDOO FRQWURO PRGXOH DQG UHTXLUHV OHVV

VWRUDJH WKDQ DQ\ RWKHU VFDQ�EDVHG UHVHHGLQJ WHFKQLTXH�

$OVR� LW GRHV QRW UHTXLUH DQ\ UHDUUDQJHPHQWV RI WKH VFDQ

FKDLQ RI WKH &87�

7DEOH �� 7HVW YHFWRU FRPSDULVRQV

&LUFXLW
3URSRVHG

VFKHPH

��' &RPSUHVVLRQ

>��@

5HGXFWLRQ

SHUFHQWDJH

F���� ���� ����� ����� �

F���� ���� ����� ����� �

V��� ���� ����� ����� �
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V��� ���� ����� ����� �
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V���� ���� ����� ����� �

V����� ����� ����� ����� �

V����� ���� ����� ����� �

$V ZH FDQ VHH IURP 7DEOH �� WKH FRPELQDWLRQ RI WKH

SURSRVHG VFKHPH ZLWK WKH DOJRULWKP GHVFULEHG LQ 6HFWLRQ

�� OHDGV WR VLJQLILFDQWO\ EHWWHU UHVXOWV LQ WHUPV RI WKH

QXPEHU RI WHVW YHFWRUV QHHGHG IRU IXOO\ WHVWLQJ WKH &87�

7KLV LV GXH WR WZR UHDVRQV� 7KH ILUVW RQH LV WKDW ZH DYRLG�
ZLWK WKH FRQVHFXWLYH UHVHHGLQJV� WKH H[LVWHQFH RI GXPP\

SDWWHUQV LQ WKH SDUW RI WKH WHVW VHTXHQFH WKDW WHVWV WKH KDUG�

WR�GHWHFW IDXOWV� :H PXVW QRWH WKDW� E\ XVLQJ WKH SURSRVHG

73* VFKHPH� LW LV SRVVLEOH WR SHUIRUP FRQVHFXWLYH

UHVHHGLQJV ZLWKRXW DQ\ VLJQLILFDQW LQFUHDVH LQ WKH KDUGZDUH

RYHUKHDG� HYHQ LI WKH QXPEHU RI UHTXLUHG VHHGV LV
LQFUHDVHG� 7KH UHDVRQ IRU WKLV LV WKDW ZH GRQ
W QHHG WR VWRUH

D ZKROH QHZ VHHG DV LQ WKH FDVH RI 520�EDVHG UHVHHGLQJ

VFKHPHV� EXW ZH MXVW KDYH WR SHUIRUP D IHZ LQYHUVLRQV LQ
RUGHU WR ORDG LW LQ WKH /)65 UHJLVWHU� 7KH VHFRQG UHDVRQ

WKDW H[SODLQV WKH VKRUW WHVW VHTXHQFHV RI WKH SURSRVHG

DSSURDFK LV WKH UHYHUVH VLPXODWLRQ SURFHVV ZH SHUIRUP DW

WKH HQG RI HDFK H[SHULPHQW� $V ZH FDQ VHH� LQ DOO FDVHV

H[FHSW IRU RQH �V������� ZH QHHG OHVV WKDQ ������ SDWWHUQV

IRU WHVWLQJ WKH &87� 7KLV PHDQV WKDW WKH LQLWLDO VHTXHQFH RI
������ YHFWRUV KDV EHHQ UHGXFHG E\ WKH UHYHUVH VLPXODWLRQ�

,Q 7DEOH � ZH SUHVHQW WKH KDUGZDUH RYHUKHDG

FRPSDULVRQV EHWZHHQ WKH SURSRVHG VFKHPH DQG WKH

DSSURDFK RI >��@� :H KDYH GHVFULEHG WKH FRQWURO PRGXOHV

RI WKH ��' &RPSUHVVLRQ DSSURDFK LQ 9HULORJ +'/

�H[FOXGLQJ WKH VDPH FRXQWHUV DV IRU WKH SURSRVHG PHWKRG�
DQG ZH KDYH V\QWKHVL]HG WKHP XVLQJ WKH VDPH WRRO DV IRU

WKH V\QWKHVLV RI WKH ,QYHUVLRQ &RQWURO 0RGXOHV RI WKH

SURSRVHG VFKHPH� )RU WUDQVODWLQJ WKH 520 ELWV WR JDWH

HTXLYDOHQWV� ZH KDYH WDNHQ LQWR DFFRXQW WKH DVVXPSWLRQ

PDGH LQ >��@ WKDW� RQ DYHUDJH� ���� JDWHV DUH UHTXLUHG IRU

HDFK PHPRU\ FHOO RI D 520� 7R WKH KDUGZDUH RYHUKHDG RI
WKH SURSRVHG VFKHPH� ZH KDYH DGGHG WKH H[WUD JDWHV

UHTXLUHG IRU LPSOHPHQWLQJ WKH ELJJHU /)65V LW XVHV�

7DEOH �� +DUGZDUH RYHUKHDG FRPSDULVRQV

/)65 OHQJWK � 6HHGV +DUGZDUH 2YHUKHDG

&LUFXLW 3URSRVHG

VFKHPH
>��@

3URSRVHG

VFKHPH
>��@

3URSRVHG

VFKHPH

�JDWH HTXLY��
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HTXLY��
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)URP 7DEOH �� ZH FDQ LQIHU WKH IROORZLQJ� ILUVWO\� WKH

OHQJWKV RI WKH /)65V XVHG LQ WKLV SDSHU DUH TXLWH ODUJHU

WKDQ WKRVH RI >��@� 6LQFH LQ ERWK FDVHV WKHLU FKRLFH KDV
EHHQ PDGH DFFRUGLQJ WR WKH YDOXH V

PD[
� ZH FRQFOXGH WKDW

WKH WHVW YHFWRUV SURGXFHG E\ RXU KRPH PDGH $73* WRRO

DUH SRRU FRPSDUHG WR WKH WHVW YHFWRUV XVHG LQ >��@ EHFDXVH

WKH\ KDYH PRUH GHILQHG ELWV� $GGLWLRQDOO\� WKH QXPEHU RI

VHHGV UHTXLUHG E\ RXU DOJRULWKP LV PXFK ODUJHU WKDQ WKH

QXPEHU RI VHHGV LQ >��@� 7KLV LV GXH WR WKH IDFW WKDW RXU
DOJRULWKP GRHV QRW DWWHPSW WR FRPSUHVV WKH VHHGV LQ DQ\

ZD\� +RZHYHU� ZH REVHUYH WKDW WKH SURSRVHG VFKHPH

UHTXLUHV OHVV KDUGZDUH LQ PRVW FDVHV� HYHQ LI LW QHHGV

VLJQLILFDQWO\ PRUH UHVHHGLQJV� 7KLV LV QRW WUXH RQO\ IRU WKH

VPDOO FLUFXLWV� EXW IRU WKH ODUJHU RQHV DV ZHOO� OLNH F�����

V����� V���� DQG V������ 7KH ��' &RPSUHVVLRQ WHFKQLTXH
LV EHWWHU WKDQ WKH SURSRVHG RQH LQ � RXW RI �� FLUFXLWV

�F����� V���� V��� DQG V������� 7KHVH UHVXOWV FDQ EH
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H[SODLQHG E\ REVHUYLQJ )LJXUH �� )RU HDFK FLUFXLW ZH KDYH

FDOFXODWHG WKH UHTXLUHG 520 ELWV IRU VWRULQJ WKH VHHGV RI
>��@� 5��'� DV ZHOO DV IRU WKH SURSRVHG PHWKRG� 5520OHVV�

DVVXPLQJ WKDW D 520 KDG EHHQ XVHG� %RWK 5��' DQG 55RPOHVV

GHSHQG RQ WKH /)65 OHQJWK �TXDOLW\ RI WHVW YHFWRUV� DQG WKH

QXPEHU RI VHHGV �TXDOLW\ RI VHHG FRPSUHVVLRQ WHFKQLTXH��

7KH UDWLR 5520OHVV � 5��' LV DQ LQGLFDWLRQ RI WKH GLIIHUHQFH LQ

WKH TXDOLW\ RI WKHVH WZR SDUDPHWHUV EHWZHHQ WKH WZR
PHWKRGV� :H REVHUYH WKDW� DFFRUGLQJ WR WKH DERYH UDWLR�

RXU PHWKRG LV VLJQLILFDQWO\ ZRUVH WKDQ WKDW RI >��@

�5520OHVV�5��' ! � IRU DOO FLUFXLWV�� +RZHYHU� RQO\ ZKHQ WKLV

UDWLR LV WRR KLJK ����� IRU F����� ���� IRU V���� ���� IRU

V��� DQG ���� IRU V������� WKH SURSRVHG VFKHPH UHTXLUHV

PRUH KDUGZDUH RYHUKHDG WKDQ WKH WHFKQLTXH RI >��@� ,Q
WKHVH FDVHV WKH DGYDQWDJH RI SHUIRUPLQJ WKH UHVHHGLQJV

ZLWK LQYHUVLRQV LQVWHDG RI XVLQJ D 520� FDQQRW EDODQFH

WKH LQFUHDVH LQ WKH /)65 OHQJWK DQG LQ WKH QXPEHU RI WKH

VHHGV�

)LJXUH �� *UDSKLFDO UHSUHVHQWDWLRQ RI WKH 5520OHVV �5��' UDWLR

7KH /)65 OHQJWK DV ZHOO DV WKH QXPEHU RI WKH UHTXLUHG

VHHGV FDQ EH UHGXFHG LI D FRPPHUFLDO $73* WRRO DQG D
PRUH VRSKLVWLFDWHG FRPSUHVVLRQ DOJRULWKP DUH HPSOR\HG

UHVSHFWLYHO\� 7KLV ZD\� WKH DERYH UDWLR LV H[SHFWHG WR

GHFUHDVH DQG DV D UHVXOW WKH KDUGZDUH RYHUKHDG RI WKH

SURSRVHG PHWKRG ZLOO LPSURYH VLJQLILFDQWO\� :H DUH

FXUUHQWO\ ZRUNLQJ WRZDUGV ERWK WKHVH GLUHFWLRQV�

&��'������
���
,Q WKLV SDSHU D QHZ /)65 UHVHHGLQJ VFKHPH IRU VFDQ�

EDVHG %,67 LV SURSRVHG� 7KH SURSRVHG VFKHPH GRHV QRW

XVH D 520� EXW SHUIRUPV WKH UHVHHGLQJV G\QDPLFDOO\ E\

LQYHUWLQJ VRPH VHOHFWHG ELWV RI WKH /)65 UHJLVWHU� 7KXV� LW

DYRLGV UHVHHGLQJ DOO WKH /)65 FHOOV� ZKLFK LV LQHYLWDEOH

ZKHQ WKH VHHGV DUH VWRUHG LQ D 520� JDLQLQJ WKLV ZD\ LQ
KDUGZDUH RYHUKHDG� 7KH SURSRVHG VFKHPH LV YHU\ IOH[LEOH

DQG FDQ EH XVHG IRU LPSOHPHQWLQJ WKH UHVHHGLQJV LQ PDQ\

GLIIHUHQW ZD\V� ([SHULPHQWDO UHVXOWV RQ ,6&$6 
�� DQG

,6&$6 
�� EHQFKPDUN FLUFXLWV VKRZ LWV SRWHQWLDO� DOWKRXJK

LW LV FRPELQHG ZLWK D VLPSOH $73* WRRO DQG D QRQ�

VRSKLVWLFDWHG� EXW YHU\ IDVW UHVHHGLQJ DOJRULWKP� :H H[SHFW
WKDW WKH H[SHULPHQWDO UHVXOWV ZLOO LPSURYH HYHQ PRUH ZKHQ

D VRSKLVWLFDWHG DOJRULWKP DORQJ ZLWK D PRUH HIIHFWLYH

$73* WRRO ZLOO EH DGRSWHG�

��(��)����������
7KH DXWKRUV ZRXOG OLNH WR WKDQN 3URIHVVRU 3� *LUDUG IRU

SURYLGLQJ WKH PRWLYDWLRQ IRU WKLV ZRUN�

����������
>�@ 3� +� %DUGHOO� :� +� 0F$QQH\ 	 -� 6DYLU� %XLOW�,Q 7HVW IRU

9/6,� 3VHXGR�5DQGRP 7HFKQLTXHV� -RKQ :LOH\ 	 6RQV� 1HZ

<RUN� 1<� �����

>�@ 0� $EUDPRYLFL� 0� $� %UHXHU 	 $� '� )ULHGPDQ� 'LJLWDO

6\VWHPV 7HVWLQJ DQG 7HVWDEOH 'HVLJQ� &RPSXWHU 6FLHQFH 3UHVV�

1HZ <RUN� 1<� �����

>�@ +��-� :XQGHUOLFK� ³%,67 IRU 6\VWHPV�RQ�D�FKLS´� ,QWHJUDWLRQ�

WKH 9/6, -RXUQDO� YRO� ��� QR� ���� 'HFHPEHU ����� SS� ������

>�@ *� .LHIHU 	 +��-� :XQGHUOLFK� ³8VLQJ %,67 &RQWURO IRU

3DWWHUQ *HQHUDWLRQ´� 3URF� RI ,7&� 1RY� ����� SS� ��������

>�@ 1� $� 7RXED 	 (� -� 0F&OXVNH\� ³%LW�)L[LQJ LQ

3VHXGRUDQGRP 6HTXHQFHV IRU 6FDQ %,67´� ,((( 7UDQV� RQ &$'

RI ,QW� &LUFXLWV 	 6\VWHPV� YRO� ��� QR� �� $SULO ����� SS� ��������

>�@ %� .RHQHPDQQ� ³/)65�&RGHG 7HVW 3DWWHUQV IRU 6FDQ

'HVLJQ´� 3URF� RI (7&� $SULO ����� SS� ��������

>�@ 6� +HOOHEUDQG� 6� 7DUQLFN� %� &RXUWRLV 	 -� 5DMVNL�

³*HQHUDWLRQ RI 9HFWRU 3DWWHUQV WKURXJK 5HVHHGLQJ RI 0XOWLSOH�

3RO\QRPLDO /LQHDU )HHGEDFN 6KLIW 5HJLVWHUV´� 3URF� RI ,7&� 6HSW�

����� SS� ��������

>�@ 6� +HOOHEUDQG� -� 5DMVNL� 6� 7DUQLFN� 6� 9HQNDWDUDPDQ 	 %�

&RXUWRLV� ³%XLOW�,Q 7HVW IRU &LUFXLWV ZLWK 6FDQ %DVHG RQ

5HVHHGLQJ RI 0XOWLSOH�3RO\QRPLDO /LQHDU )HHGEDFN 6KLIW

5HJLVWHUV´� ,((( 7UDQV� RQ &RPSXWHUV� YRO� ��� QR� �� )HE� �����

SS� ��������

>�@ 1� =DFKDULD� -� 5DMVNL 	 -� 7\V]HU� ³'HFRPSUHVVLRQ RI 7HVW

'DWD 8VLQJ 9DULDEOH�/HQJWK 6HHG /)65V´� 3URF� RI ��WK 976�

$SULO�0D\ ����� SS� ��������

>��@ 1� =DFKDULD� -� 5DMVNL� -� 7\V]HU 	 -� :DLFXNDXVNL� ³7ZR

'LPHQVLRQDO 7HVW 'DWD 'HFRPSUHVVRU IRU 0XOWLSOH 6FDQ

'HVLJQV´� 3URF� RI ,7&� 2FW� ����� SS� ��������

>��@ -� 5DMVNL� -� 7\V]HU 	 1� =DFKDULD� ³7HVW 'DWD 'HFRPSUHV�

VLRQ IRU 0XOWLSOH 6FDQ 'HVLJQV ZLWK %RXQGDU\ 6FDQ´� ,(((

7UDQV� RQ &RPSXWHUV� YRO� ��� QR� ��� 1RY� ����� SS� ����������

>��@ .� &KDNUDEDUW\� %� 7� 0XUUD\ 	 9� ,\HQJDU� ³%XLOW�LQ 7HVW

3DWWHUQ *HQHUDWLRQ IRU +LJK 3HUIRUPDQFH &LUFXLWV 8VLQJ 7ZLVWHG�

5LQJ &RXQWHUV´� 3URF� RI ��WK 976� $SULO ����� SS� ������

>��@ .� &KDNUDEDUW\ 	 6� 6ZDPLQDWKDQ� ³%XLOW�LQ 7HVWLQJ RI

+LJK�3HUIRUPDQFH &LUFXLWV 8VLQJ 7ZLVWHG�5LQJ &RXQWHUV´� 3URF�

RI ,6&$6� 0D\ ����� SS� ������

>��@ 6� +HOOHEUDQG� +��*� /LDQJ 	 +��-� :XQGHUOLFK� ³$ 0L[HG

0RGH %,67 6FKHPH %DVHG RQ 5HVHHGLQJ RI )ROGLQJ &RXQWHUV´�

-RXUQDO RI (OHFWURQLF 7HVWLQJ� 7KHRU\ DQG $SSOLFDWLRQV� YRO� ���

QR� ���� -XQH�$XJXVW ����� SS� ��������

>��@ +��*� /LDQJ� 6� +HOOHEUDQG 	 +��-� :XQGHUOLFK� ³7ZR�

'LPHQVLRQDO 7HVW 'DWD &RPSUHVVLRQ IRU 6FDQ�%DVHG

'HWHUPLQLVWLF %,67´� -RXUQDO RI (OHFWURQLF 7HVWLQJ� 7KHRU\ DQG

$SSOLFDWLRQV� YRO� ��� QR� �� 0DUFK ����� SS� ��������

>��@ &� 9� .ULVKQD� $� -DV 	 1� $� 7RXED� ³7HVW 9HFWRU (QFRGLQJ

8VLQJ 3DUWLDO /)65 5HVHHGLQJ´� 3URF� RI ,7&� 2FWREHU�

1RYHPEHU ����� SS� ��������

>��@ $� 3� 6WURHOH 	 )� 0D\HU� ³0HWKRGV WR 5HGXFH 7HVW

$SSOLFDWLRQ 7LPH IRU $FFXPXODWRU�EDVHG 6HOI�7HVW´� 3URF� RI

��WK 976� $SULO�0D\ ����� SS� ������

>��@ ³$ 3ULPLWLYH 3RO\QRPLDO 6HDUFK 3URJUDP´� DYDLODEOH IURP

KWWS���XVHUV��HY��QHW�aVGXSOLFKDQ�SULPLWLYHSRO\QRPLDOV�

SULPLWLYHSRO\QRPLDOV�KWP�

>��@ /� 5� +XDQJ� -� <� -RX 	 6� <� .XR� ³*DXVV�(OLPLQDWLRQ�

%DVHG *HQHUDWLRQ RI 0XOWLSOH 6HHG�3RO\QRPLDO 3DLUV IRU /)65´�

,((( 7UDQVDFWLRQV RQ &$' RI ,QWHJUDWHG &LUFXLWV DQG 6\VWHPV�

YRO� ��� QR� �� 6HSWHPEHU ����� SS� ����������
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