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7KH )DU 8OWUDYLROHW 6SHFWURVFRSLF ([SORUHU �)86(�� VXFFHVVIXOO\ ODXQFKHG LQ -XQH ����� LV DQ DVWURSK\VLFV VDWHOOLWH

GHVLJQHG WR SURYLGH KLJK UHVROXWLRQ VSHFWUD �O�'O  �������������� ZLWK ODUJH HIIHFWLYH DUHD ������ FP
�
� RYHU WKH LQWHUYDO

���������� QP� 7KH )86( LQVWUXPHQW FRQVLVWV RI IRXU FR�DOLJQHG� RII�D[LV SDUDEROLF SULPDU\ PLUURUV ZKLFK IRFXV OLJKW LQWR

VHSDUDWH VSHFWURJUDSK FKDQQHOV� 7KH PLUURUV DUH UHFWDQJXODU ���� î ��� PP� DQG IDEULFDWHG IURP OLJKWZHLJKWHG =HURGXU

EODQNV�

:H GHVFULEH D VWUDLJKWIRUZDUG PHWKRG IRU DOLJQLQJ WKHVH RII�D[LV SDUDERODV LQ DQ DXWRFROOLPDWLRQ VHWXS YLD TXDOLWDWLYH DQG

TXDQWLWDWLYH DQDO\VLV RI VWDWLF LQWHUIHURJUDPV� ,QLWLDO DOLJQPHQW LV DFKLHYHG UDSLGO\ E\ YLVXDO LQVSHFWLRQ RI WKH LQWHUIHURJUDP

DV DGMXVWPHQWV DUH PDGH LQ YHUWLFDO DQG KRUL]RQWDO DOLJQPHQW� )LQH DOLJQPHQW WR WKH OLPLW RI WKH RSWLFDO V\VWHP WKHQ

SURFHHGV ZLWK VPDOO DOLJQPHQW VWHSV DQG IULQJH DQDO\VLV VRIWZDUH WR ILQG WKH SRVLWLRQ ZKLFK PLQLPL]HV ZDYHIURQW HUURU�

7KLV PHWKRG ZDV XVHG IRU ILJXUH WHVWLQJ WKH )86( SULPDU\ PLUURUV WKURXJKRXW EXLOG�XS DQG TXDOLILFDWLRQ RI WKH IOLJKW

PLUURU DVVHPEOLHV�

7KH IDU�XOWUDYLROHW UHIOHFWLYLW\ RI WKH )86( PLUURUV LV YHU\ VHQVLWLYH WR PROHFXODU FRQWDPLQDWLRQ� $OO PLUURU WHVWLQJ WKXV

WRRN SODFH LQ D VWULFWO\ FRQWUROOHG FODVV ���� FOHDQURRP HQYLURQPHQW� ,Q DGGLWLRQ WR WKH FKDOOHQJLQJ YLEUDWLRQ DQG

WXUEXOHQFH SUREOHPV WKLV HQYLURQPHQW SUHVHQWHG� WZR RI WKH IOLJKW PLUURUV ZHUH FRDWHG ZLWK OLWKLXP IOXRULGH RYHU DOXPLQXP�

7KLV QHFHVVLWDWHG SXUJLQJ WKH VHWXS ZLWK GU\ QLWURJHQ� DV WKH OLWKLXP IOXRULGH FRDWLQJ GHJUDGHV ZLWK H[SRVXUH WR ZDWHU

YDSRU� :H GLVFXVV WKH GLIILFXOWLHV WKHVH HQYLURQPHQWDO FRQVWUDLQWV SUHVHQWHG DQG VXPPDUL]H WKH PLWLJDWLQJ DFWLRQ�

.H\ZRUGV� )86(� RSWLFDO WHVWLQJ� DOLJQPHQW� LQWHUIHURPHWU\� RII�D[LV SDUDEROD� 2$3

�� ,1752'8&7,21

7KH )DU 8OWUDYLROHW 6SHFWURVFRSLF ([SORUHU �)86(�� ZKLFK EHJDQ LWV WKUHH \HDU PLVVLRQ RQ -XQH ��� ����� LV D 1$6$

DVWURSK\VLFV VDWHOOLWH WKDW ZLOO REWDLQ KLJK UHVROXWLRQ �O�'O  �������������� VSHFWUD RYHU WKH ZDYHOHQJWK LQWHUYDO �����

����� QP� 7KH LQVWUXPHQW XVHV IRXU FR�DOLJQHG� RII�D[LV SDUDEROLF �2$3� SULPDU\ PLUURUV WR FROOHFW DQG IRFXV OLJKW IRU

VHSDUDWH 5RZODQG FLUFOH VSHFWURJUDSK FKDQQHOV �)LJXUH ��� 7KH VSHFWURJUDSK HPSOR\V VSKHULFDO� KRORJUDSKLFDOO\ UXOHG

JUDWLQJV DQG PLFURFKDQQHO SODWH GHWHFWRUV ZLWK GHOD\ OLQH DQRGHV�
�
(DFK RI WKH WZR GHWHFWRUV UHFRUG VSHFWUD IURP D SDLU RI

LQVWUXPHQW FKDQQHOV� ,Q DGGLWLRQ WR WKHVH IDU�XOWUDYLROHW FKDQQHOV� WZR SULPDU\ PLUURUV DGGLWLRQDOO\ SURYLGH YLVLEOH OLJKW

LPDJHV IRU WKH )LQH (UURU 6HQVRUV� 7RWDO LQVWUXPHQW ZHLJKW LV DSSUR[LPDWHO\ ��� NJ�

7KH SULPDU\ PLUURU DVVHPEOLHV
�
ZHUH LQWHJUDWHG DQG WHVWHG LQ D FOHDQURRP DW 7KH -RKQV +RSNLQV 8QLYHUVLW\ �-+8��

�
$ WLJKW

LPDJLQJ UHTXLUHPHQW RQ WKH IXOO\ DVVHPEOHG IOLJKW PLUURUV UHTXLUHG ILJXUH WHVWLQJ DW VHYHUDO VWDJHV LQ WKH EXLOG�XS SURFHGXUH

WR PRQLWRU IRU DVVHPEO\�LQGXFHG GLVWRUWLRQ� 7KLV UHTXLUHG DQ HDVLO\ UHFRQILJXUHG PHWURORJ\ PRXQW FDSDEOH RI VXSSRUWLQJ D

PLUURU DORQH RU ZLWK IOLJKW KDUGZDUH DWWDFKHG� 7KH WLJKW VFKHGXOH GLFWDWHG D IDVW WXUQ�DURXQG WLPH IRU HDFK WHVW� 7KH VHWXS

XVHG IRU ILJXUH WHVWLQJ DOVR KDG WR VXSSRUW LPDJH WHVWLQJ LQ WKH XOWUDYLROHW �89��
�
9HU\ VWULFW SDUWLFXODWH FRQWDPLQDWLRQ


&RUUHVSRQGHQFH� UKE#SKD�MKX�HGX� ZZZ�SKD�MKX�HGX�IDFLOLWLHV�LGJ�� 7HOHSKRQH� ��� ��� ����� )D[� ��� ��� ����

� &RUUHVSRQGHQFH� RKO#SKD�MKX�HGX� KWWS���IXVH�SKD�MKX�HGX� 7HOHSKRQH� ��� ��� ����� )D[� ��� ��� ����



OHYHOV IRU WKH IOLJKW RSWLFV UHTXLUHG WKDW WKH PLUURUV DQG DVVHPEO\ KDUGZDUH EH PDLQWDLQHG LQ FODVV ���� FOHDQURRP

FRQGLWLRQV DW DOO WLPHV� 7KH IDU�89 UHIOHFWLYLW\ RI WKH RSWLFDO FRDWLQJV LV H[WUHPHO\ VHQVLWLYH WR PROHFXODU FRQWDPLQDWLRQ�

LPSRVLQJ DGGLWLRQDO UHTXLUHPHQWV SDUWLFXODUO\ LQ WKH DUHDV RI WHVW DQG IOLJKW KDUGZDUH PDWHULDO VHOHFWLRQ� SUHSDUDWLRQ DQG

KDQGOLQJ� 7ZR RI WKH PLUURUV ZHUH FRDWHG ZLWK OLWKLXP IOXRULGH �/L)� RYHU DOXPLQXP� WKH IDU�89 UHIOHFWLYLW\ RI ZKLFK

GHJUDGHV UDSLGO\ ZLWK H[SRVXUH WR W\SLFDO ODERUDWRU\ KXPLGLW\ OHYHOV�
�

7KXV� DOO DVVHPEO\ DQG WHVW IL[WXULQJ KDG WR

DFFRPPRGDWH D QLWURJHQ �1�� SXUJH WR PDLQWDLQ WKH RSWLFDO VXUIDFH XQGHU GU\ FRQGLWLRQV� )LQDOO\� VWULFW FRVW FRQWURO DQG D

³JRRG HQRXJK´ WHVW SKLORVRSK\ GURYH PDQ\ GHFLVLRQV FRQFHUQLQJ WKH KDUGZDUH DQG LQVWUXPHQWDWLRQ XVHG IRU ILJXUH WHVWLQJ

WKH PLUURUV�

:H SUHVHQW D VWUDLJKWIRUZDUG DQG GHWDLOHG PHWKRG IRU WKH LQWHUIHURPHWULF DOLJQPHQW DQG ILJXUH WHVWLQJ RI ODUJH�DSHUWXUH

2$3 PLUURUV� :H GHVFULEH WKLV PHWKRG DV DSSOLHG WR WKH SULPDU\ PLUURUV RQ WKH )86( LQVWUXPHQW� :H GLVFXVV KRZ ZH

DGGUHVVHG WKH LVVXHV OLVWHG DERYH WRZDUG WKH VXFFHVVIXO FRPSOHWLRQ RI RXU WHVW SURJUDP� :H DOVR EULHIO\ GLVFXVV RXU

SURFHGXUH LQ FRPSDULVRQ ZLWK RWKHU DOLJQPHQW PHWKRGV�

�� 0,5525 '(6,*1� $66(0%/<� $1' 7(67 3/$1

���� 2SWLFDO DQG 0HFKDQLFDO 'HVLJQ

7KH )86( 2$3 PLUURUV DUH UHFWDQJXODU� KDYLQJ D ��� î ��� PP FOHDU DSHUWXUH� ���� PP IRFDO OHQJWK� DQG ���� RII�D[LV

DQJOH �)LJXUH �D�� 7KH VXEVWUDWHV DUH =HURGXU� ��� î ��� PP LQ VL]H� DQG DUH ��� OLJKWZHLJKWHG ZLWK DQ RSHQ�EDFN�

WULDQJXODU LVRJULG ULE SDWWHUQ �)LJXUH �E�� 7KLV UHVXOWV LQ DQ DYHUDJH ��� PP IDFHVKHHW WKLFNQHVV �WKH SRFNHWV KDYH IODW

ERWWRPV� DQG D ILQDO ZHLJKW RI DERXW �� OE� 69* 7LQVOH\ /DERUDWRULHV


�³7LQVOH\´� OLJKWZHLJKWHG DQG SROLVKHG WKH PLUURU

EODQNV� 7KH PLUURUV DUH SK\VLFDOO\ LGHQWLFDO DQG SROLVKHG WR WKH VDPH SUHVFULSWLRQ LQ RUGHU WR EH LQWHUFKDQJHDEOH RQ WKH

LQVWUXPHQW RSWLFDO EHQFK� +RZHYHU� WKH DFWXDO RII�D[LV VHFWLRQV DUH VOLJKWO\ GLIIHUHQW WR RSWLPL]H JUDWLQJ LQFLGHQFH DQJOHV



6LOLFRQ 9DOOH\ *URXS� ,QF�� 7LQVOH\ 'LYLVLRQ� 7LQVOH\ /DERUDWRULHV� 5LFKPRQG� &$

�D� �E�

)LJXUH �� �D� 6FKHPDWLF GLDJUDP RI WKH )86( RSWLFDO GHVLJQ� VKRZLQJ IRXU 89 FKDQQHOV ZLWK HDFK 6L&�/L) SDLU VKDULQJ D VLQJOH

PLFURFKDQQHO SODWH GHWHFWRU� �E� /LJKW SDWK VNHWFK IRU KDOI RI WKH )86( LQVWUXPHQW �RQH 6L&�/L) SDLU RI 89 FKDQQHOV�� $OVR UHSUHVHQWHG

LV RQH RI WZR YLVLEOH�OLJKW )LQH (UURU 6HQVRUV�



IRU WKH GLIIHUHQW FKDQQHO EDQGSDVVHV� DQG WKH FOHDU DSHUWXUHV DUH GHILQHG E\ DQ DSHUWXUH VWRS ORFDWHG QHDU HDFK RSWLFDO

VXUIDFH �)LJXUH �G�� ,Q DGGLWLRQ WR VXSSO\LQJ VRPH UHGXQGDQF\� WKH IRXU LQGHSHQGHQW RSWLFDO FKDQQHOV DOORZHG XV WR WDLORU

WKH PLUURU FRDWLQJV WR PD[LPL]H UHIOHFWLYLW\ LQ WKH )86( EDQGSDVV� 7ZR PLUURUV DUH FRDWHG ZLWK LRQ EHDP VSXWWHUHG VLOLFRQ

FDUELGH �6L&� DQG WZR DUH FRDWHG ZLWK OLWKLXP IOXRULGH �/L)� RYHU DOXPLQXP� WR PD[LPL]H UHIOHFWLYLW\ IURP ���������� QP

DQG ���������� QP� UHVSHFWLYHO\�


7KH )86( PLUURU DVVHPEOLHV KDYH EHHQ GHVFULEHG LQ GHWDLO HOVHZKHUH�
�

(DFK PLUURU LV PRXQWHG WR D FRPSRVLWH

³LQWHUPHGLDWH SODWH´ YLD WKUHH UDGLDO EODGH IOH[XUHV� 7KH WLWDQLXP IOH[XUH EODGHV DUH DWWDFKHG WR ,QYDU ILWWLQJV ERQGHG WR

VSHFLDO PLUURU ULEV� 7KH LQWHUPHGLDWH SODWH FRQVLVWV RI DQ DOXPLQXP KRQH\FRPE FRUH VDQGZLFKHG EHWZHHQ JUDSKLWH�F\DQDWH

HVWHU IDFHVKHHWV� DQG LV DSSUR[LPDWHO\ �� PP WKLFN� %RQGHG�LQ ILWWLQJV SURYLGH DWWDFKPHQW VXUIDFHV IRU WKH PLUURU EODGH

IOH[XUHV� %HORZ WKH LQWHUPHGLDWH SODWH� WKUHH SUHFLVLRQ EDOO VFUHZ DFWXDWRUV ZLWK VXE�PLFURQ UHVROXWLRQ DOORZ WLS�WLOW DQG

IRFXV DGMXVWPHQW IRU HDFK PLUURU� ZLWK HQRXJK UDQJH WR FRPSHQVDWH IRU H[SHFWHG SUH�IOLJKW PLVDOLJQPHQW� JUDYLW\ UHOHDVH LQ

WKH LQVWUXPHQW VWUXFWXUH XSRQ RUELWDO LQVHUWLRQ� DQG ORQJ�WHUP VKULQNDJH RI WKH VWUXFWXUH GXH WR PRLVWXUH GHVRUSWLRQ� 7KH

LQWHUPHGLDWH SODWH LV DWWDFKHG WR WKH DFWXDWRU DVVHPEO\ YLD WKUHH SRVW IOH[XUHV FRD[LDO ZLWK WKH EDOO VFUHZV� LQ DGGLWLRQ� WKUHH


7KH 2SWLFDO 7KLQ )LOP /DERUDWRU\ DW 1$6$�*RGGDUG 6SDFH )OLJKW &HQWHU �*6)&� FRDWHG WKH )86( PLUURUV�
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�D� �E�

6ZDOHV 	 $VVRFLDWHV� ,QF� -+8 $SSOLHG 3K\VLFV /DERUDWRU\

�F� �G�

)LJXUH �� �D� )86( PLUURU UHVWLQJ IDFH XS RQ LWV IOH[XUHV� �E� )86( PLUURU IDFH GRZQ LQ D SURWHFWLYH SXUJH HQFORVXUH� 7KH RSHQ�EDFN

WULDQJXODU ULE SDWWHUQ DQG WKUHH UDGLDO EODGH IOH[XUHV DUH HYLGHQW� �F� 0LUURU DVVHPEO\ VKRZLQJ DOXPLQXP GXPP\ ³PLUURU�´ FRPSRVLWH

LQWHUPHGLDWH SODWH� DQG WLS�WLOW�IRFXV DFWXDWRU DVVHPEO\� PRXQWHG WR D KDQGOLQJ IL[WXUH� �G� )XOO IOLJKW PLUURU DVVHPEO\ ZLWK ³SLH SDQ´

HQFORVXUH DQG DSHUWXUH VWRS LQVWDOOHG �SRO\FDUERQDWH SXUJH�SURWHFWLYH FRYHU UHPRYHG IRU SKRWR�� PRXQWHG WR D KDQGOLQJ IL[WXUH�

0HWURORJ\ PRXQW KDQJHU SLQV FDQ EH VHHQ RQ ULJKW IURQW HGJH RI IL[WXUH� 6PDOOHU DFFHVV SRUWV RQ ULJKW IURQW VLGH RI SLH SDQ DUH LGHQWLFDO

WR RQHV XVHG IRU RIIORDGLQJ PLUURU IURP DVVHPEO\ GXULQJ ILJXUH WHVWLQJ�



ODWHUDO SRVW IOH[XUHV VHFXUH WKH LQWHUPHGLDWH SODWH ³LQ SODQH´ �SHUSHQGLFXODU WR WKH RSWLFDO D[LV�� 7KH SULPDU\ IXQFWLRQ RI WKH
LQWHUPHGLDWH SODWH LV WR LVRODWH WKH PLUURU IURP PRPHQWV WKDW FDQ EH LQGXFHG E\ PRYHPHQW RI WKH DFWXDWRUV�

7R LQVXUH WKDW DGHTXDWH IDU�89 IOX[ LV WUDQVPLWWHG WKURXJK WKH KLJK�UHVROXWLRQ VSHFWURJUDSK VOLW ����� î �� DUFVHF�� WKH IXOO\
DVVHPEOHG IOLJKW PLUURUV KDG WR PHHW WKH IROORZLQJ HQFLUFOHG HQHUJ\ �((� UHTXLUHPHQW� $W D ZDYHOHQJWK RI ��� QP� ��� RI
WKH FROOHFWHG IOX[ IURP D SRLQW VRXUFH PXVW EH IRFXVHG ZLWKLQ D GLDPHWHU RI ��� DUFVHF� ZKLFK FRUUHVSRQGV WR �� PP DW WKH
IRFDO SODQH� ,Q RUGHU WR PHHW WKLV UHTXLUHPHQW� ZH HVWDEOLVKHG RSWLFDO VXUIDFH WROHUDQFHV EDVHG RQ 62+2 680(5 PLUURU
KHULWDJH�� :H YDOLGDWHG WKHVH WROHUDQFHV ZLWK D PRGXODWLRQ WUDQVIHU IXQFWLRQ DQDO\VLV FDUULHG RXW DW -+8� DQG DQ
LQGHSHQGHQW VWXG\�� ,Q DGGLWLRQ WR VWULQJHQW PLGIUHTXHQF\ �d �� c 506 IURP ������ PP VSDWLDO SHULRGV� DQG
PLFURURXJKQHVV �d �� c 506� VSHFLILFDWLRQV� ZH UHTXLUHG D ILJXUH HUURU QR ZRUVH WKDQ O��� 506 �O  ����� QP�� 7KH
ILJXUH HUURU VSHFLILFDWLRQ ZDV ODWHU UHOD[HG WR O��� 506 LQ OLJKW RI XQDYRLGDEOH DVVHPEO\�LQGXFHG GLVWRUWLRQV DQG VFKHGXOH
DQG EXGJHW FRQVWUDLQWV�� 7KLV UHOD[HG VSHFLILFDWLRQ EURDGHQHG WKH LPDJH FRUH� EXW KDG OLWWOH HIIHFW RQ DFKLHYLQJ WKH ((
VSHFLILFDWLRQ��

���� $VVHPEO\ 3URFHGXUH

7KH ILUVW VWHS LQ WKH EXLOG�XS RI WKH IOLJKW PLUURU DVVHPEOLHV ZDV WKH ERQGLQJ RI WKH IOH[XUHV WR WKH PLUURU VXEVWUDWH� 7KLV

WRRN SODFH EHIRUH DVSKHUL]LQJ WKH RSWLFDO VXUIDFH� GXH WR XQH[SHFWHG HIIHFWV IURP WKH HSR[\ ZH VHOHFWHG� ZKLFK ZHUH

GLVFRYHUHG ZLWK DQ HQJLQHHULQJ WHVW PLUURU�
�

&RDWLQJ RI WKH RSWLFDO VXUIDFH RFFXUUHG LPPHGLDWHO\ DIWHU HDFK PLUURU ZDV

GHOLYHUHG WR -+8� 2QFH FRDWHG� WKH RSWLFDO VXUIDFH ZDV PDLQWDLQHG LQ D 1� HQYLURQPHQW DOPRVW FRQWLQXDOO\ WR SUHVHUYH WKH

IDU�89 UHIOHFWLYLW\� 1H[W� WKH PLUURU ZDV PRXQWHG WR WKH LQWHUPHGLDWH SODWH� 7KLV ZDV WKH PRVW VHQVLWLYH DQG GLIILFXOW

SRUWLRQ RI WKH DVVHPEO\ SURFHGXUH� RIWHQ UHTXLULQJ VHYHUDO DWWHPSWV� EHFDXVH DQ\ PRPHQWV LQDGYHUWHQWO\ DSSOLHG WR WKH

VWURQJ D[LV RI WKH IOH[XUHV ZRXOG UHVXOW LQ GLVWRUWLRQ RI WKH RSWLFDO VXUIDFH� $IWHU ILJXUH WHVWLQJ YHULILHG DFFHSWDEOH VXUIDFH

HUURU� WKH VXE�DVVHPEO\ ZDV VXEMHFWHG WR D WKHUPDO�YDFXXP WHVW WR YHULI\ WKH PLUURU ILJXUH ZRXOG QRW EH VLJQLILFDQWO\

GHJUDGHG E\ WKH YDFXXP DQG WKHUPDO FRQGLWLRQV LQ VSDFH� 7KH PLUURU IOH[XUHV ZHUH WKHQ PDWFK GULOOHG WR WKH LQWHUPHGLDWH

SODWH LQVHUWV DQG VKHDU SLQV LQVWDOOHG WR SUHYHQW DQ\ PRYHPHQW DW WKDW LQWHUIDFH�

$W WKLV SRLQW� WKH PLUURU DQG LQWHUPHGLDWH SODWH VXE�DVVHPEO\ ZDV PRXQWHG WR WKH IXOO\ DVVHPEOHG DFWXDWRU DVVHPEO\� XVLQJ

WKUHH D[LDO DQG WKUHH ODWHUDO SRVW IOH[XUHV� $ WKLQ�ZDOOHG FRPSRVLWH ³SLH SDQ´ �)LJXUH �G� ZDV WKHQ DWWDFKHG WR WKH

LQWHUPHGLDWH SODWH� 7KH SLH SDQ VXUURXQGV WKH PLUURU DQG PLQLPL]HV KHDW WUDQVIHU IURP WKH HGJHV RI WKH PLUURU VXEVWUDWH� DV

ZHOO DV SURYLGLQJ DQ HQFORVHG SXUJH YROXPH ZKHQ WKH �QRQ�IOLJKW� SURWHFWLYH SRO\FDUERQDWH PLUURU FRYHU LV LQVWDOOHG�

/DVWO\� WKH DSHUWXUH VWRS LV DWWDFKHG WR WKH ULP RI WKH SLH SDQ� 2QFH IXOO\ DVVHPEOHG� WKH XQLW XQGHUZHQW YLEUDWLRQ WHVWLQJ WR

VLPXODWH ODXQFK ORDGV ZLWK VLQXVRLG DQG UDQGRP PRWLRQV LQ WKUHH RUWKRJRQDO D[HV�

���� 2SWLFDO )LJXUH 7HVW 3ODQ

,QWHUIHURPHWULF ILJXUH WHVWLQJ RI HDFK PLUURU VXUIDFH ZDV SHUIRUPHG WKURXJKRXW WKH DVVHPEO\ EXLOG�XS� FXOPLQDWLQJ LQ D

ILQDO ILJXUH WHVW RI WKH FRPSOHWH DQG IOLJKW�TXDOLILHG XQLW� 2WKHU RSWLFDO WHVWLQJ DQG DQDO\VLV ZDV FDUULHG RXW WR DVVHVV WKH

IDU�89 LPDJLQJ SHUIRUPDQFH RI WKH PLUURUV�
�
EXW ZH FRQFHQWUDWH KHUH RQ WKH GHWDLOV RI WKH VXUIDFH ILJXUH WHVWLQJ�

,Q RUGHU WR PRQLWRU WKH PLUURUV IRU DVVHPEO\�LQGXFHG GLVWRUWLRQ� ZH WHVWHG DW WKH IROORZLQJ VWDJHV RI WKH EXLOG SURFHVV�

�� DIWHU GHSRVLWLRQ RI WKH UHIOHFWLYH FRDWLQJV �WKLV HVWDEOLVKHG WKH EDVHOLQH RSWLFDO ILJXUH�

�� DIWHU DWWDFKPHQW RI WKH PLUURU WR WKH LQWHUPHGLDWH SODWH �DQG DQ\ UHSHDWHG DWWHPSWV�

�� DIWHU WKHUPDO�YDFXXP WHVWLQJ

�� DIWHU GULOOLQJ DQG SLQQLQJ RI WKH PLUURU IOH[XUHV

�� IXOO DVVHPEO\� SULRU WR YLEUDWLRQ WHVW

�� DIWHU YLEUDWLRQ WHVW �ILQDO ILJXUH WHVW��

:LWK IRXU IOLJKW PLUURUV DQG RQH VSDUH� D PLQLPXP RI WKLUW\ 2$3 ILJXUH WHVWV LV LQGLFDWHG� ,Q WKH HQG� WKH VSDUH PLUURU ZDV

RQO\ FDUULHG WKURXJK VWHS �� DQG D YHU\ IHZ RI WKH LQWHUPHGLDWH ILJXUH WHVWV ZHUH VNLSSHG DIWHU ZH JDLQHG HQRXJK FRQILGHQFH

LQ RXU KDUGZDUH DQG SURFHGXUHV� (YHQ VR� WKH ILQDO WDOO\ ZDV FORVH WR WKLUW\ EHFDXVH RI WKH QXPEHU RI UHSHDWHG DWWHPSWV DW


6RODU 8OWUDYLROHW 0HDVXUHPHQWV RI (PLWWHG 5DGLDWLRQ H[SHULPHQW RQ WKH 6RODU +HOLRVSKHULF 2EVHUYDWRU\�



PRXQWLQJ D PLUURU WR LWV LQWHUPHGLDWH SODWH ZLWK DFFHSWDEOH DPRXQWV RI LQGXFHG ILJXUH HUURU� $ VSKHULFDO HQJLQHHULQJ

PLUURU� XVHG WR TXDOLI\ HDFK VWHS LQ WKH DVVHPEO\ DQG HQYLURQPHQWDO WHVW SURFHGXUH� ZDV ILJXUH�WHVWHG FORVH WR D KXQGUHG

WLPHV LQ WKH FRXUVH RI GHYHORSLQJ RXU WHVW PHWKRG� RSWLPL]LQJ WKH PHWURORJ\ PRXQW� DQG ZRUNLQJ WKURXJK DVVHPEO\

SURFHGXUH SUREOHPV� )RUWXQDWHO\� WKH VSKHULFDO VXUIDFH PDGH DOLJQPHQW WULYLDO LQ WKLV FDVH�

�� $/,*10(17 $1' ),*85( 7(67,1*

���� 7HVW 6HWXS DQG 0HWKRG

,Q RUGHU WR XVH DQ H[LVWLQJ FOHDQURRP DW -+8� ZH WHVWHG WKH PLUURUV LQ DQ RSWLFDO D[LV�KRUL]RQWDO VHWXS� ,Q DGGLWLRQ� ZH

UHTXLUHG WKDW WKH PLUURU EH RULHQWHG VXFK WKDW WKH SDUDEROD YHUWH[ ZDV WR RQH VLGH RI WKH PLUURU� QRW DERYH RU EHORZ LW� 7KLV

NHSW WKH IL[WXULQJ VLPSOH DQG WKH QXPEHU RI DX[LOLDU\ RSWLFV WR D PLQLPXP� D FULWLFDO IDFWRU IRU WKH 89 LPDJH WHVWLQJ ZKLFK

ZDV WR PDNH XVH RI WKH VDPH EDVLF VHWXS� $ ILQLWH�HOHPHQW PRGHO RI WKH )86( PLUURUV KDG EHHQ GHYHORSHG LQ WKH HDUO\

GHVLJQ SKDVH� DQG UHILQHG DQG YDOLGDWHG GXULQJ IDEULFDWLRQ RI WKH HQJLQHHULQJ PLUURU�
�
:H XVHG WKLV PRGHO WR YHULI\ WKDW DQ

D[LV�KRUL]RQWDO� YHUWH[�WR�WKH�VLGH FRQILJXUDWLRQ ZDV YLDEOH� ZLWKRXW QHHG RI D FRPSOH[ *�QHJDWLQJ PHWURORJ\ PRXQW�

������ 0HWURORJ\ PRXQW

2QH FRPSOLFDWLRQ LQ WKH GHVLJQ RI RXU PHWURORJ\ PRXQW ZDV WKH UHTXLUHPHQW WR WHVW WKH PLUURU DW WKUHH VWDJHV RI DVVHPEO\�

WKH PLUURU DORQH �ZLWK IOH[XUHV DWWDFKHG�� WKH PLUURU PRXQWHG WR DQ LQWHUPHGLDWH SODWH� DQG WKH IXOO PLUURU DVVHPEO\

LQFOXGLQJ DFWXDWRUV DQG SLH SDQ� %HFDXVH WKH PLUURUV ZHUH DVVHPEOHG LQ SDUDOOHO LQ D SLSHOLQH IDVKLRQ� ZH KDG WR EH DEOH WR

TXLFNO\ UHFRQILJXUH WKH PHWURORJ\ PRXQW WR KDQGOH DQ\ RI WKH WKUHH PLUURU FRQILJXUDWLRQV� )LJXUH � VKRZV WKHVH

FRQILJXUDWLRQV VFKHPDWLFDOO\ DQG WKH PHWKRGV XVHG WR VXSSRUW WKH PLUURU DQG RIIORDG WKH DWWDFKHG KDUGZDUH�

)RU WKH PLUURU DORQH �)LJXUH �D�� WZR EDOO VXSSRUW SRLQWV RQ WKH ERWWRP HGJH RI WKH VXEVWUDWH ZHUH XVHG� RQH DW HDFK HQG MXVW

LQVLGH WKH UDGLXV DW WKH FRUQHU� 7KH VXSSRUW ORFDWLRQV ZHUH RSWLPL]HG ZLWK D &$' VROLG PRGHO RI WKH PLUURU� VR WKDW QR

WZLVWLQJ PRPHQWV DUH LQWURGXFHG LQWR WKH JODVV� WKLV LV ZK\ WKH YHUWH[�VLGH VXSSRUW �ZKHUH WKH PLUURU LV WKLQQHU� LV FORVHU WR

WKH EDFN VXUIDFH WKDQ WKH DQWL�YHUWH[�VLGH VXSSRUW �ZKHUH WKH PLUURU LV WKLFNHU�� 8VLQJ WKH ORFDWLRQV VSHFLILHG E\ WKH PRGHO�

5HDU 6XSSRUW ���

%RWWRP 6XSSRUW ���

,QWHUPHGLDWH 3ODWH

7HQVLRQ 6SULQJ

9HUWH[

/RDG &HOO ���

3LH 3DQ

$FWXDWRU $VVHPEO\

0RXQWLQJ 3ODWH

+DQGOLQJ 3ODWH

�D� �E� �F�

)LJXUH �� 6FKHPDWLF GLDJUDP RI WKH WKUHH PLUURU VXSSRUW FRQILJXUDWLRQV� �D� 0LUURU RQO\ �EODGH IOH[XUHV QRW VKRZQ KHUH�� VKRZQ IDFH�RQ

DQG IURP WKH DQWL�YHUWH[ VLGH� 7KH PLUURU LV VXSSRUWHG E\ WZR EDOO VXSSRUWV �RQH VKRZQ KDVKHG� WKH RWKHU VROLG EODFN� RQ WKH ERWWRP HGJH

MXVW LQERDUG IURP WKH FRUQHU UDGLL� DQG OHDQV EDFNZDUG YHU\ VOLJKWO\ DJDLQVW WKUHH UHDU VXSSRUWV �EODFN� ORFDWHG DW ULE LQWHUVHFWLRQV LQ D

WULDQJXODU SDWWHUQ� �E� 0LUURU DQG LQWHUPHGLDWH SODWH� VKRZQ IURP WKH DQWL�YHUWH[ VLGH� ZLWK WHQVLRQ VSULQJ WR RIIORDG WKH ZHLJKW RI WKH

LQWHUPHGLDWH SODWH IURP WKH PLUURU IOH[XUHV� �F� )XOO DVVHPEO\� ZLWK KDQGOLQJ SODWH EROWHG WR PHWURORJ\ PRXQW� &DOLEUDWHG ORDG FHOOV DUH

XVH WR VHW SURSHU IRUFH RQ ERWWRP VXSSRUW SRLQWV�



ZH IRXQG WKH PLUURU WR EH ZHOO EDODQFHG RQ WKH WZR VXSSRUW ORFDWLRQV� ZH WKHQ PRYHG WKH VXSSRUWV VOLJKWO\ IRUZDUG VR WKH

PLUURU OHDQHG EDFN YHU\ OLJKWO\ DJDLQVW WKUHH UHDU ORFDWLQJ EDOOV �UHIHUUHG WR DV ³UHDU VXSSRUWV´��

:LWK WKH LQWHUPHGLDWH SODWH DWWDFKHG WR WKH PLUURU� WKH VDPH WZR ERWWRP VXSSRUW ORFDWLRQV ZHUH XVHG� 7KLV ZDV GRQH E\

DGMXVWLQJ WKH UHDU VXSSRUWV EDFNZDUG E\ DQ DPRXQW HTXDO WR WKH GLVWDQFH IURP WKH EDFN RI WKH PLUURU WR WKH EDFN RI WKH

LQWHUPHGLDWH SODWH� :LWK WKH LQWHUPHGLDWH SODWH WKHQ UHVWLQJ DJDLQVW WKH UHDU VXSSRUWV� WKH PLUURU LWVHOI ZDV LQ WKH VDPH

SRVLWLRQ RQ WKH PHWURORJ\ PRXQW DV EHIRUH ZKHQ QR LQWHUPHGLDWH SODWH ZDV SUHVHQW� 7R RIIORDG WKH ZHLJKW RI WKH

LQWHUPHGLDWH SODWH IURP WKH PLUURU IOH[XUHV� D VLQJOH WHQVLRQ VSULQJ ZDV XVHG DW WKH QHXWUDO D[LV RI WKH SODWH� 7KH VSULQJ ZDV

FDOLEUDWHG E\ KDQJLQJ DQ LQWHUPHGLDWH SODWH IURP LW DQG PHDVXULQJ WKH GLVWDQFH EHWZHHQ WKH VSULQJ KRRNV�

7KH IXOO PLUURU DVVHPEOLHV ZHUH VWRUHG DQG WUDQVSRUWHG RQ KDQGOLQJ SODWHV �)LJXUHV �F DQG G�� DQG WKH PHWURORJ\ PRXQW ZDV

GHVLJQHG WR LQWHUIDFH WR WKHVH SODWHV� %DVLFDOO\� WKH KDQGOLQJ SODWH ZDV VHFXUHG ZLWK EROWV WR WKUHH UDLVHG SDGV RQ WKH

PHWURORJ\ PRXQW YHUWLFDO SODWH WKDW KDG EHHQ ODSSHG IODW ZLWK UHVSHFW WR HDFK RWKHU� 7KH PHWURORJ\ PRXQW SODWH ZDV ILWWHG

ZLWK WZR KRRNV RQ LWV WRS HGJH� WKHVH HQJDJHG KDQJHU SLQV �)LJXUH �G� RQ WKH KDQGOLQJ SODWH WR DOORZ WKH DVVHPEO\ WR EH

VXVSHQGHG LQ WKH SURSHU SRVLWLRQ �ZLWKRXW UHO\LQJ RQ PXVFOH SRZHU� ZKLOH WKH EROWV ZHUH VHFXUHG� $W WKLV SRLQW� WKH ERWWRP

PLUURU VXSSRUWV ZHUH UDLVHG XS WKURXJK DFFHVV SRUWV LQ WKH SLH SDQ XQWLO FRQWDFWLQJ WKH PLUURU� LQ WKH VDPH ORFDWLRQV DV KDG

EHHQ XVHG LQ WKH SUHYLRXV WZR FRQILJXUDWLRQV� 7KHVH VXSSRUWV ZHUH HTXLSSHG ZLWK ORDG FHOOV WKDW KDG EHHQ FDOLEUDWHG LQ

SODFH ZLWK D EDUH PLUURU �QR DWWDFKHG KDUGZDUH RWKHU WKDQ PLUURU IOH[XUHV�� 7KH VXSSRUWV ZHUH UDLVHG XQWLO WKH UHDGLQJV

REWDLQHG GXULQJ FDOLEUDWLRQ ZHUH UHSRUWHG E\ WKH ORDG FHOOV�

������ 2SWLFDO WHVW VHWXS

7KH GRXEOH�SDVV RSWLFDO OD\RXW LV VKRZQ LQ

)LJXUH �� ,Q DGGLWLRQ WR LWV VLPSOLFLW\� WKH WZR

UHIOHFWLRQV RI WKH WHVW EHDP RII WKH 2$3 PLUURU

PDGH WKH VHWXS PRUH VHQVLWLYH WR GLVWRUWLRQV LQ

WKH PLUURU VXUIDFH� 7KH RSWLFDO KDUGZDUH ZH

HPSOR\HG IRU WKLV WHVWLQJ FRQVLVWHG RI WKH

IROORZLQJ�

�� ODVHU XQHTXDO SDWK LQWHUIHURPHWHU

�/83,�
�
ZLWK I�� GLYHUJHU OHQV

DQG &&' YLGHR FDPHUD


�� �� VTXDUH =HURGXU IROG IODW� O���

VXUIDFH IODWQHVV DW ����� QP
�

�� ��� GLDPHWHU 8/( DXWRFROOLPDW�

LQJ �$&� IODW� O��� VXUIDFH IODW�

QHVV DW ����� QP� VXE�DUFVHFRQG

WLS�WLOW PRXQW
Á

�� 2$3 PHWURORJ\ PRXQW�
�

3KRWRJUDSKV RI WKLV VHWXS LQ WKH -+8 FOHDQURRP DUH VKRZQ LQ )LJXUH �� $ WHQW HQFORVLQJ WKH VHWXS �H[FHSW IRU WKH /83,�

ZDV HUHFWHG WR FRQWURO WXUEXOHQFH LQ WKH EHDP SDWK �6HFWLRQ ��� 7KH 2$3 PHWURORJ\ PRXQW KROGLQJ D PLUURU DQG

LQWHUPHGLDWH SODWH LV VKRZQ LQ )LJXUH �D� 7KH PRXQW LV FRQVWUXFWHG DV D GROO\ DQG ULGHV RQ UDLOV VHFXUHG WR WKH WDEOHWRS�

7KLV DOORZHG PLUURUV DQG DVVHPEOLHV WR EH LQVWDOOHG FOHDU RI WKH WHQW IUDPHZRUN� WKHQ UROOHG LQWR SRVLWLRQ LQVLGH WKH

HQFORVXUH� 7KH WHQW ZDV RULJLQDOO\ PHDQW WR EH D ULJLG SXUJH HQFORVXUH �6HFWLRQ ���� DQG ZH QHHGHG D PHDQV WR HDVLO\

WUDQVIHU PLUURUV LQWR DQG RXW RI WKH HQFORVXUH� ,Q WKH HQG� WKH GROO\ DQG UDLO V\VWHP SURYHG YHU\ FRQYHQLHQW GXULQJ PLUURU

ORDGLQJ DQG XQORDGLQJ� HQDEOLQJ PXFK HDVLHU DFFHVV WR WKH PHWURORJ\ PRXQW�


0RGHO 0,&��� %XFFLQL ,QVWUXPHQW &R�� :LOPLQJWRQ� 1&�

�
0RGHO ��0/(�������� 0HOOHV *ULRW� ,UYLQH� &$

Á
1X�7HN 3UHFLVLRQ 2SWLFDO &RUSRUDWLRQ� $EHUGHHQ� 0'� IDEULFDWHG WKH $& IODW DQG VOLQJ PRXQW�

�
1X�7HN DOVR GHVLJQHG DQG IDEULFDWHG WKH PHWURORJ\ PRXQW DQG UDLO V\VWHP�

/83,

$&

)/$7

)86(

2$3

)2/'

)/$7

)LJXUH �� 'RXEOH�SDVV ILJXUH WHVW VHWXS �WRS YLHZ� QRW WR VFDOH� VKRZLQJ ODVHU

XQHTXDO SDWK LQWHUIHURPHWHU �/83,�� IROG PLUURU� )86( 2$3� DQG ��´ GLDPHWHU

DXWRFROOLPDWLRQ �$&� IODW�



7KH YLGHR RXWSXW IURP WKH /83, &&' FDPHUD ZDV IHG WR D 3&�EDVHG IUDPH JUDEEHU VXSSRUWHG E\ IULQJH DQDO\VLV VRIWZDUH�

:H XVHG WKH :<.2 &RUSRUDWLRQ¶V :,63 ,, VRIWZDUH �DQ ROG SURGXFW GHVLJQHG IRU VWDWLF IULQJH DQDO\VLV� WR GLJLWL]H WKH

IULQJH SDWWHUQ� SHUIRUP WKH DQDO\VLV� DQG SURGXFH DQ RSWLFDO SDWK GLIIHUHQFH �23'� PDS RI WKH PLUURU VXUIDFH� ,Q JHQHUDO�

ZH DQDO\]HG VL[ WR WZHOYH LQGLYLGXDO LQWHUIHURJUDPV IRU D ILJXUH WHVW� GHSHQGLQJ RQ WKH WLPH FRQVWUDLQWV IRU WKH WHVW DQG WKH

GHVLUHG TXDOLW\ RI UHVXOWV� $Q HTXDO QXPEHU RI LQWHUIHURJUDPV ZLWK KRUL]RQWDO DQG YHUWLFDO IULQJHV ZHUH DQDO\]HG� WKHQ

DYHUDJHG WR SURGXFH D ILQDO 23' PDS�

���� &RDUVH $OLJQPHQW 0HWKRG

7KH ODUJH QXPEHU RI ILJXUH WHVWV ZH SHUIRUPHG UHTXLUHG D VWDEOH� IL[HG PHWURORJ\ VHWXS� 3ODFHPHQW RI WKH RSWLFDO

FRPSRQHQWV RQ WKH WDEOH ZDV GRQH RQO\ RQFH� ZLWK D IDLU DPRXQW RI WULDO�DQG�HUURU� :H SUHVHUYHG WKH VHWXS DIWHUZDUG E\

NHHSLQJ WKH /83, SRVLWLRQ IL[HG �LW FRXOG EH UHPRYHG IURP WKH WDEOH DQG UHSHDWDEO\ UHLQVWDOOHG�� WKLV WLHG WKH 2$3 IRFDO

SRLQW WR D IL[HG SRVLWLRQ LQ WKH VHWXS DQG SUHVHUYHG WKH JHRPHWU\� 6PDOO DGMXVWPHQWV ZHUH PDGH WR WKH /83, SRVLWLRQ LQ WKH

ILQDO VWDJHV RI DOLJQPHQW� EXW DOO WUDQVODWLRQ DGMXVWPHQWV ZHUH UHVHW WR WKHLU LQLWLDO SRVLWLRQV IRU WKH QH[W ILJXUH WHVW� :LWK

WKH PLUURU LQVWDOOHG RQ WKH PHWURORJ\ PRXQW� VXSSRUWV DQG�RU WHQVLRQ VSULQJ DGMXVWHG DV UHTXLUHG� DQG WKH PRXQW UROOHG LQWR

WKH WHVW HQFORVXUH� ZH SURFHHGHG ZLWK FRDUVH DOLJQPHQW�

&RDUVH DOLJQPHQW LQYROYHG MXGJLQJ WKH IULQJH SDWWHUQ RQ WKH EDVLV RI LWV TXDOLWDWLYH DSSHDUDQFH DQG� XVLQJ WKLV YLVXDO

IHHGEDFN� EULQJLQJ WKH V\VWHP LQWR UHDVRQDEOH DOLJQPHQW �� � DUFPLQ�� 7KH HQG UHVXOW ZDV RIWHQ IDU IURP FRDUVH� WKH EHWWHU

WKH LQKHUHQW ILJXUH RI WKH PLUURU XQGHU WHVW� WKH EHWWHU ZH FRXOG DOLJQ WKH V\VWHP XVLQJ WKLV YLVXDO PHWKRG� $OWKRXJK

HIIHFWLYH IRU DOLJQLQJ WKH )86( PLUURUV ZLWK ILJXUH HUURU IURP �����O WR �����O 506 �WKH ZRUVW ILJXUH ZH HQFRXQWHUHG ZDV

����O�� LW PD\ QRW EH DV VWUDLJKWIRUZDUG LQ WKH SUHVHQFH RI ODUJH DPRXQWV RI VXUIDFH HUURU REVFXULQJ WKH FKDUDFWHULVWLF HIIHFWV

RI PLVDOLJQPHQW LQ WKH IULQJH SDWWHUQ�

'DQLHO &DUULJDQ 'DQLHO &DUULJDQ

�D� �E�

)LJXUH �� ,PSOHPHQWDWLRQ RI WHVW VHWXS LQ WKH FOHDQURRP� �D� 0LUURU ZLWK LQWHUPHGLDWH SODWH LQ WKH PHWURORJ\ PRXQW� 9HUWLFDO SODWH MXVW

EHKLQG LQWHUPHGLDWH SODWH LV DQ DGDSWHU PRXQWHG WR D VSDUH KDQGOLQJ SODWH� XVHG LQ WKH DEVHQFH RI D IXOO PLUURU DVVHPEO\� 7HQVLRQ VSULQJ

KDQJHU EDU FDQ EH VHHQ H[WHQGLQJ IURP WRS RI DGDSWHU SODWH� VSULQJ LWVHOI LV QRW YLVLEOH� �E� 2SWLFDO WDEOH ZLWK DXWRFROOLPDWLQJ IODW DW ULJKW

HQG� LQWHUIHURPHWHU RQ VPDOO HOHYDWHG SODWIRUP QHDU FHQWHU� DQG 2$3 PLUURU FRPSDUWPHQW DW OHIW HQG� )ROG IODW LV PRXQWHG RQ PDVVLYH

EODFN SRVW MXVW LQVLGH WHQW� WKLV ZDV DQ HDUO\ VRXUFH RI PXFK YLEUDWLRQ� 1� SXUJH OLQHV FDQ EH VHHQ GHVFHQGLQJ IURP WKH FHLOLQJ�



,Q WKH GHWDLOHG SURFHGXUH JLYHQ EHORZ� WZR W\SHV RU GLUHFWLRQV RI PLVDOLJQPHQW HUURU DUH GLVFXVVHG� KRUL]RQWDO DQG YHUWLFDO�

,Q RXU FDVH� WKH 2$3 ZDV RULHQWHG ZLWK LWV YHUWH[ WR WKH VLGH� VR D OLQH IURP WKH FHQWHU RI WKH 2$3 WKURXJK WKH YHUWH[ ZRXOG

EH KRUL]RQWDO� +RUL]RQWDO PLVDOLJQPHQW UHVXOWV ZKHQ WKH /83, LV GLVSODFHG OHIW RU ULJKW IURP WKH RSWLFDO D[LV RI WKH 2$3�

9HUWLFDO PLVDOLJQPHQW UHVXOWV ZKHQ WKH /83, LV RIIVHW DERYH RU EHORZ WKH RSWLFDO D[LV� 7KH GLUHFWLRQV ZRXOG EH VZDSSHG LI

WKH 2$3 ZDV RULHQWHG ZLWK LWV YHUWH[ XS RU GRZQ� EXW WKH DOLJQPHQW SURFHGXUH ZRXOG RWKHUZLVH UHPDLQ XQFKDQJHG� 7KH

FDXVH RI HLWKHU W\SH RI PLVDOLJQPHQW LV WKH VDPH ± WKH QRUPDO RI WKH $& IODW LV QRW SDUDOOHO ZLWK WKH RSWLFDO D[LV RI WKH 2$3�

7KH IROORZLQJ LV D VWHS�E\�VWHS SURFHGXUH RI RXU PHWKRG� 1RWH WKDW H[FHSW IRU WKH ODVW VWHS� WKH IULQJH SDWWHUQ LV REVHUYHG DW

QXOO� L�H�� QR WLOW IULQJHV DUH DGGHG� +DYLQJ WZR SHRSOH VSHHGV WKH SURFHVV� EXW LW LV SRVVLEOH ZLWK RQO\ RQH�

�D� �E� �F�

�G� �H� �I�

�J� �K� �L�

)LJXUH �� )86( PLUURU LQWHUIHURJUDPV GHSLFWLQJ WKH FRDUVH DOLJQPHQW SURFHVV� �D� ,QLWLDO DOLJQPHQW FRQWDLQLQJ ERWK KRUL]RQWDO DQG

YHUWLFDO HUURU� �E� DQG �F� 3URJUHVVLYH YHUWLFDO DOLJQPHQW� 1RWH WKH GHFUHDVLQJ ³URWDWLRQ´ LQ WKH IULQJH SDWWHUQ� �G� ± �I� *RRG YHUWLFDO

DOLJQPHQW� 7KH OHIW DQG ULJKW LQWHUIHURJUDPV VKRZ HLWKHU VLGH RI QXOO� 1RWH WKH ELODWHUDO V\PPHWU\ LQ WKH IULQJH SDWWHUQ DERXW D

KRUL]RQWDO FHQWHUOLQH� �J� DQG �K� 3URJUHVVLYH KRUL]RQWDO DOLJQPHQW� �L� )LQDO YLVXDO DOLJQPHQW LV MXGJHG ZLWK WLOW IULQJHV DGGHG WR PDNH

UHVLGXDO HUURU �KRUL]RQWDO HUURU LV SUHVHQW KHUH� HDVLHU WR VHH�



�� $GMXVW WLS�WLOW RI WKH 2$3 �XVLQJ PHWURORJ\ PRXQW DGMXVWHUV� WR EULQJ WKH UHWXUQ EHDP EDFN LQWR WKH /83, DQG

REWDLQ IULQJHV�

�� )RFXV WKH /83, WR UHPRYH REYLRXV GHIRFXV IURP WKH IULQJH SDWWHUQ� $W WKLV SRLQW D IULQJH SDWWHUQ VLPLODU WR

)LJXUH �D LV W\SLFDOO\ REWDLQHG� FRQWDLQLQJ ERWK KRUL]RQWDO DQG YHUWLFDO PLVDOLJQPHQW�

�� 7LS WKH 2$3 XS RU GRZQ ZKLOH IROORZLQJ ZLWK WKH $& IODW WR NHHS WKH IULQJH SDWWHUQ QXOOHG� 0DNH ODUJH

PRWLRQV DW ILUVW WR GHWHUPLQH WKH FRUUHFW GLUHFWLRQ WR UHGXFH WKH YHUWLFDO PLVDOLJQPHQW� 7KH IULQJH SDWWHUQ ZLOO

³GH�URWDWH´ DQG WKH QXPEHU RI IULQJHV DW QXOO ZLOO GHFUHDVH DV YHUWLFDO HUURU LV UHPRYHG �)LJXUHV �E� F� DQG H��

�� &RQWLQXH WLSSLQJ WKH 2$3 DQG WUDFNLQJ ZLWK WKH $& IODW XQWLO WKH REYLRXV YHUWLFDO HUURU LV UHPRYHG� 7KLV LV

DFFRPSOLVKHG ZKHQ D OHIW�ULJKW VZHHS WKURXJK QXOO SURGXFHV D VWULFWO\ KRUL]RQWDO ³IORZ´ LQ WKH IULQJH SDWWHUQ

�)LJXUHV �G� H� DQG I�� 1RWH WKH V\PPHWU\ LQ WKH IULQJHV DERXW D KRUL]RQWDO FHQWHUOLQH WKURXJK WKH DSHUWXUH�

�� 6ZLWFK WR WLOWLQJ WKH 2$3 OHIW RU ULJKW DQG WUDFNLQJ ZLWK WKH $& IODW WR ILQG WKH GLUHFWLRQ QHHGHG WR UHPRYH WKH

KRUL]RQWDO HUURU� 2EVHUYH WKH IULQJH SDWWHUQ DW QXOO WR ORRN IRU UHGXFWLRQ LQ WKH QXPEHU RI IULQJHV SUHVHQW

�)LJXUHV �H� J� DQG K��

�� 2QFH D JRRG QXOO SDWWHUQ LV REWDLQHG �L�H�� ZKHQ LW EHFRPHV KDUG WR WHOO ZKDW WR GR QH[W�� DGG D IHZ YHUWLFDO WLOW

IULQJHV �XVXDOO\ GRQH E\ WLOWLQJ WKH /83,¶V UHIHUHQFH IODW� WR ORRN IRU UHVLGXDO HUURUV RI ERWK W\SHV� +RUL]RQWDO

HUURU ZLOO VKRZ XS DV D QRQ�XQLIRUP VSDFLQJ LQ WKH IULQJHV �)LJXUH �L DQG ��� ZKLOH YHUWLFDO HUURU ZLOO PDQLIHVW

LWVHOI LQ D IDQQLQJ RI WKH IULQJHV IURP WRS WR ERWWRP �)LJXUH ���

�� 7ZHDN WKH DOLJQPHQW WR UHPRYH DOO YLVLEOH VLJQV RI HLWKHU HUURU� 5HIHU WR )LJXUHV � DQG � WR VHH KRZ WKH WZR

HUURUV DUH PDQLIHVWHG LQ WKH SUHVHQFH RI WLOW IULQJHV� 8VH ZKLFKHYHU WZR RSWLFDO FRPSRQHQWV KDYH WKH PRVW

SUHFLVH PRWLRQ DGMXVWPHQWV �WKH /83, DQG $& IODW� LQ RXU FDVH��

$W WKLV SRLQW� WKH V\VWHP LV DOLJQHG WR WKH OLPLW RI YLVXDOO\ GLVFHUQLQJ FKDQJHV LQ WKH IULQJH SDWWHUQ� :H FRXOG XVXDOO\

FRPSOHWH WKLV SURFHGXUH ZLWKLQ D KDOI�KRXU� DQG WR ZLWKLQ �� DUFVHF ZLWK D ORZ ������O 506� VXUIDFH HUURU PLUURU�

���� )LQH $OLJQPHQW 0HWKRG

�D� �E� �F� �G�

�H� �I� �J� �K�

)LJXUH �� ,QWHUIHURJUDPV IURP )86( PLUURU VKRZLQJ SURJUHVVLYH DPRXQWV RI KRUL]RQWDO PLVDOLJQPHQW� 1RWH WKH LQFUHDVLQJ QRQ�

XQLIRUPLW\ LQ WKH YHUWLFDO IULQJH VSDFLQJ DV WKH KRUL]RQWDO DOLJQPHQW ZRUVHQV� �D� DQG �H� :HOO DOLJQHG V\VWHP� �E� DQG �I� �� DUFVHF RI

KRUL]RQWDO PLVDOLJQPHQW� �F� DQG �J� �� DUFVHF RI KRUL]RQWDO PLVDOLJQPHQW� �G� DQG �K� ��� DUFVHF RI KRUL]RQWDO PLVDOLJQPHQW�



$IWHU YLVXDO DOLJQPHQW� ZH VZLWFKHG WR FRPSXWHU DQDO\VLV RI WKH LQWHUIHURJUDPV IRU IXUWKHU UHILQHPHQW� ,W VKRXOG EH QRWHG

WKDW ZKHQ WHVWLQJ PLUURUV ZLWK ORZ ILJXUH HUURU ������������O 506�� ILQH DOLJQPHQW ZDV RIWHQ MXVW FRQILUPDWLRQ WKDW WKH

YLVXDO SURFHGXUH KDG IRXQG WKH RSWLPXP DOLJQPHQW WR WKH OLPLW RI RXU V\VWHP� ,Q JHQHUDO� ILQH DOLJQPHQW SURFHHGHG DV

IROORZV�

�� $QDO\]H WKUHH LQWHUIHURJUDPV DQG UHFRUG 506 23' HUURUV� $OVR WDNH QRWH RI WKH JHQHUDO FKDUDFWHU RI WKH

23' PDS� QRWLQJ WKH HIIHFW RI DQ\ REYLRXV YHUWLFDO RU KRUL]RQWDO PLVDOLJQPHQW �H�J� D KLJK FRUQHU RU HGJH��

�� 6WHS WKH /83, YHUWLFDOO\ E\ D VHW DPRXQW �XVXDOO\ �� DUFVHF LQ RXU FDVH�� DQG UHFRUG SRVLWLRQ� :H W\SLFDOO\

VWDUWHG ZLWK YHUWLFDO VWHSV EHFDXVH LW ZDV HDV\ WR VSRW YHUWLFDO HUURU LQ WKH 23' SORWV�

�� 7LS WKH $& IODW WR UHDFTXLUH WKH IULQJH SDWWHUQ�

�� $QDO\]H WKUHH LQWHUIHURJUDPV� UHFRUG 506 23' HUURUV IRU WKLV SRVLWLRQ� DQG ORRN IRU FKDQJHV LQ WKH 23' PDS

LQGLFDWLYH RI REYLRXV PLVDOLJQPHQW�

�� &RQWLQXH VWHSSLQJ YHUWLFDOO\ ZLWK WKH /83,� WLSSLQJ WKH $& IODW� DQG DQDO\]LQJ LQWHUIHURJUDPV XQWLO WKH 506

HUURUV EHJLQ WR FOHDUO\ JHW ZRUVH� 7KH 23' PDS ZLOO VKRZ REYLRXV VLJQV RI YHUWLFDO HUURU �FRUQHUV RQ YHUWH[

HGJH FXUOLQJ XS�GRZQ��

�� ,I D YHUWLFDO DOLJQPHQW ZLWK PLQLPXP 506 23' HUURU FDQ EH GHWHUPLQHG� SURFHHG WR KRUL]RQWDO ILQH

DOLJQPHQW �VWHS ��� RWKHUZLVH UHWXUQ WR WKH VWDUWLQJ SRLQW DQG EHJLQ VWHSSLQJ LQ WKH RSSRVLWH GLUHFWLRQ XQWLO D

PLQLPXP LQ 506 HUURU FDQ EH GHWHUPLQHG�

�� 6HW WKH LQWHUIHURPHWHU WR WKH SRVLWLRQ RI PLQLPXP 506 HUURU DQG WLS WKH $& IODW WR UHDFTXLUH WKH IULQJH

SDWWHUQ�

�� 5HSHDW WKH DERYH SURFHGXUH� VWHSSLQJ WKH /83, KRUL]RQWDOO\ DQG WLOWLQJ WKH $& IODW� XQWLO D PLQLPXP LQ 506

HUURU FDQ EH VLPLODUO\ GHWHUPLQHG�

7KLV SURFHGXUH FRXOG W\SLFDOO\ EH DFFRPSOLVKHG ZLWK VHYHUDO �a ILYH� VWHSV LQ HDFK GLUHFWLRQ� LI WKH VWHS VL]H ZDV

DSSURSULDWHO\ PDWFKHG WR WKH DPRXQW RI ILJXUH HUURU SUHVHQW� 7KLV FRXOG XVXDOO\ EH MXGJHG IURP FRDUVH DOLJQPHQW EDVHG RQ

WKH ILQDO IULQJH SDWWHUQ DQG WKH PDJQLWXGH RI DGMXVWPHQW UHTXLUHG WR VHH D GHILQLWLYH ZRUVHQLQJ�LPSURYHPHQW LQ WKH IULQJHV�

)LQH DOLJQPHQW XVXDOO\ WRRN �� WR �� PLQXWHV WR FRPSOHWH� GHSHQGLQJ RQ HQYLURQPHQWDO FRQGLWLRQV�



���� 7HVW 0HWKRG 9DOLGDWLRQ

$ERXW PLG�ZD\ WKURXJK WKH PLUURU SURJUDP� LQ WKH FRXUVH RI WURXEOH�VKRRWLQJ DVVHPEO\�LQGXFHG GLVWRUWLRQ� WKH FRDWHG IOLJKW

VSDUH PLUURU XQGHUZHQW ILJXUH WHVWLQJ DW -+8 DQG 7LQVOH\� 7KH WHVWV WRRN SODFH ZLWKLQ D IHZ GD\V RI HDFK RWKHU DQG LQ YHU\

GLIIHUHQW H[SHULPHQWDO VHWXSV DQG PRXQWLQJ FRQILJXUDWLRQV� 6XUIDFH PDSV RI WKH ILJXUH HUURU GHULYHG IURP WKHVH WHVWV DUH

GLVSOD\HG LQ )LJXUH �� 7KH GDWD IURP WKH PRUH VRSKLVWLFDWHG 7LQVOH\ WHVW DUH LQ H[FHOOHQW DJUHHPHQW ZLWK WKH -+8 UHVXOWV�

WKXV YDOLGDWLQJ RXU DOLJQPHQW DQG DQDO\VLV WHFKQLTXHV�

7KH WZR�GLPHQVLRQDO SRZHU VSHFWUDO GHQVLW\ IXQFWLRQV �36'� RI IHDWXUHV LQ WKHVH WZR 23' PDSV LV VKRZQ LQ )LJXUH ��� 7KH

36' UHSUHVHQWV WKH DPRXQW RI RSWLFDO VXUIDFH HUURU SHU XQLW VSDWLDO IUHTXHQF\� 7KH -+8 DQG 7LQVOH\ FXUYHV DJUHH ZHOO DW

ORZHU VSDWLDO IUHTXHQFLHV �ODUJHU VSDWLDO SHULRGV�� EXW WKH FXUYHV GHYLDWH DW KLJKHU IUHTXHQFLHV� 7KH -+8 WHVW PHWKRG� XVLQJ

VWDWLF IULQJH DQDO\VLV� LV LQKHUHQWO\ OHVV VHQVLWLYH WR VPDOO�VFDOH IHDWXUHV� +RZHYHU� WKLV ORZHU VHQVLWLYLW\ ZDV PRUH WKDQ

DGHTXDWH IRU GHWHFWLQJ WKH ODUJHU�VFDOH ILJXUH GLVWRUWLRQV ZLWK ZKLFK ZH ZHUH FRQFHUQHG GXULQJ IOLJKW PLUURU DVVHPEO\�

�D� �E� �F� �G�

�H� �I� �J� �K�

)LJXUH �� ,QWHUIHURJUDPV IURP )86( PLUURU VKRZLQJ SURJUHVVLYH DPRXQWV RI YHUWLFDO PLVDOLJQPHQW� 1RWH WKH ³IDQQLQJ´ RI WKH IULQJHV

�RSHQLQJ WR WKH ULJKW IRU KRUL]RQWDO IULQJHV DQG GRZQZDUG IRU YHUWLFDO IULQJHV� WKDW EHFRPHV PRUH SURQRXQFHG ZLWK LQFUHDVLQJ DOLJQPHQW

HUURU� �D� DQG �H� :HOO DOLJQHG V\VWHP� �E� DQG �I� �� DUFVHF RI YHUWLFDO PLVDOLJQPHQW� �F� DQG �J� �� DUFVHF RI YHUWLFDO PLVDOLJQPHQW�

�G� DQG �K� ��� DUFVHF RI YHUWLFDO PLVDOLJQPHQW�

506� �����O 3�9� �����O 506� ������O 3�9� �����O

�D� �E�

)LJXUH �� 6XUIDFH SORWV RI RSWLFDO SDWK GLIIHUHQFH �23'� ILOHV IURP ILJXUH WHVWV RI WKH IOLJKW VSDUH PLUURU� 9HUWH[ LV WRZDUG WKH IURQW LQ

WKLV YLHZ� �D� -+8 WHVW ZLWK %XFFLQL 0,&�� LQWHUIHURPHWHU �DYHUDJH RI �� VLQJOH�LQWHUIHURJUDP 23' PDSV�� �E� 7LQVOH\ WHVW ZLWK 3KDVH

6KLIW 7HFKQRORJ\ 0LQL�)L] LQWHUIHURPHWHU �VPRRWKHG DYHUDJH RI PDQ\ LQGLYLGXDO SKDVH�VKLIWLQJ UXQV�� 1RWH WKDW WKH -+8 WHVW KDG WKH

PLUURU VXSSRUWHG RQ WKH ULJKW HGJH DV VKRZQ LQ WKH SORWV� ZKHUHDV WKH 7LQVOH\ WHVW KDG WKH PLUURU VXSSRUWHG YHUWH[ XS� 7KH WKUHH

³FUDWHUV´ DUH IOH[XUH ERQG ORFDWLRQV� FDXVHG E\ VWUHVV LQ WKH HSR[\ ERQGOLQH�

−2.5 −2.0 −1.5 −1.0 −0.5

−16

−14

−12

−10

−8

−6

JHU figure data
Tinsley figure data

Log10 of Spatial Frequency (mm−1)

Lo
g 1

0 o
f P

S
D

 (
m

m4 )

)LJXUH ��� ��' SRZHU VSHFWUDO GHQVLW\ �36'� IURP ILJXUH WHVWV RI WKH IOLJKW VSDUH PLUURU DW -+8 DQG 7LQVOH\� 7KH ILUVW IRXU =HUQLNH

WHUPV �SLVWRQ� WLOWV� DQG IRFXV� ZHUH UHPRYHG IURP HDFK 23' PDS EHIRUH JHQHUDWLQJ WKH 36'� 7KH IDOORII LQ WKH -+8 GDWD DW KLJKHU

VSDWLDO IUHTXHQFLHV LV HYLGHQW� LQGLFDWLYH RI UHGXFHG IUHTXHQF\ UHVSRQVH LQ WKH -+8 ILJXUH WHVW DW VPDOOHU VSDWLDO VFDOHV�



���� 2WKHU $OLJQPHQW 0HWKRGV

:H LQLWLDOO\ FRQVLGHUHG XVLQJ D SKDVH�VKLIWLQJ LQWHUIHURPHWHU LQ FRQMXQFWLRQ ZLWK D VRIWZDUH ILWWLQJ URXWLQH IRU DOLJQLQJ WKH

)86( IOLJKW PLUURUV� 7KLV VFKHPH ZRXOG KDYH SURYLGHG 23' VXUIDFH PDSV ZLWK PXFK JUHDWHU VSDWLDO VHQVLWLYLW\ �6HFWLRQ

��� DQG )LJXUHV � DQG ���� :H GHFLGHG DJDLQVW VXFK D V\VWHP IRU VHYHUDO UHDVRQV� $IWHU GHOLYHU\ RI WKH PLUURUV IURP

7LQVOH\� ZH ZHUH SULPDULO\ FRQFHUQHG ZLWK GHWHFWLQJ ODUJH�VFDOH ILJXUH HUURU LQGXFHG E\ WKH UHPDLQGHU RI WKH DVVHPEO\

SURFHVV� VR KLJK�VSDWLDO VHQVLWLYLW\ ZDV XQQHFHVVDU\� HVSHFLDOO\ JLYHQ WKH DGGLWLRQDO FRVW RI D SKDVH�VKLIWLQJ LQWHUIHURPHWHU�

)XUWKHUPRUH� WKH H[WUHPH WHVW FRQGLWLRQV YLV�j�YLV YLEUDWLRQ DQG WXUEXOHQFH DVVRFLDWHG ZLWK WKH FOHDQURRP HQYLURQPHQW

SUREDEO\ ZRXOG KDYH PDGH WHVWLQJ LPSUDFWLFDEOH �6HFWLRQ ��� 7KH VLPSOHU DQG OHVV H[SHQVLYH /83, DQG VWDWLF

LQWHUIHURJUDP DQDO\VLV SUHVHQWHG KHUH LV D PRUH UREXVW DSSURDFK LQ OLJKW RI WKHVH HQYLURQPHQWDO FKDOOHQJHV DQG WKH

QHFHVVDU\ IOH[LELOLW\ RI RXU WHVW SURJUDP� $ VRIWZDUH URXWLQH VWLOO FRXOG KDYH EHHQ XVHG IRU DOLJQPHQW RSWLPL]DWLRQ� EXW WKH

³IHHGEDFN ORRS´ ZRXOG KDYH EHHQ VORZ JLYHQ WKH WLPH LW WRRN WR XV SURGXFH D VLQJOH� KLJK TXDOLW\� DYHUDJHG 23' PDS� :H

IRXQG WKH YLVXDO LQWHUSUHWDWLRQ RI IULQJH SDWWHUQV WR EH DQ HIILFLHQW DQG LQWXLWLYH SURFHGXUH�

%RQG DQG 3LSDQ
�
SUHVHQW D PHWKRG IRU FRDUVH DOLJQPHQW RI 2$3V YLD DQDO\VLV RI WKH LPDJH RI WKH VSRW SURGXFHG E\ WKH

UHWXUQ EHDP IURP D GRXEOH�SDVV VHWXS� 7KLV SURFHGXUH ZRXOG KDYH UHTXLUHG WKH DELOLW\ WR VZLWFK WKH IRFXV RI WKH /83,

RXWSXW OHJ IURP D IRFDO SRLQW IRU YLHZLQJ WKH UHWXUQ VSRW WR WKH 2$3 DSHUWXUH IRU IULQJH DQDO\VLV� DQG SHUKDSV EHWZHHQ

GHWHFWRUV �KXPDQ H\H YV� /83, &&' FDPHUD�� 7KLV UHFRQILJXULQJ ZRXOG KDYH SUREDEO\ OHQJWKHQHG WKH DOLJQPHQW SURFHVV�

DQG RXU DELOLW\ WR TXLFNO\ DOLJQ WKH PLUURUV SURYHG FULWLFDO ODWHU LQ WKH PLUURU SURJUDP ZKHQ DWWHPSWLQJ WR RYHUFRPH

HQYLURQPHQWDO FKDOOHQJHV �6HFWLRQ ����� :H GLG QRW WU\ WKLV PHWKRG�

2WKHU 2$3 DOLJQPHQW PHWKRGV ZHUH FRQVLGHUHG�
��

+RZHYHU� WKH DIRUHPHQWLRQHG PHWKRGV DQG WKH WHFKQLTXH ZH DSSOLHG

ZRXOG \LHOG WKH ILQH DOLJQPHQW QHFHVVDU\ IRU ILJXUH WHVWLQJ WKH )86( PLUURUV� 7KH\ DOVR SUHVHQW PRUH VWUDLJKWIRUZDUG

WHFKQLTXHV JLYHQ RXU YDULRXV PRXQWLQJ FRQGLWLRQV DQG FRQVWUDLQWV�

�� (19,5210(17$/ &+$//(1*(6

���� &OHDQURRP $LU )ORZ DQG 9LEUDWLRQ

)LJXUH WHVWLQJ LQ WKH FOHDQURRP DW -+8 SUHVHQWHG FKDOOHQJLQJ YLEUDWLRQ DQG WXUEXOHQFH SUREOHPV� $ /OXPDOOR\ WHQW

HQFORVXUH XVHG IRU WKH 6L& PLUURUV� ZKLFK GLG QRW UHTXLUH SXUJH GXULQJ WHVWLQJ� HOLPLQDWHG WXUEXOHQFH SUREOHPV GLUHFWO\

DVVRFLDWHG ZLWK WKH FOHDQURRP DLU IORZ� KHOSHG WKHUPDOO\ VWDELOL]H WKH VHWXS �WKH ZDUP ODVHU VRXUFH IRU WKH /83, ZDV KRXVHG

RXWVLGH WKH WHQW�� DQG KHOSHG PDLQWDLQ WKH HQYLURQPHQW LQ WKH LPPHGLDWH YLFLQLW\ RI WKH PLUURU DW FODVV ���� FOHDQURRP

VWDQGDUGV�

+RZHYHU� YLEUDWLRQ LQGXFHG E\ WKH FOHDQURRP DLU IORZ VWLOO SUHVHQWHG D SUREOHP ZKHQ WU\LQJ WR DFTXLUH VWDEOH IULQJHV IRU ILQH

DOLJQPHQW DQG ILJXUH WHVWLQJ� 7KH YLEUDWLRQ XSVHW WKH IULQJH SDWWHUQ VXFK WKDW LW W\SLFDOO\ WRRN a�� DWWHPSWV ZLWK WKH IUDPH

JUDEEHU WR DFTXLUH DQ LQWHUIHURJUDP ZLWKRXW VHYHUH YLGHR LQWHUODFLQJ YLEUDWLRQ DUWLIDFWV� 7KH PDJQLWXGH RI WKLV YLEUDWLRQ

ZDV DERXW � ò DUFVHF �D IHZ IULQJHV� LQ DPSOLWXGH RI ERUHVLJKW HUURU IRU D UDQJH RI IUHTXHQFLHV HDVLO\ REVHUYDEOH ZLWK WKH

YLGHR RXWSXW DQG XQ�DLGHG H\H� 7KXV� ILJXUH WHVWLQJ ZDV SRVVLEOH� EXW WLPH�FRQVXPLQJ ZKHQ FRQWHQGLQJ ZLWK WKH FOHDQURRP

DLUIORZ�

:H HVVHQWLDOO\ IXOO\ PLWLJDWHG WKHVH VHYHUH YLEUDWLRQ SUREOHPV E\ WHVWLQJ ZLWK WKH FOHDQURRP EORZHUV RII� ,I WKH WHVW GXUDWLRQ

ZDV NHSW XQGHU D IHZ KRXUV� WKLV GLG QRW SRVH D FRQWDPLQDWLRQ KD]DUG� 7KH RSWLFDO VHWXS VWLOO H[SHULHQFHG PHFKDQLFDO

YLEUDWLRQ DVVRFLDWHG ZLWK WKH EXLOGLQJ DLU KDQGOLQJ XQLWV� HWF�� LQ VSLWH RI XVLQJ D YLEUDWLRQ�GDPSHQLQJ RSWLFDO WDEOH� 7KH

DPSOLWXGH RI WKLV UHVLGXDO YLEUDWLRQ ZDV DERXW � ��� DUFVHF �� IULQJH� IRU WKH VDPH UDQJH RI REVHUYDEOH IUHTXHQFLHV�

+RZHYHU� ZLWKRXW WKH FRQWLQXRXV DLU IORZ DURXQG WKH WHQW DQG ZDUP /83,� WKH VHWXS UHTXLUHG DERXW DQ KRXU WR WKHUPDOO\

VWDELOL]H XSRQ VKXWRII RI WKH DLU KDQGOHU SULRU WR WHVWLQJ� 7KLV PHWKRG ZDV WKHUHIRUH DERXW DV WLPH�FRQVXPLQJ LQ WKH HQG DV

WHVWLQJ ZLWK WKH EORZHUV RQ� EXW OHVV RSHUDWRU�LQWHQVLYH� ,Q KLQGVLJKW� ZH SUREDEO\ VKRXOG KDYH DGGHG VXEVWDQWLDO PDVV WR

RXU RSWLFDO PRXQWV WR PDNH WKHP OHVV VXVFHSWLEOH WR YLEUDWLRQ�

���� 6HQVLWLYLW\ WR 0RLVWXUH



$V PHQWLRQHG SUHYLRXVO\� WKH IDU�89 UHIOHFWLYLW\ RI WKH /L)�FRDWHG PLUURUV LV VHQVLWLYH WR H[SRVXUH WR DWPRVSKHULF ZDWHU

YDSRU� %DVHG RQ GDWD IURP SUHYLRXV SURJUDPV�
����

ZH GHYHORSHG D EXGJHW IRU H[SRVXUH WR W\SLFDO ODERUDWRU\ DPELHQW

FRQGLWLRQV �H�J� ���&� ��� 5�+� WKURXJKRXW PLUURU VXEV\VWHP DVVHPEO\ DQG WHVW DQG LQVWUXPHQW�OHYHO LQWHJUDWLRQ� WKH WRWDO

H[SRVXUH RI WKH /L) FRDWLQJV WR D QRQ�SXUJHG HQYLURQPHQW ZDV WR EH OHVV WKDQ ��� KRXUV� :H H[SHFWHG D FRUUHVSRQGLQJ

UHIOHFWLYLW\ GHJUDGDWLRQ RI DERXW ���� :H WKHUHIRUH FDUULHG RXW PLUURU DVVHPEO\ ZLWK WKH RSWLFDO VXUIDFH RI HDFK PLUURU

SURWHFWHG DQG XQGHU FRQVWDQW 1� SXUJH�

:H FRQVWUXFWHG D SXUJH HQFORVXUH DURXQG WKH RSWLFDO VHWXS �QRW VKRZQ�� 7KH ZDOOV ZHUH PDGH IURP ������ SRO\FDUERQDWH

VKHHWV EROWHG WR DQ H[WUXGHG DOXPLQXP IUDPH� ZKLFK LWVHOI ZDV DWWDFKHG WR WKH RSWLFDO WDEOH� 7KH WDEOH VXUIDFH ZDV FRYHUHG

ZLWK D VKHHW RI /OXPDOOR\ WR VHDO WKH SDWWHUQ RI WDSSHG KROHV� 7KH SXUJH ER[ ZDV VHDOHG ZLWK 9LWRQ UXEEHU WXELQJ� :H XVHG

D SQHXPDWLFDOO\ FRQWUROOHG GRRU WR GLYLGH WKH SXUJH ER[ LQWR WZR VHFWLRQV� RQH FRQWDLQLQJ WKH EXON RI WKH RSWLFDO SDWK DQG

RQH IRU WKH IOLJKW PLUURU XQGHU WHVW� 7KLV DOORZHG XV WR ORDG DQG XQORDG IOLJKW PLUURUV ZLWKRXW ORVLQJ WKH EXON RI WKH 1�

SXUJH WR WKH FOHDQURRP� $OLJQPHQW FRQWUROV RQ WKH DXWRFROOLPDWLQJ IODW DQG PHWURORJ\ PRXQW ZHUH DFFHVVHG YLD JORYH SRUWV

LQ WKH ZDOOV RI WKH HQFORVXUH� 7KH /83, WHVW EHDP HQWHUHG DQG H[LWHG WKH HQFORVXUH WKURXJK D VPDOO KROH LQ RQH RI WKH VLGH

SDQHOV�

8QIRUWXQDWHO\� ZH IRXQG WKDW WKLV ULJLG SRO\FDUERQDWH HQFORVXUH DPSOLILHG WKH DOUHDG\ VHYHUH YLEUDWLRQV WR VXFK D GHJUHH WKDW

ILJXUH WHVWLQJ ZDV LPSRVVLEOH ZLWK WKH FOHDQURRP EORZHUV RQ� :LWK WKH EORZHUV RII� YLEUDWLRQ ZDV DERXW WKH VDPH DV LQ WKH

/OXPDOOR\ WHQW ZLWK WKH EORZHUV RQ� +RZHYHU� VWUDWLILFDWLRQ SUREOHPV LQVLGH WKH HQFORVXUH SODJXHG RXU DWWHPSWV DW WHVWLQJ

ZLWK WKH SRO\FDUERQDWH HQFORVXUH ± SUREOHPV ZH KDG QRW HQFRXQWHUHG ZLWK WKH WHQW� $W WKLV SRLQW� WKH VFKHGXOH ZDV JHWWLQJ

YHU\ WLJKW DQG ZH QHHGHG D UHOLDEOH ZD\ WR ILJXUH WHVW WKH PLUURU DVVHPEOLHV EHIRUH GHOLYHU\ WR WKH LQVWUXPHQW WHDP� :H

WKHUHIRUH DEDQGRQHG WKH SRO\FDUERQDWH ER[ LQ IDYRU RI D VLPSOH� QRQ�SXUJHG WHQW �VDPH DOXPLQXP IUDPH ZLWK /OXPDOOR\

DQG SRO\HWK\OHQH ZDOOV� )LJXUH �E� GHVLJQHG WR KHOS PLQLPL]H WXUEXOHQFH DORQJ WKH RSWLFDO SDWK ZKLOH UXQQLQJ WKH

FOHDQURRP EORZHUV DQG PDLQWDLQLQJ WKHUPDO VWDELOLW\� 7KLV VHWXS ZLWK WKLQ� IOH[LEOH ZDOOV LPSDUWHG QR DGGLWLRQDO YLEUDWLRQ

WR WKH RSWLFDO EHQFK� EXW ZDV QRW VHDOHG HQRXJK WR SXUJH RXW WKH ZDWHU YDSRU� :H UHOLHG RQ TXLFNO\ PRXQWLQJ DQG DOLJQLQJ

WKH IOLJKW PLUURUV WR PLQLPL]H WKH H[SRVXUH RI WKH /L) PLUURUV WR QRQ�SXUJHG FRQGLWLRQV� ([FHSW IRU WKH ILQDO ILJXUH WHVW�

/L) PLUURU WHVWLQJ EHFDPH TXLFN FKHFNV WR LQVXUH DFFHSWDEOH VXUIDFH HUURU� 2XU DELOLW\ WR TXLFNO\ PRXQW� DOLJQ� DQG WHVW D

IOLJKW PLUURU XVLQJ WKH PHWKRGV GHVFULEHG LQ 6HFWLRQ � SURYHG RI JUHDW LPSRUWDQFH LQ PLQLPL]LQJ H[SRVXUH RI WKH VHQVLWLYH

RSWLFV�

7RZDUG WKH HQG RI WKH PLUURU SURJUDP� ZH ZHUH DEOH WR VXFFHVVIXOO\ ILJXUH WHVW WKH IOLJKW VSDUH PLUURU XQGHU SXUJH XVLQJ WKH

WHQW HQFORVXUH ZLWK /OXPDOOR\ ZDOOV VHDOHG ZLWK .DSWRQ WDSH� 7KLV ZDV SDUW RI WKH LPDJH WHVW SHUIRUPHG DW ����� QP RQ WKH

IOLJKW VSDUH PLUURU�
�
1RWH WKDW WKH VSDUH PLUURU ZDV FRDWHG ZLWK 6L&� VR WKH SXUJHG HQYLURQPHQW ZDV QRW DV FULWLFDO IRU WKLV

RSWLF IURP WKH VWDQGSRLQW RI SUHVHUYLQJ 89 UHIOHFWLYLW\� 7XUEXOHQFH ZDV D VLJQLILFDQW SUREOHP ZKLOH DFWLYHO\ LQMHFWLQJ 1�

LQWR WKH WHQW HQFORVXUH� EXW ZH IRXQG ZH FRXOG VKXW RII WKH SXUJH IRU ! �� PLQXWH SHULRGV DQG DOLJQ DQG ILJXUH WHVW LQ D

VXIILFLHQWO\ VWDEOH HQYLURQPHQW� :H GLG QRW KDYH WLPH WR H[SHULPHQW ZLWK RWKHU SXUJH JDVHV �VXFK DV KHOLXP� ZKLFK PD\

KDYH SURYLGHG D EHWWHU WHVW HQYLURQPHQW�

�� &21&/86,21

:H ZHUH DEOH WR UDSLGO\ DOLJQ DQG ILJXUH WHVW RII�D[LV SDUDEROLF PLUURUV IRU D IDU�89 DVWURQRP\ LQVWUXPHQW XQGHU

FKDOOHQJLQJ FOHDQURRP FRQGLWLRQV� 7KH WHVW HQYLURQPHQW SRVHG PDQ\ REVWDFOHV WKDW ZHUH RYHUFRPH DV PXFK E\ WULDO�DQG�

HUURU DV FDUHIXO SODQQLQJ� :H KDYH SUHVHQWHG D JHQHUDO WHFKQLTXH IRU LQWHUIHURPHWULF DOLJQPHQW RI 2$3V XVLQJ RQO\ WKH

KDUGZDUH DQG VRIWZDUH DOUHDG\ QHHGHG IRU WKH ILJXUH WHVW� 7KLV WHFKQLTXH ZDV HIILFLHQW IRU WHVWLQJ 2$3V ZLWK ORZ LQKHUHQW

ILJXUH HUURU �� �����O 506��

$&.12:/('*0(176

)86( LV VXSSRUWHG WKURXJK WKH 1$6$ ([SORUHUV 3URJUDP RIILFH DW *RGGDUG 6SDFH )OLJKW &HQWHU �*6)&�� DQG PDQDJHG

ZLWKLQ WKH &HQWHU IRU $VWURSK\VLFDO 6FLHQFHV DW -+8 �1$6$ FRQWUDFW 1$6��������� 7KH DXWKRUV JUDWHIXOO\ DFNQRZOHGJH�

'U� 7LPR 7� 6DKD RI 1$6$�*6)& IRU JHQHUDWLQJ WKH 36' FXUYHV VKRZQ LQ )LJXUH ��� 'DQLHO &DUULJDQ� IRUPHUO\ RI 6ZDOHV

DQG $VVRFLDWHV� ,QF�� IRU KLV SDWLHQFH DQG SUHFLVLRQ� 'DQLHO 9XNREUDWRYLFK RI 1DWLRQDO 2SWLFDO $VWURQRP\ 2EVHUYDWRULHV IRU



KLV DGYLFH� 'U� -DPHV &� :\DQW RI WKH 2SWLFDO 6FLHQFHV &HQWHU� 8QLYHUVLW\ RI $UL]RQD� IRUPHUO\ RI WKH :<.2 &RUS�� IRU

DVVLVWDQFH ZLWK IULQJH DQDO\VLV VRIWZDUH� DQG 1X�7HN 3UHFLVLRQ 2SWLFDO &RUS�� $EHUGHHQ� 0G�� IRU DGYLFH DQG DVVLVWDQFH�

5()(5(1&(6

�� (� :LONLQVRQ� -� &� *UHHQ� 6� 1� 2VWHUPDQ� .� 5� %URZQVEHUJHU� DQG '� -� 6DKQRZ� ³,QWHJUDWLRQ� DOLJQPHQW� DQG LQLWLDO

SHUIRUPDQFH UHVXOWV RI WKH )DU 8OWUDYLROHW 6SHFWURVFRSLF ([SORUHU �)86(� VSHFWURJUDSK�´ 3URF� 63,( ����� SS� ������

�����

�� 0� -� .HQQHG\� 6� '� )ULHGPDQ� 5� +� %DUNKRXVHU� -� +DPSWRQ� DQG 3� 1LNXOOD� ³'HVLJQ RI WKH )DU 8OWUDYLROHW

6SHFWURVFRSLF ([SORUHU PLUURU DVVHPEOLHV�´ 3URF� 63,( ����� SS� �������� �����

�� 5� *� 2KO� 5� +� %DUNKRXVHU� 0� -� .HQQHG\� DQG 6� '� )ULHGPDQ� ³ $VVHPEO\ DQG WHVW�LQGXFHG GLVWRUWLRQV RI WKH )86(

PLUURUV ± OHVVRQV OHDUQHG�´ 3URF� 63,( ����� SS� �������� �����

�� 5� *� 2KO� 6� '� )ULHGPDQ� 7� 7� 6DKD� 5� +� %DUNKRXVHU� DQG +� :� 0RRV� ³2SWLFDO WHVWLQJ RI WKH )DU 8OWUDYLROHW

6SHFWURVFRSLF ([SORUHU SULPDU\ PLUURUV DQG SUHGLFWHG RQ�RUELW SHUIRUPDQFH�´ 3URF� 63,( ����� �����

�� -� )� 2VDQWRZVNL� 5� $� 0� .HVNL�.XKD� +� +HU]LJ� $� 5� 7RIW� -� 6� *XP� DQG &� 0� )OHHWZRRG� ³2SWLFDO &RDWLQJ

7HFKQRORJ\ IRU WKH (89�´ $GY� 6SDFH 5HV� ��� SS� �������� �����

�� 7� 7� 6DKD� '� %� /HYLWRQ� DQG 3� *OHQQ� ³3HUIRUPDQFH RI LRQ�ILJXUHG VLOLFRQ FDUELGH 680(5 WHOHVFRSH PLUURU LQ WKH

YDFXXP XOWUDYLROHW�´ $SSO� 2SW� ��� SS� ���������� �����

�� -� (� +DUYH\� )LQDO 5HSRUW IRU )86( 7HOHVFRSH 3HUIRUPDQFH 3UHGLFWLRQV� &RQVXOWLQJ $JUHHPHQW XQGHU 1$6$

&RQWUDFW 1$6������� �-RKQV +RSNLQV 8QLYHUVLW\� %DOWLPRUH� 0G�� ������

�� -� %� +RXVWRQ� &� -� %XFFLQL� DQG 3� .� 2¶1HLOO� ³$ ODVHU XQHTXDO SDWK LQWHUIHURPHWHU IRU WKH RSWLFDO VKRS�´ $SSO� 2SW�

�� SS� ���������� �����

�� &� %RQG DQG &� $� 3LSDQ� ³+RZ WR DOLJQ DQ RII�D[LV SDUDEROLF PLUURU�´ 3URF� 63,( ����� SS� �������� �����

��� 0� &� 5XGD� 8QGHUVWDQGLQJ 2SWLFDO $OLJQPHQW 7HFKQLTXHV� FRXUVH QRWHV IURP &ROOHJH RI (QJLQHHULQJ� 8QLYHUVLW\ RI

:LVFRQVLQ�0DGLVRQ� �����

��� -� *XP� 1$6$�*RGGDUG 6SDFH )OLJKW &HQWHU� SHUVRQDO FRPPXQLFDWLRQ


