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

GHVLJQHG WR SURYLGH KLJK VSHFWUDO UHVROYLQJ SRZHU �O�'O  ��������������� RYHU WKH LQWHUYDO ����������� QP� 7KH )86(

RSWLFDO SDWK FRQVLVWV RI IRXU FR�DOLJQHG� QRUPDO LQFLGHQFH� RII�D[LV SDUDEROLF SULPDU\ PLUURUV ZKLFK LOOXPLQDWH VHSDUDWH

5RZODQG FLUFOH VSHFWURJUDSK FKDQQHOV HTXLSSHG ZLWK KRORJUDSKLF JUDWLQJV DQG GHOD\ OLQH PLFURFKDQQHO SODWH GHWHFWRUV�

:H GHVFULEH WKH KDUGZDUH DQG PHWKRGV XVHG IRU WKH RSWLFDO ¦HQG�WR�HQG§ WHVW RI WKH )86( LQVWUXPHQW GXULQJ VDWHOOLWH

LQWHJUDWLRQ DQG WHVW� &RVW DQG VFKHGXOH FRQVWUDLQWV IRUFHG XV WR GHYLVH D VLPSOLILHG YHUVLRQ RI WKH SODQQHG RSWLFDO WHVW ZKLFK

RFFXUUHG LQ SDUDOOHO ZLWK VDWHOOLWH WKHUPDO�YDFXXP WHVWLQJ� 7KH RSWLFDO WHVW HPSOR\HG D FROOLPDWRU DVVHPEO\ ZKLFK FRQVLVWHG

RI IRXU FR�DOLJQHG� ��� PP GLDPHWHU &DVVHJUDLQ WHOHVFRSHV SRVLWLRQHG DERYH WKH )86( LQVWUXPHQW� SURYLGLQJ D FROOLPDWHG

EHDP IRU HDFK RSWLFDO FKDQQHO� $ ZLQGRZHG 89 OLJKW VRXUFH� UHPRWHO\ DGMXVWDEOH LQ WKUHH D[HV� ZDV PRXQWHG DW WKH IRFDO

SODQH RI HDFK FROOLPDWRU�

3UREOHPV ZLWK WKH 89 OLJKW VRXUFHV� LQFOXGLQJ KLJK I�QXPEHU DQG ZLQGRZ IDLOXUHV� ZHUH WKH RQO\ PDMRU GLIILFXOWLHV

HQFRXQWHUHG GXULQJ WKH WHVW� 7KH WHVW VXFFHHGHG LQ XQFRYHULQJ D VLJQLILFDQW SUREOHP ZLWK WKH VHFRQGDU\ VWUXFWXUH XVHG IRU

WKH LQVWUXPHQW FDYLW\ DQG� IXUWKHUPRUH� VKRZHG WKDW WKH PHFKDQLFDO VROXWLRQ ZDV VXFFHVVIXO� 7KH KDUGZDUH ZDV DOVR XVHG

H[WHQVLYHO\ IRU VLPXODWLRQV RI VFLHQFH REVHUYDWLRQV� SURYLGLQJ ERWK 89 OLJKW IRU VSHFWUD DQG YLVLEOH OLJKW IRU WKH ILQH HUURU

VHQVRU FDPHUD�

.(< :25'6� )86(� RSWLFDO WHVWLQJ� DOLJQPHQW� XOWUDYLROHW� FDOLEUDWLRQ

�� ,1752'8&7,21

7KH )DU 8OWUDYLROHW 6SHFWURVFRSLF ([SORUHU �)86(� LV D 1$6$ VDWHOOLWH SURJUDP WKDW ZLOO REWDLQ KLJK UHVROXWLRQ

�O�'O ���������������� IDU�XOWUDYLROHW �)89� ����������� QP� VSHFWUD IURP DVWURQRPLFDO VRXUFHV� ,W ZDV FRQFHLYHG DQG

IDEULFDWHG E\ 7KH -RKQV +RSNLQV 8QLYHUVLW\ �-+8� DQG DQ LQWHUQDWLRQDO WHDP RI FRUSRUDWLRQV� XQLYHUVLWLHV� DQG JRYHUQPHQW

DJHQFLHV�� ,W ZDV ODXQFKHG LQ -XQH ���� DERDUG D 'HOWD ,, URFNHW IURP WKH &DSH &DQDYHUDO $LU )RUFH 6WDWLRQ�

 &RUUHVSRQGHQFH� (PDLO� VMF#SKD�MKX�HGX� :::� KWWS��IXVH�SKD�MKX�HGX�� 7HOHSKRQH� ������������� )D[� ������������
✝
$OVR DW $VWURQRP\ 'HSDUWPHQW� 8QLYHUVLW\ RI 9LUJLQLD



)86( FRQVLVWV RI IRXU FRDOLJQHG WHOHVFRSHV� ZKLFK HDFK GLUHFW )89 SKRWRQV LQWR WKH VOLWV RI VHSDUDWH 5RZODQG FLUFOH

VSHFWURJUDSKV� 7KH VSHFWURJUDSKV ZHUH GHYHORSHG DQG DOLJQHG DW WKH 8QLYHUVLW\ RI &RORUDGR�
�
7KH WHOHVFRSHV ZHUH DOLJQHG

WR WKH VSHFWURJUDSK XVLQJ QRQ�)89 WHFKQLTXHV� DV GHVFULEHG HOVHZKHUH�
�

:H GLVFXVV WKH KDUGZDUH DQG SURFHGXUH XVHG WR H[HFXWH WKH RSWLFDO ¦HQG�WR�HQG§ WHVW �2(7(7� RI WKH )86( LQVWUXPHQW�

7KLV WHVW ZDV FRPSOLFDWHG E\ D QXPEHU RI FULWLFDO LVVXHV� LQFOXGLQJ GLUHFWLQJ ERWK YLVLEOH DQG )89 SKRWRQV LQWR WKH V\VWHP�

UHPRWHO\ RSHUDWLQJ WKH WHVW KDUGZDUH LQ D YDFXXP FKDPEHU� DQG VFKHGXOH DQG FRVW FRQWURO� 7KH 2(7(7 ZDV H[HFXWHG ODWH

���� DQG HDUO\ ���� DW 1$6$�*RGGDUG 6SDFH )OLJKW &HQWHU �*6)&��

7KH 2(7(7 ZDV QRW LQWHQGHG WR SHUIRUP D FRPSOHWH UDGLRPHWULF DQG ZDYHOHQJWK FDOLEUDWLRQ RI WKH )86( LQVWUXPHQW� ,WV

PRUH OLPLWHG REMHFWLYHV ZHUH WKUHH�IROG�

x VKRZ WKDW WKH RSWLFDO V\VWHP KDG QR JURVV GHIHFWV

x SURYLGH VWLPXOL WR WKH V\VWHP WR VXSSRUW IOLJKW VLPXODWLRQV

x SURYLGH DQ HQYLURQPHQW IRU WHVWLQJ LQ�IOLJKW RSWLFDO DOLJQPHQW WHFKQLTXHV

7KH WUDQVPLVVLRQ RI )89 SKRWRQV UHTXLUHV KLJK YDFXXP FRQGLWLRQV� 7KH 2(7(7 WKHUHIRUH QHFHVVLWDWHG D ODUJH YDFXXP

FKDPEHU� 7R KHOS PLQLPL]H FRVW DQG VFKHGXOH LPSDFW� WKH WHVW ZDV FRPELQHG ZLWK WKH VDWHOOLWH�OHYHO WKHUPDO�YDFXXP WHVW�

�� 7(67 0(7+2'

��� 2ULJLQDO FRQFHSW

:KHQ WKH )86( LQVWUXPHQW ZDV UHGHVLJQHG WR LWV FXUUHQW FRQILJXUDWLRQ �FKDQJHG IURP JUD]LQJ LQFLGHQFH WR QRUPDO

LQFLGHQFH RSWLFV�� WKH EDVHOLQH ZDV WR GHVLJQ DQG IDEULFDWH D YDFXXP FKDPEHU DQG 89 FROOLPDWLRQ V\VWHP WR SHUPLW ERWK

DOLJQPHQW DQG FKDUDFWHUL]DWLRQ� /DWHU� )86( ZDV IXUWKHU FRVW�FRQVWUDLQHG� DQG LW ZDV GHFLGHG WR DEDQGRQ WKLV EDVHOLQH LQ

IDYRU RI D OHVV FRVWO\ PHWKRG�

��� )LQDO FRQFHSW

/LNH DOPRVW DOO VDWHOOLWHV� )86( UHTXLUHG D WKHUPDO�YDFXXP �79� WHVW DW WKH V\VWHP OHYHO� $Q H[LVWLQJ ODUJH YDFXXP

FKDPEHU DW *6)& KDG DOUHDG\ EHHQ LGHQWLILHG IRU WKLV SXUSRVH� :H GHFLGHG WR FRPELQH WKH 2(7(7 ZLWK WKH 79 WHVW� 6RPH

LPPHGLDWH DGYDQWDJHV ZHUH UHDOL]HG�

x 7KH FRVW RI FRQVWUXFWLQJ D VHSDUDWH YDFXXP FKDPEHU IRU HDFK WHVW �L�H� WKH 79 WHVW DQG 2(7(7� ZDV HOLPLQDWHG�

x 7KH 2(7(7 ZRXOG RFFXU ODWHU LQ WKH LQWHJUDWLRQ DQG WHVW SURFHVV� DOORZLQJ GDWD REWDLQHG WR EH FORVHU WR ¦DV ODXQFKHG�§

x 7KLV SODQ ZRXOG DOORZ IOLJKW�OLNH WHVWLQJ DW WKH IXOO VDWHOOLWH OHYHO RI DVVHPEO\�

��� $VVRFLDWHG ULVN

:H LQFXUUHG D QXPEHU RI DGGLWLRQDO ULVNV E\ FRPELQLQJ WKH 2(7(7 DQG WKH 79 WHVW� LQFOXGLQJ�

x :KLOH WHVWLQJ FORVHU WR ODXQFK� ZH ULVNHG ILQGLQJ D SUREOHP WKDW ZRXOG UHTXLUH GLVDVVHPEO\ RI WKH VDWHOOLWH WR UHSDLU�

x 7KH FRQILJXUDWLRQ RI WKH FKDPEHU UHTXLUHG PRXQWLQJ WKH OLJKW VRXUFHV FRPSOHWHO\ ZLWKLQ YDFXXP� 7KHUHIRUH� WKH ODPSV

KDG WR EH VHOI�FRQWDLQHG� VHDOHG XQLWV �WKH ZLQGRZ PDWHULDO OLPLWHG WKH ORZHU ZDYHOHQJWK FXWRII WR !����� QP � DQG WKH\

ZRXOG QRW EH DFFHVVLEOH GXULQJ WKH WHVW� ZKLFK SURYHG WR EH D FULWLFDO OLPLWDWLRQ�

x /LJKW VRXUFH PRWLRQV ZRXOG KDYH WR EH UHPRWHO\ FRQWUROOHG YLD GULYH PHFKDQLVPV TXDOLILHG IRU WKH YDFXXP

HQYLURQPHQW�

x 7KH FROOLPDWLQJ RSWLFV DQG OLJKW VRXUFHV ZRXOG EH VXVSHQGHG DERYH WKH VDWHOOLWH�

�� &2//,0$725 $66(0%/< '(6,*1



7KH 2(7(7 RSWLFDO SDWK LV VKRZQ VFKHPDWLFDOO\ LQ )LJXUH �� $Q RSWLFDO DVVHPEO\ FRQVLVWLQJ RI IRXU 89 FROOLPDWRUV� RQH

SHU FKDQQHO� LV VXVSHQGHG DERYH WKH )86( LQVWUXPHQW LQVLGH WKH 6RODU (QYLURQPHQW 6LPXODWRU �6(6��
�
(DFK FROOLPDWRU

SURGXFHV D )89 RXWSXW EHDP ZLWK aO��� 506 ZDYHIURQW HUURU �O  ����� QP� DQG PDQ\ VWURQJ HPLVVLRQ OLQHV RYHU WKH

LQWHUYDO ��� � O � ��� QP� VXIILFLHQW WR PHHW WKH VFLHQFH�GULYHQ UHTXLUHPHQWV IRU WKH RSWLFDO WHVW �)LJXUH ��� 7KH FROOLPDWRU

RSWLFDO DVVHPEO\ LV PHFKDQLFDOO\ UHIHUHQFHG WR WKH WRS RI )86( YLD IRXU SRVW IOH[XUHV DQG WKH PDMRULW\ RI WKH DVVHPEO\

ZHLJKW LV RII�ORDGHG E\ D FRXQWHUEDODQFH� ZKLFK LV LQWHJUDO WR WKH VXSSRUWLQJ VXSHUVWUXFWXUH �)LJXUH ���

7KH UDWLRQDOH IRU WKLV ¦VXVSHQGHG§ WHVW FRQILJXUDWLRQ VWHPV IURP WKH QHHG WR SHUIRUP

WKH 2(7(7 LQ FRQMXQFWLRQ ZLWK WKHUPDO YDFXXP WHVWLQJ� ,Q WKLV HQYLURQPHQW� WKH

RSWLFDO V\VWHP LV SDUWLFXODUO\ VXVFHSWLEOH WR PLVDOLJQPHQW FDXVHG E\ WUDQVLHQW WKHUPDO

JUDGLHQWV ZLWKLQ WKH VXSSRUWLQJ VWUXFWXUH� DQ LQHYLWDEOH FRQVHTXHQFH RI WKH WHPSHUDWXUH

F\FOLQJ WKDW RFFXUV GXULQJ WKHUPDO WHVWLQJ� 5DWKHU WKDQ KDYLQJ D VXSSRUW VWUXFWXUH WKDW

SURYLGHV ERWK ORDG VXSSRUW DV ZHOO DV D PHFKDQLFDO UHIHUHQFH WR WKH VDWHOOLWH� WKHVH UROHV

KDYH EHHQ VHSDUDWHG� +HUH� WKH ORZ &7( FDUERQ�ILEHU�FRPSRVLWH VWUXFWXUH RI WKH )86(

LQVWUXPHQW LV XVHG DV WKH PHFKDQLFDO UHIHUHQFH PDLQWDLQLQJ RSWLFDO DOLJQPHQW� ZKLOH

WKH PDMRULW\ RI WKH RSWLFDO DVVHPEO\ ORDG LV FDUULHG E\ D FDEOH DWWDFKHG WR D

FRXQWHUZHLJKW PHFKDQLVP� ,Q WKLV IDVKLRQ� RSWLFDO DOLJQPHQW LV PDLQWDLQHG ZLWK OLWWOH

VXVFHSWLELOLW\ WR VDWHOOLWH PRWLRQ RU FKDQJHV LQ WKH WKHUPDO HQYLURQPHQW DQG WKH

GHOHWHULRXV HIIHFWV RI PDVV ORDGLQJ RQ WKH LQVWUXPHQW DUH DEDWHG E\ WKH VXSSRUW

VWUXFWXUH� ,Q DGGLWLRQ� WKH QHHG WR HUHFW VFDIIROGLQJ DQG PRXQW FU\R�SDQHOV DURXQG WKH

SHULSKHU\ RI WKH VDWHOOLWH JUHDWO\ OLPLWHG WKH IHDVLELOLW\ RI D WKHUPDOO\ VWDEOH �LQYDU RU

FRPSRVLWH� IORRU�PRXQWHG VXSSRUW VWUXFWXUH�

��� &ROOLPDWRUV

(DFK FROOLPDWRU LV D I��� FODVVLFDO &DVVHJUDLQ GHVLJQ ZLWK D ��� PP GLDPHWHU FOHDU

DSHUWXUH �)LJXUH ��� 7KH =HURGXU SULPDU\ LV VXSSRUWHG YLD D QLQH�SRLQW ZKLIIOH WUHH

PRXQW ZLWK WLS�WLOW DGMXVWPHQW� 7KH VHFRQGDU\ LV PRXQWHG RQ D WLS�WLOW�WUDQVODWLRQ VWDJH

FHQWHUHG RQ D WUDGLWLRQDO IRXU�EODGHG VSLGHU VXSSRUW� ,QYDU PHWHULQJ URGV HVWDEOLVK WKH

SULPDU\��VHFRQGDU\ VSDFLQJ� 7R UHGXFH FRVW� WKH FROOLPDWRU WXEHV ZHUH IDEULFDWHG IURP

DOXPLQXP� +HDWHUV ZHUH SODFHG RQ WKH ERWWRP RI WKH WXEH DV ZHOO DV WKH VSLGHU EODGHV

WR EDODQFH WKH KHDW ORVV IURP WKH FROOLPDWRU DSHUWXUH� $ SLQKROH DW WKH EDVH RI D 3W�1H

KROORZ�FDWKRGH ODPS PRXQWHG RQ D WKUHH�D[LV VWDJH SURYLGHV D ¦VWHHUDEOH§ OLJKW VRXUFH

DW WKH IRFDO SODQH�

��� 2SWLFDO EHQFK

7KH RSWLFDO EHQFK VXSSRUWV WKH LQGLYLGXDO FROOLPDWRUV DQG HVWDEOLVKHV WKH LQWHUIDFH ZLWK

WKH )86( LQVWUXPHQW �)LJXUH ��� .LQHPDWLF ¦9�JURRYH§ PRXQWV� WKUHH SHU FROOLPDWRU�

DUH XVHG WR FRDOLJQ WKH IRXU LQGLYLGXDO FKDQQHOV� 3RVW IOH[XUHV RQ SUHFLVLRQ WUDQVODWRUV

DW WKH EDVH RI WKH RSWLFDO EHQFK IDFLOLWDWH DWWDFKPHQW DQG DOLJQPHQW ZLWK WKH

LQVWUXPHQW� 7KLQ DOXPLQXP SDQHOV ZLWK ILOP KHDWHUV DQG PXOWL�OD\HU LQVXODWLRQ

HQFORVH WKH DOXPLQXP SODWH VWUXFWXUH DQG WKH FROOLPDWRUV WR PDLQWDLQ D ��q& RSHUDWLQJ

WHPSHUDWXUH� $SSUR[LPDWHO\ ��� RI WKH RSWLFDO EHQFK�FROOLPDWRU ZHLJKW LV RII�ORDGHG

IURP WKH )86( LQVWUXPHQW YLD D VLQJOH FDEOH ZKLFK H[WHQGV IURP WKH FRXQWHUEDODQFH RI

WKH RYHUKHDG VXSHUVWUXFWXUH �)LJXUH ��� /RDG FHOOV DW WKH EDVH RI HDFK SRVW IOH[XUH

PRQLWRU ORDG WUDQVPLWWHG WR WKH LQVWUXPHQW�

��� 6XSHUVWUXFWXUH

7KH VXSHUVWUXFWXUH SURYLGHV WKH SULPDU\ ORDG VXSSRUW IRU WKH FROOLPDWRU VWUXFWXUH

�)LJXUH ��� 7KH EDVLF DUUDQJHPHQW HPXODWHV D EULGJH FUDQH DQG LV VXSSRUWHG E\

)LJXUH � 2SWLFDO 3DWK

)LJXUH � &ROOLPDWRU $VVHPEO\



RXWULJJHUV DWWDFKHG WR WKH FKDPEHU ZDOO� 7KH LQWHUIDFH EHWZHHQ WKH VXSHUVWUXFWXUH DQG WKH RXWULJJHUV LV NLQHPDWLF WR DOORZ

IRU WKHUPDO H[SDQVLRQ GXULQJ WHVWLQJ� QR KHDWHUV DUH SODFHG RQ WKLV SDUW RI WKH V\VWHP� $ EDODQFH EHDP DUUDQJHPHQW ZDV

XVHG WR VXVSHQG WKH FROOLPDWRU DVVHPEO\ DQG QHJDWH WKH HIIHFWV RI FKDQJHV LQ FDEOH OHQJWK� VDWHOOLWH PRWLRQV� FKDPEHU

PRWLRQV� HWF� $Q DGMXVWDEOH FRXQWHUZHLJKW EXFNHW ZDV DWWDFKHG DW RQH HQG RI WKH EHDP DQG WKH FROOLPDWRU DVVHPEO\ ZDV

KXQJ RYHU D SXOOH\ DW WKH RWKHU HQG� 7KLV EDODQFH EHDP DVVHPEO\ ZDV VLWXDWHG RQ WKH WUROOH\ EULGJH IUDPH� ZKLFK DOORZHG

DGMXVWPHQW RI WKH SRVLWLRQ RI WKH FROOLPDWRU DVVHPEO\ UHODWLYH WR WKH VDWHOOLWH�

�� &2//,0$725 $/,*10(17 $1'
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���� &ROOLPDWRU DOLJQPHQW

7KH FROOLPDWRUV ZHUH GHVLJQHG WR EH XVHG LQ D

YHUWLFDO FRQILJXUDWLRQ� ZLWK RSWLFDO D[HV SDUDOOHO WR

WKH JUDYLW\ YHFWRU� 1R SURYLVLRQ ZDV DYDLODEOH WR

KROG WKHP KRUL]RQWDOO\ IRU DOLJQPHQW DQG WKHQ

URWDWH WR YHUWLFDO IRU WKH 2(7(7� VR ZH DVVHPEOHG

DQG DOLJQHG DOO IRXU XQLWV LQ WKHLU 2(7(7

FRQILJXUDWLRQ� :LWK VOLJKW PRGLILFDWLRQV� RXU

PHWKRG IRU DOLJQLQJ HDFK FROOLPDWRU LV GHVFULEHG

HOVHZKHUH�
�

,QLWLDOO\ WKH FHOO KROGLQJ WKH SULPDU\ PLUURU ZDV

LQVWDOOHG LQ WKH HQG RI WKH DOXPLQXP FROOLPDWRU

WXEH DORQJ ZLWK WKH WXEH DGMXVWPHQW PRXQWV �)LJXUH

��� 7KH WXEH DGMXVWPHQW PRXQW DOORZHG WKH

URWDWLRQ RI WKH FROOLPDWRU LQ SLWFK DQG \DZ� 7KH

WXEH DQG PLUURU ZHUH WKHQ OLIWHG DQG SODFHG LQ D

WHOHVFRSH VXSSRUW WDEOH� ZKLFK KHOG WKH FROOLPDWRU

YHUWLFDOO\ DQG SURYLGHG D VWDEOH� NLQHPDWLF PRXQW

IRU WKH GXUDWLRQ RI WKH DVVHPEO\ DQG DOLJQPHQW

SURFHVV� 7KH WXEH DGMXVWPHQW PRXQWV LQWHUIDFHG WR

WRROLQJ EDOOV LQ 9�EORFNV DWWDFKHG WR WKH VXSSRUW

PRXQW� 7KH D[LV RI WKH WXEH ZDV FRDUVHO\ OHYHOHG WR

JUDYLW\ E\ SODFLQJ D EXEEOH OHYHO RQ WKH SULPDU\ PLUURU FHOO EDFNSODWH DQG DGMXVWLQJ WKH PRXQWV XQWLO FHQWHUHG� $W WKLV

SRLQW� WKHRGROLWHV ZHUH XVHG WR UHFRUG WKH HOHYDWLRQ UHDGLQJV RI WZR DGMDFHQW IDFHV RI DQ RSWLFDO FXEH ERQGHG RQ WKH SULPDU\

PLUURU FHOO EDFNSODWH� 7KLV FXEH DQG HOHYDWLRQ UHDGLQJV ZRXOG ODWHU EH XVHG WR FR�DOLJQ WKH FROOLPDWRUV WR HDFK RWKHU�

7KH QH[W VWHS ZDV WR DOLJQ WKH SULPDU\ PLUURU
V RSWLFDO D[LV WR JUDYLW\ UHIHUHQFH� $ OLQH�RI VLJKW WKURXJK WKH FROOLPDWRU WXEH

ZDV QHHGHG ZKLFK ZRXOG GHILQH WKH JUDYLW\ YHFWRU DQG WKH FHQWHU RI WKH SULPDU\ PLUURU DSHUWXUH� $ FLUFXODU WDUJHW ZLWK

FHQWHUHG FURVVKDLUV ZDV LQVWDOOHG LQ WKH SULPDU\ PLUURU FHOO FHQWUDO DSHUWXUH WR PHFKDQLFDOO\ GHILQH WKH RSWLFDO D[LV� UHO\LQJ

RQ GHVLJQ WROHUDQFHV� $ PHUFXU\ SRRO OHYHO ZDV WKHQ SODFHG XQGHU WKH WXEH RQ WKH WHOHVFRSH VXSSRUW PRXQW� 7KH PHUFXU\

SRRO SURYLGHV D ¦PLUURU VXUIDFH§ ZKRVH QRUPDO DOZD\V SRLQWV VWUDLJKW XS� $ ��� UHOD\ PLUURU ZDV WKHQ LQVWDOOHG RQ WKH

SULPDU\ PLUURU FHOO EDFNSODWH VXFK WKDW LW IROGHG WKH PHUFXU\ SRRO QRUPDO KRUL]RQWDOO\ LQ D FRQYHQLHQW GLUHFWLRQ� $

WKHRGROLWH ZDV WKHQ SRVLWLRQHG ZKHUH LW FRXOG DXWRFROOLPDWH RQ WKH PHUFXU\ SRRO YLD WKH UHOD\ PLUURU ZKLOH FHQWHUHG RQ WKH

FLUFXODU SOXJ FURVVKDLUV� 7KLV SURFHVV SXW WKH WKHRGROLWH LQ SRVLWLRQ WR GHILQH WKH QRPLQDO ORFDWLRQ DQG SRLQWLQJ GLUHFWLRQ RI

WKH FROOLPDWRU RSWLFDO D[LV� )URP KHUH WKH WKHRGROLWH ZDV PDLQWDLQHG LQ SRVLWLRQ DQG XQGLVWXUEHG ZKLOH WKH PHUFXU\ SRRO

OHYHO ZDV UHPRYHG� 7KLV DOORZHG WKH WKHRGROLWH WR ORRN WKURXJK WKH WHOHVFRSH VXSSRUW PRXQW WR DQRWKHU ��� PLUURU EDVHG RQ

WKH IORRU ZKLFK DJDLQ WXUQHG WKH WKHRGROLWH OLQH�RI�VLJKW KRUL]RQWDOO\ �)LJXUH ��� 7KH ORZHU UHOD\ PLUURU ZDV ODUJH HQRXJK

���� PP GLDPHWHU� WR FRYHU DSSUR[LPDWHO\ ��� RI WKH FROOLPDWRU DSHUWXUH� 7KLV ZDV LPSRUWDQW� EHFDXVH LW DOORZHG XV WR

SODFH D ILEHU RSWLF SRLQW VRXUFH RQ D WUDQVODWRU DVVHPEO\ QHDU WKH IROGHG FHQWHU RI FXUYDWXUH RI WKH SULPDU\ PLUURU� 7KXV

SRVLWLRQHG� WKH SRLQW VRXUFH LOOXPLQDWHG WKH SULPDU\ PLUURU� ZKLFK UHIOHFWHG WKH OLJKW EDFN WKURXJK WKH ORZHU UHOD\ PLUURU�

UHWXUQLQJ WR D SRLQW DW RU QHDU WKH ILEHU VRXUFH� $W WKLV SRLQW� WKH JRDO ZDV WR DGMXVW WKH ILEHU VRXUFH LQ IRFXV VXFK WKDW WKH

)LJXUH � 6XSSRUW 6XSHUVWUXFWXUH



SRLQW VRXUFH LPDJHG EDFN RQWR WKH VDPH SODQH DV WKH VRXUFH� EXW FHQWHU WKH ILEHU VRXUFH RQ WKH SULPDU\©V RSWLFDO D[LV� 7KLV

ZDV DFFRPSOLVKHG DV IROORZV� 2QH SHUVRQ ORRNHG WKURXJK WKH WKHRGROLWH ZKLOH DQRWKHU WUDQVODWHG WKH ILEHU VRXUFH XQWLO LW

ZDV FHQWHUHG RQ WKH WKHRGROLWH UHWLFOH� 7KH SULPDU\ PLUURU DGMXVWPHQW OHJV ZHUH WKHQ PRYHG LQ RUGHU WR EULQJ WKH UHIOHFWHG

LPDJH RI WKH ILEHU VRXUFH EDFN RQ LWVHOI� 7KLV DFFRPSOLVKHG WKH WDVN RI SODFLQJ WKH SULPDU\ PLUURU
V RSWLFDO D[LV SDUDOOHO WR

JUDYLW\ WR DSSUR[LPDWHO\ �� DUFVHFRQGV�

7KH QH[W DQG PHFKDQLFDOO\ PRVW GLIILFXOW VWHS ZDV WR LQVWDOO WKH VHFRQGDU\ PLUURU �)LJXUH ��� 7KLV KDG WR EH GRQH ZLWKRXW

GLVWXUELQJ WKH WXEH RULHQWDWLRQ� WKH ORZHU UHOD\ PLUURU� RU WKH XSSHU UHOD\ PLUURU� 2QFH DFFRPSOLVKHG� WKH VHFRQGDU\ PLUURU

FHQWHU FRXOG EH VHHQ E\ WKH WKHRGROLWH YLD WKH XSSHU UHOD\ PLUURU� $ VPDOO UHWLFOH� HWFKHG DW WKH FHQWHU RI WKH VHFRQGDU\

PLUURU� VLPSOLILHG WKLV VWHS� 7KLV UHWLFOH ZDV D FRQYHQLHQW WDUJHW RQ ZKLFK WKH WKHRGROLWH RSHUDWRU FRXOG VLJKW� 7KH

VHFRQGDU\ PLUURU ZDV WUDQVODWHG LQ WKH WZR KRUL]RQWDO GLUHFWLRQV LQ RUGHU WR FHQWHU LW RQ WKH WKHRGROLWH FURVVKDLUV� 7KH

¦DXWRFROOLPDWLRQ UHWXUQ§ IURP WKH VHFRQGDU\ FRXOG WKHQ EH HYDOXDWHG� 7KH VHFRQGDU\ ZDV DGMXVWHG LQ WLS DQG WLOW XQWLO WKLV

UHWXUQ ZDV FHQWHUHG RQ WKH WKHRGROLWH FURVVKDLUV� 7KLV SURFHVV DOLJQHG WKH RSWLFDO D[LV RI WKH VHFRQGDU\ PLUURU LQ GHFHQWHU�

WLS� DQG WLOW ZLWK WKDW RI WKH SULPDU\ PLUURU�

7KH ODVW VWHS LQ LQGLYLGXDO FROOLPDWRU DOLJQPHQW ZDV VHWWLQJ WKH IRFXV E\ WUDQVODWLQJ WKH VHFRQGDU\ PLUURU LQ SLVWRQ� 7KH

XSSHU UHOD\ PLUURU ZDV UHPRYHG DQG WKH ILEHU VRXUFH PHQWLRQHG SUHYLRXVO\ ZDV PRYHG WR WKH SULPDU\ PLUURU FHOO� ,W ZDV

PRXQWHG DERYH WKH FHOO RQ D WKUHH�D[LV WUDQVODWRU� SODFHG DW WKH QRPLQDO WHOHVFRSH IRFXV SRVLWLRQ� DQG FRQILJXUHG WR

LOOXPLQDWH WKH VHFRQGDU\ PLUURU� 7KH UHVXOWLQJ EHDP IURP WKH FROOLPDWRU ZDV UHIOHFWHG YLD WKH ORZHU IROG PLUURU WR DQ RII�

D[LV SDUDEROD �2$3� ZKLFK ZDV VLPLODU WR WKH )86( SULPDU\ PLUURUV LQ IRFDO OHQJWK DQG DSHUWXUH VL]H �)LJXUH ��� $ GRXEOH

SDVV V\VWHP ZDV QRW HPSOR\HG GXH WR GLIILFXOW\ LQ REVHUYLQJ WKH UHWXUQ LPDJH� 7KH 2$3 LPDJHG WKLV QHDUO\ FROOLPDWHG

EHDP RQWR D VXUIDFH ORFDWHG QHDU WKH 2$3
V IRFDO SRLQW� $ YLGHR PLFURVFRSH ZDV XVHG WR YLHZ WKLV LPDJH DQG SURMHFW LW RQ D

PRQLWRU� 7KH PLFURVFRSH DQG VXUIDFH ZHUH WUDQVODWHG WRJHWKHU WR SURGXFH WKH VPDOOHVW SRVVLEOH LPDJH� 7KH VHFRQGDU\

PLUURU ZDV WKHQ WUDQVODWHG LQ SLVWRQ LQ RUGHU WR EULQJ WKH LPDJH LQWR IRFXV� 7KH PLFURVFRSH DQG LPDJH ORFDWLRQ DQG 2$3

DOLJQPHQW ZHUH DGMXVWHG LWHUDWLYHO\ WR UHPRYH DQ\ FRPD SURGXFHG E\ 2$3 WLS�WLOW ZLWK UHVSHFW WR WKH LQFRPLQJ EHDP� 7KH

)LJXUH �� &ROOLPDWRU $VVHPEO\ LQ 6(6



ILEHU RSWLF VRXUFH ORFDWLRQ DQG VHFRQGDU\ PLUURU IRFXV ZHUH WKHQ DGMXVWHG LQ VPDOO LQFUHPHQWV LQ RUGHU WR GHWHUPLQH WKH EHVW

IRFXV IRU WKH FROOLPDWRU� $OO LPDJHV ZHUH VDYHG XVLQJ D YLGHR FDSWXUH FDUG OLQNHG WR WKH YLGHR PLFURVFRSH DQG D FRPSXWHU�

���� &ROOLPDWRU FR�DOLJQPHQW

&R�DOLJQLQJ WKH IRXU FROOLPDWRUV ZDV DFFRPSOLVKHG LQ WZR VWHSV �)LJXUH ��� )LUVW WKH IRXU WHOHVFRSHV ZHUH PHFKDQLFDOO\

DOLJQHG ZLWK UHVSHFW WR HDFK RWKHU� DQG VHFRQG� HDFK VRXUFH©V SLQKROH ZDV SRVLWLRQHG VXFK WKDW LW ZDV RQ WKH RSWLFDO D[LV�

7KH ILUVW VWHS ZDV DFFRPSOLVKHG XVLQJ VWDQGDUG WKHRGROLWH PHWURORJ\ PHWKRGV DQG WKH RSWLFDO FXEHV RQ WKH SULPDU\ PLUURU

FHOOV�

7KH RSWLFDO EHQFK IUDPHZRUN ZDV SODFHG RQ IRXU DGMXVWPHQW MDFNV� $ WLOWLQJ OHYHO ZDV WKHQ XVHG WR PHDVXUH WKH UHODWLYH

KHLJKWV RI WKH WZHOYH FROOLPDWRU PRXQWLQJ SRLQWV� DQG D EHVW ILW SODQH ZDV FDOFXODWHG� 7KH MDFNV ZHUH WKHQ DGMXVWHG WR EULQJ

WKLV SODQH SHUSHQGLFXODU WR JUDYLW\ UHIHUHQFH� 7KLV SURYLGHG D OHYHOHG RSWLFDO EHQFK IURP ZKLFK WR VWDUW WKH WHOHVFRSH

LQWHJUDWLRQ� $W WKLV SRLQW� DQ DGGLWLRQDO RSWLFDO FXEH ZDV ERQGHG RQWR WKH RSWLFDO EHQFK DQG HOHYDWLRQ UHDGLQJV RI WZR

DGMDFHQW IDFHV PHDVXUHG�

$IWHU DOO IRXU WHOHVFRSHV ZHUH LQWHJUDWHG LQWR WKH EHQFK� WKHRGROLWHV ZHUH SODFHG WR DXWRFROOLPDWH RQ WKH FXEH IDFHV RQ HDFK

FROOLPDWRU SUHYLRXVO\ PHDVXUHG GXULQJ WKH LQGLYLGXDO DOLJQPHQW� 7KH FROOLPDWRU FR�DOLJQPHQW MDFNV ZHUH DGMXVWHG WR EULQJ

WKH HOHYDWLRQ UHDGLQJV RI WKHVH FXEH IDFHV WR WKHLU SUHYLRXV YDOXHV� WKXV OHYHOLQJ HDFK FROOLPDWRU RSWLFDO D[LV WR JUDYLW\

UHIHUHQFH� (DFK FROOLPDWRU ZDV DGMXVWHG LQ WXUQ XQWLO DOO RI WKH RSWLFDO D[HV ZHUH SDUDOOHO WR WKH JUDYLW\ YHFWRU DQG RQ D

OHYHOHG EHQFK� $OO ILYH RSWLFDO FXEHV ZHUH WKHQ PHDVXUHG ZLWK UHVSHFW WR HDFK RWKHU LQ D]LPXWK DQG HOHYDWLRQ WR SURYLGH D

EDVHOLQH IRU IXWXUH VWDELOLW\ PHDVXUHPHQWV RI WKH V\VWHP� 7KLV SURFHVV DFFRPSOLVKHG WKH ILUVW VWHS RI FR�DOLJQLQJ WKH IRXU

WHOHVFRSHV�

,Q RUGHU WR DOLJQ WKH SLQKROH VRXUFHV IRU HDFK FROOLPDWRU� WKH DVVHPEO\ ZDV OLIWHG� SODFHG RQ D URWDU\ WDEOH� DQG DJDLQ OHYHOHG

WR JUDYLW\ UHIHUHQFH YLD WKH RSWLFDO EHQFK FXEH� 7KLV ZDV SULPDULO\ IRU FRQYHQLHQFH LQ WKDW LW DOORZHG XV WR XVH D VWDWLRQDU\

WKHRGROLWH DQG URWDWH WKH YDULRXV FROOLPDWRUV LQWR SRVLWLRQ WR EH PHDVXUHG� 7KH ODPS� SLQKROH� DQG WUDQVODWLRQ VWDJH ZHUH

DWWDFKHG WR WKH SULPDU\ PLUURU FHOO DSSUR[LPDWHO\ DW WKH IRFDO SODQH RI WKH FROOLPDWRU� $ FDOLEUDWHG SHQWDSULVP ZDV SODFHG

XQGHU WKH FROOLPDWRU RI LQWHUHVW VXFK WKDW LW SURMHFWHG WKLV VWDU KRUL]RQWDOO\ DORQJ WKH V\VWHP <D[LV� 7KH WKHRGROLWH ZDV WKHQ

DGMXVWHG WR DXWRFROOLPDWH RQ WKH IURQW IDFH RI WKH SHQWDSULVP LQ D]LPXWK EXW VHW DW DQ HOHYDWLRQ SHUSHQGLFXODU WR WKH JUDYLW\

UHIHUHQFH� 6LQFH WKH WHOHVFRSH RSWLFDO D[LV ZDV SDUDOOHO WR WKH JUDYLW\ YHFWRU� WKH SHQWDSULVP URWDWHG WKLV D[LV ���

�SHUSHQGLFXODU WR JUDYLW\�� 7KH WKHRGROLWH LPDJHG WKH VRXUFH DQG WKH WUDQVODWLRQ DVVHPEO\ ZDV XVHG WR EULQJ WKH VWDU LPDJH

GLUHFWO\ RQ WKH WKHRGROLWH FURVVKDLUV� 7KLV SURFHVV ZDV UHSHDWHG IRU HDFK FROOLPDWRU LQ WXUQ� ZLWK WKH UHVXOW RI D OHYHOHG

RSWLFDO EHQFK� IRXU WHOHVFRSHV ZLWK RSWLFDO D[HV SDUDOOHO WR WKH JUDYLW\ UHIHUHQFH� DQG IRXU VRXUFHV SODFHG RQ WKH LQGLYLGXDO

WHOHVFRSHV© RSWLFDO D[HV�

7KH RQO\ RWKHU FR�DOLJQPHQW DGMXVWPHQW ZDV WR ILQG WKH IRFXV RI HDFK FROOLPDWRU� $ &&' FDPHUD ZDV PRXQWHG RQ D � LQ�

GLDPHWHU &HOHVWURQ WHOHVFRSH DQG D NQRZQ FROOLPDWLRQ VRXUFH ZDV XVHG WR SUH�VHW WKH &HOHVWURQ�&&' V\VWHP WR IRFXV RQ D

VRXUFH DW LQILQLW\� $ O��� 506 UHOD\ PLUURU ZDV SODFHG XQGHU RQH RI WKH FROOLPDWRUV VXFK WKDW WKH SRLQW VRXUFH VWDU LPDJH

ZDV SURMHFWHG KRUL]RQWDOO\ LQWR WKH &HOHVWURQ DSHUWXUH� ,PDJHV RI WKH VWDU VRXUFH ZHUH UHFRUGHG DV D IXQFWLRQ RI FROOLPDWRU

IRFXV� 7KH GDWD ZHUH ODWHU DQDO\]HG WR GHWHUPLQH EHVW IRFXV IRU WKH WUDQVODWRU DVVHPEO\ IRU HDFK LQGLYLGXDO WHOHVFRSH�

Upper relay mirror
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on three-axis 
translator
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Primary Mirror
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Primary mirror 
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Optical Axis Placement

)LJXUH � 2SWLFDO $[LV 3ODFHPHQW

Theodolite
Upper relay mirror

Center plug target

Support table

Mercury pool level

Collimator tube

Primary Mirror

Primary Mirror Leveling

)LJXUH � 3ULPDU\ 0LUURU

/HYHOLQJ



���� &ROOLPDWRU DVVHPEO\ WR VDWHOOLWH DOLJQPHQW

7KH RQO\ UHPDLQLQJ VWHS ZDV WR DOLJQ WKH FROOLPDWRU DVVHPEO\ WR WKH )86( VDWHOOLWH LQ WKH YDFXXP FKDPEHU� 7KH FORVH

TXDUWHUV DQG UHTXLUHG ZRUN KHLJKW LQ WKH FKDPEHU SUHFOXGHG HPSOR\LQJ VWDQGDUG WKHRGROLWH PHWURORJ\� VR D VLPSOHU PHWKRG

KDG WR EH GHYLVHG WR SODFH WKH FROOLPDWRU RSWLFDO D[LV SDUDOOHO WR WKH )86( RSWLFDO D[LV� 3UHYLRXV PHWURORJ\ RI WKH VDWHOOLWH

KDG OHYHOHG WKH VWUXFWXUH VXFK WKDW WKH LQVWUXPHQW RSWLFDO D[LV ZDV SDUDOOHO WR JUDYLW\ UHIHUHQFH� EXW WKH PRXQWLQJ RI WKH

VDWHOOLWH LQ WKH 6(6 SUHFOXGHG WKLV PHWKRG� 7ZR ORFDWLRQV SDUDOOHO WR WKH VDWHOOLWH ;� DQG <�D[HV ZHUH GHWHUPLQHG RQ WKH

VSDFHFUDIW EXV ZKHUH D SUHFLVLRQ LQFOLQRPHWHU FRXOG EH SODFHG DQG DQ RIIVHW IURP JUDYLW\ PHDVXUHG� 7KH VDPH LQFOLQRPHWHU

ZDV WKHQ XVHG WR PHDVXUH WKH RIIVHW IURP JUDYLW\ RI VSHFLDOO\ IDEULFDWHG EUDFNHWV SODFHG RQ WKH OHYHOHG FROOLPDWRU DVVHPEO\�

,Q WKH FKDPEHU� WKH LQFOLQRPHWHU ZDV XVHG WR PHDVXUH WKH VDPH ORFDWLRQV RQ WKH VDWHOOLWH EXV� 7KH RULHQWDWLRQ RI WKH )86(

RSWLFDO D[LV ZLWK UHVSHFW WR JUDYLW\ ZDV FDOFXODWHG IURP WKHVH GDWD� DV ZHOO DV WKH UHTXLUHG RIIVHWV RI WKH FROOLPDWRU DVVHPEO\�

7KH LQFOLQRPHWHU ZDV WKHQ SODFHG RQ WKH FROOLPDWRU DVVHPEO\ EUDFNHWV DQG WKH VWUXFWXUH DGMXVWHG LQ WLS DQG WLOW XQWLO WKH

RIIVHW YDOXHV ZHUH REWDLQHG�

�� /,*+7 6285&(6

(DFK FROOLPDWRU FKDQQHO ZDV LOOXPLQDWHG E\ D SODWLQXP� KROORZ�FDWKRGH ODPS ILOOHG ZLWK QHRQ JDV DQG VHDOHG ZLWK D OLWKLXP

IORXULGH �/L)� ZLQGRZ�


7KHVH ODPSV RXWSXW YLVLEOH OLJKW DV ZHOO DV D ULFK VSHFWUXP RI )89 OLQHV GRZQ WR WKH /L) FXWRII

DURXQG ����� QP�� WKXV SURYLGLQJ VWLPXODWLRQ IRU DOO IRXU 89 FKDQQHOV DQG WKH YLVLEOH OLJKW ILQH HUURU VHQVRUV �)(6�� 7KH

/L) ZLQGRZ FXWRII OLPLWHG WKH VSHFWUDO FRYHUDJH RQ DOO LQVWUXPHQW FKDQQHOV� EXW PRVW VHYHUHO\ RQ WKH WZR 6L& FKDQQHOV

ZKHUH RQO\ ������ RI WKH FKDQQHO EDQGSDVV ZDV LOOXPLQDWHG� +RZHYHU� WKH FRYHUDJH ZDV DGHTXDWH IRU WKH SXUSRVHV RI WKH

WHVW� RXU FKRLFHV ZHUH H[WUHPHO\ OLPLWHG� DQG WKLV ODPS GHVLJQ KDV D ORQJ KHULWDJH DQG ZHOO�FKDUDFWHUL]HG RSWLFDO RXWSXW�
�

8QIRUWXQDWHO\� WKH JHRPHWU\ RI WKH ODPS SUHFOXGHV D ORZ I�QXPEHU RXWSXW EHDP ZLWKRXW UHLPDJLQJ RSWLFV� 7KH VRXUFH

�KROORZ FDWKRGH� LV RQO\ ����� LQ GLDPHWHU DQG LV ORFDWHG ���� IURP WKH /L) ZLQGRZ� UHVXOWLQJ LQ DQ I��� EHDP IURP D

SLQKROH SODFHG ULJKW DW WKH ZLQGRZ� 7KH FROOLPDWRUV ZRUN DW I���� $ PHDVXUHPHQW RI WKH RXWSXW EHDP ZDV PDGH DW �����

QP XQGHU 1� SXUJH� DQG XVLQJ WKH KDOI�SRZHU SRLQWV WKH DQJXODU VL]H RI WKH EHDP ZDV IRXQG WR EH ������ RU DERXW I���� 7KH

IDVWHU EHDP SUREDEO\ UHVXOWV IURP WKH ODPS GLVFKDUJH EHLQJ QRW VWULFWO\ FRQILQHG WR WKH KROORZ FDWKRGH GLDPHWHU�

7R LQFUHDVH WKH VSHHG RI WKH RXWSXW EHDP� D FXVWRPL]HG YHUVLRQ RI WKH ODPS ZDV GHVLJQHG ZLWK D UHGXFHG OHQJWK �QHFN� �WR

ZKLFK WKH /L) ZLQGRZ LV ERQGHG�� HIIHFWLYHO\ KDOYLQJ WKH GLVWDQFH IURP WKH FDWKRGH WR WKH ZLQGRZ DQG� DFFRUGLQJ WR RXU ODE

WHVW� SURYLGLQJ WKH QHFHVVDU\ I��� RXWSXW� 8QIRUWXQDWHO\� GLIILFXOWLHV ZHUH HQFRXQWHUHG GXULQJ PDQXIDFWXUH RI WKH FXVWRP


0RGHO 1< �����%� ,PDJLQJ DQG 6HQVLQJ 7HFKQRORJ\� ��� :HVWLQJKRXVH &LUFOH� +RUVHKHDGV� 1< �����

Support table
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translation stages
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Rotary table

)LJXUH � &ROOLPDWRU &RDOLJQPHQW



ODPSV GXH WR WKH SUR[LPLW\ RI WKH KHDW�SURGXFLQJ FDWKRGH WR WKH VHDODQW DW WKH ZLQGRZ ERQGOLQH� 7KUHH FXVWRP ODPSV ZHUH

GHOLYHUHG LQ WLPH IRU WKH WHVW �RQH RI ZKLFK ZDV GDPDJHG GXULQJ WUDQVSRUW WR *6)& IRU LQVWDOODWLRQ �� WKUHH PRUH ZHUH

GHOLYHUHG WRR ODWH WR EH WHVWHG DQG LQVWDOOHG�� :H GHFLGHG WR XVH FXVWRP ODPSV RQ WKH WZR 6L& FKDQQHOV DQG VWDQGDUG ODPSV

RQ WKH WZR /L) FKDQQHOV� 7R FRPSHQVDWH IRU WKH VLJQLILFDQW XQGHUILOOLQJ RI WKH FROOLPDWRU SXSLO RQ WKH /L) FKDQQHOV�

TXDGUXSOH SLQKROH DSHUWXUHV ZHUH GHVLJQHG DQG IDEULFDWHG VXFK WKDW WKH RXWSXW EHDP IURP HDFK SLQKROH ZDV GLUHFWHG LQWR D

GLIIHUHQW SRUWLRQ RI WKH SXSLO� /LJKW IURP RQO\ RQH SLQKROH FRXOG EH GLUHFWHG LQWR WKH VSHFWURJUDSK VOLW DW DQ\ JLYHQ WLPH�

KRZHYHU� E\ FR�DGGLQJ VSHFWUD IURP DOO IRXU SLQKROHV� UHDVRQDEO\ JRRG FRYHUDJH RI WKH IXOO DSHUWXUH ZDV REWDLQHG�
�
7KH

PXOWLSOH SLQKROH VRXUFHV FRXOG EH LPDJHG VLPXOWDQHRXVO\ E\ WKH YLVLEOH�OLJKW )(6 FDPHUDV� ZKLFK ZDV EHQHILFLDO LQ WHVWLQJ

WKLV V\VWHP�

7KH RXWSXW RI HDFK ODPS ZDV FKDUDFWHUL]HG DW -+8 SULRU WR WKH WHVW ZLWK D V\VWHP GHVLJQHG WR FDOLEUDWH YDFXXP�89 OLJKW

VRXFHV� 'LIILFXOWLHV ZLWK WKH GHWHFWRU FDOLEUDWLRQ SUHFOXGHG DQ DFFXUDWH GHWHUPLQDWLRQ RI WKH VSHFWUDO RXWSXW RI HDFK ODPS�

EXW YDOXDEOH GDWD ZHUH REWDLQHG� $ ��� PP SLQKROH ZDV XVHG LQ IURQW RI WKH ODPSV� RWKHU WKDQ WKLV WKH ODPS KRXVLQJ ZDV

LGHQWLFDO WR WKDW XVHG IRU WKH 2(7(7� 7KH ODPS FKDUDFWHUL]DWLRQ DFFRPSOLVKHG VHYHUDO JRDOV�

�� ([HUFLVH WKH ODPSV XQGHU YDFXXP LQ DFWXDO WHVW FRQILJXUDWLRQ�

�� &RQILUP ODPS RXWSXW GRZQ WR WKH /L) ZLQGRZ FXWRII DW ����� QP�

�� 3URYLGH D URXJK HVWLPDWH RI H[SHFWHG FRXQW UDWHV GXULQJ 2(7(7�

7KH FRXQW UDWH HVWLPDWHV PDWFKHG WKH REVHUYHG UDWHV WR DERXW ���� $IWHU WKH WHVW� XVLQJ WKLV GDWD� D URXJK LQVWUXPHQW

HIILFLHQF\ ZDV GHWHUPLQHG IRU HDFK FKDQQHO ZKLFK PDWFKHG ZHOO ZLWK WKH QXPEHUV GHULYHG IURP FRPSRQHQW�OHYHO

PHDVXUHPHQWV�
�

7KH PDMRU SUREOHP ZH HQFRXQWHUHG ZLWK WKH WHVW KDUGZDUH ZDV WKH IDLOXUH RI VHYHUDO ODPSV� 2QH RI WKH 6L& FKDQQHO ODPSV

�D FXVWRP ODPS� GLHG DIWHU D IHZ KRXUV RI UXQWLPH GXULQJ WKH WHVW� 2QO\ DQ LQLWLDO FROOLPDWRU IRFXV UXQ KDG EHHQ FRPSOHWHG

RQ WKLV FKDQQHO ZKHQ WKH IDLOXUH RFFXUUHG� EXW HQRXJK WR KDYH VHHQ D VSHFWUXP RQ WKH GHWHFWRU� 7KH VHFRQG FXVWRP ODPS�

RQ WKH RWKHU 6L& FKDQQHO� RSHUDWHG IRU PDQ\ KRXUV WKURXJKRXW WKH ILUVW VHJPHQW RI WKH WHVW� EXW IDLOHG WR WXUQ RQ DIWHU

EDFNILOOLQJ WKH FKDPEHU DIWHU WKH ILUVW GDWD UXQ� 2XU SODQ ZDV WR UHSODFH WKH WZR IDLOHG ODPSV GXULQJ WKH FKDPEHU EUHDN�

KRZHYHU� RI WKH WKUHH FXVWRP ODPSV ZH KDG LQ KDQG� WZR GLHG GXULQJ D TXLFN YDFXXP FKHFNRXW DW -+8 DQG WKH WKLUG IDLOHG

WR WXUQ RQ DW DOO� 7KLV OHIW XV QR FKRLFH EXW WR LQVWDOO WZR VWDQGDUG ODPSV ZKLFK GLG VXUYLYH D TXLFN YDFXXP FKHFNRXW�

8QIRUWXQDWHO\� RQH RI WKHVH IDLOHG WR WXUQ RQ DIWHU WKH VHFRQG FKDPEHU SXPSGRZQ� IRUWXQDWHO\� LW ZDV QRW RQ WKH 6L& FKDQQHO

ZKLFK KDG VXIIHUHG WKH ILUVW ODPS IDLOXUH HDUO\ RQ�

�� &2//,0$725 3(5)250$1&(

7KH LPDJLQJ SHUIRUPDQFH RI HDFK FROOLPDWRU�IOLJKW PLUURU SDLULQJ ZDV PHDVXUHG E\ SURGXFLQJ NQLIH HGJH GLVWULEXWLRQV

�.('� LQ ; DQG < E\ VFDQQLQJ WKH HGJH RI RQH RI WKH ODUJHU VSHFWURJUDSK VOLWV DFURVV WKH VSRW� 7KH QHJDWLYH GHULYDWLYH RI

WKH .(' LV WKH OLQH VSUHDG IXQFWLRQ �/6)�� ZKLFK LV D RQH�GLPHQVLRQDO FXW WKURXJK WKH FRQYROXWLRQ RI WKH VSRW ZLWK D OLQH

VRXUFH� 7KH /6) LQ ; DOORZV D PHDVXUHPHQW RI VOLW WUDQVPLVVLRQ� 7KH /6)V LQ ; DQG < JLYH DQ LQGLFDWLRQ RI VSRW ZLGWK

DQG VWUXFWXUH� (QVOLWWHG HQHUJ\ GLVWULEXWLRQV ZHUH DOVR SURGXFHG E\ VFDQQLQJ WKH QDUURZ VSHFWURJUDSK VOLW DFURVV WKH VSRW LQ

;�

7KH REVHUYHG )89 /6)V IRU WKH 6L&� )86( FKDQQHO LQ ; DQG < DUH GLVSOD\HG LQ )LJXUH �� 7KH HVWLPDWHG IOLJKW PLUURU

FRQWULEXWLRQ WR HDFK /6) LV DOVR VKRZQ� 7KH VXE�DSHUWXUHG IOLJKW PLUURU
V FRQWULEXWLRQ WR WKHVH /6)V ZDV PRGHOHG ZLWK WKH

2SWLFDO 6XUIDFH $QDO\VLV &RGH �26$&��
�
DVVXPLQJ HDFK IOLJKW PLUURU KDV VXUIDFH HUURU FKDUDFWHULVWLFV VLPLODU WR WKH IOLJKW

VSDUH�
��

:H HVWLPDWHG WKH ):+0 RI WKH FROOLPDWRU©V FRQWULEXWLRQ WR WKH REVHUYHG VSRW E\ ILWWLQJ D *DXVVLDQ WR WKH 26$&

IOLJKW PLUURU FRQWULEXWLRQ DQG WR WKH /6) GDWD DQG VXEWUDFWLQJ LQ TXDGUDWXUH� ):+0FROOLPDWRU ��):+0GDWD

�
� ):+026$&

�
��

7KLV ):+0FROOLPDWRU LV OLVWHG LQ )LJXUH � DQG JLYHQ IRU HDFK FROOLPDWRU LQ 7DEOH ��

$V LV REYLRXV IURP )LJXUH �� WKH VSRW VL]H LV GRPLQDWHG E\ WKH )89 FROOLPDWRU 36)� V\VWHP PLVDOLJQPHQW DQG GHIRFXV�

DQG�RU WKH ILQLWH VL]H RI DQG QRQ�XQLIRUP EULJKWQHVV GLVWULEXWLRQ ZLWKLQ WKH VOLW VRXUFH DW WKH FROOLPDWRU IRFXV� 7KH

XQFHUWDLQW\ LQ IRFXV LV DSSUR[LPDWHO\ ��� ��� PP IRU WKH I��� 6L& DQG ��� � PP IRU WKH I��� /L) FKDQQHOV� 7KH XQGHU�ILOOHG

HQWUDQFH SXSLO� XQFHUWDLQW\ LQ WKH ORFDWLRQ RI WKH EHDP RQ WKH IOLJKW PLUURU� DQG WKH VL]H RI WKH FROOLPDWRU 36) FDOOV LQWR



TXHVWLRQ DQ\ HVWLPDWH RI V\VWHP DOLJQPHQW EDVHG RQ VSRW VL]H� $SHUWXUH GLIIUDFWLRQ LV D QHJOLJLEOH FRQWULEXWLRQ WR VSRW

ZLGWK� JLYHQ WKH )89 ZDYHOHQJWKV RI LQWHUHVW DQG WKH REVHUYHG VSRW VL]H�

7KH /6)V GLVSOD\HG LQ )LJXUH � DQG WKH ZLGWKV JLYHQ LQ 7DEOH � UHSUHVHQW ORZHU OLPLWV RQ WKH ZLGWK RI WKH FROOLPDWRU 36) LQ

WKH )89� 7KH FROOLPDWRUV ZHUH PDGH WR D 506 ILJXUH HUURU RI ����� O �O ����� QP�� EXW QR VSHFLILFDWLRQ ZDV JLYHQ IRU

PLG�IUHTXHQF\ DQG PLFURURXJKQHVV HUURUV� ZKLFK DUH LPSRUWDQW WR )89 LPDJLQJ SHUIRUPDQFH�
��

)XUWKHUPRUH� WKH KLJK I�

QXPEHUV IRU WKH WHVW LPSO\ WKDW WKH HIIHFW RI ILJXUH HUURU RQ VSRW VL]H LV SUREDEO\ VPDOO� 7KH GDWD SUHVHQWHG KHUH DUH OLPLWV

RQ WKH )89 VFDWWHU FRPSRQHQW WR WKH FROOLPDWRU 36) �VPDOO�VFDOH VXUIDFH HUURU LV ZHOO�VDPSOHG HYHQ E\ WKH WLJKW EHDP�� VHW

E\ WKH RWKHU SRWHQWLDO VRXUFHV RI EURDGHQLQJ PHQWLRQHG DERYH�

$ SRWHQWLDOO\ LPSRUWDQW FRQWULEXWLRQ WR WKH HUURU LQ WKHVH PHDVXUHPHQWV DURVH IURP WKH RVFLOODWLRQ RI WKH VSRW LQ WKH IRFDO

SODQH� FDXVHG E\ FKDQJLQJ WKHUPDO JUDGLHQWV DFURVV WKH DOXPLQXP FROOLPDWRU WXEHV IURP WKH WKHUPDO FRQWURO F\FOLQJ� 7KH

RVFLOODWLRQ KDG D a�� VHF� SHULRG ZLWK DQ DQJXODU DPSOLWXGH RI a� DUFVHFRQG LQ ; DQG <� )RU D JLYHQ NQLIH HGJH RU VOLW

SRVLWLRQ GXULQJ DQ LPDJLQJ WHVW� WKLV FDXVHG WKH VLJQDO WR YDU\ E\ DV PXFK DV D IDFWRU RI � RYHU WKH FRXUVH RI RQH SHULRG DV

WKH VSRW PRYHG DFURVV WKH RFFXOWLQJ HGJH�V�� +RZHYHU� WKH RVFLOODWLRQV ZHUH ZHOO�VDPSOHG IRU HDFK NQLIH HGJH�VOLW GZHOO

SRVLWLRQ ������� �� VHF� LQWHJUDWLRQV�� 7KLV IDFLOLWDWHG WKH VWUDLJKWIRUZDUG UHPRYDO RI WKH RVFLOODWLRQ DQG WKH FDOFXODWLRQ RI

DQ DYHUDJH VLJQDO IRU HDFK GZHOO SRVLWLRQ YLD D ZHLJKWHG OHDVW VTXDUHV VLQH ILW WR WKH UDZ GDWD� 7KH HUURU LQ WKH HVWLPDWH RI

WKLV DYHUDJH VLJQDO ZDV RI RUGHU WKH HUURU H[SHFWHG IURP SKRWRQ VWDWLVWLFV IRU D W\SLFDO LQWHJUDWLRQ�

,PDJLQJ GDWD ZHUH DOVR REWDLQHG ODWHU LQ WKH 2(7(7 �DIWHU WKH FXVWRP ODPSV RQ WKH 6L& FKDQQHOV ZHUH UHSODFHG ZLWK

VWDQGDUG ODPSV�� DIWHU DQ DWWHPSW ZDV PDGH WR HOLPLQDWH WKLV RVFLOODWLRQ E\ FKDQJLQJ WKH SHULRG RI FROOLPDWRU WXEH KHDWHU

DFWLYDWLRQ� 7KLV OHQJWKHQHG WKH SHULRG RI WKH RVFLOODWLRQ FRQVLGHUDEO\� EXW GLG QRW VLJQLILFDQWO\ FKDQJH LWV DPSOLWXGH� 7KH

RVFLOODWLRQV ZHUH WKXV XQGHU�VDPSOHG DQG GLIILFXOW WR ILW� VR WKHVH GDWD ZHUH QRW UHGXFHG�

$QRWKHU V\VWHPDWLF HIIHFW ZDV WKH IUHTXHQW �GRXEOH�ELQQLQJ� RI WKH FRXQWV IURP DGMDFHQW �� VHF� LQWHJUDWLRQV� D IHDWXUH RI

WKH 2(7(7 HOHFWULFDO JURXQG VXSSRUW HTXLSPHQW � )RU H[DPSOH� D JLYHQ VHW RI WKUHH LQWHJUDWLRQV PLJKW \LHOG �� FRXQWV LQ

�� VHF�� WKHQ �� WKHQ ��� FRXQWV� 7KHVH VXGGHQ FKDQJHV LQ WKH GHWHFWRU VLJQDO ZHUH QXPHURXV� EXW XVXDOO\ GLIILFXOW WR

LGHQWLI\� JLYHQ WKH FRQIXVLRQ RI SKRWRQ QRLVH DQG WKH VRXUFH RVFLOODWLRQ� 7KLV HIIHFW ZDV JHQHUDOO\ WKHUHIRUH QRW UHPRYHG

IURP WKH /6) GDWD DQG FRQWULEXWH VLJQLILFDQWO\ WR WKH HUURU EDUV VKRZQ LQ )LJXUH ��

7DEOH �� &ROOLPDWRU )89 6FDWWHU 6SRW ):+0 �$UFVHFRQGV�

&KDQQHO 6L&� /L)� 6L&� /L)�

):+0 ; ��� ��� ��� ���

):+0 < ��� ��� ��� ���



�� 2(7(7 7(67 $&7,9,7,(6

$1' )/2:

���� /RFDWLQJ WKH LPDJHV

7KH /L) FKDQQHOV RI )86( DUH HDFK

HTXLSSHG ZLWK D )(6� ZKLFK DUH HDFK

HTXLYDOHQW WR VOLW�MDZ FDPHUDV�

$OLJQPHQW RI WKH LPDJH WR WKH VOLW IRU

WKHVH WZR FKDQQHOV ZDV VLPSO\ D PDWWHU

RI JXLGLQJ WKH LPDJH LQWR WKH NQRZQ

ORFDWLRQ RI WKH VOLW LQ WKH )(6 ILHOG RI

YLHZ� :H HPSOR\HG D VSLUDO VHDUFK IRU

WKH 6L& FKDQQHOV� 7KLV PHWKRG ZDV

PXFK WKH VDPH DV ZH LQWHQG WR XVH LQ

IOLJKW� ZLWK WKH H[FHSWLRQ WKDW WKH PRWLRQ

RI WKH FROOLPDWRU OLJKW VRXUFH VXEVWLWXWHG

IRU PRWLRQ RI WKH VDWHOOLWH� 2QH VRXUFH

ZDV IRXQG RQ WKH VHFRQG VSLUDO �a��

DUFVHFRQGV UDGLDOO\ IURP VWDUWLQJ

SRVLWLRQ�� DQG WKH RWKHU RQ WKH ILIWK

�a��� DUFVHFRQGV UDGLDOO\ IURP VWDUWLQJ

SRVLWLRQ��

���� )RFXVLQJ WKH FROOLPDWRUV

$V ZH IHOW ZH ZRXOG EH XQDEOH WR GHFRXSOH WKH IRFXV RI WKH FROOLPDWRUV IURP WKDW RI WKH IOLJKW PLUURUV� ZH GHFLGHG SULRU WR

WKH WHVW WR DVVXPH WKDW DQ\ GHIRFXV RFFXUUHG LQ WKH FROOLPDWRUV� )RFXV ZDV GHWHUPLQHG E\ VFDQQLQJ WKH LPDJH ZLWK D

VSHFWURJUDSK VOLW DQG UHFRUGLQJ FRXQW UDWH DV D IXQFWLRQ RI VOLW SRVLWLRQ� SURGXFLQJ .(' DQG /6) GDWD �6HFWLRQ ���

&ROOLPDWRU IRFXV ZDV DGMXVWHG� DQG WKH VFDQ UHSHDWHG� $V WKH EHDP VSHHG ZDV YHU\ VORZ �6HFWLRQ ��� ZH IRXQG WKH GHSWK RI

IRFXV WR EH YHU\ ODUJH� HVSHFLDOO\ RQ WKH FKDQQHOV HTXLSSHG ZLWK WKH VWDQGDUG ODPSV� 'HSWK RI IRFXV IRU WKH VWDQGDUG ODPS

FKDQQHOV ZDV DSSUR[LPDWHO\ � PP DW WKH FROOLPDWRU� DQG IRU WKH FXVWRP ODPSV DERXW ��� PP� 7KH FROOLPDWRUV ZHUH VHW WR

WKHLU PHDVXUHG EHVW IRFXV� DQG OHIW WKHUH WKURXJK WKH UHPDLQGHU RI WKH YDFXXP WHVW� $IWHU IRFXVLQJ� LPDJLQJ GDWD ZHUH

JDWKHUHG IRU HDFK FKDQQHO DV GHVFULEHG LQ 6HFWLRQ ��

$IWHU WKH YDFXXP SRUWLRQ RI WKH 2(7(7� WHVWLQJ RI WKH YLVLEOH OLJKW V\VWHP UHYHDOHG D PLVPDWFK EHWZHHQ WKH )89 DQG

YLVLEOH OLJKW IRFL� $IWHU VLJQLILFDQW LQYHVWLJDWLRQ� LW ZDV IRXQG WKDW WKH IRFXV RI WKH FROOLPDWRUV YDULHG DERXW � PP EHWZHHQ

YDFXXP DQG DPELHQW WHPSHUDWXUHV� 7KLV ZDV RI WKH FRUUHFW VLJQ DQG PDJQLWXGH WR H[SODLQ WKH DSSDUHQW PLVPDWFK�

���� )RFXVLQJ WKH VSHFWURJUDSK

6SHFWURJUDSK IRFXV ZDV GHWHUPLQHG WZR ZD\V� ERWK RI ZKLFK DUH LQWHQGHG WR EH HPSOR\HG GXULQJ RQ�RUELW RSHUDWLRQV� 7KH

ILUVW PHWKRG ZDV ¦VOLW�OHVV�§ 7KH VSHFWURJUDSK©V ��[�� DUFVHFRQG VOLW ZDV XVHG� DV WR QRW REVWUXFW WKH EHDP GXULQJ WKH

IRFXVLQJ� 7KH IOLJKW PLUURU DFWXDWRUV ZHUH XVHG WR YDU\ WKH GLVWDQFH EHWZHHQ PLUURUV DQG JUDWLQJV XQWLO WKH VSHFWUDO IHDWXUHV

ZHUH QDUURZHVW� 7KLV PHWKRG RQO\ ZRUNHG ZHOO RQ WKH FKDQQHO HTXLSSHG ZLWK FXVWRP ODPSV� WKH UHVXOW RI GHSWK RI IRFXV

LVVXHV�

7KH VHFRQG PHWKRG SURMHFWHG OLJKW WKURXJK WKH ����[�� DUFVHFRQG VSHFWURJUDSK VOLWV� DQG XVHG WKH IOLJKW PRWLRQV RI ERWK WKH

VOLWV DQG PLUURUV WR DGMXVW PLUURU WR JUDWLQJ GLVWDQFH� )RU WKH VWDQGDUG ODPS FKDQQHOV� PXOWLSOH ODPS SLQKROH DSHUWXUHV ZHUH

XVHG WR LOOXPLQDWH GLIIHUHQW SODFHV RQ WKH PLUURUV� DQG IRFXV DGMXVWPHQWV ZHUH PDGH XQWLO WKH VDPH VSHFWUDO IHDWXUHV IURP

EHDPV KLWWLQJ GLIIHUHQW SDUWV RI WKH )86( HQWUDQFH SXSLO ZHUH PDGH WR RYHUODS RQ WKH GHWHFWRU LQ WKH GLVSHUVLRQ GLUHFWLRQ�

7KLV PHWKRG ZDV DOVR IRXQG WR ZRUN ZHOO� %RWK IRFXVLQJ PHWKRGV DUH SODQQHG IRU LQ�IOLJKW VSHFWURJUDSK IRFXVLQJ� DQG DUH

H[SHFWHG WR JLYH WKH VDPH UHVXOW�

)LJXUH �� ; DQG < /6)V DVVRFLDWHG ZLWK WKH 6L&� )86( FKDQQHO �FXVWRP ODPSV� IURP

NQLIH HGJH GDWD REWDLQHG GXULQJ WKH 2(7(7 �WULDQJOHV�� WKH 26$& PRGHO SUHGLFWLRQ IRU

WKH FRQWULEXWLRQ RI WKH IOLJKW PLUURU WR WKH /6) �GDVKHG OLQH�� DQG WKH HVWLPDWHG �UHVLGXDO�

FRQWULEXWLRQ IURP WKH 6L&� FROOLPDWRU �VROLG OLQH�� $OVR OLVWHG LV WKH ):+0 RI WKH

FROOLPDWRU FRQWULEXWLRQ�



��� 2WKHU FKDUDFWHUL]DWLRQ WHVWV

2WKHU 89 FKDUDFWHUL]DWLRQ WHVWV LQFOXGHG PHDVXUHPHQWV RI VSHFWURJUDSK VOLW WUDQVPLVVLRQ� D URXJK HVWLPDWH RI V\VWHP

HIILFLHQF\� DQG GHWHFWRU WKHUPDO VWDELOLW\� 5DWLRV RI HQHUJ\ WUDQVPLWWHG WKURXJK HDFK VSHFWURJUDSK VOLW ZHUH XVHG WR JHQHUDWH

VRPH ZHDN YHULILFDWLRQ RI LPDJLQJ SHUIRUPDQFH �PLG�IUHTXHQF\ VFDWWHU ZRXOG QRW EH DIIHFWHG E\ RXU OLPLWHG EHDP VSHHG�

6HFWLRQ ��� 6\VWHP HIILFLHQF\ ZDV GHWHUPLQHG YLD WKH FDOLEUDWLRQ RI ODPS DQG SLQKROH )89 RXWSXW� FRPELQHG ZLWK WKH

PHDVXUHG UHIOHFWLYLW\ RI FROOLPDWRU ZLWQHVV PLUURUV� :KLOH WKLV W\SH RI PHDVXUHPHQW QHFHVVDULO\ KDV YHU\ ODUJH HUURUV� RXU

JRDO ZDV WR HVWDEOLVK WKDW )86( GLG QRW KDYH DQ\ SUREOHPV VHYHUH HQRXJK WR FDXVH D JUHDW ORVV RI VFLHQFH UHWXUQ� 6\VWHP

WKHUPDO VWDELOLW\ ZDV WHVWHG E\ YDU\LQJ LQVWUXPHQW WHPSHUDWXUHV ZKLOH PRQLWRULQJ RSWLFDO SHUIRUPDQFH� :H ZHUH QRW DEOH

WR FRQFOXVLYHO\ VKRZ FRDOLJQPHQW VWDELOLW\ GXULQJ WHPSHUDWXUH FKDQJH� DV FROOLPDWRU�WR�)86( PLUURU DOLJQPHQW YDULHG ZLWK

WHPSHUDWXUH �6HFWLRQ ���

��� 6XSSRUW IRU IOLJKW VLPXODWLRQ WHVWLQJ

2QH RI WKH PRVW LPSRUWDQW VHUYLFHV WKH RSWLFDO VWLPXODWLRQ V\VWHP SURYLGHG ZDV D ¦VWDU ILHOG§ RI YLVLEOH DQG )89 VRXUFHV IRU

IOLJKW VLPXODWLRQ WHVWLQJ� 7KHVH FRQVLVWHG SULPDULO\ RI WZR W\SHV� ¦RUELWV§ WHVWV DQG PLVVLRQ VLPXODWLRQV� 2UELWV WHVWLQJ ZDV

SULPDULO\ IRU WKH DWWLWXGH FRQWURO V\VWHP RI WKH )86( VDWHOOLWH� 6RXUFHV ZHUH PRYHG LQ DQG RXW RI WKH VSHFWURJUDSK VOLWV� DQG

DURXQG WKH ILHOG RI YLHZ RI WKH )(6 LQ RUGHU WR VLPXODWH DFTXLULQJ WDUJHWV LQ�IOLJKW� 0LVVLRQ VLPXODWLRQV ZHUH LQWHQGHG WR

H[HUFLVH WKH V\VWHP E\ IXOO\ LPLWDWLQJ RUELW DFWLYLWLHV� LQFOXGLQJ XVH RI WKH PLVVLRQ RSHUDWLRQV FHQWHU DW 7KH -RKQV +RSNLQV

8QLYHUVLW\�

��� 7HVW IORZ

2XU WHVW IORZ ZDV EURNHQ XS RYHU DSSUR[LPDWHO\ � ZHHNV RI YDFXXP RSHUDWLRQV� :KLOH WKH RUGHU RI WHVWLQJ YHU\ URXJKO\

IROORZHG WKH OLVWLQJ DERYH� LW ZDV LQWHUVSHUVHG ZLWK RWKHU� QRQ�RSWLFDO WHVWLQJ� $SSUR[LPDWHO\ RQH�WKLUG RI WKH WRWDO WLPH

VSHQW XQGHU YDFXXP ZDV GHYRWHG WR RSWLFDO WHVWLQJ� ZKLOH DQRWKHU WKLUG ZDV GHYRWHG WR IOLJKW VLPXODWLRQ�



�� &21&/86,21

:KLOH WKH WHVW VXIIHUHG IURP VHYHUH ZHDNQHVVHV� SULPDULO\ DV D UHVXOW RI XVLQJ ODPSV QRW PDWFKHG WR RXU V\VWHP� ZH

JHQHUDOO\ FRQVLGHU WKH 2(7(7 WR EH KLJKO\ VXFFHVVIXO� $V D UHVXOW RI WKH WHVW� DQ RSWR�PHFKDQLFDO SUREOHP FDXVHG E\ WKH

LQVWUXPHQW VHFRQGDU\ PHFKDQLFDO VWUXFWXUH©V FRXSOLQJ WR WKH RSWLFDO EHQFK ZDV XQFRYHUHG� 7KLV FRXSOLQJ VLJQLILFDQWO\

GHIRFXVHG WKH VSHFWURJUDSK� DQG WUDQVODWHG WKH VSHFWUD LQ WKH FURVV�GLVSHUVLRQ GLUHFWLRQ� 7KH PHFKDQLFDO HQJLQHHULQJ WHDP

LPSOHPHQWHG D IL[ GXULQJ D EUHDN LQ YDFXXP WHVWLQJ� DQG DGGLWLRQDO YDFXXP )89 WHVWLQJ YHULILHG LWV VXFFHVV� 7KLV SUREOHP

ZRXOG KDYH VHYHUHO\ FRPSURPLVHG WKH VFLHQFH UHWXUQ RI WKH )86( PLVVLRQ LI OHIW XQGHWHFWHG� 7KLV UHVXOW DORQH ZDV ZRUWK

WKH LQYHVWPHQW SXW LQWR WKH 2(7(7�

$GGLWLRQDOO\� ZH VXFFHVVIXOO\ VKRZHG�

x )86( V\VWHP HIILFLHQF\ ZDV DSSUR[LPDWHO\ ZKDW ZH H[SHFWHG IURP FRPSRQHQW OHYHO WHVWLQJ�

x 6SHFWUDO UHVROXWLRQ ZDV FRQVLVWHQW ZLWK WKDW PHDVXUHG GXULQJ VSHFWURJUDSK RSWLFDO WHVWLQJ DW WKH 8QLYHUVLW\ RI

&RORUDGR���

x 2XU PHWKRGV IRU RQ�RUELW IRFXVLQJ DQG DOLJQLQJ WKH LQVWUXPHQW DUH HIIHFWLYH�

x 7KH )89 GHWHFWRUV RSHUDWH LQ WKH V\VWHP XQGHU IOLJKW�OLNH FRQGLWLRQV�

:H ZHUH XQDEOH WR PHDVXUH V\VWHP LPDJLQJ SHUIRUPDQFH� :H ZLOO UHO\ RQ D FRPELQDWLRQ RI FRPSRQHQW OHYHO PHDVXUHPHQWV

DQG DQDO\VLV WR YHULI\ WKLV SHUIRUPDQFH UHTXLUHPHQW� 2WKHU ZHDN SRLQWV ZHUH WKH YHULILFDWLRQ RI WKH DELOLW\ RI )86( WR IRFXV

WR D VRXUFH DW LQILQLW\ XVLQJ WKH IOLJKW DFWXDWRUV DQG GHPRQVWUDWLRQ RI PDLQWDLQLQJ FRDOLJQPHQW GXULQJ WHPSHUDWXUH FKDQJH�

6RPH OHVVRQV OHDUQHG DUH GHVFULEHG EHORZ�

���� 6FKHGXOH

$V LV XVXDO GXULQJ WKHUPDO YDFXXP WHVWLQJ� RSHUDWLRQV ZHUH FRQGXFWHG �� KRXUV D GD\� � GD\V D ZHHN� 7KH RSWLFDO SRUWLRQ

RI WKH SUH�WHVW VFKHGXOH ZDV DERXW �� GD\V RI WKH �� GD\V VFKHGXOHG XQGHU YDFXXP� $V UXQ� RSWLFDO WHVWLQJ ZDV

DSSUR[LPDWHO\ �� GD\V RI WKH WRWDO �� GD\V XQGHU YDFXXP�

��� &RVW

7KH FRVW RI GHYHORSLQJ WKH UHTXLUHG KDUGZDUH IRU WKLV DFWLYLW\ ZDV VLJQLILFDQWO\ KLJKHU WKDQ RULJLQDOO\ EXGJHWHG ��� YHU\

DSSUR[LPDWHO\ GRXEOH� 7KLV ZDV FDXVHG E\ FRQWLQXDO LQFUHDVH LQ WKH FRPSOH[LW\ RI WKH FROOLPDWRU V\VWHP� EURXJKW RQ E\

SUREOHPV HQFRXQWHUHG GXULQJ WKH GHVLJQ DQG IDEULFDWLRQ SURFHVV� 'XULQJ WKH FRVW HVWLPDWLRQ SURFHVV� ZH VHYHUHO\

RYHUVLPSOLILHG WKH V\VWHP�

��� 3URFHGXUH

$ YHU\ GHWDLOHG SURFHGXUH ZDV GHYHORSHG LQ DGYDQFH RI WKH 2(7(7��� 3URGXFLQJ WKLV SURFHGXUH ZDV FULWLFDO WR

FRPPXQLFDWLQJ WKH PHWKRGV WR EH HPSOR\HG WR WKH ZLGH YDULHW\ RI SHUVRQQHO VXSSRUWLQJ WKH WHVW� 'XULQJ WKH WHVW LWVHOI�

UHFRUG NHHSLQJ ZDV JHQHUDOO\ GRQH XVLQJ ODERUDWRU\ QRWHERRNV� 7KLV ZDV PRUH DSSURSULDWH WKDQ XVLQJ WKH SURFHGXUH� DV WKH

PHWKRGV ZHUH FRQWLQXDOO\ UHILQHG� DQG FHUWDLQ VWHSV UHSHDWHG PXOWLSOH WLPHV�

��� (UURUV 0DGH

$ QXPEHU RI HUURUV ZHUH PDGH RQ RXU SDUW ZKLFK ZHUH� LQ JHQHUDO WUDFHDEOH WR HDUO\ RYHUVLPSOLILFDWLRQV DQG DVVXPSWLRQV�

7KH WKUHH PRVW JODULQJ HUURUV ZHUH QRW PDWFKLQJ WKH ODPSV WR RXU RSWLFDO V\VWHP� QRW PDNLQJ HQRXJK HIIRUW WR IRFXV WKH

FROOLPDWRUV LQ DGYDQFH RI WKH WHVW� DQG QRW GHVLJQLQJ WKH WHVW DGHTXDWHO\ WR PRQLWRU FRDOLJQPHQW PRWLRQV RI WKH LQVWUXPHQW

GXULQJ VLPXODWHG RUELWDO WKHUPDO FKDQJHV� 7KH ILUVW WZR HUURUV� ZKLOH GLVFRYHUHG SULRU WR WKH DFWXDO WHVW� ZHUH QRW FRUUHFWHG

SULPDULO\ IRU SHUFHLYHG VFKHGXOH OLPLWDWLRQ UHDVRQV� ,Q KLQGVLJKW� WKH DFWXDO WHVW RFFXUUHG ODWHU LQ WLPH WKDQ H[SHFWHG� DQG

WKLV FRXOG KDYH DOORZHG WLPH WR FRUUHFW ERWK RI WKHVH SUREOHPV�



2XU OHDUQLQJ FXUYH GXULQJ WKLV DFWLYLW\ ZDV YHU\ VWHHS� FDXVHG E\ ERWK UXQQLQJ WHVWV WKDW FRXOG QRW EH VLPXODWHG LQ DGYDQFH�

DQG ODFN RI H[SHULHQFH ZLWK DOO DVSHFWV RI WKH VDWHOOLWH RSHUDWLRQV� 7KLV ZDV WKH ILUVW RSSRUWXQLW\ WR RSHUDWH WKH VDWHOOLWH LQ D

¦IOLJKW OLNH§ PDQQHU�

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

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

IRU $VWURSK\VLFDO 6FLHQFHV DW 7KH -RKQV +RSNLQV 8QLYHUVLW\� 7KH DXWKRUV ZRXOG OLNH WR WKDQN -RUGDQ (YDQV� 7LP +RUQHU�

-RH 2UQGRUII� 7RP 5HHYHV� 9LFNL 5REHUWV� /RXLV :RUUHO� -XG\ <LHQJHU� DQG WKH )86( HOHFWULFDO WHVW WHDP IRU WKHLU VXSSRUW

RI WKLV ZRUN� :H DOVR JUDWHIXOO\ DFNQRZOHGJH 'U� 7LPR 6DKD RI 1$6$�*RGGDUG 6SDFH )OLJKW &HQWHU IRU WKH 26$&
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