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 JO
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.BSZ "EKFJXBBI



ɨJT 1SPKFDU IBT CFFO QBSUJBMMZ GVOEFE CZ UIF 4DIMVNCFSHFS 'BDVMUZ GPS UIF 'VUVSF 'PVO�
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.FEJDBM 'BDVMUZ
 %FQBSUNFOU PG 3BEJBUJPO 4DJFODFT
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ɨJT XPSL JT QSPUFDUFE JO BDDPSEBODF XJUI UIF 4XFEJTI $PQZSJHIU MBX 	 "DU ��������

3FTQPOTJCMF QVCMJTIFS VOEFS 4XFEJTI -BX� %FBO PG UIF .FEJDBM 'BDVMUZ
'SPOU $PWFS TIPXT B TBHJUUBM 5� '4& .3* JNBHF BOE BO BYJBM B0 NBQ PG UIF BVUIPS
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%FEJDBUFE UP NZ LJET "XVSBB BOE /BOB XIP IBWF QBJE UIF QSJDF PG NZ EFDJTJPO



$POUFOUT

-JTU PG 0SJHJOBM 1BQFST WJJ

ɧF BVUIPS�T DPOUSJCVUJPOT JY

"CTUSBDU YJJJ

1PQVMÊSWFUFOTLBQMJH TBNNBOGBUUOJOH YW

"DLOPXMFEHFNFOUT YWJJ

� *OUSPEVDUJPO �
��� 3BEJPUIFSBQZ � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� 4UBHFT PG UIF SBEJPUIFSBQZ USFBUNFOU QSPDFTT � � � � � � � � � � �

����� 1SF�USFBUNFOU QMBOOJOH � � � � � � � � � � � � � � � � � �
����� 4JNVMBUJPO BOE QMBOOJOH � � � � � � � � � � � � � � � � �
����� %PTF EFMJWFSZ BOE UVNPS MPDBMJ[BUJPO � � � � � � � � � � �
����� 3FTQPOTF BTTFTTNFOU BOE GPMMPX VQ � � � � � � � � � � � �

��� .FEJDBM JNBHJOH TZTUFNT JO SBEJPUIFSBQZ � � � � � � � � � � � � �
����� $PNQVUFE 5PNPHSBQIZ 	$5
 � � � � � � � � � � � � � � �
����� 1PTJUSPO &NJTTJPO 5PNPHSBQIZ 	1&5
 BOE 4JOHMF�1IPUPO

&NJTTJPO $PNQVUFE 5PNPHSBQIZ 	41&$5
 � � � � � � �
����� .BHOFUJD 3FTPOBODF *NBHJOH 	.3*
 � � � � � � � � � � �

��� "JNT PG TUVEZ � � � � � � � � � � � � � � � � � � � � � � � � � � �

� ɧF 1IZTJDT PG .3* �
��� ɨF .3* 4ZTUFN � � � � � � � � � � � � � � � � � � � � � � � � � �

����� ɨF NBJO NBHOFU � � � � � � � � � � � � � � � � � � � � �
����� .BHOFUJD mFME HSBEJFOUT � � � � � � � � � � � � � � � � � �
����� 3BEJP�GSFRVFODZ DPJMT � � � � � � � � � � � � � � � � � � ��

��� .BHOFUJD SFTPOBODF � � � � � � � � � � � � � � � � � � � � � � � ��
��� .3 TJHOBM BOE JNBHF GPSNBUJPO � � � � � � � � � � � � � � � � � ��



��� 3FMBYBUJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� -POHJUVEJOBM SFMBYBUJPO PS T1 SFDPWFSZ � � � � � � � � � ��
����� 5SBOTWFSTF SFMBYBUJPO UJNF PS T2 EFDBZ � � � � � � � � � ��

��� 4QBUJBM MPDBMJ[BUJPO � � � � � � � � � � � � � � � � � � � � � � � � ��
����� 1VMTF TFRVFODFT � � � � � � � � � � � � � � � � � � � � � ��

��� *NBHF SFDPOTUSVDUJPO BOE L�TQBDF � � � � � � � � � � � � � � � � ��
��� *NBHF DPOUSBTU � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� .3* JO 3BEJPUIFSBQZ 5SFBUNFOU 1MBOOJOH ��
��� "CTPSCFE EPTF DBMDVMBUJPO XJUI .3 EBUB � � � � � � � � � � � � ��
��� 1BUJFOU QPTJUJPOJOH � � � � � � � � � � � � � � � � � � � � � � � � ��

� .3* HFPNFUSJD EJTUPSUJPOT ��
��� 4ZTUFN�SFMBUFE HFPNFUSJD EJTUPSUJPOT � � � � � � � � � � � � � � � ��

����� 4VCKFDU JOEFQFOEFOU B0 mFME JOIPNPHFOFJUZ EJTUPSUJPOT ��
����� (SBEJFOU OPO�MJOFBSJUZ EJTUPSUJPOT � � � � � � � � � � � � ��
����� $IBSBDUFSJ[JOH TZTUFN�SFMBUFE HFPNFUSJD EJTUPSUJPOT � � � ��

��� 1BUJFOU�SFMBUFE HFPNFUSJD EJTUPSUJPOT � � � � � � � � � � � � � � � ��
����� $IBSBDUFSJTJOH QBUJFOU�JOEVDFE TVTDFQUJCJMJUZ EJTUPSUJPOT ��

��� &ĊFDU PG EJTUPSUJPOT PO EFMJOFBUFE 35 TUSVDUVSFT � � � � � � � � � ��
��� $PODMVTJPOT GSPN HFPNFUSJD EJTUPSUJPO BTTFTTNFOUT � � � � � � � ��

� %PTJNFUSJD JNQBDU PG .3* HFPNFUSJD EJTUPSUJPOT ��

� 2VBMJUZ BTTVSBODF GPS .3* JO SBEJPUIFSBQZ ��
��� &YQMPSBUPSZ TVSWFZ PO .3* JO SBEJPUIFSBQZ RVBMJUZ BTTVSBODF 	2"
 ��
��� %FUFSNJOJOH PCKFDUJWF BDUJPO MJNJUT � � � � � � � � � � � � � � � ��
��� .3* JO SBEJPUIFSBQZ 2" TFOTJUJWJUZ VOEFS QSPWPLFE DPOEJUJPOT ��

� 4VNNBSZ PG 1BQFST ��
��� 1BQFS * � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 1BQFS ** � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 1BQFS *** � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 1BQFS *7 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� $PODMVTJPOT
 $MJOJDBM *NQMJDBUJPOT BOE 'VUVSF XPSLT ��

JJ



-JTU PG 'JHVSFT

��� ɧF SBEJPUIFSBQZ QSPDFTT� ɨF EJĊFSFOU TUBHFT PG SBEJPUIFSBQZ
BOE TPNF PG UIF DPSSFTQPOEJOH NFEJDBM JNBHJOH UFDIOJRVFT VTFE� �

��� *NBHJOH NPEBMJUJFT JO SBEJPUIFSBQZ� $5
 .3* BOE 1&5 BYJBM
JNBHFT GPS QSPTUBUF SBEJPUIFSBQZ USFBUNFOU QMBOOJOH� � � � � � � �

��� 'PSNBUJPO PG.3* TJHOBM� #FGPSF UIF 90o SBEJP�GSFRVFODZ 	3BEJP�
'SFRVFODZ 	3'

�FYDJUBUJPO QVMTF
 UIF OFU NBHOFUJ[BUJPO 	M0 �
Mz
 MJFT QBSBMMFM UP UIF NBJO NBHOFUJD mFME (a)� ɨF BQQMJDBUJPO
PG B 90o 3' FYDJUBUJPO QVMTF nJQT Mz JOUP UIF USBOTWFSTF QMBOF
(b)� )FSF
 UIF USBOTWFSTF NBHOFUJ[BUJPO 	Mxy
 SPUBUFT BSPVOE
UIF TUBUJD NBHOFUJD mFME
 HFOFSBUJOH B UJNF�WBSZJOH NBHOFUJD mFME
XIJDI QSPEVDFT B NFBTVSBCMF .BHOFUJD 3FTPOBODF 	.3
 TJHOBM�
"GUFS UIF 3' FYDJUBUJPO QVMTF (c)
 UIFSF JT B HSBEVBM MPTT PG FOFSHZ
BOE QIBTF DPIFSFODF MFBEJOH UP UIF SFDPWFSZ PG UIF MPOHJUVEJOBM
NBHOFUJ[BUJPO 	Mz
 BOE UIF EFDBZ PG UIF USBOTWFSTF NBHOFUJ[B�
UJPO 	Mxy
� � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 5JNF FWPMVUJPO PG /.7 BGUFS BO FYDJUBUJPO QVMTF� -POHJUVEJOBM
/.7 DPNQPOFOU SFDPWFSZ HPWFSOFE CZ UIF T1 SFMBYBUJPO UJNF
PDDVSSJOH BU UIF TBNF UJNF BT UIF EFDBZ PG UIF USBOTWFSTF /.7
DPNQPOFOU HPWFSOFE CZ UIF T2 SFMBYBUJPO UJNF� � � � � � � � � � ��

��� " TJNQMJmFE HSBEJFOU FDIP 	(3&
 QVMTF TFRVFODF EJBHSBN� ɨF
3' FYDJUBUJPO QVMTF DPNCJOFE XJUI UIF TMJDF TFMFDUJPO HSBEJFOU
	Gss
 TFMFDUJWFMZ FYDJUF UIF SFHJPO PG JOUFSFTU� "DDVNVMBUJPO PG
QIBTF TIJGUT BOE TQBUJBM MPDBMJ[BUJPO BSF BDIJFWFE XJUI UIF QIBTF
	GPE
 BOE GSFRVFODZ 	GFE
 FODPEJOH HSBEJFOUT� %FQIBTFE USBOT�
WFSTF NBHOFUJ[BUJPOT BSF SFGPDVTFE VTJOH BEEJUJPOBM HSBEJFOUT 	PVU�
MJOFE JO XIJUF
� .PEJmFE GSPN UIF CPPL �.3* GSPN 1JDUVSF UP 1SPUPO�
 3rd FEJUJPO <�>� � � � � � ��

JJJ



��� L�TQBDF USBKFDUPSZ� "GUFS 3' FYDJUBUJPO BOE CFGPSF BOZ HSBEJFOUT

BMM FODPEJOHT BSF BU UIF DFOUFS PG L�TQBDF (a)� "QQMZJOH UIF EF�
QIBTFE GFE XJUI UIF NBYJNVN OFHBUJWF GPE NPWFT BMM EBUB UP
QPJOU (b) XIFSF UIF SFBE�PVU GFE NPWFT UIFN BMPOH B MJOF PG
Kfe
 GSPN b UP d� ɨF QFBL PG UIF FDIP PDDVST BU (c)� "U UIF OFYU
SFQFUJUJPO UJNF 	53
 PS FYDJUBUJPO
 GPE NPWFT TBNQMJOH UP (e)
BOE UIF TBNQMJOH QSPDFTT JT SFQFBUFE� .PEJmFE GSPN UIF CPPL �.3* GSPN 1JDUVSF UP

1SPUPO�
 3rd FEJUJPO <�>� � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� $POUSBTU JO .3 JNBHFT�(a) "YJBM T1� BOE (b) T2�XFJHIUFE .3

JNBHFT� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� .3 (FPNFUSJD EJTUPSUJPOT EVF UP OPOMJOFBS HSBEJFOUT� /POMJO�
FBSJUJFT JO HSBEJFOUT BMUFS UIF TQBUJBM MPDBUJPO PG .3 TJHOBMT� G(x)
JT UIF HSBEJFOU mFME TUSFOHUI � � � � � � � � � � � � � � � � � � � ��

��� .3(FPNFUSJD EJTUPSUJPOT� $PSPOBM TMJDFT GSPN $5 BOE UISFF EJ�
NFOTJPOBM HSBEJFOU OPO�MJOFBSJUZ DPSSFDUFE BOE VODPSSFDUFE .3
JNBHFT PG UIF 4QFDUSPOJD .FEJDBM "# (3"%& QIBOUPN� � � � � ��

��� 3FEVDJOH EJTUPSUJPOT XJUI HSBEJFOU OPO�MJOFBSJUZ DPSSFDUJPO BM�
HPSJUIN� 4DBUUFS QMPU PG NBSLFS EJTUPSUJPO TIJGUT BT B GVODUJPO PG
UIF SBEJBM EJTUBODF GSPN UIF TDBOOFS�T JTPDFOUFS XJUIPVU (a) BOE
XJUI (b) B UISFF�EJNFOTJPOBM HSBEJFOU OPO�MJOFBSJUZ DPSSFDUJPO GPS
B TQJO FDIP TFRVFODF VTJOH CBOEXJEUI PG 488Hz/pixel PO B 3 T
1&5�.3 TDBOOFS� � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 1BUJFOU�JOEVDFE mFME JOIPNPHFOFJUJFT� " QBUJFOU JO UIF .3*
TDBOOFS EJTUVSCT UIF NBJO NBHOFUJD mFME IPNPHFOFJUZ EVF UP EJG�
GFSFODFT JO NBHOFUJD TVTDFQUJCJMJUJFT CFUXFFO UIF QBUJFOU BOE UIF
TVSSPVOEJOH BJS� *O B TJNJMBS XBZ
 MPDBM B0 mFME EFWJBUJPOT PDDVS
XJUIJO UIF QBUJFOU CFDBVTF PG UIF EJĊFSFODFT JO NBHOFUJD TVTDFQ�
UJCJMJUJFT BU UJTTVF�BJS BOE UJTTVF�CPOF JOUFSGBDFT� � � � � � � � � � ��

��� $PNQBSJTPO PG MPDBM NBHOFUJD mFME 	B0
 NBQT� B0 NBQT (a)
NFBTVSFE EJSFDUMZ GSPN UIF NBDIJOF XJUI UIF *%&"- *2 TFRVFODF
BOE (b) CBTFE PO UIF TJNVMBUJPOT� � � � � � � � � � � � � � � � � ��
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��� 0QUJNJ[JOH UIF TIJN QBSBNFUFST XJUIJO B VTFS�EFmOFE SFHJPO
PG JOUFSFTU 	30*
 DPNQSPNJTFT UIF #��mFME IPNPHFOFJUZ PG SF�
HJPOT PVUTJEF UIF TIJNNFE WPMVNF� " CPY QMPU PG UIF WPYFM�CZ�
WPYFM #��mFME IPNPHFOFJUZ MFWFMT GPS UIF 21 QBUJFOU�T EBUB VTFE
JO UIJT TUVEZ� $PNQBSFE BU FBDI TIJN PSEFS JT UIF 3 T HFPNFU�
SJD TIJGU JO mm GPS BMM WPYFMT XJUIJO BOE PVUTJEF UIF VTFS�EFmOFE
TIJNNFE 30* VTJOH B QJYFM CBOEXJEUI PG 122 Hz/mm� 'PS
FBDI CPY
 UIF DFOUSBM NBSL JT UIF NFEJBO XIJMTU UIF CPUUPN BOE
UPQ PG UIF DFOUSBM CPY BSF UIF mSTU BOE UIJSE RVBSUJMFT� ɨFSF XBT
B EFDSFBTF JO HFPNFUSJD TIJGUT JOTJEF UIF TIJNNFE 30* BGUFS 1st
BOE 2nd PSEFS TIJNNJOH XIJMTU UIF PQQPTJUF FĊFDU XBT PCTFSWFE
JO WPYFMT PVUTJEF UIF TIJNNFE WPMVNF� )FSF
 0th PSEFS JT UIF
VOTIJNNFE B0 mFME EVF UP QBUJFOU�JOEVDFE TVTDFQUJCJMJUZ FĊFDUT� ��

��� $POUPVS PWFSMBQ CFUXFFO EJTUPSUFE BOE PSJHJOBM $5 EBUBTFUT�
%JDF TJNJMBSJUZ DPFċDJFOU 	%4$
 BU TPNF TFMFDUFE DPOUPVST BOE
UIF UXP CBOEXJEUIT TUVEJFE� ɨF NFBO BHSFFNFOU CFUXFFO EJT�
UPSUFE $5 BOE PSJHJOBM QBUJFOU $5 GPS BMM QBUJFOUT XFSF ≥ 0.9
FYDFQU GPS UIF TQJOBM DPSE BU UIF CBOEXJEUI PG 122Hz/mm� <#�
#SBJO
 $�DMJOJDBM UBSHFU WPMVNF
 -�MFGU QBSPUJE
 3�3JHIU QBSPUJE
 1�
1MBOOJOH UBSHFU WPMVNF
 4�TQJOBM DPSE > � � � � � � � � � � � � � � ��

��� %JTUPSUJPO mFMET PWFSMBJE PO QBUJFOU $5 EBUB UP DPNQBSF UIF
NBHOJUVEF PG SFTJEVBM TZTUFN SFMBUFE BOE QBUJFOU�JOEVDFE TVT�
DFQUJCJMJUZ EJTUPSUJPOT� 8JUIJO UIF QBUJFOU WPMVNF
 (a) SFTJEVBM
TZTUFN EJTUPSUJPOT BGUFS DPSSFDUJOH GPS HSBEJFOU OPO�MJOFBSJUZ FG�
GFDUT BSF MFTT UIBO (b) QBUJFOU�JOEVDFE TVTDFQUJCJMJUZ FĊFDUT BU MPX
CBOEXJEUIT� � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� $PNQBSJTPO PG EPTF EJTUSJCVUJPOT PO $5 BOE EJTUPSUFE $5 EBUB�
WPMVNFUSJD�NPEVMBUFE BSD UIFSBQZ 	7."5
 USFBUNFOU QMBOT GSPN
UIF EJTUPSUFE 	E$5
 BOE SFBM $5 JNBHFT� )FSF
 UIF BCTPMVUF EPTF
EJĊFSFODF CFUXFFO UIF UXP USFBUNFOU QMBOT XBT XJUIJO 1 Gy� � � ��

��� 2VBOUJUBUJWF JNBHF RVBMJUZ UFTUT EPOF PO UIF "$3 QIBOUPN�
.3 JNBHFT PG UIF "NFSJDBO $PMMFHF PG 3BEJPMPHZ 	"$3
 QIBO�
UPN� (FPNFUSJD BDDVSBDZ JT NFBTVSFE PO TMJDFT (a) BOE (b)
 TMJDF
UIJDLOFTT PO (c)
 IJHI DPOUSBTU SFTPMVUJPO BOE TMJDF QPTJUJPO PO
(d)
 JNBHF JOUFOTJUZ VOJGPSNJUZ BOE HIPTUJOH PO (e) BOE MPX�
DPOUSBTU PCKFDU EFUFDUBCJMJUZ PO (f)� � � � � � � � � � � � � � � � ��

W



��� $PNNPO DBVTFT PG JNBHF RVBMJUZ EFHSBEBUJPOT BNPOH .3*�
TJNVMBUPS VTFST� ɨF SFTQPOTFT GSPN UIF TVSWFZ TIPXFE JNBHF
RVBMJUZ JTTVFT XFSF NPTUMZ GSPN 3' DPJM�SFMBUFE JTTVFT
 NFEJDBM
BOE OPO NFEJDBM EFWJDFT BOE VODPSSFDUFE HSBEJFOU OPO�MJOFBSJUZ
FĊFDUT� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 'SFRVFODZ PG RVBMJUZ BTTVSBODF 	2"
 QSPDFTTFT� 3PVUJOFT GPS UIF
QFSGPSNBODF PG JOEJWJEVBM 2" QSPDFEVSFT EJĊFSFE BNPOH UIF .3*
DFOUFST� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 'PVS�ZFBS SFUSPTQFDUJWF EBUB DPMMFDUFE XJUI UIF "$3 QIBOUPN
PO PVS 3T 1&5�.3 TDBOOFS PWFSMBJEXJUI BDUJPO MJNJUT 	mean±
3StD
� (FPNFUSJD BDDVSBDZ CBTFE PO QIBOUPN EJBNFUFS NFB�
TVSFNFOUT JO (a) BOUFSJPS�QPTUFSJPS 	"�1
 BOE (b) SJHIU�MFGU 	3�-

EJSFDUJPOT
 TMJDF UIJDLOFTT BDDVSBDZ (c)
 TMJDF QPTJUJPO BDDVSBDZ
(d)
 HIPTUJOH (e) BOE JNBHF VOJGPSNJUZ (f)� Std � TUBOEBSE EF�
WJBUJPO PS σ � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &ĊFDU PG PCKFDU�JOEVDFE mFME JOIPNPHFOFJUZ PO HFPNFUSJD BDDV�
SBDZ� " 4−mm QBQFS DMJQ TFDVSFE JO B UFOOJT�CBMM MJLF DPOUBJOFS
QMBDFE JO UIF CPSF PG UIF TDBOOFS XIJMTU TDBOOJOH UIF "$3 QIBO�
UPN MFE UP EJTUPSUFE JNBHFT� � � � � � � � � � � � � � � � � � � � ��

��� *NBHF EFHSBEBUJPOT GSPN FYUFSOBM FMFDUSJD EJTDIBSHFT� 4QJLF JN�
BHF BSUJGBDUT GSPN FMFDUSJDBM JOnVFODFT� � � � � � � � � � � � � � � ��

��� &ĊFDU PG VODPSSFDUFE DPJM TJHOBM JOUFOTJUZ WBSJBUJPO PO VOJGPS�
NJUZ� *NBHF TJHOBM JOUFOTJUZ OPO�VOJGPSNJUZ DBVTFE CZ VODPS�
SFDUFE DPJM TFOTJUJWJUZ NBQT�WBSJBUJPOT � � � � � � � � � � � � � � ��
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-JTU PG 0SJHJOBM 1BQFST

1BQFS * 2VBOUJGZJOH UIF &ĊFDU PG 3 T .BHOFUJD 3FTPOBODF *NBHJOH
3FTJEVBM 4ZTUFN %JTUPSUJPOT BOE 1BUJFOU�*OEVDFE 4VTDFQUJCJ�
MJUZ %JTUPSUJPOT PO 3BEJBUJPO ɧFSBQZ 5SFBUNFOU 1MBOOJOH
GPS 1SPTUBUF $BODFS
"EKFJXBBI .
 #ZMVOE .
 -VOENBO +�"
 ɨFMMFOCFSH ,BSMTTPO $

+POTTPO +�)
 /ZIPMN 5
*OUFSOBUJPOBM +PVSOBM PG 3BEJBUJPO 0ODPMPHZ t#JPMPHZ t
1IZTJDT
7PM� ���
 /P��
 QQ� �������
 ����

1BQFS ** %PTJNFUSJD *NQBDU PG .3* EJTUPSUJPOT�" TUVEZ PO )FBE
BOE /FDL $BODFS 1BUJFOUT
"EKFJXBBI .
 #ZMVOE .
 -VOENBO +�"
 ;BDLSJTTPO #

4ÚEFSTUSÚN ,
 +POTTPO +)
 (BSQFCSJOH "
 /ZIPMN 5
*OUFSOBUJPOBM +PVSOBM PG 3BEJBUJPO 0ODPMPHZ t#JPMPHZ t
1IZTJDT
 7PM� ���
 /P� �
 QQ� ��������
 ����

1BQFS *** 5FDIOJDBM /PUF� $PNQBSJTPO CFUXFFO TJNVMBUFE BOE NFBTVSFE
B0 mFME NBQT PG IFBE BOE OFDL .3*
"EKFJXBBI .
 -VOENBO +�"
 #ZMVOE .
 (BSQFCSJOH "
 /ZIPMN 5
.BOVTDSJQU

1BQFS *7 2VBMJUZ "TTVSBODF GPS .3* JO 3BEJPUIFSBQZ� 4FOTJUJWJUZ
"OBMZTJT PG $VSSFOU .FUIPET
"EKFJXBBI .
 (BSQFCSJOH "
 /ZIPMN 5
6OEFS SFWJFX
 1IZTJDT BOE *NBHJOH JO 3BEJBUJPO 0ODPMPHZ

WJJ





ɧF BVUIPS�T DPOUSJCVUJPOT

1BQFS *

ɨF BVUIPS QBSUJDJQBUFE JO UIF EFTJHO PG UIF TUVEZ� "MM QIBOUPN NFBTVSFNFOUT
BOE USFBUNFOU QMBOT XFSF NBEF CZ UIF BVUIPS� ɨF BVUIPS QBSUJDJQBUFE JO UIF
JOUFHSBUJPO PG UIF JNBHF BOBMZTJT DPEF JO .*$& 5PPMLJU� "MM EBUB BOBMZTJT XFSF
EPOF CZ UIF BVUIPS� ɨF BVUIPS XSPUF UIF NBOVTDSJQU BOE XBT UIF NBJO BOE
DPSSFTQPOEJOH BVUIPS PG UIF QBQFS�

1BQFS **

ɨF BVUIPS QBSUJDJQBUFE JO UIF EFTJHO PG UIF TUVEZ� "MM QIBOUPN TDBOT PO UIF .3*
NBDIJOF BOE BMM QBUJFOU USFBUNFOU QMBOT XFSF QFSGPSNFE CZ UIF BVUIPS� ɨF BVUIPS
QBSUJDJQBUFE JO UIF EFTJHO BOE JOUFHSBUJPO PG UIF JNBHF BOBMZTJT TPGUXBSF JO .*$&
5PPMLJU� ɨF BVUIPS XSPUF UIF QBQFS� ɨF BVUIPS XBT UIF NBJO BOE DPSSFTQPOEJOH
BVUIPS PG UIF QBQFS�

1BQFS ***

ɨF BVUIPS QBSUJDJQBUFE JO UIF EFTJHO PG UIF TUVEZ� "MM QIBOUPN BOE WPMVOUFFS
TDBOT PO UIF .3* NBDIJOF XFSF EPOF CZ UIF BVUIPS� ɨF "VUIPS QBSUJDJQBUFE JO
UIF JOUFHSBUJPO PG UIF JNBHF BOBMZTJT TPGUXBSF JO .*$& 5PPMLJU
 EBUB BOBMZTJT BOE
JO XSJUJOH UIF QBQFS� ɨF BVUIPS FRVBMMZ TIBSFT BVUIPSTIJQ PG UIF QBQFS�

1BQFS *7

ɨF BVUIPS QBSUJDJQBUFE JO UIF EFTJHO PG UIF TUVEZ� "MM QIBOUPN TDBOT PO UIF .3*
NBDIJOF XFSF EPOF CZ UIF BVUIPS� "MM EBUB BOBMZTJT XFSF EPOF CZ UIF BVUIPS� ɨF
BVUIPS XSPUF UIF NBOVTDSJQU� ɨF BVUIPS XBT UIF NBJO BOE DPSSFTQPOEJOH BVUIPS
PG UIF QBQFS�

ɨF BVUIPST EFDMBSF OP DPOnJDU PG JOUFSFTU�

JY





"CCSFWJBUJPOT

"�1 BOUFSJPS�QPTUFSJPS
""1. "NFSJDBO "TTPDJBUJPO PG 1IZTJDJTUT JO .FEJDJOF
"$3 "NFSJDBO $PMMFHF PG 3BEJPMPHZ
#8 CBOEXJEUI
$* DPOmEFODF JOUFSWBM
$5 $PNQVUFE 5PNPHSBQIZ
E$5 EJTUPSUFE $5
%4$ %JDF TJNJMBSJUZ DPFċDJFOU
%47 EJBNFUFS TQIFSJDBM WPMVNF
��'�'%( ��'�nVPSPEFPYZHMVDPTF
'P7 'JFME PG 7JFX
(3& HSBEJFOU FDIP
)6 )PVOTmFME VOJU
.3 .BHOFUJD 3FTPOBODF
.3* .BHOFUJD 3FTPOBODF *NBHJOH
0"3 PSHBOT BU SJTL
1&5 1PTJUSPO &NJTTJPO 5PNPHSBQIZ
157 QMBOOJOH UBSHFU WPMVNF
2" RVBMJUZ BTTVSBODF
3�- SJHIU�MFGU
3' 3BEJP�'SFRVFODZ
30* SFHJPO�PG�JOUFSFTU
35 3BEJPUIFSBQZ
T$5 TZOUIFUJD $5
4& TQJO FDIP
4/3 TJHOBM�UP�OPJTF SBUJP
41&$5 4JOHMF�1IPUPO &NJTTJPO $PNQVUFE 5PNPHSBQIZ
5& FDIP UJNF
53 SFQFUJUJPO UJNF
6"" VQQFS BOUFSJPS BSSBZ
64 6MUSBTPVOE
7."5 WPMVNFUSJD�NPEVMBUFE BSD UIFSBQZ
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"CTUSBDU

ɨF VTF PG .BHOFUJD 3FTPOBODF *NBHJOH 	.3*
 JO UIF SBEJPUIFSBQZ 	35
 USFBU�
NFOU QMBOOJOH XPSLnPX JT JODSFBTJOH� .3* PĊFST TVQFSJPS TPGU�UJTTVF DPOUSBTU
DPNQBSFE UP $PNQVUFE 5PNPHSBQIZ 	$5
 BOE UIFSFGPSF JNQSPWFT UIF BDDVSBDZ
JO UBSHFU WPMVNF EFmOJUJPOT� ɨFSF BSF
 IPXFWFS
 DPODFSOT XJUI JOIFSFOU HFP�
NFUSJD EJTUPSUJPOT GSPN TZTUFN� 	HSBEJFOU OPOMJOFBSJUJFT BOE NBJO NBHOFUJD mFME
JOIPNPHFOFJUJFT
 BOE QBUJFOU�SFMBUFE TPVSDFT 	NBHOFUJD TVTDFQUJCJMJUZ FĊFDU BOE
DIFNJDBM TIJGU
� ɨF MBDL PG DMFBSMZ EFmOFE RVBMJUZ BTTVSBODF 	2"
 QSPDFEVSFT IBT
BMTP SBJTFE RVFTUJPOT PO UIF BCJMJUZ PG DVSSFOU 2" QSPUPDPMT UP EFUFDU DPNNPO
JNBHF RVBMJUZ EFHSBEBUJPOT VOEFS SBEJPUIFSBQZ TFUUJOHT� 5P GVMMZ JNQMFNFOU BOE
UBLF BEWBOUBHF PG UIF CFOFmUT PG .3* JO SBEJPUIFSBQZ
 UIFTF DPODFSOT OFFE UP CF
BEESFTTFE�

*O 1BQFST * BOE **
 UIF EPTJNFUSJD JNQBDU PG .3 EJTUPSUJPOT XBT JOWFTUJHBUFE� 1B�
UJFOU $5T 	$5
 XFSF EFGPSNFE XJUI .3 EJTUPSUJPO WFDUPS mFMET 	GSPN UIF SFTJEVBM
TZTUFN EJTUPSUJPOT BGUFS DPSSFDUJOH GPS HSBEJFOU OPOMJOFBSJUJFT BOE QBUJFOU�JOEVDFE
TVTDFQUJCJMJUZ EJTUPSUJPOT
 UP DSFBUF EJTUPSUFE $5 	E$5
 JNBHFT� 'JFME QBSBNFUFST
GSPN WPMVNFUSJD NPEVMBUFE BSD UIFSBQZ 	7."5
 USFBUNFOU QMBOT JOJUJBMMZ PQUJ�
NJ[FE PO E$5 EBUB TFUT XFSF USBOTGFSSFE UP $5 EBUB UP DPNQVUF B OFX USFBUNFOU
QMBO� %BUB GSPN �� QSPTUBUF BOE �� IFBE BOE OFDL QBUJFOUT XFSF VTFE GPS UIF
USFBUNFOU QMBOOJOH� ɨF E$5 BOE $5 USFBUNFOU QMBOT XFSF DPNQBSFE UP EFUFS�
NJOF UIF JNQBDU PG EJTUPSUJPOT PO EPTF EJTUSJCVUJPOT� /P DMJOJDBMMZ SFMFWBOU EPTF
EJĊFSFODFT CFUXFFO EJTUPSUFE $5 BOE PSJHJOBM $5 USFBUNFOU QMBOT XFSF GPVOE�
.FBO EPTF EJĊFSFODFT XFSF < 1.0% BOE < 0.5% BU UIF QMBOOJOH UBSHFU WPMVNF
	157
 GPS UIF IFBE BOE OFDL BOE QSPTUBUF USFBUNFOU QMBOT
 SFTQFDUJWFMZ�

4USBUFHJFT UP SFEVDF HFPNFUSJD EJTUPSUJPOT XFSF BMTP FWBMVBUFE JO 1BQFST * BOE **�
6TJOH UIF WFOEPS�TVQQMJFE HSBEJFOU OPO�MJOFBSJUZ DPSSFDUJPO BMHPSJUIN SFEVDFE
PWFSBMM EJTUPSUJPOT UP MFTT UIBO IBMG PG UIF PSJHJOBM WBMVF� " IJHI BDRVJTJUJPO CBOE�
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XJEUI PG 488 Hz/pixel 	1BQFS *
 BOE 488 Hz/mm 	1BQFS **
 LFQU UIF NFBO
HFPNFUSJD EJTUPSUJPOT BU UIF EFMJOFBUFE TUSVDUVSFT CFMPX 1 mm� 'VSUIFSNPSF
 B
QBUJFOU�TQFDJmD BDUJWF TIJNNJOH NFUIPE JNQMFNFOUFE JO 1BQFS ** TJHOJmDBOUMZ
SFEVDFE WPYFMT XJUI EJTUPSUJPO TIJGUT > 2 mm GSPN 15.4% UP 2.0%�

B0 NBQT GSPN QBUJFOU�JOEVDFE NBHOFUJD mFME JOIPNPHFOFJUJFT PCUBJOFE UISPVHI
EJSFDU NFBTVSFNFOUT BOE CZ TJNVMBUJPOT UIBU VTFE .3�HFOFSBUFE TZOUIFUJD $5
	T$5
 EBUB XFSF DPNQBSFE JO1BQFS ***� ɨF WBMJEBUJPO TIPXFE FYDFMMFOU BHSFFNFOU
CFUXFFO UIF TJNVMBUFE BOE NFBTVSFE B0 NBQT�

*O 1BQFS *7
 UIF BCJMJUZ PG DVSSFOU 2" NFUIPET UP EFUFDU DPNNPO .3 JNBHF
RVBMJUZ EFHSBEBUJPOT VOEFS SBEJPUIFSBQZ TFUUJOHT XFSF JOWFTUJHBUFE� #Z FWBMVBUJOH
LFZ JNBHF RVBMJUZ QBSBNFUFST
 UIF 2" QSPUPDPMT XFSF GPVOE UP CF TFOTJUJWF UP TPNF
PG UIF JOUSPEVDFE EFHSBEBUJPOT� )PXFWFS
 JNBHF RVBMJUZ JTTVFT TVDI BT UIPTF DBVTFE
CZ 3' DPJM GBJMVSFT DPVME OPU CF BEFRVBUFMZ EFUFDUFE�

*O DPODMVTJPO
 UIJT XPSL IBT TIPXO UIF GFBTJCJMJUZ PG VTJOH .3* EBUB GPS SBEJP�
UIFSBQZ USFBUNFOU QMBOOJOH BT EJTUPSUJPOT SFTVMUFE JO B EPTF EJĊFSFODF PG MFTT UIBO
1% CFUXFFO EJTUPSUFE BOE VOEJTUPSUFE JNBHFT� ɨF TJNVMBUJPO TPGUXBSF DBO CF
VTFE UP QSPEVDF BDDVSBUF B0 NBQT XIJDI DPVME UIFO CF VTFE BT UIF CBTJT GPS UIF
FĊFDUJWF DPSSFDUJPO PG QBUJFOU�JOEVDFE mFME JOIPNPHFOFJUZ EJTUPSUJPOT BOE GPS UIF
2" WFSJmDBUJPO PG T$5 EBUB� 'VSUIFSNPSF
 UIF BOBMZTJT PG UIF TUSFOHUIT BOE XFBL�
OFTTFT JO DVSSFOU 2" UPPMT GPS .3* JO SBEJPUIFSBQZ DPOUSJCVUF UP mOEJOH CFUUFS
NFUIPET UP FċDJFOUMZ JEFOUJGZ JNBHF RVBMJUZ FSSPST�
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1PQVMÊSWFUFOTLBQMJH
TBNNBOGBUUOJOH

"OWÊOEOJOHFO BW NBHOFUJTL SFTPOBOTUPNPHSBm 	.3*�.35
 J QMBOFSJOHTBSCFUFU
WJE TUSÌMCFIBOEMJOH�SBEJPUFSBQJ 	35
 ÚLBS� .3* FSCKVEFS CÊUUSF NKVLWÊWOBETLPO�
USBTU KÊNGÚSU NFE EBUPSUPNPHSBm 	$5
 PDI GÚSCÊUUSBS EÊSGÚS OPHHSBOOIFUFO J NÌM�
WPMZNEFmOJUJPOFS� .3* NFEGÚS FNFMMFSUJE WJTTB QSPCMFN NFE HFPNFUSJTLB EJTUPS�
TJPOFS GSÌO CÌEF TZTUFNSFMBUFSBEF PDI QBUJFOUJOEVDFSBEF NBHOFUJTLB LÊOTMJHIFUT�
FĊFLUFS�TVTDFQUJCJMJUFUTFĊFLUFS�FĊFLUFS
 WJMLFU LBO QÌWFSLB EPTQMBOFSOB� "WTBLOB�
EFO BW UZEMJHU EFmOJFSBEF LWBMJUFUTTÊLSJOHTQSPDFTTFS 	2"
 IBS PDLTÌ WÊDLU GSÌHPS
PN GÚSNÌHBO IPT CFmOUMJHB 2"�QSPUPLPMM BUU VQQUÊDLB WBOMJHB CJMELWBMJUFUTGÚS�
TÊNSJOHBS WJE 35�JOTUÊMMOJOHBS� 'ÚS BUU GVMMTUÊOEJHU JNQMFNFOUFSB PDI ESB OZUUB BW
EF GÚSEFMBS TPN .35 IBS JOPN 35 NÌTUF EFTTB QSPCMFN VOEFSTÚLBT�

* BSUJLMBS * PDI ** VOEFSTÚLUF WJ EFO EPTJNFUSJTLB JOWFSLBO BW EJTUPSTJPOFS GSÌO
TZTUFN� PDI QBUJFOUJOEVDFSBEF NBHOFUJTLB TVTDFQUJCJMJUFUTFĊFLUFS QÌ WPMVNFUSJTLU
NPEVMFSBE CÌHUFSBQJ 	7."5
�HFOFSFSBEF EPTQMBOFS BW 19 QSPTUBUB PDI 21 QB�
UJFOUFS NFE IVWVE� PDI IBMTDBODFS� 7J IJUUBEF JOHB LMJOJTLU SFMFWBOUB EPTTLJMM�
OBEFS NFMMBO .3�GÚSWSÊOHEB $5�CJMEFS PDI VSTQSVOHMJHB $5�EBUB� %F HFOPN�
TOJUUMJHB EPTTLJMMOBEFSOB WBS < 1.0% PDI < 0.5% WJE 157 J EPTQMBOFSOB GÚS
IVWVE� PDI OBDLDBODFS SFTQFLUJWF QSPTUBUBDBODFS� 4USBUFHJFS GÚS BUU NJOTLB HFP�
NFUSJTLB EJTUPSTJPOFS VUWÊSEFSBEFT PDLTÌ J BSUJLMBS * PDI **� "OWÊOEOJOH BW EFO
MFWFSBOUÚSTMFWFSFSBEF�JOCZHHEB LPSSJHFSJOHTBMHPSJUNFO GÚS JDLF�MJOKÊSB HSBEJFOUFS
NJOTLBEF EF UPUBMB EJTUPSTJPOFSOB UJMM NJOESF ÊO IÊMGUFO BW EFU VSTQSVOHMJHB WÊS�
EFU� &O IÚH VUMÊTOJOHTCBOECSFEE QÌ 488 Hz/pixel 	BSUJLFM*
 PDI 488 Hz/mm
	BSUJLFM **
 CFHSÊOTBEF HFOPNTOJUUMJHB HFPNFUSJTLB EJTUPSTJPOFO WJE EF BWHSÊOTB�
EF TUSVLUVSFSOB UJMM NJOESF ÊO 1 mm� %FTTVUPN SFEVDFSBEF FO QBUJFOUTQFDJmL
BLUJW�TLJNOJOHTNFUPE JNQMFNFOUFSBE J BSUJLFM ** BWTFWÊSU BOUBMFU WPYMBS NFE EJT�
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UPSTJPOTGÚSTLKVUOJOH > 2 mm GSÌO 15, 4% UJMM 2, 0%�

B0 LBSUPS GSÌO QBUJFOUJOEVDFSBEF NBHOFUGÊMUJOIPNPHFOJUFUFS FSIÌMMOB HFOPN EJ�
SFLUB NÊUOJOHBS PDI HFOPN TJNVMFSJOHBS TPN BOWÊOEF .3�HFOFSFSBEF TZOUFUJTLB
$5 	T$5
 EBUB KÊNGÚSEFT J BSUJLFM ***NFE .3*�EBUB� 7BMJEFSJOHFO WJTBEF VUNÊSLU
ÚWFSFOTTUÊNNFMTF NFMMBO EF TJNVMFSBEF PDI VQQNÊUUB B0 LBSUPSOB�

* BSUJLFM *7 VOEFSTÚLUFT GÚSNÌHBO IPT OVWBSBOEF 2"�NFUPEFS BUU EFUFLUFSB WBO�
MJHB .3�CJMELWBMJUFUTGÚSTÊNSJOHBS WJE VOEFSTÚLOJOHBS NFE 35�JOTUÊMMOJOHBS� (F�
OPN BUU VUWÊSEFSB WJLUJHB CJMELWBMJUFUTQBSBNFUSBS LPOTUBUFSBEFT BUU OÌHSB BW EF
WBOMJHBTUF PSTBLFSOB UJMM CJMEGÚSTÊNSJOHBS
 TÌTPN TQPMGFM
 JOUF EFUFLUFSBEFT UJMMSÊDL�
MJHU CSB�

4BNNBOGBUUOJOHTWJT IBS EFUUB BSCFUF QÌWJTBU HFOPNGÚSCBSIFUFO BW BUU BOWÊOEB
.3�EBUB GÚS QMBOFSJOH BW TUSÌMCFIBOEMJOH� 4JNVMFSJOHTQSPHSBNWBSBO LBO BOWÊO�
EBT GÚS BUU QSPEVDFSB LPSSFLUB B0�LBSUPS GSÌO .3�EBUB
 TPN LBO BOWÊOEBT GÚS BUU
FĊFLUJWU LPSSJHFSB QBUJFOUJOEVDFSBEF TVTDFQUJCJMJUFUTGÚSWSÊOHOJOHBS� 7JEBSF CJESBS
BOBMZTFO BW TUZSLPS PDI TWBHIFUFS J OVWBSBOEF 2"�WFSLUZH UJMM BUU IJUUB CÊUUSF NF�
UPEFS GÚS BUU FĊFLUJWU JEFOUJmFSB CJMELWBMJUFUTGFM�
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"DLOPXMFEHFNFOUT

ɨSPVHIPVU UIJT XPSL
 * IBWF SFDFJWFE FOPSNPVT TVQQPSU BOE FODPVSBHFNFOU CPUI
QSPGFTTJPOBMMZ BOE QFSTPOBMMZ� * BN USVMZ HSBUFGVM UP FBDI BOE FWFSZPOF * IBWF IBE
UIF QMFBTVSF PG NFFUJOH� * UIBOL ZPV GPS ZPVS WPDBM BOE TJMFOU TVQQPSU� ɨSPVHI
UIF HPPE BOE DIBMMFOHJOH UJNFT
 TPNFPOF IBT CFFO UIFSF BOE * BN NPTU HSBUFGVM�
* UIBOL (PE BOE NZ QBSFOUT GPS HJWJOH NF UIF GBJUI UIBU LFFQT NF BnPBU BOE JO B
TUBUF PG QFBDFGVM IBQQJOFTT�

* XIPMFIFBSUFEMZ UIBOL NZ TVQFSWJTPS
 5VGWF� :PV HBWF NF BO PQQPSUVOJUZ PG
B MJGF UJNF� :PV IBWF JOWFTUFE UJNF JO BDBEFNJD EFWFMPQNFOU BOE BMTP TIPXFE
DPODFSOFE BCPVU UIF XFMGBSF PG NZ GBNJMZ BOE * UIBOL ZPV GPS UIBU� 5P "OEFST
 NZ
DP�TVQFSWJTPS
 ZPV UPPL ZPVS UJNF UP FYQMBJO UIF NPTU DPNQMFY QIZTJDT QIFOPNFOB
JO UIF NPTU TJNQMFTU XBZ ZPV DPVME BOE BMTP DPSSFDU NZ NBOVTDSJQUT� * EP SFBMMZ
BQQSFDJBUF UIF NBOZ EJTDVTTJPOT XF IBWF IBE PO .3 QIZTJDT
 CVJMEJOH DJSDVJU
TZTUFNT BOE BMM UIF FĊPSUT XF NBEF UP CFBU .VSQIZ�T MBX� " TQFDJBM UIBOL ZPV UP
+PDLF
 NZ DP�TVQFSWJTPS GPS SFWJFXJOH NZ QBQFST BOE UIF MFTTPOT PO SBEJPUIFSBQZ
USFBUNFOU QMBOOJOH� 5P NZ GFMMPX 1I% TUVEFOUT
 .JLBFM
 ,SJTUJOB
 +PTFG
 +FOOJGFS

&MJO
 "OHFMJDB
 BOE 6MSJLB
 ZPV PĊFSFE NF HSFBU GSJFOETIJQ BOE DPNQBOZ�

.JLBFM
 UIBOL ZPV GPS ZPVS GSJFOETIJQ BOE LJOEOFTT
 *U NFBOT B MPU UP NF FTQFDJBMMZ

XIFO ZPV TBZ
 �:FT� :PV DBO EP JU
 * IBWF GBJUI JO :PV�� * EPO�U LOPX JG * IBWF CPUIFSFE
BOZPOF NPSF UIBO * EP UP ZPV
 BOE ZFU ZPV NBLF UJNF UP mOE BMM UIF NJTTJOH TQBDFT

DPNNBT BOE QFSJPET JO NZ XSJUF�VQT
 ɨBOL ZPV��

,SJTUJOB
 UIBOL ZPV GPS PVS BDBEFNJD BOE OPO�BDBEFNJD EJTDVTTJPOT� :PV BSF B
HPPE QFSTPO BOE * DPVME OPU IBWF BTLFE GPS B CFUUFS PċDF�NBUF� +FOOJGFS
 UIBOL
ZPV GPS ZPVS TUSFOHUI
 TNJMF
 IVHT
 DIJU�DIBUT
 BOE EFEJDBUJPO UP UIF DPMMFDUJPO PG
4UBSCVDLT DJUZ NVHT� +PTFG
 GPS BMM ZPVS IFMQ XJUI TPGUXBSF JTTVFT BOE NBOVTDSJQU
XSJUJOH
 * TBZ "TBOUF�� 5P .BY
 GPS CFJOH B LJOE PċDF NBUF� 4QFDJBM UIBOLT UP
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1BUSJL BOE /BUBMJB GPS ZPVS JOEJWJEVBM TVQQPSU� 5P .BUUJBT
 UIBOL ZPV GPS BMM UIF
IFMQ XJUI .*$&� BOE .*2"�SFMBUFE JTTVFT� +ØO
 UIBOL ZPV GPS UIF MBUF OJHIU .3
TDBOT BOE UIF MJHIU�IFBSUFE DPOWFSTBUJPOT XF IBWF IBE EVSJOH mLB� .BSJB
 UIBOL
ZPV GPS CFJOH .BSJB
 BMXBZT IFMQGVM XJUI FWFSZUIJOH BENJOJTUSBUJWF
 ZPVS TNJMF
BOE XPSET PG FODPVSBHFNFOU� .Z TJODFSF HSBUJUVEF UP /BEKB
 +POOB
 &MJTBCFU

.BSHBSFUB BOE FWFSZPOF BU $.54 GPS UIF MPWFMZ GSJEBZ '*," NPNFOUT� " CJH
UIBOL ZPV UP UIF OVSTFT BU UIF 1&5�.3 TDBOOFS GPS ZPVS LJOEOFTT�

.Z TJODFSF HSBUJUVEF UP NZ QSPGFTTPS JO (IBOB
 .S� &SJD "EEJTPO BOE NZ GSJFOE
%S� "LZBOB GPS BMXBZT CFJOH UIFSF�

.Z IFBSUGFMU UIBOLT UP NZ NPN
 TJCMJOHT
 NZ %BE PG CMFTTFE NFNPSZ
 NPUIFS�
JO MBX BOE FYUFOEFE GBNJMZ GPS ZPVS TVQQPSU BOE TPNFUJNFT �XBIBMB� EVSJOH UIJT
KPVSOFZ�

5P UIF GBNJMJFT PG .S� "MJ BOE ;BJOB
 &WBOT BOE 0CBB
 .S� "QQJBI BOE "OUZ
.BHHJF
 1FESP BOE /BEJB
 1BPMP BOE .BSB
 UIF OVNCFS POF OBOOZ
 'SBODJTDB
 BOE
.JTT .BOV
 ZPV BMM HBWF NF B GBNJMZ BOE VODPOEJUJPOBM MPWF BOE * XJMM GPSFWFS CF
HSBUFGVM�

5P UIF IPNF GSPOU
 ɨBOL ZPV 4PMPNPO GPS ZPVS -PWF BOE EFEJDBUJPO UP NF BOE
PVS LJET� :PV IBWF HJWFO NF UIF PQQPSUVOJUZ BOE UIF SPPN UP TQSFBE NZ XJOHT
JO PSEFS UP CF UIF XPNBO * XBOU UP CF� .F E
 XP�� 5P UIF DPNQPTFS PG UIF
TPOH %BEEZ JTU %PLUPS
 .BNB JTU [VIBVTF UIBU HPU NF UIJOLJOH BCPVU SFTVNJOH NZ
BDBEFNJD DBSFFS
 NZ mSTU CBCZ
 "XVSBB
 ZPV BSF UPP XJTF GPS ZPVS BHF� :PV BSF NZ
MJUUMF HJSM BOE ZFU TP NBUVSFE
 DBSJOH BOE IFMQGVM� ɨBOL ZPV� 5P /BOB
 UIF MJUUMF
NBO PG UIF IPVTF
 ZPV DPVME OPU CF CPUIFSFE XJUI B MPU PG UIJOHT FYDFQU NBZCF
TVQFSIFSPFT 	OPX JU JT 4QJEFSNBO

 %BWJE BOE (PMJBUI� ɨBOL ZPV� GPS CFJOH TVDI
B HFOVJOF
 DBSJOH BOE IPOFTU QFSTPO
 FWFO BU TVDI BO FBSMZ BHF� 5P "XVSBB BOE
/BOB
 * IPQF UIBU XIFO ZPV HSPX VQ
 ZPV XJMM SFNFNCFS ZPVS DIJMEIPPE XJUI
GPOE NFNPSJFT� * BMTP IPQF UIBU UIF NBOZ QMBDFT XF IBWF MJWFE BOE UIF USBWFMT XF
IBWF NBEF JO PVS RVFTU UP HJWF ZPV B CFUUFS GVUVSF XJMM NBLF ZPV HSPX JOUP CFUUFS
IVNBO CFJOHT
 XIP XJMM BDDFQU BOE MPWF PUIFST BT UIFZ BSF
 BOE SFTQFDU UIF FBSUI
UIBU (PE IBT NBEF GPS VT� * MPWF ZPV�

*NNFOTF HSBUJUVEF UP UIF 4DIMVNCFSHFS 'BDVMUZ GPS UIF 'VUVSF 'PVOEBUJPO 	''5'

BOE $BODFS 3FTFBSDI 'VOE JO /PSSMBOE
 4XFEFO
 GPS TVQQPSUJOH NZ 1I% FEVDB�
UJPO�

YWJJJ



$IBQUFS �

*OUSPEVDUJPO

.FEJDBM JNBHJOH UFDIOPMPHJFT IBWF PWFS UIF MBTU EFDBEFT IBE MBSHF JOnVFODF PO 3B�
EJPUIFSBQZ 	35
 DBODFS USFBUNFOUT� $VSSFOU JNBHJOH UFDIOJRVFT VTFE JO SBEJPUIFS�
BQZ JODMVEF DPOWFOUJPOBM 9�SBZT
 .BHOFUJD 3FTPOBODF *NBHJOH 	.3*

 $PNQVUFE
5PNPHSBQIZ 	$5

 1PTJUSPO &NJTTJPO 5PNPHSBQIZ 	1&5

 6MUSBTPVOE 	64

 $POF
#FBN $5 	$#$5

 0QUJDBM 4VSGBDF 4DBOOFST BOE 4JOHMF�1IPUPO &NJTTJPO $PN�
QVUFE 5PNPHSBQIZ 	41&$5
� ɨFTF JNBHJOH TZTUFNT BSF VTFE GPS QSF��QPTU� USFBU�
NFOU BTTFTTNFOU
 USFBUNFOU QMBOOJOH BT XFMM BT QPTJUJPOJOH BOE NPUJPO NBOBHF�
NFOU EVSJOH USFBUNFOUT� ɨF SPMF PG .3* JO SBEJPUIFSBQZ IBT JODSFBTFE� ɨFSF
BSF OPX EFEJDBUFE .3�POMZ TJNVMBUPST GPS SBEJPUIFSBQZ QMBOOJOH BT XFMM BT .3�
-JOFBS BDDFMFSBUPS 	.3�-JOBD
 TZTUFNT GPS UIF BDUVBM USFBUNFOU <�
 �
 �
 �
 �
 �
 �

�
 ��
 ��
 ��>�

8IFO DPNQBSFE XJUI JPOJ[JOH SBEJBUJPO�CBTFE JNBHJOH
 .3* QSPWJEFT B DPNCJ�
OBUJPO PG SBEJBUJPO�GSFF JNBHJOH BOE TVQFSJPS TPGU�UJTTVF DPOUSBTU� .3* HFOFSBUF
JNBHFT XJUI TUVOOJOH DMBSJUZ PG UJTTVF CPVOEBSJFT BOE UIF EFQJDUJPO PG GVODUJPOBM
QSPQFSUJFT TVDI BT QFSGVTJPO BOE NFUBCPMJTN <�>� ɨFSF BSF
 IPXFWFS
 JTTVFT XJUI
HFPNFUSJD EJTUPSUJPOT JOIFSFOU UP .3 JNBHF BDRVJTJUJPO QSPDFTTFT IBNQFSJOH UIF
JOUFHSBUJPO PG .3* JO SBEJPUIFSBQZ� ɨFTF EJTUPSUJPOT SFTVMU GSPN JNQFSGFDUJPOT
JO UIF NBJO NBHOFUJD mFME
 OPO�MJOFBS HSBEJFOUT
 BT XFMM BT mFME EJTUVSCBODFT JOUSP�
EVDFE CZ UIF JNBHFE PCKFDU� $VSSFOU NFDIBOJTNT UP SFEVDF UIF NBHOJUVEF PG HF�
PNFUSJD EJTUPSUJPOT JODMVEF� 	�
 UIF VTF PG NBOVGBDUVSFS�TVQQMJFE 3D BMHPSJUINT
UP DPSSFDU HSBEJFOU OPO�MJOFBSJUZ EJTUPSUJPOT
 	�
 BDUJWF TIJNNJOH BOE 	�
 VTF PG
IJHI BDRVJTJUJPO CBOEXJEUIT� ɨF NPWF UPXBSET .3�POMZ SBEJPUIFSBQZ NFBOT
UIBU FYJTUJOH 2" NFBTVSFT BU .3 JNBHJOH DFOUFST XJMM IBWF UP CF DBSFGVMMZ MPPLFE

�



BU BOE SFWJFXFE UP NFFU UIF OFX EFNBOET� *O UIJT UIFTJT
 XF JOWFTUJHBUFE UIF
DPNCJOFE FĊFDU PG TZTUFN� BOE QBUJFOU�SFMBUFE EJTUPSUJPOT PO SBEJPUIFSBQZ USFBU�
NFOU QMBOOJOH PG QSPTUBUF BT XFMM BT IFBE BOE OFDL DBODFST� 1SPDFTTFT UP SFEVDF
HFPNFUSJD EJTUPSUJPOT XFSF BMTP FYQMPSFE� " TJNVMBUJPO NFUIPE UP NBQ MPDBM NBH�
OFUJD mFME EFWJBUJPOT VTJOH .3 JNBHFT XBT DPNQBSFE XJUI EJSFDU NFBTVSFNFOUT�
-BTUMZ
 XF FWBMVBUFE UIF BCJMJUZ PG DVSSFOU .3* JO SBEJPUIFSBQZ 2" QSPUPDPMT UP
EFUFDU DPNNPO FWFOUT UIBU BĊFDU UIF RVBMJUZ PG .3 JNBHFT�

��� 3BEJPUIFSBQZ

(MPCBMMZ
 1 JO 5 NFO BOE 1 JO 6 XPNFO EFWFMPQ TPNF GPSN PG DBODFS JO UIFJS
MJGFUJNF <��>� *O 4XFEFO
 UIF SJTL PG EFWFMPQJOH BOZ GPSN PG DBODFS CFGPSF UIF BHF
PG 75 JT BCPVU 31.6% JO NFO BOE 28.7% JO XPNFO <��>� %FQFOEJOH PO UIF UZQF
PG DBODFS
 JUT USFBUNFOU NBZ JODMVEF POF PS B DPNCJOBUJPO PG NFEJDBM JOUFSWFO�
UJPOT JOWPMWJOH
 TVSHFSZ
 DIFNPUIFSBQZ BOE SBEJPUIFSBQZ� "U MFBTU 50% PG DBODFS
QBUJFOUT XJMM IBWF SBEJPUIFSBQZ BU TPNF QPJOU JO UIFJS USFBUNFOU <��
 ��>� 3BEJP�
UIFSBQZ JT B MPDBMJ[FE USFBUNFOU SFHJNF UIBU UBSHFUT UVNPS DFMMT XJUI IJHI EPTFT PG
JPOJ[JOH SBEJBUJPO� 3BEJPUIFSBQZ USFBUNFOU QMBOT BSF PQUJNJ[FE UP mOE UIF SJHIU
CBMBODF CFUXFFO UIF QSPCBCJMJUZ GPS B DVSF BOE UIF SJTL GPS TFWFSF TJEF FĊFDUT� %VS�
JOH SBEJPUIFSBQZ USFBUNFOU
 IJHI�FOFSHZ JPOJ[JOH SBEJBUJPO JT VTFE UP LJMM DBODFS
DFMMT PS SFTUSBJO UIFJS HSPXUI� ɨF IJHI FOFSHZ SBEJBUJPO DBO CF EFMJWFSFE JOUFSOBMMZ
PS FYUFSOBMMZ� &YUFSOBM CFBN SBEJPUIFSBQZ 	&#35
 JT UIF NPTU DPNNPO SBEJPUIFS�
BQZ NFUIPE� )FSF
 JPOJ[JOH SBEJBUJPO GSPN B TPVSDF PVUTJEF UIF CPEZ 	FYBNQMF
GSPN MJOFBS BDDFMFSBUPST
 JT EJSFDUFE BU UIF UVNPS SFHJPO� *OUFSOBM SBEJPUIFSBQZ
TVDI BT #SBDIZUIFSBQZ JOWPMWFT QMBDJOH B TFBMFE SBEJBUJPO TPVSDF JOTJEF PS OFBS UIF
UVNPS�

&BDI TUBHF PG UIF SBEJPUIFSBQZ USFBUNFOU QSPDFTT JOWPMWFT POF JNBHJOH NFUIPE PS
BOPUIFS BT TIPXO JO 'JHVSF ���� .BKPS JNQSPWFNFOUT JO NFEJDBM JNBHJOH UFDI�
OPMPHJFT JO UIF MBTU EFDBEFT IBWF NBEF JU QPTTJCMF UP USFBU DBODFST XJUI IJHI QSFDJ�
TJPO <��>�

�



��� 4UBHFT PG UIF SBEJPUIFSBQZ USFBUNFOU QSPDFTT

����� 1SF�USFBUNFOU QMBOOJOH

5P PQUJNJ[F USFBUNFOU PVUDPNFT
 BDDVSBUF EJBHOPTUJD JOGPSNBUJPO PO UIF MPDBUJPO
PG UIF UVNPS BOE OFBSCZ PSHBOT BU SJTL 	0"3
 BSF SFRVJSFE� .FEJDBM JNBHFT BSF
VTFE UP EFUFSNJOF UIF MPDBUJPO
 TJ[F
 FYUFOU
 BOE TUBHF PG UIF UVNPS JODMVEJOH UIF
NFUBTUBUJD TUBUVT PG UIF EJTFBTF� ɨF JNBHJOH TZTUFNT JOWPMWFE JO UIF QSF�USFBUNFOU
PG UIF EJTFBTF TIPVME IBWF WFSJmBCMF RVBOUJUBUJWF QSPQFSUJFT� ɨFTF QSPQFSUJFT XJMM
CF NPTU OFFEFE XIFO FWBMVBUJOH USFBUNFOU SFTQPOTF BOE GVUVSF BTTFTTNFOUT�

����� 4JNVMBUJPO BOE QMBOOJOH

ɨF HPBM PG USFBUNFOU QMBOOJOH JT UP PQUJNJ[F UIF EFMJWFSZ PG UIF QSFTDSJCFE EPTF�
ɨSFF�EJNFOTJPOBM 	3D
 JNBHFT SFQSFTFOUJOH UIF QBUJFOU BOBUPNZ BSF VTFE GPS UBS�
HFU WPMVNF BOE 0"3 EFMJOFBUJPOT BT XFMM BT GPS PQUJNJ[JOH UIF EFMJWFSZ EPTF� $VS�
SFOUMZ
 UIJT JNBHF TFU JT UZQJDBMMZ GSPN $5 EBUB� *U JT QPTTJCMF UP VTF .3 JNBHFT BT
UIF QSJNBSZ JNBHJOH NPEBMJUZ CFDBVTF PG UIF TVQFSJPS TPGU�UJTTVF DPOUSBTU PĊFSFE
CZ .3*�

"O JNQPSUBOU BTQFDU PG UIF USFBUNFOU QMBOOJOH QSPDFTT JT UIF EPTF DBMDVMBUJPOT

UIBU USBOTMBUF EFMJWFSFE USFBUNFOU mFMET JOUP BCTPSCFE EPTF <��>� $5 QSPWJEFT
RVBOUJUBUJWF JOGPSNBUJPO UIBU JT JEFBM GPS EPTF DBMDVMBUJPOT XIJMTU .3* HJWFT RVBM�
JUBUJWF JOGPSNBUJPO UIBU GPS NBOZ EJBHOPTFT BSF QSFGFSSFE GPS UBSHFU WPMVNF BOE
0"3 EFMJOFBUJPOT�

'VODUJPOBM JNBHJOH UFDIOJRVFT TVDI BT 1&5 BOE 41&$5 DBO BMTP CF VTFE JO EFMJO�
FBUJOH UIF UBSHFU WPMVNF� ɨF VTF PG NVMUJ�NPEBM JNBHJOH UISPVHI TPNF GPSN PG
JNBHF SFHJTUSBUJPO UISPVHI 1&5��41&$5�$5
 1&5�.3* PS $5�.3* GVTJPO UFDI�
OJRVFT DBO JODSFBTF UIF BDDVSBDZ PG UBSHFU WPMVNF BOE 0"3 EFMJOFBUJPO <��>�

����� %PTF EFMJWFSZ BOE UVNPS MPDBMJ[BUJPO

$IBOHFT JO UVNPS WPMVNFT BT XFMM BT OFBSCZ PSHBOT EVSJOH EPTF EFMJWFSZ DBO CF
NPOJUPSFE VTJOH JNBHJOH NPEBMJUJFT TVDI BT $#$5 BOE .3*� 0SHBO�UVNPS WPM�
VNF DIBOHFT NBZ CF EVF UP CMBEEFS BOE SFDUBM mMMJOH BT XFMM BT MVOH NPWFNFOUT
EVSJOH CSFBUIJOH DZDMFT� 'PS CSBDIZUIFSBQZ SBEJPUIFSBQZ USFBUNFOU PG HZOBFDP�

�



MPHJDBM BOE QSPTUBUF DBODFST
 .3* JT UIF NPEBMJUZ UIBU JT NPTU DPNNPOMZ VTFE UP
FOTVSF BDDVSBUF EPTF EFMJWFSZ <��>�

#Z JODPSQPSBUJOH JNBHJOH EVSJOH EPTF EFMJWFSZ
 UIF QPUFOUJBM TJEF FĊFDUT PG SB�
EJPUIFSBQZ USFBUNFOU DPVME CF HSFBUMZ SFEVDFE <��>� $#$5 IBT CFFO BTTPDJBUFE
XJUI JNQBJSFE WJTVBMJ[BUJPO PG SFHJPOT XJUI IJHI NPUJPO BOE TXBMMPXJOH BT XFMM BT
QPPS TPGU�UJTTVF DPOUSBTU <�>� .3* XJUI JUT TVQFSJPS TPGU�UJTTVF DPOUSBTU NBZ PĊFS
B CFUUFS PQUJPO GPS USFBUNFOU NPOJUPSJOH EVSJOH EPTF EFMJWFSZ
 CVU .3*�T BCJMJUZ
UP EFBM XJUI NPUJPO JT B ESBXCBDL�

����� 3FTQPOTF BTTFTTNFOU BOE GPMMPX VQ

ɨF BTTFTTNFOU PG UIF QBUJFOU�T SFTQPOTF UP UIF USFBUNFOU JT CBTFE PO UPUBM�QBSUJBM
SFNJTTJPO
 NFUBTUBTJT
 BT XFMM BT SFDVSSFODF� &BDI QBUJFOU BOE DBODFS UZQF XJMM SF�
TQPOE EJĊFSFOUMZ UP SBEJPUIFSBQZ CBTFE PO SFTJTUBODF QBSBNFUFST TVDI BT IZQPYJB

QSPMJGFSBUJPO MFWFMT
 BOE JOUSJOTJD SBEJBUJPO SFTJTUBODF BU UIF UVNPS DFMMVMBS MFWFM
<��>� ɨF VTF PG NFEJDBM JNBHJOH QSPWJEFT OPO�JOWBTJWF NPOJUPSJOH PG UVNPS
DIBOHFT BGUFS SBEJPUIFSBQZ USFBUNFOU� 'PS FYBNQMF JO IFBE BOE OFDL SBEJPUIFS�
BQZ DBODFS USFBUNFOUT
 TUVEJFT IBWF TIPXO B TJHOJmDBOU SFEVDUJPO JO VOOFDFTTBSZ
TBMWBHF TVSHFSZ XIFO ��'�nVPSPEFPYZHMVDPTF 	��'�'%(
 1&5 XBT VTFE UP BTTFTT
QPTU�SBEJPUIFSBQZ USFBUNFOU SFTQPOTF <��
 ��>�

��� .FEJDBM JNBHJOH TZTUFNT JO SBEJPUIFSBQZ

ɨF WBSJPVT TUBHFT PG UIF SBEJPUIFSBQZ QSPDFTT BOE UIF DPSSFTQPOEJOH JNBHJOH
NPEBMJUJFT VTFE BSF JMMVTUSBUFE JO 'JHVSF ���� "T JNBHJOH DPOUJOVFT UP CF UIF NPTU
JNQPSUBOU TPVSDF PG JOGPSNBUJPO JO UIF NBOBHFNFOU PG DBODFS SBEJPUIFSBQZ
 JU
JT SFMFWBOU UIBU 	J
 UIF VOEFSMZJOH GBDUPST PG UIF TJHOBMT UIBU GPSN UIF JNBHFT BSF
QSPQFSMZ VOEFSTUPPE BOE 	JJ
 UIF TQBUJBM EJTUSJCVUJPO PG UIF TJHOBMT BSF BDDVSBUF BOE
QSFDJTF <��>�

�



'JHVSF ���� ɧF SBEJPUIFSBQZ QSPDFTT� ɨF EJĊFSFOU TUBHFT PG SBEJPUIFSBQZ BOE TPNF PG
UIF DPSSFTQPOEJOH NFEJDBM JNBHJOH UFDIOJRVFT VTFE�

$VSSFOUMZ
 UIF NPTU DPNNPOMZ VTFE QSF�USFBUNFOU JNBHJOH NPEBMJUJFT JO SBEJP�
UIFSBQZ BSF $5
 .3*
 41&$5 BOE 1&5� 'JHVSF ��� JMMVTUSBUFT BO BYJBM TMJDF PG UIF
QFMWJT EFQJDUFE CZ UISFF EJĊFSFOU JNBHJOH NPEBMJUJFT VTFE JO SBEJPUIFSBQZ�

'JHVSF ���� *NBHJOH NPEBMJUJFT JO SBEJPUIFSBQZ� $5
 .3* BOE 1&5 BYJBM JNBHFT GPS
QSPTUBUF SBEJPUIFSBQZ USFBUNFOU QMBOOJOH�

����� $5

$5 JNBHFT BOBUPNZ BOE JT UIF NPTU XJEFMZ VTFE JNBHJOH NPEBMJUZ GPS TUSVDUVSBM
WPMVNF EFMJOFBUJPOT JO SBEJPUIFSBQZ� $5 IBT IJHI TQBUJBM SFTPMVUJPO BOE EPFT OPU
TVĊFS GSPN HFPNFUSJD EJTUPSUJPOT� ɨFSFGPSF
 $5 JNBHFT PĊFS TFBNMFTT EFMJOFBUJPO
PG UVNPVS WPMVNFT BU UIF CPSEFST PG BJS�mMMFE DBWJUJFT
 GBU UJTTVFT PS CPOF <��>� $5�
OVNCFS
 SFQSFTFOUJOH UIF BUUFOVBUJPO PG SBEJBUJPO CZ UJTTVFT XJUIJO FBDI WPYFM
 DBO

�



CF DPOWFSUFE UP FMFDUSPO EFOTJUZ� ɨJT JOGPSNBUJPO JT VUJMJ[FE CZ EPTF DBMDVMBUJPO
BMHPSJUINT GPS PQUJNJ[BUJPO BOE UIF mOBM EPTF DBMDVMBUJPOT�

$5 EBUB DPVME CF VTFE BT B SFGFSFODF GPS QPTJUJPOJOH UIF QBUJFOU� ɨF NPTU DPN�
NPO UFDIOJRVFT BSF UP FJUIFS EP SFHJTUSBUJPOT EJSFDUMZ CFUXFFO UIF $5 BOE UIF
$#$5 BDRVJSFE BU USFBUNFOU
 PS CZ EFSJWJOH EJHJUBMMZ SFDPOTUSVDUFE SBEJPHSBQIT
	%33T
 GSPN UIF $5 UIBU BSF SFHJTUFSFE UP nBU QBOFM Y�3BZ JNBHFT BDRVJSFE BU
USFBUNFOU�

ɨPVHI $5 JT SFBEJMZ BWBJMBCMF BOE IBT NBOZ BEWBOUBHFT
 JU BMTP IBT MJNJUBUJPOT�
3FTFBSDI IBT TIPXO IJHI JOUFS� BOE JOUSB�PCTFSWFS WBSJBUJPO JO $5�CBTFE UBSHFU
WPMVNF EFMJOFBUJPOT <��
 ��
 ��>� ɨF MBDL PG GVODUJPOBM BOE CJPMPHJDBM JOGPSNB�
UJPO BT XFMM BT TVC�PQUJNBM TPGU�UJTTVF DPOUSBTU BSF BMTP XFMM�LOPXO MJNJUBUJPOT PG
$5�

����� 1&5 BOE 41&$5

1&5 BOE 41&$5 BSF GVODUJPOBM JNBHJOH NPEBMJUJFT� )FSF
 SBEJPUSBDFST BSF VTFE
UP JNBHF UIF CJPEJTUSJCVUJPO PG UIF MBCFMMFE DPNQPVOE� 41&$5 JT TPNFUJNFT
VTFE UP JEFOUJGZ CPOF NFUBTUBTFT <��>� )PXFWFS
 1&5 JT UIF NPTU DPNNPOMZ VTFE
UFDIOJRVF JO DVSBUJWF SBEJPUIFSBQZ BOE XJMM IFODF CF UIF GPDVT PG UIJT TFDUJPO�

*O SBEJPUIFSBQZ
 1&5 JT B NBKPS TPVSDF PG GVODUJPOBM BOE NFUBCPMJD JOGPSNBUJPO
<��>� 5VNPS DFMMT IBWF IJHIFS MFWFMT PG NFUBCPMJD BDUJWJUZ DPNQBSFE XJUI IFBMUIZ
UJTTVFT� 1&5 VTFT USBDFST TVDI BT ��'�'%( UP WJTVBMJ[F UIF NFUBCPMJD BDUJWJUZ
XJUIJO UJTTVFT� 4FWFSBM TUVEJFT IBWF TIPXO UIF CFOFmUT PG ��'�'%(�1&5 JO TUBH�
JOH BOE EFmOJOH UIF UVNPS FYUFOTJPOT <��
 ��>� -JLF BMM JNBHFT UP CF VTFE JO SBEJP�
UIFSBQZ
 TQBUJBM MPDBMJ[BUJPO JT FTTFOUJBM� ɨFSFGPSF
 UIF MPX TQBUJBM SFTPMVUJPO BTTP�
DJBUFE XJUI ��'�'%(�1&5 JNBHFT MJNJUT UIFJS VTF� *U IBT CFFO TVHHFTUFE UIBU ��'�
'%(�1&5 JT CFTU GPS EFUBJMFE JNBHJOH PG UIF UVNPS BOE JUT NJDSP�FOWJSPONFOU�
ɨJT JOGPSNBUJPO JT OFFEFE UP NBQ SBEJPSFTJTUBOU SFHJPOT XJUIJO UIF UVNPS GPS
EPTF FTDBMBUJPO <��>� *O UFSNT PG BGUFS�USFBUNFOU BTTFTTNFOU
 1&5 JT WBMVBCMF JO
NPOJUPSJOH UVNPS DIBOHFT BOE mOEJOH EJTFBTF SFDVSSFODF <��
 ��>�

����� .3*

.3* DBO CF VTFE GPS CPUI BOBUPNJD BOE GVODUJPOBM JNBHJOH EFQFOEJOH PO UIF
DIPJDF PG TFRVFODF� .3* JT JODSFBTJOHMZ CFJOH VTFE JO SBEJPUIFSBQZ CFDBVTF XIFO
DPNQBSFE UP $5
 JU QSPWJEFT CFUUFS WJTVBMJ[BUJPO PG UVNPS BOE OPSNBM TPGU UJTTVFT�

�



6OMJLF $5
 .3* JT OPO�JPOJ[JOH BT JU SFMJFT PO UIF EJĊFSFOU NBHOFUJD QSPQFSUJFT
FYIJCJUFE CZ EJĊFSFOU UJTTVFT� *NBHJOH TJHOBMT BSF HFOFSBUFE VTJOH TUSPOH NBHOFUT
BOE SBEJP�GSFRVFODZ XBWFT� ɨF NFDIBOJTNT PG .3* TJHOBM GPSNBUJPO BOE UIF VTF
PG .3* JO SBEJPUIFSBQZ BSF EJTDVTTFE JO $IBQUFS � BOE $IBQUFS �
 SFTQFDUJWFMZ�

ɨF JNQPSUBODF PG JNBHJOH JO UIF SBEJPUIFSBQZ XPSL�nPX XBT CFBVUJGVMMZ TVNNFE
VQ CZ UIF $BOBEJBO .FEJDBM 1IZTJDJTU )BSPME +PIOT <��>�

w*G ZPV DBO�U TFF JU
 ZPV DBO�U IJU JU
 BOE JG ZPV DBO�U IJU JU
 ZPV DBO�U DVSF JU�w

��� "JNT PG TUVEZ

ɨF NBJO GPDVT PG UIJT XPSL XBT PO RVBMJUZ BTTVSBODF GPS UIF JOUFHSBUJPO PG .3*
JO UIF SBEJPUIFSBQZ USFBUNFOU QMBOOJOH QSPDFTT� ɨF TQFDJmD BJNT XFSF UP�

t $IBSBDUFSJ[F UIF FĊFDU PG HFPNFUSJD EJTUPSUJPOT PO EPTF EJTUSJCVUJPO QMBOT
GPS QSPTUBUF BT XFMM BT IFBE BOE OFDL DBODFST
 	1BQFST * BOE **
�

t &WBMVBUF BWBJMBCMF NJUJHBUJPO NFUIPET UP SFEVDF .3 HFPNFUSJD EJTUPSUJPOT
OBNFMZ IJHI BDRVJTJUJPO CBOEXJEUI
 WFOEPS�TVQQMJFE DPSSFDUJPO BMHPSJUIN
GPS HSBEJFOU OPOMJOFBSJUJFT BOE QBUJFOU�TQFDJmD BDUJWF TIJNNJOH
 	1BQFST *
BOE **
�

t $PNQBSFB0 mFME JOIPNPHFOFJUZ NBQT 	B0 NBQT
 PCUBJOFE UISPVHI EJSFD�
UJPO NFBTVSFNFOUT BOE TJNVMBUJPOT 	1BQFS ***
�

t &WBMVBUF UIF BCJMJUZ PG DVSSFOU RVBMJUZ BTTVSBODF 	2"
 QSPUPDPMT UP EFUFDU
DPNNPO JTTVFT UIBU BĊFDU UIF RVBMJUZ PG .3 JNBHFT VOEFS SBEJPUIFSBQZ
TFUUJOHT 	1BQFS *7
�

�





$IBQUFS �

ɧF 1IZTJDT PG .3*

��� ɧF .3* 4ZTUFN

ɨF .3 JNBHJOH TZTUFN JT NBEF VQ PG UIF NBJO NBHOFU
 3' DPJMT BOE NBHOFUJD
mFME HSBEJFOUT�

����� ɧF NBJO NBHOFU

ɨF NBJO NBHOFU JT UIF DPSF PG UIF .3 TZTUFN BOE TIPVME QSPEVDF B IJHIMZ IP�
NPHFOFPVT BOE TUSPOH NBHOFUJD mFME 	B0
� B0 mFME TUSFOHUIT PG VQ UP 3 T BSF
DPNNPO JO DMJOJDBM VTF BOE FWFO IJHIFS DBO CF GPVOE JO FYQFSJNFOUBM VTF� 'PS
.3 JNBHJOH
 IJHIFS mFME TUSFOHUI USBOTMBUFT UP CFUUFS TJHOBM�UP�OPJTF SBUJP 	4/3

CVU BMTP DPNFT XJUI QPUFOUJBM EJTBEWBOUBHFT <��>� 5ZQJDBMMZ
 UIF NBHOFUJD mFME
IPNPHFOFJUZ PG .3* TDBOOFST JT QSFTFOUFE BT SPPU�NFBO�TRVBSF 	3.4
 PS QFBL�
UP�QFBL WBMVFT XJUIJO B EJBNFUFS TQIFSJDBM WPMVNF 	%47
� $PNNPO WBMVFT PG UIF
mFME IPNPHFOFJUZ GPS B DMJOJDBM TDBOOFS BSF CFMPX 1.5 ppm 	3.4 PWFS TQIFSJDBM
WPMVNFT XJUI 50 cm EJBNFUFS
 <��>� *OIPNPHFOFJUJFT JO UIF NBJO NBHOFUJD mFME
SFTVMUT JO EJTUPSUJPOT BOE 4/3 JNQMJDBUJPOT <��>�

����� .BHOFUJD mFME HSBEJFOUT

ɨF NBHOFUJD mFME HSBEJFOUT BSF SFTQPOTJCMF GPS UIF TQBUJBM FODPEJOH PG .3 TJHOBMT
BT XFMM BT TFMFDUJWF FYDJUBUJPO
 F�H� TMJDF TFMFDUJPO� ɨF HSBEJFOUT DSFBUF NPNFOUBSZ

�



WBSJBUJPOT JO UIF NBHOFUJD mFME BMPOH BOZ QSFTDSJCFE EJSFDUJPO VTJOH UISFF QFS�
QFOEJDVMBS HSBEJFOU mFMET� ɨJT FOBCMFT MPDBMJ[BUJPO PG UIF .3 TJHOBM TJODF UIF
GSFRVFODZ PG FNJUUFE TJHOBMT EFQFOE PO UIF MPDBM NBHOFUJD mFME TUSFOHUI� *U BMTP
FOBCMFT MPDBMJ[FE FYDJUBUJPO TJODF UIF IZESPHFO OVDMFJ POMZ SFTQPOE UP FYDJUBUJPO
SBEJP�XBWFT XJUI GSFRVFODJFT NBUDIJOH UIBU PG B NBHOFUJD mFME 	SFTPOBODF DPOEJ�
UJPO
�

ɨF QFSGPSNBODF PG UIF HSBEJFOUT JT EFTDSJCFE CZ UIF NBYJNVN HSBEJFOU TUSFOHUI
BOE UIF TMFX�SBUF
 XIJDI EFTDSJCFT UIF NBYJNVN SBUF PG DIBOHF PG UIF HSBEJFOUT�
)JHIFS WBMVFT PO UIFTF QBSBNFUFST FOBCMF GBTUFS JNBHJOH BOE UIF HSBEJFOU TUSFOHUI
JT BMTP DPOOFDUFE UP UIF CBOEXJEUI XIJDI JT SFMBUFE UP UIF NBHOJUVEF PG UIF EJT�
UPSUJPOT� 'PS B HJWFO WPYFM TJ[F
 UIF HSBEJFOU TUSFOHUI EFUFSNJOFT UIF NBYJNVN
BWBJMBCMF CBOEXJEUI� )JHIMZ MJOFBS HSBEJFOUT BSF OFFEFE GPS BDDVSBUF TQBUJBM MP�
DBUJPO
 IPXFWFS
 EVF UP EFTJHO DPOTUSBJOUT
 UIF MJOFBSJUZ PG UIF HSBEJFOUT EFDSFBTF
GVSUIFS GSPN UIF DFOUFS PG UIF NBHOFU� 6ODPSSFDUFE HSBEJFOU OPOMJOFBSJUJFT MFBE
UP EJTUPSUJPOT FTQFDJBMMZ BU UIF FEHFT PG UIF JNBHJOH WPMVNF <��
 �>�

����� 3BEJP�GSFRVFODZ DPJMT

ɨF SBEJP�GSFRVFODZ DPJMT BSF VTFE GPS USBOTNJUUJOH FYDJUBUJPO QVMTFT BOE SFDFJWJOH
UIF .3 TJHOBMT BGUFS FYDJUBUJPO <��>� ɨF NBHOFUJD mFME QSPEVDFE CZ UIF 3' DPJMT
JT EFOPUFE CZ B1� ɨPVHI UIF TDBOOFS IBT CVJMU�JO CPEZ DPJMT
 UIFSF BSF BMTP TQF�
DJBMJ[FE DPJMT GPS CPEZ QBSUT TVDI BT� IFBE
 OFDL
 UIPSBY
 QFMWJT BOE CSFBTU JO PSEFS
UP JNQSPWF 4/3 BOE FOBCMF QBSBMMFM JNBHJOH�

��� .BHOFUJD SFTPOBODF

)ZESPHFO
 UIF NPTU BCVOEBOU BUPN JO UIF CPEZ
 JT BMTP UIF NPTU DPNNPOMZ VTFE
OVDMFVT GPS .3 JNBHJOH TJODF JU HJWFT UIF IJHIFTU TJHOBM BNPOHTU BMM .3�BDUJWF
OVDMFJ� .BHOFUJD SFTPOBODF JNBHJOH JT CBTFE PO UIF OVDMFBS NBHOFUJD SFTPOBODF
	/.3
 QIFOPNFOB XIJDI SFMZ PO UIF TQJO BOE DIBSHF QSPQFSUJFT PG BUPNJD OV�
DMFJ� 4QJO EFTDSJCFT UIF JOIFSFOU BOHVMBS NPNFOUVN PG B QBSUJDMF� $IBSHFE QBSUJ�
DMFT XJUI BOHVMBS NPNFOUVN XJMM IBWF B NBHOFUJD NPNFOU BOE XJMM FYQFSJFODF B
UPSRVF XIFO QMBDFE JO BO FYUFSOBM NBHOFUJD mFME <�>�

8IJMTU FYQFSJFODJOH B UPSRVF
 UIF QBSUJDMFT QSFDFTT BSPVOE UIF BQQMJFE NBHOFUJD
mFME� ɨJT GSFRVFODZ JT LOPXO BT UIF -BSNPS GSFRVFODZ BOE JT EFTDSJCFE CZ UIF

��



-BSNPS FRVBUJPO�

ω0 = γB0 	���


XIFSF γ JT UIF HZSPNBHOFUJD SBUJP XJUI BO BQQSPYJNBUF WBMVF PG 42.58 MHz/T
GPS IZESPHFO OVDMFJ BOEB0 JT UIF mFME TUSFOHUI PG UIF NBJO NBHOFU� &RVBUJPO ���
JOEJDBUFT UIBU IZESPHFO OVDMFJ XJMM QSFDFTT XJUI IJHIFS GSFRVFODJFT BT UIF NBHOFUJD
mFME TUSFOHUI JODSFBTFT
 F�H
 UIF -BSNPS GSFRVFODZ PG IZESPHFO OVDMFJ BU 1.5T JT
63.86MHz XIJMTU JU JT 127.71MHz BU 3 T �

��� .3 TJHOBM BOE JNBHF GPSNBUJPO

5P EFTDSJCF UIF EZOBNJDT PG B HSPVQ PG TQJOT UIBU FYQFSJFODF UIF TBNF NBHOFUJD
mFME TUSFOHUI
 UIF NBHOFUJ[BUJPO WFDUPS PG UIF TQJOT DBO CF VTFE� ɨF WFDUPS TVN
PG UIFTF NBHOFUJ[BUJPO WFDUPST JT UIF OFU NBHOFUJ[BUJPO WFDUPS 	/.7
� /.7 DBO
CF EFDPNQPTFE JOUP MPOHJUVEJOBM 	Mz
 BOE USBOTWFSTF DPNQPOFOUT 	Mxy
� "U
FRVJMJCSJVN
 Mz MJFT JO UIF TBNF EJSFDUJPO BT UIF FYUFSOBM NBHOFUJD mFME
 J�F� UIF
z�BYJT JO DPOWFOUJPOBM DPPSEJOBUF TZTUFN
 DBMMFE UIF FRVJMJCSJVN NBHOFUJ[BUJPO
	M0
� ɨJT JT JMMVTUSBUFE JO 'JHVSF ��� 	B
 � ɨPVHI M0 DBO CF NFBTVSFE
 JU JT WFSZ
XFBL XIJMTU MZJOH QBSBMMFM UP B0
 JO UIF PSEFS PG nT DPNQBSFE UP GPS FYBNQMF B
3 T TUBUJD NBHOFUJD mFME�

ɨF BQQMJDBUJPO PG B 3'�FYDJUBUJPO QVMTF
 PTDJMMBUJOH BU UIF TBNF GSFRVFODZ BT UIF
-BSNPS GSFRVFODZ PG IZESPHFO OVDMFJ 	SFTPOBODF DPOEJUJPO

 nJQT UIF MPOHJUVEJOBM
DPNQPOFOU PG /.7 JOUP UIF USBOTWFSTF QMBOF BT JOEJDBUFE JO 'JHVSF ��� 	C
 � ɨF
CFIBWJPVS PG UIF OFU NBHOFUJ[BUJPO CFGPSF
 EVSJOH BOE BGUFS B 90o 3'�FYDJUBUJPO
QVMTF JT BQQMJFE JT JMMVTUSBUFE JO 'JHVSF ����

��



	B
 	C
 	D


'JHVSF ���� 'PSNBUJPO PG .3* TJHOBM� #FGPSF UIF 90o SBEJP�GSFRVFODZ 	3'
�FYDJUBUJPO
QVMTF
 UIF OFU NBHOFUJ[BUJPO 	M0 � Mz
 MJFT QBSBMMFM UP UIF NBJO NBHOFUJD mFME (a)� ɨF
BQQMJDBUJPO PG B 90o 3' FYDJUBUJPO QVMTF nJQT Mz JOUP UIF USBOTWFSTF QMBOF (b)� )FSF
 UIF
USBOTWFSTF NBHOFUJ[BUJPO 	Mxy
 SPUBUFT BSPVOE UIF TUBUJD NBHOFUJD mFME
 HFOFSBUJOH B UJNF�
WBSZJOH NBHOFUJD mFME XIJDI QSPEVDFT B NFBTVSBCMF .3 TJHOBM� "GUFS UIF 3' FYDJUBUJPO
QVMTF (c)
 UIFSF JT B HSBEVBM MPTT PG FOFSHZ BOE QIBTF DPIFSFODF MFBEJOH UP UIF SFDPWFSZ
PG UIF MPOHJUVEJOBM NBHOFUJ[BUJPO 	Mz
 BOE UIF EFDBZ PG UIF USBOTWFSTF NBHOFUJ[BUJPO
	Mxy
�

*O UIF USBOTWFSTF QMBOF
 UIF OFU NBHOFUJ[BUJPO SPUBUFT BSPVOE UIF NBHOFUJD mFME

HFOFSBUJOH B UJNF�WBSZJOH NBHOFUJD mFME XIJDI JO UVSO DSFBUFT B WPMUBHF JO B SF�
DFJWFS DPJM BDDPSEJOH UP 'BSBEBZ�T MBX� #BTJDBMMZ
 UIJT JT UIF TJHOBM VTFE UP DSFBUF UIF
.3 JNBHF�

��� 3FMBYBUJPO

"GUFS UIF FYDJUBUJPO QVMTF
 UIF /.7 XJMM VOEFSHP B QSPDFTT DBMMFE SFMBYBUJPO
 JN�
QMZJOH UIBU UIF /.7 HSBEVBMMZ SFUVSOT UP JUT UIFSNBM FRVJMJCSJVN XJUI POMZ B
MPOHJUVEJOBM DPNQPOFOU� ɨF SFMBYBUJPO PG UIF /.7 PDDVST UISPVHI UXP UZQFT
PG QSPDFTTFT DBMMFE TQJO�MBUUJDF BOE TQJO�TQJO SFMBYBUJPOT� ɨFTF BSF BMTP LOPXO
BT -POHJUVEJOBM SFMBYBUJPO PS T1�SFDPWFSZ BOE 5SBOTWFSTF SFMBYBUJPO PS T2 EFDBZ

SFTQFDUJWFMZ� ɨF UJNF SFWPMVUJPO PG /.7 BGUFS UIF 3'�FYDJUBUJPO QVMTF XJUI UIF
UXP UJNF DPOTUBOUT T1 BOE T2 BSF JMMVTUSBUFE JO 'JHVSF ����

��



'JHVSF ���� 5JNF FWPMVUJPO PG /.7 BGUFS BO FYDJUBUJPO QVMTF� -POHJUVEJOBM /.7 DPN�
QPOFOU SFDPWFSZ HPWFSOFE CZ UIF T1 SFMBYBUJPO UJNF PDDVSSJOH BU UIF TBNF UJNF BT UIF
EFDBZ PG UIF USBOTWFSTF /.7 DPNQPOFOU HPWFSOFE CZ UIF T2 SFMBYBUJPO UJNF�

����� -POHJUVEJOBM SFMBYBUJPO PS T1 SFDPWFSZ

"GUFS UIF 3' FYDJUBUJPO QVMTF JT SFNPWFE
 UIF TQJOT MPTF FOFSHZ UP UIF TVSSPVOEJOH
NPMFDVMBS FOWJSPONFOU
 PGUFO SFGFSFFE UP BT UIF MBUUJDF� ɨJT TQJO�MBUUJDF JOUFSBD�
UJPO DBVTFT UIF MPOHJUVEJOBM /.7 DPNQPOFOU UP HSBEVBMMZ SFUVSO UP UIFSNBM FRVJ�
MJCSJVN� ɨJT SFUVSO JT DIBSBDUFSJ[FE CZ B UJNF DPOTUBOU T1
 XIJDI JT BMTP LOPXO
BT UIF MPOHJUVEJOBM SFMBYBUJPO PS TQJO�MBUUJDF SFMBYBUJPO UJNF <�>� ɨF T1 UJNF JT
EFmOFE BT UIF UJNF SFRVJSFE GPS UIF MPOHJUVEJOBM /.7 DPNQPOFOU UP SFHBJO 63%
PG JUT PSJHJOBM WBMVF BGUFS UIF 90o 3' QVMTF� T1 SFDPWFSZ UJNF JT BO JOIFSFOU DIBSBD�
UFSJTUJD PG UJTTVFT <�>� &RVBUJPO ��� TIPXT UIF SF�HSPXUI PG UIF /.7 BGUFS B 90o
3' FYDJUBUJPO QVMTF BOE JT BMTP JMMVTUSBUFE JO 'JHVSF ����

Mz(t) = M0(1− e−t/T1) 	���


'SPN &RVBUJPO ���
 XIFO T1 � t
 UIFO 63% PG UIF /.7 IBT SFDPWFSFE� ɨJT
JOEJDBUFT UIBU B GVMM SFDPWFSZ PG /.7 UBLFT CFUXFFO � BOE � T1 SFDPWFSZ UJNFT�

��



����� 5SBOTWFSTF SFMBYBUJPO UJNF PS T2 EFDBZ

"GUFS UIF 3' FYDJUBUJPO QVMTF
 UIF TQJOT XJMM JOUFSBDU XJUI TMPXMZ WBSZJOH NBHOFUJD
mFMET PSJHJOBUJOH GSPN F�H� OFJHICPVSJOH IZESPHFO OVDMFJ� ɨJT DBVTFT UIF TQJOT
UP MPTF QIBTF DPIFSFODF
 MFBEJOH UP UIF EFDBZ PG UIF USBOTWFSTF /.7 DPNQPOFOU�
ɨJT EFDBZ JT DIBSBDUFSJ[FE CZ B UJNF DPOTUBOU
 T2
 XIJDI JT BMTP LOPXO BT 5SBOT�
WFSTF SFMBYBUJPO UJNF� ɨF T2 UJNF JT EFmOFE BT UIF UJNF SFRVJSFE CZ UIF USBOTWFSTF
/.7 DPNQPOFOU UP EFDBZ UP 37% PG JUT PSJHJOBM WBMVF� -JLF T1
 EJĊFSFOU UJTTVFT
IBWF EJĊFSFOU T2 WBMVFT� &RVBUJPO ��� TIPXT UIF EFDBZ PG UIF /.7 BGUFS B 90o
3' FYDJUBUJPO QVMTF BOE JT BMTP JMMVTUSBUFE JO 'JHVSF ����

Mxy(t) = Mxy(0)e
−t/T2 	���


*G UIF MPTT PG QIBTF DPIFSFODF JT EVF UP JOIPNPHFOFJUJFT JO UIF NBJO NBHOFUJD mFME
	POMZ SFMFWBOU GPS HSBEJFOU FDIP TFRVFODFT

 UIFO T2

∗ 	T2 TUBS
 JT UIF UJNF DPOTUBOU
BTTPDJBUFE XJUI UIF EFDBZ PG UIF USBOTWFSTF /.7 DPNQPOFOU�

��� 4QBUJBM MPDBMJ[BUJPO

ɨF .3 TJHOBMT HFOFSBUFE EP OPU IBWF TQBUJBM MPDBMJ[BUJPO JOGPSNBUJPO <��>� *NBH�
JOH HSBEJFOUT BSF BQQMJFE UP EFUFSNJOF UIF MPDBUJPO PG UIF TPVSDFT PG UIF .3 TJHOBMT
<��>� ɨF HSBEJFOUT
 XIFO BQQMJFE JO BOZ EJSFDUJPO DBVTFT UIF -BSNPS GSFRVFODZ
PG IZESPHFO OVDMFJ UP EFQFOE PO UIFJS QPTJUJPO BMPOH UIJT EJSFDUJPO <��>� " TMJDF�
TFMFDU HSBEJFOU XIFO BQQMJFE EFUFSNJOFT UIF BQQSPQSJBUF JNBHF TMJDF UP CF TFMFDUFE�
" GSFRVFODZ�FODPEJOH HSBEJFOU FODPEFT UIF TQBUJBM MPDBUJPO PG .3 TJHOBMT CBTFE PO
UIFJS QPTJUJPO BMPOH UIF EJSFDUJPO PG UIF BQQMJFE HSBEJFOU UISPVHI B QSPDFTT LOPXO
BT GSFRVFODZ FODPEJOH <��>� 5P NBQ UIF MPDBUJPO PG UIF TPVSDF PG .3 TJHOBMT CBTFE
PO UIFJS QIBTF EJĊFSFODFT
 QIBTF�FODPEJOH HSBEJFOUT BSF BQQMJFE UISPVHI B QSPDFTT
LOPXO BT QIBTF FODPEJOH <��>�

����� 1VMTF TFRVFODFT

ɨF DSFBUJPO PG .3 JNBHFT JOWPMWFT UIF UJNFMZ BSSBOHFNFOU PG NBHOFUJD HSBEJFOUT
BOE 3' QVMTFT SFGFSSFE UP BT 1VMTF 4FRVFODFT� 1VMTF TFRVFODFT DPNNPOMZ IBWF 3'
QVMTF	T

 TMJDF TFMFDUJPO HSBEJFOUT 	Gss

 GSFRVFODZ FODPEJOH HSBEJFOUT 	GFE


��



BOE QIBTF FODPEJOH HSBEJFOUT 	GPE
 JODMVEJOH UIF UJNJOH QBSBNFUFST SFQFUJUJPO
UJNF 	53
 BOE FDIP UJNF 	5&
 BT TIPXO JO 'JHVSF ���� 5& JT UIF UJNF CFUXFFO UIF
JOJUJBM 3' FYDJUBUJPO QVMTF BOE UIF EFUFDUJPO PG UIF TJHOBM 	NJEEMF PG FDIP
 XIJMTU
53 JT UIF UJNF CFUXFFO TVDDFTTJWF 3' FYDJUBUJPO QVMTFT BQQMJFE UP UIF TBNF TMJDF
<�>�

'JHVSF ���� " TJNQMJmFE HSBEJFOU FDIP 	(3&
 QVMTF TFRVFODF EJBHSBN� ɨF 3' FYDJUB�
UJPO QVMTF DPNCJOFE XJUI UIF TMJDF TFMFDUJPO HSBEJFOU 	Gss
 TFMFDUJWFMZ FYDJUF UIF SFHJPO PG
JOUFSFTU� "DDVNVMBUJPO PG QIBTF TIJGUT BOE TQBUJBM MPDBMJ[BUJPO BSF BDIJFWFE XJUI UIF QIBTF
	GPE
 BOE GSFRVFODZ 	GFE
 FODPEJOH HSBEJFOUT� %FQIBTFE USBOTWFSTF NBHOFUJ[BUJPOT
BSF SFGPDVTFE VTJOH BEEJUJPOBM HSBEJFOUT 	PVUMJOFE JO XIJUF
� .PEJmFE GSPN UIF CPPL �.3* GSPN 1JDUVSF UP
1SPUPO�
 3rd FEJUJPO <�>�

ɨF 3' FYDJUBUJPO QVMTF JT DPODVSSFOUMZ BQQMJFE XJUI UIFGSS � ɨF SFTPOBODF DPO�
EJUJPO XJUIJO UIF TFMFDUFE UXP�EJNFOTJPOBM QMBOF PS TMJDF JT GVMmMMFE CZ DPNCJOJOH
UIF 3' QVMTF XJUI BOZ PG UIF HSBEJFOUT 	x
 y
 PS z�HSBEJFOUT
� ɨJT NBLFT JU QPTTJCMF
UP TFMFDUJWFMZ FYDJUF IZESPHFO OVDMFJ JO NVMUJQMF QMBOFT 	USBOTWFSTF
 PCMJRVF
 TBHJU�
UBM PS DPSPOBM
 CZ PSJFOUJOH UIF GSS HSBEJFOUT BDDPSEJOHMZ� ɨF GPE HSBEJFOUT
BSF UVSOFE PO BOE PĊ UP BDDVNVMBUF QIBTF TIJGUT JO UIF TFMFDUFE EJSFDUJPO XIJMTU
XBJUJOH GPS BO FDIP� ɨF GFE 
 BMTP LOPXO BT SFBEPVU HSBEJFOU
 XIFO UVSOFE PO
DBVTFT B SBOHF PG -BSNPS GSFRVFODJFT BMPOH UIF EJSFDUJPO PG UIBU HSBEJFOU <��>� 5XP
GSFRVFODZ FODPEJOH HSBEJFOUT XJUI PQQPTJUF QPMBSJUZ BSF BQQMJFE UP PCUBJO UIF .3
TJHOBM GPSNJOH FDIP� *G
 BT JO 'JHVSF ���
 B HSBEJFOU JT VTFE UP DSFBUF UIJT FDIP
 UIF
SFTVMUJOH QVMTF TFRVFODF JT LOPXO BT HSBEJFOU FDIP 	(3&
� *G B 180o SFGPDVTJOH

��



3' QVMTF JT VTFE
 JOTUFBE PG HSBEJFOUT XJUI PQQPTJUF QPMBSJUZ
 UP PCUBJO UIF FDIP

UIJT TFRVFODF JT LOPXO BT B TQJO FDIP 	4&
 TFRVFODF� ɨFSF BSF NBOZ WBSJBUJPOT
PG .3 QVMTF TFRVFODFT
 CVU UIFZ BSF NBJOMZ CBTFE PO UIF UXP GVOEBNFOUBM QVMTF
TFRVFODFT� 4& BOE (3& <��>�

"O JNQPSUBOU EJĊFSFODF CFUXFFO (3& BOE 4& TFRVFODFT JT UIBU POMZ 4& TFRVFODFT
BSF BCMF UP SF�GPDVT NBHOFUJ[BUJPOT UIBU IBWF CFFO MPTU EVF UP NBHOFUJD mFME JOIP�
NPHFOFJUJFT�

��� *NBHF SFDPOTUSVDUJPO BOE L�TQBDF

%BUB DPMMFDUFE EVSJOH .3 TDBOT BSF TUPSFE JO B TQBUJBM GSFRVFODZ EPNBJO DBMMFE L�
TQBDF XIFSF FBDI MJOF JO L�TQBDF DPSSFTQPOET UP EBUB DPMMFDUFE EVSJOH UIF SFBEPVU
HSBEJFOU JO B TJOHMF 53� &BDI QPJOU JO L�TQBDF SFQSFTFOUT B TQBUJBM GSFRVFODZ JO UIF
'PVSJFS USBOTGPSN PG UIF EFTJSFE JNBHF� )FODF
 CZ BQQMZJOH UIF JOWFSTF 'PVSJFS
USBOTGPSN PO UIJT EBUB
 .3 JNBHFT DBO CF SFDPOTUSVDUFE�

"GUFS BQQMZJOH UIF EJĊFSFOU HSBEJFOUT 	TFF 'JHVSF ��� JO 4FDUJPO �����

 UIF QBUI
BOE USBKFDUPSZ UISPVHI L�TQBDF JT EFmOFE BOE JMMVTUSBUFE JO 'JHVSF ��� <�>� "OZ
JNQFSGFDUJPOT JO UIF HSBEJFOUT BĊFDU TBNQMJOH JO L�TQBDF XIJDI JO UVSO MFBET UP
JNBHF BSUJGBDUT�

��



'JHVSF ���� L�TQBDF USBKFDUPSZ� "GUFS 3' FYDJUBUJPO BOE CFGPSF BOZ HSBEJFOUT
 BMM FODPEJOHT
BSF BU UIF DFOUFS PG L�TQBDF (a)� "QQMZJOH UIF EFQIBTFE GFE XJUI UIF NBYJNVN OFHBUJWF
GPE NPWFT BMM EBUB UP QPJOU (b) XIFSF UIF SFBE�PVU GFE NPWFT UIFN BMPOH B MJOF PG
Kfe
 GSPN b UP d� ɨF QFBL PG UIF FDIP PDDVST BU (c)� "U UIF OFYU 53 PS FYDJUBUJPO
 GPE

NPWFT TBNQMJOH UP (e) BOE UIF TBNQMJOH QSPDFTT JT SFQFBUFE� .PEJmFE GSPN UIF CPPL �.3* GSPN 1JDUVSF UP
1SPUPO�
 3rd FEJUJPO <�>�

��� *NBHF DPOUSBTU

ɨF DPOUSBTU JO .3 JNBHFT JT VTVBMMZ EFUFSNJOFE CZ UIF T1 SFDPWFSZ UJNF
 T2 EFDBZ
UJNF BOE QSPUPO EFOTJUZ 	BNPVOU PG NPCJMF IZESPHFO QSPUPOT QFS VOJU WPMVNF PG
UIF CPEZ UJTTVF
� 8IFO UIF JNBHF DPOUSBTU QSJNBSJMZ EFQFOET PO T1
 T2 PS QSPUPO
EFOTJUZ UIF JNBHFT BSF VTVBMMZ SFGFSSFE UP BT T1�
 T2� PS QSPUPO EFOTJUZ�XFJHIUFE

SFTQFDUJWFMZ� ɨF BNPVOU PG XFJHIUJOH EFQFOET PO UIF DIPJDF PG 53 BOE 5& BOE
5BCMF ��� TIPXT UIJT EFQFOEFODF GPS B TQJO�FDIP TFRVFODF� -POH BOE TIPSU 53
BOE 5& BSF OPU FYBDUMZ EFmOFE
 CVU UZQJDBM TIPSU 53 BOE 5& WBMVFT BSF 1 s BOE
10 ms
 SFTQFDUJWFMZ
 BOE UZQJDBM MPOH 53 BOE 5& WBMVFT BSF 5 s BOE 100 ms

SFTQFDUJWFMZ�

5BCMF ���� &ĊFDU PG 53 BOE 5& PO .3 JNBHF DPOUSBTU�

$POUSBTU 8FJHIUJOH 53 5&
T1�XFJHIUJOH 4IPSU 4IPSU

T2�XFJHIUJOH -POH -POH

1SPUPO EFOTJUZ�XFJHIUJOH -POH 4IPSU

��



"O FYBNQMF PG T1� BOE T2�XFJHIUFE .3 JNBHFT JT TIPXO JO 'JHVSF ���

	B
 	C


'JHVSF ���� $POUSBTU JO .3 JNBHFT�(a) "YJBM T1� BOE (b) T2�XFJHIUFE .3 JNBHFT�

��



$IBQUFS �

.3* JO 3BEJPUIFSBQZ 5SFBUNFOU
1MBOOJOH

ɨF PVUDPNF PG DBODFS USFBUNFOU XJUI SBEJPUIFSBQZ EFQFOET IJHIMZ PO BDDVSBUF
EFmOJUJPO PG UIF UVNPS WPMVNF BOE OFBSCZ 0"3� ɨF TVQFSJPS TPGU�UJTTVF DPO�
USBTU QSPWJEFE CZ .3* DPNQBSFE UP $5 NBLFT JU XFMM TVJUFE GPS UBSHFU WPMVNF
EFMJOFBUJPO <��
 ��
 ��
 ��
 ��>� ɨF VTF PG OPO�JPOJ[JOH SBEJP XBWFT VOMJLF $5
JNBHJOH NBLFT .3* CFOFmDJBM GPS QFEJBUSJD QBUJFOUT XIP NJHIU IBWF UP HP UISPVHI
SFQFBUFE TDBOT <��>� ɨF nFYJCJMJUZ JO TMJDF PSJFOUBUJPO NBLFT JU QPTTJCMF GPS .3
JNBHFT UP CF BMJHOFE CFUUFS XJUI BOBUPNZ UIBO $5�

"U QSFTFOU
 UIF UFDIOJDBM DIBMMFOHFT PG .3* JO SBEJPUIFSBQZ BSF MBDL PG FMFDUSPO
EFOTJUZ JOGPSNBUJPO
 HFPNFUSJD EJTUPSUJPOT BOE UIF BCTFODF PG JOUFSOBUJPOBMMZ BD�
DFQUFE 2" QSPDFEVSFT� ɨF MBTU UXP UFDIOJDBM DIBMMFOHFT BSF UIF GPDVT PG UIJT
UIFTJT�

��� "CTPSCFE EPTF DBMDVMBUJPO XJUI .3 EBUB

6OMJLF $5
 UIF JOGPSNBUJPO JO .3 JNBHFT EPFT OPU QSPWJEF B EJSFDU NFBTVSFNFOU
PG FMFDUSPO EFOTJUZ <��>� 5P PWFSDPNF UIJT DIBMMFOHF
 TZOUIFUJD $5 	T$5
 EBUB
BSF CFJOH HFOFSBUFE GSPN .3 JNBHFT GPS BCTPSCFE EPTF FTUJNBUJPOT� $VSSFOUMZ

NFUIPET UP DSFBUF T$5 JNBHFT GSPN .3 EBUB JODMVEF�

�� CVML FMFDUSPO EFOTJUZ BTTJHONFOU� UIF WPYFMT XJUIJO FBDI TFHNFOUFE WPMVNF

��



BSF BTTJHOFE POF CVML FMFDUSPO EFOTJUZ WBMVF <��
 ��
 ��
 ��
 ��>� )FSF
 UIF
TFHNFOUFE WPMVNFT DPSSFTQPOE UP TQFDJmD UJTTVF UZQFT <��>�

�� 7PYFM�JOUFOTJUZ CBTFE� FMFDUSPO EFOTJUZ WBMVFT BSF BTTJHOFE CBTFE PO .3
JNBHF WPYFM JOUFOTJUJFT <��
 ��
 ��>�

�� "UMBT�CBTFE� FMFDUSPO EFOTJUZ WBMVFT BSF USBOTGFSSFE UP .3 JNBHFT GSPN DP�
SFHJTUFSFE .3� BOE $5�JNBHFT <��
 ��
 ��
 ��>�

8JUI CVML FMFDUSPO EFOTJUZ BTTJHONFOU
 B TUVEZ CZ -FF FU BM� <��> DPNQBSFE UXP
NFUIPET PG FMFDUSPO EFOTJUZ BTTJHONFOUT� 'JSTU
 BMM WPYFMT XJUIJO UIF CPEZ DPOUPVS
GPS QSPTUBUF DBODFS USFBUNFOUT XFSF BTTJHOFE UIF FMFDUSPO EFOTJUZ PG XBUFS� 4FDPOE

WPYFMT XJUI $5 OVNCFST MBSHFS UIBO 320 )PVOTmFME VOJU 	)6
 XFSF BTTJHOFE
UIF FMFDUSPO EFOTJUZ PG CPOF XIJMTU BMM PUIFS SFHJPOT XFSF BTTJHOFE UIBU PG XBUFS
<��>� ɨFZ SFQPSUFE B EPTF EJĊFSFODF PG MFTT UIBO 2% CFUXFFO USFBUNFOU QMBOT
CBTFE PO $5 BOE UIF T$5 EBUB TFUT BTTJHOFE CVML�FMFDUSPO EFOTJUZ PG CPOF BOE
XBUFS� )PXFWFS
 EPTF�DPNQBSJTPO CFUXFFO $5 BOE UIF T$5 EBUB TFUT BTTVNFE UP
CF IPNPHFOFPVT SFTVMUFE JO B EPTF EJĊFSFODF PG NPSF UIBO 2% <��>�

+POTTPO FU BM� <��> JOWFTUJHBUFE CVML FMFDUSPO EFOTJUZ BTTJHOFE USFBUNFOU QMBOT
BU UIF SFHJPOT PG UIF QFMWJT
 UIPSBY
 CSBJO BT XFMM BT IFBE BOE OFDL� #VML NBTT
EFOTJUZ WBMVFT XFSF BTTJHOFE UP UJTTVF
 CPOF
 MVOH
 BOE BJS�DBWJUJFT� ɨF NBYJNVN
EJĊFSFODF JO UIF OVNCFS PG NPOJUPS VOJUT OFFEFE UP BDIJFWF UIF EFTJSFE QSFTDSJCFE
EPTF XBT 1.6% CFUXFFO USFBUNFOU QMBOT PG $5 EBUB BOE CVML EFOTJUZ BTTJHOFE .3*
EBUB�

T$5 EBUB HFOFSBUFE VTJOH UIF BUMBT�CBTFE BQQSPBDI CZ 4JWFSTTPO FU BM� <��> VTF UIF
4UBUJTUJDBM %FDPNQPTJUJPO "MHPSJUIN 	4%"
� ɨF 4%" NFUIPE JOWPMWFT BVUPNBU�
JDBMMZ DSFBUJOH T$5 JNBHFT GSPN NPTUMZ 5��XFJHIUFE .3 EBUB CBTFE PO BVUPNBUJD
UJTTVF DMBTTJmDBUJPO DPNCJOFE XJUI B NPEFM PG B USBJOFE UFNQMBUF PG $5 BOE .3
NBUFSJBMT <��>� 1FSTTPO FU BM� <��> SFDFOUMZ SFQPSUFE B EPTF EJĊFSFODF PG MFTT UIBO
0.3% CFUXFFO UIF 4%" BUMBT�CBTFE T$5 BOE PSJHJOBM $5 USFBUNFOU QMBOT�

ɨFSF BSF BMTP IZCSJE )6 DPOWFSTJPO NPEFMT UIBU GPS FYBNQMF DPNCJOF BUMBT� BOE
WPYFM JOUFOTJUZ�CBTFE NFUIPET UP DSFBUF T$5�T GSPN .3 JNBHFT <��>�

4PNF PG UIF NBKPS .3 WFOEPST DVSSFOUMZ QSPWJEF BMHPSJUINT GPS HFOFSBUJOH T$5
EBUB GSPN .3 JNBHFT� 'PS FYBNQMF UIF .3$"5 	.3 GPS $BMDVMBUJOH "UUFOVB�
UJPO
 CZ 1IJMJQT <�> BOE UIF ;FSP 5&�CBTFE QTFVEP $5 CZ (& )FBMUIDBSF <��
 ��>�

ɨF WBSJPVT DIBMMFOHFT BTTPDJBUFE XJUI T$5 HFOFSBUJPO JODMVEF EJTDSJNJOBUJPO PG
CPOF GSPN BJS DBWJUJFT
 DPNQBDU CPOF DMBTTJmDBUJPO BOE BDDVSBUFMZ EFmOJOH UIF

��



CPSEFST BU EJĊFSFOU UJTTVF JOUFSGBDFT <��
 ��
 ��>� )PXFWFS
 XJUI B SFQPSUFE QFSDFOU
EPTF EJĊFSFODF PG MFTT UIBO 2% CFUXFFO T$5� BOE $5�CBTFE USFBUNFOU QMBOT <��

��
 ��
 ��
 ��
 ��
 ��
 ��
 ��>
 UIF EPTJNFUSJD JNQBDU JT TNBMM
 BOE JOEJDBUJOH UIBU
JU JT QPTTJCMF UP VTF .3* HFOFSBUFE T$5 EBUB GPS BDDVSBUF EPTF EFMJWFSZ FTUJNBUJPOT�

��� 1BUJFOU QPTJUJPOJOH

.3* TZTUFNT GPS EJBHOPTUJD QVSQPTFT HFOFSBMMZ IBWF DVSWFE UBCMF UPQT� 'PS SB�
EJPUIFSBQZ USFBUNFOU QMBOOJOH
 nBU UBCMF UPQT BSF OFFEFE UP BDDVSBUFMZ SFQSPEVDF
QBUJFOU QPTJUJPOJOH� "QQSPQSJBUF SBEJPUIFSBQZ mYBUJPO EFWJDFT BOE nBU UBCMF UPQ
JOTFSUT BSF CFJOH BEEFE UP .3* TDBOOFST UP BEBQU UIFN GPS SBEJPUIFSBQZ QVSQPTFT�
#SZOPMGTTPO FU BM� <�> BEBQUFE B 1&5�.3 TDBOOFS GPS SBEJPUIFSBQZ QVSQPTFT XJUI
B nBU UBCMF UPQ BOE DPJM IPMEFS� " ESPQ JO 4/3 EVF UP UIF JODSFBTFE TFQBSBUJPO CF�
UXFFO UIF QBUJFOU BOE UIF DPJM XBT PCTFSWFE <�>� 4JNJMBS TUVEJFT IBWF BMTP SFQPSUFE
B ESPQ JO 4/3 XIJMTU TDBOOJOH QBUJFOUT PO nBU UBCMF UPQT XJUI DPJM IPMEFST <�
 ��>�

ɨF PUIFS UFDIOJDBM DIBMMFOHFT PG .3 JO SBEJPUIFSBQZ XIJDI BSF UIF GPDVT PG UIJT
XPSL BSF EJTDVTTFE JO $IBQUFST �
 � BOE ��

��





$IBQUFS �

.3* HFPNFUSJD EJTUPSUJPOT

*NBHFT XJUI IJHI TQBUJBM BDDVSBDZ BSF OFFEFE GPS SBEJPUIFSBQZ USFBUNFOU QMBOOJOH�
8IJMF UVNPST BOE BOBUPNJD TUSVDUVSFT DBO CF EJTUJOHVJTIFE JO HSFBU EFUBJM PO .3
JNBHFT
 JOIFSFOU HFPNFUSJD EJTUPSUJPOT BTTPDJBUFE XJUI .3 JNBHFT BSF B DPODFSO
<��>� .3 HFPNFUSJD EJTUPSUJPOT PSJHJOBUF GSPN JNQFSGFDUJPOT JO UIF NBJO B0

mFME
 HSBEJFOU OPO�MJOFBSJUJFT
 NBHOFUJD TVTDFQUJCJMJUZ FĊFDUT
 BOE DIFNJDBM TIJGU
BSUJGBDUT� 5P FOTVSF BDDVSBUF SBEJPUIFSBQZ USFBUNFOU QMBOOJOH
 HFPNFUSJD FSSPST
PG 1 mm PS CFUUFS OFBS UIF UBSHFUFE WPMVNF <��
 ��> BOE CFMPX 2 mm XJUIJO
UIF JNBHFE 'JFME PG 7JFX 	'P7
 BSF SFRVJSFE <��
 ��>� ɨF 2 mm JT B TVHHFTUFE
MJNJU BT EFUBJMFE JOWFTUJHBUJPOT XPVME MJLFMZ SFWFBM EJĊFSFOU MJNJUT CBTFE PO UIF
MPDBMJ[BUJPO PG UIF EJTUPSUJPOT JO SFMBUJPO UP UIF UBSHFU WPMVNF BOE PSHBOT BU SJTL�

%JTUPSUJPOT GSPN JOIFSFOU� BOE QBUJFOU�JOEVDFE mFME JOIPNPHFOFJUJFT TIPX VQ
POMZ JO UIF GSFRVFODZ FODPEJOH EJSFDUJPO XIJMTU EJTUPSUJPOT EVF UP HSBEJFOU OPO�
MJOFBSJUJFT NBOJGFTU JO BMM UISFF DBSEJOBM EJSFDUJPOT <��
 ��>�

5P DIBSBDUFSJ[F BOE DPSSFDU .3 HFPNFUSJD EJTUPSUJPOT
 #BMEXJO FU BM� <��> TIPXFE
UIBU JG GSFRVFODZ FODPEJOH JT EPOF JO UIF x�BYJT XIJMTU QIBTF FODPEJOH PDDVST JO
UIF y BOE z BYFT GPS B 3D .3 TDBO
 UIFO UIF NBHOJUVEF PG EJTUPSUJPOT JO FBDI PG

��



UIF BYFT XJMM CF <��> �

x′ = x+∆x

= x+
δBGx(x, y, z)

Gx
+

δB0(x, y, z)

Gx
+

δBs(x, y, z)

Gx
	���


y′ = y +∆y

= y +
δBGy(x, y, z)

Gy
	���


z′ = z +∆z

= z +
δBGz(x, y, z)

Gz
	���


8IFSF ∆x
 ∆y
 ∆z BSF UIF NBHOJUVEF PG EJTUPSUJPOT JO FBDI EJSFDUJPO SFTQFD�
UJWFMZ� Gx
 Gy
 Gz BOE δBGx
 δBGy
 δBGy BSF UIF HSBEJFOU TUSFOHUIT BOE UIFJS
DPSSFTQPOEJOH OPOMJOFBSJUJFT� δB0
 BOE δBs BSF UIF mFME JNQFSGFDUJPOT GSPN UIF
TUBUJD NBHOFUJD mFME BOE QBUJFOU�JOEVDFE TVTDFQUJCJMJUZ FĊFDUT
 SFTQFDUJWFMZ�

&RVBUJPOT ������� TIPX UIBU GPS 3D JNBHF BDRVJTJUJPOT UIF DPOUSJCVUJPOT GSPN
B0 mFME BOE QBUJFOU�JOEVDFE mFME JOIPNPHFOFJUJFT TIPX VQ POMZ JO UIF GSFRVFODZ
FODPEJOH EJSFDUJPO BT TMJDF TFMFDUJPO JT BDIJFWFE UISPVHI BO BEEJUJPOBM QIBTF FO�
DPEJOH TUFQ <��>� 8IFSFBT GPS 2D JNBHJOH
 DPOUSJCVUJPOT GSPN B0� BOE QBUJFOU�
JOEVDFE mFME JOIPNPHFOFJUJFT XJMM NBOJGFTU JO UIF GSFRVFODZ FODPEJOH BOE TMJDF
TFMFDU EJSFDUJPOT� ɨF QIBTF�FODPEJOH EJSFDUJPO JT GSFF GSPN B0 mFME�JOEVDFE JO�
IPNPHFOFJUZ EJTUPSUJPOT�

#BTFE PO &RVBUJPOT �������
 UIF EJĊFSFOU TPVSDFT PG HFPNFUSJD EJTUPSUJPOT DBO CF
RVBOUJmFE BOE TFQBSBUFE�

��� 4ZTUFN�SFMBUFE HFPNFUSJD EJTUPSUJPOT

5P BDDVSBUFMZ BTTJHO TJHOBMT UP UIFJS TQBUJBM PSJHJO JO .3 JNBHJOH SFRVJSFT TVQFS�
JNQPTJOH IJHIMZ MJOFBS HSBEJFOUT PO B VOJGPSN TUBUJD NBHOFUJD mFME� ɨJT XBZ UIF
QPTJUJPO PG IZESPHFO OVDMFJ DBO CF FODPEFE UISPVHI UIF MJOFBS TQBUJBM WBSJBUJPO
JO UIFJS QSFDFTTJPOBM GSFRVFODJFT UIBU USBOTMBUF JOUP QIBTF EJĊFSFODFT <��
 ��>� "T
B DPOTFRVFODF
 TVCKFDU�JOEFQFOEFOU JOIPNPHFOFJUJFT JO UIF NBJO B0 mFME BOE
OPO�MJOFBSJUJFT JO UIF HSBEJFOUT SFTVMU JO FSSPST JO UIF TQBUJBM FODPEJOH PG UIF OV�
DMFJ� &EEZ DVSSFOUT HFOFSBUFE CZ UIF GBTU TXJUDIJOH PG UIF TUSPOH HSBEJFOUT UZQJDBM

��



PG EJĊVTJPO�XFJHIUFE .3* TFRVFODFT BMTP DBVTF TZTUFN EJTUPSUJPOT <��
 ��>� ɨF
B0 mFME JOIPNPHFOFJUZ JOEVDFE CZ FEEZ DVSSFOUT IBT CFFO SFQPSUFE UP DBVTF GSF�
RVFODZ PĊTFU PG BSPVOE 10− 25Hz <��>� ɨJT JT TNBMM DPNQBSFE UP UIF 139Hz
TVTDFQUJCJMJUZ�JOEVDFE B0 PĊTFU SFQPSUFE CZ 4DIBLFM FU BM� JO UIF IFBE BOE OFDL
SFHJPO <��>� ɨF FĊFDU PG FEEZ DVSSFOUT DBO CF SFEVDFE CZ VUJMJ[JOH UIF EFGBVMU
FEEZ DVSSFOU DPNQFOTBUJPO PG UIF TZTUFN EVSJOH JNBHF BDRVJTJUJPOT� $IBSBDUFS�
J[JOH EJTUPSUJPOT DBVTFE CZ FEEZ DVSSFOUT XBT OPU QBSU PG UIJT XPSL BOE BSF OPU
EJTDVTTFE GVSUIFS�

����� 4VCKFDU JOEFQFOEFOU B0 mFME JOIPNPHFOFJUZ EJTUPSUJPOT

*U JT EJċDVMU UP QSPEVDF B IPNPHFOFPVT NBHOFUJD mFME EJTUSJCVUJPO UISPVHIPVU
UIF .3 TZTUFN� ɨF QSFTFODF PG CVJMEJOH NBUFSJBMT TVDI BT TUFFM SFJOGPSDFNFOUT
BOE PUIFS FYUFSOBM NBHOFUJD JOUFSGFSFODF BĊFDU UIF IPNPHFOFJUZ PG UIF NBHOFU�
%VSJOH JOTUBMMBUJPO
 UIF B0 mFME IPNPHFOFJUZ JT SFmOFE UISPVHI B QSPDFTT DBMMFE
TIJNNJOH <��>� )FSF
 QJFDFT PG JSPO PS TUFFM BSF QMBDFE BU TUSBUFHJD QPJOUT BSPVOE
UIF NBHOFU�T CPSF UP DPNQFOTBUF GPS VOXBOUFE JOIPNPHFOFJUJFT JO UIF B0 mFME�
ɨJT UZQF PG SFEVDJOH mFME JOIPNPHFOFUJFT JT LOPXO BT QBTTJWF TIJNNJOH� "GUFS
QBTTJWF TIJNNJOH
 UIF TVCKFDU�JOEFQFOEFOU B0 mFME JOIPNPHFOFJUZ JT UZQJDBMMZ
SFEVDFE UP CFMPX 1.5 ppm PWFS UIF TQIFSJDBM WPMVNF TQFDJmFE CZ UIF WFOEPST�

ɨF NBHOFUJD mFME JT NPTU IPNPHFOFPVT BSPVOE UIF JTPDFOUFS PG UIF NBHOFU BOE
UIF IPNPHFOFJUZ XPSTFOT GVSUIFS BXBZ GSPN UIF DFOUFS PG UIF NBHOFU� *OIPNP�
HFOFJUJFT JO UIF NBHOFUJD mFME BMUFS UIF -BSNPS GSFRVFODZ PG UIF IZESPHFO OVDMFJ�
ɨJT SFTVMUT JO TJHOBM MPTT GPS HSBEJFOU FDIP TFRVFODFT BOE HFPNFUSJD EJTUPSUJPOT�
ɨF DIPJDF PG BDRVJTJUJPO CBOEXJEUI
 XIJDI BMTP SFMBUFT UP UIF SFBEPVU HSBEJFOU
mFME TUSFOHUI JNQBDUT UIF NBHOJUVEF PG UIF EJTUPSUJPOT� %JTUPSUJPOT BTTPDJBUFE
XJUI mFME JOIPNPHFOFJUJFT BSF JOWFSTFMZ QSPQPSUJPOBM UP UIF HSBEJFOU TUSFOHUI <��>
BOE BMTP TDBMFT MJOFBSMZ XJUI UIF B0 mFME TUSFOHUI� ɨF NBHOJUVEF PG EJTUPSUJPOT
BU B HJWFO QPJOU JO TQBDF (x, y, z) XIFSF B mFME JOIPNPHFOFJUZ PG ∆B0 FYJTUT JT
HJWFO CZ

∆x =
δB0(x, y, z)

GR
	���


ɨF mFME TUSFOHUI PG UIF SFBEPVU HSBEJFOU GR JT SFMBUFE UP UIF QJYFM CBOEXJEUI
	#8
 CZ�

GR =
BW

γFOV
	���


��



XIFSF 'P7 JT UIF mFME PG WJFX BOE γ JT UIF HZSPNBHOFUJD SBUJP XJUI BO BQQSPYJNBUF
WBMVF PG 42.58 MHz/T �

(FPNFUSJD EJTUPSUJPOT GSPN UIF NBJO B0 mFME JOIPNPHFOFUJFT TIPX VQ JO UIF GSF�
RVFODZ FODPEJOH BOE TMJDF TFMFDU EJSFDUJPOT GPS TUBOEBSE UXP�EJNFOTJPOBM JNBHJOH
TFRVFODFT <��
 ��
 ��>
 XIFSFBT JU TIPXT VQ POMZ JO UIF GSFRVFODZ FODPEJOH EJ�
SFDUJPO GPS 3D JNBHF BDRVJTJUJPOT� 'PS NPEFSO TDBOOFST
 HFPNFUSJD FSSPST GSPN
JOIPNPHFOFJUJFT BSF WFSZ TNBMM FYDFQU GPS SFHJPOT GBS GSPN UIF JTPDFOUFS�

����� (SBEJFOU OPO�MJOFBSJUZ EJTUPSUJPOT

ɨF NBHOFUJD mFME HSBEJFOUT VTFE GPS TQBUJBM FODPEJOH TIPVME JEFBMMZ CF MJOFBS�
*O GBDU
 UIF 'PVSJFS USBOTGPSNBUJPO XIJDI USBOTMBUFT L�TQBDF EBUB JOUP .3 JNBHFT
JT CBTFE PO UIF BTTVNQUJPO UIBU UIF HSBEJFOUT BSF MJOFBS� )PXFWFS
 UIF OFFE GPS
HSBEJFOU TZTUFNT XJUI GBTU TMFX SBUFT BOE TIPSU CPSFT GPS JODSFBTFE QBUJFOU DPNGPSU
IBWF TJHOJmDBOUMZ DPNQSPNJTFE HSBEJFOU mFME MJOFBSJUZ PG .3 TZTUFNT <��
 ��>� "T
JMMVTUSBUFE JO 'JHVSF ���
 B TJHOBM PSJHJOBMMZ MPDBUFE BU QPJOU X0 XJMM CF BQQBSFOUMZ
QPTJUJPOFE BU X1 CFDBVTF PG HSBEJFOU OPOMJOFBSJUJFT� 'JHVSF ��� BMTP TIPXT UIBU
OPO�MJOFBSJUJFT JO UIF HSBEJFOUT JODSFBTF XJUI EJTUBODF GSPN UIF NBHOFU�T JTPDFOUFS
<��>�

'JHVSF ���� .3 (FPNFUSJD EJTUPSUJPOT EVF UP OPOMJOFBS HSBEJFOUT� /POMJOFBSJUJFT JO
HSBEJFOUT BMUFS UIF TQBUJBM MPDBUJPO PG .3 TJHOBMT� G(x) JT UIF HSBEJFOU mFME TUSFOHUI

(FPNFUSJD EJTUPSUJPOT GSPN OPO�MJOFBSJUJFT JO UIF HSBEJFOU TZTUFNT JT NPTU QSP�
OPVODFE BU UIF PVUFS FEHFT PG .3 JNBHFT BT TIPXO JO 'JHVSF ���� ɨJT JT PG

��



'JHVSF ���� .3 (FPNFUSJD EJTUPSUJPOT� $PSPOBM TMJDFT GSPN $5 BOE UISFF EJNFOTJPOBM
HSBEJFOU OPO�MJOFBSJUZ DPSSFDUFE BOE VODPSSFDUFE .3 JNBHFT PG UIF 4QFDUSPOJD .FEJDBM
"# (3"%& QIBOUPN�

QBSUJDVMBS DPODFSO GPS .3* BQQMJDBUJPOT TVDI BT SBEJPUIFSBQZ XIFSF JNBHFT XJUI
MBSHF 'P7 BSF OFFEFE UP BDDVSBUFMZ HFOFSBUF T$5T BOE PVUMJOF UIF QBUJFOU�T FYUFS�
OBM DPOUPVST <��
 ��>� (SBEJFOU OPO�MJOFBSJUZ EJTUPSUJPOT BSF TUBCMF BOE TIPX VQ
OPU POMZ JO UIF GSFRVFODZ FODPEJOH EJSFDUJPO <��> BT JOEJDBUFE JO &RVBUJPO ����
ɨFSFGPSF
 WFOEPST BSF BCMF UP QSPWJEF DPSSFDUJPO BMHPSJUINT UP SFEVDF UIFJS FĊFDU�
(& TDBOOFST VTF UIF (SBEXBSQ 	(& )FBMUIDBSF
 8BVLFTIB
 8*
 64"
 BMHPSJUIN
UP DPSSFDU HSBEJFOU OPOMJOFBSJUZ FĊFDUT <��>� ɨF (SBEXBSQ NPEFMT UIF HSBEJFOU
mFME EJTUSJCVUJPOT CBTFE PO UIF TQIFSJDBM IBSNPOJD FYQBOTJPO PG UIF HSBEJFOU mFMET
<��>� ɨF FĊFDU PG UIF (SBEXBSQ BMHPSJUIN PO QIBOUPN JNBHFT JT TIPXO JO 'JH�
VSF ���� 'PS TVċDJFOUMZ MBSHF 'P7T
 VODPSSFDUFE HSBEJFOU OPO�MJOFBSJUZ EJTUPSUJPOT
IBWF UIF MBSHFTU FĊFDU BNPOH BMM UIF PUIFS TPVSDFT PG EJTUPSUJPOT PO UIF PWFSBMM HF�
PNFUSJD BDDVSBDZ PG .3 JNBHFT <��>�

��



����� $IBSBDUFSJ[JOH TZTUFN�SFMBUFE HFPNFUSJD EJTUPSUJPOT

.BOZ QVCMJDBUJPOT IBWF EFTDSJCFE UIF BTTFTTNFOU PG TZTUFN�SFMBUFE EJTUPSUJPOT FT�
QFDJBMMZ CFDBVTF PG UIF JODSFBTJOH VTF PG .3 JNBHFT GPS SBEJPUIFSBQZ USFBUNFOU
QMBOOJOH <��
 ��
 �
 ��
 ��
 ��
 ��
 ��
 ��
 ��
 ��
 �>� ɨF "NFSJDBO "TTPDJBUJPO
PG 1IZTJDJTUT JO .FEJDJOF 	""1.
 3FQPSU /P�100 SFDPNNFOET UIF NFBTVSFNFOU
PG HFPNFUSJD EJTUPSUJPOT UISPVHIPVU UIF FOUJSF JNBHJOH WPMVNF GPS .3 TZTUFNT
EFEJDBUFE UP SBEJPUIFSBQZ USFBUNFOU QMBOOJOH <��>� 5P DIBSBDUFSJTF TZTUFN EJTUPS�
UJPOT
 TQFDJBMJTFE QIBOUPNT UIBU EP OPU JOEVDF EJTUPSUJPOT BSF SFRVJSFE�

*O UIJT XPSL
 UIF (3"%& HFPNFUSJD BDDVSBDZ QIBOUPN GSPN 4QFDUSPOJD .FEJDBM
"#
 )FMTJOHCPSH
 4XFEFO XBT VTFE UP NFBTVSF TZTUFN EJTUPSUJPOT� ɨF QIBO�
UPN IBT B TJHOBM QSPEVDJOH WPMVNF PG 438.7 × 346.0 × 470.0 mm3 XJUI 1177
TQIFSJDBM TJHOBM NBSLFST <��>� &BDI NBSLFS IBT B EJBNFUFS PG 17mm BOE JT mMMFE
XJUI QPMZFUIZMFOF HMZDPM� 0CKFDU�JOEVDFE EJTUPSUJPOT GSPN UIJT QIBOUPN IBT CFFO
GPVOE UP CF OFHMJHJCMF 	< 0.5 mm
 <��>� 6QPO TDBOOJOH UIF QIBOUPN
 UIF JN�
BHFT BSF VQMPBEFE UP B DMPVE�CBTFE EJTUPSUJPO BOBMZTJT TZTUFN� 0WFSBMM EJTUPSUJPOT
BSF DBMDVMBUFE BT UIF EJĊFSFODF JO NBSLFS QPTJUJPOT JO UIF .3 JNBHFT BOE JO B
SFGFSFODF QIBOUPN NPEFM�

5P WFSJGZ UIF BDDVSBDZ PG UIF WFOEPS�TVQQMJFE DPSSFDUJPO BMHPSJUIN
 UIF (3"%&
QIBOUPN XBT TDBOOFE PO B 3 T (& 4JHOB 1&5�.3 TDBOOFS 	(& )FBMUIDBSF
 .JM�
XBVLFF
 8*
 64"
 XJUI BOE XJUIPVU 3D DPSSFDUJPO JO 1BQFS *� ɨF SFEVDUJPO JO
UIF NBHOJUVEF PG EJTUPSUJPOT XIFO VTJOH UIF NBOVGBDUVSFS�TVQQMJFE 3D BMHPSJUIN
JT TIPXO JO 'JHVSF ���� )FSF
 UIF XPSTU EJTUPSUJPOT BU SBEJBM EJTUBODFT CFUXFFO
200 − 250 mm EFDSFBTFE GSPN 44.64 mm UP 9.59 mm XJUI UIF DPSSFDUJPO BM�
HPSJUIN� " TJNJMBS TUVEZ CZ .BI FU BM� <��> SFQPSUFE UIBU NBYJNVN EJTUPSUJPOT
BCPWF SBEJBM EJTUBODFT PG 200 mm XFSF SFEVDFE GSPN 40 mm UP 30 mm BGUFS
DPSSFDUJOH HSBEJFOU OPO�MJOFBSJUZ FĊFDUT�

��
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'JHVSF ���� 3FEVDJOH EJTUPSUJPOT XJUI HSBEJFOU OPO�MJOFBSJUZ DPSSFDUJPO BMHPSJUIN� 4DBU�
UFS QMPU PG NBSLFS EJTUPSUJPO TIJGUT BT B GVODUJPO PG UIF SBEJBM EJTUBODF GSPN UIF TDBOOFS�T
JTPDFOUFS XJUIPVU (a) BOE XJUI (b) B UISFF�EJNFOTJPOBM HSBEJFOU OPO�MJOFBSJUZ DPSSFDUJPO
GPS B TQJO FDIP TFRVFODF VTJOH CBOEXJEUI PG 488Hz/pixel PO B 3 T 1&5�.3 TDBOOFS�

'PS TNBMMFS 'P7 QIBOUPNT BOE VTJOH UIF WFOEPS�TVQQMJFE DPSSFDUJPO BMHPSJUIN PO
3 T .3 TDBOOFST
 4VO FU BM� <��> TIPXFE UIBU XPSTU EJTUPSUJPOT XJUIJO B QFMWJD�
TIBQFE QIBOUPN SFEVDFE UP 2.6 mm GSPN 7.5 mm XIJMTU BWFSBHF EJTUPSUJPOT
XJUIJO B IFBE�NPEFMFE QIBOUPN EFDSFBTFE UP 2.75mm GSPN 3.70mm BDDPSEJOH
UP 5BWBSFT FU BM� <��>�

'SPN &RVBUJPOT ��� BOE ���
 UIF NBHOJUVEF PG mFME�JOEVDFE JOIPNPHFOFJUZ EJT�
UPSUJPOT IBWF BO JOWFSTF SFMBUJPOTIJQ XJUI CBOEXJEUI� *O 1BQFS * CBOEXJEUIT PG
122Hz/pixel
 244Hz/pixel BOE 488Hz/pixel XFSF VTFE XIJMTU JO 1BQFS **

WBMVFT PG 122 Hz/mm BOE 488 Hz/mm XFSF VTFE GPS UIF TJNVMBUJPOT�

ɨF SFTVMUT GSPN 1BQFST * BOE ** JOEJDBUFE UIBU B ��GPME JODSFBTF JO BDRVJTJUJPO
CBOEXJEUI SFEVDFE UIF QIBOUPN�NFBTVSFE SFTJEVBM TZTUFN EJTUPSUJPOT 	BMSFBEZ
DPSSFDUFE GPS HSBEJFOU OPO�MJOFBSJUZ FĊFDUT
 VQ UP 36%XJUIJO SBEJBM EJTUBODFT PG VQ
UP 250 mm� *U JT XPSUI OPUJOH UIBU
 UIPVHI IJHI BDRVJTJUJPO CBOEXJEUI SFEVDFT
mFME JOIPNPHFOFJUZ EJTUPSUJPOT
 JU JT MJNJUFE CZ 4/3�

ɨF DPODMVTJPO IFSF JT UIBU TZTUFN�SFMBUFE EJTUPSUJPOT DBO CF SFEVDFE UP HFPNFU�
SJD BDDVSBDZ MFWFMT BQQSPQSJBUF GPS SBEJPUIFSBQZ USFBUNFOU QMBOOJOH CZ BQQMZJOH
WFOEPS�TVQQMJFE HSBEJFOU OPO�MJOFBSJUZ DPSSFDUJPO BMHPSJUINT BOE BO BQQSPQSJBUFMZ
IJHI CBOEXJEUI�

��



��� 1BUJFOU�SFMBUFE HFPNFUSJD EJTUPSUJPOT

1BUJFOU�SFMBUFE EJTUPSUJPOT BSF GSPN DIFNJDBM TIJGU BOE QBUJFOU�JOEVDFE NBHOFUJD
TVTDFQUJCJMJUZ FĊFDUT� ɨF EJĊFSFODFT JO NBHOFUJD TVTDFQUJCJMJUJFT BU UJTTVF�BJS BOE
UJTTVF�CPOF JOUFSGBDFT SFTVMU JO MPDBM B0 JOIPNPHFOFJUJFT <��>� ɨF TFWFSJUZ PG
QBUJFOU�JOEVDFE TVTDFQUJCJMJUZ EJTUPSUJPOT EFQFOE PO UIF TUSFOHUI PG NBJO B0 mFME
	JODSFBTFT XJUI JODSFBTJOH mFME TUSFOHUI

 TIBQF BOE PSJFOUBUJPO PG UIF CPEZ JO SFG�
FSFODF UP UIF BQQMJFE mFME <��
 ��
 ��>� ɨF NBHOFUJD TVTDFQUJCJMJUZ BU UIF CPVOE�
BSJFT PG BJS DBWJUJFT BOE UJTTVFT HFOFSBUF mFME HSBEJFOUT UIBU TJHOJmDBOUMZ BĊFDU UIF
-BSNPS GSFRVFODZ PG IZESPHFO OVDMFJ <��>� ɨJT MFBET UP TJHOBM MPTT BOE JNBHF
EJTUPSUJPOT�

ɨF TFDPOE TPVSDF PG QBUJFOU�SFMBUFE EJTUPSUJPO JT DIFNJDBM TIJGU� $IFNJDBM TIJGU
JT BT B SFTVMU PG UIF EJĊFSFODF JO UIF SFTPOBODF GSFRVFODZ PG QSPUPOT JO GBU BOE
XBUFS NPMFDVMFT� ɨJT XBT OPU QBSU PG UIJT XPSL BOE XJMM OPU CF EJTDVTTFE GVSUIFS�
1BUJFOU�SFMBUFE EJTUPSUJPOT DBO CF SFEVDFE CZ VTJOH IJHI BDRVJTJUJPO CBOEXJEUIT

QBUJFOU�TQFDJmD BDUJWF TIJNNJOH BOE VUJMJ[JOH .3 TFRVFODFT UIBU BSF MFTT TFOTJUJWF
UP mFME JOIPNPHFOFJUJFT�

����� $IBSBDUFSJTJOH QBUJFOU�JOEVDFE TVTDFQUJCJMJUZ EJTUPSUJPOT

*O UIJT XPSL
 B NFUIPE CZ -VOENBO FU BM� <��> XBT VTFE UP DIBSBDUFSJTF EJTUPSUJPOT
GSPN QBUJFOU�JOEVDFE NBHOFUJD TVTDFQUJCJMJUZ FĊFDUT� *O 1BQFST * BOE **
 QBUJFOU
$5 EBUB XBT VTFE UP TJNVMBUF JOEVDFE NBHOFUJD TVTDFQUJCJMJUZ FĊFDUT� ɨF TJNV�
MBUJPO QSPDFTT XBT WBMJEBUFE BHBJOTU UIFPSFUJDBM TDFOBSJPT JO UIF PSJHJOBM QBQFS <��>
BOE PO T$5 EBUB HFOFSBUFE GSPN WPMVOUFFS IFBE BOE OFDL .3 JNBHFT JO 1BQFS ***�
ɨF T$5 EBUB XFSF PCUBJOFE UISPVHI (& )FBMUIDBSF�T [FSP 5&�CBTFE QTFVEP�$5
JNBHF DPOWFSTJPO NFUIPE <��
 ��>�

5P RVBOUJGZ QBUJFOU�JOEVDFE TVTDFQUJCJMJUZ FĊFDUT
 FBDI QBUJFOU $5 BOE WPMVOUFFS
T$5 EBUB XBT DPOWFSUFE UP TVTDFQUJCJMJUZ NBQT CZ mSTU BTTJHOJOH POF )6 WBMVF
FBDI GPS BJS
 GBU
 NVTDMF
 BOE CPOF� ɨJT XBT GPMMPXFE CZ QFS�WPYFM JOUFSQPMBUJPO
CFUXFFO TVTDFQUJCJMJUZ WBMVFT CBTFE PO UIF )6 WBMVF <��>� ɨF TJNVMBUJPO QSPDF�
EVSF IBT CFFO JOUFHSBUFE JO .*$&�5PPM,JU <��>� ɨF MPDBM BOE FYUFSOBM EFWJBUJPOT
JO NBHOFUJD mFME IPNPHFOFJUZ PG B 3 T .3 TDBOOFS XIFO B QBUJFOU JT JOUSPEVDFE
JO UIF TDBOOFS JT TIPXO 'JHVSF ����

"T JOEJDBUFE JO &RVBUJPOT ��� BOE ���
 UIF NBHOJUVEF PG JOEVDFE mFME JOIPNP�
HFOFJUZ EJTUPSUJPOT IBWF BO JOWFSTF SFMBUJPOTIJQ XJUI CBOEXJEUI� *O 1BQFS * CBOE�

��



'JHVSF ���� 1BUJFOU�JOEVDFE mFME JOIPNPHFOFJUJFT� " QBUJFOU JO UIF .3* TDBOOFS EJT�
UVSCT UIF NBJO NBHOFUJD mFME IPNPHFOFJUZ EVF UP EJĊFSFODFT JO NBHOFUJD TVTDFQUJCJMJUJFT
CFUXFFO UIF QBUJFOU BOE UIF TVSSPVOEJOH BJS� *O B TJNJMBS XBZ
 MPDBM B0 mFME EFWJBUJPOT
PDDVS XJUIJO UIF QBUJFOU CFDBVTF PG UIF EJĊFSFODFT JO NBHOFUJD TVTDFQUJCJMJUJFT BU UJTTVF�BJS
BOE UJTTVF�CPOF JOUFSGBDFT�

XJEUIT PG 122 Hz/pixel
 244 Hz/pixel BOE 488 Hz/pixel XFSF VTFE XIJMTU
JO 1BQFS **
 UIF WBMVFT PG 122 Hz/mm BOE 488 Hz/mm XFSF VTFE GPS UIF
TJNVMBUJPOT�

*O 1BQFS *
 NBYJNVN QBUJFOU�JOEVDFE TVTDFQUJCJMJUZ EJTUPSUJPOT BU 3 T VTJOH SFBE�
PVU CBOEXJEUIT PG 122 Hz/pixel
 244 Hz/pixel BOE 488 Hz/pixel XFSF
5.8 mm
 2.9 mm BOE 1.5 mm
 SFTQFDUJWFMZ
 GSPN UIF QSPTUBUF DBODFS QBUJFOU�T
EBUB� 4UBOFTDV FU BM� <��> SFQPSUFE NBYJNVN QBUJFOU�JOEVDFE NBHOFUJD TVTDFQ�
UJCJMJUZ EJTUPSUJPOT PG 2.39 mm BU UIF QSPTUBUF PO B 3 T TDBOOFS VTJOH B SFBEPVU
HSBEJFOU TUSFOHUI PG 5 mT/m�

*O 1BQFS **
 WPYFMT XJUI EJTUPSUJPO WBMVFT > 2 mm JO UIF IFBE BOE OFDL SFHJPO
XFSF 15.4% BOE 0.0% BU 122 Hz/mm BOE 488 Hz/mm SFTQFDUJWFMZ� 8BOH
FU BM� <��> SFQPSUFE TJNJMBS SFTVMUT PO B 3 T TDBOOFS� ɨFZ GPVOE UIBU VTJOH B
CBOEXJEUI PG 180 Hz/pixel
 POMZ 0.1% PG UIF NFBTVSFE QBUJFOU�JOEVDFE TVT�
DFQUJCJMJUZ EJTUPSUJPOT JO UIF CSBJO XFSF > 2mm�

ɨF SFTVMUT GSPN QSFWJPVT TUVEJFT PO MPXFS mFME TUSFOHUI .3 TDBOOFST IBWF TIPXO
UIBU UIF NBHOJUVEF PG QBUJFOU�SFMBUFE EJTUPSUJPOT BSF OFHMJHJCMF PO 0.5 T PS MPXFS
<��
 ��>� 'PS FYBNQMF
 PO 0.5 T .3* TZTUFNT
 4UBOFTDV FU BM� <��> SFQPSUFE
NBYJNVN QBUJFOU�JOEVDFE TVTDFQUJCJMJUZ EJTUPSUJPOT PG 0.57 mm BOE 0.73 mm

��



BU UIF CSBJO BOE MVOHT SFTQFDUJWFMZ� 4JNJMBSMZ
 8BDIPXJD[ FU BM� <��> SFQPSUFE
EJTUPSUJPO WBMVFT PG 0.9 mm BOE 2.6 mm BU UIF MVOHT PO 0.5 T BOE 1.5 T .3*
TZTUFNT SFTQFDUJWFMZ�

*O PSEFS UP DPSSFDU mFME JOIPNPHFOJUJFT JOUSPEVDFE CZ UIF QBUJFOU JO UIF CPSF PG
UIF NBHOFU
 B NBQ PG UIF MPDBM B0 mFME EFWJBUJPOT BTTPDJBUFE XJUI EJĊFSFODFT JO
NBHOFUJD TVTDFQUJCJMJUJFT JT SFRVJSFE� %VF UP UIF QBUJFOU�TQFDJmD OBUVSF PG QBUJFOU�
JOEVDFE TVTDFQUJCJMJUZ FĊFDUT
 UIFSF BSF DVSSFOUMZ OP NBOVGBDUVSFS�TQFDJmD DPSSFD�
UJPO BMHPSJUINT MJLF UIPTF VTFE UP SFEVDF HSBEJFOU OPO�MJOFBSJUZ FĊFDUT�

1PTU�QSPDFTTJOH NFUIPET TVDI BT B0 mFME NBQQJOH <��
 ��> BOE SFWFSTF HSBEJFOU
QPMBSJUZ JNBHF BDRVJTJUJPOT <��
 ��> IBWF CFFO VTFE UP NFBTVSF BOE DPSSFDU mFME
JOIPNPHFOFJUZ EJTUPSUJPOT� "DDVSBUF B0 mFME NBQT QSPWJEF UIF CBTJT GPS FĊFDUJWF
DPSSFDUJPO PG EJTUPSUJPOT BTTPDJBUFE XJUI NBHOFUJD mFME JOIPNPHFOFJUJFT <��>�

ɨF TUVEZ QSFTFOUFE JO 1BQFS *** TJNVMBUFEB0 mFME NBQT HFOFSBUFE GSPN BOBUPN�
JDBM .3 JNBHFT CBTFE PO B NFUIPE CZ -VOENBO FU BM� <��> XFSF DPNQBSFE XJUI
EJSFDU NFBTVSFNFOUT� ɨF B0 NBQT NFBTVSFE EJSFDUMZ GSPN UIF NBDIJOF VTFE UIF
*%&"- *2 TFRVFODF QSPWJEFE CZ (& )FBMUIDBSF <��>� ɨF MPDBM B0 mFME NBQT
GSPN UIF EJSFDUJPO NFBTVSFNFOUT BOE TJNVMBUJPOT XFSF TJNJMBS BT EJTQMBZFE JO 'JH�
VSF ���� ɨF NPTU OPUJDFBCMF EJĊFSFODF JT UIF IJHIFS SFTPMVUJPO JO UIF TJNVMBUFE
NBQ� ɨF TJNVMBUJPO NFUIPE DBO UIFSFGPSF CF BO BMUFSOBUJWF UP NBDIJOF NFBTVSFE
B0 NBQQJOH JO DBTF DPSSFDUJPOT GPS B0 mFME JOIPNPHFOFJUJFT BSF OFFEFE� ɨF BE�
WBOUBHF JT IFSF JT OP FYUSB TDBO UJNF JT SFRVJSFE BTTVNJOH UIBU ZPV IBWF TDBOOFE
BO BQQSPQSJBUF TFRVFODF UIBU DBO CF VTFE� ɨF ESBXCBDL JT UIBU JU EPFT OPU BD�
DPVOU GPS VOFYQFDUFE NBUFSJBMT PO UIF QBUJFOUT UIBU NBZ BĊFDU UIF NBHOFUJD mFME
IPNPHFOFJUZ� ɨJT DPVME
 IPXFWFS
 CF UVSOFE JOUP BO BEWBOUBHF JG UIF DPNQBS�
JTPOT CFUXFFO TJNVMBUFE BOE NFBTVSFE B0 NBQT BSF VTFE BT B 2" UPPM GPS T$5
HFOFSBUJPO� ɨJT JT GVSUIFS EJTDVTTFE JO $IBQUFS ��

��



'JHVSF ���� $PNQBSJTPO PG MPDBM NBHOFUJD mFME 	B0
 NBQT� B0 NBQT (a) NFBTVSFE EJ�
SFDUMZ GSPN UIF NBDIJOF XJUI UIF *%&"- *2 TFRVFODF BOE (b) CBTFE PO UIF TJNVMBUJPOT�

*O UIJT XPSL
 XF IBWF EFNPOTUSBUFE UIBU B IJHI BDRVJTJUJPO CBOEXJEUI DBO CF VTFE
UP SFEVDF mFME JOIPNPHFOFJUJFT� *O 1BQFS **
 XF JOWFTUJHBUFE QPUFOUJBM CFOFmUT
PG VTJOH QBUJFOU�TQFDJmD BDUJWF TIJNNJOH UP SFEVDF QBUJFOU�JOEVDFE TVTDFQUJCJMJUZ
EJTUPSUJPOT�

4IJNNJOH DPNQFOTBUFT GPS NBHOFUJD mFME JOIPNPHFOFJUJFT CZ NJOJNJ[JOH UIF
WBSJBUJPOT JO UIF B0 mFME IPNPHFOFJUZ PWFS UIF JOUFOEFE SFHJPO� "GUFS QBTTJWF
TIJNNJOH EVSJOH JOTUBMMBUJPO
 BDUJWF TIJNNJOH JT EPOF VTJOH TIJN mFMET CBTFE
PO B DPNCJOBUJPO PG CBTJT GVODUJPOT UP SFEVDF mFME JOIPNPHFOFJUJFT JOUSPEVDFE
CZ UIF QBUJFOU <��>� )FSF
 UIF PQUJNJ[FE TIJN mFMET BSF BQQMJFE UP UIF SFHJPO PS
WPMVNF PG JOUFSFTU JO PSEFS UP SFEVDF mFME JOIPNPHFOFJUJFT�

*O 1BQFS **
 B QBUJFOU�TQFDJmD BDUJWF TIJNNJOH NFUIPE XBT VTFE UP SFEVDF mFME
JOIPNPHFOFJUJFT BDSPTT FOUJSF JNBHJOH WPMVNFT BOE XJUIJO B VTFS�EFmOFE SFHJPO�
PG�JOUFSFTU 	30*
� #Z TIJNNJOH BDSPTT UIF FOUJSF QBUJFOU�T JNBHJOH WPMVNF
 UIF
QFSDFOUBHF PG WPYFMT XJUI EJTUPSUJPO TIJGUT > 2 mm XFSF SFEVDFE GSPN 15.4% UP
2.0%� $POUSBSJMZ
 TFMFDUJWFMZ TIJNNJOH UIF QMBOOJOH UBSHFU WPMVNF 	157
 BT UIF
VTFS�EFmOFE WPMVNF PG JOUFSFTU XPSTFOFE EJTUPSUJPOT FMTFXIFSF BT TIPXO JO 'JHVSF
���� 'PS FYBNQMF
 WPYFMT XJUI EJTUPSUJPO TIJGUT > 2 mm JODSFBTFE GSPN 11.5%
UP 32.5% XJUIJO UIF EFMJOFBUFE TQJOBM DPSE XIJMTU B 56% JODSFBTF XBT PCTFSWFE
XJUIJO UIF CSBJO�

��



'JHVSF ���� 0QUJNJ[JOH UIF TIJN QBSBNFUFST XJUIJO B VTFS�EFmOFE SFHJPO PG JOUFSFTU
	30*
 DPNQSPNJTFT UIF #��mFME IPNPHFOFJUZ PG SFHJPOT PVUTJEF UIF TIJNNFE WPMVNF�
" CPY QMPU PG UIF WPYFM�CZ�WPYFM #��mFME IPNPHFOFJUZ MFWFMT GPS UIF 21 QBUJFOU�T EBUB
VTFE JO UIJT TUVEZ� $PNQBSFE BU FBDI TIJN PSEFS JT UIF 3 T HFPNFUSJD TIJGU JO mm GPS
BMM WPYFMT XJUIJO BOE PVUTJEF UIF VTFS�EFmOFE TIJNNFE 30* VTJOH B QJYFM CBOEXJEUI PG
122 Hz/mm� 'PS FBDI CPY
 UIF DFOUSBM NBSL JT UIF NFEJBO XIJMTU UIF CPUUPN BOE UPQ
PG UIF DFOUSBM CPY BSF UIF mSTU BOE UIJSE RVBSUJMFT� ɨFSF XBT B EFDSFBTF JO HFPNFUSJD TIJGUT
JOTJEF UIF TIJNNFE 30* BGUFS 1st BOE 2nd PSEFS TIJNNJOH XIJMTU UIF PQQPTJUF FĊFDU XBT
PCTFSWFE JO WPYFMT PVUTJEF UIF TIJNNFE WPMVNF� )FSF
 0th PSEFS JT UIF VOTIJNNFE B0

mFME EVF UP QBUJFOU�JOEVDFE TVTDFQUJCJMJUZ FĊFDUT�

ɨF DPODMVTJPO ESBXO GSPN 1BQFS ** JT UIBU MPDBMJ[FE TIJNNJOH PWFS QSPCMFNBUJD
BOBUPNJFT DBO SFEVDF mFME JOIPNPHFOFJUZ EJTUPSUJPOT CVU BU UIF TBNF UJNF NBZ
XPSTFO HFPNFUSJD BDDVSBDZ JO OFBSCZ SFHJPOT� ɨFTF OFBSCZ SFHJPOT NBZ DPOUBJO
EFMJOFBUFE 0"3T BOE UIFSFGPSF
 VOMFTT BCTPMVUFMZ OFDFTTBSZ
 PQUJNJ[JOH TIJN QB�
SBNFUFST PWFS VTFS�EFmOFE TVC�WPMVNFT TIPVME CF BWPJEFE GPS SBEJPUIFSBQZ USFBU�
NFOU .3 JNBHF BDRVJTJUJPOT�

��� &ĊFDU PG EJTUPSUJPOT PO EFMJOFBUFE 35 TUSVDUVSFT

*O SBEJPUIFSBQZ
 UIF HFPNFUSJD EJTUPSUJPOT OFBS UIF UBSHFUFE WPMVNFT TIPVME CF BT
MPX BT QPTTJCMF <��>� 'PS SBEJPUIFSBQZ USFBUNFOU QMBOOJOH
 BMM VODFSUBJOUJFT BSF BD�
DPVOUFE GPS XJUI NBSHJOT� *O PSEFS UP BDDPVOU GPS HFPNFUSJD EJTUPSUJPOT XJUI NBS�
HJOT
 JU JT SFMFWBOU UP IBWF JOGPSNBUJPO PO UIF NBHOJUVEF PG EJTUPSUJPOT BU UIF UBS�

��



HFUFE WPMVNF BOE OFBSCZ SFHJPOT� *O 1BQFST * BOE **
 UIF JOEJWJEVBM DPOUSJCVUJPOT
PG TZTUFN�SFMBUFE BOE QBUJFOU�JOEVDFE EJTUPSUJPOT XFSF FWBMVBUFE BU UIF DPOUPVST
EFmOJOH UIF CMBEEFS
 UIF GFNPSBM IFBET
 UIF SFDUVN
 CSBJO
 SJHIU�MFGU QBSPUJET

TQJOBM DPSE BOE UIF 157� *O 1BQFS *
 XF GPVOE UIBU EJTUPSUJPO TIJGUT BU UIF EFMJO�
FBUFE TUSVDUVSFT GSPN QBUJFOU�JOEVDFE TVTDFQUJCJMJUZ FĊFDUT XFSF IJHIFS (max :≈
3mm XIJDI XBT NFBTVSFE BU UIF SFDUVN
 UIBO UIPTF GSPN TZTUFN�SFMBUFE TPVSDFT
BGUFS UIF DPSSFDUJPO PG HSBEJFOU OPO�MJOFBSJUZ FĊFDUT (max :≈ 1 mm) VTJOH UIF
MPXFTU CBOEXJEUI PG 122 Hz/pixel� )PXFWFS
 NBYJNVN EJTUPSUJPOT NFBTVSFE
BU BMM UIF EFMJOFBUFE TUSVDUVSFT GSPN UIF QBUJFOU�JOEVDFE TVTDFQUJCJMJUZ FĊFDUT BOE
SFTJEVBM TZTUFN EJTUPSUJPOT BGUFS UIF DPSSFDUJPO PG HSBEJFOU OPO�MJOFBSJUZ XFSF MFTT
UIBO B NJMMJNFUFS XIFO UIF IJHI BDRVJTJUJPO CBOEXJEUI PG 488 Hz/pixel XBT
VTFE� ɨJT NBZ BMTP JOEJDBUF UIBU BU UIF TUVEJFE EFMJOFBUFE TUSVDUVSFT
 UIF DPOUSJ�
CVUJPOT PG mFME JOIPNPHFOFJUZ EJTUPSUJPOT GSPN UIF NBJO NBHOFUJD mFME UP UIF
PWFSBMM TZTUFN�SFMBUFE EJTUPSUJPOT XBT SFMBUJWFMZ TNBMM FWFO BU UIF MPXFS BDRVJTJUJPO
CBOEXJEUI�

*O 1BQFS **
 UIF NBYJNVN NFBO DPNCJOFE SFTJEVBM TZTUFN EJTUPSUJPOT DPSSFDUFE
GPS HSBEJFOU OPOMJOFBSJUZ FĊFDUT BOE QBUJFOU�JOEVDFE TVTDFQUJCJMJUZ EJTUPSUJPOT NFB�
TVSFE BU UIF DPOUPVSFE TUSVDUVSFT XFSF 2.9mm BOE 0.9mm VTJOH CBOEXJEUIT PG
122 Hz/mm BOE 488 Hz/mm
 SFTQFDUJWFMZ

ɨF %JDF TJNJMBSJUZ DPFċDJFOU 	%4$
 XBT GVSUIFS VTFE UP FYBNJOF UIF DPOUPVS
PWFSMBQ CFUXFFO EFMJOFBUFE TUSVDUVSFT PO UIF HFPNFUSJDBMMZ EJTUPSUFE .3 JNBHFT
BOE UIF TQBUJBMMZ BDDVSBUF $5 EBUB JO 1BQFS **� " %4$ WBMVF PG 0NFBOT OP PWFSMBQ
BOE B WBMVF PG 1 EFOPUFT QFSGFDU BHSFFNFOU <��>�

ɨF SFTVMUT PG UIF %4$ BOBMZTJT VTJOH BDRVJTJUJPO CBOEXJEUIT PG 122 Hz/mm
BOE 488 Hz/mm BSF EJTQMBZFE JO 'JHVSF ���� ɨF MPXFTU TJNJMBSJUZ XBT GPVOE
CFUXFFO UIF DPOUPVST PG UIF TQJOBM DPSE XJUI B NFBO DPFċDJFOU WBMVF PG 0.85 ±
0.06 BU 122 Hz/mm� )PXFWFS
 UIJT JODSFBTFE UP 0.97 ± 0.01 XJUI UIF IJHI
BDRVJTJUJPO CBOEXJEUI PG 488Hz/mm� 8BMLFS FU BM� <��> SFQPSUFE NFBO %4$ PG
0.938 CFUXFFO UIF CSFBTU WPMVNF PO .3 BOE $5 JNBHFT� *U DBO CF DPODMVEFE UIBU
VTJOH HSBEJFOU OPO�MJOFBSJUZ DPSSFDUJPOT XJUI BO BQQSPQSJBUFMZ IJHI CBOEXJEUI

EJTUPSUJPOT EJE OPU QSPEVDF VOBDDFQUBCMF FĊFDUT PO UIF HFPNFUSZ PG UIF EFMJOFBUFE
TUSVDUVSFT BT UIF EJTUPSUFE TUSVDUVSFT JO UIF .3* JNBHFT XFSF XFMM NBUDIFE UP UIPTF
JO UIF $5 JNBHFT�

��



'JHVSF ���� $POUPVS PWFSMBQ CFUXFFO EJTUPSUFE BOE PSJHJOBM $5 EBUBTFUT� %JDF TJNJMBSJUZ
DPFċDJFOU 	%4$
 BU TPNF TFMFDUFE DPOUPVST BOE UIF UXP CBOEXJEUIT TUVEJFE� ɨF NFBO
BHSFFNFOU CFUXFFO EJTUPSUFE $5 BOE PSJHJOBM QBUJFOU $5 GPS BMM QBUJFOUT XFSF ≥ 0.9
FYDFQU GPS UIF TQJOBM DPSE BU UIF CBOEXJEUI PG 122 Hz/mm� <#�#SBJO
 $�DMJOJDBM UBSHFU
WPMVNF
 -�MFGU QBSPUJE
 3�3JHIU QBSPUJE
 1�1MBOOJOH UBSHFU WPMVNF
 4�TQJOBM DPSE >

��� $PODMVTJPOT GSPN HFPNFUSJD EJTUPSUJPO BTTFTTNFOUT

ɨF DMJOJDBM JNQMJDBUJPOT BOE DPODMVTJPOT ESBXO GSPN UIJT XPSL SFHBSEJOH HFP�
NFUSJD EJTUPSUJPOT BSF�

t WFOEPS�TVQQMJFE HSBEJFOU OPO�MJOFBSJUZ DPSSFDUJPO BMHPSJUINT BSF FĊFDUJWF
JO SFEVDJOH UIF NBHOJUVEF PG HSBEJFOU OPO�MJOFBSJUZ EJTUPSUJPOT BT TIPXO
JO 'JHVSF ��� BOE EJTDVTTFE JO 4FDUJPO ������ *U JT SFDPNNFOEFE UP CF
VUJMJ[FE EVSJOH .3 JNBHF BDRVJTJUJPOT GPS SBEJPUIFSBQZ QVSQPTFT�

t BGUFS DPSSFDUJOH HSBEJFOU OPO�MJOFBSJUZ EJTUPSUJPOT
 QBUJFOU�JOEVDFE NBH�
OFUJD TVTDFQUJCJMJUZ FĊFDUT DPOUSJCVUF UIF NPTU UP PWFSBMM NFBTVSFE EJTUPS�
UJPOT XJUIJO UIF QBUJFOU�T DPOUPVSFE WPMVNF BT TIPXO JO 'JHVSF ����

��



'JHVSF ���� %JTUPSUJPO mFMET PWFSMBJE PO QBUJFOU $5 EBUB UP DPNQBSF UIF NBHOJUVEF
PG SFTJEVBM TZTUFN SFMBUFE BOE QBUJFOU�JOEVDFE TVTDFQUJCJMJUZ EJTUPSUJPOT� 8JUIJO UIF
QBUJFOU WPMVNF
 (a) SFTJEVBM TZTUFN EJTUPSUJPOT BGUFS DPSSFDUJOH GPS HSBEJFOU OPO�MJOFBSJUZ
FĊFDUT BSF MFTT UIBO (b) QBUJFOU�JOEVDFE TVTDFQUJCJMJUZ FĊFDUT BU MPX CBOEXJEUIT�

t UIF NBHOJUVEF PG QBUJFOU�JOEVDFE NBHOFUJD TVTDFQUJCJMJUZ EJTUPSUJPOT GSPN
3 T .3 TZTUFNT DBOOPU CF BTTVNFE UP CF OFHMJHJCMF� *U JT
 UIFSFGPSF
 OFDFT�
TBSZ UP PQFSBUF XJUI IJHI BDRVJTJUJPO CBOEXJEUI PS UP JNQMFNFOU DPSSFDUJPO
NFUIPET� 8JUI DPSSFDUJPO BMHPSJUINT
 JU DPVME UIFO CF QPTTJCMF UP VTF MPXFS
CBOEXJEUI .3 JNBHF BDRVJTJUJPOT BOE HFU CFUUFS TJHOBM� 8JUIPVU WFOEPS�
TVQQMJFE PS JO�IPVTF DPSSFDUJPO BMHPSJUINT GPS QBUJFOU�SFMBUFE EJTUPSUJPOT

TFUUJOH UIF QJYFM CBOEXJEUI UP B NJOJNVN WBMVF PG UXJDF UIF XBUFS�GBU TIJGU
	XBUFS�GBU TIJGU JT ≈ 220 Hz BU 1.5 T BOE ≈ 440 Hz BU 3 T 
 JT SFDPN�
NFOEFE <��>� 'PS UIJT TUVEZ
 TFUUJOH UIF CBOEXJEUI BU 488 Hz/pixel J�F
JO 1BQFS * BOE VTJOH UIF WFOEPS TVQQMJFE HSBEJFOU OPO�MJOFBSJUZ DPSSFDUJPOT
LFQU CPUI SFTJEVBM TZTUFN SFMBUFE BOE QBUJFOU�JOEVDFE TVTDFQUJCJMJUZ EJTUPS�
UJPOT BU UIF EFMJOFBUFE TUSVDUVSFT CFMPX 1 mm�

t QBUJFOU�TQFDJmD BDUJWF TIJNNJOH DBO NJOJNJTF MPDBMB0 mFME JOIPNPHFOFJUJFT
GSPN NBHOFUJD TVTDFQUJCJMJUZ FĊFDUT� )PXFWFS
 TIJNNJOH PWFS FOUJSF JNBH�
JOH WPMVNFT JT NPSF CFOFmDJBM GPS SBEJPUIFSBQZ BQQMJDBUJPOT UIBO PQUJNJ[�
JOH TIJN QBSBNFUFST PWFS VTFS�EFmOFE TVC�WPMVNFT�

��





$IBQUFS �

%PTJNFUSJD JNQBDU PG .3*
HFPNFUSJD EJTUPSUJPOT

"O FYUFOTJWF SFWJFX PO UIF BDDVSBDZ SFRVJSFE GPS NPEFSO SBEJPUIFSBQZ USFBUNFOU
CZ ɨXBJUFT <���> SFDPNNFOEFE EPTJNFUSJD BOE HFPNFUSJD VODFSUBJOUJFT CF XJUIJO
3% BOE 2−4mm SFTQFDUJWFMZ <���>� %VF UP JOIFSFOU HFPNFUSJD EJTUPSUJPOT
 UIFSF
BSF DPODFSOT BCPVU UIF BDDVSBDZ XJUI XIJDI BOBUPNJD TUSVDUVSFT BSF EFQJDUFE PO
.3 JNBHFT� 'PS SBEJPUIFSBQZ USFBUNFOU QMBOOJOH
 BOZ DIBOHFT UP UIF HFPNFUSJD
BDDVSBDZ PG BOBUPNJDBM TUSVDUVSFT IBWF UIF QPUFOUJBM UP BĊFDU CPUI EPTF DBMDVMBUJPOT
BOE CFBN UBSHFUJOH <��>�

*O 1BQFST * BOE **
 UIF DPNCJOFE FĊFDU PG SFTJEVBM TZTUFN BOE QBUJFOU�JOEVDFE
TVTDFQUJCJMJUZ EJTUPSUJPOT PO UIF USFBUNFOU QMBOT PG 17 QSPTUBUF BOE 21 IFBE BOE
OFDL DBODFS QBUJFOUT XFSF FYBNJOFE�

"T EFTDSJCFE JO 1BQFST * BOE **
 EJTUPSUFE $5 	E$5
 JNBHFT XFSF QSPEVDFE CZ
EFGPSNJOH SFBM QBUJFOU $5 EBUB XJUI EFGPSNBUJPO mFMET GSPN UIF .3 HFPNFUSJD
EJTUPSUJPO NFBTVSFNFOUT EPOF JO 4FDUJPOT ����� BOE �����
 SFTQFDUJWFMZ� 3BEJP�
UIFSBQZ TUSVDUVSFT JODMVEJOH UIF EFMJOFBUFE UBSHFU WPMVNFT BOE 0"3T XFSF BMTP
JOEJWJEVBMMZ EJTUPSUFE�

5P JTPMBUF UIF FĊFDU PG EJTUPSUJPOT PO USFBUNFOU QMBOT
 PQUJNJ[FE 7."5 USFBUNFOU
QMBOT XFSF JOJUJBMMZ NBEF PO UIF EJTUPSUFE $5 EBUB� ɨF mFME QBSBNFUFST GSPN UIF
PQUJNJ[FE QMBOT XFSF UIFO DPQJFE UP UIF $5 EBUB UP SFDPNQVUF OFX USFBUNFOU
QMBOT�

��



" DPNQBSJTPO PG EPTF NFUSJDT CFUXFFO UIF $5 BOE E$5 QMBOT EVF UP HFPNFUSJD
EJTUPSUJPOT TIPXFE NFBO EPTF EJĊFSFODF PG < 1.0% (max : 0.38% ± 0.59%)
JO D50 GPS IFBE BOE OFDL DBODFS USFBUNFOUT BOE B NFBO EPTF EJĊFSFODF PG <
0.5% (max : 0.11% ± 0.2%
 GPS UIF QSPTUBUF DBODFS EPTF QMBOT BU UIF 157

SFTQFDUJWFMZ� "O JMMVTUSBUJWF DPNQBSJTPO PG EPTF EJTUSJCVUJPOT PO $5 BOE E$5
EBUB JT TIPXO JO 'JHVSF ����

'JHVSF ���� $PNQBSJTPO PG EPTF EJTUSJCVUJPOT PO $5 BOE EJTUPSUFE $5 EBUB� 7."5
USFBUNFOU QMBOT GSPN UIF EJTUPSUFE 	E$5
 BOE SFBM $5 JNBHFT� )FSF
 UIF BCTPMVUF EPTF
EJĊFSFODF CFUXFFO UIF UXP USFBUNFOU QMBOT XBT XJUIJO 1 Gy�

ɨF NFUIPET BQQMJFE JO 1BQFST * BOE ** XFSF BCMF UP RVBOUJGZ UIF DPNCJOFE JN�
QBDU PG SFTJEVBM TZTUFN BOE QBUJFOU�JOEVDFE NBHOFUJD TVTDFQUJCJMJUZ .3* HFPNFU�
SJD EJTUPSUJPOT PO 7."5 USFBUNFOU QMBOT GPS QSPTUBUF BT XFMM BT IFBE BOE OFDL
SBEJPUIFSBQZ USFBUNFOUT�

0OF PG UIF FBSMZ TUVEJFT PO UIF JOnVFODF PG HFPNFUSJD EJTUPSUJPOT PO SBEJPUIFSBQZ
USFBUNFOUT XFSF EPOF CZ 1SPUU FU BM� <���> JO ���� JOWPMWJOH 27 .3* VOJUT� 5SFBU�
NFOU QMBOT XFSF NBEF PO .3 EJTUPSUFE BOE EJTUPSUJPO�GSFF SFGFSFODF JNBHFT PG B
DVTUPN�CVJMU QIBOUPN� ɨFZ GPVOE NBYJNVN EPTF WBSJBUJPOT PG ±0.5% CFUXFFO
UIF UXP EBUBTFUT EVF UP HFPNFUSJD EJTUPSUJPOT� .BYJNVN QIBOUPN EJTUPSUJPOT XBT
4.4 mm JO 23 PVU PG UIF 27 .3* VOJUT�

*O ����
 4VO FU BM� <��> EJE B DPNQSFIFOTJWF FOE�UP�FOE UFTU SFHBSEJOH UIF HFP�
NFUSJD BOE EPTJNFUSJD BTQFDUT PG .3* QSPTUBUF SBEJPUIFSBQZ TJNVMBUJPOT� 8JUIJO
UIF PSHBOT PG JOUFSFTU JO B QFMWJT�MJLF QIBOUPN
 EJTUPSUJPOT PG < 1 mm BGUFS 3D
EJTUPSUJPO DPSSFDUJPO XFSF NFBTVSFE� " EPTF EJĊFSFODF PG 0.01% (1.1 cGY ) XBT
GPVOE BU UIF QSPTUBUF JTPDFOUFS CFUXFFO .3* BOE $5 USFBUNFOU QMBOT�

*O ����
 8BMLFS FU BM� <��> JOWFTUJHBUFE UIF JNQBDU PG SFTJEVBM TZTUFN BOE QBUJFOU�
SFMBUFE EJTUPSUJPOT PO XIPMF CSFBTU SBEJPUIFSBQZ USFBUNFOU QMBOT� 1IBOUPN NFB�

��



TVSFE NBYJNVN SFTJEVBM EJTUPSUJPOT XFSF 11.9mm BOE 7.9mm GPS B 1 T BOE B
3 T TDBOOFS
 SFTQFDUJWFMZ� 3FTJEVBM TZTUFN EJTUPSUJPOT BMPOF IBE NJOJNBM JNQBDU
PO USFBUNFOU QMBOT� )PXFWFS
 UIF DPNCJOFE FĊFDU PG QBUJFOU BOE SFTJEVBM TZTUFNT
SFOEFSFE UIF USFBUNFOU PG FJHIU QBUJFOUT 	UPUBM PG 18
 DMJOJDBMMZ VOBDDFQUBCMF <��>�
*U XBT DPODMVEFE UIBU GPS XIPMF�CSFBTU SBEJPUIFSBQZ
 UIF DPNCJOFE FĊFDU PG SFTJE�
VBM BOE QBUJFOU�SFMBUFE EJTUPSUJPOT NBZ SFTVMU JO VOBDDFQUBCMF EPTF EJTUSJCVUJPOT�

(VTUBGTTPO FU BM� <��> JO ���� TQFDJmDBMMZ MPPLFE BU UIF FĊFDU PG SFTJEVBM TZTUFN�
SFMBUFE EJTUPSUJPOT JO BO .3*�POMZ QSPTUBUF SBEJPUIFSBQZ USFBUNFOUT� " DPNQBSJ�
TPO PG UIF PSJHJOBM $5 BOE UIF EJTUPSUFE $5 EPTF EJTUSJCVUJPOT SFTVMUFE JO B NFBO
EPTF EJĊFSFODF PG 0.02%±0.25% (1SD)� ɨF DPODMVTJPO XBT UIBU CZ DPNCJOJOH
B IJHI CBOEXJEUI TFRVFODF XJUI 3D DPSSFDUJPO
 SFTJEVBM .3 TZTUFN EJTUPSUJPOT
QSPEVDFE OP DMJOJDBMMZ SFMFWBOU FĊFDU PO EPTF EJTUSJCVUJPOT BOE $5 TUSVDUVSF EF�
GPSNBUJPOT�

*O DPODMVTJPO
 UIF DPNCJOFE JNQBDU PG QBUJFOU�JOEVDFE TVTDFQUJCJMJUZ BOE SFTJE�
VBM TZTUFN EJTUPSUJPOT PO SBEJPUIFSBQZ QMBOT DBO CF JTPMBUFE BOE RVBOUJmFE� 8F
IBWF TIPXO JO 1BQFST * BOE ** UIBU HFPNFUSJD EJTUPSUJPOT SFTVMUFE JO QFSDFOU EPTF
VODFSUBJOUJFT PG < 1.0% (max : 0.38% ± 0.59%) GPS IFBE BOE OFDL
 BOE
< 0.5% (max : 0.11%± 0.2%
 GPS QSPTUBUF DBODFS USFBUNFOU QMBOT BU UIF 157
SFTQFDUJWFMZ� ɨJT JT TNBMM DPNQBSFE UP UIF BJN PG B 3% UPUBM VODFSUBJOUZ UIBU IBT
CFFO NFOUJPOFE GPS NPEFSO SBEJPUIFSBQZ USFBUNFOU QMBOOJOH <���>� ɨF WBSJPVT
NFUIPET VTFE JO UIJT XPSL UP SFEVDF UIF NBHOJUVEF PG HFPNFUSJD EJTUPSUJPOT TVDI
BT QBUJFOU�TQFDJmD BDUJWF TIJNNJOH
 IJHI BDRVJTJUJPO CBOEXJEUI BOE UIF VUJMJ[B�
UJPO PG WFOEPS�TVQQMJFE HSBEJFOU OPO�MJOFBSJUZ BMHPSJUINT DBO CF VTFE UP NJOJNJ[F
QPUFOUJBM EPTJNFUSJD FĊFDUT XIFO VTJOH .3 EBUB GPS SBEJPUIFSBQZ QVSQPTFT�

��





$IBQUFS �

2VBMJUZ BTTVSBODF GPS .3* JO
SBEJPUIFSBQZ

"T UIF VTF PG .3* GPS SBEJPUIFSBQZ QVSQPTFT JT SJTJOH
 RVFTUJPOT IBWF CFFO BTLFE
BCPVU UIF 2" QSPDFTTFT OFFEFE UP FOTVSF BDDVSBDZ BOE BMTP BWPJE FSSPST <���>�
3FGFSFODF HVJEFMJOFT GPS BDDFQUBODF UFTUJOH
 DPNNJTTJPOJOH BOE SPVUJOF 2" BD�
UJWJUJFT GPS .3* TDBOOFST IBWF CFFO QSPWJEFE CZ XFMM FTUBCMJTIFE JOTUJUVUJPOT TVDI
BT UIF "NFSJDBO $PMMFHF PG 3BEJPMPHZ 	"$3
 <���> BOE "NFSJDBO "TTPDJBUJPO PG
1IZTJDJTUT JO .FEJDJOF 	""1.
 <��>� )PXFWFS
 UIFTF 2" QSPUPDPMT EP OPU BEESFTT
QPUFOUJBM SBEJPUIFSBQZ�TQFDJmD EFNBOET UIBU NBZ BĊFDU JNBHF RVBMJUZ�

3BEJPUIFSBQZ�TQFDJmD BEKVTUNFOUT JODMVEJOH nFYJCMF DPJM TFUUJOHT
 QBUJFOU QPTJ�
UJPOJOH BOE JNNPCJMJ[BUJPO EFWJDFT IBWF CFFO SFQPSUFE UP BĊFDU UIF RVBMJUZ PG
.3 JNBHFT <���
 ���
 �>� "T EJTDVTTFE JO 4FDUJPO ���
 nBU UBCMF UPQT BSF OFFEFE
UP BDDVSBUFMZ SFQSPEVDF QBUJFOU QPTJUJPOJOH BT .3 TZTUFNT HFOFSBMMZ IBWF DVSWFE
UBCMF UPQT� #SZOPMGTTPO FU BM�<�> SFQPSUFE UIBU 4/3 XBT SFEVDFE UP 66% XIFO
UIF UBCMF UPQ JOTFSU BOE DPJM IPMEFS XFSF VTFE� 9JOH FU BM� <�> SFQPSUFE BO BWFSBHF
4/3 EFDSFBTF PG 42% VTJOH TJNJMBS BSSBOHFNFOUT� #Z VTJOH BO 18�DIBOOFM TVSGBDF
DPJM GPS SBEJPUIFSBQZ JNBHJOH PG UIF CSFBTU JOTUFBE PG UIF EJBHOPTUJD 16�DIBOOFM
QSPOF DPJM
 #BUVNBMBJ FU BM� <��> BMTP GPVOE B 45% ESPQ JO 4/3 GPS TVQJOF nBU
.3 JNBHF BDRVJTJUJPOT�

3PVUJOF .3* JO SBEJPUIFSBQZ 2" JT NPTUMZ DPODFSOFE XJUI JNBHF RVBMJUZ BOE
NBDIJOF QFSGPSNBODF TUBCJMJUZ <�>� )FSF
 UIF NBKPS JNBHF RVBMJUZ DPNQPOFOUT
BSF 4/3
 TQBUJBM SFTPMVUJPO BOE JNBHF DPOUSBTU� "MUIPVHI UIFSF BSF OP TUBOEBSE�

��



J[FE BOE JOUFSOBUJPOBMMZ BDDFQUFE 2" QSPUPDPMT GPS .3* JO SBEJPUIFSBQZ
 QSBDUJDBM
BQQSPBDIFT BU WBSJPVT GBDJMJUJFT GPS EBJMZ
 XFFLMZ BOE ZFBSMZ 2" SPVUJOFT IBWF CFFO
TVHHFTUFE <��
 ���
 ���
 ���
 ���
 �>�

ɨF 2" QSPUPDPM CZ UIF "$3 .3* BDDSFEJUBUJPO QSPHSBN <���>
 UIPVHI EFTJHOFE
GPS BDDFQUBODF UFTUJOH BOE DPNNJTTJPOJOH
 JT UIF NPTU GSFRVFOUMZ VTFE 2" UPPM CZ
GBDJMJUJFT VTJOH .3* GPS SBEJPUIFSBQZ USFBUNFOUT <���
 ���
 ���
 ���
 ���
 ���

���>� 4FWFO RVBOUJUBUJWF JNBHF RVBMJUZ UFTUT BSF FWBMVBUFE <���>�

(FPNFUSJD "DDVSBDZ� ɨF QIBOUPN EJBNFUFS JO UIF "�1
 3�- BOE CPUI EJBHPOBMT
BT JMMVTUSBUFE JO 'JHVSF ��� 	B BOE C
 BSF NFBTVSFE� ɨF "$3 BDDFQUBCMF WBMVF JT
19.0 cm± 0.2 cm <���>� ɨJT UFTU GBJMT EVF UP NJT�DBMJCSBUFE HSBEJFOUT
 IJHI B0

mFME JOIPNPHFOFJUJFT BOE UPP MPX BDRVJTJUJPO CBOEXJEUI <���>�

)JHI�DPOUSBTU TQBUJBM SFTPMVUJPO� ɨF EJTUJOHVJTIBCJMJUZ PG BO BSSBZ PG DMPTFMZ
TQBDFE UJOZ TQPUT JO UIF SFTPMVUJPO JOTFSU JOEJDBUFE JO 'JHVSF ��� (d) BSF BTTFTTFE� "
SFTPMVUJPO PG 1mm PS CFUUFS JT BDDFQUBCMF� &YDFTTJWF JNBHF mMUFSJOH BOE HIPTUJOH

QPPS FEEZ DVSSFOU DPNQFOTBUJPO
 B0 mFME JOIPNPHFOFJUJFT BOE UPP MPX BDRVJTJ�
UJPO CBOEXJEUI DBVTF UIF GBJMVSF PG UIJT UFTU <���>�

4MJDF ɧJDLOFTT BDDVSBDZ� ɨJT UFTU NFBTVSFT UIF MFOHUIT PG UXP JOTFSUFE TJHOBM
SBNQT BT TIPXO JO 'JHVSF ��� (c)� ɨF BDDFQUBODF DSJUFSJB WBMVF JT 5.0 mm ±
0.7mm <���>� /POMJOFBSJUJFT JO UIF 3' BNQMJmFST BOE QPPSMZ DBMJCSBUFE HSBEJFOUT
MFBE UP UIF GBJMVSF PG UIJT UFTU <���>�

4MJDF 1PTJUJPO BDDVSBDZ� ɨJT UFTU NFBTVSFT UIF EJĊFSFODF JO MFOHUI CFUXFFO B
QBJS PG WFSUJDBM CBST BT JMMVTUSBUFE JO 'JHVSF ��� (d)� ɨF BCTPMVUF CBS EJĊFSFODF
TIPVME CF XJUIJO 5 mm <���>� 'BJMVSF PG UIJT UFTU JT BUUSJCVUFE UP JOBDDVSBUF TMJDF
QSFTDSJQUJPO
 UBCMF TIJGUT
 B0 mFME JOIPNPHFOFJUJFT BOE QPPS HSBEJFOU DBMJCSBUJPOT
<���>�

*NBHF JOUFOTJUZ VOJGPSNJUZ� ɨF VOJGPSNJUZ PG JNBHF JOUFOTJUZ BDSPTT B MBSHF
XBUFS�POMZ SFHJPO JT NFBTVSFE� 5XP 1 cm2 DJSDVMBS 30*T SFQSFTFOUJOH UIF IJHI
BOE MPX TJHOBM SFHJPOT XJUIJO UIF MBSHFS 30* BT TIPXO JO 'JHVSF ��� (e) BSF VTFE
UP DBMDVMBUF UIF QFSDFOU JOUFHSBM VOJGPSNJUZ 	1*6
� ɨJT UFTU GBJMT JG UIFSF BSF EFGFDUT
JO UIF 3' DPJMT <���>�

1FSDFOU�TJHOBM HIPTUJOH� ɨF MFWFM PG HIPTUJOH BSUJGBDUT JO UIF JNBHFT BSF FYBNJOFE�
'PVS 30*T ESBXO JO UIF JNBHF CBDLHSPVOE BOE UIF NFBO QJYFM WBMVF JO UIF MBSHF
XBUFS�POMZ SFHJPO BT TIPXO JO 'JHVSF ��� (e) BSF VTFE UP FTUJNBUF QFSDFOU HIPTUJOH
<���>� (IPTUJOH SBUJP TIPVME CF ≤ 2.5%� *OTUBCJMJUZ PG UIF QIBOUPN�NFBTVSFE
TJHOBM EVSJOH JNBHF BDRVJTJUJPOT DBVTFT HIPTUJOH�

��



-PX�DPOUSBTU PCKFDU EFUFDUBCJMJUZ� *O UIJT UFTU B TFU PG MPX�DPOUSBTU PCKFDUT JO UIF
JNBHFT BSF EJTUJOHVJTIFE CZ DPVOUJOH UIF OVNCFS PG DPNQMFUF WJTJCMF TQPLFT 	TFU PG
10 TQPLFT XJUI 3�EJTLT PO FBDI TQPLF
 JO 4�TMJDFT BT TIPXO JO 'JHVSF ��� (f)� 'PS B
3 T TDBOOFS
 B NJOJNVN PG 37�TFU PG WJTJCMF TQPLFT JT BDDFQUBCMF <���>� *ODPSSFDUMZ
QPTJUJPOFE TMJDFT BOE QIBOUPN UJMUJOH DBO MFBE UP B GBJMVSF PG UIJT UFTU�

'JHVSF ���� 2VBOUJUBUJWF JNBHF RVBMJUZ UFTUT EPOF PO UIF "$3 QIBOUPN� .3 JNBHFT PG
UIF "$3 QIBOUPN� (FPNFUSJD BDDVSBDZ JT NFBTVSFE PO TMJDFT (a) BOE (b)
 TMJDF UIJDLOFTT
PO (c)
 IJHI DPOUSBTU SFTPMVUJPO BOE TMJDF QPTJUJPO PO (d)
 JNBHF JOUFOTJUZ VOJGPSNJUZ BOE
HIPTUJOH PO (e) BOE MPX�DPOUSBTU PCKFDU EFUFDUBCJMJUZ PO (f)�

4/3
 BO JNQPSUBOU JNBHF RVBMJUZ QBSBNFUFS
 JT OPU DVSSFOUMZ QBSU PG UIF "$3
RVBOUJUBUJWF UFTUT� 'PS UIJT QSPKFDU
 JU XBT DBMDVMBUFE VTJOH UIF TNPPUI JNBHF TVC�
USBDUJPO NFUIPE CZ .D$BOO FU BM� <���>�

SNR =
mean

σ
	���


XIFSF mean BOE σ BSF UIF NFBO TJHOBM JO B 30* DPWFSJOH 80% PG UIF JNBHF BOE
TUBOEBSE EFWJBUJPO JO UIF OPJTF
 SFTQFDUJWFMZ� ɨF 4/3 FTUJNBUJPOT XFSF EPOF JO
.*$& 5PPMLJU W����� <��> BOE XBT PCUBJOFE GSPN UIF TBNF TMJDF VTFE GPS HIPTUJOH
BOE VOJGPSNJUZ NFBTVSFNFOUT 	TFF 'JHVSF ��� (e)
�

��



"U UIF SBEJPUIFSBQZ EFQBSUNFOU PG 6NFÌ 6OJWFSTJUZ IPTQJUBM
 UIF "$3 QIBOUPN
JT VTFE GPS XFFLMZ 2" NFBTVSFNFOUT� ɨF BOBMZTJT PG UIF QIBOUPN JNBHFT IBWF
CFFO BVUPNBUFE BT FBSMJFS QVCMJTIFE <���> BOE BMTP EFTDSJCFE JO 1BQFS *7�

8JUI UIF MBDL PG BO JOUFSOBUJPOBMMZ BDDFQUFE 2" QSPDFEVSF GPS .3* JO SBEJPUIFS�
BQZ
 XF JOWFTUJHBUFE JO 1BQFS *7 UIF SPCVTUOFTT XJUI XIJDI DVSSFOU QSPUPDPMT DBO
PCKFDUJWFMZ JEFOUJUZ DPNNPO JNBHF RVBMJUZ JTTVFT� )FSF
 UIF BCJMJUZ PG UIF "$3
QSPUPDPM BOE 4QFDUSPOJD "#�T (3"%& MBSHF 'P7 QIBOUPN 	BMTP VTFE JO 4FDUJPO
�����
 UP EFUFDU DPNNPO PDDVSSFODFT UIBU EFHSBEF UIF RVBMJUZ PG .3 JNBHFT XFSF
FWBMVBUFE�

��� &YQMPSBUPSZ TVSWFZ PO .3* JO SBEJPUIFSBQZ 2"

ɨF QSPKFDU EFTDSJCFE JO 1BQFS *7 CFHBO XJUI BO FYQMPSBUPSZ TVSWFZ PO DPNNPO
JTTVFT BĊFDUJOH UIF RVBMJUZ PG .3 JNBHFT BNPOH VTFST VTJOH .3* GPS SBEJPUIFSBQZ
TJNVMBUJPO PS USFBUNFOU QMBOOJOH QVSQPTFT� ɨJT TVSWFZ JOWPMWFE 22 .3* DFOUFST
BDSPTT mWF DPVOUSJFT� ɨFSF XFSF ��
 1.5 T BOE ��
 3 T .3* TZTUFNT�

3FTQPOEFOUT XFSF QSPWJEFE XJUI DIPJDFT PO QPTTJCMF DBVTFT PG JNBHF EFHSBEBUJPOT
BOE XFSF BTL UP TFMFDU UIF OVNCFS PG JTTVFT FODPVOUFSFE XJUIJO UIF MBTU TJY NPOUIT
CFGPSF UIF TVSWFZ� ɨF TFMFDUJPO PO UIF OVNCFS PG JTTVFT FODPVOUFSFE BSF JOEJDBUFE
BT UIF DPMPS DPEFT JO 'JHVSF ���� ɨF SFTVMUT TIPXO JO 'JHVSF ��� JOEJDBUFE UIBU
3' DPJM JTTVFT
 QJFDFT PG NFUBMT JO UIF CPSF PG UIF TDBOOFS
 VODPSSFDUFE HSBEJFOU
OPOMJOFBSJUZ FĊFDUT
 NFEJDBM BOE OPO EFWJDFT PO QBUJFOUT XFSF BNPOH UIF NPTU
GSFRVFOU DBVTF PG .3 JNBHF EFHSBEBUJPOT�

��



'JHVSF ���� $PNNPO DBVTFT PG JNBHF RVBMJUZ EFHSBEBUJPOT BNPOH.3*�TJNVMBUPS VTFST�
ɨF SFTQPOTFT GSPN UIF TVSWFZ TIPXFE JNBHF RVBMJUZ JTTVFT XFSF NPTUMZ GSPN 3' DPJM�
SFMBUFE JTTVFT
 NFEJDBM BOE OPO NFEJDBM EFWJDFT BOE VODPSSFDUFE HSBEJFOU OPO�MJOFBSJUZ
FĊFDUT�

ɨF TVSWFZ QBSUJDJQBOUT XFSF BMTP BTLFE PO UIF OVNCFS PG UJNFT LFZ 2" QSPDFEVSFT
XFSF DBSSJFE PVU XJUIJO UIFJS GBDJMJUJFT� "T JOEJDBUFE JO 'JHVSF ���
 BMM UIF DFOUFST
IBE TPNF 2" DIFDLT PO UIFJS NBDIJOFT GPS JNBHF RVBMJUZ BOE UIF DPJM TZTUFNT�
0OMZ POF DFOUFS IBE OP FTUBCMJTIFE 2" QSPDFEVSF GPS HFPNFUSJD BDDVSBDZ DIFDLT�

��



'JHVSF ���� 'SFRVFODZ PG RVBMJUZ BTTVSBODF 	2"
 QSPDFTTFT� 3PVUJOFT GPS UIF QFSGPSNBODF
PG JOEJWJEVBM 2" QSPDFEVSFT EJĊFSFE BNPOH UIF .3* DFOUFST�

��� %FUFSNJOJOH PCKFDUJWF BDUJPO MJNJUT

ɨF "$3 2" QSPUPDPM QSPWJEFT BDDFQUBODF WBMVFT GPS FBDI JNBHF RVBMJUZ QBSBN�
FUFS <���>� ɨFTF BSF JOEJDBUJWF PG UIF NJOJNVN MFWFM PG QFSGPSNBODF GPS B XFMM
GVODUJPOJOH TZTUFN� 'PS UIJT TUVEZ
 BDUJPO MJNJUT GPS JNBHF VOJGPSNJUZ
 TMJDF UIJDL�
OFTT BDDVSBDZ
 TMJDF QPTJUJPO BDDVSBDZ
 HIPTUJOH
 HFPNFUSJD BDDVSBDZ BOE 4/3 XFSF
mSTU EFUFSNJOFE VOEFS SBEJPUIFSBQZ TFUUJOHT CBTFE PO SFQFBUFE NFBTVSFNFOUT PG
UIF "$3 QIBOUPN� ɨF SBEJPUIFSBQZ TFUUJOHT VTFE GPS UIF QIBOUPN JNBHF BDRVJ�
TJUJPOT JODMVEFE BO VQQFS BOUFSJPS BSSBZ 	6""
 TVSGBDF DPJM PO B DPJM IPMEFS�

ɨF BDUJPO MJNJUT GSPN UIF SFQFBUFE NFBTVSFNFOUT TFU BU mean ± 3σ DPNQBSFE
XJUI UIF BDDFQUBODF WBMVFT 	JO CSBDLFUT
 GPS B 3 T .3* TDBOOFS XFSF BT GPMMPXT

t HFPNFUSJD BDDVSBDZ 	cm
� 18.99± 0.19 	"$3� 19± 0.2


t TMJDF QPTJUJPO BDDVSBDZ 	mm
� 3.26± 2.69 	"$3� ±5


��



t TMJDF UIJDLOFTT BDDVSBDZ 	mm
� 5.57± 0.71 	"$3� 5± 0.7


t JNBHF JOUFOTJUZ VOJGPSNJUZ 	%
� 97.61± 2.97 	"$3� ≥ 82


t QFSDFOU TJHOBM HIPTUJOH 	%
� 0.43± 0.18 	"$3� < 2.5


ɨF MPOH�UFSN TUBCJMJUZ PG UIF 3 T 1&5�.3 TDBOOFS XBT BMTP FWBMVBUFE CBTFE PO
B 4�ZFBS SFUSPTQFDUJWF EBUB DPMMFDUFE XJUI UIF "$3 QIBOUPN� 'JHVSF ��� JOEJDBUFT
UIF NFBTVSFNFOUT PWFSMBJE XJUI UIF mean ± 3σ(3StD)� ɨF 3 T 1&5�.3
TZTUFN XBT SFMBUJWFMZ TUBCMF� ɨF GFX PVUMJFST UIBU XFSF GPVOE GPS FYBNQMF JO UIF
QFSDFOU TJHOBM HIPTUJOH BOE HFPNFUSJD BDDVSBDZ NFBTVSFNFOUT XFSF TUJMM XJUIJO UIF
"$3 BDDFQUBODF WBMVF PG 2.5% BOE 19± 0.2 cm�

��
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 	C


	D
 	E


	F
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'JHVSF ���� 'PVS�ZFBS SFUSPTQFDUJWF EBUB DPMMFDUFE XJUI UIF "$3 QIBOUPN PO PVS 3 T
1&5�.3 TDBOOFS PWFSMBJE XJUI BDUJPO MJNJUT 	mean±3StD
� (FPNFUSJD BDDVSBDZ CBTFE
PO QIBOUPN EJBNFUFS NFBTVSFNFOUT JO (a) "�1 BOE (b) 3�- EJSFDUJPOT
 TMJDF UIJDLOFTT
BDDVSBDZ (c)
 TMJDF QPTJUJPO BDDVSBDZ (d)
 HIPTUJOH (e) BOE JNBHF VOJGPSNJUZ (f)� Std �
TUBOEBSE EFWJBUJPO PS σ ��



��� .3* JO SBEJPUIFSBQZ 2" TFOTJUJWJUZ VOEFS QSPWPLFE
DPOEJUJPOT

ɨF GPVS NPTU DPNNPO DBVTFT PG JNBHF EFHSBEBUJPOT GSPN UIF FYQMPSBUPSZ TVSWFZ
	SFGFS UP 4FDUJPO ���
 XFSF JOUSPEVDFE BT JOEJWJEVBM QSPWPDBUJPOT XIJMTU BDRVJSJOH
.3 JNBHFT PG UIF QIBOUPNT� &BDI QIBOUPN XBT TDBOOFE XJUI BOE XJUIPVU UIF
EFTJHOBUFE FSSPS QSPWPDBUJPO TFRVFOUJBMMZ XJUI TJY SFQFBUFE NFBTVSFNFOUT� ɨF
JNBHFT XFSF FWBMVBUFE VTJOH FBDI QIBOUPNT� BVUPNBUJD BOBMZTJT TPGUXBSF�

(FPNFUSJD EJTUPSUFE JNBHFT XFSF PCUBJOFE CZ BDRVJSJOH JNBHFT XJUI OP HSBEJFOU
OPO�MJOFBSJUZ DPSSFDUJPOT� 4FDPOEMZ
 UIF B0 mFME IPNPHFOFJUZ XBT EJTUVSCFE CZ
JOUSPEVDJOH JOUP UIF CPSF PG UIF TDBOOFS B 4 mm QBQFS DMJQ TFDVSFE JO B UFOOJT
CBMM�MJLF QMBTUJD DPOUBJOFS� ɨF JNBHF RVBMJUZ QBSBNFUFST UIBU XFSF FYQFDUFE UP CF
BĊFDUFE JODMVEFE HFPNFUSJD BOE TMJDF QPTJUJPO BDDVSBDZ� (FPNFUSJD BDDVSBDZ XBT
BTTFTTFE XJUI UIF (3"%& BOE "$3 UFTU QIBOUPNT� %JTUPSUFE JNBHF TMJDFT PG UIF
"$3 UFTU QIBOUPN EVF UP UIF NFUBMMJD QBQFS DMJQ JO UIF CPSF PG UIF TDBOOFS BSF
TIPXO JO 'JHVSF ����

	B


	C


'JHVSF ���� &ĊFDU PG PCKFDU�JOEVDFE mFME JOIPNPHFOFJUZ PO HFPNFUSJD BDDVSBDZ� " 4−
mm QBQFS DMJQ TFDVSFE JO B UFOOJT�CBMM MJLF DPOUBJOFS QMBDFE JO UIF CPSF PG UIF TDBOOFS
XIJMTU TDBOOJOH UIF "$3 QIBOUPN MFE UP EJTUPSUFE JNBHFT�

��



" TJHOBM HFOFSBUPS DPOOFDUFE UP B IBMG�XBWFMFOHUI EJQPMF BOUFOOB XBT VTFE UP
DSFBUF TJHOBMT UP NJNJD FMFDUSJD JOUFSGFSFODF GSPN FMFDUSJD TQBSLT� ɨF BOUFOOB
XBT TFDVSFMZ QMBDFE JO UIF TDBOOFS SPPN BOE QSPEVDFE TQBSLT GPS B NBYJNVN PG
5s XIJMF BDRVJSJOH JNBHFT PG UIF "$3 QIBOUPN� *NBHFT XJUI TQJLF BSUJGBDUT BSF
TIPXO JO 'JHVSF ���� ɨJT QSPWPDBUJPO XBT FYQFDUFE UP BĊFDU 4/3 BOE JNBHF
VOJGPSNJUZ NFBTVSFNFOUT�

	B


	C


'JHVSF ���� *NBHF EFHSBEBUJPOT GSPN FYUFSOBM FMFDUSJD EJTDIBSHFT� 4QJLF JNBHF BSUJGBDUT
GSPN FMFDUSJDBM JOnVFODFT�

'PS DPJM�SFMBUFE JNBHF RVBMJUZ JTTVFT
 XF mSTU VTFE (&�T 0SDIFTUSB�TEL������NBUMBC
TPGUXBSF UP SFDPOTUSVDU SBX JNBHF EBUBTFUT GSPN UIF "$3 QIBOUPN� )FSF
 B DPN�
CJOBUJPO PG DPJM FMFNFOUT XFSF SFNPWFE EVSJOH UIF SFDPOTUSVDUJPO UP TJNVMBUF DPJM
GBJMVSF� 1IBOUPN JNBHFT PG UIF "$3 QIBOUPN XFSF BDRVJSFE XJUI VODPSSFDUFE
DPJM TFOTJUJWJUZ WBSJBUJPOT UP BMTP TJNVMBUF DPJM� SFMBUFE JNBHF EFHSBEBUJPOT� ɨFTF
BSF TIPXO JO 'JHVSF ���� ɨF JNBHF RVBMJUZ QBSBNFUFST UIBU XFSF FYQFDUFE UP CF
BĊFDUFE XFSF 4/3
 JNBHF VOJGPSNJUZ BOE HIPTUJOH SBUJP�

��



	B


	C


'JHVSF ���� &ĊFDU PG VODPSSFDUFE DPJM TJHOBM JOUFOTJUZ WBSJBUJPO PO VOJGPSNJUZ� *NBHF
TJHOBM JOUFOTJUZ OPO�VOJGPSNJUZ DBVTFE CZ VODPSSFDUFE DPJM TFOTJUJWJUZ NBQT�WBSJBUJPOT

ɨF EFUFDUJPO TFOTJUJWJUZ GPS FBDI QSPWPDBUJPO FTUJNBUFE BT UIF OVNCFS PG PCKFDUJWF
JEFOUJmDBUJPOT SFMBUJWF UP UIF UPUBM OVNCFS PG TDBOT XBT EFUFSNJOFE�

ɨF (3"%& QIBOUPN�T QSPUPDPM TFOTJUJWJUZ UP EFUFDU VODPSSFDUFE HSBEJFOU OPO�
MJOFBSJUZ FĊFDUT NBOJGFTUFE XJUI B UXP�GPME JODSFBTF JO NFBTVSFE NFBO EJTUPSUJPOT
XIJMTU POMZ B 6.6% JODSFBTF JO EJTUPSUJPOT XBT PCTFSWFE XIFO UIF B0 mFME IPNP�
HFOFJUZ XBT EJTUVSCFE CZ UIF NFUBMMJD QBQFS DMJQ� ɨF (3"%& QIBOUPN XBT IFODF
OPU JEFBM GPS UIF JEFOUJmDBUJPO PG MPDBM B0 mFME JOIPNPHFOFJUJFT�

ɨF NFUBMMJD QBQFS DMJQ JO UIF CPSF PG TDBOOFS BĊFDUFE HFPNFUSJD BOE TMJDF QPTJUJPO
BDDVSBDZ XJUI EFUFDUJPO TFOTJUJWJUJFT PG 100% BOE 83.3%
 SFTQFDUJWFMZ CZ UIF "$3
QSPUPDPM� )PXFWFS
 EVF UP MJNJUFE TNBMM TJ[F PG UIF "$3 QIBOUPN 	EJBNFUFS PG
19 cm

 BOZ QJFDFT PG NFUBM PVUTJEF UIJT SBOHF DBOOPU CF EFUFDUFE� ɨF UZQJDBM
EJBNFUFS PG DVSSFOU .3* TZTUFNT JT BSPVOE 60 cm�

%VF UP UIF MJNJUBUJPOT PG UIF UXP QIBOUPNT DPODFSOJOH UIF JEFOUJmDBUJPO PG MPPTF
NFUBMT JO UIF CPSF PG UIF TDBOOFS
 JU JT SFDPNNFOEFE UP TXFFQ�JOTQFDU UIF CPSF PG
UIF TDBOOFS GPS TVDI QJFDFT PG NFUBM BT QBSU PG SPVUJOF 2" QSPDFEVSFT�

&MFDUSJDBM JOnVFODFT BĊFDUFE JNBHF VOJGPSNJUZ BOE 4/3 XJUI B 83.3% EFUFDUJPO

��



SBUF CZ UIF "$3 QSPUPDPM� 6ODPSSFDUFE DPJM JOUFOTJUZ WBSJBUJPOT BĊFDUFE BMM UIF
JNBHF RVBMJUZ QBSBNFUFST XJUI UIF MFBTU EFUFDUJPO TFOTJUJWJUZ PG 33.3% GSPN UIF
TMJDF QPTJUJPO BDDVSBDZ NFBTVSFNFOUT�

$PJM GBJMVSFT DPVME OPU CF PCKFDUJWFMZ JEFOUJmFE JG UIF JNBHFT IBE BMSFBEZ CFFO
DPSSFDUFE GPS DPJM JOUFOTJUZ WBSJBUJPOT� 8JUI UIF DPJM JOUFOTJUZ WBSJBUJPO DPSSFDUJPO
TXJUDIFE PĊ
 B NJOJNVN PG 4 PVU PG UIF 18 SFDFJWF DPJM DIBOOFMT IBE UP GBJM CFGPSF
BOZ WBSJBUJPOT DPVME CF PCTFSWFE JO UIF NFBTVSFE 4/3 BOE JNBHF JOUFOTJUZ WBMVFT�

"DDPSEJOH UP UIF "$3 NBOVBM <���>
 JNBHFT BDRVJSFE XJUI NVMUJ�DIBOOFM BSSBZ
DPJMT NVTU CF DPSSFDUFE GPS JNBHF JOUFOTJUZ WBSJBUJPO� )PXFWFS
 GSPN UIF SFTVMUT
JO 1BQFS *7
 VTJOH TVDI BQQSPBDI MJNJUT UIF BCJMJUZ PG UIF "$3 QSPUPDPM UP EFUFDU
JNBHF RVBMJUZ EFHSBEBUJPOT DBVTFE CZ DPJM FMFNFOU GBJMVSFT�

"T SFDPNNFOEFE JO UIF ""1.�T 3FQPSU 100 <��>
 JG DPJM FMFNFOU GBJMVSFT NVTU CF
DIFDLFE
 UIFO JU NVTU CF EPOF XJUIPVU UIF BQQMJDBUJPO PG DPJM JOUFOTJUZ DPSSFDUJPO�
8F DPODMVEF IFSF UIBU UIF "$3 QIBOUPN NBZ OPU CF UIF CFTU UPPM UP DIFDL UIF
JOUFHSJUZ PG DPJMT VTFE JO UIF SBEJPUIFSBQZ FOWJSPONFOU� ɨFSFGPSF
 PUIFS BWBJMBCMF
NFDIBOJTNT TIPVME CF VTFE GPS SPVUJOF DIFDLT PG UIF 3' DPJMT�

" TJNJMBS TUVEZ PO UIF EFUFDUJPO PG .3* JNBHF EFHSBEBUJPOT XBT EPOF CZ (BSEOFS
FU BM� JO ���� <���>� )FSF
 B UFTU PCKFDU XBT JOUFOUJPOBMMZ EFHSBEFE� ɨF EFUFDUJPO
TFOTJUJWJUZ PG BO BVUPNBUJD UFTU PCKFDU JNBHF BOBMZTJT BOE USBJOFE IVNBO PCTFSWFST
XFSF DPNQBSFE� ɨF UFTU PCKFDU JNBHF BOBMZTJT TZTUFN DPVME EFUFDU MPXFS WBSJBUJPOT
JO JNBHF RVBMJUZ QBSBNFUFST TVDI BT TMJDF UIJDLOFTT
 4/3 BOE EJTUPSUJPOT DPNQBSFE
UP UIF USBJOFE IVNBO PCTFSWFST <���>� ɨF DPODMVTJPO XBT UIBU UIF QPPS TFOTJUJWJUZ
PG USBJOFE IVNBO PCTFSWFST UP EFUFDU EFHSBEBUJPOT XBSSBOUFE UIF VTF PG PCKFDUJWF
BOE BVUPNBUFE RVBMJUZ DPOUSPM TZTUFNT <���>�

*O DPODMVTJPO
 UIJT XPSL IBT TIPXO UIBU UIF TUVEJFE QSPUPDPMT BSF HFOFSBMMZ TFOTJ�
UJWF JO JEFOUJGZJOH DPNNPO JTTVFT UIBU SFEVDF UIF RVBMJUZ PG .3 JNBHFT� "MUIPVHI
.3* JT JODSFBTJOHMZ CFJOH VTFE JO UIF SBEJPUIFSBQZ FOWJSPONFOU
 XIBU DPOTUJUVUFT
BO JOUFSOBUJPOBMMZ BDDFQUFE BQQSPBDI UP RVBMJUZ BTTVSBODF QSPDFEVSFT BSF TUJMM OPU
DMFBSMZ EFmOFE� )PXFWFS
 UIF "$3 QSPUPDPM DPNCJOFE XJUI B MBSHF 'P7 QIBOUPN
	FJUIFS DPNNFSDJBM PS IPNF�NBEF
 DBO CF VTFE UP NPOJUPS UIF QFSGPSNBODF BOE
JNBHF RVBMJUZ PG .3* TZTUFNT VTFE GPS SBEJPUIFSBQZ QVSQPTFT�

��



$IBQUFS �

4VNNBSZ PG 1BQFST

��� 1BQFS *

2VBOUJGZJOH UIF &ĊFDU PG 3 T .BHOFUJD 3FTPOBODF *NBHJOH 3FTJEVBM 4ZTUFN
%JTUPSUJPOT BOE 1BUJFOU�*OEVDFE 4VTDFQUJCJMJUZ %JTUPSUJPOT PO 3BEJBUJPO
ɧFSBQZ 5SFBUNFOU 1MBOOJOH GPS 1SPTUBUF $BODFS
"EKFJXBBI .
 #ZMVOE .
 -VOENBO +�"
 ɨFMMFOCFSH ,BSMTTPO $

+POTTPO +�)
 /ZIPMN 5
*OUFSOBUJPOBM +PVSOBM PG 3BEJBUJPO 0ODPMPHZ t#JPMPHZ t 1IZTJDT 	����


7PM� ���
 /P��
 QQ� �������
 ����

"JN� *OWFTUJHBUF UIF FĊFDU PG .3 TZTUFN BOE QBUJFOU�JOEVDFE TVTDFQUJCJMJUZ EJT�
UPSUJPOT GSPN B 3 T TDBOOFS PO EPTF EJTUSJCVUJPOT GPS QSPTUBUF DBODFST�

.BUFSJBMT BOE NFUIPET� %JTQMBDFNFOU WFDUPS mFMET XFSF HFOFSBUFE CZ DPNCJO�
JOH QIBOUPN NFBTVSFE SFTJEVBM TZTUFN EJTUPSUJPOT BOE TJNVMBUFE QBUJFOU�JOEVDFE
TVTDFQUJCJMJUZ EJTUPSUJPOT GSPN B 3 T TDBOOFS� *NBHF BDRVJTJUJPOT XFSF NBEF XJUI
CBOEXJEUI PG 122 Hz/pixel, 244 Hz/pixel BOE 488 Hz/pixel BOE HSBEJFOU
SFBEPVUT JO UIF SJHIU�MFGU 	3�-
 BOE BOUFSJPS�QPTUFSJPS 	"�1
 EJSFDUJPOT� $5 JNBHFT
PG 17 QBUJFOUT BOE UIF DMJOJDBMMZ EFMJOFBUFE TUSVDUVSFT XFSF EJTUPSUFE VTJOH UIF EJT�
QMBDFNFOU WFDUPS mFMET
 HJWJOH EJTUPSUFE $5 E$5 JNBHFT� 4VCTFRVFOUMZ
 7."5
PQUJNJ[FE QMBOT XFSF HFOFSBUFE PO E$5 JNBHFT BOE UIF mFME BSSBOHFNFOUT GSPN
UIF PQUJNJ[FE QMBOT XFSF DPQJFE UP UIF $5 EBUB TFUT UP DBMDVMBUF OFX EPTF EJT�
USJCVUJPOT� ɨF EPTF EJTUSJCVUJPOT XFSF FWBMVBUFE CBTFE PO DMJOJDBMMZ FTUBCMJTIFE

��



BDDFQUBODF EPTF WPMVNF DSJUFSJB� 8F VTFE QBJS�XJTF UXP�POF TJEFE FRVJWBMFODF
UFTUT UP DPNQBSF UIF E$5BOE $5 EPTF EJTUSJCVUJPOT�

3FTVMUT� .BYJNVN SFTJEVBM NFBO EJTUPSUJPOT PG 3.19 mm BU B SBEJBM EJTUBODF PG
25 cm
 BOE NBYJNVN NFBO QBUJFOU�JOEVDFE TVTDFQUJCJMJUZ TIJGUT PG 5.8mm XFSF
GPVOE VTJOH UIF MPXFTU CBOEXJEUI PG 122 Hz/pixel� ɨFSF XBT B EPTF EJĊFS�
FODF PG MFTT UIBO 0.5% CFUXFFO EJTUPSUFE BOE VOEJTUPSUFE USFBUNFOU QMBOT� ɨF
90% DPOmEFODF JOUFSWBM 	$*
 PG UIF NFBO EJĊFSFODF CFUXFFO UIF E$5 BOE $5
USFBUNFOU QMBOT XFSF BMM XJUIJO BO FRVJWBMFODF JOUFSWBM PG (−0.5, 0.5) GPS BMM JO�
WFTUJHBUFE QMBO RVBMJUZ NFBTVSFT�

$PODMVTJPOT� 1BUJFOU�JOEVDFE TVTDFQUJCJMJUZ EJTUPSUJPOT BU IJHI mFME TUSFOHUIT JO
B DMPTFE CPSF .3 TDBOOFST BSF MBSHFS UIBO SFTJEVBM TZTUFN EJTUPSUJPOT BGUFS VTJOH
WFOEPS�TVQQMJFE 3D DPSSFDUJPO GPS BMM TUVEJFE DPOUPVST� )PXFWFS
 FSSPST JO EPTF
EVF UP EJTUVSCFE QBUJFOU PVUMJOF BOE TIJGUT DBVTFE CZ QBUJFOU�JOEVDFE TVTDFQUJCJMJUZ
FĊFDUT BSF CFMPX 0.5%�

��� 1BQFS **

%PTJNFUSJD *NQBDU PG .3 EJTUPSUJPOT � " TUVEZ PO )FBE BOE /FDL
$BODFS 1BUJFOUT
"EKFJXBBI .
 #ZMVOE .
 -VOENBO +�"
 ;BDLSJTTPO #
 4ÚEFSTUSÚN ,

+POTTPO +)
 (BSQFCSJOH "
 /ZIPMN 5
*OUFSOBUJPOBM +PVSOBM PG 3BEJBUJPO 0ODPMPHZ t#JPMPHZ t 1IZTJDT
7PM� ���
 /P� �
 QQ� ��������
 ����

"JN� 5P FWBMVBUF UIF FĊFDU PG NBHOFUJD SFTPOBODF JNBHJOH 	.3*
 HFPNFUSJD EJT�
UPSUJPOT PO IFBE BOE OFDL SBEJPUIFSBQZ USFBUNFOU QMBOOJOH 	351
 GPS BO .3*o
POMZ 351� 8F BMTP BTTFTTFE UIF QPUFOUJBM CFOFmUT PG QBUJFOU�TQFDJmD TIJNNJOH BT
B UPPM UP SFEVDF UIF NBHOJUVEF PG .3 EJTUPSUJPOT�

.BUFSJBMT BOE .FUIPET� 6TJOH BO JO�IPVTF .BUMBC BMHPSJUIN
 TIJNNJOH XJUIJO
FOUJSF JNBHJOH WPMVNFT BOE VTFS�EFmOFE SFHJPO PG JOUFSFTU 	30*
 XFSF TJNVMBUFE�
8F EFGPSNFE 21 QBUJFOU $5T 	$5
 XJUI .3 EJTUPSUJPO mFMET 	HSBEJFOU OPO�MJOFBSJUZ
BOE QBUJFOU�JOEVDFE TVTDFQUJCJMJUZ FĊFDUT
 UP DSFBUF EJTUPSUFE $5 	E$5
 JNBHFT
VTJOH CBOEXJEUIT PG 122 Hz/mm BOE 488 Hz/mm BU 3 T � 'JFME QBSBNFUFST
GSPN WPMVNFUSJD NPEVMBUFE BSD UIFSBQZ 	7."5
 QMBOT JOJUJBMMZ PQUJNJ[FE PO E$5
EBUBTFUT XFSF USBOTGFSSFE UP $5 EBUB UP DPNQVUF B OFX USFBUNFOU QMBO� #PUI QMBOT
XFSF DPNQBSFE UP EFUFSNJOF UIF JNQBDU PG EJTUPSUJPOT PO EPTF EJTUSJCVUJPOT�

��



3FTVMUT� 4IJNNJOH BDSPTT FOUJSF QBUJFOU WPMVNFT EFDSFBTFE UIF QFSDFOUBHF PG WPY�
FMT XJUI EJTUPSUJPOT NPSF UIBO 2 mm GSPN 15.4% UP 2.0% 6TFS�EFmOFE 30*
TIJNNJOH JODSFBTFE UIF GSBDUJPO PG WPYFMT XJUIJO UIF TQJOBM DPSE XJUI HFPNFUSJD
TIJGUT BCPWF 2 mm GSPN 11.5% UP 32.3%� ɨF XPSTU QIBOUPN NFBTVSFE SFTJE�
VBM TZTUFN EJTUPSUJPOT BGUFS 3D HSBEJFOU OPO�MJOFBSJUZ DPSSFDUJPO XJUIJO B SBEJBM
EJTUBODF PG 200 mm GSPN UIF JTPDFOUFS XBT 2.17 mm� 'PS BMM QBUJFOUT
 WPYFMT
XJUI EJTUPSUJPO TIJGUT NPSF UIBO 2 mm EVF UP QBUJFOU�JOEVDFE TVTDFQUJCJMJUZ FG�
GFDUT XFSF 15.4% BOE 0.0% VTJOH CBOEXJEUIT PG 122Hz/mm BOE 488Hz/mm
BU � 5� %PTF EJĊFSFODFT CFUXFFO E$5 BOE $5 USFBUNFOU QMBOT JO D50 BU UIF 157
XFSF 0.4±0.6% BOE 0.3±0.5% BU 122Hz/mm BOE 488Hz/mm
 SFTQFDUJWFMZ�

$PODMVTJPOT� ɨF PWFSBMM FĊFDU PG .3* HFPNFUSJD EJTUPSUJPOT PO EBUB VTFE GPS
SBEJPUIFSBQZ QMBOOJOH XBT NJOJNBM� 4IJNNJOH PWFS FOUJSF JNBHJOH WPMVNFT EF�
DSFBTFE EJTUPSUJPOT CVU VTFS�EFmOFE TVC�WPMVNF TIJNNJOH JOUSPEVDFE TJHOJmDBOU
FSSPST JO OFBSCZ PSHBOT BOE TIPVME QSPCBCMZ CF BWPJEFE�

��� 1BQFS ***

5FDIOJDBM /PUF� $PNQBSJTPO CFUXFFO TJNVMBUFE BOE NFBTVSFE B0 mFME NBQT
PG IFBE BOE OFDL .3*
"EKFJXBBI . BOE -VOENBO +�"
 #ZMVOE .
 (BSQFCSJOH "
 /ZIPMN 5

"JN� $PNQBSJTPO PG NFBTVSFE BOE TJNVMBUFE NBHOFUJD mFME 	B0
 JOIPNPHFOFJUZ
NBQT�

.BUFSJBMT BOE .FUIPET� 4ZOUIFUJD $5 EBUB XFSF HFOFSBUFE GSPN QSPUPO EFOTJUZ�
XFJHIUFE ;5& .3 JNBHFT� 'PVS UJTTVF UZQFT�NBUFSJBMT� BJS
 GBU
 NVTDMF BOE CPOF
XFSF FBDI TQFDJmFE B )PVOTmFME VOJU 	)6
 WBMVF� 'PS FBDI TQFDJmFE )6 WBMVF

B DPSSFTQPOEJOH TVTDFQUJCJMJUZ XBT BTTJHOFE� "GUFS BTTJHOJOH UIF TVTDFQUJCJMJUZ WBM�
VFT
 UIF MPDBM B0 mFME XBT TJNVMBUFE VTJOH B QSFWJPVTMZ QVCMJTIFE NFUIPE� ɨF
TJNVMBUFE BOE UIF NFBTVSFEB0 mFME NBQT XFSF DPNQBSFE CZ WJTVBM BOE IJTUPHSBN
EJTUSJCVUJPO BTTFTTNFOUT�

3FTVMUT� ɨF TJNVMBUFE BOE NFBTVSFEB0 NBQT XFSF TJNJMBS JO UFSNT PG CPUI NBH�
OJUVEF BOE BQQFBSBODF PG UIF WBSJBUJPOT JO B0 mFME EFWJBUJPOT� )PXFWFS
 EFUBJMT
FTQFDJBMMZ BU UJTTVF�BJS BOE UJTTVF�CPOF JOUFSGBDFT XFSF NPSF WJTJCMF JO UIF TJNVMBUFE
NBQT�

$PODMVTJPOT� B0 NBQT DPVME CF FTUJNBUFE XJUI HPPE BDDVSBDZ CBTFE PO BOBUPN�
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JDBM SFQSFTFOUBUJPO PG UIF QBUJFOU� 4JNVMBUFE B0 NBQT DPVME CF BO BMUFSOBUJWF UP
NFBTVSFE NBQT GPS DPSSFDUJPO PG HFPNFUSJDBM EJTUPSUJPOT�

��� 1BQFS *7

2VBMJUZ "TTVSBODF GPS .3* JO 3BEJPUIFSBQZ� 4FOTJUJWJUZ
"OBMZTJT PG $VSSFOU .FUIPET
"EKFJXBBI .
 (BSQFCSJOH "
 /ZIPMN 5
6OEFS SFWJFX
 1IZTJDT BOE *NBHJOH JO 3BEJBUJPO 0ODPMPHZ

"JN� ɨF BJN PG UIJT XPSL XBT UP FWBMVBUF UIF BCJMJUZ PG DVSSFOU .3* JO SBEJP�
UIFSBQZ 2" QSPUPDPMT UP EFUFDU DPNNPO FWFOUT UIBU BĊFDU JNBHF RVBMJUZ�

.BUFSJBMT BOE NFUIPET� ɨF "$3 .3* 2" BOE 4QFDUSPOJD .FEJDBM "# (3"%&
QIBOUPNT XFSF VTFE JO UIJT TUVEZ� ɨF "$3 QIBOUPN XBT SFQFBUFEMZ TDBOOFE
VTJOH B nFYJCMF DPJM BOE BDUJPO MJNJUT GPS LFZ JNBHF RVBMJUZ QBSBNFUFST XFSF EFSJWFE�
6TJOH BO FYQMPSBUPSZ TVSWFZ BNPOH .3�TJNVMBUPS VTFST
 UIF NPTU DPNNPO JTTVFT
BĊFDUJOH .3 JNBHF RVBMJUZ XFSF JEFOUJmFE� ɨF NPTU DPNNPOMZ PDDVSSJOH FWFOUT
XFSF JOUSPEVDFE BT QSPWPDBUJPOT UP QSPEVDF JNBHFT XJUI RVBMJUZ JTTVFT� 'SPN UIFTF
JNBHFT
 EFUFDUJPO TFOTJUJWJUJFT PG UIF "$3 BOE (3"%& QIBOUPN 2" QSPUPDPMT
XFSF EFUFSNJOFE�

3FTVMUT� "DUJPO MJNJUT GPS LFZ JNBHF RVBMJUZ QBSBNFUFST XFSF TFU BU mean ± 3σ
HJWJOH GBMTF FSSPS JOEJDBUJPOT PG MFTT UIBO 1%� %FGFDUJWF DPJMT
 QJFDFT PG MPPTF
NFUBM
 VODPSSFDUFE HSBEJFOU OPO�MJOFBSJUZ FĊFDUT BOE FYUFSOBM FMFDUSJDBM JOUFSGFS�
FODF BSF UIF NPTU DPNNPO DBVTFT PG .3 JNBHF EFHSBEBUJPOT� ɨF QSPWPDBUJPO
UFTUT TIPXFE UIBU UIF UXP 2" QSPUPDPMT DPVME EFUFDU TPNF PG UIF DPNNPO FWFOUT�
%FGFDUJWF JOEJWJEVBM DPJM FMFNFOUT DPVME OPU CF EFUFDUFE XJUI UIF "$3 QIBOUPN
XIJMF VTJOH JOUFOTJUZ DPSSFDUJPO� ɨF (3"%& QIBOUPN XBT NPSF TFOTJUJWF UP VO�
DPSSFDUFE HSBEJFOU OPO�MJOFBSJUZ FĊFDUT UIBO mFME JOIPNPHFOFJUJFT JOUSPEVDFE CZ
B QJFDF PG NFUBM�

$PODMVTJPOT� ɨF "$3 QIBOUPN BMPOF XIFO VTFE GPS SPVUJOF 2" QSPDFEVSFT
NBZ QSPWJEF TPNF MFWFM PG GBMTF TFDVSJUZ FTQFDJBMMZ PO DPJM�SFMBUFE JNBHF RVBMJUZ
JTTVFT BOE HFPNFUSJD EJTUPSUJPOT� )PXFWFS
 DPNCJOJOH UIF "$3 QIBOUPN XJUI
B MBSHF HFPNFUSJD BDDVSBDZ QIBOUPN DPVME QSPWJEF B UPPM UP NPOJUPS .3 TZTUFN
QFSGPSNBODF�
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$IBQUFS �

$PODMVTJPOT
 $MJOJDBM *NQMJDBUJPOT
BOE 'VUVSF XPSLT

'SPN B HFPNFUSJD BDDVSBDZ QFSTQFDUJWF
 UIF SFTVMUT GSPN 1BQFST * BOE ** TIPX
UIBU UIF EPTJNFUSJD JNQMJDBUJPOT PG SFTJEVBM EJTUPSUJPOT BGUFS DPSSFDUJOH GPS HSBEJ�
FOU OPO�MJOFBSJUZ FĊFDUT BSF TNBMM BOE UIFSFGPSF
 .3�CBTFE USFBUNFOU QMBOOJOH
JT GFBTJCMF� ɨJT EPFT
 IPXFWFS
 SFRVJSF UIBU UIF .3* EBUB CFJOH BDRVJSFE VTFT
BEFRVBUF NFUIPET TVDI BT EFTDSJCFE JO UIJT XPSL� ɨFTF JODMVEF UIF VTF PG BQQSP�
QSJBUFMZ IJHI BDRVJTJUJPO CBOEXJEUI
 VUJMJ[JOH WFOEPS�TVQQMJFE 2D�3D HSBEJFOU
OPO�MJOFBSJUZ DPSSFDUJPO BMHPSJUINT BOE QBUJFOU�TQFDJmD BDUJWF TIJNNJOH� 4PNF
TFRVFODFT MJLF FDIP�QMBOBS JNBHJOH GPS EJĊVTJPO IBWF B WFSZ MPX FĊFDUJWF CBOE�
XJEUI BOE UIFSFGPSF FYIJCJUT TFWFSF TQBUJBM JOBDDVSBDJFT� ɨF HFPNFUSZ PG TVDI
JNBHFT NBZ OPU CF BDDVSBUF�

ɨF QSFTFOU XPSL JT MJNJUFE UP UIF DPNNPO USFBUNFOU TUSBUFHJFT VTFE UPEBZ� -JLFMZ

FWPMWJOH .3�POMZ XPSLnPXT VTJOH .3�MJOBD TZTUFNT <��
 ��
 ��> XJMM JO UIF GV�
UVSF VTF TNBMMFS NBSHJOT XIJDI NBZ CF TFOTJUJWF UP HFPNFUSJD JOBDDVSBDJFT� 4NBMMFS
NBSHJOT JODSFBTF UIF EFNBOET PO UIF JNBHJOH NPEBMJUZ UP FOBCMF IJHIMZ SFMJBCMF
EFmOJUJPOT PG PSHBOT BU SJTL BOE UBSHFU WPMVNFT� ɨJT DBMMT GPS JODSFBTFE JNBHF
RVBMJUZ� "U UIF NPNFOU HFPNFUSJD BDDVSBDZ JT BDIJFWFE VTJOH IJHI CBOEXJEUI TF�
RVFODFT XIJDI EFHSBEF UIF JNBHF RVBMJUZ� *U NBZ
 UIFSFGPSF
 CF UIBU DPSSFDUJPO
NFUIPET XJMM CF NPSF DPNNPOMZ VTFE�OFFEFE JO UIF GVUVSF UP CF BCMF UP DPNCJOF
NPEFSBUF CBOEXJEUI XJUI IJHI HFPNFUSJD BDDVSBDZ�

ɨF SFTVMUT GSPN 1BQFS *** JOEJDBUFE UIBU NBQQJOH PG QBUJFOU�JOEVDFE B0 mFME
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JOIPNPHFOFJUJFT DPVME CF BDIJFWFE XJUI IJHI BDDVSBDZ BOE IJHI SFTPMVUJPO VTJOH
TJNVMBUJPOT PO BOBUPNJDBM .3* EBUB� ɨF BEWBOUBHF JT UIBU UIF OFFE UP VUJMJ[F
TFQBSBUF TFRVFODFT UP EJSFDUMZ FTUJNBUF B0 NBQ DPVME CF SFEVDFE� ɨJT DPVME QP�
UFOUJBMMZ SFEVDF TDBO UJNF� ɨF ESBXCBDL JT UIBU JG UIFSF BSF VOFYQFDUFE TPVSDFT PG
B0 mFME JOIPNPHFOFJUJFT
 UIFTF XPVME OPU CF DBQUVSFE XJUI UIF TJNVMBUJPO�

'SPN B RVBMJUZ BTTVSBODF QFSTQFDUJWF
 JG UIF B0 NBQ JT TJNVMBUFE XJUI T$5 BT
JOQVU EBUB BT XBT EPOF JO 1BQFS ***
 UIF QSPCMFN XJUI B QPUFOUJBMMZ JOBDDVSBUF
SFQSFTFOUBUJPO PG BOBUPNZ PS JNQMBOUT DPVME CF UVSOFE JOUP BO BEWBOUBHF BOE B
OPWFM NFUIPE UP 2" UIF HFOFSBUFE T$5� -BSHF EFWJBUJPOT CFUXFFO B NFBTVSFE BOE
TJNVMBUFE B0 NBQ XPVME JOEJDBUF NJTSFQSFTFOUBUJPOT PS NJTTJOH JOGPSNBUJPO JO
UIF T$5� "T UIF B0 NBQQJOH JT JOEFQFOEFOU PG UIF T$5 HFOFSBUJPO NFUIPE
 UIF
TBNF LJOE PG FSSPST JT FYQFDUFE UP IBWF B MBSHF JNQBDU PO CPUI UIF B0 NBQQJOH
BOE UIF EPTF DBMDVMBUJPOT� ɨJT JT XPSUI GVSUIFS JOWFTUJHBUJPOT� "U QSFTFOU EBUB JT
DPMMFDUFE GPS QBUJFOUT JO 6NFÌ XJUI WBSJPVT JNQMBOUT UP DIFDL UIFJS .3 TFOTJUJWJUZ�

1BQFS *7 TIPXFE UIF XFBLOFTTFT JO UIF DPNNPO QIBOUPNT VTFE GPS UIF 2" PG
.3* TDBOOFST VOEFS SBEJPUIFSBQZ TFUUJOHT� ɨF XPSL EPOF IFSF TIPXFE UIBU TPNF
DPNNPO TDFOBSJPT UIBU BĊFDU UIF RVBMJUZ PG .3 JNBHFT BSF OPU BMXBZT EFUFDUFE�
"O BSFB XIJDI NBZ QMBZ BO JNQPSUBOU SPMF JO GVUVSF SBEJPUIFSBQZ JT RVBOUJUBUJWF
JNBHJOH� *U IBT CFFO TVHHFTUFE UIBU CPUI QSF�USFBUNFOU BOE FBSMZ SFTQPOTF BTTFTT�
NFOU CBTFE PO RVBOUJUBUJWF .3* TVDI BT EJĊVTJPO BOE QFSGVTJPO DPVME CF VTFE UP
BEBQU UIF USFBUNFOU� ɨJT XPVME DBMM GPS FYUFOTJWF 2" NFBTVSFT UP HVBSBOUFF UIBU
UIF TZTUFN JT TUBCMF BOE NFBTVSFE RVBOUJUJFT BSF BDDVSBUF�

ɨF "$3 2" QIBOUPN XBT EFWFMPQFE BT B UPPM GPS DPNNJTTJPOJOH BOE CFODI�
NBSLJOH PG .3* TZTUFNT
 BOE OPU FYQMJDJUMZ GPS TUBCJMJUZ UFTUT� ɨJT XPSL IBT TIPXO
UIBU JU XBT OPU JEFBM GPS UIF EFUFDUJPO PG TPNF PG UIF NPTU DPNNPO QSPCMFNT UIBU
DPVME PDDVS� *U XPVME
 UIFSFGPSF
 CF JOUFSFTUJOH UP VOEFSUBLF SFTFBSDI BJNJOH BU
RVBMJUZ DPOUSPM PG UIF JOEJWJEVBM DPNQPOFOUT SBUIFS UIBO UIF GVMM TZTUFN� ɨJT
JT UIF BQQSPBDI UBLFO CZ UIF .3 WFOEPST XIP QSPWJEF JOUFHSBUFE NFUIPET GPS
WFSJGZJOH UIF GBJMVSF PG JOEJWJEVBM DPJM FMFNFOUT BOE UIF DBVTF PG FMFDUSJD TQBSLT
FUD� ɨF QSPCMFN XJUI UIF QSFTFOU UPPMT QSPWJEFE CZ UIF WFOEPST JT UIBU UIFZ EP
OPU FYQMJDJUMZ BEESFTT UIF HFPNFUSJD BDDVSBDZ
 BOE FWFO XIFO UIFZ FYJTU UIFZ BSF
JOIFSFOUMZ WFSZ TMPX� *U
 UIFSFGPSF
 CFDPNFT JNQSBDUJDBM UP JODMVEF TVDI SFMFWBOU
UFTUT BT QBSU PG SPVUJOF 2" QSPDFEVSFT PO CVTZ DMJOJDBM .3* TDBOOFST� ɨFSF JT
IFODF B OFFE UP CVJME PO UIF QSFTFOU XPSL UP JEFOUJGZ UIF VOEFSMZJOH SFBTPOT GPS
FSSPST BOE mOE NFUIPET UIBU DPVME QSFGFSBCMZ
 XJUIJO NJOVUFT
 FBTJMZ JEFOUJGZ TVDI
FSSPST� ɨFTF NFUIPET DPVME UIFO CF JODMVEFE JO EBJMZ 2" SPVUJOFT�
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&ċDJFOU 2" QSPDFEVSFT BSF IJHIMZ EFQFOEFOU PO BEFRVBUF QIBOUPNT� *U JT JN�
QPSUBOU UP BDLOPXMFEHF UIBU QIBOUPNT VTFE GPS DPOTUBODZ DIFDLT IBWF EJĊFSFOU
EFNBOET DPNQBSFE UP QIBOUPNT VTFE GPS EFUBJMFE NBQQJOHT PS DIBSBDUFSJ[BUJPO
PG B TZTUFN� )FODF
 B QIBOUPN EFTJHOFE GPS DPOTUBODZ DIFDLT PG UIF HFPNFUSJD
BDDVSBDZ PG B TZTUFN EPFT OPU OFDFTTBSJMZ IBWF UP QSPWJEF B GVMM EJTUPSUJPO NBQ PG
UIF .3 TDBOOFS� ɨF LFZ SFRVJSFNFOUT PG TVDI B QIBOUPN XPVME CF IJHI TFO�
TJUJWJUZ DPNCJOFE XJUI B MPX GBMTF QPTJUJWF SBUF GPS UIF NPTU DPNNPO BOE TFWFSF
TZTUFN QFSGPSNBODF PS JNBHF RVBMJUZ JTTVFT� #FTJEFT
 UIF TDBO QSPDFEVSF OFFET
UP CF GBTU
 UIF IBOEMJOH PG UIF QIBOUPN TIPVME BMTP CF FBTZ
 BOE UIF FWBMVBUJPO
TIPVME QSFGFSBCMZ CF BVUPNBUJD� ɨF QIBOUPN BOE FWBMVBUJPO QSPDFEVSF EPFT OPU
IPXFWFS
 OFFE UP QSPWJEF EFUBJMFE JOGPSNBUJPO CVU EPFT POMZ OFFE UP GVODUJPO BT B
HSFFO PS SFE nBH GPS QPUFOUJBM JTTVFT� " SFE nBH XPVME UIFO USJHHFS B NPSF FMBCPSBUF
BOE FYUFOTJWF JOWFTUJHBUJPO UIBU [PPNT JO PO UIF VOEFSMZJOH QSPCMFN� "O FYQMJDJU
TPMVUJPO UP UIJT QSPCMFN JT OPU QSPWJEFE JO UIJT XPSL� )PXFWFS
 JU JT UIF CFMJFWF
UIBU UIF NFUIPEPMPHZ BQQMJFE JO UIF QSFTFOU XPSL 	1BQFS *7
 DPVME CF VUJMJ[FE JO
UIF EFTJHO QSPDFTT� *EFOUJmDBUJPO PG UIF DPNNPO BOE TFWFSF JTTVFT TIPVME XPSL BT
B TUBSUJOH QPJOU BOE WFSJmDBUJPO PG UIF BCJMJUZ UP EFUFDU UIF JTTVFT TIPVME UIFO CF
EPOF VTJOH DPOUSPMMFE FYQFSJNFOUT�
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