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"CTUSBDU

$BODFS JT B IFUFSPHFOFPVT DMBTT PG DPNQMFY EJTFBTFT UIBU BSF DIBSBDUFSJ[FE CZ VOMJNJUFE
QSPMJGFSBUJPO PG NBMJHOBOU DFMMT� $BODFS JT DBVTFE CZ B DPNQMFY JOUFSQMBZ PG 	FQJ�
HFOFUJD
BCFSSBUJPOT UIBU TUSPOHMZ EJêFS CFUXFFO UVNPST� 5IJT IFUFSPHFOFJUZ NBLFT DBODFS EJëDVMU UP
USFBU� 1FSTPOBMJ[FE DBODFS USFBUNFOU BJNT BU TFMFDUJOH UIF NPTU TVJUBCMF 	DPNCJOBUJPO PG
 ESVHT
UP USFBU B TQFDJaD UVNPS CBTFE PO JUT HFOFUJD BOE NPMFDVMBS DIBSBDUFSJTUJDT� %BUB GSPN NPEFSO
IJHI�UISPVHIQVU FYQFSJNFOUBM UFDIOPMPHJFT IBWF HSFBUMZ JNQSPWFE UIF SFTPMVUJPO BU XIJDI
UVNPS�ESJWJOH GBDUPST DBO CF EFUFSNJOFE BDSPTT MFWFMT PG DFMMVMBS SFHVMBUJPO� *O PSEFS UP FYUSBDU
EJTFBTF� BOE USFBUNFOU�SFMFWBOU JOGPSNBUJPO GSPN UIJT NBTT PG DPNQMFY
 IJHI�EJNFOTJPOBM
 BOE
OPJTZ EBUB TFUT
 SPCVTU TUBUJTUJDBM BOE DPNQVUBUJPOBM UPPMT BOE NFUIPET BSF SFRVJSFE�
*O UIJT UIFTJT
 XF QSFTFOU B DPNQSFIFOTJWF UPPM TVJUF GPS DBODFS USFBUNFOU EFDJTJPO TVQQPSU BOE
USBOTMBUJPOBM SFTFBSDI� 5IF FODPNQBTTFE UPPMT QSPWJEF SJDI GVODUJPOBMJUZ GPS UIF HFOFUJD BOE
NPMFDVMBS DIBSBDUFSJ[BUJPO PG UVNPST XJUI BO FNQIBTJT PO EFSFHVMBUFE CJPMPHJDBM QSPDFTTFT BOE
UIF JEFOUJaDBUJPO PG EJTFBTF�ESJWJOH SFHVMBUPSZ LFZ QMBZFST� 5IF JOUFHSBUJWF BOBMZTJT PG NVMUJ�
PNJDT EBUB TFUT XJUI B QSJPSJ LOPXMFEHF GSPN DMJOJDBM QSBDUJDF HVJEFMJOFT BOE SFMFWBOU NFEJDBM

QIBSNBDPMPHJDBM
 BOE CJPMPHJDBM EBUBCBTFT DPWFST B WBSJFUZ PG SFTFBSDI TDFOBSJPT GSPN CJPNBSLFS
JEFOUJaDBUJPO UP UIF QFSTPOBMJ[FE BTTFTTNFOU PG WBSJPVT UZQFT PG USFBUNFOU PQUJPOT JODMVEJOH
TUBOEBSE�PG�DBSF UBSHFUFE ESVHT
 DBOEJEBUFT GPS ESVH SFQPTJUJPOJOH BOE JNNVOPUIFSBQZ�
'JSTU
 XF QSFTFOU TFWFSBM UPPMT GPS UIF TUBUJTUJDBM BOBMZTJT PG NVMUJ�PNJDT EBUB UIBU DBO CF CSPBEMZ
BQQMJFE
 F�H� GPSNPMFDVMBS DIBSBDUFSJ[BUJPO PG B TBNQMF PG JOUFSFTU PS GPS CJPNBSLFS JEFOUJaDBUJPO�
5IFTF UPPMT JODMVEF (FOF5SBJM� BOE 3FHVMBUPS5SBJM� (FOF5SBJM� JT B XFC TFSWJDF GPS UIF TUBUJTUJDBM
BOBMZTJT PG NPMFDVMBS TJHOBUVSFT UIBU QSPWJEFT WBSJPVT UZQFT PG FOSJDINFOU BOBMZTFT GPS UIF
JEFOUJaDBUJPO PG EFSFHVMBUFE QBUIXBZT� 8IJMF (FOF5SBJM� GPDVTFT PO UIF BTTFTTNFOU PG BCFSSBOU
CJPMPHJDBM QBUIXBZT BOE TJHOBMJOH DBTDBEFT
 3FHVMBUPS5SBJM BJNT BU UIF JEFOUJaDBUJPO PG UIPTF
USBOTDSJQUJPOBM SFHVMBUPST UIBU TFFN UP IBWF B IJHI JNQBDU PO UIFTF QBUIPHFOJD QSPDFTTFT� 5P
UIJT FOE
 3FHVMBUPS5SBJM QSPWJEFT OVNFSPVT NFUIPET� "T POF PG UIFTF NFUIPET
 XF QSPQPTF
3&(VMBUPS�(FOF "TTPDJBUJPO &OSJDINFOU 	3&(("&

 XIJDI JT CBTFE PO UIF DPNCJOBUJPO PG
SFHVMBUPS�UBSHFU JOUFSBDUJPOT BOE FOSJDINFOU BOBMZTJT�
8IJMF UIF BCPWF�NFOUJPOFE UPPMT BOENFUIPET BSF EFTJHOFE GPS HFOFSBM QVSQPTFT
 XF TQFDJaDBMMZ
GPDVT PO QFSTPOBMJ[FE NFEJDJOF BOE USBOTMBUJPOBM SFTFBSDI XJUI %SVH5BSHFU*OTQFDUPS 	%5*
�
%5* QSPWJEFT SJDI GVODUJPOBMJUZ GPS UIF BTTFTTNFOU PG NPMFDVMBS ESVH UBSHFUT
 QVUBUJWF UBSHFU
QBUIXBZT BOE DPSSFTQPOEJOH ESVHT CBTFE PO UIF JOUFHSBUJWF BOBMZTJT PG UVNPS�TQFDJaD PNJDT
EBUB TFUT�
'JOBMMZ
 XF QSFTFOU $MJO0NJDT5SBJMCD
 BO JOUFSBDUJWF WJTVBM BOBMZUJDT UPPM GPS CSFBTU DBODFS
USFBUNFOU TUSBUJaDBUJPO� $MJO0NJDT5SBJMCD TVQQPSUT DMJOJDJBOT CZ QSPWJEJOH B UIPSPVHI
BTTFTTNFOU PG TUBOEBSE�PG�DBSF UBSHFUFE ESVHT
 DBOEJEBUFT GPS ESVH SFQPTJUJPOJOH
 BOE
JNNVOPUIFSBQFVUJD BQQSPBDIFT
 JODMVEJOH DIFDLQPJOU JOIJCJUPST BOE QFSTPOBMJ[FE DBODFS
WBDDJOFT�
*O TVNNBSZ
 UIJT XPSL QSFTFOUT OPWFM NFUIPET BOE DPNQVUBUJPOBM UPPMT GPS UIF JOUFHSBUJWF
BOBMZTJT PG NVMUJ�PNJDT EBUB GPS USBOTMBUJPOBM SFTFBSDI BOE DMJOJDBM EFDJTJPO TVQQPSU
 BTTJTUJOH
SFTFBSDIFST BOE DMJOJDJBOT JO aOEJOH UIF CFTU QPTTJCMF USFBUNFOU PQUJPOT JO B EFFQMZ QFSTPOBMJ[FE
XBZ�
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$BODFS JT B IFUFSPHFOFPVT DMBTT PG EJTFBTFT DBVTFE CZ UIF DPNQMFY JOUFSQMBZ PG 	FQJ�
HFOFUJD
BCFSSBUJPOT BOE JT EJëDVMU UP USFBU EVF UP JUT IFUFSPHFOFJUZ� *O UIJT UIFTJT
 XF QSFTFOU B UPPM
TVJUF PG OPWFM NFUIPET BOE DPNQVUBUJPOBM UPPMT GPS UIF HFOFUJD BOE NPMFDVMBS DIBSBDUFSJ[BUJPO
PG UVNPST UP TVQQPSU EFDJTJPO NBLJOH JO QFSTPOBMJ[FE DBODFS USFBUNFOUT� 5IF aSTU UPPM JODMVEFE
JO UIJT UPPM TVJUF JT (FOF5SBJM�
 B XFC TFSWJDF GPS UIF TUBUJTUJDBM BOBMZTJT PG NPMFDVMBS TJHOBUVSFT�
8IJMF (FOF5SBJM� GPDVTFT PO UIF FWBMVBUJPO PG BCFSSBOU CJPMPHJDBM QBUIXBZT BOE TJHOBM DBTDBEFT

3FHVMBUPS5SBJM JEFOUJaFT UIPTF USBOTDSJQUJPOBM SFHVMBUPST UIBU BQQFBS UP IBWF B IJHI JNQBDU
PO UIFTF QBUIPHFOJD QSPDFTTFT� 8JUI %SVH5BSHFU*OTQFDUPS 	%5*

 XF GPDVT TQFDJaDBMMZ PO
QFSTPOBMJ[FE NFEJDJOF BOE USBOTMBUJPOBM SFTFBSDI� %5* PêFST DPNQSFIFOTJWF GVODUJPOT GPS UIF
FWBMVBUJPO PG UBSHFU NPMFDVMFT
 UIF BTTPDJBUFE TJHOBMJOH DBTDBEFT
 BOE UIF DPSSFTQPOEJOH ESVHT�
'JOBMMZ
 XFQSFTFOU$MJO0NJDT5SBJMCD
 BO BOBMZTJT UPPM GPS TUSBUJaDBUJPO PG CSFBTU DBODFS USFBUNFOUT�
$MJO0NJDT5SBJMCD TVQQPSUT DMJOJDJBOT XJUI B DPNQSFIFOTJWF FWBMVBUJPO PG PO� BOE Pê�MBCFM ESVHT
BT XFMM BT JNNVOF UIFSBQJFT�
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,SFCT JTU FJOF IFUFSPHFOF ,MBTTF WPO &SLSBOLVOHFO
 EJF EVSDI FJO LPNQMFYFT ;VTBNNFOTQJFM
WPO 	FQJ�
HFOFUJTDIFO "CFSSBUJPOFO WFSVSTBDIU XJSE VOE TJDI BVGHSVOE JISFS )FUFSPHFOJUÁU OVS
TDIXFS CFIBOEFMO MÁTTU� *O EJFTFS "SCFJU QSÁTFOUJFSFO XJS FJOF 3FJIF OFVFS .FUIPEFO VOE
#FSFDIOVOHTXFSL[FVHF GØS EJF HFOFUJTDIF VOENPMFLVMBSF $IBSBLUFSJTJFSVOH WPO 5VNPSFO [VS
&OUTDIFJEVOHTVOUFSTUØU[VOH CFJ QFSTPOBMJTJFSUFO ,SFCTCFIBOEMVOHFO�
%JFTF #FSFDIOVOHTXFSL[FVHF CFJOIBMUFO VOUFS BOEFSFN (FOF5SBJM�
 FJOFO 8FCTFSWJDF GØS EJF
TUBUJTUJTDIF "OBMZTF NPMFLVMBSFS 4JHOBUVSFO� 8ÁISFOE (FOF5SBJM� TJDI BVG EJF #FXFSUVOH WPO
BCFSSBOUFO CJPMPHJTDIFO 1GBEFO VOE 4JHOBMLBTLBEFO LPO[FOUSJFSU
 JEFOUJa[JFSU 3FHVMBUPS5SBJM
KFOF 5SBOTLSJQUJPOTSFHVMBUPSFO
 EJF FJOFO IPIFO &JObVTT BVG EJFTF QBUIPHFOFO 1SP[FTTF
[V IBCFO TDIFJOFO� .JU %SVH5BSHFU*OTQFDUPS 	%5*
 GPLVTTJFSFO XJS VOT TQF[JFMM BVG
EJF QFSTPOBMJTJFSUF .FEJ[JO VOE EJF USBOTMBUJPOBMF 'PSTDIVOH� %5* CJFUFU VNGBOHSFJDIF
'VOLUJPOFO GØS EJF #FXFSUVOH WPO ;JFMNPMFLØMFO
 EFO EB[VHFIÓSJHFO 4JHOBMLBTLBEFO VOE
FOUTQSFDIFOEFO.FEJLBNFOUFO� 4DIMJF¼MJDI QSÁTFOUJFSFO XJS $MJO0NJDT5SBJMCD
 FJO "OBMZTFUPPM
[VS 4USBUJa[JFSVOH WPO #SVTULSFCTCFIBOEMVOHFO� $MJO0NJDT5SBJMCD VOUFSTUØU[U ,MJOJLFS EVSDI
FJOF VNGBTTFOEF #FXFSUVOH WPO 0O� VOE 0ê�-BCFM�.FEJLBNFOUFO VOE *NNVOUIFSBQJFO�
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� #JPMPHJDBM #BDLHSPVOE �
��� .PMFDVMBS CJPMPHZ PG FVLBSZPUJD DFMMT � � � � � � � � � � � � � � � � � � � � � � � � � � � �
��� $BODFS � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

����� $BODFS EFWFMPQNFOU BOE DIBSBDUFSJTUJDT � � � � � � � � � � � � � � � � � � � � � � �
����� $BODFS USFBUNFOU � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 1FSTPOBMJ[FE NFEJDJOF � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� .BUFSJBMT BOE .FUIPET ��
��� )JHI�UISPVHIQVU FYQFSJNFOUBM UFDIOJRVFT � � � � � � � � � � � � � � � � � � � � � � � ��

����� .JDSPBSSBZT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� )JHI�UISPVHIQVU TFRVFODJOH � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� .BTT TQFDUSPNFUSZ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 3FGFSFODF EBUBCBTFT BOE SFTPVSDFT � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� &OUJUZ�SFMBUFE EBUBCBTFT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
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$BODFS JT B DMBTT PG DPNQMFY EJTFBTFT DIBSBDUFSJ[FE CZVODPOUSPMMFE QSPMJGFSBUJPO PG DFMMT UIBU UFOE
UP JOWBEF TVSSPVOEJOH UJTTVF BOENFUBTUBTJ[F UP PUIFS TJUFT PG UIF CPEZ <�>� #Z UIF ZFBS ����
 UXP
PVU PG UISFF FMEFSMZ QFPQMF BSF FYQFDUFE UP CF EJBHOPTFE XJUI DBODFS <�>� "T JODJEFODF SBUFT PG
DBODFS BSF TUSPOHMZ DPSSFMBUFEXJUI BHF <�>
 B QSPMPOHFE MJGF FYQFDUBODZ BOE BO BHJOH QPQVMBUJPO
XJMM SFTVMU JO B DPOUJOVPVTMZ JODSFBTJOH OVNCFS PG DBODFS QBUJFOUT JO UIF GVUVSF� "MUIPVHI UIF
QSPHSFTT JO TDJFODF BOENFEJDJOF IBT JNQSPWFE UIF USFBUNFOU PG DBODFS PWFS UIF MBTU EFDBEFT <�>

DBODFS JT TUJMM UIF TFDPOE MFBEJOH DBVTF PG EFBUI JO (FSNBOZ BOE PUIFS 8FTUFSO JOEVTUSJBMJ[FE
DPVOUSJFT 	DG� 'JHVSF ���
�

Leading causes of death
Germany, 2015 - 925,200 deaths
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Other
38.5%

25.3%

7.4%

4.8%
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'JHVSF ��� -FBEJOH DBVTFT PG EFBUI JO (FSNBOZ ����� #BTFE PO B UPUBM PG ���
��� DBTFT
 UIF GSBDUJPO PG UIF FMFWFO
NPTU DPNNPO DBVTFT PG EFBUI BSF EJTQMBZFE� %BUB PCUBJOFE GSPN UIF (FSNBO 'FEFSBM 4UBUJTUJDBM 0ŒDF <�>�

5IF SFBTPOT XIZ DBODFS USFBUNFOU JT TUJMM B HSBOE DIBMMFOHF DBO CF GPVOE JO UIF PSJHJOT BOE USBJUT
PG UIJT DPNQMFY DMBTT PG EJTFBTFT� 5IF USBOTGPSNBUJPO GSPN OPSNBM IVNBO DFMMT JOUP DBODFS DFMMT
PDDVST WJB UIF BDRVJTJUJPO PG TFWFSBM DBQBCJMJUJFT FOBCMJOHNBMJHOBOU HSPXUI� )JHINVUBUJPO SBUFT
DPNCJOFEXJUI VODPOUSPMMFE QSPMJGFSBUJPO MFBE UP B %BSXJOJBO�MJLF DFMMVMBS FWPMVUJPO UIBU GPTUFST
UVNPS IFUFSPHFOFJUZ� 5IJT EJWFSTJUZ JT BMTP SFbFDUFE JO TUSPOHMZ WBSZJOH USFBUNFOU SFTQPOTFT JO

�
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UVNPST PG UIF TBNF UZQF PS FWFO TVCUZQF BOE IFODF IBT UP CF BDDPVOUFE GPS JO B QFSTPOBMJ[FE
USFBUNFOU EFDJTJPO�NBLJOH QSPDFTT <�>�
5IF JEFB PG QFSTPOBMJ[FE NFEJDJOF QFS TF JT OPU OFX� 5IF aFME PG NFEJDJOF IBT BMXBZT CFFO
QFSTPOBMJ[FE JO TVDI B XBZ UIBU QIZTJDJBOT IBWF TUSJWFE UP EFUFSNJOF UIF VOEFSMZJOH DBVTFT PG
UIFJS QBUJFOUTr EJTFBTFT BOE UP USFBU UIFN BDDPSEJOHMZ� *U JT DPOWFZFE UIBU BMSFBEZ BSPVOE ��� #$

UIF (SFFL QIZTJDJBO )JQQPDSBUFT BTTFTTFE UIF DPNQPTJUJPO PG GPVS EJTUJODU UZQFT PG CPEZ bVJET
CMBDL BOE ZFMMPX CJMF
 QIMFHN
 BOE CMPPE 	UIF qGPVS IVNPSTr
 CFGPSF USFBUJOH B QBUJFOU <�>�
0WFS UIF MBTU EFDBEFT
 UIFSFXFSF OVNFSPVT FOEFBWPST UP JEFOUJGZ USFBUNFOU�SFMFWBOU CJPNBSLFST
UIBU BMTP MFE UP UIF DPODFQU PG DPNQBOJPO EJBHOPTUJDT� $PNQBOJPO EJBHOPTUJDT BSF TQFDJaD
NPMFDVMBS
 HFOFUJD
 PS JNBHJOH UFTUT UIBU BTTFTT UIF TUBUVT PG LFZ UVNPS�ESJWJOH HFOFT PS
QSPUFJOT
 XIJDI JOGPSN UIF BQQMJDBCJMJUZ PG TQFDJaD ESVHT� 'PS FYBNQMF
 UIF USFBUNFOU PG DPMPO
DBODFS XJUI DFUVYJNBC SFRVJSFT UIF EFUFSNJOBUJPO PG UIF NVUBUJPO TUBUVT PG UIF ,JSTUFO SBU
TBSDPNB WJSBM PODPHFOF IPNPMPH 	,3"4
� ,3"4 JT B QSPUP�PODPHFOF UIBU PGUFOUJNFT DBSSJFT BO
BDUJWBUJOH NVUBUJPO SFOEFSJOH ,3"4 JOEFQFOEFOU GSPN VQTUSFBN BDUJWBUJPO CZ UIF FQJEFSNBM
HSPXUI GBDUPS SFDFQUPS 	&('3

 UIF NPMFDVMBS ESVH UBSHFU PG DFUVYJNBC� )FODF
 USFBUNFOU XJUI
DFUVYJNBC JT POMZ FMJHJCMF GPS QBUJFOUT XJUIPVU UIF NVUBUJPO <�>� /PXBEBZT
 BO JODSFBTJOH
OVNCFS PG DPNQBOJPO EJBHOPTUJDT GPS DBODFS USFBUNFOU TUSBUJaDBUJPO BSF BQQSPWFE CZ UIF 6�4�
'PPE BOE %SVH "ENJOJTUSBUJPO 	'%"
� )PXFWFS
 JO NBOZ DBTFT
 UIF TPMF DPOTJEFSBUJPO PG TJOHMF
PS B GFX CJPNBSLFST NJHIU OPU TVëDF UP DPNQSFIFOTJWFMZ JEFOUJGZ UIF TQFDJaD UVNPSrT ESJWJOH
GBDUPST BOE IFODF QSFEJDU USFBUNFOU PVUDPNF� 0ODPHFOJD NVUBUJPOT JO UIF W�SBG NVSJOF TBSDPNB
WJSBM PODPHFOF IPNPMPH # 	#3"'
 BSF JMMVTUSBUJWF GPS UIJT
 BT UIFZ BSF QSFEJDUJWF GPS #3"'
JOIJCJUPS SFTQPOTF 	F�H�
 GPS USFBUNFOU XJUI WFNVSBGFOJC PS EBCSBGFOJC
 JO NFMBOPNB <�
 ��>

CVU OPU OFDFTTBSJMZ JO PUIFS DBODFS UZQFT� <��>�
"MUIPVHI UIFSF JT BOFDEPUBM FWJEFODF PG TVQFS SFTQPOEFST UIBU FYQFSJFODFE MPOH�UFSN SFNJTTJPO
BGUFS QFSTPOBMJ[FE USFBUNFOU <��>
 JUT CSPBE DMJOJDBM CFOFaU SFNBJOT UP CF TIPXO JO DMJOJDBM
USJBMT <��>� 5IF DPNQMFY CJPMPHZ PG BMUFSFE TJHOBMJOH DBTDBEFT ESJWJOH B UVNPS JT MJLFMZ UP
FYQMBJO XIZ UIFSF BSF DVSSFOUMZ POMZ B GFX DMBTTFT PG QBUJFOUT CFOFaUJOH GSPN QSFDJTJPO PODPMPHZ�
)FODF
 JO PSEFS UP DPNQSFIFOTJWFMZ DIBSBDUFSJ[F BOE TUSBUJGZ B HJWFO UVNPS
 CFTJEFT PG UIF TPMF
DPOTJEFSBUJPO PG JOEJWJEVBM BDUJPOBCMF NVUBUJPOT
 UIF DPNQMFY NPMFDVMBS qDJSDVJUSZr PG BMUFSFE
HFOFT BOE QSPUFJOT BOE UIFJS JOUFSEFQFOEFODJFT BMTP OFFE UP CF UBLFO JOUP BDDPVOU UP PCUBJO B
IPMJTUJD WJFX PO EJTFBTF�ESJWJOH NFDIBOJTNT�
8JUI BO FWPMWJOH VOEFSTUBOEJOH PG DBODFS CJPMPHZ BOE UIF JODSFBTFE BDDFTTJCJMJUZ PG IJHI�
UISPVHIQVU UFDIOPMPHJFT
 UIF CSFBEUI BOE EFQUI BU XIJDI UVNPS�ESJWJOH GBDUPST DBO CF
EFUFSNJOFE PO B HFOFUJD BOE NPMFDVMBS MFWFM JO DMJOJDBMMZ SFMFWBOU UJNF GSBNFT IBWF HSFBUMZ
JNQSPWFE� #JPUFDIOPMPHJDBM IJHI�UISPVHIQVU NFUIPET PG WBSJPVT UZQFT FOBCMF aOF�HSBJOFE
NFBTVSFNFOUT PG B UVNPSrT 	FQJ�
HFOPNF BOE USBOTDSJQUPNF
 NJDSP3/"T
 QSPUFJOT
 BOE
NFUBCPMJUFT 	qPNJDT EBUBr
 JO UIF DFMM�
5IF JOUFHSBUJWF BOBMZTJT PG BMM PG UIFTF NVMUJ�GBDFUFE EBUB TFUT IBT UIF QPUFOUJBM UP TJHOJaDBOUMZ
BEWBODF QFSTPOBMJ[FE NFEJDJOF <��>� )PXFWFS
 UIF TIFFS BNPVOU PG IJHI�EJNFOTJPOBM BOE
OPJTZ EBUB BOE UIF DPNQMFYJUZ PG NPMFDVMBS JOUFSBDUJPOT BOE EFQFOEFODJFT NBLF UIF NBOVBM
JEFOUJaDBUJPO PG BMM USFBUNFOU�SFMFWBOU QJFDFT PG JOGPSNBUJPO B GVUJMF UBTL� )FODF
 FBTZ�UP�VTF
 ZFU
QPXFSGVM CJPJOGPSNBUJDT UPPMT BOE DMJOJDBM EFDJTJPO TVQQPSU TZTUFNT BSF SFRVJSFE UIBU JOUFHSBUF
DMJOJDBM BOE NVMUJ�PNJDT EBUB TFUT PG B QBUJFOU VOEFS JOWFTUJHBUJPO XJUI B QSJPSJ LOPXMFEHF
GSPN WBSJPVT CJPMPHJDBM
 NFEJDBM
 BOE QIBSNBDPMPHJDBM EBUBCBTFT BOE SFGFSFODF EBUB TFUT� 4VDI



�

BOBMZTFT IBWF UP CF DPOEVDUFE JO B USBOTQBSFOU BOE SFQSPEVDJCMF NBOOFS� 5IF PCUBJOFE SFTVMUT
TIPVME CF QSPWJEFE JO DMFBS BOE FBTZ�UP�JOUFSQSFU WJTVBMJ[BUJPOT UIBU TVQQPSU DMJOJDJBOT JO
TFMFDUJOH UIF CFTU TVJUBCMF USFBUNFOU PQUJPOT GPS UIFJS QBUJFOUT 	DG� 'JHVSF ���
�
1FSTPOBMJ[FE DBODFS USFBUNFOU PO UIF CBTJT PG TVDI B IPMJTUJD BTTFTTNFOU PG LFZ UVNPS ESJWJOH
HFOFT BOE QBUIXBZT IBT UIF QPUFOUJBM UP JNQSPWF USFBUNFOU SFTQPOTFT BOE RVBMJUZ PG MJGF GPS
QBUJFOUT� .PSFPWFS
 UIF FMVDJEBUJPO PG TQFDJaD UVNPS DIBSBDUFSJTUJDT BOE IPX UIFZ JOGPSN ESVH
TFOTJUJWJUZ DBO QSPNPUF ESVH EFWFMPQNFOU CZ SFWFBMJOH BEEJUJPOBM PS BMUFSOBUJWF VTFT GPS ESVHT
BOE ESVH DBOEJEBUFT�
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'JHVSF ��� 8PSLbPX PG EFDJTJPO TVQQPSU GPS QFSTPOBMJ[FE DBODFS USFBUNFOU VTJOH NVMUJ�PNJDT JOUFHSBUJWF BOBMZTFT�
5IF JOUFHSBUJWF BOBMZTJT PG B UVNPS TBNQMFrT DMJOJDBM BOE NPMFDVMBS EBUB JO DPNCJOBUJPO XJUI B QSJPSJ LOPXMFEHF
GSPN WBSJPVT CJPMPHJDBM BOE NFEJDBM EBUBCBTFT DBO CF FNQMPZFE UP DIBSBDUFSJ[F UIF HJWFO UVNPS
 IFODF
QSPWJEJOH DMJOJDBM EFDJTJPO TVQQPSU GPS USFBUNFOU TUSBUJaDBUJPO� 5IF JDPOT JO UIJT aHVSF XFSF PCUBJOFE GSPN <��>�

5IFTJT TDPQF BOE PVUMJOF

*O UIJT UIFTJT
 XF QSFTFOU B DPNQSFIFOTJWF UPPM TVJUF GPS DBODFS USFBUNFOU EFDJTJPO TVQQPSU BOE
USBOTMBUJPOBM SFTFBSDI� 5IF FODPNQBTTFE UPPMT QSPWJEF SJDI GVODUJPOBMJUZ GPS UIF HFOFUJD BOE
NPMFDVMBS DIBSBDUFSJ[BUJPO PG UVNPST XJUI BO FNQIBTJT PO EFSFHVMBUFE CJPMPHJDBM QSPDFTTFT BOE
UIF JEFOUJaDBUJPO PG EJTFBTF�ESJWJOH SFHVMBUPSZ LFZ QMBZFST� 5IF JEFOUJaFE UVNPS DIBSBDUFSJTUJDT
BSF DPNCJOFE XJUI B QSJPSJ LOPXMFEHF GSPN DMJOJDBM QSBDUJDF HVJEFMJOFT BOE SFMFWBOU NFEJDBM

QIBSNBDPMPHJDBM
 BOE CJPMPHJDBM EBUBCBTFT GPS B QFSTPOBMJ[FE BTTFTTNFOU PG WBSJPVT UZQFT PG
USFBUNFOU PQUJPOT
 JODMVEJOH TUBOEBSE�PG�DBSF UBSHFUFE ESVHT
 DBOEJEBUFT GPS ESVH SFQPTJUJPOJOH

BOE JNNVOPUIFSBQZ�
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5VNPST DBO QPUFOUJBMMZ DPOUBJO B QMFUIPSB PG 	FQJ�
HFOPNJD BOE USBOTDSJQUPNJD BCFSSBUJPOT UIBU
NBOJGFTU JO EZTSFHVMBUFE BDUJWJUZ QBUUFSOT PG B WBSJFUZ PG CJPMPHJDBM QBUIXBZT
 UIFSFCZ MFBEJOH
UP UIF TQFDJaD EJTFBTF QIFOPUZQF� )PXFWFS
 UIF BMUFSBUJPOT QSFTFOU JO B UVNPS BSF OPU BMM
DPOUSJCVUJOH FRVBMMZ UP UIF EJTFBTF� )FODF
 GPS UIF JEFOUJaDBUJPO PG TVJUBCMF USFBUNFOU PQUJPOT

EJTFBTF�ESJWJOH BMUFSBUJPOT BOE UIFJS FêFDUT PO DBODFS�SFMFWBOU TJHOBMJOH DBTDBEFT IBWF UP CF
EFUFSNJOFE� 4VDI BO BTTFTTNFOU IBT UIF QPUFOUJBM UP ESBTUJDBMMZ BEWBODF UIF FWBMVBUJPO PG
QFSTPOBMJ[FE 	DPNCJOBUJPO
 UIFSBQJFT GPS DBODFSXIJMF JNQSPWJOH UIF JOUFSQSFUBCJMJUZ PG BOBMZTJT
SFTVMUT�
0VS aSTU TDJFOUJaD DPOUSJCVUJPO JO UIJT DPOUFYU JT UIF EFWFMPQNFOU PG (FOF5SBJM�
 B XFC TFSWJDF
GPS UIF TUBUJTUJDBM BOBMZTJT PGNPMFDVMBS TJHOBUVSFT UIBU JEFOUJaFT EFSFHVMBUFE QBUIXBZT CZNFBOT
PG FOSJDINFOU BOBMZTFT� (FOF5SBJM� PêFST OVNFSPVT TUBUJTUJDBM UFTUT BOE B CSPBE DPMMFDUJPO
PG CJPMPHJDBM QBUIXBZT BOE GVODUJPOBM HFOF TFUT
 NBLJOH JU POF PG UIF NPTU DPNQSFIFOTJWF
XFC TFSWJDF GPS FOSJDINFOU BOBMZTFT UP EBUF� 8IJMF (FOF5SBJM� JT B HFOFSBM�QVSQPTF UPPM GPS
UIF BTTFTTNFOU PG BMUFSFE CJPMPHJDBM QBUIXBZT BOE TJHOBMJOH DBTDBEFT
 UIF JEFOUJaDBUJPO PG
UIF VOEFSMZJOH LFZ SFHVMBUPSZ FMFNFOUT UIBU QSPNPUF QBUIPMPHJDBM QSPDFTTFT JT DSVDJBM UP HBJO
NFDIBOJTUJD JOTJHIUT JOUP DPNQMFY EJTFBTFT MJLF DBODFS� 0OF FTTFOUJBM DMBTT PG SFHVMBUPSZ FMFNFOUT
JNQMJDBUFE JO DBODFS EFWFMPQNFOU BOE QSPHSFTTJPO BSF USBOTDSJQUJPOBM SFHVMBUPST� #FJOH NPTUMZ
MPDBUFE BU UIF FOE PG TJHOBMJOH DBTDBEFT BOE IFODF BDUJOH BT UIF FêFDUPST PG JOUSBDFMMVMBS TJHOBM
USBOTEVDUJPO
 UIF BDUJWBUJPO TUBUFT PG USBOTDSJQUJPOBM SFHVMBUPST DBO BMTP CF DPOTJEFSFE BT B
QSPYZ GPS UIF BDUJWJUJFT PG UIFJS CFMPOHJOH QBUIXBZT� 8F UIFSFGPSF EFWFMPQFE 3FHVMBUPS5SBJM

B XFC TFSWJDF GPS UIF BTTFTTNFOU PG USBOTDSJQUJPOBM SFHVMBUPST XJUI SFTQFDU UP UIFJS JNQBDU
PO QBUIPHFOJD QSPDFTTFT� 3FHVMBUPS5SBJM QSPWJEFT FJHIU EJêFSFOU NFUIPET UP JEFOUJGZ BOE
QSJPSJUJ[F JObVFOUJBM SFHVMBUPST PO UIF CBTJT PG FQJHFOPNJDT BOE USBOTDSJQUPNJDT EBUB� "T POF
PG UIFTF NFUIPET
 XF QSPQPTF 3&(VMBUPS�(FOF "TTPDJBUJPO &OSJDINFOU 	3&(("&

 B OPWFM
BQQSPBDI UP QSJPSJUJ[F USBOTDSJQUJPOBM SFHVMBUPST CBTFE PO UIF DPNCJOBUJPO PG SFHVMBUPS�UBSHFU
JOUFSBDUJPOT XJUI (FOF 4FU &OSJDINFOU "OBMZTJT� 6TJOH 3&(("&
 XF XFSF
 GPS FYBNQMF
 BCMF UP
NFDIBOJTUJDBMMZ FMVDJEBUF UIF SPMF PG UIF USBOTDSJQUJPO GBDUPS 5$'� BT B QPUFOUJBM NBTUFS SFHVMBUPS
JO CMBTUFNBM 8JMNT UVNPST
 BO BHHSFTTJWF GPSN PG DIJMEIPPE OFQISPCMBTUPNB�
5IF UPPMT BOE NFUIPET NFOUJPOFE BCPWF DBO CF VTFE GPS UIF UIPSPVHI DIBSBDUFSJ[BUJPO PG
UVNPST
 XIJDI JT BO FTTFOUJBM QSFSFRVJTJUF GPS QFSTPOBMJ[FE DBODFS USFBUNFOU� 5IF JEFOUJaFE
DIBSBDUFSJTUJDT DBO CF JOWFTUJHBUFE XJUI SFTQFDU UP UIFJS QPUFOUJBM JNQBDU PO ESVH TFOTJUJWJUZ
UP JOGPSN USFBUNFOU TFMFDUJPO� *O PSEFS UP TVQQPSU PODPMPHJTUT JO NBLJOH JOGPSNFE USFBUNFOU
EFDJTJPOT BOE UP GPTUFS USBOTMBUJPOBM SFTFBSDI
 XF IBWF EFWFMPQFE UIF JOUFSBDUJWF BTTJTUBODF UPPM
%SVH5BSHFU*OTQFDUPS 	%5*
� %5* QSPWJEFT SJDI GVODUJPOBMJUZ GPS UIF BTTFTTNFOU PG NPMFDVMBS
ESVH UBSHFUT
 QVUBUJWF UBSHFU QBUIXBZT
 BOE DPSSFTQPOEJOH ESVHT CBTFE PO UIF JOUFHSBUJWF
BOBMZTJT PG UVNPS�TQFDJaD PNJDT EBUB TFUT� .PMFDVMBS ESVH UBSHFUT PG SFDPNNFOEFE ESVHT GPS
NPSF UIBO �� DBODFS UZQFT BOE B XJEF SBOHF PG QPUFOUJBM DBOEJEBUFT GPS ESVH SFQPTJUJPOJOH
DBO CF JOWFTUJHBUFE XJUI SFTQFDU UP UIFJS EFSFHVMBUJPO TUBUVT BOE UIF FYJTUFODF PG QPUFOUJBMMZ
SFTJTUBODF�DBVTJOH NVUBUJPOT� 'VSUIFSNPSF
 %5* PêFST GVODUJPOBMJUZ UP EFUFSNJOF BOE WJTVBMMZ
BTTFTT B ESVH UBSHFUrT FêFDU PO EPXOTUSFBN QSPDFTTFT� 8IJMF %SVH5BSHFU*OTQFDUPS JT BQQMJDBCMF
BDSPTT DBODFS UZQFT BOE QSPWJEFT B GPDVTFE FWBMVBUJPO PG NPMFDVMBS ESVH UBSHFUT XJUI QPUFOUJBM
BQQMJDBUJPOT JO ESVH SFQPTJUJPOJOH
 UIF TVDDFTTGVM JNQMFNFOUBUJPO PG QFSTPOBMJ[FE NFEJDJOF
JO UIF DMJOJDBM QSBDUJDF SFRVJSFT UIF IPMJTUJD BTTFTTNFOU PG B MBSHF WBSJFUZ PG GBDUPST UIBU NJHIU
	EF�
TFOTJUJ[F B ESVH JO B DBODFS UZQF�TQFDJaD NBOOFS� $MJOJDBM EFDJTJPO TVQQPSU UPPMT OFFE



�

UP DPNQSFIFOTJWFMZ BTTFTT BOE JOUFHSBUF WBSJPVT UZQFT PG 	FQJ�
HFOPNJD BOE USBOTDSJQUPNJD
BCFSSBUJPOT XJUI SFTQFDU UP UIFJS JNQMJDBUJPOT GPS ESVH TFOTJUJWJUZ XIJMF LFFQJOH UIF QSPWJEFE
JOGPSNBUJPO BT DPODJTF BT QPTTJCMF� .PSFPWFS
 JO PSEFS UP HBJO BDDFQUBODF BOE CVJME USVTU
XJUI DMJOJDJBOT BOE QBUJFOUT
 USBOTQBSFODZ PG UIF BOBMZTFT BOE JOUFSQSFUBCJMJUZ PG UIF SFTVMUT BSF
FTTFOUJBM GBDUPST� 5P UIJT FOE
 XF EFWFMPQFE $MJO0NJDT5SBJMCD
 BO JOUFSBDUJWF WJTVBM BOBMZUJDT
UPPM GPS CSFBTU DBODFS USFBUNFOU TUSBUJaDBUJPO� $MJO0NJDT5SBJMCD TVQQPSUT DMJOJDJBOT CZ QSPWJEJOH
B UIPSPVHI BTTFTTNFOU PG TUBOEBSE�PG�DBSF UBSHFUFE ESVHT
 DBOEJEBUFT GPS ESVH SFQPTJUJPOJOH

BOE JNNVOPUIFSBQFVUJD BQQSPBDIFT
 JODMVEJOH DIFDLQPJOU JOIJCJUPST BOE QFSTPOBMJ[FE DBODFS
WBDDJOFT� 5P UIJT FOE
 PVS UPPM BOBMZ[FT DMJOJDBM NBSLFST BOE 	FQJ�
HFOPNJDT BOE USBOTDSJQUPNJDT
EBUB TFUT UP JEFOUJGZ BOE FWBMVBUF UIF UVNPSrT LFZ ESJWFS NVUBUJPOT
 UIF PWFSBMM NVUBUJPOBM MPBE

BDUJWJUZ QBUUFSOT PG DBODFS�SFMFWBOU QBUIXBZT
 ESVH�TQFDJaD QSFEJDUJWF CJPNBSLFST
 UIF TUBUVT
PG NPMFDVMBS ESVH UBSHFUT
 BOE QIBSNBDPHFOPNJD FêFDUT� 5IF CSFBEUI BOE EFQUI PG BOBMZ[FT
BOE WJTVBMJ[BUJPOT PêFSFE CZ $MJO0NJDT5SBJMCD NBLF JU B QSPNJTJOH UPPM XJUI UIF QPUFOUJBM UP
OPUJDFBCMZ BEWBODF QSFDJTJPO NFEJDJOF BOE DMJOJDBM EFDJTJPO TVQQPSU JO UIF OFBS GVUVSF�

5IJT UIFTJT DPOTJTUT PG TFWFO DIBQUFST BOE JUT SFNBJOEFS JT TUSVDUVSFE BT GPMMPXT� $IBQUFS �
QSPWJEFT JOGPSNBUJPO PO UIF SFRVJSFE CJPMPHJDBM CBDLHSPVOE� 5IJT JODMVEFT BO PWFSWJFX PG
FTTFOUJBM DPNQPOFOUT BOE DIBSBDUFSJTUJDT PG DBODFS EFWFMPQNFOU BOE QSPHSFTTJPO
 BT XFMM BT B
EJTDVTTJPO PG DVSSFOU USFBUNFOU PQUJPOT BOE UIF DPODFQU PG QFSTPOBMJ[FE NFEJDJOF BT BO BQQSPBDI
UP DBODFS USFBUNFOU� "DSPTT BMM NFUIPET BOE UPPMT QSPQPTFE JO UIJT UIFTJT
 XF VUJMJ[F B WBSJFUZ
PG EBUBCBTFT QSPWJEJOH B QSJPSJ LOPXMFEHF GSPN WBSJPVT EPNBJOT BOE MBSHF�TDBMF NVMUJ�PNJDT
EBUB TFUT UIBU IFMQ UP QJOQPJOU EJTFBTF�DBVTJOH BMUFSBUJPOT� $IBQUFS � JOUSPEVDFT UIF NPTU
SFMFWBOU PG UIFTF EBUBCBTFT BOE EBUB TFUT BOE HJWFT BO PWFSWJFX PG DVSSFOU IJHI�UISPVHIQVU
FYQFSJNFOUBM UFDIOJRVFT UIBU DBO CF VTFE UP DBQUVSF UIF BCFSSBUJPOT QSFTFOU JO B TQFDJaD UVNPS�
*O $IBQUFS �
 XF QSFTFOU TFWFSBM UPPMT BOE NFUIPET GPS UIF JEFOUJaDBUJPO PG WBSJPVT UZQFT
PG QSFEJDUJWF CJPNBSLFST GPS USFBUNFOU TUSBUJaDBUJPO� 5IFTF JODMVEF EFSFHVMBUFE CJPMPHJDBM
QSPDFTTFT BOE QBUIXBZ BDUJWJUJFT
 BT XFMM BT USBOTDSJQUJPOBM SFHVMBUPST� 'PS FBDI PG UIF QSFTFOUFE
UPPMT BOE XFC TFSWJDFT
 XF QSPWJEF B EFTDSJQUJPO PG UIF VOEFSMZJOH NFUIPET BOE EFNPOTUSBUF
UIFJS DBQBCJMJUJFT JO TFWFSBM DBTF TUVEJFT PO B EJWFSTF SBOHF PG DBODFS UZQFT� $IBQUFS � EFTDSJCFT
UIF JOUFSBDUJWF BTTJTUBODF UPPM %SVH5BSHFU*OTQFDUPS� 5IJT JODMVEFT B EFTDSJQUJPO PG UIF UPPMrT
DPNQSFIFOTJWF GVODUJPOBMJUZ
 BT XFMM BT FYBNQMFT EFNPOTUSBUJOH JUT BQQMJDBCJMJUZ UP TVQQPSU
QFSTPOBMJ[FE NFEJDJOF BOE ESVH SFQPTJUJPOJOH PO EJêFSFOU UZQFT PG PNJDT EBUB� $IBQUFS �
GPDVTFT PO $MJO0NJDT5SBJMCD
 PVS WJTVBM BOBMZUJDT UPPM GPS CSFBTU DBODFS USFBUNFOU TUSBUJaDBUJPO�
8F QSPWJEF EFTDSJQUJPOT PG UIF UPPMrT SJDI TFU PG GFBUVSFT BOE IJHIMJHIU UIFJS SFMFWBODF GPS
USFBUNFOU EFDJTJPO TVQQPSU� .PSFPWFS
 XF QSFTFOU TFWFSBM DBTF TUVEJFT EFNPOTUSBUJOH IPX
$MJO0NJDT5SBJMCD NBZ HVJEF UIF CSFBTU DBODFS USFBUNFOU TFMFDUJPO QSPDFTT� 'JOBMMZ
 $IBQUFS �
DPODMVEFT UIJT UIFTJT BOE QSPWJEFT EJSFDUJPOT GPS GVUVSF XPSL�

%VF UP UIF JOUFSEJTDJQMJOBSZ OBUVSF PG CJPJOGPSNBUJDT SFTFBSDI QSPKFDUT
 UIJT UIFTJT DPOUBJOTNBOZ
SFTVMUT UIBU BSF CBTFEPO UIF KPJOU FőPSU PG WBSJPVT SFTFBSDIFST BDSPTT TFWFSBM EJTDJQMJOFT� *O PSEFS
UP FOTVSF USBOTQBSFODZ PG DPOUSJCVUJPOT
 SFTQFDUJWF TFDUJPOT XJMM DPOUBJO JOGPSNBUJPO CPYFT PO
BVUIPS DPOUSJCVUJPOT BOE SFGFSFODFT UP DPSSFTQPOEJOH QVCMJDBUJPOT�





2
#JPMPHJDBM #BDLHSPVOE

5IJT DIBQUFS JOUSPEVDFT UIF CJPMPHJDBM CBDLHSPVOE SFMFWBOU GPS UIJT UIFTJT� 5P UIJT FOE
 XF aSTU
EJTDVTT UIF CBTJD QSJODJQMFT PG UIFNPMFDVMBS CJPMPHZ PG FVLBSZPUJD DFMMT
 GPMMPXFE CZ B EFTDSJQUJPO
PG 	FQJ�
HFOFUJD BOE NPMFDVMBS BCFSSBUJPOT UZQJDBMMZ PDDVSSJOH JO DBODFS� *O UIJT DPOUFYU
 XF XJMM
BMTP QSFTFOU DPNNPO DIBSBDUFSJTUJDT PG NBMJHOBOU UVNPST� "EEJUJPOBMMZ
 XF XJMM HJWF B CSJFG
PWFSWJFX PG DVSSFOU USFBUNFOU PQUJPOT GPS DBODFS BOE QSFTFOU QFSTPOBMJ[FE NFEJDJOF BT B IPMJTUJD
BQQSPBDI UP DBODFS QSFWFOUJPO
 EJBHOPTJT
 BOE USFBUNFOU�

��� .PMFDVMBS CJPMPHZ PG FVLBSZPUJD DFMMT

*O ����
 UIF"VHVTUJOJBO GSJBS(SFHPS.FOEFM QVCMJTIFE UIF SFTVMUT PG IJT BSDIFUZQBM FYQFSJNFOUT
PO QMBOU IZCSJEJ[BUJPO BOE UIFSFCZ QSPWJEFE
 BNPOHTU PUIFST
 aSTU FWJEFODF GPS UIF GBDU UIBU UIF
IFSJUBCMF NBUFSJBM PG BO PSHBOJTN JT B TJHOJaDBOU EFUFSNJOBOU PG UIF PCTFSWFE QIFOPUZQF <��>�
/PXBEBZT
 UIF FMVDJEBUJPO PG UIF SFMBUJPOTIJQ CFUXFFO UIF HFOPUZQJD NBSLVQ PG BO PSHBOJTN
BOE JUT QIFOPUZQJD NBOJGFTUBUJPO JT TUJMM B NBKPS GPDVT PG CJPMPHZ SFTFBSDI� 5IF qbPX PG HFOFUJD
JOGPSNBUJPOr JT B DPODFQUVBM TDBêPME UIBU QPSUSBZT UIJT EFQFOEFODF BT B NVMUJTUFQ QSPDFTT JO
XIJDI JOGPSNBUJPO GSPN UIF 	FQJ�
HFOPNF JT TFMFDUJWFMZ FYQSFTTFE JO UIF GPSN PG QSPUFJOT BOE
GVODUJPOBM 3/"T UIBU BDDPNQMJTI WBSJPVT GVODUJPOT JO UIF DFMM BOE UIBU TJHOJaDBOUMZ DPOUSJCVUF
UP UIF DFMMrT QIFOPUZQF 	DG� 'JHVSF ��� "
 <��>�
5IF IVNBO CPEZ DPOTJTUT PG �� UP �� USJMMJPO JOEJWJEVBM DFMMT PG WBSJPVT TQFDJBMJ[BUJPO
 EJTUJODU
NFUBCPMJTN
 BOE QIZTJPMPHZ <��>� 5IF DSFBUJPO BOE NBJOUFOBODF PG UIFTF EJêFSFOU DFMMVMBS
QIFOPUZQFT SFRVJSF UIF DPPSEJOBUFE FYQSFTTJPO PG QBSUJDVMBS TFUT PG HFOFT XIJMF PUIFST IBWF UP
CF SFQSFTTFE <��>� /VNFSPVT SFHVMBUPSZ FMFNFOUT BOE NFDIBOJTNT HPWFSO HFOF FYQSFTTJPO CZ
JNQFEJOH 	PS FOBCMJOH
 UIF bPX PG HFOFUJD JOGPSNBUJPO 	DG� 'JHVSF ��� #
�
5IF NPEVMBUJPO PG UIF qQBDLJOHr PG HFOFUJD NBUFSJBM JO UIF DFMMrT OVDMFVT JT B QSJNBSZ DPOUSPM
QPJOU PG HFOF FYQSFTTJPO� *O UIF OVDMFVT
 UIF %/" JT QSFTFOU JO B IJHIMZ DPOEFOTFE GPSN

UIF DISPNBUJO� 5P BDIJFWF UIJT IJHI MFWFM PG DPNQSFTTJPO
 UIF %/" JT UJHIUMZ XSBQQFE
BSPVOE IJTUPOFT
 XIJDI BSF PDUBNFSJD QSPUFJO DPNQMFYFT
 GPSNJOH OVDMFPTPNFT UIBU BSF GVSUIFS
GPMEFE JOUP DISPNBUJO aCFST <��>� %FQFOEJOH PO UIF DPNQSFTTJPO MFWFM PG UIF DISPNBUJO

IFUFSPDISPNBUJO BOE FVDISPNBUJO DBO CF EJTUJOHVJTIFE� $ISPNBUJO JO JUT NPSF EFOTFMZ
DPNQBDUFE GPSN JT DBMMFE IFUFSPDISPNBUJO� *O IFUFSPDISPNBUJO
 SFHVMBUPSZ UBSHFU TFRVFODFT
BSF MJLFMZ UP CF JOBDDFTTJCMF� $POWFSTFMZ
 JO FVDISPNBUJO
 UIF MFTT DPNQBDUFE GPSN PG DISPNBUJO

UIFTF SFHVMBUPSZ SFHJPOT BSF SFBDIBCMF� *O UIFTF PQFO DISPNBUJO SFHJPOT
 USBOTDSJQUJPO GBDUPST
	5'T
 DBO CJOE UP TQFDJaD DPOUSPM TFRVFODFT JO SFHVMBUPSZ SFHJPOT PG B HFOF 	F�H�
 UIF QSPNPUFS

FOIBODFS
 PS TJMFODFS SFHJPOT

 XIFSF UIFZ GPTUFS PS SFQSFTT UIF USBOTDSJQUJPO PG UIFJS SFTQFDUJWF
UBSHFU HFOFT <��>� )PXFWFS
 NPTU USBOTDSJQUJPO GBDUPST DBOOPU FYFSDJTF UIFJS GVODUJPO PO UIFJS

�
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'JHVSF ��� 'MPX PG HFOFUJD JOGPSNBUJPO� "
 #MBDL BSSPXT JOEJDBUF UIF bPX PG HFOFUJD JOGPSNBUJPO GSPN UIF HFOPNF
UP UIF QSPUFPNF JO B TJNQMJaFE TDIFNF� 5IF SFHVMBUPSZ FőFDUT PGNJ3/"T BOE USBOTDSJQUJPO SFHVMBUPST BSF JOEJDBUFE
CZ HSBZ BSSPXT� #
 &YBNQMFT PG SFMFWBOU SFHVMBUPSZ FMFNFOUT BOE NFDIBOJTNT DPOUSPMMJOH UIF bPX PG HFOFUJD
JOGPSNBUJPO UP UIF OFYU MFWFM� $
 &YBNQMFT PG NFBTVSBCMF BMUFSBUJPOT UIBU DBO IFMQ UP FMVDJEBUF UIF HFOFUJD BOE
NPMFDVMBS VOEFSQJOOJOHT PG B UVNPSrT QIFOPUZQF� 5IF JDPOT JO UIJT aHVSF XFSF PCUBJOFE GSPN <��>�

PXO� 7BSJPVT PUIFS DMBTTFT PG QSPUFJOT MJLF DPBDUJWBUPST PS DISPNBUJO SFNPEFMJOH DPNQMFYFT BSF
UZQJDBMMZ SFRVJSFE UP FOTVSF UIF SFDSVJUNFOU BOE BDUJWBUJPO PG UIF USBOTDSJQUJPOBM NBDIJOFSZ
 BT
XFMM BT QSPQFS FMPOHBUJPO BOE DPOUSPMMFE UFSNJOBUJPO PG USBOTDSJQUJPO <��>� #FTJEFT UIF GBDUPST
NFOUJPOFE BCPWF
 BMTP FQJHFOFUJD DPNQPOFOUT QMBZ FTTFOUJBM SPMFT JO HPWFSOJOH HFOF FYQSFTTJPO�
'PS FYBNQMF
 UIFSF JT B MBSHF WBSJFUZ PG FQJHFOFUJDNBSLT
 F�H� DPWBMFOUNPEJaDBUJPOT PG IJTUPOFT PS
UIF %/" JUTFMG
 XIJDI GPSN DPNQMFY SFHVMBUPSZ QBUUFSOT GPTUFSJOH FJUIFS BO BDUJWBUFE
 QPJTFE
 PS
SFQSFTTFE TUBUF PG UIF BêFDUFE HFOF <��>� *O HFOFSBM
 BDFUZMBUJPO PG IJTUPOF SFTJEVFT JT BTTPDJBUFE
XJUI QPUFOUJBMMZ BDUJWF HFOF FYQSFTTJPO <��>
 XIJMF %/" NFUIZMBUJPO PG $Q(�SJDI SFHJPOT DMPTF
UP UIF USBOTDSJQUJPO TUBSU TJUF PG B HFOF JT UZQJDBMMZ BO JOEJDBUPS PG HFOF TJMFODJOH <��>�
0ODF %/" USBOTDSJQUJPO JT TVDDFTTGVMMZ JOJUJBUFE
 %/" DBO CF USBOTDSJCFE JOUP NFTTFOHFS 3/"
	N3/"
 PS OPO�DPEJOH 3/"� *O UIF DBTF PG N3/"
 UIF QSJNBSZ USBOTDSJQU JT DBMMFE QSF�N3/"

XIJDI DBO CF NBEF VQ PG POF PS TFWFSBM FYPOT BOE JOUSPOT <��>� 5IF QSF�N3/" VOEFSHPFT
TFWFSBM QPTU�USBOTDSJQUJPOBM QSPDFTTJOH TUFQT
 XIJDI DBO JOWPMWF �r�DBQQJOH
 �r�QPMZBEFOZMBUJPO

BMUFSOBUJWF TQMJDJOH
 BOE TPNFUJNFT 3/" FEJUJOH <��
 ��>� 5IF DMBTT PG OPO�DPEJOH 3/"T
DPOUBJOT OVNFSPVT UZQFT PG GVODUJPOBM 3/"T UIBU BSF OPU USBOTMBUFE JOUP QSPUFJOT� 5IFTF
JODMVEF
 CVU BSF OPU MJNJUFE UP
 SJCPTPNBM 3/"T
 USBOTGFS 3/"T
 BOE MPOH OPO�DPEJOH 3/"T
<��>� "OPUIFS QSPNJOFOU UZQF PG OPO�DPEJOH 3/"T BSF NJDSP3/"T 	NJ3/"T
� 5IFTF SBUIFS
TIPSU OVDMFPUJEF DIBJOT DBO FYFSU UIFJS SFHVMBUPSZ FêFDU CZ DBVTJOH UIF EFHSBEBUJPO PG UIFJS UBSHFU
N3/"T PS JOIJCJUJPO PG UIFJS USBOTMBUJPO <��>�
5IF NBUVSF N3/"
 JG OPU EFHSBEFE PS JOIJCJUFE CZ SFHVMBUPSZ 3/"NPMFDVMFT
 JT USBOTQPSUFE UP
UIF SJCPTPNFT
 XIFSF JU JT USBOTMBUFE JOUP UIF DPSSFTQPOEJOH BNJOP BDJE DIBJO WJB DPNQMFNFOUBSZ



��� $BODFS �

CBTF�QBJSJOH PG U3/" BEBQUPS NPMFDVMFT UP UIF N3/" UFNQMBUF <��>� 5IF OFXMZ TZOUIFTJ[FE
QPMZQFQUJEF UIFO OFFET UP GPME JOUP JUT UISFF�EJNFOTJPOBM TUSVDUVSF
 XIJDI VMUJNBUFMZ EFaOFT
UIF GVODUJPO PG UIF QSPUFJO� 5IF QSPDFTT PG QSPUFJO GPMEJOH DBO CF TVQQPSUFE CZ B DPNQMFY
DFMMVMBS NBDIJOFSZ PG NPMFDVMBS DIBQFSPOFT� 5IFTF DIBQFSPOFT TVQQPSU QSPUFJO GPMEJOH BT XFMM
BT UIF BTTFNCMZ PG QSPUFJO DPNQMFYFT <��>� *O PSEFS UP CF BCMF UP SFBDU UP FYUFSOBM TUJNVMJ
RVJDLMZ
 QSPUFJOT DBO CF BDUJWBUFE PS JOBDUJWBUFE WJB QPTU�USBOTMBUJPOBM NPEJaDBUJPOT 	15.T

<��>� 5IF NPTU QSPNJOFOU UZQF PG 15. JT QIPTQIPSZMBUJPO
 XIJDI EFTDSJCFT UIF BEEJUJPO PG
B QIPTQIBUF HSPVQ UP B QSPUFJO
 UIFSFCZ RVJDLMZ TXJUDIJOH UIF QSPUFJOrT TUBUF GSPN JOBDUJWF UP
BDUJWF PS WJDF WFSTB� *OUFSBDUJOH QSPUFJOT DBO GPSN DBTDBEFT PG QSPUFJO QIPTQIPSZMBUJPOT BOE
EFQIPTQIPSZMBUJPOT
 USBOTNJUUJOH BOE BNQMJGZJOH FYUFSOBM TJHOBMT 	F�H�
 HSPXUI TJHOBMT
 JOUP
UIF OVDMFVT� #FTJEFT TJHOBM USBOTEVDUJPO
 15.T DBO BMTP EFUFSNJOF B QSPUFJOrT DFMMVMBS MPDBUJPO
PS NBSL UIFN GPS EFHSBEBUJPO� &YBNQMFT PG TVDI 15.T BSF TVNPZMBUJPO BOE VCJRVJUJOBUJPO
<��
 ��>� 1SPUFJOT
 UIFJS JOUFSBDUJPO QBSUOFST BOE TVCTUSBUFT GPSN DPNQMFY BOE EZOBNJD TZTUFNT
XJUIJO DFMMT� )PXFWFS
 BT JOUFSBDUJPOT BSF OPU SFTUSJDUFE UP TJOHMF DFMMT
 QSPUFJOT DBO BMTP SFDFJWF
TJHOBMT GSPN PS DPOWFZ TJHOBMT UP PUIFS DFMMT <��>� *O DBTFT XIFSF UIJT XFMM�PSDIFTUSBUFE JOUFSQMBZ
PG HFOF SFHVMBUJPO
 QSPUFJO�QSPUFJO TJHOBMJOH
 BOE UIF DFMMVMBS NFUBCPMJTN HFUT PVU PG CBMBODF

DPNQMFY EJTFBTFT NBZ BSJTF
 B WFSZ QSPNJOFOU FYBNQMF PG XIJDI JT DBODFS <��>�

��� $BODFS

0WFS UIF MBTU DFOUVSJFT
 NBKPS BEWBODFT JO UFDIOPMPHZ
 TBOJUBUJPO
 BOENFEJDJOF IBWF TJHOJaDBOUMZ
JODSFBTFE MJGF FYQFDUBODZ JO NPSF BOE NPSF SFHJPOT PG UIF XPSME <��>
 TIJGUJOH UIF MFBEJOH
DBVTFT PG NPSCJEJUZ BOE NPSUBMJUZ GSPN JOGFDUJPVT EJTFBTFT UP OPO�DPOUBHJPVT EJTFBTFT MJLF
DBSEJPWBTDVMBS EJTFBTFT
 EJBCFUFT
 PS DBODFS <��>� $BODFS JT B DMBTT PG DPNQMFY EJTFBTFT UIBU BSF
DIBSBDUFSJ[FE CZ UIF VODPOUSPMMFE QSPMJGFSBUJPO PG QSFWJPVTMZ IFBMUIZ DFMMT UIBU HBJOFE UIF BCJMJUZ
UP JOWBEF BEKBDFOU UJTTVFT BOE UP TQSFBE UP EJTUBOU QBSUT PG UIF CPEZ� *O UIF GPMMPXJOH TFDUJPOT

XF XJMM EFTDSJCF UIF QSPDFTT PG UVNPS EFWFMPQNFOU BOE B TFU PG DPNNPO DBODFS DIBSBDUFSJTUJDT�
'VSUIFSNPSF
 XF XJMM SFWJFX IPX UIFTF DIBSBDUFSJTUJDT BSF FYQMPJUFE JO WBSJPVT UZQFT PG DBODFS
USFBUNFOU�

����� $BODFS EFWFMPQNFOU BOE DIBSBDUFSJTUJDT
5IF EFWFMPQNFOU PG NBMJHOBOU OFPQMBTNT GSPN IFBMUIZ DFMMT PDDVST JO B NVMUJTUFQ QSPDFTT
EVSJOH XIJDI UIF DFMMT BDDVNVMBUF 	FQJ�
HFOPNJD BCFSSBUJPOT� %VSJOH UIF MJGFTQBO PG BO
PSHBOJTN
 UIF %/" BOE JUT TUSVDUVSF BSF DPOUJOVPVTMZ TVCKFDU UP JNQBJSNFOU CZ WBSJPVT UZQFT
PG BCFSSBUJPOT� %/" EBNBHF DBO CF JOEVDFE CZ FSSPOFPVT %/" SFQMJDBUJPO PS FOWJSPONFOUBM
GBDUPST MJLF DIFNJDBM BHFOUT
 SBEJBUJPO
 PS WJSVTFT <��
 ��>� *O IFBMUIZ DFMMT
 EBNBHF EFUFDUJPO
BOE SFQBJS NFDIBOJTNT DPVOUFSBDU UIFTF BCFSSBUJPOT FJUIFS CZ SFQBJSJOH DPNQSPNJTFE %/"
PS MBCFMJOH UIF DFMM GPS EFTUSVDUJPO� )PXFWFS
 JO DBTFT XIFSF UIF DFMMTr EFGFOTF BOE DPOUSPM
NFDIBOJTNT BSF EJTUVSCFE
 BCFSSBUJPOT NJHIU NBOJGFTU JO UIF HFOPNF <��>� *O B %BSXJOJBO�MJLF
FWPMVUJPOBSZ QSPDFTT
 UIPTF BMUFSBUJPOT UIBU DPOGFS B HSPXUI BEWBOUBHF UP UIF BêFDUFE DFMMT BSF
TFMFDUFE GPS� 1SPHSFTTJWFMZ
 UIFTF DFMMT BDDVNVMBUF GVSUIFS BCFSSBUJPOT
 QPUFOUJBMMZ MFBEJOH UP UIF
GPSNBUJPO PG B UVNPS <��>�
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������� 	&QJ�
HFOPNJD BCFSSBUJPOT DPOUSJCVUJOH UP DBODFS

5IFSF BSF WBSJPVT UZQFT PG HFOFUJD BCFSSBUJPOT 	J�F�
 NVUBUJPOT
 UIBU FOBCMF UVNPS QBUIPHFOFTJT
	DG� 'JHVSF ��� $
� .VUBUJPOT DBO CF DMBTTJaFEXJUI SFTQFDU UP UIFJS IFSFEJUBCJMJUZ
 TJ[F
 BOE FêFDU�
$PODFSOJOH IFSFEJUBCJMJUZ
 HFSNMJOF BOE TPNBUJD NVUBUJPOT DBO CF EJTUJOHVJTIFE� $IBOHFT
PDDVSSJOH JO BO PSHBOJTNrT HFSN DFMMT 	PWB PS TQFSNBUP[PB
 BSF DBMMFE HFSNMJOF NVUBUJPOT�
(FSNMJOF NVUBUJPOT DBO CF QBTTFE PO UP UIF PêTQSJOH PG BO PSHBOJTN
 XIJDI XJMM DBSSZ UIFTF
BCFSSBUJPOT JO BMM PG JUT DFMMT� 5IFSF BSF TFWFSBM UZQFT PG HFSNMJOF NVUBUJPOT LOPXO UP DPOGFS B
QSFEJTQPTJUJPO GPS TQFDJaD DBODFS UZQFT
 MJLF CSFBTU DBODFS <��>
 DPMPO DBODFS <��>
 BOE PUIFST
<��>� .VUBUJPOT BSJTJOH JO BOZ PUIFS DFMM UZQF 	J�F�
 UIF qTPNBr
 BSF DBMMFE TPNBUJD NVUBUJPOT�
5IF TQSFBE PG TPNBUJD NVUBUJPOT JT MJNJUFE UP UIF EFTDFOEBOUT PG UIF BêFDUFE DFMMT� "MUIPVHI
NBOZ DBODFST BMTP IBWF IFSFEJUBSZ DPNQPOFOUT
 UIF PDDVSSFODF PG BEEJUJPOBM TPNBUJD NVUBUJPOT
EVSJOH UIF MJGFTQBO PG BO PSHBOJTN JT UZQJDBMMZ SFRVJSFE UP JOJUJBUF UVNPS QBUIPHFOFTJT <��>�
#FTJEFT B DMBTTJaDBUJPO CZ IFSFEJUBCJMJUZ
 NVUBUJPOT DBO BMTP CF DMBTTJaFE CZ NFBOT PG UIF TJ[F PG
UIF BêFDUFE HFOPNJD SFHJPO� 4NBMM HFOPNJD BCFSSBUJPOT MJLF QPJOU NVUBUJPOT PS UIF JOTFSUJPO

EFMFUJPO
 PS TVCTUJUVUJPO PG B GFX OVDMFPUJEFT DBO CF EJTUJOHVJTIFE GSPN TUSVDUVSBM HFOPNJD
BMUFSBUJPOT MJLF DPQZ OVNCFS WBSJBUJPOT 	J�F�
 BNQMJaDBUJPOT BOE EFMFUJPOT
 PS UIF SFBSSBOHFNFOU
PG FWFO MBSHFS HFOPNJD SFHJPOT 	F�H�
 SFTVMUJOH JO GVTJPO HFOFT
� "MTP PO UIF MFWFM PG XIPMF
DISPNPTPNFT
 TUSVDUVSBM BOE OVNFSJD BOPNBMJFT DBO DPOUSJCVUF UP UIF EFWFMPQNFOU PG DBODFS
<��>�
"T B UIJSE XBZ PG DMBTTJGZJOH HFOPNJD BCFSSBUJPOT
 XF DBO DPOTJEFS UIF FêFDU PG B QBSUJDVMBS
NVUBUJPO PO UIF QIFOPUZQF� .VUBUJPOT DBO PDDVS JO DPEJOH SFHJPOT PG UIF HFOPNF
 XIFSF UIFZ
DBO BêFDU UIF TUSVDUVSF BOE IFODF UIF GVODUJPOBMJUZ PG UIF FODPEFE QSPUFJOT
 BOE JO SFHVMBUPSZ
TJUFT XIFSF UIFZ DBO DPOUSJCVUF UP BMUFSBUJPOT JO HFOF FYQSFTTJPO� 8IFO DPOTJEFSJOH QSPUFJO�
DPEJOH TNBMM�TDBMF NVUBUJPOT
 XF DBO GVSUIFS DMBTTJGZ NVUBUJPOT BDDPSEJOH UP UIFJS FêFDU PO
UIF QSPUFJO TUSVDUVSF� )FSF
 XF DBO EJTUJOHVJTI TZOPOZNPVT BOE OPO�TZOPOZNPVT NVUBUJPOT�
4ZOPOZNPVTNVUBUJPOT EP OPU BMUFS UIF FODPEFE BNJOP BDJE BOE IFODF EP OPU BêFDU UIF QSPUFJOrT
TUSVDUVSF BOE GVODUJPOBMJUZ� /PO�TZOPOZNPVT NVUBUJPOT
 PO UIF PUIFS IBOE
 DBO BêFDU UIF
FODPEFE BNJOP BDJE
 UIF MFOHUI PG UIF QPMZQFQUJEF
 PS UIF SFBEJOH GSBNF� 5IFSF BSF EJêFSFOU
UZQFT PG OPO�TZOPOZNPVT NVUBUJPOT� .JTTFOTF NVUBUJPOT SFTVMU JO UIF FYDIBOHF PG B TJOHMF
BNJOP BDJE JO UIF USBOTMBUFE QPMZQFQUJEF� /POTFOTF NVUBUJPOT MFBE UP UIF TVCTUJUVUJPO PG BO
BNJOP BDJEXJUI B QSFNBUVSF TUPQ DPEPO� 3FBEUISPVHINVUBUJPOT
 PO UIF PUIFS IBOE
 JOEVDF UIF
PQQPTJUF
 OBNFMZ UIF SFQMBDFNFOU PG B TUPQ DPEPO CZ B SFHVMBS BNJOP BDJE�FODPEJOH DPEPO� 5IF
MBUUFS UXP UZQFT PG OPO�TZOPOZNPVT NVUBUJPOT MFBE UP USVODBUJPO PS FMPOHBUJPO PG UIF QSPEVDFE
JTPGPSNT� *O DBTFTXIFSF BO JOTFSUJPO PS EFMFUJPO 	qJOEFMr
 IBT B TJ[F UIBU JT OPU BNVMUJQMF PG UISFF

UIJT SFTVMUT JO UIF TIJGU PG UIF PQFO SFBEJOH GSBNF 	GSBNFTIJGU NVUBUJPO
 UIBU TFWFSFMZ EJTUVSCT
UIF QFQUJEF TFRVFODF�
#FTJEFT BCFSSBUJPOT EJSFDUMZ BêFDUJOH UIF TFRVFODF BOE TUSVDUVSF PG UIF %/"
 BMTP FQJHFOFUJD
BMUFSBUJPOT 	qFQJNVUBUJPOTr
 DBO DPOUSJCVUF UP DBSDJOPHFOFTJT� "MUFSFE QBUUFSOT PG IJTUPOF
NPEJaDBUJPOT BOE%/"NFUIZMBUJPO DBO BêFDU UIF TUSVDUVSF BOE JOUFHSJUZ PG UIF HFOPNF
 BT XFMM
BT EJTSVQUJOH HFOF FYQSFTTJPO� " UZQJDBM FYBNQMF PG UIJT JT %/" IZQPNFUIZMBUJPO PG QSPNPUFST

XIJDI DBO DPOUSJCVUF UP HFOF BDUJWBUJPO
 XIFSFBT QSPNPUFS IZQFSNFUIZMBUJPO DBO MFBE UP UIF
USBOTDSJQUJPOBM TJMFODJOH PG UIF BêFDUFE HFOFT <��>�
5VNPST DBO QPUFOUJBMMZ DPOUBJO B QMFUIPSB PG EJêFSFOU BCFSSBUJPOT� )PXFWFS
 OPU BMM PG UIFTF
DPOUSJCVUF FRVBMMZ UP B UVNPSrT JOJUJBUJPO BOE QSPHSFTTJPO� .VUBUJPOT UIBU BDUVBMMZ QSPNPUF UIF
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EJTFBTF BSF SFGFSSFE UP BT ESJWFS NVUBUJPOT
 XIFSFBT PUIFS qCZTUBOEFSr NVUBUJPOT OPU DFOUSBM UP
UIF EJTFBTF EFWFMPQNFOU BSF DBMMFE QBTTFOHFS NVUBUJPOT� 8IFUIFS BO 	FQJ�
HFOPNJD BCFSSBUJPO
JT DMBTTJaFE BT ESJWFS PS QBTTFOHFS NVUBUJPO EFQFOET PO WBSJPVT GBDUPST JODMVEJOH UIF TQFDJaD
HFOF CFJOH BêFDUFE BT XFMM BT UIF NVUBUJPOrT FêFDU PO UIF BDUJWJUZ PG UIF DPSSFTQPOEJOH QSPUFJO�
)FSF
 UXP FYUSFNF DBTFT DBO CF EJTUJOHVJTIFE� HBJO�PG�GVODUJPO BOE MPTT�PG�GVODUJPO NVUBUJPOT�
(BJO�PG�GVODUJPO NVUBUJPOT DBO CF BDIJFWFE CZ WBSJPVT NFDIBOJTNT MJLF BDUJWBUJOH NVUBUJPOT

BNQMJaDBUJPOT
 PS HFOF GVTJPO UP BO BDUJWFMZ USBOTDSJCFE HFOF� *O UIF DPOUFYU PG DBODFS JOJUJBUJPO
BOE QSPHSFTTJPO
 HFOFT GPS XIJDI B HBJO�PG�GVODUJPO NVUBUJPO JODSFBTFT DBODFS SJTL BSF DBMMFE
QSPUP�PODPHFOFT 	BOE qPODPHFOFTr JO UIFJS NVUBUFE
 IZQFSBDUJWF GPSN
� 5ZQJDBM DMBTTFT PG
QSPUFJOT UIBU BDU BT 	QSPUP�
PODPHFOFT BSF USBOTDSJQUJPO GBDUPST
 DISPNBUJO SFNPEFMFST
 HSPXUI
GBDUPST BOE UIFJS SFDFQUPST
 BT XFMM BT TJHOBM USBOTEVDFST� -PTT�PG�GVODUJPO NVUBUJPOT DBO CF
NFEJBUFE CZ JOBDUJWBUJOH NVUBUJPOT
 EFMFUJPOT
 PS MPTT PG DISPNPTPNBM BSNT� (FOFT GPS XIJDI
B MPTT�PG�GVODUJPO NVUBUJPO TVQQPSUT UVNPSJHFOFTJT BSF DBMMFE UVNPS TVQQSFTTPS HFOFT� 5VNPS
TVQQSFTTPS HFOFT BSF DPNNPOMZ JOWPMWFE JO UIF OFHBUJWF SFHVMBUJPO PG DFMM QSPMJGFSBUJPO�

������� 5IF )BMMNBSLT PG $BODFS

5IF 	FQJ�
HFOPNJD BMUFSBUJPOT BDDVNVMBUFE EVSJOH UVNPSJHFOFTJT QSPQBHBUF UP IJHIFS MFWFMT PG
DFMMVMBS SFHVMBUJPO
 XIFSF UIFZ EJTUVSC TJHOBMJOH DBTDBEFT BOE
 VMUJNBUFMZ
 UIF CFIBWJPS PG UIF
BêFDUFE DFMMT UP FOBCMF NBMJHOBOU HSPXUI� "MUIPVHI UIF UZQFT BOE TVDDFTTJPO PG UIF BCFSSBUJPOT
VOEFSQJOOJOH UIJT USBOTJUJPO DBO WBSZ TUSPOHMZ CFUXFFO UVNPST
 UVNPST DBO TUJMM CF DIBSBDUFSJ[FE
CZ TFWFSBM DPNNPOBMJUJFT� )BOBIBO BOE 8FJOCFSH TVNNBSJ[FE UIFTF DPNNPO DIBSBDUFSJTUJDT
BT UIF )BMMNBSLT PG $BODFS <��>� 5IF BVUIPST EFaOFE FJHIU BDRVJSFE DBQBCJMJUJFT BOE UXP
FOBCMJOH GBDUPST UIBU BMMPX DBODFS DFMMT UP TVSWJWF
 QSPMJGFSBUF
 BOE VMUJNBUFMZ UP NFUBTUBTJ[F 	DG�
'JHVSF ���
�
*O CSJFG
 JO PSEFS UP BMMPX NBMJHOBOU HSPXUI
 DBODFS DFMMT CZQBTT UIF EFQFOEFODF PG FYPHFOPVT
HSPXUI TJHOBMT
 XIJDI BSF SFRVJSFE GPS IFBMUIZ RVJFTDFOU DFMMT UP QSPMJGFSBUF BHBJO
 CZ HFOFSBUJOH
UIFJS PXO HSPXUI TJHOBMT <��>� 5IJT NFDIBOJTN JT BDDPNQBOJFE CZ DBODFS DFMMTr JOTFOTJUJWJUZ UP
BOUJ�HSPXUI TJHOBMT <��>�
)PXFWFS
 UIJT HSPXUI QPUFOUJBM XPVME CF SFTUSBJOFE JO IFBMUIZ DFMMT CZ UIF MJNJUFE OVNCFS PG
HSPXUI�BOE�EJWJTJPO DZDMFT DFMMT BSF BMMPXFE UP VOEFSHP CFGPSF UIFZ SFBDI B TUBUF PG TFOFTDFODF
PS BQPQUPTJT� 5IJT MJNJUBUJPO JT BUUBJOFE CZ UIF QSPHSFTTJWF FSPTJPO PG DISPNPTPNF�QSPUFDUJOH
UFMPNFSFT BU FBDI SPVOE PG SFQMJDBUJPO� 5VNPS DFMMT DPVOUFSBDU UIJT QSPDFTT CZ UIF VQSFHVMBUJPO
PG UFMPNFSBTF FYQSFTTJPO <��>�
$POUJOVPVT DFMM HSPXUI BOE EJWJTJPO OFFE UP CF GVFMMFE CZ MBSHF BNPVOUT PG FOFSHZ� 5P UIJT FOE

DBODFS DFMMT NPEJGZ UIF DFMMVMBS NFUBCPMJTN
 GPS FYBNQMF WJB BO JODSFBTFE VQUBLF BOE VUJMJ[BUJPO
PG HMVDPTF UIBU
 UPHFUIFS XJUI HMVUBNJOF
 JT B NBKPS CVJMEJOH CMPDL PG DFMM NBJOUFOBODF BOE
CJPTZOUIFTJT JO NBNNBMJBO DFMMT� <��>�
"OPUIFS QFSTQFDUJWF PO NBMJHOBOU HSPXUI JT UIBU DBODFS DFMMT EP OPU POMZ HSPX BOE QSPMJGFSBUF
VOMJNJUFEMZ
 CVU BMTP GFBUVSF UIF DBQBCJMJUZ PG FWBEJOH BQPQUPTJT <��>� 3FTJTUBODF UP BQPQUPTJT DBO
CF BDRVJSFE CZ DBODFS DFMMT WJB B NVMUJQMJDJUZ PG NFDIBOJTNT MJLF TVQQSFTTJPO PG NJUPDIPOESJBM
NFNCSBOF QFSNFBCJMJ[BUJPO BOE PUIFST <��>�
4JNJMBS UP UIF FWBTJPO PG BQPQUPTJT WJB DFMM�JOUSJOTJD NFDIBOJTNT
 DBODFS DFMMT BMTP BDRVJSFE UIF
DBQBCJMJUZ UP BWPJE SFDPHOJUJPO BOE FMJNJOBUJPO CZ UIF JNNVOF TZTUFN� *O UIF FBSMZ TUBHFT PG
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Hallmarks 
of cancer
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growth 
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'JHVSF ��� 5IF )BMMNBSLT PG $BODFS� 0WFSWJFX PG B UVNPSrT BDRVJSFE DIBSBDUFSJTUJDT BOE FOBCMJOH GBDUPST 	NBSLFE
CZ BO BTUFSJTL
 QSPNPUJOH VOMJNJUFE HSPXUI BOE EJTFBTF QSPHSFTTJPO� 'JHVSF CBTFE PO <��>� 5IF JDPOT JO UIJT aHVSF
XFSF PCUBJOFE GSPN <��>�
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UVNPSJHFOFTJT
 UIF JNNVOF TZTUFN UZQJDBMMZ DBO JEFOUJGZ BOE EFTUSPZ JODJQJFOU DBODFS DFMMT�
)PXFWFS
 JO B QSPDFTT DBMMFE JNNVOPFEJUJOH
 XFBLMZ JNNVOPHFOJD DBODFS DFMMT BSF TFMFDUFE
GPS� 5IF SFEVDUJPO JO JNNVOPHFOJDJUZ DBO CF NFEJBUFE CZ WBSJPVT NFDIBOJTNT MJLF EFGFDUT
JO PS B UPUBM MPTT PG UBSHFU BOUJHFO QSFTFOUBUJPO <��>� &WFO JO DBTFT XIFSF UIF SFDPHOJUJPO PG
UVNPS DFMMT JT TUJMM GVODUJPOJOH
 DBODFS DFMMT DBO FWBEF JNNVOF EFTUSVDUJPO CZ UIF FYQSFTTJPO
PG JNNVOPSFHVMBUPSZ DIFDLQPJOU QSPUFJOT MJLF 1%�-� UIBU CJOE UP DPSSFTQPOEJOH SFDFQUPST PO
BDUJWBUFE 5�DFMMT
 UIFSFCZ QSFWFOUJOH UIFN GSPN FSBEJDBUJOH UIF NBMJHOBOU DFMMT <��>�
*O PSEFS UP TVQQMZ UIF JODSFBTJOH BNPVOU PG UVNPS UJTTVF XJUI PYZHFO BOE OVUSJFOUT
 UIF
DBODFS DFMMT JOEVDF UIF TQSPVUJOH PG OFX CMPPE WFTTFMT GSPN UIF FYJTUJOH WBTDVMBS TZTUFN
 J�F�
BOHJPHFOFTJT <��>�
)PXFWFS
 MBDL PG GVSUIFS TQBDF BOE OVUSJFOUT MFUT DBODFS DFMMT EFWFMPQ UIF DBQBCJMJUZ PG
JOWBTJPO BOE NFUBTUBTJT
 GPVOEJOH OFX DPMPOJFT PG NBMJHOBOU DFMMT JO EJTUJODU BSFBT PG UIF CPEZ

EJTDPOOFDUFE GSPN UIF QSJNBSZ UVNPS <��>�
#FTJEFT UIF FJHIU IBMMNBSL DBQBCJMJUJFT EFTDSJCFE BCPWF
 )BOBIBO BOE 8FJOCFSH EFaOF UXP
FOBCMJOH DIBSBDUFSJTUJDT UIBU GPTUFS UIFJS BDRVJTJUJPO� HFOPNF JOTUBCJMJUZ BOE NVUBUJPO BT XFMM BT
UVNPS�QSPNPUJOH JObBNNBUJPO� *O PSEFS UP USBOTGPSNIFBMUIZ DFMMT JOUP DBODFS DFMMT
 DIFDLQPJOUT
QSFWFOUJOH DFMMT XJUI %/" NVUBUJPOT GSPN QSPMJGFSBUJPO
 IBWF UP CF DJSDVNWFOUFE� "T B
DPOTFRVFODF
 UIF NVUBCJMJUZ PG UIF DFMMrT HFOPNF JT JODSFBTFE
 XIJDI FOBCMFT UIF BDRVJTJUJPO
PG UIF EFTDSJCFE GFBUVSFT <��>� *ObBNNBUJPO DBO GPTUFS NVMUJQMF IBMMNBSL DBQBCJMJUJFT
 GPS
FYBNQMF CZ TVQQMZJOH HSPXUI GBDUPST BOE FYUSBDFMMVMBS NBUSJY�NPEJGZJOH FO[ZNFT UP UIF UVNPS
NJDSPFOWJSPONFOU UIBU DBO QSPNPUF UZQJDBM IBMMNBSL DIBSBDUFSJTUJDT MJLF BOHJPHFOFTJT
 JOWBTJPO

BOE NFUBTUBTJT <��>�

����� $BODFS USFBUNFOU

5ZQJDBM USFBUNFOU PQUJPOT GPS UVNPST JODMVEF TVSHFSZ
 SBEJBUJPO
 TZTUFNJD DIFNPUIFSBQZ
 BOE JO
UIF SFDFOU QBTU BMTP JNNVOPUIFSBQZ� %FQFOEJOH PO B WBSJFUZ PG GBDUPST
 TVDI BT UVNPS TJ[F BOE
TUBHF
 JUT MPDBUJPO
 BOE UIF PWFSBMM IFBMUI TUBUVT PG UIF QBUJFOU
 EJêFSFOU USFBUNFOU NPEBMJUJFT PS
DPNCJOBUJPOT UIFSFPG BSF VUJMJ[FE� 5IF TVSHJDBM FYDJTJPO PG B UVNPS JT UIF QSJNBSZ USFBUNFOU
PQUJPO GPS NBOZ DBODFS UZQFT
 FTQFDJBMMZ XIFO EJBHOPTFE BU BO FBSMZ TUBHF <��>� )PXFWFS
 UIF
BQQMJDBCJMJUZ PG TVSHFSZ JT MJNJUFE XIFO UVNPST BSF EJëDVMU UP SFBDI PS IBWF NFUBTUBTJ[FE�
"OPUIFS DPNNPO USFBUNFOU PQUJPO GPS TPMJE DBODFST JT SBEJPUIFSBQZ� )FSF
 B CFBN PG JPOJ[JOH
SBEJBUJPO JT UBSHFUFE BU UIF UVNPS� 5IF BCTPSCFE FOFSHZ MFBET UP UIF GPSNBUJPO PG GSFF SBEJDBMT JO
UIF DBODFS DFMMT
 XIJDI TFWFSFMZ EBNBHF UIF %/" BOE VMUJNBUFMZ DBVTF DFMM EFBUI <��>�
'PS TZTUFNJD UIFSBQZ
 UIFSF FYJTUT B QMFUIPSB PG ESVHT� "U UIF UJNF PGXSJUJOH
 UIF/BUJPOBM $BODFS
*OTUJUVUF 	/$*
 MJTUT NPSF UIBO ��� BQQSPWFE BOUJDBODFS ESVHT BOE DPNCJOBUJPO SFHJNFO <��>�
5IF BQQSPWFE ESVHT DBO CF TVCEJWJEFE JOUP UXP NBKPS DBUFHPSJFT� OPO�TQFDJaD DIFNPUIFSBQZ
BOE UBSHFUFE UIFSBQZ� $POWFOUJPOBM OPO�UBSHFUFE DZUPUPYJD BHFOUT FODPNQBTT TFWFSBM DMBTTFT MJLF
UBYBOFT
 BOUISBDZDMJOFT
 PS BMLZMBUJOH BHFOUT <��>� "MUIPVHI UIFTF ESVH DMBTTFT IBWF EJêFSFOU
NFDIBOJTNT PG BDUJPO
 UIFZ BMM SJHPSPVTMZ BUUBDL SBQJEMZ EJWJEJOH DFMMT JO UIF CPEZ� 5IJT IJHI
QSPNJTDVJUZ MFBET UP TFWFSF TJEF FêFDUT BT GPS FYBNQMF BMTP DFMMT PG UIF HBTUSPJOUFTUJOBM FQJUIFMJVN
BOE UIF JNNVOF TZTUFN BSF EBNBHFE�
*O DPOUSBTU UP UIJT
 UBSHFUFE ESVHT USZ UP VUJMJ[F DIBSBDUFSJTUJDT PG UIF UVNPS UP TQFDJaDBMMZ BUUBDL
DBODFS DFMMT
 UIFSFCZ NBYJNJ[JOH FëDBDZ XIJMF NJOJNJ[JOH UPYJDJUZ� 5IF SBUJPOBMF CFIJOE UIJT
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BQQSPBDI JT B DPODFQU DBMMFE qPODPHFOF BEEJDUJPOr
 XIJDI QPTUVMBUFT UIBU UVNPST BSF MJLFMZ UP CF
EFQFOEFOU PO B TJOHMF PS B GFX 	QPUFOUJBMMZ ESVHHBCMF
 DBODFS HFOFT GPS UIF NBOJGFTUBUJPO PG
UIFJS NBMJHOBOU QIFOPUZQFT <��>�
8JUI SFTQFDU UP UBSHFUFE DIFNPUIFSBQZ
 XF DBO EJTUJOHVJTI UXP NBJO DMBTTFT PG UIFSBQFVUJD
BHFOUT� TNBMM NPMFDVMFT BOE NPOPDMPOBM BOUJCPEJFT <��>� 4NBMM NPMFDVMFT BSF PSHBOJD
DPNQPVOET UIBU BSF BCMF UP FOUFS DFMMT EVF UP UIFJS MPX NPMFDVMBS XFJHIU� 4NBMM NPMFDVMFT
JO DBODFS USFBUNFOU BSF UZQJDBMMZ UZSPTJOF PS TFSJOF�UISFPOJOF LJOBTF JOIJCJUPST 	JOEJDBUFE CZ
UIF TVëY q�JCr

 XIJDI UBSHFU BCFSSBOU TJHOBM USBOTEVDUJPO QSPDFTTFT JO UIF DFMM <��>� &YBNQMFT
PG TVDI LJOBTF JOIJCJUPST BSF JNBUJOJC GPS UIF USFBUNFOU PG DISPOJD NZFMPHFOPVT MFVLFNJB WJB
JOIJCJUJPO PG UIF #$3�"#- UZSPTJOF LJOBTF <��>
 PS WFNVSBGFOJC
 XIJDI UBSHFUT #3"'�NVUBOU
BEWBODFE NFMBOPNB <��>� #FTJEFT TNBMM NPMFDVMFT
 NPOPDMPOBM BOUJCPEJFT 	JOEJDBUFE CZ UIF
TVëY q�NBCr
 BSF BO FNFSHJOH BOE IJHIMZ TQFDJaD NFBOT PG DBODFS USFBUNFOU� "OUJCPEJFT DBO
PDDVQZ DFMM TVSGBDF SFDFQUPST BOE UIFSFCZ CMPDL FTTFOUJBM TJHOBMJOH DBTDBEFT SFTQPOTJCMF GPS UIF
QSPQBHBUJPO PG
 GPS FYBNQMF
 HSPXUI TJHOBMT JOUP UIF OVDMFVT� "EEJUJPOBMMZ
 UIFZ DBO USJHHFS
BOUJCPEZ�EFQFOEFOU DFMMVMBS DZUPUPYJDJUZ� " QSPNJOFOU FYBNQMF PG TVDI B IJHIMZ TQFDJBMJ[FE
ESVH JT USBTUV[VNBC
 B IVNBOJ[FENPOPDMPOBM BOUJCPEZ UBSHFUJOH UIF IVNBO FQJEFSNBM HSPXUI
GBDUPS SFDFQUPS � 	)&3�

 XIJDI JT PWFS�BCVOEBOU JO TPNF UZQFT PG CSFBTU DBODFS <��>� 0UIFS
FYBNQMFT BSF CFWBDJ[VNBC
 XIJDI UBSHFUT BOHJPHFOJD QSPDFTTFT JO UIF UVNPS CZ JOIJCJUJOH UIF
WBTDVMBS FOEPUIFMJBM HSPXUI GBDUPS " 	7&('"
 <��> BOE SJUVYJNBC GPS UIF USFBUNFOU PG EJêVTF
MBSHF #�DFMM MZNQIPNB <��>� *O SFDFOU ZFBST
 BOUJCPEZ�ESVH DPOKVHBUFT 	"%$T
 IBWF SJTFO UP
CFDPNF B QSPNJTJOH DMBTT PG UBSHFUFE DBODFS USFBUNFOU� "%$T DPNCJOF UIF IJHI TFMFDUJWJUZ PG
NPOPDMPOBM BOUJCPEJFT XJUI UIF DZUPUPYJD BDUJWJUZ PG USBEJUJPOBM DIFNPUIFSBQFVUJD ESVHT� 5P UIJT
FOE
 TNBMM NPMFDVMFT XJUI IJHI UPYJDJUZ BSF DPWBMFOUMZ CPVOE UP BO BOUJCPEZ WJB B MJOLFS UIBU JT
TUBCMF JO DJSDVMBUJPO CVU SFMFBTFT UIF DZUPUPYJD BHFOU XIFO CPVOE UP UIF UBSHFU DFMM <��>�
5BSHFUFE ESVHT IBWF TJHOJaDBOUMZ BEWBODFE DBODFS USFBUNFOU PWFS UIF MBTU UXP EFDBEFT� 5IFZ
XFSF DPNNPOMZ DPOTJEFSFE BT qNBHJD CVMMFUTr
 B UFSN PSJHJOBMMZ DPJOFE CZ UIF CBDUFSJPMPHJTU
1BVM &ISMJDI JO SFGFSSBM UP DIFNJDBMT TQFDJaDBMMZ UBSHFUJOH NJDSPPSHBOJTNT <��>� )PXFWFS
 UIF
JOEJWJEVBM BENJOJTUSBUJPO PG IJHIMZ TQFDJBMJ[FE DPNQPVOET EPFT OPU QSPQFSMZ BDDPVOU GPS UIF
NVMUJEJNFOTJPOBM OBUVSF PG DBODFS
 XIJDI DBO JOWPMWF NBOZ NPMFDVMBS QMBZFST JOUFSBDUJOH JO
JOUFSDPOOFDUFE QBUIXBZT� )FODF
 UIF USFBUNFOU PG B UVNPS XJUI B TJOHMF UBSHFUFE ESVH
 BJNJOH
BU UIF BCMBUJPO PG B TJOHMF NPMFDVMBS UBSHFU PS QBUIXBZ JT VOMJLFMZ UP BDIJFWF DPNQMFUF SFNJTTJPO�
6OEFS UIF TFMFDUJWF QSFTTVSF PG UIF ESVH
 SFTJTUBOU TVCQPQVMBUJPOT FNFSHF UIBU DBO RVJDLMZ
PVUHSPX UIF TFOTJUJWF DFMMT BOE DBVTF SFMBQTF <��>� 5IFSF BSF WBSJPVT NFDIBOJTNT CZ XIJDI
UVNPST FWBEF USFBUNFOU
 GPS FYBNQMF CZ NVUBUJOH BOE TUSVDUVSBMMZ BMUFSJOH ESVH UBSHFUT TVDI
UIBU JOIJCJUPST DBOOPU CJOE BOZNPSF PS WJB UIF BDUJWBUJPO PG BMUFSOBUJWF TJHOBMJOH QBUIXBZT UP
BMMFWJBUF UIF EFQFOEFODF PO TJHOBM USBOTEVDUJPO DBTDBEFT CMPDLFE CZ B UIFSBQFVUJD BHFOU <��>�
5P QSFWFOU UIFTF FTDBQF NFDIBOJTNT
 DPNCJOBUJPO UIFSBQJFT BDDPVOUJOH GPS TFWFSBM NFDIBOJTNT
ESJWJOH B UVNPS IBWF QSPWFO HSFBU QPUFOUJBM <��v��>� $PNCJOBUJPO TDIFNFT DBO GPMMPX WBSJPVT
TUSBUFHJFT MJLF UIF NBYJNBM JOIJCJUJPO PG B TJOHMF UBSHFU 	F�H�
 CFWBDJ[VNBC�TVOJUJOJC BHBJOTU
7&(' BOE JUT SFDFQUPS 7&('3

 UBSHFUJOH NVMUJQMF LFZ QMBZFST qWFSUJDBMMZr BMPOH B QBUIXBZ 	F�H�

)&3� BOE N503 JO UIF &SC#� TJHOBMJOH QBUIXBZ

 PS BUUBDLJOH TFWFSBM qQBSBMMFMr PODPHFOJD
TJHOBMJOH QBUIXBZT 	F�H�
 UIF 7&(' TJHOBMJOH QBUIXBZ QMVT UIF &('3 TJHOBMJOH QBUIXBZ
 <��>�
#FTJEFT UIF QSFTFOUFE BQQSPBDIFT UP DBODFS USFBUNFOU
 DBODFS JNNVOPUIFSBQZ IBT CFFO HBJOJOH
NPSF BOE NPSF BUUFOUJPO BT B DBODFS USFBUNFOU PQUJPO
 FTQFDJBMMZ JO UIF MBTU ZFBST� 5IF
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UFSN JNNVOPUIFSBQZ FODPNQBTTFT WBSJPVT BQQSPBDIFT UIBU BMM BJN BU IBSOFTTJOH UIF QBUJFOUrT
JNNVOF TZTUFN UP USFBU DBODFS� &NFSHJOH JNNVOPUIFSBQJFT GPS DBODFS JODMVEF DIFDLQPJOU
CMPDLBEF
 BEPQUJWF 5�DFMM UIFSBQZ
 BOE UIFSBQFVUJD DBODFS WBDDJOFT�
5ZQJDBMMZ
 UIF SFDPHOJUJPO PG UVNPS BOUJHFOT CZ FêFDUPS 5�DFMMT MFBET UP UIF EFTUSVDUJPO PG UIF
UVNPS DFMMT� )PXFWFS
 BT EFTDSJCFE JO 4FDUJPO �����
 DBODFS DFMMT BSF MJLFMZ UP FWBEF EFUFDUJPO BOE
FSBEJDBUJPO CZ UIF JNNVOF TZTUFN� 0OF DFOUSBM NFDIBOJTN CZ XIJDI UIJT DBO CF BDIJFWFE JT UIF
BDUJWBUJPO PG JNNVOF TZTUFN�TVQQSFTTJOH DIFDLQPJOUT MJLF $5-"�� PS 1%�� <��>� 'PS JOTUBODF

JO DBTFT XIFSF DBODFS DFMMT FYQSFTT UIF QSPHSBNNFE EFBUI MJHBOE � PS � 	1%�-���
 PO UIFJS
TVSGBDF
 UIF 1%�� SFDFQUPS PO 5�DFMMT JO DMPTF QSPYJNJUZ NBZ CJOE UP UIJT MJHBOE JOEVDJOH BO
JOIJCJUPSZ TJHOBM BOE QSFWFOUJOH UIF UVNPS DFMM GSPN CFJOH EFTUSPZFE� *O TVDI DBTFT
 JOIJCJUJOH
FJUIFS UIF SFDFQUPS PS UIF MJHBOE 	F�H�
 CZ QFNCSPMJ[VNBC CJOEJOH UP 1%�� <��> PS BUF[PMJ[VNBC
BHBJOTU 1%�-� <��>
 DBO BMMPX 5�DFMMT UP SFTVNF UIFJS BUUBDL PG UIF UVNPS DFMMT� 4FWFSBM TUVEJFT
BDSPTT DBODFS UZQFT TIPXFE UIBU UIF FêFDUJWFOFTT PG TVDI DIFDLQPJOU JOIJCJUPST � BNPOHTU PUIFST �
DPSSFMBUFTXJUI UIF OVNCFS PGNVUBUJPOT QSFTFOU JO B UVNPS
 NBLJOH UIFN B QSPNJTJOH USFBUNFOU
PQUJPO
 FTQFDJBMMZ GPS BEWBODFE BOE BHHSFTTJWF UVNPST <��
 ��>�
#FTJEFT DIFDLQPJOU CMPDLBEF
 BEPQUJWF 5�DFMM UIFSBQZ JT BOPUIFS QSPNJTJOH BQQSPBDI UP DBODFS
JNNVOPUIFSBQZ <��>� *O PSEFS UP CPPTU B QBUJFOUrT JNNVOF TZTUFN
 5�DFMMT BSF IBSWFTUFE GSPN UIF
QBUJFOU
 HSPXO JO WJUSP BOE SFJOUSPEVDFE JO DPOTJEFSBCMF BNPVOUT� 5IFSF BSF BMTP GPSNT JO XIJDI
UIF 5�DFMMT BSF HFOFUJDBMMZ NPEJaFE PS DIJNFSJD BOUJHFO SFDFQUPST BSF BUUBDIFE UP UIF 5�DFMMT
 TVDI
UIBU UIFZ DBO CFUUFS SFDPHOJ[F DBODFS DFMMT�
"OPUIFS BQQSPBDI UP JOEVDF UIF GPSNBUJPO PG UVNPS�TQFDJaD DZUPUPYJD 5�DFMMT JT UIF VTF PG
QFSTPOBMJ[FE DBODFS WBDDJOFT <��
 ��>� $BODFS WBDDJOFT BJN BU PWFSFYQSFTTFE PS BMUFSFE QSPUFJOT
BOE)-"�QSFTFOUFE QFQUJEF TFRVFODFT 	OFPBOUJHFOT
 UIBU SFTVMUFE GSPNHFOFUJD
 FQJHFOFUJD
 BOE
HFOF FYQSFTTJPO DIBOHFT VOJRVFMZ DIBSBDUFSJ[JOH UIF QBUJFOUrT UVNPS� 5IFZ BSF VTFE UP QSJNF
5�DFMMT UP SFDPHOJ[F UIFTF DIBSBDUFSJ[JOH BOUJHFOT BOE JOEVDF B 5�DFMM NFEJBUFE JNNVOF SFBDUJPO�
"T UIF OFPFQJUPQFT BSF EFQFOEFOU PO CPUI UIF QBUJFOUrT UVNPS NVUBUJPOT BOE )-" HFOPUZQF

DBODFS WBDDJOFT IBWF UP CF JOEJWJEVBMMZ EFTJHOFE� 5IF JEFOUJaFE FQJUPQFT DBO TFSWF BT UIF CBTJT
GPS UIF TZOUIFTJT PG B QFSTPOBMJ[FE DBODFS WBDDJOF
 XIJDI DBO CF DPNCJOFE XJUI DIFDLQPJOU
JOIJCJUPST UP QPUFOUJBMMZ CPPTU UIF FêFDUJWFOFTT PG UIF WBDDJOF <��>�
"MUIPVHI UIF EJBHOPTJT BOE USFBUNFOU PG DBODFS IBWF HSFBUMZ JNQSPWFE PWFS UIF MBTU EFDBEFT
BOE TVSWJWBM SBUFT BDSPTT DBODFS UZQFT IBWF HFOFSBMMZ JODSFBTFE
 NPSUBMJUZ SBUFT BOE UIFSBQFVUJD
TVDDFTT TUJMM WBSZ TUSPOHMZ CFUXFFO DBODFS UZQFT 	DG� 'JHVSF ���
� #FTJEFT UIF EFQJDUFE EJTQBSJUZ
CFUXFFO EJêFSFOU UZQFT PG DBODFS
 UIFSF JT BMTP B IJHI HFOPUZQJD EJWFSTJUZ CFUXFFO UVNPST PG UIF
TBNF UZQF
 TVCUZQF
 BOE FWFO CFUXFFO EJêFSFOU SFHJPOT PG UIF TBNF UVNPS UIBU JNQFEF UIFSBQZ
TUSBUJaDBUJPO BOE IFODF NVTU CF BDDPVOUFE GPS JO UIF USFBUNFOU EFDJTJPO�NBLJOH QSPDFTT <��>�

��� 1FSTPOBMJ[FE NFEJDJOF

1FSTPOBMJ[FE NFEJDJOF
 PGUFO BMTP SFGFSSFE UP BT QSFDJTJPO NFEJDJOF PS JOEJWJEVBMJ[FE NFEJDJOF

JT B IPMJTUJD BQQSPBDI PG UBJMPSJOH EJTFBTF QSFWFOUJPO
 EJBHOPTJT
 USFBUNFOU
 BOE NPOJUPSJOH
UP BO JOEJWJEVBM CBTFE PO IJT�IFS HFOFUJD BOE NPMFDVMBS NBLFVQ
 DMJOJDBM EBUB
 BOE NFEJDBM
IJTUPSZ <��>� "MUIPVHI QIZTJDJBOT IBWF BMXBZT TUSJWFE UP aOE UIF PQUJNBM USFBUNFOU GPS UIFJS
QBUJFOUT
 UIF FNFSHFODF PG IJHI�UISPVHIQVU CJPUFDIOPMPHJDBM UFDIOJRVFT TJODF UIF UVSO PG UIF
MBTU NJMMFOOJVN NBSLT BO JObFDUJPO QPJOU JO UIF EJBHOPTJT BOE USFBUNFOU PG DPNQMFY EJTFBTFT�
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0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

2.5% 8.2%Pancreas
3.4% 17.6%Liver

12.2% 18.1%Lung
5% 18.8%Esophagus

22.4% 30.5%Brain

15.2% 30.6%Stomach
36% 46.5%Ovary

24.6% 49.6%Myeloma
34.2% 60.6%Leukemia

49.8% 64.1%Colon
52.5% 64.5%Mouth / Throat

46.5% 71%Non-Hodgkin Lymphoma
50.1% 74.1%Kidney

72.3% 77.3%Bladder
74.8% 89.7%Breast (female)

81.9% 91.7%Melanoma
92.1% 98.2%Thyroid

67.8% 98.6%Prostate

50.3% 67%All cancers

'JHVSF ��� 'JWF�ZFBS DBODFS TVSWJWBM SBUFT JO UIF 64"� "WFSBHF aWF�ZFBS TVSWJWBM SBUFT GPS WBSJPVT DBODFS UZQFT JO
UIF 6OJUFE 4UBUFT� 3FE QPJOUT JOEJDBUF UIF SBUFT GPS ������� BOE UIF CMVF QPJOUT JOEJDBUF UIF SBUFT GPS ����������
%BUB PCUBJOFE GSPN <��>�

%/"BOE 3/" TFRVFODJOH <��>
 NJDSPBSSBZ UFDIOPMPHJFT <��>
 QSPUFPNJDT BQQSPBDIFT <��>
 BOE
PUIFS UFDIOJRVFT QSPWJEF BO VOQSFDFEFOUFE XFBMUI PG EBUB UIBU DBO CF VTFE GPS JOEJWJEVBMJ[FE
QIFOPUZQJOH�
5IF DPODFQU PG QFSTPOBMJ[FE NFEJDJOF JT VTFE JO B CSPBE TFU PG EJTFBTFT
 JODMVEJOH JOGFDUJPVT
EJTFBTFT
 DBSEJPWBTDVMBS EJTPSEFST
 PS OFVSPMPHJDBM DPOEJUJPOT <��>� 0OF PG JUT NBKPS aFMET PG
BQQMJDBUJPO JT DBODFS
 GPS XIJDI WBSJPVT BTQFDUT PG QFSTPOBMJ[FE JOUFSWFOUJPO XJMM CF FYFNQMJaFE
JO UIF GPMMPXJOH�
0OF PG UIF HPBMT PG QFSTPOBMJ[FENFEJDJOF JT UP GVMaMM B QBSBEJHN TIJGU GSPN SFBDUJWF UP QSFWFOUJWF
IFBMUIDBSF <��>� 1SFEJTQPTJUJPO UFTUJOH JT UIFSFCZ B NBKPS DPSOFSTUPOF UP JEFOUJGZ JOEJWJEVBMT
BU SJTL GPS DFSUBJO EJTFBTFT� 'PS FYBNQMF
 XPNFO DBSSZJOH IBSNGVM HFSNMJOF NVUBUJPOT JO UIF
UVNPS TVQQSFTTPS HFOFT #3$"� PS #3$"� IBWF BO VQ UP FJHIU�GPME JODSFBTFE SJTL UP EFWFMPQ
CSFBTU DBODFS BOE BO VQ UP ���GPME SJTL UP EFWFMPQ PWBSJBO DBODFS EVSJOH UIFJS MJGFUJNFT <��>� 'PS
QBUJFOUT BU JODSFBTFE SJTL
 TDSFFOJOH GSFRVFODZ DPVME CF JODSFBTFE UP EFUFDU EFWFMPQJOH UVNPST
BT FBSMZ BT QPTTJCMF <���>
 UIFZ DPVME VOEFSHP B QSPQIZMBDUJD NBTUFDUPNZ JO UIF DBTF PG CSFBTU
DBODFS <���> PS CF USFBUFE XJUI DIFNPQSFWFOUJWF BHFOUT <���>�
*O DBTFT XIFSF UIF PDDVSSFODF PG B NBMJHOBODZ DPVME OPU CF QSFWFOUFE
 UIFSF BSF WBSJPVT PQUJPOT
GPS UIF QFSTPOBMJ[FE NBOBHFNFOU PG UIF EJTFBTF� $POTJEFSJOH SBEJPUIFSBQZ
 QFSTPOBMJ[BUJPO
DPVME CF BDIJFWFE WJB BO BEBQUBUJPO PG UIF SBEJBUJPO EPTF UP UIF UVNPSrT TQFDJaD DPNQPTJUJPO�
'PS FYBNQMF
 B 1&5�.3* TDBO DPVME CF VTFE UP JEFOUJGZ BHHSFTTJWF IZQPYJD SFHJPOT JO UIF UVNPS
UIBU SFRVJSF B IJHIFS JOUFOTJUZ PG SBEJBUJPO JO UIFTF BSFBT <���>� *O UIF SFBMN PG TZTUFNJD UIFSBQZ

UIFSF JT BMTP B MBSHF QPUFOUJBM GPS QFSTPOBMJ[BUJPO� /VNFSPVT GBDUPST OFFE UP CF UBLFO JOUP BDDPVOU
UP EFUFSNJOF UIF QPUFOUJBM FëDBDZ PG B ESVH PS ESVH SFHJNFO GPS B HJWFO UVNPS� 1FSTPOBMJ[FE
DBODFS DIFNPUIFSBQZ BJNT BU UBSHFUJOH UIF QBUIPQIZTJPMPHJDBMMZ BOE UIFSBQFVUJDBMMZ SFMFWBOU
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BMUFSBUJPOT UIBU ESJWF B TQFDJaD UVNPS� *O PSEFS UP JEFOUJGZ QPUFOUJBM USFBUNFOU PQUJPOT
 UIFTF
UVNPS DIBSBDUFSJTUJDT IBWF UP CF JEFOUJaFE BOE BTTFTTFE XJUI SFTQFDU UP UIFJS FêFDU PO ESVH
TFOTJUJWJUZ� *O BEEJUJPO UP UVNPS�TQFDJaD NVUBUJPOT
 BMTP BCFSSBUJPOT BêFDUJOH HFOFT JOWPMWFE JO
BCTPSQUJPO
 EJTUSJCVUJPO
 NFUBCPMJTN
 BOE FYDSFUJPO 	"%.&
 PG ESVHT BSF PG HSFBU JNQPSUBODF
GPS USFBUNFOU TFMFDUJPO BOE EPTJOH� 5IF BTTFTTNFOU PG ESVH�QSPDFTTJOH FO[ZNFT MJLF NFNCFST
PG UIF DZUPDISPNF 1��� GBNJMZ PS USBOTQPSUFS QSPUFJOT JT BMTP SFGFSSFE UP BT QIBSNBDPHFOPNJD
	1(Y
 UFTUJOH� (FOPNJD BCFSSBUJPOT JO DZUPDISPNFT DBO BêFDU UIF NFUBCPMJTN PG B XJEF SBOHF
PG DPNNPOMZ VTFE ESVHT� 5IFZ DBO BêFDU UIF SBUF BU XIJDI ESVHT BSF NFUBCPMJ[FE JO UIF CPEZ
PS FWFO DPNQMFUFMZ QSFWFOU UIF BDUJWBUJPO PG QSPESVHT JO UIF MJWFS <���>�
"DSPTT BMM TUBHFT PG QFSTPOBMJ[FE NFEJDJOF
 CVU TQFDJaDBMMZ QSJPS UP BOE EVSJOH USFBUNFOU
 CJP�
MPHJDBM NBSLFST 	CJPNBSLFST
 QMBZ BO FTTFOUJBM SPMF JO QJOQPJOUJOH SFMFWBOU UVNPS DIBSBDUFSJTUJDT�
"T EFaOFE CZ UIF 'PPE BOE %SVH "ENJOJTUSBUJPO 	'%"

 B CJPNBSLFS JT B tDIBSBDUFSJTUJD UIBU
JT NFBTVSFE BT BO JOEJDBUPS PG OPSNBM CJPMPHJDBM QSPDFTTFT
 QBUIPHFOJD QSPDFTTFT
 PS SFTQPOTFT
UP BO FYQPTVSF PS JOUFSWFOUJPO
 JODMVEJOH UIFSBQFVUJD JOUFSWFOUJPOTt <���>� #JPNBSLFST DBO CF
DBUFHPSJ[FE BDDPSEJOH UP UIFJS QVSQPTF JOUP TFWFSBM DMBTTFT
 JODMVEJOH TVTDFQUJCJMJUZ CJPNBSLFST

EJBHOPTUJD CJPNBSLFST
 QSPHOPTUJD CJPNBSLFST
 QSFEJDUJWF CJPNBSLFST
 BOE NPOJUPSJOH CJPNBSL�
FST <���>� 'PS USFBUNFOU EFDJTJPO TVQQPSU
 QSPHOPTUJD BOE QSFEJDUJWF CJPNBSLFST BSF PG NBKPS JO�
UFSFTU� 1SPHOPTUJD CJPNBSLFST QSPWJEF JOGPSNBUJPO PO UIF QSPHSFTTJPO PG UIF EJTFBTF� 1SPNJOFOU
FYBNQMFT PG QSPHOPTUJD CJPNBSLFST BSF 0ODPUZQF %9 <���> BOE .BNNB1SJOU <���> UIBU EFUFS�
NJOF UIF BHHSFTTJWFOFTT BOE SJTL PG SFMBQTF PG B CSFBTU UVNPS CBTFE PO NVMUJ�HFOF TJHOBUVSFT

UIFSFCZ BMTP BTTFTTJOH UIF OFFE GPS BEKVWBOU DIFNPUIFSBQZ� *O DPOUSBTU UP QSPHOPTUJD CJPNBSL�
FST
 QSFEJDUJWF CJPNBSLFST BSF DPODFSOFE XJUI UIF FëDBDZ BOE TBGFUZ PG DFSUBJO ESVHT PS UZQFT PG
USFBUNFOU� *O WJUSP EJBHOPTUJD UFTUT PS JNBHJOH UPPMT UP BTTFTT UIF TUBUF PG QSFEJDUJWF CJPNBSLFST
BSF DBMMFE DPNQBOJPO EJBHOPTUJDT 	$%Y
 <���>�
/PXBEBZT
 UIFSF BSF NPSF UIBO �� UZQFT PG $%Y BQQSPWFE GPS DBODFS USFBUNFOU TUSBUJaDBUJPO CZ
UIF '%"� 5IFTF JODMVEF UIF JOUFSSPHBUJPO PG )&3� BNQMJaDBUJPO TUBUVT QSJPS UP USFBUNFOU XJUI
USBTUV[VNBC PS QFSUV[VNBC JO CSFBTU DBODFS <���>
 UIF BTTFTTNFOU PG ,3"4 NVUBUJPO TUBUVT GPS
DFUVYJNBC USFBUNFOU JO DPMPO DBODFS <���>
 PS UIF SFDPHOJUJPO PG UIF 1IJMBEFMQIJB DISPNPTPNF
	#$3�"#- GVTJPO HFOF
 JO DISPOJD NZFMPJE MFVLFNJB UP FOTVSF TVTDFQUJCJMJUZ GPS JNBUJOJC <���>
PS OJMPUJOJC <���>�
.PSFPWFS
 DPNQBOJPO EJBHOPTUJDT BOE CJPNBSLFS�CBTFE USFBUNFOU TUSBUJaDBUJPO DBO BMTP CF
VUJMJ[FE JO UIF ESVH EFWFMPQNFOU QSPDFTT� #FTJEFT SBUJPOBM ESVH EFTJHO
 UIF DPODFQU PG ESVH
SFQPTJUJPOJOH QMBZT B NBKPS SPMF JO UIJT DPOUFYU� %SVH SFQPTJUJPOJOH EFTDSJCFT UIF JEFOUJaDBUJPO
PG OFX JOEJDBUJPOT GPS BMSFBEZ BQQSPWFE ESVHT <���> PS ESVH DBOEJEBUFT UIBU GBJMFE UP SFBDI
NBSLFU FOUSZ EVF UP WBSJPVT SFBTPOT 	UIF MBUUFS TPNFUJNFT SFGFSSFE UP BT qESVH SFQVSQPTJOHr

<���>� 5IF MVOH DBODFS ESVH HFaUJOJC
 GPS FYBNQMF
 DPVME OPU EFNPOTUSBUF B TVSWJWBM BEWBOUBHF
JO UIF HFOFSBM QPQVMBUJPO PG MVOH DBODFS QBUJFOUT BOE XBT XJUIESBXO GSPN UIF NBSLFU BGUFS
JOJUJBM '%"�BQQSPWBM� )PXFWFS
 JO UIF TVCHSPVQ PG QBUJFOUT XJUI TQFDJaD &('3 NVUBUJPOT

HFaUJOJC DPVME TIPX TJHOJaDBOU CFOFaUT BOE IFODF XBT BQQSPWFE BT aSTU�MJOF USFBUNFOU GPS
BDDPSEJOHMZ TUSBUJaFE MVOH DBODFS QBUJFOUT JO ���� <���>� "MTP
 UIF FYQBOTJPO PG JOEJDBUJPOT
GPS B ESVH DBO CF PCTFSWFE� $SJ[PUJOJC
 B LJOBTF JOIJCJUPS BQQSPWFE UP USFBU TQFDJaD GPSNT
PG OPO�TNBMM DFMM MVOH DBODFS
 JODMVEJOH UIPTF UIBU BSF &.-��"-, QPTJUJWF
 JT BMTP FêFDUJWF
JO PUIFS UVNPST DPOUBJOJOH "-, BMUFSBUJPOT
 TVDI BT BOBQMBTUJD MBSHF DFMM MZNQIPNB <���> PS
QFEJBUSJD OFVSPCMBTUPNB <���>� *O ����
 UIF '%" FWFO HSBOUFE UJTTVF�TJUF�BHOPTUJD BQQSPWBM UP
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UIF DIFDLQPJOU JOIJCJUPS QFNCSPMJ[VNBC
 XIJDI XBT UIF aSTU UBSHFUFE DBODFS USFBUNFOU UP CF
BENJOJTUFSFE BDSPTT DBODFS UZQFT GPS QBUJFOUT XJUI NFUBTUBUJD
 NJDSPTBUFMMJUF JOTUBCJMJUZ�IJHI PS
NJTNBUDI SFQBJS�EFaDJFOU TPMJE UVNPST <���>�
8JUI BO JODSFBTJOH CPEZ PG LOPXMFEHF BCPVU B UVNPSrT VOEFSMZJOH HFOPNJD BMUFSBUJPOT BOE UIF
FYQSFTTJPO PG SFMFWBOU CJPNBSLFST
 UVNPS DMBTTJaDBUJPO BOE QBUJFOU TUSBUJaDBUJPO BSF TIJGUJOH
BXBZ GSPN UIF UJTTVF PG PSJHJO BOE UPXBSE B NPMFDVMBS UBYPOPNZ BOE NFDIBOJTN�ESJWFO
USFBUNFOU EFDJTJPOT� 5IJT QBSBEJHN TIJGU JT BMTP SFbFDUFE JO UIF XBZ DMJOJDBM USJBMT BSF DPOEVDUFE�
5SBEJUJPOBMMZ
 DMJOJDBM USJBMT XFSF NPTUMZ GPDVTFE PO BWFSBHF SFTQPOTFT BDSPTT B QPQVMBUJPO

OPU PO UIF TQFDJaD TVCHSPVQT UIBU NJHIU CF FTQFDJBMMZ TVTDFQUJCMF UP UIF USFBUNFOU EVF UP
UIFJS 	FQJ�
HFOFUJD BOE NPMFDVMBS NBSLVQ� /PXBEBZT
 UIFSF BSF OFX BOE FNFSHJOH DMBTTFT
PG QSFDJTJPO NFEJDJOF DMJOJDBM USJBMT UIBU BDDPVOU GPS QFSTPOBMJ[BUJPO� TP�DBMMFE qCBTLFUr BOE
qVNCSFMMBr USJBMT� *O CBTLFU 	PS CVDLFU
 USJBMT
 B ESVH PG JOUFSFTU UBSHFUJOH B TQFDJaD BCFSSBUJPO
JT UFTUFE PO B WBSJFUZ PG UVNPS UZQFT JO B CJPNBSLFS�QPTJUJWF TVCHSPVQ� 6NCSFMMB USJBMT IBWF
NBOZ EJêFSFOU USFBUNFOU BSNT 	MJLF UIF TQPLFT PG BO VNCSFMMB
 JO XIJDI QBUJFOUT BSF NBUDIFE
UP EJêFSFOU ESVHT EFQFOEJOH PO UIF NPMFDVMBS NBLFVQ PG UIFJS EJTFBTF� 5IF SFDFOUMZ DPNQMFUFE
QSPTQFDUJWF VNCSFMMB USJBM .04$"50 �� FWBMVBUFE UIF DMJOJDBM CFOFaU PG IJHI�UISPVHIQVU
HFOPNJD BOBMZTFT HVJEJOH USFBUNFOU TFMFDUJPO JO BEWBODFE TPMJE UVNPST� )PXFWFS
 POMZ GPS
��� PG ��� TBNQMFT BO BDUJPOBCMF HFOPNJD BMUFSBUJPO DPVME CF JEFOUJaFE BOE PG UIF BDDPSEJOHMZ
USFBUFE QBUJFOUT POMZ ��� TIPXFE B SFTQPOTF UP UIFJS NBUDIFE USFBUNFOUT <���>� "MTP
 UIF
DVSSFOUMZ SVOOJOH /$* ."5$) USJBM
 UIF MBSHFTU DPNCJOFE CBTLFU�VNCSFMMB USJBM UP EBUF
 DPVME
TP GBS POMZ BTTJHO B HFOFUJDT�CBTFE USFBUNFOU UP �� PG UIF FOSPMMFE QBUJFOUT <���>�
)FODF
 JO PSEFS UP DPNQSFIFOTJWFMZ DIBSBDUFSJ[F BOE TUSBUJGZ B HJWFO UVNPS
 CFTJEFT PG UIF TPMF
DPOTJEFSBUJPO PG JOEJWJEVBM BDUJPOBCMF NVUBUJPOT
 UIF DPNQMFY NPMFDVMBS qDJSDVJUSZr PG BMUFSFE
HFOFT BOE QSPUFJOT BOE UIFJS JOUFSEFQFOEFODJFT BMTP OFFE UP CF UBLFO JOUP BDDPVOU UP PCUBJO B
IPMJTUJD WJFX PO EJTFBTF�ESJWJOH NFDIBOJTNT <���>�



3
.BUFSJBMT BOE .FUIPET

" HFOFSBM HPBM PG MJGF TDJFODF SFTFBSDI JT UIF JEFOUJaDBUJPO PG UIF DPNQPOFOUT UIBU NBLF VQ
B MJWJOH TZTUFN� 4QFDJaDBMMZ
 UIF FMVDJEBUJPO PG UIF SFMBUJPOT BOE JOUFSBDUJPOT BNPOH UIFTF
DPNQPOFOUT UIBU SFTVMU JO UIF GVODUJPOJOH PG UIF TZTUFN BT XFMM BT JUT EZTGVODUJPOJOH JO UIF
QSFTFODF PG QFSUVSCBUJPOT
 BSF PG NBKPS JOUFSFTU�
8JUI SFTQFDU UP UIF QFSTPOBMJ[FE USFBUNFOU PG DBODFS
 UIJT HPBM USBOTMBUFT UP 	J
 UIF JEFOUJaDBUJPO
PG 	FQJ�
HFOPNJD BOE NPMFDVMBS BCFSSBUJPOT QSFTFOU JO B UVNPS BOE 	JJ
 UIF FWBMVBUJPO PG
UIFTF BMUFSBUJPOT DPODFSOJOH EJTFBTF JOJUJBUJPO BOE QSPHSFTTJPO BT XFMM BT QPUFOUJBM USFBUNFOU
SFTQPOTFT <���>� *O UIJT DIBQUFS
 XF XJMM HJWF BO PWFSWJFX PG UIF CJPUFDIOPMPHJDBM UFDIOJRVFT

DPNQVUBUJPOBM BOE TUBUJTUJDBM NFUIPET
 BT XFMM BT SFGFSFODF EBUBCBTFT UIBU BSF SFRVJSFE UP
BQQSPBDI UIFTF HPBMT� 5P UIJT FOE
 XF XJMM aSTU JOUSPEVDF UISFF QSFWBJMJOH UZQFT PG IJHI�
UISPVHIQVU FYQFSJNFOUBM UFDIOJRVFT BOE DPSSFTQPOEJOH CJPJOGPSNBUJDT QSPDFTTJOH TUFQT UP
DPNQSFIFOTJWFMZ DIBSBDUFSJ[F UVNPS TBNQMFT XJUI SFTQFDU UP UIFJS 	FQJ�
HFOFUJD BOE NPMFDVMBS
QSPaMFT� *O PSEFS UP FYUSBDU SFMFWBOU JOGPSNBUJPO GSPN UIFTF IJHI�EJNFOTJPOBM BOE DPNQMFY
EBUB TFUT
 B QSJPSJ LOPXMFEHF GSPN WBSJPVT EPNBJOT BOE SPCVTU TUBUJTUJDBM NFUIPET BSF SFRVJSFE�
)FODF
 JO UIF TFDPOE QBSU PG UIJT DIBQUFS
 XF XJMM QSFTFOU TFWFSBM DMBTTFT PG EBUBCBTFT BOE
SFTPVSDFT UIBU DPWFS B WBSJFUZ PG QBUIXBZ�
 EJTFBTF�
 BOE USFBUNFOU�TQFDJaD BTQFDUT JODMVEJOH
UIF GVODUJPOBM BOOPUBUJPO PG HFOFT BOE HFOF TFUT
 LOPXO DBODFS ESJWFS HFOFT
 ESVH�UBSHFU
JOUFSBDUJPOT
 BOE UIF QIBSNBDPHFOPNJD FêFDUT PG NVUBUJPOT� 'JOBMMZ
 XF XJMM QSFTFOU WBSJPVT
UZQFT PG TUBUJTUJDBM UFTUT BOE BMHPSJUINT GPS UIF JEFOUJaDBUJPO PG EFSFHVMBUFE HFOFT BOE CJPMPHJDBM
QSPDFTTFT�

��� )JHI�UISPVHIQVU FYQFSJNFOUBM UFDIOJRVFT

5IF UPUBMJUZ PG TQFDJaD UZQFT PG CJPMPHJDBM FOUJUJFT 	F�H�
 HFOFUJD NBUFSJBM
 USBOTDSJQUT
 PS QSPUFJOT

JT UZQJDBMMZ JOEJDBUFE CZ UIF DPNNPO TVëY q�PNFr
 BT GPS FYBNQMF JO qHFOPNFr
 qUSBOTDSJQUPNFr

PS qQSPUFPNFr� $VSSFOU CJPUFDIOPMPHJDBM IJHI�UISPVHIQVU UFDIOJRVFT BMMPX UP DPNQSFIFOTJWFMZ
TUVEZ EJêFSFOU UZQFT PG qPNFTr BOE IFODF BSF SFGFSSFE UP BT qPNJDTr UFDIOPMPHJFT <���>� 5IF
UIFSFCZ PCUBJOFE IJHI�EJNFOTJPOBM EBUB TFUT 	qPNJDT EBUBr
 DBO CF VTFE UP BEESFTT WBSJPVT UZQFT
PG SFTFBSDI RVFTUJPOT SBOHJOH GSPN CBTJD TDJFODF UP USBOTMBUJPOBM SFTFBSDI BOE DMJOJDBM EFDJTJPO
TVQQPSU� *O UIF GPMMPXJOH TFDUJPOT
 XF XJMM EFTDSJCF UISFF NBJO DMBTTFT PG CJPMPHJDBM BTTBZT UIBU
DBO CF VTFE UP NFBTVSF 	FQJ�
HFOPNJDT
 USBOTDSJQUPNJDT
 BOE QSPUFPNJDT EBUB� 'PS FBDI PG UIFTF
UFDIOJRVFT
 UIF FYQFSJNFOUBM QSJODJQMF
 BSFBT PG BQQMJDBUJPO
 BOE SFRVJSFE DPNQVUBUJPOBM TUFQT
GPS EBUB QSPDFTTJOH XJMM CF QSFTFOUFE�

��



�� � ."5&3*"-4 "/% .&5)0%4

����� .JDSPBSSBZT
5IF NJDSPBSSBZ UFDIOJRVF JT CBTFE PO UIF IJHIMZ QBSBMMFM IZCSJEJ[BUJPO PG FOUJUJFT VOEFS
JOWFTUJHBUJPO 	F�H�
 %/"
 3/"
 PS QSPUFJOT
 UP B QSFEFaOFE TFU PG TQFDJaD
 DPNQMFNFOUBSZ
QSPCFT PO B TMJEF
 UIF BDUVBM NJDSPBSSBZ� 'MVPSFTDFODF JOUFOTJUJFT BSF DBQUVSFE UP BTTFTT UIF
EFHSFF PG IZCSJEJ[BUJPO
 XIJDI BDUT BT B QSPYZ GPS UIF RVBOUJaDBUJPO PG UIF FOUJUZ VOEFS
JOWFTUJHBUJPO <��>�
*O UIF GPMMPXJOH
 UIF FYQFSJNFOUBM QSJODJQMF PG NJDSPBSSBZT XJMM CF QSFTFOUFE VTJOH UIF FYBNQMF
PG D%/" NJDSPBSSBZT BOE POF PG JUT QSFEPNJOBOU BQQMJDBUJPOT� UIF NFBTVSFNFOU PG USBOTDSJQU
MFWFMT� "GUFSXBSE
 GVSUIFS UZQFT PG NJDSPBSSBZT UP NFBTVSF WBSJPVT PUIFS LJOET PG DFMMVMBS
BCFSSBUJPOT XJMM CF BEESFTTFE� 'JOBMMZ
 UIF SFRVJSFE QSPDFTTJOH TUFQT GPS UIF RVBOUJaDBUJPO PG
UIF NFBTVSFNFOUT XJMM CF EJTDVTTFE�

������� &YQFSJNFOUBM QSJODJQMF

" UZQJDBM BQQMJDBUJPO PG D%/" NJDSPBSSBZT JT UIF BTTFTTNFOU PG HFOF FYQSFTTJPO BU UIF N3/"
MFWFM� "O PWFSWJFX PG UIF XPSLbPX JT QSPWJEFE JO 'JHVSF ����

Fluorescent  
labeling

Scanning and 
image analysis

cDNA generation
(reverse transcription 


and amplification)

Data processing 
(and downstream


analysis)


mRNA isolation 
(from cells of interest)

Hybridization
(and washing)

FINAL

'JHVSF ��� 0WFSWJFX PG D%/" TJOHMF�DIBOOFM NJDSPBSSBZ XPSLbPX� "GUFS FYUSBDUJPO PG N3/" GSPN UIF TBNQMF PG
JOUFSFTU
 UIF N3/" JT SFWFSTFMZ USBOTDSJCFE JOUP D%/" BOE BNQMJaFE� 'MVPSFTDFOU MBCFMJOH PG UIF QSPCFT JT GPMMPXFE
CZ IZCSJEJ[BUJPO UP UIF NJDSPBSSBZ BOE B XBTIJOH TUFQ� 	1MFBTF OPUF UIBU UIF NJDSPBSSBZ QSPCFT BSF OPU EFQJDUFE
GPS JNQSPWFE WJTVBM DMBSJUZ�
 #BTFE PO UIF JOUFOTJUZ PG UIF FNJUUFE bVPSFTDFODF JO UIF SFTQFDUJWF TQPUT
 FYQSFTTJPO
MFWFMT PG USBOTDSJQUT BOE HFOFT DBO CF EFEVDFE� 'JHVSF BEBQUFE GSPN <���>�

*O B aSTU TUFQ
 UIF N3/" JT FYUSBDUFE GSPN UIF DFMMT VOEFS JOWFTUJHBUJPO
 XIJDI JT SFWFSTF�
USBOTDSJCFE BOE BNQMJaFE UP HFOFSBUF DPNQMFNFOUBSZ %/" 	D%/"
 GPS IZCSJEJ[BUJPO� 5IF
D%/" JT BGUFSXBSE MBCFMFE XJUI B EFUFDUBCMF NBSLFS
 UZQJDBMMZ B bVPSFTDFOU EZF MJLF UIF
bVPSPQIPSF $ZBOJOF � 	$Z�
 <���>� 5IF NJDSPBSSBZ JUTFMG JT B TNBMM QMBUGPSN DPOTJTUJOH PG
B TPMJE TVSGBDF PO XIJDI TQFDJaD PMJHPOVDMFPUJEF QSPCFT BSF CPVOE UP EFTJHOBUFE TQPUT� 5IF
bVPSFTDFODF�MBCFMFE D%/" JT IZCSJEJ[FE POUP UIF NJDSPBSSBZ
 SFMZJOH PO UIF IJHI TQFDJaDJUZ PG
DPNQMFNFOUBSZ CBTF�QBJSJOH <���>� 5IF IZCSJEJ[BUJPO JT GPMMPXFE CZ B XBTIJOH TUFQ UIBU BJNT
BU SFNPWJOH VOCPVOE BT XFMM BT VOTQFDJaDBMMZ CJOEJOH D%/"� 5IF EFHSFF PG IZCSJEJ[BUJPO GPS
FBDI TQPU JT BTTBZFE CZ NFBTVSJOH UIF FNJUUFE bVPSFTDFODF VTJOH
 F�H�
 B DPOGPDBM MBTFS TDBOOFS�



��� )JHI�UISPVHIQVU FYQFSJNFOUBM UFDIOJRVFT ��

4FWFSBM TUFQT PG TVCTFRVFOU JNBHF BOBMZTJT BOE EBUB OPSNBMJ[BUJPO 	DG� 4FDUJPO �������
 UIFO
ZJFME FYQSFTTJPO MFWFMT UIBU DBO CF DPNQBSFE UP UIPTF PG B SFGFSFODF TBNQMF PS DPOUSPM HSPVQ
UP JEFOUJGZ TBNQMF�TQFDJaD FYQSFTTJPO DIBOHFT 	DG� 4FDUJPO �����
�
#FTJEFT UIF TJOHMF�DIBOOFM FYQFSJNFOUT EFTDSJCFE BCPWF
 UIFSF BSF BMTP UXP�DIBOOFM FYQFSJNFOUT
JO XIJDI UXP TBNQMFT UP CF DPNQBSFE BHBJOTU FBDI PUIFS BSF MBCFMFE XJUI bVPSPQIPSFT FNJUUJOH
BU EJêFSFOU XBWFMFOHUIT 	F�H�
 $Z� BOE $Z�
 BOE DPNQFUF GPS IZCSJEJ[BUJPO UP UIF NJDSPBSSBZ
QSPCFT <���>� *O UIJT TFUUJOH
 EJêFSFOUJBM FYQSFTTJPO DBO CF EJSFDUMZ EFEVDFE GSPN UIF SFMBUJWF
bVPSFTDFOU JOUFOTJUJFT�

������� 0UIFS NJDSPBSSBZ UFDIOPMPHJFT BOE BQQMJDBUJPOT

5IFSF BSF BMTP OVNFSPVT PUIFS FYQFSJNFOUBM UFDIOJRVFT UIBU VTF EJêFSFOU UZQFT PG NJDSPBSSBZT

UISFF PG XIJDI XJMM CF EFTDSJCFE JO UIF GPMMPXJOH�

$PNQBSBUJWF HFOPNJD IZCSJEJ[BUJPO NJDSPBSSBZT� #FTJEFT UIF BTTFTTNFOU PG USBOTDSJQU MFWFMT

BMTP DPQZ OVNCFS WBSJBUJPOT CFUXFFO TBNQMFT 	DG� 4FDUJPO �������
 DBO CF BTTFTTFE VTJOH
NJDSPBSSBZT
 JO BO FYQFSJNFOU UZQF DBMMFE $PNQBSBUJWF (FOPNJD )ZCSJEJ[BUJPO PO BSSBZT
	B$()
� )FSF
 UIF NJDSPBSSBZ DPOUBJOT QSPCFT PG TJOHMF�TUSBOEFE %/" GSBHNFOUT PG LOPXO
DISPNPTPNBM MPDBUJPO� *O B UXP�DIBOOFM NJDSPBSSBZ TFUUJOH
 UIF %/" FYUSBDUFE GSPN B UFTU
TBNQMF BOE B SFGFSFODF TBNQMF BSF EFOBUVSFE
 MBCFMFE XJUI bVPSFTDFOU EZFT PG EJêFSFOU DPMPST

BOE BQQMJFE UP UIF NJDSPBSSBZ GPS DPNQFUJUJWF IZCSJEJ[BUJPO� 5IF DBQUVSFE SFMBUJWF bVPSFTDFODF
JOUFOTJUJFT BSF VTFE UP DPNQVUF SFMBUJWF DPQZ OVNCFST GPS UIF UXP TBNQMFT� %FQFOEJOH PO UIF
SFTFBSDI RVFTUJPO BU IBOE
 QSPCF MFOHUIT DBO SBOHF GSPN MFTT UIBO ��� CBTFT UP TFWFSBM IVOESFE
LJMPCBTFT� #Z UIJT
 UIF B$()BQQSPBDI PWFSDPNFT MJNJUBUJPOT PG QSFWJPVT DZUPHFOFUJD UFDIOJRVFT
MJLF DPOWFOUJPOBM $PNQBSBUJWF (FOPNJD )ZCSJEJ[BUJPO 	$()
 <���>
 XIJDI POMZ QSPWJEFE MPX
SFTPMVUJPO
 BOE 'MVPSFTDFODF *O 4JUV )ZCSJEJ[BUJPO 	'*4)
 <���>
 XIJDI DPVME POMZ CF VTFE GPS
UIF BOBMZTJT PG B MJNJUFE OVNCFS PG DISPNPTPNBM MPDJ BU B UJNF <���>�

.FUIZMBUJPO NJDSPBSSBZT� .JDSPBSSBZT DBO BMTP CF VTFE UP NFBTVSF %/" NFUIZMBUJPO <���>�
"T EFTDSJCFE JO 4FDUJPO ���
 %/" NFUIZMBUJPO JT B UZQF PG FQJHFOFUJD NPEJaDBUJPO
 XIJDI JT
OPU SFBEJMZ EFUFDUBCMF GSPN UIF VOEFSMZJOH HFOPNJD TFRVFODF� )FODF
 JO PSEFS UP CF BTTFTTBCMF
VTJOH NJDSPBSSBZT PS TFRVFODJOH UFDIOPMPHJFT 	DG� 4FDUJPO �����

 NFUIZMBUJPO TUBUFT IBWF UP CF
qUSBOTMBUFEr UP UIF OVDMFPUJEF MFWFM� #JTVMaUF DPOWFSTJPO JT UIF DVSSFOU HPME TUBOEBSE GPS UIF
RVBOUJaDBUJPO PG %/" NFUIZMBUJPO <���>� 5IF USFBUNFOU PG UIF %/" VOEFS JOWFTUJHBUJPO XJUI
TPEJVN CJTVMaUF MFBET UP UIF DPOWFSTJPO PG VONFUIZMBUFE DZUPTJOFT UP VSBDJM
 XIJMF NFUIZMBUFE
DZUPTJOFT SFNBJO VOBMUFSFE <���>� "GUFS GSBHNFOUBUJPO
 BNQMJaDBUJPO
 BOE EFOBUVSBUJPO
 UIF
CJTVMaUF�DPOWFSUFE %/" JT IZCSJEJ[FE UP UIF NJDSPBSSBZ� )FSF
 DPNNPOMZ VTFE UFDIOPMPHJFT
TVDI BT UIF *MMVNJOB *OaOJVN )VNBO.FUIZMBUJPO��� #FBE$IJQ <���> NFBTVSF NFUIZMBUJPO
MFWFMT BU TJOHMF $Q( SFTPMVUJPO VTJOH UXP UZQFT PG QSPCFT
 POF DPNQMFNFOUBSZ UP UIF NFUIZMBUFE
BMMFMF BOE POF UP UIF VONFUIZMBUFE BMMFMF� 5IF TUBUF PG B TQFDJaD $Q( UIFSFCZ JT BTTVNFE UP BMTP
CF SFQSFTFOUBUJWF GPS bBOLJOH $Q( TJUFT BT GPS FYBNQMF QSFTFOU JO $Q( JTMBOET� "GUFS UIF BMMFMF�
TQFDJaD BOOFBMJOH PG UIF GSBHNFOUT
 UIF QSPCF TFRVFODF JT FYUFOEFE CZ MBCFMFE OVDMFPUJEFT� 5IJT
FYUFOTJPO POMZ PDDVST GPS UIPTF TFRVFODFT UIBU QFSGFDUMZ NBUDI UIF QSPCFT
 J�F� GPS VONFUIZMBUFE
MPDJ POMZ UIPTF UIBU BSF CPVOE UP UIF QSPCFT GPS UIF VONFUIZMBUFE TUBUF BOE GPS NFUIZMBUFE
MPDJ POMZ UIPTF UIBU BSF CPVOE UP UIF QSPCFT GPS UIF NFUIZMBUFE TUBUF� 5IF SFTQFDUJWF TJHOBM
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JOUFOTJUJFT PCUBJOFE GSPN TVCTFRVFOU JNNVOPIJTUPDIFNJDBM TUBJOJOH BSF VTFE UP RVBOUJGZ %/"
NFUIZMBUJPO MFWFMT BT β�WBMVFT 	PS M�WBMVFT
�

1SPUFJO NJDSPBSSBZT� "OPUIFS UZQF PG DFMMVMBS DIBSBDUFSJTUJD NFBTVSBCMF VTJOH NJDSPBSSBZT
JT QSPUFJO BCVOEBODF� 5FDIOJRVFT MJLF 'PSXBSE�1IBTF 1SPUFJO .JDSP"SSBZT 	'11"T
 DBO CF
VTFE UP RVBOUJGZ QSPUFJO MFWFMT <���>� *O DPOUSBTU UP UIF UZQFT PG NJDSPBSSBZ FYQFSJNFOUT
EFTDSJCFE BCPWF
 JOTUFBE PG PMJHPNFSJD OVDMFPUJEFT
 QSPUFJO�TQFDJaD BOUJCPEJFT BSF BUUBDIFE UP
UIF NJDSPBSSBZ� "GUFS QSPUFJO FYUSBDUJPO GSPN UIF DFMMT VOEFS JOWFTUJHBUJPO
 UIF MZTBUF JT BEEFE
UP UIF NJDSPBSSBZ� 5IF BNPVOU PG QSPUFJO CJOEJOH UP UIF QSPCF BOUJCPEJFT DBO CF RVBOUJaFE CZ
VTJOH bVPSFTDFODF MBCFMJOH FJUIFS PG UIF MZTBUF QSPUFJOT UIFNTFMWFT PS WJB SFQPSUFS BOUJCPEJFT JO
B TP�DBMMFE qTBOEXJDIr BTTBZ GPSNBU <���
 ���>� $POWFSTFMZ
 3FWFSTF�1IBTF 1SPUFJO .JDSP"SSBZT
	311"T
 DBO CF VTFE UP BTTFTT UIF BCVOEBODF PG B TJOHMF UZQF PG QSPUFJO BDSPTT B MBSHF OVNCFS
PG TBNQMFT
 XIJDI BSF JOEJWJEVBMMZ TQPUUFE POUP BO BSSBZ� )FSF
 UIF MFWFMT PG UIF QSPUFJO VOEFS
JOWFTUJHBUJPO BSF RVFSJFE VTJOH B IJHIMZ TQFDJaD BOUJCPEZ <���>� *O CPUI DBTFT
 UIF SFMJBCJMJUZ
PG UIF NFBTVSFNFOUT JT DSVDJBMMZ EFQFOEFOU PO UIF TQFDJaDJUZ PG UIF FNQMPZFE QSJNBSZ 	BOE
QPUFOUJBMMZ TFDPOEBSZ
 BOUJCPEJFT�
.PSFPWFS
 UIFSF BSF BMTPNJDSPBSSBZ QMBUGPSNT UIBU VTF TP�DBMMFE qBQUBNFSTr JOTUFBE PG BOUJCPEJFT�
"QUBNFST BSF TJOHMF�TUSBOEFE PMJHPOVDMFPUJEF NPMFDVMFT UIBU TQFDJaDBMMZ CJOE UP UIFJS UBSHFU
QSPUFJOT� 5IF 40."TDBO BTTBZ CZ 4PNB-PHJD FNQMPZT UIFJS QSPQSJFUBSZ 40."NFS 	4MPX 0ê�
SBUF .PEJaFE "QUBNFS
 SFBHFOUT UP DBQUVSF VQ UP �
��� QSPUFJOT TJNVMUBOFPVTMZ <���
 ���>�
8IJMF QSPUFJO NJDSPBSSBZT BSF BO FNFSHJOH NFBOT PG QSPUFJO JEFOUJaDBUJPO BOE RVBOUJaDBUJPO
<���>
 NBTT TQFDUSPNFUSZ�CBTFE BQQSPBDIFT
 XIJDI XJMM CF QSFTFOUFE JO 4FDUJPO �����
 BSF
BOPUIFS DPNNPOMZ VTFE BQQSPBDI UP QSPUFPNJDT�

������� 1SPDFTTJOH PG NJDSPBSSBZ EBUB

'PS PCUBJOJOH FYQSFTTJPO WBMVFT GSPN NJDSPBSSBZ FYQFSJNFOUT
 NVMUJQMF QSPDFTTJOH TUFQT BSF
OFDFTTBSZ
 XIJDI XJMM CF FYFNQMBSJMZ PVUMJOFE GPS TJOHMF�DIBOOFM PMJHPOVDMFPUJEF NJDSPBSSBZT
	DG� 4FDUJPO �������
 JO UIF GPMMPXJOH QBSBHSBQIT�

4DBOOJOH BOE JNBHF BOBMZTJT� "GUFS UIF FYDJUBUJPO PG UIF IZCSJEJ[FE QSPCFT PO UIF NJDSPBSSBZ
VTJOH B MBTFS CFBN PG bVPSPQIPSF�TQFDJaD XBWFMFOHUI
 B HSBZ�TDBMF JNBHF PG UIF NJDSPBSSBZ JT
DBQUVSFE CZ UIF MBTFS TDBOOFS� *O PSEFS UP PCUBJO UIF SBX bVPSFTDFODF TJHOBMT GPS FBDI FOUJUZ
PO UIF BSSBZ
 TFWFSBM TUFQT PG JNBHF BOBMZTJT BSF SFRVJSFE� "T NJDSPBSSBZ TQPUT UZQJDBMMZ GPMMPX
B HSJE�MJLF BSSBOHFNFOU
 UIF QJYFMT CFMPOHJOH UP FBDI QSPCF DBO CF JEFOUJaFE CZ QMBDJOH B HSJE
POUP UIF JNBHF
 XIJDI JT BEKVTUFE CZ HFPNFUSJD PQFSBUJPOT PO UIF QJYFM SPXT BOE DPMVNOT UP
BDDPVOU GPS TMJHIU PêTFUT BOE SPUBUJPOT <���>� 5IFO
 UIF QJYFMT JO FBDI UBSHFU BSFB BSF DMBTTJaFE
BT CFMPOHJOH FJUIFS UP UIF TJHOBM 	qGPSFHSPVOEr
 PS UIF TVSSPVOEJOH BSFB 	qCBDLHSPVOEr
� 5IJT
TFHNFOUBUJPO DBO CF BDIJFWFE VTJOH EJêFSFOU BQQSPBDIFT
 JODMVEJOH BEBQUJWF TIBQF EFUFDUJPO
<���> PS DMVTUFSJOH NFUIPET <���>� #BTFE PO UIJT DMBTTJaDBUJPO BOE UIF JOUFOTJUJFT PG UIF
SFTQFDUJWF QJYFMT
 UIF PWFSBMM JOUFOTJUZ PG B TQPU DBO CF JOGFSSFE�

/POTQFDJaD�CJOEJOH DPSSFDUJPO BOE TVNNBSJ[BUJPO� "MUIPVHI UIFXBTIJOH TUFQ JONJDSPBSSBZ
QSPUPDPMT BJNT BU SFNPWJOH VOTQFDJaDBMMZ CJOEJOH GSBHNFOUT
 B SFTJEVBM BNPVOU PG VOTQFDJaD
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IZCSJEJ[BUJPO UZQJDBMMZ SFNBJOT
 XIJDI IBT UP CF UBLFO JOUP BDDPVOU UP JEFOUJGZ BOE RVBOUJGZ
FYQSFTTFE HFOFT <���>�
"O FYBNQMF PG IPX UP BDDPVOU GPS UIJT BMSFBEZ CZ EFTJHO PG UIF NJDSPBSSBZ BSF "êZNFUSJY
PMJHPOVDMFPUJEF BSSBZT� )FSF
 FBDI UBSHFU TFRVFODF UP CF NFBTVSFE JT SFQSFTFOUFE CZ B QSPCF
TFU PG VQ UP n = 20 QBJST PG SFMBUJWFMZ TIPSU 	�� OVDMFPUJEFT MPOH
 QFSGFDU�NBUDI 	1.
 BOE
BEKBDFOU NJTNBUDI 	..
 QSPCFT
 XIJDI BSF EJTUSJCVUFE BDSPTT UIF DIJQ� 1. QSPCFT BSF QFSGFDUMZ
DPNQMFNFOUBSZ UP UIF UBSHFUFE TFRVFODF
 XIFSFBT..QSPCFT DPOUBJO B TJOHMF�CBTF TVCTUJUVUJPO
BU B DFOUSBM QPTJUJPO� 5IF BNPVOU PG IZCSJEJ[BUJPO UP UIF .. QSPCFT JT BTTVNFE UP CF
SFQSFTFOUBUJWF PG OPO�TQFDJaD IZCSJEJ[BUJPO FWFOUT� 'PS FBDI UBSHFU TFRVFODF
 UIF DPSSFTQPOEJOH
TQPUT ZJFME UXP TFSJFT PG WBMVFT
 PMi, ..., PMn BOE MM1, ..., MMn� 'PS B RVBMJUBUJWF BTTFTTNFOU
PG XIFUIFS PS OPU BO BDUVBM TJHOBM DBO CF EFUFDUFE GPS B HJWFO UBSHFU TFRVFODF
 UIF UXP TFSJFT DBO
CF UFTUFE GPS B TJHOJaDBOU EJêFSFODF JO UIFJS EJTUSJCVUJPO 	F�H�
 VTJOH UIF 8JMDPYPO TJHOFE�SBOL
UFTU
 TFF 4FDUJPO �����
� 'PS UIF RVBOUJUBUJWF EFUFSNJOBUJPO PG FYQSFTTJPO PG B UBSHFU TFRVFODF s

UIF BWFSBHF EJêFSFODF CFUXFFO 1. BOE .. QBSUOFST DBO CF DPOTJEFSFE�

s =
∑ns

i (PMs
i −MMs

i )

ns



XIFSF PMs
i JT UIF 1. WBMVF PG UIF i�UI QSPCF PG UBSHFU TFRVFODF s
 MMs

i JT JUT DPSSFTQPOEJOH
MM WBMVF
 BOE ns JT UIF OVNCFS PG QSPCF QBJST BWBJMBCMF GPS TFRVFODF s� "MUFSOBUJWFMZ
 UIFSF
BSF BMTP BWFSBHJOH�NFUIPET UIBU BDDPVOU GPS QPUFOUJBM PVUMJFST MJLF UIF 0OF�4UFQ 5VLFZ #JXFJHIU
"MHPSJUIN <���>�

/PSNBMJ[BUJPO� #FTJEFT VOTQFDJaD IZCSJEJ[BUJPO
 UIFSF BSF OVNFSPVT PUIFS GBDUPST UIBU NBZ
BEE OPJTF PS TZTUFNBUJD TPVSDFT PG WBSJBCJMJUZ UP UIF SBX NJDSPBSSBZ EBUB
 GPS FYBNQMF
 3/"
EFHSBEBUJPO PS B WBSZJOH TQPUUJOH FëDJFODZ <���
 ���>� )FODF
 JO PSEFS UP FOTVSF JOUSB� BOE JOUFS�
BSSBZ DPNQBSBCJMJUZ
 B OPSNBMJ[BUJPO TUFQ JT SFRVJSFE� 5IF CBDLHSPVOE DPSSFDUJPO TUFQ EFTDSJCFE
BCPWF DBO CF DPOTJEFSFE BT BO JOUSB�BSSBZ OPSNBMJ[BUJPO <���>� 'PS JOUFS�BSSBZ OPSNBMJ[BUJPO

UIFSF BSF WBSJPVT BQQSPBDIFT
 JODMVEJOH UIF VTF PG SFGFSFODF HFOF TFUT PS EJTUSJCVUJPO�NBUDIJOH
QSPDFEVSFT� 5IF TFMFDUJPO PG B SFGFSFODF TFU PG QSPCFT BT OPSNBMJ[BUJPO TBNQMF UIFSFCZ SFMJFT
PO UIF BTTVNQUJPO UIBU UIFTF QSPCFT EP OPU TIPX NVDI CJPMPHJDBM WBSJBUJPO BDSPTT FYQFSJNFOUT
	F�H�
 WJB UIF VTF PG TQJLF�JO N3/"
 <���>� %JTUSJCVUJPO�NBUDIJOH QSPDFEVSFT BJN BU NBLJOH
FYQSFTTJPO WBMVF EJTUSJCVUJPOT DPNQBSBCMF BDSPTT BSSBZT� 5P UIJT FOE
 RVBOUJMF OPSNBMJ[BUJPO
JT B DPNNPOMZ BQQMJFE NFUIPE
 XIJDI BEKVTUT UIF FYQSFTTJPO WBMVF EJTUSJCVUJPO BDSPTT BSSBZT
<���>� "O BMUFSOBUJWF UP UIJT JT 7BSJBODF 4UBCJMJ[JOH /PSNBMJ[BUJPO 	74/

 XIJDI JT CBTFE PO UIF
PCTFSWBUJPO UIBU bVPSFTDFODF NFBTVSFNFOUT PG IJHI JOUFOTJUJFT UZQJDBMMZ TIPX MBSHFS WBSJBODFT
UIBO MPX�JOUFOTJUZ NFBTVSFNFOUT� 74/ USBOTGPSNT UIF EBUB TVDI UIBU UIF WBSJBODF JT TUBCJMJ[FE
BDSPTT UIF XIPMF SBOHF PG FYQSFTTJPO <���>�
5IFSF BSF TFWFSBM BMHPSJUINT BOE TPGUXBSF QBDLBHFT BWBJMBCMF UIBU BJN BU NBLJOH FYQSFTTJPO
WBMVF EJTUSJCVUJPOT DPNQBSBCMF BDSPTT BSSBZT
 PG XIJDI 3PCVTU.VMUJBSSBZ "WFSBHF 	3."
 <���>
BOE "êZNFUSJY .JDSP"SSBZ 4VJUF ��� 	."4 ���
 <���> BSF UXP PG UIF NPTU QPQVMBS POFT�

#BUDI FőFDUT� .JDSPBSSBZ FYQFSJNFOUT EP OPU NFBTVSF HFOF FYQSFTTJPO JO BCTPMVUF VOJUT BOE
UIFZ BSF IJHIMZ TFOTJUJWF UP DIBOHFT JO UIF FYQFSJNFOUBM TFUVQ BT XFMM BT UIF FYUFSOBM DPOEJUJPOT
VOEFS XIJDI UIF FYQFSJNFOU JT QFSGPSNFE� "T B DPOTFRVFODF
 UIF SFTVMUT PG NJDSPBSSBZ
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FYQFSJNFOUT DPOEVDUFE JO EJêFSFOU FYQFSJNFOUBM SVOT XJMM FYIJCJU EJêFSFODFT UIBU BSF EVF UP
OPO�CJPMPHJDBM
 CVU SBUIFS UFDIOJDBM WBSJBODF� 5IFTF TZTUFNBUJD FSSPST BSF DBMMFE CBUDI FêFDUT BOE
UIFZ BSF MJLFMZ UP JNQFEF TVCTFRVFOU EBUB BOBMZTJT TUFQT JG OPU BDDPVOUFE GPS <���>� 5IF DBVTFT PG
CBUDI FêFDUT DBO SBOHF GSPN NBKPS EJêFSFODFT JO UIF FYQFSJNFOUBM TFUVQ MJLF UIF VTF PG EJêFSFOU
UZQFT PG NJDSPBSSBZ QMBUGPSNT PS FYQFSJNFOUBM QSPUPDPMT PWFS WBSJBUJPOT JO TBNQMF QSFQBSBUJPO
UP QSFTVNBCMZNJOPS GBDUPST MJLF UIF UFNQFSBUVSF BOE MJHIUJOH PS UIF BDUVBM qCBUDIFTr PG DIFNJDBM
SFBHFOUT VTFE <���
 ���>� #BUDI FêFDUT BSJTF XIFOFWFS B TFU PG TBNQMFT JT NFBTVSFE JO NVMUJQMF
QBSUT PS NJDSPBSSBZ EBUB TFUT GSPN EJêFSFOU SFTPVSDFT BSF CFJOH DPNCJOFE� )FODF
 JO UIFTF DBTFT
JU JT OFDFTTBSZ UP DPSSFDU GPS UIF CJBT JOUSPEVDFE CZ CBUDI FêFDUT� 5P UIJT FOE
 CBUDI FêFDU SFNPWBM
UFDIOJRVFT TVDI BT 47" <���>
 $PN#BU <���>
 PS 367�� <���> TIPVME CF BQQMJFE� )PXFWFS
 BMM
PG UIFTF NFUIPET SFRVJSF BO FYQFSJNFOUBM EFTJHO UIBU BDDPVOUT GPS CBUDI FêFDU SFNPWBM
 XIFSF
POF PS NPSF TBNQMFT PG FWFSZ DPOEJUJPO TIPVME CF DPOUBJOFE JO FBDI CBUDI� *G UIJT JT OPU UIF DBTF

UIF JNQBDU PG UIF QIFOPUZQF DBO IBSEMZ CF EJêFSFOUJBUFE GSPN UIF JNQBDU PG UIF DPOGPVOEJOH
GBDUPS	T

 NBLJOH UIF SFDPOTUSVDUJPO PG UIF BDUVBM TJHOBM OFBSMZ JNQPTTJCMF <���>�

����� )JHI�UISPVHIQVU TFRVFODJOH
5IF UFSN qTFRVFODJOHr HFOFSBMMZ EFTDSJCFT UIF QSPDFTT PG JEFOUJGZJOH UIF QSJNBSZ TUSVDUVSF
	UIF qTFRVFODFr
 PG MBSHFS NPMFDVMFT PG DPWBMFOUMZ CPVOE NPOPNFSJD VOJUT
 GPSNJOH TP�DBMMFE
qCJPQPMZNFSTr� 8IJMF UIJT CSPBE EFaOJUJPO BMTP DPWFST QPMZQFQUJEFT BOE QPMZTBDDIBSJEFT
 XF
XJMM GPDVT PO QPMZOVDMFPUJEFT 	%/" BOE 3/"
 JO UIF GPMMPXJOH� /PXBEBZT UISFF HFOFSBUJPOT
PG %/"�3/" TFRVFODJOH UFDIOPMPHJFT BSF EJTUJOHVJTIFE UIBU EJêFS JO UIFJS UISPVHIQVU BOE
FYQFSJNFOUBM PWFSIFBE� UIFZ SBOHF GSPN aSTU�HFOFSBUJPO BOE SBUIFS MPX�UISPVHIQVU 4BOHFS
TFRVFODJOH <���> PWFS UIF NBTTJWFMZ QBSBMMFM TFRVFODJOH PG TIPSUFS GSBHNFOUT JO TFDPOE�
HFOFSBUJPO UFDIOPMPHJFT <���> UP UIF qSFBM�UJNFr TFRVFODJOH PG WFSZ MPOH NPMFDVMFT JO UIF UIJSE
HFOFSBUJPO <���>� 5IF UFSN qIJHI�UISPVHIQVU TFRVFODJOHr DPNQSJTFT UIF TFDPOE BOE UIJSE
HFOFSBUJPOT PG TFRVFODJOH UFDIOJRVFT�
5IFSF JT B CSPBE WBSJFUZ PG QSPUPDPMT BOE UFDIOJRVFT UP DPOEVDU IJHI�UISPVHIQVU TFRVFODJOH
UIBU WBSZ EFQFOEJOH PO UIF TFRVFODJOH QMBUGPSN VTFE BOE UIF UBTL BU IBOE� *O UIF GPMMPXJOH
TFDUJPOT
 XF XJMM EFTDSJCF UIF VOEFSMZJOH FYQFSJNFOUBM QSJODJQMFT
 EJêFSFOU BSFBT PG BQQMJDBUJPO

BOE UIF DPNQVUBUJPOBM TUFQT SFRVJSFE GPS UIF QSPDFTTJOH PG UIF FYQFSJNFOUBM EBUB�

������� &YQFSJNFOUBM QSJODJQMF

5IFSF BSF UISFF NBJO BQQSPBDIFT UP TFRVFODJOH� 	J
 TFRVFODJOH�CZ�TZOUIFTJT
 	JJ
 TFRVFODJOH�
CZ�MJHBUJPO
 BOE 	JJJ
 TFRVFODJOH�CZ�IZCSJEJ[BUJPO <���>� 8IJMF TFRVFODJOH�CZ�TZOUIFTJT
VTFT QPMZNFSBTFT UP TVDDFTTJWFMZ BEE JOEJWJEVBM CBTFT UP B HSPXJOH TUSBOE <���>
 TIPSU
PMJHPOVDMFPUJEFT BSF VTFE JO UIF PUIFS UXP DBTFT� 4QFDJaDBMMZ
 UIF GPSNBUJPO PG QFSGFDUMZ
NBUDIJOH EVQMFYFT XJUI B UBSHFU TFRVFODF JT DPOTJEFSFE JO TFRVFODJOH�CZ�IZCSJEJ[BUJPO <���>�
*O TFRVFODJOH�CZ�MJHBUJPO
 IZCSJEJ[JOH PMJHPOVDMFPUJEFT BSF MJHBUFE UP DPNQMFNFOU UIF UFNQMBUF
TUSBOE <��>� #FTJEFT EJêFSFOU XBZT PG CBTF PS PMJHPOVDMFPUJEF JOUFHSBUJPO
 BMTP UIF NFBOT
CZ XIJDI BO JODPSQPSBUFE CBTF PS CPVOE GSBHNFOU JT JEFOUJaFE EJêFST CFUXFFO TFRVFODJOH
UFDIOJRVFT� .BOZ TFRVFODJOH UFDIOPMPHJFT SFMZ PO UIF PQUJDBM EFUFDUJPO PG bVPSFTDFOU SFQPSUFST
<���>� )PXFWFS
 UIFSF BSF BMTP BQQSPBDIFT UIBU SFMZ PO UIF EFUFDUJPO PG IZESPHFO JPOT UIBU
BSF SFMFBTFE EVSJOH QPMZNFSJ[BUJPO 	F�H�
 *PO5PSSFOUrT TFNJDPOEVDUPS UFDIOPMPHZ
 <���> PS UIF
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DIBOHF PG FMFDUSJDBM DVSSFOU BT %/" CBTFT QBTT UISPVHI B OBOPQPSF 	BT JO 0YGPSE /BOPQPSFrT
TFRVFODJOH UFDIOPMPHZ
 <���>�
*O UIF GPMMPXJOH
 XFXJMM FYQMBJO UIF FYQFSJNFOUBM QSJODJQMF PG %/" TFRVFODJOH WJB UIF FYBNQMF
PG UIF DPNNPOMZ VTFE TFDPOE�HFOFSBUJPO UFDIOJRVF PG TFRVFODJOH�CZ�TZOUIFTJT
 BT QSPWJEFE CZ
*MMVNJOB GPS8IPMF (FOPNF 4FRVFODJOH <���>� 'JHVSF ��� QSPWJEFT BO PWFSWJFX PG UIFXPSLbPX�

DNA extraction
(from cells of interest)

Downstream analyses (e.g., variant calling)

DNA fragmentation
(and filtering)

Sequencing(-by-synthesis)

Library creation
(adaptor ligation and amplification)

Alignment (to a reference genome)Capture image

& call base

Cleave fluorophore, 

deblock, wash 


G

C

T

A
C
T
C
T
A
G
C
G

AT
G

5’

3’

Synthesize 

repeat

rinse &
excite

'JHVSF ��� 0WFSWJFX PG *MMVNJOB TFRVFODJOH�CZ�TZOUIFTJT XPSLbPX� %/" FYUSBDUJPO BOE GSBHNFOUBUJPO BSF
GPMMPXFE CZ UIF DPOTUSVDUJPO PG UIF TFRVFODJOH MJCSBSZ� *O UIJT TUFQ
 BEBQUFST BSF BUUBDIFE UP UIF GSBHNFOUT
 XIJDI
BSF BNQMJaFE PO UIF bPX DFMM VTJOH #SJEHF 1$3 UP GPSN DMVTUFST� 5IF BDUVBM TFRVFODJOH JT QFSGPSNFE CZ JUFSBUJWF
SPVOET PG OVDMFPUJEF JODPSQPSBUJPO BOE bVPSFTDFODF DBQUVSJOH� 5IF UIFSFCZ PCUBJOFE TFRVFODJOH SFBET DBO CF
BMJHOFE UP B SFGFSFODF HFOPNF BOE EPXOTUSFBN BOBMZTFT MJLF WBSJBOU JEFOUJaDBUJPO DBO CF QFSGPSNFE� 1BSUT PG
UIF JNBHF BEBQUFE GSPN <���> BOE <���>� 5IF JDPOT JO UIJT aHVSF XFSF PCUBJOFE GSPN <��>�

*O B aSTU TUFQ
 UIF %/" JT FYUSBDUFE GSPN UIF DFMMT VOEFS JOWFTUJHBUJPO� /FYU
 UIF BOBMZUF JT
GSBHNFOUFE VTJOH SBOEPN TIFBSJOH 	F�H�
 WJB OFCVMJ[BUJPO
 JTPUIFSNBM TPOJDBUJPO
 PS FO[ZNBUJD
GSBHNFOUBUJPO <���>
 BOE aMUFSFE GPS GSBHNFOUT PG QSPUPDPM�BQQSPQSJBUF MFOHUI
 UZQJDBMMZ
CFUXFFO ��� BOE ��� CQ <���>� 5IF UFNQMBUF JT TVCTFRVFOUMZ BNQMJaFE VTJOH B TQFDJBMJ[FE
GPSN PG 1PMZNFSBTF $IBJO 3FBDUJPO 	1$3

 DBMMFE #SJEHF 1$3� *O UIJT BNQMJaDBUJPO UFDIOJRVF

UFNQMBUF %/" JT EFOBUVSFE BOE UXP UZQFT PG BEBQUFST BSF MJHBUFE UP UIF SFTQFDUJWF FOET PG UIF
GSBHNFOUT� 5IFTF GSBHNFOUT BSF IZCSJEJ[FE UP UIF TP�DBMMFE qbPX DFMMr UIBU DPOUBJOT B qMBXOr
PG BEBQUFS�DPNQMFNFOUBSZ QSJNFST� "GUFS IZCSJEJ[BUJPO PG UIF GSBHNFOU BEBQUFST UP UIF aSTU
UZQF PG QSJNFS
 B QPMZNFSBTF DSFBUFT UIF DPNQMFNFOU PG UIF IZCSJEJ[FE GSBHNFOU� 5IF EPVCMF�
TUSBOEFE NPMFDVMF JT UIFO EFOBUVSFE BOE UIF PSJHJOBM UFNQMBUF JT XBTIFE BXBZ� 5IF SFNBJOJOH
TUSBOE CFOET PWFS BOE IZCSJEJ[FT � JO SFTFNCMBODF PG B CSJEHF � UP UIF TFDPOE UZQF PG QSJNFS
BOE TUSBOE DPNQMFNFOUBUJPO JT JOJUJBUFE� *O UIF GPMMPXJOH 1$3 QSPDFTT
 UIF EPVCMF�TUSBOEFE
NPMFDVMFT BSF JUFSBUJWFMZ EFOBUVSFE
 FBDI TUSBOE GPSNJOH B OFX qCSJEHFr GPS %/" SFQMJDBUJPO
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BOE UIFSFCZ FYQPOFOUJBMMZ BNQMJGZJOH UIF UFNQMBUF TFRVFODF� "GUFS DMPOBM BNQMJaDBUJPO PG UIF
GSBHNFOUT
 UIF SFWFSTF TUSBOET BSF DMFBWFE BOE XBTIFE Pê
 MFBWJOH POMZ UIF GPSXBSE TUSBOET GPS
TFRVFODJOH�
5IF BDUVBM TFRVFODJOH JT BMTP DPOEVDUFE JO BO JUFSBUJWF QSPDFTT� 4UBSUJOH GSPN TFRVFODJOH
QSJNFST UIBU BSF BUUBDIFE UP UIF �r FOET PG UIF UFNQMBUFT
 UIF SFBET BSF HFOFSBUFE� 5P UIJT
FOE
 bVPSFTDFODF�MBCFMFE OVDMFPUJEFT 	E/51T
 BSF BEEFE UP UIF bPX DFMM BOE DPNQFUF GPS
JODPSQPSBUJPO CZ %/" QPMZNFSBTFT JOUP UIF HSPXJOH DIBJOT� "GUFS B NBUDIJOH E/51 JT BEEFE
UP UIF CBDLCPOF
 UIF VOCPVOE OVDMFPUJEFT BSF SJOTFE
 BOE UIF DMVTUFST BSF FYDJUFE CZ B MJHIU
TPVSDF� " DIBSBDUFSJTUJD bVPSFTDFOU TJHOBM JT FNJUUFE GSPN FBDI DMVTUFS BT FBDI UZQF PG OVDMFPUJEF
JT MBCFMFE XJUI B TQFDJaD bVPSPQIPSF� #BTFE PO UIF FNJTTJPO XBWFMFOHUIT BOE TJHOBM JOUFOTJUJFT
DBQUVSFE CZ BO PQUJDBM EFWJDF
 UIF JODPSQPSBUFE OVDMFPUJEFT QFS DMVTUFS DBO CF EFUFSNJOFE JO B
QSPDFTT DBMMFE CBTF DBMMJOH� #Z UIJT
 NJMMJPOT PG DMVTUFST DBO CF TFRVFODFE TJNVMUBOFPVTMZ� 5IF
JODPSQPSBUFE OVDMFPUJEFT DPOUBJO SFWFSTJCMF CMPDLJOH HSPVQT UP QSFWFOU UIF OBTDFOU DIBJOT GSPN
CFJOH FYUFOEFE JO BO VODPOUSPMMFE NBOOFS� *O B TVCTFRVFOU TUFQ
 UIFTF UFSNJOBUPST BOE UIF
bVPSPQIPSFT BSF DMFBWFE BOE UIF DZDMF TUBSUT PWFS VOUJM UIF EFTJSFE SFBE MFOHUI JT BDIJFWFE�
*O B QBJSFE�FOE TFUUJOH
 J�F�
 JO DBTFT XIFSF B GSBHNFOU JT TFRVFODFE GSPN CPUI FOET
 UIF aSTU SFBE
QSPEVDU JT XBTIFE BXBZ BOE BOPUIFS SPVOE PG TFRVFODJOH JT DPOEVDUFE� 5P UIJT FOE
 POF NPSF
SPVOE PG CSJEHF IZCSJEJ[BUJPO BOE TUSBOE DPNQMFNFOUBUJPO JT QFSGPSNFE BOE UIF SFWFSTF TUSBOET
BSF VTFE GPS TFRVFODJOH� 5IF QBJSJOH PG UIF SFBET QSPWJEFT BEEJUJPOBM TQBUJBM JOGPSNBUJPO UIBU
DBO CF BEWBOUBHFPVT GPS GVSUIFS BOBMZTJT TUFQT 	DG� 4FDUJPO �������
� 4FQBSBUJPO EJTUBODFT DBO
SBOHF GSPN TIPSU JOTFSUT 	��� UP ��� CQ
 UP MPOH JOTFSU NBUF QBJST 	� UP � LC
 <���>�
%FQFOEJOH PO UIF RVFTUJPO BU IBOE
 UIF TFRVFODF SFBET BSF FJUIFS BTTFNCMFE UP B OPWFM HFOPNF
PS BMJHOFE UP B SFGFSFODF HFOPNF� )BWJOH QBJSFE�FOE SFBET IFMQT UP SFTPMWF BNCJHVPVT
BMJHONFOUT BOE DISPNPTPNBM SFBSSBOHFNFOUT
 TVDI BT JOTFSUJPOT
 EFMFUJPOT
 BOE JOWFSTJPOT
<���>� 'JOBMMZ
 WBSJPVT UZQFT PG EPXOTUSFBN BOBMZTFT MJLF WBSJBOU DBMMJOH
 J�F�
 UIF JEFOUJaDBUJPO PG
WBSJBUJPOT PG UIF DPOTJEFSFE TBNQMF GSPN UIF SFGFSFODF HFOPNF
 DBO CF QFSGPSNFE <���>� 1MFBTF
SFGFS UP 4FDUJPO ������� GPS BO PWFSWJFX PG UIF SFTQFDUJWF QSPDFTTJOH TUFQT�

������� 0UIFS TFRVFODJOH UFDIOPMPHJFT BOE BQQMJDBUJPOT

)JHI�UISPVHIQVU TFRVFODJOH JT B CSPBEMZ VTFE UFDIOJRVF UIBU DBO CF FNQMPZFE UP BOTXFS
WBSJPVT UZQFT PG SFTFBSDI RVFTUJPOT� *O UIF GPMMPXJOH
 TFWFSBM NBKPS UZQFT PG BQQMJDBUJPOT XJMM
CF PVUMJOFE�

5BSHFUFE TFRVFODJOH� #FTJEFT 8IPMF (FOPNF 4FRVFODJOH 	8(4

 BMTP UBSHFUFE TFRVFODJOH
BQQSPBDIFT MJLF FYPNF TFRVFODJOH BOE QBOFM TFRVFODJOH BSF DPNNPOMZ BQQMJFE� &YPNF
TFRVFODJOH
 TPNFUJNFT BMTP DBMMFE8IPMF &YPNF 4FRVFODJOH 	8&4

 GPDVTFT PO UIF TFRVFODJOH
PG UIF QSPUFJO�DPEJOH SFHJPOT JO UIF HFOPNF 	J�F�
 UIF FYPOT

 XIJDI POMZ DPWFS BCPVU �� PG
UIF IVNBO HFOPNF <���>� )FODF
 GPS BQQMJDBUJPOT MJLF UIF JEFOUJaDBUJPO PG HFOFUJD WBSJBOUT
BêFDUJOH QSPUFJO TFRVFODFT
 8&4 JT B NVDI NPSF UJNF� BOE DPTU�FëDJFOU BMUFSOBUJWF UP 8(4
<���>� &YPNF TFRVFODJOH QSPUPDPMT BSF TJNJMBS UP UIPTF PG 8(4
 XJUI UIF BEEJUJPOBM TUFQ PG
FYPNF DBQUVSJOH QSJPS UP BNQMJaDBUJPO� .PTU DPNNPOMZ
 CJPUJOZMBUFE PMJHPOVDMFPUJEF QSPCFT
UIBU TFMFDUJWFMZ UBSHFU FYPOT 	TP�DBMMFE qCBJUTr
 BSF VTFE GPS UIJT QVSQPTF� "GUFS IZCSJEJ[BUJPO
 UIF
QSPCF�%/" IZCSJET BSF TFJ[FE CZ NBHOFUJD TUSFQUBWJEJO CFBET BOE FOSJDIFE WJB BNQMJaDBUJPO
<���>� "O FWFO NPSF UBSHFUFE BQQSPBDI UP TFRVFODJOH JT (FOF 1BOFM 4FRVFODJOH
 JO XIJDI POMZ
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VQ UP TFWFSBM IVOESFE HFOFT BSF DPOTJEFSFE BOE XIJDI JT UZQJDBMMZ VTFE JO DMJOJDBM QSBDUJDF UP
QSPCF GPS B QSFEFaOFE TFU PG TQFDJaD EJBHOPTUJDT� PS USFBUNFOU�SFMFWBOU WBSJBOUT <���>�
5IF ESBTUJDBMMZ SFEVDFE OVNCFS PG CBTFT UIBU IBWF UP CF TFRVFODFE JO UBSHFUFE TFRVFODJOH
BQQSPBDIFT JO DPNQBSJTPO UP 8(4 BMMPXT GPS BO JODSFBTFE EFQUI PG TFRVFODJOH BU TUJMM SFMBUJWFMZ
MPX DPTUT� 4FRVFODJOH DPWFSBHF 	J�F�
 UIF BWFSBHF OVNCFS PG VOJRVF SFBET UIBU JODMVEF B HJWFO
OVDMFPUJEF JO UIF BTTFNCMFE TFRVFODF
 UIFSFCZ DBO CF JODSFBTFE GSPN MPX GPME DPWFSBHFT PG
BSPVOE ��Y 	BT UZQJDBMMZ VTFE JO 8(4
 UP IJHI 	UZQJDBMMZ BU �������Y
 BOE VMUSB�IJHI DPWFSBHFT
	UZQJDBMMZ BU ��������Y
 GPS FYPNF BOE QBOFM TFRVFODJOH
 SFTQFDUJWFMZ� #Z UIJT
 BMTP MPX�
GSFRVFODZ BMUFSBUJPOT DBO CF SFMJBCMZ JEFOUJaFE <���>�

3/" TFRVFODJOH� *O BEEJUJPO UP UIF FMVDJEBUJPO PG B TBNQMFrT HFOPNJD GFBUVSFT
 IJHI�
UISPVHIQVU TFRVFODJOH UFDIOJRVFT DBO BMTP CF BQQMJFE GPS USBOTDSJQUPNF QSPaMJOH WJB B DMBTT
PG BQQSPBDIFT DBMMFE 3/" 4FRVFODJOH 	3/"�4FR
 <���>� 4JNJMBS UP UIF UBSHFUFE TFRVFODJOH
BQQSPBDIFT EFTDSJCFE BCPWF
 3/"�4FR SFRVJSFT BO JOJUJBM TUFQ PG TP�DBMMFE qUBSHFU FOSJDINFOUr�
%FQFOEJOH PO UIF FOUJUJFT PG JOUFSFTU
 N3/" PS EJêFSFOU UZQFT PG OPO�DPEJOH 3/" OFFE UP CF
FYUSBDUFE GSPN UIF DFMM MZTBUF� 5P UIJT FOE
 NBHOFUJD CFBET XJUI CPVOE QPMZ	5
�PMJHPOVDMFPUJEFT
DBO CF VTFE UP DBQUVSF POMZ UIFN3/" GSPN B DFMM MZTBUF PG JOUFSFTU CZ IZCSJEJ[JOH UP UIF QPMZ	"
�
UBJMT PG NBUVSF N3/"T� 5IF N3/" NPMFDVMFT DBO UIFO CF TFRVFODFE VTJOH
 JO QSJODJQMF
 BOZ
TFRVFODJOH UFDIOPMPHZ� *O B OFYU TUFQ
 UIF PCUBJOFE SFBET BSF FJUIFS NBQQFE UP B SFGFSFODF
HFOPNF PS VTFE GPS EF OPWP USBOTDSJQUPNF BTTFNCMZ� 5IF DPWFSBHF PG UIF NBQQFE SFBET XJUIJO B
HFOF DBO CF VTFE GPS RVBOUJaDBUJPO PG UIF DPSSFTQPOEJOH HFOFrT FYQSFTTJPO 	DG� 4FDUJPO �������
�
3/"�4FR PWFSDPNFT TPNF PG UIF TIPSUDPNJOHT PG IZCSJEJ[BUJPO�CBTFE NFUIPET MJLF UIF POFT
EFTDSJCFE JO 4FDUJPO �����
 BT JU JT OPU MJNJUFE UP EFUFDUJOH USBOTDSJQUT UIBU DPSSFTQPOE UP LOPXO
HFOPNJD TFRVFODFT
 EPFT OPU TVêFS GSPN DSPTT�IZCSJEJ[BUJPO CJBT
 BOE QSPWJEFT B CSPBEFS
EZOBNJD SBOHF PG EFUFDUJPO <���>�

#JTVMaUF TFRVFODJOH� "TJEF GSPN UIF VTF PG NFUIZMBUJPO NJDSPBSSBZT
 HFOPNF�XJEF NFUIZMB�
UJPO QBUUFSOT DBO BMTP CF BTTFTTFE WJB CJTVMaUF TFRVFODJOH <���>� "OBMPHPVTMZ UP UIF TBNQMF
QSFQBSBUJPO GPS NFUIZMBUJPO NJDSPBSSBZT EFTDSJCFE BCPWF
 UIF QSFTFODF PS BCTFODF PG B NFUIZM
HSPVQ BU UIF aGUI DBSCPO QPTJUJPO PG DZUPTJOF QZSJNJEJOF SJOHT JT qFODPEFEr JOUP UIF %/" WJB
TPEJVN CJTVMaUF USFBUNFOU� #Z UIJT
 VONFUIZMBUFE DZUPTJOFT BSF EFBNJOBUFE UP VSBDJMT
 XIJDI
BSF SFBE BT UIZNJOF XIFO TFRVFODFE
 XIJMF NFUIZMBUFE DZUPTJOFT SFNBJO VOBMUFSFE BOE IFODF
BSF SFBE BT DZUPTJOFT� *O DPNQBSJTPO UP IZCSJEJ[BUJPO�CBTFE BOE PUIFS NFUIPET
 CJTVMaUF TF�
RVFODJOH FOUBJMT UIF BEWBOUBHF PG TJOHMF�OVDMFPUJEF SFTPMVUJPO <���>�

$ISPNBUJO JNNVOPQSFDJQJUBUJPO TFRVFODJOH� "OPUIFS QSPNJOFOU BQQMJDBUJPO TDFOBSJP GPS
TFRVFODJOH JT $ISPNBUJO *NNVOP1SFDJQJUBUJPO 4FRVFODJOH 	$I*1�4FR

 XIJDI JT B DPNCJOBUJPO
PG DISPNBUJO JNNVOPQSFDJQJUBUJPO BOE EFFQ TFRVFODJOH UP EFUFSNJOF UIF PDDVQBODZ PG %/"
XJUI CJOEJOH QSPUFJOT <���>� )FSF
 DISPNBUJO�CJOEJOH GBDUPST BOE SFHVMBUPSZ FMFNFOUT MJLF
USBOTDSJQUJPO GBDUPST
 IJTUPOFNPEJaDBUJPOT
 PS 3/"QPMZNFSBTFT BSF DSPTT�MJOLFE UP UIFJS CPVOE
%/" 	F�H�
 WJB GPSNBMEFIZEF USFBUNFOU
� "GUFS DFMM MZTJT
 UIF JTPMBUFE DISPNBUJO JT GSBHNFOUFE
BOE UIF QSPUFJO�%/" DPNQMFYFT BSF DBQUVSFE GSPN UIF MZTBUF WJB JNNVOPQSFDJQJUBUJPO VTJOH
TQFDJaD BOUJCPEJFT� 4FRVFODJOH PG UIF %/" GSBHNFOUT
 UP XIJDI UIF DPSSFTQPOEJOH SFHVMBUPST
XFSF CPVOE UP
 BMMPXT GPS UIF JEFOUJaDBUJPO PG CJOEJOH TJUFT BOE NPUJG EJTDPWFSZ <���>�
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������� 1SPDFTTJOH PG TFRVFODJOH EBUB

4JNJMBSMZ UP UIF QSPDFTTJOH PG NJDSPBSSBZ EBUB 	DG� 4FDUJPO �������

 TFWFSBM JNBHF DBQUVSJOH
BOE BOBMZTJT TUFQT BSF SFRVJSFE GPS CBTF DBMMJOH
 J�F� GPS UIF JEFOUJaDBUJPO PG UIF TVDDFTTJPO PG
OVDMFPUJEFT JO UIF TFRVFODFE GSBHNFOUT� 5IFTF JOJUJBM QSPDFTTJOH TUFQT BSF UZQJDBMMZ BMSFBEZ
QFSGPSNFE CZ UIF TFRVFODJOH NBDIJOF <���>� 5IF TVCTFRVFOU QSJNBSZ BOBMZTJT PG UIF PCUBJOFE
SBX TFRVFODJOH EBUB JT BHBJO B NVMUJTUFQ QSPDFTT UIBU
 EFQFOEJOH PO UIF SFTFBSDI RVFTUJPO BU
IBOE
 FJUIFS QSPWJEFT B EF OPWP HFOPNF 	PS USBOTDSJQUPNF
 BTTFNCMZ PS VTFT B SFGFSFODF HFOPNF
	PS USBOTDSJQUPNF
 GPS GVSUIFS BOBMZTJT� *O UIF MBUUFS DBTF
 XIJDIXFXJMM GPDVT PO JO UIF GPMMPXJOH

BOBMZTJT XPSLbPXT UZQJDBMMZ SFTVMU JO MJTUT PG TPNBUJD BOE�PS HFSNMJOF NVUBUJPOT PS TDPSFT PG
	EJêFSFOUJBM
 HFOF FYQSFTTJPO� 5IF EJêFSFOU BOBMZTJT TUFQT BSF DPOEVDUFE JO FMBCPSBUF QJQFMJOFT
UIBU WBSZ EFQFOEJOH PO UIF TFRVFODJOH NFUIPE VTFE BOE UIF BJN PG UIF BOBMZTJT� 5IF NBJO
BOBMZTJT TUFQT
 XIJDI XJMM CF PVUMJOFE CFMPX
 BSF RVBMJUZ DPOUSPM
 SFBE NBQQJOH
 BOE FJUIFS
WBSJBOU DBMMJOH�BOOPUBUJPO PS DPQZ OVNCFS RVBOUJaDBUJPO GPS HFOPNF TFRVFODJOH TDFOBSJPT PS
3/" RVBOUJaDBUJPO JO UIF DBTF PG 3/" TFRVFODJOH� 5IFSF BSF OVNFSPVT UPPMT GPS FBDI PG UIFTF
BOBMZTJT TUFQT <���v���>�

2VBMJUZ DPOUSPM� 5ZQJDBMMZ
 UIF TFRVFODJOH NBDIJOF ZJFMET JOGPSNBUJPO BCPVU UIF JEFOUJaFE
SFBET
 J�F� UIF TFRVFODFE GSBHNFOUT PG %/"PS 3/"
 JO UIF GPSN PG ����� aMFT 	TFF 4FDUJPO "����
GPS EFUBJMT PO UIF aMF GPSNBU
� #FTJEFT UIF BDUVBM TFRVFODJOH JOGPSNBUJPO
 ����� aMFT DPOUBJO
TDPSFT JOEJDBUJOH UIF RVBMJUZ PG FBDI CBTF DBMM BT FTUJNBUFE CZ UIF TFRVFODJOH NBDIJOF� 5IFTF
RVBMJUZ TDPSFT
 DBMMFE 1ISFE TDPSFT Qij
 JOEJDBUF UIF QSPCBCJMJUZ PG UIF SFQPSUFE OVDMFPUJEF nij UP
CF B TFRVFODJOH FSSPS BOE BSF EFaOFE BT GPMMPXT�

Qij = −10 log10
(

pij
) 


XJUI pij CFJOH UIF QSPCBCJMJUZ PG BO JODPSSFDU CBTF DBMM PG UIF j�UI CBTF JO SFBE i� 5ZQJDBMMZ
 CBTF
DBMMJOH RVBMJUZ EFDSFBTFT UPXBSET UIF FOE PG B SFBE <���>� )FODF
 UIF 1ISFE TDPSFT DBO CF VTFE
UP USJN SFBET TVDI UIBU POMZ IJHI�DPOaEFODF OVDMFPUJEFT BSF DPOTJEFSFE GPS GVSUIFS BOBMZTJT�
"OPUIFS DMBTT PG BSUJGBDUT QPUFOUJBMMZ DPOUBJOFE JO UIF SBX EBUB JT JOUSPEVDFE CZ TFRVFODJOH
BEBQUFST� 4FRVFODJOH BEBQUFST BSF TIPSU OVDMFPUJEF TFRVFODFT MJHBUFE UP UIF HFOPNJD GSBHNFOUT
GPS BNQMJaDBUJPO BOE TFRVFODJOH BT QBSU PG UIF FYQFSJNFOUBM QSPUPDPM 	DG� 4FDUJPO �������
� 5IF
TFRVFODFT PG UIF VTFE BEBQUFST PS GSBHNFOUT UIFSFPG BSF TPNFUJNFT FSSPOFPVTMZ DPOUBJOFE JO
UIF PCUBJOFE SFBE TFRVFODFT� )FODF
 JO PSEFS UP SFNPWF MPX�RVBMJUZ CBTFT BOE BEBQUFS BSUJGBDUT
GSPN UIF SBX TFRVFODJOH EBUB
 UPPMT MJLF 5SJNNPNBUJD <���> PS 'MFYCBS <���> TIPVME CF JODMVEFE
JO DPSSFTQPOEJOH TFRVFODJOH QJQFMJOFT�

3FBE NBQQJOH� 5IF FYQFSJNFOUBM QSJODJQMF PG qTIPUHVO TFRVFODJOHr BT FNQMPZFE CZ NPTU
TFRVFODJOH UFDIOJRVFT QSPWJEFT SFBET UIBU EP OPU DPOUBJO BOZ JOGPSNBUJPO BCPVU XIFSF
JO UIF HFOPNF UIFZ BSF PSJHJOBUJOH GSPN� )FODF
 UIF SFBET IBWF UP CF NBQQFE UP B
DPSSFTQPOEJOH SFGFSFODF HFOPNF
 XIJDI JT QSPWJEFE GPS OVNFSPVT PSHBOJTNT CZ TFWFSBM
EBUBCBTFT 	DG� 4FDUJPO �����
� 5IF UBTL PG SFBE NBQQJOH DPSSFTQPOET UP UIF TPMWJOH PG BO
BQQSPYJNBUF TUSJOHNBUDIJOH QSPCMFN
 J�F� UIF TFBSDI GPS PDDVSSFODFT PG B SFBEXJUIJO B SFGFSFODF
TFRVFODF XIJMF BMMPXJOH GPS TPNF NJTNBUDIFT BOE HBQT CFUXFFO UIF UXP� 5IJT UPMFSBODF JT
SFRVJSFE BT 	J
 UIF SFBET DPOUBJO TFRVFODJOH FSSPST UIBU IBWF UP CF BDDPVOUFE GPS BOE 	JJ
 UIF
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HFOPNJD TFRVFODF PG B TBNQMF VOEFS JOWFTUJHBUJPO JT FYQFDUFE UP EJêFS GSPN UIF SFGFSFODF
HFOPNF <���>� 5IJT EJêFSFODF CFDPNFT FTQFDJBMMZ FWJEFOU XIFO NBQQJOH SFBET PSJHJOBUJOH
GSPN UIF HFOPNFT PG DBODFSPVT DFMMT
 BT UIFTF BSF MJLFMZ UP DPOUBJO OVNFSPVT HFSNMJOF BT XFMM BT
TPNBUJD BCFSSBUJPOT�
5IFSF BSF B QMFUIPSB PG UPPMT GPS SFBE NBQQJOH <���>
 PG XIJDI UIF #VSSPXT�8IFFMFS "MJHOFS
	#8"
 <���> BOE #PXUJF� <���> BSF UXP PG UIF NPTU QPQVMBS POFT� *O PSEFS UP PWFSDPNF UIF
DPNCJOBUPSJBM FYQMPTJPO PG QVUBUJWF BMJHONFOUT
 UIF NBKPSJUZ PG UIFTF UPPMT BQQMZ JOEFYJOH BOE
aMUFSJOH UFDIOJRVFT UP RVJDLMZ TDBO BOE SFEVDF UIF TFBSDI TQBDF <���>� *O UIJT DPOUFYU
 JOEFYJOH
NFBOT UIF QSFQSPDFTTJOH 	F�H�
 WJB #VSSPXT�8IFFMFS USBOTGPSNBUJPO <���>
 BOE SFQSFTFOUBUJPO
PG UIF SFGFSFODF HFOPNF
 UIF SFBET
 PS CPUI JO TQFDJaD EBUB TUSVDUVSFT 	F�H�
 TVëY BSSBZ <���>
 '.�
JOEFY <���>
 UIBU USBEF B NVDI GBTUFS JEFOUJaDBUJPO PG QVUBUJWF BMJHONFOU QPTJUJPOT Pê BHBJOTU B
MBSHFS NFNPSZ DPOTVNQUJPO� 'JMUFSJOH TUSBUFHJFT SFMZ PO UIF JEFOUJaDBUJPO PG TIPSU SFHJPOT JO UIF
SFGFSFODF HFOPNF 	k�NFST
 UIBU QFSGFDUMZ NBUDI UP B TNBMM GSBDUJPO PG UIF SFBE 	UIF qTFFEr
� 0OMZ
GPS UIPTF SFHJPOT
 UIF XIPMF SFBE JT CFJOH BMJHOFE VTJOH PQUJNJ[FE MPDBM EZOBNJD QSPHSBNNJOH�
CBTFE BMHPSJUINT <���
 ���>
 XIJDI BMTP QSPWJEF B NFBTVSF PG BMJHONFOU RVBMJUZ�
#FTJEFT UIF JOUSJOTJD EJëDVMUZ PG UIF BQQSPYJNBUF TUSJOH NBUDIJOH QSPCMFN
 BEEJUJPOBM
DIBMMFOHFT BSJTF XIFO NBQQJOH SFBET PCUBJOFE GSPN 3/" TFRVFODJOH FYQFSJNFOUT� 8IFO
BMJHOJOH SFBET PCUBJOFE GSPN USBOTDSJQUT
 UIF BMJHONFOU QPUFOUJBMMZ IBT UP CF TQMJU BMPOH JOUSPO�
FYPO CPVOEBSJFT� " DPNNPOMZ VTFE SFBE NBQQJOH UPPM GPS UIF JEFOUJaDBUJPO PG TVDI TQMJDFE
BMJHONFOUT JT 5PQ)BU� <���>�
"MUIPVHI CJPJOGPSNBUJDT BQQSPBDIFT DBO UBDLMF WBSJPVT DIBMMFOHFT BSJTJOH JO UIF DPOUFYU PG SFBE
NBQQJOH
 UIF JOIFSFOU TUSVDUVSF PG UIF %/" IJOEFST VOBNCJHVPVT NBQQJOHT JO NBOZ DBTFT�
5IF HFOPNFT PG B CSPBE SBOHF PG TQFDJFT
 GSPN CBDUFSJB UP IVNBOT
 DPOUBJO B IJHI OVNCFS PG
SFQFUJUJWF SFHJPOT 	qSFQFBUTr
 <���>� 3FBET PSJHJOBUJOH GSPN UIFTF SFQFUJUJWF SFHJPOT DBOOPU CF
VOBNCJHVPVTMZ NBQQFE CZ UIF SFBE BMJHOFS� )PXFWFS
 JO UIF DBTF PG QBJSFE�FOE TFRVFODJOH 	DG�
4FDUJPO �������

 UIF BMJHONFOU UPPM DBO VUJMJ[F UIF GBDU UIBU UIF QBJSFE TFRVFODFT XFSF EFSJWFE
GSPN UIF UXP FOET PG B GSBHNFOU PG 	SPVHIMZ
 LOPXO MFOHUI�
" DVSSFOU TUBOEBSE GPS UIF PVUQVU PG SFBE NBQQJOH UPPMT BSF UIF 4FRVFODF "MJHONFOU�.BQ
GPSNBU 	���
 PS JUT CJOBSZ WFSTJPO
 UIF #JOBSZ "MJHONFOU�.BQ GPSNBU 	���
� 'PS EFUBJMT PO
UIFTF aMF GPSNBUT
 QMFBTF SFGFS UP 4FDUJPO "�����
"GUFS UIF BDUVBM BMJHONFOU TUFQ
 TPNF QJQFMJOFT JODMVEF BO PQUJPOBM TUFQ PG SF�BMJHOJOH SFBET
BSPVOE JOEFMT� 5IJT TUFQ JT CBTFE PO UIF PCTFSWBUJPO UIBU SFBET IBSCPSJOH JOEFMT BSF FTQFDJBMMZ
QSPOF UP TVCPQUJNBM BMJHONFOUT� 5P SFEVDF UIJT CJBT
 B SF�BMJHONFOU BSPVOE UIFTF QPTJUJPOT DBO
CF QFSGPSNFE
 GPS FYBNQMF VTJOH UIF (FOPNF "OBMZTJT 5PPM,JU 	("5,
 <���
 ���>�

7BSJBOU DBMMJOH� *O JUT NPTU HFOFSBM GPSN
 WBSJBOU DBMMJOH JT UIF QSPDFTT PG JEFOUJGZJOH TFRVFODF
EJêFSFODFT CFUXFFO UIFNBQQFE SFBET PG B TBNQMF VOEFS JOWFTUJHBUJPO BOE UIF SFGFSFODF HFOPNF�
5IFTF EJêFSFODFT DBO TFSWF BT UIF CBTJT PG
 GPS FYBNQMF
 BO FYBNJOBUJPO PG UIFNPMFDVMBS DBVTFT PG
HFOFUJD EJTPSEFST PS UIF JEFOUJaDBUJPO PG DPOUSJCVUPST UP UIF JOJUJBUJPO BOEQSPHSFTTJPO PG DPNQMFY
EJTFBTFT MJLF DBODFS�
*O BO JEFBM XPSME
 WBSJBOU DBMMJOH BOE UIF SFMBUFE QSPDFTT PG HFOPUZQF DBMMJOH
 J�F� UIF
EFUFSNJOBUJPO PG B WBSJBOUrT [ZHPTJUZ UP CF FJUIFS IFUFSP[ZHPVT 	POMZ POF BMMFMF BêFDUFE
 PS
IPNP[ZHPVT 	CPUI BMMFMFT BêFDUFE

 DPVME CF QFSGPSNFE CZ TJNQMZ BTTFTTJOH UIF GSFRVFODZ PG
UIF WBSJBUJPO BDSPTT BMM SFBET NBQQFE UP UIF DPOTJEFSFE HFOPNJD MPDBUJPO� :FU
 QSFQSPDFTTFE
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TFRVFODJOH EBUB DBO FYIJCJU IJHI FSSPS SBUFT UIBU BSF EVF UP WBSJPVT GBDUPST
 JODMVEJOH CBTF DBMMJOH
JOBDDVSBDJFT BOE BNCJHVPVT BMJHONFOUT� "T B DPOTFRVFODF
 GSFRVFODZ�CBTFE BQQSPBDIFT VTJOH
aYFE UISFTIPMET BSF POMZ GFBTJCMF GPS EFFQ TFRVFODJOH EBUB
 J�F� GPS TBNQMFT JO XIJDI TQFDJaD
HFOPNJD MPDBUJPOT BSF
 PO BWFSBHF
 DPWFSFE CZ B TVëDJFOUMZ MBSHF OVNCFS PG SFBET <���>� "T B
SFNFEZ
 UIFSF BSF WBSJPVT UPPMT BOE NFUIPET CBTFE PO IFVSJTUJDT PS QSPCBCJMJTUJD NPEFMT UIBU
USZ UP SFEVDF BOE UP RVBOUJGZ UIF VODFSUBJOUZ BTTPDJBUFE XJUI WBSJBOU BOE HFOPUZQF DBMMJOH CZ
DPOTJEFSJOH QSJPS JOGPSNBUJPO TVDI BT 1ISFE RVBMJUZ TDPSFT
 SFBE DPWFSBHF
 BOE BMMFMF GSFRVFODJFT�
1SPNJOFOU FYBNQMFT PG TVDI UPPMT BSF .V5FDU <���>
 4PNBUJD4OJQFS <���>
 BOE 7BS4DBO� <���>�
4PMWJOH UIF UBTL PG WBSJBOU DBMMJOH IBT UIF QPUFOUJBM UP ZJFME B DPNQSFIFOTJWF PWFSWJFX PG WBSJPVT
UZQFT PG MPDBM HFOPNJD BCFSSBUJPOT
 JODMVEJOH CBTF TVCTUJUVUJPOT BOE TIPSU JOTFSUJPOT PS EFMFUJPOT

BT XFMM BT DPQZ OVNCFS WBSJBUJPOT PS FWFO MBSHFS TUSVDUVSBM BCFSSBUJPOT <���
 ���>�
)PXFWFS
 BT BMSFBEZ EJTDVTTFE JO 4FDUJPO �������
 OPU BMM EFWJBUJPOT GSPN UIF SFGFSFODF HFOPNF
BSF TQFDJaD UP EJTFBTFE DFMMT� XJUI SFTQFDU UP UIF SFGFSFODF HFOPNF
 TBNQMFT DBO DPOUBJO
HFSNMJOF NVUBUJPOT BT XFMM BT TPNBUJD NVUBUJPOT� *O UIF DPOUFYU PG PODPMPHZ
 WBSJBOU DBMMJOH
PGUFOUJNFT NBJOMZ SFGFST UP UIF JEFOUJaDBUJPO PG TPNBUJD NVUBUJPOT JO UIF DBODFS HFOPNF
 BT
	TPNF PG
 UIFTF WBSJBOUT BSF BTTVNFE UP ESJWF UIF QSPHSFTTJPO PG UIF UVNPS� " EJêFSFOUJBUJPO
PG NVUBUJPOT JO TPNBUJD BOE HFSNMJOF WBSJBOUT DBO CF BDIJFWFE JO UISFF XBZT� FJUIFS WJB 	J

UIF DPNQBSJTPO UP B IFBMUIZ DPOUSPM TBNQMF GSPN UIF TBNF QBUJFOU
 	JJ
 UIF DPOTJEFSBUJPO PG
BMMFMF GSFRVFODJFT
 PS CZ 	JJJ
 aMUFSJOH GPS LOPXO TPNBUJD WBSJBOUT VTJOH WBSJBOU EBUBCBTFT� 5IF
aSTU
 BOE QSFGFSBCMF
 BQQSPBDI SFRVJSFT UIF BWBJMBCJMJUZ PG B IFBMUIZ DPOUSPM TBNQMF GSPN UIF
TBNF JOEJWJEVBM UP EJTUJOHVJTI TPNBUJD GSPN HFSNMJOF WBSJBUJPOT� 5IF UXP TBNQMFT UIFO DBO
FJUIFS VOEFSHP WBSJBOU DBMMJOH JOEFQFOEFOUMZ BOE UIF NVUBUJPOT JO UIF JOUFSTFDUJPO PG CPUI BSF
DPOTJEFSFE BT HFSNMJOF NVUBUJPOT PS UIFZ BSF KPJOUMZ BOBMZ[FE <���>� "OPUIFS BQQSPBDI GPS UIF
DBTF UIBU OP QBUJFOU�NBUDIFE OPSNBM DPOUSPM JT BWBJMBCMF JT UIF DPOTJEFSBUJPO PG BMMFMF GSFRVFODJFT�
*O DPNCJOBUJPO XJUI JOGPSNBUJPO BCPVU UVNPS QVSJUZ
 J�F� UIF FTUJNBUFE GSBDUJPO PG UVNPS UJTTVF
JO UIF TBNQMF
 UIFZ DBO CF VTFE UP QSFEJDU B WBSJBOUrT [ZHPTJUZ BOE XIFUIFS JU JT BTTVNFE UP CF
B TPNBUJD PS HFSNMJOF NVUBUJPO <���
 ���>� -BTUMZ
 UIFSF BSF OVNFSPVT EBUBCBTFT UIBU DPOUBJO
LOPXMFEHF BCPVU B QMFUIPSB PG WBSJBUJPOT BOE XIFUIFS UIFZ IBWF QSFWJPVTMZ CFFO SFQPSUFE
BT HFSNMJOF WBSJBOUT PS CFJOH DBODFS�BTTPDJBUFE 	DG� 4FDUJPO �����
� 8IJMF CFJOH JOEFQFOEFOU
GSPN B DPOUSPM UJTTVF TBNQMF
 UIJT BQQSPBDI IBT UIF NBKPS ESBXCBDL UIBU JU JT EFQFOEFOU PO UIF
RVBMJUZ BOE DPNQMFUFOFTT PG UIF VTFE EBUBCBTFT BOE UIBU MPX�GSFRVFODZ WBSJBOUT XJMM IBSEMZ CF
EJTUJOHVJTIBCMF GSPN TFRVFODJOH OPJTF�
8IJMF TPNBUJD NVUBUJPOT JO DBODFS DFMMT BSF UZQJDBMMZ UIF QSJNBSZ GPDVT GPS UIF JEFOUJaDBUJPO
PG TVJUBCMF UBSHFUFE USFBUNFOU PQUJPOT
 UIF DPOTJEFSBUJPO PG HFSNMJOF BCFSSBUJPOT TIPVME OPU
CF OFHMFDUFE
 BT UIFZ DBO QMBZ FTTFOUJBM SPMFT JO UIF JEFOUJaDBUJPO PG QSFEJTQPTJUJPOT GPS DFSUBJO
EJTFBTFT PS UIF BTTFTTNFOU PG ESVH�QSPDFTTJOH FO[ZNFT 	DG� 4FDUJPO ���
�
5IF SFTVMUT PG WBSJBOU DBMMJOH QJQFMJOFT BSF DPNNPOMZ SFQSFTFOUFE JO UIF 7BSJBOU $BMM 'PSNBU
	���
 	TFF 4FDUJPO "���� GPS BEEJUJPOBM EFUBJMT PO UIF aMF GPSNBU

 XIJDI TFSWFT BT JOQVU GPS UIF
TVCTFRVFOU WBSJBOU BOOPUBUJPO TUFQ�

7BSJBOU BOOPUBUJPO� 5IF TFRVFODJOH PG DBODFS HFOPNFT DBO SFWFBM B MBSHF OVNCFS PG TPNBUJD
	BOE�PS HFSNMJOF
 NVUBUJPOT
 BMM PG XIJDI IBWF B EJêFSFOU EFHSFF PG JNQBDU 	JG BOZ
 PO UIF
EJTFBTF QIFOPUZQF 	DG� 4FDUJPO �������
� 5IF QSPDFTT PG WBSJBOU BOOPUBUJPO BJNT BU BHHSFHBUJOH
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BOE SFQPSUJOH SFMFWBOU JOGPSNBUJPO UP B HJWFO HFOPNJD BMUFSBUJPO BOE JT BO FTTFOUJBM TUFQ JO
TFRVFODJOH BOBMZTJT QJQFMJOFT UP GBDJMJUBUF UIF JOUFSQSFUBUJPO PG UIF EFUFDUFE NVUBUJPOT <���>�
" aSTU TUFQ JO QJOQPJOUJOH UIPTFNVUBUJPOT UIBU BSF SFMFWBOU GPS EJTFBTF JOJUJBUJPO BOE QSPHSFTTJPO
JT UIF JEFOUJaDBUJPO PG UIF HFOPNJD SFHJPO PS HFOF BêFDUFE CZ B HJWFO WBSJBUJPO BOE JUT GVODUJPOBM
FêFDU� 5IFSF BSF TFWFSBM HFOFSBM�QVSQPTF UPPMT MJLF "//07"3 <���>
 4OQ&ê <���>
 PS &OTFNCMrT
7BSJBOU &êFDU 1SFEJDUPS 	7&1
 <���> UIBU DBUFHPSJ[F WBSJBOUT CBTFE PO UIFJS QSFEJDUFE JNQBDU PO
QSPUFJO GVODUJPO� 'PS FYBNQMF
 7&1 EJTUJOHVJTIFT NPSF UIBO �� TP�DBMMFE qDPOTFRVFODF UZQFTr

J�F� EJêFSFOU FêFDUT B NVUBUJPO DBO IBWF PO UIF HFOPNJD MPDBUJPO PS QSPUFJO JU PDDVST JO 	DG�
4FDUJPO "��
� 8IJMF TFWFSF NVUBUJPOT MJLF B GSBNFTIJGU PS OPOTFOTF NVUBUJPOT BSF HFOFSBMMZ
BTTVNFE UP EFTUSPZ UIF TUSVDUVSF BOE IFODF GVODUJPOBMJUZ PG UIF BêFDUFE QSPUFJO
 UIF GVODUJPOBM
JNQBDU PG PUIFS UZQFT PG DPOTFRVFODFT JT OPO�PCWJPVT� 5P UIJT FOE
 UIF BOOPUBUJPOT NBEF CZ UIF
BGPSFNFOUJPOFE UPPMT DBO CF FYUFOEFE CZ BEEJUJPOBM DMBTTJaDBUJPOT PG UIF DPOTFRVFODFT JO UFSNT
PG UIFJS QSFEJDUFE TFWFSJUJFT� 'PS OPO�TZOPOZNPVT WBSJBOUT
 UPPMT MJLF 4PSUJOH *OUPMFSBOU 'SPN
5PMFSBOU 	4*'5
 <���> PS 1PMZNPSQIJTN 1IFOPUZQJOH W� 	1PMZ1IFO��
 <���> DBO CF VTFE� 4*'5 JT
B UPPM UIBU QSFEJDUT UIF FêFDU PG B NVUBUJPO PO UIF BêFDUFE QSPUFJOrT GVODUJPO CBTFE PO TFRVFODF
IPNPMPHZ BOE UIF QIZTJDPDIFNJDBM DIBSBDUFSJTUJDT PG UIF FYDIBOHFE BNJOP BDJET� 1PMZ1IFO��
VTFT B WBSJFUZ PG TFRVFODF�CBTFE BOE TUSVDUVSF�CBTFE GFBUVSFT UP QSFEJDU UIF QSPCBCJMJUZ UIBU BO
BNJOP BDJE TVCTUJUVUJPO IBT B EBNBHJOH FêFDU�
"MUIPVHI UIFTF BOOPUBUJPOT DBO QSPWJEF aSTU JOTJHIUT JOUP UIF QPUFOUJBM SPMF PG TQFDJaDNVUBUJPOT
JO UIF EJTFBTF DPOUFYU
 UIFZ XFSF EFWFMPQFE GPS HFOFSBM BQQMJDBUJPOT BOE IFODF MBDL DBODFS�
TQFDJaD BOOPUBUJPOT UIBU DPVME BJE EPXOTUSFBN BOBMZTJT BOE JOUFSQSFUBUJPO� 5P UIJT FOE
 WBSJPVT
EBUBCBTFT DPOUBJOJOH DBODFS�TQFDJaD BOOPUBUJPOT MJLF $MJO7BS <���>
 $*7J$ <���>
 $04.*$ <���>

PS EC4/1 <���> DBO CF FNQMPZFE� "EEJUJPOBM EFUBJMT PO UIFTF EBUBCBTFT DBO CF GPVOE JO
4FDUJPO ������

$PQZ OVNCFS RVBOUJaDBUJPO� )JHI�UISPVHIQVU TFRVFODJOH EBUB DBO BMTP CF VTFE UP BTTFTT
DPQZ OVNCFST XJUIJO B TBNQMF� *O DPOUSBTU UP B$() BSSBZT
 XIJDI XFSF QSFTFOUFE JO
4FDUJPO ������� BOE XIJDI JEFOUJGZ SFMBUJWF DPQZ OVNCFS DIBOHFT
 UIFSF BSF FêPSUT UP EFSJWF
BCTPMVUF DPQZ OVNCFST GSPN XIPMF�HFOPNF PS XIPMF�FYPNF TFRVFODJOH EBUB� 5IFSF BSF
OVNFSPVT NFUIPET UIBU
 UP UIJT FOE
 UZQJDBMMZ DPOTJEFS SFBE DPVOUT PS JOWFTUJHBUF EJTUBODFT
CFUXFFO SFBE QBJST� &YBNQMFT GPS TVDI UPPMT BSF $/7OBUPS <���>
 $/7�TFR <���>
 PS
7BSJBUJPO)VOUFS <���>�

3/" RVBOUJaDBUJPO� "T BO BMUFSOBUJWF UP NJDSPBSSBZ FYQFSJNFOUT GPS UIF RVBOUJaDBUJPO PG
USBOTDSJQU MFWFMT 	DG�4FDUJPO �����

 HFOF FYQSFTTJPO DBO BMTP CFNFBTVSFE VTJOH3/"TFRVFODJOH
UFDIOJRVFT 	DG� 4FDUJPO �������
� "T BMSFBEZ JOEJDBUFE JO UIF QSFWJPVT QBSBHSBQIT
 UIF RVBMJUZ
DPOUSPM BOE SFBENBQQJOH TUFQT BSF HFOFSBMMZ TJNJMBS UP UIPTF PG%/"TFRVFODJOH EBUB� )PXFWFS

JO PSEFS UP BDDPVOU GPS TQMJDJOH FWFOUT UIBU NBZ QSFWFOU 3/" SFBET GSPN CFJOH DPOTFDVUJWFMZ
BMJHOFE UP UIF SFGFSFODF HFOPNF
 TQFDJBMJ[FE UPPMT DBO CF FNQMPZFE� 1PQVMBS 3/" BMJHOFST BSF
5PQ)BU� <���> BOE 45"3 <���>� "GUFS UIF 	TQMJDFE
 BMJHONFOU UP UIF USBOTDSJQUPNF
 UIF DPWFSBHF
PG 3/" SFBET BDSPTT B HFOF DBO CF VTFE UP JOGFS JUT FYQSFTTJPO MFWFM� 5P UIJT FOE
 UIF SFBE DPVOUT
BSF OPSNBMJ[FE XJUI SFTQFDU UP WBSJPVT DPOGPVOEJOH GBDUPST
 JODMVEJOH UPUBM SFBE DPVOU BOE
HFOF MFOHUI <���>� )FSF
 DPNNPOMZ VTFE UPPMT JODMVEF )54FR <���> BOE GFBUVSF$PVOUT <���>�
&YQSFTTJPO MFWFMT BSF RVBOUJaFE CZ DPVOUJOH UIF OVNCFS PG SFBET UIBU IBWF CFFO NBQQFE UP B
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MPDVT PG JOUFSFTU� *O PSEFS UP NBLF 3/"�4FR SFTVMUT DPNQBSBCMF CFUXFFO SVOT
 BCTPMVUF DPVOUT
BSF UZQJDBMMZ DPOWFSUFE UP 'SBHNFOUT 1FS ,JMPCBTF PG &YPO QFS .JMMJPO 3FBET .BQQFE 	'1,.

<���> PS SFMBUFE NFBTVSFT <���>�

FPKMi =
qi

li
103 ·

∑j qj
106

=
qi

li · ∑j qj
· 109,

XIFSF qi JT UIF OVNCFS PG GSBHNFOUT NBQQFE UP B TQFDJaD HFOF i
 UIF MFOHUI PG XIJDI JT EFOPUFE
BT li BOE UIF UPUBM OVNCFS PG NBQQFE GSBHNFOUT PWFS BMM HFOFT j JT HJWFO CZ ∑j qj� *O DPOUSBTU
UP EBUB EFSJWFE GSPN NJDSPBSSBZ FYQFSJNFOUT
 XIJDI BSF UZQJDBMMZ BTTVNFE UP ZJFME OPSNBMMZ
EJTUSJCVUFE WBMVFT
 UPPMT GPS FTUJNBUJPO PG EJêFSFOUJBM FYQSFTTJPO CBTFE PO 3/"�4FR DPVOU EBUB
	F�H�
 $VìJOLT <���>
 %&4FR <���>
 UZQJDBMMZ BTTVNF BO VOEFSMZJOH 1PJTTPO PS OFHBUJWF CJOPNJBM
EJTUSJCVUJPO�

����� .BTT TQFDUSPNFUSZ
5IF MBTU FYQFSJNFOUBM UFDIOJRVF EFTDSJCFE JO UIJT DIBQUFS � BOE BO FNFSHJOH NFBOT PG QSPUFJO
BOE NFUBCPMJUF RVBOUJaDBUJPO � JT NBTT TQFDUSPNFUSZ� 4JNJMBS UP NJDSPBSSBZ BOE TFRVFODJOH
UFDIOPMPHJFT
 NBTT TQFDUSPNFUSZ JT CBTFE PO UIF JEFOUJaDBUJPO BOE RVBOUJaDBUJPO PG UIF
NPMFDVMBS GSBHNFOUT NBLJOH VQ UIF CJPMPHJDBM FOUJUJFT VOEFS DPOTJEFSBUJPO
 XIJDI BSF JO UIF
DBTF PG NBTT TQFDUSPNFUSZ QSPUFJOT PS NFUBCPMJUFT� 5P UIJT FOE
 NBTT�UP�DIBSHF SBUJPT BOE
JOUFOTJUJFT PG UIF SFTQFDUJWF JPOJ[FE NPMFDVMBS GSBHNFOUT BSF NFBTVSFE BOE BOBMZ[FE� 5IFSF
BSF WBSJPVT QSPUPDPMT BOE UZQFT PG NBTT TQFDUSPNFUSZ
 PG XIJDI UIF DPNNPOMZ VTFE UFDIOJRVF
PG -JRVJE $ISPNBUPHSBQIZ�5BOEFN .BTT 4QFDUSPNFUSZ 	-$�.4�.4
 GPS QSPUFJOT JT EFTDSJCFE
JO UIF GPMMPXJOH�

������� &YQFSJNFOUBM QSJODJQMF

-$�.4�.4 JT CBTFE PO UIF TUFQXJTF TFMFDUJPO
 GSBHNFOUBUJPO
 BOENBTT BOBMZTJT PG QSPUFJOT BOE
QFQUJEFT PG JOUFSFTU <���>� 'JHVSF ��� HJWFT BO PWFSWJFX PG UIF QSPDFTTJOH TUFQT�
*O B aSTU TUFQ
 QSPUFJOT BSF FYUSBDUFE GSPN UIF DFMMT PG JOUFSFTU� %FQFOEJOH PO UIF UZQF PG BOBMZTJT
UP CF DPOEVDUFE
 UIF NJYUVSF PG QSPUFJOT JO UIF MZTBUF DBO CF TFQBSBUFE CZ NPMFDVMBS XFJHIUT
BOE�PS JTPFMFDUSJD QPJOUT 	F�H�
 WJB �% PS �% HFM FMFDUSPQIPSFTJT
� 5IF TVCTFRVFOU BOBMZTJT
PG TJOHMF CBOET SFEVDFT UIF DPNQMFYJUZ BOE JODSFBTFT UIF BDDVSBDZ PG UIF NBTT TQFDUSPNFUSZ�
5IF TFMFDUFE QSPUFJOT BSF QSPUFPMZUJDBMMZ EJHFTUFE 	F�H�
 VTJOH USZQTJO
 UP PCUBJO B DIBSBDUFSJTUJD
NJYUVSF PG QFQUJEFT EVF UP UIF VTFE FO[ZNFrT TQFDJaD DMFBWBHF TJUFT <���>�
*O PSEFS UP JNQSPWF CPUI
 UIF TFOTJUJWJUZ BOE TQFDJaDJUZ PG UIF .4
 UIF NJYUVSF PG QFQUJEFT
JT TFQBSBUFE JO B QSPDFTT DBMMFE -JRVJE $ISPNBUPHSBQIZ 	-$
� *O -$
 UIF TBNQMF JT QVNQFE
UISPVHI B TUBUJPOBSZ QIBTF 	F�H�
 B TJMJDB HFM
 VTJOH BO PSHBOJD TPMWFOU BT UIF NPCJMF QIBTF�
#Z UIJT
 UIF NJYUVSFrT DPOTUJUVFOUT BSF TFQBSBUFE CZ QPMBSJUZ EVF UP UIFJS SFMBUJWF BëOJUJFT UP
UIF NPCJMF BOE UIF TUBUJPOBSZ QIBTF
 SFTQFDUJWFMZ <���>� 5IF QFQUJEFT FMVUJOH GSPN UIF -$ BSF
TVCTFRVFOUMZ JPOJ[FE� 5P UIJT FOE
 TPGU�JPOJ[BUJPO UFDIOJRVFT MJLF FMFDUSPTQSBZ JPOJ[BUJPO DBO CF
VTFE
 XIJDI HFOFSBUF JPOT GSPN NBDSPNPMFDVMFT XJUIPVU CSFBLJOH UIFJS DIFNJDBM CPOET <���>�
5IF DIBSHFE QFQUJEFT VOEFSHP UIF aSTU TUBHF PG NBTT BOBMZTJT
 XIJDI TFQBSBUFT UIFN CBTFE
PO UIFJS NBTT�UP�DIBSHF SBUJP� 5IJT aSTU SVO SFTVMUT JO B NBTT TQFDUSVN GSPN XIJDI UZQJDBMMZ
QFQUJEFT PG B QBSUJDVMBS NBTT�UP�DIBSHF SBUJP BSF TFMFDUFE GPS GVSUIFS BOBMZTJT�
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Protein extraction
(from cells of interest)

Separation
(e.g., gel electrophoresis)

Digestion
(into peptides)

Identification & quantification

sequence

databases

Mass analysis
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(and selection)
Fragmentation
(via collision gas)

Mass analysis
(of selected peptides)

in
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m/z

Adapted fragmentation step viz

Liquid chromatography
(and ionization)

+
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+

'JHVSF ��� 0WFSWJFX PG -$�.4�.4 XPSLbPX� "GUFS FYUSBDUJPO BOE TFQBSBUJPO CZ HFM FMFDUSPQIPSFTJT
 B TVCTFU PG
QSPUFJOT BSF FO[ZNBUJDBMMZ EJHFTUFE BOE UIF NJYUVSF JT GVSUIFSNPSF TFQBSBUFE CZ MJRVJE DISPNBUPHSBQIZ� "T TPPO
BT UIF QFQUJEFT FMVUF GSPN UIF DISPNBUPHSBQIZ DPMVNO
 UIFZ BSF JPOJ[FE BOE VOEFSHP B aSTU NBTT BOBMZTJT 	.4
�
1FQUJEFT BU B QBSUJDVMBS NBTT�UP�DIBSHF SBUJP 	N�[
 BSF TFMFDUFE GPS GVSUIFS GSBHNFOUBUJPO BOE B TFDPOE SVO PG
NBTT BOBMZTJT 	.4�.4
� #BTFE PO UIF PCTFSWFE TQFDUSVN
 UIF PSJHJOBUJOH QSPUFJOT BOE UIFJS BCVOEBODFT DBO CF
JOGFSSFE� 5IF EBUBCBTF JDPO XBT PCUBJOFE GSPN <��>�

"GUFS GVSUIFS GSBHNFOUBUJPO PG UIF qQSFDVSTPS JPOTr 	F�H�
 WJB DPMMJTJPO�JOEVDFE EJTTPDJBUJPO
<���>
 JOUP qQSPEVDU JPOTr
 UIF JPOT VOEFSHP B TFDPOE SPVOE PG NBTT BOBMZTJT� 5IF SFTVMUJOH
DIBSBDUFSJTUJD QBUUFSO PG QFBLT BOE
 JO QBSUJDVMBS
 UIFJS SFMBUJWF EJêFSFODFT DBO CF VTFE UP JEFOUJGZ
UIF BNJOP BDJE TFRVFODF PG UIF BOBMZ[FE QFQUJEF� 5P UIJT FOE
 UIF PCTFSWFE NBTT TQFDUSVN JT
RVFSJFE BHBJOTU B EBUBCBTF PG UIFPSFUJDBM NBTTFT PG JO TJMJDP�EJHFTUFE QFQUJEFT 	CBTFE PO LOPXO
FO[ZNF TQFDJaDJUJFT
� "GUFS UIF JEFOUJaDBUJPO PG UIF EJêFSFOU JOEJWJEVBM QFQUJEF TFRVFODFT

UIFTF TFRVFODFT BSF VTFE UP JOGFS XIJDI QSPUFJO	T
 XFSF QSFTFOU JO UIF TBNQMF <���>� 6TJOH
NBTT TQFDUSPNFUSZ
 OPU POMZ EJêFSFOU QSPUFJOT DBO CF JEFOUJaFE BOE EJTUJOHVJTIFE
 CVU BMTP
UIF QSFTFODF PS BCTFODF PG QPTU�USBOTMBUJPOBM NPEJaDBUJPOT 	15.T
 	DG� 4FDUJPO ���

 BT UIFZ
ZJFME PCTFSWBCMF QFBL EJTUBODFT JO UIF .4�.4 SVO� 5IJT BMMPXT GPS UIF FMVDJEBUJPO PG TJHOBM
USBOTEVDUJPO QSPDFTTFT CBTFE PO UIF BTTFTTNFOU PG QSPUFJO QIPTQIPSZMBUJPO TUBUFT
 CVU BMTP PUIFS
UZQFT PG 15.T MJLF VCJRVJUJOBUJPO
 TVNPZMBUJPO
 PS HMZDPTZMBUJPO DBO CF BTTFTTFE <���>�

������� 2VBOUJUBUJWF QSPUFPNJDT

#FTJEFT UIF JEFOUJaDBUJPO PG QSPUFJOT
 BMTP UIFJS BCVOEBODF DBO CF BQQSPYJNBUFE GSPN UIF
EFUFDUFE TJHOBM JOUFOTJUJFT
 J�F� UIF IFJHIU PG UIF DPSSFTQPOEJOH QFBLT JO UIFNBTT TQFDUSVN <���>�
)PXFWFS
 UIF PCTFSWFE QFBL IFJHIUT BSF BêFDUFE CZ B WBSJFUZ PG QFSUVSCJOH GBDUPST
 F�H� WBSZJOH
FëDJFODJFT JO QSPUFJO EJHFTUJPO PS BMUFSBUJPOT JO UIF EFHSFF PG JPOJ[BUJPO PG B QFQUJEF EVF UP
DPFMVUJOH TVCTUBODFT 	qNBUSJY FêFDUTr
� 5IFTF QFSUVSCJOH GBDUPST DBO TUSPOHMZ WBSZ CFUXFFO
FYQFSJNFOUBM SVOT BOE IFODF IJOEFS B SFMBUJWF RVBOUJaDBUJPO PG QSPUFJOT BDSPTT FYQFSJNFOUT
<���>� "T B SFNFEZ
 JOUFSOBM SFGFSFODFT DBO CF VTFE GPS RVBOUJaDBUJPO
 GPS FYBNQMF CBTFE PO
TUBCMF JTPUPQF MBCFMJOH� $PSSFTQPOEJOH NFUIPET SFMBUF UIF QSPUFJO FYQSFTTJPO PG UXP TBNQMFT UP
FBDI PUIFS
 POF PG XIJDI JT JTPUPQJDBMMZ MBCFMFE� 5IJT BQQSPBDI SFMJFT PO UIF UIFPSZ UIBU B TUBCMF
JTPUPQF�MBCFMFE QFQUJEF QPTTFTTFT UIF TBNF DIFNJDBM QSPQFSUJFT BT JUT OBUJWF DPVOUFSQBSU BOE
IFODF JT BMTP BêFDUFE UP UIF TBNF FYUFOU CZ UIF CJBT�JOEVDJOH GBDUPST NFOUJPOFE BCPWF <��>� :FU
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UIF MBCFMFE BOE VOMBCFMFE GPSN PG B QFQUJEF EJTQMBZ B TQFDJaD EJêFSFODF JO UIFJS NBTT�UP�DIBSHF
SBUJPT JO UIF SFTVMUJOH NBTT TQFDUSVN
 XIJDI GBDJMJUBUFT BDDVSBUF RVBOUJaDBUJPO WJB UIF SFMBUJPO
PG UIFJS SFMBUJWF TJHOBM JOUFOTJUJFT�
5IFSF BSF TFWFSBM NFUIPET GPS JTPUPQF RVBOUJaDBUJPO
 XIJDI NBJOMZ EJêFS CZ UIF XBZ JO XIJDI
TUBCMF JTPUPQF MBCFMT BSF JOUSPEVDFE JOUP UIF QSPUFJOT PS QFQUJEFT PG JOUFSFTU� 4UBCMF *TPUPQF
-BCFMJOH CZ "NJOP "DJET JO $FMM $VMUVSF 	4*-"$
 <���> JT POF PG UIF NPTU QSPNJOFOU NFUIPET
GPS JTPUPQF RVBOUJaDBUJPO BOE GPMMPXT UIF BQQSPBDI PG NFUBCPMJD MBCFMJOH�
'PS 4*-"$
 UXP QPQVMBUJPOT PG DFMMT BSF HSPXO JO DFMM DVMUVSF
 POF PG XIJDI JT DVMUJWBUFE JO BO
JTPUPQF�MBCFMFE NFEJVN
 JO XIJDI MZTJOF BOE BSHJOJOF BSF TVCTUJUVUFE CZ UIFJS IFBWZ JTPUPQF
DPVOUFSQBSUT� 5ZQJDBM JTPUPQFT VTFE JO 4*-"$ UP SFQMBDF UIF SFTQFDUJWF BUPNT JO MJHIU BNJOP BDJET
BSF 2H
 13C
 15N
 BOE 18O <���>� 5IF TVCTUJUVUJPOXJUIJO UIF DFMMT PDDVST WJB QSPUFJO UVSOPWFS BOE
EVF UP UIF GBDU UIBU UIF DFMMT IBWF UP JOHFTU FTTFOUJBM BNJOP BDJET 	J�F�
 BNJOP BDJET UIBU DBOOPU
CF TZOUIFTJ[FE CZ UIF DFMMT UIFNTFMWFT
 GSPN UIF NFEJVN� "MUIPVHI BSHJOJOF BDUVBMMZ JT B OPO�
FTTFOUJBM BNJOP BDJE JO BEVMU WFSUFCSBUFT
 TUVEJFT IBWF TIPXO UIBU BSHJOJOF CFDPNFT FTTFOUJBM
JO DFMM DVMUVSFT <���
 ���>� *O DPNCJOBUJPO XJUI UIF GBDU UIBU USZQTJO TQFDJaDBMMZ DMFBWFT BGUFS
MZTJOF BOE BSHJOJOF
 UIJT FOTVSFT UIBU OFBSMZ FWFSZ QFQUJEF PSJHJOBUJOH GSPN UIF IFBWZ TBNQMF
XJMM CF JTPUPQJDBMMZ MBCFMFE XIFO BOBMZ[FE VTJOH NBTT TQFDUSPNFUSZ� 4*-"$ DBO CF VTFE UP
JOWFTUJHBUF UIF FêFDUT PG QFSUVSCBUJPOT PO QSPUFJO FYQSFTTJPO� 5P UIJT FOE
 POF PG UIF QPQVMBUJPOT
JT QFSUVSCFE
 F�H� WJB UIF USFBUNFOUXJUI B ESVH� 5IF DFMMT GSPN UIF UXPQPQVMBUJPOT BSF UIFO MZTFE
BOE NJYFE JO B ��� SBUJP
 GPMMPXFE CZ UIF DPNCJOFE QSPDFTTJOH PG UIF TBNQMF BOE .4 BOBMZTJT�
'PS DPNQBSJTPOT BDSPTT TFWFSBM TBNQMFT BOE DPOEJUJPOT
 B NPEJaDBUJPO PG UIF DMBTTJD 4*-"$�
BQQSPBDI
 DBMMFE TQJLF�JO 4*-"$ <���> DBO CF VTFE� )FSF
 DFMMT HSPXO JO IFBWZ NFEJB BSF VTFE
BT B SFGFSFODF JO FBDI TBNQMF
 ZJFMEJOH OPSNBMJ[FE BCVOEBODF SBUJPT GPS FWFSZ TBNQMF UIBU DBODFM
PVU XIFO SFMBUJOH UXP TBNQMFT UP FBDI PUIFS�

������� 1SPDFTTJOH PG NBTT TQFDUSPNFUSZ EBUB

5IF QSPDFTTJOH PG NBTT TQFDUSPNFUSZ EBUB UP ZJFME RVBMJUBUJWF BOE RVBOUJUBUJWF JOGPSNBUJPO
BCPVU UIF DPOUBJOFE QSPUFJOT 	PS NFUBCPMJUFT
 JT B NVMUJTUFQ QSPDFEVSF
 XIJDI XJMM CF CSJFbZ
EFTDSJCFE JO UIF GPMMPXJOH QBSBHSBQIT GPS UIF QSPUFPNJDT DBTF� 'PS FBDI TUFQ XJUIJO UIFTF
QJQFMJOFT
 UIFSF FYJTU OVNFSPVT UPPMT UIBU BSF PQUJNJ[FE GPS EJêFSFOU UZQFT PG BOBMZ[FT <���v���>�
.BOZ PG UIFTF UPPMT BSF BMTP QBSU PG DPNQSFIFOTJWF GSBNFXPSLT GPS UIF QSPDFTTJOH PG NBTT
TQFDUSPNFUSZ EBUB MJLF 0QFO.4 <���>
 .[NJOF� <���>
 PS ."7&/ <���>�

3BX EBUB aMUFSJOH� 'SBHNFOUBUJPO�CBTFE BQQSPBDIFT MJLF UBOEFN NBTT TQFDUSPNFUSZ ZJFME B
MBSHF WBSJFUZ PG GSBHNFOU JPOT
 XIPTF DPSSFTQPOEJOH QFBLT JO UIF NBTT TQFDUSVN BSF DPNNPOMZ
JNQBJSFE CZ TQFDUSBM OPJTF� *O PSEFS UP JODSFBTF UIF BDDVSBDZ PG QFQUJEF JEFOUJaDBUJPO
 BO JOJUJBM
OPJTF aMUFSJOH TUFQ JT QFSGPSNFE UP TFQBSBUF UIF BDUVBM TJHOBM GSPN CBDLHSPVOE OPJTF 	F�H�

JOEVDFE GSPN DIFNJDBM PS JOTUSVNFOUBM JOUFSGFSFODF
 <���>� 5P UIJT FOE
 UIF QFBLT XJUI UIF
XFBLFTU JOUFOTJUJFT 	J�F�
 CBDLHSPVOE OPJTF
 BSF aMUFSFE PVU�

1FBL EFUFDUJPO BOE JEFOUJaDBUJPO� #FGPSF QFQUJEFT BSF JEFOUJaFE GSPN .4�.4 TQFDUSB

UZQJDBMMZ B 	DPNQVUBUJPOBM
 EFJTPUPQJOH TUFQ JT QFSGPSNFE� %VF UP UIF GBDU UIBU BO BOBMZUF DBO
TPNFUJNFT DPOUBJO OBUVSBMMZ PDDVSSJOH SBSF JTPUPQFT 	F�H�
 13C

 UIFSF NJHIU CF BEEJUJPOBM NJOPS
QFBLT CFTJEFT UIF NBKPS NPOPJTPUPQJD QFBL 	UIBU PDDVST BU UIF UIFPSFUJDBM NBTT
 JO UIF NBTT
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TQFDUSVN� %FJTPUPQJOH BMHPSJUINT MJLF UIF POFT QSPWJEFE CZ%FDPO�-4 <���> PS 1FBL4FMFDU <���>
USZ UP HSPVQ UIF JTPUPQJD QFBLT XJUI UIF DPSSFTQPOEJOH NPOPJTPUPQJD QFBL�
5IF OFYU TUFQ JT UP JEFOUJGZ UIF QFQUJEFT UIBU DPSSFTQPOE UP UIF 	NPOPJTPUPQJD
 QFBLT JO UIF
aMUFSFE TQFDUSVN� 5P UIJT FOE
 POF PS TFWFSBM EBUBCBTFT BSF VTFE UP DPNQBSF UIF FYQFSJNFOUBM
GFBUVSFT BHBJOTU QBUUFSOT PG UIFPSFUJDBMMZ EJHFTUFE QSPUFJOT VTJOH UPPMT MJLF 4&26&45 <���> PS
.BTDPU <���>� "GUFS UIF JEFOUJaDBUJPO PG UIF DPOUBJOFE QFQUJEFT
 UIFZ IBWF UP CF NBQQFE UP
UIFJS PSJHJOBUJOH QSPUFJOT� *O DPOUSBTU UP TJNQMF PSHBOJTNT
 XIFSFNPTU QFQUJEFT DBO CF VOJRVFMZ
NBQQFE UP POF QSPUFJO
 UIF QSPCMFNCFDPNFTNVDINPSF DPNQMFY GPS IJHIFS FVLBSZPUFT <���> BT
NBOZQFQUJEFT DPVME TUFN GSPN TFWFSBM QSPUFJOT
 UIVT MFBEJOH UP BNCJHVPVT QSPUFJO BTTJHONFOUT�
" XFMM�LOPXO UPPM UP QFSGPSN UIJT JOGFSFODF JT 1SPUFJO1SPQIFU <���>
 XIJDI USJFT UP JEFOUJGZ UIF
NJOJNBM TFU PG QSPUFJOT UIBU DBO FYQMBJO BMM UIF PCTFSWFE QFQUJEFT�

2VBOUJaDBUJPO� #FTJEFT UIF JEFOUJaDBUJPO PG QSPUFJOT DPOUBJOFE JO B TBNQMF
 GPS NBOZ SFTFBSDI
TDFOBSJPT JU JT PG IJHI JOUFSFTU UP BMTP NFBTVSF BOE DPNQBSF QSPUFJO BCVOEBODFT UP JEFOUJGZ
EJêFSFODFT CFUXFFO UXP TBNQMFT PS TBNQMF HSPVQT� *O MBCFM�GSFF DBTFT XIFSF FBDI TBNQMF JT
BOBMZ[FE JOEJWJEVBMMZ
 NBUDIJOH QFBLT BDSPTT FYQFSJNFOUT IBWF UP CF JEFOUJaFE� 5IF IFJHIUT
PG UIF DPSSFTQPOEJOH QFBLT BSF VTFE UP EFUFSNJOF UIF SFMBUJWF QFQUJEF BCVOEBODFT CFUXFFO
UIF TBNQMFT� )PXFWFS
 JO HFOFSBM
 UIJT BQQSPBDI JT MFTT BDDVSBUF UIBO NFUIPET FNQMPZJOH
TUBCMF JTPUPQF MBCFMJOH 	DG� 4FDUJPO �������
� *O UIFTF MBCFMFE BQQSPBDIFT
 UIF SFMBUJWF RVBOUJUZ
PG B TQFDJaD QSPUFJO DBO CF EFUFSNJOFE GSPN UIFJS SFMBUJWF TJHOBM JOUFOTJUJFT VTJOH UPPMT MJLF
"4"13BUJP <���> PS .BY2VBOU <���>�

��� 3FGFSFODF EBUBCBTFT BOE SFTPVSDFT

)JHI�UISPVHIQVU UFDIOPMPHJFT BT UIF POFT EFTDSJCFE JO 4FDUJPO ��� QSPEVDF MBSHF BNPVOUT PG
DPNQMFY
 OPJTZ
 BOE IFUFSPHFOFPVT EBUB UIBU SFRVJSF UIF VTF PG CJPJOGPSNBUJDT NFUIPET JO
DPNCJOBUJPO XJUI CJPMPHJDBM EPNBJO LOPXMFEHF UP PCUBJO OPWFM JOTJHIUT JOUP EJTFBTF CJPMPHZ
BOE QVUBUJWF USFBUNFOU PQUJPOT� *O UIJT DPOUFYU
 EBUBCBTFT BOE PUIFS SFTPVSDFT BDU BT BO FOBCMJOH
GBDUPS GPS GFBUVSF BOOPUBUJPO BOE TZTUFNT CJPMPHZ JOUFHSBUJWF BOBMZTFT� 5IFSF JT B MBSHF BOE
TUFBEJMZ JODSFBTJOH OVNCFS PG EBUBCBTFT UIBU DBQUVSF WBSJPVT UZQFT PG CJPMPHJDBM LOPXMFEHF

GBDJMJUBUJOH B NVMUJ�GBDFUFE JOWFTUJHBUJPO PG EBUB TFUT PG JOUFSFTU <���>�
5IJT QMFUIPSB PG EBUBCBTFT DBO CF DMBTTJaFE JO WBSJPVT XBZT� GPS JOTUBODF
 TPNF EBUBCBTFT
DPOUBJO HFOFSBM�QVSQPTF JOGPSNBUJPO
 XIJMF PUIFST BSF TQFDJaD UP DFSUBJO PSHBOJTNT PS EJTFBTFT�
"MTP
 UIFZ DBO CF EJTUJOHVJTIFE JO UFSNT PG BDDFTTJCJMJUZ
 DPTU PG VTF
 BOE XIFUIFS PS OPU UIFZ
BSF DPOUJOVPVTMZ VQEBUFE� "OPUIFS FTTFOUJBM EJêFSFODF CFUXFFO BOE TPNFUJNFT FWFO XJUIJO
EBUBCBTFT JT UIF MFWFM PG FWJEFODF QSPWJEFE GPS UIF FOUSJFT� TPNF EBUBCBTFT POMZ QSPWJEF
WBMJEBUFE JOGPSNBUJPO
 XIJMF PUIFST BMTP DPOUBJO EFSJWFE PS QSFEJDUFE FOUSJFT�
*O UIF GPMMPXJOH
 XF XJMM QSFTFOU UISFF NBJO DMBTTFT PG EBUBCBTFT BOE SFTPVSDFT FTQFDJBMMZ
SFMFWBOU UP CBTJD DBODFS SFTFBSDI BOE USBOTMBUJPOBM NFEJDJOF� 5P UIJT FOE
 XF IFSF GPDVT PO
UIF QSJNBSZ UZQFT PG JOGPSNBUJPO QSPWJEFE CZ UIF SFTQFDUJWF EBUBCBTFT
 BDLOPXMFEHJOH UIBU B
TIBSQ QBSUJUJPOJOH JT IBSEMZ BDIJFWBCMF EVF UP UIF DPNQMFYJUZ BOE DPNQSFIFOTJWFOFTT PG DVSSFOU
EBUBCBTFT�
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����� &OUJUZ�SFMBUFE EBUBCBTFT
5IJT DMBTT PG EBUBCBTFT FOUBJMT WBSJPVT UZQFT PG SFTPVSDFT UIBU QSPWJEF CJPMPHJDBM DPOUFYU UP
TQFDJaD CJPMPHJDBM FOUJUJFT MJLF HFOPNJD MPDBUJPOT
 HFOFT
 PS QSPUFJOT� 4JNJMBS UP UIF qbPX PG
HFOFUJD JOGPSNBUJPOr 	DG� 4FDUJPO ���

 UIFZ SBOHF GSPN SFGFSFODF HFOPNFT BOE DBUBMPHT PG HFOFT
PWFS JOGPSNBUJPO PO SFHVMBUPSZ FMFNFOUT UP QSPUFJO TFRVFODF BOE TUSVDUVSF EBUBCBTFT�
5IF /BUJPOBM $FOUFS GPS #JPUFDIOPMPHZ *OGPSNBUJPO 	/$#*
 QSPWJEFT SFGFSFODF HFOPNFT GPS B
NVMUJUVEF PG PSHBOJTNT JO UIFJS 3FGFSFODF 4FRVFODF 	3FG4FR
 EBUBCBTF <���>� 5IF (FODPEF
EBUBCBTF
 PO UIF PUIFS IBOE
 GPDVTFT PO UIF JEFOUJaDBUJPO BOE DMBTTJaDBUJPO PG HFOFT JO
)PNP TBQJFOT BOE .VT NVTDVMVT BOE QSPWJEFT DPSSFTQPOEJOH SFGFSFODF HFOPNFT GPS UIPTF UXP
PSHBOJTNT <���>�
0OF PG UIF NPTU DPNQSFIFOTJWF EBUBCBTFT GPS HFOF�TQFDJaD JOGPSNBUJPO JT /$#*rT 	&OUSF[

(FOF EBUBCBTF <���>� 5IF QSPWJEFE EBUBCBTF SFDPSET JODMVEF HFOFSBM�QVSQPTF JOGPSNBUJPO MJLF
BMUFSOBUJWF HFOF OBNFT
 TVNNBSZ EFTDSJQUJPOT
 HFOPNJD MPDBMJ[BUJPOT
 UJTTVF�TQFDJaD FYQSFTTJPO
QBUUFSOT
 BT XFMM BT MJOLT UP MJUFSBUVSF BOE PUIFS FYUFSOBM SFTPVSDFT� (FOF$BSET JT BOPUIFS HFOF�
DFOUSJD SFTPVSDF UIBU JOUFHSBUFT WBSJPVT UZQFT PG JOGPSNBUJPO GSPN B MBSHF WBSJFUZ PG FYUFSOBM
EBUBCBTFT <���>�
5IF )6(0 (FOF /PNFODMBUVSF $PNNJUUFF 	)(/$
 <���> QSPWJEFT BQQSPWFE IVNBO
HFOF OBNFT BOE TIPSU�GPSN BCCSFWJBUJPOT 	qHFOF TZNCPMTr
 GPS BMNPTU ��
��� IVNBO MPDJ

JODMVEJOH QSPUFJO�DPEJOH BOE OPO�DPEJOH HFOFT
 BT XFMM BT DPSSFTQPOEJOH JEFOUJaFST JO PUIFS
OPNFODMBUVSFT UIBU DBO CF VTFE GPS JEFOUJaFS NBQQJOH�
(PJOH CFZPOE HFOF�MFWFM BOOPUBUJPO
 UIF &OTFNCM QSPKFDU <���> DPWFST WBSJPVT UZQFT PG FOUJUJFT

SBOHJOH GSPN TJOHMF FYPOT PWFS USBOTDSJQUT UP HFOFT BOE UIFJS SFTQFDUJWF HFOF QSPEVDUT� &BDI
FOUJUZ JT QSPWJEFEXJUI B TUBCMF BMQIBOVNFSJD JEFOUJaFS BOE JODMVEFT JOGPSNBUJPO BCPVU HFOPNJD
MPDBUJPOT GPS WBSJPVT SFGFSFODF HFOPNFT BOE DSPTT�SFGFSFODFT UP SFMBUFE FOUJUJFT�
#FTJEFT &OTFNCM
 UIF 6OJWFSTBM 1SPUFJO 3FTPVSDF 	6OJ1SPU
 JT B NBKPS SFTPVSDF GPS QSPUFJO BO�
OPUBUJPO
 JODMVEJOH EFUBJMT PO UIF UISFF�EJNFOTJPOBM TUSVDUVSF
 QPTU�USBOTMBUJPOBM NPEJaDBUJPOT

BOE GVODUJPOBM BOOPUBUJPOT <���>�
'PS UIF FMVDJEBUJPO PG SFHVMBUPSZNFDIBOJTNT DPODFSOJOH HFOF FYQSFTTJPO
 UIFSF JT B MBSHF WBSJFUZ
PG EBUBCBTFT UIBU QSPWJEF JOGPSNBUJPO PO SFHVMBUPSZ FMFNFOUT MJLF USBOTDSJQUJPO GBDUPST BOE
UIFJS UBSHFU TJUFT 	F�H�
 53"/4'"$ <���>
 +"41"3 <���>
 PS &/$0%& <���>
 BOE NJ3/"T 	F�H�

NJ3#BTF <���>
 NJ3$BSUB <���>
 PS NJ38BML <���>
�

����� 1BUIXBZ�SFMBUFE EBUBCBTFT
/PXBEBZT
 UIFSF BSF WBSJPVT SFTPVSDFT BOEEBUBCBTFT UIBU USZ UP TUSVDUVSF UIF DPNQMFYNPMFDVMBS
DJSDVJUSZ XJUIJO DFMMT CZ QSPWJEJOH GVODUJPOBM BOOPUBUJPOT UP HFOF TFUT
 CJPMPHJDBM QSPDFTTFT
 BOE
QBUIXBZT�
5IFNPTU DPNQSFIFOTJWF BOE SFOPXOFE SFTPVSDF GPS UIF GVODUJPOBM BOOPUBUJPO PG HFOF TFUT JT UIF
(FOF 0OUPMPHZ 	(0
 EBUBCBTF <���>� (0 QSPWJEFT B IJFSBSDIZ PG DPOUSPMMFE WPDBCVMBSZ UFSNT
UP EFTDSJCF UIF SPMFT PG HFOFT BOE UIFJS SFTQFDUJWF HFOF QSPEVDUT DPODFSOJOH UIFJS NPMFDVMBS
GVODUJPO	T

 UIF CJPMPHJDBM QSPDFTT	FT
 UIFZ BSF JOWPMWFE JO
 BOE UIF DFMMVMBS DPNQPOFOU	T
 JO
XIJDI NPMFDVMBS FWFOUT PDDVS� 8IJMF (0 JT B WBMVBCMF SFTPVSDF GPS HFOF TFU BOOPUBUJPOT
 JU
EPFT OPU QSPWJEF JOGPSNBUJPO BCPVU UIF TQFDJaD JOUFSBDUJPOT 	J�F�
 DIFNJDBM SFBDUJPOT BOE CJOEJOH
FWFOUT
 CFUXFFO HFOFT
 QSPUFJOT
 OPO�DPEJOH 3/"T
 BOE NFUBCPMJUFT UIBU UPHFUIFS HJWF SJTF UP B
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DFMMVMBS GVODUJPO� 5IF ,ZPUP &ODZDMPQFEJB PG (FOFT BOE (FOPNFT 	,&((
 DPNQSJTFT TFWFSBM
EBUBCBTFT UIBU QSPWJEF EFUBJMT PO SFHVMBUPSZ TJHOBMJOH DBTDBEFT
 CJPDIFNJDBM SFBDUJPOT
 BOE
BEEJUJPOBM JOGPSNBUJPO BCPVU UIF JOWPMWFE HFOFT BOE QSPUFJOT <���>� 5IF FODPNQBTTFE ,&((
1"5)8": EBUBCBTF QSPWJEFT B DPMMFDUJPO PG NBOVBMMZ DSFBUFE QBUIXBZ NBQT UIBU SFQSFTFOU
LOPXMFEHF PGNPMFDVMBS JOUFSBDUJPO OFUXPSLT
 JODMVEJOH BEEJUJPOBM LOPXMFEHF BCPVU JOUFSBDUJPO
UZQFT MJLF BDUJWBUJPO
 JOIJCJUJPO
 QIPTQIPSZMBUJPO
 BOE EFQIPTQIPSZMBUJPO�
4JNJMBSMZ UP ,&((
 3FBDUPNF JT BO FYQFSU�DVSBUFE BOE QFFS�SFWJFXFE QBUIXBZ EBUBCBTF <���>�
3FBDUPNFrT EBUB NPEFM DPWFST QSPUFJO
 QSPUFJO DPNQMFYFT
 NFUBCPMJUFT
 BOE UIFJS SFTQFDUJWF
JOUFSBDUJPOT� 8JLJ1BUIXBZT <���> JT BOPUIFS SFTPVSDF QSPWJEJOH JOUFSBDUJWF CJPMPHJDBM QBUIXBZ
NBQT WJB BO PQFO
 DPMMBCPSBUJWF QMBUGPSN�

����� %JTFBTF� BOE ESVH�SFMBUFE EBUBCBTFT

'PS QFSTPOBMJ[FE NFEJDJOF BOE EFDJTJPO TVQQPSU
 UIF JODPSQPSBUJPO PG EJTFBTF�TQFDJaD
 BT XFMM
BT QIBSNBDPMPHJD BOE QIBSNBDPHFOPNJD LOPXMFEHF JT PG HSFBU JNQPSUBODF�
5IF 4JOHMF /VDMFPUJEF 1PMZNPSQIJTN %BUBCBTF 	EC4/1
 JT B DPNQSFIFOTJWF SFTPVSDF GPS
BOOPUBUJPOT PG HFOFUJD WBSJBUJPOT
 JODMVEJOH QPQVMBUJPO�TQFDJaD GSFRVFODJFT
 MJOLT UP SFMBUFE
QVCMJDBUJPOT
 BOE JOGPSNBUJPO BCPVU UIF QBUIPHFOJDJUZ PG NVUBUJPOT
 J�F�
 UIFJS QSFEJDUFE SPMF
JO IVNBO EJTFBTF <���>� 6OMJLF JOEJDBUFE CZ UIF OBNF
 EC4/1 EPFT OPU POMZ DPOUBJO 4JOHMF
/VDMFPUJEF 1PMZNPSQIJTN 	4/1T

 J�F�
 TJOHMF OVDMFPUJEF TVCTUJUVUJPOT UIBU PDDVS JO BU MFBTU ��
PG B QPQVMBUJPO
 EC4/1 BMTP DPWFST PUIFS UZQFT PG TIPSU TFRVFODF WBSJBUJPO 	F�H�
 TNBMM JOTFSUJPOT
PS EFMFUJPOT
 UIBU PDDVS GSFRVFOUMZ FOPVHI UP CF UFSNFE QPMZNPSQIJD <���>� 4JNJMBSMZ UP EC4/1

UIF $MJO7BS EBUBCBTF <���> EFTDSJCFT UIF SFMBUJPOTIJQT CFUXFFO IVNBO HFOFUJD WBSJBUJPOT BOE
EJTFBTF QIFOPUZQFT� .PSFPWFS
 UIF DMJOJDBM TJHOJaDBODF PG BCFSSBUJPOT BOE TVQQPSUJOH FWJEFODF
JT QSPWJEFE XIFOFWFS BWBJMBCMF�
5IF $BUBMPHVF 0G 4PNBUJD .VUBUJPOT *O $BODFS 	$04.*$
 GPDVTFT PO UIF QPUFOUJBM SPMF PG
NVUBUJPOT JO IVNBO DBODFS� $04.*$ JT DVSSFOUMZ UIF NPTU DPNQSFIFOTJWF QVCMJDMZ BWBJMBCMF
SFTPVSDF GPS FYQFSU�DVSBUFE TPNBUJD JOGPSNBUJPO BOE UIFJS SFMBUJPO UP IVNBO DBODFST <���>�
"OPUIFS SFTPVSDF GPS UIF FWBMVBUJPO PG UIF DMJOJDBM SFMFWBODF PG JOIFSJUFE BOE TPNBUJD WBSJBOUT
JO DBODFS JT $*7J$
 UIF $MJOJDBM *OUFSQSFUBUJPO PG 7BSJBOUT JO $BODFS EBUBCBTF <���>� $*7J$ JT BO
PQFO BDDFTT
 FYQFSU�DSPXETPVSDFE LOPXMFEHFCBTF UIBU QSPWJEFT TFWFSBM MFWFMT PG FWJEFODF GPS
UIF BTTFTTNFOU PG UIF QSFEJDUJWF QPXFS PG BCFSSBUJPOT XJUI SFTQFDU UP UIF USFBUNFOU XJUI WBSJPVT
ESVHT�
"T BMSFBEZ EJTDVTTFE JO $IBQUFS �
 UVNPST DBO QPUFOUJBMMZ DPOUBJO WBSJPVT UZQFT PG
	FQJ�
HFOPNJD WBSJBUJPOT JO OVNFSPVT HFOFT
 OPU BMM FRVBMMZ DPOUSJCVUJOH UP DBODFS JOJUJBUJPO
BOE QSPHSFTTJPO� %BUBCBTFT MJLF UIF *OUFHSBUJWF 0ODP�(FOPNJDT EBUBCBTF 	*OU0(FO
 <���> BOE
%SJWFS%# <���> DBO IFMQ UP QSJPSJUJ[F HFOFT GPS GVSUIFS JOWFTUJHBUJPO CZ QSPWJEJOH JOGPSNBUJPO
BCPVU LOPXO BOE QVUBUJWF ESJWFS HFOFT BOE DPSSFTQPOEJOH BCFSSBUJPOT GPS B WBSJFUZ PG DBODFS
UZQFT�
*OGPSNBUJPO BCPVU B CSPBE SBOHF PG ESVHT BOE UIFJS NPMFDVMBS UBSHFUT JT QSPWJEFE CZ WBSJPVT
SFTPVSDFT MJLF %SVH#BOL <���>
 UIF %SVH (FOF *OUFSBDUJPO %BUBCBTF 	%(*EC
 <���>
 BOE
UIF 5IFSBQFVUJD 5BSHFU %BUBCBTF 	55%
 <���>� %SVH#BOL JT B DPNQSFIFOTJWF SFTPVSDF UIBU
DPNCJOFT EFUBJMFE ESVH EBUB 	J�F�
 DIFNJDBM
 QIBSNBDPMPHJDBM
 BOE QIBSNBDFVUJDBM QSPQFSUJFT PG
B ESVH
 XJUI BEEJUJPOBM EFUBJMT PO ESVH UBSHFUT BOE SFMFWBOU "%.& HFOFT 	J�F�
 ESVH�QSPDFTTJOH
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FO[ZNFT
 USBOTQPSUFST
 DBSSJFST
� 5IF MBUFTU SFMFBTF PG %SVH#BOL 	7FSTJPO �����
 DPOUBJOT BMNPTU
��
��� ESVH FOUSJFT
 DPWFSJOH BMM TUBHFT PG EFWFMPQNFOU GSPN FYQFSJNFOUBM UP BQQSPWFE� %(*EC
QSPWJEFT B DPNQSFIFOTJWF DPMMFDUJPO PG ESVH�UBSHFU JOUFSBDUJPOT HBUIFSFE BOE DPOTPMJEBUFE GSPN
UIF MJUFSBUVSF BOE B CSPBE BSSBZ PG EBUBCBTFT BOE XFC SFTPVSDFT� *O BEEJUJPO UP ESVH�UBSHFU
JOUFSBDUJPOT
 55% BEEJUJPOBMMZ QSPWJEFT JOGPSNBUJPO BCPVU UBSHFU�BëMJBUFE CJPMPHJDBM QBUIXBZT�
5IF EBUB QSPWJEFE CZ UIFTF EBUBCBTFT DBO CF FNQMPZFE UP aOE FYJTUJOH ESVHT GPS B TQFDJaD UBSHFU
	F�H�
 UP BTTFTT QVUBUJWF QPJOUT PG JOUFSWFOUJPO XJUIJO B QBUIXBZ PS HFOF TFU
 PS UP JEFOUJGZ BMM
LOPXO UBSHFUT PG B ESVH VOEFS DPOTJEFSBUJPO�
	&QJ�
HFOPNJD BOE USBOTDSJQUPNJD BCFSSBUJPOT JONPMFDVMBS ESVH UBSHFUT DBO TJHOJaDBOUMZ JNQBDU
UIF FëDBDZ BOE UPYJDJUZ PG ESVHT� 5IF DPOTJEFSBUJPO PG QSFEJDUJWF CJPNBSLFST 	$%Y
 BOE
QIBSNBDPHFOPNJD JOUFSBDUJPOT 	1(Y
 JT IFODF BO JOUFHSBM QBSU PG QFSTPOBMJ[FE NFEJDJOF� 5IFSF
FYJTU B WBSJFUZ PG EBUBCBTFT UIBU GPDVT PO $%Y BOE 1(Y SFMBUJPOTIJQT BOE XIJDI WBSZ JO UIFJS
DPNQSFIFOTJWFOFTT BOE QSPWJEFE MFWFMT PG FWJEFODF�
5IF '%"
 GPS JOTUBODF
 POMZ QSPWJEFT B MJTU PG BQQSPWFE BOE SFBEZ�UP�VTF DPNQBOJPO EJBHOPTUJDT
UIBU UFTU GPS TQFDJaD BCFSSBUJPOT EFUFSNJOJOH USFBUNFOU FMJHJCJMJUZ <���>�
" CSPBEFS TFU PG BOOPUBUJPOT JT QSPWJEFE CZ 0ODP,# <���>
 XIJDI DPWFST NPSF UIBO �
���
HFOPNJD BMUFSBUJPOT GPS TFWFSBM EP[FOT PG ESVHT� 5IFTF BMUFSBUJPOT BSF DMBTTJaFE JOUP GPVS MFWFMT
PG DMJOJDBM FWJEFODF�
"O FWFO NPSF DPNQSFIFOTJWF SFTPVSDF QSPWJEJOH QVUBUJWF QIBSNBDPHFOPNJD FêFDUT JT UIF
(FOPNJDT PG %SVH 4FOTJUJWJUZ JO $BODFS 	(%4$����
 EBUBCBTF <���>� (%4$���� DPOUBJOT UIF
QSFEJDUFE FêFDUT PG BCFSSBUJPOT PO ESVH FëDBDZ CBTFE PO ESVH TFOTJUJWJUZ NFBTVSFNFOUT GPS B
XJEF SBOHF PG ESVHT BDSPTT OVNFSPVT UZQFT PG DFMM MJOFT�

#FTJEFT EBUBCBTFT BT UIF POFT EFTDSJCFE BCPWF
 UIFSF BSF BMTP OVNFSPVT SFTPVSDFT UIBU QSPWJEF
EJTFBTF�TQFDJaD NVMUJ�PNJDT EBUB TFUT BOE
 JO TPNF DBTFT
 BMTP ESVH TFOTJUJWJUZ JOGPSNBUJPO UIBU
DBO CF VTFE UP JOGFS DBODFS UZQF�TQFDJaD QBUUFSOT PG 	FQJ�
HFOFUJD BOENPMFDVMBS BCFSSBUJPOT BOE
EFUFSNJOBOUT PG ESVH TFOTJUJWJUZ� 5IF (FOF &YQSFTTJPO 0NOJCVT 	(&0
 <���>
 "SSBZ&YQSFTT
<���>
 /$#*rT 4FRVFODF 3FBE "SDIJWF 	43"
 <���>
 BOE UIF &VSPQFBO (FOPNF�1IFOPNF
"SDIJWF <���> BSF FYBNQMFT PG DPNQSFIFOTJWF SFTPVSDFT UIBU QSPWJEF WBSJPVT UZQFT PG PNJDT
EBUB BDSPTT EJTFBTFT BOE TBNQMF DPOEJUJPOT� 5IF DVSSFOUMZ MBSHFTU NVMUJ�PNJDT EBUB TFU PO
QSJNBSZ BOENFUBTUBUJD UVNPS TBNQMFT JT QSPWJEFE CZ 5IF $BODFS (FOPNF "UMBT 	5$("
 <���>�
0UIFS SFTPVSDFT MJLF (%4$���� <���> BOE UIF %3&".� EBUB TFU <���> DPNCJOF NVMUJ�PNJDT
NFBTVSFNFOUT GPS DFMM MJOFT PG WBSJPVT UZQFTXJUI ESVH TFOTJUJWJUZNFBTVSFNFOUT GPS MBSHF QBOFMT
PG ESVHT�

��� %FUFDUJOH EFSFHVMBUFE HFOFT BOE QSPDFTTFT
5IF QSFQSPDFTTFE EBUB PCUBJOFE GSPN UIF IJHI�UISPVHIQVU FYQFSJNFOUBM UFDIOPMPHJFT EFTDSJCFE
JO4FDUJPO ��� JT PG IJHI EJNFOTJPOBMJUZ BOE DPNQMFY OBUVSF� 5IVT
 JO PSEFS UP FYUSBDUNFBOJOHGVM
CJPMPHJDBM JOGPSNBUJPO GSPN UIFTF EBUB
 BQQSPQSJBUF TUBUJTUJDBM BOE DPNQVUBUJPOBM NFBOT OFFE UP
CF BQQMJFE� *O UIJT TFDUJPO
 XF XJMM CSJFbZ JOUSPEVDF UIF TUBUJTUJDBM DPODFQU PG IZQPUIFTJT UFTUJOH
BOE TJHOJaDBODF 	4FDUJPO �����

 GPMMPXFE CZ BO PWFSWJFX PG WBSJPVT NFUIPET GPS UIF EFUFDUJPO
PG EFSFHVMBUFE HFOFT 	4FDUJPO �����
 BOE CJPMPHJDBM QSPDFTTFT 	4FDUJPO �����
�
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����� )ZQPUIFTJT UFTUJOH BOE TJHOJaDBODF

)ZQPUIFTJT UFTUJOH JT B DPNNPOMZ VTFE UFDIOJRVF PG JOGFSFOUJBM TUBUJTUJDT GPS UIF BTTFTTNFOU PG
QSPQFSUJFT PG B QPQVMBUJPO CBTFE PO BO PCTFSWFE TBNQMF <���
 ���>� 5IF GPMMPXJOH EFaOJUJPOT
BOE FYQMBOBUJPOT BSF CBTFE PO <���>�
" QSPQFSUZ PG TVDI B QPQVMBUJPO JT UZQJDBMMZ SFQSFTFOUFE BT BO VOLOPXO QBSBNFUFS θ ∈ Ω PG UIF
VOEFSMZJOH QSPCBCJMJUZ EJTUSJCVUJPO
 J�F� UIF QSPCBCJMJUZ EJTUSJCVUJPO GSPN XIJDI UIF PCTFSWFE
TBNQMF XBT ESBXO� 5IF QBSBNFUFS TQBDF Ω DBO CF QBSUJUJPOFE JO UXP EJTKPJOU TVCTFUT Ω0 BOE
Ω1 	Ω = Ω0 ∪ Ω1
 UIBU HJWF SJTF UP UXP IZQPUIFTFT BCPVU UIF WBMVF PG θ� UIF TP�DBMMFE qOVMM
IZQPUIFTJTr 	H0
 BOE UIF qBMUFSOBUJWF IZQPUIFTJTr 	H1
�

H0 : θ ∈ Ω0

H1 : θ ∈ Ω1

8IJMF H1 UZQJDBMMZ DPSSFTQPOET UP UIF SFTFBSDI IZQPUIFTJT PG JOUFSFTU 	TFF BMTP UIF FYBNQMF
CFMPX

 H0 SFQSFTFOUT UIF DPNQMFNFOUBSZ IZQPUIFTJT� "T XF DBOOPU EJSFDUMZ BTTFTT UIF
DPSSFDUOFTT PG H1
 XF JOTUFBE DPOTJEFS UIF QSPCBCJMJUZ PG PCUBJOJOH UIF PCTFSWFE TBNQMF VOEFS
UIF BTTVNQUJPO UIBU H0 JT USVF� *G UIJT QSPCBCJMJUZ JT TVëDJFOUMZ TNBMM
 XF DBO SFKFDU UIF OVMM
IZQPUIFTJT H0 JO GBWPS PG H1� *O PSEFS UP EFUFSNJOF XIFUIFS PS OPU UP SFKFDU H0
 B UFTU QSPDFEVSF
δc JT VTFE� 5IF UFTU QSPDFEVSF 	EFDJTJPO SVMF
 δc JT B GVODUJPO UIBU EFUFSNJOFT XIFUIFS PS OPU UP
SFKFDU H0 GPS B HJWFO SBOEPN TBNQMF x = (x1, x2, ..., xn)� 5P UIJT FOE
 B TP�DBMMFE qUFTU TUBUJTUJDr JT
FNQMPZFE� " UFTU TUBUJTUJD T : Rn → R JT B SFBM�WBMVFE GVODUJPO UIBU NBQT UIFNBEF PCTFSWBUJPOT
UP B TDBMBS WBMVF� *G UIF SFTVMU PG UIF UFTU TUBUJTUJD T(x) FYDFFET UIF DSJUJDBM WBMVF c EFaOFE CZ UIF
UFTU QSPDFEVSF δc
 H0 XJMM CF SFKFDUFE� #Z UIJT
 UIF UFTU QSPDFEVSF δc QBSUJUJPOT UIF TBNQMF TQBDF
S 	J�F�
 UIF TFU PG BMM QPTTJCMF SBOEPN TBNQMFT x
 JOUP UXP TVCTFUT� UIF TP�DBMMFE qDSJUJDBM SFHJPOr
	CR

 GPS XIJDI UIF UFTU QSPDFEVSF δc XJMM SFKFDU H0 BOE UIF DPNQMFNFOUBSZ TVCTFU 	CRc
 GPS
XIJDI H0 XJMM OPU CF SFKFDUFE�
5IF QSPCBCJMJUZ UIBU UIF UFTU QSPDFEVSF δc XJMM SFKFDU H0 JT EFaOFE CZ UIF TP�DBMMFE qQPXFS
GVODUJPOr π(θ|δc)�

π(θ|δc) = P(x ∈ CR|θ) ∀θ ∈ Ω

*O IZQPUIFTJT UFTUJOH
 UXP DMBTTFT PG FSSPST DBO PDDVS� UZQF�* BOE UZQF�** FSSPST� " UZQF�* FSSPS
SFGFST UP UIF FSSPOFPVT SFKFDUJPO PG B USVF OVMM IZQPUIFTJT� 5IF QSPCBCJMJUZ PG NBLJOH B UZQF�*
FSSPS JT EFOPUFE CZ�

P{UZQF�* FSSPS} = sup
θ∈Ω0

(π(θ|δc))

$POWFSTFMZ
 JO DBTFT XIFSF H1 IPMET CVU H0 JT FSSPOFPVTMZ OPU SFKFDUFE
 B UZQF�** FSSPS PDDVST�
5IF QSPCBCJMJUZ PG NBLJOH B UZQF�** FSSPS JT EFOPUFE CZ�

P{UZQF�** FSSPS} = sup
θ∈Ω1

(1− π(θ|δc))

5IF TJHOJaDBODF MFWFM α PG B UFTU QSPDFEVSF δc EFaOFT BO VQQFS CPVOE GPS UIF QSPCBCJMJUZ PG
ESBXJOH UIF XSPOH DPODMVTJPO CZ SFKFDUJOH B DPSSFDU OVMM IZQPUIFTJT
 J�F� UIF QSPCBCJMJUZ PG
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DPOEVDUJOH B UZQF�* FSSPS�

sup
θ∈Ω0

(π(θ|δc)) ≤ α

5ZQJDBMMZ
 α JT TFU UP 0.01 PS 0.05�
'JOBMMZ
 JO PSEFS UP EFUFSNJOF XIFUIFS PS OPU UP SFKFDU H0 PO UIF CBTJT PG B SBOEPN TBNQMF x

TVQQPTF UIBU UIF WBMVF PG UIF UFTU TUBUJTUJD JT HJWFO CZ t = T(x)� 'PS UIF UFTU QSPDFEVSF δt UIBU
SFKFDUT H0 JG T(x) ≥ t
 XF EFaOF UIF Q�WBMVF p PG UIJT PCTFSWBUJPO BT�

p := sup
θ∈Ω0

(π(θ|δt))

= sup
θ∈Ω0

(P(T ≥ t|θ))

*G UIF PCUBJOFE Q�WBMVF JT TNBMMFS UIBO UIF QSFEFaOFE TJHOJaDBODF MFWFM α
 H0 XJMM CF SFKFDUFE JO
GBWPS PG H1�

'PS JMMVTUSBUJWF QVSQPTFT
 DPOTJEFS UIF GPMMPXJOH FYBNQMF PG SFQMJDBUFENFBTVSFNFOUT PG B HFOFrT
FYQSFTTJPO JO UXP DPOEJUJPOT X BOE Y
 F�H� JO EJTFBTFE BOE JO IFBMUIZ TUBUF� 5IF NFBTVSFNFOUT
ZJFME UXP TFSJFT PG WBMVFT x = (x1, ...xn) ∈ Rn BOE y = (y1, ..., ym) ∈ Rm� 'PS UIF BTTFTTNFOU PG
XIFUIFS UIFSF JT B TJHOJaDBOU EJêFSFODF JO UIFNFBO HFOF FYQSFTTJPO CFUXFFO UIF UXP DPOEJUJPOT
X BOEY 	J�F�
 XIFUIFS PS OPU UIF HFOF JT EJêFSFOUJBMMZ FYQSFTTFE

 UIF OVMM IZQPUIFTJTXPVME TUBUF
UIBU UIF UXP VOEFSMZJOH QPQVMBUJPOT IBWF JEFOUJDBM NFBO WBMVFT 	H0 : µX = µY

 XIFSFBT UIF
BMUFSOBUJWF IZQPUIFTJT XPVME TUBUF UIBU UIFSF JT B EJêFSFODF 	H1 : µX (= µY
�
'PS UIF FWBMVBUJPO PG UIFTF TUBUFNFOUT
 B TVJUBCMF UFTU TUBUJTUJD T OFFET UP CF BQQMJFE� 'PS UIF
HJWFO FYBNQMF
 B QPTTJCMF UFTU TUBUJTUJD XPVME CF UIF U�TUBUJTUJD 	TFF BMTP 4FDUJPO �����
�

T(x1, ..., xn, y1, ..., ym) =
x̄− ȳ√

(n−1)s2
x+(m−1)s2

y
n+m−2

√
1
n + 1

m




XJUI x̄ BOE ȳ CFJOH UIF SFTQFDUJWF TBNQMF NFBOT BOE s2
x BOE s2

y UIF SFTQFDUJWF TBNQMF WBSJBODFT�
5IF WBMVF PG UIF UFTU TUBUJTUJD T PO UIF PCTFSWFE EBUB JT HJWFO CZ t = T(x1, ..., xn, y1, ..., ym)� 5IF
FYUSFNJUZ PG t VOEFS UIF OVMM IZQPUIFTJT DBO CF VTFE UP KVEHF UIF TJHOJaDBODF PG UIF PCTFSWBUJPO�

p = P (|T| ≥ |t| | H0)

5IJT EFaOJUJPO DPSSFTQPOET UP B UXP�UBJMFE UFTUJOH TDFOBSJP UIBU JT BQQMJDBCMF JO DBTFT JO XIJDI
UIF BMUFSOBUJWF IZQPUIFTJT FNCPEJFT EFWJBUJPOT GSPN B SFGFSFODF JO FJUIFS EJSFDUJPO� *O DPOUSBTU

TUBUJTUJDBM UFTUJOH UIBU FYBNJOFT POMZ EFWJBUJPOT JO POF PG UIF UXP QPTTJCMF EJSFDUJPOT JT DBMMFE POF�
UBJMFE PS
 NPSF TQFDJaDBMMZ
 MFGU�UBJMFE 	pl = P(T ≤ t|H0)
 BOE SJHIU�UBJMFE 	pr = P(T ≥ t|H0)
�
0CTFSWBUJPOT XJUI TVëDJFOUMZ TNBMM Q�WBMVFT 	≤ α
 JOEJDBUF UIF PCTFSWBUJPO JT VOMJLFMZ UP PDDVS
VOEFS UIF OVMM IZQPUIFTJT� )FODF
 H0 TIPVME CF SFKFDUFE JO GBWPS PG H1�

8IJMF Q�WBMVFT BSF UIF EF GBDUP TUBOEBSE XIFO BTTFTTJOH TUBUJTUJDBM IZQPUIFTFT
 JU IBT UP CF
BDLOPXMFEHFE UIBU UIFSF IBT CFFO BO POHPJOH DPOUSPWFSTZ BSPVOE UIFJS JOGPSNBUJWF WBMVF BT
UIFZ EP OPU QSPWJEF JOGPSNBUJPO BCPVU UIF BDUVBM CJPMPHJDBM SFMFWBODF PG UIF EFUFDUFE FêFDU
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<���
 ���>� )FODF
 JO BEEJUJPO UP B Q�WBMVF
 UIF BDUVBM FêFDU TJ[F TIPVME BMXBZT CF TUBUFE BOE
DPOTJEFSFEXIFO BTTFTTJOH UIF CJPMPHJDBM TJHOJaDBODF PG B SFTVMU� 5IF FêFDU TJ[F JT UIFNBHOJUVEF
PG UIF PCTFSWFE EJêFSFODFT CFUXFFO HSPVQT� *U DBO CF NFBTVSFE
 GPS FYBNQMF
 BT UIF EJêFSFODF
CFUXFFO UIF NFBOT PG UIF FYQSFTTJPO TDPSFT PG B TBNQMF HSPVQ BOE B SFGFSFODF HSPVQ <���>�

������� .VMUJQMF IZQPUIFTJT UFTUJOH

"T FTUBCMJTIFE BCPWF
 UIF TJHOJaDBODF MFWFM α EFTDSJCFT UIF FYQFDUFE QSPCBCJMJUZ PGNBLJOH B UZQF�
* FSSPS XIFO QFSGPSNJOH B TJOHMF IZQPUIFTJT UFTU� )PXFWFS
 JO NPTU TUVEJFT BOE FTQFDJBMMZ JO UIF
BOBMZTJT PG CJPMPHJDBM IJHI�UISPVHIQVU FYQFSJNFOUT
 B NVMUJUVEF PG IZQPUIFTFT BSF UFTUFE
 F�H�
GPS UIF BTTFTTNFOU PG EJêFSFOUJBM FYQSFTTJPO PG UIPVTBOET PG HFOFT� )FODF
 XIFO DPOEVDUJOH
n = 1, 000 IZQPUIFTJT UFTUT BU B TJHOJaDBODF MFWFM PG α = 0.05
 XF IBWF UP FYQFDU UP PCUBJO
α · n = 0.05 · 1, 000 = 50 GBMTF�QPTJUJWF SFTVMUT 	J�F�
 GBMTF EJTDPWFSJFT
 KVTU CZ DIBODF� $POTJEFS UIF
DBTF UIBU B IZQPUIFTJT UFTU SFTVMUT JO UIF SFKFDUJPO PG H0� 5IF QSPCBCJMJUZ UIBU UIJT XBT UIF DPSSFDU
EFDJTJPO JT 1− α� "DDPSEJOHMZ
 UIF QSPCBCJMJUZ PGNBLJOH UIF DPSSFDU EFDJTJPO JO n IZQPUIFTJT UFTUT
XIFO BMXBZT SFKFDUJOH H0 JT HJWFO CZ (1− α)n� #BTFE PO UIJT PCTFSWBUJPO
 UIF 'BNJMZ�8JTF &SSPS
3BUF 	'8&3
 JT EFaOFE BT UIF QSPCBCJMJUZ PG NBLJOH BU MFBTU POF GBMTF EJTDPWFSZ JO n EJêFSFOU
SFKFDUFE UFTUT�

pGXFS = 1− (1− α)n.

8JUI BO JODSFBTJOH OVNCFS PG UFTUT n
 UIJT FSSPS SBUF JODSFBTFT BOE IFODF IBT UP CF BDDPVOUFE
GPS� 5IFSF BSF WBSJPVT NFUIPET UP DPOUSPM UIF '8&3
 J�F� UP BEKVTU UIF TJOHMF UFTU UZQF�* FSSPS JO
TVDI B XBZ UIBU UIF PWFSBMM UZQF�* FSSPS SBUF SFNBJOT CFMPX B HJWFO UISFTIPME� 0OF PG UIF NPTU
DPOTFSWBUJWF NFUIPET JT UIF #POGFSSPOJ DPSSFDUJPO <���>� $POTJEFS UIF DBTF UIBU n IZQPUIFTJT
UFTUT XFSF DPOEVDUFE
 ZJFMEJOH n Q�WBMVFT p1, ..., pn� *OTUFBE PG BDDFQUJOH pi JG JU JT TNBMMFS
UIF TJHOJaDBODF UISFTIPME α
 UIF DPSSFTQPOEJOH PCTFSWBUJPO i JT POMZ DPOTJEFSFE TJHOJaDBOU JG
pi · n ≤ α IPMET� 5IFSF BSF BMTP PUIFS NFUIPET GPS '8&3 DPSSFDUJPO BWBJMBCMF UIBU BSF TMJHIUMZ
MFTT TUSJDU XIJMF NBJOUBJOJOH aSN DPOUSPM PG UIF '8&3
 F�H� BT QSPQPTFE CZ jJE¾L <���>
 )PMN
<���>
 BOE 'JOOFS <���>�
"O BMUFSOBUJWF UP DPOUSPMMJOH UIF '8&3 JT UIF DPOTJEFSBUJPO PG UIF 'BMTF %JTDPWFSZ 3BUF 	'%3
�
5IF '%3 JT UIF FYQFDUFE QSPQPSUJPO PG GBMTF QPTJUJWFT 	UZQF�* FSSPST
 BNPOH UIF SFKFDUFE OVMM
IZQPUIFTFT� $PNNPOMZ VTFE NFUIPET UP DPOUSPM UIF '%3 XFSF QSFTFOUFE CZ #FOKBNJOJ BOE
)PDICFSH <���> BOE CZ #FOKBNJOJ BOE :FLVUJFMJ <���>�
5IF #FOKBNJOJ�)PDICFSH NFUIPE BEKVTUT FBDI PSJHJOBM Q�WBMVF pi� 5IF BEKVTUFE Q�WBMVFT BSF
UZQJDBMMZ DBMMFE R�WBMVFT qi� $POTJEFS B MJTU PG n JOEFQFOEFOU Q�WBMVFT TPSUFE JO BTDFOEJOH PSEFS
p1 ≤ p2 ≤ ... ≤ pn� 5IF R�WBMVF qi GPS B Q�WBMVF pi JT UIFO DPNQVUFE BT GPMMPXT�

qi =





pi 
 JG i = n

min
{

qi+1, n
i · pi

} 
 ∀i ∈ {n− 1, ..., 1}

3FKFDUJOH H0 POMZ GPS UIPTF PCTFSWBUJPOT i XJUI qi ≤ α
 DPOUSPMT UIF '%3 UP CF BU NPTU α 	VOEFS
UIF BTTVNQUJPO PG JOEFQFOEFOU IZQPUIFTFT CFJOH UFTUFE
� "O FYUFOTJPO PG UIJT BQQSPBDI JT
UIF #FOKBNJOJ�:FLVUJFMJ NFUIPE <���>
 XIJDI DPOUSPMT UIF '%3 VOEFS BSCJUSBSZ EFQFOEFODF
BTTVNQUJPOT�
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����� %FUFDUJOH EFSFHVMBUFE HFOFT
5IF JEFOUJaDBUJPO PG EJêFSFODFT CFUXFFO UXP TUBUFT PG JOUFSFTU 	F�H�
 DPNQBSJOH EJTFBTFE WT�
DPOUSPM PS USFBUFE WT� VOUSFBUFE
 JT B UZQJDBM HPBM JO NBOZ SFTFBSDI TDFOBSJPT� *O PSEFS UP QSPWJEF
B TPVOE TUBUJTUJDBM CBTJT GPS TVDI DPNQBSBUJWF TUVEJFT
 UIFSF BSF WBSJPVT TUBUJTUJDBM UFTUT GPS UIF
EFUFDUJPO PG EFSFHVMBUFE HFOFT
 QSPUFJOT
 PS PUIFS NPMFDVMBS FOUJUJFT
 XIJDI XF XJMM SFGFS UP BT
qFOUJUZ�MFWFM TUBUJTUJDTr� 4PNF PG UIF NPTU DPNNPOMZ VTFE FOUJUZ�MFWFM TUBUJTUJDT XJMM CF EFTDSJCFE
JO UIF GPMMPXJOH QBSBHSBQIT <���>�
$POTJEFS UIF GPMMPXJOH OPUBUJPO� -FU x = (x1, ..., xn) ∈ Rn BOE y = (y1, ..., ym) ∈ Rm CF UXP
TFSJFT PG NFBTVSFNFOUT GPS B TBNQMF HSPVQ BOE B DPOUSPM HSPVQ
 SFTQFDUJWFMZ� 5IF TBNQMF NFBO
x̄ GPS B TBNQMF x PG TJ[F n JT EFaOFE BT�

x̄ =
1
n

n

∑
i=1

xi.

5IF TBNQMF WBSJBODF s2
x GPS B TBNQMF x PG TJ[F n XJUI NFBO x̄ JT EFaOFE BT�

s2
x =

1
n− 1

n

∑
i=1

(xi − x̄)2 .

5IF TBNQMF NFBO x̄ 	ȳ
 BOE UIF TBNQMF WBSJBODF s2
x 	s2

y
 BSF FTUJNBUPST GPS UIF NFBO µx 	µy
 BOE
WBSJBODF σ2

x 	σ2
y
 PG UIF 	SFTQFDUJWF
 VOEFSMZJOH QPQVMBUJPO�

	-PH
 GPME DIBOHF� 0OF PG UIF TJNQMFTU BOE NPTU JOUVJUJWF FOUJUZ�MFWFM TDPSFT JT UIF 	MPH
 GPME
DIBOHF 	TPNFUJNFT DBMMFE qGPME RVPUJFOUr
� 5IF GPME DIBOHF JT EFaOFE BT UIF RVPUJFOU CFUXFFO
UIF NFBOT PG UIF SFTQFDUJWF TBNQMF HSPVQT x BOE y�

GD = x̄
ȳ

*O PSEFS UP BEKVTU UIF SBOHFT PG TDPSFT JOEJDBUJOH PWFS� BOE VOEFSFYQSFTTJPO
 UZQJDBMMZ UIF MPH
GPME DIBOHF JT DPOTJEFSFE JOTUFBE PG UIF GPME DIBOHF�

log2(GD) = log2

(
x̄
ȳ

)

= log2(x̄)− log2(ȳ)

#Z UBLJOH UIF MPHBSJUIN PG UIF PSJHJOBM GPME DIBOHFT
 UIF USBOTGPSNFE TDPSFT BSF EJTUSJCVUFE
BSPVOE [FSP� 8IJMF [FSP JOEJDBUFT UIBU UIF FYQSFTTJPO MFWFMT SFNBJOFE DPOTUBOU CFUXFFO UIF
UXP DPOTJEFSFE HSPVQT
 QPTJUJWF TDPSFT JOEJDBUF UIF VQSFHVMBUJPO PG HFOFT JO UIF TBNQMF HSPVQ
JO DPNQBSJTPO UP UIF DPOUSPM HSPVQ
 BOE OFHBUJWF TDPSFT JOEJDBUF UIF EPXOSFHVMBUJPO PG HFOFT JO
UIF TBNQMF HSPVQ JO DPNQBSJTPO UP UIF DPOUSPM HSPVQ� #FTJEFT JUT BQQMJDBUJPO PO TBNQMF HSPVQT

UIF GPME DIBOHF DBO BMTP CF VTFE UP DPNQBSF UXP TBNQMFT EJSFDUMZ
 F�H� UIF HFOF FYQSFTTJPO PG B
TQFDJaD HFOF JO B UVNPS WFSTVT JUT FYQSFTTJPO JO IFBMUIZ UJTTVF PG UIF TBNF QBUJFOU�

4UBOEBSE TDPSF� 8IFO DPNQBSJOH B TJOHMF TBNQMF i 	F�H�
 PCUBJOFE GSPN B TQFDJaD UVNPS

BHBJOTU B MBSHFS CBDLHSPVOE EJTUSJCVUJPO 	F�H�
 PG B DPIPSU PG UVNPST PG UIF TBNF TVCUZQF

 UIF
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TUBOEBSE TDPSF 	PS [�TDPSF
 JT B UZQJDBM NFBTVSF PG DIPJDF� 5IF TUBOEBSE TDPSF JT EFaOFE BT

zi =
xi − x̄

sx
,

XIFSF xi EFOPUFT UIF FYQSFTTJPO WBMVF PG UIF DPOTJEFSFE HFOF JO TBNQMF i BOE UIF FTUJNBUFENFBO
BOE TUBOEBSE EFWJBUJPO PG UIF CBDLHSPVOE EJTUSJCVUJPO BSF HJWFO CZ x̄ BOE sx
 SFTQFDUJWFMZ� 5IF
[�TDPSF BTTVNFT OPSNBMMZ EJTUSJCVUFE EBUB BOE EFTDSJCFT UIF OVNCFS PG TUBOEBSE EFWJBUJPOT sx

UIF FYQSFTTJPO PG TBNQMF i JT BXBZ GSPN UIF NFBO PG UIF QPQVMBUJPO x̄�

5�UFTUT� *O TDFOBSJPT XIFSF UXP TFSJFT PG 	OPSNBMMZ EJTUSJCVUFE
 WBMVFT TIPVME CF DPNQBSFE

t�UFTUT BSF UZQJDBMMZ BQQMJFE� 5IF t�UFTU GBNJMZ DPOTJTUT PG WBSJPVT IZQPUIFTJT UFTUT 	DG�
4FDUJPO �����
 UIBU UFTU GPS UIF JOFRVBMJUZ PG NFBOT 	H0 : µX = µY WT� H1 : µX (= µY
� 5IFZ
DBO CF BQQMJFE JO WBSJPVT TDFOBSJPT 	POF�TBNQMF WT� UXP�TBNQMF
 QBJSFE WT� VOQBJSFE
 <���
 ���>�
0OF DPNNPOMZ VTFE WBSJBOU JT UIF VOQBJSFE UXP�TBNQMF 4UVEFOUrT t�UFTU <���>� 5IF WBMVFT PG JUT
UFTU TUBUJTUJD t = T(x1, ..., xn, y1, ...ym) BSF EJTUSJCVUFE BDDPSEJOH UP B t�EJTUSJCVUJPO XJUI m + n− 2
EFHSFFT PG GSFFEPN BOE DBO CF DPNQVUFE BT�

t =
x̄− ȳ√

(n−1)s2
x+(m−1)s2

y
n+m−2

√
1
n + 1

m

5IF 4UVEFOUrT t�UFTU BTTVNFT UIBU UIF QPQVMBUJPOT VOEFSMZJOH UIF UXP TBNQMFT IBWF UIF TBNF
WBSJBODF σ2
 XIJDI JT BQQSPYJNBUFE CZ UIFJS SFTQFDUJWF TBNQMF WBSJBODFT s2

x BOE s2
y� 5IFSF BSF

BMTP PUIFS WBSJBUJPOT PG t�UFTUT MJLF UIF 8FMDIrT t�UFTU <���
 ���>
 XIJDI EPFT OPU SFRVJSF UIF
BTTVNQUJPO PG FRVBM QPQVMBUJPO WBSJBODFT� 5IF 4UVEFOUrT t�UFTU JT UZQJDBMMZ SFDPNNFOEFE GPS
SFTFBSDI TDFOBSJPT XJUI MBSHFS DPIPSUT <���>� *O DBTFT XJUI TNBMMFS TBNQMF TJ[FT
 SFHVMBSJ[FE
WFSTJPOT BSF QSFGFSSFE
 TVDI BT UIF JOEFQFOEFOU TISJOLBHF t�UFTU QSPQPTFE CZ 0QHFO�3IFJO BOE
4USJNNFS <���>�

8JMDPYPO SBOL�TVN UFTU� 5IF 8JMDPYPO SBOL�TVN UFTU <���> 	BMTP DBMMFE UIF 8JMDPYPO�.BOO�
8IJUOFZ UFTU
 JT B OPO�QBSBNFUSJD BMUFSOBUJWF UP UIF JOEFQFOEFOU UXP�TBNQMF t�UFTU
 XIJDI JT
TPMFMZ CBTFE PO UIF SFMBUJWF PSEFS PG UIF WBMVFT JO UIF UXP HJWFO TBNQMFT 	J�F�
 UIFJS SBOLT
 BOE
IFODF EPFT OPU NBLF BOZ BTTVNQUJPO BCPVU UIF VOEFSMZJOH EJTUSJCVUJPOT�
5IF UFTU TUBUJTUJD U JT DBMDVMBUFE CBTFE PO UIF DPNCJOFE SBOLJOH R PG UIF n + m WBMVFT JO UIF UXP
HJWFO TBNQMFT x BOE y�

U = n · m +
n · (n + 1)

2
− Rx,

XIFSF Rx JT UIF TVN PG UIF SBOLT PG UIPTF WBMVFT JO R UIBU CFMPOH UP UIF TBNQMF HSPVQ x�

Rx =
n+m

∑
i=1

ri · i,

XJUI ri CFJOH BO JOEJDBUPS WBSJBCMF UIBU JT TFU UP 1
 JG UIF i�UI FMFNFOU JO UIF SBOLFE MJTU R CFMPOHT UP
UIF TBNQMF HSPVQ x
 BOE UP 0 PUIFSXJTF� *O PSEFS UP BTTFTT UIF TJHOJaDBODF PG BO PCTFSWFE WBMVF
PG UIF UFTU TUBUJTUJD
 JU DBO UIFO CF DPNQBSFE UP UIF DSJUJDBM WBMVF GPS B HJWFO TJHOJaDBODF MFWFM α
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BOE UIF DPSSFTQPOEJOH TBNQMFT TJ[F n BOE m BT QSPWJEFE JO B SFGFSFODF UBCMF 	F�H�
 <���>
� 'PS
MBSHFS TBNQMF TJ[FT
 UIF UFTU TUBUJTUJD DBO CF BQQSPYJNBUFE CZ B OPSNBM EJTUSJCVUJPO <���>
 CBTFE
PO XIJDI Q�WBMVFT DBO CF EFSJWFE�

����� %FUFDUJOH EFSFHVMBUFE QBUIXBZT BOE OFUXPSLT
*O UIF QSFWJPVT TFDUJPO
 XF QSFTFOUFE TFWFSBM FOUJUZ�MFWFM TUBUJTUJDT UIBU DBO CF VTFE UP BTTFTT UIF
EFHSFF PG EFSFHVMBUJPO PG HFOFT
 QSPUFJOT
 NJ3/"T
 PS PUIFS NPMFDVMBS FOUJUJFT� 5IFTF NFUIPET
NJHIU ZJFME USFNFOEPVTMZ MBSHF MJTUT PG SFMFWBOU
 CVU JTPMBUFE JUFNT� )PXFWFS
 BT BMSFBEZ
NFOUJPOFE JO 4FDUJPO ���
 HFOFT BOE UIFJS HFOF QSPEVDUT EP OPU BDU JO JTPMBUJPO
 CVU JOTUFBE

UIFZ JOUFSBDU XJUI FBDI PUIFS JO B IJHIMZ DPPSEJOBUFE BOE CBMBODFE GBTIJPO UP GPSN DPNQMFY
CJPDIFNJDBM QSPDFTTFT BOE TJHOBMJOH DBTDBEFT UIBU BMMPX UIF DFMMT UP QFSGPSN UIFJS EFTJHOBUFE
GVODUJPOT� (JWFO UIF GVODUJPOBM JOUFSEFQFOEFODJFT CFUXFFO UIF NPMFDVMBS DPNQPOFOUT JO B DFMM

DPNQMFY EJTFBTFT BSF SBSFMZ B DPOTFRVFODF PG BO BCFSSBUJPO JO B TJOHMF HFOF
 CVU SBUIFS BSJTF
GSPN UIF JOUFSQMBZ PG WBSJPVT DBVTBUJWF GBDUPST BOE QBUIPCJPMPHJDBM QSPDFTTFT� )FODF
 CFTJEFT
UIF JOWFTUJHBUJPO PG TJOHMF FOUJUJFT
 UIF JOWFTUJHBUJPO PG HSPVQT PG HFOFT JO UIFJS GVODUJPOBM DPOUFYU
XJMM QSPWJEF B IPMJTUJD WJFX PO B DPOEJUJPO VOEFS JOWFTUJHBUJPO�
"O JNQPSUBOU DPODFQU EFTDSJCJOH UIF DPNQMFYJUZ PG DFMMVMBS QSPDFTTFT JT UIF OPUJPO PG B GVODUJPOBM
NPEVMF
 PS QBUIXBZ
 BT QSPQPTFE CZ )BSUXFMM FU BM� <���>� "DDPSEJOH UP UIJT TJNQMJaFE WJFX
 B
NPEVMF JT B XFMM�EFaOFE FOUJUZ UIBU JT TFQBSBCMF GSPN PUIFS NPEVMFT BOE XIPTF DPNQPOFOUT
JOUFSBDU XJUI FBDI PUIFS UP HJWF SJTF UP B TQFDJaD CJPMPHJDBM GVODUJPO� 8IJMF UIJT WJFX PG CJPMPHJDBM
QSPDFTTFT BOE TJHOBMJOH DBTDBEFT BT TFQBSBCMF VOJUT JT GBWPSBCMF GPS WBSJPVT BQQMJDBUJPOT MJLF UIF
GVODUJPOBM BOOPUBUJPO PG HFOF TFUT
 POF IBT UP BDLOPXMFEHF UIBU TVDI QBUIXBZT BSF POMZ IVNBO�
EFaOFE FYDFSQUT PG MBSHF BOE IJHIMZ JOUFSDPOOFDUFE NPMFDVMBS OFUXPSLT <��>�
8JUI UIF HPBM PG QSPWJEJOH CJPMPHJDBM DPOUFYU UP IJHI�UISPVHIQVU FYQFSJNFOUBM EBUB
 B MBSHF
WBSJFUZ PG QBUIXBZ BOE OFUXPSL BOBMZTJT NFUIPET XFSF QSPQPTFE PWFS UIF ZFBST� 5IFTF
BQQSPBDIFT HFOFSBMMZ DPNCJOF B QSJPSJ LOPXMFEHF PG CJPMPHJDBM QSPDFTTFT 	DG� 4FDUJPO �����

XJUI TUBUJTUJDBM BOE BMHPSJUINJD QSPDFEVSFT UP FMVDJEBUF DPNQMFY CJPMPHJDBM NFDIBOJTNT MJLF
UIF JOJUJBUJPO BOE QSPHSFTTJPO PG DBODFS <���>� 'PMMPXJOH UIF DMBTTJaDBUJPO QSPQPTFE CZ ,IBUSJ
FU BM� <���>
 XF XJMM QSFTFOU UISFF NBKPS DMBTTFT PG QBUIXBZ BOE OFUXPSL BOBMZTJT BQQSPBDIFT
JO UIF TVCTFRVFOU TFDUJPOT� 5IF DMBTTFT EJêFS JO UIF FYUFOU PG B QSJPSJ LOPXMFEHF BOE UZQFT PG
JOQVU EBUB VTFE BOE SBOHF GSPN0WFS�3FQSFTFOUBUJPO "OBMZTJT 	4FDUJPO �������
 PWFS 'VODUJPOBM
$MBTT 4DPSJOH 	4FDUJPO �������
 UP UPQPMPHZ�CBTFE NFUIPET 	4FDUJPO �������
� 8IJMF NPTU PG UIF
NFUIPET DBO CF BQQMJFE UP WBSJPVT UZQFT PG NPMFDVMBS FOUJUJFT
 J�F� HFOFT
 QSPUFJOT
 NJ3/"T
 BOE
PUIFST
 XF XJMM JO UIF GPMMPXJOH POMZ SFGFS UP qHFOFTr GPS UIF TBLF PG SFBEBCJMJUZ� 'PS FBDI PG UIFTF
DMBTTFT
 TFWFSBM SFQSFTFOUBUJWF BQQSPBDIFT BOE NFUIPET XJMM CF JOUSPEVDFE�

������� 0WFS�3FQSFTFOUBUJPO "OBMZTJT

-JGF TDJFODF FYQFSJNFOUT PGUFOUJNFT ZJFME B MJTU PG qJOUFSFTUJOHr HFOFT 	F�H�
 B TFU PG HFOFT
EJêFSFOUJBMMZ FYQSFTTFE CFUXFFO UXP QIFOPUZQFT
� " UZQJDBM GPMMPX�VQ RVFTUJPO JO TVDI
DBTFT JT XIFUIFS UIF JEFOUJaFE HFOFT TIBSF B DPNNPO CJPMPHJDBM GVODUJPO� 5P UIJT FOE
 0WFS�
3FQSFTFOUBUJPO "OBMZTJT 	03"
 DBO CF VTFE� 03" UFTUT GPS B TFU PG JOUFSFTUJOH HFOFT 	DBMMFE UIF
qUFTU TFUr
 XIFUIFS UIFZ BSF PWFS� PS VOEFS�SFQSFTFOUFE JO B TP�DBMMFE qDBUFHPSZr PG HFOFT XJUI
LOPXO GVODUJPOBM BOOPUBUJPO�



��� %FUFDUJOH EFSFHVMBUFE HFOFT BOE QSPDFTTFT ��

$POTJEFS BO VOJWFSTF PG QPTTJCMF FOUJUJFT
 XIJDI JT DBMMFE UIF SFGFSFODF TFU R
 B UFTU TFU T
 XIJDI
JT B TVCTFU PG UIF VOJWFSTF 	T ⊂ R

 BOE B DBUFHPSZ C ⊂ R� 5IF OVNCFS PG FOUJUJFT GSPN UIF
UFTU TFU UIBU PWFSMBQ XJUI UIF DBUFHPSZ k := |T ∩ C| DBO CF DPNQBSFE XJUI UIF OVNCFS PG FOUJUJFT
FYQFDUFE UP CF GPVOE JO UIJT DBUFHPSZ KVTU CZ DIBODF VTJOH B DMBTTJDBM VSONPEFM 	DG� 'JHVSF ��� "
�
(JWFO BO VSO DPOUBJOJOH N := |R| CBMMT PVU PG XIJDI K := |C| BSF SFE BOE N − K BSF CMVF
 BOE
GSPN XIJDI n := |T| CBMMT BSF SBOEPNMZ ESBXO XJUIPVU SFQMBDFNFOU� 'VSUIFSNPSF
 DPOTJEFS B
SBOEPN WBSJBCMF X UIBU DPVOUT UIF OVNCFS PG SFE CBMMT JO B SBOEPN TBNQMF� 5IF QSPCBCJMJUZ
PG PCUBJOJOH FYBDUMZ k SFE CBMMT JO B SBOEPN TBNQMF DBO CF DPNQVUFE VTJOH UIF IZQFSHFPNFUSJD
EJTUSJCVUJPO <���>�

Pr(X = k | N, K, n) =
(K

k)(
N−K
n−k )

(N
n )

5IF FYQFDUFE OVNCFS PG IJUT JO B SBOEPNMZ DIPTFO UFTU TFU PG DBSEJOBMJUZ n JT HJWFO CZ k′ = K·n
N �

#BTFE PO UIF WBMVF PG k′
 UIF IZQFSHFPNFUSJD UFTU DBO CF VTFE UP DPNQVUF B POF�TJEFE Q�WBMVF GPS
UIF PWFS�SFQSFTFOUBUJPO 	k > k′
 PS VOEFS�SFQSFTFOUBUJPO 	k ≤ k′
 PG UIF DBUFHPSZ C JO UIF UFTU
TFU T <���>�

pC =





∑n

i=k Pr(X = i | N, K, n) JG k > k′

∑k
i=0 Pr(X = i | N, K, n) JG k ≤ k′

)PXFWFS
 UIF BCPWF FRVBUJPOT BSF POMZ WBMJE JO DBTFTXIFSF UIF UFTU TFU JT B TVCTFU PG UIF SFGFSFODF
TFU 	T ⊂ R
� *G UIJT JT OPU UIF DBTF
 'JTIFSrT &YBDU 5FTU <���> TIPVME CF VTFE JOTUFBE�

Pr(X = k | N, K, n, i) =
(n

i )(
N

K+k−i)

(N+n
K+k )

5IF Q�WBMVFT BSF EFaOFE BOBMPHPVTMZ�

pC =





∑n

i=k Pr(X = i | N, K, n, k) JG k > k′

∑k
i=0 Pr(X = i | N, K, n, k) JG k ≤ k′

"T JOEJDBUFE BCPWF
 03" JT B DPNNPOMZ VTFE NFUIPE UP UFTU GPS UIF GVODUJPOBM FOSJDINFOU PG B
TFUT PG JOUFSFTUJOH HFOFT BT PCUBJOFE GSPN CJPMPHJDBM FYQFSJNFOUT� 03" DBO BMTP CF BQQMJFE GPS
UIF EPXOTUSFBN BOBMZTJT PG IJHI�UISPVHIQVU FYQFSJNFOUT UIBU ZJFME NFBTVSFNFOUT GPS B MBSHF
OVNCFS PG HFOFT� )PXFWFS
 JO TVDI DBTFT
 B TVCTFU PG
 GPS FYBNQMF
 EJêFSFOUJBMMZ FYQSFTTFE HFOFT
GPS GVSUIFS JOWFTUJHBUJPO IBT UP CF EFUFSNJOFE
 XIJDI SFRVJSFT UIF VTFS UP TFMFDU B UISFTIPME� %VF
UP UIF BSCJUSBSZ OBUVSF PG TVDI UISFTIPMET
 QPUFOUJBMMZ JOUFSFTUJOH DPNQPOFOUT DMPTF UP UIF DVUPê
UISFTIPME XJMM CF PNJUUFE
 XIJDI NJHIU BêFDU UIF SFTVMUT� )FODF
 JO UIFTF DBTFT
 UIF NFUIPET
QSFTFOUFE JO UIF GPMMPXJOH TFDUJPOT NJHIU CF BEWBOUBHFPVT�

������� 'VODUJPOBM $MBTT 4DPSJOH

4JNJMBSMZ UP 0WFS�3FQSFTFOUBUJPO "OBMZTJT
 'VODUJPOBM $MBTT 4DPSJOH 	'$4
 NFUIPET BMTP BJN BU
UIF JEFOUJaDBUJPO PG UIPTF QBUIXBZT BOE GVODUJPOBM HFOF TFUT UIBU BSF FOSJDIFE PS EFQMFUFE JO UIF
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7C<na3 :Y:- �N 3u�LUI3 Fb anNNCN< cnLY `30 0Rjc a3Ua3c3Nj <3N3c CN j@3
,�j3<Raw nN03a ,RNcC03a�jCRNY i@3 L�uCLnL 03qC�jCRN R8 j@3 anNNCN< cnL
8aRL y3aR V`bL�uW Cc L�aG30 sCj@ � 0�c@30 ICN3 �N0 c3aq3c �c j@3 q�In3 R8 j@3
j3cj cj�jCcjC,cY

03a jR CNCjC�ICc3 M s3 c3j

M(i, 0) =

{
1 C8 i · (n−m) < |`bL�u|
0 Rj@3asCc3

M(0, k) =

{
1 C8 k ·m < |`bL�u|
0 Rj@3asCc3

i@3 a3,naa3N,3 Cc <Cq3N $w

M(i, k) =

{
M(i− 1, k) +M(i, k − 1) C8 (∗)
0 Rj@3asCc3

s@3a3 (∗) Cc |`bL�u| < i · (n−m)− k ·m < |`bL�u|Y
bn$a�L�NC�N 3j �IY )bn$Zz9* UaRURc30 � s3C<@j30 q3acCRN R8 j@3

Fb cj�jCcjC,Y 7Ra 3�,@ 3NjCjw li ∈ C j@�j Cc � L3L$3a R8 j@3 ,�j3<Raw. j@3
q�In3 wi. s@C,@ Cc 03aCq30 8aRL j@3 3NjCjwȕc c,Ra3 w(li). Cc �0030 jR j@3
anNNCN< cnLY

wi =
|w(li)|p

NR

i@3 j3aL NR :=
∑

li∈C |w(li)|p Cc nc30 �c � NRaL�ICc�jCRN 8�,jRaY i@3
U�a�L3j3a p ∈ R+

0 �IIRsc jR ,RNjaRI @Rs Ln,@ @C<@ c,RaCN< 3NjCjC3c �a3
Ua383aa30 jR IRs c,RaCN< RN3cY 7Ra 3NjCjC3c j@�j �a3 NRj � L3L$3a R8 C
j@3 q�In3 (n−m)−1 Cc cn$ja�,j30 8aRL j@3 anNNCN< cnLY 7Ra p = 0 j@Cc
8RaLnI�jCRN Cc 3\nCq�I3Nj jR j@3 nNs3C<@j30 Fb cj�jCcjC,cY QN3 $3N3~j
R8 ncCN< s3C<@jc Cc j@�j Cj �IIRsc jR ,RNjaRI 8Ra c,Ra3c j@�j �a3 ,IRc3Iw
0CcjaC$nj30 �aRnN0 y3aR �N0 j@nc c@RnI0 @�q3 ICjjI3 CN�n3N,3 RN j@3
q�In3 R8 j@3 cj�jCcjC,cY �00CjCRN�IIw. �aj38�,jc cj3LLCN< 8aRL 3NjCjC3c
sCj@ � IRs �$nN0�N,3. cn,@ �c ja�Nc,aCUjc sCj@ IRs ,RUw NnL$3a. �a3
LCjC<�j30 $w ncCN< s3C<@jcY mN8RajnN�j3Iw. j@3 s3C<@j30 q3acCRN R8 j@3
j3cj 0R3c NRj �IIRs j@3 ,RLUnj�jCRN R8 �N 3u�,j pAq�In3 3q3N s@3N ncA
CN< j@3 3NjCjwA$�c30 cja�j3<wY BNcj3�0 j@3 U3aLnj�jCRN j3cj �UUaR�,@
Ua3c3Nj30 CN �I<RaCj@L :YS N330c jR $3 �UUIC30Y

T�a�L3jaC, bj�jCcjC,c

`3Ua3c3Nj�jCq3c R8 j@3 U�a�L3jaC, c3jAI3q3I cj�jCcjC,c �a3 j@3 c@aCNG�<3
�N0 bjn03Njȕc jAj3cj V,8Y b3,jCRN :YlYlWY �c sCj@ j@3 rCI,RuRN cj�jCcjC,c.
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'JHVSF ��� &YFNQMBSZ GVODUJPOBM FOSJDINFOU NFUIPET� &OUJUJFT CFMPOHJOH UP B DBUFHPSZ PG JOUFSFTU BSF DPMPSFE JO
SFE
 FOUJUJFT OPU CFMPOHJOH UP UIF DBUFHPSZ JO CMVF� "
 6SO NPEFM GPS UIF IZQFSHFPNFUSJD UFTU� " UFTU TFU PG TJ[F n JT
PCUBJOFE GSPN UIF SFGFSFODF TFU PG TJ[F N WJB SBOEPN TBNQMJOH XJUIPVU SFQMBDFNFOU� #
 &YFNQMBSZ ,PMNPHPSPW�
4NJSOPW SVOOJOH TVN BT VTFE JO VOXFJHIUFE (4&"� 5IF FOUJUZ MJTU L JT TPSUFE CBTFE PO UIF FOUJUJFTr BTTPDJBUJPOT XJUI
UIF DPOTJEFSFE QIFOPUZQF� 5IF NBYJNVN EFWJBUJPO PG UIF SVOOJOH SVN GSPN [FSP 	RSC

max
 TFSWFT BT UIF WBMVF PG
UIF UFTU TUBUJTUJD�

EBUB TFU VOEFS JOWFTUJHBUJPO� )PXFWFS
 JO DPOUSBTU UP 03"
 '$4 BQQSPBDIFT EP OPU KVTU DPOTJEFS
TFUT PG JOUFSFTUJOH HFOFT
 CVU UBLF BMM NFBTVSFE HFOFT BT XFMM BT UIFJS TDPSFT PG EFSFHVMBUJPO
JOUP BDDPVOU� *O UIF GPMMPXJOH QBSBHSBQIT
 XF XJMM QSFTFOU UIF TFNJOBM NFUIPE PG (FOF 4FU
&OSJDINFOU "OBMZTJT BT XFMM BT NPSF SFDFOUMZ QSPQPTFE BQQSPBDIFT�

(FOF 4FU &OSJDINFOU "OBMZTJT� 0OF PG UIF aSTU BOE NPTU QPQVMBS SFQSFTFOUBUJWFT PG UIF '$4
BQQSPBDI JT (FOF 4FU &OSJDINFOU "OBMZTJT 	(4&"
 <���
 ���>� #BTFE PO TDPSFT PG EJêFSFOUJBM
HFOF FYQSFTTJPO 	DG� 4FDUJPO �����

 (4&" SBOLT BMM NFBTVSFE FOUJUJFT 	UZQJDBMMZ JO EFDSFBTJOH
PSEFS
 BOE DBMDVMBUFT B TUBUJTUJD UIBU SFbFDUT UIF EFHSFF UP XIJDI B HJWFO DBUFHPSZ JT SFQSFTFOUFE
BU UIF FYUSFNFT PG UIF SBOLFE MJTU
 J�F� XIFUIFS UIF DBUFHPSZ HFOFT BSF FOSJDIFE BU UIF CFHJOOJOH PS
UIF FOE PG UIF TPSUFE MJTU� 5IJT BQQSPBDI JT GPSNBMJ[FE VTJOH UIF ,PMNPHPSPW�4NJSOPW SVOOJOH�
TVN TUBUJTUJD <���>� $POTJEFS B MJTU PG FOUJUJFT L = (l1, l2, ..., ln)
 TPSUFE BDDPSEJOH UP UIFJS FOUJUZ�
MFWFM TDPSFT� "O FYBNQMF GPS UIJT XPVME CF B MJTU PG HFOFT JO EFDSFBTJOH PSEFS PG UIFJS t�TDPSFT
JOEJDBUJOH EJêFSFOUJBM HFOF FYQSFTTJPO� 5IF MJTU L JT USBWFSTFE GSPN UPQ UP CPUUPN
 XIJMF B TUBUJTUJD
	UIF TP�DBMMFE qSVOOJOH TVNr
 JT DPNQVUFE� 5IF SVOOJH TVN TUBSUT BU [FSP BOE JT JODSFBTFE
FWFSZ UJNF BO FOUJUZ CFMPOHJOH UP B DBUFHPSZ C 	XJUI m := |C|
 JT FODPVOUFSFE
 BOE EFDSFBTFE
PUIFSXJTF�

RSC(0) = 0

RSC(i) =





RSC(i− 1) + w+

i JG li ∈ C

RSC(i− 1)− w−i JG li /∈ C

5IF WBMVFT PG UIF SFTQFDUJWF JODSFNFOUT 	w+
i 
 BOE EFDSFNFOUT 	w−i 
 EFQFOE PO XIFUIFS

UIF PSJHJOBM ,PMNPHPSPW�4NJSOPW GPSNVMBUJPO JT VTFE 	qVOXFJHIUFEr (4&"
 PS JUT XFJHIUFE
FYUFOTJPO BT QSPQPTFE CZ 4VCSBNBOJBO FU BM� <���>� *O CPUI DBTFT
 UIF NBHOJUVEFT PG UIF
SFTQFDUJWF TVNNBOET BSF TFMFDUFE JO TVDI B XBZ UIBU UIF SVOOJOH TVN SFUVSOT UP B WBMVF PG [FSP
BGUFS UIF USBWFSTBM PG UIF MJTU L
 J�F� RSC(n) = 0� *O UIF PSJHJOBM
 VOXFJHIUFE GPSNVMBUJPO
 UIJT JT
BDIJFWFE CZ UIF UXP DPOTUBOUT w+

i = n − m BOE w−i = m� *O XFJHIUFE (4&"
 GPS FBDI FOUJUZ



��� %FUFDUJOH EFSFHVMBUFE HFOFT BOE QSPDFTTFT ��

i ∈ C XJUI DPSSFTQPOEJOH FOUJUZ�MFWFM TDPSF w(li)
 UIF SFTQFDUJWF JODSFNFOU w+
i JT DPNQVUFE BT�

w+
i =

|w(li)|p
NR

,

XIFSF NR := ∑li∈C |w(li)|p JT VTFE BT B OPSNBMJ[BUJPO GBDUPS XJUI UIF QBSBNFUFS p ∈ R+
0

DPOUSPMMJOH UIF EFHSFF UP XIJDI UIF FOUJUZ�MFWFM TDPSFT BSF VTFE UP XFJHIU UIF SVOOJOH TVN�
$POWFSTFMZ
 UIF EFDSFNFOU JT EFaOFE BT�

w−i =
1

n−m

"T JOEJDBUFE JO 'JHVSF ��� #
 UIF FOSJDINFOU TDPSF RSC
max JT EFaOFE BT UIF NBYJNVN EFWJBUJPO

GSPN [FSP FODPVOUFSFE EVSJOH UIF USBWFSTBM PG UIF MJTU�

RSC
max = max

i
|RSC(i)|

5IF FOSJDINFOU TDPSF RSC
max XJMM CFDPNF MBSHFS UIFNPSF UIF FOUJUJFT DPOUBJOFE JO UIF DPOTJEFSFE

DBUFHPSZ C UFOE UP PDDVS BU UIF UPQ PS CPUUPN PG UIF HJWFO TPSUFE MJTU L�
5IF TJHOJaDBODF PG BO FOSJDINFOU TDPSF RSC

max DBO CF EFUFSNJOFE VTJOH QFSNVUBUJPO UFTUT� 5IFSF
BSF TFWFSBM BQQSPBDIFT UP UIJT FOE
 FBDI PG XIJDI IBT TQFDJaD TUSFOHUIT BOE XFBLOFTTFT
 BT XFMM
BT EBUB SFRVJSFNFOUT
 TFF 1PXFST FU BM� <���> GPS BO FMBCPSBUF EJTDVTTJPO� 1FSGPSNJOH TVëDJFOUMZ
NBOZ QFSNVUBUJPO SVOT BMMPXT UIF HFOFSBUJPO PG B OVMM EJTUSJCVUJPO
 CBTFE POXIJDI BO FNQJSJDBM
Q�WBMVF DBO CF JOGFSSFE� 5IJT Q�WBMVF JT CBTFE PO UIF QSPQPSUJPO PG SBOEPN QFSNVUBUJPO SVOT
UIBU PCUBJOFE BO FOSJDINFOU TDPSF FRVBM UP PS NPSF FYUSFNF UIBO UIF PSJHJOBMMZ PCTFSWFE POF�
*O UIF DBTF PG VOXFJHIUFE(4&"
 BO BMHPSJUIN GPS UIF DBMDVMBUJPO PG FYBDU Q�WBMVFTXBT QSPQPTFE
CZ ,FMMFS FU BM� <���>
 XIJDI IBT UIF BEWBOUBHF UIBU UIF PCUBJOFE Q�WBMVFT BSF OPU MJNJUFE CZ
UIF OVNCFS PG QFSNVUBUJPOT DPOEVDUFE� *O UIFJS NFUIPE
 UIF BDUVBM OVNCFS p∗ PG SVOOJOH
TVN TUBUJTUJDT UIBU BDIJFWF BO BCTPMVUF TDPSF TNBMMFS UIBO RSC

max JT EFUFSNJOFE VTJOH B EZOBNJD
QSPHSBNNJOH BQQSPBDI� 5IF FYBDU Q�WBMVF DBO UIFO CF DPNQVUFE BT�

p = 1− p∗

(n
m)

'JOBMMZ
 UIF PCUBJOFE Q�WBMVFT BSF BEKVTUFE UP BDDPVOU GPS NVMUJQMF UFTUJOH 	DG� 4FDUJPO �������
�
8IJMF UIF,PMNPHPSPW�4NJSOPW�MJLF TUBUJTUJDT EFTDSJCFE BCPWF BSF WFSZ QPQVMBS BOEXJEFMZ VTFE

UIFSF BSF B WBSJFUZ PG PUIFS QBUIXBZ�MFWFM TUBUJTUJDT UIBU BSF BCMF UP JEFOUJGZ UIF DPPSEJOBUFE VQ� PS
EPXOSFHVMBUJPO PG FOUJUJFT CFMPOHJOH UP B DBUFHPSZ PG JOUFSFTU� 5IF QSPQPTFE TUBUJTUJDBM NPEFMT
SBOHF GSPN TJNQMF TUBUJTUJDT MJLF UIF TVN�NFBO�NFEJBO HFOF MFWFM TUBUJTUJDT <���> PWFS UIF NBY�
NFBO TUBUJTUJD <���> UP UIF 8JMDPYPO SBOL�TVN UFTU 	DG� 4FDUJPO �����

 BMM PG XIJDI IBWF TIPXO
UP ZJFME DPNQBSBCMF SFTVMUT UP (4&" <���>�

1BUIJaFS� 4JNJMBS UP PUIFS '$4 BQQSPBDIFT
 UIF 1BUIJaFS UPPM <���> BHHSFHBUFT FOUJUZ�MFWFM
JOGPSNBUJPO JOUP QBUIXBZ�MFWFM TDPSFT� 'PS B HJWFO TFU PG TBNQMFT BOE QBUIXBZT 	DBUFHPSJFT
 PG
JOUFSFTU
 UIF NFUIPE DPNQVUFT B 1BUIXBZ %FSFHVMBUJPO 4DPSF 	1%4
 GPS FBDI TBNQMF�QBUIXBZ
QBJS� 5P UIJT FOE
 1BUIJaFS SFRVJSFT B HFOF FYQSFTTJPO NBUSJY E ∈ Rp×n GPS p HFOFT BOE
n TBNQMFT BT JOQVU� .PSFPWFS
 DMJOJDBM PS CJPMPHJDBM BUUSJCVUFT 	F�H�
 UVNPS BHHSFTTJWFOFTT PS
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QBUJFOU TVSWJWBM
 GPS UIF n TBNQMFT OFFE UP CF BWBJMBCMF� 'JOBMMZ
 UIF TBNQMF TFU OFFET UP DPOUBJO
TFWFSBM SFGFSFODF PS DPOUSPM TBNQMFT�
&BDI QBUIXBZ BOBMZ[FE JO 1BUIJaFS JT SFQSFTFOUFE CZ B HFOF TFU P XJUI |P| = dP� 'PS UIF BOBMZTJT
PG B HJWFO QBUIXBZ P
 POMZ UIF dP HFOFT DPOTUJUVUJOH UIF QBUIXBZ BSF DPOTJEFSFE GPS FBDI PG UIF
n TBNQMFT� 5IFJS SFTQFDUJWF HFOF FYQSFTTJPO TDPSFT 	EP ∈ RdP×n
 BSF VTFE UP QMBDF BMM n TBNQMFT
JO UIF dP�EJNFOTJPOBM TVCTQBDF TQBOOFE CZ UIF QBUIXBZ HFOFT�
*O B OFYU TUFQ
 B OPOMJOFBS qQSJODJQBM DVSWFr <���> JT QMBDFE UISPVHI UIF QPJOU DMPVE PG TBNQMFT
GPMMPXJOH UIF QSPHSFTTJPO PG DMJOJDBM PS CJPMPHJDBM BUUSJCVUFT PG UIF TBNQMFT 	F�H�
 8)0 HSBEFT

TFF 'JHVSF ��� " GPS JMMVTUSBUJPO
�

PC1

PC2

PC
3

Normal
WHO grade I
WHO grade II
WHO grade III
WHO grade IV

A B

PC1

PC2
PC

3

'JHVSF ��� &YFNQMBSZ WJTVBMJ[BUJPO PG UIF 1BUIJaFS BQQSPBDI� "
 1SJODJQBM DVSWF GPMMPXJOH UIF QSPHSFTTJPO PG 8)0
HSBEFT� 1SJODJQBM DPNQPOFOU WJTVBMJ[BUJPO PG B QPJOU DMPVE PG FYFNQMBSZ OPSNBM TBNQMFT BOE UVNPS TBNQMFT

DPMPSFE BDDPSEJOH UP UIFJS 8)0 HSBEF� 5IF QSJODJQBM DVSWF JT aUUFE GPMMPXJOH UIF QSPHSFTTJPO PG 8)0 HSBEFT GSPN
/PSNBM PWFS 8)0 HSBEF * UP 8)0 HSBEF *7 VTJOH UIF BMHPSJUIN CZ )BTUJF BOE 4UVFU[MF <���>� #
 1SPKFDUJPO PG
TBNQMFT POUP UIF QSJODJQBM DVSWF� 5IF TBNQMFT BSF QSPKFDUFE PSUIPHPOBMMZ POUP UIF QSJODJQBM DVSWF BOE UIF 1%4
PG B TQFDJaD TBNQMF i JT FTUJNBUFE BT UIF EJTUBODF GSPN UIF DFOUSPJE PG UIF OPSNBM TBNQMFT 	JO CMVF

 BMPOH UIF
QSJODJQBM DVSWF
 UP UIF QSPKFDUJPO PG i� 'JHVSF CBTFE PO <���>�

*O PSEFS UP NFBTVSF UIF 1%4
 UIF TBNQMFT BSF QSPKFDUFE PSUIPHPOBMMZ POUP UIF QSJODJQBM DVSWF
	DG� 'JHVSF ��� #
� 5IF EFSFHVMBUJPO TDPSF DP(i) GPS B TBNQMF i JT EFaOFE BT UIF EJTUBODF GSPN
UIF DPOUSPM TUBUF 	J�F�
 UIF DFOUSPJE PG B TFU PG DPOUSPM TBNQMFT
 UP UIF TBNQMFrT QSPKFDUJPO BMPOH
UIF QSJODJQBM DVSWF�
*O DPOUSBTU UP(4&"
 1BUIJaFS EPFT OPU QSPWJEF Q�WBMVFT CBTFE POXIJDI UIF TJHOJaDBODF PG TJOHMF
QBUIXBZT DBO CF BTTFTTFE� *OTUFBE
 UIF UPPM SFTVMUT JO B NBUSJY M ∈ Rn×m
 XJUI n CFJOH UIF
OVNCFS PG TBNQMFT BOE m UIF OVNCFS PG DPOTJEFSFE QBUIXBZT
 UIBU DPOUBJOT B 1%4 GPS FBDI
QBJS� 5IJT NBUSJY DBO UIFO CF VTFE GPS DMVTUFSJOH BOE IFODF UIF JEFOUJaDBUJPO PG QPUFOUJBMMZ OFX

QBUIXBZ�CBTFE NPMFDVMBS TVCUZQFT PG DBODFS <���>�
0OFNBKPS MJNJUBUJPO PG UIJT BQQSPBDI JT JUT SFMJBODF PO B MBSHF DPIPSU PG TBNQMFT
 QSFGFSBCMZ XJUI
B TFU PG DPSSFTQPOEJOH IFBMUIZ TBNQMFT BOE DPNQSFIFOTJWF BOENFBOJOHGVM DMJOJDBM BOOPUBUJPOT

XIJDI JT GFBTJCMF GPS TDFOBSJPT MJLF UIF SFUSPTQFDUJWF BOBMZTJT PG MBSHF EBUB TFUT MJLF 5$("
	DG� 4FDUJPO �����

 CVU JNQSBDUJDBM GPS UIF BOBMZTJT PG JOEJWJEVBM TBNQMFT 	F�H�
 GPS USFBUNFOU
TUSBUJaDBUJPO QVSQPTFT
�
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.FUBHFOF�CBTFE NFUIPET� *O UIF TVCDMBTT PG NFUBHFOF�CBTFE NFUIPET
 HFOFT CFMPOHJOH UP
B QBUIXBZ PG JOUFSFTU 	PS B TVCTFU UIFSFPG
 BOE UIFJS SFTQFDUJWF TDPSFT PG EFSFHVMBUJPO BSF
BHHSFHBUFE JOUP UIF EFSFHVMBUJPO TDPSF PG B qNFUBHFOFr
 XIJDI UIFO TFSWFT BT B QSPYZ GPS UIF
DPOTJEFSFE QBUIXBZrT BDUJWJUZ�
0OF PG UIF aSTU BQQSPBDIFT JO UIJT SFBMNXBT QSPQPTFE CZ (VP FU BM� <���>
 XIP TVNNBSJ[FE UIF
TDPSFT PG EJêFSFOUJBM FYQSFTTJPO PG UIF QBUIXBZ HFOFT CBTFE PO TJNQMF TUBUJTUJDT MJLF UIF NFBO
PS NFEJBO� "O BMUFSOBUJWF BQQSPBDI
 QSFTFOUFE CZ #JME FU BM� <���>
 DPOTJEFST GPS FBDI QBUIXBZ
P UIF dP�EJNFOTJPOBM TQBDF TQBOOFE CZ UIF dP HFOFT PG UIF QBUIXBZ BOE QFSGPSNT B QSJODJQBM
DPNQPOFOU BOBMZTJT <���> PO UIF FNCFEEFE QPJOU DMPVE PG TBNQMFT� 5IF QBUIXBZ BDUJWBUJPO PG
B TBNQMF i UIFO JT SFQSFTFOUFE CZ JUT aSTU QSJODJQBM DPNQPOFOU�
*O DPOUSBTU UP UIF GPSNFS UXP NFUIPET UIBU DPOTJEFS BMM QBUIXBZ HFOFT
 -FF BOE DPXPSLFST POMZ
DPOTJEFS B TVCTFU PG QBUIXBZ HFOFT GPS QBUIXBZ BDUJWJUZ JOGFSFODF� 5P UIJT FOE
 UIFZ QSPQPTF
QBUIXBZ�TQFDJaD TFUT PG $0OEJUJPO�3FTQPOTJWF (FOFT 	$03(T
 <���>� " $03( TFU Gk

P JT B
TVCTFU PG UIPTF k HFOFT PG B QBUIXBZ P XIPTF BWFSBHFE EJêFSFOUJBM FYQSFTTJPO EFMJWFST PQUJNBM
EJTDSJNJOBUJWF QPXFS GPS UIF EJTUJODUJPO PG UIF UXP QIFOPUZQFT PG JOUFSFTU� 'JHVSF ��� QSPWJEFT
B TVNNBSZ PG UIF BQQSPBDI�
*O B aSTU TUFQ
 UIF EJêFSFOUJBM FYQSFTTJPO PG FBDI QBUIXBZ HFOF JT DPNQVUFE VTJOH B t�UFTU 	DG�
4FDUJPO �����
 DPNQBSJOH UIF UXP QIFOPUZQFT VOEFS JOWFTUJHBUJPO� %FQFOEJOH PO UIF BWFSBHF
t�TDPSF BNPOH BMM QBUIXBZ HFOFT
 FJUIFS POMZ HFOFT XJUI QPTJUJWF t�TDPSFT 	GPS t̄ ≥ 0
 PS POMZ
HFOFT XJUI OFHBUJWF t�TDPSFT 	GPS t̄ < 0
 BSF DPOTJEFSFE GPS UIF $03( TFU� 4UBSUJOH XJUI BO
JOJUJBM $03( TFU G1

P UIBU POMZ DPOUBJOT UIF HFOF XJUI UIF MBSHFTU EJêFSFOUJBM FYQSFTTJPO 	GSPN UIF
SFTQFDUJWF TVCTFU

 UIF $03( TFU JT JUFSBUJWFMZ FYUFOEFE CZ UIF OFYUNPTU EJêFSFOUJBMMZ FYQSFTTFE
HFOF 	Gk

P → Gk+1
P 

 VOUJM UIF EJTDSJNJOBUJWF QPXFS PG UIF $03( TFU EPFT OPU JNQSPWF BOZ NPSF�

*O PSEFS UP BTTFTT UIF EJTDSJNJOBUJWF QPXFS PG B HJWFO $03( TFU Gk
P
 UIF FYQSFTTJPO TDPSFT PG UIF

HFOFT JO Gk
P BSF BWFSBHFE UP PCUBJO B QBUIXBZ BDUJWJUZ TDPSF GPS FBDI TBNQMF i�

ak
P,i =

1√
k

k

∑
j=1

ej,i

XJUI ej,i CFJOH UIF HFOF FYQSFTTJPO PG HFOF j JO TBNQMF i� 5IF BDUJWJUZ TDPSFT GPS UIF TBNQMFT
XJUIJO UIF UXP QIFOPUZQF HSPVQT BSF DPNQBSFE VTJOH B t�UFTU UP EFUFSNJOF UIF EJTDSJNJOBUJWF
QPXFS PG UIF DVSSFOU $03( TFU Gk

P� 5IF aOBM SFTVMU GPS B QBUIXBZ P JT UIF $03( TFU Gk
P XJUI

UIF TNBMMFTU k XJUI 1 ≤ k ≤ dP TBUJTGZJOH T(Gk+1
P ) ≤ T(Gk

P) BOE T(X) CFJOH UIF t�UFTU GPS UIF
QBUIXBZ BDUJWJUJFT DPNQVUFE CBTFE PO UIF HFOF TFU X�
0OF DFOUSBM MJNJUBUJPO PG UIJT BQQSPBDI JT UIF GPDVT PO FJUIFS VQSFHVMBUFE PS EPXOSFHVMBUFE
HFOFT XJUIJO B QBUIXBZ
 XIJDI
 IPXFWFS
 CPUI DPOUSJCVUF UP UIF PWFSBMM QBUIXBZrT BDUJWJUZ BOE
IFODF TIPVME CF JOWFTUJHBUFE KPJOUMZ�
#BTFE PO UIF $03( BQQSPBDI
 4PPUBOBO FU BM� USZ UP BEESFTT UIJT QSPCMFN VTJOH /FHBUJWFMZ
$PSSFMBUFE 'FBUVSF 4FUT 	/$'4
� /$'4 GPMMPXT UIF $03( NFUIPE JO UIF TFOTF UIBU JO B HSFFEZ
GBTIJPO HFOFT BSF JUFSBUJWFMZ BEEFE UP B QSFEJDUJWF TFU VOUJM UIF EJTDSJNJOBUJWF QPXFS DPOWFSHFT�
*O /$'4
 UIF QBUIXBZ HFOFT BSF TQMJU JOUP UXP TPSUFE MJTUT
 FBDI PSEFSFE CZ UIF HFOFTr BCTPMVUF
TDPSFT PG DPSSFMBUJPO PS BOUJ�DPSSFMBUJPO
 SFTQFDUJWFMZ� 'JHVSF ��� QSPWJEFT BO PWFSWJFX PG UIF
BQQSPBDI�
)FSF
 UIF QSFEJDUJWF TFU DPOTUJUVUFT PG UXP TVCTFUT Gk1

P BOE Gk2
P UIBU BSF JUFSBUJWFMZ FYUFOEFE

JO FBDI SPVOE
 FBDI CZ UIF GFBUVSF XJUI UIF OFYU MBSHFTU DPSSFMBUJPO BOE BOUJ�DPSSFMBUJPO
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In caption dazu sagen, dass es für die 
zwei phänotypen tumor und kontrolle 
gezeigt ist - CORG
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 t�TDPSFT BTTFTTJOH UIF
EJőFSFOUJBM HFOF FYQSFTTJPO CFUXFFO UXP QIFOPUZQFT 	F�H�
 UVNPS WT� DPOUSPM
 BSF DPNQVUFE� %FQFOEJOH PO UIF
BWFSBHF t�TDPSF t̄ BDSPTT UIF dP HFOFT
 UXP EJőFSFOU DBTFT BSF DPOTJEFSFE� 5IF $03( TFU Gk

P 	IJHIMJHIUFE JO SFE

JT JUFSBUJWFMZ FYUFOEFE BOE JUT EJTDSJNJOBUJWF QPXFS XJUI SFTQFDU UP UIF UXP DPOTJEFSFE QIFOPUZQFT JT EFUFSNJOFE
VTJOH B t�UFTU 	T(Gk

P)
 PO UIFJS SFTQFDUJWF QBUIXBZ BDUJWJUJFT ak
P,tumor BOE ak

P,control � 'JHVSF CBTFE PO <���>�

SFTQFDUJWFMZ� 5IF QBUIXBZ BDUJWJUZ ak
P,i PG B QBUIXBZ P JO B TBNQMF i JT UIFO DPNQVUFE BT UIF

EJêFSFODF PG UIF BWFSBHFE TDPSFT PG HFOFT JO UIF QPTJUJWFMZ DPSSFMBUFE TFU Gk1
P BOE UIF BWFSBHFE

TDPSFT PG HFOFT JO UIF OFHBUJWFMZ DPSSFMBUFE TFU Gk2
P �

ak
P,i = ak1

P,i − ak2
P,i

5IF EJTDSJNJOBUJWF QPXFS PG UIF QSFEJDUJWF TFU JT JUFSBUJWFMZ BTTFTTFE BOBMPHPVTMZ UP UIF $03(
NFUIPE EFTDSJCFE BCPWF�

"MUIPVHI '$4�CBTFE BQQSPBDIFT TVDDFTTGVMMZ BMMFWJBUF UIF QSPCMFNT PG 03"
 UIFZ TUJMM GBDF TPNF
MJNJUBUJPOT UIBU BSJTF GSPN UIF DPOTJEFSBUJPO PG QBUIXBZT BTNFSF TFUT PG HFOFT� .PTU JNQPSUBOUMZ

'$4 NFUIPET EP OPU DPOTJEFS UIF EFQFOEFODJFT CFUXFFO HFOFT JO B QBUIXBZ
 OFJUIFS UIFJS
SFMBUJWF QPTJUJPOT XJUIJO UIF QBUIXBZ� "MTP
 '$4 BQQSPBDIFT BSF MJNJUFE CZ UIF GBDU UIBU FBDI
HFOF TFU JT BOBMZ[FE JOEJWJEVBMMZ
 OPU BDDPVOUJOH GPS UIF TUSPOH JOUFSEFQFOEFODF BOE DSPTT UBML
CFUXFFO QBUIXBZT BU B TZTUFNT MFWFM�

������� 5PQPMPHZ�CBTFE NFUIPET

0WFS UIF MBTU EFDBEFT
 FOPSNPVT FêPSUT IBWF CFFO QVU JOUP UIF JOWFTUJHBUJPO PG NPMFDVMBS
JOUFSBDUJPOT
 NBOZ PG XIJDI BSF EFTDSJCFE JO WBSJPVT MBSHF�TDBMF EBUBCBTFT 	DG� 4FDUJPO �����
�
$PNQVUBUJPOBM BQQSPBDIFT UIBU UBLF UIFTF JOUFSBDUJPOT JOUP BDDPVOU BSF PG QBSUJDVMBS JOUFSFTU

FTQFDJBMMZ GPS UIF EFUFDUJPO PG QBUIXBZT BOE TVCOFUXPSLT UIBU BSF EFSFHVMBUFE JO QBUIPHFOJD
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positive

PC scores

NCFS-i
Caption: PC - Pearson correlation

- pehnotype of interest could be 
clinical markers like survival time 
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QSPDFTTFT� 5IJT UIJSE DMBTT PG NFUIPET DPNCJOFT JOGPSNBUJPO BCPVU UIF EFSFHVMBUJPO PG HFOFT
CFUXFFO UXP QIFOPUZQFTXJUI UPQPMPHZ JOGPSNBUJPO PO JOEJWJEVBM QBUIXBZT PS UIFJS JOUFHSBUJPO
JOUP OFUXPSLT�
1SJPS UP UIF QSFTFOUBUJPO PG WBSJPVT UPQPMPHZ�CBTFE NFUIPET
 XF aSTU IBWF UP DPOTJEFS UIF
NBUIFNBUJDBM SFQSFTFOUBUJPO PG CJPMPHJDBM OFUXPSLT
 XIJDI JT DPNNPO UP BMM PG UIFTF NFUIPET�
*O HFOFSBM
 B CJPMPHJDBM OFUXPSL DBO CF NPEFMFE BT B HSBQI G = (V, E)
 XIPTF OPEFT vi ∈ V
SFQSFTFOU CJPMPHJDBM FOUJUJFT
 TVDI BT QSPUFJOT
 GVODUJPOBM 3/" NPMFDVMFT
 PS NFUBCPMJUFT
 XIJMF
UIF FEHFT eij = (vi, vj) ∈ E, vi, vj ∈ V DPSSFTQPOE UP SFMBUJPOTIJQT CFUXFFO UIPTF CJPMPHJDBM
FOUJUJFT
 GPS FYBNQMF
 CJOEJOH
 BDUJWBUJPO
 PS JOIJCJUJPO� 5IF OFUXPSL JOUFSBDUJPOT DBO CFNPEFMFE
FJUIFS CZ VOEJSFDUFE PS CZ EJSFDUFE FEHFT
 SFQSFTFOUJOH
 GPS FYBNQMF
 QSPUFJO�QSPUFJO JOUFSBDUJPOT
PS BDUJWBUJOH�JOIJCJUPSZ SFHVMBUPSZ FWFOUT
 SFTQFDUJWFMZ� %FQFOEJOH PO UIF UZQF PG FOUJUZ BOE
JOUFSBDUJPOT DPOTJEFSFE
 WBSJPVT UZQFT PG CJPMPHJDBM OFUXPSLT DBO CF EJTUJOHVJTIFE <���>� 1SPUFJO�
QSPUFJO JOUFSBDUJPO OFUXPSLT DPOUBJO QSPUFJOT BT OPEFT BOE 	UZQJDBMMZ
 VOEJSFDUFE FEHFT UIBU
JOEJDBUF BO JOUFSBDUJPO PG UXP PS NPSF QSPUFJOT� .FUBCPMJD OFUXPSLT FODPEF UIF CJPDIFNJDBM
SFBDUJPOT PG NFUBCPMJUFT CFJOH DBUBMZ[FE CZ FO[ZNFT� (FOF SFHVMBUPSZ OFUXPSLT EFTDSJCF IPX
HFOFT SFHVMBUF FBDI PUIFS
 BOE JO B SFMBUFE NBOOFS
 TJHOBMJOH OFUXPSLT USBDF UIF JOGPSNBUJPO
bPX JO BOE CFUXFFO DFMMT�
5IF DPOUJOVPVTMZ HSPXJOH DMBTT PG UPQPMPHZ�CBTFE NFUIPET JODMVEFT WBSJPVT TVC�DMBTTFT UIBU
EJêFS JO UIFJS DPNQVUBUJPOBM BQQSPBDIFT BT XFMM BT UIFJS CJPMPHJDBM HPBMT� TPNF NFUIPET BJN
BU QSFEJDUJOH UIF BDUJWJUJFT PG QSF�EFaOFE QBUIXBZT
 TJNJMBSMZ UP '$4 BQQSPBDIFT
 XIJMF PUIFST
GPDVT PO UIF JEFOUJaDBUJPO PG EFSFHVMBUFE TVCOFUXPSLT BOE GVODUJPOBMNPEVMFT� *O UIF GPMMPXJOH
QBSBHSBQIT
 XF XJMM FYFNQMBSJMZ PVUMJOF TFWFSBM NFUIPET GSPN EJêFSFOU TVC�DMBTTFT�

4DPSF1"(&� 'PS UIF JEFOUJaDBUJPO PG BDUJWF 	NFUBCPMJD
 QBUIXBZT
 3BIOFOGØISFS FU BM�
QSPQPTFE UIF 4DPSF1"(& BMHPSJUIN 	4DPSJOH 1BUIXBZ "DUJWJUZ XJUI (FOF &YQSFTTJPO %BUB

<���>� 4DPSF1"(& SFRVJSFT HFOF FYQSFTTJPO NFBTVSFNFOUT PG n TBNQMFT VOEFS EJêFSFOU
DPOEJUJPOT 	F�H�
 UJNF QPJOUT BGUFS B QFSUVSCBUJPO
 BOE B TFU PG 	NFUBCPMJD
 QBUIXBZT
 JODMVEJOH
UIFJS BTTPDJBUFE HFOFT BOE SFTQFDUJWF UPQPMPHJFT� 'PS B QBUIXBZ P VOEFS JOWFTUJHBUJPO
 UIF
4DPSF1"(&NFUIPE DPNQVUFT GPS FBDI QBJS PG HFOFT (gi, gj)XJUIJO UIF QBUIXBZ B TJNJMBSJUZ TDPSF
s(gi, gj)� 5P UIJT FOE
 EJêFSFOU NFBTVSFT MJLF 1FBSTPOrT DPSSFMBUJPO <���>
 DPWBSJBODF <���>
 PS UIF
DPTJOF TJNJMBSJUZ <���> BSF VTFE PO UIF n TBNQMFT� 5IF TJNJMBSJUZ TDPSFT BSF NPSFPWFS XFJHIUFE
VTJOH UIF EJTUBODFT CFUXFFO UIF UXP HFOFT JO UIF QBUIXBZ
 J�F� UIF NJOJNBM OVNCFS PG SFBDUJPOT
DPOOFDUJOH UIF UXP FO[ZNFT JO B NFUBCPMJD QBUIXBZ�
5IF PWFSBMM QBUIXBZ BDUJWJUZ s(P) GPS B QBUIXBZ P PG TJ[F k JT UIFO HJWFO CZ UIF BWFSBHF PG BMM
DPOTJEFSFE HFOF QBJST�

s(P) =
1
(k

2)
∑

1≤i<j≤k

1
min{d(gi, gj), 10} · s(gi, gj),

XIFSF d(gi, gj) JT UIF EJTUBODF CFUXFFO UXP HFOFT gi BOE gj BOE UIF DPOTUBOU 10 JT VTFE UP FOTVSF
B NJOJNBM DPOUSJCVUJPO PG BMM HFOF QBJST XJUIJO UIF QBUIXBZ UP UIF PWFSBMM BDUJWJUZ TDPSF�
5IF TJHOJaDBODF PG UIF DP�SFHVMBUJPO PG UIF HFOFT XJUIJO B QBUIXBZ BOE IFODF JUT BDUJWJUZ JT
BTTFTTFE VTJOH B OPOQBSBNFUSJD QFSNVUBUJPO UFTU� *O PSEFS UP BDDPVOU GPS NVMUJQMF IZQPUIFTJT
UFTUJOH
 UIF #FOKBNJOJ BOE )PDICFSH DPSSFDUJPO JT QFSGPSNFE 	DG� 4FDUJPO �������
�



��� %FUFDUJOH EFSFHVMBUFE HFOFT BOE QSPDFTTFT ��

41*"� 5IF 4JHOBMJOH 1BUIXBZ *NQBDU "OBMZTJT 	41*"
 <���> BJNT BU JEFOUJGZJOH EFSFHVMBUFE
NPMFDVMBS QBUIXBZT WJB UIF DPNCJOBUJPO PG UXP UZQFT PG FWJEFODF� 	J
 UIF PWFSSFQSFTFOUBUJPO
PG EJêFSFOUJBMMZ FYQSFTTFE HFOFT JO UIF QBUIXBZ PG JOUFSFTU BOE 	JJ
 UIF JOWFTUJHBUJPO PG UIF
QBUIXBZrT PWFSBMM qQFSUVSCBUJPOr 	J�F�
 EFSFHVMBUJPO
� 8IJMF UIF aSTU QBSU DBO CF BDIJFWFE VTJOH
B DMBTTJDBM 03" 	DG� 4FDUJPO �������

 UIF TFDPOE QBSU VTFT UIF OFUXPSL UPQPMPHZ UP USBDF UIF
QSPQBHBUJPO PG FYQSFTTJPO DIBOHFT� 5P UIJT FOE
 GPS FBDI HFOF gi
 JUT TDPSF PG EJêFSFOUJBM
FYQSFTTJPO BOE UIF BNPVOU PG QFSUVSCBUJPO JO JUT EPXOTUSFBN HFOFT BSF UBLFO JOUP BDDPVOU�
5P UIJT FOE
 41*" TDPSFT B HFOF IJHIMZ qQFSUVSCBUPSZr JG JU BêFDUT PUIFS QFSUVSCBUPSZ HFOFT JO
UIF OFUXPSL
 TFF 'JHVSF ���� 5IF QFSUVSCBUJPO GBDUPS PF(gi) PG B HFOF gi JT DPNQVUFE VTJOH B
SFDVSTJWF BMHPSJUIN TJNJMBS UP UIF 1BHF3BOL JOEFY VTFE CZ (PPHMF <���>�

PF(gi) = ∆E(gi) +
n

∑
j=1

β ji ·
PF(gj)

Nds(gj)

)FSF
 ∆E(gi) JT UIF TDPSF PG EJêFSFOUJBM FYQSFTTJPO PG HFOF gi� 5IF TFDPOE UFSN JT UIF TVN PG UIF
QFSUVSCBUJPO GBDUPST PF(gj) GPS BMM n HFOFT gj EJSFDUMZ VQTUSFBN PG UIF UBSHFU HFOF gi
 OPSNBMJ[FE
CZ UIF OVNCFS PG BMM HFOFT EJSFDUMZ EPXOTUSFBN PG FBDI TVDI HFOF Nds(gj)
 BOE XFJHIUFE CZ β ji�
5IF JOEJDBUPS WBSJBCMF β ji SFbFDUT UIF UZQF PG JOUFSBDUJPO QSFTFOU CFUXFFO UXP OFUXPSL OPEFT gj

BOE gi
 XJUI β ji = 1 JOEJDBUJOH BO BDUJWBUJOH FêFDU BOE β ji = −1 GPS BO JOIJCJUPSZ FêFDU PG gj PO
gi� #Z GPMMPXJOH UIJT SFDVSTJWF BQQSPBDI
 UIF BVUIPST UBLF JOUP BDDPVOU UIF MPDBUJPO PG B HFOF JO
UIF QBUIXBZ
 GPMMPXJOH UIF SBUJPOBMF UIBU EFSFHVMBUFE HFOFT BU UIF CFHJOOJOH PG B QBUIXBZ DBO
BMTP QFSUVSC NBOZ EPXOTUSFBN HFOFT
 XIJMF BCFSSBUJPOT UPXBSET UIF FOE PG B TJHOBMJOH DBTDBEF
POMZ BêFDU GFXFS EPXOTUSFBN HFOFT�

PF (gi) = �E(gi) +
nX

j=1

�ij ·
PF (gj)

Nds(gj)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�E(gi)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

nX

j=1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

PF (gi)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

PF (gj)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>�ji

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

PF (gi) = �E(gi) +
nX

j=1

�ij ·
PF (gj)

Nds(gj)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�E(gi)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

nX

j=1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

PF (gi)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

PF (gj)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>�ji

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

C

D E F

G H

I

B

ANds(gj)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

PF (gi) = �E(gi) +
nX

j=1

�ij ·
PF (gj)

Nds(gj)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�E(gi)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

nX

j=1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

PF (gi)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

PF (gj)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>�ji

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

C

D E F

G H

I

B

ANds(gj)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

PF (gi) = �E(gi) +
nX

j=1

�ij ·
PF (gj)

Nds(gj)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�E(gi)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

nX

j=1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

PF (gi)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

PF (gj)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>�ji

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit> Nds(gj)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�ji
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

:=

8
><

>:

1 , if eji is activating

�1 , if eji is inhibiting

0 , if gj and gi are not connected
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Nds(gj)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

: Number of genes directly down-

  stream of gene j

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

PF (gi)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

:  Perturbation factor of a gene i
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�E(gi)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

:  Score of differential expression

   of a gene i

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

PF (gi) = �E(gi) +
nX

j=1

�ij ·
PF (gj)

Nds(gj)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�E(gi)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

nX

j=1
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

PF (gi)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

PF (gj)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>�ji

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

C

D E F

G H

I

B

ANds(gj)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Nds(gj)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Nds(gj)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

: Number of genes directly down-

  stream of gene j

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

PF (gi)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

:  Perturbation factor of gene i
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�E(gi)
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

:  Score of differential expression

   of gene i

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

�ji :=

(
1

�1
<latexit sha1_base64="9pxiHr44OB9jLSG5BRzCEiwlugg="></latexit>

, if       is activatingeji
<latexit sha1_base64="0F5WahakZ+RosurgpfEOqcyT7IE="></latexit>

, if       is inhibitingeji
<latexit sha1_base64="0F5WahakZ+RosurgpfEOqcyT7IE="></latexit>

'JHVSF ��� 1FSUVSCBUJPO GBDUPS DPNQVUBUJPO JO 41*"� 5IF DPMPSJOH JO UIF FYFNQMBSZ QBUIXBZ PO UIF SJHIU WJTVBMJ[FT
UIF OFUXPSL DPNQPOFOUT DPOTJEFSFE XIFO DPNQVUJOH UIF QFSUVSCBUJPO GBDUPS PF(gi) GPS B HFOF i
 XIJDI
DPSSFTQPOET UP OPEF D JO UIF WJTVBMJ[BUJPO� 1PJOUFE BSSPXT JOEJDBUF BO BDUJWBUJOH JOUFSBDUJPO
 XIFSFBT q5r�TIBQFE
BSSPXT JOEJDBUF BO JOIJCJUPSZ JOUFSBDUJPO�

"MUIPVHI UIJT BQQSPBDI TFFNT UP CF BQQFBMJOH
 JU IBT UIF NBKPS ESBXCBDL UIBU JU DPOTJEFST
QBUIXBZT JOEFQFOEFOUMZ
 OFHMFDUJOH UIFJS DSPTTUBML BOE JOUFSEFQFOEFODJFT� *O PSEFS UP
BMMFWJBUF UIJT MJNJUBUJPO
 UIF BVUIPST SFDFOUMZ QSPQPTFE 4ZTUFN�MFWFM 1"5IXBZ *NQBDU "OB-ZTJT
	41"5*"-
 <���>
 BO FYUFOTJPO PG 41*" UIBU UBLFT B HMPCBM WJFX PO UIF QBUIXBZ BOE OFUXPSL



�� � ."5&3*"-4 "/% .&5)0%4

UPQPMPHZ BOE BMTP DPOTJEFST UIF QFSUVSCBUJPO PG SFTQFDUJWF VQTUSFBN QBUIXBZT JO JUT QBUIXBZ
BDUJWJUZ NPEFM�

/FUXPSL EJőVTJPO�CBTFE NFUIPET� "OPUIFS TFU PG UPPMT FNQMPZT OFUXPSL EJêVTJPO�CBTFE
BQQSPBDIFT UP TUVEZ UIF FêFDUT PG NPMFDVMBS BCFSSBUJPOT 	F�H�
 NVUBUJPOT
 PO EPXOTUSFBN HFOFT
BOE QSPDFTTFT� 5IF )PU/FU <���> BMHPSJUIN VTFT UIF QIZTJDT PG IFBU EJêVTJPO UP EFUFDU qNVUBUFE
TVCOFUXPSLTr
 J�F� TVCOFUXPSLT PG HFOFT MJLFMZ UP CF BêFDUFE CZ UIF NVUBUJPOT QSFTFOU JO B
	UVNPS
 TBNQMF� 5P UIJT FOE
 UIF OFUXPSL JT DPOTJEFSFE BT B NFUBMMJD MBUUJDF BOE UIF HFOPNJD
BMUFSBUJPOT BT TPVSDFT PG qIFBUr XIJDI QSPQBHBUFT BMPOH UIF OFUXPSL UPQPMPHZ
 MFBEJOH UP qIPUr
 J�F�
IJHIMZ SFMFWBOU
 OFUXPSLT� 5IF IFBU EJêVTJPO JT IFSF NPEFMMFE BT B SBOEPNXBML PO UIF OFUXPSL
HSBQI� " SBOEPN XBML JT B TUPDIBTUJD QSPDFTT UIBU NPEFMT UIF JUFSBUJWF USBOTJUJPO PG B qSBOEPN
XBMLFSr GSPN TFFE OPEFT 	UIF BêFDUFE
 F�H�
 NVUBUFE
 HFOFT
 UP SBOEPNMZ DIPTFO OFJHICPST PWFS
UJNF VOUJM B TUFBEZ TUBUF JT SFBDIFE <���
 ���>�
&OSJDI/FU <���> JT BOPUIFS BQQSPBDI UIBU VTFT SBOEPN XBMLT UP BTTFTT UIF FêFDU PG BCFSSBUJPOT
PO QBUIXBZ BDUJWJUJFT� 4UBSUJOH GSPN B TFU PG TFFE HFOFT
 B OFUXPSL EJêVTJPO JT QFSGPSNFE� 5IF
EJêVTJPO TDPSFT PCUBJOFE CZ UIF HFOFT PG B TQFDJaD HFOF TFU 	J�F�
 QBUIXBZ PS DBUFHPSZ
 BSF UIFO
DPOWFSUFE UP EJTUBODFT
 SFTVMUJOH JO B EJTUBODF WFDUPS GPS FBDI QBUIXBZ� 5IJT EJTUBODF WFDUPS
JT DPNQBSFE UP UIF BWFSBHF EJTUSJCVUJPO BDSPTT BMM QBUIXBZT UP BTTFTT UIF TJHOJaDBODF PG UIF
QBUIXBZrT EFSFHVMBUJPO�
5IFSF BSF BMTP TFWFSBM NFUIPET UIBU FYUFOE UIF VOJ�EJSFDUJPOBM OFUXPSL EJêVTJPO BQQSPBDIFT
EFTDSJCFE BCPWF� 5JF%*& 	5JFE %JêVTJPO 5ISPVHI *OUFSBDUJOH &WFOUT
 <���> BOE /FU*$4
	/FUXPSL�CBTFE *OUFHSBUJPO PG .VMUJ�PNJ$4 %BUB
 <���> VTF EJSFDUFE HSBQIT UP QFSGPSN B
CJEJSFDUJPOBM HSBQI EJêVTJPO GSPN UXP EJêFSFOU TPVSDFT
 OBNFMZ B TFU PG HFOFT XJUI HFOPNJD
BCFSSBUJPOT BOE B TFU PG EJêFSFOUJBMMZ FYQSFTTFE HFOFT� 8IJMF UIF qIFBUr GSPNHFOPNJD BCFSSBUJPOT
JT EJêVTFE BMPOH UIF FEHFT PG UIF OFUXPSL
 UIF TDPSFT PG EJêFSFOUJBMMZ FYQSFTTFE HFOFT BSF
EJêVTFE JO UIF PQQPTJUF EJSFDUJPO
 BMPOH SFWFSTFE FEHFT� #Z UIJT
 MJOLFS 	PS qNFEJBUPSr
 HFOFT
UIBU DPOOFDU HFOPNJD BCFSSBUJPOT BOE USBOTDSJQUJPOBM DIBOHFT DBO CF JEFOUJaFE� 5IFTFNFEJBUPST
NJHIU CF QSPNJTJOH DBOEJEBUFT GPS UIF EFWFMPQNFOU PG UBSHFUFE UIFSBQJFT� 5JF%*& BOE /FU*$4
GPMMPX UIF TBNF BOBMZTJT TUFQT
 XIFSF /FU*$4 QFSGPSNT BO BEEJUJPOBM TUFQ PG BWFSBHJOH PWFS UIF
TBNQMFT PG B QPQVMBUJPO UP PCUBJO B QPQVMBUJPO�XJEF WJFX PO QPUFOUJBM NFEJBUPST�

'PSNVMBUJPO BT BO PQUJNJ[BUJPO QSPCMFN� *OTUFBE PG GPDVTJOH PO TQFDJaD TFFE HFOFT BT EPOF
CZ UIF QSFTFOUFE EJêVTJPO�CBTFE BQQSPBDIFT PS UIF JOWFTUJHBUJPO PG JOEJWJEVBM QBUIXBZT BT JO
41*"
 UIFSF JT BOPUIFS DMBTT PG NFUIPET UIBU BJNT BU JEFOUJGZJOH EFSFHVMBUFE GVODUJPOBM NPEVMFT
JO CJPMPHJDBM OFUXPSLT�
5P UIJT FOE
 UIFTF BQQSPBDIFT FNQMPZ UIF UPQPMPHZ PG B CJPMPHJDBM OFUXPSL G BOE TDPSFT PG
EJêFSFOUJBM FYQSFTTJPO UIBU BSF NBQQFE POUP UIF OPEFT PG UIF OFUXPSL�
'PS FYBNQMF
 ,FMMFS FU BM� QSPQPTFE UIF 'JOEJOH %FSFHVMBUFE 1BUIT 	'J%F1B
 BMHPSJUIN <���>

BO BMHPSJUIN UIBU FëDJFOUMZ TFBSDIFT GPS BMM QBUIT PG MFOHUI k JO B HJWFO SFHVMBUPSZ PS TJHOBMJOH
OFUXPSL UIBU BSF TJHOJaDBOUMZ FOSJDIFE XJUI EFSFHVMBUFE HFOFT PS QSPUFJOT� 5P UIJT FOE
 QBUIT
PG MFOHUI k JO UIF OFUXPSL BSF VTFE BT DBUFHPSJFT JO VOXFJHIUFE (4&"T 	DG� 4FDUJPO �������
� *O
PSEFS UP JEFOUJGZ UIF NPTU TJHOJaDBOU QBUIT FëDJFOUMZ
 B EZOBNJD QSPHSBNNJOH TDIFNF XBT
EFWJTFE�



��� %FUFDUJOH EFSFHVMBUFE HFOFT BOE QSPDFTTFT ��

0UIFS BQQSPBDIFT BJN BU TPMWJOH UIF.BYJNVN�8FJHIU $POOFDUFE 4VCHSBQI 	.8$4
 QSPCMFN

XIJDI JT CBTFE PO UIF JEFB PG qBDUJWF TVCOFUXPSLTr BT JOUSPEVDFE CZ *EFLFS FU BM� <���>� (JWFO
B DPOOFDUFE
 VOEJSFDUFE
 WFSUFY�XFJHIUFE HSBQI G = (V, E, w) XJUI XFJHIUT w : V → R
 aOE
B DPOOFDUFE TVCHSBQI G′ = (V′, E′) ⊆ G UIBU NBYJNJ[FT UIF TDPSF w(G′) = ∑v∈V′ w(v)� 5IF
.8$4 QSPCMFN IBT CFFO QSPWFO UP CF /1�IBSE <���>� 0OF PG UIF aSTU NFUIPET UP BQQSPBDI
UIF .8$4 QSPCMFN XBT QSFTFOUFE CZ 6MJUTLZ FU BM� XJUI %ZTS&HVMBUFE (FOF 4FU "OBMZTJT WJB
4VCOFUXPSLT 	%&("4
 <���>� %&("4 TFBSDIFT GPS B NJOJNBM DPOOFDUFE TVCOFUXPSL XJUI BU
MFBTU k EJêFSFOUJBMMZ FYQSFTTFE OPEFT 	J�F�
 HFOFT PS QSPUFJOT
 JO BMM CVU l JOWFTUJHBUFE TBNQMFT� 5P
TPMWF UIJT /1�IBSE QSPCMFN
 %&("4 FNQMPZT IFVSJTUJDT XJUI QSPWBCMF QFSGPSNBODF HVBSBOUFFT�
"OPUIFS UPPM UIBU TPMWFT B WBSJBUJPO PG UIJT QSPCMFN JT ,FZ1BUIXBZ.JOFS <���>� ,FZ1BUI�
XBZ.JOFS FNQMPZT BO BOU DPMPOZ PQUJNJ[BUJPO UFDIOJRVF UP JEFOUJGZ DPOOFDUFE TVCOFUXPSLT PG
NBYJNBM TJ[F JO XIJDI BMM CVU k OPEFT BSF EJêFSFOUJBMMZ FYQSFTTFE JO BMM CVU l BOBMZ[FE TBNQMFT�
0OF PG UIF aSTU BQQSPBDIFT UP TPMWF UIF PSJHJOBM .8$4 QSPCMFN UP PQUJNBMJUZ XBT JOUSPEVDFE
CZ %JUUSJDI FU BM� <���>� 5IF BVUIPST SFGPSNVMBUFE UIF QSPCMFN BT B 1SJ[F�$PMMFDUJOH 4UFJOFS 5SFF
QSPCMFN
 XIJDI DBO CF FëDJFOUMZ TPMWFE VTJOH B DPSSFTQPOEJOH *OUFHFS -JOFBS 1SPHSBNNJOH
	*-1
 GPSNVMBUJPO <���>� 	*OUFHFS
 -JOFBS 1SPHSBNT BSF PQUJNJ[BUJPO QSPCMFNT XJUI MJOFBS
PCKFDUJWF GVODUJPOT UIBU BSF PQUJNJ[FE XJUI SFTQFDU UP MJOFBS DPOTUSBJOUT <���>� *O UIF DBTF PG
*OUFHFS -JOFBS 1SPHSBNT
 UIF SFTVMUT BSF DPOTUSBJOFE UP CF JOUFHFS�
#BDLFT FU BM� FYUFOEFE UIF BQQSPBDI CZ %JUUSJDI BOE DPXPSLFST UP BDDPVOU GPS EJSFDUFE OFUXPSLT

JO PSEFS UP CFUUFS NPEFM UIF TJHOBM QSPQBHBUJPO XJUIJO CJPMPHJDBM OFUXPSLT <���>� 5P UIJT FOE

UIFZ QSPQPTFE B CSBODI�BOE�DVU BMHPSJUIN CBTFE PO BO *-1 GPSNVMBUJPO�
5IF DPSSFTQPOEJOH QSPCMFN DBO CF GPSNVMBUFE BT GPMMPXT� (JWFO B EJSFDUFE HSBQI G = (V, E)

aOE UIF NPTU EFSFHVMBUFE TVCHSBQI G′ PG HJWFO TJ[F k XIFSF BMM OPEFT v′ ∈ G′ BSF SFBDIBCMF
GSPN B EFTJHOBUFE SPPU OPEF vR UIBU BMTP CFMPOHT UP G′� 5IJT SPPU OPEF DPVME CF B NPMFDVMBS LFZ
QMBZFS DPOUSJCVUJOH UP UIF EFSFHVMBUJPO PG JUT EPXOTUSFBN DPNQPOFOUT BOE IFODF NJHIU CF PG
JOUFSFTU BT B QPUFOUJBM ESVH UBSHFU�
*O UIF GPMMPXJOH
 XF XJMM EFTDSJCF UIF DPSSFTQPOEJOH *-1 GPSNVMBUJPO JO NPSF EFUBJM
 BT UIJT
q4VCHSBQI *-1r XJMM CF GVSUIFS FNQMPZFE JO UIF UPPMT BOE BOBMZTFT QSFTFOUFE JO UIF SFNBJOEFS
PG UIJT UIFTJT� 5P UIJT FOE
 XF JOUSPEVDF UIF GPMMPXJOH OPUBUJPO� -FU w = (w1, ..., wn) ∈ Rn

+

CF B WFDUPS PG HFOF XFJHIUT
 DPOUBJOJOH GPS FBDI OPEF i ∈ V JUT BCTPMVUF TDPSF PG EJêFSFOUJBM
FYQSFTTJPO� 5IF CJOBSZ WFDUPS x = (x1, ..., xn) ∈ Bn DPOUBJOT BO JOEJDBUPS WBSJBCMF GPS FBDI OPEF
PG UIF HSBQI
 JOEJDBUJOH UIF TFMFDUJPO PG TVCHSBQI WFSUJDFT JO UIF SFTVMU 	xi = 1 JG vi JT TFMFDUFE

� PUIFSXJTF
� 'JOBMMZ
 UIF CJOBSZ WFDUPS y = (y1, ..., yn) ∈ Bn DPOUBJOT JOEJDBUPS WBSJBCMFT GPS UIF
DIPJDF PG UIF SPPU OPEF 	yi = 1 JG OPEF vi JT TFMFDUFE BT UIF SPPU OPEF
 � PUIFSXJTF
�
"O PWFSWJFX PG UIF QSPCMFN GPSNVMBUJPO JT HJWFO JO 5BCMF ���� *O PSEFS UP aOE UIF NPTU
EFSFHVMBUFE TVCHSBQI
 UIF PCKFDUJWF GVODUJPO JT UIF TVN PG UIF TFMFDUFE TVCHSBQI OPEFT

XFJHIUFE CZ UIFJS TDPSF PG EFSFHVMBUJPO 	&RVBUJPO ���
� &RVBUJPOT ��� BOE ��� FOTVSF UIBU
QSFDJTFMZ k WFSUJDFT BSF TFMFDUFE UP CF QBSU PG UIF TPMVUJPO BOE UIBU FYBDUMZ POF SPPU OPEF JT
BTTJHOFE� 5IF *OFRVBUJPOT ��� BOE ��� HVBSBOUFF GPS FBDI TFMFDUFE WFSUFY UIBU JU JT FJUIFS UIF
SPPU OPEF PS UIBU BU MFBTU POF PG JUT QBSFOU OPEFT 	QBSFOUT PG i BSF HJWFO CZ UIF TFU In(i)
 IBT CFFO
TFMFDUFE� 5IF MBTU DPOTUSBJOU 	*OFRVBUJPO ���
 QSFWFOUT UIF *-1 UP ZJFME UXP EJTDPOOFDUFE DZDMFT
CZ NBLJOH TVSF UIBU FBDI TFMFDUFE DZDMF C FJUIFS DPOUBJOT UIF SPPU OPEF PS UIBU B TFMFDUFE WFSUFY
PVUTJEF PG C JT B QBSFOU PG POF PG UIF DZDMF OPEFT�
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0CKFDUJWF

max
x∈Bn ∑

i
wi · xi 	���
 .BYJNJ[F UIF PWFSBMM EFSFHVMBUJPO PG UIF

TVCHSBQI

4VCKFDU UP

∑
i

xi = k 	���
 &OTVSFT UIBU UIF TVCHSBQI JT PG TJ[F k

∑
i

yi = 1 	���
 &OTVSFT UIBU B TJOHMF SPPU OPEF JT TFMFDUFE

yi ≤ xi ∀i 	���
 &OTVSFT UIBU UIF EFTJHOBUFE SPPU OPEF JT
QBSU PG UIF TFMFDUFE TVCHSBQI

xi − yi − ∑
j∈In(i)

xj ≤ 0 ∀i 	���
 &OTVSFT DPOOFDUJWJUZ PG UIF TVCHSBQI

∑
i∈C

(xi − yi)− ∑
j∈In(C)

xj ≤ |C|− 1 ∀C 	���
 1SFWFOUT EJTDPOOFDUFE DZDMFT

5BCMF ��� 4VCHSBQI *-1 GPSNVMBUJPO� 5IF PCKFDUJWF GVODUJPO BOE UIF SFTQFDUJWF DPOTUSBJOUT BSF HJWFO JO UIF aSTU
DPMVNO
 UIF TFDPOE DPMVNO QSPWJEFT B OVNCFSJOH GPS SFGFSFODF JO UIF UFYU
 BOE UIF UIJSE DPMVNO EFTDSJCFT UIF
QVSQPTF PG UIF SFTQFDUJWF GPSNVMB� 5IF WBSJBCMF C EFTDSJCFT DZDMFT GPSNFE CZ UIF TFMFDUFE OPEFT�

" MJNJUBUJPO PG UPQPMPHZ�CBTFE NFUIPET JT UIFJS EFQFOEFODF PO KVTU UIJT UZQF PG B QSJPSJ
LOPXMFEHF� .PMFDVMBS JOUFSBDUJPO OFUXPSLT BSF TUJMM OPU DPNQMFUF <���>� #FTJEFT B WBSJFUZ
PG NJTTJOH MJOLT
 CPUI FYQFSJNFOUBM UFDIOJRVFT 	F�H�
 ZFBTU�UXP�IZCSJE
 BOE DPNQVUBUJPOBM
JOGFSFODF BQQSPBDIFT BSF QSPOF UP GBMTF QPTJUJWFT <���
 ���>� .PSFPWFS
 DVSSFOUMZ BWBJMBCMF
OFUXPSLT BMTP BSF PG SBUIFS DPBSTF HSBOVMBSJUZ BT UIFZ UZQJDBMMZ EP OPU EJTUJOHVJTI CFUXFFO
EJêFSFOU TQMJDJOH WBSJBOUT PS JTPGPSNT PG B HFOF PS QSPUFJO�



4
5PPMT GPS .VMUJ�0NJDT *OUFHSBUJWF "OBMZTFT

5IF UIPSPVHI NFBTVSFNFOU PG CJPMPHJDBM EBUB VTJOH
 GPS FYBNQMF
 UIF FYQFSJNFOUBM IJHI�
UISPVHIQVU UFDIOJRVFT EFTDSJCFE JO 4FDUJPO ���
 BMMPXT JOWFTUJHBUJOH CJPMPHJDBM TZTUFNT BU BO
VOQSFDFEFOUFE EFQUI BOE TDBMF� *O DPNCJOBUJPO XJUI BEEJUJPOBM SFTPVSDFT PG B QSJPSJ LOPXMFEHF
	DG� 4FDUJPO ���

 UIJT FOBCMFT B IPMJTUJD WJFX PO UIF NFDIBOJTNT VOEFSMZJOH UIFTF CJPMPHJDBM
TZTUFNT
 BOE UIFSFCZ QSPWJEFT NFBOT UP BOBMZ[F UIF FNFSHFODF BOE QSPHSFTTJPO PG DPNQMFY
EJTFBTFT MJLF DBODFS� 5IF QSPDFTTJOH
 IBOEMJOH
 JOUFHSBUJPO
 BOOPUBUJPO
 BOE BOBMZTJT PG TVDI
DPNQMFY
 IFUFSPHFOFPVT
 BOE PGUFO MBSHF EBUB TFUT DBMMT GPS B DPNQVUBUJPOBM JOGSBTUSVDUVSF BOE
OPWFM NFUIPET UP HFOFSBUF B NVMUJ�EJNFOTJPOBM QJDUVSF PG UIF DPOEJUJPOT VOEFS JOWFTUJHBUJPO�
5P UIJT FOE
 XF IBWF EFWFMPQFE BO JOUFHSBUJWF UPPM TVJUF GPS DPNQVUBUJPOBM TZTUFNT CJPMPHZ
UIBU GBDJMJUBUFT TZTUFNT�PSJFOUFE SFTFBSDI CZ QSPWJEJOH WBSJPVT UPPMT BOE NFUIPET GPS NVMUJ�
PNJDT JOUFHSBUJWF BOBMZTFT BOE CJPNBSLFS JEFOUJaDBUJPO
 XIJDI XJMM CF QSFTFOUFE JO UIJT
DIBQUFS� 'JSTU
 XF XJMM QSFTFOU (SBWJUPO
 B HFOFSBM GSBNFXPSL GPS UIF JNQMFNFOUBUJPO PG
XFC�CBTFE
 JOUFHSBUJWF
 NVMUJ�PNJDT TZTUFNT�CJPMPHZ UPPMT� (SBWJUPO BMTP TFSWFT BT CBTJT GPS
PVS TQFDJBMJ[FE BOBMZTJT QJQFMJOFT 	4FDUJPO ���
� (FOF5SBJM� � B XFC TFSWJDF GPS NVMUJ�PNJDT
FOSJDINFOU BOBMZTJT 	4FDUJPO ���

 3FHVMBUPS5SBJM � B XFC TFSWJDF GPS UIF JEFOUJaDBUJPO PG LFZ
USBOTDSJQUJPOBM SFHVMBUPST 	4FDUJPO ���

 BOE /FUXPSL5SBJM � B XFC TFSWJDF GPS JEFOUJGZJOH BOE
WJTVBMJ[JOH EFSFHVMBUFE CJPMPHJDBM TVCOFUXPSLT 	4FDUJPO ���
� 5XP TQFDJBMJ[FE BOBMZTJT UPPMT
GPS QFSTPOBMJ[FE NFEJDJOF UIBU GPDVT PO ESVH SFQPTJUJPOJOH BOE DMJOJDBM EFDJTJPO TVQQPSU XJMM CF
QSFTFOUFE TFQBSBUFMZ JO $IBQUFST � BOE ��

��� (SBWJUPO � B GSBNFXPSL GPS NVMUJ�PNJDT JOUFHSBUJWF BOBMZTFT

5IF GSBNFXPSL IBTNBJOMZ CFFO EFWFMPQFE CZ %BOJFM 4UÓDLFM BOE 5JN ,FIM� * IBWF DPOUSJCVUFE
UP (SBWJUPO WJB UIF JOUFHSBUJPO PG BEEJUJPOBM EBUBCBTFT
 UPPMT
 BOE BOBMZTFT UIBU FOBCMF UIF
VTF PG (SBWJUPO JO UIF DPOUFYU PG QFSTPOBMJ[FE NFEJDJOF�

5IF NBJO DIBMMFOHF JO TZTUFNT CJPMPHZ JT UIF DPNQMFYJUZ PG UIF JOWFTUJHBUFE CJPMPHJDBM TZTUFNT
JO DPNCJOBUJPO XJUI UIF WBTU BNPVOU PG EBUB UIBU JT TDBUUFSFE BDSPTT OVNFSPVT SFTPVSDFT BOE
UIBU BMM IBWF UP CF JOUFHSBUFE BOE KPJOUMZ BOBMZ[FE� )FODF
 DPNQSFIFOTJWF DPNQVUBUJPOBM UPPMT
BSF SFRVJSFE UP HBJO OPWFM JOTJHIUT JO TZTUFNT CJPMPHZ <���
 ���>� 5IF JOUFHSBUJPO BOE DPNCJOFE
BOBMZTJT PG EBUB GSPN EJêFSFOU TPVSDFT JT B NVMUJTUFQ QSPDFEVSF JOWPMWJOH B WBSJFUZ PG UPPMT GPS
EBUB IBOEMJOH BOE IBSNPOJ[BUJPO
 UIF BDUVBM BOBMZTFT
 UIF WJTVBMJ[BUJPO PG UIF SFTVMUT
 BOE UIFJS
FYQPSU GPS EPXOTUSFBN QSPDFTTJOH�

��
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5P QSPWJEF B TPVOE CBTJT GPS UBDLMJOH UIFTF DIBMMFOHFT
 XF EFWFMPQFE (SBWJUPO
 B HFOFSBM
GSBNFXPSL GPS JOUFHSBUJWF NVMUJ�PNJDT TZTUFNT�CJPMPHZ BQQSPBDIFT� (SBWJUPO QSPWJEFT B XJEF
BSSBZ PG HFOFSBM�QVSQPTF GVODUJPOBMJUZ MJLF EBUB VQMPBE
 JEFOUJaFS NBQQJOH
 SFTPVSDF IBOEMJOH

KPC TDIFEVMJOH BOE GPSNT UIF CBTJT GPS BMM PG PVS TQFDJBMJ[FE UPPMT BOEXFC TFSWJDFT
 XIJDIXJMM CF
EJTDVTTFE JO TVCTFRVFOU TFDUJPOT� 'JSTU
 XF XJMM CSJFbZ EFTDSJCF UIF FOBCMJOH QPUFOUJBM PG TVDI
B GSBNFXPSL 	4FDUJPO �����

 QSPWJEF BO PWFSWJFX PG JUT JNQMFNFOUBUJPO 	4FDUJPO �����

 BOE
EFTDSJCF JUT XPSLbPX 	4FDUJPO �����
�

����� 4PGUXBSF BT B TFSWJDF
4PGUXBSF BT B 4FSWJDF 	4BB4
 JT B TPGUXBSF EJTUSJCVUJPO NPEFM JO XIJDI B QSPWJEFS IPTUT BO
BQQMJDBUJPO BOE DVTUPNFST BDDFTT UIF PêFSFE GVODUJPOBMJUZ PWFS UIF JOUFSOFU
 UZQJDBMMZ VTJOH
TUBOEBSE XFC CSPXTFST <���>� 8IJMF 4BB4 JT NBJOMZ VTFE JO DPNNFSDJBM DPOUFYU
 JU BMTP QSPWJEFT
OVNFSPVT BEWBOUBHFT GPS BDBEFNJD TFUUJOHT
 BOE FTQFDJBMMZ GPS UIF VTF JO TZTUFNT CJPMPHZ
BQQSPBDIFT� 5IF JNQMFNFOUBUJPO PG TZTUFNT CJPMPHZ SFTFBSDI QSPKFDUT SFRVJSFT UIF DPPQFSBUJPO
PG SFTFBSDIFST GSPN WBSJPVT EPNBJOT 	TVDI BT CJPMPHJTUT
 QIZTJDJBOT
 NBUIFNBUJDJBOT
 DIFNJTUT


OPU BMM PG XIJDI OFDFTTBSJMZ IBWF B CBDLHSPVOE JO CJPJOGPSNBUJDT PS DPNQVUFS TDJFODF� )PXFWFS

GPS UIF JOUFHSBUJWF BOBMZTJT PG NVMUJ�PNJDT EBUB
 UIF JOTUBMMBUJPO BOE DPSSFDU VTF PG WBSJPVT UPPMT
BSF SFRVJSFE
 XIJDI UZQJDBMMZ IBWF UP CF PQFSBUFE PWFS UIF DPNNBOE�MJOF BOE EP OPU QSPWJEF
B (SBQIJDBM 6TFS *OUFSGBDF 	(6*
 <���>� 'VSUIFSNPSF
 BMUIPVHI UIFSF BSF NBOZ TUBOEBSET
GPS EBUB SFQSFTFOUBUJPO
 UIF PVUQVU BOE JOQVU GPSNBUT PG EJêFSFOU UPPMT BSF DPNNPOMZ OPU
JOUFSPQFSBCMF BOE SFRVJSF SFGPSNBUUJOH <���>� 5IJT JNQFEFT QSPEVDUJWJUZ BOE JT QSPOF UP FSSPST�
5IF JNQMFNFOUBUJPO PG BOBMZTJT QJQFMJOFT JO UIF GPSN PG XFC TFSWJDFT PWFSDPNFT UIFTF PCTUBDMFT�
" XFC TFSWJDF POMZ SFRVJSFT B TJOHMF
 DFOUSBMJ[FE QPJOU PG JOTUBMMBUJPO
 XIJDI JT NBJOUBJOFE CZ
UIF IPTU� 5IF QSPWJEFE GVODUJPOBMJUZ JT QMBUGPSN�JOEFQFOEFOU BOE BDDFTTJCMF GSPN BOZXIFSF�
.PSFPWFS
 UIF TFBNMFTT JOUFHSBUJPO PG UIF SFTQFDUJWF BOBMZTJT TUFQT NJUJHBUFT UIF PUIFSXJTF
UFEJPVT UBTL PG JOEJWJEVBMMZ QFSGPSNJOH BMM TUFQT PG UIF BOBMZTJT XJUI TQFDJBMJ[FE UPPMT PS TDSJQUT�
5IFSF BSF WBSJPVT XPSLbPX�NBOBHFNFOU TZTUFNT UIBU BJN BU QSPWJEJOH TVDI JOUFHSBUFE
GVODUJPOBMJUZ� 4ZTUFNT MJLF ,/*.& <���>
 5BWFSOB <���>
 PS (BMBYZ <���> FOBCMF UIF DPOTUSVDUJPO
BOE FYFDVUJPO PG TQFDJBMJ[FE XPSLbPXT� 8IJMF UIFTF QMBUGPSNT BMMPX GPS DPOWFOJFOU BOE
DVTUPNJ[FE QJQFMJOF EFTJHO
 UIFZ EP OPU QSPWJEF SFBEZ�UP�VTF XPSLbPXT
 CVU JOTUFBE SFRVJSF
UIF VTFS UP TFMFDU BOE BSSBOHF UIF JOEJWJEVBM BOBMZTJT TUFQT GSPN B NVMUJUVEF PG PQUJPOT�

����� *NQMFNFOUBUJPO
(SBWJUPO JT JNQMFNFOUFE CBTFE PO B NPEVMBS NVMUJ�MBZFS DMJFOU�TFSWFS BSDIJUFDUVSF UIBU FOTVSFT
FYUFOTJCJMJUZ BOE NBJOUBJOBCJMJUZ 	DG� 'JHVSF ���
�
5IF aSTU MBZFS DPSSFTQPOET UP UIF VTFS GSPOUFOE
 XIJDI JT JNQMFNFOUFE VTJOH )5.-� <���> BOE
$44� <���>
 JO DPNCJOBUJPO XJUI #PPUTUSBQ <���> BOE UIF 5IZNFMFBG UFNQMBUF FOHJOF <���>� 3F�
TVMUT BSF WJTVBMJ[FE VTJOH UIF %BUB5BCMFT QMVH�JO GPS +2VFSZ <���> BOE UIF +BWB4DSJQU MJCSBSJFT PG
$IBSU�KT <���>
 %��KT <���>
 BOE )JHIDIBSUT <���>� *O UIF BQQMJDBUJPO MBZFS
 +BWB <���>
 +BWB4DSJQU
<���>
 +2VFSZ <���>
 BOE "+"9 <���> BSF VTFE GPS UIF JNQMFNFOUBUJPO PG UIF JOUFSOBM MPHJD BOE
DMJFOU�TFSWFS DPNNVOJDBUJPO XJUI B 3&45GVM "QQMJDBUJPO 1SPHSBNNJOH *OUFSGBDF 	"1*
 <���>�
5IF "1* BMMPXT UP TFU VQ BOE SVO DPNQVUBUJPOBMMZ JOUFOTJWF UBTLT 	qKPCTr
 BOE UP IBOEMF UIF DSF�
BUFE 	JOUFSNFEJBUF
 SFTVMUT 	qSFTPVSDFTr
� 5IF MBTU MBZFS
 UIF SFTPVSDF MBZFS
 DPOUBJOT SJDI BOBMZTJT
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In Caption: was is displayed in white 
boxes an the technology used is 
indicated
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'JHVSF ��� (SBWJUPO BSDIJUFDUVSF� 5IF DPMPSFE CPYFT SFQSFTFOU UIF MBZFST PG UIF UISFF�UJFS DMJFOU�TFSWFS BSDIJUFDUVSF�
8JUIJO FBDI MBZFS
 UIF SFTQFDUJWF DPNQPOFOUT BOE FNQMPZFE UFDIOPMPHJFT 	JOEJDBUFE CZ UIF qDPEFr JDPO
 BSF
EJTQMBZFE� 5IF EJTQMBZFE JDPOT XFSF PCUBJOFE GSPN <��>�

GVODUJPOBMJUZ JNQMFNFOUFE JO UIF GPSN PG B $�� MJCSBSZ <���>� .FUBEBUB PO VTFS TFTTJPOT BOE
QFSGPSNFE BOBMZTFT BSF TUPSFE JO B 1PTUHSF42- EBUBCBTF <���>� 5IJT FOTVSFT UIF SFQSPEVDJCJMJUZ
PG UIF PCUBJOFE SFTVMUT
 BT BMM BOBMZTJT QBSBNFUFST BSF SFDPSEFE
 JODMVEJOH UIF SBOEPN TFFET UIBU
BSF VTFE JO BOBMZTJT TUFQT JOWPMWJOH SBOEPNJ[BUJPO� 'VSUIFSNPSF
 XF VTF B EPDVNFOU�PSJFOUFE
EBUBCBTF <���> GPS UIF TUPSBHF PG B QSJPSJ CJPMPHJDBM LOPXMFEHF
 XIJDI JT VTFE GPS BOOPUBUJPO BOE
BOBMZTJT PG UIF VQMPBEFE EBUB TFUT� 5IF VOEFSMZJOH EBUBCBTF DPOUFOU JT SFHVMBSMZ VQEBUFE JO B
TFNJ�BVUPNBUJ[FE NBOOFS�

%PDVNFOUBUJPO� *O PSEFS UPNBLF B UPPM PSXFC TFSWJDF BT FBTZ UP VTF BT QPTTJCMF GPS SFTFBSDIFST
PG WBSJPVT EPNBJOT
 BO JOUVJUJWF VTFS JOUFSGBDF BOE UIPSPVHIEPDVNFOUBUJPO BSF FTTFOUJBM� 5P UIJT
FOE
 UIF VTFS�GSJFOEMZ JOUFSGBDF PG PVS XFC TFSWJDFT MFBET UIF VTFS UISPVHI UIF EBUB VQMPBE BOE
BOBMZTJT TUFQT BOE QSPWJEFT SFBTPOBCMF EFGBVMU QBSBNFUFS TFUUJOHT
 NBUDIJOH UIF QSPQFSUJFT PG
UIF VQMPBEFE EBUB� .PSFPWFS
 XF QSPWJEF FYUFOTJWF EPDVNFOUBUJPO GPS BMM PVS XFC TFSWJDFT� 5IF
TVQQPSUJOH JOGPSNBUJPO SBOHFT GSPN TUBOEBMPOF UVUPSJBMT GPS UIF SFTQFDUJWF BOBMZTJT XPSLbPXT

PWFS FYBNQMF aMFT BOE BEEJUJPOBM JOGPSNBUJPO BMPOH UIF EBUB VQMPBE BOE BOBMZTJT TUFQT
 UP
JOUFSBDUJWF FYQMBOBUJPOT PG UIF QSPWJEFE SFTVMUT� "MM WJTVBMJ[BUJPOT BOE 	JOUFSNFEJBUF
 SFTVMUT
DBO CF EPXOMPBEFE GPS GVSUIFS QSPDFTTJOH PS SFQPSUJOH�

3&45GVM "1*� (SBWJUPO PêFST B MBSHF WBSJFUZ PG UPPMT BOE NFUIPET
 XIJDI BSF VTFGVM JO B WBSJFUZ
PG SFTFBSDI TDFOBSJPT� *O PSEFS UP FOBCMF PUIFS CJPJOGPSNBUJDJBOT UP JOUFHSBUF UIJT GVODUJPOBMJUZ
JOUP UIFJS FYJTUJOH BOBMZTJT QJQFMJOFT
 (SBWJUPO BMTP QSPWJEFT B 3&45GVM "1* BT B QSPHSBNNJOH
JOUFSGBDF� " 3&45GVM "1* JT BO "1* UIBU GPMMPXT UIF BSDIJUFDUVSBM TUZMF PG 3&QSFTFOUBUJPOBM
4UBUF 5SBOTGFS 	3&45
� 3&45 JT B TDIFNF GPS DMJFOU�TFSWFS DPNNVOJDBUJPO UIBU BMMPXT UIF
DMJFOU UP BDDFTT BOE NPEJGZ UFYUVBM SFQSFTFOUBUJPOT PG 8FC SFTPVSDFT VTJOH B QSFEFaOFE TFU
PG TUBUFMFTT PQFSBUJPOT <���>� 8FC SFTPVSDFT DBO CF JEFOUJaFE PWFS UIF JOUFSOFU WJB UIFJS
6OJGPSN 3FTPVSDF *EFOUJaFS 	63*
� 5ZQJDBM PQFSBUJPOT JO 3&45 BSF ���
 ����
 ���
 PS ��
����
5IFTF PQFSBUJPOT BSF DBMMFE qTUBUFMFTTr CFDBVTF B DMJFOUrT SFRVFTU JT SFRVJSFE UP DPOUBJO BMM UIF
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JOGPSNBUJPO 	QBSBNFUFST
 OFDFTTBSZ UP CF QSPDFTTFE CZ UIF TFSWFS BOE IFODF OP DPOUFYUVBM
JOGPSNBUJPO OFFET UP CF TUPSFE PO UIF TFSWFS� "O PWFSWJFX PG UIF (SBWJUPO "1* JT QSPWJEFE
PO #//+΂ζζ�+$�*�΀�$*$)!΀0)$Ζ.�΀� BOE BO FYBNQMF PG IPX UP QSPHSBNNBUJDBMMZ SVO BO
BOBMZTJT JT MJTUFE JO 4FDUJPO "�����

����� 8PSLbPX BOE GVODUJPOBMJUZ
(SBWJUPO JT B GSBNFXPSL GPS CVJMEJOH GVMMZ JOUFHSBUFE CJPJOGPSNBUJDT XFC TFSWJDFT� 5P UIJT FOE

JU QSPWJEFT JNQMFNFOUBUJPOT PG HFOFSBM�QVSQPTF GVODUJPOBMJUZ MJLF aMF QBSTFST
 TDPSJOH
 JEFOUJaFS
NBQQJOH
 BOE BOOPUBUJPO PG EBUB TFUT
 XIJDI DBO CF VTFE JO BMM PG PVS TQFDJBMJ[FE XFC TFSWJDFT
BOE IFODF BWPJET DPEF EVQMJDBUJPO BOE SFJNQMFNFOUBUJPO PG GVODUJPOBMJUZ� 'JHVSF ��� HJWFT BO
PWFSWJFX PG UIF (SBWJUPO XPSLbPX�
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(Section 4.2)
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(Chapter 5)
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'JHVSF ��� 0WFSWJFX PG (SBWJUPO XPSLbPX� 5IF CPY CPSEFS BOE EJBNPOE DPMPST DPSSFTQPOE UP UIF UZQF PG EBUB
VTFE JO UIF DPSSFTQPOEJOH TUFQPS BOBMZTJT� 0SBOHF� DMJOJDBM EBUB
 CMVF� HFOFFYQSFTTJPOEBUB
 HSFFO� QSPUFJO MFWFMT

QVSQMF� NFUIZMBUJPO EBUB
 SFE� NVUBUJPO EBUB
 MJNF� DPQZ OVNCFS BMUFSBUJPOT
 QJOL� DISPNBUJO TUSVDUVSF� *OQVU
EBUB GPSNBUT BSF JOEJDBUFE CZ UIF qaMFr JDPO
 VTFE EBUBCBTFT CZ B qEBUBCBTFr JDPO
 TUBUJTUJDBM BOE DPNQVUBUJPOBM
NFUIPET CZ B HFBS XIFFM
 BOE PVS JOUFHSBUFE XFC TFSWJDFT CZ UIF qVTFSr JDPO� 5IF TFDUJPO BOE DIBQUFS OVNCFST
JO UIF qTQFDJBMJ[FE BOBMZTFTr CPY BSF SFGFSFODFT UP UIF TFDUJPOT BOE DIBQUFST JO XIJDI UIF SFTQFDUJWF UPPMT BSF
QSFTFOUFE� #&%� #SPXTFS &YUFOTJCMF %BUB
 $04.*$� $BUBMPHVF 0G 4PNBUJD .VUBUJPOT *O $BODFS
 (&0� (FOF
&YQSFTTJPO 0NOJCVT
 )(/$� )6(0 (FOF /PNFODMBUVSF $PNNJUUFF
 4&(� 4&(NFOUFE EBUB aMF GPSNBU
 547� 5BC�
4FQBSBUFE 7BMVFT
 595� QMBJO UFYU aMF
 7$'� 7BSJBOU $BMM 'PSNBU
 7&1� 7BSJBOU &őFDU 1SFEJDUPS� 5IF EJTQMBZFE JDPOT
XFSF PCUBJOFE GSPN <��>�

4VQQPSUFE JOQVU EBUB� (SBWJUPO QSPWJEFT UIF CBTJT GPS TFWFSBM TQFDJBMJ[FE NVMUJ�PNJDT
JOUFHSBUJWF XFC TFSWJDFT BOE IFODF TVQQPSUT B MBSHF WBSJFUZ PG EBUB JOQVU UZQFT� 5IF GSBNFXPSL
FOBCMFT UIF VQMPBE PG OVNFSPVT UZQFT PG PNJDT EBUB JO TFWFSBM 	TUBOEBSEJ[FE
 JOQVU GPSNBUT 	DG�
'JHVSF ���
 aSTU DPMVNO
� 'PS UIF VTF JO HFOF TFU CBTFE BOBMZTFT 	F�H�
 BT QSPWJEFE CZ (FOF5SBJM�

http://apidoc.bioinf.uni-sb.de


��� (SBWJUPO � B GSBNFXPSL GPS NVMUJ�PNJDT JOUFHSBUJWF BOBMZTFT ��

PS 3FHVMBUPS5SBJM

 B QMBJO UFYU aMF DPOUBJOJOH B MJTU PG JEFOUJaFST PG B TFU PG qJOUFSFTUJOH FOUJUJFTr
DBO CF QSPWJEFE BT NPTU TJNQMF GPSN PG JOQVU� 5SBOTDSJQUPNJDT
 QSPUFPNJDT
 BOE FQJHFOPNJDT
EBUB DBO CF VQMPBEFE BT XIJUFTQBDF�TFQBSBUFE aMFT 	F�H�
 JO ��� aMF GPSNBU
 UIBU DPOUBJO B
XIJUFTQBDF�TFQBSBUFE QBJS PG FOUJUZ JEFOUJaFS BOE DPSSFTQPOEJOH EFSFHVMBUJPO TDPSF QFS MJOF�
#FTJEFT aMFT DPOUBJOJOH VTFS�EFaOFE TDPSFT
 BMTP NBUSJDFT DPOUBJOJOH FYQSFTTJPO WBMVFT GPS B TFU
PG TBNQMFT DBO CF VQMPBEFE� "MUFSOBUJWFMZ
 FYQSFTTJPONBUSJDFT GSPN(&0 <���> DBO CF JNQPSUFE
CZ QSPWJEJOH JEFOUJaFST GPS (&0 4&SJFT 	���
 PS (&0 %BUB 4FU 	���
 aMFT� 5IF TBNQMFT
DPOUBJOFE JO TVDI NBUSJDFT DBO CF EJWJEFE CZ UIF VTFS JOUP UIF TBNQMFT VOEFS JOWFTUJHBUJPO
BOE B TFU PG DPOUSPM TBNQMFT� 5IF VTFS DBO UIFO BOBMZ[F UIF UXP HSPVQT VTJOH WBSJPVT UZQFT PG
FOUJUZ�MFWFM TUBUJTUJDT
 BT EFTDSJCFE JO UIF GPMMPXJOH QBSBHSBQI� .VUBUJPO EBUB DBO CF VQMPBEFE JO
7BSJBOU $BMM 'PSNBU 	���
 DG� 4FDUJPO "����
 BOE TIPVME DPOUBJO JOGPSNBUJPO PO B UVNPS TBNQMF
BOE JEFBMMZ BNBUDIFE DPOUSPM UP CF BCMF UP EJêFSFOUJBUF CFUXFFO TPNBUJD BOE HFSNMJOFNVUBUJPOT�
$PQZ OVNCFS BMUFSBUJPOT DBO CF QSPWJEFE UP UIFXFC TFSWJDF JO 4&(NFOUFE EBUB aMF GPSNBU 	���

DG� 4FDUJPO "����
� #FTJEFT QSPWJEJOH bFYJCJMJUZ JO UIF EBUB GPSNBUT
 XF BMTP BJN BU DPWFSJOH
BT NBOZ PG UIF TUBOEBSE FOUJUZ JEFOUJaFS UZQFT BT QPTTJCMF� 5IFTF JODMVEF &OUSF[(FOF <���>

&OTFNCM JEFOUJaFST <���>
 )(/$ TZNCPMT BOE *%T <���>
 ,&(( <���>
 6OJ1SPU <���> GPS HFOFT
BOE QSPUFJOT
 BOE NJ3#BTF <���> JEFOUJaFST GPS NJ3/"T�

1SFQSPDFTTJOH� %FQFOEJOH PO UIF UZQF PG VQMPBEFE EBUB
 VQ UP UISFF BEEJUJPOBM QSFQSPDFTTJOH
TUFQT BSF QFSGPSNFE 	DG� 'JHVSF ���
 TFDPOE DPMVNO
 CFGPSF UIF EBUB DBO TFSWF BT JOQVU GPS UIF
TQFDJBMJ[FE BOBMZTFT� 5IF QSFQSPDFTTJOH TUFQT JODMVEF 	J
 UIF BTTFTTNFOU PG EJêFSFOUJBM HFOF
FYQSFTTJPO PS NFUIZMBUJPO MFWFMT
 	JJ
 UIF BOOPUBUJPO PG HFOPNJD BCFSSBUJPOT XJUI BEEJUJPOBM
NFUBEBUB
 BOE 	JJJ
 UIF IBSNPOJ[BUJPO PG UIF SFTQFDUJWF FOUJUZ JEFOUJaFS UZQFT VTFE JO UIF
VQMPBEFE aMFT�
*O DBTFT XIFSF B NBUSJY PG NFBTVSFNFOUT GPS TBNQMFT PG UXP QIFOPUZQFT 	F�H�
 UVNPS BOE
DPOUSPM
 JT QSPWJEFE
 UIF VTFS DBO TFMFDU GPS CPUI QIFOPUZQFT UIPTF TBNQMFT UIBU TIPVME CF VTFE
JO UIF BOBMZTJT� *O B OFYU TUFQ
 UIF HSPVQT PG TFMFDUFE TBNQMFT BSF DPNQBSFE BHBJOTU FBDI PUIFS
UP BTTFTT EJêFSFOUJBM HFOF FYQSFTTJPO PS NFUIZMBUJPO� %FQFOEJOH PO UIF TBNQMF TFMFDUJPO
 UIF
VTFS DBO DIPPTF GSPN B CSPBE BSSBZ PG QBSBNFUSJD BOE OPOQBSBNFUSJD UFTUT BOE TDPSJOH TDIFNFT
	DG� BMTP 4FDUJPO �����
� *O DBTFT XIFSF POF TBNQMF PG JOUFSFTU JT DPNQBSFE BHBJOTU POF PS TFWFSBM
SFGFSFODF TBNQMFT
 UIF 	MPH
 NFBO GPME RVPUJFOU <���> DBO CF DPNQVUFE� *G B SFGFSFODF TFU XJUI
TFWFSBM TBNQMFT JT QSPWJEFE
 UIF VTFS DPVME BEEJUJPOBMMZ TFMFDU UIF TUBOEBSE TDPSF 	[�TDPSF
 <���>
BT UIF TDPSJOH NFUIPE� 'PS UIF DPNQBSJTPO PG UXP HSPVQT PG TBNQMFT
 UIF GPMMPXJOH UFTUT BSF
QSPWJEFE� JOEFQFOEFOU TISJOLBHF t�UFTU <���>
 JOEFQFOEFOU 4UVEFOUrT t�UFTU <���>
 8JMDPYPO�
.BOO�8IJUOFZ UFTU <���>
 TJHOBM�UP�OPJTF SBUJP <���>
 F�UFTU <���>
 BOE UIF 	MPH
 NFBO GPME
RVPUJFOU <���>� " DPNQMFUF MJTU PG BMM QSPWJEFE FOUJUZ�MFWFM TUBUJTUJDT JT HJWFO JO 5BCMF "���
*G HFOPNJD BCFSSBUJPOT JO UIF GPSN PG NVUBUJPOT BSF VQMPBEFE
 (SBWJUPO BOOPUBUFT UIF NVUBUJPOT
XJUI UIFJS QSFEJDUFE JNQBDU PO UIF DPSSFTQPOEJOH HFOFT BOE QSPUFJOT 	F�H�
 NJTTFOTF WBSJBOU

TUPQ HBJO
 GSBNFTIJGU
� 5P UIJT FOE
 &OTFNCMrT 7BSJBOU &êFDU 1SFEJDUPS 	7&1
 <���> JT VTFE 	DG�
4FDUJPO �������
� "EEJUJPOBMMZ
 UIF DPOUBJOFE NVUBUJPOT BSF DSPTT�SFGFSFODFE XJUI EC4/1 <���>
BOE$04.*$ <���> GPS GVSUIFS EFUBJMT PO UIF QPUFOUJBM GVODUJPOBM JNQBDU BOE QBUIPHFOJDJUZ PG UIF
NVUBUJPO� 4JODF DPQZ OVNCFS BMUFSBUJPOT BSF UZQJDBMMZ EFTDSJCFE JO UFSNT PG UIF HFOPNJD MPDBUJPO
	DPPSEJOBUFT
 UIFZ PDDVS JO
 UIF BêFDUFE HFOFT IBWF UP CF JEFOUJaFE VTJOH SFGFSFODF HFOPNFT
	F�H�
 (3$I����� <���>
 BOE HFOF BOOPUBUJPOT
 XIJDI XF PCUBJOFE GSPN (FODPEF <���>�
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5IF JOUFHSBUJPO BOE BOBMZTJT PG IFUFSPHFOFPVT EBUB GSPN EJêFSFOU TPVSDFT SFRVJSFT UIFJS
IBSNPOJ[BUJPO JOUP B DPNNPO GPSNBU VTJOH DPNNPO JEFOUJaFST� 5P UIJT FOE
 (SBWJUPO QSPWJEFT
TPQIJTUJDBUFE NBQQJOH GVODUJPOBMJUZ <���> BOE NBQQJOH aMFT GPS B WBSJFUZ PG PSHBOJTNT BOE
B QMFUIPSB PG JEFOUJaFS UZQFT 	F�H�
 GSPN /$#* &OUSF[(FOF <���>
 &OTFNCM <���>
 )(/$
<���>
 ,&(( <���>
 6OJ1SPU <���>
 NJ3#BTF <���>
� " DPNQMFUF MJTU PG BMM BWBJMBCMF NBQQJOHT
JT HJWFO BU #//+.΂ζζ" ) /-�$'͡΀�$*$)!΀0)$Ζ.�΀� ζ(�++$)".΀#/('� "T UIF JOUFSOBM
SFQSFTFOUBUJPO PG HFOF� BOE QSPUFJO�CBTFE FOUJUJFT XJUIJO (SBWJUPO
 )6(0 HFOF TZNCPMT BSF
VTFE 	DG� 4FDUJPO �����
� *O PSEFS UP LFFQ UIF NBQQJOH QSPDFTT USBDFBCMF BOE USBOTQBSFOU

(SBWJUPO QSPWJEFTNBQQJOH TUBUJTUJDT UIBU JOEJDBUFXIJDI JEFOUJaFSTXFSFNBQQFE UPXIJDI PUIFS
JEFOUJaFST BOE BMTP XIJDI JEFOUJaFST DPVME OPU CFNBQQFE BOE IFODF XFSF OPU DPOTJEFSFE JO UIF
GVSUIFS BOBMZTJT TUFQT�

4QFDJBMJ[FE BOBMZ[FT� "GUFS VQMPBE BOE QSFQSPDFTTJOH PG UIF EJêFSFOU PNJDT EBUB TFUT
 UIF EBUB
DBO CF BOBMZ[FE VTJOH WBSJPVT TQFDJBMJ[FE UPPMT BOE BOBMZTJT QJQFMJOFT
 XIJDI XJMM CF QSFTFOUFE
JO EFUBJM JO UIF GPMMPXJOH TFDUJPOT BOE DIBQUFST 	DG� 'JHVSF ���
 UIJSE DPMVNO
� (FOF5SBJM�
JT B XFC�JOUFSGBDF QSPWJEJOH BDDFTT UP EJêFSFOU UPPMT GPS UIF TUBUJTUJDBM BOBMZTJT PG NPMFDVMBS
TJHOBUVSFT XJUI B GPDVT PO QBUIXBZ FOSJDINFOU BOBMZTFT� *U PêFST NVMUJQMF TUBUJTUJDBM UFTUT BOE
B DPNQSFIFOTJWF DPMMFDUJPO PG CJPMPHJDBM QBUIXBZT 	DG� 4FDUJPO ���
� 3FHVMBUPS5SBJM JT B XFC�
JOUFSGBDF QSPWJEJOH BDDFTT UP EJêFSFOU NFUIPET UP JEFOUJGZ BOE QSJPSJUJ[F LFZ USBOTDSJQUJPOBM
SFHVMBUPST XJUI SFTQFDU UP UIFJS JNQBDU PO FYQSFTTJPO DIBOHFT DBVTFE
 GPS FYBNQMF
 CZ
QBUIPMPHJDBM QSPDFTTFT� /FUXPSL5SBJM JT B XFC�JOUFSGBDF QSPWJEJOH BDDFTT UP EJêFSFOU BOBMZTJT
UPPMT GPS SFHVMBUPSZ OFUXPSLT 	DG� 4FDUJPO ���
�
8IJMF UIF QSFWJPVT UISFF UPPMT BSF PG HFOFSBM QVSQPTF BOE DBO CF XFMM VTFE GPS CBTJD TDJFODF BOE
CJPNBSLFS JEFOUJaDBUJPO
 UIF SFNBJOJOH UXP UPPMT
 %SVH5BSHFU*OTQFDUPS BOE $MJO0NJDT5SBJMCD

GPDVT PO USBOTMBUJPOBM DBODFS SFTFBSDI BOE DMJOJDBM EFDJTJPO TVQQPSU GPS QFSTPOBMJ[FE NFEJDJOF�
%SVH5BSHFU*OTQFDUPS 	%5*
 JT BO JOUFSBDUJWF BTTJTUBODF UPPM GPS USFBUNFOU TUSBUJaDBUJPO� %5*
BOBMZ[FT HFOPNJDT
 USBOTDSJQUPNJDT
 BOE QSPUFPNJDT EBUB TFUT BOE QSPWJEFT JOGPSNBUJPO PO
EFSFHVMBUFE ESVH UBSHFUT
 EFSFHVMBUFE CJPMPHJDBM QBUIXBZT
 BOE TVCOFUXPSLT
 BT XFMM BT
NVUBUJPOT BOE UIFJS QPUFOUJBM FêFDUT PO QVUBUJWF ESVH UBSHFUT BOE HFOFT PG JOUFSFTU 	DG�
$IBQUFS �
� $MJO0NJDT5SBJMCD JT BO JOUFSBDUJWF WJTVBM BOBMZUJDT UPPM GPS CSFBTU DBODFS USFBUNFOU
TUSBUJaDBUJPO� 5IF XFC TFSWJDF PêFST SJDI GVODUJPOBMJUZ GPS UIF JOUFHSBUJPO BOE BOBMZTJT PG
DMJOJDBM NBSLFST BT XFMM BT USBOTDSJQUPNJDT BOE 	FQJ�
HFOPNJDT EBUB TFUT XJUI SFTQFDU UP B CSPBE
TQFDUSVN PG CJPMPHJDBM
 QIBSNBDPMPHJDBM
 BOENFEJDBM LOPXMFEHF� 5P UIJT FOE
 $MJO0NJDT5SBJMCD
QSPWJEFT B DPNQSFIFOTJWF BTTFTTNFOU PG B WBSJFUZ PG USFBUNFOU PQUJPOT CBTFE PO UIF UVNPSrT
NBJO ESJWFS NVUBUJPOT
 UIF PWFSBMM UVNPS NVUBUJPOBM CVSEFO
 BDUJWJUZ QBUUFSOT PG DPSF CSFBTU
DBODFS�SFMFWBOU QBUIXBZT
 ESVH�TQFDJaD QSFEJDUJWF CJPNBSLFST
 UIF TUBUVT PG NPMFDVMBS ESVH
UBSHFUT
 BOE QIBSNBDPHFOPNJD JNQMJDBUJPOT 	DG� $IBQUFS �
�
'VSUIFSNPSF
 JO PSEFS UP QSPWJEF B DPNQSFIFOTJWF WJFX PO UIF EBUB TFU	T
 VOEFS JOWFTUJHBUJPO

PVS XFC TFSWJDFT BSF TFBNMFTTMZ JOUFHSBUFE XJUI FBDI PUIFS� )FODF
 PODF PNJDT EBUB TFUT BSF
VQMPBEFE UP POF PG UIF XFC TFSWJDFT
 UIFZ DBO BMTP CF SFBEJMZ BOBMZ[FE VTJOH PUIFS BQQMJDBCMF
UPPMT XJUIJO UIF (SBWJUPO GSBNFXPSL�

https://genetrail2.bioinf.uni-sb.de/mappings.html


��� (FOF5SBJM� � B XFC TFSWJDF GPS NVMUJ�PNJDT FOSJDINFOU BOBMZTJT ��

��� (FOF5SBJM� � B XFC TFSWJDF GPS NVMUJ�PNJDT FOSJDINFOU BOBMZTJT

(FOF5SBJM� JT UIF TVDDFTTPS PG UIF (FOF5SBJM XFC TFSWJDF
 XIJDI IBE CFFO EFWFMPQFE CZ
#BDLFT FU BM� <���> JO ����� 5IF (FOF5SBJM� SFXSJUF IBT NBJOMZ CFFO DPOEVDUFE CZ %BOJFM
4UÓDLFM
 5JN ,FIM
 BOE 1BUSJDL 5SBNQFSU� * DPOUSJCVUFE CZ JOUFHSBUJOH BEEJUJPOBM SFTPVSDFT BOE
DPOOFDUJPOT UP PVS PUIFS XFC TFSWJDFT UP GBDJMJUBUF UIF VTF PG (FOF5SBJM� JO UIF DPOUFYU PG
QFSTPOBMJ[FE NFEJDJOF� (FOF5SBJM� JT QVCMJTIFE JO %� 4UÓDLFM
 5� ,FIM
 1� 5SBNQFSU
 -� 4DIOFJEFS
FU BM� .VMUJ�PNJDT FOSJDINFOU BOBMZTJT VTJOH UIF (FOF5SBJM� XFC TFSWJDF� #JPJOGPSNBUJDT 	����

������ EPJ� ��������CJPJOGPSNBUJDT�CUW����

5IF NFBTVSFNFOU BOE BOBMZTJT PG DPNQSFIFOTJWF NVMUJ�PNJDT EBUB TFUT BMMPX TUVEZJOH UIF
NFDIBOJTNT PG QBUIPHFOJD QSPDFTTFT JO UIF JOJUJBUJPO BOE QSPHSFTTJPO PG DPNQMFY EJTFBTFT
TVDI BT DBODFS BU VOQSFDFEFOUFE CSFBEUI BOE EFQUI� 8IJMF UIF BOBMZTJT PG TVDI EBUB TFUT
IBT UIF QPUFOUJBM UP JNQSPWF UIF EJBHOPTJT
 QSPHOPTJT
 BOE UIFSBQZ PG EJTFBTFT <���v���>
 UIF
JOUFSQSFUBUJPO
 WBMJEBUJPO
 BOE USBOTMBUJPO PG UIF PCUBJOFE aOEJOHT JOUP DMJOJDBM QSBDUJDF SFNBJOT
B CJH DIBMMFOHF <���>� 5IF 	FQJ�
HFOFUJD BOE DFMMVMBS IFUFSPHFOFJUZ XJUIJO UJTTVFT BOE BDSPTT
QBUJFOUT JT POF PG UIF SFBTPOT XIZ JOEJWJEVBM NBSLFST BOE FWFO TFUT PG NBSLFS HFOFT PGUFOUJNFT
MBDL UIF SPCVTUOFTT SFRVJSFE GPS DMJOJDBM BQQMJDBUJPOT <���>� .PSFPWFS
 NBSLFS HFOFT UZQJDBMMZ
BSF TFMFDUFE JOEFQFOEFOUMZ GSPN FBDI PUIFS
 OFHMFDUJOH UIFJS DPPSEJOBUFE GVODUJPOJOH XJUIJO
QSPUFJO DPNQMFYFT BOE TJHOBMJOH DBTDBEFT� "T B SFNFEZ
 NFUIPET GPS UIF QBUIXBZ� BOE OFUXPSL�
CBTFE BOBMZTJT PG PNJDT EBUB TFUT 	DG� 4FDUJPO �����
 IBWF CFDPNF B NPSF BOE NPSF QPQVMBS
UPPM GPS CJPNBSLFS JEFOUJaDBUJPO <���
 ���v���>� *O PSEFS UP QSPWJEF B XJEF WBSJFUZ PG PWFS�
SFQSFTFOUBUJPO BOE QBUIXBZ�FOSJDINFOU NFUIPET UP UIF SFTFBSDI DPNNVOJUZ
 XF EFWFMPQFE
(FOF5SBJM�
 B XFC TFSWJDF GPS UIF JOUFHSBUFE BOBMZTJT PG HFOPNJDT
 USBOTDSJQUPNJDT
 NJ3/PNJDT

BOE QSPUFPNJDT EBUB TFUT� *O UIF GPMMPXJOH TFDUJPOT
 XF XJMM aSTU EFTDSJCF SFMBUFE UPPMT BOE XFC
TFSWJDFT 	4FDUJPO �����
� "GUFSXBSE
 XF XJMM EFTDSJCF UIF (FOF5SBJM� XPSLbPX BOE UIF PêFSFE
GVODUJPOBMJUZ 	4FDUJPO �����
� 'JOBMMZ
 XFXJMM EFNPOTUSBUF UIF DBQBCJMJUJFT PG (FOF5SBJM� JO B DBTF
TUVEZ GPS UIF JEFOUJaDBUJPO PG B USFBUNFOU�SFMFWBOU TVCUZQF JO QBODSFBUJD DBODFS 	4FDUJPO �����
�

����� 3FMBUFE XPSL
5IFSF BSF OVNFSPVT FOSJDINFOU�CBTFE BQQSPBDIFT GPS UIF GVODUJPOBM BOOPUBUJPO PG HFOF TFUT
BOE NVMUJ�PNJDT NFBTVSFNFOUT� 1MFBTF SFGFS UP 4FDUJPO ����� GPS BO FMBCPSBUF PWFSWJFX� .PTU PG
UIFTF BQQSPBDIFT BSF DPNQMFNFOUFE CZ DPSSFTQPOEJOH TUBOEBMPOF UPPMT PS XFC TFSWJDFT
 XIJDI
XJMM CF CSJFbZ EJTDVTTFE JO UIF GPMMPXJOH�
4FWFSBM PG UIPTF UPPMT PêFS JOUFSGBDFT GPS TQFDJaD FOSJDINFOU NFUIPET
 GPS FYBNQMF
 %"7*%
<���> PS (P.JOFS <���> GPS 0WFS�3FQSFTFOUBUJPO "OBMZTJT 	DG� 4FDUJPO �������

 XIFSFBT (4&"�1
<���> BOE UIF #SPBE *OTUJUVUF <���> QSPWJEF GVODUJPOBMJUZ GPS (FOF 4FU &OSJDINFOU "OBMZTJT 	DG�
4FDUJPO �������
� 5IFSF BSF BMTP PUIFS UPPMT BWBJMBCMF UIBU PêFS NPSF UIBO POF UZQF PG FOSJDINFOU
BOBMZTJT
 GPS FYBNQMF
 #BCFMPNJDT <���>
 (0SJMMB <���>
 PS (0TUBU <���>� 5IFTF UPPMT
 IPXFWFS

UZQJDBMMZ USBEF UIJT BEEJUJPOBM GVODUJPOBMJUZ Pê BHBJOTU TNBMMFS OVNCFST PG BWBJMBCMF EBUBCBTFT UP
UFTU GPS <���>� "EEJUJPOBM XFC TFSWJDFT PêFSJOH FOSJDINFOU BOBMZTFT BSF MJTUFE JO UIF 0.*$UPPMT
EBUBCBTF <���>�

https://doi.org/10.1093/bioinformatics/btv770
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����� 8PSLbPX BOE GVODUJPOBMJUZ
"T TIPXO JO $IBQUFS �
 B MBSHF WBSJFUZ PG FOSJDINFOU NFUIPET FYJTUT
 OPOF PG XIJDI DBO CF
DPOTJEFSFE BT B qNBHJD CVMMFUr BQQMJDBCMF UP BMM TDFOBSJPT <���v���>� 8JUI (FOF5SBJM�
 XF
QSPWJEF POF PG UIF NPTU DPNQSFIFOTJWF DPMMFDUJPOT PG TUBUJTUJDBM NFUIPET BOE JOUFHSBUFE B QSJPSJ
LOPXMFEHF GPS FOSJDINFOU BOBMZTFT� (FOF5SBJM� JT B DPNQMFUF SFXSJUF PG JUT QSFEFDFTTPS
 UIF
(FOF5SBJM <���> XFC TFSWJDF�
(FOF5SBJM� GPMMPXT UIF NPEVMBS GSBNFXPSL BQQSPBDI GPS (FOF 4FU &OSJDINFOU "OBMZTJT BT
QSFTFOUFE CZ "DLFSNBOO BOE 4USJNNFS <���>
 XIJDI DPOTJTUT PG UIF GPMMPXJOH TUFQT� 	J
 UIF
JEFOUJaDBUJPO PG FOUJUZ�MFWFM TDPSFT 	F�H�
 PG EJêFSFOUJBM HFOF FYQSFTTJPO

 	JJ
 UIF BQQMJDBUJPO PG
B TFU�MFWFM TUBUJTUJD UP EFUFSNJOF FOSJDINFOU TDPSFT
 BOE 	JJJ
 UIF TJHOJaDBODF BTTFTTNFOU PG UIF
SFTVMUT� 5P UIJT FOE
 (FOF5SBJM� QSPWJEFT B DPNQSFIFOTJWF DPMMFDUJPO PG CJPMPHJDBM DBUFHPSJFT
UP UFTU GPS
 OVNFSPVT TUBUJTUJDBM UFTUT GPS UIF JEFOUJaDBUJPO PG EFSFHVMBUFE HFOFT BOE QBUIXBZT

BOE NVMUJQMF WJFXT PO UIF DPNQVUFE SFTVMUT� 'JHVSF ��� QSPWJEFT BO PWFSWJFX PG UIF (FOF5SBJM�
XPSLbPX�
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'JHVSF ��� (FOF5SBJM� XPSLbPX� *OQVU EBUB GPSNBUT BSF JOEJDBUFE CZ UIF qaMFr JDPO
 VTFE EBUBCBTFT CZ B qEBUB�
CBTFr JDPO
 BOE TUBUJTUJDBM BT XFMM BT DPNQVUBUJPOBM NFUIPET CZ B HFBS XIFFM� %BTIFE BSSPXT BOE CPYFT
JOEJDBUF PQUJPOBM TUFQT� %VF UP TQBDF DPOTUSBJOUT
 OPU BMM QSPWJEFE NFUIPET BOE EBUBCBTFT BSF MJTUFE� 1MFBTF
SFGFS UP 4FDUJPO "�� GPS B DPNQMFUF MJTU� #)� #FOKBNJOJ�)PDICFSH BEKVTUNFOU
 #:� #FOKBNJOJ�:FLVUJFMJ BEKVTUNFOU

%5*� %SVH5BSHFU*OTQFDUPS
 (&0� (FOF &YQSFTTJPO 0NOJCVT
 (0� (FOF 0OUPMPHZ
 (4&"� (FOF 4FU &OSJDINFOU
"OBMZTJT
 )(/$� )6(0 (FOF /PNFODMBUVSF $PNNJUUFF
 ,&((� ,ZPUP &ODZDMPQFEJB PG (FOFT BOE (FOPNFT

/5� /FUXPSL5SBJM
 03"� 0WFS�3FQSFTFOUBUJPO "OBMZTJT
 547� 5BC�4FQBSBUFE 7BMVFT
 595� QMBJO UFYU aMF� 5IF EJTQMBZFE
JDPOT XFSF PCUBJOFE GSPN <��>�

%BUB VQMPBE BOE TDPSJOH� 'JSTU
 UIF VTFS VQMPBET UIF EBUB UP CF BOBMZ[FE� (FOF5SBJM� TVQQPSUT
HFOPNJDT
 USBOTDSJQUPNJDT
 NJ3/PNJDT
 BOE QSPUFPNJDT EBUB TFUT BOE DBO DPOWFSU CFUXFFO ��
JEFOUJaFS UZQFT 	DG� 5BCMF "��
� *O DBTFT XIFSF B EBUB NBUSJY JT QSPWJEFE
 UIF TBNQMFT IBWF UP CF



��� (FOF5SBJM� � B XFC TFSWJDF GPS NVMUJ�PNJDT FOSJDINFOU BOBMZTJT ��

EJWJEFE JOUP B TBNQMF TFU BOE B SFGFSFODF TFU CBTFE PO XIJDI FOUJUZ�MFWFM TDPSFT BSF DPNQVUFE�
*O UPUBM
 �� JEFOUJaFS�MFWFM TUBUJTUJDT BSF JNQMFNFOUFE 	DG� 5BCMF "��
� "GUFS TDPSJOH
 TJNQMF
USBOTGPSNBUJPOT TVDI BT UBLJOH UIF BCTPMVUF WBMVF PG UIF TDPSF PS UP TRVBSF UIF SFTVMU DBO CF
BQQMJFE�

&OSJDINFOU BOBMZTJT� *O UIF OFYU TUFQ
 UIF VTFS DBO TFMFDU POF PG UFO TFU�MFWFM TUBUJTUJDT 	DG�
5BCMF "��
 BOE UIF CJPMPHJDBM DBUFHPSJFT BOE QBUIXBZT UIBU TIPVME CF BOBMZ[FE� 'PS IVNBO
BMPOF
 (FOF5SBJM� QSPWJEFT NPSF UIBO ��
��� DBUFHPSJFT DPMMFDUFE GSPN PWFS �� EBUBCBTFT
JODMVEJOH (0 <���>
 ,&(( <���>
 3FBDUPNF <���>
 8JLJ1BUIXBZT <���>
 %SVH#BOL <���>

53"/4'"$ <���>
 BOE NJ3%# <���> 	DG� 5BCMF "��
� .PSFPWFS
 DVTUPN VTFS DBUFHPSJFT DBO CF
VQMPBEFE UP (FOF5SBJM� JO (FOF .BUSJY 5SBOTQPTFE 	���
 aMF GPSNBU 	DG� 4FDUJPO "������
� *O
PSEFS UP BDDPVOU GPS NVMUJQMF IZQPUIFTJT UFTUJOH 	DG� 4FDUJPO �������

 FJHIU Q�WBMVF BEKVTUNFOU
NFUIPET BSF QSPWJEFE 	DG� 5BCMF "��
� 'PS FBDI TUFQ PG UIF BOBMZTJT QJQFMJOF
 UIF VTFS DBO BEKVTU
UIF QBSBNFUFST PG UIF FNQMPZFE NFUIPET� )PXFWFS
 XF BMTP QSPWJEF EFGBVMU WBMVFT UIBU TIPVME
CF BQQMJDBCMF GPS NPTU VTF DBTFT�

7JTVBMJ[BUJPO PG UIF SFTVMUT� 5IF BOBMZTJT SFTVMUT BSF QSPWJEFE JO B SBOLFE MJTU PG SFMFWBOU
QBUIXBZT
 PSEFSFE CZ DPOaEFODF WBMVFT 	NVMUJQMF UFTUJOH�DPSSFDUFE Q�WBMVFT
� 5IF SFTVMU
MJTU DBO CF TFBSDIFE
 TPSUFE
 BOE aMUFSFE� *O PSEFS UP NBLF UIF SFTVMUT BT NFBOJOHGVM BOE
JOUFSQSFUBCMF BT QPTTJCMF
 XF QSPWJEF WBSJPVT WJFXT GPS UIF FOSJDINFOU SFTVMUT 	DG� 'JHVSF ��� BOE
4FDUJPO "����
� #FTJEFT UIF EFGBVMU WJFX PG B MJTU PG FOSJDIFE PS EFQMFUFE QBUIXBZT
 (FOF5SBJM�
BMTP QSPWJEFT BO JOWFSTF FOSJDINFOU WJFX� )FSF
 EJêFSFOUJBMMZ FYQSFTTFE HFOFT BSF MJTUFE JO
EFDSFBTJOH PSEFS PG UIFJS TDPSF PG EFSFHVMBUJPO� 'PS FBDI HFOF
 UIF QBUIXBZT BOE HFOF TFUT UIF
HFOF CFMPOHT UP BSF MJTUFE BOE UIFZ DBO CF JOWFTUJHBUFE XJUI SFTQFDU UP UIFJS FOSJDINFOU TUBUVT�
'PS UIF JOUFHSBUJWF BOBMZTJT PG FOSJDINFOU SFTVMUT GSPN NVMUJQMF PNJDT EBUB TFUT
 (FOF5SBJM�rT
DPNQBSBUJWF FOSJDINFOU WJFX DBO CF VTFE� 5IJT TQFDJBMJ[FE WJFX BMMPXT DPNQBSJOH TFWFSBM
FOSJDINFOU SFTVMUT TJEF�CZ�TJEF� $VSSFOUMZ
 UIFSF BSF UXP NPEFT GPS DPNQBSJTPO� JOUFSTFDUJPO
BOE VOJPO� 5IF JOUFSTFDUJPO NPEF POMZ EJTQMBZT DBUFHPSJFT UIBU BSF TJHOJaDBOUMZ FOSJDIFE JO BMM
QFSGPSNFE FOSJDINFOU BOBMZTFT
 UIF VOJPO EJTQMBZT BOZ DBUFHPSZ UIBU JT TJHOJaDBOUMZ FOSJDIFE
BU MFBTU PODF� 'PS UIF WJTVBM BOBMZUJDT�CBTFE JOWFTUJHBUJPO PG EFQFOEFODJFT CFUXFFO FOSJDIFE
PS EFQMFUFE DBUFHPSJFT
 (FOF5SBJM� BMTP PêFST B EFQFOEFODZ XIFFM WJTVBMJ[BUJPO BOE JT JOUFHSBUFE
XJUI UIF JOUFSBDUJWF HSBQI WJTVBMJ[BUJPO UPPM 0O(SB9 <���>� 5IF EFQFOEFODZ XIFFM QSPWJEFT
B DJSDVMBS SFQSFTFOUBUJPO PG BMUFSFE DBUFHPSJFT XJUI DPOOFDUJOH SJCCPOT JOEJDBUJOH UIF OVNCFS
PG TIBSFE HFOFT CFUXFFO UXP DBUFHPSJFT� 0O(SB9
 PO UIF PUIFS IBOE
 QSPWJEFT B OFUXPSL
WJTVBMJ[BUJPO PG TJHOJaDBOUMZ FOSJDIFE PS EFQMFUFE DBUFHPSJFT
 JO XIJDI DMPTFMZ SFMBUFE DBUFHPSJFT
GPSN DMVTUFST�

*OUFSPQFSBCJMJUZ� %VF UP UIF GBDU UIBU (FOF5SBJM� JT CBTFE PO UIF (SBWJUPO GSBNFXPSL
 JU JT BMTP
UJHIUMZ JOUFHSBUFE XJUI PVS PUIFS XFC TFSWJDFT� 4QFDJaDBMMZ
 PODF FOUJUZ�MFWFM TDPSFT GPS NVMUJ�
PNJDT EBUB TFUT BSF PCUBJOFE
 UIFTF TDPSFT DBO CF GPSXBSEFE UP /FUXPSL5SBJM 	DG� 4FDUJPO ���

GPS OFUXPSL BOBMZTJT PS UP %SVH5BSHFU*OTQFDUPS 	DG�$IBQUFS �
 GPS BO BTTFTTNFOU PG EFSFHVMBUFE
ESVH UBSHFUT BOE QPUFOUJBM USFBUNFOU PQUJPOT�
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(FOF5SBJM� IBT CFFO XFMM SFDFJWFE JO UIF SFTFBSDI DPNNVOJUZ� 0O BWFSBHF
 (FOF5SBJM� JT VTFE
GPS NPSF UIBO ��� BOBMZTJT SVOT FBDI NPOUI� "U UIF UJNF PG XSJUJOH
 JU IBT CFFO DJUFE �� UJNFT�
*O UIF GPMMPXJOH TFDUJPO
 XF XJMM EFNPOTUSBUF (FOF5SBJM�rT DBQBCJMJUJFT JO GPTUFSJOH USBOTMBUJPOBM
SFTFBSDI BOE CJPNBSLFS JEFOUJaDBUJPO CZ UIF FYBNQMF PG QBODSFBUJD DBODFS�
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'JHVSF ��� (FOF5SBJM� SFTVMUT GPS 46.0IJHI WT� 46.0MPX TVCUZQF JO 1%"$� &OSJDINFOU SFTVMUT GPS UIF DBTF TUVEZ
EFTDSJCFE JO 4FDUJPO ������ 4DPSFT PG EJőFSFOUJBM HFOF FYQSFTTJPO CFUXFFO UIF UXP HSPVQT XFSF DPNQVUFE VTJOH
UIF JOEFQFOEFOU TISJOLBHF t�UFTU� 'PS UIF FOSJDINFOU
 VOXFJHIUFE (4&" XJUI FYBDU Q�WBMVF DPNQVUBUJPO XBT
VTFE� 5IF PCUBJOFE Q�WBMVFT XFSF '%3�BEKVTUFE UP B TJHOJaDBODF MFWFM PG ���� VTJOH UIF #FOKBNJOJ�:FLVUJFMJ NFUIPE�
"
 .BJO SFTVMUT UBCMF� 5IF UFTUFE DBUFHPSJFT BSF SBOLFE CZ UIF TJHOJaDBODF TDPSF PG UIFJS FOSJDINFOU� 4JHOJaDBOUMZ
FOSJDIFE DBUFHPSJFT BSF IJHIMJHIUFE JO SFE� 5IF UBCMF DBO CF SF�PSEFSFE CZ DMJDLJOH PO UIF SFTQFDUJWF qTPSU TZNCPMr
OFYU UP UIF DPMVNO OBNF� #
 4FBSDIJOH BOE aMUFSJOH� 5IF SFTVMUT UBCMF DBO CF TFBSDIFE VTJOH UIF TFBSDI CPY JO
UIF UPQ SJHIU DPSOFS PG UIF UBCMF� 5IF SFTVMUT DBO NPSFPWFS CF aMUFSFE VTJOH UIF aMUFS CPYFT CFMPX FBDI PG UIF
UBCMF DPMVNOT� $
 3VOOJOH TVN QMPUT� $MJDLJOH PO UIF .PSF CVUUPO ZJFMET B WJTVBMJ[BUJPO PG UIF SVOOJOH TVN PG UIF
DPSSFTQPOEJOH DBUFHPSZ� )FSF
 UIF SVOOJOH TVNT GPS UIF UXP NPTU TJHOJaDBOUMZ FOSJDIFE DBUFHPSJFT q)"--."3,
.:$ 5"3(&54 7�r BOE q)"--."3, .:$ 5"3(&54 7�r BSF EJTQMBZFE�



��� (FOF5SBJM� � B XFC TFSWJDF GPS NVMUJ�PNJDT FOSJDINFOU BOBMZTJT ��

����� $BTF TUVEZ� 5IF 46.0 QBUIXBZ BT B UIFSBQFVUJD PQUJPO JO QBODSFBUJD
DBODFS

1BSUT PG UIJT TFDUJPO BSF QVCMJTIFE JO #JFEFSTUÁEU
 "�
 )BTTBO
 ;�
 4DIOFFXFJT
 $�
 4DIJDL

.�
 4DIOFJEFS
 -� FU BM� 46.0 1BUIXBZ *OIJCJUJPO 5BSHFUT BO "HHSFTTJWF 1BODSFBUJD $BODFS
4VCUZQF� (VU 	����
 EPJ� ��������HVUKOM������������� 'PS UIF NBOVTDSJQU
 * BDRVJSFE EBUB
TFUT BOE QFSGPSNFE OVNFSPVT CJPJOGPSNBUJDT BOBMZTFT
 JODMVEJOH UIF POFT QSFTFOUFE JO UIJT
TFDUJPO� 5IF QSFTFOUFE ESVH TFOTJUJWJUZ BOBMZTFT XFSF DPOEVDUFE CZ "MFYBOEFS #JFEFSTUÁEU
BOE DPMMFBHVFT�

"MUIPVHI QBODSFBUJD DBODFS POMZ BDDPVOUT GPS BCPVU �� PG BMM EJBHOPTFE DBODFST
 JU JT XJUI B ��
ZFBS TVSWJWBM SBUF PG POMZ �� DVSSFOUMZ UIF GPVSUI MFBEJOH DBVTF PG DBODFS EFBUI JO UIF 6OJUFE
4UBUFT <���>� 8JUI BO JODJEFODF SBUF PG ���
 1BODSFBUJD %VDUBM "EFOP$BSDJOPNB 	1%"$
 JT UIF
NPTU DPNNPO GPSN PG QBODSFBUJD DBODFS <���>� 5SFBUNFOU PQUJPOT GPS 1%"$ BSF MJNJUFE� %VF
UP UIF MBDL PG DPNQSFIFOTJWF QSFWFOUJWF TDSFFOJOH GBDJMJUJFT
 1%"$ JT UZQJDBMMZ POMZ EJBHOPTFE
JO BEWBODFE TUBHFT� *O DPNCJOBUJPO XJUI B SFMBUJWFMZ IJHI NFEJBO BHF PG �� ZFBST PG 1%"$
QBUJFOUT BU EJBHOPTJT
 UIJT MFBET UP UIF GBDU UIBU POMZ ������ PG 1%"$T DBO CF SFTFDUFE <���>�
.PSFPWFS
 UIFSF BSF POMZ GFX DIFNPUIFSBQFVUJD USFBUNFOU PQUJPOT BWBJMBCMF GPS 1%"$
 OPOF PG
XIJDI DVSSFOUMZ FNQMPZT NPMFDVMBS CJPNBSLFST GPS USFBUNFOU TUSBUJaDBUJPO <���>�
8JUI UIF HPBM PG EFUFSNJOJOH B QPUFOUJBM OPWFM TUSBUJaFE 1%"$ UIFSBQZ
 XF BOBMZ[FE HFOF
FYQSFTTJPO EBUB GPS B DPIPSU PG 1%"$ TBNQMFT� 8JUIJO UIJT DPIPSU
 XF XFSF BCMF UP JEFOUJGZ BO
BHHSFTTJWF NPMFDVMBS TVCUZQF UIBU TFFNT UP CF ESJWFO CZ B DPBDUJWBUJPO PG .:$ BOE UIF 46.0
QBUIXBZ� 5IJT EFQFOEFODF DBO QPUFOUJBMMZ CF UIFSBQFVUJDBMMZ FYQMPJUFE GPS B TVCUZQF�TQFDJaD
USFBUNFOU PG QBODSFBUJD DBODFS� *O UIF GPMMPXJOH TFDUJPOT
 XF XJMM EFTDSJCF PVS BOBMZTJT JO NPSF
EFUBJM�

.:$ BOE 46.0ZMBUJPO JO 1%"$� 4FWFSBM NPMFDVMBS TVCUZQFT PG 1%"$ IBWF CFFO EFTDSJCFE
JO UIF MJUFSBUVSF
 PG XIJDI UIF TP�DBMMFE qTRVBNPVTr
 TPNFUJNFT BMTP DBMMFE qCBTBM�MJLFr PS
qNFTFODIZNBMr
 TVCUZQF JT BTTPDJBUFE XJUI FTQFDJBMMZ QPPS QSPHOPTJT <���v���>� 5IF TRVBNPVT
TVCUZQF JT DIBSBDUFSJ[FE CZ BO BDUJWBUFE.:$ QBUIXBZ <���>� 5IF PODPHFOJD USBOTDSJQUJPO GBDUPS
.:$ JT LOPXO UP ESJWF UVNPS JOJUJBUJPO BOE QSPHSFTTJPO JO WBSJPVT DBODFS UZQFT <���
 ���>�
8IJMF UIFSF JT BMTP SFTFBSDI GPDVTJOH PO EJSFDUMZ UBSHFUJOH.:$ GPS DBODFS USFBUNFOU <���
 ���>
 JU
IBT CFFO TIPXO UIBU .:$ FYFSUT JUT PODPHFOJD QPUFOUJBM WJB UIF BDUJWBUJPO PG HSPXUI�QSPNPUJOH
EPXOTUSFBN QSPDFTTFT <���
 ���>� )FODF
 UBDLMJOH UIFTF FêFDUPS QSPDFTTFT NJHIU CF B QSPNJTJOH
TUSBUFHZ GPS B TUSBUJaFE 1%"$ USFBUNFOU
 GPMMPXJOH UIF DPODFQU PG qTZOUIFUJD MFUIBMJUZr� 4ZOUIFUJD
MFUIBMJUZ IFSF EFTDSJCFT UIF PCTFSWBUJPO UIBU UIF QSFTFODF PG B DBODFS�ESJWJOH BCFSSBUJPO 	F�H�

BO .:$ BNQMJaDBUJPO
 JT BDDPNQBOJFE CZ BO JODSFBTFE WVMOFSBCJMJUZ UP QFSUVSCBUJPOT PG PUIFS
NPMFDVMBS GBDUPST <���
 ���>� 5IF BDUJWBUJPO PG UIF 46.0ZMBUJPO QBUIXBZ IBT JO UIJT DPOUFYU
BMSFBEZ CFFO EFTDSJCFE BT B QSFSFRVJTJUF GPS .:$�ESJWFO UVNPSJHFOFTJT <���> BOE TFWFSBM
46.0ZMBUJPO QBUIXBZ HFOFT IBWF BMSFBEZ CFFO JEFOUJaFE BT TZOUIFUJD MFUIBM JOUFSBDUJPOT GPS
.:$ 	J�F�
 .:$�EFQFOEFOU UVNPS DFMMT IBWF CFFO TIPXO UP CF TVTDFQUJCMF UP TVQQSFTTJPO PG UIF
SFTQFDUJWF 46.0 QBUIXBZ HFOFT
 <���>� .PSFPWFS
 .:$�ESJWFO 46.0ZMBUJPO IBT CFFO TIPXO
UP CF B UIFSBQFVUJD WVMOFSBCJMJUZ JO #�DFMM MZNQIPNB <���>� 46.0ZMBUJPO JT B QPTU�USBOTMBUJPOBM
NPEJaDBUJPO 	DG� 4FDUJPO ���
 JO XIJDI NFNCFST PG UIF TNBMM VCJRVJUJO�MJLF NPEJaFS 	46.0
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QSPUFJO GBNJMZ BSF DPOKVHBUFE UP MZTJOF SFTJEVFT PG UIFJS UBSHFU QSPUFJOT� 46.0ZMBUJPO JT JOWPMWFE
JO B WBSJFUZ PG DFMMVMBS QSPDFTTFT
 JODMVEJOH UIF SFHVMBUJPO PG QSPUFJO TVCDFMMVMBS MPDBMJ[BUJPO

UIF JOUFSBDUJPO PG QSPUFJOT
 BOE %/" SFQBJS <���>� 5IF DPWBMFOU BUUBDINFOU PG 46.0 GBNJMZ
NFNCFST 	46.0�
 46.0�
 46.0�
 UP UIFJS UBSHFU HFOFT JT NFEJBUFE CZ B NVMUJTUFQ DBUBMZUJD
QSPDFTT UIBU JOWPMWFT WBSJPVT FO[ZNFT� 4"&� 	46.0� BDUJWBUJOH FO[ZNF TVCVOJU �

 6#"�
	VCJRVJUJO�MJLF NPEJaFS BDUJWBUJOH FO[ZNF �

 6#&�* 	VCJRVJUJO�DPOKVHBUJOH FO[ZNF &� *


1*"4��� 	QSPUFJO JOIJCJUPS PG BDUJWBUFE 45"5���

 BOE UIF 4&/1QSPUFJO GBNJMZ PG 46.0�TQFDJaD
QFQUJEBTFT�

46.0ZMBUJPO�CBTFE NPMFDVMBS TVCUZQF PG 1%"$� 5P GVSUIFS JOWFTUJHBUF UIF SFMFWBODF PG UIF
46.0ZMBUJPO QBUIXBZ JO 1%"$
 XF BOBMZ[FE B HFOF FYQSFTTJPO EBUB TFU PG B DPIPSU PG �� 1%"$
QBUJFOUT QSPWJEFE CZ #BJMFZ FU BM� <���>� 5IF QSPWJEFE OPSNBMJ[FE HFOF FYQSFTTJPO TDPSFT XFSF
[�USBOTGPSNFE 	DG� 4FDUJPO �����
 GPS FBDI TBNQMF JO DPNQBSJTPO UP BMM UIF PUIFS TBNQMFT� 'PS
B QSFEFaOFE TFU PG 46.0�SFMBUFE HFOFT PG JOUFSFTU
 XF JOWFTUJHBUFE UIF TDPSFT PG EFSFHVMBUJPO
XJUIJO UIF DPIPSU BOE DPVME JEFOUJGZ B 1%"$ TVCUZQF 	46.0IJHI
 XJUI JODSFBTFE FYQSFTTJPO PG
DPSF 46.0 QBUIXBZ HFOFT
 TFF 'JHVSF ����
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JOEJDBUFE VTJOH BTUFSJTLT OFYU UP UIF HFOF OBNF� ∗ < 0.05
 ∗∗ < 0.01
 ∗ ∗ ∗ < 0.001
 ∗ ∗ ∗∗ < 0.0001�

8JUI SFTQFDU UP DMJOJDBM BUUSJCVUFT
 46.0IJHI 1%"$T BSF DIBSBDUFSJ[FE CZ BO FOSJDINFOU PG
TRVBNPVT TVCUZQFT 	'JTIFSrT FYBDU UFTU
 Q�������
 BOE QPPSMZ EJêFSFOUJBUFE DFMMT 	'JTIFSrT FYBDU
UFTU
 Q������
�
*O PSEFS UP QSPWJEF GVSUIFS FWJEFODF GPS UIF BDUJWBUJOH SPMF PG .:$ JO UIF 46.0IJHI TVCUZQF

XF QFSGPSNFE FOSJDINFOU BOBMZTJT VTJOH (FOF5SBJM�� 5P UIJT FOE
 XF VQMPBEFE UIF HFOF
FYQSFTTJPO NBUSJY PG 1%"$ TBNQMFT QSPWJEFE CZ #BJMFZ FU BM� BOE DPNQBSFE UIF 46.0IJHI XJUI
UIF 46.0MPX HSPVQ VTJOH UIF JOEFQFOEFOU TISJOLBHF t�UFTU� #BTFE PO UIFTF TDPSFT PG EJêFSFOUJBM
HFOF FYQSFTTJPO CFUXFFO UIF UXP HSPVQT
 XF UFTUFE GPS UIF FOSJDINFOU PG UXP TFUT PG .:$�UBSHFU



��� (FOF5SBJM� � B XFC TFSWJDF GPS NVMUJ�PNJDT FOSJDINFOU BOBMZTJT ��

HFOFT BT QSPWJEFE CZ UIF .PMFDVMBS 4JHOBUVSFT %BUB#BTF 	.4JH%#
 <���> BOE GPVS DBUFHPSJFT
SFMBUFE UP 46.0ZMBUJPO PCUBJOFE GSPN UIF (FOF 0OUPMPHZ <���>� 5P UIJT FOE
 XF VTFE UIF
VOXFJHIUFE (4&" BQQSPBDIXJUI FYBDU Q�WBMVF DPNQVUBUJPO <���>� 5IF PCUBJOFE Q�WBMVFT XFSF
'%3�BEKVTUFE UP B TJHOJaDBODF MFWFM PG ���� VTJOH UIF #FOKBNJOJ�:FLVUJFMJ NFUIPE� 5IF SFTVMUT

XIJDI BSF EJTQMBZFE JO 'JHVSF ���
 TIPX B TJHOJaDBOU FOSJDINFOU PG .:$ IBMMNBSL UBSHFU HFOFT

BT XFMM BT UIF DPSF 46.0ZMBUJPO HFOF TFUT JO UIF 46.0IJHI TVCUZQF�
.PSFPWFS
 VTJOH ,BQMBO�.FJFS QMPUT 	DG� 'JHVSF ���

 XF EFUFSNJOFE UIBU 46.0IJHI 1%"$T BSF
DIBSBDUFSJ[FE CZEFDSFBTFE QSPHSFTTJPO�GSFF BTXFMM BT PWFSBMM TVSWJWBM
 BOE IFODF BDUVBMMZ EFaOF
BO BHHSFTTJWF TVCUZQF PG 1%"$T�
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Kaplan−Meier plot for progression−free survival in Bailey et al. (p−value: 0.005)
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Kaplan−Meier plot for overall survival in Bailey et al. (p−value: 0.011)
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'JHVSF ��� ,BQMBO�.FJFS QMPU GPS 46.0IJHI WT� 46.0MPX TVCUZQF JO 1%"$� 5IF GPMMPX�VQ TUBUVT PG UIF QBUJFOUT XBT
EJWJEFE JOUP TJY UZQFT� qBMJWF � XJUIPVU EJTFBTFr
 qBMJWF � XJUI EJTFBTFr
 qBMJWF � EJTFBTF TUBUVT VOLOPXOr
 qEFDFBTFE
� PG EJTFBTFr
 qEFDFBTFE � PG PUIFS DBVTFr
 BOE qEFDFBTFE � PG VOLOPXO DBVTFr� 4BNQMFT XJUIPVU BOZ GPMMPX�VQ
JOGPSNBUJPO XFSF OPU DPOTJEFSFE� "
 0WFSBMM TVSWJWBM BOBMZTJT� )FSF
 BMM TBNQMFT BSF DPOTJEFSFE� #
 1SPHSFTTJPO�
GSFF TVSWJWBM BOBMZTJT� )FSF
 POMZ TBNQMFT XJUI UIF GPMMPX�VQ TUBUVT qBMJWF � XJUIPVU EJTFBTFr BOE BMM TBNQMFT XJUI
GPMMPX�VQ TUBUVT qEFDFBTFEr BSF DPOTJEFSFE�

5BSHFUJOH UIF 46.0 QBUIXBZ JO 1%"$� *O PSEFS UP EFUFSNJOF XIFUIFS UIF 46.0ZMBUJPO
NBDIJOFSZ JT JOEFFE B SFMFWBOU UBSHFU JO 1%"$
 XF UFTUFE UIF BDUJWJUZ PG UXP TNBMM�NPMFDVMF
JOIJCJUPST PG UIF 46.0�BDUJWBUJOH FO[ZNF 	4"&

 B IFUFSPNFS GPSNFE CZ UIF UXP TVCVOJUT 4"&�
BOE 6#"� 	XIJDI TPNFUJNFT BMTP DBMMFE 4"&�
� 5IF JOIJCJUPST .-���� BOE .-��� TFMFDUJWFMZ
CMPDL 4"& BOE IFODF QSPIJCJU 46.0ZMBUJPO� .-���� IBT BMSFBEZ QSFWJPVTMZ CFFO EFTDSJCFE
UP QPUFOUMZ EFDSFBTF DBODFS DFMM QSPMJGFSBUJPO BOE XPSL FTQFDJBMMZ XFMM JO .:$ IZQFSBDUJWF DFMMT
<���>�
8F BOBMZ[FE UIF TFOTJUJWJUZ PG TJY IVNBO 1%"$ DFMM MJOFT UP UIF USFBUNFOU XJUI .-���� BOE
.-���
 SFTQFDUJWFMZ� 5ISFF PG UIPTF DFMM MJOFT TIPXFE MPX MFWFMT PG .:$ QSPUFJO FYQSFTTJPO
	#Y1$��
 .*"�1B�$B��
 *.*.�1$�
 BOE UISFF IBE IJHIFS .:$ MFWFMT 	%"/�(
 1B5V�����5

14/�
� 'JHVSF ��� QSPWJEFT BO PWFSWJFX PG UIF SFTVMUT� *O DPNQBSJTPO UP.-����
 .-��� JOEVDFT
B IJHIFS SFEVDUJPO JO DFMM WJBCJMJUZ
 XIJDI NFBOT UIBU .-��� JT NPSF FêFDUJWF UIBO .-���� GPS
UIFTF 1%"$ DFMM MJOFT 	DG� 'JHVSF ��� "
� .PSFPWFS
 .-��� TIPXT BO JODSFBTFE QPUFODZ JO UIF
.:$�IJHI 1%"$ DFMM MJOFT
 CPUI XJUI SFTQFDU UP UIF NBYJNBM SFTQPOTF BU B DPODFOUSBUJPO PG �
µ. 	DG� 'JHVSF ��� #

 BT XFMM BT UIF SFEVDUJPO PG DPMPOZ TJ[F BU B DPODFOUSBUJPO PG �� O. 	DG�
'JHVSF ��� $
�
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'JHVSF ��� &ŒDBDZPG 46.0 JOIJCJUPST.-���� BOE.-��� JO 1%"$� "
 3FEVDUJPO PG WJBCJMJUZ� #PYQMPUT GPS SFEVDUJPOT JO
DFMM WJBCJMJUZ XIFO USFBUJOH 1%"$ DFMM MJOFT XJUI FJUIFS .-���� PS .-��� BU � µ.� #
 3FTQPOTF SBUFT GPS .-���� #PYQMPUT
GPS SFTQPOTF SBUFT PG TJY DFMM MJOFT XJUI MPX BOE IJHI .:$ QSPUFJO FYQSFTTJPO MFWFMT
 SFTQFDUJWFMZ
 UP USFBUNFOU XJUI �
µ. .-���� $
 $PMPOZ SFEVDUJPO GPS .-���� #PYQMPUT GPS DPMPOZ SFEVDUJPO SBUFT BGUFS USFBUNFOU XJUI �� O. .-��� JO
.:$�MPX BOE .:$�IJHI DFMM MJOFT
 SFTQFDUJWFMZ�

5P TVNNBSJ[F
 XF QSPWJEFE FWJEFODF GPS UIF FYJTUFODF PG B NPMFDVMBS TVCUZQF 	46.0IJHI

PG 1%"$ UIBU JT EFaOFE CZ B DP�BDUJWBUJPO PG UIF 46.0 QBUIXBZ BOE UIF PODPHFOF .:$�
5IF 46.0IJHI TVCUZQF JT DIBSBDUFSJ[FE CZ BO BHHSFTTJWF QSPHSFTTJPO
 QPPS QSPHOPTJT
 BOE UIF
DVSSFOU MBDL PG USFBUNFOU PQUJPOT� 5P UIJT FOE
 XF JOWFTUJHBUFE UXP 46.0 JOIJCJUPST BT QPUFOUJBM
TUSBUJaFE USFBUNFOU PQUJPO� 8IJMF UIF BOBMZTJT PG UIF SFMBUJWFMZ TNBMM OVNCFS PG DFMM MJOFT DBO
POMZ TFSWF BT B aSTU QSPPG�PG�DPODFQU
 UIF SFTVMUT OFWFSUIFMFTT JOEJDBUF UIBU .:$ IZQFSBDUJWBUJPO
HFOFSBUFT B WVMOFSBCJMJUZ UIBU QPUFOUJBMMZ DBO CF FYQMPJUFE CZ 46.0 JOIJCJUPST�

��� 3FHVMBUPS5SBJM � B XFC TFSWJDF GPS UIF JEFOUJaDBUJPO PG LFZ USBOTDSJQ�
UJPOBM SFHVMBUPST

5IF 3FHVMBUPS5SBJM XFC TFSWJDF JT QVCMJTIFE JO 5� ,FIM
 -� 4DIOFJEFS FU BM� 3FHVMBUPS5SBJM� B XFC
TFSWJDF GPS UIF JEFOUJaDBUJPO PG LFZ USBOTDSJQUJPOBM SFHVMBUPST� /VDMFJD "DJET 3FTFBSDI 	����

���8�� EPJ� ��������OBS�HLY���� 5IF XFC TFSWJDF XBT NBJOMZ CFFO EFWFMPQFE CZ 5JN ,FIM�
* DPOUSJCVUFE WJB UIF JNQMFNFOUBUJPO PG UIF XFC TFSWJDFrT BOBMZTJT XPSLbPX GPS QFSTPOBMJ[FE
NFEJDJOF SFTFBSDI TDFOBSJPT� .PSFPWFS
 * TVQQPSUFE UIF DPOEVDUJPO PG UIF DBTF TUVEJFT BT
XFMM BT UIF XSJUJOH BOE SFWJTJPO PG UIF NBOVTDSJQU�

*O UIF QSFWJPVT TFDUJPO
 XF QSFTFOUFE (FOF5SBJM�
 B HFOFSBM�QVSQPTF UPPM GPS UIF JEFOUJaDBUJPO PG
BMUFSFE CJPMPHJDBM QBUIXBZT BOE QBUIPMPHJDBM QSPDFTTFT� *O PSEFS UP PCUBJO GVSUIFS NFDIBOJTUJD
JOTJHIUT JOUP DPNQMFY EJTFBTFT MJLF DBODFS
 UIF LFZ SFHVMBUPSZ FMFNFOUT UIBU JOEVDF UIFTF
QBUIPMPHJDBM QSPDFTTFT IBWF UP CF JEFOUJaFE� 0OF FTTFOUJBM DMBTT PG SFHVMBUPSZ FMFNFOUT BSF
USBOTDSJQUJPOBM SFHVMBUPST� 5SBOTDSJQUJPOBM SFHVMBUPST MJLF USBOTDSJQUJPO GBDUPST
 DPSFHVMBUPST

BOE FQJHFOFUJD NPEJaFST DPOUSPM UIF USBOTDSJQUJPOBM NBDIJOFSZ JO FVLBSZPUJD DFMMT BOE IFODF
QMBZ NBKPS SPMFT JO NPTU CJPMPHJDBM QSPDFTTFT� $POTFRVFOUMZ
 BMUFSBUJPOT JO UIFJS TUSVDUVSF

BCVOEBODF
 BOE BDUJWJUJFT IBWF CFFO BTTPDJBUFE XJUI B WBSJFUZ PG EJTFBTFT
 JODMVEJOH DBODFS
<���>� *O UIJT DPOUFYU
 USBOTDSJQUJPOBM SFHVMBUPST BSF DPNNPOMZ EFTDSJCFE BT PODPHFOFT PS UVNPS

https://doi.org/10.1093/nar/gkx350


��� 3FHVMBUPS5SBJM � B XFC TFSWJDF GPS UIF JEFOUJaDBUJPO PG LFZ USBOTDSJQUJPOBM SFHVMBUPST ��

TVQQSFTTPST <���>� 1SPNJOFOU FYBNQMFT BSF UIF UVNPS TVQQSFTTPS HFOF 51�� BOE UIF PODPHFOF
.:$
 XIJDI IBWF CFFO TIPXO UP CF GSFRVFOUMZ BMUFSFE JO B WBSJFUZ PG DBODFS UZQFT <���
 ���>�
.PSFPWFS
 UIF DBQBCJMJUZ PG TVDI SFHVMBUPSZ FMFNFOUT UP DPOUSPM UIF USBOTDSJQUJPO PG B MBSHF
OVNCFS PG HFOFT NBLFT UIFN JOUFSFTUJOH DBOEJEBUFT UP CF UBSHFUFE JO DBODFS UIFSBQZ <���
 ���>�
*O PSEFS UP JEFOUJGZ UIPTF USBOTDSJQUJPOBM SFHVMBUPST UIBU BSF JOWPMWFE JO QBUIPHFOJD QSPDFTTFT
 XF
EFWFMPQFE UIF XFC TFSWJDF 3FHVMBUPS5SBJM� 5IF UPPM QSPWJEFT FJHIU EJêFSFOU NFUIPET UP JEFOUJGZ
BOE QSJPSJUJ[F JObVFOUJBM SFHVMBUPST PO UIF CBTJT PG FQJHFOPNJDT BOE USBOTDSJQUPNJDT EBUB� *O
UIF GPMMPXJOH TFDUJPOT
 XF XJMM aSTU CSJFbZ EFTDSJCF SFMBUFE BQQSPBDIFT GPS UIF JEFOUJaDBUJPO
BOE QSJPSJUJ[BUJPO PG LFZ USBOTDSJQUJPOBM SFHVMBUPST 	4FDUJPO �����
� "GUFSXBSE
 XF XJMM HJWF BO
PWFSWJFX PG 3FHVMBUPS5SBJMrT XPSLbPX BOE GVODUJPOBMJUZ 	4FDUJPO �����
� "T POF PG UIF NFUIPET
QSPWJEFE CZ 3FHVMBUPS5SBJM
 XF QSPQPTF 3&(VMBUPS�(FOF "TTPDJBUJPO &OSJDINFOU 	3&(("&


B OPWFM BQQSPBDI UP QSJPSJUJ[F USBOTDSJQUJPOBM SFHVMBUPST CBTFE PO UIF DPNCJOBUJPO PG SFHVMBUPS�
UBSHFU JOUFSBDUJPOTXJUI FOSJDINFOU BOBMZTJT 	4FDUJPO �����
� 'JOBMMZ
 XFXJMM QSFTFOU B DBTF TUVEZ
JO XIJDI XF VTF 3FHVMBUPS5SBJM UP BTTFTT UIF SPMF PG 5$'� BT B QPUFOUJBM NBTUFS SFHVMBUPS JO
CMBTUFNBM 8JMNT UVNPST 	4FDUJPO �����
�

����� 3FMBUFE XPSL
5IFSF BSF WBSJPVT BQQSPBDIFT UIBU BJN BU JEFOUJGZJOH BOE QSJPSJUJ[JOH UIPTF USBOTDSJQUJPOBM
SFHVMBUPST UIBU NJHIU FYQMBJO UIF EJêFSFODFT JO HFOF FYQSFTTJPO CFUXFFO UXP QIFOPUZQFT
	F�H�
 EJTFBTFE WT� DPOUSPM
� .PTU PG UIF QSPQPTFE BQQSPBDIFT SFMZ PO B QSJPSJ LOPXMFEHF PG
USBOTDSJQUJPO GBDUPST BOE UIFJS DPSSFTQPOEJOH UBSHFU HFOFT BT QSPWJEFE CZ WBSJPVT EBUBCBTFT 	DG�
4FDUJPO �����
�
" aSTU DMBTT PG NFUIPET EFUFSNJOFT UIPTF SFHVMBUPST XIPTF UBSHFU HFOFT TIPX B TJHOJaDBOU
FOSJDINFOU JO B TFU PG EJêFSFOUJBMMZ FYQSFTTFE HFOFT VTJOH 0WFS�3FQSFTFOUBUJPO "OBMZTJT 	DG�
4FDUJPO �������
� 5P UIJT FOE
 5'BDU4 <���> FNQMPZT UIF IZQFSHFPNFUSJD UFTU� 5IF 3�QBDLBHF
%$(- <���> QSPWJEFT UXP EJêFSFOU NFUIPET� 	J
 5BSHFUTr &OSJDINFOU %FOTJUZ 	5&%
 UFTUT GPS
UIF FOSJDINFOU PG B SFHVMBUPSrT UBSHFUT JO B MJTU PG EFSFHVMBUFE HFOFT VTJOH UIF CJOPNJBM UFTU
BOE 	JJ
 5BSHFUTr %JêFSFOUJBMMZ $P�&YQSFTTFE -JOLT %FOTJUZ 	5%%
 DPNQVUFT GPS B USBOTDSJQUJPO
GBDUPS Ti UIF qEFOTJUZr PG DP�FYQSFTTFE UBSHFU HFOFT BNPOH BMM UBSHFU HFOFT�

TDD(Ti) =
2k

N · (N − 1)
,

XJUI N CFJOH UIF OVNCFS PG UBSHFUT PG Ti BOE k CFJOH UIF OVNCFS PG UBSHFU HFOFT UIBU BSF
EJêFSFOUJBMMZ DP�FYQSFTTFE XJUI UIFJS SFHVMBUPS Ti
 GPSNJOH XIBU -JV FU BM� DBMM q%JêFSFOUJBMMZ
$P�&YQSFTTFE -JOLTr 	%$-T
 <���>�
"OPUIFS HSPVQ PG BQQSPBDIFT JT CBTFE PO DPSSFMBUJPOT CFUXFFO SFHVMBUPST BOE UIFJS UBSHFU HFOFT�
5IF 3FHVMBUPSZ *NQBDU 'BDUPS NFUSJDT 3*'� BOE 3*'� JOWFTUJHBUF UIF DP�FYQSFTTJPO CFUXFFO B
SFHVMBUPS BOE JUT UBSHFU HFOFT <���>� 5IF $PSSFMBUJPO 4FU "OBMZTJT 	$4"
 <���> NFUIPE BJNT
BU VOWFJMJOH FTTFOUJBM SFHVMBUPST CZ DBMDVMBUJOH UIF NFBO PG BMM QBJS�XJTF DPSSFMBUJPOT JO UIF
UBSHFU TFU PG B TQFDJaD SFHVMBUPS� 8F SFDFOUMZ EFWFMPQFE BO FOSJDINFOU�CBTFE NFUIPE DBMMFE
3&(("& UIBU QSJPSJUJ[FT SFHVMBUPST CBTFE PO DPSSFMBUJPOT XJUIJO USBOTDSJQUPNJDT EBUB
 XIJDI
XJMM CF QSFTFOUFE JO 4FDUJPO ������ .PSFPWFS
 UIFSF BSF TFWFSBM PUIFS BQQSPBDIFT UIBU FNQMPZ
HSBQI BMHPSJUINT 	F�H�
 5'3BOL <���>
 PS NBDIJOF MFBSOJOH BQQSPBDIFT 	F�H�
 .*13*1 <���>

3FHVMBUPSZ 4OBQTIPUT <���>
�
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#FTJEFT UIF BOBMZTJT BOE QSJPSJUJ[BUJPO PG USBOTDSJQUJPOBM SFHVMBUPST PO UIF CBTJT PG LOPXO

FYQFSJNFOUBMMZ EFUFSNJOFE SFHVMBUPS�UBSHFU JOUFSBDUJPOT
 BOPUIFS TFU PG BQQSPBDIFT GPDVTFT PO
UIF HFOPNF�XJEF QSFEJDUJPO PG USBOTDSJQUJPO GBDUPS CJOEJOH TJUFT BOE NPUJGT
 XIJDI UIFSFVQPO
DBO CF VTFE UP EFUFSNJOF LFZ SFHVMBUPST� 4FWFSBM NFUIPET IBWF CFFO QSPQPTFE UIBU KPJOUMZ
BOBMZ[F FQJHFOFUJD EBUB 	F�H�
 PG PQFO DISPNBUJO SFHJPOT
 BOE LOPXO USBOTDSJQUJPO GBDUPS
CJOEJOH NPUJGT� &YBNQMFT GPS TVDI BQQSPBDIFT BSF $&/5*1&%& <���>
 .*--*1&%& <���>
 PS
UIF NPSF SFDFOUMZ QSPQPTFE NFUIPE 5&1*$ <���>� 5IF USBOTDSJQUJPO GBDUPS CJOEJOH BëOJUJFT
QSFEJDUFE CZ UIFTF UPPMT DBO BMTP CF VTFE UP CVJME NPEFMT PG HFOF FYQSFTTJPO UIBU XFJHIU UIF
USBOTDSJQUJPOBM SFHVMBUPST CZ UIFJS SFMFWBODF� "O FYBNQMF PG TVDI BO BQQSPBDI JT UIF */70,&
	*EF/UJaDBUJPO 0G ,FZ USBOTDSJQUJPOBM SFHVMBUPST VTJOH &QJHFOFUJDT EBUB
 BOBMZTJT QSFTFOUFE CZ
4DINJEU FU BM� <���
 ���>�
.BOZ PG UIF UPPMT BOE NFUIPET EFTDSJCFE BCPWF BSF UBJMPSFE UP B TQFDJaD BQQMJDBUJPO TDFOBSJP�
*O PSEFS UP QSPWJEF BO FBTZ�UP�VTF DPNQVUBUJPOBM QMBUGPSN DPWFSJOH NVMUJQMF SFTFBSDI TDFOBSJPT
XJUI SFTQFDU UP USBOTDSJQUJPOBM SFHVMBUJPO
 XF EFWFMPQFE UIF XFC TFSWJDF 3FHVMBUPS5SBJM
 XIPTF
XPSLbPX BOE GVODUJPOBMJUZ XJMM CF EFTDSJCFE JO UIF GPMMPXJOH TFDUJPO�

����� 8PSLbPX BOE GVODUJPOBMJUZ
3FHVMBUPS5SBJM QSPWJEFT FJHIU EJêFSFOU NFUIPET GPS UIF JEFOUJaDBUJPO BOE QSJPSJUJ[BUJPO PG
USBOTDSJQUJPOBM SFHVMBUPST UIBU DPWFS UIF EJêFSFOU NFUIPEPMPHJDBM DMBTTFT TLFUDIFE JO UIF
QSFWJPVT TFDUJPO� 5P UIJT FOE
 3FHVMBUPS5SBJM PêFST TPMVUJPOT GPS GPVS NBJO VTF DBTFT 	J�F�

qTDFOBSJPTr

 XIJDI XJMM CF JOEJWJEVBMMZ EFTDSJCFE JO UIF GPMMPXJOH QBSBHSBQIT� "O PWFSWJFX
PG UIF EJêFSFOU XPSLbPXT JT QSPWJEFE JO 'JHVSF ����
%VF UP UIF GBDU UIBU UIFNFUIPET QSPWJEFE CZ3FHVMBUPS5SBJM SFRVJSF B QSJPSJ CJPMPHJDBM LOPXMFEHF
PG SFHVMBUPST BOE UIFJS UBSHFU HFOFT BT XFMM BT SFHVMBUPS CJOEJOH TJUF NPUJGT
 XF JOUFHSBUFE EBUB
GSPN TFWFSBM EBUBCBTFT BOE SFTPVSDFT� 'PSNBMMZ
 XF EFaOF B QBJS DPOTJTUJOH PG B SFHVMBUPS BOE
POF PG JUT FYQFSJNFOUBMMZ EFUFSNJOFE UBSHFU HFOFT BT 3FHVMBUPS�5BSHFU�*OUFSBDUJPO 	35*
� *O PSEFS
UP QSPWJEF B DPNQSFIFOTJWF MJTU PG LOPXO 35*T
 XF PCUBJOFE EBUB GSPN TFWFO EBUBCBTFT� $I&"
<���>
 $I*1�"UMBT 	#//+΂ζζ�#$+Ζ�/'�.΀*-"

 $IJQ#BTF <���>
 &/$0%& <���>
 +"41"3
<���>
 4JHOB-JOL <���>
 BOE 53"/4'"$ <���>� *OGPSNBUJPO PO SFHVMBUPS CJOEJOH NPUJGT JT
UZQJDBMMZ QSPWJEFE JO UIF GPSN PG 1PTJUJPO $PVOU .BUSJDFT 	1$.T
� 1$.T DPOTJTU PG GPVS SPXT
	POF GPS FBDI OVDMFPUJEF
 BOE POF DPMVNO GPS FBDI QPTJUJPO PG UIF CJOEJOH NPUJG� 5IF FOUSJFT PG
B 1$. BSF UIF OVNCFS PG PDDVSSFODFT PG FBDI OVDMFPUJEF BU UIF SFTQFDUJWF QPTJUJPO JO UIF NPUJG
<���>� 'PS 1$.T
 XF DPMMFDUFE EBUB GSPN GPVS EBUBCBTFT� )0$0.0$0 <���>
 +"41"3 <���>

UIF ,FMMJT -BC &/$0%& .PUJG EBUBCBTF <���>
 BOE 53"/4'"$ <���>�

4DFOBSJP *� *O UIF aSTU TDFOBSJP
 XIJDI JT JOEJDBUFE CZ PSBOHF BSSPXT BOE CPYFT JO 'JHVSF ���

0WFS�3FQSFTFOUBUJPO "OBMZTJT 	03"
 DG� 4FDUJPO �������
 JT VTFE UP JEFOUJGZ UIPTF USBOTDSJQUJPOBM
SFHVMBUPST XIPTF UBSHFU HFOFT TIPX B TJHOJaDBOU PWFSMBQ XJUI B HFOF TFU PG JOUFSFTU� )FSF
 VTFST
DBO FJUIFS VQMPBE B TFU PG JOUFSFTUJOH HFOFT PS QSPWJEF B TDPSF aMF 	DG� 4FDUJPO �����

 XIJDI
DBO CF VTFE UP aMUFS GPS
 GPS FYBNQMF
 UIF NPTU EJêFSFOUJBMMZ FYQSFTTFE HFOFT� .PSFPWFS
 VTFST
DBO DIPPTF B DPMMFDUJPO PG 35*T GSPN PVS EBUBCBTF PS VQMPBE B TFU PG DVTUPN SFHVMBUPS�UBSHFU
JOUFSBDUJPOT� 5P QFSGPSN UIF 03"
 UISFF EJêFSFOU TUBUJTUJDBM UFTUT BSF PêFSFE� UIF IZQFSHFPNFUSJD
UFTU <���>
 'JTIFSrT FYBDU UFTU <���>
 BOE UIF CJOPNJBM UFTU <���>� 'JOBMMZ
 POF PG FJHIU Q�WBMVF

http://chip-atlas.org
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'JHVSF ��� 3FHVMBUPS5SBJM XPSLbPX� *OQVU EBUB GPSNBUT BSF JOEJDBUFE CZ UIF qaMFr JDPO
 VTFE EBUBCBTFT CZ B
qEBUBCBTFr JDPO
 BOE TUBUJTUJDBM BT XFMM BT DPNQVUBUJPOBM NFUIPET CZ B HFBS XIFFM� 5IF XPSLbPX
 EBUB UZQFT
 BOE
BOBMZTFT VTFE JO UIF GPVS UZQFT PG SFTFBSDI TDFOBSJPT EJTDVTTFE JO 4FDUJPO ����� BSF DPMPS�DPEFE� 0SBOHF� 4DFOBSJP
*
 SFE� 4DFOBSJP **
 CMVF� 4DFOBSJP ***
 BOE HSFFO� 4DFOBSJP *7� 5IF BTUFSJTL JO UIF qEPXOTUSFBNr CPY JOEJDBUFT UIBU B
EPXOTUSFBN BOBMZTJT XJUI /FUXPSL5SBJM JT POMZ QPTTJCMF GPS 4DFOBSJP * JG B TDPSFE HFOF MJTU XBT QSPWJEFE BT JOQVU� #&%�
#SPXTFS�&YUFOTJCMF %BUB
 (&0� (FOF &YQSFTTJPO 0NOJCVT
 (0� (FOF 0OUPMPHZ
 (5�� (FOF5SBJM�
 /5� /FUXPSL5SBJM

03"� 0WFS�3FQSFTFOUBUJPO "OBMZTJT
 3&(("&� 3&(VMBUPS�(FOF "TTPDJBUJPO &OSJDINFOU
 3*'���� 3FHVMBUPS *NQBDU
'BDUPS NFUIPE ���
 5'� 5SBOTDSJQUJPO 'BDUPS
 547� 5BC�4FQBSBUFE 7BMVFT
 595� QMBJO UFYU aMF� 5IF EJTQMBZFE JDPOT XFSF
PCUBJOFE GSPN <��>�
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BEKVTUNFOU NFUIPET JT BQQMJFE 	DG� 5BCMF "��

 SFTVMUJOH JO B MJTU PG QPUFOUJBMMZ JObVFOUJBM
SFHVMBUPST
 TPSUFE CZ UIFJS BEKVTUFE Q�WBMVFT�

4DFOBSJP **� *O UIF TFDPOE TDFOBSJP
 VTFST DBO FJUIFS VQMPBE B NBUSJY PG OPSNBMJ[FE HFOF
FYQSFTTJPO WBMVFT PS VTF 3FHVMBUPS5SBJMrT JOUFHSBUFE GVODUJPOBMJUZ UP JNQPSU EBUB GSPN (&0
	DG� 4FDUJPO �����
� 1SPWJEFE UIBU UIF NBUSJDFT DPOUBJO TBNQMFT CFMPOHJOH UP UXP HSPVQT PG
JOUFSFTU 	F�H�
 EJTFBTF BOE DPOUSPM

 EJêFSFOUJBM HFOF FYQSFTTJPO CFUXFFO UIF UXP HSPVQT DBO CF
BTTFTTFE� 5P UIJT FOE
 3FHVMBUPS5SBJM QSPWJEFT B WBSJFUZ PGNFUIPET 	DG�5BCMF "��
� #BTFE PO UIF
PCUBJOFE EFSFHVMBUJPO TDPSFT
 UIF VTFS DBO TFMFDU MJTUT PG VQ� PS EPXOSFHVMBUFE HFOFT GPS GVSUIFS
JOWFTUJHBUJPO 	F�H�
 UIF UPQ ��� NPTU VQSFHVMBUFE HFOFT
� 'PS UIF JEFOUJaDBUJPO PG JObVFOUJBM
SFHVMBUPST
 UIFTF HFOFT DBO FJUIFS CF VTFE UP QFSGPSN B UBSHFU HFOF FOSJDINFOU BT EFTDSJCFE JO
4DFOBSJP *
 PS TFSWF BT JOQVU UP UIF DPSSFMBUJPO�CBTFE NFUIPET 3*'�
 3*'� <���>
 PS 3&(("&
	DG� 4FDUJPO �����
� 5IF MBUUFS UISFF NFUIPET IBWF UIF BEWBOUBHF UIBU UIFZ BEEJUJPOBMMZ QSPWJEF
JOGPSNBUJPO POXIFUIFS UIF SFHVMBUPS IBT BO BDUJWBUJOH PS SFQSFTTJOH FêFDU PO UIFJS UBSHFUT� "MTP
JO UIJT TDFOBSJP
 VTFST DBO FJUIFS VTF PVS QSFEFaOFE DPMMFDUJPO PG 35*T PS VQMPBE UIFJS PXO TFU
PG 35*T� 5IF SFTQFDUJWF BOBMZTJT TUFQT BSF IJHIMJHIUFE JO SFE JO 'JHVSF ����

4DFOBSJP ***� 5IF UIJSE TDFOBSJP 	JOEJDBUFE JO CMVF JO 'JHVSF ���
 BJNT BU QSFEJDUJOH
USBOTDSJQUJPO GBDUPS CJOEJOH TJUFT WJB UIF VTF PG LOPXO CJOEJOH NPUJGT� *O PSEFS UP SFTUSJDU UIF
TFBSDI TQBDF
 PQFO DISPNBUJO EBUB BSF VTFE BT JOQVU� 5P UIJT FOE
 DBOEJEBUF SFHJPOT PG PQFO
DISPNBUJO JO UIF GPSN PG %/BTF�IZQFSTFOTJUJWF TJUFT <���> PS )�,�NF� IJTUPOF NPEJaDBUJPO
EBUB <���> DBO CF VQMPBEFE JO ��� GPSNBU 	DG� 4FDUJPO "����
� *O PSEFS UP FYUSBDU UIPTF HFOPNJD
SFHJPOT GSPN UIF PQFO DISPNBUJO EBUB UIBU PWFSMBQ XJUI USBOTDSJQUJPOBM TUBSU TJUFT PG HFOFT

3FHVMBUPS5SBJM DPOTJEFST B XJOEPX PG VTFS�EFaOFE TJ[F GPS FBDI HFOF� 5IFTF XJOEPXT BSF
DFOUFSFE BU UIF SFTQFDUJWF HFOFrT NPTU �r 5SBOTDSJQUJPOBM 4UBSU 4JUF 	544
� 5IF UIFSFCZ JEFOUJaFE
DBOEJEBUF SFHJPOT BSF UIFO BOBMZ[FE VTJOH UIF TFHNFOUBUJPO�CBTFE NFUIPE 5&1*$ <���>
 XIJDI
VTFT B DVTUPNJ[BCMF DPMMFDUJPO PG 1PTJUJPO $PVOU.BUSJDFT 	1$.T
 UP QSFEJDU USBOTDSJQUJPO GBDUPS�
HFOF BëOJUJFT� 5IF SFTVMUJOH NBUSJY PG 5'�HFOF BëOJUZ TDPSFT DBO BMTP CF VTFE UP CVJME B
QSFEJDUJWF NPEFM PG HFOF FYQSFTTJPO 	DG� 4DFOBSJP *7
�

4DFOBSJP *7� "T BMSFBEZ JOEJDBUFE JO UIF QSFWJPVT QBSBHSBQI
 UIF USBOTDSJQUJPO GBDUPS�HFOF
BëOJUZ TDPSFT DPNQVUFE CZ B 5&1*$ BOBMZTJT DBO BMTP CF VTFE UP QSFEJDU UIPTF SFHVMBUPST UIBU
IBWF UIF IJHIFTU JNQBDU PO UIF FYQSFTTJPO PG UIFJS UBSHFU HFOFT� 5IF DPSSFTQPOEJOH BOBMZTJT
TUFQT BSF IJHIMJHIUFE JO HSFFO JO 'JHVSF ���� *O BEEJUJPO UP B ��� aMF DPOUBJOJOH PQFO DISPNBUJO
SFHJPOT
 XIJDI BMTP TFSWFT BT JOQVU JO 4DFOBSJP ***
 B TDPSF aMF DPOUBJOJOH HFOF FYQSFTTJPO
NFBTVSFNFOUT GPS UIF TBNF TBNQMF JT SFRVJSFE� 5IF 5'�HFOF BëOJUZ NBUSJY A ∈ R+ n×m

0
DPOTJTUJOH PG BëOJUZ TDPSFT GPS BMM QBJST PG n HFOFT BOE m USBOTDSJQUJPO GBDUPST JT VTFE JO B MJOFBS
SFHSFTTJPO NPEFM UP QSFEJDU UIF HFOF FYQSFTTJPO PG UIF n HFOFT g = (g1, g2, ..., gn)�

g = A · β + ε,

XJUI UIF SFHSFTTJPO DPFëDJFOUT β = {β1, β2, ..., βm} BOE UIF FSSPS UFSN ε = {εi, ε2, ..., εn}�
*O PSEFS UP DPOUSPM UIF SFHSFTTJPO DPFëDJFOUT
 UIF VTFS DBO DIPPTF CFUXFFO UISFF UZQFT PG
SFHVMBSJ[BUJPO� 3JEHF <���>
 -BTTP <���>
 BOE UIF &MBTUJD/FU <���>
 XIJDI FBDI BQQMJFT B EJêFSFOU
QFOBMUZ UP UIF SFHSFTTJPO DPFëDJFOUT βi� 5IF MJOFBS NPEFMT ZJFME B MJTU PG GFBUVSFT XJUI OPO�[FSP
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SFHSFTTJPO DPFëDJFOUT
 XIJDI BSF MJLFMZ UP QMBZ FTTFOUJBM SPMFT JO UIF USBOTDSJQUJPOBM SFHVMBUJPO
PG UIF BOBMZ[FE TBNQMF� .PSFPWFS
 NPEFM QFSGPSNBODF JT BTTFTTFE CZ 1FBSTPO DPSSFMBUJPO <���>

4QFBSNBO DPSSFMBUJPO <���>
 BOE UIF NFBO�TRVBSFE FSSPS <���> CFUXFFO UIF QSFEJDUFE BOE UIF
BDUVBM HFOF FYQSFTTJPO�

5IF SFTVMUT GSPN BMM GPVS TDFOBSJPT FJUIFS ZJFME MJTUT PG JOUFSFTUJOH SFHVMBUPST 	4DFOBSJPT *
 **
 BOE
*7
 PS QVUBUJWF UBSHFU HFOFT 	4DFOBSJP ***

 XIJDI DBO GVSUIFS CF BOBMZ[FE VTJOH (FOF5SBJM�
	DG� 4FDUJPO ���
 UP BTTFTT UIF QPUFOUJBMMZ DPNNPO GVODUJPOBM DPOUFYU PG UIF JEFOUJaFE SFHVMBUPST
BOE UBSHFUT
 SFTQFDUJWFMZ� .PSFPWFS
 JO DBTFT XIFSF TDPSFT PG EJêFSFOUJBM HFOF FYQSFTTJPO
XFSF FJUIFS VQMPBEFE UP PS DPNQVUFE XJUIJO 3FHVMBUPS5SBJM 	4DFOBSJPT * BOE **

 UIFTF TDPSFT
DBO BMTP TFBNMFTTMZ CF VTFE GPS UIF JEFOUJaDBUJPO PG EFSFHVMBUFE SFHVMBUPSZ TVCOFUXPSLT WJB
/FUXPSL5SBJM 	DG� 4FDUJPO ���
�

����� 3&(("& � 3&(HVMBUPS�(FOF "TTPDJBUJPO &OSJDINFOU

5IF XPSL EFTDSJCFE JO UIJT TFDUJPO JT QVCMJTIFE JO ,FIM
 5�
 4DIOFJEFS
 -� FU BM� 3&(("&� B OPWFM
BQQSPBDI GPS UIF JEFOUJaDBUJPO PG LFZ USBOTDSJQUJPOBM SFHVMBUPST� #JPJOGPSNBUJDT 	����
 ���� EPJ�
��������CJPJOGPSNBUJDT�CUZ���� 5IF 3&(("& NFUIPE XBT EFWFMPQFE CZ 5JN ,FIM BOE )BOT�
1FUFS -FOIPG� * DPOUSJCVUFE UP UIF QSFTFOUFE DBTF TUVEJFT BOE UIF XSJUJOH BOE SFWJTJPO PG UIF
NBOVTDSJQU�

'PS UIF JEFOUJaDBUJPO BOE QSJPSJUJ[BUJPO PG USBOTDSJQUJPOBM SFHVMBUPST UIBU IBWF B TUSPOH JObVFODF
PO UIF FYQSFTTJPO PG B HJWFO TFU PG HFOFT
 XF IBWF QSPQPTFE BO BMUFSOBUJWF BQQSPBDI UP
UIF POFT EFTDSJCFE JO 4FDUJPO ������ 3&(VMBUPS�(FOF "TTPDJBUJPO &OSJDINFOU 	3&(("&

BOBMZTJT DPNCJOFT BTTPDJBUJPO TDPSFT CFUXFFO SFHVMBUPST BOE UIFJS UBSHFU HFOFT XJUI B (FOF 4FU
&OSJDINFOU BQQSPBDI UP JEFOUJGZ BOE QSJPSJUJ[F UIF JObVFODF PG UIF JOWFTUJHBUFE SFHVMBUPST PO
FYQSFTTJPO DIBOHFT CFUXFFO UXP QIFOPUZQFT�
*O UIF GPMMPXJOH QBSBHSBQIT
 XF XJMM aSTU EFTDSJCF UIF NFUIPEPMPHZ PG 3&(("& JO NPSF
EFUBJM BOE UIFO DPNQBSF 3&(("&rT DBQBCJMJUZ UP JEFOUJGZ SFMFWBOU SFHVMBUPST XJUI UIF POFT PG
DPNQFUJOH UPPMT� .PSFPWFS
 JO 4FDUJPO �����
 XFXJMM QSFTFOU B DBTF TUVEZ JOXIJDI 3&(("&XBT
VTFE UP JOWFTUJHBUF USBOTDSJQUJPOBM SFHVMBUPST JO BO BHHSFTTJWF TVCUZQF PG 8JMNT UVNPS�

5IF 3&(("& BMHPSJUIN� 'JHVSF ��� QSPWJEFT BO PWFSWJFX PG UIF 3&(("& XPSLbPX BOE
"MHPSJUIN ��� TIPXT UIF 3&(("& BMHPSJUIN JO QTFVEPDPEF�
5IF JOQVU GPS B 3&(("& BOBMZTJT DPOTJTUT PG B OPSNBMJ[FE HFOF FYQSFTTJPO NBUSJY E ∈ Rp×n

PG NFBTVSFNFOUT GPS p HFOFT JO n TBNQMFT
 XIFSF UIF n TBNQMFT CFMPOH UP UXP QIFOPUZQFT
	F�H�
 EJTFBTF BOE DPOUSPM
� *O B aSTU TUFQ
 TDPSFT PG EJêFSFOUJBM HFOF FYQSFTTJPO CFUXFFO UIFTF
UXP HSPVQT BSF DPNQVUFE VTJOH POF PG UIF OVNFSPVT FOUJUZ�MFWFM TUBUJTUJDT PêFSFE CZ 3&(("&
	DG� 5BCMF "��
� #BTFE PO UIFTF TDPSFT
 UIF HFOFT BSF TPSUFE BOE FJUIFS UIF NPTU VQ� PS EPXO�
SFHVMBUFE HFOFT 	CBTFE PO B VTFS�EFaOFE UISFTIPME
 BSF DPOTJEFSFE GPS GVSUIFS BOBMZTJT� 5IF
TFQBSBUF DPOTJEFSBUJPO PG VQ� BOE EPXO�SFHVMBUFE HFOFT JT SFRVJSFE BT USBOTDSJQUJPOBM SFHVMBUPST
DPVME BêFDU TPNF PG UIFJS UBSHFU HFOFT JO BO BDUJWBUJOHNBOOFS
 XIJMF PUIFST BSF SFQSFTTFE� *G OPU
DPOTJEFSFE JOEJWJEVBMMZ
 UIFTF FêFDUT NBZ DBODFM FBDI PUIFS PVU�

https://doi.org/10.1093/bioinformatics/bty372
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'JHVSF ��� 3&(("& XPSLbPX� 5IF CMVF CBDLHSPVOE CPYFT DPSSFTQPOE UP UIF TUBHFT PG UIF NFUIPE
 SBOHJOH GSPN
EBUB JOQVU PWFS TDPSJOH BOE QSFQSPDFTTJOH UP UIF BDUVBM BOBMZTJT BOE PQUJPOT GPS EPXOTUSFBN BOBMZTJT� 5IF VTFE
EBUBCBTFT BSF JOEJDBUFE CZ B rEBUBCBTFr JDPO BOE TUBUJTUJDBM BT XFMM BT DPNQVUBUJPOBM NFUIPET CZ B HFBS XIFFM�
(5�� (FOF5SBJM�� 5IF EJTQMBZFE JDPOT XFSF PCUBJOFE GSPN <��>�

'PS CFUUFS SFBEBCJMJUZ
 XF DPOTJEFS JO UIF GPMMPXJOH POMZ POF PG UIF UXP 	VQ� PS EPXOSFHVMBUFE

TPSUFE HFOF MJTUT� D = {g1, g2, ..., gm}� #BTFE PO B DPMMFDUJPO PG SFHVMBUPS�UBSHFU JOUFSBDUJPOT
	DG� 4FDUJPO �����

 UIPTF li SFHVMBUPST Rgi = {ri1, ri2, ..., rili} UIBU DBO JObVFODF UIF FYQSFTTJPO
PG B TQFDJaD HFOF gi ∈ D BSF DPOTJEFSFE� 'PS FWFSZ QBJS PG SFHVMBUPS rij (j ∈ {1, ..., li}) BOE
UBSHFU HFOF gi
 XF DBMDVMBUF UIF DPSSFMBUJPO CFUXFFO UIF FYQSFTTJPO WBMVFT PG SFHVMBUPS BOE UBSHFU
BDSPTT BMM TBNQMFT VTJOH FJUIFS 1FBSTPOrT DPSSFMBUJPO DPFëDJFOU <���> GPS MJOFBS EFQFOEFODJFT PS
4QFBSNBOrT SBOL DPSSFMBUJPO DPFëDJFOU <���> GPS OPO�MJOFBS EFQFOEFODJFT� 'PS FBDI HFOF gi
 UIF
SFHVMBUPS MJTU Rgi JT TPSUFE XJUI SFTQFDU UP UIF 	BCTPMVUF PS TJHOFE
 DPSSFMBUJPO DPFëDJFOUT
 XIJDI
JT DPOTJEFSFE BT UIF EFHSFF PG SFHVMBUPS�UBSHFU BTTPDJBUJPO 	DG� qSPXTr JO 'JHVSF ���� "
�
#BTFE PO UIF TPSUFE MJTU PG EJêFSFOUJBMMZ FYQSFTTFE HFOFT D = {g1, g2, ..., gm} 	aSTU qDPMVNOr JO
'JHVSF ���� "
 BOE UIFJS DPSSFTQPOEJOH TPSUFE SFHVMBUPS MJTUT R∗gi

= {r∗i1, r∗i2, ..., r∗ili}
 XF DSFBUF
B OFX MJTU L = {r∗11, r∗21, ..., r∗m1, r∗12, r∗22, ...}� 5IJT OFX MJTU L JT DSFBUFE CZ USBWFSTJOH UIF TPSUFE
MJTU PG EJêFSFOUJBMMZ FYQSFTTFE HFOFT D JO EFDSFBTJOH PSEFS� 'JSTU
 UIF NPTU TUSPOHMZ BTTPDJBUFE
SFHVMBUPST r∗i1 GPS FBDI HFOF gi BSF BEEFE UP L
 GPMMPXFE CZ UIF TFDPOE NPTU TUSPOHMZ BTTPDJBUFE
SFHVMBUPST r∗i2 GPS FBDI HFOF gi BOE TP PO 	DG� 'JHVSF ���� #
�
*O UIF aOBM MJTU L
 SFHVMBUPST BSF TPSUFE CZ UIFJS JNQBDU PO UIFJS UBSHFU HFOFT
 UIJT NFBOT UIBU SFH�
VMBUPST UIBU BSF TUSPOHMZ BTTPDJBUFE XJUI IJHIMZ EFSFHVMBUFE HFOFT XJMM PDDVS BU UIF CFHJOOJOH
PG UIF MJTU� )FODF
 SFHVMBUPST XJUI B NBKPS JNQBDU PO UIF PCTFSWFE EJêFSFOUJBM HFOF FYQSFTTJPO
TIPVME CF FOSJDIFE BU UIF UPQ PG UIF MJTU� *O PSEFS UP BTTFTT BOE RVBOUJGZ TVDI BO BDDVNVMBUJPO

XF DBSSZ PVU BO FOSJDINFOU BOBMZTJT GPS FBDI SFHVMBUPS JOEJWJEVBMMZ
 BT JOEJDBUFE JO 'JHVSF ����
CZ UIF CMVF SFHVMBUPS r1� 5P UIJT FOE
 3&(("& PêFST UIF 8JMDPYPO SBOL�TVN UFTU <���> PS UIF
VOXFJHIUFE WFSTJPO PG UIF ,PMNPHPSPW�4NJSOPW UFTU <���>� 5IF SFTVMUJOH Q�WBMVFT BSF BEKVTUFE
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VTJOH UIF NFUIPE QSPQPTFE CZ #FOKBNJOJ BOE :FLVUJFMJ <���> 	DG� 4FDUJPO �������
� 'JOBMMZ
 3&(�
("& QSPWJEFT B MJTU PG SFHVMBUPST TPSUFE CZ UIFJS BEKVTUFE Q�WBMVFT�

*OQVU� /PSNBMJ[FE HFOF FYQSFTTJPO NBUSJY E ∈ Rp×n GPS p HFOFT BOE JO UPUBM n
EJTFBTF BOE DPOUSPM TBNQMFT
 MJTUT PG SFHVMBUPST Rgi GPS FBDI HFOF gi
 PWFSBMM
OVNCFS PG SFHVMBUPST s

0VUQVU� -JTU M∗ PG SFHVMBUPST TPSUFE CZ UIFJS BEKVTUFE Q�WBMVFT

Dall ← DPNQVUF%JêFSFOUJBM(FOF&YQSFTTJPO#FUXFFO5VNPS"OE$POUSPM	E

D ← DPOTJEFS0OMZ%FSFHVMBUJPO*O0OF%JSFDUJPO"OE4PSU	Dall 
 qVQr

GPSFBDI HFOF gi JO D EP

Cgi ← <> ��-JTU PG DPSSFMBUJPOT PG gi XJUI JUT SFHVMBUPST
GPSFBDI SFHVMBUPS rij JO Rgi EP

Cgi ← BQQFOE	Cgi 
DPNQVUF$PSSFMBUJPO	Egi 
Erij


FOE
R∗gi
← TPSU3FHVMBUPST*O%FDSFBTJOH0SEFS0G$PSSFMBUJPO	Rgi 
 Cgi


��5IJT ZJFET R∗gi
= {r∗i1, r∗i2, ..., r∗ili}

FOE
L← <> �� -JTU PG SFHVMBUPST UP CF VTFE GPS FOSJDINFOU
GPS j JO 1 UP s EP

GPS i JO 1 UP |D| EP
L← BQQFOE	L
r∗ij


FOE
FOE
M← <> ��-JTU PG FOSJDINFOU SFTVMUT GPS BMM SFHVMBUPST
GPS j JO 1 UP s EP

Mj ← QFSGPSN&OSJDINFOU0O&BDI3FHVMBUPS	L
 j

FOE
M∗ ← BEKVTU'PS.VMUJQMF5FTUJOH"OE4PSU	M


"MHPSJUIN ��� 1TFVEPDPEF GPS 3&(("& BMHPSJUIN� 'PS FYFNQMBSZ QVSQPTFT
 XF DPOTJEFS POMZ VQSFHVMBUFE HFOFT
JO UIJT QTFVEPDPEF
 IFODF UIF QBSBNFUFS qVQr JO UIF GVODUJPO qDPOTJEFS0OMZ%FSFHVMBUJPO*O0OF%JSFDUJPO"OE4PSUr�
5IF WBSJBCMFT Egi BOE Erij TUBOE GPS UIF NFBTVSFE HFOF FYQSFTTJPO WBMVFT GPS B HFOF gi BOE B SFHVMBUPS rij
 SF�
TQFDUJWFMZ� 'PS UIF GVODUJPOT qDPNQVUF%JőFSFOUJBM(FOF&YQSFTTJPO#FUXFFO5VNPS"OE$POUSPMr
 qDPNQVUF$PSSFMB�
UJPOr
 qQFSGPSN&OSJDINFOU0O&BDI3FHVMBUPSr
 BOE qBEKVTU'PS.VMUJQMF5FTUJOH"OE4PSUr
 VTFST DBO TFMFDU GSPN TFWFSBM
PQUJPOT
 TFF EFTDSJQUJPO JO NBJO UFYU�

)PXFWFS
 EVF UP UIF GBDU UIBU UFDIOJDBM OPJTF JO UIF HFOF FYQSFTTJPO NFBTVSFNFOUT DBO CJBT
UIF DPNQVUFE DPSSFMBUJPOT
 XIJDI BSF BO FTTFOUJBM QBSU PG UIF 3&(("& BMHPSJUIN
 XF PêFS UIF
VTF PG B GPMMPXJOH CPPUTUSBQQJOH TDIFNF <���> UP JNQSPWF UIF SPCVTUOFTT PG UIF NFUIPE� 5IJT
NFBOT UIBUXF QFSGPSNOVNFSPVT SVOT PG UIF 3&(("& BMHPSJUIN
 FBDI UJNF PO B TMJHIUMZ BMUFSFE
JOQVU EBUB TFU BOE BWFSBHF UIF SFTVMUT� 5P UIJT FOE
 XF DSFBUF b CPPUTUSBQ TBNQMFT
 XIFSF FBDI
TBNQMF JT HFOFSBUFE CZ SBOEPNMZ TFMFDUJOH 	XJUI SFQMBDFNFOU
 n DPMVNOT GSPN UIF PSJHJOBM
HFOF FYQSFTTJPO NBUSJY E� #Z UIJT
 XF PCUBJO BO JOQVU NBUSJY PG UIF PSJHJOBM EJNFOTJPOT
 CVU
XJUI NPEFSBUFMZ WBSZJOH DPOUFOU� /FYU
 3&(("& JT BQQMJFE UP FBDI PG UIF b CPPUTUSBQ TBNQMFT�
'JOBMMZ
 UIF NFEJBO Q�WBMVF PG UIF b SFTVMUT JT VTFE BT UIF aOBM TDPSF GPS UIJT SFHVMBUPS�
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Sorting of regulators by relevance

Degree of regulator-target association
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'JHVSF ���� 4PSUJOH PG SFHVMBUPST CZ SFMFWBODF� "
 " TVCTFU PG FJUIFS VQ� PS EPXOSFHVMBUFE HFOFT {g1, g2, ..., gm}
BSF TPSUFE BDDPSEJOH UP UIFJS EFHSFF PG EJőFSFOUJBM FYQSFTTJPO� 'PS FBDI HFOF gi
 UIF MJTU PG UBSHFUJOH SFHVMBUPST
JT TPSUFE XJUI SFTQFDU UP UIF EFHSFF PG SFHVMBUPS�UBSHFU BTTPDJBUJPO� 5IF CMVF OPEFT DPSSFTQPOE UP B SFHVMBUPS
VOEFS JOWFTUJHBUJPO� #
 4IPXT UIF TPSUFE MJTU PG SFHVMBUPST UIBU JT PCUBJOFE CZ DPODBUFOBUJOH UIF SFHVMBUPST JO B
DPMVNO�XJTF NBOOFS� 5IF PCUBJOFE MJTU TFSWFT BT JOQVU GPS FOSJDINFOU BOBMZTFT XJUI UIF SFTQFDUJWF SFHVMBUPST BT
qDBUFHPSZr VOEFS JOWFTUJHBUJPO� 'JHVSF BEBQUFE GSPN <���>�

$PNQBSJTPO UP PUIFS NFUIPET� *O PSEFS UP DPNQBSF UIF DBQBCJMJUJFT PG 3&(("& XJUI
DPNQFUJOH NFUIPET
 XF BQQMJFE 3&(("& BOE TFWFO PUIFS NFUIPET 	$4"
 3*'�
 3*'�
 5%%

5&%
 5'BDU4
 BOE 5'3BOL
 TFF 4FDUJPO �����
 UP B CSFBTU DBODFS EBUB TFU BOE JOWFTUJHBUFEXIFUIFS
XF DPVME JEFOUJGZ LFZ SFHVMBUPSZ GBDUPST JOWPMWFE JO CSFBTU DBODFS JOJUJBUJPO BOE QSPHSFTTJPO�
#SFBTU DBODFS JT POF PG UIF NPTU DPNNPO UZQFT PG DBODFS BOE UIF TFDPOE MFBEJOH DBVTF PG DBODFS
EFBUI BNPOH XPNFO <���>� 0OF PG UIF DMJOJDBMMZ NPTU SFMFWBOU CSFBTU DBODFS TVCUZQFT BSF
FTUSPHFO SFDFQUPS�QPTJUJWF 	&3�
 UVNPST
 XIJDI DPNQSJTF BSPVOE ��� PG EJBHOPTFE DBTFT <���>
BOE HFOFSBMMZ IBWF B CFUUFS QSPHOPTJT UIBO FTUSPHFO SFDFQUPS�OFHBUJWF 	&3�
 UVNPST <���> 	TFF
BMTP 4FDUJPO ���
�
8F BQQMJFE 3&(("& BOE UIF PUIFS NFUIPET UP B EBUB TFU PG �� CSFBTU DBODFS DFMM MJOFT
 XIJDI
XBT QVCMJTIFE CZ )FJTFS FU BM� <���> BOE GPS XIJDI XF PCUBJOFE UIFJS FTUSPHFO SFDFQUPS TUBUVT
GSPN B TUVEZ CZ /FWF FU BM� <���> 	DG� 4FDUJPO "������
�
*O UPUBM
 XF DPNQBSFE �� &3� BOE �� &3� DFMM MJOFT UP aOE UIPTF USBOTDSJQUJPOBM SFHVMBUPST
UIBU IBWF B TUSPOH JObVFODF PO UIF EJêFSFOUJBM FYQSFTTJPO CFUXFFO UIF UXP QIFOPUZQFT� "T
B aSTU TUFQ
 XF BTTFTTFE EJêFSFOUJBM HFOF FYQSFTTJPO CFUXFFO &3� BOE &3� TBNQMFT VTJOH UIF
TISJOLBHF t�UFTU <���>� 5IF HFOFT XFSF TPSUFE XJUI SFTQFDU UP UIFJS U�TDPSFT� 'SPN UIF TPSUFE
MJTU
 XF TFMFDUFE TFWFSBM HFOF TFUT GPS GVSUIFS JOWFTUJHBUJPO� BMM HFOFT UIBU XFSF TJHOJaDBOUMZ VQ�
SFHVMBUFE JO &3� UVNPST 	XJUI p < 0.01

 BT XFMM BT UIF UPQ ���
 ���
 ���
 BOE �
��� HFOFT� 8F
JOEJWJEVBMMZ BQQMJFE 3&(("& UP UIF aWF MJTUT BOE PCUBJOFE aWF SBOLFE MJTUT PG SFHVMBUPST� 5IFTF
aWF SBOLJOHT XFSF BHHSFHBUFE JOUP UIF aOBM SFTVMU VTJOH TVN�PG�SBOLT� 'PS FBDI SFHVMBUPS
 XF
VTFE UIF NBYJNVN PG UIF aWF Q�WBMVFT GSPN UIF aWF SVOT BT PWFSBMM Q�WBMVF� 1BSBNFUFST GPS BMM
BOBMZTFT BOE DPSSFTQPOEJOH SFTVMUT DBO CF GPVOE JO 4FDUJPO "������� 3VOUJNFT GPS BMM NFUIPET
BSF EFQJDUFE JO 5BCMF "���
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5BCMF ��� TIPXT UIF UPQ aWF SFHVMBUPST JEFOUJaFE CZ 3&(("& 	DPMVNOT � BOE �
 BOE UIF SFTVMUT
GPS UIFTF SFHVMBUPST BT PCUBJOFE GSPN UIF PUIFS NFUIPET 	DPMVNOT ���
� 5IF aSTU FOUSZ JO FBDI
UBCMF DFMM FJUIFS DPOUBJOT Q�WBMVFT PS TDPSFT JG OP Q�WBMVFT BSF QSPWJEFE CZ UIF SFTQFDUJWF NFUIPE
	JOEJDBUFE CZ BO BTUFSJTL
� 5IF TFDPOE FOUSZ 	JO QBSFOUIFTFT
 JOEJDBUFT UIF SBOL PG UIF HFOF JO
UIF SFTQFDUJWF SFTVMU MJTUT�

3FHVMBUPS 3&(("& $4" 3*'�� 3*'�� 5%% 5&% 5'BDU4 5'3BOL�
'09"� 6.34 · 10−141

	�

9.76 · 10−6

	���

−2.87
	���


8.34
	��


8.4 · 10−6

	���

1.0
	���


1.0
	���


6.92
	�


("5"� 3.23 · 10−137

	�

9.76 · 10−6

	���

−2.73
	���


5.16
	��


8.7 · 10−6

	���

1.0
	���


0.05
	���


6.56
	�


&43� 6.52 · 10−129

	�

9.76 · 10−6

	���

−1.93
	���


−0.1
	���


8.4 · 10−6

	���

1.0
	���


1.0
	���


10.28
	�


.:# 6.34 · 10−125

	�

9.76 · 10−6

	���

−2.07
	���


4.14
	��


8.4 · 10−6

	���

1.0
	���


0.31
	���


5.45
	�


41%&' 2.6 · 10−118

	�

9.76 · 10−6

	��

−3.05
	��


8.54
	��


1.4 · 10−5

	���

1.0
	���


3.6 · 10−19

	��

6.44
	�


5BCMF ��� 5PQ aWF SFHVMBUPST JO &3� CSFBTU DBODFS JEFOUJaFE CZ 3&(("& JO DPNQBSJTPO UP PUIFS BQQSPBDIFT� 'PS
3&(("&
 $4"
 BOE 5'BDU4 BEKVTUFE Q�WBMVFT BSF EFQJDUFE� �'PS 3*'�
 3*'�
 BOE 5'3BOL
 XIJDI EP OPU QSPWJEF Q�
WBMVFT
 UIF SFTQFDUJWF UFTU TUBUJTUJD WBMVF JT TIPXO� /VNCFST JO QBSFOUIFTFT SFQSFTFOU UIF SBOL JO UIF TPSUFE SFTVMU
MJTU�

5IF UPQ aWF SFHVMBUPST JEFOUJaFE CZ 3&(("& BSF '09"�
 ("5"�
 &43�
 .:#
 BOE 41%&'
 BMM
PG XIJDI IBWF BMSFBEZ CFFO EFTDSJCFE BT QSPHOPTUJD NBSLFST JO CSFBTU DBODFS JOEJDBUJOH B HPPE
QSPHOPTJT <���v���>� &TQFDJBMMZ
 '09"�
 ("5"�
 BOE &43� IBWF CFFO SFQPSUFE BT DP�MPDBUFE
BOE DP�FYQSFTTFE JO CSFBTU DBODFS DFMMT <���
 ���>� .PSFPWFS
 '09"�
 ("5"�
 &43�
 BOE 41%&'
BSF SFQPSUFE BT NBTUFS SFHVMBUPST JO aCSPCMBTU HSPXUI GBDUPS 	'('
 TJHOBMJOH BOE CSFBTU DBODFS
SJTL JO &3� DFMMT <���>� 5IF UPQ aWF 3&(("& DBOEJEBUFT IBWF BMTP CFFO JEFOUJaFE CZ $4" BOE
5'3BOL BT TJHOJaDBOU� /PUBCMZ
 XJUI SFTQFDU UP UIF SBOLJOHT PG UIF UPQ DBOEJEBUFT
 3&(("&
BOE 5'3BOL ZJFME WFSZ TJNJMBS SFTVMUT UIBU EJêFS TUSPOHMZ GSPN UIF SFNBJOJOH NFUIPET� 5'BDU4
EFUFDUFE POMZ UXP PG UIF aWF SFHVMBUPST BT TJHOJaDBOU
 3*'� BOE 3*'� EFUFDUFE GPVS PVU PG UIF aWF
BNPOH UIFJS UPQ ��� SFTVMUT�
5P TVNNBSJ[F
 PVS SFTVMUT JOEJDBUF UIBU NPTU NFUIPET JEFOUJGZ TJNJMBS LFZ SFHVMBUPST
 IPXFWFS

XJUI TVCTUBOUJBMMZ EJêFSFOU SBOLJOHT� "MUIPVHI NPTU NFUIPET XFSF BCMF UP BTTJHO BU MFBTU TPNF
PG UIF DFOUSBM SFHVMBUPST PG &3� DFMMT BT CFJOH SFMFWBOU
 3&(("& BOE 5'3BOL FYDFMMFE JO UFSNT
PG UIF BDUVBM SBOLJOH PG UIPTF SFHVMBUPST�
#FTJEFT UIJT CSFBTU DBODFS DBTF TUVEZ
 XF BMTP BOBMZ[FE QFSUVSCBUJPO HFOF FYQSFTTJPO TJHOBUVSFT
PG JOEVDFE.:$ PWFSFYQSFTTJPO JONPVTF MZNQIPNBT BOE LOPDL�PVU FYQFSJNFOUT JO IVNBO FN�
CSZPOJD TUFN DFMMT
 JO XIJDI 3&(("& PVUQFSGPSNFE 5'3BOL� 1MFBTF SFGFS UP UIF DPSSFTQPOEJOH
QVCMJDBUJPO GPS BEEJUJPOBM EFUBJMT <���>�

8IJMF UIF SFTVMUT EFTDSJCFE BCPWF EFNPOTUSBUF UIBU 3&(("& JT BCMF UP ZJFME SFBTPOBCMF SFTVMUT

XF BMTP VTFE 3&(("& UP PCUBJO OPWFM CJPMPHJDBM JOTJHIUT JOUP UIF SFHVMBUPSZ NFDIBOJTNT
VOEFSMZJOH BO BHHSFTTJWF TVCUZQF PG 8JMNT UVNPST� 5IF DPSSFTQPOEJOH BOBMZTJT BOE SFTVMUT
XJMM CF QSFTFOUFE JO UIF GPMMPXJOH TFDUJPO�
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����� $BTF TUVEZ� 5IF SPMF PG 5$'� BT QPUFOUJBM NBTUFS SFHVMBUPS JO CMBTUFNBM
8JMNT UVNPST

5IF SFTVMUT EFTDSJCFE JO UIJT TFDUJPO XFSF QVCMJTIFE JO 5� ,FIM
 -� 4DIOFJEFS FU BM� 5IF SPMF PG 5$'�
BT QPUFOUJBM NBTUFS SFHVMBUPS JO CMBTUFNBM 8JMNT UVNPST� *OUFSOBUJPOBM +PVSOBM PG $BODFS 	����

������ EPJ� ��������JKD������� 5IF QFSGPSNFE BOBMZTFT XFSF DPODFQUVBMJ[FE BOE DPOEVDUFE
CZ )BOT�1FUFS -FOIPG BOE 5JN ,FIM� * DPOUSJCVUFE UP UIF JOUFSQSFUBUJPO PG UIF SFTVMUT BT XFMM BT
UIF XSJUJOH BOE SFWJTJPO PG UIF NBOVTDSJQU�

������� 8JMNT UVNPST

8JMNT UVNPST 	85

 BMTP LOPXO BT OFQISPCMBTUPNBT
 BSF QFEJBUSJD NBMJHOBOU UVNPST BOE UIF
QSFEPNJOBOU UZQF PG DIJMEIPPE LJEOFZ DBODFS <���>� "MUIPVHI 8JMNT UVNPST HFOFSBMMZ IBWF B
HPPE QSPHOPTJT XJUI TVSWJWBM SBUFT PWFS ���
 TPNF TVCUZQFT BSF BTTPDJBUFE XJUI B IJHI SJTL PG
SFMBQTF <���>� 5ZQJDBMMZ
 85T NBJOMZ DPOTJTU PG UISFF IJTUPMPHJDBM DPNQPOFOUT� CMBTUFNB
 TUSPNB

BOE FQJUIFMJBM DFMMT� 5IF QSPQPSUJPOT BOE EFHSFF PG EJêFSFOUJBUJPO PG UIFTF DFMM UZQFT DBO TUSPOHMZ
WBSZ CFUXFFO UVNPST <���>�
'PS UIF USFBUNFOU PG 85T
 UXP EJêFSFOU TDIFNFT IBWF CFFO FTUBCMJTIFE� 8IJMF UIF $IJMESFOrT
0ODPMPHZ (SPVQ 	$0(
 EPFT OPU TFF B OFFE GPS SPVUJOF QSFPQFSBUJWF USFBUNFOU
 DIJMESFO
USFBUFE BDDPSEJOH UP UIF QSPUPDPM PG 4PDJÆUÆ *OUFSOBUJPOBMF Er0ODPMPHJF 1FEJBUSJRVF 	4*01

UZQJDBMMZ VOEFSHP OFPBEKVWBOU DIFNPUIFSBQZ� 1SFPQFSBUJWF DIFNPUIFSBQZ DBO TUSPOHMZ BêFDU
UIF DPNQPTJUJPO PG DFMM UZQFT JO UIF 	SFNBJOJOH
 UVNPS� *O UIJT DPOUFYU
 B MBSHFS BNPVOU PG
TVSWJWJOH
 DIFNPSFTJTUBOU CMBTUFNB 	JOEVDJOH UIF TP�DBMMFE qCMBTUFNBM TVCUZQFr
 DPOGFST B IJHI
SJTL <���>� *O PSEFS UP CFUUFS VOEFSTUBOE UIF SPMF PG CMBTUFNB BT B IJHI�SJTL GBDUPS JO 85T
 JU JT
PG VUNPTU JNQPSUBODF UP FMVDJEBUF UIF SFHVMBUPSZ NFDIBOJTNT UIBU EJêFSFOUJBUF CMBTUFNBM GSPN
OPO�CMBTUFNBM DPNQPOFOUT PG 85T�

������� 3&(("& BOBMZTJT

*O PSEFS UP JEFOUJGZ USBOTDSJQUJPOBM SFHVMBUPST UIBU QPUFOUJBMMZ FYQMBJO UIF EJêFSFODFT CFUXFFO
CMBTUFNBM BOE OPO�CMBTUFNBM 8JMNT UVNPST
 XF DPMMFDUFE BOE BOBMZ[FE �� 85 TBNQMFT GSPN
QBUJFOUT UIBU XFSF USFBUFE BDDPSEJOH UP UIF 4*01 QSPUPDPM
 XIJDI NFBOT UIBU UIFZ SFDFJWFE
OFPBEKVWBOU DIFNPUIFSBQZ XJUI BDUJOPNZDJO�%
 WJODSJTUJOF BOE
 JO UIF DBTF PG NFUBTUBTFT

EPYPSVCJDJO�
5IF EBUB TFU DPOUBJOT CJPQTJFT PG �� CMBTUFNBM BOE �� OPO�CMBTUFNBM UVNPST 	DG� 5BCMF "���
�
(FOF FYQSFTTJPO XBT BTTFTTFE VTJOH "HJMFOU 4VSF1SJOU BSSBZT� 5IF DPSSFTQPOEJOH EBUB TFU IBT
CFFO QVCMJTIFE PO UIF (FOF &YQSFTTJPO 0NOJCVT QMBUGPSN 	BDDFTTJPO OVNCFS� (4&�����
�
*O PSEFS UP JEFOUJGZ UIF NPTU JObVFOUJBM SFHVMBUPST
 XF aSTU BTTFTTFE EJêFSFOUJBM HFOF
FYQSFTTJPO CFUXFFO UIF CMBTUFNBM BOE OPO�CMBTUFNBM UVNPS TBNQMFT VTJOH TISJOLBHF t�UFTU 	DG�
4FDUJPO �����
� 5IF HFOFT BSF UIFO TPSUFE JO EFTDFOEJOH PSEFS PG UIFJS U�TDPSFT�
'PS UIF BOBMZTJT VTJOH 3&(("&
 XF DSFBUFE UFO EJêFSFOU MJTUT� #BTFE PO B TJHOJaDBODF UISFTIPME
PG ����
 XF TFMFDUFE BMM TJHOJaDBOUMZ VQSFHVMBUFE HFOFT 	���
 BOE BMM TJHOJaDBOUMZ EPXOSFHVMBUFE
HFOFT 	���
� .PSFPWFS
 XF DSFBUFE FJHIU MJTUT DPOUBJOJOH UIF ���
 ���
 ���
 BOE �
��� NPTU

https://onlinelibrary.wiley.com/doi/abs/10.1002/ijc.31834
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VQSFHVMBUFE BOE NPTU EPXOSFHVMBUFE HFOFT
 SFTQFDUJWFMZ� *O B OFYU TUFQ
 XF BQQMJFE 3&(("&
UP FBDI PG UIPTF MJTUT� 5IF SFTVMUT GPS UIF aWF MJTUT PG VQSFHVMBUFE HFOFT BOE BOBMPHPVTMZ GPS UIF
aWF MJTUT PG EPXOSFHVMBUFE HFOFT XFSF BHHSFHBUFE VTJOH UIF TFDPOE�PSEFS TUBUJTUJD GPS Q�WBMVFT
<���>� 5IF BHHSFHBUFE Q�WBMVFT BSF aOBMMZ '%3�BEKVTUFE VTJOH UIF BQQSPBDI CZ #FOKBNJOJ BOE
:FLVUJFMJ <���>�
5BCMF ��� HJWFT BO PWFSWJFX PG UIF UFO NPTU TJHOJaDBOU SFHVMBUPST CBTFE PO UIF MJTUT PG
VQSFHVMBUFE BOE EPXOSFHVMBUFE HFOFT
 SFTQFDUJWFMZ� 1MFBTF SFGFS UP 4FDUJPO "���� GPS UIF GVMM
MJTU PG JEFOUJaFE SFHVMBUPST�

6QSFHVMBUFE HFOFT %PXOSFHVMBUFE HFOFT
3FHVMBUPS 1�WBMVF 3FHVMBUPS 1�WBMVF
36/9� 	�
 1.22 · 10−180 /3�'� 	�
 7.83 · 10−116

5$'� 	�
 5.96 · 10−163 ."9 	�
 3.27 · 10−105

/3�'� 	�
 6.19 · 10−163 5$'� 	�
 3.12 · 10−95

."9 	�
 3.54 · 10−157 36/9� 	�
 1.78 · 10−94

4'12 	�
 1.06 · 10−136 $3&##1 	�
 8.51 · 10−78

&-'� 	�
 4.60 · 10−134 &-'� 	�
 1.09 · 10−76

,%.�# 	�
 1.68 · 10−131 46.0� 	�
 4.03 · 10−74

)%"$� 	�
 9.85 · 10−125 $3&#� 	�
 4.42 · 10−70

4*/�" 	�
 2.90 · 10−123 4.$� 	�
 8.33 · 10−70

$3&#� 	�
 5.84 · 10−123 6#5' 	�
 9.24 · 10−61

5BCMF ��� 5PQ UFO SFHVMBUPST JEFOUJaFE CZ 3&(("& BOBMZTJT JO CMBTUFNBM 8JMNT UVNPST� "HHSFHBUFE 3&(("&
SFTVMUT GPS VQSFHVMBUFE BOE EPXOSFHVMBUFE HFOFT
 SFTQFDUJWFMZ� &BDI SBOLJOH XBT PCUBJOFE WJB B TVN�PG�SBOL
BHHSFHBUJPO PG UIF 3&(("& SFTVMUT GPS JOQVU MJTUT PG UIF GPMMPXJOH TJ[FT� ���
 ���
 ���
 BOE �
���
 BT XFMM BT BMM
TJHOJaDBOUMZ VQSFHVMBUFE 	���
 BOE EPXOSFHVMBUFE 	���
 HFOFT 	XJUI Q�WBMVF < 0.01
� 5IF DPMPST PG UIF HFOF
TZNCPMT JO UIF aSTU BOE UIJSE DPMVNO JOEJDBUF XIFUIFS UIF NFBO DPSSFMBUJPO DPFŒDJFOU CFUXFFO B SFHVMBUPS BOE
JUT UBSHFU HFOFT JT QPTJUJWF 	�
 PS OFHBUJWF 	�
�

"DDPSEJOH UP 3&(("&
 UIF NPTU JObVFOUJBM SFHVMBUPST GPS CPUI VQ� BOE EPXOSFHVMBUFE HFOFT
BSF /3�'�
 5$'�
 36/9�
 BOE ."9� 5IF OVDMFBS SFDFQUPS TVCGBNJMZ � HSPVQ ' NFNCFS �
	/3�'�
 JT B USBOTDSJQUJPO GBDUPS UIBU JT JOWPMWFE JO UIF EJêFSFOUJBUJPO PG IVNBO FNCSZPOJD
TUFN DFMMT <���>� .PSFPWFS
 JU IBT CFFO TIPXO UP QMBZ B SPMF JO UVNPS JOJUJBUJPO BOE QSPHSFTTJPO
PG TFWFSBM DBODFS UZQFT <���>� 5SBOTDSJQUJPO GBDUPS � 	5$'�
 JT � BT UIF HFOFSJD OBNF TVHHFTUT �
B USBOTDSJQUJPO GBDUPS UIBU QMBZT FTTFOUJBM SPMFT JO B WBSJFUZ PG QSPDFTTFT� *U IBT CFFO TIPXO UP
JOEVDF HFOF FYQSFTTJPO PG 8OU�SFTQPOTJWF HFOFT <���>� 5IF 8OU TJHOBMJOH QBUIXBZ JT LOPXO
UP CF BDUJWBUFE JO CMBTUFNBM 85T <���> BOE JU IBT CFFO MJOLFE UP UVNPSJHFOFTJT BT XFMM BT
DIFNPSFTJTUBODF JO WBSJPVT UVNPS UZQFT <���
 ���>� "MPOH XJUI 5$'�
 XF IBWF BMTP JEFOUJaFE
UXP PG JUT DPBDUJWBUPST� $3&##1 BOE &1��� 	TFF FYUFOEFE SFTVMUT JO 5BCMF "���
� 5IF 36/9
GBNJMZ USBOTDSJQUJPO GBDUPS � 	36/9�
 JT B LOPXO UVNPS TVQQSFTTPS JO CSFBTU DBODFS BOE BDVUF
MZNQIPCMBTUJD MFVLFNJB <���
 ���>� *U JT JOWPMWFE JO UIF EJêFSFOUJBUJPO PG IFNBUPQPJFUJD TUFN
DFMMT UP MZNQIPJE PS NZFMPJE DFMMT <���>� 5IF .:$ BTTPDJBUFE GBDUPS 9 	."9
 JT B USBOTDSJQUJPO
GBDUPS UIBU GPSNTEJêFSFOU LJOET PG IPNP� BOEIFUFSPEJNFSTXJUI PUIFS USBOTDSJQUJPOBM SFHVMBUPST
MJLF.:$
./5
 PS.9*� BOEXIJDI JT JOWPMWFE JO SFHVMBUJPO PG DFMM QSPMJGFSBUJPO
 EJêFSFOUJBUJPO

BOE BQPQUPTJT <���>�
5IFTF SFTVMUT JOEJDBUF UIBU NBOZ PG UIF FTTFOUJBM SFHVMBUPST BDUJWF JO CMBTUFNBM TVCUZQF 85T BSF
JOWPMWFE JO UIF SFHVMBUJPO PG TUFN DFMMT BOE IFODF BSF MJLFMZ UP JOEVDF UIF TUFN�MJLF DIBSBDUFS BOE
QPUFOUJBMMZ UIF BHHSFTTJWFOFTT PG CMBTUFNBM 85T� 5P WBMJEBUF UIJT IZQPUIFTJT
 XF JOWFTUJHBUFE
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UIF DISPNBUJO TJHOBMJOH OFUXPSL PG NPVTF &NCSZPOJD 4UFN $FMMT 	&4$T
 <���>� 5IF OFUXPSL
DPOUBJOT NBOZ PG UIF UPQ SFHVMBUPST JEFOUJaFE CZ 3&(("&
 JODMVEJOH 5$'�� 5IF �� HFOFT
CFMPOHJOH UP UIJT OFUXPSL BSF IJHIMZ FOSJDIFE GPS CPUI 3&(("& SFTVMUT MJTUT� .PSFPWFS
 BMM PG
UIPTF HFOFT IBWF CJOEJOH TJUFT GPS 5$'� BOE UIF NBKPSJUZ PG UIPTF HFOFT BMTP TIPXT B TUSPOH
BCTPMVUF DPSSFMBUJPO 	|ρ| > 0.5
 JO HFOF FYQSFTTJPO XJUI 5$'�� *O PSEFS UP DPOaSN UIF SPMF PG
5$'� JO CMBTUFNBM85T
 XF BEEJUJPOBMMZ WFSJaFE UIBU 5$'� UBSHFU HFOFT BSF TJHOJaDBOUMZ FOSJDIFE
JO UIF TFU PG NPTU IJHIMZ FYQSFTTFE HFOFT JO CMBTUFNBM 85T�
5P GVSUIFS TVQQPSU PVS PCTFSWBUJPO PG UIF TUFN DFMM�MJLF DIBSBDUFS PG CMBTUFNBM 85T
 XF
QFSGPSNFE B DPNQBSJTPO PG IJTUPOF NBSLT JO FNCSZPOJD TUFN DFMMT BOE8JMNT UVNPS DFMMT� )FSF

PVS SFTVMUT JOEJDBUF UIBU CMBTUFNBM 85 DFMMT TIBSF TFWFSBM DIBSBDUFSJTUJDT XJUI &4$T UIBU BSF OPU
QSFTFOU JO OPO�CMBTUFNBM UVNPS DFMMT� "EEJUJPOBMMZ
 XF PCTFSWFE UIBU 5$'� UBSHFUT BSF BHBJO
TJHOJaDBOUMZ FOSJDIFE JO UIF TFU PG HFOFT XJUI BDUJWBUJOH IJTUPOFNBSLT JO UIFJS QSPNPUFS SFHJPOT�
5IJT SFTVMU SFJOGPSDFT PVS BTTVNQUJPO UIBU 5$'� JT B DSVDJBM SFHVMBUPSZ FMFNFOU JO CMBTUFNBM85T�
1MFBTF SFGFS UP UIF NBOVTDSJQU GPS EFUBJMT PO UIF QFSGPSNFE BOBMZTFT BOE BEEJUJPOBM SFTVMUT�
5P TVNNBSJ[F
 PVS SFTVMUT FNQIBTJ[F UIBU TUFN DFMM�MJLF QSPQFSUJFT BSF B DFOUSBM DIBSBDUFSJTUJD PG
CMBTUFNBM 8JMNT UVNPST BOE NJHIU FWFO GPTUFS UIF JODSFBTFE NBMJHOBODZ BOE DIFNPSFTJTUBODF
PG UIJT UVNPS TVCUZQF� 4QFDJaDBMMZ
 PVS SFTVMUT IJHIMJHIU UIF SPMF PG 5$'� BT B DFOUSBM FMFNFOU JO
B DJSDVJUSZ PG SFHVMBUPSZ BOE FQJHFOFUJD NFDIBOJTNT� "MPOH XJUI 5$'�
 XF JEFOUJaFE TFWFSBM
BEEJUJPOBM CJPNBSLFST UIBU BSF DIBSBDUFSJTUJD PG UIF CMBTUFNBM TVCUZQF� 5IFTF JOTJHIUT DBO
QPUFOUJBMMZ CF VUJMJ[FE UP JNQSPWF EJBHOPTJT
 QSPHOPTJT
 BOE FWFO UIFSBQZ PG QBUJFOUT XJUI8JMNT
UVNPST�

��� /FUXPSL5SBJM � B XFC TFSWJDF GPS JEFOUJGZJOH BOE WJTVBMJ[JOH EFSFHV�
MBUFE TVCOFUXPSLT

5IF SFTVMUT EFTDSJCFE JO UIJT TFDUJPO XFSF QVCMJTIFE JO %� 4UÓDLFM FU BM� /FUXPSL5SBJM � B XFC
TFSWJDF GPS JEFOUJGZJOH BOE WJTVBMJ[JOH EFSFHVMBUFE TVCOFUXPSLT� #JPJOGPSNBUJDT 	����
 ������
EPJ� ��������CJPJOGPSNBUJDT�CUU���� * XBT OPU JOWPMWFE JO UIF JOJUJBM EFWFMPQNFOU PG UIJT XFC
TFSWJDF
 ZFU * IBWF DPOUSJCVUFE UP UIF XFC TFSWJDFrT NBJOUFOBODF FWFS TJODF� %VF UP UIF
GBDU UIBU /FUXPSL5SBJM JT BMTP JOUFHSBUFE XJUI UIF PUIFS UPPMT EFTDSJCFE JO UIJT BOE UIF GPMMPXJOH
DIBQUFST
 XF XJMM CSJFbZ EFTDSJCF UIF GVODUJPOBMJUZ
 CVU SFGFS UIF SFBEFS GPS BEEJUJPOBM EFUBJMT
BOE DBTF TUVEJFT UP UIF BCPWF�NFOUJPOFE NBOVTDSJQU�

5IF EFSFHVMBUJPO PG TJHOBMJOH QBUIXBZT QMBZT B DFOUSBM SPMF JO NBOZ DPNQMFY EJTFBTFT
 BOE
FTQFDJBMMZ JO DBODFS 	DG� $IBQUFS �
� 'PS UIF JEFOUJaDBUJPO BOE FMVDJEBUJPO PG BMUFSFE CJPMPHJDBM
QSPDFTTFT UIBU DIBSBDUFSJ[F B HJWFO QIFOPUZQF
 OVNFSPVT DPNQVUBUJPOBM NFUIPET IBWF CFFO
QSPQPTFE 	DG� 4FDUJPO �����
� 4PNF PG UIFTF NFUIPET GPDVT PO UIF BOBMZTJT PG HFOF TFUT 	DG�
4FDUJPOT ������� BOE �������

 XIJMF PUIFST BMTP UBLF UIF UPQPMPHZ PG UIF VOEFSMZJOH CJPMPHJDBM
TJHOBMJOH OFUXPSL JOUP BDDPVOU 	DG� 4FDUJPO �������
�
8IJMF (FOF5SBJM� 	DG� 4FDUJPO ���
 QSPWJEFT BO FBTZ�UP�VTF XFC TFSWJDF GPS UIF HFOF TFU CBTFE
BOBMZTJT PG CJPMPHJDBM DBUFHPSJFT BOE QBUIXBZT
 /FUXPSL5SBJM GPDVTFT PO UIF UPQPMPHZ�CBTFE
BOBMZTJT PG BMUFSFE QBUIPMPHJD QSPDFTTFT� 5IF /FUXPSL5SBJM XFC TFSWJDF FOBCMFT VTFST UP EFUFDU
UIF NPTU EFSFHVMBUFE QBUIXBZT BOE TVCHSBQIT JO CJPMPHJDBM OFUXPSLT�

https://doi.org/10.1093/bioinformatics/btt204
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����� 8PSLbPX BOE GVODUJPOBMJUZ
"O PWFSWJFX PG UIF BOBMZTJT XPSLbPX XJUIJO /FUXPSL5SBJM JT TIPXO JO 'JHVSF �����

Preprocessing ResultsAnalysisInput

Score

list

TSV

z-score
Fold change

t-test

Entity-level statisticsData

matrix

TSV
GEO

Transformation

|x| x2

FiDePa
Subgraph ILP

KEGG
Reactome

Network

analysis

Network

visualization

OnGraX
Cytoscape JS

BiNA

…

SIF
NA

'JHVSF ���� /FUXPSL5SBJM XPSLbPX� *OQVU 	BOE PVUQVU
 EBUB GPSNBUT BSF JOEJDBUFE CZ UIF qaMFr JDPO
 VTFE
EBUBCBTFT CZ B qEBUBCBTFr JDPO
 BOE TUBUJTUJDBM BT XFMM BT DPNQVUBUJPOBM NFUIPET CZ B HFBS XIFFM� #J/"�
#JPMPHJDBM /FUXPSL "OBMZ[FS
 (&0� (FOF &YQSFTTJPO 0NOJCVT
 ,&((� ,ZPUP &ODZDMPQFEJB PG (FOFT BOE(FOPNFT

/"� /PEF "UUSJCVUF aMF
 4*'� 4JNQMF *OUFSBDUJPO 'JMF
 547� 5BC�4FQBSBUFE 7BMVFT� 5IF EJTQMBZFE JDPOT XFSF PCUBJOFE
GSPN <��>�

4JNJMBS UP UIF XFC TFSWJDFT QSFTFOUFE JO UIF QSFWJPVT TFDUJPOT
 UIF BOBMZTFT DPOEVDUFE CZ
/FUXPSL5SBJM BSF CBTFE PO EJêFSFOUJBM HFOF FYQSFTTJPO� 6TFST DBO FJUIFS QSPWJEF TDPSFT PG
EJêFSFOUJBM HFOF FYQSFTTJPO JO UIF GPSN PG B TDPSF aMF PS QSPWJEF B HFOF FYQSFTTJPO NBUSJY
	DG� 4FDUJPO �����
� *O UIF MBUUFS DBTF
 VTFST DBO DIPPTF GSPN B WBSJFUZ PG FOUJUZ�MFWFM TUBUJTUJDT
UP DPNQVUF EFSFHVMBUJPO TDPSFT QFS HFOF 	DG� 5BCMF "��
� 5IFTF TDPSFT DBO PQUJPOBMMZ CF
USBOTGPSNFE VTJOH CBTJD PQFSBUJPOT MJLF UBLJOH UIF BCTPMVUF WBMVF�
*O B OFYU TUFQ
 UIF TDPSFT PG EFSFHVMBUJPO QFS HFOF BSF NBQQFE POUP UIF OPEFT PG B
TJHOBMJOH OFUXPSL EFSJWFE GSPN ,&(( <���> 	DG� 4FDUJPO �����
� 'PS UIF DPNQVUBUJPO PG
UIF NPTU EFSFHVMBUFE TVCOFUXPSL
 /FUXPSL5SBJM QSPWJEFT UXP BMHPSJUINT� BO *OUFHFS -JOFBS
1SPHSBNNJOH 	*-1
 GPSNVMBUJPO QSPQPTFE CZ #BDLFT FU BM� <���> BOE UIF 'J%F1B BMHPSJUIN
EFWJTFE CZ ,FMMFS FU BM� <���>� %FUBJMT PO CPUI NFUIPET DBO CF GPVOE JO 4FDUJPO ��������
5IF DPNQVUFE EFSFHVMBUFE TVCHSBQIT DBO CF WJTVBMJ[FE JO UISFFXBZT� 	J
 EJSFDUMZ JO UIF CSPXTFS
VTJOH B WJTVBMJ[BUJPO CBTFE PO $ZUPTDBQF�KT <���>
 	JJ
 JO B OFX CSPXTFS UBC WJB UIF 0O(SB9
HSBQI WJTVBMJ[BUJPO UPPM <���>
 PS 	JJJ
 MPDBMMZ PO UIF VTFSrT DPNQVUFS WJB B +BWB XFC TUBSU
QSPWJEFE CZ UIF #JPMPHJDBM /FUXPSL "OBMZ[FS 	#J/"
 <���>� 'JOBMMZ
 B SFQSFTFOUBUJPO PG UIF
SFTVMUJOH TVCHSBQI JO UIF GPSNPG �
� 	4JNQMF *OUFSBDUJPO 'PSNBU
 BOE �� 	/PEF"UUSJCVUF
 aMFT
	DG� 4FDUJPO "����
 DBO CF EPXOMPBEFE GPS PìJOF VTBHF BOE WJTVBMJ[BUJPO JO HSBQI WJTVBMJ[BUJPO
UPPMT MJLF UIF TUBOEBMPOF WFSTJPO PG $ZUPTDBQF <���>�
" DBTF TUVEZ VTJOH UIF /FUXPSL5SBJM GVODUJPOBMJUZ BOE BEEJUJPOBM EFUBJMT PO UIF DPSSFTQPOEJOH
WJTVBMJ[BUJPO VTJOH #J/" XJMM CF QSFTFOUFE JO $IBQUFS ��





5
%SVH5BSHFU*OTQFDUPS

.BJO QBSUT PG UIJT DIBQUFS BSF QVCMJTIFE JO -� 4DIOFJEFS
 %� 4UÓDLFM
 5� ,FIM FU BM�
%SVH5BSHFU*OTQFDUPS� "O BTTJTUBODF UPPM GPS QBUJFOU USFBUNFOU TUSBUJaDBUJPO� *OUFSOBUJPOBM
+PVSOBM PG $BODFS 	����
 ������ EPJ� ��������JKD������� 5IF %SVH5BSHFU*OTQFDUPS XFC TFSWJDF
XBT QSFEPNJOBOUMZ EFWFMPQFE CZ NZTFMG� *U JT CBTFE PO UIF (SBWJUPO TPGUXBSF BSDIJUFDUVSF
EFWJTFE CZ %BOJFM 4UÓDLFM BOE 5JN ,FIM�

.BOZ DPNQMFY EJTFBTFT
 BOE FTQFDJBMMZ DBODFS
 BSF DBVTFE CZ HFOFUJD BOE NPMFDVMBS BCFSSBUJPOT
UIBU FNFSHF JO BO FWPMVUJPOBSZ NBOOFS BOE NBOJGFTU JO WBSJPVT XBZT JO UIF NPMFDVMBS
 DFMMVMBS

BOE VMUJNBUFMZ QIFOPUZQJD DIBSBDUFSJTUJDT PG UIF EJTFBTF <���>� %VF UP UIF HFOFUJD BOE NPMFDVMBS
IFUFSPHFOFJUZ PG UVNPST
 BOE UIF GBDU UIBU DBODFSPVT DMPOBM FWPMVUJPO DBO SBQJEMZ JOEVDF ESVH
SFTJTUBODF
 UIF USFBUNFOU PG DBODFS JT TUJMM B HSBOE DIBMMFOHF� 5IF JOUSJOTJDBMMZ QPTJUJWF GBDU UIBU
UIF OVNCFS PG DIFNPUIFSBQFVUJD BHFOUT JT TUFBEJMZ HSPXJOH 	DVSSFOUMZ UIFSF BSF NPSF UIBO ���
'%"�BQQSPWFE BOUJDBODFS ESVHT

 IPXFWFS
 SFOEFST UIF TFBSDI GPS BO PQUJNBM USFBUNFOU FWFO
NPSF EJëDVMU
 JO QBSUJDVMBS
 JG B DPNCJOBUJPO UIFSBQZ JT SFRVJSFE� )FODF
 JO PSEFS UP EFUFSNJOF
BO PQUJNBM USFBUNFOU GPS B HJWFO UVNPS
 BO JO�EFQUI DIBSBDUFSJ[BUJPO PG UIF UVNPSrT HFOFUJD BOE
QIFOPUZQJD NBLFVQ DBO QSPWJEF B TPVOE CBTJT GPS EFDJTJPO�NBLJOH�

��� 3FMBUFE XPSL

*O PSEFS UP TVQQPSU TZTUFNTNFEJDJOF BOE USBOTMBUJPOBM SFTFBSDI
 TFWFSBM CJPJOGPSNBUJDTNFUIPET
BOE UPPMT IBWF FNFSHFE PWFS UIF MBTU ZFBST UIBU BQQSPBDI UIF QBUIPMPHJDBM BOE QIBSNBDPMPHJDBM
EFQFOEFODJFT JO DPNQMFY EJTFBTFT GSPN WBSJPVT BOHMFT� 5IF %SVH�(FOF *OUFSBDUJPO EBUBCBTF
	%(*EC
 <���> DPNCJOFT JOGPSNBUJPO GSPN TFWFSBM EBUBCBTFT MJLF %SVH#BOL <���>
 1IBSN(,#
<���>
 PS $BODFS$PNNPOT <���> UP JEFOUJGZ UIPTF ESVHT UIBU UBSHFU HFOFT JO B VTFS�QSPWJEFE
HFOF TFU� 4JNJMBSMZ
 UIF 4FBSDI 5PPM GPS *O5FSBDUJPOT PG $)FNJDBMT 	45*5$)
 <���> QSPWJEFT
JOGPSNBUJPO PO ESVH�UBSHFU JOUFSBDUJPOT
 XIJDI BSF SBUFE CZ B DPOaEFODF TDPSF UIBU JT CBTFE PO
UIF PDDVSSFODF PG UIF SFTQFDUJWF JOUFSBDUJPO JO PUIFS EBUBCBTFT
 UIF SFTVMUT PG JO�WJUSP FYQFSJNFOUT

BOE UIF MJUFSBUVSF� 5IF XFC TFSWJDF DBO4"3 <���> DPNCJOFT CJPMPHJDBM
 QIBSNBDPMPHJDBM
 BOE
DIFNJDBM EBUB XJUI CJPMPHJDBM OFUXPSL UPQPMPHJFT UP GBDJMJUBUF IZQPUIFTJT HFOFSBUJPO GPS ESVH
EFWFMPQNFOU� 3FDFOUMZ
 %SVH5BSHFU1SPaMFS IBT CFFO QSFTFOUFE <���>
 B WJTVBM BOBMZUJDT UPPM
GPS UIF JOUFSBDUJWF BOBMZTJT BOE FYQMPSBUJPO PG ESVH�UBSHFU JOUFSBDUJPO OFUXPSLT PCUBJOFE GSPN
UIF BVUIPSTr PXO PQFO EBUB DSPXETPVSDJOH QPSUBM GPS UIF BOOPUBUJPO PG NPMFDVMFT BT ESVH
UBSHFUT <���>� )PXFWFS
 BMM PG UIFTF UPPMT MBDL UIF JOUFHSBUJPO PG UVNPS�TQFDJaD HFOPNJDT PS
USBOTDSJQUPNJDT EBUB�

��

https://doi.org/10.1002/ijc.29897
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5IF DPOUJOVPVT EFWFMPQNFOU PG IJHI�UISPVHIQVU FYQFSJNFOUBM UFDIOJRVFT
 XIJDI BMMPX GPS UIF
NPMFDVMBS DIBSBDUFSJ[BUJPO PG EJTFBTFT BU BO JODSFBTJOH SFTPMVUJPO 	DG� 4FDUJPO ���

 IBT FOBCMFE
UIF EFWFMPQNFOU PG B WBSJFUZ PG UPPMT UIBU VUJMJ[F NPMFDVMBS EBUB UP FMVDJEBUF USFBUNFOU PQUJPOT�
5IF $POOFDUJWJUZ.BQ <���> BOE JUT TVDDFTTPS
 UIF -JCSBSZ PG *OUFHSBUFE /FUXPSL�CBTFE $FMMVMBS
4JHOBUVSFT 	-*/$4
 <���>
 QSPWJEF DPMMFDUJPOT PG HFOF FYQSFTTJPO QSPaMFT GSPN OVNFSPVT
IVNBO DFMM MJOFT
 XIJDI XFSF USFBUFE XJUI B WBSJFUZ PG QFSUVSCJOH BHFOUT
 JODMVEJOH NPSF UIBO
�
��� EJTUJODU CJPBDUJWF TNBMM NPMFDVMFT� 6TFS�QSPWJEFE RVFSZ TJHOBUVSFT 	HFOF FYQSFTTJPO
QSPaMFT
 DBO CF VQMPBEFE BOE DPNQBSFE UP BMM SFGFSFODF FYQSFTTJPO QSPaMFT VTJOH (FOF 4FU
&OSJDINFOU "OBMZTJT 	(4&"
 	DG� 4FDUJPO �������
� #Z UIJT
 UIPTF QFSUVSCBHFOT UIBU BSF NPTU
TUSPOHMZ DPSSFMBUFE PS BOUJ�DPSSFMBUFE XJUI UIF RVFSZ DBO CF JEFOUJaFE� 5IF $POOFDUJWJUZ.BQ
JT
 BNPOHTU PUIFST
 VTFE CZ UIF UPPM %SVH1BJS4FFLFS <���> UP QSFEJDU PQUJNBM QBJST PG ESVHT UIBU
QPUFOUJBMMZ qSF�SFHVMBUFr DBODFSPVT HFOF FYQSFTTJPO QSPaMFT UPXBSET HFOF FYQSFTTJPO QBUUFSOT PG
IFBMUIZ DFMMT�
"OPUIFS DMBTT PG UPPMT USJFT UP JNQSPWF USFBUNFOU TFMFDUJPO WJB UIF JOWFTUJHBUJPO PG EFSFHVMBUFE
QBUIXBZ BOE OFUXPSL TUSVDUVSFT� 5IF $ZUPTDBQF QMVHJO 0$4"/" <���> BJNT BU TFMFDUJOH BO
PQUJNBM BOE NJOJNBM DPNCJOBUJPO PG JOUFSWFOUJPOT UIBU EJTSVQU BMM SFHVMBUPSZ BOE TJHOBMJOH
QBUIXBZT UIBU FYJTU CFUXFFO UXP HFOF TFUT PG JOUFSFTU� 5IFTF TFUT DPVME
 GPS FYBNQMF
 CF B TFU
PG HFOFT XJUI HFOPNJD BCFSSBUJPOT BOE B TFU PG HFOFT UIBU TIPX EJêFSFOUJBM FYQSFTTJPO� 0UIFS
UPPMT TFFL UP TJNVMBUF UIF CFIBWJPS PG DBODFS DFMMT BOE IFODF UIFJS SFBDUJPO UP UIFSBQFVUJD BHFOUT�
*BEFWBJB FU BM� <���> BJN BU JEFOUJGZJOH PQUJNBM ESVH DPNCJOBUJPOT CZ USBDJOH TJHOBMJOH DBTDBEFT
VTJOH QIPTQIPQSPUFPNJDT EBUB� 5IF 0ODPTJNVMBUPS <���> DPNCJOFT DMJOJDBM BOE NPMFDVMBS EBUB
UP TJNVMBUF B UVNPSrT SFTQPOTF UP USFBUNFOU XJUI B ESVH
 JODMVEJOH UPYJDPMPHJDBMMZ SFMFWBOU TJEF
FêFDUT� 0UIFS BQQSPBDIFT QSFEJDU UIF SFTQPOTF PG DBODFS DFMMT UP ESVH USFBUNFOU CZ QPQVMBUJPO
NPEFMJOH PG %BSXJOJBO FWPMVUJPO <���
 ���>�
" NBKPS GBDUPS FYQMBJOJOH UIF EJêFSFODFT JO ESVH SFTQPOTFT CFUXFFO UVNPST PG UIF TBNF UZQF

BOE FWFO TVCUZQF
 BSF UIF HFOPNJD BMUFSBUJPOT UIBU ESJWF UIF EJTFBTF� "DDPSEJOHMZ
 HFOPNJD
BMUFSBUJPOT BSF BMTP VTFE CZ TFWFSBM UPPMT UP QSFEJDU USFBUNFOU PVUDPNF� " DPNQSFIFOTJWF
SFTPVSDF GPS UIF FMVDJEBUJPO PG QIBSNBDPHFOPNJD JOUFSBDUJPOT 	J�F�
 NVUBUJPOT UIBU BêFDU UIF
FëDBDZ PG B ESVH
 JT UIF (FOPNJDT PG %SVH 4FOTJUJWJUZ JO $BODFS EBUBCBTF 	(%4$����

<���
 ���>� 4JNJMBS JOGPSNBUJPO XJUI B GPDVT PO ESVH UBSHFUT JT QSPWJEFE CZ UIF $BODFS
%SVH 3FTJTUBODF EBUBCBTF 	$BODFS%3
 <���>
 XIJDI DPOUBJOT QIBSNBDPMPHJDBM QSPaMFT PG ���
BOUJDBODFS ESVHT BDSPTT ��� DFMM MJOFT
 JODMVEJOH LOPXO NVUBUJPOT BOE UIFJS FêFDU PO USFBUNFOU
SFTQPOTF� *O ����
 UIF %JBMPHVF PO 3FWFSTF &OHJOFFSJOH "TTFTTNFOU BOE .FUIPET 	%3&".

QSPKFDU QSFTFOUFE B DIBMMFOHF UP QSFEJDU UIF ESVH TFOTJUJWJUZ PG WBSJPVT CSFBTU DBODFS DFMM MJOFT
<���>� 5IF QBSUJDJQBOUrT BQQSPBDIFT SBOHFE GSPN QSJODJQBM DPNQPOFOU BOBMZTJT PWFS SFHSFTTJPO
USFFT UP FOTFNCMF NFUIPET� 5IF CFTU�QFSGPSNJOH UFBN VTFE B #BZFTJBO NVMUJUBTL NVMUJQMF
LFSOFM MFBSOJOH NFUIPE <���>� #FTJEFT UIF NFSF QSFEJDUJPO PG ESVH TFOTJUJWJUZ
 UIFSF BSF BMTP
OVNFSPVT BQQSPBDIFT UIBU BJN BU HFOFSBUJOH NFDIBOJTUJD JOTJHIUT JOUP UIF NPMFDVMBS QSPDFTTFT
BOE EFQFOEFODJFT UIBU JOGPSN ESVH TFOTJUJWJUZ� 'PS FYBNQMF
 "CFO FU BM� EFWJTFE 5"/%&.
 B
UXP�TUBHF FMBTUJD OFU SFHSFTTJPO
 XIJDI DPNCJOFT HFOPNJDT BOE USBOTDSJQUPNJDT EBUB UP JEFOUJGZ
NPMFDVMBS LFZ QMBZFST QSFEJDUJWF GPS ESVH SFTQPOTF <���>� 4JNJMBSMZ
 JO -0#*$0
 MPHJD NPEFMT PG
DPNCJOBUJPOT PG NPMFDVMBS BCFSSBUJPOT BSF EFSJWFE GSPN UIF (%4$���� EBUB TFU <���>�



��� 8PSLbPX BOE GVODUJPOBMJUZ ��

*O PSEFS UP TVQQPSU TZTUFNT NFEJDJOF BOE USBOTMBUJPOBM SFTFBSDI
 XF IBWF EFWFMPQFE
%SVH5BSHFU*OTQFDUPS 	%5*

 BO JOUFSBDUJWF BTTJTUBODF UPPM UIBU QSPWJEFT SJDI GVODUJPOBMJUZ GPS
UIF JOUFHSBUJWF BOBMZTJT PG UVNPS�TQFDJaD PNJDT EBUB TFUT� *O PSEFS UP SFWFBM UIF DIBSBDUFSJTUJDT PG
B HJWFO UVNPS
 %5* BOBMZ[FT BOE JOUFHSBUFT HFOPNJDT
 USBOTDSJQUPNJDT
 BOE QSPUFPNJDT EBUB TFUT

XIFSF HFOPNJDT EBUB TFUT QSPWJEF JOGPSNBUJPO PO HFOFUJD BMUFSBUJPOT 	DG� 4FDUJPO �����
� 5IFTF
BMUFSBUJPOT DBO BêFDU UIF FMJHJCJMJUZ PG UIFSBQZ PQUJPOT JO EJêFSFOU XBZT� 0O UIF POF TJEF
 ESJWFS
NVUBUJPOT JOEVDF UIF EFSFHVMBUJPO PG DFSUBJO QSPDFTTFT BOE QBUIXBZT BOE IFODF UIF LOPXMFEHF
PG TVDI NVUBUJPOT BOE UIF JOEVDFE QBUIXBZ BDUJWJUJFT JT JNQPSUBOU GPS EFDJTJPOT PO 	UBSHFUFE

UIFSBQJFT� 0O UIF PUIFS TJEF
 NVUBUJPOT DBO NBLF UIFSBQJFT JOFêFDUJWF PS SFEVDF UIFJS FëDBDZ�
5P BDDPVOU GPS UIFTF EFQFOEFODJFT
 NVUBUJPO EBUB DBO CF VQMPBEFE UP %5* BOE
 CBTFE PO UIF
(%4$���� EBUBCBTF
 %5* BOOPUBUFT HJWFO NVUBUJPOT XJUI UIFJS QIBSNBDPHFOPNJD FêFDUT BDSPTT
B MBSHF QBOFM PG ESVHT 	DG� 4FDUJPO �������
� 5SBOTDSJQUPNJDT BOE QSPUFPNJDT EBUB TFUT DBO CF VTFE
UP JEFOUJGZ EFSFHVMBUFE TJHOBMJOH QBUIXBZT BOEQSPDFTTFT� 5P UIJT FOE
 %5* QFSGPSNT FOSJDINFOU
BOBMZTFT PO B MBSHF TFU PG QBUIXBZT EFSJWFE GSPN B WBSJFUZ PG EBUBCBTFT 	DG� 4FDUJPO �������
�
#BTFE PO UIFTF QBUIXBZ BDUJWJUJFT BOE UIF DPSSFTQPOEJOH JOGPSNBUJPO PO NVUBUJPOT
 QVUBUJWF
UBSHFU QBUIXBZT
 ESVH UBSHFUT BOE UIFJS DPSSFTQPOEJOH ESVHT DBO CF JEFOUJaFE� %5* BMTP
EFUFSNJOFT JG UIFTF ESVH UBSHFUT BSF EFSFHVMBUFE BOE PêFST GVODUJPOBMJUZ UP EFUFSNJOF UIFJS
FêFDU PO EPXOTUSFBN QSPDFTTFT� 5P UIJT FOE
 %5* QFSGPSNT B TVCHSBQI BOBMZTJT
 XIJDI SFWFBMT
UIF NPTU EFSFHVMBUFE TVCOFUXPSL SPPUFE JO B ESVH UBSHFU PG JOUFSFTU 	DG� 4FDUJPO �������
� 5IF
TVCOFUXPSL JT WJTVBMJ[FE BMPOH XJUI JUT DPSSFTQPOEJOH HFOF FYQSFTTJPO EBUB
 XIJDI BMMPXT GPS
B WJTVBM BTTFTTNFOU PG IPX UIF EPXOTUSFBN NPMFDVMFT NJHIU CF JObVFODFE CZ UIF SPPU OPEF�
%SVH5BSHFU*OTQFDUPS JT BMTP GVMMZ JOUFHSBUFE XJUI JUT TJTUFS QSPKFDUT (FOF5SBJM� 	DG� 4FDUJPO ���


3FHVMBUPS5SBJM 	DG� 4FDUJPO ���

 BOE /FUXPSL5SBJM 	DG� 4FDUJPO ���
� *O TVNNBSZ
 UIJT QSPWJEFT
B QPXFSGVM JOUFHSBUFE UPPM TVJUF GPS DBODFS UIFSBQZ TUSBUJaDBUJPO CZ QSPWJEJOH JO�EFQUI BOBMZTFT
PG UVNPS PNJDT EBUB TFUT BOE B DIBSBDUFSJ[BUJPO PG WBSJPVT BTQFDUT PG EZTSFHVMBUJPO JO UIF UVNPS

NBLJOH %5* B WBMVBCMF BEEJUJPO UP FYJTUJOH DMJOJDBM EFDJTJPO�TVQQPSU TZTUFNT� %5* DBO CF GSFFMZ
BDDFTTFE BU #//+.΂ζζ�/$΀�$*$)!΀0)$Ζ.�΀� �

*O UIF TVCTFRVFOU TFDUJPOT
 XF XJMM aSTU HJWF BO PWFSWJFX PG %5*rT XPSLbPX BOE GVODUJPOBMJUZ
	4FDUJPO ���

 GPMMPXFE CZ UISFF DBTF TUVEJFT IJHIMJHIUJOH %5*rT QPUFOUJBM UP GPTUFS USFBUNFOU
EFDJTJPO�NBLJOH BOE USBOTMBUJPOBM SFTFBSDI 	4FDUJPO ���
�

��� 8PSLbPX BOE GVODUJPOBMJUZ

5IF JEFOUJaDBUJPO PG UVNPS�TQFDJaD DIBSBDUFSJTUJDT UIBU DBO TFSWF BT B TPVOE CBTJT GPS USFBUNFOU
TUSBUJaDBUJPO SFRVJSFT 	J
 UIF JOUFHSBUJPO PG B CSPBE SBOHF PG IFUFSPHFOFPVT PNJDT EBUB TFUT
BOE EBUBCBTFT
 	JJ
 UIF EFWFMPQNFOU PG QPXFSGVM TUBUJTUJDBM NFUIPET GPS UIF BOBMZTJT PG IJHI�
EJNFOTJPOBM BOE OPJTZ EBUB
 BOE 	JJJ
 UIF HFOFSBUJPO PG FYQMPSBUJWF UPPMT UIBU QSPWJEF JOUVJUJWF
WJTVBMJ[BUJPOT PG SFMFWBOU SFTVMUT� 'PS UIF JEFOUJaDBUJPO PG UVNPS�TQFDJaD DIBSBDUFSJTUJDT SFMFWBOU
GPS BO PQUJNBM USFBUNFOU TUSBUJaDBUJPO
 %5* JOUFHSBUFT HFOPNJDT BOE NPMFDVMBS EBUB XJUI B
QSJPSJ CJPMPHJDBM
 QIBSNBDPMPHJDBM
 BOE NFEJDBM LOPXMFEHF� #BTFE PO UIFTF EBUB
 TFWFSBM
DPNQMFNFOUBSZ BOBMZTFT BSF QFSGPSNFE
 FBDI PG XIJDI ZJFMET B EJêFSFOU WJFX PO UIF UVNPS
VOEFS JOWFTUJHBUJPO� 'JHVSF ��� QSPWJEFT BO PWFSWJFX PG %5*rT XPSLbPX�

https://dti.bioinf.uni-sb.de
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'JHVSF ��� %SVH5BSHFU*OTQFDUPS XPSLbPX� 5IF CPY CPSEFS DPMPST DPSSFTQPOE UP UIF UZQF PG EBUB VTFE JO UIF
DPSSFTQPOEJOH TUFQ PS BOBMZTJT� 3FE� NVUBUJPO EBUB
 CMVF� HFOF FYQSFTTJPO EBUB� 1MFBTF OPUF UIBU UIF UFSN qHFOF
FYQSFTTJPOr IFSF DPWFST N3/" FYQSFTTJPO
 NJ3/" FYQSFTTJPO
 BT XFMM BT QSPUFJO MFWFMT� 5IF HSFFO CPSEFS DPMPS JO
UIF MBTU DPMVNO TUBOET GPS SFTVMUT BOE QPUFOUJBM BOBMZTJT FOEQPJOUT� *OQVU 	PS PVUQVU
 EBUB GPSNBUT BSF JOEJDBUFE
CZ UIF qaMFr JDPO
 VTFE EBUBCBTFT CZ B qEBUBCBTFr JDPO
 BOE TUBUJTUJDBM BT XFMM BT DPNQVUBUJPOBM NFUIPET CZ B
HFBS XIFFM� "$4� "NFSJDBO $BODFS 4PDJFUZ
 #J/"� #JPMPHJDBM /FUXPSL "OBMZ[FS
 (%4$����� (FOPNJDT PG %SVH
4FOTJUJWJUZ JO $BODFS
 (&0� (FOF &YQSFTTJPO 0NOJCVT
 (4&"� (FOF 4FU &OSJDINFOU "OBMZTJT
 *-1� *OUFHFS -JOFBS
1SPHSBNNJOH
 ,&((� ,ZPUP &ODZDMPQFEJB PG (FOFT BOE (FOPNFT
 /"� /PEF "UUSJCVUF aMF
 4*'� 4JNQMF *OUFSBDUJPO
'JMF
 547� 5BC�4FQBSBUFE 7BMVFT
 7$'� 7BSJBOU $BMM 'PSNBU
 7&1� 7BSJBOU &őFDU 1SFEJDUPS� 5IF JDPOT JO UIJT aHVSF XFSF
PCUBJOFE GSPN <��>�
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%SVH5BSHFU*OTQFDUPS 	%5*
 JODPSQPSBUFT WBSJPVT EBUBCBTFT
 JODMVEJOH HFOF POUPMPHJFT
 SFHVMB�
UPSZ OFUXPSL EBUBCBTFT
 TQFDJBMJ[FE EBUBCBTFT PO NJ3/"T BOE USBOTDSJQUJPO GBDUPST
 QIBSNB�
DPMPHJDBM EBUBCBTFT
 BOE DMJOJDBM EFDJTJPO HVJEFMJOFT
 XIJDI BSF EFTDSJCFE JO 4FDUJPO ������ *O
4FDUJPO �����
 UIF EJêFSFOU EBUB UZQFT BOE DPSSFTQPOEJOH aMF GPSNBUT UIBU DBO CF VQMPBEFE UP
%5* BSF TQFDJaFE� 5IF WBSJFUZ PG BOBMZTJT UPPMT QSPWJEFE CZ %5* JT TLFUDIFE JO 4FDUJPO �����

GPMMPXFE CZ B EFTDSJQUJPO PG UIF WJTVBMJ[BUJPO PG UIF BOBMZTJT SFTVMUT JO 4FDUJPO ������

����� *OUFHSBUFE EBUBCBTFT

%SVH5BSHFU*OTQFDUPS JODPSQPSBUFT WBSJPVT EBUBCBTFT
 SBOHJOH GSPN HFOF POUPMPHJFT BOE
SFHVMBUPSZ OFUXPSL EBUB PWFS QIBSNBDPMPHJDBM EBUB UP DMJOJDBM EFDJTJPO HVJEFMJOFT� 'PS
JOGPSNBUJPO PO HFOFT BOE UIF GVODUJPOBM DBUFHPSJFT UIFZ CFMPOH UP
 XF FNQMPZ /$#* (FOF
<���> BOE (0 <���>� 5IF ,ZPUP &ODZDMPQFEJB PG (FOFT BOE (FOPNFT 	,&((
 DG� 4FDUJPO �����

<���> QSPWJEFT JOGPSNBUJPO PO SFHVMBUPSZ TJHOBMJOH DBTDBEFT BOE UIFJS UPQPMPHJFT� *O PSEFS UP
NBQ NJ3/"T BOE USBOTDSJQUJPO GBDUPST UP UIF HFOFT UIFZ BêFDU
 XF JODPSQPSBUF NJ35BS#BTF
<���> BOE 53"/4'"$ <���>� 1IBSNBDPMPHJDBM EBUB BSF PCUBJOFE GSPN %SVH#BOL <���>
 XIJDI
QSPWJEFT DPNQSFIFOTJWF JOGPSNBUJPO PO UIFSBQFVUJD BHFOUT BOE UIFJS SFTQFDUJWF ESVH UBSHFUT 	DG�
4FDUJPO �����
� /PU POMZ HFOPNJD WBSJBUJPOT JO B ESVHrT NPMFDVMBS UBSHFU
 CVU BMTP NVUBUJPOT
VOSFMBUFE UP UIF BDUVBM UBSHFU DBO BêFDU B ESVHrT FëDBDZ 	F�H�
 BDUJWBUJOH NVUBUJPOT EPXOTUSFBN
PG B SFDFQUPS UIBU JT UBSHFUFE CZ BO JOIJCJUPS
� 5P UIJT FOE
 %5* FNQMPZT UIF (FOPNJDT PG
%SVH 4FOTJUJWJUZ JO $BODFS EBUBCBTF 	(%4$����
 <���> BOE 1IBSN(,# <���>
 XIJDI DPOUBJO
JOGPSNBUJPO PO QIBSNBDPHFOPNJD JOUFSBDUJPOT GPS B XJEF SBOHF PG ESVHT� %5* BMTP QSPWJEFT
JOGPSNBUJPO BCPVU TUBOEBSE�PG�DBSF USFBUNFOUT BOE USFBUNFOU EFDJTJPO HVJEFMJOFT GPS DBODFS�
5IFSF BSF TFWFSBM HVJEFMJOFT BWBJMBCMF JO UIF 6OJUFE 4UBUFT <���> BOE JO &VSPQF <���
 ���> UIBU
BSF TVCTUBOUJBMMZ PWFSMBQQJOH� " MJTU PG �� DBODFS TVCUZQFT BOE UIFJS SFTQFDUJWF SFDPNNFOEFE
USFBUNFOUT XBT PCUBJOFE GSPN UIF "NFSJDBO $BODFS 4PDJFUZ 	"$4
 <���>� 'PS �� PG UIFTF
TVCUZQFT
 JOGPSNBUJPO BCPVU UBSHFUFE USFBUNFOU PQUJPOT XBT QSPWJEFE�

����� 5VNPS�TQFDJaD JOQVU EBUB

%SVH5BSHFU*OTQFDUPS FOBCMFT UIF VQMPBE PG PNJDT EBUB JO TFWFSBM aMF GPSNBUT� 5SBOTDSJQUPNJDT
EBUB 	N3/"�NJ3/"
 BOE QSPUFPNJDT EBUB DBO CF VQMPBEFE BT UBC�EFMJNJUFE TDPSF aMFT 	���
�
"EEJUJPOBMMZ
 XF TVQQPSU UIF VQMPBE PG 	HFOF
 FYQSFTTJPO NBUSJDFT� &YQSFTTJPO EBUB TFUT GSPN
UIF (FOF &YQSFTTJPO 0NOJCVT 	(&0
 DG� 4FDUJPO �����
 <���> DBO CF JNQPSUFE CZ QSPWJEJOH
JEFOUJaFST GPS (&0 4&SJFT 	���
 aMFT PS (&0 %BUB 4FU 	���
 aMFT� 'PS UIF BOBMZTJT PG HFOFUJD
BMUFSBUJPOT
 NVUBUJPO EBUB DBO CF VQMPBEFE JO 7BSJBOU $BMM 'PSNBU 	���
 DG� 4FDUJPO "����


XIJDI JT B DPNNPO GPSNBU UP EFTDSJCF WBSJBUJPOT JEFOUJaFE JO OFYU�HFOFSBUJPO TFRVFODJOH
FYQFSJNFOUT 	DG� 4FDUJPO �����
 BOE XIJDI JT TVQQPSUFE CZ NBOZ UPPMT GPS WBSJBOU JEFOUJaDBUJPO
MJLF 4".UPPMT <���>
 ("5, <���>
 PS 7BS4DBO� <���> 	DG� 4FDUJPO �������
� %5* TVQQPSUT
OVNFSPVT JEFOUJaFST EFTDSJCJOH CJPMPHJDBM FOUJUJFT JO UIF VQMPBEFE aMFT� &OUSF[(FOF <���>

)(/$ TZNCPMT BOE *%T <���>
 ,&(( <���>
 BOE6OJ1SPU JEFOUJaFST <���> GPS HFOFT BOENJS#BTF
JEFOUJaFST <���> GPS NJ3/"T�
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����� *OUFHSBUFE BOBMZTFT
#BTFE PO HFOF FYQSFTTJPO EBUB PG B UVNPS TBNQMF BOE POF PS TFWFSBM IFBMUIZ DPOUSPMT
 %5* PêFST
WBSJPVT NFUIPET UP DBMDVMBUF TDPSFT PG EJêFSFOUJBM FYQSFTTJPO QFS HFOF� 5IJT GVODUJPOBMJUZ JT
QSFTFOUFE JO 4FDUJPO �������� "MUFSOBUJWFMZ
 VTFST DBO EJSFDUMZ QSPWJEF TDPSF aMFT UIBU EFTDSJCF
UIF EFHSFF PG EFSFHVMBUJPO PG BMM HFOFT 	PS NJDSP3/"T

 XIJDI BSF VTFE BT CBTJT GPS UIF BOBMZTJT
PG EFSFHVMBUFE ESVH UBSHFUT
 QSPDFTTFT
 BOE QBUIXBZT JO UIF GPMMPXJOH� *O PSEFS UP QSPWJEF B
EFUBJMFE WJFX PG UIF HFOFUJD WBSJBUJPOT JO UIF UVNPS
 %5* BOBMZ[FT UIF NVUBUJPOT DPOUBJOFE JO
VQMPBEFE ���aMFT BOE BTTFTTFT UIFJS QIBSNBDPHFOPNJD FêFDUT 	4FDUJPO �������
� .PSFPWFS
 %5*
BOBMZ[FT EFSFHVMBUFE ESVH UBSHFUT 	4FDUJPO �������

 QSPWJEFT B HFOFSBM PWFSWJFX POEFSFHVMBUFE
QSPDFTTFT JO UIF UVNPS 	4FDUJPO �������

 BOE JOWFTUJHBUFT UIF QPUFOUJBM JNQBDU PG UBSHFUFE ESVHT
PO EFSFHVMBUFE QBUIXBZT BOE SFHVMBUPSZ OFUXPSLT 	4FDUJPO �������
�

������� 4DPSJOH BOE QSFQSPDFTTJOH

'PS UIF JOUFHSBUJPO PG UIF UVNPS�TQFDJaD JOQVU EBUB QSPWJEFE CZ VTFST XJUI UIF EBUBCBTF
DPOUFOU PG %5*
 JEFOUJaFST UZQFT IBWF UP CF IBSNPOJ[FE� 5P UIJT FOE
 %5* VTFT (SBWJUPOrT
FMBCPSBUF NBQQJOH GVODUJPOBMJUZ 	DG� 4FDUJPO �����
� "T UIF JOUFSOBM SFQSFTFOUBUJPO PG HFOF� BOE
QSPUFJO�CBTFE FOUJUJFT
 )6(0 HFOF TZNCPMT BSF VTFE
 BOE GPS NJ3/"T
 NJ3#BTF JEFOUJaFST BSF
FNQMPZFE�
*O PSEFS UP JEFOUJGZ DIBSBDUFSJTUJD EFSFHVMBUFE QSPDFTTFT BOE NPMFDVMBS LFZ QMBZFST PG B UVNPS
VOEFS JOWFTUJHBUJPO
 %5* PêFST GVODUJPOBMJUZ GPS UIF DBMDVMBUJPO PG TDPSFT NFBTVSJOH UIF EFHSFF
PG EFSFHVMBUJPO PG BMM HFOFT JO UIF UVNPS UJTTVF JO DPNQBSJTPO UP POF PS TFWFSBM IFBMUIZ TBNQMFT
	F�H�
 PCUBJOFE GSPN UIF IFBMUIZ UJTTVF TVSSPVOEJOH UIF UVNPS
� "GUFS UIF VQMPBE PG B OPSNBMJ[FE
	HFOF
 FYQSFTTJPO NBUSJY 	PS JNQPSU PG B ��� aMF GSPN UIF (&0 EBUBCBTF

 VTFST DBO TFMFDU BOE
BTTJHO TBNQMFT UP B UFTU TFU BOE B SFGFSFODF TFU� 'PS UIFSBQZ TUSBUJaDBUJPO
 UIF UFTU TFU XPVME
VTVBMMZ DPOTJTU PG BO JOEJWJEVBM UVNPS TBNQMF BOE UIF SFGFSFODF TFU TIPVME DPOUBJO IFBMUIZ
DPOUSPM TBNQMF	T
� *O UIJT DBTF
 VTFST DBO VTF 	MPH
 NFBO GPME RVPUJFOUT <���> BT TDPSJOH NFUIPE
UP BTTFTT EJêFSFOUJBM HFOF FYQSFTTJPO� *O UIF DBTF UIBU UIF SFGFSFODF TFU DPOTJTUT PG TFWFSBM TBNQMFT

VTFST DBO BMUFSOBUJWFMZ DIPPTF UIF [�TDPSF <���> BT TDPSJOH NFUIPE� *G SFRVJSFE
 BMTP MBSHFS
TBNQMF HSPVQT DBO CF DPNQBSFE BHBJOTU FBDI PUIFS VTJOH POF PG UIF GPMMPXJOH UFTUT� JOEFQFOEFOU
TISJOLBHF t�UFTU <���>
 JOEFQFOEFOU 4UVEFOUrT t�UFTU <���>
 8JMDPYPO�.BOO�8IJUOFZ UFTU <���>

TJHOBM�UP�OPJTF SBUJP <���>
 F�UFTU <���>
 BOE 	MPH
 NFBO GPME RVPUJFOU <���>�

������� "OBMZTJT PG QIBSNBDPHFOPNJD FőFDUT

	&QJ�
HFOFUJD WBSJBUJPOT
 FTQFDJBMMZ ESJWFS NVUBUJPOT
 QMBZ B DFOUSBM SPMF JO UVNPS JOJUJBUJPO BOE
QSPHSFTTJPO� *O PSEFS UP UBLF UIFTF FêFDUT JOUP BDDPVOU GPS UIF USFBUNFOU EFDJTJPO�NBLJOH
QSPDFTT
 TPNBUJD WBSJBOU EBUB DBO CF BOBMZ[FE JO %5*� 5P UIJT FOE
 ESVH UBSHFUT QPUFOUJBMMZ
BêFDUFE CZ WBSJBUJPOT BOE ESVHT GPS XIJDI QIBSNBDPHFOPNJD FêFDUT IBWF CFFO EFTDSJCFE CZ
(%4$���� BSF IJHIMJHIUFE JO UIF SFTVMUT� *O PSEFS UP BMTP BDDPVOU GPS BCFSSBUJPOT UIBU IBWF
OPU 	ZFU
 CFFO EFTDSJCFE BT QIBSNBDPHFOPNJD
 %5* BMTP BOBMZ[FT UIF JNQBDU PG UIF DPOUBJOFE
WBSJBUJPOT PO UIF QSPUFJO TFRVFODF 	F�H�
 TUPQ HBJOFE
 NJTTFOTF
 GSBNFTIJGU
� 5P UIJT FOE

&OTFNCMrT 7BSJBOU &êFDU 1SFEJDUPS 	7&1
 <���> JT FNQMPZFE 	DG� 4FDUJPO "��
� *O UFSNT PG
USFBUNFOU TUSBUJaDBUJPO
 HFOFUJD WBSJBUJPOT MJLFNVUBUJPOT BOE 4/1T BSF BMTP PG QBSUJDVMBS JOUFSFTU
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BT UIFZ DBO IBWF B NBKPS FêFDU PO UIF UVNPSrT TFOTJUJWJUZ UP DFSUBJO ESVHT <�>� 5P UIJT FOE
 ESVH
UBSHFUT QPUFOUJBMMZ BêFDUFE CZ WBSJBUJPOT BOE ESVHT GPS XIJDI QIBSNBDPHFOPNJD FêFDUT IBWF
CFFO EFTDSJCFE CZ (%4$���� BSF IJHIMJHIUFE JO UIF SFTVMUT�

������� *EFOUJaDBUJPO PG EFSFHVMBUFE ESVH UBSHFUT

"U UIF UJNF PG XSJUJOH
 UIFSF BSF NPSF UIBO ��� '%"�BQQSPWFE BOUJDBODFS ESVHT BWBJMBCMF

XIJDI BSF DIBSBDUFSJ[FE JO EBUBCBTFT MJLF %SVH#BOL <���>� .BOZ PG UIPTF ESVHT IBWF TQFDJaD
NPMFDVMBS UBSHFUT BOE DBO CF FNQMPZFE GPS UBSHFUFE UIFSBQJFT <��
 ���>� %5* PêFST GVODUJPOBMJUZ
GPS JEFOUJGZJOH UIPTF HFOFT UIBU BSF 	J
 EFSFHVMBUFE JO UIF UVNPS VOEFS JOWFTUJHBUJPO
 	JJ
 XIPTF
EFSFHVMBUJPO IBT B TUSPOH FêFDU PO UIF UVNPSrT QIFOPUZQF
 BOE 	JJJ
 UIBU DBO CF UBSHFUFE CZ
LOPXO ESVHT� *O B aSTU TUFQ
 CBTFE PO UIF QSPWJEFE 	PS DPNQVUFE
 TDPSFT PG EFSFHVMBUJPO BOE
ESVH�UBSHFU JOUFSBDUJPOT DPOUBJOFE JO %SVH#BOL
 %5* JEFOUJaFT BMM LOPXO ESVH UBSHFUT UIBU BSF
TJHOJaDBOUMZ EFSFHVMBUFE JO UIF TBNQMF VOEFS JOWFTUJHBUJPO� *O B TFDPOE TUFQ
 %5* BOBMZ[FT UIF
CJPMPHJDBM QBUIXBZT DPOUBJOJOH UIFTF ESVH UBSHFUT 	4FDUJPO �������
 BOE NPMFDVMBS TVCOFUXPSLT
QPUFOUJBMMZ BêFDUFE CZ UIFN 	4FDUJPO �������
�

������� %FUFDUJPO PG EFSFHVMBUFE QSPDFTTFT BOE QBUIXBZT

*O PSEFS UP JOWFTUJHBUF QBUIXBZT BêFDUFE CZ UIF DPOTJEFSFE ESVH UBSHFU
 %5* QFSGPSNT
	VOXFJHIUFE
 (FOF 4FU &OSJDINFOU "OBMZTFT 	DG� 4FDUJPO �������
 GPS BMM ,&(( QBUIXBZT
DPOUBJOJOH UIF DPSSFTQPOEJOH HFOF� 5IF BOBMZTJT JT CBTFE PO UIF TDPSFT PG EFSFHVMBUJPO GPS UIF
HFOFT DPOUBJOFE JO FBDI QBUIXBZ BOE SFWFBMT XIJDI SFHVMBUPSZ QBUIXBZT BSF NPTU BêFDUFE CZ
UIF EJTFBTF BOE QPUFOUJBMMZ BMTP CZ UIF EFSFHVMBUJPO PG UIF ESVH UBSHFUT� 4JHOJaDBOUMZ FOSJDIFE
	PS EFQMFUFE
 QBUIXBZT BSF IJHIMJHIUFE JO UIF SFTVMUT BOE DBO BMTP CF WJTVBMMZ JOTQFDUFE PO UIF
,&(( XFCTJUF�
.PSFPWFS
 JO PSEFS UP HFOFSBMMZ BTTFTT EFSFHVMBUFE QSPDFTTFT JO UIF UVNPS
 XJUIPVU UIF GPDVT
PO B TQFDJaD ESVH UBSHFU
 BEEJUJPOBM (FOF 4FU &OSJDINFOU "OBMZTFT DBO CF OBUJWFMZ QFSGPSNFE
VTJOH (FOF5SBJM�
 XIJDI QSPWJEFT B WBSJFUZ PG EJêFSFOU FOSJDINFOU BMHPSJUINT BOE CJPMPHJDBM
DBUFHPSJFT UP UFTU GPS 	DG� 4FDUJPO ���
�

������� $PNQVUBUJPO PG NPTU�EFSFHVMBUFE TVCOFUXPSL

*O PSEFS UP QSPWJEF BO FWFO NPSF JO�EFQUI WJFX PO UIF SPMF PG EFSFHVMBUFE ESVH UBSHFUT VOEFS
JOWFTUJHBUJPO
 %5* BMTP BTTFTTFT UIF QPUFOUJBM EPXOTUSFBN FêFDUT PG EFSFHVMBUFE ESVH UBSHFUT�
5P UIJT FOE
 UIF ,&(( SFHVMBUPSZ TJHOBMJOH OFUXPSL JT DPOTJEFSFE
 XIPTF OPEFT DPSSFTQPOE UP
HFOFT�QSPUFJOT BOE XIPTF FEHFT EFTDSJCF SFHVMBUPSZ JOUFSBDUJPOT CFUXFFO UIFTF HFOFT�QSPUFJOT
	DG� 4FDUJPO �����
� 5IF BCTPMVUF WBMVFT PG UIF TDPSFT PG EJêFSFOUJBM FYQSFTTJPO
 XIJDI XFSF
DPNQVUFE CZ %5* JO B QSFWJPVT TUFQ
 BSF NBQQFE POUP UIF OFUXPSL OPEFT� #BTFE PO UIJT
XFJHIUFE OFUXPSL BOE B ESVH UBSHFU VOEFS JOWFTUJHBUJPO
 XF DBMDVMBUF UIF DPOOFDUFE TVCOFUXPSL
PG TJ[F k UIBU 	J
 JT SPPUFE JO UIF DPOTJEFSFE ESVH UBSHFU BOE 	JJ
 NBYJNJ[FT UIF TVN PWFS BMM
XFJHIUT PG UIF OPEFT
 XIJDI DPSSFTQPOET UP UIF DPOOFDUFE TVCOFUXPSL PG TJ[F k XJUI UIF IJHIFTU
EFHSFF PG EFSFHVMBUJPO 	DG� 5BCMF "���
� #FTJEFT UIF NPTU EFSFHVMBUFE TVCOFUXPSL
 %5* BMTP
QSPWJEFT UIF PQUJPO UP DPNQVUF UIF NPTU VQSFHVMBUFE TVCHSBQI� *O UIJT DBTF
 UIF PSJHJOBM TDPSFT
PG EJêFSFOUJBM FYQSFTTJPO BSF VTFE JOTUFBE PG UIF USBOTGPSNFE POFT�
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8F GPSNVMBUF UIJT PQUJNJ[BUJPO QSPCMFN BT BO FYUFOTJPO PG UIF *OUFHFS -JOFBS 1SPHSBNNJOH
GPSNVMBUJPO 	*-1
 QSPQPTFE CZ #BDLFT FU BM� <���>
 XIJDI JT QSFTFOUFE JO EFUBJM JO 4FDUJPO ��������
5IF *-1 JT TPMWFE VTJOH UIF #SBODI�$VU GSBNFXPSL PG $1-&9 <���>� 5IF EFHSFF PG EFSFHVMBUJPO
	PS VQSFHVMBUJPO
 PG UIFTF TVCOFUXPSLT JT BTTVNFE UP NJSSPS UIF QIFOPUZQJD FêFDU PG UIF
EFSFHVMBUFE ESVH UBSHFU BOE UIVT DBO IFMQ UP KVEHF UIF JObVFODF PG JUT EFSFHVMBUJPO� *O PSEFS UP
BTTFTT UIF SPCVTUOFTT PG UIF TVCHSBQI BOBMZTJT SFTVMUT
 OPU B TJOHMF TVCHSBQI JT DPNQVUFE
 CVU
B TFU PG TVCHSBQIT XJUI EJêFSFOU TJ[FT XJUIJO B QSFEFaOFE SBOHF
 XIJDI BSF VTFE UP HFOFSBUF B
DPOTFOTVT HSBQI 	TFF BMTP4FDUJPO �������
� .PSFPWFS
 JO BEEJUJPO UP BOBMZTFT PO UIF EPXOTUSFBN
FêFDUT QPUFOUJBMMZ JOEVDFE CZ UIF ESVH UBSHFU
 %5* DBO BMTP DPNQVUF UIF NPTU EFSFHVMBUFE 	PS
VQSFHVMBUFE
 TVCHSBQI UIBU JT VQTUSFBN PG B ESVH UBSHFU PG JOUFSFTU� #Z UIJT
 BCFSSBOU HFOFT PS
NVUBUJPOT UIBU NJHIU IBWF JOEVDFE UIF EFSFHVMBUJPO PG UIF ESVH UBSHFU JUTFMG DBO CF FMVDJEBUFE�

����� 3FTVMUT WJTVBMJ[BUJPO
"GUFS VTFST IBWF CFFO HVJEFE UISPVHI UIF EBUB VQMPBE BOE TDPSJOH TUFQT
 UIFZ BSF GPSXBSEFE
UP %SVH5BSHFU*OTQFDUPSrT SFTVMUT QBHF
 XIJDI QSPWJEFT B QSJPSJUJ[FE MJTU PG EFSFHVMBUFE ESVH
UBSHFUT BOE XIJDI TFSWFT BT B TUBSUJOH QPJOU GPS BEEJUJPOBM JO�EFQUI BOBMZTFT� *O UIF TVCTFRVFOU
TFDUJPOT
 XF XJMM aSTU EFTDSJCF %5*rT SFTVMUT QBHF JO HFOFSBM 	4FDUJPO �������

 GPMMPXFE CZ EFUBJMT
PO FOSJDINFOU SFTVMUT 	4FDUJPO �������

 BOE UIF WJTVBMJ[BUJPO PG EFSFHVMBUFE TVCHSBQIT BOE
HFOPNJD BCFSSBUJPOT DPOUBJOFE JO UIF EBUB TFU 	4FDUJPO �������
�

������� 3FTVMUT QBHF

'JHVSF ��� TIPXT %SVH5BSHFU*OTQFDUPSrT SFTVMUT QBHF GPS BO FYFNQMBSZ DPMPO DBODFS EBUB TFU

XIJDI XJMM CF QSFTFOUFE JO EFUBJM JO 4FDUJPO ������ 5IF SFTVMUT QBHF DPOTJTUT PG UXP NBJO
FMFNFOUT� UIF UBCMF PG EFSFHVMBUFE ESVH UBSHFUT BOE B TJEF QBOFM
 JO XIJDI aMUFSJOH PQUJPOT
BOE DPNQVUBUJPO QBSBNFUFST DBO CF TFU BOE GSPN XIJDI BEEJUJPOBM BOBMZTFT DBO CF USJHHFSFE�
5IF SFTVMUT UBCMF JT GVMMZ TFBSDIBCMF BOE TPSUBCMF BOE QSPWJEFT B QSJPSJUJ[FE MJTU PG NPMFDVMBS
ESVH UBSHFUT
 EFDSFBTJOHMZ TPSUFE CZ UIFJS TDPSF PG EJêFSFOUJBM FYQSFTTJPO� 'PS FBDI ESVH UBSHFU
	'JHVSF ��� "

 UIF TFDPOE DPMVNO JOEJDBUFT XIFUIFS PS OPU UIF ESVH UBSHFU JT BêFDUFE CZ B
NVUBUJPO 	'JHVSF ��� #
� $MJDLJOH PO UIF CMVF qNBQr JDPO XJMM PQFO B QPQ�VQ XJUI BEEJUJPOBM
EFUBJMT PO UIF DPOUBJOFE NVUBUJPO	T
 BOE UIFJS QPUFOUJBM FêFDUT PO UIF UBSHFU� 5IF UIJSE DPMVNO
DPOUBJOT UIF ESVH UBSHFUTr TDPSFT PG EJêFSFOUJBM FYQSFTTJPO
 GPMMPXFE CZ B MJTU PG ESVHT UIBU
UBSHFU UIJT HFOF�QSPUFJO� " MJUFSBUVSF TFBSDI JO 1VC.FE <���> GPS BOZ DPNCJOBUJPO PG B ESVH
BOE UIF DPSSFTQPOEJOH ESVH UBSHFU DBO CF QFSGPSNFE CZ DMJDLJOH PO UIF qDIFWSPOr JDPO JO
UIF %SVHT DPMVNO 	'JHVSF ��� $
� /FYU UP UIF qDIFWSPOr JDPO
 UIFSF JT B qMJOLr JDPO
 XIJDI
JOEJDBUFT XIFUIFS PS OPU QIBSNBDPHFOPNJD JOUFSBDUJPOT BSF LOPXO GPS UIF SFTQFDUJWF ESVH
	'JHVSF ��� %
� "EEJUJPOBM EFUBJMFE JOGPSNBUJPO PO UIF EJTQMBZFE NPMFDVMBS UBSHFUT BOE ESVHT
JT BWBJMBCMF WJB MJOLT UP SFTQFDUJWF EBUBCBTF FOUSJFT JO /$#* (FOF <���> BOE %SVH#BOL <���>�
#BTFE PO UIF TVCUZQF PG DBODFS UIBU JT VOEFS JOWFTUJHBUJPO
 TUBOEBSE�PG�DBSF ESVHT
 BT PCUBJOFE
GSPN UIF "NFSJDBO $BODFS 4PDJFUZ <���>
 BSF IJHIMJHIUFE JO HSFFO 	'JHVSF ��� &
� 5IF MBTU
DPMVNO DPOUBJOT B qNBHOJGZJOH HMBTTr JDPO
 XIJDI MJOLT UP B NFOV
 GSPN XIJDI FOSJDINFOUT
	DG� 4FDUJPO �������
 BOE TVCHSBQI BOBMZTFT 	DG� 4FDUJPO �������
 DBO CF QFSGPSNFE 	'JHVSF ��� '
�
'JOBMMZ
 UIF TJEF QBOFM 	'JHVSF ��� (
 DPOUBJOT OVNFSPVT DPMMBQTJCMF CPYFT� $MJDLJOH PO B CPY
VOGPMET BEEJUJPOBM EFUBJMT BOE PQUJPOT
 BT XFMM BT QBSBNFUFS TFUUJOHT GPS UIF BOBMZTFT� 'PS
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'JHVSF ��� %SVH5BSHFU*OTQFDUPS SFTVMUT QBHF� 5IF NBJO QBOFM DPOUBJOT UIF UBCMF PG EFSFHVMBUFE ESVH UBSHFUT

UIFJS NVUBUJPO TUBUVT
 TDPSFT PG EJőFSFOUJBM FYQSFTTJPO
 BOE B MJTU PG ESVHT UBSHFUJOH UIF SFTQFDUJWF NPMFDVMFT� "

%SVH UBSHFU� %FUBJMT PO UIF NPMFDVMBS ESVH UBSHFU DBO CF PCUBJOFE CZ DMJDLJOH PO UIF UBSHFUrT OBNF
 XIJDI
MJOLT UP UIF SFTQFDUJWF FOUSZ JO /$#* (FOF� #
 .VUBUJPO JOEJDBUPS� 5IF qNBSLFSr JDPO JOEJDBUFT XIFUIFS 	CMVF
 PS
OPU 	HSBZ
 UIF TBNQMF DPOUBJOT B NVUBUJPO UIBU BőFDUT UIF UBSHFU HFOF� *O DBTFT XIFSF B NVUBUJPO JT QSFTFOU

DMJDLJOH PO UIF CMVF JDPO PQFOT B XJOEPX DPOUBJOJOH BEEJUJPOBM JOGPSNBUJPO� $
 -JUFSBUVSF TFBSDI� $MJDLJOH PO
UIF qDIFWSPOr JDPO MJOLT UP UIF SFTVMUT PG B KPJOU MJUFSBUVSF TFBSDI GPS UIF ESVH BOE UIF NPMFDVMBS UBSHFU JO 1VC.FE�
%
 1IBSNBDPHFOPNJD EFQFOEFODJFT� 5IF qMJOLr JDPO JOEJDBUFT XIFUIFS 	CMVF
 PS OPU 	HSBZ
 QIBSNBDPHFOPNJD
JOGPSNBUJPO GPS UIF SFTQFDUJWF ESVH JT BWBJMBCMF� $MJDLJOH PO B CMVF JDPO PQFOT B QPQ�VQ DPOUBJOJOH BEEJUJPOBM
EFUBJMT PO LOPXO QIBSNBDPHFOPNJD FőFDUT GPS UIJT ESVH� &
 4UBOEBSE�PG�DBSF ESVHT� #BTFE PO B MJTU PG TUBOEBSE�PG�
DBSF ESVHT GPS EJőFSFOU TVCUZQFT PG DBODFS CZ UIF "NFSJDBO $BODFS 4PDJFUZ
 ESVHT BQQSPWFE GPS UIF DPOTJEFSFE
DBODFS TVCUZQF BSF IJHIMJHIUFE JO HSFFO� '
 5BSHFU�TQFDJaD BOBMZTFT� %SVH�UBSHFU TQFDJaD BOBMZTFT DBO CF TUBSUFE
CZ DMJDLJOH PO UIF NBHOJGZJOH HMBTT� (
 4JEF QBOFM� 5IF DPMMBQTJCMF TJEF QBOFM CPYFT DPOUBJO IFMQ BOE TFUUJOHT GPS
UIF BOBMZTFT� $MJDLJOH PO B CPY VOGPMET JUT DPOUFOU� 1MFBTF SFGFS UP 'JHVSF "�� GPS BO PWFSWJFX PG UIF QBOFM DPOUFOU�
)
 )FMQ JOEJDBUPS� "EEJUJPOBM JOGPSNBUJPO PO UIF DPOUFOU PG UIF TJEF QBOFM CPYFT JT QSPWJEFE XIFO IPWFSJOH PWFS
UIF SFTQFDUJWF qRVFTUJPO NBSLr TZNCPM�
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FYBNQMF
 UIF 'JMUFS CPY DPOUBJOT WBSJPVT PQUJPOT UP aMUFS UIF SFTVMUT UBCMF GPS ESVHT XJUI TQFDJaD
QIBSNBDPMPHJDBM QSPQFSUJFT
 F�H� UP POMZ EJTQMBZ BOUJOFPQMBTUJD BHFOUT UIBU BDU BT JOIJCJUPST� 'PS
BO PWFSWJFX PG UIF DPNQMFUF TJEF QBOFM DPOUFOU
 QMFBTF TFF 'JHVSF "��� "T BEEJUJPOBM IFMQ
 XF
QSPWJEF EFTDSJQUJPOT PG UIF SFTQFDUJWF NPEVMFT XIFO IPWFSJOH PWFS UIF qRVFTUJPO NBSLr TZNCPM
JO FBDI CPY 	'JHVSF ��� )
�

������� &OSJDINFOU SFTVMUT

*O PSEFS UP HFU EFFQFS JOTJHIUT JOUP UIF SFHVMBUPSZ DPOUFYU PG B ESVH UBSHFU VOEFS JOWFTUJHBUJPO

XF DBO QFSGPSN (FOF 4FU &OSJDINFOU "OBMZTJT XJUIJO %5*
 BT EFTDSJCFE JO 4FDUJPO �������� 'PS
B HJWFO ESVH UBSHFU
 UIF BOBMZTJT DBO CF USJHHFSFE XIFO DMJDLJOH PO UIF SFTQFDUJWF 4IPX ,&((
FOSJDINFOU CVUUPO 	DG� 'JHVSF ��� '
� 5IF FOSJDINFOU SFTVMUT BSF UIFO EJTQMBZFE JO BO BEEJUJPOBM
NPEVMF JO UIF TJEF QBOFM
 TFF 'JHVSF ��� #�%� *O DBTF PG B TJHOJaDBOU FOSJDINFOU PS EFQMFUJPO

UIF QBUIXBZ JT NBSLFE XJUI B SFE PS HSFFO BSSPX
 SFTQFDUJWFMZ� " WJTVBMJ[BUJPO PG UIF SFTQFDUJWF
QBUIXBZT PO UIF ,&(( XFCTJUF DBO CF PQFOFE CZ DMJDLJOH PO UIF ,	&((
 CVUUPO� %FUBJMT PO
UIF FOSJDINFOU DBO CF JOWFTUJHBUFE CZ DMJDLJOH PO UIF 7JFX FOSJDINFOU SFTVMUT CVUUPO 	'JHVSF ���
% BOE &
�

������� 7JTVBMJ[BUJPO PG EFSFHVMBUFE TVCOFUXPSLT

*O PSEFS UP JOWFTUJHBUF UIF SFHVMBUPSZ JNQBDU UIBU B EFSFHVMBUFE ESVH UBSHFU NJHIU FYFSU PO
JUT EPXOTUSFBN NPMFDVMFT
 %5* QSPWJEFT GVODUJPOBMJUZ UP DPNQVUF UIF NPTU EFSFHVMBUFE 	PS
VQSFHVMBUFE
 TVCHSBQI SPPUFE JO B ESVH UBSHFU PG JOUFSFTU� $MJDLJOH PO UIF NBHOJGZJOH HMBTT
OFYU UP UIF SFTQFDUJWF ESVH UBSHFU BOE UIFO PO UIF $PNQVUF TVCOFUXPSL CVUUPO 	'JHVSF ��� $
 XJMM
JOJUJBUF UIF BOBMZTJT� 'PS B CFUUFS BTTFTTNFOU PG UIF TVCHSBQIrT SPCVTUOFTT
 OPU B TJOHMF TVCHSBQI

CVU TFWFSBM TVCHSBQIT PG QSFEFaOFE TJ[FT BSF DPNQVUFE BOE DPNCJOFE JOUP B DPOTFOTVT HSBQI�
4FWFSBM QBSBNFUFST
 JODMVEJOH UIF TVCHSBQI TJ[F SBOHF
 DBO CF TFU JO UIF 4VCHSBQI BOBMZTJT
TJEF QBOFM 	'JHVSF ��� #

 UIF EFGBVMU SBOHF DPWFST TVCHSBQIT PG TJ[FT UISFF UP ��� 'PS UIF
WJTVBMJ[BUJPO PG UIF SFTVMUJOH TVCHSBQIT
 XF VTF #J/"
 BO PQFO�TPVSDF UPPM GPS WJTVBMJ[BUJPO
BOE BOBMZTJT PG CJPMPHJDBM OFUXPSLT <���>� #J/" DPNCJOFT TPQIJTUJDBUFE ESBXJOHT PG CJPMPHJDBM
OFUXPSLT XJUI JOUVJUJWF NFDIBOJTNT GPS OBWJHBUJOH
 [PPNJOH
 BOE TFBSDIJOH� %5* VTFT #J/"
8FCTUBSU UP EJTQMBZ UIF DPNQVUFE TVCHSBQIT BT B DPOTFOTVT HSBQI
 XIJDI NFBOT UIBU BMM OPEFT
BOE BMM FEHFT DPOUBJOFE JO UIF SFTQFDUJWF TVCHSBQIT PG EJêFSFOU TJ[FT BSF KPJOUMZ EJTQMBZFE�
5IF DPOTFOTVT HSBQI JT BSSBOHFE JO B IJFSBSDIJDBM MBZPVU
 SPPUFE JO UIF ESVH UBSHFU VOEFS
JOWFTUJHBUJPO
 GPS BO JOUVJUJWF WJTVBMJ[BUJPO PG QVUBUJWF TJHOBM QSPQBHBUJPO QBUIT 	'JHVSF ��� &
�
/PEFT BSF DPMPSFE BDDPSEJOH UP UIF EFSFHVMBUJPO TDPSF PG UIF DPSSFTQPOEJOH HFOFT� .PSFPWFS

UIF DPOTFOTVT HSBQI DBO CF JOUFSBDUJWFMZ JOWFTUJHBUFE BOE BOBMZ[FE� VTFST DBO TUFQ UISPVHI UIF
TVCHSBQIT PG EJêFSFOU TJ[FT UP BTTFTTXIFUIFS UIF HSBQI JT FYUFOEFE DPOTJTUFOUMZ
 XIJDI JOEJDBUFT
B SPCVTU SFTVMU
 PSXIFUIFS UIFSF JTNVDI WBSJBUJPO JO UIF TVCHSBQIT� 'VSUIFSNPSF
 UIF TVCHSBQIT
DBO CF BOOPUBUFE XJUI BEEJUJPOBM JOGPSNBUJPO
 GPS FYBNQMF
 UP IJHIMJHIU NVUBUJPOT PS LOPXO
ESVH UBSHFUT 	DG� 'JHVSF ���
�



��� 8PSLbPX BOE GVODUJPOBMJUZ ��

A B

C

D

E

'JHVSF ��� &OSJDINFOU SFTVMUT JO %SVH5BSHFU*OTQFDUPS� "
 3FTVMUT QBHF GPS FYFNQMBSZ CMBTUFNB TBNQMF
��ͦ͟͢͠��͢ 	TFF 4FDUJPO �����
� #�%
 ,&(( FOSJDINFOU SFTVMUT GPS UIF ESVH UBSHFUT QSPUFBTPNF ��4 TVCVOJU CFUB
� 	14.#�

 %/" QPMZNFSBTF FQTJMPO � 	10-&�

 BOE IJTUPOF EFBDFUZMBTF � 	)%"$�
� 3FE VQXBSET QPJOUJOH BSSPXT
JOEJDBUF B TJHOJaDBOU FOSJDINFOU PG UIF SFTQFDUJWF QBUIXBZ JO UIF UVNPS
 XIJMF HSFFO EPXOXBSET QPJOUJOH BSSPXT
JMMVTUSBUF B TJHOJaDBOU EFQMFUJPO� &
 %FUBJMFE WJFX PG UIF )%"$� FOSJDINFOU SFTVMUT JO (FOF5SBJM�
 TFF 4FDUJPO �����
GPS BO JO�EFQUI EFTDSJQUJPO PG UIF GVODUJPOBMJUZ JO UIJT SFTVMUT WJFX�
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'JHVSF ��� 4VCHSBQI BOBMZTJT QBSBNFUFST BOE SFTVMUT GPS 8JMNT UVNPS TBNQMF ��ͧ͢� JO %SVH5BSHFU*OTQFDUPS� "

&YDFSQU GSPN %5* SFTVMUT UBCMF GPS 8JMNT UVNPS TBNQMF ��ͧ͢�� #
 1BSBNFUFS TFUUJOHT GPS TVCHSBQI BOBMZTJT JO UIF
TJEF QBOFM� $
 $PNQVUF TVCOFUXPSL CVUUPO UP JOJUJBUF UIF DPNQVUBUJPO PG B TVCHSBQI SPPUFE JO ..1�� %
 #J/"
8FCTUBSU JT VTFE GPS WJTVBMJ[BUJPO PG UIF SFTVMUJOH TVCOFUXPSL� &
$POTFOTVT HSBQI PGNPTU VQSFHVMBUFE TVCHSBQIT PG
TJ[FT CFUXFFO UISFF BOE ��� 5IF JOUFOTJUZ PG UIF OPEF DPMPSJOH DPSSFTQPOET UP UIF HFOFrT EFHSFF PG EFSFHVMBUJPO�
3FE JOEJDBUFT VQSFHVMBUJPO BOE HSFFO EPXOSFHVMBUJPO� 5IF qQJMMr JDPOT bBH LOPXO ESVH UBSHFUT� 5IF OPEF TIBQF
EFTDSJCFT EJőFSFOU UZQFT PG NPMFDVMBS FOUJUJFT� PWBM OPEFT DPSSFTQPOE UP JOEJWJEVBM HFOFT�QSPUFJOT
 SPVOEFE
TRVBSFT JOEJDBUF HFOF GBNJMJFT
 BOE DJSDVMBS OPEFT TUBOE GPS DPNQMFYFT�



��� $BTF TUVEJFT ��

��� $BTF TUVEJFT
5P JMMVTUSBUF UIF VTF PG %SVH5BSHFU*OTQFDUPS
 XF QSFTFOU DMJOJDBM DBTF TUVEJFT BEESFTTJOH UISFF
EJêFSFOU UVNPS FOUJUJFT BOE CBTFE PO EJêFSFOU UZQFT PG PNJDT EBUB� *O 4FDUJPO �����
 XF XJMM
JOWFTUJHBUF HFOF FYQSFTTJPO QSPaMFT PG 8JMNT UVNPST
 4FDUJPO ����� QSFTFOUT UIF SFTVMUT GPS BO
JOUFHSBUFE BOBMZTJT PG USBOTDSJQUPNJDT BOE HFOPNJDT EBUB JO DPMPO BEFOPDBSDJOPNB
 BOE aOBMMZ

UIF BOBMZTJT SFTVMUT GPS B QSPUFPNJDT EBUB TFU PG B MVOH BEFOPDBSDJOPNB XJMM CF QSFTFOUFE JO
4FDUJPO ������

����� 8JMNT UVNPST
8JMNT UVNPST
 BMTP LOPXO BT OFQISPCMBTUPNBT
 BSF DIJMEIPPE SFOBM UVNPST 	TFF BMTP
4FDUJPO �������
� "MUIPVHI 8JMNT UVNPST IBWF B TVSWJWBM SBUF PG NPSF UIBO ���
 UIFSF BSF
TVCUZQFT BTTPDJBUFE XJUI B IJHI SJTL PG SFMBQTF XJUIJO UIF aSTU UXP ZFBST BGUFS EJBHOPTJT� 8JMNT
UVNPST BSF DMBTTJaFE JOUP UISFF SJTL HSPVQT� IJHI
 JOUFSNFEJBUF
 BOE MPX SJTL BDDPSEJOH UP UIFJS
SJTL PG SFMBQTF� 5IFTF SJTL HSPVQT BSF EFaOFE CZ EJêFSFOU IJTUPMPHJD QIFOPUZQFT� 5IF CMBTUFNBM
TVCUZQF BOE EJêVTF BOBQMBTJB BSF DPOTJEFSFE BT IJHI�SJTL TVCUZQFT� 5IF TUSPNBM
 FQJUIFMJBM

USJQIBTJD
 SFHSFTTJWF
 BOE GPDBM BOBQMBTJB TVCUZQFT BSF BTTPDJBUFE XJUI BO JOUFSNFEJBUF SJTL
 BOE
UIF DPNQMFUFMZ OFDSPUJD TVCUZQF TIPXT UIF MPXFTU SJTL <���>� 4JODF UIF UVNPS CJPQTJFT DPOTJEFSFE
JO UIJT BOBMZTJT TUFN GSPN B &VSPQFBO TUVEZ
 DIFNPUIFSBQZ XBT BQQMJFE CFGPSF TVSHFSZ BOE
UVNPS CJPQTZ� "T B TUBOEBSE SFHJNFO EFaOFE CZ UIF 4PDJÆUÆ *OUFSOBUJPOBMF Er0ODPMPHJF
1FEJBUSJRVF 	4*01
 <���>
 UIFTF UVNPST XFSF USFBUFE XJUI B DPNCJOBUJPO PG UIF DZUPUPYJD BHFOUT
BDUJOPNZDJO %
 WJODSJTUJOF
 BOE � JO UIF DBTF PG NFUBTUBTFT � BMTP EPYPSVCJDJO� "DUJOPNZDJO %
CJOET UP %/" BOE JOIJCJUT 3/" TZOUIFTJT� 7JODSJTUJOF CJOET UP UIF NJDSPUVCVMBS QSPUFJOT PG
UIF NJUPUJD TQJOEMF
 MFBEJOH UP NJUPUJD BSSFTU PS DFMM EFBUI� %PYPSVCJDJO JT BO BOUISBDZDMJOF UIBU
BUUBDLT %/" CZ TFWFSBM NFDIBOJTNT� %/" JOUFSDBMBUJPO
 TUSBOE CSFBLBHF
 BOE UPQPJTPNFSBTF **
JOIJCJUJPO� "EKVWBOU USFBUNFOU BGUFS TVSHFSZ NJHIU CF SFRVJSFE CBTFE PO MPDBM UVNPS TUBHF BOE
IJTUPMPHJDBM TVCUZQF� *O UIF GPMMPXJOH
XF DPOTJEFS8JMNT UVNPS TBNQMFT PG TFWFSBM TVCUZQFT BOE
BOBMZ[F UIFJS USBOTDSJQUPNJD QSPaMFT UP JEFOUJGZ EFSFHVMBUFE ESVH UBSHFUT BOE BMUFSFE CJPMPHJDBM
QBUIXBZT UIBU NJHIU JOGPSN UIF TFMFDUJPO PG BEKVWBOU USFBUNFOU PQUJPOT� 'PS PVS BOBMZTJT
 XF
VTFE B HFOF FYQSFTTJPO EBUB TFU PG ��8JMNT UVNPS TBNQMFT PG EJêFSFOU TVCUZQFT 	DG�5BCMF "���
�
(FOF FYQSFTTJPO FYQFSJNFOUT XFSF QFSGPSNFE VTJOH "HJMFOU NJDSPBSSBZT BOE UIF SBX EBUB XBT
QSPDFTTFE BOE OPSNBMJ[FE VTJOH (FOF4QSJOH (9 <���>� 8F DPNQBSFE FBDI UVNPS TBNQMF
BHBJOTU B TFU PG GPVS OPSNBM LJEOFZ TBNQMFT BOE DPNQVUFE [�TDPSFT UP BTTFTT EJêFSFOUJBM HFOF
FYQSFTTJPO�
'JHVSF ��� TIPXT B IFBU NBQ PG TJHOJaDBOUMZ VQSFHVMBUFE ESVH UBSHFUT QFS UVNPS TBNQMF� 0OMZ
HFOFT UBSHFUBCMF CZ LOPXO BOUJOFPQMBTUJD BHFOUT BSF EJTQMBZFE 	DG� 'JHVSF "�� GPS B DPNQMFUF MJTU
PG EFSFHVMBUFE ESVH UBSHFUT
� 4FWFSBM PCTFSWBUJPOT DBO CF NBEF JO UIJT IFBU NBQ� 'JSTU
 UIFSF
JT TVCTUBOUJBM IFUFSPHFOFJUZ
 FWFO JO TBNQMFT PG UIF TBNF IJTUPMPHJDBM TVCUZQF� 4FDPOE
 UIFSF
BSF OVNFSPVT ESVH UBSHFUT UIBU BSF TUSPOHMZ VQSFHVMBUFE JO NBOZ 8JMNT UVNPS TBNQMFT
 GPS
FYBNQMF TFWFSBMNFNCFST PGNBUSJYNFUBMMPQFQUJEBTF GBNJMZ
 NPTU TUSJLJOHMZ..1��
 PGUFOUJNFT
JO DPNCJOBUJPO XJUI ..1� BOE ..1��� 5IFTF NBUSJY NFUBMMPQSPUFBTFT DBO BMM CF UBSHFUFE CZ
UIF CSPBE TQFDUSVNNBUSJY NFUBMMPQSPUFBTF JOIJCJUPS NBSJNBTUBU
 XIJDI NJHIU CF BO JOUFSFTUJOH
USFBUNFOU PQUJPO JO UIFTF DBTFT� .BSJNBTUBU JT BO BOUJNFUBTUBUJD BHFOU BOE BMTP BDUT BT BO
BOHJPHFOFTJT JOIJCJUPS <���>� $PNQBSJOH UIF EJêFSFOU QBUIPMPHJDBM TVCUZQFT
 POF DBO PCTFSWF
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z-score

'JHVSF ��� )FBU NBQ PG 8JMNT UVNPS TBNQMFT BOE B DPOTFOTVT TFU PG EFSFHVMBUFE ESVH UBSHFUT JO %SVH5BSHFU*OTQFD�
UPS� $PMPSFE DFMMT JO UIF IFBU NBQ DPSSFTQPOE UP TJHOJaDBOUMZ VQSFHVMBUFE ESVH UBSHFUT JO UIF SFTQFDUJWF TBNQMFT�
8IJUF DFMMT JOEJDBUF UIBU UIF DPSSFTQPOEJOH ESVH UBSHFU XBT OPU TJHOJaDBOUMZ VQSFHVMBUFE JO UIF SFTQFDUJWF TBNQMF�
4BNQMFT BSF HSPVQFE BDDPSEJOH UP UIFJS IJTUPMPHJDBM UZQF� %�"�� %JőVTF "OBQMBTJB
 4�5�� 4USPNBM 5ZQF
 '�"�� 'PDBM
"OBQMBTJB
 &�5�� &QJUIFMJBM 5ZQF
 $�/�� $PNQMFUFMZ /FDSPUJD� 0OMZ EFSFHVMBUFE ESVH UBSHFUT UIBU DBO CF UBSHFUFE
CZ BU MFBTU POF LOPXO BOUJOFPQMBTUJD BHFOU BSF MJTUFE�



��� $BTF TUVEJFT ��

UIBU CMBTUFNB TBNQMFT HFOFSBMMZ TIPX IJHIFS MFWFMT PG VQSFHVMBUJPO GPS B MBSHF OVNCFS PG ESVH
UBSHFUT UIBO TBNQMFT PG PUIFS TVCUZQFT� .PTU PG UIF CMBTUFNB TBNQMFT TIPX BO PWFS�FYQSFTTJPO
PG %/"�NFUIZMUSBOTGFSBTF � 	%/.5�
 BOE IJTUPOF EFBDFUZMBTF � 	)%"$�
� *O TFWFSBM TBNQMFT

)%"$� VQSFHVMBUJPO JT BDDPNQBOJFE CZ B TUSPOH PWFSFYQSFTTJPO PG TFWFSBM NFNCFST PG UIF
QSPUFBTPNF TVCVOJUT GBNJMZ 	14.#�
 14.#�
 14.#�
 14.%�
 14.%�
� "T FYFNQMBSJMZ TIPXO
GPS TBNQMF ��ͦ͟͢͠��͢ JO 'JHVSF ���
 JO TVDI DBTFT
 DPNCJOBUJPO USFBUNFOU XJUI WPSJOPTUBU
BOE CPSUF[PNJC DPVME CF CFOFaDJBM
 XIJDI JT BMTP JOWFTUJHBUFE JO DMJOJDBM TUVEJFT <���>� 5IF
QIPTQIPMJQBTF "� HSPVQ *7" 	1-"�(�"

 XIJDI JT JOWPMWFE JO JObBNNBUPSZ QSPDFTTFT
 BMTP
TIPXT TJHOJaDBOU VQSFHVMBUJPO JO NBOZ CMBTUFNB TBNQMFT� 'JWF PG UIF TBNQMFT 	��ͧ͢�
 ��ͨͤ͢�

��ͨͨ͠�
 ��ͨͥ͟�
 ��ͨͨ͠�
 FYIJCJU JODSFBTFE MFWFMT PG 393(
 UIF SFUJOPJE 9 SFDFQUPS HBNNB�
5IJT JT JOUFSFTUJOH JO UFSNT PG FMVDJEBUJPO PG BMUFSOBUJWF USFBUNFOU PQUJPOT
 CFDBVTF 393( DBO CF
UBSHFUFE CZ WJUBNJO"EFSJWBUJWFT TVDI BT BMM�USBOT SFUJOPJD BDJE 	"53"
 USFUJOPJO
� 5SFUJOPJO BDUT
BT DFMM QSPMJGFSBUJPO JOIJCJUPS BOE EJêFSFOUJBUJPO JOEVDFS <���>� 5IF QPTJUJWF FêFDU PG WJUBNJO
" USFBUNFOU JO 8JMNT UVNPST IBT BMTP CFFO EFTDSJCFE JO UIF MJUFSBUVSF� ;JSO FU BM� <���> BOE
8FHFSU FU BM� <���> DPVME PCTFSWF B SF�SFHVMBUJPO PG SFMBQTF�BTTPDJBUFE HFOF FYQSFTTJPO QBUUFSOT
BGUFS USFBUNFOU PG DVMUVSFE 8JMNT UVNPS DFMMT XJUI "53"� "MTP PUIFS UZQFT PG DBODFS TIPXFE UP
CF SFTQPOTJWF
 JO QBSUJDVMBS BDVUF QSPNZFMPDZUJD MFVLFNJB <���>� &TQFDJBMMZ JO UVNPST UIBU BSF
SFTJTUBOU UP DPOWFOUJPOBM UIFSBQZ
 "53"�JOEVDFE HSPXUI JOIJCJUJPO NJHIU IFODF CF VTFE BT BO
BMUFSOBUJWF PS BEEJUJPOBM UIFSBQFVUJD JOUFSWFOUJPO�

����� $PMPO BEFOPDBSDJOPNB
*O PVS TFDPOE DBTF TUVEZ
 XF DPOTJEFS DPMPO DBODFS
 UIF NPTU DPNNPO UZQF PG HBTUSPJOUFTUJOBM
DBODFS� $PMPO DBODFS JT LOPXO UP PDDVS TQPOUBOFPVTMZ
 CVU BMTP BT B GBNJMJBM DBODFS <���>�
)FSF
 XF BOBMZ[F B EBUB TFU PG DPMPO BEFOPDBSDJOPNBT PCUBJOFE GSPN 5IF $BODFS (FOPNF "UMBT
	5$("
 DG� 4FDUJPO �����

 XIJDI DPOUBJOT CPUI HFOF FYQSFTTJPO NFBTVSFNFOUT BOE JOGPSNBUJPO
PO TPNBUJD NVUBUJPOT <���>� 'PS UIF DPNQVUBUJPO PG EFSFHVMBUFE ESVH UBSHFUT
 XF DPNQBSF
TBNQMFT PG UVNPS UJTTVF BHBJOTU B TFU PG OJOF IFBMUIZ UJTTVF DPOUSPMT BOE DBMDVMBUF [�TDPSFT UP
FTUJNBUF UIF DIBOHFT JO HFOF FYQSFTTJPO� 5IF DPSSFTQPOEJOH NVUBUJPO EBUB BSF DPOWFSUFE GSPN
UIF ��� aMF GPSNBU UP UIF ��� aMF GPSNBU VTJOH UIF WDG�NBG MJCSBSZ <���>� *O UIF GPMMPXJOH
 XF
GPDVT PO UIF TBNQMF ����Ζ��Ζͤͣ͢͡� *O BEEJUJPO UP TUBOEBSE DZUPUPYJD ESVHT
 UIF &VSPQFBO
4PDJFUZ GPS .FEJDBM 0ODPMPHZ 	&4.0
 <���> MJTUT UIF UBSHFUFE UIFSBQFVUJD BHFOUT CFWBDJ[VNBC

SFHPSBGFOJC
 DFUVYJNBC
 BOE QBOJUVNVNBC BT QPTTJCMF USFBUNFOU PQUJPOT� 5XP PG UIFTF ESVHT

DFUVYJNBC BOE QBOJUVNVNBC
 UBSHFU UIF FQJEFSNBM HSPXUI GBDUPS SFDFQUPS 	&('3
� )PXFWFS

%5* SFWFBMT UIBU &('3 JT EPXOSFHVMBUFE BOE BEEJUJPOBMMZ NVUBUFE
 DPOUBJOJOH B NJTTFOTF
WBSJBOU UIBU JT QSFEJDUFE CZ 4*'5 UP IBWF B EFMFUFSJPVT FêFDU 	DG� 4FDUJPO �������
� .PSFPWFS

QFSGPSNJOH B EFSFHVMBUFE�TVCHSBQI BOBMZTJT GPS &('3 TIPXT UIBU NPTU EPXOTUSFBN NPMFDVMFT
PG &('3 BSF BMTP EPXOSFHVMBUFE
 JOEJDBUJOH B MPTT PG GVODUJPOBMJUZ JO &('3� 5IVT
 USFBUNFOUXJUI
DFUVYJNBC BOE QBOJUVNVNBCNJHIU OPU POMZ CF JOFêFDUJWF
 CVU DPVME FWFO DBVTF VOXBOUFE TJEF
FêFDUT�
'JHVSF ��� TIPXT UIBU UIFSF JT B TUSPOH PWFS�FYQSFTTJPO PG NFNCFST PG UIF 3"4 GBNJMZ
 B GBNJMZ
PG DPNNPO PODPHFOFT JO DPMPO DBODFS� )FODF
 JO TVDI B DBTF
 JU NJHIU CF NPSF FêFDUJWF UP BEE
CFWBDJ[VNBC UP UIF SFHJNFO
 XIJDI JT BMTP QSJPSJUJ[FE JO %5* PWFS SFHPSBGFOJC� #FWBDJ[VNBCrT
NPMFDVMBS UBSHFU
 UIF WBTDVMBS FOEPUIFMJBM HSPXUI GBDUPS " 	7&('"

 JT TMJHIUMZ VQSFHVMBUFE
 OPU
NVUBUFE
 BOE BMTP BO VQTUSFBN NPMFDVMF PG UIF 3"4 GBNJMZ� )PXFWFS
 %5* BMTP MJTUT PUIFS ESVH
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'JHVSF ��� &YDFSQU GSPN %SVH5BSHFU*OTQFDUPS SFTVMUT GPS DPMPO BEFOPDBSDJOPNB TBNQMF ����Ζ��Ζͤͣ͢͡� "
 5IF
CMVF qNBQr JDPO JO UIF .VUBUJPOT DPMVNO JOEJDBUFT UIBU &('3 DPOUBJOT B NVUBUJPO� $MJDLJOH PO UIJT JDPO PQFOT
B QPQ�VQ XJUI BEEJUJPOBM JOGPSNBUJPO PO UIF DPOUBJOFE NVUBUJPO	T
� #
 5IF 5SFBUNFOU SFDPNNFOEBUJPO TJEF
QBOFM DPOUBJOT B MJTU PG TUBOEBSE�PG�DBSF ESVHT GPS UIF DPMPO�SFDUVN DBODFS� 5IF DPSSFTQPOEJOH ESVHT BSF BMTP
IJHIMJHIUFE JO UIF SFTVMUT UBCMF� $
 #J/"8FCTUBSU JT VTFE GPS WJTVBMJ[BUJPO PG UIF SFTVMUJOH TVCOFUXPSL SPPUFE JO &('3�
%
 $POTFOTVT HSBQI PG NPTU VQSFHVMBUFE TVCHSBQIT PG TJ[FT CFUXFFO � BOE ��� 5IF JOUFOTJUZ PG UIF OPEF DPMPSJOH
DPSSFTQPOET UP UIF HFOFrT EFHSFF PG EFSFHVMBUJPO� 3FE JOEJDBUFT VQSFHVMBUJPO BOE HSFFO EPXOSFHVMBUJPO� 5IF
qQJMMr JDPOT bBH LOPXO ESVH UBSHFUT BOE UIF CMVF CPSEFS DPMPS JOEJDBUFT HFOFT UIBU DPOUBJO NVUBUJPOT� 5IF OPEF
TIBQFEFTDSJCFT EJőFSFOU UZQFT PGNPMFDVMBS FOUJUJFT� PWBM OPEFT DPSSFTQPOE UP JOEJWJEVBM HFOFT�QSPUFJOT
 SPVOEFE
TRVBSFT JOEJDBUF HFOF GBNJMJFT
 BOE DJSDVMBS OPEFT TUBOE GPS DPNQMFYFT�



��� $BTF TUVEJFT ���

UBSHFUT UIBU BSFNVDI TUSPOHFS VQSFHVMBUFE BOE UIBUNJHIU QSPWJEF BMUFSOBUJWF USFBUNFOU PQUJPOT
XJUI B QVUBUJWF IJHIFS FëDBDZ
 BT GPS FYBNQMF NFNCFST PG UIF NBUSJY NFUBMMPQSPUFBTF GBNJMZ
PS %/" QPMZNFSBTFT
 BT EFQJDUFE JO 'JHVSF ���� " QPUFOUJBM ESVH SFHJNFO UBSHFUJOH TFWFSBM PG
UIFTF IJHIMZ VQSFHVMBUFE QSPUFJOT DPVME DPOTJTU PG DZUBSBCJOF
 NBSJNBTUBU
 BOE DMBESJCJOF� 5IJT
SFHJNFO DPVME JOIJCJU UIF VQSFHVMBUFE %/" SFQBJS NFDIBOJTNT 	,&(( QBUIXBZT #BTF FYDJTJPO
SFQBJS BOE /VDMFPUJEF FYDJTJPO SFQBJS FOSJDIFE
 UIBU QSFWFOU UIF DFMMT GSPN VOEFSHPJOH BQPQUPTJT
BOE QSPNPUF QSPMJGFSBUJPO� "OPUIFS BQQSPBDI DPVME CF UIF DPNCJOBUJPO PG ESVHT UBSHFUJOH
TFWFSBM EJTUJODU EFSFHVMBUFE QBUIXBZT JO UIF UVNPS�

����� -VOH BEFOPDBSDJOPNB
-VOH DBODFS JT UIF NPTU DPNNPO DBVTF PG DBODFS EFBUI
 BDDPVOUJOH GPS BCPVU ��� PG BMM DBODFS
EFBUIT <���>� *O PVS UIJSE DBTF TUVEZ
 XF FYBNJOF B EBUB TFU PG �� QBJSFE TBNQMFT PG UVNPS
UJTTVF BOE IFBMUIZ MVOH UJTTVF� )BMG PG UIF UVNPS TBNQMFT BSF BEFOPDBSDJOPNB
 UIF PUIFS IBMG
TRVBNPVT DFMM MVOH DBODFS
 CPUI PG XIJDI CFMPOH UP UIF DMBTT PG /PO�4NBMM $FMM -VOH $BSDJOPNB
	/4$-$
� 'PS FBDI PG UIF TBNQMFT
 XF VTFE B .BTT 4QFDUSPNFUSZ 	.4
�CBTFE XPSLbPX UP
JOWFTUJHBUF UIF TBNQMF QSPUFPNFT
 TFF 4FDUJPO ����� GPS B HFOFSBM PWFSWJFX� *O DPOUSBTU UP
USBOTDSJQUPNJDT BQQSPBDIFT
 XIJDI VTF JOGPSNBUJPO BCPVU UIF N3/" DPOUFOU PG B TBNQMF BT B
QSPYZ GPS UIF SFTVMUJOH QSPUFJO FYQSFTTJPO
 .4�CBTFE QSPUFPNJDT BMMPXT BTTFTTJOH UIF QSPUFJO
DPOUFOU EJSFDUMZ� &WFO UIPVHI DVSSFOU UFDIOPMPHJFT TUJMM DBO POMZ DPWFS SFMBUJWFMZ BCVOEBOU
QSPUFJOT
 QSPUFPNJDT EBUB PêFST TPNF EJTUJODU BEWBOUBHFT DPNQBSFE UP USBOTDSJQUPNJDT EBUB

BT UIF QPUFOUJBMMZ OPO�MJOFBS SFMBUJPOTIJQ CFUXFFO N3/" DPOUFOU BOE QSPUFJO DPODFOUSBUJPO
DBO TFWFSFMZ DPOGPVOE UIF JOUFSQSFUBUJPO PG USBOTDSJQUPNJDT EBUB� *O BEEJUJPO
 QSPUFPNJDT
BQQSPBDIFT QPUFOUJBMMZ DBO EFUFDU QPTU�USBOTMBUJPOBM NPEJaDBUJPOT UIBU BSF OPU EFUFDUBCMF JO B
USBOTDSJQUPNJDT BQQSPBDI� )FSF
 XF VTFE B DPNCJOBUJPO PG JPO NPCJMJUZ TFQBSBUJPO XJUI IJHI�
QFSGPSNBODF MJRVJE DISPNBUPHSBQIZ BOE NBTT TQFDUSPNFUSZ JO B MBCFM�GSFF BQQSPBDI
 GSPN
XIJDI XF PCUBJOFE DPODFOUSBUJPOT PG NPSF UIBO �
��� QSPUFJOT QFS TBNQMF� 8F DPNQVUFE TDPSFT
GPS FBDI TBNQMF BT UIF QBJSFE EJêFSFODF CFUXFFO QSPUFJO DPODFOUSBUJPOT JO UIF UVNPS UJTTVF BOE
UIF DPOUSPM� 5IFSFCZ
 NJTTJOH WBMVFT XFSF TFU UP [FSP� 5IF SFTVMUJOH TDPSF aMFT XFSF VQMPBEFE
UP %SVH5BSHFU*OTQFDUPS BOE UIF DPOUBJOFE 6OJ1SPU *%T XFSF NBQQFE UP UIF )(/$ TZNCPMT
PG UIFJS FODPEJOH HFOFT� "T B TQFDJaD FYBNQMF
 XF JOWFTUJHBUF UIF QBJSFE TBNQMF ͦͧ͠
 XIJDI
DPOUBJOT B TQFDJNFO PG BEFOPDBSDJOPNB UVNPS UJTTVF 	ͦͦΖͨ͟άͦͧ͠�ά�� )*��͠
 BOE IFBMUIZ
MVOH UJTTVF GSPN UIF TBNF QBUJFOU 	ͦͦΖ͟͠άͦͧ͠ά
͠
� 'JHVSF ��� TIPXT DIBOHFT JO DPODFOUSBUJPO
MFWFMT GPS BMM NFBTVSFE QSPUFJOT UIBU DBO CF UBSHFUFE CZ BOUJOFPQMBTUJD BHFOUT� 'PS /4$-$

&4.0 SFDPNNFOET UIF UBSHFUFE USFBUNFOU XJUI &('3 JOIJCJUPST 	F�H�
 FSMPUJOJC

 BOHJPHFOFTJT
JOIJCJUPST UBSHFUJOH 7&('" 	F�H�
 CFWBDJ[VNBC

 BOE ESVHT UBSHFUJOH UIF BOBQMBTUJD MZNQIPNB
SFDFQUPS UZSPTJOF LJOBTF 	"-,

 GPS FYBNQMF DSJ[PUJOJC <���>� "T QSPUFJO BCVOEBODFT GPS
7&('" BOE "-, XFSF CFMPX UIF EFUFDUJPO UISFTIPME BOE IFODF OPU NFBTVSFE
 XF GPDVT PVS
EJTDVTTJPO PO &('3� "T DBO CF TFFO JO 'JHVSF ���
 UIF QSPUFJO &('3 JT IJHIMZ BCVOEBOU JO UIF
UVNPS TBNQMF
 XIJMF JU JT FWFO CFMPX UIF EFUFDUJPO UISFTIPME JO UIF DPOUSPM
 XIJDI NBLFT JU
BO FMJHJCMF UBSHFU GPS JOIJCJUJPO� "EEJUJPOBMMZ
 UIF '.4�SFMBUFE UZSPTJOF LJOBTF � 	'-5�

 UIF ��
BNJOPJNJEB[PMF���DBSCPYBNJEF SJCPOVDMFPUJEF GPSNZMUSBOTGFSBTF�*.1 DZDMPIZESPMBTF 	"5*$


BOE UIF QIPTQIPSJCPTZMHMZDJOBNJEF GPSNZMUSBOTGFSBTF 	("35
 BSF QPUFOUJBM ESVH UBSHFUT PG
JOUFSFTU
 BT GPS BMM PG UIFN UIF BNPVOU PG UIF DPSSFTQPOEJOH QSPUFJOT JT IJHIMZ JODSFBTFE JO
UIF UVNPS� 'PS FYBNQMF
 '-5� DBO CF UBSHFUFE CZ UIF UZSPTJOF LJOBTF JOIJCJUPST TPSBGFOJC BOE
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TVOJUJOJC� "5*$ BOE ("35 BSF CPUI JOWPMWFE JO UIF EF OPWP QVSJOF CJPTZOUIFUJD QBUIXBZ BOE
DBO CF UBSHFUFE CZ QFNFUSFYFE� *O PSEFS UP FMBCPSBUFMZ WBMJEBUF UIF QVUBUJWF ESVH UBSHFUT
 PG
DPVSTF
 JOGPSNBUJPO PO NVUBUJPOT DPOUBJOFE JO UIF UVNPS BOE QPUFOUJBMMZ BêFDUJOH ESVH UBSHFUT
PS JNQPSUBOU EPXOTUSFBN LFZ QMBZFST XPVME CF PG JOUFSFTU
 BT DPVME CF TFFO JO UIF QSFWJPVT DBTF
TUVEZ�
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'JHVSF ��� $IBOHFT JO DPODFOUSBUJPO MFWFMT GPS QSPUFJOT UBSHFUBCMF CZ BOUJOFPQMBTUJD BHFOUT 	TBNQMF ���
� 5IF
IFJHIUT PG UIF TJOHMF CBST JOEJDBUF BCTPMVUF DPODFOUSBUJPOT PG UIF DPSSFTQPOEJOH QSPUFJOT� (SBZ CBST JOEJDBUF
DPODFOUSBUJPO MFWFMT JO UIF DPOUSPM� 5IF DPMPSFE CBST TIPX UIF DPODFOUSBUJPO MFWFMT JO UIF UVNPS
 SFE JOEJDBUJOH BO
JODSFBTF JO BCVOEBODF
 CMVF B EFDSFBTF JO BCVOEBODF�

��� %JTDVTTJPO
8F QSFTFOU %SVH5BSHFU*OTQFDUPS
 BO JOUFSBDUJWF UPPM GPS USFBUNFOU TUSBUJaDBUJPO� %5* BOBMZ[FT
HFOPNJDT
 USBOTDSJQUPNJDT
 BOE QSPUFPNJDT EBUB TFUT BOE QSPWJEFT JOGPSNBUJPO PO EFSFHVMBUFE
ESVH UBSHFUT
 FOSJDIFE CJPMPHJDBM QBUIXBZT
 BOE EFSFHVMBUFE TVCOFUXPSLT
 BT XFMM BT NVUBUJPOT
BOE UIFJS QPUFOUJBM FêFDUT PO QVUBUJWF ESVH UBSHFUT BOE HFOFT PG JOUFSFTU� %5* TPSUT ESVH UBSHFUT
CBTFE PO UIFJS EFHSFF PG VQSFHVMBUJPO� *O PSEFS UP JEFOUJGZ SFMFWBOU QBUIXBZT
 FOSJDINFOU
BOBMZTFT CBTFE PO ,&(( QBUIXBZT DBO CF QFSGPSNFE� 6TJOH TVCHSBQI BOBMZTFT
 VTFST DBO
GVSUIFS JOWFTUJHBUF XIJDI JNQBDU UIF EFSFHVMBUJPO PG B ESVH UBSHFU IBT PO UIF EFSFHVMBUJPO PG
PUIFSNPMFDVMFT EPXOTUSFBNPG UIF ESVH UBSHFU JO TJHOBMJOH DBTDBEFT� *G UIJT JT UIF DBTF
 JOIJCJUJPO
BOE SF�SFHVMBUJPO PG UIF DPOTJEFSFE ESVH UBSHFU NJHIU BMTP QPTJUJWFMZ BêFDU UIF EFSFHVMBUFE
EPXOTUSFBN QSPDFTTFT� %5* DBO DPNQMFNFOU UIF FYQSFTTJPO�CBTFE BOBMZTFT XJUI HFOPNJD
WBSJBUJPO EBUB� 6QMPBEFE ��� aMFT BSF BOOPUBUFE VTJOH &OTFNCMrT 7BSJBOU &êFDU 1SFEJDUPS JO



��� %JTDVTTJPO ���

UFSNT PG HFOPNJD MPDBUJPO BOE UIF QPUFOUJBM FêFDU PO UIF FODPEFE QSPUFJO� 5IJT BEEJUJPOBM MBZFS
PG JOGPSNBUJPO DBO SFWFBM ESVH UBSHFUT UP CF JOBQQSPQSJBUF GPS USFBUNFOU EVF UP
 GPS FYBNQMF

NJTTFOTF NVUBUJPOT BT DPVME CF TFFO JO PVS DBTF TUVEZ PO DPMPO BEFOPDBSDJOPNB� "T %5*
BMTP DPOTJEFST XIJDI USFBUNFOU PQUJPOT BSF SFDPNNFOEFE GPS B DFSUBJO UZQF PG UVNPS
 UIF UPPM
IFMQT QIZTJDJBOT UP TFMFDU UIF NPTU QSPNJTJOH ESVH PS DPNCJOBUJPO PG ESVHT GSPN UIJT SFTPVSDF�
)PXFWFS
 BT %5*rT SFTVMUT BSF OPU SFTUSJDUFE UP TUBOEBSE�PG�DBSF ESVHT
 PUIFS QVUBUJWF ESVHT
DBO CF DPOTJEFSFE BT XFMM JO DBTFT XIFSF 	J
 UIFSF BSF OP SFDPNNFOEBUJPOT BWBJMBCMF
 BT JO
IJHI�SJTL 8JMNT UVNPS SFMBQTFT
 PS 	JJ
 UIF FêFDUJWFOFTT PG TUBOEBSE�PG�DBSF ESVHT JT SFEVDFE
CZ NVUBUJPOT JO UIF DPSSFTQPOEJOH ESVH UBSHFUT� *O TVNNBSZ
 %5* QSPWJEFT B QMBUGPSN GPS
UIF JOUFHSBUFE BOBMZTJT PG WBSJPVT PNJDT EBUB TFUT UIBU BMMPXT JOWFTUJHBUJOH UIF HFOPNJD BOE
USBOTDSJQUPNJD QSPQFSUJFT PG B UVNPS VOEFS DPOTJEFSBUJPO
 XIJDI DBO TVQQPSU QIZTJDJBOT JO UIFJS
DMJOJDBM USFBUNFOU EFDJTJPO�NBLJOH QSPDFTT
 BMTP FMVDJEBUJOH USFBUNFOU PQUJPOT UIBU NJHIU CF
OFHMFDUFE PUIFSXJTF�
%SVH5BSHFU*OTQFDUPS IBT CFFO XFMM SFDFJWFE CZ UIF TDJFOUJaD DPNNVOJUZ BOE XBT BXBSEFE UIF
4DJFOUJaD &YDFMMFODF "XBSE BU UIF 'VUVSF 9 )FBMUIDBSF DPOGFSFODF JO ����
 BT XFMM BT -BOENBSL JO UIF
-BOE PG *EFBT JO �����





6
$MJO0NJDT5SBJMCD

.BJO QBSUT PG UIJT DIBQUFS BSF QVCMJTIFE JO -� 4DIOFJEFS
 5� ,FIM
 ,� 5IFEJOHB FU BM�
$MJO0NJDT5SBJMCD� B WJTVBM BOBMZUJDT UPPM GPS CSFBTU DBODFS USFBUNFOU TUSBUJaDBUJPO� #JPJOGPSNBU�
JDT 	����
� EPJ� ��������CJPJOGPSNBUJDT�CU[���� 5IF $MJO0NJDT5SBJMCD XFC TFSWJDF XBT EFWFM�
PQFE CZ NZTFMG BOE 5JN ,FIM� )BOT�1FUFS -FOIPG BOE * IBWF DPODFQUVBMJ[FE UIF WJTVBMJ[BUJPOT
BOE UIF QFSGPSNFE BOBMZTFT
 JODMVEJOH UIF QBUIXBZ BDUJWJUZ NFBTVSF� 5IF EBUB BDRVJTJUJPO

QSPDFTTJOH
 BOE DBTF TUVEJFT XFSF QFSGPSNFE CZNF� 5IF OFPFQJUPQF QSFEJDUJPO GVODUJPOBMJUZ
XBT EFWFMPQFE CZ #FOKBNJO 4DIVCFSU BOE DPMMFBHVFT�

5IF VTF PG DPNQBOJPO EJBHOPTUJDT JT NPSF BOE NPSF CFDPNJOH BO JOUFHSBM QBSU PG UIF
QFSTPOBMJ[FE USFBUNFOU PG DBODFS <���> 	TFF BMTP 4FDUJPO ���
� 0OF PG UIF NBKPS TVDDFTTFT JO
UIJT aFME JT UIF BTTFTTNFOU PG UIF TUBUVT PG UIF IVNBO FQJEFSNBM HSPXUI GBDUPS SFDFQUPS �
	)&3��OFV
 &3##�

 XIJDI JT PWFSFYQSFTTFE PS BNQMJaFE JO ��� PG CSFBTU DBODFS QBUJFOUT�
*O UIF )&3��QPTJUJWF DBTF
 QBUJFOUT BSF FMJHJCMF GPS USFBUNFOU XJUI UIF NPOPDMPOBM BOUJCPEZ
USBTUV[VNBC <���>� 4UJMM
 MFTT UIBO ��� PG )&3��QPTJUJWF CSFBTU DBODFST SFTQPOE UP USBTUV[VNBC
<���>� 5IJT PCTFSWBUJPO VOEFSMJOFT UIBU UIF DPOTJEFSBUJPO PG JOEJWJEVBM CJPNBSLFST EPFT OPU
TVëDF UP DBQUVSF UIF DPNQMFYJUZ PG DBODFS� 8IJMF UIF VTF PG HFOF QBOFMT BT NPSF DPNQSFIFOTJWF
NFBOT PG UVNPS DIBSBDUFSJ[BUJPO JT FNFSHJOH 	DG� 4FDUJPO �������

 UIF TPMF DPOTJEFSBUJPO PG
HFOPNJD BCFSSBUJPOT POMZ ZJFMET B POF�EJNFOTJPOBM QJDUVSF PG BCFSSBOU QSPDFTTFT JO UVNPS DFMMT
BOE IBT CFFO TIPXO UP CF JOTVëDJFOU UP QSFEJDU USFBUNFOU SFTQPOTF <���
 ���
 ���>� *O DPOUSBTU

B IPMJTUJD WJFX PO UIF HFOPNJD BOE NPMFDVMBS EFQFOEFODJFT JO UVNPST UIBU VUJMJ[FT TFWFSBM UZQFT
PG CJPMPHJDBM JOGPSNBUJPO
 JODMVEJOH 	FQJ�
HFOPNJDT
 USBOTDSJQUPNJDT
 BOE QSPUFPNJDT EBUB IBT
UIF QPUFOUJBM UP MFBE UP BDUJPOBCMF BOE QSFEJDUJWF NPEFMT PG DBODFS <��>� " IPMJTUJD BQQSPBDI
TIPVME BMTP FODPNQBTT UIF JEFOUJaDBUJPO BOE RVBOUJaDBUJPO PG EFSFHVMBUFE CJPMPHJDBM QBUIXBZT

BT UIFZ BSF UIF NFEJBUPST PG DBODFS EFWFMPQNFOU BOE QSPHSFTTJPO BOE DBO JOGPSN UIF TFMFDUJPO
PG TQFDJaD QBUIXBZ�UBSHFUJOH USFBUNFOU PQUJPOT�
$POTJEFSJOH UIF DPOUJOVBMMZ JODSFBTJOH WPMVNFT PG RVBOUJUBUJWF 	NVMUJ�
PNJDT EBUB PO UVNPST
BOE UIF WBTU CPEZ PG SFTFBSDI FMVDJEBUJOH NPMFDVMBS BOE QIBSNBDPHFOPNJD EFQFOEFODJFT JO
DBODFS
 DMFBSMZ JMMVTUSBUFT UIF OFFE GPS DMJOJDBM EFDJTJPO TVQQPSU TZTUFNT� $MJOJDBM EFDJTJPO TVQQPSU
TZTUFNT BSF EFTJHOFE UP HBUIFS BOE JOUFHSBUF SFMFWBOU JOGPSNBUJPO BOE UIFZ BJN BU JNQSPWJOH
QBUJFOU PVUDPNFT CZ FOBCMJOH NPSF DPOaEFOU DMJOJDBM EFDJTJPOT BU UIF QPJOU PG DBSF�
5P UIJT FOE
 XF IBWF EFWFMPQFE $MJO0NJDT5SBJMCD
 B DPNQSFIFOTJWF WJTVBM BOBMZUJDT UPPM GPS
CSFBTU DBODFS EFDJTJPO TVQQPSU UIBU QSPWJEFT B IPMJTUJD BTTFTTNFOU PG TUBOEBSE�PG�DBSF UBSHFUFE
ESVHT
 DBOEJEBUFT GPS ESVH SFQPTJUJPOJOH
 BOE JNNVOPUIFSBQFVUJD BQQSPBDIFT� 0VS UPPM
BOBMZ[FT BOE WJTVBMJ[FT DMJOJDBM NBSLFST BOE 	FQJ�
HFOPNJDT BOE USBOTDSJQUPNJDT EBUB TFUT UP
JEFOUJGZ BOE FWBMVBUF UIF UVNPSrT NBJO ESJWFS NVUBUJPOT
 UIF UVNPS NVUBUJPOBM CVSEFO
 BDUJWJUZ

���

https://doi.org/10.1093/bioinformatics/btz302
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QBUUFSOT PG DPSF DBODFS�SFMFWBOU QBUIXBZT
 ESVH�TQFDJaD CJPNBSLFST
 UIF TUBUVT PG NPMFDVMBS
ESVH UBSHFUT
 BOE QIBSNBDPHFOPNJD JObVFODFT� 'PS $MJO0NJDT5SBJMCD
 XF EFMJCFSBUFMZ GPDVTFE
PO CSFBTU DBODFS GPS B QSPPG�PG�DPODFQU
 BT CSFBTU DBODFS JT UIF TFDPOE MFBEJOH DBVTF PG DBODFS
EFBUI BNPOH XPNFO <���>� .PSFPWFS
 CSFBTU UVNPST
 FWFO PG UIF TBNF IJTUPQBUIPMPHJDBM
TVCUZQF
 FYIJCJU B IJHI HFOPUZQJD EJWFSTJUZ UIBU JNQFEFT UIFSBQZ TUSBUJaDBUJPO BOE UIBU IFODF
NVTU CF BDDPVOUFE GPS JO UIF USFBUNFOU EFDJTJPO�NBLJOH QSPDFTT� 4UJMM
 BMCFJU $MJO0NJDT5SBJMCD
JT PQUJNJ[FE GPS UIF BOBMZTJT PG CSFBTU DBODFS EBUB TFUT
 UIF VOEFSMZJOH BOBMZTJT NFUIPET
BOE WJTVBMJ[BUJPO UFDIOJRVFT PêFSFE CZ PVS XFC TFSWJDF DBO BMTP CF VTFE GPS UIF HFOFUJD
BOE NPMFDVMBS DIBSBDUFSJ[BUJPO PG PUIFS UVNPS UZQFT CZ NBJOMZ FYDIBOHJOH UIF UVNPS�TQFDJaD
VOEFSMZJOH EBUBCBTFT� *O TVNNBSZ
 $MJO0NJDT5SBJMCD JT B QPXFSGVM JOUFHSBUFE WJTVBM BOBMZUJDT
UPPM GPS CSFBTU DBODFS SFTFBSDI JO HFOFSBM BOE UIFSBQZ TUSBUJaDBUJPO JO QBSUJDVMBS
 BTTJTUJOH
PODPMPHJTUT JO aOEJOH UIF CFTU QPTTJCMF USFBUNFOU PQUJPOT GPS UIFJS CSFBTU DBODFS QBUJFOUT
CBTFE PO BDUJPOBCMF
 FWJEFODF�CBTFE SFTVMUT� $MJO0NJDT5SBJMCD DBO CF GSFFMZ BDDFTTFE BU
#//+.΂ζζ�'$)*($�./-�$'΀�$*$)!΀0)$Ζ.�΀� �
*O UIF GPMMPXJOH TFDUJPOT
 XF XJMM aSTU JOUSPEVDF UIF DPODFQU PG NPMFDVMBS UVNPS CPBSET
	4FDUJPO ���

 GPMMPXFE CZ B CSJFG PWFSWJFX PG CSFBTU DBODFS TVCUZQFT BOE TUBUJTUJDT 	4FDUJPO ���
�
3FMBUFE BQQSPBDIFT GPS 	CSFBTU DBODFS
 USFBUNFOU TUSBUJaDBUJPO XJMM CF QSFTFOUFE JO 4FDUJPO ����
$MJO0NJDT5SBJMCDrT XPSLbPX BOE GVODUJPOBMJUZ JT UIF UPQJD PG 4FDUJPO ���� )PX UIJT GVODUJPOBMJUZ
DBO TVQQPSU UIF USFBUNFOU EFDJTJPO�NBLJOH QSPDFTT JT UIFO EFNPOTUSBUFE VTJOH UISFF DBTF
TUVEJFT 	4FDUJPO ���
� 'JOBMMZ
 XF DPODMVEF UIJT DIBQUFS XJUI B HFOFSBM EJTDVTTJPO PG PVS
BQQSPBDI JO 4FDUJPO ����

��� .PMFDVMBS UVNPS CPBSET
5IF DIBMMFOHFT PG QFSTPOBMJ[FE USFBUNFOU TFMFDUJPO GPS PODPMPHZ QBUJFOUT IBWF MFE UP UIF
JNQMFNFOUBUJPO PG .PMFDVMBS 5VNPS #PBSET 	.5#T
 JO NPTU DBODFS DFOUFST� .5#T BSF BO
FYUFOTJPO PG USBEJUJPOBM NVMUJEJTDJQMJOBSZ UVNPS CPBSET JO XIJDI B HSPVQ PG NFEJDBM FYQFSUT

JODMVEJOHNFEJDBM PODPMPHJTUT
 TVSHFPOT
 SBEJPMPHJTUT
 QBUIPMPHJTUT
 BOE PUIFS TQFDJBMJTUT
 EFDJEF
PO UIF CFTU USFBUNFOU PQUJPOT GPS UIFJS DBODFS QBUJFOUT� *O BEEJUJPO UP UIF DMJOJDBM EBUB BOE
USFBUNFOU IJTUPSZ PG UIF QBUJFOU
.5#T BMTP DPOTJEFS HFOFUJD BOENPMFDVMBS BCFSSBUJPOT DPOUBJOFE
JO UIF UVNPS <���>� 5ZQJDBMMZ
 NPMFDVMBS UVNPS CPBSET DPOTJEFS DPOTFOUJOH QBUJFOUT XIP BSF
	J
 QSPHSFTTJWF PO BMM DPOWFOUJPOBM USFBUNFOU PQUJPOT <���v���> PS 	JJ
 XIP IBWF SBSF DBODFST

GPS XIJDI POMZ B GFX USFBUNFOUT FYJTU <���v���>� 5VNPS CJPQTJFT XJUI B IJHI�FOPVHI UVNPS
DPOUFOU 	UZQJDBMMZ > ���
 BSF BOBMZ[FE VTJOH DBODFS�TQFDJaD HFOF QBOFMT
 TVDI BT UIPTF PêFSFE
CZ 'PVOEBUJPO .FEJDJOF <���> PS $F(B5 <���>
 TPNFUJNFT FWFO XIPMF�FYPNF TFRVFODJOH
JT DPOEVDUFE <���>� "EEJUJPOBM NFBTVSFNFOUT TVDI BT USBOTDSJQUPNF <���>
 DPQZ OVNCFS
BMUFSBUJPOT <���>
 PS UIF NFUIZMPNF <���> BSF JODMVEFE PDDBTJPOBMMZ� *O BEEJUJPO UP QPUFOUJBM
EJëDVMUJFT JO PCUBJOJOH B UVNPS CJPQTZ BOE TVëDJFOU RVBOUJUJFT PG UVNPS %/" 	PS 3/"
 GPS
NPMFDVMBS QSPaMJOH
 UIF JOUFSQSFUBUJPO PG UIF DMJOJDBM TJHOJaDBODF PG HFOPNJD BOE USBOTDSJQUPNJD
BCFSSBUJPOT JT B DIBMMFOHJOH UBTL <���>� )FODF
 CJPJOGPSNBUJDT�ESJWFO DMJOJDBM EFDJTJPO TVQQPSU
TZTUFNT BSF SFRVJSFE UP BOBMZ[F UIF IJHI�EJNFOTJPOBM EBUB TFUT BOE UP QSFTFOU UIF USFBUNFOU�
SFMFWBOU aOEJOHT JO B DMFBS BOE DPODJTF NBOOFS UP GPSN UIF CBTJT GPS UIF .5# UP EFDJEF PO UIF
USFBUNFOU PG B QBUJFOU�

https://clinomicstrail.bioinf.uni-sb.de
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��� #SFBTU DBODFS

#SFBTU DBODFS JT UIF NPTU DPNNPO UZQF PG DBODFS BOE UIF TFDPOE MFBEJOH DBVTF PG DBODFS EFBUI
BNPOH XPNFO <���> 	DG� 'JHVSF ���
�

Lung Breast

Colon

Uterus

Skin

26%

10%

10%

4%

6%

Other
44%

25% 
of women 
with breast 
cancer are 
younger 
than 50 
years old 

1 in 8 
women will 
be 
diagnosed 
with breast 
cancer 
during their 
lifetime

A B

C

user newer numbers

https://gco.iarc.fr/today/data/factsheets/populations/276-germany-fact-sheets.pdf'JHVSF ��� 'FNBMF DBODFS TUBUJTUJDT� "
 1SPQPSUJPO PG OFXMZ EJBHOPTFE GFNBMF DBODFS QBUJFOUT CZ NBJO QSJNBSZ
TJUF GPS B UPUBM PG ���
��� DBTFT JO (FSNBOZ
 ���� <���>� #
 *ODJEFODF SBUF GPS CSFBTU DBODFS JO XPNFO BTTVNJOH B
MJGFTQBO PG �� ZFBST <���>� $
 %BUB PCUBJOFE GSPN <���>� 5IF QJOL SJCCPO TZNCPM XBT PCUBJOFE GSPN <��>�

#SFBTU DBODFS IBT MPOH CFFO FTUBCMJTIFE BT B DBODFS UZQFXJUI TFWFSBM DMJOJDBMMZ SFMFWBOU TVCUZQFT

XIJDI IBWF CFFO JEFOUJaFE VTJOH CPUI DMBTTJDBM JNNVOPIJTUPDIFNJTUSZ BOE HFOF FYQSFTTJPO
QSPaMJOH� 5IFSF BSF GPVS NBJONPMFDVMBS TVCUZQFT PG CSFBTU DBODFS UIBU EJêFS JO UIF DPNQPTJUJPO
PG SFMFWBOU SFDFQUPST BOE UIFJS SFTQFDUJWF HSPXUI SBUFT
 CVU BMTP JO UIFJS HFOF FYQSFTTJPO QBUUFSOT
<���
 ���
 ���>� 	J
 CSFBTU DBODFST PG UZQF -VNJOBM " BSF IPSNPOF SFDFQUPS�QPTJUJWF 	J�F�
 UIFZ
FYQSFTT UIF FTUSPHFO SFDFQUPS BOE�PS UIF QSPHFTUFSPOF SFDFQUPS

 )&3��OFHBUJWF
 HSPX SBUIFS
TMPXMZ
 BOE IBWF UIF CFTU QSPHOPTJT� 	JJ
 -VNJOBM # TVCUZQFT BSF IPSNPOF SFDFQUPS�QPTJUJWF

NJHIU CF )&3��QPTJUJWF
 BOE BSF TMJHIUMZ NPSF BHHSFTTJWF UIBO UIF -VNJOBM " TVCUZQF� 	JJJ

)&3��FOSJDIFE UVNPST BSF )&3��QPTJUJWF BOE IPSNPOF SFDFQUPS�OFHBUJWF� 5IF aOBM TVCUZQF

	JW
 #BTBM�MJLF PS 5SJQMF�OFHBUJWF
 JT UIF NPTU BHHSFTTJWF POF� *UT IPSNPOF SFDFQUPS TUBUVT JT
OFHBUJWF BOE )&3� JT OPU BNQMJaFE� 'JHVSF ��� QSPWJEFT BO PWFSWJFX PG UIJT DMBTTJaDBUJPO
TDIFNF�
5IF EJêFSFOU TVCUZQFT TIPX NBKPS EJêFSFODFT JO UFSNT PG UIFJS JODJEFODF
 QSPHOPTJT
 BOE
USFBUNFOU TFOTJUJWJUZ <���v���>� 5IFSBQFVUJD BQQSPBDIFT UP CSFBTU DBODFS JODMVEF TVSHFSZ

SBEJBUJPO
 BOE TZTUFNJD UIFSBQZ� "T UIF DVSSFOU TUBOEBSE PG DBSF
 USFBUNFOU PQUJPOT BSF
UZQJDBMMZ TFMFDUFE CBTFE PO B GFX DMJOJDBM NBSLFST MJLF DBODFS TUBHF
 UIF QSFTFODF PS BCTFODF
PG IPSNPOF SFDFQUPST
 )&3��OFV BNQMJaDBUJPO
 BOE UIF NFOPQBVTBM TUBUVT PG UIF QBUJFOU
<���
 ���>� 'PS UIF USFBUNFOU PG IPSNPOF�EFQFOEFOU 	J�F�
 IPSNPOF SFDFQUPS�QPTJUJWF
 CSFBTU
DBODFST
 FOEPDSJOF UIFSBQZ JT BO JOUFHSBM USFBUNFOU FMFNFOU <���>� )FSF
 UZQJDBMMZ UIF FTUSPHFO
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ER / PR status

HER2 status HER2 status

Ki-67 staining

Luminal A Luminal B HER2-enriched Basal-like

one or both 
positive

both 
negative

negative

positive

low high

positive negative

'JHVSF ��� #SFBTU DBODFS TVCUZQFT� $MBTTJaDBUJPO PG CSFBTU UVNPS TBNQMFT JOUP NPMFDVMBS TVCUZQFT 	JO CMVF

CBTFE PO UIF QSFTFODF 	qQPTJUJWFr
 PS BCTFODF 	qOFHBUJWFr
 PG UIF IPSNPOF SFDFQUPST &3 BOE 13 	aSTU MBZFS

 UIF
PWFSFYQSFTTJPO PS BNQMJaDBUJPO TUBUVT PG )&3� 	TFDPOE MBZFS
 BOE UIF UVNPST HSPXUI SBUFT BT EFUFSNJOFE CZ ,J���
TUBJOJOH 	UIJSE MBZFS
� &3� FTUSPHFO SFDFQUPS
 )&3�� IVNBO FQJEFSNBM HSPXUI GBDUPS SFDFQUPS �
 13� QSPHFTUFSPOF
SFDFQUPS�

SFDFQUPS JOIJCJUPS UBNPYJGFO BOE
 GPS QPTUNFOPQBVTBM XPNFO
 BSPNBUBTF JOIJCJUPST 	F�H�

FYFNFTUBOF BOE BOBTUSP[PMF
 BSF VTFE <���>� *O UIF DBTF PG)&3��QPTJUJWF CSFBTU DBODFS
 UIFSF BSF
TFWFSBM UBSHFUFE ESVHT BWBJMBCMF UIBU TQFDJaDBMMZ CJOE UP &3##� 	)&3��OFV
 	F�H�
 USBTUV[VNBC

QFSUV[VNBC
 PS UP TFWFSBM NFNCFST PG UIF &3## GBNJMZ 	F�H�
 MBQBUJOJC
 OFSBUJOJC
 UP QSFWFOU
EJNFSJ[BUJPO BOE IFODF HSPXUI TJHOBM QSPQBHBUJPO <���>� *O DPOUSBTU UP IPSNPOF SFDFQUPS�
BOE�PS )&3��QPTJUJWF CSFBTU DBODFST
 UIF TUBOEBSE PG DBSF DVSSFOUMZ EPFT OPU QSPWJEF BOZ
UBSHFUFE USFBUNFOU PQUJPOT GPS USJQMF�OFHBUJWF CSFBTU DBODFST
 XIJDI DPOTUJUVUF ������� PG BMM
CSFBTU DBODFST <���>� 'PS UIJT BHHSFTTJWF UVNPS UZQF
 UIFNPMFDVMBS DIBSBDUFSJ[BUJPO PG UBSHFUBCMF
PODPHFOJD ESJWFST NJHIU CF FTQFDJBMMZ CFOFaDJBM <���>�
.PSFPWFS
 TUVEJFT IBWF TIPXO UIBU EJêFSFODFT JO UIF SFTQPOTF UP USFBUNFOU
 FWFO JO QBUJFOUTXJUI
UIF TBNF TVCUZQF PG CSFBTU DBODFS
 DPSSFMBUF XJUI EJêFSFODFT JO HFOF FYQSFTTJPO QBUUFSOT BNPOH
UIFTF QBUJFOUT
 JMMVTUSBUJOH UIF VSHFOU OFFE UP USFBU CSFBTU DBODFS XJUI B QFSTPOBMJ[FE BQQSPBDI
<���>�

��� 3FMBUFE XPSL

4FWFSBM UPPMT BOE XFC TFSWJDFT IBWF CFFO EFTJHOFE UP TVQQPSU UIF CSFBTU DBODFS USFBUNFOU
EFDJTJPO�NBLJOH QSPDFTT� 'PS FYBNQMF
 UIFXFC TFSWJDF"EKVWBOU�0OMJOF <���> BMMPXT FTUJNBUJOH
SFMBQTF�GSFF BOE PWFSBMM TVSWJWBM GPS XPNFOXJUI FBSMZ CSFBTU DBODFS XIFO USFBUFEXJUI BEKVWBOU
FOEPDSJOF UIFSBQZ PS DIFNPUIFSBQZ� 5P UIJT FOE
 DMJOJDBM QBSBNFUFST MJLF UIF QBUJFOUrT BHF
BU EJBHOPTJT BOE B TFMFDUJPO PG UVNPS DIBSBDUFSJTUJDT MJLF UVNPS TJ[F
 HSBEF
 BOE JUT IPSNPOF
SFDFQUPS TUBUVT BSF DPOTJEFSFE� 4JNJMBSMZ
 UIF 13&%*$5XFC TFSWJDF <���> BMTP QSPWJEFT BEKVWBOU
USFBUNFOU EFDJTJPO TVQQPSU
 CVU BEEJUJPOBMMZ DPOTJEFST UIF )&3� TUBUVT PG UIF QBUJFOU� 5IF
BOBMZTJT SFTVMUT JO B TUBUJTUJD PO UIF PCTFSWFE SFMBUJWF CFOFaU PG GPVS USFBUNFOU SFHJNFOT WFSTVT
OP BEKVWBOU USFBUNFOU JO B HSPVQ PG QBUJFOUT XJUI DPNQBSBCMF UVNPS NBSLFST� #BTFE PO TJNJMBS
DMJOJDBM JOQVU EBUB
 $BODFS.BUI <���> QSPWJEFT B TFU PG UPPMT UP QSFEJDU MJGF FYQFDUBODZ BOE UP



��� 3FMBUFE XPSL ���

FTUJNBUF USFBUNFOU CFOFaUT GPS WBSJPVT IPSNPOBM BOE DIFNPUIFSBQFVUJD BHFOUT� )PXFWFS
 BMM
UPPMT BOE QSFEJDUJPOT MJTUFE BCPWF BSF TPMFMZ CBTFE PO B SBUIFS TNBMM TFU PG DMJOJDBM NBSLFST
 XIJDI
EP OPU DBQUVSF UIF DPNQMFYJUZ PG B UVNPS <���>� "T CSFBTU DBODFS JT LOPXO GPS TUSPOHMZ EJTQBSBUF
USFBUNFOU SFTQPOTFT
 FWFO JO QBUJFOUT XJUI DPNNPO IJTUPQBUIPMPHJDBM GFBUVSFT <���
 ���>
 JU
JT PG VUNPTU JNQPSUBODF UP BEEJUJPOBMMZ DPOTJEFS UIF UVNPSrT HFOFUJD BOE QIFOPUZQJD NBLFVQ�
8JUI UIF DPOUJOVPVT EFWFMPQNFOU PG CJPUFDIOPMPHJDBM IJHI�UISPVHIQVU NFUIPET
 IJHI RVBMJUZ
HFOFUJD BOENPMFDVMBS QSPaMJOH PG UVNPST IBT CFDPNF BWBJMBCMF BU SFMBUJWFMZ MPX DPTU
 TVQQPSUJOH
DMJOJDJBOT JO EJBHOPTJT
 QSPHOPTJT
 BOE USFBUNFOU TFMFDUJPO� 'PS UIF DMJOJDBM BTTFTTNFOU PG B HJWFO
CSFBTU UVNPS
 OPXBEBZT WBSJPVT NPMFDVMBS BTTBZT DBO CF VTFE
 GPS FYBNQMF 0ODPUZQF %9 <���>
PS .BNNB1SJOU <���>
 XIJDI BSF NFEJVN�TJ[FE 	�� UP �� NBSLFST
 QSPHOPTUJD HFOF FYQSFTTJPO
BTTBZT UIBU BTTFTT UIF SJTL GPS SFMBQTF BOE NFUBTUBTJT� #BTFE PO UIFTF QSFEJDUJPOT
 UIF CFOFaU PG
BEKVWBOU DIFNPUIFSBQZ DBO CF EFUFSNJOFE� "OPUIFS DPNNPOMZ VTFENVMUJHFOF TJHOBUVSF JT UIF
1".�� DMBTTJaFS
 XIJDI QSFEJDUT UIF NPMFDVMBS TVCUZQF PG CSFBTU DBODFS TBNQMFT CBTFE PO UIF
FYQSFTTJPO PG B TFU PG �� HFOFT <���>� )PXFWFS
 UIFTF BQQSPBDIFT EP OPU BTTFTT UIF TVJUBCJMJUZ PG
TQFDJaD ESVHT� 3FDVSSFODF0OMJOF <���> JT BO POMJOF BOBMZTJT UPPM UIBU VUJMJ[FT NJDSPBSSBZ�CBTFE
HFOF FYQSFTTJPO EBUB UP QSFEJDU SFTQPOTF UP IPSNPOBM BOE UBSHFUFE UIFSBQZ BT XFMM BT UIF SJTL
PG SFDVSSFODF GPS B HJWFO UVNPS TBNQMF� 4UJMM
 UIFTF UFTUT EP OPU DPOTJEFS UIF FêFDU PG NVUBUJPOT
UIBU NJHIU ESJWF UIF EJTFBTF PS DBVTF SFTJTUBODF UP DFSUBJO ESVHT�
"DDPVOUJOH GPS UIF JObVFODF PG NVUBUJPOT PO USFBUNFOU SFTQPOTF
 UIFSF BSF BMTP TFWFSBM
DPNQBOJFT 	F�H�
 $F(B5 <���> PS 'PVOEBUJPO .FEJDJOF <���>
 UIBU DPNNFSDJBMMZ PêFS DMJOJDBM
EFDJTJPO TVQQPSU CBTFE PO OFYU�HFOFSBUJPO TFRVFODJOH BOE QSPQSJFUBSZ HFOPNJD QSPaMJOH
BTTBZT� 5IF QSPWJEFE SFQPSUT DPOUBJO JOGPSNBUJPO PO QBUIPHFOJD NVUBUJPOT XJUI LOPXO
QIBSNBDPHFOPNJD FêFDUT PO DBODFS ESVHT� 8IJMF UIJT JOGPSNBUJPO JT BMSFBEZ WFSZ WBMVBCMF
 UIF
VOEFSMZJOH BOBMZTFT POMZ GPDVT PO UIF JOWFTUJHBUJPO PG HFOPNJD BCFSSBUJPOT
 OFHMFDUJOH BMM PUIFS
MBZFST PG DFMMVMBS SFHVMBUJPO BOE EJTFBTF NBOJGFTUBUJPO�
*O PSEFS UP PCUBJO B NPSF IPMJTUJD QJDUVSF PG BCFSSBOU QSPDFTTFT JO UVNPST
 XF IBWF EFWFMPQFE
%SVH5BSHFU*OTQFDUPS 	TFF $IBQUFS �

 BO JOUFSBDUJWF BTTJTUBODF UPPM GPS UIF JOWFTUJHBUJPO PG
EJêFSFOUJBMMZ FYQSFTTFE PS NVUBUFE NPMFDVMBS UBSHFUT PG LOPXO ESVHT� #BTFE PO UIJT
 BQQSPWFE
ESVHT GPS EJêFSFOU DBODFS UZQFT BOE QVUBUJWF ESVH SFQPTJUJPOJOH DBOEJEBUFT DBO CF BTTFTTFE�
&TQFDJBMMZ UIF BTQFDU PG DPOTJEFSJOH BCFSSBOU QBUIXBZT UP JEFOUJGZ CJPNBSLFST BOE UP JOGPSN
USFBUNFOU EFDJTJPO�NBLJOH IBT CFFO XFMM BEPQUFE JO UIF SFTFBSDI DPNNVOJUZ� "MDBSB[ FU BM�
IBWF EFWFMPQFE 1BUI$MBTT <���>
 B XFC TFSWJDF UIBU QSFEJDUT NPMFDVMBS TVCUZQFT PG CSFBTU DBODFS
TBNQMFT CBTFE PO HFOF FYQSFTTJPO EBUB BOE VTJOH EJêFSFOU NFUIPET JODMVEJOH 1".�� <���>

4$.(&/& <���>
 4$.0%��� <���
 ���>
 BOE ,FZ1BUIXBZ.JOFS <���> 	DG� 4FDUJPO �������
�
4JNJMBSMZ
 -FF FU BM� VTF UIF NFUBHFOF�CBTFENFUIPE PG $0OEJUJPO�3FTQPOTJWF (FOFT 	$03(T
 DG�
4FDUJPO �������
 PO EJêFSFOUJBMMZ FYQSFTTFE HFOFT
 DPQZ OVNCFS WBSJBUJPOT
 BOE NJ3/" UBSHFU
HFOFT UP QSFEJDU NPMFDVMBS TVCUZQFT PG CSFBTU DBODFS VTJOH k�NFBOT DMVTUFSJOH <���>� 'PS UIF
JEFOUJaDBUJPO PG ESVH SFQPTJUJPOJOH DBOEJEBUFT GPS UIF USFBUNFOU PG CSFBTU DBODFS
 .FKJB�1FESP[B
FU BM� EFSJWF QBUIXBZ BDUJWJUJFT GSPN 1BUIJaFS 	DG� 4FDUJPO �������
 UP JEFOUJGZ QBUIXBZ�CBTFE
TVCUZQFT QPUFOUJBMMZ TVTDFQUJCMF UP USFBUNFOU XJUI ESVHT UBSHFUJOH UIFTF BCFSSBOU QBUIXBZT
<���>�
*O PSEFS UP USBOTMBUF NVMUJ�PNJDT
 IPMJTUJD BOBMZTFT PG UVNPS TBNQMFT JOUP DMJOJDBM QSBDUJDF

DMJOJDBM NBSLFST IBWF UP CF BOBMZ[FE KPJOUMZ XJUI MBSHF BOE DPNQMFY PNJDT EBUB TFUT� 5IJT

JO UVSO
 SFRVJSFT FBTZ�UP�VTF CJPJOGPSNBUJDT UPPMT BCMF UP JOUFHSBUF EJêFSFOU NPMFDVMBS BOE
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DMJOJDBM EBUB TFUT BOE UP FYUSBDU UIF NPTU SFMFWBOU JOGPSNBUJPO� 0O UPQ PG UIJT
 UIF EFUFSNJOFE
UVNPS DIBSBDUFSJTUJDT IBWF UP CF FWBMVBUFE XJUI SFTQFDU UP B DPNQSFIFOTJWF CPEZ PG NFEJDBM

QIBSNBDPMPHJDBM
 BOE CJPMPHJDBM LOPXMFEHF UP HBJO BDUJPOBCMF JOTJHIUT GSPN UIF EBUB� 5IF
PCUBJOFE SFTVMUT aOBMMZ IBWF UP CF QSFTFOUFE JO B DPODJTF NBOOFS UIBU GBDJMJUBUFT JOUFSQSFUBUJPO�
)FSF
 XFQSFTFOU$MJO0NJDT5SBJMCD
 BO JOUFSBDUJWF WJTVBM BOBMZUJDT UPPM GPS CSFBTU DBODFS USFBUNFOU
TUSBUJaDBUJPO� $MJO0NJDT5SBJMCD PêFST SJDI GVODUJPOBMJUZ GPS UIF JOUFHSBUJPO BOE BOBMZTJT PG
DMJOJDBM NBSLFST BT XFMM BT USBOTDSJQUPNJDT BOE 	FQJ�
HFOPNJDT EBUB TFUT XJUI SFTQFDU UP B
CSPBE TQFDUSVN PG CJPMPHJDBM
 QIBSNBDPMPHJDBM
 BOE NFEJDBM LOPXMFEHF� 0VS UPPM QSPWJEFT
B DPNQSFIFOTJWF BTTFTTNFOU PG B WBSJFUZ PG USFBUNFOU PQUJPOT CBTFE PO UIF UVNPSrT NBJO
ESJWFS NVUBUJPOT
 UIF PWFSBMM UVNPS NVUBUJPOBM CVSEFO
 BDUJWJUZ QBUUFSOT PG DPSF CSFBTU DBODFS�
SFMFWBOU QBUIXBZT
 ESVH�TQFDJaD QSFEJDUJWF CJPNBSLFST
 UIF TUBUVT PGNPMFDVMBS ESVH UBSHFUT BOE
QIBSNBDPHFOPNJD JNQMJDBUJPOT� 5BCMF ��� TIPXT IPX $MJO0NJDT5SBJMCD FYDFMT XJUI SFTQFDU UP
CSFBEUI BOE EFQUI PG BOBMZTFT DPNQBSFE UP SFMBUFE BQQSPBDIFT�
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$BODFS.BUI
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0ODPUZQF %9
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.BNNB1SJOU
<���> � � � � � � � � � �

%SVH5BSHFU*OTQFDUPS
<���> � � � � � � � � � �

$F(B5
<���> � � 	�
 � � � � � � �

'PVOEBUJPO0OF $%Y
<���> � � � � � � � � � �

$MJO0NJDT5SBJMCD
<���> � � � � � � � � � �

5BCMF ��� $PNQBSJTPO PG EJőFSFOU UPPMT GPS DMJOJDBM CSFBTU DBODFS EFDJTJPO TVQQPSU� 5IF UPPMT BSF BTTFTTFE JO UFSNT
PG UIFJS DPOTJEFSFE JOQVU EBUB UZQFT
 UIF QFSGPSNFE BOBMZTFT � QSFEJDUJPOT
 BOE UIF QSFTFOUBUJPO PG UIF SFTVMUT� 5IF
HSFFO DIFDLNBSL JOEJDBUFT UIBU B DFSUBJO GFBUVSF JT HJWFO
 UIF CMVF DIFDLNBSL JO QBSFOUIFTFT TUBOET GPS B MJNJUFE
FYUFOU UP XIJDI B GFBUVSF JT QSPWJEFE � DPOTJEFSFE
 BOE UIF SFE DSPTT NFBOT UIBU UIF DPOTJEFSFE GFBUVSF JT OPU
QSPWJEFE�

��� 8PSLbPX BOE GVODUJPOBMJUZ

$MJO0NJDT5SBJMCD HVJEFT CSFBTU DBODFS UIFSBQZ TFMFDUJPO CZ FWBMVBUJOH BWBJMBCMF UIFSBQFVUJD
SFHJNFOT JO UIF DPOUFYU PG UIF JOEJWJEVBM NPMFDVMBS UVNPS DIBSBDUFSJTUJDT� 5P UIJT FOE




��� 8PSLbPX BOE GVODUJPOBMJUZ ���

$MJO0NJDT5SBJMCD BOBMZ[FT BOE JOUFHSBUFT DMJOJDBM
 HFOPNJDT
 BOE USBOTDSJQUPNJDT EBUB� 5IFTF
UVNPS DIBSBDUFSJTUJDT BSF UIFO DPNCJOFEXJUI B QSJPSJ LOPXMFEHF GSPN DMJOJDBM QSBDUJDF HVJEFMJOFT
BT XFMM BT GSPN WBSJPVT NFEJDBM
 QIBSNBDPMPHJDBM
 BOE CJPMPHJDBM EBUBCBTFT UP BTTFTT UIFSBQZ
PQUJPOT
 CPUI PO�MBCFM BOE Pê�MBCFM� $MJO0NJDT5SBJMCD SFQPSUT UIFTF SFTVMUT JO BO JOUVJUJWF BOE
JOUFSBDUJWF NBOOFS
 IJHIMJHIUJOH DIBSBDUFSJTUJDT UIBU NJHIU TVQQPSU PS DPOUSBJOEJDBUF UIF VTF PG
TQFDJaD UIFSBQZ PQUJPOT� 5IFTF DIBSBDUFSJTUJDT JODMVEF B WBSJFUZ PG SFMFWBOU GBDUPST GPS USFBUNFOU
TVDDFTT 	F�H�
 CJPNBSLFST
 NPMFDVMBS ESVH UBSHFUT
 BOE ESVHNFUBCPMJTN
 BTXFMM BT CSFBTU DBODFS�
ESJWJOH QBUIXBZT� 'JHVSF ��� HJWFT BO PWFSWJFX PG UIF $MJO0NJDT5SBJMCD XPSLbPX
 DPWFSJOH BMM
TUFQT GSPN TBNQMF EBUB JOQVU
 PWFS QSFQSPDFTTJOH BOE BOBMZTJT TUFQT
 UP UIF WJTVBMJ[BUJPO PG UIF
SFTVMUT� 5IF SFTQFDUJWF XPSLbPX DPNQPOFOUT XJMM CF EFTDSJCFE JO NPSF EFUBJM JO UIF GPMMPXJOH
TFDUJPOT�
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'JHVSF ��� 0WFSWJFX PG $MJO0NJDT5SBJMCD XPSLbPX� 5IF CPY CPSEFS DPMPST DPSSFTQPOE UP UIF UZQF PG EBUB VTFE JO
UIF DPSSFTQPOEJOH TUFQ PS BOBMZTJT� 0SBOHF� DMJOJDBM EBUB
 CMVF� HFOF FYQSFTTJPO EBUB
 QVSQMF� NFUIZMBUJPO EBUB

SFE� NVUBUJPO EBUB
 HSFFO� DPQZ OVNCFS BMUFSBUJPOT� 5IF QJOL CPSEFS DPMPS JO UIF MBTU DPMVNO TUBOET GPS SFTVMUT BOE
QPUFOUJBM BOBMZTJT FOEQPJOUT� *OUFHSBUFE EBUBCBTFT BSF JOEJDBUFE CZ B EBUBCBTF JDPO
 UIJSE QBSUZ UPPMT CZ B HFBS
XIFFM
 BOENPMFDVMBS EBUB TFUT CZ UIF EPVCMF�IFMJY TZNCPM� $04.*$� $BUBMPHVF0G 4PNBUJD .VUBUJPOT *O $BODFS

%#� %SVH#BOL
 %3&".�� %JBMPHVF GPS 3FWFSTF &OHJOFFSJOH "TTFTTNFOUT BOE .FUIPET v ESVH TFOTJUJWJUZ QSFEJDUJPO
DIBMMFOHF
 %5*� %SVH5BSHFU*OTQFDUPS
 (%4$����� (FOPNJDT PG %SVH 4FOTJUJWJUZ JO $BODFS
 (0� (FOF0OUPMPHZ
 (5��
(FOF5SBJM�
 )(/$� )6(0 (FOF /PNFODMBUVSF $PNNJUUFF
 *OU0(FO� *OUFHSBUJWF 0ODP (FOPNJDT
 ,&((� ,ZPUP
&ODZDMPQFEJB PG (FOFT BOE (FOPNFT
 .%"OEFSTPO� .% "OEFSTPO $BODFS $FOUFS
 5$("� 5IF $BODFS (FOPNF
"UMBT
 55%� 5IFSBQFVUJD 5BSHFU %BUBCBTF
 7&1� 7BSJBOU &őFDU 1SFEJDUPS� 5IF EJTQMBZFE JDPOT XFSF PCUBJOFE GSPN
<��>�

����� 5VNPS�TQFDJaD JOQVU EBUB BOE QSFQSPDFTTJOH
$MJO0NJDT5SBJMCD BMMPXT UIF VTFS UP JOUFHSBUF DMJOJDBM EBUB PG UIF UVNPS VOEFS JOWFTUJHBUJPO XJUI
JUT 	FQJ�
HFOFUJD BMUFSBUJPOT BOE HFOF FYQSFTTJPO NFBTVSFNFOUT 	DG� 'JHVSF ���
 aSTU BOE TFDPOE
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DPMVNO
� %FUBJMT PO UIF DPOTJEFSFE UZQFT PG JOQVU EBUB BOE UIFJS SFMFWBODF GPS UIF USFBUNFOU
EFDJTJPO�NBLJOH QSPDFTT XJMM CF QSPWJEFE JO UIF GPMMPXJOH TFDUJPOT�

������� $MJOJDBM EBUB

$MJO0NJDT5SBJMCD BOBMZ[FT UIF TUBUVT PG TFWFSBM TUBOEBSE DMJOJDBM NBSLFST GPS CSFBTU DBODFS
EJBHOPTJT BOE USFBUNFOU� 'JSTUMZ
 UIF TUBUVT PG UIF FTUSPHFO SFDFQUPS 	&3
 BOE UIF QSPHFTUFSPOF
SFDFQUPS 	13
 BSF DPOTJEFSFE BT UIFZ QMBZ B DSVDJBM SPMF JO CSFBTU DBODFS EFWFMPQNFOU BOE
QSPHSFTTJPO� 5IFJS QSFTFODF PS MBDL v JO DPNCJOBUJPO XJUI UIF NFOPQBVTBM TUBUVT PG UIF QBUJFOU
v JOGPSNT UIF FMJHJCJMJUZ PG TFWFSBM UZQFT PG ESVHT
 JODMVEJOH BSPNBUBTF JOIJCJUPST BOE FTUSPHFO
SFDFQUPS�UBSHFUJOH ESVHT� "OPUIFS DSJUJDBM CJPNBSLFS UP CF DPOTJEFSFE JT UIF TUBUVT PG)&3� <���>�
"O PWFSSFQSFTFOUBUJPO PG UIJT SFDFQUPS PO UVNPS DFMMT NBLFT UIFN TFOTJUJWF UP USFBUNFOU XJUI

GPS FYBNQMF
 BOUJCPEZ�CBTFE JOIJCJUPST MJLF USBTUV[VNBC PS QFSUV[VNBC� "MTP
 JOGPSNBUJPO PO
UVNPS HSPXUI 	,J��� TUBJOJOH
 T�QIBTF GSBDUJPO

 UIF IJTUPQBUIPMPHJDBM TVCUZQF
 UVNPS TJ[F BOE
HSBEF
 MZNQI OPEF BOENFUBTUBTJT TUBUVT
 BT XFMM BT DMJOJDBM NFUBEBUB MJLF B QBUJFOU *%
 UIF PSJHJO
PG UIF TBNQMF 	QSJNBSZ UVNPS WT� NFUBTUBTJT

 UIF GSBDUJPO PG UVNPS UJTTVF JO UIF TBNQMF
 BOE
UIF EBUF PG CJPQTZ DBO CF QSPWJEFE UP $MJO0NJDT5SBJMCD�

������� .PMFDVMBS BOE HFOFUJD EBUB

#FTJEFT UIF DMJOJDBM CJPNBSLFST
 WBSJPVT UZQFT PG NPMFDVMBS EBUB
 DPWFSJOH TFWFSBM MBZFST PG
HFOPNJD BOE USBOTDSJQUPNJD SFHVMBUJPO
 DBO CF QSPDFTTFE BOE JOWFTUJHBUFE�
#BTFE PO HFOF FYQSFTTJPO NFBTVSFNFOUT PG B UVNPS TBNQMF BOE B NBUDIFE DPOUSPM

$MJO0NJDT5SBJMCD DPNQVUFT GPS FBDI HFOF B TDPSF NJSSPSJOH JUT EJêFSFOUJBM HFOF FYQSFTTJPO�
5IFTF TDPSFT BSF VTFE � BNPOHTU PUIFST � UP FTUJNBUF UIF BDUJWJUZ PG CSFBTU DBODFS�SFMFWBOU
TJHOBMJOH QBUIXBZT 	DG� 4FDUJPO �����
� (FOF FYQSFTTJPO EBUB DBO CF QSPWJEFE BT B XIJUFTQBDF�
EFMJNJUFE TDPSF aMF PS HFOF FYQSFTTJPO NBUSJY� 'PS UIF MBUUFS
 B TJOHMF TBNQMF PG JOUFSFTU IBT UP
CF TFMFDUFE BT XFMM BT POF PS TFWFSBM OPO�UVNPS DPOUSPM TBNQMFT� #BTFE PO UIF TFMFDUJPO
 FJUIFS B
MPH GPME DIBOHF PS B [�TDPSF JT DPNQVUFE UP BTTFTT EJêFSFOUJBM HFOF FYQSFTTJPO�
'PS UIF BOBMZTJT PG HFOFUJD WBSJBUJPOT
 $MJO0NJDT5SBJMCD SFRVJSFT 	XIPMF HFOPNF PS FYPNF

NVUBUJPO EBUB PG UIF UVNPS TBNQMF BOE B 	F�H�
 CMPPE�EFSJWFE
 DPOUSPM UP JEFOUJGZ TPNBUJD
BOE HFSNMJOF NVUBUJPOT� 5IFTF XJMM CF VTFE GPS UIF JEFOUJaDBUJPO BOE QSJPSJUJ[BUJPO PG
ESJWFS NVUBUJPOT
 UIF BTTFTTNFOU PG QIBSNBDPHFOPNJD FêFDUT
 BOE UIF DPNQVUBUJPO PG UVNPS
NVUBUJPOBM CVSEFO 	DG� 4FDUJPO �����
� .VUBUJPO EBUB DBO CF VQMPBEFE UP $MJO0NJDT5SBJMCD
JO 7BSJBOU $BMM 'PSNBU 	���
 DG� 4FDUJPO "����
� *EFBMMZ
 UIF QSPWJEFE ��� aMF TIPVME
DPOUBJO JOGPSNBUJPO PO UIF UVNPS TBNQMF BOE B NBUDIFE DPOUSPM BT UP DMFBSMZ EJêFSFOUJBUF
CFUXFFO TPNBUJD BOE HFSNMJOF NVUBUJPOT� *O DBTFT XIFSF POMZ B UVNPS TBNQMF JT QSPWJEFE

$MJO0NJDT5SBJMCD FTUJNBUFT
 CBTFE PO BMMFMF GSFRVFODZ
 XIFUIFS B NVUBUJPO JT MJLFMZ UP CF
HFSNMJOF PS TPNBUJD� *O PSEFS UP BTTFTT UIF JNQBDU PG QSPUFJO�DPEJOH NVUBUJPOT PO UIF EJTFBTF
QIFOPUZQF
 BMM NVUBUJPOT BSF BOOPUBUFE XJUI UIFJS FêFDUT PO UIF DPSSFTQPOEJOH QSPUFJOT 	F�H�

NJTTFOTF WBSJBOU
 TUPQ HBJO
 GSBNFTIJGU
 VTJOH &OTFNCMrT 7BSJBOU &êFDU 1SFEJDUPS 	7&1
 <���>�
"EEJUJPOBMMZ
 UIF DPOUBJOFE NVUBUJPOT BSF DSPTT�SFGFSFODFE XJUI EC4/1 <���> BOE $04.*$
<���> GPS GVSUIFS EFUBJMT PO UIF QPUFOUJBM GVODUJPOBM JNQBDU PG UIF NVUBUJPO�
"T BMUFSFE DPQZ OVNCFST BSF CFMJFWFE UP BDDPVOU GPS VQ UP ��� PG EZTSFHVMBUFE HFOF FYQSFTTJPO
JO CSFBTU DBODFST <���>
 $MJO0NJDT5SBJMCD BMTP DPOTJEFST UIJT UZQF PG EBUB GPS UIF JEFOUJaDBUJPO



��� 8PSLbPX BOE GVODUJPOBMJUZ ���

PG ESJWFS HFOFT BOE UIF IPMJTUJD BTTFTTNFOU PG BMUFSFE QSPDFTTFT JO UIF UVNPS� $PQZ OVNCFS
BMUFSBUJPOT DBO CF VQMPBEFE JO TFHNFOUFE EBUB aMF GPSNBU 	���
 DG� 4FDUJPO "����
 BT MPH�SBUJPT
PG UVNPS DPQZ OVNCFST JO SFMBUJPO UP OPSNBM DPQZ OVNCFS MFWFMT� 5IF DPQZ OVNCFS BMUFSBUJPOT
PG UIF DPOUBJOFE HFOPNJD SFHJPOT BSF NBQQFE UP HFOFT VTJOH UIF SFGFSFODF HFOPNFT (3$I�����
<���> BOE HFOF BOOPUBUJPOT GSPN (FODPEF <���>�
#FTJEFT UIF BGPSFNFOUJPOFE HFOPNJD BCFSSBUJPOT
 BMTP FQJHFOPNJD DIBOHFT 	F�H�
 EJêFSFOUJBM
NFUIZMBUJPO PG QSPNPUPST
 DBO DPOUSJCVUF UP UVNPS JOJUJBUJPO BOE QSPHSFTTJPO� #SFBTU DBODFS JT
UZQJDBMMZ DIBSBDUFSJ[FE CZ B DPNCJOBUJPO PG HMPCBM IZQPNFUIZMBUJPO BOE MPDBM IZQFSNFUIZMBUJPO

XIFSF UIF MBUUFS JT MJLFMZ UP TJMFODF HSPXUI�SFHVMBUPSZ HFOFT <���>� .FUIZMBUJPO EBUB DBO CF
QSPWJEFE UP$MJO0NJDT5SBJMCD BTXIJUF�TQBDF TFQBSBUFE aMFT UIBU DPOUBJONFUIZMBUJPO TDPSFT 	F�H�

CFUB WBMVFT PG QSPNPUFS NFUIZMBUJPO
 QFS HFOF JEFOUJaFS�
'PS BMM PNJDT EBUB UZQFT
 XF TVQQPSU BMM DPNNPOMZ VTFE JEFOUJaFS UZQFT
 JODMVEJOH )(/$ HFOF
TZNCPMT <���>
 /$#* &OUSF[(FOF *%T <���>
 BOE 6OJ1SPU JEFOUJaFST <���>� 5IF JEFOUJaFST VTFE
JO UIF QSPWJEFE PNJDT EBUB TFUT BSF VOJaFE JO BO BVUPNBUJD JEFOUJaFS NBQQJOH TUFQ GPS TFBNMFTT
JOUFHSBUJPO JO UIF GPMMPXJOH BOBMZTFT�
4JODF JO B DMJOJDBM TFUUJOH OPU BMM PG UIF EFTDSJCFE DMJOJDBM
 HFOPNJDT
 BOE USBOTDSJQUPNJDT EBUB
NJHIU CF BWBJMBCMF
 $MJO0NJDT5SBJMCD POMZ SFRVJSFT UIF VTFS UP QSPWJEF HFOF FYQSFTTJPO EBUB�
)PXFWFS
 UIF NPSF UZQFT PG PNJDT EBUB BSF BWBJMBCMF
 UIF CFUUFS $MJO0NJDT5SBJMCD DBO SFWFBM JUT
GVMM QPUFOUJBM
 QSPWJEJOH BEEJUJPOBM BOBMZTFT BOE B NPSF DPNQSFIFOTJWF BTTFTTNFOU PG UVNPS
DIBSBDUFSJTUJDT� " TVNNBSZ PG BMM VQMPBEFE EBUB TFUT BOE UIF QSPWJEFE DMJOJDBM JOGPSNBUJPO JT
HJWFO PO UIF SFTVMUT QBHF GPS GVSUIFS SFGFSFODF�

����� *EFOUJaDBUJPO PG UVNPS DIBSBDUFSJTUJDT
#BTFE PO UIF WBSJPVT UZQFT PG DMJOJDBM BOE NPMFDVMBS EBUB EFTDSJCFE JO 4FDUJPO �����

$MJO0NJDT5SBJMCD QFSGPSNT B WBSJFUZ PG JOUFHSBUFE BOBMZTFT 	DG� 'JHVSF ���
 UIJSE DPMVNO
 XJUI B
GPDVT PO CSFBTU DBODFS�SFMFWBOU ESJWFS HFOFT BOE TJHOBMJOH QBUIXBZT�
*O B aSTU TUFQ
 $MJO0NJDT5SBJMCD JEFOUJaFT UVNPS�ESJWJOH 	FQJ�
HFOPNJD BCFSSBUJPOT
 JODMVEJOH
NVUBUJPOT
 DPQZ OVNCFS WBSJBUJPOT
 BOE %/" NFUIZMBUJPO 	4FDUJPO �������
� "T UIFTF
BMUFSBUJPOT BMTP NBOJGFTU JO UIF BDUJWJUJFT PG TJHOBMJOH DBTDBEFT
 XF DPNQVUF QBUIXBZ BDUJWJUJFT
GPS B TFU PG �� DPSF DBODFS�BTTPDJBUFE QBUIXBZT CBTFE PO UIF EJêFSFOUJBM HFOF FYQSFTTJPO
PG UIF JOWPMWFE HFOFT 	4FDUJPO �������
� 'JOBMMZ
 CBTFE PO UIF DPNQMFUF FYQSFTTJPO QSPaMF

$MJO0NJDT5SBJMCD QSPWJEFT B DMVTUFSJOH XJUI SFTQFDU UP NPSF UIBO ��� CSFBTU DBODFS QSPaMFT GSPN
5$(" UIBU BMMPXT UP BTTFTT UIF UVNPSrT JOUSJOTJD TVCUZQF 	4FDUJPO �������
�

������� *EFOUJaDBUJPO PG UVNPS�ESJWJOH 	FQJ�
HFOPNJD BCFSSBUJPOT

5VNPST DBO QPUFOUJBMMZ DPOUBJO B QMFUIPSB PG NVUBUJPOT UIBU BSF VTVBMMZ EJWJEFE JOUP ESJWFS
BOE QBTTFOHFS NVUBUJPOT CBTFE PO UIFJS JNQBDU PO EJTFBTF EFWFMPQNFOU� %SJWFS NVUBUJPOT
BSF UIFSFCZ EFaOFE BT UIPTF UIBU DPOGFS B TFMFDUJWF HSPXUI BEWBOUBHF UP UIF DFMM <���>� (FOFT
DPNNPOMZ BêFDUFE CZ ESJWFS NVUBUJPOT JO CSFBTU DBODFS BSF
 F�H�
 51�� 	NVUBUFE JO ��� PG DBTFT

<���>
 1*,�$" 	���
 <���>
 PS ("5"� 	��
 <���>� 'PS UIF JEFOUJaDBUJPO BOE QSJPSJUJ[BUJPO PG
UVNPS�TQFDJaD ESJWFS HFOFT
 $MJO0NJDT5SBJMCD VTFT UIF *OU0(FO EBUBCBTF <���>
 XIJDI JEFOUJaFT
ESJWFS HFOFT CBTFE PO UIFJS QSFEJDUFE SPMF JO UVNPSJHFOFTJT BOE NVUBUJPO GSFRVFODZ JO MBSHF
UVNPS DPIPSUT� $MJO0NJDT5SBJMCD QSPWJEFT B QSJPSJUJ[FE MJTU 	TPSUFE CZ GSFRVFODZ JO CSFBTU DBODFS
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PG QVUBUJWF ESJWFS HFOFT DPOUBJOFE JO UIF UVNPS� 'PS FBDI PG UIFTF ESJWFS HFOFT
 EFUBJMT BCPVU
UIF DPOUBJOFE NVUBUJPOT BOE UIFJS QPUFOUJBM JNQBDU PO UIF QSPUFJO
 BT XFMM BT DPQZ OVNCFS BOE
HFOF FYQSFTTJPO TDPSFT BSF TIPXO� 5IF .VUBUJPO TUBUVT DPMVNO DPOUBJOT DPMPS�DPEFE TZNCPMT
JOEJDBUJOH UIF QSFEJDUFE TFWFSJUZ PG B NVUBUJPO� $MJDLJOH PO UIF DPSSFTQPOEJOH TZNCPM PQFOT
BEEJUJPOBM EFUBJMT PO UIF DPOUBJOFE NVUBUJPO	T

 JODMVEJOH MJOLT UP $04.*$ BOE EC4/1 GPS
LOPXO WBSJBOUT� "EEJUJPOBMMZ
 UIF QSJPSJUJ[FE UBCMF DBO CF FYUFOEFE CZ UIF SFNBJOJOH NVUBUJPOT
GPS B DPNQMFUF BTTFTTNFOU PG UIF UVNPSrT HFOFUJD BCFSSBUJPOT�
.VUBUJPOT DPOUBJOFE JO B UVNPSNBZ OPU POMZ BMUFS UIF GVODUJPOJOH PG UIF DPSSFTQPOEJOH QSPUFJOT
BOE BêFDU QBUIXBZ BDUJWJUJFT
 CVU UIFZ DBO BMTP NPEVMBUF B UVNPSrT SFTQPOTF UP ESVHT XJUI
SFTQFDU UP FëDBDZ BOE UPYJDJUZ <���>� " QSPNJOFOU FYBNQMF PG B QIBSNBDPHFOPNJD FêFDU JT
UIF USFBUNFOU PG DPMPO DBODFS XJUI DFUVYJNBC UIBU CFDPNFT JOFêFDUJWF JO UIF QSFTFODF PG BO
BDUJWBUJOH NVUBUJPO JO UIF LJSTUFO SBU TBSDPNB WJSBM PODPHFOF IPNPMPH 	,3"4
 <�>� #FTJEFT
TPNBUJD NVUBUJPOT
 BMTP HFSNMJOF BMUFSBUJPOT DBO BêFDU ESVH TFOTJUJWJUZ� .BOZ BOUJDBODFS ESVHT
OFFE UP CF NFUBCPMJ[FE JOUP UIFJS BDUJWF GPSNT CZ FO[ZNFT JO UIF MJWFS� 5IF FTUSPHFO SFDFQUPS�
UBSHFUJOH ESVH UBNPYJGFO
 GPS FYBNQMF
 SFRVJSFT DZUPDISPNF 1��� �%� 	$:1�%�
 GPS BDUJWBUJPO�
)PXFWFS
 JO DBTFT XIFSF UIF FO[ZNBUJD BDUJWJUZ PG $:1�%� JT SFTUSJDUFE CZ B NVUBUJPO PS
JUT FYQSFTTJPO JT SFEVDFE CZ B DISPNPTPNBM EFMFUJPO
 B USFBUNFOU XJUI UBNPYJGFO NBZ CF
JOFêFDUJWF <���>� *O PSEFS UP BDDPVOU GPS TVDI QIBSNBDPHFOPNJD FêFDUT
 $MJO0NJDT5SBJMCD
JOWFTUJHBUFT UIF HFOPNJD BOE USBOTDSJQUPNJD TUBUF PG SFMFWBOU ESVH�QSPDFTTJOH FO[ZNFT BOE
SFTJTUBODF�QSPNPUJOH GBDUPST UP FWBMVBUF UIF BQQMJDBCJMJUZ PG ESVHT PS UIF QPUFOUJBMMZ SFRVJSFE
BEBQUJPO JO EPTBHF GPS UIF DPOTJEFSFE DBTF 	DG� 4FDUJPO �����
� "EEJUJPOBMMZ
 GPS B HJWFONVUBUJPO

$MJO0NJDT5SBJMCD EJTQMBZT UIF QVUBUJWF JNQBDU PG UIJTNVUBUJPO PO B WBSJFUZ PG ESVHT BT QSFEJDUFE
CZ UIF (FOPNJDT PG %SVH 4FOTJUJWJUZ JO $BODFS 	(%4$����
 EBUBCBTF <���>�

������� "TTFTTNFOU PG QBUIXBZ BDUJWJUJFT

5VNPST BSF ESJWFO CZ UIF BCFSSBOU BDUJWJUZ PG LFZ TJHOBMJOH QBUIXBZT UIBU
 F�H�
 QSPNPUF UVNPS
HSPXUI PS IJOEFS BQPQUPTJT <���>� *EFOUJGZJOH UIF JOWPMWFE QBUIXBZT BOE RVBOUJGZJOH UIFJS
EFSFHVMBUJPO JT B NBKPS TUFQ UPXBSET UIF VOEFSTUBOEJOH PG UIF VOEFSMZJOHNBMJHOBODZ QSPDFTTFT�
*O PSEFS UP PCUBJO BO PWFSWJFX PG BMUFSFE QSPDFTTFT JO B CSFBTU UVNPS
 XF DPOTJEFS QBUIXBZ
BDUJWJUJFT PG B TFU PG �� DPSF CSFBTU DBODFS�SFMFWBOU QBUIXBZT <���v���>� 5IFTF BDUJWJUZ QBUUFSOT
DBO
 JO UVSO
 CF VTFE UP BTTFTT DIBSBDUFSJTUJDT PG UVNPS TVCUZQFT BOE UP JOGPSN B USFBUNFOU
EFDJTJPO� 'PS FYBNQMF
 UVNPST XJUI TQFDJaDBMMZ IJHI BDUJWJUJFT JO 1*,�",5�N503 TJHOBMJOH
DPVME QPUFOUJBMMZ QSPaU GSPN USFBUNFOU XJUI BO ",5 JOIJCJUPS 	F�H�
 JQBUBTFSUJC <���> 
 PS BO
N503 JOIJCJUPS 	F�H�
 FWFSPMJNVT <���>
�

$PNQVUBUJPO PG QBUIXBZ BDUJWJUJFT� $MJO0NJDT5SBJMCD PêFST GVODUJPOBMJUZ UP BTTFTT QBUIXBZ
BDUJWJUJFT GPS B TFU PG �� DPSF CSFBTU DBODFS�SFMFWBOU QBUIXBZT� 8F DPNQVUF UIF BDUJWJUZ PG B
QBUIXBZ i CBTFE PO UIF EFSFHVMBUJPO TDPSFT PG UIF QBUIXBZ HFOFT Γi
 XFJHIUFE CZ UIFJS SFMFWBODF
wi GPS UIF SFTQFDUJWF QBUIXBZrT BDUJWJUZ� "MHPSJUIN ��� QSPWJEFT BO PWFSWJFX PG UIF DPNQVUBUJPO
JO QTFVEPDPEF� "T EJêFSFOU EBUBCBTFT QSPWJEF EJêFSFOU HFOF TFUT GPS UIF SFTQFDUJWF QBUIXBZT

XF NFSHF UIF DPSSFTQPOEJOH HFOF TFUT GSPN ,&(( <���>
 (0 <���>
 3FBDUPNF <���>
 BOE
8JLJ1BUIXBZT <���> UP PCUBJO B NPSF DPNQSFIFOTJWF TFU PG HFOFT BT UIF CBTJT GPS UIF QBUIXBZ
BDUJWJUZ DPNQVUBUJPO 	DG� 4FDUJPO "������
�
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8F IZQPUIFTJ[F UIBU UBSHFUFE ESVHT BSF FTQFDJBMMZ FêFDUJWF JO DBTFT XIFSF UIFJS UBSHFU QBUIXBZ
JT IJHIMZ BDUJWF BOE BMUFSOBUJWF DBODFS�ESJWJOH QBUIXBZT BSF OPU� 8F UBLF BEWBOUBHF PG UIF
BTTVNFE SFMBUJPOTIJQ CFUXFFO B QBUIXBZrT BDUJWJUZ BOE B DPSSFTQPOEJOH ESVHrT FëDBDZ UP
DPNQVUF UIF XFJHIUT wi� 5P UIJT FOE
 XF DPOTJEFS BMM �� CSFBTU DBODFS DFMM MJOFT GSPN UIF
(FOPNJDT PG %SVH 4FOTJUJWJUZ JO $BODFS 	(%4$����
 EBUBCBTF BOE UIFJS TFOTJUJWJUJFT GPS B
MBSHF QBOFM PG ESVHT UBSHFUJOH WBSJPVT QBUIXBZT <���>� 5IF BVUIPST QSPWJEFE ESVH TFOTJUJWJUZ
TDPSFT BT *$�� WBMVFT
 J�F� UIF MPH�USBOTGPSNFE DPODFOUSBUJPO PG BO JOIJCJUPS UIBU EFDSFBTFT UIF
CJPUSBOTGPSNBUJPO SBUF PG JUT UBSHFUrT TVCTUSBUFT CZ ���� 'PS B HJWFO QBUIXBZ PG JOUFSFTU i
 XF
TFMFDU UIF TFU Di PG ESVHT GSPN (%4$���� UIBU UBSHFU UIJT QBUIXBZ� 'PS FBDI PG UIPTF ESVHT
dij ∈ Di
 XF DPNQVUF 1FBSTPOrT DPSSFMBUJPO CFUXFFO UIF ESVHrT *$�� WBMVFT BOE UIF HFOF
FYQSFTTJPO NFBTVSFNFOUT BDSPTT DFMM MJOFT� 'PS FBDI PG UIPTF DPSSFMBUJPO DPFëDJFOUT cjk
 XF BMTP
DPNQVUF B Q�WBMVF BTTFTTJOH UIF TJHOJaDBODF PG JUT EFWJBUJPO GSPN [FSP 	pjk
� "T XF BTTVNF
UIBU QBUIXBZ�BDUJWBUJOH HFOFT IBWF B OFHBUJWF DPSSFMBUJPO XJUI *$��
 XF TXJUDI UIF TJHO PG cjk

CZ NVMUJQMZJOH XJUI −1 UP NBLF UIF aOBM TDPSFT NPSF JOUVJUJWF� 5IJT SFTVMUT JO UXP NBUSJDFT
PG EJNFOTJPOT li × mi FBDI
 XIFSF li DPSSFTQPOET UP UIF TJ[F PG UIF HFOF TFU Γi BOE mi UP UIF
TJ[F PG UIF ESVH TFU Di� 5IF NBUSJDFT BSF USBOTGPSNFE BT GPMMPXT� UIF DPSSFMBUJPO DPFëDJFOUT
BSF [�USBOTGPSNFE QFS ESVH BOE UIFO BWFSBHFE DSPTT ESVHT ZJFMEJOH B MJTU PG DPSSFMBUJPO�CBTFE
TDPSFT QFS QBUIXBZ ĉi� 5IF Q�WBMVFT BSF BHHSFHBUFE BDSPTT ESVHT VTJOH 'JTIFSrT NFUIPE <���>�
5IF BHHSFHBUFE Q�WBMVFT BSF UIFO �MPH���USBOTGPSNFE UP PCUBJO TDPSFT QFS QBUIXBZ BOE HFOF p∗i �
5IF MBSHFS UIF TDPSF p∗ik GPS B HFOF k
 UIF NPSF SFMFWBOU JU JT BT BO JOEJDBUPS GPS UIF QBUIXBZrT
BDUJWJUZ� "T UIF TDPSFT JO p∗i BSF BMM QPTJUJWF
 XF SFDPWFS UIF EJSFDUJPO PG UIF HFOFrT FêFDU
 J�F�
XIFUIFS JU BDUT BT BO BDUJWBUPS PS SFQSFTTPS PG UIF QBUIXBZ
 GSPN UIF TJHO PG UIF DPSSFTQPOEJOH
DPSSFMBUJPO�CBTFE TDPSF ĉik� 5IF aOBM XFJHIUT wi BSF DPNQVUFE VTJOH UIF )BEBNBSE QSPEVDU
<���>� wi = sgn(ĉi)1 p∗i �
5IF QBUIXBZ BDUJWJUZ φi(t) GPS B UVNPS TBNQMF t BOE B QBUIXBZ i JT DPNQVUFE BT φi(t) = wi · ti

XIFSF ti DPOUBJOT UIF EFSFHVMBUJPO TDPSFT GPS UIF TVCTFU PG HFOFT JO UIF HFOF TFU Γi� 1BUIXBZ
BDUJWJUJFT QFS QBUIXBZ BSF aOBMMZ FNCFEEFE JOUP B SBOHF CFUXFFO � BOE ��

*O PSEFS UP BTTFTT UIF TJHOJaDBODF PG DPNQVUFE QBUIXBZ BDUJWJUJFT GPS B TBNQMF VOEFS
JOWFTUJHBUJPO
 FNQJSJDBM Q�WBMVFT DBO CF EFSJWFE GSPN QFSNVUBUJPO UFTUJOH� #BTFE PO B VTFS�
EFaOFE OVNCFS PG QFSNVUBUJPOT
 UIF TDPSFT PG EJêFSFOUJBM HFOF FYQSFTTJPO BSF SBOEPNMZ
QFSNVUFE BOE UIF DPSSFTQPOEJOH QBUIXBZ BDUJWJUJFT BSF SF�DPNQVUFE� 0OF�TJEFE Q�WBMVFT GPS
UIF TBNQMFrT 	BDUVBM
 QBUIXBZ BDUJWJUJFT BSF DPNQVUFE SFMBUJWF UP UIF NFBO PG UIF FNQJSJDBM
CBDLHSPVOE EJTUSJCVUJPO
 XIFSF B SJHIU�TJEFE Q�WBMVF JT DPNQVUFE JG UIF TBNQMFrT QBUIXBZ
BDUJWJUZ GPS B TQFDJaD QBUIXBZ JT MBSHFS UIBO UIF NFBO PG UIF CBDLHSPVOE EJTUSJCVUJPO BOE B
MFGU�TJEFE Q�WBMVF JG JU JT TNBMMFS� *O B MBTU TUFQ
 UIF EFSJWFE Q�WBMVFT BSF BEKVTUFE GPS NVMUJQMF
IZQPUIFTJT UFTUJOH VTJOH UIF #FOKBNJOJ�)PDICFSH NFUIPE <���>�
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*OQVU� /PSNBMJ[FE HFOF FYQSFTTJPO NBUSJY E ∈ Rn×p GPS n DFMM MJOFT BOE p HFOFT

NBUSJY S ∈ Rn×d PG *$�� ESVH TFOTJUJWJUFT GPS n DFMM MJOFT BOE d ESVHT
 MJTUT
PG HFOFT CFMPOHJOH UP FBDI PG UIF �� DPOTJEFSFE QBUIXBZT i�
Γi = {gi1, ..., gili}
 MJTUT GPS ESVHT UBSHFUJOH FBDI PG UIF �� DPOTJEFSFE
QBUIXBZT i� Di = {di1, ..., dimi}
 OPSNBMJ[FE HFOF FYQSFTTJPO WFDUPS t ∈ Rp

GPS UVNPS TBNQMF VOEFS JOWFTUJHBUJPO

0VUQVU� 1BUIXBZ BDUJWJUJFT φi(t) GPS FBDI PG UIF �� DPOTJEFSFE QBUIXBZT i JO
UVNPS TBNQMF t

GPSFBDI QBUIXBZ i JO {1, ..., 20} EP

Ei ← E[; gi1, ..., gili ] ��4VCTFU DPMVNOT PG E GPS QBUIXBZ HFOFT Γi

Si ← S[; di1, ..., dimi ] ��4VCTFU DPMVNOT PG S GPS QBUIXBZ�UBSHFUJOH ESVHT Di

Ci ←NBUSJY	OSPX�li
 ODPM�mi
 ��.BUSJDFT UP TUPSF DPSSFMBUJPO WBMVFT
Pi ←NBUSJY	OSPX�li
 ODPM�mi
 ��BOE DPSSFTQPOEJOH Q�WBMVFT
GPS j JO {1, ..., li} EP

GPS k JO {1, .., mi} EP
(cjk, pjk)← DPNQVUF$PSSFMBUJPO"OE1WBMVF	Ei[; gij]
Si[; dik]

Ci[j; k]← −1 · cjk

Pi[j; k]← pjk

FOE
FOE

��$PMVNO�XJTF [�USBOTGPSN Ci JOUP Ĉi

Ĉi ←NBUSJY	OSPX�li
 ODPM�mi

GPS j JO {1, ..., li} EP

GPS k JO {1, .., mi} EP
Ĉi[j; k]← Ci [j;k]−µk

σk

FOE
FOE
ĉi ← UBLF3PX"WFSBHFT	Ĉi
 ��5BLF SPX�XJTF BWFSBHF
pi ← BHHSFHBUF3PX1WBMVFT6TJOH'JTIFS	Pi
��3PX�XJTF BHHSFHBUJPO
p∗i ← −1 · log10(pi)

wi ← sgn(ĉi)1 p∗i
ti ← t[gi1, ..., gili ] ��4VCTFU FYQSFTTJPO WFDUPS t GPS QBUIXBZ HFOFT Γi

φi(t)← wi · ti

φi(t)← OPSNBMJ[F5P3BOHF'SPN�5P�	φi(t)

FOE

"MHPSJUIN ��� 1TFVEPDPEF GPS DPNQVUBUJPO PG QBUIXBZ BDUJWJUJFT� $PNQVUBUJPO PG QBUIXBZ BDUJWJUJFT GPS
�� CSFBTU DBODFS�SFMFWFBOU QBUIXBZT BOE B UVNPS TBNQMF t� 5IF JOQVU EBUB E
 S
 BOE Di BSF EFSJWFE GSPN
(%4$���� <���>� 5IF WBSJBCMFT µk BOE σk TUBOE GPS UIF TBNQMF NFBO BOE TBNQMF WBSJBODF PG UIF k�UI DPMVNO
JO Ci
 SFTQFDUJWFMZ� 1�WBMVF BHHSFHBUJPO JT QFSGPSNFE VTJOH 'JTIFSrT NFUIPE <���>� 5IF TZNCPM q1r JOEJDBUFT UIF
)BEBNBSE QSPEVDU PG DPNQPOUFOU�XJTF WFDUPS NVMUJQMJDBUJPO <���>�
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5IF DPNQVUFE QBUIXBZ BDUJWJUJFT BSF EJTQMBZFE JO B SBEBS DIBSU
 XIFSF FBDI SBEBS BYJT SFQSFTFOUT
UIF BDUJWJUZ PG B QBUIXBZ 	DG� 'JHVSF ���
� "T B SFGFSFODF
 UIF QBUIXBZ BDUJWJUZ QBUUFSOT PG
NPSF UIBO ��� QSJNBSZ UVNPS TBNQMFT GSPN UIF 5$(" CSFBTU DBODFS DPIPSU BOE �� CSFBTU
DBODFS DFMM MJOFT <���> DBO CF JOUFSBDUJWFMZ BEEFE UP UIF QMPU CZ DMJDLJOH PO UIF DPSSFTQPOEJOH
TBNQMFrT DIFDLCPY 	DG� SJHIU QBOFM JO 'JHVSF ���
� 5IF SFGFSFODF TBNQMFT BSF TPSUFE JO EFDSFBTJOH
PSEFS PG TJNJMBSJUZ UP UIF TBNQMF VOEFS DPOTJEFSBUJPO� 5IF TJNJMBSJUZ JT BTTFTTFE CBTFE PO UIF
NFBO�TRVBSFE EJTUBODF PG DPSSFTQPOEJOH QBUIXBZ BDUJWJUZ TDPSFT� $MJDLJOH PO UIF TBNQMF OBNF
ZJFMET JOGPSNBUJPO PO DMJOJDBM NBSLFST BOE JO UIF DBTF PG DFMM MJOFT BEEJUJPOBMMZ EFUBJMT PO ESVH
TFOTJUJWJUJFT BOE HSPXUI SBUFT 	DG� 'JHVSF "���
�

…
…

Legend -> TCGA

Reference samples -> TCGA

'JHVSF ��� 3BEBS DIBSU PG QBUIXBZ BDUJWJUJFT JO $MJO0NJDT5SBJMCD� 5IF QBUIXBZ BDUJWJUJFT PG B TFU PG �� DPSF
CSFBTU DBODFS QBUIXBZT GPS UIF VTFS�QSPWJEFE UVNPS TBNQMF 	����Ζ��Ζ�͟��
 4FDUJPO �����
 BSF DPMPSFE JO
CMVF� 3FGFSFODF TBNQMFT GSPN 5$(" BT XFMM BT CSFBTU DBODFS DFMM MJOFT DBO CF BEEFE UP UIF WJTVBMJ[BUJPO
JOUFSBDUJWFMZ� )FSF
 UIF USJQMF�OFHBUJWF ����Ζ�	Ζ�ͧ͠� 	JO HSFFO
 TIPXT B TJNJMBS BDUJWJUZ QBUUFSO UP UIF TBNQMF
VOEFS JOWFTUJHBUJPO� 5IF NPMFDVMBS TVCUZQF PG UIF SFTQFDUJWF SFGFSFODF TBNQMFT JT DPMPS�DPEFE JO UIF TJEF QBOFM
PO UIF SJHIU� CBTBM�MJLF � SFE
 MVNJOBM " � ZFMMPX
 MVNJOBM # v PSBOHF�

������� $MVTUFSJOH

5IFSF BSF GPVS NBJO NPMFDVMBS TVCUZQFT PG CSFBTU DBODFS 	DG� 4FDUJPO ���
 UIBU EJêFS JO UIF
DPNQPTJUJPO PG SFMFWBOU SFDFQUPST BOE UIFJS SFTQFDUJWF HSPXUI SBUFT
 CVU BMTP JO UIFJS HFOF
FYQSFTTJPO QBUUFSOT <���>� *O PSEFS UP JOWFTUJHBUF B TBNQMFrT JOUSJOTJD TVCUZQF
 XF DPNQVUF
B DMVTUFSJOH PG UIF TBNQMF VOEFS JOWFTUJHBUJPO JO DPNQBSJTPO UP NPSF UIBO ��� CSFBTU UVNPS
TBNQMFT PCUBJOFE GSPN 5$(" <���>� 5P UIJT FOE
 XF VTF UIF DMBTTJD 1SJODJQBM $PNQPOFOU
"OBMZTJT 	1$"
 <���> BT XFMM BT U�EJTUSJCVUFE 4UPDIBTUJD /FJHICPS &NCFEEJOH 	U�4/&
 <���>

B OPO�MJOFBS EJNFOTJPO SFEVDUJPO UFDIOJRVF UIBU DBQUVSFT UIF TJNJMBSJUZ PG TBNQMFT JO B UXP�
EJNFOTJPOBM TQBDF� *O UIF SFTVMUJOH WJTVBMJ[BUJPO
 5$("rT TBNQMFT BSF DPMPS�DPEFE BDDPSEJOH
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UP UIFJS NPMFDVMBS TVCUZQFT <���> 	DG� 'JHVSF ���
� 5IF MPDBUJPO PG UIF VQMPBEFE TBNQMF XJUIJO
UIJT WJTVBMJ[BUJPO EFTDSJCFT JUT NPMFDVMBS TJNJMBSJUZ UP UIF 5$(" TBNQMFT BOE DBO IFODF QSPWJEF
BEEJUJPOBM FWJEFODF GPS JUT TVCUZQF�

Basal-like	
HER2-enriched	

Luminal	A	
Luminal	B	
Normal-like	
Tumor	sample

Tumor	sample	of	interest

'JHVSF ��� 5�4/& DMVTUFSJOH JO $MJO0NJDT5SBJMCD� "O VQMPBEFE UVNPS HFOF FYQSFTTJPO TBNQMF 	����Ζ��Ζ�͟��

4FDUJPO �����
 JT DMVTUFSFE BMPOH XJUI QSJNBSZ CSFBTU UVNPS TBNQMFT GSPN 5$("� 5IF NPMFDVMBS TVCUZQFT PG UIF
5$(" TBNQMFT BSF DPMPS�DPEFE BT JOEJDBUFE CZ UIF MFHFOE JO UIF MPXFS SJHIU DPSOFS� 5IF UVNPS TBNQMF VOEFS
JOWFTUJHBUJPO JT JOEJDBUFE CZ UIF CMVF EJBNPOE�TIBQFE TZNCPM�

����� %FDJTJPO TVQQPSU GVODUJPOBMJUZ
#BTFE PO UIF BOBMZTFT EFTDSJCFE JO 4FDUJPO �����
 LFZ UVNPS DIBSBDUFSJTUJDT BT XFMM BT UIF
TVJUBCJMJUZ PG WBSJPVT UZQFT PG ESVHT
 CPUI PO�MBCFM BOE Pê�MBCFM
 DBO CF JOWFTUJHBUFE 	DG�
'JHVSF ���
 GPVSUI DPMVNO
� "T B TUBSUJOH QPJOU
 $MJO0NJDT5SBJMCD QSPWJEFT B DIBSBDUFSJ[BUJPO PG
UIF HJWFO UVNPS SFHBSEJOH JUT TQFDJaD HFOPNJD BOE USBOTDSJQUPNJD BMUFSBUJPOT BOE UIFJS JNQBDU PO
BêFDUFE TJHOBMJOH QBUIXBZT 	4FDUJPO �������
� 5IF UVNPS VOEFS DPOTJEFSBUJPO JT BMTP BOBMZ[FE
XJUI SFTQFDU UP JUT TJNJMBSJUZ UP PUIFS UVNPST
 BMMPXJOH UP DMBTTJGZ UIF UVNPS TVCUZQF OPU KVTU
PO UIF QSPWJEFE SFDFQUPS TUBUVT
 CVU BMTP CBTFE PO JUT USBOTDSJQUPNJD QSPaMF� $MJO0NJDT5SBJMCD
BTTFTTFT B TFU PG TUBOEBSE�PG�DBSF CSFBTU DBODFS ESVHT XJUI SFTQFDU UP B WBSJFUZ PG SFMFWBOU
GBDUPST
 TVDI BT UIF TUBUVT PG UIF NPMFDVMBS ESVH UBSHFUT
 ESVH�QSPDFTTJOH FO[ZNFT
 USBOTQPSUFST

BOE JOWPMWFE QBUIXBZT 	4FDUJPO �������
� "MTP
 QVUBUJWF DBOEJEBUFT GPS ESVH SFQPTJUJPOJOH
BSF JOEJDBUFE BOE DBO CF GVSUIFS JOWFTUJHBUFE� "EEJUJPOBMMZ
 UIF QPUFOUJBM TVJUBCJMJUZ PG
JNNVOPUIFSBQJFT JT EFUFSNJOFE XJUI SFTQFDU UP OFPFQJUPQF WBDDJOFT BOE DIFDLQPJOU JOIJCJUPST
	4FDUJPO �������
� 'JOBMMZ
 $MJO0NJDT5SBJMCD QFSGPSNT B aSTU BTTFTTNFOU PG UIF FMJHJCJMJUZ UP
QBSUJDJQBUF JO DMJOJDBM USJBMT 	4FDUJPO �������
�
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������� 0WFSWJFX PG TQFDJaD UVNPS DIBSBDUFSJTUJDT

*O PSEFS GPS UIF VTFS UP PCUBJO B DPNQSFIFOTJWF PWFSWJFX PG B UVNPSrT TQFDJaD DIBSBDUFSJTUJDT

$MJO0NJDT5SBJMCD QSPWJEFT BO JOUFSBDUJWF WJTVBMJ[BUJPO PG TFMFDUFE ESJWFS HFOFT BOE TJHOBMJOH
QSPDFTTFT XJUIJO UIF UVNPS JO UIF GPSN PG B TVOCVSTU DIBSU 	DG� 'JHVSF ���
� 3FMFWBOU TJHOBMJOH
QBUIXBZT BOE SFQSFTFOUBUJWF HFOFT BSF EJTQMBZFE JO B DJSDVMBS NBOOFS� 5IF JOOFSNPTU SJOH
SFQSFTFOUT DBODFS�SFMFWBOU QBUIXBZT� &BDI TFHNFOU 	J�F�
 QBUIXBZ
 JT DPMPSFE CZ JUT JOGFSSFE
QBUIXBZ BDUJWJUZ
 BT EFTDSJCFE JO 4FDUJPO ������ $MJDLJOH PO B QBUIXBZ PG JOUFSFTU [PPNT JOUP
UIJT QBUIXBZ GPS B GPDVTFE SFQSFTFOUBUJPO PG UIF EBUB�
%FQFOEJOH PO UIF UZQFT PG QSPWJEFE PNJDT EBUB
 VQ UP TFWFO BEEJUJPOBM SJOHT BSF EJTQMBZFE� JO
UIFNPTU DPNQSFIFOTJWF DBTF UIF SJOHT JOEJDBUF 	GSPN JOTJEF PVU
 TBNQMF�TQFDJaDNFBTVSFNFOUT
PG 	�
 EJêFSFOUJBM HFOF FYQSFTTJPO
 	�
 	EJêFSFOUJBM
 NFUIZMBUJPO TDPSFT
 	�
 DPQZ OVNCFS
BMUFSBUJPOT
 	�
 HFOPNJD NVUBUJPOT
 	�
 UIF DPSSFTQPOEJOH HFOFrT OBNF
 	�
 JOEJDBUPST PO
XIFUIFS UIF HFOF JT BO PODPHFOF PS B UVNPS TVQQSFTTPS
 BT XFMM BT JUT 	�
 ESVHHBCJMJUZ TUBUVT�
4PNBUJD NVUBUJPOT BSF DPMPS�DPEFE CZ UIF QSFEJDUFE UZQF PG NVUBUJPO 	F�H�
 NJTTFOTF
 GSBNFTIJGU

TUPQ MPTT
� )FSF
 XF VTF UIF EFaOJUJPO PG PODPHFOFT BOE UVNPS TVQQSFTTPS HFOFT BT QSPQPTFE CZ
4BODIF[�7FHB FU BM� JO B SFDFOU QVCMJDBUJPO <���>� 0ODPHFOFT BSF EFaOFE BT UIPTF HFOFT GPSXIJDI
BDUJWBUJOH NVUBUJPOT 	PS PUIFS VQSFHVMBUJOH BMUFSBUJPOT
 MFBE UP BO BDUJWBUJPO PG UIFJS BTTPDJBUFE
QBUIXBZT� "OBMPHPVTMZ
 UVNPS TVQQSFTTPS HFOFT BSF EFaOFE BT UIPTF HFOFT GPS XIJDI JOIJCJUJOH
NVUBUJPOT 	PS PUIFS EPXOSFHVMBUJOH BMUFSBUJPOT
 DPOUSJCVUF UP UIF QBUIXBZTr BDUJWBUJPOT�
5IF TVOCVSTU DIBSU JT BMTP DPOOFDUFE UP PUIFS UIJSE�QBSUZ SFTPVSDFT BMMPXJOH GPS B EFUBJMFE
JOWFTUJHBUJPO PG TQFDJaD HFOFT PS QBUIXBZT� 'PS FYBNQMF
 DMJDLJOH PO B HFOFrT OBNF PQFOT EFUBJMT
GSPN /$#* (FOF <���>� "EEJUJPOBM EFUBJMT PO UIF TQFDJaD NVUBUJPO
 BT XFMM BT WBSJPVT TDPSFT
JOEJDBUJOH JUT TFWFSJUZ 	4*'5 <���> BOE 1PMZ1IFO <���>

 BOE MJOLT UP FYUFSOBM EBUBCBTFT 	EC4/1
<���> BOE $04.*$ <���>
 DBO CF PCUBJOFE CZ DMJDLJOH PO B NVUBUJPO PG JOUFSFTU� "MTP
 LOPXO
QIBSNBDPHFOPNJD SFMBUJPOTIJQT GPS UIF DPOUBJOFE NVUBUJPO BSF EJTQMBZFE�
5IJT JOUFSBDUJWF PWFSWJFX WJTVBMJ[BUJPO JT GVMMZ TFBSDIBCMF
 [PPNBCMF
 BOE FYUFOEBCMF� 4FBSDIJOH
GPS B HFOF PS QBUIXBZ PG JOUFSFTU XJMM IJHIMJHIU UIF SFTQFDUJWF TFDUJPO JO UIF QMPU� *G POF PS TFWFSBM
HFOF	T
 PG JOUFSFTU BSF OPU ZFU DPOUBJOFE JO UIF TVOCVSTU DIBSU
 UIFTF DBO CF JOUFSBDUJWFMZ BEEFE
UP UIF WJTVBMJ[BUJPO WJB FOUFSJOH UIF HFOFrT OBNF JOUP UIF TFBSDI aFME NFOUJPOFE FBSMJFS� 5IF
SFTQFDUJWF FOUSJFT XJMM CF BQQFOEFE UP UIF DIBSU JO B VTFS�EFaOFE DBUFHPSZ�

������� "TTFTTNFOU PG UBSHFUFE UIFSBQJFT

8IFO GBDFE XJUI UIF EFDJTJPO PG XIJDI CSFBTU DBODFS ESVH	T
 UP QSFTDSJCF B QBUJFOU
 DMJOJDJBOT
UZQJDBMMZ BTTFTT B WBSJFUZ PG DMJOJDBM NBSLFST TVDI BT IPSNPOF SFDFQUPST PS NFOPQBVTBM TUBUVT�
#BTFE PO UIF QSPWJEFE NVMUJ�PNJDT UVNPS EBUB
 $MJO0NJDT5SBJMCD QSPWJEFT BEEJUJPOBM JOTJHIUT
CZ DPOTJEFSJOH TFWFSBM DMBTTFT PG HFOFT
 QSPUFJOT
 BOE QBUIXBZT UIBU NJHIU QSPNPUF PS IJOEFS
UIF FêFDUJWFOFTT PG B ESVH� 'PS B TFU PG �� '%"�BQQSPWFE
 TUBOEBSE�PG�DBSF CSFBTU DBODFS
ESVHT 	DG� 'JHVSF ���

 $MJO0NJDT5SBJMCD BTTFTTFT UIF HFOPNJD BOE USBOTDSJQUPNJD TUBUVT PG
SFTQFDUJWF NPMFDVMBS ESVH UBSHFUT
 ESVH�QSPDFTTJOH FO[ZNFT
 SFTJTUBODF�QSPNPUJOH GBDUPST
 BOE
BTTPDJBUFE QBUIXBZT� 3FMFWBOU GBDUPST UP DPOTJEFS XFSF PCUBJOFE GSPN %SVH#BOL <���>
 UIF
5IFSBQFVUJD 5BSHFU %BUBCBTF <���>
 BOE UIF MJUFSBUVSF� 4JODF UIF SFTQFDUJWF DBUFHPSJFT SFbFDU
EJêFSFOU NFDIBOJTNT UIBU NJHIU 	EF
TFOTJUJ[F B UVNPS XJUI SFHBSE UP UIF DPOTJEFSFE ESVH

EJêFSFOU DMJOJDBM
 HFOPNJD
 BOE USBOTDSJQUPNJD USBJUT IBWF UP CF DPOTJEFSFE JO FBDI DBTF� 'PS
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Pathway		
ac)vity	
(Ring	1)

Differen)al		
gene	expression	

(Ring	2)

Copy	number	
altera)ons	
(Ring	4)

Muta)on		
status	
(Ring	5)

Tumor	suppressor	/	
oncogene	status	

(Ring	7)

Drug	target	
status	
(Ring	8)

Gene		
symbol	
(Ring	6)

Methyla)on		
scores	
(Ring	3)

*

**

'JHVSF ��� 0WFSWJFX PG UVNPS DIBSBDUFSJTUJDT JO $MJO0NJDT5SBJMCD� #SFBTU DBODFS�SFMFWBOU ESJWFS HFOFT BOE
QBUIXBZT BSF EJTQMBZFE JO B DJSDVMBS NBOOFS� (FOFT BSF HSPVQFE BDDPSEJOH UP UIF QBUIXBZT UIFZ BSF NPTU
DIBSBDUFSJTUJD GPS� 5IF QMPU JT PSHBOJ[FE JO SJOHT
 XIFSF UIF JOOFSNPTU SJOH EJTQMBZT QBUIXBZ BDUJWJUJFT
 UIF TFDPOE
qJOOFSr SJOH DPSSFTQPOET UP HFOF FYQSFTTJPO� %FQFOEJOH PO UIF EBUB QSPWJEFE CZ UIF VTFS
 JOGPSNBUJPO PO DPQZ
OVNCFS BMUFSBUJPOT BOENVUBUJPOT BSF TIPXO JO UIF UIJSE BOE GPVSUI SJOH
 SFTQFDUJWFMZ� (FOF OBNFT BSF EJTQMBZFE JO
UIF OFYU SJOH� 5IF TFDPOE NPTU PVUFS SJOH JOEJDBUFT XIFUIFS UIF HFOF BDUT BT BO PODPHFOF PS B UVNPS TVQQSFTTPS
HFOF GPS BDUJWBUJOH UIF DPSSFTQPOEJOH QBUIXBZ� 5IF PVUFSNPTU SJOH DPOUBJOT JOEJDBUPST PO XIFUIFS PS OPU UIF
HFOF JT B LOPXO ESVH UBSHFU� 7JTVBMJ[BUJPO GPS TBNQMF ����Ζ�	Ζ�͟�� 	DG� 4FDUJPO �����
� � &OUSZ GPS )&3��OFV
	&3##�

 �� ."1, TJHOBMJOH QBUIXBZ BT SFGFSSFE UP JO 4FDUJPO ������
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NBOZ CSFBTU DBODFS ESVHT
 UIFSF BSF LOPXO QSFEJDUJWF CJPNBSLFST UIBU JOGPSN UIF USFBUNFOU
EFDJTJPO�NBLJOH QSPDFTT� "SPNBUBTF JOIJCJUPST
 GPS FYBNQMF
 BSF UZQJDBMMZ POMZ BENJOJTUFSFE UP
QPTUNFOPQBVTBM XPNFOXJUI QPTJUJWF IPSNPOF SFDFQUPS TUBUVT <���>
 XIJMF BNQMJaDBUJPO PG UIF
)&3��OFV GBWPST USFBUNFOUXJUI USBTUV[VNBC <���>� *O $MJO0NJDT5SBJMCD
 QSFEJDUJWF CJPNBSLFST
MJLF &3 TUBUVT
 13 TUBUVT
 PS )&3��OFV BNQMJaDBUJPO TUBUVT BSF BTTFTTFE aSTU BOE GPSFNPTU PO
UIF DMJOJDBM EBUB QSPWJEFE CZ UIF VTFS� )PXFWFS
 UIFTF DMJOJDBM JOEJDBUJPOT BSF BMTP DPNQBSFE UP
HFOF FYQSFTTJPO BOE�PS DPQZ OVNCFS EBUB UP TQPU QPUFOUJBM JODPOTJTUFODJFT JO UIF EBUB
 J�F�
 JG
POF PS CPUI NPMFDVMBS EBUB TFUT EJTBHSFF XJUI UIF QSPWJEFE UVNPS SFDFQUPS TUBUVT�
"OPUIFS JNQPSUBOU TFU PG GBDUPST GPS ESVH FëDBDZ BSF UIF NPMFDVMBS ESVH UBSHFU	T
 PG B
DPNQPVOE PG JOUFSFTU� )FSF
 JU JT GBWPSBCMF JG UIF ESVH UBSHFU JT IJHIMZ FYQSFTTFE JO UIF UVNPS�
$MJO0NJDT5SBJMCD BMTP JOWFTUJHBUFT XIFUIFS UIF ESVH UBSHFU DPOUBJOT B TPNBUJD NVUBUJPO BOE
 JG
UIJT JT UIF DBTF
 BTTFTTFT UIF NVUBUJPOrT TFWFSJUZ UP EFUFSNJOF JG UIF UBSHFU NJHIU IBWF BUUBJOFE
B SFTJTUBODF NVUBUJPO 	F�H�
 DPNQSPNJTFE CJOEJOH BëOJUZ PG B ESVH PS JG UIF DPSSFTQPOEJOH
QSPUFJO IBT MPTU JUT GVODUJPO
� *O UIJT DBTF
 UIF UBSHFUJOH PG UIJT QSPUFJO XJUI B ESVH JT MJLFMZ
UP CF JOFêFDUJWF�
8IFO JOWFTUJHBUJOH QVUBUJWF ESVH FëDBDZ
 QIBSNBDPLJOFUJD NFDIBOJTNT BMTP IBWF UP CF
DPOTJEFSFE� *O UIJT SFHBSE
 $MJO0NJDT5SBJMCD BTTFTTFT ESVH�NFUBCPMJ[JOH FO[ZNFT BT XFMM
BT FìVY USBOTQPSUFST� .BOZ ESVHT SFRVJSF BDUJWBUJPO CZ ESVH�NFUBCPMJ[JOH FO[ZNFT MJLF
DZUPDISPNFT JO UIF MJWFS <���>� "MUFSBUJPOT BOE FTQFDJBMMZ HFSNMJOF NVUBUJPOT JO UIJT HFOF
GBNJMZ BSF B NBKPS SFTPVSDF PG WBSJBCJMJUZ JO USFBUNFOU SFTQPOTF <���>� $MJO0NJDT5SBJMCD VTFT UIF
	HFSNMJOF
 NVUBUJPO TUBUVT PG UIF SFTQFDUJWF FO[ZNFT UP EFUFSNJOF XIFUIFS PS OPU ESVHT DBO CF
NFUBCPMJ[FE UP UIFJS BDUJWF GPSNT� "MTP
 FìVY USBOTQPSUFST BSF B QPUFOU DBVTF PG WBSJBCJMJUZ JO
ESVH SFTQPOTF BOE FWFO ESVH SFTJTUBODF <���>� 8IFO IJHIMZ BDUJWF
 UIFZ DBSSZ UIF DPNQPVOE
PVU PG UIF DFMM
 UIVT EFDSFBTJOH JUT JOUSBDFMMVMBS DPODFOUSBUJPO BOE IFODF JUT FëDBDZ� )FSF

$MJO0NJDT5SBJMCD FTQFDJBMMZ GPDVTFT PO HFOF FYQSFTTJPO EBUB UP EFUFDU JODSFBTFE USBOTQPSUFS
BDUJWJUZ
 CVU JU BMTP UBLFT TPNBUJD NVUBUJPOT JOUP BDDPVOU� )PXFWFS
 B IJHI USBOTQPSUFS BDUJWJUZ
JT OPU BMXBZT BTTPDJBUFE XJUI SFEVDFE ESVH FëDBDZ� 4PNF ESVHT 	F�H�
 UBNPYJGFO PS MBQBUJOJC

DBO JOIJCJU DFSUBJO USBOTQPSUFST 	F�H�
 "#$#�
 BOE IFODF JNQSPWF UIF UVNPSrT SFTQPOTF UP PUIFS
ESVHT UIBU BSF BêFDUFE CZ IJHI FìVY USBOTQPSUFS BDUJWJUJFT <���
 ���>�
"T B aOBM DMBTT PG NPEVMBUPST PG ESVH SFTQPOTF
 XF BMTP DPOTJEFS XIPMF TJHOBMJOH QBUIXBZT�
)FSF
 QBUIXBZT EJSFDUMZ UBSHFUFE CZ UIF DPNQPVOE VOEFS DPOTJEFSBUJPO TIPVME TIPX TUSPOH
BDUJWJUJFT JO UIF UVNPS� #Z UIJT
 XF FOTVSF UIBU UIF ESVH BDUVBMMZ UBDLMFT B EJTFBTF�ESJWJOH
NFDIBOJTN� $MJO0NJDT5SBJMCD BTTFTTFT UIF BDUJWJUZ PG B QBUIXBZ CBTFE PO B TFU PG DIBSBDUFSJTUJD
QBUIXBZ�BTTPDJBUFE HFOFT WJB UIFJS HFOF FYQSFTTJPO TDPSFT
 TFF 4FDUJPO ������
" TVNNBSZ PG UIF SVMF�CBTFE TZTUFN GPS ESVH FWBMVBUJPO JT QSPWJEFE JO 4FDUJPO "�����
#FTJEFT UIF BTTFTTNFOU PG PO�MBCFM ESVHT
 $MJO0NJDT5SBJMCD BMTP JOWFTUJHBUFT B TFU PG �� rESJWFS
UBSHFUJOH ESVHTr� 5IFTF BSF ESVHT UIBU SFRVJSF UIF QSFTFODF PS BCTFODF PG QBUIPMPHJDBM NBSLFST

NVUBUJPOT
 PS PUIFS HFOPNJD BMUFSBUJPOT JO UIF%SJWFS UBSHFUJOH ESVHT UBC PG UIF%SJWFS FWFOUT WJFX�
5IFTF ESVHT BSF BQQSPWFE GPS WBSJPVT DBODFS UZQFT
 IPXFWFS
 OPU OFDFTTBSJMZ GPS CSFBTU DBODFS�
4UJMM
 UIFZ DPVME CF DPOTJEFSFE GPS Pê�MBCFM VTF� *O PSEFS UP EFUFSNJOF XIFUIFS PS OPU B QBUJFOU
DPVME CF TUSBUJaFE GPS UIF BENJOJTUSBUJPO PG UIF SFTQFDUJWF ESVHT
 $MJO0NJDT5SBJMCD FWBMVBUFT
UIF HFOPNJD BMUFSBUJPOT JO UIF UVNPS XJUI SFTQFDU UP TQFDJaD QPJOU NVUBUJPOT
 DPQZ OVNCFS
BMUFSBUJPOT
 USBOTDSJQUPNJD EFSFHVMBUJPO
 BOE IPSNPOF SFDFQUPS TUBUVT�
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…

'JHVSF ��� "TTFTTNFOU PG TUBOEBSE�PG�DBSF ESVHT JO $MJO0NJDT5SBJMCD� 'PS B TFU PG �� TUBOEBSE�PG�DBSF CSFBTU
DBODFS ESVHT 	MFGU QBOFM

 WBSJPVT GBDUPST JODSFBTJOH PS EFDSFBTJOH UIF FŒDBDZ PG B ESVH BSF BTTFTTFE� $MJOJDBM

HFOFUJD
 BOE NPMFDVMBS DIBSBDUFSJTUJDT BSF MJTUFE XJUI BO JOEJDBUPS TJHO PO XIFUIFS UIFZ NJHIU EFDSFBTF FŒDBDZ
PS FWFO DBVTF SFTJTUBODF UP UIF USFBUNFOU XJUI UIF ESVH VOEFS DPOTJEFSBUJPO� "MM HFOFT BOE QBUIXBZT BSF MJOLFE
UP UIJSE�QBSUZ SFTPVSDFT
 XIFSF BEEJUJPOBM EFUBJMT DBO CF GPVOE� &BDI FOUSZ BMTP DPOUBJOT UIF MJOL UP B SFDPSE PS
QVCMJDBUJPO UIBU EFTDSJCFT UIF SPMF PG UIF DPSSFTQPOEJOH HFOF XJUI SFTQFDU UP UIF ESVH PG JOUFSFTU� )FSF
 UIF SFTVMUT
GPS UIF FYFNQMBSZ TBNQMF ����Ζ�	Ζ�͟�� BSF EJTQMBZFE 	DG� 4FDUJPO �����
�
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������� *NNVOPUIFSBQZ BTTFTTNFOU

0OF PG UIF DFOUSBM DIBSBDUFSJTUJDT PG UVNPST JT UIFJS BCJMJUZ UP FWBEF EFUFDUJPO BOE EFTUSVDUJPO CZ
UIF JNNVOF TZTUFN <��>� 0OF TVDINFDIBOJTN JT UIF BDUJWBUJPO PG JNNVOF�JOIJCJUPSZ QBUIXBZT
BOE JNNVOF TZTUFN�TVQQSFTTJOH DIFDLQPJOUT MJLF $5-"�� PS 1%�� <��>� 5IFTF DIFDLQPJOUT
UZQJDBMMZ CBMBODF UIF JNNVOF TZTUFNrT BDUJWBUJPO BOE UPMFSBODF� 5IJT CBMBODF JT PGUFO JNQBJSFE
JO DBODFS BOE DBO MFBE UP JNNVOF FWBTJPO PG FWFO IFBWJMZ BMUFSFE DFMMT UIBU QSFTFOU NBOZ UVNPS
BOUJHFOT� 5ZQJDBMMZ
 SFDPHOJUJPO PG UVNPS BOUJHFOT QSFTFOUFE PO)-"NPMFDVMFT PO UIF TVSGBDF PG
UVNPS DFMMT CZ FêFDUPS 5�DFMMT MFBET UP UIF EFTUSVDUJPO PG UIF UVNPS DFMMT� )PXFWFS
 JO UIF QSFTFODF
PG BO FYQSFTTFE QSPHSBNNFE EFBUI MJHBOE � PS � 	1%�-���

 UIJT MJHBOE NBZ CJOE UP UIF 1%��
SFDFQUPS PO UIF 5�DFMM
 JOEVDJOH BO JOIJCJUPSZ TJHOBM BOE QSFWFOUJOH UIF UVNPS DFMM GSPN CFJOH
EFTUSPZFE� *O TVDI DBTFT
 JOIJCJUJOH FJUIFS UIF SFDFQUPS PS UIF MJHBOE 	F�H�
 CZ QFNCSPMJ[VNBC
CJOEJOH 1%�� <��>
 NJHIU SFTUPSF UIF JNNVOF TZTUFNrT BCJMJUZ UP LJMM UVNPS DFMMT� 4FWFSBM TUVEJFT
BDSPTT DBODFS UZQFT TIPXFE UIBU UIF FêFDUJWFOFTT PG TVDI DIFDLQPJOU JOIJCJUPST
 BNPOHTU PUIFST

DPSSFMBUFT XJUI UIF OVNCFS PG NVUBUJPOT QSFTFOU JO B UVNPS <��
 ��>� 5IF NPSF NVUBUJPOT
BSF DPOUBJOFE JO B DFMM
 UIF NPSF MJLFMZ JU JT UIBU OPO�TZOPOZNPVT NVUBUJPOT PDDVS JO IVNBO
MFVDPDZUF BOUJHFO 	)-"
 FQJUPQFT UIBU � XIFO QSFTFOUFE PO UIF DFMM TVSGBDF � NBZ CF SFDPHOJ[FE
CZ DZUPUPYJD 5�DFMMT
 XIJDI JO UVSO JOEVDF DFMM LJMMJOH <���>� 5VNPST XJUI B IJHI NVUBUJPOBM MPBE
IBWF UIF QPUFOUJBM UP SFTQPOEXFMM UP JNNVOF TZTUFN JOEVDJOH UIFSBQJFT MJLF BOUJHFO WBDDJOBUJPO
PS BEPQUJWF DFMM UIFSBQZ <���
 ���>� 5IF UPUBM OVNCFS PG TPNBUJD NVUBUJPOT QFS DPEJOH SFHJPO
PG UIF HFOPNF JT EFaOFE BT 5VNPS .VUBUJPOBM #VSEFO 	5.#
 <��>� $MJO0NJDT5SBJMCD DPNQVUFT
UIF 5.# BT UIF OVNCFS PG TPNBUJDNVUBUJPOT QFSNFHBCBTF PG FYPO� .PSFPWFS
 $MJO0NJDT5SBJMCD
EJTQMBZT UIF 5.# PG UVNPS TBNQMFT PG JOUFSFTU JO DPNQBSJTPO UP UIF 5$(" CSFBTU DBODFS DPIPSU
	DG� 'JHVSF ���
 GPS B SFMBUJWF BTTFTTNFOU PG TFWFSJUZ�
"T IJHI NVUBUJPO SBUFT BSF PGUFOUJNFT DBVTFE CZ EFaDJFODJFT JO UIF %/" SFQBJS NBDIJOFSZ

$MJO0NJDT5SBJMCD BMTP BTTFTTFT UIF TUBUVT PG B WBSJFUZ PG SFQBJS HFOFT
 DVSBUFE CZ .% "OEFSTPO
$BODFS $FOUFS <���>� "EEJUJPOBMMZ
 $MJO0NJDT5SBJMCD QSPWJEFT JOGPSNBUJPO PO UIF HFOF
FYQSFTTJPO BOE DPQZ OVNCFS TUBUVT PG )-"T BOE UIF DIFDLQPJOU MJHBOET�

$BODFS WBDDJOFT� #FTJEFT DIFDLQPJOU CMPDLBEF
 QFSTPOBMJ[FE DBODFS WBDDJOFT BSF BOPUIFS
QSPNJTJOH BQQSPBDI UP DBODFS JNNVOPUIFSBQZ <��
 ��>� $BODFS WBDDJOFT UBSHFU PWFSFYQSFTTFE
PS BMUFSFE QSPUFJOT BOE )-" QSFTFOUFE QFQUJEF TFRVFODFT 	OFPFQJUPQFT
 UIBU SFTVMUFE
GSPN TPNBUJD NVUBUJPOT VOJRVFMZ DIBSBDUFSJ[JOH UIF QBUJFOUrT UVNPS� 5IFZ BSF VTFE UP
QSJNF 5�DFMMT UP SFDPHOJ[F UIFTF DIBSBDUFSJ[JOH BOUJHFOT BOE EFTUSPZ UIF QSFTFOUJOH UVNPS
DFMMT� "T UIF OFPFQJUPQFT BSF EFQFOEFOU PO CPUI UIF QBUJFOUrT UVNPS NVUBUJPOT BOE )-"
HFOPUZQF
 DBODFS WBDDJOFT IBWF UP CF JOEJWJEVBMMZ EFTJHOFE� 5IVT
 $MJO0NJDT5SBJMCD PêFST
GVODUJPOBMJUJFT UP QSFEJDU QPUFOUJBM OFPFQJUPQF WBDDJOF UBSHFUT CBTFE PO UIF JEFOUJaFE TPNBUJD
NVUBUJPOT BOE )-" HFOPUZQF PG B QBUJFOU VTJOH UIF JNNVOPJOGPSNBUJD UPPMCPY *NNVOP/PEFT
<���>� *NNVOP/PEFT QSPWJEFT WBSJPVT DMBTTFT PG FQJUPQF QSFEJDUJPO NFUIPET UP DPNQVUF
	OFP�
FQJUPQFT BOE UP BTTFTT UIFJS BëOJUZ UP UIF QBUJFOUrT )-" HFOPUZQF� 4FDUJPO "���� DPOUBJOT
BEEJUJPOBM EFUBJMT PO UIF �� QSPWJEFENFUIPET� 5IF JEFOUJaFE FQJUPQFT DBO TFSWF BT B CBTJT GPS UIF
TZOUIFTJT PG B QFSTPOBMJ[FE DBODFS WBDDJOF
 XIJDI DBO CF DPNCJOFE XJUI DIFDLQPJOU JOIJCJUPST
UP QPUFOUJBMMZ CPPTU UIF FêFDUJWFOFTT PG UIF WBDDJOF <��>�
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Histogram	for	breast	cancer	samples	from	TCGA	for	varying	levels	of	muta9on	frequency
Logarithmized	number	of	soma9c	mua9ons	per	megabase	exon	(tumor	muta9onal	burden)
Tumor	sample	under	inves9ga9on

'JHVSF ��� 5VNPSNVUBUJPOBM CVSEFO JO $MJO0NJDT5SBJMCD� 7JTVBMJ[BUJPO PG UIF UVNPSNVUBUJPOBM CVSEFO GPS B TBNQMF
PG JOUFSFTU 	����Ζ�͡Ζ�͟�͡
 JO SFE
 DG� 4FDUJPO �����
 JO DPNQBSJTPO UP UIF 5$(" CSFBTU DBODFS DPIPSU� 5IF CMVF
CBST JOEJDBUF UIF OVNCFS PG 5$(" TBNQMFT QFS JOUFSWBM PG NVUBUJPO GSFRVFODJFT 	MFGU Z�BYJT
� 5IF 5$(" TBNQMFT
BSF TPSUFE CZ JODSFBTJOH NVUBUJPO MPBE� 5IF CMBDL EPUT EFQJDU UIF MPHBSJUINJ[FE OVNCFS PG TPNBUJD NVUBUJPOT QFS
NFHBCBTF FYPO 	SJHIU Z�BYJT
�
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������� $MJOJDBM USJBM NBUDIJOH

*O DBTFT XIFSF TUBOEBSE�PG�DBSF USFBUNFOU TPMVUJPOT BSF OPU BQQMJDBCMF EVF UP SFTJTUBODF
NVUBUJPOT PS PUIFS IJOEFSJOH GBDUPST
 JU NJHIU CF PG JOUFSFTU UP FYBNJOF QPUFOUJBM DMJOJDBM USJBMT
UIF QBUJFOU JT FMJHJCMF UP FOSPMM JO� 5P UIJT FOE
 $MJO0NJDT5SBJMCD MJOLT UP QIBTF **
 ***
 BOE
*7 DMJOJDBM USJBMT SFHJTUFSFE JO $MJOJDBM5SJBMT�HPW BOE UIF &VSPQFBO 6OJPO $MJOJDBM 5SJBMT 3FHJTUFS

XIJDI BSF SFDSVJUJOH JO B MBSHF WBSJFUZ PG DPVOUSJFT� "EEJUJPOBMMZ
 $MJO0NJDT5SBJMCD NBLFT B aSTU
BTTFTTNFOU PG UIF FMJHJCJMJUZ GPS WBSJPVT DMBTTFT PG DMJOJDBM USJBMT MJTUFE PO #SFBTU$BODFS5SJBMT�PSH�
5IJT TUSBUJaDBUJPO DPOTJEFST UVNPS DIBSBDUFSJTUJDT MJLF UIF #3$"��� NVUBUJPO TUBUVT BOE UIF
UVNPS HSBEF
 BT XFMM BT EJêFSFOU USFBUNFOU UZQFT
 JODMVEJOH IPSNPOF UIFSBQZ
 1"31 JOIJCJUPST

UBSHFUFE UIFSBQZ
 BOE JNNVOPUIFSBQZ�

������� *OWFTUJHBUJPO PG EFSFHVMBUFE ESVH UBSHFUT BOE TJHOBMJOH QSPDFTTFT

'PS BO FWFO NPSF JO�EFQUI JOWFTUJHBUJPO PG EFSFHVMBUFE ESVH UBSHFUT BOE BMUFSFE TJHOBMJOH
QSPDFTTFT JO UIF UVNPS
 $MJO0NJDT5SBJMCD JT OBUJWFMZ JOUFHSBUFE XJUI JUT TJTUFS QSPKFDUT
%SVH5BSHFU*OTQFDUPS 	DG� $IBQUFS �
 BOE (FOF5SBJM� 	DG� 4FDUJPO ���
� %SVH5BSHFU*OTQFDUPS JT B
XFC TFSWJDF GPS UIF JOUFSBDUJWF JOWFTUJHBUJPO PG ESVH UBSHFUT BOEEZTSFHVMBUFE TJHOBMJOH QBUIXBZT�
(FOF5SBJM� JT B XFC�JOUFSGBDF QSPWJEJOH BDDFTT UP EJêFSFOU UPPMT GPS UIF TUBUJTUJDBM BOBMZTJT PG
NPMFDVMBS TJHOBUVSFT XJUI B GPDVT PO FOSJDINFOU BOBMZTFT� *U PêFST NVMUJQMF TUBUJTUJDBM UFTUT
 BT
XFMM BT B DPNQSFIFOTJWF DPMMFDUJPO PG CJPMPHJDBM HFOF TFUT UP UFTU GPS� 0ODF PNJDT EBUB TFUT BSF
VQMPBEFE UP $MJO0NJDT5SBJMCD
 UIF GVODUJPOBMJUZ PG CPUI UPPMT JT SFBEJMZ BWBJMBCMF�

��� $BTF TUVEJFT

*O PSEFS UP TIPX $MJO0NJDT5SBJMCDrT SJDI GVODUJPOBMJUZ BOE JUT QPUFOUJBM UP TVQQPSU UIF
DMJOJDBM DBODFS USFBUNFOU EFDJTJPO�NBLJOH QSPDFTT
 XF QFSGPSNFE UISFF DBTF TUVEJFT JO XIJDI
$MJO0NJDT5SBJMCD 	J
 HVJEFT UIF USFBUNFOU TFMFDUJPO QSPDFTT CZ JEFOUJGZJOH QBUIXBZ BDUJWJUZ
QBUUFSOT ESJWJOH UIF UVNPS VOEFS JOWFTUJHBUJPO 	4FDUJPO �����

 	JJ
 BTTFTTFT B TFU PG ESVHT
BQQSPWFE GPS CSFBTU DBODFS USFBUNFOU CZ BO JO�EFQUI JOWFTUJHBUJPO PG NPEVMBUPST PG USFBUNFOU
TVDDFTT 	4FDUJPO �����

 BOE 	JJJ
 IJHIMJHIUT JNNVOPUIFSBQZ BT B QPUFOUJBM USFBUNFOU PQUJPO JO
DBTFT XJUI IJHI UVNPSNVUBUJPOBM CVSEFO 	4FDUJPO �����
� "EEJUJPOBM TVQQMFNFOUBSZ aHVSFT GPS
UIF UISFF DBTF TUVEJFT BSF QSPWJEFE JO 4FDUJPO "�����

����� 1BUIXBZ BDUJWJUZ QBUUFSOT HVJEJOH USFBUNFOU TFMFDUJPO
'PS UIF JEFOUJaDBUJPO PG B UVNPSrT JOUSJOTJD TVCUZQF
 WBSJPVT TZTUFNT VTJOH NVMUJHFOF TJHOBUVSFT
IBWF CFFO FTUBCMJTIFE
 NPTU GBNPVTMZ UIF 1".�� DMBTTJaFS <���> 	DG� 4FDUJPO ���
� )PXFWFS

UIF DPOTJEFSBUJPO PG B CSPBEFS TQFDUSVN PG HFOF FYQSFTTJPO NJHIU ESBX B NPSF EJêFSFOUJBUFE
QJDUVSF PG B UVNPSrT DIBSBDUFSJTUJDT� 'PS JOTUBODF
 UIF DPOTJEFSBUJPO PG QBUIXBZ BDUJWJUZ QBUUFSOT
NJHIU CF VTFGVM UP HVJEF UIF USFBUNFOU EFDJTJPO�NBLJOH QSPDFTT�
'PS JMMVTUSBUPSZ QVSQPTFT
 XF DPOTJEFSFE UIF UVNPS TBNQMF PG B ���ZFBS�PME XPNBO
	����Ζ��Ζ�͟��
 XJUI B TUBHF *** CSFBTU DBODFS 	&3 OFHBUJWF
 13 QPTJUJWF
 )&3� OFHBUJWF
 UIBU
XBT DMBTTJaFE BT MVNJOBM " TVCUZQF CZ 1".��� $MJO0NJDT5SBJMCD QSPWJEFT WBSJPVT BOBMZTFT GPS
UIF JO�EFQUI JOWFTUJHBUJPO PG B UVNPSrT NPMFDVMBS DIBSBDUFSJTUJDT BOE TVCUZQF� 'PS BO BTTFTTNFOU
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PG NPMFDVMBS TJNJMBSJUJFT UP PUIFS CSFBTU UVNPST
 UIF 4VCUZQJOH UBC DPOUBJOT B DMVTUFSJOH�CBTFE WJ�
TVBMJ[BUJPO UIBU FNCFET UIF UVNPS TBNQMF VOEFS JOWFTUJHBUJPO JOUP B qOFJHICPSIPPEr PG 5$("
#3$" TBNQMFT XJUI TJNJMBS HFOF FYQSFTTJPO TJHOBUVSFT 	DG� 4FDUJPO �����
� 'PS PVS TBNQMF PG
JOUFSFTU
 XF DBO PCTFSWF UIBU
 BMUIPVHI JU XBT QSFEJDUFE UP CF PG UIF MVNJOBM TVCUZQF
 JU BMTP IBT
TJNJMBSJUJFT UP UIF )&3��FOSJDIFE BOE CBTBM�MJLF TVCUZQFT 	DG� 'JHVSF ���
� 'PS B NPSF HSBOVMBS
JOWFTUJHBUJPO PG UIF UVNPSrT DIBSBDUFSJTUJDT
 $MJO0NJDT5SBJMCD DPNQVUFT UIF QBUIXBZ BDUJWJUJFT
PG B TFU PG �� DPSF CSFBTU DBODFS�SFMFWBOU QBUIXBZT 	DG� 4FDUJPO �����
 UIBU DBO FYIJCJU TVCUZQF�
TQFDJaD QBUUFSOT� 5IF QBUIXBZ BDUJWJUJFT EFQJDUFE JO UIF 1BUIXBZT WJFX TIPX UIBU JO PVS TBNQMF
PG JOUFSFTU v JO DPOUSBTU UP UIF NBKPSJUZ PG CSFBTU UVNPST v UIF 1*�,�"LU TJHOBMJOH QBUIXBZ TFFNT
UP CF JOBDUJWF
 QPTTJCMZ EVF UP B NPTU MJLFMZ EBNBHJOH GSBNFTIJGU NVUBUJPO JO 1*,�$"
 POF PG
UIF QBUIXBZrT DPSF BDUJWBUJOH FMFNFOUT� 0O UIF DPOUSBSZ
 TFWFSBM QBUIXBZT SFMBUFE UP TUFN DFMM
DIBSBDUFSJTUJDT 	F�H�
 'PDBM BEIFTJPO BOE )*'�� TJHOBMJOH
 TFFN UP CF TUSPOHMZ VQSFHVMBUFE 	DG�
'JHVSF ���
 JO CMVF
� 5IF BDUJWBUJPO PG UIFTF QBUIXBZT IBT BMSFBEZ CFFO TIPXO UP CF DIBSBDUFS�
JTUJD PG CBTBM�MJLF UVNPST <���
 ���>� 5IFTF aOEJOHT BSF TVQQPSUFE CZ UIF GBDU UIBU UIF TBNQMF
VOEFS JOWFTUJHBUJPO TIPXT B QBUIXBZ BDUJWJUZ QBUUFSO UIBU JT WFSZ TJNJMBS UP UIF POF PG UIF USJQMF�
OFHBUJWF
 CBTBM�MJLF 5$(" TBNQMF ����Ζ�	Ζ�ͧ͠�
 TFF 'JHVSF ���� 'VSUIFSNPSF
 UIF UFO DFMM
MJOFT NPTU TJNJMBS UP PVS UVNPS TBNQMF PG JOUFSFTU BSF BMM USJQMF�OFHBUJWF 	DG� 4FDUJPO "���
� 5IF
JOWFTUJHBUJPO PG UIFTF QBUIXBZ BDUJWJUZ QBUUFSOT NJHIU BMTP SFWFBM UBSHFUT GPS QPTTJCMF UIFSBQFV�
UJD JOUFSWFOUJPO� *O UIF DPOTJEFSFE TBNQMF
 UIF ."1, TJHOBMJOH QBUIXBZ JT TUSPOHMZ BDUJWBUFE

NPTU MJLFMZ EVF UP UIF VQSFHVMBUJPO PG LFZ QBUIXBZ DPNQPOFOUT MJLF #3"'
 ,3"4
 BOE /3"4�
5IFSBQFVUJD JOUFSWFOUJPO JO UIJT QBUIXBZNJHIU IFODF CF BO PQUJPO� 5IJT aOEJOH JT TVQQPSUFE CZ
UIF GBDU UIBU UIF UXP DFMM MJOFT NPTU TJNJMBS UP UIF TBNQMF VOEFS JOWFTUJHBUJPO SFHBSEJOH QBUIXBZ
BDUJWJUZ QBUUFSOT 	���ͣͨ͠�� BOE ͧͤ͠�ͤ
 BSF LOPXO UP CF TFOTJUJWF BHBJOTU BO &3, JOIJCJUPS� "O�
PUIFS QPUFOUJBM PQUJPO TVHHFTUFE CZ $MJO0NJDT5SBJMCD NJHIU CF B USFBUNFOU XJUI CFWBDJ[VNBC
BT UIF WBTDVMBS FQJUIFMJBM HSPXUI GBDUPS 	7&('"

 JUT NPMFDVMBS UBSHFU <��>
 JT WFSZ TUSPOHMZ VQ�
SFHVMBUFE 	[�TDPSF�����
�

����� "TTFTTNFOU PG TUBOEBSE�PG�DBSF CSFBTU DBODFS ESVHT
5IF TFMFDUJWF FTUSPHFO SFDFQUPS NPEJaFS UBNPYJGFO JT POF PG UIF PMEFTU BOE NPTU DPNNPOMZ
QSFTDSJCFE CSFBTU DBODFS ESVHT <���>� *UT DMJOJDBM CFOFaU GPS UIF USFBUNFOU PG FTUSPHFO SFDFQUPS�
QPTJUJWF CSFBTU DBODFS JT XFMM FTUBCMJTIFE CZ TJHOJaDBOUMZ SFEVDJOHNPSUBMJUZ SBUFT BOE SFDVSSFODF
<���>� 4UJMM
 NPSF UIBO ��� PG QBUJFOUT XJUI BEKVWBOU UBNPYJGFO USFBUNFOU SFMBQTF PS EJF <���>�
5IJT JT MJLFMZ EVF UP EF OPWP PS BDRVJSFE UBNPYJGFO SFTJTUBODF UIBU DBO CF NFEJBUFE CZ B WBSJFUZ PG
HFOFUJD BOENPMFDVMBS GBDUPST
 BTXFMM BT BMUFSFE TJHOBMJOH QBUIXBZT� 5IFTF SFTJTUBODF�QSPNPUJOH
GBDUPST JODMVEF MPXFSFE FYQSFTTJPO PS NVUBUJPO PG NPMFDVMBS ESVH UBSHFUT
 UIF JNQBJSNFOU PG
JOWPMWFE"%.&HFOFT
 BMUFSBUJPOT JO DP�SFHVMBUPSZ QSPUFJOT
 BOE EFSFHVMBUFE TJHOBMJOH DBTDBEFT
<���>� *O PSEFS UP FYFNQMJGZ $MJO0NJDT5SBJMCDrT UIPSPVHI BTTFTTNFOU PG UIFTF GBDUPST
 XF
DPOTJEFS UIF UVNPS TBNQMF PG B ���ZFBS�PME XPNBO XJUI B TUBHF **
 IPSNPOF SFDFQUPS�QPTJUJWF

)&3��OFHBUJWF CSFBTU UVNPS 	����Ζ�	Ζ�͟��
� "T UIF DPOTJEFSFE TBNQMF JT IPSNPOF SFDFQUPS�
QPTJUJWF BOE )&3��OFHBUJWF
 UBNPYJGFO NJHIU CF DPOTJEFSFE BT UIF USFBUNFOU PG DIPJDF� *O PSEFS
UP PCUBJO B NPSF DPNQSFIFOTJWF QJDUVSF
 $MJO0NJDT5SBJMCD QSPWJEFT B %SVHT WJFX UIBU DPOUBJOT
JOGPSNBUJPO PO UIF TUBUVT PG TFWFSBM CJPNBSLFST QPUFOUJBMMZ SFMFWBOU UP FTUJNBUF USFBUNFOU TVDDFTT
MJLF NPMFDVMBS UBSHFUT
 ESVH�QSPDFTTJOH FO[ZNFT
 BOE USBOTQPSUFST 	DG� 'JHVSF ���
� 5BNPYJGFO
UBSHFUT
 CFTJEFT UIF BOESPHFO SFDFQUPS 	"3

 UIF FTUSPHFO SFDFQUPST � BOE � 	&43��&3α
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&43��&3β

 B GBNJMZ PG USBOTDSJQUJPO GBDUPST UIBU BSF BDUJWBUFE CZ FTUSPHFOT
 NFEJBUJOH UIF
BDUJWBUJPO PG B WBSJFUZ PG HSPXUI�QSPNPUJOH QSPDFTTFT <���>� *O PVS TBNQMF VOEFS JOWFTUJHBUJPO

&43� DPOUBJOT B GSBNFTIJGU WBSJBOU UIBU JT MJLFMZ UP BêFDU UIF QSPUFJOrT TUSVDUVSF TFWFSFMZ BOE
IFODF NJHIU ESBTUJDBMMZ SFEVDF UBNPYJGFOrT BëOJUZ UP JUT UBSHFU &43�� #FTJEFT UIF BDUVBM ESVH
UBSHFUT
 EJêFSFOU "%.& HFOFT
 JODMVEJOH ESVH�QSPDFTTJOH FO[ZNFT BOE USBOTQPSUFST
 QMBZ
FTTFOUJBM SPMFT JO UIF FêFDUJWFOFTT PG B UBNPYJGFO�CBTFE UIFSBQZ� " DFOUSBM FMFNFOU JO UIJT DPOUFYU
JT UIF $ZUPDISPNF 1��� GBNJMZ NFNCFS $:1�%� UIBU JT LOPXO UP NFUBCPMJ[F VQ UP ��� PG
DPNNPOMZ QSFTDSJCFE ESVHT
 JODMVEJOH UIF QSPESVH UBNPYJGFO UIBU OFFET UP CF NFUBCPMJ[FE
JOUP JUT BDUJWF GPSN FOEPYJGFO <���>� 'PS PVS HJWFO TBNQMF
 $MJO0NJDT5SBJMCD JEFOUJaFE B
GSBNFTIJGU WBSJBOU JO $:1�%� UIBU NPTU MJLFMZ HFOFSBUFT B QPPS NFUBCPMJ[FS QIFOPUZQF BOE
IFODF DPOUSJCVUFT UP B QPUFOUJBM SFTJTUBODF BHBJOTU UBNPYJGFO� "OPUIFS HSPVQ PG SFMFWBOU
GBDUPST BSF DP�SFHVMBUPST PG &3�NFEJBUFE USBOTDSJQUJPO� 0OF TVDI SFHVMBUPSZ FMFNFOU JT UIF
DZUPTJOF EFBNJOBTF "10#&$�#
 XIJDI UZQJDBMMZ EFBNJOBUFT DZUPTJOF UP VSBDJM JO &3 FOIBODFS
SFHJPOT
 UIFSFCZ BDUJWBUJOH CBTF FYDJTJPO SFQBJS QBUIXBZT
 XIJDI JO UVSO QSPNPUF DISPNBUJO
SFNPEFMJOH UIBU FWFOUVBMMZ IFMQ UP JOJUJBUF UIF FYQSFTTJPO PG &3 UBSHFU HFOFT <���>� )JHIFS
MFWFMT PG "10#&$�# FYQSFTTJPO IBWF CFFO BTTPDJBUFE XJUI QPPS DMJOJDBM PVUDPNF PG UBNPYJGFO
USFBUNFOU JO &3�QPTJUJWF CSFBTU DBODFS <���>� *O PVS TBNQMF PG JOUFSFTU
 XF DBO PCTFSWF BO
JODSFBTFE MFWFM PG "10#&$�# FYQSFTTJPO
 TFSWJOH BT B GVSUIFS JOEJDBUJPO JO EJTGBWPS PG UBNPYJGFO�
'JOBMMZ
 UIF DPOTJEFSFE TBNQMF TIPXT JODSFBTFE MFWFMT PG ."1, TJHOBMJOH QBUIXBZ BDUJWJUZ BOE
BO VQSFHVMBUJPO PG )&3��OFV 	&3##�
 	DG� 'JHVSF ���

 XIJDI NJHIU DPOUSJCVUF UP SFTJTUBODF
BHBJOTU FOEPDSJOF UIFSBQZ WJB UIF MJHBOE�JOEFQFOEFOU BDUJWBUJPO PG &3 UISPVHI &3, <���
 ���>�
5P TVNNBSJ[F
 BMUIPVHI UIF DMJOJDBM EBUB GPS UIF DPOTJEFSFE TBNQMF NJHIU QPJOU UPXBSET B
USFBUNFOU XJUI UBNPYJGFO
 B CSPBE JOWFTUJHBUJPO PG NPMFDVMBS EFUFSNJOBOUT PG USFBUNFOU TVDDFTT
DPVME IJHIMJHIU TFWFSBM GBDUPST UIBU NJHIU SFOEFS UBNPYJGFO JOFêFDUJWF JO UIF DPOTJEFSFE DBTF�
#FTJEFT TFMFDUJWF FTUSPHFO SFDFQUPS NPEVMBUPST MJLF UBNPYJGFO
 $MJO0NJDT5SBJMCD BMTP QSPWJEFT
BO JO�EFQUI BTTFTTNFOU PG B WBSJFUZ PG PUIFS ESVH DMBTTFT SFMFWBOU GPS CSFBTU DBODFS USFBUNFOU 	DG�
'JHVSF ���
� "MUIPVHI XF DPVME PCTFSWF BO VQSFHVMBUJPO PG &3##� FYQSFTTJPO JO PVS TBNQMF
VOEFS JOWFTUJHBUJPO
 USBTUV[VNBC BOE PUIFS &3##�UBSHFUJOH ESVHT NJHIU CF JNQFEFE CZ B
NJTTFOTF WBSJBOU JO &3##�� 5IJTNVUBUJPO DPVME SFEVDF UIF FëDBDZ PG UIJT DMBTT PG ESVHT
 EFTQJUF
UIF GBDU UIBU JU IBT CFFO DMBTTJaFE UP POMZ IBWF B NPEFSBUF JNQBDU PO UIF QSPUFJOrT TUSVDUVSF� "T
JOEJDBUFE CZ $MJO0NJDT5SBJMCD
 B QVUBUJWF USFBUNFOU PQUJPO GPS PVS JOWFTUJHBUFE TBNQMF NJHIU
CF UIF VTF PG BSPNBUBTF JOIJCJUPST MJLF BOBTUSP[PMF
 FYFNFTUBOF
 PS MFUSP[PMF� "T BSPNBUBTF
JOIJCJUPST BSF UZQJDBMMZ QSFTDSJCFE UP QPTUNFOPQBVTBM XPNFO <���>
 B TVDDFTTGVM USFBUNFOU XJMM
SFRVJSF BEEJUJPOBM PWBSZ TVQQSFTTJPO
 XIJDI IBT CFFO TIPXO UP TJHOJaDBOUMZ JNQSPWF SFTQPOTF
SBUFT JO QSFNFOPQBVTBM XPNFO JO UIF 40'5 USJBM <���>� "MTP
 TJODF PVS TBNQMF PG JOWFTUJHBUJPO
DPOUBJOT #3$"��� HFSNMJOF NVUBUJPOT BOE UIF QPMZ "%1 SJCPTZM USBOTGFSBTF 1"31� JT TUSPOHMZ
VQSFHVMBUFE 	[�TDPSF�����

 1"31 JOIJCJUPS USFBUNFOU JT TVHHFTUFE BT B QPUFOUJBM PQUJPO CZ
$MJO0NJDT5SBJMCD�

����� *NNVOPUIFSBQZ BTTFTTNFOU
0OF PG UIF MBUFTU BSFBT PG JOOPWBUJPO JO DBODFS USFBUNFOU JT JNNVOPUIFSBQZ
 XIJDI BJNT BU
	SF�
FOBCMJOH UIF JNNVOF TZTUFN UP SFDPHOJ[F BOE EFTUSPZ DBODFSPVT DFMMT <���>� 8IJMF
CFJOH NPTU FTUBCMJTIFE GPS UIF USFBUNFOU PG NFMBOPNB <���> BOE MVOH DBODFS <���>

JNNVOPUIFSBQFVUJD BQQSPBDIFT MJLF DIFDLQPJOU CMPDLBEF PS DBODFS WBDDJOFT BSF PG HFOFSBM
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OBUVSF BOE OPU OFDFTTBSJMZ UVNPS UZQF�TQFDJaD� 0WFS UIF MBTU ZFBST
 NPSF BOE NPSF
JNNVOPUIFSBQJFT IBWF CFFO BQQSPWFE GPS B WBSJFUZ PG DBODFS UZQFT <���v���>� *NNVOPUIFSBQJFT
BSF BMTP FNFSHJOH BT B WBMVBCMF DPNQPOFOU PG USFBUNFOU SFHJNFOT JO CSFBTU DBODFS� .BOZ TUVEJFT
TIPX UIBU UVNPST XJUI B IJHI 5VNPS .VUBUJPOBM #VSEFO 	5.#
 BSF MJLFMZ UP SFTQPOE XFMM UP
BO JNNVOF TZTUFN�QSPNPUJOH UIFSBQZ <���
 ���>� *O PSEFS UP FWBMVBUF UIF JNNVOPUIFSBQFVUJD
QPUFOUJBM PG B CSFBTU UVNPS TBNQMF VOEFS JOWFTUJHBUJPO
 $MJO0NJDT5SBJMCD BTTFTTFT UIF TBNQMFrT
5.# JO SFMBUJPO UP UIF 5$(" #3$" DPIPSU� "T B SFGFSFODF
 5.#T GPS �
��� CSFBTU UVNPS
TBNQMFT XFSF DPNQVUFE BOE QMPUUFE JO B IJTUPHSBN JOEJDBUJOH UIF SFTQFDUJWF GSBDUJPOT PG
TBNQMFT DPOUBJOJOH B DFSUBJO OVNCFS PG NVUBUJPOT 	DG� 'JHVSF ���
� *O UIJT SFGFSFODF HSPVQ
 UIF
NVUBUJPOBM CVSEFO SBOHFT CFUXFFO ���� BOE ������ TPNBUJD NVUBUJPOT QFS NFHBCBTF FYPO 	GPS
WBSJBOUT DBMMFE VTJOH .V5FDU� <���>
� *O TBNQMFT XJUI IJHI 5.#
 UIF JODSFBTFE NVUBUJPO SBUFT
BSF MJLFMZ UP CF GPTUFSFE CZEFaDJFODJFT JO UIF%/"SFQBJSNBDIJOFSZ <�>� 5P GVSUIFS VOEFSMJOF UIF
DPOOFDUJPO CFUXFFO 5.# BOE BO JNQBJSFE %/" SFQBJS NBDIJOFSZ
 XF QFSGPSNFE UIF GPMMPXJOH
BOBMZTJT� GSPN UIF BGPSFNFOUJPOFE 5$(" #3$" DPIPSU
 XF TFMFDUFE UIF ��� TBNQMFT XJUI UIF
MPXFTU BOE IJHIFTU 5.#
 SFTQFDUJWFMZ� 'PS CPUI HSPVQT
 XF FYUSBDUFE UIPTF HFOFT UIBU DPOUBJOFE
NVUBUJPOT XJUI B IJHI EJTSVQUJWF GVODUJPOBM JNQBDU
 F�H�
 WJB QSPUFJO USVODBUJPO
 MPTT PG GVODUJPO

PS OPOTFOTF�NFEJBUFE EFDBZ
 BT BOOPUBUFE CZ &OTFNCMrT 7BSJBOU &êFDU 1SFEJDUPS� 5IFTF HFOF
TFUT XFSF UIFO UFTUFE JO BO 0WFS�3FQSFTFOUBUJPO "OBMZTJT 	DG� 4FDUJPO �������
 GPS UIF FOSJDINFOU
PG B TFU PG �� SFQBJS�SFMBUFE CJPMPHJDBM DBUFHPSJFT PCUBJOFE GSPN (0
 ,&((
 3FBDUPNF
 BOE
8JLJ1BUIXBZT� 'PS UIF ��� TBNQMFT XJUI MPX 5.#
 OPOF PG UIF DPOTJEFSFE DBUFHPSJFT XFSF
TJHOJaDBOUMZ FOSJDIFE
 XIFSFBT GPS UIF ��� TBNQMFT XJUI IJHI 5.#
 �� QBUIXBZT TIPXFE B
TJHOJaDBOU FOSJDINFOU 	DG� 5BCMF "���
�
'PS B DPOWFOJFOU BTTFTTNFOU PG QPUFOUJBM EFaDJFODJFT JO UIF %/" SFQBJS NBDIJOFSZ

$MJO0NJDT5SBJMCD BTTFTTFT B WBSJFUZ PG SFQBJS HFOFT XJUI SFTQFDU UP UIFJS NVUBUJPO TUBUVT BOE
	FQJ�
HFOFUJD QSPaMF� 5IJT JOGPSNBUJPO DBO BMTP CF VTFE UP HVJEF UIF JNNVOPUIFSBQZ USFBUNFOU�
TFMFDUJPO QSPDFTT BT UVNPST XJUI MPTT PG NJTNBUDI SFQBJS GVODUJPO BSF MJLFMZ UP BWPJE JNNVOF
TZTUFN�NFEJBUFE EFTUSVDUJPO UISPVHI UIF BDUJWBUJPO PG JNNVOF DIFDLQPJOUT <���> BOE IFODF
NJHIU CFDPNF TFOTJUJWF UP DIFDLQPJOU CMPDLBEF�
"T B DPODSFUF FYBNQMF EFNPOTUSBUJOH $MJO0NJDT5SBJMCDrT DBQBCJMJUJFT GPS EFDJTJPO TVQQPSU JO
JNNVOPUIFSBQZ
 XF DPOTJEFSFE UIF UVNPS TBNQMF PG B ���ZFBS�PME XPNBO XJUI B TUBHF *7

USJQMF�OFHBUJWF
 NFUBTUBUJD CSFBTU DBODFS 	����Ζ�͡Ζ�͟�͡
� #BTFE PO UIF HFOPNJDT BOE USBO�
TDSJQUPNJDT EBUB PG B UVNPS TBNQMF
 $MJO0NJDT5SBJMCD BOBMZ[FT QPUFOUJBM CSFBTU DBODFS ESJWFS
HFOFT BOE MJTUT UIFJS HFOPNJD BOE USBOTDSJQUPNJD GFBUVSFT
 JODMVEJOH UIF FêFDUT PG DPOUBJOFE NV�
UBUJPOT JO UIF %SJWFS FWFOUT WJFX� )FSF
 UIF BOBMZTJT SFWFBMFE TFWFSF BOE QSPCBCMZ EBNBHJOH
NVUBUJPOT JO 51��
 3#�
 BOE "5.� 5IF USBOTDSJQUJPO GBDUPS 51�� JT BO FTTFOUJBM UVNPS TVQQSFT�
TPS UIBU JT DPNNPOMZ DPNQSPNJTFE JO IVNBO DBODFST� 5IF FODPEFE QSPUFJO JT JOWPMWFE JO B
WBSJFUZ PG DFMMVMBS QSPDFTTFT
 JODMVEJOH DFMM DZDMF BSSFTU
 TFOFTDFODF
 BQPQUPTJT
 BOE %/" SFQBJS
<���>� 4JNJMBSMZ
 3#� BDUT BT B UVNPS TVQQSFTTPS CZ OFHBUJWFMZ SFHVMBUJOH UIF DFMM DZDMF� *U JT
BMTP JOWPMWFE JO TUBCJMJ[JOH IFUFSPDISPNBUJO
 UIFSFCZ NBJOUBJOJOH UIF PWFSBMM DISPNBUJO TUSVD�
UVSF <���>� )FODF
 BMUFSBUJPOT JO 3#� DBO DBVTF HFOPNJD JOTUBCJMJUZ
 GPTUFSJOH UIF BDDVNVMBUJPO
PG NVUBUJPOT BOE QSPWJEJOH BO FWPMVUJPOBSZ BEWBOUBHF UP UIF BêFDUFE DBODFS DFMMT <���>� 'JOBMMZ

"5. JT BO JNQPSUBOU DFMM DZDMF DIFDLQPJOU LJOBTF UIBU SFHVMBUFT WBSJPVT UVNPS TVQQSFTTPST MJLF
51�� PS #3$"�
 BDUJOH BT LFZ SFHVMBUPST HPWFSOJOH HFOPNF TUBCJMJUZ BOE SFTQPOTF UP %/" EBN�
BHF <���>�
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#FTJEFT LOPXO ESJWFS NVUBUJPOT
 $MJO0NJDT5SBJMCD BMTP DIFDLT UIF NVUBUJPO TUBUVT PG B WBSJ�
FUZ PG HFOFT JOWPMWFE JO UIF %/" SFQBJS NBDIJOFSZ BOE QSPWJEFT BO PWFSWJFX PG QPUFOUJBMMZ
JNQBJSFE HFOFT JO UIF 3FQBJS HFOFT UBC PG UIF *NNVOPUIFSBQZ WJFX� 'PS PVS TBNQMF VOEFS JOWFT�
UJHBUJPO
 UIFTF SFTVMUT SFWFBMFE B WBSJFUZ PG NPTUMZ EBNBHJOH NVUBUJPOT JO WBSJPVT DPNQPOFOUT
PG %/" SFQBJS 	DG� 5BCMF ���
� 5IF JNQBJSNFOU PG SFQBJS NFDIBOJTNT XBT BMTP SFbFDUFE JO B
SBUIFS IJHI 5.# PG ����� TPNBUJD NVUBUJPOT QFS NFHBCBTF FYPO UIBU JT JMMVTUSBUFE JO UIF .VUB�
UJPOBM CVSEFO UBC� 5BLFO UPHFUIFS
 UIF NVUBUJPOBM CVSEFO JO DPNCJOBUJPO XJUI UIF MJLFMZ JNQBJS�
NFOU PG SFQBJS NFDIBOJTNT NJHIU SFOEFS DIFDLQPJOU CMPDLBEF 	QPUFOUJBMMZ JO DPNCJOBUJPO XJUI
%/"�EBNBHJOH BHFOUT <���> PS OFPFQJUPQF WBDDJOBUJPO <���>
 BO FêFDUJWF USFBUNFOU TUSBUFHZ
JO UIJT DBTF <��
 ���>� 'PS GVSUIFS BTTJTUBODF JO UIF TFMFDUJPO PG B TVJUBCMF DIFDLQPJOU JOIJCJUPS

$MJO0NJDT5SBJMCD QSPWJEFT BO PWFSWJFX PG UIF HFOPNJD BOE USBOTDSJQUPNJD GFBUVSFT PG WBSJPVT
ESVHHBCMF DIFDLQPJOU HFOFT�

$BODFS WBDDJOFT� 8JUI SFTQFDU UP QFSTPOBMJ[FE DBODFS WBDDJOFT
 $MJO0NJDT5SBJMCD JEFOUJaFT
UVNPS�TQFDJaD OFPFQJUPQFT UIBU DBO TFSWF BT B CBTJT GPS WBDDJOF EFWFMPQNFOU� %FUBJMT PO UIF
OFPFQJUPQF QSFEJDUJPO XJMM CF EFTDSJCFE JO UIF GPMMPXJOH TFDUJPO�

(FOF $POTFRVFODF 4*'5 1PMZ1IFO 3FGFSFODF
"5. NJTTFOTF WBSJBOU EFMFUFSJPVT QSPCBCMZ EBNBHJOH <���>
"159 NJTTFOTF WBSJBOU EFMFUFSJPVT QSPCBCMZ EBNBHJOH <���>
$$/) NJTTFOTF WBSJBOU EFMFUFSJPVT QSPCBCMZ EBNBHJOH <���>
'"/$$ NJTTFOTF WBSJBOU EFMFUFSJPVT QSPCBCMZ EBNBHJOH <���>
'"/$' NJTTFOTF WBSJBOU EFMFUFSJPVT CFOJHO <���>
.4)� NJTTFOTF WBSJBOU UPMFSBUFE CFOJHO <���>
10-( NJTTFOTF WBSJBOU EFMFUFSJPVT QPTTJCMZ EBNBHJOH <���>
3"%��# NJTTFOTF WBSJBOU EFMFUFSJPVT QPTTJCMZ EBNBHJOH <���>
9"#� NJTTFOTF WBSJBOU EFMFUFSJPVT QSPCBCMZ EBNBHJOH <���>

5BCMF ��� .VUBUFE SFQBJS HFOFT JO TBNQMF ����Ζ�͡Ζ�͟�͡� 5IF aSTU DPMVNO DPOUBJOT UIF )6(0 HFOF TZNCPM PG
UIF SFTQFDUJWF HFOF BOE UIF TFDPOE DPMVNO UIF FőFDU PG UIFNVUBUJPO PO UIF QSPUFJO�DPEJOH TFRVFODF� $PMVNOT
� BOE � MJTU QSFEJDUJPOT PO UIF FőFDU PG B NVUBUJPO PO UIF QSPUFJO GVODUJPO NBEF CZ 4*'5 BOE 1PMZ1IFO� 5IF MBTU
DPMVNO DPOUBJOT MJUFSBUVSF SFGFSFODFT FYQMBJOJOH UIF SPMF PG UIF DPSSFTQPOEJOH HFOF JO UIF SFQBJS NBDIJOFSZ�

5IF HFOPNJD SFHJPOT FODPEJOH GPS IVNBO MFVDPDZUF BOUJHFO 	)-"
 QSPUFJOT BSF WFSZ
QPMZNPSQIJD
 IFODF UIF )-" HFOPUZQF TUSPOHMZ WBSJFT CFUXFFO QBUJFOUT� *O PSEFS UP JEFOUJGZ
UIPTF UVNPS NVUBUJPOT UIBU BSF MJLFMZ UP CF BCMF UP JOEVDF BO JNNVOF SFTQPOTF
 UIF QBUJFOUrT
)-" HFOPUZQF BOE JUT UVNPSrT TPNBUJD NVUBUJPOT IBWF UP CF UBLFO JOUP BDDPVOU� 5IF )-"
HFOPUZQF DBO CF FYQFSJNFOUBMMZ EFUFSNJOFE 	F�H�
 VTJOH TFRVFODF�TQFDJaD PMJHPOVDMFPUJEF QSPCF
IZCSJEJ[BUJPO <���> PS TFSPMPHJDBM UZQJOH UFDIOJRVFT <���>

 CVU BMTP QSFEJDUFE GSPN TFRVFODJOH
EBUB� 'PS JMMVTUSBUPSZ QVSQPTFT
 XF IFSF BQQMJFE UIF )-" HFOPUZQJOH BMHPSJUIN 0QUJ5ZQF <���>
UP UIF SBX UVNPS TFRVFODJOH EBUB GPS PVS TBNQMF PG JOUFSFTU� 0QUJ5ZQF QSFEJDUFE UIF TBNQMF UP
CF PG UIF GPMMPXJOH HFOPUZQF� "������
 "������
 #������
 #������
 $������
 $�������
8JUIJO $MJO0NJDT5SBJMCD
 XF TFMFDUFE UIF PQUJPO $POTJEFS POMZ TJHOJaDBOUMZ VQSFHVMBUFE QSPUFJOT
JO UIF $BODFS WBDDJOFT UBC PG UIF *NNVOPUIFSBQZ WJFX BOE QFSGPSNFE B OFPFQJUPQF QSFEJDUJPO GPS
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QFQUJEFT PG MFOHUI � VTJOH UIF BSUJaDJBM OFVSBM OFUXPSL�CBTFE SFHSFTTJPONFUIPE/FU.)$ <���>�
5BCMF "��� MJTUT BMM OFPFQJUPQFT UIBU XFSF QSFEJDUFE UP CJOE UP BU MFBTU PO UIF )-"T�

��� %JTDVTTJPO

8F QSFTFOUFE $MJO0NJDT5SBJMCD
 B QPXFSGVM WJTVBM BOBMZUJDT UPPM GPS CSFBTU DBODFS USFBUNFOU
TUSBUJaDBUJPO� 0VS UPPM TVQQPSUT QSFDJTJPO NFEJDJOF 	J
 CZ BTTFTTJOH BOE QSJPSJUJ[JOH TUBOEBSE�
PG�DBSF CSFBTU DBODFS ESVHT
 	JJ
 CZ TVHHFTUJOH ESVHT GPS Pê�MBCFM VTF
 	JJJ
 CZ FWBMVBUJOH UIF
QPUFOUJBM PG EJêFSFOU UZQFT PG JNNVOPUIFSBQZ JODMVEJOH DIFDLQPJOU JOIJCJUPST BOE QFSTPOBMJ[FE
DBODFS WBDDJOFT
 BOE 	JW
 CZ BTTFTTJOH B QBUJFOUrT FMJHJCJMJUZ UP FOSPMM JO DMJOJDBM USJBMT� 5P UIJT FOE

$MJO0NJDT5SBJMCD QFSGPSNT BNVMUJUVEF PG BOBMZTFT PO B UVNPSrT DMJOJDBM NBSLFST
 	FQJ�
HFOPNJD

BOE USBOTDSJQUPNJD BMUFSBUJPOT UP TZTUFNBUJDBMMZ DIBSBDUFSJ[F UIF UVNPS� 5IJT DIBSBDUFSJ[BUJPO
JT CBTFE PO UIF UVNPSrT NBJO ESJWFS NVUBUJPOT
 JUT NVUBUJPOBM CVSEFO
 UIF BDUJWJUZ QBUUFSOT PG
DBODFS�SFMFWBOU QBUIXBZT
 BT XFMM BT UIF TUBUVT PG ESVH�TQFDJaD QSFEJDUJWF CJPNBSLFST
 NPMFDVMBS
ESVH UBSHFUT
 BOE JOWPMWFE "%.& HFOFT�
*O PSEFS UP PQUJNBMMZ TVQQPSU DMJOJDJBOT
 DPODJTFOFTT BOE JOUFSQSFUBCJMJUZ PG UIF SFTVMUT BSF
FTTFOUJBM� 'PS UIBU QVSQPTF
 $MJO0NJDT5SBJMCD TVNNBSJ[FT LFZ UVNPS DIBSBDUFSJTUJDT BOE
BEEJUJPOBM JOGPSNBUJPO PO ESVH�TQFDJaD CJPNBSLFST BOE NPEVMBUPST PG USFBUNFOU SFTQPOTF JO
B GFX DPNQSFIFOTJWF
 ZFU FBTJMZ JOUFSQSFUBCMF WJTVBMJ[BUJPOT
 QSPWJEJOH DMJOJDJBOT XJUI UIF NPTU
SFMFWBOU JOGPSNBUJPO BU UIF QPJOU PG DBSF� 'VSUIFSNPSF
 XF QSPWJEF FYUFOTJWF EPDVNFOUBUJPO
PG UIF XFC TFSWJDF
 SBOHJOH GSPN TUBOEBMPOF UVUPSJBMT PWFS BEEJUJPOBM IFMQ BOE JOGPSNBUJPO
BMPOH UIF EBUB VQMPBE BOE BOBMZTJT TUFQT UP JOUFSBDUJWF FYQMBOBUJPOT PG UIF QSPWJEFE SFTVMUT�
"MCFJU $MJO0NJDT5SBJMCD JT PQUJNJ[FE GPS UIF BOBMZTJT PG CSFBTU DBODFS EBUB TFUT
 UIF VOEFSMZJOH
BOBMZTJT NFUIPET BOE WJTVBMJ[BUJPO UFDIOJRVFT PêFSFE CZ PVS XFC TFSWJDF DBO BMTP CF VTFE
GPS UIF HFOFUJD BOE NPMFDVMBS DIBSBDUFSJ[BUJPO PG PUIFS UVNPS UZQFT CZ NBJOMZ FYDIBOHJOH UIF
UVNPS�TQFDJaD VOEFSMZJOH EBUBCBTFT� 8F QMBO UP QSPWJEF BEBQUFE WFSTJPOT GPS PUIFS UVNPS
UZQFT JO UIF OFBS GVUVSF� 5IF CSFBEUI BOE EFQUI PG BOBMZ[FT BOE WJTVBMJ[BUJPOT PêFSFE CZ
$MJO0NJDT5SBJMCD NBLF JU v BMUIPVHI CFJOH JO B QSPPG�PG�QSJODJQMF TUBHF � B QSPNJTJOH BEEJUJPO
UP FYJTUJOH DMJOJDBM EFDJTJPO TVQQPSU NBDIJOFSJFT� 5IF UISFF QSFTFOUFE DBTF TUVEJFT DPOWFZ B aSTU
JNQSFTTJPO PO UIF DBQBCJMJUJFT PG UIF UPPM
 IPXFWFS
 DBO POMZ QBSUMZ JMMVTUSBUF JUT GVMM QPUFOUJBM�
'SPN B DMJOJDBM QFSTQFDUJWF
 $MJO0NJDT5SBJMCD JT B DPNQSFIFOTJWF UPPM TVJUF UIBU XJMM CF GVSUIFS
WBMJEBUFE SFHBSEJOH JUT CFOFaUT JO UIF QSFQBSBUJPO BOE DPOEVDUJPO PG NPMFDVMBS UVNPS CPBSE
NFFUJOHT� *O TVNNBSZ
 $MJO0NJDT5SBJMCD JT B QPXFSGVM JOUFHSBUFE WJTVBM BOBMZUJDT UPPM GPS CSFBTU
DBODFS SFTFBSDI JO HFOFSBM BOE UIFSBQZ TUSBUJaDBUJPO JO QBSUJDVMBS
 BTTJTUJOH PODPMPHJTUT UP aOE
UIF CFTU QPTTJCMF USFBUNFOU PQUJPOT JO B EFFQMZ QFSTPOBMJ[FE XBZ�
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*O UIF IJTUPSZ PG CJPNFEJDBM SFTFBSDI BOE QBUJFOU USFBUNFOU
 EJBHOPTUJD DBQBCJMJUJFT IBWF FWPMWFE
GSPN UIF BOBUPNJDBM
 PWFS UIF DFMMVMBS
 UP UIF NPMFDVMBS MFWFM <���>� /PXBEBZT
 IJHI�UISPVHIQVU
FYQFSJNFOUBM UFDIOJRVFT BMMPX GPS UIF EFUFSNJOBUJPO PG DPNQSFIFOTJWF QSPaMFT PG B CSPBE SBOHF
PG CJPMPHJDBM EBUB 	DG� 4FDUJPO ���
� 8IJMF UIF HFOFUJD BOE NPMFDVMBS FMVDJEBUJPO PG IFBMUIZ BOE
BCFSSBOU NFDIBOJTNT IBT BEWBODFE UIF HFOFSBM LOPXMFEHF PG UIF DBVTFT PG OVNFSPVT EJTFBTFT
<���>
 UIF USBOTMBUJPOBM TVDDFTT IBT CFFO MJNJUFE GPS DPNQMFY EJTFBTFT MJLF DBODFS <���> 	DG�
4FDUJPO ���
� 5IF DPODFQU PG QFSTPOBMJ[FENFEJDJOF BJNT BU JNQSPWJOH 	DBODFS
 USFBUNFOU WJB UIF
UBJMPSJOH PG USFBUNFOU PQUJPOT UP UIF TQFDJaD HFOFUJD BOE NPMFDVMBS DIBSBDUFSJTUJDT PG B EJTFBTF�
/PXBEBZT
 QFSTPOBMJ[FE NFEJDJOF DPNFT JO WBSJPVT GPSNT
 JODMVEJOH DPNQBOJPO EJBHOPTUJDT
BOE JODSFBTJOHMZ BMTP HFOF QBOFM UFTUJOH 	DG� 4FDUJPO ���
� 8IJMF UIFTF EJBHOPTUJD UFTUT IBWF UIF
QPUFOUJBM UP BDIJFWF DPOTJEFSBCMF TVDDFTTFT <���
 ���
 ���
 ���>
 UIFSF BSF TUJMM NBKPS MJNJUBUJPOT
NBJOMZ EVF UP UIF GBDU UIFTF UFTUT DBOOPU DBQUVSF UIF IJHI DPNQMFYJUZ PG BCFSSBOU QSPDFTTFT JO
UVNPST <���
 ���> 	DG� 4FDUJPO ���
�
*O PSEFS UP PCUBJO B NPSF DPNQSFIFOTJWF WJFX PO BCFSSBOU EJTFBTF QSPDFTTFT BOE UP FNQMPZ
UIJT JOGPSNBUJPO GPS UIF JEFOUJaDBUJPO PG CJPNBSLFST BOE GPS DMJOJDBM USFBUNFOU EFDJTJPO�NBLJOH

QPXFSGVM UPPMT BOE NFUIPET BSF SFRVJSFE� 5IFZ TIPVME CF BCMF 	J
 UP JOUFHSBUF B WBSJFUZ PG
IFUFSPHFOFPVT
 OPJTZ
 BOE IJHI�EJNFOTJPOBM EBUB TFUT
 	JJ
 UP FYUSBDU B QSJPSJ CJPMPHJDBM BOE
NFEJDBM LOPXMFEHF GSPN SFMFWBOU EBUBCBTFT
 BOE 	JJJ
 UP DSFBUF FYQMPSBUJWF UPPMT GPS JOUVJUJWF BOE
DPODJTF WJTVBMJ[BUJPO PG UIF SFTVMUT <���>� 'PMMPXJOH UIFTF QSJODJQMFT
 UIF HPBM PG UIJT UIFTJT XBT
UP EFWFMPQ NFUIPET BOE UPPMT UP QFSGPSN NVMUJ�PNJDT JOUFHSBUJWF BOBMZTFT GPS EFDJTJPO TVQQPSU
TZTUFNT JO QFSTPOBMJ[FE DBODFS USFBUNFOU�
*O UIF GPMMPXJOH TFDUJPOT
 XF XJMM SFWJFX UIF QSFTFOUFE XPSL 	4FDUJPO ���
 BOE IJHIMJHIU
DIBMMFOHFT BOE PQQPSUVOJUJFT GPS GVSUIFS EFWFMPQNFOUT 	4FDUJPO ���
�

��� 4VNNBSZ BOE EJTDVTTJPO

*O UIJT UIFTJT
 XF QSFTFOUFE B DPNQSFIFOTJWF TVJUF PG UPPMT BOE NFUIPET GPS USBOTMBUJPOBM
SFTFBSDI BOE DMJOJDBM EFDJTJPO TVQQPSU JO PODPMPHZ� 5IF QSPWJEFE NFUIPET BOE UPPMT PêFS
SJDI GVODUJPOBMJUZ GPS UIF HFOFUJD BOE NPMFDVMBS DIBSBDUFSJ[BUJPO PG UVNPST XJUI BO FNQIBTJT
PO EFSFHVMBUFE CJPMPHJDBM QSPDFTTFT BOE UIF JEFOUJaDBUJPO PG EJTFBTF�ESJWJOH SFHVMBUPSZ LFZ
QMBZFST� 5IF JEFOUJaFE UVNPS DIBSBDUFSJTUJDT BSF UIFO DPNCJOFE XJUI B QSJPSJ LOPXMFEHF GSPN
DMJOJDBM QSBDUJDF HVJEFMJOFT BOE SFMFWBOU NFEJDBM
 QIBSNBDPMPHJDBM
 BOE CJPMPHJDBM EBUBCBTFT GPS
B QFSTPOBMJ[FE BTTFTTNFOU PG WBSJPVT UZQFT PG USFBUNFOU PQUJPOT
 JODMVEJOH TUBOEBSE�PG�DBSF
UBSHFUFE ESVHT
 DBOEJEBUFT GPS ESVH SFQPTJUJPOJOH
 BOE JNNVOPUIFSBQZ�

���
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*O PSEFS UP FOTVSF JOUFSPQFSBCJMJUZ BOE FBTF PG VTF
 PVS UPPMT BSF CBTFE PO B DPNNPO VOEFSMZJOH
GSBNFXPSL
 DBMMFE (SBWJUPO 	DG� 4FDUJPO ���
� *O (SBWJUPO
 UIF BOBMZTJT UPPMT BSF EFQMPZFE BT
XFC TFSWJDFT
 XIJDI IBT UIF BEWBOUBHF PG FBTZ BDDFTT GPS VTFST BOE B TJOHMF JOTUBODF
 XIJDI
BMMPXT GPS DFOUSBMJ[FE NBJOUFOBODF� 0O UIF EPXOTJEF
 UIF VQMPBE PG USFNFOEPVTMZ MBSHF EBUB
TFUT DPOUBJOJOH QPUFOUJBMMZ TFOTJUJWF EBUB JT OPU BMXBZT GFBTJCMF�
5IF BOBMZTFT QSPWJEFE CZ UIF UPPMT JO PVS UPPM TVJUF BSF CBTFE PO UIF JOUFHSBUFE BOBMZTJT PG
EJêFSFOU UZQFT PG PNJDT EBUB TFUT XJUI B QSJPSJ LOPXMFEHF GSPN WBSJPVT EBUBCBTFT� 5IF RVBMJUZ PG
UIF BOBMZTJT SFTVMUT DSVDJBMMZ EFQFOET PO UIF RVBMJUZ BOE DPNQSFIFOTJWFOFTT PG UIFTF SFTPVSDFT�
#FTJEFT QPUFOUJBM UFDIOJDBM OPJTF BOE JOBDDVSBDJFT UIBU DBO PDDVS XIFO DBQUVSJOH PNJDT EBUB
TFUT 	DG� 4FDUJPO ���

 B qCJBTr DBO BMTP CF JOUSPEVDFE CZ UIF TBNQMF JUTFMG
 GPS FYBNQMF XIFO
CJPQTJFT POMZ DPOUBJO MPX QFSDFOUBHFT PG UVNPS UJTTVF PS IBWF DBQUVSFE B TVC�QPQVMBUJPO PG
UVNPS DFMMT UIBU BSF OPU SFQSFTFOUBUJWF 	BOZNPSF
 GPS UIF FWPMWJOH UVNPS� )FODF
 JO BO JEFBM
XPSME
 NVMUJQMF TBNQMFT GSPN EJêFSFOU MPDBUJPOT PG UIF UVNPS XPVME CF UIF PQUJNBM CBTJT GPS BOZ
BOBMZTJT� #FTJEFT UIF CJPMPHJDBM JOQVU EBUB
 BMTP UIF DPOUFOU
 DPNQSFIFOTJWFOFTT
 BOE RVBMJUZ PG
EBUBCBTFT DPOUBJOJOH UIF B QSJPSJ LOPXMFEHF VTFE JO PVS BOBMZTFT BSF PG DSJUJDBM JNQPSUBODF 	DG�
4FDUJPO ���
� )FSF
 B NBKPS MJNJUBUJPO JT HJWFO CZ UIF DVSSFOU LOPXMFEHF BOE SFQSFTFOUBUJPO PG
SFHVMBUPSZ BOE TJHOBMJOH QBUIXBZT BOE UIFJS SFTQFDUJWF UPQPMPHJFT <���
 ���>�
8IFO JOWFTUJHBUJOH BCFSSBOU QSPDFTTFT JO DBODFS
 XF XPSL XJUI EBUB PG WBSJPVT OBUVSF 	J�F�

DPOUJOVPVT
 EJTDSFUF
 TUSVDUVSFE
 BOE EBUB PG WBSJPVT RVBMJUZ 	F�H�
 OPJTF
 OPO�CJPMPHJDBM
WBSJBODF
� *O PSEFS UP JEFOUJGZ EJêFSFOUJBMMZ FYQSFTTFE 	PS NFUIZMBUFE
 HFOFT 	PS QSPUFJOT

NJ3/"T

 UIFSF BSF TFWFSBM TDPSJOH NFUIPET 	DG� 4FDUJPO �����

 XIJDI XF BMTP JNQMFNFOUFE
JO PVS UPPMT 	DG� 4FDUJPO �����
� &BDI PG UIFTF NFUIPEPMPHJFT FMVDJEBUFT EJêFSFOU BTQFDUT PG
UIF EBUB BOE IFODF TIPVME CF DBSFGVMMZ DIPTFO� 'PS FYBNQMF
 XIFO VTJOH [�TDPSFT
 POF IBT UP
DPOTJEFS UIBU TNBMM DIBOHFT JO HFOFT XJUI MPX WBSJBODFT BSF qJObBUFEr BOE DBOOPU OFDFTTBSJMZ
CF EJTUJOHVJTIFE GSPN NPSF TVCTUBOUJBM DIBOHFT JO HFOFT XJUI IJHIFS WBSJBODFT� *O DPOUSBTU
UP [�TDPSFT
 GPME DIBOHFT QSPWJEF B NPSF EJSFDU DPNQBSJTPO CFUXFFO UXP FOUJUJFT
 IPXFWFS
OFHMFDUJOH UIF OBUVSBM WBSJBCJMJUZ PG UIF HFOFrT FYQSFTTJPO� #FTJEFT UIF TFMFDUJPO PG B TDPSJOH
NFUIPE
 BMTP XIJDI TBNQMFT BSF DPNQBSFE UP FBDI PUIFS JT B QPJOU UP DPOTJEFS� 8IJMF UIF
DPNQBSJTPO PG B UVNPS TBNQMF UP B IFBMUIZ DPOUSPM SFWFBMT XIJDI QBUIPHFOJD QSPDFTTFT BSF VQ�
PS EPXOSFHVMBUFE
 UIF DPNQBSJTPO PG UVNPS WT� UVNPS QSPWJEFT BNPSF aOF�HSBJOFE WJFX PO UIF
TQFDJaD DIBSBDUFSJTUJDT PG UIF TBNQMF PG JOUFSFTU JO DPNQBSJTPO UP PUIFS UVNPST PG UIF TBNF UZQF
PS TVCUZQF� )FODF
 UIF DPOTJEFSBUJPO PG CPUI UZQFT PG DPNQBSJTPOT XPVME CF EFTJSBCMF�
)PXFWFS
 IFBMUIZ SFGFSFODF TBNQMFT BSF OPU BMXBZT BWBJMBCMF
 FTQFDJBMMZ XIFO POMZ B TJOHMF
CJPQTZ XBT UBLFO GSPN UIF UVNPS� "T B SFNFEZ
 JU XPVME CF EFTJSBCMF UP IBWF B UJTTVF�TQFDJaD
DPMMFDUJPO PG SFGFSFODF TBNQMFT
 JEFBMMZ BMM NFBTVSFE PO UIF TBNF FYQFSJNFOUBM QMBUGPSN UP
NJOJNJ[F CBUDI FêFDUT�
(FOFUJD BOE NPMFDVMBS CJPNBSLFST BSF WBMVBCMF UPPMT UP QFSTPOBMJ[F EJBHOPTJT
 USFBUNFOU
EFDJTJPO�NBLJOH
 BOE EJTFBTFNPOJUPSJOH 	DG� 4FDUJPO ���
� )PXFWFS
 UIF JEFOUJaDBUJPO PG SPCVTU
CJPNBSLFST GSPN FYUSFNFMZ IJHI�EJNFOTJPOBM 	NVMUJ�
PNJDT EBUB TFUT JT B DIBMMFOHJOH UBTL <���v
���
 ���>
 XIJDI JT UIF SFBTPO UIBU POMZ GFX TVDI CJPNBSLFST DPVME CF USBOTMBUFE JOUP DMJOJDBM
QSBDUJDF <���>� *O PSEFS UP TVQQPSU UIF JEFOUJaDBUJPO PG NFBOJOHGVM CJPNBSLFST GPS CJPNFEJDBM
SFTFBSDI BOE DMJOJDBM EFDJTJPO TVQQPSU
 XF GPDVTFE PO UIF EFWFMPQNFOU PG UPPMT BOE NFUIPET
UIBU BJN BU FMVDJEBUJOH DBVTBM EFQFOEFODJFT JOTUFBE PG ZJFMEJOH rCMBDL CPYr QSFEJDUJPOT UIBU BSF
TPMFMZ CBTFE PO NBUIFNBUJDBM DSJUFSJB�



��� 4VNNBSZ BOE EJTDVTTJPO ���

"T B aSTU UPPM JO UIJT DPOUFYU
 XF QSFTFOUFE (FOF5SBJM� 	DG� 4FDUJPO ���

 XIJDI JT
 BU UIF UJNF
PG XSJUJOH
 POF PG UIF NPTU DPNQSFIFOTJWF XFC TFSWJDFT GPS FOSJDINFOU BOBMZTJT� 1SPWJEJOH B
HSFBU WBSJFUZ PG GVODUJPOBM BOOPUBUJPOT BOE QBUIXBZ JOGPSNBUJPO
 (FOF5SBJM� HJWFT JOTJHIUT JOUP
BCFSSBOU CJPMPHJDBM QSPDFTTFT BOE UIFJS GVODUJPOBM EFQFOEFODJFT� "T BO FYBNQMF PG (FOF5SBJM�rT
DBQBCJMJUJFT
 XF EFNPOTUSBUFE IPX (FOF5SBJM� DPVME TVQQPSU UIF JEFOUJaDBUJPO PG B NPMFDVMBS
TVCUZQF PG QBODSFBUJD DBODFS UIBU JT DIBSBDUFSJ[FE CZ DP�BDUJWBUJPO PG UIF 46.0QBUIXBZ BOE UIF
PODPHFOF .:$ BOE XIJDI DPVME CF GVSUIFS JOWFTUJHBUFE BT B QSFEJDUJWF CJPNBSLFS GPS UBSHFUFE
UIFSBQZ JO QBODSFBUJD DBODFS 	DG� 4FDUJPO �����
�
8IFO JOWFTUJHBUJOH NFDIBOJTUJD EFQFOEFODJFT BOE LFZ FMFNFOUT PG QBUIPHFOJD QSPDFTTFT
 UIF
DPOTJEFSBUJPO PG USBOTDSJQUJPOBM SFHVMBUPST BT UIF BDUVBMNFEJBUPST PG PDDVSSJOH BCFSSBUJPOT JO UIF
DFMM JT BO JNQPSUBOU BTQFDU� 8F QSFTFOUFE 3FHVMBUPS5SBJM 	DG� 4FDUJPO ���

 XIJDI QSPWJEFT GPVS
EJêFSFOU BOBMZTJT TDFOBSJPT BOE B DPNQSFIFOTJWF TFU PG BOBMZTJT NFUIPET UP JEFOUJGZ EFSFHVMBUFE
SFHVMBUPSZ QSPDFTTFT� "T POF PG UIF JNQMFNFOUFE NFUIPET
 XF QSPQPTFE 3&(HVMBUPS�(FOF
"TTPDJBUJPO &OSJDINFOU 	3&(("&
� 8F DPVME TIPX UIBU 3&(("&rT VOJRVF BQQSPBDI PG
DPNCJOJOH BTTPDJBUJPOT CFUXFFO SFHVMBUPST BOE UIFJS UBSHFU HFOFT XJUI BO FOSJDINFOU BQQSPBDI
PVUQFSGPSNT DPNQFUJOH NFUIPET JO QSJPSJUJ[JOH UIF JObVFODF PG USBOTDSJQUJPOBM SFHVMBUPST 	DG�
4FDUJPO �����
� .PSFPWFS
 XF QFSGPSNFE B DBTF TUVEZ PO 8JMNT UVNPST JO XIJDI XF DPVME
JEFOUJGZ UIF IFMJY�MPPQ�IFMJY USBOTDSJQUJPO GBDUPS 5$'� BT B QPUFOUJBM NBTUFS SFHVMBUPS JO UIF
CMBTUFNBM TVCUZQF
 XIJDI DPVME TFSWF BT UIF CBTJT GPS UIF EFWFMPQNFOU PG TUSBUJaFE USFBUNFOU
PQUJPOT 	DG� 4FDUJPO �����
�
8IJMF UIF QSFTFOUFE UPPMT DBO ZJFME WBMVBCMF IZQPUIFTFT PO QPUFOUJBM EJTFBTF NFDIBOJTNT BOE
DPSSFTQPOEJOH CJPNBSLFST
 JU JT DMFBS UIBU UIFTF IZQPUIFTFT IBWF UP CF GVSUIFS WBMJEBUFE JO XFU�
MBC FYQFSJNFOUT BOE DMJOJDBM TUVEJFT�
4VDDFTTGVMMZ WBMJEBUFE CJPNBSLFST DBO UIFO CF VTFE
 GPS FYBNQMF
 JO UIF USFBUNFOU TUSBUJaDBUJPO
QSPDFTT� "T DVSSFOU TUBUF PG UIF BSU JO QFSTPOBMJ[FE DBODFS USFBUNFOU
 HFOFUJD CJPNBSLFST JO UIF
GPSN PG TQFDJaD NVUBUJPOT JO TFMFDUFE HFOFT BSF VTFE UP JOGPSN UIF DIPJDF PG UBSHFUFE USFBUNFOU
PQUJPOT 	DG� 4FDUJPO ���
� )PXFWFS
 UIF WBTU NBKPSJUZ PG HFOFUJD BCFSSBUJPOT DPOUBJOFE JO B UVNPS
IBT OPU ZFU CFFO BTTJHOFE BOZ DMJOJDBM TJHOJaDBODF <���>� )FODF
 XIFO SFQPSUJOH POMZ WBSJBOUT
BOOPUBUFE BT 	MJLFMZ
 QBUIPHFOJD
 NBOZ JNQBDUGVM BCFSSBUJPOT NJHIU OPU CF DPOTJEFSFE <���>�
"T B SFNFEZ
 XF BEEJUJPOBMMZ DPOTJEFS UIF QSFEJDUFE GVODUJPOBM JNQBDU PG NVUBUJPOT DPOUBJOFE
JO UIF UVNPS VOEFS JOWFTUJHBUJPO
 BT UIFZ DBO QSPWJEF WBMVBCMF JOTJHIUT UIBU PUIFSXJTF NJHIU
IBWF CFFO NJTTFE 	DG� 4FDUJPOT ����� BOE �����
� .PSFPWFS
 GPS UIF JEFOUJaDBUJPO PG USFBUNFOU�
SFMFWBOU UVNPS DIBSBDUFSJTUJDT
 XF DPOTJEFS BEEJUJPOBM PNJDT EBUB UZQFT MJLF USBOTDSJQUPNJDT

NFUIZMPNJDT
 PS QSPUFPNJDT EBUB UP QSPWJEF B NVMUJ�GBDFUFE QJDUVSF PG UIF UVNPS�
"T PVS aSTU UPPM XJUI B TQFDJaD GPDVT PO UIF BTTFTTNFOU PG UBSHFUFE USFBUNFOU PQUJPOT GPS
ESVH SFQPTJUJPOJOH BOE DMJOJDBM EFDJTJPO TVQQPSU
 XF QSFTFOUFE %SVH5BSHFU*OTQFDUPS 	%5*

DG� $IBQUFS �
� %5* QSPWJEFT JOGPSNBUJPO PO EFSFHVMBUFE ESVH UBSHFUT
 FOSJDIFE CJPMPHJDBM
QBUIXBZT
 BOE EFSFHVMBUFE TVCOFUXPSLT� 8F EFNPOTUSBUFE %5*rT DPNQSFIFOTJWF GVODUJPOBMJUZ
GPS UIF BOBMZTJT PG EJêFSFOU UZQFT PG PNJDT EBUB
 BT XFMM BT JUT BCJMJUZ UP QSJPSJUJ[F QVUBUJWF
USFBUNFOU PQUJPOT JO TFWFSBM DBTF TUVEJFT 	DG� 4FDUJPO ���
�
8JUI $MJO0NJDT5SBJMCD 	DG� $IBQUFS �

 XF EFWFMPQFE B UPPM UP EJWF FWFO EFFQFS JOUP DMJOJDBMMZ
SFMFWBOU BTQFDUT PG CSFBTU DBODFS� $MJO0NJDT5SBJMCD QSPWJEFT B DPNQSFIFOTJWF BTTFTTNFOU PG
TUBOEBSE�PG�DBSF UBSHFUFE ESVHT
 DBOEJEBUFT GPS ESVH SFQPTJUJPOJOH
 BOE JNNVOPUIFSBQFVUJD
BQQSPBDIFT� *O UISFF DBTF TUVEJFT
 XF EFNPOTUSBUFE IPX $MJO0NJDT5SBJMCD DPVME GBDJMJUBUF
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QFSTPOBMJ[FE USFBUNFOU EFDJTJPOT JO CSFBTU DBODFS CBTFE PO BDUJPOBCMF
 FWJEFODF�CBTFE SFTVMUT 	DG�
4FDUJPOT ����� UP �����
� *O PSEFS UP PQUJNBMMZ TVQQPSU DMJOJDJBOT
 DPODJTFOFTT BOE JOUFSQSFUBCJMJUZ
PG UIF SFTVMUT BSF FTTFOUJBM� 5P UIJT FOE
 $MJO0NJDT5SBJMCD TVNNBSJ[FT LFZ UVNPS DIBSBDUFSJTUJDT
BOE EFUBJMT PO ESVH�TQFDJaD CJPNBSLFST JO B DPNQSFIFOTJWF
 ZFU FBTJMZ JOUFSQSFUBCMF XBZ�
4QFDJaDBMMZ
 XF QSFEJDU UIF BDUJWJUZ PG UVNPS�TQFDJaD TJHOBMJOH QBUIXBZT CZ BHHSFHBUJOH SFMFWBOU
HFOFT CBTFE PO B MBSHF CPEZ PG QSJPS CJPMPHJDBM BOE QIBSNBDPMPHJDBM LOPXMFEHF� 8F CFMJFWF UIBU
UIF DPOTJEFSBUJPO PG UVNPS BCFSSBUJPOT PO B qIJHIFSr QBUIXBZ MFWFM JT PG HSFBU JNQPSUBODF GPS UIF
EFWFMPQNFOU PG SFMJBCMF BOE JOUFSQSFUBCMF DMJOJDBMMZ SFMFWBOU QSFEJDUJWFNPEFMT� *O PSEFS UPNBLF
UIF UPPM BT DPODJTF BOE SFMFWBOU BT QPTTJCMF
 XF GPDVTFE � GPS B aSTU QSPPG�PG�QSJODJQMF WFSTJPO
PG UIF UPPM � PO USFBUNFOU�SFMFWBOU BTQFDUT TQFDJaD UP CSFBTU DBODFS� )PXFWFS
 UIF VOEFSMZJOH
BOBMZTJT NFUIPET BOE WJTVBMJ[BUJPO UFDIOJRVFT PêFSFE CZ PVS XFC TFSWJDF DBO BMTP CF VTFE GPS
UIF HFOFUJD BOENPMFDVMBS DIBSBDUFSJ[BUJPO PG PUIFS UVNPS UZQFT CZNBJOMZ FYDIBOHJOH UIF UVNPS�
TQFDJaD VOEFSMZJOH EBUBCBTFT� $MJO0NJDT5SBJMCD JT DVSSFOUMZ VOEFS JOWFTUJHBUJPO GPS UIF VTF JO
.PMFDVMBS 5VNPS #PBSE NFFUJOHT BU UIF VOJWFSTJUZ IPTQJUBM JO 5ØCJOHFO�
8IJMF UIF BTTFTTNFOU PG EFSFHVMBUFE TJHOBMJOH DBTDBEFT BOEQBUIXBZ BDUJWJUJFT JT PG HSFBU JOUFSFTU
GPS CBTJD DBODFS SFTFBSDI BOE QFSTPOBMJ[FE USFBUNFOU TUSBUJaDBUJPO
 JU JT FRVBMMZ DIBMMFOHJOH� "
NBKPS PCTUBDMF XIFO USZJOH UP NPEFM QBUIXBZ BDUJWJUJFT JT UIF GBDU UIBU UIFSF JT OP PCKFDUJWFMZ
NFBTVSBCMF HSPVOE USVUI UIBU DPVME CF VTFE UP PQUJNJ[F PS WBMJEBUF UIF SFTQFDUJWF NPEFMT�
)FODF
 POF IBT UP SFMZ PO BTTVNFE QSPYJFT BT UIF TFOTJUJWJUZ UP ESVHT UBSHFUJOH TQFDJaD QBUIXBZT
PS QSJPS LOPXMFEHF PO UIF SFHVMBUPSZ FêFDU PG JOEJWJEVBM HFOFT� .PSFPWFS
 UIF GBDU UIBU CJPMPHJDBM
QBUIXBZT BOE TJHOBMJOH DBTDBEFT GPSN DPNQMFY OFUXPSLT NBLFT JU FWFO NPSF EJëDVMU UP MJOL
UIFTF PCTFSWBUJPOT UP UIF BDUJWJUZ PG JOEJWJEVBM QBUIXBZT� "OPUIFS TVSSPHBUF XF DVSSFOUMZ TUJMM
NBJOMZ VTF JT N3/" FYQSFTTJPO JOTUFBE PG BDUVBM QSPUFJO MFWFMT� 0ODF FYQFSJNFOUBM NFUIPET
BMMPX UP SPVUJOFMZ BOE DPNQSFIFOTJWFMZ BTTFTT QSPUFJO MFWFMT
 UIF RVBMJUZ PG NPEFMT UIBU BJN BU
FMVDJEBUJOH NFDIBOJTUJD EFQFOEFODJFT JO DBODFS JT MJLFMZ UP JNQSPWF�
5P TVNNBSJ[F
 JO UIJT UIFTJT
 XF IBWF QSFTFOUFE B DPNQSFIFOTJWF UPPM TVJUF GPS DBODFS USFBUNFOU
EFDJTJPO TVQQPSU BOE USBOTMBUJPOBM SFTFBSDI� 5IF FODPNQBTTFE UPPMT QSPWJEF SJDI GVODUJPOBMJUZ
GPS UIF HFOFUJD BOE NPMFDVMBS DIBSBDUFSJ[BUJPO PG UVNPST XJUI BO FNQIBTJT PO EFSFHVMBUFE
CJPMPHJDBM QSPDFTTFT BOE UIF JEFOUJaDBUJPO PG EJTFBTF�ESJWJOH SFHVMBUPSZ LFZ QMBZFST� *O TFWFSBM
DBTF TUVEJFT
 XF DPVME TIPX UIBU UIF DPNCJOBUJPO PG UIF UVNPS DIBSBDUFSJTUJDT JEFOUJaFE CZ
UIFTF UPPMT JO DPNCJOBUJPO XJUI B QSJPSJ LOPXMFEHF GSPN DMJOJDBM QSBDUJDF HVJEFMJOFT BOE SFMFWBOU
NFEJDBM
 QIBSNBDPMPHJDBM
 BOE CJPMPHJDBM EBUBCBTFT GBDJMJUBUFT USFBUNFOU EFDJTJPO TVQQPSU GPS
WBSJPVT DBODFS UZQFT BOE TFWFSBM UZQFT PG USFBUNFOU PQUJPOT JODMVEJOH TUBOEBSE�PG�DBSF UBSHFUFE
ESVHT
 DBOEJEBUFT GPS ESVH SFQPTJUJPOJOH
 BOE JNNVOPUIFSBQZ�

��� 0VUMPPL BOE DPODMVTJPO

5IF UPPMT BOE NFUIPET EFTDSJCFE JO UIJT UIFTJT BSF B OFDFTTBSZ BOE QSPNJTJOH aSTU TUFQ UPXBSET
UIF NVMUJ�PNJDT JOUFHSBUJWF BOBMZTJT PG UVNPST� )PXFWFS
 UIF DPNQSFIFOTJWF JNQMFNFOUBUJPO PG
QSFDJTJPO PODPMPHZ JOUP SPVUJOF DMJOJDBM QSBDUJDF TUJMM GBDFT NBOZ DIBMMFOHFT�
0OF PG UIF NBKPS DIBMMFOHFT JT UIBU UIF CSFBEUI BOE EFQUI PG NPMFDVMBS BOE DMJOJDBM EBUB UP
CF DPOTJEFSFE JO QFSTPOBMJ[FE EJBHOPTJT
 USFBUNFOU
 BOE NPOJUPSJOH JT MJLFMZ UP LFFQ HSPXJOH�
"MUIPVHI TFRVFODJOH DPTUT IBWF EFDSFBTFE TVCTUBOUJBMMZ EVSJOH UIF MBTU EFDBEFT
 UP EBUF
HFOPNF TFRVFODJOH JT UZQJDBMMZ POMZ DPOTJEFSFE GPS MBUF�TUBHF UVNPST BOE PGUFOUJNFT POMZ VTJOH



��� 0VUMPPL BOE DPODMVTJPO ���

TPNFXIBU MJNJUFE QBOFM TFRVFODJOH UFDIOJRVFT� 1SPTQFDUJWFMZ
 JU DBO CF FYQFDUFE UIBU QBOFM
TFRVFODJOHXJMM CF TVQFSTFEFE CZXIPMF�FYPNF PS FWFOXIPMF�HFOPNF TFRVFODJOH JO UIF GVUVSF

XIJDI XJMM BMMPX GPS UIF DPNQSFIFOTJWF BOBMZTJT PG UVNPS HFOPNFT XJUIPVU BOZ MJNJUBUJPO UP
QSFEFaOFE DBOEJEBUF HFOFT�
" XIPMF OFX MFWFM PG DPNQMFYJUZ DPVME BEEJUJPOBMMZ CF JOUSPEVDFE CZ UIF DPOUJOVPVTMZ
EFWFMPQJOH NPMFDVMBS QSPaMJOH UFDIOJRVFT
 XIJDI NJHIU NBLF IJHI�SFTPMVUJPO UFDIOJRVFT MJLF
TJOHMF�DFMM TFRVFODJOH GFBTJCMF GPS DMJOJDBM QSBDUJDF
 UIFSFCZ QSPWJEJOH BO FWFO DMFBSFS QJDUVSF PG
UVNPS TVCDMPOFT BOE UIFJS SFTQFDUJWF NVUBUJPO QBUUFSOT�
#FTJEFT UIF JODSFBTJOH SFTPMVUJPO PG NPMFDVMBS DIBSBDUFSJ[BUJPOT PG UVNPST
 BMTP PUIFS EBUB UZQFT

GPS FYBNQMF JNBHJOH EBUB GSPN SBEJPMPHZ TDBOT
 OFFE UP CF JOUFHSBUFE BOE BOBMZ[FE UP PCUBJO
BO FWFO NPSF DPNQMFUF QFSTQFDUJWF PO UVNPST VOEFS JOWFTUJHBUJPO�
"OPUIFS JNQPSUBOU BTQFDU UIBU JODSFBTFT UIF DIBMMFOHF PG JOUFHSBUJOH BOE JOUFSQSFUJOH UIF EBUB JT
UIBU OPU KVTU B TJOHMF TOBQTIPU PG DMJOJDBM BOE NPMFDVMBS DIBSBDUFSJTUJDT TIPVME CF DPOTJEFSFE UP
EFTDSJCF DPNQMFY EJTFBTFT MJLF DBODFS
 CVU UIFTF EBUB TIPVME JOTUFBE CFNPOJUPSFE MPOHJUVEJOBMMZ�
"MTP
 UIF QBUJFOUrT IJTUPSZ BOE QPUFOUJBM DPNPSCJEJUJFT OFFE UP CF UBLFO JOUP BDDPVOU
 BT XFMM BT
UIF FêFDUT PG DPNFEJDBUJPO PS DPNCJOBUJPO UIFSBQJFT�
5IJT TUFBEJMZ HSPXJOH BNPVOU PG JODSFBTJOHMZ IFUFSPHFOFPVT BOE DPNQMFY EBUB UZQFT DBMMT GPS UIF
DPOUJOVPVT EFWFMPQNFOU BOE JNQSPWFNFOU PG CJPJOGPSNBUJDT BOE TUBUJTUJDBMNFUIPET UP JOUFHSBUF
BOE BOBMZ[F UIFTF EBUB� "O FNFSHJOH DPODFQU XIPTF BEPQUJPO XPVME TVQQPSU UIJT DIBMMFOHJOH
UBTL JT UIF DPODFQU PG '"*3 EBUB
 XIFSF '"*3 TUBOET GPS 'JOEBCMF
 "DDFTTJCMF
 *OUFSPQFSBCMF
 BOE
3FVTBCMF� 8IJMF JOUFSPQFSBCJMJUZ BOE SFVTBCJMJUZ PG EBUB BSF UZQJDBMMZ MJNJUFE CZ UFDIOJDBM BTQFDUT
MJLF JODPOTJTUFOU OPNFODMBUVSFT BDSPTT EJêFSFOU EBUBCBTFT PS EJêFSFOU FYQFSJNFOUBM QMBUGPSNT
BOE QSPDFTTJOH QJQFMJOFT
 UIF SFHVMBUJPO PG BDDFTT UP TFOTJUJWF 	QBUJFOU
 EBUB BDDPVOUJOH GPS EBUB
TFDVSJUZ BOE QSJWBDZ BDDPSEJOH UP UIF QPMJDJFT PG UIF (FOFSBM %BUB 1SPUFDUJPO 3FHVMBUJPO 	(%13

JT B NBKPS DIBMMFOHF JO JUTFMG�

*O TVNNBSZ
 UIFSF JT DMFBSMZ FOPSNPVT QPUFOUJBM JO UIF JOUFHSBUJPO BOE VTF PG 	NVMUJ�
PNJDT
EBUB GPS B CFUUFS VOEFSTUBOEJOH PG UIF NPMFDVMBS NFDIBOJTNT
 QSPDFTTFT
 BOE QBUIXBZT
DIBSBDUFSJ[JOH DPNQMFY EJTFBTFT MJLF DBODFS� 5IF TVDDFTT PG TVDI B IPMJTUJD NPEFM JO USBOTMBUJPOBM
SFTFBSDI BOE QBUJFOU DBSF EFQFOET PO UIF HSBEVBM TIJGU UP B DPNQSFIFOTJWF TZTUFNT BQQSPBDI

TVTUBJOFE CZ EBUB TIBSJOH BDSPTT BOE CFUXFFO EJêFSFOU aFMET PG FYQFSUJTF
 BDDPNQBOJFE CZ
DPSSFTQPOEJOH USBOTGPSNBUJPOT JO UIF QPMJUJDBM BOE SFHVMBUPSZ FOWJSPONFOU UP GPTUFS UIFTF
EFWFMPQNFOUT�
5BLFO UPHFUIFS
 UIFTF FOEFBWPST IBWF UIF QPUFOUJBM UP MFBE UP JOOPWBUJWF NFBTVSFT GPS EJTFBTF
QSFWFOUJPO
 FBSMZ EJBHOPTJT
 EJTFBTF NPOJUPSJOH
 BOE SFBM�UJNF EFDJTJPO�NBLJOH
 UIVT NBLJOH
QSFDJTJPO NFEJDJOF B GPSUIDPNJOH SFBMJUZ�
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4NBMM.PMFDVMF 1BUIXBZ%BUBCBTF� /VDMFJD "DJET 3F�
TFBSDI
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<���> 9JBP
 '�
 ;VP
 ;�
 $BJ
 (�
 FU BM� NJ3FDPSET� BO JO�
UFHSBUFE SFTPVSDF GPS NJDSP3/"�UBSHFU JOUFSBDUJPOT�
/VDMFJD "DJET 3FTFBSDI
 ��	%BUBCBTF JTTVF
�%���v
���
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 ;IPV
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 FU BM� TUBS#BTF
W���� EFDPEJOH NJ3/"�DF3/"
 NJ3/"�OD3/"
BOE QSPUFJO�3/" JOUFSBDUJPO OFUXPSLT GSPN MBSHF�
TDBMF $-*1�4FR EBUB� /VDMFJD "DJET 3FTFBSDI

��	%BUBCBTF JTTVF
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 1PZ
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 FU BM� $PNCJOBUP�
SJBM NJDSP3/" UBSHFU QSFEJDUJPOT� /BUVSF (FOFUJDT
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<���> (BSDJB
 %� .�
 #BFL
 %�
 4IJO
 $�
 FU BM� 8FBL
TFFE�QBJSJOH TUBCJMJUZ BOE IJHI UBSHFU�TJUF BCVO�
EBODF EFDSFBTF UIF QSPaDJFODZ PG MTZ�� BOE PUIFS
NJDSP3/"T� /BUVSF 4USVDUVSBM � .PMFDVMBS #JPMPHZ
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 0DUPCFS �����

<���> ,BNCVSPW
 "�
 4UFM[M
 6�
 -FISBDI
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 FU BM� 5IF $PO�
TFOTVT1BUI%# JOUFSBDUJPO EBUBCBTF� ���� VQEBUF�
/VDMFJD "DJET 3FTFBSDI
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 #BUFNBO
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 $MFNFOUT
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 FU BM� 1GBN�
UIF QSPUFJO GBNJMJFT EBUBCBTF� /VDMFJD "DJET 3FTFBSDI

��	%BUBCBTF JTTVF
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<���> #FOKBNJOJ
 :� BOE :FLVUJFMJ
 %� 5IF DPOUSPM PG UIF
GBMTF EJTDPWFSZ SBUF JONVMUJQMF UFTUJOH VOEFS EFQFO�
EFODZ� 5IF "OOBMT PG 4UBUJTUJDT
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 4JEOFZ
 +�
 1FUFST
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 FU BM� "VUPNBUFE
HFOFSBUJPO BOE FWBMVBUJPO PG TQFDJaD .)$ CJOEJOH
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HFOFUJDT
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 #FEOBSFL
 .� "�
 BOE $PMJHBO
 +� &�
4DIFNF GPS SBOLJOH QPUFOUJBM )-"�"� CJOEJOH QFQ�
UJEFT CBTFE PO JOEFQFOEFOU CJOEJOH PG JOEJWJE�
VBM QFQUJEF TJEF�DIBJOT� +PVSOBM PG *NNVOPMPHZ
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 FU BM� 2VBO�
UJUBUJWF QFQUJEF CJOEJOH NPUJGT GPS �� IVNBO BOE
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NVOPNF 3FTFBSDI
 �	�
��
 �����

<���> /JFMTFO
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 B DPNNPO QBO�TQFDJaD .)$
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GPS SFDFQUPST CBTFE PO SFDFQUPS QPDLFU TJNJMBSJUJFT�
BQQMJDBUJPO UP.)$�QFQUJEF CJOEJOH� #JPJOGPSNBUJDT
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A
4VQQMFNFOUBSZ .BUFSJBM

5IJT "QQFOEJY DPOUBJOT BEEJUJPOBM JOGPSNBUJPO BOE EFUBJMT PO WBSJPVT BTQFDUT PG UIF NFUIPET

UPPMT
 BOE BOBMZTFT QSFTFOUFE JO UIF NBJO QBSU PG UIJT UIFTJT�

"�� 'JMF GPSNBUT

5IF UPPMT BOE NFUIPET QSFTFOUFE JO UIF DPVSTF PG UIJT UIFTJT SFRVJSF EJêFSFOU UZQFT PG
TUBOEBSEJ[FE aMF GPSNBUT BT JOQVU
 TPNF PG UIFNPSF DPNQMFY POFT BSF QSFTFOUFE JO UIF GPMMPXJOH
TFDUJPOT�

"���� '"45"
5IF ����� aMF GPSNBU JT VTFE UP EFTDSJCF OVDMFPUJEF PS QFQUJEF TFRVFODFT� " TFRVFODF JO �����
GPSNBU CFHJOT XJUI B TJOHMF�MJOF EFTDSJQUJPO 	TUBSUJOH XJUI rѷr

 GPMMPXFE CZ TFWFSBM MJOFT PG
TFRVFODF EBUB� 5IF CBTFT 	PS BNJOP BDJET
 BSF SFQSFTFOUFE CZ OVDMFPUJEFT GSPN UIF BMQIBCFU
\�
�
 �
�^ 	PS TJOHMF�MFUUFS BNJOP BDJE DPEFT
� "O FYBNQMF TFRVFODF JO ����� GPSNBU DPVME MPPL
MJLF UIJT�

ѷ� ,0 )� ά�
������������������������������������������������������������
������������������������������������������������������������
ѷ� ,0 )� ά�
������������������������������������������������������������
������������������������������������������������������������
��������������������

"���� '"452
5IF ����� aMF GPSNBU JT BO FYUFOTJPO PG UIF ����� aMF GPSNBU
 XIJDI DPOUBJOT BEEJUJPOBM RVBMJUZ
JOGPSNBUJPO GPS FWFSZ CBTF JO B OVDMFPUJEF TFRVFODF�
&BDI FOUSZ JO B ����� aMF JT DPNQPTFE PG GPVS MJOFT
 XIFSF FBDI MJOF DPOUBJOT EJêFSFOU UZQFT
PG JOGPSNBUJPO� 5IF aSTU MJOF TUBSUT XJUI B TFRVFODF JEFOUJaFS 	TUBSUJOH XJUI rϕr

 GPMMPXFE CZ
PQUJPOBM EFTDSJQUJPOT� 5IF TFDPOE MJOF DPOUBJOT UIF BDUVBM TFRVFODF� 5IF UIJSE MJOF PGUFOUJNFT
POMZ DPOUBJOT B rѯr BOE WJTVBMMZ TFQBSBUFT UIF TFRVFODF GSPN UIF GPVSUI MJOF
 XIJDI DPOUBJOT

���
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1ISFE RVBMJUZ TDPSFT 	DG� 4FDUJPO �������
 GPS FWFSZ OVDMFPUJEF VTJOH "4$** DIBSBDUFST� "O
FYBNQMF PG B aMF JO ����� GPSNBU DPVME MPPL MJLF UIJT�

ϕ� ,0 )� ά�
������������������������������������������������������������΀΀΀
ѯ
����������������������										�		��		�	�					���	����	����΀΀΀
ϕ� ,0 )� ά�
������������������������������������������������������������΀΀΀΀
ѯ
�����������������������������							�		���	�����				�							΀΀΀

"���� 4". � #".

5IF 4FRVFODF"MJHONFOU�.BQ 	���
 GPSNBU JT B UFYU�CBTFE GPSNBU UP TUPSF TFRVFODF BMJHONFOUT

UZQJDBMMZ CFUXFFO B TFRVFODF PG JOUFSFTU BOE B QSFEFaOFE SFGFSFODF� ��� aMFT DPOTJTU PG B IFBEFS
TFDUJPO BOE BO BMJHONFOU TFDUJPO� )FBEFS MJOFT BSFNBSLFE CZ rϕr BOE UZQJDBMMZ DPOUBJONFUBEBUB
PO UIF QFSGPSNFE BOBMZTFT� &BDI BMJHOFE GSBHNFOU JT SFQSFTFOUFE CZ B SPX XJUI BU MFBTU FMFWFO
DPMVNOT
 XIFSF UIF aSTU FMFWFO DPMVNOT DPOUBJO UIF JOGPSNBUJPO MJTUFE JO 5BCMF "���

$PMVNO 'JFME OBNF %FTDSJQUJPO
� ����� 3FBE OBNF
� �
�� 3FDPSErT bBH
� ����� 3FGFSFODF OBNF
� ��� ��CBTFE QPTJUJPO PO SFGFSFODF
� ���� .BQQJOH RVBMJUZ
� �
��� $PNQBDU *EJPTZODSBUJD (BQQFE "MJHONFOU 3FQPSU PG BMJHONFOU
� ����� 3FGFSFODF PG UIF OFYU NBUF�TFHNFOU
� ����� 1PTJUJPO PG UIF OFYU NBUF�TFHNFOU
� �
�� 0CTFSWFE MFOHUI PG UFNQMBUF
�� ��� 3FBE TFRVFODF
�� ���
 "4$**�FODPEFE 1ISFE CBTF RVBMJUJFT

5BCMF "�� %FTDSJQUJPO PG aFMET JO 4". GPSNBU� 1MFBTF SFGFS UP UIF GPMMPXJOH XFCTJUF GPS UIF GVMM GPSNBU TQFDJaDBUJPO�
#//+.΂ζζ.�(/**'.΀"$/#0�΀$*ζ#/.Ζ.+ �.ζ���1͠΀+�!�

"O FYBNQMF aMF JO ��� GPSNBU DPVME MPPL MJLF UIJT�

https://samtools.github.io/hts-specs/SAMv1.pdf


"�� 'JMF GPSNBUT ���

ϕ	� ��΂͠΀͢ ��΂�**-�$)�/ 
ϕ�� ��΂- ! 
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ϕ�� ��΂- !͡ 
�΂ͣ͟
-͟͟͠ ͥ͢͠ - ! ͦ ͢͟ ͧ�ͣ
ͣ�͠�͢� Ѵ ͦ͢ ͨ͢ ������������������� κ
-͟͟͡ ͟ - ! ͨ ͢͟ ͠�͡
ͥ�͠�͠
͠�͠
ͣ�͡
 κ ͟ ͟ ����������������� κ
-͟͟͢ ͟ - ! ͨ ͢͟ ͤ	ͥ� κ ͟ ͟ ������ κ
-ͣ͟͟ ͟ - ! ͥ͠ ͢͟ ͥ�ͣ͠�͠
ͤ� κ ͟ ͟ ������������ κ

5IF CJOBSZ FRVJWBMFOU UP UIF ��� GPSNBU JT UIF #JOBSZ "MJHONFOU�.BQ 	���
 GPSNBU�

"���� 7$'

5IF 7BSJBOU $BMM 'PSNBU 	���
 JT UIF QSFGFSSFE GPSNBU UP SFQSFTFOU WBSJBUJPO EBUB� ��� aMFT BSF
UBC�EFMJNJUFE UFYU aMFT XIFSF FBDI WBSJBUJPO JT HJWFO JO POF SPX PG FJHIU QSFEFaOFE DPMVNOT
	DG� 5BCMF "��

 GPMMPXFE CZ UIF NVUBUJPO TUBUVT JO POF PS TFWFSBM TBNQMFT� .FUBEBUB PO UIF
QFSGPSNFE BOBMZTFT DBO CF TQFDJaFE JO IFBEFS MJOFT 	TUBSUJOH XJUI rϗϗr
�

$PMVNO 'JFME OBNF %FTDSJQUJPO
� ϗ�	��� $ISPNPTPNF
� ��� $PPSEJOBUF � UIF TUBSU PG UIF WBSJBOU
� 
� *EFOUJaFS
� ��� 3FGFSFODF BMMFMF 	JO UIF SFGFSFODF HFOPNF

� �
� "MUFSOBUJWF BMMFMF 	BMMFMF GPVOE JO UIF TBNQMF VOEFS JOWFTUJHBUJPO

� ���
 4DPSF � B RVBMJUZ TDPSF
� �

��� ���� � ��

 � JG UIF WBSJBOU QBTTFE RVBMJUZ aMUFST
� 
��� 'VSUIFS JOGPSNBUJPO � LFZT JO UIF 
��� aFMET DBO CF EFaOFE JO

IFBEFS MJOFT BCPWF UIF UBCMF
� ������ *OGPSNBUJPO BCPVU UIF GPMMPXJOH DPMVNOT 	F�H�
 DPOUBJOJOH��ζ��


	��
 	��
 ��
 ��
 ��


5BCMF "�� %FTDSJQUJPO PG aFMET JO 7$' GPSNBU� 1MFBTF SFGFS UP UIF GPMMPXJOH XFCTJUF GPS UIF GVMM GPSNBU TQFDJaDBUJPO�
#//+.΂ζζ.�(/**'.΀"$/#0�΀$*ζ#/.Ζ.+ �.ζ���1ͣ΀͡΀+�!�

"O FYBNQMF aMF JO ��� GPSNBU DPVME MPPL MJLF UIJT�

https://samtools.github.io/hts-specs/VCFv4.2.pdf
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"���� #&%

5IF ��� aMF GPSNBU JT VTFE UP EFTDSJCF HFOPNJD SFHJPOT� *O UIJT GPSNBU
 B UBC�EFMJNJUFE UFYU aMF JT
VTFE UIBU DPOUBJOT POF GFBUVSF QFS MJOF� &BDI MJOF DPOUBJOT BU MFBTU UISFF WBMVFT� UIF OBNF PG UIF
DISPNPTPNF 	FJUIFS KVTU UIF OVNCFS PS XJUI BO BEEJUJPOBM r�#-r QSFaY

 UIF TUBSU QPTJUJPO PG UIF
GFBUVSF JO TUBOEBSE DISPNPTPNBM DPPSEJOBUFT
 BOE UIF FOE QPTJUJPO PG UIF GFBUVSF JO TUBOEBSE
DISPNPTPNBM DPPSEJOBUFT� 5IF ��� GPSNBU JT
 GPS FYBNQMF
 VTFE UP EFTDSJCF SFHJPOT PG PQFO
DISPNBUJO 	DG� 4FDUJPO �����
� 8IFO VTFE UP EJTQMBZ HFOPNJD SFHJPOT JO B HFOPNF CSPXTFS

BEEJUJPOBM DPMVNOT DBO CF JODMVEFE� 5IFTF DPMVNOT DPOUBJO BEEJUJPOBM MBZPVU JOGPSNBUJPO MJLF
UIF GFBUVSFrT EJTQMBZ OBNF BOE ESBXJOH PQUJPOT� "O FYBNQMF aMF JO ��� GPSNBU DPVME MPPL MJLF
UIJT�

�#-͠ ͨͣͨͥ͢͡͠͠͠ ͨͣͥ͢͢͢͡͠͡
�#-͠ ͨͣͥ͢͢͢͡͠͡ ͨͣͤ͢͢͢͟͡͠
�#-͠ ͨͣͤ͢͢͢͟͡͠ ͨͣͣͥͨͦ͢͡͠
�#-͡ ͤͧͥͣͥͨͦ͢͠ ͤͧͥͤͧͥͣ͢͠
�#-͢ ͦͣͦͦ͟͢͠͡͠ ͦͣͦͧͨͧ͠͡͠

"���� 4&(

5IF 4&(NFOUFE EBUB 	���
 aMF GPSNBU JT B UBC�EFMJNJUFE UFYU�CBTFE GPSNBU UIBU JT VTFE UP
EFTDSJCF HFOPNJD MPDBUJPOT� 5IF aSTU MJOF DPOUBJOT B IFBEFS EFTDSJCJOH UIF DPNQPTJUJPO PG FBDI
FOUSZ� #FTJEFT BO PQUJPOBM JEFOUJaFS
 UIF DISPNPTPNF OVNCFS BOE UIF TUBSU BOE FOE PG B SFHJPO
PG JOUFSFTU BSF HJWFO JO UFSNT PG UIFJS HFOPNJD MPDBUJPOT� 8IFO ��� aMFT BSF VTFE UP TUPSF DPQZ
OVNCFS BMUFSBUJPOT
 UIFTF BSF DPNNPOMZ QSPWJEFE BT BOPUIFS DPMVNO DPOUBJOJOH MPH�SBUJPT PG UIF
TBNQMFrT DPQZ OVNCFS JO UIJT HFOPNJD SFHJPO JO DPNQBSJTPO UP UIF DPQZ OVNCFS JO B SFGFSFODF
TBNQMF PS HSPVQ� "O FYBNQMF aMF JO ��� GPSNBU DPVME MPPL MJLF UIJT�
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"�� 7BSJBOU &őFDU 1SFEJDUPS

&OTFNCMrT 7BSJBOU &êFDU 1SFEJDUPS 	7&1
 <���> JT B WBSJBOU BOOPUBUJPO UPPM UIBU DBUFHPSJ[FT
WBSJBOUT CBTFE PO UIFJS QSFEJDUFE JNQBDU PO QSPUFJO GVODUJPO� 7&1 EJTUJOHVJTIFT B MBSHF WBSJFUZ
PG TP�DBMMFE qDPOTFRVFODF UZQFTr
 J�F� EJêFSFOU FêFDUT BNVUBUJPO DBO IBWF PO UIF HFOPNJD MPDBUJPO
PS QSPUFJO JU PDDVST JO� 'JHVSF "�� HJWFT BO PWFSWJFX PG UIF NBKPS DPOTFRVFODF UZQFT DPOTJEFSFE
JO PVS BOBMZTFT�

Intergenic

Regulatory region

Upstream (within 5kb)

5’ UTR
Coding start

Complex indel (spans intron/exon border)

Splice site (1-3 bp into exon / 3-8bp into intron)

Synonymous coding, e.g. CTC    CTA

Non-synonymous coding, e.g. ATA    ACA

Intronic

Frameshift coding, e.g. ATT    ATC T

Stop gained e.g. TAC    TAA

Stop lost, e.g. TGA    TGG

3’ UTR
Coding end

Ex
on

Ex
on

Ex
on

Downstream

Intergenic

Regulatory region / TF binding site

Upstream (within 5 kb)

5’ UTR

Complex indel (spans intron/exon border)

Splice site (1-3 bp into exon / 3-8 bp into intron)

Intronic

3’ UTR

Downstream

Coding start

Coding end

Start lost

Inframe deletion / insertion Ex
on

Ex
on

Ex
on

Synonymous coding, e.g. CTC    CTA

Non-synonymous coding, e.g. ATA    ACA

Frameshift coding, e.g. ATT    ATC T

Stop lost, e.g. TGA    TGG

Stop gained, e.g. TAC    TAA

'JHVSF "�� $POTFRVFODF UFSNT JO 7BSJBOU &őFDU 1SFEJDUPS� 4DIFNBUJD PWFSWJFX PO WBSJBOU DPO�
TFRVFODFT BT BOOPUBUFE CZ 7BSJBOU &őFDU 1SFEJDUPS XJUI SFTQFDU UP UIFJS HFOPNJD MPDBUJPO� 'JH�
VSF BEBQUFE GSPN <���>� 1MFBTF SFGFS UP UIF GPMMPXJOH XFCTJUF GPS UIF DPNQMFUF TQFDJaDBUJPO�
#//+.΂ζζ222΀ ). (�'΀*-"ζ$)!*ζ" )*( ζ1�-$�/$*)ζ+- �$�/$*)ζ+- �$�/ �ά��/�΀#/('�

"�� 4VQQMFNFOUT GPS (SBWJUPO

(SBWJUPO JT B HFOFSBM GSBNFXPSL GPS UIF JNQMFNFOUBUJPO PG XFC�CBTFE
 JOUFHSBUJWF
 NVMUJ�PNJDT
TZTUFNT�CJPMPHZ UPPMT
 XIJDI TFSWFT BT UIF CBTJT GPS PVS TQFDJBMJ[FE BOBMZTJT QJQFMJOFT 	DG�
4FDUJPO ���
�

https://www.ensembl.org/info/genome/variation/prediction/predicted_data.html
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*EFOUJaFS UZQF 3FGFSFODF
3FG4FR <���>
/$#* &OUSF[(FOF <���>
)(/$ TZNCPMT BOE *%T <���>
&OTFNCM <���>
6OJ1SPU <���>
,&(( <���>
NJ3#BTF <���>

5BCMF "�� &YDFSQU PG JEFOUJaFS UZQFT TVQQPSUFE CZ (SBWJUPO� *EFOUJaFS UZQFT GPS )PNP TBQJFOT TVQQPSUFE CZ
(SBWJUPO BOE JUT EFSJWFE UPPMT� 1MFBTF SFGFS UP IUUQT���HFOFUSBJM��CJPJOG�VOJ�TC�EF�NBQQJOHT�IUNM GPS B DPNQMFUF
MJTU PG TVQQPSUFE JEFOUJaFS UZQFT BDSPTT TQFDJFT�

4UBUJTUJD 3FGFSFODF
	-PH
 NFBO GPME RVPUJFOU <���>
4UBOEBSE TDPSF 	[�TDPSF
 <���>
*OEFQFOEFOU TISJOLBHF t�UFTU <���>
*OEFQFOEFOU 4UVEFOUrT t�UFTU <���>
8FMDIrT t�UFTU <���>
8JMDPYPO� .BOO�8IJUOFZ UFTU <���>
4JHOBM�UP�OPJTF SBUJP <���>
F�UFTU <���>
1FBSTPO DPSSFMBUJPO <���>
4QFBSNBO DPSSFMBUJPO <���>
%&4FR� <���>
&EHF3 <���>
3674FR <���>

5BCMF "�� &OUJUZ�MFWFM TUBUJTUJDT QSPWJEFE CZ (SBWJUPO� -JTU PG TDPSJOH NFUIPET GPS DPNQVUBUJPO PG TDPSFT PG
EJőFSFOUJBM FYQSFTTJPO BOE NFUIZMBUJPO�

https://genetrail2.bioinf.uni-sb.de/mappings.html


"�� 4VQQMFNFOUT GPS (FOF5SBJM� ���

"���� 3&45GVM "1* VTBHF
6TJOH UIF 3&45GVM "1* PêFSFE CZ (SBWJUPO
 BOBMZTFT DBO BMTP CF QSPHSBNNBUJDBMMZ QFSGPSNFE�
" DPEF TOJQQFE BT BO FYBNQMF PG SVOOJOH B (FOF 4FU &OSJDINFOU "OBMZTJT VTJOH (FOF5SBJM� JO
� JT QSPWJEFE JO -JTUJOH "���

"�� 4VQQMFNFOUT GPS (FOF5SBJM�
(FOF5SBJM� JT B XFC TFSWJDF GPS UIF JOUFHSBUFE BOBMZTJT PG HFOPNJDT
 USBOTDSJQUPNJDT

NJ3/PNJDT
 BOE QSPUFPNJDT EBUB TFUT 	DG� 4FDUJPO ���
� 0WFSWJFXT PG UIF QSPWJEFE FOSJDINFOU
NFUIPET
 QSFEFaOFE CJPMPHJDBM DBUFHPSJFT
 BOE BMUFSOBUJWF SFTVMU WJTVBMJ[BUJPOT BSF QSPWJEFE JO
4FDUJPOT "���� UP "�����

"���� &OSJDINFOU BMHPSJUINT
5IF FOSJDINFOU BMHPSJUINT QSPWJEFE CZ (FOF5SBJM� DPOTJTU PG NFUIPET GPS UIF DPNQVUBUJPO PG
UIF FOSJDINFOU JUTFMG 	DG� 5BCMF "��
 BOE NFUIPET GPS BEKVTUJOH Q�WBMVFT JO UIF DBTF PG NVMUJQMF
IZQPUIFTJT UFTUJOH 	DG� 5BCMF "��
�

&OSJDINFOU NFUIPE 3FGFSFODF
0WFS�3FQSFTFOUBUJPO "OBMZTJT <���>
8FJHIUFE (FOF 4FU &OSJDINFOU "OBMZTJT <���>
(FOF 4FU &OSJDINFOU "OBMZTJT <���>
5XP 4BNQMF t�5FTU <���>
0OF�4BNQMF t�5FTU <���>
.BY�.FBO 4UBUJTUJD <���>
.FBO PG 4JOHMF (FOF 4UBUJTUJD <���>
.FEJBO PG 4JOHMF (FOF 4UBUJTUJD <���>
4VN PG 4JOHMF (FOF 4UBUJTUJD <���>
8JMDPYPO 3BOL�4VN 5FTU <���>

5BCMF "�� &OSJDINFOU BMHPSJUINT QSPWJEFE CZ (FOF5SBJM�� 5IJT UBCMF MJTUT UIF FOSJDINFOU BMHPSJUINT QSPWJEFE CZ
UIF XFC TFSWJDF BOE UIFJS DPSSFTQPOEJOH QVCMJDBUJPOT�
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-JTUJOH "�� 6TJOH (SBWJUPO 3&45GVM "1*� $PEF FYBNQMF PG IPX UP SVO B (FOF5SBJM� FOSJDINFOU BOBMZTJT JO 3�



"�� 4VQQMFNFOUT GPS (FOF5SBJM� ���

1�WBMVF BEKVTUNFOU NFUIPE 3FGFSFODF
#POGFSSPOJ <���>
jJE¾L <���>
)PMN <���>
'JOOFS <���>
#FOKBNJOJ�)PDICFSH <���>
#FOKBNJOJ�:FLVUJFMJ <���>

5BCMF "�� 1�WBMVF BEKVTUNFOU NFUIPET QSPWJEFE CZ (FOF5SBJM�� 5IJT UBCMF MJTUT UIF Q�WBMVF BEKVTUNFOU NFUIPET
QSPWJEFE CZ UIF XFC TFSWJDF BOE UIFJS DPSSFTQPOEJOH QVCMJDBUJPOT�

"���� 1SFEFaOFE CJPMPHJDBM DBUFHPSJFT
(FOF5SBJM� QSPWJEFTNPSF UIBO ��
��� CJPMPHJDBM DBUFHPSJFT DPMMFDUFE GSPNPWFS �� EBUBCBTFT 	DG�5BCMF "��
�
.PSFPWFS
 DVTUPN VTFS DBUFHPSJFT DBO CF VQMPBEFE UP (FOF5SBJM� JO (FOF .BUSJY 5SBOTQPTFE 	���
 aMF
GPSNBU 	DG� 4FDUJPO "������
�

5ZQF PG DBUFHPSZ 1SPWJEFE EBUBCBTFT
0OUPMPHZ BOE QIFOPUZQF (FOF 0OUPMPHZ <���>
 /BUJPOBM *OTUJUVU PO "HJOH %# <���>
1BUIXBZT #JP$BSUB <���>
 ,&(( <���>
 /BUJPOBM $BODFS *OTUJUVU %#

<���>
 1IBSN(,# <���>
 3FBDUPNF <���>
 4NBMM .PMFDVMF
1BUIXBZ %BUBCBTF <���>
 8JLJ1BUIXBZT <���>

(FOPNJD QPTJUJPOT )(�� (3$I�� <���>
 )(�� (3$I�� <���>
5BSHFUT %SVH#BOL <���>
 53"/4'"$ <���>
 NJS%# <���>
 NJ�3FDPSET

<���>
 NJ35BS#BTF <���>
 4UBS#BTF <���>
 1JD5BS <���>
 5BS�
HFU4DBO <���>

$PMMFDUJPOT BOE PUIFST $POTFOTVT1BUI%# <���>
 1SPUFJO GBNJMJFT %# 	1GBN
 <���>

5BCMF "�� #JPMPHJDBM DBUFHPSJFT QSFEFaOFE JO (FOF5SBJM�� 5IJT UBCMF MJTUT UIF QSPWJEFE UZQFT PG DBUFHPSJFT
BOE UIFJS SFTQFDUJWF EBUBCBTFT
 JODMVEJOH SFGFSFODFT UP UIF DPSSFTQPOEJOH QVCMJDBUJPOT� 1MFBTF SFGFS UP
IUUQT���HFOFUSBJM��CJPJOG�VOJ�TC�EF�DBUFHPSJFT�IUNM GPS B DPNQMFUF MJTU PG TVQQPSUFE EBUBCBTFT BDSPTT TQFDJFT�

"������ (.5 aMF GPSNBU
*O UIF (FOF .BUSJY 5SBOTQPTFE 	���
 aMF GPSNBU
 FWFSZ MJOF SFQSFTFOUT B DBUFHPSZ 	J�F�
 B HFOF TFU
� &BDI
MJOF JT EJWJEFE JOUP DPMVNOT CZ UBC DIBSBDUFST� 5IF aSTU DPMVNO DPSSFTQPOET UP UIF OBNF PG UIF DBUFHPSZ
BOE UIF TFDPOE DPMVNO UP BO PQUJPOBM EFTDSJQUJPO PS 63-� &BDI TVCTFRVFOU DPMVNO EFaOFT B DBUFHPSZ
NFNCFS <���>�

��/ "*-4� #//+΂ζζ/ ./΀0-'ζ� � ) � � ) � � ) � � ) �
��/ "*-4� #//+΂ζζ/ ./΀0-'ζ� � ) � � ) �
��/ "*-4� #//+΂ζζ/ ./΀0-'ζ� � ) � � ) � � ) 	

https://genetrail2.bioinf.uni-sb.de/categories.html
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"���� "EEJUJPOBM FOSJDINFOU WJFXT
(FOF5SBJM� QSPWJEFT WBSJPVT WJFXT GPS UIF FOSJDINFOU SFTVMUT� #FTJEFT UIF EFGBVMU WJFX 	DG� 'JHVSF ���
 PG B
MJTU PG FOSJDIFE PS EFQMFUFE QBUIXBZT
 (FOF5SBJM� BMTP QSPWJEFT BO JOWFSTF FOSJDINFOU WJFX 	DG� 'JHVSF "��
�
)FSF
 EJêFSFOUJBMMZ FYQSFTTFE HFOFT BSF MJTUFE JO EFDSFBTJOH PSEFS PG UIFJS TDPSF PG EFSFHVMBUJPO� 'PS
FBDI HFOF
 UIF QBUIXBZT BOE HFOF TFUT UIF HFOF CFMPOHT UP BSF MJTUFE BOE UIFZ DBO CF JOWFTUJHBUFE XJUI
SFTQFDU UP UIFJS FOSJDINFOU TUBUVT� 'PS UIF JOUFHSBUJWF BOBMZTJT PG FOSJDINFOU SFTVMUT GSPN NVMUJQMF PNJDT
EBUB TFUT
 (FOF5SBJM�rT DPNQBSBUJWF FOSJDINFOU WJFX DBO CF VTFE 	DG� 'JHVSF "��
� 5IJT TQFDJBMJ[FE WJFX
BMMPXT DPNQBSJOH TFWFSBM FOSJDINFOU SFTVMUT TJEF�CZ�TJEF� $VSSFOUMZ
 UIFSF BSF UXP NPEFT GPS DPNQBSJTPO�
JOUFSTFDUJPO BOE VOJPO� 5IF JOUFSTFDUJPO NPEF POMZ EJTQMBZT DBUFHPSJFT UIBU BSF TJHOJaDBOUMZ FOSJDIFE JO
BMM QFSGPSNFE FOSJDINFOU BOBMZTFT� 5IF VOJPO NPEF EJTQMBZT BOZ DBUFHPSZ UIBU JT TJHOJaDBOUMZ FOSJDIFE
BU MFBTU PODF� 'PS UIF WJTVBM BOBMZUJDT�CBTFE JOWFTUJHBUJPO PG EFQFOEFODJFT CFUXFFO FOSJDIFE PS EFQMFUFE
DBUFHPSJFT
 (FOF5SBJM� BMTP PêFST B EFQFOEFODZ XIFFM WJTVBMJ[BUJPO
 XIJDI QSPWJEFT B DJSDVMBS SFQSFTFOUBUJPO
PG BMUFSFE DBUFHPSJFTXJUI DPOOFDUJOH SJCCPOT JOEJDBUJOH UIF OVNCFS PG TIBSFE HFOFT CFUXFFO UXP DBUFHPSJFT
	DG� 'JHVSF "��
�

for appendix


'JHVSF "�� *OWFSTF FOSJDINFOU WJFX� 'PS FBDI HFOF JO UIF DPOTJEFSFE TFU
 BMM TJHOJaDBOUMZ FOSJDIFE 	PS EFQMFUFE

DBUFHPSJFT BSF MJTUFE XJUI UIFJS DPSSFTQPOEJOH BEKVTUFE Q�WBMVFT� 3FTVMUT GPS UIF EBUB TFU EJTDVTTFE JO 4FDUJPO ������

"�� 4VQQMFNFOUT GPS 3FHVMBUPS5SBJM
3FHVMBUPS5SBJM JT B XFC TFSWJDF GPS UIF JEFOUJaDBUJPO PG BCFSSBOU USBOTDSJQUJPOBM SFHVMBUPST UIBU BSF JOWPMWFE
JO QBUIPHFOJD QSPDFTTFT 	DG� 4FDUJPO ���
� "EEJUJPOBM JOGPSNBUJPO GPS UIF UXP DBTF TUVEJFT XF VTFE
3FHVMBUPS5SBJM GPS JT QSPWJEFE JO 4FDUJPOT "���� BOE "�����

"���� #SFBTU DBODFS DBTF TUVEZ
*O PSEFS UP DPNQBSF UIF DBQBCJMJUJFT PG 3&(("&XJUI DPNQFUJOH NFUIPET
 XF BQQMJFE 3&(("& BOE TFWFO
PUIFS NFUIPET 	$4"
 3*'�
 3*'�
 5%%
 5&%
 5'BDU4
 BOE 5'3BOL
 TFF 4FDUJPO �����
 UP B CSFBTU DBODFS EBUB
TFU BOE JOWFTUJHBUFE XIFUIFS XF DPVME JEFOUJGZ LFZ SFHVMBUPSZ GBDUPST JOWPMWFE JO CSFBTU DBODFS JOJUJBUJPO
BOE QSPHSFTTJPO�



"�� 4VQQMFNFOUT GPS 3FHVMBUPS5SBJM ���

'JHVSF "�� $PNQBSBUJWF FOSJDINFOU WJFX� &YFNQMBSZ SFTVMU PG B DPNQBSBUJWF FOSJDI�
NFOU BOBMZTJT 	JOUFSTFDUJPO NPEF
� $BUFHPSJFT FOSJDIFE GPS CPUI BOBMZ[FE EBUB TFUT
	($���ά/*+ά͟͠ά+ -� )/ά0+ά- "0'�/ �΀*-�΀5$+ BOE (���΀". �΀5$+
 BSF MJTUFE XJUI
UIFJS SFTQFDUJWF BEKVTUFE Q�WBMVFT� %FUBJMT PO UIF BOBMZTFE EBUB TFUT DBO CF GPVOE IFSF�
#//+.΂ζζ" ) /-�$'͡΀�$*$)!΀0)$Ζ.�΀� ζ# '+·/*+$�Ѵ$)/ "-�/$1 ά�)�'4.$.ά2$'(.ά(-)�
ά($-)��

for appendix


'JHVSF "�� %FQFOEFODZ XIFFM WJTVBMJ[BUJPO� &YFNQMBSZ SFTVMU PG B EFQFOEFODZ XIFFM WJTVBMJ[BUJPO GPS EBUB TFU
EJTDVTTFE JO 4FDUJPO ����� BOE FOSJDINFOU PG /*" QIFOPUZQFT <���>� 5IF XJEUI PG DPOOFDUJOH SJCCPOT JOEJDBUFT UIF
OVNCFS PG TIBSFE HFOFT CFUXFFO UXP DBUFHPSJFT�

https://genetrail2.bioinf.uni-sb.de/help?topic=integrative_analysis_wilms_mrna_mirna
https://genetrail2.bioinf.uni-sb.de/help?topic=integrative_analysis_wilms_mrna_mirna
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"������ 4BNQMF HSPVQT
*O UIJT TFDUJPO
 XF EFTDSJCF UIF CSFBTU DBODFS EBUB TFU QVCMJTIFE CZ )FJTFS FU BM� <���>� 5IF EBUB TFU DPOUBJOT
HFOF FYQSFTTJPO QSPaMFT PG �� CSFBTU DBODFS DFMM MJOFT� 8F PCUBJOFE UIF TUBUVT PG UIF FTUSPHFO SFDFQUPS 	&3

GPS FBDI DFMM MJOF GSPN B TUVEZ CZ /FWF FU BM� <���>� "GUFS UIF BTTJHONFOU
 XF PCUBJOFE aWF EJTUJODU TBNQMF
HSPVQT 	DG� 5BCMF "��
�

(SPVQ %FTDSJQUJPO 4BNQMFT
� &TUSPHFO�SFDFQUPS

QPTJUJWF 	&3�

���.1&
 #5���
 #5���
 $"."�
 )$$����
 -:�
 .$'�

.%".#���7*
 .%".#���7**
 .%".#���
 .%".#���

5��%
 6"$$���
 ;3���
 ;3����
 ;3��#

� &TUSPHFO�SFDFQUPS
OFHBUJWF 	&3�


"6���
 #5��
 #5���
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4,#3�
 46.���$8/
 46.����.0�
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5BCMF "�� 4BNQMF HSPVQT GPS 3&(("& CSFBTU DBODFS DBTF TUVEZ� *O BMM BOBMZTFT QSFTFOUFE JO 4FDUJPO �����
 XF
DPNQBSFE &3� 	(SPVQ �
 UP &3� DFMMT MJOFT 	(SPVQ �
�

"������ 1BSBNFUFST BOE SFTVMUT
$PSSFMBUJPO TFU BOBMZTJT 	$4"
� 'PS UIF $PSSFMBUJPO 4FU "OBMZTJT <���>
 XF VTFE UIF JNQMFNFOUBUJPO
QSPWJEFE CZ UIF 3FHVMBUPS5SBJM XFC TFSWJDF 	DG�4FDUJPO ���
� 'PS UIF aWF MJTUT DPOUBJOJOH VQSFHVMBUFE HFOFT

XF DBMDVMBUFE BO VQQFS�UBJMFE Q�WBMVF� "MM Q�WBMVFT XFSF FTUJNBUFE VTJOH B QFSNVUBUJPO UFTU XJUI �
���
���
SBOEPN QFSNVUBUJPOT BOE BO BEEJUJPOBM QTFVEP�DPVOU�

3&(("&� 'PS UIF 3&(("& BOBMZTJT
 XF VTFE UIF JNQMFNFOUBUJPO QSPWJEFE CZ UIF 3FHVMBUPS5SBJM XFC
TFSWJDF 	DG� 4FDUJPO ���
� 'PS FBDI PG UIF aWF MJTUT
 XF TPSUFE UIF MJTUT EFDSFBTJOHMZ 	XJUI SFTQFDU UP UIFJS
t�TDPSFT
� "T EFTDSJCFE JO 4FDUJPO �����
 XF aSTU DPNQVUFE 1FBSTPOrT DPSSFMBUJPO DPFëDJFOUT CFUXFFO BMM
HFOFT BOE BMM BTTPDJBUFE SFHVMBUPST
 BOE CBTFE PO UIJT JOGPSNBUJPO
 XF CVJMU UIF BTTPDJBUFE SFHVMBUPS MJTUT
	TPSUFE EFDSFBTJOHMZ XJUI SFTQFDU UP UIFJS BTTPDJBUJPO TDPSFT
� 5IF SFTVMUJOH Q�WBMVFT BSF BEKVTUFE VTJOH UIF
#FOKBNJOJ BOE :FLVUJFMJ NFUIPE <���>� 'JOBMMZ
 XF QFSGPSNFE BO FOSJDINFOU BOBMZTJT VTJOH UIF 8JMDPYPO
SBOL�TVN UFTU UP EFUFDU UIF NPTU JObVFOUJBM SFHVMBUPST� "MM 3&(("& BOBMZTFT XFSF QFSGPSNFE VTJOH �
���
SBOEPN CPPUTUSBQ SFQMJDBUJPOT�

3*'� BOE 3*'�� 'PS UIF 3*'� BOE 3*'� BOBMZTJT <���>
 XF VTFE UIF JNQMFNFOUBUJPO QSPWJEFE CZ UIF
3FHVMBUPS5SBJM XFC TFSWJDF 	DG� 4FDUJPO ���
� 8F VTFE 1FBSTPOrT DPSSFMBUJPO DPFëDJFOUT UP DPNQVUF UIF
EJêFSFODFT JO DPSSFMBUJPO 	CFUXFFO UIF UXP HSPVQT PG JOUFSFTU
 GPS FBDI SFHVMBUPS BOE JUT UBSHFU HFOFT JO UIF
BOBMZ[FE HFOF MJTUT BOE UIF GPME DIBOHFT UP BTTFTT EJêFSFOUJBM FYQSFTTJPO�

5%%� 'PS UIF 5%% BOBMZTJT <���>
 XF JNQMFNFOUFE B 1ZUIPO TDSJQU UIBU DBMDVMBUFT UIF SFTQFDUJWF TUBUJTUJD�



"�� 4VQQMFNFOUT GPS 3FHVMBUPS5SBJM ���

5&%� *O PSEFS UP QFSGPSN UIF BOBMZTJT QSPQPTFE CZ :BOH FU BM� <���>
 XF VTFE UIF CJOPNJBM UFTU
JNQMFNFOUFE JO UIF 3FHVMBUPS5SBJM XFC TFSWJDF 	DG� 4FDUJPO ���
� "T B SFGFSFODF TFU
 XF VTFE BMM HFOFT
UIBU BSF UBSHFUFE CZ B SFHVMBUPS JO UIF VTFE DPMMFDUJPO PG 35*T� 5IF SFTVMUJOH Q�WBMVFT BSF BEKVTUFE VTJOH
UIF #FOKBNJOJ BOE :FLVUJFMJ NFUIPE <���>�

5'BDU4� *O PSEFS UP QFSGPSN UIF BOBMZTJT QSPQPTFE CZ &TTBHIJS FU BM� <���>
 XF VTFE UIF IZQFSHFPNFUSJD
UFTU JNQMFNFOUFE JO UIF 3FHVMBUPS5SBJM XFC TFSWJDF 	DG� 4FDUJPO ���
� "T B SFGFSFODF TFU
 XF VTFE BMM HFOFT
UIBU BSF UBSHFUFE CZ B SFHVMBUPS JO UIF VTFE DPMMFDUJPO PG 35*T� 5IF SFTVMUJOH Q�WBMVFT BSF BEKVTUFE VTJOH
UIF #FOKBNJOJ BOE :FLVUJFMJ NFUIPE <���>�

5'3BOL� 'PS UIF 5'3BOL BOBMZTJT <���>
 XF VTFE UIF QSPUPUZQF JNQMFNFOUBUJPO QSPWJEFE PO UIF BVUIPSTr
XFCTJUF 	#//+΂ζζ2 �΀/ �)$�*΀0'$.�*�΀+/ζ�+'!ζ�*� ζ/!-�)&ζ
� 8F VTFE UIF VOXFJHIUFE
OFUXPSL HJWFO CZ PVS DPMMFDUJPO PG 35*T BOE UIF TUBOEBSE QBSBNFUFST BMTP QSPWJEFE PO UIF BVUIPSTr XFCTJUF�

'PS FBDI NFUIPE
 UIF DPNQMFUF SFTVMUT GPS UIF aWF HFOF TFUT EFTDSJCFE JO 4FDUJPO �����
 BT XFMM BT UIFJS
SFTQFDUJWF BHHSFHBUFE SFTVMUT DBO CF BDDFTTFE WJB UIF GPMMPXJOH MJOL�

ß
$MJDL IFSF UP BDDFTT � EPXOMPBE UIF TVQQMFNFOUBSZ aMF GSPN

XXX�MBSB�TDIOFJEFS�EF�EJTTFSUBUJPO�3&(("&@#3$"@$BTF@TUVEZ@GVMM@SFTVMUT�YMTY

.FUIPE 3VOUJNF <T>
$4"� ������ 	± �����

3&(("&�� ������ 	± ����

3&(("& 	XJUIPVU CPPUTUSBQQJOH
 ����� 	± ����

3*'� ����� 	± ����

3*'� ����� 	± ����

5%% ����� 	± ����

5&% ������ 	± �����

5'BDU4 ����� 	± ����

5'3BOL ������ 	± ����


5BCMF "�� 3VOUJNF DPNQBSJTPO GPS UPQ ��� VQSFHVMBUFE HFOFT JO 3&(("& CSFBTU DBODFS DBTF TUVEZ� /PUF�
3VOUJNFT XFSF PCUBJOFE PO BO *OUFM $PSF J������ QSPDFTTPS� �$4" BOBMZTJT XBT DPOEVDUFE VTJOH �
���
���
QFSNVUBUJPOT� ��3&(("& BOBMZTJT XBT QFSGPSNFE VTJOH �
��� CPPUTUSBQ SVOT� 1MFBTF OPUF UIBU B NBKPS QBSU PG
UIF DPNQVUBUJPO UJNF PG 3&(("& 	XJUIPVU CPPUTUSBQQJOH
 JT TQFOU PO SFBEJOH�JO UIF MBSHF EBUBCBTF PG SFHVMBUPS�
UBSHFU JOUFSBDUJPOT�

http://www.lara-schneider.de/dissertation/REGGAE_BRCA_Case_study_full_results.xlsx
http://www.lara-schneider.de/dissertation/REGGAE_BRCA_Case_study_full_results.xlsx
http://www.lara-schneider.de/dissertation/REGGAE_BRCA_Case_study_full_results.xlsx
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"���� 8JMNT UVNPS DBTF TUVEZ
*O B TFDPOE DBTF TUVEZ
 XF VTFE 3&(("& UP JEFOUJGZ USBOTDSJQUJPOBM SFHVMBUPST UIBU QPUFOUJBMMZ FYQMBJO
UIF EJêFSFODFT CFUXFFO CMBTUFNBM BOE OPO�CMBTUFNBM 8JMNT UVNPST 	DG� 4FDUJPO �������
� 5P UIJT FOE
 ��
8JMNT UVNPS TBNQMFT XFSF BOBMZ[FE 	DG� 5BCMF "���
� 5IF GPMMPXJOH TFDUJPO DPOUBJOT UIF MJTU PG UIF UPQ ��
SFHVMBUPST JEFOUJaFE CZ 3&(("& 	DG� 5BCMF "���
 BOE B MJOL UP EPXOMPBE BMM JEFOUJaFE SFHVMBUPST�

6QSFHVMBUFE HFOFT %PXOSFHVMBUFE HFOFT

3FHVMBUPS 1�WBMVF 3FHVMBUPS 1�WBMVF

36/9� 	�
 1.22 · 10−180 /3�'� 	�
 7.83 · 10−116

5$'� 	�
 5.96 · 10−163 ."9 	�
 3.27 · 10−105

/3�'� 	�
 6.19 · 10−163 5$'� 	�
 3.12 · 10−95

."9 	�
 3.54 · 10−157 36/9� 	�
 1.78 · 10−94

4'12 	�
 1.06 · 10−136 $3&##1 	�
 8.51 · 10−78

&-'� 	�
 4.60 · 10−134 &-'� 	�
 1.09 · 10−76

,%.�# 	�
 1.68 · 10−131 46.0� 	�
 4.03 · 10−74

)%"$� 	�
 9.85 · 10−125 $3&#� 	�
 4.42 · 10−70

4*/�" 	�
 2.90 · 10−123 4.$� 	�
 8.33 · 10−70

$3&#� 	�
 5.84 · 10−123 6#5' 	�
 9.24 · 10−61

4.$� 	�
 9.37 · 10−120 3"%�� 	�
 4.72 · 10−65

$3&##1 	�
 7.36 · 10−119 )%"$� 	�
 1.03 · 10−61

46.0� 	�
 5.37 · 10−115 4."3$$� 	�
 3.84 · 10−61

3"%�� 	�
 7.93 · 10−113 4'12 	�
 5.60 · 10−60

'091� 	�
 3.66 · 10−104 '091� 	�
 8.87 · 10−59

45"5� 	�
 8.03 · 10−104 ,%.�# 	�
 5.10 · 10−56

6#5' 	�
 5.37 · 10−102 45"5� 	�
 2.86 · 10−55

;/'��� 	�
 2.97 · 10−101 4."%� 	�
 1.13 · 10−50

4."3$$� 	�
 1.08 · 10−94 4*/�" 	�
 1.99 · 10−50

&3( 	�
 2.55 · 10−90 5"'� 	�
 1.78 · 10−49

5"'� 	�
 6.93 · 10−90 ;/'��� 	�
 2.22 · 10−49

41*� 	�
 4.17 · 10−84 41*� 	�
 6.10 · 10−47

)%"$� 	�
 4.41 · 10−82 $&#1# 	�
 1.22 · 10−46

4."%� 	�
 1.26 · 10−79 &3( 	�
 2.65 · 10−38

)09"� 	�
 2.65 · 10−75 36/9� 	�
 9.67 · 10−37



"�� 4VQQMFNFOUT GPS 3FHVMBUPS5SBJM ���

4*9� 	�
 3.44 · 10−75 $5$' 	�
 3.51 · 10−35

$&#1# 	�
 2.90 · 10−70 4*9� 	�
 2.60 · 10−33

8%3� 	�
 3.43 · 10−66 )09"� 	�
 5.38 · 10−33

,%.�" 	�
 1.07 · 10−64 '04-� 	�
 9.67 · 10−37

#.*� 	�
 1.94 · 10−64 45"5�" 	�
 3.04 · 10−31

41� 	�
 2.06 · 10−60 ("#1" 	�
 4.81 · 10−31

::� 	�
 3.37 · 10−60 #"5' 	�
 8.99 · 10−31

#"5' 	�
 1.39 · 10−54 )%"$� 	�
 2.48 · 10−30

$5$' 	�
 2.68 · 10−53 ::� 	�
 5.81 · 10−30

36/9� 	�
 3.57 · 10−51 7%3 	�
 1.56 · 10−29

45"5�" 	�
 7.98 · 10−51 /3�'� 	�
 2.12 · 10−29

)09"� 	�
 1.82 · 10−50 /'"5$� 	�
 1.25 · 10−28

.5"� 	�
 8.70 · 10−49 *,;'� 	�
 7.73 · 10−28

("#1" 	�
 4.30 · 10−46 '04-� 	�
 5.29 · 10−26

$5#1� 	�
 8.20 · 10−46 $5#1� 	�
 1.48 · 10−24

4."3$$� 	�
 3.08 · 10−45 11"3% 	�
 3.03 · 10−24

'04-� 	�
 2.21 · 10−44 ,%.�" 	�
 4.07 · 10−24

,-'� 	�
 6.81 · 10−44 .5"� 	�
 9.88 · 10−24

/'"5$� 	�
 8.68 · 10−44 &1��� 	�
 1.23 · 10−23

."', 	�
 2.56 · 10−43 )09"� 	�
 2.32 · 10−23

7%3 	�
 6.54 · 10−43 ,-'� 	�
 3.00 · 10−23

&1��� 	�
 7.79 · 10−43 41� 	�
 6.82 · 10−23

;#5#�� 	�
 2.59 · 10−39 ."', 	�
 1.17 · 10−22

/3�'� 	�
 5.83 · 10−39 8%3� 	�
 1.80 · 10−22

%69� 	�
 4.33 · 10−37 *3'� 	�
 1.38 · 10−21

5BCMF "��� "HHSFHBUFE 3&(("& SFTVMUT GPS VQSFHVMBUFE BOE EPXOSFHVMBUFE HFOFT
 SFTQFDUJWFMZ� &BDI SBOLJOH
XBT PCUBJOFE WJB B TVN�PG�SBOL BHHSFHBUJPO PG UIF 3&(("& SFTVMUT GPS JOQVU MJTUT PG UIF GPMMPXJOH TJ[FT� ���
 ���

���
 BOE �
���
 BT XFMM BT BMM TJHOJaDBOUMZ VQSFHVMBUFE 	���
 BOE EPXOSFHVMBUFE 	���
 HFOFT 	XJUI Q�WBMVF< 0.01
�
5IF DPMPST PG UIF HFOF TZNCPMT JO UIF aSTU BOE UIJSE DPMVNO JOEJDBUF XIFUIFS UIF NFBO DPSSFMBUJPO DPFŒDJFOU
CFUXFFO B SFHVMBUPS BOE JUT UBSHFU HFOFT JT QPTJUJWF 	�
 PS OFHBUJWF 	�
�
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5IF DPNQMFUF MJTU PG JEFOUJaFE SFHVMBUPST DBO CF BDDFTTFE WJB UIF GPMMPXJOH MJOL�

ß
$MJDL IFSF UP BDDFTT � EPXOMPBE UIF TVQQMFNFOUBSZ aMF GSPN

XXX�MBSB�TDIOFJEFS�EF�EJTTFSUBUJPO�3&(("&@8JMNT@$BTF@TUVEZ@GVMM@SFTVMUT�YMTY

"�� 4VQQMFNFOUT GPS /FUXPSL5SBJM
5IF /FUXPSL5SBJM XFC TFSWJDF FOBCMFT VTFST UP EFUFDU UIF NPTU EFSFHVMBUFE QBUIXBZT BOE TVCHSBQIT JO
CJPMPHJDBM OFUXPSLT 	DG� 4FDUJPO ���
� 5IF SFTVMUJOH TVCHSBQIT DBO CF EPXOMPBEFE JO �
� BOE �� GPSNBU

XIJDI DBO UIFO CF WJTVBMJ[FE JO B WBSJFUZ PG OFUXPSL WJTVBMJ[BUJPO UPPMT� %FUBJMT PO UIFTF aMF GPSNBUT BSF
QSPWJEFE JO UIF GPMMPXJOH TFDUJPO�

"���� 4*' BOE /" aMF GPSNBUT
5IF 4JNQMF *OUFSBDUJPO 'PSNBU 	�
�
 JT B UFYU�CBTFE GPSNBU UIBU CVJMET HSBQIT GSPN B MJTU PG JOUFSBDUJPOT�
&BDI MJOF JO UIF aMF EFTDSJCFT BO JOUFSBDUJPO
 DPOTJTUJOH PG B TPVSDF OPEF
 UIF FEHF UZQF 	F�H�
 qBDUJWBUJPOr PS
qJOIJCJUJPOr

 BOE POF PS NPSF UBSHFU OPEFT�

)*� ͠ /4+ � )*� ͡
)*� ͡ /4+ � )*� ͢ )*� ͣ
)*� ͢ /4+ � )*� ͣ

*O PSEFS UP QSPWJEF BEEJUJPOBM JOGPSNBUJPO BCPVU UIF OPEFT JO B HSBQI
 /PEF "UUSJCVUF 	��
 aMFT DBO CF
VTFE� "O �� aMF CFHJOT XJUI UIF OBNF PG UIF BUUSJCVUF JO UIF aSTU MJOF� &BDI PG UIF SFNBJOJOH MJOFT DPOUBJOT
UIF JEFOUJaFS PG B OPEF GPMMPXFE CZ rѴr BOE UIF WBMVF PG UIBU BUUSJCVUF� #Z UIJT
 POF DBO
 GPS FYBNQMF
 BTTJHO
XFJHIUT UP UIF OFUXPSL OPEFT�

)*� � $"#/.
)*� ͠ Ѵ ͟΀ͧ͡
)*� ͡ Ѵ Ζ͠΀͢
)*� ͢ Ѵ Ζ͟΀ͣ͡
)*� ͣ Ѵ ͡΀ͤ͢

"�� 4VQQMFNFOUT GPS %SVH5BSHFU*OTQFDUPS
%SVH5BSHFU*OTQFDUPS 	%5*
 JT BO JOUFSBDUJWF BTTJTUBODF UPPM UIBU QSPWJEFT SJDI GVODUJPOBMJUZ GPS UIF
JOUFHSBUJWF BOBMZTJT PG UVNPS�TQFDJaD HFOPNJDT
 USBOTDSJQUPNJDT
 BOE QSPUFPNJDT EBUB TFUT 	DG� $IBQUFS �
�

"���� 1SPWJEFE GVODUJPOBMJUZ
5IF NBJO SFTVMUT QBHF PG %5* QSPWJEFT B WBSJFUZ PG PQUJPOT GPS UIF JO�EFQUI BOBMZTJT PG UIF VQMPBEFE EBUB
TFUT� .BOZ PG UIPTF DBO CF BDDFTTFE WJB UIF TJEF QBOFM� 'JHVSF "�� QSPWJEFT BO PWFSWJFX PG UIF TJEF
QBOFM DPOUFOU� 0OF PG UIF JO�EFQUI BOBMZTFT QSPWJEFE IFSF JT UIF TVCHSBQI BOBMZTJT
 JO XIJDI UIF NPTU

http://www.lara-schneider.de/dissertation/REGGAE_Wilms_Case_study_full_results.xlsx
http://www.lara-schneider.de/dissertation/REGGAE_Wilms_Case_study_full_results.xlsx
http://www.lara-schneider.de/dissertation/REGGAE_Wilms_Case_study_full_results.xlsx


"�� 4VQQMFNFOUT GPS $MJO0NJDT5SBJMCD ���

EFSFHVMBUFE TVCOFUXPSLT SPPUFE JO ESVH UBSHFUT PG JOUFSFTU BSF DPNQVUFE CBTFE PO UIF ,&(( SFHVMBUPSZ
TJHOBMJOH OFUXPSL 	DG� 4FDUJPO �������
� 5P UIJT FOE
 BO *OUFHFS -JOFBS 1SPHSBNNJOH GPSNVMBUJPO JT VTFE

XIJDI JT CBTFE PO UIF q4VCHSBQI *-1r EFTDSJCFE JO 4FDUJPO ������� BOE 5BCMF ���� *O JUT BEBQUFE GPSNVMBUJPO
GPS UIF VTF JO %SVH5BSHFU*OTQFDUPS
 B TQFDJaD ESVH UBSHFU t JT aYFE UP CF UIF SPPU OPEF
 TFF 5BCMF "��� GPS
UIF DPNQMFUF GPSNVMBUJPO�

0CKFDUJWF

max
x∈Bn ∑

i
wi · xi 	"��
 .BYJNJ[F UIF PWFSBMM EFSFHVMBUJPO PG UIF

TVCHSBQI

4VCKFDU UP

∑
i

xi = k 	"��
 &OTVSFT UIBU UIF TVCHSBQI JT PG TJ[F k

∑
i

yi = 1 	"��
 &OTVSFT UIBU B TJOHMF SPPU OPEF JT TFMFDUFE

yt = 1 	"��

&OTVSFT UIBU UIF DPOTJEFSFE NPMFDVMBS
ESVH UBSHFU t JT UIF SPPU OPEF

yi ≤ xi ∀i 	"��
 &OTVSFT UIBU UIF EFTJHOBUFE SPPU OPEF JT
QBSU PG UIF TFMFDUFE TVCHSBQI

xi − yi − ∑
j∈In(i)

xj ≤ 0 ∀i 	"��
 &OTVSFT DPOOFDUJWJUZ PG UIF TVCHSBQI

∑
i∈C

(xi − yi)− ∑
j∈In(C)

xj ≤ |C|− 1 ∀C 	"��
 1SFWFOUT EJTDPOOFDUFE DZDMFT

5BCMF "��� 4VCHSBQI *-1 GPSNVMBUJPO� 5IF PCKFDUJWF GVODUJPO BOE UIF SFTQFDUJWF DPOTUSBJOUT BSF HJWFO JO UIF aSTU
DPMVNO
 UIF TFDPOE DPMVNO QSPWJEFT B OVNCFSJOH GPS SFGFSFODF JO UIF UFYU
 BOE UIF UIJSE DPMVNO EFTDSJCFT UIF
QVSQPTF PG UIF SFTQFDUJWF GPSNVMB� 5IF WBSJBCMF C EFTDSJCFT DZDMFT GPSNFE CZ UIF TFMFDUFE OPEFT�

"���� 8JMNT UVNPS EBUB TFU
*O POF PG UIF QSFTFOUFE DBTF TUVEJFT GPS %SVH5BSHFU*OTQFDUPS
 XF JOWFTUJHBUFE 8JMNT UVNPS TBNQMFT PG
TFWFSBM TVCUZQFT BOE BOBMZ[FE UIFJS USBOTDSJQUPNJD QSPaMFT UP JEFOUJGZ EFSFHVMBUFE ESVH UBSHFUT BOE BMUFSFE
CJPMPHJDBM QBUIXBZT UIBU NJHIU JOGPSN UIF TFMFDUJPO PG BEKVWBOU USFBUNFOU PQUJPOT 	DG� 4FDUJPO �����
� 'PS
PVS BOBMZTJT
 XF VTFE B HFOF FYQSFTTJPO EBUB TFU PG �� 8JMNT UVNPS TBNQMFT PG EJêFSFOU TVCUZQFT 	DG�
5BCMF "���
�

"�� 4VQQMFNFOUT GPS $MJO0NJDT5SBJMCD

$MJO0NJDT5SBJMCD JT B DPNQSFIFOTJWF WJTVBM BOBMZUJDT UPPM GPS CSFBTU DBODFS EFDJTJPO TVQQPSU UIBU
QSPWJEFT B IPMJTUJD BTTFTTNFOU PG TUBOEBSE�PG�DBSF UBSHFUFE ESVHT
 DBOEJEBUFT GPS ESVH SFQPTJUJPOJOH
 BOE
JNNVOPUIFSBQFVUJD BQQSPBDIFT 	DG� $IBQUFS �
� *O UIF GPMMPXJOH TFDUJPOT
 XF QSPWJEF TVQQMFNFOUBSZ
JOGPSNBUJPO PO $MJO0NJDT5SBJMCDrT GVODUJPOBMJUZ BOE BEEJUJPOBM SFTVMUT GPS UIF DBTF TUVEJFT EJTDVTTFE JO
4FDUJPO ����
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For Appendix


'JHVSF "�� 0WFSWJFX PG TJEF QBOFM DPOUFOU PO %SVH5BSHFU*OTQFDUPSrT SFTVMUT QBHF� 5IF TJEF QBOFM PO %5*rT SFTVMUT
QBHF 	NJEEMF
 DPOTJTUT PG FMFWFO GPMEBCMF TVC�QBOFMT
 XIJDI VOGPME XIFO CFJOH DMJDLFE PO� 5IF DPOUFOU PG UIF
SFTQFDUJWF VOGPMEFE TVC�QBOFMT JT TIPXO XJUI DPMPS�DPPSEJOBUFE CPSEFST NBUDIJOH UIFJS GPMEFE DPVOUFSQBSUT�



"�� 4VQQMFNFOUT GPS $MJO0NJDT5SBJMCD ���Heatmap of all Wilms tumor samples versus a consensus set of all up-regulated drug targets, not 
just the ones targetable by anti-neoplastic agents:

'JHVSF "�� 8JMNT UVNPS TBNQMFTr FYQSFTTJPO PG ESVH UBSHFUT� )FBU NBQ PG 8JMNT UVNPS TBNQMFT BOE B DPOTFOTVT
TFU PG EFSFHVMBUFE ESVH UBSHFUT JO %SVH5BSHFU*OTQFDUPS� $PMPSFE DFMMT JO UIF IFBU NBQ DPSSFTQPOE UP TJHOJaDBOUMZ
VQSFHVMBUFE ESVH UBSHFUT JO UIF SFTQFDUJWF TBNQMFT� 8IJUF DFMMT JOEJDBUF UIBU UIF DPSSFTQPOEJOH ESVH UBSHFU XBT
OPU TJHOJaDBOUMZ VQSFHVMBUFE JO UIF SFTQFDUJWF TBNQMF�
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)JTUPMPHJD QIFOPUZQF 4BNQMFT
#MBTUFNB 	IJHI SJTL
 84����5"
 84����5#
 84����5�
 84����5"�


84����5"�
 84����5"�
 84��5
 84��5

84���5#�@�
 84���5�
 84���5#�
 84���5B

84���5MJ
 84���5SF
 84���5"�
 84���5

84���5

%JêVTF BOBQMBTJB 	IJHI SJTL
 84���5
 84���5SF[
4USPNBM UZQF 	JOUFSNFEJBUF SJTL
 84���5
'PDBM BOBQMBTJB 	JOUFSNFEJBUF SJTL
 84���5
&QJUIFMJBM UZQF 	JOUFSNFEJBUF SJTL
 84���5
5SJQIBTJD 	JOUFSNFEJBUF SJTL
 84����5
 84����5	SF

 84���5
 84���5
3FHSFTTJWF 	JOUFSNFEJBUF SJTL
 84���5
 84���5
 84���5
 84���5
 84���5
$PNQMFUFMZ OFDSPUJD 	MPX SJTL
 84���5
 84���5
/PSNBM 84����/J@�
 84����/J@�
 84���/J
 84���/J

5BCMF "��� 8JMNT UVNPS EBUB TFU� )JTUPMPHJD QIFOPUZQFT BOE BTTPDJBUFE SJTL PG SFMBQTF GPS 8JMNT UVNPS TBNQMFT
VTFE JO %SVH5BSHFU*OTQFDUPS DBTF TUVEZ� 'PS UIF BOBMZTJT VTJOH 3&(("& 	DG� 4FDUJPO �������

 UIF TBNQMFT QSJOUFE JO
CPME XFSF VTFE�

"���� 1BUIXBZ BDUJWJUZ NFBTVSF
$MJO0NJDT5SBJMCD PêFST GVODUJPOBMJUZ UP BTTFTT QBUIXBZ BDUJWJUJFT GPS B TFU PG �� DPSF CSFBTU DBODFS�SFMFWBOU
QBUIXBZT 	DG� 4FDUJPO �������
� 5IF HFOF TFUT SFQSFTFOUJOH FBDI PG UIPTF QBUIXBZT BSF EJTDVTTFE JO
4FDUJPO "������ BOE BO PWFSWJFX PG UIF QBUIXBZ BDUJWJUZ EJTUSJCVUJPO PWFS EJêFSFOU NPMFDVMBS CSFBTU DBODFS
TVCUZQFT JT TIPXO JO 4FDUJPO "�������

"������ .FUBQBUIXBZT GPS QBUIXBZ BDUJWJUZ DPNQVUBUJPO

'PS UIF QBUIXBZ BDUJWJUZ DPNQVUBUJPO BQQSPBDI EFTDSJCFE JO 4FDUJPO "������
 XF DPOTJEFS B TFU PG ��
qNFUBQBUIXBZTr� 5IFTFNFUBQBUIXBZT BSF HFOF TFUT UIBU XF PCUBJO CZ UBLJOH UIF VOJPO PG SFMFWBOU HFOF TFUT
GSPN ,&(( <���>
 (0 <���>
 3FBDUPNF <���>
 BOE8JLJ1BUIXBZT <���>� 'PS BO PWFSWJFX PG UIF DPOTJEFSFE
HFOF TFUT BOE UIFJS BTTJHONFOU UP UIFNFUBQBUIXBZT
 QMFBTF EPXOMPBE UIF TVQQMFNFOUBSZ aMF MJOLFE CFMPX�

ß
$MJDL IFSF UP BDDFTT � EPXOMPBE UIF TVQQMFNFOUBSZ aMF GSPN

XXX�MBSB�TDIOFJEFS�EF�EJTTFSUBUJPO�$MJO0NJDT5SBJM@.FUBQBUIXBZT�YMTY

"������ $PNQVUBUJPO PG QBUIXBZ BDUJWJUZ NFBTVSF

'JHVSF "�� HJWFT BO PWFSWJFX PG DPNQVUFE QBUIXBZ BDUJWJUJFT GPS UIF 5$(" CSFBTU DBODFS DPIPSU
 HSPVQFE
BDDPSEJOH UP UIFJS QBUIPMPHJDBM TVCUZQFT�

http://www.lara-schneider.de/dissertation/ClinOmicsTrail_Metapathways.xlsx
http://www.lara-schneider.de/dissertation/ClinOmicsTrail_Metapathways.xlsx
http://www.lara-schneider.de/dissertation/ClinOmicsTrail_Metapathways.xlsx
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Pathway activities using p−value based scores
for TCGA BRCA tumor vs normal z−Scores

'JHVSF "�� 4VCUZQF�TQFDJaD QBUIXBZ BDUJWJUJFT� #PYQMPU GPS QBUIXBZ BDUJWJUJFT 5$(" CSFBTU DBODFS TBNQMFT�
4DPSFT PG EJőFSFOUJBM HFOF FYQSFTTJPO XFSF DPNQVUFE BT [�TDPSFT DPNQBSJOH B UVNPS TBNQMF BHBJOTU UIF DPIPSU
PG OPSNBM TBNQMFT� 4BNQMFT DPMPS�DPEFECBTFE PO TVCUZQF HJWFO JO EBUB TFU� #MVF� )&3��FOSJDIFE
 HSFFO� MVNJOBM
#
 PSBOHF� MVNJOBM "
 SFE� CBTBM�MJLF�

"���� 3VMF�CBTFE ESVH BTTFTTNFOU
$MJO0NJDT5SBJMCD QFSGPSNT BO BTTFTTNFOU PG B WBSJFUZ PG TUBOEBSE�PG�DBSF ESVHT CZ DPOTJEFSJOH TFWFSBM
DMBTTFT PG HFOFT
 QSPUFJOT
 BOE QBUIXBZT UIBU NJHIU QSPNPUF PS IJOEFS UIF FêFDUJWFOFTT PG B ESVH� 'PS B
TFU PG �� '%"�BQQSPWFE
 TUBOEBSE�PG�DBSF CSFBTU DBODFS ESVHT 	DG� 'JHVSF ���

 $MJO0NJDT5SBJMCD BTTFTTFT
UIF HFOPNJD BOE USBOTDSJQUPNJD TUBUVT PG SFTQFDUJWF NPMFDVMBS ESVH UBSHFUT
 ESVH�QSPDFTTJOH FO[ZNFT

SFTJTUBODF�QSPNPUJOH GBDUPST
 BOE BTTPDJBUFE QBUIXBZT� 4JODF UIF SFTQFDUJWF DBUFHPSJFT SFbFDU EJêFSFOU
NFDIBOJTNT UIBU NJHIU 	EF
TFOTJUJ[F B UVNPS XJUI SFHBSE UP UIF DPOTJEFSFE ESVH
 EJêFSFOU DMJOJDBM

HFOPNJD
 BOE USBOTDSJQUPNJD USBJUT IBWF UP CF DPOTJEFSFE JO FBDI DBTF� 5IF GPMMPXJOH aHVSFT QSPWJEF BO
PWFSWJFX PG UIF SVMF�CBTFE BTTFTTNFOU BQQMJFE GPS CJPNBSLFST 	'JHVSF "��

 ESVH UBSHFUT 	'JHVSF "��


"%.& HFOFT 	'JHVSF "���

 USBOTQPSUFST 	'JHVSF "���

 BOE QBUIXBZT 	'JHVSF "���
�
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Predictive  
biomarkers

The required status 
should be met.

Drug-processing 
enzymes

They should not be 
germline mutated.

There seems to be 
no impediment.

There might be some 
impediments.

There seem to be 
contraindications.

*Severe mutations={frameshift, stop lost, stop gained, start lost}

Molecular  
drug targets

Should be up-
regulated and not 

mutated.

*Severe mutations={frameshift, stop lost, stop gained, start lost}

( )
There seems to be no 
impediment, but there are 
inconsistencies in the data.

)(
There seem to be 
contraindications, but there are 
inconsistencies in the data.

Menopausal 
status

provided not provided

Matches 
requirement

yes no

)(

Marker 
status

Status 
consistent

GeneExp/CNV indicate 
right direction

known unknown

yes no

yes no

yes

Matches 
requirement

ambig.

Status 
consistent

yes noambig.

ambig. no

( ) )(

( )

Gene expression 
score

Somatic
mutation

> 0      0

Somatic 
mutation

( ))(
severe* unknown

/noothersevere* unknown
/noother

( )

Germline 

mutation

Estimated

severe* noother

yes no
)(

unknown

Estimated

yes no

( )
)(

transparente Symbole für COT

There seems to be 
no impediment.

There might be some 
impediments.

There seem to be 
contraindications.( )

There seems to be no 
impediment, but there are 
inconsistencies in the data.

)(
There seem to be contra-
indications, but there are 
inconsistencies in the data.

'JHVSF "�� #JPNBSLFS FWBMVBUJPO GPS SVMF�CBTFE ESVH BTTFTTNFOU� 5IF HSFFO DIFDLNBSL TZNCPM JOEJDBUFT UIBU
UIFSF TFFNT UP CF OP JNQFEJNFOU GPS UIF FŒDBDZ PG UIF ESVH PG JOUFSFTU XJUI SFTQFDU UP UIF DPOTJEFSFE CJPNBSLFS�
5IF CMVF NJOVT TZNCPM EFOPUFT UIBU UIFSF NJHIU CF TPNF JNQFEJNFOUT BOE UIF SFE DSPTT TZNCPM IJHIMJHIUT UIBU
UIFSF TFFN UP CF DPOUSBJOEJDBUJPOT UP UIF TVDDFTTGVM USFBUNFOU XJUI UIF DPOTJEFSFE ESVH� 4ZNCPMT JO QBSFOUIFTFT
NFBO UIBU UIFSF BSF JODPOTJTUFODJFT JO UIF EBUB�

Drug assessment

Predictive  
biomarkers

The required status 
should be met.

Drug-processing 
enzymes

They should not be 
germline mutated.

There seems to be 
no impediment.

There might be some 
impediments.

There seem to be 
contraindications.

*Severe mutations={frameshift, stop lost, stop gained, start lost}

Molecular  
drug targets

Should be up-
regulated and not 

mutated.

*Severe mutations={frameshift, stop lost, stop gained, start lost}

( )
There seems to be no 
impediment, but there are 
inconsistencies in the data.

)(
There seem to be 
contraindications, but there are 
inconsistencies in the data.

Menopausal 
status

provided not provided

Matches 
requirement

yes no

)(

Marker 
status

Status 
consistent

GeneExp/CNV indicate 
right direction

known unknown

yes no

yes no

yes

Matches 
requirement

ambig.

Status 
consistent

yes noambig.

ambig. no

( ) )(

( )

Gene expression 
score

Somatic
mutation

> 0      0

Somatic 
mutation

( ))(
severe* unknown

/noothersevere* unknown
/noother

( )

Germline 

mutation

Estimated

severe* noother

yes no
)(

unknown

Estimated

yes no

( )
)(

transparente Symbole für COT

There seems to be 
no impediment.

There might be some 
impediments.

There seem to be 
contraindications.( )

There seems to be no 
impediment, but there are 
inconsistencies in the data.

)(
There seem to be contra-
indications, but there are 
inconsistencies in the data.

'JHVSF "�� %SVH UBSHFU FWBMVBUJPO GPS SVMF�CBTFE ESVH BTTFTTNFOU� 5IF HSFFO DIFDLNBSL TZNCPM JOEJDBUFT UIBU
UIFSF TFFNT UP CF OP JNQFEJNFOU GPS UIF FŒDBDZ PG UIF ESVH PG JOUFSFTU XJUI SFTQFDU UP UIF DPOTJEFSFE ESVH UBSHFU�
5IF CMVF NJOVT TZNCPM EFOPUFT UIBU UIFSF NJHIU CF TPNF JNQFEJNFOUT BOE UIF SFE DSPTT TZNCPM IJHIMJHIUT UIBU
UIFSF TFFN UP CF DPOUSBJOEJDBUJPOT UP UIF TVDDFTTGVM USFBUNFOU XJUI UIF DPOTJEFSFE ESVH� 4ZNCPMT JO QBSFOUIFTFT
NFBO UIBU UIFSF BSF JODPOTJTUFODJFT JO UIF EBUB�
�4FWFSF NVUBUJPOT � \GSBNFTIJGU
 TUPQ MPTU
 TUPQ HBJOFE
 TUBSU MPTU^
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Drug assessment

Predictive  
biomarkers

The required status 
should be met.

Drug-processing 
enzymes

They should not be 
germline mutated.

There seems to be 
no impediment.

There might be some 
impediments.

There seem to be 
contraindications.

*Severe mutations={frameshift, stop lost, stop gained, start lost}

Molecular  
drug targets

Should be up-
regulated and not 

mutated.

*Severe mutations={frameshift, stop lost, stop gained, start lost}

( )
There seems to be no 
impediment, but there are 
inconsistencies in the data.

)(
There seem to be 
contraindications, but there are 
inconsistencies in the data.

Menopausal 
status

provided not provided

Matches 
requirement

yes no

)(

Marker 
status

Status 
consistent

GeneExp/CNV indicate 
right direction

known unknown

yes no

yes no

yes

Matches 
requirement

ambig.

Status 
consistent

yes noambig.

ambig. no

( ) )(

( )

Gene expression 
score

Somatic
mutation

> 0      0

Somatic 
mutation

( ))(
severe* unknown

/noothersevere* unknown
/noother

( )

Germline 

mutation

Estimated

severe* noother

yes no
)(

unknown

Estimated

yes no

( )
)(

transparente Symbole für COT

There seems to be 
no impediment.

There might be some 
impediments.

There seem to be 
contraindications.( )

There seems to be no 
impediment, but there are 
inconsistencies in the data.

)(
There seem to be contra-
indications, but there are 
inconsistencies in the data.

'JHVSF "��� %SVH�QSPDFTTJOH FO[ZNF FWBMVBUJPO GPS SVMF�CBTFE ESVH BTTFTTNFOU� 5IF HSFFO DIFDLNBSL TZNCPM
JOEJDBUFT UIBU UIFSF TFFNT UP CF OP JNQFEJNFOU GPS UIF FŒDBDZ PG UIF ESVH PG JOUFSFTU XJUI SFTQFDU UP UIF
DPOTJEFSFE ESVH�QSPDFTTJOH FO[ZNF� 5IF CMVF NJOVT TZNCPM EFOPUFT UIBU UIFSF NJHIU CF TPNF JNQFEJNFOUT
BOE UIF SFE DSPTT TZNCPM IJHIMJHIUT UIBU UIFSF TFFN UP CF DPOUSBJOEJDBUJPOT UP UIF TVDDFTTGVM USFBUNFOU XJUI UIF
DPOTJEFSFE ESVH� 4ZNCPMT JO QBSFOUIFTFT NFBO UIBU UIFSF BSF JODPOTJTUFODJFT JO UIF EBUB�
�4FWFSF NVUBUJPOT � \GSBNFTIJGU
 TUPQ MPTU
 TUPQ HBJOFE
 TUBSU MPTU^

Drug-relevant 
transporters

They should not be 
up-regulated, except 
for special cases. **

Associated 
pathways

The required status 
should be met.

*Severe mutations={frameshift, stop lost, stop gained, start lost}

Category indicator: Based on the indicators of the respective category elements,  
the indicator for the category itself is determined as follows:  

• If at least one element indicates      , the category will be set to      . 

• If at least one element indicates      , the category will be set to      .


• Otherwise, the category will be set to      .   

Drug indicator: Based on the indicators of the respective categories,  
the indicator for the drug itself is determined as follows:  

• If at least one category indicates      , the drug status will be set to      . 

• If at least one category indicates      , the drug status will be set to      .


• Otherwise, the drug status will be set to      .   

**Special cases: tamoxifen, lapatinib and abemaciclib that inhibit certain transporters.

Use a linear function instead - and 
weigh differentially: -2, -1, ..0, 1, 2,

-> mitteln und dann abrunden

( )

Gene expression 
score

Somatic
mutation

> 0      0

Somatic 
mutation

severe* unknown
/noothersevere* unknown

/noother

)(

Gleiches Schema wie bei Category-
Indicator, aber jeweils noch mit 
Gewicht versehen:


- Biomarker: 2

- Drug Target 1.5

- Enzyme 1

- Transporter 1

- Pathway 0.5


-> dann auch abrunden

Pathway should 
be active

yes no

high

Pathway activity 
score

mediumlow high

Pathway activity 
score

mediumlow

( ))( )(( )

( )
)(

transparente Symbole für COT

There seems to be 
no impediment.

There might be some 
impediments.

There seem to be 
contraindications.( )

There seems to be no 
impediment, but there are 
inconsistencies in the data.

)(
There seem to be contra-
indications, but there are 
inconsistencies in the data.

'JHVSF "��� 5SBOTQPSUFS FWBMVBUJPO GPS SVMF�CBTFE ESVH BTTFTTNFOU� 5IF HSFFO DIFDLNBSL TZNCPM JOEJDBUFT UIBU
UIFSF TFFNT UP CF OP JNQFEJNFOU GPS UIF FŒDBDZ PG UIF ESVH PG JOUFSFTU XJUI SFTQFDU UP UIF DPOTJEFSFE FœVY
USBOTQPSUFS� 5IF CMVF NJOVT TZNCPM EFOPUFT UIBU UIFSF NJHIU CF TPNF JNQFEJNFOUT BOE UIF SFE DSPTT TZNCPM
IJHIMJHIUT UIBU UIFSF TFFN UP CF DPOUSBJOEJDBUJPOT UP UIF TVDDFTTGVM USFBUNFOU XJUI UIF DPOTJEFSFE ESVH� 4ZNCPMT
JO QBSFOUIFTFT NFBO UIBU UIFSF BSF JODPOTJTUFODJFT JO UIF EBUB�
�4FWFSF NVUBUJPOT � \GSBNFTIJGU
 TUPQ MPTU
 TUPQ HBJOFE
 TUBSU MPTU^
��4QFDJBM DBTFT� UBNPYJGFO
 MBQBUJOJC
 BOE BCFNBDJDMJC UIBU JOIJCJU DFSUBJO USBOTQPSUFST
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Drug-relevant 
transporters

They should not be 
up-regulated, except 
for special cases. **

Associated 
pathways

The required status 
should be met.

*Severe mutations={frameshift, stop lost, stop gained, start lost}

Category indicator: Based on the indicators of the respective category elements,  
the indicator for the category itself is determined as follows:  

• If at least one element indicates      , the category will be set to      . 

• If at least one element indicates      , the category will be set to      .


• Otherwise, the category will be set to      .   

Drug indicator: Based on the indicators of the respective categories,  
the indicator for the drug itself is determined as follows: 

• If at least one category indicates      , the drug status will be set to      . 

• If at least one category indicates      , the drug status will be set to      .


• Otherwise, the drug status will be set to      .   

**Special cases: tamoxifen, lapatinib and abemaciclib that inhibit certain transporters.

Use a linear function instead - and 
weigh differentially: -2, -1, ..0, 1, 2,

-> mitteln und dann abrunden

( )

Gene expression 
score

Somatic
mutation

> 0      0

Somatic 
mutation

severe* unknown
/noothersevere* unknown

/noother

)(

Gleiches Schema wie bei Category-
Indicator, aber jeweils noch mit 
Gewicht versehen:


- Biomarker: 2

- Drug Target 1.5

- Enzyme 1

- Transporter 1

- Pathway 0.5


-> dann auch abrunden

Pathway should 
be active

yes no

high

Pathway activity 
score

mediumlow high

Pathway activity 
score

mediumlow

( ))( )(( )

( )
)(

transparente Symbole für COT

There seems to be 
no impediment.

There might be some 
impediments.

There seem to be 
contraindications.( )

There seems to be no 
impediment, but there are 
inconsistencies in the data.

)(
There seem to be contra-
indications, but there are 
inconsistencies in the data.

'JHVSF "��� 1BUIXBZ BDUJWJUZ BTTFTTNFOU GPS SVMF�CBTFE ESVH BTTFTTNFOU� 5IF HSFFO DIFDLNBSL TZNCPM JOEJDBUFT
UIBU UIFSF TFFNT UP CF OP JNQFEJNFOU GPS UIF FŒDBDZ PG UIF ESVH PG JOUFSFTU XJUI SFTQFDU UP UIF DPOTJEFSFE
QBUIXBZrT BDUJWJUZ� 5IF CMVF NJOVT TZNCPM EFOPUFT UIBU UIFSF NJHIU CF TPNF JNQFEJNFOUT BOE UIF SFE DSPTT
TZNCPM IJHIMJHIUT UIBU UIFSF TFFN UP CF DPOUSBJOEJDBUJPOT UP UIF TVDDFTTGVM USFBUNFOU XJUI UIF DPOTJEFSFE ESVH�
4ZNCPMT JO QBSFOUIFTFT NFBO UIBU UIFSF BSF JODPOTJTUFODJFT JO UIF EBUB� -PX� QBUIXBZ BDUJWJUJZ TDPSF JO [0, 0.4)

NFEJVN� QBUIXBZ BDUJWJUZ TDPSF JO [0.4, 0.6]
 IJHI� QBUIXBZ BDUJWJUZ TDPSF JO (0.6, 1]�

"���� %FaDJFOU SFQBJS NBDIJOFSZ BOE UVNPS NVUBUJPOBM CVSEFO
" IJHI UVNPS NVUBUJPOBM MPBE JO B DBODFS TBNQMF JT MJLFMZ UP CF GPTUFSFE CZ EFaDJFODJFT JO UIF %/" SFQBJS
NBDIJOFSZ <�>� 5P GVSUIFS VOEFSMJOF UIF DPOOFDUJPO CFUXFFO 5.# BOE BO JNQBJSFE %/" SFQBJS NBDIJOFSZ
XF DPNQBSFE UIF ��� 5$(" TBNQMFT XJUI UIF IJHIFTU 5.# UP UIF ��� TBNQMFT XJUI UIF MPXFTU 5.# BOE
UFTUFE GPS FOSJDINFOU JO B TFU PG �� SFQBJS�SFMBUFE CJPMPHJDBM DBUFHPSJFT 	DG� 4FDUJPO �����
� "EEJUJPOBM EFUBJMT
PO UIF DPOTJEFSFE HFOF TFUT BOE UIFJS PSJHJOBUJOH EBUBCBTFT DBO CF GPVOE JO UIJT TVQQMFNFOUBSZ aMF�

ß
$MJDL IFSF UP BDDFTT � EPXOMPBE UIF TVQQMFNFOUBSZ aMF GSPN

XXX�MBSB�TDIOFJEFS�EF�EJTTFSUBUJPO�$MJO0NJDT5SBJM@3FQBJS@HFOF@FOSJDINFOU�YMTY

5BCMF "��� MJTUT UIF �� TJHOJaDBOUMZ FOSJDIFE DBUFHPSJFT�

/BNF /VNCFS
PG IJUT

&YQFDUFE
TDPSF

"EKVTUFE Q�
WBMVF

(0 #JPMPHJDBM 1SPDFTT OVDMFPUJEF FYDJTJPO SFQBJS 	�
 �� ������� ����&���

(0 #JPMPHJDBM 1SPDFTT SFHVMBUJPO PG %/" SFQBJS 	�
 �� ������� ����&���

3FBDUPNF 46.0ZMBUJPO PG %/" EBNBHF SFTQPOTF BOE SFQBJS
QSPUFJOT

�� ������ ����&���

(0 #JPMPHJDBM 1SPDFTT OPO SFDPNCJOBUJPOBM SFQBJS 	�
 �� ������� ����&��

(0#JPMPHJDBM 1SPDFTT EPVCMF TUSBOE CSFBL SFQBJS WJB OPOIPNPM�
PHPVT FOE KPJOJOH 	�


�� ������� ����&��

(0 #JPMPHJDBM 1SPDFTT HMPCBM HFOPNF OVDMFPUJEF FYDJTJPO SFQBJS
	�


�� ������� ����&��

http://www.lara-schneider.de/dissertation/ClinOmicsTrail_Repair_gene_enrichment.xlsx
http://www.lara-schneider.de/dissertation/ClinOmicsTrail_Repair_gene_enrichment.xlsx
http://www.lara-schneider.de/dissertation/ClinOmicsTrail_Repair_gene_enrichment.xlsx
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Figure 2: Rule-based subtyping for TCGA-AN-A0XN. Based on the hormone receptor and HER2 status of a tumor sample, as well as the 
observed growth rates, a classification into the four main breast cancer subtypes Luminal A, Luminal B, Basal-like and HER2-enriched 
can be performed. 
 

Figure 3: Clustering results for TCGA-AN-A0XN. The tumor sample of interest is clustered along with primary breast tumor samples 
from TCGA. The molecular subtypes of the TCGA samples are color-coded as indicated by the legend below the plot. The tumor sample 
under investigation is indicated by the blue diamond-shaped symbol.  
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Figure 5: Drug sensitivity information for cell lines similar to TCGA-AN-A0XN. Similarity was assessed based on similarity of pathway 
activity patterns. The triple negative cell lines SUM149PT and 184B5 are most similar to the sample under investigation (cf. Figure 4). 
Especially, both cell lines were tested to be sensitive for ERK inhibitors (highlighted in blue) by (Heiser et al., 2012). 
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Figure 6: Assessment of recommended drugs for sample TCGA-AN-A0XN. For a set of 17 standard-of-care breast cancer drugs (left 
panel), various factors increasing or decreasing the efficacy of a drug are assessed. Clinical, genetic and molecular characteristics are 
listed with an indicator sign on whether they might decrease efficacy or even cause resistance to the treatment with the drug under 
consideration. All genes and pathways are linked to third-party resources where additional details can be found. Each entry also contains 
the link to a record or publication that describes the role of the corresponding gene with respect to the drug of interest. 
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Figure 7: Driver mutations in sample TCGA-AN-A0XN. Driver mutations contained in the sample under investigation. The color-code in 
the Mutation column indicates the severity of the mutation. Parentheses indicate a germline mutation. Clicking on the indicator symbol 
opens a modal with additional details on the specific contained mutation(s) and their predicted effect on protein functionality. 
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DPOUBJOFE NVUBUJPO	T
 BOE UIFJS QSFEJDUFE FőFDU PO QSPUFJO GVODUJPOBMJUZ�



��� " 4611-&.&/5"3: ."5&3*"-

 
 
 
 
 
 
 
URL to interactive results: 
 
https://clinomicstrail.bioinf.uni-
sb.de/breast_cancer.html?title=ClinOmicsTrail&mutations=177&cnvs=178&geneExp=183&geneExpMatrix=170
&geneExpSample=TCGA-AN-
A0XN&methylationSample=null&vcfSampleName=PRIMARY&vcfControlName=NORMAL&her2=0&er=negative
&pr=positive&meno=postmenopausal&patientId=TCGA-AN-
A0XN&variantCaller=other&tumorSize=T2&lymphNodeStatus=N2&metastasisStatus=M0&sampleComparison=
tumorVsNormal&experimentalMethod=microarray&session=f37a88ff-19c5-47a1-977b-b6cc1aa85834 
 
 

Figure 8: Assessment of driver targeting drugs for TCGA-AN-A0XN. This table contains driver-targeting drugs, i.e. those drugs that 
require the presence or absence of a specific mutation or other genomic alteration. The listed drugs are not necessarily approved for 
breast cancer and hence might be considered as off-label treatment options. 
'JHVSF "��� "TTFTTNFOU PG ESJWFS UBSHFUJOH ESVHT GPS 5$("�"/�"�9/� 5IJT UBCMF DPOUBJOT ESJWFS�UBSHFUJOH ESVHT
 J�F�
UIPTF ESVHT UIBU SFRVJSF UIF QSFTFODF PS BCTFODF PG B TQFDJaD NVUBUJPO PS PUIFS HFOPNJD BMUFSBUJPO� 5IF MJTUFE
ESVHT BSF OPU OFDFTTBSJMZ BQQSPWFE GPS CSFBTU DBODFS BOE IFODF NJHIU CF DPOTJEFSFE BT Pő�MBCFM USFBUNFOU
PQUJPOT�
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Figure 3: Assessment of tamoxifen for TCGA-BH-A0DT. For a set of 17 standard-of-care breast cancer drugs (left panel), various factors 
increasing or decreasing the efficacy of a drug are assessed. Clinical, genetic and molecular characteristics are listed with an indicator 
sign on whether they might decrease efficacy or even cause resistance to the treatment with the drug under consideration. All genes 
and pathways are linked to third-party resources where additional details can be found. Each entry also contains the link to a record or 
publication that describes the role of the corresponding gene with respect to the drug of interest. Clicking on the indicator symbol in 
the Germline mutation status column for CYP2D6 will open a window with additional details, cf. Figure 4.   
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Figure 4: Detailed view on mutations in gene CYP2D6. Clicking on the indicator symbol of a mutation opens a modal with additional 
details on the specific mutations contained in the gene of interest, as well as an estimation of the mutations severities based on VeP 
Impact, SIFT and PolyPhen. 
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Figure 5: Assessment of trastuzumab for TCGA-BH-A0DT. For a set of 17 standard-of-care breast cancer drugs (left panel), various 
factors increasing or decreasing the efficacy of a drug are assessed. Clinical, genetic and molecular characteristics are listed with an 
indicator sign on whether they might decrease efficacy or even cause resistance to the treatment with the drug under consideration. 
All genes and pathways are linked to third-party resources where additional details can be found. Each entry also contains the link to a 
record or publication that describes the role of the corresponding gene with respect to the drug of interest.  
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Figure 6: Assessment of aromatase inhibitor exemestane for TCGA-BH-A0DT. For a set of 17 standard-of-care breast cancer drugs (left 
panel), various factors increasing or decreasing the efficacy of a drug are assessed. Clinical, genetic and molecular characteristics are 
listed with an indicator sign on whether they might decrease efficacy or even cause resistance to the treatment with the drug under 
consideration. All genes and pathways are linked to third-party resources where additional details can be found. Each entry also contains 
the link to a record or publication that describes the role of the corresponding gene with respect to the drug of interest.  
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URL to interactive results: 
 
https://clinomicstrail.bioinf.uni-
sb.de/breast_cancer.html?title=ClinOmicsTrail&mutations=456&cnvs=457&geneExp=454&geneExpMatrix=449
&geneExpSample=TCGA-BH-
A0DT&methylationSample=null&vcfSampleName=PRIMARY&vcfControlName=NORMAL&her2=0&er=positive&
pr=positive&meno=premenopausal&patientId=TCGA-BH-
A0DT&variantCaller=mutect2&tumorSize=T1&lymphNodeStatus=N1&metastasisStatus=M0&sampleCompariso
n=tumorVsNormal&experimentalMethod=microarray&session=54158abe-3ed6-4060-b407-39475e82597d 
 

Figure 7: Assessment of olaparib for TCGA-BH-A0DT. For a set of 17 standard-of-care breast cancer drugs (left panel), various factors 
increasing or decreasing the efficacy of a drug are assessed. Clinical, genetic and molecular characteristics are listed with an indicator 
sign on whether they might decrease efficacy or even cause resistance to the treatment with the drug under consideration. All genes 
and pathways are linked to third-party resources where additional details can be found. Each entry also contains the link to a record or 
publication that describes the role of the corresponding gene with respect to the drug of interest.  
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Figure 3: Drug assessment for TCGA-A2-A0T2. For a set of 17 standard-of-care breast cancer drugs (left panel), various factors increasing 
or decreasing the efficacy of a drug are assessed. Clinical, genetic and molecular characteristics are listed with an indicator sign on 
whether they might decrease efficacy or even cause resistance to the treatment with the drug under consideration. All genes and 
pathways are linked to third-party resources where additional details can be found. Each entry also contains the link to a record or 
publication that describes the role of the corresponding gene with respect to the drug of interest. 
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URL to interactive results: 
 
https://clinomicstrail.bioinf.uni-
sb.de/breast_cancer.html?title=ClinOmicsTrail&mutations=203&cnvs=204&geneExp=201&geneExpSample=nul
l&methylationSample=null&vcfSampleName=TUMOR&vcfControlName=NORMAL&her2=0&er=negative&pr=n
egative&meno=postmenopausal&patientId=TCGA-A2-
A0T2&variantCaller=mutect2&tumorSize=T3&lymphNodeStatus=N3&metastasisStatus=M1&sampleCompariso
n=tumorVsNormal&experimentalMethod=microarray&session=480e2dcc-5fa2-438f-9db9-0041782a61b2 

 
 

Figure 6: Biomarkers for checkpoint inhibition in TCGA-A2-A0T2. The table contains biomarkers for checkpoint blockade 
immunotherapy. In cases the listed genes are the molecular targets of immunotherapeutic drugs, the indicator mark in the Drug column 
is colored in blue. Clicking on this mark yields additional information on the targeting drugs. 
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UBSHFUJOH ESVHT�



��� " 4611-&.&/5"3: ."5&3*"-

/FPFQJUPQF "������ "������ #������ #������ $������ "OUJHFO *%
"78"-$:(: ���� ����� ���� ����� ����� ;'1��
',553**': ����� ���� ����� ����� ���� "(0�
'--%.7:34 ����� ���� ����� ����� ����� %01&:�
'4'(121:: ����� ���� ����� ����� ����� 303�
'41:/(("- ����� ����� ����� ����� ���� "#5#�
(&-*//57- ����� ����� ����� ����� ����� (4%.$
(5414-*'- ����� ����� ����� ����� ����� 4-$��"�
*(5114-*' ����� ����� ����� ����� ����� 4-$��"�
*(5154-*' ���� ����� ����� ����� ����� 4-$��"�
-"&7-"'-- ����� ����� ����� ����� ����� %01&:�
-"'--%.7: ����� ����� ����� ����� ����� %01&:�
-"2,"*,28 ����� ����� ����� ����� ����� 53*.��
--"&7-"'- ����� ����� ����� ����� ����� %01&:�
."'-"2,"* ����� ����� ����� ����� ����� 53*.��
.7'7"(2(7 ����� ����� ����� ����� ����� 4)�#1�-
2""$11"*' ����� ����� ����� ����� ����� '"/$$
3',553**' ����� ���� ����� ����� ����� "(0�
37*-",3-: ����� ����� ����� ����� ����� "9%/%�
453',553* ����� ����� ����� ����� ����� "(0�
5**(5114- ����� ����� ����� ���� ����� 4-$��"�
5**(5414- ����� ���� ����� ����� ����� 4-$��"�
53',553** ����� ����� ����� ���� ����� "(0�
7-"'--%.7 ����� ����� ����� ����� ����� %01&:�
74"78"-$: ����� ����� ���� ����� ���� ;'1��
8&*'4'(12 ����� ����� ����� ����� ����� 303�
85(87$$7' ����� ����� ���� ����� ����� $&/1-
:$5(1$)5' ����� ����� ����� ����� ����� 111�3�"
:4((&,1:- ����� ����� ����� ����� ���� $01#�
:43*1,24* ����� ����� ����� ����� ����� 47*-
:775&"(&- ����� ���� ����� ����� ����� (4%.$
:82(/-%3' ����� ����� ����� ����� ���� 10-3�$

5BCMF "��� /FPFQJUPQF QSFEJDUJPO GPS TBNQMF ����Ζ�͡Ζ�͟�͡� 5IF UBCMF DPOUBJOT BMM OFPFQJUPQFT PG QFQUJEF
MFOHUI OJOF UIBU XFSF QSFEJDUFE CZ /FU.)$ UP CJOE UP BU MFBTU POF PG UIF TBNQMFrT QSFEJDUFE )-"T 	QSFEJDUFE
CZ 0QUJ5ZQF
� 8JUIJO $MJO0NJDT5SBJMCD
 XF TFMFDUFE UIF PQUJPO $POTJEFS POMZ TJHOJaDBOUMZ VQSFHVMBUFE QSPUFJOT
JO UIF $BODFS WBDDJOFT UBC PG UIF *NNVOPUIFSBQZ WJFX BOE QFSGPSNFE OFPFQJUPQF QSFEJDUJPO GPS QFQUJEFT PG
MFOHUI � VTJOH /FU.)$� 'PS FBDI )-"
 UIFJS SFTQFDUJWF CJOEJOH BŒOJUJFT BSF MJTUFE JO DPMVNOT ���� 5IF MBTU DPMVNO
DPOUBJOT UIF HFOF TZNCPM PG UIF BOUJHFO�QSPWJEJOH HFOF� 'PS /FU.)$
 CJOEJOH BŒOJUZ TDPSFT DBO CF JOUFSQSFUFE
BT USBOTGPSNFE *$�� TDPSFT� 3FE DFMMT JOEJDBUF OP CJOEJOH
 ZFMMPX DFMMT TUBOE GPS XFBL CJOEFST
 BOE HSFFO DFMMT
IJHIMJHIU TUSPOH CJOEFST�


	Abstract
	Summary
	Zusammenfassung
	Acknowledgments
	Table of Contents
	Introduction
	Biological Background
	Molecular biology of eukaryotic cells
	Cancer
	Personalized medicine

	Materials and Methods
	High-throughput experimental techniques
	Reference databases and resources
	Detecting deregulated genes and processes

	Tools for Multi-Omics Integrative Analyses
	Graviton - a framework for multi-omics integrative analyses
	GeneTrail2 - a web service for multi-omics enrichment analysis
	RegulatorTrail - a web service for the identification of key transcriptional regulators
	NetworkTrail - a web service for identifying and visualizing deregulated subnetworks

	DrugTargetInspector
	Related work
	Workflow and functionality
	Case studies
	Discussion

	ClinOmicsTrailbc
	Molecular tumor boards
	Breast cancer
	Related work
	Workflow and functionality
	Case studies
	Discussion

	Perspectives
	Summary and discussion
	Outlook and conclusion

	List of Figures
	List of Publications
	References
	Supplementary Material
	File formats
	FASTA
	FASTQ
	SAM / BAM
	VCF
	BED
	SEG

	Variant Effect Predictor
	Supplements for Graviton
	RESTful API usage

	Supplements for GeneTrail2
	Enrichment algorithms
	Predefined biological categories
	Additional enrichment views

	Supplements for RegulatorTrail
	Breast cancer case study
	Wilms tumor case study

	Supplements for NetworkTrail
	SIF and NA file formats

	Supplements for DrugTargetInspector
	Provided functionality
	Wilms tumor data set

	Supplements for ClinOmicsTrailbc
	Pathway activity measure
	Rule-based drug assessment
	Deficient repair machinery and tumor mutational burden
	Neoepitope prediction
	Case studies



