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����|W�� .BOZ PCKFDU�PSJFOUFE EZOBNJD MBOHVBHFT BMMPX QSPHSBNNFST UP FYUSBDU NFUIPET GSPN PCKFDUT

BOE USFBU UIFN BT GVODUJPOT� 5IJT BMMPXT GPS TFYJCMF QSPHSBNNJOH QBUUFSOT
 CVU QSFTFOUT DIBMMFOHFT GPS UZQF

TZTUFNT� *O QBSUJDVMBS
 B TJNQMF USFBUNFOU PG NFUIPE FYUSBDUJPO XPVME SFRVJSF NFUIPET UP CF DPOUSBWBSJBOU JO

UIF SFDFJWFS UZQF
 NBLJOH PWFSSJEJOH BMM�CVU�JNQPTTJCMF� 8F QSFTFOU B EFUBJMFE JOWFTUJHBUJPO PG UIJT QSPCMFN
 BT

XFMM BT BO JNQMFNFOUFE BOE FWBMVBUFE TPMVUJPO�

.FUIPE FYUSBDUJPO JT B GFBUVSF PG NBOZ EZOBNJDBMMZ�UZQFE BOE HSBEVBMMZ�UZQFE MBOHVBHFT
 SBOHJOH GSPN

1ZUIPO BOE 1)1 UP 'MPX BOE 5ZQF4DSJQU� *O UIFTF MBOHVBHFT
 UIF VOEFSMZJOH SFQSFTFOUBUJPO PG PCKFDUT BT

SFDPSET PG QSPDFEVSFT DBO CF BDDFTTFE
 BOE UIF QSPDFEVSFT UIBU JNQMFNFOU NFUIPET DBO CF SFJSFE BT GVODUJPOT

UIBU DBO CF DBMMFE JOEFQFOEFOUMZ� *O NBOZ PG UIFTF MBOHVBHFT
 UIF QSPHSBNNFS DBO UIFO FYQMJDJUMZ TQFDJGZ UIF

VJKU WBMVF UP CF VTFE XIFO UIF NFUIPE JNQMFNFOUBUJPO JT DBMMFE�

6OGPSUVOBUFMZ
 BT XF TIPX
 FYJTUJOH HSBEVBM UZQF TZTUFNT TVDI BT 5ZQF4DSJQU BOE 'MPX BSF VOTPVOE JO UIF

QSFTFODF PG NFUIPE FYUSBDUJPO� 5IF QSPCMFN GPS UZQJOH BOZ TVDI TZTUFN JT UIBU UIF TFYJCJMJUZ JU BMMPXT NVTU CF

UBNFE CZ SFRVJSJOH B DPOOFDUJPO CFUXFFO UIF PCKFDU UIF NFUIPE XBT FYUSBDUFE GSPN
 BOE UIF GVODUJPO WBMVF

UIBU JT MBUFS DBMMFE�

*O 3BDLFU
 XIFSF B NFUIPE FYUSBDUJPO�MJLF GBDJMJUZ
 EVCCFE �TUSVDUVSF UZQF QSPQFSUJFT�
 JT GVOEBNFOUBM UP

DMBTTFT
 HFOFSJD NFUIPET
 BOE PUIFS "1*T
 UIFTF TBNF DIBMMFOHFT BSJTF
 BOE NVTU CF TPMWFE UP TVQQPSU UIJT

GFBUVSF JO 5ZQFE 3BDLFU� 8F TIPX IPX UP DPNCJOF UXP FYJTUJOH UZQF TZTUFN GFBUVSFT�FYJTUFOUJBM UZQFT BOE

PDDVSSFODF UZQJOH�UP QSPEVDF B TPVOE BQQSPBDI UP UZQJOH NFUIPE FYUSBDUJPO�

8F GPSNBMJ[F PVS EFTJHO
 FYUFOEJOH BO FYJTUJOH GPSNBM NPEFM PG UIF 5ZQFE 3BDLFU UZQF TZTUFN
 BOE QSPWF

UIBU PVS FYUFOTJPO JT TPVOE� 0VS EFTJHO JT BMTP JNQMFNFOUFE JO UIF SFMFBTFE WFSTJPO PG 3BDLFU
 BOE JT DPNQBUJCMF

XJUI BMM FYJTUJOH 5ZQFE 3BDLFU QBDLBHFT
 NBOZ PG XIJDI BMSFBEZ VTFE B QSFWJPVT WFSTJPO PG UIJT GFBUVSF�
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0O IJT OFYU XBML XJUI 2D /B
 "OUPO BUUFNQUFE UP JNQSFTT IJT NBTUFS CZ TBZJOH

�.BTUFS
 * IBWF EJMJHFOUMZ TUVEJFE UIF NBUUFS
 BOE OPX VOEFSTUBOE UIBU PCKFDUT

BSF USVMZ B QPPS NBO�T DMPTVSFT�� 2D /B SFTQPOEFE CZ IJUUJOH "OUPO XJUI IJT

TUJDL
 TBZJOH �8IFO XJMM ZPV MFBSO $MPTVSFT BSF B QPPS NBO�T PCKFDU�� "U UIBU

NPNFOU
 "OUPO CFDBNF FOMJHIUFOFE� �"OUPO 7BO 4USBBUFO <./>

5IF SFMBUJPOTIJQ CFUXFFO PCKFDUT XJUI NFUIPET BOE GVODUJPOT JT GVOEBNFOUBM UP

VOEFSTUBOEJOH PCKFDU�PSJFOUFE QSPHSBNNJOH BOE MBOHVBHFT� *O TPNF MBOHVBHFT
 TVDI

BT 4NBMMUBML
 �FWFSZUIJOH JT BO PCKFDU�
 BOE UIFSF JT OP XBZ UP JOUFSBDU XJUI B NFUIPE

FYDFQU CZ TFOEJOH UIF BQQSPQSJBUF NFTTBHF UP UIF PCKFDU� #VU JO MBOHVBHFT SBOHJOH

GSPN +BWB4DSJQU <-5> UP 1ZUIPO <2> UP 1)1 <..> UP 3BDLFU <-.>
 JU JT QPTTJCMF UP FYUSBDU

UIF GVODUJPO DPSSFTQPOEJOH UP B NFUIPE GSPN JUT DPOUBJOJOH PCKFDU BOE DBMM JU�

4JNJMBSMZ
 XIFUIFS BUUFNQUJOH UP VOEFSTUBOE UIF GPVOEBUJPOT PG PCKFDU�PSJFOUFE

MBOHVBHFT PS UP JNQMFNFOU UIFN PO B MPX�MFWFM QMBUGPSN
 B TUBOEBSE BQQSPBDI <0>

JT UP FODPEF PCKFDUT BT SFDPSET PG GVODUJPOT
 XJUI NFTTBHF TFOEJOH CFDPNJOH SFDPSE

TFMFDUJPO GPMMPXFE CZ GVODUJPO DBMM� 5IVT UIF OFDFTTJUZ PG DPOTJEFSJOH NFUIPET JOEF�

QFOEFOUMZ PG UIFJS DPOUBJOJOH PCKFDU BSJTFT IFSF UPP�

5IF LFZ DIBMMFOHF JO BMM PG UIFTF TFUUJOHT JT UIF SPMF PG Self
 UIF SFDFJWFS PG UIF

NFTTBHF� 0ODF B NFUIPE JT TFQBSBUFE GSPN JUT PCKFDU
 UIFSF JT OP MPOHFS B EFTJHOBUFE

SFDFJWFS� 5IJT PRFST OFX TFYJCJMJUZ UP QSPHSBNNFST
 CVU BMTP UIF PQQPSUVOJUZ GPS FSSPS�

*O UIF GBDF PG UIJT DIBMMFOHF
 MBOHVBHFT TVQQPSUJOH NFUIPE FYUSBDUJPO UBLF UXP

QSJNBSZ BQQSPBDIFT� 'JSTU
 TZTUFNT TVDI BT 1ZUIPO BWPJE UIF QSPCMFN FOUJSFMZ CZ DMPTJOH

FYUSBDUFE NFUIPET PWFS UIF PCKFDU UIFZ BSF FYUSBDUFE GSPN� 5IJT FOTVSFT UIBU TFYJCJMJUZ

JT OPU NJTVTFE CZ FMJNJOBUJOH JU FOUJSFMZ� 5IF BMUFSOBUJWF BQQSPBDI
 TFFO JO MBOHVBHFT

TVDI BT +BWB4DSJQU XIFSF PCKFDU�PSJFOUBUJPO JT CVJMU VQPO SFDPSET
 BMMPXT QSPHSBNNFST

UP QJDL BSCJUSBSZ PCKFDUT UP TUBOE JO BT UIF SFDFJWFS� 5IJT TFYJCJMJUZ FOBCMFT OFX QBUUFSOT

CVU BMTP NBLFT SFBTPOJOH BCPVU UIF DPSSFDUOFTT PG QSPHSBNT NPSF DIBMMFOHJOH BOE

PQFOT VQ UIF QPTTJCJMJUZ PG IBSE�UP�VOEFSTUBOE FSSPST�

5IF DIBMMFOHFT PG NFUIPE FYUSBDUJPO NVMUJQMZ XIFO DPNCJOFE XJUI UZQF DIFDLJOH


FTQFDJBMMZ JO UIF TFUUJOH PG HSBEVBM UZQF TZTUFNT GPS FYJTUJOH MBOHVBHFT� " OBJWF

BQQSPBDI UP UZQJOH FJUIFS WJPMBUFT TPVOEOFTT PS SFRVJSFT UIBU NFUIPET CF CPUI DP� BOE

DPOUSB�WBSJBOU JO UIFJS SFDFJWFS UZQF
 SFOEFSJOH JOIFSJUBODF JNQPTTJCMF� 6OGPSUVOBUFMZ


TZTUFNT TVDI BT 5ZQF4DSJQU <-1> BOE 'MPX <-4> IBWF DIPTFO VOTPVOEOFTT
 PQUJOH UP

QSFTFSWF UIF TFYJCJMJUZ BQQBSFOU XJUIPVU UZQFT PWFS B TPVOE BQQSPBDI UP UIF QSPCMFN�

5P TIPX UIBU B TZOUIFTJT JT QPTTJCMF
 XF QSFTFOU B TZTUFN XIJDI TVQQPSUT NFUIPE FY�

USBDUJPO BMPOH XJUI TPVOE HSBEVBM UZQJOH� 8F XPSL JO UIF DPOUFYU PG 5ZQFE 3BDLFU <-->


B NBUVSF HSBEVBM UZQF TZTUFN GPS 3BDLFU
 BO FYJTUJOH VOUZQFE MBOHVBHF� 3BDLFU�T

TUSVDUVSF UZQF QSPQFSUJFT BSF UIF GPDVT PG PVS TUVEZ�UIFZ BSF FTTFOUJBMMZ B WUBCMF�MJLF

NFDIBOJTN GPS BSCJUSBSZ SFDPSET
 BOE CVJMEJOH XFMM�UZQFE BCTUSBDUJPOT GSPN UIFN

SFRVJSFT UBDLMJOH QSFDJTFMZ UIF LFZ DIBMMFOHFT QPTFE CZ NFUIPE FYUSBDUJPO� 4USVDUVSF

UZQF QSPQFSUJFT BSF BMTP UIF JNQMFNFOUBUJPO UFDIOPMPHZ GPS 3BDLFU�T TZTUFN PG HFOFSJD

NFUIPET
 BOE 3BDLFU�T +BWB�MJLF DMBTT TZTUFN�

0VS TZTUFN BMMPXT QSPHSBNNFST UP DPOUSPM XIFO BO BSHVNFOU TIPVME IBWF UIF UZQF

Self
 BOE XIFO JU EPFT
 UIFO FYBDUMZ UIF SFDFJWFS�UIBU JT
 UIF PCKFDU UIF NFUIPE XBT
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FYUSBDUFE GSPN�NVTU CF TVQQMJFE JO UIBU QPTJUJPO� 5IJT SFTUSJDUJPO JT UIF POMZ TPVOE

POF DPNQBUJCMF XJUI CPUI TVCUZQJOH BOE JOIFSJUBODF� 8F TIPX UIBU UIJT SFTUSJDUJPO JT

OBUVSBMMZ FYQSFTTFE VTJOH B DPNCJOBUJPO PG FYJTUFOUJBM UZQFT <.> BOE 5ZQFE 3BDLFU�T

TVQQPSU GPS PDDVSSFODF UZQJOH <--
 -/>� 0DDVSSFODF UZQJOH XBT PSJHJOBMMZ EFWFMPQFE

UP NPEFM QSFEJDBUF UFTUT� IFSF JU SOET VOSFMBUFE CVU DPNQFMMJOH VTF JO SFDPSEJOH UIF

JEFOUJUZ PG UIF SFDFJWFS�

5IF SFTVMUJOH TZTUFN JT DBQBCMF PG XPSLJOH XJUI FYJTUJOH JEJPNBUJD VTF PG 3BDLFU�T

TUSVDUVSF QSPQFSUJFT
 XIJDI XF WBMJEBUF CZ JNQMFNFOUJOH UIF TZTUFN JO 5ZQFE 3BDLFU

BOE SFMFBTJOH JU UP BMM 5ZQFE 3BDLFU VTFST� 5ZQFE 3BDLFU IBE QSFWJPVTMZ BOE VOTPVOEMZ

BDDFQUFE BMM VTFT PG TUSVDUVSF UZQF QSPQFSUJFT XJUI OP DIFDLJOH XIBUTPFWFS� XJUI PVS

OFX JNQMFNFOUBUJPO WJSUVBMMZ BMM PG UIFTF VODIFDLFE VTFT TJNQMZ XPSLFE DPSSFDUMZ

BOE UIF SFNBJOJOH DBTFT XFSF CPUI VOSFMBUFE UP PVS EFTJHO BOE FBTJMZ SYFE�

8F CFHJO PVS QSFTFOUBUJPO JO TFDUJPO . CZ PVUMJOJOH DVSSFOU BQQSPBDIFT UP NFUIPE

FYUSBDUJPO JO HSBEVBMMZ�UZQFE MBOHVBHFT
 TUBSUJOH XJUI +BWB4DSJQU BOE JUT FYJTUJOH

UZQF TZTUFNT� 5IJT EFNPOTUSBUFT CPUI UIF QSPCMFN BOE UIF JOBEFRVBDZ PG DVSSFOU

TPMVUJPOT� 8F BMTP EFTDSJCF 3BDLFU�T TUSVDUVSF UZQF QSPQFSUZ TZTUFN
 BOE IPX UIF

TBNF QSPCMFN PG NFUIPE FYUSBDUJPO SF�PDDVST JO UIJT TFUUJOH� 4FDUJPO / QSFTFOUT PVS

UZQF�DIFDLJOH BQQSPBDI BU B IJHI MFWFM
 GPDVTJOH PO FYBNQMFT� *O TFDUJPO 0
 XF QSFTFOU

B GPSNBM NPEFM PG PVS BQQSPBDI
 FYUFOEJOH FYJTUJOH NPEFMT PG 5ZQFE 3BDLFU
 XIJDI XF

QSPWF TPVOE� 4FDUJPO 1 EFTDSJCFT PVS JNQMFNFOUBUJPO
 JODMVEJOH IPX XF EZOBNJDBMMZ

FOGPSDF UIF OFX UZQFT XF IBWF BEEFE
 BT SFRVJSFE GPS HSBEVBM UZQJOH� 8F UIFO EJTDVTT

UIF QSBDUJDBM FYQFSJFODF HBJOFE CZ BQQMZJOH PVS TZTUFN
 OPX SFMFBTFE JO UIF DVSSFOU

WFSTJPO PG 3BDLFU
 UP FYJTUJOH 5ZQFE 3BDLFU QSPHSBNT� 'JOBMMZ
 XF DPNQBSF XJUI SFMBUFE

BQQSPBDIFT BOE DPODMVEF�

~ ÿë¨ ,¯||¨3� ó�W�¨ DÑ �ë¨ �|�

/VNFSPVT EZOBNJD MBOHVBHFT CPUI TVQQPSU NFUIPE FYUSBDUJPO BOE IBWF SFDFOUMZ

EFWFMPQFE HSBEVBM UZQF TZTUFNT
 BNPOH UIFN +BWB4DSJQU
 1ZUIPO
 1)1
 BOE 3VCZ<.2>�

8JUI UIF FYDFQUJPO PG 1ZUIPO
 EJTDVTTFE CFMPX
 BMM PG UIFN GBJM UP TPVOEMZ FOGPSDF UIF

UZQF TZTUFN JO UIF QSFTFODF PG FYUSBDUFE NFUIPET�

4JODF +BWB4DSJQU JT UIF MBOHVBHF XJUI CPUI UIF NPTU NBUVSF UZQF TZTUFNT BOE UIF

TJNQMFTU NPEFM PG PCKFDUT BT SFDPSET XJUI GVODUJPOT BT NFNCFST
 XF SSTU QSFTFOU UIF

JTTVFT JO UIBU DPOUFYU� 5IFO XF TIPX IPX UIF TBNF JTTVFT SFPDDVS JO 3BDLFU�T TUSVDUVSF

UZQF QSPQFSUJFT�

~Öz �3�D¯3� ¡¨�ëD� Eå�|W��öD3 ö3 �WÙWó�|öq�

8F CFHJO XJUI UIF LFZ JTTVF�UIF UZQF PG UGNH PS VJKU GPS FYUSBDUFE NFUIPET JO UIF

QSFTFODF PG JOIFSJUBODF� $POTJEFS UIF QSPHSBN JO MJTUJOH -
 XIJDI VTFT UIF TZOUBY

BDDFQUFE CZ CPUI 5ZQF4DSJQU BOE 'MPX GPS UZQF BOOPUBUJPOT�

*O UIJT QSPHSBN
 XF IBWF UXP DMBTTFT
 POF GPS UXP�EJNFOTJPOBM DPPSEJOBUFT BOE BO

FYUFOTJPO GPS UISFF EJNFOTJPOT� &BDI EFSOFT B TJNQMF DPOTUSVDUPS UIBU JOJUJBMJ[FT JUT
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SFMET BOE B FKUV NFUIPE UIBU DPNQVUFT UIF EJTUBODF CFUXFFO UIF DVSSFOU QPJOU BOE

B TQFDJSD QPJOU�

8F UIFO DPOTUSVDU BO JOTUBODF PG FBDI
 CVU BOOPUBUF R�F
 UIF UISFF�EJNFOTJPOBM

JOTUBODF
 XJUI UIF 2QKPV�& UZQF� 8F BMTP FYUSBDU UIF FKUV NFUIPE GSPN R�F VTJOH

+BWB4DSJQU�T �DKPF
� NFUIPE XJUI UIF VJKU LFZXPSE NJTUBLFOMZ TFU UP UIF UXP�

EJNFOTJPOBM JOTUBODF R�F� 5IFO XF JOUFOE UP VTF UIF FYUSBDUFE NFUIPE UP DBMDVMBUF

EJTUBODF CFUXFFO R�F BOE FWFSZ FMFNFOU PG BO BSSBZ PG UISFF�EJNFOTJPOBM QPJOUT�

�ö��ö3Ö z 6OTPVOE .FUIPE &YUSBDUJPO JO 5ZQF4DSJQU BOE 'MPX

| ENCUU 2QKPV�& ]
� Z � PWODGT� [ � PWODGT�
� EQPUVTWEVQT
Z � PWODGT� [ � PWODGT� ]
� VJKU�Z � Z� VJKU�[ � [�
� _
� FKUV
VJKU�VJKU� VCTIGV� 2QKPV�&� ]
� TGVWTP /CVJ�USTV
/CVJ�RQY
VCTIGV�Z � VJKU�Z� �� 

� /CVJ�RQY
VCTIGV�[ � VJKU�[� ����
� _
|v _
||
|� ENCUU 2QKPV�& GZVGPFU 2QKPV�& ]
|� \ � PWODGT�
|� EQPUVTWEVQT
Z � PWODGT� [ � PWODGT� \ � PWODGT� ]
|� UWRGT
Z� [�� VJKU�\ � \�
|� _
|�
|� FKUV
VJKU�VJKU� VCTIGV � 2QKPV�&� � PWODGT ]
|� KH 
VCTIGV KPUVCPEGQH 2QKPV�&� ]
�v TGVWTP /CVJ�USTV
/CVJ�RQY
VCTIGV�Z � VJKU�Z� �� 

�| /CVJ�RQY
VCTIGV�[ � VJKU�[� �� 

�� /CVJ�RQY
VCTIGV�\ � VJKU�\� ����
�� _ GNUG ]
�� VJTQY �6CTIGV�KU�PQV�C�2QKPV�&��
�� _
�� _
�� _
��
�� XCT R�F � PGY 2QKPV�&
\� \��
�v XCT R�F � 2QKPV�& � PGY 2QKPV�&
�� �� ���
�| XCT OGVJ � R�F�FKUV�DKPF
R�F��
�� =PGY 2QKPV�&
�� �� ��� PGY 2QKPV�&
�� �\� ���?�OCR
OGVJ��

8F XPVME IPQF UIBU UIF UZQF DIFDLFST XPVME SFKFDU UIF QSPHSBN
 TJODF OGVJ JT

UIF FYUSBDUFE NFUIPE FKUV PG B 2QKPV�& JOTUBODF BOE POMZ XPSLT JG UIF SFDFJWFS JT

BO JOTUBODF PG 2QKPV�& PS JUT TVCUZQF� )PXFWFS
 UIF UZQF DIFDLFST SFQPSU OP FSSPST�

8IFO XF SVO UIF QSPHSBN
 UIF R�F JT VTFE BT VJKU JO UIF NFUIPE 2QKPV�&�T FKUV
BOE IFODF VJKU�\ FWBMVBUFT UP WPFGHKPGF� #FDBVTF PG +BWB4DSJQU�T UZQF DPFSDJPO GPS

BSJUINFUJD PQFSBUJPOT
 UIJT QSPEVDFT 0C0 SBUIFS UIBO BO FSSPS
 CVU JT TUSBJHIUGPSXBSEMZ

VOTPVOE�

5IF GVOEBNFOUBM JTTVFT GPS 5ZQF4DSJQU BOE 'MPX BSF EJRFSFOU� *O 'MPX
 �DKPF DBO

UBLF JO BOZ WBMVF BT UIF SSTU BSHVNFOU
 SFHBSEMFTT PG UIF DPOOFDUJPO UP 2QKPV�&� 5IJT
QSFTFSWFT NBYJNVN TFYJCJMJUZ
 CVU XJMM OPU EP GPS B TPVOE UZQF TZTUFN� 0O UIF PUIFS

�Ø�
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IBOE
 5ZQF4DSJQU�T �DKPF BDDFQUT B WBMVF PG BOZ TVCUZQF PG UIF DVSSFOU DMBTT GPS VJKU

BOE UIF UZQF PG R�F XIFO FKUV JT FYUSBDUFE JT 2QKPV�&�

.PSF HFOFSBMMZ
 JU JT XFMM LOPXO UIBU NFUIPE PWFSSJEJOH JT TPVOE XIFO BSHVNFOUT

WBSZ DPOUSBWBSJBOUMZ JO UIF TVCDMBTT� 0G DPVSTF
 UIF UZQF PG VJKU WBSJFT DPWBSJBOUMZ JO

TVCDMBTTFT�UIBU�T XIBU JU NFBOT GPS TVCDMBTTFT UP CF TVCUZQFT� #VU NFUIPE FYUSBDUJPO

NBLFT UIF VJKU QBSBNFUFS JOUP BO BSHVNFOU
 QSPEVDJOH B DPOUSBEJDUJPO UIBU MFBET UP

VOTPVOEOFTT JG OPU BEESFTTFE�

~Ö~ ó�|¯��¯|¨� W3� ó�|¯��¯|¨ ÿæq¨ â|Dq¨|�ö¨�

)BWJOH TFFO UIF DIBMMFOHF PG NFUIPE FYUSBDUJPO JO +BWB4DSJQU
 XF OPX UVSO UP PVS

TFUUJOH�3BDLFU TUSVDUVSFT BOE TUSVDUVSF UZQF QSPQFSUJFT
 BOE IPX UIFZ GBDF BMM PG UIF

DIBMMFOHFT PG NFUIPE FYUSBDUJPO JO B XBZ UIBU SFRVJSFT B GVMM TPMVUJPO� 8F CFHJO XJUI

BO PWFSWJFX
 BOE UIFO SFEJTDPWFS UIF TBNF QSPCMFNT�

3BDLFU�T TUSVDUVSFT BSF SFDPSET XJUI OBNFE SFMET BOE JOIFSJUBODF EFSOFE XJUI UIF

UVTWEV GPSN�

�ö��ö3Ö ~ 5XP BOE 5ISFF�%JNFOTJPOBM 1PJOUT JO 3BDLFU

| 
UVTWEV RQKPV�F =Z [?
� ��RTQRGTV[ RTQR�JQY�DKI �\
� ��RTQRGTV[ RTQR�EWUVQO�YTKVG
� 
NCODFC 
UGNH�
� 
RTKPVH �2QKPV
`C��`C�� 
RQKPV�F�Z UGNH� 
RQKPV�F�[ UGNH����
�
� 
UVTWEV RQKPV�F RQKPV�F =\?
� ��RTQRGTV[ RTQR�EWUVQO�YTKVG
� 
NCODFC 
UGNH�
|v 
RTKPVH �2QKPV
`C��`C��`C�� 
RQKPV�F�Z UGNH� 
RQKPV�F�[ UGNH�
|| 
RQKPV�F�\ UGNH����

"T TIPXO JO UIF DPEF BCPWF
 B UVTWEV GPSN BMTP JOUSPEVDFT TFWFSBM OBNFT UP UIF

DVSSFOU TDPQF� 'PS FYBNQMF
 UIF UVTWEV GPSN GPS RQKPV�F BU MFBTU EFSOFT UIF GPMMPXJOH

OBNFT� -� RQKPV�F
 B DPOTUSVDUPS QSPDFEVSF UP DSFBUF BO JOTUBODF PG RQKPV�F XJUI

B WBMVF GPS FBDI SFME EFSOFE JO JU� .� RQKPV�F!
 B QSFEJDBUF QSPDFEVSF UP DIFDL JG

BO BSCJUSBSZ WBMVF JT B RQKPV�F
 QSPEVDJOH B CPPMFBO� /� RQKPV�F�Z BOE RQKPV�F�[

UXP SFME BDDFTTPS QSPDFEVSFT UIBU UBLF B RQKPV�F BOE QSPEVDF UIF WBMVFT PG UIF SFME

Z BOE [ SFTQFDUJWFMZ�

4USVDUVSF EFSOJUJPOT DBO BMTP JOIFSJU GSPN PUIFS TUSVDUVSF UZQFT� EPJOH TP NFBOT

UIBU OFX SFMET BSF BEEJUJWF BOE UIBU JOTUBODFT PG UIF TUSVDUVSF TVCUZQF BSF USFBUFE BT

JOTUBODFT PG UIF TVQFSUZQF� /PUF UIBU TUSVDUVSF TVCUZQJOH JO 3BDLFU JT OPNJOBM� *O UIF

DPEF BCPWF
 XF DSFBUF UIF TUSVDUVSF RQKPV�F CBTFE PO UIF TUSVDUVSF RQKPV�F�
4USVDUVSFT BMTP TVQQPSU TUSVDUVSF UZQF QSPQFSUJFT
 B QFS�UZQF NBQ PG QSPQFSUZ LFZT UP

BSCJUSBSZ WBMVFT� *O MJTUJOH .
 UIF RQKPV�F TUSVDUVSF IBT UXP TUSVDUVSF UZQF QSPQFSUJFT�

RTQR�JQY�DKI
 XIPTF WBMVF JT �
 BOE RTQR�EWUVQO�YTKVG� 5IF WBMVF TVQQMJFE GPS

�Ø�
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RTQR�EWUVQO�YTKVG JT B GVODUJPO XIPTF SSTU BSHVNFOU JT FYQFDUFE UP CF BO JOTUBODF

PG UIF TUSVDUVSF UZQF�-

"T XJUI TUSVDUVSFT
 B TUSVDUVSF UZQF QSPQFSUZ JT EFSOFE CZ B DPMMFDUJPO PG HFOFSBUFE

GVODUJPOT BOE WBMVFT TQFDJSD UP UIBU QSPQFSUZ� 5IFTF WBMVFT BSF DSFBUFE CZ UIF GVOD�

UJPO OCMG�UVTWEV�V[RG�RTQRGTV[
 XIJDI UBLFT B TZNCPM OBNJOH UIF QSPQFSUZ BOE

SFUVSOT UISFF WBMVFT� B QSPQFSUZ EFTDSJQUPS UP CF VTFE JO B UVTWEV EFSOJUJPO
 BT XFMM

BT B QSFEJDBUF QSPDFEVSF BOE BO BDDFTTPS QSPDFEVSF�

| 
FGHKPG�XCNWGU 
RTQR�EWUVQO�YTKVG EWUVQO�YTKVG! EWUVQO�YTKVG�CEEGUUQT�
� 
OCMG�UVTWEV�V[RG�RTQRGTV[ 	EWUVQO�YTKVG��

*O UIF DPEF BCPWF
 UIF QSFEJDBUF QSPDFEVSF EWUVQO�YTKVG! SFUVSOT USVF JG UIF BSHV�

NFOU JT BO JOTUBODF PG BOZ TUSVDUVSF UZQF XJUI B WBMVF BUUBDIFE GPS UIF DPSSFTQPOEJOH

QSPQFSUZ RTQR�EWUVQO�YTKVG� 5IF BDDFTTPS QSPDFEVSF EWUVQO�YTKVG�CEEGUUQT
FYUSBDUT UIF QSPQFSUZ WBMVF QBJSFE XJUI UIF QSPQFSUZ EFTDSJQUPS PG B TUSVDUVSF UZQF

GSPN JUT JOTUBODF
 SBJTJOH BO FSSPS GPS WBMVFT UIBU EPO�U IBWF UIF SFMFWBOU QSPQFSUZ�

5IF EFTJHO PG TUSVDUVSF UZQF QSPQFSUJFT NBLFT UIFN TJNJMBS UP +BWB TUBUJD SFMET�

UIFSF JT B TJOHMF WBMVF QFS�UZQF CVU UIBU WBMVF JT BDDFTTJCMF GSPN JOEJWJEVBM JOTUBODFT�

5IF LFZ EJTUJODUJPO JT UIBU BDDFTT UP TUSVDUVSF UZQF QSPQFSUJFT JT NFEJBUFE CZ WBMVFT

UIBU TFSWF BT DBQBCJMJUJFT� UIF BDDFTTPS BOE QSPQFSUZ EFTDSJQUPS�

4USVDUVSF UZQF QSPQFSUJFT BMMPX EFSOJOH FYUFOTJCMF BCTUSBDUJPOT
 TVDI BT UIF GPMMPX�

JOH DVTUPNJ[BCMF QSJOUFS RTKPV�XCNWG�

| 
FGHKPG 
RTKPV�XCNWG X�
� 
KH 
EWUVQO�YTKVG! X�
� 

EWUVQO�YTKVG�CEEGUUQT X� X�
� 
RTKPVH �WPMPQYP�XCNWG����

'JSTU
 JU DIFDLT JG UIF JOQVU X IBT B WBMVF GPS UIF EWUVQO�YTKVG QSPQFSUZ
 VTJOH

UIF DPSSFTQPOEJOH QSFEJDBUF� *G TP
 UIBU QSPQFSUZ WBMVF JT FYUSBDUFE GSPN X XJUI UIF

BQQSPQSJBUF BDDFTTPS BOE VTFE UP QSJOU UIF WBMVF
 CZ QBTTJOH X UP UIF DVTUPN QSJOUJOH

GVODUJPO�

5IJT FYBNQMF EFNPOTUSBUFT POF DPNNPO QBUUFSO VTFE XJUI TUSVDUVSF UZQF QSPQFSUJFT�

UIF QSPQFSUZ TFSWFT BT B TJOHMF�FOUSZ WUBCMF
 BOE BO BCTUSBDUJPO BSPVOE UIF QSPQFSUZ

EFSOFT B HFOFSJD GVODUJPO XIJDI TVQQMJFT UIF BQQSPQSJBUF UGNH WBMVF�

.PEVMBS FODBQTVMBUJPO BMMPXT UIF VTF PG EWUVQO�YTKVG�CEEGUUQT UP CF MJNJUFE

UP KVTU UIF RTKPV�XCNWG GVODUJPO
 FOTVSJOH UIBU UIF WBMVF TVQQMJFE JO UIF UVTWEV
EFSOJUJPO JT OPU NJTVTFE
 QFSIBQT CZ QBTTJOH TPNF PUIFS WBMVF BT UIF JOQVU� )PXFWFS


3BDLFU QSPHSBNNFST DBO FBTJMZ CSFBL UIF JOWBSJBOU CZ NBLJOH B TJNJMBS NJTUBLF UP

XIBU XF IBWF TIPXO JO MJTUJOH -�

| 
FGHKPG 
RTKPV�XCNWG� X� X��
� 
KH 
CPF 
EWUVQO�YTKVG! X�� 
EWUVQO�YTKVG! X���
� 

EWUVQO�YTKVG�CEEGUUQT X�� X��
� 
RTKPVH �WPMPQYP�XCNWG����

- 5IF BDUVBM EWUVQO�YTKVG QSPQFSUZ JO 3BDLFU JT TPNFXIBU NPSF DPNQMFY
 JO XBZT UIBU BSF

OPU SFMFWBOU UP PVS EJTDVTTJPO�

�Ø�
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*O RTKPV�XCNWG�
 XF FYUSBDU UIF QSJOU NFUIPE GSPN X�
 CVU UIFO JOWPLF JU XJUI X��
4VQQPTF XF TVQQMZ X� XJUI B RQKPV�F WBMVF BOE X� XJUI B RQKPV�F WBMVF� 5IPVHI

CPUI X� BOE X� QBTT UIF DIFDL
 UIF GVODUJPO XJMM SBJTF B SVOUJNF FSSPS
 CFDBVTF UIF

RQKPV�F WBMVF DBOOPU CF BQQMJFE UP UIF NFUIPE RQKPV�F�\ VTFE JO UIF TUSVDUVSF

RQKPV�F�T QSPQFSUZ WBMVF GPS RTQR�EWUVQO�YTKVG�

~Ö� � ,ö¨Ý �D óD�¯�öD3�

0UIFS EZOBNJD MBOHVBHFT XJUI HSBEVBM UZQF TZTUFNT GBDF WFSTJPOT PG UIJT QSPCMFN


BOE IBWF BEESFTTFE JU JO EJRFSFOU XBZT� )BDL <.->
 B UZQFE WFSTJPO PG 1)1
 IBT FWPMWFE

JOUP B OFX MBOHVBHF BOE EJTQFOTFE XJUI NFUIPE FYUSBDUJPO� 4PSCFU <.0>
 GPS 3VCZ


TFFNT UP IBWF B TJNJMBS BQQSPBDI UP 'MPX�

)PXFWFS
 UXP PUIFS TZTUFNT UBLF B EJRFSFOU UBDL� *O +BWB <4>
 XIFO VTJOH SFTFD�

UJPO <.,> UP FYUSBDU B NFUIPE
 UIF SFTVMUJOH WBMVF USBDLT UIF SVOUJNF DMBTT JU XBT

FYUSBDUFE GSPN
 BOE SFRVJSFT BO JOTUBODF PG UIBU DMBTT UP CF TVQQMJFE BU JOWPDBUJPO UJNF�

1ZUIPO
 XIFO FYUSBDUJOH B NFUIPE
 DMPTFT UIF NFUIPE PWFS UIF PCKFDU JU JT FYUSBDUFE

GSPN
 JOTUFBE PG BMMPXJOH JU UP CF TVQQMJFE MBUFS�

5IF LFZ EJRFSFODF CFUXFFO +BWB BOE 1ZUIPO
 PO UIF POF IBOE
 BOE TZTUFNT TVDI BT

3BDLFU BOE +BWB4DSJQU
 XIFSF UIF QSPCMFN BSJTFT
 JT BDDFTT UP UIF VOEFSMZJOH WJFX PG

PCKFDUT BT SFDPSET PG GVODUJPOT� *O 3BDLFU
 XIFSF JU JT JNQMFNFOUFE WJB NBDSPT
 BOE JO

+BWB4DSJQU
 XIFSF JU JT CVJMU JOUP UIF TFNBOUJDT PG NFUIPE DBMM TZOUBY
 NFUIPE DBMMT BSF

TJNQMZ QBUUFSOT PG VTF PG UIJT MPXFS�MFWFM WJFX� 8IJMF JU JT QPTTJCMF GPS +BWB4DSJQU UP BEPQU

UIF USFBUNFOU PG FYUSBDUFE NFUIPET JO 1ZUIPO BU UIF DPTU PG CBDLXBSE�JODPNQBUJCJMJUZ


JU JT JNQPTTJCMF GPS 3BDLFU UP SFEFTJHO TUSVDUVSF UZQF QSPQFSJUFT JO B TJNJMBS GBTJPO


CFDBVTF UIFZ IBWF B WBSJFUZ PG VTF DBTFT BOE TFSWJOH BT B NFUIPE UBCMF JT KVTU POF PG

UIFN�

*O TVDI MBOHVBHFT
 UZQF TZTUFNT TIPVME TVQQPSU UIF NFDIBOJTNT EJSFDUMZ
 BOE OPU

NFSFMZ DFSUBJO QBUUFSOT PG VTF UIBU SU JO QSFEFSOFE DBUFHPSJFT
 TVDI BT UZQF DIFDLJOH

PG 3BDLFU�T DMBTT TZTUFN <5
 -0>� "T XF XJMM TFF
 BO BQQSPQSJBUF TUBUJD UZQF TZTUFN DBO

QSFTFSWF TPVOEOFTT XIJMF LFFQJOH UIF PSJHJOBM SVOUJNF CFIBWJPS�

� ÿæq¨� ÑD| ó�|¯��¯|¨ ÿæq¨ â|Dq¨|�ö¨�

8JUI BO VOEFSTUBOEJOH PG TUSVDUVSFT BOE QSPQFSUJFT JO 3BDLFU JO IBOE
 XF OPX

EFTDSJCF PVS BQQSPBDI GPS UZQJOH UIFTF GFBUVSFT
 JODMVEJOH UIF LFZ JTTVF PG XIBU UIF

MFHBM BSHVNFOUT UP UIF GVODUJPO BUUBDIFE UP UIF EWUVQO�YTKVG QSPQFSUZ BSF�

�Öz 6¨��W|ö3Ö ÿæq¨� ó�|¯��¯|¨ â|Dq¨|�ö¨�
�ö��ö3Ö � 5ZQFE 4USVDUVSF 1PJOU

| 
UVTWEV RQKPV�F 
=Z � +PVGIGT? =[ � +PVGIGT?�
� ��RTQRGTV[ RTQR�JQY�DKI �\
� ��RTQRGTV[ RTQR�EWUVQO�YTKVG
� 
NCODFC 
=UGNH � RQKPV�F?� � 8QKF
� 
RTKPVH �2QKPV
`C��`C�� 
RQKPV�F�Z UGNH� 
RQKPV�F�[ UGNH����

�Ø�
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$POTJEFS B UZQFE WFSTJPO PG UIF TUSVDUVSF EFSOJUJPO TIPXO QSFWJPVTMZ
 JO 5ZQFE 3BDLFU

TZOUBY
 HJWFO JO MJTUJOH /� 5IJT EFSOJUJPO GPMMPXT UIF TJNJMBS POF JO VOUZQFE 3BDLFU

DMPTFMZ
 XJUI UZQF BOOPUBUJPOT JO UISFF QMBDFT� PO UIF UXP SFMET
 Z BOE [
 BOE PO UIF

BSHVNFOU UP UIF DVTUPN QSJOUFS
 XIJDI UBLFT B RQKPV�F
 BT FYQFDUFE�
*O PSEFS GPS UIJT UP XPSL
 UIF TUSVDUVSF UZQF QSPQFSUZ EFTDSJQUPST NVTU CF FRVJQQFE

XJUI UZQFT� GPS FYBNQMF 
5VTWEV�2TQRGTV[ 0WODGT� GPS RTQR�JQY�DKI
 VTJOH B

OFX VOBSZ UZQF DPOTUSVDUPS 5VTWEV�2TQRGTV[� #VU GPS TUSVDUVSF UZQF QSPQFSUJFT

MJLF RTQR�EWUVQO�YTKVG
 UIF UZQF JT MFTT PCWJPVT� 0CWJPVTMZ JU DBOOPU BMSFBEZ IBWF

UIF UZQF 
5VTWEV�2TQRGTV[ 
� RQKPV�F 8QKF��
 TJODF UIF GVODUJPO UZQF 
� 
RQKPV�F 8QKF� POMZ XPSLT GPS UIF JOJUJBM EFSOJUJPO PG RQKPV�F� "OE ZFU
 JO UIF CPEZ

PG UIF WBMVF FYQSFTTJPO
 UGNH NVTU CF PG UZQF RQKPV�F
 TJODF JU NVTU CF B TVJUBCMF

JOQVU UP RQKPV�F�Z�
0VS TPMVUJPO JT B OFX CVJMU�JO UZQF Self
 EFOPUJOH UIF UZQF PG UIF TUSVDUVSF UIBU UIF

QSPQFSUZ EFDMBSBUJPO JT FNCFEEFE JO
 RQKPV�F� 5IVT UIF UZQF PG RTQR�EWUVQO�YTKVG
DBO CF FYQSFTTFE BT 
5VTWEV�2TQRGTV[ 
� 5GNH 8QKF���

5P UZQF DIFDL UIF EFDMBSBUJPO JO MJTUJOH /
 UIF UZQF DIFDLFS TJNQMZ TVCTUJUVUFT UIF

BDUVBM TUSVDUVSF UZQF
 RQKPV�F
 GPS Self�

�Ö~ ÿæq¨ é¨�3¨-¨3� Ýö�ë â|¨�ö�W�¨�

5IF OFYU DIBMMFOHF JT UIF EFSOJUJPO PG RTKPV�XCNWG� 'JSTU
 XIBU TIPVME UIF EPNBJO

PG UIF EWUVQO�YTKVG�CEEGUUQT GVODUJPO CF *U NVTU CF SFTUSJDUFE JO TPNF XBZ
 ZFU

PQFO UP GVSUIFS FYUFOTJPO� 8F SFQSFTFOU UIJT XJUI B OFX UZQF DPOTUSVDUPS
 EVCCFE

*CU�5VTWEV�2TQRGTV[
 XIJDI BMMPXT UIF EPNBJO UP CF 
*CU�5VTWEV�2TQRGTV[
RTQR�EWUVQO�YTKVG��

5IF OFYU DIBMMFOHF JT UIBU RTKPV�XCNWG JT JOUFOEFE UP XPSL PO BMM JOQVUT
 OPU KVTU

UIPTF XJUI UIF QSPQFSUZ TFU�UIBU�T XIZ JU IBT B QSFEJDBUF UFTU BU BMM� 'PSUVOBUFMZ


5ZQFE 3BDLFU DPNFT XJUI B QSF�FYJTUJOH TPMVUJPO UP UIJT QSPCMFN� PDDVSSFODF UZQJOH�

5IJT JT BO BQQSPBDI UIBU FOBCMFT UIF UZQF TZTUFN UP PCUBJO UZQF JOGPSNBUJPO BCPVU

JUT BSHVNFOU GSPN B QSFEJDBUF QSPDFEVSF BOE UIFO QSPQBHBUF UIBU JOGPSNBUJPO UP

CSBODIFT PG DPOUSPM TPX� 'PS FYBNQMF
 JO 
KH 
PWODGT! X� X ���
 X JOJUJBMMZ NJHIU

IBWF UIF UZQF #P[
 KVTU BT UIF QBSBNFUFS UP RTKPV�XCNWG EPFT� 0DDVSSFODF UZQJOH

SFSOFT X UP UIF UZQF 0WODGT JO UIFO CSBODI
 XIJDI JT UIF MPHJDBM DPSPMMBSZ PG 
PWODGT!
X� FWBMVBUJOH UP V� 5IJT JT FYQSFTTFE CZ HJWJOH UIF PWODGT! QSFEJDBUF UIF UZQF 
� 
#P[ $QQNGCP � 0WODGT�� 5IF MBTU QBSU JT B MBUFOU QSPQPTJUJPO UIBU UIF JOQVU NVTU CF

B OVNCFS JG UIF GVODUJPO QSPEVDFT B USVF WBMVF�

4JNJMBSMZ
 UIF UZQF 
� #P[ $QQNGCP � 
*CU�5VTWEV�2TQRGTV[ RTQR�EWUVQO�
YTKVG�� GPS EWUVQO�YTKVG! BMMPXT UIF RTKPV�XCNWG GVODUJPO UP UZQF DIFDL�

�Ö� ó�|¯��¯|¨ ÿæq¨ â|Dq¨|�æ ���¨�� y� ¡¨�ëD� Eå�|W��öD3

8F OPX UVSO UP UIF SFTVMU PG 
EWUVQO�YTKVG�CEEGUUQT X�
 XIJDI JT QSFDJTFMZ BO

FYUSBDUFE NFUIPE� #BTFE PO UIF UZQF PG UIF GVODUJPO BTTPDJBUFE XJUI UIF QSPQFSUZ JO

MJTUJOH /
 UIF SFTVMU TIPVME IBWF UZQF 
� 5GNH 8QKF�� 'VSUIFSNPSF
 UP NBLF UIF

PVUFS BQQMJDBUJPO UZQF DIFDL
 X NVTU UIFO IBWF UZQF Self�

�Ø�



8¯x¯W3 b¯ W3� óW- ÿD�ö3ýpD�ë��W��

-FU VT DPOTJEFS B GFX QPTTJCMF PQUJPOT� 0OF PCWJPVT DIPJDF JT UP SFQMBDF Self XJUI


*CU�5VTWEV�2TQRGTV[ RTQR�EWUVQO�YTKVG
� 5IFO UIF FOUJSFUZ PG RTKPV�XCNWG
XJMM UZQF DIFDL� 6OGPSUVOBUFMZ
 UIJT JT OPU TPVOE�JU�T UIF TBNF QSPCMFN UIBU XF TBX

GPS 5ZQF4DSJQU� "OZ PUIFS WBMVF XJUI UIF DPSSFDU QSPQFSUZ XPVME UIFO CF BMMPXFE

JOTUFBE PG X
 FWFO POF UIBU XBT OPU BO JOTUBODF PG RQKPV�F�
*OTUFBE
 XF UVSO UP FYJTUFOUJBM UZQFT� 8F FYJTUFOUJBMMZ RVBOUJGZ PWFS Self
 BMMPXJOH

POMZ WBMVFT UIBU XF LOPX UP CF BQQSPQSJBUF BT BO BSHVNFOU UP UIF FYUSBDUFE NFUIPE�

)PXFWFS
 FYJTUFOUJBM UZQFT BSF OPU FOPVHI CZ UIFNTFMWFT� *G XF HBWF UIF FYUSBDUFE

NFUIPE UIF UZQF 
5QOG 
5GNH� 
� 5GNH 8QKF��
 PVS TZTUFN XPVME CF TPVOE
 CVU

PVS NFUIPE XPVME CF JNQPTTJCMF UP BQQMZ�

0OF QPTTJCMF TUSBUFHZ JT UP DIBOHF UIF TFNBOUJDT PG TUSVDUVSF UZQF QSPQFSUZ BD�

DFTT� "O BDDFTTPS DPVME QSPEVDF B QBDLBHF PG CPUI UIF SFDFJWFS WBMVF BOE UIF FY�

USBDUFE QSPQFSUZ WBMVF
 XJUI BO FYJTUFOUJBM UZQF DPOOFDUJOH UIF UXP� 5IFO UIF UZQF PG

EWUVQO�YTKVG�CEEGUUQT JT 
� 
*CU�5VTWEV�2TQRGTV[ RTQR�EWUVQO�YTKVG�

5QOG 
:� 
2CKTQH : 
� : 8QKF��� BOE BEEJOH BO VOQBDLJOH PQFSBUJPO UP UIF

MBOHVBHF GPS FYJTUFOUJBM UZQFT� 
NGV�WPRCEM 
=
: Z� G?� D� XIFSF G IBT UZQF


5QOG 
:� 5�� 'PS NFUIPE FYUSBDUJPO
 Z IBT B QBJS PG UIF VOQBDLFE JOTUBODF BOE BO

FYUSBDUFE GVODUJPO� 5IF GVODUJPO DBMM JO RTKPV�XCNWG XPVME CFDPNF�


NGV�WPRCEM 
=
: 
PGY�X OGVJ�� 
EWUVQO�YTKVG�CEEGUUQT X�?�

OGVJ PGY�X��

)PXFWFS
 UIJT XPVME SFRVJSF JOWBTJWF DIBOHFT UP 3BDLFU�T SVOUJNF TZTUFN BT XFMM BT

CBDLXBSET�JODPNQBUJCMF DIBOHFT UP BMM FYJTUJOH VTFT PG TUSVDUVSF UZQF QSPQFSUJFT�

UIF PQQPTJUF PG UIF HPBMT PG HSBEVBM UZQF TZTUFNT TVDI BT 5ZQFE 3BDLFU�

�Ö� ,D-�ö3ö3Ö Eåö��¨3�öW� ÿæq¨� W3� ¶��¯||¨3�¨ ÿæqö3Ö

5P TPMWF UIJT QSPCMFN
 XF FYUFOE UIF FYJTUFOUJBM UZQF BQQSPBDI JO UXP XBZT� 'JSTU
 XF

BVUPNBUJDBMMZ BOE JNQMJDJUMZ VOQBDL UIF FYJTUFOUJBM BU UIF QPJOU XIFSF UIF EWUVQO�
YTKVG�CEEGUUQT GVODUJPO JT BQQMJFE� 4FDPOE
 XF VTF 5ZQFE 3BDLFU�T TVQQPSU GPS UZQF

SFSOFNFOU UP SFSOF UIF UZQF PG X UP CF Self�

8F IBWF BMSFBEZ TFFO UZQF SFSOFNFOU GPS PWODGT! PS EWUVQO�YTKVG!
 CVU IFSF
JOTUFBE PG SFSOJOH CBTFE PO B QSFEJDBUF
 XF SFSOF UIF UZQF PG UIF BSHVNFOU UP UIF

BDDFTTPS GVODUJPO UP IBWF UIF UZQF PG UIF FYJTUFOUJBMMZ�RVBOUJSFE WBSJBCMF�

5IF SFTVMUJOH UZQF JT 
� 
*CU�5VTWEV�2TQRGTV[ RTQR�EWUVQO�YTKVG� 
5QOG

:� 
� : Void� � :��� )FSF : BQQFBST OPU KVTU JO UIF EPNBJO PG UIF NFUIPE CVU

BMTP JO UIF QSPQPTJUJPO
 TUBUJOH UIBU BGUFS XF�WF BQQMJFE UIF GVODUJPO
 XF LOPX UIBU

UIF JOQVU IBT UZQF :�
#Z QVUUJOH BMM UIF UZQFT BCPWF UPHFUIFS
 XF DBO HJWF UZQFT UP UIF HFOFSBUFE TUSVDUVSF

UZQF QSPQFSUZ EFTDSJQUPS
 QSFEJDBUF QSPDFEVSF
 BOE BDDFTTPS QSPDFEVSF XIFO DSFBUJOH

B OFX TUSVDUVSF UZQF QSPQFSUZ�


� RTQR�EWUVQO�YTKVG 
5VTWEV�2TQRGTV[ 
� 5GNH 8QKF��

� EWUVQO�YTKVG!


� #P[ $QQNGCP � 
*CU�5VTWEV�2TQRGTV[ RTQR�EWUVQO�YTKVG���

� EWUVQO�YTKVG�CEEGUUQT


� 
*CU�5VTWEV�2TQRGTV[ RTQR�EWUVQO�YTKVG� 
5QOG 
:� 
� : 8QKF� � :���

FGHKPG�XCNWGU 
RTQR�EWUVQO�YTKVG EWUVQO�YTKVG! EWUVQO�YTKVG�CEEGUUQT�


OCMG�UVTWEV�V[RG�RTQRGTV[ EWUVQO�YTKVG��

�Ø�
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'VSUIFSNPSF
 UIFTF UZQFT OPX BMMPX VT UP UZQF DIFDL UIF RTKPV�XCNWG GVODUJPO


FYBDUMZ BT PSJHJOBMMZ XSJUUFO�

� bD|-W� ¡D�¨�

0VS DBMDVMVT λETR FYUFOET λTR <-/>
 B GPSNBM NPEFM PG 5ZQFE 3BDLFU� 5IF QSFTFOUBUJPO

PG UIF GPSNBM NPEFM TUBSUT XJUI UIF JOUSPEVDUJPO PG UIF UZQJOH KVEHNFOU
 GPMMPXFE

CZ UIF EFTDSJQUJPOT PG UIF TZOUBY BOE UIF OPWFM UZQJOH SVMFT� *O TFDUJPO 0�.�-
 XF

EJTDVTT UIF HFOFSBUJWJUZ PG let�struct BOE let�struct�property� 4FDUJPO 0�.�. EFTDSJCFT

BO JMMVTUSBUJWF FYBNQMF UP EFNPOTUSBUF IPX UIF OFX UZQJOH SVMFT XPSL� 8F UIFO

QSFTFOU B TPVOEOFTT QSPPG GPS PVS DBMDVMVT JO TFDUJPO 0�/�

5IF GVOEBNFOUBM KVEHNFOU PG PVS UZQF TZTUFN JT�

Γ $ e : pτ ; ψ` |ψ´ ; oq

*U TUBUFT UIBU JO UIF UZQF FOWJSPONFOU Γ GPVS QSPQFSUJFT PG UIF FYQSFTTJPO e IPME�

e IBT UIF UZQF τ

JG e FWBMVBUFT UP B OPO�GBMTF WBMVF
 UIF USVF QSPQPTJUJPO ψ` IPMET

PUIFSXJTF
 UIF GBMTF QSPQPTJUJPO ψ´ IPMET�

o JT B TZNCPMJD PCKFDU SFGFSFODJOH B QPSUJPO PG B SVOUJNF FOWJSPONFOU� *G o JT OPU

✁0 	UIF OVMM PCKFDU

 MPPLJOH JU VQ JO UIF SVOUJNF FOWJSPONFOU QSPEVDFT UIF TBNF

WBMVF BT FWBMVBUJOH e�

�Öz óæ3�Wå

5IF TZOUBY PG UFSNT
 WBMVFT
 UZQFT
 QSPQPTJUJPOT
 PCKFDUT
 BOE FOWJSPONFOUT BSF HJWFO

JO SHVSF -
 XIFSF OFX GPSNT BSF IJHIMJHIUFE�

Eåq|¨��öD3� 0VS TZTUFN TVQQPSUT DPOEJUJPOBMT
 MFU�CJOEJOH
 OVNFSJD BOE CPPMFBO

DPOTUBOUT
 BCTUSBDUJPO XJUI B UZQFE QBSBNFUFS
 BQQMJDBUJPO
 QBJST BOE SFME BDDFTTFT

UP UIFN BT XFMM BT QSJNJUJWF PQFSBUJPOT� let�struct DSFBUFT B TUSVDUVSF XJUI TQFDJSFE

OBNF sn
 B SFME UZQF τ
 B DPMMFDUJPO PG TUSVDUVSF UZQF QSPQFSUZ OBNFT BOE UIFJS WBMVF

FYQSFTTJPOT ÝÑsp e
 BOE JU CJOET UISFF JEFOUJSFST UP B TUSVDUVSF DPOTUSVDUPS QSPDFEVSF


B TUSVDUVSF QSFEJDBUF QSPDFEVSF BOE B TUSVDUVSF SFME BDDFTTPS QSPDFEVSF GPS VTF JO

UIF CPEZ e� let�struct�property DSFBUFT B TUSVDUVSF UZQF QSPQFSUZ
 XIJDI JT OBNFE

x BOE IBT B WBMVF UZQF τ� *U BMTP JOUSPEVDFT UIF GPMMPXJOH UISFF JEFOUJSFST BNPOH

PUIFST UP UIF CPEZ e� B QSPQFSUZ EFTDSJQUPS
 B QSFEJDBUF BOE BO BDDFTTPS QSPDFEVSF GPS

UIF QSPQFSUZ� *O PVS TZTUFN
 XF DIPTF UP JODMVEF UIF OBNFT PG TUSVDUVSFT BT QBSUT PG

UIFJS UZQFT� 5IJT EFTJHO EFDJTJPO SFTFDUT UIF GBDU UIBU TUSVDUVSF UZQFT JO 3BDLFU BSF

OPNJOBM
 BOE UIVT UXP TUSVDUVSFT XJUI EJRFSFOU OBNFT BSF OPU DPOTJEFSFE JEFOUJDBM

XIFO UIFJS SFMET BOE QSPQFSUJFT BSF FRVBM� /PUF UIBU let�struct JT HFOFSBUJWF
 XIJMF

let�struct�property JT OPU� 4FF B EFUBJMFE EJTDVTTJPO JO TFDUJPO 0�.�-�

,W�¯¨� #FTJEFT UIF WBMVFT TFFO JO λTR
 XF BMTP BEEFE TUSVDUVSF JOTUBODFT
 TUSVDUVSF

UZQF QSPQFSUZ EFTDSJQUPST BOE UIFJS DPNQBOJPO QSPDFEVSFT� snpv : τ, ÝÑsp vq EFTDSJCFT
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op ::“ not | add1 | nat? | ... 1SJNJUJWF 0QT

e ::“ &YQSFTTJPOT

| x | sn | sp WBSJBCMF

| n | true | false | op CBTF WBMVFT

| λx:τ.e | pe eq BCTUSBDUJPO
 BQQMJDBUJPO

| pif e e eq DPOEJUJPOBM

| plet px eq eq MPDBM CJOEJOH

| plet�struct ppx x xq psnτ
ÝÝÝÑ
psp eqqq eq TUSVDUVSF CJOEJOH

| plet�struct�property ppsp x xq px τqqq eq TUSVDUVSF QSPQFSUZ CJOEJOH

| pcons e eq QBJS DPOTUSVDUJPO

| pfst eq | psnd eq SFME BDDFTT

v ::“ 7BMVFT

| n | true | false | op CBTF WBMVFT

| xv, vy | rρ,λx:τ.es QBJS
 DMPTVSF

| snpv : τ, ÝÑsp vq TUSVDUVSF JOTUBODF

| pdpspq TUSVDU QSPQFSUZ EFTDSJQUPS

| so TUSVDU SFMBUFE PQFSBUJPOT

so :“ 4USVDU�3FMBUFE�0QFSBUJPOT

| ctorpx , τ, ÝÑsp vq | predpsnpτ, ÝÑsp qq | accpsnpτ, ÝÑsp qq PQT GPS TUSVDUVSF JOTUBODF

| p�predpspq | p�accpsp, τq PQT GPS TUSVDUVSF QSPQFSUJFT

τ,σ ::“ 5ZQFT

| J VOJWFSTBM UZQF

| N | T | F | τˆτ CBTJD UZQFT

| p
Ť

~τq VOUBHHFE VOJPO UZQF

| snpτ, ÝÑsp q TUSVDU UZQF

| Proppτq TUSVDU QSPQFSUZ UZQF

| Has�Proppspq IBT TUSVDU QSPQFSUZ UZQF

| Self UIF SFDFJWFS UZQF

| X UZQF WBSJBCMF

| DX . x:τÑ R FYJTUFOUJBM GVODUJPO UZQF

ψ ::“ 1SPQPTJUJPOT

| TT | FF USJWJBM�BCTVSE QSPQ

| o P τ | o R τ BUPNJD QSPQ

| ψ^ψ |ψ_ψ DPNQPVOE QSPQT

ϕ ::“ fst | snd 'JFMET

o ::“ 4ZNCPMJD 0CKFDUT

| ✁0 OVMM PCKFDU

| x WBSJBCMF SFGFSFODF

| p ~ϕ oq PCKFDU SFME SFGFSFODF

ξ ::“ ψ | sp &OWJSPONFOU &MFNFOUT

R ::“ pτ ; ψ |ψ ; oq 5ZQF 3FTVMU

Γ ::“
ÝÑ
ξ &OWJSPONFOUT

ρ ::“ ÝÝÝÑx ÞÑ v 3VOUJNF &OWJSPONFOUT

böÖ¯|¨ z λETR 4ZOUBY
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UIBU BO JOTUBODF JT DSFBUFE GSPN B TUSVDUVSF OBNFE sn XJUI UIF SFME WBMVF v PG UZQF

τ
 BOE UIF JOTUBODF BMTP JOIFSJUT B DPMMFDUJPO PG QSPQFSUZ OBNFT BOE QSPQFSUZ WBMVFT

GSPN UIF TUSVDUVSF� 5IF DPOTUSVDUPS QSPDFEVSF ctorpsn, τ, ÝÑsp vq JT VTFE UP DSFBUF BO

JOTUBODF GPS B TUSVDUVSF OBNFE sn XJUI UIF SFME PG UZQF τ BOE B DPMMFDUJPO PG QSPQFSUZ

OBNFT BOE QSPQFSUZ WBMVFT� 5IF QSFEJDBUF QSPDFEVSF predpsnq DIFDLT JG B WBMVF JT BO

JOTUBODF PG UIF TUSVDUVSF sn� 5IF SFME BDDFTTPS QSPDFEVSF accpsnpτ, ÝÑsp qq PCUBJOT UIF

SFME WBMVF GSPN BO JOTUBODF PG UIF TUSVDUVSF sn� 5IF QSPQFSUZ QSFEJDBUF QSPDFEVSF

p�predpspq DIFDLT JG B WBMVF JT BO JOTUBODF PG B TUSVDUVSF XJUI UIF QSPQFSUZ sp� 5IF

QSPQFSUZ BDDFTTPS QSPDFEVSF p�accpsp, τq UBLFT BO JOTUBODF PG B TUSVDUVSF XJUI UIF

QSPQFSUZ sp
 BOE SFUVSOT UIF WBMVF BTTPDJBUFE XJUI UIF TUSVDUVSF GPS UIF QSPQFSUZ sp�

ÿæq¨� 5IF TZTUFN TVQQPSUT UIF TVQFSUZQF PG BMM UZQFT
 UIF J UZQF� N JT UIF UZQF

PG BMM OVNFSJD FYQSFTTJPOT� T BOE F BSF UIF UZQFT PG BMM FYQSFTTJPOT UIBU FWBMVBUF

UP USVF BOE GBMTF SFTQFDUJWFMZ� τˆτ EFTDSJCFT B QBJS UZQF� 5IF VOUBHHFE VOJPO UZQF

p
Ť

~τq JT B TVQFSUZQF PG JUT DPNQPOFOU� 'PS DPOWFOJFODF
 UIF CPPMFBO UZQF B JT UIF

BCCSFWJBUJPO PG p
Ť

T Fq� 5P TJNQMJGZ PVS FYQPTJUJPO
 TUSVDUVSFT JO PVS TZTUFN IBWF

POMZ POF SFME� 4USVDUVSF UZQFT BSF XSJUUFO snpτ, ÝÑsp q
 XIFSF sn JT UIF OBNF
 τ JT UIF

SFME�T UZQF BOE ÝÑsp SFQSFTFOUT B DPMMFDUJPO PG TUSVDUVSF QSPQFSUZ OBNFT� Proppτq JT UIF

UZQF PG B TUSVDUVSF UZQF QSPQFSUZ EFTDSJQUPS
 BOE τ TQFDJSFT UIF UZQF PG UIF FYQFDUFE

QSPQFSUZ WBMVFT TVQQMJFE JO B TUSVDUVSF�T EFSOJUJPO� 5ZQF Has�Proppspq TUBOET GPS B

DPMMFDUJPO PG TUSVDUVSF UZQFT BUUBDIFE XJUI UIF QSPQFSUZ sp� Self
 POMZ VTFE JO Proppτq


EFOPUFT UIF SFDFJWFS UZQF� 8IFO UIF RVBOUJSFS X JTO�U SFGFSFODFE JO UIF CPEZ PG UIF

FYJTUFOUJBM GVODUJPO UZQF DX . x:τÑ R
 XF BCCSFWJBUF JU UP x:τÑ R� *O PVS TZTUFN
 BO

FYJTUFOUJBMMZ GVODUJPOBM WBMVF EPFTO�U SFRVJSF FYQMJDJUMZ VOQBDLJOH�

â|DqD�ö�öD3� 1SPQPTJUJPOT
 CPSSPXFE GSPN QSPQPTJUJPOBM MPHJD
 BSF LFZ DPNQPOFOUT

PG PVS TZTUFN� TT JT UIF USJWJBM QSPQPTJUJPO BOE FF UIF BCTVSE QSPQPTJUJPO� 5IF BUPNJD

QSPQPTJUJPO TUBUFT XIFUIFS B TZNCPMJD PCKFDU IBT UIF UZQF τ� 5IF UXP PQFSBUJPOT GPS

DPNQPVOE QSPQPTJUJPOT^BOE_BSF GPS DPOKVODUJPO BOE EJTKVODUJPO PG QSPQPTJUJPOT

SFTQFDUJWFMZ�

0VS TZTUFN VTFT �FMET UP BDDFTT QBJS�FODPEJOH TUSVDUVSBM WBMVFT� 4ZNCPMJD PCKFDUT

EFOPUFT QPSUJPO PG SVOUJNF�FOWJSPONFOU�

5IF UZQF FOWJSPONFOUT BSF FYUFOTJPOT UP TUBOEBSE UZQF FOWJSPONFOUT� *O BEEJUJPO

UP WBSJBCMFT� UZQF JOGPSNBUJPO
 UIFZ BMTP JODMVEF QSPQPTJUJPOT BOE DSFBUFE TUSVDUVSF

QSPQFSUZ OBNFT�

5IF SVOUJNF FOWJSPONFOUT BSF TUBOEBSE NBQQJOHT CFUXFFO WBSJBCMFT BOE UIFJS

DMPTFE SVOUJNF WBMVFT�

�Ö~ ÿæqö3Ö é¯�¨�

4JODF NPTU UZQJOH SVMFT JO λETR BSF UIF TBNF BT JO λTR
 XF XJMM POMZ TIPX FYUFOTJPOT�

4FF BQQFOEJY " GPS UIF GVMM EFSOJUJPO�

ó�|¯��¯|¨ é¨�W�¨� ,W�¯¨� 5�1ifg\ikp�%\jZi`gkfi TIPXT UIF OBNFE QSPQFSUZ pdpspq

IBT UZQF Proppτq� 5�4kilZk�*ejkXeZ\ TIPXT UIF TUSVDUVSF JOTUBODF snpv : τ, ÝÝÑsp vpq
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5�1ifg\ikp�%\jZi`gkfi

Γ $ pdpspq : pProppτq ; TT | FF ; ✁0q

5�4kilZk�3\cXk\[�0g\iXk`fej

Γ $ so : p∆spsoq ; TT | FF ; ✁0q

5�4kilZk�*ejkXeZ\

Γ $ snpv : τ, ÝÝÑsp vpq : psnpτ, ÝÑsp q ; TT | FF ; ✁0q

5�-\k�4kilZk�1ifg\ikp

τp “ Proppτq

τpred “ x:J Ñ pB ; x P Has�Proppspq | x R Has�Proppspq ; ✁0q

τa “ x:Has�Proppspq Ñ DX . pτrSelf úùñ X s ; x P X |TT ; o3q

Γ , sp, xp P τp, xpred P τpred, xacc P τa $ e : R

X # Γ X # sp # Γ

Γ $ plet�struct�property ppxp xpred xaccq pspτqqq eq : Rrsp úùñ ✁0srxpred úùñ ✁0srxacc úùñ ✁0s

5�-\k�4kilZk
ÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÑ
Γ $ sp : pProppτpq ; TT | FF ; ✁0q

ÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÑ
Γ $ ep : pτprSelf úùñ snpτ, ÝÑsp qs ; ψ` |ψ´ ; o1q

τc “ x:τÑ psnpτ, ÝÑsp q ; TT | FF ; ✁0q τa “ x:snpτ, ÝÑsp q Ñ pτ ; TT | FF ; ✁0q

τp “ x:J Ñ pB ; x P snpτ, ÝÑsp q | x R snpτ, ÝÑsp q ; ✁0q

Γ , xctor P τc , xpred P τp, xacc P τa $ e : R

Γ $ plet�struct ppxctor xpred xaccq psnτ
ÝÝÝÑ
psp epqqq eq : Rrxctor úùñ ✁0srxpred úùñ ✁0srxacc úùñ ✁0s

5�"Yj

Γ , x P τ$ e : R

Γ $ λx:τ.e : pDX . x:τÑ R ; TT | FF ; ✁0q

5�"gg

Γ $ e1 : px:τÑ DX . R ; ψ1` |ψ1´ ; ✁0q

Γ ,ψ1` $ e2 : pσ ; ψ2` |ψ2´ ; o2q

Γ $ σ ă: τ X # σ X # ψ1` X # Γ

Γ $ pe1 e2q : Rrx
σ
úùñ o2s

böÖ¯|¨ ~ &YUFOTJPO PG 5ZQJOH 3VMFT

IBT UZQF snpτ, ÝÑsp q� 5ISPVHI UIF NFUBGVODUJPO ∆s
 5�4kilZk�3\cXk\[�0g\iXk`fej

BTTJHOT GVODUJPO UZQFT UP QSJNJUJWF PQFSBUJPOT GPS TUSVDUVSF JOTUBODFT BOE TUSVDUVSF

UZQF QSPQFSUJFT� 'JHVSF / EFTDSJCFT UIF EFSOJUJPO PG ∆s�

����|W��öD3 5�"Yj SSTU DIFDLT JG UIF CPEZ PG UIF FYQSFTTJPO IBT UZQF SFTVMU R JO UIF

UZQJOH FOWJSPONFOU FYUFOEFE XJUI UIF CPVOE WBSJBCMF x PG UZQF τ� R DPOTJTUT PG GPVS

QBSUT� UIF SFUVSO UZQF τ
 UIF USVF QSPQPTJUJPO ψ` XIJDI SFWFBMT UZQF JOGPSNBUJPO

BCPVU UIF CPVOE WBSJBCMF x XIFO UIF SFUVSO WBMVF JT OPO�GBMTF
 UIF GBMTF QSPQPTJUJPO

ψ´ PUIFSXJTF
 BOE B TZNCPMJD PCKFDU� 5IFO UIF MBNCEB JT BTTJHOFE UZQF DX . x:τÑ R�

5IJT SVMF BMTP TIPXT X NJHIU BQQFBS JO τ BOE R�

�qq�ö�W�öD3 5�"gg IBOEMFT GVODUJPO BQQMJDBUJPO� *U DIFDLT JG e1 JT B GVODUJPO
 BOE

JU FYUFOET UIF UZQF FOWJSPONFOU XJUI ψ1` UP FOTVSF UIF UZQF PG e2 JT B TVCUZQF

PG UIF BSHVNFOU UZQF PG e1� "GUFS EPJOH DBQUVSF�BWPJEJOH TVCTUJUVUJPO PG o2 GPS UIF

PDDVSSFODFT PG x JO UIF FYJTUFOUJBM UZQF SFTVMU DX . R
 JU BVUPNBUJDBMMZ VOQBDLT UIF UZQF
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∆spctorpsn, τ, ÝÝÑsp vpqq “ x:τÑ psnpτ, ÝÑsp q ; TT | FF ; ✁0q

∆spaccpsnpτ, ÝÑsp qqq “ x:snpτ, ÝÑsp q Ñ pτ ; TT |TT ; ✁0q

∆sppredpsnpτ, ÝÑsp qqq “ x:J Ñ pB ; x P snpτ, ÝÑsp q | x R snpτ, ÝÑsp q ; ✁0q

∆spp�predpspiqq “ x:J Ñ pB ; x P Has�Proppspiq | x R Has�Proppspiq ; ✁0q

∆spp�accpspi , τqq “ x:Has�Proppspiq Ñ DX . pτ ; x P X |TT ; ✁0q

böÖ¯|¨ � &YUFOTJPOT PG .FUB�GVODUJPO GPS 5ZQJOH 3VMFT

SFTVMU JG X BQQFBST JO R� 0UIFSXJTF
 UIF RVBOUJSFS JT TJNQMZ JHOPSFE� 5IF BVUPNBUJD

VOQBDLJOH JT DSVDJBM UP UZQF DIFDLJOH NFUIPE FYUSBDUJPO� $POTJEFS GVODUJPO BQQMJDBUJPO



EWUVQO�YTKVG�CEEGUUQT KPU� KPU�� 5IF UZQF PG EWUVQO�YTKVG�CEEGUUQT JT

x:Has�Proppspcwq Ñ DXs. ppx:Xs Ñ Void ; ψ` |ψ´ ; oq ; x P Xs | TT ; o1q BOE KPU IBT

UZQF Has�Proppspcwq� 
EWUVQO�YTKVG�CEEGUUQT KPU� FYUSBDUT B NFUIPE GSPN KPU�
5IF NFUIPE�T UZQF EFTDSJCFT UIBU UIF BSHVNFOU PG UIF QSFWJPVT NFUIPE FYUSBDUJPO JT

UIF NFUIPE SFDFJWFS
 J�F� JU IBT B VOJRVF UZQF TP UIBU XF DBOOPU MBUFS BQQMZ BOZ WBMVF

PG UZQF Has�Proppspcwq PUIFS UIBO KPU�

�D�W� �ö3�ö3Ö� 0VS DBMDVMVT IBT UXP OFX UZQJOH SVMFT UP DIFDL UIF DPSSFTQPOEJOH

OFX CJOEJOH GPSNT�

8JUI UIF FYQFDUFE UZQF τ
 5�-\k�4kilZk�1ifg\ikp DSFBUFT B OBNFE TUSVDUVSF

QSPQFSUZ sp BMPOH XJUI JUT QSPQFSUZ QSFEJDBUF BOE BDDFTT QSPDFEVSF� 5IF QSPQFSUZ

EFTDSJQUPS IBT UZQF Proppτq
 XIFSF τ JT UIF FYQFDUFE UZQF GPS QSPQFSUZ WBMVFT� 5IF

QSFEJDBUF QSPDFEVSF�T UZQF JT TJNJMBS UP PUIFS UZQF QSFEJDBUFT�� JG UIF BSHVNFOU

QBTTFT UIF QSFEJDBUF
 JU JT PG UZQF Has�Proppspq� 5IF BDDFTTPS�T UZQF JT CVJMU PO BO

FYJTUFOUJBM GVODUJPO UZQF
 XIPTF CPEZ JT UZQF τ XIFSF UIF SFDFJWFS UZQF Self JT

SFQMBDFE XJUI UIF FYJTUFOUJBM RVBOUJSFS X � -BTUMZ
 UIF SVMF BTTJHOT UIFTF UISFF UZQFT

UP UISFF WBSJBCMFT BOE FYUFOET UIF UZQF FOWJSPONFOU UP FOTVSF e JT XFMM UZQFE� 5IF

SOBM UZQF SFTVMU IBT BMM UIF CJOEJOHT FSBTFE�

5�-\k�4kilZk JT TJNJMBS UP 5�-\k�4kilZk�1ifg\ikp� *U DSFBUFT B TUSVDUVSF UZQF

XJUI UIF OBNF sn
 SFME UZQF τ
 BOE B DPMMFDUJPO PG QSPQFSUZ OBNFT ÝÑsp BOE WBMVF

FYQSFTTJPOT ÝÑep � 5IFO JU DIFDLT JG UIF UZQF PG FBDI QSPQFSUZ WBMVF NBUDI UIF FYQFDUFE

UZQF GSPN UIF QSPQFSUZ OBNF� *G UIF MBUUFS DPOUBJOT UIF SFDFJWFS UZQF Self
 UIF UZQF

DIFDLFS XJMM TVCTUJUVUF JU XJUI UIF DVSSFOU TUSVDUVSF UZQF� 5IF UZQFT PG UIF SFTVMUJOH

DPOTUSVDUPS BOE SFME BDDFTTPS QSPDFEVSF BSF TUSBJHIUGPSXBSE� UIF GPSNFS UBLFT BO

BSHVNFOU PG UIF SFME UZQF BOE SFUVSOT BO JOTUBODF PG UIF TUSVDUVSF
 XIFSFBT UIF

MBUUFS EPFT UIF PQQPTJUF� 5IF QSFEJDBUF QSPDFEVSF�T UZQF JT OP EJRFSFOU GSPN PUIFS

UZQF QSFEJDBUFT� FYDFQU GPS UIF TQFDJSD UZQF JO UIF MBUFOU QSPQPTJUJPOT� -BTUMZ
 UIF

SVMF BTTJHOT UIFTF UISFF UZQFT UP UISFF WBSJBCMFT BOE FYUFOET UIF UZQJOH FOWJSPONFOU

UP FOTVSF e JT XFMM UZQFE� 5IF SOBM UZQF SFTVMU IBT BMM UIF CJOEJOHT FSBTFE�

ó¯��¯-q�öD3 W3� �¯��æqö3Ö 5�4lYjld\ MJGUT UIF UZQF SFTVMU PG BO FYQSFTTJPO UP B

MBSHFS POF UISPVHI TVCUZQJOH SVMFT
 XIJDI BSF EFSOFE JO UIF VTVBM NBOOFS� 0VS

FYUFOTJPO BEET UXP OFX SVMFT� -� 4�'le BSSBOHFT UIF BSHVNFOU UZQFT BOE UZQF SFTVMUT

JO FYJTUFOUJBM GVODUJPOT UIF TBNF XBZ BT UIPTF JO OPSNBM GVODUJPOT BT MPOH BT UIF UZQF
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5�4lYjld\

Γ $ e : R1
Γ $ R1 ă: R

Γ $ e : R

4�'le

Γ $ τ2 ă: τ1 X # Γ

Γ , x P τ2 $ R1 ă: R2

Γ $ DX . x:τ1 Ñ R1 ă: DX . x:τ2 Ñ R2

4�4kilZk

Γ $ sp : pProppτq ; TT | FF ; oq

Γ $ snpτ, ÝÑsp q ă: Has�Proppspq

böÖ¯|¨ � &YUFOTJPO PG 4VCUZQJOH 3VMFT

WBSJBCMF BQQFBST JO UIF TBNF QMBDF .� 4�4kilZk EFTDSJCFT B TUSVDUVSF UZQF JT B TVCUZQF

PG FBDI XFMM�UZQFE QSPQFSUZ BUUBDIFE UP UIF TUSVDUVSF�

�Ö~Öz e¨3¨|W�öÙö�æ DÑ �¨�ý��|¯�� W3� �¨�ý��|¯��ýq|Dq¨|�æ
*O PVS TZTUFN
 let�struct JT HFOFSBUJWF
 XIJMF let�struct�property JT OPU� $POTJEFS UIF

GPMMPXJOH DPEF�

| 
NGV�UVTWEV 

OMHQQ HQQ! HQQ�C� 
HQQ N =?��
� 
NGV 
=[ 
NGV�UVTWEV 
=OMHQQ@ HQQ!@ HQQ�D? 
HQQ B =?��
� 
OMHQQ@ VTWG��?�
� 
HQQ�C [�� �� V[RG GTTQT

5IF UZQF DIFDLFS XJMM SFQPSU UIBU UIF EPNBJO PG HQQ�C EPFT OPU NBUDI UIF UZQF PG [

FWFO UIPVHI UIF OBNF PG UIF TUSVDUVSF UZQF PG [ JT HQQ� )PXFWFS
 GPS let�struct�property


UIF OBNF JT B GVOEBNFOUBM QBSU PG UIF UZQF� *G UIF TZTUFN BMMPXFE SF�VTF PG OBNFT JO

TUSVDUVSF UZQF QSPQFSUJFT
 UIFO UIF TZTUFN XPVME CF VOTPVOE� $POTJEFS UIF GPMMPXJOH

DPEF�

| 
NGV�UVTWEV�RTQRGTV[ 

R R! R�CEE� 
RTQR N��
� 
NGV�UVTWEV 
=OMHQQ HQQ! HQQ�D? 
HQQ N =R ��?��
� 
NGV 
=X 
OMHQQ �\�?�
� 
NGV�UVTWEV�RTQRGTV[ 

R� R!� R�CEE�� 
RTQR x:Self Ñ N��
� 

R�CEE� X� X����� �� TWPVKOG GTTQT

8F SSTU DSFBUF B TUSVDUVSF UZQF QSPQFSUZ OBNFE RTQR
 BOE BUUBDI JU UP UIF TUSVDUVSF

UZQF HQQ� 0O MJOF 0
 XF DSFBUF BOPUIFS QSPQFSUZ BMTP OBNFE RTQR XJUI B EJRFSFOU

FYQFDUFE QSPQFSUZ WBMVF UZQF
 x:Self Ñ N� 8IFO UIF UZQF DIFDLFS DIFDLT 
R�CEE�
X� PO MJOF 1
 JU POMZ FOTVSFT W JT PG B TUSVDUVSF UZQF XJUI B QSPQFSUZ OBNFE RTQR� 4JODF
UIF TUSVDUVSF UZQF PG W IBQQFOT UP NFFU UIF DPOEJUJPO
 
R�CEE� X� JT XFMM UZQFE BOE

TP JT 

R�CEE� X� X�� )PXFWFS
 BU SVO UJNF UIF FYUSBDUFE WBMVF GSPN X XJMM CF 0.


XIJDI JT OPU BQQMJDBCMF BOE XJMM DBVTF B SVOUJNF UZQF FSSPS� 5IJT FSSPS
 BOE SF�VTF PG

TUSVDUVSF UZQF QSPQFSUZ OBNFT BMUPHFUIFS
 JT SVMFE PVU CZ UIF GSFTIOFTT DPOEJUJPO JO

5�-\k�4kilZk�1ifg\ikp�

�Ö~Ö~ �0D|�¨� EåW-q�¨
5P JMMVTUSBUF IPX BMM UIF UZQJOH SVMF FYUFOTJPOT IFMQ DIFDL NFUIPE FYUSBDUJPO
 MFU VT

XPSL BO FYBNQMF�
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| 
NGV�UVTWEV�RTQRGTV[ 

RPQTO PQTO! PQTO�CEEGUUQT�
� 
PQTO x:Self Ñ N��
� 
NGV�UVTWEV 

OMRQKPV RQKPV! RQKPV�Z�
� 
RQKPV N =
RPQTO 
λ
VJKU � RQKPV
0� RPQTO��
� 
RQKPV�Z VJKU���?��
� 

λ
X � *CU�2TQR
PQTO��
� 

PQTO�CEEGUUQT X� X��
� 
OMRQKPV �����

let�struct�property DSFBUFT B TUSVDUVSF UZQF QSPQFSUZ DBMMFE PQTO XJUI UIF FYQFDUFE

UZQF x:Self Ñ N GPS QSPQFSUZ WBMVFT MBUFS TVQQMJFE JO TUSVDUVSF EFSOJUJPOT� RPQTO

PQTO!
 BOE PQTO�CEEGUUQT BSF CPVOE UP UIF QSPQFSUZ EFTDSJQUPS
 QSFEJDBUF QSP�

DFEVSF BOE BDDFTTPS QSPDFEVSF SFTQFDUJWFMZ� RPQTO IBT UZQF Proppx:Self Ñ Nq BOE

PQTO�CEEGUUQT IBT UZQF x:Has�Proppnormq Ñ DX . ppx:X Ñ N ; ψ` |ψ´ ; oq ; x P

X |TT ; o1q� 5IFO XF BUUBDI UIF QSPQFSUZ RPQTO UP UIF TUSVDUVSF RQKPV JO JUT EFSOJUJPO�

5�-\k�jkilZk BMMPXT VT UP HFU UIF FYQFDUFE UZQF x:Self Ñ N GSPN RPQTO�T UZQF
 TVCTUJ�
UVUF UIF DVSSFOU TUSVDUVSF UZQF RQKPV GPS Self
 BOE VTF UIF SFTVMU x:pointpN,pnormq Ñ

N UP TVDDFTTGVMMZ DIFDL UIF QSPQFSUZ WBMVF� *O UIF TVCTFRVFOU GVODUJPO BQQMJDBUJPO


XF SSTU FOTVSF UIF MBNCEB JT XFMM UZQFE� #Z VTJOH 5�"gg
 UIF FYUSBDUFE NFUIPE GSPN


PQTO�CEEGUUQT X� IBT UZQF x:X Ñ N
 BOE UIF USVF QSPQPTJUJPO x P X GSPN UIF UZQF

SFTVMU PG BQQMZJOH PQTO�CEEGUUQT HJWFT v UIF VOJRVF UZQF X 
 UIFSFGPSF UIF JNNFEJBUF

JOWPDBUJPO PG UIF FYUSBDUFE NFUIPE XJUI v JT BMTP XFMM UZQFE� -BTUMZ
 MFU VT UVSO UP UIF

BSHVNFOU UP UIF MBNCEB PO MJOF 4� #Z 4�4kilZk BOE 5�4lYjld\
 TJODF 
OMRQKPV ��
JT B RQKPV
 B TVCUZQF PG Has�Proppnormq
 JU JT B WBMJE BSHVNFOU UP UIF MBNCEB�

�Ö� ó¨-W3�ö��× ¡D�¨�� W3� óD¯3�3¨��

ó¨-W3�ö�� 0VS DBMDVMVT VTFT BO FOWJSPONFOU�CBTFE CJH�TUFQ SFEVDUJPO TFNBOUJDT

EFTDSJCFE� 5IF DPSF KVEHNFOU ρ $ e ó v TUBUFT UIBU FYQSFTTJPO e FWBMVBUFT UP WBMVF

v JO FOWJSPONFOU ρ
 XIFSF WBSJBCMFT BSF NBQQFE UP DMPTFE WBMVFT� 5IF EFSOJUJPO PG

WBMVFT BSF TIPXO JO SHVSF -� 4FF SHVSF -/ JO BQQFOEJY " GPS B GVMM EFSOJUJPO PG UIF

FWBMVBUJPO SVMFT�

óD¯3�3¨��

5IFPSFN *� 	5ZQF 4PVOEOFTT GPS λETR
� *G $ e : τ BOE $ e ó v UIFO $ v : τ

5IF UIFPSFN TUBUFT UIF UZQF TBGFUZ PG B DMPTFE�UFSN QSPHSBN JO PVS TZTUFN XJUI

SFTQFDU UP CJH�TUFQ SFEVDUJPO TFNBOUJDT JO UIF VTVBM NBOOFS� *O QBSUJDVMBS
 UIF QSPQPTJ�

UJPOT BOE PCKFDUT JO UZQF SFTVMUT BSF JSSFMFWBOU� #VU JO PSEFS UP IFMQ QSPWF UIF TPVOEOFTT

PG PVS DBMDVMVT
 XF BEPQU UIF GVMM GPSN PG UIF UZQJOH KVEHNFOU JO UIF GPMMPXJOH MFNNBT

JO BEEJUJPO UP UIF TBNF NPEFM�UIFPSFUJD BQQSPBDI GSPN UIF QSFWJPVT XPSL <-/
 -3>

¡D�¨�� *O λETR
 B NPEFM JT BOZ WBMVF FOWJSPONFOU ρ� 5IF SFMBUJPO �ρ TBUJTSFT ψ� JT

XSJUUFO ρ (ψ
 BOE JU TUBUFT UIBU UIF QSPQPTJUJPO ψ IPMET HJWFO UIF BTTJHONFOU UP JUT

GSFF WBSJBCMFT JO UIF FOWJSPONFOU ρ� 5IF SFMBUJPO FYUFOET UP B QSPQPTJUJPO FOWJSPONFOU

JO B QPJOU�XJTF NBOOFS� 4FF SHVSF -1 JO "QQFOEJY " GPS B GVMM EFSOJUJPO PG UIF NPEFM

SFMBUJPO�
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0VS SSTU MFNNB TUBUFT UIBU PVS QSPPG UIFPSZ SFTQFDUT PVS NPEFM�

-FNNB *� *G ρ ( Γ BOE Γ $ψ
 UIFO ρ (ψ

1SPPG� %P TUSVDUVSBM JOEVDUJPO PO EFSJWBUJPOT PG Γ $ψ

8JUI -FNNB - BOE PVS PQFSBUJPOBM TFNBOUJDT
 XF DBO QSPWF UIF OFYU MFNNB DSVDJBM

UP UIF TPVOEOFTT PG PVS DBMDVMVT�

-FNNB +� *G Γ $ e : pτ ; ψ` |ψ´ ; oq
 ρ ( Γ BOE ρ $ e ó v UIFO BMM PG UIF GPMMPXJOH

IPME�

|Ö o “ ✁0 PS ρpoq “ v

}Ö FJUIFS v ‰ false BOE ρ (ψ`
 PS v “ false BOE ρ (ψ´

~Ö BOE $ v : pτ ; ψ1

`
|ψ1

´
; o1q GPS TPNF ψ1

`

 ψ1

´
BOE o1

1SPPG� 5P NBLF UIF -FNNB FBTJFS UP QSPWF
 XF TMJHIUMZ NPEJGZ PVS UZQJOH KVEHNFOU TP

UIBU JU JODMVEFT B TUPSF UP LFFQ USBDL PG GSFF UZQF WBSJBCMFT� 4JODF UIF NPEJSFE TZTUFN

IBT TUSPOHFS DPOTUSBJOUT
 PVS PSJHJOBM TZTUFN JT BMTP TPVOE� 4FF BQQFOEJY # GPS UIF

DPNQMFUF QSPPG�

%P JOEVDUJPO PO UIF EFSJWBUJPO PG ρ $ e ó v�

8F DBO OPX FBTJMZ QSPWF UIF UZQF TPVOEOFTT PG λETR�

1SPPG PG 5IFPSFN þ� $PSPMMBSZ PG -FNNB .�

/PUF UIBU PVS BQQSPBDI EPFT OPU BEESFTT EJWFSHJOH PS TUVDL UFSNT
 XIJDI JT UIF

TUBOEBSE ESBXCBDL PG CJH�TUFQ TPVOEOFTT QSPPG� 5P TPMWF UIJT JTTVF
 XF DPVME EP UIF

GPMMPXJOH� -� BEE B WBMVF
 error
 PG UZQF K .� BEE FWBMVBUJPO SVMFT UP HFOFSBUF error GPS

FWFSZ TUVDL UFSNT BOE BEE SVMFT UP QSPQBHBUF error VQXBSE /� QSPWF UIBU UIF SFEVDUJPO

PG B XFMM UZQFE UFSN JT JNQPTTJCMF UP CF error�

� y-q�¨-¨3�W�öD3

*O PVS NPEFM
 5�-\k�4kilZk JT HFOFSBUJWF CVU 5�-\k�4kilZk�1ifg\ikp JT OPU� )PX�

FWFS
 UIF DPSSFTQPOEJOH 3BDLFU QSPDFEVSFT
 OCMG�UVTWEV�V[RG�RTQRGTV[ BOE OCMG�
UVTWEV�V[RG
 BSF CPUI HFOFSBUJWF� 8F UIFSFGPSF NVTU SFTUSJDU 5ZQFE 3BDLFU QSPHSBNT

UP BWPJE WJPMBUJOH PVS BTTVNQUJPOT� 5P BDDPNQMJTI UIJT
 5ZQFE 3BDLFU SFRVJSFT UIBU

BMM UVTWEV GPSNT BOE EFSOJUJPOT PG TUSVDUVSF UZQF QSPQFSUJFT
 J�F� 
FGHKPG�XCNWG

RPCOG RTGF CEE� 
OCMG�UVTWEV�V[RG�RTQRGTV[ 	PCOG�� NVTU BQQFBS BU UIF

UPQ�MFWFM PG B NPEVMF
 BOE JOEFYFT UIFN XJUI CJOEJOH JOGPSNBUJPO GSPN UIF EFSOJUJPO�

5IJT FOTVSFT UIBU FBDI TVDI EFSOJUJPO JT FYFDVUFE POMZ PODF
 BOE UIBU TJNJMBSMZ�OBNFE

EFSOJUJPOT JO EJRFSFOU NPEVMFT BSF LFQU EJTUJODU�

�Øz�



ÿæq¨ ,ë¨��ö3Ö Eå�|W��¨� ¡¨�ëD��

$ö3W|æ ¡¨�ëD�� 5IF CVJMU�JO TUSVDUVSF UZQF QSPQFSUZ RTQR�GSWCN
JCUJ SFRVJSFT JUT

WBMVFT UP DPOUBJO BO FRVBMJUZ�DIFDLJOH QSFEJDBUF
 XIJDI UFTUT JG UIF SFDFJWFS BOE TFDPOE

QBSBNFUFS BSF FRVBM� *OTQJSFE CZ MyType JO UIF QSPHSBNNJOH MBOHVBHF 5001- </>
 XF

DSFBUFE Imp UP EFOPUF UIF JNQMFNFOUJOH TUSVDUVSF UZQF TP XF DPVME BOOPUBUF UIF QSPQ�

FSUZ XJUI 
5VTWEV2TQRGTV[ 
� 5GNH +OR 
� #P[ #P[ $QQNGCP� $QQGNGCP���
)PXFWFS
 IPX UP USBOTMBUF Imp JO B 5VTWEV2TQRGTV[ UZQF UP UIF UZQF PG UIF DPSSF�

TQPOEJOH QSPQFSUZ BDDFTTPS JT TUJMM B XPSL JO QSPHSFTT
 UIFSFGPSF PVS TPMVUJPO UP UIF

CJOBSZ NFUIPE QSPCMFN <1> JT JODPNQMFUF
 BOE Imp JT OPU FYQPTFE UP EFWFMPQFST�

â|DqD�ö�öD3 â|DqWÖW�öD3 4JODF 5ZQFE 3BDLFU�T TVQQPSU GPS OPSNBM GVODUJPO BQQMJDBUJPO

QSFEBUFT UIF FYJTUFOUJBM POF
 PVS DIBOHFT UIBU BSF DPNQBUJCMF XJUI UIF FYJTUJOH DPEF

JT UP IBOEMF JU QBSBMMFM UP OPSNBM GVODUJPO BQQMJDBUJPO� 5IF UZQF DIFDLFS TJNQMZ OFFET

UP VTF UIF CPEZ PG UIF FYJTUFOUJBM UZQF SFTVMU UP EP UIF SFTU PG UZQF DIFDLJOH JO UIF

VTVBM GBTIJPO� " EJRFSFODF JO PVS JNQMFNFOUBUJPO GSPN PVS NPEFM JT XF EP OPU POMZ

VTF UIF USVF MBUFOU QSPQPTJUJPO PG UIF UZQF SFTVMU PG UIF GVODUJPO
 CVU BMTP QSPQBHBUF

JU UP UIF MFYJDBM QSPQPTJUJPO FOWJSPONFOU JO PSEFS UP DIFDL TVCTFRVFOU FYQSFTTJPOT�

$POTJEFS UIF GPMMPXJOH FYBNQMF PG VTJOH UIF TUSVDUVSF RQKPV�F EFSOFE JO MJTUJOH /�

| 
FGHKPG R 
RQKPV�F �\ �\��
� 

EWUVQO�YTKVG�CEEGUUQT R� R�
� 
FGHKPG S 
RQKPV�F �� ����
� 
FGHKPG EY 
EWUVQO�YTKVG�CEEGUUQT S��
� 
RTKPVH �Z�QH�S�KU�`C�� 
RQKPV�F�Z S��
� 
EY S�

-JOF . TIPXT BO FYBNQMF PG BQQMZJOH UIF FYUSBDUFE NFUIPE UP UIF JOTUBODF JNNFEJBUFMZ�

*O UIJT DBTF
 FYUFOEJOH UIF UZQJOH FOWJSPONFOU POMZ UP DIFDL UIF NFUIPE BQQMJDBUJPO

XPVME TVUDF� )PXFWFS
 BGUFS FYUSBDUJOH B NFUIPE GSPN BO TUSVDUVSF JOTUBODF
 EFWFM�

PQFST DBO NBOJQVMBUF JU XJUI UIF OPSNBM TUSVDUVSF PQFSBUJPOT CFTJEFT BQQMZJOH JU UP

UIF NFUIPE
 BT TIPXO PO MJOF 0 � 3� 5IVT JO PSEFS UP DIFDL UIF GPMMPXJOH FYQSFTTJPOT


XF OFFE UP BEE UIF QSPQPTJUJPO UP UIF UZQJOH FOWJSPONFOU�

0O MJOF 2
 BGUFS FYUSBDUJOH EWUVQO�YTKVG GSPN q
 JU JT BMTP BQQMJFE UP point2d�x � 5P

UZQF DIFDL TVDI B QSPHSBN
 5ZQFE 3BDLFU VTFT JOUFSTFDUJPO UZQFT<->� *OJUJBMMZ
 q JT PG

UZQF RQKPV�F� "GUFS UZQF DIFDLJOH PO MJOF 1
 q JT BTTJHOFE B VOJRVF SFDFJWFS UZQF X 


BOE q BMTP LFFQT JUT PSJHJOBM UZQF
 J�F� q JT PG UZQF point2d^X �

,D3�|W��� *OUFSBDUJPO CFUXFFO UZQFE DPEF JO 5ZQFE 3BDLFU BOE VOUZQFE DPEF JO

3BDLFU BSF QSPUFDUFE <-,
 --> CZ DPOUSBDUT <3>� 8IFO B UZQFENPEVMF FYQPSUT JEFOUJSFST

UP BO VOUZQFENPEVMF
 UIFJS UZQFT BSF DPOWFSUFE UP DPSSFTQPOEJOH DPOUSBDUT UIBU FOTVSF

UIF TBGFUZ PG UIF QSPHSBN BU SVO�UJNF� 8IFO B UZQFE NPEVMF JNQPSUT JEFOUJSFST GSPN

BO VOUZQFE NPEVMF
 EFWFMPQFST OFFE UP BOOPUBUF UIFN XJUI UZQFT UIBU BSF BTTVNFE

UP CF BMXBZT DPSSFDU GPS UZQFE DPEF�

$POTJEFS UIF DPEF EFSOFE JO MJTUJOH 0� 5IF FODMPTJOH NPEVMF BCPWF JT VOUZQFE� *O

JUT UZQFE TVCNPEVMF
 XF DSFBUF UIF TUSVDUVSF UZQF QSPQFSUZ HQQ
 JUT QSFEJDBUF BOE

BDDFTTPS QSPDFEVSFT� 8F BMTP EFSOF B GVODUJPO UIBU UBLFT B WBMVF PG BOZ TUSVDUVSF

UZQF BTTPDJBUFE XJUI HQQ BOE SFUVSOT USVF� "MM UIPTF JEFOUJSFST BSF FYQPSUFE UP UIF

FODMPTJOH NPEVMF BMPOH XJUI UIF DPOUSBDUT DPOWFSUFE GSPN UIFJS UZQFT� 5IF DPOUSBDU

PG UZQF 
*CU�5VTWEV�2TQRGTV[ RTQR�HQQ� NPOJUPST XIFUIFS B DPOUSBDUFE WBMVF
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JT BO JOTUBODF PG B TUSVDUVSF BTTPDJBUFE XJUI QSPQFSUZ RTQR�HQQ� 'PS HQQ�TGH
 5ZQFE
3BDLFU HFOFSBUFT B EFQFOEFOU DPOUSBDU GPS UIF GVODUJPO� 5IF DPOUSBDU PO UIF SFUVSO

GVODUJPO DIFDLT JG UIF JOWPLJOH BSHVNFOU JT BO JEFOUJDBM WBMVF UP UIF SFDFJWFS� 8IFO

UIF DIFDL GBJMT
 BO FSSPS JT SBJTFE�

�ö��ö3Ö � 5ZQF BOE VOUZQFE DPEF JOUFSBDUJPO

| �NCPI TCEMGV
� 
OQFWNG V[RGF V[RGF�TCEMGV
� 
RTQXKFG RTQR�HQQ HQQ! FWOO[�
� 
� RTQR�HQQ 
5VTWEV�2TQRGTV[ 
� 5GNH 0WODGT���
� 
� HQQ! 
� #P[ $QQNGCP � 
*CU�5VTWEV�2TQRGTV[ RTQR�HQQ���
� 
� HQQ�TGH 
5QOG 
:�
� 
� 
*CU�5VTWEV�2TQRGTV[ RTQR�HQQ� 
� : 0WODGT� � :���
� 
FGHKPG�XCNWGU 
RTQR�HQQ HQQ! HQQ�TGH� 
OCMG�UVTWEV�V[RG�RTQRGTV[ 	HQQ��
� 
FGHKPG 
FWOO[ =Z � 
*CU�5VTWEV�2TQRGTV[ RTQR�HQQ�?� � $QQNGCP
|v VTWG�
|| 
TGSWKTG 	V[RGF�
|� 
UVTWEV YQTNF =? ��RTQRGTV[ RTQR�HQQ 
NCODFC 
UGNH� �\��
|� 
FGHKPG Z 
YQTNF��
|� 

HQQ�TGH Z� Z�
|� �� TCKUG CP GZEGRVKQP VJCV VJG KPXQMKPI CTIWOGPV KU PQV KFGPVKECN VQ Z
|� 

HQQ�TGH Z� 
YQTNF��

(FOFSBUJOH DPOUSBDUT GSPN UZQF Self JT NPSF DPNQMFY� 8IFO CJOEJOHT BSF EFSOFE JO

UZQFE NPEVMFT
 UIPTF NPEVMFT BSF JO QPTJUJWF QPTJUJPO� 'PS UIF DPOUSBDU PO RTQR�HQQ

JU JT QSPWJEFE CZ UIF NPEVMF V[RGF UP UIF FODMPTJOH NPEVMF� 5IF DPOUSBDU BMTP TQFDJSFT

UIBU B QSPQFSUZ WBMVF QSPWJEFE CZ UIF VOUZQFE TJEF TIPVME CF B GVODUJPO
 XIJDI NBLFT

Self JO QPTJUJWF QPTJUJPO� *O UIJT DBTF
 UZQFE QBSUT PG B QSPHSBN BSF UZQF DIFDLFE


UIFSFGPSF UIF DPOUSBDU GPS Self DBO CF BT QFSNJTTJWF BT QPTTJCMF� 0O UIF PUIFS IBOE


XIFO Self BQQFBST JO OFHBUJWF QPTJUJPO
 J�F� B QSPQFSUZ OBNF JT QSPWJEFE CZ BO VOUZQFE

NPEVMF
 BT TIPXO JO UIF GPMMPXJOH DPEF
 XF XPVME GBJM UP HBUIFS FOPVHI JOGPSNBUJPO

GSPN UIF VOUZQFE TJEF UP DSFBUF B DPOUSBDU GPS Self�

�NCPI TCEMGV

OQFWNG WPV[RGF TCEMGV

RTQXKFG RTQR�HQQ�

FGHKPG�XCNWGU 
RTQR�HQQ HQQ! HQQ�TGH�


OCMG�UVTWEV�V[RG�RTQRGTV[ 	HQQ���

OQFWNG V[RGF V[RGF�TCEMGV

TGSWKTG�V[RGF 
UWDOQF ���� WPV[RGF�

=RTQR�HQQ 
5VTWEV�2TQRGTV[ 
� 5GNH 0WODGT��?��

� EÙW�¯W�öD3

"T PG 3BDLFU 3�5
 UIFSF XFSF PUDJBMMZ .205 QBDLBHFT PO 3BDLFU�T QBDLBHF DBUBMPH
 -20

PG XIJDI XFSF XSJUUFO JO PS EFQFOEFE PO 5ZQFE 3BDLFU� 8F EJWJEFE UIF FWBMVBUJPO PG

UIF JNQBDU PG PVS DIBOHFT JOUP UXP DBUFHPSJFT� 'JSTU
 PVS JOWFTUJHBUJPO TIPXFE UIBU
 0,

PG UIPTF -20 QBDLBHFT VTFE TUSVDUVSF UZQF QSPQFSUJFT
 SFMZJOH PO UIF QSFWJPVT VOTPVOE

TVQQPSU� *U JT BMTP XPSUI QPJOUJOH PVU UIBU POF UZQFE QBDLBHF
 UZQFE�TUSVDU�QSPQT


QSPWJEFE QBSUJBM TVQQPSU GPS TUSVDUVSF UZQF QSPQFSUJFT CFGPSF PVS JNQMFNFOUBUJPO� *O
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PSEFS UP FOTVSF UIBU PVS DIBOHFT UP 5ZQFE 3BDLFU XPVME OPU CSFBL FYJTUJOH QBDL�

BHFT
 XF UFTUFE UIFN VTJOH PVS NPEJSFE WFSTJPO PG 5ZQFE 3BDLFU
 JODMVEJOH UZQF

TQFDJSDBUJPOT GPS BMM TUSVDU UZQF QSPQFSUJFT QSPWJEFE CZ UIF TUBOEBSE MJCSBSZ�

8IFO FOBCMJOH TPVOE DIFDLJOH PG TUSVDU UZQF QSPQFSUJFT
 POMZ UXP PG 0, GBJMFE UP

UZQF DIFDL� 0OF GBJMVSF XBT TJNQMZ UIBU BO BEEJUJPOBM UZQF BOOPUBUJPO XBT OFFEFE

JO UIF QSPQFSUZ WBMVF FYQSFTTJPO� 5IF PUIFS SFMJFE PO BO VOTPVOE VTF PG PDDVSSFODF

UZQJOH
 BT TIPXO CFMPX�


UVTWEV DKVOCR�� 

=EQPXGTV � 
1RVKQP 
� $KVOCR�� 5[ODQN #P[ #P[��?
=UJCFQY � 2JCPVQO�$[VGU?
=UWTHCEG � $KVOCR�5WTHCEG?�

��V[RG�PCOG $KVOCR�� 
��RTQRGTV[ RTQR�EQPXGTVKDNG

¬ =UGNH OKOG HCNNDCEM?


YKVJ�JCPFNGTU 
=GZP! 
¬ 
=G � GZP?� 
KPXCNKF�EQPXGTV UGNH OKOG
HCNNDCEM��?�ãÑ


EQPF
=
DKVOCR�� �EQPXGTV UGNH� � 
¬ 
E� 
E UGNH OKOG HCNNDCEM��?
=
DKVOCR! UGNH� 
ITCRJKEU�EQPXGTV UGNH OKOG HCNNDCEM�?����

5IF EFSOJUJPO PG UIF TUSVDUVSF DKVOCR�� TQFDJSFT $KVOCR�� BT UIF UZQF OBNF GPS

JOTUBODFT PG UIF EFDMBSFE TUSVDUVSF� 5IF QBDLBHF EFWFMPQFS IBE BTTVNFE UIF JOJUJBM

UZQF PG QBSBNFUFS UGNH UP CF #P[
 UIFSFGPSF B UZQF QSFEJDBUF DKVOCR! XBT VTFE

UP SFSOF UGNH�T UZQF JO UIF TFDPOE EQPF DMBVTF� 0ODF XF FOBCMFE UZQF DIFDLJOH

PO TUSVDUVSF QSPQFSUZ WBMVFT
 UGNH XPVME CF PG UZQF $KVOCR�� BT EFDMBSFE JO UIJT

TOJQQFU
 XIJDI IBT OPUIJOH JO DPNNPO XJUI UIF CVJMU�JO UZQF DKVOCR�
0VS SY XBT UP BWPJE VTJOH UIF DKVOCR! QSFEJDBUF� 4JODF DKVOCR�� �EQPXGTV XBT

OPU B UZQF QSFEJDBUF
 XF EJSFDUMZ SFMJFE PO UIF SFTVMU PG 
DKVOCR�� �EQPXGTV UGNH��


YKVJ�JCPFNGTU 
=GZP! 
¬ =G � GZP? 
KPXCNKF�EQPXGTV UGNH OKOG HCNNDCEM��?�

FGHKPG EQPXGTV 
QT 
DKVOCR�� �EQPXGTV UGNH� ITCRJKEU�EQPXGTV��

EQPXGTV UGNH OKOG HCNNDCEM��

8F TVCNJUUFE B QVMM SFRVFTU UP UIF BVUIPS PG UIJT QBDLBHF
 BOE JU XBT BDDFQUFE� UIF

SFWJTFE QSPHSBN XPSLT XJUI PS XJUIPVU PVS DIBOHFT�

4FDPOE
 XF JOWFTUJHBUFE UIF VTBHF PG TUSVDUVSFT BOE TUSVDUVSF UZQF QSPQFSUJFT JO

.041 VOUZQFE QBDLBHFT� 8F GPVOE PVU UIBU 434 QBDLBHFT EFSOFE TUSVDUVSFT
 .0/

PG XIJDI TQFDJSFE B WBSJFUZ PG TUSVDUVSF UZQF QSPQFSUJFT WJB ��RTQRGTV[ JO UIFJS

TUSVDUVSF EFSOJUJPOT� 01 QBDLBHFT UIBU VTFE TUSVDUVSF UZQF QSPQFSUJFT BMTP DSFBUFE

TUSVDUVSF UZQF QSPQFSUJFT UISPVHI OCMG�UVTWEV�V[RG�RTQRGTV[� *O BEEJUJPO
 GPVS

PUIFS QBDLBHFT EJE OPU VTF BOZ TUSVDUVSF UZQF QSPQFSUJFT
 CVU EFSOFE BOE EFDMBSFE

QSPQFSUJFT BT FYQPSUT� 4PNF SBDLFU MJCSBSJFT QSPWJEFE GVODUJPOT UIBU SFRVJSF BSHVNFOUT

UP CF JOTUBODFT PG TUSVDUVSFT BTTPDJBUFE XJUI DFSUBJO TUSVDUVSF UZQF QSPQFSUJFT� 'PS

FYBNQMF
 EQPXGTV GSPN UIF MJCSBSZ HKNG�EQPXGTV SFRVJSFT UIF SSTU BSHVNFOU UP CF

BO JOTUBODF PG B RTQR�EQPXGTVKDNG�BUUBDIFE TUSVDUVSF� 'PS UGTKCNK\G GSPN UIF

MJCSBSZ TCEMGV�UGTKCNK\G
 POF UZQF PG TFSJBMJ[BCMF WBMVFT BSF JOTUBODFT PG TUSVDUVSFT

XJUI RTQR�UGTKCNK\CDNG� 0VS JOWFTUJHBUJPO TIPXFE UIFSF XFSF -0 BOE -5 QBDLBHFT

UIBU VTFE EQPXGTV BOE UGTKCNK\G SFTQFDUJWFMZ XJUIPVU EFSOJOH TUSVDUVSFT XJUI

DPSSFTQPOEJOH TUSVDUVSF QSPQFSUJFT� 0VS IJHI MFWFM JOWFTUJHBUJPO EJE OPU GPDVT PO
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XIFUIFS TUSVDUVSF UZQF QSPQFSUJFT SFMBUFE DPEF JO UIPTF QBDLBHFT XPVME CF XFMM�UZQFE

PS FWFO UZQFBCMF JG UIFZ XFSF UP TXJUDI UIF JNQMFNFOUBUJPO MBOHVBHF GSPN 3BDLFU UP

5ZQFE 3BDLFU
 CVU PVS TPVOE TVQQPSU GPS TUSVDUVSF UZQF QSPQFSUJFT JO 5ZQFE 3BDLFU

XJMM FBTF UIF QPUFOUJBM USBOTJUJPO�

� é¨�W�¨� 0D|�

8IJMF MBOHVBHFT XJUI NFUIPE FYUSBDUJPO IBWF FYJTUFE GPS EFDBEFT
 UIF QSPCMFN PG UZQF

DIFDLJOH GPS UIFTF JEJPNT IBT SFDFJWFE MJUUMF TUVEZ� XF TVSWFZ UIF FYJTUJOH MJUFSBUVSF

IFSF�

¡¨�ëD�� W� b¯3��öD3� 3FDPSET BSF VTFE UP EFTDSJCF PCKFDUT BOE FYJTUFOUJBM UZQFT UP

FOTVSF FODBQTVMBUJPO <0>� )FSF
 XF LFFQ NPTU PG UIF OPUBUJPO GSPN UIF XPSL PG 1JFSDF

BOE 5VSOFS <0>� ]H � X ���_ JT B MJUFSBM SFDPSE
 ]^ H � τ ���^_ JT B SFDPSE UZQF


BOE TUBOEBSE QBDL BOE VOQBDL PQFSBUJPOT GPS FYJTUFOUJBM UZQFT� 8F XSJUF T=MG[? GPS

SFME BDDFTT� 'PS FYBNQMF
 JG WBSJBCMF R JT B POF�EJNFOTJPOBM DPPSEJOBUF WBMVF ]Z���_
PG UZQF ]^ Z � +PV ^_
 R=Z? BDDFTT UIF Z SFME PG R BOE QSPEVDFT ��� 8JUI UIJT JO

IBOE
 DPOTJEFS UIF GPMMPXJOH DPEF�

2QKPV � 5QOG
:� ]^UVCVG� :� OGVJ � ]^IGV� : � +PV� UGV� : � +PV � :^_^_
R� � � ]^Z� +PV^_� ]UVCVG � ]Z � �_�

OGVJ � ]UGV � HWP
U�]^Z�KPV^_� K�+PV� ]Z�K_�
IGV � HWP
U�]^Z�KPV^_� U�Z__ � 2QKPV

2QKPV)GV
R� � HWP
R � 2QKPV�
QRGP R CU =:� T? KP �T� T=OGVJ?=IGV?
T=UVCVG?� � 2QKPV

GPF�

5ZQF 2QKPV JT BO BMJBT UP BO FYJTUFOUJBM UZQF XIPTF CPEZ JT B SFDPSE UZQF� R� JT B

WBMVF PG UZQF 2QKPV� 'PS R�
 UIF XJUOFTT UZQF JT BMTP B SFDPSE UZQF� 5P FODPEF NFTTBHF

TFOEJOH GPS TVDI BO PCKFDU
 FYQMJDJUMZ VOQBDLJOH BO FYJTUFOUJBM QBDLBHF JT SFRVJSFE BT

TIPXO JO UIF EFSOJUJPO PG UIF NFUIPE 2QKPV)GV PG UIF PCKFDU 2QKPV�
'PS NFUIPE FYUSBDUJPO GPS IGV
 XF XPVME XBOU UP JNQMFNFOU OBJWF FODPEJOH JO B

TJNJMBS GBTIJPO
 BT TIPXO CZ 0CKXG'ZVTCEV)GV EFSOFE CFMPX�

0CKXG'ZVTCEV)GV
R� � HWP
R � 2QKPV�

QRGP R CU =:� T? KP T=OGVJ?=IGV?� � : � +PV

� GTTQT� : KU QWV QH UEQRG��

GPF�

'ZVTCEV)GV
R� � HWP
R � 2QKPV�

QRGP R CU =:� T? KP HWP
� T=OGVJ?=IGV?
T=UVCVG?�� � � +PV

GPF�

)PXFWFS
 UIJT EFSOJUJPO XPVME OPU XPSL
 CFDBVTF UIF MBUFS TVQQMJFE SFDFJWFS JT PG BO

FYJTUFOUJBM UZQF
 XIJMF UIF JOUFSOBM IGV FYQFDUT B WBMVF PG UIF IJEEFO SFDPSE UZQF UIBU

DBOOPU CF VTFE PVUTJEF UIF TDPQF� 5IFSFGPSF B HFOFSBM TPMVUJPO JT UP BWPJE QBTTJOH

UIF SFDFJWFS CZ DMPTJOH JU PWFS B GVODUJPO
 BT TIPXO CZ 'ZVTCEV)GV EFSOFE BCPWF�

6OGPSUVOBUFMZ
 UIJT FODPEJOH XPVME OPU CF CBDLXBSE�DPNQBUJCMF XJUI IPX TUSVDUVSF

UZQF QSPQFSUJFT BSF VTFE JO 3BDLFU�
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é¨�3¨-¨3� ÿæq¨� 3FSOFNFOU UZQFT PRFST BOPUIFS TPMVUJPO UP FODPEF NFUIPE FY�

USBDUJPO� $POTJEFS UIF GPMMPXJOH FYBNQMF JO -JRVJE )BTLFMM <-2>�

FCVC (QQ � (QQ ]K �� +PV� IGVAK �� (QQ � +PV_
]�" GZVTCEVAIGVAK �� P� (QQ � ]O�(QQ ^ O �� P_ � +PV "�_
GZVTCEVAIGVAK �� (QQ � (QQ � +PV
GZVTCEVAIGVAK KPU"(QQ ]K � K� IGVAK � IGVAK_ � IGVAK

8F VTF B SFDVSTJWF SFDPSE UZQF UP SFQSFTFOU B DMBTT� 5IF SFDPSE UZQF (QQ DPOUBJOT B

EBUB SFME
 K
 BOE UIF PUIFS SFME IGVAKF BT B SFME BDDFTTPS GVODUJPO� 5IF GVODUJPO

GZVTCEVAIGVAK UBLFT JO B (QQ JOTUBODF
 BOE SFUVSOT JUT NFUIPE IGVAK� #Z TQFDJGZJOH

UIF SFSOFNFOU UZQF O�(QQ ^ O �� P
 XF FOGPSDF UIF JOWBSJBODF PO UIF TFMG QBSBNFUFS

GPS NFUIPE FYUSBDUJPO
 J�F� UIJT FYUSBDUFE NFUIPE POMZ BDDFQUT UIF TBNF (QQ JOTUBODF

XIFSF JU JT FYUSBDUFE� /PUF UIBU SFSOFNFOU UZQJOH JO -JRVJE )BTLFMM JT TVQQPSUFE CZ

BO FYUFSOBM TPMWFS
 XIFSFBT PVS BQQSPBDI JT B DPNCJOBUJPO PG PDDVSSFODF UZQJOH BOE

FYJTUFOUJBM UZQFT�

,FOU
 ,FNQF
 BOE 5PCJO�)PDITUBEU <-3> FYUFOE 5ZQFE 3BDLFU XJUI SFSOFNFOU UZQFT�

8F BEPQU TFWFSBM PG UIFJS JOOPWBUJPOT
 CVU UIFZ EP OPU JODMVEF B TPMWFS TVUDJFOU UP

IBOEMF PVS VTF DBTF�

�ö��ö3Ö � /PEF PG 4JOHMZ -JOLFE -JTU

RWDNKE ENCUU 0QFG ]
RTKXCVG KPV FCVC � \�
0QFG PGZV � PWNN�
RWDNKE 0QFG
KPV F� ]
VJKU�FCVC � F�

_
RWDNKE XQKF UGV0GZV
0QFG PGZV� ]
VJKU�PGZV � PGZV�

_
_

�ö��ö3Ö � /PEF PG %PVCMZ -JOLFE -JTU

RWDNKE ENCUU &0QFG GZVGPFU 0QFG]
&0QFG RTGX � PWNN�
RWDNKE &0QFG
KPV F� ]
UWRGT
F��

_
"1XGTTKFG
RWDNKE XQKF UGV0GZV
0QFG PGZV� ]
UWRGT�UGV0GZV
PGZV��


&0QFG�PGZV��UGV2TGX
VJKU��

_
RWDNKE XQKF UGV2TGX
&0QFG RTGX� ]
VJKU�RTGX � RTGX�

_
_

ó¨�Ñ ÿæq¨ #SVDF </> QSPQPTFT B OFX UZQF DBMMFE /[6[RG JO UIF QSPHSBNNJOH MBO�

HVBHF 5001- UP SFQSFTFOU UIF UZQF PG UIF JNQMFNFOUJOH DMBTT TP BT UP BWPJE EZOBNJD

EPXODBTUJOH JOTJEF B NFUIPE� "T NFOUJPOFE JO PVS EJTDVTTJPO BCPVU CJOBSZ NFUIPET

JO QBSBHSBQI 1
 UIJT DPODFQU TFSWFT B TJNJMBS QVSQPTF PG λETR�T UIF JNQMFNFOUJOH

TUSVDUVSF UZQF Imp
 BOE JU JT EJRFSFOU GSPN UIF SFDFJWFS UZQF Self�

$POTJEFS UIF +BWB DPEF EFSOFE JO MJTUJOHT 1 BOE 2� 8F EFSOF UIF DMBTT 0QFG GPS TJOHMZ

MJOLFE MJTU BOE B TVCDMBTT
 &0QFG
 UIBU TVQQPSUT EPVCMZ�MJOLFE MJTUT� 8IFO &0QFG�T
UGV0GZV JT JOWPLFE
 XF IBWF UP EPXODBTU PGZV UP CF B &0QFG CFGPSF XF JOWPLF

UGV2TGX PO PGZV� 5IJT TIPXT B QPUFOUJBM SVO�UJNF UZQF FSSPS XIFO PGZV JT OPU BO

JOTUBODF PG &0QFG� 6TJOH Self UP BOOPUBUF PGZV XPVME FMJNJOBUF UIF EPXODBTUJOH
 CVU

UIFO UIF NFUIPE UGV0GZV XPVME POMZ CF BMMPXFE UP UBLF UIF SFDFJWFS BT UIF BSHVNFOU


NBLJOH UIF NFUIPE VTFMFTT� *G +BWB BEPQUFE /[6[RG GSPN 5001-
 UIF +BWB DPEF BCPWF

XPVME CFDPNF�

�Ø~~
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| RWDNKE ENCUU 0QFG ]
� /[6[RG PGZV � PWNN�
� ��
� ���
� ��
� RWDNKE XQKF UGV0GZV
/[6[RG PGZV�]
� VJKU�PGZV � PGZV�
� _
� _

RWDNKE ENCUU &0QFG GZVGPFU 0QFG]
/[6[RG RTGX � PWNN�
�� ��� ��
"1XGTTKFG
RWDNKE XQKF UGV0GZV
/[6[RG PGZV� ]
UWRGT�UGV0GZV
PGZV��
PGZV�UGV2TGX
VJKU��

_
_

*O UIF OFX JNQMFNFOUBUJPO
 UIF UZQF PG PGZV JO UGV0GZV JT NPEJSFE UP CF /[6[RG�
*OTJEF UIF UXP DMBTTFT
 /[6[RG JT JOUFSQSFUFE BT 0QFG BOE &0QFG SFTQFDUJWFMZ� 5IJT

FOTVSFT UGV2TGX PO MJOF 2 PG &0QFG DBO CF TBGFMZ DBMMFE XJUIPVU EZOBNJD EPXODBTUJOH�

Eåö��ö3Ö �W3Ö¯WÖ¨� *OEVTUSJBM QSPEVDUT TVDI BT 5ZQF4DSJQU
 'MPX
 )BDL
 4PSCFU
 BT

XF IBWF TIPXO JO UIF TFDPOE TFDUJPO
 DIPTF UP TLJQ TPVOE UZQF DIFDLJOH PO NFUIPE

FYUSBDUJPO� +BWB EFWFMPQFST DBO FYUSBDU NFUIPET GSPN B DMBTT WJB SFTFDUJPO "1* BOE

JOWPLF UIFN XJUI PCKFDUT BOE PUIFS BSHVNFOUT EZOBNJDBMMZ� )PXFWFS
 UZQF DIFDLJOH

JO UIJT BQQSPBDI JT XFBL� %FWFMPQFST NVTU SFMZ PO FYDFQUJPOT UP FOTVSF UIF SVO�UJNF

TBGFUZ PG QSPHSBNT�

VT[ ]
/GVJQF UGV0GZV � 0QFG�ENCUU�IGV/GVJQF
�UGV0GZV�� 0QFG�ENCUU��
UGV0GZV�KPXQMG
PGY &0QFG
���� PGY 0QFG
�����

_ ECVEJ 
0Q5WEJ/GVJQF'ZEGRVKQP G� ]
GTT�HQTOCV
�ENCUU 0QFG FQGUP	V JCXG C OGVJQF PCOGF UGV0GZV���

_ ECVEJ 
+NNGICN#EEGUU'ZEGRVKQP G� ]
G�RTKPV5VCEM6TCEG
��

_

*O %

 <.1>
 JU JT QPTTJCMF UP DSFBUF BOE JOWPLF TP�DBMMFE �QPJOUFS�UP�NFNCFS� GVOD�

UJPOT
 CZ VTJOH UIF UVF��KPXQMG PQFSBUJPO� )PXFWFS
 XIJMF UIJT BMMPXT TVQQMZJOH B

SFDFJWFS BSHVNFOU
 UIFTF GVODUJPOT BSF TUBUJDBMMZ EJTQBUDIFE BOE EP OPU QBSUJDJQBUF JO

JOIFSJUBODF�CBTFE TVCUZQJOH� 5IVT
 UIF QSPHSBNT DPOTJEFSFE IFSF BSF FJUIFS TUBUJDBMMZ

SFKFDUFE PS EJTQBUDIFE UP B TVQFS DMBTT NFUIPE
 JHOPSJOH UIF QSFTFODF PG BO PWFSSJEJOH

EFDMBSBUJPO�

� ,D3��¯�öD3

*O UIJT QBQFS
 XF IBWF EFTDSJCFE IPX UIF JOUFHSBUJPO PG PDDVSSFODF UZQJOH BOE FY�

JTUFOUJBM UZQFT JT VTFE UP TPVOEMZ UZQF DIFDL NFUIPE FYUSBDUJPO� 5IF DPNCJOBUJPO

BMMPXT QSPHSBNNFST UP DPOUJOVF UIF TDSJQUT�UP�QSPHSBNT QSPHSFTT CZ BEEJOH TUSPOH

TUBUJD HVBSBOUFF XJUI MJUUMF PS OP NPEJSDBUJPO UP PSJHJOBM DPEF� 8F IBWF TVSWFZFE

IPX FYJTUJOH HSBEVBM UZQF TZTUFNT BSF VOTPVOE JO UIF QSFTFODF PG NFUIPE FYUSBDUJPO�

8F IBWF BMTP QSFTFOUFE B GPSNBM NPEFM BOE TPVOEOFTT QSPPG� 0VS FWBMVBUJPO PO UIF

JNQBDU PG SFMFBTF PG UIF GFBUVSF PG 5ZQFE 3BDLFU PO FYJTUJOH QBDLBHFT TIPXT PVS EFTJHO

HPBMT IBWF CFFO NFU� *O UIF GVUVSF
 XF BJN UP CVJME PO UIJT TVDDFTT UP HJWF UZQFT UP

3BDLFU�T HFOFSJD NFUIPET�

�Ø~�
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���3DÝ�¨�Ö¨-¨3�� 5IJT XPSL XBT TVQQPSUFE CZ UIF /BUJPOBM 4DJFODF 'PVOEBUJPO


BXBSET -32/5.. BOE -4./.00�

é¨Ñ¨|¨3�¨�

<-> )FOL #BSFOESFHU
 .BSJP $PQQP
 BOE .BSJBOHJPMB %F[BOJ�$JBODBHMJOJ� �" 'JMUFS

-BNCEB .PEFM BOE UIF $PNQMFUFOFTT PG 5ZQF "TTJHONFOU-�� *O� 5IF +PVSOBM PG

4ZNCPMJD -PHJD 04�0 	%FD� -54/

 QBHFT 5/-�50,� `jje� ,,..�04-.
 -50/�1442�

[f`� yqÖ}�q�é}}������

<.> +PIO $� .JUDIFMM BOE (PSEPO %� 1MPULJO� �"CTUSBDU 5ZQFT )BWF &YJTUFOUJBM 5ZQF��

*O� "$. 5SBOTBDUJPOT PO 1SPHSBNNJOH -BOHVBHFT BOE 4ZTUFNT -,�/ 	+VMZ -544



QBHFT 03,�1,.� `jje� ,-20�,5.1
 -114�015/� [f`� yqÖyy��é���qyÖ��q���

</> ,JN #� #SVDF� �4BGF 5ZQF $IFDLJOH JO B 4UBUJDBMMZ�5ZQFE 0CKFDU�0SJFOUFE 1SP�

HSBNNJOH -BOHVBHF�� *O� 1SPDFFEJOHT PG UIF ÿýUI "$. 4*(1-"/�4*("$5 4ZN�

QPTJVN PO 1SJODJQMFT PG 1SPHSBNNJOH -BOHVBHFT� 101- �5/� $IBSMFTUPO
 4PVUI

$BSPMJOB
 64"� "TTPDJBUJPO GPS $PNQVUJOH .BDIJOFSZ
 .BS� -
 -55/
 QBHFT .41�

.54� `jYe� 534�,�4535-�12,�-� [f`� yqÖyy��éy���yyÖy����q�

<0> #FOKBNJO $� 1JFSDF BOE %BWJE /� 5VSOFS� �4JNQMF 5ZQF�5IFPSFUJD 'PVOEBUJPOT

GPS 0CKFDU�0SJFOUFE 1SPHSBNNJOH�� *O� +PVSOBM PG 'VODUJPOBM 1SPHSBNNJOH

0�. 	"QS� -550

 QBHFT .,3�.03� `jje� ,512�3524
 -025�321/� [f`� yq Ö yqy�é
óq�������qqqqyq�q�

<1> ,JN #SVDF
 -VDB $BSEFMMJ
 (JVTFQQF $BTUBHOB
 5IF )PQLJOT 0CKFDUT (SPVQ
 (BSZ

5� -FBWFOT
 BOE #FOKBNJO 1JFSDF� �0O #JOBSZ .FUIPET�� *O� 5IFPSZ BOE 1SBDUJDF

PG 0CKFDU 4ZTUFNT -�/ 	+BO� -551

 QBHFT ..-�.0.� `jje� -,30�/..3
 -,52�550.�

[f`� yqÖyqq}é
Öyq��ý���}Öy���Ö��qqqy�Öå�

<2> (VJEP 3PTTVN� 1ZUIPO -JCSBSZ 3FGFSFODF� 5FDIOJDBM 3FQPSU� /-%� $8* 	$FOUSF

GPS .BUIFNBUJDT BOE $PNQVUFS 4DJFODF

 -551�

<3> 3PCFSU #SVDF 'JOEMFS BOE .BUUIJBT 'FMMFJTFO� �$POUSBDUT GPS )JHIFS�0SEFS 'VOD�

UJPOT�� *O� 1SPDFFEJOHT PG UIF 4FWFOUI "$. 4*(1-"/ *OUFSOBUJPOBM $POGFSFODF PO

'VODUJPOBM 1SPHSBNNJOH 	1JUUTCVSHI
 1"
 64"
� *$'1 �,.� /FX :PSL
 /:
 64"�

"$.
 .,,.
 QBHFT 04�15� `jYe� 534�-�14--/�043�.� [f`� yqÖyy��é��y���Ö��y����

<4> ,FO "SOPME
 +BNFT (PTMJOH
 BOE %BWJE )PMNFT� 5)& +BWBÂ 1SPHSBNNJOH -BO�

HVBHF� 0UI FEJUJPO� "EEJTPO�8FTMFZ 1SPGFTTJPOBM
 .,,1� `jYe� ,�/.-�/054,�2�

<5> .BUUIFX 'MBUU
 3PCFSU #SVDF 'JOEMFS
 BOE .BUUIJBT 'FMMFJTFO� �4DIFNF XJUI

$MBTTFT
 .JYJOT
 BOE 5SBJUT�� *O� 1SPHSBNNJOH -BOHVBHFT BOE 4ZTUFNT� &EJUFE

CZ /BPLJ ,PCBZBTIJ� 3FEBDUFE CZ %BWJE )VUDIJTPO
 5BLFP ,BOBEF
 +PTFG ,JUUMFS


+PO .� ,MFJOCFSH
 'SJFEFNBOO .BUUFSO
 +PIO $� .JUDIFMM
 .POJ /BPS
 0TDBS

/JFSTUSBT[
 $� 1BOEV 3BOHBO
 #FSOIBSE 4UFRFO
 .BEIV 4VEBO
 %FNFUSJ 5FS�

[PQPVMPT
 %PVHI 5ZHBS
 .PTIF :� 7BSEJ
 BOE (FSIBSE 8FJLVN� 7PMVNF 0.35�

-FDUVSF /PUFT JO $PNQVUFS 4DJFODF� #FSMJO
 )FJEFMCFSH� 4QSJOHFS #FSMJO )FJEFM�

CFSH
 .,,2
 QBHFT .3,�.45� `jYe� 534�/�10,�045/3�1 534�/�10,�045/4�.� [f`�

yqÖyqq�éyy�}���y�y��

�Ø~�
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<-,> 4BN 5PCJO�)PDITUBEU BOE .BUUIJBT 'FMMFJTFO� �*OUFSMBOHVBHF .JHSBUJPO� 'SPN

4DSJQUT UP 1SPHSBNT�� *O� $PNQBOJPO UP UIF ÿþTU "$. 4*(1-"/ 4ZNQPTJVN PO

0CKFDU�0SJFOUFE 1SPHSBNNJOH 4ZTUFNT
 -BOHVBHFT
 BOE "QQMJDBUJPOT� 0014-"

�,2� 1PSUMBOE
 0SFHPO
 64"� "TTPDJBUJPO GPS $PNQVUJOH .BDIJOFSZ
 0DU� ..


.,,2
 QBHFT 520�530� `jYe� 534�-�1515/�05-�4� [f`� yqÖyy��éyy���y�Öyy������

<--> 4BN 5PCJO�)PDITUBEU BOE .BUUIJBT 'FMMFJTFO� �5IF %FTJHO BOE *NQMFNFOUBUJPO

PG 5ZQFE 4DIFNF�� *O� 1SPDFFEJOHT PG UIF �dUI "OOVBM "$. 4*(1-"/�4*("$5

4ZNQPTJVN PO 1SJODJQMFT PG 1SPHSBNNJOH -BOHVBHFT� 101- �,4� 4BO 'SBODJTDP


$BMJGPSOJB
 64"� "TTPDJBUJPO GPS $PNQVUJOH .BDIJOFSZ
 +BO� 3
 .,,4
 QBHFT /51�

0,2� `jYe� 534�-�1515/�245�5� [f`� yqÖyy��éy�}����Öy�}�����

<-.> .BUUIFX 'MBUU BOE 1-5� 3FGFSFODF� 3BDLFU� 1-5�53�.,-,�-� 1-5 %FTJHO *OD�
 .,-,�

lic� ë��q�Øéé|W��¨�ý�W3ÖÖD|Öé�|yé 	WJTJUFE PO .,.,�,5�.5
�
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 4BN 5PCJO�

)PDITUBEU
 BOE .BUUIJBT 'FMMFJTFO� �(SBEVBM 5ZQJOH GPS 'JSTU�$MBTT $MBTTFT��
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*OUFSOBUJPOBM $POGFSFODF PO 'VODUJPOBM 1SPHSBNNJOH� *$'1�-0� "$. 4*(1-"/

*OUFSOBUJPOBM $POGFSFODF PO 'VODUJPOBM 1SPHSBNNJOH� (PUIFOCVSH 4XFEFO�

"$.
 "VH� -5
 .,-0
 QBHFT .25�.4.� `jYe� 534�-�01,/�.43/�5� [f`� yqÖyy��é
}�}�y��Ö}�}�y�y�

<-3> "OESFX .� ,FOU
 %BWJE ,FNQF
 BOE 4BN 5PCJO�)PDITUBEU� �0DDVSSFODF 5ZQJOH

NPEVMP 5IFPSJFT�� *O� 1SPDFFEJOHT PG UIF �fUI "$. 4*(1-"/ $POGFSFODF PO

1SPHSBNNJOH -BOHVBHF %FTJHO BOE *NQMFNFOUBUJPO� 1-%* �-2� 4BOUB #BSCBSB


$"
 64"� "TTPDJBUJPO GPS $PNQVUJOH .BDIJOFSZ
 +VOF .
 .,-2
 QBHFT .52�/,5�

`jYe� 534�-�01,/�0.2-�.� [f`� yqÖyy��é}�q�q�qÖ}�q�q�y�

<-4> "WJL $IBVEIVSJ
 1BOBHJPUJT 7FLSJT
 4BN (PMENBO
 .BSTIBMM 3PDI
 BOE (BCSJFM

-FWJ� �'BTU BOE 1SFDJTF 5ZQF $IFDLJOH GPS +BWB4DSJQU�� *O� 1SPDFFEJOHT PG UIF

"$. PO 1SPHSBNNJOH -BOHVBHFT - 	0014-" 0DU� -.
 .,-3

 04�-�04�/,� [f`�

yqÖyy��é�y����}�

�Ø~�



ÿæq¨ ,ë¨��ö3Ö Eå�|W��¨� ¡¨�ëD��

<-5> &$."�ÿeÿ� &$."4DSJQUl ÿýÿý -BOHVBHF 4QFDJ�DBUJPO� 4UBOEBSE� (FOFWB
 $)�

&$." *OUFSOBUJPOBM
 +VOF .,.,� lic� ë��q�Øéé}�}Ö¨�-Wýö3�¨|3W�öD3W�ÖD|ÖéyyÖqé
	WJTJUFE PO .,.,�,5�.5
�

<.,> $PSF +BWB 3F FDUJPO� lic� ë��q�Øéé�D��ÖD|W��¨Ö�D-é
WÙW�¨é�é�D��é�¨�ë3D�¨�é
Ö¯ö�¨�é|¨Ñ�¨��öD3éö3�¨åÖë�-� 	WJTJUFE PO .,.,�,5�/,
�

<.-> 'BDFCPPL *OD� )BDL� lic� ë��q�ØééëW���W3ÖÖD|Öé 	WJTJUFE PO .,.,�,5�/,
�

<..> 1)1� 1)1 .BOVBM � .BOVBM� lic� ë��q�ØééÝÝÝÖqëqÖ3¨�é-W3¯W�é¨3éö3�¨åÖqëq
	WJTJUFE PO .,.-�,0�.4
�

<./> 3&� 8IBU�T TP $PPM BCPVU 4DIFNF lic� ë��q�Øééq¨Dq�¨Ö��Wö�Ö-ö�Ö¨�¯éÖ|¨Ö�é��yý
�ö��¯��ýW|�ëöÙ¨ýë�-�é-�Öq�}��Öë�-� 	WJTJUFE PO .,.,�,5�.4
�

<.0> 4PSCFU u " 4UBUJD 5ZQF $IFDLFS GPS 3VCZ� lic� ë��q�Øéé�D|�¨�ÖD|Öé 	WJTJUFE PO

.,.,�,5�.4
�

<.1> 5IF 4UBOEBSE � 4UBOEBSE $��� lic� ë��q� Øéé ö�D�qq ÖD|Öé���é�ë¨ý��W3�W|�
	WJTJUFE PO .,.-�,.�,.
�

<.2> %BWF 5IPNBT
 $IBE 'PXMFS
 BOE )VOU "OEZ� 1SPHSBNNJOH 3VCZ þ�h � ÿ�ý�

0UI FEJUJPO� `jYe� 534�-�5/3341�05�5�

�Ø~�



8¯x¯W3 b¯ W3� óW- ÿD�ö3ýpD�ë��W��

� b¯�� bD|-W� ¡D�¨�

op ::“ not | add1 | nat? | ... 1SJNJUJWF 0QT

e ::“ &YQSFTTJPOT

| x | sn | sp WBSJBCMF

| n | true | false | op CBTF WBMVFT

| λx:τ.e | pe eq BCTUSBDUJPO
 BQQMJDBUJPO

| pif e e eq DPOEJUJPOBM

| plet px eq eq MPDBM CJOEJOH

| plet�struct ppx x xq psnτ
ÝÝÝÑ
psp eqqq eq TUSVDUVSF CJOEJOH

| plet�struct�property ppsp x xq px τqqq eq TUSVDUVSF QSPQFSUZ CJOEJOH

| pcons e eq QBJS DPOTUSVDUJPO

| pfst eq | psnd eq SFME BDDFTT

v ::“ 7BMVFT

| n | true | false | op CBTF WBMVFT

| xv, vy | rρ,λx:τ.es QBJS
 DMPTVSF

| snpv : τ, ÝÑsp vq TUSVDUVSF JOTUBODF

| pdpspq TUSVDU QSPQFSUZ EFTDSJQUPS

| so TUSVDU SFMBUFE PQFSBUJPOT

so :“ 4USVDU�3FMBUFE�0QFSBUJPOT

| ctorpx , τ, ÝÑsp vq | predpsnpτ, ÝÑsp qq | accpsnpτ, ÝÑsp qq PQT GPS TUSVDUVSF JOTUBODF

| p�predpspq | p�accpsp, τq PQT GPS TUSVDUVSF QSPQFSUJFT

τ,σ ::“ 5ZQFT

| J VOJWFSTBM UZQF

| N | T | F | τˆτ CBTJD UZQFT

| p
Ť

~τq VOUBHHFE VOJPO UZQF

| snpτ, ÝÑsp q TUSVDU UZQF

| Proppτq TUSVDU QSPQFSUZ UZQF

| Has�Proppspq IBT TUSVDU QSPQFSUZ UZQF

| Self UIF SFDFJWFS UZQF

| X UZQF WBSJBCMF

| DX . x:τÑ R FYJTUFOUJBM GVODUJPO UZQF

ψ ::“ 1SPQPTJUJPOT

| TT | FF USJWJBM�BCTVSE QSPQ

| o P τ | o R τ BUPNJD QSPQ

| ψ^ψ |ψ_ψ DPNQPVOE QSPQT

ϕ ::“ fst | snd 'JFMET

o ::“ 4ZNCPMJD 0CKFDUT

| ✁0 OVMM PCKFDU

| x WBSJBCMF SFGFSFODF

| p ~ϕ oq PCKFDU SFME SFGFSFODF

ξ ::“ ψ | sp &OWJSPONFOU &MFNFOUT

R ::“ pτ ; ψ |ψ ; oq 5ZQF 3FTVMU

Γ ::“
ÝÑ
ξ &OWJSPONFOUT

ρ ::“ ÝÝÝÑx ÞÑ v 3VOUJNF &OWJSPONFOUT

böÖ¯|¨ � 4ZOUBY
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5�/Xk

Γ $ n : pN ; TT | FF ; ✁0q

5�5il\

Γ $ true : pT ; TT | FF ; ✁0q

5�'Xcj\

Γ $ false : pF ; FF |TT ; ✁0q

5�1ifg\ikp�%\jZi`gkfi

Γ $ pdpspq : pProppτq ; TT | FF ; ✁0q

5�4kilZk�*ejkXeZ\

Γ $ snpv : τ, ÝÝÑsp vpq : psnpτ, ÝÑsp q ; TT | FF ; ✁0q

5�4kilZk�3\cXk\[�0g\iXk`fej

Γ $ so : p∆spsoq ; TT | FF ; ✁0q

5�7Xi

Γ $ x P τ

Γ $ x : pτ ; x R F | x P F ; xq

5�"Yj

Γ , x P τ$ e : R

Γ $ λx:τ.e : pDX . x:τÑ R ; TT | FF ; ✁0q

5�4lYjld\

Γ $ e : R1
Γ $ R1 ă: R

Γ $ e : R

5�1i`d

Γ $ op : p∆popq ; TT | FF ; ✁0q

5�*]

Γ $ e1 : pJ ; ψ1` |ψ1´ ; ✁0q

Γ ,ψ1` $ e2 : R

Γ ,ψ1´ $ e3 : R

Γ $ pif e1 e2 e3q : R

5�-\k

Γ $ e1 : pτ1 ; ψ1` |ψ1´ ; o1q

ψx “ px R F^ψ1`q_px P F^ψ1´q

Γ , x P τ, x ” o1,ψx $ e : R2

Γ $ plet px e1q e2q : R2rx
τ1
úùñ o1s

5�-\k�4kilZk�1ifg\ikp

τp “ Proppτq

τpred “ x:J Ñ pB ; x P Has�Proppspq | x R Has�Proppspq ; ✁0q

τa “ x:Has�Proppspq Ñ DX . pτrSelf úùñ X s ; x P X |TT ; o3q

Γ , sp, xp P τp, xpred P τpred, xacc P τa $ e : R

X # Γ X # sp # Γ

Γ $ plet�struct�property ppxp xpred xaccq pspτqqq eq : Rrsp úùñ ✁0srxpred úùñ ✁0srxacc úùñ ✁0s

5�-\k�4kilZk
ÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÑ
Γ $ sp : pProppτpq ; TT | FF ; ✁0q

ÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÑ
Γ $ ep : pτprSelf úùñ snpτ, ÝÑsp qs ; ψ` |ψ´ ; o1q

τcn “ x:τÑ psnpτ, ÝÑsp q ; TT | FF ; ✁0q

τp “ x:J Ñ pB ; x P snpτ, ÝÑsp q | x R snpτ, ÝÑsp q ; ✁0q

τa “ x:snpτ, ÝÑsp q Ñ pτ ; TT | FF ; ✁0q

Γ , xctor P τc , xpred P τp, xacc P τa $ e : R

Γ $ plet�struct ppxctor xpred xaccq psnτ
ÝÝÝÑ
psp epqqq eq : Rrxctor úùñ ✁0srxpred úùñ ✁0srxacc úùñ ✁0s

böÖ¯|¨ � 5ZQJOH +VEHNFOU
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5�"gg

Γ $ e1 : px:τÑ DX . R ; ψ1` |ψ1´ ; ✁0q

Γ ,ψ1` $ e2 : pσ ; ψ2` |ψ2´ ; o2q

Γ $ σ ă: τ X # σ X # ψ1` X # Γ

Γ $ pe1 e2q : Rrx
σ
úùñ o2s

5�$fej

Γ $ e1 : pτ1 ; TT |TT ; o1q

Γ , $ e2 : pτ2 ; TT |TT ; o2q

Γ $ pcons e1 e2q : pτ1ˆτ2 ; TT |TT ; ✁0q

5�'jk

Γ $ e : pτ1ˆτ2 ; TT |TT ; oq

R “ pτ1 ; TT |TT ; pfst xqq

Γ $ pfst eq : Rrx
τ1
úùñ os

5�4e[

Γ $ e : pτ1ˆτ2 ; TT |TT ; oq

R “ pτ2 ; TT |TT ; psnd xqq

Γ $ psnd eq : Rrx
τ2
úùñ os

böÖ¯|¨ � 5ZQJOH +VEHNFOU $POUJOVFE

∆spctorpsn, τ, ÝÝÑsp vpqq “ x:τÑ psnpτ, ÝÑsp q ; TT | FF ; ✁0q

∆spaccpsnpτ, ÝÑsp qqq “ x:snpτ, ÝÑsp q Ñ pτ ; TT |TT ; ✁0q

∆sppredpsnpτ, ÝÑsp qqq “ x:J Ñ pB ; x P snpτ, ÝÑsp q | x R snpτ, ÝÑsp q ; ✁0q

∆spp�predpspiqq “ x:J Ñ pB ; x P Has�Proppspiq | x R Has�Proppspiq ; ✁0q

∆spp�accpspi , τqq “ x:Has�Proppspiq Ñ DX . pτ ; x P X |TT ; ✁0q

böÖ¯|¨ � 5ZQFT PG 0QFSBUJPOT PO 4USVDU�SFMBUFE 7BMVFT

∆pnotq “ x:J Ñ pB ; x P F | x R F ; ✁0q

∆padd1q “ x:N Ñ pN ; TT | FF ; ✁0q

∆pnat?q “ x:J Ñ pB ; x P N | x R N ; ✁0q

∆pbool?q “ x:J Ñ pB ; x P B | x R B ; ✁0q

∆ppair?q “ x:J Ñ pB ; x P JˆJ | x R JˆJ ; ✁0q

böÖ¯|¨ � 5ZQFT PG 1SJNJUJWF 0QFSBUJPOT

$W�¨ ,W�¯¨� 5�/Xk TIPXT BOZ OBUVSBM OVNCFS IBT UZQF N
 BOE TJODF BO N JT B OPO�

GBMTF WBMVF
 JUT USVF QSPQPTJUJPO JT TT XJUI UIF GBMTF QSPQPTJUJPO CFJOH FF� 3VMFT GPS

PUIFS OPO�GBMTF WBMVFT TVDI BT 5�5il\ GPMMPX B TJNJMBS TQFDJSDBUJPO
 XIJMF 5�'Xcj\

JT EJRFSFOU� 5IF WBMVF JT false
 UIFSFGPSF JUT QSPQPTJUJPOT BSF UIF PQQPTJUF PG UIPTF

PG OPO�GBMTF WBMVFT� 5�1i`d BTTJHOT GVODUJPO UZQFT UP QSJNJUJWFT CZ SFGFSSJOH UP UIF

NFUBGVODUJPO ∆ EFTDSJCFE JO SHVSF 5� 4JODF UIFSF JT OP PCKFDU SFGFSFODJOH UIF QPSUJPO

PG UIF SVOUJNF FOWJSPONFOU
 UIF PCKFDU QBSUT PG UIPTF SVMFT BSF ✁0�

ó�|¯��¯|¨ é¨�W�¨� ,W�¯¨� 5�1ifg\ikp�%\jZi`gkfi TIPXT UIF OBNFE QSPQFSUZ pdpspq

IBT UZQF Proppτq� 5�4kilZk�*ejkXeZ\ TIPXT UIF TUSVDUVSF JOTUBODF snpv : τ, ÝÝÑsp vpq
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IBT UZQF snpτ, ÝÑsp q� 5ISPVHI UIF NFUBGVODUJPO ∆s
 5�4kilZk�3\cXk\[�0g\iXk`fej

BTTJHOT GVODUJPO UZQFT UP QSJNJUJWF PQFSBUJPOT GPS TUSVDUVSF JOTUBODFT BOE TUSVDUVSF

UZQF QSPQFSUJFT� 'JHVSF 4 EFTDSJCFT UIF EFSOJUJPO PG ∆s�

,W|öW��¨ 5�7Xi BTTJHOT UZQF τ UP WBSJBCMF x JG UIF QSPPG TZTUFN DBO TIPX UIBU x IBT

UZQF τ� 5IF USVF BOE GBMTF QSPQPTJUJPOT SFTFDU UIF UXP HSPVQT PG WBMVFT x SFGFSSFE UP

JO UIF SVOUJNF FOWJSPONFOU� OPO�GBMTF WBMVFT BOE false� 5IF PCKFDU QBSU GPMMPXT UIF

EFSOJUJPO PG UIF KVEHNFOU�

,D3�ö�öD3W�� *O 5�*'
 UIF DPOEJUJPO FYQSFTTJPO e1 JT SSTU DIFDLFE� *G JU JT XFMM UZQFE


UIF SFTVMUJOH USVF QSPQPTJUJPO BOE GBMTF QSPQPTJUJPO BSF VTFE UP FYUFOE UIF UZQJOH

FOWJSPONFOU UP FOTVSF UIBU UIF UXP CSBODI FYQSFTTJPOT e2 BOE e3 BSF BMTP XFMM�UZQFE

SFTQFDUJWFMZ� 5IF USVF QSPQPTJUJPO JO UIF SOBM UZQF SFTVMU JT B EJTKPJOU VOJPO PG UIPTF

GSPN UIF UZQF SFTVMUT PG e2 BOE e3
 BOE TP JT UIF GBMTF QSPQPTJUJPO�

�D�W� $ö3�ö3Ö�
5�-\k SSTU DIFDLT JG e1 JT XFMM�UZQFE
 BOE BTTJHO UIF UZQF PG e1 UP Y� ψx BDDPVOUT

GPS POF PG UIF GPMMPXJOH DBTFT� JG x SFGFST UP B OPO�GBMTF WBMVF
 UIFO ψ` IPMET�

0UIFSXJTF
 ψ´ IPMET� 5IFO UIF SVMF FYUFOET UIF UZQJOH FOWJSPONFOU XJUI x �T UZQF


ψx 
 UIF FRVJWBMFODF SFMBUJPO CFUXFFO o1 BOE x UP FOTVSF e2 JT XFMM�UZQFE� 5IF SOBM

UZQF SFTVMU JT UIBU PG e2 XJUI TVCTUJUVUJPO PG o1 GPS x �

8JUI UIF FYQFDUFE UZQF τ
 5�-\k�4kilZk�1ifg\ikp DSFBUFT B OBNFE TUSVDUVSF

QSPQFSUZ sp BMPOH XJUI JUT QSPQFSUZ QSFEJDBUF BOE BDDFTT QSPDFEVSF� 5IF QSPQFSUZ

EFTDSJQUPS IBT UZQF Proppτq
 XIFSF τ JT UIF FYQFDUFE UZQF GPS QSPQFSUZ WBMVFT� 5IF

QSFEJDBUF QSPDFEVSF�T UZQF JT TJNJMBS UP PUIFS UZQF QSFEJDBUFT�� JG UIF BSHVNFOU

QBTTFT UIF QSFEJDBUF
 JU JT PG UZQF Has�Proppspq� 5IF BDDFTTPS�T UZQF JT CVJMU PO BO

FYJTUFOUJBM GVODUJPO UZQF
 XIPTF CPEZ JT UZQF τ XIFSF UIF SFDFJWFS UZQF Self JT

SFQMBDFE XJUI UIF FYJTUFOUJBM RVBOUJSFS X � -BTUMZ
 UIF SVMF BTTJHOT UIFTF UISFF UZQFT

UP UISFF WBSJBCMFT BOE FYUFOET UIF UZQF FOWJSPONFOU UP FOTVSF e JT XFMM UZQFE� 5IF

SOBM UZQF SFTVMU IBT BMM UIF CJOEJOHT FSBTFE�

5�-\k�4kilZk JT TJNJMBS UP 5�-\k�4kilZk�1ifg\ikp� *U DSFBUFT B TUSVDUVSF UZQF

XJUI UIF OBNF sn
 SFME UZQF τ
 BOE B DPMMFDUJPO PG QSPQFSUZ OBNFT ÝÑsp BOE WBMVF

FYQSFTTJPOT ÝÑep � 5IFO JU DIFDLT JG UIF UZQF PG FBDI QSPQFSUZ WBMVF NBUDI UIF FYQFDUFE

UZQF GSPN UIF QSPQFSUZ OBNF� *G UIF MBUUFS DPOUBJOT UIF SFDFJWFS UZQF Self
 UIF UZQF

DIFDLFS XJMM TVCTUJUVUF JU XJUI UIF DVSSFOU TUSVDUVSF UZQF� 5IF UZQFT PG UIF SFTVMUJOH

DPOTUSVDUPS BOE SFME BDDFTTPS QSPDFEVSF BSF TUSBJHIUGPSXBSE� UIF GPSNFS UBLFT BO

BSHVNFOU PG UIF SFME UZQF BOE SFUVSOT BO JOTUBODF PG UIF TUSVDUVSF
 XIFSFBT UIF

MBUUFS EPFT UIF PQQPTJUF� 5IF QSFEJDBUF QSPDFEVSF�T UZQF JT OP EJRFSFOU GSPN PUIFS

UZQF QSFEJDBUFT� FYDFQU GPS UIF TQFDJSD UZQF JO UIF MBUFOU QSPQPTJUJPOT� -BTUMZ
 UIF

SVMF BTTJHOT UIFTF UISFF UZQFT UP UISFF WBSJBCMFT BOE FYUFOET UIF UZQJOH FOWJSPONFOU

UP FOTVSF e JT XFMM UZQFE� 5IF SOBM UZQF SFTVMU IBT BMM UIF CJOEJOHT FSBTFE�

����|W��öD3 5�"Yj SSTU DIFDLT JG UIF CPEZ PG UIF FYQSFTTJPO IBT UZQF SFTVMU R JO UIF

UZQJOH FOWJSPONFOU FYUFOEFE XJUI UIF CPVOE WBSJBCMF x PG UZQF τ� R DPOTJTUT PG GPVS
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QBSUT� UIF SFUVSO UZQF τ
 UIF USVF QSPQPTJUJPO ψ` XIJDI SFWFBMT UZQF JOGPSNBUJPO

BCPVU UIF CPVOE WBSJBCMF x XIFO UIF SFUVSO WBMVF JT OPO�GBMTF
 UIF GBMTF QSPQPTJUJPO

ψ´ PUIFSXJTF
 BOE B TZNCPMJD PCKFDU� 5IFO UIF MBNCEB JT BTTJHOFE UZQF DX . x:τÑ R�

5IJT SVMF BMTP TIPXT X NJHIU BQQFBS JO τ BOE R�

�qq�ö�W�öD3 5�"gg IBOEMFT GVODUJPO BQQMJDBUJPO� *U DIFDLT JG e1 JT B GVODUJPO
 BOE

JU FYUFOET UIF UZQF FOWJSPONFOU XJUI ψ1` UP FOTVSF UIF UZQF PG e2 JT B TVCUZQF

PG UIF BSHVNFOU UZQF PG e1� "GUFS EPJOH DBQUVSF�BWPJEJOH TVCTUJUVUJPO PG o2 GPS UIF

PDDVSSFODFT PG x JO UIF FYJTUFOUJBM UZQF SFTVMU DX . R
 JU BVUPNBUJDBMMZ VOQBDLT UIF UZQF

SFTVMU JG X BQQFBST JO R� 0UIFSXJTF
 UIF RVBOUJSFS JT TJNQMZ JHOPSFE� 5IF BVUPNBUJD

VOQBDLJOH JT DSVDJBM UP UZQF DIFDLJOH NFUIPE FYUSBDUJPO� $POTJEFS GVODUJPO BQQMJDBUJPO



EWUVQO�YTKVG�CEEGUUQT KPU� KPU�� 5IF UZQF PG EWUVQO�YTKVG�CEEGUUQT JT

x:Has�Proppspcwq Ñ DXs. ppx:Xs Ñ Void ; ψ` |ψ´ ; oq ; x P Xs | TT ; o1q BOE KPU IBT

UZQF Has�Proppspcwq� 
EWUVQO�YTKVG�CEEGUUQT KPU� FYUSBDUT B NFUIPE GSPN KPU�
5IF NFUIPE�T UZQF EFTDSJCFT UIBU UIF BSHVNFOU PG UIF QSFWJPVT NFUIPE FYUSBDUJPO JT

UIF NFUIPE SFDFJWFS
 J�F� JU IBT B VOJRVF UZQF TP UIBU XF DBOOPU MBUFS BQQMZ BOZ WBMVF

PG UZQF Has�Proppspcwq PUIFS UIBO KPU�

âWö|� 5�$fej JOUSPEVDFT B QBJS UZQF CZ FOTVSJOH JUT UXP DPNQPOFOUT BSF XFMM UZQFE�

5�'jk BOE 5�4e[ FMJNJOBUF B QBJS UZQF� *G BO BSHVNFOU JT B QBJS
 UIFZ JODMVEF UIF SSTU

BOE TFDPOE BSHVNFOU UZQF JO UIFJS UIF SOBM UZQF SFTVMUT SFTQFDUJWFMZ JO BEEJUJPO UP

QSFQFOEJOH BO FYUSB QBUI UP UIF TZNCPMJD PCKFDU JO UIF UZQF SFTVMU PG UIF BSHVNFOU�

ó¯��¯-q�öD3 W3� ó¯��æqö3Ö 5�4lYjld\ MJGUT UIF UZQF SFTVMU PG BO FYQSFTTJPO UP B

MBSHFS POF UISPVHI TVCUZQJOH SVMFT
 XIJDI BSF EFSOFE JO UIF VTVBM NBOOFS� 0VS

FYUFOTJPO BEET UXP OFX SVMFT� -� 4�'le BSSBOHFT UIF BSHVNFOU UZQFT BOE UZQF SFTVMUT

JO FYJTUFOUJBM GVODUJPOT UIF TBNF XBZ BT UIPTF JO OPSNBM GVODUJPOT BT MPOH BT UIF UZQF

WBSJBCMF BQQFBST JO UIF TBNF QMBDF .� 4�4kilZk EFTDSJCFT B TUSVDUVSF UZQF JT B TVCUZQF

PG FBDI XFMM�UZQFE QSPQFSUZ BUUBDIFE UP UIF TUSVDUVSF�

â|DDÑ óæ��¨- 'JHVSF -- EFTDSJCFT UIF MPHJD SVMFT GPS PVS DBMDVMVT� 5IFZ BSF EJSFDUMZ

JOIFSJUFE GSPN λTR XJUI NPEJSDBUJPOT� 5IF SSTU FJHIU SVMFT BSF JOUSPEVDUJPO BOE

FMJNJOBUJPO GPSNT UIBU SFTFNCMF UIFJS DPVOUFSQBSU JO QSPQPTJUJPOBM MPHJD� -�4lY TBZT

JG B UZQJOH FOWJSPONFOU QSPWFT BO PCKFDU IBT B TVCUZQF PG B MBSHFS UZQF
 UIFO JU BMTP

QSPWFT UIF PCKFDU IBT UIF MBSHFS UZQF� *O -�/fk
 JG B UZQJOH FOWJSPONFOU JT JODPNQBUJCMF

XJUI BO PCKFDU�T UZQF
 UIFO XF DBO DPODMVEF UIBU UIF PCKFDU EPFTO�U IBWF UIF UZQF�

-�#fk
 TFSWJOH BT �FY GBMTP RVPEMJCFU� PG TPSUT JO PVS TZTUFN
 BMMPXT VT UP EFSJWF BOZ

DPODMVTJPO JG BO PCKFDU IBT UZQF GORV[� #Z -�6g[Xk\� BOE -�6g[Xk\�
 XF BSF BCMF

UP VTF NVMUJQMF QPTJUJWF BOE OFHBUJWF UZQF TUBUFNFOUT PO BO PCKFDU UP SFSOF JUT UZQF�

5IF SFSOFNFOU JT EPOF UISPVHI UIF NFUBGVODUJPO EFTDSJCFE JO SHVSF -.� 3PVHIMZ

TQFBLJOH
 UIF NFUBGVODUJPO VQEBUFT UIF UZQF PG TPNF SFME PG BO PCKFDU CZ EPJOH B

DPOTFSWBUJWF JOUFSTFDUJPO PG UXP UZQFT XIFO JU IBT UIF LOPXMFEHF PG UIF SFME�T UZQF


XIJMF DPNQVUJOH UIFJS EJRFSFODF XIFO JU LOPXT UIF SFME EPFTO�U IBWF UIF UZQF�

λETR BMTP FYUFOET UIF SFEVDUJPO SVMFT PG λTR XJUI UISFF SVMFT GPS TUSVDUVSFT BOE

TUSVDUVSF UZQF QSPQFSUJFT� #�-\k�4kilZk�1ifg\ikp FYUFOET UIF FOWJSPONFOU XJUI B

�Ø�z
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40�/lcc

Γ $ o ă: ✁0

4�3\]c

Γ $ τă: τ

4�5fg

Γ $ τă: J

4�6e`fe�4lY

@τ JO ~τ. Γ $ τă: σ

Γ $ p
ď

~τq ă: σ

4�1X`i

Γ $ τ1 ă: τ2

Γ $ σ1 ă: σ2

Γ $ τ1ˆσ1 ă: τ2ˆσ2

4�'le

Γ $ τ2 ă: τ1 X # Γ

Γ , x P τ2 $ R1 ă: R2

Γ $ DX . x:τ1 Ñ R1 ă: DX . x:τ2 Ñ R2

4�6e`fe�4lg\i

Dσ JO ~σ. Γ $ τă: σ

Γ $ τă: p
ď

~σq

4�3\jlck

Γ $ τ1 ă: τ2 Γ ,ψ1` $ψ2`

Γ $ o1 ă: o2 Γ ,ψ1´ $ψ2´

Γ $ pτ1 ; ψ1` |ψ1´ ; o1q ă: pτ2 ; ψ2` |ψ2´ ; o2q

4�4kilZk

Γ $ sp : pProppτq ; TT | FF ; oq

Γ $ snpτ, ÝÑsp q ă: Has�Proppspq

böÖ¯|¨ zr 4VCUZQJOH

-�"kfd

ψ P Γ

Γ $ψ

-�5i`m`Xc

Γ $ TT

-�"Yjli[

Γ $ FF

Γ $ψ

-�"e[*

Γ $ψ1 Γ $ψ2

Γ $ψ1^ψ2

-�"e[&-

Γ $ψ1^ψ2

Γ $ψ1

-�"e[&.

Γ $ψ1^ψ2

Γ $ψ2

-�0i*

Γ $ψ1 PS Γ $ψ2

Γ $ψ1_ψ2

-�0i&

Γ $ψ1_ψ2

Γ ,ψ1 $ψ PS Γ ,ψ2 $ψ

Γ $ψ

-�4lY

Γ $ o P σ Γ $ σ ă: τ

Γ $ o P τ

-�/fk

Γ , o P τ$ FF

Γ $ o R τ

-�#fk

Γ $ o P K

Γ $ψ

-�6g[Xk\�

Γ $ o P τ Γ $ p ~ϕ oq P σ

Γ $ o P update`

Γ
pτ, ~ϕ,σq

-�6g[Xk\�

Γ $ o P τ Γ $ p ~ϕ oq R σ

Γ $ o P update´

Γ
pτ, ~ϕ,σq

böÖ¯|¨ zz 1SPPG TZTUFN

QSPQFSUZ EFTDSJQUPS
 JUT BDDFTTPS QSPDFEVSF BOE QSFEJDBUF QSPDFEVSF UP FWBMVBUF UIF

CPEZ� #�-\k�4kilZk FWBMVBUFT UIF CPEZ JO UIF TBNF XBZ BGUFS JU HFUT UIF WBMVFT PG

UIF QSPQFSUZ FYQSFTTJPOT� #�4kilZk�3\cXk\[�0g\iXk`fej EFTDSJCFT GVODUJPO BQQMJ�

DBUJPO PG UIPTF HFOFSBUFE QSPDFEVSFT GPS TUSVDUVSF JOTUBODFT� 'JHVSF -0 EFUBJMT UIF

NFUBGVODUJPO δs�

�Ø�~
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update˘

Γ
pτ1ˆτ2, ~ϕ ::fst,σq “ update˘

Γ
pτ1, ~ϕ,σqˆτ2

update˘

Γ
pτ1ˆτ2, ~ϕ ::snd,σq “ τ1ˆupdate˘

Γ
pτ2, ~ϕ,σq

update`

Γ
pτ,ε,σq “ restrictΓ pτ,σq

update´

Γ
pτ,ε,σq “ removeΓ pτ,σq

update˘

Γ
pp

Ť

~τq, ~ϕ,σq “ p
Ť

ÝÝÝÝÝÝÝÝÝÝÝÑ
update˘

Γ
pτ, ~ϕ,σqq

restrictΓ pτ,σq “ K JG τXσ “ H

restrictΓ pp
Ť

~τq,σq “ p
Ť ÝÝÝÝÝÝÝÝÑ

restrictΓ pτ,σqq

restrictΓ pτ,σq “ τ JG Γ $ τă: σ

restrictΓ pτ,σq “ σ PUIFSXJTF

removeΓ pτ,σq “ K JG Γ $ τă: σ

removeΓ pp
Ť

~τq,σq “ p
Ť ÝÝÝÝÝÝÝÝÝÑ

removeΓ pτ,σqq

removeΓ pτ,σq “ τ PUIFSXJTF

böÖ¯|¨ z~ .FUBGVODUJPO 6QEBUF
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#�7Xc

ρ $ v ó v

#�7Xi

ρpxq “ v

ρ $ x ó v

#�-\k

ρ $ e1 ó v1

ρrx :“ v1s $ e2 ó v

ρ $ plet px e1q e2q ó v

#�"Yj

ρ $ λx:τ.e ó rρ,λx:τ.es

#�'jk

ρ $ e ó xv1, v2y

ρ $ pfst eq ó v1

#�4e[

ρ $ e ó xv1, v2y

ρ $ psnd eq ó v2

#�#\kX

ρ $ e1 ó rρc ,λx:τ.es

ρ $ e2 ó v2

ρcrx :“ v2s $ e ó v

ρ $ pe1 e2q ó v

#�1i`d

ρ $ e1 ó op

ρ $ e2 ó v2

δpop, v2q “ v

ρ $ pe1 e2q ó v

#�*]5il\

ρ $ e1 ó v1

v1 ‰ false

ρ $ e2 ó v

ρ $ pif e1 e2 e3q ó v

#�*]'Xcj\

ρ $ e1 ó false

ρ $ e3 ó v

ρ $ pif e1 e2 e3q ó v

#�1X`i

ρ $ e1 ó v1

ρ $ e2 ó v2

ρ $ pcons e1 e2q ó xv1, v2y

#�-\k�4kilZk
ÝÝÝÝÝÝÝÑ
ρ $ ep ó vp

vctor “ ctorpsn, τ, ÝÝÑxp vpq

vpred “ predpsnq

vacc “ accpsnq

ρrxctor :“ vctorsrxpred :“ vpredsrxacc :“ vaccs $ e ó v

ρ $ plet�struct ppxctor xpred xaccq psnτ f

ÝÝÝÝÑ
pxp epqqq eq ó v

#�-\k�4kilZk�1ifg\ikp

vp “ pdpxpq

vpred “ p�predpxpq

vacc “ p�accpxp, τq

ρrsp :“ vpsrxpred :“ vpredsrxacc :“ vaccs $ e ó v

ρ $ plet�struct�property ppsp xpred xaccq pxp τqqq eq ó v

#�4kilZk�3\cXk\[�0g\iXk`fej

ρ $ e1 ó so

ρ $ e2 ó v1

δspso, v1q “ v2

ρ $ pe1 e2q ó v2

böÖ¯|¨ z� #JH�TUFQ 3FEVDUJPO
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δspctorpsn, τ, ÝÝÑxp vpq, vq “ snpv : τ, ÝÝÑxp vpq

δspaccpsnpτ, ÝÑsp qq, snpv : τ, ÝÝÑxp vpqq “ v

δsppredpsnpτ, ÝÑsp qq, snpv : τ, ÝÝÑxp vpqq “ t rue

δsppredpsnpτ, ÝÑsp qq, vq “ false JG v ‰ snpv : τ, ÝÝÑxp vpq

δspp�predpxpi
q, snpv : τ, ÝÝÑxp vpqq “ true

δspp�predpxpi
q, vq “ false JG v ‰ snpv : τ, ÝÝÑxp vpq

δspp�accpxpi
, τq, snpv : τ, ÝÝÑxp vpqq “ vpi

böÖ¯|¨ z� 0QFSBUJPOT PO TUSVDU�SFMBUFE WBMVFT

.�5fg

ρ ( TT

.�0i

ρ (ψ1 PS ρ (ψ2

ρ (ψ1_ψ2

.�"e[

ρ (ψ1 ρ (ψ2

5ZQF WBSJBCMFT BSF EJTUJODU JOψ1 BOEψ2

ρ (ψ1^ψ2

.�5pg\

$ ρpoq : τ

ρ ( o P τ

.�5pg\/fk

$ ρpoq : σ σXτ“ H

ρ ( o R τ

.�"c`Xj

ρpo1q “ ρpo2q

ρ ( o1 ” o2

böÖ¯|¨ z� 4BUJTGBDUJPO 3FMBUJPO

δpnot, falseq “ true

δpnot, vq “ false

δpadd1, nq “ n ` 1

δpnat?, nq “ true

δpnat?, vq “ false

δpbool?, trueq “ true

δpbool?, falseq “ true

δpbool?, vq “ false

δppair?, xv, vyq “ true

δppair?, vq “ false

böÖ¯|¨ z� 1SJNJUJWFT
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$ b¯�� â|DDÑ ÑD| óD¯3�3¨��

5P QSPWF UIF TPVOEOFTT PG PVS DBMDVMVT
 XF BEE UP PVS UZQJOH KVEHFNFOU B TUPSF UP

USBDL GSFF UZQF WBSJBCMFT� Γ $ e : R |
ÝÑ
T

-FNNB *� *G ρ ( Γ BOE Γ $ψ
 UIFO ρ (ψ

1SPPG� %P TUSVDUVSBM JOEVDUJPO PO EFSJWBUJPOT PG Γ $ψ�

�ýÿ|öÙöW� #Z .�501
 ρ ( TT�

�ý��D- TJODF ψ P Γ 
 ρ (ψ CZ BTTVNQUJPO�

�ý���¯|� TJODF ρ * FF
 UIJT DBTF JT JNQPTTJCMF UP QSPWF

�ý�3�y #Z *)
 ρ (ψ1 BOE ρ (ψ2� #Z .�"e[
 ρ (ψ1^ψ2

�ý�3�Ez W3� �ý�3�E~ #Z *)
 ρ (ψ1^ψ2� #Z JOWFSTJPO PO JU
 ρ (ψ1 BOE ρ (ψ2

�ý¶éy #Z *)
 ρ (ψ1 PS ρ (ψ2� #Z .�03
 ρ (ψ1_ψ2

�ý¶éE #Z *)
 ρ (ψ1 PS ρ (ψ2� 4JODF ρ ( Γ 
 ρ ( Γ ,ψ1 PS ρ ( Γ ,ψ2 BOE TP ρ (ψ

¨��ÖÖÖ

-FNNB +� *G Γ $ e : pτ ; ψ` |ψ´ ; oq |
ÝÑ
T 
 ρ ( Γ BOE ρ $ e ó v UIFO BMM PG UIF GPMMPXJOH

IPME�

|Ö o “ ✁0 PS ρpoq “ v

}Ö FJUIFS v ‰ false BOE ρ ( Γ ,ψ` 
 PS v “ false BOE ρ ( Γ ,ψ´

~Ö BOE $ v : pτ ; ψ1

`
|ψ1

´
; o1q |

ÝÑ
T GPS TPNF ψ1

`

 ψ1

´
BOE o1

1SPPG� 8F BSF BQQMZJOH JOEVDUJPO PO UIF EFSJWBUJPO PG ρ $ e ó v� 4JODF UIF DPSSF�

TQPOEJOH UZQJOH EFSJWBUJPO GPS FBDI FWBMVUJPO SVMF DBO IBWF UIF OPO�TVCTVNQUJPO SVMF

BOE 5�46#46.& BT JUT MBTU UXP SVMFT� 5P TJNQMJGZ UIF GPMMPXJOH QSPPG CZ DBTFT
 XF

SSTU QSPWF UIF MFNNB IPMET GPS 5�46#46.& BOE FWBMVBUJPO EFSJWBUJPOT JG JU IPMET GPS

OPO�TVCTVNQUJPO SVMFT�

#Z JOWFSTJPO PO 5�46#46.&
 Γ $ e : pσ ; ψ1

`
|ψ1

´
; ox q |

ÝÑ
T 
 Γ $ pσ ; ψ1

`
|ψ1

´
; xq ă:

pτ ; ψ` |ψ´ ; oq� "TTVNF PVS MFNNB IPMET GPS Γ $ e : pσ ; ψ1

`
|ψ1

´
; ex q |

ÝÑ
T 
 5IFO XF

BSF BCMF UP QSPWF�

zÖ o “ ✁0� 0UIFSXJTF
 o “ ox � 5IFO CZ *)
 ρpoxq “ v BOE TP ρpoq “ v

~Ö 8F OFFE UP TIPX ρ ( Γ ,ψ`
 JG v ‰ false� #Z *) ρ ( Γ ,ψ1

`
� #Z JOWFSTJPO PO 4�

3&46-5� Γ ,ψ1

`
$ψ`� #Z -FNNB /
 Γ ,ψ1

`
$ Γ ,ψ`� 5IFO CZ -FNNB -
 ρ ( Γ ,ψ`�

'PS QSPWJOH ρ ( Γ ,ψ´ JG v “ false
 UIF SFBTPOJOH JT TJNJMBS�

�Ö #Z *)
 Γ $ v : pσ ; ψ1

`
|ψ1

´
; xq |

ÝÑ
T � 5IFO Γ $ v : pτ ; ψ` |ψ´ ; oq |

ÝÑ
T

/PX QSPDFFE CZ DBTFT GSPN JOEVDUJPO PO UIF EFSJWBUJPO PG ρ $ e ó v SFHBSEMFTT PG

5�46#46.&�

#�7BM ρ $ v ó v %P TUSVDUSBM JOEVDUJPO PO W�

� $BTF W � O� 5XP SVMFT DBO CF EFSJWFE BT UIF MBTU POF JO UIF UZQJOH EFSJWBUJPO�

5�/Xk
5�*&9*� 1SPDFFE CZ DBTFT�

�Ø��
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5�/Xk

Γ $ n : pN ; TT | FF ; ✁0q | ˝

5�5il\

Γ $ true : pT ; TT | FF ; ✁0q | ˝

5�'Xcj\

Γ $ false : pF ; FF |TT ; ✁0q | ˝

5�1ifg\ikp�%\jZi`gkfi

Γ $ pdpspq : pProppτq ; TT | FF ; ✁0q | ˝

5�4kilZk�*ejkXeZ\

Γ $ snpv : τ, ÝÝÑsp vpq : psnpτ, ÝÑsp q ; TT | FF ; ✁0q | ˝

5�4kilZk�3\cXk\[�0g\iXk`fej

Γ $ so : p∆spsoq ; TT | FF ; ✁0q | ˝

5�7Xi

Γ $ x P τ

Γ $ x : pτ ; x R F | x P F ; xq | ˝

5�"Yj

Γ , x P τ$ e : R |
ÝÑ
T

Γ $ λx:τ.e : pDX . x:τÑ R ; TT | FF ; ✁0q |
ÝÑ
T

5�4lYjld\

Γ $ e : R1 |
ÝÑ
T Γ $ R1 ă: R

Γ $ e : R |
ÝÑ
T

5�1i`d

Γ $ op : p∆popq ; TT | FF ; ✁0q | ˝

5�*]

Γ $ e1 : pJ ; ψ1` |ψ1´ ; ✁0q |
ÝÑ
T1

Γ ,
ÝÑ
T1 ,ψ1` $ e2 : R |

ÝÑ
T2

Γ ,
ÝÑ
T1 ,ψ1´ $ e3 : R |

ÝÑ
T3

Γ $ pif e1 e2 e3q : R |
ÝÑ
T1 `

ÝÑ
T2 `

ÝÑ
T3

5�-\k

Γ $ e1 : pτ1 ; ψ1` |ψ1´ ; o1q |
ÝÑ
T1

ψx “ px R F^ψ1`q_px P F^ψ1´q

Γ ,
ÝÑ
T1 , x P τ, x ” o1,ψx $ e : R2 |

ÝÑ
T2

Γ $ plet px e1q e2q : R2rx
τ1
úùñ o1s |

ÝÑ
T1 `

ÝÑ
T2

5�-\k�4kilZk�1ifg\ikp

τp “ Proppτq

τpred “ x:J Ñ pB ; x P Has�Proppspq | x R Has�Proppspq ; ✁0q

τa “ x:Has�Proppspq Ñ DX . pτrSelf úùñ X s ; x P X |TT ; o3q

Γ , sp, xp P τp, xpred P τpred, xacc P τa $ e : R |
ÝÑ
T

X # Γ X # sp # Γ

Γ $ plet�struct�property ppxp xpred xaccq pspτqqq eq : Rrsp úùñ ✁0srxpred úùñ ✁0srxacc úùñ ✁0s |
ÝÑ
T

5�-\k�4kilZk
ÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÑ
Γ $ sp : pProppτpq ; TT | FF ; ✁0q | ˝

ÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÝÑ
Γ $ ep : pτprSelf úùñ snpτ, ÝÑsp qs ; ψ` |ψ´ ; o1q | ˝

τcn “ x:τÑ psnpτ, ÝÑsp q ; TT | FF ; ✁0q

τp “ x:J Ñ pB ; x P snpτ, ÝÑsp q | x R snpτ, ÝÑsp q ; ✁0q

τa “ x:snpτ, ÝÑsp q Ñ pτ ; TT | FF ; ✁0q

Γ , xctor P τc , xpred P τp, xacc P τa $ e : R | ˝

Γ $ plet�struct ppxctor xpred xaccq psnτ
ÝÝÝÑ
psp epqqq eq : Rrxctor úùñ ✁0srxpred úùñ ✁0srxacc úùñ ✁0s | ˝

böÖ¯|¨ z� 5ZQJOH +VEHFNFOU
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5�"gg

Γ $ e1 : px:τÑ DX . R ; ψ1` |ψ1´ ; ✁0q |
ÝÑ
T1

Γ ,ψ1` $ e2 : pσ ; ψ2` |ψ2´ ; o2q |
ÝÑ
T2

Γ $ σ ă: τ X # σ X # ψ1` X # Γ

Γ $ pe1 e2q : Rrx
σ
úùñ o2s |

ÝÑ
T1 `

ÝÑ
T2

5�$fej

Γ $ e1 : pτ1 ; TT |TT ; o1q |
ÝÑ
T1

Γ ,
ÝÑ
T1 , $ e2 : pτ2 ; TT |TT ; o2q |

ÝÑ
T2

Γ $ pcons e1 e2q : pτ1ˆτ2 ; TT |TT ; ✁0q |
ÝÑ
T1 `

ÝÑ
T2

5�'jk

Γ $ e : pτ1ˆτ2 ; TT |TT ; oq |
ÝÑ
T

R “ pτ1 ; TT |TT ; pfst xqq

Γ $ pfst eq : Rrx
τ1
úùñ os |

ÝÑ
T

5�4e[

Γ $ e : pτ1ˆτ2 ; TT |TT ; oq |
ÝÑ
T

R “ pτ2 ; TT |TT ; psnd xqq

Γ $ psnd eq : Rrx
τ2
úùñ os |

ÝÑ
T

5�*&9*

X # Γ X #
ÝÑ
T

Γ $ v : RrX úùñ τs |
ÝÑ
T

Γ $ v : R |
ÝÑ
T , X

böÖ¯|¨ z� 5ZQJOH +VEHFNFOU $POUJOVFE

ã 4VCDBTF 5�/Sf� Γ $ n : pN ; TT | FF ; ✁0q | ˝

zÖ o “ ✁0

~Ö TJODF n ‰ false
 CZ .�5fg ρ ( Γ ,TT USJWJBMMZ�

�Ö #Z BTTVNQUJPO
 $ n : pN ; TT | FF ; ✁0q | ˝

ã 4VCDBTF 5�*&9*�

#Z JOWFSTJPO
 Γ $ n : pN ; TT | FF ; ✁0q | ˝, X

5IF SFTU GPMMPXT UIF TBNF BSHVNFOU UP UIF QSFWJPVT TVCDBTF�

� $BTF W � snpv : τ, ÝÑsp vq�

5XP SVMFT DBO CF EFSJWFE BT UIF MBTU POF JO UIF UZQJOH EFSJWBUJPO�

5�4kilZk�*ejkXeZ\
 5�*&9*� 1SPDFFE CZ DBTFT�

ã 4VCDBTF 5�4fdgUf�*`efS`UW�

zÖ o “ ✁0

~Ö TJODF snpv : τ, ÝÑsp vq ‰ f alse
 CZ .�5fg ρ ( Γ ,TT USJWJBMMZ�

�Ö #Z BTTVNQUJPO
 Γ $ snpv : τ, ÝÝÑsp vpq : psnpτ, ÝÑsp q ; TT | FF ; ✁0q | ˝

ã 4VCDBTF 5�*&9*� GPMMPX B TJNJMJBS BSHVNFOU UP TVCDBTF 5�*&9* JO $BTF W � O�

� 5IF SFTU DBTFT GPMMPX BO TJNJMBS BSHVNFOU�

#�7BS ρ $ x ó v

5XP SVMFT DBO CF EFSJWFE BT UIF MBTU POF JO WBMJE UZQJOH EFSJWBUJPO� 5�7Xi�

#Z JOWFSTJPO
 Γ $ x P τ

�Ø��
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zÖ #Z JOWFSTJPO PO UIF FWBMVBUJPO EFSJWBUJPO
 v “ ρpxq

~Ö 5P TIPX ρ ( x P F PS ρ ( x R F�

#Z .�5pg\
 JG v “ false
 ρ ( x P F� 0UIFSXJTF
 v ‰ f alse� %P TUSVDUVSBM JOEVDUJPO

PO v�

WÖ TVCDBTF� v “ n� #Z .�/05�5:1&
 TJODF $ v : pN ; ψ1

`
|ψ1

´
; o1q |

ÝÑ
T BOE UIFSF

JT OP PWFSMBQ CFUXFFO BO N BOE BO F
 ρ ( Γ , x R F

�Ö UIF SFTU TVCDBTFT GPMMPX B TJNJMBS BSHVNFOU

�Ö 4JODF Γ $ x P τ
 CZ -FNNB -
 ρ ( x P τ� 5IFO CZ JOWFSTJPO PO .�5pg\
 $ v :

pτ ; ψ1

`
|ψ1

´
; o1q |

ÝÑ
T GPS TPNF ψ1

`

 ψ1

´
BOE o1

#�"CT ρ $ λx:τ.e ó rρ,λx:τ.es

Γ $ λx:τ.e : pDX . x:τÑ R ; TT | FF ; ✁0q |
ÝÑ
T , R “ pτo ; ψ f ` |ψ f ´ ; oq

#Z JOWFSTJPO PO UIF UZQJOH SVMF� Γ , X , x P τ$ e : R |
ÝÑ
T �

zÖ o “ ✁0

~Ö #Z MFNNB - BOE CFDBVTF rρ,λx:τ.es R F
 ρ ( Γ ,TT

�Ö #Z BTTVNQUJPO BOE 5�$cfjli\
 Γ $ rρ,λx:τ.es : pDX . x:τÑ R ; ψ` |FF ; ✁0q |
ÝÑ
T

#�4USVDU�3FMBUFE�0QFSBUJPO ρ $ e1 ó so,ρ $ e2 ó v1,δspso, v1q “ v

5IF WBMJE UZQJOH EFSJWBUJPO JT 5�"gg� e “ pe1 e2q
 o “ o f rx
σ
úùñ o2s
 ψ` “ψ f `rx

σ
úùñ

o2s
 ψ´ “ψ f ´rx
σ
úùñ o2s

#Z JOWFSTJPO PO 5�"gg
 XF LOPX�

� Γ $ e1 : pDX . x:σÑ R ; ψ1` |ψ1´ ; o1q |
ÝÑ
T1

� Γ , ÝÑ
T1 ,ψ1` $ e2 : pσ2 ; ψ2` |ψ2´ ; o2q |

ÝÑ
T2

� Γ $ σ2 ă: σ

� R “ pτ f ; ψ f ` |ψ f ´ ; o f q

� ÝÑ
T “

ÝÑ
T1 `

ÝÑ
T2

%PJOH JOEVDUJPO PO so� 1SPDFFE CZ DBTFT�

zÖ so “ ctorpsn, σ, ÝÝÑsp vpq BOE v “ snpv1 : τ, ÝÝÑsp vpq �

#Z BQQMZJOH *) UP Γ $ e1 : px:σ Ñ DX . R ; ψ1` |ψ1´ ; o1q |
ÝÑ
T1 BOE ρ $ e1 ó so


XF LOPX�

� Γ $ ctorpsn, τ, ÝÝÝÑsp vp q : px:σÑ DX . R ; TT | FF ; ✁0q |
ÝÑ
T1

� R “ psnpσ, ÝÑsp q ; TT | FF ; ✁0q

� 9 EPFTO�U BQQFBS BOZXIFSF JO UIF CPEJFT�

5IFO XF BSF BCMF UP TIPX�

WÖ o “ ✁0

�Ö TJODF snpv1 : τ, ÝÝÑsp vpq ‰ false
 ρ ( TT USJWJBMMZ CZ .�501

�Ö $ snpv1 : τ, ÝÝÑsp vpq : psnpσ, ÝÑsp q ; TT | FF ; ✁0q |
ÝÑ
T

~Ö so “ accpsnpσ, ÝÑsp qvpq BOE v1 “ snpv : σ, ÝÝÑsp vpq�

#Z BQQMZJOH *) UP Γ $ e1 : px:σ Ñ DX . R ; ψ1` |ψ1´ ; o1q |
ÝÑ
T1 BOE ρ $ e1 ó so


XF LOPX�

� Γ $ accpsnpτ, ÝÝÑsp vpqq : px:snpτ, ÝÝÑsp vpq Ñ DX . R ; TT | FF ; ✁0q |
ÝÑ
T

� R “ pσ ; TT |TT ; ✁0q

�Ø��
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� 9 EPFTO�U BQQFBS BOZXIFSF JO UIF CPEJFT�

WÖ o “ ✁0

�Ö FJUIFS v “ false PS v ‰ false
 CZ .�501
 ρ ( Γ ,TT�

�Ö $ v : pτ ; TT |TT ; ✁0q |
ÝÑ
T

�Ö so “ p�accpspi , τpi
q
 v1 “ snpva : σ, ÝÝÑsp vpq
 BOE v “ vpi

#Z BQQMZJOH *) UP Γ $ e1 : px:σ Ñ DX . R ; ψ1` |ψ1´ ; o1q |
ÝÑ
T1 BOE ρ $ e1 ó so


XF LOPX�

� Γ $ p�accpspi , τpi
q : px:Has�Proppspiq Ñ DSel f . R ; ψ1

`
|ψ´ ; o1q |

ÝÑ
T1

� R “ pτpi
; x P Sel f |TT ; o f q

� Γ $ vpi
: Rro2 úùñ xsrSel f úùñ snpτs,

ÝÝÑsp τpqs |
ÝÑ
Tv

WÖ JG o2 “ ✁0 PS o f “ ✁0
 o “ ✁0� 0UIFSXJTF
 o ‰ ✁0� 4JODF ρpo f q “ vpi

 Y JT BCTFOU

BOE UIF WBSJBCMF JO o2 JT BMTP CPVOE JO ρ
 ρpoq “ vpi
�

�Ö ó¯��W�¨ v ‰ false � 4JODF UIF WBSJBCMF JO o2 JT CPVOE JO ρ
 ρ ( Γ , o2 P Sel f �

ó¯��W�¨ v “ false � ρ ( Γ ,TT CZ .�5fg�

�Ö CZ *&9*
 Γ $ vpi
: Rro2 úùñ xs |

ÝÑ
Tv , Sel f

�Ö 5IF SFTU TVCDBTFT GPMMPX B TJNJMBS BSHVNFOU UP UIF QSFWJPVT TVCDBTFT

#�#FUB ρ $ e1 ó rρc ,λx:τc .ecs
 ρ $ e2 ó v2
 ρcrx :“ v2s $ e ó v


5IF MBTU SVMF JO UIF UZQJOH EFSJWBUJPO JT 5�"gg� e “ pe1 e2q
 o “ o f rx
σ
úùñ o2s
 ψ` “

ψ f `rx
σ
úùñ o2s
 ψ´ “ψ f ´rx

σ
úùñ o2s

#Z JOWFSTJPO PO 5�"gg
 XF LOPX�

� Γ $ e1 : px:σÑ DX . R ; ψ1` |ψ1´ ; o1q |
ÝÑ
T1

� Γ , ÝÑ
T1 ,ψ1` $ e2 : pσ2 ; ψ2` |ψ2´ ; o2q |

ÝÑ
T2

� Γ $ σ2 ă: σ

� R “ pτ f ; ψ f ` |ψ f ´ ; o f q

� ÝÑ
T “

ÝÑ
T1 `

ÝÑ
T2

#Z *) PO Γ $ e1 : px:σ Ñ DX . R ; ψ1` |ψ1´ ; o1q |
ÝÑ
T1 BOE ρ $ e1 ó rρc ,λx:τc .ecs


Γ $ rρc ,λx:σ.ecs : px:σÑ DX . R ; ψ1` |ψ1´ ; o1q |
ÝÑ
T1 


#Z JOWFSTJPO PO 5�$cfjli\


DΓ 1.ρc ( Γ 1 BOE Γ 1 $ λx:σ.e : px:σÑ DX . R ; ψ1` |ψ1´ ; o1q |
ÝÑ
T1

#Z JOWFSTJPO PO 5�"Yj
 Γ 1, x P σ $ e f : pτ ; ψ f ` |ψ f ´ ; o f q |
ÝÑ
T1

zÖ JG o2 “ ✁0 PS o f “ ✁0
 o “ ✁0� 0UIFSXJTF
 o2 ‰ ✁0� &YUFOE ρc XJUI o2 BOE v2
 BOE

TVCTUJUVUF Y JO o f � ρcro2 :“ v2spoq “ v� 4JODF Y JT OP MPOHFS QSFTFOU JO ρc BOE o

BOE UIF GSFF WBSJBCMF JO o JT BMTP CPVOE JO ρ
 ρpoq “ v�

~Ö #Z BQQMZJOH *) UP ρcrx :“ v2s $ e ó v BOE Γ 1, x P σ $ e f : pτ ;ψ f ` |ψ f ´ ; o f q |
ÝÑ
T1 


JG v ‰ false UIFO ρcrx :“ v2s ( Γ 1,ψ f `
 PS v “ false UIFO ρcrx :“ v2s ( Γ 1,ψ f ´�

*G o2 “ ✁0
 CZ TVCTJUVUJUJPO
 ψ f `ro2 úùñ xs “ TT JG v ‰ false PS ψ f ´ro2 úùñ xs “ TT�

5IFO ρ ( Γ ,TT CZ .�501 USJWJBMMZ�

0UIFSXJTF
 o2 ‰ ✁0� *O UIJT DBTF
 CZ TVCTUJUVUJPO 
 Y EPFTO�U BQQFBS JOψ f `ro2 úùñ xs

PSψ f ´ro2 úùñ xs BOZNPSF� &YUFOEρc XJUI o2 BOE v2�ρcro2 :“ v2s ( Γ 1,ψ f `ro2 úùñ

xs PS ρcro2 :“ v2s ( Γ 1,ψ f ´ro2 úùñ xs� 4JODF UIF WBSJBCMF JO o2 JT CPVOE ρ TVDI

UIBU ρpo2q “ v2 BOE BMTP JU JT XFMM UZQFE VOEFS Γ 
 ρ ( Γ ,ψ f `ro2 úùñ xs PS

�Ø�r
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ρ ( Γ ,ψ f ´ro2 úùñ xs� 4JODF Γ , x P σ $ ψ f ` PS Γ , x P σ $ ψ f ´ BOE BGUFS TVCTUJ�

UVUJPO Y EPFTO�U FYJTU BOZ NPSF
 Γ $ Γ ,ψ f `ro2 úùñ xs PS Γ $ Γ ,ψ f ´ro2 úùñ xs CZ

-FNNB /� #Z -FNNB -
 ρ ( Γ ,ψ f `ro2 úùñ xs PS ρ ( Γ ,ψ f ´ro2 úùñ xs�

�Ö #Z *)
 $ v : pτ ; ψ` |ψ´ ; oq |
ÝÑ
T

#�*'�536& ρ $ e1 ó v1, v1 ‰ false,ρ $ e2 ó v

5IF MBTU SVMF JO UIF WBMJE UZQJOH EFSJWBUJPO JT 5�*'� e “ pif e1 e2 e3q
 ψ` “ψ2`_ψ3`


ψ´ “ψ2´_ψ3´

#Z JOWFSTJPO
 XF LOPX

� Γ $ e1 : pJ ; ψ1` |ψ1´ ; o1q |
ÝÑ
T1

� Γ , ÝÑ
T1 ,ψ1` $ e2 : pτ ; ψ2` |ψ2´ ; oq |

ÝÑ
T2

� Γ , ÝÑ
T1 ,ψ1´ $ e3 : pτ ; ψ3` |ψ3´ ; oq |

ÝÑ
T3

� ÝÑ
T “

ÝÑ
T1 `

ÝÑ
T2 `

ÝÑ
T3

#Z *) PO ρ $ e1 ó v1 BOE Γ $ e1 : pJ ; ψ1` |ψ1´ ; ✁0q |
ÝÑ
T1 
 ρ ( Γ ,ψ1`

#Z *) PO ρ $ e2 ó v BOE Γ ,
ÝÑ
T1 ,ψ1` $ e2 : pτ ; ψ2` |ψ2´ ; oq |

ÝÑ
T2 
 XF BSF BCMF UP

QSPWF UIF GPMMPXJOH�

zÖ o “ ✁0 PS ρpoq “ v

~Ö JG v ‰ f alse
 TJODF ρ ( Γ ,ψ1`
 CZ -FNNB - ρ (ψ2`� #Z .�03
 ρ (ψ2`_ψ3`�

�Ö #Z *)
 $ v : pτ ; ψ` |ψ´ ; oq |
ÝÑ
T

#�*'�'BMTF ρ $ e1 ó v1, v1 “ false,ρ $ e3 ó v 'PMMPX BO BSHVNFOU TJNJMBS UP #�*'�

536& XIJMF EPJOH *) PO UIF FMTF CSBODI�

#�-FU ρ $ e1 ó v1
 ρrx :“ v1s $ e2 ó v

5IF MBTU SVMF JO UIF UZQJOH EFSJWBUJPO JT 5�-\k� e “ plet px e1q e2q
 o “ o2rx úùñ o1s


ψ“ψ2`rx úùñ o1s
 ψ“ψ2´rx úùñ o1s

#Z JOWFSTJPO PO UIJT SVMF
 XF LOPX

� Γ $ e1 : pτ1 ; ψ1` |ψ1´ ; o1q |
ÝÑ
T1

� ψx “ px R F^ψ1`q_px P F^ψ1´q

� Γ , ÝÑ
T1 , x P τ1, x ” o1,ψx $ e2 : R |

ÝÑ
T2

� R “ pτ2 ; ψ2` |ψ2´ ; o2q

#Z BQQMZJOH *) UP ρ $ e1 ó v1 BOE Γ $ e1 : pτ1 ; ψ1` |ψ1´ ; o1q |
ÝÑ
T1 
 ρ ( ψ1` PS

ρ (ψ1´�

#Z BQQMZJOH *) UP ρrx :“ v1s $ e2 ó v BOE Γ ,
ÝÑ
T1 , x P τ1, x ” o1,ψx $ e2 : R |

ÝÑ
T2 


ρrx :“ v1s (ψ2` PS ρrx :“ v1s (ψ2´� 5IFO XF DBO TIPX�

zÖ JG o1 “ ✁0 PS o2 “ ✁0
 o “ ✁0� 0UIFSXJTF
 o1 ‰ ✁0� 4JODF ρrx :“ v1spo2q “ v
 CZ

TVCTUJUVUJOH Y XJUI o1 JO o2
ρrx :“ v1spo2rx úùñ o1sq “ v� 4JODF x ” o1
ρpo1q “ v1

CZ .�"c`Xj� #FDBVTF UIF WBSJBCMF JO o1 JT BMSFBEZ CPVOE JO ρ
 ρpo2rx úùñ o1sq “ v

~Ö JG v “ false
 XF OFFE UP TIPX� ρ ( Γ ,ψ2`rx úùñ o1s� 4JODF ρrx :“ v1s ( Γ ,ψ2`


ρrx :“ v1s ( Γ ,ψ2`rx úùñ o1s CZ TVCTUJUVUJOH Y XJUI o1� 4JODF x ” o1
 ρpo1q “ v1

CZ.�"c`Xj� #FDBVTF UIF WBSJBCMF JO o1 JT BMSFBEZ CPVOE JOρ
ρ ( Γ ,ψ2`rx úùñ o1s

�Ö #Z *)
 $ v : pτ ; ψ` |ψ´ ; oq | ˝

#�-FU�4USVDU�1SPQFSUZ vp “ pdpspq, vpred “ p�predpspq, vacc “ p�accpsp, τq,ρrsp :“

vpsrxpred :“ vpredsrxacc :“ vaccs $ e ó v

5IJT DBTF DBO CF USJWJBMMZ QSPWFE CZ *)
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#�-FU�4USVDU vp “ pdpspq, vpred “ p�predpspq, vacc “ p�accpsp, τq,ρrsp :“ vpsrxpred :“

vpredsrxacc :“ vaccs $ e ó v

5IJT DBTF DBO CF USJWJBMMZ QSPWFE CZ *)

#�'TU PS #�4OE� ρ $ e ó xv1, v2y

5IFTF UXP DBTFT DBO CF USJWJBMMZ QSPWFE CZ *)

#�1BJS� ρ $ e1 ó v1,ρ $ e2 ó v2

5SJWJBMMZ QSPWFE CZ *) BOE TVCTVNQUJPO�

#�1SJN� ρ $ e1 ó op,ρ $ e2 ó v2,δpop, v2q “ v

5IF WBMJE UZQJOH EFSJWBUJPO JT 5�"gg� Γ $ pe1 e2q : pτ ; ψ` |ψ´ ; o f q |
ÝÑ
T �

%P DBTF�CZ�DBTF QSPPG PO op BOE GPMMPX BO BSHVNFOU TJNJMBS UP #�4USVDU�7BMVFT

-FNNB ,� *G Γ ,ψ1 $ψ
 UIFO Γ ,ψ1 $ Γ ,ψ

1SPPG� #Z EFSOJUJPO
 Γ ,ψ1 $ Γ � #Z .�"e[*
 Γ ,ψ1 $ Γ^ψ� 4JODF Γ^ψ“ Γ ,ψ 
 Γ ,ψ1 $

Γ ,ψ
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��D¯� �ë¨ W¯�ëD|�

:VRVBO 'V JT B 1I�%� TUVEFOU BU *OEJBOB 6OJWFSTJUZ� $POUBDU IJN

BU æ¯xÑ¯ÿö¯Ö¨�¯�

4BN 5PCJO�)PDITUBEU JT BO BTTPDJBUF QSPGFTTPS BU *OEJBOB 6OJWFS�

TJUZ� $POUBDU IJN BU �W-�ëÿ��Öö3�öW3WÖ¨�¯�
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