
%BOJFM�+BDLTPO
.*5�-BC�GPS�$PNQVUFS�4DJFODF
/"4"�"NFT�r�"VHVTU��������

��}�ÌÜi�}�Ì
v�À�>��Ã�
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8F�IBWF�CFDPNF�EBOHFSPVTMZ�EFQFOEFOU�PO�MBSHF�TPGUXBSF�
TZTUFNT�XIPTF�CFIBWJPS�JT�OPU�XFMM�VOEFSTUPPE
�� 1*5"$�SFQPSU�'FCSVBSZ�����

TPGUXBSF�JT
r VOSFMJBCMF

GBJMT�JO�VOQSFEJDUBCMF�XBZT
r JOGMFYJCMF

DIBOHFT�NBLF�JU�XPSTF
r FYQFOTJWF

OPU�NVDI�SFVTF�PG�EFTJHOT�PS�DPEF
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UFTUJOH
r DBO�U�SFQMJDBUF�SFBM�XPSME
r UJOZ�QSPQPSUJPO�PG�DBTFT�DPWFSFE
rOP�IFMQ�XJUI�JODPNQMFUFOFTT�PG�TQFD

QSPUPUZQJOH
r UPP�DPTUMZ�GPS�BMM�CVU�(6*
r UFNQUBUJPO�UP�CVJME�PO�QSPUPUZQF
rOP�HVBSBOUFFT�GPS�GJOBM�QSPEVDU

QSPDFTT
r GPDVT�PO�IVNBO�SFTPVSDFT�BMPOF
r JOTFOTJUJWF�UP�OBUVSF�PG�TPGUXBSF
r DBO�CF�NBKPS�CVSEFO�	IFODF�91�FUD
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NPEFMT
r DBQUVSF�FTTFODF�PG�TQFD���EFTJHO
rNVDI�TNBMMFS�UIBO�TUBOEBSE�EPDT

QBUUFSOT
r SFDPHOJ[F�SFDVSSJOH�UIFNFT
r DPEJGZ�BOE�SFVTF�UIFN

FTDBQJOH�GSPN�DPEF
rOPU�OJNCMF�FOPVHI�GPS�FYQMPSBUJPO
rQPPS�DPNNVOJDBUJPO�NFEJVN
rPVS�CBTJD�BTTFU�CVU�B�IVHF�MJBCJMJUZ
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&OHMJTI���QJDUVSFT
r BNCJHVPVT���JNQSFDJTF
rOPU�BOBMZ[BCMF

GPSNBM�OPUBUJPOT
r CBTFE�PO�NBUIFNBUJDT
r PGGFS�TJNVMBUJPO�DBMDVMBUJPO�BOBMZTJT

MJLF�DPOWFOUJPOBM�FOHJOFFSJOH

1SBYJT�T�$%*4�TZTUFN�GPS�6,�BJS�USBGGJD
r PGGFSFE�XBSSBOUZ�UP�DMJFOU
r GPSNBM�TQFDJGJDBUJPO�����PG�UPUBM�DPTU
r MPX�EFGFDU�SBUF�PWFSBMM�DPTU�TBWJOH

6

Ì�iÊ>���ÞÊ>««À�>V�

BVUPNBUJPO
r TJNVMBUJPO���DIFDLJOH�PG�NPEFMT
r USBEFPGG�GPS�GVMM�BOBMZ[BCJMJUZ
r FYQMPJU�.PPSF�T�MBX

QSPDFTT
r JODSFNFOUBM�BOE�SJTL�ESJWFO
r BQQMZ�JO�BMM�QIBTFT�PG�EFWFMPQNFOU
r BU�BMM�MFWFMT�GSPN�NPEFMT�UP�CZUFDPEF

PSJHJOT
r;�GPSNBMJTN�	0YGPSE

r 4"5�TPMWJOH�UFDIOPMPHZ�	#FMM�-BCT�FU�BM

r TFNBOUJD�EBUB�NPEFMT

expressive
intractable

tractable
inexpressive
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DBTF�TUVEJFT
r *OUFOUJPOBM�/BNJOH�4ZTUFN
r$IPSE�QFFS�UP�QFFS�OBNFTFSWJDF
r SVMF�CBTFE�BDDFTT�DPOUSPM
r$0.�JOUFSGBDF�SVMFT

POHPJOH�XPSL
rNPEFMT�PG�DPOGMJDU�QSPCF
rOFUXPSL�UPQPMPHZ�QSPUPDPMT
r TFDVSF�71/
rPCKFDU�JOUFSBDUJPO�JO�+BWB
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B�UZQJDBM�QSPCMFN
r GSPN�B�UFYU�QSPDFTTJOH�QSPHSBN
rFYQSFTT�FTTFODF�JO�"MMPZ
r BQQMZ�BVUPNBUJD�BOBMZTJT

XJEFMZ�BQQMJDBCMF
r CBTFE�PO�DPNNPO�QBUUFSOT�	$PNNBOE�0CTFSWFS

r TBNF�BT�PVS������EFTJHO�PG�$5"4�$.
rBWPJE�GBJMVSF�XJUI�HFOFSJD�EJTDJQMJOF

UXP�MFWFMT��BCTUSBDU�EFTJHO���DPEF
r TBNF�OPUBUJPO�TBNF�BOBMZTJT
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write
minimal
model

generate
instances

check
property

tighten
model

loosen
model

extend
model
or stop

pick
analysis

none

none

some

some
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QBSUJBMJUZ
r JG�NZ�TZTUFN�IBT�QSPQFSUZ�1�XJMM�QSPQFSUZ�2�GPMMPX 
r JT�FOWJSPONFOUBM�BTTVNQUJPO�"�FOPVHI 

"MMPZ�JT�B�DPOTUSBJOU�MBOHVBHF�	JF�B�MPHJD

r UIF�MFTT�ZPV�TBZ�UIF�NPSF�DBO�IBQQFO
r DBO�FYQSFTT�QSPQFSUZ

XJUIPVU�NFDIBOJTN�UP�BDIJFWF�JU

QSPHSBNNJOH�MBOHVBHFT
r UIF�MFTT�ZPV�TBZ�UIF�MFTT�DBO�IBQQFO
r FWFSZ�QSPQFSUZ�IBT�UP�CF�BDIJFWFE
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DPNCJOF
r UZQPHSBQIJD�RVBMJUZ���GMFYJCJMJUZ�PG�2VBSL�9QSFTT
rXJUI�DPOWFOJFODF�PG�UFYUVBM�JOQVU�PG�5F9

tagger quark
tagged

text

charmap

source
text

typeset
output

style
sheet

12
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source

#SRLQW��?����!�,!$�FRQVWUDLQW�VROYLQJ�WHFKQLTXH�,!��:H�XVH�D�WHFKQRORJ\�

GHYHORSHG�SUHYLRXVO\�>�@�WR�DQDO\]H�WKH�VNHOHWRQ

tagged

r�"�DPOTUSBJOU�TPMWJOH�UFDIOJRVF��8F�VTF�B�UFDIOPMPHZ�EFWFMPQFE�QSFWJPVTMZ�

<�>�UP�BOBMZ[F�UIF�TLFMFUPO

output

�FKDU�SHULRGFHQWHUHG!�LQGH[����!

charmap

�VW\OH�SRLQW!�QH[W�QRLQGHQW!�OHDGHU�?SHULRGFHQWHUHG!

style sheet

?SRLQW�B$�FRQVWUDLQW�VROYLQJ�WHFKQLTXHB��:H�XVH�D�WHFKQRORJ\�GHYHORSHG�

SUHYLRXVO\�>?FLWH^DOOR\�DOJRULWKP`@�WR�DQDO\]H�WKH�VNHOHWRQ
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r TPVSDF�DPOWFSUFE�UP�TUSFBN�PG�UPLFOT
r FBDI�UPLFO�DPOTVNFE�CZ�FOHJOF
r FOHJOF�FYFDVUFT�BMM�BDUJPOT�SFHJTUFSFE�GPS�UPLFO�UZQF
r BDUJPOT�NBZ�SFBE���XSJUF�GJMFT�SFHJTUFS�EFSFHJTUFS�BDUJPOT

engine

type 1 a1 a2

type 2 a3 a5a1

tokenizer
tokenstrack & plan

interpreter
events

14
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r GMFYJCMF�DPOUFYU�TFOTJUJWF�CFIBWJPVS
rXJUIPVU�POF�IVHF�NPOPMJUIJD�QJFDF�PG�DPEF
r FBTZ�UP�UVSO�CFIBWJPVST�PO���PGG
r DBO�IBWF�TVCFOHJOFT��FH�GPS�OVNCFSJOH�TUSJOHT

FYBNQMF��NBUI�NPEF
r ��TUBSUT�BOE�FOET�ANBUI�NPEF���QVUT�BMM�MFUUFST�JO�JUBMJDT
r JNQMFNFOUFE�BT���BDUJPOT

GPS���UPLFO��EPMMBS@BDUJPO
GPS�BMQIBCFUJD�TUSJOH�UPLFO��JUBMJDJ[F@BDUJPO

rEPMMBS@BDUJPO
FODBQTVMBUFT�NPEF
SFHJTUFST�EFSFHJTUFST�JUBMJDJ[F@BDUJPO
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BUPN
rBO�JOEJWJTJCMF�VOJOUFSQSFUFE�FOUJUZ

B�UPLFO�B�UPLFO�UZQF�B�QFSTPO�B�TUSJOH�BO�BJSDSBGU

TFU
r BO�VOPSEFSFE�DPMMFDUJPO�PG�BUPNT

5PLFO�5ZQF�1FSTPO�4USJOH�"JSDSBGU

SFMBUJPO
r B�TFU�PG�UVQMFT�PG�BUPNT

UZQF��5PLFO����5ZQF
NZ1IPOF#L��/BNF����/VN
QIPOF#L��/BNF����/BNF����/VN

16
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TFU�PQFSBUPST
T�� U VOJPO
T�� U� JOUFSTFDUJPO
T�� U� EJGGFSFODF

SFMBUJPO�PQFSBUPST
T�� S JNBHF
Q���R� VOJPO�FUD

myPhoneBk: Name -> Num
myFriends: set Name
myFriends.myPhoneBk

phoneBk: Name -> Name -> Num
me: Name
me.phoneBk
myFriends.phoneBk

mother: Name -> Name
me.mother.phoneBk
(me + me.mother).phoneBk
me.phoneBk - me.mother.phoneBk
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sig Token {type: Type}
sig Type {}
sig Action {regs, deregs: Type -> Action}
sig Engine {table: Type -> Action}

fun execute (e, e’: Engine, t: Token) {
doActions (e, e’, t.type.(e.table))
} 

fun doActions (e, e’: Engine, actions: set Action) {
e’.table = e.table - actions.deregs + actions.regs
}

18
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Token = to1, to2
Type = ty1, ty2
Action = a1, a2
Engine = e1, e2

type = to1 -> ty1, to2 -> ty2 
regs = a1 -> ty1 -> a2, a2 -> ty2 -> a1 
deregs = a1 -> ty1 -> a1, a1 -> ty2 -> a1 
table = e1 -> ty1 -> a1, e2 -> ty1 -> a2

e = e1
e’ = e2
t = to1
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DBO�JNQMFNFOUBUJPO�EP�BDUJPOT�JO�BOZ�PSEFS 

assert {
all e, ei, e’, e”: Engine, t: Type,

ax, ay: set t.(e.table) |
doActions (e, ei, ax) && doActions (ei, e’, ay)
&& doActions (e, e”, ax+ay)
=> e’.table = e”.table

}

20
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UIF�TDFOBSJP
r GJSTU�EP"DUJPO SFHJTUFST�BO�BDUJPO
r TFDPOE�EP"DUJPO EFSFHJTUFST�JU
r CVU�BHHSFHBUF�EP"DUJPO DPMMFDUT�EFSFHJTUFST�VQGSPOU
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XIBU�TUSBUFHZ�GPS�PSEFS�JOEFQFOEFODF 
rNVTU�CF�TJNQMF�BOE�TUBUJD

IFSF�T�POF�TUSBUFHZ
r HSPVQ�BDUJPOT�UIBU�SFH�EFSFH�FBDI�PUIFS
r TBZ�UIBU�≤ ��BDUJPO�PG�B�HSPVQ�NBZ�SFHJTUFS�GPS�UZQF�U
r SVMF�PVU�BSCJUSBSZ�JOJUJBMJ[BUJPO�PG�FOHJOF

UP�DIFDL�JU
rXSJUF�EFGJOJUJPO�PG�HSPVQJOH
rXSJUF�SFHJTUSBUJPO�BOE�JOJUJBMJ[BUJPO�SVMFT
r SFDIFDL�BTTFSUJPO

22

Ü�>ÌÊÌ�iÊÀiÃÌÊ����i`Ê���iÊo

TJH�(SPVQFE"DUJPO�FYUFOET�"DUJPO�\HSPVQ��TFU�"DUJPO^
GBDU�\

MFU�EFQFOET���"DUJPO�SFHT���"DUJPO�EFSFHT�]
"DUJPO�HSPVQ����	EFQFOET���_EFQFOET


^
GBDU�\"DUJPO���(SPVQFE"DUJPO^

GBDU�/P$MBTIFT�	
�\
BMM�U��5ZQF�]�OP�B��"DUJPO�Bh��B�HSPVQ�� B�]

B���Bh�JO�U�"DUJPO��SFHT
^

GBDU�/P"SCJUSBSZ*OJUT�	
�\BMM�F��&OHJOF�]�F�UBCMF�JO�"DUJPO�SFHT^
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r UPPL�NF���IPVST�UP�EFWFMPQ�UIJT�TUSBUFHZ
r MPUT�PG�GBMTF�BUUFNQUT�PO�UIF�XBZ

SBQJEMZ�FYQPTFE�CZ�UPPM
r BCPVU�����MJOFT�PG�"MMPZ�XSJUUFO
r GPS���BDUJPOT���?���DBTFT

DPVOUFSFYBNQMF�����TFDPOE
FYIBVTUJOH�TQBDF�����NJOVUF

24
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&OHJOF�DMBTT
r IPMET�BDUJPO�MJTUT
r JO�BSSBZ�JOEFYFE�PO�UPLFO�UZQF

DPOTVNJOH�UPLFO
r DSFBUFT�JUFSBUPS�PCKFDU
r ZJFMET�FBDI�BDUJPO�JO�UVSO

BOE�QFSGPSNT�JU

Iterator

Engine

List

Action

Array
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QSJWBUF�-JOLFE-JTU�<>�UBCMF�
y
QVCMJD�WPJE�SFHJTUFS�	"DUJPO�BDUJPO�JOU�UZQF
�\

BDUJPOT<UZQF>�BEE�	BDUJPO
�
^

QVCMJD�WPJE�DPOTVNF@UPLFO�	5PLFO�UPLFO
�\
*UFSBUPS�J���UBCMF<UPLFO�UZQF>�JUFSBUPS�	
�
XIJMF�	J�IBT/FYU�	

�\

"DUJPO�B���	"DUJPO
�J�OFYU�	
�
B�QFSGPSN�	UPLFO�J
�
^

^
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Engine List Iterator Action

consume

i = l.iterator() 

a = i.next()

a.perform()

e.register(…)

a = i.next() 

Array

l = table[t.type] 
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QSPCMFN
r JUFSBUPS�TIBSFT�TUBUF�XJUI�MJTU
r IPMET�DVSTPS�JOUP�SFQSFTFOUBUJPO
r DBMM�UP�MJTU�T�BEE NBZ�JOWBMJEBUF�DVSTPS

+BWB�T�TPMVUJPO
r JUFSBUPS�BOE�MJTU�IBWF�WFSTJPO OVNCFST
r MJTU�T�JUFSBUPS�DSFBUFT�JUFSBUPS�XJUI�TBNF�WFSTJPO
r MJTU�T�BEE�SFNPWF JODSFNFOUT�MJTU�WFSTJPO
r BU�TUBSU�PG�JUFSBUPS�T�OFYU

DIFDL�WFSTJPOT�NBUDI
JG�OPU�UISPX�FYDFQUJPO
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CVJME�NJOJNBM�"MMPZ�NPEFMT
r PG�MJTU�BOE�JUFSBUPS
r PG�FOHJOF�TUSVDUVSF

USBOTMBUF�FOHJOF�NFUIPE
r JOUP�"MMPZ�BTTFSUJPO
r BOE�BOBMZ[F�JU

UP�GJY�QSPCMFN
rEFWFMPQ�HFOFSBM�EJTDJQMJOF
r BEE�UP�NPEFM�BOE�SFBOBMZ[F
r 	DIFDL�DPEF�BHBJOTU�EJTDJQMJOF
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UXP�LJOET�PG�"MMPZ�BUPNT
r SFGFSFODFT��TMPUT�UIBU�IPME�PCKFDUT
r PCKFDUT��WBMVFT�UIBU�HP�JO�TMPUT

sig Ref {}
sig Obj {}
sig State {

refs: set Ref,
obj: Ref ->? Obj
}

Ref

Ref

Obj

Ref

Obj

ObjObj
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sig IteratorRef extends Ref{}
sig Iterator extends Obj {

on: ListRef,
left: set Ref
version: VersionRef
}

sig ListRef extends Ref{}
sig List extends Obj {

elts: set Ref
version: VersionRef
}

IteratorRef

Iterator

ListRef

Iterator

VersionRef

version

version

on
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fun next (s, s’: State, this: IteratorRef, x: Ref) {
x in this.(s.obj).left
this.(s’.obj).left = this.(s.obj).left - x
this.(s’.obj).version = this.(s.obj).version
modifies (s, s’, this)
}

fun next-pre (s, s’: State, this: IteratorRef) {
this.(s.obj).version = this.(s.obj).on.(s.obj).version
}

fun modifies (s, s’: State, rs: set Ref) {
all x: s.refs - rs | x.(s’.obj) = x.(s.obj)
}

32
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fun iterator (s, s’: State, this: ListRef, result: IteratorRef) {
result.(s’.obj).on = this
result.(s’.obj).version = this.(s.obj).version
result.(s’.obj).left = this.(s.obj).elts
modifies (s, s’, {})
}

fun add (s, s’: State, this: ListRef, x: Ref) {
this.(s’.obj).elts = this.(s.obj).elts + x
modifies (s, s’, this)
}
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sig Engine extends Obj {
table: TypeRef ->! ListRef
}

fun register (s,s’: State, this: EngineRef, a: ActionRef, t: TypeRef){
let l = t.(this.(s’.obj).table) {

add (s, s’, l, a)
modifies (s, s’, l)
} 

}

34
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assert {
all s0, s1, s2, s3: State,

e, e’: EngineRef, l: ListRef, i: IteratorRef,
t: TokenRef, a: ActionRef, a’: a.group |

{
l = t.(s0.obj).type.(e.(s0.obj).table)
iterator (s0, s1, l, i)
next (s1, s2, i, a)
register (s2, s3, e’, a’)
}
=> next-pre (s3, i)

}

Engine

consume

i = l.iterator() 

a = i.next()

a.perform()

a = i.next() 

Array

l = table[t.type] 
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UPPM�GJOET�B�DPVOUFSFYBNQMF
rXIBU�JG�POF�MJTU�GPS�UXP�UZQFT 
r GJY�NVMUJQMJDJUZ�PG�UBCMF
r 	BOE�DIFDL�DPEF
�

sig Engine extends Obj {
table: TypeRef ?->! ListRef
}

36
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OJNCMF�NPEFMMJOH
rNPEFMT�BSF�UJOZ
r BOBMZTJT�JT�GBTU
r GFFECBDL�JT�NPUJWBUJOH

MFWFMT���QIBTFT
r BCTUSBDU���DPEF�EFTJHO
r FBSMZ�BOE�MBUF

TZTUFNBUJD
r EFWFMPQFE�HFOFSBM�SVMFT
r EJTDJQMJOF�GPS�GVUVSF�DIBOHFT
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EFTJHO�DPOGPSNBODF
r/4'�*53�HSBOU�XJUI�.BSUJO�3JOBSE
r DPNCJOFT�"MMPZ�XJUI�3JOBSE�T�TIBQF�BOBMZTJT

abstract
design
works

code-level
discipline

works

code
satisfies

discipline

system
works
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WFSJGZJOH�TUBUF�NBDIJOFT
r1BUIGJOEFS��BQQMJFT�4QJO�UP�+BWB�	"NFT

r#BOEFSB��USBOTMBUFT�+BWB�UP�GJOJUF�TUBUF�NPEFM�	,BOTBT

r 4-".��USBOTMBUFT�DPEF�UP�ACPPMFBO�QSPHSBNT��	.JDSPTPGU


GPS�FWFOUT�OPU�IFBQ�TUSVDUVSF

MJHIUXFJHIU�DPEF�BOBMZTJT
r -$-JOU�	.BSZMBOE
�1SF'*9�	.TGU
�&4$�	$PNQBR


GPS�TJNQMFS�QSPQFSUJFT�FH�OVMM�EFSFGT
VOJGPSN�BDSPTT�DPEF
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"MMPZ�MBOHVBHF�BOE�UPPM
r *MZB�4IMZBLIUFS
r.BOV�4SJEIBSBO
r#SJBO�-JO

"MMPZ�DBTF�TUVEJFT
r 4BSGSB[�,ISVTIJE
r.BOEBOB�7B[JSJ
r(SFHPSZ�%FOOJT
r.JDIBM�.JSWJT
r)PFUFDL�8FF

5BHHFS�FYBNQMF
r"MBO�'FLFUF
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IUUQ���TEH�MDT�NJU�FEV�_EOK�QVCMJDBUJPOT
SFTFBSDI�QBQFST

BMMPZ�MBOHVBHF
BMMPZ�BOBMZTJT�UFDIOPMPHZ
PCKFDU�NPEFM�FYUSBDUJPO
PCKFDU�NPEFMT

MFDUVSF�OPUFT
TPGUXBSF�EFTJHO�XJUI�PCKFDU�NPEFMT

IUUQ���TEH�MDT�NJU�FEV�BMMPZ
BMMPZ�BOBMZ[FS

OFX�UPPM�SFMFBTFE�NJE�TFQUFNCFS


