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.* 0%.%$+!2% ./% 3*25*$+,23% *5 ,2 EH?' ?/% +%,2!2" *5 (&')&*+!'(,> 9%.:%%2 ,

"!<%2 14%3!83,.!*2 S ,20 ,2 !+4-%+%2.,.!*2 I> !1 3$!.!3,- 5*$ ./% #20%$1.,20!2" *5

./% ,$%, ,20 ,1 1#3/ !. !1 0!13#11%0 9%-*:'

?/% +*1. "%2%$,- 0%82!.!*2 *5 3*25*$+,23% !1 4$*<!0%0 !2 I?$%.+,21 (JJJK> ,20

:% $%4$*0#3% !. /%$%' L*25*$+,23% $%-,.%1 .* 14%3!83,.!*21 ,20 !+4-%+%2.,.!*21'

?/% #2!<%$1% *5 14%3!83,.!*21 !1 0%82%0 96 ./% 1%. SPECS ,20 ./% #2!<%$1% *5 ,--

EH?1 !1 0%2*.%0 96 IMPS' L*21!0%$!2" ./!1> 3*25*$+,23% !1 0%82%0 ,1 ./% $%-,.!*2

conforms-to ⊆ IMPS × SPECS

:/%$% "!<%2 ,2 EH? IUT ∈ IMPS ,20 , 14%3!83,.!*2 S ∈ SPECS>
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IUT conforms-to S  !"# $$ $ %&'% IUT ($ ' )*## )% (+", + -%'%(*- *. %& $" )(/0

)'%(*- S1

2- *#3 # %* # ,'% # ', (+", + -%'%(*-$ 4(- IMPS5 6(%& $" )(/)'%(*-$7 %& '$0

$8+"%(*- ($ +'3 %&'%  9 #: 2;< IUT ∈ IMPS )'- = +*3 , 3 =: ' 4"*$$(=,:

8->-*6-5 .*#+', *=? )% IIUT ∈ MODS7 6& # MODS ($ %& 8-(9 #$ *. .*#+',

*=? )%$1 <&($ '$$8+"%(*- ($ >-*6- '$ '  !" #$%& #!"'" @A #-*% BCCB7 D'83 , BCCEF1

;-3 # %&($ '$$8+"%(*-7 '- '(%)!(!* + '&* ,!)+ '&* ($ 3 /- 3 = %6  - +*3 ,$ '-3

$" )(/)'%(*-$ '$ imp ⊆ MODS × SPECS1 G- (+", + -%'%(*- IUT ∈ IMPS ($

$'(3 %* )*-.*#+ %* '- $" )(/)'%(*- S ∈ SPECS (. '-3 *-,: (. %& +*3 , *. %& 

(+", + -%'%(*- IIUT ∈MODS ($ (+", + -%'%(*- # ,'% 3 6(%& S

IUT conforms-to S⇔ IIUT imp S

H(I # -% (+", + -%'%(*- # ,'%(*-$ )'- 3 /- 37 3 " -3(-J *- %& +*3 , *# $" )0

(/)'%(*- ,'-J8'J 8$ 37 '- *9 #9( 6 *. %&*$ +*$% # , 9'-% %* *8# 6*#> ($ "#*9(3 3

= ,*61

 !"!3!" 45.'6/2$(,$ 1$2/&'*(%

<& +*$% J - #', %:" *. (+", + -%'%(*- # ,'%(*- ($ !-.'/+)!*0!7 %#'3(%(*-',,: 8$ 3

.*# % $%(-J 6(%& $%'% 0='$ 3 $" )(/)'%(*-$7 (- "'#%()8,'# 1'*' ! 2 + ! 3+0#'*!"

4KLM51 KLM$ )'- = 4! !,('*'" '0 4HKLM5 *# *&*54! !,('*'" '0 4NHKLM57 &*60

 9 # 6 6(,, 8$ %& J - #', % #+ KLM %* 3 -*% ' 3 % #+(-($%() /-(% $%'% +')&(- 1

7$8('&'*(  !"!"! G 1'*' ! 2 + ! 3+0#'*! KLM ($ ' O0%8", (S, s0, I, O, δ, λ)7 6& # 

• S ($ ' /-(% $ % *. $%'% $7 6(%& s0 ∈ S %& (-(%(', $%'% 

• I ($ ' /-(% $ % *. (-"8% $:+=*,$

• O ($ ' /-(% $ % *. *8%"8% $:+=*,$

• δ : S × I → S ($ %& $%'% %#'-$(%(*- .8-)%(*-

• λ : S × I → O ($ %& *8%"8% .8-)%(*-

P& - %& +')&(- ($ (- ' )8## -% $%'% s ∈ S '-3 # ) (9 $ '- (-"8% i ∈ I (% +*9 $

%* %& - !% $%'% $" )(/ 3 =: δ(s, i) '-3 "#*38) $ %& *8%"8% $" )(/ 3 =: λ(s, i)1

<& KLM *. '- 2;< I )*-.*#+$ %* ' $" )(/)'%(*- S (. I, S '# !-.'/+5

)!* @Q  BCCOF7 + '-(-J %&'% %& : &'9 %& $'+ -8+= # *. $%'% $ '-3 %#'-$(%(*-$

4%& : '# '"&(&,%#51 2- % #+$ *.  !% #-', = &'9(*#7 '-3 8-3 # %& '$$8+"%(*- %&'%

=*%& KLM$ &'9 %& $'+ -8+= # *. $%'% $7 I '-3 S '#  R8(9', -% (. %& : )'-0

-*% = 3($%(-J8($& 3 =: '-: $ R8 -) *. (-"8%$7 (1 1 =*%& %& $" )(/)'%(*- S '-3

%& (+", + -%'%(*- I 6(,, J - #'% %& $'+ *8%"8%$ .*# (3 -%()', (-"8% $ R8 -) $1
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4'1+0$"(/ 4'.-$"(/ DE(0!<-// FGGHI6
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-4'- -4' +",$)$- .!"*/' '0*/ 12/ $3/ ?N :B2 $!-$ 3' 1'A/' K'.(36

.'/01&1+0 !) )!) M +",$)$- .!"*/' '0* 12/ $3 "# - HC$+&.' (S,Σ, T, s0)2 3!'4'

• S "# - 0(+/$-K.'2 /(/C'<&$% #'$ () #$-$'#

• Σ "# - 0(+/$-K.' #'$ () (K#'4,-K.' -0$"(/#

• T ⊆ S × Σ ∪ {τ} × S "# - $4-/#"$"(/ 4'.-$"(/2 -/1 τ /∈ Σ "# -/ +/(K#'4,-K.'

-0$"(/

• s0 "# $!' "/"$"-. #$-$'

M $4-/#"$"(/ K'$3''/ #$-$'# s, s′ ∈ S -/1 -0$"(/ a ∈ Σ "# 1'/($'1 -# s
a
→ s′6 O",'/

- #'*+'/0' () -0$"(/# σ ∈ Σ∗
2 s

σ
⇒ s′ 1'/($'# $!' #'$ () $4-/#"$"(/# $-P"/> )4(< s $(

s′ -)$'4 -&&.%"/> $!' #'*+'/0' σ2 "/0.+1"/> $4-/#"$"(/# 3"$! +/(K#'4,-K.' -0$"(/#6
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4'.-$"(/# -4' -.#( &(##"K.'2 -# ,'/'3&)" '0* $%&'(")$*#$2 0,/$!(" '0* $%&'(")$*#$ -/1
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3(4P () T6  4'$<-/# D 4'$<-/# FGGUI )(4 N : "# )+/1-<'/$-. "/ $!"# -4'-6 6!$0!-$!
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 ! "#$%#"  % & ! ' (&) *&+ * ,- )#!.#/, ,0 ,#!,!1 *-#)# 02!#)3&, 0%! &204, ,-#

 '.(#'#%,&, 0% -&3# ,0 2# & !42!#, 05 02!#)3&, 0%! &204, ,-# !.#/ $/&, 0%6

70%8.)#0)"#) )#(&, 0%! &)# &(!0 "#!/) 2#"  % ,-# ( ,#)&,4)#6 9-# &4,-0)! 05

:;) %<!'& =>??@ "#$%# ,-#  !"# )#(&, 0% 50) A9A1 *- /-  '.)03#! 0% ,-# ,#!, %B

.)#0)"#) )#(&, 0% 2+ )#!,) /, %B ,-# "0'& % C0) (&%B4&B#D 05 ,-# ,#!,! ,0 ,-# 0%# "#8

$%#" 2+ ,-# !.#/ $/&, 0%6 9-# $! !"# )#(&, 0% :9)#,'&%! =>>E2@1 #F,#%"! ,-#  !"#

)#(&, 0% ,0 "#&( * ,- G%.4, H4,.4, 9)&%! , 0% I+!,#'! CGH9ID6 H,-#) #F,#%! 0%!

50) )#&(8, '# !+!,#'! :J) /-#% KLLM@ &%" !+'20( / !+!,#'! :N)&%,O#% KLLM@ -&3# &(!0

2##% .)0.0!#"6

 !"!3!3 4-02$-$(&/&'*( 1$2/&'*(% /(5 &$%& )$($1/&'*(

G'.(#'#%,&, 0% )#(&, 0%! B4 "# ,-# ,#!, %B .)0/#!! 2+ .)03 " %B 50)'&( /0%50)'&%/#

!&, !5&/, 0% /) ,#) & 50) &%  '.(#'#%,&, 0% 4%"#) ,#!,6 P3&(4&, 0% 05 !4/- /) ,#) & /&%

2# "0%# # ,-#) 2+ % &$'()* /0%,)0(( %B ,-# GQ9 ,-)04B- ,#!, #F#/4, 0%1 0) ,-)04B-

+%,,$'( 02!#)3&, 0% 05 ,-# %0)'&( 0.#)&, 0% 05 ,-# GQ96 9-#!# ,*0 '#,-0"! &)#

4!4&((+ " !, %B4 !-#" &! /,&'6$ &$%&'() &%" 0/%%'6$ &$%&'()1 ,-# (&,,#) 05 *- /-

* (( 2# " !/4!!#"  % "#,& (  % ,-# %#F, !#/, 0%1 ! %/#  , /0%/#)%! ,-# /4))#%, *0)<6

R% 03#)3 #* 05 &/, 3# ,#/-% S4#!  ! .)03 "#" 2#(0*6

R/, 3# ,#!, %B ,#/-% S4#! )#(+ 0% ,#!, #F#/4, 0% 50) /0%50)'&%/# #3&(4&, 0%1 &%"

,-)04B- ,-# 4!# 05 50)'&( !.#/ $/&, 0%!1 &4,0'&,#" &(,& -("(.%&$!" '#,-0"! &)#

.0!! 2(#6 9-# .)02(#' 05 /0%50)'&%/# ,#!, %B  ! )#"4/#" ,0 $%" %B & &(,& ,(/0(" ( 0)

&(,& ,0$&( ,-&, &((0*! ,0 "#,#)' %# *-#,-#) &% GQ9 /0%50)'! * ,- ,-# !.#/ $/&, 0%

*6)6,6 & .&), /4(&)  '.(#'#%,&, 0% )#(&, 0%6 G5 ,-# GQ9 +%,,(, ,-# ,#!, !4 ,#1  !

"#/(&)#" /0%50)'&%,1 0,-#)* !#1  ,  ! "#/(&)#" %0%8/0%50)'&%,6 N B4)# K6K1 !-0*!

,-# ,)&" , 0%&( &/, 3# ,#!, %B '#,-0"0(0B+6

N B4)# K6KT R/, 3# ,#!, %B '#,-0"0(0B+6

N0) NIU 2&!#" ,#!, %B1 ,-# '0!, 4!#"  '.(#'#%,&, 0% )#(&, 0%  ! #S4 3&(#%/#1

*- /-  % ,-# /0%,#F, 05 NIU! '#&%! $,!1!.+2$,11  6#6 #S4 3&(#%/# 05 !,&,#! &%"

,)&%! , 0%!6 9*0 ,+.#! 05 #))0)! &)# .0!! 2(# 4%"#) ,- ! "#$% , 0% 05 #S4 3&(#%/#6

7.&0.& #))0)! 0//4) *-#% ,-# '&/- %# )#,4)%! ,-# *)0%B 04,.4, ,0 & B 3#%  %.4,6



 ! "#$%&'( )* +&$&' ,- &#' .(&

/($01-'(  !!"!# "$$%! &' ( )' *+$',( ,# - .) ,( )' &!"(/ #)+) +.) !  0 $%),(/ +

)!+(#,),"(1 2 #) $+# / ( !+),"( ) $'(,3% # ."! 45678+# 9 #: $,;$+),"(#< +)) *:) )"

$'+!+$) !,= #)+) # +.) ! )'  0 $%),"( ". + ) #)1 >,? ! () * )'"9"-"/, # '+@ 8  (

9 @ -": 9< 9 : (9,(/ "( 9,? ! () +##%*:),"(# +8"%) )' *+$',( 1 5)+) $'+!+$) !7

,=+),"( )'!"%/' 9,#),(/%,#',(/ # 3% ($ # AB ((,( CDEFG< $'+!+$) !,=+),"( # )# HI7

* )'"9J AK'"& CDLMG< %(,3% ,(:%)N"%):%) # 3% ($ # HOPQ7* )'"9J +(9 )!+(#,),"(

)"%!# AR+,)" CDMCG< +! #"* ". )' ) $'(,3% # +@+,-+8- ,( )' -,) !+)%! 1 > )+,- 9

! @, &# ". )' 9,? ! () * )'"9"-"/, # +! :!"@,9 9 ,( AO!+- CDDS< T  CDDEG1

2 #) / ( !+),"( * )'"9# ."! )'  !"# ,*:- * ()+),"( ! -+),"( A2! )*+(# CDDE+G<

+(9 )' $! ! ,*:- * ()+),"( ! -+),"( AU!,(V#*+ CDDLG '+@ +-#" 8  ( 9 @ -": 91

 !"!# $%&&'() *)&*'+, -./ 0.+-./1%+0)

W+##,@ ) #),(/< +# :! @,"%#-X 9 ;( 9< ,# 8+# 9 ". )' "8# !@+),"( ". ,(:%)#N"%):%)#

)" )' PO2 9%!,(/ ("!*+- !%(),* 1 Y-)'"%/' ,) '+# #"* 9,#+9@+()+/ # &,)' ! #: $)

)" % &$'( ) $'(,3% #< )' *"#) ,*:"!)+() 8 ,(/ -+$V ". $"()!"- ". )'  0 $%),"(< ,)

+-#" '+# ,*:"!)+() +9@+()+/ #< :+!),$%-+!-X )' +8,-,)X )" ) #) +( ,*:- * ()+),"(

&,)'"%) 9,#)%!8,(/ ("!*+- ": !+),"( +(9 ,( ,)# (+)%!+-  (@,!"(* ()+- $"(9,),"(#1 P)

,# +-#" )' "(-X ":),"( +@+,-+8- %(9 ! #"* $,!$%*#)+($ #< &' ( )' ,() !.+$ # ". )' 

#X#) * +! ,(+$$ ##,8- < "! &' ( +$),@ ) #),(/ ,# ,*:!+$),$+- 9% )" )' $"*:- 0,)X

". )' #X#) *1 )"*$"( +(9 )+$"( +::!"+$' # $+( 8 9,#),(/%,#' 91 P( )' ."!* !<

)' ) #) ! +)) *:)# )" 9 ) $) + .+%-) 9%!,(/ )'  0 $%),"( ". )' #X#) *1 P( )' 

-+)) !< )'  @+-%+),"( ". )' #X#) * ,# 9"( ,( ! $"!9 9 &,% (-1 Y &,% ( ,# + ! $"!9

". ,(:%)N"%):%)  @ ()# ". )' PO21 4,/%! S1Z #'"&# )' )!+9,),"(+- :+##,@ ) #),(/

* )'"9"-"/X1 Y 9 #$!,:),"( ". #"* ". )' *"#) ,*:"!)+() &"!V# +(9 * )'"9"-"/, #

,( )',# +! + +! :!"@,9 9 ,( )' ! #) ". )' # $),"(1

4,/%! S1Z[ W+##,@ ) #),(/ * )'"9"-"/X1

)* *!* /'1&203 42&# 5+61

Q( ". )'  +!-, #) &"!V# ! /+!9,(/ :+##,@ ) #),(/ ."! :!")"$"- ) #),(/ ,# :!"@,9 9 ,(
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 ! "# $%& "#'  !"#$%&'( )&* #+,(%&*#)-# () *)+' ") " ,-#.-/0"#,+ /+1"2(-#3 4 )+/5

6"2(-#"1 +7*(6"1+#,+ ,-#)('+/) 28+ (091+0+#2"2(-# I ") ."*12! (. 28+/+ () "  +8"6(-/

28"2 ,"##-2  + - )+/6+' (# 28+ )9+,(:,"2(-# S3 4 )+/6"2(-#) -. 28+ (091+0+#2"2(-#

"/+ (#9*2;-*29*2 9"(/) <" 2/",+=> +",8 -#+ "))*0+' 2- /+9/+)+#2 -#+ 2/"#)(2(-#3 ?

2@- )2"A+ "1A-/(280 () '+:#+'B

C3 D8+ 9"))(6+ . /()0 "#+,#)-# )2"A+ () '+)(A#+' 2- '+2+/0(#+ 28+ )2"2+ -. 28+

(091+0+#2"2(-# "2 28+  +A(##(#A -. 28+ 2/",+3 ?2 28+  +A(##(#A "11 )2"2+)

(# S "/+ ,-#)('+/+' ,"#'('"2+)3 D8+ 8-0(#A )2"A+ /*1+) -*2 -#+  ! -#+ 28+

)2"2+) ./-0 @8(,8 28+ #+E2 (#9*2;-*29*2 9"(/ (# 28+ 2/",+ ,"##-2  + 9/-'*,+'>

)2"/2(#A  ! 28+  +A(##(#A -. 28+ 2/",+3 ?2 28+ +#' -. 28+ )2"A+ @+ +(28+/ +#'

*9 @(28 -#+ ,"#'('"2+> @8(,8 9/-6('+) 28+ )2"/2(#A 9-(#2 .-/ 28+ )+,-#' )2"A+>

-/ @+ /*1+ -*2 "11 )2"2+)> (# @8(,8 ,")+> 28+/+ () " ."*12 (# 28+ (091+0+#2"2(-#

"#' 2+)2(#A +#')3

F3 D8+ )+,-#' )2"A+> -/ 1&,*' 2#'#-'( ) )2"A+> ,-#2(#*+) 28+ ,-09"/()-#  +2@++#

28+ - )+/6+'  +8"6(-/ <28+ 2/",+=> "#' 28+ )9+,(:+'  +8"6(-/3 G. "# - )+/6"2(-#

'-+) #-2 0"2,8 28+ +E9+,2+'  +8"6(-/> 28+# " ."*12 8")  ++# .-*#'> (. 28+ +#'

-. 28+ 2/",+ () /+",8+'> #- 6+/'(,2 ,"#  + A(6+#3

 !"!4! #$%&'() 5'&6 78&$(9$9 :;<%

$(#(2+ )2"2+ 0",8(#+) "/+ " *)+.*1 0-'+ .-/ )9+,(.!(#A )(091+ )!)2+0)> 8-@+6+/ 28+!

7*(,H1!  +,-0+ *#9/",2(,"1 2- *)+ ") 28+ )(I+ -. 28+ )!)2+0 A/-@)3 34'#)2#2 5()('#

6'&'# 7&-.()#" <J$%&)= 9/-6('+ " A+#+/"1(I"2(-# -. $%& @(28 28+ (#,-/9-/"2(-# -.

6"/(" 1+)> 9/+'(,"2+) <,-#'(2(-#)= "#' ",2(-#) -6+/ 28+ 6"/(" 1+)> "11-@(#A .-/ 0-/+

)*,,(#,2 )9+,(:,"2(-#)3 D8+ J$%& 0-'+1 9/-6('+) 28+ )+0"#2(,) .-/ 28+ %9+,(:,"5

2(-# "#' K+),/(92(-# L"#A*"A+ <%KL= MGDN5D O3CPP CQQQR3

=$>('&'*(  !"!?! ?# 34'#)2#2 5()('# 6'&'# 7&-.()# <J$%&= () " S52*91+

(S, s0, I, O, ~x, T )> @8+/+

• S () " :#(2+ )+2 -. )2"2+)> @(28 s0 ∈ S 28+ (#(2("1 )2"2+

• I () " :#(2+ )+2 -. (#9*2 )!0 -1) @(28 -/ @(28-*2 9"/"0+2+/)
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• ~x () " 6"/(" 1+ 6+,2-/

• T () " :#(2+ )+2 -. 2/"#)(2(-#)

J",8 2/"#)(2(-# t ∈ T () " S52*91+ (st, ft, it, ot, Pt, At) @8+/+

• st ∈ S () 28+  +A(##(#A )2"2+ -. 28+ 2/"#)(2(-#

• ft ∈ S () 28+ +#'(#A )2"2+ -. 28+ 2/"#)(2(-#



 ! "#$%&'( )* +&$&' ,- &#' .(&

• it ∈ I  ! "#$  %&'" ()* "#$ "*+%! " )%

• ot ∈ O  ! "#$ )'"&'" )( "#$ "*+%! " )%

• Pt(~x)  ! + &*$, -+"$ )% "#$ .+* +/0$ .+0'$!

• At(~x)  ! +% +-" )% )% "#$ .+* +/0$ .+0'$!
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&*)-$,'*$ +! 3 "# "#$ &*$. )'! 9<= +&&*)+-# -+% /$ '!$,5 L&)% )/!$*.+" )% )(
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?#$ #)2 %: &#+!$ ()00)3! "#$ "3) *'0$!  00'!"*+"$, /$()*$
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• 9(&$15/2%  !" # $%& $%"'  ()*& $%&"+"! , !$ (-"./ $% )!'"! &) 0""1 !"2)!' )3

&4" 1)..$(-" , !$ (-" , -*".5 6% $%&"!, -  ()*&  , !$ (-" v $. '"%)&"'  .

R(v) = [a, b]/ $%'$2 &$%+ &4 & a ≤ v ≤ b5 7%3)!# &$)% $% &4" 1!"'$2 &". $.

*."' &) !"8%" &4" $%&"!, -5 7%&"!, -.  !" *."' &) '"&"!#$%" &4" . &$.3 2&$)% )3

1!"'$2 &". - &"! $% &4" ", -* &$)%5 94"% &4" , -*" )3 , !$ (-" v $. 3)*%'/ &4"

$%&"!, - $. !"1!"."%&"'  . R(v) = [a, a]/ 3)! v = a/ $% :4$24 v $. . $'  !"# ! 5

•  !!"#$%&'! 0""1 !"2)!' )3 &4" 2)%.&! $%&. )% , !$ (-".5 6%  .."!&$)%/ '"%)&"'

 . assert(~x) $.  ())-" % 3)!#*- :4$24 2)%& $%. &4" !"2)!' )3 &4" 2)%.&! $%&.

)% , !$ (-". *1 &) &4" 2*!!"%& 1)$%& $% &4" ", -* &$)%5 94"%  &! %.$&$)%

$. 8!"'/ &4" 1!"'$2 &" $.  ..*#"' &) (" &!*"  %'  ''"' &) &4" assert(~x)5

62&$)%. :$&4 *%0%):% !$+4& .$'" , -*".  !"  -.) *."' &) # $%& $% &4" -$.& )3

 .."!&$)%. ;"5+5  3&"!  %  2&$)% x1 := x2  -- !"3"!"%2". &) x1 2 % (" !"1- 2"'

(< x2=5 >*!$%+ &4" 1!)2".. &4" 2)%.$.&"%2< )3 &4" 1!"'$2 &". $% &4"  .."!&$)%

$. 2)%8!#"' &) '$.2 !' .& &".  %' , -* &$)%.5
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&4" # 24$%"5 6 2 %'$' &" 2)%8+*! &$)% ."& $. !"1!"."%&"' (< &4" &!$1-"
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(s,R(~x), assert(~x)) !"#$# s %& ' &('(# R(~x) %& ("# &#( )* %+(#$,'-& *)$ ("#

.%/#$#+( ,'$%'0-#& '+. assert(~x) %& '+ '&&#$(%)+ )+ ~x1
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/&#'( 0'&#,1,2,34'5 2"# '9(")$& )* D?-:'-.# EFFGH 8$),%.# ' &%4%-'$ 4#(").B
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("# &8#:%C:'(%)+ *)$ #':" ($':# #,'-9'(#. -#'.%+3 () -)! 8#$*)$4'+:# %&&9#&1 2"#

!)$I %+ D5','--% EFFRH 8$#&#+(#. ' C$&( !)$I )+ #!%&'#&!()*&+$, ($+(#!-1 2"# 8$%+:%8-#

%& ("# *)--)!%+3S #. *$)4 ("# &8#:%C:'(%)+ >=J6K %& 9&#. %+ ("# !)$IM &#Q9#+:#& )*

@TA 8'%$& '$# #<($':(#. ##. &#Q9#+:#& '$# &#-#:(#. 0#:'9&# )* ("#%$ 9+%Q9#+#&& %1#1



 !"! #$%&'() *+ ,*--.(',/&'*( 01*&*,*2% "3

 !"#  !$ %&'( %$)&$!'$ '*!  ''&+ ,! -($ %.$',/'*-, ! 0($!'$ ,!1*+,*!-23    ! 45 *!

,!1*+,*!- 6 $% ! - *..$*+ ,!-$7+*""#  ! -($ -+*'$ 08$5 +$ -($ $!6 ,% +$*'($629 -($!

* 5*&"- (*% 8$$! 6$-$'-$63

:!  1$+1,$;  5 -($ 6,<$+$!- ,!1*+,*!-=8*%$6 -$%-,!7 *..+ *'($% ,% .+ 1,6$6 *%

5 "" ;%3

4(0.&5*.&0.& '(6/1'/(&% :! 4>? ,!1*+,*!- ' !%,%-%  5 -; .*+-%9 * "#$%&'($

*!6 )$*)3 @($ "#$%&'($ ,% * %$)&$!'$  5 $1$!-% -(*- !$$6% - 8$ 5 &!6  ! -($ -+*'$

8$5 +$ -($ )$*) '*! 8$ $1*"&*-$63 @(+$$ -#.$%  5 %&'( ,!1*+,*!-% *+$ 6$/!$6 ,!

AB*1*"", CDDEF3

• +,)",)  -.%# %-)* *"" ; - $G.+$%% .+ .$+-,$% %&'( *% H,II$6,*-$"# *5-$+ -($

%$)&$!'$ preamble9 -($ *.&0.& test I&%- 8$  8%$+1$6J3 @($ 5 "" ;,!7 *+$

$G*I."$%  5  &-.&- ,!1*+,*!-%

7 i1
︸︷︷︸

preamble

/ o1
︸︷︷︸

test

6$! -$% -($ .+ .$+-#K L$*'( -,I$ -(*- ,!.&- i1 ,%  8%$+1$69

-($! -($  &-.&- o1 I&%- 8$ *"%  8%$+1$6M

7 i1/o1, i2
︸ ︷︷ ︸

preamble

/ o2
︸︷︷︸

test

6$! -$% -($ .+ .$+-#K L$*'( -,I$ -(*- -($ .*,+ i1/o1 *!6

-($ ,!.&- i2 *+$  8%$+1$69 -($! -($  &-.&- o2 I&%- 8$ *"%  8%$+1$6M

• /-",)  -.%# %-)* 6$%'+,8$ .+ .$+-,$% %&'( *% N,II$6,*-$"# 8$5 +$ -($ %$)&$!'$

preamble9 -($ '(0.& test I&%- 8$  8%$+1$6N3 O I$ $G*I."$%  5 ,!.&- ,!1*+,=

*!-% *+$

7 i1
︸︷︷︸

test

/ o1
︸︷︷︸

preamble

6$! -$% -($ .+ .$+-#K L-($  &-.&- o2 I&%- *";*#% 8$ .+$=

'$6$6 8# ,!.&- i1M

7 i1
︸︷︷︸

test

/ o1, i2/o2
︸ ︷︷ ︸

preamble

6$! -$% -($ .+ .$+-#K L-($ %$)&$!'$ o1, i2/o2 I&%- *";*#%

8$ .+$'$6$6 8# ,!.&- i1M

• 0,11$** 2-  -.%# %-)* 6$%'+,8$ I +$ ' I."$G +$)&,+$I$!-% %&'( *% -( %$ $%=

-*8",%($6 8# "  .%3 P + ,!%-*!'$ -($ %$)&$!'$

i1/o1, i1/o1, i1
︸ ︷︷ ︸

preamble

/ o2
︸︷︷︸

test

+$)&,+$% -(*- -($ %$)&$!'$ i1/o1 ,% +$.$*-$6 -;,'$ 8$5 +$ +$-&+!,!7 -($  &-.&-

o23 @(,% ; &"6 *"" ; - -$%-9 5 + ,!%-*!'$9 * ' !!$'-, ! %$)&$!'$9 ;($+$ -; 

*--$I.-% *+$ *"" ;$6 8$5 +$ +$5&%,!73



 ! "#$%&'(  ) *&$&' +, &#' -(&

*./%0' $12 340.5$&.+1 .16$(.$1&7  !" #$%& '( )*%("+$ ,--./ "01"(+2 1!" 3$(4

3"51 $6 '(78%'8(12 9: '(1%$+;3'(<  !"#$% !&'()!(&* = #!'3! 8%" 8 <"("%8>'?81'$( $6 1!"

5%"7'$;2>: +"@("+ $;15;1 '(78%'8(12= 8>>$#'(< 6$% #'>+438%+ 3!8%831"%2 1$ %"5%"2"(1

2"A;"(3"2 $6 '(5;12 $% 8 2'(<>" '(5;1B$;15;1C D'(3" 1!" E$21 3$E5>"0 $5"%81'$( '(

1"21'(< #'1! '(78%'8(12 '2 1!" <"("%81'$( $6 1!" '(78%'8(1 6%$E 1!" 25"3'@381'$(= 6$%

1!" +"23%'9"+ #$%&= '(78%'8(12 8%" +"@("+ E8(;8>>: @%21 F6%$E 1!" %"A;'%"E"(12G=

8(+ >81"% 7"%'@"+ '( 1!" 25"3'@381'$(C * 7"%'@381'$( 8><$%'1!E '2 5%$7'+"+C * 2'E5>"

'(78%'8(12 8%" +"@("+ 1$ 9" 3$(2'21"(1 #'1! 1!" HDI 6$%E8>'2E F+"@('1'$( ,CJCJG=

82 6$>>$#2

8'91.&.+1  ):);) K"1 M = (S, s0, I,O, δ, λ) 9" 8( HDIC * 2"A;"(3" I '2 8  !"#$%

!&'()!(&* 6$% M '6 1!" 6$>>$#'(< 1#$ 3$(+'1'$(2 !$>+

JC I '2 +"@("+ 833$%+'(< 1$ 1!" 6$>>$#'(< L01"(+"+ M83&;24N8;% H$%E FLMNHGO

I ::= i/O | ∗, I | i′/o, I

#!"%" i ∈ I= i′ ∈ I ∪ {?}= o ∈ O ∪ {?} 8(+ O ⊆ O

,C I '2 3$%%"31 #'1! %"25"31 1$ M

 !" #'>+438%+ 3!8%831"% P∗Q %"5%"2"(12 8(: 2"A;"(3" $6 '(5;1B$;15;1 58'%2= 8(+

1!" #'>+438%+ 3!8%831"% P?Q %"5%"2"(12 8(: 2'(<>" '(5;1 $% $;15;1C N$1'3" 1!81 P?Q '2

($1 8>>$#"+ '( 1!" @(8> 58'% $6 1!" '(78%'8(1C

R( )M8:2" ,--S/= 1!" 8;1!$%2 5%$7'+" 8( "01"(2'$( 6$% 1!" 5%"7'$;2 #$%&= #!"%"

+,$!-(*!+& !&'()!(&* 8%" +"@("+ 1$ 8>>$# 1!" +"23%'51'$( $6 $9>'<81'$( 5%$5"%1'"2

FT!. Y ! +, %)'%/ *0%& X "1 * 0('% ,%%& +, %)'%/ ,%.+)%UGC V9>'<81'$( '(78%'8(12

8%" +"@("+ 9">$# 82 #">> 82 8( "08E5>" 6$% 9$1! 1:5"2 $6 '(78%'8(12 861"% 1!81C

8'91.&.+1  ):)<) K"1 M = (S, s0, I,O, δ, λ) 9" 8( HDIC * 2"A;"(3" I '2 8( +,$!2

-(*!+& !&'()!(&* 6$% M '6 1!" 6$>>$#'(< 1#$ 3$(+'1'$(2 !$>+

JC I '2 +"@("+ 833$%+'(< 1$ 1!" 6$>>$#'(< LMNHO

I ::= i/O | ∗, I | i/o, I

#!"%" i ∈ I ∪ {?}= o ∈ O ∪ {?} 8(+ O ⊆ O

,C I '2 3$%%"31 #'1! %"25"31 1$ M

 !" 2"1 O +"($1"2 1!" +,$!-(*!+& 58%1 $6 1!" '(78%'8(1C

=>$/%0'  ):):)  !" 7./%0' .16$(.$1&

I = reqWconnect/connected, ∗, reqWdisconnect/{disconnected}



 ! ! "#$%&'( )(*&+,-%&.$  /

 !"# $$ $ %& '())(*+,- "#(" #%./ 01 disconnect $&(2)3 4 $  ,  5 #. %+6 7 3+$8(,9

, 8%+(, +$ # :2 $% 3 ;4. req<disconnect= +' 7 8(,, 8%+(, &73 4  , -#7,% 3 "# 5+9

(2$).>

?& .01&2-%&.$ &$)-*&-$%

I = req<connect/connected, ∗, ?/{data<sent}

 !"# $$ $ %& '())(*+,- "#(" #%./ 0@ '(# 37%7 87, 4 $ ,%A 7 8(,, 8%+(, BCD? &75 

4  , $288 $$'2)). -#7,% 3>

3-%- 4-*%5 &$ &$)-*&-$% %(5%&$2 B($% (' %& 3 $8#+4 3 +,57#+7,% % $%+,- 7"9

"#(78& $ 7# 3 #+5 3 '#(6 %& EDB '(#67)+$6A 6 7,+,- %&7% %& . (,). %7F +,%(

788(2,% 8(,%#() "7#%$G ?& H#$% *(#F 3+$82$$ 3 ;IJ757))+ KLLMN= +, 733+%+(, %(  !9

%#78%+(, (' 8(,%#() $ :2 ,8 $A +%  !%#78% $ "7#7% ). %& 8(,$%#7+,% +,'(#67%+(, '#(6

%& +,5()5 3 %#7,$+%+(,$G O, (#3 # %( % $% %& "#(" #%. %& ,A %& 8(## 8% $ :2 ,8 

62$% 4 '(2,3 7,3 %& 8(,$%#7+,%$ 62$% &()3A (%& #*+$ 7 '72)% +$ 3 8)7# 3G

?& 72%&(#$ (' %& $ 8(,3 *(#F I1#, 3( KLLMN "#("($ 7 $67)) 6(3+H87%+(, %(

%& (4)+-7%+(, +,57#+7,% 7""#(78&A +, (#3 # %( 3 7) *+%& 8(,$%7,% 37%7 "7#76 % #$G

D28& "#("($7) +$ %7F , 7$ 7 $%7#%+,- "(+,% 4. %& 72%&(#$ (' IP737,+ KLLQNA *& # 

8(,8 "% (' $+6") 7,3 (4)+-7%+(, +,57#+7,%$ +$  !% ,3 3 %( 67%8& %& REDB '(#9

67)+$6G O,57#+7,%$ 7# 3 H, 3 67,27)). '#(6 %& # :2+# 6 ,%$A 7,3 +,"2%S(2%"2%

 5 ,%$ 87, 8(,%7+, "7#76 %#+8 57#+74) $G ?& +,57#+7,%$ 7# %& , 5 #+H 3 +, %& $" 89

+H87%+(, +, (#3 # %( 8& 8F 8(## 8%, $$A 42% 7)$( %(  !%#78% %& # :2+# 3 8(,$%#7+,%$

%&7% *+)) 4  57)27% 3 32#+,- %& 57)+37%+(, (' %& +,57#+7,%G

 ! "#$%&'( )(*&+,-%&.$

1)%&(2-& %&  !"#$%&'#() 7,3 '!*'#)+ 8(662,+%+ $ &75 2$27)). 3 7)% *+%& 3+T # ,%

+$$2 $ 7,3 %&#(2-& 3+T # ,% 6 %&(3()(-+ $A +, %& )7$% 8(2") (' 3 873 $ %& # &7$

4  , +,8# 7$ 3 *(#F +, 2$+,- 5 #+H87%+(, % 8&,+:2 $ '(# % $%+,- IE#7$ # KLLUNG O,

%& 8(,% !% (' "7$$+5 % $%+,-A 7 "7#7)) ) 87, 4 3#7*, 4 %*  , +,57#+7,%947$ 3

% 8&,+:2 $ 7,3 %&($ (' ",)'#-!  !"#$%&'#()G

V2,%+6 5 #+H87%+(, +$ 7 3+$8+")+, A 3 #+5 3 '#(6 -(.!/ %0!%1#)+A %&7% 3 7)$ *+%&

%& $%23.A 3 5 )("6 ,% 7,3 7"")+87%+(, (' 5 #+H87%+(, % 8&,+:2 $ %&7% 7))(* 8& 8F+,-

*& %& # 7 #2, (' 7 $.$% 6 2,3 #  57)27%+(, $7%+$H $ (# 5+()7% $ 7 -+5 , %(""!%')!**

"#(" #%. IP 28F # KLLUNG O% +$ "(#%#7. 3 +, %& )+% #7%2# 7$ 7 /#+0'2!#+0' 5 #+H87%+(,

% 8&,+:2 A 3 7)+,- (,). *+%& %& 7$" 8%$ (' %& $.$% 6 %&7% 87, 4  57)27% 3 32#+,-

#2,%+6 A +, (""($+%+(, %( %#73+%+(,7) 5 #+H87%+(,A *&+8& 3 7)$ *+%& 7)) "($$+4) #2,$

(' 7 $.$% 6G

O, - , #7) % #6$A %& 6 %&(3()(-. '(# #2,%+6 5 #+H87%+(, +$ %& '())(*+,-/ %& 

$.$% 6 (# +6") 6 ,%7%+(, +$ 7$$26 3 %( 4 &75 7$ $(6 6(3 )A M A $(6 "7#% ('

*&+8& +$ 757+)74) 32#+,- #2,%+6 ;$%7% $A %#7,$+%+(,$A 57#+74) 57)2 $A  %8=G 1$ *+%&



  !"#$%&'  ( )%#%& *+ %"& ,'%

 !"#$ %&#%'()*+ ,-.(,/-0($(.1 !2 - *(3#) %!44#%.)#,, 54!5#4.1 φ+  6,. 0# "#.#4 ()#"

!) .&# 46).( # !0,#43-.(!), !2 .&# 3(,(0$# 5-4. !2 .&#  !"#$ 7.&#  !"#$89 :#4(/%-.(!)

!2 - 54!5#4.1 %-) 0# "!)# #(.&#4 %&'(&$+ (9#9 "64()* ,1,.# #;#%6.(!)+ !4 %)(&$+ (9#9

() 4#%!4"#" .4-%#,9

<( ($-4 (,,6#, .! .&!,# ()  !"#$ %&#%'()* -4# "#-$. =(.& () 46).( # 3#4(/%-.(!)>

"#/)(.(!) !2 ,6(.-0$# $!*(%, 2!4 #;54#,,()* 54!5#4.(#,+ ,-.(,/-0($(.1 7!4  !)(.!4-0($(.18

-)" 3#4(/%-.(!) !2 54!5#4.(#,9 ?!=#3#4+ =&($#  !"#$ %&#%'()* "#-$, =(.& ()/)(.#

46), !2 .&# ,1,.# + 46).( # 3#4(/%-.(!) "#-$, =(.& /)(.# #;#%6.(!),9 @&(,  #-),

.&-.  -)1 -,5#%., -)" .#%&)(A6#, !2 .&# 2!4 #4 %-))!. 0# "(4#%.$1 -55$(#" .! .&#

$-..#49

B#.#4 ()()* .&# ,-.(,2-%.(!) !2 - %!44#%.)#,, 54!5#4.1 7(9#9 .&# 3#4(/%-.(!) 5-4.8+

()3!$3#, .&# %4#-.(!) !2 - *%&( %!9 @&# *%&( %! ()%4# #).-$$1 4#-", .&# .4-%# !2 .&#

,1,.# -)" 1(#$", - +$!,(# + 6,6-$$1 () .&# 2!4 !2 - .46.& 3-$6# () ,! # 4-)*# 7#9*9

{true, false} !4 - 54!0-0($(.1 [0, 1]89 C 0(* 5-4. !2 =!4', () .&(, -4#- "#-$ =(.& .&#

*#)#4-.(!) !2  !)(.!4, 2!4 "(D#4#). .15# !2 54!5#4.(#, -)" ,1,.# ,9 C) !3#43(#= !2

"(D#4#). =!4', () .&(, -4#- (, 54!3("#" 01 .&# -6.&!4, !2 EB#$*-"! FGGHI9

C, ()  !"#$ %&#%'()*+ %!44#%.)#,, 54!5#4.(#, -4# 6,6-$$1 =4(..#) () ,! # 3-4(J

-). !2 K@K E:-4"( LMMNI -, (. %-) 0## ,##) () .&# =!4', 01 E?-3#$6)" FGGF+

O(-))-'!5!6$!6 FGGL+ ?-3#$6)" FGGPI+ &!=#3#4 .&# ,# -).(%, !2 .&# 2!4 6$-, -)"

.&#  #.&!", 2!4 *#)#4-.(!) !2  !)(.!4, "(D#49 Q) .#4 , !2 ,# -).(%,+ - =!4' 4#$#3-).

.! !64,+ (, 54#,#).#" () ER-6#4 FGGNI+ =&#4# - .&4## 3-$6#" ,# -).(%, 7 !-$+ ."'/$+

(&#%&#'-/(+$8 (, ().4!"6%#" 2!4 #3-$6-.(!) !2 54!5#4.(#,9

-&./0%0*/  ( (1( K#. u ∈ Σ∗
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INVITE sip:bob@domainB.org SIP/2.0

Via: SIP/2.0/UDP pcA.domainA.org;branch=z9hG4bK776asdhds

Max-Forwards: 70

To: Bob <sip:bob@domainB.org>

From: Alice <sip:alice@domainA.com>;tag=1928301774

Call-ID: a84b4c76e66710@pcA.domainA.org

CSeq: 10 INVITE

Contact: <sip:alice@pcA.domainA.com>

Content-Type: application/sdp

Content-Length: 142

(SDP body not shown)
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C%5%$-2%6%.. !- >0. .#;;8$-%9 ?< -2% -886 #.%9 78$ -2% %D;%$!@%/-.' :2% ;$8;%$-<

!. !66#.-$0-%9 ?< -2% +,E !/  !"#$% &'F'

 )6)7)7 1-4$(,$-&+ 7 $-8 6

:2%.% !/50$!0/-. !66#.-$0-% 0/8-2%$ .-%; !/ -2% !/!-!06!G0-!8/ .%H#%/1%' B7-%$ 0 ,*I

16!%/- $%1%!5%. 0/ ,./,(0 $%H#%.-A !- $%;6!%. >!-2 0 1234234 $%.;8/.%A -8 !/9!10-%

-20- -2% @%..0"% >0. $%1%!5%9 0/9 -20- !- !. >0!-!/" 78$ 18/=$@0-!8/ 87 -2% #.%$ -8

011%;- -2% 1066' */ -2% 10.% 87 -2% B9J281 .%..!8/A $%1%;-!8/ 87 1234234 $%.;8/.%

;$8@;-. -2% .%/9!/" 87 0/ %H#!506%/- $%.;8/.% 78$ -2% 8$!"!/06 ,./,(0A -8 !/78$@ -2%



 !"! #$%&'()&*+,  -

 !"#$% &'() *+, -. /012$!203 4'

56!%03 3723 23 6%283 -0% -. 37% $%5!9!%038 728 $%5%!1%: 37% !01!323!-0' ;$-9%$3< = !8

:%8!"0%: 3- 3%83 37% >%721!-$ -. 37% 56!%038? 20: 2637-#"7 37% 3$25%8 @%$% "237%$%:

23 37% 8%$1%$? 37!8 520 >% 257!%1%: >< $%1%$8!0" !09#38 20: -#39#38 !0 37% 3$25%' A7%

9$-9%$3< !8 :%B0%: 28 .-66-@8'

INV ITE(CSeq1, User0, User1, CallID1, ∅)/?, ∗,

?/Ringing(CSeq1, User0, User1, CallID1)

/0:!523!0" 3723 !. 2  !"#!"# C%882"% 87-#6: 0-3 >% 8%03 @!37-#3 2 5-$$%89-0:!0"

$%&$'( >%!0" 9$%1!-#86< $%5%!1%:' ;$-9%$3< ( !8 :%B0%: @!37 37% !012$!203

INV ITE(CSeq0, User0,   !"#$%$"&$'()!, CallID0, {User1})/?, ∗,

?/Ringing(CSeq0, User0,   !"#$%$"&$'()!, CallID0)

20: !0:!523%8 3723 !. 2  !"#!"# C%882"% !8 8%03? 2 5-$$%89-0:!0" $%&$'( C%882"%

C#83 721% >%%0 $%5%!1%: 9$%1!-#86<' A7%8% 9$-9%$3!%8 2$% !66#83$23%: !0  !"#$% &'&'

 !"#$% &'&) *+, -. /012$!203 = 20: ('

 !"!.!" /*01'(1*+  2 3

A7%8% !012$!2038 !66#83$23% 37% 255%93205% 83%98 :#$!0" 8%88!-0 !0!3!26!D23!-0' E7%0

37% ;-, 56!%03 .-$ 37% !01!3%: #8%$ 255%938 37% 5266? 20 )* C%882"% !8 8%03 3- 37%



 ! "#$%&'(  ) *'+&,-. /0( 123 3'(4,5'+

 !" #$%&$%' ()*!%+(), -./- -.$ 01($)- (# 2/(-(), -! 1(#-$)' 2.(0. () -3%) 4%!+4-# -.$

#$%&$% -! #$)5 /)  ! %$#4!)#$ *!% -.$ !%(,()/-(), "#$"%& %$63$#-' -! ()*!%+ -.$ 0/11$%

-./- /- 1$/#- !)$ ()&(-$$ ./# /00$4-$5 -.$ 0/117 8.$ #$63$)0$ !* +$##/,$# $&/13/-$5

9: -.$#$ ()&/%(/)-# (# #.!2) () ;(,3%$ <7=7 >)&/%(/)- < (# 5$?)$5 -! -$#- -.$ 9$./&(!%

!* -.$ 01($)-# /#

INV ITE(CSeq1, User0, User1, CallID1, ∅)/?, ∗,

?/OK(CSeq1, User0, User1, CallID1)

/)5 ()&/%(/)- = (# 5$?)$5 2(-. -.$ *!11!2(), *!%+31/

INV ITE(CSeq0, User0,   !"#$%$"&$'()!, CallID0, {User1})/?, ∗,

?/OK(CSeq0, User0,   !"#$%$"&$'()!, CallID0)

;(,3%$ <7=@ AB" !* >)&/%(/)-# < /)5 =7

 )6)7) 1-4$(,$-& 8

8.(# ()&/%(/)- $&/13/-$# -.$ /0C)!21$5,$+$)- !* /) DE +$##/,$ 9: /  !" 01($)-7

F) '(! +$##/,$ ()5(0/-$# -.$  !" #$%&$% -./- -.$  ! +$##/,$ 2/# #300$##*311:

%$0$(&$5 /)5 -./- -.$ 01($)- (# %$/5: -! ()(-(/-$ -.$ +$5(/ #$##(!)7 >- 4%!+4-# -.$

 !" #$%&$% -! +!&$ -! ,(&$ 0!)-%!1 -! -.$ 3#$% 41/)$ /)5 ,%/)- -.$ G!!% -! -.$

()(-(/-(), 01($)-7 8.(# ()&/%(/)- &/1(5/-$# -.$ 9$./&(!% !* -.$ 01($)-' %$63(%(), -./-

9$*!%$ /) '(! +$##/,$ (# %$0$(&$5 9: -.$ #$%&$%' /)  ! +$##/,$ +3#- ./&$ 9$$) #$)-7

8.(# 4%!4$%-: (# 5$?)$5 () -.$ *!11!2(), /)5 (113#-%/-$5 9: ;(,3%$ <7H

OK(CSeq0, User0,   !"#$%$"&$'()!, CallID0)/?, ∗,

?/ACK(CSeq2, User0,   !"#$%$"&$'()!, CallID0)

I!-(0$ -./-' () 4%()0(41$' -.$%$ (# )! %$1/-(!) 9$-2$$) -.$ ()*+ ?$15# () -.$ 4%!4$%-:

9$-2$$) -.$  ! /)5 '(! +$##/,$#7 F1-.!3,. -.$ +$##/,$# /%$ %$63(%$5 -! 9$1!), -!

-.$ #/+$ 5(/1!,' /# 5$?)$5 9: -.$ (,--."/ .$/5$%' -.$%$ (# )! !-.$% ,3/%/)-$$ -./-



 !"! #$%&'()&*+,  -

 !" #"$$%&"$ %'" %( )%**+ '"*% ",- ."/"' !"*"$$0 &1/"2  !" (32,1 132$ 34  "$ %2,

 '%(" (%5 )'"0  !1$ 5'35"' + 1$ $)6(1"2  3 "/%*)% "  !" '"7)1'"#"2 - 8 $ '32&"$ 

/"'$132 34  !" $%#" 5'35"' + (%2 9" ,":2", 9+

?/INV ITE(<   !" #$!, Seq0 >,User0,  %&'()*)'+),- !, CallID0, {User1}), ∗

OK(<   !" #$!, Seq0 >,User0,  %&'()*)'+),- !, CallID0)/?, ∗,

?/ACK(<  .%/!, Seq0 >,User0,  %&'()*)'+),- !, CallID0)

;!"'"  !" CSeq 5%' 34  !" INV ITE "/"2 1$ ,"$('19", 9+  !" 5%1' <

Method, Seq >0 ;!"'"  !" Method '"5'"$"2 $  !" 5%' 34  !"  !"# !"%,"' (32<

 %1212&  !" #" !3,0 %2,  !" Seq (32 %12$  !" $"7)"2(" 5%' 34  !" !"%,"'- =!1$

%*$3 $"'/"$  3 1**)$ '% " !3;  !" ">"( 1/"2"$$ 34  !" 5'35"' + '"*% "$  3 2)#9"' 34

,% % /%'1%9*"$  !% 2"",  3 9" (3#5%'",-

?1&)'" @-AB CDE 34 F2/%'1%2 A-

 !"!" #$%&'() &**+

=!"  "$ 12&  33* )$",0 (%**", ="$ F2/ %2, ,"/"*35", 9+  !" (3#5%2+ C32 1#%&"

 

0

%**3;$ %) 3#% ", %2%*+$1$ 34  !" (%5 )'",  '%("$  3 ," "'#12" 14  !" &1/"2 12/%'1%2 $

%'" $% 1$:", 3' 23 - =!"  33*  %G"$ %$ 125)  !" 1243'#% 132 32  !" 5'3 3(3*$ )2,"'

39$"'/% 1320  !"  '%("$ %2,  !" 12/%'1%2 $ 43' "/%*)% 132- F2/%'1%2 $ 43'  !"  33*0

12 %,,1 132  3 ,":212&  !" $"7)"2("$ 34 "/"2 $  !% 2"",  3 9" 39$"'/",0 (%2 %*$3

$5"(14+ #%H1#)#  1#" *1#1 $ I !"#$% &J 9" ;""2 "/"2 $- =!" /"',1( 39 %12", 43' %2

12/%'1%2 (%2 9" "1 !"' K8DDLM0 ?8FNLM 3' F.EO.ENPDFQL #"%212& '"$5"( 1/"*+

 !% B %** "/"2 $ ;!"'" $% 1$:",R % *"%$ 32" "/"2 ;%$ 23 $% 1$:", 12  !"  '%(" 12

 !"  1#" ,"*1#1 ", 9+  !"  !"#$% R 3'0 1 1$ 23 53$$19*"  3 &1/" % /"',1( 9"(%)$"

 !"'" 1$ 23 $)6(1"2 1243'#% 132 12  !"  '%("- =!" ?1&)'" @-S0 $!3;$ % !1&! *"/"*

,"$('15 132 34  !"  33* %$ 1 ;%$ ,":2", %  !"  1#" 34  !" ;3'G-

 !"! ,$%-+&%

=!" ,":2", 12/%'1%2 $ ;"'" ,":2", )$12&  !" TCN $+2 %H 43'  !"  33* ="$ F2/0

$5"(14+12&  !"  +5"$ 34 5%(G" $  3 39$"'/" %2,  !" "/"2 $  3 "/%*)% "- =!1$ :*"0

 

 !!"#$$%%%&'()!*'+,-&.('



 ! "#$%&'( )* +',&-./ 01( 234 4'(5-6',

Invariants

(XML)

Traces

(XML)

Protocol

Information

VerdictsTestInv

Tool

 !"#$% &'() *+% *%,-./0 *112

321/" 4!-+ -+% -$35% 62%, 3/7 8$1-1512 !/91$:3-!1/ 4%$% 8$10!7%7 3, !/8#- 91$ -+%

-112' *+% 7%6/!-!1/ 19 !/03$!3/-, 3/7 !/-%$8$%-3-!1/ 19 -+% $%,#2-, !, /1- 7!;5#2-

91$ ,1:%1/% 4!-+ </142%7"% 19 -+% 8$1-1512 $%=#!$%:%/-,' >882?!/" -+% -112 -1 -+%

-$35%, 43, 0%$? 93,- @2%,, -+3/ A ,%5'B ,!/5% -+% -$35%, 7!7 /1- /%%7 -1 C% 0%$? 21/"

91$ -+% 8#$81,% 19 -%,-!/" -+% D1E ,%$0!5%' F1:% 532!C$3-!1/ !, /%5%,,3$? -1 6/7 3

51/0%/!%/- -!:%1#- 032#% -1 #,% C#- -+!, 7!7 /1- 8$%,%/- :3/? 8$1C2%:,'

*+% 0%$7!5-, 1C-3!/%7 4%$% D>FFGH 91$ -+% :3I1$!-? 19 -+% !/03$!3/-, 8$%0!1#,2?

7%,5$!C%7' *+!, :%3/, -+3- 91$ %35+ !/03$!3/-J :%3/!/" -+3- !/ :1,- 19 -+% 53,%,J

-+%  !"#$%&" 19 -+% !/03$!3/- 43, 91#/7 91$ %35+ -!:% -+3- -+% '%&()#*('+ 83$- 19 -+%

!/03$!3/- 43, 1C,%$0%7'  1$ !/,-3/5% 91$ -+% ./03$!3/- AJ 39-%$ 6/7!/" 3/ 1C2!"3-!1/

835<%-

 !"#$ %"& ' ()* +,- .//0 +123/2./4/51/10///

$!&46#78#$ 9:!;# ' <(=<>? $!&2@%AB!C#D"#E!%C)"4;# F<GH.4/

$!&4 )4%EEB ' $!&2@%AB!C#D"#E!%C)"4;# 

$!&4@B)"4%EEB ' $!&2B);%;D"#E!%C)"4;# 

$!&4IF#7 ' +/// <(=<>?

$!&4I%JJ9<K ' //+CC1L//#L09.M./L,11M3+.//,L11+M

-+% -112 $%81$-, 6/7!/" -+% 8$%3:C2% 835<%-

 !"#$ %"& ' ()* +,- .//0 +123/2+M4M3MLM0///

$!&46#78#$ 9:!;# ' <(=<>? $!&2I);@#B#;C#9N%C )BOD"#E!%C)"4;# F<GH.4/

$!&4 )4%EEB ' $!&2I);@#B#;C#9N%C )BOD"#E!%C)"4;# 

$!&4@B)"4%EEB ' $!&2B);%;D"#E!%C)"4;# 

$!&4IF#7 ' ./ <(=<>?

$!&4I%JJ9<K ' 3/1//5LL.MD+,.4.54,/4++L

K%0%$-+%2%,,J ,%0%$32  >.LGH $%,#2-, 4%$% 32,1 91#/7 91$ -+% !/03$!3/-,J 83$-!5M

#23$2? 91$ 8$18%$-? &' N81/ !/,8%5-!1/ 19 -+% -$35%,J -+%,% $%,#2-, 4%$% 7%-%$:!/%7



 ! ! "#$%&$$#'( )*

 ! "#  !"#$ %&#'(')$ $#%&' %( )*#* "#+,-)!$ )./!$$#/ '0 1# #/ #1 ,% , 2,&' 1&$).3  +#

 $,/# !"%#$-, )!.* 4  5! 6,$ #76',., )!. /,. "# 6$!-)1#18 *+ -,')1 "#+,-)!$ 2$!9

 +# :!; %#$-#$( .! ).1)/, #1 ).  +# <=; &%#1 2!$  +# %6#/)>#1 %/#.,$)!( 5,% .! 

/!.%)1#$#1 1&$).3 6$!6#$ 0 1#>.) )!.(  +#$#2!$# '#,1).3  ! ,+ ,. ).-,$),. .! $#?

% $)/ )-# #.!&3+( ).  #$9% !2 1, , 6,$,9# #$%(  ! /!$$#/ '0  ,$3#  +# 6,$ )/&',$ /,%#

&.1#$ !"%#$-, )!.*

4 1#%/$)6 )!. !2  +# %6#/)>/ $#,%!.% 2!$  +#  !"#$ %&#'(')$ $#%&' ( ,.1 , 1)%/&%%)!.

!. 6!%%)"'# %!'& )!.% ,.1 $#%#,$/+ )1#,%(  +, 5)'' "# % &1)#1 ).  +# .#7 /+,6 #$(

,$# 6$!-)1#1 ).  +# 2!''!5).3 %#/ )!.*

 ! "#$%&$$#'(

 ! !" #$%&' ()&*+*,' -'&.%+&

4. )96!$ ,. @<= 2#, &$# )%  +, 1)A#$#. ,66')/, )!.% 9,0 %+,$# %!9# ).2!$9, )!.

 ! ,-!)1 1&6')/, ).3 2&./ )!.,') )#%* @.  +)% 5,0( 2!$ #7,96'#(  +# BC< %#$-#$ 9,.?

,3#%  +# ,11$#%% "!!D !2  +# &%#$( ,.1  +# :$#%#./# =#$-#$ 9,.,3#%  +# &%#$ % , &%

,.1 ,-,)',")') 0 ).2!$9, )!.* E+# :!; %#$-#$( ,% 5#'' ,% ! +#$ ,66')/, )!.%( 9,D#%

&%# !2 "! + !2  +#%# /,6,")') )#% 5+)'# 9,.,3).3 ) % !5. %#%%)!.%* F&$ +#$9!$#(  +#

:!; %#$-#$ ,'%! 6$!-)1#% 2#, &$#% !2  +# =@: .! )>/, )!. 2$,9#5!$D 2!$ /!.2#$#./#

% , # GH!,/+ IJJI( H!%#."#$3 IJJKL ). !$1#$  !  $,.%9) ).2!$9, )!. ,"!&  +# /!.?

2#$#./# % , &%  ! %&"%/$)"#1 /')#. % "0 9#,.% !2  !"#$% 9#%%,3#%* C&#  !  +)% 9)7

!2 2#, &$#%( 9!%  $,/#% /!''#/ #1 5)'' /!. ,). 6,/D# % 2!$ ,'' 1)A#$#. 6$!/#1&$#%

6#$2!$9#1 "0  +# %#$-#$ 1&$).3  +# /!99&.)/, )!.* F!$  +)% $#,%!.( ,.1 %)./# 9!% 

!2  +# /!99&.)/, )!. ).  +# @<= )% 1!.# &%).3 =@:(  +# 1#>.) )!. !2 ).-,$),. %

%&) ,"'# 2!$ #-,'&, )!. "#/!9#% 9!$# 1)M/&' *

N# &%  ,D# ,% ,. #7,96'#  +# /,%# !2 ).-,$),. O 6$#-)!&%'0 1#>.#1* ;!.?

%)1#$).3  +# %#%%)!. %#P&#./# %+!5#1 ).  +# F)3&$# O*Q(  +# ).-,$),. )% /!$$#/ '0

1#>.#1* @.1##1( 5+#. >.1).3 ,. !& 9#%%,3#( ) ).1)/, #%  +, , %#%%)!. ).) ),')R,?

 )!. 6,$,9# #$% #% ,"')%+#1 "0 ,. # '#"( +,% "##. ,//#6 #1* S!5#-#$  +# #76#/ #1

!"%#$-, )!. OK(CSeq, From, To, CallID) )%  !! 3#.#$,'( ,.1 9, /+#% ,//#6 ,./#

!2 ! +#$  06#% !2 $#P&#% %( %&/+ ,% )*+),-#+((  !"#$% !$ +%((  +, ,$# ,'%! 2!&.1

!.  +#  $,/#* E+)% )% %+!5. ).  +# 2!''!5).3 #7,96'#*

+,-./01  ! !*! F!$ ).-,$),. O( !. ).%6#/ )!. !2  +#  $,/# %+!5. ). F)3&$# O*T(

,.1 % ,$ ).3 2$!9  +# #.1 !2  +#  $,/#( &6!. !"%#$-, )!. !2  +# ',% !& 9#%%,3#( ) 

5)'' 1#/',$# , 9, /+ 2!$  +# 6$#,9"'# !2  +# ).-,$),. ( ,.1 5)'' % ,$  ! '!!D 2!$ ,.

# '#"( 9#%%,3#( 5) + (CSeq(1), F rom(1), T o(1), CallID(1)) ,% 6,$,9# #$%* S!5#-#$(

%)./#  +# ',% !& 9#%%,3# )% , $#%6!.%#  !  +#  !"#$% $#P&#% ( ,% ).1)/, #1 "0  +#

6,$,9# #$%(  +#.  +# #-,'&, )!. !2  +# ).-,$),. $# &$.% , F4@N $#%&' *

@. /,%# !2 /!. $!''#1 #76#$)9#. %( 5+#$#  +# ).2!$9, )!. ).  +#  $,/#% )% #76#/ #1

 ! "# ')9) #1  ! , 1#>.#1 .&9"#$ !2 /')#. % !$ %#%%)!.%( 9,.&,' ,.,'0%)% 9,0 %#6,$, #



 ! "#$%&'( )* +',&-./ 01( 234 4'(5-6',

 !"#$% &'() * +$,-% !.-/#0!." ,  !"#$% 1 !& 2,!$'

+3% %42%-+%0 $%5#/+5 6$78 +3% 6,/5% 275!+!9%5' :. +3% ;%5+ -,5% 5-%.,$!7<  !"#$ %&#'(')$

$%5#/+5 -7.5+!+#+% .7!5% !. +3% $%5#/+5 +3,+ 537#/0 ;% ,97!0%0' =7>%9%$< !. +3% >7$5+

-,5%< 5#-3 $%5#/+5 8,? ,/57 ;% !.0!-,+!9% +3,+ +3%$% ,$% ,/+%$.,+!9% ;%3,9!7$5 .7+

;%!." +%5+%0' * 0!5-#55!7. 7. ,/+%$.,+!9% ,22$7,-3%5 ,.0 $%5%,$-3 !0%,5 !5 2$79!0%0

!. +3% 67//7>!."'

 ! !" #$%&'(%&)* +,-,(+./ &0,(-

:. +3!5 2,$+!-#/,$ -,5% +3%$% !5 , 5!82/% 57/#+!7.< +7 6#$+3%$ $%5+$!-+ +3% !.9,$!,.+<

#5!." +3% 5#;@9,/#%5 76 +3% CSeq 3%,0%$ A,5 0%5-$!;%0 67$ +3% !.9,$!,.+ BC' D3%

67//7>!." 67$8#/,

INV ITE(<   !" #$!, Seq(0) >,From(0), T o(0), CallID(0), ∅)/?, ∗,

?/OK(<   !" #$!, Seq(0) >,From(0), T o(0), CallID(0))

52%-!E%5 +3,+ %,-3 +!8% +3,+ ,. !& 8%55,"% !5 7;5%$9%0 ,5 , $%527.5% +7 ,. # '#"(

8%55,"% A0%E.%0 ;? +3% )*+,-.+/012 E%/0C< +3%. , -7$$%527.0!." # '#"( 8#5+ ,/57

,22%,$ !. +3% +$,-%' =7>%9%$< !+ !5 2755!;/% +3,+ 0#% +7 +3% 52%-!E-!+? 76 , "!9%.

2$72%$+?< !.9,/!0 ;%3,9!7$ "7%5 #.+%5+%0< /%,0!." +7 ,  !"#$ *$+!(')$< 7$ F*GGHI

9%$0!-+5 ;%!." 2$79!0%0 67$ !.9,/!0 ;%3,9!7$' J.% 5#-3 -,5% -7#/0 7--#$< 67$ !.5+,.-%<

>!+3 !.9,$!,.+ B< >3%$% +3% %9,/#,+!7. 76

?/INV ITE(<   !" #$!, Seq0 >,User0,  %&'()*)'+),- !, CallID0, {User1}), ∗

OK(<   !" #$!, Seq0 >,User0,  %&'()*)'+),- !, CallID0)/?, ∗,

?/ACK(<  .%/!, Seq0 >,User0,  %&'()*)'+),- !, CallID0)

07%5 .7+ +,K% !.+7 ,--7#.+ +3,+ 7+3%$ G:F 344 $%527.5%5 A5#--%55 $%527.5%5 !.-/#0!."

+3% !&< >!+3 -70% LMMC ,/57 8#5+ ;% ,-K.7>/%0"%0' H9%. 87$%< %$$7$ $%527.5%5 +7

,. :NO:DH< >!+3 -70%5 PMM +7 BQQ< ,/57 $%R#!$% ,. 5)& $%2/?' =7>%9%$< +%5+!."

5#-3 2755!;!/!+!%5 >7#/0 $%R#!$% ,. !.9,$!,.+ +3,+ -,. 8,+-3 ,/+%$.,+!9% 2$%,8;/%

5%R#%.-%5 67$ , "!9%. 7#+2#+< >3!-3 !5 .7+ 5#227$+%0 ;? +3% -#$$%.+ !.9,$!,.+ 5?.+,4'



 !"! #$%&'()*$% "+

 !"#$ %&'(! !& )# *&(+',#$#, '+ !"-! !"# *.$$#(! '(/-$'-(! +0(!-1 ,#$'/#, 2$&3

!"# 45678 i1/o1, i2/o2, . . . , in/on8 '+ (&! -9:-0+ +.'!-)9# 2&$ !#+!'(; +&3# %$&!&*&9+8

:"#$# !"# *-.+-9 $#9-!'&(+ )#!:##( '(%.!+ -(, &.!%.!+ -$# (&! ,'$#*!90 <(&:(8 &$

:"#$# !"#$# 3-0 )# 3.9!'%9# &.!%.!+ 2&$ - +'(;9# '(%.! =-+ :'!" 6>?@A B"#( *-%!.$C

'(; !$-*#+ 2&$ +0+!#3 :"#$# 3.9!'%9# *9'#(!+ *-( '(!#$-*!8 !"'+ )#*&3#+ 3&$# *$'!'*-98
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&9 9&, !%$" ." . 1&,#$2#* .2 &,)(, #& $3&.) ,()!2)$2# (3$%!$#.&2"* ".2/( #+( #,$/(

 $5 '( %&267 F!//.2/#2("" &9 9&, !%$" ." $%"& )(".,()* .2 &,)(, #&  $G( 1,&1(,#.("

 $.2#$.2$'%( '5 #+( (E1(,#"7

H2( 9!,#+(, &'"(,3$#.&2 "+&!%) '( #$G(2 .2#& $//&!2# 9&, #+( (3$%!$#.&2 '$"()

&2 )$#$7 I(# !" "!11&"( #+$# #+( 9&%%&-.26 9&,-$,) .23$,.$2# ." '(.26 #("#()J

i(x)/?, ∗, ?/o(x)7 :9 #+( &!#1!# o(x + 1) ." /$1#!,() .2 #+( #,$/(* +&- /$2 -( )."K

#.26!."+ #+( /$"("* 02& &!#1!# -$" ,(#!,2()4 $2) 0$2 &!#1!# -.#+ #+( -,&26 )$#$

-$" ,(#!,2()4L @%#+&!6+ '&#+ /$"(" $,( .2)./$#.3( &9 $ 9$!%#* #+( "(/&2) /$"(  .6+#

'(  &,( .2)./$#.3( &9 #+( %&/$#.&2 &9 #+( 9$!%# .2 #+( . 1%( (2#$#.&27 M&#  !/+

( 1+$"." ." 6.3(2 #& #+." )."#.2/#.&2 .2 #+( 1,("(2# /+$1#(,* +&-(3(, ." ." . 1&,#$2#

#& /&2".)(, -+(2 1(,9&, .26 (3$%!$#.&2 '$"() &2 )$#$7

*3$/8$:/8/&< 01 &#' 5%'-/=-$&/0. :2 6(2(,$%* .23$,.$2# #(/+2.?!(" ,(?!.,( #+$#

#+( .23$,.$2# ." 3(,.=() &2 #+( "1(/.=/$#.&2 #& )(#(, .2( .#" /&,,(/#2(""7 8+( "1(/K

.=/$#.&2 ." $%"& ,(?!.,() $" 1$,# &9 #+( 3$%.)$#.&2 &9 #+( #,$/( .2 NO$5"( PQQRS* #&

)(#(, .2( #+( "#$#( &9 #+( :;8 $# #+( '(6.22.26 &9 #+( #,$/(7 T&, /&2"#,$.2() .23$,.K

$2#" NI$)$2. PQQRS* #+( "1(/.=/$#.&2 ." ,(?!.,() #& )(#(, .2( #+( /&2"#,$.2#" #+$#

-.%% '( (3$%!$#() .2 #+( #,$/( $%&26 -.#+ #+( .23$,.$2#7

F.2/( $ "1(/.=/$#.&2 &9 #+( "5"#( ." ,$,(%5 $3$.%$'%(* 1$,#./!%$,%5 9&, %$,6( "5"K

#( "* ,(?!.,.26 $ "1(/.=/$#.&2 9&, 3$%.)$#.&2 &9 #+( 1,&1(,#.(" .2 #+( #,$/( %. .#" #+(

1,$/#./$%.#5 &9 #+( .23$,.$2# $11,&$/+7 :# ." #+!" )(".,$'%( #& %. .# #+( !#.%.U$#.&2 &9

#+( "1(/.=/$#.&2 V!"# 9&, #+( 3(,.=/$#.&2 &9 #+( 1,&1(,#.("* $2) !"( $"  !/+ 1&"".'%(

#+( .29&, $#.&2 .2 #+( "1(/.=/$#.&2 )&/! (2#" $2) 9,& (E1(,#" &9 #+( 1,&#&/&% 9&,

#+(., )(=2.#.&27

 

 !"# "# $%&' "& ()*+#' ,--./ 0!1%23! 2#' %4 0!' #5'6"76*0"%&8 9"0! :;< ='0!%$ %1 >+ * !%="&3

5!*#'?



 !"! #$%&'(')*$'%+  ,

 !" #$%&'(')*$'%+

 !"!# $%&'()(*'+

-).*$'*)/+  !" #$ %!"&'( )* "+! %!,*'"')* )- '*.&/'&*"$ -/)0 "+! 1)/2 '*

34&5$! 67789 :!-)/! '*"/)%#;'*< & <!*!/&('=&"')*> ?'.!* & @ABC M =

(S, s0, I,O, ~x, T )D &  !"#$"% &'($"&$') '$ %!,*!% &$ F (P, PI, TO)D 1+!/!

• P '$ & E/!&0:(! $!F#!*;! %!,*!% &$ P ::= i/o, P | ∗, P | εD 1+!/! i ∈ I ∪ {?}

'$ &* '*E#"D o ∈ O ∪ {?} &*% ε '$ "+! *#(( $!F#!*;!

• PI ∈ I '$ "+! E/!&0:(! '*E#">

• TO ⊆ O '$ "+! "!$" )#"E#" $!">

G+! -)/1&/% '*.&/'&*" '$ "/#! '-D 1+!*!.!/ "+! $!F#!*;! P '$ ):$!/.!%D "+!* & E&'/

PI/o H1'"+ o ∈ TOI '$ ):$!/.!%>

B'0'(&/(5D & *$+,#$"% &'($"&$') '$ %!,*!% &$ B(TS, TI, PO)D 1+!/!

• TS ::= i/o, TS | ∗, TS | ε '$ "+! "!$" $!F#!*;!>

• TI ∈ I ∪ {?} '$ "+! "!$" '*E#">

• TO ⊆ O '$ "+! "!$" )#"E#">

G+! :&;21&/% '*.&/'&*" '$ "/#! '-D 1+!*!.!/ "+! JKL E&'/ TI/o H1'"+ o ∈ TOI '$

):$!/.!% )* "+! "/&;!D "+!* '" '$ E/!;!%!% :5 "+! $!F#!*;! TS>

0.%)/12$'.%) 03/%)2%2 4')'/% 5/*/% 6*78')% ?'.!* "+&" ;&#$&('"5 :!"1!!*

'*E#"$ &*% )#"E#"$ ;&**)" :! &$$#0!%D "+!* & 0)%!( 0)/! $#'"&:(! 1'"+ "+! ):$!/M

.&"')*$ '* & "/&;! '$ "+! -(.')/%"&(.' -012 H@@ABCI

9%:)'/';)  !"!<! N* -(.')/%"&(.' -3).'%.% 0&'&). 1)$). 2$+4&'. H@@ABCI '$ &

OM"#E(! (S, s0,Σ, ~x, ~y, T )D 1+!/!

• S '$ & ,*'"! $!" )- $"&"!$ 1'"+ s0 ∈ S &$ "+! '*'"'&( $"&"!

• Σ '$ & ,*'"! $!" )- !.!*"$D 1+!/! -)/ !&;+ e(~y) ∈ ΣD e '$ "+! !.!*" *&0! &*%

~y = (y1, . . . , yq) '$ & .!;")/ )- !.!*" E&/&0!"!/$

• ~x = (x1, . . . , xp) '$ .&/'&:(! .!;")/

• T '$ & ,*'"! $!" )- "/&*$'"')*$

@&;+ "/&*$'"')* t ∈ T '$ & PM"#E(! (s, s′, e(~y), P (~x, ~y), A(~x, ~y))D 1+!/!



 ! "#$%&'( )* + ,$&$-.'/&(0. $%%(1$.# 21( 3/4$(0$/& 5'6&0/7

• s ∈ S  ! "#$ %$& '' '& !"("$ )* "#$ "+('! " )'

• s′ ∈ S  ! "#$ $', '& !"("$ )* "#$ "+('! " )'

• e(~y) ∈ Σ  ! "#$ "+ &&$+ '& $-$'"

• P (~x, ~y)  ! ( .+$, /("$

• A(~x, ~y)  ! (' (/" )'

0#$' "#$ 1(/# '$  !  ' ( /2++$'" !"("$ s ∈ S 3 "#  '"$+'(4 -(+ (%4$ -(42$! ~xs5 2.)'

+$/$." )' )* $-$'" e 3 "# .(+(1$"$+! ~ye5  " 3 44 *)44)3 "#$ "+('! " )' (s, s′, e(~ye), P, A)

 * "#$ .+$, /("$ P (~xs, ~ye) #)4,!6 7' !2/# /(!$ "#$ 1(/# '$ 3 44 2.,("$ "#$  '"$+'(4

-(+ (%4$! %8 "#$ (/" )' ~x = A(~xs, ~ye) (', 9'(448 4$(-$ "#$ 1(/# '$  ' !"("$ s′6

: !$;2$'/$ e1(~y1), e2(~y2), . . . , en(~yn)  ! ( &($.' *)+ (' <<=>? M =

(S, s0,Σ, ~x, ~y, T )  * "#$+$ $@ !" !"("$! s, s1, . . . , sn−1, s
′ ∈ S5 !2/# "#(" "#$

*)44)3 '& !$;2$'/$ )* "+('! " )'!  ! .)!! %4$  ' M A s
e1(~y1);P1(~x0,~y1);A1(~x0,~y1)
−−−−−−−−−−−−−−−−→

s1, . . . , sn−1
en(~yn);P1(~xn−1,~yn);An(~xn−1,~yn)
−−−−−−−−−−−−−−−−−−−−−→ s′5 3#$+$ ~x0  ! "#$  '"$+'(4 -(+ (%4$ !"("$

%$*)+$ "#$ 9+!" "+('! " )' (', P1, . . . , Pn (', A1, . . . , An (+$ "#$ +$!.$/" -$ .+$, B

/("$! (', (/" )'! *)+ $(/# "+('! " )'6

8'66$7'6 1/ ('$9 &($.'6 0#$' )%!$+- '& ( +$(4 "+(/$!5 "#$ /)44$/"$,  '*)+1(" )'

 !  ' "#$ *)+1 )*  !""#$!" )+ .(/C$"!6 : 1$!!(&$  ! ( /)44$/" )' )* ,("( (! $@/#('&$,

%8 "#$ .$$+! )* "#$ /)112' /(" )'5 3 "# ( *)+1(" ,$9'$, %8 "#$ .+)")/)4 !.$/ 9/(B

" )'6 D)"# "#$ /)'"+)4 (', ,("( .(+"! )* "#$ 1$!!(&$! *)+ "$!" '&  ' "#$ !.$/ 9/(" )'

(+$ $@"+(/"$, *+)1 !2/# 1$!!(&$!6 : *)+1(4 ,$9' " )' )* 1$!!(&$! 3 44 %$ .+)- ,$,

4("$+  ' "# ! /#(."$+5 #)3$-$+5 *)+ "#$ +$!" )* "#$ 3)+C5 "#$ *)44)3 '& .+).)! " )'  !

2!$,6

:(1%160&01/ )*;*<* E$" "#$ <<=>? M = (S, s0,Σ, ~x, ~y, T )5 %$ ( 1),$4 *)+ ('

 1.4$1$'"(" )' )* "#$ .+)")/)4 P6 E$" MP %$ "#$ !$" )* (44 1$!!(&$! (44)3$, %8

"#$ .+)")/)46 7"  ! (!!21$, "#(" ( *2'/" )' γ : MP → Σ $@ !"!5 3#$+$ *)+ $-$+8

1$!!(&$ m ∈MP 5 γ(m) 1(.! ( 1$!!(&$ ")  "! /)'"+)4 .(+"6 F# ! *2'/" )'  ! /(44$,

"#$ %&'()&* +,'%(-&' )* ( .+)")/)4 P6

 !"!# $%&'()(*+%, -*+',.(.

=60/7 21(>?9$6 &1 @'6.(0A' 0/4$(0$/&6 =)+ "#$ .+$- )2! ,$9' " )' )*  '-(+ ('"!5

4$" 2! (!!21$ "#(" *)+ $(/# /)1% '(" )' )*  '.2"! (', )2".2"! G!2/# (! "#)!$ ,$9'$,

%8 P 5 PI (', TOH5 "#$+$ $@ !"! (' $;2 -(4$'" *)+124( φ5  ' !)1$ 4)& /5 !2/# "#("

*)+ ( & -$' /)1% '(" )' T 5 "#$ $-(42(" )' )*  "! /)++$!.)', '& *)+124( φT  ' ( "+(/$

 ! I⊤J G(),!H5  * (', )'48  * T  ! )%!$+-$,  ' "#$ "+(/$6 K! '& "# ! $;2 -(4$'/$5 "#$'

"#$ *)44)3 '& /)1% '(" )'! (+$ .)!! %4$5 "(C '&  '") (//)2'" 3 4,B/(+,! (', '244

!$;2$'/$!6



 !"! #$%&'(')*$'%+ ,-

•  !" #$%"&'()*#+ (+ *+,-) .#//#0"1 $2 #,)*#+(/ #-),-)%3 PI/TO3 4(+ $" 1"5

)"&6*+"1 $2 )!" "'(/-()*#+ #. )!" .#&6-/( φPI → φTO3 0*)! φPI 3 φTO )!"

4#&&"%,#+1*+7 .#&6-/(% .#& PI (+1 TO

•  !" #$%"&'()*#+ #. P, PI/TO3 (+ *+,-)8#-),-) %"9-"+4" .#//#0"1 $2 (+ *+,-)

(+1 (/)"&+()*'" #-),-)%3 4(+ $" 1")"&6*+"1 $2 )!" "'(/-()*#+ #. )!" .#&6-/(

φP ∧ φPI → φTO:

;+ $(4<0(&1% *+'(&*(+)% )!" (/)"&+()*'"% (&"

•  !" #$%"&'()*#+ #. TO3 ( %") #. #-),-)%3 4(+ $" 1")"&6*+"1 $2 "'(/-()*#+ #.

)!" .#&6-/( φTO

•  !" #$%"&'()*#+ #. TI/TO (+ *+,-) (+1 ( %") #. ,#%%*$/" #-),-)%3 4(+ $"

1")"&6*+"1 $2 φTI ∧ φTO

•  !" #$%"&'()*#+ #. TS, TO ( %") #. ,#%%*$/" #-),-)% (+1 ( ,&"4"1*+7 *+5

,-)8#-),-) %"9-"+4" *% 1"=+"1 $2> φTO
before
−−−−→ φTS 3 0!"&"

before
−−−−→ *% #+/2

-%"1 )# 1"+#)" )!() )!" .#&6-/( φTS 6-%) $" %()*%="1 () ( ,&"4"1*+7 ,#*+) *+

)!" )&(4" )!(+ φTO

•  !" #$%"&'()*#+ TS, TI/TO3 (+ *+,-)3 ( %") #. ,#%%*$/" #-),-)% (+1 ( ,&"4"15

*+7 *+,-)8#-),-) %"9-"+4"3 *% 1"=+"1 $2> φTI ∧ φTO
before
−−−−→ φTS

;. 4(-%(/*)2 *% &"6#'"13 *) 1#"% +#) 6(<" %"+%" )# 1*?"&"+)*()" $")0""+ *+,-)%

(+1 #-),-) %"9-"+4"%3 )!"+ )!" ('(*/($/" 4#6$*+()*#+% (&" &"1-4"1 )# ( ,&"(6$/"

.#&6-/( φP (+1 ( )"%) .#&6-/( φT :  !" &(+7" #. .#&6-/(% *% )!"+ %*6,/*="1 )#>

• φT 3 .#& "'(/-()*+7 ( )"%) .#&6-/( #+ ( )&(4"

• φP → φT .#& .#&0(&1 "'(/-()*#+

• φP
before
−−−−→ φT .#& $(4<0(&1% "'(/-()*#+:

;. )!" %"6(+)*4% #. .#&6-/(% *+4/-1"% )!" %"6(+)*4% #. #,"&()#&% @→A (+1 @
before
−−−−→A3

*:": .#&0(&1% (+1 $(4<0(&1% *6,/*4()*#+3 )!"+ )!" $"!('*#& )# $" #$%"&'"1 6(2 $"

1"=+"1 $2 )!" %()*%.(4)*#+ #. ( 7"+"&(/ .#&6-/( φT : BC,&"%%*'"+"%%3 )"6,#&(/ ,&"4"5

1"+4" #. "'(/-()*#+ (+1 4(-%(/*)2 $(%"1 #+ 1()( 0*// (// 1","+1 #+ )!" %2+)(C -%"1

)# 1"=+" φT : D#&6-/(% 1"=+"1 )!*% 0(2 ,&#'*1" ( 7"+"&(/*E()*#+ #. )!" )&(1*)*#+(/

.#&0(&18$(4<0(&1% *+'(&*(+)%3 (//#0*+7 (/%# )# 1"=+" 6#&" "C,&"%%*'" ,&#,"&)*"%

1","+1*+7 #+ )!" 4!#%"+ %2+)(C:



 ! "#$%&'( )* + ,$&$-.'/&(0. $%%(1$.# 21( 3/4$(0$/& 5'6&0/7

"1/80&01/6 1/ &#' &($.'  ! "#$%&'(!)* +$!,#&-$+. /0$1 ,2(!2)&3* &! #$4'%$+. 30$

,'1+&3&'1 3023 30$ 3#2,$ &! 5  !"# $"!%#&6 4(!3 -$ %2)&+23$+ 2)'17 /&30 30$ &1%2#&2138

9: 2 !"$,&;,23&'1 &! 1'3 2%2&)2-)$ 30$1 30#$$ +&<$#$13 !3#23$7&$! 2#$ "'!!&-)$=

•  !!(4$ 3023 30$ 3#2,$ &! 1$%$# )'17 $1'(708 91 '30$# /'#+!. &: 30$ 3$!3 -$02%&'#

+$;1$+ -* 2 :'#4()2 φT &! 1'3 '-!$#%$+. 30$1 1'30&17 ,21 -$ !2&+ 2-'(3 30$

%2)&+&3* ': 30$ 3#2,$ 21+ 21 0/.1/.9:604' #$!()3 4(!3 -$ #$3(#1$+8  )30'(70

30&! 2)3$#123&%$ 42* 1'3 "#'%&+$ (!$:() &1:'#423&'1 &1 4'!3 ,2!$!. 212)*!&! ':

30$ %$#+&,3! 4&7038 >'# &1!321,$. &: 30$ 1(4-$# ': 0/.1/.9:604' %$#+&,3! :'#

2 :'#4()2 &! !&71&;,213. 30$1 30&! 42* -$ &1+&,23&'1 ': 2 :2()3 &1 30$ 3#2,$8

•  !!(4$ 3023 30$ 3#2,$ &! )'17 $1'(708 9: 30$ 3$!3 -$02%&'# ?φT @ &! 1'3 '-!$#%$+.

30$1 &3 &! 21 &1+&,23&'1 ': 2 :2()3 21+ 2 2$09 4(!3 2)/2*! -$ #$3(#1$+8 A0&!

4&703 1'3 -$ 30$ ,'##$,3 !3#23$7* &1 $%$#* ,2!$. 0'/$%$# &3 42* -$ 2 !2:$

2!!(4"3&'1 &: $1'(70 $%$13! &1 30$ 3#2,$ 02%$ -$$1 212)*B$+8 93 4&703 0'/$%$#

"#'+(,$ !'4$ '( )$ *!)+,+-$ #$!()3! &1 -'#+$# ,2!$!8

• >'# :'#/2#+ 21+ -2,C/2#+! &1%2#&213!. 2 :'#4()2 φC 4&703 -$ (!$+ 2! 2 ,'1D

+&3&'1 3' +&!3&17(&!0 -$3/$$1 0/.1/.9:604' 21+ 2$09 %$#+&,3!8 9: /0&)$ $%2)(D

23&17 30$ 3$!3 :'#4()2 φT . 30$ !$E($1,$ +$;1$+ -* 30$ :'#4()2 φC &! '-!$#%$+

&1!3$2+. 30$1 2 2$09 %$#+&,3 &! #$3(#1$+. '30$#/&!$ 30$ #$!()3 &! &1,'1,)(!&%$8

F1:'#3(123$)*. 30$ :'#4()2 φC &! 1'3 7(2#213$$+ 3' $G&!3. 21+ !&1,$ ,2(!2)&3*

/&30 30$ '-!$#%23&'1! !"$,&;$+ -* φT &! 2)!' 2 #$E(&#$4$13. &3 42* 1'3 2)/2*!

-$ !&4")$ 3' +$;1$8

A2C&17 &13' 2,,'(13 30$!$ !3#23$7&$!. 21 &1%2#&213 &! +$;1$+ 2! :'))'/!8

,';/0&01/ )*<*!* H$3 φ 21+ ψ -$ :'#4()2! ?&1 !'4$ )'7&,@ &+$13&:*&17 !$E($1,$!

': 4$!!27$!8  1 +"-(.+(", &! +$;1$+ 2! 30$ "2&# I(φ, ψ). /0$#$ φ #$"#$!$13! 30$

$G"$,3$+ '# ,$), /$&(-+!. 21+ ψ #$"#$!$13! 30$ 0!"1+,+!"( /$&(-+!.8 A0$ $%2)(23&'1

': 21 &1%2#&213 I(φ, ψ) 4(!3 #$3(#1 30$ %$#+&,3 %$66 &: 30$ -$02%&'# +$;1$+ -* φ

&! '-!$#%$+. 2$09 &: 30$ -$02%&'# !"$,&;$+ -* φ &! 1'3 '-!$#%$+ 21+ 30$ -$02%&'#

!"$,&;$+ -* ψ &! '-!$#%$+. 21+ 0/.1/.9:604' &: 1'1$ 2#$ '-!$#%$+8

 ! 2 ,'1%$13&'1. I(φ,⊤) #$"#$!$13! 21 &1%2#&213 /0$#$ 30$ ,'1+&3&'1 &! ,.%$. &8$8

2 2$09 %$#+&,3 4(!3 -$ #$3(#1$+ &: 30$ !$E($1,$ +$;1$+ -* φ &! 1'3 '-!$#%$+8 I(φ,⊥)

#$"#$!$13! 21 &1%2#&213 /0$#$ 30$ ,'1+&3&'1 &! '( )$. &8$8 21 0/.1/.9:604' %$#+&,3

4(!3 -$ #$3(#1$+ &: 30$ !$E($1,$ +$;1$+ -* φ &! 1'3 '-!$#%$+8

=160&04' $/8 /'7$&04' %(1%'(&0'6 91%2#&213!. /&30 30$ 1$/ +$;1&3&'1 &13#'D

+(,$+. 2#$ +$!&71$+ 3' %2)&+23$ $2*$0,$1 -$02%&'# '1 2 3#2,$ ?30#'(70 :'#4()2!@.

21+ :2&)(#$ 3' '-!$#%$ !(,0 -$02%&'# &! (!$+ 2! &1+&,23&'1 ': 2 :2()38 91 30&! !$1!$.

30$ &1%2#&213 #$"#$!$13! 2 *!)+,+-$ *.!*$.,3. !&1,$ &3 +$;1$! 21 $G"$,3$+ -$02%&'#8

I0&)$ 30$ &!!($ /&30 3$!3&17 '1 2 ;1&3$ 3#2,$ &! 30$ +&J,()3* 3' +&!3&17(&!0

-$3/$$1 )2,C ': '-!$#%23&'1 ': 2 -$02%&'# 21+ :2&)(#$ ': 30$ &4")$4$1323&'1 3'



 !"! #$%&'() *+ %,$ -.*-*)$/ &--.*&0, 12

 !"#$%& '() #&(&!*'+'+, -.('-/.%('"+ "/ .  !" &!(0 #"&- +"( -1.!& (1& -.*& '--$&-2

3+ '+(&!&-('+, .4(&!+.('5& '- (1&+ (" (&-( /"!  !"#$%&! '()'!($%!*) '2&2 .((&* ( ("

#'!&%(40 "6-&!5& &!!"+&"$- 6&1.5'"!2 3  !"#$%&! % &#(%# $ '- #&7+&# '+ (1& /"44"8'+,2

#$34'%'*4  !2!2! 9&( φ .+# ψ 6& /"!*$4.- :'+ -"*& 4",'%; '#&+('/0'+, -&<$&+%&- "/

*&--.,&-2 3  !"#$%&! % &#(%# $ '- #&7+&# .- I−(φ, ψ)) 81&!& φ !& !&-&+(- (1& +&,.=

('5& $!*$ 6&1.5'"! .+# ψ '- (1& +) ,%$%) #- 6&1.5'"!2 >1& &5.4$.('"+ "/ .+ '+5.!'.+(

I−(φ, ψ) *$-( !&($!+ (1& 5&!#'%( +&'( '/ (1& 6&1.5'"! #&7+&# 60 φ '- "6-&!5&#) -&))

'/ (1& 6&1.5'"! - &%'7&# 60 φ '- +"( "6-&!5&# .+# (1& 6&1.5'"! - &%'7&# 60 ψ '-

"6-&!5&#) .+# '40*40(5)'6$ '/ +"+& .!& "6-&!5&#2 3+.4","$-40 ("  "-'('5& '+5.!'=

.+(-) I−(φ,⊤) !&($!+- . -&)) 5&!#'%( '/ φ '- 4*% "6-&!5&#) .+# I−(φ,⊥) !&($!+- .+

'40*40(5)'6$ 5&!#'%( '/ φ '- 4*% "6-&!5&#2

 !" #$%&'() *+ %,$ -.*-*)$/ &--.*&0,

3- #&-%!'6&# '+ (1&  !&4'*'+.!0 .+.40-'-) (&-('+, "/ .+ '+5.!'.+( I(φ, ψ) '+ "$! . =

 !".%1 !&<$'!&- &-(.64'-1'+, 81&(1&! (1& -&<$&+%&- "/ *&--.,&- #&7+&# 60 φ .+# ψ

.!&  !&-&+( '+ (1& (!.%&2 >1'- !&<$'!&*&+( %4"-&40 !&4.(&- (" (1& "6?&%('5&- "/ !$+=

('*& 5&!'7%.('"+ .+# %"+%& (- /!"* -"*& 8"!@- '+ (1.( .!&. 1.5& 6&&+ $-&# /"! "$!

.  !".%1 AB.44& CDDE) F("4G CDDE) H.$&! CDDI.J2 F"*& *"!& #&(.'4&# '+/"!*.('"+ "+

(1&-& 8"!@- .+# (1& !&4.('"+ (" "$!- '-  !"5'#&# '+ F&%('"+ K2I2

L+ 81.( /"44"8-) 8& #&-%!'6& (1& #'M&!&+( .- &%(- !&4.(&# (" (1& #&7+'('"+ "/

(1& -0+(.N) -&*.+('%- .+# &5.4$.('"+ "/  !" &!('&- /"! "$! .  !".%12 L+ "$! 8"!@)

&5&+(- "+ (1& (!.%& .!& *&--.,&-) (1&!&/"!& (1& -0+(.N '- #&-',+&# (" - &%'/0 &N &%(&#

!&4.('"+- 6&(8&&+ *&--.,&- .+# *&--.,& #.(. 7&4#-) .- 8&44 .- (&* "!.4  !&%&#&+%&

6&(8&&+ *&--.,&-2 O"+(!"4  .!(- .!& +"( %"+-'#&!&# .-  .!( "/ (1& #&7+'('"+) 1"8&5&!

(1!"$,1 (1& .--$* ('"+ '+(!"#$%&# '+ P!" "-'('"+ K2Q2R) *&--.,&- %.+ 6& !&4.(&# ("

(1&'! %"+(!"4  .!(2 S.+0 "/ (1& '#&.-  !&-&+(&# 1&!& .!& 1.5& . 6.-'- "+ "$! &.!4'&!

8"!@ /"!  .--'5& (&-('+, 6.-&# 8'(1 7!-(="!#&! 4",'% A9.4.++& CDRR6J2

 !"!# $%&'() *+,-./.%- %0 1&%/%2%) '+33(4+3

L+ +&(8"!@  !"("%"4-) %"**$+'%.('"+  &&!- #&%'#& (1& %"$!-& "/ .%('"+ "+ (1& 6.-'-

"/ (8" (1'+,-T 4"%.440 -("!&# -(.(& '+/"!*.('"+ :'+%4$#'+, '+(&!+.4 #.(.;) .+# #.(.

%"+(.'+&# '+ !&%&'5&# *&--.,&- /!"* #'M&!&+(  &&!-2 L+  .--'5& (&-('+,) -(.(& '+/"!=

*.('"+ .+# '+(&!+.4 #.(. .!& $+@+"8+ .+# "+40 (1& *&--.,& #.(. '- .5.'4.64& (" (1&

(&-(&!2 L+ (1& /"44"8'+,) . #&7+'('"+ "/ *&--.,&- .- #.(. -(!$%($!&- '-  !"5'#&#2

3 *&--.,& '+ . %"**$+'%.('"+  !"("%"4 '-) $-'+, (1& *"-( ,&+&!.4  "--'64& 5'&8)

. %"44&%('"+ "/ #.(. 7&4#- 6&4"+,'+, (" *$4(' 4& #"*.'+-2 U"! . ,'5&+  !"("%"4) (1&

.)(/#$ "/ (1& *&--.,&) (1& 8.0 (1& #.(. '- .!!.+,&# .+# ,!"$ &# '+ "!#&! (" 6&

 .!-&#) .+# (1& #"*.'+- "/ (1& #'M&!&+( #.(. 7&4#- .!& #&7+&# 60 (1& !&<$'!&*&+(-

- &%'7%.('"+ "/ (1&  !"("%"42



 ! "#$%&'( )* + ,$&$-.'/&(0. $%%(1$.# 21( 3/4$(0$/& 5'6&0/7

 !"! #$%&' () *$''!+$', !-$ .'.!%%/ $("0$-  !"#$%, (1$1 "0$ ()23-*!"(3) "0$/

4-35(&$ 63*$' 2-3* .'()+ "0$(- 5!%.$ !' ! 703%$ 8$1+1 !$#&'! #(, ( %)&! *+#,&-,

* #&, ("-!9, 3- %"#("+*., (1$1 "0$/ !-$ 63*43'$& 32 *.%"(4%$ $%$*$)"' 8$1+1 !) :;<

 !"#$%&'()*&%!$+*,-91  .$ "3 "0(', 7$ !%'3 &(5(&$ "0$ "/4$' 32 &3*!()' ()  !"#$%

3- %"#("+*.1

<)  !"#$% &!"! &3*!()' $!60 $%$*$)" (' !)  !"#$% / 0+&, () 3.- 73-= %(*("$& "3

).*$-(6 3- '"-()+ 5!%.$'

 

1 <) %"#("+*. &!"! &3*!()' $!60 $%$*$)" 83- %"#("+*.

/ 0+&9 (' -$4-$'$)"$& >/ ! 4!(- (label, value), 70$-$ label (' .'$& "3 ()&(6!"$ "0$

2.)6"(3)!%("/ 32 "0$ 4($6$ 32 &!"! 63)"!()$& () value1 ?) $@!*4%$ (' +(5$) () "0$

23%%37()+ "3 6%!-(2/1

89$:%;' )*!*<* A0$ :;<  !"#$%&'()*&%!$+*,- 6!) >$ -$4-$'$)"$& >/ "0$ 63*B

43.)& 5!%.$

{(protocol,   !"!), (user,  #$%&!), (domain,  '(%$!#)(*+!)}

70$-$ protocol, user !)& domain !-$ %!>$%' "0!" ()&(6!"$ "0$ 2.)6"(3)!%("/ 32 "0$

!"3*(6 5!%.$' C !"D, C$%&'D !)& C)*&%!$+*,-D, -$'4$6"(5$%/1

E3-*!% &$#)("(3)' 32 63*43.)& 5!%.$ !)& 63*43.)& &3*!() !-$ 4-35(&$& >$%371

,'=/0&01/ )*!*<* F$" L = {l1, . . . , lk} >$ ! '$" 32 %!>$%' !)& D1, . . . , Dk ! '$G.$)6$

32 &!"! &3*!()' 8)3" )$6$''!-(%/ &('H3()"9, 7("0 k > 01 ? %"#("+*. / 0+& 32 %$)+"0

k (' ! '$" {(li, vi) | ∀i = 1 . . . k ∧ vi ∈ Di ∪ {ε}}1

? %"#("+*. ."# $* (' "0$) "0$ '$" 32 !%% 63*43.)& 5!%.$' 7("0 "0$ '!*$ '$" 32

%!>$%' L !)& '$G.$)6$ 32 &3*!()' D1, . . . , Dk1 I3"(6$ "0!" 23- ! +(5$) &3*!(), !%%

$%$*$)"' 32 "0$ &3*!() *.'" 0!5$ %$)+"0 k, 037$5$- .)&$#)$& $%$*$)"' !-$ &$#)$&

>/ .'()+ "0$ ).%% 5!%.$ -$4-$'$)"$& >/ ε1

,'=/0&01/ )*!*>* ? %"#("+*. ."# $* (' &$#)$& >/ "0$ %!>$%' !)& &3*!()' 32 ("'

$%$*$)"'1 J(5$) L ! '$" 32 %!>$%' !)& D1, . . . , Dk, &!"! &3*!()' 8)3" )$6$''!-(%/

&('H3()"9, 7("0 k > 01 ? 63*43.)& &3*!() C (' -$4-$'$)"$& >/ "0$ 8k + 19B".4%$

(L,D1, . . . , Dk)1 K!60 $%$*$)" v ∈ C (' ! 63*43.)& 5!%.$ {(li, vi) | 1 ≤ i ≤ k} 7("0

%!>$%' li ∈ L !)& 5!%.$' vi ∈ Di ∪ {ε}1 K!60 Di (' 6!%%$& !) &0&#&*! ."# $*1

,'=/0&01/ )*!*?* F$" C = (L,D1, . . . , Dk) >$ ! 63*43.)& &3*!()1 A0$) ! 2.)6B

"(3) δC : C × L −→ ∪k
i=1Di ∪ {ε} (' &$#)$&, 70$-$ +(5$) ! 63*43.)& 5!%.$ v ∈ C

"0$), 23- $!60 4!(- (li, vi) ∈ v, vi = δC(v, li)1

<" '03.%& >$ 3>'$-5$& "0!" $%$*$)" &3*!()' Di !-$ )3" -$G.(-$& "3 >$ !"3*(6 &3B

*!()', *!=()+ (" 43''(>%$ "3 &$#)$ -$6.-'(5$ '"-.6".-$' >/ .'()+ 63*43.)& &3*!()'

7("0() 63*43.)& &3*!()'1

 

 !"#$%" &$'' $( )*+*,-&!". /* ,*'",!0" "$ +%1*,!0 -+2 '",!+) 3-&%*'4 -&"#$%)# "#* -55,$-0# 2$*'

+$" 5,*3*+" ",*-"!+) $"#*, 2$1-!+'4 ($, !+'"-+0* 2-"*'4 -' -"$1!06



 !"! #$%&'() *+ %,$ -.*-*)$/ &--.*&0, 1 

 !"#$$%& '!()" # ")*+,-. /-,*,0,$ P& # 0,1/,2"3 3,1#!" MP !4 #4421)3 *,

)5!4*& +6)-) *6) 4)* ,7 $#8)$4 #"3 )$)1)"* 3,1#!"4 3)-!() 7-,1 *6) 1)44#') 7,-1#*

3)9")3 !" *6) /-,*,0,$ 4/)0!90#*!,": ;  !""#$! ,7 # /-,*,0,$ P !4 #"% )$)1)"*

m ∈ MP & *6#* !4& # 1)44#') !4 #"% 3#*# (#$2) +6!06 !4 (#$!3 +!*6 -)4/)0* *, *6)

/-,*,0,$ 4/)0!90#*!,":

23&4-($  !"!5! ; /,44!8$) 1)44#') 7,- *6) <=> /-,*,0,$& 4/)0!9)3 24!"' *6) /-)?

(!,24 3)9"!*!," !4

m = {(method,   !" #$!),

(status, ε),

(from,  %&'()*+,-%'./,01!),

(to,  2,2*+,-%'./,01!),

(cseq, {(seq, 10), (method,   !" #$!)})}

-)/-)4)"*!"' #"  !" #$ -)@2)4* 7-,1 %&'()*+,-%'./,01 *, 2,2*+,-%'./,01: A,?

*!0) *6#* *6) (#$2) #44,0!#*)3 *, *6) $#8)$ cseq !4 #$4, # 0,1/,2"3 (#$2)&

{(seq, 10), (method, B=AC=DEF)}:

=" *6) )5#1/$)& '!()" *6) 1)44#') m ∈ M& *6) 3,1#!" ,7 #$$ <=> 1)4?

4#')4& !* 1!'6* 8) 3)4!-#8$) *, )5*-#0* *6) (#$2) #44,0!#*)3 +!*6 *6) $#8)$ method

!"4!3) *6) (#$2) #44,0!#*)3 +!*6 cseq: D6!4 +,2$3 -)@2!-) *6) 72"0*!," 0#$$

δcseq(δM(m, cseq),method) : ;00)44!"' 3#*# !"4!3) 1)44#')4 !4 # 8#4!0 -)@2!-)1)"*

7,- *6) 02--)"* #//-,#06: =" ,-3)- *, 4!1/$!7% *6!4 *%/) ,7 ")4*)3 0#$$4& *6) 72"0*!,"

∆ !4 3)9")3:

#$67'%'*7  !"!"! G!()" # 0,1/,2"3 (#$2) v& $)* dom(v) 3)",*) *6) 3,1#!" 4)*

,7 v: H)* L 8) # 4)@2)"0) (l1, l2, . . . , ln) ,7 $#8)$4& pop(L) # 72"0*!," *6#* -)*2-"4

#"3 -)1,()4 *6) 9-4* )$)1)"* ,7 *6) 4)@2)"0) #"3 len(L) # 72"0*!," *6#* -)*2-"4

*6) $)"'*6 ,7 *6) 4)@2)"0)

!

: D6) 72"0*!," ∆ !4 *6)" 3)9")3 -)02-4!()$% #4I

∆(v,L) =







v !7 len(L) = 0

∆(v′,L) !7 v′ = δdom(v)(v, pop(L)) !4 # 0,1/,2"3 (#$2)

ε ,*6)-+!4)

="*2!*!()$%& *6) 72"0*!," ∆ -)0)!()4 # 0,1/,2"3 (#$2)& #"3 # 4)@2)"0) ,7 $#8)$4

#"3 -)*2-"4 *6) (#$2) /,!"*)3 8% *6) $#8)$4& ,- ε J"2$$K !7 *6) /,!"*)3 (#$2) 3,)4 ",*

)5!4*: =" ,-3)- *, )#4) *6) -)#3!"' ,7 7,-12$#4 !" *6) -)4* ,7 *6) /#/)-& *6) ",*#*!,"

v.l1.l2. . . . .ln !4 24)3 *, -)/-)4)"* *6) 0#$$ ∆(v, (l1, l2, . . . , ln)):  ,- !"4*#"0) 7,- *6)

1)44#') 3)9")3 !" E5#1/$) L:M:N& *6) (#$2) #00,1/#"%!"' *6) method $#8)$ 7,-

cseq )$)1)"* !" 1)44#') m& +,2$3 8) -)/-)4)"*)3 8% Bm.cseq.methodF: D6!4 !4 *6)

",*#*!," *6#* +!$$ 8) 24)3 *6-,2'6 *6) -)4* ,7 *6) /#/)-:

 

 !"#$ %&$ '()*$ (##+,-(".!"/ cseq  ! m  " #$"% # &%'(%)!* +#$), %- "%', *%'# ! Ccseq. /,

)", δcseq 0%  !* &#0, δCcseq
1

 

23, !#'," %- -)!&0 %!" pop #!* len &%', -4%' 03, 4 #!#$%5),"  ! 03,  !"#$ *#0# "04)&0)4,1



  !"#$%&' () * +#%#,-&.%'/- #$$'0#-" 10' 2.3#'/#.% 4&5%/.6

 !"!# $%&'()

  !"#$ !" # $%&&'$(!%) %* +'""#,'" %* (-' "#+' .%+#!) /!0'0 1"!), (-' "#+' 23%(%$%&4

$%)(#!)!), (-' %5"'36'. !)('3#$(!%)" %* #) ')(!(7 %* # )'(8%39 /(-' 2%!)( %* %5"'3:

6#(!%)4 8!(- %)' %3 +%3' 2''3" .13!), #) !).'('3+!)#(' 2'3!%. %* (!+'0 ;) %(-'3

8%3."< (-' (3#$' !" (-' $%&&'$(!%) %* #&& +'""#,'" '=$-#),'. 57 (-' >0? 8!(-!) !("

&!*'0 @'2').!), %) (-' !)('323'(#(!%) %* &!*'< "1$- .'A)!(!%) +#9'" # (3#$' 2%('):

(!#&&7 !)A)!('0 B'"(!), %* 23%2'3(!'"< -%8'6'3< $#) %)&7 %$$13 !) # A)!(' "',+')( %*

(-' (3#$'0

+&7./%/0. ()8)() C!6') (-' .%+#!) %* +'""#,'"MP *%3 # 23%(%$%& P0   !"#$ !"

# "'D1')$' Γ = m1,m2, . . . %* 2%(')(!#&&7 !)A)!(' &'),(-< 8-'3' mi ∈MP 0

+&7./%/0. ()8) ) C!6') # (3#$' Γ = m1,m2, . . .< #  !"#$ %$&'$( !" #)7 A)!(' "15:

"'D1')$' %* Γ< (-#( !"< #)7 "'D1')$' %* +'""#,'" ρ = mi,mi+1, . . . ,mj−1,mj /j > i4<

8-'3' ρ !" $%+2&'('&7 $%)(#!)'. !) Γ /"#+' +'""#,'" !) (-' "#+' %3.'340

B-' %3.'3 3'&#(!%)" {<,>} #3' .'A)'. !) # (3#$'< 8-'3' *%3 m,m′ ∈ ρ< m <

m′ ⇔ pos(m) < pos(m′) #). m > m′ ⇔ pos(m) > pos(m′) #). pos(m) = i< (-'

2%"!(!%) %* m !) ρ /i ∈ {1, . . . , len(ρ)}40

;) 23#$(!$#& ('3+"< (-' (3#$' '=(3#$(!%) 23%$'"" "-%1&. #""!,) '#$- $%&&'$('.

+'""#,' (% !(" 2%"!(!%) #). (!+' %* %5"'36#(!%)< (-'3'*%3' (-' *1)$(!%) pos 8!&&

"!+2&7 3'(13) (-#( 6#&1'0 E!)$' !( !" %)&7 2%""!5&' (% $#2(13' (3#$' "',+')("< !) (-'

3'"( %* (-' .%$1+')(<  !"#$ 8!&& 5' 1"'. (% 3'*'3 (% # (3#$' "',+')(< 1)&'"" %(-'38!"'

"2'$!A'.0

 !"!* + ,-%./0&)(1 2-34' 5- (67%()) 1&5&/&8&%( 7%-7(%54()

()8)9): ;<.%#=

;) %3.'3 (% .'"$3!5' 23%2'3(!'"< # "7)(#= 5#"'. %) F%3) $&#1"'" !" 1"'.0 B-' "7)(#= !"

$&%"'&7 3'&#('. (% (-#( %* (-' D1'37 &#),1#,' @#(#&%,< .'"$3!5'. !) G 5!('5%1& HIIJK<

*%3 .'.1$(!6' .#(#5#"'"0 L%3+1&#" !) (-!" &%,!$ $#) 5' .'A)'. 8!(- (-' !)(3%.1$(!%)

%* ('3+" #). #(%+"0   $!' !" '!(-'3 # $%)"(#)(< # 6#3!#5&' %3 # 2%!)('3 (% #

"15:'&'+')( %* # 6#3!#5&'< #" %5(#!)'. 8!(- (-' ∆ *1)$(!%)0

+&7./%/0. ()8)>)   $!' !" '!(-'3 # $%)"(#)(< # 6#3!#5&' %3 # %$)$# *! +"!,"-)$0 ;)

M#$91":N#13 *%3+ /MNL4O

t ::= c|x|x.l.l. . .l

8-'3' c !" # $%)"(#)( !) "%+' .%+#!) /'0,0 # +'""#,' !) # (3#$'4< x !" # 6#3!#5&'< l

3'23'"')(" # &#5'&< #). x.l.l. . .l !" $#&&'. # %$)$# *! +"!,"-)$< 'D1!6#&')( (% '6#&1#(!),

∆(x,< l, l, . . . , l >) *3%+ @'A)!(!%) J0P0P0



 !"! #$%&'() *+ %,$ -.*-*)$/ &--.*&0, 12

#$34'%'*4  !"!5!  !  !"# "# $%&!%$ '#

A ::= p(

k
︷ ︸︸ ︷

t, . . . , t)

| t = t

| t 6= t

| t < t

()%*% t *%+*%#%!,# ' ,%*-. p(t, . . . , t) "# ' +*%$"/',% 01 2'3%2 p '!$ '*",4 k5 6)%

#4-302# =. 6= '!$ < *%#+%/,"7%24 *%+*%#%!, ,)% 3"!'*4 *%2',"0!# 8%9:'2# ,0;. 8!0,

%9:'2# ,0; '!$ 820(%* ,)'!; <!:-%*"/ /0-+'*"#0!=5

>! ,)"# 20?"/. *%2',"0!# 3%,(%%! ,%*-# '!$ ',0-# '*% #,',%$ 34 ,)% $%&!","0! 01

/2':#%#5  $% &'( "# '! %@+*%##"0! 01 ,)% 10*-

A0 ← A1 ∧ . . . ∧An

()%*% A0 = p(t∗1, . . . , t
∗
k). /'22%$ ,)% )( * 01 ,)% /2':#%. $%&!%# ' +*%$"/',% 01 2'3%2 p

'!$ '*",4 k5 A2%-%!,# 01 ,)% +*%$"/',% <t∗i = '*% /'22%$ )( * !(+#'. '!$ *%#,*"/, ?%!%*'2

!(+#' 10* ,)% )%'$ 01 ,)% /2':#%. ()%*% %'/) )%'$ ,%*- /'! 0!24 3% /0!#,'!, 0* '

7'*"'32% <t∗ ::= c|x=5 6)% %@+*%##"0! A1 ∧ . . . ∧An. "# /'22%$ ,)% 30$4 01 ,)% /2':#%.

()%*% Ai '*% ',0-#5 B0,"/% ,)',. "! ,)% /2':#% $%&!","0!. "1 k = 0 ,)% +*%$"/',%

3%/0-%# ' +*0+0#","0! <' +*%$"/',% (",) !0 +'*'-%,%*#=5 6)% 30$4 01 ,)% /2':#%

/'! '2#0 3% %-+,4 '!$ "! ,)', /'#%. ,)% /2':#% *%+*%#%!,# ' #"-+2% *%2',"0! 3%,(%%!

,)% /0!/*%,% ,%*-# "! ,)% )%'$ ',0-5

67&8-($  !"!9! 6)% /2':#% sibling(  !"#$!,  %&%!) #+%/"&%# ' *%2',"0! 0!24 3%,(%%!

8%2%-%!,#;  %,$( '!$ -"-5 6)% /2':#% sibling(x, y) ← parent(z, x) ∧ parent(z, y)

%#,'32"#)%# ' ?%!%*"/ #"32"!? *%2',"0!C 8%2%-%!,#; #)'*"!? ' +'*%!,5

D"#E:!/,"0! "! ,)"# 20?"/ "# +*07"$%$ 34 07%*20'$"!? +*%$"/',% $%/2'*',"0!#. "5%5

$%&!"!? -:2,"+2% /2':#%# (",) ,)% #'-% )%'$5 6)% 10220("!? #%, 01 $%/2'*',"0!#

A0 ← A1,1 ∧ . . . ∧A1,n1

A0 ← A2,1 ∧ . . . ∧A2,n2

5

5

5

A0 ← Ap,1 ∧ . . . ∧Ap,np

"# %9:"7'2%!, ,0

A0 ← (A1,1 ∧ . . . ∧A1,n1
) ∨ (A2,1 ∧ . . . A2,n2

) ∨ . . . ∨ (Ap,1 ∧ . . . ∧Ap,np)

67&8-($  !"!"! 6)% *%2',"0! p. $%&!%$ '# 10220(#

p(x)← x.method =  '()*+,('!

p(x)← x.method =  *-.*,(!

'//%+,# '22 -%##'?%# x (",) -%,)0$  !"#$%! 0* #&'#%!5



 ! "#$%&'( )* + ,$&$-.'/&(0. $%%(1$.# 21( 3/4$(0$/& 5'6&0/7

 !"#$$%& #  !"#$%& !' ()*")( #' +,$$,-'

• .+ A1, . . . , An #/) #0,1'& -!02 n ≥ 1& 02)" (A1 ∧ . . . ∧ An) !' # +,/13$# 4#"

&'!#()  !"#$%&56

• .+ φ #"( ψ #/) +,/13$#'& 02)" ', !' φ→ ψ6

• .+ x, y #/) 7#/!#8$)' #"( φ !' # +,/13$#& 02)" ', #/) (∀xφ)& (∀y>xφ)& (∀y<xφ)&

(∃xφ)& (∃y>xφ) #"( (∃y<xφ)6

9) :#" :,"()"') 02!' !"+,/1#0!," 3'!"; 02) +,$$,-!"; <=> ?

φ ::= A1 ∧ . . . ∧An | φ→ φ | ∀xφ | ∀y>xφ | ∀y<xφ | ∃xφ | ∃y>xφ | ∃y<xφ

-2)/) A1, . . . , An #/) #0,1'& n ≥ 1 #"( x, y #/) 7#/!#8$)'6 @,1) 1,/) ()0#!$'

/);#/(!"; 02) '%"0#A #/) B/,7!()( !" 02) +,$$,-!";6

• C2) → ,B)/#0,/ !"(!:#0)' :#3'#$!0% !" # +,/13$#& #"( '2,3$( 8) /)#( #' D( *

'+,-E /)$#0!,"6

• C2) ∀ #"( ∃ F3#"0!*)/'& #/) )F3!7#$)"0 0, !0' :,3"0)/B#/0' !" B/)(!:#0) $,;!:6

G,-)7)/& #"( #' !0 -!$$ 8) '))" ," 02) ')1#"0!:' ,+ 02) $,;!:& 02) F3#"0!*)/'

!" 02!' $,;!:& ,"$% #BB$% 0, 02) 0/#:)6 C2)"& ;!7)" # 0/#:) ρ& ∀x !' )F3!7#$)"0

0, ∀x ∈ ρ #"( ∀y<x !' )F3!7#$)"0 0, ∀y ∈ ρ; y < x& -!02 H<I !"(!:#0!"; 02)

,/()/ /)$#0!," +/,1 J)*"!0!," K6L6M6 C2)') 0%B) ,+ F3#"0!*)/' #/) :#$$)( '"&),

.$&-'(/,"0 ,/ '"&), ',#1!"&% .$&-'(/,"06

)*8*9*: ;'<$/&0.6

C2) ')1#"0!:' 3')( ," 02!' -,/N !' /)$#0)( 0, 02) 0/#(!0!,"#$ OB0PQ#" <1()1P

R,-#$'N% ')1#"0!:' +,/ $,;!: B/,;/#1' SQ#" <1()" TUVMW& 2,-)7)/ ',1) :2#";)'

-!$$ 8) !"0/,(3:)( 0, ()#$ -!02 1)''#;)' #"( 0/#:) 0)1B,/#$ F3#"0!*)/'6 9) 8);!"

8% !"0/,(3:!"; 02) :,":)B0' ,+ '38'0!030!,"' 4#' ()':/!8)( !" S>!$''," TUUXW5 #"( ,+

;/,3"( )AB/)''!,"'6

,'=/0&01/ )*8*>* O 0$20'('$'(!- !' # *"!0) ')0 ,+ 8!"(!";' θ = {x1/t1, . . . , xk/tk}

-2)/) )#:2 ti !' # 0)/1 #"( )#:2 xi !' # 7#/!#8$) '3:2 02#0 xi 6= ti #"( xi 6= xj !+

i 6= j6

C2) &11%()&'(!- xθ ,+ # '38'0!030!," θ 0, # 7#/!#8$) x !' ()*")( #' +,$$,-'6

xθ =

{
t !+ x/t ∈ θ

x ,02)/-!')

C2) #BB$!:#0!," ,+ # '38'0!030!," θ 0, # ')$):0,/ 7#/!#8$) x.l1. . .lk !' ()*")( #'

x.l1. . .lkθ =

{
t.l1. . .lk !+ x/t ∈ θ -!02 t # :,1B,3"( 7#$3)

x.l1. . .lk ,02)/-!')
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 !" #$$%&'#(&)* )+ # $#,(&'-%#, .&*/&*0 x/t () #* "1$,"22&)* E 3#()45 '%#-2"5

+),4-%#6 &2 (!" ,"$%#'"4"*( )+ "#'! )''-,,"*'" )+ x .7 t &* (!" "1$,"22&)*8  !"

#$$%&'#(&)* )+ # 2-.2(&(-(&)* θ )* #* "1$,"22&)* E5 /"*)("/ .7 Eθ &2 (!" #$$%&'#(&)*

)+ #%% .&*/&*02 &* θ () #%% (",42 #$$"#,&*0 &* E8

34&5-($  !"! !  !" #$$%&'#(&)* )+ (!" 2-.2(&(-(&)* θ = {x/1, y/2} () (!" '%#-2"

C = p(x)← q(x, y) ∧ r(y) &2 (!" '%#-2" Cθ = p(1)← q(1, 2) ∧ r(2)8

 9) 2-.2(&(-(&)*2 '#* #%2) ." ')4$)2"/ () +),4 # *"9 2-.2(&(-(&)*8 :"( θ =

{x1/t1, . . . , xk/tk} #*/ α = {y1/s1, . . . , yl/sl} ." 2-.2(&(-(&)*28  !" ')4$)2&(&)* )+

θ #*/ α5 /"*)("/ .7 θα &2 ).(#&*"/ +,)4 (!" 2"(

θα = {x1/(t1α), . . . , xk/(tkα), y1/s1, . . . , yl/sl}

.7 ,"4);&*0 #%% xi/tiα 9!"," xi = tiα 31 ≤ i ≤ k6 #*/ .7 ,"4);&*0 (!)2" yj/sj +),

9!&'! yj ∈ {x1, . . . , xk} 31 ≤ j ≤ l68 <* )(!", 9),/25 ,"/-*/#*( .&*/&*02 3x/x6 #*/

&*')*2&2("*( .&*/&*02 3(!"," '#**)( ." x/1 #*/ x/2 2&4-%(#*")-2%7 &* (!" ,"2-%(&*0

2-.2(&(-(&)*6 #," ,"4);"/ +,)4 (!" ')4$)2"/ 2-.2(&(-(&)*8

34&5-($  !"!1! =&;"* 2-.2(&(-(&)*2 θ = {x/y, z/1} #*/ α = {y/2, z/3}5 (!" ')4>

$)2&(&)* )+ .)(! 2-.2(&(-(&)*2 &2 0&;"* .7 θα = {x/2, y/2, z/1}8

#$67'%'*7  !"!89! ? 0,)-*/ "1$,"22&)* &2 #*7 "1$,"22&)* 9!"," )*%7 ')*2(#*(

30,)-*/6 (",42 #," $,"2"*(8 ?  !"#$% &$'()$*+ )+ #* "1$,"22&)* E &2 (!" "1$,"22&)*

Eθ5 9!"," θ &2 # 2-.2(&(-(&)* #*/ ";",7 ;#,&#.%" xi &* (!" "1$,"22&)* E !#2 # .&*/&*0

() # ')*2(#*( (",4 ti &* θ8

=&;"* K = {C1, . . . , Cp} # 2"( )+ '%#-2"2 #*/ ρ = m1, . . . ,mn # (,#'"8 ?*

&$(+!,!+()(&"$

 

&2 #*7 +-*'(&)* I 4#$$&*0 #* "1$,"22&)* E (!#( '#* ." +),4"/ 9&(!

"%"4"*(2 3'%#-2"25 #()425 (",426 )+ K #*/ (",42 +,)4 ρ () )*" "%"4"*( )+ {⊤,⊥}8

<( &2 2#&/ (!#( E &2 (,-" &* I &+ I(E) = ⊤8

 !" )$5&7%'0) *+ +*.5:(&) -*/", # $#,(&'-%#, &*(",$,"(#(&)* I5 &2 0&;"* .7 (!"

+)%%)9&*0 ,-%"28

•  !" "1$,"22&)* t1 = t2 &2 (,-"5 &@ t1 "A-#%2 t2 3(!"7 #," (!" 2#4" (",468

•  !" "1$,"22&)* t1 6= t2 &2 (,-"5 &@ t1 &2 *)( "A-#% () t2 3(!"7 #," *)( (!" 2#4"

(",468

•  !" "1$,"22&)* c1 < c2 &2 (,-"5 &@ c1 #*/ c2 #," *-4",&' ')*2(#*(25 #*/ c1 &2

%)9", (!#* c2

• ? 0,)-*/ #()4 A = p(c1, . . . , ck) &2 (,-"5 &@ A ∈ I8

• ?* #()4 A &2 (,-"5 &@ ";",7 0,)-*/ &*2(#*'" )+ A &2 (,-" &* I8

 

 !""#$ !  !"#"$%& '%(!")"!($('*% %& "'(%) *+'(+!,,%&(-
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•  !" "#$%"&&'() A1 ∧ . . . ∧An* +!"%" Ai ,%" ,-(.&* '& -%/"* '0 "1"%2 Ai '& -%/"

') I3

• 4 56,/&" C : A0 ← B '& -%/"* '0 "1"%2 7%(/)8 ')&-,)5" (9 C '& -%/" ') I3

• 4 &"- (9 56,/&"& K = {C1, . . . , Cp} '& -%/"* '0 "1"%2 56,/&" Ci '& -%/" ') I3

4) ')-"%$%"-,-'() '& 5,66"8 ,  !"#$ 9(% , 56,/&" &"- K = {C1, . . . , Cp} ,)8 ,

-%,5" ρ '9 "1"%2 Ci ∈ K '& -%/" ') I3 4 9(%./6, φ '& -%/" 9(% , &"- K ,)8 , -%,5"

ρ :-%/" ') K, ρ* 9(% &!(%-;* '9 '- '& -%/" ') #%#&' .(8"6 (9 K, ρ3 <- '& , =)(+) %"&/6-

>?,) @.8") ABCDE -!,- '9 M '& ,  ()( *$ .(8"6

 

9(% K, ρ* -!") '9 M(φ) = ⊤* -!")

φ !(68& ') K, ρ* 8")(-"8 F2 K, ρ � φ3

 !" &".,)-'5& (9 9(%./6,& '& -!") 8"G)"8 ,& 9(66(+&3 H"- K F" , 56,/&" &"-* ρ ,

-%,5" 9(% , $%(-(5(6 ,)8M , .')'.,6 .(8"6* -!" ($"%,-(% M̂ 8"G)"& -!" 6'8$/&0.6

12 21(89:$63

M̂(A1 ∧ . . . ∧An) =

{
⊤ '9 M(A1 ∧ . . . ∧An)

⊥ (-!"%+'&"

 !")* 9(% x ,)8 y 1,%',F6"& ') MP :-!" 5(.$(/)8 8(.,') (9 , $%(-(5(6 P;* +"

8"G)" -!" 6'8$/&0.6 12 ;9$/&0<'(6 ∀x ,)8 ∃x 9(% , $(-")-',662 ')G)'-" -%,5"

Γ = m1,m2, . . . ,&

M̂(∀xφ) =

{

⊤ '9 M̂(φθ) = ⊤* ∀θ +!"%" x/m ∈ θ ,)8 m ∈ Γ

⊥ '9 ∃θ +'-! x/m ∈ θ ,)8 m ∈ Γ* +!"%" M̂(φθ) = ⊥

M̂(∃xφ) =

{

⊤ '9 ∃θ +'-! x/m ∈ θ ,)8 m ∈ Γ* +!"%" M̂(φθ) = ⊤

⊥ '9 M̂(φθ) = ⊥* ∀θ +!"%" x/m ∈ θ ,)8 m ∈ Γ

I')5" , G)'-" -%,5" ρ '& , G)'-" &"7.")- (9 ,) ')G)'-" "#"5/-'()* '- '& )(- $(&&'F6"

-( 8"56,%" , J⊤K %"&/6- 9(% ∀xφ* ,& ') -!" ')G)'-" 5,&"* &')5" +" 8( )(- =)(+ '9 φ

.,2 F"5(." J⊥K ,9-"% -!" ")8 (9 ρ3 @L/'1,6")-62* 9(% ∃xφ* '- '& /)=)(+) +!"-!"% φ

F"5(."& -%/" 9(% 9/-/%" 1,6/"& (9 x3 I'.'6,% '&&/"& !,1" -( F" 5()&'8"%"8 ') $,&&'1"

-"&-')7 :,& 8"&5%'F"8 ') -!" ')-%(8/5-'() -( -!'& 5!,$-"%; ,& +"66 ,& ') %/)-'."

.()'-(%')7 >M,/"% NOODE* 9(% "1,6/,-'()& () G)'-" -%,5"&3  !" &".,)-'5& 9(% -%,5"

L/,)-'G"%& %"L/'%"& -!") -!" ')-%(8/5-'() (9 , )"+ -%/-! 1,6/" J?K :')5()56/&'1"; -(

')8'5,-" -!,- )( 8"G)'-" %"&$()&" 5,) F" $%(1'8"83  !" 6'8$/&0.6 12 ;9$/&0<'(6

21( </0&' &($.'6 '& 8"G)"8 ,&

M̂(∀xφ) =

{
⊥ '9 ∃θ +'-! x/m ∈ θ ,)8 m ∈ ρ* +!"%" M̂(φθ) = ⊥

? (-!"%+'&"

M̂(∃xφ) =

{
⊤ '9 ∃θ +'-! x/m ∈ θ ,)8 m ∈ ρ* +!"%" M̂(φθ) = ⊤

? (-!"%+'&"

 

 !"#$%&' #( ∩M ) "*& $%"&+(&,"$-% -. #// 0-'&/( .-+ K, ρ
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 !" #"$% &' %!" ()*+%,-"#$ *#" ."%*,/". ,+ %!" '&//&0,+12 0!"#" x ,$ *$$)3". %& 4"

4&)+. *$ * 3"$$*1" 5#"6,&)$/7 &4%*,+". 47 ∀x &# ∃x

M̂(∀y>xφ) =

{
⊥ ,' ∃θ 0,%! y/m ∈ θ2 0!"#" M̂(φθ) = ⊥ *+. m > x

? otherwise

M̂(∃y>xφ) =

{
⊤ ,' ∃θ 0,%! y/m ∈ θ2 0!"#" M̂(φθ) = ⊤ *+. m > x

? otherwise

 !" $"3*+%,8$ '&# ∀y<x *+. ∃y<x ,$ "(),6*/"+% %& %!" /*$% %0& '&#3)/*$2 "98!*+1,+1

> 47 <: ;,+*//72 %!" %#)%! 6*/)" '&# M̂(φ → ψ) ≡ M̂(φ) → M̂(ψ)2 )$,+1 %!" %#)%!

%*4/" $!&0+ ,+  *4/" <:=:

 *4/" <:=> ?@6*/)". %#)%! %*4/" '&# &5"#*%&# A→B
φ ψ φ→ ψ

⊤ ⊤ ⊤

⊤ ⊥ ⊥

⊤ ? ?

⊥ ⊤ ⊤

⊥ ⊥ ⊤

⊥ ? ⊤

? ⊤ ?

? ⊥ ?

? ? ?

 !" $"3*+%,8$ &' '&#3)/*$ ."$8#,4". ,+ %!" 8)##"+% $"8%,&+ ,$ +&% 3"*+% %& 5#&@

6,." * 3"%!&. '&# 5#&8".)#*/ "6*/)*%,&+ &' '&#3)/*$2 $,+8" ,% 0&)/. 4" (),%" ,+"C@

8,"+% %& 8*/8)/*%" "6"#7 3&."/ &' K *+. %#*8" ρ ,+ &#."# %& %"$% * 5*#%,8)/*# 5#&5"#%7:

D+ */1&#,%!3 '&# "6*/)*%,&+ &' '&#3)/*$ ,$ 5#&6,.". ,+ E"8%,&+ <:F:<:

 !"!" #$%&'() *+, -.) /01 ',+-+2+(

G"'&#" 5#&6,.,+1 %!" ."%*,/$ &' *+ "6*/)*%,&+ */1&#,%!32 /"% )$ -#$% 8/*#,'7 %!" 8&+@

8"5%$ 5#"6,&)$/7 ."-+". %!#&)1! *+ "9*35/" '&# %!" EHI 5#&%&8&/ JK!*5%"# ?L:  !"

."-+,%,&+$ 5#&6,.". !"#" 0,// */$& 4" )$"')/ /*%"# ,+ %!,$ 8!*5%"#:

;&# %"$%,+1 #)/"$ ,+ %!" EHI 5#&%&8&/2 * EHI 3"$$*1" ,$ ."-+". 0,%! %!" -"/.$

."$8#,4". &+  *4/" <:M: N,%! $)8! $%#)8%)#"2 %!" '&//&0,+1 8/*)$"$ ,."+%,'7 * 3"$$*1"

*$ * #"()"$% &# * #"$5&+$":

request(x)← x.method 6= ε

response(x)← x.statusCode 6= ε

D 3"$$*1" x ,$ * #"$5&+$" %& *+&%!"# 3"$$*1" y *88&#.,+1 %& %!" '&//&0,+1 $%*%"3"+%

,+ O;K ?MP= QO&$"+4"#1 MRRM2 $"8%,&+ S:M:P:MT
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 !" #$%& '"() %* +!" $",-%.," /01 "234( +!" #$%& !"4)"$ '"()

%* +!" $"23",+5  !" 64((789 !"4)"$ '"() %* +!" $",-%.," /01 "234(

+!" 64((789 !"4)"$ '"() %* +!" $"23",+5  !" 61"2 !"4)"$ '"() %* +!"

$",-%.," /01 "234( +!" 61"2 '"() %* +!" $"23",+5  !" :;4 !"4)"$

'"() <4(3", ;. +!" $",-%.," /01 "234( +!" :;4 !"4)"$ '"() <4(3", ;.

+!" $"23",+ 4.) /01 &4;.+4;. +!" ,4&" %$)"$;.=5

8* 4 $"23",+ >%.+4;.") 4  % +4= ;. +!" $"23",+? +!"  % !"4)"$ '"() ;.

+!" $",-%.," /01 "234( +!4+ %* +!" $"23",+5 @%A"<"$? ;* +!"  % !"4)"$

'"() ;. +!" $"23",+ );) .%+ >%.+4;. 4 +4=? +!" 0B8 ;. +!"  % !"4)"$ '"()

;. +!" $",-%.," /01 "234( +!" 0B8 ;. +!"  % !"4)"$ '"()5

A!;>! +$4.,(4+", ;.+% +!" *%((%A;.= -$");>4+"

responds(resp, req) ← response(resp)

∧ resp.from = req.from

∧ comparable(req.to, resp.to)

∧ resp.callId = req.callId

∧ resp.cSeq.seq = req.cSeq.seq

∧ resp.cSeq.method = req.cSeq.method

∧ resp.via = req.via

A!"$" comparable >%&-4$", +!"  ! !"4)"$,5 8* +!" "#$ -4$4&"+"$ ;, )"'.")? +!".

;+ $"23;$", +!4+ C%+! +!" #%%&'(( 4.) "#$ '"(), 4$" "23;<4(".+? %+!"$A;," ;+ %.(D

<"$;'", +!4+ +!" #%%&'(( -4$+ %* +!" !"4)"$, &4+>!5 8+ ;, )"'.") CD +!" *%((%A;.=

);,E3.>+;%.

comparable(reqTo, respTo) ← reqTo.tag = ε

∧ reqTo.addr = respTo.addr

comparable(reqTo, respTo) ← reqTo.tag = reqTo.tag

∧ reqTo.addr = respTo.addr

0,;.= +!"," )"'.;+;%., %* >(43,", 4((%A, +% "F-$",, -$%-"$+;", 4, +!" *%((%A;.=G

•  !" -$%-"$+D H ! "# $ %%&' (%  ()* " & " +, %) -" & " %.-/% I >4. C" +",+")

)"'.;.= +!" 4));+;%.4( >(43,",

sipMsg(x)← request(x)

sipMsg(x)← response(x)

+!". $",3(+, *%$ φ = ∀xsipMsg(x) 4$" 4.,A"$, +% +!" -$%-"$+D5

•  !" -$%-"$+D H ! "# " +, %) $,%) *&! & " %.-/% &0) " ()I ;, )"'.") 4,

φ = ∀x(request(x)→ ∃y>xresponds(y, x))

•  !" -$%-"$+D H ! "# " +, %)  12 .) 0"-$  !" $,%) *&! & " %.-/% &0) " ()I ;,

)"'.") 4,

φ = ∀x(request(x) ∧ x.method 6=   !"! → ∃y>xresponds(y, x))
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 !"#$ %&'( )*+,-*,+$ ./ ! )01 2$33!4$

3'$(/ 4&5$( #$)0.'-%'*6

5$*6.7 2$*6.7 0879-!*$3 *6$ +$:,$3* *;<$= 9&$&  !"#$%! =

#&'#%!= $*-& 0/ $2<*; >ε? *6$8 2$33!4$ 93 !

+$3<.83$&

)*!*,3@A.7$ 3*!*,3A.7$ B,2$+9- -.7$ /.+ *6$ 3*!*,3& 0/ $2<*; *6$8 *6$

2$33!4$ 93 ! +$:,$3*&

C$:,$3*@DC0 +$:DC0 0879-!*$3 *6$ DC0 ./ *6$ 7$3*98!*9.8 ./ *6$ +$@

:,$3* >*6$ 98E9*$$ !77+$33 .+ *6$ #.-!*9.8 3$+@

E9-$ !77+$33 7,+984 +$493*+!*9.8?&

F+.2 !77+$33 /+.2&!77+ DC0 9879-!*984 *6$ 3$87$+ ./ *6$ 2$33!4$&

F+.2 *!4 /+.2&*!4 )$+E$3 /.+ 79!#.4 97$8*9G-!*9.8= 9* 93 7$G8$7 ";

*6$ DHA !87 9* 93 !#I!;3 *6$ 3!2$ /.+ !## 2$3@

3!4$3 ./ ! 79!#.4&

 . !77+$33 *.&!77+ DC0 9879-!*984 *6$ +$-9<9$8* ./ *6$ 2$33!4$&

 . *!4 *.&*!4 0879-!*$3 *6$ +$2.*$ 79!#.4 97$8*9G$+= 9* 93 7$@

G8$7 "; *6$ DH) ,<.8 +$-$<*9.8 ./ ! 79!#.4

989*9!*984 +$:,$3* >$&4& #&'#%!?& 0* -!8 "$ 8,##

98 *6$ 989*9!*984 +$:,$3*&

A!##@0J -!##07 D89:,$ 97$8*9G$+ *. 4+.,< 3$+9$3 ./ 2$33!4$3&

A)$: -)$: 07$8*9G$3 *6$ *+!83!-*9.8 *6$ 2$33!4$ "$#.843

*. I9*6 ! 3$:,$8-$ !87 ! *+!83!-*9.8 .+9498!*@

984 2$*6.7&

A)$: 3$:,$8-$ -)$:&3$: )$:,$8-$ /.+ *6$ *+!83!-*9.8&

A)$: 2$*6.7 -)$:&2$*6.7 5$*6.7 *6!* .+9498!*$7 *6$ *+!83!-*9.8&

K9! E9! 0879-!*$3 *6$ *+!83<.+* !87 !77+$33 I6$+$ *6$

+$3<.83$3 98 *6$ *+!83!-*9.8 36.,#7 "$ 3$8*&
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 !"! #$%&'%()*+ *, ,*-.'&%/

 ! "#$%&'! ()*)+),- . %/' 0.1% 2#3.!%&$2 /.2 4#5!#4 6'1 %7# 8'9&$: '!# 6'1 '6 6'13;8.2

'6 %<0# A1 ∧ . . . ∧ An =.%'3&$ 6'13;8.2>- .!4 . 2#$'!4 '!# 6'1 6'13;8.2 &!$8;4&!9

%1.$# ?;.!%&5#12)  ! %7# $;11#!% 2#$%&'! /# &!%#!4 %' 01'@&4# .! .89'1&%73 6'1 %7#

#@.8;.%&'! '6 6'13;8.2- /7&$7 /&88 .82' 1#?;&1# . %/' 0.1% 3#%7'4'8'9<:  ! 1#2'8;%&'!

'6 .%'3&$ 6'13;8.2- /7#1# . @.1&.!% '6 %7# $8.22&$.8 "AB ="#8#$%&@# A&!#.1 B#5!&%#C

$8.;2#> 1#2'8;%&'! .89'1&%73 DE0% FGH,- A8'<4 FGH*I /&88 J# &!%1'4;$#4) "! K@.8;.C

%&'! '6 6'13;8.2 =&!$8;4&!9 ?;.!%&5#12> .!4 4#%#13&!.%&'! '6 2.%&26.$%&'! 6'1 . 9&@#!

%1.$#) L'%7 0.1%2 .1# 4#2$1&J#4 &! %7# $;11#!% 2#$%&'!- .8%7';97 %7# 3'2% .%%#!%&'!

&2 9&@#! %' %7# 2#$'!4 0.1%- 9&@#! %7.% %7# "AB .89'1&%73 &2 ?;&%# 4'$;3#!%#4 &!

%7# 8&%#1.%;1#) M# J#9&! J< &!%1'4;$&!9 %7# $'!$#0% '6 #$%&'() .!4 #$%&*+,%-$)

,'8/0&01/ )*!*99* N/' %#132 t .!4 s .1# #$%&+./' &6 #&%7#1 t '1 s &2 . @.1&.J8# '1

%7#< 7.@# %7# 2.3# @.8;#) E #$%&'( '6 %/' #O01#22&'!2 =B#5!&%&'! ()*)FP> E .!4 F

&2 . 2;J2%&%;%&'! θ 2;$7 %7.% Eθ = Fθ)  6 . ;!&5#1 #O&2%2 %7#! %7# #O01#22&'!2 .1#

2.&4 %' J# #$%&+./') E 2;J2%&%;%&'! θ &2 2.&4 %' J# 0-(' 1'$'(+/ %7.! . 2;J2%&%;%&'!

σ &6 %7#1# #O&2%2 . 2;J2%&%;%&'! α 2;$7 %7.% σ = θα) E ;!&5#1 θ &2 2.&4 %' J# %7#

0-), 1'$'(+/ #$%&'( 201#! '6 %/' #O01#22&'!2 E .!4 F %3 θ &2 3'1# 9#!#1.8 %7.!

.!< '%7#1 ;!&5#1) N7&2 &2 4#!'%#4 .2 θ = mgu(E,F ))

:;$<%=' )*!* * E%'32 p(x, x) .!4 p(1, 2) .1# !'% ;!&5.J8#- /7&8# %7# 01# '6

p(x, y) .!4 p(1, 2) &2 %7# 2#% {x/1, y/2})

E2 . 01#8&3&!.1< %' %7# "ABC1#2'8;%&'! .89'1&%73 /# 512% 4#5!# %7# 6;!$%&'!

unify- %7.% $.8$;8.%#2 %7# ;!&5$.%&'! '6 %/' #O01#22&'!2- .2 6'88'/2

unify(A1, A2, θ) :=

{
true ∃α )#.),%,#,%-$ 2;$7 %7.% α = mgu(A1θ,A2θ)

false '%7#1/&2#

/7#1# A1 .!4 A2 .1# .%'32- .!4 θ &2 . 2;J2%&%;%&'!)  6 %7# .%'32 ;!&6< =1#2;8% &2

true>- %7# 6;!$%&'! unify /&88 .82' ;04.%# %7# 2;J2%&%;%&'! 9&@#! .2 .19;3#!% /&%7

α =θ J#$'3#2 θα>) E2 .%'32 .1# %7# J.2&2 %' $8.;2#2- '!8< ;!&5$.%&'!2 '6 .%'32

.1# $'!2&4#1#4 6'1 %7# 1#2'8;%&'! .89'1&%73) N7# 4#%.&8#4 01'$#4;1# '6 ;!&5$.%&'! &2

01'@&4#4 &! %7# 6'88'/&!9)

N7# Q1'$#4;1# ()F- &%#1.%#2 '@#1 .88 %#132 &! %7# 01'@&4#4 .%'32 .!4- 6'1 #.$7

0.&1 '6 %#132 &! %7# 2.3# 0'2&%&'!- &% @#1&5#2 %7.% %7#&1 J&!4&!92 &! θ .!4 α ;!&6<)  !

%7# 2;J2%&%;%&'! α %7# .89'1&%73 R##02 %1.$R '6 %7# 1#2;8% '6 ;!&5$.%&'! '6 01#@&';2

%#132- .!4 ;2#2 &% %' $7#$R 2;J2#?;#!% &%#1.%&'!2) S'1 &!2%.!$#- &! %7# ;!&5$.%&'! '6

p(x, x) .!4 p(1, 2) =;2&!9 θ = ∅>- .6%#1 %7# 512% &%#1.%&'!- α /&88 $'!%.&! %7# J&!4&!9

x/1- /7&$7 /&88 6.&8 '! 2#$'!4 &%#1.%&'! /7#! %1<&!9 %' ;!&6< &% /&%7 %7# @.8;# 2)

:;$<%=' )*!*>* T.88&!9 unify /&%7 .19;3#!%2 A1 = p(x, y)- A2 = p(1, z) .!4

θ = {z/2} /&88 1#%;1! true .!4 θ /&88 J#$'3# {z/2, x/1, y/2}) U2&!9 .19;3#!%2

A1 = p(x, y)- A2 = p(1, z) .!4 θ = ∅- 1#%;1!2 true .!4 θ = {x/1, y/z})
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2.*0$/3.$  !4 unify(A1, A2, θ)

56-3%7  !"#$ A1, A2% &'($!)!'!)"* θ +)!, -'../*! ()*0)*1$%

83%-3%7 %.3$ )2 3!"#$ '*)24 3*0 θ '503!/0 +)!, */+ ()*0)*1$%

 ! '+ A1 3*0 A2 ,36/ 0)7/./*! 5./0)-3!/ 83(/8 ". 3.)!4 %,$6

"! .$%3.6 +&()$

#! α← ∅

$! +*. t← A1[i] !/.# i )* A1 /*

%! s← A2[i]

&! '+ (tθ)α '*)9/$ +)!, (sθ)α %,$6

'! '+ (tθ)α )$ 3 63.)3(8/ %,$6

(! α← α ∪ {(tθ)α/(sθ)α}

)! $()$  ! (sθ)α "#$ %$&' () # *#+,#(&) ! 

 *! α← α ∪ {(sθ)α/(tθ)α}

  ! $()$

 "! .$%3.6 +&()$

 #! θ ← θα  ! -%./%0) θ 1,23 23) +)04&2 %5 23) 4$,5,"#2,%$ ! 

 $! .$%3.6 %.3$

 !"! !4 9:#;.$)*(3%'*6

:* &;<=./$"8'!)"*> 1)6/* 3 $/! "2 -83'$/$ K = {C1, . . . , Cn}> !,/./ /?)$!$ 3 $"8'!)"*

2". 3 2".#'83 @38$" -388/0 A'/.4B A1 ∧ . . . ∧ Ap )2> 2". /6/.4 3!"# Ai> !,/./ /?)$!$

3 -83'$/ B0 ← B1 ∧ . . . Bq )* K +,/./ )!$ ,/30 B0 '*)9/$ +)!, Ai @+)!, 3 '*)9/.

θB> 3*0 !,3! !,/ ./$'8!)*1 2".#'83 (A1 ∧ . . . ∧ B1 ∧ . . . Bq ∧ . . . ∧ Ap)θ> "(!3)*/0

32!/. ./583-)*1 Ai (4 B1 ∧ . . . Bq> 38$" ,3$ 3 $"8'!)"*% :2 )* !,/ -83'$/> q = 0 3*0

!,/ '*)9-3!)"* $'--//0$> !,/* Aiθ )$ -"*$)0/./0 !" (/ !.'/ 3*0 -3* (/ ./583-/0 (4

!,/ $4#("8 C⊤D )* !,/ ./$'8!)*1 2".#'83% E,)$ -3* (/ $'##3.)F/0 (4 !,/ 2"88"+)*1

)*2/./*-/ .'8/ @(".."+/0 2."# GH)8$$"* IJJKLB

A1 ∧ . . . ∧Ai−1 ∧Ai ∧Ai+1 ∧ . . . ∧Ap B0 ← B1 ∧ . . . Bq

(A1 ∧ . . . ∧Ai−1 ∧B1 ∧ . . . Bq ∧Ai+1 ∧ . . . ∧Ap)θ

+,/./

I% A1, . . . , Ap 3./ 3!"#$M

N% B0 ← B1 ∧ . . . Bq )$ 3 -83'$/ )* K> +)!, ./*3#/0 63.)3(8/$> $" *" -"*O)-!$ -3*

"--'. )2 !,/ 2".#'83 3*0 !,/ -83'$/ -")*-)0/ "* !,/ 63.)3(8/ *3#/$M

P% mgu(Ai, B0) = θ%

:* !,/ 5./$/*! +".Q> Ai -3* 38$" (/ "2 !45/ t1 = t2> t1 6= t2 ". t1 < t2% :* !,)$

-3$/ !,/ 381".)!,# #'$! /638'3!/ !,/ "5/.3!)"* t1θ = t2θ> t1θ 6= t2θ
 

". t1θ < t2θ>

 

+, -./0-1 t1θ 21 t2θ 31- 431.356-78 /0-9 = .7 /1-3/-: 37 ;9.<=3/.29 >x = a 377.?97 a /2 x ., x .7

92/ 52;9:@8 02A-4-1 /0- -436;3/.29 2, 6= 702;6: 1-/;19 39 -1121 ;96-77 t1θ 39: t2θ 31- /0- 73B-

431.356-C



 ! "#$%&'( )* + ,$&$-.'/&(0. $%%(1$.# 21( 3/4$(0$/& 5'6&0/7

 !"# $"%&'()#* Ai )#  !" +,$-.&' /0 1⊤2 )+  !" "3'&.' ),# 4.((""546 7+  !"$" "8)4 

-,$"  !'# ,#" (&'.4" )# K  !' ('# /" .#)9"5 :) ! Ai;  !" '&*,$) !- -.4  "4 '&&

'& "$#' )3"4 .# )& 9#5)#* ,#"  !' $"%&'("4 "3"$0 ' ,- )#  !" $"4.& )#* +,$-.&' /0

1⊤2 <:" ('##, 5"(&'$" +'&4" .# )& '&& '& "$#' )3"4 '$"  "4 "5=;  !)4 )4 '&4, )&&.4 $' "5

/0  !" >)*.$" ?6@</= +,$ A8'-%&" ?6B6C6

D4 ) ('# /" ,/4"$3"5 )# %$"3),.4 "8'-%&"4;  !" 40# '8 ,+  !" &,*)( '&&,:4 +,$

$".4" ,+ 3'$)'/&" 40-/,&4; +,$ )#4 '#("; /, ! ' (&'.4" p(x) ← B '#5 ' E."$0 p(x)

('# /" 5"9#"5; '& !,.*! /, ! x -'0 #, #"("44'$)&0 $"%$"4"#  !" 4'-" 3'&."6 7#

,$5"$  , %"$+,$- .#)9(' ),#;  !"0 -.4 /"  $"' "5 '4 5)F"$"# 3'$)'/&"46 >,$  !)4;

' 3'$)'/&" $"#'-)#* 4 "% -.4 '&4, /" %"$+,$-"56 G, "3'&.' "  !" +,$-.&' p(x) :"

$"#'-" x  , x0; '#5 :!"# 4"&"( )#* ' (&'.4" +,$ .#)9(' ),#; '&& x )#  !" (&'.4" '$"

$"%&'("5 /0 x1;  !)4 :'0; )+  !" .#)9(' ),# 4.((""54;  !" /)#5)#* x0/x1 :)&& /" '55"5

 , θ '#5 5)F"$"# 40-/,&4 '$" (&"'$&0 5)4 )#*.)4!"56

D 4!,$ "8'-%&" )4 %$,3)5"5 /"&,:  , )&&.4 $' "  !" $"4,&. ),# -"(!'#)4-6

89$:%;' )*<*=* H"  !" +,&&,:)#* /" ' (&'.4" 4" +,$  !" I7J %$, ,(,&; '4 5"9#"5

)# I"( ),# ?6B6B; 4)-%&)9"5 +,$  !" %.$%,4"4 ,+  !)4 "8'-%&"

sipMsg(x)← request(x) <?6@=

sipMsg(x)← response(x) <?6K=

request(x)← x.method =   !" #$! <?6L=

response(x)← x.statusCode = 200 <?6B=

G!" (&'.4" 4" )#5)(' "4  !' ' 3'&)5 I7J -"44'*" )4 ") !"$ ' $"E."4 ,$ ' $"4%,#4"6

D 3'&)5 $"E."4 )4 ,#" :) ! -" !,5  !" #$ '#5 ' 3'&)5 $"4%,#4" )4 ,#" :) ! 4 ' .4

(,5" KMM6 D*')#;  !)4 )4 '# ,3"$4)-%&)9(' ),# -'5" +,$  !" %.$%,4"4 ,+  !" "8'-%&"6

H" .4  "4 ' %$,%"$ 0 4 ' )#*  !' ,#&0 3'&)5 -"44'*"4 4!,.&5 /" +,.#5 )#  !"

 $'("; )6"6 φ = ∀xsipMsg(x)6 N,:"3"$; 4)#("  !" )# "$"4 )4  , 5"-,#4 $' " IHOP

$"4,&. ),#; +,$ #,: :" :)&& )*#,$"  !" E.'# )9"$4 '#5 '44.-"  !'  !" 3'&." ,+ x )4

'&$"'50 5" "$-)#"5  , /" x = mi; '# '$/) $'$0 -"44'*" )#  !"  $'("6 G!" >)*.$" ?6@

4!,:4  !" "3'&.' ),# 4 "%4 :!"#  !" E."$0 )4 "3'&.' "5 +,$ -"44'*"4 mi; ' $"E."4 

'#5 mj ; ' $"4%,#4"6 D44.-)#*  !' (&'.4"4 '$" "3'&.' "5 )#  !" ,$5"$  !"0 '$"

5"9#"5;  !" $"4,&. ),# +,$ mi; +,&&,:4  !" +,&&,:)#* 4 "%4

@6 H,,Q +,$ ' (&'.4" -' (!)#* sipMsg(x0); )6"6 :) ! 4'-" %$"5)(' " &'/"& '#5

'$) 06 G!)4 $" .$#4 (&'.4"4 ?6@ '#5 ?6KR

K6 S#)+0 sipMsg(x0) :) !  !" !"'5 ,+ (&'.4" ?6@; sipMsg(x1) .4)#* 4./4 ) . ),#

θ = {x0/mi}6 G!)4 $"4.& 4 )# θ = {x0/mi, x1/x0}R

L6 I)#(" .#)9(' ),# 4.((""54; "3'&.' "  !" /,50 ,+  !" (&'.4" '4 ' #": E."$06

H,,Q +,$ ' (&'.4" -' (!)#* request(x1); )6"6 (&'.4" ?6LR
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 ! "#$%& request(x1) '$() ()* )*+, -% ./+01* 2!34 request(x2) +#, 1051($(0($-#

θ! 6)$1 7*10/(1 $# θ = {x0/mi, x1/x0, x2/x1}8

2! 9$#.* 0#$:.+($-# 10..**,14 *;+/0+(* ()* 5-,& -% ()* ./+01* +1 + #*' <0*7&8

=! 6)* -#/& +(-> $# ()* 5-,& $1 -% (&?* t1 = t24 ()*# *;+/0+(* x2.method =

  !" #$! 01$#@ θ = {x0/mi, x1/x0, x2/x1}8

A! B110>$#@ ()+( mi $1 + 7*<0*1(C *;+/0+($-# $1 (70*4 ()*# ⊤ $1 7*(07#*,!

D;+/0+($-# %-7 mj %-//-'1 ()* 1+>* ?7-.*,07*4 *E.*?( ()+( $( %+$/1 -# 1(*? A

F1$#.* $( $1 + 7*1?-#1*G! B1 ()*7* $1 1($// -#* +/(*7#+($;* (- +#+/&H* %7-> 1(*? I4 ()*

7*1-/0($-# .-#($#0*1 0#($/ ()* *;+/0+($-# -% mj .status = 200 +#, ⊤ $1 7*(07#*,! J%

+// 57+#.)*1 -% ()* (7** *#, '$() + K⊥L4 ()*# ⊥ $1 7*(07#*, %-7 ()* ?7-?*7(&!

sipMsg(mi)

request(mi)

mi.method = ‘INVITE’

⊤

 !" #$$%&&'() *+!* x = mi '$

! ,-.%-$*

sipMsg(mj)

request(mj)

mj .method = ‘INVITE’

⊥

response(mj)

mj .statusCode = 200

⊤

 /" #$$%&&'() *+!* x = mj '$ ! ,-$01($-

M$@07* 2!IC B/(*7#+($;* 7*1-/0($-# (7**1 %-7 <0*7& sipMsg(x)

6)* ,*(+$/*, 9NOP7*1-/0($-# +/@-7$()> $1 ?7-;$,*, $# Q7-.*,07* 2!R! 6)* 7*1-P

/0($-# 1(+7(1 '$() + %-7>0/+ A1 ∧ . . . ∧ Ap $# ()* %-7> -% + 1(+.S FA1 +( ()* (-? -%

()* 1(+.SG! M-7 *+.) +(-> -# ()* 1(+.S $( /--S1 %-7 + >+(.)$#@ ./+01* F+ ./+01* '$()

()* 1+>* ?7*,$.+(* /+5*/ +#, +7$(&G +#, +,,1 ()* 5-,& -% ()* ./+01* (- ()* 1(+.S (-

7*.071$;*/& .+// 1-/;*! T)*# ()* 1(+.S $1 *>?(&4 + 1-/0($-# )+1 5**# %-0#, +#, $(

#-($:*1 $( 01$#@ ()* ?7-.*,07* useSolution()! B/()-0@) $( $1 #-( -# ()* +/@-7$()>4

+# +/(*7#+($;* (- /$#*  1)-0/, +/1- .)*.S ')*()*7 A >+(.)*1 K=L4 K 6=L -7 K<L4 +#,

7*1?*.($;*/& *;+/0+(* ()* *<0+/$(&4 $#*<0+/$(& -7 .->?+7$1-#!

 !"! !2 34&(5&%'67 +*.85(&) '6 & %.&0$

U$;*# + %-7>0/+ φ4 ,*:#*, 01$#@ + 1*( -% ./+01*1 K4 $( $1 #-( #*.*11+7$/& $#(*7*1($#@

(- +((*>?( (- ?7-,0.* + 1$#@/* F@*#*7+/G 1+($1%+.($-# 7*10/( FK⊤L4 K⊥L -7 K?LG %-7 +

?+7($.0/+7 (7+.* ρ! N*( 01 (+S*4 +1 *E+>?/*4 + ?7-?*7(& ∀x(∃yp(x, y))! O0* (- ()*



 ! "#$%&'( )* + ,$&$-.'/&(0. $%%(1$.# 21( 3/4$(0$/& 5'6&0/7

8(1.'9:(' )*; sldSolve(K,S, θ)

3/%:&<  !" #$ %&'()!) K*  "'%+ S %#,"'-,-,. "/! '"#0) 1!0'-,-,. $#1 !2'&('"-#,*

 (3)"-"("-#, θ 4-"/ "/! -,-"-'& 3-,5-,.)*

=:&%:&< ⊤ -$ "/! $#10(&' /') ' )#&("-#,*

 ! 02 S -) ,#" !06"7 &#'/

"! A← pop(S)  ! "#$%&# '()*+ ,+%$ %' +-# *+,./ ! 

#! solved← ⊥

$! 21( 8B0 ← B1 ∧ . . . ∧Bq) ∈ K 4/!1! B0 0'"%/!) 4-"/ A 91

%! renameV ars(B0, B1, . . . , Bq)  ! "#0,$# &,)(,12#* (0 +-# .2,3*# ! 

&! α← θ

'! 02 unify(A0, B0, α9 &#'/

(! 02 q > 0 &#'/

)! push({B1, . . . , Bq}, S)  ! B1 (* 0%4 ,+ +-# +%5 %' S ! 

 *! solved← sldSolve(S, α)  ! 6%2&# +-# )#*+ %' +-# *+,./ ! 

  ! pop({B1, . . . , Bq}, S)

 "! '>6'  ! 7-# .2,3*# 8%#* 0%+ -,&# , 1%89 ! 

 #! solved← sldSolve(S, α)

 $! push(A,S)  ! :3+ A 1,./ +% +-# +%5 %' S ! 

 %! ('&:(/ solved

 &! useSolution(θ)  ! ;' S (* #$5+9< , *%23+(%0 -,* 1##0 '%308 ! 

 '! ('&:(/ ⊤

)!0',"-%) #$ "/! &#.-% 8 !%"-#, :*;*<*=9> "/! "1("/ 2'&(! #$ ∀xφ %', #,&7 3! ?⊥@ -$ "/!

2'&(! #$ φ -) '&)# ?⊥@> #"/!14-)! "/! 2'&(! 5!$'(&") "# ??@*  -,%! ∃yp(x0, y) %', ,!2!1

3! ?⊥@ 8$#1 ',7 x09> "/!, "/! !2'&('"-#, #$ ∀x(∃yp(x, y))> %', ,!2!1 7-!&5 ' 1!)(&"

#"/!1 "/',  !"#!"$%& '(* A2!, "/#(./ 1!)(&") #3"'-,!5 "/-) 4'7 5# ,#" 61#2-5! ()!$(&

-,$#10'"-#,> 6'1"-%(&'1 2'&(!) #$ (x, y) "/'" 0'+! p(x, y) "1(! #1 $'&)!> 5#* B(&"-6&!

1!)(&") 4-&& 3! !C6!%"!5 $#1 "/! !2'&('"-#, #$ ' $#10(&' -, ' "1'%! ',5 "4# 1(&!) 4-&&

3! ()!5 $#1 1!6#1"-,. ' 6'1"-%(&'1 1!)(&"*

D* E-2!, ' $#10(&' ∀xφ> ', -,5!6!,5!," 1!)(&" )/#(&5 3! 5!%&'1!5 $#1 !2!17 2'&(!

#$ x* F#1 -,)"',%!> .-2!, ∀xsipMsg(x)> "/! !2'&('"-#, sipMsg(x0) $#1 !2!17

x0 -, "/! "1'%! ρ )/#(&5 3! 61#2-5!5 ') ' 1!)(&"*

=* E-2!, ' $#10(&' ∃xφ> ' 1!)(&" )/#(&5 3! .-2!, #,&7 -$ -" !C-)") )#0! 2'&(! #$

x -, "/! "1'%! "/'" 0'+!) "/! 61#6!1"7 "1(!* G)-,. ', ','&#.#() !C'06&!> $#1

"/! 61#6!1"7 ∃xsipMsg(x)> ', '&.#1-"/0 )/#(&5 #,&7 1!6#1" ?⊤@ $#1 "/! x0 ∈ ρ

"/'" 0'+!) sipMsg(x0) "1(!* H,7 #"/!1 2'&(!) $#1 x '1! -11!&!2'," $#1 "/!

1!)#&("-#,*

H 1!%(1)-2! '&.#1-"/0 -) 5!I,!5 $#1 !2'&('"-#,> ',5 ' 5!"'-&!5 5!)%1-6"-#, #$ "/!

5-J!1!," %')!) -, "/! !2'&('"-#, -) 61#2-5!5 ') $#&&#4)> 4/!1! eval(φ, θ, ρ) 1!"(1,)

"/! !2'&('"-#, #$ "/! $#10(&' φ ()-,. )(3)"-"("-#, θ -,"# "1'%! ρ* K/! 2'&(! #$ θ '"

"/! 3!.-,,-,. #$ "/! !2'&('"-#, -) θ = ∅*
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•  !" "#$%&$'()* )+ $ +),-&%$ ∀xφ .,$*/!"0 '!" "#$%&$'()* )+ φ +), "$/! 1)00(.%"

#$%&" )+ x (* '!" ',$/"2  !" ,"0&%' (0 1,)#(3"3 .4

eval(∀xφ, θ, ρ) =

{
eval(φ, α, ρ) ∀m ∈ ρ 5!"," α = θ ∪ {x/m}

? (+ *) ⊥ ,"0&%'0 5"," +)&*3

• 6#$%&$'()* )+ $ +),-&%$ ∃x %))70 +), $ 8⊤9 ,"0&%' ') '!" "#$%&$'()* )+ φ2

eval(∃xφ, θ, ρ) =







⊤
(+ ∃m ∈ ρ 5!"," eval(φ, α, ρ) = ⊤ 5('!

α = θ ∪ {x/m}

? )'!",5(0"

• 6#$%&$'()* )+ $ +),-&%$ ∀y>xφ $00&-"0 '!$' $ .(*3(*: x/m0 5('! m0 ∈ ρ $%,"$34

";(0'0 (* '!" 0&.0'('&'()* θ $*3 .,$*/!"0 '!" "#$%&$'()* )+ φ +), "#",4 -"00$:"

$+'", '!" 1)0('()* )+ m02

eval(∀y>xφ, θ, ρ) =

{
eval(φ, α, ρ) ∀m ∈ ρ 5!"," m > xθ $*3 α = θ ∪ {y/m}

? (+ *) ⊥ ,"0&%'0 5"," +)&*3

• 6#$%&$'()* )+ $ +),-&%$ ∃y>x %))70 +), $ 8⊤9 ,"0&%' ') '!" "#$%&$'()* )+ φ $+'",

'!" 1)0('()* )+ x (* '!" 0&.0'('&'()* θ

eval(∃y>xφ, θ, ρ) =







⊤
(+ ∃m ∈ ρ 5('! m > xθ 5!"," eval(φ, α, ρ) = ⊤

$*3 α = θ ∪ {y/m}

? )'!",5(0"

• 6#$%&$'()* )+ ∀y<xφ $*3 ∃y<xφ $," $*$%):)&0 ') '!"(, "<&(#$%"*'0 5('! 8>9 =&0'

,"1%$/(*: "#",4 )//&,,"*/" )+ 8>9 .4 8<92

• 6#$%&$'()* )+ $ +),-&%$ φ → ψ >,0' 5(%% "#$%&$'" φ $*3 (+ '!" ,"0&%' (0 8⊤9? '!"*

"#$%&$'"0 ψ2 @+ '!" %$''", $%0) !$0 '!" #$%&" 8⊤9? '!"* '!" ,"0&%' )+ "#$%&$'()*

(0 8⊤92 A*4 *"5 .(*3(*:0 3">*"3 +,)- '!" "#$%&$'()* )+ φ -&0' ." &0"3 (* '!"

"#$%&$'()* )+ ψ2 @+ '!" "#$%&$'()* )+ φ (0 8⊥9 ), 8?9? '!"* '!" ,"0&%' (0 /)*0(3","3

 !"#$#% B&*(*'","0'(*:C DE,$0", FGGH? 0"/'()* I2JK? 0(*/" eval(⊥ → ψ, θ, ρ) = ⊤

$*3 eval(?→ ψ, θ, ρ) = ?? (*3"1"*3"*'%4 )+ '!" #$%&" )+ ψ2 L)'! '!)0" /$0"0 $,"

(:*),"3 3&,(*: '!" "#$%&$'()*2

eval(φ→ ψ, θ, ρ) =







⊤ (+ eval(φ, θ, ρ) = ⊤ $*3 eval(ψ, θ, ρ) = ⊤

⊥ (+ eval(φ, θ, ρ) = ⊤ $*3 eval(ψ, θ, ρ) = ⊥

? (+ eval(φ, θ, ρ) = ⊤ $*3 eval(ψ, θ, ρ) = ?

• 6#$%&$'()* )+ $ +),-&%$ A1 ∧ . . . ∧ Ak? 5!"," Ai $," $')-0? ,"'&,*0 '!" #$%&"

).'$(*"3 &0(*: MNOP,"0)%&'()*? .4 &0(*: Q,)/"3&," I2F

eval(A1 ∧ . . . ∧Ak, θ, ρ) =

{
⊤ (+ (A1 ∧ . . . ∧Ak)θ !$0 $ 0)%&'()*

⊥ )'!",5(0"
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eval(φ, θ ∪ {x/m1}, ρ) v1

eval(φ, θ ∪ {x/m2}, ρ) v2

...
...

eval(∀xφ, θ, ρ) eval(φ, θ ∪ {x/mj}, ρ) vj

...
...

eval(φ, θ ∪ {x/mn}, ρ) vn

 !" #$!%&!'()* )+ ∀xφ ,-'&,*. /?0 &*%-.. (' -1(.'. vj = ⊥

eval(φ, θ ∪ {x/m1}, ρ)

eval(∃xφ, θ, ρ) eval(φ, θ ∪ {x/m2}, ρ)

...

eval(φ, θ ∪ {x/mj}, ρ) ⊤

 2" #$!%&!'()* )+ ∃xφ ,-'&,*. /?0 (+ *) -$!%&!'()* ') /⊤0 )+ φ (. +)&*3

 !"#$% &'() *+,-#,.!/0 /1 1/$2#-,3 4!.5 6#,0.!7%$3 /0 , .$,8%'

95% :$%+!/#3 $#-%3 ;%70% %+%$< :/33!=-% 8,3% 1/$ .5% %+,-#,.!/0 ,-"/$!.52'  !"#$%

&'(>,? 35/43 .5% =$,085!0" /1 .5% %+,-#,.!/0 :%$1/$2%; 1/$ , ∀xφ 1/$2#-,' 95%

%+,-#,.!/0 /1 .5% ∀ 6#,0.!7%$ 3:-!.3 .5% %+,-#,.!/0 ,0; /0% $%3#-. !3 $%.#$0%; 1/$ %,85

!0;%:%0;%0. %+,-#,.!/0' @ ;!A%$%0. 8,3% /88#$3 4!.5 ∃B 35/40 !0 &'(>=?B %+,-#,.!/0

/1 .5% 6#,0.!7%$ %+,-#,.%3 .5% 3#=C1/$2#-, 1/$ %,85 2%33,"% !0 .5% .$,8% #0.!- , D⊤E

$%3#-. !3 1/#0;B 45!85 :$/2:.3 .5% ,-"/$!.52 ./ $%.#$0'

)*8*)*9 "1:%;'<0&= 12 &#' $;71(0&#:

@3 3%%0 !0 .5% :$%+!/#3 3%8.!/0B .5% %+,-#,.!/0 /1 1/$2#-,3 8,0 =% $%:$%3%0.%; =< ,

.$%%' F0.#!.!+%-<B .5% .!2% 8/2:-%G!.< /1 %+,-#,.!/0 4!-- ;%:%0; /0 .5% 0#2=%$ /1

0/;%3 /0 .5% .$%%' 95% 2%2/$< 8/2:-%G!.<B /0 .5% /.5%$ 5,0;B 4!-- /0-< ;%:%0;

/0 .5% 5%!"5. /1 .5% .$%%B "!+%0 .5,. /0-< .5% :,$. /1 .5% .$%% =%!0" %+,-#,.%; 0%%;3

./ =% H%:. /0 2%2/$< >./:C;/40 $%3/-#.!/0?' 9!2% 8/2:-%G!.< !3 .5%0 .5% 2/3.

8$!.!8,- !33#%B .5%$%1/$% 4% 4!-- 1/8#3 /0 .5,. !0 .5% 8#$$%0. 3%8.!/0'

I!08% %,85 %+,-#,.!/0 4!-- %+%0.#,--< ,$$!+% ./ /0% /$ 2/$% 1/$2#-,3 /1 .<:%

A1 ∧ . . . ∧ ApB .4/ .!2%3 8,0 =% $%8/"0!J%; 1/$ %,85 1/$2#-,) Teval(φ) $%:$%3%0.3

.5% 4/$3.C8,3% .!2% /1 %+,-#,.!/0 /1 , 1/$2#-, φB ,0; Tsld(ψ) $%:$%3%0.3 .5% .!2%



 !"! #$%&'() *+ %,$ -.*-*)$/ &--.*&0, 12

 !"#$ !% &' ()! *+, !-./#.($'0 '& . &' 1#/. ψ = A1 ∧ . . . ∧ Ap2 3$-!0 . &' 1#/.

4$() k "#.0($5! 6 Q1
x1
· · ·Qk

xk
(A1 ∧ . . . ∧ Ap)7 4)! ! !.8) Qj ∈ {∀, ∃} .0% . ( .8!

ρ = m1, . . . ,mn7 ()!0 ()!  !/.($'0 9!(4!!0 Teval .0% Tsld $6 %!68 $9!% 9:;

Teval(Q
1
x1
· · ·Qk

xk
(A1 ∧ . . . ∧Ap))

=
n∑

i1=1
· · ·

n∑

ik=1
Tsld((A1 ∧ . . . ∧Ap)θ1 · · · θk)

4)! ! θj = {xj/mij} $6 ()! 6#96($(#($'0 '9(.$0!% 9: ()! !-./#.($'0 '& ()! "#.0($5! 

Qj
xj 2 <' . 6$1=/! &' 1#/. ()! )!$>)( '& ()!  !6'/#($'0 ( !! $6 61.// 8'1=. !% 4$()

()! /!0>() '& ()! ( .8!7 ()! !&' ! .0 #==! 9'#0% &' ()! *+,  !6'/#($'0 ($1! 8.0

9! #6!% $06$%! ()! 6#11.($'02

Tsld((A1 ∧ . . . ∧Ap)θ1 · · · θk) ≤ T, θj = {xj/mij}, ∀i1, . . . , ik

()!07 .==/:$0> ()$6 $0!"#./$(:

n∑

i1=1
· · ·

n∑

ik=1
Tsld((A1 ∧ · · · ∧Ap)θ1 · · · θk)

≤
n∑

i1=1
· · ·

n∑

ik=1
T = nkT

4)$8) 6)'46 ().( ()! 4' 6( 8.6! 8'1=/!?$(: &' ()$6 (:=! '& &' 1#/. $6O(nk)7 4)! ! n

$6 ()! /!0>() '& ()! ( .8! .0% k $6 ()! 0#19! '& "#.0($5! 6 $0 ()! &' 1#/.2 @/()'#>)

$( 6!!16 /. >!7 $( 6)'#/% 9! !1=).6$A!% ().( $( $6 ()! 4' 6( 8.6! 8'1=/!?$(:7 $2!2 ()!

8'1=/!?$(: &' . ( .8! 4)! ! ()! !-./#.($'0 '& !-! : "#.0($5!  !(# 06 B?C2 D( 6)'#/%

./6' 9! 8/. $5!% ().( ()$6 8'  !6='0%6 (' ()! 8'1=/!?$(: '& .0./:A$0> ()! 4)'/! ( .8!7

.0% 0'( &' '9(.$0$0> $0%$-$%#./ 6'/#($'067 4)$8) %!=!0%6 '0 ()! (:=! '& "#.0($5! 6

#6!%2 <' $06(.08! &' . = '=! (: ∀xp(x)7 $0%$-$%#./  !6#/(6 . ! '9(.$0!% $0 O(1)7

.0% &' . = '=! (: ∀x∃yq(x, y)7  !6#/(6 . ! '9(.$0!% $0 ()! 4' 6( 8.6! $0 O(n)2

<' . &' 1#/. 6#8) .6 ∀x∃y>xp(x, y)7 ()! .0./:6$6 '& ()! 8'1=/!?$(: $6 6$1$/. 7

4$() ()! !?8!=($'0 ().( ()! $0%!?!6 '0 ()! 6#11.($'0 4$// 0' /'0>! 9! $0%!=!0%!0(7

#6$0> ()! 6.1! 1!()'%'/'>:7 ()! ($1! 8'1=/!?$(: $6 &'#0% (' 9!

Teval(∀x∃y>xp(x, y)) =
n∑

i=1

n∑

j=i+1

Tsld(p(x, y)θiθj) ≤
1

2
n2T −

1

2
nT

*$1$/. /:7 &' . &' 1#/. 4$() E "#.0($5! 67 ()! ($1! 8'1=/!?$(: $6 >$-!0 9:

1
6n

3T −
1
2n

2T+ 1
3nT 2 <'//'4$0> .0 $0%#8($-! 1!()'%'/'>:7 $( $6 !.6: (' 6!! ().(7 &' . &' 1#/.

Qx1
Qx2>x1

· · ·Qxk>xk−1
(A1 ∧ . . . ∧ Ap)7 ()! 8'1=/!?$(: $6 >$-!0 9: . ='/:0'1$./ '&

' %! k2

<' . &' 1#/. 4$() . B→C '=! .(' 

Q . . .Q
︸ ︷︷ ︸

k

(Q . . .Q
︸ ︷︷ ︸

l

(A1 ∧ . . . ∧Ap)→ Q . . .Q
︸ ︷︷ ︸

m

(A′
1 ∧ . . . ∧A

′
q))
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 !"#" Q #"$#"%"&' ()*"#"&' +,-&')."#%/ )' )% -0%1 %)2$0" '1 %!1 '!-' '!" ')2"

312$0"4)'5 16 '!" "7-0,-')1& )% O(nk+max(l,m)) )& '!"  1#%' 3-%"8

9!" 0-%' #"%,0' %!1 % '!-' (".&)&: 61#2,0-%  )'! - ;→< 1$"#-'1# !-% -(7-&'-:"%

)& '"#2% 16 312$0"4)'58 =1# )&%'-&3"/ "7-0,-')1& 16 '!" 61#2,0- ∀x(∃yp(x, y) →

∃zq(z) !-% 312$0"4)'5O(n2)/  !)0" '!" 61#2,0- ∀x∃y∃z(p(x, y)∧q(z)) !-% 312$0"4)'5

16 O(n3) )& '!"  1#%' 3-%"8

 ! "#$%&$'()* ()#$+($)',

>-7)&: (".&"( - %5&'-4 -&( %"2-&')3% 61# 61#2,0-%/ -%  "00 -% -& -0:1#)'!2 '1

"7-0,-'" '!"2 1& '!" '#-3"/ '!" &"4' %'"$ )% '1 "7-0,-'" '!"2 -% )&7-#)-&'%8 ?"' ,%

31&%)("# '!" %)2$0"%' 3-%"% .#%'8 @)7"& - '#-3" ρ = m1,m2, . . . ,mn -&( $#1$"#'5 φ8

• =1# - $1%)')7" )&7-#)-&'  )'! - '#," 31&()')1&/ I(φ,⊤)/ '!" 61001 )&: %'"$% -#"

61001 "(A  ! 3-00 '!" $#13"(,#" eval(φ, θ = ∅, ρ) BC"3')1& D8E8D8FG/ "! 61# "7"#5

;?< 1# ;⊥< #"%,0' #"',#&"(/ "2)' - 2$08 7"#()3'8 =1# "7"#5 ;⊤< #"%,0'/ "2)' -

%$66 7"#()3'8 #! H%" '!" I)&()&:% )& '!" #"%,0')&: %,I%')',')1& θ '1 )("&')65

'!" 2"%%-:"% )&7107"( )& '!" 6-)0,#"8

• =1# - $1%)')7" )&7-#)-&'  )'! - 6-0%" 31&()')1& I(φ,⊥)A  ! 3-00 eval(φ, θ = ∅, ρ)

"! 61# "7"#5 ;⊥< #"%,0'/ #"',#& 2$08 7"#()3'/ 61# "7"#5 ;⊤< "2)' - %$66 7"#()3'8

61# "7"#5 ;?< "2)' -& 0/.1/.89604' 7"#()3'8 #! 9!" I)&()&:% )& '!" #"%,0')&:

%,I%')',')1& θ %"#7" '1 )("&')65 '!" 2"%%-:"% )&7107"( )& '!" 6-)0,#"8

• =1# - &":-')7" )&7-#)-&'  )'! - '#," 31&()')1& I−(φ,⊤)A  ! 3-00 '!" $#13"(,#"

eval(φ, θ = ∅, ρ)/ "! 61# "7"#5 ;⊤< #"%,0' #"',#&"(/ "2)' - 2$08 7"#()3'8 =1# "7"#5

;⊥< 1# ;?< #"%,0'/ "2)' - %$66 7"#()3'/ #! 9!" I)&()&:% )& θ %"#7" '1 )("&')65

'!" 2"%%-:"% )&7107"( )& '!" 6-)0,#"8

• =1# - &":-')7" )&7-#)-&'  )'! - 6-0%" 31&()')1& I−(φ,⊥)A  ! 3-00 '!" $#13"(,#"

eval(φ, θ = ∅, ρ)/ "! 61# "7"#5 ;⊤< #"%,0' #"',#&"(/ "2)' - 2$08 7"#()3'8 =1#

"7"#5 ;⊥< #"%,0' "2)' - %$66 7"#()3'/ 61# "7"#5 ;?< #"%,0'/ "2)' -& 0/.1/.89604'

7"#()3'/ #! 9!" I)&()&:% )& θ %"#7" '1 )("&')65 '!" 2"%%-:"% )&7107"( )& '!"

6-)0,#"8

=1# -& )&7-#)-&' I(φ, ψ) B1# )'% &":-')7" 7"#%)1&G/ '!" 31&()')1&-0 I"!-7)1# (".&"(

I5 ψ 2,%' -0%1 I" "7-0,-'"( )6 '!" "7-0,-')1& 16 φ #"',#&% ;?<8 J' )% &1' &"3"%%-#5

'!1,:!/ '1 "7-0,-'" ψ )& '!"  !10" '#-3"/ I,' 1&05 1& '!" 0-%' %":2"&' 3!"3K"(

(,#)&: '!" "7-0,-')1& 16 φ8 9!" "7-0,-')1& 16 '!" 31&()')1&-0 $-#' 16 -& )&7-#)-&' )%

("%3#)I"( )& '!" 61001 )&:8

@)7"& -& )&7-#)-&' I(φ, ψ) -&( - '#-3" ρ 16 0"&:'! n/ '!" 61001 )&: #"%,0'% -#"

"4$"3'"( 6#12 '!" -$$0)3-')1& 16 eval() 1& φ

• L #"%,0' ;⊤</ ;⊥< 1# ;?< 16 '!" "7-0,-')1&8



 !"! #$%&'()&*+, -.

•  !"#!$%$"$%&' θ (%$) $)* #%'+%',! -$ $)* *'+ &. $)* */-0"-$%&'1

•  ' %'$*2/-0 [b, e]3 (%$) b ≥ 1 -'+ e ≤ n %'+%4-$%', $)* 0-!$ 2-',* &. 5*!!-,*!

2*/%*(*+ +"2%', $)* */-0"-$%&' &. φ1

6*$ ρ[b,e] +*'&$* $)* !*,5*'$ &. $)* $2-4* ρ !$-2$%', .2&5 $)* 5*!!-,* %' $)*

7&!%$%&' b $& $)* 5*!!-,* %' $)* 7&!%$%&' e1 8)* 9'-0 !$*7 %' $)* */-0"-$%&' &. -'

%'/-2%-'$ I(φ, ψ) &2 I−(φ, ψ)3 "7&' &#$-%'%', -' :?; 2*!"0$ .&2 $)* */-0"-$%&' &. φ %!

+*9'*+ #<=

>1 ?-00 $)* 72&4*+"2* eval(ψ, θ, ρ[b,e])3 ()*2* θ %! $)* !"#!$%$"$%&' 2*!"0$%', .2&5

*/-0"-$%', φ1

@1 A' $)* 7&!%$%/* /*2!%&' &. $)* %'/-2%-'$3 %. $)* 2*!"0$ &. $)* */-0"-$%&' &. $)*

4&'+%$%&' ψ %! :⊤;3 $)*' 2*$"2' - /0(1 /*2+%4$3 &$)*2(%!* 2*$"2' -' (*23*214,(5&

/*2+%4$1

B1 A' $)* '*,-$%/* 4-!*3 %. $)* 2*!"0$ &. $)* */-0"-$%&' &. ψ %! $2"*3 $)*' 2*$"2' -

%0,, /*2+%4$3 &$)*2(%!* 2*$"2' -' (*23*214,(5& /*2+%4$1

 !" #$%&'()&*+,

8)* !<'$-C -'+ */-0"-$%&' -0,&2%$)5! +*!42%#*+ 72*/%&"!0< )-/* #**' %570*5*'$*+

%'$& - .2-5*(&2D3 #2%*E< +*!42%#*+ %'  77*'+%C  1 A' $)%! !*4$%&' (* 72&/%+* !&5*

*C7*2%5*'$!3 %' &2+*2 $& !)&( 2*-0 *C-570*! &. %'/-2%-'$ +*9'%$%&'! -'+ $)* 4-7-F

#%0%$%*! &. $)* -0,&2%$)5 $& 72&/%+* 4&'.&25-'4* /*2+%4$!1 8)* 4&'9,"2-$%&' &. $)*

.2-5*(&2D .&2 $)* *C7*2%5*'$! %! 72&/%+*+ %'  77*'+%C G -'+ $)* %570*5*'$-$%&'

%! -/-%0-#0* -$ $)* -++2*!!  !!"#$$%%%&"'()*+,*-!&./01,20$3)4)4--.$! .5*5,

 !6)1

H&2 $)* *C7*2%5*'$!3 $)* $2-4*! "!*+ %' ?)-7$*2 I (*2* "!*+1 8)*!* $2-4*! 4&'F

$-%' 4&55"'%4-$%&' #*$(**' $)* 40%*'$ -'+ $)* J&? !*2/*23 %'40"+%', 2*,%!$2-$%&'!3

J&? *C4)-',*! -'+ !"#!42%7$%&'! $& 72*!*'4* %'.&25-$%&'1  0!&3 5-'< 7-4D*$! .&2

72&$&4&0! +%K*2*'$ $)-' LAJ M8?J3 N8?J3 8-0DG"2!$O -77*-2 -! (*001  0$)&",)

$)* $&&0 72&/%+*! - 5*-'! .&2 90$*2%', !"4) $<7* &. 5*!!-,*!3 +"* $& $)* 5-!!%/*

-5&"'$ &. *C$2- %'.&25-$%&' M%' &'* 4-!*3 .2&5 >BPQBR 5*!!-,*!3 &'0< @SS (*2* LAJ

5*!!-,*!O3 90$*2%', (-! +&'* 72%&2 $& $)* $*!$!1 A' $)* .&00&(%', !"#!*4$%&'!3 $)*

%'/-2%-'$! "!*+ .&2 */-0"-$%&'3 $)* !<'$-C -'+ $)* &#$-%'*+ 2*!"0$! .&2 *-4) &'* -2*

+*!42%#*+1

 !" #$#"% "#&'#() )*#"# +'() ,# - "#(.!/(#

8)%! 72&7*2$< 4-' #* "!*+ .&2 - 5&'%$&2%', 7"27&!*3 %' &2+*2 $& +2-( ."2$)*2 4&'F

40"!%&'! .2&5 $)* 2*!"0$!1 T"* $& $)* '-$"2* &. $)* 72&7*2$<3  !"#$ 2*!"0$! 4-' '*/*2
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 ! "#$%&'!' ($# )*! !%+,-+)&$. $( )*! )!/) "+#) $( )*! &.%+#&+.)0 1-#)*!#2$#!3 4&%!.

)*! 4!.!#+,&)5 $( )*! )!/) "+#) $( )*! &.%+#&+.)3 + 6$.'&)&$. 6+..$)  ! '!7.!'3 /&.6!

)*! 6$.'&)&$. '!"!.'/ $. )*! )5"! $( #!8-!/) +.' #!/"$./!0 1&.+,,53 '-! )$ )*! (+6)

)*+) )*! "#$%&'!' )#+6!/ +#! .$) %!#5 ,$.43 + 9⊥: 6$.'&)&$. &/ -/!' )$ +%$&'  !"#$

%&#'(')$ %!#'&6)/ ;6(0 <!6)&$. =0>0?@0

A!%!#)*!,!//3 +/ &) B&,,  ! /*$B.3 '*+&*+",#')$ #!/-,)/ 6+. +,/$ "#$%&'! &.)!#!/)&.4

&.($#2+)&$. + $-) )*! "!!#/ $( )*! 6$22-.&6+)&$.0 C*! &.%+#&+.) I(φ1, ψ1) &/ '!7.!'

B&)* )*! ($,,$B&.4 φ13 ψ1D

φ1 = ∀x(request(x) ∧ x.method 6=   !"!

→ ∃y>x(nonProvisional(y) ∧ responds(y, x)))

ψ1 = ⊥

B*!#! nonProvisional(x) +66!")/ +,, .$. "#$%&/&$.+, #!/"$./!/ ;#!/"$./!/ B&)* /)+E

)-/ ≥ ?FF@ )$ #!8-!/)/ B&)* 2!)*$' '&G!#!.) )*+.  !"3 B*&6* '$!/ .$) #!8-&#! +

#!/"$./!0 C*! #!/-,)/ (#$2 )*! !%+,-+)&$. $. )*! )#+6!/ &/ /*$B. $. C+ ,! =0>0 H/

!I"!6)!'3 2$/) )#+6!/ /*$B $.,5 )#-! #!/-,)/ ($# )*! "#$"!#)5 !%+,-+)&$.3 *$B!%!#

)#+6!/ J +.' KF /*$B +. -.-/-+, .-2 !# $( &.6$.6,-/&%! #!/-,)/0 C+L&.4 + 6,$/!#

,$$L +)  $)* )#+6!/3 +,, $( )*! !##$#/ 6$##!/"$.' )$ #$%&'( 2!//+4!/ (#$2 )*! M$N

/!#%!# )$ )*! 6,&!.) ($# )*! +&* $-$*+$ !%!.) ;O1N J=P=@0 Q+.5 $( )*! #!8-!/)/ +#!

#!)#+./2&//&$./ +.' +,, $( )*! !%!.)/ $66-# +) )*! !.' $( )#+6!3 B*&6* &/ +. &.'&6+)&$.

)*+) )*! 6,&!.) 6,$/!' )*! 6$..!6)&$.  !($#! #!6!&%&.4 )*! #$%&'( 2!//+4!0

C+ ,! =0>D O!/-,)/ $( )!/)&.4 )*! "#$"!#)5 R &- $)$-. -$/,$#( (0$-$ 1,#( 2$ ! -$#%&*#$S

$. )*! /!) $( )#+6!/0

C#+6! A$0 $( 2!//+4!/ %$66 2$08 0/.1/.89604' C&2! ;/@
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ackResponse(ack, inv, ok)← ack.method =   !"!

∧ ack.to = ok.to

∧ ack.callId = inv.callId

∧ ack.from = inv.from

∧ ack.reqURI = inv.reqURI

∧ ack.cseq.seq = inv.cseq.seq

∧ ack.cseq.method =   !"!

∧ ack.via.top = inv.via.top
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φ2 = ∀x(request(x) ∧ x.method =  #$%#&'! →

∃y>x(responds(y, x) ∧ success(y)→ ∃z>yackResponse(z, x, y)))

ψ2 = ∃w>ybye(y, w)

>!"(" success -&&"B.2 -:: 21&&"22 ("2B',2"2

success(x)← 199 < x.statusCode ∧ x.statusCode < 300
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bye(ok, bye)← bye.method =  ()'!

∧ bye.callId = ok.callId

∧ bye.to = ok.to

∧ bye.from = ok.from
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φ3 = ∀x(∃y>xsessionEstablished(x, y)

→ ∃u<x(∃v>uregistration(u, v)))

.4&#& sessionEstablished $!) registration $#& )&P!&) $'

sessionEstablished(x, y)← x.method =   !" #$!

∧ y.statusCode = 200

∧ responds(y, x)

registration(x, y)← request(x) ∧ responds(y, x)

∧ x.method =  %$& '#$%!

∧ y.statusCode = 200
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φ4 = ∀x(∃y>x(subscribe(x,watcher, user, event)

∧ update(y, user, event))

→ ∃z>ynotify(z, watcher, user, event))

,-!%! subscribe. update $(/ notify -&0/ &(  !" #$%"&. '!"(% ) $(/ *+,%-. !*!( "

%!"#!1 )*!02+ 3& )1!  -$  -! *$04!" &'  -! *$%)$50!" watcher. user $(/ event 6$2
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subscribe(x,watcher, user, event)

← x.method =   !" #$%"&!

∧ watcher = x.from

∧ user = x.to

∧ event = x.event
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∀x(update(x, user, event)

→ (∃y<xsubscribe(y, watcher, user, event)

→ ∃z>xnotify(z, watcher, user, event)))
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  ! "##$%&'( ") " *+,-$./+0 1/+ 2,3,45$%3+'5 $6,78,3'/%

 !"#$% &'() &$*+!,%*,#$% -.$ ,+% -$/0%1.$2'

<packet>

<proto name="sip">

<field name="sip.Method" show="INVITE" value="494e56495445"/>

<field name="sip.From" show="alice@domain.org;tag=123"

value="616c69636540646f6d61696e2e6f72673b7461673d313233">

<field name="sip.from.addr" show="alice@domain.org"

value="616c69636540646f6d61696e2e6f7267" />

<field name="sip.to.tag" show="123" value="313233" />

</field>

...

</proto>

<proto>...</proto>

</packet>

 !"#$% &'3) 45/067% .- / 89:; <7% =,$#*,#$%
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method : sip.Method

status.line : sip.Status-Line
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to.tag : sip.to.tag

from.addr : sip.from.addr

from.tag : sip.from.tag
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cSeq.method : sip.CSeq.method

via :

{

transport : sip.Via.transport

address : sip.Via.sent-by.address

port : sip.Via.sent-by.port

branch : sip.Via.branch

}
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