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Abstract

We provide an Isabelle/HOL-Nominal formalisation of the defini-
tions, theorems and proofs in the paper Broadcast Psi-calculi with an
Application to Wireless Protocols by Borgstrom et al., which extends
the Psi-calculi framework with primitives for broadcast communication
in order to model wireless protocols.

1 Introduction

We provide an Isabelle/HOL-Nominal formalisation of the definitions, the-
orems and proofs in the paper Broadcast Psi-calculi with an Application to
Wireless Protocols [4, 5], which extends the Psi-calculi framework [2, 3, 1]
with primitives for broadcast communication in order to model wireless pro-
tocols.

The file Broadcast_Thms. thy contains a collection of the relevant defi-
nitions and theorems, with comments relating them directly to the paper.

2 Formalisation

theory Broadcast-Chain
imports Psi-Calculi. Chain
begin

lemma pair-perm-fresh-contr:

fixes a::’a and b::'a
assumes

at: at TYPE('a)
and

prems: b § pi (a, b) € set pi
shows Fulse
(proof )

lemma pair-perm-fresh-contr’”:
fixes a::’'a and b::'a
assumes



at: at TYPE('a)
and

prems: a t pi (a, b) € set pi
shows Fulse
(proof )

lemma list-set-supp:
fixes [ :: (“d::fs-name) list
shows supp (set 1) = (supp 1 :: name set)

{(proof)

lemma name-set-supp:
assumes finite a
shows supp a = (a::name set)

(proof)

lemma supp-idem:

fixes [ :: ('d::fs-name)

shows supp((supp [)::name set) = (supp(l)::name set)
(proof)

lemma fresh-supp:
fixes a :: name
and X :: ('d::fs-name)
shows a # ((supp X)::name set) = a f X
(proof )

lemma fresh-chain-supp:
fixes A :: name list
and X :: ('d::fs-name)
shows A #x ((supp X)::name set) = A x X
(proof )

lemma fresh-chain-fin-union:
fixes X::('d::fs-name set)
and Y::('d::fs-name set)
and A::name list
assumes fI: finite X
and f2: finite Y
shows Affx(XUY) = (Af+«X A AfxY)
(proof)

lemma fresh-subset:
fixes S :: name set
and S’ :: name set
and a :: name
assumes a § S
and S'C S
and finite S



shows a § S’
(proof)

lemma fresh-subset”:
fixes S :: 'd::fs-name set
and S’ :: 'd::fs-name set
and a :: name
assumes a § S
and S’ C S
and finite S

shows a § S’
(proof)

lemma fresh-star-subset’:
fixes S :: 'd::fs-name set
and S’ :: 'd::fs-name set
and A :: name list
assumes A fx S
and S’ C S
and finite S

shows A #x S’
(proof)

lemma fresh-star-subset:
fixes S :: name set
and S’ :: name set
and A :: name list
assumes A fx S
and S'C S
and finite S

shows A #x S’
(proof )

lemma times-set-fresh:
fixes a :: name
and S :: name list
and S’ :: name list
assumes a f§ set S
and a f set S’
shows a f set S x set S’

{proof)

lemma times-set-fresh-star:
fixes A :: name list
and S :: name list



and S’ :: name list
assumes A f* set S

and A #* set S’
shows A #x (set S x set S)

(proof)

lemma supp-list-set:

fixes M::'d::fs-name list

shows (supp M) = ((supp(set M))::name set)
{(proof)

lemma fresh-list-set:
fixes M::'d::fs-name list
and A::name list
shows A f#ix set M = A fx M

(proof)

lemma permSupp:
fixes ¥ :: name prm
and U’ :: 'd:fs-name

shows (supp(¥ - ¥')::name set) C ((supp ¥) U (supp ¥'))
(proof)

end

theory Broadcast-Frame
imports Psi-Calculi. Frame

begin

locale assertionAuxr = Frame.assertionAux SCompose SImp SBottom SChanEq
for SCompose :: 'b::fs-name = 'b = 'b  (infixr «®> 80)
and SImp :: 'b = 'c::fs-name = bool (- - [70, 70] 70)

and SBottom :: 'b («L> 90)

and SChanEq :: ('a::fs-name = 'a = '¢) (- <> - [80, 80] 80)

+

fixes SOutCon :: 'a::fs-name = 'a = ¢ («- 2 - [80, 80] 80)
and SInCon :: 'a:fs-name = 'a = ¢ (- = - [80, 80] 80)

assumes statEqut’"[equt]: Ap::name prm. p - (M X N)=(p- M) < (p - N)
and statEqut’"[equt]: A\p::iname prm. p - (M = N) = (p - M) =

begin
lemma chanInConSupp:
fixes M :: 'a
and N :: ‘a

shows (supp(M = N)::name set) C ((supp M) U (supp N))
(proof)



lemma chanOutConSupp:
fixes M :: 'a
and N :: ‘a

shows (supp(M < N):name set) C ((supp M) U (supp N))
(proof)

lemma freshinCon[introl:
fixes z :: name
and M :: a
and N :: ‘a

assumes z § M
and zf# N

shows z § M = N
{proof )

lemma freshInConChain|introl:
fixes xvec :: name list

and Xs :: name set
and M ::'a
and N :'a

shows [zvec x M; zvec % N] = zvec i (M = N)
and [Xs fx M; Xs tx N| = Xs tx (M = N)
{proof)

lemma freshOutConl[intro]:
fixes z :: name
and M :: 'a
and N :: ‘a

assumes z § M
and zf# N

shows 2t M < N
{proof )

lemma freshOutConChain[intro]:
fixes xvec :: name list

and Xs :: name set
and M ::'a
and N :'a

shows [zvec x M; zvec % N] = zvec x (M =< N)
and [Xs fx M; Xs tx N] = Xs tx (M < N)
{proof)



lemma chanOutConClosed:

fixes ¥ :: 'b
and M :: 'a
and N :: ‘a

and p :: name prm
assumes W - M < N

shows (p - V)& (p- M) 2 (p- N)

(proof)
lemma chaninConClosed:
fixes ¥ :: 'b
and M :: 'a
and N :: ‘a

and p :: name prm
assumes W - M = N

shows (p - V) F (p- M) = (p- N)
{proof)

end

locale assertion = assertionAux SCompose SImp SBottom SChanEq SOutCon SIn-
Con + assertion SCompose SImp SBottom SChanFEq

for SCompose :: 'b::fs-name = 'b = b

and SImp  :: 'b = 'c:ifs-name = bool

and SBottom :: b

and SChanEq :: 'a::fs-name = 'a = 'c

and SOutCon : 'a:fs-name = 'a = 'c

and SInCon :: 'a:fs-name = 'a = 'c +

assumes chanOutConSupp: SImp ¥ (SOutCon M N) = (((supp N)::name set)
C ((supp M)::name set))
and chanInConSupp: SImp ¥ (SInCon N M) = (((supp N)::name set) C
((supp M)::name set))

begin

notation SOutCon («- < - [90, 90] 90)
notation SInCon («- = -» [90, 90] 90)

end
end

theory Semantics
imports Broadcast-Chain Broadcast-Frame



begin

This file is a (heavily modified) variant of the theory Psi Calculi.Se-
mantics from [1]. The nominal datatypes (’a,’d,’c) residual and ’a action
have been extended with constructors for broadcast input and output. This
leads to a different semantics.

nominal-datatype (‘a, 'b, 'c) boundOutput =
BOut 'a:fs-name ('a, 'b::fs-name, c::fs-name) psi (<- <" - [110, 110] 110)
| BStep «name» (‘a, 'b, 'c) boundOutput («(v-)~» [110, 110] 110)

primrec BOresChain :: name list = (‘a::fs-name, 'b::fs-name, 'c::fs-name) bound-
Output =
('a, 'b, 'c) boundOutput
where
Base: BOresChain || B = B
| Step: BOresChain (z#xs) B = (vz|)(BOresChain s B)

abbreviation
BOresChainJudge (<(vx-)-» [80, 80] 80) where (vxzvec)B = BOresChain zvec
B

lemma BOresChainEqut|equt]:
fixes perm :: name prm
and Ist :: name list
and B : (‘a::fs-name, 'bi:fs-name, 'c::fs-name) boundOutput

shows perm - ((vxavec)) B) = (v+(perm - zvec)|)(perm - B)
{proof)

lemma BOresChainSimps[simp]:
fixes zvec :: name list

and N :: 'a:fs-name
and P :: (‘a, 'b::fs-name, 'c::fs-name) psi
and N’ :'a
and P’ :: ('a, b, 'c) psi

and B :: (‘a, 'b, 'c) boundOutput

and B’ :: (Ya, 'b, 'c¢) boundOutput

shows ((v+zvec)N <" P = N’ <’ P’) = (zvec =[] AN = N'AN P = P’)
and (N’ <’ P’ = (vxzvec)N <’ P) = (zvec = | AN = N' AN P = P’)
and (N' <’ P'= N <’ P) = (N = N'A P = P’
and ((vxavec) B = (vxavec)B’) = (B = B')

(proof)
lemma outputFresh[simp]:
fixes Xs :: mname set
and zvec :: name list
and N :: 'a:fs-name
and P :: (‘a, 'b::fs-name, 'c::fs-name) psi



shows (Xs fix (N <’ P)) = ((Xs x N) A (Xs tx P))
?nd %vec gx (N <’ P)) = ((zvec §x N) A (avec tx P))
Proo

lemma boundQutputFresh:

fixes x :: name
and zvec :: name list
and B :: (‘a:fs-name, 'biifs-name, 'c::fs-name) boundOutput

shows (z # ((vxavec)B)) = (z € set zvec V z § B)
(proof)

lemma boundOutputFreshSet:

fixes Xs :: name set
and zvec :: name list
and B : (‘a::fs-name, 'b::fs-name, 'c::fs-name) boundOutput
and yvec :: name list
and z :: name

shows Xs fx ((vxavec)B) = (Vz€Xs. x € set zvec V z ff B)
and yvec #x ((vxavec)) B) = (V z€(set yvec). © € set zvec V z § B)
and Xs fx ((vz)B) = Xs ti* [z].B
and avec #x ((vz)) B) = avec #* [z].B
{proof)

lemma BOresChainSupp:
fixes zvec :: name list
and B : (‘a::fs-name, 'b::fs-name, ‘c::fs-name) boundOutput

shows (supp((vxzvec) B)::name set) = (supp B) — (supp zvec)
{proof)

lemma boundOutputFreshSimps|simp):

fixes Xs :: name set
and zvec :: name list
and B (‘a:fs-name, 'b::fs-name, ‘c::fs-name) bound Output
and yvec :: name list
and =z :: name

shows Xs fx zvec = (Xs #* ((vxavec)B)) = (Xs i+ B)
and yvec fx zvec = yvec #x ((v*azvec) B) = yvec §x B
and zvec fx ((v*zvec) B)
and z f wvec = z § (v*xazvec)B =z § B

(proof)

lemma boundQutputChainAlpha:
fixes p :: mame prm
and zvec :: name list



and B : (‘a::fs-name, 'b::fs-name, 'c::fs-name) boundOutput
and yvec :: name list

assumes zvecFreshB: (p - zvec) fx B
and S: set p C set zvec X set (p - zvec)
and (set zvec) C (set yvec)

shows ((vxyvec) B) = ((v*(p - yvec))(p + B))
(proof)

lemma boundQutputChainAlpha':
fixes p :: mame prm
and zvec :: name list
and B : (‘a::fs-name, 'b::fs-name, ‘c::fs-name) boundOutput
and yvec :: name list
and zvec :: name list

assumes zvecFreshB: zvec fix B
and S: set p C set zvec X set yvec

and yvec fx ((v*zvec)B)

shows ((vxzvec) B) = ((v*(p - zvec))(p - B))

(proof)
lemma boundOutputChainAlpha'":
fixes p :: mame prm
and zvec :: name list
and M : a:fs-name
and P :: (‘a::fs-name, 'b::fs-name, 'c::fs-name) psi

and yvec :: name list

assumes (p - zvec) g M
and (p - zvec) §x P
and set p C set zvec x set (p + avec)
and (set zvec) C (set yvec)

shows ((vxyvec)M <’ P) = ((vx(p - yvec))(p - M) <’ (p - P))
(proof)

lemma boundQutput ChainSwap:

fixes ¢ :: name
and y :: name
and N :: 'a:fs-name
and P :: (a, 'bi:fs-name, 'c::fs-name) psi

and zvec :: name list

assumes y § N
and yf P
and z € (set zvec)



shows (vxzvec)N <’ P = (v*([(z, y)] - zvec))([(z ,y)] - N) <’ ([(z, )] - P)
(proof)

lemma alphaBoundOutput:
fixes = :: name
and y :: name
and B :: (‘a::fs-name, 'b::fs-name, ‘c::fs-name) boundOQutput

assumes y § B

shows (vz)B = (vy)([(z. y)] - B)
(proof)

lemma boundOutputEqFresh:
fixes B :: (‘a::fs-name, 'b::fs-name, 'c::fs-name) boundOutput
and C :: (‘a, 'b, 'c) boundOutput
and z :: name
and y :: name

assumes (vz)B = (vy)C

and zf§ B
shows y § C
(proof )

lemma boundQutputEqSupp:
fixes B :: (‘a::fs-name, 'b::fs-name, 'c::fs-name) boundOutput
and C :: (‘a, b, '¢) boundOutput
and z :: name
and y :: name

assumes (vz)B = (vy)C
and z € supp B

shows y € supp C
(proof )

lemma boundOutputChainFEq:
fixes zvec :: name list
and B :: (‘a::fs-name, 'b::fs-name, ‘c::fs-name) boundOutput
and yvec :: name list
and B’ :: (‘a, b, '¢) boundOutput

assumes (v*zvec) B = (v+yvec|) B’
and avec fix yvec

and length xvec = length yvec

shows Jp. (set p) C (set zvec) x set (yvec) A distinctPerm p A B = p - B' A
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(set (map fst p)) C (supp B) A zvec t* B’ A yvec fx B
(proof)

lemma boundOutputChainEqLength:
fixes zvec :: name list

and M :: 'a:fs-name

and P :: (a, 'bi:fs-name, 'c::fs-name) psi
and yvec :: name list

and N :: a:fs-name

and Q :: (‘a, 'bi:fs-name, 'c::fs-name) psi

assumes (vszvec)M <’ P = (vxyvec)N <’ Q

shows length zvec = length yvec

(proof)

lemma boundOutputChainEq'":
fixes zvec :: name list

and M :: 'a:fs-name

and P :: (‘a, 'b::fs-name, 'c::fs-name) psi

and yvec :: name list

and N :'a

and @ :: (‘a:fs-name, 'b::fs-name, ‘c::fs-name) psi

assumes (vxzvec)M <’ P = (vxyvec)N <’ Q
and zvec fix yvec

shows Jp. (set p) C (set zvec) x set (yvec) A distinctPermp AN M =p+« N A P
=p- Q A avec ix N A zvec ix Q A yvec ix M N yvec fx P
{proof)

lemma boundOQutputChainEq'":
fixes zvec :: name list

and M :: 'a:fs-name

and P :: (‘a, 'b::fs-name, 'c::fs-name) psi

and yvec :: name list

and N :'a

and Q :: ('a::fs-name, 'b::fs-name, ‘c::fs-name) psi

assumes (vxavec)M <’ P = (vxyvec)N <’ Q
and avec fix yvec
and distinct xvec
and distinct yvec

obtains p where (set p) C (set zvec) x set (p - zvec) and distinctPerm p and
yvec = p - avec and N = p - M and @ = p - P and zvec tix N and zvec fix @
and (p - zvec) x+ M and (p - zvec) f* P

(proof)
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lemma boundOutputEqSupp’:

fixes  :: name
and zvec :: name list
and M :: 'a:fs-name
and P :: (a, 'b::fs-name, 'c::fs-name) psi
and y :: name
and yvec :: name list
and N :'a

and Q@ :: (‘a, b, 'c) psi

assumes Fq: (vz))((vxzvec)M <’ P) = (vy)((vxyvec)N <’ Q)

and z #y

and =z f yvec

and z f zvec

and y f zvec

and vy f yvec

and zvec fix yvec

and =z € supp M

shows y € supp N
(proof)

lemma boundOutputChainOpenlH:
fixes xvec :: name list

and z :: name

and B (‘a:fs-name, 'b::fs-name, ‘c::fs-name) bound Output
and yvec :: name list

and y :: name

and B’ :: (‘a, 'b, 'c) boundOutput

assumes Fgq: (vxzvec)((vz)B) = (vxyvee))((vy) B
and L: length zvec = length yvec
and zFreshB": x § B’
and zFreshzvec: x f zvec
and zFreshyvec: x § yvec

shows (vxzvec)B = (vxyvec)([(z, y)] - B)
{proof)

lemma boundQutputParlDest:
fixes zvec :: name list

and M :: 'a:fs-name

and P :: (a, 'b::fs-name, 'c::fs-name) psi
and yvec :: name list

and N :'a

and Q@ :: (‘a, 'd, 'c) psi
and R :: (‘a, 'b, 'c) psi

assumes (vszvec)M <’ P = (vxyvec)N <’ (Q || R)
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and zvec fx R
and yovec fix R

obtains T where P = T || R and (v*azvec)M <’ T = (vsyvec)N <’ Q
(proof)

lemma boundOutputPariDest’:
fixes xvec :: name list

and M :: 'a:fs-name

and P :: (a, 'b::fs-name, 'c::fs-name) psi
and yvec :: name list

and N :'a

and Q@ :: (‘a, 'b, 'c) psi
and R :: (‘a, 'b, 'c) psi

assumes (vxzvec)M <’ P = (vxyvec)N <’ (Q || R)
and zvec fix yvec

obtains T p where set p C set avec x set yvec and P = T || (p - R) and
(vxavec)M <" T = (vsyvec)N <’ Q
(proof)

lemma boundOutputPar2Dest:
fixes xvec :: name list

and M :: 'a:fs-name

and P :: (a, 'b::fs-name, 'c::fs-name) psi
and yvec :: name list

and N ::'a

and Q@ :: (‘a, 'b, 'c) psi
and R :: (Ya, 'b, 'c) psi

assumes (vxzvec)M <’ P = (vxyvec)N <’ (Q || R)
and zvec fx @
and yovec fix Q

obtains T where P = @ || T and (vxzvec)M <’ T = (v*yvec)N <’ R
(proof )

lemma boundOutputPar2Dest’:
fixes zvec :: name list

and M :: 'a:fs-name

and P :: (a, 'b::fs-name, 'c::fs-name) psi
and yvec :: name list

and N :'a

and Q@ :: (‘a, 'd, 'c) psi
and R :: (‘a, b, 'c) psi

assumes (v+zvec)M <’ P = (vxyvec)N <’ (Q || R)
and 2vec fi*x yvec
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obtains T p where set p C set zvec x set yvec and P = (p - Q) || T and
(vxavec)M <" T = (v*yvec)N <' R
(proof )

lemma boundOQutputApp:
fixes xvec :: name list
and yvec :: name list
and B (‘a:fs-name, 'b::fs-name, ‘c::fs-name) boundOutput

shows (vx(zvecQyuec)) B = (vxavec))((vxyvec)) B)
(proof)

lemma openlnjectAuz:
fixes zvecl :: name list
and z T name
and zvec?2 :: name list
and yvec :: name list

assumes length(zvecl Qr#avec?) = length yvec

shows Jyvecl y yvec2. yvec = yvecl Qy#yvec2 A length zvecl = length yvecl A
length zvec?2 = length yvec?

{proof)

lemma boundQutputOpenDest:
fixes yvec :: name list

and M :: 'a:fs-name

and P :: (‘a, 'b:fs-name, 'c::fs-name) psi
and zvecl :: name list

and z : name

and zvec?2 :: name list

and N :'a

and Q@ :: (Ya, b, 'c) psi

assumes Eq: (v+(avecl Qr#zvec2))M <’ P = (vxyvec)N <’ Q
and z f zvecl
and =z f yvec
and z# N
and =z @
and distinct yvec

obtains yvecl y yvec2 where yvec=yvecl Qy#yvec2 and length zvecl = length
yvecl and length xvec2 = length yvec2

and (vx(zvecl Qrvec2))M <’ P = (vx(yvecl Qyvec2))([(z, y)] - N) <’ ([(z, y)]
- Q)
(proof)
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lemma boundOutputOpenDest’:
fixes yvec :: name list

and M  :: 'a:fs-name

and P :: (‘a, 'b:fs-name, 'c::fs-name) psi
and zvecl :: name list

and z 1 name

and zvec?2 :: name list

and N :='a

and Q@ :: (Ya, b, 'c) psi

assumes Eq: (v+(zvecl Qr#zvec2))M <’ P = (vxyvec)N <" Q
and =z f zvecl
and =z f yvec
and zf# N
and =zt @

obtains yvec! y yvec2 where yvec=yvecl Qy#yvec2 and length zvecl = length
yvecl and length xvec2 = length yvec?

and (vx(avecl Qavec2))M <’ P = (vx(yvecl Q[(z, y)] - yvec2))([(z, y)] - N) <’
(I(z, y)] - Q)
(proof)

lemma boundQutputScopeDest:
fixes zvec :: name list

and M :: 'a:fs-name

and P :: (a, 'b::fs-name, 'c::fs-name) psi
and yvec :: name list

and N :'a

and z :: name

and Q@ :: (‘a, b, 'c) psi

assumes (vxzvec)M <’ P = (vxyvec)N <’ (vz) @
and z ff avec
and z f yvec

obtains R where P = (vz)R and (vxzvec)M <’ R = (vxyvec)N <’ Q
(proof)

nominal-datatype ('a, ‘b, 'c) residual =
RIn 'a:fs-name 'a ('a, 'b::fs-name, 'c::fs-name) psi
| RBrIn 'a:fs-name 'a (‘a, 'b::fs-name, 'c::fs-name) psi
| ROut 'a ('a, b, 'c) boundOutput
| RBrOut 'a ('a, 'b, 'c) boundOutput
| RTau ('a, 'b, 'c) psi

nominal-datatype 'a action = In 'a:fs-name 'a («<-(-)> [90, 90] 90)

| Brin 'a::fs-name 'a («¢-(-)> [90, 90] 90)
| Out 'a::fs-name name list 'a  («-(vx-){-)» [90, 90, 90] 90)
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| BrOut 'a::fs-name name list 'a (sj-(v=-)(-)> [90, 90, 90] 90)

‘ Tau (<T> 90)
nominal-primrec bn :: (‘a::fs-name) action = name list
where
bn (M(N)) = ]
| on ((M(NY)) = ]

(
| bn (M (v+zvec)(N)) = zvec
| bn (jM (vxavec)(N)) = zvec
| bn () = ]

(proof)

lemma bnEqut[equt]:
fixes p :: name prm
and « :: (‘a::fs-name) action

shows (p - bn a) = bn(p - @)
{proof)

nominal-primrec create-residual :: ('a::fs-name) action = ('a, 'b::fs-name, 'c::fs-name)
psi = ('a, 'b, 'c) residual (x- < - [80, 80] 80)

where

(M(N)) < P=RIn MNP

| ((M(N)) < P = RBrln M N P

| M(v*avec)(N) < P = ROut M ((v*zvec)(N <’ P))

| (iM(vxzvec)(N)) < P = RBrOut M ((vxavec)(N <’ P))

| 7 < P = (RTau P)
(proof)

nominal-primrec subject :: ('a::fs-name) action = 'a option
where
subject (M(|NJ|)) = Some M
| subject ((M(N)) = Some M
| subject (M (vxzvec)(N)) = Some M
(i
(7

| subject (M (vxavec)(N)) = Some M
| subject (1) = None
(proof)

nominal-primrec object :: (‘a::fs-name) action = ’a option
where
object (M(N)) = Some N
| object (M(NJ|)) = Some N
| object (M (vxzvec))(N)) = Some N
| object (M (vxavec))(N)) = Some N
| object (1) = None
(proof)

lemma optionFreshChain|simp]:
fixes zvec :: name list
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and X :: name set

shows zvec f* (Some x) = zvec f* x
and X #x (Some z) = X #x z
and zvec #* None
and X fx None

(proof )
lemmas [simp] = fresh-some fresh-none

lemma actionFresh[simp]:
fixes z :: name
and «a :: (‘a::fs-name) action

shows (z # o) = (z § (subject @) A z § (bn a) A x § (object «))
(proof )

lemma actionFreshChain[simp]:
fixes X :: name set
and a = (‘a:fs-name) action
and zvec :: name list

shows (X f#x ) = (X fx (subject o) A X #x (bn a) A X tx (object o))
and (zvec f* o) = (avec #* (subject ) A zvec gx (bn a) A zvec t* (object o))
{proof)

lemma subjectEqut]equt]:
fixes p :: name prm
and «a :: (‘a::fs-name) action

shows (p - subject «) = subject(p - )
{proof)

lemma okjectEqut[equt):
fixes p :: name prm
and « :: (‘a::fs-name) action

shows (p - object o) = object(p - )
(proof)
lemma create-residual Equt|equt]:
fixes p :: name prm
and « :: (‘a::fs-name) action

and P :: ('a, 'b::fs-name, 'c::fs-name) psi

shows (p- (a<P)=(p-a)<(p-P)
(proof)

lemma residualFresh:
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fixes z :: name
and « :: ‘a:fs-name action
and P :: (‘a, 'b::fs-name, 'c::fs-name) psi

shows (z § (o < P)) = (z t (subject o) A (z € (set(bn(a))) V (z t object(a) A z
i P)))
(proof)

lemma residualFresh2[simp):
fixes = :: name
and « :: (‘a::fs-name) action
and P :: ('a, 'b::fs-name, 'c::fs-name) psi

assumes z ff «
and =z P

shows z f & < P
{proof )

lemma residualFreshChain2|[simp):
fixes zvec :: name list

and X :: name set
and a :: (‘a:fs-name) action
and P :: (‘a, 'b::fs-name, 'c::fs-name) psi

shows [zvec #* a; zvec tx P] = zvec §x (o < P)
and [X #x o; X fx P] = X f* (a < P)
{proof)

lemma residualFreshSimp[simp]:
fixes = :: name
and M :: 'a:fs-name
and N :: ‘a
and P :: (‘a, 'b::fs-name, 'c::fs-name) psi

shows z f (M(N) < P)=(zf8 M AzgNAztP)
and z f (; M(N) < P)=(xd MAzt NAztP)
and z f (M(vxavec)(N) < P) = (z § M A z § ((vxzvec)(N <’ P)))
and z § (jM(v*avec)(N) < P) = (z § M A z § ((vxavec|) (N <’ P)))
and z f (t < P) = (z § P)
(proof )

lemma residuallnject’:

shows (¢ < P=RIn M N Q)= (P=Q AN a=M(|N))

and (¢ < P=RBrin M N Q) = (P = Q AN a = ;M(N))

and (o < P = ROut M B) = (azvec N. o« = M(vxzvec))(N) A B = (v*zvec)) (N
<" P))
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and (a« < P = RBrOut M B) = (3zvec N. a« = (M (v*zvec|)(N) A B = (vxzvec)) (N
<'P))

and (¢« < P=RTau Q) = (o =7 AN P = Q)

and (RInM N Q=a <P)=(P=QAa= M(N))

and (RBrin M N Q =a < P)=(P=Q A a= | M(N))

and (ROut M B =« < P) = (Javec N. « = M(vxavec))(N) A B = (vxzvec|) (N
<" P))

and (RBrOut M B=«a < P) = (Jazvec N. a = jM(v*zvec)(N) A B = (vxzvec)) (N
<’ P))

and (RTau Q@ =a < P)=(a=7ANP=Q)

(proof )

lemma residualFreshChainSimp|simp]:
fixes zvec :: name list

and X :: name set

and M :: 'a:fs-name

and N :'a

and yvec :: name list

and P :: (‘a, 'b::fs-name, 'c::fs-name) psi

shows zvec tx (M(N|) < P) = (zvec t* M A zvec fx N A zvec §x P)
and zvec #x ((M(N|) < P) = (zvec tx M A zvec fx N A zvec fx P)
and zvec x (M (vsyvec)(N) < P) = (zvec §x M A zvec #* ((vxyvec)(N <’ P)))
and avec fx (M (vxyvec)) (N) < P) = (zvec x+ M A avec fx ((vxyvec) (N <’ P)))
and avec #x (1 < P) = (zvec §* P)
and X #x (M(N) < P) = (X tx M A X £+ N A X tx P)
and X #x (M(N) < P) = (X« M AN X fix N A X fix P)
and X #x (M(vsyvec)(N) < P) = (X tx* M A X #x ((vxyvec)(N <’ P)))
and X fx (jM(vxyvec)(N) < P) = (X x M A X #x ((vxyvec)(N <’ P)))
and X fx (1 < P) = (X §x P)

(proof )

lemma residualFreshChainSimp2|[simp]:
fixes zvec :: name list

and X :: name set

and M :: 'a:fs-name

and N :'a

and yvec :: name list

and P :: (a, 'bi:fs-name, 'c::fs-name) psi

shows zvec #x (RIn M N P) = (zvec fx M A avec §x N A zvec #x P)
and avec #x (RBrln M N P) = (avec $x M A zvec fx N A avec #§x P)
and zvec #x (ROut M B) = (zvec x M A zvec §x B)
and zvec #x (RBrOut M B) = (avec §* M A zvec $x B)
and avec #x (RTau P) = (zvec fx P)
and X fx (RIn M NP)= (X tx M AN X #x N A X #x P)
and X fx (RBrin M N P) = (X« M A X g« N A X fx P)
and X fx (ROut M B) = (X #x M A X t* B)
and X #x (RBrOut M B) = (X t* M A X #x B)
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and X f#x (RTau P) = (X tx P)
{proof)

lemma freshResidual3[dest]:
fixes = :: name
and « :: (‘a::fs-name) action
and P :: ('a, 'b::fs-name, 'c::fs-name) psi

assumes z § bn «
and zfa <P

shows z f « and z § P
{proof )

lemma freshResidualChain3[dest]:
fixes xvec :: name list
and a :: (‘a:fs-name) action
and P :: (‘a, 'b::fs-name, 'c::fs-name) psi

assumes zvec fx (a < P)
and zvec fx bn «

shows zvec fx « and zvec fx P
{proof )

lemma freshResidualf[dest]:
fixes z :: name
and « :: (‘a::fs-name) action
and P :: (‘a, 'b::fs-name, 'c::fs-name) psi

assumes z f o < P

shows z { subject «
{proof )

lemma freshResidualChainj [dest]:
fixes xvec :: name list
and o (‘a:fs-name) action
and P :: (a, 'bi:fs-name, 'c::fs-name) psi

assumes zvec f* (o < P)

shows zvec fix subject o

(proof )
lemma alphaOutputResidual:
fixes M :: 'a:fs-name
and zvec :: name list
and N :'a
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and P :: (a, 'b::fs-name, 'c::fs-name) psi
and p :: name prm

assumes (p - zvec) fx N
and (p - zvec) * P
and set p C set avec X set(p -+ xvec)
and set xvec C set yvec

shows M (vsyvec))(N) < P = M(vx(p - yvec)){(p - N)) < (p - P)
?nd }]ii(]y*yvecl)<N> < P = iM(vx(p - yvec)){(p - N)) < (p - P)
proo

lemmas|simp del] = create-residual.simps
lemma residuallnject’”:
assumes bn o = bn 3

shows (a < P=08<Q)=(a=ANP=0Q)
(proof)

lemmas residuallnject = residual.inject create-residual.simps residuallnject’ resid-
uallnject”

lemma bnFreshResidual[simp):
fixes « :: (‘a::fs-name) action

shows (bn «) #x (o < P) = bn « #* (subject o)
{proof)

lemma actionCases|[case-names cInput cBrinput ¢cOutput cBrOutput cTau):
fixes « :: (‘a::fs-name) action

assumes AM N. a = M(N|) = Prop
and AMN.a=;M(|N) = Prop
and AM zvec N. « = M(vxavec)(N) = Prop
and AM zvec N. o = jM(vxavec|)(N) = Prop
and a =7 = Prop

shows Prop
(proof )

lemma actionParlDest:
fixes « :: (‘a::fs-name) action
and P :: (‘a, 'b::fs-name, 'c::fs-name) psi
and 8 :: (‘a::fs-name) action
and Q :: (‘a, 'b, 'c) psi
and R :: (‘a, b, 'c) psi

21



assumes a < P = < (Q || R)
and bn «a fix bn B

obtains T p where set p C set(bn o) x set(bn ) and P =T || (p - R) and «

<T=p<Q
{proof)

lemma actionPar2Dest:
fixes a :: (‘a::fs-name) action
and P :: (‘a, 'b::fs-name, 'c::fs-name) psi
and S :: (‘a::fs-name) action
and @ :: (‘a, 'b, 'c) psi
and R :: (‘a, 'b, 'c) psi

assumes o < P = < (Q || R)
and bn afx bn B

obtains T p where set p C set(bn «) x set(bn §) and P = (p

<T=p<R
(proof )

lemma actionScopeDest:
fixes « :: (‘a::fs-name) action
and P :: ('a, 'b::fs-name, 'c::fs-name) psi
fixes 8 :: (‘a::fs-name) action
and z :: name
and @ :: (‘a, 'b, 'c) psi

assumes o < P = < (vz)Q
and zf bn «
and =zt bn g

obtains R where P = (vz)Rand a < R = < @
{proof)

lemma emptyFreshName:
fixes z :: name
and M :: 'a:fs-name

assumes supp M = ({}::name set)

shows z § M
(proof )

lemma emptyFresh:
fixes zvec :: name list
and M :: 'a:fs-name

assumes supp M = ({}::name set)
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shows zvec fx M
{proof )

lemma permEmptyEq:
fixes p :: name prm
and M :: 'a:fs-name

assumes suppE: supp M = ({}::name set)

shows (p - M) =M
(proof)

abbreviation
outputJudge (<-(-)» [110, 110] 110) where M(N) = M(v=([])){N)

abbreviation
brOutputJudge (<j-(-)» [110, 110] 110) where {M(N) = M (v*([]))(N)

declare [[unify-trace-bound=100]]

locale env = substPsi substTerm substAssert substCond +
assertion SCompose’ SImp’ SBottom' SChanEq’ SOutCon’ SInCon’
for substTerm :: (‘a::fs-name) = name list = 'a::fs-name list = 'a
and substdssert :: ('b::fs-name) = name list = 'a::fs-name list = 'b
and substCond :: ('c::fs-name) = name list = 'a::fs-name list = 'c
and SCompose’ :: b= b= "'b
and SImp’ = 'b = 'c = bool
and SBottom’ ::'b
and SChanEq’ :'a = 'a = 'c
and SOutCon’ ::'a = 'a="'c
and SInCon’ :'a='a='c
begin
notation SCompose’ (infixr «®> 90)
notation Simp’ («-+ - [85, 85] 85)
notation Framelmp («- Fp - [85, 85] 85)
abbreviation
FBottomJudge (< Lg> 90) where | p = (FAssert SBottom’)
notation SChanEq’ (¢- <> - [90, 90] 90)
notation SOutCon’ (- < - [90, 90] 90)
notation SinCon’ (<- = - [90, 90] 90)
notation substTerm («-[-:=-]» [100, 100, 100] 100)
notation subs («-[-::=-]» [100, 100, 100] 100)
notation AssertionStatEq («<- ~ - [80, 80] 80)
notation FrameStatEq («- ~r - [80, 80] 80)
notation SBottom’ (<1 190)
abbreviation insertAssertion’ (<insertAssertiony) where insertAssertion’ = as-
sertionAuz.insertAssertion (®)
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inductive semantics :: 'b = ('a, 'b, 'c) psi = ('a, 'b, 'c) residual = bool
(t- > - —> - [50, 50, 50] 50)
where
clnput: [V F M « K; distinct zvec; set zvec C supp N; zvec fx Tvec;
length zvec = length Tvec;
avec fx U; quec fx M; zvec §x K] = ¥ > M(Axavec N|).P —
K ((N[zvec::=Tvec]))) < Plzvec::=Tvec]
| ¢Brinput:[V F K = M; distinct zvec; set zvec C supp N; xvec §x Tvec;
length xvec = length Tvec;
avec fx U; qvec fx M; zvec §x K] — U > M(Axavec N|).P —
LK ((N]zvec::=Tvec])|) < Plzvec::=Tvec]
| Output: [ - M < K] = ¥ > M(N).P — K(N) < P
| BrOutput: [¥ - M < K] = ¥ > M(N).P —s {K(N) < P
| Case: [V > P +—— Rs; (v, P) € set Cs; ¥ F ¢; guarded P] = ¥ > Cases
Cs — Rs
| cParl: [(¥ @ ¥g) > P+——a < P’; extractFrame Q = (Aqg, Vq); distinct Ag;
Ag tx P; Ag tx Q; Ag tx U; Ag t* a; Ag i P'; distinct(bn a);
bn o fx U; bn o fx Wo; bn o fx Q; bn a fx P; bn o §* (subject a)] =
U P Qra< (P Q)
| cPar2: [(¥ @ ¥p) > Q —a < Qs extractFrame P = (Ap, Up); distinct Ap;
Ap % P; Ap tx Q; Ap #x U; Ap fx a; Ap #x Q'; distinct(bn «);
bn o fx U; bn o gx Up; bn o fx P; bn o fx Q; bn o * (subject a)] =
VPl Q@—a=<(P|Q)
| cComml1: [V ® Yo > P+ M(N) < P'; extractFrame P = (Ap, ¥p);
distinct Ap;
U@ Up > Q— K(vszvec)(N) < Q7 extractFrame @ = (Ag, Vgo);
distinct Ag;
VRVUp Vgt M+ K,
Ap % U; Ap % U, Ap #x P; Ap #x M; Ap #x N; Ap tx P/
Ap #x Q; Ap B+ Q' Ap §x Ag; Ap * zvec;
AQ ﬁ* \IJ; AQ ﬁ* \I/p; AQ ﬁ* P; AQ ﬁ* N; AQ ﬂ* P/;
Ag tx @; Ag % K; Ag tx Qs Ag f#* avec; distinct zvec;
avec x W; avec §x Wp; avec fx Wo; avec fx P; zvec fx M;
zvec {x Q; zvec fx K| =
U Pl Q7 < (vravec)(P'| Q)
| cComm2: [V @ ¥g > P +— M(vkazvec)(N) < P’; extractFrame P = (Ap,
Up); distinct Ap;
U ®U¥Up> Q— K(N) < Q' extractFrame Q = (Ag, Vq); distinct
AQ;
Ve VUpVghk M+ K;
APﬁ*\IJ;APﬁ*\IJQ;APﬁ*P;Apﬁ*M;Apﬂ*N;Apﬂ*P/;
Ap tx Q; Ap tx Q5 Ap §x Ag; Ap tx wvec;
AQ ﬁ* \If; AQ ﬁ* \I/p; AQ n* P; AQ ﬁ* N; AQ ﬂ* Pl;
Ag % Q; Ag ix K; Ag tx Q'; Ag #* zvec; distinct zvec;
avec x W; gvec §x Wp; avec §x Wq; avec fx P; zvec fx M;
avec fx Q; zvec fx K| =
U Pl Q7 =< (vravec)(P'| Q)
| cBrMerge: [¥ ® ¥g > P — (M(N) < P’ extractFrame P = (Ap, Up);
distinct Ap;
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U@Upb> Q— (M(N) < Qs extractFrame Q = (Ag, Vq); distinct

AP Ij* \I/; Ap ﬁ* \IJQ, Ap ﬁ* P; Ap ﬁ* N; Ap ﬁ* Pl;
Ap §x Q; Ap B Q' Ap #x Ag;

Ap #x M; Ag tx M;

AQ ﬁ* \I/; AQ ﬂ* ‘I/p; AQ ﬂ* P; AQ ﬁ* N; AQ ﬂ* Pl;
Ag i+ Q5 Ag i+ QT =

Ve P Qe (M(N) < (P'] Q)

| cBrComml1: [V ® g > P+ ;M(N) < P’; extractFrame P = (Ap, Up);
distinct Ap;

U ®Up > Q+— (M(vszvec)(N) < Q' extractFrame Q = (Ag, ¥q);

distinct Ag;

APﬁ*‘;[f;Apﬁ*WQ;APﬁ*P;APﬁ*N;APﬁ*PI;
Ap tx Q; Ap tx Q5 Ap §x Ag; Ap tx avec;

AP ﬂ* M; AQ ﬂ* M;

AQ ﬁ* \If; AQ ﬁ* \pr; AQ ﬁ* P; AQ ﬁ* N; AQ ﬂ* Pl;
Ag t* Q; Ag tx Q'; Ag tx avec; distinct zvec;

avec x W; zvec fx Up; zvec fx Wo; zvec fx P;

avec fx Q; zvec fx M| =

U > Pl Qv+ iM(vkzvec)(N) < (P | Q)

| cBrComm?2: [¥ @ Vg > P+ M (v*zvec)(N) < P’; extractFrame P = (Ap,
Up); distinct Ap;

Ag;

UVeUp>Qr— (M(N) < Q extractFrame Q = (Aq, Vq); distinct

Ap 4+ W5 Ap §x Wq; Ap §x Py Ap ix N; Ap fx P
Ap tx Q; Ap fx Q' Ap fx Ag; Ap f* zvec;

Ap tx M; Ag tx M,

Ag i U Ag % Up; Ag fx P; Ag % N; Ag fx P/
Ag tx Q; Ag #x Q' Ag tx zvec; distinct zvec;

zvec fx W; zvec i Wp; zvec ix Wo; zvec f* P;

avec fx Q; zvec tx M| =

U Pl Qv+ iM(vszvec)(N) < (P || Q")

| ¢BrClose: [¥ > P — M (v*zvec)(N) < P/

z € supp M;

distinct zvec; zvec ix W; zvec fx P;
zvec §x M,

z Uz f avec] =

U > (vz)P — 7 < (vz) ((v+avec) P’)

| cOpen: ¥ > P +— M(vx(zvecQyuec))(N) < P’; x € supp N; z t zvec; x 4
yvec; x f M; xz § U,

distinct zvec; distinct yvec;
avec tix WU; zvec fx P; zvec fx M; zvec §x yvec; yvec fx V; yvec fx P,

yvec fx M| =

U > (vz)P — M(vx(zvecQz#yvec))(N) < P’

| ¢BrOpen: [V > P +— (M (vx(zvecQyuec))(N) < P'; x € supp N; z f avec;
z § yvec; x § M; x § U,

distinct zvec; distinct yvec;
zvec fx U5 zvec §x P; zvec tx M; zvec f* yvec; yvec §x U; yvec f* P;
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yvec fx M| =
U > (vz) P — (M (v+(zvecQz#yvec))(N) < P’
| eScope: [V > Pr—a < Pzt Uzt a; bn afx U; bn a fix P; bn a fx
(subject «); distinct(bn )] = ¥ > (vz)P —a < ((vz) P
| Bang: [¥ > P || !P+— Rs; guarded P] = ¥ > |P — Rs

abbreviation
semanticsBottomJudge (- — -» [50, 50] 50) where P — Rs=11> P
Rs

equivariance env.semantics

nominal-inductive2 env.semantics
avoids clnput: set zvec
| ¢Brlnput: set xvec
| cParl: set Ag U set(bn «)
| cPar2: set Ap U set(bn «)
| cComm1: set Ap U set Ag U set zvec
| cComm?2: set Ap U set Ag U set zvec
| eBrMerge: set Ap U set Ag
| cBrComm1: set Ap U set Ag U set zvec
| cBrComm?2: set Ap U set Ag U set zvec
| ¢BrClose: {z} U set avec
| cOpen: {z} U set zvec U set yvec
| ¢BrOpen: {x} U set zvec U set yvec
| ¢Scope: {z} U set(bn «)
{proof)

lemma nilTransi:
fixes U '
and M :'a
and zvec :: name list
and N :'a
and P :: (‘a, b, 'c) psi

assumes ¥ > 0 — M (vxzvec)(N) < P

shows Fulse

(proof)
lemma nilTrans1":
fixes U b
and M :'a
and zvec :: name list
and N :=:'a

and P :: (‘a, b, 'c) psi

assumes ¥ > 0 — M (vxzvec)(N) < P
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shows Fulse

(proof )
lemma nilTrans2:
fixes U b
and Rs :: ('a, b, 'c) residual

assumes ¥ > 0 — Rs

shows Fulse

(proof )
lemma nilTrans3:
fixes U b
and M :'a
and M’ :'a

and zvec :: name list
and yvec :: name list

and N :'a
and N/ :'a
and P :: (‘a, 'b, 'c) psi
and P’ ("a, 'b, 'c) psi

assumes ¥ > M(Axzvec N|).P — M'(vxyvec)(N’) < P’

shows Fulse

(proof)
lemma nilTrans3":
fixes U b
and M :'a
and M’ :'a

and zvec :: name list
and yvec :: name list

and N :'a
and N :'a
and P :: (‘a, 'b, 'c) psi
and P’ ("a, 'b, 'c) psi

assumes VU > M(Axzvec N|).P — M '(vsyvec))(N'y < P’

shows Fulse
(proof )

lemma nilTrans4:
fixes U ::'b
and Rs :: (‘a, b, 'c) residual

assumes ¥ > M(Axzvec N|).P —7 < P’
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shows Fulse

(proof)
lemma nilTranss:
fixesU b
fixes U/ b
and M :'a
and zvec :: name list
and N :'a

and P :: ('a, b, 'c) psi
assumes ¥ > {U'} — M(vxavec)(N) < P

shows Fulse

(proof )
lemma nilTranss "
fixesU ')
fixes U/ b
and M :'a
and zvec :: name list
and N :'a

and P :: (‘a, b, 'c) psi
assumes ¥ > {U'} — [M(vkzvec)(N) < P

shows Fulse

(proof )
lemma nilTrans6:
fixes U b
and Rs :: (‘a, 'b, 'c) residual

assumes ¥ > {U'} — Rs

shows Fulse

(proof )
lemma nilTrans|dest]:

fixes U b
and Rs :: (‘a, 'b, 'c) residual
and M :'a
and zvec :: name list
and N :'a
and P :: (‘a, b, 'c) psi
and K :'a
and yvec :: name list
and N/ :'a
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and P’ :: ('a, b, 'c) psi
and CsP :: (‘e x ('a, 'b, 'c) psi) list
and ¥/ b

shows ¥ > 0 — Rs = False
and ¥ > M(Axzvec N|).P — K (vxyvec)(N')y < P’ = False
and U > M(Axavec N|).P —jK (vxyvec)(N') < P’ = False
and ¥ > M(A\xzvec N|).P —7 < P’ = False
and ¥ > M(N).P —K(N') < P = False
and ¥ > M(N).P —;K(N') < P’ = False
and ¥ > M(N).P —7 < P’ = False
and ¥ > {U'} — Rs = Fulse

{proof)

lemma residualFq:
fixes a :: ‘a action
and P :: ('a, 'b, 'c) psi
and 3 :: 'a action
and Q :: (‘a, 'b, 'c) psi

assumes o < P =3 < @
and bn o tx (bn B)
and distinct(bn «)
and distinct(bn )
and bn afx (o < P)
and bn B+ (8 < Q)

obtains p where set p C set(bn a) x set(bn(p - «)) and distinctPerm p and
=p-aand Q@ =p- Pand bn afx fand bn a §x Q and bdn(p - «) §x o and
bn(p - a) ix P

(proof)

lemma semanticsInduct[consumes 3, case-names cAlpha cInput c¢Brinput cOut-
put cBrOutput cCase cParl cPar2 cComml1 cComm?2 cBrMerge cBrComm1 cBr-
Comm2 c¢BrClose ¢cOpen c¢BrOpen cScope cBang:

fixes ¥ = 'b
and P = (Ya, b, 'c) psi
and o 2 'a action
and P’ :: (‘a, 'b, 'c) psi

and Prop : 'fifs-name = 'b = (‘a, 'b, 'c) psi =
'a action = ('a, b, 'c) psi = bool
and C  'fufs-name

assumes ¥ > P —a < P’
and bn o g* (subject «)
and distinct(bn «)
and rAlpha: AV P o P'p C. [bn « i U; bn a i+ P; bn a fx (subject );
bn a tx C; bn a fx (bn(p - a));
set p C set(bn a) x set(bn(p - «)); distinctPerm p;
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(bn(p - «)) #x «; (bn(p - «)) tx P’ Prop C ¥ P «
P =
Prop C¥ P (p-«a)(p-P)
and rlnput: AV M K zvec N Tvec P C.
[¥ + M + K; distinct zvec; set zvec C supp N;
length zvec = length Tvec; zvec fix W;
zvec {x M; zvec i K; zvec fx O] =
Prop C U (M(A*zvec N|).P)
(K((Nzvec::=Tvec]))) (P[zvec::=Tvec])
and rBrinput: \V K M zvec N Tvec P C.
[¥ - K = M; distinct xvec; set zvec C supp N
length zvec = length Tvec; xvec §x U;
avec $x M; zvec i K; zvec fx O] =
Prop C U (M (Axzvec N|).P)
(( K ((N[zvec::=Tvec))) (Plzvec::=Tvec])
and rOutput: AW M K NP C. [V - M « K] = Prop C ¥ (M(N).P)
(K(N)) P
and rBrOutput: AV M K NP C. [¥ - M < K] = Prop C ¥ (M(N).P)
(K(N)) P
and rCase: AY Pa P ¢ Cs C. [¥ > P+—a < P ANC. Prop C ¥ P a P/
(p, P) € set Cs; U F ¢; guarded P] =
Prop C U (Cases Cs) a P’
and rParl: AV ¥g Pa P'Ag Q C.
[V ® Yo > P+——a < P’ extractFrame Q = (Aqg, Vq); distinct
Ag;
AC. Prop C (¥ ® ¥q) P a P
Ag = P; Ag % Q; Ag t* U; Ag #x a; Ag #x P’ Ag t* C;
distinct(bn «); bn a fx @;
bn a fx U; bn o % Ug; bn o % P; bn « §x subject a; bn o x C]
_—
Prop C ¥ (P || Q) a (P @)
and rPar2: \U Up Q o Q' Ap P C.
[¥® ¥p > Q+—a < Q' extractFrame P = (Ap, Yp); distinct
Ap;
AC. Prop C (¥ @ ¥p) Q o Q%
Ap fx P; Ap §x Q; Ap fix U5 Ap fx a5 Ap fx Q5 Ap §x C;
distinct(bn @); bn o fx Q;
bn o tx U; bn o fx Up; bn a % P; bn a fx subject a; bn o gx C]
.
Prop C ¥ (P || Q) a (P Q)
and rCommi: N\ Yo PM N P’ Ap ¥p Q K zvec Q' Ag C.
[V® o> P+—M(N|) < P NC. Prop C (¥ @ ¥qg) P (M(N))
p’
extractFrame P = (Ap, ¥p); distinct Ap;
U e Up > Qr—K(vszvec)(N) < Q5 ANC. Prop C (¥ ® ¥p) Q
(K (v*zvec)(N)) Q'
extractFrame Q = (Ag, Vq); distinct Ag;
UeUpe U,k Mo K,
AP ﬂ* \IJ; Ap ﬁ* \I/Q; Ap ﬁ* P; Ap ﬁ* M; AP ﬂ* N; AP ﬂ* Pl;
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Ap #x Q; Ap #x Q' Ap fix Ag; Ap f* zvec; Ag #x V; Aqg i Wp;
Ag % Py Ag % N; Ag ix P'; Ag i+ Q; Ag tx K; Ag 1+ Q;
distinct zvec;
Ag B zvec; zvec i W; zvec §x Wp; avec fx Vg; zvec fx P; zvec fx*
M;
zvec tx Q; zvec fx K; Ap tx C; Ag tx C; zvec tx (] =
Prop C'¥ (P || Q) (1) ((vxavec)(P' || Q"))
and rComm2: NV Wg P M zvec N P' Ap ¥p Q K Q' Ag C.
[¥ ® g > P +—M(v*zvec)(N) < P"; ANC. Prop C (¥ ® ¥g) P
(M (v*zvec)(N)) P’
extractFrame P = (Ap, ¥p); distinct Ap;
U@Up>Q+—K(N)=< Q5 ANC. Prop C (¥ @ Up) Q (K(NJ))
Q"
extractFrame Q = (Ag, Vq); distinct Ag;
Ve Up® Uk Mo K
Ap fx W; Ap #x Wq; Ap #x P; Ap #x M; Ap #x N; Ap % P/
Ap #x Q; Ap #x Q' Ap fx Aq; Ap f* zvec; Ag #x V; Ag i+ Wp;
distinct zvec;
Ag B zvec; zvec i W; zvec §x Wp; avec fx Vg; zvec fx P; zvec fx*
M;
zvec Bx Q; zvec fx K; Ap tx C; Ag tx C; zvec tx (] =
Prop C'¥ (P || Q) (7) ((v+avec)(P" || Q7))
and rBrMerge: N\W ¥ P M NP’ Ap Up Q Q' Ag C.
[¥ @ g > Pr+— (M(N) < P NC. Prop C (T @ ¥g) P
((M(N)) P
extractFrame P = (Ap, ¥p); distinct Ap;
U Up> Q+— (M(IN) < Q3 ANC. Prop C (¥ ® Up) Q
(GM(ND) Q"
extractFrame Q = (Ag, Vg); distinct Ag;
Ap §x W; Ap §x Wo; Ap i P; Ap §x N; Ap fx P,
Ap i Qs Ap tx Qs Ap §x Ag; Ap fix M; Ag fx M;
AQ ﬁ* \I’; AQ ﬁ* ‘I/p; AQ ﬁ* P; AQ ﬁ* N; AQ ﬂ* Pl;
Ag t* Q; Ag tx Q'; Ap #x C; Ag tx C] =
Prop C ¥ (P || Q) ((M(N)) (P"|| Q)
and rBrCommi1: N\¥ Yo PM N P’ Ap ¥p Q zvec Q' Ag C.
[P @ ¥g > P—;M(N) <P NC. Prop C (¥ ® Ug) P (;M(N))
p’,
extractFrame P = (Ap, ¥p); distinct Ap;
U Up > Qv+—iM(vsavec)(N) < Q5 AC. Prop C (¥ @ ¥Up)
Q ((M(vxzvec)(N)) Q
extractFrame Q = (Ag, Vq); distinct Ag;
Ap ]i* \I/; Ap ﬂ* \I/Q; Ap ﬂ* P; Ap ﬂ* N; Ap ﬂ* P/;
Ap % Q; Ap 1+ Qs Ap % Ag; Ap fx zvec; Ag i U; Ag fx Up;
Ag tx P; Ag % N; Ag tx P’; Ag tx Q; Ag tx Q) distinct zvec;
Ap tx M; Ag % M; avec §x M;
Ag B zvec; zvec §x U; zvec fx Vp; avec fx Yq; zvec i* P;
zvec tx Q; Ap #x C; Ag #x C; zvec % C] =
Prop C'¥ (P || Q) (iM(vxzvec)(N)) (P"|| Q')
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and rBrComm2: \¥ ¥g P M zvec N P’ Ap ¥p Q Q' Ag C.
[V ® Vg > P —jM(vxzvec)(N) < P ANC. Prop C (¥ @ Ugq)
P (jM(vxavec)(N)) P’
extractFrame P = (Ap, Up); distinct Ap;
Ve Wp > Qr—M(N) < Q5 \C. Prop C (¥ @ Vp) @ ((M(N))
Q"
extractFrame @ = (Ag, Vq); distinct Ag;
AP Ii* \I/; Ap ﬁ* \IJQ, Ap ﬁ* P; Ap ﬁ* N; Ap ﬁ* Pl;
Ap % Q; Ap #x Q'; Ap fx Ag; Ap f* avec; Ag #* V; Aqg i+ Up;
Ag tx P; Ag % N; Ag #x P'; Ag i Q; Ag tx Q'; distinct zvec;
Ap tx M; Ag tx M; zvec f§x M;
Ag #x avec; zvec fx W; avec §x Wp; avec §x Wqo; avec fx P;
zvec #x Q; Ap ix C; Ag tx C; zvec §x O] =
Prop C W (P || Q) (M{wsawec) (N)) (P'|| Q)
and rBrClose: AU P M avec N P’z C.
[¥ > P +— M(vszvec)(N) < P’
AC. Prop C ¥ P (iM(vxavec|)(N)) P’
x € supp M;
distinct zvec; zvec §x VU; xvec fx P;
zvec fx M;
z §U; zf avec] =
Prop C ¥ ((vz))P) (1) ((vz)((v+zvec)P))
and rOpen: AY P M zvec yvec N P’z C.
[¥ > P +—M(v*(zvecQyuec))(N) < P'; x € supp N; AC. Prop C
U P (M(vx(zvecQyuec))(N)) P’
x4V, x f M; xt zvec; x § yvec; zvec g% W; zvec §x P; zvec §x M;
distinct zvec; distinct yvec;
yvec §x U; yvec §x P; yvec $x M; yvec ix C; z § C; zvec §x C] =
Prop C ¥ ((vz)P) (M(vx(zvecQu#yvec))(N)) P’
and rBrOpen: AV P M zvec yvec N P’z C.
[¥ > P —M(vx(zvecQyuec))(N) < P’ x € supp N; AC. Prop
C U P (iM(vx(zvecQyuec))(N)) P’
x Uz M; xf zvec; x §f yvec; zvec tix V; zvec §x P; zvec fx M,
distinct xvec; distinct yvec;
yvec i U yvec i P; yvec g% M; yvec §x C; z  C; zvec §x C] =
Prop C ¥ ((vz)P) (iM (v*(zvecQz#yvec))(N)) P’
and rScope: AW P a P’z C.
[¥ > Pr+—a<P; ANC. Prop C¥ P« P/
z Uzl a; bn afx U;
bn o fx P; bn « gx (subject «); x § C; bn « §x C; distinct(bn «)]
_—
Prop C ¥ ((vz)P) a ((vz)P)
and rBang: AV Pa P’ C.
[¢ > P | !P+—a < P’ guarded P; NC. Prop C ¥ (P || IP) «
P =
Prop C ¥ (IP) a P’

shows Prop C ¥ P o P’
(proof )
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lemma outputInduct[consumes 1, case-names cOutput cCase cParl cPar2 cOpen
cScope cBang):

fixes U ')
and P :: (‘a, 'b, 'c) psi
and M :'a

and B :: (‘a, 'b, 'c) boundOutput

and Prop :: f::ifs-name = 'b = (‘a, 'b, 'c) psi =
‘a = (‘a, 'b, 'c) boundOutput = bool

and C :: f:fs-name

assumes ¥ > P —ROut M B
and rOutput: A\W MKNPC. [V F M <« K| = Prop C¥ (M(N).P) K (N
<'P)
and rCase: A\ PM B ¢ Cs C.
[¥ > P+—(ROut M B); NC. Prop C ¥ P M B; (p, P) € set Cs;
U+ ¢; guarded P] =
Prop C ¥ (Cases Cs) M B
and rParl: NV g P M zvec N P' Ag Q C.
[¥ @ Uy > P —M(vsavec)(N) < P'; extractFrame @ = (Ag,
Uo); distinct Ag;
NC. Prop C (¥ ® ¥go) P M ((vxzvec)N <’ P’);
Ag tx P; Ag tx Qs Ag tx W5 Ag ix M;
Ag t* zvec; Ag % N; Ag i P’ Ag #x C; zvec fx Q;
zvec gx U; zvec i Ug; zvec i P; zvec §x M; zvec i+ C] =
Prop C ¥ (P | Q) M ((vxzvec)N <" (P"| @))
and rPar2: AV Up Q M avec N Q' Ap P C.
[¥ @ Up > Q—M(vxzvec)(N) < Q; extractFrame P = (Ap,
Up); distinct Ap;
AC. Prop C (¥ @ Up) Q M ((vxzvec)N <’ Q");
Ap % Py Ap tx Q5 Ap #x W5 Ap fx M;
Ap t* zvec; Ap fix N; Ap ttx Q' Ap tx C; zvec ti* P;
avec fx U; zvec fx Up; zvec §x Q; zvec tx M; zvec i+ C] =
Prop C W (P || @) M ((wsavec)N </ (P | @)
and rOpen: AV P M zvec yvec N P' z C.
[¥ > P —M(vx(zvecQyuec))(N) < P’; z € supp N; ANC. Prop C
U P M ((vx(zvecQyuec))N <’ P’);
x Uz M; xf zvec; x ff yvec; zvec ix V; zvec $x P; zvec fx M;
avec fx yvec; yvec tx WU; yvec tx P; yvec fx M; yvec §x C; x  C;
zvec fx O] =
Prop C ¥ ((vz)P) M ((v+(zvecQa#yvec))N <’ P’)
and rScope: AV P M zvec N P’z C.
[¥ > P —M(vxzvec)(N) < P'; NC. Prop C ¥ P M ((vxzvec) N
<P,
x4 Uz M; xf zvec; z § N; avec i+ U; zvec % P; zvec §x M,
z § C; avec tx C] =
Prop C' ¥ ((vz)P) M ((v+zvec)N <’ (vz)P’)
and rBang: AV P M BC.
[¥ > P || 'P—(ROut M B); guarded P; NC. Prop C ¥ (P ||
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IP) M B] =
Prop C ¥ (IP) M B
shows Prop C vV P M B
(proof )

lemma brOutputInduct[consumes 1, case-names cBrOutput ¢Case cParl cPar2
c¢BrComm1 c¢BrComm?2 c¢BrOpen cScope cBang]:

fixes U b
and P :: (‘a, b, 'c) psi
and M :'a

and B :: (‘a, 'b, 'c) boundOutput

and Prop :: 'f::fs-name = 'b = (‘a, 'b, 'c) psi =
‘a = (‘a, 'b, 'c) boundOutput = bool

and C : f:ufs-name

assumes ¥ > P ——RBrOut M B
and 7rBrOutput: A\ MKNPC.[V+ M < K] = Prop C¥ (M(N).P) K
(N <'P)
and rCase: A\¥ PM B ¢ Cs C.
[¥ > P +——(RBrOut M B); NC. Prop C ¥ P M B; (p, P) € set
Cs; U F ¢; guarded P] =
Prop C U (Cases Cs) M B
and rParl: AV ¥g P M avee N P' Ag Q C.
[V ® Ugo > P +——iM(vszvec)(N) < P’ extractFrame Q = (Aq,
Ug); distinct Ag;
NC. Prop C (¥ ® W) P M ((vxzvec)N <’ P’);
AQ ﬁ* P; AQ ﬂ* Q; AQ ﬂ* \I/; AQ ﬁ* M;
Ag tx zvec; Ag #x N; Ag tx P’y Ag tx C; zvec fx Q;
zvec fx U; zvec fx Wo; avec §x P; zvec §x M; avec tx C] =
Prop C W (P || Q) M ((vavec)N <" (P @))
and rPar2: \UV Up Q M avec N Q' Ap P C.
[¥ @ Up > Q —iM(vxavec)(N) < Q' extractFrame P = (Ap,
Up); distinct Ap;
AC. Prop C (¥ @ Up) Q M ((vxzvec)N <’ Q");
Ap fx Py Ap % Q; Ap i U5 Ap §x M;
Ap f* zvec; Ap fx N; Ap #x Qs Ap t#x C; zvec * P;
avec fx U; zvec fx Up; zvec fx Q; avec §x M; zvec tx C] =
Prop C W (P || @) M ((wsavec)N </ (P | @)
and rBrCommi: N\¥ ¥g PM N P’ Ap ¥p Q zvec Q' Ag C.
[0 ® Uo > P —s;M(N) < P,
extractFrame P = (Ap, Up); distinct Ap;
U Up > Q+—iM(vsavec)(N) < Qs NC. Prop C (¥ ® ¥p)
Q M ((v*zvec)N <’ Q);
extractFrame @ = (Ag, Vq); distinct Ag;
Ap tx U; Ap 8% Wg; Ap #x P; Ap tx N; Ap #x P’;
Ap % Q; Ap #x Q'; Ap fix Ag; Ap f* avec; Ag #x V; Aqg i+ Up;
Ag % P; Ag tx N; Ag tx P’y Ag i+ Q; Ag tx Q'; distinct zvec;
Ap tx M; Ag tx M; zvec fx M,
Ag #* avec; zvec §x W; avec §x Wp; avec §x Wqo; avec f*x P;
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zvec tx Q; Ap #x C; Ag #x C; zvec % C] =
Prop CU (P || @) M ((wsavec)N </ (P' || Q")
and rBrComm2: N\¥ ¥qo P M zvec N P' Ap ¥p Q Q' Ag C.
[¥ ® Ug > P +—jM(vsavec)(N) < P'; NC. Prop C (¥ @ Ug)
P M ((vszvec)N <’ P");
extractFrame P = (Ap, ¥p); distinct Ap;
URUp> Qr—;M(N) =< Q)
extractFrame Q = (Ag, Vq); distinct Ag;
Apﬁ*‘l’;APﬁ*WQ;APﬁ*P;APﬁ*N;APﬁ*Pl;
Ap #x Q; Ap #x Q'; Ap fx Aq; Ap f* zvec; Ag #x V; Ag i+ Wp;
Ag tx P; Ag % N; Ag = P'; Ag t* Q; Ag tx Q'; distinct zvec;
Ap tx M; Ag #x M; zvec fx M;
Ag t* zvec; zvec fx Vs zvec §x Wp; zvec §x Wq; zvec §x P
zvec tx Q; Ap #x C; Ag #x C; zvec % C] =
Prop C' ¥ (P || Q) M ((vxzvec)N <" (P"] Q")
and rBrOpen: AV P M zvec yvec N P’z C.
[¥ > P —iM(vx(zvecQyuec))(N) < P’ x € supp N; AC. Prop
C U P M ((vx(zvecQyuvec))N <’ P');
x Uz M; xff zvec; x § yvec; zvec ix V; zvec §x P; zvec fx M,
avec fx yvec; yvec fx W; yvec tx P; yvec fx M; yvec $x C; x  C;
zvec §x O] =
Prop C U ((vz)P) M ((v+(zvecQz#tyvec))N <’ P’
and rScope: A¥ P M zvec N P’z C.
[¥ > P —iM(vxzvec)(N) < P NC. Prop C U P M ((v+avec)N
_</ P/)7
zf WUzl M; zf zvec; z §f N; zvec §x U; zvec fix P; xvec fix M;
z § C; avec tx C] =
Prop C ¥ ((vz)P) M ((vxzvec)N <’ (vz|) P’
and rBang: AV PM B C.
[¥ > P | !P+——(RBrOut M B); guarded P; ANC. Prop C ¥ (P ||
\P) M B] =
Prop C ¥ (IP) M B
shows Prop C W P M B

(proof)
lemma boundOutputBindObject:
fixes U b
and P :: ('a, b, 'c) psi
and M :'a
and yvec :: name list
and N :'a
and P’ :: (‘a, b, 'c) psi
and y :: name

assumes ¥ > P —a < P’
and bn « f* subject «
and distinct(bn «)
and vy € set(bn «)
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shows y € supp(object )
{proof)

lemma alphaBoundOQutputChain':
fixes yvec :: name list
and zvec :: name list
and B :: (‘a, 'b, 'c) boundOutput

assumes length xvec = length yvec
and yvec §x B
and yvec fx zvec
and distinct yvec

shows (vxzvec) B = (vxyvec))([zvec yvec] «, B)

(proof)

lemma alphaBoundOutputChain'":
fixes yvec :: name list
and zvec :: name list
and N :'a
and P :: (‘a, 'b, 'c) psi

assumes length zvec = length yvec
and yvec fix N
and yvec §x P
and yvec #* zvec
and distinct yvec

shows (vxzvec)(N <’ P) = (vxyvec))(([zvec yvec] +, N) <’ ([zvec yvec] -, P))
(proof)

lemma alphaDistinct:
fixes zvec :: name list
and N :'a
and P :: (‘a, b, 'c) psi
and yvec :: name list
and M :'a
and @ ::('a, b, 'c) psi

assumes o < P =3 < @
and distinct(bn «)
and Az. z € set(bn o) = = € supp(object )
and bn afx bn B
and bn o tx (object )
and bn o fx @

shows distinct(bn )
{proof)
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lemma boundOutputDistinct:

fixes U = 'b
and P :: (‘a, b, 'c) psi
and o :: ‘a action

and P’ :: (‘a, b, 'c) psi
assumes ¥ > P —a < P’

shows distinct(bn «)

(proof )
lemma inputDistinct:

fixes U :: b
and M :'a
and zvec :: name list
and N :'a
and P :: ('a, b, 'c) psi
and Rs :: (‘a, 'b, 'c) residual

assumes U > M(Axzvec N|).P — Rs

shows distinct xvec
(proof )

lemma outputInduct’[consumes 2, case-names cAlpha cOutput cCase cParl cPar2
c¢Open cScope cBang]:

fixes U b
and P :: ('a,'b, 'c) psi
and M :'a
and yvec :: name list
and N :'a

and P’ :: (‘a, b, 'c) psi
and Prop :: 'f::fs-name = 'b = (‘a, 'b, 'c) psi =

'a = name list = 'a = ('a, 'b, 'c) psi = bool
and C :: 'f:fs-name

assumes ¥ > P — M (vxzvec)(N) < P’
and avec fix M
and rAlpha: ANV P M zvec N P’ p C. [zvec §x U; zvec #x P; zvec §x M; zvec
gx C; zvec $x (p - zvec);
set p C set zvec X set(p - zvec); distinctPerm p;
(p - zvec) tx N; (p - zvec) i P'; Prop C ¥ P M
azvec N P'| =
Prop C¥ P M (p - avec) (p-N) (p- P
and rOutput: AW MKNPC.[¥F M <+ K| = Prop CV (M(N).P) K (]])
N P
and rCase: AU P M zvec N P' ¢ Cs C. [V > P — M (vxzvec)(N) < P’; AC.
Prop C ¥ P M avec N P’ (¢, P) € set Cs; ¥ + ¢; guarded P] =
Prop C ¥ (Cases Cs) M xvec N P’

37



and rParl: AV ¥g P M avee N P' Ag Q C.
[V ® o > P —M(vxzvec)(N) < P’ extractFrame Q = (Aq,
Ug); distinct Ag;
AC. Prop C (¥ ® ¥g) P M zvec N P/,
AQ ﬂ* P; AQ ﬂ* Q; AQ ]i* \I/; AQ ﬁ* M;
Ag tx zvec; Ag #x N; Ag tx P’ Ag tx C; zvec fx Q;
zvec #x U; zvec fx Wo; avec §x P; zvec fx M; zvec tx C] =
Prop C ¥ (P || Q) M zvec N (P'|| Q)
and rPar2: \V Up Q M azvec N Q' Ap P C.
[¥ @ Up > Q —M(vkzvec)(N) < Q; extractFrame P = (Ap,
Up); distinct Ap;
AC. Prop C (¥ ® Up) Q M zvec N Q'
Ap fx Py Ap % Q; Ap ix U5 Ap ix M;
Ap #x zvec; Ap % N; Ap tx Q'; Ap #x C; zvec #$x Q;
avec #x U; zvec fx Up; zvec §x P; zvec fx M; avec §x O] =
Prop C ¥ (P || Q) M zvec N (P || Q"
and 7rOpen: AV P M zvec yvec N P' z C.
[¥ > P +—M(v*(zvecQyuec))(N) < P'; x € supp N; ANC. Prop C
U P M (zvecQyuec) N P’
x4V, x f M; xt zvec; x § yvec; zvec §x W; zvec §x P; zvec §x M;
yvec i U; yvec tx P; yvec g% M; yvec #§x C; z § C; zvec fx C] =
Prop C U ((vz)P) M (zvecQx#yvec) N P’
and rScope: A¥ P M zvec N P’z C.
[¥ > P —M(vxzvec)(N) < P’; NC. Prop C ¥ P M zvec N P’;
z Uzl M; xf§ zvec; x §f N; zvec §x U,
avec #x P; avec §x M; z 8 C; avec §x C] =
Prop C U ((vz))P) M avec N ((vz)P’)
and rBang: AV P M zvec N P’ C.
[¥ > P || P —M(vsavec)(N) < P’; guarded P; \C. Prop C
U (P || !P) M zvec N P =
Prop C ¥ (IP) M zvec N P’
shows Prop C ¥ P M zvec N P’
(proof)

lemma brOutputinduct’[consumes 2, case-names cAlpha ¢BrOutput cCase cParl
cPar2 ¢BrComml c¢cBrComm2 c¢BrOpen cScope cBang:

fixesV b
and P :: ('a, b, 'c) psi
and M :'a
and yvec :: name list
and N :'a

and P’ :: (‘a, b, 'c) psi
and Prop :: 'f::fs-name = 'b = (‘a, 'b, 'c) psi =

'a = name list = 'a = (‘a, 'b, 'c) psi = bool
and C :: 'f:fs-name

assumes ¥ > P ——iM(vxzvec|)(N) < P’

and zvec fx M
and rAlpha: NV P M avec N P’ p C. [avec #x U; zvec §* P; avec §x M; zvec
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gx C; zvec #x (p - zvec);
set p C set zvec X set(p - zvec); distinctPerm p;
(p - zvec) tx N; (p - zvec) i+ P’; Prop C ¥ P M
azvec N P =
Prop C¥ P M (p- avec) (p- N) (p- P
and rBrOutput: A\ MKNPC.[V+ M < K] = Prop C¥ (M(N).P) K
() N P
and rCase: AU P M zvec N P' ¢ Cs C. [V > P M (vxavec)(N) < P/
AC. Prop C' ¥ P M zvec N P’; (p, P) € set Cs; ¥ & ¢; guarded P] =
Prop C U (Cases Cs) M zvec N P’
and rParl: AV ¥g P M avee N P' Ag Q C.
[¥ ® Ug > P +—jM(vsavec)(N) < P’; extractFrame @ = (Aq,
Ug); distinct Ag;
AC. Prop C (¥ ® ¥g) P M zvec N P/,
AQ ﬁ* P; AQ ﬂ* Q; AQ ﬁ* \I/; AQ ﬁ* M;
Ag tx zvec; Ag #x N; Ag tx P’ Ag tx C; zvec fx Q;
zvec §x U; zvec fx Ug; zvec i P; zvec §x M; zvec tx C] =
Prop C ¥ (P | Q) M zvec N (P'|| Q)
and rPar2: \V Up Q M zvec N Q' Ap P C.
[¥ @ Up > Q —M(vxavec)(N) < Q' extractFrame P = (Ap,
Up); distinct Ap;
NAC. Prop C (¥ ® ¥Up) Q M zvec N Q°
Ap fx Py Ap §x Q; Ap fix W5 Ap fx M;
Ap #x zvec; Ap tx N; Ap tx Q'; Ap #x C; zvec #§*x Q;
avec #x U; zvec fx Up; zvec §x P; zvec fx M; avec §x O] =
Prop C U (P || Q) M zvec N (P || Q"
and rBrCommi: N\¥ ¥g P M N P’ Ap ¥p Q zvec Q' Ag C.
[¥ ® ¥g > Pr— M(|N) < P/,
extractFrame P = (Ap, ¥p); distinct Ap;
U ® Up > Qr—iM(vszvec)(N) < Qs NC. Prop C (¥ & Up)
Q M zvec N Q'
extractFrame Q = (Ag, Vq); distinct Ag;
AP ﬂ* \IJ; Ap ﬁ* \I/Q; Ap ﬁ* P; Ap ﬁ* N; Ap ﬁ* P/;
Ap % Q; Ap t* Qs Ap % Ag; Ap fx zvec; Ag i U; Ag #x Up;
Ag tx P; Ag % N; Ag tx P’; Ag tx Q; Ag tx Q) distinct zvec;
Ap tx M; Ag t* M; xvec fix M;
Ag B* zvec; zvec fx V; zvec §x Wp; zvec i Wo; zvec f* P;
zvec tx Q; Ap #x C; Ag #x C; zvec 8% C] =
Prop C ¥ (P || Q) M zvec N (P’ Q"
and rBrComm2: N\¥ ¥ P M zvec N P' Ap ¥p Q Q' Ag C.
[V ® Uy > P —jM(vxzvec)(N) < P NC. Prop C (¥ @ Uq)
P M zvec N P’
extractFrame P = (Ap, ¥p); distinct Ap;
U Up > Q+—; M(N) < Q'
extractFrame Q = (Ag, Vq); distinct Ag;
AP ﬁ* \I/; Ap ﬁ* \I/Q; Ap ﬁ* P; Ap ﬁ* N; Ap ﬁ* Pl;
Ap tx Q; Ap #x Q'; Ap fix Ag; Ap f* avec; Ag #x V; Ag i+ Wp;
Ag tx P; Ag % N; Ag #x P'; Ag t* Q; Ag tx Q'; distinct zvec;
Ap tx M; Ag tx M; zvec f§x M;
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Ag #* avec; zvec §x W; avec §x Wp; avec §x Wqg; avec f*x P;
zvec fx Q; Ap % C; Ag t* C; zvec §x O] =
Prop C ¥ (P || Q) M zvec N (P'|| Q)
and rOpen: AV P M zvec yvec N P' z C.
[¥ > P —M(vx(zvecQyuec))(N) < P’ x € supp N; AC. Prop
C ¥ P M (zvecQyuec) N P’
x Uz M; x ff zvec; x §f yvec; zvec tix V; zvec §x P; zvec fx M,
yvec i U yvec i P; yvec g% M; yvec §x C; z  C; zvec §x C] =
Prop C U ((vz))P) M (zvecQz#yvec) N P’
and rScope: AV P M zvec N P’z C.
[¥ > P +——iM(vxzvec)(N) < P’; NC. Prop C ¥ P M xvec N P’
x4 Uzl M; xf avec; © § N; avec fx U;
avec #{x P; avec §x M; z § C; avec $x O] =
Prop C U ((vz))P) M avec N ((vx)P’)
and rBang: AV P M zvec N P’ C.
[¥ > P || 'P+—iM(vsavec)(N) < P'; guarded P; NC. Prop C
¥ (P || !'P) M avec N P'| =
Prop C ¥ (1P) M zvec N P’
shows Prop C ¥ P M zvec N P’

(proof)
lemma inputinduct[consumes 1, case-names cInput cCase cParl cPar2 cScope
cBanyg]:
fixes U b
and P :: (‘a, 'b, 'c) psi
and M :'a
and N :'a

and P’ :: ('a, b, 'c) psi

and Prop :: 'f::fs-name = 'b = (‘a, 'b, 'c) psi =
‘a = 'a = ('a, 'b, '¢) psi = bool

and C :: f:fs-name

assumes Trans: ¥ > P — M(N|) < P’
and rlnput: AV M K zvec N Tvec P C.
[¥ + M + K; distinct zvec; set zvec C supp N;
length zvec = length Tvec; zvec fix W;
avec fx M; zvec §x K; avec fx O] =
Prop C ¥ (M(Axzvec N|.P)
K (Nlzvec::=Tvec]) (Plzvec::=Tvec])
and rCase: \W PM NP ¢ Cs C. [V > P+—M(N) < P’; NC. Prop C ¥
P M N P’; (p, P) € set Cs; ¥ + @; guarded P] =
Prop C U (Cases Cs) M N P’
and rParl: A\ Yo PM NP Ag Q C.
[¥ @ g > P —M(N|) < P’ extractFrame @Q = (Ag, ¥q);
distinct Ag;
AC. Prop C (¥ ® Vo) P M N P’ distinct Ag;
AQ ﬁ* P; AQ ﬂ* Q; AQ ﬂ* \I’; AQ ﬁ* M; AQ ﬁ* N;
AQ i Pl; AQ fx Cﬂ -
Prop C W (P | Q MN (P'|| Q)
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and 7rPar2: N\ Up Q M N Q' Ap P C.
[¥ @ Up > Q—M(N) < Q; extractFrame P = (Ap, Up);
distinct Ap;
NC. Prop C (¥ @ Up) Q M N Q'; distinct Ap;
Ap % Py Ap §x Q; Ap # U5 Ap fx M; Ap fx N;
Ap g Q/; Ap pEs O]] -
Prop CW (P | Q) MN (P Q)
and rScope: AW P M NP’z C.
[¥ > P+—M(N) < P; NC. Prop C¥ PMNP;z87T; zt
M;z4 N;z 4 O] =
Prop C ¥ ((vz)P) M N ((vz)P’)
and rBang: AV PMN P'C.
[¥ > P | !P+—M(N) < P'; guarded P; \NC. Prop C U (P ||
IP) M N P'] = Prop C ¥ (IP) M N P’
shows Prop C W P M N P’
(proof )

lemma brinputinduct[consumes 1, case-names cBrinput cCase cParl cPar2 cBrMerge
cScope cBang):

fixes U ')
and P :: (‘a, 'b, 'c) psi
and M :'a
and N :'a

and P’ :: (‘a, b, 'c) psi

and Prop :: 'fi:fs-name = 'b = (‘a, 'b, 'c) psi =
‘a = 'a = (‘a, 'b, 'c) psi = bool

and C :: f:fs-name

assumes Trans: ¥ > P —; M(N|) < P’
and rBrinput: AV K M zvec N Tvec P C.
[¥ - K = M; distinct xvec; set zvec C supp N;
length zvec = length Tvec; zvec fix W;
avec fx M; zvec tx K; avec fx O] =
Prop C U (M(A*zvec N|).P)
K (N[zvec::=Tvec]) (Plzvec::=Tuvec])
and rCase: N\U PM NP ¢ Cs C. [V > P+——;M(N) < P ANC. Prop C ¥
P M N P’; (p, P) € set Cs; ¥ + ; guarded P] =
Prop C U (Cases Cs) M N P’
and rParl: A\ Yo PM NP Ag Q C.
[V ® Ug > P+ M(N|) < P’; extractFrame Q = (Ag, Vq);
distinct Ag;
AC. Prop C (¥ ® Vo) P M N P’ distinct Ag;
AQ ﬁ* P; AQ ﬂ* Q; AQ ﬂ* \I/; AQ ﬁ* M; AQ ﬁ* N;
AQ ﬁ* Pl; AQ ﬁ* Cﬂ -
Prop CU (P Q) MN (P'| Q)
and rPar2: N\V UVp Q M N Q' Ap P C.
[¥ @ Up > Q —(M(N|) < Q'; extractFrame P = (Ap, Up);
distinct Ap;
NC. Prop C (¥ ® Up) Q M N Q'; distinct Ap;
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Ap §x Py Ap §x Q; Ap #x U5 Ap fix M; Ap fx N;
Ap ﬂ* Ql; Ap ﬂ* C]] -
Prop CW (P | Q) MN (P Q)
and rBrMerge: AW Yo PM NP’ Ap Up Q Q' Ag C.
[T ® Uy > P s ;M(N) < P, NC. Prop C (¥ ® ¥o) P M N
p’,
extractFrame P = (Ap, ¥p); distinct Ap;
UVRUpp> Qr— M(IN) < Q5 ANC. Prop C (¥ @ Up) QM N
Q"
extractFrame Q = (Ag, Vq); distinct Ag;
Ap ﬂ* \I/; Ap ﬁ* \I/Q; Ap ﬂ* P; Ap ﬁ* N; Ap ﬂ* P/;
Ap g Q; Ap tx Qs Ap #x Ag; Ap tx M; Aq = M;
Ag % U5 Ag #x Up; Ag #x P; Ag % N; Ag tx P
A b Qs Ag B Q' Ap tx C; Ag tx G
Ap % M; Ag #x M| =
Prop Cw (P | Q) MN (P']| @)
and rScope: A\ P M N P’z C.
[U > P, M(N) < P NC. Prop CU PM NP’ 2t W; x4
M;z4 N;z4 C] =
Prop C U ((vz)P) M N ((vz|)P’)
and rBang: AY PMN P’ C.
[¥>P|!'P+—;M(N) < P’ guarded P; NC. Prop C ¥ (P ||
IP) M N P'] = Prop C ¥ (IP) M N P’
shows Prop C W P M N P’
(proof)

lemma taulnduct[consumes 1, case-names cCase cParl cPar2 cCommi cComm2
¢BrClose cScope cBang):

fixes ¥ b
and P :: (‘a, 'b, 'c) psi
and Rs :: (‘a, b, 'c) residual

and Prop :: 'f::fs-name = 'b = (‘a, 'b, 'c) psi =
("a, 'b, 'c) psi = bool
and C :: 'f:ufs-name

assumes Trans: ¥ > P ——71 < P’
and rCase: AU PP’ ¢ Cs C. [V > P+—1 < P NC. Prop C ¥ P P’; (¢,
P) € set Cs; ¥ + ; guarded P] =
Prop C ¥ (Cases Cs) P’
and rParli: NV ¥g PP Ag Q C.
[¥ @ Ug > P71 < P'; extractFrame Q = (Ag, Vq); distinct
AQ;
AC. Prop C (¥ @ Ug) P P/
Aq tx P5 Aq ix Q; Ag 8+ Vs
Prop C W (P | Q) (P Q)
and rPar2: N\ Up Q Q' Ap P C.
[¥ @ Up > Q —7 < Q5 extractFrame P = (Ap, Up); distinct
Ap;
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AC. Prop C (¥ ® Up) Q Q;
Ap §x P; Ap §x Q; Ap #x U;
Ap ﬂ* Q’; Ap ﬁ* C]] -
Prop C U (P | Q) (P || @)
and rCommi: N\ Yo PM N P’ Ap ¥p Q K zvec Q' Ag C.
[¥ @ g > P —M(N) < P'; extractFrame P = (Ap, ¥Up);
distinct Ap;
U ® Up > Q—K(vxzvec)(N) < Q'; extractFrame Q = (Ag,
Ug); distinct Ag;
Ve Up® Uk Mo K
Ap ﬂ* \I/; Ap ﬁ* \I/Q; Ap ﬂ* P; Ap ﬁ* M; Ap ﬂ* N; AP ﬂ* Pl;
Ap % Q; Ap t* Q'; Ap % Ag; Ap fx zvec; Ag i U; Ag fx Up;
Ag t* P; Ag % N; Ag % P’ Ag t* Q; Ag tx K; Ag fx Q
Ag B zvec; zvec i W; zvec §x W p; avec fx Vg; zvec §x P; zvec #x

zvec tx Q; zvec fx K; Ap tx C; Ag tx C; zvec tx O] =
Prop C'U (P || Q) ((veavec) (P’ || Q")
and rComm2: N\UV Wg P M zvec N P' Ap ¥p Q K Q' Ag C.
[V ® Yo > P +—M(vsavec))(N) < P'; extractFrame P = (Ap,
Up); distinct Ap;
U Up > Q—K(N) < Q; extractFrame Q = (Ag, Vg);
distinct Ag;
Ve¥p @ V¥Yg kM K,
Ap Ii* \I/; Ap ﬁ* \IJQ, Ap ﬁ* P; Ap ﬁ* ]\4-7 Ap Ij* ]V7 AP Ij* P/;
Ap % Q; Ap #x Q'; Ap fix Ag; Ap f* avec; Ag #x V; Aqg i+ Up;
AQ ﬂ* P; AQ ﬂ* N; AQ ﬂ* Pl; AQ ﬂ* Q; AQ ﬂ* K; AQ ﬂ* Q/;
Ag t* zvec; zvec fx W; zvec §x Wp; zvec §* Vo; zvec fx P; zvec §x*

zvec fx Q; zvec tx K; Ap fx C; Ag x C; avec tx C] =
Prop C W (P || Q) ((vswech(P' | @)
and rBrClose: AU P M avec N P' Ap ¥p x C.
[¥ > P +— M(vszvec)(N) < P’
x € supp M;
distinct zvec; zvec §x VU; xvec fx P;
zvec fx M;
z f§U; zf avec] =
Prop C ¥ ((vz)P) ((va)((vxzvec) P"))
and rScope: AU P P’z C.
[ >Pr—7<P;N\NC. Prop C¥ PPzt VU;zt(C] =
Prop C ¥ ((vz)P) ((vz)P’)
and rBang: AV PP’ C.
[V > P | !P+——7 < P’ guarded P; NC. Prop C ¥ (P || !P) P’]
= Prop C ¥ (IP) P’
shows Prop C ¥ P P’
(proof)

lemma semanticsFramelnduct[consumes 3, case-names cAlpha cInput cBrinput
cOutput cBrOutput cCase cParl cPar2 cCommi cComm2 cBrMerge cBrComml
c¢BrComm?2 ¢BrClose ¢Open ¢BrOpen cScope cBangl:
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fixes U b
and P :: (‘a, b, 'c) psi

and Rs :: (‘a, 'b, 'c) residual
and Ap :: name list
and Vp b

and Prop :: 'f::fs-name = 'b = (‘a, 'b, 'c) psi =
("a, 'b, 'c) residual = name list = 'b = bool
and C :: 'f:fs-name

assumes Trans: ¥ > P — Rs
and FrP: extractFrame P = (Ap, Up)
and distinct Ap
and rAlpha: NV P Ap Up p Rs C. [Ap #x U; Ap tx P; Ap tix (p - Ap); Ap
i+ Rs; Ap tx C
set p C set Ap X set(p - Ap); distinctPerm p;
Prop CV P Rs Ap Up]] = Prop C ¥ P Rs (p
- Ap) (p - ¥p)
and rlnput: AV M K zvec N Tvec P C.
[¥ + M + K; distinct zvec; set zvec C supp N;
length zvec = length Tvec; zvec fix W;
avec fx M; zvec §x K; avec fx O] =
Prop C ¥ (M(Axzvec N|.P)
(K((Nzvec:=Tvec])) < (Plavec:=Tvec])) ([]) (1)
and rBrinput: A¥ M K zvec N Tvec P C.
[¥ - K = M; distinct xvec; set zvec C supp N
length zvec = length Tvec; zvec fix W;
avec fx M; zvec i K; avec fx O] =
Prop C U (M(Axzvec N|).P)
(K ((N[zvec::=Tvec]))) < (Plavec::=Tvec)])) ([]) (1)
and rOutput: N\ MKNPC. ¥+ M+ K= Prop C ¥ (M(N).P) (K(N)
<P) () (1)
and rBrOutput: N\W M K NPC. V+ M < K = Prop C ¥ (M{(N).P)
(K (N) = P) ([) (1)
and rCase: N\¥ P Rs ¢ Cs Ap Wp C. [¥ > P — Rs; extractFrame P = (Ap,
Up); distinct Ap; \NC. Prop C ¥ P Rs Ap VUp;
(¢, P) € set Cs; U+ ¢; guarded P; Up ~ 1;
(supp Up) = ({}::name set);
Ap tx U; Ap i+ P; Ap #x Rs; Ap fx O] =
Prop C ¥ (Cases Cs) Rs ([]) (1)
and rParl: A\UV g Pa P'Ag Q Ap ¥p C.
[V® Vg > Pr+—a < P
extractFrame P = (Ap, Up); distinct Ap;
extractFrame Q = (Ag, Uq); distinct Ag;
AC. Prop C (¥ ® ¥g) P (o« < P') Ap Up; distinct(bn «);
Ap % P; Ap #x Q; Ap fx W; Ap #x o; Ap §x P’y Ap #x Ag; Ap
e Wo;
Ag % Py Ag tx Q; Ag i+ U; Ag tix a; Ag tix P'; Ag ti* Up;
bn a fx U; bn a fix P; bn o fix Q; bn o f* subject a; bn a fx Up;
bn o tx Vo;
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Ap % C; Ag % C; bn a tx (] =
Prop CU (P Q) (o < (P'|| Q) (ApBdg) (Tp ® Ug)
and rPar2: NV ¥p Q a Q' Ap P Ag ¥g C.

[V VUp>Qr—a=< Qs

extractFrame P = (Ap, Up); distinct Ap;

extractFrame Q = (Ag, Vq); distinct Ag;

AC. Prop C (¥ @ ¥p) Q (o =< Q) Ag Vy; distinct(bn a);

Ap #x P; Ap #x Q; Ap 1+ U; Ap #x a; Ap fx Q' Ap f#x Ag; Ap
e Wo;

Ag tix P; Ag tx Q; Ag % ¥; Ag tx a; Ag tx Q' Ag i ¥Up;

bn a fx U; bn a tx P; bn o fix Q; bn o fx subject a; bn « fix Up;
bn o tx Vo;

Ap tx C; Ag tx C; bn o ix C] =

Prop CU (P Q) (o < (P Q) (Ap8dg) (Tp ® Ug)

and rCommi: N\ Yo PM N P’ Ap ¥p Q K zvec Q' Ag C.
[¥ @ g > P —M(N) < P’; extractFrame P = (Ap, ¥Up);

distinct Ap;

AC. Prop C (¥ @ ¥g) P (M(N)) < P') Ap ¥p;

U ®Up > Q—K(vszvec)(N) < Q'; extractFrame Q = (Ag,

Ug); distinct Ag;

U Up® Vo kMo K,

AC. Prop C (¥ @ Up) Q (K(vszvec)(N) < Q') Ag Vq; distinct

xvec;
AP Ii* \I/; Ap ﬁ* \IIQ, Ap ﬁ* P; Ap ﬁ* ]\4-7 Ap Ij* ]V7 AP Ij* P/;
Ap % Q; Ap #x Q'; Ap fix Ag; Ap f* avec; Ag #x V; Aqg i+ Up;
AQ ﬂ* P; AQ ﬂ* N; AQ ﬂ* Pl; AQ ﬂ* Q; AQ ﬂ* K; AQ ﬂ* Q/;
Ag t* zvec; zvec fx W; zvec §x Wp; zvec §* Vo; zvec fx P; zvec §x*
M;

zvec fx Q; zvec tx K; Ap fx C; Ag x C; avec tx C] =
Prop C W (P || Q) (v < (veavec) (P' || Q) (Ap@AQ) (¥p @ ¥q)
and rComm2: \¥ ¥q P M zvec N P’ Ap ¥p Q K Q' Ag C.
[¥ ® Ug > P +—M(vszvec)(N) < P’; extractFrame P = (Ap,
Up); distinct Ap;
NC. Prop C (¥ ® ¥g) P (M(v*avec))(N) < P') Ap Up;
UV ®Up > Qr—K(N) < Qs extractFrame Q = (Ag, Vq);
distinct Ag;
NC. Prop C (¥ @ ¥p) Q (K(N) < Q') Ag To;
Ve¥p Vgt M K; distinct zvec;
Ap i+ U; Ap % Ug; Ap tx P; Ap tx M; Ap #x N; Ap tx P/,
Ap tx Q; Ap 8% Q' Ap % Ag; Ap fx avec; Ag tx U; Ag fx Up;
AQ ﬁ* P; AQ ﬂ* N; AQ ﬁ* Pl; AQ ﬁ* Q; AQ ﬁ* K; AQ ﬁ* Q/;
Ag B zvec; zvec i W; zvec §x Wp; avec fx Vg; zvec fx P; zvec #x*

zvec fx Q; zvec tx K; Ap fx C; Ag tx C; avec tx C] =
Prop C U (P | Q) (1 < (vxzvec)(P'| Q') (ApQAg) (Vp ® ¥g)
and rBrMerge: AW o PM NP’ Ap Up Q Q' Ag C.
[ @ g > P+— (M(N) < P NC. Prop C (T @ ¥g) P
(()M(IND < P/) Ap Up;
extractFrame P = (Ap, ¥p); distinct Ap;
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U®Upp> Q+— (M(IN) < Q5 ANC. Prop C (¥ ® Up) Q
(M(N) < @) Aq Vq;
extractFrame Q = (Ag, Vq); distinct Ag;
Ap §x W; Ap §x Wo; Ap i+ P; Ap §x N; Ap fx P,
Ap B Q; Ap 8 Q% Ap §x Aqg; Ap tx M; Aq fx M;
AQ ﬁ* \I’; AQ ﬂ* \I/p; AQ ﬂ* P; AQ ﬁ* N; AQ ﬂ* Pl;
Ag fix Qs Ag 1x Qs Ap §x C; Aq fix C;
Ap tx M; Ag tx M| =
Prop C 0 (P | Q) GMIND < (P']| Q) (Ap@Ag) (¥p ® ¥)
and rBrComm1:A\V Uo P M NP’ Ap Up Q zvec Q' Ag C.
[¥ @ ¥g > P ——{M(N|) < P’; extractFrame P = (Ap, Up);
distinct Ap;
AC. Prop C (¥ @ ¥g) P (((M(N) < P') Ap Up;
U@ ¥p > Qv+—M(vsavec)(N) < Q; extractFrame Q = (Ag,
Ug); distinct Ag;
AC. Prop C (¥ ® ¥p) Q (;M(v*zvec)(N) < Q') Ag Vq; distinct

xvec;
Ap % U; Ap % U, Ap #x P; Ap #x N; Ap x P;
Ap % Q; Ap #x Q'; Ap fix Ag; Ap f* avec; Ag #* V; Aqg i+ Up;
AQ ﬁ* P; AQ ﬂ* N; AQ ﬁ* Pl; AQ ﬁ* Q; AQ ﬁ* Q/;
Ag B* zvec; zvec fx V; zvec §x Wp; zvec i Wo; zvec f* P;
avec §x Q; Ap t#x C; Ag tx C; avec fx C
Ap tx M; Ag t* M; zvec fx M| =
| Prop C W (P || Q) (iM(vsavec) (N) < (P | Q) (Ap@Ag) (¥p
® ¥g

and rBrComm2:A\V Uo P M zvec NP' Ap Up Q Q' Ag C.
[¥ ® Ug > P +——M(v*zvec)(N) < P'; extractFrame P = (Ap,
Up); distinct Ap;
AC. Prop C (¥ ® ¥g) P (jM(vxzvec)(N) < P') Ap ¥p;
U R Up> Q—(M(N) < Q' extractFrame Q = (Ag, Vg);
distinct Ag;
AC. Prop C (T @ Up) Q ((M(N) < Q') Ag ¥q; distinct zvec;
AP ﬂ* \IJ; Ap ﬁ* \I/Q; Ap ﬁ* P; Ap ﬁ* N; Ap ﬁ* P/;
Ap % Q; Ap t* Qs Ap % Ag; Ap fx zvec; Ag i U; Ag #x Up;
AQ ﬁ* P; AQ ﬂ* N; AQ ﬁ* P’; AQ ﬁ* Q; AQ ﬁ* Q/;
Ag B zvec; zvec §x U; zvec fx Vp; avec fx Yq; zvec i* P;
avec §x Q; Ap t#x C; Ag tx C; avec tx C
Ap % M; Ag #% M; zvec §x M| =
Prop C W (P || Q) (iM(wsavec) (N) < (P! || Q) (Ap@Ag) (¥p
® ¥g)
and rBrClose: AU P M avec N P' Ap ¥p x C.
[¥ > P +— M(vxzvec)(N) < P’
T € supp M;
AC. Prop C ¥ P ({M(vxzvec)(N) < P') Ap Up;
extractFrame P = (Ap, ¥p); distinct Ap;
Ap #x U; Ap #x P; Ap ttx M; Ap fx N; Ap fix P’; Ap #x zvec;
distinct zvec; zvec f§x V; zvec fx VU p; zvec f* P;
zvec fx M;
x §V; zf avec; z § Ap;
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Ap tx C; zvec tx C; z f C] =
Prop C ¥ ((vz)P) (t < ((vz)((vxzvec)P")) (z#Ap) ¥p
and rOpen: NV P M zvec yvec NP’z Ap Up C.
[¥ > P +— M(v*(zvecQyuec))(N) < P’; extractFrame P = (Ap,
Up); distinct Ap;
NC. Prop C U P (M(vx(azvecQyuec))(N) < P’) Ap Up; z € supp
Ny zg Wz g M;
x tt Ap; = f avec; x § yvec; Ap % U; Ap % P; Ap #x M; Ap fx

N; Ap #x P/
Ap #* zvec; Ap fix yvec; zvec §* yvec; distinct zvec; distinct yvec;
avec fx U5 zvec fx P; zvec §x M; zvec §x Up; yvec tix Vp;
yvec §x W; yvec §x P; yvec fix M; Ap #x C; z  C; zvec §x C; yvec
tx O] =

Prop C U ((vz)P) (M(v+(zvecQz#yvec))(N) < P) (z#Ap) ¥p
and rBrOpen: AV P M zvec yvec N P’ x Ap Up C.
[¥ > P +—iM(vx(zvecQyuec))(N) < P’; extractFrame P = (Ap,
Up); distinct Ap;
NC. Prop C ¥ P (;M(vx(zvecQyuec))(N) < P’) Ap ¥p; z €
supp N; z § U; x § M;
xf Ap; x f xvec; x § yvec; Ap #x U; Ap tix P; Ap tix M; Ap fx*

N; Ap #x P/
Ap tx zvec; Ap tix yvec; xvec fx yvec; distinct zvec; distinct yvec;
avec fx U5 zvec fx P; zvec §x M; zvec §x Vp; yvec tix Vp;
yvec fix U; yvec ix P; yvec ix M; Ap % C; z ff C; avec x C; yvec
tx 0] =

Prop C ¥ ((vz))P) (iM(v(zvecQz#yvec))(N) < P') (z#Ap) Up
and rScope: AU P a P 'z Ap ¥p C.
[ > Pv+——a < P’; extractFrame P = (Ap, Up); distinct Ap;
AC. Prop CU P (a < Py Ap ¥p;
TV v ol Ap; Ap ix U; Ap ix P;
Ap tx a; Ap % P’; distinct(bn «);
bn a fx U; bn a §x P; bn a #x subject a; bn a fx Up;
Ap tx C; z 4 C; bn a fx (] =
Prop C ¥ ((vz)P) (o < ((vz)P’)) (z#Ap) Yp
and rBang: AV P Rs Ap Up C.
[ > P || !P —— Rs; guarded P; extractFrame P = (Ap, ¥p);
distinct Ap;
NC. Prop C U (P || !P) Rs Ap (¥p ® 1); ¥p ~ 1; supp Up =
({}::name set);

() (1)

shows Prop C W P Rs Ap ¥p
(proof)

Ap t+ U; Ap tx P; Ap tx Rs; Ap tx C] = Prop C ¥ (!P) Rs

lemma semanticsFramelnduct’[consumes 5, case-names cAlpha cFrameAlpha cIn-
put cBrinput cOutput cBrOutput cCase cParl cPar2 cComml1 cComm2 cBrMerge
c¢BrComm1 c¢BrComm?2 ¢BrClose ¢cOpen c¢BrOpen cScope cBang):
fixes U b
and P :: ('a, b, 'c) psi
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and Rs :: (‘a, 'b, 'c) residual

and Ap :: name list

and Up == 'b

and Prop :: 'fiifs-name = 'b = (‘a, 'b, '¢) psi = 'a action =
("a, 'b, 'c) psi = name list = 'b = bool

and C :: f:fs-name

assumes Trans: ¥ > P —a < P’
and FrP: extractFrame P = (Ap, Up)
and distinct Ap
and bn « f* subject «
and distinct(bn «)
and rAlpha: AV P o P'p Ap Up C. [bn « #§x U; bn a f§x P; bn « #* subject
a; bn a fix Up;
bn atx C; bn a tx (p - a); Ap i+ U; Ap x P;
Ap tx a; Ap §x P’ Ap #x C;
set p C set(bn a) x set(bn(p + «)); distinctPerm
p;
bn(p - @) tx a; (bn(p - @) $x P’ Prop C ¥ P «
P’ Ap \I/p]] —
Prop CU P (p-a)(p-P) Ap Up
and rFrameAlpha: AV P Ap Up p a P' C. [Ap tx U; Ap #x P; Ap #* (p -
Ap); Ap tx o; Ap tix P’ Ap #x C;
set p C set Ap x set(p - Ap); distinctPerm
p; Ap fx subject «;
Prop CY Pa P Ap Up] = Prop C ¥ P
aP'(p-Ap) (p-Vp)
and rlnput: AV M K zvec N Tvec P C.
[¥ + M + K; distinct zvec; set zvec C supp N;
length zvec = length Tvec; zvec fix W;
avec fx M; zvec i K; avec fx O] =
Prop C U (M (Axzvec N|).P)
(K ((N[zvec::=Tvec])) (Plzvec::=Tvec]) ([]) (1)
and rBrinput: A¥ M K zvec N Tvec P C.
[¥ - K = M; distinct zvec; set zvec C supp N
length zvec = length Tvec; zvec fix W;
avec fx M; zvec §x K; avec fx O] =
Prop C ¥ (M(Axzvec N|.P)
(; K((N[zvec::=Tvec])|) (Plavec:=Tvec]) ([]) (1)
and rOutput: N\W M KNP C. ¥+ M < K= Prop C¥ (M(N).P) (K(N))
P ([) (1)
and 7BrOutput: AW M K NPC. ¥+ M < K = Prop C ¥ (M(N).P)
GK(V) P () (1)
and rCase: NV P o P ¢ Cs Ap Up C. [¥ > P —a < P'; extractFrame P
= (Ap, Up); distinct Ap; NC. Prop C ¥ P« P' Ap Up;
(¢, P) € set Cs; U+ ¢; guarded P; Up ~ 1;
(supp Up) = ({}::name set);
Ap §x W5 Ap % P; Ap % o; Ap §x P’y Ap f*
C] = Prop C U (Cases Cs) o P’ ([]) (1)
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and rParl: AV ¥g Pa P'Ag Q Ap Up C.
[V® ¥y > Pr—a < P,
extractFrame P = (Ap, Up); distinct Ap;
extractFrame Q = (Ag, Vq); distinct Ag;
AC. Prop C (¥ @ Ug) Pa P' Ap Up;
Ap fx P; Ap fix Q; Ap §x W5 Ap #x a; Ap §x Py Ap fx Ag; Ap
g Wo;
Ag tx P; Ag % Q; Ag % U; Ag tx o Ag i P’ Ag tx Up;
bn o fx U; bn o fix P; bn o fix Q; bn o f* subject a; bn o fx Up;
bn a fx WUg;
Ap % C; Ag % C; bn a tx (] =
Prop CU (P || @) a (P'] Q) (Ap8dg) (Up © Tg)
and rPar2: NV ¥p Q a Q' Ap P Ag ¥g C.
[¥® Up > Qr—a< Q)
extractFrame P = (Ap, Up); distinct Ap;
extractFrame Q = (Ag, Uq); distinct Ag;
AC. Prop C (T @ Up) Qa Q' Ag Yg;
Ap g% P; Ap fix Q; Ap 1+ W Ap #x a; Ap i+ Q; Ap fix Ag; Ap
g Vs
AQ ﬁ* P; AQ ﬂ* Q; AQ ﬂ* \I/; AQ ﬁ* Q AQ ﬁ* Q/; AQ ﬁ* \I/p;
bn a fx U; bn a fix P; bn o fix Q; bn o f* subject a; bn o fx Up;
bn o x Vo;
Ap % C; Ag % C; bn a tx (] =
Prop CU (P || @) a (P Q) (Ap8dq) (Up © Tg)
and rCommi: N\ Wo PM N P’ Ap ¥p Q K zvec Q' Ag C.
[¥ ® g > P —M(N) < P’; extractFrame P = (Ap, ¥p);
distinct Ap;
NC. Prop C (¥ ® ¥g) P (M(N)) P' Ap Up;
U ® Up > Q—K(vxzvec)(N) < Q'; extractFrame Q = (Ag,
Ug); distinct Ag;
UVeUp® Vgl M« K; distinet zvec;
AC. Prop C (¥ ® ¥p) Q (K(vxzvec)(N)) Q' Ag Vs
AP ﬂ* \IJ; Ap ﬁ* \I/Q; Ap ﬁ* P; Ap ﬁ* M; AP ﬂ* N; AP ﬂ* Pl;
Ap % Q; Ap t* Qs Ap % Ag; Ap fx zvec; Ag i U; Ag #x Up;
AQ ﬁ* P; AQ ﬂ* N; AQ ﬁ* P’; AQ ﬁ* Q; AQ ﬁ* K; AQ ﬁ* Q/;
Ag B zvec; zvec i W; zvec §x Wp; avec fx Vg; zvec fx P; zvec fx*

zvec Bx Q; zvec fx K; Ap tx C; Ag tx C; zvec tx O] =
Prop C W (P || Q) (7) ((rwovec)(P || @) (Ap@Aq) (¥p & ¥)
and rComm2: NV Wg P M zvec N P' Ap ¥p Q K Q' Ag C.
[¥ @ Ug > P —M(vsavec)(N) < P’; extractFrame P = (Ap,
Up); distinct Ap;
AC. Prop C (¥ ® Vg) P (M(v*avec))(N)) P' Ap Up;
U ¥Up > Q—K(N) < Q' extractFrame @ = (Ag, Vg);
distinct Ag;
AC. Prop C (¥ & ¥p) Q (K(N)) Q' Ag Wo;
UVeUp® Vgl M« K; distinct zvec;
Ap fx W; Ap #x Wq; Ap #x P; Ap i M; Ap #x N; Ap % P/
Ap % Q; Ap t* Q'; Ap % Ag; Ap fx zvec; Ag i U; Ag fx Up;
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AQ ﬁ* P; AQ ﬂ* N; AQ ﬁ* P'; AQ ﬁ* Q; AQ ﬁ* K; AQ ﬁ* Q/;
A ti* zvec; zvec f§x W; avec §x Wp; zvec §* Vg; zvec fx P; zvec §x
M;
zvec §x Q; zvec fx K; Ap tx C; Ag tx C; zvec tx O] =
Prop C W (P || Q) (7) ((vwovec)(P || Q1) (Ap@Aq) (¥p ® W)
and rBrMerge: AU Yo PM NP’ Ap ¥p Q Q' Ag C.
[¥ @ g > Pr— ;M(N) < P NC. Prop C (¥ ® ¥g) P
(()MGND) P’ Ap \pr;
extractFrame P = (Ap, Up); distinct Ap;
UeUp> Q+— (M(IN) < Q5 ANC. Prop C (¥ ® Up) Q
(GM(ND) Q' Ag Wg;
extractFrame @ = (Ag, Vq); distinct Ag;
Ap Ij* \I/; Ap ﬁ* \IIQ; AP ﬁ* P; Ap ﬁ* N, Ap ﬂ* PI;
Ap % Q; Ap #x Q'; Ap fix Ag; Ap tx M; Ag f*x M;
AQ ﬁ* \I’; AQ ﬁ* \I/p; AQ ﬁ* P; AQ ﬁ* N; AQ ﬁ* P/;
Ag % Q; Ag 8 Qs Ap tx C; Ag tx C] =
Prop €W (P || Q) (M(ND) (P"]| Q') (Ap@4g) (¥p ® W)
and rBrComml1:\V Vg P M N P’ Ap Up Q zvec Q' Ag C.
[¥ @ g > P ——(M(N|) < P’; extractFrame P = (Ap, Up);
distinct Ap;
AC. Prop C (¥ @ Ug) P ((M(N)) P' Ap Up;
U@ Up > Q+—M(vszvec)(N) < Qs extractFrame Q = (Ag,
U); distinct Ag;
distinct zvec;
NC. Prop C (¥ ® ¥p) Q (M (v*avec)(N)) Q" Ag Vg;
Ap tx U5 Ap tx Ug; Ap §x Py Ap §x N; Ap i P';
Ap % Q; Ap i Q'; Ap % Ag; Ap fx zvec; Ag i U; Ag % Up;
AQ ﬁ* P; AQ ﬂ* N; AQ ﬁ* Pl; AQ ﬁ* Q; AQ ﬁ* Q/;
Ag t* zvec; zvec fx Vs zvec §x Wp; zvec §x Wq; zvec §x P
zvec fx Q; Ap tix C; Ag tx C; avec fix C}
Ap % M; Ag #x M; zvec tx M| =
Prop C' ¥ (P | Q) (iM(vszvec)(N)) (P'| Q') (ApQAg) (¥p ®
Vo)
and rBrComm2:\V Vg P M zvec N P’ Ap ¥p Q Q' Ag C.
[V ® Vg > P +——iM(vszvec)(N) < P’; extractFrame P = (Ap,
Up); distinct Ap;
NC. Prop C (¥ ® ¥g) P (iM(v+zvec)(N)) P' Ap VUp;
U®Up > Q—(M(N) < Q) extractFrame Q = (Ag, Vg);
distinct Ag;
AC. Prop € (¥ © Up) Q GM(N)) Q' Ag Wo;
distinct zvec;
Ap tx U5 Ap tx Ug; Ap §x Py Ap §x N; Ap tx P,
Ap % Q; Ap i Q'; Ap % Ag; Ap fx zvec; Ag i U; Ag % Up;
AQ ﬁ* P; AQ ﬂ* N; AQ ﬁ* Pl; AQ ﬁ* Q; AQ ﬁ* Q/;
Ag ti* zvec; zvec fx Vs zvec §x Wp; zvec §x Wq; zvec §x P
zvec fx Q; Ap tix C; Ag tx C; avec ix C}
Ap % M; Ag #x M; zvec tx M| =
Prop C' ¥ (P | Q) (iM(vszvec)(N)) (P'| Q') (ApQAg) (¥p ®
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and rBrClose: NV P M zvec N P' Ap Up x C.
[¥ > P +— M(vkzvec)(N) < P’
x € supp M,
NC. Prop C ¥ P (iM(v*zvec)(N)) P' Ap Vp;
extractFrame P = (Ap, Up); distinct Ap;
Ap ttx U; Ap fix P; Ap #x M; Ap tix N; Ap fix P’; Ap fi* zvec;
distinct zvec; zvec fx V; xvec fx Vp; zvec fx P;
avec fx M;
z Uz zvec; x § Ap;
Ap tx C; zvec % C; z § C] =
Prop C'V ((vz)P) (1) ((va)((v+zvec)P)) (z#Ap) Yp
and rOpen: ANV P M zvec yvec N P' z Ap Up y C.
[¥ > P — M(vx(zvecQyuec))(N) < P’ extractFrame P = (Ap,
Up); distinct Ap;
NC. Prop C U P (M(vx(zvecQyuec))(N)) P’ Ap Up; © € supp
N;z§U;z4 M;
x f Ap; x f zvec; x § yvec; Ap fix U; Ap tix P; Ap tix M; Ap fix

N; Ap #x P/;
Ap #x zvec; Ap fi*x yvec; zvec f* yvec; distinct xvec; distinct yvec;
zvec fx U; zvec fx P; xvec fx M; zvec fx Vp;
yvec fx W; yvec §x P; yvec x M; Ap #x C; z  C; zvec $x C; yvec
fx C;

yF oyt Wyt Pyt M;yfavec; y i yvec; y § Ny y§ Phy
Ap;y§ ¥piyt C] =
Prop C ¥ ((vz)P) (M(vx(zvecQy#yvee)){(([(z, y)] - N))) ([(z,
y)| - P) (z#Ap) Vp
and rBrOpen: AV P M xvec yvec N P' x Ap Up y C.
[¥ > P +—iM(v*(zvecQyuec))(N) < P’; extractFrame P = (Ap,
Up); distinct Ap;
NC. Prop C ¥ P (jM(vx(zvecQyuec))(N)) P’ Ap Up; © € supp
N;z§U;zd M;
xf Ap; x f xvec; x § yvec; Ap % VU; Ap tix P; Ap tix M; Ap fx

N; Ap #x P/;
Ap tx xvec; Ap tix yvec; xvec fx yvec; distinct zvec; distinct yvec;
avec fx U; zvec #x P; zvec §x M; zvec §x Up;
yvec fx W; yvec §x P; yvec {x M; Ap #x C; z § C; zvec #x C; yvec
fx C;

y#zy Uy Pyl Myt avee; y §yvec; y § Ny Pyt
Ap;y 8 ¥psyt C] =

Prop C U ((v)P) (M(vs(avecyyued)) (. )] - N))) ([(z.
y)l - P') (z#Ap) Vp

and rScope: AU Pa P'z Ap Up C.

[¥ > P+—a < P’ extractFrame P = (Ap, Up); distinct Ap;

AC. Prop C U P o P' Ap Up;

iV zfa;xl Ap; Ap §x U Ap ix P,

Ap #x a; Ap tx P

bn a fx U; bn o 4% P; bn a #x subject a; bn a fx Up;

Ap tx C;z 4 C; bn a fx (] =

Prop C ¥ ((vz)P) o ((vz)P’) (x#Ap) ¥p
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and rBang: A¥Y Pa P'Ap ¥p C.
[¥ > P || !P—a < P’; guarded P; extractFrame P = (Ap, Up);
distinct Ap;
ANC. Prop C U (P ||!P)a P Ap (Up ® 1); Up ~ 1; supp ¥p
= ({}::name set);
Ap % U; Ap #x P; Ap 8% a; Ap tx P'; Ap #x C] = Prop C' ¥
(‘P)a P ([]) (1)
shows Prop C ¥ P o P’ Ap Up
(proof)

lemma inputFramelnduct[consumes 3, case-names cAlpha cInput cCase cParl
cPar2 cScope cBang|:

fixesU b
and P :: (‘a, b, 'c) psi
and M :'a
and N :'a

and P’ :: ('a, b, 'c) psi
and Prop :: 'f::fs-name = 'b = (‘a, 'b, 'c) psi =

‘a = 'a = ('a, 'b, '¢) psi = name list = b = bool
and C : f:fs-name

assumes Trans: ¥ > P —M(N|) < P’
and FrP: extractFrame P = (Ap, Up)
and distinct Ap
and rAlpha: N\V PM NP’ Ap Up p C. [Ap i+ U; Ap #x P; Ap tx M; Ap fx
N; Ap #x P’; Ap #x (p - Ap); Ap #x C;
set p C set Ap x set(p + Ap); distinctPerm p;
Prop C UV PMNP' Ap Up] = Prop C ¥
PMNP'(p-Ap) (p-Vp)
and rlnput: AU M K zvec N Tvec P C.
[¥ - M + K; distinct zvec; set zvec C supp N;
length zvec = length Tvec; zvec fix W;
avec fx M; zvec tx K; avec fx O] =
Prop C U (M(Aszvec N|.P)
K (N[zvec::=Tvec]) (Plzvec::=Tuvec]) ([]) (1)
and rCase: N\ PMNP' o Cs Ap Up C.[¥ > P—M(N| < P’; extractFrame
P = (Ap, Up); distinct Ap; NC. Prop C ¥ P M N P’ Ap Up;
(¢, P) € set Cs; U+ ¢; guarded P; Up ~ 1;
(supp Up) = ({}::name set);
Ap Ij* \I/, AP Ij* P7 AP ﬂ* M; Ap ﬁ* N; AP
gx P’y Ap #x C] = Prop C ¥ (Cases Cs) M N P’ (]]) (1)
and rParl: AW ¥g PM NP’ Ag Q Ap ¥p C.
[¥ ® ¥g > P+—M(N) < P
extractFrame P = (Ap, ¥p); distinct Ap;
extractFrame Q = (Ag, Vq); distinct Ag;
AC. Prop C (¥ @ W) P MNP’ Ap Up;
Ap fx Py Ap % Q; Ap §x W5 Ap §x M; Ap fx N; Ap §x P’y Ap
Ag; Ap tx Vg
AQ ﬂ* P; AQ ﬂ* Q; AQ ﬁ* \I/; AQ ﬁ* M; AQ ﬁ* N; AQ ﬁ* Pl; AQ
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fx Up;
Ap % C; Ag tx O] =
Prop C ¥ (P || Q) MN (P'| Q) (Ap@Aq) (Vp ® ¥q)
and rPar2: AV ¥p Q M N Q' Ap P Ag Ug C.
(Vo Up> QsM(N) < Q"
extractFrame P = (Ap, ¥p); distinct Ap;
extractFrame Q = (Ag, Vq); distinct Ag;
AC. Prop C (¥ @ ¥p) Q M N Q' Ag Vo
Ap tx P; Ap fx Q; Ap fix U5 Ap #x M; Ap #x N; Ap i+ Q' Ap
g Ags Ap x Vg;
AQ ﬁ* P; AQ ﬁ* Q; AQ ﬁ* \I’; AQ ﬂ* M; AQ ﬂ* N; AQ ﬁ* Ql; AQ
fx Up;
Ap % C; Ag tx O] =
Prop C W (P || Q) M N (P | Q) (Ap@Aq) (Vp ® ¥q)
and rScope: A\ PM N P’z Ap Up C.
[¥ > P—M(NJ|) < P’; extractFrame P = (Ap, Up); distinct Ap;
NC. Prop C UV PMNP Ap Up; 2§ V; z 8§ M; z  N;
z§ Ap; Ap tx W; Ap fx P; Ap §x M; Ap i+ N; Ap fx P
Ap tx C; z ff C] =
Prop C U ((vz)P) M N ((vz)P’) (z#Ap) Up
and rBang: AV PMNP' Ap ¥p C.
[¢ > P ||'P+—M(N) < P’; guarded P; extractFrame P = (Ap,
Up); distinct Ap;
AC. Prop CU (P ||!P) MNP Ap (¥p ® 1); ¥p ~ 1; (supp
Up) = ({}::name set);
AP ﬁ* ‘I/, AP ﬁ* f)7 Ap ﬁ* ]\47 Ap ﬁ* N, AP ﬂ* Pl; AP ﬂ* C]] -
Prop C ¥ (I\P) M N P’ ([]) (1)
shows Prop C W P M N P’ Ap ¥Up
(proof )

lemma brinputFramelnduct[consumes 3, case-names cAlpha cBrinput cCase cParl
cPar2 cBrMerge cScope cBang]:

fixesU b
and P :: (‘a, b, 'c) psi
and M :'a
and N :=:'a

and P’ :: (‘a, 'b, 'c) psi
and Prop :: 'f::fs-name = 'b = (‘a, 'b, 'c) psi =

'a = 'a = (‘a, 'b, 'c) psi = name list = 'b = bool
and C :: 'f:fs-name

assumes Trans: ¥ > P —;M(N|) < P’
and FrP: extractFrame P = (Ap, Up)
and distinct Ap
and rAlpha: N\V PM N P’ Ap Up p C. [Ap i+ U; Ap #x P; Ap tx M; Ap fx
N; Ap tx P’; Ap tix (p - Ap); Ap #x C;
set p C set Ap x set(p - Ap); distinctPerm p;
Prop C¥ PMN P’ Ap Up] = Prop C ¥
PMNP (p-Ap) (p-¥p)
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and rBrinput: AV M K zvec N Tvec P C.
[¥ - K = M; distinct zvec; set zvec C supp N;
length zvec = length Tvec; zvec fix W;
avec fx M; zvec §x K; avec fx O] =
Prop C U (M (Axzvec N|).P)
K (Nlzvec::=Tvec]) (Plzvec::=Tvec]) ([]) (1)
and rCase: N\U PM NP’ Cs Ap p C. [¥ > P+—;M(N|) < P'; extract-
Frame P = (Ap, ¥p); distinct Ap; ANC. Prop C ¥ P M N P’ Ap Up;
(p, P) € set Cs; ¥ I ¢; guarded P; Up ~ 1;
(supp Up) = ({}::name set);
Ap ﬂ* \I/; Ap ﬂ* P; AP ﬂ* M; Ap ﬁ* N; Ap
fx P’y Ap #x C] = Prop C ¥ (Cases Cs) M N P’ (]]) (1)
and rParl: N\ Wg PM NP Ag Q Ap ¥p C.
[ ® Ug > P —s; M(N) < P’
extractFrame P = (Ap, Up); distinct Ap;
extractFrame Q = (Ag, Uq); distinct Ag;
AC. Prop C (¥ @ Ug) PM N P' Ap Up;
Ap tx Py Ap #x Q5 Ap fx W; Ap fix M; Ap i+ N; Ap fx P’ Ap §x
Ag; Ap §x Vo
AQ ﬁ* P; AQ ﬂ* Q; AQ ﬁ* \11; AQ ﬁ* M; AQ ﬁ* N; AQ ﬁ* P/; AQ
fx Up;
Ap % C; Ag #x C] =
Prop C W (P || Q MN (P'|| Q) (A4p@Aq) (Vp & W)
and rPar2: N\ ¥p Q M N Q' Ap P Ag Vg C.
[T @ ¥p > Q+—(M(N) < Q'
extractFrame P = (Ap, Up); distinct Ap;
extractFrame @ = (Ag, Vq); distinct Ag;
AC. Prop C (¥ @ Up) QM N Q" Ag Vy;
Ap tx P; Ap fix Q; Ap #x W5 Ap §x M; Ap fix N; Ap i+ Q'; Ap
fx Ag; Ap fx Vo
AQ ﬁ* P; AQ ﬁ* Q; AQ ﬂ* \If; AQ ﬁ* M; AQ ﬂ* N; AQ ﬁ* Q/; AQ
e Up;
Ap % C; Ag tx C] =
Prop C U (P || Q) MN (P || Q) (4p@Ag) (¥p © )
and rBrMerge: N\W ¥ PM NP’ Ap Up Q Q' Ag C.
[T ® Uo > P ;M(N) < P, NC. Prop C (¥ ® ¥o) P M N
P’ AP \I/p;
extractFrame P = (Ap, ¥p); distinct Ap;
Ve Up> Qr (M(IN) < Qs NC. Prop C (¥ @ Up) Q M N
Q' Aq Vg
extractFrame Q = (Ag, Vg); distinct Ag;
Ap i+ U5 Ap ix Ug; Ap §x Py Ap §x N; Ap i P';
Ap i Qs Ap tx Qs Ap §x Ag; Ap fx M; Ag fx M;
AQ ﬁ* \I’; AQ ﬁ* \I/p; AQ ﬁ* P; AQ ﬁ* N; AQ ﬁ* Pl;
Ag t* Q; Ag tx Q'; Ap #x C; Ag tx C] =
Prop C U (P || Q) M N (P"|| Q) (Ap@Aq) (Yp ® ¥q)
and rScope: A\ PM N P’z Ap Up C.
[¥ > P+ M(N|) < P’; extractFrame P = (Ap, Up); distinct
Ap;
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NC. Prop C UV PMNP Ap Up; 2§ U; z 8§ M; z  N;
z§ Ap; Ap tx W5 Ap fix P; Ap §x M; Ap i+ N; Ap fx P
Ap tx C; z ff C] =
Prop C U ((vz)P) M N ((vz)P’) (z#Ap) ¥p
and rBang: AV PMNP' Ap ¥p C.
[ > P | !P——;M(|N) < P’ guarded P; extractFrame P =
<AP, \I/p>; distinct Ap;
AC. Prop CU (P ||!P) MNP Ap (¥p ® 1); Up ~ 1; (supp
Up) = ({}::name set);
AP ﬁ* ‘I/, AP ﬁ* f)7 Ap ﬁ* M, Ap ﬁ* N, AP ﬁ* Pl; AP ﬂ* C]] -
Prop C ¥ (I1P) M N P’ ([]) (1)
shows Prop C W P M NP’ Ap ¥Up
(proof)

lemma outputFramelnduct[consumes 3, case-names cAlpha cOutput cCase cParl
cPar2 cOpen cScope cBang:

fixes U b
and P :: (‘a, b, 'c) psi
and M :'a
and B :: (‘a, b, 'c) boundOutput
and Ap :: name list
and Up b

and Prop :: 'f::fs-name = 'b = (‘a, 'b, 'c) psi =
‘a = ('a, 'b, 'c) boundOutput = name list = 'b = bool
and C : f:fs-name

assumes Trans: ¥ > P —ROut M B
and FrP: extractFrame P = (Ap, Up)
and distinct Ap
and rAlpha: NV P M Ap Up p B C. [Ap 8% U; Ap #x P; Ap tx M; Ap #x (p
- Ap); Ap tx B; Ap t C;
set p C set Ap x set(p - Ap); distinctPerm p;
Prop C WV PMBAp ¥p] = Prop C¥ PMB
(p-Ap) (p- ¥p)
and rOutput: N\W MKNPC. V+ M <+ K= Prop CV (M(N).P) K (N
< P) (D) (1)
and rCase: N\V PM B ¢ Cs Ap Up C. [¥ > P +——(ROut M B); extractFrame
P = (Ap, Up); distinct Ap; NC. Prop C ¥ P M B Ap Up;
(¢, P) € set Cs; U F ¢; guarded P; ¥p ~ 1;
(supp Up) = ({}::name set);
Apﬁ*\ll;Apﬁ*P;Apﬂ*M;Apﬁ*B;Apﬂ*
C] = Prop C U (Cases Cs) M B ([]) (1)
and rParl: AV $go P M avec NP Ag Q Ap ¥p C.
[V ® Vg > P +—M(vkzvec)(N) < P/
extractFrame P = (Ap, ¥p); distinct Ap;
extractFrame @ = (Ag, Vq); distinct Ag;
AC. Prop C (¥ ® Vo) P M ((vxzvec)N <" P') Ap ¥p;
Ap tx P; Ap % Q; Ap fx U; Ap tx M; Ap fx zvec; Ap x N; Ap
fx P Ap fx Ag; Ap tx Vo;
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Ag tx P; Ag % Q; Ag #x W; Ag ix M; Ag fx zvec; Ag tx N; Ag
fx P’y Ag #* Up;
zvec fx W; zvec fx P; zvec ix Q; zvec §x M; xvec §x Up; zvec fx W
Ap #x C; Ag tx C; zvec fx C] =
Prop C ¥ (P || Q) M ((vxzvec)N <" (P"| Q)) (ApQAq) (Vp &
Vo)
and rPar2: AV ¥p Q M azvec N Q' Ap P Ag Vg C.
[ @ Up > Q+—M(vszvec)(N) < Q;
extractFrame P = (Ap, Up); distinct Ap;
extractFrame Q = (Ag, Vq); distinct Ag;
AC. Prop C (¥ @ Up) Q@ M ((vxzvec)N <" Q") Ag Vo;
Ap #x P; Ap fix Q; Ap tx U; Ap fix M; Ap #x avec; Ap #x N; Ap
fx Q% Ap Bx Ag; Ap §x Vq;
Ag % P; Ag tx Q; Ag #x U5 Ag tx M; Ag i zvec; Ag #x N; Ag
Q" Aq tx Vp;
zvec fx W; zvec fx P; zvec §* Q; zvec §x M; xvec f§x Wp; zvec fx W,
Ap tx C; Ag t* C; zvec g O] =
Prop C ¥ (P || Q) M ((vxzvec)N <’ (P || Q") (Ap@QAg) (¥p ®
Vo)
and rOpen: AU P M zvec yvec NP’z Ap Up C.
[¥ > P +— M(v*(zvecQyuec))(N) < P’; extractFrame P = (Ap,
Up); distinct Ap;
AC. Prop C U P M ((v+(zvecQyuec))N <’ P') Ap Up; x € supp
Nz g Uz f M
x f Ap; x f 2vec; x § yvec; Ap % U; Ap tix P; Ap tix M; Ap fx*

N; Ap #x P/,

Ap % zvec; Ap f* yvec;

avec fx U5 zvec #x P; xvec §x M; zvec §x Up;

yvec §x WU; yvec §x P; yvec fix M; Ap #x C; z  C; xvec §x C; yvec
tx O] =

Prop C U ((vz)P) M ((v+(zvecQatyvec))N <’ P’) (z#Ap) Up
and rScope: NV P M zvec N P'z Ap Up C.
[¥ > P +—M(vszvec)(N) < P, extractFrame P = (Ap, ¥p);
distinct Ap;
NC. Prop C ¥ P M ((vxzvec)N <’ P') Ap Up;
c Uzl M,z avec; v § Ny xff Ap; Ap #x U; Ap tix P;
Ap ttx M; Ap #x N; Ap #x P’ Ap t* zvec;
avec fx U5 zvec #x P; xvec §x M; zvec fx Up;
Ap tx C; z ¢ C; avec tx C] =
Prop C ¥ ((vz)P) M ((vxazvec)N <’ ((vz)P")) (z#Ap) ¥p
and rBang: AV PM B Ap Up C.
[¥ > P | !P+—ROut M B; guarded P; extractFrame P = (Ap,
Up); distinct Ap;
NC. Prop C¥ (P ||!P) M BAp (¥p ® 1); ¥p ~ 1; supp Up
= ({}::name set);
Ap % U; Ap #x P; Ap #x M; Ap #x C] = Prop C ¥ (IP) M
B (D) (1)

shows Prop C W PM B Ap ¥p
{proof)
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lemma broutputFramelnduct[consumes 3, case-names cAlpha cBrOutput cCase
cParl c¢Par2 ¢cBrComml ¢BrComm?2 ¢BrOpen cScope cBang|:

fixesU = 'b
and P :: (‘a, 'b, 'c) psi
and M :'a
and B :: (‘a, 'b, 'c) boundOutput
and Ap :: name list
and Vp b

and Prop :: 'fi:fs-name = 'b = (‘a, 'b, 'c) psi =
'a = (Ya, b, 'c) boundOutput = name list = 'b = bool
and C :: 'fifs-name

assumes Trans: ¥ > P —RBrOut M B
and FrP: extractFrame P = (Ap, Up)
and distinct Ap
and rAlpha: NV P M Ap ¥p p B C. [Ap #x U; Ap #x P; Ap % M; Ap #x (p
- Ap); Ap % B; Ap fx C;
set p C set Ap x set(p - Ap); distinctPerm p;
Prop CV PMBAp ¥p] = Prop C¥ PMB
(p-Ap) (p- ¥p)
and rBrOutput: N\ M KNP C.V+ M < K = Prop CV (M{(N).P) K
(N <"P) ([)) (1)
and rCase: A\ PM B¢ Cs Ap ¥p C. [¥ > P+——(RBrOut M B); extractFrame
P = (Ap, Up); distinct Ap; NC. Prop C ¥ P M B Ap Up;
(¢, P) € set Cs; U+ ¢; guarded P; Up ~ 1,
(supp Up) = ({}::name set);
Ap #x WU; Ap tix P; Ap #x M; Ap tx B; Ap fx
C) = Prop C' ¥ (Cases Cs) M B (]]) (1)
and rParl: N\V g P M zvec NP' Ag Q Ap ¥p C.
[ ® g > P —iM(vxazvec)(N) < P’
extractFrame P = (Ap, Up); distinct Ap;
extractFrame Q = (Ag, Vq); distinct Ag;
AC. Prop C (¥ @ ¥g) P M ((vszvec)N <’ P') Ap Up;
Ap tix P; Ap #x Q; Ap #ix U; Ap % M; Ap #x avec; Ap % N; Ap
= P Ap fx Ag; Ap tx Vo
Ag tx P; Ag tx Q; Ag #x ¥; Ag % M; Ag i zvec; Ag tx N; Ag
fx P’; Ag #x Up;
avec §x Vs gvec fx P; zvec §x Q; avec fx M; avec tx Vp; avec fx Vo,
Ap tx C; Ag tx C; zvec g O] =
Prop C ¥ (P | Q) M ((vxazvec)N <’ (P'|| Q)) (Ap@QAg) (¥p @
Vo)
and rPar2: AU ¥p Q M avec N Q' Ap P Ag ¥g C.
[T ® ¥p > Q —iM(vxzvec)(N) < Q
extractFrame P = (Ap, ¥p); distinct Ap;
extractFrame @ = (Ag, Vq); distinct Ag;
AC. Prop C (T @ Up) Q@ M ((vxzvec)N <" Q") Ag Vg;
Ap #x P; Ap fix Q; Ap tx U; Ap fix M; Ap #x avec; Ap #x N; Ap
B Q" Ap #x Ag; Ap fx Ug;
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Ag tx P; Ag % Q; Ag #x W; Ag ix M; Ag fx zvec; Ag tx N; Ag
t+ Q' Ag #* Vp;
zvec fx W; zvec fx P; zvec ix Q; zvec §x M; xvec §x Up; zvec fx W
Ap #x C; Ag tx C; zvec fx C] =
Prop C ¥ (P || Q) M ((vxzvec)N <" (P || Q) (ApQAg) (¥p ®
Vo)
and rBrCommi1:A\V Vo P M NP’ Ap Up Q zvec Q' Ag C.
[V ® Vg > P+ M(N|) < P’ extractFrame P = (Ap, Up);
distinct Ap;
U@ Up > Q+—iM(vszvec)(N) < Q; extractFrame Q = (Ag,
Uo); distinct Ag;
distinct zvec;
AC. Prop C (¥ @ ¥p) Q M ((vxzvec)N <" Q") Ag Yo
APﬁ*‘;[f;Apﬁ*WQ;APﬁ*P;APﬁ*N;APﬁ*Pl;
Ap tx Q; Ap #x Q'; Ap fix Ag; Ap f* avec; Ag #x V; Aqg i+ Wp;
AQ ﬂ* P; AQ ﬂ* N; AQ ﬂ* Pl; AQ ﬂ* Q; AQ ﬂ* Ql;
Ag #x avec; zvec §x W; avec §x Wp; avec §x Wqg; avec f*x P;
avec fx Q; Ap fx C; Ag #x C; avec fx C
Ap % M; Ag % M; zvec §x M| =
Prop C U (P || Q) M ((vxzvec)N <’ (P’ || Q') (ApQAg) (Tp
® ¥g)
and rBrComm2:\V Uy P M zvec N P' Ap Up Q Q' Ag C.
[¥ ® Ug > P +—iM(vszvec)(N) < P'; extractFrame P = (Ap,
Up); distinct Ap;
AC. Prop C (¥ ® Vo) P M ((vxzvec)N <" P') Ap ¥p;
U R Up>Q—(M(N) < Q) extractFrame Q = (Ag, Vg);
distinct Ag;
distinct zvec;
Ap Ij* \I/; AP ﬁ* \IIQ, Ap ﬁ* P; Ap ﬁ* N, Ap ﬂ* PI;
Ap #x Q; Ap #x Q'; Ap fix Ag; Ap f* avec; Ag #* V; Aqg i+ Up;
AQ ﬁ* P; AQ ﬂ* N; AQ ﬁ* P/; AQ ﬁ* Q; AQ ﬁ* Q/;
Ag #* avec; zvec §x V; avec §x Wp; avec §x Wq; zvec f* P;
avec fx Q; Ap tx C; Ag tx C; avec fx C
Ap % M; Ag % M; avec §x M| =
Prop C U (P || Q) M ((vxzvec)N <" (P’ | Q') (ApQAg) (Vp
® ¥g)
and rBrOpen: AV P M zvec yvec N P! x Ap Up C.
[¥ > P +——iM(vx(zvecQyuec))(N) < P’; extractFrame P = (Ap,
Up); distinct Ap;
AC. Prop C U P M ((vx(zvecQyuec))N <’ P’) Ap Up; x € supp
N;zd Uzt M;
xf Ap; x ff zvec; x § yvec; Ap ix U; Ap tix P; Ap tix M; Ap

N; Ap #x P/;

Ap #x avec; Ap #x yovec;

avec fx U; zvec #x P; zvec §x M; zvec §x Up;

yvec fix U; yvec ix P; yvec ix M; Ap tx C; z §f C; avec ix C; yvec
tx O] =

Prop C U ((vz)P) M ((v+(zvecQx#yvec))N <’ P’) (z#Ap) Up
and rScope: AV P M zvec N P’z Ap ¥p C.
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[¥ > P +——iM(vxavec)(N) < P’; extractFrame P = (Ap, ¥p);
distinct Ap;
NC. Prop C¥ P M ((vxzvec)N <’ P’) Ap Up;
c Uzl M,z avec; x § Ny xff Ap; Ap #x U; Ap % P;
Ap ttx M; Ap #x N; Ap #x P’ Ap t* zvec;
avec fx U5 zvec #x P; xvec §x M; zvec §x Up;
Ap tx C; z ¢ C; avec tx C] =
Prop C ¥ ((vz)P) M ((vxazvec)N <’ ((vz)P")) (z#Ap) ¥p
and rBang: AV PM B Ap Up C.
[¥ > P || P —RBrOut M B; guarded P; extractFrame P =
(Ap, Up); distinct Ap;
NC. Prop C¥ (P ||!P) M BAp (¥p ® 1); ¥p ~ 1; supp Up
= ({}::name set);
Ap % U; Ap #x P; Ap #x M; Ap #x C] = Prop C ¥ (IP) M
B (D) (1)

shows Prop C W PM B Ap ¥Up
(proof)

lemma tauFramelnduct[consumes 3, case-names cAlpha cCase cParl cPar2 cComml
cComm2 c¢BrClose cScope cBang]:
fixes U b
and P :: (‘a, b, 'c) psi
and P’ :: ('a, b, 'c) psi
and Prop :: f::fs-name = 'b = (‘a, 'b, 'c) psi =
("a, b, 'c) psi = name list = 'b = bool
and C :: f:fs-name

assumes Trans: ¥ > P ——71 < P’
and FrP: extractFrame P = (Ap, ¥p)
and distinct Ap
and rAlpha: N\ P P' Ap Up p C. [Ap #§x U; Ap #x P; Ap tx P’; Ap tx (p -
Ap); Ap tx C;
set p C set Ap x set (p - Ap); distinctPerm p;
Prop CV P P’ Ap Vp] = Prop CV PP’ (p -
Ap) (p - Vp)
and rCase: NV P P' ¢ Cs Ap ¥p C. [V > P —7 < P’; extractFrame P =
(Ap, Up); distinct Ap; NC. Prop C ¥ P P’ Ap Up;
(¢, P) € set Cs; ¥ F ¢; guarded P; Up ~ 1,
(supp Up) = ({}::name set);
Ap ﬁ* \I/, Ap ﬁ* P, Ap Ij* P/; Ap ﬁ* C]] -
Prop C ¥ (Cases Cs) P'([]) (1)
and rParl: AW ¥g PP’ Ag Q Ap ¥p C.
[V® Vg > Pr—71 < P
extractFrame P = (Ap, ¥p); distinct Ap;
extractFrame Q = (Ag, Vq); distinct Ag;
/\C Prop C (\I’ ® \I/Q) PP/AP \I/p;
Ap 4% P; Ap tx Q; Ap fix W5 Ap §x P, Ap tx Ag; Ap i Vg;
AQ ﬂ* P; AQ ﬂ* Q; AQ ﬂ* \I/; AQ ﬂ* Pl; AQ ﬂ* \I/p;
Ap #x C; Ag #x C] =
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Prop C U (P || Q) (P']| Q) (Ap@Ag) (Up © Tg)
and rPar2: N\U ¥p Q Q" Ap P Ag ¥g C.
[ ® Up > Qr—1 < Q)
extractFrame P = (Ap, Up); distinct Ap;
extractFrame @Q = (Ag, Vq); distinct Ag;
AC. Prop C (T @ ¥p) Q Q' Ag Yg;
Ap % Py Ap 1+ Q; Ap #x W5 Ap fix Q5 Ap fix Ag; Ap i Wq;
AQ ﬁ* P; AQ ﬂ* Q; AQ ]j* \I/; AQ ﬁ* Q/; AQ ]j* \I/p;
Ap % C; Ag tx C] =
Prop CU (P | Q) (P || @) (Ap04q) (¥p ® Wg)
and rCommi: N\ ¥g PM N P’ Ap ¥p Q K zvec Q' Ag C.
[¥ @ g > P —M(N) < P'; extractFrame P = (Ap, ¥p);
distinct Ap;
U ® Up > Q+—K(vxavec)(N) < Q7 extractFrame Q = (A,
Ug); distinct Ag;
Ve¥p Vgt M« K; distinct zvec;
Ap i+ U; Ap tx Uq; Ap tx P; Ap tx M; Ap fx N; Ap tx P/,
Ap % Q; Ap 8% Q' Ap tx Ag; Ap fx avec; Ag tx U; Ag fx Up;
AQ ﬁ* P; AQ ﬂ* N; AQ ﬁ* P’; AQ ﬁ* Q; AQ ﬁ* K; AQ ﬁ* Q/;
Ag B zvec; zvec i W; zvec §x Wp; avec fx Vg; zvec fx P; zvec fx*

zvec Bx Q; zvec fx K; Ap tx C; Ag tx C; zvec tx (] =
Prop C U (P || Q) ((vswvec)(P’ || @) (Ap@Aq) (Tp © Bg)
and rComm2: NV Wg P M zvec N P' Ap ¥p Q K Q' Ag C.
[¥ @ Uy > P ——M(vsavec)(N) < P’; extractFrame P = (Ap,
Up); distinct Ap;
U Up > Q—K(N) < Q; extractFrame @ = (Ag, Vg);
distinct Ag;
Ve VUp® Vg M« K; distinct zvec;
AP ﬁ* \If; Ap ﬁ* \I/Q; Ap ﬁ* P; Ap ﬁ* M; AP ﬁ* N; Ap Ij* P/;
Ap #x Q; Ap #x Q'; Ap fix Ag; Ap f* wvec; Ag #x V; Aqg i+ Wp;
AQ ﬂ* P; AQ ﬂ* N; AQ ﬂ* Pl; AQ ﬂ* Q; AQ ﬂ* K; AQ ﬂ* Q/;
Ag t* zvec; zvec fx W; zvec §x Wp; zvec §* Vo; zvec fx P; zvec §x
M;
zvec fx Q; zvec tx K; Ap fx C; Ag #x C; avec tx C] =
Prop C U (P || Q) ((weavec)(P' || @) (Ap@dq) (¥ & )
and rBrClose: AW P M avec N P' Ap ¥p x C.
[¥ > P+ jM(vxzvec)(N) < P’
x € supp M;
extractFrame P = (Ap, ¥p); distinct Ap;
Ap % U; Ap fix P; Ap fx M; Ap tix N; Ap #x P’; Ap fix zvec;
distinct zvec; zvec f§x U; zvec fx VU p; zvec fx P;
zvec §x M;
x§ Uz f avec; x § Ap;
Ap tx C; zvec tx C; z  C] =
Prop C ¥ ((vz)P) ((vz)((vxzvec)P')) (xz#Ap) Up
and rScope: AU PP’ 'z Ap Up C.
[¥ > P71 < P’ extractFrame P = (Ap, Up); distinct Ap;
NC. Prop CV PP Ap Up; z § U;
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T § Ap; Ap fx U5 Ap fx P; Ap fix P/
Ap tx C; z § O] =
Prop C ¥ ((vz)P) ((vz)P’) (z#Ap) Up
and rBang: AV PP’ Ap Up C.
[¥ > P || !P 7 < P’ guarded P; extractFrame P = (Ap, ¥p);
distinct Ap;
NC. Prop C U (P || !P) P! Ap (Ip ® 1); Up ~ 1; supp Up =
({}::name set);

() (1)
shows Prop C W P P’ Ap Up

Ap % U; Ap % P; Ap i+ P’; Ap % C] = Prop C ¥ (IP) P’

(proof )
lemma inputFreshDerivative:
fixes U :: b
and P :: (‘a, 'b, 'c) psi
and M ::'a
and N :: 'a

and P’ :: (‘a, 'b, 'c) psi
and z :: name

assumes ¥ > P — M(N|) < P’

and =z P
and zf# N
shows z § P’
(proof)
lemma brinputFreshDerivative:
fixes ¥ ::'b
and P :: (‘a, 'b, 'c) psi
and M ::'a
and N :: 'a

and P’ :: (‘a, 'b, 'c) psi
and z :: name

assumes ¥ > P —; M(N|) < P’
and zf§P
and z# N

shows z § P’

(proof)

lemma inputFreshChainDerivative:
fixes U =D
and P :: (‘a, b, 'c) psi
and M :'a
and N :'a
and P’ :: ('a, b, 'c) psi
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and zvec :: name list

assumes ¥ > P — M(N|) < P’
and zvec fx P
and zvec fx N

shows zvec fx P’
{proof )

lemma brinputFreshChainDerivative:
fixes U b
and P :: ('a, b, 'c) psi
and M :'a
and N :'a
and P’ :: (‘a, b, 'c) psi
and zvec :: name list

assumes ¥ > P —; M(N|) < P’
and avec fix P
and zvec fx N

shows zvec #x P’
{proof )

lemma outputFreshDerivativeN:
fixes U b
and P :: ('a, b, 'c) psi

and M :'a

and zvec :: name list
and N :'a

and P’ :: (‘a, b, 'c) psi
and z :: name

assumes ¥ > P — M (vxavec))(N) < P’
and avec fx M
and distinct zvec
and =z P
and z { zvec

shows z § N
(proof)

lemma broutputFreshDerivativeN :
fixes U b
and P :: (‘a, b, 'c) psi

and M :'a
and zvec :: name list
and N :'a

and P’ :: ('a, b, 'c) psi
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and £ :: name

assumes ¥ > P —iM(vxzvec|)(N) < P’
and zvec fx M
and distinct zvec
and zf§P
and z § zvec

shows z § N

{proof)

lemma outputFreshDerivativeP:

fixes U b

and P :: (‘a, b, 'c) psi
and M :'a
and zvec :: name list
and N :'a
and P’ :: (‘a, 'b, 'c) psi
and z :: name

assumes ¥ > P — M (vxzvec)(N) < P’
and avec fix M
and distinct zvec
and =z P
and =z f zvec

shows =z P’

(proof)

lemma broutputFreshDerivativeP:
fixes¥U b
and P :: (‘a, b, 'c) psi

and M :'a

and zvec :: name list
and N :=:'a

and P’ :: (‘a, b, 'c) psi
and =z :: name

assumes ¥V > P —— M (vszvec)(N) < P’
and zvec fx M
and distinct zvec
and =z P
and z f§ zvec

shows =z P’

(proof)

lemma outputFreshDerivative:
fixes U b
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and P :: ('a, b, 'c) psi

and M :'a

and zvec :: name list
and N :'a

and P’ :: (‘a, b, 'c) psi
and z :: name

assumes ¥ > P — M (vxavec)(N) < P’
and zvec fix M
and distinct xvec
and zf§P
and z f§ zvec

shows z 4 N
and zf P’
(proof )
lemma broutputFreshDerivative:
fixes U b
and P :: (‘a, b, 'c) psi
and M :'a
and zvec :: name list
and N :'a
and P’ :: (‘a, b, 'c) psi
and z :: name

assumes ¥ > P —— M (vszvec)(N) < P’
and zvec fx M
and distinct zvec
and zff P
and =z f zvec

shows zf N
and z{ P’
{proof )

lemma outputFreshChainDerivative:
fixes U b
and P :: ('a, b, 'c) psi

and M :'a
and zvec :: name list
and N :'a

and P’ :: ('a, b, 'c) psi
and yvec :: name list

assumes ¥ > P — M (vxavec)(N) < P’
and zvec fx M
and distinct zvec
and yvec §*x P
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and gyvec fx zvec

shows yvec §x N
and yvec fx P’
(proof )

lemma broutputFreshChainDerivative:
fixes U = 'b
and P :: (‘a, b, 'c) psi

and M :'a
and zvec :: name list
and N :'a

and P’ :: (‘a, b, 'c) psi
and yvec :: name list

assumes ¥ > P — M (vxzvec|)(N) < P’
and zvec fx M
and distinct zvec
and yvec §x P
and yvec #x zvec

shows yvec §x N
and yvec fx P’
{proof )

lemma tauFreshDerivative:
fixes U :: b
and P :: (‘a, 'b, 'c) psi
and P’ :: (‘a, 'b, 'c) psi
and z :: name

assumes ¥ > P ——7 < P’
and z P

shows z § P’
(proof)

lemma tauFreshChainDerivative:
fixesU b
and P :: (‘a, b, 'c) psi
and M :'a
and N :'a
and P’ :: ('a, b, 'c) psi
and zvec :: name list

assumes ¥ > P ——7 < P’
and zvec fx P

shows zvec fx P’
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{proof)

lemma freeFreshDerivative:
fixes U ::'b
and P :: (‘a, 'b, 'c) psi
and a :: ’a action
and P’ :: (‘a, 'b, 'c) psi
and z :: name

assumes ¥ > P —a < P’
and bn « f* subject «
and distinct(bn «)
and zf«

and zff P
shows =z P’
(proof)
lemma freeFreshChainDerivative:
fixes ¥ = 'b
and P (Ya, b, 'c) psi
and « 2 'a action

and P’ = (‘a, b, 'c) psi
and zvec :: name list

assumes ¥ > P —a < P’
and bn « f* subject «
and distinct(bn «)
and avec fix P
and avec fix «

shows zvec fx P’

(proof)
lemma Input:
fixes U ')
and M :'a
and K :'a
and zvec :: name list
and N :=:'a

and Twec :: 'a list

assumes UV - M < K
and distinct zvec
and set xvec C supp N
and length xvec = length Tvec

shows U > M(Axzvec N|).P — K (N[zvec::=Tvec]|) < Plzvec::=Tvec]
(proof)
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lemma Brlnput:

fixesU =D
and M :'a
and K :'a
and zvec :: name list
and N :'a

and Twec :: 'a list

assumes V - K = M
and distinct zvec
and set xvec C supp N
and length zvec = length Tvec

shows ¥ > M(Axzvec N|).P ;K (N|zvec::=Tvec]|) < Plzvec::=Tvec]
(proof)

lemma residualAlpha:

fixes p :: name prm

and « :: ‘a action
and P :: ('a, 'b, 'c) psi

assumes bn(p - a) #§x object «
and bn(p- o) fx P
and bn « f* subject «
and bn(p - ) fx subject «
and set p C set(bn «) x set(bn(p - «))

showsa < P=(p-a)<(p- P)

(proof )
lemma Parl:

fixesU b
and Uy ='b
and P :: (‘a, b, 'c) psi
and o :: ‘a action
and P’ :: (‘a, 'b, 'c) psi
and Ag :: name list

and @ = ('a, ', 'c) psi

assumes Trans: ¥ @ ¥g > P —a < P’
and extractFrame Q = (Ag, Vo)
and bn afx @
and Ag #x ¥
and Ag #x P
and Ag fx o

shows U > P || Q —a < (P'| Q)
(proof)
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lemma Par2:

fixesU =D
and Vp b
and Q@ ::('a, ', 'c) psi
and o :: 'a action
and Q' :: (‘a, b, 'c) psi
and Ap :: name list

and P :: (‘a, b, 'c) psi

assumes Trans: ¥ @ Up > Q —a < Q'
and extractFrame P = (Ap, Up)
and bn afx P
and Ap #x ¥
and Ap #x Q
and Ap #x «

shows U > P || Q —a < (P | @)

(proof)
lemma Open:
fixes U b
and P :: ('a, b, 'c) psi
and M :'a

and zvec :: name list
and yvec :: name list

and N :'a
and P’ :: ('a, b, 'c) psi
and £ :: name

assumes Trans: ¥ > P — M (v*(zvecQyuvec))(N) < P’
and =z € supp N
and z VU
and z i M
and z f§ zvec
and =z ff yvec

shows U > (vz)P — M (vx(zvecQz#yvec))(N) < P’
(proof)

lemma BrOpen:

fixes U = 'b
and P :: (‘a, b, 'c) psi
and M ::'a

and zvec :: name list
and yvec :: name list

and N :'a
and P’ :: ('a, b, 'c) psi
and £ :: name
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assumes Trans: U > P ——iM (v(zvecQyuec))(N) < P’

and =z € supp N
and =z VU

and zt M

and z § zvec
and =z f yvec

shows U > (vz|) P — M (v(zvecQz#yvec))(N) < P’
(proof)

lemma Scope:

fixesU b
and P :: (‘a, b, 'c) psi
and o :: ‘a action
and P’ :: (‘a, b, 'c) psi
and z :: name

assumes ¥ > P —a < P’

and

and =z f «

z iU

shows ¥ > (vz)P —a < (vz)P’

(proof)

lemma inputSwapFrameSubject:

fixes ¥ ::
and P ::
and M :
and N ::
and P’ :
and z :
and y

b

("a, 'b, 'c) psi
‘a

‘a

("a, 'b, 'c) psi
name

name

assumes ¥ > P —M(N|) < P’

and =z P
and yt P
shows (((z, )] - ¥) & P — ([(x, y)] - M)(N) < P’
(proof)
lemma brinputSwapFrameSubject:
fixes U :: b
and P :: (‘a, 'b, 'c) psi
and M ::'a
and N :: 'a
and P’ :: (‘a, 'b, 'c) psi
and z :: name
and y : name
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assumes ¥ > P —; M(N|) < P’
and zff P
and yt P

shows ([(z, y)] - ¥) > P +— (([(z, y)] - M)(N) < P’
(proof )

lemma inputPermFrameSubject:

fixes U :: b
and P :: (‘a, 'b, 'c) psi
and M :'a
and N :: ‘a

and P’ :: (‘a, 'b, 'c) psi
and p : name prm
and Xs :: name set
and Ys :: name set

assumes ¥ > P —M(N|) < P’
and S:setp C Xs X Ys
and Xs tx P
and Ystx P

shows (p - ¥) > P — (p - M)(N|) < P’
{proof)

lemma brinputPermFrameSubject:

fixes U :: b
and P :: (‘a, 'b, 'c) psi
and M ::'a
and N :: 'a

and P’ :: (‘a, 'b, 'c) psi
and p :: mame prm
and Xs :: name set
and Ys :: name set

assumes ¥ > P —; M(N|) < P’
and S:setp C Xs x Ys
and Xsfx P
and Ystx P

shows (p - ¥) > P — ;(p - M)(N) < P’
{proof)

lemma inputSwapSubject:

fixes U :: b
and P :: (‘a, 'b, 'c) psi
and M ::'a
and N :: 'a
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and P’ :: (‘a, 'b, 'c) psi
and z :: name
and y :: name

assumes ¥ > P — M(N|) < P’
and zf§P

and yf P
and z VU
and yt U

shows U > P+ ([(z, y)] - M)(N) < P’
(proof)

lemma brinputSwapSubject:

fixes U :: b
and P :: (‘a, 'b, 'c) psi
and M :'a
and N :: ‘a

and P’ :: (‘a, 'b, 'c) psi
and z :: name
and y : name

assumes ¥ > P —; M(N|) < P’

and =z P
and yf P
and 2z VU
and y VU

shows ¥ > P — ;([(z, y)] - M)(N) < P’
(proof)

lemma inputPermSubject:

fixes U :: b
and P :: (‘a, 'b, 'c) psi
and M ::'a
and N :: 'a

and P’ :: (‘a, 'b, 'c) psi
and p : mame prm
and Xs :: name set
and Ys :: name set

assumes ¥ > P — M(N|) < P’
and S:setp C Xs X Ys

and Xsfx P
and Ystx P
and Xsfx U
and Ystx U

shows ¥ > P+ (p - M)(N) < P’
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(proof)

lemma brinputPermSubject:

fixes U :: b
and P :: (‘a, 'b, 'c) psi
and M :'a
and N :: 'a

and P’ :: (‘a, 'b, 'c) psi
and p :: name prm
and Xs :: name set
and Ys :: name set

assumes ¥ > P —; M(N|) < P’
and S:setp C Xs X Ys

and Xs tx P
and Ystx P
and Xsfx U
and Ystx U

shows U > P+ (p - M)(N|)) < P’
(proof)

lemma inputSwapFrame:

fixes U :: b
and P :: (‘a, 'b, 'c) psi
and M :'a
and N :: 'a

and P’ :: (‘a, 'b, 'c) psi
and z :: name
and y :: name

assumes ¥ > P —M(N) < P’
and z P

and yf P
and z i M
and y{ M

shows ([(z, y)] - ¥) > P — M(N) < P’
(proof)

lemma brinputSwapFrame:

fixes U :: b
and P :: (‘a, 'b, 'c) psi
and M :'a
and N :: ‘a

and P’ :: (‘a, 'b, 'c) psi
and z :: name
and y : name
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assumes ¥ > P —; M(N|) < P’
and =z P

and yf P
and zf M
and y{ M

shows ([(z, y)] - ¥) > P — ;M(N|) < P’
(proof)

lemma inputPermFrame:

fixes U :: b
and P :: (‘a, 'b, 'c) psi
and M ::'a
and N :: ‘a

and P’ :: (‘a, 'b, 'c) psi
and p : mame prm
and Xs :: name set
and Ys :: name set

assumes ¥ > P — M(N|) < P’
and S:setp C Xs x Ys

and Xs tx P
and Ystx P
and Xsfx M
and Ystx M

shows (p - ¥) > P — M(N) < P’
(proof)

lemma brinputPermFrame:

fixes U :: b
and P :: (‘a, 'b, 'c) psi
and M :'a
and N :: ‘a

and P’ :: (‘a, 'b, 'c) psi
and p : name prm
and Xs :: name set
and Ys :: name set

assumes ¥ > P —; M(N|) < P’
and S:setp C Xs X Ys

and Xs tx P
and Ystx P
and Xsfx M
and Ystx M

shows (p - ¥) > P — ;M(N) < P’
(proof)
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lemma inputAlpha:

fixesU b
and P :: (‘a, b, 'c) psi
and M :'a
and N :'a
and P’ :: ('a, b, 'c) psi
and p :: name prm
and zvec :: name list

assumes ¥ > P — M(N|) < P’
and
and
and
and

distinctPerm p
zvec fx P
(p - zvec) i P

set p C (set zvec) x (set (p + xvec))

shows U > P+—M((p - N)) < (p - P)

(proof)
lemma brinputAlpha:
fixesU b
and P :: (‘a, 'b, 'c) psi
and M :'a
and N :'a
and P’ :: (‘a, b, 'c) psi
and p :: name prm
and zvec :: name list

assumes ¥ > P —; M(N|) < P’
and
and
and
and

distinctPerm p
avec fx P
(p - zvec) i+ P

shows U > P—; M((p - N)) < (p

(proof)

lemma frameFresh|[dest):
fixes x :: name
and Ap :: name list
and Up 2 b

assumes z § Ap
and T ﬁ <AF, \IJF>

shows z § U
(proof )

lemma outputSwapFrameSubject:
fixes U b

set p C (set zvec) x (set (p + avec))

. P

74



and P :: ('a, b, 'c) psi

and M :'a

and zvec :: name list
and N :'a

and z :: name
and y :: name

assumes ¥ > P — M (vxavec)(N) < P’
and zvec fix M
and =z P
and yft P

shows ([(z, y)] - ¥) > P —([(z, y)] - M)(v*zvec)(N) < P’
{proof)

lemma broutputSwapFrameSubject:

fixesU b
and P :: (‘a, b, 'c) psi
and M :'a
and zvec :: name list
and N :'a
and =z :: name
and y :: name

assumes ¥ > P —iM(vxzvec|)(N) < P’
and zvec fx M
and zf§P
and yt P

shows ([(z, y)] - ¥) > P —i([(z, y)] - M)(vxzvec|)(N) < P’
(proof)

lemma outputPermFrameSubject:

fixes U b
and P :: (‘a, b, 'c) psi
and M :'a
and zvec :: name list
and N :'a
and P’ :: ('a, b, 'c) psi
and p :: name prm

and yvec :: name list
and zvec :: name list

assumes ¥ > P —— M (v*zvec)(N) < P’
and S: set p C set yvec X set zvec
and yvec §x P
and zvec % P

shows (p - ¥) > P ——(p - M)(vxavec)(N) < P’
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(proof)

lemma broutputPermFrameSubject:

fixes U ')
and P :: (‘a, 'b, 'c) psi
and M :'a
and zvec :: name list
and N :=:'a
and P’ :: (‘a, b, 'c) psi
and p :: nmame prm

and yvec :: name list
and zvec :: name list

assumes ¥ > P —iM(vxzvec|)(N) < P’
and S: set p C set yvec X set zvec
and gyvec ix P
and zvec fix P

shows (p - ¥) > P —j(p + M)(v*azvec)(N) < P’
(proof)

lemma outputSwapSubject:

fixes U b
and P :: (‘a, b, 'c) psi
and M :'a
and B :: (‘a, b, 'c) boundOutput
and z :: name
and y :: name

assumes ¥ > P — M (vxavec)(N) < P’
and zvec fx M

and =zt P
and yf P
and z VU
and yt VU

shows ¥ > P —([(z, y)] + M)(v*zvec)(N) < P’
(proof)

lemma broutputSwapSubject:

fixes U b
and P :: (‘a, b, 'c) psi
and M :'a
and B :: (‘a, 'b, 'c) boundOutput
and =z :: name
and y :: name

assumes ¥ > P ——iM(vxzvec|)(N) < P’
and avec fix M
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and z P

and yf P
and z VU
and yt VU

shows U > P +—i([(z, y)] -+ M)(v*zvec))(N) < P’
(proof)

lemma outputPermSubject:

fixes¥U b
and P :: ('a, b, 'c) psi
and M :'a
and B : (‘a, 'b, 'c) boundOutput
and p :: name prm

and yvec :: name list
and zvec :: name list

assumes ¥ > P — M (vxavec))(N) < P’
and S: set p C set yvec X set zvec
and yvec §x P
and zvec % P
and yvec gx ¥
and zvec fx U

shows U > P ——(p - M)(v*zvec)(N) < P’
(proof)

lemma broutputPermSubject:

fixes ¥ b
and P :: (‘a, 'b, 'c) psi
and M :'a
and B :: (‘a, 'b, 'c) boundOutput
and p :: name prm

and yvec :: name list
and zvec :: name list

assumes ¥ > P — M (vxzvec|)(N) < P’
and S: set p C set yvec X set zvec
and yvec fx P
and zvec fx P
and yvec fx ¥
and zvec fix U

shows U > P +——j(p «+ M)(v*zvec)(N) < P’
(proof)

lemma outputSwapFrame:

fixes U b
and P :: ('a, b, 'c) psi
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and M :'a

and B : (‘a, 'b, 'c) boundOutput
and z :: name

and y :: name

assumes ¥ > P —— M (v*zvec)(N) < P’
and zvec ffx M

and =z P
and yf P
and z§ M
and y i M

shows ([(z, y)] - ¥) > P — M (v*avec)(N) < P’
(proof)

lemma broutputSwapFrame:

fixes U b
and P :: (‘a, b, 'c) psi
and M :'a
and B :: (‘a, b, 'c) boundOutput
and z :: name
and y :: name

assumes ¥ > P —iM(vxzvec|)(N) < P’
and zvec fix M

and =z P
and yft P
and z {4 M
and y i M

shows ([(z, y)] - ¥) > P —M(v*zvec)(N) < P’
(proof)

lemma outputPermFrame:

fixes U b
and P :: (‘a, 'b, 'c) psi
and M :'a
and B :: (‘a, 'b, 'c) boundOutput
and p :: name prm

and yvec :: name list
and zvec :: name list

assumes ¥ > P —— M (v*zvec))(N) < P’
and S: set p C set yvec X set zvec
and yvec fix P
and zvec f§x P
and yvec ix M
and zvec #§x M
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shows (p - ¥) > P —— M (vkzvec)(N) < P’
(proof)

lemma broutputPermFrame:

fixes U b
and P :: ('a, b, 'c) psi
and M :'a
and B : (‘a, 'b, 'c) boundOutput
and p :: name prm

and yvec :: name list
and zvec :: name list

assumes ¥ > P —iM(vxzvec|)(N) < P’
and S: set p C set yvec X set zvec
and yvec §x P
and zvec ix P
and gyvec fix M
and zvec tx M

shows (p - ¥) > P —iM(vxzvec)(N) < P’
(proof)

lemma Comml1:

fixes U b
and Uy = 'b
and P :: (‘a, 'b, 'c) psi
and M :'a
and N :'a
and P’ :: (‘a, b, 'c) psi
and Ap :: name list
and Up :: b
and Q@ :: ('a, ', 'c) psi
and K :'a

and zvec :: name list
and Q' :: (Ya, b, 'c) psi
and Ag :: name list

assumes ¥ ® Yo > P — M(N|) < P’
and extractFrame P = (Ap, Up)
and ¥ @ Up > Q —K(v*azvec)(N) < Q'
and extractFrame Q = (Ag, Vo)
and U@ Up® Uy Mo K

and Ap #x U
and Ap fx P
and Ap #x Q
and Ap f#x M
and Ap ix Ag
and Ag #x ¥
and Ag #x P
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and Ag #* @
and Ag #x K
and avec fix P

shows U > P | Q —7 < (vszvec)(P' | Q)
(proof )

lemma Comm2:

fixesV b
and ¥ =D
and P :: ('a, b, 'c) psi
and M :'a
and zvec :: name list
and N :'a
and P’ :: (‘a, b, 'c) psi
and Ap :: name list
and Up = 'b
and Q@ :: (‘a, 'b, 'c) psi
and K :'a
and Q' :: (Ya, b, 'c) psi
and Ag :: name list

assumes ¥ ® ¥g > P — M (vxavec))(N) < P’
and eztractFrame P = (Ap, Up)
and Q@ Up > Q+—K(N) < Q'
and extractFrame Q = (Ag, Vo)
and \I/®\pr®\I/Q|—M(—>K

and Ap #x ¥
and Ap fx P
and Ap fx @
and Ap #x M
and Ap #x Ag
and Ag #x ¥
and Ag #x P
and Ag #x @
and Ag fx K

and azvec fx Q

shows ¥ > P || Q —7 < (vxavec)(P'| Q)
(proof)

lemma BrMerge:

fixesU b
and Ugp = 'b
and P :: (‘a, b, 'c) psi
and M :'a
and N :'a
and P’ :: ('a, b, 'c) psi
and Ap :: name list
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and Up = 'b

and Q@ :: (‘a, 'b, 'c) psi
and Q' :: (Ya, b, 'c) psi
and Ag :: name list

assumes ¥ ® ¥g > P +— M(N|) < P’
and extractFrame P = (Ap, Up)
and ¥ ® Up > Q+— M(N) < Q'
and extractFrame Q = (Ag, Vo)
and Ap #x ¥

and Ap fx P
and Ap #x @
and Ap #x M
and Ap ix Ag
and Ag #x ¥
and Ag #x P
and Ag #x @
and Ag fx M

shows U > P || Q —; M(N) < (P'|| Q)
(proof )

lemma BrComml1:

fixesU b
and Uy = 'b
and P :: (‘a, 'b, 'c) psi
and M :'a
and N :'a
and P’ :: (‘a, b, 'c) psi
and Ap :: name list
and Up :: b

and Q@ :: ('a, ', 'c) psi
and zvec :: name list
and Q' :: (Ya, b, 'c) psi
and Ag :: name list

assumes ¥ ® Yo > P +— M(N|) < P’
and extractFrame P = (Ap, Up)
and ¥ ® Up > Q —iM(vxavec)(N) < Q'
and extractFrame @ = (Ag, V)
and Ap fx U

and Ap fx P
and Ap #x Q
and Ap #x M
and Ap #x Ag
and Ag #§x U
and Ag #x P
and Ag #x @
and Ag fx M
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and zvec fx P

shows ¥ > P || Q — M (v*avec)(N) < (P’ Q)
(proof)

lemma BrComm2:

fixesU b
and ¥ =D
and P :: (‘a, b, 'c) psi
and M :'a
and zvec :: name list
and N :'a
and P’ :: (‘a, b, 'c) psi
and Ap :: name list
and Up :: b

and Q@ ::('a, b, 'c) psi
and Q' :: (‘a, b, 'c) psi
and Ag :: name list

assumes ¥ ® ¥g > P — M (vxazvec)(N) < P’
and extractFrame P = (Ap, Up)
and U ® Up > Q+—;M(N) < Q'
and extractFrame Q = (Ag, Vo)

and Ap #x ¥
and Ap #x P
and AP ﬁ* Q
and Ap #x M
and Ap #x Ag
and Ag #x ¥
and Ag #x P
and Ag #x @
and Ag fx M

and zvec fx @

shows U > P || Q — M (vsavec)(N) < (P' | Q")
(proof)

lemma BrClose:

fixesU b
and P :: (‘a, b, 'c) psi
and M :'a
and zvec :: name list
and N :'a
and P’ :: ('a, b, 'c) psi
and z :: name

assumes ¥ > P — (M (v*zvec)(N) < P’
and =z € supp M
and z VU
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shows ¥ > (vz)P — 7 < (vz)((vxzvec) P’)

(proof)

lemma semanticsCasesAuz[consumes 1, case-names cInput cBrinput cOutput cBrOut-
put cCase cParl cPar2 cCommli cComm?2 cBrMerge cBrComml1 cBrComm2 cBr-
Close cOpen ¢BrOpen cScope cBang|:
fixes ¢cP :: ('a, 'b, 'c) psi
and cRs :: (‘a, 'b, 'c) residual
and C :: 'f::fs-name
and = :: name

assumes ¥ > cP —— cRs
and rlnput: AM K zvec N Tvec P. [¢P = M (| xzvec N|).P; cRs = K((N[zvec::=Tvec]))
=< Plavec::=Tvec];
U = M < K; distinct zvec; set zvec C supp N,
length zvec=length Tvec;
zvec fx Tvec; zvec tx U; zvec §x M; zvec fx K;
avec §x C] = Prop
and rBrinput: AM K zvec N Tvec P. [cP = M(Axzvec N|).P; cRs = {K((N[zvec::=Tvec])|
=< Plavec::=Tvec];
U+ K > M; distinct zvec; set zvec C supp N;
length xvec=length Tvec;
zvec fx Twec; zvec % U; zvec §x M; zvec fx K;
avec §x C] = Prop
and rOutput: AM K N P. [cP = M(N).P; cRs = K(N) < P; ¥ - M « K]
= Prop
and rBrOutput: AM K N P. [¢cP = M(N).P; cRs = {K(N) < P; ¥ M <
K] = Prop
and rCase: NCs P ¢. [cP = Cases Cs; U > P+ cRs; (¢, P) € set Cs; ¥
¢; guarded P] = Prop

and rParl: A\Wg P a P' Q Ag. [cP =P | Q; cRs =a < (P Q);
(¥ ® ¥g) > P +— (a < P'); extractFrame Q = (Ag, Vq); distinct
Ag;
Ag % P; Ag % Q; Ag fx U; Ag #x a; Ag % C; Ag % P'; bn o tx
W; bn a fx We;
bn o #x Q; bn a fx P; bn o fx subject a; bn « i C; distinct(bn )]
.
Prop
and rPar2: A¥Yp Qa Q'PAp.[cP=P | Q; cRs=a < (P | Q);
(T ® Up) > Q —a < Q; extractFrame P = (Ap, Up); distinct
Ap;
Ap ftx Py Ap §x Q5 Ap §x U5 Ap fx o; Ap fx Cf
Ap tx Q'; bn o tix U; bn a fx Up; bn a fx P; bn o tx Q; bn « fx subject
a; bn o fx C; distinct(bn )] = Prop
and rComml: N\Ug PM N P’ Ap Up Q K zvec Q' Ag.
[ecP=P| Q; cRs =7 < (vxzvec) P’ || Q
U ® ¥g > Pr—M(N|) < P’ extractFrame P = (Ap, Up);
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distinct Ap;
U ®¥p > Qr— K(vxzvec)(N) < Qs extractFrame Q = (Ag,
Ug); distinct Ag;

M; Ap #* N,

Ap tx P’y Ap i+ Q; Ap fx Q'; Ap #x Ag; Ap t* zvec; Ag tx U;
AQ ﬁ* \I/p;

AQ ﬁ* P; AQ ﬂ* K; AQ ﬁ* N; AQ ﬁ* P/; AQ ﬁ* Q; AQ ﬁ* QI; AQ
f* zvec;

zvec fx V5 zvec i Wp; zvec i Wq; zvec i* P; zvec ix M; zvec fx*
@

zvec §x K; Ap tx C; Ag tx C; zvec #x C; distinct zvec] = Prop
and rComm?2: N\Vg P M zvec N P' Ap ¥p Q K Q' Aq.
[ecP=P| Q; cRs =7 < (vxavec) P’ || Q
U ® Vg > Pr—M(vxzvec))(N) < P'; extractFrame P = (Ap,
Up); distinct Ap;
U R Up > Q+— K(N) < Qs extractFrame Q = (Ag, ¥g);
distinct Ag;
U Up®Ugh M K; Ap 8+ W; Ap tx U Ap b P; Ap t+

M; Ap #* N,

Ap tx P’y Ap 1% Q; Ap % Q'; Ap #x Ag; Ap t* zvec; Ag tx U;
AQ ﬁ* \I’p;

Ag tx P; Ag % K; Ag tix N; Ag % P’; Ag #x Q; Ag i+ Q' Ag
fx zvec;

avec fx U5 zvec i+ Wp; avec i Wq; zvec i P; zvec ix M; zvec fx
@

zvec fx K; Ap tx C; Ag tx C; zvec #x C; distinct zvec] = Prop
and rBrMerge: A¥g P M NP’ Ap Up Q Q' Ag.
[cP = (P Q) cs = (M(N) < (P"| Q;
U ® Uy> P+ (M(N|) < P’; extractFrame P = (Ap, Up);
distinct Ap;
U e Upb> Qv+ (M(N) < Q extractFrame Q = (Ag, Vgo);
distinct Ag;
Ap % U; Ap #x Ug; Ap #x P; Ap #x N; Ap % P;
Ap tx Q; Ap % Q' Ap tx M; Ap x Ag;
AQ ﬁ* \I’; AQ ﬁ* \I/p; AQ ﬁ* P; AQ ﬁ* N; AQ ﬂ* P/;
Ag B+ Q; Ag #x Qs Ag tx M; Ap tx C; Ag tx C] = Prop
and rBrCommi: N\¥g P M N P’ Ap Up Q zvec Q' Aq.
[cP =P | Q; cRs = (M(vszvec)(N) < (P’ || Q);
U ® ¥y > P+ M(N) < P’; extractFrame P = (Ap, ¥p);
distinct Ap;
UQRUpb> Q— M(vszvec)(N) < Q'; extractFrame Q = (Aqg,
Uo); distinct Ag;
Ap ﬂ* \I/; Ap ﬁ* \I/Q; Ap ﬁ* P; Ap ﬁ* N;
Ap fx P’y Ap fix Q5 Ap B Q' Ap ix M; Ap §x Ag; Ap f* zvec;
AQ ﬁ* \I’; AQ ﬁ* \I/p;
AQ ﬁ* P; AQ ﬁ* N; AQ ﬁ* Pl; AQ ﬂ* M; AQ ﬁ* Q; AQ ﬁ* Q/; AQ
f* zvec;
zvec #x W; zvec fx Vp; zvec fx Wo; zvec §* P; zvec fx Q; zvec f*
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M;
Ap tx C; Ag tx C; zvec tx C; distinct zvec] = Prop
and rBrComm2: N\¥qg P M zvec N P' Ap ¥p Q Q' Ag.
[cP'= P || Q; cRs = iM(wxavec) (N) < (P'|| Q)
U ® Ug > P +——M(vszvec)(N) < P'; extractFrame P = (Ap,
Up); distinct Ap;
U®Upp> Qvr— (M(N) < Q extractFrame @ = (Ag, Yo);
distinct Ag;
Ap ﬁ* \IJ; Ap ﬁ* \I/Q; AP ﬁ* P; Ap ﬁ* N;
Ap i« Py Ap dx Q; Ap tx Q' Ap i« M; Ap #x Ag; Ap ti* zvec;
AQ ﬁ* \I’; AQ ﬂ* \I/p;
Ag % P; Ag % N; Ag tx P’ Ag % M; Ag i Q; Ag tx Q5 Ag
fx zvec;
zvec fx W; zvec i Wp; zvec §x Wo; zvec fx P; avec fx (Q; zvec fx
M;
Ap tx C; Ag tx C; zvec fx C; distinct zvec] = Prop
and rBrClose: AP M zvec N P’ x.
[eP = ((vz)P); cRs = 7 < (va|)((v*zvec) P');
x € supp M;
U > P+ |M(vxzvec)(N) < P’
distinct zvec; xvec fx W; zvec fx P;
xvec fx M;
z §U; z f avec;
avec §x C; z § C] = Prop
and rOpen: AP M zvec yvec N P’ x.
[eP = (vz))P; cRs = M(v*(zvecQu#yvec))(N) < P’
U > P +— M(vx(zvecQyuec))(N) < P’ x € supp N; x § avec; z
yvec; x § M; x § U; distinct xvec; distinct yvec;
avec §x W zvec §x P; zvec §x M; xvec fx yvec; yvec fx W; yvec fx P;
yvec #x M; zvec x C; z § C; yvec §x O] =
Prop
and rBrOpen: AP M zvec yvec N P’ x.
[eP = (vz)P; cRs = M (v*(zvecQz#yvec))(N) < P’
U > P+ M (v*(zvecQyuec))(N) < P'; © € supp N; z § zvec; x 4
yvec; x §# M; x # V; distinct zvec; distinct yvec;
avec fx W zvec §x P; zvec fx M; zvec fx yvec; yvec ix W; yvec fx P;
yvec tx M; zvec §x C; z § C; yvec fx C] =
Prop
and rScope: AP o P’ z. [¢P = (vz)P; cRs = a < (vz| P’
Up>Pr—a<PiztUzta;zt C;bnalx¥; bna
fx P; bn « * subject a; bn a fx C; distinct(bn )] = Prop
and rBang: AP.[cP =!P; U > P || P+ cRs; guarded P] = Prop
shows Prop

{proof)

nominal-primrec
inputLength :: (‘a::fs-name, 'b::fs-name, 'c::fs-name) psi = nat
and inputLength’ :: (‘a::fs-name, 'b::fs-name, 'c::fs-name) input = nat
and inputLength’ :: ('a::fs-name, 'b::fs-name, 'c::fs-name) psiCase = nat
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where

inputLength (0) =
| inputLength (M<N> P) =
| inputLength (M(I) = mputLength I
| inputLength (Case C) =
| inputLength (P || Q) = 0
| inputLength ((vz)P) = 0
| inputLength ({¥}) = 0
| inputLength (\P) =

| inputLength’ (Trm M P) = 0
| inputLength’ (v y I) = 1 + (inputLength’ I)

| inputLength’' (L.) = 0
| inputLength’ (O® = P C) = 0
{proof )

nominal-primrec boundOutputLength :: ('a, 'b, 'c) boundOutput = nat
where
boundOutputLength (BOut M P) = 0
| boundOutputLength (BStep © B) = (boundOutputLength B) + 1

{proof)

nominal-primrec residualLength :: (‘a, 'b, 'c) residual = nat
where
residualLength (RIn M N P) = 0
| residualLength (RBrin M N P) = 0
| residualLength (ROut M B) = boundOutputLength B
| residualLength (RBrOut M B) = boundQutputLength B
| residualLength (RTau P) = 0

(proof)

lemma inputLengthProc[simp]:
shows inputLength(M (Axzvec N|).P) = length zvec

{proof)

lemma boundOutputLengthSimp|simp]:
shows residualLength(M (vxzvec)(N) < P) = length zvec
and residualLength(jM (vxzvec)(N) < P) = length zvec

{proof)

lemma boundOuputLengthSimp2[simp):
shows residualLength(a < P) = length(bn )

{proof)

lemmas [simp del] = inputLength-inputLength’-inputLength'.simps residualLength.simps
boundQutputLength.simps
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lemma constructPerm:
fixes zvec :: name list
and yvec :: name list

assumes length zvec = length yvec
and zvec fix yvec
and distinct zvec
and distinct yvec

obtains p where set p C set zvec X set(p - zvec) and distinctPerm p and yvec
= p - avec

(proof)

lemma distinctApend|simp]:
fixes avec :: name list
and yvec :: name list

shows (set zvec N set yvec = {}) = zvec §* yvec
{proof)

lemma lengthAuz:
fixes zvec :: name list
and y :: name
and yvec :: name list

assumes length zvec = length(y#yvec)

obtains z zvec where zvec = z#zvec and length zvec = length yvec
(proof)

lemma lengthAuz2:
fixes zvec :: name list
and yvec :: name list
and zvec :: name list

assumes length zvec = length(yvecQy# zvec)

obtains zvecl x zvec?2 where zvec=xvecl Qr#zvec?2 and length xvecl = length
yvec and length zvec2 = length zvec

(proof)

lemma semanticsCases[consumes 19, case-names cInput cBrinput ¢cOutput cBrOut-
put cCase cParl cPar2 cCommli cComm2 cBrMerge cBrComml1 cBrComm?2 cBr-
Close cOpen ¢BrOpen cScope cBang|:
fixes U :: '
and cP :: (‘a, 'b, 'c) psi
and cRs :: (a, 'b, 'c) residual
and C :: 'f::fs-name

and zI :: name
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and z2 :: name

and z8 :: name

and x4 : name

and zvecl :: name list
and zvec?2 :: name list
and zvecd :: name list
and zvecd :: name list
and zvech :: name list
and zvec6 :: name list
and zvec7 :: name list
and zvec8 :: name list
and zvec9 :: name list

assumes ¥ > cP ——cRs
and length xvecl = inputLength cP and distinct xvecl
and length zvec6 = inputLength cP and distinct zvec6
and length zvec2 = residualLength cRs and distinct zvec2
and length zvec3 = residualLength cRs and distinct xvec3
and length zvec4 = residualLength cRs and distinct xvec)
and length xvecs = residualLength cRs and distinct xvech
and length zvec7 = residualLength cRs and distinct xvec7
and length zvec8 = residualLength cRs and distinct xvec8
and length zvec9 = residualLength cRs and distinct xvec9
and rlnput: AM K N Tvec P. (Jzvecl #x U; avecl fx cP; zvecl #x cRs] =
cP = M(Aszvecl N|).P N cRs = K((N[zvecl::=Tvec])|) < Plavecl::=Tvec] A
U+ M <+ K A distinct xzvecl N set zvecl C
supp N A length zvecl=length Tvec N
zvecl % Tvec N\ xvecl % W A zvecl §x M A
avecl g% K) = Prop
and rBrinput: AM K N Tvec P. ([zvec6 i+ U; zvect §x cP; zvect §x cRs] =
cP = M(Asxzvec6 N|).P A cRs = (K ((N[zvec6::=Tvec])|) < Plavec6::=Tvec] A
U= K = M A distinct xvec6 N set zvec6 C
supp N A length zvec6=length Tvec A
avech #x Tvec N zvech fx W A zvech fx M A
avec6 g% K) = Prop
and rOutput: AM K N P. [cP = M(N).P; cRs = K(N) < P; ¥ - M « K]
= Prop
and rBrOutput: AM K N P. [¢cP = M(N).P; cRs = {K(N) < P; ¥ + M <
K] = Prop
and rCase: ANCs P ¢. [cP = Cases Cs; ¥ > P ——cRs; (p, P) € set Cs; U
©; guarded P] = Prop
and rParl: A¥g P o P’ Q Ag. ([zvec2 #x U; zvec2 i+ cP; zvec? i+ cRs] =
¢cP=P| QA cRs=a=<(P'| Q) A zvec2 =
bn a A
U ® ¥g > Pr+—a < P'A estractFrame @ =
<AQ, \I/Q> A distinct Ag N
Ag fx PN Ag fx Q N Ag tx U A Ag #x a A
Ag tx P’ N Ag tx C') = Prop
and 7Par2: AUp Q a Q' P Ap. ([zvec3 t* U; zvecd fx cP; zvecd % cRs| =
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cP=P| QAN cRs=a=<(P| Q) A zvecd =
bn a A
U Up> Q+—a< Q' A estractFrame P =
(Ap, Up) A distinct Ap A
Apﬂ*P/\Apﬁ*Q/\Apﬁ*\I//\Apﬁ*a/\
Ap #x Q' AN Ap #§x C) = Prop
and rCommi: A\¥g PM NP’ Ap ¥p Q K zvec Q' Ag.
[ecP =P | Q; cRs =7 < (vxavec) P’ || Q
U ® Vg > P+—M(N|) < P’ extractFrame P = (Ap, ¥p);
distinct Ap;
U ®Up > Qr— K(vszvec)(N) < Qs extractFrame Q = (Ag,
Uo); distinct Ag;
UV@Up@ Vot M« K; Ap #x U; Ap fx Ug; Ap fx P; Ap f#x

M; Ap #* N,

Ap tx P’y Ap i+ Q; Ap i+ Q'; Ap #x Ag; Ap ti* zvec; Ag t* U;
AQ ﬂ* \I’p;

AQ ﬁ* P; AQ ﬂ* K; AQ ﬁ* N; AQ ﬁ* Pl; AQ ﬁ* Q; AQ ﬁ* Ql; AQ
fx zvec;

zvec fx W; avec §x Wp; avec §x Wqo; avec §x P; zvec §x M; zvec f§*
Q;

zvec fx K; Ap tx C; Ag tx C; zvec #x C; distinct zvec] = Prop
and rComm2: A\¥g P M zvec N P' Ap Up Q K Q' Ag.
[ecP =P | Q; cRs =7 < (vxavec)P' || Q%
U ® Vo > Pr+—M(vxzvec)(N) < P’ extractFrame P = (Ap,
Up); distinct Ap;
U ®Up > Q+— K(N) < Q' extractFrame Q = (Ag, Vo);
distinct Ag;
VUp@Vohk M« K; Ap 8% W; Ap #x Wg; Ap i P; Ap fx*

M; Ap #* N,

Ap tx P Ap tx @Q; Ap tx Q'; Ap tx Ag; Ap fx avec; Ag fx U
Aq #x Vp;

AQ ﬂ* P; AQ ﬂ* K; AQ ﬁ* N; AQ ﬂ* Pl; AQ ﬂ* Q; AQ ﬁ* Q/; AQ
fx zvec;

zvec fx W; avec §x Wp; avec §x Wqo; avec §x P; avec §x M; zvec f*
@

zvec fx K; Ap tx C; Ag tx C; avec #x C; distinct zvec] = Prop
and rBrMerge: A\¥g P M N P' Ap Up Q Q' Ag.
[P = (P || Q) cRs = JM(N) < (P'|| Q')
U ® Vg > P+ (M(N|) < P’; extractFrame P = (Ap, Up);
distinct Ap;
U Upp> Qv+ (M(N) < Q; extractFrame Q = (Ag, Yg);
distinct Ag;
Ap ]i* \I/; Ap ﬂ* \I/Q; Ap ﬂ* P; Ap ﬂ* N; Ap ﬂ* P/;
Ap tx Q; Ap tx Q' Ap tx Ag; Ap ix M; Aq tx M;
Ag % U5 Ag % Up; Ag #x P; Ag % N; Ag tx P
Ag i @Q; Ag tx Qs Ap tix C; Ag tx C] = Prop
and rBrComml: A\¥g PM NP’ Ap Up Q Q' Ag.
([xvecT B+ U; zvec? % cP; zvec? fx cRs] =
cP =P | QA cRs = M(vxazvec7)(N) < (P || @) A
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U ®WPg> Pr—; M(|N) < P'A extractFrame P = (Ap, ¥p) A
distinct Ap A
U@ Up > Qv+ M(vsavec7)(N) < Q' A extractFrame Q =
(Ag, ¥g) A distinct Ag A
Apli*\ll/\Apﬁ*\IfQ/\Apﬂ*P/\Apﬂ*N/\
Ap tx P'N Ap i+ Q N Ap i« Q' N Ap % Ag N Ap tx zvec7 A
AQﬁ*\I//\AQﬁ*\I/p/\
AQﬁ*P/\AQﬁ*N/\AQ]j*P//\AQﬁ*Q/\AQﬁ* Q//\AQﬂ*
zvec? N
zvec? gx W A zvec? fx Wp A zvec? §x W A zvec? §x P A zvec?
fx Q A
Ap tx M N Ag #x M A avec? §x M A
Ap #x C N Ag t#x C A distinct zvec?) = Prop
and rBrComm?2: N\¥g PM NP’ Ap Up Q Q' Ag.
([zvec8 g+ U; zvec8 i+ cP; zvecs fx cRs] =
cP =P | QA cRs = M(vszvec8)(N) < (P'| Q') A
U @ Ug > P+—iM(vxzvec8)(N) < P' A extractFrame P = (Ap,
Up) A distinct Ap A
UVUp> Q— (M(N) < QA extractFrame Q = (Ag, ¥g) A
distinct Ag A
Apli*\ll/\Apﬁ*\IfQ/\Apﬂ*P/\Apﬂ*N/\
Ap i« P/ N Ap tx Q N Ap 8% Q' N Ap % Ag N Ap fx zvecS A
AQﬁ*\I//\AQﬁ*\I/p/\
AQﬁ*P/\AQﬁ*N/\AQ]j*P//\AQﬁ*Q/\AQﬁ* Q//\AQIj*
zvecS N
zvecS tx W A zvecS fx Wp A zvecS #x Wo A zvecS fx P A zvecs
e QA
Ap tx M N Ag #x M A zvecS f§x M A
Ap #x C N Ag tx C A distinct zvec8) = Prop
and rBrClose: AP M N zvec P’.
([x8 8§ ©; 28 £ cP; 23 § cRs] =
cP = ((vz3)P) A cRs = 7 < (vz3)((v+zvec) P’) A
x3 € supp M N
U > P+ M(vxzvec)(N) < P’ A
distinct zvec N\ zvec §x U A xvec fx P A
zvec fx M N zvec fx C' A
z3 ¢ U A 23 § zvec) = Prop
and rOpen: AP M zvec y yvec N P’.
([zvecs #x V; zvecs #x cP; mvec) #* cRs; x1 § U5 1 § cP; z1
cRs; z1 § zvec)] =
c¢P = (vzl)P N c¢Rs = M(v*(zvecQzlF#yvec))(N) < P’ A
avec] =rvecQy#Hyvec N
U > P —M(vx(azvecQyuec))(N) < P’ A xz1 € supp N A z1 4
avec A\ 1 f yvec A
distinct zvec N distinct yvec N\ zvec x W A zvec % P N zvec fx M
A zvec §x yvec A
yvec x U A yvec % P A yvec fx M) = Prop
and rBrOpen: AP M zvec y yvec N P’
([zvec9 i+ U; zvecd #x cP; zvec9 #x cRs; x4 § U; x4 & cP; x4 4
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cRs; x4 § zvecd] =
cP = (vz4)P A cRs = M (vx(zvecQzi#yvec))(N) < P’ A
xvecd=rvecQytyvec A
U > P ——M(vx(zvecQyuec))(N) < P' A x4 € supp N A x4
zvec A\ x4 § yvec A
distinct zvec A\ distinct yvec N\ zvec fx U A zvec ix P A xvec ix M
A zvec fx yvec A
yvec fx U A yvec fx P A yvec %+ M) = Prop
and rScope: AP a P'. (Jzvech #x U; zvecs i cP; zvech #x cRs; x2 § U; z2
cP; 22  cRs; 12 § zvech]| =
c¢P = (wx2)P A cRs = a < (va2)P' A zvecs = bn a A
UpPr—sa<P Az28TUAz28aAbnatx subject
a A distinct(bn o)) = Prop
and rBang: AP. [cP =!P;
U > P || |P —cRs; guarded P] = Prop
shows Prop

(proof)

lemma resResidEq:
fixes zvec :: name list
and P :: (‘a, 'b, 'c) psi
and @ :: ('a, b, 'c) psi

and M ::'a
and N :'a
and N/ :'a

assumes M (vxzvec) (N) < P = M (vxzvec)(N')y < @
and zvec fx M

shows | M (vxzvec)(N) = (M (vxzvec) (N’
(proof)

lemma parCases|[consumes 5, case-names cParl cPar2 cComm1 cComm2 cBrMerge
c¢BrComm1 c¢BrComm2):
fixes U = 'b
and P :: (‘a, 'b, 'c) psi
and Q@ ::('a, b, 'c) psi
and o :: a action
and T = (‘a, 'b, 'c) psi
and C :: 'f:fs-name
and M :'a
and N :'a

assumes Trans: V> P || Q —a < T
and bn o fx ¥
and bn afx P
and bn afx Q
and bn « f* subject «
and rParl: AP’ Ag ¥q. [¥ ® Ug > P —a < P’; extractFrame QQ = (Ag,
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Uo); distinct Ag;
Ag i+ W5 Ag tx P; Ag #* Q; Ag i «; Ag i+ P'; Ag
4+ C] = Propa (P'] Q)
and rPar2: NQ' Ap Up. [V @ Up > Q —ra < Q' extractFrame P = (Ap,
Up); distinct Ap;
Ap B W; Ap fx Py Ap # Q5 Ap fx a; Ap fix Q' Ap fx
0] = Propa (P || @)
and rComml: N\Vg M N P' Ap Up K zvec Q" Ag.
[¥ ® g > P—M(N) < P’; extractFrame P = (Ap, Up); distinct Ap;
U Q Up > Q+—K(vxavec)(N) < Q'; extractFrame Q = (Ag, Vo);
distinct Ag;
UV VUp® Vg M« K; distinct zvec; a = T;
Ap tx U; Ap #x U, Ap ix P; Ap i« M; Ap i« N; Ap tx P; Ap
tx Q; Ap f#x zvec; Ap #x Q' Ap ix Ag; Ap #x C
AQ ﬁ* ‘I’; AQ ﬁ* \I’p; AQ ﬂ* P; AQ ﬁ* K; AQ ﬁ* N; AQ ﬁ* P/; AQ ﬂ*
Q; Ag fx zvec; Ag fx Q'; Ag t* C
avec x W; zvec §x Wp; zvec fx P; xvec fx M; xvec fx K; zvec fx Q;
zvec fx Ug; avec fx C] =
Prop (7) ((vezvec) (P' | Q)
and rComm2: N\¥g M zvec N P' Ap Up K Q' Ag.
[¥ @ g > P ——M(v*avec)(N) < P'; extractFrame P = (Ap, Up);
distinct Ap;
U ¥p> Q—K(N) < Q' extractFrame Q = (Aqg, Vq); distinct Ag;
UV Up® Vg M« K; distinct zvec; o = T;
Apﬁ*\lf; Apﬁ*\I/Q; Apﬁ*P; Apﬁ*M; Apﬁ*N; Apﬁ*Pl; AP
fx Q; Ap fx avec; Ap fx Q% Ap §x Ag; Ap §x C;
AQ ﬂ* \I’; AQ ﬂ* ‘Ilp; AQ ﬂ* P; AQ ]i* K; AQ ﬂ* N; AQ ﬁ* P/; AQ ﬂ*
Q; Ag fx avec; Ag fx Q'; Ag tx C
avec fx VU; avec fx VUp; xvec fx P; zvec fix M; xvec fx K; xzvec fx Q;
zvec fx Wg; avec fx C] =
Prop (1) ((vxavec) (P’ || Q)
and rBrMerge: A¥g M NP’ Ap Up Q' Ag.
[¥ ® U > P+— (M(N|) < P’ extractFrame P = (Ap, Up);
distinct Ap;
U®Up> Q— M(N) < Q' extractFrame Q = (Ag, Vq);
distinct Ag;
AP li* \I/, Ap ﬁ* \I/Q, AP ﬁ* P, Ap ﬁ* N, AP ﬁ* P/;
Ap tx Qs Ap tx Qs Ap §x Ag; Ap fix M; Ag fx M;
Ag tx U5 Ag i Up; Ag tix P; Ag i N; Ag f#x P
A b Q5 Ag B Q% Ap tx C; Ag £+ Cs a = (M(N)] =
Prop ((M(N)) (P"|| Q)
and rBrCommi1: N\¥g M N P’ Ap Up zvec Q' Ag.
[ ® Ug > P+——;M(N) < P’; extractFrame P = (Ap, Up); distinct
Ap;
U ® Up > Q—iM(vxzvec)(N) < Qs extractFrame Q = (Aqg, ¥o);
distinct Ag;
distinct xvec;
Ap fx W5 Ap #x Wg; Ap #x P; Ap i+ N; Ap #x P, Ap fix Q; Ap fx
zvec; Ap fx Q' Ap i+ Ag; Ap fx C
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Ag i+ U; Ag % Up; Ag % P; Ag #x N; Ag tx P, Ag #x Q; Ag fx
zvec; Ag #x Q' Ag tx C

Ap #x M; Ag #x M; zvec tx M; M (vxzvec))(N) = o

zvec §x U; zvec fx Up; vec i+ P; zvec i+ Q; avec i+ Vo] =

Prop (;M(v*zvec)(N)) (P"] Q"

and rBrComm2: N\¥g M zvec N P' Ap Up Q' Ag.

[¥ @ g > P +—iM(vxzvec)(N) < P'; extractFrame P = (Ap, Up);
distinct Ap;

U@ Up> Q—(M(N) < Q) extractFrame Q = (Ag, Vq); distinct
AQ;

distinct zvec;

Ap fx U5 Ap fx Wg; Ap x P; Ap fix N; Ap i+ Py Ap #x Q; Ap fi*
zvec; Ap fx Qs Ap % Ag; Ap fx C;

AQ ﬁ* \I/; AQ ﬂ* \pr; AQ ﬁ* P; AQ ﬂ* N; AQ ﬂ* P/; AQ ﬁ* Q; AQ ﬂ*
zvec; Ag #x Q' Ag tx C

Ap #x M; Ag #x M; zvec tx M; iM(vxzvec)(N) = o

zvec tx U; zvec fx Up; zvec % P; zvec fx Q; zvec fx Vo] =

Prop ((M{vszoec)(N)) (P' || Q")

shows Prop a T
(proof)

lemma parInputCases[consumes 1, case-names cParl cPar2]:
fixes U :: b

and P :: (‘a, b, 'c) psi

and Q :: (‘a, 'b, 'c) psi

and M :: 'a

and N :: ‘a

and R :: (‘a, 'b, 'c) psi

and C :: f:fs-name

assumes Trans: ¥ > P || Q — M(N) < R
and rParl: AP’ Ag Ug. [¥ ® Yo > P +—M(N|) < P’; extractFrame Q =
<AQ, \I/Q>; distinct AQ;
Ag tx W; Ag % P; Ag fx Q; Ag 8 M; Ag #x N; Ag 8 C]
— Prop (P'] Q)
and rPar2: ANQ' Ap ¥p. [V @ ¥p > Q —M(N) < Q'; extractFrame P =
(Ap, Up); distinct Ap;
Ap tx U; Ap tx Py Ap £ Q; Ap fx M; Ap §x N; Ap tx C]
= Prop (P || Q")
shows Prop R
(proof)

lemma parBrinputCases|consumes 1, case-names cParl cPar2 cBrMerge]:
fixes U :: b
and P :: (‘a, b, 'c) psi
and Q :: (‘a, 'b, 'c) psi
and M :: 'a
and N :: ‘a
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and R :: (‘a, 'b, 'c) psi
and C : 'f:fs-name

assumes Trans: ¥ > P || Q — M(N|) < R
and rParl: AP’ Ag ¥q. [V @ Ug > P +—,M(N|) < P'; extractFrame Q =
(Ag, ¥q); distinct Ag;
Ag % U3 Ag % P; Ag % @; Ag #x M; Ag tx N; Ag #x C]
= Prop (P'| Q)
and 7rPar2: ANQ' Ap Up. [V @ Up > Q —( M(N|) < Q'; extractFrame P =
(Ap, Up); distinct Ap;
Ap % W; Ap tx P; Ap tx Q; Ap tx M; Ap #x N; Ap #x C]
= Prop (P || @)
and rBrMerge: N\¥g P’ Ap ¥p Q' Ag.
[¥ @ g > P+— (M(N|) < P’ extractFrame P = (Ap, Up);
distinct Ap;
U®Upp> Qv+ (M(N) < Q extractFrame Q = (Ag, Ygo);
distinct Ag;
Ap % U; Ap % U, Ap #x P; Ap #x N; Ap x P;
Ap B @ Ap fix Q' Ap fix Ag; Ap fx M; Ag 1+ M;
AQ ﬁ* \I’; AQ ﬁ* \I/p; AQ ﬁ* P; AQ ﬁ* N; AQ ﬁ* P/;
Ag B Q; Ag #x Qs Ap tx C; Ag tx C] =
Prop (P || Q')
shows Prop R
(proof)

lemma parOutputCases[consumes 5, case-names cParl cPar2]:
fixes ¥ :: b
and P :: ('a, 'b, 'c) psi
and Q :: (‘a, 'b, 'c) psi

and M :: a
and zvec :: name list
and N :: ‘a

and R :: (‘a, 'b, 'c) psi
and C : 'f:fs-name

assumes Trans: ¥ > P || Q —> M (vxzvec)(N) < R

and avec fx W
and xvec fx P
and avec fx Q
and xvec fix M

and rPari: AP'Ag ¥q. [¥ @ Yo > P — M (vxavec|)(N) < P'; extractFrame
Q = (Ag, Vq); distinct Ag;
Ag tx U5 Ag % P; Ag 8% Q; Ag #x M; Ag t* zvec; Ag % N;
Ag #x C; Ag #x zvec; distinct zvec] = Prop (P’ Q)
and rPar2: NQ' Ap Up. [¥ @ ¥p > Q —> M(vxzvec))(N) < Q; extractFrame
P = <Ap7 \pr>; distinct Ap;
Ap i U; Ap #x P; Ap fix Q; Ap tix M; Ap #x zvec; Ap fx N;
Ap tx C; Ap tx xvec; distinct zvec] = Prop (P || Q)
shows Prop R
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(proof)

lemma parBrOutputCases[consumes 5, case-names cParl cPar2 ¢BrComm1 c¢Br-
Comm2]:
fixes U :: 'b
and P :: ('a, b, 'c) psi
and @ :: (a, 'b, 'c) psi

and M :: a
and zvec :: name list
and N :: ‘a

and R :: (‘a, 'b, 'c) psi
and C :: 'f::fs-name

assumes Trans: ¥ > P || Q — M (v*zvec)(N) < R

and avec fx W
and xvec §x P
and avec fx Q
and avec fx M

and rParl: AP'Ag Vq. [V ® Yo > P +—iM(vkavec)(N) < P’; extractFrame
Q = (Ag, Vq); distinct Ag;
Ag tx ¥; Ag #x P; Ag fx Q; Ag % M; Ag ti* avec; Ag i+ N;
Ag tx C; Ag tx zvec; distinct zvec] => Prop (P’ || Q)
and rPar2: NQ' Ap Up. [T ® Up > Q — M (vxavec)(N) < Q; extractFrame
P = <AP, \pr>; distinct Ap;
Ap % U; Ap #x P; Ap fix Q; Ap tix M; Ap #x zvec; Ap f* N;
Ap tx C; Ap #x avec; distinct zvec] = Prop (P || Q')
and rBrCommi: N\¥qg P’ Ap Up Q' Ag.
[V ® g > P+——;M(N) < P’; extractFrame P = (Ap, Up); distinct
Ap;
U@ Up > Q+—iM(vsavec)(N) < Q' extractFrame Q = (Ag, Vgo);
distinct Ag;
distinct zvec;
Ap i+ W5 Ap tx Wq; Ap ix P; Ap §x N; Ap fx Py Ap % Q; Ap fx
zvec; Ap #x Qs Ap #x Ag; Ap fx C;
AQ ﬁ* \If; AQ ﬂ* \I/p; AQ ﬁ* P; AQ ]j* N; AQ ]j* P/; AQ ﬁ* Q; AQ ]j*
zvec; Ag #x Q' Ag tx C
Ap #x M; Ag t* M; zvec §x M;
zvec §x U; zvec i Up; zvec i+ P; zvec f* Q; zvec tx Vo] =
Prop (P']| Q)
and rBrComm2: N\¥qg P' Ap ¥p Q' Ag.
[¥ @ g > P —iM(vxzvec)(N) < P'; extractFrame P = (Ap, Up);
distinct Ap;
U@ Up> Q—(M(N) < Q) extractFrame Q = (Ag, Vq); distinct
AQ;
distinct xvec;
Ap i+ U Ap tx Wq; Ap fx P; Ap % N; Ap fx P'; Ap fx Q; Ap
zvec; Ap #x Q' Ap i+ Ag; Ap fx C
AQ ﬂ* ‘1/; AQ ﬂ* \I/p; AQ ﬂ* P; AQ ﬂ* N; AQ ﬂ* P/; AQ ﬂ* Q; AQ ﬂ*
zvec; Ag #x Q' Ag tx C
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Ap % M; Ag #x M; zvec t* M;
zvec #x U zvec fx Up; zvec §x P; zvec fx Q; avec fx Vo] =
Prop (P"|| Q")

shows Prop R

(proof)

lemma theFEqut|equt-force]:
fixes p :: name prm
and « :: ‘a action

assumes o # T

shows (p - the(subject a))) = the(p - (subject «))
{proof)

lemma theSubjectFresh[simp):
fixes a :: 'a action
and z :: name

assumes o # T

shows z # the(subject o) = z § subject «
(proof )

lemma theSubjectFreshChain[simp):
fixes o« :: 'a action
and zvec :: name list

assumes o # T

shows zvec §x the(subject a) = zvec * subject a
(proof )

lemma inputObtainPrefix:
fixes ¥ :: b
and P :: (Ya, 'b, 'c) psi
and P’ :: (Ya, 'b, 'c) psi
and Ap :: name list

and Up :: b
and N :'a
and K :'a
and B :: name list

assumes ¥ > P — K(N|) < P’
and extractFrame P = (Ap, Up)
and distinct Ap

and Bifx P
and Ap #x U
and Ap #x B
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and Ap fx P
and Ap fx K

obtains M where ¥ ® Yp - K < M and B #§x M
(proof)

lemma outputObtainPrefiz:
fixes ¥ :: /b
and P :: (Ya, b, 'c) psi
and P’ :: (Ya, 'b, 'c) psi
and Ap :: name list

and Up :: b
and N :'a
and K :'a
and zvec :: name list
and B :: name list

assumes ¥ > P —— ROut K ((vxzvec)N <’ P’)
and eztractFrame P = (Ap, Up)
and distinct Ap
and zvec fx K
and distinct zvec

and B fx P

and Ap #x ¥
and Ap #x B
and Ap fx P
and Ap fx K

obtains M where ¥ ® Vp - K < M and B #§x M
{proof)

lemma inputRenameSubject:

fixes U :: b
and P :: (‘a, 'b, 'c) psi
and M ::'a
and N :: 'a

and P’ :: (‘a, 'b, 'c) psi
and Ap :: name list
and Up :: b

assumes ¥ > P — M(N|) < P’
and extractFrame P = (Ap, Up)
and distinct Ap
and VR Upt M+ K

and Ap #x ¥
and Ap g% P
and Ap #x M
and Ap fx K
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shows ¥ > P —K(N|) < P’

(proof)
lemma outputRenameSubject:

fixes U b
and P :: ('a, b, 'c) psi
and M :'a
and zvec :: name list
and N :=:'a
and P’ :: (‘a, b, 'c) psi
and Ap :: name list
and Up = 'b

assumes ¥ > P — M (vxavec)(N) < P’
and extractFrame P = (Ap, Up)
and distinct Ap
and VR Upt M+ K

and Ap fx ¥
and Ap fx P
and Ap #x M
and Ap #x K

shows ¥ > P —— K (vxavec)(N) < P’
{proof)

lemma parCasesSubject[consumes 7, case-names cParl cPar2 cComml cComm2

c¢BrMerge cBrComm1 cBrComm2]:
fixes ¥ b

and P :: (‘a, b, 'c) psi

and Q@ :: (‘a, 'd, 'c) psi

and a :: ‘e action

and R :: (‘a, b, '¢c) psi

and C  : 'fi:fs-name

and yvec :: name list

assumes Trans: ¥ > P || Q —a < R

and bn o fx ¥
and bn o fx P
and bn o fx Q
and bn o #x subject «
and yvec x P
and yvec fx Q

and rParl: AP’ Ag ¥q. [¥ ® g > P —a < P’; extractFrame Q) = (Ag,

Ug); distinct Ag;

Ag tx U Ag tx P; Ag t* o; Ag #x C] = Prop o (P’ || Q)
and rPar2: NQ' Ap Up. [¥ @ ¥p > Q —ra < Q'; extractFrame P = (Ap,

Up); distinct Ap;

Ap tx U; Ap % Q; Ap fx a; Ap #x C] = Prop o (P || Q)

and rCommi: N\¥g M NP’ Ap Up K zvec Q' Ag.
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[¥ ® Vg > P—M(N) < P’; extractFrame P = (Ap, Up); distinct Ap;
U ® Up > Q+—K(vxavec)(N) < Q' extractFrame @ = (Ag, Yo);
distinct Ag;
VR Up Vgt M K; yvec §x M; yvec §x K; distinct zvec; a = T;
AP ﬁ* \I/, Ap ﬁ* ‘IIQ, Ap ﬂ* f)7 AP ﬂ* ]\/[7 Ap ﬂ* ]V7 AP ﬁ* Pl; Ap
fx Q; Ap fx zvec; Ap fx Q5 Ap §x Ag; Ap tx C;
Ag i+ W5 Ag fx Up; Ag % P; Ag #x K; Ag fx N; Ag i+ P, Ag tx
Q; Ag fx avec; Ag tx Q' Ag #x C
avec fx U; zvec tix Wp; zvec fx P; zvec fx M; xzvec #x K; zvec f*x Q;
zvec fx Wi avec fx C] =
Prop (7) ((v*azvec)(P" || Q7))
and rComm2: N\¥g M zvec N P' Ap Up K Q' Ag.
[V ® Vg > P —M(vsavec))(N) < P extractFrame P = (Ap, Up);
distinct Ap;
UQUp> Q+—K(N) < Q' extractFrame Q = (Aqg, Uq); distinct Ag;
VR Vp Vgt M K; yvec §x M; yvec §x K; distinct zvec; o = T;
AP ﬁ* \I/; Ap ﬁ* \I/Q; Ap ﬂ* P; AP ﬁ* M; AP ﬂ* N; Ap ﬁ* P'; Ap
¥ Q; Ap f#x wvec; Ap #x Q' Ap fx Ag; Ap #x C
AQ ]i* \I/; AQ ﬁ* \I/p; AQ ﬂ* P; AQ ﬂ* K; AQ ﬁ* N; AQ ﬁ* Pl; AQ ]j*
Q; Ag fx avec; Ag fx Q'; Ag tix C
zvec §x V; zvec §x Up; zvec fx P; zvec §x M; xvec #x K; zvec fx @
zvec fx Wi zvec fx C] =
Prop (7) ((vezvec) (P' | Q)
and rBrMerge: N\Wg M N P’ Ap Up Q' Ag.
[¥ @ U > P+— (M(N|) < P’ extractFrame P = (Ap, Up);
distinct Ap;
U®Upb> Qv+ (M(N) < Q; extractFrame Q = (Ag, Yo);
distinct Ag;
Ap Ij* \I/; AP ﬁ* \IIQ, Ap ﬁ* P; Ap ﬁ* N, Ap ﬂ* PI;
Ap % Q; Ap #x Q'; Ap fix Ag; Ap #x M; Ag i M;
AQ ﬁ* \I’; AQ ﬁ* \I/p; AQ ﬁ* P; AQ ﬁ* N; AQ ﬂ* P/;
Ag tx @; Ag i+ Q' Ap tx C; Ag tx C; o = {M(N)] =
Prop (LM(ND) (P’ Q)
and rBrComml: N\¥g M N P’ Ap Up zvec Q' Ag.
[V ® Yo > P —; M(N|) < P’ extractFrame P = (Ap, Vp); distinct
Ap;
U ® Up > Q—iM(vrzvec)(N) < Q'; extractFrame Q = (Ag, ¥q);
distinct Ag;
distinct xvec;
Ap i+ U; Ap tx Wq; Ap x P; Ap % N; Ap fx P'; Ap fx Q; Ap
zvec; Ap #x Qs Ap i+ Ag; Ap fx C;
AQ ﬁ* \I’; AQ ﬂ* \I/p; AQ ﬁ* P; AQ ﬂ* N; AQ ﬂ* P/; AQ ﬂ* Q; AQ ﬂ*
zvec; Ag #x Q' Ag tx C
Ap % M; Ag #x M; zvec tx M; M (vxzvec)(N) = o
zvec #x U; zvec §x Wp; avec fx P; zvec §x Q; avec fx Vo] =
Prop (M (v+avec)(N)) (P"| Q')
and rBrComm2: N\¥g M zvec N P' Ap Up Q' Ag.
[¥ @ g > P —iM(vxzvec)(N) < P'; extractFrame P = (Ap, Up);
distinct Ap;
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U@ Up > Q+—(M(N) < Q) extractFrame Q = (Ag, Vq); distinct
AQ;

distinct xvec;

Ap fx W; Ap #x Wq; Ap §x Py Ap fx Ny Ap §x P’y Ap fx @Q; Ap fx
zvec; Ap fx Q' Ap i+ Ag; Ap fx C

AQ ﬁ* \I/; AQ ﬂ* \I/p; AQ ﬂ* P; AQ ﬂ* N; AQ ﬂ* Pl; AQ ﬁ* Q; AQ ﬂ*
zvec; Ag #x Q' Ag tx C

Ap #x M; Ag #x M; zvec tx M; iM(vxzvec)(N) = o

avec §x U; zvec fx Wp; zvec % P; zvec fx Q; axvec fx Vo] =

Prop (;M(v*zvec){N)) (P"] Q"

shows Prop a R
(proof)

lemma inputCases|[consumes 1, case-names cInput cBrinput]:
fixes UV b

and M :'a

and zvec :: name list
and N :=:'a

and P :: (‘a, b, 'c) psi
and « : 'a action

and P’ :: (‘a, b, 'c) psi

assumes Trans: ¥ > M(Axavec N|).P —a < P’

and rlnput: AK Tvec. [¥ - M + K; set xzvec C supp N; length zvec = length
Tvec; distinct zvec] = Prop (K (N[zvec::=Tvec]|)) (P[zvec::=Tvec])

and rBrinput: NK Tvec. [¥ F K = M; set avec C supp N; length zvec = length
Tvec; distinct zvec] = Prop (K (Nzvec::=Tvec]))) (Plazvec::=Tvec))

shows Prop a P’
{proof )

lemma outputCases[consumes 1, case-names cOutput cBrOutput]:
fixes U :: b
and M ::'a
and N :: 'a
and P :: (‘a, 'b, 'c) psi
and a :: ’a action
and P’ :: (‘a, 'b, 'c) psi
assumes ¥ > M(N).P —a < P’
and AK.V+ M < K = Prop (K(N)) P
and AK.UF M < K = Prop (K(N)) P

shows Prop o P’
(proof)

lemma caseCases[consumes 1, case-names cCase]:
fixes ¥ :: b
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and Cs :: (‘¢ x ('a, 'b, 'c) psi) list
and « :: ‘a action
and P’ :: (‘a, 'b, 'c) psi

assumes Trans: U > (Cases Cs) — Rs
and rCase: N\p P. [V > P — Rs; (p, P) € set Cs; ¥ F ¢; guarded P] =
Prop

shows Prop
(proof )

lemma resCases[consumes 7, case-names cOpen ¢BrOpen cRes c¢BrClose]:
fixes U =D

and £ :: name
and P :: (‘a, 'b, 'c) psi
and o :: ‘a action

and P’ :: ('a, b, 'c) psi
and C :: 'f:ufs-name

assumes Trans: ¥ > (vz)P —a < P’

and 2z VU
and zf «
and z{ P’

and bn o fx ¥
and bn afx P
and bn « f* subject «
and rOpen: AM zvec yvec y N P'. [¥ > P — M (v(zvecQyuvec)){([(z, y)] -
N)) < ([(z, y)] - P'); y € supp N;
zf Nzt Phao#yytavec y i yvec; y ff M;
distinct xvec; distinct yvec;
zvec §x U; y § U; yvec fx W; zvec fx P; y § P;
yvec tix P; xvec #§x M; y § M;
yvec fx M; zvec f* yvec] =
Prop (M (vx(zvecQy#yvec))(N)) P’
and rBrOpen: AM zvec yvec y N P'. [V > P —— M (v*(azvec@yuvec)){([(z, y)]
- N)) < ([(z, y)] - P'); y € supp N;
T8 N;xf Phx+#y;ytavec yt yvec; y § M;
distinct zvec; distinct yvec;
avec tx U y § U; yvec §x U zvec §x P; y 4 P,
yvec fx P; zvec fx M; y § M;
yvec #x M; zvec #x yvec] =
Prop (iM (v*(zvecQy#yvec))(N)) P’
and rScope: AP’ [¥ > P+——a < P] = Prop a ((vz)P’)
and rBrClose: AM zvec N P’.
[¥ > P +— M(vxzvec)(N) < P’
x € supp M;
distinct zvec; xvec fx W; zvec fx P;
zvec §x M;
z i WUz f avec;
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avec §x C] = Prop (1) ((vz))((v*xzvec) P"))
shows Prop o P’

(proof)

lemma resCases’[consumes 7, case-names cOpen cBrOpen cRes c¢BrClose]:
fixes U b

and £ :: name
and P :: (‘a, b, 'c) psi
and o :: ‘a action

and P’ :: (‘a, b, 'c) psi
and C :: f:fs-name

assumes Trans: ¥ > (vz)P —a < P’

and z VU
and =z«
and z§ P’

and bn o fx ¥
and bn afx P
and bn « f* subject «
and rOpen: AM zvec yvec y N P'. [V > ([(z, y)] - P) — M (v*(zvecQyuvec)|)(N)
< P'; y € supp N;
T§ N;xf Phx+#y;ytave y it yoec; y § M;
distinct zvec; distinct yvec;
avec tx U y § U; yvec §x U; zvec §x P; y § P,
yvec §x P; zvec §x M; y § M;
yvec fx M; zvec * yvec] =
Prop (M (vx(azvecQy#yvec))(N)) P’
and rBrOpen: \M zvec yvec y N P’. [V > ([(z, y)] - P) —iM (v*(avecQyvec)))(N)
< P’y y € supp N;
z§ Ny o Phx+#y;yt ave y§ yoec; y § M;
distinct xvec; distinct yvec;
zvec §x U y § U; yvec fx W; zvec fx P; y § P;
yvec fx P; xvec fx M; y § M;
yvec fx M; zvec #* yvec] =
Prop (iM (v*(zvecQy#yvec))(N)) P’
and rScope: AP’ [¥ > Pr+—a < P']| = Prop a ((vz)P’)
and rBrClose: AM zvec N P’.
[¥ > P +— M(vxzvec)(N) < P’
x € supp M;
distinct zvec; xvec §x U; xvec fx P;
zvec fx M;
z Uz zvec;
avec §x C] = Prop (1) ((vz))((v*xzvec) P"))

shows Prop o P’
(proof)

lemma resInputCases’[consumes 4, case-names cRes]:
fixes U b
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and z :: name

and M :'a

and N :'a

and P :: (‘a, 'b, 'c) psi
and R :: (‘a, b, 'c) psi
and C :: f:fs-name

assumes Trans: U > (vz)P —M(N) < R

and 2:zf VU
and =z f§ (M(N))
and 4:zf R

and rScope: AP’ [V > P+——M(N) < P'| = Prop ((vz|)P’)

shows Prop R
{proof )

lemma resBrinputCases’[consumes 4, case-names cRes]:

fixes U = 'b

and £ :: name
and M :'a
and N :'a

and P :: (‘a, b, 'c) psi
and R :: (‘a, 'b, c) psi
and C :: 'f:fs-name

assumes Trans: ¥ > (vz)P —  M(N) < R

and 2:zf Vv
and @ (;M(N))
and 4:zfR

and rScope: AP’ [¥ > P+——;M(N) < P']| = Prop ((vz)P’)

shows Prop R
(proof)

lemma resOutputCases’'[consumes 7, case-names cOpen cRes]:
fixes U b

and ¢ :: name
and M :'a
and N :'a

and P :: (‘a, b, 'c) psi
and R :: (‘a, 'b, 'c) psi
and C :: f:fs-name

assumes Trans: U > (vz) P — M (vx(zvecl @ zvec2))(N) < R
and 1:zfV
and 2§ (M(vx(zvec! @ zvec2))(N))
and S:zf R
and (zvecl Q zvec2) #x U
and (zvec! @ zvec2) #x P
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and (zvec! @ zvec2) #x M
and rOpen: AM zvec yvec y N P'. [V > ([(z, y)] - P) — M (v*(zvecQyuvec)))(N)
< P’y y € supp N;
s Nyz§ Phaosy;ylavee; y§ yvec; y § M;
distinct zvec; distinct yvec;
avec tix U y § U; yvec §x U zvec §x P; y 4 P,
yvec fx P; xvec fx M; y § M;
yvec fx M; zvec #* yvec] =
Prop P’
and rScope: AP’ [¥ > P +——M(v*(zvecl Q zvec2))(N) < P’] = Prop
((va)P)

shows Prop R
(proof)

lemma resOutputCases’'[consumes 7, case-names cOpen cRes]:
fixes U b

and z :: name
and z :: name
and M :'a
and N :'a

and P :: (‘a, b, 'c) psi
and R :: (‘a, 'b, c) psi
and C :: 'f:fs-name

assumes Trans: ¥ > (vz) P — M (v*(zvecl Qy#zvec2))(N) < R
and I1:zfV
and z § (M(vx(zvecl Qy#tzvec2))(N))
and 3:zf R
and (zvecl Qy#zvec2) fx W
and (zvecl Qy#zvec2) i+ P
and (zvecl Qyftzvec2) #x M
and rOpen: AM zvec yvec y N P'. [V > ([(z, y)] - P) — M (v*(zvecQyuec)])(N)
< P’y y € supp N;
T4 Nyzt P+ y;yfavee y i yvee; y § M;
distinct xvec; distinct yvec;
zvec fx U; y § U; yvec fx W; zvec fx P; y § P;
yvec fx P; xvec fx M; y § M;
yvec fx M; zvec fx yvec] =
Prop P’
and rScope: AP’ [¥ > P —M(vx(zvecl Qy#zvec2))(N) < P'] = Prop
(Qvsh P

shows Prop R
(proof)

abbreviation

statImpJudge (<- — -» [80, 80] 80)
where ¥ — U’ = AssertionStatImp ¥ U’
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lemma statFEqTransition:
fixes ¥ ::'b
and P :: (‘a, 'b, 'c) psi
and Rs :: (‘a, 'b, 'c) residual
and U’ :: b

assumes ¥ > P —— Rs
and U ~ U’

shows ¥/ > P — Rs
(proof)

lemma brinputTermSupp:
fixes U :: 'b fs- name

and P : (a, (’c::fs—name)) psi
and P’ :: (a, ‘'c) psi

and N :: a fs name

and K :: 'a:fs-name

assumes ¥ > P — ;K(N|) < P’

shows (supp K) C ((supp P)::name set)
{proof)

lemma brOutput TermSupp:
fixes U : ’b :fs- name

and P : (a, (’c::fs—name)) psi
and P’ :: (Ya, 'b, 'c) psi

and N :: a fs name

and K :: 'a:fs-name

and zvec :: name list
assumes ¥ > P —— RBrOut K ((v*zvec)N <’ P’)

shows (supp K) C ((supp P):name set)
(proof)

lemma actionParlDest’:
fixes « :: (‘a::fs-name) action
and P :: (‘a, 'b::fs-name, 'c::fs-name) psi
and 8 :: (‘a::fs-name) action
and @ :: (Ya, 'b, 'c) psi
and R :: (‘a, 'b, 'c) psi

assumes o < P =08 < (Q || R)

and bn o fx R
and bn S tx R
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obtains T where P=T | Rand a < T =3 < Q
{proof)

lemma actionPar2Dest”:
fixes « :: (‘a::fs-name) action
and P :: ('a, 'b::fs-name, 'c::fs-name) psi
and S :: (‘a::fs-name) action
and Q :: (‘a, 'b, 'c) psi
and R :: (‘a, b, 'c) psi
assumes a < P = < (Q || R)
and bn a fx @
and bn 0 #x Q

obtains T where P= Q| Tanda < T =3 < R
(proof)

lemma expandNonTauFrame:

fixes U :: b
and P :: (‘a, b, 'c) psi
and o :: 'a action
and P’ :: (‘a, b, 'c) psi
and Ap :: name list
and Up = 'b
and C : f:fs-name
and C' :: 'g:fs-name

assumes Trans: ¥ > P —a < P’
and extractFrame P = (Ap, Up)
and distinct Ap
and bn « f* subject «

and Ap fx P
and Ap #x «
and Ap #x C
and Ap #x C’

and bn o fx P
and bn afx C'
and a #71

obtains p ¥’ Ap’ Up’ where set p C set(bn a) x set(bn(p - o)) and (p - Up)
® V'~ Up’and distinctPerm p and

extractFrame P’ = (Ap’, Up') and Ap’ #x P’ and Ap’ x o and Ap' fx (p - a)
and

Ap'#x C and (bn(p - o)) tx C"and (bn(p - )) #* o and (bn(p - )) f* P’ and
distinct Ap’
(proof)

lemma expandTauFrame:
fixes U b
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and P :: ('a, 'b,’c) psi
and P’ :: (‘a, b, 'c) psi
and Ap :: name list
and Vp b

and C :: f:fs-name

assumes ¥ > P ——7 < P’
and eztractFrame P = (Ap, Up)
and distinct Ap
and Ap fx P
and Ap #x C

obtains U’ Ap’ Up’ where extractFrame P’ = (Ap’, Up’) and ¥p @ U/~ Up’
and Ap’ fx C and Ap’ #§x P’ and distinct Ap’

(proof)
lemma expandFrame:
fixes U :: b

and P :: (‘a, b, 'c) psi
and o :: ‘a action
and P’ :: (‘a, 'b, 'c) psi
and Ap :: name list
and Up = 'b
and C :: 'f:fs-name
and C' :: 'g:fs-name

assumes Trans: ¥ > P —a < P’
and extractFrame P = (Ap, Up)
and distinct Ap
and bn « f* subject «
and distinct(bn «)
and Ap #x «

and Ap #x P
and Ap #x C
and Ap #x C’

and bn o fx P
and bn afx C'

obtains p U’ Ap’ Up’ where set p C set(bn a) x set(bn(p - o)) and (p - Up)
® '~ Up’and distinctPerm p and

extractFrame P’ = (Ap’, Up’y and Ap' tx+ P'and Ap't* o and Ap’ t* (p - @)
and

Ap'#x C and (bn(p - @) tx C"and (bn(p - «)) #* o and (bn(p - )) §* P’ and
distinct Ap’

(proof)

abbreviation

frameImpJudge (- —p - [80, 80] 80)
where F —p G = FrameStatImp F G
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lemma FrameStatEqImpCompose:
fixes F' :: 'b frame
and G :: b frame
and H :: 'b frame
and [ :: 'b frame

assumes ' ~p @
and G —p H

and H ~p I
shows F — g [
(proof)
lemma transferNonTauFrame:
fixes U = 'b
and P :: ('a, b, 'c) psi
and o :: ‘a action
and P’ :: (‘a, b, 'c) psi
and Ar :: name list
and Ag :: name list
and Vg b

assumes ¥p > P —sa < P’
and eztractFrame P = (Ap, Up)
and distinct Ap
and distinct(bn «)
and (Ap, Vp ® ¥p) —r (Ag, Vg ® Up)
and Ap fx P
and Ag fx P
and Ap f* subject «
and Ag fx subject «
and Ap #x Ap
and Ap #x Ag
and Ap #x Up
and Ap fx Vg
and a # 7T

shows U5 > P —a < P’
(proof)

lemma transferTauFrame:
fixes U = 'b
and P :: (‘a, 'b, 'c) psi
and P’ :: (‘a, 'b, 'c) psi

and Ar :: name list
and Ag :: name list
and Vg b
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assumes Vp > P ——7 < P’
and extractFrame P = (Ap, Up)
and distinct Ap
and <AF, \1’F®\I/p> —F <AG7 \Ifg®\11p>

and Ap fx P
and Ag fx P
and Ap #x Ap

and Ap #x Ag
and Ap fx Up
and AP ﬁ* \I/G

shows ¥ > P ——7 < P’

(proof)
lemma transferFrame:

fixes U = 'b
and P :: ('a, b, 'c) psi
and o :: ‘a action
and P’ :: (‘a, b, 'c) psi
and Ar :: name list
and Ag :: name list
and Vg b

assumes ¥p > P —sa < P’
and eztractFrame P = (Ap, Up)
and distinct Ap
and <AF7 Ur ® \I/P> —F <Ag, Vo ® ‘1/p>
and Ap #x P
and Ag fx P
and Ap fx subject «
and Ag f* subject a
and Ap #x Ap
and Ap #x Ag
and Ap #x Up
and Ap #x Vg

shows Vg > P —a < P’
(proof)

lemma parCasesInputFrame[consumes 7, case-names cParl cPar2]:
fixes U = 'b
and P :: (‘a, b, 'c) psi
and @ :: ('a, b, 'c) psi

and M :'a

and zvec :: name list
and N :'a

and T :: (‘a, b, 'c) psi
and C :: 'd:fs-name
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assumes Trans: U > P || Q — M(N) < T
and extractFrame(P || Q) = (Apg, Ypg)
and distinct Apg
and Apg ix ¥
and Apg f* P
and Apg t* @
and Apg fx M
and rParl: N\P' Ap Up Ag ¥q. [¥Y ® Yo > P—M(N|) < P’ extractFrame
P = (Ap, Up); extractFrame Q = (Ag, Yo);
distinct Ap; distinct Ag; Ap i ¥; Ap x P; Ap fx
Q; Ap i« M; Ag tx U; Ag tx P; Ag i Q; Ag tx M;
Ap ﬁ* \I/Q; AQ ﬁ* \I/p; Ap ﬁ* AQ; APQ = AP@AQ;
Ypg =Vp ® Vo] = Prop (P Q)
and 7rPar2: NQ' Ap ¥p Ag ¥go. [¥ @ ¥p > Q — M(N) < Q; extractFrame
P = (Ap, Up); extractFrame Q = (Aqg, Vg);
distinct Ap; distinct Ag; Ap #x ¥; Ap i P; Ap fx
Q; Ap #x M; Ag tx U; Ag tx P; Ag i Q; Ag tx M;
Ap ﬁ* \I’Q; AQ ﬂ* \I/p; AP ﬁ* AQ; APQ = AP@AQ;
Upq = Up @ o] = Prop (P || Q)
shows Prop T
(proof )

lemma parCasesBrInputFrame[consumes 7, case-names cParl cPar2 cBrMerge]:
fixes U =D
and P :: (‘a, 'b, 'c) psi
and Q@ :: (‘a, b, 'c) psi

and M :'a

and zvec :: name list
and N :=:'a

and T :: (‘a, b, 'c) psi
and C :: 'd:fs-name

assumes Trans: U > P || Q — M(N) < T
and extractFrame(P || Q) = (Apg, Ypg)
and distinct Apg
and Apg ix ¥
and Apg f* P
and Apg t* @
and Apg tx M
and rParl: NP’ Ap Up Ag Vq. [V ® Vg > P+—;M(N|) < P’; extractFrame
P = (Ap, Up); extractFrame Q = (Ag, Yo);
distinct Ap; distinct Ag; Ap ix ¥; Ap x P; Ap fx
Q; Ap i« M; Ag tx U; Ag tx P; Ag i Q; Ag tx M;
Ap ﬁ* \I/Q; AQ ﬁ* \I/p; AP ﬁ* AQ; APQ = AP@AQ;
Upg =Vp ® Vo] = Prop (P Q)
and rPar2: NQ' Ap Up Ag ¥g. [T @ Up > Q —  M(N) < Q'; extractFrame
P = (Ap, Up); extractFrame Q = (Ag, Yg);
distinct Ap; distinct Ag; Ap i W; Ap i P; Ap fx
Q; Ap i« M; Ag tx U; Ag tx P; Ag i Q; Ag tx M;
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Ap ﬁ* \I/Q; AQ ﬁ* \pr; AP ﬁ* AQ; APQ = AP@AQ;
\I/PQ =Up ® \I/Q]] = Prop (P || Ql)
and rBrMerge: N¥q P’ Ap Up Q' Ag.
[¥ @ g > P+— (M(N|) < P’ extractFrame P = (Ap, Up);
distinct Ap;
U®Upp> Qv+ (M(N) < Q; extractFrame Q = (Ag, Vo);
distinct Ag;
AP Ii* \I/; Ap ﬁ* \IJQ, Ap ﬁ* P;
Ap tx Q; Ap #x Ag;
AQ ﬂ* \I/; AQ ﬂ* \I/p; AQ ﬁ* P;

Aq fx @
APQ = AP@AQ; \IIPQ =Up ® \I/Qﬂ =
Prop (P'| Q')

shows Prop T
(proof )

lemma parCasesOutputFrame[consumes 11, case-names cParl cPar2]:
fixes ¥ b
and P :: (‘a, b, 'c) psi
and Q@ :: (‘a, b, 'c) psi

and M :'a

and zvec :: name list
and N :'a

and T :: (‘a, b, 'c) psi
and C :: 'd:fs-name

assumes Trans: U > P || Q@ — M (vsavec)(N) < T
and zvec fx U
and avec fix P
and zvec fx @
and zvec fx M
and extractFrame(P || Q) = (Apqg, Ypq)
and distinct Apg
and Apg fx ¥
and Apg f*x P
and Apg ix Q
and Apqg fx M
and rParl: AP' Ap Up Ag ¥g. [T ® Vg > P — M(vxzvec)(N) < P
extractFrame P = (Ap, Up); extractFrame Q = (Ag, ¥q);
distinct Ap; distinct Ag; Ap §x W; Ap #x P; Ap fx
Q; Ap #x M; Ag #x U; Ag fx P; Ag fx Q; Ag tx M;
Ap ﬂ* \I’Q; AQ ﬁ* \I/p; Ap ﬂ* AQ; APQ = AP@AQ;
Vpo =Vp ® V] = Prop (P'| Q)
and rPar2: NQ' Ap Up Ag ¥g. [¥ ® ¥p > Q —>M(v*avec)(N) < Q;
extractFrame P = (Ap, Up); extractFrame Q = (Ag, ¥q);
distinct Ap; distinct Ag; Ap i+ V; Ap fx P; Ap
Q; Ap #x M; Ag #x V; Ag fix P; Ag fx Q; Ag tx M;
Ap ﬂ* ‘IIQ; AQ ﬁ* \I/p; AP ﬂ* AQ; APQ = AP@AQ;
\IJPQ =Up ® \IJQ]] = Prop (P || QI)
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shows Prop T
(proof)

lemma parCasesBrOutputFrame[consumes 11, case-names cParl c¢Par2 cBrComml1
c¢BrComm2):
fixes U = 'b
and P :: ('a, b, 'c) psi
and Q@ :: (‘a, b, 'c) psi

and M :'a

and zvec :: name list
and N :'a

and T = (‘a, 'b, 'c) psi
and C :: 'd:fs-name

assumes Trans: ¥ > P || Q — M (vxzvec)(N) < T
and zvec fx U
and zvec fx P
and zvec fx @
and avec fx M
and extractFrame(P || Q) = (Apqg, Ypq)
and distinct Apg
and Apg fx ¥
and Apg fx P
and Apg f* @
and Apg #x M
and rParl: AP’ Ap Up Ag ¥g. [¥ ® Vg > P —iM(v*avec)(N) < P’
extractFrame P = (Ap, Up); extractFrame Q = (Ag, ¥g);
distinct Ap; distinct Ag; Ap #x W; Ap #x P; Ap fx
Q; Ap #x M; Ag tx U; Ag tx P; Ag i Q; Ag fx M;
Ap ﬁ* \I/Q; AQ ﬁ* \I/p; Ap ﬁ* AQ; APQ = AP@AQ;
Upg =¥p ® Vo] = Prop (P'| Q)
and rPar2: NQ' Ap ¥p Ag Vg. [V ® Up > Q —M(vxzvec)(N) < @
extractFrame P = (Ap, Up); extractFrame Q = (Ag, ¥q);
distinct Ap; distinct Ag; Ap §x W; Ap #x P; Ap fx
Q; Ap #x M; Ag tx U; Ag tix P; Ag i Q; Ag Hx M;
Ap ﬁ* \IIQ; AQ ﬁ* \I/p; Ap ﬁ* AQ; APQ = AP@AQ;
Vpg =¥p ® Vo] = Prop (P || Q')
and rBrCommi: N\¥g P’ Ap Up Q' Aq.
[V ® g > P+—;M(N) < P’; extractFrame P = (Ap, Up); distinct
Ap;
U ® Up > Q+—iM(vsavec)(N) < Q' extractFrame Q = (Ag, Vgo);
distinct Ag;
distinct zvec;
Ap #x U5 Ap tx Wi Ap ix Py Ap x Q5 Ap §x Ag;
Ag tx W5 Ag ix Wp; Ag i P; Ag tx Q;
Ap tx M; Ag #x M; avec §x M;
zvec §x U; zvec fx P; xvec fx Q;
APQ = AP@AQ; \I/pQ =VUp ® \IJQH —
Prop (P'| Q)
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and rBrComm2: N\¥qg P’ Ap Up Q' Aq.
[V ® Ug > P +——iM(v*avec))(N) < P’; extractFrame P = (Ap, ¥p);
distinct Ap;
U@ Up> Q—(M(N) < Q) extractFrame Q = (Ag, Vq); distinct
AQ;
distinct zvec;
Ap fx U5 Ap i+ W5 Ap ix Py Ap x Q5 Ap §x Ag;
AQ ﬁ* \I/; AQ ]j* \I/p; AQ ]j* P; AQ ﬁ* Q;
Ap % M; Ag % M; avec §x M;
zvec §x U; zvec fx P; xvec fx Q;
APQ = AP@AQ; \I/pQ =Up ® ‘IJQH -
Prop (P' || Q)
shows Prop T
(proof)

inductive bangPred :: ('a, 'b, 'c) psi = ('a, 'b, '¢) psi = bool
where
auzl: bangPred P (!P)
| auz2: bangPred P (P || |P)

lemma bangInduct[consumes 1, case-names cParl cPar2 cComm1 cComm2 cBrMerge
c¢BrComm1 c¢BrComm?2 cBang|:

fixes U :: b
and P :: (‘a, b, 'c) psi
and Rs :: (‘a, b, 'c) residual

and Prop :: 'd::fs-name = 'b = (‘a, 'b, 'c) psi = (‘a, 'b, 'c) residual = bool
and C :'d

assumes ¥ > |P — Rs
and rParl: Aa P’ C. [V > P +——a < P’ bn o fx ¥; bn o i+ P; bn a fx*
subject a; bn a % C; distinct(bn )] = Prop C ¥ (P || 'P) (o < (P 'P))
and rPar2: Aa P' C. [¥ > P —a < Py bn a fx ¥; bn a fx P; bn o #x
subject «; bn o x C; distinct(bn a);
NC. Prop C VU (IP) (o« < P')] = Prop C ¥ (P || 'P) («
<P PY)
and rCommi: AM N P’ K zvec P"" C. [V > P —M(N|) < P, ¥ > P
— K (v*zvec)(N) < P''; NC. Prop C U (I1P) (K(vxzvec)(N) < P"); ¥ - M «
K;
avec fx V; zvec §x P; xvec #x M; zvec §x K;
zvec §x C; distinct zvec] = Prop C U (P || |P) (7 < (vxavec) (P’ || P"))
and rComm2: AM zvec NP' K P" C. [¥ > P — M(vxavec))(N) < P'; ¥ >
P ——K(N) < P, NC. Prop C W (1P) (K(N) < P"); ¥ M > K;
avec fx V; zvec fx P; xvec #x M; zvec §x K;
avec #x C; distinct zvec] = Prop C ¥ (P || !P) (1 < QV*mvecD(P' I P)
and rBrMerge: AMNP'P" C.[¥ > Pr—;M(N|) < P;¥r!P—;M(N|
< P". NC. Prop C ¥ (\P) (;M(N) < P")] =
Prop C W (P | 1P) (N < (P P")
and rBrComml: AM N P’ zvec P C. [V > P —;M(N) < P’; ¥ > |P
M (v*zvec)(N) < P""; NC. Prop C U (IP) (M (vxzvec)(N) < P");
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zvec tix W; qvec fx P; zvec fx M; xvec §x C)
distinct zvec] = Prop C ¥ (P || |P) ;M (v*zvec)(N) < (P’ || P"))
and rBrComm2: AM N P’ gvec P" C. [V > P —iM(vzvec)(N) < P} ¥
> 1P s M(N) < P"; NC. Prop C W (\P) (;M(N) < P";
zvec #x U; zvec fix P; zvec fx M; xvec §x C;
distinct zvec] => Prop C ¥ (P || 'P) (;M (v*zvec)(N) < (P’ || P"))
and rBang: ARs C.[¥ > P || !P — Rs; AC. Prop C ¥ (P || |P) Rs; guarded
P] = Prop C ¥ (IP) Rs
shows Prop C ¥ (!P) Rs
(proof)

lemma banglInputinduct[consumes 1, case-names cParl cPar2 cBang]:
fixes U b
and P :: (‘a, b, 'c) psi
and M :'a
and N :'a
and P’ :: ('a, b, 'c) psi
and Prop :: 'b = (‘a, 'b, 'c) psi = 'a = 'a = (‘a, 'b, 'c) psi = bool

assumes ¥ > |P — M(N|) < P’
and rParl: AP ¥ > P+—M(N|) < P'= Prop ¥ (P || 'P) M N (P'| !P)
and rPar2: AP [¥ > P —M(N|) < P’; Prop ¥ (IP) M N P'| = Prop ¥
(P 1P) M N (P | P
and rBang: AP [Y > P || !P —M(N|) < P’; Prop ¥ (P || !P) M N P/
guarded P| = Prop ¥ (!\P) M N P’
shows Prop ¥ (!P) M N P’
{proof)

lemma brbangInputinduct[consumes 1, case-names cParl cPar2 cBrMerge cBangl:
fixes U b
and P :: (‘a, 'b, 'c) psi
and M :'a
and N :'a
and P’ :: (‘a, 'b, 'c) psi
and Prop :: 'b = (‘a, 'b, '¢) psi = 'a = 'a = (‘a, 'b, '¢) psi = bool

assumes ¥ > P —; M(N|) < P’

and rPari: AP ¥ > P+—;M(N) < P'= Prop ¥ (P ||!P) M N (P
IP)

and rPar2: AP [¥ > |P ——;M(N|) < P’; Prop ¥ (\P) M N P'| = Prop
U (P | 'P)MN (P | P

and rBrMerge: AP’ P” C. [V > P —;M(N) < P; ¥ > |P —; M(N) <
P, NC. Prop ¥ (!\P) M N P"] =

Prop W (P || 'P) M N (P"| P")

and rBang: AP [Y > P || '\P —;M(N) < P’; Prop ¥ (P || !P) M N P’
guarded P] = Prop ¥ (I1P) M N P’
shows Prop ¥ (\P) M N P’

(proof )
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lemma bangOutputinduct[consumes 1, case-names cParl cPar2 cBang|:
fixes U b
and P :: (‘a, b, 'c) psi

and M :'a
and zvec :: name list
and N :'a

and P’ :: ('a, b, 'c) psi

and Prop :: 'd::fs-name = 'b = (‘a, b, 'c) psi = ‘a = (‘a, 'b, 'c) boundOutput
= bool

and C  :'d

assumes ¥ > |P —— M (vsavec)(N) < P’

and rParl: Azvec N P’ C. [¥ > P — M (vazvec)(N) < P’ zvec * U; zvec
fx P; zvec % M; zvec tx C; distinct zvec] = Prop C U (P || \P) M ((v*azvec) N
NN

and rPar2: Nzvec N P’ C. [V > |P — M (vxazvec))(N) < P’; AC. Prop C ¥
('P) M ((vxavec)N <’ P'); zvec §x W; zvec tx P; xvec #x M; zvec §x C; distinct
zvec] =

Prop C W (P || IP) M ((v+avec)N <’ (P || P")

and rBang: ABC.[¥ > P ||!P —(ROut M B); NC. Prop C ¥ (P || 'P) M

B; guarded P] = Prop C ¥ (\P) M B

shows Prop C ¥ (1P) M ((vxavec)N <’ P')

{proof)
lemma bangTaulnduct[consumes 1, case-names cParl cPar2 cCommi1 cComm2
cBang):

fixes U :'b

and P :: (‘a, b, 'c) psi

and P’ :: (‘a, b, 'c) psi

and Prop :: 'd::fs-name = 'b = (‘a, 'b, '¢) psi = (‘a, 'b, '¢) psi = bool
and C :'d

assumes ¥ > [P —7 < P’
and rParl: AP’ C. ¥ > P71 < P' = Prop C ¥ (P | !P) (P'||!P)
and rPar2: AP’ C. [¥ > P —7 < P'; AC. Prop C U (IP) P| = Prop C
w (P 1P) (P P
and rComml: A\M N P’ K zvec P C. [V > P —M(N) < P; U > IP
— K (vxavec)(N) < P, ¥ - M + K;
avec fx U; zvec §x P; xvec #x M; zvec #§x K;
avec §x C] = Prop C U (P || !P) ((v*zvec)(P' || P'))
and rComm2: AM N P’ K gvec P"" C. [¥ > P — M (vxavec))(N) < P’; ¥ >
IP —K(N) < P, O M < K;
avec fx V; zvec §x P; xvec #x M; zvec §x K;
zvec §x C] = Prop C U (P || \P) ((vxavec)(P' || P"))
and rBang: AP’ C. [V > P || P +——7 < P ANC. Prop C ¥ (P || IP) P
guarded P] = Prop C ¥ (IP) P

shows Prop C ¥ (1P) P’
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{proof)

lemma bangInduct’[consumes 2, case-names cAlpha cParl cPar2 cComml1 cComm2
c¢BrMerge ¢cBrComm1 c¢BrComm?2 cBang):

fixes¥U b
and P :: ('a, b, 'c) psi
and a :: ‘a action

and P’ :: (‘a, b, 'c) psi

and Prop :: 'd::fs-name = 'b = (‘a, 'b, 'c) psi = 'a action = ('a, b, '¢) psi
= bool

and C :: 'd:fs-name

assumes ¥ > !P —a < P’
and bn « f* subject «
and rAlpha: Ao P’ p C. [bn a ix U; bn o §x P; bn a §* subject a; bn « fx C;
set p C set(bn «) x set(bn(p « «)); distinctPerm p;
bn(p - a) $x «; bn(p - «) gx P’ Prop C ¥ (P || IP) «
P =
Prop C W (P ||['P) (p-a) (p- P’
and rParl: Aa P’ C.
[¥ > P—a < P bnatfxU; bn atx P; bn o fx subject a; bn «
fx C; distinct(bn )] =
Prop C U (P ||!P) a (P’ || !P)
and rPar2: Aa P’ C.
[¥ > P +—a < P5 AC. Prop CT (IP) a P/
bn o tx U; bn « $x P; bn « #x subject «; bn « fx C; distinct(bn
a)] =
Prop C 9 (P ||!P) a (P | P’
and rComml: AM N P’ K zvec P C. [V > P —M(N|) < P; ¥ > P
— K (vxavec)(N) < P"; NC. Prop C'¥ (1P) (K(v*avec)(N)) P"; U + M < K,
zvec §x U; xvec #x P; zvec fx M; zvec §x K;
avec #x C; distinct zvec] = Prop C ¥ (P || \P) (1) ((v*zvec)(P' | P"))
and rComm2: AM azvec N P' K P” C. [¥ > P —— M (vsavec)(N) < P’} ¥ >
1P+ K(N) < P, NC. Prop C ¥ (IP) (K(N)) P", ¥ - M < K;
avec fx U; zvec §x P; xvec #x M; zvec #§x K;
zvec §x C; distinct zvec] = Prop C U (P || IP) (1) ((v*zvec)(P' || P"))
and rBrMerge: AM N P'P" C.[¥ > P+—;M(N) < P; ¥ !P+——;M(N)
< P"; NC. Prop C ¥ (IP) ((M(N)) P"] =
Prop C W (P || 1P) (M(N)) (P']| P”)
and rBrComml: AM N P’ zvec P" C. [V > P —;M(N|) < P’; ¥ > |P
— M (vxavec)(N) < P''; AC. Prop C ¥ (\P) (iM(v=zvec)(N)) P,
zvec #x U; zvec #ix P; zvec fx M; xvec §x C;
distinct avec] = Prop C U (P || IP) (M (v*zvec)(N)) (P’ || P")
and rBrComm2: AM N P’ gvec P C. [V > P ——jM(vxavec)(N) < P, ¥
> 1P i M(N) < P"; NC. Prop C ¥ (\P) (;M(N)) P";
zvec §x U; xvec §x P; zvec ix M; zvec §x C,
distinct zvec] = Prop C ¥ (P || |P) (;M (v*zvec)(N)) (P’ | P")
and rBang: Aa P'C.
[¢ > P | !P+—a < P’ guarded P; NC. Prop C ¥ (P || IP) «
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P’; gquarded P; distinct(bn o)] =
Prop C ¥ (I1P) a P’
shows Prop C ¥ (IP) a P’

{proof)
lemma brComminAuxTooMuch:
fixesU b

and Yo =D
and R :: (‘a, 'b, 'c) psi
and M :'a
and N :'a
and R’ :: ('a, ', 'c) psi
and Ar :: name list
and ¥p = 'b
and Ap :: name list
and Up b
and Ag :: name list

assumes RTrans: ¥ @ Uy > R —( M(N) < R’
and FrR: extractFrame R = (Agr, VR)
and distinct Ag
and QimpP: <AQ, (\If ® \I/Q) X \I’R> —r <Ap7 (\If ® \I/p) ® \I/R>
and Ap fx Ap
and Apg fx Ag
and Agp fx U
and Ap fx Up
and Ap f#x Vg
and Ap ix (¥ ® ¥g)

and Agp f*x R
and Ag fx M
and Ap fx R
and Ap #x M
and Ag #x R
and Ag fx M

shows ¥ @ Up > R+—;M(N) < R’
(proof)

lemma brComminAux:

fixesU b

and Uy = 'b

and R :: (‘a, 'b, 'c) psi
and M :'a

and N :'a

and R’ :: (‘a, 'b, 'c) psi
and Ar :: name list
and Vp = 'b

and Ap :: name list
and Up = 'b
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and Ag :: name list

assumes RTrans: ¥ @ Uy > R —( M(N) < R’
and FrR: extractFrame R = (Agr, UR)
and distinct Ag
and QimpP: <AQ, (T ® \IJQ) ® Ug) —p (Ap, (T Q@ ¥p) ® Ug)
and Apr fx Ap
and Apg fx Ag
and Ap fx U
and Ap fx Up
and Ap fx Vg

and Agp #*x R
and Agp fx M
and Ap i+ R
and Ap #x M
and Ag #x R
and Ag fx M
shows ¥ @ Up > R+—; M(N|) < R’
(proof)
lemma brCommOQutAuzTooMuch:
fixesU b
and Yo = 'b
and R :: (Ya, 'b, 'c) psi
and M :'a
and zvec :: name list
and N :'a
and R’ :: (‘a, 'b, 'c) psi
and Ar :: name list
and Vp ')
and Ap :: name list
and Up = 'b
and Ag :: name list

assumes RTrans: ¥ @ Vg > R — RBrOut M ((v*azvec)N <’ R
and FrR: extractFrame R = (Ag, UR)
and distinct Ag
and QimpP: <AQ, (\If ® \I/Q) &® \I/R> —F <Ap, (\If ® \I/p) ® \I’R>
and Apr fx Ap
and Ap fix Ag
and Ap f#x ¥
and Ap fx Up
and Ap fx VYo
and Apg ix (¥ ® ¥g)
and Agp f*x R
and Ap tx M
and Ap fx R
and Ap #x M
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and Ag #x R
and Ag fx M

shows ¥ @ Up > R — M (vxzvec)(N) < R’
(proof)

lemma brCommOutAux:

fixesU b

and Uy = 'b

and R :: (‘a, 'b, 'c) psi
and M :'a

and zvec :: name list
and N :=:'a

and R’ :: (‘a, 'b, 'c) psi
and Ar :: name list
and Vp b

and Ap :: name list
and Up b

and Ag :: name list

assumes RTrans: ¥ @ Vg > R — (M (v*zvec)(N) < R’
and FrR: extractFrame R = (AR, Ug)
and distinct Agr
and QimpP: <AQ, (T ® \I/Q) ® Ug) —p (Ap, (¥ @ ¥p) ® Ug)
and Apr fx Ap
and AR ﬁ* AQ
and Ag f#x ¥
and Ag tix Up
and Ap fx Yo

and Agp fx R
and Apr tx M
and Ap fx R
and Ap #x M
and Ag #x R
and Ag fx M
shows U ® Up > R — [M(vkazvec)(N) < R’
(proof)
lemma commi1Auz:
fixes U b
and Yo =D
and R :: (‘a, 'b, ¢) psi
and K :'a
and zvec :: name list
and N :'a
and R’ :: (‘a, 'b, 'c) psi
and Ar :: name list
and Up b
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and P :: ('a, b, 'c) psi
_—

and M '

and L :'a

and P’ :: (‘a, b, 'c) psi
and Ap :: name list
and Up = 'b

and Ag :: name list

assumes RTrans: ¥ @ Vg > R — K (vxavec)(N) < R’
and FrR: extractFrame R = (Ag, UR)
and PTrans: ¥ @ ¥ > P+—M(L) < P’
and MegK: ¥ @ UV @ Vgt M < K
and PeqQ: <AQ, (T ® \I/Q) ® UR) —p (Ap, (T @ ¥p) ® Ug)
and FrP: extractFrame P = (Ap, Up)
and Fr@: extractFrame Q = (Ag, ¥g)
and distinct Ap
and distinct Ag
and Apr fx Ap
and Apg f*x Ag

and Ap f#x ¥
and Apg f#x P
and Apg f#x Q
and Agp f* R
and Ap fx K
and Ap fx U
and Ap fx R
and Ap #x P
and Ap #x M
and Ag #x R
and Ag fx M

obtains K’ where U @ Up > R +——K'(vxzvec)(N) < R'and ¥ @ Up ® U
M < K’and Apg fx K’

(proof)
lemma comm2Auz:
fixesV b

and Uy ='b
and R :: (‘a, 'b, c) psi
and K :'a
and N :=:'a
and R’ ('a, 'b, 'c) psi
and Ar :: name list
and Up b
and P :: (‘a, b, 'c) psi
and M :'a

and zvec :: name list
and P’ :: ('a, b, 'c) psi
and Ap :: name list
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and Up = 'b
and Ag :: name list

assumes RTrans: ¥ @ Uy > R —K(N|) < R’
and FrR: extractFrame R = (Agr, UR)
and PTrans: ¥ ® ¥ > P ——M(vxavec)(N) < P’
and MegK: ¥ @ U @ Vg M < K
and QimpP: (Ag, (¥ ® ¥g) ® Yr) —Fr (Ap, (¥ ® ¥p) ® ¥g)
and FrP: extractFrame P = (Ap, Up)
and Fr@Q: extractFrame Q = (Ag, ¥g)
and distinct Ap
and distinct Agr
and Apr fx Ap
and Ap fix Ag

and Ap f#x ¥
and Ag f#x P
and Agp #x Q
and Agp f*x R
and Ap fx K
and Ap #x ¥
and Ap #x R
and Ap fx P
and Ap #x M
and Ag #x R
and Ag #§x M

and Ap #x zvec
and avec fix M

obtains K’/ where ¥ @ Vp > R+—K/(N) < R'and ¥ @ Up @ Up+ M
K’'and AR #x K'
(proof)

end

end

theory Simulation
imports Semantics

begin

This file is a (heavily modified) variant of the theory Psi Calculi.Simu-
lation from [1].

context env begin

definition
simulation :: 'b = ('a, 'b, 'c) psi =
(b x ('a, 'b, 'c) psi x (‘a, 'b, c) psi) set =
("a, 'b, 'c) psi = bool («- > - ~~[-] -» [80, 80, 80, 80] 80)
where
Up>P~Rl Q=Va Q. U > Qr—a<Q —bmatx VU — bn ot P
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— 3P ¥ > P+—a <P A(¥, P, Q) € Rel)

abbreviation
simulationNilJudge (<- ~[-] - [80, 80, 80] 80) where P ~~[Rel] Q = SBottom’
> P ~~[Rel] @

lemma siml[consumes 1, case-names cSim]:
fixes U b
and P :: (Ya, b, 'c) psi
and Rel :: (b x (Ya, 'b, 'c) psi x ('a, 'b, 'c) psi) set
and @ :: (‘a, 'b, 'c) psi
and C :: 'd:fs-name

assumes Fqut: equt Rel
and Sim: Aa Q. [P > Qr—a < Q5 bn atfx P;bn ats @ bna tx U
distinct(bn «);
bn a #x (subject a); bn o g% C] = IP. ¥ > P —a < P’
A (U, P!, Q') € Rel

shows U > P ~~[Rel] Q
(proof)

lemma simI2[case-names cSim|:
fixes U b
and P :: (Ya, b, 'c) psi
and Rel :: (b x (Ya, 'b, 'c) psi x ('a, 'b, 'c) psi) set
and @ :: (‘a, 'b, 'c) psi
and C :: 'd:fs-name

assumes Sim: Aa Q" [V > Q —ra < Q'; bn o #x P; bn o fx U; distinct(bn «)]
= JP. U > P+—a <P A (T, P, Q) € Rel

shows U > P ~[Rel] Q
{proof)

lemma simIChainFresh[consumes 4, case-names cSim):
fixes U = 'b
and P :: ('a, b, 'c) psi
and Rel :: ('b x ('a, 'b, 'c) psi x ('a, 'b, 'c) psi) set
and Q@ :: (‘a, 'b, 'c) psi
and zvec :: name list
and C :: 'd:fs-name

assumes FEqut: equt Rel
and avec fix ¥
and avec fix P
and zvec fx Q
and Sim: Aa Q. [¥ > Q —a < Q bn afx P; bn a fx Q; bn o #x ¥,

bn a fix subject o distinct(bn «); bn « fx C; avec fx a; zvec
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t+ Q] =
AP U > P+——a <P AN (U, P, Q) € Rel
shows U > P ~~[Rel] Q
(proof )

lemma simIFresh[consumes 4, case-names c¢Sim]:
fixes U :: b
and P :: (Ya, 'b, 'c) psi
and Rel :: (b x (Ya, 'b, 'c) psi x ('a, 'b, 'c) psi) set
and Q :: (‘a,’b, c) psi
and z :: name
and C :: 'd:fs-name

assumes Fqut: equt Rel

and 2z VU
and =zt P
and =zt Q

and Aa Q. [¥Y> Qr—a<Q;bnatxP;bnatx@; bnatxV;
bn o fx subject a; distinct(bn «); bn a fx C; z fa; 2§ Q] =
IP. U > P+—a <P A (U, P, Q) € Rel

shows U > P ~[Rel] Q
{proof)

lemma simFE:
fixes ' '
and P ::
and Rel :
and Q

b

(/0,, /ba /C) pSZ

('b x ('a, 'b, 'c) psi x ('a, 'b, 'c) psi) set
(/a7 /b7 /C) psl’

assumes ¥ > P ~~[Rel] Q

shows Aa Q. [T > Q —a < Q' bnafx U, bnafx Pl=— 3P . ¥ > P+—a
< P'A (¥, P, Q) € Rel
(proof )

lemma simClosedAux:
fixes U :: b
and P :: (Ya, b, 'c) psi
and Rel :: (‘b x (‘a, 'b, 'c) psi x ('a, 'b, 'c) psi) set
and Q :: (‘a, ', 'c) psi
and p : mame prm

assumes FEqutRel: equt Rel
and PSimQ: ¥ > P ~~[Rel] Q

shows (p - U) > (p - P) ~[Rel] (p - Q)
(proof)
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lemma simClosed:
fixes U b
and P :: (‘a, b, 'c) psi
and Rel :: ('b x (Ya, 'b, 'c) psi x ('a, 'b, 'c) psi) set
and Q :: (‘a, 'b, 'c) psi
and p : name prm

assumes FEqutRel: equt Rel

shows U > P ~[Rel] Q = (p - ¥) > (p P) ~[Rel] (p - Q)
?ndJI;W[Rel]Qz(p' P) [ el] (p- Q)
proo

lemma refiezive:
fixes Rel :: (b x ('a, 'b, 'c) psi x ('a, 'b, 'c) psi) set
and ¢ b
and P :: (Ya, b, 'c) psi
assumes {(¥, P, P) | ¥ P. True} C Rel

shows U > P ~~[Rel] P

(proof )
lemma transitive:

fixesU b
and P (Ya, b, '¢) psz’
and Rel ('b >< (’ ‘c) psi x (‘a, 'b, 'c) psi) set
and @ = (‘a, ) psz
and Rel” == (b >< (’ ‘c) psi x ('a, 'b, 'c) psi) set
and R ('a, ) psz
and Rel” :: (b x ( ‘c) psi x ('a, 'b, 'c) psi) set

assumes PSim@Q: ¥ > P ~~[Rel] Q

and QSimR: ¥ > Q ~[Rell R

and FEqut: equt Rel”

and Set: {(¥, P, R) | ¥ PR.3Q. (¥, P, Q) € Rel A (¥, Q, R) € Rel’} C
Rel”

shows U > P ~»[Rel”] R
{proof)

lemma statEqSim:
fixes U :: b
and P :: (‘a, b, 'c) psi
and Rel :: (‘b x (‘a, 'b, 'c) psi x ('a, 'b, 'c) psi) set
and Q :: (‘a, ', 'c) psi
and U’ :: b

assumes PSim@Q: ¥ > P ~~[Rel] Q
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and equt Rel’
and U ~ U’
and C1: AUV RS U [(V" R, S) € Rel; V'~ V"] = (V' R, S) € Rel

shows U’ > P ~~[Rel’] Q

(proof )
lemma monotonic:
fixes U :: b
and P :: ('a, 'b, 'c) psi
and A :: (b x (Ya, 'b, 'c) psi x (‘a, 'b, 'c) psi) set
and @ :: (‘a, 'b, 'c) psi
and B : (b x (Ya, 'b, 'c) psi x ('a, 'b, 'c) psi) set

assumes ¥ > P ~~[4] Q
and ACB

shows ¥ > P ~[B] @
{proof)

end

end

theory Bisimulation
imports Simulation

begin

This file is a (heavily modified) variant of the theory Psi Calculi. Bisim-
ulation from [1].

context env begin

lemma monoCoinduct: Az y za xb zc P Q V.
<y —=
(¢ > Q ~[{(zc, b, za). x zc zb za}] P) —
(¢ > Q ~[{(zb, za, zc). y b za xc}] P)
{proof)

coinductive-set bisim :: ('b x (‘a, b, '¢) psi x (‘a, 'b, 'c) psi) set
where
step: [(insertAssertion (extractFrame P)) U ~p (insertAssertion (extractFrame
Q) V);
U > P ~[bisim] @;
VUL (U@ W, P, Q) € bisim; (U, Q, P) € bisim] = (U, P, Q) € bisim
monos monoCoinduct

abbreviation

bisimJudge (¢- > - ~ - [70, 70, 70] 65) where U > P ~ Q = (¥, P, Q) €
bisim
abbreviation
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bisimNilJudge (<- ~ - [70, 70] 65) where P ~ @ = SBottom’ > P ~ @

lemma bisimCoinductAuz[consumes 1]:
fixes F :: b
and P :: ('a, 'b, 'c) psi
and @ :: (a, 'b, 'c) psi
and X :: (b x (‘a, 'b, 'c) psi x ('a, 'b, 'c) psi) set

assumes (¥, P, ) € X
and AU P Q. (U, P, Q) € X = insertAssertion (extractFrame P) U ~p
insertAssertion (extractFrame Q) ¥ A
(U > P ~[(X U bisim)] Q) A
V. (U, P, QeXV(UTU, P Q) e
bisim) A
(¥, Q, P) € X V (U, Q, P) € bisim)

shows (U, P, Q) € bisim
(proof)

lemma bisimCoinduct[consumes 1, case-names cStatEq cSim cExt cSym|:
fixes F :: b
and P :: ('a, 'b, 'c) psi
and @ :: (‘a, 'b, 'c) psi
and X :: ('b x (‘a, 'b, 'c) psi x ('a, 'b, 'c) psi) set

assumes (¥, P, Q) € X

and AU’'RS. (¥ R, S) € X = insertAssertion (extractFrame R) U’ ~p
insertAssertion (extractFrame S) U’

and AU'RS. (V| R, S)e X = U'>R~[(X U bisim)] S

and AU/ RSU” (U, R S)eX—=— (WaU" R S eXV (U aei"R,
S) € bisim

and AU'RS. (P R, S)eX = (V,S, R e XV (V,S, R) € bisim

shows (U, P, Q) € bisim
(proof)

lemma bisim WeakCoinductAuz|consumes 1]:
fixes ¥ :: b
and P :: ('a, 'b, 'c) psi
and Q :: (‘a, 'b, 'c) psi
and X :: ('b x (Ya, 'b, 'c) psi x ('a, 'b, 'c) psi) set

assumes (¥, P, Q) € X
and AP P Q. (U, P, Q) € X = insertAssertion (extractFrame P) U ~p
insertAssertion (extractFrame Q) ¥ A
U > P w[X] QA
VI (TU, P, Q) eX) A Q P)eX

shows (U, P, Q) € bisim
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{proof)

lemma bisim WeakCoinduct[consumes 1, case-names cStatEq ¢Sim cExt cSym):
fixes F :: b
and P :: ('a, 'b, 'c) psi
and @ :: (a, 'b, 'c) psi
and X :: (b x (‘a, 'b, 'c) psi x ('a, 'b, 'c) psi) set

assumes (¥, P, ) € X

and AU P Q. (U, P, Q) € X = insertAssertion (extractFrame P) U ~p
insertAssertion (extractFrame Q) ¥

and AUPQ. (T,P,Q €X = TP ~[X]Q

and ANUPQU. (¥, P,QeX—=— (WaU,P, QecX

and AT PQ. (U,P,Q eX = (T,Q P)cX

shows (U, P, Q) € bisim
(proof)

lemma bisimE:
fixes P :: (‘a, 'b, 'c) psi
and @ : (‘a, 'b, 'c) psi

and U ::'b

and U':: b

assumes (¥, P, Q) € bisim

shows insertAssertion (extractFrame P) VU ~p insertAssertion (extractFrame Q)
v

and ¥ > P ~»[bisim] Q

and (¥ @ ¥/, P, Q) € bisim

and (U, Q, P) € bisim

{proof)

lemma bisiml:
fixes P :: (‘a, 'b, 'c) psi
and Q :: (‘a, 'b, 'c) psi

and ¥ :: b

assumes insertAssertion (extractFrame P) U ~p insertAssertion (extractFrame

Q) v
and U > P ~[bisim] Q
and VU’ (¥ @ U/ P, Q) € bisim
and (¥, Q, P) € bisim

shows (U, P, Q) € bisim
{proof)

lemma bisimReflexive:
fixes ¥ :: 'b
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and P :: ('a, b, 'c) psi

shows U > P ~ P
(proof)

lemma bisimClosed:
fixes U :: b
and P :: (‘a, b, 'c) psi
and Q :: (‘a, 'b, 'c) psi
and p :: name prm

assumes PBisim@: V> P ~ @

shows (p - ¥)> (p-P)~(p- Q)
(proof )

lemma bisimEqut[simp]:
shows equt bisim
{proof)

lemma statFEqBisim:
fixes U :: b
and P :: (‘a, 'b, 'c) psi
and Q :: (‘a, 'b, 'c) psi
and ¥’ :: b

assumes ¥ > P ~ (@)
and U ~ U’

shows U/ > P ~ Q@
(proof)

lemma bisim Transitive:
fixes ¥ :: /b
and P :: (‘a, b, 'c) psi
and Q :: (‘a, 'b, 'c) psi
and R :: (‘a, 'b, 'c) psi

assumes PQ: V> P ~ @
and QR: ¥ > Q ~R

shows ¥V > P ~ R
(proof)

lemma weak Transitive Coinduct|case-names cStatEq c¢Sim cExt cSym, case-conclusion
bisim step, consumes 2]:
fixes U :: b
and P :: ('a, b, 'c) psi
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and @ :: (a, 'b, 'c) psi
and X :: ('b x (‘a, 'b, 'c) psi x ('a, 'b, 'c) psi) set

assumes p: (U, P, Q) € X
and Equt: equt X
and rStatEq: ANV P Q. (¥, P, Q) € X = insertAssertion (extractFrame P) W
~p insertAssertion (extractFrame @) U
and rSim: AP P Q. (U, P, Q) e X = U > P ~[{(¥,P, Q)| ¥ PP Q Q.
U>P~PA
(T, P, Q) e X A
U@~ Q) Q
and rExt: N\UP QU'. (I, P, Q)€ X = (V@ ¥, P, Q) € X
and rSym: AV P Q. (¥, P, Q) e X = (¥, Q, P) e X

shows ¥ > P ~ @)
(proof)

lemma weak Transitive Coinduct'[case-names cStatEq cSim cExt ¢cSym, case-conclusion
bisim step, consumes 2]
fixes ¥ :: b
and P :: ('a, 'b, 'c) psi
and @ :: (Ya, 'b, 'c) psi
and X :: (b x (‘a, 'b, 'c) psi x ('a, 'b, 'c) psi) set

assumes p: (¥, P, Q) € X
and Equt: equt X
and rStatEq: NV P Q. (¥, P, Q) € X = insertAssertion (extractFrame P) U
~p insertAssertion (extractFrame @) U
and rSim: A\U P Q. (U, P, Q) € X = U > P ~[({(¥, P, Q) | ¥ P P' Q' Q.
Up>P~PA
(T, P, Q) e X A
e QN QN Q
and rExt: N\UP QU (U, P, Q) e X — (V@ ¥/, P, Q) € X
and rSym: AV P Q. (¥, P, Q) € X =
(0, Q, P) e {(V, P, Q) | PP Q' Q. U > P~ P'A (T, P,
Q) eX AU Q ~ Q)

shows ¥ > P ~ @)
(proof)

lemma weak Transitive Coinduct''[case-names cStatEq ¢Sim cExt cSym, case-conclusion
bisim step, consumes 2]:
fixes U :: b
and P :: ('a, 'b, 'c) psi
and Q :: (‘a, 'b, 'c) psi
and X :: (‘b x (‘a, 'b, 'c) psi x ('a, 'b, 'c) psi) set

assumes p: (U, P, Q) € X
and FEqut: equt X
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and rStatEq: A\¥ P Q. (¥, P, Q) € X = insertAssertion (extractFrame P) W
~p insertAssertion (extractFrame @) U
and rSim: AU P Q. (U, P, Q) e X =9 > P ~[({(¥,P, Q) | Y PP Q' Q.
Up>P~PA
(T, P, Q) e X A
U Q' ~ Q)] Q
and rExt: AP PQ U (¥, P, Q) e {(V,P, Q)| Y PP Q' Q. V>P~P'A
(I, P, QN eXANT>Q ~ Q=
(TP, P, Q) e{(¥,P, Q)| PP Q Q. Y>P~P A
(I, P, QN e XANT > Q' ~ Q}
and rSym: AT P Q. (U, P, Q) e {(¥, P, Q)| Y PP Q Q. V1P~ P A
(U, P, QN eXANT > Q ~ Q) =
(W, Q P) e {(W, P, Q)| W PP Q QU P~P AW, P
Q) eXAUE Q ~ Q}

shows ¥ > P ~ @)
(proof)

lemma transitiveCoinduct|case-names cStatEq cSim cExt ¢Sym, case-conclusion
bisim step, consumes 2]:
fixes U :: 'b
and P :: ('a, 'b, 'c) psi
and @ :: (‘a, 'b, 'c) psi
and X :: ('b x (‘a, 'b, 'c) psi x ('a, 'b, 'c) psi) set

assumes p: (U, P, Q) € X
and FEqut: equt X
and rStatEq: N\V' R S. (¥, R, S) € X = insertAssertion (extractFrame R) ¥’
~p insertAssertion (extractFrame S) ¥’
and rSim: AU/ R S. (¥, R, S) e X = U'> R ~[({(V,R,S)| V' RR"S’
S.U'>R~R'A
(¥, R, SYeXVU >
R~ 8) A
U'p> S~ SH S
and rExt: AV RS U (U, R, S)e X = (¥P'QU" R, S)eXVvieu”
>R~S
and rSym: AW' R S. (V, R, S)e X = (¥, S,R) e XVU¥'>S~R

shows ¥ > P ~ @
(proof)

lemma transitiveCoinduct’[case-names c¢StatEq ¢Sim cExt ¢Sym, case-conclusion
bisim step, consumes 2]:
fixes ¥ :: /b
and P :: (‘a, b, 'c) psi
and Q :: (‘a, 'b, 'c) psi
and X :: (b x (‘a, 'b, 'c) psi x ('a, 'b, 'c) psi) set
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assumes p: (U, P, Q) € X
and FEqut: equt X
and rStatEq: AU P Q. (U, P, Q) € X = insertAssertion (extractFrame P) ¥
~p insertAssertion (extractFrame Q) ¥
and rSim: A\U P Q. (U, P, Q) € X = U > P ~[({(¥, P, Q)| T P P' Q' Q.
Vp>P~PA
(T, P, Q') € (X U bisim) A
Q' ~ Q) Q
and rExt: N\UP QU (U, P, Q) e X = (V@ U, P, Q) e XVI®U' > P
~Q
and rSym: AV P Q. (¥, P, Q) € X =
(U, Q, P)e{(V,P, Q)| Y PP Q Q. Y>P~P AT, P
Q") € (X Ubisim)) ANV > Q' ~ Q}

shows ¥ > P ~ @)
(proof)

lemma bisimSymmetric:
fixes U :: b
and P :: (‘a, b, 'c) psi
and Q :: (‘a, 'b, 'c) psi

assumes ¥ > P ~ ()

shows ¥ > Q ~ P
(proof )

lemma equt Trans[intro):
assumes equt X

shows equt {(U, P, Q) |V PP Q" Q.Y >P~P A(T,P,Q)eXVT
P Q) AT > Q' ~ Q)
(proof)

lemma equt Weak Trans|intro]:
assumes equt X

shows equt {(U, P, Q) | U PP' Q' Q. U >P~P' A(U,P,Q)EX AV Q'
~ Q}
(proof )

inductive-set

rel-trancl == (b x (‘a,’b,’c) psi x ('a,’b,’c) psi) set = (b x ('a,’b,’c) psi X
("a,’b,’c) psi) set («(-*)> [1000] 999)

for r :: (b x (Ya,’d,’c) psi x ('a,’b,’c) psi) set

where

r-into-rel-trancl [intro, Pure.intro]: (¥, P,Q) : r ==> (U,P,Q) : r*

| rel-trancl-into-rel-trancl [Pure.introl: (¥,P,Q) : r* ==> (¥,Q,R) : r ==>

(U,P,R) : 1*
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lemma rel-trancl-transitive:
assumes (V,P,Q) € Rel*
and (9,Q,R) € Rel*
shows (VU,P,R) € Rel*
(proof)

lemma rel-trancl-equt:
assumes equt X
shows equt(X™)
(proof)

lemma bisimStar WeakCoinduct|consumes 2, case-names cStatEq cSim cExt cSym):
fixes F :: b
and P :: (‘a, b, 'c) psi
and Q :: (a, 'b, 'c) psi
and X :: (b x (‘a, 'b, 'c) psi x ('a, 'b, 'c) psi) set

assumes (¥, P, )) € X

and equt X

and rStatEq: NV’ R S. (V') R, S) € X = insertAssertion (extractFrame R)
U’ ~p insertAssertion (extractFrame S) U’

and rSim: AP/ RS. (P, R, S) e X = U'> R ~[X*] S

and rEzt: A\U RS U (P, R S)eX —= (V'@ VU" R S)eX

and rSym: AU RS. (V| R, S)e X = (¢S, R) e X

shows (U, P, Q) € bisim
(proof)

lemma weak TransitiveStarCoinduct|case-names cStatEq cSim cExt cSym, case-conclusion
bisim step, consumes 2]:
fixes U :: b
and P :: ('a, 'b, 'c) psi
and @ :: (‘a, 'b, 'c) psi
and X :: ('b x (‘a, 'b, 'c) psi x ('a, 'b, 'c) psi) set

assumes p: (U, P, Q) € X
and FEqut: equt X
and rStatEq: A\¥ P Q. (¥, P, Q) € X = insertAssertion (extractFrame P) W
~p insertAssertion (extractFrame @) U
and rSim: AU P Q. (U, P, Q) e X =9 > P ~[({(¥,P, Q) |TPP Q' Q.
Up>P~PA
(U, P, Q)e XA
U Q' ~ QN Q
and rExt: AU PQU' . (I, P, Q) e X = (VU P, Q) eX
and rSym: AU P Q. (U, P, Q) e X = (¥, Q, P) e X

shows ¥ > P ~ @
(proof )
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lemma weak TransitiveStarCoinduct’[case-names cStatEq cSim cExt cSym, case-conclusion
bisim step, consumes 2]
fixes ¥ :: b
and P :: ('a, 'b, 'c) psi
and @ :: (a, 'b, 'c) psi
and X :: (b x (‘a, 'b, 'c) psi x ('a, 'b, 'c) psi) set

assumes p: (U, P, Q) € X
and Equt: equt X
and rStatEq: NV P Q. (¥, P, Q) € X = insertAssertion (extractFrame P) U
~p insertAssertion (extractFrame @) U
and rSim: AU P Q. (U, P, Q) € X = U > P ~[({(¥, P, Q) | ¥ P P’ Q' Q.
Up>P~PA
(T, P, Q) e X A
Q' ~ QN Q
and rExt: N\UP QU (U, P, Q) e X — (Vo ¥/, P, Q) € X
and rSym: AV P Q. (¥, P, Q) € X =
(0, Q, P)e{(U,P,Q) | T PP Q QU P~P A, P,
Q) eX AU Q ~ Q)

shows ¥ > P ~ @)
(proof)

lemma transitiveStarCoinduct|case-names cStatEq cSim cExt ¢Sym, case-conclusion
bisim step, consumes 2]:
fixes U :: 'b
and P :: ('a, 'b, 'c) psi
and Q :: (‘a, 'b, 'c) psi
and X :: (b x (‘a, 'b, 'c) psi x ('a, 'b, 'c) psi) set

assumes p: (U, P, Q) € X

and FEqut: equt X

and rStatEq: AV’ R S. (V/, R, S) € X = insertAssertion (extractFrame R) ¥’
~p insertAssertion (extractFrame S) ¥’

and rSim: AU’ R S. (0, R, S) € X = U' > R ~[({(¥), R, S) | 'R R' S’
S.U'>R~R'A

(¥, R, SYeXVUI'>
R~ 8) A
U S~ S S

and rBut: N\U'R S U, (U, R, §) € X = ('@ U, R, §) € X VU ® U"
>R~S

and rSym: AU R S. (U, R, S)e X = (V' S, R) e X VU ' >S5 ~R

shows ¥ > P ~ @

{(proof)

end
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end

theory Sim-Pres
imports Simulation

begin

This file is a (heavily modified) variant of the theory Psi_Calculi.Sim__ Pres
from [1].

context env begin

lemma inputPres:
fixes U b
and P :: ('a, b, 'c) psi
and Rel :: ('b x ('a, 'b, 'c) psi x ('a, 'b, 'c) psi) set
and Q@ :: (‘a, 'b, 'c) psi

and M :'a
and zvec :: name list
and N :'a

assumes PRelQ: \ Tvec. length zvec = length Tvec = (¥, Plzvec:=Tvec|, Q[zvec::=Tvec])
€ Rel

shows ¥ > M(Axzvec N|).P ~~[Rel] M( xzvec NJ|).Q
(proof)

lemma outputPres:
fixes U b
and P :: (‘a, 'b, 'c) psi
and Rel :: (b x (‘a, 'b, 'c) psi x (‘a, 'b, 'c) psi) set
and @ :: ('a, b, 'c) psi
and M :'a
and N :'a

assumes PRelQ: (U, P, Q) € Rel

shows ¥ > M(N).P ~[Rel] M(N).Q

(proof)
lemma casePres:
fixes U = 'b

and CsP : ('c x (‘a, 'b, 'c) psi) list
and Rel :: (b x (‘a, b, 'c) psi x (‘a, 'b, 'c) psi) set
and CsQ@ :: (‘c x (‘a, 'b, 'c) psi) list
and M :'a
and N :='a

assumes PRelQ): \¢ Q. (¢, Q) € set CsQ = IP. (p, P) € set CsP N guarded
P A (¥, P, Q) € Rel
and Sim: AU’ R S. (V') R, S) € Rel = ¥’ > R ~~[Rel] S
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and Rel C Rel’

shows ¥ > Cases CsP ~~[Rel’] Cases CsQ
(proof)

lemma resPres:
fixes ¥ b
and P :: (‘a, b, 'c) psi
and Rel :: (b x (‘a, b, 'c) psi x (‘a, 'b, 'c) psi) set
and Q@ :: (‘a, b, 'c) psi
and z :: name
and Rel’ :: ('b x ('a, b, 'c) psi x ('a, 'b, 'c) psi) set

assumes PSim@Q: ¥ > P ~~[Rel] Q

and equt Rel’

and 2z VU

and Rel C Rel’

and CI: AP’ R Syvec. [(V/, R, S) € Rel; yvec x V'] = (¥’, (vxyvec|R,
(vxyvec)S) € Rel’

shows U > (vz)P ~~[Rel’] (vz)Q
(proof)

lemma resChainPres:
fixesV b
and P :: (‘a, 'b, 'c) psi
and Rel :: ('b x ('a, b, 'c) psi x ('a, 'b, 'c) psi) set
and @ = ('a, ', 'c) psi
and zvec :: name list

assumes PSim@Q: ¥ > P ~~[Rel] Q

and equt Rel

and zvec fix ¥

and CI: AV’ R Syvec. [(V/, R, S) € Rel; yvec x V'] = (¥’, (vxyvec|)R,
(v*yvec)S) € Rel

shows U > (vxavec)P ~~[Rel] (vxzvec) Q

{proof)

lemma parPres:
fixes U b
and P :: (‘a, b, 'c) psi

and Rel :: ('b x ('a, b, 'c) psi x ('a, 'b, 'c) psi) set
and @ ::('a, 'b, 'c) psi
and R :: (‘a, 'b, 'c) psi
and Rel’ :: (b x (‘a, 'b, 'c) psi x (‘a, 'b, 'c) psi) set

assumes PRelQ: \NAgr Yg. [extractFrame R = (AR, URr); Ag tx U; AR #x P; AR
be Ql — (Vo Vg, P, Q) € Rel
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and FEqut: equt Rel
and FEqut": equt Rel’

and StatImp: AU’ S T. (U', S, T) € Rel = insertAssertion (extractFrame T)
U/ —p insertAssertion (extractFrame S) ¥’

and Sim: AU'ST. (VS T)€E€ Rl = ¥'> S ~[Rel] T

and Ezt: AU’ S T U". [(U', S, T) € Rel] = (V' ® U", S, T) € Rel

and CI: AV’ ST Ay Uy U. [(¥'® Uy, S, T) € Rel; extractFrame U = (Ay,
Uy); Ay i« U5 Ay i+ S; Ay i« T) = (O, S| U, T || U) € Rel’

and C2: AU’ S T zvec. [(¥', S, T) € Rel’; zvec §x V'] = (V’, (vxzvec))S,
(vxavec) T) € Rel’

and C3: AU/ S T U". [(U/, S, T) € Rel; ¥ ~ U"] = (", §, T) € Rel

shows U > P || R ~[Rell] Q|| R
(proof)

unbundle no relcomp-syntax

lemma bangPres:

fixes U b
and P :: ('a, b, 'c) psi
and Q@ :: (‘a, b ‘c) psi
and R :: (Ya, b, ¢) psz
and Rel :: ('b X ( ‘c) psi x ('a, 'b, 'c) psi) set
and Rel’ :: (b x ('a, c) psi X (‘a, 'b, 'c) psi) set

assumes (¥, P, Q) € Rel

and equt Rel’

and guarded P

and guarded Q

and c¢Sim: NU' S T. (U, S, T) € Rel = ¥'1> S ~»[Rel] T

and cEzt: NV ST U (U, S, T) € Rel = (V'@ ¥", S, T) € Rel

and cSym: AU’ S T. (¥, S, T) € Rel = (V/, T, S) € Rel

and StatEq: NV ST O [(V, S, T) € Rel; V'~ V"] = (¥”, S, T) € Rel

and Closed: NU' S Tp. (¢, S, T) € Rel = ((p::name prm) - ¥/, p- S, p -
T) € Rel

and Assoc: NV STU. (W, S| (T|U),S|T)I| U)e€ Rel

and ParPres: NU' ST U. (¥, S, T) € Rel = (¥, S| U, T || U) € Rel

and FrameParPres: N\U' ¥y ST U Ay. [(¥' @ Uy, S, T) € Rel; extractFrame
U= <AU7 \DU) AU ﬁ* \I/I AU ﬁ* S AU ﬂ* T]]

(\I" UIS,U| T) € Rel

and ResPres: AU’ S T avec. [(¥’, S, T) € Rel; zvec x U] = (', (v*zvec)) S,
(vxzvec)T) € Rel

and ScopeExt: Nzvec U’ S T. [zvec #x U, zvec x T] = (¥’ (vxzvec)(S ||
T), ((v*zvec)S) || T) € Rel

and Trans: AU’ ST U. [(V', S, T) € Rel; (¥', T, U) € Rel] = (¥, S, U)
€ Rel
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and Compose: A’ S T U O. [(¥', S, T) € Rel; (¥, T, U) € Rel’; (V', U,
O) € Rel] = (¥, S, O) € Rel’
and CI: AV STU.[(¥,S, T) € Rel; guarded S; guarded T| = (¥, U || !5,
U ||'T) € Rel’
and Der: AU/ Sa S'T. [V > 1S +—a <855 (U, S, T) € Rel; bn o i+ ¥/
bn a tx S; bn a fx T; guarded T; bn o §* subject o] =
AT UO. V' ITr—a<T AW, S, U|!LS)
€ Rel AN (P, T, O ||'T) € Rel A
(¢', U, O) € Rel A ((supp U)::name set) C
supp S’ A
((supp O)::name set) C supp T’

shows ¥ > R || !P ~[Rel] R || 'Q
{proof)

unbundle relcomp-syntaz
end

end
theory Sim-Struct-Cong

imports Simulation HOL— Library. Multiset
begin

This file is a (heavily modified) variant of the theory Psi_ Calculi.Sim__Struct_ Cong

from [1].
lemma partitionListLeft:

assumes rsQys=zs'Qy#tys’

and y € setzs
and  distinct(zsQys)

obtains zs where zs = zs'Qy#2s and ys'=zs5Qys
(proof )

lemma partitionListRight:

assumes zsQys=zs'Qy#ys’
and y € set ys
and distinct(zsQys)

obtains zs where zs’ = zsQzs and ys=2zsQy#ys’
(proof )

context env begin

""consumes 8, case-names cOpen cRes:

lemma resOutputCases
fixes U b
and z :: name

and zvec :: name list

137



and P :: ('a, b, 'c) psi
and a  :: 'a action

and P’ :: (‘a, b, 'c) psi
and C : f:fs-name

assumes Trans: ¥ > (vz)P —a < P’

and 1:zfV

and 2:zf«

and 3:zf P’

and 4:bn o fx VU

and 5:bn atx P

and 6: bn « fix subject o
and « = M(v*zvec)(N)

and rOpen: AM zvec yvec y N P'. [U > ([(z, y)] - P) — M (v*(zvecQyuvec)))(N)
< P’y € supp N;
s Nyz§ Pl y;ylavee; y§ yvec; y § M;
distinct zvec; distinct yvec;
avec tx U y § U; yvec §x U; zvec §x P; y § P,
yvec §x P; zvec §x M; y § M;
yvec fx M; zvec #x yvec] =
Prop (M (vx(zvecQy#yvec))(N)) P’
and rScope: AP’ [¥ > P+——a < P’] = Prop « ((vz|)P’)

shows Prop o P’

(proof )
lemma resOutputCases’""[consumes 7, case-names cOpen cRes|:
fixes U b
and =z :: name

and zvec :: name list
and P :: (‘a, 'b, 'c) psi
and P’ :: (‘a, b, 'c) psi
and C  : 'fi:fs-name

assumes Trans: ¥ > (vz) P — M (v*zvec)(N) < P’

and I1:z§V
and <z f§ M(vxzvec)(N)
and 3:zf P’

and zvec fx U
and zvec fx P
and zvec #§x M
and rOpen: AM' zvec yvec y N' P'. [U > ([(z, y)] - P) —> M'(v+(2vecQyuec)) (N
< P’y y € supp N;
s N5 ot Pha# y; gt avee; y £ yvec; y § MY
distinct zvec; distinct yvec;
zvec §x U; y § U; yvec fx W; zvec fix P; y § P;
yvec f{x P; zvec $x M'; y 8 M,
yvec §x M'; zvec tx yvec; M'(v*(zvecQy#yvec)) (N
= M(vxzvec)(N)] =
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and

shows

(proof)

Prop P’
rScope: AP’ [V > P ——M(vxzvec))(N) < P] = Prop ((vz)P’)

Prop P’

lemma resBrOutputCases’[consumes 7, case-names cBrOpen cRes]:

fixes

v 'b

and z :: name

and zvec :: name list
and P :: ('a, b, 'c) psi
and P’ :: ('a, b, 'c) psi
and C :: 'f:fs-name

assumes Trans: ¥ > (vz) P — M (vxzvec)(N) < P’

and
and
and
and
and
and
and

1:x g W

z § (M (v*zvec)) (N)

3.zt P

zvec fx W

zvec ix P

zvec x M
rBrOpen: NAM' xvec yvecy N' P'. [¥ > ([(z, y)] - P) — M (v*(zvecQyuec)|) (N ")

< P’y y € supp N/,

t i N5z g Phx#y; gl zvec; y §f yvec; y § M7

distinct xvec; distinct yvec;

yvec fx

zvec fx U; y § U; yvec fx W; zvec fx P; y § P;
P; zvec ix M’ y § M/,
yvec fx M'; zvec % yvec; |M (v (zvecQy#yvec))) (N7

= [M(v*zvec)(N)] =

and

shows
(proof)

Prop P’
rScope: AP’ [V > P —M(vxzvec)(N) < P] = Prop ((vz)P’)

Prop P’

lemma brOutputFreshSubject:

fixes

xriname

assumes ¥ > P +—— M (vxzvec))(N) < P’
and zvec fx M

and z§ P
shows z t M
(proof )

lemma brinputFreshSubject:

fixes

r:name

assumes ¥ > P — ;M(N) < P’
and z§ P
shows z § M

{proof)
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lemma resComm:

fixes U b
and z :: name
and y :: name

and Rel :: ('b x ('a, 'b, 'c) psi x ('a, 'b, 'c) psi) set
and P :: (‘a, 'b, 'c) psi

assumes z § ¥

and yt VU

and equt Rel

and RI1: AU’ Q. (¥, Q, Q) € Rel

and R2: AU ab Q. ot U5 bt 0] = (¥, (wa)((v0)Q), (vh)((va)Q)) €
Rel

and R3: AV’ zvec yvec Q. [zvec fx V'; mset zvec = mset yvec] = (¥,
(vxzvec) Q, (vxyvec) Q) € Rel

shows U > (vz)((vy)P) ~[Rel] (vy)((vz)P)

(proof)
lemma parAssocLeft:
fixes U b
and P :: (‘a, 'b, 'c) psi
and Q :: (‘a, ', ‘c) psi
and R :: (‘a, 'b, 'c) psi
and Rel :: (b x (Ya, 'b, 'c) psi x ('a, 'b, 'c) psi) set

assumes equt Rel

and CL: AV STU. (U, (S| T)| US| (T| U)) € Rel

and C2: Azvec U’/ S T U. [zvec §x U'; zvec §x S| = (¥’ (vxazvec)((S | T)
I10); S || ((vxzvec)(T || U))) € Rel

and C38: Azvec U/ S T U. [avec i U'; zvec §x U] = (', ((vxzvec)(S || T))
I U, (vszvec)(S || (T || U))) € Rel

and C4: AU’ S T gvec. [(V', S, T) € Rel; zvec ix U] = (U, (vxzvec|)S,
(vxzvec)T) € Rel

shows U > (P || Q) [| R ~[Rel] P || (Q | R)
(proof)

lemma parNilLeft:
fixes U :: b
and P :: (Ya, 'b, 'c) psi
and Rel :: ('b x ('a, 'b, 'c) psi x ('a, 'b, 'c) psi) set

assumes equt Rel

and C1: AQ. (¥, Q|| 0, Q) € Rel

shows U > (P || 0) ~[Rel] P
{proof)
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lemma parNilRight:
fixes ¥ :: b
and P :: (Ya, 'b, 'c) psi
and Rel :: ('b x (‘a, 'b, 'c) psi x ('a, 'b, 'c) psi) set

assumes equt Rel

and C1: AQ. (T, @, (Q] 0)) € Rel

shows U > P ~»[Rel] (P || 0)
(proof)

lemma resNilLeft:
fixes z :: name
and U b
and Rel :: ('b x ('a, 'b, 'c) psi x ('a, 'b, 'c) psi) set

shows ¥ > (vz)0 ~~[Rel] O

(proof )
lemma resNilRight:
fixes =z :: name
and ¢V b

and Rel :: (‘b x (‘a, 'b, 'c) psi x ('a, 'b, 'c) psi) set

shows ¥ > 0 ~»[Rel] (vz)0

(proof)
lemma inputPushResLeft:
fixes U '
and z :: name
and M :'a
and zvec :: name list
and N :'a

and P :: (‘a, b, 'c) psi

assumes cqut Rel

and zf§VU
and z i M
and z f§ zvec
and zf# N

and C1: AQ. (T, Q, Q) € Rel

shows U > (vz))(M(Axzvec N|).P) ~~[Rel] M(A+xzvec N|.(vz|)P
(proof)

lemma inputPushResRight:

fixes U = 'b
and £ :: name
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and M :'a

and zvec :: name list
and N :'a

and P :: (‘a, 'b, 'c) psi

assumes equt Rel

and
and
and
and
and

W
xt M
x § avec
zf N
C1: NQ. (¥, Q, Q) € Rel

shows U > M(Asxzvec N|).(vz) P ~~[Rel] (vz)(M(Axzvec N|).P)

(proof)
lemma outputPushResLeft:
fixes U b
and z :: name
and M :'a
and N :'a

and P :: (‘a, 'b, 'c) psi

assumes equt Rel

and
and
and

W
z i M
x4 N

and C1: AQ. (¥, Q, Q) € Rel

shows ¥ > (vz|)(M(N).P) ~[Rel] M(N).(vz)P

(proof)

lemma broutputNoBind:
fixes ¥ :: b

and N '

and M ::'a
a
!

and P :: (‘a, 'b, 'c) psi

and o

‘a action

and P’ :: (‘a, 'b, 'c) psi

assumes ¥ > M(N).P —(jK (vxavec)(N')) < P’
shows zvec = ||

(proof)

lemma broutputObjectFEq:
fixes U :: b

and M '/
and N ::'a

a

and P :: (‘a, 'b, 'c) psi
and a :: ‘a action
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and P’ :: (‘a, 'b, 'c) psi

assumes ¥ > M(N).P —(jK (vxavec)(N')) < P’
shows N = N’

(proof)

lemma brOutputOutputCases|consumes 1, case-names cBrOutput):
fixes U :: b

and M ::'a

and N :: ‘a

and P :: (‘a, 'b, 'c) psi
and o :: 'a action

and P’ :: (‘a, 'b, 'c) psi

assumes Trans: ¥ > M(N).P — (i K (v+avec))(N'))

<
and rBrOutput: AK. ¥+ M < K = Prop (jK(N)

p’
) P

shows Prop (jK (v+zvec)(N')) P’

(proof)
lemma outputPushResRight:
fixes U b
and z :: name
and M :'a
and N :'a

and P :: (‘a, 'b, 'c) psi

assumes equt Rel

and z VU
and zt# M
and zf# N

and C1: AQ. (T, Q, Q) € Rel

shows U > M(N).(vz)P ~~[Rel] (vz)(M(N).P)
(proof)

lemma casePushResLeft:
fixes ¥ ::'b
and z :: name
and Cs :: (e x (Ya, 'b, 'c) psi) list

assumes cqut Rel
and zfVU
and =z ff map fst Cs
and CI1: AQ. (¥, Q, Q) € Rel

shows ¥ > (vz))(Cases Cs) ~»[Rel] Cases (map (A(p, P). (¢, (vz)P)) Cs)
(proof)
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lemma casePushResRight:
fixes U :: b
and z :: name
and Cs :: (e x (Ya, 'b, 'c) psi) list

assumes equt Rel
and z VU
and z ff map fst Cs
and CI1: AQ. (T, Q, Q) € Rel

shows U > Cases (map (A(¢, P). (¢, (vz)P)) Cs) ~[Rel] (vz)(Cases Cs)
(proof)

lemma resinputCases[consumes 5, case-names cRes]:

fixesV b
and =z :: name
and P :: ('a, b, 'c) psi
and M :'a
and N :'a
and P’ :: (‘a, b, 'c) psi
and C :: 'd:fs-name

assumes Trans: U > (vz)P —M(N|) < P’

and z VU
and zt M
and z# N
and z§ P’

and rScope: AP’ [V > P+——M(N) < P'| = Prop ((vz|)P’)

shows Prop P’

(proof)
lemma resBrinputCases[consumes 5, case-names cRes]:
fixes U = 'b
and z :: name
and P :: (‘a, 'b, 'c) psi
and M :'a
and N :='a
and P’ :: ('a, b, 'c) psi
and C :: 'd:fs-name

assumes Trans: ¥ > (vz)P —( M(N|) < P’

and zfVU
and z i M
and zf# N
and z{ P’

and rScope: AP’ [¥ > P+——;M(N) < P'] = Prop ((vz)P")

shows Prop P’
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(proof)

lemma swap-supp:

fixes z :: name
and y :: name
and N :'a

assumes y € supp N

shows z € supp ([(z, y)] -+ N)
(proof)

lemma swap-supp:

fixes z :: name
and y :: name
and N :'a

assumes z € supp N

shows y € supp ([(z, y)] - N)

(proof )
lemma brOutputFreshSubjectChain:
fixes U b
and Q :: (‘a, ', c) psi
and M :'a
and zvec :: name list
and N :'a

and Q' :: (‘a, 'b, 'c) psi
and yvec :: name list
assumes ¥ > Q — [M(vxavec)(N) < Q'
and zvec f§x M

and yvec % @

shows yvec x M
(proof )

lemma scopeFExtLeft:

fixes ¢ :: name
and P :: (Ya, 'b, 'c) psi
and ¢ b

and @ :: (‘a, 'b, 'c) psi
and Rel :: ('b x ('a, 'b, 'c) psi x ('a, 'b, 'c) psi) set

assumes z { P
and 2z VU
and equt Rel
and CI1: AV’ R. (V') R, R) € Rel
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and C2: Ay U/’ R S zvec. [y £ U; y £ R; zvec fx O] = (¥', (vy])((v*zvec)(R
| 8)), (ezvecd(R || (vy)S)) € Rel

and C3: AU’ zvec R y. [y # U'; zvec fx O] = (¥, (vy)((v*zvec)R),
(vxzvec)((vy)R)) € Rel

— Addition for Broadcast

and C4: AU’ R S zvec. [zvec fx R; zvec #§x O] = (¥’ ((vxzvec)(R || S)), (R
I ((vxzvec)S))) € Rel

shows ¥ > (vz)(P || Q) ~[Rel] P | (vz) @

{(proof)
lemma scopeFExtRight:
fixes =z :: name
and P :: (Ya, 'b, 'c) psi
and ¢ b

and @ :: (‘a, 'b, 'c) psi
and Rel :: ('b x ('a, 'b, 'c) psi x ('a, 'b, 'c) psi) set

assumes z { P

and =z VU

and equt Rel

and C1: AU’ R. (¥, R, R) € Rel

and C2: Ay U' R S zvec. [y § U'; y & R; zvec fx V'] = (¥, (vxzvec) (R ||
(wa)S), vy ((vrzvec)(R | $))) € Rel

— Addition for Broadcast

and C3: AU’ R S zvec. [zvec % R; zvec tx U] = (U', (R || ((vxzvec))S)),
((vxzvec)(R || S))) € Rel

shows U > P || (vz) Q ~[Rel] (vz)(P || Q)
{(proof )

lemma simParComm:
fixes U :: b
and P :: (Ya, b, 'c) psi
and Q :: (‘a, ', 'c) psi
and Rel :: (b x (Ya, 'b, 'c) psi x ('a, 'b, 'c) psi) set

assumes equt Rel

and CI: AV'RS. (V' R| S, S| R)€ Rel

and C2: AU’ R S qvec. [(V', R, S) € Rel; zvec x ¥'] = (U, (vxavec|)R,
(v*avec)S) € Rel

shows ¥ > P || Q ~[Rel] Q|| P
{proof)

lemma bangExtLeft:

fixes ¥ :: b
and P :: ('a, 'b, 'c) psi
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assumes guarded P

and AV’ Q. (v, Q, Q) € Rel

shows ¥ > |P ~~[Rel] P || P
(proof)

lemma bangEztRight:
fixes U :: b
and P :: (‘a, b, 'c) psi

assumes C1: AU’ Q. (V') Q, Q) € Rel

shows U > P || |P ~~[Rel] |P
(proof)

end

end
theory Bisim-Pres

imports Bisimulation Sim-Pres
begin

This file is a (heavily modified) variant of the theory Psi Calculi. Bisim__ Pres
from [1].

context env begin

lemma bisimInputPres:
fixes U b
and P :: ('a, b, 'c) psi
and @ :: ('a, b, 'c) psi

and M :'a
and zvec :: name list
and N :'a

assumes /\ Tvec. length zvec = length Tvec = W > Plavec::=Tvec] ~ Qlzvec::=Tvec]

shows U > M(Asxzvec N|).P ~ M(Axzvec NJ).Q
(proof)

lemma bisimQutputPres:
fixes U :: b
and P :: (‘a, b, 'c) psi
and Q :: (‘a, 'b, 'c) psi
and M :: 'a
and N :: ‘a

assumes ¥ > P ~ @

shows ¥ > M(N).P ~ M(N).Q
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(proof)

lemma bisimCasePres:
fixes U b
and CsP :: (c x (‘a, 'b, 'c) psi) list
and CsQ :: (‘c x (“a, 'b, 'c) psi) list

assumes A\¢ P. (¢, P) € set CsP = 3 Q. (¢, Q) € set CsQ A guarded Q@ N ¥
> P~ Q

and A Q. (p, Q) € set CsQ = I P. (p, P) € set CsP A guarded P N U >
P~Q

shows ¥ > Cases CsP ~ Cases CsQ
(proof )

lemma bisimResPres:
fixes ¥ :: 'b
and P :: (‘a, b, 'c) psi
and Q :: (‘a, 'b, 'c) psi
and z :: name

assumes ¥V > P ~ (@)
and z VU

shows ¥ > (vz)P ~ (vz)Q
(proof)

lemma bisimResChainPres:
fixes U b
and P :: (‘a, 'b, 'c) psi
and Q@ :: (‘a, b, 'c) psi
and zvec :: name list

assumes ¥ > P ~ (@)
and avec fix ¥

shows U > (vkxvec) P ~ (vxzvec|) Q

(proof)
lemma bisimParPresAuz:

fixes U ::'b
and Up = b
and P :: (‘a, 'b, 'c) psi
and @ :: (‘a, 'b, 'c) psi
and R :: (‘a, 'b, 'c) psi
and Agr :: name list

assumes ¥V @ Yp > P ~ @
and FrR: extractFrame R = (Ag, UR)
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and Ap #x U
and Agp fx P
and Agr fx Q

shows U > P|| R~ Q| R
(proof)

lemma bisimParPres:
fixes ¥ :: b
and P :: ('a, 'b, 'c) psi
and @ :: (a, 'b, 'c) psi
and R :: (‘a, 'b, 'c) psi

assumes ¥ > P ~ @

shows U > P|| R~ Q| R
(proof)

end

end
theory Bisim-Struct-Cong

imports Bisim-Pres Sim-Struct-Cong Psi-Calculi.Structural-Congruence
begin

This file is a (heavily modified) variant of the theory Psi_ Calculi. Bisim__Struct_ Cong
from [1].

context env begin

lemma bisimParComm:
fixes ¥ :: /b
and P :: (‘a, b, 'c) psi
and Q :: (‘a, 'b, 'c) psi

shows V> P || Q~ Q| P
(proof)

inductive-set resCommRel :: ('b x (‘a,’d,’c) psi x ('a,’d,’c) psi) set
where
resCommRel-refl . (V,P,P) € resCommRel
| resCommRel-swap : [a § ; b§ U] = (¥,(va)((vd)P),(vb)((va)P)) € resComm-
Rel
| resCommRel-res : [(¥,P,Q) € resCommRel; a § V] = (¥,(va)P,(va)Q) €
resCommRel

lemma equtResCommRel: equt resCommRel
(proof)

lemma resCommRelStarRes:
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assumes (U, P Q) € resCommRel*

and af V¥
shows (VU,(va)P,(va)Q) € resCommRel*
{proof)

lemma resCommRelStarResChain:
assumes (U, P, Q) € resCommRel*
and zvec fix U
shows (U,(vxzvec|) P,(v+zvec) Q) € resCommRel*

(proof)

lemma length-induct1 [consumes 0, case-names Nil Cons:
assumes b: P ||
and s: A\ z zvec. [\ yvec. length zvec=length yvec=>P yvec] = P(a#avec)
shows P zvec

(proof)

lemma oneStep Perm-in-rel:
assumes zvec fx U
shows (U,(|v*zvec|) P,(v+(rotatel zvec)|)P) € resCommRel*

(proof)

lemma fresh-same-multiset:
fixes zvec::name list
and yvec::name list
assumes mset rvec = mset yvec
and zvec fx X
shows yvec fx X

(proof)

lemma nStepPerm-in-rel:
assumes zvec fx ¥
shows (U, (vxzvec) P,(v*(rotate n xvec))P) € resCommRel*

{proof)

lemma any-perm-in-rel:
assumes zvec fix ¥
and mset zvec = mset yvec
shows (U, (vxzvec)) P,(v+yvec) P) € resCommRel*

{proof)

lemma bisimResComm:
fixes z :: name
and ¥ :: b
and y :: name
and P :: (‘a, b, 'c) psi

shows U > (vz|)((vy)P) ~ (vy)((vz)P)
(proof )
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lemma bisimResComm':
fixes x :: name
and ¢ b
and zvec :: name list
and P :: ('a, b, 'c) psi

assumes z § ¥
and avec fx ¥

shows U > (vz)((v*zvec) P) ~ (vxavec)((vz])P)
{proof)

lemma bisimParPresSym:
fixes U :: b
and P :: ('a, 'b, 'c) psi
and @ :: (Ya, 'b, 'c) psi
and R :: (‘a, 'b, '¢c) psi

assumes ¥ > P ~ @

shows ¥ > R||P~R | Q
{proof)

lemma bisimScopeExt:
fixes z :: name
and ¥ :: b
and P :: ('a, 'b, 'c) psi
and Q :: (‘a, 'b, 'c) psi

assumes z { P

shows U > (vz)(P || Q) ~ P || (vz) @
(proof)

lemma bisimScopeExtChain:
fixes zvec :: name list
and ¢ b
and P :: ('a, 'b, 'c) psi
and Q :: (‘a, 'b, 'c) psi

assumes zvec fix ¥
and zvec fix P

shows U > (vxzvec)(P || Q) ~ P || ((vxzvec) Q)
{proof)

lemma bisimParAssoc:
fixes ¥ :: b
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and P :: ('a, b, 'c) psi
and Q :: (‘a, 'b, 'c) psi
and R :: (‘a, 'b, 'c) psi

shows U > (P || Q) | R~ P [ (Q R)
(proof)

lemma bisimParNil:
fixes P :: (‘a, 'b, 'c) psi

shows ¥ > P || 0 ~ P
(proof)

lemma bisimResNil:
fixes z :: name
and ¥ :: b

shows ¥ > (vz)0 ~ 0
(proof)

lemma bisimQutputPushRes:
fixes z :: name

and ¥ :: b
and M :: a
and N :: ‘a

and P :: (‘a, b, 'c) psi

assumes z § M

and zf# N
shows ¥ > (vz)(M(N).P) ~ M(N).(vz)P
(proof )
lemma bisimInputPushRes:
fixes ¢ :: name
and ¢ b
and M :'a
and zvec :: name list
and N :'a

and P :: (‘a, b, 'c) psi
assumes z § M
and z f§ zvec

and z# N

shows U > (vz|)(M(Axzvec N|).P) ~ M(Xxzvec N|.(vz|)P
(proof )

lemma bisimCasePushRes:
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fixes z :: name
and ¥ :: b
and Cs :: (e x (Ya, 'b, 'c) psi) list

assumes z f (map fst Cs)

shows U > (vz))(Cases Cs) ~ Cases(map (A(p, P). (v, (vz)P)) Cs)
(proof)

lemma bangFExt:
fixes U :: b
and P :: ('a, b, 'c) psi

assumes guarded P

shows U > |P ~ P | IP
(proof)

lemma bisimScopeExtSym:
fixes z :: name

and Q :: (‘a, 'b, 'c) psi

and P :: ('a, 'b, 'c) psi

assumes z f§ ¥
and =zt Q

shows U &> (vz)(P || Q) ~ ((vz)P) || @
{proof)

lemma bisimScopeExtChainSym:
fixes zvec :: name list
and Q@ :: ('a, ', 'c) psi
and P :: ('a, b, 'c) psi

assumes zvec fx ¥
and azvec fx Q

shows U > (vxzvec))(P || Q) ~ ((v*zvec)P) || Q
(proof )

lemma bisimParPresAuxSym:
fixes U :: b
and P :: ('a, b, 'c) psi
and @ :: (a, 'b, 'c) psi
and R :: (‘a, 'b, 'c) psi

assumes ¥ @ Up > P ~ @

and extractFrame R = (Ag, UR)
and Agr f#x ¥

153



and Ap #x P
and Ap fx Q

shows ¥ > R||P~R || Q
(proof)

lemma bangDerivative:

fixes U ::'b
and P :: (‘a, b, 'c) psi
and o :: 'a action

and P’ :: ('a, b, 'c) psi

assumes ¥ > |P —a < P’
and ¥Yp> P~ (@Q
and bn o fx U
and bn afx P
and bn a fx @
and bn « f* subject o
and guarded Q

obtains @' R T where UV > 1Q+—a < Q'and ¥V > P~ R | !P and ¥ > Q'
~T|!'Qand V> R~ T

and ((supp R)::name set) C supp P’ and ((supp T)::name set) C supp Q'
(proof)

lemma structCongBisim:
fixes P :: (‘a, 'b, 'c) psi
and @ :: (‘a, 'b, 'c) psi

assumes P =; @

shows P ~ (@)
(proof)

lemma bisimBangPres:
fixes ¥ :: b
and P :: ('a, 'b, 'c) psi
and @ :: (Ya, 'b, 'c) psi
assumes ¥ > P ~ @
and guarded P
and guarded @

shows ¥ > |P ~ 1(Q)
(proof)

end

end
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theory Bisim-Subst
imports Bisim-Struct-Cong Psi-Calculi. Close-Subst
begin

This file is a (heavily modified) variant of the theory Psi__Calculi. Bisim__Subst
from [1].

context env begin

abbreviation

bisimSubstJudge («- > - ~4 - [70, 70, 70] 65) where ¥ > P ~, Q = (U, P,
Q) € closeSubst bisim
abbreviation

bisimSubstNilJudge (<- ~4 - [70, 70] 65) where P ~; Q = SBottom’' > P ~;
Q

lemmas bisimSubstClosed[equt] = closeSubstClosed|OF bisimEqut)
lemmas bisimSubstEqut[simp] = closeSubstEqut|OF bisimEqut]

lemma bisimSubstOutputPres:
fixes U :: b
and P :: (‘a, b, 'c) psi
and Q :: (‘a, 'b, 'c) psi
and M :: 'a
and N :: ‘a

assumes ¥ > P ~; @)
shows U > M(N).P ~5 M(N).Q
(proof )

lemma segSubstInputChain[simp):
fixes zvec :: name list

and N :='a
and P :: ('a, b, 'c) psi
and o :: (name list X 'a list) list

assumes zvec fx o

shows seqSubs’ (inputChain zvec N P) o = inputChain zvec (substTerm.seqSubst
N o) (seqSubs P o)

{proof)

lemma bisimSubstInputPres:
fixes U b
and P :: ('a, b, 'c) psi
and Q@ :: (‘a, 'd, 'c) psi
and M :'a
and zvec :: name list
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and N :'a

assumes ¥ > P ~; @
and zvec fx U
and distinct xvec

shows U > M(Axavec N|).P ~g M(Axzvec N|).Q
(proof)

lemma bisimSubstCasePresAux:
fixes U b
and CsP :: (‘c x (‘a, b, 'c) psi) list
and CsQ :: (‘c x (‘a, 'b, 'c) psi) list

assumes CI: Ay P. (¢, P) € set CsP = 3 Q. (¢, Q) € set CsQ A guarded Q A
v P ~s Q

and C2: Ap Q. (¢, Q) € set CsQ = IP. (¢, P) € set CsP A guarded P A
U Py Q

shows ¥ > Cases CsP ~4 Cases CsQ)
(proof )

lemma bisimSubstReflezive:
fixes U :: b
and P :: (‘a, b, 'c) psi

shows ¥ > P ~, P
(proof )

lemma bisimSubst Transitive:
fixes ¥ :: 'b
and P :: ('a, 'b, 'c) psi
and @ :: (a, 'b, 'c) psi
and R :: (‘a, 'b, '¢c) psi

assumes ¥ > P ~; ()
and V> Q~; R

shows ¥ > P ~, R
(proof)

lemma bisimSubstSymmetric:
fixes U :: b
and P :: ('a, 'b, 'c) psi
and Q :: (‘a, 'b, 'c) psi

assumes U > P ~, @)

shows ¥ > @ ~5 P
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{proof)

lemma bisimSubstCasePres:
fixes U b
and CsP :: (c x (‘a, 'b, 'c) psi) list
and CsQ :: (‘c x (“a, 'b, 'c) psi) list

assumes length CsP = length CsQ
and C: A(i:nat) ¢ P ¢’ Q. [i <= length CsP; (p, P) = nth CsP i; (¢', Q) =
nth CsQi] = ¢ = @' ANV > P ~; Q A guarded P \ guarded Q

shows ¥ > Cases CsP ~; Cases CsQ
(proof)

lemma bisimSubstParPres:
fixes U :: b
and P :: ('a, 'b, 'c) psi
and @ :: (Ya, 'b, 'c) psi
and R :: (‘a, 'b, 'c) psi

assumes ¥V > P ~, @)

shows U > P||R~; Q| R
(proof)

lemma bisimSubstResPres:
fixes ¥ :: 'b
and P :: ('a, 'b, 'c) psi
and Q :: (‘a, 'b, 'c) psi
and z :: name

assumes ¥ > P ~; @)
and z VU

shows ¥ > (vz)P ~4 (vz)Q
(proof)

lemma bisimSubstBangPres:
fixes ¥ :: b
and P :: (‘a, b, 'c) psi
and Q :: (‘a, 'b, 'c) psi
assumes W > P ~, @)
and guarded P
and guarded @

shows ¥ > P ~, 1Q
(proof )
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lemma substNil[simp]:
fixes zvec :: name list
and Twec :: 'a list

assumes wellFormedSubst o
and distinct zvec

shows (0[<o>]) =0
{proof)

lemma bisimSubstParNil:
fixes ¥ :: b
and P :: (‘a, b, 'c) psi

shows U > P || 0 ~; P
{proof)

lemma bisimSubstParComm:
fixes ¥ :: b
and P :: (‘a, b, 'c) psi
and Q :: (‘a, 'b, 'c) psi

shows UV > P || Q~s Q|| P
{proof)

lemma bisimSubstParAssoc:
fixes U :: 'b
and P :: ('a, 'b, 'c) psi
and Q :: (‘a, 'b, 'c) psi
and R :: (‘a, b, 'c) psi

shows U > (P || Q) [| R ~s P || (Q || R)
(proof)

lemma bisimSubstResNil:
fixes ¥ :: b
and z :: name

shows ¥ > (vz)0 ~, 0
(proof)

lemma seqSubst2:
fixes z :: name
and P :: ('a, 'b, 'c) psi

assumes wellFormedSubst o
and zfo
and =z P
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shows z f P[<o>]
{proof )

notation substTerm.seqSubst («-[<->]» [100, 100] 100)

lemma bisimSubstScopeFxt:
fixes ¥ :: b
and z :: name
and P :: (‘a, b, 'c) psi
and Q :: (‘a, 'b, 'c) psi

assumes z § P

shows ¥ > (vz)(P || Q) ~s P || (vz)@Q
(proof)

lemma bisimSubstCasePushRes:
fixes = :: name
and ¥ b
and Cs :: (e x (Ya, 'b, 'c) psi) list

assumes z  map fst Cs

shows ¥ > (vz)(Cases Cs) ~5 Cases map (A(p, P). (¢, (vz)P)) Cs
(proof)

lemma bisimSubstOutputPushRes:
fixes x :: name

and ¥ :: b
and M :: a
and N :: ‘a

and P :: ('a, 'b, 'c) psi

assumes z § M

and zf# N
shows U > (vz)(M(N).P) ~s M(N).(va)P
(proof)
lemma bisimSubstInputPushRes:
fixes z :: name
and ¢ b
and M ::'a
and zvec :: name list
and N :'a

assumes z § M
and =z f zvec
and zf# N
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shows U > (vz|) (M (Axavec N|).P) ~g M(Axzvec N|.(vz|)P
(proof)

lemma bisimSubstResComm:
fixes z :: name
and y :: name

shows ¥ > (vz)((vy)P) ~s (vy)((vz)P)
(proof)

lemma bisimSubstExtBang:
fixes U :: b
and P :: (‘a, b, 'c) psi

assumes guarded P

shows U > IP ~, P | IP
{proof)

lemma structCongBisimSubst:
fixes P :: (‘a, 'b, 'c) psi
and @ :: (‘a, 'b, 'c) psi

assumes P =; @

shows P ~; ()
(proof)

end

end
theory Broadcast-Thms
imports Broadcast-Chain Broadcast-Frame Semantics Simulation Bisimulation
Sim-Pres
Sim-Struct-Cong Bisim-Pres Bisim-Struct-Cong Bisim-Subst
begin

context env
begin

2.1 Syntax
2.1.1 Psi calculus agents — Definition 2

M, N range over message terms. P, () range over processes. C ranges over
cases.

o Output: M(N).P
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o Input: M(A*xzvec N|.P
o Case: Case C

e Par: P | Q

e Res: (vz|)P

o Assert: {U[}

e Bang: !P

e Cases: U= PC(C

2.1.2 Parameters — Definition 1

e Channel equivalence: M < N
o Composition: ¥p ® ¥g
e Unit: 1

o Entailment: ¥ I ¢

2.1.3 Extra predicates for broadcast — Definition 5
e Output connectivity: M < N

e Input connectivity: M = N

2.1.4 Transitions — Definition 3

e U Pr+—a P!

2.1.5 Actions («) — Definition 7
o Input: M(N)
o Output: M (vxzvec|)(N)
o Broadcast input: ; M(N)
o Broadcast output: jM (vxzvec))(N)

o Silent action: 7
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2.2

Semantics

2.2.1 Basic Psi semantics — Table 1

e Theorem Input:

[+ M + K; distinct zvec; set zvec C supp N; length avec = length Tvec]
= U > M(A«avec N|).P — K(N[zvec::=Tvec]|) < P[zvec::=Tvec]

Theorem Output:

Uk M K= U M(N).P— K(N) <P

Theorem Case:

[¥ > P+~ Rs; (¢, P) mem Cs; ¥ F @; guarded P] = ¥ > Cases Cs —
Rs

Theorems Parl and Par2:

[¥ ® ¥g > P+ a < P’ extractFrame Q = (Ag, ¥q); bn « fx Q; Ag §*
\E

AQ ﬁ* P; AQ ﬂ* a]]

= U>P|Q—a=<P|Q

[T ¥p > Q+— a< Q' extractFrame P = (Ap, Up); bn a §x P; Ap tx
v

Ap % Q; Ap t* ]

= UV>P|Q—a=<P|Q

Theorems Comml1 and Comm2:

[ ® g > P— M(N|) < P’; extractFrame P = (Ap, Up);

U Up > Q— K(vsavec)(N) < Q'; extractFrame Q = (Ag, Vg);
\I/®\pr®\I/Q|—M(—>K;Apﬁ*\I’;Apﬁ*P;APﬁ* Q;Apﬁ*M;Apﬂ*
Ag; Aq 1+ ¥

Ag tx P; Ag % Q; Ag tx K; zvec tx PJ

= U P| Q— 7 < (vrazvec)P' | Q'

[ ® g > P+ M(v*zvec)(N) < P'; extractFrame P = (Ap, Up);

U ®Up> Q+— K(N) < Qs extractFrame Q = (Ag, ¥g); ¥ ® Up ®
Vo b M o K;

Ap fix W5 Ap 8% P; Ap #x Q; Ap #x M; Ap #x Ag; Ag ix ¥; Ag tx P; Ag
g Q;

Ag tx K; zvec t*x Q]

= V> P| Q— 7 < (vrzvec)P' | Q'

Theorem Open:
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[¥ > P +— M(vx(zvec @ yvec))(N) < P’; z € supp N; z § ¥; « § M; z §
zvec;

z § yvec]|
= U > (vz)P — M(vx(avec Q@ x # yvec))(N) < P’

e Theorem Scope:

[¥>Pr—a<Pizt¥zda = V> (ve)P— a < (vz)P’
Theorem Bang:

[¢ > P | P+ Rs; guarded P] = ¥ > |P —— Rs

2.2.2 Broadcast rules — Table 2

Theorem Brinput:

[¥ + K = M; distinct zvec; set zvec C supp N; length xvec = length Tvec]
= U > M(Axzvec N)).P — | K(N[zvec::=Tvec]|) < Plzvec::=Tvec]

Theorem BrOutput:
UM=K= U MN).P+— K(N) <P
Theorem BrMerge:

[¥ ® ¥g > P+— | M(N) < P’ extractFrame P = (Ap, Up);
U®Up> Q— (M(N) < Q5 extractFrame Q = (Ag, ¥q); Ap t* ¥;
Ap #x P;

Ap % Q; Ap tx M; Ap % Ag; Ag fix ¥; Ag tix P; Ag tix Q; Ag tx M]
= VP Qr— (MIN) <P Q

Theorems BrComml1 and BrComm?2:

[¥ ® ¥g > Pr— (M(N) < P’ extractFrame P = (Ap, Up);

U®Up > Q— iM(vsavec)(N) < Q'; extractFrame Q = (Aqg, Vq); Ap
fx U

Ap fx Py Ap §x Q3 Ap fx M; Ap fx Aq; Aq i+ W5 Aq i+ Py Ag fx Qs Ag
fx M

zvec fx PJ

= U > P| Qv+ M(vxavec)(N) < P"| Q'

[¥ ® ¥g > P+ M(vsavec)(N) < P’ extractFrame P = (Ap, ¥p);

U Up> Q— (M(N) < Q extractFrame Q = (Ag, Yq); Ap tx U;
Ap x P;

Ap 8% Q; Ap fx M; Ap #x Ag; Ag i+ ¥; Ag #x P; Ag i @; Ag i M,
zvec fx Q]

= U > P| Q+— M(vxzvec)(N) < P’ | Q'
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e Theorem BrClose:

[¥ > P — (M(v*zvec)(N) < P'; x € supp M; z § V]
= U > (vz)P — 7 < (vz)((vrzvec) P’)

e Theorem BrOpen:
[¥ > P — (M(v+(zvec @ yvec))(N) < P'; x € supp N; 2 § U; z § M; = §

TVEC;

z § yvec]
= U > (vz))P — (M (vx(zvec Q@ z # yvec))(N) < P’

2.2.3 Requirements for broadcast — Definition 6

e Theorem chanOutConSupp:

UVEM=<N= supp N C supp M
e Theorem chanInConSupp:

UHEN>M=— supp N C supp M

2.2.4 Strong bisimulation — Definition 4

e Theorem bisim.step:

[insertAssertion (extractFrame P) U ~p insertAssertion (extractFrame Q)
v

U > P ~slbisim] ;Y0 . ¥ QU '>P~ QU Q~ P

= Up>P~Q

2.3 Theorems
2.3.1 Congruence properties of strong bisimulation — Theorem 8

e Theorem bisimQutputPres:
U P~Q= ¥ M(N).P~ MN).Q
e Theorem bisimInputPres:

(A\ Tvec. length xvec = length Tvec = U > Plavec::=Tvec] ~ Qlzvec::=Tvec])
—
U > M(Axzvec N|).P ~ M(Axzvec N)).Q
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e Theorem bisimCasePres:
[A¢ P. (¢, P) mem CsP = 3 Q. (¢, Q) mem CsQ A guarded Q@ AN U > P
~ @
Ne Q. (¢, Q) mem CsQ = I P. (p, P) mem CsP A guarded P AN U > P

= U > (Cases CsP ~ Cases CsQ

e Theorems bisimParPres and bisimParPresSym:

Up>P~rQ=U¥>P|R~Q|R
U>P~Q=UYD>R|P~R|Q

e Theorem bisimResPres:
[¥>Pr~Qzt¥] = V> (va)P ~ (vz)Q
e Theorem bisimBangPres:

[¥ > P~ Q; guarded P; guarded Q] =— ¥ > P ~ 1Q

2.3.2 Strong congruence, bisimulation closed under substitution —
Definition 9

e Theorem closeSubst_def:
closeSubst Rel =
{(¥, P, Q) |¥ P Q. VYo. wellFormedSubst 0 — (¥, P[<o>], Q[<o>]) €
Rel}

.\I’DPNSQ

2.3.3 Strong congruence is a process congruence for all ¥ — The-
orem 10

e Theorem bisimSubstOutputPres:
U P~y Q= V> M(N).P~; M(N).Q
e Theorem bisimSubstInputPres:

[¥ > P ~s Q; zvec #§x U; distinct zvec] = ¥ > M(Axzvec N|).P ~y
M (Asxzvec NJ).Q
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e Theorem bisimSubstCasePres:
[length CsP = length CsQ;
Nio P o' Q.
[i < length CsP; (¢, P) = CsP ! i; (¢, Q) = CsQ ! ]
= =9 AU > P~; QA guarded P A guarded Q]
= U > (Cases CsP ~g Cases CsQ
e Theorem bisimSubstParPres:
UpPrnyQ=UD>P|R~ Q| R
e Theorem bisimSubstResPres:
[¥> P~ Qzd VU] = ¥ > (va)P ~, (vz)Q

e Theorem bisimSubstBangPres:

[¥ > P ~s Q; guarded P; guarded Q] = ¥ > P ~, 1Q

2.3.4 Structural equivalence — Theorem 11

e Theorem bisimCasePushRes:

z § map fst Cs = U > (vz|)(Cases Cs) ~ Cases map (A(p, P). (v, (vz|P))
Cs

e Theorem bisimInputPushRes:

[x & M; z § avec; © § N] = ¥ > (vz)(M( xzvec N|).P) ~ M(Axzvec
N)).(vz)P

e Theorem bisimQutputPushRes:

[z 4 M; x4 N| = ¥ > (vz)(M(N).P) ~ M(N).(vz) P
o Theorem bisimParAssoc:

Ve Pl QI R~P|(QIR)
o Theorem bisimParComm:

Ve Pl@~Q[P

e Theorem bisimResNil:
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U > (vz)0~0
e Theorem bisimScopeFut:
ef P= Ve (vz)(P Q) ~ P (vz)Q
e Theorem bisimResComm:
e (vz)((vy)P) ~ (vyh((vz)P)
e Theorem bangFEzt:
guarded P = ¥ > |P ~ P | |P
o Theorem bisimParNil:

U>P|O0O~P

2.3.5 Support of processes in broadcast transitions — Lemma 14

e Theorem brinputTermSupp:
U P+—— (K(N) < P'= supp K C supp P
e Theorem brOutputTermSupp:

U > P +—— RBrOut K ((v+avec)N <’ P") = supp K C supp P

end

end
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